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FROM THE SCIENTIFIC EDITORM e m o

□  THE INSTITUTE OF FOOD TECHNOLOGISTS’ Council Policy Com
mittee and Executive Committee have voted to discontinue publication of 
formal research papers in F o o d  T e c h n o lo g y .  Effective January 1971, all 
acceptable research papers will be published in the J o u r n a l  o f  F o o d  S c ie n c e .  
Those papers previously approved for publication in F o o d  T e c h n o lo g y , but 
scheduled for publication in 1971, have been transferred to the J o u r n a l  o f  
F o o d  S c ie n c e .

In order to accommodate and encourage the submission of research papers 
pertaining to applied food science and food engineering, which were 
previously published in F o o d  T e c h n o lo g y , the J o u r n a l  o f  F o o d  S c ie n c e  now 
contains two major sections—“Basic Science,” and “Applied Science and 
Engineering.” In addition, “Research Notes” will be included when the 
appropriate communications are available. Research Notes are given priority 
over other papers in the publication schedule.

It has become exceedingly clear that the J o u r n a l  o f  F o o d  S c ie n c e  must 
have a rapid publication schedule for acceptable papers. We now use a 
double reviewer system, with tight schedules for review and revisions. The 
thrust of our program is geared to the best interest of authors and to the 
solicitation of high quality papers. The Executive Committee and its 
Subcommittee on Publications have enthusiastically supported this improve
ment in schedule. Consequently by early 1971 we should be on a six month 
schedule—from receipt to publication—for papers of high, quality. The 
technical difficulties, related to printing, have also been overcome, and the 
issues should be on schedule starting early in 1971.

I wish to also take this opportunity to express my warmest appreciation 
to the reviewers’ who give unstintingly of their time to meticulously and 
promptly review papers which I submit to them. Their efforts are of primary 
importance in expediting the handling processes. Because a reviewer, out of 
devotion to his professional interest, is willing to cooperate so magnificently, 
we obviously expect the author to divert his efforts for the immediate 
revision of papers. It is our hope and our goal to continually improve the 
schedules and constantly raise the standards of the J o u r n a l  o f  F o o d  S c ie n c e .  
This achievement would be in the best interest of the entire food industry.
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ABSTRACTS :
I N  T H I S  I S S U E

FLAVOR CHEMISTRY OF TOMATO VOLATILES. S. J. KAZENIAC & 
R. M. HALL. J. F o o d  Sci. 35, 5 1 9 -5 3 0  (1970)-Identification of 38 
volatile compounds in tomato fruit is reported. Fruit maturity, the physi
cal condition o f the fruit, the type o f  fruit crushing, heat and oxygen 
were important in the development o f some o f these compounds. The 
quality o f  tomato volatiles was found to depend on interrelationships 
between enzymic and chemical reactions which occur during preparative 
treatments. Linolenic acid was indicated to be the precursor of cis-3- 
hexenal which developed during tissue maceration. In turn, cis-3-hexenal 
appeared to be the source o f f/vzns-2-hexenal. «s-3-Hexenal and 2- 
isobutylthiazole were found to be important in fresh tomato flavor and 
2-isobutylthiazole was responsible for the characteristic flavor of certain 
tomato varieties.

EFFECTS OF pH AND TEMPERATURE ON VOLATILE CONSTIT
UENTS OF CARAWAY. Y. YIN, N. ZARGHAMI & D. E. HEINZ. 
J. F o o d  Sci. 35, 531 -5 3 3  (1 9 7 0 )-The major volatile components o f  
caraway seed oil were isolated and identified; and the effects o f heat and 
pH on these volatile constituents were studied. Gas chromatographic 
analysis o f the treated oil indicated that the two principal components, 
carvone and limonene, undergo little change even when subjected to 
harsh conditions. The chemical nature o f the trace components changes 
only when the oil is subjected to high temperature or to solutions o f  
varying pH.

EFFECTS OF pH AND TEMPERATURE ON VOLATILE CON
STITUENTS OF CARDAMOM. C. P. BRENNAND & D. E. HEINZ. J. 
F o o d  Sci. 35, 533 -5 3 7  (1970)-Decorticated cardamom seeds were sub
jected to timed exposures to temperatures as high as 205°C and to solu
tion pH’s from 2 -8 .  Chemical changes in the volatile constituents were 
followed by gas-liquid chromatographic analyses o f  the cardamom seed 
extracts. Temperatures above 149°C and increasing hydrogen ion concen
tration caused marked changes in composition o f the volatile oils o f this 
spice.

VOLATILE FLAVOR COMPONENTS OF COCONUT MEAT. F. M. LIN
& W. F. WILKENS. J. F o o d  Sci. 35, 5 3 8 -5 3 9  (1970)-Gas-chroma- 
tographic and mass-spectral techniques were employed in the isolation 
and identification o f the volatile-flavor components o f  coconut meat. 15 
compounds were positively identified. Odors o f authentic compounds 
were described. Both delta-Cg, -Cm lactones and n-octanol were the 
major volatile components and responsible for the characteristic aroma o f  
coconut meat. The contributions o f other minor components to flavor 
and their significance were also described.

IDENTIFICATION OF DIMETHYL TRISULFIDE AS A MAJOR 
AROMA COMPONENT OF COOKED BRASSICACEOUS VEGE
TABLES. F. T. MARUYAMA. J. F o o d  Sci. 35, 5 4 0 -5 4 3  (1970)— 
Aroma, retention time, and infra-red spectra o f volatile components 
collected by simple distillation from 250g samples o f vegetables and 
chromatographed in a dual detector gas-liquid chromatograph system 
were examined. Dimethyl trisulfide was identified as a major component. 
A mechanism for dimethyl bisulfide formation from S-methyl-l-cysteine 
sulfoxide is proposed.

A RAPID GAS-LIQUID CHROMATOGRAPHIC DETERMINATION 
FOR CAPSAICIN IN CAPSICUM SPICES. K. T. HARTMAN. J. F o o d  
Sci. 35, 543 -5 4 7  (1970)-T he trimethylsilyl (TMS) derivative o f capsa
icin was prepared for standard capsaicin, weighed portions o f oleoresins 
and the residues obtained from the ethyl acetate extraction o f red pep
pers. The derivative was quantitatively measured using a gas-liquid chro
matographic system equipped with an alkali flame detector approxi
mately 25 times more sensitive to capsaicin than the unmodified flame 
ionization detector. Capsaicin recoveries from 5 fortified oleoresins 
ranged from 96.0-103.0% . Calculated and declared Scoviile units showed 
good agreement (96.6-109.2% ) for 6  capsicum spices.

COMPARISON OF VALENCIA ESSENTIAL OIL FROM CALIFOR
NIA, FLORIDA AND ISRAEL. A. LIFSHITZ, W. L. STANLEY & Y. 
STEPAK. J. F o o d  Sci. 35, 5 4 7 -5 4 8  (1970)-Essential oils o f Valencia 
oranges obtained from California, Florida and Israel were analyzed for 
the relative amount o f C8 , C9 and Cjo aldehydes, as well as for their 
total carbonyl contents. The aldehyde patterns o f the Florida and Israel 
oils were similar and were both different from that o f  the California oil. 
The carbonyl contents o f  the 3 oils were found to be statistically differ
ent from each other.

CYTOLOGICAL EFFECTS OF JUICE OR PUREE FROM IRRADI
ATED STRAWBERRIES. S. T. ROSS, M. V. BRADLEY & J. A. OKA. 
J. F o o d  Sci. 3 5 ,5 4 9 -5 5 0  (1970)— Vicia fa b a  roots were treated 4 hr with 
undiluted juice or puree from strawberries irradiated with 200 or 400  
Krad o f gamma radiation from Co60 and from control berries. The differ
ences between percentages o f  abnormal anaphases after treatments with 
juice or puree from irradiated and control berries were not significant at 
the 1% level (“t” test) in all the 7 experiments with 200 Krad as the 
radiation dose, and in 6 o f 7 experiments when the dose was 400 Krad. 
In 1 experiment with a 400-Krad dose the difference between percent
ages o f abnormal anaphases was barely significant at the 5% level of 
confidence.

ON THE NATURE OF THE ASSOCIATION OF PROTEIN IN FRO- 
ZEN-STORED COD MUSCLE. M. L. ANDERSON & E. M. RAVESI. J. 
F o o d  Sci. 35, 5 5 1 -5 5 8  (1 9 7 0 )-Decrease in readily extractable protein 
(REP) was related to free fatty acid (FFA) formation during storage o f  
cod muscle at - 8 2 cC and -1 8 °C . Aggregated protein extracted during 
the period o f decrease in REP had properties similar to altered protein 
extracted from frozen-stored cod muscle in which FFA was formed 
largely during aging in ice. Change from a rapid rate o f association and 
FFA formation to a slower rate during storage was attributed to change 
in solvent environment due to FFA formation. A model for the associa
tion process based on bonding potentials existing in the muscle on freez
ing and those developed during storage is presented.

ACCELERATED DENATURATION OF MYOSIN IN FROZEN SOLU
TION. H. BUTTKUS./ . F o o d  Sci. 35, 5 5 8 -5 6 2  (1 9 7 0 )-The aggregation 
o f rabbit and trout myosins was studied in frozen solution at high ionic 
strength. Monomeric myosin aggregated into dimers and trimers during 
the initial stages o f freezing. Aggregate formation increased as the tem
perature decreased below the freezing point and reached a maximum near 
the eutectic point o f the myosin-potassium chloride-water solution 
( -1 1 ° ) . Ultrastructural studies showed that the aggregation proceeded in 
a side-to-side manner. Below the eutectic point the rate o f aggregation 
and consequent insolubilization decreased and approached that observed 
at 0°. The effects of adding various substances on myosin aggregation at 
low temperature were also studied.

DEGRADATION OF VARIOUS MEAT FRACTIONS BY TENDERIZ
ING ENZYMES. C. K. KANG & E. E. RICE. J. F o o d  Sci. 35, 563 -5 6 5  
(197 0 )-B eef muscle was separated into water soluble, salt soluble and 
insoluble fractions. These showed different degrees o f  hydrolysis, 
depending upon the enzyme used. Collagenase, bromelain and trypsin 
hydrolyzed the insoluble fraction more readily than the salt soluble frac
tion; whereas papain, Rhozyme P-11 and ficin hydrolyzed the salt soluble 
fraction more efficiently. In general, the water soluble fraction was more 
resistant to enzyme hydrolysis than the other fractions except with 
papain and Rhozyme P-11. However, the portion o f the water soluble 
fraction that was hydrolyzed appeared as smaller peptides than the solu
bilized fragments o f the other two fractions.



A B ST R A C T S:
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ENZYMATIC DEAMINATION OF ADENOSINE MONOPHOSPHATE 
(AMP), ADENOSINE AND ADENINE BY SALMON, CRAB AND 
SCALLOP MUSCLE EXTRACTS. F. E. STONE. J. F o o d  Sci. 35, 
565-567  (1970)-Crude extracts o f pink and coho salmon fillets contain 
both adenosine aminohydrolase (EC 3 .5 .4.4.) and 5'-AMP-aminohydro- 
lase (EC 3.5.4.6.). Similar extracts from king and Tanner crab meat and 
from scallop adductor muscle contain adenosine aminohydrolase but not 
5'-AMP-aminohydrolase. Adenine aminohydrolase activity was not de
tected in salmon, crab or scallops. These results suggest that the enzy
matic deamination of 5'-adenosine monophosphate (AMP) will con
tribute to the 5'-inosine monophosphate (IMP) content o f salmon fillets 
but will not contribute significantly to the IMP content o f crab or scallop 
muscles.

PHOSPHOCREATINE AND NUCLEOTIDE CHANGES IN PIG Longissi- 
mus MUSCLE DURING THE DEVELOPMENT OF RIGOR MORTIS 
UNDER CONTROLLED ENVIRONMENTAL CONDITIONS. G. R. 
SCHMIDT & E. J. BRISKEY. J. F o o d  Sci. 35, 5 6 8 -5 7 0  (1970)-T his  
study was conducted to compare the depletion of phosphocreatine (PC) 
and nucleotides (ATP and ADP) in strips o f  muscle which had been used 
for extensibility measurement in the rigorometer, with control strips of 
muscle which had been held unrestrained in the same environment. The 
rigorometer and control strips did not differ significantly (P > .0 5 )  in 
level of PC and ATP. Rigorometer strips from “stress-susceptible” pigs 
had less rapid and less extensive depletion of ADP than did control strips 
from the same animals. It appeared that extensibility remained in the 
tissue after the ATP had been depleted, but not after ADP reached a low 
level.

CHANGES IN TENSION AND CERTAIN METABOLITES DURING 
THE DEVELOPMENT OF RIGOR MORTIS IN SELECTED RED AND 
WHITE SKELETAL MUSCLES. G. R. SCHMIDT, R. G. CASSENS & E. J. 
BRISKEY. J. F o o d  Sci. 35, 571 -5 7 3  (1970)-T he relative time course 
of rigor mortis was compared in the vastus lateralis (red) and the longiss- 
imus (white) muscle from untreated and magnesium sulfate injected 
“stress-resistant” Chester White and “stress-susceptible” Poland China 
pigs. In the untreated animals the white muscle had a shorter time course 
of rigor mortis than did the red muscle. This difference disappeared when 
the animals were injected ante-mortem with magnesium sulfate, although 
both muscles from injected animals had a slower development o f rigor 
mortis than the same muscles in control animals. Either magnesium sul
fate had more of an effect on white than on red muscle post-mortem, or 
the differences between the post-mortem rates o f glycolysis of red and 
white muscles were significantly minimized when struggle and stimula
tion associated with death had been eliminated. Red muscles in magne
sium sulfate injected pigs developed more tension post-mortem than did 
white muscles. The development of isometric tension reached its maxi
mum as the muscle lost all o f its extensibility. Muscle from “stress-sus
ceptible” pigs had a shorter time course of rigor mortis than the corre
sponding muscle from “stress-resistant” pigs o f  the same treatment. This 
difference occurred even when the two groups started with the same level 
of phosphocreatine and lactic acid post-exsanguination as is the case 
when treated with magnesium sulfate. Therefore, even though magnesium 
treatment can retard glycolysis sufficiently to prevent the development 
of the PSE condition, it does not necessarily standardize the post-mortem 
changes in all skeletal muscles o f all pigs.

RELATIONSHIP OF CALCIUM UPTAKE BY THE SARCOPLASMIC 
RETICULUM TO TENSION DEVELOPMENT AND RIGOR MORTIS 
IN STRIATED MUSCLE. G. R. SCHMIDT, R. G. CASSENS & E. J. 
BRISKEY. J. F o o d  Sci. 35, 5 7 4 -5 7 6  (1970)-Concentrations o f phos
phocreatine (PC), adenosine triphosphate (ATP) and lactic acid were 
determined in longissimus muscle from 7 “stress-resistant” Chester White 
pigs and 8 “stress-susceptible” Poland China pigs at several intervals 
during the loss o f extensibility post-mortem. Calcium-binding ability o f 
the sarcoplasmic reticulum and postmortem tension development of 
longissimus muscle also were determined. Loss o f extensibility was com
pleted sooner in longissimus muscle from stress-susceptible pigs than 
from stress-resistant pigs. For the most part, longissimus muscle samples 
from stress-susceptible pigs had lower (P <  .05) levels o f PC and ATP and 
higher (P <  .05) levels of lactic acid at identical stages o f change in 
extensibility than did samples from stress-resistant pigs. At identical 
stages o f  change in extensibility in “ fast-” and “slow-glycolyzing” mus
cles, there were no significant differences in the ability o f  the sarco
plasmic reticulum preparations to bind calcium or in the muscle’s ability 
to develop isometric tension.

EFFECT OF CONTRACTION ON TENDERNESS OF POULTRY MUS
CLE COOKED IN THE PRERIGOR STATE. A. A. KLOSE, B. J. 
LUYET & L. J. MENZ. J. F o o d  Sci. 35, 577-581  (1970)-E ffects on 
tenderness caused by contraction of excised chicken muscles, induced by 
immediate post-mortem treatments consisting o f electrical stimulation, 
beating, freeze-thawing, and heating, and followed by cooking in the 
prerigor state were measured. One member o f each pair o f muscles was 
held in restraint while exposed to the same conditions. In terms o f  per
centage o f original rest length, electrical stimulation reduced muscle 
length to 59%, and when followed by cooking to 44%; freeze-thawing 
reduced the length to 42%, and when followed by cooking to 40%; 
heating to 96%, and when followed by cooking to 52%; cooking alone to 
48-53% . With the exception of the beating-heating combination, all con
traction inducing treatments resulted in a reduction of the shear values 
(force per cross-sectional area) of cooked muscle to about one-half those 
of uncontracted controls. These results with chicken muscles on intense 
contraction followed by cooking in the prerigor state agree with recent 
similar observations on red meat muscles.

A NEW EXTRACTION METHOD FOR DETERMINING 2-THIOBAR- 
BITURIC ACID VALUES OF PORK AND BEEF DURING STORAGE.
V. C. WITTE, G. F. KRAUSE & M. E. BAILEY. J. F o o d  Sci. 35, 
582 -5 8 5  (1970)-2-Thiobarbituric acid (TBA) values o f raw pork were 
determined by distillation and extraction methods and those o f raw beef 
by extraction during storage at 4° and -20°C . TBA values o f  tissues 
were low compared with values usually reported for cooked tissue from 
these animals in similar environments. Differences in TBA values o f beef 
and pork, and changes in TBA values o f  these tissues during storage at 
4°C were significant whereas changes during storage at -2 0 °C  were 
insignificant. pH and TBA values were inversely related. Mathematical 
relationships between TBA values o f pork and beef during storage at 4°C, 
between TBA values and pH and between results obtained by the two 
procedures for determining TBA values o f pork during storage are 
discussed.

EFFECT OF STAPHYLOCOCCUS INFECTION ON ACID AND ALKA
LINE PHOSPHATASE IN BRUISED POULTRY TISSUE. S. S.
HUSSAIN & M. K. HAMDY. / .  F o o d  Sci. 35, 5 8 5 -5 8 9  (1970)-Increas- 
ing severity o f trauma elicited marked differences in both acid and alka
line phosphatases. The former is a lysosomal enzyme; whereas, the latter 
is a nonlysosomal enzyme. The magnitude of enzymatic responses as a 
result o f trauma was not the same for each enzyme. Acid phosphatase 
activity increased in the bruised tissue while alkaline phosphatase activity 
decreased. The bound form of acid phosphatase increased in the bruised 
tissue, a form of the enzyme absent in normal tissue. The following 
factors seem to play an important role on the activities o f  these enzymes 
in poultry tissues: age of trauma, severity o f  the bruise and staphylo
coccal infection. Rates o f changes in the enzymatic activities after infec
tion were directly related to the number o f organisms in the infecting 
dose and induced an alteration in the activities o f alkaline phosphatase in 
the bruised tissue from a decreased to an increased value compared to 
normal level.
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C A T A L Y S T S  O F  L I P ID  P E R O X I D A T I O N  IN  M E A T S . 1 . L in o le a t e  
P e r o x id a t io n  C a t a ly z e d  b y  M e tM b  o r  F e ( I I ) - E D T A .  H . L IU . J. Food Sci. 
3 5 ,  5 9 0 - 5 9 2  ( 1 9 7 0 ) - T h e  h e m o p r o t e i n  M e tM b  a c c e l e r a t e d  l in o le ic  a c id  
p e r o x id a t io n  in  p H  r a n g e  f r o m  5 . 6 - 7 . 8 , t h e  c a t a ly s i s  in c r e a s in g  w i th  p H .  
A  c o m p le x  o f  f e r r o u s  io n  a n d  e t h y l e n e d i a m i n e t e t r a a c e t i c  a c id  [ F e ( I I ) -  
E D T A ] - a  n o n - h e m e  i r o n  m o d e l - i n  a  1 t o  1 r a t i o  a c c e le r a te d  p e r o x i d a 
t io n  a t  lo w e r  p H ;  n o  c a ta ly s is  t o o k  p la c e  a b o v e  p H  6 .4 .  M o s t  c h e l a t in g  
a g e n ts  e l im in a te d  F e ( I I ) - E D T A  c a t a ly s is ,  b u t  h a d  n o  e f f e c t  o n  M e tM b  
c a ta ly s is .  R e d u c in g  a g e n t s ,  b o t h  a s c o r b ic  a c id  a n d  th io l s ,  o n  t h e  o t h e r  
h a n d ,  a c c e le r a te d  F e ( I I ) - E D T A  c a t a ly s is  b u t  i n h i b i t e d  M e tM b  c a ta ly s is .

C A T A L Y S T S  O F  L I P ID  P E R O X I D A T I O N  I N  M E A T S . 2 . L in o le a t e  
O x id a t io n  C a t a ly z e d  b y  T is s u e  H o m o g e n a t e s .  H . L I U .  J. Food Sci. 3 5 ,  
5 9 3 - 5 9 5  ( 1 9 7 0 ) - I n  b e e f  t i s s u e  h o m o g e n a te ,  b o t h  ty p e s  o f  c a t a l y s t s — 
h e m o p r o t e i n  a n d  n o n - h e m e  i r o n - a r e  a c t iv e  c a t a ly s t s  o f  l i n o l e a t e  o x id a 
t i o n .  A l th o u g h  t h e  p H - d e p e n d e n t  c a t a l y t i c  p a t t e r n  o f  b e e f  h o m o g e n a te  
w a s  s im ila r  t o  M e tM b  c a t a ly s is ,  t h e  p r e s e n c e  o f  n o n - h e m e  i r o n  c o u ld  b e  
i d e n t i f i e d  b y  a d d in g  a s c o r b a t e  o r  8 -O H -q u in o l in e .  A s c o r b a t e - s t im u la t e d  
o x id a t io n  c o u ld  b e  i n h i b i t e d  b y  c h e l a t in g  a g e n ts .  F u r t h e r m o r e ,  lo w e r  
c o n c e n t r a t i o n s  o f  p h o s p h a t e  b u f f e r  r e n d e r e d  t h e  n o n - h e m e  i r o n  m o r e  
a c t iv e  a t  a c id ic  p H .  L in o le a t e  o x i d a t i o n  w a s  a ls o  c a t a ly z e d  b y  ^ e n 
t r e a t e d  (h e m e - f r e e )  b e e f  h o m o g e n a te s .  T h e  o x i d a t i o n  w a s  a c c e le r a te d  
e i t h e r  b y  th io l s  o r  b y  a s c o r b a te .

C A T A L Y S T S  O F  L I P I D  P E R O X ID A T IO N  IN  M E A T S . 3 .  C a ta ly s t s  o f  
O x id a t iv e  R a n c id i ty  in  M e a ts .  H . L IU  &  B. M . W A T T S . J. Food Sci. 3 5 ,  
5 9 6 - 5 9 8  ( 1 9 7 0 ) - A f t e r  r e m o v a l  o f  M e tM b  b y  t r e a t i n g  w i th  H j O j ,  a 
s ig n i f ic a n t  l ip id  o x i d a t i o n  w a s  d e m o n s t r a t e d ,  e s p e c ia l ly  a t  lo w e r  p H  
w h e re  n o n - h e m e  i r o n  is  m o s t  a c t iv e .  T h e  c a t a l y t i c  a c t iv i ty  o f  h e m o 
p r o t e in  is  l im i t e d  in  r a w  m e a t .  O x y g e n  c a n  b e  re m o v e d  f r o m  t h e  t is s u e s  
a n d  M e tM b  r e d u c e d  b a c k  to  M b  b y  t h e  r e d u c in g  e n z y m e s .  T h is  is e s p e 
c ia l ly  t r u e  a t  h ig h e r  p H . P o s s ib le  l im i t a t i o n s  o f  t h e  h e m e - c a ta ly z e d  r e 
a c t io n s  in  m e a t  b y  h ig h  ( i n h i b i t i o n )  le v e ls  o f  m y o g lo b in ,  o r  b e c a u s e  o f  
s e p a r a t io n  o f  r e a c t a n t s  in  c e l lu la r  s t r u c t u r e s ,  a r e  d is c u s s e d .  T h e  e f f e c t  o f  
a d d i t iv e s  w e re  in  l in e  w i th  t h e  i n t e r p r e t a t i o n  t h a t  l ip id  o x i d a t i o n  is  c a t a 
ly z e d  b y  b o t h  n o n - h e m e  a n d  h e m o p r o t e i n .

F O R M A T IO N  O F  F R E E  R A D I C A L S  IN  D R Y  M IL K  P R O T E I N S .  P . M .
T . H A N S E N , W . J .  H A R P E R  &  K . K . S H A R M A . J. Food Sci. 3 5 ,  
5 9 8 - 6 0 0  ( 1 9 7 0 ) - T h e  p o s s ib le  f o r m a t io n  o f  f r e e  r a d ic a ls  in  d r y  m i lk  
p r o t e in s  b y  m e c h a n ic a l  e n e r g y  h a s  b e e n  s tu d i e d  b y  e l e c t r o n  s p in  r e s o 
n a n c e  (E S R )  s p e c t r o s c o p y .  G r in d in g  o f  v a r io u s  m i lk  p r o t e i n s  w i th  m o r t a r  
a n d  p e s t l e  f o r  5  m in  o r  lo n g e r  y ie ld e d  p e r c e p t ib l e  e l e c t r o n  s p in  r e s o n a n c e  
s ig n a ls . T h e  s ig n a ls  d id  n o t  e x h i b i t  c h a r a c te r i s t i c s  o f  h y p e r f in e  s t r u c t u r e  
a n d  a l l  h a d  g -v a lu e s  c lo s e  t o  t h a t  o f  a  f r e e  e l e c t r o n  ( 2 .0 0 ) .  T h e  in t e n s i t y  
o f  t h e  s ig n a ls  w a s  p a r t i c u l a r ly  s t r o n g  f o r  t h e  s u l f h y d r y l - c o n t a in in g  p r o 
te in s ,  (J - la c to g lo b u lin  a n d  K -case in , a n d  in c r e a s e d  w i th  g r in d in g  t im e .  T h e  
s ig n a ls  w e re  c o n s id e r a b ly  r e d u c e d  b y  s u b s e q u e n t  h e a t in g  o f  t h e  d r y  p r o 
te in  a t  1 0 0 ° C /1 0  m in .  T h e  g r in d in g  o f  w h o le  c a s e in  w a s  in  a ll  c a s e s  a c c o m 
p a n ie d  b y  th e  r e le a s e  o f  a  g lu e y  o d o r ,  s u g g e s t in g  t h a t  t h e  g lu e y - f la v o r  
d e f e c t  m a y  b e  r e l a t e d  t o  p r o t e i n  f r a g m e n ta t io n .

S T E R O ID S  IN  E G G  Y O L K . C . T U , W . D . P O W R IE  &  O . F E N N E M A . J. 
Food Sci. 3 5 ,  6 0 1 - 6 0 6  ( 1 9 7 0 ) — T h is  in v e s t ig a t io n  w a s  i n i t i a t e d  t o  s e p 
a r a t e  t h e  u n s a p o n i f i a b l e  m a t t e r  o f  e g g  y o lk  b y  th i n  l a y e r  c h r o m a to g r a p h y  
(T L C )  a n d  a t t e m p t  to  i d e n t i f y  t h e  s te r o id s  b y  g as  l iq u id  c h r o m a to g r a p h y  
(G L C ) . T h r e e  G L C  l iq u id  p h a s e s ,  d i f f e r in g  in  s e le c t iv e  p a r t i t i o n  p r o p e r 
tie s ,  w e re  u s e d  t o  a id  in  t h e  i d e n t i f i c a t i o n  o f  u n k n o w n  s te r o id s .  A  s e le c 
t iv e  m e t h o d  w a s  a ls o  c a r r ie d  o u t  t o  e x t r a c t  t h e  e s t r o g e n ic  s te r o id s  in  egg  
y o lk  i f  p r e s e n t .  T h e  r e s u l t s  o f  t h i n  l a y e r  a n d  g a s  c h r o m a to g r a p h ic  a n a l 
y s e s  i n d ic a te  t h a t  a  la rg e  q u a n t i t y  o f  c h o le s t e r o l  a n d  c o n s id e r a b le  
a m o u n t s  o f  l a n o s t e r o l ,  d e s m o s te r o l ,  A 7 - c h o le s t e n o l ,  c h o le s ta n o l ,  A 7 - a n d  
A 8 - m e th o s t e n o l ,  4 a - m e th y l - A 8 , 2 4 - c h o le s t e n o l  a n d  i t s  A 7 - i s o m e r ,  4 , 4 a -  
d im e th y l - A 7 )2 4 - c h o le s t e n o l ,  d i h y d r o l a n o s t e n o l ,  ( ¡ - s i to s te ro l  a n d  p o s s ib ly  
e rg o s te r o l  w e re  p r e s e n t  in  e g g  y o lk .  E s t r o g e n ic  s t e r o id s  a n d  o t h e r  k n o w n  
s te r o id  h o r m o n e s  w e re  n o t  f o u n d  in  e g g  y o lk .

R A T E S  O F  p H  C H A N G E  A N D  D IS A P P E A R A N C E  O F  G L U C O S E  
D U R I N G  L O W  T E M P E R A T U R E  P Y R O L Y S I S .  R . H . W A L T E R  &  I. S . 
F A G E R S O N . J. Food Sci. 3 5 ,  6 0 6 - 6 0 7  ( 1 9 7 0 ) - D u r i n g  lo w  t e m p e r a tu r e  
p y ro ly s is  ( u n d e r  2 0 0 ° C ) ,  t h e  d is a p p e a r a n c e  o f  g lu c o s e  a n d  p H  c h a n g e  o f  
a n  a q u e o u s  s o lu t io n  o f  t h e  p y r o ly z a t e  w e re  f o u n d  t o  a p p r o x im a te  f i r s t  
o r d e r  r e a c t io n s .  S in c e  c h a n g e  o f  c o n c e n t r a t i o n  o f  g lu c o s e  a n d  c h a n g e  o f  
p H  a re  d i r e c t ly  r e l a t e d  t o  t h e  t im e ,  t h e  m a th e m a t i c a l  e q u a t io n s  d e s c r ib 
in g  th e  tw o  o c c u r r e n c e s  w e re  c o m b in e d  t h r o u g h  th i s  c o m m o n  v a r ia b le .  
T h e  re s u l t in g  e q u a t io n  d e s c r ib e s  t h e  r e s id u a l  c o n c e n t r a t i o n  o f  g lu c o s e  as 
a  f u n c t io n  o f  c h a n g e  o f  p H .

P I N K  D IS C O L O R A T I O N  IN  C A N N E D  W IL L IA M S ’ B O N  C H R E T IE N  
P E A R S . A . C Z E R K A S K Y .T , J. Food Sci., 3 5 ,  6 0 8 - 6 1 1  ( 1 9 7 0 ) - P i n k  
d i s c o l o r a t i o n  in  c a n n e d  W ill ia m s ’ B o n  C h r e t ie n  p e a r s  is a n  o c c a s io n a l  
p r o b le m  t o  t h e  c a n n in g  in d u s t r y  in  t h e  G o u l b u m  V a l le y ,  V ic to r ia .  D u r in g  
1 9 6 3 - 1 9 6 5 ,  t h e  r e l a t i o n s h ip  b e tw e e n  s k in  b lu s h  o n  f r e s h  f r u i t  a n d  p in k  
d i s c o l o r a t i o n  a f t e r  p ro c e s s in g ,  e f f e c t  o f  t h e  le v e l o f  a p p l ie d  n i t r o g e n o u s  
f e r t i l i z e r ,  a n d  p ro c e s s in g  t im e  w e re  s tu d ie d .  T h e r e  is  a  h ig h  p o s i t iv e  c o r 
r e l a t i o n  b e tw e e n  t h e  i n t e n s i t y  o f  s k in  b lu s h  o n  t h e  f r e s h  f r u i t  a n d  p in k  
d i s c o l o r a t i o n  o f  t h e  f r u i t  a f t e r  p ro c e s s in g .  O n ly  b lu s h e d  f r u i t s  w e re  p r o n e  
to  p i n k  d i s c o l o r a t i o n  a f t e r  p ro c e s s in g .  B lu s h e d  f r u i t  f r o m  t r e e s  w h ic h  h a d  
h e a v ie r  a p p l i c a t i o n  o f  n i t r o g e n  p r o d u c e d  m o r e  i n te n s e  p in k in g ,  b u t  s h o r t  
o v e r c o o k in g  s h o w e d  n o  e f f e c t  o n  p in k in g .

B O U N D  W A T E R  D E F I N E D  A N D  D E T E R M I N E D  A T  C O N S T A N T  
T E M P E R A T U R E  B Y  W ID E -L IN E  N M R . S . S H A N B H A G , M . P . S T E IN 
B E R G  &  A . I .  N E L S O N . J. Food Sci. 3 5 ,  6 1 2 - 6 1 5  ( 1 9 7 0 ) - T h e  N M R  
p r o p e r t i e s  o f  b o u n d  w a te r  (B W ) in  w h e a t  f lo u r ,  c o r n  s ta r c h  a n d  e g g  w h i te  
a t  r o o m  t e m p e r a tu r e  w e re  s tu d ie d  u s in g  a  w id e - l in e  N M R  S p e c t r o m e te r .  
A t  l o w e s t  r a d io f r e q u e n c y  a t t e n u a t i o n ,  h y d r o g e n  n u c le i  f r o m  f re e  w a te r  
g a v e  a  n e g lig ib le  s ig n a l b u t  t h e  h y d r o g e n  f r o m  BW  g a v e  a  s t r o n g  s ig n a l , 
g iv in g  r is e  t o  a  n e w  d e f in i t i o n  f o r  B W  a n d  a  n e w  m e t h o d  f o r  i t s  q u a n t i t a 
t iv e  d e t e r m in a t io n  a t  r o o m  t e m p e r a t u r e .  W ith in  a  g iv e n  s e t  o f  i n s t r u m e n t  
p a r a m e te r s ,  t h e  h y d r o g e n  n u c le i  f r o m  B W  s h o w e d  N M R  p r o p e r t i e s  in d e 
p e n d e n t  o f  d r y  m a t t e r  (D M ) m a k in g  i t  p o s s ib le  t o  d e r iv e  a  “ u n iv e r s a l”  
N M R  c a l ib r a t i o n  c o n s t a n t  p e r  u n i t  w e ig h t  B W . W e ig h t  o f  B W /u n i t  w e ig h t  
D M  in c r e a s e d  w i th  in c r e a s in g  t o t a l  m o i s tu r e  c o n t e n t  t o  a  m a x im u m ,  
c a l le d  B o u n d  W a te r  C a p a c i ty ,  w h ic h  w a s  i n d e p e n d e n t  o f  t o t a l  m o is tu r e  
c o n t e n t  b u t  v a r ie d  w i th  t h e  p r o d u c t .

D E H Y D R A T IO N  T H E R M O P R O F I L E S  O F  A M IN O  A C ID S  A N D  P R O 
T E I N S .  E .  K A R M A S  &  G . R . D iM A R C O . J. Food Sci. 3 5 ,  6 1 5 - 6 1 7  
( 1 9 7 0 ) - D e h y d r a t io n  th e r m o p r o f i l e s  r e p r e s e n t i n g  w a t e r  e v a p o a t io n  f r o m  
a q u e o u s  s o lu t io n s  o f  22  n a tu r a l l y  o c c u r r in g  a m in o  a c id s  w e re  d e t e r 
m in e d .  14  a m in o  a c id s  e x h ib i t e d  p e a k s  o f  “ b o u n d ”  w a te r  b e y o n d  th e  
e v a p o r a t io n  p e a k  o f  “ f r e e ”  w a te r .  T h e  a c id ic  a n d  b a s ic  a m in o  a c id s  in 
d i c a t e d  n o  w a t e r  r e t e n t i o n .  E x c e p t io n a l  w a t e r  r e t e n t i o n  p r o p e r t i e s ,  
3 0 % - 7 0 %  o f  t h e  t o t a l  w a t e r  c o n t e n t  a s  m e a s u r e d  b y  p e a k  a re a s ,  w e re  
e x h ib i t e d  b y  th e  n o n p o l a r  a m in o  a c id s :  i s o le u c in e ,  l e u c in e ,  m e th io n in e  
a n d  v a l in e .  T h e  m e th y l  a n d  m e th y le n e  g r o u p s  o f  th e s e  n o n p o l a r  s t r u c 
tu r e s  s e e m  to  b e  r e s p o n s ib le  f o r  t h e  w a t e r  r e t e n t i o n  p r o p e r t i e s  p r o b a b ly  
d u e  to  h y d r a t e  f o r m a t io n .  O n e  e x p la n a t io n  c o u ld  b e  t h a t  a s  t h e  t e m p e r a 
tu r e  is r a is e d  to  a  c r i t i c a l  p o i n t ,  t h e  s e m i c r y s ta i l in e  a r r a y  a r o u n d  th e  
n o n p o la r  a m in o  a c id  r a d ic a ls  c o l la p s e s .  B e e f  m u s c le  t i s s u e  a n d  e g g  a lb u 
m in  i n d i c a t e d  s t r o n g  w a t e r  r e t e n t i o n  p r o p e r t i e s .

G R O W T H  P A T T E R N S  O F  S E L E C T E D  P S Y C H R O P H IL IC  M IC R O 
O R G A N IS M S  IN  C O O K E D  A N D  U N C O O K E D  A S E P T I C A L L Y  P R O 
C U R E D  T U R K E Y  M E A T . M . G . M A S T  &  G . J .  M O U N T N E Y . J. Food 
Sci. 3 5 ,  6 1 8 - 6 2 0  ( 1 9 7 0 ) - S t e r i l e  m u s c l e  t i s s u e  w a s  p r o c u r e d  f r o m  a  
tu r k e y  g r o w n  u n d e r  c o m m e r c ia l  c o n d i t i o n s .  G r o w th  p a t t e r n s  o f  s e le c te d  
m ic ro o r g a n is m s  w e re  c o m p a r e d  in  c o o k e d  a n d  u n c o o k e d  s a m p le s  o f  th is  
t i s s u e  h e ld  a t  5 ° C  a n d  2 0 ° C .  C o o k e d  t i s s u e ,  in  m o s t  in s ta n c e s ,  s u p p o r t e d  
g r e a te r  n u m b e r s  o f  m ic ro o r g a n is m s  th a n  d id  u n c o o k e d  t is s u e .  M u sc le  
t i s s u e  i n o c u la t e d  w i th  a  m ix e d  c u l tu r e  (a  Flavobacterium s p e c ie s  a n d  a n  
Alcaligenes s p e c ie s )  c o n s i s t e n t ly  c o n ta in e d  g r e a te r  n u m b e r s  o f  b a c t e r i a  
th a n  m e a t  i n o c u la t e d  w i th  a  p u r e  c u l tu r e  o f  Pseudomonas fluorescens. 
U n c o o k e d  s te r i le  t u r k e y  m e a t  r e m a in e d  in  g o o d  c o n d i t i o n ,  b o t h  in  a p 
p e a r a n c e  a n d  b a c t e r io lo g ic a l l y ,  f o r  a t  l e a s t  o n e  y e a r  w h e n  s to r e d  a t  a b o v e  
f r e e z in g  te m p e r a tu r e s .

R E C O V E R Y  O F  S A L M O N E L L A E  F R O M  I R R A D I A T E D  A N D  
U N I R R A D I A T E D  F O O D S . J . J .  L I C C IA R D E L L O , J .  T .  R . N IC K E R S O N  
&  S. A . G O L D B L IT H . J. Food Sci. 3 5 ,  6 2 0 - 6 2 4  ( 1 9 7 0 ) - M a x i m u m  
re c o v e r y  o f  S a lm o n e lla e  f r o m  a r t i f i c ia l ly  c o n ta m in a t e d  i r r a d i a te d  a n d  
u n i r r a d i a t e d  f o o d s  w a s  u s u a l ly  o b t a in e d  o n  t r y p t i c  s o y  y e a s t  e x t r a c t  a g a r , 
a  n o n s e le c t iv e  m e d :u m .  R e c o v e ry  o n  v a r io u s  s e le c t iv e  m e d ia  d e p e n d e d ,  in  
g e n e r a l ,  u p o n  th e  s e r o ty p e  a n d  th e  s u b s t r a t e .  I r r a d i a t e d  c e l ls  w e re  d e f i 
n i t e ly  i n h ib i t e d  o n  Salmonella-Shigella a g a r  o r  d e s o x y c h o la t e  c i t r a t e  a g a r , 
b u t  o n ly  s l ig h t ly ,  i f  a t  a ll ,  o n  b r i l l i a n t  g r e e n ,  b i s m u t h  s u l f i te  o r  M ac - 
C o n k e y  a g a r s . T h e  h ig h e s t  c o u n t  o f  i r r a d i a t e d  c e l ls  o f  Salmonella new- 
port b y  t h e  M P N  m e th o d  w a s  o b ta in e d  w i th  t e t r a t h i o n a t e  b r o t h ,  y e t  th is  
m e d iu m  w a s  in h ib i to r y  to  Salmonella oranienburg a n d  Salmonella Heidel
berg. I n  th i s  l a t t e r  s i t u a t io n ,  p r e - e n r i c h m e n t  in  n u t r i e n t  b r o t h  p r i o r  to  
i n o c u la t i o n  in t o  t e t r a t h i o n a t e  b r o t h  w a s  b e n e f ic ia l .
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I N  T H I S  I S S U E

M E T H O D  F O R  I S O L A T IN G  V IR U S E S  F R O M  G R O U N D  B E E F .  R . 
S U L L IV A N , A . C . F A S S O L IT IS  &  R . B . R E A D  J R .  / .  Food Sci. 3 5 ,  
6 2 4 - 6 2 6  ( 1 9 7 0 ) - A  m e th o d  w a s  d e v e lo p e d  t o  i s o la te  v iru s e s  f r o m  
g r o u n d  b e e f .  A n t ib io t i c s  w e re  u s e d  to  s u p p re s s  b a c t e r i a l  a n d  fu n g a l  c o n 
t a m in a n t s .  A  m e a t  s lu r ry  w a s  m a d e  in  a  s t a n d a r d  s a l t  a n d  a m in o  a c id  
s o lu t io n  a d ju s t e d  t o  p H  8 .5 .  T h e  s lu r ry  w a s  f i l t e r e d  t h r o u g h  c h e e s e  c lo th  
a n d  t h e  f i l t r a t e  e x a m in e d  f o r  v i ru s e s  b y  a  p l a q u e - f o r m in g  u n i t  ( p f u )  a s s a y  
s y s te m . A p p r o x im a te ly  7 5 %  o f  i n p u t  c o x s a c k ie v i ru s  B -2  w a s  re c o v e r a b l e .  
T h e  m e t h o d  w a s  u s e d  t o  e x a m in e  m a r k e t - p u r c h a s e d  g r o u n d  b e e f  f o r  
v iru s e s .  1 t o  1 9 5  v ira l  p f u / 5  g  w e re  i s o la te d  f r o m  3 o f  1 2  lo a v e s  o f  m e a t .  
1 l o a f  y ie ld e d  p o l io v i r u s  1 a n d  e c h o v i ru s  6 , 1 y ie ld e d  p o l io v i r u s  2  a n d  1 
y ie ld e d  p o l io v ir u s e s  1 a n d  3 .

S O M E  E F F E C T S  O F  E T H Y L E N E  O X ID E  O N  B a c il lu s  s u b t i i i s .  J .  
M A R L E T T A  &  C . R . S T U M B O . J. Food Sci. 3 5 ,  6 2 7 - 6 3 1  
( 1 9 7 0 ) - S p o r e s  o f  Bacillus subtiiis w e r e  e x p o s e d  to  E T O  a n d  th e n  s u s 
p e n d e d  in  d i s t i l l e d  w a te r  o v e r n ig h t  t o  d e t e r m in e  i f  E T O  t r e a t m e n t  w o u ld  
a f f e c t  r e le a s e  o f  p r o t e i n ,  R N A , D N A , o r  D P  A . O n ly  D P A  r e le a s e  w a s  
a f f e c t e d ,  i t  b e in g  a p p r e c i a b ly  g r e a te r  f r o m  e x p o s e d  t h a n  f r o m  u n e x p o s e d  
s p o re s .  A  c o m p a r i s o n  o f  ly o p h i l i z e d  v e g e t a t iv e  c e l ls ,  g e r m in a te d  s p o re s ,  
a n d  h e a t - a c t iv a t e d  s p o re s  r e v e a le d  t h a t  t h e  E T O  r e s i s ta n c e  o f  g e r m in a te d  
s p o re s  w a s  m u c h  c lo s e r  t o  t h a t  o f  h e a t - a c t iv a te d  s p o r e s  t h a n  to  t h a t  o f  
v e g e t a t iv e  c e l ls .  E T O  e x p o s u r e  r e s u l te d  in  n o  s ig n i f i c a n t  c h a n g e  in  r a t e  o r  
e f f i c ie n c y  o f  s p o re  g e r m in a t io n  in  e i t h e r  a  r i c h  m e d iu m  o r  a  m in im a l  
m e d iu m . H o w e v e r ,  E T O  t r e a t m e n t  n o t a b l y  in c r e a s e d  t h e  p o s tg e r m in a t iv e  
p h a s e  o f  d e v e lo p m e n t .

E T H Y L E N E  O X ID E  S T E R I L I Z A T I O N  O F  S a lm o n e l la  s e n f t e n b e r g  A N D  
E s c h e r ic h ia  c o i i :  D E A T H  K IN E T IC S  A N D  M O D E  O F  A C T IO N . G . T . 
M IC H A E L  &  C . R .  S T U M B O . J. Food Sci. 3 5 ,  6 3 1 - 6 3 4  ( 1 9 7 0 ) - D e a t h  
o f  l y o p h i l i z e d  Salmonella senftenberg a n d  Escherichia coll w h e n  e x p o s e d  
t o  g a s e o u s  e th y l e n e  o x id e  (E T O )  fo l lo w e d  f i r s t  o r d e r  k in e t ic s .  S. senften
berg in  w h o le  e g g  p o w d e r  w a s  a b o u t  tw ic e  a s  r e s i s t a n t  a s  i t  w a s  in  t h e  
c le a n  s ta t e .  I n o c u la t i o n  o f  E T O  t r e a t e d  c e l ls  i n t o  a  m in im a l  m e d iu m  
v a r io u s ly  s u p p le m e n te d  w i t h  a  v a r ie ty  o f  n u t r i t i o n a l  m a te r ia l s  in d ic a te d  
t h a t  t h e  m o d e  o f  a c t i o n  o f  E T O  in  c a u s in g  lo s s  o f  c e l l  r e p r o d u c t i o n  
a b i l i ty  w a s  t h a t  o f  a lk y l a t i o n  o f  t h e  g u a n o s in e  t r i p h o s p h a t e  c o m p o n e n t  
o f  D N A .

S O Y B E A N  F A C T O R S  R E L A T I N G  T O  G A S  P R O D U C T IO N  B Y  
IN T E S T IN A L  B A C T E R IA . J .  J . R A C K IS ,  D . J .  S E S S A , F .  R . 
S T E G G E R D A , T . S H IM IZ U , J . A N D E R S O N  &  S. L . P E A R L .  J. Food 
Sci. 3 5 ,  6 3 4 —6 3 9  ( 1 9 7 0 ) —A n  in  v i t r o  a s s a y  w a s  u s e d  to  s h o w  t h a t  
t o a s t e d ,  d e h u l l e d ,  d e f a t t e d  s o y b e a n  m e a l  c o n ta in s  a  g a s - p ro d u c in g  f a c t o r  
a n d  a  g a s - in h ib i t in g  f a c to r .  T h e  o l ig o s a c c h a r id e s - s u c r o s e ,  r a f f in o s e  a n d  
s t a c h y o s e —a re  a s s o c ia t e d  w i t h  t h e  g a s - p ro d u c in g  f a c t o r  w h e n  i n c u b a te d  
in  t h io g ly c o l la te  m e d ia  w i th  a n a e r o b i c  b a c t e r i a  o f  t h e  i n t e s t i n a l  t r a c t  o f  
d o g s .  T h e  p h e n o l i c  a c id s  in  s o y b e a n s - s y r i n g i c  a n d  f e r u l i c  a c id —a r e  e f f e c 
t iv e  g a s  i n h ib i to r s  in  v i t r o  a n d  in  i n t e s t i n a l  s e g m e n ts  o f  d o g s .  T h e  l ip id s ,  
p r o t e in s  a n d  w a te r - in s o lu b le  p o ly s a c c h a r id e s  o f  s o y b e a n  m e a l  h a v e  n o  g a s  
a c t iv i ty .  D u r in g  f e r m e n t a t i o n ,  g a s  p r o d u c t i o n  p a r a l l e l s  t h e  f o r m a t i o n  o f  
m o n o s a c c h a r id e s  b y  e n z y m a t i c  h y d r o ly s i s  o f  r a f f in o s e  a n d  s ta c h y o s e .  
T h e  a m o u n t  a n d  c o m p o s i t i o n  o f  g a s  p r o d u c e d  f r o m  c o t to n s e e d  a n d  p e a 
n u t  m e a l  w e r e  c o m p a r a b le  t o  s o y b e a n  m e a l .

C C13 F  H Y D R A T E : A B I L I T Y  T O  I N H I B I T  O X ID A T I O N  O F  L - 
A S C O R B IC  A C ID  I N  P E A S . L . U . T H O M P S O N  &  O . F E N N E M A . / .  
Food Sci. 3 5 ,  6 4 0 —6 4 1  ( 1 9 7 0 ) —O x id a t io n  o f  L - a s c o rb ic  a c id  w a s  m e a s 
u r e d  a t  - 7 ° C  in  a  c lo s e d  s y s te m  c o n ta in in g  p e a s ,  w a te r ,  C C I3 F  h y d r a t e  
a n d  a ir .  T h e  p r e s e n c e  o f  C C I3 F  h y d r a t e  s ig n i f i c a n t ly  i n h i b i t e d  o x i d a t i o n  
o f  L - a s c o r b ic  a c id  t o  c o m p o u n d s  d e v o id  o f  v i t a m in  C  a c t iv i ty .

O R G A N I C  A C ID  P R O F I L E S  O F  T H E R M A L L Y  P R O C E S S E D  S P IN A C H  
P U R E E . Y I  D O  L I N ,  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 5 ,  6 4 1 - 6 4 4  ( 1 9 7 0 ) - S p i n a c h  p u r e e  w a s  p a c k e d  in  T D T  tu b e s  a n d  
p r o c e s s e d  w i t h  a n  F 0  =  4 .9  a t  t e m p e r a tu r e s  r a n g in g  f r o m  2 4 0 ° F - 3 0 0 ° F  
w i t h  1 0 ° F  in c r e m e n t s .  A n a ly s e s  w e re  c a r r ie d  o u t  f o r  o r g a n ic  a c id s ,  c o l o r  
a n d  p H . T h e  g r e a t e s t  c h a n g e s  in  th e s e  q u a l i t y  p a r a m e te r s  w e r e  n o t e d  a t  
2 4 0 ° F  w i t h  s u c h  c h a n g e s  d e c r e a s in g  a s  t e m p e r a t u r e  i n c r e a s e d  u p  to  
3 0 0 ° F .  A  p l a t e a u  w a s  n o t e d  in  t h e  r a n g e  o f  2 7 0 ° - 2 8 0 ° F  s in c e  l i t t l e  
i m p r o v e m e n t  w a s  g a in e d  a b o v e  th e s e  t e m p e r a tu r e s .  A c e t i c  a n d  p y r r o l -  
i d  o n e - c a r b o x y l ic  a c id s  s h o w e d  t h e  m o s t  s t r ik in g  c h a n g e s  w i t h  i n c r e a s e s  o f  
1 2 9 %  a n d  1 3 2 %  re s p e c t iv e ly  a t  2 4 0 ° F .

A S C O R B IC  A C ID  A N D  C O L O R  C H A N G E S  I N  S U M M E R  S Q U A S H  A S  
I N F L U E N C E D  B Y  B L A N C H , p H  A N D  O T H E R  T R E A T M E N T S .  W . A . 
S I S T R U N K  &  J .  N . C A S H . / .  Food Sci. 3 5 ,  6 4 5 - 6 4 8  ( 1 9 7 0 ) - A s c o r b i c  
a n d  d e h y d r o  a s c o rb ic  a c id s  w e re  r a p id ly  o x id iz e d  a t  5 0 ° C .  T h e  r e a c t i o n  
w a s  s lo w e r  a t  p H  5 .0  t h a n  a t  p H  6 .0  a n d  7 .5 .  C o lo r  r e t e n t i o n  a s  m e a s u r e d  
b y  t h e  C D M  w a s  g r e a t e r  a t  t h e  h ig h e r  p H  le v e ls .  T im e  o f  b l a n c h  d i d  n o t  
a f f e c t  C D M  a /b  ( h u e )  b u t  d id  in c r e a s e  V a 2 +  b 2 ( c h r o m a )  a n d  d e c r e a s e d  
t h e  C D M  L  ( l i g h tn e s s ) .  B o th  c o lo r  a n d  a s c o r b ic  a c id  w e r e  l o s t  v e r y  r a p 
id ly  in  u n b l a n c h e d  s q u a s h  p u r e e  u n d e r  th e s e  c o n d i t i o n s .  B r o w n in g  r e 
a c t io n s  h a d  a  m a jo r  in f l u e n c e  o n  C D M  c o lo r  v a lu e s ,  e v e n  in  b l a n c h e d  
s q u a s h  a l t h o u g h  t h e  c h a n g e s  in  c a r o t e n o id  p ig m e n ts  w e r e  le s s  p r o 
n o u n c e d .

P R O D U C T IO N  O F  F R O Z E N  O R A N G E -J U I C E  C O N C E N T R A T E  F R O M  
C E N T R I F U G A L L Y  S E P A R A T E D  S E R U M  A N D  P U L P . M . P E L E G  &
C .H . M A N N H E I M . /  Food Sci. 3 5 ,  6 4 9 - 6 5 1  ( 1 9 7 0 ) - T h e  p u l p  w a s  f o u n d  
t o  b e  c o m p r e s s ib le .  M o s t  o f  t h e  e s s e n t ia l  o i l  w a s  f o u n d  in  t h e  p u l p  
f r a c t i o n  a n d  t h e  r e s id u a l  o i l  c o n t e n t  in  t h e  s e r u m  f r a c t io n  s h o w e d  l i n e 
a r i t y  w i t h  s e r u m  tu r b i d i t y .  C o n c e n t r a t e s  p r o d u c e d  b y  t h e  s e p a r a t i o n  
m e t h o d  in  q u e s t i o n  w e re  s ta b l e  a n d  h a d  s u p e r io r  o r g a n o le p t i c  p r o p e r t i e s  
c o m p a r e d  w i th  t h o s e  p r o d u c e d  b y  t h e  c o n v e n t io n a l  m e t h o d ,  u s in g  f r e s h  
c u t - b a c k  ju i c e .  T h e  e s s e n t ia l  o i l  c o n t e n t  o f  t h e  n e w  c o n c e n t r a t e s  w a s  h ig h  
e n o u g h  t o  d is p e n s e  w i th  a d m ix tu r e  o f  p e e l  o i l .  I t  w a s  f o u n d  t h a t  s t a b l e  
c o n c e n t r a t e s  c a n  b e  p r o d u c e d  w i t h o u t  h e a t  t r e a t m e n t  o f  t h e  f e e d  ju i c e .

B A C T E R IO L O G IC A L  C O N T A M I N A T IO N  O F  S O M E  C IT R U S  O IL S  
D U R I N G  P R O C E S S IN G . D . I .  M U R D O C K  &  G . L .  K . H U N T E R .  J. Food 
Sci. 3 5 ,  6 5 2 - 6 5 5  ( 1 9 7 0 ) —T a n g e r in e ,  l e m o n  a n d  g r a p e f r u i t  o i l  e m u ls io n s  
u n d e r g o  u n d e s i r a b l e  m o d i f i c a t i o n  a s  a  r e s u l t  o f  m ic r o b ia l  g r o w th .  A lp h a -  
t e r p in e o l  is  p r o d u c e d  b y  t h e  h y d r o ly s i s  o f  d - l im o n e n e .  T h e  g r e a t e s t  m i 
c r o b ia l  a c t i v i t y  o c c u r r e d  in  t a n g e r in e  a n d  l e m o n ,  a n d  t h e  l e a s t  in  g r a p e 
f r u i t .  L e m o n  o i l  e m u ls io n s  c o n ta in in g  le ss  t h a n  1%  o il  p r o d u c e d  t h e  
h ig h e s t  c o n c e n t r a t i o n  o f  a lp h a - te r p in e o l .  d - L im o n e n e  c o n c e n t r a t i o n  in  
d i l u t e  l e m o n  o i l  s lu r r ie s  d e c r e a s e d  w i t h  a  c o r r e s p o n d in g  in c r e a s e  in  al- 
p h a - te r p in e o l .

R E M O V A L  O F  O L I G O S A C C H A R I D E S  F R O M  S O Y  M IL K  B Y  A N  
E N Z Y M E  F R O M  A s p e rg i l lu s  S a i to i .  H . S U G IM O T O  &  J .  P .  V A N
B U R E N . J. Food Sci. 3 5 ,  6 5 5 - 6 6 0  ( 1 9 7 0 ) - A  m e t h o d  f o r  e n z y m a t i c  
r e m o v a l  o f  g a la c to - o l ig o s a c c h a r id e s  f r o m  s o y  m ilk  b y  a  p a r t i a l l y  p u r i f i e d  
e n z y m e  p r e p a r a t i o n  f r o m  Aspergillus saitoi w a s  in v e s t ig a te d .  S u c h  s u g a r s  
h a v e  b e e n  im p l i c a t e d  in  t h e  t e n d e n c y  o f  s o y  m i lk s  t o  i n d u c e  f l a tu l e n c e .  
T h e  s t u d y  o f  a -g a la c to s id a s e  in  t h e  e n z y m e  p r e p a r a t i o n  s h o w e d  t h a t  i t  
h a d  i t s  o p t i m u m  p H  b e tw e e n  5 .0  a n d  5 .5  a n d  s e e m e d  s ta b l e  a b o v e  p H  
4 .0 .  E v a lu a t io n s  b y  m e a n s  o f  th in - l a y e r  c h r o m a to g r a p h y  in d i c a t e d  t h a t  
a d d i t i o n  o f  s m a l l  a m o u n t s  o f  th i s  e n z y m e  p r e p a r a t i o n  t o  s o y  m i lk  r e 
s u l te d  in  c o m p le t e  h y d r o ly s i s  o f  g a la c to - o l ig o s a c c h a r id e s .  T h e  m e t h o d  
s e e m s  t o  b e  a n  e c o n o m ic a l  p r o c e d u r e  f o r  t h e  r e m o v a l  o f  o l ig o s a c c h a r id e s  
f r o m  s o y  m ilk .

B R E A D  F R O M  S O R G H U M  A N D  B A R L E Y  F L O U R S .  M  R .  H A R T ,  R .P .  
G R A H A M , M . G E E  &  A .I .  M O R G A N  J R .  / .  Food Sci. 3 5 ,  6 6 1 - 6 6 5  
( 1 9 7 0 ) - V a r i o u s  a d d i t iv e s  w e re  e x a m in e d  a s  a id s  in  m a k in g  y e a s t  b r e a d  
f r o m  s t r a ig h t  s o rg h u m  o r  b a r le y  f lo u r s .  G o o d  r is e  w a s  a c h i e v e d  f o r  b o t h  
b r e a d s  f r o m  a  h e a v y  b a t t e r  o f  4 5 %  s o l id s .  S e v e ra l  g u m s ,  e s p e c ia l ly  4 0 0 0  
c p s  m e th y lc e l lu lo s e ,  in c r e a s e d  g a s  r e t e n t i o n  in  s o r g h u m  b r e a d  a n d  im 
p ro v e d  t e x t u r e  o f  b o t h  s o rg h u m  a n d  b a r le y  b r e a d s .  S e v e ra l  s t a r c h e s  w e re  
s u c c e s s fu l ly  i n c o r p o r a t e d  a s  a  d i l u e n t  in  b a r l e y  b r e a d  o r  u s e d  t o  im p r o v e  
t e x t u r e  a n d  l o a f  v o lu m e  o f  s o r g h u m  b r e a d .  T h e  e f f e c t  o f  s e v e ra l  
p ro c e s s in g  v a r ia b le s  o n  s o rg h u m  b r e a d  w a s  s tu d i e d .  2  m e t h o d s  o f  s o u r  
f e r m e n t a t i o n  w e re  f o u n d  c o m p a t ib l e  w i th  s o r g h u m  b r e a d .

VI



STARCH CHARACTERISTICS OF SELECTED GRAIN SORGHUMS 
AS RELATED TO HUMAN FOODS. O . H . M IL L E R  &  E . E .  B U R N S . J  
Food Sei. 3 5 ,  6 6 6 - 6 6 8  ( 1 9 7 0 ) - S e v e n t e e n  v a r ie t ie s  a n d  h y b r id s  o f  g ra in  
s o rg h u m  w e r e  a n a ly z e d  f o r  c o n t e n t  o f  t o t a l  s t a r c h ,  a m y lo s e ,  a m y lo -  
p e c t in ,  s t a r c h  d e n s i t y ,  a n d  s ta r c h  g r a n u le  d i a m e te r .  C o r r e l a t i o n s  a m o n g  
th e s e  a t t r i b u t e s  a n d  o r g a n o le p t i c  q u a l i t y  w e re  m a d e .  S ta r c h e s  o f  r e g u la r -  
s t a r c h  t y p e  v a r ie t i e s  h a d  h ig h e r  d e n s i t i e s  t h a n  w a x y  s ta r c h  v a r ie t ie s .  
S ta r c h  d e n s i ty  w a s  r e l a t e d  d i r e c t l y  t o  a m y lo s e  c o n t e n t  a n d  in v e r s e ly  t o  
t o t a l  s t a r c h  a n d  a m y lo p e c t i n  c o n t e n t .  A m y lo s e  c o n t e n t  w a s  d i r e c t l y  r e 
la te d  t o  t o t a l  s t a r c h  c o n t e n t ,  s t a r c h  d e n s i t y ,  a n d  in v e r s e ly  r e l a t e d  t o  
a m y lo p e c t i n  c o n t e n t .  T h e  v a r ie t i e s  w i th  h ig h  a m y lo p e c t i n  c o n t e n t  w e re  
p r e f e r r e d  f o r  s o rg h u m  b r e a d .  O r g a n o le p t i c  q u a l i t y  w a s  d i r e c t l y  r e l a t e d  t o  
a m y lo p e c t i n  c o n t e n t  a n d  in v e r s e ly  r e l a t e d  t o  t o t a l  s t a r c h  a n d  a m y lo s e  
c o n te n t .

EFFECT OF SODIUM NITRITE ON FLAVOR OF CURED PORK. I. C .
C H O  &  L . J .  B R A T Z L E R .  J. Food Sei. 3 5 ,  6 6 8 - 6 7 0  ( 1 9 7 0 ) - T h e  e f f e c t  
o f  s o d iu m  n i t r i t e  o n  t h e  f l a v o r  o f  c u r e d  p o r k  w a s  in v e s t ig a te d  b y  u s in g  
th e  t r i a n g le  a n d  2 - s a m p le  t a s t e  t e s t s .  S o d iu m  n i t r i t e ,  t h r o u g h  i t s  r e a c t io n  
w i th  p o r k  m u s c l e ,  c o n t r i b u t e s  t o  t h e  f la v o r  o f  c u r e d  p o r k ,  in  a d d i t i o n  t o  
t h e  f la v o r  d u e  to  s a l t ,  s u g a r  a n d  s m o k e .

WEIGHT AND COLOR CHANGES DURING STORAGE OF BEEF 
STEAKS PACKAGED IN CLEAR PLASTIC, FOAM AND PULP 
TRAYS. E . M . B U C K  &  B . A . P E T E R S .  J. Food Sei. 3 5 ,  6 7 0 - 6 7 2  
( 1 9 7 0 ) - 4  t r i a ls  w e r e  c o n d u c t e d  u s in g  1 4 4  U .S .  C h o ic e - g r a d e  b e e f  r o u n d  
s te a k s  p a c k a g e d  in  p u l p ,  f o a m  a n d  c le a r  p la s t i c  t r a y s  o v e r w r a p p e d  w i th  
P V C  f i lm . P e r c e n t  w e ig h t  lo s se s , a t  t h e  e n d  o f  2  a n d  4  d a y s  o f  s to r a g e ,  
w e re  s ig n i f i c a n t ly  g r e a t e r  f o r  th o s e  s te a k s  p a c k a g e d  in  p u lp  t r a y s  a s  c o m 
p a r e d  to  c le a r  o r  f o a m  t r a y s  ( P < . 0 1 ) .  E v a p o r a t io n  lo s s e s  f r o m  t h e  v a r i 
o u s  ty p e s  o f  t r a y s  e m p lo y e d  in  th i s  s t u d y  w e r e  r e la t iv e ly  u n i f o r m  a n d  
d i f f e r e n c e s  i n  s te a k  w e ig h t  lo s s e s  w e r e  p r im a r i l y  a c c o u n t e d  f o r  b y  a b 
s o rb e d  o r  f r e e  ju i c e s  in  t h e  t r a y .  T h e  c o lo r  a c c e p ta b i l i t y  o f  a l l  s t e a k s  
d e c l in e d  d u r in g  s to r a g e  a n d  th e r e  w a s  n o  p a r t i c u l a r  c o l o r  a d v a n ta g e  a s 
s o c ia te d  w i th  a n y  t r a y  t y p e .  V is ib i l i ty  o f  s t e a k  u n d e r s id e s  th r o u g h  c le a r  
p la s t i c  t r a y s  r e m a in e d  a t  a n  a c c e p ta b l e  le v e l  t h r o u g h o u t  t h e  s to r a g e  p e 
r io d .  T h e  e f f e c t  o f  s t a c k  p o s i t i o n  o n  s h r in k a g e  a n d  c o lo r  is  d i s c u s s e d .

COOLING OF PORCINE HAM BY OIL IMMERSION. C . L.
K Ä S T N E R , R .  L .  H E N R IC K S O N  &  B . L .  C L A R Y . J. Food Sei. 3 5 ,  
6 7 3 - 6 7 5  ( 1 9 7 0 ) —1 2  s w in e  w e r e  s la u g h te r e d  a n d  t h e  h a m s  re m o v e d  f r o m  
th e  “ h o t ”  c a r c a s s e s .  I n d iv i d u a l  p a i r e d  h a m s  f r o m  t h e  s a m e  a n im a l  w e re  
p la c e d  in  1 o f  2  c o o l in g  s y s te m s - ( im m e r s io n  in  r e f r ig e r a t e d  l ig h t  m in e r a l  
o i l  o r  a  f o r c e d - a i r  s y s te m ) .  C o o l in g  c u rv e s  a n d  t h e  F - t e s t ,  in  c o n j u n c t i o n  
w i th  t h e  a n a ly s is  o f  v a r ia n c e ,  in d i c a t e d  t h a t  t h e  d i f f e r e n c e  in  c o o l in g  t im e  
b e tw e e n  t h e  2  s y s te m s  w a s  n o n s ig n i f i c a n t .  T h e  o b je c t iv e  o f  e q u a t in g  th e  
h e a t - t r a n s f e r  c o e f f i c i e n t  w a s ,  th e r e f o r e ,  a c c o m p l i s h e d .  C h i l l in g  b y  o il  
im m e r s io n  w a s  1 .5 7  t im e s  f a s t e r  t h a n  c h i l l in g  in  t h e  f o r c e d - a i r  s y s te m  
w h e n  b o t h  t h e  a ir  a n d  o i l  v e lo c i t i e s  w e re  1 0 .0  f t / s e c .  M o is tu r e  lo s s  w a s  
4 .3 4  to  2 .4 2  t im e s  g r e a t e r  in  t h e  a ir - c h i l l in g  s y s te m  t h a n  in  t h e  o il-  
im m e r s io n  s y s te m .

EFFECT OF HEATING AND COLD STORAGE ON ANTITHIAMINE 
ACTIVITY IN SKIPJACK TUNA. N . Y . T A N G  &  D . M . H I L K E R .  J. 
Food Sei. 3 5 ,  6 7 6 - 6 7 7  ( 1 9 7 0 ) - T h e  s t a b i l i t y  o f  a n t i t h i a m i n e  f a c to r ( s )  in  
s k ip ja c k  t u n a  (Katsuwonus pelanus) w a s  t e s t e d  a f t e r  b o i l i n g  b y  tw o  
m e th o d s ,  b a k in g  a n d  c o ld  s to r a g e  a t  1 0  a n d  - 1 0 ° C .  T h e  v a r io u s  h e a t  
t r e a tm e n t s  r e d u c e d  th e  a n t i t h i a m i n e  a c t iv i ty  f r o m  5 5 - 8 6 %  o f  t h e  c o n 
t r o l .  B o th  f r o z e n  a n d  r e f r ig e r a t e d  t u n a ,  r e s p e c t iv e ly ,  l o s t  t h e  a n t i t h i a m i n e  
a c t iv i ty  b y  5 0 - 6 0 %  o f  t h e  o r ig in a l  le v e l in  4  d a y s .

EFFECT OF HEAT ON THE CHEMICAL AND NUTRITIVE STABILr 
ITY OF FISH PROTEIN CONCENTRATE (FPC). D . L . D U B R O W  &  B. 
R . S T IL L IN G S . J. Food Sei. 3 5 ,  6 7 7 - 6 8 0  ( 1 9 7 0 ) - T o  d e t e r m i n e  th e  
h e a t  s t a b i l i t y  o f  F P C  ( f i s h  p r o t e i n  c o n c e n t r a t e ) ,  w e  s u b je c te d  F P C  t o  o n e  
o f  tw o  f o r m s  o f  h e a t :  d r y  a ir  ( o v e n )  o r  m o i s t  a ir  ( a u to c la v e ) .  T e m p e r a 
tu r e s  o f  t h e  d r y  a ir  w e re  1 0 0 ° ,  1 2 0 ° ,  o r  1 5 0 ° C ;  t h o s e  o f  t h e  m o i s t  a ir  
w e re  1 0 0 °  o r  1 2 0 ° C .  E x p o s u r e  t im e s  f o r  b o t h  t r e a t m e n t s  w e re  0 ,  3 0 ,  6 0 ,  
1 2 0 ,  o r  2 4 0  m in .  P r o x im a te  c o m p o s i t i o n ,  a m in o  a c id  c o m p o s i t i o n ,  a n d  
p H  w e re  d e t e r m in e d .  N P N  ( n o n - p r o t e i n  n i t r o g e n )  w a s  a ls o  d e t e r m i n e d  in  
a u to c la v e d  s a m p le s .  P E R  ( p r o t e i n  e f f i c ie n c y  r a t i o )  v a lu e s  w e r e  o b t a in e d  
f o r  p r o t e in  q u a l i t y .  S a m p le s  h e a t e d  in  d r y  a ir  t o  1 2 0 ° C  f o r  u p  t o  4  h r  
s h o w e d  t i t t l e  c h a n g e ,  b u t  t h o s e  h e a t e d  to  1 5 0 ° C  f o r  6 0  m in  o r  lo n g e r  
d e c r e a s e d  in  ly s in e ,  a rg in in e ,  a v a i la b le  ly s in e ,  a n d  P E R .  S a m p le s  h e a t e d  in  
m o is t  a i r  in c r e a s e d  in  N P N , d e c r e a s e d  in  p H ,  a n d  c h a n g e d  t i t t l e  in  a m in o  
a c id  c o n c e n t r a t i o n .  A f te r  4  h r  a t  1 2 0 ° C ,  t h e y  d e c r e a s e d  in  p r o t e i n  q u a l 
i ty .

RADIO-FREQUENCY PASTEURIZATION OF CURED HAMS. N . E .
B E N G T S S O N , F .  R . D E L  V A L L E  &  W . G R E E N . J. Food Sci. 3 5 ,  
6 8 1 - 6 8 7  ( 1 9 7 0 ) - F o r  le a n  2 - lb  h a m s ,  t r e a t m e n t  t im e  t o  r e a c h  th e  d e 
s ir e d  c e n t r a l  t e m p e r a t u r e  c o u ld  b e  r e d u c e d  to  1 /3  b y  h e a t in g  in  a  c o n 
d e n s e r  f ie ld  t u n n e l  o p e r a t i n g  a t  6 0  M H z , w i th  s u b s t a n t i a l  r e d u c t i o n  o f  
j u i c e  lo s s e s  a n d  a  t e n d e n c y  t o  im p r o v e  s e n s o r y  q u a l i t y  c o m p a r e d  w i th  
h o t  w a te r  p ro c e s s in g .  T r e a t m e n t  t im e  c o u ld  b e  f u r t h e r  r e d u c e d  b y  r o u g h 
ly  t h e  s a m e  e x t e n t  b y  p ro c e s s in g  a t  2 4 5 0  M H z , b u t  p r o d u c t  t h ic k n e s s  h a d  
t o  b e  r e d u c e d  to  s e c u re  s u f f i c i e n t  h e a t  p e n e t r a t i o n .  T e m p e r a t u r e  g r a d i 
e n t s  a n d  j u i c e  lo s s e s  w e r e  c o m p a r a b le  t o  t h o s e  in  h o t  w a t e r  t r e a t m e n t .

EFFECT OF PROCESSING VARIABLES ON STABILITY AND PRO
TEIN EXTRACTABILITY OF TURKEY MEAT EMULSIONS. G . L .
H A R G U S , G . W . F R O N I N G ,  C . A . M E B U S , S . N E E L A K A N T A N  &  T . E . 
H A R T U N G . / .  Food Sci. 3 5 ,  6 8 8 - 6 9 2  ( 1 9 7 0 ) - W h i t e  a n d  d a r k  tu r k e y  
m e a t  e m u ls io n s  b e c a m e  in c r e a s in g ly  m o r e  u n s t a b l e  w i th  a d v a n c in g  c h o p 
p in g  t e m p e r a tu r e .  S t a b i l i t y  o f  t u r k e y  m e a t  e m u ls io n s  w a s  s u b s ta n t ia l ly  
in c r e a s e d  w h e n  c h o p p in g  w a s  a c c o m p l i s h e d  in  a  c o ld  r o o m .  W h ite  tu r k e y  
m e a t  w a s  o b s e r v e d  t o  h a v e  s t a b i l i t y  s u p e r io r  to  t h a t  o f  d a r k  m e a t .  T e n s i le  
s t r e n g th  o f  tu r k e y  e m u ls io n s  w a s  d e c r e a s e d  w i th  a d v a n c in g  c h o p p in g  
t e m p e r a t u r e  a n d  t im e .  D e c re a s e s  in  p r o t e i n  s o lu b i l i t y  a s  c h o p p in g  t im e  
a n d  t e m p e r a t u r e  i n c r e a s e d  i n d i c a t e d  t h a t  p r o t e i n  d é n a t u r a t i o n  m a y  b e  a  
f a c to r  in  d e c r e a s e d  s ta b i l i ty .  H is to lo g ic a l  d a t a  f u r t h e r  s u p p o r t e d  s ta b i l i ty  
a n d  te n s i le  s t r e n g th  c h a n g e s .

EFFECT OF pH ON THE QUALITY OF CHICKEN FRANKFURTERS.
R . C . B A K E R , J .  D A R F L E R  &  D . V . V A D E H R A . J. Food Sci. 3 5 ,  
6 9 3 - 6 9 5  ( 1 9 7 0 ) - T h e  e f f e c t  o f  p H  ( 4 . 6 - 8 . 6 )  o n  th e  t e n d e r n e s s ,  j u i c i 
n e s s ,  f la v o r  a n d  p r e f e r e n c e  o f  c h ic k e n  f r a n k f u r t e r s  w a s  s tu d ie d .  R e s u l t s  
i n d i c a t e d  t h a t  t h e  n o r m a l  p H  ( 6 . 1 - 6 . 5 )  o f  c h ic k e n  m e a t  g a v e  t h e  b e s t  
f r a n k f u r t e r s .

FROZEN WHOLE EGGS FOR SCRAMBLING. K . I J I C H I ,  H . H . P A L 
M E R  &  H . L IN E W E A V E R . J. Food Sci. 3 5 ,  6 9 5 - 6 9 8  ( 1 9 7 0 ) - F r o z e n  
w h o le  eggs s u i ta b le  f o r  s c r a m b l in g  w e re  p r e p a r e d  b y  t h e  s e p a r a te  a n d  
c o m b in e d  u s e  o f  a d d i t iv e s  a n d  m e c h a n ic a l  t r e a t m e n t s .  V a r io u s  c o m b in a 
t i o n s  o f  l iq u id  s k im  m ilk ,  lo w  le v e ls  o f  s a l t ,  s u c r o s e  a n d  d e x t r o s e ,  a n d  
h o m o g e n iz a t i o n  b e f o r e  f r e e z in g  w e r e  t r i e d .  P r o d u c t s  w e re  d e v e l o p e d  t h a t  
h a d  lo w  v i s c o s i ty ,  u n d e t e c t a b l e  s w e e tn e s s  a n d  g o o d  a p p e a r a n c e .

COMPARISON OF FROZEN, FOAM-SPRAY-DRIED, FREEZE-DRIED, 
AND SPRAY-DRIED EGGS. 7 . Soft Meringues Prepared With a Carra
geenan Stabilizer. K . J .  M O R G A N , K . F U N K  &  M . E . Z A B IK . J. Food 
Sci. 3 5 ,  6 9 9 - 7 0 1  ( 1 9 7 0 ) - T h i s  s tu d y  c o m p a r e d  th e  q u a l i t y  c h a r a c t e r i s 
t ic s  o f  s o f t  m e r in g u e s  p r e p a r e d  f r o m  f r o z e n ,  fo a m -s p ra y - ,  f r e e z e -  a n d  
s p r a y - d r ie d  a lb u m e n .  A ll  m e r in g u e s  c o n ta in e d  a  c a r r a g e e n a n  s ta b i l iz e r .  
R a n k e d  in  o r d e r  o f  in c r e a s e d  a v e ra g e  w h ip p in g  t im e s  w e r e  m e r in g u e s  
p r e p a r e d  f r o m  f r o z e n ,  f r e e z e - ,  fo a m -s p ra y -  a n d  s p r a y - d r ie d  a lb u m e n .  
N o  s ig n i f i c a n t  d i f f e r e n c e s  w e re  f o u n d  in  o b je c t iv e  m e a s u r e m e n t s  o f  d r a in 
a g e , e v a p o r a t io n ,  t e n d e r n e s s ,  c o lo r  a n d  h e ig h t .  S e n s o r y  e v a lu a t io n s  
s h o w e d  n o  s ig n i f i c a n t  d i f f e r e n c e s  f o r  m o s t  o f  th e  a t t r i b u t e s  e v a lu a te d .  
T h i s  s t u d y  a ls o  c o m p a r e d  s o f t  m e r in g u e s  p r e p a r e d  f r o m  s p r a y - d r ie d  a lb u 
m e n  w i t h  a n d  w i t h o u t  c a r r a g e e n a n  s ta b i l i z e r .  T h e  d a t a  s u g g e s t  t h e  s t a b i 
l iz e r  d e c r e a s e s  d ra in a g e  a n d  m a y  im p r o v e  th e  t e n d e r n e s s  o f  m e r in g u e s  
w h ic h  a re  h e ld  f o r  2 0 - 2 2  h r  o f  r e f r i g e r a t e d  s to r a g e .

A METHOD FOR THE DETERMINATION OF 5-HYDROXYMETHYL-
2-FURALDEHYDE IN THE PRESENCE OF 2-FURALDEHYDE (FUR
FURAL). R . O . B . W IJ E S E K E R A  &  C . O . C H IC H E S T E R . J. Food Sci.
3 5 ,  7 0 2 ---------- ( 1 9 7 0 ) - A  s im p le  t e c h n i q u e  f o r  t h e  s im u l t a n e o u s  a s s a y  o f
b o t h  2 - f u r a ld e h y d e  a n d  5 - h y d r o x y m e t h y l - 2 - f u r a ld e h y d e  ( 5 - H M F )  w a s  d e 
v e lo p e d  w h ic h  o v e rc o m e s  t h e  i n t e r f e r e n c e  o f  2 - f u r a ld e h y d e  w i t h  t h e  
s p e c t r o p h o t o m e t r i c  m e a s u r e m e n ts .  A f t e r  c o n v e r s io n  o f  t h e  tw o  a ld e 
h y d e s  t o  t h e i r  2 , 4 - d i n i t r o p h e n y lh y d r a z o n e s ,  f o l l o w e d  b y  e x t r a c t i o n  a n d  
c h r o m a t o g r a p h y  o n  s i l ic a  g e l p la te s ,  t h e  r e s p e c t iv e  s p o t  a r e a s  c a n  b e  
m e a s u r e d  a n d  c o n c e n t r a t i o n s  e a s i ly  d e t e r m in e d .
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S. J. K A Z E N I A C  a n d  R . M . H A L L  

C a m p b e ll I n s t i t u t e  f o r  F o o d  R e s e a rc h , C a m d e n , N e w  J e rs e y  0 8 1 0 1

F L A V O R  C H E M I S T R Y  O F  T O M A T O  V O L A T I L E S

S U M M A R Y —3 8  c o m p o u n d s  w e re  id e n t i f ie d  in  t o m a to  v o la t i le s .  S o m e  o f  th e s e  h a d  n o t  b e e n  

r e p o r te d  p r e v io u s ly .  M a n y  fa c to r s ,  n a m e ly ,  f r u i t  m a t u r i t y ,  th e  p h y s ic a l  c o n d i t io n  o f  th e  f r u i t ,  th e  

t y p e  o f  f r u i t  c ru s h in g ,  th e  h o ld in g  t im e  o f  th e  ju ic e  o r  p u lp  a f t e r  c r u s h in g ,  h e a t  a n d  o x y g e n  w e re  

im p o r t a n t  f o r  th e  d e v e lo p m e n t  o f  c e r ta in  t o m a to  v o la t i le s .  L in o le n ic  a c id  w as in d ic a t e d  to  b e  th e  

p r e c u r s o r  o f  c is -3 -h e x e n a l w h ic h  d e v e lo p e d  d u r in g  t is s u e  m a c e r a t io n .  In  t u r n ,  cis-3 -h e x e n a i a p 

p e a re d  to  b e  th e  s o u rc e  o f  trans-2 -h e x e n a l.  S o m e  o f  th e  c o m p o u n d s  w e re  f o u n d  to  b e  im p o r t a n t  to  

t o m a to  f la v o r .  2 - ls o b u ty l t h ia z o le  a n d  cis-3 -h e x e n a l a p p e a re d  to  in te n s i f y  th e  fre s h  to m a to  f la v o r  

n o te s . 2 - ls o b u ty l t h ia z o le  w as a ls o  re s p o n s ib le  f o r  th e  c h a r a c te r is t ic  f la v o r  o f  c e r ta in  to m a to  v a r ie 

ties . T h e  q u a l i t y  o f  t o m a to  v o la t i le s  a p p e a re d  to  d e p e n d  o n  th e  in te r r e la t io n s h ip s  o f  b o t h  e n z y m ic  

a n d  c h e m ic a l re a c t io n s  t h a t  o c c u r r e d  d u r in g  th e  p r e p a r a t iv e  t re a tm e n ts  u s e d  to  is o la te  th e  v o la t i le s .

INTRODUCTION
ACETALDEHYDE and ethanol were first 
reported in tomato volatiles by Gustafson 
(1934). Rakitin (1945) studied the 
changes in ethanol and acetaldehyde dur
ing tomato ripening. In the first impor
tant investigation of tomato volatiles, 
Spencer et al. (1954) identified acetalde
hyde as the main carbonyl constituent 
along with isovaleraldehyde. Citral, cit- 
ronellal and vanillin were suspected. 
Numerous other carbonyl compounds in 
minor amounts were also isolated though 
not identified. Acids, alcohols and esters 
were partially characterized, but the car
bonyl compounds were found to consti
tute the largest class. Jacquin et al.
(1955) reported that methanol was pro
duced in tomatoes by déméthylation of 
pectins via pectin esterase.

Acetone and furfuraldéhyde were 
ten tatively  identified by Matthews
(1961). Schormüller et al. (1962) found 
n-hexanal and 2-hexenal. Hein et al. 
(1963) presented evidence for the pres
ence of diacetyl, citral, citronellal, alpha- 
pinene and limonene. Schormüller et al. 
(1965a) followed their earlier report with 
glyoxal, methylglyoxal, cinnamaldéhyde 
and phenylpropanal in addition to the 
carbonyl compounds previously found in 
fresh tomato juice. Diacetyl, 2-butanone,
2-pentanone and 6-methyl-5-hepten-2-one 
were identified as important aroma sub
stances in stored tomato juice. Several 
alcohols, namely, ethanol, butanol, iso
butanol, isopentanol, n-pentanol, and n- 
hexanol, were also reported by Schor
müller et al. (1965).

In an investigation evidently parallel
ing that of Schormüller et al. (1965a), 
Pyne et al. (1965) reported several new 
compounds in addition to many of those

reported by Schormiiller et al. The new 
compounds were ethyl acetate, cis-3- 
hexen-l-ol, 2-methylbutanol, n-propanol, 
2 propanol benzaldehyde and methyl sali
cylate. Miers (1966) identified dimethyl 
sulfide and hydrogen sulfide in canned 
tomatoes and canned tomato juice and 
suggested that these compounds contrib
uted to “cooked” tomato flavor.

Ryder (1966) reported 2,3-pentane- 
dione, methional, phenylacetaldehyde, 
p h eny le thano l, pyridine, 2-methyl- 
pyrazine and 2,6-dimethylpyrazine in 
steam volatiles of tomatoes.

Giannone et al. (1967) found that 
several of the lower-boiling compounds 
varied widely in the juices from 10 
different varieties of tomatoes. Propanal 
and ethyl propionate were 2 new com
pounds reported. Katayama et al. (1967) 
reported that the volatile compounds in 
juices from 4 varieties of tomatoes were 
about the same qualitatively but that 
there were some characteristic differences 
in the quantitative composition among 
the varieties. About 30 compounds were 
analyzed, 13 identified. Several of these 
were esters with methyl formate, propyl 
acetate and isoamyl acetate as new com
pounds. Johnson et al. (1968) reported 
that the amounts of iso- and active-amyl 
alcohols, n-pentanol and cii-3-hexen-l-ol 
varied with the variety of tomato and 
with the date of harvest. The 4 alcohols 
were the only volatiles examined.

Dalai et al. (1968) reported several 
new compounds, namely, isopentyl ace
tate, isopentyl butyrate, isopentyl isova
lerate, butyl hexanoate and hexyl hexa- 
noate. These volatiles were isolated from 
tomatoes canned and stored frozen prior 
to direct benzene extraction of juice 
nade from the frozen tomatoes.

Evidence presented by Stevens (1968)

indicated there were heritable differences 
in the concentration of eugenol, methyl 
salicylate and an unknown heterocyclic 
nitrogen compound in 2 tomato varieties, 
Campbell 146 and Campbell 1327. The 
flavor thresholds of these compounds in
dicated that they might be a factor in fla
vor differences between these varieties. 
Citral, 6-methyl-5-hepten-2-one and 6,10- 
dimethyl-5,9-undecadien-2-one also dif
fered quantitatively among certain varie
ties. Buttery et al. (1968) reported
2.4- decadienal and 2-heptenal as well as 
eugenol and 6,10-dimethyl-5,9-undeca- 
dien-2-one as higher molecular weight 
compounds in tomato volatiles.

Nelson et al. (1969) indicated there 
were some quantitative differences in 
acetone, acetaldehyde, hexanal, isovaler
aldehyde, methanol and ethanol among 3 
different varieties of unprocessed toma
toes. No dimethyl sulfide was found in 
unprocessed tomatoes, but this com
pound showed the greatest increase in 
processed tomato juice. Methyl acetate 
was identified as a new compound; 2- 
hexenol and tert.-butanol were tentative
ly identified.

Shah et al. (1969) reported linalyl 
acetate and citronellyl and geranyl butyr
ates. Tentatively identified were 3-penta- 
nol, n-nonanal, n-decanal, n-dodecanal 
and geranyl and citronellyl acetates. 
Quantitative differences in certain vola
tiles between artificially and field-ripened 
tomatoes also were indicated.

In a very extensive investigation, Viani 
et al. (1969) reported 46 compounds in 
tomato volatiles, among these a large 
number not previously reported. In this 
group were propionic acid, isovaleric acid,
3-methylbutyric acid, caprylic acid, y- 
butyrolactone, y-caprolactone, y-octalac- 
tone, y-nonalactone, 2-hydroxy-2,6,6- 
trimethylcyclohexylidene acetic acid y- 
lactone. l-penten-3-ol, benzyl alcohol, 
phenethyl alcohol, linalool, phenol, o- 
cresol, guaiacol, p-vinylguaiacol p-ethyl- 
p h e n o l,  o -hydroxyace tophenone,
2-hydroxy-3-butanone, 2-hydroxy-2,6,6- 
trimethylcyclohexanone, 6-methyl-trans-
3 .5- heptadien-2-one, |3-ionone, 5,6- 
epoxyionone, cis 3-hexenal, trans-2,trans
it - hexadienal, trans - 2, cw-4-heptadienal,
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trans- 2 Jrans-4-heptadienal, salicylaldé
hyde, phenylacetonitrile and 2-isobutyl- 
thiazole. The latter compound was de
scribed as having a strong green odor 
resembling that of tomato leaf.

In all these investigations on tomato 
volatiles aldehydes, ketones and alcohols 
occurred consistently. Where quantitative 
data were presented, large variations were 
found among many of the aldehydes and 
alcohols among different varieties. This 
paper reports on the isolation of some 
previously unidentified compounds in 
tomato volatiles, on factors related to 
their development and on the flavors of 
some of these compounds.

EXPERIMENTAL
I s o la t io n  a n d  i d e n t i f i c a t i o n  o f  v o la t i l e  
c o m p o u n d s

F r e s h ,  f i r m ,  v in e - r ip e n e d  t o m a to e s  o f  C a m p 
b e l l  V a r ie ty  1 4 6  o r  V a r ie ty  1 3 2 7  w e re  w a s h e d  
a n d  b le n d e d  in  a  W a r in g  B le n d o r  a t  f u l l  s p e e d  
f o r  1 m in  in  3 -k g  b a tc h e s .  T h e  b le n d e d  t o m a 
to e s  o r  h o m o g e n a te s  w e re  t r a n s f e r r e d  im m e d i 
a te ly  t o  a  d i s t i l l a t i o n  a p p a r a t u s  a n d  s te a m  d is 
t i l l e d  a t m o s p h e r i c a l l y .  A f t e r  n u m e r o u s  
e x p e r im e n t s ,  i t  w a s  f o u n d  t h a t  8 5 - 9 0 %  o f  th e  
t o t a l  v o la t i le s  w e re  r e c o v e r e d  in  t h e  f i r s t  3 0 0  m l 
o f  d i s t i l l a te .  D is t i l l a t io n  o f  a  2 n d  3 0 0 -m l  f r a c 
t i o n ,  o r  a  t o t a l  o f  6 0 0  m l ,  g a v e  re c o v e r ie s  b e 
tw e e n  9 0  a n d  9 5 % , b u t  th i s  2 n d  f r a c t i o n  h a d  
s t r o n g ly  c o o k e d  t o m a t o  n o te s ,  l a c k in g  th e  f r e s h  
n o te s .  T h e r e f o r e ,  o n ly  th e  1 s t 3 0 0 -m l  f r a c t io n s  
w e re  c o l le c te d  a n d  u s e d  f o r  p r e p a r in g  c o n c e n 
t r a te s .  S p e n c e r  e t  a l. ( 1 9 5 4 )  r e p o r t e d  t h a t  2 5 %  
o f  t h e  w a te r ,  v a c u u m  d is t i l l e d  f r o m  t o m a t o  
ju ic e ,  c o n ta in e d  a lm o s t  a ll t h e  v o la t i l e  c o m 
p o u n d s .  S e v e ra l  b a t c h e s  o f  th e s e  f r a c t io n s  w e re  
c o m b in e d ,  s a t u r a t e d  w i th  s o d iu m  c h lo r id e  a n d  
e x t r a c t e d  s e v e ra l  t im e s  w i t h  s m a l l  p o r t i o n s  o f  
c h lo r o f o r m .  T h e  t o t a l  v o lu m e  o f  s o lv e n t  u s e d  
w a s  a p p r o x im a te ly  e q u a l  t o  h a l f  th e  v o lu m e  o f  
d i s t i l l a te  e x t r a c t e d .  T h e  c h lo r o f o r m  e x t r a c t s  
w e re  d r ie d  w i th  a n h y d r o u s  s o d iu m  s u l f a te  a n d  
th e  c h lo r o f o r m  re m o v e d  u n d e r  v a c u u m  to  g ive  
a b o u t  2 5 0 0 - f o ld  c o n c e n t r a t e s  o f  v o la t i le s .  C h lo 
r o f o r m  w a s  in e f f i c i e n t  in  e x t r a c t i n g  th e  p o la r ,

lo w -b o i l in g  c o m p o u n d s ,  b u t  th e s e  w e re  la rg e ly  
l o s t  d u r in g  v a c u u m  c o n c e n t r a t i o n .  T h e  lo w -  
b o i l in g  c o m p o u n d s  w e r e  i s o la te d  f r o m  a q u e o u s  
c o n c e n t r a t e s ,  p r e p a r e d  b y  r e d i s t i l l a t i o n  o f  
s te a m  d is t i l l a te s .  C h lo r o f o r m  w a s  f a r  f r o m  a n  
id e a l  s o lv e n t ,  b u t  i t  w a s  e f f e c t iv e  in  r e m o v in g  
th e  h ig h e r -b o i l in g  c o m p o u n d s .  T h e  c o n c e n 
t r a t e s  f r o m  th e  c h lo r o f o r m  e x t r a c t i o n s  w e re  
s e p a r a t e d  w i th  a n  A e r o g r a p h  M o d e l  9 0 -P 3  g as  
c h r o m a to g r a p h  u s in g  a  5 - f t  b y  3 /8 - in .  c o lu m n  
c o n ta in in g  2 0 %  d ie th y le n e g l y c o ls u c c i n a te  o n  
a c id -w a s h e d ,  s i la n iz e d  6 0 - 8 0 -m e s h  C h r o m o -  
s o rb  W . T h e  d e t e c t o r  w a s  a  h e a t e d  f i l a m e n t -  
t y p e ,  t h e r m a l  c o n d u c t iv i t y  c e l l .  F u r t h e r  p r e p a r 
a t iv e  s e p a r a t io n s  o f  t h e  c r u d e  f r a c t io n s  f r o m  
th e  D E C S  c o lu m n  w e re  m a d e  u n t i l  t h e  c o m 
p o u n d  w a s  f o u n d  t o  b e  p u r e  c h r o m a to g r a p h i -  
c a l ly  o n  a t  l e a s t  2  c o lu m n s  w i th  d i f f e r e n t  p o l a r  
p r o p e r t i e s .  O t h e r  c o lu m n s  u s e d  w e re  2 0 %  C a r -  
b o w a x  2 0 M  a n d  2 0 %  s i l ic o n e  g u m  r u b b e r
S .E .3 0  o n  th e  s a m e  s o l id  s u p p o r t  a s t h e  D E G S  
c o lu m n .  A n a ly t ic a l  p u r i t y  o f  t h e  c o m p o u n d s  
w a s  c h e c k e d  e i t h e r  o n  a  P e r k in - E lm e r  M o d e l  
1 5 4 D  o r  a n  A e r o g r a p h  2 0 4  g a s  c h r o m a to g r a p h .  
T h e  c o lu m n s  u s e d  w i t h  t h e  P e rk in - E lm e r  i n s t r u 
m e n t  w e re  2 -m  b y  1 /4 - in .  c o a t e d  w i th  15%  
D E G S  o n  C h r o m o s o r b  W  a n d  15%  C a r b o w a x  
1 5 0 0  o n  C h r o m o s o r b  W . C o lu m n s  u s e d  o n  th e  
A e r o g r a p h  M o d e l  2 0 4  g a s  c h r o m a to g r a p h  w e re  
1 0 - f t  b y  1 /8 - in .  w i th  10%  D E G S  a n d  10%, 
F F A P .  E a c h  c o m p o u n d  s h o w n  in  T a b le  1 2  h a d  
th e  s a m e  r e t e n t i o n  t im e  a s  th e  a u t h e n t i c  c o m 
p o u n d  o n  a t  l e a s t  2  o f  t h e  c o lu m n s  m e n t io n e d  
a b o v e .

I n f r a r e d  s p e c t r a  w e re  d e t e r m in e d  w i th  a 
P e r k in - E lm e r  M o d e l  2 2 1  S p e c t r o p h o t o m e t e r  
e q u ip p e d  w i t h  a  4 x  K B r  le n s - ty p e  b e a m  c o n 
d e n s e r ,  w h e n  th e  a m o u n t  o f  s a m p le  w a s  s m a ll .  
S o d iu m  c h lo r id e  m ic r o  c a v i ty  c e l ls  o f  0 . 1 0 -m m  
n o m in a l  p a t h  l e n g th  w e re  u s e d .  S p e c t r a  w e re  
o b t a in e d  o n  p u r e  m a te r ia l  o r  in  s p e c t r o g r a d e  
c a r b o n  t e t r a c h lo r id e  s o lu t io n .  T h e  in f r a r e d  
s p e c t r a  o f  th e  c o m p o u n d s  i s o la te d  f r o m  to m a 
to e s  w e re  c o m p a r e d  w i th  t h e  a p p r o p r i a t e  
k n o w n  r e f e r e n c e  in  a ll  c a s e s ,  e x c e p t  f o r  c is -3- 
p e n t e n - l - o l .  T h is  s p e c t r u m  w a s  in t e r p r e t e d  b y  
c o m p a r i s o n  w i t h  t h e  s p e c t r u m  o f  c /s - 3 -h e x e n -  
l - o l .

T h e  2 ,4 - d in i t r o p h e n y lh y d r a z in e  d e r iv a t iv e s  
w e re  p r e p a r e d  a c c o r d in g  t o  t h e  p r o c e d u r e  o f

V e ib e l  ( 1 9 5 4 ) .  T h e  r e c r y s t a l l i z e d  d e r iv a t iv e  o f  
th e  u n k n o w n  w a s  id e n t i c a l  t o  t h a t  o f  t h e  r e f e r 
e n c e  c o m p o u n d  b y  m e l t in g  p o i n t  a n d  l ig h t  
a b s o r p t io n  in  a ll c a s e s . A t t e m p t s  t o  p r e p a r e  t h e  
d e r iv a t iv e  o f  m - 3 - h e x e n a l  b y  th i s  p r o c e d u r e  
g a v e  th e  2 ,4 - d i n i t r o p h e n y l h y d r a z o n e  o f  t ra n s -  
2 -h e x e n a l .  B y  u s in g  a  d i l u t e  e t h a n o l i c  s o lu t io n  
o f  2 ,4 - d in i t r o p h e n y lh y d r a z in e  c o n ta in in g  a c e t i c  
a c id  t o  a  p H  o f  4 ,  i t  w a s  p o s s ib le  t o  p r e p a r e  t h e  
c i 's -3 -h e x e n a l d e r iv a t iv e  w i th  m e l t i n g  p o i n t  o f  
1 0 0 - 1 0 1 ° C .  id e n t ic a l  t o  t h a t  r e p o r t e d  b y  W in 
t e r  e t  a l .,  1 9 6 2 b .  T o m a t o  v o la t i l e s  w i th  h ig h  
a m o u n t s  o f  d s - 3 - h c x c n a l  w e re  o b t a i n e d  b y  
r a p id ly  s t r i p p in g  f r e s h ly  p r e p a r e d  t o m a t o  
h o m o g e n a te s  b y  v a c u u m  s te a m  d i s t i l l a t i o n .  T h e  
d i s t i l l a te s  w e re  e x t r a c t e d  w i th  c h lo r o f o r m .  T h e  
c h lo r o f o r m  e x t r a c t  w a s  c o n c e n t r a t e d  u n d e r  
v a c u u m  a n d  d .v -3 -h e x e n a l  w a s  i s o la te d  b y  g a s  
c h r o m a to g r a p h y  o n  a  D E G S  c o lu m n ,  f o l l o w e d  
b y  r e c h r o m a to g r a p h y  o n  a n  S .E . 3 0  c o lu m n .

I s o la t io n  a n d  id e n t i f i c a t i o n  o f  
2- i s o b u ty l th i a z o l e

2- I s o b u ty l t h i a z o l e  w a s  c o l l e c t e d  f r o m  a  
D E G S  c o lu m n  a lo n g  w i t h  a  s m a l l  a m o u n t  o f
6 -m e th y l- 5 -h e p te n - 2 -o l .  R e c h r o m a t o g r a p h y  o f  
th is  f r a c t i o n  o n  a n  S .E . 3 0  c o lu m n  g a v e  g o o d  
s e p a r a t io n  o f  t h e  a lc o h o l  a n d  th ia z o le .  S y n t h e t 
ic  2 - i s o b u ty l th i a z o l e  w a s  p r e p a r e d  a c c o r d i n g  t o  
D id ie r  e t  a l. ( 1 9 6 1 )  f r o m  c h l o r o a c e t a ld e h y d e  
a n d  3 - m e th y lb u ta n th io a m id e .  T h e  l a t t e r  w a s  
a ls o  p r e p a r e d  a c c o r d in g  t o  D id ie r  e t  a l .  ( 1 9 6 1 ) .  
B o th  t h e  s y n t h e t i c  2 - i s o b u ty l th i a z o l e  a n d  th e  
c o m p o u n d  i s o la te d  f r o m  t o m a t o  v o la t i l e s  h a d  
id e n t ic a l  r e t e n t i o n  t im e s  o n  D E G S , C a r b o w a x  
2 0 M  a n d  S .E . 3 0  c o lu m n s .  T h e  u l t r a v io l e t  a b 
s o r p t io n  o f  b o t h  c o m p o u n d s  w a s  t h e  s a m e  w i th  
a  m o le c u la r  e x t i n c t i o n  c o e f f i c i e n t  o f  5 , 0 5 0  a t  
2 3 7 - 2 3 8  m g  in  a b s o lu t e  e th a n o l .  T h e  in f r a r e d  
s p e c t r a  w e re  a ls o  i d e n t ic a l  (F ig .  6 ) .

T h e  N M R  s p e c t r u m  o f  2 - i s o b u ty l th ia z o le  
h a d  a  d o u b l e t  a t  1 .0  p p m ,  a  c o m p le x  m u l t i p l e t  
a t  2 .1  p p m ,  a  d o u b l e t  a t  2 .9  p p m ,  a  d o u b l e t  a t  
7 .2  p p m  a n d  a  d o u b l e t  a t  7 .7  p p m .  T h e  r e la t iv e  
in te n s i t i e s  o f  th e s e  p e a k s  w e re  6 ,  1, 2 , 1 a n d  1 
h y d r o g e n ,  r e s p e c t iv e ly .  T h e  u p f ie ld  a s s ig n m e n ts  
w e re  6  m e th y l  h y d r o g e n s ,  1 m e th in e  h y d r o g e n  
a n d  2 m e th y le n e  h y d r o g e n s ,  c h a r a c t e r i s t i c  f o r  
t h e  i s o b u ty l  g ro u p .  T h e  2 d o w n f i e ld  d o u b l e t s  
w e re  id e n t i c a l  t o  t h e  a r o m a t i c  h y d r o g e n  s u b s t i -

F ig . 1—C h ro m a to g r a m  o f  v a p o rs  o v e r  c ru s h e d  r ip e  to m a to e s ,  1 0  m in  

a f te r  b ie n d in g .  C o lu m n ,  1 0  f t  b y  1 /8  in . ,  10%  F F A P  o n  s i la n iz e d  

C h ro m o s o r b  W  a t  1 0 0 ° C  is o th e rm a l.  N i t r o g e n  f lo w :  4 0  m l  / m in ;  s a m p le  
s iz e :  2 . 0  m l.

Fig. 2—Chromatogram of vapors over same sample of tomatoes as Fig
ure 1, except 20 min after blending. Same GLC conditions.
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T a b le  1 —E f f e c t  o f  h o ld in g  b le n d e d  to m a to e s  a t  4 C P C  o n  a ld e h y d e s .

H o ld in g  t im e  
(m in )

P e a k  a r e a s  i n  m m 2
T o t a l

h e x e n a l sn - H e x a n a l c is - 3 -H e x e n a l i r a n s - 2 - H e x e n a l

10 66 2 6 10 3 6

15 7 4 2 4 13 3 7

20 8 3 2 6 18 4 4

3 0 88 1 8 2 3 4 1

7 0 6 9 6 3 3 3 9

T a b le  3 —C h e m ic a l c o n v e rs io n  o f  c is -3 -h e x e n a l t o  t ra n s -2 - h e x e n a l b y  

t o m a to  ju ic e .

R e c o v e r y  o f  t r a n s - 2 - h e x e n a l  

In  f i r s t  2 5  m l In  t o t a l  2 5 0  m l
d i s t i l l a te  d i s t i l l a te

e s t i m a t e d  b y  e s t i m a te d  b y

____________________________________________________G L C _______________ U V
----------------------- (m g ) -------------------------

C o n t r o l  j u i c e  T r a c e  0 .9 5
J u ic e  w i th  6 .8  m g  c i s - 3 -h e x e n a l  a d d e d  3 .2 5  4 .9

T a b le  2 —E f f e c t  o f  h o ld in g  s l ic e d  to m a to e s  a t  3 0 —3 5 ° C  o n  a ld e h y d e s .

H o ld in g  t im e  
(m in ) n - H e x a n a l

P e a k  a r e a s  in  m rr. 

m - 3 - H e x e n a l

2

f r a n s -2 -H e x e n a l
T o t a l

h e x e n a l s

0 8 4 35 11 4 6

20 5 2 2 4 9 3 3

4 0 23 17 5 22
6 0 16 14 3 17

tu t io n  p a t t e r n  f o r  2 -a lk y l  th ia z o le s .  T h e s e  a b 
s o r p t io n  c h a r a c te r i s t i c s  a g re e  c lo s e ly  w i th  : h e  
d a ta  o f  C o t t e t  e t  a l .  ( 1 9 6 7 ) .  T h e  s y n t h e t i c  a n d  
th e  u n k n o w n  c o m p o u n d s  h a d  id e n t i c a l  N M R  
s p e c t r a .

T h e  m a s s  s p e c t r u m  o f  2 - i s o b u ty l th i a z o l e  
h a d  a  p a r e n t  p e a k  o f  1 4 1  w i t h  a  P + 1  p e a k  o f  
1 2 .8 %  a n d  a  P + 2  p e a k  o f  4 .8 %  o f  t h e  i n t e n s i t y  
o f  t h e  p a r e n t  p e a k .  L o s s e s  o f  h y d r o g e n  a n d  
m e th y l  f r a g m e n ts  p r o d u c e d  s u b s t a n t i a l  p e a k s  a t  
m /e  1 4 0  a n d  m / e  1 2 6 . T h e  in te n s e  b a s e  p e a k  a t  
m /e  9 9  in d i c a t e s  a  r e s o n a n c e  s ta b i l i z e d  s p e c ie s  
a f t e r  f r a g m e n ta t io n  o f  t h e  b o n d  b e t a  t o  th e  
r in g  (F ig .  5 ) .

V a p o r  a n a ly s is

T o m a to e s  w e re  b l e n d e d  a t  h ig h  s p e e d  f o r  1 
m in  in  a  W a r in g  B le n d o r  a n d  t h e  h o m o g e n a te  
im m e d ia te ly  t r a n s f e r r e d  to  a  1 3 0 -m l sc re w -  
c a p p e d  j a r  e q u i p p e d  w i th  a  s m a l l  r u b b e r  s e p 
tu m .  A  g a s - t ig h t  s y r in g e  o f  2 -m l c a p a c i ty  w a s  
u s e d  f o r  w i th d r a w in g  th e  v a p o r  s a m p le .  W h e re  
n o  t im e s  a re  s p e c i f i e d  in  t h e  t a b le s ,  th e  b l e n d e d  
t o m a t o  s a m p le s  w e re  h e ld  in  a  w a t e r  b a t h  a t  
4 0 ° C  f o r  1 0  m in ,  b e f o r e  s a m p l in g  th e  h e a d -  
s p a c e  v a p o r .  T h e  v a p o r  s a m p le s  w e re  i n j e c t e d  
in t o  t h e  g a s  c h r o m a to g r a p h  w i t h  a s  l i t t l e  d e la y  
a s  p o s s ib le .  S a m p le s  w e re  c h r o m a to g r a p h e d  
i s o th e r m a l ly  e i t h e r  o n  a n  A e r o g r a p h  M o d e l  2 0 4  
o r  P e r k in - E lm e r  M o d e l  1 5 4 -D  i n s t r u m e n t  w i th  a  
h y d r o g e n  f la m e  d e t e c t o r .

L a rg e  q u a n t i t a t i v e  v a r ia t io n s  in  t h e  v o la t i l e  
c o m p o u n d s  b e tw e e n  in d iv id u a l  t o m a t o e s  w i th in  
th e  s a m e  v a r ie ty  c r e a t e d  s e r io u s  p r o b le m s  in  
r e p r o d u c ib i l i t y  o f  r e s u l ts .  2  a p p r o a c h e s  w e re  
u s e d  to  m in im iz e  th e s e  e r r o r s .  1 m e t h o d  w a s  t o  
b le n d  la rg e  s a m p le s  o f  s e v e ra l  h u n d r e d  g ra m s  
a n d  ta k e  t h e  a p p r o p r i a t e  a l i q u o t  f r o m  th i s  la rg e  
s a m p le .  T h e  o t h e r  p r o c e d u r e  w a s  t o  s e c t io n  
in d iv id u a l  t o m a t o e s  a n d  u s e  a  s e c t io n  f r o m  e a c h  
t o m a t o  t o  m a k e  u p  a  c o m p o s i t e  s a m p le .  R e s u l t s  
in  t h e  t a b le s  a r e  r e p o r t e d  a s  g a s - c h r o m a to g r a p h -  
ic  p e a k  a re a s ,  s in c e  m a n y  o f  t h e  e x p e r im e n t s  
w e re  m a d e  w i t h  d i f f e r e n t  b a t c h e s  o f  t o m a t o e s  
f r o m  d i f f e r e n t  l o c a t io n s  a n d  h a r v e s t  d a te s .  P e a k  
a re a s  a ls o  d i f f e r e d  f r o m  1 i n s t r u m e n t  t o  t h e  
o th e r .

C h e m ic a l  c o n v e r s io n  o f  c is - 3 -h e x e n a l  t o  
t r a n s -2 -h e x e n a l

6.8 m g  c h r o m a to g r a p h ic a l ly  p u r e  cis-3- 
h e x e n a l  w e re  a d d e d  t o  2 5 0 0  g  o f  t o m a t o  ju ic e

e n z y m e  i n a c t iv a t e d  b y  h e a t .  T h is  s a m p le  w a s  
s te a m  d is t i l l e d  a n d  a  f r a c t i o n  o f  2 5 -m l d i s t i l l a te  
c o l le c te d .  S te a m  d i s t i l l a t i o n  w a s  c o n t in u e d  
u n t i l  a  s e c o n d  f r a c t i o n  o f  2 2 5  m l w a s  c o l le c te d ,  
f o r  a  t o t a l  o f  2 5 0  m l .  T h e  s a m e  p r o c e d u r e  w a s  
r e p e a t e d  u s in g  a n  a l i q u o t  f r o m  th e  c o m p o s i te  
s a m p le  o f  t o m a t o  ju i c e  w i t h o u t  a n y  a d d e d  cis- 
3 -h e x e n a l .  T h e  1 s t  2 5 -m l  f r a c t i o n s  o f  d i s t i l l a te s  
f r o m  b o t h  s a m p le s  w e re  a n a ly z e d  b y  d i r e c t  
i n je c t io n  o f  t h e  a q u e o u s  d i s t i l l a te s  i n t o  t h e  g as  
c h r o m a to g r a p h  a n d  a ls o  b y  u l t r a v io l e t  a b s o r p 
t i o n .  T h e  2 n d  2 2 5 -m l  f r a c t i o n s  w e re  a n a ly z e d  
b y  u l t r a v io l e t  a b s o r p t io n  o n ly ,  b e c a u s e  c o n c e n 
t r a t i o n s  w e re  t o o  lo w  to  b e  d e t e c t a b l e  b y  gas  
c h r o m a to g r a p h y .  D u r in g  th i s  in v e s t ig a t io n  i t  
w a s  f o u n d  t h a t  a r o u n d  9 0 %  o f  t h e  u l t r a v io l e t  
a b s o r p t io n  a t  2 2 6  m p  o f  a q u e o u s  s o lu t io n s  o f  
t o m a t o  v o la t i le s  w a s  d u e  t o  i ro n s -2 - h e x e n a l .  
T h is  c o n ju g a t e d  m o n o e n a l  h a s  a  m o le c u la r  c o e f 
f i c ie n t  e x t i n c t i o n  o f  1 8 ,2 0 0  a t  2 2 6  m p  in  
w a te r .  T h u s ,  t h e  u l t r a v io l e t  a b s o r p t io n  s e rv e d  as 
a  c o n f i r m a t o r y  t e s t  f o r  /ra n .v -2 -h e x e n a l.

F la v o r  e v a l u a t io n s

T h e  d u o - t r i o  t e s t  w a s  u s e d .  T h e  c h r o m a t o 
g r a p h ic a l ly  p u r e  c o m p o u n d  w a s  a d d e d  t o  p r o c 
e s s e d  t o m a t o  ju i c e  o r  t o  a  t o m a t o  p a s t e  d i lu te d  
t o  s o l id s  a p p r o x im a te ly  in  t h e  r a n g e  f o u n d  in  
j u ic e .  T h e  w h o le  j u i c e  o r  d i l u t e d  p a s t e  w i t h o u t  
th e  a d d e d  c o m p o u n d  w a s  u s e d  a s  a  r e f e r e n c e  
s a m p le .  T h e  r e f e r e n c e  s a m p le  w a s  id e n t i f i e d  
a n d  th e  t a s t e r  a s k e d  t o  i n d i c a t e  w h ic h  o f  th e  2 
u n i d e n t i f i e d  s a m p le s  w a s  id e n t i c a l  t o  t h e  r e f e r 
e n c e .  T h e  t a s t e r  w a s  n o t  r e q u e s t e d  to  s t a t e  a  
f la v o r  p r e f e r e n c e ,  b u t  a s k e d  t o  d e s c r ib e  th e  
f la v o r  o f  t h e  s a m p le  h e  t h o u g h t  w a s  d i f f e r e n t .  
T h e  f la v o r  p a n e l  c o n s i s t e d  o f  6  m e m b e r s  
s c r e e n e d  f o r  t h e i r  a b i l i t y  t o  d e t e c t  f l a v o r  d i f f e r 
e n c e s  in  t o m a t o  ju i c e .  H a l f  o f  t h e  p a n e l  m e m 
b e r s  h a d  e x te n s iv e  e x p e r i e n c e  in  t a s t i n g  t o m a t o  
p r o d u c t s .  S ig n i f ic a n c e  a t  t h e  0 .1 %  p r o b a b i l i t y  
le v e l w a s  f o u n d  f o r  a ll  t h e  c o m p o u n d s  r e p o r t e d  
e x c e p t  m e t h y l  s a l i c y la te ,  n - h e x a n o l  a n d  6 - 
m e th y l - 5 - h e p te n - 2 - o l .  T h e s e  c o m p o u n d s  h a d  
f la v o r  d i f f e r e n c e s  s ig n i f i c a n t  a t  t h e  5 %  p r o b a b i l 
i t y  le v e l.

RESULTS & DISCUSSION
D e v e l o p m e n t  o f  a l d e h y d e s

V o l a t i l e s  c a n  e x i s t  p e r  s e  i n  t h e  w h o l e

i n t a c t  t o m a t o e s  o r  t h e y  c a n  d e v e l o p  a s  

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

a r a t i o n  f o r  c o n s u m p t i o n  o r  a n a l y s i s .  D i f 
f e r e n t i a t i o n  b e t w e e n  t h e  2  t y p e s  is  
d i f f i c u l t .  F i g u r e  1 r e p r e s e n t s  a  g a s  c h r o 
m a t o g r a m  o f  t h e  v o l a t i l e s  o v e r  c r u s h e d  

r i p e  t o m a t o e s  t a k e n  1 0  m i n  a f t e r  b l e n d 
i n g .  2  o f  t h e  m a j o r  c o m p o u n d s  f o r m e d  
w e r e  a r - 3 - h e x e n a l  a n d  n - h e x a n a l .  T h e  

m - 3 - h e x e n a l  w a s  u n s t a b l e  b o t h  t o  h e a t  
a n d  t o  t h e  a c i d i c  p u l p  a n d  j u i c e  a n d  w a s  

i s o m e r i z e d  t o  f n z n r - 2 - h e x e n a l  u p o n  s t a n d 

i n g  o r  h e a t i n g .  A  3 r d  m a j o r  p e a k  a p 
p e a r e d  t o  b e  a c e t a l d e h y d e .  T h e  d e c r e a s e  
i n  c i i - 3 - h e x e n a l  a n d  t h e  i n c r e a s e  i n  trans-
2- h e x e n a l  a f t e r  2 0  m i n  o f  h o l d i n g  c a n  b e  
s e e n  i n  F i g u r e  2 .

T h e  c o n v e r s i o n  o f  c z s - 3 - h e x e n a l  t o  
trans-2- h e x e n a l  i n  f r e s h l y  b l e n d e d  t o m a 
t o e s  u p o n  s t a n d i n g  i s  s h o w n  i n  T a b l e  1 . 
T o t a l  a m o u n t s  o f  t h e  2  h e x e n a l s  r e 
m a i n e d  f a i r l y  c o n s t a n t  d u r i n g  t h e  w h o l e  
h o l d i n g  p e r i o d ,  trans-2 - H e x e n a l  c a n  b e  
r e a d i l y  r e c o v e r e d  f r o m  g r o u n d ,  f r e s h  
t o m a t o e s  b y  d i s t i l l a t i o n  t e c h n i q u e s .  I t  i s  
a l s o  p o s s i b l e  t o  g e t  c w - 3 - h e x e n a l ,  b u t  t h e  
i s o l a t i o n  t e c h n i q u e s  r e q u i r e  m i n i m a l  h e a t 

i n g  a n d  h o l d i n g  a f t e r  g r i n d i n g  o r  b l e n d 
i n g .  T h e  p o s i t i v e  i d e n t i f i c a t i o n  o f  cis-3 -  
h e x e n a l  w a s  m a d e  t h r o u g h  r e t e n t i o n  t i m e  
d a t a ,  i n f r a r e d  s p e c t r a  a n d  t h e  2 , 4 - d i n i t r o -  
p h e n y l h y d r a z o n e .  I f  s l i c e d  t o m a t o e s  
r a t h e r  t h a n  b l e n d e d  t o m a t o e s  w e r e  h e l d ,  
t h e  q u a n t i t i e s  o f  t h e  a l d e h y d e s  d e c r e a s e d  
r a p i d l y  i n  c o n t r a s t  t o  t h e  b l e n d e d  s a m p l e s  

( T a b l e  2 ) .  W e  a r e  p r e s e n t l y  t r y i n g  t o  
e s t a b l i s h  w i t h  1 4  C - l a b e l e d  c o m p o u n d s  
w h e t h e r  t h e  a l d e h y d e s  a r e  c o n v e r t e d  t o  

a l c o h o l s  u n d e r  t h e s e  c o n d i t i o n s .

R e s u l t s  o f  e x p e r i m e n t s  d e s i g n e d  t o  
s h o w  t h e  c h e m i c a l  c o n v e r s i o n  o f  cis-3 -  
h e x e n a l  t o  trans-2- h e x e n a l  a r e  g i v e n  i n  
T a b l e  3 .  W h e n  c z r - 3 - h e x e n a l  w a s  a d d e d  t o  
p r o c e s s e d  t o m a t o  j u i c e  w i t h  n o  e n z y m i c  
a c t i v i t y  a n d  d i s t i l l e d ,  i r a n j - 2 - h e x e n a l  w a s  
r e c o v e r e d  i n  h i g h  a m o u n t s  i n  t h e  d i s t i l l a t e  
c o m p a r e d  t o  t h e  q u a n t i t i e s  f o u n d  i n  t h e  
c o n t r o l  s a m p l e .  T h e  u n i d e n t i f i e d  c o m 
p o u n d  s u g g e s t e d  a s  b e i n g  m - 3 - h e x e n a l  b y  

P y n e  e t  a l .  ( 1 9 6 5 )  p r o b a b l y  w a s  t h i s  
c o m p o u n d .  T h e i r  m e t h o d  o f  i s o l a t i o n  
s h o u l d  h a v e  r e s u l t e d  i n  t h e  r e c o v e r y  o f  
t h e  l a r g e  a m o u n t s  o f  e i r - 3 - h e x e n a l  a n d  
s m a l l  a m o u n t s  o f  i r a / t i - 2 - h e x e n a l  i n d i -
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T a b le  4 —E f fe c t  o f  o x y g e n  o n  d e v e lo p m e n t  o f  a ld e h y d e s  in  b le n d e d  

to m a to e s .  ________________________________ ______

P e a k  a re a s  in  m m 2

n - H e x a n a l m - 3 - H e x e n a l trans- 2 -H e x e n a l

U n d e r  a ir 2 6 4 200 13

U n d e r  n i t r o g e n T r a c e 22 T r a c e

T a b le  5 —E f f e c t  o f  h e a t in g  w h o le  I n ta c t  to m a to e s  f o r  1 h r  a t  6 5 ° C  

o n  d e v e lo p m e n t  o f  v o la t i le s .

n -H e x a n a l

P e a k  a re a s  in  m m 2 

c ts -3 -H e x e n a l r r a n s - 2 - H e x e n a l

C o n t r o l - n o  h e a t 6 0 5 3 6
H e a te d  to m a to e s 3 2 N il

T a b le  6 —E f f e c t  o f  l ln o le n ic  a c id  o n  d e v e lo p m e n t  o f  a ld e h y d e s  in  e n z y m e - in a c t iv a te d  b le n d e d

to m a to e s ._________________________________________________________________________________________________________________

P e a k  a re a s  in  m m 2

n-■ H exan a l C í's -3 -H ex en a l trans- 2 -H e x e n a l T o t a l  h e x e n a l s

C o n t r o l - n o  h e a t 141 3 8 15 5 3

C o n t r o l - n o  h e a t  w i th  
7 5 0  p p m  l in o le n ic  a c id

120 7 2 21 9 3

H e a te d  s a m p le 38 T ra c e 2 4 2 4

H e a te d  s a m p le  w i th  7 5 0  p p m  
l in o le n ic  a c id

4 0 T r a c e 2 9 2 9

cated on their chromatograms. Winter et 
al. (1962a) pointed out the possibility 
that aldehydes with a double bond in the 
hefa-position such as 3-hexenal could 
undergo isomerization to the conjugated 
compound, namely, 2-hexenal. There was 
no evidence of any m-2-hexenal which 
can form in chemical oxidations of un
saturated fatty acids (Duin et al., 1967). 
Separation of m-2-hexenal from the 
trans-2-isomer is possible by gas chroma
tography.

Several factors were found to be im
portant to production of di-3-hexenal, 
tain.s-2-hexenal and n-hexanal. Table 4 
shows the effects of oxygen upon devel
opment of cw-3-hexenal and n-hexanal. 
When fresh tomatoes were blended under 
nitrogen in the absence of oxygen, cis-3- 
hexenal, trans-2-hexenal and n-hexanal 
were not produced. Blending under nitro
gen was done in a Waring Blendor with a 
specially constructed cover. This cover 
was air-tight and had connections that 
permitted exhaustion of the gases in the 
Blendor. Whole intact tomatoes were 
placed in the Blendor and the cover 
sealed air-tight. The Blendor was evacu
ated and then flooded with nitrogen. This 
evacuation and flooding procedure was 
repeated several times to ensure complete 
removal of air. When the vapors in the 
Blendor were oxygen-free by gas chroma
tography, the tomatoes were blended at 
the high speed for 1 min. Vapor samples 
were taken with a syringe through a 
rubber septum and analyzed with an 
Aerograph Model A-204 or Perkin-Elmer 
Model 154-D instrument with hydrogen 
flame detectors.

Schwimmer (1963) has reported that 
distinctly weaker odors resulted when 
string beans were treated with string- 
bean enzymes in vacuo than when under 
air. Nye et al. (1943) found that finely 
ground leaves of Ailanthus glandulosa, 
exposed to oxygen, gave the highest 
yields of 2-hexenal. An enzymic process 
was probable, since heat treatment of the

leaves, prior to oxygen exposure, limited 
the amount of 2-hexenal formed. Similar 
evidence for the enzymic formation of 
2-hexenal and n-hexanal in apples has 
been presented by Drawert et al. (1966). 
In cucumbers, 2,6-nonadienal and 2- 
nonenal, besides a trace amount of 2- 
hexenal were indicated to result enzym- 
ically upon cutting or mechanical rupture 
of the vegetable (Fleming et al., 1968).

Table 5 shows the effects of enzyme 
inactivation by heat on development of 
m-3-hexenal and n-hexanal. When whole 
ripe tomatoes with intact skins were 
heated in water at 65°C for 60 min, 
before blending, the aldehydes were 
formed in much smaller amounts. Such 
heating  treatments were inefficient 
because of poor heat penetration through 
the whole tomato. Heating at higher 
temperatures caused excessive cracking 
and skin rupture. When the blended ripe 
tomatoes were heated at 85°C for 10 min 
and linolenic acid then added, no cis-3- 
hexenal was detectable and only slight 
increases in frani-2-hexenal. Heat would 
have converted ds-3-hexenal to trans-2- 
hexenal. These results, along with the 
changes in the aldehydes of nonheated 
controls, are presented in Table 6. Addi
tion of linolenic acid to a tomato homog
enate containing the active enzyme nearly 
doubled the amounts of the total hexe- 
nals. The reason for the somewhat lower 
quantities of n-hexanal caused by addi
tion of linolenic acid is not clear. The

data of Table 6 also indicate that linole
nic acid was the probable precursor of 
rà-3-hexenal in tomatoes produced by 
enzymic reactions. Hoffmann (1961) iso
lated ds-3-hexenal from chemically oxi
dized soybean oil which contained linole
nic acid. There were no indications in our 
experim ents that cw-3-hexenal was 
formed chemically.

Table 7 shows how the addition of 
hydrogen peroxide inhibited the develop
ment of ds-3-hexenal and, therefore, 
frani-2-hexenal. The development of cis-
3-hexenal and n-hexanal proceeded so 
rapidly it was difficult to inhibit the 
reaction completely. When whole toma
toes were blended slowly in aqueous 
solutions of hydrogen peroxide, the inac
tivation became more effective. Hydrogen 
peroxide is known to oxidize lipoxidases 
readily and inactivate them (Mitsuda et 
al., 1967).

Slight increases in n-hexanal were 
obtained by adding linoleic acid to toma
toes during blending. The amount of 
n-hexanal developed relative to the linole
ic acid used was rather small. The same 
was true for cw-3-hexenal from linolenic 
acid. The reason for this was not deter
mined. When linolenic acid was added in 
aqueous solutions containing sufficient 
ethyl alcohol to solubilize the linolenic 
acid, the reaction proceeded at a greater 
rate. Inadequate dispersion of the fatty 
substrate may have been involved (Tappel 
etal., 1952).

T a b le  8 —E f f e c t  o f  ty p e s  o f  t o m a to  c r u s h in g  o n  d e v e lo p m e n t  o f

T a b le  7 —E f fe c t  o f  h y d r o g e n  p e r o x id e  o n  d e v e lo p m e n t  o f  a ld e h y d e s  tra n s -2 -h e x e n a l a n d  m e th a n o l.______________ ______________________________

in  b le n d e d  to m a  toes.___________________________________________________________  ( p p m )

P e a k  a re a s  in  m m 2 T r e a t m e n t f r a / t s -2 - H e x e n a l M e th a n o l
« - H e x a n a l c ts -3 -H c x e n a l t r a n s - 2 -H e x e n a l H a n d  s lic e d 0.6 5 4

C o n t r o l  3 5 4 3 8 5 10 C o a r s e ly  d ic e d 1.6 88
W ith  1 ,0 0 0  p p m  4 9 66 4 B le n d e d  1 m in  a t  lo w  s p e e d 3 .7 88

h y d r o g e n  p e r o x id e B le n d e d  1 m in  a t  h ig h  s p e e d 4 .9 1 25
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Freezing whole tomatoes in a blast 
freezer at — 20°C or with dry ice or in 
liquid nitrogen affected the development 
of cw-3-hexenal, frani-2-hexenal and n- 
hexanal. The —20°C samples, or “slow” 
freezing, gave practically none of these 
aldehydes upon thawing and blending; 
the dry-ice samples, very small amounts; 
the liquid nitrogen samples, somewhat 
higher quantities but still much lower 
than fresh tomatoes. Otherwise, the 
chromatograms showed patterns of vola
tiles qualitatively very similar to those of 
fresh tomatoes. Possible quantitative dif
ferences were indicated in somewhat 
higher amounts of alcohols, including 
m-3-hexen-l -ol. Furfural and phenylacet- 
aldehyde were also higher. Accurate 
quantitative comparisons were difficult, 
because of problems in fruit uniformity. 
Our samples were analyzed within 48 hr 
after freezing. Yu et al. (1968a) reported 
that an enzyme preparation extracted 
from tomatoes held frozen approximately 
1 month at — 20°C showed no activity 
towards leucine. Similar enzyme prepara
tions prepared by them from fresh toma
toes formed 3-methylbutan-l-ol and
3-methylbutanal.

Tables 8 and 9 show how dependent 
the amounts of certain volatiles were on 
the method used to crush or macerate the 
tomatoes. The coarser degree of tissue 
rupture, the lower the amounts of alde
hyde formed. Of the various procedures 
tried, grinding fresh tomatoes for 1 min 
at the high speed of a Waring Blendor 
produced the highest amounts of trans-2- 
hexenal and methanol in the volatiles. 
Because the amounts of m-3-hexenal and 
n-hexanal developed by some of the 
treatments were too low to determine by 
gas chromatography, these samples were 
distilled and ultraviolet absorption used 
to determine the amounts of trans-2- 
hexenal and, therefore, indirectly, cis-3- 
hexenal. That small amounts of trans-2- 
hexenal and «-hexanal were developed by 
the coarser crushing was also confirmed 
by gas-chromatographic analyses of chlo
roform extracts of distillates of many of 
these samples. There were no indications 
that such a procedure seriously affected 
any of the other volatiles. Winter et al. 
(1962a) indicated that the amount of 
2-hexenal that developed in raspberries 
depended on the oxygen concentration in 
the atmosphere at the time of crushing. 
Dolev et al. (1967b) showed that the 
oxygen introduced into the hydroperox
ide molecules in lipoxidase reactions 
came from the gaseous phase and not 
from the aqueous phase. The more inti
mate mixing of air with the tomato 
particles by blending probably was the 
reason for the higher amounts of trans-2- 
hexenal developed in our blended sample. 
The maturity stage of the tomatoes was 
important to the amounts of cis-3- 
hexenal, trans-2-hexenal and n-hexanal

that developed. Rhodes et al. (1967) 
reported that lipids, lipases and lipoxi- 
dases were highly variable during the ripen
ing stages of apples, reaching the highest 
amounts at the climacteric. Kapp (1966) 
found that total lipids varied with fruit 
maturity at harvest as well as with variety 
and storage treatments in tomato fruit 
pericarp. Linolenic, linoleic, oleic, stearic, 
palmitic and myristic acids increased dur
ing the period of greatest color develop
ment. Results in Table 10 show that the 
highest quantities of m-3-hexenal, trans- 
2-hexenal and «-hexanal were obtained 
from firm, fully ripe tomatoes. In Table 
11 are presented data obtained by adding 
linolenic acid to tomatoes of varying 
degrees of ripeness. The enzyme(s) ap
peared to be at least 1 of the limiting 
factors in the development of cis-3- 
hexenal in green tomatoes.

Table 12 lists the compounds identi
fied in tomato volatiles obtained by 
steam distillation of blended, fresh, ripe 
tomatoes. Figure 3 represents a gas 
chromatogram of the compounds isolated 
from an aqueous concentrate of tomato 
volatiles. Figure 4 shows a gas chromato
gram of a concentrate of tomato volatiles, 
obtained ' as a chloroform extract of a 
steam distillate of blended, fresh, r.pe 
tomatoes. The peak numbers on the 
chromatograms correspond to the peak 
numbers and identified compounds as 
listed in Table 12. As can be seen from 
Table 12, there were several other car
bonyl compounds identified in tomato 
volatiles which could originate either

from chemical or enzymic oxidation of 
lipids. Grosch (1967) reported that lipids 
isolated from fresh peas reacted with 
enzyme preparations, also obtained from 
peas, to produce a wide range of carbonyl 
compounds. In this group were acetalde
hyde, propanal, n-butanal, n-pentanal, 
«-hexanal, n-nonanal, 2-butenal, 2- 
pentenal, 2-hexenal, 2-heptenal, 2-octe- 
nal, 2-nonenal, 2-decenal, 2-undecenal,
2,4-heptadienal, 2,4-nonadienal, 2,4-deca- 
dienal and acetone. Fleming et al. (1968) 
indicated that 2-nonenal and 2,6-non- 
adienal were enzymically produced in 
cucumbers. Hamberg et al. (1965) re
ported that lipoxidases can have rather 
high degrees of specificity towards the 
oxidation of fatty acids. The diene sys
tems starting at position 6 counted from 
the methyl ends and those beginning at 
position 9 counted from the carboxyl

T a b le  9 —E f fe c t  o f  t im e  o f  b le n d in g  to m a 

to e s  o n  d e v e lo p m e n t  o f  t ra n s -2 -h e x e n a l a n d  

m e th a n o l.

T im e

(s e c )
trans- 2 -H e x e n a l  

( p p m )
M e th a n o l

(p p m )

A t  h ig h  s p e e d  o f  W a r in g  B le n d o r
5 3 .6 100

10 3 .7 110
4 0 4 .3 1 3 8

A t  lo w  s p e e d  o f  W a r in g  B le n d o r

5 1.7 6 4
10 3 .1 88
4 0 3 .5 1 0 6

T a b le  1 0 —C o m p a r is o n  o f  a ld e h y d e s  in  b le n d e d  to m a to e s  o f  d i f f e r 

e n t  s tages o f  m a tu r i t y .

S ta g e  o f  m a t u r i t y « -H e x a n a l
P e a k  a re a s  in  m m 2 

d s - 3 - H e x e n a l trans- 2 -H e x e n a l

G re e n 2 8 3
H a lf - r ip e 5 0 8 0 4

F u l ly  r ip e 1 8 0 100 8

T a b le  1 1 —E f fe c t  o f  l i n o le n ic  a c id  o n  d e v e lo p m e n t  o f  a ld e h y d e s  in  b le n d e d  to m a to e s  a t  d i f f e r -  

e n t  s ta g e s  o f  m a tu r i t y . _________________________________________________________________________________________________

S ta g e  o f  m a t u r i t y « -H e x a n a l
P e a k  a re a s  in  m m 2 

d s - 3 - H e x e n a l  f r a n s -2 -H e x e n a l T o t a l  h e x e n a ls

G re e n 10 8 5 13

G r e e n  w i th  7 5 0  p p m 8 8 5 13

l in o le n ic  a c id
H a lf - r ip e 4 0 19 7 26

H a lf - r ip e  w i th  7 5 0  p p m 3 0 2 8 11 39

l in o le n ic  a c id

P in k 7 6 3 2 9 41

P in k  w i th  7 5 0  p p m 7 4 5 0 15 6 5

l in o le n ic  a c id
F u l ly  r ip e 141 3 8 15 5 3

F u l ly  r ip e  w i th  7 5 0  p p m 120 7 2 21 93

l in o le n ic  a c id
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ends are susceptible to the lipoxidase 
reaction. A mechanism for the reaction of 
linoleic acid with lipoxidase has been 
proposed by Dolev et al. (1967a). The 
enzyme formed exclusively 13-hydro- 
peroxyoctadeca-9,11-dienoic acid, while 
chemical autoxidation of methyl linoleate 
gave equal amounts of the methyl 9- and 
1 3-hydroperoxyoctadeca-9,l 1-dienoates.

Eriksson (1967) reported that lipoxi
dase catalyzed oxidation of cz'i-1-, cis-4- 
pentadiene systems in unsaturated fatty 
acids such as linoleic, linolenic and arachi- 
donic by molecular oxygen. The hydro
peroxides formed decomposed either 
spontaneously or catalytically in the 
presence of lipohydroperoxidase. Soy 
extracts contain specific lipohydroperoxi
dase, but green peas do not. Recently, 
Blain et al. (1968) have indicated that 
extracts from tomatoes exhibited reac

tions more characteristic of hematins 
than of the lipoxidase enzymes in their 
behavior towards carotene bleaching. 
Hematin catalysts have been reported to 
show optimal activity both for linoleate 
oxidation and crocin oxidation in the 
presence of linoleate between pH 3.5 and
4.5 (Dicks et al., 1966). Possibly, both 
types of enzyme systems are active in the 
development of volatiles in tomatoes. We 
found that m-3-hexenal and n-hexanal 
were developed very rapidly, suggesting 
the spontaneous decomposition of hydro
peroxides (Eriksson, 1967), and that these 
aldehydes were in very high amounts, 
indicating rather high specificity. We 
have estimated that about 90% of the 
total 2-enal and 2,4-dienal compounds in 
tomato volatiles was frani-2-hexenal. 
However, several other lipid-related alde
hydes were found in tomato volatiles.

Since hydroperoxides and free radical 
intermediates would be present in such 
systems, co-oxidation with unsaturated 
lipids could occur, to give the small 
amounts of these minor aldehydes. Simi
larly, carotenoids and other terpene- 
related compounds could be oxidized. In 
some of our experiments, 2,4-decadienal 
appeared to be lower, where oxygen was 
limited, suggesting chemical oxidation. It 
is not possible to tell whether 2-heptenal 
and 2,4-decadienal in the investigation of 
Buttery et al. (1968) were produced 
chemically or enzymically, because de
tails of the sample preparations were not 
given. Further work is necessary to estab
lish more definitely the origin of the 
carbonyl compounds and the extent of 
enzymic and chemical involvement in the 
development of volatiles in tomatoes.

A 2nd group of aldehydes found in 
tomato volatiles appeared to be related to 
amino acids. Phenylacetaldehyde re
ported by Ryder (1966) and found in our 
investigation probably arose from phenyl
alanine. No details were given by Ryder 
on how his concentrate of tomato vola
tiles was obtained. However, the high 
amounts of phenylacetaldehyde, furfural 
and 3-methylmercaptopropanal shown in 
his gas chromatogram indicated that heat 
probably was a factor in the preparation. 
In our investigation, phenylacetaldehyde 
was produced at a fairly constant though 
low rate during the atmospheric steam 
stripping of volatiles from tomato homog
enates or pulps.

3-Methylmercaptopropanal, also re
ported by Ryder (1966), has particular 
interest, because of its relationship to 
ethylene production in fruits and vege
tables. Its formation could be heat- 
induced from methionine as shown by 
Ballance et al. (1961) or it could be 
present in raw tomatoes. Ku et al. (1967) 
have shown that ethylene can be pro
duced from 3-methylmercaptopropanal 
either enzymically or at a much slower 
rate chemically with hydrogen peroxide 
alone. Lieberman et al. (1965) demon
strated similar results with hydrogen per
oxide and ascorbic acid or cupric ions as 
the catalyst. Mapson et al. (1966) indi
cated that oxidative deamination by 
hydrogen peroxide and metal ions could 
occur with other amino acids as well as 
with methionine. Linolenate model sys
tems also produced ethylene, requiring 
cupric ions and a strong oxidizing agent 
such as hydrogen peroxide or peroxidized 
linolenate. Earlier, Meigh (1962) had 
made somewhat similar studies with 
methionine and ethylene metabolism in 
tomatoes. Therefore, the presence of free
3-methylmercaptopropanal in ripe toma
toes would seem a good possibility. Its 
formation during the blending operation 
when high concentrations of hydroper
oxides are present also would be prob
able.

T a b le  1 2 —I d e n t i t y  o f  p e a k s  o n  C L C  c h r o m a to g ra m s  s h o w n  in  F ig 

u re s  3  a n d  4.

P e a k  n o . C o m p o u n d M e a n s  o f  id e n t i f i c a t i o n

1 A c e ta ld e h y d e R T , I R ,  2 ,4 -D N P H
2 2 - M e th y lp r o p a n a l R T ,  2 ,4 -D N P H
3 M e th a n o l R T ,  IR
4 n -B u ta n a l R T ,  2 ,4 -D N P H

5 E t h a n o l R T ,  IR
6 3 -M e th y lb u ta n a l R T ,  2 ,4 -D N P H

7 2 -M e th y l-3 -b u te n - 2 -o l R T ,  IR
8 2 ,3 - B u ta n e d io n e R T ,  I R ,  2 ,4 -D N P H
9 2 - M e th y lp r o p a n - l - o l R T ,  IR

10 n -H e x a n a l R T ,  I R ,  2 ,4 -D N P H
11 « -B u ta n o l R T ,  IR
12 3 - M e th y lb u ta n - l - o l R T ,  IR
13 Z ran .i-2 -P e n ten a l R T ,  IR
14 c i 's -3 -H e x e n a l R T , I R ,  2 ,4 -D N P H
15 « - P e n ta n o l R T ,  IR
16 f r a « s -2 -H e x e n a l R T ,  I R ,  2 ,4 -D N P H
17 m - 3 - P e n t e n - l - o l IR
18 n -H e x a n o l R T ,  IR
1 9 c /s - 3 - H e x e n - l - o l R T ,  IR
20 6 - M e th y l-5 -h e p te n -2 - o n e R T , IR
21 2- I s o b u ty l t h i a z o l e R T ,  I R ,  M S , N M R
22 l - O c te n - 3 - o l R T ,  IR
2 3 6-M e th y  1-5 -h e p  te n -  2 -o l R T ,  IR
2 4 f r a n s -2 -O c te n a l R T ,  IR
25 3 - M e th y lm e r c a p to p r o p a n a l R T ,  IR
2 6 F u r f u r a l R T ,  IR
27 L in a lo o l R T ,  IR
2 8 f r a « s - 2 , / r a n s - 4 - H e p ta d ie n a l R T ,  IR
2 9 B e n z a ld e h y d e R T , IR
3 0 P h e n y la c e t a ld e h y d e R T , IR
31 G e ra n ia l R T ,  IR
3 2 M e th y l  s a l i c y la te R T ,  IR
33 f r a « s - 2 ,f r a n s -4 -D e c a d ie n a l R T ,  IR
3 4 6 , 1 0 -D im e  t h y l - 5 ,9-

u n d e c a d ie n - 2 - o n e R T , IR
35 G u a ia c o l R T ,  IR
3 6 P h e n e th y l  a lc o h o l R T ,  IR
3 7 ö e te - I o n o n e R T , IR
3 8 E u g e n o l R T ,  IR

R T  =  a g r e e m e n t  o f  k n o w n  a n d  u n k n o w n  r e t e n t i o n  t im e s  o n  a t  le a s t  
2  c o lu m n s  w i th  d i f f e r e n t  p o l a r  p r o p e r t i e s ,  I R  =  id e n t i t y  o f  in f r a r e d  
s p e c t r a ,  M S  =  i d e n t i t y  b y  m a s s  s p e c t r u m ,  N M R  = id e n t i t y  b y  n u c le a r  
m a g n e t ic  r e s o n a n c e  s p e c t ru m .
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F ig . 3 —C h ro m a to g r a m  o f  a q u e o u s  c o n c e n t r a te  o f  s te a m  v o la t i le s  f r o m  

to m a to e s .  C o lu m n ,  2  m  b y  1 /4  in . ,  15%  D E G S  o n  C h ro m o s o r b  W  a t  

1 0 0 ° C  is o th e rm a l.  H e l iu m  f lo w :  2 0  m l / m i n ;  s a m p le  s iz e :  1 p i.

MINUTES

F ig . 4 —C h ro m a to g r a m  o f  t o m a to  c o n c e n t r a te  o f  c h lo r o fo r m - e x t r a c te d  

s te a m  v o la t i le s  f r o m  to m a to e s .  C o lu m n ,  1 0  f t  b y  1 /8  in . ,  10%  F F A P o n  

s ila n iz e d  C h ro m o s o r b  W ; te m p e ra tu r e  p r o g r a m m e d  a t  6 ° C /m in  f r o m  

9 0 —2 0 0 P C . N i t r o g e n  f lo w :  4 0  m l  / m in ;  s a m p le  s iz e :  5  p i.

t ile s .

Yu et al. (1968b) reported the enzym
ic production of 3-methylbutanal and the 
corresponding alcohol from 14 C-labeled 
L-leucine with crude enzyme extracts 
from tomatoes. n-Hexanal and trans-2- 
hexenal were not reported by these inves
tigators. We found very low levels of
3-methylbutanal relative to the amounts 
of fra«i-2-hexenal and n-hexanal, as seen 
in Figure 3. Probably, the reason for this 
was the difference in the methods used in 
recovering the volatiles from the toma
toes. We have identified 2-methylpropa- 
nal but have not isolated 2-methylbuta- 
nal. Yu et al. (1968a) were unable to 
demonstrate the enzymic formation of
2- methylpropanal from valine as with
3- methylbutanal from leucine. The chem
ical formation of 2-methylpropanal and
3-methylbutanal from valine and isoleu
cine, respectively, has been shown by 
Casey et al. (1965).

Furfural, reported by Matthews
(1961), Ryder (1966) and Dalai et al.
(1968), was found to be temperature 
dependent in our experiments. Higher 
amounts of furfural and methanol were 
recovered from soft, over-ripe tomatoes, 
consistent with higher degrees of déméth
ylation and furfural production. Heat was 
a definite factor. Jacquin et al. (1955) 
reported that methanol was produced in 
tomatoes from pectins via depolymeriza
tion and déméthylation by pectic en
zymes. The resulting uronic acids along 
with ascorbic acid would seem to be the 
most likely precursors for furfural.

Alcohols
Schormiiller et al. (1965b) observed 

the aldehyde-alcohol relation in tomato 
volatiles; namely, that for acetaldehyde,
3-methylbutanal and n-hexanal there 
was a corresponding alcohol. They sug
gested that these aldehydes probably 
were reduced to the corresponding alco
hols via diphosphopyridine nucleotide 
and an alcohol dehydrogenase. Meigh et 
al. (1966) showed that tomato tissues

produced acetaldehyde, propanal and ace
tone enzymically from the corresponding 
alcohols. Eriksson (1967) reported that 
alcohol dehydrogenases were widely dis
tributed in plants. With a dehydrogenase 
isolated from fresh peas he studied reac
tion rates and found that the rates for 
unsaturated alcohols were higher than 
those for the saturated alcohols except 
for 2-buten-l-ol. Rates for secondary, 
cyclic and aromatic alcohols were very 
low. Recently, Eriksson (1968) observed 
that when peas were subjected to various 
treatments, catabolic reactions became 
predominant, favoring alcohol formation. 
As can be seen from the compounds 
identified in Table 12, such a relationship 
between many of the aldehydes and 
alcohols would appear to exist in toma
toes. The equilibria between the alde
hydes and alcohols, dependent on the 
many factors cited, control the volatile 
flavor or aroma of the tomato at the time 
it is consumed. Thus, tomato aroma can 
be highly variable.

We have some evidence that cis-3- 
hexen-l-ol is formed enzymically. The 
longer the time blended tomatoes were 
held, the greater the amount of cis-3- 
hexen-l-ol found. However, some small 
amount of ew-3-hexen-l-ol appeared to 
be present in whole fresh tomatoes. When 
whole ripe tomatoes were blended in the 
absence of oxygen, small amounts of 
c/i-3-hexen-l-ol were recovered, although 
negligible quantities of di-3-hexenal and 
irons-2-hexenal were found. Also, cis-3- 
hexen-l-ol was isolated from green toma
toes in appreciable amounts, although, 
again, only trace amounts of cw-3-hexenal 
and trans-2-hexenal were found.

Results of MacLeod et al. (1968) on 
cabbage volatiles and Ralls et al. (1965) 
on green-pea volatiles show similar alde
hyde-alcohol relations. In our experi
ments, frani-2-hexen-l-ol appeared to be 
absent, despite the high levels of trans-2- 
hexenal found and the special attention 
devoted to its detection. This also seems 
to be the case with the volatiles in

** . ■» /rmj'iiwvniiiw
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T a b le  1 3 —E f f e c t  o f  t e m p e ra tu r e  o n  d e v e lo p -  T a b le  1 4 —A m o u n ts  c f  2 - is o b u ty l th ia z o le  in  d i f f e r e n t  v a r ie t ie s  o f

m e n t  o f  m e th a n o l in  s l ic e d  to m a to e s  h e ld  2 0  to m a to e s .

m in . V a r ie ty R a n g e  ( p p m ) A v e ra g e  ( p p m )

T e m p e r a t u r e  ( ° C ) M e th a n o l  ( p p m ) C a m p b e l l  1 4 6 0 . 1 6 - 0 . 2 6 0 .1 9

2 5 1 1 6 C a m p b e l l  A c c e s s io n  N o . 1 3 0 6 0 . 0 6 - 0 . 1 1 0 .0 9

4 0 1 3 8 C a m p b e l l  A c c e s s io n  N o . 1 3 8 3 0 . 0 6 - 0 . 0 9 0 .0 8

5 0 1 8 3 C a m p b e l l  A c c e s s io n  N o . 1 4 0 2 0 . 0 7 - 0 . 0 8 0 .0 7

6 0 2 0 4 C a m p b e l l  1 3 2 7 0 . 0 5 - 0 . 0 8 0 .0 6

6 8 2 1 6 R e s u l t s  r e p r e s e n t  a  m in im u m o f  a t  l e a s t  3 d i f f e r e n t  h a r v e s t s  o f
7 5 2 1 0 to m a to e s  d u r in g  t h e  1 9 6 3  s e a s o n  in  t h e  C a m d e n ,  N e w  J e r s e y ,  a re a .

c a b b a g e  ( M a c L e o d  e t  a l . ,  1 9 6 8 )  a n d  i n  
p e a s  ( R a l l s  e t  a l . ,  1 9 6 5 ) .  M o r e  r e c e n t l y ,  
M u r r a y  e t  a l .  ( 1 9 6 8 )  r e p o r t e d  t h e  t e n t a 
t i v e  i d e n t i f i c a t i o n  o f  f r a / w - 2 - h e x e n - l - o l  i n  
u n b l a n c h e d  f r o z e n  p e a s .  T h i s  i n v e s t i g a 
t i o n  w a s  d i r e c t e d  t o w a r d s  a l c o h o l s  o n l y  
a n d  n o  o t h e r  v o l a t i l e s  w e r e  r e p o r t e d .  T h e  
u s e  o f  u n b l a n c h e d  p e a s ,  s t o r e d  6 —8 
m o n t h s  a t  — 1 7 . 8 ° C  m i g h t  h a v e  b e e n  a  
f a c t o r .  N e l s o n  e t  a l .  ( 1 9 6 9 )  h a v e  i n d i 
c a t e d  t h e  t e n t a t i v e  i d e n t i f i c a t i o n  o f  t h i s  

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

v o l a t i l e s  t h a n  t h a t  f o u n d  w i t h  d i s t i l l a t i o n  

m e t h o d s .  C o m p o u n d s  s u c h  a s  cis-3 -  
h e x e n a l ,  trans-2 - h e x e n a l  a n d  c « - 3 - h e x e n -  

l - o l ,  p r o m i n e n t  i n  o u r  t o m a t o  v o l a t i l e s ,  
w e r e  a b s e n t  i n  t h e i r  a n a l y s e s .  E r i k s s o n

( 1 9 6 8 )  f o u n d  t h a t  t h e  e q u i l i b r i u m  c o n 
s t a n t s  f o r  trans-2 - h e x e n a l  a n d  trans-2- 
h e x e n - l - o l  v e r y  s t r o n g l y  f a v o r e d  t h e  a l d e 
h y d e  o v e r  t h e  a l c o h o l .  f r a n r - 2 - H e x e n - l - o l  
h a s  b e e n  r e p o r t e d  i n  s e v e r a l  f r u i t s ,  n a m e 
l y ,  i n  a p p l e s  ( F l a t h  e t  a l . ,  1 9 6 7 ) ;  g r a p e s  
( S t e v e n s  e t  a l . ,  1 9 6 6 ) ;  p e a c h e s  ( S e v e n a n t s  
e t  a l . ,  1 9 6 6 ) ;  a p r i c o t s  ( J e n n i n g s  e t  a l . ,
1 9 6 6 ) .  P o s s i b l y ,  t h e  a l c o h o l  d e h y d r o g e n 
a s e s  v a r y  a m o n g  f o o d s .  E r i k s s o n  ( 1 9 6 8 )  

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

t h a n  t h e  e n z y m e  e x t r a c t e d  f r o m  p e a s .
M e c h a n i s m s  f o r  t h e  f o r m a t i o n  o f  1 - 

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

p r o p o s e d  ( H o f f m a n n ,  1 9 6 2 ) . T h i s  s o - c a l l e d  
m u s h r o o m  a l c o h o l  h a s  b e e n  r e p o r t e d  i n  
p e a s  ( M u r r a y  e t  a l . ,  1 9 6 8 ) ;  s n a p  b e a n s  
( S t e v e n s  e t  a l . ,  1 9 6 7 ) ;  b l a c k  c u r r a n t s  
( A n d e r s s o n  e t  a l . ,  1 9 6 4 ) ;  c r a n b e r r i e s  
( A n j o u  e t  a l . ,  1 9 6 7 ) .  l - O c t e n - 3 - o l  w a s  

c o n s i d e r e d  i m p o r t a n t  i n  s n a p - b e a n  f l a v o r  
a n d  i n  f l a v o r  d i f f e r e n c e s  b e t w e e n  v a r i e t i e s  
( S t e v e n s  e t  a l . ,  1 9 6 7 ) .

T h e  a m o u n t s  o f  e t h a n o l  i n  t o m a t o  
v o l a t i l e s  w e r e  r a t h e r  l o w ,  w h e n  f r e s h ,  
f i r m  r i p e  t o m a t o e s  w e r e  h a n d l e d  q u i c k l y .  
E t h a n o l  w a s  a l s o  l o w  i n  t h e  v o l a t i l e s  
i s o l a t e d  b y  P y n e  e t  a l .  ( 1 9 6 5 ) .  T h e  v e r y  
h i g h  a m o u n t s  r e p o r t e d  b y  K a t a y a m a  e t  
a l .  ( 1 9 6 7 )  i n  f r e s h  t o m a t o  j u i c e  a r e  
d i f f i c u l t  t o  u n d e r s t a n d .  P o s s i b l y ,  e t h a n o l  
w a s  p r o d u c e d  f r o m  t h e  l a r g e  a m o u n t s  o f  
a c e t a l d e h y d e  ( E r i k s s o n ,  1 9 6 8 ) .  N e l s o n  e t

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

r e a s o n .

T a b l e s  8  a n d  9  s h o w  t h a t  t h e  a m o u n t s  
o f  m e t h a n o l  i n c r e a s e d  w h e n  t h e  t o m a t o e s  
w e r e  m o r e  f i n e l y  c h o p p e d  o r  b l e n d e d .  
H o l d i n g  t o m a t o  h o m o g e n a t e s  w i t h o u t  
e n z y m e  i n a c t i v a t i o n  a l s o  g a v e  i n c r e a s e d  

q u a n t i t i e s  o f  m e t h a n o l .  H e a t  a l s o  h a d  a  
g r e a t  e f f e c t  o n  t h e  a m o u n t s  f o r m e d  
( T a b l e  1 3 ) .  A s  i n d i c a t e d  b y  J a c q u . n  e t  a l .

( 1 9 5 5 )  a n d  n o t e d  b y  P y n e  e t  a l .  ( 1 9 6 5 ) ,  
m e t h a n o l  m o s t  l i k e l y  c a m e  f r o m  t h e  
d é m é t h y l a t i o n  o f  p e c t i c  s u b s t a n c e s .  

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

I t  a p p e a r s  t h a t  a l c o h o l s  p o t e n t i a l l y  
r e l a t e d  t o  a m i n o  a c i d s ,  f o r  e x a m p l e ,
3 - m e t h y l b u t a n - 1 - o l ,  2 - m e t h y l p r o p a n - 1 - o l  
a n d  p h e n e t h y l  a l c o h o l  p r o b a b l y  w e r e  
p r e s e n t  i n  t h e  t o m a t o .  Y u  e t  a l .  ( 1 9 6 8 b )  

h a v e  r e p o r t e d  t h a t  3 - m e t h y l b u t a n - l - o l  
w a s  p r o d u c e d  e n z y m i c a l l y  f r o m  l e u c i n e  
w i t h  t o m a t o  e x t r a c t s .  A l t h o u g h  t h e  q u a n 
t i t i e s  o f  3 - m e t h y l b u t a n - l - o l  a n d  2 -  
m e t h y l p r o p a n - l - o l  w e r e  s o m e w h a t  v a r i 
a b l e  w i t h i n  s a m p l e s  o f  t h e  s a m e  v a r i e t y  o f  

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

b u t a n - l - o l  a n d  2 - m e t h y l p r o p a n - l - o l  
s e e m e d  m o r e  d e p e n d e n t  o n  t h e  p h y s i c a l  
c o n d i t i o n  c f  t h e  f r u i t  r a t h e r  t h a n  t h e  
b l e n d i n g  o r  g r i n d i n g  a n d  i s o l a t i o n  t r e a t 
m e n t s .  I n  g e n e r a l ,  t h e  p o o r e r  t h e  p h y s i c a l  
c o n d i t i o n  o f  t h e  f r u i t ,  t h e  h i g h e r  t h e  

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

I d e n t i f i c a t i o n  o f  2 - m e t h y l p r o p a n - l - o l ,  
2 - m e t h y l b u t a n - l - o l  a n d  3 - m e t h y l b u t a n -
1 -  o l  b y  P y n e  e t  a l .  ( 1 9 6 5 )  s u p p o r t s  t h e  
i d e a  t h a t  t h e s e  a l c o h o l s  w e r e  p r e s e n t  i n  
t o m a t o e s .  F u r t h e r m o r e ,  E r i k s s o n  ( 1 9 6 8 )  
i n d i c a t e d  t h a t  m e t h y l  b r a n c h i n g  i n  a  
c o m p o u n d ,  s u c h  a s  3 - m e t h y l b u t a n - l - o l ,  
g a v e  l o w  c o n v e r s i o n  r a t e  o f  a l c o h o l s  t o  
a l d e h y d e s .  T h e  m e t h o d  f o r  i s o l a t i n g  v o l a 
t i l e s ,  u s e d  b y  P y n e  e t  a l .  ( 1 9 6 5 ) ,  m i n 
i m i z e d  b o t h  e n z y m i c  r e a c t i o n s  a n d  c h e m 
i c a l  d e g r a d a t i o n s .

P h e n e t h y l  a l c o h o l  a l s o  r e p o r t e d  b y  
R y d e r  ( 1 9 6 6 )  s e e m e d  t o  f o l l o w  a  s i m i l a r  
p a t t e r n .  I n  o u r  e x p e r i m e n t s ,  t h i s  a l c o h o l  
w a s  l o w  a n d  f a i r l y  c o n s t a n t ,  e v e n  i n  t h o s e  
e x p e r i m e n t s  w h e r e  p h e n y l a c e t a l d e h y d e  
w a s  h i g h .  T h e r e  w a s  n o  e v i d e n c e  o f  
b e n z y l  a l c o h o l  i n  t h e  v o l a t i l e s ,  a l t h o u g h  
V i a n i  e t  a l .  ( 1 9 6 9 )  h a v e  r e p o r t e d  i t .  

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

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

2 -  I s o b u t y l t h i a z o l e

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

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

t o e s .  A n  i m p o r t a n t  f l a v o r  c o m p o u n d  i n  
t h i s  g r o u p  w a s  2 - i s o b u t y l t h i a z o l e .  T h e  
i d e n t i t y  o f  t h i s  c o m p o u n d  w a s  r i g o r o u s l y  
e s t a b l i s h e d  t h r o u g h  c o m p a r i s o n s  o f  t h e  
u n k n o w n  w i t h  s y n t h e t i c  m a t e r i a l  b y  
m a s s ,  i n f r a r e d ,  u l t r a v i o l e t  a n d  n u c l e a r  
m a g n e t i c  r e s o n a n c e  s p e c t r a .  T h e  a m o u n t s  
o f  2 - i s o b u t y l t h i a z o l e  d i d  n o t  a p p e a r  t o  b e  
d e p e n d e n t  o n  t h e  c r u s h i n g  p r o c e d u r e  o r  
o n  o x y g e n .  H o w e v e r ,  t h e  c o n c e n t r a t i o n s  
o f  2 - i s o b u t y l t h i a z o l e  v a r i e d  w i d e l y  f r o m  
1 v a r i e t y  o f  t o m a t o  t o  a n o t h e r ,  a s  c a n  b e  
s e e n  i n  T a b l e  1 4 .  4 , 5 - S u b s t i t u t e d  t h i -  
a z o l e s  a r e  w e l l  k n o w n  i n  t h i a m i n e  b i o g e n 
e s i s ,  b u t  t h e i r  b i o s y n t h e s i s  i s  n o t  y e t  
c l e a r .  M e t h i o n i n e  h a s  b e e n  s u g g e s t e d  a s  
t h e  s u l f u r  p r e c u r s o r  o f  t h e  t h i a z o l e  i n  
t h i a m i n e  ( J o h n s o n  e t  a l . ,  1 9 6 6 ) .  T h e  
o c c u r r e n c e  o f  t h i s  c o m p o u n d  i n  t o m a t o  
h a s  a l s o  b e e n  o b s e r v e d  b y  V i a n i  e t  a l .  
r e c e n t l y  ( 1 9 6 9 ) .

L i g n i n - r e l a t e d  c o m p o u n d s

T h e  p r e s e n c e  o f  s e v e r a l  o t h e r  c o m -
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p o u n d s  r e l a t e d  t o  p h e n y l a l a n i n e  w o u l d  
i m p l i c a t e  l i g n i n  m e t a b o l i s m  a s  a n  a c t i v e  
s y s t e m  i n  t o m a t o  v o l a t i l e s .  B e n z a l d e h y d e  
c o u l d  o r i g i n a t e  f r o m  m a n d e l i c  a c i d  o r  
p h e n y l g l y o x y l i c  a c i d  t h r o u g h  h e a t i n g .  
C i n n a m a l d é h y d e ,  r e p o r t e d  b y  S c h o r m i i l -  
l e r  e t  a l .  ( 1 9 6 5 a ) ,  t h o u g h  n o t  f o u n d  i n  
o u r  i n v e s t i g a t i o n ,  c a n  b e  o x i d i z e d  t o  
b e n z a l d e h y d e  d u r i n g  d i s t i l l a t i o n .  T h e  
c o n v e r s i o n  o f  p h e n y l a l a n i n e  t o  c i n n a m i c  

a c i d  b y  p h e n y l a l a n i n e  a m m o n i a  l y a s e  h a s  
b e e n  s h o w n  ( K o u k o l ,  1 9 6 1 ) .  O t h e r  l i g 
n i n - r e l a t e d  c o m p o u n d s ,  n a m e l y ,  e u g e n o l ,  

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

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

t i e s .  W a l k e r  ( 1 9 6 2 )  h a s  a l s o  r e p o r t e d  t h a t  
p h e n o l i c  a c i d s ,  n a m e l y ,  c i n n a m i c ,  f e r u l i c  

a n d  p - c o u m a r i c  a c i d s ,  o c c u r r e d  u n b o u n d  
i n  t o m a t o  w a l l  t i s s u e .  V i a n i  e t  a l .  ( 1 9 6 9 )  
h a v e  f o u n d  s e v e r a l  a d d i t i o n a l  p h e n o l i c  
c o m p o u n d s  i n  t o m a t o  v o l a t i l e s .  F i n a l l y ,  
v a n i l l i n ,  s u s p e c t e d  b y  S p e n c e r  e t  a l .

( 1 9 5 4 ) ,  w o u l d  b e  a  p o s s i b i l i t y ,  t h o u g h  
t h e r e  w a s  n o  e v i d e n c e  f o r  t h i s  c o m p o u n d  
i n  o u r  w o r k .  T h e i r  v o l a t i l e s  h a d  b e e n  

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

o r a t o r .

T e r p e n e - r e l a t e d  c o m p o u n d s

I t  c a n  b e  s e e n  t h a t  s e v e r a l  t e r p e n e s  o r  
t e r p e n e - r e l a t e d  c o m p o u n d s  h a v e  b e e n  
i s o l a t e d  f r o m  t o m a t o  v o l a t i l e s  ( T a b l e  1 2 ) .  

C o l e  e t  a l .  ( 1 9 5 7 )  h a v e  i s o l a t e d  6 - m e t h y l -
5 -  h e p t e n - 2 - o n e  a n d  a c e t o n e  f r o m  l y c o 
p e n e  d e g r a d a t i o n  d u r i n g  t h e  h e a t i n g  o f  
t o m a t o  p u l p .  O x y g e n  a v a i l a b i l i t y  w a s  t h e  

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

l a r g e  a m o u n t s  o f  a i r .  T h e  a m o u n t s  o f
6 - m e t h y l - 5 - h e p t e n - 2 - o l  f o u n d  i n  t o m a t o  
v o l a t i l e s  w e r e  l o w  c o m p a r e d  t o  t h e  q u a n 
t i t i e s  o f  t h e  c o r r e s p o n d i n g  k e t o n e .  T h e  
a c t i v i t y  o f  t h e  a l c o h o l - d e h y d r o g e n a s e  
t o w a r d s  t h i s  a l c o h o l  a n d  k e t o n e  w o u l d  b e  
e x p e c t e d  t o  b e  l o w  ( E r i k s s o n ,  1 9 6 8 ) .

P e a k  3 7  w a s  i d e n t i f i e d  a s  ¿ e t a - i o n o n e .  
T h i s  c o m p o u n d  h a s  b e e n  r e p o r t e d  a s  a n  

i m p o r t a n t  f l a v o r  c o m p o n e n t  i n  r a s p b e r 
r i e s  ( W i n t e r  e t  a l . ,  1 9 6 2 a ) .  P o s s i b l y ,  
beta - i o n o n e  w a s  p r o d u c e d  b y  o x i d a t i v e  
d e g r a d a t i o n  o f  h e i a - c a r o t e n e  i n  t o m a t o  
h o m o g e n a t e s  b y  a  r e a c t i o n  s i m i l a r  t o  t h a t  
p o s t u l a t e d  f o r  l y c o p e n e  b y  C o l e  e t  a l .
( 1 9 5 7 ) .  W e u r m a n  ( 1 9 6 1 )  w a s  a b l e  t o  
d e v e l o p  v o l a t i l e  c o m p o u n d s  b y  t r e a t i n g  
r a s p b e r r y  s u b s t r a t e s  w i t h  v a r i o u s  e n 
z y m e s .  H o w e v e r ,  n o n e  o f  t h e  e n z y m e s  
t r i e d  d e v e l o p e d  r a s p b e r r y  f l a v o r .  L i p a s e s  
a n d  a l c o h o l  d e h y d r o g e n a s e s  w e r e  u s e d  
b u t  n o t  l i p o x i d a s e .  E n z y m i c  d e s t r u c t i o n  
o f  beta - c a r o t e n e  h a s  b e e n  a s s o c i a t e d  w i t h  
c o n c u r r e n t  o x i d a t i o n  o f  u n s a t u r a t e d  f a t t y  
a c i d s  o f  t h e  l i n o l e a t e  t y p e  b y  l i p o x i d a s e .  
B l a i n  e t  a l .  ( 1 9 6 2 )  h a v e  s h o w n  t h a t  
h e f a - c a r o t e n e  c a n  b e  d e g r a d e d  d u r i n g  t h e  
a u t o x i d a t i o n  o f  m e t h y l  l i n o l e a t e  i n  m o d e l  
s y s t e m s .

A m o u n t s  o f  6 , 1 0 - d i e m t h y l - 5 ,  9 - u n -  
d e c a d i e n - 2 - o n e  f o u n d  i n  t o m a t o  v o l a 

t i l e s  a l s o  a p p e a r e d  t o  b e  d e p e n d e n t  o n  
o x y g e n ,  d e c r e a s i n g  w h e n  b l e n d i n g  o f  
t o m a t o e s  w a s  d o n e  u n d e r  n i t r o g e n .  
C h e m i c a l  o x i d a t i o n  o f  s q u a l e n e  y i e l d s  
6 , 1 0 - d i m e t h y l - 5 , 9 - u n d e c a d i e n - 2 - o n e  a n d
6 - m e t h y l - 5 - h e p t e n - 2 - o n e  ( P i n d e r ,  1 9 6 0 a ) .  
P o s s i b l y ,  s i m i l a r  o x i d a t i o n s  c o u l d  o c c u r  
i n  t o m a t o  h o m o g e n a t e s  w h e r e  h y d r o p e r 
o x i d e s  w o u l d  a p p e a r  t o  b e  p r e v a l e n t .  
S q u a l e n e  i n  t o m a t o e s  i s  w e l l  e s t a b l i s h e d  
( B e e l e r  e t  a h ,  1 9 6 3 ) .  F a r n e s y l  d e r i v a t i v e s  
a r e  a l s o  p r e s e n t  i n  t o m a t o e s  a n d  m i g h t  b e  
p r e c u r s o r s  o f  t h e s e  k e t o n e s .  F a r n e s a l  w a s  
i n d i c a t e d  t o  b e  i n  t o m a t o  v o l a t i l e s  b y  
r e t e n t i o n  t i m e  d a t a ,  b u t  i n  v e r y  l o w  

a m o u n t s .

G e r a n i a l  i n  t o m a t o  v o l a t i l e s  w a s  n o t  

u n e x p e c t e d ,  b e c a u s e  o f  t h e  r o l e  o f  g e r a -  
n y l  d e r i v a t i v e s  i n  t h e  b i o s y n t h e s i s  o f  
t e r p e n e .  T h e  c i t r a l  r e p o r t e d  b y  S p e n c e r  e t  
a l .  ( 1 9 5 4 )  a n d  H e i n  e t  a l .  ( 1 9 6 3 )  p r o b 

a b l y  w a s  t h e  s a m e  c o m p o u n d .  B u t t e r y  e t  
a l .  ( 1 9 6 8 )  i n d i c a t e d  t h a t  t h e i r  6 , 1 0 -  
d i m e  t h y  1 - 5 ,9 - u n d e c a d i e n - 2 - o n e  i s o m e r  
h a d  t h e  g e r a n y l  f o r m  r a t h e r  t h a n  t h e  
n e r y l  f o r m .  G e r a n i a l  h a s  b e e n  r e p o r t e d  i n  
a p r i c o t s  ( J e n n i n g s  e t  a l . ,  1 9 6 6 )  a n d  i n  
o r a n g e s  ( W o l f o r d  e t  a l . ,  1 9 6 3 ) ,  a m o n g  
o t h e r  f o o d s .

P e a k  2 7  w a s  i d e n t i f i e d  a s  l i n a l o o l .  
G e r a n i o l  w o u l d  b e  e x p e c t e d ,  b u t  s o  f a r  
w e  h a v e  n o t  f o u n d  i t .  L i n a l o o l  i s o m e r i z e s  
t o  g e r a n i o l  u n d e r  t h e  i n f l u e n c e  o f  a c i d s .  
H o w e v e r ,  t h i s  i s  a  r e v e r s i b l e  a n i o n o t r o p i c  
r e a r r a n g e m e n t  ( P i n d e r ,  1 9 6 0 b ) .  L i n a l o o l  
h a s  b e e n  f o u n d  i n  m a n y  f o o d s ;  i t  w a s  
c o n s i d e r e d  i m p o r t a n t  i n  s n a p - b e a n  f l a v o r  
( S t e v e n s  e t  a l . ,  1 9 6 7 ) .

P e a k  7  w a s  f o u n d  t o  b e  2 - m e t h y l - 3 -  
b u t e n - 2 - o l .  T h i s  c o m p o u n d  h a s  b e e n  
r e p o r t e d  i n  g r a p e  e s s e n c e  ( S t e v e n s  e t  a l . ,
1 9 6 5 )  a n d  i n  v o l a t i l e s  f r o m  b l a c k  c u r r a n t s  
( A n d e r s s o n  e t  a l . ,  1 9 6 6 ) .  I n  t h e s e  f r u i t s ,  
b o t h  l i n a l o o l  a n d  g e r a n i o l  w e r e  r e p o r t e d .  
P o s s i b l y ,  i t s  p r e c u r s o r  w a s  l i n a l o o l ,  a l 
t h o u g h  a  r e a r r a n g e m e n t  s i m i l a r  t o  t h a t  
f o r  t h e  c o n v e r s i o n  o f  g e r a n i o l  t o  l i n a l o o l  
w o u l d  m e r i t  c o n s i d e r a t i o n .  T h e  3 - m e t h y l -
3 - b u t e n y l  d e r i v a t i v e s  a r e  w e l l  e s t a b l i s h e d  
i n  t e r p e n e  b i o s y n t h e s i s .

P e a k  4 1  h a s  b e e n  p a r t i a l l y  c h a r a c 
t e r i z e d  b u t  h a s  n o t  b e e n  i d e n t i f i e d .  I t  
w o u l d  a p p e a r  t o  b e  a  t e r p e n e - r e l a t e d  C - 1 8  
m e t h y l  k e t o n e  w i t h  s t r u c t u r e  s i m i l a r  t o
6 , 1  0 - d i m  e t h y l - 5 , 9 - u n d e c a d i e n - 2 - o n e ,  
l a c k i n g  t h e  d o u b l e - b o n d  c o n j u g a t i o n  w i t h  
t h e  c a r b o n y l  g r o u p .  I t  h a s  a  d r y - h a y  o r  

s t r a w - l i k e  a r o m a  a n d  h a s  n o t  b e e n  e v a l u 
a t e d  f o r  f l a v o r .  I t  m a y  b e  i m p o r t a n t ,  
h o w e v e r ,  s i n c e  i t  a p p e a r s  t o  h a v e  h e r i t 
a b l e  d i f f e r e n c e s .  I t  a l s o  a p p e a r s  t o  b e  
o x y g e n  d e p e n d e n t .  I t  i s  p o s s i b l e  t h a t  t h i s  
c o m p o u n d  is  t h e  6 , 1 0 , 1 4 - t r i m e t h y l p e n t a -
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d e c a - 5 , 9 , 1 3 - t r i e n - 2  o n e  r e c e n t l y  r e p o r t e d  

b y  B u t t e r y  e t  a l .  ( 1 9 6 9 ) .
E x c e p t  f o r  m e t h y l  s a l i c y l a t e ,  w e  d i d  

n o t  f i n d  a n y  e s t e r s  i n  o u r  i n v e s t i g a t i o n ,  
b u t  o u r  s t e a m  d i s t i l l a t i o n  p r o c e d u r e  
m i g h t  h a v e  b e e n  a  f a c t o r .  H o w e v e r ,  w h e n
3 - m e t h y l b u t y l  h e x a n o a t e  w a s  a d d e d  t o  
t o m a t o  j u i c e  a n d  d i s t i l l e d ,  t h e  e s t e r  w a s  
r e c o v e r e d  i n  h i g h  y i e l d s ,  w i t h  o n l y  s l i g h t  
i n d i c a t i o n  o f  h y d r o l y s i s .  P o s s i b l y ,  t h e  
p r o c e d u r e  u s e d  b y  D a l a i  e t  a l .  ( 1 9 6 8 )  t o  
p r e p a r e  t h e i r  e x t r a c t s  m a y  h a v e  p r o d u c e d  
t h e  e s t e r s .

M u c h  m o r e  r e s e a r c h  m u s t  b e  d o n e  t o  

d e f i n e  m o r e  c l e a r l y  h o w  v o l a t i l e s  d e v e l o p  
i n  t o m a t o e s .  H o w e v e r ,  a n  o v e r - a l l  g e n e r a l  
p i c t u r e  o f  t h e  r e a c t i o n s  c a n  b e  s e e n  f r o m  
t h e  r e s u l t s  k n o w n  t o  d a t e .  M a n y  o f  t h e  
v o l a t i l e s  i s o l a t e d  f r o m  t o m a t o e s  a r e  r e 
l a t e d  t o  t h e  e n z y m i c  a n d  c h e m i c a l  r e a c 
t i o n s  t h a t  o c c u r  d u r i n g  t h e  g r i n d i n g  o r  
c i u s h i n g  o f  t h e  t o m a t o e s .  L i p i d - o x i d i z i n g  
e n z y m e s  r e a c t  w i t h  f a t t y  a c i d s  t o  p r o d u c e  
h y d r o p e r o x i d e s  w h i c h  b r e a k  d o w n  i n t o  
c a r b o n y l  c o m p o u n d s .  T h e  l a t t e r  c a n  b e  
c o n v e r t e d  t o  t h e  c o r r e s p o n d i n g  a l c o h o l s  
v i a  a l c o h o l  d e h y d r o g e n a s e s .  C o n v e r s e l y ,  
a l c o h o l s  c a n  b e  c h a n g e d  t o  a l d e h y d e s  
d e p e n d i n g  o n  t h e  c o n d i t i o n s  w h i c h  c o n -  
t !  a l  t h e  e q u i l i b r i a  o f  s u c h  r e a c t i o n s .  
H y d r o p e r o x i d e s  p o t e n t i a l l y  c a n  r e a c t  
w  t h  a m i n o  a c i d s  t o  p r o d u c e  a l d e h y d e s  

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

r e a c t i o n s  a s  w e l l .  B o t h  t h e s e  t y p e s  o f  
r e a c t i o n s  w i l l  p r o d u c e  a l d e h y d e s .  H y d r o 
p e r o x i d e s  c a n  a l s o  a t t a c k  t h e  t e r p e n e s  t o  
f o r m  t h e  t e r p e n e - r e l a t e d  k e t o n e s  a n d  
a l c o h o l s .  L i g n i n  d e r i v a t i v e s ,  t o o ,  b e l o n g  
i n  t h i s  g r o u p  o f  a m i n o - r e l a t e d  c o m p o u n d s  
b u t  t h e  p a t h w a y s  f o r  t h e i r  f o r m a t i o n  
m u s t  s t i l l  b e  w o r k e d  o u t .  C a r b o h y d r a t e s ,  
p r i n c i p a l l y  t h r o u g h  p e c t i c  s u b s t a n c e s  a n d  
r e d u c i n g  s u g a r s ,  p l a y  a  m i n o r  r o l e .  I t  is  
d i f f i c u l t  t o  c l a s s i f y  2 - i s o b u t y l t h i a z o l e ,  
w h i c h  d o e s  n o t  s e e m  t o  f i t  a n y w h e r e  i n  
t h e  s p e c t r u m  o f  c o m p o u n d s  f o u n d  i n  
t o m a t o  v o l a t i l e s .  O b v i o u s l y ,  t h e r e  a r e  
m a n y  m o r e  u n i d e n t i f i e d  c o m p o u n d s  t h a t  
c o u l d  a l t e r  t h i s  p r e s e n t  c o n c e p t  o f  t o m a 
t o  f l a v o r  c h e m i s t r y .

F l a v o r  e v a l u a t i o n

O r g a n o l e p t i c  e v a l u a t i o n  o f  t h e  f l a v o r s  
o f  v o l a t i l e  c o m p o u n d s  i n  f r e s h  f r u i t s  a n d  
v e g e t a b l e s  i s  v e r y  d i f f i c u l t  b e c a u s e  o f  t h e  
a c c u r a t e  q u a n t i t a t i o n  r e q u i r e d  a n d  t h e  
m a n y  p o s s i b l e  f l a v o r  i n t e r a c t i o n s  o f  t h e  
c o m p o u n d s .  I t  i s  e v i d e n t  f r o m  t h e  r e s u l t s  
d e s c r i b e d  h e r e  t h a t  v o l a t i l e s  i s o l a t e d  f o r  
i d e n t i f i c a t i o n  c a n  d i f f e r  g r o s s l y  f r o m  
t h o s e  p r e s e n t  w h e n  t h e  f r e s h  f r u i t  o r  
v e g e t a b l e  i s  a c t u a l l y  c o n s u m e d .  F l a v o r  
e v a l u a t i o n  o f  a  p u r e  c o m p o u n d  i n  a  p u r e  
m e d i u m  c a n  g iv e  i m p o r t a n t  c l u e s  o n  
t h r e s h o l d  l e v e l s ,  b u t  s u c h  a  t e c h n i q u e  w i l l  
n o t  n e c e s s a r i l y  e s t a b l i s h  t h e  f l a v o r  c o n t r i 
b u t i o n  o f  t h e  c o m p o u n d  in  a  f o o d ,  
b e c a u s e  o f  p o s s i b l e  s y n e r g i s t i c  e f f e c t s ,

w h i c h  a c t u a l l y  c a n  t u r n  o u t  t o  b e  n e g a 

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

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

a r o m a  e f f e c t s ,  t h i s  c o m p o u n d  b l e n d e d  
o u t  t h e  h a r s h  n o t e s  a n d  i m p r o v e d  t h e  
m o u t h - f e e l  p r o p e r t i e s  o f  t h e  j u i c e  o r  
p a s t e .  I t  w a s  e f f e c t i v e  i n  t o m a t o  j u i c e  a t  
l e v e l s  f r o m  2 5  t o  5 0  p p b  d e p e n d e n t ,  o f  
c o u r s e ,  o n  t h e  a m o u n t s  o f  o t h e r  v o l a t i l e s  
a l r e a d y  in  t h e  j u i c e .  A t  h i g h e r  l e v e l s ,  i t s  
f l a v o r  b e c a m e  o b j e c t i o n a b l e ,  b e i n g  d e 
s c r i b e d  b y  d i f f e r e n t  t a s t e r s  a s  r a n c i d ,  
m e d i c i n a l  o r  m e t a l l i c .  I t s  t h r e s h o l d  v a l u e  
i n  w a t e r  w a s  2  p p b .  T h e  c h a r a c t e r i s t i c  
a r o m a  o f  2 - i s o b u t y l t h i a z o l e  w a s  d i s t i n c t l y  
d e t e c t a b l e  u p o n  s l i c i n g  f i r m l y  r i p e  t o m a 
t o e s  o f  t h e  v a r i e t i e s  h i g h  i n  t h i s  c o m 
p o u n d .  T h i s  u n i q u e  f l a v o r  w a s  a l s o  e v i 
d e n t  i n  p u l p  a n d  j u i c e  f r o m  t o m a t o e s  
h i g h  i n  2 - i s o b u t y l t h i a z o l e .

A n o t h e r  i m p o r t a n t  f l a v o r  c o m p o n e n t  
o f  f r e s h  t o m a t o e s  w a s  d i - 3 - h e x e n a l .  T h i s  
c o m p o u n d  i m p r o v e d  t h e  f l a v o r  o f  c a n n e d  
t o m a t o  j u i c e  a n d  t o m a t o  p a s t e  i n  t h e  
f r e s h  “ g r e e n ”  f l a v o r  n o t e s .  L i k e  2 - i s o b u -  
t y l t h i a z o l e ,  c w - 3 - h e x e n a l  g a v e  d e s i r a b l e  
b l e n d i n g  a n d  m o u t h - f e e l  p r o p e r t i e s .  I t  
w a s  e f f e c t i v e  i n  t h e  r a n g e  o f  0 . 3 —0 . 5  p p m  

i n  t o m a t o  j u i c e .  A t  l e v e l s  o f  1 p p m  a n d  
h i g h e r ,  c ; r - 3 - h e x e n a l  p r o d u c e d  s t r o n g l y  
“ g r e e n ”  r a n c i d - t y p e  f l a v o r s  w h i c h  w e r e  

o b j e c t i o n a b l e .  W i n t e r  e t  a l .  ( 1 9 6 2 b )  h a v e  
d e s c r i b e d  t h e  a r o m a  o f  m - 3 - h e x e n a l  a s  

“ g r e e n , ”  f r e s h  w i t h  v e r y  n a t u r a l  c h a r a c 
t e r .  H o f f m a n n  ( 1 9 6 1 )  l i k e n e d  i t s  f l a v o r  t o  
t h a t  o f  g r e e n  b e a n s .  F o r s s  e t  a l .  ( 1 9 6 2 )  
p o i n t e d  o u t  t h a t  m - n o n c o n j u g a t e d  u n 
s a t u r a t i o n  a p p e a r e d  r e s p o n s i b l e  f o r  a  
“ g r e e n ”  o r  “ p l a n t - l i k e ”  f l a v o r ,  cis-3 -  
H e x e n a l  w o u l d  a p p e a r  i m p o r t a n t  t o  t h e  
“ f r e s h ”  f l a v o r s  o f  t o m a t o e s  a s  w e l l  a s  
m a n y  o t h e r  f r u i t s  a n d  v e g e t a b l e s .

T h e  f l a v o r  e f f e c t s  o f  trans-2 - h e x e n a l  
w e r e  s i m i l a r  t o  t h o s e  o f  c ; 3 - 3 - h e x e n a l ,  b u t  
t h e y  w e r e  l e s s  i n t e n s e  a n d  l e s s  f r e s h  
“ g r e e n ”  i n  c h a r a c t e r .  T h e  i r a n i - i s o m e r  
a l s o  p r o d u c e d  d e s i r a b l e  b l e n d i n g  o r  
m o u t h - f e e l  p r o p e r t i e s .  T h e  d e s i r a b l e  
r a n g e  i n  c a n n e d  t o m a t o  j u i c e  w a s  0 . 5 - 2  
p p m .  A b o v e  t h e s e  l e v e l s ,  t h e  r a n c i d  n o t e s  
b e c a m e  p r o n o u n c e d  a n d  o b j e c t i o n a b l e .  I t  
s h o u l d  b e  p o i n t e d  o u t  t h a t  t h i s  d e s i r a b l e  
r a n g e  in  c a n n e d  t o m a t o  j u i c e  w a s  w e l l  
b e l o w  t h e  a m o u n t s  o f  t r a n i - 2 - h e x e n a l  
f o u n d  in  f r e s h  t o m a t o  h o m o g e n a t e s ,  
w h e r e  t h e  r a n g e  w a s  3 - 1 0  p p m .  P r o c 
e s s e d ,  c a n n e d  t o m a t o  j u i c e  w a s  l o w  n o t  
o n l y  i n  f r a n . s - 2 - h e x e n a l  b u t  a l s o  i n  m a n y  
o f  t h e  o t h e r  v o l a t i l e  c o m p o u n d s .  T h e r e 
f o r e ,  t h e  f l a v o r  e f f e c t s  o f  f r a / j i - 2 - h e x e n a l  
w e r e  m o r e  c o n s p i c u o u s  b e c a u s e  t h e r e  
w e r e  l e s s  i n t e n s e  f l a v o r  i n t e r a c t i o n s  w i t h  
o t h e r  v o l a t i l e  c o m p o u n d s .  I n t e r e s t i n g l y ,

d r - 2 - h e x e n a l  h a s  m u c h  l e s s  d e s i r a b l e  f l a 
v o r  n o t e s  t h a n  t h e  f r a r c s - 2 - i s o m e r ,  i n  

c o n t r a s t  t o  t h e  f l a v o r  a s s o c i a t i o n  w i t h  

c w - n o n c o n j u g a t e d  c o m p o u n d s .
n - H e x a n a l  g a v e  g r e e n - t y p e  f l a v o r s  i n  

t o m a t o  j u i c e  i n  t h e  r a n g e  o f  0 . 1 —0 . 5  
p p m .  H o w e v e r ,  t h e  d e s i r a b l e  f l a v o r  e f 
f e c t s  o f  n - h e x a n a l  w e r e  m u c h  l e s s  s t r i k i n g  
t h a n  t h o s e  o f  d i - 3 - h e x e n a l  a n d  trans-2 -  
h e x e n a l .  C o n v e r s e l y ,  i t s  o f f - f l a v o r  n o t e s ,  
t y p i c a l  o f  r a n c i d  v e g e t a b l e  f a t s ,  w e r e  
r e a d i l y  e v i d e n t  a n d  m o r e  o b j e c t i o n a b l e  a t  
0 . 5  p p m  a n d  h i g h e r .  S i m i l a r  f l a v o r  e f f e c t s  
w e r e  f o u n d  w i t h  t o m a t o  p a s t e  d i l u t e d  
w i t h  w a t e r  t o  s o l i d s  a p p r o x i m a t i n g  t h o s e  

i n  j u i c e .
i r a n i - 2 - P e n t e n a l  s h o w e d  f r e s h ,  “ g r e e n ”  

n o t e s ,  b u t  t h e s e  w e r e  m u c h  l e s s  i n t e n s e  
t h a n  t h o s e  o f  d i - 3 - h e x e n a l .  A m o u n t s  o f  

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

a d d i t i v e  e f f e c t s .

A s  p o i n t e d  o u t  b y  P y n e  e t  a l .  ( 1 9 6 5 ) ,  

t h e  “ g r e e n ”  n o t e s  o f  m - 3 - h e x e n - l - o l  c o n 

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

e s p e c i a l l y  t h e  b l e n d i n g  e f f e c t s .  I t  w a s  
d i f f i c u l t  t o  e v a l u a t e  t h e  f l a v o r  o f  cis-3 -  
h e x e n - l - o l  i n  t o m a t o  j u i c e ,  b e c a u s e  t h e  
a m o u n t s  i n  t h e  j u i c e  w e r e  h i g h  e n o u g h  t o  
a f f e c t  t h e  f l a v o r .  I n  t o m a t o  p a s t e  w h e r e  
q u a n t i t i e s  o f  r i s - 3 - h e x e n - l - o l  w e r e  l o w ,  
t h e  e f f e c t s  w e r e  m o r e  n o t i c e a b l e  a n d  
d e s i r a b l e .  A s  i n d i c a t e d  a b o v e ,  t h e  
a m o u n t s  o f  c w - 3 - h e x e n - l - o l  v a r i e d  w i d e l y  
a m o n g  t o m a t o e s  o f  t h e  s a m e  v a r i e t y  a n d  

w e r e  e s p e c i a l l y  d e p e n d e n t  o n  t h e  p h y s i c a l  
c o n d i t i o n  o f  t h e  f r u i t  a n d  t h e  m e t h o d  
u s e d  f o r  r e c o v e r i n g  t h e  v o l a t i l e s .  J o h n s o n  
e t  a l .  ( 1 9 6 8 )  p r e s e n t e d  e v i d e n c e  w h i c h  
s h o w e d  t h a t  d i f f e r e n c e s  i n  r i i - 3 - h e x e n - l -  

o l  a n d  t h e  C 5 a l c o h o l s  w e r e  d e p e n d e n t  o n  
t h e  t o m a t o  v a r i e t y  a s  w e l l  a s  t h e  h a r v e s t .

D a l a i  e t  a l .  ( 1 9 6 8 )  h a d  p r e s u m e d  t h a t  
n - h e x a n o l  a n d  i s o v a l e r a l d e h y d e  g a v e  
t o m a t o e s  t h e i r  “ g r e e n  l e a f y ”  a r o m a .  I n  

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

j u i c e  o r  d i l u t e d  p a s t e  u n t i l  t h e  c o n c e n t r a 
t i o n  w a s  0 . 3  p p m ,  o r  a b o u t  3  t i m e s  t h a t  
f o u n d  i n  t o m a t o  v o l a t i l e s .  A t  t h i s  c o n c e n 
t r a t i o n ,  t h e r e  w a s  a  s l i g h t  d e c r e a s e  i n  t h e  
t o m a t o - l i k e  n o t e s  o f  t h e  j u i c e  a n d  p a s t e .

A l t h o u g h  6 - m e t h y l - 5 - h e p t e n - 2 - o l ,
6 - m e t h y l - 5 - h e p t e n - 2 - o n e  a n d  6 , 1 0 -  
d i m e t h y l - 5 , 9 - u n d e c a d i e n - 2 - o n e  h a d  f r u i t 
l i k e  a r o m a s ,  t h e i r  f l a v o r  e f f e c t s  i n  t o m a 
t o  j u i c e  a n d  d i l u t e  p a s t e  w e r e  s u r p r i s i n g .  
A t  c o n c e n t r a t i o n s  o n  t h e  h i g h  s i d e  o f  
t h o s e  f o u n d  i n  t o m a t o  v o l a t i l e s ,  e a c h  o f  
t h e s e  c o m p o u n d s  d e c r e a s e d  t h e  t o m a t o 
l i k e  n o t e s ,  g i v i n g  a  f l a t ,  i n s i p i d  f l a v o r .  A t  
c o n c e n t r a t i o n s  a r o u n d  0 . 7 5  p p m ,  6 - 

m e t h y l - 5 - h e p t e n - 2 - o n e  a c q u i r e d  c o o k e d ,  
s t e w e d  t o m a t o  f l a v o r s .  I n  t o m a t o  v o l a 
t i l e s  t h i s  c o m p o u n d  r a n g e d  0 . 3 —0 . 5  p p m .  
P r o c e s s e d  t o m a t o  j u i c e  d e v e l o p e d  h e a t e d  
p a s t e  n o t e s  w i t h  6 - m e t h y l - 5 - h e p t e n - 2 - o l
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a t  0 . 1 5  p p m  a n d  h i g h e r ,  c o m p a r e d  t o  a  

r a n g e  o f  0 . 0 4 - 0 . 0 6  p p m  i n  t o m a t o  v o l a 
t i l e s .  W h e n  t h e  a v e r a g e  c o n c e n t r a t i o n  o f  

0 . 3  — 0 . 5  p p m  o f  6 , 1 0 - d i m e t h y l - 5 , 9 -  
u n d e c a d i e n - 2 - o n e  w a s  d o u b l e d ,  t o m a t o  

j u i c e  a c q u i r e d  h e a t e d  p a s t e - t y p e  f l a v o r  

n o t e s ,  w i t h  s l i g h t l y  h a y - l i k e  c h a r a c t e r .  
W h e n  a  m i x t u r e  o f  t h e s e  3  c o m p o u n d s  
w a s  a d d e d ,  t o m a t o  j u i c e  a c q u i r e d  t h e  
t y p i c a l  f l a v o r  n o t e s  o f  h e a t e d ,  c a n n e d  
t o m a t o  p a s t e s .  A d d i n g  n - h e x a n a l  t o  s u c h  

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

“ g r e e n ”  n o t e s .  T h e s e  c o m p o u n d s  p r o 

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

t h e  t o m a t o  f l a v o r  i n  d i l u t e d  t o m a t o  
p a s t e s  a d j u s t e d  t o  s o l i d s  o f  t o m a t o  j u i c e .  
H o w e v e r ,  6 , 1 0 - d i m e t h y l - 5 , 9 - u n d e c a d i e n -  

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

S t e v e n s  ( 1 9 6 8 )  i n d i c a t e d  t h a t  e u g e n o l  
a n d  m e t h y l  s a l i c y l a t e  m a y  b e  a  f a c t o r  i n  
t h e  f l a v o r  d i f f e r e n c e  b e t w e e n  t h e  2  t o m a 

t o  v a r i e t i e s  h e  s t u d i e d ,  b a s e d  o n  t h e  
f l a v o r  t h r e s h o l d s  o f  t h e s e  c o m p o u n d s  a n d  
t h e  a m o u n t s  i s o l a t e d  i n  t h e  v o l a t i l e s .  A t  
0 .C 3  p p m ,  t h e  h i g h e s t  c o n c e n t r a t i o n  
f o u n d  i n  t o m a t o e s ,  m e t h y l  s a l i c y l a t e ,  
d e c r e a s e d  t h e  t o m a t o - l i k e  c h a r a c t e r  o f  

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

e x a m p l e ,  2 0 0 —4 0 0  t i m e s .

2 - O c t e n a l  i n  b o t h  t o m a t o  j u i c e  a n d  

d i l u t e d  p a s t e  p r o d u c e d  c a r d b o a r d - t y p e  
f l a v o r s  i n  t h e  0 . 1 - p p m  r a n g e ,  o r  a b o u t  
t w i c e  t h e  a m o u n t s  f o u n d  i n  v o l a t i l e s  f r o m  

f r e s h  t o m a t o e s .  R a t h e r  u n i q u e  f l a v o r  
p r o p e r t i e s  w e r e  f o u n d  w i t h  2 , 4 - d e c a d i e -  

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

s m o o t h i n g  o u t  h a r s h ,  a c i d i c - t y p e  n o t e s  o f  
t o m a t o  j u i c e  a n d  d i l u t e d  p a s t e  a t  2 . 5 - 1 0  
p p b .  T h i s  f l a v o r  p r o p e r t y  a p p e a r e d  t o  b e  

c h a r a c t e r i s t i c  o f  c o n j u g a t e d  d i e n a l s ,  n o t  

o n l y  i n  t o m a t o e s  b u t  i n  o t h e r  f o o d s  a s  
w e l l .  A t  h i g h e r  c o n c e n t r a t i o n s ,  t h e  
r a n c i d - l i k e  n o t e s  c h a r a c t e r i s t i c  o f  2 , 4 -  

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

w i t h  t o m a t o e s  a p p e a r e d  t o  b e  r e l a t e d  t o  
v o l a t i l e  c a r b o n y l  c o m p o u n d s ,  e s p e c i a l l y  
r i s - 3 - h e x e n a l ,  i r a n i - 2 - h e x e n a l  a n d  n- 
h e x a n a l ,  a n d  t o  2 - i s o b u t y l t h i a z o l e .  W h e n  
t h e  q u a n t i t i e s  o f  t h e s e  c o m p o u n d s  d e 
c r e a s e d  s o  t h a t  t h e i r  f l a v o r  e f f e c t s  w e r e  
n o  l o n g e r  d e t e c t a b l e ,  t h e  a l c o h o l s  a n d  
o t h e r  c o m p o u n d s  b e c a m e  t h e  p r e d o m i 
n a n t  f l a v o r  c o n t r i b u t o r s .  T h e n ,  t h e  f l a v o r  
b e c a m e  “ p r o c e s s e d ”  o r  “ e n z y m i c . ”  T h i s  
t y p e  f l a v o r  w a s  a s s o c i a t e d  w i t h  t o m a t o  

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

c e d u r e  c o n t r i b u t e d  t o  t h e  h i g h  l e v e l s .  
M e t h a n o l  d i d  n o t  a p p e a r  t o  c o n t r i b u t e  t o  

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

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

t r e a t e d ,  f r e s h  t o m a t o e s .  T h e  — 2 0 ° C  
f r o z e n  s a m p l e s  h a d  t h e  p o o r e s t  f l a v o r .  
T h e  l i q u i d - n i t r o g e n  f r o z e n  t o m a t o e s  w e r e  
s o m e w h a t  b e t t e r  t h a n  e i t h e r  t h e  —2 0 ° C  

s a m p l e s  o r  t h e  d r y - i c e  s a m p l e s .  T h e  t e x 
t u r e  o f  a l l  f r o z e n  t o m a t o e s  w a s  p o o r .  
D i m i c k  e t  a l .  ( 1 9 5 6 )  h a d  n o t e d  s i m i l a r  
r e s u l t s  w i t h  f r o z e n  s t r a w b e r r i e s .

T h e  s o - c a l l e d  h e a t e d  o r  “ c o o k e d ”  t o 
m a t o  f l a v o r  h a s  r e c e i v e d  s o m e  a t t e n t i o n  

f r o m  M i e r s  ( 1 9 6 6 ) .  H e  r e p o r t e d  t h a t  
h y d r o g e n  s u l f i d e  a n d  d i m e t h y l  s u l f i d e  

w e r e  f o u n d  i n  p r o c e s s e d  c a n n e d  t o m a t o e s  
a n d  j u i c e s  a t  c o n c e n t r a t i o n s  a b o v e  t h e  
f l a v o r  t h r e s h o l d s  f o r  t h e s e  c o m p o u n d s .  
S i m i l a r  l a r g e  a m o u n t s  o f  d i m e t h y l  s u l f i d e  
w e r e  r e p o r t e d  t o  d e v e l o p  in  p r o c e s s e d  
c a n n e d  t o m a t o  j u i c e  b y  N e l s o n  e t  a l .

( 1 9 6 9 ) .  I n  p r o c e s s e d ,  c a n n e d  t o m a t o  
j u i c e s ,  t h e  a m o u n t s  o f  v o l a t i l e  c o m 
p o u n d s ,  e s p e c i a l l y  t h o s e  i m p o r t a n t  t o  
f r e s h  “ g r e e n ”  f l a v o r  w e r e  f o u n d  t o  b e  
q u i t e  l o w .  T h u s ,  t h e  o f f - f l a v o r  n o t e s  o f  
t h e s e  s u l f i d e s  w o u l d  b e  m u c h  m o r e  n o 

t i c e a b l e  a n d  o b j e c t i o n a b l e .  D i m e t h y l  s u l 
f i d e  p r o d u c e s  r a t h e r  u n i q u e  f l a v o r  n o t e s  
d e p e n d i n g  o n  i t s  c o n c e n t r a t i o n  a n d  t h e  
f o o d  p r o d u c t  i n  w h i c h  i t  i s  u s e d .  C e r 
t a i n  o t h e r  c o m p o u n d s  w e r e  f o u n d  t o  b e  
a s s o c i a t e d  w i t h  “ h e a t e d ”  o r  “ c o o k e d ”  
t o m a t o  f l a v o r .  T h e s e  c o m p o u n d s  w e r e  
f u r f u r a l ,  3 - m e t h y l m e r c a p t o p r o p a n a l ,  2 . 4 -  
h e p t a d i e n a l ,  a c e t a l d e h y d e  a n d  p h e n y l -  
a c e t a l d e h y d e .  V o l a t i l e s  o b t a i n e d  b y  

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

c o n t a i n e d  h i g h e r  a m o u n t s  o f  t h e s e  c o m 
p o u n d s .  3 - M e t h y l m e r c a p t o p r o p a n a l  

s h o w e d  u n u s u a l  f l a v o r  c h a r a c t e r i s t i c s .  A t  
c o n c e n t r a t i o n s  o f  1 p p m  o r  a b o v e ,  i t  
m a s k e d  t h e  t y p i c a l  f l a v o r  o f  t o m a t o  j u i c e  
a n d  p r o d u c e d  a n  i n s i p i d  f l a v o r .  N o r m a l l y ,  
i t s  c o n c e n t r a t i o n  i n  v o l a t i l e s  f r o m  f r e s h  
t o m a t o e s  r e c o v e r e d  b y  s t e a m  d i s t i l l a t i o n  

w a s  e s t i m a t e d  t o  b e  a r o u n d  0 . 0 5  p p m .

P h e n y l a c e t a l d e h y d e  a t  0 . 5  p p m  l o s t  i t s  
t y p i c a l  f l o r a l  n o t e  a n d  d e v e l o p e d  u n d e s i r 
a b l e  f l a v o r s  i n  t o m a t o  j u i c e .  T h i s  c o m 

p o u n d  a l s o  o c c u r r e d  a r o u n d  0 . 1  p p m  i n  
t o m a t o  v o l a t i l e s .  A c e t a l d e h y d e  a l s o  w a s  
f o u n d  a t  h i g h  c o n c e n t r a t i o n s  i n  v o l a t i l e s  
w i t h  c o o k e d  f l a v o r .  K a t a y a m a  e t  a l .
( 1 9 6 7 )  r e p o r t e d  i n c r e a s e d  a m o u n t s  o f  
a c e t a l d e h y d e  i n  t o m a t o  j u i c e s  h e a t e d  a t  
8 0 ° C  f o r  1 0  m i n  c o m p a r e d  t o  f r e s h  j u i c e .  
2  v a r i e t i e s ,  i d e n t i f i e d  a s  H i g h - r e d  a n d  
D a r u m a ,  s h o w e d  v e r y  h i g h  c h a n g e s  i n  
e t h a n o l  a n d  a c e t a l d e h y d e  d u r i n g  t h i s  r e l a 
t i v e l y  s h o r t  h e a t i n g  p r o c e s s .  S i m i l a r l y ,  
G i a n n o n e  e t  a l .  ( 1 9 6 7 )  f o u n d  h i g h  q u a n 
t i t i e s  o f  a c e t a l d e h y d e  i n  c a n n e d  t o m a t o  

j u i c e .

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

t i c  d a t a  a r e  b e i n g  o b t a i n e d  t o  e s t a b l i s h  

w h i c h  o f  t h e  v o l a t i l e  c o m p o u n d s  i s o l a t e d  
f r o m  t o m a t o e s  a r e  s i g n i f i c a n t  t o  f l a v o r .
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B i o p h y s .  2 :  2 3 .

P in d e r ,  A . R  1 9 6 0 a .  “ T h e  C h e m i s t r y  o f  th e  

T e r p e n e s . ”  p .  1 7 7 .  J o h n  W i l e y  &  S o n s ,  I n c . ,  

N e w  Y o r k .

P in d e r ,  A . R .  1 9 6 0 b .  “ T h e  C h e m i s t r y  o f  t h e  

T e r p e n e s . ”  p .  2 1 2 .  J o h n  W i l e y  &  S o n s ,  I n c . ,  

N e w  Y o r k .

P y n e ,  A . W .  a n d  W i c k ,  E . L .  1 9 6 5 .  V o l a t i l e  c o m 

p o n e n t s  o f  t o m a t o e s .  J .  F o o d  S c i .  3 0 :  1 9 2 .

R a k i t i n ,  Y . W .  1 9 4 5 .  A c c u m u l a t i o n  o f  e t h a n o l  

a n d  a c e t a l d e h y d e  i n  r i p e n i n g  f r u i t s .  

B i o k h i m i y a  1 0 :  3 7 3 .
R a l l s ,  J . W . ,  M c F a d d e n ,  W . H . ,  S e i f e r t ,  R . M . ,  

B l a c k ,  D . R .  a n d  K i l p a t r i c k ,  P .W .  1 9 6 5 .  V o l 

a t i l e s  f r o m  a  c o m m e r c i a l  p e a b l a n c h e r .  M a s s  

s p e c t r a l  i d e n t i f i c a t i o n .  J .  F o o d  S c i .  3 0 :  2 2 8 .

R h o d e s ,  M . J . C .  a n d  W o o l t o r t o n ,  L . S . C .  1 9 6 7 .  

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

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

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

d e t a c h e d  f r o m  t h e  t r e e .  P h y t o c h e m i s t r y  6 :

1.
R y d e r ,  W . S .  1 9 6 6 .  P r o g r e s s  a n d  l i m i t a t i o n s  i n  

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

“ F l a v o r  C h e m i s t r y . ”  A d v a n c e s  i n  C h e m i s t r y  

S e r .  5 6 .  p .  7 0 .  A m e r i c a n  C h e m i c a l  S o c ie t y ,  
W a s h i n g t o n ,  D . C .

S c h o r m ü l l e r ,  J .  a n d  G r o s c h ,  W .  1 9 6 2 .  U n t e r 

s u c h u n g e n  ü b e r  a r o m a s t o f f e  v o n  le b e n -  

s m i t t e l n .  I . E i n  b e i t r a g  z u r  a n a l y t i k  n e u 

t r a l e r ,  i n  t o m a t e n  v o r k o m m e n d e r  

c a r b o n y l v e r b i n d u n g e n .  Z .  L e b e n s m . -  

U n t e r s u c h .  - F o r s c h .  1 1 8 :  3 8 5 .

S c h o r m ü l l e r ,  J .  a n d  G r o s c h ,  W .  1 9 6 5 a .  U n t e r 

s u c h u n g e n  ü b e r  a r o m a s t o f f e  v o n  le b e n s m i t -  

t e ln .  I I . U b e r  d a s  V o r k o m m e n  w e i t e r e r  c a r 

b o n y l v e r b i n d u n g e n  in  d e r  t o m a t e .  Z .  L e b 

e n s m . - U n t e r s u c h . - F o r s c h .  1 2 6 : 3 8 .

S c h o r m ü l l e r ,  J .  a n d  G r o s c h ,  W .  1 9 6 5 b .  U n t e r 

s u c h u n g e n  ü b e r  a r o m a s t o f f e  v o n  le b e n s m i t -  
t e ln .  I II . E i n  b e i t r a g  z u r  a n a l y t i k  i n  t o m a t e n  

v o r  k o m m e n d e r  f l ü c h t ig e r  a l k o h o l e .  Z .  

L e b e n s m  - U n t e r s u c h .  - F o r s c h .  1 2 6 :  1 8 8 .

S c h w i m m e r ,  S .  1 9 6 3 .  A l t e r a t i o n  o f  t h e  f l a v o r

o f  p r o c e s s e d  v e g e t a b le s  b y  e n z y m e  p r e p a r a 

t i o n s .  J  F o o d  S c i .  2 8 :  4 6 0 .

S e v e n a n t s ,  M . R .  a n d  J e n n in g s ,  W . G .  1 9 6 6 .  V o l 

a t i l e  c o m p o n e n t s  o f  p e a c h .  I I . J .  F o o d  S c i .  

3 1 :  8 1 .

S h a h ,  B . M . ,  S a l u n k h e ,  D . K  a n d  O l s o n ,  L . E .  

1 9 6 9 .  E f f e c t s  o f  r i p e n i n g  p r o c e s s e s  o n  

c h e m is t r y  o f  t o m a t o  v o la t i l e s .  J .  A m .  S o c .  

H o r t .  S c i .  9 4 :  1 7 1 .

S p e n c e r ,  M . S .  a n d  S t a n le y ,  W . L .  1 9 5 4 .  F l a v o r  

a n d  o d o r  c o m p o n e n t s  i n  t h e  t o m a t o .  J .  A g r .  

F o o d  C h e m .  2 :  1 1 1 3 .

S t e v e n s ,  K . L . ,  L e e ,  A . ,  M c F a d d e n ,  W . H .  a n d  

T e r a n i s h i ,  R .  1 9 6 5 .  V o l a t i l e s  f r o m  g r a p e s .  I .  

S o m e  v o la t i l e s  f r o m  C o n c o r d  e s s e n c e .  J .  

F o o d  S c i .  3 0 :  1 0 0 6 .
S t e v e n s ,  K . L . ,  B o m b e n ,  J . ,  L e e ,  A .  a n d  M c 

F a d d e n ,  W . H .  1 9 6 6 .  V o l a t i l e s  f r o m  g r a p e s .  

M u s c a t  o f  A l e x a n d r i a .  J .  A g r .  F o o d  C h e m .  

1 4 :  2 4 9 .

S t e v e n s ,  M . A . ,  L i n d s a y ,  R . C . ,  L i b b e y ,  L . M .  a n d  

F r a z i e r ,  W . A .  1 9 6 7 .  V o l a t i l e  c o m p o n e n t s  o f  

c a n n e d  s n a p  b e a n s  ( P h a s e o lu s  v u lg a r i s  L . ) .  

P r o c .  A m .  S o c .  H o r t .  S c i .  9 1 :  8 3 3 .

S t e v e n s ,  M . A .  1 9 6 8 .  Q u a n t i t a t i v e  d i f f e r e n c e s  i n  

v o la t i l e  c o m p o u n d  c o m p o s i t i o n  a m o n g  

s o m e  t o m a t o  v a r ie t ie s .  P a p e r ,  6 5 t h  a n n u a l  

m e e t in g ,  A m e r i c a n  S o c i e t y  f o r  H o r t i c u l t u r a l  

S c ie n c e ,  U n iv e r s i t y  o f  C a l i f o r n i a ,  D a v is .  

T a p p e l ,  A . L . ,  B o y e r ,  P . D .  a n d  L u n d b e r g ,  W . O .  

1 9 5 2 .  T h e  r e a c t i o n  m e c h a n i s m  o f  s o y  b e a n  

l i p o x id a s e .  J  B i o l .  C h e m .  1 9 9 :  2 6 7 .

V e i b e l ,  S .  1 9 5 4 .  “ T h e  I d e n t i f i c a t i o n  o f  O r g a n i c  

C o m p o u n d s . ”  p .  1 0 1 .  G . E . C .  G a d ,  C o p e n 

h a g e n .

V i a n i ,  R . ,  B r i c o u t ,  J . ,  M a r i o n ,  J . P . ,  M i i g g l e r -  

C h a v a n ,  F . ,  R e y m o n d ,  D .  a n d  E g h ,  R . H .  

1 9 6 9 .  S u r  la  c o m p o s i t i o n  d e  l ’a r o m e  d e  

t o m a t e .  H e lv .  C h i m .  A c t a  5 2 :  8 8 7 .

W a lk e r ,  J . R . L .  1 9 6 2 .  P h e n o l i c  a c id s  i n  “ c l o u d ”  

a n d  n o r m a l  t o m a t o  f r u i t  w a l l  t i s s u e .  J .  S c i .  

F o o d  A g r .  1 3 :  3 6 3 .

W e u r m a n ,  C .  1 9 6 1 .  G a s  l i q u i d  c h r o m a t o g r a p h i c  

s t u d ie s  o n  t h e  e n z y m a t i c  f o r m a t i o n  o f  v o l 

a t i l e  c o m p o u n d s  i n  r a s p b e r r ie s .  F o o d  T e e h -  
n o l .  1 5 :  5 3 1 .

W in t e r ^  M .  a n d  S u n d t ,  E .  1 9 6 2 a .  A n a l y s e  d e  

l ’ a r o m e  d e s  f r a m b o is e s .  I .  L e s  c o n s t i t u a n t s  

c a r b o n y l e s  v o la t i l s .  H e l v .  C h i m .  A c t a  4 5 :  

2 1 9 5 .

W i n t e r ,  M .  a n d  G a u t s c h i ,  F .  1 9 6 2 b .  O d e u r  e t  

c o n s t i t u t i o n .  X X .  S y n t h e s e s  d e s  c i s -  e t  t r a n s -  

h e x e n e - 3 - a l .  H e lv .  C h i m .  A c t a  4 5 :  2 5 6 7 .  

W o l f o r d ,  R . W . ,  A t t a w a y ,  J . A . ,  A l b e r d i n g ,  G . E .  

a n d  A t k i n s ,  C . D .  1 9 6 3 .  A n a l y s i s  o f  f l a v o r  

a n d  a r o m a  c o n s t i t u e n t s  o f  F l o r i d a  o r a n g e  

j u i c e s  b y  g a s  c h r o m a t o g r a p h y .  J .  F o o d  S c i .  

2 8 :  3 2 0 .

Y u ,  M . H . ,  O l s o n ,  L . E .  a n d  S a l u n k h e ,  D . K .  

1 9 6 8 a .  P r e c u r s o r s  o f  v o la t i l e  c o m p o n e n t s  i n  

t o m a t o  f r u i t .  I I .  E n z y m a t i c  p r o d u c t i o n  o f  

c a r b o n y l  c o m p o u n d s .  P h y t o c h e m i s t r y  7 :  
5 5 5 .

Y u ,  M . H . ,  S a l u n k h e ,  D . K .  a n d  O l s o n ,  L . E .  

1 9 6 8 b .  P r o d u c t i o n  o f  3 - m e t h y l - b u t a n a l  
f r o m  L - l e u c i n e  b y  t o m a t o  e x t r a c t .  P l a n t  C e l l  

P h y s i o l .  9 :  6 3 3 .

M s .  r e c e iv e d  8 / 1 / 6 9 ;  r e v is e d  1 2 / 1 2 / 6 9 ;  a c c e p t e d  

1 2 / 1 3 / 6 9 .______________________________________________

T h e  a u t h o r s  g r a t e f u l l y  a c k n o w l e d g e  t h e  v a l 

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

s o r s  J a m e s  F .  B o n n e r  a n d  J o h n  H .  R i c h a r d s  o f  
t h e  C a l i f o r n i a  I n s t i t u t e  o f  T e c h n o l o g y .
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E F F E C T S  O F  p H  A N D  T E M P E R A T U R E  O N  V O L A T I L E  C O N S T I T U E N T S  O F  C A R A W A Y

S U M M A R Y — T h e  m a jo r  v o la t i le  c o m p o n e n ts  o f  c a r a w a y  s e e d  o i l  w e re  is o la te d  a n d  id e n t i f ie d ;  a n d  

th e  e f fe c ts  o f  h e a t  a n d  p H  o n  th e s e  v o la t i le  c o n s t i t u e n ts  w e re  s tu d ie d .  G as c h r o m a to g r a p n ic  

a n a ly s is  o f  th e  t r e a te d  o i l  in d ic a t e d  t h a t  th e  t w o  p r in c ip a l  c o m p o n e n ts ,  c a rv o n e  a n d  lim o n e n e ,  

u n d e rg o  l i t t l e  c h a n g e  e v e n  w h e n  s u b je c te d  to  h a rs h  c o n d it io n s .  T h e  c h e m ic a l n a tu r e  o f  t h e  tra c e  

c o m p o n e n ts  c h a n g e s  o n l y  w h e n  t h e  o i l  is  s u b je c te d  t o  h ig h  te m p e r a tu r e  o r  t o  s o lu t io n s  o f  v a r y in g  

p H .

INTRODUCTION
C A R A W A Y ,  b o t h  t h e  w h o l e  s e e d  a n d  i t s  
e s s e n t i a l  o i l ,  i s  u s e d  p r i m a r i l y  a s  a  f l a 
v o r i n g  c o n s t i t u e n t  i n  b a k e r y  g o o d s ,  c a n 

d i e s ,  c o n d i m e n t  m i x t u r e s ,  a n d  a l c o h o l i c  
l i q u e u r s  o f  t h e  K ü m m e l  t y p e ,  a n d  a l s o  f o r  
t h e  m a n u f a c t u r e  o f  c a r v o n e  f o r  s c e n t i n g  

o f  s o a p s .  C a r a w a y  s e e d  o i l  w a s  r e p o r t e d  
b y  G u e n t h e r  ( 1 9 5 0 )  t o  c o n t a i n  t w o  m a j o r  
c o n s t i t u e n t s ,  c a r v o n e  a n d  l i m o n e n e ,  a n d  
m i n o r  a m o u n t s  o f  o t h e r  c o m p o u n d s  s u c h  

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

a l c o h o l ,  a n d  d - d i h y d r o p i n o l .  B a s e d  o n  
r e s u l t s  f r o m  g a s - l i q u i d  c h r o m a t o g r a p h y ,  

W h e e l e r  e t  a l .  ( 1 9 6 1 )  r e p o r t e d  t h a t  c a r a 
w a y  o i l  c o n t a i n s  5 8 %  c a r v o n e .  E l - D e e b  e t  
a l .  ( 1 9 6 2 a ) ,  u s i n g  c o l u m n  c h r o m a 

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

d r e n e ,  a - t e r p i n e n e ,  a n d  c i t r a l .  I n  a d d i t i o n ,  
E l - D e e b  e t  a l .  ( 1 9 6 2 b )  r e p o r t e d ,  u s i n g  
l i q u i d  c h r o m a t o g r a p h i c  m e t h o d s ,  m e t h y l  
s a l i c y l a t e  a n d  e u g e n o l .  I k e d a  e t  a l .  ( 1 9 6 2 )  

r e p o r t e d  t h a t  t h e  m o n o t e r p e n e  h y d r o 
c a r b o n s  a m o u n t e d  t o  3 8 %  o f  t h e  c a r a w a y  
o i l .  A l m o s t  1 0 0 %  o f  t h e  a m o u n t  w a s  
d - l i m o n e n e  w i t h  t r a c e  a m o u n t s  o f  
a - p i n e n e ,  t h u j e n e ,  0 - p i n e n e ,  s a b i n e n e ,  

A 3 - c a r e n e ,  a - p h e l l a n d r e n e ,  a n d  u n i d e n t i 
f i e d  c o m p o u n d s .  A t a l  a n d  S o o d  ( 1 9 6 6 )  
u s e d  g a s - l i q u i d  c h r o m a t o g r a p h y  t o  s t u d y  

I n d i a n  c a r a w a y  a n d  r e p o r t e d  t h a t  t h i s  o i l  
c o n t a i n e d  c a r v o n e ,  l i m o n e n e ,  ( 3 - p in e n e ,  

a n d  p - c y m e n e .
N o  w o r k  h a s  b e e n  r e p o r t e d  c o n c e r n i n g  

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

e s s i n g  ( B r e n n a n d  a n d  H e i n z ,  1 9 7 0 ) .
T h e  p r e s e n t  i n v e s t i g a t i o n  w a s  u n d e r 

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

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

w e r e  i d e n t i f i e d .

EXPERIMENTAL PROCEDURE
V O L A T I L E  S A M P L E S  u s e d  w e r e  e i t h e r  a  c o m 
m e r c ia l  c a r a w a y  e s s e n t ia l  o il  (M a g n u s ,  M a y b e e  
a n d  R e y n a r d ,  I n c . ,  N e w  Y o r k )  o r  a n  o il  o b 
t a in e d  b y  e x t r a c t i n g  g r o u n d  c a r a w a y  s e e d s  w i th  
h e x a n e  a t  r o o m  t e m p e r a tu r e .  W h o le  c a r a w a y  
s e e d s  (S p ic e  I s la n d s  o f  L e s l ie  h o o d s  I n c . )  w e re  
g r o u n d  ( 1 0 - 3 0  m e s h )  in  a  L a b o r a to r y  W iley  
M ic ro  M ill t h e n  s to r e d  in  g la s s  j a r s  in  t h e  r e f r ig 
e r a to r .  In  t h e  e x t r a c t i o n  p r o c e d u r e ,  5 g  o f  t h e  
g r o u n d  s e e d s  w e re  t r a n s f e r r e d  i n t o  a  d is p o s a b le  
p i p e t t e  w h ic h  h a d  g la ss  w o o l  a t  t h e  t i p .  T i e  
s e e d  m a te r ia l  w a s  t h e n  s a tu r a t e d  w i th  3 m l h e x 
a n e  a n d  e x t r a c t e d  f iv e  t im e s  b y  p a s s in g  3 m l 
h e x a n e  t h r o u g h  th e  s a m p le .  T h e  e x t r a c t  w a s  
c e n t r i f u g e d  to  r e m o v e  a n y  r e s id u e ,  a n d  th e  h e x 
a n e  f r a c t i o n  w a s  e v a p o r a t e d  to  0 .5  m l  u n d e r  
n i t r o g e n  f lo w .  A  p o r t i o n  (c a .  8 0  jul) o f  th is  e x 
t r a c t e d  s a m p le  w a s  a n a ly z e d  d i r e c t l y  u t i l i z in g  
g a s - l iq u id  c h r o m a to g r a p h ic  t e c h n iq u e s .

T h e  e f f e c t  o f  h e a t  a n d  a c id  o n  th e  o i l  w e re  
s tu d ie d  in  e n v i r o n m e n t s  s im u la t in g  t h e  h a r s h e s t  
u t i l i z a t i o n  c o n d i t i o n s  n o r m a l ly  t o  b e  e x p e c te d .

H e a t  t r e a t m e n t :  S a m p le s  (c a .  5 0  p i  s e a le d  in

a  1 /8  in .  I .D . g la ss  t u b e )  o f  c o m m e r c ia l  c a r a w a y  
o i l  w e re  h e a t e d  in  a n  o v e n  a t  9 3 ,  1 4 9 ,  1 7 7 ,  2 0 5 ,  
2 3 3 ,  2 6 0 ,  2 8 8 ,  o r  3 1 6 ° C  f o r  1 h r .  6  p i  o f  th e  
h e a t - t r e a t e d  s a m p le s  w e re  a n a ly z e d  b y  g a s  c h r o 
m a t o g r a p h y  a n d  th e  h e ig h t  o f  e a c h  p e a k  m e a s 
u r e d .  R e s u l t s  w e r e  c o m p a r e d  w i th  th o s e  o f  th e  
u n t r e a t e d  c o m m e r c ia l  a n d  e x t r a c t e d  s a m p le s .

A c id  t r e a t m e n t

5 g  o f  g r o u n d  c a r a w a y  s e e d s  w e re  s o a k e d  in  
2 0  m l  o f  b u f f e r  ( M c l lv a in e ’s s t a n d a r d  b u f f e r  
s o lu t io n ,  p H  v a r y in g  f r o m  2 . 2 - 8 )  in  a  1 0 0 -m l 
f la s k  f o r  2 4  h r .  15 m l  o f  a c e to n e  a n d  15 m l  o f  
h e x a n e  w e r e  b l e n d e d  w i th  t h e  s o a k e d  s e e d s  a n d  
th e  m i x t u r e  w a s  c e n t r i f u g e d .  T h e  o rg a n ic  f r a c 
t io n  w a s  w a s h e d  s e v e ra l  t im e s  w i th  d i s t i l le d  
w a t e r  a n d  th e n  e v a p o r a t e d  to  0 .5  m l b y  p a s s in g  
a  s t r e a m  o f  n i t r o g e n  o v e r  i ts  s u r f a c e .  8 0  p i  o f  
e a c h  s a m p le  w e re  d i r e c t l y  a n a ly z e d  b y  g a s  c h r o 
m a to g r a p h y .  R e s u l t s  w e re  c o m p a r e d  w i th  th o s e  
f r o m  a n  u n t r e a t e d ,  e x t r a c t e d  s a m p le  a n d  a lso  
w i th  th o s e  f r o m  a  s a m p le  f r o m  s e e d s  s o a k e d  in  
2 0  m l  o f  d e io n iz e d  w a te r .

A  2 5  f t  x  1 /4  in . O .D . s ta in le s s  s te e l  c o lu m n  
p a c k e d  w i th  4 %  E F A P  o n  a c id  w a s h e d  a n d  
D M C S  t r e a t e d  C h r o m o s o r b  G  a n d  a n  A e ro g ra p h  
M o d e l  1 5 2 0 - 1 B , th e r m a l  c o n d u c t iv i t y ,  gas- 
l iq u id  c h r o m a to g r a p h  w e re  u s e d  in  t h e  a n a ly s e s .  
A  5 - in .  p a c k e d  c o lu m n  p la c e d  in  t h e  f r o n t  o f  
t h e  n o r m a l  c o lu m n  a n d  r e n e w e d  b e tw e e n  d i f 
f e r e n t  s e ts  o f  a n a ly s e s  p e r m i t t e d  s im u l ta n e o u s  
s e p a r a t i o n  o f  t h e  v o la t i l e  o ils  f r o m  th e  f ix e d

T a b le  1 — V o la t i le  c o n s t i t u e n ts  in  c a ra w a y  se e d  o i l .

P e a k
N u m b e r 3 C o m p o u n d

I d e n t i f i c a t i o n

m e t h o d b

P r e v io u s ly  
r e p o r t e d  b y c

1 a - P in e n e R T 4
2 (3-P inene R T 1 , 4
3 M y rc e n e R T , I R ,  U V --
5 L im o n e n e R T , IR 1 , 2 ,  3 , 4

9 T e r p i n o le n e d IR -
1 0 p - C y m e n e d R T , I R 1
2 3 f r a n s - D ih y d r o c a r v o n e I R ,  M S 3
2 4 C i's -D ih y d ro c a rv o n e e IR -
2 5 l-p - M e n th e n -4 -o l IR -
2 6 c / 's -8 -p -M e n th e n - l-o l IR -

2 7 8 -p - M e n th e n -2 -o l  (neo) IR 3
2 8 8 -p - M e n th e n -2 -o l IR 3
2 9 8 -p - M e n th e n -2 -o l  (iso) IR 3

2 9 C a r v o n e IR 1, 2 ,  3

3 0 8 -p - M e n th e n -2 -o l  (neo-iso) IR -

31 O o n s -C a rv e o l IR 3

3 2 c /s -C a rv e o l IR -

a P e a k  n u m b e r s  o f  c h r o m a to g r a m  in  F ig u r e  1.
b R T ,  r e t e n t i o n  d a t a ;  IR ,  in f r a r e d  s p e c t r a l  d a t a ;  U V , u l t r a v io le t  

s p e c t r a l  d a t a ;  M S , m a s s  s p e c t r a l  d a ta .
c l .  A ta l  a n d  S o o d  ( 1 9 6 6 ) ;  2. E l -D e e b  e t  a l .  ( 1 9 6 2 a ) ;  3 . G u e n th e r  

( 1 9 5 0 )  a n d  r e f e r e n c e s  t h e r e in ;  a n d  4 . I k e d a  e t  a i. ( 1 9 6 2 ) .
d T h e s e  c o m p o u n d s  w e re  i s o la te d  a n d  i d e n t i f i e d  f r o m  th e  o il  a f t e r  

i t  w a s  e x p o s e d  a t  2 8 8 ° C  f o r  1 h r .
eT h i s  c o m p o u n d  w a s  i s o la te d  a n d  i d e n t i f i e d  f r o m  t h e  s e e d s  a f t e r  

t h e y  w e re  s o a k e d  a t  a  p H  o f  7 f o r  2 4  h r .

V o lu m e  3 5  1 1 9 7 0 1 - J O U R N A L  O F  F O O D  S C I E N C E - 5 3 1
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TIME MINUTES)

F ig . 1 - A  t y p ic a l  gas c h r o m a to g ra m  o f  th e  h e x a n e  e x t r a c te d  o i l  o b t a in e d  f r o m  c a r a w a y  seeds.

o ils  a n d  th e  a n a ly s is  o f  th e s e  e s s e n t ia l  o ils . S a m 
p le s  w e re  c h r o m a to g r a p h e d  u n d e r  t h e  f o l lo w in g  
c o n d i t i o n s :  i n j e c to r  t e m p e r a tu r e ,  1 4 5 ° C ;  d e 
t e c t o r  t e m p e r a tu r e ,  2 5 0 ° C ;  c o lu m n  t e m p e r a 
tu r e ,  l in e a r ly  p r o g r a m m e d  f r o m  5 0 ° - 2 4 0 ° C  a t  
2 ° C /m in ;  a n d  a  h e l iu m  f lo w  r a t e  o f  3 0  m l /m in .

C h a n g e s  in  t h e  r e la t iv e  a m o u n t s  o f  th e  v o la 
t i le s  d u r in g  e a c h  t r e a t m e n t  w e r e  e s t i m a te d  
u s in g  th e  p e a k  h e ig h t  m e t h o d  ( E s s e n t ia l  O il 
A s s o c ia t io n  o f  U .S .A . ,  1 9 6 5 ) .  B e c a u s e  a l l  c h ro 
m a to g r a p h ic  p a r a m e te r s  w e re  k e p t  c o n s t a n t  b e 
tw e e n  r u n s  a n d  o n ly  c o m p a r a t iv e ly  m in o r  
c h a n g e s  o c c u r r e d  in  t h e  in d iv id u a l  t r e a tm e n t s ,  
c o m p a r a b le  r e s u l t s  w e re  o b ta in e d .

I d e n t i f i c a t i o n  o f  t h e  v o la t i l e  c o n s t i t u e n t s

C o m m e r c ia l  c a r a w a y  o i l  w a s  u s e d  in  th e  
i d e n t i f i c a t i o n  o f  t h e  v o la t i l e  c o n s t i t u e n t s  b e 

c a u s e  o f  i t s  la c k  o f  s o lv e n ts  a n d  f ix e d  o i ls  a n d  
t h e  a p p a r e n t  s im i la r i ty  b e t w e e n  i t  a n d  t h e  e x 
t r a c t e d  o ils . F r a c t i o n s  e lu t in g  f r o m  t h e  F F A P  
c o lu m n  w e r e  t r a p p e d  in  g la ss  c a p i l la r y  tu b e s  
a n d  f u r t h e r  p u r i f i e d  u s in g  a n  S E -3 0 ,  1 0  f t  X  1 /4  
in . O .D . ,  s ta in le s s  s te e l  c o lu m n  (5 %  p a c k e d  o n  
C h r o m o s o r b  G , A W , D M C S ). W h e n  n e c e s s a ry ,  
f u r t h e r  p u r i f i c a t i o n  w a s  a c c o m p l i s h e d  u s in g  a  
5 0 0  f t  b y  0 .0 3  in .  I .D . s ta in le s s  s te e l  c a p i l la r y  
c o lu m n  c o a t e d  w i t h  O V  1 7  o r  S F  9 6 - 5 0 .  I n d i 
v id u a l  f r a c t i o n s  w e r e  i d e n t i f i e d  b y  c o m p a r in g  
a v a i la b le  i n f r a r e d ,  u l t r a v io l e t ,  m a s s  s p e c t r a l ,  a n d  
r e t e n t i o n  d a t a  o f  t h e  c a r a w a y  is o la te s  w i th  
t h o s e  o b ta in e d  f r o m  a u t h e n t i c  s a m p le s  o r  r e 
p o r t e d  in  t h e  l i t e r a tu r e .

RESULTS & DISCUSSION
A  T Y P I C A L  G A S  c h r o m a t o g r a m  o f  t h e

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

T a b l e  1 .

W i t h  t h e  e x c e p t i o n  o f  a -  a n d  |3 - p i n e n e ,  
t e n t a t i v e l y  i d e n t i f i e d  b y  r e t e n t i o n  d a t a ,  
t h e  t e r p e n e  h y d r o c a r b o n s  a n d  k e t o n e s  
w e r e  i d e n t i f i e d  b y  c o m p a r i n g  t h e i r  i n f r a 
r e d  o r  m a s s  s p e c t r a  o r  b o t h  w i t h  t h o s e  o f  
a u t h e n t i c  c o m p o u n d s  o r  w i t h  s p e c t r a  
r e p o r t e d  b y  M i t z n e r  e t  a l .  ( 1 9 6 5 ) .  T e r 
p e n e  a l c o h o l s  l i k e w i s e  w e r e  i d e n t i f i e d  
t h r o u g h  c o m p a r i s o n  o f  t h e i r  i n f r a r e d  
s p e c t r a  w i t h  t h o s e  r e p o r t e d  b y  M i t z n e r  e t

T a b le  2 —E f fe c t  o f  h e a t  a n d  p H  o n  th e  p e rc e n ta g e s a  o f  c a rv o n e ,  l im o n e n e  a n d  t o t a l  t ra c e  c o m p o u n d s  in  c a ra w a y  se e d  o i l.

A f te r  e x p o s u r e  o f  o i l  f o r  1 h r  a t  
( T e m p e r a tu r e  ° C )

2 6 b 9 3 121 1 4 9 1 7 7 2 0 5 2 3 3 2 6 0 2 8 8 3 1 6

C a rv o n e 5 1 .3 5 1 .8 5 1 .4 5 0 .6 5 4 .6 5 2 .2 5 1 .6 5 1 .0 4 9 .7 4 5 .3
L im o n e n e 4 4 .6 4 3 .9 4 4 .4 4 5 .3 4 1 .1 4 3 .9 4 4 .2 4 5 .0 4 4 .5 4 3 .1
T o t a l  t r a c e 4 .1 4 .3 4 .2 4 .1 4 .2 3 .9 4 .2 4 .0 5 .9 1 1 .5

c o m p o u n d s

A f t e r  s e e d s  w e re  s o a k e d  2 4  h r  in  s o lu t io n s  a t  p H

2 .2 3 .0 4 .0 5 .0 6 .0 7 .0 8 .0 d e io n iz e d  H 2 0 u n t r e a t e d  s e e d s
C a r v o n e 7 4 .3 7 6 .6 6 9 .4 7 6 .1 7 0 .0 7 1 .2 7 7 .1 7 8 .1 6 8 .2
L i m o n e n e 2 4 .0 2 1 .8 2 9 .1 2 2 .2 2 8 .3 2 6 .8 2 1 .1 2 0 .2 2 9 .4
T o t a l  t r a c e 1 .7 1.6 1 .4 1.7 2 .7 1 .9 1 .7 1 .8 2 .4

c o m p o u n d s

P e r c e n t a g e s  d e t e r m in e d  b y  p e a k  h e ig h ts  (s e e  t e x t ) .  
R e p r e s e n t s  u n t r e a t e d  c o m m e r c ia l  c a r a w a y  o il.
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a l .  ( 1 9 6 8 ) .  W h e n  c o m p a r e d  t o  t h e  c o m 

m e r c i a l  o i l  s a m p l e s ,  t h e  h e x a n e - e x t r a c t e d  

s a m p l e s  c o n t a i n e d  m o r e  c a r v o n e  ( 6 8 %  v s  
5 2 % )  a n d  l e s s  l i m o n e n e  ( 2 8 %  v s  4 4 % ) .  
T h e s e  v a r i a t i o n s  m a y  r e f l e c t  d i f f e r e n c e s  

i n  s p e c i e s ,  c u l t u r a l  e n v i r o n m e n t  o r  i s o l a 
t i o n  p r o c e d u r e s .

T h e  c h r o m a t o g r a m s  o b t a i n e d  f r o m  o i l  
k e p t  1 h r  a t  v a r i o u s  t e m p e r a t u r e s  f r o m  
2 4 — 2 6 0 ° C  r e v e a l e d  n o  s i g n i f i c a n t  c h a n g e s  
i n  t h e  c o m p o n e n t s  ( T a b l e  2 ) .  I n  t h i s  

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

p o u n d s  o c c u r r e d  a f t e r  e x p o s u r e  o f  t h e  o i l  
f o r  1 h r  t o  t e m p e r a t u r e s  o f  2 8 8  o r  3 1 6 ° C .  

A t  t h e s e  t e m p e r a t u r e s ,  t h e  p e r c e n t a g e  o f  
l i m o n e n e  r e m a i n e d  c o n s t a n t  w h i l e  t h a t  o f  
c a r v o n e  d e c r e a s e d  s l i g h t l y .  T h e  t r a c e  
c o m p o u n d s  i n c r e a s e d  t o  1 1 . 5 % .  T h e  l a t 
t e r  i n c r e a s e  w a s  p r i m a r i l y  d u e  t o  i n c r e a s e s  

i n  p e a k  8 , a n  u n k n o w n  o x y g e n a t e d  c o m 
p o u n d ;  p e a k  9 ,  t e r p i n o l e n e ;  p e a k  1 0 ,  
p - c y m e n e ;  a n d  p e a k  2 4 ,  d i h y d r o c a r v o n e .  
T h e  i n f r a r e d  s p e c t r u m  o f  p e a k  8  i n d i 
c a t e d  n o  c a r b o n y l  o r  h y d r o x y l  f u n c t i o n a l  
g r o u p ,  b u t  t h e  m a s s  s p e c t r u m  r e v e a l e d  
f r a g m e n t s  a t  m / e  4 3 ,  6 7 ,  6 9 ,  8 1 ,  9 7 ,  a n d  
1 3 9 .  A c c u r a t e  m a s s  v a l u e s  o f  f r a g m e n t s  

m / e  9 7  a n d  1 3 9  i n d i c a t e d  t h e m  t o  b e  
C 6 H 7 0 + a n d  C 7 H l s 0 + , r e s p e c t i v e l y .  T h e  

s a m p l e  t r e a t e d  a t  2 8 8 ° C  h a d  a  s l i g h t l y  
b u r n t ,  s w e e t  p e r f u m e  s m e l l ,  b u t  i t  s t i l l  
h a d  t h e  c h a r a c t e r i s t i c  a r o m a  o f  c a r a w a y .  
T h e  s a m p l e  t r e a t e d  a t  3 1 6 ° C  h a d  a  v e r y  
s t r o n g  b u r n t  s m e l l  a n d  l o s t  m u c h  o f  t h e  

t y p i c a l  c a r a w a y  a r o m a .  O p t i c a l  r o t a t i o n  
d a t a  s h o w e d  t h a t  t h e  d - c a r v o n e  p r e s e n t  i n  

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

t r e a t m e n t .

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

o v e r  t h e  p H  r a n g e  2 . 2 - 8  ( T a b l e  2 ) .  T h e  

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

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

T h e  c h a n g e s  i n  t h e  v a r i o u s  c o n s t i t u e n t s  
m a y  h a v e  b e e n  d u e  t o  e n z y m a t i c  r e a c 

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

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

s e e d  s o a k e d  a t  a  p H  o f  7 ,  i t  w a s  e v i d e n t  
t h a t  t h e  p r e s e n c e  o f  a  b u f f e r  s y s t e m  d i d  
n o t  p r o d u c e  n e w  c o m p o u n d s  o r  c a u s e  a  
s i g n i f i c a n t  c h a n g e  i n  s i z e  o f  t h e  p e a k s .  
H o w e v e r ,  w h e n  t h e  c h r o m a t o g r a m s  o f  o i l  
o b t a i n e d  f r o m  u n t r e a t e d  s e e d s  w e r e  c o m 
p a r e d  w i t h  t h o s e  o b t a i n e d  f r o m  s e e d s  
s o a k e d  i n  e i t h e r  d e i o n i z e d  w a t e r  o r  b u f f e r  

s y s t e m s  o f  v a r i o u s  p H ,  a  m a j o r  c h a n g e  i n  
t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  t h e  d i h y -  
d r o c a r v o n e s  ( p e a k s  2 3  a n d  2 4 )  w a s  n o t e d .  

C h r o m a t o g r a m s  o f  t h e  o i l  o b t a i n e d  b y  
e x t r a c t i o n  o f  t h e  s e e d s  p r i o r  t o  a r .y  
t r e a t m e n t  ( F i g .  1 )  i n d i c a t e d  t h e  p r e s e n c e  

o f  o n l y  o n e  o f  t h e  t w o  i s o m e r s  ( p e a k  2 3 )  

a t  a p p r o x i m a t e l y  t h e  0 . 7 %  l e v e l .  I n  c o n 
t r a s t ,  c h r o m a t o g r a m s  o f  a l l  t h e  s o a k e d  
s e e d s  h a d  b o t h  i s o m e r s  a t  a p p r o x i m a t e l y  

t h e  0 . 3  a n d  0 . 2 %  l e v e l s .  T h i s  m i g h t  h a v e  
b e e n  e x p e c t e d  a s  t h e s e  t w o  i s o m e r s  a r e  i n  
e q u i l i b r i u m  w i t h  t h e  i n t e r m e d i a t e  e n o i  
t a u t o m e r  i n  e i t h e r  a c i d i c  o r  b a s i c  c o n 

d i t i o n s  a s :

B a s e d  o n  r e s u l t s  o b t a i n e d  w i t h  g a s -

l i q u i d  c h r o m a t o g r a p h i c  t e c h n i q u e s ,  t h e  

v o l a t i l e  c o n s t i t u e n t s  o f  c a r a w a y  o i l  a r e  
m o r e  s t a b l e  t h a n  t h o s e  o f  c a r d a m o m  o i l  
u n d e r  c o m p a r a b l e  h e a t  o r  a c i d  t r e a t 
m e n t s .  C a r d a m o m  v o l a t i l e s  s t a r t  c h a n g i n g  
a b o v e  1 4 9 ° C  a f t e r  3 0  m i n  o f  h e a t i n g  a n d  
u n d e r g o  s u b s t a n t i a l  c h a n g e s  i n  a c i d i c  o r  
n e u t r a l  s o l u t i o n s  ( B r e n n a n d  a n d  H e i n z ,
1 9 6 9 ) .  I n  c o n t r a s t ,  t h e  c a r a w a y  v o l a t i l e s  
a r e  s t a b l e  e v e n  a t  t e m p e r a t u r e s  o f  2 6 0 ° C  
a f t e r  1 h r  a n d  u n d e r g o  f e w  c h a n g e s  w h e n  
s u b j e c t e d  t o  s o l u t i o n s  o f  d i f f e r i n g  p H .
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E F F E C T S  O F  p H  A N D  T E M P E R A T U R E  O N  V O L A T I L E  C O N S T I T U E N T S  O F  C A R D A M O M

S U M M A  R  Y —D e c o r t ic a te d  c a r d a m o m  seeds w e re  s u b je c te d  to  c o n d i t io n s  t y p ic a l  o f  c o n s u m e r  u t i l i 

z a t io n  p ra c t ic e s .  The se  in v o lv e d  t im e d  e x p o s u re s  to  te m p e ra tu re s  as h ig h  as 2 0 5 ° C  a n d  to  s o lu t io n  

p H 's  f r o m  2 - 8 .  C h a n g e s  in  th e  v o la t i le  c o n s t i t u e n ts  w e re  f o l lo w e d  b y  g a s - l iq u id  c h r o m a to g r a p h ic  

a n a ly s e s  o f  th e  c a r d a m o m  se e d  e x t ra c ts .  T e m p e ra tu re s  a b o v e  1 4 9 ° C  a n d  in c re a s in g  h y d r o g e n  io n  

c o n c e n t r a t io n  c a u s e d  m a r k e d  c h a n g e s  in  c o m p o s i t io n  o f  th e  v o la t i le  o i ls  o f  th is  s p ic e . T h e  e f fe c ts  

o f  p H  a n d  te m p e ra tu r e  e n v iro n m e n ts  t y p ic a l  o f  p r o d u c ts  in  w h ic h  c a r d a m o m  is  u s e d  a re  d iscu sse d .

INTRODUCTION

a P r e s e n t  a d d r e s s :  D e p a r t m e n t  o f  F o o d s  a n d  

N u t r i t i o n ,  U t a h  S t a t e  U n i v e r s i t y ,  L o g a n ,  U t a h

8 4 3 2 1 .

S E E D S  O F  C A R D A M O M  a r e  u s e d  a s  
s e a s o n i n g  i n  a  w i d e  v a r i e t y  o f  p r o d u c t s  
r a n g i n g  f r o m  p i c k l e s  t o  D a n i s h  p a s t r y .

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

t i o n s  i n h e r e n t  i n  t h e  f o o d  p r o d u c t .  C h e m 
i c a l  c h a n g e s  w h i c h  c o u l d  a f f e c t  f l a v o r
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T a b le  1—C o n s t i tu e n ts  id e n t i f ie d  in  th e  v o la t i le s  o f  c a r d a m o m

P e a k  n o .  

(F ig .  1) C o n s t i t u e n t C o n f i r m e d  id e n ti ty ® R e f e r e n c e 0

1 a - P in e n e R D 2 ,  3

2 S a b in e n e IR 1, 2 ,  3

3 M y rc e n e R D , I R 2 , 3

5 L im o n e n e R D 1 , 2 , 3

6 C in e o l R D , I R ,  M S 1 , 3

p -C y m e n e R D ,  I R 2 ,  3

9 t r a n s - S a b in e n e  h y d r a t e  R D , I R ,  M S I e

11 L in a lo o l R D , I R ,  M S 3

15 l - T e r p in e n o l - 4 R D , M S 1

1 6 a - T e r p i n e o l R D , I R ,  M S 1 , 3

1 8 L in a ly l  a c e ta te R D , I R ,  M S 3

2 0 N e ro l R D , I R ,  M S 3

2 2 a - T e r p i n y l  a c e t a t e R D , I R ,  M S 1, 3
2 3 N e r y l  a c e t a t e R D 3

31 N e r o l id o l R D 3

a R D , G L C  r e t e n t i o n  d a t a ; I R ,  i n f r a r e d  s p e c t r u m ;  M S , m a s s  s p e c -

t r u m .
' ’C o m p o u n d s  p r e v io u s ly  r e p o r t e d  in  t h e  l i t e r a tu r e :  1 , G u e n t h e r ,  

1 9 5 2 ;  2 ,  I k e d a  e t  a l . ,  1 9 6 2 ;  a n d  3 , N ig a m  e t  a l . ,  1 9 6 5 .
c R e p o r t e d  in  G u e n t h e r  ( 1 9 5 2 )  a s  a n  u n k n o w n  s o lid  w i t h  m e l t i n g  

ra n g e  6 0 - 6 1 ° C .  I R  a n d  M S w e r e  i d e n t i c a l  w i th  s p e c t r u m  o f  t h e  s y n th e 

s iz e d  p r o d u c t ;  R u s s e l l  a n d  J e n n in g s  ( 1 9 7 0 ) .

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

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

c h r o m a t o g r a p h y ,  o n l y  s e v e n  c o m p o u n d s  
h a d  b e e n  i d e n t i f i e d  i n  t h e  e s s e n t i a l  o i l  o f  
c a r d a m o m :  t e r p i n  h y d r a t e ,  c i n e o l ,  d - a -  
t e r p i n e o l ,  t e r p i n y l  a c e t a t e ,  l i m o n e n e ,  b o r -  
n e o l ,  a n d  s a b i n e n e  ( r e p o r t e d  i n  G u e n t h e r ,

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

T h e y  f u r t h e r  i d e n t i f i e d  l i n a l o o l ,  l i n a l y l  
a c e t a t e ,  ( 3 - t e r p i n e o l ,  g e r a n i o l ,  n e r o l ,  n e r y l  
a c e t a t e ,  n e r o l i d o l ,  a n d  t h r e e  k e t o n e s  
w h i c h  t h e y  t e n a t a t i v e l y  i d e n t i f i e d  a s  
m e t h y l  h e p t e n o n e ,  2 - u n d e c a n o n e ,  a n d
3 - t r i d e c a n o n e .  T h e  c o m p o s i t i o n  o f  t h e  
v o l a t i l e  o i l s  o f  c a r d a m o m  v a r i e s  q u a n t i t a 
t i v e l y  a n d  q u a l i t a t i v e l y  f r o m  v a r i e t y  t o  
v a r i e t y  ( L e w i s  e t  a l . ,  1 9 6 6 ) .  T h e  d i f f e r 
e n c e s  i n  r e p o r t e d  c o m p o s i t i o n s  m o s t  
l i k e l y  a l s o  r e f l e c t  d i f f e r e n c e s  i n  m e t h o d s  
o f  i s o l a t i o n .

T h i s  i n v e s t i g a t i o n  w a s  u n d e r t a k e n  t o  

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

u t i l i z a t i o n .

EXPERIMENTAL
D E C O R T I C A T E D  S E E D S  o f  c a r d a m o m  
(Elettaria cardamomum) o b t a in e d  f r o m  S p ic e  
I s la n d s  o f  L e s l ie  F o o d  I n c .  w e re  s to r e d  in  t i g h t 
ly  c a p p e d  b r o w n  g la ss  b o t t l e s .  B a s e d  o n  g as  
c h r o m a to g r a p h ic  a n a ly s e s ,  t h e r e  w e re  n o  r e c o g 
n iz a b le  c h a n g e s  in  t h e  v o la t i l e  o ils  i s o la te d  f r o m

th e s e  s to r e d  s e e d s  a t  t h e  s t a r t  a n d  a f t e r  t h e  c o n 
c lu s io n  o f  t h e  e x p e r im e n ta t i o n .

T w o  m o d e l  s y s te m s  w e r e  e s ta b l i s h e d  to  
s tu d y  t h e  e f f e c t s  o f  h e a t  o n  t h e  s e e d s .  O n e  
s y s te m  w a s  o p e n  t o  t h e  a ir  d u r in g  t h e  h e a t  
t r e a t m e n t ;  in  t h e  o t h e r  s y s te m ,  t h e  s e e d s  w e r e  
k e p t  in  c lo s e d  c o n ta in e r s  d u r in g  t h e  h e a t in g .  
T h e  o p e n  s y s te m  w a s  u s e d  to  d e t e r m i n e  i f  u n 
l im i t e d  a tm o s p h e r i c  o x y g e n  h a d  a n  e f f e c t  w h i le  
t h e  c lo s e d  s y s te m  w a s  u s e d  to  p r e v e n t  t h e  lo s s  
o f  a n y  v o la t i l e s  d u r in g  h e a t in g .

S a m p le s  o f  2 .5 0 g  o f  d e c o r t i c a t e d  c a r d a m o m  
w e r e  u s e d  i r  t h e  h e a t  t r e a t m e n t s .  F o r  t h e  
c lo s e d  s y s te m  t h e  w e ig h e d  s a m p le s  w e r e  s e a le d  
in  t e s t  t u b e s .  F o r  t h e  o p e n  s y s te m ,  t h e  s a m p le s  
w e r e  p la c e d  in  u n c o v e r e d  b e a k e r s .  B o th  s y s te m s

F ig . 1—C h ro m a to g r a m  o f  2 0 0  g l  o f  a n  e th e r  e x t r a c t io n  o f  c a r d a m o n  seeds o b ta in e d  o n  a  2 5  f t  X 0 . 2 5  in . O .D . 1% S F  9 6  c o lu m n .



Table 2 -R e la tiv e  peak heights re p o rte d  as percentages o f  the sum o f  the heights o f  a ll peaks on chrom atogram s o f  the vo la tile  o il o f  decortica ted  
cardamom seeds heated in  closed tubes.

VO LATILE CONSTITUENTS OF C A R D A M O N -5 2 5

T e m p e r a t u r e  ° C

P e a k

N o .
3 0  m in 3 h r 15 h r

R o o m 3 8 9 3 1 4 9 1 7 3 1 7 7 191 2 0 5 9 3 9 3
i 2 .1 1 .8 1 .9 2 .0 1 .9 1 .9 2 .1 2 .0 2 .0 2 .3
2 5 .7 4 .9 5 .2 5 .3 4 .0 2 .0 0 .5 0.1 5 .4 5 .4
3 2 .2 2 .0 2 .1 1 .9 2 .0 2 .4 2 .6 2 .8 2 .2 2 .2
5 0.1 0 .1 0.1 0.1 0 .2 0 .2 0 .4 0 .5 0.1 0.1
6 3 1 .4 3 0 .6 3 0 .8 3 1 .6 3 1 .9 3 4 .2 3 9 .1 4 9 .3 3 0 .5 3 1 .8
8 0 .2 0 .1 0.1 0 .2 1.0 1 .8 2 .8 4 .0 0 .2 0 .4
9 1.1 1 .1 1.1 1.0 0 .9 1.1 2 .4 5 .8 1 .2 1.3

11 7 .7 7 .7 7 .8 7 .3 7 .7 8 .0 7 .4 5 .4 7 .6 7 .5
15 0 .8 0 .7 0 .7 0 .6 1 .3 1 .5 2 .1 2 .2 0 .7 0 .8
16 4 .4 4 .2 4 .2 3 .6 4 .3 4 .8 5 .6 7 .8 4 .8 4 .5
18 7 .6 7 .9 8 .0 7 .8 7 .1 4 .6 1 .9 1.1 7 .7 8 .1
2 0 0 .4 0 .6 0 .6 0 .6 0 .7 0 .8 1 .0 1.0 0 .5 0 .5
2 2 2 9 .8 3 1 .1 3 0 .0 3 0 .6 3 0 .3 2 9 .7 2 4 .8 1 0 .3 3 0 .4 2 8 .0
2 3 £ s s s s 0 .2 0 .5 1 .4 1 .5 s s
2 6 1.0 1.1 1.1 1.1 0 .6 0 .2 0.1 0.1 0 .8 1.0
2 7 0 .8 0 .9 1.1 1.0 0 .8 0 .5 0 .4 0 .6 0 .6 0 .7
3 0 1.0 1 .2 1.1 1 .2 1.1 1.1 1.1 1 .3 1 .2 1 .4
31 1 .7 1 .9 1 .9 1 .8 2 .0 1 .9 1 .6 1.0 1.9 2 .1

T O T A L b 9 8 .0 9 7 .9 9 7 .8 9 7 .7 9 8 .0 9 7 .2 9 7 .3 9 6 .8 9 7 .8 9 8 .1

a s is a  s h o u ld e r  o f  a  m a jo r  p e a k .

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

w e re  h e a t e d  in  a n  o v e n  a t  3 8 ,  9 3 ,  1 4 9 ,  1 6 3 ,  
1 7 7 ,  191  o r  2 0 5 ° C  ±  2 °  f o r  3 0  m in .  T h e  e f f e c t  
o f  p ro lo n g e d  h e a t in g  w a s  i n v e s t ig a te d  u s in g  
c lo s e d - tu b e  s a m p le s  a t  9 3 ° C  f o r  3 0  m in ,  3 h r ,  
a n d  15 h r ,  a n d  o p e n - b e a k e r  s a m p le s  a t  1 9 1 ° C  
f o r  3 0  m in  a n d  f o r  4  h r .

A f t e r  t h e  h e a t  t r e a t m e n t ,  e a c h  s a m p le  w a s  
q u a n t i t a t i v e ly  t r a n s f e r r e d  w i th  15 m l r e a g e n t  
g ra d e  d i e t h y l  e t h e r  t o  a  V i r t i s  b l e n d e r  j a r .  T h e  
s a m p le  w a s  m a c e r a t e d  f o r  9 0  s e c  a t  h ig h  s p e e d  
w h ile  t h e  b l e n d e r  j a r  w a s  im m e r s e d  in  a  d r y  ice  
a n c  e th a n o l  b a t h .  T h e  r e s u l t in g  e t h e r - c a r d a 
m o m  s lu r ry  w a s  c e n t r i f u g e d  a t  3 ,0 0 0  r p m  f o r  1 
m in .  A  2 0 0 -q l  q u a n t i t y  o f  th e  e t h e r  e x t r a c t  w a s  
t a k e n  d i r e c t ly  f r o m  th e  c e n t r i f u g e  tu b e  f o r  g as  
c h r o m a to g r a p h ic  a n a ly s is .

H y d ro g e n  io n  c o n c e n t r a t i o n s  ty p ic a l  a f  
f o o d s tu f f s  t h a t  in c lu d e  c a r d a m o m  w e re  f o u n d  
e x p e r im e n ta l ly  t o  b e  b e t w e e n  p H  2 a n d  8 ,  th u s  
s e t t i n g  th e  p a r a m e te r s  f o r  t h e  p H  v a r ia b le .  T w o  
t e m p e r a tu r e s  w e re  in v e s t ig a te d  in  c o n ju n c t io n  
w i t h  t h e  p H  m e d ia ,  r o o m  t e m p e r a tu r e  
( 2 1 - 2 6 ° C )  a n d  b o i l i n g  t e m p e r a tu r e .  S a m p le s  o f  
d e c o r t i c a t e d  c a r d a m o m  ( 2 .5 Og) in  15 m l  d i l u t e  
s o d iu m  p h o s p h a t e  b u f f e r  s o lu t io n  w e r e  m a c e r 
a t e d  w i th  t h e  V ir t i s  b l e n d e r  a t  h ig h  s p e e d  f o r  
9 0  sec . T h e  p H  v a lu e s  u s e d  w e re :  2 , 3 , 4 ,  5 ,  6 , 
7 ,  a n d  8 . R e s u l t a n t  s lu r r ie s  w e r e  t r a n s f e r r e d  to  
s m a l l  r e a g e n t  b o t t l e s  a n d  h e ld  a t  r o o m  t e m p e r a 
tu r e  f o r  3 d a y s  p r i o r  t o  a n a ly s is .  D u p l ic a te  s a m 
p le  s e ts  w e re  p la c e d  in  a  b o i l i n g  w a t e r  b a t h  f o r  
3 0  m in .  A f t e r  r e m o v a l  f r o m  th e  b o i l in g  w a te r ,  
t h e  s a m p le s  w e re  c o o le d  in  a n  ic e  b a t h  a n d  f r o 
z e n  o v e r n ig h t .  T h e y  w e re  a n a ly z e d  th e  f o l l o w 
in g  d a y .  E x t r a c t i o n  o f  t h e  s o lu b le  c o n s t i t u e n t s  
w a s  a c c o m p l i s h e d  b y  a d d in g  15 m l  o f  d i e t h y l  
e th e r  t o  t h e  s lu r ry  a n d  m a n u a l ly  s h a k in g  v ig o r 
o u s ly  f o r  2  m in .  A  p o r t i o n  o f  t h e  r e s u l t in g  
e m u ls io n  w a s  c e n t r i f u g e d  in  c a p p e d  t u b e s  f o r  1 
m in  a t  3 ,0 0 0  rp m .  I m m e d ia t e ly  a f te r w a r d s ,  2 3 0  
/ i l  o f  th e  e th e r  la y e r  w a s  a n a ly z e d  b y  g a s  
c h r o m a to g r a p h y .

A ll  s a m p le s  w e re  c h r o m a to g r a p h e d  o n  a n  
A e ro g ra p h  M o d e l  1 5 2 0 - 1 B , t h e r m a l  c o n d u c t iv 

i t y ,  g a s  c h r o m a to g r a p h .  A  25  f t  b y  'A in . O .D . 
s ta in le s s  s te e l  c o lu m n  p a c k e d  w i th  7 0 - 8 0  m e s h  
C h r o m o s o r b  G , a c id  w a s h e d ,  D M C S  t r e a t e d ,  
a n d  c o a t e d  w i th  1%  S F - 9 6 ( 5 0 ) ,  w a s  u s e d  f o r  
t h e  q u a n t i t a t i v e  s tu d y .  S a m p le s  w e r e  c h r o 
m a to g r a p h e d  u n d e r  t h e  fo l l o w in g  c o n d i t io n s :  
i n j e c to r  t e m p e r a t u r e ,  1 7 5 ° C ;  d e t e c t o r  t e m p e r a 
tu r e ,  2 3 0 ° C ;  c o lu m n  t e m p e r a tu r e ,  5 0 ° C  u n t i l  
a f t e r  t h e  s o lv e n t  p e a k  w a s  e lu te d  ( 1 0  m in ) ,  th e n  
l in e a r ly  p r o g r a m m e d  a t  th e  r a te  o f  4 ° C /m in  to  
a  m a x  o f  2 5 0 ° C ,  w h e r e  i t  w a s  h e ld  i s o th e r m a l ly  
u n t i l  n o  m o r e  c o m p o u n d s  w e re  e lu t e d .  H e liu m  
w a s  u s e d  as th e  c a r r ie r  gas  a t  a  f lo w  r a te  o f  
5 0 - 5 7  m l /m in .

F r a c t i o n s  e lu te d  f r o m  th e  g a s  c h r o m a to 
g ra p h  w e re  c o l le c te d  b y  th e  p r o c e d u r e  d e 
s c r ib e d  b y  J e n n in g s  e t  a l .  ( 1 9 6 4 ) .  F u r t h e r  p u r i 
f i c a t i o n  w a s  m a d e  o n  a  s im ila r  c o lu m n  c o a t e d  
w i th  3%  C a r b o w a x  2 0  M . I d e n t i f i c a t i o n  o f  th e  
p u r i f i e d  c o n s t i t u e n t s  w a s  a c c o m p l i s h e d  b y  
m a tc h in g  a v a i la b le  i n f r a r e d ,  m a s s  s p e c t r a l ,  a n d  
r e t e n t i o n  d a t a  w i t h  a u t h e n t i c a t e d  r e f e r e n c e  
s t a n d a r d s  o r  p u b l i s h e d  d a t a .

P e a k  h e ig h t  p e r c e n t a g e s ,  a s  d e s c r ib e d  b y  
E s s e n t i a l  O il  A s s o c ia t io n  o f  U .S .A . ( 1 9 6 5 ) ,  
w e re  u s e d  t o  m e a s u re  t h e  r e la t iv e  c h a n g e s  in  th e  
v o la t i l e  c o n s t i t u e n t s .  E a c h  p e a k  o n  th e  c h r o 
m a to g r a m  w a s  c o m p a r e d  w i th  t h e  i d e n t ic a l  
p e a k  o n  c h r o m a to g r a m s  o b ta in e d  f r o m  th e  d i f 
f e r e n t  u t i l i z a t i o n  c o n d i t i o n s ,  b u t  u n d e r  th e  
s a m e  c h r o m a to g r a p h ic  c o n d i t i o n s .

RESULTS
A TYPICAL GAS chromatogram of the 
volatile constituents obtained from fresh 
cardamom seeds is shown in Figure 1. 
The compounds which were identified as 
being under the major peaks in the above 
chromatogram are listed in Table 1. Bor- 
neol, an often reported constituent of 
cardamom, did not elute precisely with 
any peak, but had a retention between 
those of the peaks numbered 15 and 16.

The three ketones reported in the carda
mom volatiles by Nigam et al. (1965) 
were not detected. 2,4-Dinitrophenylhy- 
drazine have no visible precipitate with 
either the total extract or individual 
fractions as they eluted from the exit 
port of the gas chromatograph.

Changes brought about by the heat 
treatment became evident by comparing 
the relative heights of individual peaks on 
chromatograms representing the different 
treatments. Table 2 indicates the relative 
heights of the major peaks on chromato
grams reflecting the effect of heat treat
ments in a closed system. These relative 
heights were determined as the percent
age of the sum of all peak heights on a 
given chromatogram. The data in Table 2 
represent all peaks which reached at least 
1 % of the total peak heights on a given 
chromatogram

In the closed system, differences in 
chromatograms of samples subjected to 
room temperature (21—26°C) and those 
held at 149°C were slight (Table 2). Even 
those samples kept at 93°C for 3 or 15 hr 
changed but little. Above 149°C the most 
drastic changes were the decreases in 
peaks 2 , 18, 2 2 , and 26, and the increases 
in peaks 6 , 8 , 9, 15, 16, and 23.

Changes in the cardamom samples 
which were heated in open beakers were 
less drastic than the changes in the closed 
system (Table 3). However, they followed 
the same trends as did changes in the 
corresponding fractions from the closed 
tubes. Heating for 4 hr at 191°C in the 
open beaker brought about greater 
changes than occurred in the 30-min 
sample heated at the same conditions.
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Table 3 —Relative peak heights re po rted  as percentages o f  the  sum o f  the heights o f  a l l  peaks on
chrom atogram s o f  the vola tile  o i l  o f  deco rtica ted  cardam om  seeds heated in  open beakers.________

T e m p e r a t u r e  °C _________________________________________________

„  , 3 0  m in  4  h r

N o . r o o m 3 3 8 a 9 3 1 4 9 1 7 3 1 7 7 1 9 1 2 0 5 1 91

1 2 .0 1 .8 1 .9 2 .0 2 .0 1 .9 2 .1 1.9 1 .9

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

3 2 .2 1.9 2 .2 2 .1 1 .9 1 .8 1 .8 2 .0 1.7

5 0 .2 0 .1 0 .2 0 .1 0 .2 0 .1 0 .2 0 .1 0 .4

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

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

9 1 .0 1 .0 1.1 1 .0 1 .0 1 .0 1 .4 1 .0 1.1

11 7 .2 6 .9 7 .7 7 .0 6 .7 7 .1 6 .6 6 .9 6 .0

15 0 .6 0 .6 0 .7 0 .6 0 .6 0 .6 0 .6 0 .6 0 .6

16 3 .9 3 .8 4 .3 3 .6 3 .4 3 .3 2 .9 3 .0 2 .9

18 7 .6 7 .4 8 .0 7 .5 7 .4 7 .5 7 .2 5 .6 2 .4

2 0 0 .5 0 .6 0 .6 0 .6 0 .6 0 .6 0 .6 0 .5 0 .5

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

2 3 b - - s s s S 0 .2 0 .8 1 .8

2 6 1.1 1 .2 1 .2 1.1 1 .0 0 .9 0 .8 0 .5 0 .3

2 7 0 .9 1 .0 1 .2 0 .9 0 .9 0 .8 0 .7 0 .5 0 .4

3 0 1.1 1 .2 1.1 1.1 1 .2 1.1 1 .2 1 .3 1 .4

31 1 .8 1 .9 2 .0 1.8 1 .6 1 .4 1 .4 1 .3 1 .2

T O T A L 0 9 7 .8 9 7 .7 9 7 .7 9 7 .6 9 8 .1 9 7 .6 9 7 .7 9 7 .8 9 7 .0

a - n o  p e a k  o b s e r v a b le  u n d e r  t h e s e  c i r c u m s ta n c e s .  

b s is  a  s h o u ld e r  o f  a  m a jo r  p e a k .
c T r a c e  p e a k s  n o t  l i s te d  a c c o u n t  f o r  t h e  r e m a in in g  p e r c e n ta g e .

Some of the peaks which changed in the 
closed system after 30 min at 191°C but 
did not change in the open system under 
the same conditions, did change in the 
latter with increased heating time.

The effect of hydrogen ion concentra
tion on the volatile constituents of carda
mom held at room temperature is indi
cated in Table 4. When the seeds are 
soaked in solutions buffered at different 
pH values, nine of the major peaks (2, 8 , 
9, 15, 16, 18, 26, 27, and 31) changed 
substantially. Samples in buffer held at 
100°C for 30 min (Table 5) had even 
greater changes than those held at room 
temperature. In addition to the above 
peaks, peaks 5, 11, 22, and 23 also were 
affected by low pH when held at 100°C. 
With the possible exception of fraction 9 
(irans-sabinene hydrate), all fractions that 
changed during both the temperature and 
pH studies changed in the same increasing 
or decreasing direction regardless of 
whether the change was induced by low 
pH or high temperature.

DISCUSSION

CHANGES CAN OCCUR in the volatile 
constituents of cardamom when these 
seeds are stored for long periods of time 
or are subjected to harsh conditions. 
Staling of spices during long periods of 
storage may be, at least in part, the result 
of evaporation of the volatile constit
uents. A 15-yr-old sample of cardamom 
analyzed in this laboratory had almost 
none of the volatiles remaining. However,

results of this study indicate that when 
fresh cardamom is utilized under the 
same conditions as a seasoning is nor
mally used, the changes which occur are 
primarily the result of hydrolysis, isom
erization, and oxidative changes.

Decreasing trends of individual peaks 
in the open system exposed to prolonged 
heating, in which evaporation could oc
cur, were the same decreasing trends as in 
the closed system, in which evaporation 
could not occur. Furthermore, the de
crease in these fractions was less drastic in 
the open system than in the closed 
system. Therefore, the decreases in peaks 
2 , 18, 2 2 , and 26 which occured during 
the heat treatment apparently were due 
to chemical changes rather than to evapo
ration. Comparison of the more volatile 
fractions which did not diminish under 
the conditions tested (e.g., peak No. 3) 
with some of the less volatile fractions 
which underwent drastic decreases (e.g., 
peak No. 22) supports this conclusion. 
The increases in peaks 6 , 8 , 9, 15, 16, and 
23 which occurred above 149°C were the 
results of nonenzymatic changes since the 
harsh conditions precluded enzymatic 
changes. During the closed system heat 
treatment, peak No. 6  increased from
31.4 to 49.3% due to the formation of 
p-cymene. This increase in p-cymene is 
thought to have been, in part, the result 
of hydrolysis and oxidation of the major 
constituent, a-terpinyl acetate (peak No. 
22), which decreased from 29.8 to 10.3%. 
The isomerization and oxidation of sabi- 
nene (peak No. 2) which decreased from 
5.7 to 0.1% may also have contributed to 
the formation of p-cymene. Hydrolysis of 
a-terpinyl acetate occurred when the 
cardamom seeds were exposed to acid 
conditions for 30 min at 100°C, as 
evidenced by the simultaneous increase in

Table 4 —R elative peak heights re po rted  as percentages o f  the  sum o f  the he ights o f  a l l  peaks on
chrom atogram s o f  the  vo la tile  o i l  o f  de co rtica ted  cardam om  seeds sub jected  to  so lu tio ns  o f  various 
pH 's  fo r  3  days a t  ro o m  tem perature.

P e a k
N o . 8 7

p H  o f  S o lu t io n  

6  5 4 3 b 2 b

1 1.1 0 .9 1 .3 1.1 1 .3 0 .8 1 .0
2 3 .4 3 .1 3 .5 3 .5 3 .6 2 .2 0 .1
3 1 .5 1 .4 1 .6 1 .6 1 .7 1 .2 1 .7
5 0 .1 0 .1 0 .1 0 .1 0 .1 0 .1 0 .1
6 2 9 .2 2 9 .4 2 9 .6 3 0 .2 3 0 .4 3 1 .0 3 1 .2
8 0 .2 0 .2 0 .3 0 .4 0 .5 1 .0 1 .4
9 1 .6 1 .5 1 .5 1.1 0 .8 0 .3 0 .6

11 7 .9 7 .8 8 .1 7 .7 7 .6 7 .7 7 .7
15 1 .2 1 .2 1 .4 1 .6 1 .9 2 .4 4 .7
16 4 .6 4 .6 5 .1 4 .4 4 .4 4 .7 6 .0
18 7 .4 7 .6 7 .0 7 .6 7 .4 5 .9 4 .2
2 0 0 .6 0 .6 0 .5 0 .6 0 .5 0 .4 0 .9
2 2 3 2 .4 3 3 .0 3 1 .4 3 1 .5 3 2 .1 3 5 .4 3 4 .6
2 3 a s 0 .1 s 0 .1 0 .1 — _

2 6 1 .6 1 .3 1 .4 1 .3 1 .1 0 .8 0 .1
2 7 1 .4 1 .2 1 .2 1 .3 1.1 0 .9 0 .4
3 0 1 .4 1 .4 1.5 1 .3 1 .3 1 .3 1 .4
31 2 .3 2 .0 2 .3 2 .3 2 .1 2 .1 1 .7

T O T A L 0 9 7 .9 9 7 .4 9 7 .8 9 7 .7 9 8 .0 9 8 .2 9 7 .8
a s is  a  s h o u ld e r  o f  a  m a jo r  p e a k .
b —n o  p e a k  o b s e r v a b le  u n d e r  th e s e  c i r c u m s ta n c e s .
c T r a c e  p e a k s  n o t  l i s t e d  a c c o u n t  f o r  t h e  r e m a in in g  p e r c e n ta g e .
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Table 5 —R elative peak heights re ported  as percentages o f  the sum o f  the he ights o f  a ll peaks on  
chrom atogram s o f  the vo la tile  o i l  o f  decortica ted  cardam om  seeds sub jected to so lu tions o f  various 
pH 's fo r  3 0  m in  a t  100°C.

P e a k
N o . 8 7

p H  o f  S o lu t io n  

6  5 4 3 2

1 0 .8 0 .9 0 .9 0 .6 0 .9 1 .0 0 .7
2 2 .6 2 .8 2 .5 1 .7 1 .8 0 .5 0 .8
3 1.1 1 .0 1 .2 0 .9 1 .2 1 .4 1 .3
5 0 .1 0 .2 0 .2 0 .2 0 .3 0 .5 1 .4

6 3 3 .3 3 2 .4 3 0 .6 2 7 .5 3 1 .8 3 1 .2 3 6 .4
8 0 .2 0 .3 0 .5 0 .5 0 .7 1 .2 1 .9
9 1 .3 1.1 0 .8 0 .5 0 .6 0 .6 4 .7

11 8 .2 7 .7 7 .7 7 .5 7 .5 7 .8 1 .0
15 1.1 1 .0 1 .4 1 .9 2 .2 3 .3 2 .2
1 6 4 .9 4 .6 4 .6 4 .6 4 .8 5 .5 2 1 .2
1 8 3.1 3 .7 3 .6 3 .6 3 .5 3 .2 0 .5
2 0 0 .5 0 .6 0 .6 0 .8 0 .6 0 .4 0 .4
2 2 3 5 .4 3 6 .7 3 7 .9 4 3 .0 3 7 .0 3 6 .5 1 5 .8
2 3 a s s s s s 0 .2 3 .7
2 6 1 .1 0 .9 0 .8 0 .6 0 .4 0 .2 0 .1
2 7 0 .8 0 .8 1 .0 0 .7 0 .6 0 .5 0 .8

3 0 1 .2 1.1 1 .3 1 .2 1 .2 1 .2 1 .3

31 2 .2 2 .1 2 .3 2 .1 2 .2 2 .0 1 .6

T 0 T A L b 9 7 .9 9 7 .9 9 7 .9 9 7 .9 9 7 .3 9 7 .2 9 5 .8

a s is  a  s h o u ld e r  o f  a  m a jo r  p e a k .
b T r a c e  p e a k s  n o t  l i s te d  a c c o u n t  f o r  t h e  r e m a in in g  p e r c e n ta g e .

its alcohol (Peak No. 16) from approxi
mately 5% to 21.2%. The probable isom
erization of linalyl acetate (peak No. 18) 
to nerol acetate (peak No. 23) illustrates 
another kind of chemical reaction possi
ble under both the heat treatments and 
the pH conditions at 100°C. Such an 
isomerization would be expected to in
volve the internal return of the acetate 
moiety from its more hindered tertiary 
position in linalyl acetate to the primary 
carbon atom in nerol acetate simulta
neously with double bond migration. If 
polymerization reactions are responsible 
for the loss of some of the constituents, 
the detection of the products would not 
be possible by the methods used in this 
experiment.

When cardamom seeds are used in 
food systems subjected either to high

temperature (above 149°C) or to high 
acid concentration (below pH 4) at an 
elevated temperature, changes may occur 
in the volatile constituents. Many pastry 
products which utilize cardamom are 
exposed to oven temperatures from 
149°C-205°C for 5—90 min. Some bev
erages utilizing cardamom have pH values 
as low as 2 . 8  and are exposed to simmer
ing conditions for 15—25 min. Cardamom 
is frequently used as a seasoning in fruit 
dishes that have a pH range from 2.6 to
4.6. Despite the low pH of the fruits used 
in salads, changes occurring in the volatile 
constituents of cardamom should be 
slight since fruit salads are normally held 
only for short periods of time and at 
relatively cold temperatures. However, 
cardamom that is included in cooked 
fruit products such as jellies, chutneys,

and marmalades which are heated for 
relatively long periods of time in a low 
pH medium is subjected to an environ
ment extremely conducive to changes in 
its volatile constituents.

The importance to consumer accept
ability of chemical changes occurring 
during the utilization of cardamom is yet 
to be established. A few of the changes 
can be predicted to be detrimental to the 
flavor and therefore, the acceptability of 
a product. The increase in peak 6  repre
sents p-cymene, a terpene with a petro- 
leum-like aroma. Further, this increase in 
p-cymene apparently occurs at the ex
pense of the major constituent, a-terpinyl 
acetate, a compound which contributes 
to the desirable flavor of this spice. More 
subtle changes in the aroma of carda
mom, for example that due to the isom
erization of linalyl acetate (peak No. 18) 
to nerol acetate (peak No. 23), may be 
either desirable or undesirable to a con
sumer. Although changes in minor 
constituents are not discussed in this 
paper, it is possible that these changes 
may affect the aroma significantly if the 
constituents have low odor thresholds.

REFERENCES
Anonymous. 1965. Gas chromatographic an

alytical m ethods. Essential Oil Association 
of U.S.A. J. Gas Chromatog. 3: 102. 

Guenther, E. 1952. The cardamom oils. In 
“ The Essential Oils,” VoL V, pp. 85—106 
and references therein. D. Van Nostrand 
Co., Inc., New York.

Ikeda, R.M., Stanley, W.L., Vannier, S.H. and 
Spitler, E.M. 1962. The m onoterpene 
hydrocarbon com position of some essential 
oils. J. o f Food Sci. 27: 455—458.

Jennings, W.G., Creveling, R.K. and Heinz, D.E.
1964. Volatile esters of Bartlett pear. IV. J. 
Food Sci. 29: 730—734.

Lewis, Y.S., Sankaran Nambudiri, E.. and 
Philip, T. 1966. Com position of cardamom 
oils. Perfumery and Essential Oil Record 57: 
623—628.

Nigam, M.C., Nigam, J.C., Handa, K.C. and 
Levi, L. 1965. Essential oils and their con
stituents. XXVIII. Exam ination of oil of 
cardamom by gas chrom atography. J. 
Pharm. S c i 54: 799—801.

Russell, G.F. and Jennings, W.G. 1970. Occur
rence of cis and trans sabinene hydrate in oil 
of Black Pepper. Synthesis by oxymer- 
curation-dem ercuration procedure. J. Agr. 
Food Chem. 18: 733.

Ms. received 8 /11/69; revised 5 /18 /70 ; accepted 
5/18/70.



FANG M. UNa and WALTER F. WILKENSa
Department of Food Science and Technology

New York State Agricultural Experiment Station, Cornell University, Geneva, New York 14456

VOLA TILE FLAVOR COMPONENTS OF COCONUT MEAT

S U M M A R Y —Gas, chrom atographic  and  mass-spectral techniques were e m p loyed  in  the iso la tion  
and id e n tif ic a tio n  o f  the vo la tile -flavo r com ponents o f  c o co n u t meat. 15 com pounds were po s i
t ive ly  id e n tifie d . Odors o f  au then tic  com pounds were described. B o th  de lta-C g, -Cm lactones and  
n -octano l were the m a jo r vo la tile  com ponents and  responsible fo r  the characte ris tic  arom a o f  
co co n u t meat. The co n tr ib u tio n s  o f  o th e r m in o r com ponents to  fla vo r and  th e ir significance were 
also described.

INTRODUCTION
COCONUT, the kernels of nuts of the 
coconut palm (Cocos nucifera), and its oil 
has been produced in the tropics and 
subtropics from the earliest times. Large 
amounts of coconut and coconut prod
ucts are utilized for human consumption 
in the areas of production. Desiccated 
coconut meat, known as “shredded coco
nut” in the United States, is used as an 
ingredient in confectionery and bakery 
products.

Coconut possesses a pleasant, charac
teristic aroma which appears to be an 
acceptable flavor to most people. Wolf 
(1963) studied the organoleptic proper
ties of grated coconut. Allen (1965) 
reported the presence of methylketones 
(C7, C9, Ci i , C13, C15) and delta- 
lactones (C6, C8, Cio, Ci 2 , Ci 4) in the 
volatile flavor constituents of coconut oil. 
The present work extends our knowledge 
of volatile constituents in coconut meat.

MATERIALS & METHODS
S a m p le  p r e p a r a t i o n

C o c o n u t s  w e re  o b t a in e d  f r o m  a  lo c a l  g ro 
c e r y  s to r e .  F r e s h  c o c o n u t  m e a t  w a s  s h r e d d e d  
a n d  p r e s s e d  w i th  a d d e d  w a t e r  ( 1 : 1 ,  w /v )  in  a  
c l o t h  f i l t e r  t o  r e m o v e  c o c o n u t  m i lk .  1 5 0  g  o f  
t h e  s h r e d d e d  c o c o n u t  m e a t  w e re  g r o u n d  in  a 
W a r in g  B le n d o r  w i th  d is t i l l e d  w a t e r  ( 1 : 5 ,  w /v )  
a t  lo w  s p e e d  f o r  3 .5  m in .  T h e  s lu r r y  w a s  t r a n s 
f e r r e d  t o  a  5 - l i t e r ,  r o u n d - b o t t o m e d  f la s k  p la c e d  
in  a  w a t e r  b a t h  a n d  t h e  f la s k  a t t a c h e d  t o  a  
r o t a r y  f la s h  e v a p o r a t o r  s u b s e q u e n t ly  c o n n e c t e d  
t o  a  L ie b ig  c o n d e n s e r  p a c k e d  w i t h  g la ss  b e a d s ,  a  
s p ira l  t y p e  ( F r i e d r i c h s )  c o n d e n s e r  a n d  a  5 0 0 - m l  
c o l l e c t i o n  f la s k  in  a n  ic e  b a t h .  W a te r  b a t h  
t e m p e r a tu r e  w a s  k e p t  a t  9 7  ±  1 ° C  a n d  v a c u u m  
a p p l ie d  w i th  a s p i r a t o r  ( 3 6  m m  H g ) u n t i l  5 0 0  m l 
o f  d i s t i l l a te  w a s  c o l le c te d .  3 2  r u n s  o f  a b o v e  d is 
t i l l a t i o n  w e re  m a d e  a n d  t h e  d i s t i l l a te s  c o m 
b in e d .

T h e  v o la t i le s  w e re  e x t r a c t e d  f r o m  t h e  c o m 
b i n e d  d i s t i l l a te s  w i th  r e d i s t i l l e d  C S 2 in  a  c o n t i n 
u o u s  l iq u id - l iq u id  e x t r a c t o r .

aPresent address: Quaker Oats Company, 
617 West Main Street, Barrington, Illinois 
60010.

G a s  c h r o m a to g r a p h y

C o m p o n e n t s  o f  t h e  C S 2 e x t r a c t  w e re  f r a c 
t i o n a t e d  w i th  a  V a r ia n  A e r o g r a p h  M o d e l  1 5 2 0 B  
g a s  c h r o m a t o g r a p h  o n  a  1 0  f t  b y  V i-in. o d  a lu 
m in u m  c o lu m n  p a c k e d  w i t h  2 0 %  S E -3 0  o n  
6 0 -7 0 - m e s h  A n a k r o m  A B  a t  a  h e l iu m  f lo w  r a t e  
o f  6 0  m l /m i n .  T h e  t e m p e r a t u r e  w a s  p r o 
g r a m m e d  f r o m  7 0  t o  2 7 5 ° C  a t  l ° C / m i n .  15 
f r a c t i o n s  w e r e  c o l l e c t e d  in  1 6 - in .  b y  2 -m m  id  
g la ss  t u b e s  w i t h  d ry - ic e  c o o la n t s .  E a c h  f r a c t i o n  
w a s  r e c h r o m a to g r a p h e d  o n  a  1 0 - f t  b y  % -in . o d  
a lu m in u m  c o lu m n  p a c k e d  w i th  2 5 %  C a r b o w a x  
2 0 M  o n  6 0 - 7 0 - m e s h  A n a k r o m  A B  a t  a  h e l iu m  
f lo w  r a t e  o f  6 0  m l /m i n .  T h e  t e m p e r a t u r e  w a s  
p r o g r a m m e d  f r o m  5 0  t o  2 5 0 ° C  a t  l ° C / m i n .  
T h e  s u b f r a c t io n s  w e r e  r e c h r o m a to g r a p h e d  o n  a  
1 0 - f t  b y  1 /8 - in .  o d  s ta in le s s  s t e e l  c o lu m n  
p a c k e d  w i th  2 5 %  C a r b o w a x  o n  6 0 -7 0 - m e s h  
A n a k r o m  A B  a t  a  h e l iu m  f lo w  r a t e  o f  3 0  m l /  
m in  w i th  t e m p e r a t u r e  p r o g r a m m in g  5 0 - 2 5 0 ° C  
a t  1 ° / m in u te  f o r  r e la t iv e  r e t e n t i o n  t im e  d a t a  
a g a in s t  a  s e r ie s  o f  e t h y l  e s t e r  s t a n d a r d s .

G a s  c h r o m a to g r a p h y - m a s s  s p e c t r o m e t r y

T h e  s u b f r a c t io n s  w e re  r e c h r o m a to g r a p h e d  
u n d e r  c o n d i t i o n s  s im i la r  t o  th o s e  u s e d  f o r  
r e t e n t i o n  t im e  d a t a .  T h e  e f f l u e n t  w a s  p a s s e d  
i n t o  a  h e a t e d  ( 2 0 0 ° C )  h e l iu m  s e p a r a t o r  (W a ts o n  
a n d  B ie m a n n ,  1 9 6 4 )  in t e r f a c e d  a t  t h e  i n l e t  o f  a 
M o d e l  1 2 -1 0 1 A  B e n d ix  T im e - o f - F l ig h t  m a ss  
s p e c t r o m e te r .  T h e  e lu t io n  o f  c o m p o u n d s  w a s  
o b s e r v e d  t h r o u g h  a  B e n d ix  t o t a l  o u t p u t  i n t e 
g r a t o r  a n d  a T e x t r o n i x  T y p e  5 4 5 B  o s c i l lo s c o p e .  
T h e  s c a n  r a t e  w a s  s e t  t o  g iv e  a  5 -s e c  s c a n  b e 
tw e e n  m / e  4 0  a n d  1 5 0 .

RESULTS & DISCUSSION
AN EXAMPLE of the chromatographic 
separation obtained from the volatile 
flavor of coconut meat on Carbowax 20 
M column is shown in Figure 1. Relative 
retention indices (Ip) of the unknown 
compounds were calculated relative to a 
series of internal ethyl ester standards, 
where the carbon chain length of the acid 
function represents a whole number 
(ethyl hexanoate = 6.00) (van den Dool 
and Kratz, 1963).

Approximately 32 peaks were evi
denced as shown in Figure 1. Not all of 
the peaks are identified because of mass 
spectral sensitivity limitation combined 
with overlapping peaks and background, 
especially at the higher temperature re
gion of the GLC program. Definite identi
fication of 15 volatile compounds was

obtained as shown in Table 1. The au
thentic compounds of the identified vola
tiles were sampled in bottle by untrained 
panelists for odor description.

In addition to even-numbered delta- 
lactones and methyl ketones reported in 
coconut oil (Allen, 1965), 11 com
pounds, i.e., octanal, 2 -heptanol, 2 -oc- 
tanol, 2 -nonanol, 2 -undecanol, hexanol, 
octanol, 2 -phenylethanol, benzothiazole, 
delta-undecalactone, ethyl decanoate are 
for the first time found in coconut.

Relatively large amounts of delta-C8  

and -C, 0  lactones were present. Their 
characteristic, coconut-like aroma is 
responsible for the typical flavor of coco
nut meat.

Dimick et al. (1969) recently reviewed 
the occurrence and biochemical origin of 
aliphatic lactones in milk fat and pro
posed the existence of saturated fatty 
acid delta-oxidation in the ruminant 
mammary gland. Tang and Jennings
(1968) found delta and gamma-C8  lac
tones in apricot and pineapple; delta and 
gamma-Cio lactones in peach and apri
cot. Fioriti et al. (1967) reported both 
delta- and gamma-aliphatic lactones in 
highly peroxidized soybean and cotton
seed oils but none of the lactones could 
be found in fresh, refined soybean oil. 
These lactones are postulated to arise 
from the high levels of hydroperoxides 
from the unsaturated fatty acids.

Delta-lactones but not gamma-lactones 
are found in coconut meat (Table 1) or 
its oil (Allen, 1965). Although catalytic 
pathways such as delta-oxidation of satu
rated fatty acids or delta-hydro xylation 
of unsaturated fatty acids may be in
volved in the formation of delta-lactones 
in coconut, it is also possible that the 
precursors of delta-lactones may arise 
from the intermediate compounds in
volved in the biosynthesis of higher fatty 
acids, and specific enzymes may be in
volved.

A large amount of n-octanol (Peak No. 
9 of Fig. 1) with its lilac odor may also 
contribute significantly to the coconut 
meat flavor. The n-octanol probably 
arises from its acetate which serves as an 
intermediate compound in the bio
synthesis of fatty acids and lactones in 
coconut. Kohashi et al. (1950) reported 
the preparation of n-octanol from the 
reduction of coconut-oil fatty acids at 
high temperature and pressure.

One of the distinct features of the 
coconut-meat flavor profile is the pres-
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TIME IN MINUTES
Fig. 1—Gas chrom atogram  o f  co co n u t m eat volatiles on Carbowax 2 0  M  co lum n.

Table 1—C om pounds fo u n d  in  the vo la tile  flavo r o f  co co n u t meat.

C o m p o u n d s
• f ,

U n k n o w n A u th e n t i c
M ass  s p e c t r a  

i d e n t i f i c a t i o n

O d o r  d e s c r ip t i o n  
o f  th e

a u t h e n t i c  c o m p o u n d s
P e a k  N o .  in  

F ig u r e  1

O c ta n a l 6 .6 0 6 .5 8 P o s i t iv e H e a v y  f r u i t y ,  n u t t y ,  r a n c id 1
2 - H e p ta n o l 6 .7 5 6 .6 6 P o s i t iv e O v e r - r ip e  b a n a n a ,  s l ig h t ly  p le a s a n t 2
H e x a n o l 7 .1 0 7 .0 0 P o s i t iv e H a r s h ,  g r e e n ,  g ra s s y ,  f r u i t y 3
2 - N o n a n o n e 7 .5 8 7 .5 0 P o s i t iv e P le a s a n t ,  f r u i t y 4
2 -O c ta n o l 8 .0 0 7 .6 6 P o s i t iv e H a r s h ,  f r u i ty 5
2 -N o n a n o l 8 .7 6 8 .6 5 P o s i t iv e S lig h t ly  f r u i t y ,  p u n g e n t 8
O c ta n o l 9 .1 3 9 .0 3 P o s i t iv e C i t r u s ,  l e m o n ,  l i la c ,  ro s e 9
2 -U n d e c a n o n e 9 .6 3 9 .5 6 P o s i t iv e — 10
E th y l  d e c a n o a te 1 0 .0 0 1 0 .0 0 P o s i t iv e P le a s a n t ,  f r u i t y 12

2 -U n d e c a n o l 1 0 .7 3 1 0 .5 5 P o s i t iv e - - 13
2 -P h e n y l  e t h a n o l 1 2 .5 4 1 2 .5 5 P o s i t iv e R o s e  a r o m a 18
B e n z o th ia z o le 1 3 .0 6 1 3 .0 5 P o s i t iv e H a r s h ,  m e d ic in a l 2 0
D e l ta - O c ta la c to n e 1 3 .1 4 1 3 .1 5 P o s i t iv e B u t t e r y ,  c o c o n u t - l ik e 2 0
D e l ta -D e c a la c to n e 1 5 .3 1 1 5 .3 5 P o s i t iv e T r o p ic a l  f r u i t ,  c o c o n u t - l ik e  b u t t e r y 2 3

D e l ta - U n d e c a la c to n e 1 6 .4 0 1 6 .3 9 P o s i t iv e B u t t e r y ,  c o c o n u t - l ik e 25
D o d e c a n o ic  A c id  

( L a u r ie  A c id )
2 0 .1 0 2 0 .4 0 T e n ta t iv e H a r s h ,  o i ly —

’ ij?  = R e la t iv e  r e t e n t i o n  t im e  in d ic e s .

ence of secondary alcohols (C7, C8, C9, 
Cn ).

A small amount of benzothiazole was 
detected (part of peak No. 20). It has 
been reported in butter oil (Forss et al.,
1967), stale milk (Arnold et al., 1966), 
and Swiss cheese (Langler et al., 1967). 
The origin and possible precursor of 
benzothiozole are not known.
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IDENTIFICATION OF DIM ETHYL TR ISU LFID E AS A MAJOR AROMA COMPONENT 
OF COOKED BRASSICACEOUS VEGETABLES

S U M M A R Y —A rom a, re ten tio n  tim e  and in fra -red  spectra o f  vo la tile  com ponents fro m  fo u r  vege
table varieties o f  Cruciferae Brassica oleracea were exam ined. Com ponents were separated b y  
gas-liqu id  chrom atography and characterized b y  d iffe re n tia l chrom atogram s fro m  a dual-de tecto r 
system. D im e th y l tr isu lf id e  was id e n tif ie d  as a m a jo r arom a com ponen t in  cooked  Brassicaceous 
vegetables. A  mechanism fo r  d im e th y l tr isu lf id e  fo rm a tio n  fro m  precursors know n to  be present in  
cabbage is proposed. N o evidence was fo u n d  to  ind ica te  th a t new  su lfu r com pounds develop as 
coo k in g  tim e increases. I t  is p roposed th a t the s trong unpleasant arom a w hich is characte ristic o f  
overcooked Brassicaceous vegetables is due to the gradual loss o f  pleasant vo la tile  com ponents and 
resu ltan t " unm asking"  o f  the unpleasant su lfu r com ponents.

INTRODUCTION
CRUCIFEROUS VEGETABLES are 
known to contain much organic sulfur. 
The characteristic flavor and odor of 
cooked vegetables of the genus Brassica 
have been attributed to volatile sulfur- 
containing compounds: hydrogen sulfide, 
dimethyl sulfide, dimethyl disulfide, allyl 
isothiocyanate, and allyl cyanide have 
been reported to be relatively abundant 
components of Brassicaceous vegetable 
volatiles (Simpson and Halliday, 1928; 
Dateo et al., 1957; Bailey et al., 1961; 
Hing and Weckel, 1964; MacLeod and 
MacLeod, 1968). Numerous other sulfur- 
containing compounds have been de
tected in Brassicaceous vegetable vola
tiles, but their importance with respect to 
vegetable flavor and aroma has not been 
established.

The amount of each compound 
present as a percentage of total volatile 
sulfur has been the criterion used to 
evaluate the role of volatile sulfur- 
containing compounds in cooked vege
table flavor and aroma. However, it is 
generally agreed that odor thresholds vary 
considerably for different chemicals. 
Volatile compounds present in trace 
amounts may contribute significantly to 
the characteristic flavor and aroma of 
fresh or cooked foods. This investigation 
was undertaken to evaluate the quality of 
volatile components from cooked Brassi
caceous vegetables and to identify the 
chemical structure of important compo
nents. Aroma, retention time, differential 
chromatogram, and infra-red spectra of 
volatile components from four Brassi
caceous vegetables were examined. Gas- 
liquid chromatography, using a com
b ination  of flame-ionization and 
electron-capture detection methods, was 
used to separate and characterize com
ponents. The flame-ionization detector 
responds almost equally to all organic 
compounds while the electron-capture 
detector is sensitive only to those com
pounds with electron affinity such as

conjugated carbonyls, organic nitriles, 
and su lfu r-con tain ing  compounds 
(Lovelock, 1963). Thus, a differential 
analysis of volatile components is made 
possible by use of the two-detector 
method. Moreover, since material passing 
through the electron-capture detector is 
not oxidized, the effluent can be evalu
ated for aromatic quality or collected for 
further identification.

EXPERIMENTAL
M a te r ia ls

F r e s h  B ru s se ls  s p r o u t s ,  c a b b a g e ,  b r o c c o l i ,  
a n d  c a u l i f lo w e r  w e r e  p u r c h a s e d  a t  lo c a l  r e ta i l  
m a r k e t s  a n d  u s e d  w i th in  3 d a y s .  T h e  v e g e ta b le s  
w e re  t r i m m e d ,  r in s e d  w i t h  w a te r  a n d  c u t  in to  
p ie c e s  f o r  b o i l in g :  B ru s s e ls  s p r o u ts  in  q u a r t e r s ,  
c a b b a g e  in  Vi' s h re d s ,  a n d  b r o c c o l i  a n d  c a u l i 
f lo w e r  in  1”  f lo r e t s .  2 5 0 g  o f  v e g e ta b le  w i th  1 
l i t e r  o f  b o i l in g  d i s t i l l e d  w a t e r  w e re  p la c e d  in  a  2 
l i t e r  b o i l i n g  f la s k  f i t t e d  w i th  a  s im p le  d i s t i l l a 
t i o n  h e a d  a n d  r a p id ly  b r o u g h t  b a c k  to  b o i l in g .  
D is t i l la te s  w e re  c o l le c te d  f o r  5  m in  p e r io d s  a t  
-  1 5 ° C .

D im e th y l  t r i s u l f id e  w a s  s y n th e s iz e d  ( b y  D r. 
R o b e r t  J .  P e te r s e n ,  N o r t h s t a r  R e s e a r c h  a n d  D e 
v e lo p m e n t  I n s t i t u t e ,  M in n e a p o l is ,  M in n e s o ta ) ,  
a c c o r d in g  to  t h e  m e t h o d  d e s c r ib e d  b y  W e s tla k e  
e t  a l. ( 1 9 5 0 ) ,  f r o m  d i m e t h y l  d i s u l f id e  a n d  s u l
f u r  u s in g  d ib u t y l a m i n e  as a  c a t a ly s t .  O th e r  
s u l f u r - c o n ta in in g  c o m p o u n d s  w e re  o b ta in e d  
f r o m  E a s tm a n  O rg a n ic  C h e m ic a ls  C o m p a n y  a n d  
u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n  a s  r e f e r e n c e  
s ta n d a r d s .

A p p a r a tu s

A  B e c k m a n  G C -2  g a s  c h r o m a to g r a p h  w i th  
h y d r o g e n - f la m e  d e t e c t o r  a n d  a  B a r b e r  C o lm a n  
m o d e l  5 0 6 0  C h r o m a to g r a p h  w i th  e le c t r o n -  
c a p t u r e  d e t e c t o r  w e r e  u s e d .  S ta in le s s  s te e l  !4”  
o .d .  b y  6 ’ c o lu m n s  p a c k e d  w i th  6 0 / 7 0  m e s h  
d i a to m a c e o u s  e a r t h  (A n a k r o m  A B S ) c o a t e d  
w i t h  1 0 %  C a r b o w a x  2 0  M w e re  u s e d  in  b o t h  
c h r o m a to g r a p h s  a t  7 0 ° C .  H e l iu m  w i th  a  f lo w  
r a t e  o f  7 0  m l  p e r  m in  w a s  t h e  c a r r ie r  g a s  in  th e  
B e c k m a n  s y s te m  a n d  a t t e n u a t i o n  5 X  1 0 2 . N i
t r o g e n  w a s  u s e d  in  t h e  B a r b e r  C o lm a n  s y s te m  
w i th  a t t e n u a t i o n  3 0  x  1 0 2 a n d  d e t e c t o r  v o l ta g e  
3 5 - 5 5  D .C .

I n f r a - r e d  s p e c t r a  w e r e  a n a ly z e d  in  a  P e rk in -  
E lm e r  5 2 1  G r a t in g  in f r a - r e d  s p e c t r o p h o t o m e t e r  
w i th  a  m ic ro  a t t a c h m e n t ,  u s in g  th e  0 .7 5  m m  
d ie  f o r  K B r p e l le ts .

P r o c e d u r e

D is t i l la te s  f r o m  t h e  b o i l in g  v e g e t a b le s  w e r e  
c o l le c te d  d u r in g  t h e  i n i t i a l  5  m in  o f  b o i l i n g  a n d  
a g a in  b e t w e e n  t h e  2 0 t h  a n d  2 5 t h  m in  a n d  b e 
tw e e n  t h e  4 0 t h  a n d  4 5 t h  m in .  1 0  m l  o f  v a p o r  
w e re  d r a w n  i n t o  a  H a m i l to n  g a s  t i g h t  s y r in g e  
f r o m  a b o v e  a  1 0  m l p o r t i o n  o f  v e g e t a b le  d i s t i l 
la te  h e ld  15 m in  a t  7 5  ° C  in  a  f o i l  c a p p e d  2 5 0  
m l E r l e n m e y e r  f l a s k ,  a n d  in je c te d  in t o  t h e  c h r o 
m a to g r a p h s .  O d o r s  w e re  e v a lu a te d  b y  t h e  in 
v e s t i g a to r  a s  t h e  v a p o r  c o m p o n e n t s  e m e rg e d  
f r o m  t h e  e l e c t r o n  c a p t u r e  d e t e c t o r  a n d  d e s c r ip 
t iv e  t e r m s  a p p l ie d .  T h e s e  t e r m s  a n d  th e  i n t e n 
s i ty  o f  t h e  o d o r s  w e re  c o n f i r m e d  in f o r m a l ly  b y  
2 - 3  o t h e r  l a b o r a t o r y  p e r s o n n e l  d u r i n g  r e p l i c a t e  
ru n s .  F o r m a l  o d o r  p a n e l  s t u d y  o f  c o l l e c t e d  m a 
t e r ia l  w a s  n o t  d o n e .  T h e  s e p a r a te  c h r o m a t o 
g ra m s  f r o m  t h e  2  c h r o m a to g r a p h  s y s te m s  w e r e  
n o rm a l iz e d  b y  u s in g  a n  a d j u s t m e n t  f a c t o r  d e 
te r m in e d  d a i ly  f r o m  th e  r e la t iv e  r e t e n t i o n  t im e s  
o f  a  r e f e r e n c e  c o m p o u n d ,  u s u a l ly  e t h y l  d i s u l 
f id e ,  in  t h e  2 s y s te m s .  D is t i l l a te s  f r o m  a t  l e a s t  6  
r e t a i l  l o t s  o f  e a c h  v e g e ta b le  w e r e  a n a ly z e d  c h r o 
m a  to g ra p h ic a l ly  a n d  o d o r  e v a l u a t io n s  w e re  r e p 
l ic a te d  3 t im e s  b y  t h e  s a m e  o b s e r v e r .  C o m 
p o s i t e  c h r o m a to g r a m s  w e r e  th e n  d r a w n  f r o m  
t h e  r e p l ic a t io n s .

F o r  c o m p a r i s o n  o f  in f r a - r e d  s p e c t r a  v o l a t i l e  
c o m p o n e n t s  w e r e  c o l l e c t e d  a s  t h e y  e m e r g e d  
f r o m  t h e  e l e c t r o n - c a p tu r e  d e t e c t o r  in  1 0  c m  
le n g th s  o f  3 m m  o .d .  p y r e x  tu b in g .  A  1”  t h i c k  
p ie c e  o f  d r y  ic e  w i t h  a  3 m m  d i a m e t e r  h o l e  
d r i l l e d  in  t h e  c e n t e r  w a s  u s e d  a s  a  c o n d e n s e r .  
T h e  e n d s  o f  t h e  t u b e  w e re  s e a le d  in  a n  o x y g e n  
f l a m e  a n d  t h e  s a m p le s  w e re  s to r e d  f r o z e n  u n t i l  
a n a ly z e d ,  u s u a l l y  w i th in  a  w e e k .

RESULTS & DISCUSSION
THE NORMALIZED composite chro
matograms of volatiles from vegetable 
distillates collected during the initial 5 
min of boiling are presented in Figures 1 
to 4.

A significant feature of the chro
matograms of all four vegetables was peak 

occurring at 3.2 min accompanied by 
intense unpleasant aroma and peak b 
occurring at 30 min accompanied also by

Table 1—R etention  tim e  o f  su lfu r com 
pounds.

C o m p o u n d
R e t e n t i o n  t im e  

( m i n u te s )

d i m e t h y l  s u l f id e 1 .0
d i m e t h y l  d i s u l f id e 5 .0
a l ly l  i s o  t h io c y a n a te 2 7 .5
d i e t h y l  d i s u l f id e 1 1 .2
e t h y l  s u l f id e 2 .0
n - b u ty l  s u l f id e 1 5 .5
n - b u ty l  is o  t h i o c y a n a t e 3 2 .0

5 4 0 - J O U R N A L  O F  F O O D  S C I E N C E - V o l u m e  3 5  ( 1 9 7 0 )
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Fig. 1—C hrom atogram s o f  vapor fro m  bo ile d  Brussels sprouts. Fig. 2 —Chrom atogram s o f  vapor fro m  b o ile d  b rocco li.

intense unpleasant aroma. Because of 
their intense unpleasant aroma, the com
pounds responsible for peaks a_ and _b 
were considered important aroma compo
nents and further study was done in order 
to establish their chemical identity. Com
parison of retention times with those of 
selected organic sulfur-containing com
pounds (Table 1) showed that the 
compounds represented by peaks a and b 
were not those commonly attributed to 
Brassicaceous vegetables.

Absence of peaks a_ and b̂  in the 
flame-detector system chromatogram in
dicated that the compounds responsible 
for these peaks had an unusual electron 
affinity which activated the electron- 
capture detector but failed to activate the 
flame-ionization detector because an in
sufficient quantity was present. An 
impurity in the dimethyl disulfide stand
ard with a retention time and aromatic 
characteristics similar to the component 
responsible for peak b was noted. The 
impurity was suspected to be dimethyl

trisulfide as disulfides have been reported 
to disproportionate upon standing to 
trisulfides and monosulfides (Oaks et al., 
1964). Dimethyl trisulfide was synthe
sized and compared to component b_. The 
following characteristics were found: ( 1 ) 
aromatic quality was similar to that of 
component Jr; (2) retention time was 
identical; (3) infra-red spectra were iden
tical when chromatographed and col
lected under similar conditions. Based on 
these properties, component has been 
identified as dimethyl trisulfide.

The chemical identity of component a 
remains unestablished at this time. The 
relative sensitivities of the electron- 
capture detector and flame-ionization 
detector were found by Oaks et al. 
(1964) to be <  0.48 for mercaptans, <  
0.04 for monosulfides and <  3.3 for 
saturated disulfides (relative sensitivity 
for dimethyl trisulfide = 240). The fact 
that component a was detected by the 
electron-capture detector but not by the 
flame-ionization system indicates that

component a is not a mercaptan, mono
sulfide, or saturated disulfide. The short 
retention time of component a indicates 
that it is a low molecular weight com
pound.

Based upon retention time in the 
electron-capture system, the presence of 
allyl isothiocyanate in cabbage and 
Brussels sprouts volatiles was indicated 
but not in sufficient quantity to con
tribute to aroma. There was also indi
cation in the flame-ionization system 
chromatogram that Brussels sprouts vola
tiles contain dimethyl disulfide, but 
under the conditions of this study, it was 
not an aromatically important compo
nent. Presence of dimethyl sulfide was 
not indicated in the chromatograms of 
volatiles from the four vegetables studied. 
This may be explained by the fact that 
the distillates were collected at — 15°C 
and the highly volatile dimethyl sulfide 
may have been lost. Others (Bailey et al., 
1961; MacLeod and MacLeod, 1968) who 
have reported dimethyl sulfide in cabbage
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Uio Overcooked Vegetable - Like

8

>

Pleosont, Floral, Grassy

Unpleasant, Very Intense

Pleasant, Floral

Unpleasant, Intense 
Pleasant
Vegetable - Like 

— No Odor
No Odor

“  Unpleasant, Very Intense
~ Unpleasont

Flome Ionization Detector Electron Capture Detector Aromotic Quality

Fig. 3 —Chromatograms o f  vapor from  b o ile d  cabbage. Fig. 4 —Chrom atogram s o f  vapor fro m  b o ile d  cau liflow er.

volatiles used liquid nitrogen to condense 
the volatiles and larger amounts of vege
tables than were used in these studies.

No evidence was found for the devel
opment of new sulfur-containing com
pounds as cooking time increased; chro
matograms of distillates collected at 
20-25 min and at 40-45 min indicated 
no additional peaks. The amounts of all 
components except three diminished as 
cooking progressed as evidenced by de
crease in peak size. The three exceptions 
were components a_ and b̂  and a mildly 
unpleasant component appearing at 9+ 
min, detected only by the flame-ioniza
tion system. Dimethyl trisulfide is there
fore an important aroma component 
because of its unpleasant quality and its 
continued volatilization during cooking 
of these vegetables. Thus it appears that 
the strong unpleasant aroma which is 
characteristic of overcooked Brassi-

caceous vegetables is due to the gradual 
loss of the more pleasant components and 
resultant “unmasking” of the unpleasant 
sulfur-containing components.

Although dimethyl trisulfide has been 
demonstrated to be an onion flavor com
ponent (Carson and Wong, 1961), its 
contribution to aroma of cooked vege
tables of the cabbage family has been 
unrecognized, probably due to its pres
ence in extremely low concentration. 
Using gas chromatography in combina
tion with mass spectrometry, Bailey et al.
(1961) detected in fresh cabbage di
methyl trisulfide as well as numerous 
isothiocyanates, sulfides, and disulfides; 
however, they did not evaluate the rela
tive importance of the various sulfur- 
containing compounds with respect to 
fresh cabbage aroma. The results here not 
only confirm the presence of dimethyl 
trisulfide in cabbage volatiles but attrib

ute to it an important role in cooked 
cabbage aroma because of its quality and 
intensity and its continued volatilization 
during prolonged cooking. In addition, 
these studies indicate that dimethyl trisul
fide is a major aroma component in 
cauliflower, broccoli and Brussels sprouts. 
Quantitatively, dimethyl trisulfide is not 
as prominant as dimethyl disulfide, di
methyl sulfide, and other sulfur-con
taining compounds reported by others, 
but its aromatic role in cooked Brassi- 
caceous vegetables appears to be impor
tant.

The formation of dimethyl trisulfide 
can be explained on the basis of precur
sors and reaction products already known 
to exist in cooked Brassicaceous vege
tables. The mechanism of dimethyl disul
fide formation from S-methyl-1 -cysteine 
sulfoxide, a free amino acid first isolated 
and characterized by Synge and Wood
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(1956), was proposed by Ostermayer and 
Tarbell (1960) as follows:

O
t  2 H 2 0

4 C H 3 - S - C H 2 - C H - C O O H  — >
I

n h 2

C H 3 - S - S - C H 3 +  4  C H 3C O C O O H  +

O
t

C H 3 - S - S - C H 3 +  4 N H 3
'l
o

The reaction proceeds through an un
stable intermediate CH 3SOH (sulfenic

O
t

acid) forming CH3 -S-S-CH3 (thiosulfi- 
nate) which rearranges to the disulfide 
and thiosulfonate.

From thermodynamic considerations, 
the presence of a trisulfide is not un
expected when the disulfide is present.

The formation of dimethyl trisulfide may 
result from the unstable sulfenic acid 
reacting with hydrogen sulfide as follows:

2 C H 3 S O H +  H 2 S - >  

C H 3 - S - S - S - C H 3 +  2 H 2 0

The evolution of H2S during cooking of 
cabbage is well known and has been 
reported to account for 25% of the total 
volatile sulfur of cabbage (Simpson and 
HaUiday, 1928). Further experimentation 
is needed to test the validity of the 
proposed mechanism.
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A RAPID GAS-LIQUID CHROM ATOGRAPHIC DETERM INATION FOR 
CAPSAICIN IN CAPSICUM SPICES

S U M M A R Y —The tr im e th y ls ily l (TM SI derivative o f  capsaicin was prepared fo r  s tandard capsaicin, 
weighed p o rtio n s  o f  oleoresins and  the  residues ob ta ined  fro m  the e th y l acetate e x trac tion  o f  red  
peppers. The derivative was q u a n tita tive ly  measured using a gas-liqu id  chrom atograph ic  (GLC) 
system equipped w ith  an a lk a li flam e d e te c to r ap p ro x im a te ly  2 5  times m ore  sensitive to  capsaicin 
than the un m o d ifie d  flam e io n iza tio n  de tec to r. Capsaicin recoveries fro m  5  fo r t i f ie d  oleoresins 
ranged fro m  9 6 .0 —103.0%. C alcula ted and  declared Scoville  un its  showed go od  agreement 
(96 .6—109.2%) fo r  6  capsicum  spices. V a n illy l N -nonoylam ide  and v a n illy l N -decoylam ide were 
snythesized and  the  TMS derivatives prepared. Chrom atogram s ob ta ined  fo r  these syn th e tic  analogs 
o f  capsaicin showed th a t they w o u ld  be de tected b y  the described technique i f  used as adulterants  
in  capsicum spices.

INTRODUCTION
THRESH (1876) first crystallized the 
pungent principle of capsicum spices and 
named it capsaicin. The structure of 
capsaicin was later shown by Nelson and 
Dawson (1923) to be the vanillylamide of 
isodecylenic acid.

Various methods have been employed 
for determination of the capsaicin 
strength of capsicum spices. In the United 
States, the most common means of esti
mating the pungency of capsicum spices 
is an organoleptic procedure introduced 
by Scoville (1912). However, the accu
racy of this method is limited and often 
exhibits poor reproducibility between 
laboratories.

A number of ultraviolet and colori
metric spectrophotometric procedures 
have been reported for the determination 
of capsaicin. A comprehensive review of 
these techniques was published in the 
first (1959) and second (1964) report of 
the Joint Committee of the Pharmaceu
tical Society. It was found that these 
procedures do not differentiate between 
capsaicin and its synthetic analogs.

The amides of vanillylamine and fatty 
acids are made easily and cheaply and 
offer attractive adulterants for capsicum 
spices. Nakajima (1946) has reported the 
toxic properties of such synthetic amides. 
Likewise, these amides do not have the 
same pungency as capsaicin and cause 
poor correlation of chemical and organo

leptic procedures.
A variety of techniques has been used 

in an attempt to detect the differences 
between the amides of capsaicin and 
those of saturated fatty acids. Todd
(1958) reported a procedure capable of 
distinguishing between these amides; 
however, this technique would not distin
guish between the vanillylamine amides 
of unsaturated fatty acids and capsaicin. 
Todd and Perun (1961) later reported a 
gas-liquid chromatographic method based 
on the detection of the methyl ester of 
the isolated fatty acid of capsaicin. 
Morrison (1967) recently reported the 
direct gas-chromatographic detection of 
capsaicin.

All of the previously listed methods 
involve lengthy isolation steps before 
determination of the capsaicin content of 
capsicum spices. A rapid and sensitive 
method has been developed which does 
not require isolation of capsaicin from 
capsicum oleoresins or the ethyl acetate 
extracts of ground red peppers. This 
procedure involves silanization of capsa
icin to improve its gas-liquid chromato
graphic properties. The level of capsaicin
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T a b l e  1 - M e t h o d  r e p r o d u c i b i l i t y  t e s t s .

%  Capsaicin found
Capsicum spice Assay 1 Assay 2 %  Reproducibility1

African Capsicum
oleoresin (1) 2.84 2.85 99.6

African Capsicum
oleoresin (2) 1,83 1.82 100.5

Capsicum oleoresin (3) 1.76 1.77 99.4
Capsicum oleoresin (4) 1.69 1.61 105.0
Capsicum red pepper

oleoresin (5) 0.960 0.990 97.0
Capsicum red pepper

oleoresin (6) 0.465 0.470 98.9

Ground cayenne red
p e p p e r(1) 0.232 0.239 97.1

Ground cayenne red
p e p p e r(2) 0.127 0.120 105.8

Ground red pepper (3) 0.0592 0.0584 101.4
Chili powder (4) 0.00587 0.00568 103.3

% Capsaicin by assay 1

% Capsaicin by assay 2

T a b l e  2 —  R e c o v e r y  o f  c a p s a i c i n  f r o m  f o r t i f i e d  C a p s i c u m  o l e o r e s i n s .

Capsicum spice
% Capsaicin 

added

% Capsaicin 
after

fortification % Recovery
African Capsicum

oleoresin (2) 1.47 3.29 96.7
Capsicum oleoresin (3) 1.40 3.16 103.0
Capsicum oleoresin (4) 1.39 2.94 96.5
Capsicum red pepper

oleoresin (5) 0.70 1.68 101.3
Capsicum red pepper

oleoresin (6) 0.70 1.16 96.0

dipped helix by  passing it very slowly in and 
ou t o f the flame of a Bunsen burner.) The 
coated helix was positioned in the F&M Model 
1609 flame ionization detector as illustrated in 
Figure 1.

A 1-m by 4.5-mm i.d. aluminum colum n 
packed w ith 3% Sli 30 on 8 0 - 100-mesh Gas 
Chrom Q was used with the following operating 
conditions:

detection is greatly improved by using an alkali flame detector instead of a standard flame ionization detector.
EXPERIMENTAL

Preparation o f  capsaicin standard
A modification of the procedure o f  Todd 

(1958) was used for the isolation of capsaicin 
from capsicum oleoresin. The isolated capsaicin 
was further purified using the hexane crystalli
zation procedure o f Todd et al. (1961).
Isolation o f capsaicin

600 ml o f  oleoresin (500,000 Scoville units) 
and 300 ml o f  70% acetic acid were shaken and 
allowed to separate overnight. The acid layer 
was drawn off and washed 3 times with 150-ml 
portions o f petroleum  ether (3 0 -6 0 °C  boiling 
range) and filtered; 600 ml o f water was added 
to  the washed acid layer and it was extracted 3 
times with 150-ml portions o f methylene chlo
ride. The m ethylene chloride was combined, 
washed 3 times with water to remove traces of 
acid and evaporated to about 150 ml. The solu
tion was cooled to room tem perature, 1 g of 
Norit A (acid-washed) decolorizing carbon 
added and the preparation mixed by shaking. 
Decolorizing carbon was removed by  filtering. 
Remaining color was further removed by twice 
repeating the decolorizing step. The solvent was 
evaporated and pure capsaicin obtained from 
the oily residue by crystallization from hexane.
Crystallization o f  capsaicin

A saturated solution o f capsaicin in hexane 
was prepared by boiling the residue in hexane 
for several minutes (about 300 mg of amide to 
100 ml o f  hexane). The saturated hexane was 
decanted from undissolved residue and added 
to  an equal volume o f boiling hexane. This mix
ture was allowed to stand until it cooled to 
room  tem perature and then stored overnight at 
0°C. (Seeding the solution with a few crystals 
o f capsaicin prior to cooling to 0°C prevents 
difficulties sometimes encountered during 
crystallization o f the amide.) Capsaicin purified 
in this m anner was found to have a purity of 
98+% (m.p. 6 5 .8 -6 6 .6°C).

Preparation of vanillyl N-nonoylamide 
and vanillyl N-decoylamide

Vanillylamine HC1 was obtained commer
cially (Aldrich Chemical Co.) and the free base 
isolated by  the procedure o f Nelson (1919), 
except that the amine was dried for 48 hr at 1 
mm in a vacuum desiccator as described by 
Challis and Clemo (1947). Nonoic and decanoic 
acids were obtained commercially (Applied 
Science Laboratories) and the acyl chlorides 
prepared by the procedure o f Challis and Clemo 
(1947). Vanillyl N-nonoylamide and vanillyl 
N-decoylamide were prepared from these com
pounds with the m ethod o f Nelson (1919).

Apparatus
An F&M Model 1609 gas chromatograph 

equipped with an alkali flame detector was used 
for the determ ination o f capsaicin. The m odifi
cation of the flame ionization detector to  an 
alkali flame detector was similar to that de
scribed by Giuffrida (1964), except that the 
platinum helix was coated with potassium chlo
ride instead of sodium chloride. The helix was 
prepared from a single piece o f 20-gauge plati
num iridium wire and consisted of a lower loop 
made to slip over the je t orifice and an upper 
loop to be located, o ff center, above the jet 
orifice (Fig. 1). The lower loop was formed by 
wrapping around a 3-mm o.d. glass rod 3 times. 
The upper loop was formed by wrapping 4 
times around a 5-mm o.d. glass rod. The upper 
loop o f the helix was coated with a saturated 
aqueous solution of pure KC1 (Corning satu
rated KC1 solution for pH meters). This loop 
was dipped into the solution and moved slowly 
in and ou t o f the flame of a Bunsen burner 
until all water had evaporated. Then the loop 
was held in the flame until the KC1 m elted. The 
helix was then removed from the flame and the 
KC1 allowed to solidify. This procedure was re
peated until a 1- to 1.5-mm layer o f fused salt 
had deposited on the interior o f the 5-mm i.d. 
loop of the helix. (Substantial loss o f  KC1 oc
curred when water was evaporated too rapidly 
from the helix after it had been dipped in the 
coating solution. Very little loss occurred when 
the water was slowly evaporated from the

Temperatures: (a) C olum n-210°C . (b) De- 
tec to r-2 7 5 °C . (c) In jec to r-275°C ; Gas flow 
rates: (a) Carrier g a s -50 ml per m inute he
liu m . (b )  A i r - 4 0 0  m l pe r m inute,
(c) H ydrogen-A djusted to  provide a baseline 
current o f 6  X  10’9 amps; Sensitivity: (a) 
R ange-100, (b) A tten u a to r-4 , 8 or 16. Chart 
speed-0 .5  in. per minute.
Determ ination o f  capsaicin in capsicum 
oleoresins

Oleoresin (1 0 0 -2 0 0  mg for high pungency 
levels or 200 to 400 mg for low levels) was 
accurately weighed into a calibrated 10-ml 
glass-stoppered graduated cylinder, the oleo
resin diluted to 4.00 ml with dry tetrahydro- 
furan (Baker’s Analyzed Reagent Grade—dried 
with anhydrous sodium sulfate) and 600 qliters 
each o f trimethylchlorosilane and hexam ethyl- 
disilzane added in this sequence w ith mixing 
after addition of each reagent. An accurately 
measured aliquot (3—7 qliters) o f  the solution 
was injected into the gas chrom atograph using a

I M M  G A P  
B E T W E E N  J E T  
O R I F I C E  A N D  
H E L I X

C O L L E C T O R  L O O P

P L A T I N U M  H E L I X  
C O A T E D  W I T H  KCI

I G N I T O R  W I R E

B . T O P  V I E W

P L A T I N U M  H E L I X  
C O A T E D  W I T H  K C I

C O L L E C T O R  L O O P

F i g .  1 — M o d i f i c a t i o n  o f  t h e  F & M  M o d e l  1 6 0 9  

f l a m e  i o n i z a t i o n  d e t e c t o r  t o  a n  a l k a l i  f l a m e  d e 

t e c t o r .



GLC DETERMINATION FOR CAPSAICIN-545

T a b l e  3 — C o m p a r i s o n  o f  c a l c u l a t e d  a n d  d e c l a r e d  S c o v i n e  u n i t s .

Capsicum spice
%  Capsaicin 

found1
Scoville units

Calculated

it Agreement 
o f Scoville. 

Declared units
African Capsicum

oleoresin (1) 2.84 482,800 500,000 96.6
Ground cayenne

red pepper (1) 0.236 40,120 40,000 100.3
Ground cayenne

red pepper (2) 0.128 21,760 20,000 108.8
Ground red pepper (3) 0.0588 9,996 10,000 99.9
Chili powder (4) 0.00578 983 900 109.2

1 Average o f 2 determinations. F i g .  2 — E t h y l  a c e t a t e  e x t r a c t i o n  o f  c a p s a i c i n  

f r o m  g r o u n d  C a p s i c u m  p e p p e r .

10-Mliter Hamilton syringe. After about 10 min 
an aliquot o f a similarly prepared standard solu
tion (0.387 mg capsaicin per ml) was injected. 
The capsaicin content o f  the capsicum oleoresin 
was determined by  comparison o f the peak area 
o f the amide obtained from the sample and the 
standard solutions.

6 capsicum oleoresins were analyzed in du
plicate. Portions o f 5 o f  these oleoresins were 
fortified with capsaicin and again analyzed. Re
covery values were calculated from  the concen
tration of capsaicin determined before and after 
fortification.
Determination of capsaicin in ground 
capsicum red peppers

Ground red pepper, 5.00 g, was weighed 
into a 125-ml glass-stoppered boiling flask, 80 
ml o f  ethyl acetate (Baker’s Analyzed Reagent 
Grade) added and the  m ixture refluxed for 2.5 
hr. The m ixture was allowed to  cool and the 
solvent decanted into a 100-ml glass-stoppered 
volumetric flask. The extracted ground pepper 
remaining in the boiling flask was washed with 
2, 10-ml portions o f  ethyl acetate and each 
washing decanted into the 100-ml volumetric 
flask. The extract was made to volume with 
ethyl acetate and mixed. 5 g o f  anhydrous so
dium  sulfate was added to  the solution, it was 
again mixed and the salt allowed to  settle. The 
m ixture was filtered, the  first 5 ml o f  filtrate 
discarded and 5 0 - 6 0  ml o f the filtrate col
lected. Solvent was removed from an accurately 
measured aliquot o f the filtrate (2 5 -5 0  ml) 
using a 50 ± 5°C water bath  and reduced pres
sure. The residue was quantitatively transferred 
to a 10-ml calibrated glass-stoppered graduated 
cylinder with sufficient dry tetrahydrofuran to 
provide a final volume of 4.00 ml. The cap
saicin TMS derivative was prepared and treated 
in the same m anner as described fo r weighed 
oleoresin after dilution to 4.00 ml with tetra
hydrofuran.
Calculation of Scoville units from 
capsaicin content

Todd (1958) reported a Scoville unit rating 
of 17,000,000 for pure capsaicin. This value 
was used to calculate the  Scoville units for the 
capsicum spices.

RESULTS & DISCUSSION
CAPSAICIN analyses of 6 samples of capsicum oleoresins and 4 samples of ground capsicum red pepper showed a reproducibility range of 97.0—105.8% (Table 1).A recovery range of 96.0—103.0% was obtained for 5 samples of capsicum oleo

resins fortified with capsaicin. Since these oleoresins contained capsaicin prior to fortification, recovery values were obtained by analyzing portions of each sample before and after fortification (Table 2).Scoville units calculated from the capsaicin content of 1 capsicum oleoresin and 4 samples of ground capsicum red pepper ranged from 96.6—109.2% of the declared values (Table 3).During the analyses of the previously described samples it was observed that addition of the TMS reagents resulted in sample and standard solutions that were cloudy. A small amount of precipitate settled from preparations after 2—3 hr. This condition was especially evident with residues obtained from the ethyl acetate extraction of ground red pepper. To assure homogeneous solutions, each preparation was mixed by shaking prior to removal of an aliquot for gas chromatography. The periodic analysis of sample preparations allowed to stand for up to 8 hr after formation of the TMS derivative indicated that the precipitate does not increase the method error. Recovery values, as well as close agreement of calculated and declared Scoville units, also indicated that the formation of the precipitate had no significant effect on the method’s accuracy. Additional tests showed that the TMS reagent can tolerate 500 mg of oleoresin or the residue obtained from the ethyl acetate extract of ground capsicum red pepper without affecting the accuracy of the method.All analytical results were based on alternately injecting a sample and standard TMS capsaicin solution at 10-min intervals. Several injections each of sample and standard solution were nude prior to each day’s analysis to assure optimum column performance.The extraction rate of capsaicin from ground capsicum red pepper during refluxing with ethyl acetate is shown in Figure 2. These data indicate that a 2.5-hr reflux time is sufficient to quantitatively extract capsaicin.To obtain the maximum response for capsaicin with the alkali flame detector, tests were conducted to determine the

CAPSAICIN (MICROGRAMS)
F i g .  3 — L i n e a r i t y  p l o t  f o r  t h e  a l k a l i  f l a m e  d e 

t e c t i o n  o f  t h e  T M S  d e r i v a t i v e  o f  c a p s a i c i n .

optimum position of the potassium chloride-coated helix. The position of the helix shown in Figure 1 provided the maximum sensitivity for capsaicin. The sensitivity of the alkali flame detector was found to be about 25 times the capsaicin response of the standard F&M Model 1609 flame ionization detector.A plot of the alkali flame detector response versus quantity of capsaicin injected showed a linear relationship over the range of 0.5—4 jig (Fig. 3).Standard capsaicin used for quantitation was isolated and purified as previously described. This standard was found to have a purity of 98.2% by the Spectro- photometric Difference Method as described in the second report of the Joint Committee of the Pharmaceutical Society
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MINUTES

F i g .  4 — T y p i c a l  c h r o m a t o g r a m  f o r  t h e  T M S  d e 

r i v a t i v e  o f  s t a n d a r d  c a p s a i c i n .  1 - m  b y  4 . 5 - m m  

i . d .  a l u m i n u m  c o l u m n  p a c k e d  w i t h  3 %  S E  3 0  

o n  8 0 — 1 0 0 - m e s h  G a s  C h r o m  Q .  C o l u m n :  

2 1 0 ° C ;  d e t e c t o r :  2 7 5 ° C ;  i n j e c t o r  p o r t :  2 7 5 ° C ;  

f l o w - r a t e :  5 0  m l  p e r  m i n u t e  h e l i u m ;  s e n s i t i v i t y :  

3  x  1 0 ~ 9  a m p s  f u l l  s c a l e  d e f l e c t i o n .  S a m p l e  s i z e  

i n j e c t e d :  3 . 8  g l i t e r s  r e p r e s e n t i n g  0 . 3 8 7  m g  c a p 

s a i c i n  p e r  m l .

F i g .  5 — T y p i c a l  c h r o m a t o g r a m s  f o r  C a p s i c u m  

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

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

G L C  c o n d i t i o n s  s a m e  a s  l i s t e d  i n  F i g u r e  4 ,  w i t h  

t h e  e x c e p t i o n  o f  s e n s i t i v i t y .  C h r o m a t o g r a m  A :  

O l e o r e s i n  ( 2 8 7 , 0 0 0  S c o v i n e  u n i t s ) .  S a m p l e  s i z e  

i n j e c t e d :  6 . 9  g l i t e r s  c o n t a i n i n g  0 . 0 2 5 3  g  o l e o -g
r e s i n  p e r  m l .  S e n s i t i v i t y :  6 X 1 0  a m p s  f u l l -  

s c a l e  d e f l e c t i o n .  C h r o m a t o g r a m  B :  G r o u n d  r e d  

p e p p e r  ( 1 0 , 0 0 0  S c o v i l l e  u n i t s ) .  S a m p l e  s i z e  i n 

j e c t e d :  5 . 9  g l i t e r s  r e p r e s e n t i n g  0 . 2 4 0  g  o f  p e p -
9

p e r  p e r  m l .  S e n s i t i v i t y :  3 x 1 0  a m p s  f u l l - s c a l e  

d e f l e c t i o n .

(1 9 6 4 ) . A ty p ic a l c h ro m a to g ra m  o f  th e  
TM S deriv a tiv e  o f  cap sa ic in  s ta n d a rd  is 
i llu s tra te d  in F ig u re  4 . 2 peak s w ere  
e v id en t o n  th e  c h ro m a to g ra m . 1 p eak  was 
fo u n d  to  have an  a rea  re p re se n tin g  2.5%  
o f  th e  o th e r  p e ak  area . T h e  sm all p eak  
h ad  a re la tiv e  r e te n tio n  t im e  o f  0 .8 4  to  
th e  large  p eak . A sim ilar c h ro m a to g ra m  
was o b ta in e d  fo r  a seco n d  capsaicin  
s ta n d a rd  (9 3 .4 %  p u r i ty )  p re p a re d  by  th e  
p ro c e d u re  o f  S u zu k i e t al. (1 9 5 7 ) . C a lcu 
la tio n s  fo r  th e  cap sa ic in  c o n te n t  o f  cap 
sicum  sp ices w ere  based  o n ly  o n  th e  a rea  
o f  th e  large  p e ak  (c ap sa ic in ); th e re fo re , 
th e  id e n tif ic a t io n  o f  th e  sm all p e ak  was 
n o t  d e te rm in e d . H o w ev er, th e  re la tiv e  
p eak  a rea  o b ta in e d  fo r  th e  c o m p o u n d s  
using  th e  n itro g en -sen sitiv e  d e te c to r ,  iso 
la tio n  tec h n iq u e s  u sed  to  p re p a re  th e  
te s te d  s ta n d a rd s , p u r i ty  analysis o f  th e  1 
cap sa ic in  s ta n d a rd  (9 8 .2 % ) an d  th e  re la 
tive  r e te n tio n  t im e  o f  th e  sm all p eak  to  
th e  large  p eak  to g e th e r  in d ic a te d  th e  
p o ss ib ility  o f  a se c o n d  am id e  in  th e  
s ta n d a rd  c lo se ly  re la te d  to  capsaic in . 
T h ese  o b se rv a tio n s  w e re  fo u n d  to  agree 
w ith  th o se  r e p o rte d  by  T o d d  an d  P erun
(1 9 6 1 ) . T h e y  have in d ic a te d  th e  p o ss i
b ili ty  o f  a se c o n d  a m id e  in  capsicum

spices an d  suggested  th a t  th e  am id e  m ay  
be  th e  f a t ty  acid  h o m o lo g o u s  to  isode- 
c y len ic  ac id , b u t  1 c a rb o n  sh o rte r .

T y p ic a l c h ro m a to g ra m s  fo r  th e  c a p 
sa icin  TM S d eriv a tiv e  in  cap sicu m  o leo- 
re sin s  a n d  th e  re s id u e  fro m  th e  e th y l 
a c e ta te  e x tra c t io n  o f  g ro u n d  capsicum  
red  p e p p e r  a re  i llu s tra te d  in  F ig u re  5. 
T hese  c h ro m a to g ra m s  also e x h ib it  th e  
large p eak  p re ce d ed  b y  a sm a lle r  peak  
sim ila r to  th a t  p rev io u sly  d esc rib e d  fo r 
th e  s ta n d a rd  cap sa ic in .

T h e  G L C  c o lu m n  u sed  in  th e  d esc rib ed  
m e th o d  w as te s te d  to  d e te rm in e  its  ab il
i ty  to  se p a ra te  o th e r  TM S deriv a tiv es o f  
am id es c losely  re la te d  to  cap sa ic in . Va- 
n illy l N -n o n o y la m id e  an d  v an illy l N- 
d e co y lam id e , 2 c lo se ly  re la te d  an alo g s o f  
c ap sa ic in , w ere  sy n th e s iz e d  as p rev io u s ly  
d esc rib ed . T hese  c o m p o u n d s  sh o w ed  
m eltin g  p o in ts  a n d  p u n g e n cy  c h a ra c te r 
istic s s im ila r to  th o se  r e p o rte d  b y  N elson  
(1 9 1 9 ) . T hese  am id es w ere  c h ro m a to 
g rap h ed  b o th  in d iv id u a lly  a n d  in  a m ix 
tu re  w ith  cap saic in . A re la tiv e  re te n tio n

F i g .  6 — C h r o m a t o g r a m s  o f  t h e  T M S  d e r i v a t i v e  

o f  v a n i l l y l  N - n o n o y l a m i d e  a n d  v a n i l l y l  N - d e -  

c o y / a m i d e .  G L C  c o n d i t i o n s ,  s a m e  a s  l i s t e d  i n  

F i g u r e  4 .  C h r o m a t o g r a m  A :  3 . 8  g l i t e r s  r e p r e 

s e n t i n g  0 . 3 7 5 m g  v a n i l l y l  N - n o n o y l a m i d e  p e r  m l .  

C h r o m a t o g r a m  B :  3 . 8  g l i t e r s  r e p r e s e n t i n g  0 . 2 6 7  

m g  v a n i l l y l  N - d e c o y l a m i d e  p e r  m l .  C h r o m a t o 

g r a m  A C B :  5 . 7  g l i t e r s  r e p r e s e n t i n g  0 . 0 9 6 ,  

0 . 1 8 4  a n d  0 . 0 6 7  m g ,  r e s p e c t i v e l y ,  o f  v a n i l l y l  

N - n o n o y l a m i d e  ( A ) ,  c a p s a i c i n  ( C )  a n d  v a n i l l y l  

N - d e c o y l a m i d e  ( B )  p e r  m l .

t im e  to  cap saic in  o f  0 .8 8  w as o b ta in e d  
fo r  v an illy l N -n o n o y la m id e  a n d  1 .21 fo r  
v an illy l N -d e co y la m id e . T h ese  d a ta  sh o w  
th a t  c o m p le te  se p a ra tio n  w as n o t  o b 
ta in e d  fo r  all 3 o f  th e  am id es  o n  a 1-m, 
3%  SE 30  G L C  c o lu m n . H o w ev er, su ff i
c ie n t se p a ra tio n  w as ach iev ed  b e tw e e n  
cap sa ic in  a n d  th e  s y n th e tic  a m id e s  to  
in d ic a te  th e ir  p re sen ce  in  c ap s ic u m  sp ices 
(F ig . 6).

G L C  c o lu m n s  u sed  fo r  th e  d e sc rib e d  
m e th o d  have  e x h ib ite d  lo n g  life  w ith  
g o o d  e ffic ie n c y  w h e n  th e  glass w o o l p lug  
in  th e  in le t en d  o f  th e  c o lu m n  w as 
re p la ce d  p e rio d ica lly  ( a f te r  e v e ry  4 0 —50 
an aly ses). C o n tin u a l a c c u m u la tio n  o f  
n o n v o la tile  p ro d u c t  m a te ria l o n  th e  glass 
w o o l p lug  e v en tu a lly  r e su lte d  in  p eak  
b ro a d en in g  if  n o t  re m o v e d  p e r io d ic a lly  
f ro m  th e  co lu m n .
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A .  L I F S H I T Z ,  W .  L .  S T A N L E Y  a n d  Y .  S T E P A K  

D e p a r t m e n t  o f  B i o c h e m i s t r y ,  T e l - A v i v  U n i v e r s i t y ,  T e l - A v i v ,  I s r a e l

COMPARISON OF VALENCIA ESSENTIAL OIL FROM CALIFORNIA, FLORIDA AND ISRAEL

S U M M A R Y — S a m p l e s  o f  e s s e n t i a l  o i l s  f r o m  C a l i f o r n i a ,  F l o r i d a  a n d  I s r a e l ,  a l l  o f  V a l e n c i a  o r a n g e ,  

w e r e  a n a l y z e d  f o r  p e r c e n t  a r e a  i n  G L C  o f  C g , C g  a n d  0 a l d e h y d e s ,  a s  w e l l  a s  f o r  t h e i r  t o t a l  

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

a n d  a r e  b o t h  d i f f e r e n t  f r o m  t h a t  o f  t h e  C a l i f o r n i a  o i l .  A s  f o r  t h e  c a r b o n y l  c o n t e n t ,  t h e  3  o i l s  w e r e  

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

INTRODUCTION

ORANGES of the Valencia species are grown in various countries of the world; the differences in soil, climate, etc., have an influence on the composition of the essential oil extracted from the fruit. Stanley and Vannier (1959) have shown that there exists a marked difference between the oil of lemons grown in California and in Arizona, and even between the oil of lemons, grown in different parts of California. On the occasion of Dr. Stanley’s visit to Israel, he brought

with him results of analyses performed on Valencia essential oils of California and Florida origin. It was found valuable to compare his findings with analyses of Israel oil of the same Valencia species.
EXPERIMENTAL

EACH OF the 18 California and 19 Florida 
samples examined was a composite o f daily 
samples taken from commercial production of 
2 processing plants in the respective states, for 
each working m onth during 1959, 1960 and 
1961. They were examined for the following 
parameters:

a) Following separation, according to the 
Girard m ethod (Stanley et al., 1961), the alde
hyde fraction was injected into a gas chrom ato
graph and the percent area from the total alde
hyde area o f octanai, nonanal, decanal, neral, 
geranial and 2 unidentified aldehydes was meas
ured.

b) The terpene fraction was injected into a 
gas chromatograph and the percent area from 
the total terpene area o f a-pinene, sabinine, 
myrcene and d-limonene was measured.

c) Total carbonyls, according to the 
m ethod of Fritz et al. (1959).

d) Total hydrocarbons, according to the 
m ethod o f Ikeda et al. (1962).

e) Citral content, according to the m ethod 
of Stanley et al. (1958).

The 29 Israel oils were chosen statistically 
from the 300 samples taken from 10 factories 
situated in different areas o f Israel during 1968. 
They were analyzed by direct injection into a

T a b l e  1 — E s s e n t i a / o i l s  f r o m  F l o r i d a  a n d  C a l i f o r n i a .

Parameters examined

Florida California

Average
Standard
deviation

Coeff. of 
variation Average

Standard
deviation

Coeff. of 
variation

Percent area o f octanai1 35.43 5.58 0.158 28.89 5.84 0.202
Percent area o f nonanal1 6.08 1.10 0.181 5.36 1.09 0.203
Percent area o f decanal1 41.43 5.48 0.133 47.85 5.55 0.115
Percent area o f unknown aldehyde1 0.38 1.28 3.37 1.74 2.57 1.47

Percent area o f undecanal1 0.59 0.45 0.73 2.07 1.39 0.67
Percent area o f unknown aldehyde1 0.16 0.38 2.37 0.60 1.25 2.07

Percent area o f dodecanal1 5.15 1.64 0.32 7.58 2.20 0.29

Percent area o f neral1 1.00 0.77 0.76 0.76 0.74 0.905

Percent area o f  geranial1 9.55 3.38 0.35 4.94 3.37 0.68

Total hydrocarbons (percent) 90.70 2.53 0.027 89.38 2.38 0.027

Percent area o f pinene 0.10 0.16 1.60 0.26 0.21 0.81

Percent area o f sabinene 0.09 0.18 1.95 0.17 0.23 1.35

Percent area o f myrcene 1.26 0.48 0.38 1.27 0.38 0.305

Percent area of d-limonene 98.51 0.70 0.007 98.28 0.70 0.007

Total carbonyls (percent) 1.53 0.19 0.12 1.20 0.21 0.183

Percent citral 0.22 0.08 0.35 0.11 0.02 0.22

1 Percent area from total aldehydes.
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T a b l e  2 — E s s e n t i a !  o i l s  f r o m  I s r a e l ,  F l o r i d a  a n d  C a l i f o r n i a .

Property

Israel Florida California

Average
Standard
deviation

Coeff. of 
variation Average

Standard
deviation

Coeff. of 
variation Average

Standard
deviation

Coeff. o f  
variation

Percent area o f octanal1 45.50 6.31 0.138 42.20 6.49 0.159 35.10 6.72 0.192
Percent area o f  nonanal1 7.90 0.64 0.081 7.45 1.16 0.156 6.53 1.31 0.201
Percent area o f  decanal1 46.60 3.13 0.06 50.35 6.10 0.12 58.37 6.90 0.118
Percent o f total carbonyl 1.37 0.167 0.122 1.53 0.19 0.124 1.20 0.21 0.175

1 Percent area from octanal + nonanal + decanal.

T a b l e  3 — A n a l y s i s  o f  v a r i a n c e  o f  t o t a l  c a r b o n y l s .

Florida Israel California
Average 1.53 1.37 1.20
Standard deviation 0.19 0.167 0.21
No. o f samples 19 29 18

F ratio 9.72
8.75

gas chromatograph w ithout previous separation 
and were examined only for the percent area in 
GLC of octanal, nonanal and decanal, as well as 
the total carbonyl, as a statistical factor analysis 
o f the American oils has shown that only these 
4 parameters are valuable for comparison.

RESULTS & DISCUSSION

T a b l e  4 — A n a l y s i s  o f  v a r i a n c e  o f  p e r c e n t  a r e a  o f  o c t a n a l .

Florida Israel California
Average 42.2 45.5 35.1
Standard deviation 6.72 6.30 6.72
No. o f samples 19 29 18

F ratio 2.98
28.8

T a b l e  5 — A n a l y s i s  o f  v a r i a n c e  o f  p e r c e n t  a r e a  o f  n o n a n a l .

Florida Israel California
Average 7.45 7.90 6.53
Standard deviation 1.15 0.64 1.31
No. o f samples 19 29 18

F ratio 3.03
17.8

RESULTS of the American oils examined for 16 parameters are shown in Table 1.To determine the parameters most suitable for comparison, a statistical evaluation of the American results was made.The criteria were:a) Parameters exhibiting the smallest coefficient of variationb) Parameters not season-dependentc) Parameters giving fairly high resultsd) Parameters not strongly correlated to other parameters, so that independent factors are measured.It was found that only 4 parameters are adequate. Table 2 gives the particulars of the comparison.As the analyses had been performed in different years and at different places using different instruments and working conditions, the percent area in GLC and not the actual areas were compared.Analysis of variance of the results is shown in Tables 3, 4 and 5. It can be seen

from Tables 4 and 5 that Israel and Florida oils are similar in their Cs, C9 and Cj 0 aldehyde ratios and that both oils are significantly different from the oil of California. These facts should be further commented on by agricultural chemists as to what factors are dominant, when influencing the properties of the fruit constituents. The climate in Israel is considered much more similar to that of California than of Florida, yet the essential oil pattern, as shown, is more similar to that of Florida.As for the total carbonyl content, Table 3 shows that the oils of different states are diffferent. The Florida oil is richest in carbonyl compounds, whereas the California is poorest, with the Israel oil falling between them. These values are not necessarily indicative of the fragrance

or the economical value of the essential oil.
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CYTOLOGICAL EFFECTS OF JUICE OR PUREE FROM IRRADIATED STRAWBERRIES

S U M M A R Y —Vicia faba r o o t s  w e r e  t r e a t e d  4  h r  w i t h  u n d i l u t e d  j u i c e  o r  p u r e e  f r o m  s t r a w b e r r i e s  

i r r a d i a t e d  w i t h  2 0 0  o r  4 0 0  K r a d  o f  g a m m a  r a d i a t i o n  f r o m  Co60 a n d  f r o m  c o n t r o l  b e r r i e s .  2 0 0  

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

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

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

n o t  s i g n i f i c a n t  a t  t h e  1 %  l e v e l  ( " t "  t e s t )  i n  a l l  t h e  7  e x p e r i m e n t s  w i t h  2 0 0  K r a d  a s  t h e  r a d i a t i o n  

d o s e ,  a n d  i n  6  o f  7  e x p e r i m e n t s  w h e n  t h e  d o s e  w a s  4 0 0  K r a d .  I n  1 e x p e r i m e n t  w i t h  a  4 0 0 - K r a d  

d o s e ,  t h e  d i f f e r e n c e  b e t w e e n  p e r c e n t a g e s  o f  a b n o r m a l  a n a p h a s e s  w a s  b a r e l y  s i g n i f i c a n t  a t  t h e  5 %  

l e v e l  o f  c o n f i d e n c e .

INTRODUCTION

THE FEASIBILITY of irradiating fruits or fruit juices to prolong shelf life has been investigated for several years. Of all the fruits studied in this respect, the strawberry shows the greatest promise for practicable use of and economic benefit from irradiation as a fungicidal treatment. The required fungicidal dose, 200 Krad of gamma radiation, does not cause adverse changes in fruit quality, and extends shelf life by 3-6 days (Sommer and Maxie,1966).As a consequence of projected use of irradiation as a food preservative, concern has been expressed that radiomimetic substances might be formed in irradiated foods and be injurious to the consumer. A number of reports have subsequently dealt with effects on chromosomes of irradiated food substances, chiefly carbohydrates or foods containing large quantities of them. Only 2 studies, to our knowledge, have been concerned with effects of juice from irradiated fruits or of irradiated fruit juice. Chopra et al. (1963) reported chromosome aberrations in 14.3% of barley root tip cells and in 8.5% of onion root tip cells after 4 hr of treatment with orange juice irradiated with 200 Krad of gamma radiation, followed by 24 hr on water-soaked filter paper. They noted also 9.1% aberrant mitoses in barley roots treated 4 hr with irradiated (200 Krad) apple juice, then 24 hr on wet filter paper. Màkinen et al.(1967) reported 8.0% of chromosome breaks in 300 cells after 4 hr of treatment with juice from pineapples given a dose of 100 Krad of gamma radiation, and 17.3% chromosome breaks when the radiation dose was 500 Krad. All the above percentages are above the respective control values. Since commercial irradiation of the strawberry is technically promising, it seemed desirable to obtain evidence concerning possible radiomimetic agents in irradiated strawberries. Reported here are the effects on Vicia fa b a root tip chromosomes of treatments with juice or puree from irradiated and nonirradiated strawberries.

MATERIALS & METHODS

STRAWBERRIES, obtained from a commercial 
wholesale source, represented samples through
out most o f the fruiting season in Central Cali
fornia. Aside from time in transit to  the labora
tory, to and from the radiation facilities and 
during irradiation, the berries were kept at 
32°F. The radiation dosages were 200 and 400 
Krad. Conditions o f irradiation were: gamma 
rays from Co60 delivered at a rate o f 5.5 Krad/ 
min by an AEC Mark II irradiator, temperatures 
o f 7 0 -7 6 °F  in the chamber and air circulated 
through it at a rate o f 5 0 0 -6 0 0  ml/min. The 
experiments were completed within 24 hr after 
irradiation ended. After irradiation, berries 
were washed, hulled and pureed in a blender. 
Juice was obtained by centrifuging the puree at 
4,500 rpm for 1 hr, then centrifuging the super
natant at 12,500 rpm for Vi hr.

Seedlings o f V. fa b a  cv. Bell were grown 
under aseptic conditions at 23°C. 12 seedlings 
were suspended over each treatm ent dish with 
primary roots immersed in 30 ml o f undiluted.

unsterilized juice or puree. The juice was too 
viscous to  be filter-sterilized and autoclaving 
would have altered some natural properties. 
The dishes were kept in a 23° incubator during 
the 4-hr treatm ents. Im mediately before and 
again after treatm ent, the pH and soluble solids 
o f each solution were determined. The root tips 
were fixed for 24 hr in 3:1 95% ethanol-glacial 
acetic acid. Fixation numbers were coded. 
After fixation the root tips were hardened at 
least 5 days in 70% ethanol. Untreated root tips 
provided data for the base control.

The pH of the puree and juice was relatively 
low, ranging from 3.5 to 4.15 for different lots 
o f berries. Previously, we had found that su
crose solutions adjusted to similar low pH 
values cause more damage to chromosomes 
than at pH 4.5 and higher (Bradley et al.,
1968). We wished to  determine, therefore, how 
berry juice adjusted to higher pH values would 
affect percentages o f aberrant mitoses. Use of 
phosphate or citrate buffers was not desirable, 
for we found that when added to sucrose solu
tions, they damaged the root tips and increased 
chromosome abnormalities. Moutschen and 
Matagne (1965) had also reported unfavorable 
effects o f such buffers on chromosomes. The 
effect o f 1 N KOH was, therefore, tested as a 
means o f increasing the pH o f the berry juice. 
Such large quantities were required to raise the 
pH, however, that the resulting mixture bore 
little resemblance to the natural juice. The plan 
to  test the effects o f  berry juice at higher pH 
values, was, therefore, abandoned. Because of

T a b l e  1 - P e r c e n t a g e s  o f  a b n o r m a l  a n a p h a s e s  i n  Vicia faba r o o t  t i p s  t r e a t e d  4  h r  w i t h  j u i c e  o r  

p u r e e  f r o m  i r r a d i a t e d  ( 2 0 0  K r a d )  a n d  c o n t r o l  s t r a w b e r r i e s .

Mean % Mean %
Mean No. abnormal Mean no. abnormal

% 'airaphases anaphases anaphases anaphases
Experim ent

No. PH
Soluble
solids

Radiation
dosage

per
replicate

per
replicate

per
replicate

per
replicate

Irradiated berries Control berries
Juice

1 3.65 7.0 200 Krad 292 11.2 309 10.2
2 3.72 10.77 200 Krad 665 8.7 579 8.2
3 4.15 8.5 200 Krad 384 9.0 346 8.5
4 3.65 9.0 200 Krad 259 12.5 375 9.8
5 3.5 10.0 400 Krad 332 12.81 474 7.6
6 3.5 9.35 400 Krad 166 8.3 183 11.0
7 3.65 8.6 400 Krad 198 11.2 238 8.8
8 3.55 8.51 400 Krad 186 6.5 223 8.8

Puree
9 3.65 9.93 200 Krad 352 5.3 289 8.0

10 3.7 10.68 200 Krad 222 9.6 293 10.6
4 2 3.65 9.0 200 Krad 236 8.2 346 8.0
6 2 3.5 9.35 400 Krad 166 9.0 151 12.2
j 2 3.65 8.6 400 Krad 122 10.4 155 10.0
82 3.55 8.51 400 Krad 119 8.5 96 7.5

Base control: 9% abnormal anaphases.
1 Significantly different from the control at the 5% level.
2The same shipment o f berries was used for the juice experiment having the same number.
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the low pH of berry juice and puree, it was 
necessary to obtain data concerning chromo
some aberrations from propionocarmine-stained 
anaphases instead of Feulgen-stained meta
phases, which would have enabled critical anal
yses of aberration types and frequencies per 
cell.

After root tip treatment with low pH solu
tions, the chromosomes cannot be contracted 
by any of the usual contracting agents, nor can 
they be stained by the Feulgen method. To 
offset in some measure the variability among 
root tips in percentages of naturally occurring 
abnormal anaphases, the terminal 1-mm regions 
of all 12 roots per treatment were squashed in a 
few drops of stain and mixed into a slurry. 
Thus, material from all 12 root tips was repre
sented on each of 12 slides. All anaphases in 6 
preparations (more than 100 per treatment, 
except in 1 case) were scored as to presence or 
absence of chromosome abnormalities. The 
aberrations included chromosomes which were 
not on the spindle, bridges, and fragments of 
different sizes but most frequently the large 
satellite typical of the largest Vicia chromo
some. No anaphases showing signs of undue 
pressure in squashing were included in the 
scores.

Each experiment included 4 or 5 replicate 
treatments with irradiated and nonirradiated 
berry juice or puree, or both.

RESULTS & DISCUSSION

D A T A  fro m  all th e  e x p e rim e n ts  a re  
sh o w n  in  T ab le  1. T h e  p e rce n ta g e s  o f  
a b n o rm a l a n ap h ases  a f te r  t r e a tm e n ts  w ith  
ju ic e  a n d  p u re e  fro m  ir ra d ia te d  b e rrie s  
w ere  c o m p a re d  to  th o se  fro m  th e  c o rre 
sp o n d in g  c o n tro ls  b y  th e  “ t ”  te s t. W hen 
th e  ra d ia tio n  d o se  given th e  b e rrie s  was 
2 0 0  K ra d , th e  d iffe re n ce s  b e tw e e n  th e  2 
p e rcen tag es  w ere  n o t  s ig n ifican t a t th e  1% 
level o f  c o n fid e n c e  in th e  7 e x p e rim e n ts  
w ith  ju ic e  o r  p u ree . W hen th e  ra d ia tio n  
d o se  w as 4 0 0  K rad , th e  d iffe re n ce s  in  
p e rcen tag es  w ere  n o t  s ig n ifican t a t th e  1% 
level in  6 o f  th e  7 e x p e rim e n ts . In 
e x p e rim e n t N o. 5, h o w ev er, th e  d if fe r 
en ce  in  p e rce n ta g e s  o f  a b n o rm a l a n a 
phases a f te r  t r e a tm e n ts  w ith  ju ic e  f ro m  
irra d ia te d  an d  fro m  c o n tro l  b e rrie s  was 
b a re ly  s ig n ifican t a t th e  5% level. R esu lts  
o f  th e se  e x p e rim e n ts  th u s  in d ic a te  th a t  
th e re  sh o u ld  be  no  m o re  cause  fo r  c o n 
cern  a b o u t  th e  p o ss ib ility  o f  ch ro m o - 
so m e-b reak in g  su b s ta n c es  b e in g  p re sen t in 
s tra w b e rrie s  i r ra d ia te d  w ith  2 0 0  K rad  
( th e  d o se  th a t  w o u ld  b e  used  c o m m e r

c ia lly  to  p ro lo n g  sh e lf  life ) th a n  a b o u t 
th e ir  p re sen c e  in  n o n ir ra d ia te d  s tra w 
b errie s .

T h e  pH  an d  so lu b le  so lid s o f  ju ic e  an d  
p u re e  fro m  b e rrie s  o f  th e  sam e lo t w ere  
id en tica l. H o w ev er, ju ic e  an d  p u re e  o f 
d if fe re n t lo ts  v a ried  c o n s id e ra b ly  in  pH  
an d  so lu b le  so lid s , p ro b a b ly  re fle c tin g  
d iffe re n ce s  in  e n v iro n m e n ta l c o n d itio n s  
d u rin g  m a tu ra t io n  a n d  rip en in g . I r ra d ia 
t io n  o f  b e rrie s  cau sed  no  ch an g e  in  p H  or 
p e rc e n t so lu b le  so lids o f  ju ic e  o r p u re e .

D u rin g  th e  tr e a tm e n t  p e rio d  th e  ro o ts  
in d u c e d  v ery  l i t t le  ch an g e  in  p H  o f  th e  
s tra w b e rry  ju ic e  o r  p u re e  fro m  e ith e r  
i r ra d ia te d  o r  c o n tro l  b e rrie s , ra re ly  as 
m u c h  as 0 .0 5  u n it.  T h is w as in  c o n tra s t  to  
pH  changes d u rin g  4 -h r t r e a tm e n ts  o f  V. 
f a b a  ro o t  t ip s  w ith  ir ra d ia te d  (2 0 0  K rad ) 
a n d  c o n tro l  2% su cro se  so lu tio n s , a d 
ju s te d  w ith  K O H  o r  HC1 b e fo re  tr e a tm e n t  
to  pH  values c o m p a rab le  to  th o se  o f  th e  
b e rry  ju ic e  (B rad ley  e t a l., u n p u b lish e d  
d a ta ) . In  th o se  so lu tio n s  th e  ro o t  tip s  
ra ised  th e  pH  b y  1 /2  to  2 o r  3 u n its . T h e  
s tra w b e rry  o b v io u sly  c o n ta in s  an  e ffe c 
tiv e  b u ffe r in g  sy s tem . In  sp ite  o f  th e  ro o t  
t ip s ’ in a b ility  to  ra ise  th e  pH  o f  ju ic e  o r 
p u ree  to w a rd  a v a lue  o rd in a r ily  m o re  
fav o ra b le  fo r  g ro w th , th e  ro o ts  w ere  in 
m u c h  b e tte r  c o n d itio n  a f te r  t r e a tm e n t  
w ith  b e rry  ju ic e  o r p u re e  th a n  a f te r  low  
pH  su c ro se  tre a tm e n ts .

N o c o rre la tio n  w as fo u n d  b e tw e e n  
p e rce n ta g e s  o f  a b n o rm a l a n ap h a se s  w ith  
e ith e r  pH  o r  so lu b le  so lid s levels (T ab le  
1). T h u s , th e  d iv e rs ity  in  p e rce n ta g e s  o f  
a b n o rm a l a n ap h a se s  a m o n g  like  e x p e r i
m en ts  c a n n o t b e  a t t r ib u te d  to  d iffe re n ce s  
in  pH  o r  so lu b le  so lids. It seem s to  be  
re la te d  to  d iffe re n ce s  in  in c id e n ce  o f  
a b n o rm a l an ap h a se s  in  u n tre a te d  ro o t  
t ip s , as sh o w n  b y  th e  fo llo w in g : In 
u n tr e a te d  ro o t  tip s  f ro m  th e  sh ip m e n t o f  
seeds used  in  th e se  e x p e rim e n ts  ( th e  base  
c o n tro l) ,  th e  ran g e  o f  a b n o rm a l a n ap h ases  
varied  fro m  3 — 18% , w ith  b o th  m ean  and  
m o d e  a t 9 .0% . T h e  m ean s o f  th e  m ean  
p e rce n ta g e s  o f  a b n o rm a l a n ap h ases  p e r 
re p lic a te  fo r  all t r e a tm e n ts  w ith  ju ic e  o r 
p u re e  fro m  ir ra d ia te d  b e rrie s  a n d  fo r  all 
c o n tro ls  w ere  9 .3  an d  9 .2% , re sp ec tiv e ly . 
T his is ta k e n  as ev id en ce  th a t  th e  v a riab il
i ty  a m o n g  p e rce n ta g e s  o f  a b n o rm a l a n a 
phases is an  ex p ress io n  o f  ch an c e  a s so rt

m en ts  o f  12 ro o t  tip s  p e r  re p lic a te , e ac h  
ro o t  c o n d it io n e d  to  e x h ib it  3 to  18% 
a b n o rm a l an ap h ases. I t  w o u ld  fo llo w  th e n  
th a t  th e  r o o t  tip s  w ere  a ffe c te d  o n ly  
s lig h tly , if  a t all, b y  d iffe re n ce s  in  fa c to rs  
su ch  as pH , so lu b le  so lid s , i r r a d ia t io n  o f  
b e rrie s  o r  4 -h r im m e rs io n  in  an  a lie n  
m ed iu m .

T h e  ab sen ce  o f  ev id en ce  o f  ra d io -  
m im e tic  su b s ta n c e s  in  ju ic e  a n d  p u re e  
fro m  ir ra d ia te d  s tra w b e rrie s  is th u s  c o n 
t ra ry  to  th e  re p o rts  o f  C h o p ra  e t al. 
(1 9 6 3 )  an d  M ak in en  e t al. (1 9 6 7 )  o n  
e ffe c ts  o f  t r e a tm e n ts  w ith  i r ra d ia te d  
a p p le  an d  o ran g e  ju ic e , a n d  w ith  ju ic e  
fro m  ir ra d ia te d  p in ea p p le s , re sp ec tiv e ly . 
In e x p e rim e n ts  desig n ed  to  sh o w  a n a 
phases in ea rlie r a n d  p e rh a p s  m o re  sen si
tive stages o f  th e  in te rp h a s e  w h e n  t r e a t 
m en ts  beg an  th a n  th e  a n ap h a se s  s tu d ie d  
h e re , p e rce n ta g e s  o f  a b n o rm a l a n ap h a se s  
in t re a tm e n ts  w ith  ju ic e  f ro m  irra d ia te d  
s tra w b e rrie s  m ig h t b e  so m e w h a t h ig h er. 
S u ch  e x p e rim e n ts  w ere  a t te m p te d ,  b u t  
th e  ro o ts  w ere  severe ly  d am ag ed  b y  t r e a t 
m en t p lu s p o s t- tre a tm e n t a n d  w o u ld  n o t  
have y ie ld e d  re liab le  d a ta . In  a n y  case, if  
ra d io m im e tic  su b s ta n c es  su ff ic ie n t to  
cause  p e rce n ta g e s  o f  a b e rra n t  m ito se s  o f  
th e  o rd e r  re p o r te d  b y  th e  a b o v e  a u th o rs  
w ere  p re se n t in  ir ra d ia te d  s tra w b e rry  
ju ic e , i t  w o u ld  seem  th a t  th e y  w o u ld  have  
b e co m e  a p p a re n t  a f te r  th e  tre a tm e n ts  
a lo n e , p a r tic u la r ly  w h en  th e  ra d ia tio n  
d o se  w as 4 0 0  K rad .
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ON THE NATURE OF THE ASSOCIATION OF PROTEIN  
IN FROZEN-STORED COD MUSCLE

S U M M A R Y — D e c r e a s e  i n  r e a d i l y  e x t r a c t a b l e  p r o t e i n  ( R E P )  p a r a l l e l e d  b y  a n  i n c r e a s e  i n  f r e e  f a t t y  

a c i d  ( F F A )  o c c u r r e d  m o r e  r a p i d l y  i n  c o d  m u s c l e  d u r i n g  t h e  f i r s t  8 — 1 0  w k  o f  s t o r a g e  a t  —  1 2 °  C  a n d  

—  1 8 ° C  t h a n  d u r i n g  s u b s e q u e n t  s t o r a g e .  A f t e r  3 2  w k ,  F F A  a p p e a r e d  t o  b e  a p p r o a c h i n g  a  l o w e r  

m a x i m u m  a t  — 1 8 ° C .  A g g r e g a t e d  p r o t e i n  w a s  e x t r a c t e d  d u r i n g  t h e  p e r i o d  o f  d e c r e a s e  i n  R E P .  I t  

w a s  s i m i l a r  i n  e x t r a c t i o n  a n d  s e d i m e n t a t i o n  p r o p e r t i e s  t o  a l t e r e d  p r o t e i n  o b t a i n e d  f r o m  f r o z e n -  

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

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

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

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

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

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

INTRODUCTION

INVESTIGATION OF THE causes of frozen-storage-induced deterioration of fish muscle has been hampered by a number of difficulties. It was not possible, for example, to test independently the two main theories that had been proposed—the “salt denaturation” and the “lipid hydrolysis” theories (Connell, 1964)-since the effects on muscle proteins of continued exposure to concentrated salts in the liquid phase of frozen muscle could not be separated from the effects of exposure to free fatty acids (FFA) formed during storage. Another troublesome problem in finding the molecular basis of this type of deterioration was the lack of a method for studying protein that had become inextractable during frozen storage. It has now been shown that the deterioration process can be dissected (Anderson and Ravesi, 1969) and that altered protein can be extracted from muscle in which deterioration occurred (Anderson and Ravesi, 1970). Incidental findings of these studies suggested that the technique used to extract altered protein would be useful in studying the normal frozen-storage-induced deterioration process where lipid hydrolysis with FFA production is accompanied by a decrease in protein extractability. In these studies, muscle of varying FFA content was produced by aging it in ice, and the effects of holding it in the frozen state were determined after 11 mo storage at — 29°C. A significant decrease in extractable protein occurred in muscle that had been aged in ice 1 day postmortem. Thus, deterioration had begun in this muscle; this deterioration was the normal frozen-storage-induced variety, since the FFA present (less than 50 mgs/lOOg muscle) had been produced largely during frozen storage. However, most of the protein in this muscle could

be extracted with overnight extraction followed by additional blending. Moreover, aggregated protein was detectable in ultracentrifugal patterns of protein extracted under these conditions. It appeared, then, that the pathway to the association process in muscle in which FFA formation took place largely during frozen storage would be amenable to study.This paper describes a study of the deterioration at — 12°C and — 18°C of 
1-day-iced cod muscle using the reblending technique to extract altered protein. Deterioration at two temperatures was

followed to look for changes in microstructure that might be temperature dependent, since it had been postulated previously (Anderson et al., 1965) that storage temperature would influence the geometry and distribution of the liquid pools where deterioration was taking place.
EXPERIMENTAL

MYOTOMES DISSECTED from fifteen 2 0 -2 5  
lb gutted cod, G adus m orh u a , that had been 
held in ice 1 day after capture were pooled, 
mixed, weighed in to  lOg samples and packaged 
in threes as in a previous study (Anderson and 
Ravesi, 1969). They were placed in cartons in a 
room at -2 9 ° C  for 12 hr and then stored at 
-1 2 °C  and — 18°C.

Procedures for preparing protein and lipid 
extracts, assaying protein and FFA contents, 
obtaining ultracentrifugal patterns o f protein 
extracted and photomicrographs of residues o f 
centrifuged homogenate were the same as in 
previous studies (Anderson and Ravesi, 1969 
and 1970).

Protein readily extractable in 0.05 and 0.5 
ionic extractants and protein extractable after 
prolonged (overnight) extraction in 0.5 ionic 
ex tractant w ith and w ithout reblending were

T a b l e  1 — P r o t e i n  c o n t e n t s  o f  0 . 0 5  i o n i c  e x t r a c t s  a n d  r a t i o s  o f  F F A  

t o  p r o t e i n  e x t r a c t e d  f r o m  c o d  m u s c l e  d u r i n g  s t o r a g e  a t  — 1 2 ° C  a n d  

— 18°C.
Weeks in 
Storage

Storage at 
Protein1

-  12°C 
Ratio2

Storage at - 
P ro te in1

- 18°C 
Ratio2

0 .701 5.6
1 .663 18.6
2 .637 16.3
3 .557 22.1 .665 27.7
4 .567 28.4
5 .534 26.4 .611 31.8
6 .531 22.8
7 .545 23.3 .610 38.0
8 .566 26.0
9 .537 22.7 .638 36.3

10 .505 21.6
11 .552 16.5 .603 24.0
12 .491 21.0
13 .578 19.4
15 .472 11.2 .587
17 .488 13.3 .535 17.0
19 .545 16.7
21 .504 13.3 554 12.1
23 .555 22.9
28 .528 19.5 .490 12.7
32 .438 12.1 .511 15.6

1 g  protein N/100g muscle extracted. 
2Mg FFA/g protein N extracted.
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WEEKS IN FROZEN STORAGE

F i g .  1 — F F A  c o n t e n t s  o f  c o d  m y o t o m e s  a n d  F i g .  2 — R e a d i l y  e x t r a c t a b l e  p r o t e i n  c o n t e n t s  o f  F i g .  3 - C h a n g e  i n  p e r c e n t a g e  p r o t e i n  e x t r a c t -

t h e i r  s a r c o p l a s m i c  p r o t e i n  e x t r a c t s  d u r i n g  s t o r -  c o d  m u s c l e  d u r i n g  s t o r a g e  a t  — 1 2 ° C  a n d  a b l e  w i t h  t h r e e  t e c h n i q u e s  f r o m  c o d  m u s c l e

a g e  a t  —  1 2 ° C a n d  — 1 8 ° C .  - 1 8 ° C .  s t o r e d  a t - 1 2 ° C .

determined weekly in samples o f myotom es 
stored at -1 2 °C  and biweekly in samples stored 
at -1 8 ° C  for the first 3 mo o f storage and at 
less frequent intervals after this, through 32 wk 
storage. Protein extractability in the presence 
of bovine serum albumin (BSA) was determined 
(Anderson and Ravesi, 1968) for muscle stored 
at -1 2 °C  for 1 -1 2  wk and a t -1 8 °C  for
1 3 -1 9  wk. Inextractable residues obtained in 
the preparation o f extracts were examined by 
phase microscopy, and representative portions 
were photographed. Ultracentrifugal patterns 
were obtained o f double-strength (muscle to ex
tractant ratio 20:380) protein extracts prepared 
with prolonged extraction time plus reblend
ing. Patterns for a few of the extracts o f muscle 
that had been stored at -1 2 ° C  were obtained 
afte: the extracts had been stored a t 23°C.

The FFA contents o f lipid extracts o f whole 
myotom es and the lipids associated with pro
tein extracted in 0.05 ionic extractant were de
termined at the same storage intervals.

RESULTS

Extraction studies
FFA in muscle. The amounts of FFA recovered from muscle stored at — 12°C increased rapidly (Fig. 1) during the first 8 wk of storage to about 200 mg/lOOg myotomes. During the remaining 24 wk, increase in amount of FFA extracted occurred at a slower rate. The rate of increase in FFA in muscle stored at — 18°C was much slower, about 90—100 mg/lOOg muscle during the first 8—10 wk. However, in this muscle, too, a phase of much slower increase in FFA occurred during the next 24 wk.FFA associated with sarcoplasmic protein. The amount of FFA associated with the sarcoplasmic protein of muscle

was, as in the case of muscle aged in ice (Anderson and Ravesi, 1968), lower than the amount in the whole muscle. It reached a maximum after about 4 wk storage at — 12°C and 8 wk at — 18°C. Both the amount of FFA extracted (Fig. 1) and its ratio to the amount of sarcoplasmic protein extracted (Table l)show that, in general, more FFA was associated with the sarcoplasmic protein of muscle stored at — 18°C than with that of muscle stored at — 12°C.Protein extracted in low ionic strength extractant. The soluble protein content of extracts prepared in 0.05 ionic extractant (sarcoplasmic extracts) with 1-day-iced muscle before freezing was equivalent to 23-24% of the total protein of the muscle (2.95g protein N/lOOg 
muscle). As shown in Table 1, the amount of protein readily soluble in low ionic strength extractant decreased during frozen storage. The rate of decrease was greater in extracts prepared from muscle stored at — 12°C than from muscle stored at — 18°C. In the former muscle, it decreased to a value equivalent to 15% of the total protein of the muscle. It is likely that it had not reached a minimum in muscle stored at — 18°C. The decrease in sarcoplasmic protein readily extracted is explainable as the result of increased resistance of the muscle to homogenization. There has been general agreement that there is no decrease in the extractability of sarcoplasmic protein during frozen storage (Dyer and Dingle, 1961; Connell, 1968) In some cases (Dyer, 1953; Connell, 1962), this is an assumption based on indirect methods for deter

mining sarcoplasmic protein contents.Protein extracted in 0.5 ionic extractant. Percentage protein readily extractable from muscle stored at — 12°C decreased rapidly (Fig. 2) during the first 8 wk of storage. Comparison of the data for this muscle in Figures 1 and 2 shows a correlation of onset of a slower rate of FFA production with a slower rate of decrease in extractable protein. Percent protein readily extractable continued to decrease for the next 9 wk or so and then remained rather constant at about 20% during the rest of the storage period. Since the readily extractable total protein plateaued at a higher level than the readily extractable sarcoplasmic protein (15%), the extraction of other protein in addition to sarcoplasmic protein was indicated. Decrease in readily extractable protein occurred more slowly in muscle stored at — 18°C (Fig. 2). Minimum extractability was probably not reached during the storage period. It is not as easy to detect the point of onset of a slower rate of decrease in muscle stored at the lower temperature as it was in muscle stored at the higher temperature. There is, nevertheless, a correlation between decrease in percentage protein extractable and increase in FFA content.For all practical purposes, the curves for decrease in readily extractable protein in this study were exponential at both storage temperatures. This is in agreement with some investigators, but in disagreement with others, as reviewed by Connell(1968). Failure to find the initial lag in protein extractability observed by Dyer and Fraser (1959) in cod stored at —12°C
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Fig. 5 —S edim entation pa tte rns  o f  doub le  s trength p ro te in  extracts  p repared  w ith  ove rn igh t ex trac
tio n  p lus  reb lend ing  fro m  cod  muscle s to red  a t  —12°C fo r :  A )  0  days; B) 6  w k ; C l 11 w k ; D ) 15 
wk. P ro te in  concentra tions (mg p ro te in  N /m ll were: A )  0 .9 59  (e x trac t was d ilu te d  2 :1  w ith  
e x tra c ta n t be fore c e n tr ifu g a tio n ); B) 1.33; C) 0 .9 6 6 ; D ) 0 .698. Photographs were taken a t  a phase 
p la te  angle o f  5 5 °  and  a t the in te rva ls  ind ica ted  a fte r reaching 50 . 740 rpm . C om ponents are 
id e n tif ie d  b y  Roman num erals in  the o rde r o f  decreasing sed im enta tion  rates (Anderson and  
Ravesi, 1970).

Fig. 4 —Change in  percentage p ro te in  ex trac t-  
able w ith  three techniques fro m  co d  muscle  
s to red  a t  — 18°C.

is attributed to differences in sensitivity 
of extraction techniques (Ravesi and 
Anderson, 1969).

Effect of prolonged extraction. During 
the first part of the storage period, much 
additional protein was extracted with 
overnight exposure of the homogenized 
muscle to extractant from muscle held at 
both storage temperatures (Fig. 3 and 4). 
After the 5th wk of storage, there was a 
sharp decrease in the amount of protein 
extractable with this technique from mus
cle stored at 12°C (Fig. 3). Thereafter, 
the amount of additional protein ex
tracted with the longer extraction time 
was generally similar to that from 1 -day- 
iced muscle that had not been frozen. 
Toward the end of the storage period, 
however, there was a tendency toward 
smaller amounts. Increased yield due to 
overnight extraction of muscle held at 
— 18°C began to decline after the 9th 
storage wk (Fig. 4). In general, a gradual 
narrowing of the gap between the protein 
contents of the two types of extracts 
occurred until the 19th storage week, 
after which the differences were rather 
uniform and roughly equivalent to that in 
1-day-iced muscle.

Anderson and Ravesi (1970) have sug
gested that increased yields of extract- 
able protein on overnight exposure of cod 
muscle stored at -29°C  after aging in ice 
is due to slow dissolution of unaltered 
protein from areas in the microstructure 
not involved in the association process at 
the time of examination, but not readily 
accessible to the extractant because of 
resistance to fragmentation. In this study, 
the extraction of significant amounts of

additional protein with this technique 
from frozen-stored cod muscle of rela
tively low FFA content substantiates the 
suggestion.

Effect of prolonged extraction plus 
additional homogenization. When the 
muscle-extractant homogenate was re- 
blended briefly after standing overnight 
after preparation, more than 90% of the 
protein was extractable through the 4th 
storage week from muscle stored at 
— 12°C (Fig. 3) and the 11th storage week 
from muscle stored at -18°C  (Fig. 4). 
When the amount of protein extractable 
with this technique dropped below 90%, 
it decreased more rapidly in muscle held 
at -12°C. A narrowing of the gap be
tween percent protein readily extractable 
and that extractable with this technique 
from muscle held at - 12°C was very

definite (Fig. 3). After 32 wk storage, the 
difference was small. In muscle held at 
— 18°C, however, narrowing of the gap 
had just begun (Fig. 4). The curves for 
decrease in protein extractability with the 
two techniques are similar, however, re
flecting the differences in sensitivity of 
the extraction techniques.

Effect of bovine serum albumin. There 
were no significant differences in percent
age protein extractable when extraction 
was carried out in the presence and 
absence of BSA. This was true for extrac
tion with the three techniques used and, 
also, when homogenates were stored for 
an additional 24 hr after the 2nd homog
enization. This additional exposure to salt 
solution for 24 hr did not result in 
significant changes in extractable protein 
in extracts with and without BSA. This is
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Fig. 6 -S e d im e n ta tio n  pa tte rns  o f  double  s trength p ro te in  extracts  prepared w ith  ove rn igh t ex trac
tio n  p lus  reb lend ing from  co d  muscle s to red  a t —18°C fo r : A )  9  w k ; B) 11 w k ; C) 15 w k ; D ) 19 
w k ; E) 2 8  w k ; F) 3 2  wk. P rote in concentra tions (mg p ro te in  N /m l) were: A )  1.28; B) 1.38; C) 
1.29; D ) 1.16; E) 1.06; F ) 0 .886. Photographs were taken a t a phase p la te  angle o f  5 5 ° a fte r 
reaching 50 , 740 rp m  a t the intervals indicated.

in contrast to the effect of BSA on 
protein extractability in muscle aged in 
ice (Anderson and Ravesi, 1968). Failure 
to find increases in amount of protein 
extracted in the presence of BSA or when 
reblended homogenates were stored for 
an additional 24 hr suggested that in the 
frozen-stored muscle, significant disaggre
gation did not occur. The stability of the 
association in neutral salt solution indi
cated that the interaction, initially elec
trostatic (Anderson et al., 1965; Ander
son and Ravesi, 1968), was followed by 
the formation of non-ionic bonds.

Ultracentrifugal patterns. Sedimenta
tion data have been treated grossly since 
the usual analysis is not applicable to the 
patterns obtained (Anderson and Ravesi,
1969). Although there was no change in 
the protein content of double-strength 
extracts prepared with overnight extrac
tion plus reblending from muscle held at 
— 12°C through 4 wk (Fig. 3), ultracen
trifugal patterns of extracts showed 
changes in composition of the protein 
extracted. There were decreases in peaks 
II and III A and some evidence for the 
presence of higher molecular weight ag
gregates—larger areas under the turn-up of 
the pattern toward the bottom of the cell 
and larger pellet areas (not illustrated). 
Evidence for aggregation and polydis- 
persity of proteins in these extracts in
creased with further storage of the muscle 
(Fig. 5). When compared with the pat
terns for unfrozen 1 -day-iced muscle (Al-
3), the patterns for muscle frozen 6  wk 
(Bl-3) showed definite peak formation

on the tum-up, and a markedly larger 
pellet area. Peak II had decreased and 
peak IIIA was no longer seen.

Ultracentrifugal patterns for muscle 
stored for 9—21 wk at — 12°C (Cl-3, 
Dl-3) reflected the marked changes in 
percentage protein extractable with the 
reblending technique during this part of 
the storage period (Fig. 3). Progressive 
decreases in peak II, the fast peak and 
pellet areas were consistent with a shift 
toward greater association of contractile 
protein in the muscle. The fast peak was 
not seen in patterns for muscle frozen for 
more than 1 5 wk. In patterns for muscle 
frozen 28 and 32 wk, peak II was not 
seen, but in each instance there was a 
substantial peak III (not illustrated), sug
gesting that peak III (myosin) was still, to 
some extent, extractable when protein 
extractability had reached a minimum. 
Changes in the ultracentrifugal patterns 
of extracts of muscle stored at — 18°C 
(Fig. 6 ) occurred more slowly than in the 
patterns of muscle stored at -12°C. Fast 
peak formation was definite beginning 
with the 9th-wk pattern (A).

With further storage of the muscle, the 
fast peak and pellet area increased in size 
and then decreased while peak II contin
ued to decrease (B—F). In 11-and 13-wk 
patterns, the fast peak was demonstrable 
at storage intervals where the percentage 
protein extractable (Fig. 4) was still high 
and, because of its marked concentration 
dependence (Anderson and Ravesi, 1970), 
could be viewed as it separated from 
peak II and grew at its expense (not

illustrated). In patterns for muscle stored
17-32 wk, very rapidly sedimenting com
ponents separated from the boundary as a 
peak before speed was reached (not illus
trated). In the 32-wk pattern, the pellet 
area was still rather large and both the 
fast peak and peak II were still seen.

Effect of storing the extracts at 23°C. 
When compared with patterns for ex
tracts that had been kept at 1°C until 
centrifuged, patterns for extracts stored 
at 23°C for 2 or 2-Vi hr showed greater 
polydispersity (Fig. 8 ). For example, in 
the patterns for muscle stored 2  wk at 
-12°C (A,B), the smaller, faster sedi
menting peak II and the larger pellet area 
in the pattern for the extracts stored at 
23°C are evident. In patterns for muscle 
in which a greater degree of association 
had taken place, (illustrated for one 
sample of muscle in C), peak II was 
smaller, and the fast peak and pellet area 
were larger when the extract had been 
stored at 23°C. Increase in polydispersity 
in protein extracts held for short periods 
at 23°C implicated hydrophobic interac
tion, a likely stabilizer of the association. 
It also suggested a possible relation of the 
fast peak to peak I of Ellis and Win
chester (1959), since these investigators 
carried out their analytical ultracentrifu
gation at temperatures above 0°C—as high 
as 20°C in some instances.

Microscopic examination of residues 
of muscle extractant homogenates. After 
1 and 2 wk storage at -12°C  (Fig. 8 ), 
small bundles of myofibrils in residues of 
homogenates prepared with 0.05 and 0.5 
ionic extractant and centrifuged immedi
ately after preparation (A,B) were consis
tent with the beginning of resistance both 
to fragmentation and extraction of pro
tein. When exposure to 0.5 ionic ex
tractant was prolonged, the residue was 
smaller in volume, but fragments were 
similar in appearance to those seen with 
brief extraction. Fragments in reblended 
homogenates were small, smudged, and 
appeared to be lacking in banding pattern
(C).

In 0.5 ionic residues of muscle stored
4—5 wk at — 12°C, much larger fragments 
made up of bundles of chopped-off myo
fibrils were seen along with many small, 
smudged fragments (D). There were also 
fragments of full fiber width in which 
there was much distortion of the banding 
pattern (E). This raised the question of 
whether the distortion had occurred in 
situ or on exposure of the fragments to 
the extractant, a point of considerable 
interest since it was postulated that the 
deterioration process occurred in liquid 
pools within the frozen muscle. After 
careful search, several severed fibers were 
found in which it could be seen that 
myofibrils were spilling out of the fiber 
where the sarcolemma was not intact. 
Whole sections of myofibrils still within 
the fiber were oriented toward the spill
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ing (not illustrated). Thus it appeared 
that the distortion was an artifact of 
extraction and was seen where extraction 
of myofibrillar protein was in progress, 
presumably the protein that was extract- 
able with overnight exposure to the ex
tractant.

With further storage at — 12°C, bun
dles of myofibrils were larger in residues 
prepared in both 0.05 and 0.5 ionic 
extractants. By the 9th storage week, 
fragments in 0.05 ionic homogenates 
were mostly of full fiber width; and after 
the 1 1 th storage week, no single myofi
brils were seen. The banding pattern in 
the observable outer layers of the trans
versely severed fibers appeared to have no 
alterations detectable with phase micros
copy. However, there was little evidence 
for separation of the surface of these 
fragments into myofibrils and the band
ing pattern appeared to be continuous 
across the fragment. This was in contrast 
to the appearance of bundles of myofi
brils from fresh muscle, obtainable by 
blending briefly in 0.05 ionic extractant 
muscle from which the connective tissue 
had not been removed. In these bundles 
distinct separation into myofibrils was 
observable in many places on the surface 
and at the edges (F).

Fragments of less than full fiber width 
in residues from stored muscle also 
showed lack of separation into myofibrils
(D). However, there were many bundles 
of myofibrils having areas where the 
banding pattern appeared to be distorted 
(G,H). These distorted areas were found 
both in the presence (G) and absence (H) 
of extractant for contractile protein, indi
cating that the distortion was not entirely 
explainable as the result of partial dissolu
tion of protein. Fragments in residues of 
reblended homogenates were always 
smaller than in residues examined after 
the initial homogenization and consisted 
mostly of amorphorous debris (I).

In residues of muscle stored 15—32 wk 
at — 12°C, fragments of less than full fiber 
width in freshly prepared homogenates 
increased in size according to duration of 
storage. Lack of banding pattern in these 
fragments and in fragments of full fiber 
width was seen only where the fiber had 
been torn in the blending process (J,K,L), 
leading to the conclusions that lack of 
perceptible banding patterns in fragments 
can be explained as the result of tearing 
apart the fibers of muscle which the 
association process has made resistant to 
fragmentation, and that the only altera
tion due to frozen storage that was 
detectable with phase microscopy was 
increased cohesiveness of the microstruc
ture. This is in agreement with the find
ings of other investigators, as reviewed by 
Connell (1968).

When muscle was stored at — 18°C, 
changes in microscopic appearance of 
residues of homogenized muscle were

similar to those for muscle stored at 
-12°C, but occurred more slowly. At the 
end of the storage period, they had not 
become as extensive as in muscle stored 
at the higher temperatures. For example, 
single myofibrils were seen in residues of 
low ionic strength homogenates until the 
28th wk of storage at — 18°C. No other 
differences were noticed.

DISCUSSION

EXTRACTION of additional protein 
from frozen-stored 1 -day-iced muscle 
with the same reblending technique used 
to extract altered protein from cod mus
cle stored at —29°C after aging in ice 
(Anderson and Ravesi, 1970) suggested 
that the proteins extracted had similar 
properties. Indeed, similarities in sedi
mentation patterns of protein extracted 
from muscle both frozen fresh and frozen 
after aging in ice indicated that the 
association process that occurs in frozen- 
stored cod muscle in which the FFA is

formed largely during frozen storage is 
similar to that which occurs in frozen- 
stored muscle in which the FFA is 
formed largely during aging in ice, i.e., 
prior to freezing and subsequent storage.

The curves for FFA formation are 
essentially logarithmic at both storage 
temperatures and, as far as they go, are in 
agreement with the results of Olley et al. 
(1962, 1969). Olley et al. (1969) ob
served an initial rapid rate of FFA for
mation followed by a much slower rate. 
They also found that the asymptotes for 
FFA formation decreased in general with 
decreasing temperature of storage. They 
explained their results in terms of the 
effects on lipid hydrolysis of different 
amounts of free water in the muscle as a 
function of storage temperature. The 
results of the study reported here have 
led us to present a different interpreta
tion for our own findings and for those of 
Olley et al. (1969) and to propose a 
model for the deterioration process in 
frozen-stored muscle.

Fig. 7—S edim entation pa tte rns  o f  doub le  s trength p ro te in  extracts  p repared  w ith  ove rn igh t ex trac
tio n  p lus  reb lend ing  show ing  the e ffects  o f  s to ring  the extracts  a t 2 3 °  C. Muscle had been stored (A 
and  B) fo r  2  w k a t -  12°C  and  (C j fo r  2  wk a t -  18°C fo llo w e d  b y  2  w k in  a sm all se lf-defrosting  
freezer set a t  -  12°C. E xtracts  were: ke p t a t 1°C u n t i l  cen trifug ed  (A and C, upper p a tte rn ); s to red  
a t 2 3 °C  be fore ce n trifug a tion  fo r  2% h r  (B) and 2  h r  1C, lo w e r pa tte rn ). Photographs were taken a t  
a phase p la te  angle o f  5 5 °  a n d  a t in te rva ls  be fore an d  a fte r reaching 50, 740 rp m  as ind ica ted .
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Our interpretation is based on effects 
of change in solvent environment due to 
FFA formation during frozen storage. We 
propose that the ratio of FFA to available 
water in the frozen muscle rather than 
the amount of available water determines 
the extent of lipid hydrolysis. Our inter
pretation accounts not only for the dif
fering asymptotes, but also for the change 
from an initial rapid rate of lipid hydroly
sis and decrease in protein extractability 
during the first 8  wk or so of storage to a 
much slower rate. We have shown that 
the association of contractile protein in 
cod muscle aged in ice involves protein- 
FFA complex formation (Anderson and 
Ravesi, 1968); that holding the muscle in 
the frozen state favors the association 
(Anderson and Ravesi, 1969); and now 
that a similar association is involved in 
cod muscle frozen-stored without aging in 
ice. By definition a complex is physical 
and “held together by van der Waals, 
electrostatic, charge transfer and ‘solv
ophobic’ type forces” (Sinanoglu, 1968). 
We propose that hydrophobic bonding, a 
“solvophobic” force, plays a significant 
role in the observed association of protein 
in cod muscle. Non-polar side groups of 
certain amino acid side chains of the 
proteins involved and the hydrocarbon 
tails of the FFA are among these groups 
that participate in hydrophobic bonding 
(Nemethy, 1968). At the beginning of the 
storage period, the solvent is largely 
aqueous and hydrophobic binding is fa
vored. With storage and the formation 
and binding of FFA to protein, the 
solvent environment becomes increasingly 
non-polar and the tendency for hydro- 
phobic bonding decreases (Schnell,
1968). This concept explains both the 
initial rapid rate of FFA formation and 
decrease in protein extractability and the 
later slower rate. It follows that in the 
presence of a given amount of FFA in the 
muscle, the solvent environment would 
become non-polar sooner in the muscle 
stored at — 18°C than in the muscle of 
higher free water content stored at 
— 12°C. This explains the temperature 
dependence of the asymptotes. It suggests 
also that either directly or indirectly, 
combination of FFA with proteins is a 
driving force for lipid hydrolysis. The 
evidence for decrease in protein extract- 
ability due to an association of protein in 
which hydrophobic bonding plays an 
important role is consistent with Conn
ell’s (1965) finding that the bonds 
formed in frozen-stored muscle are sensi
tive to sodium dodecyl sulphate.

The concept of change of solvent 
environment during storage offers a possi
ble explanation for our finding that the 
amount of FFA associated with the sarco
plasmic proteins increased to a maximum 
early in the storage of muscle frozen 
without aging in ice and then decreased 
with further storage (Table 1), and in

muscle stored at —29°C after aging in 
ice (Ravesi and Anderson, 1969), was 
approximately one-half that before freez
ing. This is due to decreased bonding of 
FFA to sarcoplasmic protein through

hydrophobic forces as the solvent envi
ronment becomes more non-polar. In the 
muscle frozen after aging in ice, change to 
a more non-polar environment occurs 
rapidly with freezing.

Fig. 8 —Phase con tras t m icrographs o f  residues o f  homogenates o f  m us
cle s to red  a t — 12°C  fo r : A )  2  w k ; B and  C l 1 w k ; D ) 5  w k ; E) 4 w k ; F ) 
0  w k ; G and  H I 12 w k ; I I  9  w k ; J—L ) 28 wk. Muscle was hom ogenized  
in  0 .05  io n ic  e x tra c ta n t (A ,F ,H ,K ,L ) and  in  0 .5  io n ic  ex tra c ta n t 
(B ,C ,D ,E ,G ,I,J). Residues were fro m  homogenates cen trifug ed  im m e d i
a te ly  a fte r p repara tion  except C and  /, w hich were fro m  homogenates 
cen trifug ed  a fte r storage fo r  20  h r  a t 0 °C  and reblending. M agn ifica tion  
was as in  B.
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The authors realize that the interpreta
tion given is an oversimplification. Sol
ute-solvent interactions involving all three 
classes of solutes (Nemethy, 1968) must 
take part in the association process. They 
wish simply to emphasize the evidence 
for the role of hydrophobic bonding in 
the observed association of contractile 
protein in frozen-stored cod muscle. It 
was previously postulated (Anderson et 
al., 1965) that in frozen-stored muscle 
the geometry and distribution of the 
liquid phase as a function of storage 
temperature play an important role in the 
rate of FFA-protein interaction. Now, as 
investigation of the deterioration process 
has progressed and new information con
cerning the rate of association has come 
to light—acceleration of reaction rate in 
the frozen state (Anderson and Ravesi,
1969) and the effects of change in solvent 
environment—the rate of association is 
seen to be even more complicated. Other 
portions of the earlier working hypothesis 
can be developed more fully in the light 
of recent findings. There was nothing in 
the earlier model, for example, to explain 
how a reaction taking place in a liquid 
phase that makes up only small fractions 
of the frozen muscle could eventually 
involve the whole muscle tissue. A con
tinuing process where the liquid phase 
would move on to involve new areas of 
microstructure would be a necessary part 
of the model. The concept of change in 
solvent environment makes this possible.

Where liquid pools containing solutes 
concentrated as a result of freezing are 
adjacent to protein filaments in the fro
zen state, binding of salts occurs and 
proteins are bathed in the liquid phase. 
Dissolution of protein in the sense of 
being driven apart into molecular disper
sion need not take place, and microscopic 
studies indicated that no rearrangement 
of structure detectable at the level of 
light microscopy occurs. Penetration of 
the liquid phase into areas of the micro
structure containing protein residues is all 
that is necessary.

As FFA are formed and diffuse by 
virtue of the liquid pools, they are bound 
to protein, leading to association with ( 1 ) 
rearrangement of the molecular surface; 
(2 ) loss of ordered water following rear
rangement (Nemethy, 1968), a probable 
source of the water that is not re-ab
sorbed when the muscle is thawed (Conn
ell, 1968) and which contributes to the 
well-known thaw drip of muscle after 
prolonged storage; and (3) decreased 
competition for binding of available salt. 
Because of loss of salt binding capacity, 
the altered protein is frozen. Salts in the 
liquid phase are then available to bind to 
more unaltered protein and the liquid 
phases moves in to bathe the protein 
filaments, thus making possible a continu
ing process which eventually involves the 
whole microstructure.

The observation that there is little 
change in microstructure as detected by 
phase microscopy suggests that when 
association takes place in a given area, it 
involves protein molecules that are close 
to each other. Thus, whether or not actin 
molecules are associated with myosin 
molecules in the muscle before and after 
freezing, there is the potential for associa
tion of like molecules or portions of 
molecules in the filaments. This is in 
keeping with the observation that there 
are changes in interfilament spacing after 
frozen storage (Connell, 1968). It offers a 
possible explanation for the finding that 
myosin is preferentially extractable 
(Connell, 1962) under conditions where 
actomyosin is no longer extractable.

Objections have been raised to the 
theory that FFA formation is related to 
the association of protein in frozen-stored 
muscle on the grounds that ( 1 ) there are 
species differences in the extent of de
terioration in the presence of similar 
amounts of FFA (Olley et al., 1962) and 
(2 ) deterioration as a result of freezing or 
frozen storage takes place in muscle of 
low FFA content (Olley et al., 1967; 
Connell, 1968). Participation of neutral 
and unhydrolyzed polar lipids as “non
polar type” forces would explain spe
cies differences in the extent of associa
tion occurring in the presence of a given 
amount of FFA formation. Moreover, 
association is favored when the muscle is 
frozen (Anderson and Ravesi, 1969), and 
some association can take place on freez
ing even in muscle of very low FFA 
content due to the various bonding po
tentials that already exist in the muscle 
prior to freezing. This concept can ex
plain decrease in protein extractability in 
muscle that has been ( 1 ) frozen and 
thawed without prior storage in ice; (2 ) 
stored in ice for 1 day and more and then 
frozen or frozen-stored (Notevarp and 
Heen, 1940; Love, 1962; Love et al., 
1965; Connell, 1968; Anderson and 
Ravesi, 1969), where in the frozen-stored 
muscle, association would be due to 
bonding resulting from potentials devel
oped during storage as well as those 
existing on freezing; (3) frozen initially at 
temperatures much lower than those of 
commercial practice and then frozen- 
stored at higher temperatures (Love and 
Elerian, 1963; Love, 1968), where the 
bonding resulting from the initial lower
ing of temperature and that resulting 
from new bonding potential developed in 
storage are additive; and (4) subjected to 
fluctuations in storage temperature, in
cluding temperature changes without 
thawing (Dyer et al., 1957A,B; Love, 
1962) and with thawing and refreezing 
followed by storage (Dyer et al., 1962; 
Peters et al., 1968) where, in both in
stances, FFA formation occurs more rap
idly at the higher holding temperatures 
and in muscle thawed and refrozen, reacts

more favorably in the frozen state. The 
literature on the effects of freezing with
out storage on the protein extractability 
of fresh muscle is not in agreement 
(Ironside and Love, 1958; Suzuki et al., 
1965; Connell, 1968). This may be due to 
differences in sensitivity of extraction 
techniques or to differences in the state 
of rigor and time of storage in ice 
post-mortem of fish that is considered 
fresh post-rigor muscle. For muscle fro
zen initially at low temperatures and then 
stored at higher temperatures, differences 
in distribution of the liquid phase result
ing from reaching temperatures closer to 
that required for vitrification and then 
rewarming would also have a significant 
influence on the rate of the association 
process.
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ACCELERATED DENATURATION OF MYOSIN IN FROZEN SOLUTION

S U M M A R Y —The aggregation o f  ra b b it and  tro u t m yosins was s tud ied  in frozen so lu tio n  a t high  
io n ic  s trength g = 0 .50  K C I—potassium  phosphate b u ffe r p H  6 .9  between 0 and —30°. D uring the 
in it ia l stages o f  freezing, m onom eric  m yosin  S °2 0 ,w = 6 .5  S aggregated to  fo rm  dim ers and  trim ers  
w ith  sed im enta tion  rates S°¿o  w = 70 and 12 S, respectively. The h igher aggregates sed im ented a t 
lo w  cen trifuga l fie lds and were insoluble in  m o la r sa lt so lu tions a t p H  8. S o lub iliza tio n  was, 
however, achieved in solvents kno w n to d is ru p t h yd ro p h o b ic  and hydrogen bonds in  a d d itio n  to 
con d itions  which w ill reduce d isu lfid e  bonds. The nature o f  the s u lfh y d ry l groups o f  m yos in  was 
re investigated and, in  accordance w ith  th e ir behavior, a mechanism fo r  the aggregation reactions  
has been proposed w hich involves d isu lfid e -su lfh yd ry l exchange reactions between activa ted  m y o 
sin m olecules and aggregates. Previous k in e tic  and chem ical data fo r  m yos in  denatu ra tion  are in  
agreement w ith  the p roposed mechanism. The rate o f  fo rm a tio n  o f  the inso lub le , high m o lecu la r 
weight p ro te in  aggregates in  m yos in  so lu tions increased as the tem perature decreased b e lo w  the 
freezing p o in t  and reached a m ax im um  near the eu tec tic  p o in t  o f  the m yosin-potassium  ch loride- 
w ater so lu tio n  (— 11°), due to concen tra tion  effects. B e low  the eu tectic  p o in t, a t —20  and —30° 
where o n ly  w ater bo und  to  the p ro te in  remains un frozen, aggregation and consequent in so lu b il
iza tion  decreased again and approached the rate observed a t 0°. The general p a tte rn  o f  m yosin  
s o lu b ility  a t d iffe re n t freezing tem peratures was s im ila r to  the decreasing p ro te in  s o lu b ility  du ring  
storage o f  whole muscle, w ith  the d iffe rence th a t denatu ra tion  o f  p u r if ie d  m yosin  so lu tions was 
accelerated. A t  the m ost c r it ic a l tem perature, a round  —10°, the rate o f  denatu ra tion  o f  a 0.7%  
m yosin  so lu tio n  was reduced b y  the enzym e substrates 0 .0 2  M  adenosinetriphosphate (A TP ) o r 
tripo lyphospha te  (P j )  and  to  a lesser degree b y  pyrophospha te  (P ^i. Substances such as g lyce ro l o r 
magnesium ch lo ride  w hich low ered the eu tectic  p o in t  also low ered the rate o f  denatu ra tion  a t 
— 10°. N -e thy lm a le im ide  was n o t e ffective  in  reducing the rate o f  denatu ra tion  and m ercapto- 
e thano l led  to  the fo rm a tio n  o f  gels. E lec tronpho tom icrograph studies showed th a t aggregation o f  
the m onom eric  m yos in  m olecules proceeds in  a side-to-side manner. Loss o f  s o lu b ility  was also 
produced  when m yosin  so lu tions con ta ined a cross-linking reagent such as m alonaldehyde, o r 
detergents which in te rfe re  w ith  the hyd ro p h o b ic  bond ing  o f  the na tive molecule. The d iffe re n t 
mechanisms responsible fo r  the denatu ra tion  o r in so lu b iliza tion  o f  m yos in  and its  increasing m o lec
u la r w eigh t are b r ie fly  discussed.

INTRODUCTION

AGGREGATION of rabbit myosin in 
solution at 25° has been shown to pro
ceed from the monomer to a dimer to a 
trimer and as far as an octamer within 48 
hr (Holtzer, 1956; Holtzer and Lowey,

1959). The initial mechanism up to the 
trimer was also shown to be operative in 
the aggregation of cod myosin around 0 ° 
and at freezing temperatures (Connell, 
1959; 1963). However, while the earlier 
work was concerned mainly with the 
initial aggregates, up to the trimer, and

their sedimentation characteristics in the 
ultracentrifuge, rate of formation of the 
high molecular weight aggregates and 
their chemical properties have not been 
investigated.

In the present study the rate of for
mation of myosin aggregates greater than 
M3 was measured between 0 and —30°. 
These high molecular weight aggregates 
sediment at low centrifugal fields and are 
not soluble in M salt solutions. Their 
behavior in solvents known to disrupt 
bonds responsible for structural protein 
conformations was also investigated and a 
general comparison between the proper
ties of rabbit myosin and the present 
status of fish myosins has been made.

EXPERIMENTAL
R A B B IT  m y o s in  w a s  p r e p a r e d  a c c o r d i n g  to  t h e  
p r o c e d u r e  o f  S z e n t - G y o r g y i  ( 1 9 5 1 )  a n d  f u r t h e r  
p u r i f i e d  as s u g g e s te d  b y  D re iz e n  e t  a l .  ( 1 9 6 5 ) .  
M y o s in s  f r o m  t r o u t  a n d  h a l i b u t  m u s c l e  w e r e  
m o s t ly  p r e p a r e d  b y  th e  m e th o d  o f  M a c k ie  a n d  
C o n n e l l  ( 1 9 6 4 ) ,  i n c lu d in g  a  f in a l  c e n t r i f u g a t o n  
a t  1 0 0 ,0 0 0  x  g  f o r  9 0  m in .  H o w e v e r ,  f o r  c o m 
p a ra t iv e  p u r p o s e s  t h e s e  f is h  m y o s in s  w e r e  a ls o  
p r e p a r e d  b y  th e  S z e n t - G y o r g y i  m e t h o d  a b c v e .  
S e d im e n ta t i o n  v e lo c i ty  m e a s u r e m e n t s  w e r e  
m a d e  in  a  S p in c o  M o d e l  E  U l t r a c e n t r i f u g e  E n d  
re s u l ts  c a l c u la te d  a s  d e s c r ib e d  b y  S c h a c h n .a n  
( 1 9 5 7 ) .

F r e e z in g  o f  m y o s in  s o lu t io n s  w a s  c a r r ie d  
o u t  in  s to p p e r e d  p la s t i c  t u b e s  a t  t e m p e r a t u r e s  
r a n g in g  f r o m  - 5  t o  - 3 0 ° .  T h e  f r o z e n  s o l u t i c n s  
( 4 - 5  m l)  w e re  th a w e d  a t  2 4 - h r  in te r v a l s  b y  
im m e r s in g  th e  t u b e s  f o r  a b o u t  4 5  m in  in  a  s h a l-
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TROUT MYOSIN

Fig. 1 and  2 —Relative rates o f  decreasing p ro 
te in concen tra tion  in  m yos in  so lu tions s to red  a t 
0, —10, —20, —3 0 °  ( tro u t m yosin . Fig. 1) and  
a t  0, —10 and  - 3 0 °  (ra b b it m yos in . Fig. 2) fo r  
up to  14 days. The m yos in  so lu tions were 
a b ou t 0.7% in  p ro te in  0 .4 5  M  KC I, bu ffe re d  
w ith  0 .0 2 6  M  potassium  phosphates a t p H  6.9. 
A fte r  freezing, the p ro te in  so lu tions were 
thaw ed in  4 —5 ° w ater and cen trifuged  fo r  7 
m in  a t 12000 X g and 0 °  be fore the p ro te in  
rem ain ing in  so lu tio n  was de te rm ined ; the s o lu 
tio n  was re frozen a t  the respective tem perature  
and ke p t u n t i l  the fo llo w in g  day, when the 
above p rocedure was repeated.

lo w  p a n  c o n ta in in g  4  l i t e r s  o f  w a te r  a t  4 - 5 ° .  
T h e  tu b e s  w e r e  t h e n  c e n t r i f u g e d  a t  1 2 ,0 0 0  x g 
f o r  1 0  m in .  T h e  c o n t r o l  s a m p le  k e p t  a t  0 °  w a s  
t r e a t e d  id e n t ic a l ly .  A f t e r  c e n t r i f u g a t io n  th e  
p r o t e i n  r e m a in in g  in  s o lu t io n  w a s  m e a s u re d  b y  
th e  b i u r e t  m e t h o d  a n d  t h e  s a m p le s  r e f r o z e n  a t  
th e  r e s p e c t iv e  t e m p e r a tu r e s  in  a ir .  T h e  in s o lu b le  
p r o t e i n  a g g re g a te  f o r m e d  d u r in g  th e  f r e e z in g  
p ro c e s s  w a s  c e n t r i f u g e d  to  t h e  b o t t o m  o f  th e  
tu b e  a n d  w a s h e d  w i th  0 .5  M K C I f o r  f u r t h e r  
e x p e r im e n ts .  R e a g e n ts  s u c h  a s  A T P , p y r o p h o s 
p h a te ,  N - e th y lm a le im id e ,  e t c . ,  a d d e d  to  th e  
p r o t e in  p r e p a r a t i o n  b e f o r e  a  f r e e z in g  e x p e r i 
m e n t ,  w e r e  a d ju s t e d  t o  p H  6 . 8 - 7 . 0 .  S u l f h y d r y l  
d e t e r m i n a t i o n s  w e re  c a r r ie d  o u t  w i th  N -e th y l-  
m a le im id e  a n d  p - c h lo r o m e r c u r ib e n z o a te  in  8  M 
u re a  (B o y e r ,  1 9 5 4 ;  A le x a n d e r ,  1 9 5 8 ) .

L ip id  w a s  e x t r a c t e d  a c c o r d in g  to  B lig h  a n d  
D y e r  ( 1 9 5 9 )  a n d  th e  f r e e  f a t t y  a c id s  s e p a ra te d  
o n  s ilic ic  a c id  c o lu m n s  (B a r o n  a n d  H a n a h a n ,
1 9 5 8 ) .

E le c t r o n p h o to m ic r o g r a p h s  o f  f r o z e n  m y o s in  
s o lu t io n s  a n d  th o s e  k e p t  a t  0 °  w e re  p r e p a r e d  as 
fo l lo w s :  P r e p a r a t io n s  c o n ta in in g  a b o u t  1 6 - 1 7

Fig. 3 —U ltra ce n trifu g a tio n  pa tterns o f  ra b b it 
m yosin . The top  pa tte rn  shows the  m onom eric  
m yosin  rem ain ing  a fte r 5  days o f  storage a t 0°. 
The low e r p a tte rn  shows the dim ers and trim ers  
rem ain ing  in  so lu tio n  a fte r  5  days o f  storage a t 
— 10°. P rote in concentra tions 0.3%, p  =  0.5, p H  
6.9. The p ic tu re  was taken 175 m in  a fte r reach
ing  fu l l  speed a t 47 660  rpm , tem perature 5°. 
The sed im enta tion  constants, S° 20  w  fo r  the  
m onom er, d im e r and  tr im e r were calcula ted  
and  fo u n d  to  be 6 .5  S, 10 S and  12 S, respec
tive ly .

m g  p r o t e i n / m l  w e re  d i l u t e d  w i th  M a m m o n iu m  
a c e t a t e  b u f f e r ,  p H  7 .2  t o  a  c o n c e n t r a t i o n  o f  
a b o u t  1 .7  m g /m l ,  t h e n  d ia ly z e d  f o r  2 4  h r  in  a  
t h i n  d ia ly s is  b a g  a g a in s t  2  c h a n g e s  o f  a m m o 
n iu m  a c e t a t e  b u f f e r  a t  0 ° .  F u r t h e r  d i l u t i o n  w a s  
m a d e  b y  t a k in g  a b o u t  1 m l  o u t  o f  t h e  d ia ly s is  
b a g  a n d  b y  m a k in g  i t  u p  t o  3 0  m l  w i th  M 
a m m o n iu m  a c e t a t e  b u f f e r  t o  g iv e  a  c o n c e n 
t r a t i o n  o f  a b o u t  0 .0 5  m g  o f  p r o t e i n  p e r  m l.  
T h is  s o lu t io n  w a s  t h e n  s p r a y e d  o n  to  c o l lo 
d io n - c o v e r e d  c o p p e r  g r id s  a n d  s h a d o w e d  w i th  
p a l la d iu m .  T h e  e le c t r o n p h o to m ic r o g r a p h s  w e re  
t a k e n  w i th  a  P h i l ip s  i n s t r u m e n t .

RESULTS & DISCUSSION

WHEN myosin was frozen in a solution 
0.45 M in KCI, 0.026 M in mono- and 
dipotassium phosphate, pH 6.9, p = 0.5, 
large molecular weight aggregates formed 
which could be centrifuged out of solu
tion at low centrifugal fields. Plotting the 
decreasing protein concentration in solu
tion against time of storage, rate curves of 
the dénaturation of rabbit and trout 
myosins were obtained as shown in Fig
ures 1 and 2. By comparison, trout 
myosin formed insoluble polymers more 
rapidly, particularly when frozen at 
— 1 0 °, but also at 0 ° a somewhat lower 
stability was noted for the fish myosin. A 
striking feature for rabbit and trout myo
sins was that the maximum rate of

Fig. 4 —Relative rates o f  decreasing p ro te in  con 
cen tra tio n  in so lu tions o f  t ro u t m yosin  made 
0 .0 2  M  in  pyrophospha te  (P2), tr ip o lyp h o s 
phate  (P3) o r  N -e thy lm a le im ide  (NEM ), o r 
0.001 M  in  m a lonaldehyde, a n d  s to red  a t  — 10°. 
A l l  reagents were ad justed  to p H  7 be fore being  
added to the p ro te in  so lu tions. O ther con 
d itio n s  were 0 .45  M  KCI, 0 .0 26  M  potassium  
phosphates, p H  6.9.

dénaturation was around —10°. Ultracen
trifugation studies showed indeed that 
rabbit myosin stored at 0 ° remained in 
the monomeric state, whereas polymers 
readily formed when the myosin solu
tions were frozen, particularly at —1 0 ° 
(Fig. 3). When the storage temperature 
was decreased further to -2 0  or -30° the 
rate of dénaturation decreased and ap
proached the minimum at 0°. Formation 
of insoluble precipitate at -5 °  was also 
less than at —10°. The general pattern of 
myosin dénaturation displayed in Figures 
1 and 2  bears a striking resemblance to 
the protein solubility curves obtained 
during frozen storage of cod muscle as 
well as muscle from other fish and general 
experience with other tissues (Dyer and 
Fraser, 1959; Dyer, 1951; Love, 1958); 
with the difference, however, that myosin 
in solution is denatured at a faster rate 
than when the proteins are in their 
undisturbed cellular arrangement.

Attempts to stabilize myosin and to 
reduce the rate of its aggregation were 
successful when the freezing solutions 
were made 0.02 M in pyrophosphate or in 
tripolyphosphate, the latter being more 
effective (Fig. 4). The effect of 0.02 M 
adenosine triphosphate, Figure 5, in re
ducing the aggregation of myosin is sim
ilar to that of the tripolyphosphate, both 
compounds being substrates for myosin 
in the presence of Ca+ 2  (Kielley, 1961). 
When the myosin solution was made 
0.001 M in malonaldehyde, before freez
ing to —1 0 °, the rate of insolubilization 
of the protein was greatly increased and 
an elastic, porous product was formed 
(Fig. 4). Malonaldehyde, similarly to glu- 
taraldehyde, reacts with a- and e-amino as
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Fig. 5 —Relative rates o f  decreasing p ro te in  con
ce n tra tio n  in so lu tions o f  t ro u t m yosin  made 
0 .0 2  M  in  adenosine triphosphate (A TP ) o r  
0 .0 3  M  in  m ercaptoethano l (-SH) and  s to red  a t 
— 10°. O ther con d itions  as c ite d  under Figures 
1 -4 .

Fig. 6 —Relative rates o f  decreasing p ro te in  con 
ce n tra tio n  in  so lu tions o f  ra b b it m yos in  ad
ju s te d  to  5 .4  M  g lyce ro l o r 0 .001 M  in  lau ric  
a c id  a n d  s to red  a t —10°. The in it ia l p ro te in  
concentra tions were 0.65%, 0 .4 5  M  KCI, b u f f 
ered w ith  0 .0 26  M  potassium  phosphates to  p H  
6.9. The m idd le  curve represents the decrease in  
p ro te in  concen tra tion  o f  a m yos in  so lu tio n  fro 
zen a t — 10° w ith o u t additives.
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Fig. 7—Decrease in  t itra b le  s u lfh y d ry l groups o f  
ra b b it m yosin  (open circles) and  tro u t  m yos in  
(closed circles) a t  0 .4 5  M  K C I , 0 .0 2 6  M p o ta s 
sium  phosphate b u ffe r p H  6.9 , when s to red  in  
a ir  a t 0°. The s u lfh y d ry l de te rm ina tions were 
begun 2 0 —24 h r a fte r s ta rting  e x tra c tio n  o f  the  
muscle, and  were carried  o u t on 3 .6  m g o f  p ro 
te in each.

well as sulfhydryl groups of proteins and 
amino acids and is able to act as a 
cross-linking reagent between different 
monomers (Buttkus, 1969; Habeeb and 
Hiramoto, 1968). N-ethylmaleimide at a 
;oncentration of 0.02 M did not seem to 
affect the rate of aggregation appreciably, 
jecause in the native protein not all 
sulfhydryl groups are readily available to 
the reagent. Addition of mercaptoethanol 
at low concentrations, 0.03 M, led to the 
formation of gels when the myosin solu
tions were frozen at —1 0 ° and no signifi
cant reduction in insolubilization was 
achieved (Fig. 5).

Mercaptoethanol is frequently and suc
cessfully used to keep sulfhydryl enzymes 
in the native or reduced state; however, in 
the present case, use of mercaptoethanol 
led to an increase in viscosity and for
mation of gels in the myosin solutions. 
This observation led us to reinvestigate 
the nature of the sulfhydryl groups of 
myosin and it was found that in freshly 
prepared myosin, i.e., 24 to 28 hr after 
killing the animal, 42—43 sulfhydryls per 
5 x 10s g of protein were determined in 
8  M urea. When stored at 0° in air, the 
total number of free sulfhydryl groups 
soon decreased to 30—33 and after 10 
days reached a value of 28 (Fig. 7). The 
initial decrease indicated that about 1 0  of 
the sulfhydryl groups of the myosin 
molecule are very reactive and seem to 
oxidize readily to form intramolecular 
disulfide bonds, since myosin solutions 
up to 5 days at 0° can still be homoge
neous in the ultracentrifuge and have the 
characteristic sedimentation coefficient 
S2 0 ,w = 6.5 (Fig- 3). The aggregation
and oxidation of sulfhydryl groups in 
myosin from trout was somewhat faster 
in comparison with that from rabbit;

however, it did not seem as fast and 
extensive as aggregation reported for 
myosin from cod muscle.

The high molecular weight myosin 
aggregates formed in myosin solutions, 
with or without additives, during the 
freezing process were examined for their 
solubility characteristics in different sol
vents. The aggregates were found to be 
insoluble in M NaCl, 8  M urea, 6  M 
guanidine hydrochloride or detergents, all 
of which were adjusted to pH 8  if 
necessary. Solubilization of all the aggre
gates except the myosin-malonaldehyde 
polymer was, however, accomplished in 6  

M guanidine hydrochloride solution, 
which was 0.5 M in mercaptoethanol and 
at pH 8 , or 0.3 M in sulfite or cyanide. 
Dissolution of the aggregate suspended in 
6  M guanidine hydrochloride was also 
achieved by reduction with sodium boro- 
hydride. These experiments provide ex
perimental proof that the sulfhydryl 
groups must have been directly involved 
in the polymerization of the monomeric 
myosin molecules.

The second requirement to dissolve 
the aggregate, the presence of guanidine, 
was an indication for the involvement of 
hydrophobic and possibly also hydrogen 
bonds in its formation (Kauzmann, 1959; 
Tanford, 1964). On the basis of the 
observed behavior of the sulfhydryl groups 
in the monomeric myosin molecule and 
the effect of reducing conditions on the 
high molecular weight aggregates, a gen
eral mechanism for the polymerization 
can be proposed: About 10 of the very 
reactive sulfhydryl groups, diagrammat- 
ically represented in the top portion of 
the myosin molecule (M) in Figure 8 , are 
first oxidized. The molecule with the 
intramolecular disulfide bonds (M*) is

-SH - s — S — S —|
-SH - s -SH

-SH - s -S
-SH - s - s

-SH

ox”*

-SH -S H

H S - HS-

-  M * —► -*
m 2

Fig. 8 —Schem atic representation o f  the o x id a 
tio n  and  the consequent s u lfh yd ry l-d isu lfid e  
exchange reactions o f  m yosin  w hich u lt im a te ly  
lead to  the fo rm a tio n  o f  large m o le cu la r w e igh t 
m yosin  po lym ers. The closely spaced s u lfh y d ry l 
groups on top  represent 10 very reactive groups  
whereas the lo w e r 2  represent 3 2  SH groups o f  
the m yosin  m o lecu le  m ore  stable to  o x id a tio n . 
N ote  th a t the su lfh yd ry l-d isu lfid e  interchange  
reactions proceed w ith o u t a decrease in  the  
to ta l num ber o f  free s u lfh y d ry l groups.

now in an activated state being suscep
tible to sulfhydryl-disulfide interchange 
reactions with molecules of its own kind 
to form M* 2  or with molecules being 
already multiples of M* having a molec
ular weight of M*x.

M -> M*
2 M* -> m * 2

m *2+ m* -> M*3
M* (x - 1 )+ M* -> M*x

Also, M and M* could probably form M - 
M* which would then oxidize to M*2.
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(b)
Fig. Wa-Electronphotomicrograph of 2 monomeric myosin molecules. According to current 
knowledge, a myosin molecule consists of 2 polypeptide chains in an a-helical coiled coil and each 
of these chains ends in a globular head. The double head is particularly well recognizable in the 
lower molecule. b—Electronphotomicrograph of myosin molecules which aggregated during storage 
for 5 days at —10° in a side-to-side manner.

Fig. 9—Temperature-composition phase dia
gram for the potassium chloride-water system. 
The line AE represents the equilibrium freezing 
point curve. /4s the temperature of a dilute KCI 
solution is towered to a point on AE, pure ice 
separates and the remaining solution is concen
trated in solute. At point E, the eutectic point, 
ice and potassium chloride crystals separate out 
together, forming the eutectic mixture, i.e., the 
solution freezes without change in composition. 
A greater initial concentration in the unfrozen 
solution will only result in a greater total vol
ume of liquid phase in the frozen solution.

The important point is that the initial 
reactions are bimolecular and could be 
expected to follow second-order kinetics. 
This has indeed been shown to be true for 
rabbit as well as cod myosins (Johnson 
and Rowe, 1961; Connell, 1963). How
ever, at more advanced stages of aggre
gation, when the reactive centers become 
limiting or the movement of the relatively 
large molecules becomes rate determin
ing, due to precipitation or increases in 
viscosity at higher protein concentrations, 
deviations from second-order kinetics 
must be expected. Interaction by hydro- 
phobic and hydrogen bonds then prob
ably follows the interlinking of molecules 
by -S-S- bonds.

A possible involvement of sulfhydryl 
groups in the aggregation process of 
myosin has been investigated in several 
laboratories and was rejected because the 
number of sulfhydryl groups did not 
seem to change during storage or in 
solutions which had undergone some 
notable aggregation or because mercapto- 
ethanol in low concentrations accelerates 
aggregation (Holtzer and Lowey, 1959; 
Connell, 1959). However, from Figure 8  

we see that the total number of free 
sulfhydryl groups, indeed, remains the 
same during the sulfhydryl-disulfide inter
change reactions and at low thiol concen
tra tio n s m ixed myosin disulfides 
M*-S-S-R can be formed and due to steric 
reasons are probably more reactive in the

sulfhydryl-disulfide exchange reaction. At 
excess thiol concentrations and in the 
presence of 6  M guanidine at pH 8  the 
disulfide aggregates could be reduced to 
the monomeric state

M - S - S - M + RS' ^  M - S - S - R  + MS-

M - S - S - R + R S ':^  R - S - S - R + MS'
The question then arises: Why was the 

maximum rate of dénaturation of the 
myosin solutions around —10°? (Fig. 1

and 2.) Realizing that the major com
ponent, on a molar basis, in the myosin 
solution was potassium chloride (0.45 M), 
the freezing of this solution can be 
compared to that of a dilute potassium 
chloride-water solution and the equilib
rium diagram for this binary system is 
shown in Figure 9. The initial freezing of 
the solution will result in the separation 
of ice and a liquid phase containing the 
solute(s), despite the fact that the solu
tion has a solid appearance. As the
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temperature decreases along the line AE, 
more ice separates and the solution be
comes more concentrated until below 
point E, ice and solid KC1 separate. For 
potassium chloride the eutectic point E is 
at —1 1 ° and the concentration of the 
liquid phase 3,31 M KC1. If other solutes 
such as myosin are present in the solu
tion, they too are concentrated in the 
liquid regions of the frozen solution, 
resulting in an acceleration of the pre
dominantly bimolecular aggregation re
action. The major mineral component in 
muscle tissue is also potassium chloride 
(Hamoir, 1961) and the eutectic point 
would, therefore, be in the region of 
— 11°. In this temperature region at high 
potassium chloride concentrations, some 
solubilization of myosin molecules out of 
the thick filaments would be feasible and 
consequently lead to aggregation re
actions. Below the eutectic point the 
liquid regions solidify and separate as ice 
and solid KC1, except for the water 
bound to protein or some inorganic 
hydrates. The mobility of the reacting 
compounds is thus greatly reduced and 
the rate of reaction declines as the tem
perature is lowered further. To check if 
the high salt concentration in the frozen 
solution had any effect on the accelerated 
aggregation reaction at —1 0 °, myosin 
solutions were made up to 3.3 M in KC1 
pH 6.9 and stored at 0° for 13 days 
without any significant increase in aggre
gation compared to a control 0.45 M in 
KC1. Gross pH changes in freezing solu
tions were eliminated by using potassium 
phosphate buffers (pH 6.9) which show 
the least change in pH during freezing 
(van den Berg and Rose, 1959). The 
thawing and refreezing process did not 
have any effect on the aggregation of the 
protein, since a sample thawed and re
frozen to -30° each day for 10 days had 
the same amount of soluble protein as a 
sample stored for 10 days at -30° with
out interruption.

If the eutectic point of the myosin 
solutions is lowered by making glycerol 
or magnesium chloride the major con
stituents, the maximum concentration 
effect is delayed until -47  or 33.6°C, 
respectively. Myosin solutions kept at 
-10° in the presence of 5.4 M glycerol
are.stabilized and denaturation is reduced 
to a minimum, comparable to solutions 
held at 0° (Fig. 6 ). After 10 days of 
storage, however, the protecting effect of 
glycerol seemed to decline somewhat. 
Myosin solutions made 0.1 M in MgCl2 

and frozen at —1 0 ° appeared to be 
protected from aggregation as well, pos
sibly by a lowering of the eutectic point, 
but a chelation effect of the sulfhydryl 
groups on the magnesium ions cannot be 
excluded as a possible reason.

A different form of denaturation of 
proteins is brought about by the inter
action with fatty acids or detergents

which can interfere with the hydrophobic 
bonding of the native molecule or form 
micelles on the surface and change the 
charge of molecules, etc. Figure 6  shows 
that lauric acid at 0.001 M in the myosin 
solution during freezing at — 1 0 ° increases 
the over-all rate and extent of denatur
ation.

A general comparison of the properties 
of fish and rabbit myosins was also 
carried out. Although trout and rabbit 
myosins appear very similar physically 
and chemically (Buttkus, 1966; 1967), 
trout myosin was more susceptible to the 
effects of freezing and aggregated more 
rapidly (Fig. 1 and 2). Further analysis 
showed that fish myosins (trout and 
halibut) prepared either by the Mackie 
and Connell (1964) or according to the 
Szent-Gyorgyi (1951) procedure still 
possess acetylcholinesterase activity and 
15 units of adenylic acid deaminase activ- 
ity/mg protein at 25°. Rabbit myosin 
prepared by presently accepted methods 
(Szent-Gyorgyi, 1951; Dreizen et al., 
1965) did contain 18 units deaminase 
activity/mg protein at 25°, but no acetyl
cholinesterase activity, although the latter 
was at one time proposed to be a natural 
part of myosin (Kover et al., 1964). The 
free fatty acid content of rabbit myosin 
preparations was also found to be less 
than that of trout and halibut myosins, 
0.015-0.020 and 0.090—0.10 g of fatty 
acids (mol wt 300) per 100 g of protein, 
respectively.

Electronphotomicrographs of rabbit 
myosin preparations following dialysis 
against ammonium acetate buffer are 
shown in Figure 10. 2 myosin molecules 
(Fig. 10a) from a preparation not frozen 
but stored and dialyzed at 0 ° is compa
rable with the general features of earlier, 
more extensive work on the structure of 
myosin (Slayter and Lowey, 1967). The 
myosin structures seen in Figure 10a are 
in agreement with the concept that myo
sin consists of 2  major polypeptide chains 
in an a-helical coiled coil, each ending in 
a head of globular conformation from 
which 2  smaller subunits can be reversibly 
dissociated at high pH (Frederiksen and 
Holtzer, 1968). The aggregates (Fig. 10b) 
are of comparable dimensions of the 
monomers observed (1500-2400 X) and 
indicate that polymerization did occur in 
a side-to-side manner, as predicted from 
physical studies (Holtzer, 1956). The 
distribution in length of the different 
particles can be accounted for by break
age of some of the particles during the 
application of the protein solution to the 
grids.
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DEGRADATION OF VARIOUS MEAT FRACTIONS BY TENDERIZING ENZYMES

S U M M A R Y —B e e f  r o u n d  m u s c le  w as s e p a ra te d  a c c o r d in g  to  s o lu b i l i t y  c h a r a c te r is t ic s  in t o  w a te r  

s o lu b le ,  s a l t  s o lu b le  a n d  in s o lu b le  f ra c t io n s .  T h e se  s h o w e d  d i f f e r e n t  d e g re e s  o f  h y d r o ly s is  w h e n  

re a c te d  w i t h  a n  e n z y m e .  T h e  m a g n i tu d e  v a r ie d  w i th  n a tu r e  o f  th e  e n z y m e .  C o lla g e n a s e , b r o m e la in  

a n d  t r y p s in  s h o w e d  s t r o n g e r  s o lu b i l iz in g  a c t i v i t y  o n  th e  in s o lu b le  f r a c t io n  th a n  o n  th e  s a l t  s o lu b le  

f r a c t io n ;  w h e re a s  p a p a in ,  R h o z y m e  P-11 a n d  f ic in  s h o w e d  s t r o n g  a c t i v i t y  o n  th e  s a l t  s o lu b le  

f r a c t io n  a n d  h y d r o ly z e d  th e  in s o lu b le  f r a c t io n  less e f f i c ie n t l y .  I n  g e n e ra l,  th e  w a te r  s o lu b le  f r a c t io n  

w as m o re  r e s is ta n t  t o  e n z y m e  h y d r o ly s is  th a n  th e  o t h e r  f r a c t io n s ,  e x c e p t  w i t h  p a p a in  a n d  R h o 

z y m e  P-11. H o w e v e r ,  th e  p o r t io n  o f  th e  w a te r  s o lu b le  f r a c t io n  t h a t  w a s h y d r o ly z e d  a p p e a re d  as 

s m a lle r  p e p t id e s  th a n  th e  s o lu b i l iz e d  f ra g m e n ts  o f  th e  o t h e r  tw o  f ra c t io n s .

INTRODUCTION
PROTEOLYTIC ENZYMES are known 
to increase the tenderness of meat when 
properly used and the tenderness pro
duced by them is undoubtedly a result of 
protein breakdown; yet there is relatively 
little information available regarding the 
fraction of meat which is changed during 
enzyme tenderization. When Wang et al.
(1957) made microscopical observations 
of the structural nature of muscle tissue, 
they were able to identify the sites of 
enzyme action and show that enzymes of 
different origins preferentially attack 
different muscle components. However, it 
was not possible to define the exact 
relation between tenderization and pro
tein digestion.

A chemical investigation of the relative 
effect of proteolytic enzymes of plant, 
animal and microbial origins has been 
reported by Miyada and Tappel (1956) 
using ground beef muscle. They found 
that the greatest change among the vari
ous protein fractions occurred in the 
transformation of soluble protein nitro
gen to non-protein nitrogen due to hy
drolysis, mainly of actomyosin.

Our present study was undertaken to 
compare the susceptibility of various frac
tions of meat to enzyme treatment and, if 
possible, to correlate these findings with 
the tenderizing effect of the enzymes. It 
was thought that differences in the re
sponses of the various meat fractions 
might help identify the portion of meat 
most intimately involved during tenderi
zation.

EXPERIMENTAL
Preparation of meat fractions

L e a n  b e e f  r o u n d  w a s  g r o u n d  a n d  e x t r a c t e d  
r e p e a t e d ly  w i th  w a t e r  t o  p r o v id e  w a t e r  s o lu b le  
( s a r c o p la s m ic )  p r o t e i n ,  t h e n  w i t h  0 .6 7 M  s o d i 
u m  c h lo r id e  t o  y ie ld  s a l t  s o lu b le  ( m y o f ib r i l l a r )  
p r o t e i n ,  a n d  w a t e r  a n d  s a l t  i n s o lu b le  ( s t r o m a )  
f r a c t i o n s  s im ila r  t o  th o s e  o f  H e g a r ty  e t  a l. 
( 1 9 6 3 ) .  A f t e r  p r e p a r a t i o n ,  e a c h  f r a c t i o n  w a s  
l y o p h y l i z e d .  T h e  n i t r o g e n  c o n t e n t  o f  a l l  f r a c 
t i o n s  w a s  d e t e r m in e d  b y  K je ld a h l  a n a ly s is  a n d  
p o r t i o n s  o f  e a c h  f r a c t i o n  c o n ta in in g  1 9 .6  m g  o f  
n i t r o g e n  w e re  w e ig h e d  i n t o  v ia ls  a n d  h y d r a t e d

o v e r n ig h t  in  a  c o ld  r o o m  ( 5 ° C )  b y  a d d i t i o n s  o f  
8 m l  o f  0 .0 5 M  p h o s p h a t e  b u f f e r  (p H  7 .0 ) .

Enzymes
T h e  e n z y m e s  s e le c te d  f o r  t h e  e x p e r im e n t  

w e re  b r o m e la in ,  f i c in ,  p a p a i n ,  a n d  t r y p s in .  
T h e s e  a re  w e ll  k n o w n ,  r e a d i ly  a v a i la b le ,  p o t e n t ,  
p r o t e o l y t i c  e n z y m e s .  P r e l im in a r y  a s s a y s  w e re  
m a d e  t o  d e t e r m in e  t h e  a m o u n t  o f  e a c h  e n z y m e  
w h ic h  w o u ld  d ig e s t  a  s t a n d a r d  a m o u n t  o f  th e  
s a l t  s o lu b le  f r a c t i o n  t o  g iv e  t h e  s a m e  n u m b e r  o f  
f r e e  a m in o  g r o u p s .  T h e  e s t i m a t e d  a m o u n t s  f o r  
b r o m e la in ,  f i c in ,  p a p a i n ,  a n d  t r y p s in  w e re  0 .2 9 ,

0 .0 9 ,  0 .1 9  a n d  0 .4 0  m g  r e s p e c t iv e ly .  R h o z y m e  
P -1 1  a n d  c o l la g e n a s e  w e re  a ls o  i n c lu d e d  b e c a u s e  
o f  t h e i r  r e p o r t e d  s e le c t iv e  d e g r a d a t io n  p r o p e r 
t ie s  a n d  1 4 .4  m g  o f  R h o z y m e  P - 1 1 a n d  1 m g  o f  
c o l la g e n a s e  w e re  a d d e d  t o  g iv e  a  s im i la r  m a g n i
t u d e  o f  a c t iv i ty .

Enzyme degradation of meat fractions
1 m l  o f  s t a n d a r d i z e d  e n z y m e  s o lu t io n s  w e re  

p i p e t t e d  i n t o  tw o  s e r ie s  o f  d u p l i c a t e  s e ts  o f  
v ia ls  c o n ta in in g  8  m l o f  t h e  h y d r a t e d  s u b s t r a te s .  
O n e  s e t  o f  d u p l i c a t e  v ia ls  w a s  t h e n  i n c u b a te d  
f o r  9 0  m in  a t  6 0 ° C  f o r  b r o m e la in ,  f i c in ,  p a p a in  
a n d  t r y p s in ,  a n d  f o r  3 h r  a t  3 8 ° C  f o r  c o l la 
g e n a s e  a n d  R h o z y m e  P -1 1 .  T h e  o t h e r  w a s  
i n c u b a t e d  f o r  1 1 0  m in  a t  t e m p e r a t u r e s  i n c r e a s 
in g  g r a d u a l ly  f r o m  2 5 ° C  t o  8 0 ° C .  T h is  s lo w  r ise  
o f  t e m p e r a t u r e  s im u la te s  c o o k in g  c o n d i t i o n s .  
A t  t h e  e n d  o f  t h e  r e a c t i o n  t im e ,  o n e  s e r ie s  o f  
s a m p le s  f r o m  e a c h  s e t  w a s  t r e a t e d  w i th  1 m l o f  
1M  p e r c h lo r i c  a c id  t o  s to p  th e  e n z y m e  r e a c t io n  
a n d  t o  p r o v id e  a c id  s o lu b le  e n d  p r o d u c t s ;  th e  
o t h e r  s e r ie s  w a s  h e a t e d  f o r  15 m in  in  a  b o i l in g  
w a t e r  b a t h  t o  s t o p  t h e  e n z y m e  r e a c t i o n  a n d  t o

T a b le  1—In c re a s e s  in  s o lu b i l iz e d  c o m p o n e n ts  o f  v a r io u s  m e a t  f r a c t io n s  b y  e n z y m e  t r e a tm e n t

S o lu b le  in  p H  7 P h o s p h a te  B u f f e r  S o lu b le  in  0 .1 M  P e r c h lo r i c  A c id

E n z y m e s  S u b s t r a t e s 3

S o lu b le

N i t r o g e n
O ug /m l)

F r e e  A m in o  
G r o u p s

(M g/m l)

S o lu b le
N i t r o g e n

( h g /m l)

F r e e  A m in o  
G r o u p s  
( p g /m l )

N o n e  ( C o n t r o l ) w b 5 5 8 101 4 7 2 8 2

S b 2 9 1 2 5 1 9 9 14

Ib 9 4 3 8 3

B r o m e la in W / 6 3 4 1 4 2 4 7 4 101
( 0 .2 9  m g ) S 1 2 8 0 1 3 8 7 0 8 1 4 4

I 1 9 5 9 8 2 1 0 1 6 8 0

C o lla g e n a s e W 2 7 2 18 7 0 21
( 1 . 0 0  m g ) S 5 6 2 6 9 2 6 1 5 5

I 1 3 2 0 3 8 7 9 5 3 8

F ic in W 1 6 0 4 8 1 5 6 6
( 0 .0 9  m g ) s 9 5 3 120 8 0 6 120

I 6 6 7 3 7 5 2 3 2 9

P a p a in w 5 0 9 1 0 6 1 7 3 3 6

( 0 .1 9  m g ) s 1 2 5 1 1 0 8 6 6 0 1 0 4

I 3 0 3 2 7 23.7 20

R h o z y m e  P -1 1 w 7 4 9 1 9 9 7 4 2 2 9 2

( 1 4 .4 0  m g ) s 1 0 1 6 2 3 7 1010 3 1 1

I 4 6 7 - 1 2 3 4 0 8 1 3 9

T r y p s in w 6 8 9 1 0 9 5 1 9 1 0 8

( 0 .4 0  m g ) s 1 3 6 7 1 1 9 8 9 1 112
I 1 5 4 6 9 5 1 0 0 8 110

aW  =  W a te r  s o lu b le  f r a c t i o n ;  S =  s a l t  s o lu b le  f r a c t i o n ;  I =  in s o lu b le  f r a c t i o n .  E a c h  s u b s t r a t e  
c o n t a i n e d  1 9 .6  m g  o f  n i t r o g e n  a n d  w a s  m a d e  u p  t o  a  f in a l  v o lu m e  o f  1 0  m l  f o r  i n c u b a t i o n  a t  6 0 ° C  
f o r  1V4 h o u r s  o r ,  f o r  c o l la g e n a s e  a n d  R h o z y m e ,  a t  3 8 ° C  f o r  3 h r .  T h e  a m o u n t  o f  d r y  e n z y m e  

p o w d e r s  u s e d  p e r  t u b e  a re  s h o w n  in  p a r e n th e s e s .
^ V a lu e s  f o r  t h e  c o n t r o l s  r e p r e s e n t  t h e  a m o u n t s  o f  t h e  c o m p o n e n t s  d e t e r m in e d  w h e n  s u b s t r a te s  

w e re  c a r r ie d  t h r o u g h  t h e  p r o c e d u r e  w i t h o u t  a d d i t i o n  o f  e n z y m e .  T h e s e  v a lu e s  w e re  s u b t r a c t e d  

f r o m  t h o s e  f o u n d  f o r  t h e  e n z y m e  t r e a t e d  s u b s t r a t e s  t o  g iv e  t h e  in c r e a s e s  t a b u la t e d  in  t h e  r e m a in d e r  

o f  t h e  ta b le .
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T a b le  2 —P e rc e n t  o f  m e a t  f r a c t io n s  s o lu b i l 

iz e d  b y  t r e a tm e n t  w i th  e n z y m e s 3

E n z y m e s

M e a t  F r a c t io n s * 1

W a te r

S o lu b le

(% )

S a l t
S o lu b le

(% )

I n s o lu b le

(% )

B ro m e la in 16 3 3 51

C o lla g e n a s e 13 2 6 61

F ic in 9 5 4 37

P a p a in 25 6 0 15

R h o z y m e  P -11 3 4 4 5 21
T r y p s in 19 3 8 4 3

a D a ta  r e f e r  t o  t h e  n o n - h e a t - c o a g u la b le  n i t r o 
g e n  in  s o lu t io n  a f t e r  e n z y m e  t r e a t m e n t ,  a s  a  
p e r c e n t  o f  t h e  t o t a l  n i t r o g e n  o f  t h e  s a m p le .

h T o  f a c i l i t a te  c o m p a r i s o n s  b e tw e e n  e n 
z y m e s .  d a t a  h a v e  b e e n  a d ju s t e d  t o  e n z y m e  le v 
e ls  w h ic h  w o u ld  p r o d u c e  th e  sa m e  to t a l  a m o u n t  
o f  s o lu b i l iz e d  n i t r o g e n  f r o m  th e  t h r e e  f r a c t io n s .

p r o v id e  n o n - h e a t - c o a g u la b le  a n d  p h o s p h a t e  b u f 
f e r  s o lu b le  p r o d u c t s  o f  th e  m e a t  f r a c t io n s .  A 
m i l l i l i t e r  o f  w a te r  w a s  a d d e d  t o  e a c h  v ia l o f  th e  
b o i le d  s a m p le s  t o  m a k e  th e  f in a l  v o lu m e s  1 0  m l 
f o r  a ll s a m p le s .  C o n t r o l  s a m p le s  o f  e a c h  o f  t h e  
s u b s t r a t e s  w e re  r u n  t h r o u g h  th e  p r o c e d u r e s  
w i t h o u t  a d d i t i o n s  o f  e n z y m e s .

A f t e r  c o o l in g ,  t h e  d ig e s t s  w e re  c e n t r i f u g e d  
a n d  th e  s u p e r n a t a n t s  f i l t e r e d .  T h e  re s id u e s  w e re  
w a s h e d  w i th  1 0  m l o f  b u f f e r  a n d  f i l t e r e d  
th r o u g h  th e  sa m e  p a p e r  t o  c o m b in e  w i t h  t h e  
f i r s t  f i l t r a te .

Measurements
T o t a l  n i t r o g e n  in  t h e  in i t i a l  s u b s t r a t e s  w a s  

m e a s u r e d  b y  K je ld a h l  a n a ly s e s  a n d  th e  n i t r o g e n  
c o n t e n t s  o f  p h o s p h a te  b u f f e r  o r  a c id  s o lu b le  
f i l t r a t e s  w e re  d e t e r m in e d  b y  n e s s le r iz a t io n  fo l 
lo w in g  s u l f u r ic  a c id  d ig e s t io n .

T h e  d e g re e  o f  h y d r o ly s i s  w a s  m e a s u r e d  b y  
a n a ly s e s  o f  t e r m in a l  a m in o  g r o u p s  w i th  t r i n i t r o 
b e n z e n e  s u l f o n ic  a c id  ( H a b e e b ,  1 9 6 6 ) .

RESULTS AND DISCUSSION
THE INCREASES in soluble components 
of various meat fractions during enzyme 
treatment are shown in Table 1. Data in 
the left half of the table relate to non- 
heat-coagulable materials soluble in 
0.0SM phosphate buffer (pH 7.0) after 
the various enzyme treatments; data in 
the right half of the table refer to 
identical treatments except that they 
represent materials soluble in 0.1M per
chloric acid. As expected, smaller amounts 
of soluble nitrogen were found for the per
chloric acid filtrates than for the buffer 
filtrates.

The percent of nitrogen solubilized 
was obtained by dividing the amount of 
nitrogen in each filtrate by the amount of 
nitrogen in the substrate subjected to 
enzyme treatment, and multiplying the 
result by 100. To facilitate comparisons 
among enzymes, data have been adjusted 
to enzyme levels which would produce 
the same total increase in soluble nitrogen 
from the three fractions, as shown in

S o lu b le  in  p H  7 p h o s p h a t e  b u f f e r

F r e e  a m in o

Table 3-Comparison of degree of hydrolysis of three meat fractions after enzyme degradation.

n i t r o g e n E s t im a te  ia
S o lu b le F r e e  a m in o S o lu b le A vg . P e p t . d e

n i t r o g e n n i t r o g e n N it ro g e n C h a in  L e n g th

E n z y m e s S u b s t r a te s (M g/m l) (M g/m l) (X  1 0 0 ) (N o .  o f  A .A .)

B ro m e la in W 6 3 4 1 25 1 9 .7 5 .1

S 1 2 8 0 121 9 .5 1 0 .5

I 1 9 5 9 7 2 2 .7 3 7 .0

C o lla g e n a s e w 2 7 2 16 5 .9 1 7 .0

s 5 6 2 6 1 1 0 .9 9 .2

I 1 3 2 0 3 3 2 .5 4 0 .0

F ic in w 1 6 0 4 2 2 6 .2 3 .8

s 9 5 3 1 0 6 11.1 9 .0

1 6 6 7 3 3 4 .9 2 0 .4

P a p a in w 5 0 9 9 3 1 8 .3 5 .5

s 1 2 5 1 9 5 7 .6 1 3 .2

I 3 0 3 2 4 7 .9 1 2 .7

R h o z y m e  P -1 1 w 7 4 9 1 7 5 2 3 .4 4 .3

s 1 0 1 6 2 0 9 2 0 .5 4.8
I 4 6 7 1 0 8 2 3 .1 4 .3

T r y p s in w 6 8 9 9 6 1 3 .9 7 .2

s 1 3 6 7 1 05 7 .7 1 3 .0

I 1 5 4 6 8 4 5 .4 1 8 .5

a E s t im a te d  f r o m  th e  e q u a t io n :

F r e e  a m in o  n i t r o g e n  _  ______________ 1______________
S o lu b le  n i t r o g e n  A vg . p e p t id e  c h a in  l e n g th

Table 2. Figures in any one line of Table 
2  thus reflect the relative degree of 
hydrolysis of the several types of protein 
in meat by an enzyme acting under the 
conditions specified. In a similar manner, 
figures in any one column reflect the 
relative effectiveness of the several en
zymes for each type of protein. However, 
values on the different lines do not 
represent relative potencies per gram of 
enzyme-the amounts of enzymes were 
adjusted to give solutions similar in over
all hydrolytic ability. As indicated in the 
table, the three fractions of meat show a 
varying degree of susceptibility to en
zyme degradation and, also, each enzyme 
had its specific pattern of hydrolytic 
effect. All of the enzymes tested in this 
experiment showed substantial activity 
on the salt soluble and insoluble fractions 
and variable activity on the water soluble 
fraction.

Figure 1 is a graphical presentation of 
data reflecting increases in the nitrogen 
content of non-heat-coagulable materials 
from sarcoplasmic and stroma proteins 
when treated with enzymes under condi
tions that would result in solublization of 
25% of the nitrogen of the myofibrillar 
fraction. Collagenase, bromelain, and 
trypsin showed stronger solubilizing activ
ities on the stroma fraction than on the 
salt soluble fraction, whereas papain, 
Rhozyme P-11 and ficin showed more 
activity on the salt soluble fraction than

on the insoluble fraction. In general, the 
water solubles were more resistant to 
enzyme degradation than the other two 
fractions and ficin showed the least activ
ity on this water soluble fraction.

The ratio of free amino nitrogen over 
total soluble nitrogen was calculated and, 
using this ratio, the average peptide chain 
length was estimated from the percent of 
free amino nitrogen, considering one Tee 
amino nitrogen for each peptide (ignoring 
the effects of epsilon-amino group). The 
peptide chain lengths are inversely pro
portional to the percents of free amino 
nitrogen. These are shown in Table 3. 
While these are only approximations tiey 
show the general effects of the several 
enzymes. For all of the enzymes tested 
except collagenase the water soluble frac
tion showed the greatest percent of tree 
amino nitrogen, indicating that the non- 
coagulable material produced from the 
water soluble fraction consisted of small
er peptides than those derived from the 
insoluble fraction. When hydrolysis of the 
same substrate by a different enzyme was 
considered, different pictures were ob
tained. For example, the insoluble frac
tion of meat was broken down to sma.ler 
peptides with Rhozyme P-11 than with 
the other enzymes.

Substrates and enzymes incubated at 
the programmed temperatures showed 
more or less the same relative activit es, 
although trypsin was slightly more active
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P E R C E N T  D IG E STED

F ig . 1—R e la t iv e  a c t i v i t y  o f  e n z y m e s  o n  th re e  f r a c t io n s  o f  m e a t.

due to a longer period at its optimum 
temperature range.

Numerous attempts have been made to 
correlate chemical and physical changes 
taking place in specific structural com
ponents of meat during post mortem 
aging with tenderization. As pointed out 
in the literature, modification of connec
tive tissue is desirable to reduce toughness 
of meat since the quantity and degree of 
cross linkage of connective tissue affects 
tenderness of meat (Cover and Smith, 
1956; Irvin and Cover, 1959; Goll et al. 
1964a and 1964b), and yet little or no 
change in connective tissue has been 
observed during natural aging, (Steiner, 
1939; Wierbicki et al., 1954; de Fremery 
and Streeter, 1969) whereas a convincing 
body of evidence indicates changes within 
the fibrous components of muscle during 
aging. Davey and Gilbert (1968a and 
1968b) showed that aging processes are

associated with an increased extractabil- 
ity of actin as well as with the disruption 
of Z bands in myofibrils. A similar change 
in fine structure, i.e., disruption of Z 
bands, was caused by a brief treatment of 
myofibrils with trypsin (Stromer et al.,
1967).

The proteolytic enzymes tested in our 
experiment showed hydrolytic activity 
both on myofibrillar protein and on 
connective tissue, and the degree of 
hydrolysis of these fractions varied with 
the type of enzyme used. Collagenase, 
bromelain and trypsin degraded the 
stroma fraction more strongly than the 
myofibrillar fraction. In contrast, papain, 
Rhozyme P-11 and ficin showed more 
activity on the myofibrillar fraction than 
on the other. These differences in hydro
lytic characteristics may lead us to a 
better understanding of mechanisms of 
enzymatic tenderization and to a more

desirable tenderness of meat.
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B u re a u  o f  C o m m e r c ia l F is h e r ie s ,  T e c h n o lo g ic a l L a b o r a to r y ,  K e tc h ik a n ,  A la s k a  9 9 9 0 1

ENZYMATIC DEAMINATION OF ADENOSINE MONOPHOSPHATE (AMP), ADENOSINE AND 
ADENINE BY SALMON, CRAB AND SCALLOP MUSCLE EXTRACTS

S U M M A R Y —C ru d e  e x t r a c ts  o f  p i n k  a n d  c o h o  s a lm o n  f i l le t s  c o n ta in  b o t h  a d e n o s in e  a m in o h y d r o -  

lase  ( E C 3 . 5 A . 4 . )  a n d  5 ' -A M P - a m in o h y d ro la s e  ( E C  3 . 5 .4 .6 . 1. S im i la r  e x t r a c ts  f r o m  k in g  a n d  T a n n e r  

c ra b  m e a t  a n d  f r o m  s c a l lo p  a d d u c to r  m u s c le  c o n ta in  a d e n o s in e  a m in o h y d r o la s e  b u t  n o t  5 '- A M P -  

a m in o h y d ro la s e .  A d e n in e  a m in o h y d r o la s e  a c t iv i t y  w as n o t  d e te c te d  in  s a lm o n ,  c ra b  o r  s c a llo p s .  

The se  re s u lts  s u g g e s t t h a t  th e  e n z y m a t ic  d e a m in a t io n  o f  5 ' -a d e n o s in e  m o n o p h o s p h a te  ( A M P )  w i l l  

c o n t r ib u t e  to  th e  5 '- in o s in e  m o n o p h o s p h a te  ( IM P )  c o n t e n t  o f  s a lm o n  f i l l e t s  b u t  w i l l  n o t  c o n t r ib u t e  

s ig n i f ic a n t ly  t o  th e  I M P  c o n t e n t  o f  c ra b  o r  s c a l lo p  m u s c le s .

INTRODUCTION
THE DEGRADATION products of the 
adenine nucleotides, particularly inosine 
monophosphate (IMP) and hypoxanthine,

have been correlated with the quality and 
flavor of swordfish (Dyer et al., 1966), 
cod (Jones and Murray, 1964) and irradi
ated fillets (Spinelliand Miyauchi, 1968). 
The build-up and subsequent decline of

IMP in fish during storage has been 
attributed to a rapid deamination of 
adenosine 5 -monophosphate (AMP) to 
IMP, followed by a slow déphosphory
lation of IMP to inosine (Jones and 
Murray, 1964;Tarr, 1966).

Pathways for the degradation of the 
adenine nucleotides in the invertebrates 
have not been clearly established. Arai
(1966) found no IMP in certain marine 
invertebrates and demonstrated that, in 
many species, AMP is dephosphorylated
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T a b le  1 - T o t a l  a c t iv i t i e s '  o f  th e  a m in o h y d r o la s e s  d e te c te d  in  

s a lm o n ,  c ra b  a n d  s c a l lo p  m u s c le  e x t ra c ts ._______________________________________

S p e c ie s

E x t r a c t i o n

b u f f e r A M P

S u b s t r a t e
A d e n o s in e A d e n in e

P in k  s a lm o n L e e 2
0 .1  M S u c c in a te

4 .6 0 .0 8 N o n e

p H  6 .5 0.6 0.12 N o n e

0 .6  M K C l 0 .5 0 .0 9 N o n e

C o h o  s a lm o n L e e 2
0 .1  M S u c c in a te ,

4 .0 0 .0 7 N o n e

p H  6 .5 0.8 0.12 N o n e

0 .6  M K C l 0.6 0 .0 8 N o n e

K in g  c ra b L e e 2
0 .1  M S u c c in a te ,

N o n e 0 .3 3 N o n e

p H  6 .5 N o n e 0 .4 3 N o n e

0 .6  M K C l N o n e 0 .3 9 N o n e

T a n n e r  c ra b L e e 2
0 .1  M S u c c in a te ,

N o n e 0 .0 9 N o n e

p H  6 .5 N o n e 0 .1 4 N o n e

W e a th e rv a n e
0 .6  M K C l N o n e 0.12 N o n e

s c a l lo p L e e 2
0 .1  M  S u c c in a te ,

N o n e 0 .1 4 N o n e

p H  6 .5 N o n e 0 .1 6 N o n e

0 .6  M K C l N o n e 0.11 N o n e

• T o t a l  a c t iv i ty  is  t h e  n u m b e r  o f  m ic r o m o le s  o f  s u b s t r a t e  d e a m i-  
n a t e d  p e r  m in u te  p e r  g ra m  o f  m o i s t  t i s s u e  a t  2 5 ° C .  C o n d i t i o n s  f o r  

e x t r a c t i o n  a n d  a s s a y  a r e  g iv e n  in  t h e  e x p e r im e n ta l  s e c t io n .
20 .3  M K C l, 0 .0 9  M K H 2 P 0 4 a n d  0 .6  M K 2 H P 0 4 , a d ju s t e d  t o  p H  

6 .5 .

to adenosine, which is then deaminated 
to inosine. The crustaceans have been 
reported to contain either or both path
ways. Arai (1966) observed that in 
prawns deamination of AMP predomi
nated at 19°C whereas deamination of 
adenosine predominates at —6 °C, and 
suggested that a similar situation might 
occur in king crab. A different situation 
was observed in lobster (Dingle et ai.,
1968) in which AMP aminohydrolase but 
no adenosine aminohydrolase activity was 
detected.

The purpose of this study was to 
determine if the deaminases of AMP, 
adenosine and adenine are present in 
various extracts from the muscles of pink 
salmon, coho salmon, king crab, Tanner 
crab and weathervane scallops. Detection 
of these substrate specific enzymes would 
indicate which of the pathways for the 
degradation of AMP are possible in these 
species.

MATERIALS & METHODS
S a m p le  p r e p a r a t i o n

P in k  s a lm o n  (Oncorhynchus gorbuscha) a n d  
c o h o  s a lm o n  (Oncorhynchus kisutch) w e re  
c a u g h t  n e a r  K e tc h i k a n ,  A la s k a ,  in  A u g u s t ,  1 9 6 8 ,  
a n d  h e ld  in  ic e  le ss  t h a n  2 4  h r  b e f o r e  p r e p a r a 
t io n .  C o m p o s i t e  s a m p le s  o f  e a c h  s a lm o n  s p e c ie s  
w e r e  p r e p a r e d  b y  b le n d in g  s e v e ra l f i l le ts  in  a  
p r e c h i l l e d  g r in d e r .  T h e s e  w e re  s to r e d  a t  - 5 0 ° C  
u n t i l  a n a ly z e d .

H a rd - s h e l l  m a le  k in g  c r a b s  (Paralithodes 
camtschatica) a n d  T a n n e r  c r a b s  (Chionoecetes 
bairdi) w e re  c a u g h t  n e a r  K o d ia k ,  A la s k a ,  in

S e p te m b e r ,  1 9 6 8 .  T h e y  w e re  b u t c h e r e d  a liv e  
a n d  t h e  le g  s e c t io n s  im m e d ia te ly  f r o z e n  in  d r y  
ic e  a n d  f lo w n  to  t h e  l a b o r a to r y ,  w h e r e  th e y  
w e re  s to r e d  a t  - 5 0 ° C .  T h e  s h e lls  w e re  r e m o v e d  
p r i o r  t o  a n a ly s is  a n d  th e  leg  a n d  b o d y  m e a t  
f r o m  s e v e ra l c r a b s  b le n d e d  t o g e t h e r  in  a  p r e 
c h i l le d  g r in d e r .

W e a t h e r v a n e  s c a l l o p  (Platinopecten 
caurinus) a d d u c t o r  m u s c le s  w e re  c o l le c te d  in  
t h e  G u l f  o f  A la s k a  in  S e p te m b e r ,  1 9 6 8 ,  a n d  
h e ld  o n  ic e  le ss  th a n  4 8  h r  b e f o r e  b e in g  f lo w n  
t o  t h e  l a b o r a to r y .  U p o n  a r r iv a l ,  c o m p o s i te  
s a m p le s  w e r e  p r e p a r e d  b y  b l e n d in g  th e  m u s c le s  
in  a  p r e c h i l l e d  g r in d e r ,  t h e n  s to r e d  a t  - 5 0 ° C  
u n t i l  a n a ly z e d .

E x t r a c t i o n  t e c h n iq u e s

T o  c o m p a r e  s p e c ie s  d i f f e r e n c e s  in  t h e  e x -  
t r a c t a b i l i t y  o f  t h e  a m in o h y d r o la s e s ,  3 e x t r a c 
t io n  b u f f e r s  w e re  u s e d  fo r  e a c h  s p e c ie s . T h e  3 
e x t r a c t i o n  b u f f e r s  s e le c te d  w e r e :  a )  0 .3  M K C l, 
0 .0 9  M K H 2 P 0 4 a n d  0 .0 6  M K 2 H P 0 4 a d ju s t e d  
t o  p H  6 .5  (L e e ,  1 9 5 7 ) ;  b )  0 .1  M p o ta s s iu m  
s u c c in a te  a d ju s t e d  t o  p H  6 .5 ,  a n d  c ) 0 .6  M K C l 
(D in g le  e t  a l .,  1 9 6 8 ) .

E x t r a c t s  f o r  e n z y m e  a s s a y  w e re  p r e p a r e d  
f r o m  e a c h  s p e c ie s  e x a m in e d  b y  h o m o g e n iz in g  
1 0 - 2 0  g o f  f r o z e n  m u s c l e  t i s s u e  in  a  W arin g  
B le n d o r  w i th  7 .0  p a r t s  o f  c o ld  e x t r a c t io n  
b u f f e r ,  t h e n  s t i r r i n g  f o r  1 h r  a t  3 °C .

T h e  e x t r a c t s  w e r e  c e n t r i f u g e d  a t  1 4 ,0 0 0  x  g 
fo r  3 0  m in ,  f o r m in g  a  f i r m ly  p a c k e d  r e s id u e  
w h ic h  c o n ta in e d  n o  d e a m in a s e  a c t iv i ty .  A t  le a s t  
8 0 %  o f  th e  s a lm o n  e x t r a c t s  a n d  9 0 %  o f  t h e  c ra b  
a n d  s c a l lo p  e x t r a c t s  c o u ld  b e  d e c a n te d  f r e e  o f  
u n d is p e r s e d  m a te r ia l .  I n s o lu b le  p a r t i c le s  w e re  
r e m o v e d  b y  p o u r in g  th e  s u p e r n a t a n t  l iq u id  
t h r o u g h  2 l a y e r s  o f  c h e e s e  c lo th .

E n z y m e  a ss a y

T h e  e n z y m e  e x t r a c t s  w e re  d i l u t e d  w i th  th e

a p p r o p r i a t e  e x t r a c t i o n  b u f f e r  t o  a  r a n g e  m e a s 
u r a b le  b y  K a lc k a r ’s ( 1 9 4 7 )  m e t h o d  o f  d i f f e r 
e n t ia l  s p e c t r o p h o t o m e t r y .  T h e  a m in o h y d r o l a s e  
a c t iv i t i e s  o f  e a c h  o f  t h e  d i l u t e d  e x t r a c t s  w e re  
d e t e r m in e d ,  u s in g  3 d i f f e r e n t  s u b s t r a t e s .  T h e  
s u b s t r a te s  s e le c te d  w e r e :  a )  15 m g / l i t e r  A M P  in  
0 .1  M p o ta s s iu m  s u c c in a te  a d ju s t e d  t o  p H  6 .5 ;  
b )  1 2  m g / l i t e r  a d e n o s in e  in  0 .0 5  M  p h o s p h a t e  
a d ju s t e d  to  p H  7 .5 ,  a n d  c ) 8  m g / l i t e r  a d e n i n e  in  
0 .0 5  M p h o s p h a te  a d ju s t e d  t o  p H  7 .0 .

T h e  r e a c t io n  w a s  c a r r ie d  o u t  in  a  q u a r t z  
c u v e t t e  c o n ta in in g  0 .1  m l  o f  d i l u t e d  e n z y m e  
e x t r a c t  a n d  3 .0  m l  o f  t h e  a p p r o p r i a t e  s u b s t r a t e .  
T h e  r a t e  o f  d e c r e a s e  in  a b s o r b a n c e  a t  2 6 5  m p 
a n d  2 5 ° C  w a s  d e t e r m in e d  u s in g  a  G i l f o r d  M o d e l  
2 0 0 0  A u t o m a t i c  R e c o r d i n g  S p e c t r o p h o 
to m e te r .  T h e  in i t i a l  s lo p e  o f  t h e  a b s o r b a n c e  v s . 
t im e  c u rv e  w a s  c o n v e r te d  t o  m ic r o m o le s  o f  
s u b s t r a t e  d e a m in a t e d  p e r  m in u te  p e r  g r a m  o f  
m o i s t  t i s s u e  b y  m u l t i p l y in g  b y  th e  r e a c t i o n  
v o lu m e  ( l i t e r s )  a n d  d iv id in g  b y  t h e  d i f f e r e n c e  
b e tw e e n  th e  m o la r  a b s o r b a n c ie s  o f  t h e  s u b 
s t r a t e  a n d  p r o d u c t s  a t  2 6 5  mp a n d  b y  th e  
w e ig h t  (g )  o f  m o i s t  t i s s u e  r e p r e s e n te d .  D i f f e r 
e n c e s  in  m o la r  a b s o r b a n c e  b e t w e e n  s u b s t r a t e  
a n d  p r o d u c t  u s e d  w a s  8 8 6 0  f o r  A M P  a n d  IM P  
(S m ile y  e t  a l . ,  1 9 6 7 ) ,  7 9 0 0  f o r  a d e n o s in e  a n d  
in o s in e  (H o a g la n d  a n d  F i s h e r ,  1 9 6 7 )  a n d  5 1 0 0  
f o r  a d e n in e  a n d  h y p o x a n t h i n e  ( H e p p e l  e t  a l . ,  
1 9 5 7 ) .

RESULTS & DISCUSSION

THE AMINOHYDROLASE activities of 
extracts from pink salmon, coho salmon, 
Tanner crabs, king crabs and weathervane 
scallops with AMP, adenosine and 
adenine as substrates are given in Table 1. 
Total activities for each aminohydrolase 
in the crude extract were reported as 
micromoles substrate deaminated per 
minute per gram of moist tissue. Further 
purification of the enzymes may increase 
the activity per gram of protein ex
tracted, but would decrease the yield per 
gram of moist tissue.

Makarewicz (1969) reported the ef
fects of various nucleotides, nucleosides 
and inorganic ions on the rate of AMP 
deamination in extracts of muscle from 
elasmobranch fish. He reported that 
AMP-aminohydrolase from this source is 
substrate specific and has a broad pH 
optimum at pH 6 . 6  in 0.1 M succinate 
buffer. His data support the observation 
of Kalckar (1947) that the initial rate of 
deamination is a function of the substrate 
concentration in the range of the present 
experiment. Any variation in the assay 
method, particularly in the substrate con
centration, will change the observed 
enzyme activity. Since the conditions for 
assay are not identical to those in the 
intact muscle tissue, it is unlikely that 
there will be a correlation between the 
observed rate of enzyme activity and the 
rate of formation of product in the intact 
animal.

Furthermore, since the degradation of 
the adenine nucleotides involves a se
quence of reactions, the rate at which the 
products of deamination accumulate in 
muscle tissue depends upon both the 
activities of the enzymes which form
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these products and the activities of the 
enzymes which further change these prod
ucts. For these reasons, in the present 
work, the detection of enzyme activity, 
rather than the accumulation of products, 
was used to suggest probable pathways 
for deamination.

The 3 buffers described in Table 1 
extracted 5 -AMP-aminohydrolase from 
pink and coho salmon. Creelman and 
Tomlinson (1960) reported that the IMP 
found in salmon is slowly dephosphory- 
lated to inosine. The detection of 5 -AMP 
aminohydrolase is evidence that AMP is a 
source of IMP in salmon. Storage con
ditions which favor the activity of this 
enzyme while inhibiting the déphosphor
ylation of IMP should be beneficial to the 
quality of salmon.

Adenosine aminohydrolase activity 
was detected in all 3 extracts from each 
of the species investigated. Although Creel- 
man and Tomlinson ( 1960) found no aden
osine in salmon, detection of adenosine 
aminohydrolase suggests that part of the 
inosine which they observed was derived 
by the deamination of adenosine. In this 
respect, pink and coho salmon are similar 
to lingcod, in which Tarr and Comer 
(1964) observed both AMP aminohydro
lase and adenosine aminohydrolase.

Under the conditions used in this 
report, no deamination of AMP to IMP 
could be demonstrated in king crab, 
Tanner crab or weathervane scallops. All 
3 buffers failed to extract detectable 
amounts of 5 -AMP aminohydrolase from 
these species. Further examination failed 
to disclose this enzyme in any of the 
extracts either before or after centri
fugation, or in the precipitated residues. 
Adenosine aminohydrolase activity, how
ever, was detected in every extract from 
these species.

These findings suggest that the prin
cipal pathway for the degradation of the 
adenine nucleotides in king crab, Tanner 
crab and weathervane scallops involves 
the formation of inosine from adenosine 
rather than the formation of IMP from 
AMP. In this respect, king crab and

Tanner crab are different from some of 
the other crustaceans. Dingle et al. (1968) 
found AMP-aminohydrolase but no signif
icant amount of adenosine aminohydro
lase in lobster muscle extracts. King crab 
and Tanner crab are also different from 
prawns, in which Arai (1966) found 
evidence for both AMP-aminohydrolase 
and adenosine aminohydrolase.

Furthermore, Arai (1966), Porter
(1968) and Groninger and Brandt (1969) 
found that the IMP content of king crab 
is less than the flavor threshold value. 
Groninger and Brandt (1969) also re
ported that AMP rather than IMP accu
mulated in king crab during processing 
and during the storage of the raw tissue 
on ice.

The buffers used in this experiment 
failed to extract a detectable amount of 
adenine aminohydrolase activity. Tarr 
and Comer (1964) report that lingcod 
muscle possesses a very weak adenine 
deaminase activity but suggest that the 
deamination of this substrate might be 
caused by the adenosine deaminase pres
ent. Failure to detect adenine amino
hydrolase in any of the extracts suggests 
that the degradation of AMP by way of 
adenine is insignificant in the 5 species 
investigated.

Unlike king crabs and Tanner crabs, 
which are processed live, the adductor 
muscles of weathervane scallops are 
commonly held on ice in the holds of 
ships for periods up to 1 0  days and 
som etim es even longer. Although 
Kitagawa and Tonomura (1957) and Arai 
(1966) found no IMP in scallops, they did 
not extend their studies to include ice-held 
scallops. Failure to detect 5'-AMP-amino- 
hydrolase activity in scallops, however, 
implies that the formation of IMP from 
AMP would be insignificant.
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PHOSPHOCREATINE AND NUCLEOTIDE CHANGES IN PIG LONGISSIMUS MUSCLE 
DURING THE DEVELOPMENT OF RIGOR MORTIS UNDER CONTROLLED 

ENVIRONMENTAL CONDITIONS

S U M M A R Y — T h is  s t u d y  w as c o n d u c te d  to  c o m p a r e  th e  d e p le t io n  o f  p h o s p h o c r e a t in e  (P C ) a n d  

n u c le o t id e s  ( A T P  a n d  A D P )  in  s t r ip s  o f  m u s c le  w h ic h  h a d  b e e n  u s e d  f o r  e x t e n s ib i l i t y  m e a s u re 

m e n ts  in  th e  r ig o r o m e te r  w i th  c o n t r o l  s t r ip s  o f  m u s c le  w h ic h  h a d  b e e n  h e ld  u n r e s t ra in e d  in  th e  

s a m e  e n v ir o n m e n t .  T h e re  w e re  n o  s ig n i f ic a n t  d i f fe r e n c e s  in  P C  a n d  A  T P  b e tw e e n  th e  r ig o r o m e te r  

a n d  c o n t r o l  s t r ip s .  R ig o r o m e te r  s t r ip s  f r o m  " s tre s s -s u s c e p t ib le "  p ig s  h a d  less r a p id  a n d  less e x te n 

s iv e  d e p le t io n  o f  A D P  th a n  d id  c o n t r o l  s t r ip s  f r o m  th e  s a m e  a n im a ls .  I t  a p p e a re d  t h a t  e x t e n s ib i l i t y  

r e m a in e d  in  th e  t is s u e  a f t e r  th e  A  T P  h a d  b e e n  d e p le te d ,  b u t  n o t  a f t e r  A D P  r e a c h e d  a  lo w  le v e l.

INTRODUCTION
CHEMICAL AND PHYSICAL changes 
thought to be associated with the devel
opment of rigor mortis have been recent
ly summarized by Newbold (1966): (1) 
phosphocreatine (PC) and pH start to 
decrease immediately after exsanguina- 
tion; (2) adenosine triphosphate (ATP) 
level remains virtually constant until the 
PC content has been almost depleted; and
(3) extensibility decreases sharply as the 
ATP level approaches depletion. The loss 
in extensibility has been observed in the 
muscles from animals of various species 
and has been found to be generally associ
ated with the decrease in level of ATP 
(Newbold, 1966). However, some dis
agreement has been reported on the as
sociation of ATP and extensibility in pig 
muscle. Lawrie (1960) reported that the 
major loss in extensibility begins when 
ATP has decreased to 87%, while Bendall 
et al. (1963) found that this rapid change 
in extensibility occurred when ATP had 
decreased to 30% of its initial level. Ad
ditionally, it is not known whether the 
chemical changes in muscle strips, which 
have been subjected to loading and un
loading, as is done during the measure
ment of rigor mortis, parallel the changes 
in excised control strips which have been 
held in the same environment, without 
the application of weight.

The present study was conducted to 
determine whether the extensibility meas
urement per se alters the phosphocreatine 
and nucleotide content of the muscle. 
Muscles of “stress-susceptible” and 
“stress-resistant” animals (Judge et al., 
1968; Forrest et al., 1968) were selected 
so that the evaluations could be made 
over a wide range in rate of metabolism 
post-mortem (Kastenschmidt, 1966).

EXPERIMENTAL
Muscle used

Pig muscle (longissimus) was obtained from 
12 “stress-susceptible” Poland China and 7 
“stress-resistant” Chester White pigs which had 
been stunned with a captive bolt pistol and bled 
by severing the anterior vena cava. Samples

were excised within 5 min of immobilization 
and exsanguination.
Measurement of extensibility changes

Twelve strips of 5 cm long and 1 cm square 
in cross section, with the fibers running longi
tudinally, were excised from the longissimus of 
each pig. Six strips were placed on the isotonic- 
isometric rigorometer as described by Schmidt 
et al. (1968), with a loading-unloading cycle of 
2 min on and 2 min off. The test strips re
mained under a permanent load of about lOg, 
and a further 50g (the “applied” load) was add
ed and removed periodically.
Environment and sample preparation

All samples were maintained in a water sat
urated nitrogen atmosphere. In addition to the 
six strips used to measure the losses in extensi
bility as described above, six additional strips 
were similarly suspended in the same environ
ment, but without the application of weight. 
Six channels were available for isotonic meas
urement, enabling the comparison of six strips 
from the same muscle at six different time

periods post-mortem. In the first experiment 
samples were removed at 30-min intervals and 
in the subsequent experiment, samples were re
moved at 60-min intervals (Fig. 1).
Chemical estimations

A portion of the sample (longissimus) was 
frozen in liquid nitrogen within 5 min of ex
cision. As samples were removed from the ri
gorometer, they were frozen in liquid nitrogen. 
All samples were stored at liquid nitrogen tem
peratures until the analyses could be per
formed. In the initial experiments, samples 
were analyzed only for PC and ATP. In the 
subsequent experiment, samples were analyzed 
for PC, ATP and adenosine diphosphate (ADP) 
(Bergmeyer, 1963).
Definition

The samples removed from the carcass and 
frozen in liquid nitrogen within 5 min of ex
cision are referred to as “initial” samples. The 
extensibility of the muscle strips at 30 min 
after stunning is referred to as “initial extensi
bility.” “Extensibility” refers to the total in
crease in length during 2  min under an applied 
load.

In the preliminary experiment, muscle strips 
were incubated at 25°C, whereas in the subse
quent experiment, muscle strips were incubated 
at 37°C.

RESULTS
RESULTS OF THE preliminary experi-

T a b le  1—P h o s p h o c r e a t in e  a n d  a d e n o s in e  t r ip h o s p h a te  le v e ls  in  

r ig o r o m e te r  a n d  c o n t r o l  s a m p le s  o f  L o n g is s im u s  m u s c le  (s tre s s -s u s c e p 

t ib le Ja  a t  v a r io u s  t im e s  p o s t - m o r te m  a n d  in  r e la t io n  t o  lo s s  in  e x te n s i-  

b i l i t y  ( 2 5 °  C).

Metabolite and Time post-mortem (min)
sample source 30 60 90 1 2 0 150 180
PC

Rigorometer 0.30b 0 . 1 2 0.18 0.32 0.16 0 . 0 1

±0.14 ±0 . 1 0 ±0.14 ±0.17 ±0 . 1 0 ±0 . 0 0

Control 0 . 2 0 0.05 0 . 1 1 0.07 0.05 0 . 0 0

±0 . 1 0 ±0 . 0 0 ±0 . 1 0 ±0 . 0 0 ±0 . 0 0 ±0 . 0 0

ATP
Rigorometer 1.30 1 . 0 2 0.79 0.50 0.58 0 . 1 0

±0.44 ±0.24 ±0.33 ±0.32 ±0.36 ±0 . 0 0

Control 1.43 1.17 0.87 0.75 0.40 0.30
±0.33 ±0.36 ±0.32 ±0.30 ±0 . 2 0 ±0.26

Extensibility Percent initial extensibility
1 0 0 c 87 75 50 41 25

±5 ±15 ±13 ±13 ± 1 0

aSix “stress-susceptible” Poland China pigs.
'’Values given are the mean (qmoles/gm tissue) ± the standard 

error of the mean.
cThe extensibility of the muscle strips at 30 min after stunning is 

referred to as initial extensibility.
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ment are shown in Table 1. Very low ini
tial values of PC and ATP were observed. 
The rate of depletion of ATP and PC and 
the loss of extensibility were relatively 
slow in these muscle strips. The extensi
bility decreased to 25% of its initial ca
pacity and ATP levels decreased to very 
low values by 180 min post-mortem 
Since the extensibility had decreased to 
only 25% of the original extensibility, 
while the ATP decreased to very low 
levels, the following changes were made 
in the subsequent experiment: Incubation 
temperatures were raised to 37°C and 
samples were removed at 1 -hr intervals 
for 6  hr post-mortem (Fig. 1). All incu
bated strips of muscle were analyzed for 
PC, ATP and ADP. Six “stress-suscep
tible” Poland China and seven “stress- 
resistant” Chester White pigs were util
ized in this second experiment.

The results of the second experiment 
are shown in Tables 2 and 3. Very small 
differences were observed in PC and ATP 
levels between rigorometer and control 
strips of muscles from both strains of 
pigs. Only slight differences were seen in 
ADP levels between rigorometer and con
trol strips of muscles from “stress-resis
tant” pigs (Table 3). However, after 1 hr 
post-mortem significant (P <  .01) differ
ences were seen in ADP levels between 
rigorometer and control strips of muscles 
from “stress-susceptible” pigs (Table 2). 
The control strips of muscle from 
“ stress-susceptible” pigs had lower 
(P <  .01) ADP levels after 1 hr post
mortem than did the strips from the same 
animals which were being subjected to 
the loading and unloading process.

DISCUSSION
WHEN COMPARED with experiment 2, 
the somewhat lower initial levels of ATP 
and PC in experiment 1, as well as a sub
sequently slower decrease in metabolite 
level, was thought to be the result of vari
ation in the initial rate of glycolysis and 
the incubation temperature. The data pre
sented demonstrate that muscle strips re
main extensible in the absence of detect
able levels of ATP. Several previous 
investigators (Marsh, 1954; Marsh et al., 
1958; Bendall et al., 1963; Cassens et al., 
1967; Nauss et al., 1966; Erdos, 1943; 
Weber et al., 1954) concluded that rigor 
mortis occurred when ATP was almost 
depleted. However, Cassens et al. (1967) 
observed that ox muscle at 1°C did not 
have a low ATP value or reach an ulti
mate pH until sometime after the change 
in extensibility was complete. Lawrie 
(1960) also observed high ATP values at 
completion of changes in extensibility in 
pig longissimus muscle at 31° C. Recent 
work by Kushmerick et al. (1968), using 
frog sartorius muscle treated with 2,4-di- 
nitrofluorobenzene (DNFB), and ob
served during thaw rigor, was interpreted 
to show that the development of thaw

rigor required the absence of both ADP 
and ATP.

When comparing the data from the ri
gorometer strips with the control strips 
(Tables 2 and 3), the only consistent sig
nificant difference (P <  .05) observed be
tween the two strips (control and ri
gorometer) was in ADP values of muscle

from “stress-susceptible” pigs after 1 hr 
post-mortem. One is only able to specu
late on reasons for this difference. Per
haps since the muscle strip was in a 
stretched condition for 50% of its time in 
the rigorometer, the actin and myosin 
were only able to interact over a smaller 
portion of their length than the control

F ig . 1—E x a m p le  o f  is o to n ic  re c o rd in g s  o f  m u s c le  p o s t - m o r te m  w i th  

s a m p le s  r e m o v e d  f o r  a n a ly s is  a t  1 h r  in te rv a ls .

T a b le  2 —P h o s p h o c r e a t in e ,  a d e n o s in e  t r ip h o s p h a te  a n d  d ip h o s p h a te  le v e ls  in  r ig o r o m e t e r  a n d  

c o n t r o l  s a m p le s  o f  L o n g is s im u s  m u s c le  is t re s s -s u s c e p t ib le ) a  a t  v a r io u s  t im e s  p o s t - m o r t e m  a n d  in  

r e la t io n  t o  lo s s  in  e x t e n s ib i l i t y  ( 3 7 ° C ) .

M e ta b o l i t e  a n d  
s a m p le  s o u r c e

T im e  p o s t - m o r t e m  ( h r )

0 1 2 3 4 5 6
P C

R ig o r o m e te r 0 .7 8 0 .0 3 b 0.00 0.00 0.00 0.00 0.00
± 0 .5 3 ± 0 .0 3 c ± 0 .0 0 ± 0 .0 0 ± 0 .0 0 ± 0 .0 0 ± 0 .0 0

C o n t r o l 0 .5 3 0 .3 7 0.11 0 .0 6 0.02 0 .0 5

± 0 .5 3 ± 0 .2 5 ± 0 .1 1 ± 0 .0 6 ± 0 .0 2 ± 0 .0 5

S ig n i f ic a n c e N S < . 0 5 N S N S < . 0 5 N S

A T P

R ig o r o m e te r 1 .9 6 0 .3 0 0 .1 6 0.00 0.00 0.00 0.00
± 0 .2 2 ± 0 .1 5 ± 0 .1 6 ± 0 .0 0 ± 0 .0 0 ± 0 .0 0 ± 0 .0 0

C o n t r o l 0 .2 7 0.00 0.00 0.00 0.00 0.00
± 0 .0 3 ± 0 .0 0 ± 0 .0 0 ± 0 .0 0 ± 0 .0 0 ± 0 .0 0

S ig n i f ic a n c e N S N S N S N S N S N S

A D P
R i g o r o m e te r 1 .1 8 8 0 .8 8 0 0 .7 5 8 0 .6 5 3 0 .6 2 2 0 .5 8 8 0 .5 1 9

± 0 .0 9 6 ± 0 .0 3 5 ± 0 .0 1 4 ± 0 .0 6 5 ± 0 .0 5 4 ± 0 .0 3 7 ± 0 .0 5 6

C o n t r o l 0 .8 2 8 0 .6 0 6 0 .5 0 8 0 .4 9 2 0 .4 0 2 0 .3 8 5

± 0 .0 1 4 ± 0 .0 7 7 ± 0 .0 5 5 ± 0 .0 5 2 ± 0 .0 6 5 ± 0 .0 6 0

S ig n i f ic a n c e N S < .0 1 < .0 1 < .0 1 < .0 1 < .0 1

E x t e n s ib i l i t y P e r c e n t  i n i t i a l  e x te n s ib i l i ty * 1

4 4 3 1 0 0 0
± 9 ± 3 ±1 ±0 ±0 ±0

a S ix  “ s t r e s s - s u s c e p t ib le ”  P o la n d  C h in a  p ig s . 

b M e a n  v a lu e  ( p m o le s /g m  t is s u e ) .  
c S t a n d a r d  e r r o r  o f  t h e  m e a n .
d 1 0 0 %  e x te n s ib i l i t y  w a s  t a k e n  a t  3 0  m in  p o s t - m o r t e m .
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T a b le  3 —P h o s p h o c re a t in e ,  a d e n o s in e  t r ip h o s p h a te  a n d  d ip h o s p h a te  le v e ls  in  r ig o r o m e te r  a n d  

c o n t r o l  s a m p le s  o f  L o n g is s im u s  m u s c le  (.s t re s s - re s is ta n t ) a  a t  v a r io u s  t im e s  p o s t - m o r te m  a n d  in  

r e la t io n  to  lo ss  in  e x t e n s ib i l i t y  (3 7 ° C ) .

M e ta b o l i t e  a n d  

s a m p le  s o u r c e

T im e  p o s t - m o r t e m  (h r )

0 1 2 3 4 5 6
P C

R i g o r o m e te r 1 .4 9 b 0 .6 0 0 .4 4 0 .0 9 0.00 0.00 0.00
± 0 .6 5 c ± 0 .2 3 ± 0 .0 9 ± 0 .0 3 ± 0 .0 0 ± 0 .0 0 ± 0 .0 0

C o n t r o l 0 .5 6 0 .5 8 0.21 0 .0 8 0.00 0.00
± 0 .1 1 ± 0 .1 0 ± 0 .1 2 ± 0 .0 0 + 0 .0 0 ± 0 .0 0

S ig n i f ic a n c e N S N S N S N S N S N S

A T P

R i g o r o m e te r 2.22 1 .9 5 1 .3 4 0 .5 1 0.00 0.00 0.00
± 0 .6 1 ± 0 .5 0 ± 0 .3 8 ± 0 .5 5 ± 0 .0 0 ± 0 .0 0 ± 0 .0 0

C o n t r o l 1 .8 3 1 .3 4 0 .6 0 0 .3 7 0.00 0.00
± 0 .4 3 ± 0 .5 0 ± 0 .3 1 ± 0 .0 4 ± 0 .0 0 ± 0 .0 0

S ig n i f ic a n c e N S N S N S < .0 1 N S N S
A D P

R ig o r o m e te r 0 .6 8 0 0 .8 3 2 0 .6 9 3 0 .8 2 6 0 .7 3 9 0 .8 2 0 0 .7 8 8
± 0 .1 1 4 ± 0 .1 3 8 ± 0 .0 8 5 ± 0 .0 4 5 ± 0 .0 5 7 ± 0 .0 6 6 ± 0 .1 0 2

C o n t r o l 0 .8 4 3 0 .7 5 2 0 .7 8 4 0 .7 3 1 0 .6 9 9 0 .7 3 4
± 0 .1 3 8 ± 0 .0 7 1 ± 0 .0 6 1 ± 0 .0 7 0 ± 0 .0 5 0 ± 0 .0 8 8

S ig n i f ic a n c e N S N S N S N S < .0 1 N S

E x t e n s ib i l i ty P e r c e n t  i n i t i a l  e x te n s ib i l i ty * 5

7 7 5 2 3 7 2 4 9 8
±6 ± 1 4 ± 1 4 ±12 ± 9 ± 7

a S e v e n  “ s t r e s s - r e s i s t a n t”  C h e s te r  W h ite  p ig s . 
b M e a n  v a lu e  ( ju m o le s /g m  t is s u e ) .  
c S t a n d a r d  e r r o r  o f  t h e  m e a n .

d 1 0 0 %  e x te n s ib i l i t y  w a s  t a k e n  a t  3 0  m in u te s  p o s t - m o r t e m .

strips which were free to shorten. Thus, 
the amount of stretch which a muscle en
dures may play an important role in de
termining ultimate A DP values when the 
muscle is inclined to shorten to a large 
extent soon after death, as in “stress- 
susceptible” pigs, but has little effect on 
muscle from “stress-resistant” pigs which 
are less inclined to shorten quickly after 
death.

Since the levels of PC and ATP did not

differ between the control (unrestricted) 
and rigorometer samples, it is considered 
to be a valid procedure to use samples 
which are not on the rigorometer to com
pare PC and ATP to extensibility changes 
in duplicate samples, as long as all sam
ples are held in the same environment and 
the temperature is rigidly controlled.
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CHANGES IN TENSION AND CERTAIN METABOLITES DURING THE DEVELOPMENT 
OF RIGOR MORTIS IN SELECTED RED AND WHITE SKELETAL MUSCLES

S U M M A R Y  T h e  r e la t iv e  t im e  c o u rs e  o f  r ig o r  m o r t is  w as c o m p a r e d  in  th e  v a s tu s  la te r a l is  ( re d )  a n d  

th e  lo n g is s im u s  ( w h i te )  m u s c le  f r o m  u n t r e a te d  a n d  m a g n e s iu m  s u l fa te  in je c t e d  " s t re s s - r e s is ta n t "  

C h e s te r  W h ite  p ig s  a n d  " s t re s s - s u s c e p t ib le "  P o la n d  C h in a  p ig s .  In  u n t r e a te d  a n im a ls  th e  w h ite  

m u s c le  h a d  a  s h o r t e r  t im e  c o u rs e  o f  r ig o r  m o r t is  th a n  d i d  th e  r e d  m u s c le .  T h is  d i f f e r e n c e  d is a p 

p e a re d  w h e n  th e  a n im a ls  w e re  in je c t e d  a n te - m o r te m  w i th  m a g n e s iu m  s u l fa te  a l th o u g h  b o t h  m u s c le s  

f r o m  in je c t e d  a n im a ls  h a d  a  s lo w e r  d e v e lo p m e n t  o f  r ig o r  m o r t is  th a n  th e  s a m e  m u s c le s  in  c o n t r o l  

a n im a ls . E i t h e r  m a g n e s iu m  s u l fa te  h a d  m o r e  o f  a n  e f f e c t  o n  w h ite  th a n  o n  r e d  m u s c le  p o s t - m o r 

te m , o r  th e  d i f fe r e n c e s  b e tw e e n  th e  p o s t - m o r te m  ra te s  o f  g ly c o ly s is  o f  r e d  a n d  w h ite  m u s c le s  w e re  

s ig n i f ic a n t ly  m in im iz e d  w h e n  s t ru g g le  a n d  s t im u la t io n  a s s o c ia te d  w i th  d e a th  h a d  b e e n  e l im in a te d .  

R e d  m u s c le s  in  m a g n e s iu m  s u l fa te  in je c t e d  p ig s  d e v e lo p e d  m o re  te n s io n  p o s t - m o r te m  th a n  d id  

w h ite  m u s c le s . T h e  d e v e lo p m e n t  o f  is o m e t r ic  te n s io n  re a c h e d  it s  m a x im u m  as th e  m u s c le  lo s t  a l l  o f  

i t s  e x t e n s ib i l i t y .  M u s c le  f r o m  ".s t re s s -s u s c e p t ib le "  p ig s  h a d  a  s h o r t e r  t im e  c o u rs e  o f  r ig o r  m o r t is  

th a n  th e  c o r re s p o n d in g  m u s c le  f r o m  " s t r e s s - r e s is ta n t "  p ig s  o f  th e  s a m e  t r e a tm e n t .  T h is  d i f fe r e n c e  

o c c u r r e d  e v e n  w h e n  th e  t w o  g r o u p s  s ta r t e d  w i t h  th e  s a m e  le v e l o f  p h o s p h o c r e a t in e  a n d  la c t ic  a c id  

p o s t - e x s a n g u in a t io n , as is  th e  case w h e n  t r e a te d  w i th  m a g n e s iu m  s u lfa te .  T h e re fo re ,  e v e n  th o u g h  

m a g n e s iu m  t r e a tm e n t  c a n  r e ta r d  g ly c o ly s is  s u f f i c ie n t l y  t o  p r e v e n t  th e  d e v e lo p m e n t  o f  th e  P S E  

c o n d i t io n  (S a ir  e t  a l. ,  1 9 7 0 ) ,  i t  d o e s  n o t  n e c e s s a r i ly  s ta n d a r d iz e  th e  p o s t - m o r te m  c h a n g e s  in  a l l  

s k e le ta l m u s c le s  o f  a l l  p ig s .

T a b le  1—B io c h e m ic a l a n d  m e c h a n ic a l p r o p e r t ie s  o f  s e le c te d  r e d  a n d  w h ite  m u s c le s  f r o m  c o n t r o l  

a n d  m a g n e s iu m  s u l fa te  in je c t e d  " s t r e s s - r e s is ta n t " a n d  " s t re s s - s u s c e p t ib le " p ig s .

ju m o le s /g ra m  tissue® m in c g r a m s '1

L a c t ic

P C  A T P  a c id T im e T e n s io n

C o n t r o l  “ s t r e s s - r e s i s t a n t”  p ig s

(n  = 5 )

L o n g is s im u s 1 .4 5 3 .5 2 3 7 .8 9 1 4 3 2 2

± 5 0 b ± .4 1 ± .5 8 ± 2 1 ± 3

V a s tu s  la te r a l i s 1 .5 8 3 .0 2 2 1 .5 3 2 6 0 2 1

± .4 5 ± 2 1 ± 2 .3 6 ± 3 1 ± 3

S ig n i f ic a n c e N S N S P C . 01 P C . 01 N S

C o n t r o l  “ s t r e s s - s u s c e p t ib le ”  p ig s

(n  = 6 )

L o n g is s im u s .5 7 1 .1 5 5 0 .6 1 8 3 -
± .3 8 ± 3 7 ± 5 .8 7 ± 1 6

V a s tu s  l a te r a l i s 1 .1 8 1 .6 2 3 6 .8 6 1 3 8 -

± .6 1 ± 4 7 ± 1 .9 6 ± 3 3

S ig n i f ic a n c e N S N S P C . 01 P C . 05 -

M a g n e s iu m  s u l f a te  in j e c t e d  “ s tre s s -

r e s i s t a n t ”  p ig s  ( n  =  6 )
L o n g is s im u s 1 2 .7 0 3 .0 5 1 2 .5 4 3 2 7 15

+ 1 .4 5 ± .5 0 ± 3 .5 7 ± 4 4 ± 2

V a s tu s  la te r a l i s 1 1 .5 6 2 .3 3 8 .9 0 3 4 4 4 7

± 4 .3 2 ± 0 .1 4 ± 2 .2 0 ± 4 3 ±1

S ig n i f ic a n c e N S N S N S N S P C . 0 1

M a g n e s iu m  s u l f a te  in j e c t e d  “ s tre s s -
s u s c e p t ib le ”  p ig s  ( n  = 5 )

L o n g is s im u s 1 2 .3 1 2 .3 3 1 1 .1 7 2 4 1 14

± 1 .0 4 ± 0 .7 1 ± 2 .2 4 ± 1 9 ±6

V a s tu s  l a te r a l i s 1 1 .1 6 2 .7 7 9 .7 2 2 6 3 4 0

± .5 7 ± .6 3 ± 2 .6 1 ± 2 7 ±1

S ig n if ic a n c e N S N S N S N S P C . 05

a M e a n  v a lu e  ( s a m p le s  w e re  f r o z e n  in  l iq u id  n i t r o g e n  w i th in  5 m in  o f  e x c i s io n ) .  

^ S t a n d a r d  e r r o r  o f  t h e  m e a n .
e T im e  r e f e r s  t o  m in u te s  r e q u i r e d  to  c o m p le t e  e x t e n s ib i l i t y  c h a n g e s  a t  3 7 ° C .  
^ M a x im u m  n u m b e r  o f  g ra m s  t e n s i o n  d e v e l o p e d  p o s t - m o r t e m .

INTRODUCTION
NUMEROUS STUDIES have been con
ducted on certain biochemical and bio
physical aspects of rigor mortis in skeletal 
muscle. The results of these studies, 
however, have not been conclusive. A 
high concentration of myoglobin (red 
muscle) has been associated with a high 
capacity for aerobic resynthesis of en
ergy-rich phosphate and a high activity of 
the succinic dehydrogenase-cytochrome 
system. It has also been associated with a 
low capacity of anaerobic glycolysis, low 
adenosine triphosphatase (ATPase) activ
ity, and low energy-rich phosphate stores 
(Lawrie, 1953a, 1953b). Using light and 
dark portions of the semitendinosus, 
Beecher et al. (1965) found that the light 
portion had a lower pH and glycogen 
content immediately after exsanguina- 
tion, but a longer delay phase of rigor 
mortis and equal contents of lactic acid 
24 hours post-exsanguination. However, 
Milo et al. (1964) concluded that rigor 
mortis developed more quickly in white 
than in red muscle, but their evaluations 
were based on in situ estimations. Forrest 
et al. (1967) observed no significant 
difference between red and white muscles 
in response to electrical stimulation or in 
the time course of rigor mortis.

Beecher et al. (1965) anesthetized a 
number of animals with sodium pentobar
bital to eliminate the death struggle and 
minimize stimulation during excision of 
the sample. They found that in compar
ison with the control animals, there was a 
greater increase in the length of the delay 
phase of rigor mortis in light muscle 
portions than in dark muscle portions. 
Sair et al. (1970) showed that the post
mortem levels of phosphocreatine (PC) 
could be greatly increased by ante-mor
tem intravenous injections of a solution 
of magnesium sulfate.

Studies were conducted (1) to deter
mine the relative time course of rigor 
mortis in a red muscle (vastus lateralis) 
and a white muscle (longissimus) from 
strains of pigs which normally have slow- 
glycolyzing muscles (“stress-resistant” 
Chester White) and fast-glycolyzing mus
cles (“stress-susceptible” Poland China); 
(2) to evaluate the time course of rigor 
mortis in muscle in “stress-resistant” 
Chester White pigs and “stress-suscep
tible” Poland China pigs with and with
out ante-mortem injection of magnesium 
sulfate; and (3) to investigate the relation
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between the development of tension and 
the loss of extensibility in muscles vary
ing widely in the time course of rigor 
mortis.

EXPERIMENTAL
U n t r e a t e d  c o n t r o l s

F iv e  “ s t r e s s - r e s i s t a n t”  C h e s te r  W h i te  p ig s  
a n d  s ix  “ s t r e s s - s u s c e p t ib le ”  P o la n d  C h in a  p ig s  
w e r e  u t i l i z e d  a s  u n t r e a t e d  c o n t r o l s .

M a g n e s iu m  t r e a t m e n t

S ix  “ s t r e s s - r e s i s t a n t”  C h e s te r  W h ite  a n d  Five 
“ s t r e s s - s u s c e p t ib le ”  P o la n d  C h in a  p ig s  w e re  in 
t r a v e n o u s ly  in j e c t e d  w i t h  2 0  to  2 5  m g  o f  m a g 
n e s iu m  s u l f a te  p e r  k i lo g r a m  b o d y  w e ig h t .  A p 
p r o x im a te ly  o n e - h a l f  o f  th i s  d o s e  w a s  in je c te d  
t o  p r o d u c e  n a r c o s i s  a n d  th e  o t h e r  h a l f  o f  th e  
d o s e  w a s  in f u s e d  a t  a  s lo w  r a t e  t o  m a in t a in  th is  
s t a t e  o f  n a r c o s i s  o v e r  a  2 0 -m in  p e r io d  p r i o r  to  
e x s a n g u in a t io n .

S a m p l in g

A ll a n im a ls  w e r e  s tu n n e d  w i th  a  c a p t iv e  b o l t  
p i s to l  a n d  b le d  b y  s e v e r in g  t h e  a n t e r i o r  v e n a  
c a v a . M u s c le  s a m p le s  w e re  e x c i s e d  f r o m  th e  lo n -  
g is s im u s  a n d  v a s tu s  la te r a l i s  w i th in  5 m in  o f  
i m m o b i l i z a t i o n  a n d  e x s a n g u in a t io n .

C h e m ic a l  e s t i m a t i o n s

W ith in  5 m in  o f  e x c i s io n  p o r t i o n s  o f  th e  
s a m p le s  w e re  f r o z e n  a n d  s to r e d  in  l iq u id  n i t r o 
g e n  u n t i l  a n a ly s is  c o u ld  b e  p e r f o r m e d .  S a m p le s  
w e re  a n a ly z e d  f o r  p h o s p h o c r e a t in e  (P C ) ,  a d e n 
o s in e  t r i p h o s p h a te  (A T P ) ,  a n d  la c t i c  a c id  a c 
c o r d in g  to  t h e  p r o c e d u r e s  d e s c r ib e d  b y  B erg - 
m e y e r  ( 1 9 6 3 ) .

M e c h a n ic a l  e s t i m a t i o n s

E x t e n s ib i l i t y  a n d  t e n s i o n  c h a n g e s  w e re  d e 
t e r m in e d  o n  m u s c le  s a m p le s ,  1 c m 2 in  c ro s s  
s e c t io n  a n d  5 c m  lo n g ,  a t  3 7 ° C  in  a  w a te r  s a t 
u r a t e d  n i t r o g e n  a tm o s p h e r e  w i th  t h e  u s e  o f  a n  
i s o to n ic - i s o m e t r ic  r i g o r o m e te r  ( S c h m i d t  e t  a l.,
1 9 6 8 ) .  A  m ic r o d i s p l a c e m e n t  m y o g r a p h  ( P a r t  
N o . 9 1 - 1 0 0 - 8 0 ,  E  &  M P h y s io g r a p h  C o m p a n y )  
w a s  u s e d  t o  m e a s u r e  t h e  d e v e l o p m e n t  o f  t e n 
s io n .  A  s e n s i t iv i ty  o f  lO g  p e r  c e n t im e t e r  p e n  
d e f l e c t i o n  w a s  u s e d .  C h a n g e s  in  e x t e n s ib i l i ty  
w e re  d e t e r m in e d  w i th  a  m o t i o n  m y o g r a p h  ( P a r t  
N o . 9 1 - 1 0 0 - 7 3 ,  E  &  M  P h y s io g r a p h  C o m p a n y ) .  
A  5 0 g  w e ig h t  w a s  a p p l ie d  a n d  r e m o v e d  a t  2 -m in  
in te rv a ls .

RESULTS
CERTAIN BIOCHEMICAL and mechan
ical properties of muscle from control 
and magnesium injected ‘stress-resistant” 
and “stress-susceptible” pigs are shown 
on Table 1. Although there were no 
significant differences in the initial levels 
of PC and ATP between red and white 
muscles of any of the groups of pigs, the 
longissimus muscles (white) in the control 
“stress-resistant” and “stress-susceptible” 
pigs had significantly (P <  .01) higher 
initial levels of lactic acid than the vastus 
lateralis (red) muscles of the same an
imals. However, when injected with mag
nesium sulfate, there were no significant 
differences in the initial levels of lactic 
acid in the muscles of “stress-susceptible” 
and “stress-resistant” pigs.

The longissimus samples from the con
trol “stress-resistant” and “stress-suscep
tible” pigs lost all of their extensibility in 
a significantly (P <  .05) shorter post-mor

Table 2-Biochemical and mechanical properties of selected red and white muscles of control
and magnesium sulfate injected '‘stress-resistant" and "stress-susceptible"pigs._____________

p m o le s /g r a m  t i s s u e 3 m in c g r a m s '1

L a c t ic

P C  A T P  a c id T im e T e n s io n

C o n t r o l - L o n g i s s i m u s

“ S t r e s s - r e s i s ta n t”  p ig s  ( n  =  5 ) 1 .4 5 3 .5 2 3 7 .8 9 1 4 3 2 2

± .5 0 b ± .4 1 ± .5 8 ± 2 1 ± 3

“ S t r e s s - s u s c e p t ib le ”  p ig s  (n  =  6 ) .5 7 1 .1 5 5 0 .6 1 8 3 -

S ig n i f ic a n c e

+  3 8  
P  <  .05

± 3 7
P C . 0 1

± 5 .8 7  

P C . 0 1

± 1 6

P C . 0 1 -

C o n t r o l -  V a s tu s  l a te r a l i s

“ S t r e s s - r e s i s ta n t”  p ig s  ( n  =  5 ) 1 .5 8 3 .0 2 2 1 .5 3 2 6 0 21

± .4 5 ± .2 1 ± 2 .3 6 ± 3 1 ± 3

“ S t r e s s - s u s c e p t ib le ”  p ig s  ( n  = 6 ) 1 .1 8 1 .6 2 3 6 .8 6 1 3 8 -

S ig n i f ic a n c e

± .6 1
N S

± .4 7  

P C . 0 1

± 1 .9 6

P C . 0 1

± 3 3

P C . 0 1 -

M a g n e s iu m  s u l f a te  in je c te d  

lo n g is s im u s
“ S t r e s s - r e s i s ta n t”  p ig s  ( n  =  6 ) 1 2 .7 0 3 .0 5 1 2 .5 4 3 2 7 15

± 1 .4 5 ± .5 0 ± 3 .5 7 ± 4 4 ± 2

“ S t r e s s - s u s c e p t ib le ”  p ig s  ( n  =  5 ) 1 2 .3 1 2 .3 3 1 1 .1 7 2 4 1 14

± 1 .0 4 ± 0 .7 1 ± 2 .2 4 ± 1 9 ± 6

S ig n i f ic a n c e N S N S N S P C . 0 1 N S

M a g n e s iu m  s u l f a te  in j e c t e d  
v a s tu s  la te r a l i s

“ S t r e s s - r e s i s ta n t”  p ig s  ( n  =  6 ) 1 1 .5 6 2 .3 3 8 .9 0 3 4 4 4 7

± 4 .3 2 ± 0 .1 4 ± 2 .2 0 ± 4 3 ±1

“ S t r e s s - s u s c e p t ib le ”  p ig s  ( n  =  5 ) 1 1 .1 6 2 .7 7 9 .7 2 2 6 3 4 0

± .5 7 ± .6 3 ± 2 .6 1 ± 2 7 ±1

S ig n i f ic a n c e N S N S N S P C . 0 1 P C . 0 1

a M e a n  v a lu e  ( S a m p le s  w e re  f r o z e n  in  l iq u id  n i t r o g e n  w i th in  5 m in  o f  e x c i s io n ) .  
b S ta n d a r d  e r r o r  o f  t h e  m e a n .

c T im e  r e f e r s  t o  m i n u t e s  r e q u i r e d  t o  c o m p le t e  e x t e n s ib i l i t y  c h a n g e s  a t  3 7 ° C . 
^ M a x im u m  n u m b e r  o f  g ra m s  t e n s i o n  d e v e lo p e d  p o s t - m o r t e m .

tem period than did the vastus lateralis 
samples. This difference was not observed 
in the magnesium sulfate injected pigs. 
Isometric tension data were not available 
for the muscles from the control “stress- 
susceptible” pigs. However, in the mag
nesium sulfate injected pigs the longiss
imus muscle of both groups developed 
significantly (P <  .05) less isometric ten
sion than did the vastus lateralis.

The effect of “stress-susceptibility” on 
post-mortem metabolism is shown in 
Table 2. Within the control animals, the 
longissimus muscle samples from “stress- 
resistant” pigs had higher (P <  .05) initial 
levels of PC, higher (P <  .01) initial levels 
of ATP, lower (P <  .01) levels of lactic 
acid, and longer (P <  .01) time course of 
rigor mortis than did longissimus samples 
from “stress-susceptible” pigs. The vastus 
lateralis samples from control “stress- 
resistant” pigs had the same initial levels 
of PC, significantly higher (P <  .01) in
itial levels of ATP, lower levels of lactic 
acid, and a longer time course of rigor 
mortis than did vastus lateralis samples 
from the control “stress-susceptible” pigs.

Within the magnesium sulfate injected 
animals, there were no significant differ
ences in initial levels of PC, ATP, or lactic 
acid between “stress-resistant” pigs and 
“stress-susceptible” pigs in either the lon
gissimus or vastus lateralis. However, the 
magnesium sulfate injected “stress-resist
ant” pigs had a significantly (P <  .01) 
longer time course of rigor mortis in both 
the longissimus and vastus lateralis than 
did magnesium sulfate injected ‘ stress- 
susceptible” pigs. Vastus lateralis muscles, 
from the magnesium sulfate injected 
“stress-resistant” pigs, produced signif
icantly (P <  .01) greater isometric tension 
than did the same muscle from the 
magnesium sulfate injected “stress-suscep
tible” pigs.

Figure 1 shows the concurrent loss of 
extensibility and development of tension 
for longissimus and vastus lateralis sam
ples. The maximum amount of tension 
developed at or near the time of complete 
loss in extensibility in the duplicate strip.

DISCUSSION
THE VASTUS LATERALIS samples



C H A N G E S  D U R IN G  D E V E L O P M E N T  O F  R I G O R  M O R T I S  IN M U S C L E - 5 7 3

TIME, HOURS

F ig .  7— T h e  t im e  c o u rs e  o f  is o m e t r ic  a n d  is o to n ic  ch a n g e s  in  th e  va s tu s  

la te r a l is  ( re d )  a n d  lo n g is s im u s  ( w h i te )  m u s c le s . ( A )  V a s tu s  la te r a l is  m u s 

c le :  1. I s o m e t r ic  c h a n g e  p o s t - m o r t e m ;  a n d  2 . I s o to n ic  c h a n g e  p o s t 

m o r te m .  ( B )  L o n g is s im u s  m u s c le :  1. I s o to n ic  c h a n g e  p o s t - m o r t e m ;  a n d  

2 . I s o m e t r ic  c h a n g e  p o s t - m o r te m .

from the control animals had a longer 
delay before the loss of extensibility 
started to occur and also proceeded to 
rigor completion more slowly than did 
the longissimus samples from the same 
animals. However, when animals were 
injected ante-mortem with magnesium 
sulfate, no difference could be detected 
in the time course of rigor mortis be
tween these red and white muscles. 
Forrest et al. (1967) also found no 
difference between red and white muscles 
in the time course of rigor mortis, where
as Beecher et al. (1965) and Briskey et al.
(1962) found that the dark portion of the 
semitendinosus had a more rapid time 
course of rigor mortis than the light 
portion of the same muscle. Beecher et al. 
(1965) found that anesthesia (sodium 
pentobarbital) delayed the development 
of rigor in the light, but not in the dark 
portion of the semitendinosus. Sair et al.
(1970) demonstrated that the intravenous 
injection of magnesium sulfate, ante
mortem, prevented the post-mortem de

velopment of pale, soft, and exudative 
(PSE) porcine muscle. Magnesium is 
known to block neuromuscular trans
mission (del Castillo et al., 1954). How
ever, the exact mechanisms whereby mag
nesium sulfate affects muscle metabolism 
post-mortem are not known.

White and red muscles from magne
sium sulfate injected “stress-susceptible” 
pigs had respectively similar levels of PC, 
ATP and lactic acid to white and red 
muscles from “stress-resistant” magne
sium injected pigs. These muscles, how
ever, from the magnesium sulfate injected 
“stress-susceptible” pigs still had a shorter 
time course of rigor mortis than did the 
corresponding muscles from the “stress- 
resistant” pigs. It appears, therefore, that 
if the muscles are potentially fast-glyco- 
lyzing (Kastenschmidt et al., 1968; Lis
ter et al., 1970; Sair et al., 1970) they 
will have a faster development of rigor 
mortis, even though they have been 
forced, through magnesium sulfate injec
tions, to have similar initial levels of PC.

This implies that either the magnesium 
ions have a longer lasting effect post
mortem in the muscles of “stress-resist- 
ant” animals, or that the muscles of 
“stress-susceptible” animals are inher
ently affected by anaerobic conditions to 
a greater extent, than are muscles of 
“stress-resistant” animals. When under 
the influence of magnesium the red 
muscle developed more isometric tension 
than the white muscle. The discussion of 
this finding must await further studies on 
the mechanism of action of magnesium.
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RELATIONSHIP OF CALCIUM UPTAKE BY THE SARCOPLASMIC RETICULUM TO 
TENSION DEVELOPMENT AND RIGOR MORTIS IN STRIATED MUSCLE

S U M M A R Y —C o n c e n t ra t io n s  o f  p h o s p h o c r e a t in e  (P C ), a d e n o s in e  t r ip h o s p h a te  ( A T P )  a n d  la c t ic  

a c id  w e re  d e te r m in e d  in  lo n g is s im u s  m u s c le  f r o m  7  " s t re s s - r e s is ta n t "  C h e s te r  W h ite  p ig s  a n d  8  

" s tre s s -s u s c e p t ib le "  P o la n d  C h in a  p ig s  a t  s e v e ra l in te r v a ls  d u r in g  th e  lo ss  o f  e x t e n s ib i l i t y  p o s t 

m o r te m .  C a lc iu m - b in d in g  a b i l i t y  o f  th e  s a rc o p la s m ic  r e t ic u lu m  a n d  p o s tm o r te m  te n s io n  d e v e lo p 

m e n t  o f  lo n g is s im u s  m u s c le  a ls o  w e re  d e te r m in e d .  L o s s  o f  e x t e n s ib i l i t y  w a s  c o m p le te d  s o o n e r  in  

lo n g is s im u s  m u s c le  f r o m  s tre s s -s u s c e p tib le  p ig s  th a n  f r o m  s t re s s - re s is ta n t  p ig s . F o r  th e  m o s t  p a r t ,  

lo n g is s im u s  m u s c le  s a m p le s  f r o m  s tre s s -s u s c e p tib le  p ig s  h a d  lo w e r  (P  C  .0 5 )  le v e ls  o f  P C  a n d  A  T P  

a n d  h ig h e r  (P  <  . 0 5 )  le v e ls  o f  la c t ic  a c id  a t  id e n t ic a l  s tages o f  c h a n g e  in  e x t e n s ib i l i t y  th a n  d id  

s a m p le s  f r o m  s t re s s - re s is ta n t  p ig s . A t  id e n t ic a l  s ta g e s  o f  c h a n g e  in  e x t e n s ib i l i t y  in  " f a s t - "  a n d  

" s lo w - g ly c o ly z in g "  m u s c le s , th e re  w e re  n o  s ig n i f ic a n t  d i f fe r e n c e s  in  th e  a b i l i t y  o f  th e  s a r c o p la s m ic  

r e t ic u lu m  p r e p a r a t io n s  to  b in d  c a lc iu m  o r  in  th e  m u s c le 's  a b i l i t y  t o  d e v e lo p  is o m e t r ic  te n s io n .

INTRODUCTION
THE BIOCHEMICAL changes which 
occur in a particular muscle post-mortem 
vary considerably among animals within a 
species. It has been observed (ludge et al., 
1968; Forrest et al., 1968) that the 
muscles of “stress-susceptible” pigs have a 
fast rate of glycolysis, a short-time course 
of rigor mortis and become pale, soft and 
exudative (PSE) post-mortem. Con
versely, the muscles of “stress-resistant” 
pigs have a slow rate of glycolysis, a 
long-time course of rigor mortis and 
retain a normal color and gross mor
phology post-mortem. Ability of the 
sarcoplasmic reticulum to bind calcium 
decreases with time post-mortem (Greaser 
et al., 1 969). The muscles which have the 
most rapid loss of calcium-binding ability 
also become PSE (Greaser et al., 1969). 
Muscle which becomes PSE usually has a 
short-tim e course of rigor mortis 
(Briskey, 1964).

Muscle remains in a relaxed state while 
the sarcoplasmic reticulum maintains the 
sarcoplasmic concentration of calcium 
ions below a critical level of about 1 x 
1CT7 M (Feinstein, 1966). Consequently, 
a measure of tension development should

T a b le  1 — T im e  c o u rs e  o f  e x t e n s ib i l i t y  c h a n g e 1 in  s t r ip s  o f  lo n g is s i

m u s  m u s c le  f r o m  " s t r e s s - r e s is ta n t " a n d  " s t r e s s - s u s c e p t ib le " p ig s .2

indicate how successful the sarcoplasmic 
reticulum has been in binding calcium 
ions (Davies, 1963). A change in muscle 
elasticity and extensibility has been clas
sically associated with the time course of 
rigor mortis (Bate-Smith, 1939; Bendall,
1960). It has been established that the 
contraction which occurs during the de
velopment of rigor mortis also utilizes 
adenosine triphosphate (ATP) (Marechal, 
1960; Hsu, 1950).

Studies were made (1) to determine 
the association of the calcium-binding 
ability of the sarcoplasmic reticulum to 
certain other biochemical and mechanical 
changes which occur in muscle post-

mortem, (2) to compare the changes in 
and levels of these biochemical constit
uents with the development of tension in 
muscle samples varying widely in the time 
course of rigor mortis.

EXPERIMENTAL
M u sc le  u s e d

P ig  lo n g is s im u s  m u s c l e  w a s  o b ta in e d  f r o m  
a n im a ls  s tu n n e d  w i t h  a  c a p t iv e - b o l t  p i s to l  a n d  
b le d  b y  s e v e r in g  th e  a n t e r io r  v e n a  c a v a . S a m p le s  
w e re  r e m o v e d  w i th in  3 m in  o f  im m o b i l i z a t i o n  
a n d  e x s a n g u in a t io n .

M e a s u r e m e n t  o f  c a l c iu m  io n - b i n d in g  a b i l i ty

A m o d i f ie d  m e th o d  o f  G r e a s e r  ( 1 9 6 9 )  w a s  
u s e d  to  m e a s u r e  t h e  c a l c iu m  io n - b in d in g  a b i l i t y  
o f  t h e  s a r c o p la s m ic  r e t i c u lu m .  S a m p le s  w e r e  
h o m o g e n iz e d  w i th  4  v o lu m e s  o f  ic e -c o ld  0 .1  M  
KC1 a n d  5 m M  h i s t i d in e  (p H  7 .2 )  f o r  2  m i n  in  a  
W a r in g  B le n d o r  w i t h  1 0 - t o  1 5 -s e c  b u r s t s .  M y o 
f ib r i ls ,  c o n n e c t iv e  t i s s u e ,  m i t o c h o n d r i a  a n d  
u n d i s r u p t e d  f ib e r  s e g m e n ts  w e re  r e m o v e d  b y  c e n 
t r i f u g a t io n  a t  8 , 0 0 0  X g  f o r  2 0  m in .  T h e  r e s u l t 
in g  s u p e r n a t a n t  w a s  t h e n  s u b je c te d  to  c e n t r i 
f u g a t io n  a t  3 0 ,0 0 0  x  g  f o r  1 h r  a n d  t h e  
s e d im e n t  w a s  r e f e r r e d  t o  a s  h e a v y  s a r c o p la s m ic  
r e t i c u lu m .  T h is  s e d im e n te d  m a te r i a l  w a s  r e s u s 
p e n d e d  in  0 .1  M KC1-5 m M  h is t id in e  a n d  th e  
p r o t e i n  c o n t e n t  w a s  d e t e r m in e d  w i t h  t h e  b i u r e t

T a b le  2 —M e ta b o l i te s 1 o f  lo n g is s im u s  m u s c le  f r o m  " s tre s s - re s is ta n t "  

a n d  “ s t re s s - s u s c e p t ib le " p ig s .2

E x t e n s ib i l i t y  ( p e r c e n t  in i t i a l )

S a m p le  s o u rc e

E x t e n s ib i l i t y  ( p e r c e n t  in i t i a l )

1 0 0 3 75 5 0 0

S tr e s s - r e s i s ta n t 7 9 4 1 3 3 2 1 4
± 7  5 ± 6 ± 1 1

S tr e s s - s u s c e p t ib le 51 6 6 1 2 4
± 3 ± 5 ± 6

S ig n i f ic a n c e P C . 0 1 P C . 01 P C . 0 1

1 E x p e r i m e n t  1.
2 S t r ip s  w e re  i n c u b a t e d  in  a  w a te r - s a tu r a t e d  n i t r o g e n  a tm o s p h e r e  a t  

3 7 ° C .
3 1 0 0 %  E x t e n s ib i l i t y  w a s  t a k e n  a t  3 0  m in  p o s t - m o r t e m .
4 M e a n  v a lu e .
5 S t a n d a r d  e r r o r  o f  t h e  m e a n .

M e ta b o l i t e  a n d  s a m p le  s o u rc e 1 0 0 3 75 5 0 0

PC

S tr e s s - r e s i s ta n t 1 .3 1 4 .7 2 .3 2 .0 9
± .4 7 ± .1 8 ± .1 6 ± .0 8

S tr e s s - s u s c e p t ib le .9 2 .1 1 .0 0 .0 0
± .3 3 ± .0 6 ± .0 0 ± .0 0

S ig n if ic a n c e N S P C . 0 1 P C . 0 1 P C . 0 5

A T P
S tr e s s - r e s i s ta n t 3 .7 4 2 .7 1 1 .6 1 1 .2 0

± .3 3 ± .2 8 ± .3 1 ± .3 0
S t r e s s - s u s c e p t ib le 2 .7 8 1 .6 2 1 .0 6 .7 0

± .4 0 ± .3 5 ± .3 6 ± .1 2
S ig n i f ic a n c e P C . 0 1 P C . 0 1 N S P C . 0 5

L a c t ic  A c id
S tr e s s - r e s i s ta n t 3 5 .7 8 5 7 .8 1 6 7 .4 2 8 2 .2 5

± 5 .8 7 ± 4 .4 5 ± 2 .4 1 ± 3 .7 2
S tr e s s - s u s c e p t ib le 4 4 .3 8 7 0 .0 0 8 0 .9 9 9 5 .5 4

± 3 .9 0 ± 6 .5 0 ± 3 .7 4 ± 6 .6 2
S ig n i f ic a n c e P C . 0 5 P C . 0 5 P C . 0 1 P C . 0 5

'E x p e r i m e n t  1.

2 S t r ip s  w e re  i n c u b a t e d  in  a  w a te r - s a tu r a t e d  n i t r o g e n  a t m o s p h e r e  a t
3 7 ° C .

3 1 0 0 %  E x t e n s ib i l i t y  w a s  t a k e n  a t  3 0  m in  p o s t - m o r t e m .  
4 M e a n  v a lu e  ( p m o le s /g  t is s u e )  ±  s t a n d a r d  e r r o r  o f  t h e  m e a n .

574- J O U R N A L  O F  F O O D  S C I E N C E - V o l u m e  3 5  ( 1 9 7 0 )
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T a b le  3 —C a lc iu m  a c c u m u la t io n ’  b y  th e  h e a v y  s a rc o p la s m ic  r e t i c u 

lu m  f r a c t io n  f r o m  lo n g is s im u s  m u s c le  f r o m  " s t re s s - r e s is ta n t "  a n d  

" s t re s s -s u s c e p tib le  "  p ig s .2

S a m p le  s o u rc e

E x t e n s ib i l i t y  ( p e r c e n t  in i t i a l )

1 0 0 3 7 5 5 0 0

S tr e s s - r e s i s ta n t 4 .1 9 4 3 .0 1 2 .1 0 1 .3 9
± .4 7 ± .7 1 ± .3 6 ± .3 0

S tr e s s - s u s c e p t ib le 4 .0 0 2 .6 7 2 .2 4 1 .6 3
± .4 1 ± .4 7 ± .5 2 ± .4 3

S ig n if ic a n c e N S N S N S N S

'E x p e r i m e n t  1.
2 S t r ip s  w e re  i n c u b a te d  in  a  w a te r - s a tu r a t e d  n i t r o g e n  a tm o s p h e r e  a t  

3 7 °C .
3 1 0 0 %  E x t e n s ib i l i t y  w a s  t a k e n  a t  3 0  m in  p o s t - m o r t e m .
4 M ea n  v a lu e  ( p m o le s  C a + + /m g  p r o t e i n )  ±  s t a n d a r d  e r r o r  o f  th e  

m e a n .

T a b le  4 —M e ta b o l i te  le v e ls 1 in  lo n g is s im u s  m u s c le  f r o m  "s tre s s -  

r e s is t a n t "  a n d  "s t re s s -s u s c e p t ib le  "  p ig s .2

ix m o le s /g ra m  tis s u e

P h o s p h o c r e a t i n e  A T P L a c t ic  A c id

S tr e s s - r e s i s ta n t , 8 2 3 2 .2 6 4 0 .1 6
± .2 6 4 ± .1 2 ± 3 .1 2

S t r e s s - s u s c e p t ib le .0 0 .9 3 4 4 .1 6
± .0 0 ± .4 1 ± 9 .8 0

S ig n i f ic a n c e P < . 0 1 P < . 0 1 N S

'E x p e r i m e n t  2.

2 A11 s a m p le s  w e re  f r o z e n  in  l iq u id  n i t r o g e n  w i th in  5 m in  o f  e x s a n 
g u in a t io n .

3 M e a n  v a lu e .
4 S t a n d a r d  e r r o r  o f  th e  m e a n .

p r o c e d u r e  ( G o r n a l l  e t  a l . ,  1 9 4 9 )  u s in g  b o v in e  
s e r u m  a lb u m in  a s  a  s t a n d a r d .  M e a s u r e m e n t  o f  
c a lc iu m  io n  u p t a k e  w a s  p e r f o r m e d  in  a  m e d iu m  
c o n s i s t in g  o f  0 .1  M  K C 1, 5  m M  h i s t i d in e  (p H  
7 .2 ) ,  5  m M  M g C U , 5 m M  A T P  a n d  0 .2  m M  
C a C l2 ( c o n ta in in g  0 .1  pc o f  4 5 C a + + ). T h e  
a p p r o x im a te  p r o t e i n  c o n c e n t r a t i o n  o f  th e  
h e a v y  s a r c o p la s m ic  r e t i c u lu m  a s  u s e d  in  th e s e  
e x p e r im e n t s  w a s  0 .0 4  m g /m l .  F o l lo w in g  a d d i 
t i o n  o f  t h e  r e s u s p e n d e d  f r a c t i o n s  to  t h e  a ss a y  
m e d iu m  a n d  i n c u b a t io n  f o r  15 m in  a t  
2 2 - 2 4 ° C ,  t h e  p a r t i c u l a t e  m a te r i a l  w a s  r e m o v e d  
b y  f i l t r a t i o n  t h r o u g h  m i l l i p o r e  f i l t e r s  ( t y p e  
H A ) , a v e ra g e  p o r e  d i a m e t e r  0 .4 5  p ( M a r to n o s i  
a n d  F e r e to s ,  1 9 6 4 ) .  T h e  r a d io a c t iv i t y  o f  a n  
a l i q u o t  o f  t h e  f i l t r a t e  w a s  d e t e r m i n e d  b y  l iq u id  
s c in t i l l a t i o n  c o u n t in g  a n d  c o m p a r e d  w i th  t h e  
a p p r o p r i a t e  s ta n d a r d  to  d e t e r m i n e  t h e  a m o u n t  
o f  c a lc iu m  b o u n d  b y  t h e  p r o t e in .

C h e m ic a l  e s t im a t io n s

A  p o r t i o n  o f  t h e  s a m p le  ( lo n g is s im u s )  w a s  
f r o z e n  in  l iq u id  n i t r o g e n  im m e d ia t e ly  a f t e r  e x 
c is io n .  A s  s a m p le s  w e r e  r e m o v e d  f r o m  th e  r ig o r -  
o m e te r ,  th e y  w e re  a ls o  f r o z e n  in  l iq u id  n i t r o 
g e n ,  A ll  s a m p le s  w e r e  s to r e d  a t  l iq u id  n i t r o g e n  
t e m p e r a tu r e s  u n t i l  a n a ly s is  c o u ld  b e  p e r f o r m e d .  
S a m p le s  w e re  a n a ly z e d  f o r  p h o s p h o c r e a t in e  
(P C ) , a d e n o s in e  t r i p h o s p h a t e  (A T P )  a n d  l a c t i c  
a c id  a c c o r d in g  t o  p r o c e d u r e s  o f  B e r g m e y e r  
( 1 9 6 3 ) .

M e c h a n ic a l  e s t i m a t i o n s

E x t e n s ib i l i t y  a n d  t e n s i o n  c h a n g e s  w e r e  d e 
te r m in e d  o n  m u s c l e  s a m p le s  u s in g  a n  is o to n ic -  
i s o m e t r ic  r i g o r o m e te r  ( S c h m i d t  e t  a l . ,  1 9 6 8 ) .  A  
m i c r o - d i s p l a c e m e n t  m y o g r a p h  ( P a r t  N o . 
9 1 - 1 0 0 - 8 0 ,  E  &  M P h y s io g r a p h  C o . ) w a s  u s e d  to  
m e a s u re  t h e  d e v e l o p m e n t  o f  te n s io n .  A  s e n s i
t i v i ty  o f  1 0  g /c m  p e n  d e f l e c t i o n  w a s  u s e d .  
C h a n g e s  in  e x t e n s ib i l i t y  w e r e  d e t e r m in e d  u s in g  
a  m o t i o n  m y o g r a p h  ( P a r t  N o . 9 1 - 1 0 0 - 7 3 ,  E  & 
M  P h y s io g r a p h  C o .) .  A  5 0 -g  w e ig h t  w a s  a p p l ie d  
a n d  r e m o v e d  a t  2 -m in  in te rv a ls .  S a m p le s  w e re  
m a in ta in e d  a t  3 7 ° C  in  e i t h e r  (1 )  a  w a te r -  
s a tu r a t e d  n i t r o g e n  a tm o s p h e r e ,  o r  (2 )  a  n i t r o 
g e n -p u rg e d  i s o to n ic  0 .9 %  s o d iu m  c h lo r id e  
s o lu t io n  u n t i l  r e m o v e d  f o r  a n a ly s is .  A  s e r ie s  o f  
p r e v io u s  e x p e r im e n t s  s h o w e d  t h a t  e i th e r  
m e th o d  is v a lid  a s  lo n g  a s  c o m p a r i s o n s  a r e  m a d e  
w i th in  a  m e th o d .

E x p e r i m e n t  1 . 4  s t r e s s - r e s i s t a n t  C h e s te r  
W h ite  p ig s  a n d  5 s t r e s s - s u s c e p t ib le  P o la n d  C h in a  
p ig s  w e r e  u t i l i z e d  in  e x p e r im e n t  1. 3 p o r t i o n s  
o f  t h e  lo n g is s im u s  w e r e  r e m o v e d  im m e d ia te ly

a f t e r  e x s a n g u in a t io n :  P o r t i o n  1 w a s  f r o z e n  in  
l iq u id  n i t r o g e n ,  p o r t i o n  2 w a s  u t i l i z e d  fo r  
m e a s u r e m e n t  o f  c a lc iu m  u p t a k e  a n d  p o r t i o n  3 
w a s  d iv id e d  i n t o  6  s t r ip s  o f  p a r a l l e l  f ib e r s  (1 
c m 2 b y  5 c m )  a n d  p la c e d  in  a  w a te r - s a tu r a t e d  
n i t r o g e n  a tm o s p h e r e  a t  3 7 ° C  f o r  i s o to n ic  m e a s 
u r e m e n t  o f  t h e  d e v e l o p m e n t  o f  r ig o r  m o r t i s .  A t  
7 5 ,  5 0  a n d  0 %  o f  in i t ia l  e x t e n s ib i l i t y  ( a s  s e t  a t  
1 0 0 %  a t  3 0  m in  p o s t - m o r t e m ) ,  d u p l i c a t e  s t r ip s  
o f  m u s c l e  w e re  r e m o v e d  f r o m  t h e  is o to n ic -  
i s o m e t r ic  r i g o r o m e te r .  O n e  o f  t h e  d u p l i c a t e s  
w a s  f r o z e n  in  l iq u id  n i t r o g e n  f o r  c h e m ic a l  
a n a ly s is  a n d  t h e  o t h e r  w a s  u s e d  t o  is o la te  th e  
s a r c o p la s m ic  r e t i c u lu m  f o r  a s s a y  o f  i t s  c a l c iu m 
b in d in g  a b i l i ty .

E x p e r i m e n t  2 .  3  s t r e s s - r e s i s t a n t  C h e s te r  
W h ite  p ig s  a n d  3 s t r e s s - s u s c e p t ib le  P o la n d  C h in a  
p ig s  w e re  u t i l i z e d  in  e x p e r i m e n t  2 . 3 p o r t i o n s  
o f  t h e  lo n g is s im u s  w e re  r e m o v e d  f r o m  e a c h  
a n im a l  im m e d ia te ly  a f t e r  e x s a n g u in a t io n :  P o r 
t i o n  1 w a s  f r o z e n  in  l iq u id  n i t r o g e n ,  p o r t i o n  2 
w a s  u t i l i z e d  f o r  t h e  m e a s u r e m e n t  o f  c a lc iu m  
io n  u p t a k e  a n d  p o r t i o n  3 w a s  d iv id e d  i n t o  3 
s t r ip s  o f  p a r a l l e l  f ib e r s  (1 c m 2 b y  5 c m )  a n d  
p la c e d  in  a  n i t r o g e n - p u r g e d  0 .9 %  s o d iu m  c h lo 
r id e  s o lu t io n .  1 o f  t h e  s t r ip s  o f  p o r t i o n  3 w a s  
u s e d  f o r  i s o to n ic  a n d  2 u s e d  f o r  i s o m e tr ic  
m e a s u r e m e n ts .  A t  5 0  a n d  0 %  o f  in i t ia l  e x t e n 
s ib i l i ty  ( s e t  a t  1 0 0 %  a t  3 0  m in  p o s t - m o r t e m ) ,  
s t r ip s  o f  m u s c l e  w e re  r e m o v e d  f r o m  th e  is o 
m e t r i c  m y o g r a p h s .  T h e  s t r ip s  w e re  t h e n  u s e d  
f o r  t h e  i s o la t io n  o f  t h e  s a r c o p la s m ic  r e t i c u lu m  
f o r  a s s a y  o f  i t s  c a l c iu m - b in d in g  a b i l i ty .

R e s u l t s ,  e x p e r i m e n t  1. R e s u l t s  f o r  e x p e r .-  
m e n t  1 a r e  s h o w n  in  T a b le s  1 , 2  a n d  3 . T h e  
m u s c le  s a m p le s  f r o m  s t r e s s - r e s i s t a n t  C h e s te r  
W h ite  p ig s  l o s t  e x t e n s ib i l i t y  m o r e  s lo w ly  th a n  
s a m p le s  f r o m  s t r e s s - s u s c e p t ib le  P o la n d  C h in a  
p ig s  (T a b le  1 ). A t  id e n t i c a l  s ta g e s  o f  c h a n g e  in  
e x t e n s ib i l i t y ,  m u s c l e  f r o m  s t r e s s - r e s i s t a n t  p ig s  
h a d  h ig h e r  le v e ls  o f  P C  a n d  A T P  a n d  lo w e r  
le v e ls  o f  l a c t i c  a c id  (T a b le  2 )  t h a n  d id  m u s c le s  
o f  s t r e s s - s u s c e p t ib le  p ig s .  N o  s ig n if ic a n t  d i f f e r 
e n c e s  w e r e  n o t e d  b e t w e e n  th e  m u s c l e s  o f  
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 i s t a n t  p ig s  in  th e  
a b i l i t y  o f  t h e  s a r c o p la s m ic  r e t i c u lu m  to  b in d  
c a lc iu m  a t  id e n t i c a l  s ta g e s  o f  c h a n g e  in  e x t e n 
s ib i l i ty  o f  t h e  m u s c le  (T a b le  3 ).

R e s u l t s ,  e x p e r i m e n t  2 . M u sc le  s a m p le s  t a k e n  
im m e d ia te ly  a f t e r  e x s a n g u in a t io n  w e r e  a n a 
ly z e d  f o r  P C , A T P  a n d  la c t ic  a c id .  S a m p le s  
f r o m  s t r e s s - r e s i s t a n t  a n im a ls  h a d  h ig h e r  (P  <  
.0 1 )  le v e ls  o f  P C  a n d  A T P  th a n  d id  th e  s a m p le s  
f r o m  s t r e s s - s u s c e p t ib le  a n im a ls  (T a b le  4 ) .  N o

s ig n i f i c a n t  d i f f e r e n c e s  in  l a c t i c  a c id  le v e ls  w e re  
d e t e c t e d  b e t w e e n  m u s c l e s  o f  t h e  2 a n im a l  
g r o u p s .  A s  a ls o  s e e n  in  e x p e r i m e n t  1 , s a m p le s  
f r o m  s t r e s s - r e s i s t a n t  p ig s  t o o k  a  s ig n i f ic a n t ly  
fP  <  .0 1 )  lo n g e r  t im e  t o  r e a c h  0%  e x te n s ib i l i t y  
t h a n  d id  s a m p le s  f r o m  t h e  s t r e s s - s u s c e p t ib le  
p ig s  (T a b le  5 ) .  A b i l i t y  t o  b i n d  c a lc iu m  w a s  th e  
s a m e  in  a l l  m u s c le s  a t  i d e n t ic a l  s ta g e s  o f  c h a n g e  
in  e x t e n s ib i l i t y  ( T a b le  6 ) .  T h e  g ra m s  o f  te n s io n  
d e v e lo p e d  a t  5 0  a n d  0 %  o f  in i t ia l  e x te n s ib i l i t y  
w e re  n o t  s ig n i f ic a n t ly  d i f f e r e n t  f o r  t h e  m u s c le s  
f r o m  t h e  2  s t r a in s  o f  p ig s  ( T a b le  7 ) .

DISCUSSION
D U R I N G  d e v e l o p m e n t  o f  r i g o r  m o r t i s ,  
m u s c l e  b e c o m e s  i n e x t e n s i b l e ,  l o s e s  i t s  
s a r c o p l a s m i c  r e t i c u l u m ’s  a b i l i t y  t o  b i n d  
c a l c i u m  i o n s ,  u t i l i z e s  P C  a n d  A T P ,  p r o 
d u c e s  l a c t i c  a c i d  a n d  d e v e l o p s  t e n s i o n .  
M u s c l e s  w h i c h  d i f f e r  w i d e l y  i n  t h e  r a t e  o f  
c h a n g e  i n  e x t e n s i b i l i t y  p o s t - m o r t e m  a l s o  
d i f f e r  i n  a  l i k e  m a n n e r  i n  t h e  t i m e  c o u r s e  
o f  t h e  c h a n g e  i n  c a l c i u m - b i n d i n g  a b i l i t y  
o f  t h e  s a r c o p l a s m i c  r e t i c u l u m ,  P C  d e p l e 
t i o n ,  A T P  d e p l e t i o n ,  l a c t i c  a c i d  p r o d u c 
t i o n  a n d  t e n s i o n  d e v e l o p m e n t .  A t  i d e n t i 
c a l  s t a g e s  o f  c h a n g e  i n  e x t e n s i b i l i t y ,  
h o w e v e r ,  t h e r e  w e r e  n o  s i g n i f i c a n t  d i f f e r 
e n c e s  ( P  >  . 0 5 )  b e t w e e n  t h e  s t r e s s - s u s c e p 
t i b l e  a n d  s t r e s s - r e s i s t a n t  p i g s  i n  t h e  a b i l i t y  
o f  t h e i r  m u s c l e s  t o  d e v e l o p  t e n s i o n  o r  s a r 
c o p l a s m i c  r e t i c u l u m  p r e p a r a t i o n s  t o  b i n d  
c a l c i u m .

A l t h o u g h  i n i t i a l  s a m p l e s  w e r e  f r o z e n  
i n  l i q u i d  n i t r o g e n  w i t h i n  5  m i n  a f t e r  
e x s a n g u i n a t i o n ,  t h e  l o n g i s s i m u s  m u s c l e  
f r o m  s t r e s s - s u s c e p t i b l e  p i g s  o f  e x p e r i m e n t  
1 h a d  s i g n i f i c a n t l y  ( P  <  . 0 1 )  l o w e r  v a l u e s  
o f  A T P  a n d  h i g h e r  v a l u e s  o f  l a c t i c  a c i d  
t h a n  d i d  t h e  m u s c l e s  f r o m  s t r e s s - r e s i s t a n t  
p ig s .  T h i s  d i f f e r e n c e  i m p l i e s  t h a t  m u s c l e  
f r o m  t h e  s t r e s s - s u s c e p t i b l e  p i g s  h a d  u t i 
l i z e d  a  g r e a t e r  a m o u n t  o f  h i g h - e n e r g y  
p h o s p h a t e  c o m p o u n d s  t h a n  m u s c l e s  f r o m  
s t r e s s - r e s i s t a n t  p i g s  w i t h i n  5  m i n  o f  e x 
s a n g u i n a t i o n .  O u r  “ i n i t i a l ”  e x t e n s i b i l i t y  
r e a d i n g s  w e r e  t a k e n  a t  3 0  m i n  p o s t 
m o r t e m .  T h i s  p e r i o d  o f  t i m e  w a s  n e c e s 
s a r y  t o  e x c i s e  t h e  s a m p l e ,  i s o l a t e  t h e  s t r i p  

o f  p a r a l l e l  f i b e r s  a n d  a d j u s t  t h e  r i g o r o m -
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T a b le  5 - T im e  c o u rs e  o f  e x t e n s ib i l i t y  c h a n g e 1 
in  s t r ip s  o f  lo n g is s im u s  m u s c le  f r o m  "s tre s s -  

r e s is t a n t "  a n d  " s t re s s -s u s c e p t ib le ”  p ig s .2

E x t e n s ib i l i t y  ( p e r c e n t  in i t i a l )

S a m p le  s o u rc e  1 0 0 3 5 0 0

S tr e s s - r e s i s ta n t 8 0 4 1 43
± 2 8 5 ± 4 0

S tr e s s - s u s c e p t ib le 31 5 3
± 8 ± 1 6

S ig n i f ic a n c e P < . 0 5 P C . 01

1 E x p e r i m e n t  2.
S t r ip s  w e re  i n c u b a te d  in a  n i t r o g e n - p u r g e d

0 .9 %  N a C l s o lu t io n  a t  3 7 ° C .
3 1 0 0 %  E x t e n s ib i l i t y  w a s t a k e n  a t 3 0  m in

p o s t - m o r t e m .
4 M e a n  v a lu e .

5 S t a n d a r d  e r r o r  o f  t h e  m e a n .

T a b le  6 - C a lc iu m  a c c u m u la t io n  b y  th e  h e a v y  

s a r c o p la s m ic  r e t i c u lu m 1 f r a c t io n  f r o m  lo n g is 

s im u s  m u s c le  f r o m  " s t r e s s - r e s is ta n t " a n d  "s tre ss -  

s u s c e p t ib le "  p ig s .

S a m p le  s o u rc e

E x t e n s ib i l i t y  ( p e r c e n t  in i t i a l )

1 0 0 5 0 0

S tr e s s - r e s i s ta n t 2 .7 1 2 1 .0 0 .3 8

± 1 .1 7 3 ± .3 8 ± .1 1

S tr e s s - s u s c e p t ib le 2 .0 1 1 .0 9 .5 9

± .1 0 ± .3 4 ± .3 9

S ig n if ic a n c e N S N S N S

1 E x p e r i m e n t  2.
2 M e a n  v a lu e  (p m o le s  C a + + /m g  p r o t e in ) .  
3 S t a n d a r d  e r r o r  o f  t h e  m e a n .  
N S - N o n s i g n i f i c a n t .

T a b le  7 —Is o m e t r ic  te n s io n  d e v e lo p m e n t1 in  

s t r ip s  o f  lo n g is s im u s  m u s c le  f r o m  " s tre ss -  

r e s is ta n t "  a n d  " s tre ss -su sce p  t ib le  "  p ig s .2

E x t e n s ib i l i t y  ( p e r c e n t  in i t i a l )

S a m p le  s o u rc e  1 0 0 3 5 0  0

S tr e s s - r e s i s ta n t 1 0 4 14
± 2 . 2 s ± 4 .2

S tr e s s - s u s c e p t ib le 13 21

± .9 ± 3
S ig n i f ic a n c e N S N S

1 E x p e r i m e n t  2 .

2 S t r ip s  w e re  i n c u b a t e d  in  a  n i t r o g e n - p u r g e d  
0 .9 %  N a C l s o lu t io n  a t  3 7 ° C .

3 1 0 0 %  E x t e n s ib i l i t y  w a s  t a k e n  a t  3 0  m in  
p o s t - m o r t e m .

4 M e a n  v a lu e  (g  t e n s io n ) .

5 S t a n d a r d  e r r o r  o f  th e  m e a n .  
N S - N o n s i g n i f i c a n t .

eter. Since the muscles from stress- 
susceptible pigs were metabolizing at a 
rapid rate, shown by low initial levels of 
ATP and high initial levels of lactic acid, a 
large amount of their potential extensibil
ity could have been lost before 30 min 
post-mortem.

Similar levels of calcium-binding abil
ity were reached in the sarcoplasmic 
reticulum from the muscles of the 2 
strains of animals at identical stages of 
loss in extensibility. The efficiency of the 
sarcoplasmic reticulum as a calcium ion 
sink is greatest when there is an ATP 
regenerating system (such as PC) to main
tain a high level of ATP and keep the 
level of adenosine diphosphate (ADP), 
which is an inhibitor of the calcium pump 
(Hasselbach and IMakinose,! 1962), at 
very low levels. When the ATP level falls 
or the ATP generating system is ex
hausted, the calcium ions leak out of the 
sarcoplasmic reticulum vesicles (Weber et 
al., 1964; Ohnishi and Ebashi, 1963).

These data reflect the extreme diffi
culty in associating the mechanical 
parameters of muscle post-mortem to the 
biochemical changes in that muscle. At a 
given point of loss in extensibility, in 
muscles which vary widely in the time 
course of rigor mortis, it is difficult to 
predict the level of biochemical interme
diates. It is not clear whether the sarco
plasmic reticulum inactivation is the 
cause or effect of contraction during the

development of rigor mortis. It is clear, 
however, that there is a contraction asso
ciated with rigor mortis and that this 
contraction takes place within a shorter 
period of time in muscle from stress- 
susceptible pigs. The increase in free 
calcium in the sarcoplasm undoubtedly 
causes the contracture during develop
ment of rigor mortis. That rigor mortis 
can develop under conditions where there 
is little loss in calcium-binding ability of 
the sarcoplasmic reticulum per se, per
haps explains why there is potentially 
such a wide range in degree of contrac
tion that can occur during development 
of rigor mortis.
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EFFECT OF CONTRACTION ON TENDERNESS OF POULTRY MUSCLE 
COOKED IN THE PRERIGOR STATE

S U M M A R Y —E f fe c ts  o n  te n d e rn e s s  c a u s e d  b y  c o n t r a c t io n  o f  e x c is e d  c h ic k e n  m u s c le s ,  in d u c e d  b y  

im m e d ia te  p o s t - m o r te m  t re a tm e n ts  c o n s is t in g  o f  e le c t r ic a l  s t im u la t io n ,  b e a t in g ,  f re e z e - th a w in g ,  

a n d  h e a t in g ,  a n d  f o l lo w e d  b y  c o o k in g  in  th e  p r e r ig o r  s ta te  w e re  m e a s u re d . O n e  m e m b e r  o f  e a ch  

p a i r  o f  m u s c le s  w as h e ld  in  r e s t r a in t  w h i le  e x p o s e d  t o  th e  s a m e  c o n d it io n s ,  in  te rm s  o f  p e rc e n ta g e  

o f  o r ig in a l  r e s t  le n g th ,  e le c t r ic a l  s t im u la t io n  r e d u c e d  m u s c le  le n g th  to  5 9 % , a n d  w h e n  f o l lo w e d  b y  

c o o k in g  to  4 4 % ;  f re e z e - th a w in g  r e d u c e d  th e  le n g th  t o  4 2 % , a n d  w h e n  f o l lo w e d  b y  c o o k in g  to  

4 0 % ; b e a t in g  to  9 6 % , a n d  w h e n  f o l lo w e d  b y  c o o k in g  to  5 2 % ;  c o o k in g  a lo n e  t o  4 8 —5 3 % . W ith  th e  

e x c e p t io n  o f  th e  b e a t in g - h e a t in g  c o m b in a t io n ,  a l l  c o n t r a c t io n - in d u c in g  t re a tm e n ts  r e s u lte d  in  a  

r e d u c t io n  o f  th e  s h e a r  v a lu e s  ( fo r c e  p e r  c ro s s -s e c t io n a l a re a )  o f  c o o k e d  m u s c le  to  a b o u t  o n e - h a lf  

th o s e  o f  u n c o n t r a c t e d  c o n t r o ls .  The se  re s u lts  w i t h  c h ic k e n  m u s c le s  o n  in te n s e  c o n t r a c t io n  f o l lo w e d  

b y  c o o k in g  in  th e  p r e r ig o r  s ta te  a g re e  w i t h  r e c e n t  s im i la r  o b s e rv a t io n s  o n  r e d  m e a t  m u s c le s .

F ig .  1—C h ic k e n  th ig h  m u s c le s ,  s u b je c te d  im m e d ia te ly  p o s t - m o r te m  t o  th e  t re a tm e n ts  in d ic a te d ,  

e i th e r  u n d e r  r e s t r a in t ,  o n  th e  le f t - h a n d  s id e , o r  f re e  to  c o n t r a c t ,  o n  th e  r ig h t .  S a r to r iu s  m u s c le s  

w e re  u s e d  f o r  T r e a tm e n t  1 ; s e m im e m b ra n o s u s  f o r  T r e a tm e n t  2 ;  a n d  s e m ite n d in o s u s  f o r  T r e a tm e n t  

3 . F o r  e a c h  t r e a tm e n t  (1 )  s h o w s  th e  m u s c le s  b e fo r e  t r e a tm e n t ;  ( 2 )  ta k e n  a t  c o m p le t io n  o f  th e  

c o n t r a c t io n - in d u c in g  t r e a tm e n t  in d ic a te d ;  a n d  ( 3 )  s h o w  m u s c le s  a f t e r  b e in g  h e a te d  ( c o o k e d i.  

( B a c k g r o u n d  is  1 m m  g r a p h  p a p e r . )

INTRODUCTION
CONTRACTION is one of the most 
obvious effects of certain physical agents, 
such as heat, on prerigor poultry muscle. 
The relation between such contraction 
and tenderness of the cooked muscle is of 
theoretical and practical interest. Most 
studies on the effect of contraction on 
tenderness have been made on muscles 
cooked after passing through rigor; in 
general contraction has been associated 
with a decrease in tenderness (Lowe, 
1948; Locker, 1960). However, the ef
fects of contraction do not all fall into a 
simple consistent pattern. Weidemann et 
al. (1967) reported that ox muscle 
cooked prerigor in an unrestrained con
dition (contraction developed) was more 
tender than the restrained controls, while 
the reverse was true when the two were 
cooked in the post rigor state. Also, 
Marsh and Leet (1966) found that, for 
beef neck muscles allowed to contract in 
the cold, 20% contraction was associated 
with a fair degree of tenderness; between 
20% and 40% contraction was associated 
with a rapid decrease in tenderness to a 
minimum; and between 40% and 60% 
contraction gave increasing tenderness 
back to the level found at 20% contrac
tion.

The purpose of this study was to 
compare in chicken muscles excised im
mediately post-mortem and cooked in the 
prerigor state the effect on tenderness of 
various contraction-inducing treatments, 
including electrical stimulation, freezing 
and thawing, and heating. One member of 
a pair of muscles was permitted to con
tract while the other was subjected to the 
same treatments while restrained to its 
rest length. Effects of the treatments on 
the ultrastructure as revealed by electron 
microscopy were also observed and will 
be reported in separate publications by 
the coauthors.

MATERIALS & METHODS
Experimental material

C o m m e r c ia l - ty p e  c h ic k e n s  1 0 - 1 5  w k  o ld  
w e r e  u s e d  in  t h e s e  s tu d ie s .  I n  o r d e r  t o  m in im iz e  
s t ru g g l in g  d u r in g  s la u g h te r ,  e a c h  b i r d  w a s  
p la c e d  in  a  g la ss  c h a m b e r  c o n ta in in g  c a r b o n  
d io x id e  g a s  f o r  3 - 4  m in ,  t h e n  b l e d  b y  c u t t i n g  
th e  n e c k  a r te r ie s ;  t h e  s k in  w a s  re m o v e d ,  a n d  
s e le c te d  m u s c l e s  w e r e  e x c i s e d  a t  t h e i r  o r ig in  
a n d  i n s e r t i o n .  T h e  s a r to r iu s ,  s e m i te n d in o s u s ,  
a n d  s e m im e m b r a n o s u s  m u s c le s  o f  t h e  le g s  w e re

V o lu m e  3 5  ( 1 9 7 0 ) - J O U R N A L  O F  F O O D  S C I E N C E - 5 7 7



5 7 8 - J O U R N A L  O F  F O O D  S C I E N C E - V o l u m e  3 5  (1 9 7 0 )

F ig . 3 —G a u g e  c o n s t r u c te d  f o r  th e  m e a s u re m e n t  o f  c ro s s -s e c t io n a l a re a s  o f  a  g iv e n  th ig h  m u s c le .  

" T "  in d ic a te s  T -s h a p e d  s lid e ,  s h o w n  in  m e a s u r in g  p o s i t io n  d i r e c t ly  a b o v e  m u s c le .

u s e d .  T o  t h e  e x t e n t  p o s s ib le ,  i m p o r t a n t  c o m 
p a r i s o n s  w e re  m a d e  b e t w e e n  t h e  r ig h t  a n d  le f t  
c o u n t e r p a r t s  o f  t h e  s a m e  m u s c le  f r o m  t h e  s a m e  
b i r d .  T h e r e  w a s  n e c e s s a r i ly  a  t im e  la g  b e tw e e n  
s la u g h te r  a n d  t r e a t m e n t  o f  t h e  e x c i s e d  m u s c le s ,  
r a n g in g  f r o m  3 - 2 0  m in .  H o w e v e r ,  t h e  o r d e r  o f  
a p p l i c a t i o n  o f  t h e  v a r io u s  t r e a t m e n t s  t o  t h e  s u c 
c e s s iv e ly  e x c i s e d  m u s c le s  w a s  r a n d o m iz e d  b e 
tw e e n  b i r d s  t o  a v e ra g e  o u t  t h e  e f f e c t  o f  th e  
t im e  lag . O r ig in a l  e x c i s e d  le n g th s  o f  t h e  m u s c le s  
r a n g e d  f r o m  5 5 - 1 0 4  m m .

Treatment of muscles
F o r  m e a s u r e m e n t  o f  t h e  e x t e n t  o f  c o n t r a c 

t i o n  c a u s e d  b y  th e  v a r io u s  t r e a t m e n t s  a n d  o f  its  
e f f e c t s ,  o n e  m u s c le  o f  a  p a i r  w a s  a l lo w e d  to  
c o n t r a c t  f r e e ly ,  w h i le  t h e  o t h e r  w a s  r e s t r a in e d  
a t  a p p r o x im a te ly  i t s  r e s t  l e n g th  b y  s e c u r in g  i t  a t  
e a c h  e n d  to  a  f l a t  w o o d e n  s t ic k  b y  m e a n s  o f  
m e ta l  c la m p s ,  t h e  s o -c a l le d  a l l ig a to r  c la m p s  
(F ig .  1 ). O v e ra l l  c o n t r a c t i o n  o f  t h e  w h o le  m u s 
c le  w a s  t h u s  p r e v e n te d ,  a l t h o u g h  i t  s h o u ld  b e  
e m p h a s iz e d  ( a n d  w ill  b e  d i s c u s s e d  in  a  s u b s e 
q u e n t  p a p e r  o n  e l e c t r o n  m ic r o s c o p ic a l  s t r u c 
tu r a l  c h a n g e s  b y  M e n z  a n d  L u y e t )  t h a t  th is  
d o e s  n o t  n e c e s s a r i ly  p r e v e n t  lo c a l iz e d  a re a s  o f  
c o n t r a c t i o n  a lo n g  s o m e  p a r t s  o f  t h e  m u s c le ,  
c o m p e n s a t e d  b y  s t r e t c h in g  a n d  te a r in g  o f  th e  
s t r u c t u r e  in  o t h e r  p a r t s .

F o r  e le c t r i c a l  s t im u la t io n ,  t h e  m u s c le s  t o  b e  
c o n t r a c t e d  to  t e t a n u s  in  a n  u n r e s t r a in e d  c o n 
d i t i o n ,  a n d  th o s e  t o  b e  e le c t r i c a l ly  s t im u la t e d  in  
a  r e s t r a in e d  c o n d i t i o n ,  w e re  e x p o s e d  f o r  15  sec 
t o  t h e  e l e c t r i c  im p u ls e s  d e l iv e r e d  b y  t h e  s e c o n d 
a ry  c o i l  o f  a P h ip p s  a n d  B ird  i n d u c to r iu m  o f  
w h ic h  th e  p r im a r y  w a s  c o n n e c t e d  to  a  2 0  v o l t  
D C  p o w e r  s u p p ly .  T h e  s t im u la t e d  m u s c le s  w e re  
t h e n  t r a n s f e r r e d  im m e d ia te ly  i n to  b o i l in g  o r  
h o t  w a te r  as d e s c r ib e d  b e lo w  f o r  t h e  h e a t in g  
p r o c e d u r e s .

F o r  t h e  f r e e z in g  a n d  th a w in g  t r e a t m e n t ,  
m u s c le s  w e re  im m e r s e d  d i r e c t l y  i n t o  a n  is o p e n 
t a n e  b a t h  p r e c o o le d  in  d r y  ic e . T y p ic a l  f r e e z in g  
c u rv e s  i n d ic a te d  t h a t  t h e  t e m p e r a tu r e  o f  th e  
m u s c le  r e m a in e d  in  t h e  f r e e z in g  p la te a u  re g io n

F ig . 2 — T e m p e ra tu re s  d u r in g  c o o k in g  o f  in t e r io r  

c e n te r  t c )  a n d  p e r ip h e r y  (p )  o f  m u s c le s  im 

m e rs e d  in  b o i l i n g  w a te r  ( A ) ,  a n d  8 4 ° C  w a te r  

(B ).

f o r  a b o u t  1 0  se c . F o r  th a w in g ,  t h e  f r o z e n  m u s 
c le s  w e re  p la c e d  o n  a  p ie c e  o f  f i l t e r  p a p e r  s a t 
u r a t e d  w i th  s a lin e  s o lu t io n  in  a  c o v e re d  g la ss  
d is h  m a in t a in e d  a t  r o o m  te m p e r a tu r e .  R e w a rm  
in g  a n d  th a w in g  r e q u i r e d  a b o u t  3 0  m in ,  a f t e r  
w h ic h  t h e  th a w e d  m u s c le s  w e re  im m e d ia te ly  
im m e r s e d  in  b o i l in g  o r  h o t  w a te r  as d e s c r ib e d  
b e lo w  f o r  t h e  h e a t in g  p r o c e d u r e .

B e a t in g  o f  t h e  m u s c le ,  in  s im u la t io n  o f  th e  
p h y s ic a l  a c t i o n  o f  m e c h a n ic a l  d e f e a t h e r in g  m a 
c h in e s  o n  th e  m u s c u l a tu r e  o f  t h e  b i r d ,  w a s  
a c c o m p l i s h e d  w i th in  15 s e c  a f t e r  e x c i s io n  b y  
g iv in g  th e  m u s c le  6 0  b lo w s  d u r in g  a  p e r io d  o f  
3 0  sec  w i t h  a  h a r d  r u b b e r  m a l le t .  T h e  b lo w s  
w e re  n o t  h e a v y  e n o u g h  to  c r u s h  o r  v is ib ly  d a m 
a g e  th e  t is su e .

T w o  m e th o d s  w e re  u s e d  f o r  h e a t in g  o r  
c o o k in g  th e  t r e a t e d  m u s c le s .  T h e  f i r s t  m e th o d  
w a s  t o  im m e r s e  t h e  m u s c le  in  b o i l in g  w a te r  a n d  
le a v e  i t  t h e r e  u n t i l  t h e  t e m p e r a tu r e  in  i ts  c e n t e r  
r e a c h e d  8 2 ° C  ( H e a t in g  M e th o d  A ). I n i t i a l  u s e  
o f  th is  h e a t in g  m e t h o d  re v e a le d  c e r ta in  q u e s 
t i o n a b le  f e a tu r e s :  t h e r e  w a s  a  s te e p  t e m p e r a tu r e  
g r a d i e n t  b e tw e e n  s u r f a c e  a n d  c e n t e r  o f  m u s c le ,  
o u t e r  p o r t i o n s  w e re  e x p o s e d  t o  t e m p e r a tu r e s  
a b o v e  8 2 ° C  f o r  a  r e la t iv e ly  lo n g  t im e ,  a n d  m o s t  
i m p o r t a n t ,  t h e  c o n t r a c t e d  a n d  r e s t r a in e d  s a m 
p le s  r e q u i r e d  d i f f e r e n t  t im e s  t o  r e a c h  8 2 ° C  d u e  
t o  w id e ly  d i f f e r e n t  c r o s s - s e c t io n a l  a re a s .  T h e r e 
f o r e ,  f o r  t h e  r e m a in d e r  o f  t h e  s tu d ie s ,  t h e  h e a t 
in g  m e t h o d  w a s  m o d i f i e d  t o  c o n s i s t  o f  im m e r 
s io n  o f  t h e  m u s c le  in  w a t e r  a t  8 2 ° C  w h e re  i t  
w a s  h e ld  u n t i l  i t s  c e n t r a l  t e m p e r a tu r e  r e a c h e d  
8 0 ° C  a n d  1 0  m in  th e r e a f t e r ;  th i s  p r o c e d u r e  r e 
d u c e d ,  p e r c e n ta g e w is e ,  th e  d i f f e r e n c e  in  t im e s  
b e t w e e n  r e s t r a in e d  a n d  u n r e s t r a in e d  m u s c le s .

S u c h  a  m o d i f i c a t i o n  ( M e th o d  B ) r e s u l t e d  in  
t o t a l  im m e r s io n  t im e s  ra n g in g  a p p r o x im a te ly  
f r o m  1 2 - 1 4  m in .  H e a t in g  c u rv e s  i l l u s t r a t i n g  th e  
tw o  m e th o d s  a r e  s h o w n  in  F ig u r e  2  (g r a p h  B 
r e p r e s e n t s  a  c a s e  in  w h ic h  t h e  h e a t in g  b a t h  w a s  
8 4 ° C ) .

I n  a d d i t i o n  t o  n o r m a l  m u s c l e s ,  g ly c o g e n  d e 
p l e t e d  m u s c l e s ,  w h ic h  g o  i n t o  r ig o r  q u i c k ly  b u t  
a re  r e la t iv e ly  t e n d e r  e v e n  w h e n  c o o k e d  im m e 
d ia te ly  a f t e r  s l a u g h te r ,  w e re  in c lu d e d  in  th e s e  
c o n t r a c t i o n  s tu d ie s .  F o r  t h e  p u r p o s e  o f  a n t e  
m o r t e m  g ly c o g e n  d e p l e t i o n ,  b i r d s  r e c e iv e d  a n  
in je c t io n  o f  0 .5  m l.  o f  a  s o lu t io n  o f  e p in e p h r in e  
( 1 0  m g /m l  in  0 .0 6  M  N a C l)  a b o u t  15  h r  p r i o r  t o  
s la u g h te r .  R e m o v a l  o f  th e  m u s c le s  a n d  th e i r  
t r e a t m e n t  w e re  a c c o m p l i s h e d  w i th in  2 5  m in  
a f t e r  s l a u g h te r .  D e p le t io n  o f  g ly c o g e n  in  th e  
m u s c le  w a s  t e s t e d  b y  a  d e t e r m i n a t i o n  o f  t h e  p H  
o f  a  m u s c le  s lu r r y ;  in  f a c t  t h e  p H  r e m a in e d  a t  
a b n o r m a l ly  h ig h  v a lu e s  in  t h e  v ic in i ty  o f  6 .8 .

Procedures for measuring effects 
of treatments

T o  d e t e r m i n e  th e  d e g re e  o f  c o n t r a c t i o n  a n d  
th e  c h a n g e s  in  s h a p e  r e s u l t in g  f r o m  th e  t r e a t 
m e n ts ,  t h e  m u s c l e s  w e re  p h o t o g r a p h e d  o n  a  
g r a d u a t e d  s c a le  a n d  th e  d im e n s io n s  b e f o r e  a n d  
a f t e r  t r e a t m e n t ,  o r  s o m e  o f  t h e  s u c c e s s iv e  
p h a s e s ,  w e re  m e a s u r e d  (F ig .  1 ).

F o r  d e t e r m i n a t i o n  o f  t e n d e r n e s s  o f  t h e  
h e a t e d  ( c o o k e d )  m u s c le s ,  m e a s u r e m e n t s  w e r e  
m a d e  o f  th e  m a x im u m  f o r c e  r e q u i r e d  t o  s h e a r  
th r o u g h  m e a s u r e d  c ro s s  s e c t io n s  o f  t h e  w h o le  
m u s c le  o r  o f  lo n g i tu d in a l ly  c u t  s l ic e s  o f  th e  
m u s c le .  A  s t a n d a r d  W a m e r - B r a tz le r  s h e a r in g  
m a c h in e  w a s  u s e d .  T o  m e a s u r e  t h e  a r e a  o f  e a c h
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T a b le  2 —C o n t r a c t io n  o f  m u s c le s  b y  h e a t in g . 1

B ird  N o .

S a r to r iu s  
L e n g th  

a f t e r  h e a t in g  
a s  %  o f  o r ig in a l

S e m i te n d in o s u s  
L e n g th  

a f t e r  h e a t in g  

a s  % o f  o r ig in a l

S e m im e m b r a n o s u s  
L e n g th  

a f t e r  h e a t in g  

a s  %  o f  o r ig in a l

9 4 7 4 7 4 5
1 0 4 2 5 2 4 4
11 5 6 5 0 5 0
1 2 5 7 4 8 5 2

A v e ra g e 5 0 4 9 4 8

S e a t i n g  b y  M e th o d  B , d e s c r ib e d  in  t e x t .

T a b le  T - C o n t r a c t i o n  o f  m u s c le s  b y  v a r io u s  t re a tm e n ts .

B ird  N o . L e n g th  a s  p e r c e n t  o f  o r ig in a l

E le c t r i c a l  s t i m u la t io n  f o l lo w e d  b y  h e a t i n g 1

A f t e r A f t e r  s t im u la t io n
s t im u la t io n a n d  h e a t in g

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

A v e ra g e 5 9 4 4

F r e e z in g  a n d  th a w in g  f o l lo w e d  b y  h e a t i n g 1

A f te r  f r e e z in g A f te r  f r e e z in g ,

a n d  th a w in g th a w in g ,  a n d  h e a t in g

1 5 0 5 0
2 4 2 3 9
3 3 6 3 6
4 4 6 4 6
5 4 0 35
6 38 3 3

A v e ra g e 4 2 4 0

A f te r  h e a t i n g 1 o n ly

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

A v e ra g e 5 3

B e a t in g  a n d  h e a t i n g 1

A f te r

A f t e r  b e a t in g b e a t in g  a n d  h e a t in g

7 a2 8 9 5 3

7 b 9 5 4 8

8 a 9 8 5 5

8 b 1 0 0 5 1

A v e ra g e 9 6 5 2

'H e a t i n g  f o r  a ll  t r e a t m e n t s  b y  M e th o d  A , d e s c r ib e d  in  t e x t .  
T h e  a  a n d  b  r e p r e s e n t  d i f f e r e n t  m u s c le s  f r o m  s a m e  b i r d .

s h e a re d  s e c t io n ,  a  g a u g e  w a s  c o n s t r u c t e d  (F ig .
3 ) w h ic h  c o n s i s t s  o f  a  b r a s s  p l a t e  'A in c h  th ic k ,  
w i th  t h r e e  s lo ts  o f  d im e n s io n s  c a l c u la te d  to  
a c c o m m o d a te  m u s c le s  o f  d i f f e r e n t  s ize s . A  m u s 
c le  is  p la c e d  in  t h e  s lo t  o f  t h e  m o s t  a p p r o p r i a t e  
s iz e , a  T - s h a p e d  s lid e  is  a p p l ie d  g e n t ly  a g a in s t  
t h e  m u s c le  w i th  o n e ’s f in g e r ,  a n d  th e  a r e a  o f  
th e  p a r t i c u l a r  c ro s s  s e c t io n  is  r e a d  f r o m  th e  
g r a d u a te d  s c a le . E a c h  m u s c l e  w a s  s h e a r e d  a t  
r e g u la r  s u c c e ss iv e  in te r v a l s  a lo n g  i t s  l e n g th ,  th e  
n u m b e r  o f  t r a n s v e r s e  c u t s  p e r  s lic e  r a n g in g  f r o m
3 - 6 .  M u sc le s  w h ic h  t h r o u g h  c o n t r a c t i o n  b e 
c a m e  t o o  th ic k  t o  b e  h a n d le d  c o n v e n i e n t ly  in  
t h e  W a r n e r -B ra tz le r  a p p a r a t u s  w e re  s lic e d  
le n g th w is e  t o  g iv e  s e v e ra l  s t r ip s ,  e a c h  o f  w h ic h  
w a s  m e a s u r e d  f o r  c ro s s - s e c t io n a l  a r e a  a n d  th e n  
s h e a r e d  t r a n s v e r s e ly  a s  d e s c r ib e d  a b o v e .

I n  a  l im i t e d  s tu d y  to  c o n f i r m ,  u n d e r  o u r  
c o n d i t i o n s ,  t h e  a l r e a d y  w e ll  e s ta b l i s h e d  r e la t io n  
b e tw e e n  s h e a r  f o r c e  a n d  s u b je c t iv e  e s t i m a te s  o f  
te n d e r n e s s ,  o n e  s e r ie s  o f  18  s in g le  m u s c le  s a m 
p le s  ( s e r ie s  I  o f  T a b le  5 , r a n g in g  in  s h e a r  f r o m  
2 0 - 1 3 5  g /m m 2 ) w e re  s c o r e d  o n c e ,  a t  t h e  t im e  
t h e y  w e re  s h e a r e d ,  b y  a  p a n e l  o f  f o u r  p e r s o n s  
f o r  t e n d e r n e s s  ( l = m o s t  t e n d e r ,  5 = le a s t  t e n d e r ) .

T h e s e  m u s c l e s  h a d  b e e n  c o o k e d  b y  im m e r s io n  
in  w a t e r  t h e r m o s t a t e d  a t  8 2 ° C  a n d  b y  h o ld in g  
in  t h e  w a te r  u n t i l  t h e  c e n t r a l  t e m p e r a tu r e  o f  
t h e  m u s c le  r e a c h e d  8 0 ° C  a n d  1 0  m in  th e r e a f t e r  
( a b o u t  14  m in  in  a l l ) ,  a n d  th e n  c o o l in g  to  r o o m  
t e m p e r a t u r e  b e f o r e  s h e a r in g  o r  c h e w in g .

W h ile  a  c o m p le te  a n d  d e t a i l e d  d e s c r ip t i o n  o f  
t h e  h i s to lo g ic a l  p r o c e d u r e s  u s e d  w il l  b e  p r e 
s e n te d  in  a  s e p a r a te  p a p e r  o n  s t r u c tu r a l  
c h a n g e s ,  a  b r i e f  o u t l i n e  o f  t h e  t e c h n iq u e s  u s e d  
t o  e s t i m a te  d e n s i t y  o f  f i l a m e n ts  is in c lu d e d :  
M u sc le  b u n d le s  w e re  im m e r s e d  in  3%  g lu ta r -  
a ld e h y d e  (M /1 5  p h o s p h a te ,  p H  7 .4 ) ,  r in s e d  in  
p h o s p h a te  b u f f e r ,  t r e a t e d  in  2%  u r a n y l  a c e t a t e ,  
d e h y d r a t e d  in  a  g r a d e d  a lc o h o l  s e r ie s ,  e m b e d 
d e d  in  a n  e p o x y  m i x t u r e ,  a n d  th e n  s e c t io n s  
w e re  c u t  o n  a  P o r te r - B lu m  m i c r o t o m e  M T -1 , 
p o s t - s t a i n e d  w i th  l e a d  c i t r a t e ,  a n d  e x a m in e d  in  
a  R C A -E M U -3 E  e l e c t r o n  m ic r o s c o p e .

RESULTS
E xtent of contraction by various 
treatm ents

The general nature of the induced

contractions is illustrated in Figure 1. 
Individual and average data from six birds 
are given in Table 1. Electrical stimula
tion or freeze-thawing of prerigor muscle 
gave substantial contractions which were 
increased only slightly by subsequent 
cooking. Heating (cooking) alone resulted 
in reduction to 53% of original length. 
Data for two birds in Table 1 indicate 
that beating as employed did not have 
any immediate appreciable effect on con
traction. Data in Table 1 were obtained 
with samples heated by Method A, that 
is, immersion in boiling water until center 
temperature reached 82°C. When heating 
Method B (immersion in 82°C water until 
center temperature reached 80°C and 10 
min thereafter) was applied to the same 
kind of muscles, degrees of contraction 
given in Table 2 were obtained. The 
difference between the overall averages 
for the two heating methods, 53 vs 49, is 
not appreciable, nor are the differences 
between birds or between kinds of mus
cle.
Influence of contraction on 
tenderness

Table 3 presents comparative shear 
values for contracted and restrained mus
cles from four series of treatments three 
of which produced substantial contrac
tion. Expressed as grams of force per 
square millimeter (g/mm2) of cross- 
sectional area, the shear forces averaged 
about twice as high for the restrained 
samples as for their contracted counter
parts. However, the treatment beating 
followed by heating gave only a slightly 
but consistently higher value for the 
restrained than for the contracted sam
ples, the restrained samples having much 
lower values than found for other treat
ments. Heating by Method B for 3 muscle 
pairs from each of 4 birds yielded about 
twice as great shear values (Table 4) for 
restrained as for contracted samples, in 
agreement with the data for other treat
ments presented in Table 3.

In a series of tests with normal and 
glycogen depleted muscles (Table 5), 
stimulated by either electrical current, 
freeze-thawing or beating before heating 
(cooking), restrained muscles again had 
higher shear values, expressed as g/mm2, 
than unrestrained, contracted muscles,
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Table 3 —In fluence  o f  co n trac tio n  on shear values.

B i r d  N o .

%  o f  o r i g i n a l  

l e n g t h  a f t e r  

t r e a t m e n t

S h e a r  v a l u e s  ( g / m m 2 )

R a t i o  o f  s h e a r  v a l u e s  

¡ s t r a i n e d  t o  c o n t r a c t e d

C o n t r a c t e d

s a m p l e

R e s t r a i n e d  

s a m p l e  r<

T r e a t m e n t :  E l e c t r i c a l  s t i m u l a t i o n ,  h e a t i n g 1

1 3 6 6 4 3 7 6 1 .7 8

1 6 4 6 3 4 6 4 1 .9 0

2 5 1 5 4 5 4 1 .0 0

3 3 0 2 8 6 4 2 . 2 4

4 3 6 3 7 8 1 2 .1 7

5 4 1 2 1 5 7 2 . 6 6

6 4 6 6 2 1 0 9 1 .7 5

A v e r a g e 1 .9 3

T r e a t m e n t :  F r e e z i n g ,  t h a w i n g ,  h e a t i n g 1

1 3 4 0 1 4 2 2 7 5 1 .9 4

1 4 4 4 1 4 4 1 8 6 1 .2 9

1 5 3 4 1 0 2 1 5 7 1 .5 4

1 6 3 7 5 6 6 6 1 .1 9

2 3 9 4 5 7 6 1 .6 6

3 3 6 4 2 1 1 5 2 .7 7

4 4 6 4 6 1 8 4 4 . 0 3

5 3 5 4 6 9 0 1 .9 5

6 3 3 6 4 6 8 1 .0 6

A v e r a g e 1 .9 4

T r e a t m e n t :  H e a t i n g  o n l y 1

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

A v e r a g e 1 .9 3

T r e a t m e n t :  B e a t i n g ,  f o l l o w e d  b y  h e a t i n g 1

7 a 5 3 3 9 4 3 1 .1 0

7 b 4 8 4 1 4 7 1 .1 5

8 a 5 5 3 4 5 1 1 .4 9
8 b 5 1 4 2 5 5 1 . 3 0

A v e r a g e 1 .2 6

1 H e a t i n g  f o r  b i r d s  1 - 8  b y  M e t h o d  A  a n d  f o r  b i r d s  1 3 - 1 6  b y  M e t h o d  B ,  d e s c r i b e d  in  t e x t .

AVERAGE PANEL SCORES 
FOR TENDERNESS

Fig. 4 —R elation between shear force and  aver
age panel scores fo r  tenderness (1 m o s t tender, 
5  least tender). Data p lo t te d  fro m  Series 1 in  
Table 5.

tion between shear force values expressed 
in these units and average tenderness 
scores (Fig. 4). However, there is some 
question of the validity of this procedure 
in the present study. We are comparing 
muscles of equivalent areas (right and left 
muscles from the same bird) but of 
different structural composition, due to 
contraction in the unrestrained member 
of the pair. This contraction is reflected 
in the number of filaments per unit of 
cross-sectional area, which was measured 
in one case for electrically stimulated 
muscle. In limited histological examina
tions of relatively small areas of the 
whole muscle, in the non-restrained (con
tracted) muscle, electron microscopy 
showed 710 myosin filaments per square 
micron in the A band and 1550 actin

but many of the ratios were not as high as 
2:1, and in 2 of 27 pairs, there was an 
apparent reversal. Compared to the nor
mal muscles, the glycogen depleted mus
cles did not have the much lower shear 
values to be expected from results pre
viously reported by other investigators 
(de Fremery and Pool, 1963). Reasons 
for this discrepancy are not apparent, but 
the overall effectiveness of epinephrine 
injections administered for lowering the 
muscle glycogen level is to be questioned. 
Muscles of Series 1 in Table 5 were scored 
for tenderness (the most tender being 
rated 1, the least tender, 5) by a taste 
panel of 4 persons. The degree of corre
lation between shear force values in 
g/mm2 and average panel score is shown 
in Figure 4. The calculated correlation 
coefficient was 0.91, which is significant 
at the 0 . 0 0 1  level.

DISCUSSION
IN GENERAL, shear forces are expressed 
in units of force per unit of area in the 
shearing plane, and results in Tables 3 to

filaments per square micron in the I band; 
5 have been expressed in this manner. In the H band was absent (Huxley and 
the one experiment for which taste panel Hanson, 1957). In the restrained muscle,
data were obtained there was fair correla- there were 1150 myosin filaments per

Table 4 —Influence o f  co n tra c tio n  induced b y  heating  on shear values. 1

%  o f  o r i g i n a l  S h e a r  v a l u e s  ( g / m m 2 ) R a t i o  o f  s h e a r

B i r d

N o . M u s c le
l e n g t h  a f t e r  

t r e a t m e n t

C o n t r a c t e d

s a m p l e

R e s t r a i n e d

s a m p l e
v a l u e s  r e s t r a i n e d  

t o  c o n t r a c t e d

9 S a r t o r i u s 4 7 3 6 7 7 2 .1 7
S e m i t e n d i n o s u s 4 7 4 4 6 7 1 .5 2

S e m i m e m b r a n o s u s 4 5 4 8 9 9 2 . 0 8

1 0 S a r t o r i u s 4 2 3 4 1 0 4 3 . 0 2
S e m i t e n d i n o s u s 5 2 3 5 7 0 2 . 0 1
S e m i m e m b r a n o s u s 4 4 4 6 1 2 5 2 . 7 0

1 1 S a r t o r i u s 5 6 2 0 5 4 2 .6 5
S e m i t e n d i n o s u s 5 0 3 1 6 2 2 . 0 4
S e m i m e m b r a n o s u s 5 0 4 2 7 1 1 .6 8

1 2 S a r t o r i u s 5 7 1 9 4 0 2 . 1 2
S e m i t e n d i n o s u s 4 8 2 8 5 2 1 .8 6
S e m i m e m b r a n o s u s 5 2 4 4 6 8 1 .5 5

A v e r a g e 2 . 1 2

' H e a t i n g b y  M e t h o d  B , d e s c r i b e d  i n  t e x t .
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Table 5—E ffe c t o f  co n trac tio n  on shear force (g /m m  21 in  s tim u la ted  n o rm a l and  g lycogen-deple ted m uscles}

S t i m u l a t i o n  

b e f o r e  b e a t i n g

N o r m a l G l y c o g e n  d e p l e t e d

E l e c t r i c a l  S t i m . F r e e z e - t h a w i n g B e a t i n g E l e c t r i c a l  S t i m . F r e e z e - t h a w i n g B e a t i n g

C o n t r . R e s t i . C o n t i . R e s t i . C o n t r . R e s t i . C o n t r . R e s t i . C o n t r . R e s t i . C o n t r . R e s t i .
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3 3 3 6 4 4 4 6 8 3 3 6 2 5 1 6 7 5 8 7 6 3 9 7 2

3 3 6 0 3 5 4 1 3 7 6 9

1 H e a t i n g  b y  M e t h o d  B , a s  d e s c r i b e d  i n  t e x t .

2 U n e x p l a i n e d  r e v e r s a l s  o f  g e n e r a l  t r e n d .

square micron in the A band (including 
the H band) and 2530 actin filaments per 
square micron in the I band. Thus, there 
was essentially a reduction in the density 
of filaments proportional to the extent of 
contraction, so that if shear force were 
expressed as force per filament, the dif
ference between contracted and re
strained samples would largely disappear.

The relation of Warner-Bratzler shear 
force to cross-sectional area of the sam
ples from a uniform piece of meat (if 
such there be) has been studied to a 
limited extent (Paul and Bratzler, 1955; 
Pool and Klose, 1969). The latter authors 
found that the shear forces were most 
nearly proportional to the cross-sectional 
area raised to the power 0 .6 , rather than 
to the power 1 . 0  assumed in most calcula
tions. This suggests that the proportion
ality of the force is more nearly with the 
equivalent diameter than with the area of 
the cross section. Expressing data in this 
paper as force per unit of equivalent 
diameter still gives smaller values for 
contracted than for restrained muscles, 
but the differences are not as great as 
when the values are expressed as forces 
per unit area.

Implications of these results in terms 
of the sliding filamentary model of the 
muscle fiber and the structural basis of 
the resistance to transverse shear are not

clear. However, we may speculate, as 
many have, that in the extreme state of 
contraction developed in the stimulated 
non-restrained muscles the actin filaments 
have slid into the H zone of the sarco
mere, and the conditions have been 
changed in such a way that, after cook
ing, the adhesiveness between the adja
cent filaments and the other structural 
components of the sarcomeres result in a 
myofibril more susceptible to a shearing 
stress.

From a practical standpoint, the re
sults suggest the importance for tender
ness of the degree of extension and 
contraction of the various muscles on 
the carcass during the early post-mortem 
period. It seems that the way in which 
the slaughtered bird is suspended, tum
bled, and beaten (by feather picking 
machines) during early processing could 
profitably bear further investigation.
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A NEW EXTRACTION METHOD FOR DETERM INING 2-THIOBARBITURIC 
ACID VALUES OF PORK AND BEEF DURING STORAGE

S U M M A R Y —2 -T h io b a rb itu ric  ac id  (T B A ) values o f  raw  p o rk  were de term ined b y  d is tilla tio n  and  
e x tra c tio n  m ethods and those o f  ra w  bee f were de term ined b y  the la tte r m e thod  du ring  storage a t 
4° and  —2<fC . TBA values o f  these tissues were lo w  com pared to  values usually re po rted  fo r  
cooked tissue fro m  these anim als in  s im ila r environm ents. There were s ig n ifica n t an im a l differences  
in  TBA values o f  bee f and p o rk ; there were s ig n ifica n t changes in  TBA values o f  these tissues 
du ring  storage a t 4°C , b u t changes du ring  storage a t —20PC were ins ign ifican t. p H  and TBA values 
were inversely re lated. M athem atica l re la tionsh ips between TBA values o f  p o rk  and beef du ring  
storage a t  4°C , between TBA values and  p H  and between results ob ta ined  b y  the tw o  procedures 
fo r  de te rm in ing  TBA values o f  p o rk  du ring  storage are discussed. The e x tra c tio n  m e thod  is an 
acceptable m e thod  fo r  de te rm in ing  TBA values and is easier to  use than the d is tilla t io n  m ethod. 
The TBA test has lim ite d  use fo r  m eat samples th a t have been frozen.

INTRODUCTION

THE QUALITY OF the raw beef and 
pork is of major importance in the 
manufacture of sausage and similar com
minuted meat products. Production of 
fresh and cooked sausage and canned 
meat products in 1967 exceeded 21 
billion pounds (Pietraszek, 1968b), as 
compared with a total meat production 
of over 33 billion pounds (Pietraszek. 
1968a). The quality of these products 
must be kept high to insure repeated sales 
and market demand.

Many sausage items are manufactured 
from raw meat which has been stored at 
cooler or freezer temperatures. During 
this time, deterioration occurs and the 
meat constituents may become oxidized. 
A measure of this oxidative change would 
be a valuable tool in assessing the condi
tion of the raw ingredients.

The TBA test has been used success
fully by several investigators (Tims and 
Watts, 1958; Younathan and Watts, 1960; 
Ramsey and Watts, 1963; Marion and 
Forsythe, 1964; Keskinel et al., 1964) to 
measure lipid oxidation during short term 
storage of cooked meats, but its use as a 
measure of oxidative change in fresh 
meats, has not been fully explored.

The objective of this research was to 
study changes in TBA values of raw beef 
and pork during storage and to compare 
results obtained by two different meth
ods of TBA values.

EXPERIMENTAL METHODS
Meat processing

Pork. F i v e  d i f f e r e n t  e x p e r i m e n t s  w e r e  
c a r r i e d  o u t  o n  2 1 0  ±  1 0  p o u n d  h o g s  s l a u g h t e r e d  
a n d  d r e s s e d  p a c k e r  s t y l e  a t  t h e  U n i v e r s i t y  a b a t 
t o i r .  T h e  c a r c a s s e s  w e r e  c h i l l e d  o v e r n i g h t  a t  4 ° C

d e p a r tm e n t  o i Statistics, Univ. of Mo., 
Columbia, Mo.

a n d  s e p a r a t e d  i n t o  w h o l e s a l e  c u t s  a s  d e s c r i b e d  
in  t h e  1 9 5 2  P r o c e e d i n g s  o f  t h e  R e c i p r o c a l  
M e a t s  C o n f e r e n c e .  T h e  s e p a r a b l e  l e a n  t i s s u e s  
f r o m  t h e  h a m ,  p i c n i c ,  B o s t o n  b u t t  a n d  l o i n  
f r o m  t h e  l e f t  s i d e  o f  e a c h  c a r c a s s  w a s  c u t  i n t o  
a p p r o x i m a t e l y  1 / 2  i n .  c u b e s ,  m i x e d  t h o r o u g h l y  
a n d  1 / 2  l b  s a m p l e s  p a c k a g e d  in  p o l y e t h y l e n e  
b a g s .  T h e s e  s a m p l e s  w e r e  s e a l e d  w i t h  m e t a l  
c l i p s  a n d  s t o r e d  a s  d e s c r i b e d  l a t e r .

Beef. F o r e q u a r t e r s  f r o m  c u t t e r  g r a d e  c o w s  
w e r e  o b t a i n e d  f r o m  a  l o c a l  p a c k e r  a f t e r  o v e r 
n i g h t  c h i l l i n g  a t  4 ° C .  S e p a r a b l e  l e a n  t i s s u e  f r o m  
t h e  f o r e q u a r t e r  w a s  g r o u n d  t h r o u g h  a  1 / 2  in .  
p l a t e ,  t h o r o u g h l y  m i x e d  a n d  r e - g r o u n d  t h r o u g h  
a  1 / 8  i n .  p l a t e  a n d  m i x e d .  1 / 2  l b  s a m p l e s  f r o m  
e a c h  f o r e q u a r t e r  w e r e  p a c k a g e d  a s  d e s c r i b e d  f o r  
p o r k .  T h i s  w a s  r e p e a t e d  o n  t i s s u e  f r o m  f iv e  
d i f f e r e n t  a n i m a l s .  E a c h  c y c l e  i n v o l v i n g  t i s s u e  
f r o m  o n e  a n i m a l  w a s  c o m p l e t e d  p r i o r  t o  i n i t i a t 
i n g  a n o t h e r  c y c l e .

Sample storage following processing
S t o r a g e  t r e a t m e n t s  w e r e  d e s i g n e d  t o  i n c l u d e  

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

E i g h t  s a m p l e s  w e r e  c h o s e n  f o r  e a c h  o f  s ix  
g r o u p s  s t o r e d  a t  4 ° C  f o r  2 ,  3 ,  4 ,  5 ,  6  a n d  7 
d a y s .  A f t e r  i n i t i a l  s t o r a g e  a t  4 ° C ,  t h e  e i g h t  s a m -

Table 1 - Mean TBA values o f  po rk . 

A n i m a l  M e a n 1 T B A  v a l u e

n o .  n  D i s t i l l a t i o n 2 E x t r a c t i o n 3
1 1 9 2 0 . 5 3 4  A 0 . 3 0 6  A

2 1 9 2 0 . 1 9 5  B E 0 . 1 1 2  B

3 1 9 2 0 . 1 3 4  B C 0 . 0 8 3  C

4 1 9 2 0 . 3 2 6  D E 0 . 1 5 4  D

5 1 9 2 0 . 1 6 5  B E 0 . 0 7 3  E

1 M e a n  v a l u e s  d u r i n g  c o o l e r  a n d  f r e e z e r  s t o r 

a g e .

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

s a m e  l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  

( L S D 0 .0 5  = 0.192).
3 M e a n s  i n  t h e  s a m e  c o l u m n  f o l l o w e d  b y  t h e  

s a m e  l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t

(LSDo.05 = 0.008).

p i e s  i n  e a c h  s t o r a g e  g r o u p  w e r e  t h e n  a s s i g n e d  t o  
a  - 2 0 ° C  s t o r a g e - t r e a t m e n t  f o r  0  t h r o u g h  7  
d a y s .

I m m e d i a t e l y  b e f o r e  a n a l y s i s ,  e a c h  s a m p l e  
w a s  g r o u n d  t h r o u g h  a  1 / 4 - i n .  p l a t e ,  m i x e d  

t h o r o u g h l y ,  e x t r a c t e d  o r  d i s t i l l e d  a n d  t h e n  

a n a l y z e d .

TBA value analyses
A l l  p o r k  s a m p l e s  w e r e  a n a l y z e d  f o r  T B A  

v a l u e  b y  t w o  m e t h o d s .  O n e  m e t h o d  w a s  t h a t  o f  

T a r l a d g i s  e t  a l .  ( 1 9 6 0 ) .  T h e  o t h e r  w a s  a s  f o l 
lo w s :  2 0 g  o f  c o m m i n u t e d  m e a t  w a s  b l e n d e d  
f u l l  s p e e d  f o r  1 .5  m i n  in  a  c h i l l e d  s t a i n l e s s  s t e e l  
W a r i n g  B l e n d o r  c u p  w i t h  5 0  m l  o f  4 ° C - e x t r a c t -  
i n g  s o l u t i o n  c o n t a i n i n g  2 0 %  t r i c h l o r o a c e t i c  a c i d  
in  2 M  p h o s p h o r i c  a c i d .  T h e  r e s u l t i n g  s l u r r y  w a s  
t r a n s f e r r e d  q u a n t i t a t i v e l y  t o  a  1 0 0  m l  v o l u m e t 
r i c  f l a s k  w i t h  4 0  m l  w a t e r .  T h e  s a m p l e  w a s  
d i l u t e d  t o  1 0 0  m l  w i t h  w a t e r  a n d  h o m o g e n i z e d  
b y  s h a k i n g .  A  5 0  m l  p o r t i o n  w a s  f i l t e r e d  

t h r o u g h  W h a t m a n  N o .  1 f i l t e r  p a p e r .  5  m l  o f  
f i l t r a t e  w a s  t r a n s f e r r e d  t o  a  t e s t  t u b e  ( 1 5  x  2 0 0  

m m )  f o l l o w e d  b y  5  m l  o f  2 - t h i o b a r b i t u r i c  a c i d  
( 0 .0 0 5 M  in  d i s t i l l e d  w a t e r ) .  T h e  t u b e  w a s  s t o p 
p e r e d  a n d  t h e  s o l u t i o n  m i x e d  b y  i n v e r s i o n  a n d  
k e p t  i n  t h e  d a r k  f o r  1 5  h r  a t  r o o m  t e m p e r a t u r e  
( T a r l a d g i s  e t  a l . ,  1 9 6 4 ) .  T h e  r e s u l t i n g  c o l o r  w a s  
m e a s u r e d  a t  5 3 0  n m  in  a  B e c k m a n  D U  s p e c t r o 
p h o t o m e t e r .

T B A  v a l u e s  o f  t h e  b e e f  s a m p l e s  w e r e  d e t e r 

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

I n  c o m p u t i n g  r e s u l t s  f r o m  t h e  d i s t i l l a t i o n  
m e t h o d ,  T a r l a d g i s  e t  a l .  ( 1 9 6 0 )  m u l t i p l i e d  t h e  
s a m p l e  a b s o r b a n c e  b y  a  c o n s t a n t  ( K )  t o  o b t a i n  
t h e  T B A  v a l u e .  A  1 0 g  s a m p l e  a n d  6 8 %  r e c o v e r y  
o f  s t a n d a r d  f r o m  m e a t  r e s u l t e d  i n  a  K  v a l u e  o f
7 .8  f o r  t h e  d i s t i l l a t i o n  m e t h o d  ( T a r l a d g i s  e t  a l . ,  
1 9 6 0 ) .

T h e  T B A  v a l u e  u s e d  t o  e x p r e s s  t h e  r e s u l t s  o f

Table 2 —E ffe c t o f  4 °C  storage on mean 
TBA values o f  po rk .

D a y s  o f  

s t o r a g e n

M e a n  T B A  v a l u e

D i s t i l l a t i o n ' E x t r a c t i o n 2

2 1 6 0 0 . 1 8 2  A 0 . 1 0 3  A
3 1 6 0 0 . 2 3 6  B A 0 . 1 0 2  A
4 1 6 0 0 . 2 4 0  B A 0 . 1 3 2  B
5 1 6 0 0 . 2 6 8  B 0 . 1 5 6  C B
6 1 6 0 0 . 2 9 7  B 0 . 1 7 3  C
7 1 6 0 0 . 4 0 1  C 0 . 2 0 8  D

1 M e a n s  in  t h e  s a m e  c o l u m n  f o l l o w e d  b y  t h e  

s a m e  l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  

( L S D o . 0 5  =  0 . 0 1 7 ) .

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

s a m e  l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  

( L S D q . 0 5  =  0 . 0 2 6 ) .

5 8 2 - J O U R N A L  O F  F O O D  S C I E N C E - V o l u m e  3 5  ( 1 9 7 0 )



E X T R A C T I O N  M E T H O D  F O R  D E T E R M I N I N G  7 Ì M - 5 8 3

2 Days Storage at 4°C
3 Days Storage at 4 C
4 Days Storage at 4 C
5 Days Storage at 4 C
6 Days Storage at 4°C
7 Days Storage at 4°C

DAYS OF STORAGE

Fig. 1—E ffe c t o f  —2CPC storage on mean TBA values fd is tilla t io n ) o f  
p o rk  fo llo w in g  c h illin g  a t 4°C.

DAYS OF STORAGE

Fig. 2 - E f fe c t  o f  —20 °C  storage on mean TBA values (e x trac tio n ) o f  
p o rk  fo llo w in g  c h illin g  a t 4°C.

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

K  ( e x t r a c t i o n )  =  ^  x  M W  x * - | x  ^

w h e r e  S  = S t a n d a r d  c o n c e n t r a t i o n  ( 1  X 
1 0 '8 m o l e s  1 , 1 , 3 , 3 - t e t r a e t h o x y -  
p r o p a n e ) / 5  m l .

A  =  A b s o r b a n c e  o f  s t a n d a r d .
M W  =  M o l e c u l a r  w e i g h t  o f  m a l o n a l d e -  

h y d e .

E  =  S a m p l e  e q u i v a l e n t .
P  =  P e r c e n t  r e c o v e r y .

A  s t a n d a r d  c o n t a i n i n g  1 x  1 0 " 8 m o l e s  
l , l , 3 , 3 - t e t r a e t h o x y p r o p a n e / 5  m l  r e s u l t e d  i n  a n  
a b s o r b a n c e  o f  0 . 1 4 7 .  R e c o v e r y  o f  t h e  s a m e  
c o n c e n t r a t i o n  o f  s t a n d a r d  a d d e d  t o  a u t h e n t i c  
s a m p l e s  o f  f r e s h  m e a t  w a s  9 4 % .  T h e  s a m e  
e q u i v a l e n t  ( E )  f o r  a  2 0 g  s a m p l e  w a s  1 ( 2 0 g  
d i l u t e d  t o  1 0 0  m l  a n d  5  m l  a n a l y z e d ) .  T h e s e  
c o n s t a n t s  r e s u l t e d  in  a  K  v a l u e  o f  5 . 2 .  T h e r e 
f o r e ,  T B A  v a l u e s  u n d e r  c o n d i t i o n s  u s e d  w e r e  

c a l c u l a t e d  b y  m u l t i p l y i n g  a b s o r b a n c e  b y  5 . 2 .
T h e  p H  o f  t w o  s e p a r a t e  l e a n  s a m p l e s  o f  

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

p r o c e d u r e  ( 1 9 6 0 ) .

Table 3 - E f f e c t  o f  -2 0 P C  storage on mean 
TBA values o f  po rk . ___________________

D a y s  o f  

s t o r a g e n

M e a n  T B A  v a l u e

D i s t i l l a t i o n 1 E x t r a c t i o n 2

1 1 2 0 0 . 2 4 1  A 0 . 1 4 0  A

2 1 2 0 0 . 2 2 8  A 0 . 1 3 0  A

3 1 2 0 0 . 2 2 6  A 0 . 1 3 1  A

4 1 2 0 0 . 2 1 5  A 0 . 1 2 8  A

5 1 2 0 0 . 2 3 4  A 0 . 1 2 7  A

6 1 2 0 0 . 2 2 2  A 0 . 1 2 9  A

7 1 2 0 0 . 2 2 4  A 0 . 1 4 1  A

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

s a m e  l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t

( L S D q  0 5  =  0 . 0 6 5 ) .
2 M e a n s  in  t h e  s a m e  c o l u m n  f o l l o w e d  b y  t h e  

s a m e  l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  

( L S D q . 0 5  =  0 . 0 2 4 ) .

Statistical analyses
A n a l y s i s  o f  v a r i a n c e  a n d  l i n e a r  r e g r e s s i o n  

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

( 1 9 5 6 ) .  S i g n i f i c a n c e  o f  d i f f e r e n c e  b e t w e e n  
m e a n s  w a s  d e t e r m i n e d  b y  t h e  m e t h o d  o f  L e a s t  
S i g n i f i c a n c e  D i f f e r e n c e  ( L S D )  a s  u s e d  b y  
L e C l e r y  ( 1 9 5 7 ) .  C o r r e l a t i o n  c o e f f i c i e n t s  w e r e  
c o m p u t e d  a s  d e s c r i b e d  in  E z e k i e l  ( 1 9 5 0 ) .

RESULTS & DISCUSSION

TBA values of pork
Animal variation. Compilation of 

results from individual pork carcasses 
during storage revealed that there were 
significant (P <  0.05) differences between 
mean TBA values for the individual ani
mals. Table 1 contains data from both 
distillation and extraction analyses of 
pork. TBA values (distillation) of tissues 
from animals 1 and 4 were higher 
(P <  0.05) than those from other animals. 
The value for animal 1 was higher 
(P <  0.05) than the others. Differences in 
TBA values measured by the extraction 
method were also significantly different 
(PC0.05). Animals number 1 and 4 
yielded tissue which had higher 
(P <0 .05) TBA values than the other 
animals. Animals 1 and 4 had been fed a 
slightly different diet compared to the 
other animals which may account for the 
somewhat higher values. Animal variation 
in TBA values may also be attributed to 
differences in pH.

Effect of pH. During storage there was 
an inverse relationship between TBA 
values and pH. The regression equation 
relating pH and TBA values determined 
by distillation was:

Ÿ = 1.8099 -  0.2830 X 
where Ÿ is the TBA value and X the 
sample pH. The regression equation relat
ing pH and TBA value determined by 
extraction was:

Ÿ = 1.6141 -  0.2636 X 
For each unit increase in pH, the TBA

values (distillation and extraction) de
creased, on the average, 0.28 and 0.26 
units respectively. Correlation coeffi
cients between pH and TBA values (n = 
420) were —0.159 (P <  0.01) and —0.239 
( P < 0 .0 1 ) for distillation and extraction 
methods respectively. The relationship 
between TBA values and pH confirms 
results reported by Keskinel et al. (1964).

Influence of 4°C storage. The effect of 
cooler storage at 4°C on TBA values of 
the 5 pork carcasses is shown in Table 2. 
There was a continuous increase in TBA 
values during storage, and values after 7 
days storage were significantly (P <  0.05) 
higher than those after 2 days storage. All 
values were extremely low compared to 
those obtained during similar storage of 
cooked pork (Younathan and Watts, 
1960).

Simple regression equations for TBA 
values of pork during 4°C storage for the 
distillation and extraction method respec
tively were:

Ÿ = 0.0733 + 0.0328 X, and 
Ÿ = 0.0491 + 0.0175 X 

where Y is the TBA value and X the days 
of storage at 4°C. TBA values of pork 
increased approximately 0.03 and 0.02 
units respectively for each day of storage 
at 4°C. Correlation coefficients between 
TBA values and days of storage at 4°C for 
the distillation and extraction methods 
respectively were 0.372 and 0.335 (n = 
420).

Storage at —20°C. Changes in mean 
TBA values of pork during storage at 
-20°C were minor and insignificant 
(Table 3). The interactions of TBA values 
determined by the two different methods' 
during storage at 4° and —20°C are 
shown in Figures 1 and 2. These are plots 
of TBA values and days of storage at 
-20°C for samples following storage for 
various time periods at 4°C. Results in 
these figures clearly show that TBA val-
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Table 6 —In fluence  o f  freezing on mean TBA value o f  raw  p o rk  and  
beef fo llo w in g  storage a t 4°C.

D a y s  o f  __________ P o r k  T B A  v a l u e 1__________  B e e f  T B A  v a l u e 1

s t o r a g e  D i s t i l l a t i o n  E x t r a c t i o n  E x t r a c t i o n

a t  4 ° C  U 2 F 3 U 2 F 3 U 2 F 3

2 0 .2 8 4 0 .2 4 6 0 .1 4 2 0 .1 3 9 0.111 0 .0 9 8

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

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

5 0 .4 5 8 0 .2 4 2 0 .2 5 7 0 .1 3 7 0 .1 3 0 0 .1 2 8

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

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

1 n  =  2 0 .2
S a m p l e s  w e r e  n o t  f r o z e n .

3 S a m p l e s  w e r e  f r o z e n  a n d  s t o r e d  a t  - 2 0 ° C  f o r  1 d a y  p r i o r  t o  a n a l y 

s is .
4 M e a n s  u n d e r s c o r e d  b y  t h e  s a m e  l i n e  w e r e  s i g n i f i c a n t l y  ( P < 0 . 0 5 )  

d i f f e r e n t .

Table 4 —Mean TBA values o f  beef.

A n i m a l

n o . n

M e a n 1 T B A  v a l u e  

( e x t r a c t i o n )

i 1 9 2 0 . 3 0 6  A

2 1 9 2 0 . 1 1 2  B

3 1 9 2 0 . 0 8 3  C

4 1 9 2 0 . 1 5 4  D

5 1 9 2 0 . 0 7 3  E

1 M e a n s  f o l l o w e d  b y  t h e  s a m e  l e t t e r  a r e  n o t  

s i g n i f i c a n t l y  d i f f e r e n t  (L S D q .05  =  0 . 0 0 8 ) .

Table 5 —E ffe c t o f  4 °C  and  
on mean TBA values o f  beef.

—2 0 °C  storage

D a y s  o f M e a n  T B A  v a l u e  ( e x t r a c t i o n )

s t o r a g e 4 ° C 1 - 2 0 ° C 2

1 - 0 . 1 1 8  A

2 0 . 1 0 2  A 0 . 1 2 2  B

3 0 . 1 0 8  A 0 . 1 2 9  B

4 0 . 1 2 1  B 0 . 1 2 6  B

5 0 . 1 3 2  C 0 . 1 2 9  B

6 0 . 1 4 2  D 0 . 1 2 7  B

7 0 . 1 5 3  E 0 . 1 2 9  B

' n  =  1 6 0 . M e a n s  f o l lo w e d  b y  t h e  s a m e  le t 

t e r  a re  n o t  s ig n i f i c a n t ly  d i f f e r e n t  ( L S D o .0 5  = 
0 .0 0 8 ) .

2 n  =  1 2 0 . M e a n s  f o l lo w e d  b y  th e  s a m e  l e t 

t e r  a re  n o t  s ig n i f ic a n t ly  d i f f e r e n t  ( L S D q .0 5  = 
0 .0 0 8 ) .

ues of raw pork change little during 
storage at -20°C except for samples 
stored for 7 days at 4°C prior to freezing. 
Storage of fresh meat past 6  days at 4°C 
may be detrimental to quality during 
subsequent frozen storage.
TBA values o f  b eef

Anim al variation. The mean TBA val
ues determined by extraction during stor
age of samples from individual beef fore
quarters are given in Table 4. All values 
for the different samples are significantly 
(P <0.05) different. Variation between 
samples from various beef carcasses may 
be important in regard to use of TBA 
value as an index of quality, although all 
values for these samples were of low 
magnitude. As pointed out for pork, pH 
of individual beef carcasses may also 
influence TBA values.

E ffect o f  pH. The regression equation 
inversely relating TBA values (extraction) 
to pH was:

Y = 0.9128 -  0.1401 X 
where Y is the TBA value and X the pH. 
Each unit increase in pH resulted in 
approximately 0.14 unit decrease in TBA 
value. The correlation coefficient be
tween TBA value and pH for beef samples 
was —0.245 (n = 480).

Storage at 4 °  and —20°C . As with 
pork, there was a gradual increase in TBA 
values of beef as storage progressed at

4°C (Table 5). After three days storage at 
this temperature, all changes were signifi
cant (P <  0.05). The simple regression of 
TBA value with 4°C storage of beef was: 

Y = 0.0741 +0.0097 X 
and the coefficient of correlation was 
0.332 (n = 480); where Y is the TBA 
value and X the days of storage at 4°C.

Changes in TBA values of beef during 
storage at — 20°C were insignificant. The 
interactions between storage at 4°C and 
at —20°C on TBA values of beef were 
similar to those shown for pork stored 
under similar conditions.
In flu en ce o f  freezing on TBA  values o f  
pork and beef

The influence of freezing on TBA 
values of raw pork and beef following 
storage at 4°C is shown in Table 6 . TBA 
values of all samples were decreased by 
freezing but changes were greatest in pork 
samples analyzed by the distillation meth
od. There were significant (P <0.05) 
decreases in TBA values of most pork 
samples analyzed and in the beef samples 
frozen following storage for 7 days at 
4°C. These differences were less apparent 
in values determined by the extraction 
method than those determined by the 
distillation method.

The formation of carbonyl addition 
products would possibly account for the 
apparent loss in malonaldehyde during 
freezing as confirmed during the course 
of these studies and mentioned by Chang 
et al. (1961). The rate of reaction be
tween a-amino acids of myosin and 
malonaldehyde is greater at -20°C than 
at 0°C (Buttkus, 1967). There also could 
be loss of malonaldehyde through its 
reaction with guanidine to form 2 -amino- 
pyrimidine (Brown, 1962), with urea to 
form 2-hydroxypyrimidine (Hamberg et 
al., 1968) or with arginine to form 
non-volatile derivatives (King, 1966), 
although the possibility that these deriva
tives would be dissipated by the heat of 
distillation is remote.

Due to the large difference between 
unfrozen and frozen pork samples (Table
6 ), regression and correlation computa
tions were made on data from the frozen 
samples. Since little difference was noted 
between unfrozen and frozen beef sam
ples, data from both storage conditions 
was included in regression equations and 
correlation coefficients.
R elation sh ip  b etw een  TBA  values o f  pork  
determ ined  by the d istilla tion  and  
extraction  m eth od s

The regression equation of TBA values 
of pork as determined by the distillation 
method relative to TBA values of the 
same samples determined by extraction 
was:

Ÿ = 0.0358 + 0.3917 X
where Y is TBA value as determined by 
the extraction method and X the TBA 
value determined by the distillation meth
od. Mean TBA values determined by the 
distillation method were approximately 
twice as large as those determined by the 
extraction method. Either the heat of 
distillation increased the quantities of 
aldehyde from lipid precursors, or heat 
disrupted certain carbonyl addition prod
ucts thought to occur by reactions be
tween malonaldehyde and amino acids, 
pyrimidine or protein (Buttkus, 1967). 
Kwon et al. (1965) specified that heating 
was required to free malonaldehyde from 
its bound state with protein and the acid 
extraction method used in these experi
ments did not involve heating. It is 
unlikely that the low values obtained in 
the extraction method were due to color 
development with TBA at room tempera
ture rather than by heating since it has 
been shown that the Ej^° of color de
veloped by the former method is greater 
than that developed by the latter method 
(Tarladgis et al., 1964).

The overall correlation between TBA 
values as determined by the extraction 
method relative to these determined by
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the distillation method for duplicate anal
yses of two separate portions from 240 
individual pork samples (n = 960) was 
0.845.

The extraction method has the advan
tage of simplicity and ease Of useability in 
laboratories not equipped with distilla
tion equipment. It also has the advantage 
of being more specific and selective for 
carbonyl compounds as described by 
Tarladgis et al. (1962) since it does not 
require heating. The major disadvantage 
of the extraction method compared to 
the distillation method is its lower sensi
tivity.
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EFFEC T OF STAPHYLOCOCCUS INFECTION ON ACID AND ALKALINE 
PHOSPHATASE IN BRUISED POULTRY TISSUE

S U M M A R Y — In c r e a s in g  s e v e r i t y  o f  t r a u m a  e l i c i t e d  m a r k e d  d i f f e r e n c e s  in  b o t h  a c id  a n d  a lk a l in e  
p h o s p h a ta s e s .  T h e  f o r m e r  is  a  l y s o s o m a l  e n z y m e ;  w h e r e a s ,  t h e  l a t t e r  is  a  n o n l y s o s o m a l  e n z y m e .  
T h e  m a g n i tu d e  o f  e n z y m a t i c  r e s p o n s e s  a s  a  r e s u l t  o f  t r a u m a  w a s  n o t  t h e  s a m e  f o r  e a c h  e n z y m e .  
A c i d  p h o s p h a ta s e  a c t i v i t y  in c r e a s e d  in  t h e  b r u i s e d  t i s s u e  w h i le  a lk a l in e  p h o s p h a ta s e  a c t i v i t y  d e 

c re a s e d . T h e  b o u n d  f o r m  o f  a c i d  p h o s p h a ta s e  in c r e a s e d  in  t h e  b r u i s e d  t i s s u e ,  a  f o r m  o f  t h e  e n z y m e  
a b s e n t  in  n o r m a l  t is su e . T h e  f o l l o w in g  fa c to r s  s e e m  t o  p l a y  a n  i m p o r t a n t  r o le  o n  t h e  a c t iv i t i e s  o f  
th e s e  e n z y m e s  in  p o u l t r y  t is s u e s :  a g e  o f  t r a u m a ,  s e v e r i t y  o f  t h e  b r u i s e  a n d  s t a p h y l o c o c c a l  i n f e c 

t io n .  R a te s  o f  c h a n g e s  in  t h e  e n z y m a t i c  a c t i v i t i e s  a f t e r  i n f e c t i o n  w e r e  d i r e c t l y  r e la t e d  to  th e  
n u m b e r  o f  o r g a n is m s  in  t h e  i n f e c t i n g  d o s e  a n d  in d u c e d  a n  a l t e r a t io n  in  t h e  a c t iv i t i e s  o f  a lk a l in e  
p h o s p h a ta s e  in  t h e  b r u i s e d  t i s s u e  f r o m  a  d e c r e a s e d  to  a n  in c r e a s e d  v a lu e  c o m p a r e d  to  n o r m a l  le v e l.

INTRODUCTION

WHILE normal tissue is assumed to be 
sterile in the absence of manifest disease, 
McCarthy et al. (1963) revealed that 
small numbers of bacteria are present in 
normal poultry tissue whereas bruised 
tissues permit relatively large populations 
of both aerobic and anaerobic bacteria to 
persist. Among the predominant organ
isms isolated from poultry bruises were 
gram-positive cocci, identified as S ta p h y 
lo c o c c i , of which 48% were S t a p h y lo 
c o c c u s  a u reu s and 52% S. e p id e r m id is .  
Hamdy et al. (1964) showed that the gut, 
air sac and skin of birds were possible 
sources of these bacteria and may serve as 
a portal-of-entry site to the traumatized 
areas. Hamdy and Barton (1965; 1966)

established that traumatized tissue imme
diately following contusion and infection 
with pathogenic S. a u reu s or nonpatho- 
genic E sc h e r ic h ia  c o li K-12 supported and 
stimulated the growth of these organisms 
equally well for 9 days and that S. a u reu s  
and E. c o li were able to persist in bruised 
tissue for a long time (18 days) even in 
the absence of noticeable infection.

Among the interesting changes occur
ring in poultry tissue were those dealing 
with the various lysosomal enzymes. Ac
tivities of all these enzymes increased as a 
result of tissue trauma, reached a maxi
mum between the 3rd and 5th day and 
then declined during healing (Brown and 
Hamdy, 1964; 1965). It was also noted 
that the maximal metabolic activities 
occurring in the injured tissues coincided

with the maximal microbial aerobic and 
anaerobic counts (McCarthy et al., 1963). 
Do new antimicrobial or stimulatory fac
tors appear in this situation, or is the 
action of normal tissue agents changed in 
the bruise site? Very little definitive 
information is available on which to base 
an answer. However, preliminary evidence 
indicated that the microenvironment of 
the tissue may contribute to the activity 
of the organisms found in the bruised 
tissue. The present investigation describes 
experiments conducted to determine the 
effect of trauma and staphylococcal in
fection on tissue microenvironment in 
poultry. 2  phosphatase enzymes, acid and 
alkaline phosphatase, were selected be
cause of tjieir function in maintaining the 
concentration of intracellular inorganic 
phosphate for bone formation (Roche, 
1950), in the control of metabolism by 
dephosphorylation (Atkinson and Mor
ton, 1960) and possibly in synthesis of 
some esters (Morton, 1958).

MATERIALS & METHODS
Experimental birds and bruising procedure

N o r m a l  w h i t e  L e g h o r n  c h i c k e n s  8 - 1 0  
w e e k s  o l d ,  w e i g h i n g  3 - 4  lb  a n d  k e p t  i n  b a t -
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t e r i e s  in  a  c o n s t a n t - t e m p e r a t u r e  h o u s e  ( 2 2 ° C )  
w e r e  u s e d  i n  t h i s  s t u d y .  T h e y  w e r e  o f f e r e d  
s t a n d a r d  r a t i o n s  a n d  w a t e r  a d  l i b i t u m .  T h e  
f e a t h e r s  o v e r  t h e  b r e a s t  m u s c l e  ( t h e  p e c t o r a l i s  
m a j o r )  w e r e  p l u c k e d  p r i o r  t o  b r u i s i n g  a n d ,  u n 
le s s  o t h e r w i s e  s t a t e d ,  b r u i s i n g  w a s  c o n t u s e d  
u s i n g  t h e  s t a n d a r d  t e c h n i q u e  d e v e l o p e d  b y  
H a m d y  e t  a l .  ( 1 9 6 1 ) .  S y m m e t r i c a l l y  l o c a t e d  
a r e a s  o n  d i f f e r e n t  c h i c k e n s  w e r e  u s e d  a s  c o n t r o l  
( n o n b r u i s e d ) .

Cultures
A  v i r u l e n t  m a r k e r  s t a i n  ( M S )  o f  S. a u r e u s  

( c o a g u l a s  e - d e o x y r i b o n u c l e a s e - p o s i t i v e ,  m  a n -  

n i t o l - n e g a t i v e  a n d  p h a g e - t y p e  5 2 / 5 0  A / 8 0 )  w a s  
u s e d .  T h i s  c u l t u r e  i s  s i m i l a r  t o  o t h e r  S . a u r e u s  
i s o l a t e d  f r o m  b r u i s e d  t i s s u e  e x c e p t  f o r  i t s  n e g a 
t i v e  a c t i o n  o n  m a n n i t o l  ( a  m a r k e r  c h a r a c 
t e r i s t i c )  a n d  t h u s  c a n  b e  d i f f e r e n t i a t e d  f r o m  
o t h e r  s t a p h y l o c o c c i  t h a t  m a y  b e  p r e s e n t  i n  t i s 
s u e s .  T h e  t e s t  c u l t u r e  w a s  a c t i v a t e d  b y  r e p e a t e d  
t r a n s f e r  i n  l i v e r  i n f u s i o n  b r o t h  ( D i f c o ) .  T h e  
a c t i v e  c u l t u r e  w a s  t h e n  i n o c u l a t e d  i n t o  f l a s k s  
c o n t a i n i n g  5 0 0  m l  o f  t h i s  b r o t h  a n d  i n c u b a t e d  
f o r  1 8  h r  a t  3 7 ° C .  T h e  c e l l s  w e r e  h a r v e s t e d  b y  
c e n t r i f u g a t i o n ,  w a s h e d  3  t i m e s  a n d  r e s u s p e n d e d  
i n  s t e r i l e  s a l i n e  t o  t h e  d e s i r e d  c o n c e n t r a t i o n .  
T h e  l a t t e r  w a s  c h e c k e d  b y  p l a t i n g  o n  m a n n i t o l  
s a l t  a g a r .

Experimental infection
T h e  s t a p h y l o c o c c u s  s a l i n e  s u s p e n s i o n  

( 0 . 2 5 - 0 . 5  m l )  c o n t a i n i n g  t h e  a p p r o p r i a t e  n u m 

b e r  o f  v i a b l e  c e l l s  w a s  i n j e c t e d  i n t r a m u s c u l a r l y  
( I M )  i n t o  t h e  p e c t o r a l i s  m a j o r  m u s c l e  o f  b r u i s e d  
a n d  c o n t r o l  c h i c k e n s .  T h i s  IM  i n j e c t i o n  w a s  
a l w a y s  p e r f o r m e d  a t  t h e  c e n t e r  o f  t h e  t r a u m a 
t i z e d  a r e a  0 . 5 - 1  h r  a f t e r  t r a u m a  ( H a m d y  a n d  
B a r t o n ,  1 9 6 5 ) .

Tissue sampling
A t  v a r i o u s  i n t e r v a l s  f o l l o w i n g  t r a u m a  a n d  i n 

f e c t i o n  o f  t h e  c h i c k e n ,  s e v e r a l  o f  t h e s e  b i r d s  
w e r e  s a c r i f i c e d  b y  e x s a n g u i n a t i o n .  T h e  s k in  o f  
t h e  b i r d s  w a s  r e m o v e d ,  u s i n g  a s e p t i c  t e c h 
n i q u e s ,  a n d  t h e  d e s i r e d  t i s s u e s  ( n o r m a l ,  b r u i s e d  
a n d  i n f e c t e d )  w e r e  e x c i s e d ,  h e l d  a t  2 — 3 ° C  in  
p r e c o o l e d  p e t r i  d i s h e s  a n d  u s e d  f o r  e n z y m e  
a n a l y s i s  w i t i n  1 h r .

Enzyme assay: Preparation of tissue 
homogenates and extracts

H o m o g e n a t e s  o f  t h e  t i s s u e s  w e r e  p r e p a r e d  a t  
5 ° C  b y  b l e n d i n g  ( f o r  2  m i n )  4  g  o f  m i n c e d  
t i s s u e s  w i t h  1 6  m l  o f  0 . 2 5  M  s u c r o s e  s o l u t i o n  
f o r  d e t e r m i n a t i o n  o f  b o t h  a l k a l i n e  p h o s p h a t a s e  
a n d  f r e e  a c id  p h o s p h a t a s e .  T h e  t i s s u e  h o m o g e 
n a t e  f o r  t o t a l  a c id  p h o s p h a t a s e  w a s  p r e p a r e d  in  
a  m a n n e r  s i m i l a r  t o  t h a t  f o r  t h e  f r e e  a c id  p h o s 
p h a t a s e ,  e x c e p t  t h a t  t h e  s u c r o s e  s o l u t i o n  c o n 
t a i n e d  0 .2 %  T r i t o n  X - 1 0 0 .  T r i t o n  X - 1 0 0  h a s  
b e e n  s h o w n  b y  W a t t i a u x  a n d  d e  D u v e  ( 1 9 5 6 )  t o  
l i b e r a t e  l y s o s o m a l  e n z y m e s  f r o m  l i v e r  t i s s u e s .  
T h e  h o m o g e n i z a t i o n  w a s  p e r f o r m e d  a t  1 6 , 0 0 0  
r p m  in  5 0 - m l  p r e c o o l e d  s t a i n l e s s  s t e e l  S o r v a l l  
O m n i - M i x e r  c u p s  a n d  t h e  h o m o g e n a t e  k e p t  a t  
2 ° C  a n d  u s e d  w i t h i n  3 0  m i n .  T h e  i n s o l u b l e  
r e s i d u e s  i n  t h e  h o m o g e n a t e  w e r e  r e m o v e d  b y  
c e n t r i f u g a t i o n  a t  3 ° C  a t  1 2 , 0 0 0  x g  f o r  1 0  m i n  
a n d  t h e  s u p e r n a t a n t  s o l u t i o n  ( i . e . ,  t i s s u e  e x t r a c t )  
u s e d  f o r  t h e  f o l l o w i n g  a s s a y  m e t h o d s :

1. Total, free and bound acid phosphatase.
T o t a l  a c t i v i t i e s  i n  t h e  f r e e  f o r m  ( n o t  e n c l o s e d  
i n  t h e  l y s o s o m e  p a r t i c l e s )  w e r e  m e a s u r e d  d i 
r e c t l y  i n  t h e  t i s s u e  e x t r a c t s  u s i n g  t h e  p r o 
c e d u r e  d e s c r i b e d  b y  L o w r y  a n d  L o p e z  ( 1 9 4 6 ) .  
T h e  r e a c t i o n  m i x t u r e  c o n t a i n e d  0 .5  m l  o f  
t h e  t i s s u e  e x t r a c t ,  0 .5  m l  o f  0 . 0 1 2 5  M d i s o 
d i u m  p - n i t r o p h e n y l - p h o s p h a t e  a n d  1 .0  m l  o f

Table 1 —A c tiv itie s  o f  a c id  and  a lka line  phosphatases in  a 2 -day-o ld  
bruise. Results are re p o rte d  as average spec ific  a c tiv ity  (mpmoles 
p -n itro p h e n o l/m g  p ro te in /1 0  m in  incuba tion ).

T i s s u e  N o .  E n z y m e  s p e c i f i c  a c t i v i t i e s

s a m p l e  o f  A c i d  p h o s p h a t a s e  A l k a l i n e

e x a m i n e d  b i r d s  T o t a l  F r e e  B o u n d  p h o s p h a t a s e  

C o n t r o l

( n o n b r u i s e d ) 1 0 3 2 . 0 3 2 . 0 0 .0 3 .2

± 9 . 5 ' ± 9 .5 0 .0 0 .5

B r u i s e d 1 0 4 6 .5 4 0 . 9 5 .4 2 .9

± 8 .9 ± 1 0 . 6 ± 1 .2 ± 0 .8

S t a n d a r d  d e v i a t i o n .

Table 2 —E ffe c t o f  m oderate (3 b low s) and severe (5  b low s) traum a on the d is tr ib u tio n  o f  to ta l, 
free and  b o u n d  ac id  phosphatase in  p o u ltry  tissues. 1 Results o f  enzym e specific  a c t iv ity  is re ported  
as average m pm oles-p-n itropheno l p e r m g p ro te in /1 0  m in  incubation .

A g e

o f  S p e c i f i c  a c t i v i t y  i n  m o d e r a t e  b r u i s e  S p e c i f i c  a c t i v i t y  in  s e v e r e  b r u i s e

b r u i s e  N o .  o f  N o .  o f

( d a y s ) b i r d s T o t a l F r e e B o u n d b i r d s T o t a l F r e e B o u n d

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

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

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

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

4 6 7 3 .5 6 4 . 4 9 .1 9 8 1 . 4 6 9 .9 1 1 ,5

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

6 6 6 9 . 4 6 5 . 3 4 .1 6 7 4 .7 6 5 . 6 9 . 2

7 6 5 9 .9 5 5 .9 4 . 0 6 5 9 . 9 5 5 . 9 4 . 0

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

9 6 4 1 . 4 3 9 .1 2 .3 6 4 8 . 6 4 3 . 9 4 .7

1 S p e c i f i c  a c t i v i t y  o f  f r e e  a c id  p h o s p h a t a s e  in  6 0  c o n t r o l  ( n o n b r u i s e d )  b i r d s  w a s  3 2 . 8  ±  4 . 6 .

s o d i u m  a c e t a t e  b u f f e r  ( p H  5 . 0 ) .  T h e  m i x t u r e  
w a s  i n c u b a t e d  f o r  1 0  m i n  a t  3 7 ° C ,  a f t e r  w h i c h  
t i m e  t h e  e n z y m e  a c t i v i t y  w a s  s t o p p e d  w i t h  5 .0  
m l  o f  2 %  p h o s p h o t u n g s t i c  a c id  p r e p a r e d  in  0 .1  
N  H C 1 . A f t e r  c e n t r i f u g a t i o n ,  t h e  a b s o r b e n c e  o f  
1 .0  m l  o f  s u p e r n a t a n t  in  3 . 0  m l  o f  0 . 6 6  N  
N a O H  w a s  m e a s u r e d  a t  4 1 0  m p  in  B a u s c h  a n d  
L o m b  S p e c t r o n i c  2 0 .  T h i s  w a s  c o r r e c t e d  f o r  t h e  
s u b s t r a t e  a n d  t i s s u e  e x t r a c t  c o n t r o l  a b s o r b -  
e n c e s ,  t h e n  c o m p a r e d  t o  a  s t a n d a r d  c u r v e  f o r  
p - n i t r o p h e n o l  t o  d e t e r m i n e  t h e  a c t i v i t y  o f  t h e  
e n z y m e .  T o t a l  a c i d  p h o s p h a t a s e  a c t i v i t i e s  w e r e  
m e a s u r e d  in  a  l i k e  m a n n e r  e x c e p t  f o r  t h e  h o 
m o g e n i z a t i o n  p r e p a r e d  in  t h e  p r e s e n c e  o f  0 .2 %  
T r i t o n  X - 1 0 0  ( W a t t i a u x  a n d  d e  D u v e ,  1 9 5 6 ;  
B r o w n  a n d  H a m d y ,  1 9 6 4 ;  1 9 6 5 ) .  T h e  c o n c e n 
t r a t i o n  o f  0 .2 %  o f  T r i t o n  X - 1 0 0  w a s  f o u n d  t o  
h a v e  n o  e f f e c t  o n  c h i c k e n  m u s c l e  p h o s p h a t a s e  
( B r o w n  a n d  H a m d y ,  1 9 6 4 ) .  T o t a l  b o u n d  a c id  
p h o s p h a t a s e  a c t i v i t i e s  w e r e  c a l c u l a t e d  b y  s u b 
t r a c t i n g  t h e  t o t a l  f r e e  f r o m  t h e  t o t a l  a c t i v i t y  o f  
T r i t o n - f r e e d  f o r m .  T h e  s p e c i f i c  a c t i v i t i e s  o f  
t h e s e  3  f o r m s  o f  e n z y m e  w e r e  e x p r e s s e d  a s  

m p m o l e s  o f  p - n i t r o p h e n o l  l i b e r a t e d  p e r  m g  p r o 
t e i n  i n  t i s s u e  e x t r a c t  p e r  1 0  m i n  i n c u b a t i o n  a t  
3 7 ° C .

2. Alkaline phosphatase. T h e  a s s a y  f o r  t h i s  
e n z y m e  w a s  s i m i l a r  t o  t h a t  u s e d  f o r  f r e e  a c id  
p h o s p h a t a s e ,  e x c e p t  t h e  r e a c t i o n  m i x t u r e  c o n 
t a i n e d  1 .0  m l  o f  0 .1  M  g l y c i n e  b u f f e r  ( p H  
1 0 . 5 ) ,  0 .5  m l  o f  t i s s u e  e x t r a c t  a n d  0 .5  m l  o f  
0 . 0 1 2 5  M  p - n i t r o p h e n y l  p h o s p h a t e .  P r o t e i n  
c o n c e n t r a t i o n  in  t i s s u e  e x t r a c t s  w a s  d e t e r m i n e d  
w i t h  B i u r e t  r e a g e n t  ( G o r n a l l  e t  a l . ,  1 9 4 9 )  w i t h

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

RESULTS
Effect of tissue trauma on phosphatase 
activities

1 0  birds were breast-bruised on the 
pectoralis major muscle using 3 blows 
(moderate trauma). 2  days after contu
sion, the centers of the traumatized tis
sues were excised and assayed for the 
lysosomal enzyme acid phosphatase (to
tal, free and bound) and for alkaline 
phosphatase, a nonlysosomal enzyme (de 
Duve, 1959). Tissues of 10 normal (non
bruised) birds were assayed for the same 
enzymes and served as controls. The 
results, reported as average specific activ
ity ± standard deviation (Table 1), 
showed that trauma affected all the activ
ities of these enzymes, resulting in a slight 
decrease in the alkaline phosphatase and a 
marked increase in total, free and bound 
acid phosphatase. It is of interest to point 
out that bound acid phosphatase was 
found in the homogenates obtained from 
bruised chicken muscle and was com
pletely absent in normal tissue. In the 
absence or presence of Triton X-100, the 
activity of acid phosphatase was the same 
in the control nonbruised birds (Table 1).
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Table 4 —E ffe c t o f  m ild  (1 0 3 cells) and severe (10& cells) s taphy lococca l in fe c tio n  on the 
d is tr ib u tio n  o f  to ta l, free and  b o u n d  a c tiv ity  o f  ac id  phosphatase in  m odera te  and  severe bru ised  
an d  in  co n tro l- in fe c te d  p o u ltry  tissue. 1 E nzym e specific  a c it iv ity  is expressed as m pm oles-p-n itro - 
p h eno l p e r m g p ro te in /1 0  m in  incubation .

S p e c i f i c  a c t i v i t y  o f  a c i d  p h o s p h a t a s e

N o .

o f

A g e  o f  

b r u i s e M o d e r a t e  b r u i s e  i n f e c t e d S e v e r e  b r u i s e  i n f e c t e d
C o n t r o l

i n f e c t e d

b i r d s ( d a y s ) T o t a l F r e e B o u n d T o t a l F r e e B o u n d F r e e

M i ld  i n f e c t i o n

6 0 2 4 .5 2 4 .5 N o n e 3 6 . 4 2 7 . 8 8 .6 3 8 .6

6 1 1 7 .5 1 7 .5 N o n e 2 5 . 6 2 2 . 4 3 .2 3 0 .9

6 2 2 0 . 0 2 0 . 0 N o n e 2 6 . 2 2 3 . 8 2 .4 3 1 .3

6 4 3 5 . 6 3 5 .6 N o n e 4 2 . 4 4 0 . 3 2 .0 2 5 .5

6 7 4 8 . 0 4 8 . 0 N o n e 5 7 . 2 5 5 .1 2 .1 3 1 .5

6 9 3 2 .5 3 2 .5 N o n e 4 8 . 7 4 6 .7 2 .0 2 2 .5

S e v e r e  i n f e c t i o n

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

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

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

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

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

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

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

1 S p e c i f i c  a c t i v i t y  o f  f r e e  a c id  p h o s p h a t a s e  i n  6 0  c o n t r o l  ( n o n i n f e c t e d )  b i r d s  w a s  3 2 . 8  ±  4 . 6 .

Table 3 —E ffe c t o f  m oderate (3 b low s) and  
severe (5 b low s) traum a on a lka line  phospha
tase in  p o u ltry  tissue. 1 Enzym e spec ific  ac
t iv ity  is designated as m gm oles-p-n itropheno l 
pe r m g p ro te in  p e r 10 m in  incubation .

A g e

o f

b r u i s e

( d a y s )

M o d e r a t e  t r a u m a S e v e r e  t r a u m a
N o .  o f  

b i r d s

S p e c i f i c

a c t i v i t y

N o .  o f  

b i r d s

S p e c i f i c

a c t i v i t y

0 6 3 .5 6 3 .1

± 1 . 6 2 ± 1 . 0
1 6 1 .5 6 0 .4

± 0 .3 ± 0 . 0
2 6 1 .1 6 0 .9

± 0 .4 ± 0 .7
3 6 2 .1 6 1 .8

± 0 .4 ± 0 .4
4 6 2 .3 9 2 .0

± 0 .3 ± 0 .7
5 6 2 .6 9 1 .9

± 0 . 4 ± 0 .3
6 6 2 .8 6 2 .2

± 1 .8 ± 0 .3
7 6 3 .0 6 2 . 4

± 0 .3 ± 1 .6
8 6 3 .1 6 2 .5

± 1 .8 ± 1 .2
9 6 3 .1 6 2 .8

± 0 .8 ± 0 .6

1 S p e c i f i c  a c t i v i t y  o f  a l k a l i n e  p h o s p h a t a s e  in

6 0  c o n t r o l  ( n o n b r u i s e d )  b i r d s  w a s  3 . 0  ±  0 .6 .  

2 S t a n d a r d  d e v i a t i o n .

E ffect o f  age and severity  on  acid and  
alkaline phosphatase

The activity of alkaline phosphatase 
and the distribution of the various forms 
of acid phosphatase (total, free and 
bound) were determined in tissue ob
tained from 60 moderately bruised birds 
(3 blows) and from 6 6  severely bruised 
birds (5 blows) as well as from 60 control 
(nonbruised) birds. The results (Table 2) 
showed that immediately following trau
ma, the free acid phosphatase activity 
decreased in both moderate and severe 
bruises as compared to control level. This 
was followed by a gradual increase to 
reach a maximum level (above control) 
on the 5 th day and a gradual decline 
thereafter toward normalcy by the 9th 
day. It was also noted that increasing the 
severity of trauma (from 3—5 blows) 
exerted slight effect on the free form of 
the acid phosphatase. However, the data 
on the distribution of the different forms 
of acid phosphatase (total, free and 
bound) activities revealed that trauma 
elicited the release of the bound form in 
these tissues and that the magnitude of 
the activities of these aforementioned 
forms of acid phosphatase was directly 
related both to the age and to the severity 
of trauma. It was also noted that the 
maximum activity of all the 3 forms of 
acid phosphatase was evident on the 4th 
to 5 th day followed by a gradual decline

to the 9th day, but above control level. 
Most of the acid phosphatase activities in 
the bruised tissue were in free form. 
However, bound form of this enzyme 
increased between the 3rd and 6 th day 
post-trauma and accounted for almost 
15 — 2 0 % of the total activities.

The data shown in Table 3 depict the 
effect of age and severity of trauma on 
alkaline phosphatase in the bruised tissue. 
Pronounced decreases in the enzyme ac
tivities were noted to correlate with the 
severity of trauma. Increasing the number 
of blows from 3—5 decreased the activity 
of this enzyme to reach a low level within 
1—2 days. This was followed by a gradual 
increase (but below control at all times) 
to reach the normal (control) value on 
the 9th day, which paralleled the mor
phological healing of the tissue.

E ffect o f  bruising and sta p h y lococca l 
in fe c tio n  o n  acid phosphatase

(a) M ild in fec tio n . 3 groups of 60 
birds each were used in this experiment. 
Birds of the 1st group were bruised using 
3 blows (moderate trauma), birds of the 
2nd group received 5 blows (severe trau
ma) and the 3rd group served as control. 
Each bird in the 3 groups was mildly 
infected using a small number ( 1 0 3 cells) 
of S. aureus, and at various intervals the 
tissues of these infected birds were as
sayed for all forms of acid phosphatase. 
The results (Table 4) indicated that infec
tion of control tissues (nonbruised) al
tered the activity of this enzyme com
pared to control (noninfected), especially 
immediately following infection, where 
the activity increased, and on the 4th and 
9th days, where the activity decreased. It 
was also noted that these control-infected

tissues had no bound activity. In both 
moderate and severe bruises, mild infec
tion reduced the activity of the free acid 
phosphatase to a level below control 
value for the first 3 days post-infection. 
Thereafter the activities increased above 
control (noninfected) on the 4th day and 
persisted at this high level to the 8 th day, 
declining to normalcy on the 9th day. No 
explanation can be given at the present 
time for the low bound activity of acid 
phosphatase in the severe-bruised-infected 
tissue compared to severe-bruised non
infected tissue (see Table 2), and for the 
absence of this bound form in the mod- 
erate-bruised-infected tissues (Table 4). 
Increased activity in both total and free 
acid phosphatase was observed in severe- 
bruised-infected compared to moderate- 
bruised-infected tissues.

(b) Severe infection. The previous 
experiment was repeated on 3 groups 
(each containing 60 birds) except for the 
number of staphylococcal cells used for 
the infection of these groups. The latter 
was accomplished by IM injection of 1.6 
x 108  cells of S. aureus (severe infec
tion); the results are also summarized in 
Table 4. Again, it was observed that 
severe-infection decreased the activity of 
the free form of acid phosphatase in both 
bruised and control tissues immediately 
following infection and also enhanced the 
free form of this enzyme on the 3rd to 
the 9th day post-trauma and infection in 
both moderate and severe bruises and on 
the 4th to the 9th in the control-infected 
birds. No bound activity was detected in 
the control-infected tissue, but this type 
of infection induced an increase in both 
the total and the bound forms of acid 
phosphatase in the severe bruised-infected
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T a b l e  5 - E f f e c t  o f  m i l d  i n f e c t i o n  ( 1 0 3 c e l l s )  a n d  s e v e r e  i n f e c t i o n  ( 1 0 8 c e l l s )  o n  t h e  s p e c i f i c  

a c t i v i t y  o f  a l k a l i n e  p h o s p h a t a s e  i n  m o d e r a t e  a n d  s e v e r e  a n d  i n  c o n t r o l - i n f e c t e d  t i s s u e s .  S p e c i f i c  

a c t i v i t y  i s  e x p r e s s e d  a s  a v e r a g e  m p m o l e s - p - n i t r o p h e n o l  p e r  m g  p r o t e i n / 1 0  m i n  i n c u b a t i o n . ____________

N o .

o f

b i r d s

A g e  o f  

i n f e c t i o n  

( d a y s )

S p e c i f i c  a c t i v i t y  i n  i n f e c t e d  t i s s u e s

M o d e r a t e  t r a u m a S e v e r e  t r a u m a C o n t r o l - i n f e c t e d

M i ld - i n f . S e v e r e - i n f . M i ld - i n f . S e v e r e - i n f . M i ld - i n f . S e v e r e - i n f .

6 0 2 .6 2 .2 1 .9 2 .7 1 .2 2 .1

± 0 . 3 2 ± 0 .7 ± 1 .5 ± 0 .6 ± 0 .1 ± 0 .3

6 1 2 .2 0 .8 1 .4 2 .1 1 .6 2 .7

± 0 .9 ± 0 .1 ± 2 .2 ± 0 .6 ± 0 .2 ± 0 . 4

6 2 2 .6 2 .9 2 . 0 2 .9 2 . 4 3 .2

± 1 . 2 ± 0 .8 ± 0 .8 ± 0 .2 ± 1 . 0 ± 1 . 0

6 3 3 .5 7 .1 5 .9 1 1 .3 1 .1 3 .4

± 0 .8 ± 1 .7 ± 1 .6 ± 1 .7 ± 0 .2 ± 1 .5

6 1 4 2 .2 9 .3 2 .2 6 .8 1 .1 7 .2

± 0 .9 ± 1 .4 ± 1 . 0 ± 0 .8 ± 0 .3 ± 0 .8

6 5 2 .2 1 0 .3 2 .4 7 . 3 1 .2 4 . 4

± 0 .7 ± 1 .5 ± 1 .5 ± 1 . 4 ± 0 .2 ± 2 .2

6 6 1 .5 7 .6 1 .6 7 .4 0 .7 3 .4

± 0 .7 ± 3 .9 ± 0 .7 ± 1 .2 ± 0 .6 ± 0 . 4

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

± 0 .7 ± 0 .7 ± 2 .4 ± 0 .7 ± 0 .1 ± 0 .8

6 8 2 .5 5 .5 1 .7 3 .7 1 .5 3 .4

± 0 .6 ± 1 . 0 ± 3 .6 ± 2 .1 ± 0 .1 ± 1 .0

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

± 0 .9 ± 0 .2 ± 0 .6 ± 2 .3 ± 1 .1 ± 0 .6

1 6  b i r d s  w e r e  u s e d  f o r  c o n t r o l - i n f e c t e d  a n d  f o r  m o d e r a t e  t r a u m a ,  w h e r e a s  9  b i r d s  w e r e  u s e d  

f o r  s e v e r e  t r a u m a .

2 S t a n d a r d  d e v i a t i o n .

tissues. The pattern of free activity of 
acid phosphatase during the entire experi
ment was somewhat similar, but varied in 
magnitude, in the 3 groups of birds up to 
the 2nd day post-infection. This was 
followed by a slight increase in the 
severe-bruised-infected tissues on both 
the 5th and 6 th day compared to the 
moderately bruised-infected tissues. Maxi
mum activity of this form of enzyme was 
noted on the 7th day for moderate and 
severe infected bruises, respectively.
Effect of bruising and infection on 
alkaline phosphatase

Tissues of bruised-infected and control- 
infected birds used for the determination 
of acid phosphatase were also employed 
for the assay of alkaline phosphatase. 
Therefore, the protocol for the experi
mental design used to examine the effect 
of mild and severe staphylococcal infec
tion on the activities of acid phosphatase 
in moderate and severe bruises and in 
control-infected tissues were the same for 
alkaline phosphatase.

(a) Mild infection. Results of the 
effect of mild infection ( 1 0 3 cells) on the 
alkaline phosphatase activities in the 
moderate (3 blows) and in the severe (5 
blows) as well as in the control-infected 
tissues are recorded in Table 5. It is 
evident that the infection slightly de
creased the activity of this enzyme in all 
the tissues examined compared to control 
(Table 3) and that the control-infected 
tissues appeared to exhibit the lowest

level during the entire experimental pe
riod. Very little difference was also noted 
between moderate-infected and severe- 
infected bruises at all times, except on 
the 3rd day post-trauma and infection, 
where the alkaline phosphatase activity in 
the severe-bruised-infected tissues drasti
cally increased above the moderate-in
fected bruise as well as the control- 
infected tissue.

(b) Severe infection. Results of the 
effect of severe infection ( 1 0 8  cells) on 
the alkaline phosphatase activities in the 
tissues (Table 5) indicate that this type of 
infection is indeed associated with signifi
cant increases in the activities of alkaline 
phosphatase and that the magnitude and 
the time for maximal activity in the 
infected tissues were also affected by 
severity of the trauma. Maximum specific 
activity of the enzyme was noted on the 
3rd and the 5 th day post-infection in the 
severe and in the moderate trauma, re
spectively. This value is about 3.5-fold 
the level of this enzyme in the normal 
tissue. It was also observed that the 
alkaline phosphatase activity in all in
fected tissues decreased gradually towards 
normalcy on the 9th day.

DISCUSSION
DATA obtained in this investigation have 
shown that bruising affected the micro
environment of the tissues, as evidenced 
by the changes in the activities of alkaline 
and all forms of acid phosphatase. How

ever, the magnitude and the time these 
changes occur were affected by factors 
such as age and severity of the trauma 
and the degree of staphylococcal infec
tion.

During healing of a bruise, many 
synthetic activities must take place in the 
region of regeneration. For example, both 
acid and alkaline phosphatase split off 
phosphate from such substrates as hex- 
ose phosphate, glycerol 2 -phosphate, 
phenyl phosphate and other phosphate 
esters with optimal activity in the acid 
and alkaline pH ranges, respectively. The 
increase in acid phosphatase and the 
decrease in alkaline phosphatase activities 
in the bruised poultry tissue during the 
degenerative and regenerative processes 
confirm the results previously reported 
by Brown and Hamdy (1964). The in
crease of the acid phosphatase (total, free 
and bound) may be due to infiltration of 
leucocytes into the bruised areas as sug
gested by Cahn and Hirsch (1960), or 
may be due to active synthesis of this 
enzyme at the site of the bruise induced 
by the degradation products of the dead 
or nicrotic tissues as speculated by Tappel 
et al. (1962). Decreased alkaline phos
phatase activity in the moderate bruise 
and as a result of increasing the severity 
of trauma may be due to the shift of pH 
affected by lactic dehydrogenase and 
inhibition of alkaline phosphatase accord
ingly.

Staphylococcal infection and the num
ber of viable cells in the infecting dose 
indeed were important factors affecting 
the microenvironment of both bruised 
and nonbruised tissues (control). This 
effect was more pronounced in bruised- 
infected compared to control-infected 
birds. Significant enzymatic changes in 
various tissue enzymes, including alkaline 
phosphatase and all forms of acid phos
phatase, were altered as a result of staph
ylococcal infection. In this type of infec
tion there has been a tendency to stress 
the role of virulence or noxious factors of 
the bacteria as being the primary medi
ators of tissue injury. However, results of 
this study as well as those reported in a 
previous publication (Hamdy and Barton, 
1965) indicated that altered tissue micro
environment by bruising also played an 
important role in stimulating and sup
porting growth of these bacteria. The 
increase of both acid and alkaline phos
phatase after 2—3 days of infecting the 
bruises appeared to be of tissue origin 
rather than microbial via lysis of the 
staphylococcal cells. This was substanti
ated by the results obtained, which showed 
that when a constant number of bacterial 
cells was used for infection, the enzyme 
activities increased as the severity of 
trauma changed from 3 to 5 blows. Other 
experiments (unpublished results) with 
washed cell suspensions of S. aureus, 
cell-free supernatants and ruptured cell
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preparations showed that microbial acid and alkaline phosphatases were of low enzymatic activity. Since bruised tissues have a rapid cell turnover, particularly during the regeneration phase (3 days post-trauma), it may be that the observed increase in the specific activities of acid and alkaline phosphatase in the tissues is related in some manner to a more rapid cell turnover during staphylococcal infection.
Gilfillan et al. (1956) reported marked changes in several enzymes of the tricarboxylic acid cycle in chicks during infection with S alm on ella  p u llo ru m , and Woodward et al. (1954) have shown that infection with F rancisella  tu larensis (Pas- 

teurella  tu laren sis) stimulated a depletion of free amino acids in the blood of white rats. Again, Woodward et al. (1969) showed that infection of these animals with F. tu larensis and S alm on ella  ty -  
ph im u riu m and exposure to the endotoxin of S. typ h im u r iu m stimulated significant increases in various serum enzymes including aldolase, lactic dehydrogenase and other enzymes. These authors also established that the rates of changes in enzymatic activity after infection were directly related to the size of the infecting dose and the type of infective agent used. Brown and Hamdy (1964) reported that both the timing and the degree of maximal activity of acid phosphatase were directly related to the number of blows applied for inflicting bruises.
There have been a number of studies conducted on acid phosphatase in response to viral infection. For example, Mallucci and Allison (1965) showed that fowl phage virus activated acid phosphatase in chick embryo cells. It seems that the host’s reaction to infection, whether due to bacterial, virus or injury, is related to the adrenal stimulation and the protein-catabolic reaction following trauma. Lust and Beisel (1967) reported that the intracellular function of alkaline phosphatase is presently not well defined and that the enzyme is found in high concentrations in the small intestines, bone and kidney, whereas other tissues have appre

ciably less, with brain and muscle having very low activity. Again, these authors reported that the level of alkaline phosphatase decreased in the mouse liver as the infection wtih D ip lo co cc u s p n e u 
m onia progressed, while a marked increase occurred in the small intestine. Counts et al. (1961) observed a rapid increase in serum alkaline phosphatase :o accompany experimental staphylococcal sepsis in mice.Data obtained in the present investigation showed that tissue trauma decreased the activities of alkaline phosphatase and that this decrease was pronounced in severely traumatized tissues. On the other hand, staphylococcal infection in bruised tissue reversed this effect significantly, leading to a higher level (above normal value) on the 4th to the 9th day post-infection. This observation is a new finding and may be due to the reaction of the host to staphylococcal infection, regardless of the infective dose employed. While these studies still leave unanswered the specific question of why virulent staphylococcus bacteria persist in the bruised tissue, nevertheless, they provide additional information that enzyme alterations do occur in bruised tissue during an acute staphylococcal infection and that these changes may be responsible for the survival and persistence of these organisms in the injured tissues.
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CATALYSTS OF LIPID PEROXIDATION IN MEATS. 1. Linoleate Peroxidation 
Catalyzed by MetMb or Fe(ll)-EDTA

S U M M A R Y — T h e  p o s s i b i l i t y  o f  c a ta ly s is  o f  u n s a tu r a t e d  f a t  o x id a t i o n  b y  b o t h  h e m o p r o t e i n  a n d  
n o n - h e m e  i r o n  c o m p o n e n t s  o f  m e a t  h a s  b e e n  p o i n t e d  o u t .  M o d e l  s y s t e m s  o f  th e s e  2  c a ta ly s t s  h a v e  
b e e n  c o m p a r e d .  T h e  h e m o p r o t e i n  M e tM b  a c c e le r a te d  l in o le ic  a c id  p e r o x id a t io n  in  p H  ra n g e  
5 . 6 —7 .8 ,  t h e  c a ta ly s is  in c r e a s in g  w i th  p H .  A  c o m p l e x  o f  fe r r o u s  io n  a n d  e th y l e n e d ia m in e t e t r a a c e t i c  
a c id  [ F e ( l l ) - E D T A ] —a  n o n - h e m e  ir o n  m o d e l —in  a  1 t o  1 r a t io  a c c e le r a te d  p e r o x id a t io n  a t  lo w e r  
p H ;  n o  c a ta ly s is  t o o k  p la c e  a b o v e  p H  6 .4 .  M o s t  c h e la t in g  a g e n ts  e l i m in a te d  F e ( l l ) - E D T A  c a ta ly s is ,  
b u t  h a d  n o  e f f e c t  o n  M e tM b  c a ta ly s is .  R e d u c in g  a g e n ts ,  b o t h  a s c o r b ic  a c id  a n d  th io l s ,  o n  t h e  o th e r  
h a n d ,  a c c e le r a te d  F e f l l l - E D T A  c a ta ly s is  b u t  i n h i b i t e d  M e tM b  c a ta ly s is .  O th e r  s u l fu r  c o m p o u n d s  
w i th  -S - o r  -S -S - g r o u p s ,  e x c e p t  t h i o d ip r o p io n ic  a c id  (T D P A )  a t  c o n c e n t r a t io n  o f  6  X  7 0 "3 M , 
s h o w e d  n o  e f f e c t  o n  e i t h e r  t y p e  o f  c a ta ly s is .

INTRODUCTION

ALTHOUGH the catalytic effect of hemoglobin (Hb) and other iron porphyrins on lipid oxidation is a generally accepted phenomenon, it is still not certain that this is the main oxidative catalyst in meat. Hematin-catalyzed lipid peroxidation has been demonstrated as an important deterioration reaction in unsaturated fat (Tappel, 1955), precooked meats (Younathan and Watts, 1959) and dehydrated foods (Bishov et al., 1960). However, inorganic ferrous ion has also been demonstrated to be a catalyst of unsaturated lipid peroxidation in mitochondria (Ottolenghi, 1959) and micro- some (Robinson, 1965), as well as in pure unsaturated lipids (Wills, 1965). The prooxidant contribution of metals in meat and meat products has not been widely investigated.Wills (1966) presented evidence that both types of catalysts—hemoprotein and inorganic iron—functioned in rat tissues. The 2 types could be differentiated by their relative activities at different pH and in the presence of chelating agents, ascorbic acid and thiol compounds. Inorganic iron, either as ferrous or ferric ion, was a very weak catalyst unless activated by reducing agents. Iron-catalyzed oxidation was pH-sensitive and most active under acid conditions. Hemoprotein-catalyzed oxidation was little affected by pH and inhibited by reducing agents.Wills (1966) not only offers an experimental approach to the problem of identifying the main type of catalytic action in meats; he also points up the importance of such an identification for practical problems of meat handling. The effects on lipid oxidation of many meat components, treatments or additives not only may be different in degree but even opposite in direction with the 2 types of catalysts.
'P resen t address: 76-10 31st Avenue, Jack-

son Heights, New York 11370.

Before undertaking the investigation of lipid oxidation catalysts in meats, the properties of both types of catalysts in model systems should be studied systematically. The development of suitable model systems is the first step.Heme compounds are known to inhibit rather than accelerate lipid oxidation when they are present in high concentrations relative to the unsaturated fatty acid (Lewis and Wills, 1963). In developing a model system using MetMb as a catalyst, various concentrations of the heme were tried. MetMb (6 x 10"7 M) was found to catalyze 7 x 10"3 M linoleic acid at a moderate rate. These concentrations were, therefore, used throughout.The non-heme iron model for lipid peroxidation developed for these studies consisted of a mixture of Fe(II) and EDTA, each present at a concentration of

1.5 x 10'4 M. Such iron chelates of EDTA have been used to produce free radicals in various oxidative reactions (Udenfriend et al., 1954; Norman and Smith, 1964; Staudinger et al., 1964; Orr, 1967), but the complex has not previously been tried on lipids. With higher ratios of EDTA to iron, i.e. 2:1, iron catalysis is inhibited rather than accelerated (Grinstead, 1960; Barber, 1966).Thiols, ascorbic acid and chelating agents were expected to have different effects on hemoprotein versus non-heme iron catalysis. Addition of these compounds therefore might help to differentiate the 2 systems. Several sulfur- containing compounds have been shown to retard lipid oxidation in fats and oils but have not been investigated in meat. Thiodipropionic acid (TDPA) showed effective retardation of peroxide formation in soybean oil (Schwab, 1953) and has been patented as a sterilizer for fats and oil (Searle, 1955). Other sulfur- containing compounds, i.e., methionine and oxidized glutathione (GSSG) or cystine, containing either -s- or -s-s- groups, were considered of interest in this investigation in view of the work of Holdsworth et al. (1964) demonstrating peroxide reduction by similar compounds.

Fig. 1—C h a n g e  to  O 2 te n s io n  to  l in o le a te  e m u l s io n  c a t a l y z e d  b y  M e tM b  
o r  F e ( I U - E D T A  a t  p H  5 .6 .  L in o l e ic  a c id  7  X  7 0 ‘ 3 M ; M e tM b  6  X  7 0 " 7 

M ; F e U D -E D T A  ( 1 .5  X  7 0 " 4  M : 1 .5  X  7 0 "4  M l.

. F e ( l l l - E D T A  c a ta ly s is  

M e tM b  c a ta ly s is

590 - J O U R N A L  O F  F O O D  S C IE N C E - V o lu m e  3 5  (1 9 7 0 )



CATALYSTS OF LIPID PEROXIDATION IN MEATS. 1- 5 9 1

T a b le  1—E f f e c t  o f  c h e la t in g  a g e n ts  o n  F e U D -E D T A  c a t a l y z e d  
l in o le a te  p e r o x i d a t i o n  a t  p H  5 . 6  a n d  6 .2 .

R a t e  o f  0 2 u p t a k e  ( m m  H g  p 0 2/ m i n )  

p H  5 . 6  p H  6 . 2

F e ( I I ) - E D T A 9 .6 3 .2

+  E D T A 6 X 10'4 M 0 0
6 X 10’5 M 0 0

+  8- O H - Q u i n o l i n e 6 X 10’4 M 0 0
6 X n r 5 M 0 0

+  N a 3P s O i o 6 X 10’4 M 0 0
6 X 10'5 M 0 0

+  C i t r i c  A c i d 6 X 10"4 M 1.6 0
6 X H r5 M 4 .8 1.6

+  X a n t h i n e 6 X 10’4 M 2 .4 0
6 X 10'5 M 6 .4 2 .4

EXPERIMENTAL
M a t e r i a l s

P u r e  l i n o l e i c  a c i d  w a s  o b t a i n e d  f r o m  t h e  
H o r m e l  I n s t i t u t e .  C r y s t a l l i n e  l y o p h i l i z e d  h o r s e  
m e t m y o g l o b i n  w a s  o b t a i n e d  f r o m  N u t r i t i o n a l  
B i o c h e m i c a l s  C o r p o r a t i o n .  A l l  o t h e r  r e a g e n t s  
w e r e  o f  s t a n d a r d  q u a l i t y .  T h e  w a t e r  u s e d  f o r  
t h e  p r e p a r a t i o n  o f  a l l  s o l u t i o n s  w a s  p a s s e d  
t h r o u g h  a  d e i o n i z i n g  c o l u m n .

Methods
E m u l s i o n s  o f  l i n o l e i c  a c i d  w e r e  u s e d  a s  s u b 

s t r a t e s  f o r  p e r o x i d a t i o n  s t u d i e s  a n d  w e r e  a l w a y s  
p r e p a r e d  i m m e d i a t e l y  b e f o r e  u s e  b y  a  s l i g h t  
m o d i f i c a t i o n  o f  S u r r e y ’s  m e t h o d  ( 1 9 6 4 ) .  1 g  o f  
l i n o l e i c  a c i d  w a s  a d d e d  d r o p  b y  d r o p  t o  20 m l  
w a t e r  i n  w h i c h  1 m l  T w e e n  2 0  w a s  d i s s o l v e d .  
T h e  c o n t e n t s  w e r e  t h o r o u g h l y  m i x e d  t o  d i s 
p e r s e  t h e  a c i d  i n t o  a  f i n e  e m u l s i o n .  T h e n ,  1 N  
K O H  w a s  a d d e d  a n d  t h e  m i x t u r e  o n c e  a g a in  
a g i t a t e d  w i t h  a  m a g n e t i c  s t i r r e r  u n t i l  a  c l e a r  
t r a n s p a r e n t  s o l u t i o n  w a s  o b t a i n e d .  T o  t h i s  s o l u 
t i o n  2 0 0  m l  o f  0 . 2  M  p h o s p h a t e  b u f f e r  w e r e  
a d d e d .  A  f e w  d r o p s  o f  c o n c e n t r a t e d  H C 1  w e r e  
u s e d  t o  a d j u s t  t o  t h e  d e s i r e d  p H .  T h e  f i n a l  
v o l u m e  w a s  m a d e  u p  t o  4 0 0  m l  w i t h  H 20 .  T h e  
r e s u l t i n g  s o l u t i o n  c o n t a i n e d  a p p r o x i m a t e l y  9  x  
1 0 "3 M  l i n o l e i c  a c i d  i n  0 .1  M  p h o s p h a t e  b u f f e r .

T o  2 0  m l  o f  t h e  e m u l s i o n  w e r e  a d d e d  t h e  
c a t a l y s t s  a n d  t e s t  s o l u t i o n s  d e s i r e d  a n d  t h e  t o t a l  

v o l u m e  m a d e  u p  t o  2 5  m l  in  w h i c h  t h e  c o n c e n 
t r a t i o n  o f  l i n o l e i c  a c i d  w a s  7  x  1 0 ’3 M . C h a n g e s  
i n  o x y g e n  t e n s i o n  w e r e  r e c o r d e d ,  u s i n g  t h e  
B e c k m a n  O x y g e n  A n a l y z e r  1 1 1  c a l i b r a t e d  a t  
1 6 0  m m  H g ,  t h e  p a r t i a l  p r e s s u r e  o f  o x y g e n  in  
a i r .  T h e  r a t e s  w e r e  l i n e a r  a f t e r  t h e  f i r s t  f e w  
m i n u t e s .  T h e  o x y g e n  u t i l i z a t i o n  w a s  t h e n  c a l c u 
l a t e d  f r o m  t h e  r e c o r d i n g  b y  m e a s u r i n g  t h e  
l i n e a r  s l o p e  o v e r  a  3 - m i n  p e r i o d  a n d  e x p r e s s i n g  
t h e  v a l u e s  a s  m m  H g  p 0 2/ m i n .  5

T a b le  2 —E f f e c t  o f  6  X /O ’3 M  T D P A  o n  l in o le a te  p e r o x id a t io n  
c a t a l y z e d  b y  M e tM b .________________________

R a t e  o f  0 2 u p t a k e  ( m m  H g  p 0 2/ m i n )

5 .6 6.2 7 .0 7 .8

M e tM b 20.8 1 6 .0 3 2 . 0 6 1 . 8
+  T D P A 6 4 . 0 5 6 . 0 1 6 .0 4 8 . 0
F e ( I I ) - E D T A 9 .6 3 .2 0 0
+  T D P A 9 . 6 1 2 5 . 6 0 0

1 A  l a g  p e r i o d  o c c u r r e d  b e f o r e  o x i d a t i o n  b e g a n .

on Fe(II)-EDTA catalysis at pH 5.6 and6.2 are shown in Table 1. Each additive in this study was run at least 3 times, and the differences from the control were reproducible and significant. Most chelating agents inhibited Fe(II)-EDTA catalysis. The inhibition was complete with EDTA, 8-OH-quinoline and Na3P5O10. Citric acid and xanthine showed less effect.Among the sulfur-containing compounds, GSSG and L-methionine, in concentrations ranging from 6 x 10’s M to 6 x 1CT3 M, did not have any effect on Fe(II)-EDTA catalysis. TDPA had no effect at concentrations less than 6 x 10~4 M. At 6 x 10'3 M, it significantly accelerated the catalysis at pH 6.2 but not at 5.6, 7.0 or 7.8 (Table 2). A short lag period was found before catalysis began at pH 5.6.
Ascorbic acid and thiols in the concentration range from 6 x 10"5 M to 6 x 10’3 M accelerated Fe(II)-EDTA catalysis over the entire pH range investigated. Ascorbic acid has long been recognized as an inorganic iron activator, but the thiols seem not to have been compared in such systems. Data are shown in Table 3 for the reducing agents at a concentration of 6 x 1 O’4 M. Reduced glutathione accelerated much less than the other reducing agents.

Effect of additives on MetMb-catalyzed systems
MetMb catalyzed much faster and without a lag period at more alkaline pH. The oxygen uptake at pH 7.8 was approximately 4 times greater than at pH 6.2 (Table 4). However, at pH 7.8, as the oxidation progressed, rate of oxygen up-

RESULTS

Comparative activity of the 2 catalysts
In non-heme iron catalysis, 02 -consumption of 16 recordings from 1 fatty acid preparation ranged from 8.0—11.2 mm Hg p02/min with an average of 9.4 ± 

S.D. 7.5% at pH 5.6. MetMb was also compared under the same conditions, except that the phosphate concentration was 0.1 M. The 02 -consumption of 12 recordings from 1 preparation ranged from 16—19.2 mm Hg p02/min with an average of 17.5 ± S.D. 3.7%. Since the heme iron concentration used is less than one one-hundredth of the non-heme iron, obviously the heme is a much more potent catalyst.The form of the recordings shown in Figure 1 was highly reproducible. A sudden initial drop of 02 tension with the Fe(II)-EDTA catalysis and a lag period before MetMb catalysis began at pH 5.6 were characteristic of the 2 types of catalyst.
Effect of additives on the Fe(II)-EDTA system
Fe(II)-EDTA was active only at acidic pH; no catalysis took place above pH 6.4. The complex neither inhibited nor accelerated linoleate oxidation at neutral or alkaline pH. It has also been pointed out by Wills (1965) that the optimum pH for inorganic iron plus either ascorbic acid or cysteine was at pH 5.5.The effects of various chelating agents

T a b le  3 —E f f e c t  o f  t h io l s  a n d  a s c o r b ic  a c id  o n  l in o le a te  p e r o x id a t io n  

c a t a l y z e d  b y  F e l l l l - E D T A .

R a t e  o f  0 2 u p t a k e  ( m m  H g  p 0 2/ m i n )

5 .6 6.2 7 .0 7 .8

F e ( I I ) - E D T A 9 .6 3 .2 0 0
+  6 X 1 0 ‘4 M  A s c o r b i c  A c id 6 4 . 0 4 0 . 0 2 7 .2 1 6 .0

+  6 x  1 0 ’4 M  L - C y s t e i n e 3 2 . 0 2 5 .6 2 8 .8 2 4 . 0

+  6 X  1 0 “4 M  M e r c e p t o e t h y l -  

a m i n e

2 5 . 0 9 .6 11.2 5 1 . 2

+  6 x  1 0 ’4 M  R e d u c e d  g l u t a 

t h i o n e

1 6 9 .6 3 .2 1.6

T a b le  4 —E f f e c t  o f  t h io l s  a n d  a s c o r b ic  a c id  o n  l in o le a te  p e r o x id a t io n  

c a t a l y z e d  b y  M e tM b .

R a t e  o f  0 2 u p t a k e  ( m m  H g  p 0 2/ m i n )

5 .6 6.2 7 .0 7 .8

6 X 1 0 ’7 M  M e tM b 12.8 11.2 20.8 4 4 . 8

+  6 X ’4 M  A s c o r b i c  A c i d 12.8 11.2 12.8 9 .6

+  6 x  1 0 "4 M  R e d u c e d 8.0 4 . 0 9 .0 5 .6

g l u t a t h i o n e

+  6 x 1 0 "4 M  M e r c e p t o - 6 .4 5 .3 3  6 6 .4

e t h y l a m i n e

+  6 x 1 0 ’4 M  L - C y s t e i n e 8.0 3 .2 6 .4 4 . 8
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T a b l e  5 — E f f e c t  o f  p H  a n d  a d d i t i v e s  o n  l i p i d  o x i d a t i o n  c a t a l y z e d  b y  F e ( l l l - E D T A  v e r s u s  

M e t M b .  ______________________________________________________ ___  __________
A d d i t i v e s  

a n d  c o n d i t i o n s F e ( I I ) - E D T A M e tM b

p H

C h e l a t i n g  a g e n t s  (6 X 1CT4 M )

5 . 6  > 6 . 2  > 7 . 0  =  7 .8 7 .8  >  7 . 0  > 5 . 6  > 6 . 2

E D T A ,  N a 3P 5O i o , S t r o n g N o  e f f e c t

8- O H - Q u i n o l i n e i n h i b i t i o n

C i t r i c  A c i d , S l ig h t N o  e f f e c t

x a n t h i n e i n h i b i t i o n

A s c o r b i c  A c i d  (6 X 1 0 -4 M ) 

S u l f u r - c o n t a i n i n g  c o m p o u n d s  

(6 X 1 0 '4 M )

A c c e l e r a t i o n I n h i b i t i o n

T h i o l s A c c e l e r a t i o n I n h i b i t i o n

G S S G ,  L - m e t h i o n i n e N o  e f f e c t N o  e f f e c t

T D P A  (6 X 1 (T4 M ) N o  e f f e c t N o  e f f e c t

T D P A  (6 x  1 0 '3 M ) A c c e l e r a t i o n A c c e l e r a t i o n

a t  p H  6 . 2 a t  p H  5 . 6 ,  6 . 2 ;  

s l i g h t  

i n h i b i t i o n  

a t  p H  7 . 0 ,  7 .8

take decreased, probably because of the destruction of the hematin catalyst (Tappel, 1953).Most sulfur-containing compounds, except GSSG and L-methionine, inhibited MetMb catalysis (Table 4). The extent of inhibition tended to increase with higher pH. TDPA (6 x 10"4 M) again had no effect on MetMb catalysis, but at the 6 x 10"3 M concentration it accelerated the catalysis at pH 5.6 and 6.2, while slightly inhibiting it at pH 7.0 and 7.8 (Table 2). Chelating agents did not show any effect on MetMb catalysis, except for 8-OH- quinoline, which gave a lag period before MetMb catalysis commenced. The lag period was longer at lower pH than at higher pH.
DISCUSSION

FE(I1)-EDTA complex in 1 to 1 ratio catalyzed linoleate peroxidation at constant rate. Thus, it can be suggested as a non-heme iron model for free radical formation studies in model systems prior to application in foods. It must be remembered that although Fe(II)-EDTA was used as a model to represent nonheme iron catalysis, this particular iron complex obviously does not occur in food systems. Other iron complexes which might be present in meat may react differently to additives.Table 5 summarizes the effect of pH and various additives on the 2 types of catalysts in the model system. Fe(II)- EDTA catalyst was active only at acidic pH, whereas MetMb was more active at alkaline pH. Wills (1965) has also found similar results. Although he indicated that the rate of Hb-catalyzed oxidation was little affected by change in pH over the range 5.5—8.0, the rate of oxidation of

linoleic acid tended to increase as the pH was made more alkaline.Chelating agents inhibited Fe(II)- EDTA catalysis but not MetMb catalysis. The iron in the porphyrin ring was not susceptible to further chelation. The induction period resulting from addition of 8-OH-quinoline to MetMb-catalyzed linoleate peroxidation may be the phenolic type antioxidant reaction. It is suggested that the active hydrogen of 8-OH- quinoline reacted with 1 ROO-radical to give a relatively stable semiquinone radical.Among the sulfur-containing compounds, thiols greatly enhanced the Fe(II)-EDTA catalysis. They may be acting as reducing agents to regenerate the ferrous iron from the ferric form during the catalytic oxidative reaction, as has been suggested for ascorbic acid, or they may act as chelators to render the nonheme iron more active. Bernheim (1964) demonstrated that the metal-cysteine chelate was catalytic, whereas MEA chelate might either sequester the metal or behave as a chain breaker. His experiment was carried on at pH 6.7. This may explain why Fe(II)-EDTA plus MEA was less active than Fe(II)-EDTA plus cysteine or ascorbic acid at that PH value (Table 3). The inhibition of ascorbic acid and thiols on MetMb catalysis was demonstrated. When non-heme iron was absent, they were probably acting as chain breakers.Alkyl sulfides are believed to reduce hydroperoxides to stable, nonradical products (Holdsworth et al., 1964). In this experiment, GSSG, L-methionine and TDPA with either -s- or -s-s- groups showed no effect on either Fe(II)-EDTA or MetMb-catalyzed linoleate peroxida

tion. Rate of peroxide decomposition by these catalysts is presumably much greater than peroxide reduction by alkyl sulfides. From the results summarized in Table 2, TDPA would seem to have no usefulness in food if either heme or non-heme iron acts as catalyst.
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CATALYSTS OF LIPID PEROXIDATION IN MEATS. 2. Linoleate 
Oxidation Catalyzed by Tissue Homogenates

S U M M A R Y — In  b e e f  t i s s u e  h o m o g e n a te ,  b o t h  t y p e s  o f  c a ta l y s t s —h e m o p r o t e i n  a n d  n o n - h e m e  
i r o n —a r e  a c t iv e  c a ta ly s t s  o f  l in o le a te  o x id a t io n .  A l t h o u g h  th e  p H - d e p e n d e n t  c a ta l y t i c  p a t t e r n  o f  
b e e f  h o m o g e n a te  w a s  s im i la r  t o  M e tM b  c a ta ly s is ,  t h e  p r e s e n c e  o f  n o n - h e m e  ir o n  c o u l d  b e  i d e n t i f i e d  
b y  a d d in g  a s c o r b a te  o r  8 -O H -q u in o l in e .  A s c o r b a te - s t im u la t e d  o x i d a t i o n  c o u l d  b e  i n h i b i t e d  b y  
c h e la t in g  a g e n ts .  F u r th e r m o r e ,  l o w e r  c o n c e n t r a t io n s  o f  p h o s p h a t e  b u f f e r  r e n d e r e d  th e  n o n - h e m e  
ir o n  m o r e  a c t iv e  a t  a c id ic  p H . L in o l e a t e  o x id a t i o n  w a s  a ls o  c a t a l y z e d  b y  H 2 0 2 - t r e a te d  ( h e m e - fr e e )  

b e e f  h o m o g e n a te s .  O x id a t io n  w a s  a c c e le r a te d  e i t h e r  b y  th io l s  o r  b y  a s c o r b a te .  B o t h  E D T A  a n d  
8 -O H -q u in o l in e  a b o l i s h e d  c a ta ly s is ,  b u t  x a n t h i n e  a n d  c i t r i c  a c id  f u r t h e r  a c c e le r a te d .  A n  a c t iv e  
n o n - h e m e  i r o n  c h e l a te  t h u s  is  in d ic a te d ,  in  s h r im p  t i s s u e  h o m o g e n a te ,  t h e  e v i d e n c e  s u g g e s te d  th a t  
n o n - h e m e  m e ta l  c o m p l e x e s  w e r e  p la y in g  a  d o m i n a n t  r o le  in  c a ta ly s is .  E x c e p t  f o r  th e  a n o m a lo u s  
b e h a v io r  o f  th io l s ,  t h e  e f f e c t  o f  p H  c h a n g e s  a n d  v a r io u s  a d d i t i v e s  w a s  s im i la r  t o  t h a t  in  F e ( i i ) -  
E D T A  m o d e l  s y s te m s .

INTRODUCTION
LINOLEATE peroxidation catalyzed by hemoprotein versus a non-heme iron chelate in a model system was described in the preceding paper. Before extending this study to meats, observations on a semimodel system, utilizing tissue homogenates as catalysts, were considered desirable.Lipid peroxide formation in meats may be affected by differences in the substrate, i.e., the unsaturated fatty acid content of the tissue, as well as by the catalytic system. To overcome this difficulty the catalytic components in tissue can be studied by addition of excess substrate in the form of emulsions of unsaturated fatty acid to tissue homogenates. Furthermore, lipid oxidation in the semimodel system can be followed by use of the oxygen analyzer as in model systems, a much more convenient and time-saving method than those currently used in meats, which involve extraction and analysis of oxidized decomposed products from the lipid.Peroxidation of the endogeneous unsaturated fatty acids in mitochondrial and microsomal fractions can be induced by incubation with a variety of redox agents such as ferrous ion (McKnight et al., 1965), hemoprotein (Tappel, 1955a), ascorbate (Ottolenghi, 1959), GSSG and especially by mixtures of GSH and GSSG (Hunter et al., 1964). Barber (1966) demonstrated that the catalytic role of iron and ascorbic acid was an important nonenzymic mechanism for lipid oxidation in tissue. He also indicated that sufficient iron was present in tissue particulates to bring about such catalysis. Lipid peroxidation could be inhibited by EDTA. Robinson (1965) tried several

P re se n t address: 76-10 31st Avenue, Jack- 
son Heights, New York 11370.

different metals and found only iron was capable of increasing lipid peroxidation with ascorbate or cysteine in microsomal suspension. Both heme or non-heme iron-containing enzymes present in the microsomal fractions could catalyze lipid peroxidation if the iron were made accessible through some change in tertiary structure (Utley et al., 1967).Homogenates of rat liver, spleen, heart and kidney can also actively catalyze peroxide formation in emulsions of linoleic or linolenic acid (Wills, 1966). He pointed out that in the mitochondrial and microsomal fractions, hemoproteins were likely to be more important, since ascorbic acid or thiols inhibited peroxidation. The inhibition increased with increasing pH. On the other hand, ascorbic acid strongly stimulated catalysis by 100,000

O

g supernatant and, presumably, non-heme iron was important in this fraction.In this study, beef muscle homogenate is assumed to contain both heme and non-heme iron components. To differentiate non-heme iron from hemoprotein, Wills (1966) gave the tissue a prior treatment with H202 to destroy all the catalytic functions of hemoprotein and liberate the inorganic iron, so that nonheme iron would be the only catalyst. Shrimp tissue contains no hemoprotein other than cytochromes. Shrimps and H202 treatment beef muscle were, therefore, selected as heme-poor sources to be compared with the heme-rich sources, i.e., beef. Effects of various treatments on these 3 types of catalyzed linoleate peroxidation may, therefore, shed light on the catalytic systems in these foods.
EXPERIMENTAL

EMULSIONS o f linoleic acid were prepared as 
in the preceding paper. Homogenates from beef 
and shrimp were used as the catalysts. Eye of 
the round (Semitendenosus) beef, and shrimp, 
were purchased a t local retail markets.

Beef was trim m ed, ground and mixed 
thoroughly, to obtain a homogeneous product. 
Shrimp was shelled and cleaned before homog
enizing. 50 g o f  ground beef were homogenized 
for 2 min in a Virtis blender with 100 ml 0.25 
M cold sucrose solution, then filtered through 4

F ig. 1 - E f f e c t  o f  8 -O H - q u in o l in e  o n  l in o le a te  p e r o x i d a t i o n  c a t a l y z e d  b y  
M e tM b  o r  b e e f  h o m o g e n a te  a t  p H  5 .6 . L in o l e ic  a c id  7 x 1 0  1 M ;  
M e tM b  6  X 1 0 ~ 1 M ; b e e f  h o m o g e n a te  (1 .2 % ; w /v ) ;  p h o s p h a t e  b u f f e r

0 .1  M ; 8 -O H - q u in o l in e  6  X 1 0  ~4 M . -------------  M e tM b  c a ta l y s i s . ---------------

B e e f  h o m o g e n a te  c a t a l y s i s . ------------------ M e tM b  p l u s  8 -O H -q u in o l in e .

x - x - x - x  B e e f  h o m o g e n a te  p l u s  8 -O H -q u in o l in e .

V o lu m e  3 5  ( 1 9 7 0 ) - J O U R N A L  O F  F O O D  S C IE N C E - 5 9 3
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T a b le  1—E f f e c t  o f  a s c o r b ic  a c id  a n d  th io l s  o n  l i n o le a te  p e r o x id a t io n  

c a t a l y z e d  b y  b e e f  h o m o g e n a te .____________________________________________________

p 0 0 ' >
-*}

 

l-
° u p t a k e  ( m m  H g  p O / m i n )

5 .6 6.2
p H

7 .0 7 .8

H o m o g e n a t e  ( 1 .2 % ;  w / v ) 3 2 . 0 2 8 .8 4 1 , 6 7 2 . 8

+  6 x  1 0 -4 M  A s c o r b i c  A c i d 4 9 . 6 2 4 . 0 8.0 1.6
+  6 X  1 0 —4 M  L - c y s t e i n e 20.8 9 .6 11.2 4 .8

+  6 x  1 0  4 M  M e r c a p t o e t h y l a m i n e 1 9 .2 9 .6 8.0 1.6
+  6 x  1 0 -4 M  R e d u c e d  g l u t a t h i o n e 2 7 . 2 1 6 .0 2 5 . 6 4 0 . 0

T a b le  2 —E f f e c t  o f  p h o s p h a te  c o n c e n t r a t io n s  o n  l in o le a te  p e r o x i 

d a t io n  c a t a l y z e d  b y  h o m o g e n a te  a t  p H  5 .6 .

R a t i o  o f  O 2 u p t a k e  o f  e x p e r i m e n t a l

_________________t o  c o n t r o l _________________

P h o s p h a t e  c o n c e n t r a t i o n

0 .1  M 0 . 0 5  M 0 . 0 1  M h 2 o

C o n t r o l  ( m m  H g  p 0 2/ m i n ) 1 6 1 9 .2 2 7 . 2 2 8 . 8

+  6 X 1 0 “ 4 M  C y s t e i n e 0.8 0.66 1 .0 1 .0

+  6 X 1 0 -4 M  A s c o r b i c  A c i d 3 .8 2 .7 5 1.6 1 .3

+  6 x  1 0 “ 4 M  E D T A 1 .0 1 .0 1 .0 1 .0

+  6 X H T  4 M  C i t r i c  A c i d 1 .0 1 .3 7 1.8 2.0

l a y e r s  o f  c h e e s e  c l o t h .  T h e  f i l t r a t e  w a s  c o l l e c t e d  
a n d  s t o r e d  in  t h e  r e f r i g e r a t o r  n o t  l o n g e r  t h a n  
3 0  m i n .  I t  w a s  b r o u g h t  t o  r o o m  t e m p e r a t u r e  
b e f o r e  u s in g .  S h r i m p  h o m o g e n a t e  w a s  p r e p a r e d  

in  t h e  s a m e  w a y ,  e x c e p t  t h a t  l e s s  t i s s u e  (10 g )  
w a s  u s e d  t o  p r e v e n t  b u b b l e  f o r m a t i o n .

T o  s e p a r a t e  t h e  n o n - h e m e  i r o n ,  b e e f  h o m o g 
e n a t e  w a s  t r e a t e d  d r o p  b y  d r o p  w i t h  3 0 %  H 20 2 
u n t i l  t h e  p i g m e n t  w a s  d e c o l o r i z e d .  T h e  t r e a t e d  
t i s s u e  s h o w e d  n o  a b s o r p t i o n  p e a k s  i n  t h e  r a n g e  
4 0 0 - 7 0 0  m g  w h e n  a n a l y z e d  b y  r e f l e c t a n c e  
s p e c t r o p h o t o m e t r y .  1 m l  ( 1.2 % ; w / v )  o f  t h e  
h o m o g e n a t e  w a s  a d d e d  t o  t h e  l i n o l e i c  a c i d  

e m u l s i o n  a n d  a d d i t i v e s ,  k e e p i n g  t h e  t o t a l  
v o lu m e  a t  2 5  m l .  T h e  c a t a l y t i c  a c t i v i t y  w a s  
a g a in  m e a s u r e d  b y  u s i n g  t h e  o x y g e n  a n a l y z e r  a s  
in  t h e  p r e c e d i n g  p a p e r .

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

RESULTS & DISCUSSION
IT WAS expected that both heme and non-heme iron would contribute to catalysis by beef homogenate. However, the pattern of homogenate catalyzed oxidation over a pH range 5.6—7.8 (Table 1) is similar to that of MetMb catalysis in the model system. It may be that since the Mb in the homogenate is dissolved in the supernatant, it may make better contact than non-heme iron with added substrate. Although the pattern remained the same, the extent of catalysis varied in homogenates in the same muscle from different animals. Variable composition of the meat or different amount of peroxides

produced during preparation of linoleate emulsions could account for this.Addition of 6 x 10~4M chelating agents and -S- or -S-S- compounds to the system produced the same effect as if hemoprotein were the only catalyst present; neither type of additive showed any effect on homogenate-catalyzed linoleate peroxidation over pH 5.6—7.8. As with MetMb catalysis in model systems, thiols and ascorbic acid inhibited the oxidation catalyzed by homogenates at alkaline pH. However, unlike the MetMb model, at pH
5.6, 6 x 10“4 M ascorbic acid greatly accelerated the homogenate catalysis, indicating that non-heme iron components may play a role in tissue homogenates at this pH. Again, 8-OH-quinoline (6 x 10 “4 M) caused an induction period before homogenate catalysis commenced. The induction period was longer than with MetMb catalysis. An example at pH5.6 is given in Figure 1. It is suggested that non-heme iron may also be functioning in beef homogenate.Orr (1967) discussed the effect of ionic strength on the Cu (II) catalytic reaction. An increase in the ionic strength of phosphate buffer from M/2150-M/105 completely prevented the reaction, suggesting that metals can be effectively removed from solution at the higher phosphate concentration. Beef homogenates in the above experiment were tested in 0.1 M phosphate buffer. To find out whether the phosphate concentration would affect the activity of non-heme iron in tissue, 3 different concentrations

of phosphate buffer as well as H20 were compared in fatty acid emulsions at pH5.6, where non-heme iron is most active. The homogenate catalytic rate increases as the phosphate concentration decreases (Table 2). Cysteine slightly inhibited the catalysis at 0.1 and 0.05 M phosphate buffer concentrations, but the inhibitions decreased at lower concentrations. Citric acid, on the other hand, had no effect at 0.1 M but accelerated the homogenate catalysis at lower buffer concentrations, where trace metals are more active. Although citric acid has been used to retard lipid oxidation by complexing with trace metal catalysts, it is quite possible that citrate, like EDTA, can form active (catalyzing) chelates under some conditions. It is not clear why ascorbic acid decreased its catalytic activity on homogenate catalysis in lower concentrations of phosphate buffer, particularly since it was shown in the preceding paper to have a greater effect with increasing concentrations of Fe(II)-EDTA.
Further evidence for the presence of non-heme iron in beef homogenates was obtained by adding chelating agents to ascorbate-stimulated homogenate catalysis at pH 5.6 in both 0.1 and 0.01 M phosphate buffer emulsion (Table 3).Among the chelating agents tested, the best inhibitors with the homogenate catalyst, as with the Fe(II)-EDTA, were EDTA and Na3P5O10. Variable inhibitions were obtained with the other chelating agents tried.As H202 can completely destroy

T a b le  3 —E f f e c t  o f  c h e l a t in g  a g e n ts  o n  l in o le a te  o x id a t i o n  c a t a l y z e d  
b y  a s c o r b a te  a n d  h o m o g e n a te  a t  p H  5 .6 .

R a t i o  o f  0 2 u p t a k e  o f

e x p e r i m e n t a l  t o  c o n t r o l

P h o s p h a t e  c o n c e n t r a t i o n

0 .1  M 0 . 0 1  M
C o n t r o l  ( m m  H g  p 0 2/ m i n ) 1 6 20.8

+  6 X 1 0 -4 M  A s c o r b i c  A c i d  ( I ) 3 .8 1.8
( I ) +  6 X 1 0 ~4 M  E D T A 0 .5 0 .7 7

( I )  +  6 X 1 0 ~4 M  N a 3P s O i 0 0.6 0 . 6 2

( I )  +  6 X 1 0 —4 M  8- O H - Q u i n o l i n e 0.8 1.00
( I )  +  6 x  1 0 -4 M  X a n t h i n e 3 .6 1.00
( I )  +  6 x  1 0 ~4 M  C i t r i c  A c i d 2.0 1 .8 5

T a b le  4 —E f f e c t  o f  a s c o r b ic  a c id ,  r e d u c e d  g l u t a t h i o n e  o r  L - c y s t e i n e  
o n  l in o le a te  p e r o x i d a t i o n  c a t a l y z e d  b y  H 20 -¿ - tre a te d  b e e f  h o m o g e n a te .

R a t e  o f  0 2 u p t a k e  ( m m  H g  p 0 2/ m i n )

5 .6

p H

6.2 7 . 0 7 .8
^ O j - t r e a t e d  b e e f  h o m o g e n a t e 4 . 8 3 .2 2 .4 1.6

( 1 .2% ; w / v )

+  6 x 1 0  4 M  A s c o r b i c  A c i d 6 4 . 0 2 2 . 4 6 . 4 1.6
+  6 x  1 0 “ 4 M  R e d u c e d 11.2 4 . 8 4 . 0 1.6

g l u t a t h i o n e

+  6 X 1 0  4 M  L - c y s t e i n e 6 . 4 4 . 8 8.0 1.6
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T a b l e  5 — E f f e c t  o f  c h e l a t i n g  a g e n t s  o n  l i n o l e a t e  p e r o x i d a t i o n  c a t a 

l y z e d  b y  H 2 O 2 - t r e a t e d  h o m o g e n a t e  w i t h  a s c o r b a t e  o r  c y s t e i n e  a t  p H

5 . 6 .

R a t i o  o f  0 2 u p t a k e

o f  e x p e r i m e n t a l  t o  c o n t r o l

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

0 . 0 5  M 0 . 0 0 5  M

C o n t r o l  ( m m  H g  p 0 2/ m i n ) 4 .8 6 .4

+  6 X 1 0 -4 M  A s c o r b i c  A c i d  ( I ) 5 .7 1 .5

( I )  +  6 x  H T 4 M  E D T A 0 .3 3 0 .2 5

( I )  +  6 X 1 0  4 8- O H - Q u i n o l i n e 0 . 3 3 0 . 3 8

( I )  +  6 X 1 0 -4 M  X a n t h i n e 8.6 3 .7 5

( I )  +  6 x  1 0 ~4 M  C i t r i c  A c i d 8.0 4 . 2 5

+  6 X 1 0 “ 4 M  L - c y s t e i n e  ( I I ) 1.1 1 .5

( I I )  +  6 x  H T 4 M  E D T A 0 .5 0 .2 5

( I I )  +  6 x  1 0  4 M  8- O H - Q u i n o l i n e 0.66 0 .2 5

( I I )  +  6 X 1 0 ~4 M  X a n t h i n e 1.66 1.0
( I I )  +  6 x  1 0 ^4 M  C i t r i c  A c i d 1.66 2.0

T a b l e  6 — E f f e c t  o f  a s c o r b i c  a c i d ,  s u l f u r - c o m p o u n d s  a n d  c h e l a t i n g  

a g e n t s  o n  l i n o l e a t e  p e r o x i d a t i o n  c a t a l y z e d  b y  s h r i m p  h o m o g e n a t e . 1

R a t i o  o f  0 2 u p t a k e  o f  e x p e r i m e n t a l  

t o  c o n t r o l

5 .6

p H

6.2 7 .0 7 .8

C o n t r o l  ( m m  H g  p 0 2/ m i n ) 8.0 6 .4 4 . 8 3 .2

6 X 1 0 “ 4 M  A s c o r b i c  A c i d 2.0 1.2 0 .5 0.6
6 X 1 0 -4 M  L - c y s t e i n e 0.66 0 .4 0 .5 0
6 X 1 0 “ 4 M  R e d u c e d  g l u t a t h i o n e 0.66 0.6 0 .5 0
6 X 1 0 “ 4 M  L - c y s t i n e 0.8 1.0 1.0 1.0
6 X 1 0 -4 M  L - m e t h i o n i n e 1.0 1.0 1.0 1.0
6 X 1 0 “ 4 M  E D T A 0 0 0 0
6 X  1 0 “ 4 M  8- O H - Q u i n o l i n e 0 0 0 0
6 x  1 0 ~4 M 3 N a  P 5O 10 1.0 1.0 1.0 0 .5

6 x  1 0 ” 4 M  C i t r i c  A c i d 1.0 1.0 1.0 1.0
1 L i n o l e a t e  e m u l s i o n  w a s  p r e p a r e d  in  0 . 0 5  M  p h o s p h a t e  b u f f e r .

hemoprotein and liberate all the nonheme iron into the homogenate, H2entreated beef homogenate was prepared to test its non-heme iron catalytic properties. Over a pH range 5.6—7.8, linoleate peroxidation catalyzed by H202-treated homogenate followed a pattern similar to that of the model system Fe(II)-EDTA (Table 4). However, the extent of 02 uptake was less at pH 5.6 and the decrease with pH was not so rapid. Even at pH 7.8, slight catalytic activity still existed. The reducing agents ascorbic acid, GSH and L-cysteine again accelerated at acidic pH but, unlike the Fe(II)- EDTA system, there was almost no effect at pH 7.8. L-cysteine showed a maximum acceleration at pH 7.0 rather than at acidic pH; this hump also occurred in the model system. As expected, the acceleration induced by reducing agents can be abolished by adding EDTA and 8-OH- quinoline.
A comparative study of various chelating agents on linoleate peroxidation catalyzed by ascorbic acid or cysteine and H202-treated homogenate at pH 5.6 is shown in Table 5. Among these chelators, only EDTA and 8-OH-quinoline abolished the acceleration. Xanthine and citric acid further accelerated. It is again indicated that chelating agents can act either as metal complex-activator or metal complex-inactivator, depending on the conditions of the reaction.

Shrimp, considered to have no Mb present, was tested for its non-heme iron catalytic reaction on linoleate peroxidation (Table 6). Shrimp homogenate followed more or less the same pattern as H202-treated beef homogenate catalysis. The chelating agents Na3PsO10, xanthine, citric acid and the -S- or -S-S- group-containing compounds L-cystine and L-methionine did not show any effect on the catalysis. Thiol compounds L-cysteine and GSH and the chelating agents EDTA and 8-OH-quinoline inhibited the catalysis. Again, ascorbic acid accelerated the catalysis at pH 5.6 and 6.2.
In shrimp tissue, non-heme components were playing the dominant role. The complete inhibition by EDTA and8-OH-quinoline and the high acceleration by ascorbate at acidic pH support this. The possible hemoprotein catalyst cytochrome c is present in a very slight amount (approximately 1.0 mg/100 g). In this semimodel system, this concentration was far below the catalytic range. Other metal complexes, such as the copper- containing protein hemocyanin, the 02- transporting protein in some invertebrates, has been considered as an active catalyst (Tappel, 1955b). The fact that, unlike their activity in beef, thiols increased inhibition in shrimp as pH increased and showed no acceleration, may indicate that either different types of

iron-complexes or other metal complexes may be present in shrimp tissue.
REFERENCES

Barber, A.A. 1966. Lipid peroxidation in rat 
tissue homogenates. Interaction of iron and 
ascorbic acid as the norm al catalytic mecha
nism. Lipid 1: 146.

Hunter, F.E .Jr., Scott, A., Weinstein, J.W. and 
Schneider, A. 1964. Effect of phosphate, 
arsenate and other substances on swelling 
and lipid peroxide form ation when m ito
chondria are treated with oxidized and 
reduced glutathione. J. Biol. Chem. 239: 
622.

McKnight, R.C., Hunter, F.E .Jr. and Oehlert, 
W.H. 1965. M itochondrial membrane ghosts 
produced by lipid peroxidation induced by 
ferrous ion. J. Biol. Chem. 240: 3439.

Orr, C.W.M. 1967. Studies on ascorbic acid. I. 
Factors influencing the ascorbate-mediated 
inhibition of catalase. Biochemistry 6: 
2995.

Ottolenghi, A. 1959. Interaction of ascorbic 
acid and m itochondria lipids. Arch. Bio- 
chem. Biophys. 79: 355.

Robinson, J.D. 1965. Structural changes in 
microsomal suspensions. III. Form ation of 
lipid peroxides. Arch. Biochem. Biophys. 
112: 170.

Tappel, A.L. 1955a. Unsaturated lipid oxida
tion catalyzed by hem atin compounds. J. 
Biol. Chem. 217: 721.

Tappel, A.L. 1955b. Catalysis of linoleate oxi
dation by copper-protein. J. Amer. Oil 
Chemists’ Soc. 32: 252.

Utley, H.G., Bernheim, F. and Hochstein, P. 
1967. Effect of sulfhydryl reagents on per
oxidation in microsomes. Arch. Biochem. 
Biophys. 118: 29.

Wills, E.D. 1966. Mechanisms of lipid peroxide 
form ation in animal tissues. Biochem. J. 99: 
667.

Ms. received 8/30/68; revised 2 /10/69; accepted 
1/8/70.

This investigation was supported m part oy 
Public Health Service Research Grant No. UI 
00105-09 from the National Center for Urban 
and Industrial Health.



HSIAO-PING LIU ' and B E T T Y  M. W ATTS
D epartm en t o f  F o o d  a n d  N utrition , Florida S ta te  U niversity, Tallahassee, Florida

CATALYSTS OF LIPID PEROXIDATION IN MEATS. 3. Catalysts of Oxidative Rancidity in Meats

S U M M A R Y —D a ta  p r e s e n t e d  in  th is  p a p e r  c a n  b e  i n t e r p r e t e d  a s  e v i d e n c e  th a t  b o t h  h e m e  a n d  
n o n - h e m e  i r o n  a r e  f u n c t i o n i n g  a s  c a ta ly s t s  o f  l i p i d  o x i d a t i o n  in  m e a t .  T h e  m o s t  d i r e c t  e v id e n c e  
c o m e s  f r o m  c o o k e d  m e a t ,  s in c e  th e r e  t h e  p i c t u r e  is  n o t  c o m p l i c a t e d  b y  in t e r f e r in g  e n z y m e s .  A f t e r  
r e m o v a l  o f  M e tM b  b y  t r e a t in g  w i th  H 2O 2, a  s ig n i f i c a n t  l i p id  o x i d a t i o n  w a s  d e m o n s t r a t e d ,  e s p e 

c ia l ly  a t  lo w e r  p H  w h e r e  n o n - h e m e  ir o n  is m o s t  a c t iv e .  T h e  c a ta ly t i c  a c t i v i t y  o f  h e m o p r o t e i n  is  
l i m i t e d  in  r a w  m e a t .  O x y g e n  c a n  b e  r e m o v e d  f r o m  t h e  t is s u e s  a n d  M e tM b  r e d u c e d  b a c k  t o  M b  b y  
t h e  r e d u c in g  e n z y m e s .  T h is  is  e s p e c ia l ly  t r u e  a t  h ig h e r  p H .  P o s s ib le  l i m i ta t i o n s  o f  t h e  h e m e - c a ta -  
l y z e d  r e a c t io n s  in  m e a t  b y  h ig h  ( i n h i b i t io n )  le v e ls  o f  m y o g l o b i n ,  o r  b e c a u s e  o f  s e p a r a t io n  o f  
r e a c ta n ts  in  c e l lu la r  s t r u c tu r e s ,  a r e  d is c u s s e d .  T h e  e f f e c t s  o f  a d d i t i v e s  w e r e  in  l in e  w i th  t h e  i n te r p r e 

t a t i o n  t h a t  l i p id  o x id a t i o n  is  c a t a l y z e d  b y  b o t h  n o n - h e m e  a n d  h e m o p r o t e i n .  In  r a w  m e a t ,  l ip id  
o x i d a t i o n  c o u l d  b e  s l i g h t l y  a c c e le r a te d  b y  a d d in g  T D P A  o r  c y s t e i n e  b u t  i n h i b i t e d  b y  a d d in g  
a s c o r b ic  a c i d  o r  E D T A .  I t  is  c o n s id e r e d  t h a t  E D T A  i n h i b i t e d  t h e  n o n - h e m e  ir o n  c a ta ly s is  a t  t h e  
n a tu r a l  a c id ic  p H ,  w h e r e a s  a s c o r b ic  a c id  p r e v e n t e d  M b  o x i d a t i o n  a n d  th u s  i n d i r e c t l y  r e ta r d e d  th e  

r a n c id i ty  d e v e lo p e d .

INTRODUCTION

OXIDATIVE deterioration of the lipids in meat has been ascribed largely to catalysis by hematin compounds (Watts, 1961; Tappel, 1962). Added or contaminating metals have been shown to be pro-oxidants. For example, Moskovits and Kielsmeier (1960) demonstrated that the contaminating iron in sausage exerted a powerful pro-oxidant activity. Mac Lean and Castell (1964) found that trace amounts of iron or copper ion added to 
whole or blended cod fillets produced a serious off-odor ranging from “seaweedy” to that of strongly rancid fish oil. However, this published work does not assess the catalytic activity of the metal originally present in meat or fish.Several observations in the literature on the effect of pH and various additives could be interpreted as evidence for non-heme iron catalysis in meats. Keskinel et al. (1964) found an inverse relationship between the pH of meat samples and the TBA number which would be expected if non-heme iron is playing a significant role. On the other hand, this effect of pH could result from increased effect of reducing enzymes in raw tissues at higher pH (Stewart et al., 1965b).Phenolic antioxidants would, of course, be expected to delay rancidity in meat regardless of whether heme or nonheme iron was the catalyst. Butyl hy- droxyanisole and propyl gallate (Greene,1966) have been demonstrated to protect meat and fish. However, the protective effect of polyphosphates (Tims and Watts, 1958) is difficult to explain if heme is the only catalyst, since these phosphates do not inhibit heme-catalyzed reactions, but presumably act by seques-

* Present address: 76-10 31st Avenue, Jack- 
son Heights, New York 11370.

tering trace metals. The strong prooxidant activity of added cysteine in blended cod muscle (Castell et al., 1966), its enhancement by ascorbic acid and inhibition by EDTA, also suggest nonheme iron catalysts.From the accompanying papers on model systems and homogenates (Liu, 1970a; 1970b), the points of greatest contrast between the 2 types of catalysts were the opposite effects of pH changes, reducing agents and metal chelators. Ascorbic acid accelerated non-heme iron catalysis but inhibited heme iron catalysis. EDTA, on the other hand, showed the highest inhibition of non-heme catalysis among the chelating agents tested, but had no effect on heme catalysis. These observations have now been applied to meat.
EXPERIMENTAL

BEEF ROUND and fresh pork loin were used. 
The meat was trimmed of visible fat, ground 
and mixed thoroughly. 3 ml 0.1% chlorotetra- 
cycline-HCl (CTC) was added to every 100 g 
meat to prevent spoilage by bacteria during 
storage (Stewart et al., 1965b). After addition 
of various test solutions or water to the control, 
an am ount equivalent to 50 g of meat was 
placed in a polyethylene bag and stored in the 
refrigerator at 3°C until analysis.

The extent o f lipid oxidation was deter
mined by  distilling malonaldehyde (MA) from 
the meat sample as described by  Tarladgis e t al. 
(1960). The distillate was then analyzed for MA 
by U.V. spectrophotom etry (Kwon and Watts, 
1963). This is preferable to thiobarbituric acid 
reagent for MA estim ation, since other com
pounds can give colored complexes with TBA. 
Wills (1964) showed that Fe(III) reacted under 
test conditions.

The m eat to be analyzed by reflectance 
spectrophotom etry for MetMb form ation m ust 
be quickly stirred to a uniform  color before 
determ ination. The percentage o f the pigm ent 
present as MetMb was determ ined from the
ratio: mP (Stew art et al., 1965a).

K/S 525 mp

RESULTS & DISCUSSION

EFFECTS of 2 widely different pH values on rancidity in raw beef were compared. The natural pH of the piece of beef round used was 5.5. Half of the meat was adjusted to pH 7.8 by adding 5 N NH4OH. This is far outside the normal range of meat, but the catalytic activity of Mb is high at this pH according to both model and homogenate systems. Ascorbic acid and EDTA were then added to these 2 samples. MA formation was determined over a 5-day storage period.At pH 7.8, neither controls nor treated samples increased in MA during storage (Table 1). All samples were a deep dark- red color. This color did not fade until the last day of the experiment. On the other hand, the control samples held at pH 5.5 showed increasingly high rancidity over the storage period. Either ascorbic acid or EDTA added separately inhibited MA formation. Protection was increased when both of them were added together to the meat. As for the pigment, the sample to which ascorbic acid was added maintained a bright-red color until the fifth day of storage. Ascorbic acid plus EDTA also gave this desirable appearance.

T a b le  1—E f f e c t  o f  a s c o r b ic  a c id  a n d  E D T A  o n  M A  fo r m a t io n .

mg M A /1000 g m eat
pH 5.5 pH 7.8

1
Days

3 5 1
Days

3 5
Control 8.8 10.2 13.6 1.1 1.1 0.8
4 x  10‘4 moles 

Ascorbate
4.5 5.5 7.5 0.8 0.6 0.6

2.5 X 10 '4 moles 
EDTA

4.5 4.3 4.9 1.0 0.8 1.2

4 x  1 O’4 moles
Ascorbate + 2.5 X lO ^m oles 
EDTA

3.6 3.7 3.1 1.6 1.9 1.2
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T a b l e  3 — E f f e c t  o f  H  20 2 o n  M A  f o r m a t i o n  i n  c o o k e d  m e a t .

m g  M A /1000 g  m e a t

H 20 2 t r e a t e d  U n t r e a t e d

D a y s p H  5 p H  6 o H  7 p H  5 p H  6 p H  7

1 2 .3 1 .9 1 .7 6.0 7 . 0 6 .7

3 5 .6 4 . 0 3 .3 9 .5 11.2 9 .8

5 7 .2 4 .9 4 .2 1 4 .0 1 4 .0 12.0

T a b l e  2 — E f f e c t  o f  E D T A ,  c y s t e i n e ,  T D P A  

a n d  a s c o r b i c  a c i d  o n  M A  f o r m a t i o n  i n  b e e f  a n d  

p o r k .

m g  M A / 1 0 0 0  g  m e a t

P o r k  ( p H  5 . 6 5 ) B e e f  ( p H  5 . 7 )

D a y s

1 4

D a y s

1 4

C o n t r o l 0.6 1.2 2.0 3 .6

1 x  10‘4 m o l e s  

E D T A

0 .4 0.8 1 .0 1.6

2 .2  x  1 O'4 m o l e s  

T D P A

0.6 1 .4 2.1 4 .6

3 .3  X  1 0 “4 m o l e s  

C y s t e i n e

0 .4 1.2 1 .7 4 .3

8 x  10"5 m o l e s  

A s c o r b i c  A c id
— 1 .3 2 .7

Both EDTA and control samples were pale brown.Superficially, there seems to be a discrepancy between these results and those found in the previous papers. At pH 7.8, according to both model and homogenate systems, hemoprotein was the main catalyst for linoleate peroxidation; but in meat, no oxidation occurred. Other factors in the complex meat system are believed to be responsible for the lack of lipid oxidation. At this high pH, enzymatic reducing systems in meat are very active, utilizing the available oxygen and maintaining Mb in the reduced form, believed to be inactive as a catalyst.At pH 5.5, catalysis by non-heme iron was expected. EDTA inhibited the rancidity, indicating the presence of nonheme iron in meat. The inhibition caused by ascorbic acid is interpreted as an effect on the pigment Mb rather than on the non-heme iron moiety. The effect of ascorbic acid on maintaining a good color in meat has been discussed (Caldwell et al., 1960). Thus, ascorbic acid does not affect the rancidity directly, but indirectly through inhibiting MetMb formation.TDPA has been shown in previous literature to retard peroxide formation in fats and oils, but it did not show any effect on heme or non-heme iron catalysis in either model or homogenate systems. Furthermore, it accelerated both types of catalysis, especially the heme iron catalysis at pH 5.6, at a concentration of 6 x 10"3 M. Cysteine, like ascorbic acid, inhibited heme iron catalysis but accelerated non-heme iron catalysis. When these sulfur compounds were applied to beef and pork (Table 2), they showed no effect on pork but slightly accelerated the rancidity in beef. These 2 pieces of meat had a relatively low rate of MA formation.The accelerations by cysteine and TDPA and the inhibition by EDTA, especially in beef, indicated that at the natural acidic pH of meat, heme and

non-heme iron were both important catalysts. In this experiment, ascorbic acid concentration was only one-fifth that of the last experiment. Again, it inhibited MA formation in beef. With respect to MetMb formation in this piece of beef, ascorbic acid was the only additive which gave a better color to the meat. On the fourth day, the percentage of MetMb formation was zero in the meat sample containing ascorbic acid, while the control contained 15% MetMb. Other additives did not give any pigment protection (15-20% MetMb).In cooked meat, reducing enzymes are completely inactivated by heat and all the heme iron is converted to the ferric form without any chance to reduce back. The ferric heme has always been considered as the active form in catalyzing lipid oxidation. One experiment was set up to determine the oxidative rancidity developed at various pH values in cooked meat before and after H202 treatment to destroy hemes (Table 3).MA values were high and little affected by pH in the untreated cooked meat. In the H202-treated meat, although less MA formed during storage, the amount was still of practical significance, considering that off-odors are easily detectable in meats when MA values exceed 1. As would be expected, with a non-heme iron catalyst, oxidation was greater at lower pH values. It is recognized that in meat, as in the semimodel system, the destruction of hemes increases the non-heme iron present. This is probably one source of non-heme iron in cooked stored meats, where loss of heme pigments and fading of color are frequently observed.Considering the much greater effectiveness of heme compounds as compared to the non-heme iron chelates as catalysts of lipid oxidation, it might seem surprising that non-heme iron could have a significant role in the deterioration of meats. A possible factor in lessening the relative importance of heme as a catalyst in tissue is that when the concentration of heme to that of polyunsaturated fatty acid at any particular site exceeds a fixed ratio, the heme acts as an antioxidant rather than a pro-oxidant (Lewis and Wills, 1963). These workers demonstrated that hemoglobin, hemin, cytochrome c and tissue homogenates inhibit lipid oxidation at high concentrations. Kendrick

and Watts (1968) found increasing acceleration of linoleate oxidation by metmy- oglobin in model systems up to a linoleate to heme molar ratio of about 250 to 1. At this point, a doubling of the heme (or a corresponding decrease in the fatty acids) produces complete inhibition of oxidation.If one makes a rough calculation of polyunsaturated fatty acids and Mb in meats, the ratio would normally fall in the catalytic range. However, the structural relations of cells tend to separate Mb and polysaturated fatty acids. Mb is in solution in the cytoplasm, while the polyunsaturated fatty acids are mainly in membranes and particulates. Under these circumstances, Mb could be inhibiting in localized areas of the cell and out of contact with fatty acids in other areas.The nature of non-heme iron complexes responsible for catalyzing lipid oxidation in meat is not known. Among the non-heme iron components of muscle tissue, transferrin, ferritin and a number of enzymatically active compounds of the respiratory chain in mitochondria have been identified. Other non-heme iron components may also be present. Since variable amounts of reducing agents, i.e., ascorbic acid or cysteine, and chelators, i.e., citric acid, amino acids, etc., are naturally present in meat tissue, the catalytic activity of non-heme iron would be expected to show wide variations in different samples of meat. The catalysis is certainly important from a practical standpoint.
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L i u ,  H s i a o - p i n g .  1 9 7 0 a .  C a t a l y s t s  o f  l i p i d  p e r o x 

i d a t i o n  i n  m e a t s .  1 .  L i n o l e a t e  p e r o x i d a t i o n  

c a t a l y z e d  b y  M e t M b  o r  F e ( I I ) - E D T A .  J .  

F o o d  S c i .  3 5 :  5 9 0 .
L i u ,  H s i a o - p i n g .  1 9 7 0 b .  C a t a l y s t s  o f  l i p id  

p e r o x i d a t i o n  in  m e a t s .  2 .  L i n o l e a t e  o x i d a 

t i o n  c a t a l y z e d  b y  t i s s u e  h o m o g e n a t e s .  J .  

F o o d  S c i .  3 5 :  5 9 3 .
M a c L e a n ,  J .  a n d  C a s t e l l ,  C . H .  1 9 6 4 .  R a n c i d i t y  

in  le a n  f is h  m u s c l e .  I. A  p r o p o s e d  a c c e le r 

a t e d  c o p p e r - c a t a l y z e d  m e t h o d  f o r  e v a lu a t in g  

t h e  t e n d e n c y  o f  f i s h  m u s c l e  t o  b e c o m e  

r a n c i d .  C a n .  F i s h e r ie s  R e s .  B o a r d  J .  2 1 :  

1 3 4 5 .
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F o o d  S c L  3 0 :  4 8 7 .
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l i p o x id a s e  a s  b io c a t a l y s t s .  I n  “ L i p i d s  a n d  

T h e i r  O x i d a t i o n . ”  p .  1 2 2 .  S c h u l t z ,  H . W . ,  

D a y ,  E . A .  a n d  S in n h u b e r ,  R . O . ,  e d s .  T h e  

A V I  P u b l i s h in g  C o . ,  W e s t p o r t ,  C o n n .

T a r la d g i s ,  B . G . ,  W a t t s ,  B . M . ,  Y o u n a t h a n ,  M . T .  

a n d  D u g a n ,  L . R .  J r .  1 9 6 0 .  A  d i s t i l l a t i o n  

m e t h o d  f o r  t h e  q u a n t i t a t i v e  d e t e r m in a t i o n  

o f  m a l o n a l d e h y d e  i n  r a n c i d  f o o d s .  J .  A m e r .  

O i l  C h e m is t s ’ S o c .  3 7 :  4 4 .

T im s ,  M . J .  a n d  W a t t s ,  B . M .  1 9 5 8 .  P r o t e c t i o n  o f  

c o o k e d  m e a t s  w i t h  p h o s p h a t e .  F o o d  T e c h -  

n o l .  1 2 :  2 4 0 .

W a t t s ,  B . M .  1 9 6 1 .  T h e  r o l e  o f  l i p i d  o x i d a t i o n  i n  

le a n  t i s s u e s  i n  f l a v o r  d e t e r i o r a t i o n  o f  m e a t  

a n d  f i s h .  F l a v o r  C h e m .  S y m p . ,  C a m p b e l l  

S o u p  C o m p a n y ,  C a m d e n ,  N . J .

W i l ls ,  E . D .  1 9 6 4 .  T h e  e f f e c t  o f  i n o r g a n i c  i r o n  

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

B io p h y s .  A c t a  8 4 :  4 7 5 .
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FORMATION OF FREE RADICALS IN DRY M ILK PROTEINS

S U M M A R Y — T h e  p o s s i b l e  f o r m a t i o n  o f  f r e e  r a d i c a l s  i n  d r y  m i l k  p r o t e i n s  b y  m e c h a n i c a l  e n e r g y  h a s  

b e e n  s t u d i e d  b y  e l e c t r o n  s p i n  r e s o n a n c e  ( E S R )  s p e c t r o s c o p y .  G r i n d i n g  o f  v a r i o u s  m i l k  p r o t e i n s  

w i t h  m o r t a r  a n d  p e s t l e  f o r  5  m i n  o r  l o n g e r  y i e l d e d  p e r c e p t i b l e  e l e c t r o n  s p i n  r e s o n a n c e  s i g n a l s .  T h e  

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

f r e e  e l e c t r o n  ( 2 . 0 0 ) .  T h e  i n t e n s i t y  o f  t h e  s i g n a l s  w a s  p a r t i c u l a r l y  s t r o n g  f o r  t h e  s u l f h y d r y l -  

c o n t a i n i n g  p r o t e i n s ,  0 - l a c t o g l o b u l i n  a n d  x - c a s e i n ,  a n d  i n c r e a s e d  w i t h  g r i n d i n g  t i m e .  T h e  s i g n a l s  

w e r e  c o n s i d e r a b l y  r e d u c e d  b y  s u b s e q u e n t  h e a t i n g  o f  t h e  d r y  p r o t e i n  a t  f 0 0 P C / 1 0  m i n .  T h e  g r i n d 

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

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

INTRODUCTION
THE FOOD uses of casein and caseinates 
have been limited by the development of 
a flavor defect generally described as 
gluey. Ramshaw and Dunstone (1969) 
recently suggested that the gluey off- 
flavor develops during the early stages of 
the nonenzymic browning reaction be
tween reducing sugar and milk proteins. 
However, their observation that irradia
tion of casein with UV light could also 
induce glueyness suggests that alternative

Fig. 1—F irst derivative ESR spectrum  o f  ground
and unground isoelectric  casein. Field: 3 4 0 0
Gauss (g = 2.00).

pathways may exist involving perhaps 
free radicals. Dunlop and Nicholls (1965) 
have demonstrated the presence of free 
radicals in a number of ultraviolet- 
irradiated proteins, including casein.

Input of mechanical energy into high 
molecular weight substances has been 
shown to result in chemical degradation. 
For example, it has been shown by 
Steurer and Hess (1944) that the dissipa
tion of energy during ball-milling of 
cellulose is sufficient to rupture covalent 
bonds. Assarson et al. (1959) observed

that carbon-carbon and carbon-oxygen 
linkages in sawdust were broken due to 
mechanical degradation, and the forma
tion of free radicals during wood grinding 
and pulp beating has subsequently been 
reported by Kleinert and Morton (1962). 
Urbanski (1967) has shown that free 
radicals are formed by grinding solid 
materials, such as anthracene, acridine, 
cellulose and polyvinyl chloride. The pro
duction of long-lasting, free radicals in 
powdered bone material has been re
ported by Marino and Becker (1968). The 
mechanical breakdown of polystyrene by 
ball-milling has been studied by Eckert et 
al. (1968), who also investigated some of 
the possible reactions of the free radicals 
thus created.

The purpose of this study was to 
investigate the possible development of 
free radicals in dry milk proteins as a 
result of mechanical forces.

F i g .  2 — E f f e c t  o f  g r i n d i n g  t i m e  o n  t h e  i n t e n s i t y  o f  f r e e  r a d i c a l  s i g n a l s  i n  

s o d i u m  c a s e i n a t e .
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F i g .  3 - D e v e l o p m e n t  o f  f r e e  r a d i c a l  i n  g r o u n d ,  

c r y s t a l l i n e  ¡ 3 - l a c t o g l o b u l i n .  F i e l d :  3 4 0 0  G a u s s  

( g  =  2 . 0 0 ) ,  1 0 - m i n  g r i n d i n g .

EXPERIMENTAL
Preparation of samples

W h o l e ,  d r y  s o d i u m  c a s e i n a t e  w a s  p r e p a r e d  
b y  i s o e l e c t r i c  p r e c i p i t a t i o n  o f  c a s e i n  f r o m  s k im -  
m i l k  a t  p H  4 . 6  u s in g  1 N  H C 1 . A f t e r  w a s h i n g  

t w i c e  w i t h  w a t e r ,  t h e  c a s e i n  w a s  d i s s o l v e d  in  
0 .5  N  N a O H ,  k e e p i n g  t h e  p H  b e l o w  8 . 0  a t  a l l  
t i m e s .  T h e  s o d i u m  c a s e i n a t e  s o l u t i o n  w a s  d i a 
l y z e d  in  w a t e r  f o r  2 4  h r  a t  4 ° C .  T h e  d i a l y z e d  
c a s e i n a t e  w a s  f r e e z e  d r i e d  a n d  s t o r e d  a t  - 1 5 ° C .  
a -  a n d  (3 -C a s e in s  w e r e  p r e p a r e d  b y  t h e  m e t h o d  

o f  H i p p  e t  a l .  ( 1 9 5 2 ) ,  a s- c a s e i n  w a s  p r e p a r e d  
f r o m  a - c a s c i n  b y  t h e  m e t h o d  o f  Z i t t l e  a n d  C u s 
t e r  ( 1 9 6 3 )  a n d  K - c a s e in  b y  Z i t t l e ’s  m e t h o d
( 1 9 6 2 ) .  ( 3 - L a c to g lo b u l in  ( N u t r i t i o n a l  B i o c h e m 
ic a l s  C o r p o r a t i o n ,  C l e v e l a n d .  O h i o )  w a s  3  t i m e s  

c r y s t a l l i z e d .  S a m p l e s  o f  c a s e i n / w h e y  p r o t e i n  
c o p r e c i p i t a t e s  ( M u l l e r  e t  a l . ,  1 9 6 7 )  w e r e  s u p 
p l i e d  b y  L . L .  M u l l e r .  C S 1 R O ,  D iv i s io n  o f  D a i r y  
R e s e a r c h ,  M e l b o u r n e ,  A u s t r a l i a ,  a n d  h a d  b e e n  
p r e v i o u s l y  g r o u n d  e i t h e r  t o  a  c o a r s e  g r a n u l a r  
f o r m  o r  t o  t h e  g r a i n  s iz e  o f  t a b l e  s a l t .  T h e s e  
s a m p l e s  w e r e  p a c k e d  u n d e r  v a c u u m  a n d  w e r e  
s t o r e d  f o r  a p p r o x i m a t e l y  9  m o n t h s  a t  5 ° C  p r i o r  
t o  t h i s  i n v e s t i g a t i o n .  A g a r o s e  w a s  o b t a i n e d  
f r o m  M a r in e  C o l l o i d s ,  I n c . ,  R o c k l a n d ,  M a in e .

T e s t  s a m p l e s  w e r e  g r o u n d  m a n u a l l y  b y  
m o r t a r  a n d  p e s t l e  f o r  d i f f e r e n t  t i m e  i n t e r v a l s  
i m m e d i a t e l y  b e f o r e  o b t a i n i n g  t h e  e l e c t r o n  s p in  
r e s o n a n c e  s p e c t r a .  S o m e  d i f f i c u l t y  w a s  e n c o u n 
t e r e d  in  g r i n d i n g  t h e  f r e e z e - d r i e d  c a s e i n s  b u t  
t h i s  p r o b l e m  w a s  o v e r c o m e  b y  p r e s s i n g  t h e  
c a s e i n s  in  a  C a r v e r  L a b o r a t o r y  P r e s s ,  M o d e l  B , 
p r i o r  t o  g r i n d i n g .  A  s m a l l  p o r t i o n  o f  t h e  d r y  
p r o t e i n  w a s  t h e n  f i l l e d  i n t o  q u a r t z  c a p i l l a r i e s  
p a c k e d  t o  a  d e p t h  o f  a p p r o x i m a t e l y  1 .5  in .  b y  
l i g h t  t a p p i n g .  M e a s u r e m e n t s  w e r e  p e r f o r m e d  a t  
r o o m  t e m p e r a t u r e .  T h e  i n s t r u m e n t  u s e d  w a s  a  
M o d e l  K -3  V a r i a n  E P R  s p e c t r o m e t e r  e m p l o y i n g  
100 k c  m a g n e t i c  f i e l d  m o d u l a t i o n .

RESULTS
A SAMPLE of dry isoelectric casein was 
ground vigorously for 10 min; the elec
tron spin resonance (ESR) spectra ob
tained in the field range of 3400 Gauss 
are shown in Figure 1. The spectrum for 
the ground casein contained a character
istic, first derivative signal for organic, 
free radicals which was absent in the 
unground control.

F i g .  4 — D e v e l o p m e n t  o f  f r e e  r a d i c a l  i n  g r o u n d  

a g a r o s e .  F i e l d :  3 3 7 5  G a u s s  ( g  =  2 . 0 1 ) ,  1 0 - m i n  

g r i n d i n g .

The effect of varying the grinding time 
on the magnitude of the free radical 
signal for sodium caseinate is shown in 
Figure 2. The spectra revealed a gradual 
increase in the absorbance when the 
treatment was prolonged. In all cases, 
only a single, somewhat asymmetric 
signal was observed in the spectra, but 
attempts to resolve hyperfine structure 
were unsuccessful. The slow return of the 
recorded spectra to the baseline in this as 
well as in subsequent spectra may possi
bly have been caused by adsorbed oxygen 
which affects line widths (Snipes and 
Keith, 1970).

The development of free radical was 
not limited only to ground casein and 
caseinates, and Figure 3 illustrates the 
effect of grinding crystalline (3-lactoglob- 
ulin. The signal was more intense and 
considerably more asymmetric than those 
recorded for the isoelectric casein and 
sodium caseinate. Only a weak signal was 
observed for the linear carbohydrate 
polymer, agarose, as shown in Figure 4. 
No free radicals resulted from the grind
ing of the amino acids tryptophan, tyro
sine, methionine, cystine and glycine, or 
of glutathione.

A more detailed analysis was made on 
individual proteins of whole caseinate and 
Figure 5 shows the spectra for ground 
a s-, (3- and K-caseins. The free radical 
signals for a s- and |3-casein were weak as 
compared to the powerful signal response 
of K-casein. When ground K-casein was 
heated to 100°C for 10 min the free 
radical signal almost vanished.

The spectra for stored, commercially 
manufactured casein and milk protein 
coprecipitates did not differ appreciably 
from one another. Factory-ground sam
ples which had not been exposed to 
additional grinding at the time of analysis 
still exhibited weak free radical signals 
after 9 months of storage. These signals 
could in all cases be amplified on subse
quent grinding and the resulting spectra 
were of a pattern similar to Figure 1. No 
differences were detected in the spectra 
due to the presence or absence of whey 
protein or calcium or to small variations 
in lactose content.

All whole caseinate samples released a 
gluey odor on grinding and the intensity 
increased with grinding time. This odor

was not observed in ground (3-lactoglobu- 
lin.

DISCUSSION
RESULTS of this study demonstrate that 
paramagnetic properties are induced in 
dry milk proteins by grinding treatments 
and that the intensity increases with 
grinding time. Apparently, the mechani
cal stresses imposed upon the protein in 
this manner were sufficient to cause a 
homolytic breakage of covalent bonds 
which generated free radicals (Ayscough,
1967). Thus, our observations confirm 
earlier findings that macromolecules are 
subject to chemical degradation arising 
from purely mechanical forces (Kleinert 
and Morton, 1962; Bachman and Devries,
1969).

Although no attempt was made to 
identify the free radicals, the spectra 
showed g-values close to 2.00 and similar 
to those reported for some UV-irradiated 
proteins. Dunlop and Nicholls (1965) 
found that irradiation of casein produced

F i g .  5 — R e l a t i v e  i n t e n s i t y  o f  f r e e  r a d i c a l s  i n  

f r a c t i o n s  o f  w h o l e  c a s e i n .  F i e l d :  3 3 8 5  G a u s s  ( g  

= 2.01).
A .  13-casein, 10-min grinding. B .  as-casein, 

10-min grinding. C .  K-casein, 10-min grinding. 
D .  K-casein, 10-min grinding, followed by 
10-min heating at 100°C.
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a spectrum of rather broad line width, for 
which hyperfine structure could not be 
resolved. They could not detect any of 
the distinctive features of cystine degra
dation in casein, such as occurred in 
insulin and egg white, but found that the 
casein spectrum resembled that of irradi
ated gelatin. In the present study it was 
observed that the cysteine-containing pro
te in s, (3-lactoglobulin and K-casein, 
yielded much more intense free radical 
signals than a s- and (3-casein. Therefore, 
it is possible that these sulfur amino acids 
may present centers for the formation of 
macroradicals. Alternatively, the presence 
of sulfur bridges in the protein may result 
in a rather more rigid structure which 
would be increasingly vulnerable to grind
ing, so that radicals may be generated in 
other segments of the amino acid chain. 
The presence of high-polymer structure 
was found to be a prerequisite for this 
reaction, since no effect of grinding was 
observed for any of the individual amino 
acids tested.

The stability of the free radicals 
formed appeared to be temperature 
dependent, since the signals were greatly 
diminished upon heating of the ground 
samples. This observation was in agree
ment with the findings of Backman and 
Devries (1969), who measured the surface 
density of free radicals in several frac
tured polymers and found a very marked 
temperature dependence. Similar findings 
have been made by Kleinert and Morton
(1962) in their study of free radicals in 
ground wood. On the other hand, the free 
radicals exhibited appreciable stability at 
moderately low temperature. For exam
ple, the ESR signals persisted for many 
hours in ground casein held at room 
temperature. Weak signals could also be 
detected in 9-month-old, commercial 
casein stored at approximately 5°C and 
were presumably a lingering effect of the 
grinding treatment used at the time of 
manufacture.

Results of early experiments in Austral
ia by Loftus-Hills and Thiel (1960) showed 
that ball-milling of casein invariably pro
duced a gluey odor which upon pro
longed treatment could become almost 
fecal in character. This observation has 
been confirmed in the present study and 
possibly links the gluey off-flavor devel
opment to free-radical chain reactions. 
Virtually all casein and caseinate products 
have been exposed to some degree of 
abrasion during their manufacture so that 
free radicals would always be expected 
in the final product. The report by Ram- 
shaw and Dunstone (1969) that UV-irra- 
diation of casein could produce elements 
of the off-flavor would be consistent with 
a concept of free radical processes (Dun
lop and Nicholls, 1965). The findings by 
Ramshaw and Dunstone (1969) that the 
development of gluey flavor is accelerated 
by heat may perhaps be explained on the 
grounds that the secondary reactions of 
the free radicals are vastly speeded up by 
increased temperature.

Because of the high reactivity of free 
radicals, attention should be given to 
their role and ultimate fate in dry food 
proteins. Eckert et al. (1968) have 
pointed out that the free radicals will be 
concentrated in the surface of finely 
divided particles; therefore, their number 
will be small compared to the bulk of 
material. Urbanski (1967) has suggested 
that mechanically induced, free radicals 
may be responsible for the caking of 
some powder substances and for the 
explosive nature of dust, particularly 
coaldust. For proteins it seems likely that 
viscosity and solubility properties would 
change markedly as the result of the 
rupture of covalent bonds. However, the 
biological and nutritional effects of these 
free radical reactions remain obscure.
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STEROIDS IN EGG YOLK

S U M M A R Y — T h i s  i n v e s t i g a t i o n  w a s  i n i t i a t e d  t o  s e p a r a t e  t h e  u n s a p o n i f i a b l e  m a t t e r  o f  e g g  y o l k  b y  

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

r a p h y  ( G L C ) .  T h r e e  G L C  l i q u i d  p h a s e s ,  d i f f e r i n g  i n  s e l e c t i v e  p a r t i t i o n  p r o p e r t i e s ,  w e r e  u s e d  t o  a i d  

i n  t h e  i d e n t i f i c a t i o n  o f  u n k n o w n  s t e r o i d s .  A  s e l e c t i v e  m e t h o d  w a s  a l s o  c a r r i e d  o u t  t o  e x t r a c t  t h e  

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

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

d e s m o s t e r o l .  A 7 - c h o l e s t e n o l ,  c h o l e s t a n o l .  A 7 - a n d  A 8 - m e t h o s t e n o l ,  4 a - m e t h y l - A 8 ' 2 4 - c h o l e s t e n o !  

a n d  i t s  A 1- i s o m e r ,  4 , 4 a - d i m e t h y l - A 1 - 2 ^ - c h o l e s t e n o l ,  d i h y d r o l a n o s t e n o l ,  ¡ ¡ - s i t o s t e r o l  a n d  p o s s i b l y  

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

h o r m o n e s  w e r e  n o t  f o u n d  i n  e g g  y o l k .

INTRODUCTION
NUMEROUS RESEARCHERS have re
ported that egg yolk contains a chick- 
growth factor. According to Denton et al.
(1954), the addition of yolk to a chick 
ration brought about a weight gain of 
18% greater than that for chicks at 4 wk 
of age on a basal diet. The growth factor 
in yolk has been reported to be not iden
tical with the fish factor (Arscott, 1956; 
Denton et al., 1954; Menge et al., 1957). 
Although the yolk factor has not been 
chemically identified, Menge et al. (1957) 
demonstrated that it is present in the un
saponifiable matter of an ether extract. 
These researchers also noted that hot but 
not cold saponification destroyed the 
yolk growth factor. In addition to the 
growth-promoting effect, yolk in the diet 
of mice has been shown by Szepsenwol
(1961) to accelerate sexual development. 
Circumstantial evidence from animal 
assays has been forwarded by several re
searchers for the presence of an estro
genic compound(s) in egg yolk (Altmann 
and Hutt, 1938; Marlow and Richert, 
1940; Riboulleau, 1938).

According to Szepsenwol (1959), egg 
yolk in the diet of mice can induce malig
nancies of the lungs and lymphoid tissue. 
Szepsenwol (1964) further reported that 
carcinogens in yolk were lipid in nature, 
one being soluble in alcohol while the 
other was ether-soluble. However, no 
other studies have confirmed these obser
vations. Cholesterol, being present in the 
yolk at very high concentration (Pihl, 
1952), might be considered to have a 
carcinogenic effect. Mice, on a diet con
taining cholesterol, developed a high inci
dence of lung adenocarcinoma (Szepsen
wol, 1966). On the other hand, both 
mammary cancer and lung adenocarci

a P o s t - d o c t o r a I  R e s e a r c h  A s s o c ia t e .  P r e s e n t  

a d d r e s s :  F a c u l t y  o f  F o o d  S c ie n c e ,  U n iv e r s i t y  o f  

T o r o n t o ,  T o r o n t o ,  C a n a d a .

^ P r e s e n t  a d d r e s s :  D e p a r t m e n t  o f  F o o d  S c i 
e n c e ,  U n iv e r s i t y  o f  B r i t i s h  C o l u m b i a ,  V a n 

c o u v e r ,  C a n a d a .

noma were induced by a diet containing 
lard (Szepsenwol, 1966). Oxidation prod
ucts of cholesterol, rather than cholester
ol, were considered by Bischoff (1963) to 
be highly carcinogenic when injected sub
cutaneously into mice and rats.

The yolk growth factor, accelerators 
of sexual development and possible car
cinogens, being soluble in lipid solvents, 
may be steroids. So far, little information 
has been reported on the types of steroids 
in yolk other than cholesterol. Thus this 
study was initiated to separate the un
saponifiable matter of yolk by thin layer 
chromatography (TLC) and attempt to 
identify the steroids by gas liquid chro
matography (GLC).

EXPERIMENTAL
M a t e r i a l s

Y o l k  f r o m  i n f e r t i l e  h e n ’ s e g g s  a b o u t  2  d a y s  
o l d  w a s  p r e p a r e d  b y  a  m e t h o d  s i m i l a r  t o  t h a t  o f  
P o w r i e  e t  a l .  ( 1 9 6 3 ) .

S t e r o i d s  u s e d  a s  r e f e r e n c e  s t a n d a r d s  w e r e  
f r o m  v a r i o u s  s o u r c e s .  A 8 - m e t h o s t e n o l  a n d  
z y m o s t e n o l  w e r e  k i n d l y  p r o v i d e d  b y  D r .  A .  A . 
K a n d u t s c h  a n d  D r .  G .  J .  S c h r o e p f e r ,  J r . ,  r e s p e c 
t i v e l y .  A 7 - m e t h o s t e n o l  w a s  o b t a i n e d  f r o m  D r .
W . W . W e lls .  1 4 a - m e t h y l - 5 a - c h o l e s t - 7 - e n - 3 ( 3 - o I  
w a s  k i n d l y  s u p p l i e d  b y  D r .  J .  C .  K n i g h t .  C h o l e s 
t e r o l ,  c h o l e s t a n e ,  a n d r o s t a n e ,  5 a - c h o l e s t a n e - 3 / 3 -  
o l ,  d e s m o s t e r o l ,  ( 3 - s i t o s t e r o l ,  s t i g m a s t e r o l ,  c h o l -  
e s t a n - 3 - o n e ,  c h o l e s t e r y l  p a l m i t e ,  p r o g e s t e r o n e ,  
e s t r a d i o l ,  e s t r o n e ,  a n d r o s t a n - 1 7 - o n e ,  t e s t o s t e r 
o n e  a n d  a n d r o s t e r o n e  w e r e  o b t a i n e d  f r o m  
A p p l i e d  S c i e n c e  L a b o r a t o r i e s ,  S t a t e  C o l l e g e ,  P a .  
L a n o s t e r o l ,  d i h y d r o l a n o s t e r o l ,  4 - c h o l e s t e n - 3 -  
o n e ,  3 , 5 - c h o l e s t a d i e n - 7 - o n e ,  e r g o s t e r o l ,  5 -  
a n d r o s t e n - 1 7 a - m e t h y l - 3 / 3 ,1 7 / 3 - d i o l ,  c h o l e s t a n e -  
3 ( 3 , 5 a , 6 / 3 - t r i o l ,  5 a - p r e g n a n - 3 , 2 0 - d i o n e ,  a n d  
5 a - p r e g n a n - 2 1 - o l - 3 , 2 0 - d i o n e  w e r e  p u r c h a s e d  

f r o m  S t e r a l o i d s  I n c . ,  P a w l i n g ,  N .Y .  C h o l e s t -
7 -e n -3 (3 -o l  w a s  o b t a i n e d  f r o m  I K A P H A R M ,  
I s r a e l .  S q u a l e n e  w a s  p u r c h a s e d  f r o m  E a s t m a n  
K o d a k ,  R o c h e s t e r ,  N .Y .  N - o c t a c o s a n e  a n d
4 - a n d r o s t e n - 3 , 1 7 - d i o n e  w e r e  o b t a i n e d  f r o m  
A N A L A B S ,  H a m d e n ,  C o n n ,  a - t o c o p h e r o l  a n d  
u b i q u i n o n e - 3 0  w e r e  p u r c h a s e d  f r o m  S I G M A ,  

S t .  L o u i s ,  M o .

Lipid extraction
L i p i d  e x t r a c t i o n  o f  e g g  y o l k  w a s  c a r r i e d  o u t  

b y  a  m e t h o d  s i m i l a r  t o  t h a t  o u t l i n e d  b y  T u  e t  
a l .  ( 1 9 6 7 ) .  A  m i x t u r e  o f  5 0 g  o f  e g g  y o l k  a n d  
5 4 g  o f  w a t e r  w e r e  b l e n d e d  in  a  W a r i n g  B l e n d o r

w i t h  200 m l  o f  m e t h a n o l  a n d  100 m l  o f  c h l o r o 
f o r m  f o r  4  m i n .  A b o u t  1 0 0  m l  o f  c h l o r o f o r m  
w a s  a d d e d  t o  t h i s  m i x t u r e  a n d  b l e n d i n g  w a s  
c o n t i n u e d  f o r  1 m i n ;  t h e r e a f t e r ,  100 m l  o f  d i s 
t i l l e d  w a t e r  w a s  b l e n d e d  i n t o  t h e  m i x t u r e  f o r  
3 0  s e c .  T h e  m i x t u r e  w a s  f i l t e r e d  t h r o u g h  a  N o .  
4 2  W h a t m a n  f i l t e r  p a p e r  in  a  B u c h n e r  f u n n e l  
w i t h  s l i g h t  s u c t i o n .  A f t e r  r i n s i n g  t h e  r e s i d u e  

w i t h  5 0  m l  o f  c h l o r o f o r m ,  t h e  r e s i d u e  w a s  r e -  
e x t r a c t e d  w i t h  3 5 0  m l  o f  c h l o r o f o r m  b y  b l e n d 
in g  t h e  m i x t u r e  f o r  5  m i n .  A f t e r  f i l t r a t i o n ,  t h e  
c o m b i n e d  f i l t r a t e s  w e r e  p l a c e d  in  1000 m l  g r a d 
u a t e d  c y l i n d e r  t o  m e a s u r e  t h e  v o l u m e  o f  t h e  
c h l o r o f o r m  l a y e r  a f t e r  s e p a r a t i o n  o f  t h e  t w o  

p h a s e s .  T h e  a q u e o u s  a l c o h o l i c  u p p e r  l a y e r  w a s  

r e m o v e d  b y  s u c t i o n .

Cold saponification
S o l v e n t  i n  e a c h  l i p i d  e x t r a c t  w a s  e v a p o r a t e d  

u n d e r  r e d u c e d  p r e s s u r e  a s  a  f l a s k  r o t a t e d  in  a  
w a t e r  b a t h  a t  5 0 ° C .  E a c h  l i p i d  r e s i d u e  w a s  
m i x e d  w i t h  1 0 %  K O H  in  e t h a n o l  ( a b o u t  1 9  m l  
K O H  s o l n / g  l i p i d )  a n d  t h e  m i x t u r e  h e l d  u n d e r  
n i t r o g e n  a t  2 5 ° C  f o r  1 4  h r  w i t h  o c c a s i o n a l  s t i r 
r i n g .  W a t e r ,  t w i c e  t h e  v o l u m e  o f  a d d e d  K O H  
s o l u t i o n ,  w a s  a d d e d  t o  t h e  m i x t u r e  a n d  t h e  r e 
s u l t i n g  s o l u t i o n  w a s  e x t r a c t e d  t h r e e  t i m e s  w i t h  
0 .7  v o l u m e  o f  e t h y l  e t h e r .  T h e  c o m b i n e d  e t h e r  
e x t r a c t s  w e r e  w a s h e d  t h r e e  t i m e s  w i t h  0 . 5 N  
K O H  t o  r e m o v e  a n y  r e m a i n i n g  f r e e  f a t t y  a c i d s  
a n d  s e v e r a l  t i m e s  w i t h  w a t e r  t o  n e u t r a l i t y .  T h e  

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

Thin layer chromatography (TLC)
P r e p a r a t i v e  a n d  a n a l y t i c a l  T L C  w a s  c a r r i e d  

o u t  o n  2 0  X  2 0  c m  g la s s  p l a t e s ,  e a c h  c o a t e d  

w i t h  a  0 .5  m m  l a y e r  o f  s i l i c a  g e l  ( A d s o r b o s i l - 2 ,  
A p p l i e d  S c i e n c e  L a b o r a t o r i e s ,  I n c . ) .  A  s l u r r y  
w a s  p r e p a r e d  b y  m i x i n g  1 p a r t  s i l i c a  g e l  p o w d e r  

a n d  1 .5  p a r t s  w a t e r .  R h o d a m i n e  6 G  ( A l l i e d  
C h e m i c a l  C o r p . ,  N e w  Y o r k )  w a s  u s u a l l y  a d d e d  
t o  t h e  w a t e r  t o  m a k e  a  0. 1%  d y e  s o l u t i o n  p r i o r  
t o  s l u r r y  p r e p a r a t i o n .  T h e  i n c l u s i o n  o f  R h o d a 
m i n e  6 G  w a s  h e l p f u l  f o r  v i s u a l i z a t i o n  o f  s p o t s  
o n  d e v e l o p e d  p l a t e s .  T h e  s l u r r y  w a s  a p p l i e d  t o  
t h e  p l a t e s  b y  a  D e s a g a - B r i n k m a n n  a d j u s t a b l e  
a p p l i c a t o r .  E a c h  p l a t e  w a s  a c t i v a t e d  a t  1 1 0 ° C  

f o r  1 h r .  T h e  p r e p a r a t i v e  T L C  p l a t e s  w e r e  s p o t 
t e d  a t  0 .5  c m  i n t e r v a l s  w i t h  a  c h l o r o f o r m  s o l u 
t i o n  o f  u n s a p o n i f i a b l e  m a t t e r  b y  a  H a m i l t o n  
m i c r o s y r i n g e .  E a c h  p l a t e  c o n t a i n e d  a b o u t  1 7  
m g  o f  t h e  u n s a p o n i f i a b l e  f r a c t i o n .  A  s o l v e n t  
s y s t e m  o f  b e n z e n e - e t h y l  a c e t a t e  ( 10: 1 , v / v )  w a s  
u s e d  t o  d e v e l o p  t h e  p l a t e s .  T h e  p l a t e s  w e r e  
d r i e d  a t  2 5 ° C .  S p o t s  o n  t h e  R h o d a m i n e  6 G  
p l a t e s  w e r e  v i s u a l i z e d  w i t h  t h e  a i d  o f  U V  l i g h t  
a s  p i n k - y e l l o w  f l u o r e s c e n t  a r e a s  o r  a s  d a r k  
a r e a s .  S p o t  p o s i t i o n s  o n  d y e - f r e e  T L C  p l a t e s  
w e r e  d e t e r m i n e d  b y  s p r a y i n g  a  n a r r o w  r e g i o n  a t  
t h e  e n d s  w i t h  5 0 %  H 2S O 4 a n d  t h e n  v i s u a l i z i n g  
w i t h  U V  l i g h t .

T h e  d e v e l o p e d  p l a t e s  w e r e  d i v i d e d  i n t o  9  
z o n e s  ( F i g .  1 ) ,  e a c h  e l u t e d  f o r  s u b s e q u e n t  G L C  
a n a l y s e s .  T h e  s i l i c a  g e l  i n  e a c h  z o n e  w a s  s c r a p e d  
i n t o  a  s i n t e r e d - g l a s s  f u n n e l  f o r  e l u t i o n  o f  t h e
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F ig. 1— R h o d a m in e  6  G -s ilic a  g e l  th in  la y e r  
c h r o m a to g r a m  o f  u n s a p o n i f ia b le  m a t t e r  f o r  egg  
y o lk .  S o l v e n t  s y s t e m :  B e n z e n e - e th y l  a c e ta te  
( 1 0 : 1  v / v ). R e fe r e n c e  s ta n d a r d s :  a , s q u a le n e ;  b ,  
c h o le s t e r y l  a c e t a te ;  c . A 3' 5 - c h o le s ta d ie n e -7 -  
o n e ;  d ,  c h o le s ta n e - 3 - o n e ;  e , la n o s te r o l ;  f, 

A 8 - m e t h o s t e n o l  a n d  A 7- m e t h o s t e n o l ;  g , c h o le s 

te r o l ;  h ,  e s t r o n e ;  i, e s t r a d io l ;  j .  c h o le s ta n e -  
3 (3 ,5 a ,6 ( !- tr io l;  k ,  c h o le s t e r y l  p a lm i t a t e ;  / ,  an -  
d r o s ta n e - 1 7 - o n e ;  m ,  A ^ - c h o le s te n e - 3 - o n e ;  n ,  

( ¡ -s ito s te r o l;  o .  A 1 .c h o l s t e n o l ;  p ,  p r o g e s te r o n e ;  

q ,  t e s t o s t e r o n e ;  r, c h o le s ta n e ;  s ,  d ih y d r o la n o s -  

te r o t ;  t ,  d e s m o s t e r o l ;  u , n -o c ta c o s a n e ;  v, u b iq u i 

n o n e ;  w , c h o le s ta n o l ;  x ,  a - to c o p h e r o l ;  y ,  e rg o s -  

te ro l .

u n s a p o n i f i a b l e  c o m p o n e n t s .  T h e  s i l i c a  g e l  w i t h  
R h o d a m i n e  6 G  f r o m  t h e  u p p e r  7  z o n e s  w a s  
e x t r a c t e d  t h r e e  t i m e s  w i t h  1 5  m l  o f  c h l o r o 
f o r m .  T h e  R h o d a m i n e  6 G  r e m a i n e d  o n  t h e  s il
ic a  g e l .  W i th  d y e - f r e e  T L C  p l a t e s ,  t h e  c o m p o 
n e n t s  f r o m  z o n e s  8 a n d  9  w e r e  e l u t e d  f r o m  

s i l i c a  g e l  w i t h  c h l o r o f o r m - m e t h a n o l  ( 1 : 1 , v /v ) .  
A f t e r  e v a p o r a t i o n  o f  t h e  s o l v e n t  u n d e r  r e d u c e d  
p r e s s u r e ,  t h e  r e s i d u e s  f r o m  z o n e  1 t h r o u g h  7  
w e r e  d i s s o l v e d  in  m e t h y l e n e  c h l o r i d e  a n d  t h e  
r e s i d u e s  f r o m  z o n e  8 a n d  9  w e r e  d i s s o l v e d  in  
m e t h y l e n e  c h l o r i d e - m e t h a n o l  ( 9 : 1 ,  v / v )  f o r  

G L C  s t u d i e s .
S i lv e r  n i t r a t e - s i l i c a  g e l  T L C  p l a t e s  w e r e  p r e 

p a r e d  to  s e p a r a t e  c o m p o u n d s  s t r u c t u r a l l y -  
r e l a t e d  t o  c h o l e s t e r o l .  A  s l u r r y  w a s  p r e p a r e d  b y  
m i x i n g  6 0 g  o f  s i l i c a  g e l  p o w d e r  ( A d s o r b o s i l - 2 )  
w i t h  9 0  m l  o f  1 2 .5 %  s i lv e r  n i t r a t e  s o l u t i o n .  T h i s  
a m o u n t  o f  s l u r r y  w a s  s u f f i c i e n t  t o  c o a t  f i v e  20 
X  2 0  c m  c h r o m a t o p l a t e s ,  e a c h  0 .5  m m  t h i c k .  
T h e  c h r o m a t o p l a t e s  w e r e  a l l o w e d  t o  d r y  a t  
2 5 ° C  f o r  m o r e  t h a n  5  h r  in  t h e  d a r k .  E a c h  p l a t e  
w a s  a c t i v a t e d  a t  1 1 0 ° C  f o r  1 h r .  F o r  p r e p a r a t i v e  
T L C ,  t h e  p l a t e s  w e r e  s p o t t e d  a t  0 .5  c m  i n t e r 
v a l s .  A  s o l v e n t  s y s t e m  o f  c h l o r o f o r m - a c e t o n e  
( 9 5 : 5 ,  v / v )  w a s  u s e d  t o  d e v e l o p  t h e  p l a t e s .  T h e  
p l a t e s  w e r e  d r i e d  a t  2 5 ° C ,  a n d  s p r a y e d  w i t h  
5 0 %  H 2S O 4 f o r  v i s u a l i z a t i o n  o f  s p o t s .  S p o t s  
c o u l d  b e  d e t e c t e d  n o n d e s t r u c t i v e l y  b y  l i g h t l y  
s p r a y i n g  e a c h  d r i e d  p l a t e  w i t h  d i s t i l l e d  w a t e r .  
W h e n  t h e  p l a t e  w a s  v i e w e d  a g a i n s t  a  d a r k  b a c k 
g r o u n d ,  t h e  s p o t s  a p p e a r e d  w h i t e  a s  t h e  p l a t e  
d r i e d .

A  m e t h o d  s i m i l a r  t o  t h a t  o f  T r u s w e l l  a n d  
M i t c h e l l  ( 1 9 6 5 )  w a s  u s e d  f o r  s t e r o i d  e x t r a c t i o n .  
A b s o r b e n t  i n  e a c h  z o n e  w a s  s c r a p e d  i n t o  a  15  
m l  c o n i c a l  c e n t r i f u g e  t u b e  a n d  e x t r a c t e d  w i t h  3  
p o r t i o n s  o f  6 m l  5 0 %  e t h a n o l i c  a m m o n i a .  T h e
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F ig. 2 - A g N O - ^  th in  la y e r  c h r o m a to g r a m  o f  
z o n e  7  (F ig . 1) e lu a te  f o r  e g g  y o l k .  7 i  =  e lu a te  

f r o m  u p p e r  h a l f  o f  z o n e  7 ;  7  i i  = e lu a te  f r o m  
l o w e r  h a l f  o f  z o n e  7. S o l v e n t  s y s t e m s :  C h lo r o 

f o r m - a c e to n e  ( 9 5 : 5 ,  v /v ) .  R e f e r e n c e  s ta n d a r d s :  

a , c h o le s ta n o l ;  b .  A 7- c h o le s t e n o l ;  c ,  c h o le s te r o l ;  
d ,  d e s m o s t e r o l ;  e , e r g o s te r o l .

t u b e s  w e r e  c e n t r i f u g e d  a t  a b o u t  1 0 0 0  X  G  a f t e r  
e a c h  e x t r a c t i o n  a n d  t h e  e x t r a c t a n t  w a s  r e 
m o v e d .  T h e  c o m b i n e d  e x t r a c t s  w e r e  d i l u t e d  

w i t h  a n  e q u a l  v o l u m e  o f  w a t e r  a n d  e x t r a c t e d  
t h r e e  t i m e s  w i t h  1 5  m l  r e d i s t i l l e d  n - h e x a n e .  T h e  
c o m b i n e d  h e x a n e  e x t r a c t s  w e r e  w a s h e d  f o u r  

t i m e s  w i t h  2 5  m l  o f  w a t e r  a n d  d r i e d  o v e r  a n h y 
d r o u s  s o d i u m  s u l f a t e .  T h e  s o l v e n t  i n  t h e  e x t r a c t  
w a s  e v a p o r a t e d  u n d e r  r e d u c e d  p r e s s u r e  a n d  t h e  
r e s i d u e  w a s  d i s s o l v e d  in  m e t h y l e n e  c h l o r i d e  f o r  
G L C  a n a ly s i s .

R c  is  d e f i n e d  a s  t h e  r a t i o  o f  d i s t a n c e  o f  t h e  
s a m p l e  s p o t  a n d  d i s t a n c e  o f  t h e  c h o l e s t e r o l  s p o t  

f r o m  t h e  o r i g i n .  C h o l e s t e r o l  w a s  u s e d  a s  a n  
i n t e r n a l  s t a n d a r d  f o r  a l l  p l a t e s .  P r e l i m i n a r y  
i d e n t i f i c a t i o n  o f  y o l k  s t e r o i d s  w a s  c a r r i e d  o u t  
b y  c o m p a r i s o n  o f  R c  v a l u e s  o f  u n k n o w n  s p o t s  
o n  T L C  p l a t e s  w i t h  R c  v a l u e s  o f  a u t h e n t i c  
s t e r o i d s  m e n t i o n e d  u n d e r  M A T E R I A L S  a n d  b y  
s p o t  c o l o r  ( a f t e r  H 2S O 4 s p r a y i n g )  c o m p a r i s o n s .

Gas liquid chromatography (GLC)
G L C  w a s  c a r r i e d  o u t  w i t h  a  B a r b e r - C o l m a n  

M o d e l  1 0  g a s  c h r o m a t o g r a p h  w i t h  h y d r o g e n  
f l a m e  i o n i z a t i o n  d e t e c t o r .  P y r e x  g la s s  c o l u m n s  
( U - s h a p e d ,  6 f t .  l o n g ,  4  m m  I . D . )  w e r e  p a c k e d  
w i t h  1%  S E - 3 0  ( m e t h y l  s i l i c o n e  p o l y m e r ) .  Q F - 1  
( f l u o r i n a t e d  a l k y l  s i l i c o n e  p o l y m e r )  a n d  N G S  
( n e o p e n t y l  g l y c o l  s u c c i n a t e d  p o l y e s t e r )  o n  G a s  
C h r o m  Q , 8 0 / 1 0 0  m e s h .  T h e  f o l l o w i n g  o p e r a t 
i n g  c o n d i t i o n s  w e r e  u s e d :  n i t r o g e n  g a s  f l o w  
r a t e ,  9 5  m l / m i n  f o r  S E - 3 0 ,  1 2 0  m l / m i n  f o r  
Q F - 1  a n d  1 3 0  m l / m i n  f o r  N G S ;  c o l u m n  t e m p e r 
a t u r e ,  2 1 1 ° C ;  d e t e c t o r  t e m p e r a t u r e ,  2 5 5 ° C ;  
f l a s h  e v a p o r a t o r  t e m p e r a t u r e ,  2 8 0 ° C .  S a m p l e s  
o f  1 t o  2 p i  w e r e  i n j e c t e d  i n t o  t h e  c o l u m n  w i t h  
a  1 0  p i  H a m i l t o n  s y r i n g e .

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

u s e d  in  a l l  s a m p l e s  a s  a n  i n t e r n a l  s t a n d a r d .  T h e  
s t e r o i d  n u m b e r  ( S N )  w a s  c a l c u l a t e d  b y  t h e  
m e t h o d  o f  V a n d e n H e u v e l  a n d  H o r n i n g  ( 1 9 6 2 ) .  
I d e n t i f i c a t i o n  o f  c o m p o u n d s  in  g a s  c h r o m a t o 
g r a p h i c  p e a k s  w a s  b a s e d  o n  t h e  c o m p a r i s o n  o f  
R R T  a n d  S N  v a l u e s  o f  u n k n o w n  a n d  a u t h e n t i c  
s t e r o i d s .  A  n o n - s e l e c t i v e  l i q u i d  p h a s e  ( S E - 3 0 )  
w a s  u s e d  t o  o b t a i n  a  r o u g h  e s t i m a t i o n  o f  t h e

Fig. 3 —G a s c h r o m a to g r a m s  o f  e g g  y o l k  u n s a -  
p o n i f i a b l e s  in  z o n e  e lu a te s  f r o m  T L C  p l a t e  (F ig . 

1). O p e r a t in g  c o n d i t i o n s :  6  f t  X  4  m m  I .D .  

c o l u m n  w i th  1% S E - 3 0  o n  G a s -C h r o m  Q , 
8 0 / 1 0 0  m e s h ;  c o l u m n  t e m p e r a tu r e ,  2 1 1 ° C ;  9 5  

m l / m i n  N 2 c a r r ie r  g a s ; h y d r o g e n  f la m e  d e t e c 

to r . S  r e p r e s e n ts  t h e  p e a k  o f  a d d e d  c h o le s ta n e  

as r e fe r e n c e  s ta n d a r d .

n u m b e r  o f  c a r b o n  a t o m s  in  e a c h  p e a k  c o m 
p o u n d .  T w o  s e l e c t i v e  p h a s e s  ( Q F - 1  a n d  N G S )  
w e r e  u s e d  f o r  f u r t h e r  c o n f i r m a t i o n  o f  t h e  s t r u c 
t u r e  o f  e a c h  u n k n o w n .  P u r i f i e d  s t e r o i d s  e m 
p l o y e d  a s  s t a n d a r d s  f o r  i d e n t i f i c a t i o n  a r e  l i s t e d  

u n d e r  M A T E R I A L S .
F o r  t h e  q u a n t i t a t i v e  e s t i m a t i o n  o f  i d e n t i f i e d  

s t e r o i d s  i n  y o l k  b y  g a s  c h r o m a t o g r a p h y ,  p u r i 
f i e d  a u t h e n t i c  s t a n d a r d s  w e r e  u s e d  t o  o b t a i n  
p l o t s  o f  t h e  a r e a  o f  a  p e a k  v s .  s t e r o i d  c o n c e n t r a 
t i o n  w i t h  t h e  e x c e p t i o n  t h a t  A 8 - m e t h o s t e n o l  
a n d  l a n o s t e r o l  w e r e  e m p l o y e d  a s  s u b s t i t u t i v e  
s t a n d a r d s  f o r  d e h y d r o m e t h o s t e n o l  a n d  4 , 4 a -  
d  i m e t h y l - A 7 -2 4- c h o l e s t a d i e n e - 3 0 - o l ,  r e s p e c 
t i v e l y .  T h e  a r e a  u n d e r  t h e  p e a k  w a s  c a l c u l a t e d  
b y  t h e  t r i a n g u l a t i o n  m e t h o d .

Cholesterol determination
T h e  t o t a l  c h o l e s t e r o l  c o n t e n t  o f  e g g  y o l k  

w a s  d e t e r m i n e d  b y  t h e  m e t h o d  o u t l i n e d  b y  T u  
e t  a l .  ( 1 9 6 7 )  e x c e p t  t h a t  0 .5  m l  a l i q u o t  o f  l i p i d  
e x t r a c t  ( t o t a l  v o l u m e  o f  5 2 0  m l )  f r o m  5 0 g  o f  
e g g  y o l k  w a s  u s e d  f o r  s a p o n i f i c a t i o n ,  a n d  1 m l  
a l i q u o t  o f  t h e  p e t r o l e u m  e t h e r  l a y e r  c o n t a i n i n g  
u n s a p o n i f i a b l e s  w a s  t a k e n  f o r  c o l o r  d e v e l o p -  

m e n  t.

Extraction of free esterogenic steroids
A  m e t h o d  s i m i l a r  t o  t h a t  o f  E l e f t h e r i o u  e t  

a l .  ( 1 9 6 6 )  w a s  u s e d  f o r  t h e  e x t r a c t i o n  o f  f r e e  

e s t r o g e n i c  s t e r o i d s .  T h e  l i p i d  r e s i d u e  o b t a i n e d  
f r o m  100g  o f  e g g  y o l k  a s  o u t l i n e d  p r e v i o u s l y  
w a s  d i s s o l v e d  in  1 0 0  m l  o f  t o l u e n e .  T h e  s o l u 
t i o n  w a s  e x t r a c t e d  t h r e e  t i m e s  w i t h  100 m l  o f  
5%. N a O H  s o l u t i o n  t o  e x t r a c t  s t e r o i d s .  T h e  
N a O H  e x t r a c t s  w e r e  p o o l e d  a n d  b a c k w a s h e d
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SE-30

TIME IN MINUTES

F i g .  4 — G a s  c h r o m a t o g r a m s  o f  e g g  y o l k  u n s a p o n i f i a b l e s  i n  z o n e  6  e l u a t e  

f r o m  T L C  p l a t e  ( F i g .  1 ) .  O p e r a t i n g  c o n d i t i o n s :  6  f t  X  4  m m  I . D .  

c o l u m n  w i t h  1 %  S E - 3 0 ,  N G S  o r  Q F - 1  o n  G a s - C h r o m  Q ,  8 0 / 1 0 0  m e s h ;  

c o l u m n  t e m p e r a t u r e ,  2 1 1 ° C ;  9 5  m l / m i n  ( f o r  S E - 3 0 ) ,  1 3 0  m l / m i n  ( f o r  

N G S )  o r  1 2 0  m l / m i n  ( f o r  Q F - 1 )  N 2  c a r r i e r  g a s ;  h y d r o g e n  f l a m e  d e t e c 

t o r .  S t e r o i d  p e a k s :  A ,  c h o l e s t e r o l ;  B ,  A s - m e t h o s t e n o l ;  C , A7- m e t h -  

o s t e n o l ;  D ,  4 a - m e t h y l - A S ' 2 4 - c h o l e s t a d i e n e - 3 ( i - o l ;  E ,  4 a - m e t h y i - A 7' 24- 
c h o l e s t a d i e n e - 3 l j - o l ;  F ,  d i h y d r o l a n o s t e r o l ;  G ,  l a n o s t e r o l ;  H ,  ^ - s i t o s t e r o l ;  

/, 4 , 4 a . - d i m e t h y l - A 2 , 2 ^ - c h o l e s t a d i e n e - 3 - 0 - o l ;  S ,  a d d e d  c h o l e s t a n e  a s  

r e f e r e n c e  s t a n d a r d .

F i g .  5 — G a s  c h r o m a t o g r a m  o f  e g g  y o l k  u n s a p o n i f i a b l e s  i n  z o n e  7 a  a n d  

7 b  e l u a t e s  f r o m  A g N O $  T L C  p l a t e  ( F i g .  2 ) .  O p e r a t i n g  c o n d i t i o n s :  6  f t  

X  4  m m  I . D .  c o l u m n  w i t h  1 %  S E - 3 0 ,  N G S  o r  Q F - 1  o n  G a s  C h r o m  O ,  

8 0 / 1 0 0  m e s h ;  c o l u m n  t e m p e r a t u r e ,  2 1 1 ° C ;  9 5  m l / m i n  ( f o r  S E - 3 0 ) ,  1 3 0  

m l / m i n  ( f o r  N G S )  o r  1 2 0  m l / m i n  ( f o r  Q F - 1 )  /V2 c a r r i e r  g a s ;  h y d r o g e n  

f l a m e  d e t e c t o r .  S t e r o i d  p e a k s :  A ,  c h o l e s t e r o l ;  B ,  c h o l e s t a n o l ;  C ,  

A7- c h o l e s t e n o l ;  D ,  d e s m o s t e r o l ;  E ,  e r g o s t e r o l ;  S ,  a d d e d  c h o l e s t a n e  a s  

r e f e r e n c e  s t a n d a r d .

prior to elution and GLC analysis. Spot 
positions of a variety of reference com
pounds have been included in Fig. 1 for 
aiding in the tentative identification of 
unsaponifiable compounds. The com
pound^) in spot A at the solvent front 
was considered to be a hydrocarbon(s). 
Identical Rc value and purple spot color 
were obtained for spot A and squalene. 
The presence of some brown color in spot 
A suggests the occurrence of other hydro
carbons. Although squalene has been 
identified in biological tissues (Horlick 
and Avigan, 1963; Williams and Pearson, 
1965; Channon, 1926), it has not been 
reported as a constituent of egg yolk. 
Squalene in the diet can be converted to 
cholesterol (Channon, 1926; Langdon 
and Bloch, 1953). Spot B with a red hue 
(dull blue under UV) was presumed ini
tially to be a cholesterol esters which 
were not hydrolyzed during cold saponifi
cation. This spot was not visible in the 
chromatogram with unsaponifiables after 
hot saponification. After comparing the 
mobilities and colorations of spots C 
(light red color on Rhodamine 6  G TLC 
plate) and D with those of reference com
pounds, the major compounds in spots 
were considered to be ubiquinone (spot 
C) and lanosterol and dihydrolanosterol 
(spot D). Pennock et al. (1962) reported 
that egg yolk contained about 116 fig of 
ubiquinone-50. The Rc value and correla
tion of spot E were similar to those for 
A7- and A8 -methostenol. The light red 
tailing from spot E on H2 SO4 -sprayed 
chromatoplate was considered to be (3- 
sitosterol.

With a predominance of cholesterol in 
spot F, any other structurally-related

t h r e e  t i m e s  w i t h  1 0 0  m l  o f  t o l u e n e .  T h e  a q u e 

o u s  p h a s e ,  a d j u s t e d  t o  a b o u t  p H  8 w i t h  6N  
H 2S O 4 s o l u t i o n ,  w a s  e x t r a c t e d  t h r e e  t i m e s  w i t h  
3 0 0  m l  o f  b e n z e n e .  T h e  c o m b i n e d  b e n z e n e  e x 

t r a c t s  w e r e  t a k e n  t o  d r y n e s s  u n d e r  r e d u c e d  
p r e s s u r e  a t  4 0 ° C .  T h e  r e s i d u e  w a s  d i s s o l v e d  in  
m e t h a n o l - c h l o r o f o r m  ( 1 : 4 ,  v / v )  f o r  T L C  u s i n g  a  
s o l v e n t  s y s t e m  o f  e t h y l  a c e t a t e - h e x a n e  ( 1 : 1 , 
v / v ) .  F o r  s p o t  v i s u a l i z a t i o n ,  t h e  d e v e l o p e d  
p l a t e s  w e r e  s p r a y e d  w i t h  5 0 %  H 2S O 4 s o l u t i o n  
a n d  h e a t e d  a t  1 0 0 ° C  f o r  3 0  m i n .  Z o n e s ,  w h e r e  
e s t r o g e n i c  s t e r o i d s  w o u l d  b e  l o c a t e d  i f  p r e s e n t ,  
w e r e  s c r a p e d  f r o m  p r e p a r a t i v e  p l a t e s  i n t o  a  
s i n t e r e d - g l a s s  f u n n e l  a n d  e x t r a c t e d  t h r e e  t i m e s  
w i t h  1 5  m l  o f  c h l o r o f o r m - m e t h a n o l  ( 1 : 1 ,  v /v ) .  
A f t e r  t h e  s o l v e n t  w a s  e v a p o r a t e d  u n d e r  r e d u c e d  
p r e s s u r e ,  t h e  r e s i d u e  w a s  d i s s o l v e d  in  c h l o r o 
f o r m - m e t h a n o l  ( 4 : 1 ,  v / v )  a n d  s u b j e c t e d  t o  G L C  

a n a ly s i s .

Proximate analyses
M o i s t u r e  a n d  l i p i d  c o n t e n t s  w e r e  d e t e r 

m i n e d  b y  t h e  m e t h o d s  o u t l i n e d  b y  T u  e t  a l .
( 1 9 6 7 ) .

RESULTS & DISCUSSION
ACCORDING TO Menge et al. (1957), 
the unidentified growth factor in the un

saponifiable fraction of egg yolk was 
destroyed when a refluxing temperature 
was used for saponification. Unsaponi
fiable matter for this study was therefore 
prepared by cold (25°C) saponification to 
avoid any chemical alterations.

The average aLnount of unsaponifiable 
matter in two samples of liquid egg yolk 
(about 52% moisture and 35% lipid) was 
1.92%. This value is close to that given by 
Pennock et al. (1962) who reported a 
value of 1.62% as unsaponifiable lipid in 
liquid egg yolk. Cholesterol is the major 
component of the yolk’s unsaponifiable 
fraction. In this study the average choles
terol content of two samples was 1404 
mg/lOOg wet yolk. Pihl (1952) reported a 
cholesterol content of 1560 mg/lOOg for 
yolk.

When analytical chromatoplates were 
developed with benzene-ethyl acetate 
( 1 0 : 1 , v/v), the unsaponifiable com
pounds were resolved into 7 distinct spots 
and one tailing spot (spot G) near the 
origin (Fig. 1). Each preparative TLC 
plate was divided into 9 zones (Fig. 1)
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Table 1- G  LC data from  Fig. 4  o f  stero ids in TLC zon e  6  eluate  for egg yolk.

S E - 3 0 N G S Q F - 1 A v e r a g e

R R T a R R T R R T s t e r o i d

S t e r o i d s

P e a k

n o .

E x p e r i 

m e n t a l

p e a k

R e f e r 

e n c e

p e a k

S t e r o i d

n o .

E x p e r i 

m e n t a l

p e a k

R e f e r 

e n c e

p e a k

E x p e r i 

m e n t a l

p e a k

R e f e r 

e n c e

p e a k

c o n t e n t  

(M g /100g  

w e t  e g g  y o l k )

C h o l e s t e r o l A 2.02 2 . 0 3 2 9 .3 7 . 4 8 7 .5 1 3 .0 3 3 . 0 4 -

A 8 - m e t h o s t e n o l B 2 . 5 3 2 . 5 6 3 0 . 0 7 . 8 9 7 . 8 6 3 . 4 4 3 .4 5 s m a l l  q u a n t i t y

A 7 - m e t h o s t e n o l C 2 .7 5 2 .7 5 3 0 .3 9 . 5 5 9 . 5 2 3 .7 8 3 . 8 0 7 1 3

4a - m e t h y l - A 8 ’2 4 - D 2 .8 9 ( 2 . 8 4 b ) 3 0 .5 10.22 ( 1 0 . 3 0 ) 3 . 7 8 ( 3 . 7 5 ) s m a l l  q u a n t i t y

c h o l e s t a d i e n e - 3 0 - o I

4 a - m e t h y l - A 7 ’2 4 - E 3 .0 8 ( 3 . 0 5 ) 3 0 .7 - ( 1 2 . 5 0 ) 4 . 1 2 ( 4 . 1 2 ) s m a l l  q u a n t i t y

c h o i e s  ta d ie n e - 3 / 3 - o l

D i h y d r o l a n o s t e r o l F 3 . 2 2 3 .2 5 3 0 .9 8 .8 1 8.86 " 4 . 4 8 3 6 1

L a n o s t e r o l G 3 . 5 6 3 .5 8 3 1 . 2 1 1 .5 8 1 1 . 6 2 4 . 8 2 4 . 8 5 1 , 5 5 0

( 3 - s i to s te r o l H 3 .5 6 3 .5 8 3 1 . 2 1 2 . 7 0 1 2 . 6 0 4 . 8 2 4 . 8 8 3 , 3 2 6

4 , 4 a - d i m e t h y l - A 7 >2 4 - I 3 .5 6 ( 3 . 5 9 ) 3 1 .2 1 4 .4 2 ( 1 4 . 4 0 ) 5 . 1 3 ( 5 . 0 7 ) 5 2 0

c h o l e s t a d i e n e - 3 ( 3 - o l

a R e t e n t i o n  t i m e  r e l a t i v e  t o  c h o l e s t a n e  =  1 .
b W h e n  a  r e f e r e n c e  c o m p o u n d  w a s  n o t  a v a i l a b l e ,  t h e  r e l a t i v e  r e t e n t i o n  t i m e  in  p a r e n t h e s i s  f o r  t h e  p r o p o s e d  s t r u c t u r e  w a s  c a l c u l a t e d  a s  d e s c r i b e d  i n

t h e  t e x t .

steroids would be completely masked. As 
shown in Figure 1, cholestanol, A7 -cho- 
lestenol, desmosterol and ergosterol have 
chromatographic mobilities similar to 
that of cholesterol. To determine the 
presence of these steroids, the cholesterol 
band on each preparative TLC plate was 
subdivided into two equal sections, 7i and 
7ii. The eluate from each section was 
applied to preparative AgN03-silica gel 
chromatoplates which were subsequently 
developed with a chloroform-acetone 
(95:5, v/v) system. The analytical chro
matogram of 7i and 7ii eluates are pre
sented in Figure 2. In zone 7a of the 
AgN03 TLC plate sprayed with H2 S04, 
two distinct spots were obtained with the 
7ii eluate but spots in the 7i chromato
gram were only slightly visible. These 
spots had typical Rc values and colora
tion of cholestanol (light yellowish 
brown) and A7-cholestenol (light pinkish 
brown). Although brown tailing was 
noted in zone 7b of each of the chromat
ograms, distinct spots especially for the 7i 
eluate were in the desmosterol and ergos
terol locations. The compounds in zones 
7a and 7b on preparative plates were 
eluted for GLC analysis.

The tailing spot G in Figure 1 was 
colored orange on dye-free, unsprayed 
silica gel plates. After H2 S04  spraying, 
the spot became light green within a few 
minutes at about 25°C. Upon heating the 
chromatogram plates at 110°C, the spot 
gradually became brown. Such color 
transformation is typical for carotenoids. 
No visible spots were present in the tail
ing spot on H2 S04 -sprayed, heated chro
matoplates. The compounds in spot H 
apparently have comparatively high polar
ities. Most of the common hormonal 
steroids, if present, would be located in 
zones 8  and 9.

An extraction method similar to that

of Eleftheriou et al. (1966) was used to 
selectively concentrate estrogenic steroids 
from egg yolk. When the extract was 
examined by TLC, extensive tailing (light 
brown) with no distinct spots was noted 
on the H2 S04-sprayed plates. Common 
estrogenic steroids on chromatoplates 
generally turn orange with H2 S0 4  spray
ing and heating at 110°C. Hertelendy et 
al. (1965) were unable to detect estro
genic steroids in hen’s yolk by TLC. In 
our study, eluate from assumed estro
genic steroids zones on preparative TLC 
plates was further subjected to GLC.

Eluates from each of the 9 zones on 
preparative TLC plates (Fig. 1) of egg 
yolk unsaponifiables were subjected to 
GLC with nonseiective SE-30 as the 
liquid phase. The steroid numbers (SN) 
were calculated from the relative reten
tion time (RRT) values with the SE-30 
column to obtain a rough estimation of 
the number of carbon atoms in each peak 
compound and to aid in the identification 
of steroids. Figure 3 shows gas chromato
grams of egg yolk unsaponifiables from 
zones 1, 2, 8 , and 9. Zones 3, 4, and 5 
have not been included since very minor 
peaks were obtained. In the case of zone 
1 eluate, the chromatogram had two 
major peaks, A (SN 24.3) and B (SN
27.3), along with numerous minor peaks. 
Authentic squalene (C30) had the same 
RRT value as peak B compound. The 
presence of squalene in egg yolk was fur
ther confirmed with NGS and QF-1 col
umns. The SN value of 29.4 for the major 
peak A in zone 2 chromatogram was low
er than that of cholesteryl acetate (30.8) 
and apparently could not be cholesterol 
ester. None of the peak compounds in 
zones 3, 4, and 5 was identified. Al
though spot C in the TLC chromatogram 
(Fig. 1) was considered to be possibly 
ubiquinone, this compound could not be

detected under our GLC conditions.
With zone 6  eluate, numerous peaks 

with SN values of 29.3 and above were 
found in the gas chromatogram (Fig. 4). 
The high SN values were indicative of 
cholestane derivatives. Analytical TLC 
(Fig. 1) also indicated that zone 6  consist
ed of methyl-steroids. The results of GLC 
analysis with SE-30 showed that nine 
steroids were possibly involved in zone 6 . 
The RRT and SN values of yolk steroids 
in zone 6  and of reference compounds are 
tabulated in Table 1. The compound in 
peak A had RRT value of 2.02, almost 
identical to that of cholesterol. The peak 
B had a RRT value of 2.53 which is close 
to that for authentic A8 -methostencl. On 
the basis of the RRT value, the compo
nent in peak C was indistinguishable from 
A7 -methostenol. Comparisons of the 
RRT values revealed that 4a-methyl- 
A8 ’2 4 -cholestadiene-3j3-ol and its A7- 
isomer were the components of peak D 
and E, respectively. These two steroids 
were not available in this study and their 
RRT values were derived by the method 
outlined by Clayton et al. (1963). The 
RRT value of 4a-methyl-A8 ,2 4 -choles- 
tadiene-3/3-ol was calculated as 2.84 (RRT 
value of 2.56 for A8-methostenol times a 
retention factor of 1.11 for A2 4 -bond) 
and for the A7 -isomer, the RRT value 
was 3.05 (RRT value of 2.75 for A7- 
methostenol times a retention factor of
1.11). The RRT value of peak F was 
almost identical to that of dihydrolano- 
sterol whereas the large peaks G, H, I 
could be a mixture of lanosterol, j3-sito- 
sterol and 4,4a-dimethyl-A7 ,2 4 -choles- 
tadiene-3|3-ol due to the similar RRT 
values. The RRT value of 4,4a-dimethyl- 
cholestadiene-3|3-ol was derived as the 
product of the RRT value (2.56) for 
A7 >2 4 -cholestadiene-3j3-ol and a retention 
factor (1.406) for 4,4a-dimethyl group.
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T a b l e  2 - C L C  d a t a  f r o m  F i g .  5  o f  s t e r o i d s  i n  A n N Q 3  T L C  z o n e  7 a  a n d  7 b  e l u a t e s  f o r  e g g  y o l k .

S t e r o i d s

P e a k

n o .

S E - 3 0

S t e r o i d

n o .

N G S Q F - 1 A v e r a g e  

s t e r o i d  

c o n t e n t  

G u g /lO O g  

w e t  e g g  y o l k )

R R T a R R T R R T

E x p e r i 

m e n t a l

p e a k

R e f e r 

e n c e

p e a k

E x p e r i 

m e n t a l

p e a k

R e f e r 

e n c e

p e a k

E x p e r i 

m e n t a l

p e a k

R e f e r 

e n c e

p e a k

C h o l e s t e r o l A 2.02 2.00 2 9 . 3 7 . 5 0 7 .5 1 3 .0 1 3 . 0 3 1 , 4 0 4 , 0 0 0
C h o l e s t a n o l B 2 .0 5 2 .0 5 2 9 . 4 7 . 0 7 7 . 0 6 3 .2 8 3 .3 1 4 , 8 7 0
A 7 - c h o l e s t e n o l C 2 .2 9 2 .2 7 2 9 .8 8 . 8 5 8 . 8 5 3 .4 8 3 .4 8 3 , 1 7 0
D e s m o s t e r o l D 2.21 2.21 2 9 . 6 9 . 8 2 9 .8 1 3 .2 8 3 .2 8 7 , 5 7 0
E r g o s t e r o l E 2 . 6 4 2 .5 8 3 0 .1 1 1 . 1 6 1 1 .3 8 3 . 9 4 3 .7 8 3 , 6 7 0

a R e t e n t i o n  t i m e  r e l a t i v e  t o  c h o l e s t a n e  =  1 .

In order to confirm further the pro
posed structures for peak components in 
zone 6 , the zone 6  eluate was subjected 
to GLC with two selective liquid phases, 
NGS and QF-1. As shown in Figure 4, gas 
chromatographic resolution of steroids 
was good when NGS was used. Such a 
pattern was not surprising since NGS has 
a selective retention effect for carbon- 
carbon unsaturation (VandenFleuvel and 
Horning, 1962). The RRT values of peak 
compounds separated on NGS and QF-1 
are also presented in Table 1 along with 
the RRT values for compounds with 
assigned structures. Comparison of the 
RRT values with those standards confirm 
the presence of cholesterol, A8- and 
A7 -methostenol, A7- and A7-isomers of 
dehydromethostenol, dihydrolanosterol, 
lanosterol, 4,4a-dimethyl-A7 , 2  4 -cholesta- 
diene-30-ol, and (3-sitosterol. A compound 
other than 4a-methyl-A8 ,2 4 -cholesta- 
diene-3(3-ol may be present in peak D of 
the NGS chromatogram since peak D for 
SE-30 has a much smaller area.

When the eluate from zone 7 (Fig. 1) 
was examined by GLC, only one large, 
broad-spreading cholesterol peak was 
formed. Obviously, minor steroids would 
have been masked if they were present. 
Thus, the components in 7a and 7b zones 
of AgN03 chromatoplates (Fig. 2) were 
eluted for GLC analyses with all three 
liquid phases. The gas chromatograms are 
presented in Figure 5. The results indicate 
that cholesterol, cholestanol, A7 -choles- 
tenol, demosterol and possibly ergosterol 
(experimental RRT values in NGS and 
QF-1 deviated slightly from those of er
gosterol reference) were found to be 
present in this zone. The RRT values of 
sterol peaks are presented in Table 2 
along with the RRT values for the corre
sponding steroid references. With SE-30 
column, only a few minor chromato
graphic peaks were present for zone- 8  

eluate whereas three major peaks were 
noted in the zone 9 chromatogram (Fig.
3). The SN values, being 25.9 and below 
indicated that if the peak compounds 
were steroids, they would be androgen, 
pregnane and estrane derivatives. No com
mon hormonal steroids were identified in 
these zones with GLC of three phases. In

the case of the preparative TLC plates 
with NaOH extracts of estrogenic steroids 
from egg yolk, the zones where steroids 
would be present were eluted for GLC 
analysis. The chromatogram did not have 
any estrogen peaks.

The quantitative estimation of steroids 
found in zone 6  and 7 was carried out by 
GLC on a NGS column. The steroid con
tents in egg yolk are presented in Tables 1 
and 2. Although cholesterol is by far the 
only major steroid, considerable amounts 
of minor steroids were also present in egg 
yolk.

Some non-hormonal steroids other 
than cholesterol have been found in yolk 
by previous investigators. Cholestanol and 
A7-cholestenol were identified by Naka- 
nishi et al. (1953). A3 ,5 -cholestadiene-7- 
one and ergosterol were found to be con
stituents of yolk by Pennock et al.
(1962). According to Boorman and Fish
er (1966), (3-sitosterol was found in eggs 
from hens given a diet supplemented with 
maize sterols, but eggs from hens not re
ceiving dietary maize sterols contained no 
such sterol. Undoubtedly (3-sitosterol 
found in the yolk used in our study was 
derived from the feed. Ground corn, be
ing part of the diet of hens laying the eggs 
for our study, contains an abundant 
quantity of (3-sitosterol (Kritchevsky and 
Tepper, 1961).

Since yolk has an estrogenic activity 
(Altmann and Hutt, 1938; Riboulleau, 
1938; Marlow and Richert, 1940) and a 
growth-promoting effect (Denton et al., 
1954; Menge et al., 1957), the presence 
of estrogenic steroids would be expected. 
However, our negative results confirm 
those of Hertelendy and Common (1965) 
who were unable to detect estrogenic 
steroids in yolk by TLC. Hertelendy and 
Common (1965) have suggested that es
trogenic activity of yolk may be attribut
ed to unstable estrogens or a number of 
estrogens at concentrations lower than 
detectable amounts.
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RATES OF pH CHANGE AND DISAPPEARANCE OF GLUCOSE 
DURING LOW TEMPERATURE PYROLYSIS

S U M M A R Y — D u r i n g  l o w  t e m p e r a t u r e  p y r o l y s i s  ( u n d e r  2 0 0 ° C I ,  t h e  d i s a p p e a r a n c e  o f  g l u c o s e  a n d  

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

r e a c t i o n s .  S i n c e  c h a n g e  o f  c o n c e n t r a t i o n  o f  g l u c o s e  a n d  c h a n g e  o f  p H  a r e  d i r e c t l y  r e l a t e d  t o  t i m e ,  

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

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

c h a n g e  o f  p H .

INTRODUCTION
THE KINETICS of caramelization of 
invert sugar solutions have been described 
as autocatalytic at neutral pH and 95°C, 
and linear at alkaline pH and room 
temperature (Doss and Ghosh, 1949). 
Ramaiah et al. (1956) suggested the 
possibility that first and second order 
reactions jointly control the development 
of color in basic glucose solutions.

Song et al. (1966) explained kinetic 
data derived from studies on the Maillard 
reaction by proposing a mechanism 
whereby, throughout the induction 
period, major intermediates from glucose 
accumulate to a steady-state concentra
tion. Thereafter, browning becomes a 
linear function of time.

Carbon monoxide, carbon dioxide and 
water evolving from catalyst-free glucose 
pyrolysis were found to be governed by 
first order reactions, independent of tem
perature. A zero order reaction preceded 
the first order reactions in cellulose de
composition (Greenwood, 1967).

Shafizadeh (1968) found that the 
carboxyl content of cotton linters heated 
in oxygen at 170°C increased linearly 
with time, and that during pyrolysis of 
cellulose in nitrogen at 288°C the rate of 
decomposition proceeded exponentially 
after a prolonged period of zero-order 
degradation.

At low pyrolysis temperatures, only 
trace amounts of volatile compounds are 
produced from glucose. The dominant 
reactions are chemical dehydration lead
ing to unsaturation, anhydro-ring forma
tion, and polymerization (Puddington,

a P r e s e n t  a d d r e s s :  I n t e r n a t i o n a l  F l a v o r s  &  

F r a g r a n c e s ,  I n c . ,  U n i o n  B e a c h ,  N e w  J e r s e y  
0 7 7 3 5

1948; Sugisawa and Edo, 1966; Green
wood, 1967).

The production of acids in heated 
carbohydrate solutions is a well-known 
chemical occurrence, and the degree of 
acidity is a measure of the completeness 
of “burn” in the production of caramel 
(Peck, 1955). An acid medium catalyzes 
the formation of furan-like structures 
from glucose in solution (Singh et al., 
1948). The natural acidity of certain 
foods is believed also to catalyze the 
degradation of naturally occurring sugars 
(Reynolds, 1965; Stadtman, 1948).

In this paper, observations on low 
temperature pyrolysis of glucose are 
presented, and a mathematical relation
ship is shown to exist between the change 
of pH and the reduction of concentration 
of glucose.

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

P a i r s  o f  p r e - h e a t e d  ( 1 5 0 ° C )  1 5 0  X  1 6  m m  
t e s t  t u b e s ,  e a c h  c o n t a i n i n g  1 0  m g  f i n e l y  p o w 
d e r e d  a n h y d r o u s  D - g lu c o s e  ( B a k e r  a n a l y z e d  
r e a g e n t ,  d r i e d  f o r  4 8  h r s  o v e r  P 2 0 5 ; h e r e a f t e r  
c a l l e d  g l u c o s e )  a n d  a  t h e r m o m e t e r  w e r e  h e a t e d  
a t  1 8 0  ±  1 ° C  in  a  s i l i c o n e  o i l  b a t h  f o r  1 5 ,  3 0 ,  
6 0 ,  a n d  9 0  m i n .  A f t e r  e a c h  h e a t i n g  p e r i o d ,  t h e  
t e s t  t u b e s  w e r e  i m m e d i a t e l y  f r o z e n  a t  - 1 0 ° C  t o  
a r r e s t  g l u c o s e  d e c o m p o s i t i o n .  U n d e c o m p o s e d  
g l u c o s e  i n  e a c h  t e s t  t u b e  w a s  s i l y l a t e d  b y  t h e  
m e t h o d  o f  S w e e le y  e t  a l .  ( 1 9 6 3 ) ,  a n d  0 .1  g l  
s a m p l e s  o f  t h e  c l e a r  s u p e r n a t a n t  w e r e  g a s  c h r o 
m a t o g r a p h e d .  T h e  p e a k  a r e a s  c o r r e s p o n d i n g  t o  
t h e  s i ly l  e t h e r s  f o r  e a c h  h e a t i n g  i n t e r v a l  w e r e  
m e a s u r e d  a n d  t o t a l e d .  T h e  a v e r a g e  t o t a l  f r o m  
e a c h  p a i r  o f  t e s t  t u b e s  w a s  p l o t t e d  a s  a  d e c i m a l  
f r a c t i o n  o f  u n i t y  ( u n h e a t e d  g l u c o s e ) .  T h i s  f r a c 
t i o n  w a s  t a k e n  a s  t h e  g l u c o s e  c o n c e n t r a t i o n  ( C ) .  

C h a n g e  o f  p H  v e r s u s  t e m p e r a t u r e

P a i r s  o f  p r e - h e a t e d  t e s t  t u b e s  c o n t a i n i n g  1 g  
s a m p l e s  o f  g l u c o s e  w e r e  h e a t e d  f o r  5  m i n ,  a t  
i n c r e m e n t s  o f  1 0  d e g r e e s ,  f r o m  1 0 0 ° C .  A f t e r  
h e a t i n g  a n d  f r e e z i n g ,  2 0  m l  d i s t i l l e d  w a t e r  w a s  
a d d e d  t o  e a c h  t e s t  t u b e ,  t h e  s o l i d s  d i s s o l v e d

w i t h  t h e  a i d  o f  a  V o r t e x  m i x e r ,  a n d  t h e  p H  o f  
e a c h  s o l u t i o n  m e a s u r e d  w i t h  a  L e e d s  &  
N o r t h r u p  M o d e l  7 4 0 1  p H  i n d i c a t o r .  T h e  p H  o f  
a  s i m i l a r ,  u n h e a t e d  s o l u t i o n  ( p H 0 )  w a s  a l s o  
m e a s u r e d .  T h e  a v e r a g e  r e a d i n g  o f  e a c h  p a i r  o f  
t e s t  t u b e s  ( p H t ) w a s  u s e d  t o  p l o t  c h a n g e  o f  p H  
( d p H  =  p H 0 - p H t ) a s  a  f u n c t i o n  o f  t e m p e r a 
t u r e .

C h a n g e  o f  p H  v e r s u s  t i m e

O n e - g r a m  s a m p l e s  o f  g l u c o s e  w e r e  h e a t e d  a s  
p r e v i o u s l y  d e s c r i b e d  a t  1 4 0  ±  1 ° C ,  f o r  1 , 2 ,  3 ,  
a n d  5  m i n ,  a n d  t h e r e a f t e r ,  f o r  i n c r e m e n t s  o f  5  
m i n ,  t o  3 0  m i n u t e s .  T h e s e  w e r e  s u b s e q u e n t l y  
f r o z e n ,  d i s s o l v e d  in  d i s t i l l e d  w a t e r ,  a n d  t h e  p H  
m e a s u r e d .  T h e  a v e r a g e  r e a d i n g  o f  e a c h  o a i r  o f  
t e s t  t u b e s  w a s  p l o t t e d  a s  d p H  v e r s u s  t i m e

RESULTS & DISCUSSION
IN CONTRAST with withdrawals from a 
batch process, the method of separately 
heating small samples of glucose in pre
heated test tubes reduced the possibility 
of a pseudo-induction period due tc slow 
heat transfer (Greenwood, 1967).

F i g .  1 — R e s i d u a l  g l u c o s e  a s  a  f u n c t i o n  o f  h e a t 

i n g  t i m e  a t  1 8 0 ° C .
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Fig- 3 —C h a n g e  o f  p H  (d p H )  a s  a  f u n c t i o n  o f  h e a t in g  t i m e  a t  14C P C  F ig . 2 —C h a n g e  o f  p H  ( d p H )  a s  a  f u n c t i o n  o f  t e m p e r a tu r e ,  f o r  a  h e a t in g  
( d p H  = 6 . 3 5  — p H f ) .  p e r i o d  o f  5  m in  ( d p H  = 6 . 5 5  — p H ( ) .

T h e  d isa p p ea ran c e  o f  g lucose

F ig u re  1 re sem b les  an  e x p o n e n tia l  p lo t 
o f  th e  g en era l fo rm  C t = C 0 e " k t , w h ere , 
in  th is  e x p e r im e n t, C t is th e  c o n c e n tr a 
t io n  o f  g lu co se  a t  t im e  t ;  C 0 is th e  
c o n c e n tra t io n  a t t = 0 , a n d  k  is th e  ra te  
c o n s ta n t. T h e  re la tiv e  c o n s ta n c y  o f  k 
c a lcu la ted  a t d if fe re n t p o in ts  o n  th e  curve 
(T ab le  1) in d ic a te s  th a t  th e  d isa p p ea ran c e  
o f  g lu co se  a b o v e  th e  m e ltin g  p o in t  is 
in d ee d , a n  e x p o n e n tia l  fu n c tio n  o f  t im e . 
T h e  lin ea r e q u a tio n  d esc rib in g  th is  fu n c 
t io n  is w r it te n :

log C 0 -  log  C t = 2 3 q t (1 ) 

C hange o f  pH  v ersus te m p e ra tu re

F ig u re  2 in d ic a te s  th e  im p o r ta n c e  o f  
rig id  te m p e ra tu re  c o n tro l  a t te m p e ra tu re s  
a b o v e  150 °C  since  sm all te m p e ra tu re  
v a ria tio n s  re su lt in  large  p H  d iffe re n c e s  in 
th is  reg io n .

C hange o f  p H  versu s tim e

F ro m  th e  d a ta  o f  th e  d p H  versus 
te m p e ra tu re  e x p e r im e n t, 140 °C  was 
ch o sen  fo r  th is  e x p e r im e n t. F ig u re  3 
illu s tra te s  a ra p id  d ro p  in  p H  (h e n c e  a t t  = 
0 , d p H  =£ 0 ). D u rin g  th e  p e r io d  1—5 m in , 
th e re  w as n o  a p p re c ia b le  ch an g e  in  th e  
level o f  a c id ity . S u b se q u e n tly , th e re  w as a 
c o n s ta n t  r a te  o f  a c id if ic a tio n  d u rin g  th e

T a b le  1—R a t e  c o n s ta n t s  ( k l  f o r  r e s id u a l  c o n 

c e n t r a t io n  o f  g lu c o s e  (C ) v e r s u s  t i m e  (t) .

t (Min.) C k x  10'2 (M in .'1)
7.5 0.83 2.6

15 0.68 2.6
30 0.44 2.8
45 0.28 2.8
60 0.18 2.8
75 0.11 2.9
90 0.072 2.9

p e rio d  5 —2 0  m in , u n t il  f in a lly , a f te r  20  
m in , th e  r a te  o f  p r o d u c tio n  o f  h y d ro g e n  
io n s a d v an ced  to  a h ig h er o rd e r  o f  re a c 
t io n ,  p o ss ib ly  as a re su lt o f  se c o n d a ry  
e ffe c ts  in vo lv ing  d e c o m p o s itio n  p ro d u c ts .

T h e  u p p e r  seg m en t o f  th e  cu rve  (n o t 
sh o w n ) a p p ro a c h e d  a m a x im u m  lim it as 
d p H  in c reased  b e y o n d  2 .0 .

T h e  o b se rv a tio n  th a t  th e  s tra ig h t line  
seg m en t o f  F ig u re  3 d o es  n o t  e x tra p o la te  
to  zero  is s im ila r  to  o b se rv a tio n s  on  
s ta rc h  in  w h ic h  w a te r  o f  h y d ra tio n  a lleg
e d ly  in te r fe re d  w ith  th e  k in e tic s  o f  d eg ra 
d a tio n  (G re e n w o o d , 196 7 ).

S ince b y  d e f in i t io n , pH  = —log C (H + ), 
in  e q u a tio n  (1 ) , in  te rm s  o f  pH , log  C 0 = 
—p H 0 a n d  log C t = — pH t- E q u a tio n  (1 ) 
m ay  th e re fo re  be  w r i t te n :

—d p H  = ~273C)"t +  P (2 )

T h is  m o d ifie d  fo rm  d esc rib e s th e  s tra ig h t 
line  seg m en t o f  F ig u re  3 in  w h ich  p is th e  
in te rc e p t ,  an d  th e  neg ativ e  sign d e n o te s  
d ecreas in g  pH  (in c reas in g  a c id ity ) .

By s u b s ti tu tin g  in  (1 )  th e  e x p ress io n  
fo r  t  deriv ed  fro m  (2 ) ,  th e  fo llo w in g  
e q u a tio n  is o b ta in e d :

log  C0 -  log  C t = - K ( d p H  + p) (3 )

K is th e  ra tio  o f  th e  s lo p e  o f  (1 )  to  th e  
s lo p e  o f  (2 ). W hen C 0 = 1, (3 )  m ay  be 
w ritte n :

log  C  = K (d p H  + p ) (4 )
T h e  p ro v is io n  th a t  K <  0 (T a y lo r , 1 9 60) 
is sa tis f ie d  by  th e  n eg ativ e  s lo p e  o f  (1 ).

E q u a tio n  (4 )  is valid  a t a n y  te m p e ra 
tu re  a t w h ic h  th e re  is l in e a rity  b e tw e e n  
log C a n d  t ,  a n d  d p H  a n d  t .  T h is  e q u a tio n  
sh o u ld  m ak e  it p o ss ib le  to  fo llo w  q u a n ti
ta tiv e ly  th e  c o u rse  o f  g lu co se  co n v ersio n  
d u rin g  p y ro ly s is , b y  pH  m ea su re m e n ts , 
o n c e  k  an d  k ' have b e en  p re d e te rm in e d  
u n d e r  id e n tic a l c o n d itio n s .

E q u a tio n  (4 )  h a s  th e  a d v an tag e  o f  
n o n -d e p e n d e n c e  o n  a b so lu te  m ea su re 

m e n ts  o f  c o n c e n tra t io n , an d  th e  ease  o f 
d e te rm in in g  pH  d iffe re n ce s .

R E F E R E N C E S

D o s s ,  K . S . G .  a n d  G h o s h ,  S . K .  1 9 4 9 .  K i n e t i c s  o f  

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

P r o c .  S u g a r  T e c h n o l .  A s s o c .  I n d ia  1 8 ,  P a r t  I. 
p p .  2 6 — 2 9 .  C h e m .  A b s t r a c t s  4 4 :  5 1 2 7 e  
( 1 9 5 0 ) .

G r e e n w o o d ,  C . T .  1 9 6 7 .  T h e  t h e r m a l  d e g r a d a 

t i o n  o f  s t a r c h .  I n  “ A d v a n c e s  i n  C a r b o h y 
d r a t e  C h e m .  2 2 . ”  e d .  W o l f r o m ,  M . L .  a n d  

T i p s o n ,  R . S .  p p .  4 8 3 — 5 1 5 .  A c a d e m i c  P re s s ,  
N e w  Y o r k .

P e c k ,  F . W .  1 9 5 5 .  C a r a m e l  c o lo r :  i t s  p r o p e r t ie s  

a n d  i t s  u s e s .  F o o d  E n g .  2 7 :  9 4 — 9 9 .

P u d d in g t o n ,  I . E .  1 9 4 8 .  T h e  t h e r m a l  d e g r a d a 

t i o n  o f  s u g a r s .  C a n .  J .  R e s e a r c h  2 6 ( B ) :  
4 1 5 — 4 3 1 .

R a m a ia h ,  N . A . ,  A g a r w a l ,  J . K . P .  a n d  A g a r w a l ,  

S . K . D .  1 9 5 6 .  S p e c t r o p h o t o m e t r i c  in v e s t i g a 

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

s o l u t i o n s :  k i n e t i c s  o f  t h e  p r o d u c t i o n  o f  

c a r a m e l  f r o m  g lu c o s e .  P r o c .  A n n .  C o n v .  

S u g a r  T e c h n o l .  A s s o c .  I n d ia  2 4 ,  P a r t  I. p p .  

6 9 — 8 0 .  C h e m .  A b s t r a c t s  5 3 :  2 0 8 5 4 e
( 1 9 5 9 ) .

R e y n o l d s ,  T . M .  1 9 6 5 .  C h e m i s t r y  o f  n o n -  

e n z y m i c  b r o w n i n g  II . I n  “ A d v a n c e s  i n  F o o d  

R e s e a r c h  1 4 . ”  e d .  C h i c h e s t e r ,  C . O . ,  M r a k ,

E . M .  a n d  S t e w a r t ,  G . F .  p p .  2 2 7 — 2 3 0 .  A c a 

d e m ic  P r e s s ,  N e w  Y o r k .

S h a f i z a d e h ,  F .  1 9 6 8 .  P y r o l y s i s  a n d  c o m b u s t i o n  

o f  c e l l u l o s i c  m a t e r i a l s .  I n  “ A d v a n c e s  in  
C a r b o h y d r a t e  C h e m .  2 3 , ”  e d .  W o l f r o m ,  

M . L .  a n d  T i p s o n ,  R . S .  p p .  4 1 9 — 4 7 4 .  A c a 

d e m ic  P r e s s ,  N e w  Y o r k .
S in g h ,  B . ,  D e a n ,  G . R .  a n d  C a n t o r ,  S . M .  1 9 4 8 .  

T h e  r o le  o f  5 - ( h y d r o x y m e t h y l ) f u r f u r a l  in  

t h e  d i s c o l o r a t i o n  o f  s u g a r  s o l u t i o n s .  J .  A m .  

C h e m .  S o c .  7 0 :  5 1 7 — 5 2 2 .
S o n g ,  P . ,  C h i c h e s t e r ,  C . O .  a n d  S t a d t m a n ,  F . H .

1 9 6 6 .  K i n e t i c  b e h a v i o r  a n d  m e c h a n i s m  o f  
i n h i b i t i o n  in  t h e  M a i l l a r d  r e a c t i o n .  J .  F o o d  

S c i .  3 1 :  9 0 6 — 9 1 3 .

S t a d t m a n ,  E . R .  1 9 4 8 .  N o n e n z y m a t i c  b r o w n in g  

in  f r u i t  p r o d u c t s .  1 9 4 8 .  I n  “ A d v a n c e s  in  

F o o d  R e s e a r c h  1 . ”  e d .  M r a k ,  E . M .  a n d  

S t e w a r t ,  G . F .  p p .  3 5 7 — 3 5 9 .  A c a d e m i c  

P r e s s ,  N e w  Y o r k .

S u g is a w a ,  H .  a n d  E d o ,  H .  1 9 6 6 .  T h e  t h e r m a l  

d e g r a d a t io n  o f  s u g a r s .  J .  F o o d  S c i .  3 1 :  
5 6 1 — 5 6 5 .

S w e e l e y ,  C . C . ,  B e n t l e y ,  R . ,  M a k i t a ,  M .  a n d  

W e l ls ,  W . W .  1 9 6 3 .  G a s - l i q u id  c h r o m a t o g 
r a p h y  o f  t r i m e t h y l s i l y l  d e r iv a t iv e s  o f  s u g a r s  

a n d  r e la t e d  s u b s t a n c e s .  J .  A m .  C h e m .  S o c .  

8 5 :  2 4 9 7 — 2 5 0 7 .
T a y l o r ,  A . E . ,  1 9 6 0 .  “ C a l c u l u s ”  p .  3 1 5 .  P r e n t ic e -  

H a l l ,  E n g l e w o o d  C l i f f s ,  N e w  J e r s e y .

M s .  r e c e iv e d  6 / 1 6 / 6 9 ;  r e v is e d  1 2 / 3 0 / 6 9 ;  a c 

c e p t e d  2 / 2 2 / 7 0 .



A .  C Z E R K A S K Y J

H o r t i c u l t u r a l  R e s e a r c h  S t a t i o n ,  T a t u r a ,  V ic to r ia n  D e p a r t m e n t  o f  A g r i c u l t u r e ,  A u s t r a l i a ,  P o s t c o d e  3 6 1 6

PINK DISCOLORATION IN CANNED WILLIAMS' BON CHRETIEN PEARS

S U M M A R Y —P in k  d i s c o lo r a t io n  in  c a n n e d  W il l ia m s ' B o n  C h r e t ie n  p e a r s  is  a n  o c c a s io n a l  p r o b l e m  to  

t h e  c a n n in g  in d u s t r y  in  t h e  G o u lb u r n  V a l le y ,  V ic to r ia ,  A u s t r a l ia .  D u r in g  1 9 6 3 — 1 9 6 5 ,  t h e  r e la 

t io n s h ip  b e t w e e n  th e  s k i n  b lu s h  o n  fr e s h  f r u i t  a n d  p i n k  d i s c o lo r a t io n  a f t e r  p r o c e s s in g ,  e f f e c t  o f  th e  
le v e l  o f  a p p l i e d  n i t r o g e n o u s  fe r t i l i z e r ,  a n d  t h e  p r o c e s s in g  t i m e  w e r e  s tu d ie d .  T h e r e  is  a  h ig h  p o s i t i v e  
c o r r e la t io n  b e t w e e n  th e  i n t e n s i t y  o f  s k in  b lu s h  o n  th e  fr e s h  f r u i t  a n d  p i n k  d i s c o lo r a t io n  o f  t h e  f r u i t  

a f t e r  p r o c e s s in g .  O n ly  b l u s h e d  f r u i t s  w e r e  p r o n e  to  p i n k  d is c o lo r a t io n  a f t e r  p r o c e s s in g .  B l u s h e d  
f r u i t  f r o m  tr e e s  w h ic h  h a d  h e a v ie r  a p p l ic a t io n  o f  n i t r o g e n  p r o d u c e d  m o r e  in t e n s e  p in k i n g ,  b u t  

s h o r t  o v e r c o o k i n g  s h o w e d  n o  e f f e c t  o n  p in k in g .

INTRODUCTION
T H E  M A IN  P E A R  v a rie ty  u sed  fo r c an 
n in g  in  A u s tra lia  is th e  W illiam s’ B on 
C h re tie n  (W illiam s), k n o w n  as D uchess in 
S o u th  A u s tra lia  a n d  B a r tle tt  in  th e  U .S .A . 
T h e  G o u lb u rn  v a lley  re g io n  o f  V ic to ria , 
w ith  w ell o v er a  m illio n  tre e s , is th e  m ain  
c e n te r  fo r  its  p ro d u c tio n  in  A u stra lia .

T h e  can n e d  p ro d u c t  is n o rm a lly  w h ite  
to  s lig h tly  c ream y . H ow ev er, p ears  g ro w n  
in  th e  G o u lb u rn  V a lley  o ccas io n a lly  
d ev elo p  a p in k  d isc o lo ra tio n  ( “ p in k in g ” ) 
o f  th e  flesh  w h en  c an n e d . A lth o u g h  p in k  
f ru it  re ta in s  a t ru e  flav o r, it is u n d e s ira b le  
c o m m e rc ia lly  b ecau se  o f  i ts  e f fe c t o n  th e  
a p p e a ra n c e  o f  th e  m ain  c o n te n t  o f  th e  
can .

Jo s ly n  (1 9 4 1 ) , Jo s ly n  a n d  P e te rso n
(1 9 5 6 ) ,  C h a n d le r  e t al. (1 9 5 9 ) ,  (u n p u b 
lish ed ), L u h  e t al. (1 9 6 0 ) ,  van  d e r  M erw e
(1 9 6 3 ) ,  a n d  N o r tjé  (1 9 6 4 ) ,  a sso c ia ted  th e  
p in k  d isc o lo ra tio n  in  c a n n e d  B a rtle tt  
p ears w ith  th e  le u c o a n th o c y a n in  c o n te n t  
in  th e  fresh  f ru i t.  T h ese  re se a rc h  w o rk e rs  
in d ic a te d  th a t  a c c u m u la tio n  o f  leu co an - 
th o c y a n in s  in  B a r tle tt  f ru i t  d e p e n d e d  o n  
a c o m p le x  o f  e n v iro n m e n ta l c o n d itio n s , 
a n d  w as h ig h ly  a sso c ia ted  w ith  low  pH , 
h ig h  t i t r a ta b le  a c id ity  a n d  a h ig h  c o n te n t  
o f  so lu b le  so lid s in  th e  fresh  fru it.  T hese  
co lo rless  c o m p o u n d s  tu rn  re d , s im ilar to  
c y an id in  w h en  i t  is h e a te d . E xcessive  
h e a tin g  a n d  d e la y ed  co o lin g  a f te r  c o o k in g  
w ere  c o n s id e re d  to  b e  th e  p ro cess in g  
fa c to rs  a sso c ia ted  w ith  p in k in g  in  can n e d  
pears. T h ese  w o rk e rs  c o n c lu d e d  th a t  o n e  
w ay  to  p re v e n t p in k  c o lo r  d e v e lo p m e n t in  
c an n e d  B a r tle tt  p ea rs , is to  ch eck  fresh  
f ru it fo r  th e se  p ro p e r t ie s  b e fo re  c an n in g ; 
to  rem o v e  f ru i t  w h ic h  is su sce p tib le  to  
p in k in g  fro m  th e  p ro cess in g  lin e ; a n d  to  
w a tc h  th e  c an n in g  o p e ra t io n  c losely . 
H ow ever, a t th e  sam e tim e  it w as fo u n d  
th a t  fru its  d iffe r  in  c o m p o s it io n , n o t  o n ly  
b e tw e e n  tree s  g ro w n  in  d if fe re n t  en v iro n 
m e n ta l c o n d itio n s  (L u h  e t  a l., 1 9 6 0 ), b u t  
a lso  b e tw e e n  tree s  in  th e  sam e o rc h a rd  
(M erw e, 1 9 6 3 )  o r  even  fro m  th e  sam e 
t re e  (N o r t jé ,  1 9 6 4 ). In  a p rev io u s  e x p e ri
m e n t w ith  W illiam s’ p ea rs  (u n p u b lish e d ) , 
th e  a u th o r  fo u n d  th a t  so lu b le  so lid s an d  
t i t r a ta b le  a c id i ty  v a lu es a re  a ffe c te d  b y

level o f  a p p lie d  n i tro g e n o u s  fe rtiliz e r . 
T h u s , la b o ra to ry  te s ts  o n  f ru i t  fo r  so lu b le  
so lid s, t i t r a ta b le  a c id i ty  an d  pH  c o u ld  be  
h e lp fu l in  lo c a tin g  reg io n s o r  o rc h a rd s  
p ro d u c in g  f ru i t  p o te n tia l ly  m o re  su scep 
tib le  to  p in k in g , b u t  w o u ld  be  d if f ic u lt  to  
u se  to  lo c a te  su c h  f ru i t  w ith in  th e  o r 
ch a rd . I t  w o u ld  b e  d es irab le  to  d e fin e  
o th e r  m o re  re a d ily  re co g n iza b le  c h a ra c 
te r is tic s  o f p ea rs  h av ing  a h igh  p in k in g  
p o te n tia l  w h ic h  w o u ld  m ak e  fie ld  id e n ti
f ic a tio n  p ossib le .

In  m o st c ro p s  o f  W illiam s’ p ears, it is 
u su a l to  f in d  a sm all p ro p o r t io n  w ith  a 
sp lash  o f  red  b lu sh e d  sk in , c o n tra s tin g  
sh a rp ly  w ith  th e  d e ep  g reen  g ro u n d  co lo r. 
T h e  re d  b lu sh  is u su a lly  c o n fin e d  to  o n e  
h a lf  o f  th e  f ru i t ,  a n d  o n  f ru i ts  e x p o se d  to  
d ire c t su n lig h t. I t  w as th o u g h t  th a t  th is  
sk in  b lu sh  c o u ld  b e  re la te d  to  su b se q u e n t 
p in k in g  in  th e  can n e d  p r o d u c t—an  a sp e c t 
a p p a re n tly  n o t  c o n s id e re d  b y  p rev io u s 
w o rk e rs . T h is p a p e r  re p o r ts  a series o f  
e x p e r im e n ts  b e tw e e n  196 3  a n d  1965  
w h ic h  in v es tig a te d  th e  a s so c ia tio n  b e 
tw e e n  th e  p re sen c e  an d  se v e rity  o f  sk in  
b lu sh  (u su a lly  o n ly  o n  o n e  s id e ) a n d  th e  
o c c u rre n c e  o f  p in k in g  a f te r  p ro cess in g . 
E ffec ts  o f  d if fe re n t  levels o f  n itro g e n o u s  
fe rti l iz e r  a n d  o f  p ro cess in g  tim e s  o n  f ru it  
in  re la tio n  to  sk in  b lu sh  in te n s i ty  w ere  
a lso  s tu d ied .

MATERIALS & METHODS

Fruit samples
The fruits used for these investigations were 

grown on heavy soil (Goulburn clay loam) 
under irrigation a t the H orticultural Research 
Station, Tatura. F ru it samples were picked 
from randomly selected trees during norm al 
commercial harvest. The fresh fruit was selected 
within size range 6 .4 -7 .0  cm diam eter, and 
classified according to intensity o f the red skin 
blush:
Blush class A = fruit w ithout blush (control)

B = fruit with very light blush 
(trace o f red pigment)

C = fruit with light blush 
D = fruit w ith m edium blush 
E = fruit w ith dense blush 
F = fruit w ith very dense blush

Selected fruit samples were stored at 0°C 
for 7 days, then ripened at 20° ± 1°C and 85% 
± 5% relative hum idity until the same firmness 
range 1.10 ± 0.25 kg was reached (Ballauf 
penetrom eter with 7.9 mm diam eter plunger). 
Treatm ents

Blush-pinking relationship. Blushed fruits 
were cut in half to  separate the unblushed and 
blushed halves, giving two samples per group: 
B l, C l, D l, E l and F I  comprised the un
blushed halves, and B2, C2, D2, E2 and F2 the 
blushed halves. Both halves o f unblushed fruit 
(A) were mixed and canned together.

In 1963, comparisons were lim ited to  B2, 
E l, E2 and A, there being four replications of 
these treatm ents. In the following years the 
relationship of fruit skin blush was coupled 
with o ther factors suspected of contributing to 
pinking.

Nitrogenous fertilizer level. In 1964, fruit 
was sampled from trees under three different 
nitrogenous fertilizer levels to study the effect 
o f nitrogen on the incidence and degree o f pink 
discoloration in the canned product. F ruit 
halves B2, E l,  E2 and A were considered, with

T a b le  1 —C h e m ic a l  c o m p o s i t i o n  o f  f r e s h  a n d  c a n n e d  s a m p l e s — 1 9 6 5

Fresh Fruit
Canned
Sample1

Soluble Solids
%

Titratable Acidity
%

PH

Ripe
Fruit

Canned
Fruit

Ripe
Fruit

Canned
Fruit

Ripe
Fruit

Canned
Fruit

Unblushed (control) A 13.8 19.2 0.34 0.19 4.40 4.36
Light blush Cl 15.1 19.9 0.31 0.19 4.45 4.31

C2 15.3 20.0 0.30 0.18 4.45 4.34
Medium blush D l 15.1 19.8 0.31 0.19 4.40 4.34

D2 15.6 20.2 0.28 0.18 4.45 4.36
Dense blush E l 16.1 20.2 0.26 0.19 4.55 4.31

E2 16.7 20.7 0.24 0.18 4.60 4.34

L.S.D. (P = 0.05) 0.18 N.S. 0.01 N.S. N.S. N.S.
(P = 0.01) 0.25 0.02

1 C l D l E l = Unblushed halves o f  blushed fruit; C2 D2 E2 = blushed halves.

608 - J O U R N A L  O F  F O O D  S C IE N C E - V o lu m e  3 5  (1 9 7 0 )
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DEGREE OF PINKING
□  NIL

VERY SLIGHT
■  SLIGHT
■  MEDIUM

FRUIT SKIN BLUSH INTENSITY
Fig. 1 — The incidence  a n d  degree o f  p in k  d isco lora tion  in canned  
b lu sh ed  halves o f  W illiam s' pears 1963—1965.

3 replications o f these 12 treatm ents.
The fertilizer levels, 2.25, 4.50 and 9.00 kg 

(N2, N4, N9) o f ammonium sulphate per tree 
per year, had been applied for the previous 12 
years.

Processing time. In 1965, fruit halves C l, 
C2, D l, D2, E l,  E2 and A were compared over 
three cooking times, there being four replica
tions o f these treatm ents. All samples were 
precooked (exhausted) for 18 min at 92° ± 
0.5°C. The cans were then sealed and cooked at 
100°C for 10, 15 or 20 min. Normally 15 min 
cooking resulted in ideal firmness and flavor.
Physical and chemical tests

10 fruits per plo t were selected at random 
for tests o f fruit firmness, soluble solids, titrat- 
able acidity and pH in both green and ripe fruit 
before canning. 1 can per p lo t was kept to 
assess these qualities in canned fruit. Methods 
described by Leonard et al. (1954) were used.
Canning

The fruit was peeled and cored by hand, and 
canned in No. 2Vi cans with 20% (1964) or 30% 
(1963, 1965) sucrose syrups. F ruit during prep
aration was held immersed in tap water to mini
mize enzymic browning, and spray rinsed 
strongly before being placed into cans. The
524.5 ± 3.0g of halved fruit (7 - 8  halves) were 
packed in each can, then filled with 326.0 ± 
3.0g o f  ho t syrup.

In each year, fruit samples were precooked 
for 18 min a t 92° ± 0.5°C. The cans were then 
sealed and the fruit cooked in boiling water in a 
stationary cooker (at 100°C) for a set time, 
cooled rapidly in a cold water bath  for 10 min, 
and stored at ambient temperature.
Visual assessment o f pinking color

After 6 m onths’ storage at am bient tem per
ature, the incidence and the degree of pinkness 
in each can were assessed visually by a panel of 
3 persons o f “ superior color discrim ination” as 
determined by the Famsworth-M unsell 100 
Hue Test for color vision. F ruit was assessed 
under constant fighting conditions.

The value of pink color was expressed as: no 
pink = 0; very slight pink = 1; slight pink = 2; 
medium pink = 3; pronounced pink = 4; and 
very pink = 5. Very slight pink discoloration (1) 
would no t be noticed by the consumer; slight 
pink color (2) could be considered as being 
barely noticeable; and medium pink (3) was 
easily noticeable.

The degree of pinkness given for each treat
m ent was the mean value for pink halves only.
Test for pink color precurser

In a separate test (1965) the relative concen
trations o f pink color precurser in both blushed 
and unblushed halves o f the same fruit over a 
range o f blush severity, were determined. The 
m ethod o f Luh e t al. (1960) m odified for fresh 
fruit was used.

Two uniform fruit o f each blush group (A 
to F) were halved longitudinally into blushed 
and unblushed samples, and one core o f tissue 
(2 cm dia X 1 cm long) taken from the equato
rial flesh of each half was chopped finely with a 
knife. Duplicate lOg samples were taken into 
150 ml beakers, and extracted with 1.5 ml of 
NaCl, 2 ml o f 6N HC1, and 50 ml o f n-butanol, 
with constant stirring for 15 min. The super
natant was poured off into a test tube and 
heated in a boiling water bath for 15 min, after 
which it was cooled rapidly to  20°C ± 1°C and 
centrifuged for 30 min a t 5,000 R.P.M. The 
EEL large tubes (16 mm dia, 8 ml capacity) 
were filled up, and the light absorbance at 520 
nm (green filter No. 624) measured by an EEL 
colorim eter Model A. Distilled water was used 
to  adjust the zero reading o f the instrument. No 
attem pt was made to convert the EEL panel

reading into absolute units (mg pigment) be
cause suitable calibration standards were not 
available at that time. Soluble solids, titratable 
acidity and pH, were determined for each sam
ple. The remains o f each fruit sample were 
cooked in glass beakers with distilled water for 
33 min a t 100°C so the developm ent o f  pink 
color in fruit could be observed.

RESULTS
AS T H E  U N B L U S H E D  f ru i t ,  A , d id  n o t  
p ro d u c e  a n y  p in k  halves in  th e  can  u n d e r  
a n y  c o n d it io n s , it w as n o t  in c lu d e d  in 
s ta tis t ic a l  an a ly ses.

A g en era l p ic tu re  o f  fresh  a n d  can n ed  
f ru it  c o m p o s it io n  in  re la tio n  to  sk in  b lu sh  
is g iven in  T ab le  1. I t  show s th a t  
u n b lu sh e d  fresh  f ru i t  (A ) has s ig n ific a n tly  
lo w e r so lu b le  so lid s a n d  h ig h er t i t r a ta b le  
a c id ity  th a n  b lu sh e d  fru it.  M oreo v er, th e  
u n b lu sh e d  h a lves have  s ig n ific a n tly  lo w er 
so lu b le  so lid s a n d  h ig h er t i t r a ta b le  a c id ity  
th a n  b lu sh e d  ha lves o f  th e  sam e f ru it. 
T h ese  t re n d s  in c re ase  w ith  b lu sh  sev erity . 
H ow ev er, th e  d iffe re n c e s  w ere  n o  lo n g er 
s ig n ifican t a f te r  p ro cess in g .

T h e re  w as n o  d if fe re n c e  in  c o lo r  o f  th e  
fle sh  b e tw e e n  th e  u n b lu sh e d  a n d  b lu sh e d  
f ru i t  b e fo re  co o k in g .

Blush intensity and pink discoloration
D ata  o n  th e  re la tio n s h ip  b e tw e e n  sk in  

b lu sh  a n d  p in k in g  fo r  th e  3 y r  a re  sh o w n  
in  T ab le  2 a n d  F ig u re  1. T h e  u n b lu sh e d  
f ru i t  (A ) d id  n o t  p ro d u c e  a n y  p in k  
d isc o lo re d  halves a f te r  p rocessing .

O n ly  b lu sh e d  f ru i t  w as p ro n e  to  p in k 
ing  a n d  th e  b lu sh ed  h a lf  o f  a n y  single 
f ru it  w as m o re  su sce p tib le  th a n  th e  u n 
b lu sh e d  h a lf . T h e  m o re  in te n se  th e  b lu sh , 
th e  g re a te r  th e  d eg ree  o f  p in k n ess  a n d  th e  
g re a te r  th e  p e rc e n ta g e  o f  p in k  ha lves in 
th e  sam ple . (S ee  a lso  T ab le  4 .)

Effect of nitrogenous fertilizer
T h e  a m o u n t o f  n itro g e n o u s  fe rtiliz e r  

a p p lie d  h a d  n o  e ffe c t o n  th e  in c id en ce  o f  
p in k  p ears  in  th e  to ta l .  H ow ever, th e  
deg ree  o f  p in k n ess  in  th e  a f fe c te d  f ru i t

T a b le  2 —E f f e c t  
p e a r s — 1 9 6 3 — 1 9 6 5 .

o f  b lu s h i n t e n s i t y  o n in c id e n c e  a n d  d e g r e e  o f  p i n k i n g in  c a n n e d  W il l ia m s '

B l u s h  I n t e n s i t y

C a n n e d

h a l f 1

I n c i d e n c e  o f  p i n k  h a l v e s  % D e g r e e  o f  p i n k n e s s  ( s c o r e  1 -5 )

1 9 6 3 1 9 6 4 1 9 6 5 1 9 6 3 1 9 6 4 1 9 6 5

U n b l u s h e d A 0 0 0 - - —

V e r y  l i g h t B 1 - - - - - -

B 2 7 8 . 0 8 0 . 0 - 1.20 1 .2 5 -

L i g h t C l - - 4 1 . 8 - - 1.00
C 2 - - 6 7 . 0 - - 1.22

M e d iu m D l - - 6 8 . 5 - - 1.20
D 2 - - 9 4 . 0 - - 1 .4 9

D e n s e E l 100.0 9 6 . 0 9 5 . 6 2 1 .6 3 1 .7 6 1.86
E 2 100.0 100.0 100. 0 2 2.88 2 .1 5 2 .3 1

L .S .D .  ( P  =  0 . 0 5 ) — — 1 0 .9 0.22 0 . 4 0 0 . 2 4

( P =  0 . 0 1 ) - - 1 4 .7 0 . 3 4 0 .5 5 0 .3 3

1B 1, C l, D l, E l = Unblushed halves o f  blushed fruit; B2, C2, D2, E2 = Blushed halves. 
2 Excluded from statistical analysis.
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T a b le  3 —E f f e c t  o f  n i t r o g e n o u s  f e r t i l i z e r  le v e l  o n  in c id e n c e  a n d  d e 

g r e e  o f  p i n k i n g  in  c a n n e d  W il l ia m s ' p e a r s — 1 9 6 4

Nitrogen fertilizer 
(applied) 
kg/tree

Incidence o f pink 
halves1

%
Degree o f pinkness1 

(score 1 -5 )
2.25 67.7 1.20
4.50 69.3 1.81
9.00 69.6 2.14

L.S.D. (P = 0.05) - 0.40
(P = 0.01) - 0.55

1 Data presented and analyzed from B2, E l and E2 samples only; no 
interaction between blush intensity and nitrogen level.

in c reased  s ig n ific a n tly  (P  <  0 .0 1 )  fo r  th e  
f ru it f ro m  th e  m o re  h eav ily  fe rtiliz ed  
tree s  (T ab le  3 ). F ru it  f ro m  N 2  tre a te d  
tree s  w as o n ly  slig h tly  d isco lo red  (1 .2 0 )  
w h ereas f ro m  N 9 it w as in  th e  m ed iu m  
p in k  ran g e  (2 .1 4 ) .

E ffec t o f  p ro cess in g  tim e

T h e  f in a l c o o k in g  o f  W illiam s’ p ears 
fo r  10, 15 o r  20  m in  a f te r  can  sealing  d id  
n o t sh o w  a n y  d iffe re n ce s  b e tw e e n  th e  
t re a tm e n ts ,  e ith e r  in  th e  in c id e n ce  o r 
d eg ree  o f  p in k  d isc o lo ra tio n  o f  h a lves in 
th e  can  (T ab le  4 ) , e x c e p t th e  10 m in  
c o o k - u n b lu s h e d  halves. T h e  re la tio n sh ip  
b e tw e e n  f ru i t  b lu sh  sev e rity  an d  p in k  
d isc o lo ra tio n  in  can n e d  p ro d u c t  w as evi
d e n t w ith in  e ach  t re a tm e n t.

P in k  co lo r p re cu rso r

T h e  a c id ified  n - b u t a n o l  e x tr a c t  o f  
fresh  f ru i t ,  a f te r  h e a tin g  fo r  15 m in  in  a 
b o ilin g  w a te r  b a th ,  d ev e lo p ed  a d is tin c t 
p in k  co lo r. T h e  fa in t p in k  c o lo r  in creased  
sh a rp ly  in  in te n s i ty  f ro m  th e  u n b lu sh e d  
f ru it  (A ) to  th e  v e ry  slig h tly  b lu sh e d  f ru it
(B ), a n d  th e n  it  in c re ased  g ra d u a lly  in 
in te n s i ty , u n til  it b e ca m e  d a rk  red  fo r  
f ru it F  (F ig . 2 ). T h e  c o lo r  in te n s i ty  o f  th e  
e x tra c t  w as h ig h ly  c o rre la te d  w ith  th e  
b lu sh  in te n s i ty  o n  th e  f ru i t  (r  = + 0 .9 8 , 
Fig. 2 ), an d  w ith  so lu b le  so lid s (r = + 0 .9 7 , 
Fig. 3 ), t i t r a ta b le  a c id ity  (r = —0 .9 6 , Fig.

4 ) , a n d  pH  (r  =  + 0 .9 4 , F ig . 5 ) o f  th e  fresh  
f ru it.

T h e  in te n s i ty  o f  p in k  c o lo r d ev elo p ed  
in th e  re m a in s  o f  th e  f ru i t  sam ples 
c o o k ed  fo r  33 m in  in  d is tilled  w a te r , was 
o f  th e  sam e p a tte rn  as in  n -b u ta n o l 
e x tra c t  fo r  b lu sh e d  f ru i t ,  e x c e p t  fo r  
c o n tro l  (A ) w h ic h  d id  n o t  tu r n  p in k . A lso 
th e  in te n s i ty  o f  p in k  c o lo r  d e v e lo p ed  in 
can n e d  b lu sh e d  f ru i t  fo llo w ed  a s im ilar 
p a t te rn  (F ig . 1).

DISCUSSION
O N L Y  P E A R S  w ith  a red  sk in  b lu sh  w ere  
su sce p tib le  to  p in k  flesh  d isc o lo ra tio n  
a f te r  p ro cess in g , an d  th e  in c id e n ce  an d  
deg ree  o f  p in k n ess  w e re  h ig h ly  a sso c ia ted  
w ith  th e  b lu sh  in te n s i ty .  It w as ev id e n t, 
w h e n  th e  p in k in g  w as v e ry  lig h t, th a t  th is  
d id  n o t  d e tra c t  m u c h  fro m  th e  g en era l 
a p p e a ra n c e  o r  a c c e p tib il i ty  o f  th e  f ru i t ,  as 
it w o u ld  be  im p o ssib le  fo r  th e  c o n su m er 
to  d e te c t  su ch  a single  h a lf  w h e n  served  in 
th e  n o rm a l w ay . O n  th e  o th e r  h a n d , w h ile  
a v e ry  sligh t p in k n ess  o f  ev ery  f ru i t  h a lf  
w o u ld  b e  o f  n o  g re a t w o rry , th e  p re sen ce  
o f  even  o n e  f ru i t  p iece  sh o w in g  a m ed iu m  
o r  s tro n g e r  p in k n ess  w o u ld  sp o il th e  
genera l a p p e a ra n c e  o f  th e  lo t  m ark e d ly . 
T h u s  a sm all p ro p o r t io n  o f  f ru i t  w ith  h igh  
p in k in g  p o te n tia l  m ix ed  w ith  n o rm a l f ru it  
c o u ld  cause  g re a t d am ag e  to  th e  a p p e a r

a n ce  o f  th e  can n e d  p ro d u c t.  T h is  c o u ld  
c o m e  o n ly  fro m  th e  f ru i t  w ith  m o re  
in te n se  sk in  b lu sh  (F ig . 1). O u r  in v es tig a 
t io n  in  1965 o n  th e  sk in  b lu sh  d e v e lo p 
m e n t o f  W illiam s’ p e a rs , sh o w ed  th a t  30%  
o f  f ru i ts  w ere  b lu sh e d , b u t  o n ly  4%  h a d  a 
m ed iu m  o r  m o re  in te n se  b lu sh  ( u n p u b 
lish ed  d a ta ) . S ince  th e  p in k in g  d a ta  
sh o w ed  th a t  o n ly  m e d iu m  a n d  h ig h e r  
b lu sh e d  f ru i t  sh o u ld  b e  c o n s id e re d  as 
f ru it  w ith  h ig h e r p in k in g  p o te n t ia l  (F ig .
1), in c id e n ce  o f  p in k  f ru i t  c o u ld  b e  
m in im ized  o r  av o id ed  b y  re m o v in g  all 
m ed iu m  a n d  h ig h e r b lu sh e d  f ru i t  f ro m  
th e  p ro cess in g  line . S u c h  re je c te d  f ru i t ,  o f  
g o o d  a ro m a tic  f lav o r, c o u ld  b e  u se d  fo r  
c o ck ta ils , c an n e d  w ith  o th e r  m ix e d  f ru i ts ,  
c an n e d  se p a ra te ly  as a  “ sp e c ia ls”  p in k  
p ears, o r  u sed  fo r  th e  fresh  f ru i t  m a rk e t.

T h e  d a ta  o n  ac id ifie d  n -b u ta n o l  f ru i t  
e x tra c ts  (F ig . 2 ) sh o w ed  a h ig h  c o rre la 
t io n  (r  =  + 0 .9 8 )  b e tw e e n  th e  f ru i t  sk in  
b lu sh  a n d  p in k  c o lo r  d e v e lo p m e n t in  th e  
e x tra c t  as m ea su re d  b y  lig h t a b s o rp t io n  in  
a n  E E L  c o lo r im e te r , in d ic a tin g  th a t  th e  
a m o u n t o f  p in k  c o lo r  p re c u rso r  in  f ru it  
in creased  w ith  th e  b lu sh  in te n s i ty .  A t th e  
sam e tim e , it w as sh o w n  th a t  p in k in g  in  
can n e d  p ears  w as a sso c ia ted  w ith  sk in  
b lu sh  o n  fresh  f r u i t—th e  d e n se r  th e  b lu sh  
th e  h ig h er th e  p in k in g . L u h  e t al. (1 9 6 0 ) ,  
van  d e r M erw e (1 9 6 3 )  a n d  N o rtjd  (1 9 6 4 )  
in th e ir  in v es tig a tio n s  fo u n d  th a t  p in k  
d isc o lo ra tio n  in can n e d  B a r tle tt  p e a rs  w as 
h ig h ly  c o rre la te d  to  le u c o a n th o c y a n in  
c o n te n t  o f  th e  fre sh  f ru i t ,  w h ich  in  tu rn  
w as c o rre la te d  w ith  so lu b le  so lid s  a n d  
a c id ity  level o f  su c h  f ru i t .  T h e re fo re , it 
c o u ld  b e  c o n c lu d e d  th a t  red  sk in  b lu sh  o n  
W illiam s’ p ears  g ro w n  in  G o u lb u rn  V a l
ley , is a n  in d ic a to r  o f  le u c o a n th o c y a n in  
c o n te n t  in  th e  f ru i t.

T h e re  w as a h ig h  c o r re la t io n  (r  = 
+ 0 .9 8 )  b e tw e e n  th e  so lu b le  so lid s  c o n te n t  
an d  th e  f ru i t  b lu sh  d e v e lo p m e n t. T ab le  1 
show s th a t  u n b lu sh e d  f ru i t  (A ) h a d  th e  
lo w est c o n te n t  o f  so lu b le  so lid s (1 3 .8 % ), 
w h ereas f ru it  even  w ith  lig h t re d  sk in  
p ig m e n t (C ) sh o w ed  15 .1% , in c re as in g  to

T a b le  4 —E f f e c t  o f  c o o k i n g  t i m e  o n  th e  in c id e n c e  a n d  d e g r e e  o f  p i n k i n g  in  c a n n e d  W il l ia m s ’ 
p e a r s — 1 9 6 5 .

Fruit half

Cooking
tim e1
(min.)

Incidence o f pink 
halves %

Degree of pinkness 
(score 1 -5 )

in fruit of 
light + medium 

blush2
dense
blush

light
blush

in fruit o f
medium + dense 

blush2
Unblushed 10 37.9 94.5 1.00 1.57
(C l, D l, E l) 15 63.1 95.5 1.00 1.69

20 64.6 96.9 1.00 1.33
Blushed 10 77.2 100.0 1.20 1.94
(C2, D2, E2) 15 84.8 100.0 1.30 1.88

20 79.4 100.0 1.16 1.88

L.S.D. (P = 0.05) 13.3 - - 0.30
(P =  0.01) 17.9 - - 0.40

1 Fruit was precooked a t 92°C for 18 min before can sealing.
2 No interaction between cooking time and blush intensity.

FRUIT SKIN BLUSH INTENSITY

F ig . 2 — T h e  r e la t io n s h ip  b e t w e e n  d e v e l o p m e n t  
o f  p i n k  c o lo r  in  r a w  f r u i t  e x t r a c t  a n d  i n t e n s i t y  
o f  b lu s h  o f  t h e  f r u i t ,  1 9 6 5 .
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F ig. 3 —R e la t io n s h ip  b e t w e e n  d e v e l o p m e n t  o f  

p i n k  c o lo r  in  a c id i f i e d  n - b u t a n o l  r a w  f r u i t  
e x t r a c t  a n d  s o lu b le  s o l id s  o f  r a w  W il l ia m s '  

p e a r s — 1 9 6 5 . (A ,  B , C, D , E , F  = f r u i t  b lu s h  
in te n s i t y ) .

16.3%  in  m o re  b lu sh e d  f ru i t  (E ). A 
sig n ifican t d ec rease  in  t i t r a ta b le  a c id ity  in 
th e  f ru it  w ith  m o re  in te n se  b lu sh  was 
ev id en t (T ab le  1).

W hile th e  p o sitiv e  c o rre la t io n  b e tw e e n  
p in k  d isc o lo ra tio n  in  c a n n e d  f ru i t ,  (o r  
o p tic a l d e n s ity  o f  ac id  n -b u ta n o l f ru it 
e x tr a c t)  an d  th e  so lu b le  so lid s c o n te n t  in 
fresh  f ru it (F ig . 3 ) w as in fu ll ag ree m e n t 
w ith  th e  re su lt o f  van d e r  M erw e (1 9 6 3 )  
fo r  B a rtle tt p ears , th e  a p p a re n t  n eg ativ e  
c o rre la tio n  w ith  t i t r a ta b le  a c id ity  (F ig . 4 )  
a n d  po sitiv e  c o rre la t io n  w ith  pH  (F ig . 5) 
w ere  o f  reverse  p a t te rn  to  th e  d a ta  o f  L u h  
e t al. (1 9 6 0 )  a n d  van d e r M erw e (1 9 6 3 ) . 
T h e  re aso n  fo r  th is  is n o t  k n o w n . As all 
f ru its  fo r  th is  e x p e r im e n t w e re  g ro w n  
u n d e r  th e  sam e fie ld  c o n d it io n s  a n d  w ere  
se lec te d  fo r  u n ifo rm ity  o f  size a n d  r ip e 
ness, f ru i t  m a tu r i ty  o r  e n v iro n m e n t w ere  
n o t  c o n tr ib u tin g  fa c to rs .

T h e  fa c t th a t  a c id ifie d  n -b u ta n o l f ru it  
e x tra c t  o f  u n b lu sh e d  W illiam s’ p e a r (A ) 
tu rn e d  to  a fa in t p in k  c o lo r  a f te r  h e a tin g  
fo r 15 m in  (F ig . 2 ), w h ile  th e  sam e f ru it 
c o o k e d  in d is tilled  w a te r  o r  sim ila r p ears 
can n ed  in  th e  n o rm a l w ay  d id  n o t

F ig. 4 —R e la t io n s h ip  b e t w e e n  d e v e l o p m e n t  o f  
p i n k  c o lo r  in  a c i d i f i e d  n - b u t a n o l  r a w  f r u i t  
e x t r a c t  a n d  t i t r a ta b le  a c i d i t y  o f  r a w  W il l ia m s '  
p e a r s — 1 9 6 5 . (A ,  B r C , D , E , F  = f r u i t  b lu s h  
i n t e n s i t y )

p ro d u c e  a n y  d isc o lo re d  p in k  f ru i t  (T ab le
2), su g g ested  th a t  p ro b a b ly  o n ly  a sm all 
p a r t  o f  th e  to ta l  le u c o a n th o c y a n in s  p res
e n t  in  th e  f ru i t  tu rn s  p in k  w h e n  h e a te d  
d u rin g  n o rm a l f ru i t  p ro cess in g , o r  th e  
a m o u n t p re se n t in  u n b lu sh e d  f ru it  is to o  
sm all a n d  to o  d i lu te d  to  have a n y  v isib le 
e ffe c t u n d e r  th e se  c o n d itio n s .

L u h  e t a l. (1 9 6 0 )  a n d  van d e r M erw e
(1 9 6 3 )  re p o r te d  th e  e ffe c t o f  f ru it  p ro c es
sing  tim e  as a fa c to r  in d u c in g  p in k  c o lo r 
d e v e lo p m e n t in  c a n n e d  B a r tle tt  pears. 
T h ey  fo u n d  th a t  p ro lo n g e d  c o o k in g  tim es  
p ro d u c e d  p in k  f ru i t .  P re su m a b ly  th e  
p ro cess in g  tim e  ( 3 5 —4 0  m in  a t 1 0 0 °C ) in 
th e ir  e x p e r im e n t w as m u c h  lo n g er th a n  
th a t  in vo lved  in  c o m m e rc ia l p rocessing . 
In  o u r  e x p e r im e n t, b lu sh e d  f ru i t  w as p in k  
a f te r  10 m in  a t 1 0 0 °C  (c o n s id e re d  u n d e r 
c o o k e d ) , w h e reas  u n b lu sh e d  f ru i t  d id  n o t  
d isc o lo r  even  a f te r  20  m in  w h en  it was 
c o n s id e re d  to  b e  5 m in  o v e rco o k e d . 
T h ese  re su lts  suggest th a t  th e  c an n e ry  
p ra c tic e  o f  in c reas in g  c o o k in g  tim e  b y  up  
to  5 m in  fo r  h a rd e r  f ru it  is n o t  lik e ly  to  
in d u c e  p in k in g  in  u n b lu sh e d  f ru i t ,  o r 
in c rease  th e  in c id e n ce  o r  d eg ree  o f  p in k

4 r

Oi_________ I_________ I_________ I_________ I4-0 4-1 4-2 4-3 44
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F ig. 5 —R e la t io n s h ip  b e t w e e n  d e v e l o p m e n t  o f  

p i n k  c o lo r  in  a c i d i f i e d  n - b u t a n o l  r a w  f r u i t  
e x t r a c t  a n d  p H  v a lu e  o f  r a w  W il l ia m s ' p e a r s — 
1 9 6 5 . (A ,  B , C, D , E , F  = f r u i t  b lu s h  in t e n s i t y )

d isc o lo ra tio n  in  c a n n e d  b lu sh e d  W illiam s’ 
pears, p ro v id ed  th e y  are  c o o le d  im m e d i
a te ly  a f te r  p rocessing .
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BOUND WATER DEFINED AND DETERMINED AT CONSTANT 
TEMPERATURE BY WIDE-LINE NMR

S U M M A R Y — T h e  p u r p o s e  o f  th i s  w o r k  w a s  t o  s t u d y  th e  N M R  p r o p e r t i e s  o f  b o u n d  w a te r  (Bl/V) in  
w h e a t  f lo u r ,  c o r n  s ta r c h  a n d  e g g  w h i t e  a t  r o o m  te m p e r a tu r e  a n d  to  d e v e lo p  a  m e t h o d  f o r  q u a n t i t a 

t iv e  d e t e r m in a t io n  o f  B W  in  a m a te r ia l  a n d  i t s  m a x i m u m  B W  c a p a c i ty .  E a c h  s a m p le  w a s  s t u d i e d  
o v e r  t h e  5  t o  8 5 %  m o i s tu r e  ra n g e , u s in g  a w id e - l in e  N M R  S p e c t r o m e te r .  A t  t h e  l o w e s t  r a d io f r e 

q u e n c y  a t t e n u a t i o n ,  h y d r o g e n  n u c le i  f r o m  fr e e  w a te r  g a v e  a n e g l ig ib le  s ig n a l b u t  t h e  h y d r o g e n  
f r o m  B W  g a v e  a s t r o n g  s ig n a l, g iv in g  r ise  t o  a  n e w  d e f i n i t i o n  fo r  B W  a n d  a n e w  m e t h o d  fo r  i ts  
q u a n t i t a t i v e  d e t e r m in a t io n ,  b o t h  a t  r o o m  t e m p e r a tu r e .  W i th in  a g iv e n  s e t  o f  i n s t r u m e n t  p a r a m 
e te r s ,  t h e  h y d r o g e n  n u c le i  f r o m  B W  s h o w e d  N M R  p r o p e r t i e s  i n d e p e n d e n t  o f  d r y  m a t te r .  T h e r e fo r e ,  
a " u n iv e r s a l ' '  N M R  c a lib r a t io n  c o n s t a n t  p e r  u n i t  w e ig h t  B W  c o u l d  b e  d e r iv e d  fo r  th e s e  f o o d  
p r o d u c ts .  T h e  w e ig h t  o f  b o u n d  w a te r  p e r  u n i t  w e i g h t  o f  d r y  m a t t e r  in c r e a s e d  w i th  in c r e a s in g  to ta l  
m o is tu r e  c o n t e n t  t o  a  m a x i m u m ,  c a l le d  B o u n d  W a te r  C a p a c i ty ,  w h ic h  w a s  i n d e p e n d e n t  o f  t o ta l  
m o is tu r e  c o n t e n t  b u t  v a r ie d  w i th  th e  p r o d u c t .

th e  freez in g  p o in t. A lso , b in d in g  o f  w a te r  
m ay  b e  te m p e ra tu re  d e p e n d e n t.  In  m o st 
cases w e w ish  to  k n o w  w a te r  b in d in g  a t 
ro o m  te m p e ra tu re  r a th e r  th a n  a t 0 ° F .

T h e re fo re , i t  w as d es ired  to  d e v e lo p  a 
te c h n iq u e  u sin g  w id e-line  N M R  to  d e te r 
m in e  BW a t th e  te m p e ra tu re  o f  in te re s t  
a n d  th e  m ax im u m  c a p a c ity  o f  a g iven  
m ate ria l to  b in d  w a te r .

EXPERIMENTAL

INTRODUCTION
T H E  W A T E R  in  a m a te ria l can  b e  c a te 
g o rized  in to  tw o  p o r tio n s  k n o w n  as free  
an d  b o u n d . T h is c o n c e p t is o f  c ru c ia l 
im p o r ta n c e  to  m an y  fo o d  p ro b lem s su ch  
as d e h y d ra t io n , m ic ro b ia l sp o ilag e , ch em 
ical d e g ra d a tio n  a n d  te x tu re .  B o u n d  
W ater (BW ) is th a t  w h ich  show s p h y sica l 
p ro p e rtie s  d iffe re n t th a n  th o se  o f  w a te r  
b y  itse lf , e.g ., lo w e r freez in g  p o in t,  h ig h er 
b o ilin g  p o in t,  lo w er v a p o r p re ssu re  an d  
h ig h er d e n s ity  (K u p r ia n o ff , 1 9 5 8 ; and  
G u r A rieh  e t a l., 1 9 6 7 ). O n e  o f  th e  best 
d e f in it io n s  o f  BW is w a te r  th a t  d o es  n o t 
freeze  (M ery m an , 196 6 ).

K u p r ia n o ff  (1 9 5 8 )  c o n c lu d e d  th a t  th e  
m o st re liab le  d e te rm in a tio n  o f  BW is to  
m easu re  th e  w a te r  th a t  p e rs is ts  in  th e  
liq u id  phase  a t su b -freez in g  te m p e ra tu re s . 
T h is can  b e  d o n e  b y  c a lo r im e tr ic  d e te r 
m in a tio n  o f  th e  ice  fo rm e d ; BW is to ta l  
w a te r  m in u s  th e  ice. U sing  th is  m e th o d  
M an n h e im  e t al. (1 9 5 7 )  sh o w ed  th a t  35%  
o f  th e  w a te r  in b re a d  re m a in s  u n fro z e n  a t 
0 ° F . T h is m e th o d  is in d ire c t ,  its  a c c u ra c y  
leaves m u c h  to  b e  d es ired , an d  it  re q u ire s  
m u c h  tim e  a n d  la b o r  fo r  a single d e te r 
m in a tio n .

T o le d o  e t al. (1 9 6 8 )  ap p lie d  th e  free z 
ing te c h n iq u e  using  a PA -7 P ro cess A n a 
ly ze r  w ith  h igh  a t te n u a t io n  (R F  o f  28  d b ) 
w h ich  m easu res liq u id  w a te r  b u t  n o t  ice. 
T h e y  c o o le d  th e  sam p le  fro m  ro o m  te m 
p e ra tu re  to  - 6 0 ° F  a n d  d e te rm in e d  BW 
d ire c tly  a t 0 ° F . T h u s, th e  re su lts  w ere  
based  o n  a sp ec ific  su b -freez in g  te m p e r 
a tu re  a n d  w ere  th e re fo re  e m p irica l. T h e  
d e te rm in a tio n  m ay  b e  a ffe c te d  b y  th e  
p re sen c e  o f  sa lts  a n d  sugars w h ich  d ep ress

THE WIDE-LINE NMR Spectrom eter used for 
this work was a Model PA-7 Process Analyzer 
(Varian Associates, Inc., Palo Alto, California) 
equipped with an integrator (V-4221), a vari
able tem perature controller (V-4540) and a 2.5 
ml variable tem perature probe.

Commercial samples o f  wheat (cake) flour, 
corn starch, and dehydrated egg white were 
equilibrated to desired m oisture contents by 
placing at 72°F for 24 hr in desiccators contain
ing sulfuric acid solutions giving the correct 
relative hum idity. Samples with m oisture con
tents higher than obtained by holding over 
water (i.e., m oisture content o f  above 19% for 
flour, 20% for starch and 26% for egg white) 
were prepared by adding the calculated am ount 
o f water and mixing thoroughly.

Moisture content o f samples under 30% was 
determined by the AOAC (1955) vacuum oven 
method. For samples over 30%, the m oisture 
content was calculated from the am ount of 
water added to the low m oisture material.

About 0.5 g sample was added to a tared 2.5 
ml sample tube; sample weight was determined 
to 0.1 mg and dialed into the integrator. The 
sample tube was inserted into the m agnet and 
“ swept” at the desired radiofrequency attenua
tion expressed in decibels (db). This could be

F ig. 1—C a lib r a t io n  c u r v e  s h o w in g  th e  m o i s tu r e  F ig . 2 —E f f e c t  o f  r a d io f r e q u e n c y  a t t e n u a t i o n  o n  t h e  N M R  s ig n a l  f r o m

c o n t e n t  o f  w h e a t  f l o u r  a s  m e a s u r e d  b y  a  w id e -  w a te r  in  w h e a t  f l o u r  c o n ta in in g  o n l y  b o u n d  w a te r . C u rv e  f o r  d i s t i l l e d
l in e  N M R  s p e c t r o m e te r .  w a te r  s h o w n  f o r  c o m p a r is o n .

612- J O U R N A L  O F  F O O D  S C I E N C E - V o / u m e  3 5  ( 1 9 7 0 )
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F ig . 3 —E f f e c t  o f  r a d io f r e q u e n c y  a t t e n u a t i o n  o n  t h e  N M R  s ig n a l f r o m  

w a te r  in  w h e a t  f l o u r  c o n ta in in g  b o t h  b o u n d  a n d  f r e e  w a te r .  C u r v e  f o r  
d i s t i l l e d  w a te r  s h o w n  f o r  c o m p a r is o n .

adjusted at 4 db intervals from 0 - 6 0  db. All 
the measurements were made at 72°F.

Instrum ent param eters used for all observa
tions were:

T C -0 .5  sec S E N -2 0 0  SM -1
S T -0 .5  min M O D -0.5 Gauss R M -20
S A -2  Gauss T H -0 .1  mv
Integrator R e a d o u t-1000 equals 1.0 g

A t each db level the instrum ent recorded a 
single value, NMR units per g o f sample. This 
value was converted to NMR units per g water 
or per g dry m atter by means o f the experi
mentally determined moisture content o f the 
sample.

Statistical analyses o f the data, including 
regression line, coefficient o f  determ ination and 
confidence interval for the calibration constant, 
were perform ed according to  Steel and Torrie 
(1960) using the 5 %  level o f significance.

RESULTS & DISCUSSION
M E A S U R E M E N T  o f  th e  to ta l  w a te r  in  a 
fo o d  p ro d u c t  w ith  th e  PA -7 W ide-L ine 
N M R  in s tru m e n t is u su a lly  d o n e  a t R F  28 
d b . T h is a tte n u a t io n  is ch o se n  b e ca u se  a t 
a n y  level a b o v e  th is  w e d o  n o t  o b ta in  a 
s tra ig h t line  re la tio n  b e tw e e n  m o is tu re  
c o n te n t  a n d  N M R  re ad in g  w h ile  a t levels 
b e lo w  th is  th e  se n s itiv ity  d ec reases  b e 
cause  th e  a m o u n t o f  signal o b ta in e d  p e r g 
w a te r  is sm alle r.

F ig u re  1 show s th e  signal o b ta in e d  in 
N M R  u n its  a t  R F  28 d b  p e r  g d ry  m a tte r  
(D M ) p lo t te d  ag a in st g w a te r  p e r g DM 
fo r  w h e a t f lo u r . A b ro k e n  c a lib ra tio n  
cu rve  w ith  th e  b re a k  a t  a b o u t  0 .5  g w a te r  
pe r g DM w as fo u n d . T h e  s ig n ifican ce  o f  
th is  c r itic a l m o is tu re  c o n te n t  w ill be 
e lu c id a te d  b e lo w . E v id e n tly  th is  is th e  
ty p e  o f  cu rv e  a llu d e d  to  b y  R o c k la n d
(1 9 6 9 ) .

N M R  signals p e r g o f  free  (d is tilled )  
w a te r  o b ta in e d  b y  m e a su re m e n t a t d if fe r 
en t R F  a t te n u a t io n s  fro m  3 6 —0 d b  are  
sh o w n  b y  th e  b o t to m  cu rves o n  F ig u res 2 
an d  3. As th e  a tte n u a t io n  d ec re a sed , i.e ., 
R F  level in c re ased , N M R  signal p e r g 
w a te r  g en era lly  d e c re a sed . T h e  N M R  
signal w as o n ly  0 .5  u n its /g  a t  0  d b  as c o m 
p a re d  to  9 2  u n its /g  a t  R F  28 d b . Ice  gave 
n o  signal a t a n y  a tte n u a t io n .

S im ila r R F  a t te n u a t io n  e x p e rim e n ts  
w ere  p e rfo rm e d  w ith  w h e a t f lo u r  sam ples 
a t m o is tu re  c o n te n ts  o f  1 0 —78%  m o is
tu re . T h e  d a ta  w e re  g ro u p e d  in to  tw o  
fam ilie s  o f  curves. O n e  fam ily , sh o w n  at 
th e  to p  o f  F ig u re  2, r e p re se n te d  f lo u r  
sam p les a t 25%  m o is tu re  a n d  b e lo w . It 
sh o w ed  an  in c reas in g  signal w ith  in c re a s
ing  m o is tu re  a t  th e  h ig h  a t te n u a t io n  levels 
w ith  c o n v erg en ce  to  a c o m m o n  p o in t  a t 
R F  0  d b . T h e  o rd in a te  fo r  th is  c o m m o n  
p o in t w as 87  N M R  u n its  p e r  g w a te r . In 
c o n tra s t ,  free  w a te r  gave a signal o f  o n ly  
0 .5  N M R  u n its  p e r  g (F ig . 2 an d  3).

T h e  se c o n d  fa m ily  o f  cu rves, sh o w n  at 
th e  to p  o f  F ig u re  3 , sh o w ed  d ecreas in g  
signal w ith  in c reas in g  m o is tu re  fro m  
5 0 —78%  w ith  a g en era l p a ra lle lism  at all 
R F  levels. S im ila r cu rves, n o t  sh o w n , 
w ere  o b ta in e d  a t 36  a n d  70%  m o is tu re .

W hen  all th e  N M R  d a ta  fo r  w h ea t 
f lo u r  a t  R F  0  db  o b ta in e d  fro m  th e  
in s tru m e n t o n  a g sa m p le  basis w ere  
c o n v e rte d  to  a DM  basis a n d  p lo tte d  
ag a in st m o is tu re  c o n te n t  o f  eac h  sam ple , 
also  o n  a DM basis, F ig u re  4  w as o b 
ta in e d . T h is  sh o w s tw o  s tra ig h t lines 
in te rse c tin g  a t  s lig h tly  b e lo w  0 .5  g w a te r  
p e r g DM , th e  sam e p o in t  as th e  in te rse c 
t io n  in  F ig u re  1. A s th e  m o is tu re  c o n te n t  
w as in c re a sed  a b o v e  ze ro , th e  signal a t R F  
0  d b  in c reased  lin e a rly  w ith  a s lo p e  o f  87 
u n its  p e r g w a te r  u n til  th e  c r itic a l m o is 
tu re  c o n te n t  (3 3 .0 %  w e t b asis) was 
re a c h e d  an d  th e re a f te r  re m a in e d  e sse n tia l
ly  c o n s ta n t.

C a lc u la tio n  o f  th e  sam e d a ta  in  te rm s 
o f  to ta l  sam p le  in s te a d  o f  DM fo r b o th  
p a ra m e te rs  a n d  p lo tt in g  signal against 
m o is tu re  c o n te n t  gave F ig u re  5. A s th e  
m o is tu re  c o n te n t  w as in c re a sed  ab o v e  
ze ro , th e  signal in c re a sed  lin e a rly , again  
w ith  a s lo p e  o f  87  u n its  p e r  g w a te r , to  a 
m a x im u m  (ag ain  a t 33 .0 %  m o is tu re  w e t 
b asis) a n d  th e n  d e c re a sed  lin e a rly  to  a 
neg lig ib le  signal fo r  100%  w a te r.

C o rn  s ta rc h  a n d  egg w h ite  w ere  te s te d  
in  th e  sam e w ay  a n d  th e  d a ta  f ro m  eac h  
gave a series o f  p lo ts  s im ilar to  th a t  
sh o w n  fo r  f lo u r . T h e  d a ta  a re  su m m ariz ed

F ig. 4 —R e la t io n  b e t w e e n  N M R  s ig n a l a t  l o w e s t  
a t t e n u a t i o n  a n d  m o i s t u r e  c o n t e n t ,  b o t h  o n  a 
d r y  m a t t e r  b a s is , f o r  w h e a t  f lo u r .

F ig . 5 —D a ta  f o r  F ig u r e  4  p l o t t e d  o n  a  s a m p le  

w e i g h t  b a s is  i n s t e a d  o f  o n  a  d r y  m a t t e r  b a s is .

in  T ab le  1. T h e  s lo p es o f  th e  ascen d in g  
reg re ss io n  lin es w e re  87  fo r  f lo u r , 85 fo r 
c o rn  s ta rc h  a n d  84  fo r  egg w h ite . T h e  
95%  c o n f id e n c e  in te rv a l fo r  each  s lo p e  is 
in  T ab le  1. T h e  c o e ff ic ie n t o f  d e te rm in a 
t io n  (T a b le  1 ) fo r  e ac h  o f  th e  th re e  
reg ress io n  lines sh o w ed  e x c e lle n t ag ree 
m e n t o f  th e  p o in ts .

T h e  s lo p e  w as c lo se ly  th e  sam e in  each  
case so th e  d a ta  f ro m  a ll th re e  p ro d u c ts  
w ere  p o o le d  to  c a lc u la te  a single  a scen d 
ing reg re ss io n  lin e  w h ic h  sh o w ed  a slope 
o f  8 5 .0  (T ab le  1). T h e  c o e ffic ie n t o f  
d e te rm in a tio n  fo r  th is  line  was 0 .9 6 , 
sh o w in g  e x c e lle n t ag reem en t a m o n g  th e  
d a t a  f o r  all th re e  p ro d u c ts . T h e
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T a b le  1—N M R  c a l ib r a t io n  c o n s ta n t s  a t  R F  0  d b  f o r  b o u n d  w a te r  a n d  b o u n d  w a te r  c a p a c i t y  fo r  
t h r e e  f o o d  p r o d u c t s  f r o m  r e g r e s s io n  e q u a t io n s  f o r  a s c e n d in g  a n d  d e s c e n d in g  l in e s  f r o m  p l o t  o f  
N M R  r e a d in g s  ( Y )  a g a in s t  m o i s tu r e  c o n t e n t ,  b o t h  o n  a s a m p le  w e i g h t  ba s is .

Wheat Flour
Food Products 
Corn Starch Egg White

Pooled Data 
from 3 

Products

Ascending regression line
b, slope, calibration constant 86.9 84.9 84.2 85.U4

95% confidence interval for 84 .83 -89 .03 82 .7 6 -8 7 .1 0 82 .4 6 -8 6 .0 0 8 1 .22-88 .86

calibration constant
a, Y intercept -0 .6 7 -1 .0 3 -1 .8 9 -1 .1 5

r2 , coefficient o f determination 0.970 0.993 0.978 0.964

Descending regression line
b, slope -4 2 .1 -2 8 .2 -4 1 .7 —

a, Y intercept 41.90 28.43 42.51 —
r2 , coefficient o f determination 0.983 0.967 0.996 —

Intersection point o f the two 
regression Unes or Bound
Water Capacity (BWC) expressed 
as percent water

1
33.0 26.0 35.3 —

c o n fid e n c e  in te rv a l fo r  th is  s lo p e  was 
c a lcu la te d  to  b e  3 .8 2 , so  i t  m ay  be 
c o n c lu d ed  w ith  95%  c o n fid e n c e  th a t  th e  
c o n s ta n t ,  N M R  u n its  a t R F  0  d b  p e r  g 
BW, lies b e tw e e n  8 1 .2 2  an d  8 8 .8 6 . In  
ca lcu la tin g  th e  95%  c o n fid e n c e  in te rv a l, 
a ll th e  v a r ia tio n  was a sc rib e d  to  N M R  
read in g s. I t  is h ig h ly  p ro b a b le  th a t  m u ch  
o f  th is  v a r ia tio n  w as d u e  to  v acu u m  ov en  
m o is tu re  d e te rm in a tio n . T h e  re la tiv e  
e rro rs  in vo lved  sh o u ld  be  d e te rm in e d  fo r 
eac h  a p p lic a tio n  o f  th is  te c h n iq u e  u n d e r  
th e  sp ec if ic  la b o ra to ry  c o n d it io n s  in 
volved.

T h is fin d in g  o f  a “ u n iv e rsa l”  BW cali
b ra tio n  c o n s ta n t  (8 5  N M R  u n its /g  BW) 
fo r  th e se  th re e  p ro d u c ts ,  in d ic a te s  th a t  
o n e  g BW, irre sp ec tiv e  o f  th e  su b s tra te  o r 
to ta l  m o is tu re  c o n te n t ,  gives th e  sam e 
signal a t  R F  0 d b . T h is  e n ab les  us to  
d e te rm in e  th e  a m o u n t o f  BW in  an y  
p ro d u c t  w h ic h  is sh o w n  b y  in v es tig a tio n  
to  b eh av e  sim ila rly  to  th e se  p ro d u c ts . It 
sh o u ld  b e  c a u tio n e d  th a t  th e  a b so lu te  
value  o f  th e  c o n s ta n t  as fo u n d  h e re  is 
valid  o n ly  fo r  th e  in s tru m e n t a n d  m ea su r
ing p a ra m e te rs  u sed  h e re . H ow ev er, th e  
p rin c ip le  an d  te c h n iq u e s  sh o u ld  b e  g en 
e ra lly  valid  so th a t  a c a lib ra tio n  curve fo r  
th e  m a te ria l b e in g  s tu d ie d  sh o u ld  re ad ily  
give th e  c o n s ta n t  n e ed e d .

T h e  q u e s tio n  arises w h e th e r  th e  signal 
o b ta in e d  a t  R F  0  db  is d u e  to  m o b iliz a 
tio n  o f  h y d ro g e n  fro m  th e  s ta rc h  and  
p ro te in  b y  th e  w a te r  p re se n t r a th e r  th a n  
to  BW itse lf. T h is  w as a n sw e red  b y  
e x p e rim e n tin g  w ith  silica gel w h ic h  c o n 
ta in s  n o  h y d ro g e n , in p lace  o f  th e  f lo u r . 
A  sim ila r se t o f  curves w as o b ta in e d  an d  
th e  s lo p e  o f  th e  ascen d in g  cu rv e  w as 8 2 .6  
w h ic h  w as w ith in  th e  95%  c o n fid e n ce  
ran g e  fo u n d  w ith  th e  fo o d  p ro d u c ts . 
T h e re fo re , i t  w as c o n c lu d e d  th a t  th e  
signal o b ta in e d  a t  R F  0 db  is d u e  to  BW.

T h e  Y -in te rc e p t o f  e ach  a scen d in g  
reg ress io n  lin e  w as a t a slig h t n eg ativ e  
v a lu e  in s te a d  o f  passing  th ro u g h  th e  
o rig in  as e x p e c te d . T h is m ay  b e  re ad ily  
a sc rib ed  to  e rro rs  in v a cu u m  ov en  m o is
tu r e  d e te rm in a tio n . A lso , th is  m ay  m ean  
th a t  w ith  th e  in s tru m e n t p a ra m e te rs  u sed  
h e re , m o is tu re  c o n te n ts  b e lo w  a b o u t 2% 
c o u ld  n o t  b e  d e te c te d .

T h e  e q u a tio n s  fo r  th e  a sc en d in g  an d  
d e sc en d in g  reg ress io n  lines fo r  eac h  p ro d 
u c t (T ab le  1) w e re  so lved  s im u lta n e o u s ly  
fo r  th e ir  in te rs e c t io n  p o in t.  T h e  m o is tu re  
c o n te n t  fo r  e ac h  p o in t,  ex p ressed  as 
p e rc e n t w a te r  (T ab le  1) w as 3 3 .0  fo r  
f lo u r , 2 6 .0  fo r  s ta rc h  an d  3 5 .3  fo r  egg 
w h ite . E ach  va lue  re p re se n ts  th e  m a x i
m u m  a m o u n t o f  w a te r  th e  p ro d u c t  c o u ld  
b in d . T h ese  c ritic a l m o is tu re  c o n te n ts  
(F ig . 1, 4  a n d  5) a re  th e re fo re  te rm e d  
B o u n d  W ater C a p a c ity  (BW C). T h e  values 
given h e re  m ay  b e  c o m p a re d  w ith  th e  
fo llo w in g  l i te ra tu re  v a lues o b ta in e d  by  
d e te rm in a tio n  o f  w a te r  n o t  f ro z e n  a t low  
te m p e ra tu r e :  w h e a t f lo u r  22 .5%  a t
— 18°C  (T o le d o  e t a l., 1 9 6 8 ); w h o le  co rn  
33 .8%  a t - 2 0 ° C  a n d  egg w h ite  31%  a t 
—7 0 °C  (K u p r ia n o ff , 195 8 ).

T h e  p o in ts  a t  th e  a p ex  o f  th is  in te rse c 
t io n  in  case o f  F ig u re  5 d id  n o t  fa ll on  
e ith e r  line . T h ese  p o in ts  re p re se n t sam 
ples p re p a re d  b y  a d d in g  th e  ca lcu la te d  
a m o u n t o f  w a te r  to  low  m o is tu re  sam 
ples. E v id e n tly  n o t  all th e  a d d e d  w a te r  
c o u ld  b e  b o u n d  b y  th e  DM in  th e  sh o rt 
tim e , 2 h r , a llo w ed  fo r  e q u ilib ra tio n . T his 
sh o r t  tim e  w as ch o se n  to  avo id  fe rm e n ta 
tio n . A lth o u g h  th e  sam e te c h n iq u e  w as 
used  to  p re p a re  sam p les giving p o in ts  on  
th e  h ig h  m o is tu re  lin e , in th e se  cases 
th e re  w as so m u c h  free  w a te r  p re se n t th a t  
eq u ilib r iu m  w as ach iev ed  in  th e  tim e  
a llo tte d .

T h e  ascen d in g  a n d  d e sc en d in g  curves

(F ig . 5 ) a re  c o m p a tib le  w ith  e ach  o th e r  as 
sh o w n  b y  th e  fo llo w in g  c a lc u a tio n : A t an  
o rd in a te  o f  12 in  F ig u re  5 , th e  abscissa  
fo r  th e  ascen d in g  cu rv e  is 0 .1 4 6  g BW p e r 
g sam ple . F ro m  th e  in te r s e c t io n  p o in t  in  
F ig u re  5,

BWC = 33.0% water = ¿3-0 8 B'W = 0.493 
67.0 g DM

g BW 
g DM

Then, 0.146 g BW/g sample 
0.493 g BW/g DM

= 0.296 g P M  T g sample

so th e  c a lcu la te d  absc issa  is

1 -0 .2 9 6  = 0.704 g to ta l water 
g sample

A t a n  o rd in a te  o f  12, th e  h ig h  m o is 
tu re  cu rve  o f  F ig u re  5 sh o w s a n  absc issa  
o f  0 .7 0 0  th u s  c o rro b o ra t in g  th e  c a lc u 
la te d  value.

T h e  d a ta  p re se n te d  h e re  m ay  b e  in te r 
p re te d  o n  th e  basis th a t  all th e  w a te r , 
b o th  b o u n d  a n d  free , gives a signal a t  R F  
28 d b  (F ig . 1), b u t  th a t  o n ly  BW is 
m easu red  a t R F  0 d b  (F ig . 2 ). T h u s , all 
f lo u r  sam p les c o n ta in in g  o n ly  BW (25%  
o r less) gave a  u n ifo rm  re a d in g  o f  87  
u n its /g  w a te r  a t R F  0  db  (F ig . 2).

A t h ig h er R F  va lues su c h  as 28  d b , th e  
signal p e r  g BW v aried  w ith  m o is tu re  
c o n te n t  o f  th e  f lo u r . T h is  sh o w s th a t  th e  
low  m o is tu re  c a lib ra tio n  cu rv e  in  F ig u re  1 
is n o t  a p e r fe c t s tra ig h t lin e  as d ra w n . A t 
h ig h  R F  a t te n u a t io n  th e  cu rv es (F ig . 2) 
fo r  BW a re  h o r iz o n ta l  d u e  to  th e  R F  
sa tu ra t io n  e f fe c t,  a n d  a s tra ig h t lin e  re la 
t io n  b e tw e e n  signal a n d  BW c a n n o t be  
e x p e c te d , as e x p la in ed  a t  th e  b e g in n in g  o f  
th is  sec tio n .

As th e  free  w a te r  level in c reases  ( to ta l  
w a te r  ab o v e  50% ) th e  R F  a t te n u a t io n  
curves (F ig . 3 )  sh o w  a s h o r te r  h o r iz o n ta l  
p o r t io n  a t th e  h ig h  R F  a t te n u a t io n  a n d , 
in  g en era l, a p p ro a c h  th e  level a n d  sh a p e  
o f  th e  100%  w a te r  cu rve. T h e  re a so n  fo r  
th is  is th e  d ilu tin g  e ffe c t th a t  th e  free  
w a te r  has o n  th e  BW a t th e  h ig h  to ta l  
m o is tu re  c o n te n ts .  T h u s , th e  BW re m a in s  
a fu n c tio n  o n ly  o f  th e  a m o u n t o f  so lid  
m a tte r  p re se n t so th a t  BW can  b e  d e te r 
m in ed  a t a n y  m o is tu re  c o n te n t .

F o r  in s tru m e n t c a lib ra tio n  as w ell as 
d e te rm in a tio n  o f  BWC, a m in im u m  o f  
fo u r  sam p les a t m o is tu re  levels in  th e  BW 
ran g e  a n d  fo u r  in  th e  free  m o is tu re  ran g e  
m u st be  e x am in ed  as in d ic a te d  in  F ig u re  
4  o r  5. H o w ev er, o n c e  th e  c a lib ra tio n  
c o n s ta n t  h as b e en  e s tab lish e d  fo r  th e  
in s tru m e n t as w ell as th e  m a te ria l b e in g  
s tu d ie d , th e  BWC can  b e  d e te rm in e d  b y  a 
single d e te rm in a tio n  as fo llo w s:

1. Take a sample at a m oisture con_.ent 
known to be above the BWC.

2. Take the NMR reading a t RF 28 db.
3. Find g total water per g sample using a 

calibration curve similar to  Fig. 1.
4. Calculate g DM/g sample =

j g to ta l water 
g sample

5. Take the NMR reading a t RF 0 db.
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6. Calculate g BW/g sample =
NMR units a t RF 0 db/g sample
85.04 NMR units/g BW

7. Calculate g BW/g sample (step 6) _ 
g DM/g sample (step 4)

g BW = 
g DM BWC

If  to ta l  m o is tu re  c o n te n t  is k n o w n  
(e .g ., v acu u m  ov en  m o is tu re )  s te p s  2 a n d  
3 m ay  b e  e lim in a te d . A  sa m p le  ca lcu la 
t io n  m ay  b e  m a d e  using  th e  f lo u r  sam p le  
a t th e  h ig h es t m o is tu re  c o n te n t ,  78 .6% .

Step 4. 1 _ 0,786 £ l ° ta l^ r = g sample

0.214 gDM  , g sample
Step 5. NMR reading a t RF 0 db = 8.50 

NMR units per g sample.

Ste 6 8-50 NMR units/g sample 
^  85.04 NMR units/g BW

0.0999 g BW
g sample

Sten 7 0 0 9 9 9  g BW/g sample _
^ ' 0.214 g DM/g sample

0.467 g BW 
gDM

or 31.9% wet basis BWC

T h is c o m p a re s  w ith  3 3 .0 %  BWC as 
sh o w n  in  T ab le  1. T h u s , fo r  b e t te r  a c c u ra 
cy  a  n u m b e r  o f  sam p les a t  v a rio u s m o is 
tu re  c o n te n ts  sh o u ld  b e  a n a ly z e d  a n d  th e  
“ te p e e ” cu rv e  u sed  to  d e te rm in e  BWC.

It  m ay  b e  n o te d  th a t  w e have  h e re  
o n ly  th re e  v a ria b le s  in  case  o f  a  m a te ria l 
a t  a m o is tu re  c o n te n t  a b o v e  th e  BWC: 
T o ta l W ater C o n te n t ,  BWC a n d  N M R  
re ad in g  a t  R F  0  d b . F ro m  a n y  tw o  o f  
th e se , th e  th ir d  m ay  b e  c a lcu la te d .

T h is  n ew  c o n c e p t  fo r  m easu rin g  BW in  
fo o d  p ro d u c ts  sh o u ld  p ro v e  q u ite  v a lu 
ab le  a s  a m e a su re  o f  o n e  e x tre m e ly  
im p o r ta n t  p ro d u c t  c h a ra c te ris tic  in  s tu d y 
ing  th e  e f fe c t  o f  p ro c ess  a n d  s to rag e  
v a riab les  o n  th e  p ro d u c t .  T h is  m e th o d  is 
d ire c t,  ra p id , a c c u ra te ,  n o n d e s tru c tiv e

a n d  c an  b e  c a lib ra te d  fo r  th e  te m p e ra tu re  
o f  in te re s t  to  th e  w o rk e r.
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DEHYDRATION THERMOPROFILES OF AMINO ACIDS AND PROTEINS

S U M M A R Y — D e h y d r a t io n  t h e r m o p r o f i l e s  r e p r e s e n t in g  w a te r  e v a p o r a t io n  f r o m  a q u e o u s  s o lu t io n s  
o f  2 2  n a tu r a l ly  o c c u r r in g  a m in o  a c id s  w e r e  d e t e r m in e d .  14  a m in o  a c id s  e x h i b i t e d  p e a k s  o f  
" b o u n d "  w a te r  b e y o n d  th e  e v a p o r a t io n  p e a k  o f  " f r e e "  w a te r .  T h e  a c id ic  a n d  b a s ic  a m in o  a c id s  
i n d i c a t e d  n o  w a te r  r e t e n t i o n .  E x c e p t io n a l  w a te r  r e t e n t i o n  p r o p e r t i e s ,  3 0 % —7 0 %  o f  t h e  t o t a l  w a te r  
c o n t e n t  a s  m e a s u r e d  b y  p e a k  a rea s , w e r e  e x h i b i t e d  b y  t h e  n o n p o la r  a m in o  a c id s :  is o le u c in e ,  
le u c in e ,  m e t h i o n i n e  a n d  v a lin e . T h e  m e t h y l  a n d  m e t h y l e n e  g r o u p s  o f  th e s e  n o n p o la r  s t r u c tu r e s  
s e e m  t o  b e  r e s p o n s ib le  f o r  t h e  w a te r  r e t e n t i o n  p r o p e r t i e s  p r o b a b l y  d u e  to  h y d r a t e  fo r m a t io n .  O n e  
e x p l a n a t io n  c o u l d  b e  t h a t  a s  t h e  t e m p e r a tu r e  is  r a is e d  to  a  c r i t i c a l  p o i n t ,  t h e  s e m ic r y s ta l l in e  a r r a y  
a r o u n d  t h e  n o n p o la r  a m in o  a c id  r a d ic a ls  c o l la p s e s .  B e e f  m u s c l e  t i s s u e  a n d  e g g  a lb u m in  in d ic a te d  

s t r o n g  w a te r  r e t e n t i o n  p r o p e r t i e s .

INTRODUCTION
IN  R E C E N T  Y E A R S , d if fe re n tia l  e n th a l-  
p ic  an a ly sis  (D E A ), a lso  re fe r re d  to  as 
d if fe re n tia l  m ic ro c a lo r im e try , h as b e e n  
u til iz e d  ex te n s iv e ly  to  m ea su re  q u a n ti ta 
tive  e n erg y  ch an g es w h e n  a su b s ta n c e  
u n d e rg o e s  p ro g ra m m e d  h e a tin g  (W atso n  
e t a l., 1 9 6 4 ). H ow ev er, th e  re fe re n ce s  in  
th e  th e rm o -a n a ly tic a l l i te r a tu re  c o n c e rn 
in g  w a te r -p ro te in  a n d  w a te r-a m in o  acid  
sy s tem s are  scarce .

B y using  d if fe re n tia l  th e rm a l analy sis  
(D T A ), M ish in  a n d  G a rb u zo v  (1 9 5 1 )  
fo u n d  th a t  severa l p ro te in s , in c lu d in g  egg 
a lb u m in , sh o w  a d e f in i te  e n d o th e rm ic  
ch an g e  in  th e  h e a tin g  cu rv es b e tw e e n  
110 °C  a n d  1 4 0 °C  cau sed  b y  th e  loss o f  
w a te r . T h ey  p re d ic te d  th a t  D T A  c o u ld  be  
u se d  fo r  th e  id e n tif ic a t io n  o f  p ro te in s . 
P e rk in s  a n d  M itch e ll (1 9 5 7 )  c o n firm e d  
th e  la t te r  s ta te m e n t p u b lish in g  th e  D T A  
cu rv es o f  12 a m in o  a c id s  a n d  3 p ro te in s .

F e lix  e t al. (1 9 6 3 )  u sed  D T A  to  an a ly ze  
th e  w a te r  b in d in g  o f  k e ra t in s ;  th e  h e a tin g  
c u r v e s  s h o w e d  a n  e n d o th e rm  a t 
1 3 0 ° — 1 4 5 °C  as a sc rib e d  to  v a p o r iz a tio n  
o f  b o u n d  w a te r . S im ila r e x p e r im e n ta l 
c o n d it io n s  w ere  a p p lie d  b y  V in so n  e t al. 
(1 9 6 5 )  to  d r ie d  a n d  r e h y d ra te d  k e ra t in . 
T h e  p r in c ip a l p h ase  tra n s it io n s  w e re  o b 
se rv ed  a t 7 7 ° - 8 8 ° C ,  1 0 3 °C , 1 1 4 °C , an d  
13 5 °C . T h ey  c o n c lu d e d  th a t  th e  tw o  
la t te r  te m p e ra tu re s  in d ic a te d  w a te r  b in d 
in g  s ites . H en ce  D T A  o r  D E A  seem  to  be  
u n iq u e ly  su ite d  fo r  c h a ra c te r iz a t io n  o f  
p ro te in s  w ith  re sp e c t to  w a te r  b in d in g  o r 
re te n tio n . N o t o n ly  a re  th e  p h ase  tra n s i
t io n  te m p e ra tu re s  d e f in e d  b u t  also  th e  
e n erg e tic s  o f  th e se  tra n s it io n s .

T h e  p re se n t in v e s tig a tio n  w as u n d e r 
ta k e n  to  use  d if fe re n tia l  m ic ro c a lo r im e try  
to  s tu d y  th e  w a te r  b in d in g  a sp e c ts  o f  all 
th e  n a tu ra l  a m in o  ac id s a n d  so m e  g lo b 
u la r  p ro te in s .

EXPERIMENTAL
FOR THE FIRST part o f this study, 22 nat
urally occurring amino acids (L-conflguration) 
o f analytical grade were used. Regardless o f the 
solubility, 25 mg o f each amino acid was mixed 
in a glass vial w ith 475 p \  o f distilled water. The 
stoppered vials were allowed to stand in a re
frigerator for several days with occasional shak
ing. Some amino acids were soluble and thus 
yielded 5% aqueous solutions. Others were less 
soluble and yielded a saturated clear super
natan t w ith insoluble deposits on the bo ttom  of 
the vial. By means o f a microsyringe, 3 /ri ali
quots were taken from the clear solution or 
supernatant, transferred to  an open aluminum 
sample pan, equilibrated isothermally at 37°C 
in the sample holder o f a Differential Scanning 
Calorimeter, Model DSC-IB (The Perkin-Elmer 
Corp., Norwalk, Conn.), for exactly 20 sec, and 
subsequently scanned from 37°C upward at the 
0.032 cal/sec ou tpu t sensitivity for a full-scale 
deflection and 10°C/min heating rate. A t least 
five trials were perform ed: two were run to  the 
endpoint-sublim ation , charring, or decomposi
t io n -o f  the dehydrated material; the others 
were run only to  com pletion of dehydration. 
The inform ation recorded included: dehydra
tion thermoprofiles, per cent o f water retained 
beyond the primary peak as estimated from the 
peak areas, and decom position characteristics 
of the amino acids.

Dehydration thermoprofiles o f proteins 
were studied on beef muscle tissue and egg 
albumin under similar conditions using 2 .5 -3 .0  
mg as the sample size.
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T a b l e  1 — D e h y d r a t i o n  d a t a  o f  a q u e o u s  L - a m i n o  a c i d  s o l u t i o n s  a s  

e s t i m a t e d  f r o m  t h e r m o p r o f i l e s .

L-amino acid

Avg. water 
retention 
area (%) Remarks

Alanine 5 Sublimation a t 230°C
Arginine Charring a t (2 3 0 ° -)  250°C
Asparagine 1 Charring a t (2 4 0 ° -)  265°C
Aspartic Acid Charring a t (2 6 5 ° -)  355°C
Cysteine 2 Sublimation at 228°C
Cystine Charring a t (2 2 5 ° -)  275°C
Glutamic Acid Charring at (2 2 5 ° -)  270°C
Glu tamine Charring at (2 3 5 ° -)  257°C
Glycine 6 Sublimation with very small 

charred residue a t 260°C
Histidine Charring at (2 8 0 ° -)  300°C
Hydroxyproline 7 Decomposition (?) at 

(2 8 0 ° -)  300°C
Isoleucine 50 Sublimation a t 205°C
Leucine 70 Sublimation a t 21 0°C
Lysine Charring at (3 5 0 ° -)  400°C
Methionine 60 Sublimation at 227°C
Phenylalanine 15 Sublimation at 227°C
Proline 2 Sublimation at 240°C
Serine 3 Decomposition at 

(2 3 5 ° -)  230°C
Threonine 6 Charring a t (2 4 5 ° -)  300°C
Tryptophan 10 Dark brown liquid residue a t 

285°C. with very disagr. aroma
Tyrosine Sublimation with very small 

charred residue a t 288°C
Valine 30 Sublimation at 205°C

RESULTS & DISCUSSION
P R E L IM IN A R Y  ST U D IE S  rev ea led  th a t  
h ig h er c o n c e n tra t io n s  o f  a m in o  acid s in 
flu e n c e d  n e ith e r  th e  g en era l a p p ea ran c e  
o f  th e  th e rm o p ro f ile s  n o r  th e  p ro p o r t io n  
o r  p e rce n ta g e  o f  th e  re ta in e d  w a te r  s ig n if
ic a n tly . T h e  c h o ice  o f  5% a q u e o u s  so lu 
tio n  o f  a m in o  acid s w as based  o n  th e  
reaso n in g  to  o b ta in  p o ss ib ly  m ax im u m  
d e ta ils  in th e  th e rm o p ro f ile s  w i th o u t  d i
m in ish in g  th e  s ig n ifican t ro le  o f  w a te r  by  
k e ep in g  it  a t  o r  in  excess o f  95% . A s a 
m a t te r  o f  fa c t,  th e  to ta l  a reas o f  th e rm o 
p ro file s  ran g ed  fro m  95%  u p  fo r  a m in o  
acid  so lu tio n s  to  100%  fo r  p u re  w a te r , 
im p ly in g  th a t  th e  e n erg y  m ea su re d  b y  th e  
a rea s w as e n tire ly  u sed  to  e v a p o ra te  th e  
w a te r  p re se n t. T h is  c o n c lu s io n  w as fo r 
tif ie d  b y  th e  fa c t th a t  w h e n  p u re  c ry s ta l
line  a m in o  ac id s w e re  ru n  u n d e r  id e n tic a l 
e x p e rim e n ta l c o n d it io n s ,  o n ly  sm o o th  
base lin es re su lte d  w ith o u t  a n y  d e h y d ra 
t io n  peaks.

T h e  th e rm o p ro f ile s  re p re se n tin g  w a te r  
e v a p o ra tio n  fro m  d ilu te  a q u e o u s  a m in o  
acid  so lu t io n s ,  a n d  p u re  w a te r  as c o n tro l ,  
f ro m  3 7 ° C —1 4 0 °C  are  p re se n te d  in  F ig
u re  1. A ll sh o w  a p rim a ry  e n d o th e rm  
w h o se  p e ak  m a x im u m  is in  th e  v ic in ity  o f  
7 0 °C . A p p a re n tly  e n o u g h  en erg y  w as 
su p p lied  to  e v a p o ra te  th e  “ f re e ”  w a te r  a t 
a b o u t  7 0 °C  d u e  to  re la tiv e ly  h ig h  v a p o r

p re ssu re  o f  w a te r , th e  h ig h  su rfa ce -to -  
v o lu m e  ra tio  o f  th e  sam p le , a n d  th e  
d y n a m ic  n itro g e n  a tm o sp h e re . T h e  evap
o ra tio n  o f  w a te r  “ b o u n d ”  a t  v a rio u s  
d eg rees w as d e la y e d  b e y o n d  th e  p r im a ry  
p eak .

F o r  p r im a ry  p e ak s , an  e m p irica l b ase 
lin e  w as d ra w n  b e tw e e n  th e  3 7 °C  p o in t  
(w h e n  th e  te m p e ra tu re  p ro g ram  w as 
s ta r te d )  a n d  th e  in te rc e p t  w i th  th e  base
lin e  a t  a b o u t  7 0 °C  as in d ic a te d  w ith  a 
d a sh e d  line . (S ee  a la n in e , F ig . 1). T h e  
c o rre sp o n d in g  areas w e re  a ssu m ed  to  re p 
re se n t th e  en erg y  re q u ire d  to  e v ap o ra te  
th e  free  w a te r . T h e  b ase lin es fo r  all 
th e rm o p ro f ile s  b e y o n d  th e  p r im a ry  p eak  
c o n tin u e d  a t a u n ifo rm  s lo p e . W here th e  
w a te r  r e te n t io n  p e ak s  a p p e a re d  in  th e  
th e rm o p ro f ile s ,  e m p irica l b ase lin es w ere  
d ra w n  as i l lu s tra te d  b y  d a sh e d  lin es in 
F ig u re  1. T h e  c o rre sp o n d in g  a rea s re p 
re se n t th e  en erg y  re q u ire d  to  e v ap o ra te  
th e  m o d if ie d  o r  re ta in e d  w a te r . A ll c a lcu 
la t io n s , e n tire ly  em p irica l in  n a tu re ,  w ere  
b ased  o n  th e se  a reas o f  free  a n d  re ta in e d  
o r  m o d if ie d  w a te r .

T h e  th e rm o p ro f ile s  o f  th e  ac id ic  am i
n o  acid s (a sp a r tic  a n d  g lu ta m ic  a c id )  a n d  
basic  a m in o  acids (a rg in in e , h is tid in e , an d  
ly s in e ) as w ell as c y s tin e , g lu ta m in e , an d  
ty ro s in e  d id  n o t  d isp lay  a n y  o th e r  peak s 
fo llo w in g  th e  p r im a ry  p e ak  u p  to  a t  least 
2 0 0 °C , in d ic a tin g  th a t  all th e  w a te r  had

b e en  given o f f  a t  th e  single  large  p e ak . 
F ive  o f  th e se  a m in o  ac id s, e x c e p t  th e  
basic  a m in o  ac id s, sh o w ed  a v e ry  sh a rp  
p eak  w ith  an  a lm o s t p e rp e n d ic u la r  re c o v 
e ry  to  th e  b a se lin e , v e ry  s im ila r  to  th a t  o f  
p u re  w a te r  (F ig . 1). O n e  m ay  assu m e th a t  
n o  w a te r  b in d in g  w h a tso e v e r  w as e x h ib 
i te d  b y  th e se  five a m in o  acids.

T h e  re m a in in g  14 a m in o  a c id s  sh o w ed  
w a te r  re te n tio n  e n d o th e rm s  b e y o n d  th e  
p r im a ry  p eak . T h e  average  w a te r  r e te n 
t io n  fig u res are  ta b u la te d  in  T ab le  1. F o r  
a la n in e , a sp a rag in e , c y s te in e , g ly c in e , 
h y d ro x y p ro lin e ,  p ro lin e , se rin e , t'hero - 
n in e , a n d  t ry p to p h a n ,  th e  fig u re  w as 
re la tiv e ly  sm all, f ro m  1% u p  to  10% .

T h e  th e rm o p ro f ile s  o f  th e  b asic  a m in o  
acid s in  th e  h y d ro c h lo r id e  fo rm  d if fe re d  
v e ry  l i t t le  f ro m  th e  free  b a se  fo rm . O n ly  
h is tid in e -H C l a n d  ly sine-H C l in d ic a te d  a 
sm all w a te r  re te n tio n  p e a k  ( a b o u t  1% o f  
th e  to ta l  a rea ) a t  9 5 °C  a n d  1 2 0 °C , 
re sp ec tiv e ly .

F o u r  n o n p o la r  a m in o  a c id s—iso le u 
c in e , leu c in e , m e th io n in e ,  a n d  v a l in e -  
e x h ib ite d  e x c e p tio n a l w a te r  re ta in in g  
p ro p e rtie s , f ro m  30% —70%  o f  th e  to ta l  
a rea  (F ig . 1). I t  is in te re s t in g  to  n o te  th a t  
th e se  n o n p o la r  a m in o  ac id  re s id u e s  c o n 
sist o f  m e th y l  a n d  m e th y le n e  g ro u p s  
w h ic h  seem  to  be  re sp o n s ib le  fo r  th e  
e x c e p tio n a l w a te r  b in d in g . H o w ev e r, th is  
d o e s  n o t  fo llo w  th e  c lassical c o n c e p t,  
b ecau se  m e th y l  a n d  m e th y le n e  g ro u p s  do  
n o t  fo rm  io n s in  w a te r  n o r  d o  th e y  a c c e p t 
h y d ro g e n  b o n d s ; th e re  is v e ry  l i t t le  a t t r a c 
t io n  b e tw e e n  th e m  a n d  th e  w a te r  m o l
ecu les . T h e  o n ly  e x p la n a tio n  seem s to  be  
h y d ra te  fo rm a tio n  (B u sw ell a n d  R o d e - 
b u sh , 1 9 5 6 ; K a rm as, 1 9 6 8 ). H e n ce , th e  
e x c e p tio n a l w a te r  r e te n tio n  o f  th e s e  n o n 
p o la r  a m in o  ac id s m ay  b e  d u e  to  sem i
c ry s ta ll in e  w a te r  s tru c tu re s  w h ic h  d ie  n o t  
e v a p o ra te  a t  te m p e ra tu re s  o f  th e  “ f re e ” 
w a te r  b u t  w e re  m a d e  to  co lla p se  a t  h ig h e r  
te m p e ra tu re s  th u s  a c c o u n tin g  fo r  th e  
w a te r  re te n tio n  p e ak s  in  th e  a m in o  acid  
th e rm o p ro f ile s .

As p re v io u s ly  m e n tio n e d , ac id ic  a n d  
b asic  a m in o  acid s e x h ib ite d  n o  w a te r  
re te n tio n  a t  all. T h e  p o la r  g ro u p s , su c h  as 
c a rb o x y l g ro u p s , m a y  have  c au sed  m u lt i 
la y e r  a d so rp tio n  o f  w a te r  m o le c u le s , 
w h e reas  h y d ro g e n  b o n d in g  b e tw e e n  th e  
p o la r  g ro u p s  a n d  th e  w a te r  m o le c u le s  w as 
p ro b a b ly  as s tro n g  as th a t  a m o n g  th e  
w a te r  m o lecu le s  th em se lv es . T h is  p o ss ib il
i ty  has a lso  b e e n  p o s tu la te d  b y  W arner 
(1 9 6 1 ) . A lth o u g h  w a te r  m o le c u le s  are  
b o u n d  b y  a d s o rp tio n , it seem s to  be  a 
w eak e r fo rc e  th a n  th a t  in v o lv ed  in  sem i
c ry s ta ll in e  w a te r  cages; h e n c e , n o  w a te r  
re te n tio n  p e ak s  w ere  d isp la y e d . F o r  th e  
sam e  re a so n , th e  h y d ro x y l  g ro u p  o f  ty r o 
sin e  m u st have  h a d  a d e tr im e n ta l  e f fe c t 
o n  th e  w a te r  re ta in in g  p ro p e r ty  o f  th e  
b e n z y l g ro u p  o f  p h e n y la ln in e . In  th e  
sam e  fa sh io n , th e  in te ra c t io n  o f  p o la r  a n d  
n o n p o la r  re s id u a l g ro u p s  o f  o th e r  a m in o  
ac id s m ay  b e  e x p la in e d  a n d  c o rre la te d
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F i g .  1 — D S C  t h e r m o p r o f i l e s  r e p r e s e n t i n g  w a t e r  e v a p o r a t i o n  f r o m  a q u e o u s  a m i n o  a c i d  s o l u t i o n s  

s u b j e c t e d  t o  a  1 0 ° C  p e r  m i n u t e  t e m p e r a t u r e  i n c r e a s e .

w ith  w a te r  re te n tio n  p ro p e rtie s .
A lth o u g h  T ab le  1 gives in fo rm a tio n  

a b o u t  th e  u l t im a te  f a te - s u b l im a t io n ,  d e 
c o m p o s it io n , o r  c h a r r in g - o f  th e  d e h y 
d ra te d  a m in o  a c id s  w h e n  th e  te m p e ra tu re  
w as p ro g ra m m e d  u p  to  as h ig h  as 4 0 0 ° C , 
th e  th e rm o p ro f ile s  w e re  n o t  in c lu d e d  
h e re . T h e  c o rre sp o n d in g  tra n s i t io n  en d o - 
th e rm s  a n d  e x o th e rm s  o n  th e  c h a r t  w ere  
id e n tif ie d  b y  v isua l o b se rv a tio n  in  th e  
D SC-1B sam p le  h o ld e r . A n  in te re s tin g

o b se rv a tio n  w as th a t  a m in o  ac id s w ith  n o  
w a te r  r e te n tio n  d id  n o t  su b lim e , w hile  
th e  five a m in o  a c id s  w h ic h  e x h ib ite d  th e  
g re a te s t w a te r  re te n tio n  p ro p e rt ie s  all 
su b lim e d  a t  a re la tiv e ly  lo w  te m p e ra tu re :  
2 0 5 ° - 2 2 7 ° C .  I t  m ay  b e  th a t  a c o m p o u n d  
w h ic h  has th e  le a s t a t t r a c t io n  b e tw e e n  its  
m o le c u le s  e scap es c h a rr in g  b y  su b lim a 
t io n  w h e n  th e  k in e tic  c o n te n t  o f  th e  
c o m p o u n d  h a s  re a c h e d  a c e r ta in  level.

D e h y d ra t io n  th e rm o p ro f ile s  w e re  d e 

F i g .  2 — A  D S C  t h e r m o p r o f i l e  r e p r e s e n t i n g  w a t e r  

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

j e c t e d  t o  a  1 0 ° C  p e r  m i n u t e  t e m p e r a t u r e  i n 

c r e a s e .

te rm in e d  a lso  fo r  p ro te in s . T w o  e n tire ly  
d if fe re n t  a n im a l p ro te in s  w ere  ch o sen : 
b e e f  m u sc le  tis su e , a  w a te r -p ro te in  sy s te m  
e x h ib i t in g  h ig h ly -d e v e lo p e d  s tru c tu ra l  
f e a tu re s ;  a n d  egg a lb u m in , a n  a q u e o u s  
so lu t io n  o f  a n u m b e r  o f  p ro te in s .

T h e  re su lts  w e re  s im ila r fo r  b o th  p r o 
te in s  w ith  n o  s ig n ific a n t d e v ia tio n  in  
th e rm o p ro f ile s . A re p re se n ta tiv e  th e rm o 
p ro file  o f  w a te r  e v a p o ra tio n  fro m  raw  
b e e f  m u sc le  tis su e  is i l lu s tra te d  in  F ig u re
2. A lth o u g h  o n ly  o n e  d e h y d ra t io n  p eak  
w as a p p a re n t,  th is  p e a k  in d ic a te d  a very  
s tro n g  w a te r  re te n tio n  fo r  b o th  raw  b e e f  
m u sc le  t is su e  a n d  egg a lb u m in . W ater 
re te n tio n  e x te n d e d  w ell b e y o n d  1 5 0 °C  in 
th e  th e rm o p ro f ile s .

REFERENCES
Buswell, A.M. and Rodebush, W.H. 1956. Wa- 

ter. Sci. Amer. 194(4): 77.
Felix, W.D., McDowell, M.A. and Eyring, H. 

1963. The differential thermal analysis of 
natural and modified wool and mohair. Tex
tile Res. J. 33: 465.

Karmas, E. 1968. Interactions of water with 
amino acids and proteins as determined by 
differential microcalorimetry. Ph.D. thesis. 
Rutgers, The State University, New Bruns
wick, N.J.

Mishin, V.P. and Garbuzov, A.I. 1951. Ther
mography of protein substances. Biokhimi- 
ya 16: 416.

Perkins, A.T. and Mitchell, H.L. 1957. Differ
en tia l therm al analysis of organic 
compounds. Trans. Kansas Acad. Sci. 60: 
437.

Vinson, L.J., Masurat, T. and Singer, E.J. 1965. 
Basic studies in percutaneous absorption. 
Report No. 10, Dec. 1965. Lever Bros. Co., 
Edgewater, N.J.

Warner, D.T. 1961. Proposed molecular models 
of Gramicidin-S and other polypeptides. 
Nature 190: 120.

Watson, E.S , O’Neill, M.J., Justin, J. and 
Brenner, N. 1964. A differential scanning 
calorimeter for quantitative differential 
thermal analysis. Anal. Chem. 36: 1233.

Ms. received 10/28/68; revised 7/1/70; accepted 
7/14/70.



M. G. MAST and G. J. MOUNTNEY“
Ohio Agricultural Research & Development Center, Columbus. Ohio 43210

GROWTH PATTERNS OF SELECTED PSYCHROPHILIC MICROORGANISMS 
IN COOKED AND UNCOOKED ASEPTICALLY PROCURED TURKEY MEAT

S U M M A R Y — S t e r i l e  m u s c l e  t i s s u e ,  r e m o v e d  a s e p t i c a l l y  f r o m  t h e  b r e a s t  o f  a  t u r k e y  r e a r e d  u n d e r  

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

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

s a m p l e s  o f  t h i s  s t e r i l e  m e a t  w h e n  s t o r e d  a t  5 ° C  a n d  2 0 ° C .  S i m i l a r  g r o w t h  p a t t e r n s  w e r e  e x h i b i t e d  

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

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

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

c o m p a r e d  t o  t h a t  o f  Pseudomonas fluorescens i n  b o t h  t y p e s  o f  m e a t  s t o r e d  a t  b o t h  t e m p e r a t u r e s .  

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

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

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

f r e e z i n g  t e m p e r a t u r e s .

INTRODUCTION
SP O IL A G E  O F  P O U L T R Y  m e a t is 
c au sed  m ain ly  b y  th e  d e v e lo p m e n t o f  
c e r ta in  p sy c h ro p h ilic  m ic ro o rg an ism s , 
esp ec ia lly  m em b e rs  o f  th e  g en era  P s e u d o 
m o n a s  a n d  A c i n e t o b a c t e r .  In  o rd e r  to  
d e te rm in e  th e  c o n tr ib u t io n  o f  a sp ec ific  
m ic ro o rg an ism  to  th e  ra te  o f  sp o ilag e , a 
p u re  c u ltu re  o f  th e  o rgan ism  in  q u e s tio n  
m u st be  in tro d u c e d  in to  s te r ile , n o n -  
d e n a tu re d  p o u ltry  m ea t. B y ev a lu a tin g  
th e  in d e p e n d e n t  e ffe c ts  o f  a single species 
o f  b a c te r ia  w e are  b e t te r  ab le  to  u n d e r 
s ta n d  its  ro le  in  spo ilage .

T w o  basic  m e th o d s  a re  u sed  to  o b ta in  
s te rile  m ea t fo r  su c h  s tu d ies . O n e  involves 
rearin g  an  an im a l u n d e r  g e rm -free  c o n 
d itio n s  a n d  th e n  rem o v in g  th e  m e a t a sep 
tic a lly . V a rio u s  a sp e c ts  o f  g e rm -free  s tu d 
ies a n d  g n o to b io lo g y  have  b e en  d iscussed  
in  d e ta il b y  G o rd o n  (1 9 5 9 ) ,  R ey n e irs
(1 9 5 9 ) , a n d  L u ck e y  (1 9 6 3 ) . T h e  se c o n d  
m e th o d  involves p ro c u rin g  th e  m e a t a se p 
tic a lly  fro m  an  an im a l w h ic h  has n o t  b een  
re a re d  u n d e r  g n o to b io tic  c o n d itio n s . T h is  
p ro c e d u re  involves th e  a s su m p tio n  th a t  
m ea t f ro m  n o rm a l, h e a l th y  an im als  is 
s te rile  a t th e  t im e  o f  s la u g h te r . R e se a rc h 
ers have  h a d  vary in g  deg rees o f  success in 
p ro c u rin g  s te rile  m ea t f ro m  su ch  an im als , 
p a r tia lly  d e p en d in g  o n  th e  te c h n iq u e s  
u til iz e d  in  rem o v in g  th e  m ea t. Z en d e r e t 
al. (1 9 5 8 ) ,  u sin g  a  surg ical ro o m  te c h 
n iq u e , su c c ess fu lly  p ro c u re d  s te rile  m ea t 
f ro m  ra b b its  a n d  lam b s. S h a rp  (1 9 6 3 )  
o b ta in e d  s te rile  ra b b it  tis su e  b y  su b m e rg 
ing th e  ex c ised  tis su e  in  a lc o h o l an d  th e n  
ig n itin g  it. By p a in tin g  th e  flam ed  tis su e  
w ith  a d y e  so lu tio n , h e  fu r th e r  re d u c e d  
th e  p e rce n ta g e  o f  c o n ta m in a te d  sam ples.

v an  den  Berg e t  al. (1 9 6 3 ;  1 9 6 4 ) an d  
K h a n  a n d  van  den  B erg (1 9 6 4 )  p ro c u re d

aPresent address: Cooperative State Re
search Service, USDA, Washington, D.C. 20250.

s te rile  ch ic k en  m ea t b y  d ip p in g  th e  m ea t 
in to  so lu t io n s  o f  c h lo r te tra c y lin e  an d  
so d iu m  h y p o c h lo r i te . O c k e rm a n  (1 9 6 6 )  
a n d  O c k e rm a n  e t al. (1 9 6 9 )  o b ta in e d  
s te rile  b o v in e  m u sc le  sam p les b y  u sing  a 
su rg ica l iso la to r  te c h n iq u e .

F ra z ie r  (1 9 6 7 )  re p o r te d  th a t  chan g es 
w h ic h  o c c u r  in  m ea t d u rin g  c o o k in g  m ay  
re n d e r  th e  p ro d u c t  m o re  su sce p tib le  to  
a t ta c k  b y  m ic ro o rg an ism s . H o w ev er, l it t le  
w o rk  has b e en  r e p o rte d  c o m p a rin g  m ic ro 
b ia l g ro w th  in  s te rile  u n c o o k e d  an d  
c o o k e d  p o u l try  m ea t.

T h e  o b jec tiv e s  o f  th is  s tu d y  w ere  (1 )  
to  d ev elo p  a m e th o d  fo r o b ta in in g  s te rile  
m e a t f ro m  p o u ltry ,  (2 )  to  s tu d y  th e  
g ro w th  ra te s  o f  se lec te d  p sy c h ro p h ilic  
m ic ro o rg an ism s in  a se p tica lly  p ro c u re d  
p o u l try  m ea t, a n d  (3 ) to  c o m p a re  th e  
g ro w th  ra te s  o f  th e se  m ic ro o rg an ism s in 
c o o k e d  a n d  u n c o o k e d  s te r ile  m ea t.

MATERIALS & METHODS
A 20-LB WHITE TURKEY hen was used as the 
source of meat for these experiments. Prelim
inary trials were conducted w ith two chicken 
broilers weighing approxim ately 3 lb each to 
test procurem ent techniques. However the mi
crobiological experiments reported here were 
conducted with turkey muscle tissue because of 
the large quantity  o f m eat obtainable from one 
bird.
Slaughter procedure

The slaughter procedure involved suspend
ing the bird head down, swabbing the neck area 
with ethanol, severing the jugular vein and then 
piercing the brain. The feathers were removed 
w ithout scalding, and the neck and hocks were 
removed with shears. The bird was then placed 
in a stainless steel container, rinsed with eth
anol, covered with aluminum foil, and taken to 
the laboratory for further processing. All sur
faces and utensils coming into contact with the 
sample material were presterilized. Aseptic pro
cedures were utilized throughout the study.

In the laboratory the surface of the bird was 
thoroughly scrubbed with towels saturated with 
ethanol. The carcass was completely submerged 
in ethanol for 15 sec, allowed to drain, and 
ignited. While still flaming the bird was placed 
into an isolator. To reduce the possibility of 
contam ination from the air inside the isolator 
and on the skin o f the bird, the carcass was left 
in the closed isolator for 20 min under ultra
violet light.
Aseptic sample procurem ent

The m eat was obtained from breast muscle 
on bo th  sides o f the sternum o f the turkey. The

T a b l e  1 — G r o w t h  o f  m i c r o o r g a n i s m s  i n  t u r k e y  m u s c l e  t i s s u e  s t o r e d  a t  2 0 ° .

Storage time 
in days

C ulture1 ’3
Treatm ent of 

sterile tissue2 >3
Pure culture of 
P seu d o m o n a s  

flu o rescen s

Mixed culture of 
F la vo b a c te riu m  sp. 

+ A lca lig en es  sp.
Cooked Uncooked

0 4.7774 4.8713 4.8611 4.7876
Vz 5.9314 6.2540 6.3910 5.7944
1 8.7713* 9.0464* 9.1161** 8.7016**
2 9.7160 10.2675 9.9231 10.0612
3 9.9693 10.2534 10.3100 9.9127
4 10.0257 9.9396 9.7087 10.2566
5 9.3930 10.258 9.9165 9.6823

1 Each logarithmic value represents the mean of six determ inations; three trials in uncooked 
turkey muscle tissue and three trials in cooked turkey muscle tissue.

2Each logarithmic value represents the mean of six determ inations; three trials using P seu 
d o m o n a s  f lu o re sc en s  and three trials using a mixed culture o f a F la vo b a c te r iu m  sp. and an A lc a 
ligen es  sp.

3Means in the same row having one asterisk are signficantly different a t P <  0.05; means having 
two asterisks are significantly different a t P <  0.01.
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breast skin was cut with a scalpel and pulled 
away from the incision with forceps. Small por
tions o f the outer muscles were excised and 
placed into sterile containers. Care was taken to 
avoid cutting into the air sacs separating the 
layers o f muscle in the breast, since the air sacs 
could be sources o f contam ination. Tissue from 
the area surrounding the air sacs was k ep t sep
arate from the outer muscle tissue.
Sterility testing

Small samples o f tissue were taken from 
each container and placed into 16 x  150 mm 
tubes containing Fluid Thioglycollate Medium 
(BBL). These tubes were incubated a t 35°C for 
72 hr and visually observed for turbidity as an 
indication of microbial growth. A control sam
ple o f tissue inoculated with microorganisms 
was used as a positive reference. 1 m l aliquots 
o f bro th  were removed from the tubes after 48 
hr o f incubation and transferred to Tryptone 
Glucose Extract Agar (TGEA), Difco. These 
plates were incubated at 35°C for 48 hr and 
were then examined for microbial growth.

The containers o f sterile tissue were also 
placed in an incubator at 20°C for 48 hr after 
which samples were again removed and tested 
for sterility by the m ethod outlined above. Af
ter the sterility o f the samples was established, 
the tissue was frozen and held at -1 8 °C  for 7 
days.
Individual sample preparation

The frozen tissue was subsequently removed 
from the freezer and allowed to thaw at 5°C. 
Samples o f tissue weighing approxim ately 5g 
each were transferred in the isolator to pre
weighed, 20 ml screw-capped vials. One-half of 
these tissues were autoclaved (121°C, 15 psi for 
15 min), and then stored at 5°C. Small portions 
o f tissue were removed from each of the re
maining vials which had no t been autoclaved, 
and checked for sterility. The vials were then 
weighed and stored a t 5°C.

Microorganisms
The microorganisms used in this study were 

(1) P seu d o m o n a s flu o re sc en s, ATCC Culture 
No. 12633, and (2) a mixed culture consisting 
o f a F la vo b a c te r iu m  species and an A lca lig en es  
species cultured from a broiler carcass which 
showed signs o f spoilage.

Both cultures o f organisms were grown in 
N utrient Broth (Difco) for 24 hr at 20°C. To 
obtain rapidly proliferating organisms for the 
inocula, two subsequent transfers were made to 
N utrient Broth. The cells in the final cultures 
were separated from the media by centrifuga
tion and were rinsed w ith a sterile peptone-salt 
medium (0.1% peptone, Difco; 0.5%NaCl). Af
ter washing and centrifuging the cells two more 
times, the cell suspensions were diluted so that 
an optical density o f  0.25 was obtained when 
measured on a Coleman Spectrophotom eter 
(Model 14, Coleman Instrum ent, Inc.) adjusted 
to a wavelength of 660 mu, as suggested by 
Ingraham (1958). This suspension was then 
diluted with the peptone-salt medium so that 
when an appropriate am ount was added by 
pipette to the sterile muscle tissue samples, ap
proximately 4.4 x  104 microorganisms per 
gram would be present.
Experimental design

Samples o f sterile cooked and uncooked tur
key muscle tissue were inoculated with either a 
mixed culture (F la vo b a c te r iu m  species and 
A lca lig en es  species) or a pure culture (P seu do
m o n a s flu o re sc en s)  and were held at either 5°C 
or 20°C following inoculation. Samples held at 
5°C were examined after 0 days (a control, an
alyzed immediately after being inoculated with 
the microorganisms), and 1, 2, 5, 10, 15, and 
20 days. Samples held at 20°C were examined 
after 0, 14, 1 ,2 ,  3, 4, and 5 days. An uninoc
ulated control sample was held with each series 
o f  vials and examined with the final inoculated 
sample.
Procedure for bacterial analysis

Total plate counts were performed in trip
licate on each sample a t the end of the storage 
period. The entire contents o f  each vial were 
aseptically transferred to  a sterile blendor jar. 
Enough sterile peptone-salt diluent was added 
to make a 1:10 dilution. The m ixture was then 
blended for 30 sec at low speed (8,000 rpm) 
with a Waring Blendor (Waring Blendor Corp.). 
TGEA was used as the medium for all plate 
counts.

All plates were incubated at 20°C for 48 hr, 
since Peterson and Gunderson (1960), Olsen 
and Jezeski (1963), and Keenan et al. (1967) 
reported 2 0 - 2 1°C to be the optim um  temper

ature for growth o f P seu d o m o n a s flu orescen s. 
Colonies were counted on a Quebec Colony 
Counter (Spencer Lens Co.).
Interpretation of data

Bacterial counts were converted to log
arithm s and growth curves were p lotted. The 
data were analyzed by analysis o f variance ac
cording to Steel and Torrie (1960).

RESULTS & DISCUSSION
U S IN G  T H E  P R O C E D U R E S  o u tlin e d  
a b o v e , s te rile  m u sc le  tis su e  w as success
fu lly  p ro c u re d  fro m  p o u l try  g ro w n  u n d e r  
c o m m e rc ia l  c o n d itio n s . A ll o f  th e  tu rk e y  
m u sc le  tis su e  w h ic h  w as p ro c u re d  was 
s te r ile , a n d  95%  (3 4  o f  3 6  sam p le s)  o f  th e  
m u sc le  tis su e  fro m  tw o  b ro ile r  ty p e  
c h ic k e n s  w as s te rile . T h e  p re sen c e  o f  
b a c te r ia  in  tw o  sam p le s in  th e  p re lim in a ry  
tr ia ls  w e re  a t t r ib u te d  to  c o n ta m in a tio n  in 
h a n d lin g  a n d  n o t  to  in h e re n t  m ic ro o rg a n 
ism s in  th e  tis su e . T h ese  re su lts  a re  in 
a g re e m e n t w ith  th o se  o f  Z e n d e r  e t al.
( 1 9 5 8 ) ,S h a rp  (1 9 6 3 ) ,  van  den  B erg e t al. 
(1 9 6 3 ;  1 9 6 4 ), K h an  a n d  van d en  Berg
(1 9 6 4 ) ,  O c k e rm a n  (1 9 6 6 ) ,  a n d  O c k e rm a n  
et al. (1 9 6 9 ) ,  a ll o f  w h o m  o b ta in e d  ste rile  
m u sc le  tis su e  fro m  n o rm a l an im a ls  w h ich  
h a d  n o t  b e en  re a re d  u n d e r  g n o to b io tic  
c o n d itio n s . H o w ev er, th e se  re su lts  dis
agree  w ith  re p o r ts  o f  B o y e r (1 9 2 6 ) ,  B u m  
(1 9 3 4 ) ,  L ep o v e tsk y  e t  a l. (1 9 5 3 ) ,  a n d  
M cC arth y  e t al. (1 9 6 3 ) ,  w h o  c o n sid e r 
b a c te r ia  to  b e  an  in h e re n t  p a r t  o f  n o rm a l 
tissu e .

T h e  g ro w th  p a tte rn s  o f  th e  m ic ro 
o rg an ism s (m ix e d  c u ltu re  co n s is tin g  o f  a 
F la vo b a cteriu m  sp . a n d  an  A lcalig enes  
sp ., a n d  a p u re  c u ltu re  o f  P seudom on as  
flu o rescen s) in  a se p tica lly  p ro c u re d  tu r 
key  m u sc le  tis su e  (c o o k e d  a n d  u n c o o k e d )  
a re  i llu s tra te d  in  F ig u re  1 (2 0 ° C )  an d  
F ig u re  2 (5 °C ). T h e  m ic ro o rg an ism s  grew  
m o re  ra p id ly  a t  2 0 °C  th a n  a t 5°C , as 
w o u ld  b e  e x p e c te d . H o w ev er a t  b o th  
2 0 °C  a n d  5 °C , th e  sam e  n u m b e r  ( a p p ro x 
im a te ly  1 0 10) o f  b a c te r ia l  cells w ere 
p re se n t a t  th e  m ax im u m  s ta tio n a ry  ph ase  
o f  th e  g ro w th  cu rv e . T h is  s ta tio n a ry  
p h ase  w as re a c h e d  a f te r  2 d a y s  w h e n  th e  
sam p le s w e re  h e ld  a t  2 0 °C  a n d  a f te r  10 
d ay s  w h e n  th e y  w ere  h e ld  a t  5°C .

S am ples o f  m u sc le  tis su e  in o c u la te d  
w ith  th e  m ix e d  c u ltu re  c o n s is te n tly  c o n 
ta in e d  g re a te r  n u m b e rs  o f  b a c te r ia  th a n  
d id  sam p le s in o c u la te d  w ith  a p u re  cu l
tu re  o f  P seudom on as flu o re sce n s  (T ab les  
1 a n d  2). Several fa c to rs  w h ich  m ay  
a c c o u n t fo r  th is  d iffe re n c e  are  (1 )  th e  
o rg an ism s in  th e  m ix e d  c u ltu re  m ay  have 
b e e n  b e tte r  a d a p te d  fo r  g ro w th  in  p o u ltry  
tis su e  th a n  P seudom on as flu o re sce n s  
s in ce  th e y  w ere  o rig in a lly  c u ltu re d  fro m  a 
c h ic k e n  carcass; (2 )  th e  o rg a n ism s in th e  
m ix e d  c u ltu re  m ay  have  fa s te r  g ro w th  
ra te s  th a n  P seudom o n as flu orescen s  a t 
th e  te m p e ra tu re s  te s te d ;  a n d  (3 ) th e  tw o  
sp ec ies  in  th e  m ix e d  c u ltu re  m ay  have 
h a d  b en e fic ia l e ffe c ts  o n  each  o th e r .

C o o k e d  m u sc le  tissue  g en era lly  sup -

T a b l e  2 - G r o w t h  o f  m i c r o o r g a n i s m s  i n  t u r k e y  m u s c l e  t i s s u e  s t o r e d  a t  5°C .

Treatm ent o f
Culture 1,3 sterile tissue2 -3

Storage time 
in days

Pure culture of 
P seu d o m o n a s  

f lu o re sc en s

Mixed culture o f 
F la vo b a c te r iu m  sp. 

+ A lca lig en es  sp.

Cooked Uncooked

0 4.7774 4.8713 4.8611 4.7876
1 5.0927 5.2143 5.2633* 5.0437*
2 5.4776* 6.0696* 6.0164* 5.5309*
5 7.4196** 9.2784** 8.4152 8.2828

10 9.8307* 10.4938* 9.9177 10.4068
15 10.1602 10.4517 10.2076 10.4043
20 10.0392 10.1542 10.0314 10.1621

'E ach  logarithmic value represents the mean o f six determ inations; three trials in uncooked 
turkey muscle tissue and three trials in cooked turkey muscle tissue.

2 Each logarithmic value represents the mean of six determ inations; three trials using P seu do-  
m on as flu o rescen s  and three trials using a mixed culture o f  a F la vo b a c te r iu m  sp. and an A lca lig en es  

sp.
3 M eans in the  sam e row  having one  asterisk are significantly  d iffe re n t a t  P < 0 .0 5 ;  m eans having

tw o asterisks are significantly  d if fe re n t a t P <  0.01 .
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F i g .  1 — G r o w t h  p a t t e r n s  o f  m i c r o o r g a n i s m s  i n  

a s p e t i c a l l y  p r o c u r e d  t u r k e y  m u s c l e  t i s s u e  s t o r e d  

a t  2 0 ° C .

p o r te d  g re a te r  n u m b ers  o f  b a c te r ia  th a n  
d id  u n c o o k e d  m u sc le  tis su e , a lth o u g h  
th ese  d iffe re n ce s  w ere  u su a lly  n o t  sign if
ic a n t (P  <  0 .0 5 ; T ab les  1 a n d  2 ). T h is 
o b se rv a tio n  su p p o r ts  th e  co n c lu s io n s  o f  
F ra z ie r  (1 9 6 7 )  th a t  h e a t p ro cess in g  m ay  
a lte r  th e  c o m p o s itio n  o f  a  fo o d  re n d e rin g  
it m o re  re ad ily  av ailab le  to  so m e  o rg a n 
ism s th a n  it w as in  th e  n a tiv e  s ta te ,  an d  
th u s  in c rease  th e  ra te  o f  sp o ilag e  in  th e  
fo o d .

A p o r t io n  o f  th e  s te rile  tu rk e y  m uscle  
tis su e  p ro c u re d  in  th is  s tu d y  w as s to re d  in  
2 0  m l sc rew -cap p ed  vials h e ld  a t  5 °C  fo r  
over 1 y r. E ig h te en  sam p le s o f  th e  u n 
c o o k e d  m ea t, w ith  a  m ean  w e ig h t o f  
7 .0 4 g /sam p le , h a d  a m ean  loss in  w e ig h t 
o f  3%  (0 .2 1 g /sa m p le )  d u rin g  th is  p e r io d . 
T h e re  w as n o  a c c u m u la tio n  o f  m o is tu re  
as “ w e ep a g e ”  in  a n y  o f  th e  c o n ta in e rs .

Sam ples o f  th is  m ea t w e re  fo u n d  b y  
b a c te rio lo g ic a l te s ts  to  b e  s te r ile  a f te r  th is  
s to ra g e  p e rio d . N o  o f f -o d o r  w as d e te c te d

F i g .  2 — G r o w t h  p a t t e r n s  o f  m i c r o o r g a n i s m s  i n  

a s e p t i c a l l y  p r o c u r e d  t u r k e y  m u s c l e  t i s s u e  s t o r e d  

a t  5 ° C .

in  th e se  sam ples.
V isu a l c o m p a riso n s  o f  th e  u n c o o k e d  

ste rile  tis su e  a n d  th e  c o o k e d  tis su e  d e m 
o n s tr a te d  th e  ad v an tag e s  o f  p reserv ing  
m e a t in  an  u n d e n a tu re d  s ta te . T h e  u n 
c o o k e d  tis su e  m a in ta in e d  th e  a p p e a ra n c e  
o f  fre sh  tu rk e y  tis su e , w h e reas  th e  
c o o k e d  p ro d u c t  w as pa le  in  c o lo r  a n d  
sh ru n k e n  in size.
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RECOVERY OF SALMONELLAE FROM IRRADIATED AND UNIRRADIATED FOODS

S U M I / I A R  Y - M a x i m u m  r e c o v e r y  o f  s a l m o n e l l a e  f r o m  a r t i f i c i a l l y  c o n t a m i n a t e d  i r r a d i a t e d  a n d  u n i r -  

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

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

I r r a d i a t e d  c e l l s  w e r e  d e f i n i t e l y  i n h i b i t e d  o n  Salm onella-Shigella a g a r  o r  d e s o x y c h o l a t e  c i t r a t e  a g a r ,  

b u t  o n l y  s l i g h t l y ,  i f  a t  a l l ,  o n  b r i l l i a n t  g r e e n ,  b i s m u t h  s u l f i t e  o r  M a c C o n k e y  a g a r s .  T h e  h i g h e s t  

c o u n t  o f  i r r a d i a t e d  c e l l s  o f  Salm onella new port b y  t h e  M P N  m e t h o d  w a s  o b t a i n e d  w i t h  t e t r a -  

t h i o n a t e  b r o t h ,  y e t  t h i s  m e d i u m  w a s  i n h i b i t o r y  t o  Salm onella oranienburg a n d  Salm onella heidel- 
berg. I n  t h i s  l a t t e r  s i t u a t i o n ,  p r e - e n r i c h m e n t  i n  n u t r i e n t  b r o t h  p r i o r  t o  i n o c u l a t i o n  i n t o  t e t r a -  

t h i o n a t e  b r o t h  w a s  b e n e f i c i a l .

INTRODUCTION
C H O IC E  o f  a se lec tiv e  m e d iu m  a n d  th e  
a n a ly tic a l p ro c e d u re  fo r  d e te c t io n  o r 
q u a n ti ta t io n  o f  sa lm o n e lla e  d e p e n d  u p o n  
th e  s e ro ty p e , th e  c o n c e n tr a t io n  o f  sa lm o 
n e llae , th e  c o n c e n tra t io n  o f  c o m p e tit iv e  
o r  in te r fe r in g  m ic ro o rg an ism s  a n d  th e  
c o m p o s itio n  o f  th e  fo o d  (B a n w a rt an d
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T a b l e  1 — Q u a n t i t a t i v e  r e c o v e r y  o f  S a l m o n e l l a  o r a n i e n b u r g  o n  v a r i o u s  m e d i a  a f t e r  i r r a d i a t i o n  i n  c h i c k e n  m e a t .

Salmonellae per gram after a dose of
0 60 120 180 240 300 360 420

Medium krad krad krad krad krad krad krad krad
Direct plate count

TSYE agar 160 x  10s 51 x  10s 115 x  104 130 x l O 3 118 X 102 74 x  101
Minimal agar 120 x  10s 30 x  10s 85 x  104 140 x  103 138 X 102 70 x  10 '
BGS agar 35 x  10s 8 x  10s 3 x  104 14 x  103 15 x  102 22 x  101
BiS agar 105 x  10s 37 x  10s 106 x  104 112 x  103 105 x  102 62 x  101

MPN count
SC broth 330 X 10s 33 x  10s 68 x  104 220 x  103 240 x  102 24 x  10 ' 160 1.1
TT broth 
Nutrient

230 x  10s 13 x  10s 68 x  104 33 x  103 33 x  102 17 x  10» 1 0.2

bro th
68 x  10s 33 X 10s 130 x  104 350 x  103 110X  102 92 x  10> 24 3.3

T a b l e  2 — Q u a n t i t a t i v e  r e c o v e r y  o f  S a l m o n e l l a  t y p h i m u r i u m  o n  v a r i o u s  m e d i a  a f t e r  i r r a d i a t i o n  i n  

l i q u i d  w h o l e  e g g .

Salmonellae per gram after a dose of

Medium
0

krad
40

krad
80

krad
120

krad
160

krad
200
krad

TSYE agar 34 x  10s
Direct plate count 

31 x  103 46 x  102 33 x  101 30
BGS agar 18 x  10s 4 x  103 22 X 102 21 x  10* 10 -
BS agar 13 x  10s 12 x  103 27 x  102 52 x  101 40 -

MPN count

A y res, 1 9 5 3 ; S illiker an d  T a y lo r , 1 9 5 8 ; 
T a y lo r  e t a l., 1 9 5 8 ). T h is c o m p lic a tio n  is 
fu r th e r  c o m p o u n d e d  w h e n  o n e  also  c o n 
siders th e  e n u m e ra tio n  o f  sa lm o n e llae  
w h ich  have  b e en  s tre ssed  b y  freez in g , 
d e h y d ra t io n , f ree z e -d ry in g  o r  h e a t  (H a rt-  
sell, 1 9 5 1 ; N o r th ,  1 9 6 1 ; S in sk ey  e t al., 
1 9 6 4 ; C lark  a n d  O rd a l, 1 9 6 9 ).

It has b e en  p ro p o se d  to  e lim in a te  o r  
re d u ce  th e  level o f  S a lm o n e l la  c o n ta m i
n a tio n  in  egg p ro d u c ts  o r  p o u l try  b y  
io n iz in g  ra d ia tio n . H o w ev er, a n y  sa lm o 
n ellae  surv iv ing  th is  p ro cess  m ig h t b e  in  a 
w e ak e n e d  o r  d e b il i ta te d  s ta te  a n d  in 
h ib ite d  b y  th e  se lec tiv e  ag en ts  in  th e  
v a rio u s m ed ia  e m p lo y e d  fo r  iso la tio n  o f  
S a lm o n e l la .  M ossel (1 9 6 0 )  re p o r te d  th e re  
w as n o  d iffe re n c e  in  re co v e ry  o f  sa lm o 
n ellae  f ro m  ir ra d ia te d  egg o n  e ith e r  n u 
t r ie n t  agar, c ry s ta l v io le t n e u tra l  red  b ile  
la c to se  m a n n ito l agar, TD Y M  agar, o r  
th ro u g h  M u ller’s te t r a th io n a te  b ro th  an d  
se len ite  b ile  b r ill ia n t g re en  su lfa p y rid in  
m ed iu m . F re e m a n  (c ite d  b y  B ridges, 
1 9 6 3 ) also  fo u n d  n o  e f fe c t o f  p o s t- ir ra 
d ia t io n  m ed ia  su c h  as n u tr ie n t  agar, Mac- 
C o n k e y  agar o r  d e so x y c h o la te  agar o n  
re co v e ry  o f  S a lm o n e l la .  H ow ever, L ey e t 
al. (1 9 6 3 )  re p o r te d  th a t  re co v e ry  o f  
sa lm o n e llae  a f te r  i r ra d ia t io n  w as p o o r  o n  
d e so x y c h o la te  c itra te  agar. In  a s tu d y  b y  
C o rry  e t al. (1 9 6 9 ) ,  it w as fo u n d  th a t  th e  
r e c o v e r y  o f  i r r a d i a t e d  S a lm o n e l la  
t y p h i m u r i u m  w as d e p e n d e n t  u p o n  th e  
e n ric h m e n t b r o th ,  th e  te m p e ra tu re  an d  
d u ra tio n  o f  in c u b a tio n  a n d  th e  p la tin g  
m ed iu m . T h e y  re c o m m e n d e d  e n r ic h m e n t 
in te t r a th io n a te  b ro th  a t 3 7 °C  a n d  p la tin g  
o n  b rillian t g reen  agar o r  b ism u th  su lf ite  
agar fo r  c o n f irm a tio n . H o w ev er, since  
th e ir  in v es tig a tio n  w as c o n c e rn e d  w ith  
o n ly  o n e  S a lm o n e l la  s e ro ty p e , th e ir  re c 
o m m e n d e d  p ro c e d u re  c a n n o t b e  a p p lied  
u n eq u iv o c a lly  to  o th e r  se ro ty p es .

T he p u rp o se  o f  o u r  in v es tig a tio n  w as 
to  c o m p a re  th e  e ffic ie n c y  o f  v a rio u s 
co m m e rc ia lly  availab le  se lec tiv e  m ed ia  o n  
th e  q u a n tita tiv e  re co v e ry  o f  several S a l
m o n e l la  s e ro ty p e s  fro m  so m e  a r tif ic ia lly  
c o n ta m in a te d  ir ra d ia te d  fo o d s , w ith  par-

SC broth 92 x  10s 33 x  103
TT broth 54 x  10s 17 x  103
TSYE broth

4 54 x  10s 49 x  103
SC broth  
N utrient b ro th

t ic u la r  em p h asis  o n  th e  m e th o d  an d  
m ed ia  re c o m m e n d e d  b y  th e  U .S . Pub lic  
H e a lth  Service (L ew is an d  A n g e lo tti, 
1 9 6 4 ) fo r  e n u m e ra tio n  o f  sa lm o n e llae  in 
fo o d s .

MATERIALS & METHODS
Cultures

The S a lm on ella  serotypes used throughout 
this investigation were S. ty p h im u r iu m  ATCC 
7823, S a lm on ella  th o m p so n  ATCC 8391, Sal
m on ella  n e w p o r t  ATCC 6962, S a lm on ella  
h e id e lb e rg  ATCC 8326, S a lm o n ella  oran ien bu rg  
ATCC 9239 and S a lm o n ella  a n a tu m  ATCC 
9270. Stock cell suspensions were prepared by 
growing cultures on the surface of tryptic soy 
agar (Difco) enriched with 5 g per liter yeast 
ex tract (TSYE agar) for 3 - 4  days at 37°C, 
washing off the cells with phosphate buffer pH 
7, centrifuging and resuspending in buffer. Cells 
were held a t 2 .2 - 4.4°C until used.
Inoculation of samples

The test substrates were chicken meat, 
whole egg magma, trypticase soy b ro th  (BBL) 
supplemented with 5 g per liter yeast extract 
(TSYE broth) and 0.013 M phosphate buffer 
pH 7. Approximately 600 g chicken meat 
(white and dark) were inoculated with 15 ml of

35 x  102 - 49 2.2
13 x  102 - 7 0.8

24 x  102 - 240 2.3

92 x  102 33 1.4

a S a lm on ella  cell suspension while the m eat was 
being comm inuted in a laboratory m odel Ho
bart silent cutter. The final concentration of 
salmonellae was about 107 per gram of meat. 
1-oz (28.3-g) snap-cap polyethylene vials were 
filled to capacity with the inoculated meat, 
then briefly centrifuged to eliminate airpockets. 
In egg magma, fresh hen’s eggs were broken out 
and the contents (about 300 g) pooled. This 
was mechanically blended at a low speed to a 
uniform  magma while adding 5 ml o f a cell sus
pension. The resulting salmonellae concen
tration was about 107 cells per gram whole egg. 
Culture tubes (30 by 200 mm) were filled with 
20-ml portions and plugged. A quantity  of 
phosphate buffer or TSYE broth  was also in
oculated to a level o f about 107 salmonellae per 
ml and 10-ml amounts apportioned into culture 
tubes (18 by 150 mm). This unnaturally high 
inoculum level was necessary, to obtain a meas
urable number o f survivors following an irradi
ation treatm ent (2 0 0 -4 0 0  krad) that may be 
considered feasible for liquid whole egg or poul
try.
Irradiation

Sealed samples were irradiated in an ice- 
water bath  (0°C) in a U.S.A.E.C. Mark 1 Co
balt-60 Food Irradiator. The dose rate as deter
mined by Fricke dosimetry was approximately

TT broth

35 x 1 0 s 23 x  103
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___________ MPN count___________
N utrient TSYE 

bro th  broth

Table 3-E fficiency of different media with reference to TSYE agar in recovering various Salmonella serotypes from inoculated unirradiated
chicken, egg magma or phosphate b u f f e r . ____________________________________________________________________________________

Direct plate count

Serotype
TSYE
agar

Minimal
agar

BG
agar

BGS
agar

BiS MC SS DC 
agar agar agar agar

SC
broth

TT
broth

TT
bro th

SC
bro th

S. typ h im u riu m 100 103 _ 38
Percent recovery from chicken meat 

91 106 6 89 96 96 160 _

S. o ran ien bu rg 100 75 - 22 66 200 145 43 -
S. th o m p so n 100 - 38 45 60 88 50 125 -
S. n e w p o r t 100 71 - 11 83 69 69 69 -
S. h e id e lb erg 100 - 69 81 80 41 58 108 116

S. typ h im u riu m 100 53
Percent recovery from egg magma 

38 270 160 103 160
S. o ran ien bu rg 100 82 - 94 116 158 220 158 -
S. th o m p so n 100 - - 78 - 65 92 315 100
S. n e w p o r t 100 - 49 45 9 28 67 185 110
S. h e id e lb erg 100 - - 85 35 105 125 67 125

S. ty p h im u riu m 100 _ _ 49
Percent recovery from phosphate buffer 

110 90 12 — — — —
S. th o m p so n 100 - - 85 96 93 1 - - - -
S. n e w p o r t 100 - - 70 88 87 6 23 - - - -
S. h e id e lb e rg 100 85 - 73 69 95 20 31 - - - -
S. a n a tu m 100 83 - 0 88 69 15 18 - - - -

5000 rad/min. Rather than compare the recov
ery on the various media at just 1 arbitrary 
dose, it was considered more informative to ir
radiate at several different doses, so that the 
inactivation rates determined on each different 
medium could be compared. Poultry samples 
were irradiated in duplicate in increments of 
5 0 -7 5  krad, depending on the radioresistance 
of the inoculated serotypes, and 7 different 
doses were administered. Egg samples were irra
diated to a maximum dose of 200 krad in in
crements o f 40 krad, and bro th  samples to a 
maximum dose of 120 krad in increments of 
30 krad.

Enumeration of Salmonellae
A quantitative count o f Salmonellae in broth  

samples was made immediately after irradi
ation, whereas with poultry or egg samples 
counts were made the folowing day, with an 
interim storage o f 2 .2 -4 .4°C.

A 1/10th dilution was made by mechani
cally blending 25 g o f chicken meat with 225 
ml chilled 0.013 M phosphate buffer pH 7, or 
by mixing 10 ml egg magma with 90 ml chilled 
buffer. Further decimal dilutions were made 
with chilled buffer.

Because the natural level o f contam ination 
of foods with S a lm o n ella  is usually too low to 
be detected by direct plating, the m ost prob
able numbers (MPN) technique is employed in 
actual practice for estimating S alm on ella  
counts. However, in this study, in addition to 
the MPN m ethod, the direct plating procedure 
was also included, because with the concentra
tion o f Salmonellae being used it could be fea
sibly employed, thus enabling a check to be 
made on the accuracy of the MPN counts; sec
ondly, since a direct plating m ethod, because of 
its simplicity, would be more preferable in ex
perim ental studies concerned with the radiation 
inactivation kinetics o f S a lm o n e lla , it would be 
of interest to compare the recovery of irra

diated salmonellae on the various solid plating 
media.

For a direct plate count, 0.1-ml portions of 
various sample dilutions were streaked in dupli
cate using a ben t glass rod on the surface of 
prepoured agar plates, which were then incu
bated 2 - 3  days at 37°C. The agar media in
cluded TSYE agar, a nonselective, complete 
medium; ammonium-glucose-salts minimal me
dium (Anderson, 1946) for determining the 
fraction of metabolically injured cells (Straka 
and Stokes, 1959); brilliant green (BG) agar 
(Difco); brilliant green sulfadiazene (BGS) agar 
for suppressing growth of pseudom onads (Gal- 
ton et al., 1954); bism uth sulfite (BiS) agar 
(Difco); MacConkey (MC) agar (Difco); desoxy- 
cholate citrate (DC) agar (Difco); and S a lm o 
nella-Shigella  (SS) agar (Difco). The level of 
inoculation of the food samples with salmo
nellae was about 103 to 104 times the concen
tration of the natural microbial flora and for 
this reason a nonselective medium such as 
TSYE agar could be employed.

For the most probable numbers (MPN) de
term ination selenite-cystine (SC) b ro th  (Difco) 
and tetrathionate (TT) broth  base (Difco) with 
added iodine were used. A series o f 5 tubes was 
inoculated with serial dilutions o f the samples 
and after a 2-day incubation a t 37°C a loopful 
from each tube was streaked on BG agar for 
confirm ation as S a lm o n e lla . The effect o f pre
enrichm ent was studied by inoculating a 5-tube 
series o f either nutrient bro th  or trypticase soy 
yeast extract (TSYE) b ro th  with the sample, 
incubating 2 days a t 37°C, then subculturing 
0.1-ml portions from each tube into tubes of 
either SC or TT broth.

RESULTS & DISCUSSION
T A B L E S  1 a n d  2 re p re se n t a ty p ic a l 
ta b u la tio n  o f  th e  re su lts  fo r  th e  reco v e ry  
o f  2 se ro ty p e s  (S . o r a n ie n b u r g  an d  S.

t y p h i m u r i u m )  o n  v a rio u s  m ed ia  f ro m  
ir ra d ia te d  an d  u n ir ra d ia te d  ch ic k en  m e a t 
o r  w h o le  egg. T h e  sp ace  re q u ire d  to  
re p ro d u c e  a ll th e  o th e r  tab le s  o f  s im ila r 
d a ta  w o u ld  be p ro h ib itiv e  (5 se ro ty p e s  x  
3 su b s tra te s ) . T h e re fo re , T ab les  1 a n d  2 
a re  p re se n te d  so le ly  to  i llu s tra te  th e  
in te rv a ls  o f  ra d ia tio n  d o se  u sed  a n d  th e  
range  in  cell c o n c e n tra t io n  re co v e red .

R eco v e ry  f ro m  u n ir ra d ia te d  fo o d
In  T ab le  3 is sh o w n  th e  p e rc e n t  

re co v e ry  o f  v a rio u s  S a lm o n e l la  se ro ty p e s  
fro m  in o c u la te d  u n ir ra d ia te d  c h ic k e n , egg 
m ag m a o r  p h o sp h a te  b u f fe r  o n  d if fe re n t  
m ed ia  w ith  re fe re n c e  to  re c o v e ry  on  
T S Y E  agar. T h e  e f fe c t,  i f  a n y , o f  th e  fo o d  
su b s tra te  o n  th e  re c o v e ry  b y  a  p a r tic u la r  
m ed iu m  can  b e  d e te rm in e d  b y  c o m p a r 
iso n  to  th e  re co v e ry  fro m  p h o s p h a te  
b u ffe r . A n  a t te m p t  w ill b e  m ad e  o n ly  to  
g en era lize  th e  re su lts , s in ce  th e  re co v e ry  
o n  a p a r tic u la r  m ed iu m  d e p e n d e d  n o t  
o n ly  o n  th e  s e ro ty p e  b u t  a lso  o n  th e  fo o d  
su b s tra te . T h is o b se rv a tio n  h as  b e en  re 
p o r te d  b y  m a n y  o th e r  in v es tig a to rs . As 
e x p e c te d , th e  h ig h es t re co v e ry  w as u s u 
a lly  w ith  T S Y E  agar. BGS ag ar w as n o t  
c o n s id e re d  to  b e  a n y  m o re  in h ib ito ry  
th a n  BG agar. G a lto n  e t al. (1 9 5 4 )  a lso 
m ad e  th e  sam e  o b se rv a tio n ; h o w e v e r , Raj 
(1 9 6 6 )  c o n c lu d e d  th a t  B G S w as d e f i
n ite ly  in h ib i to ry  to  S . t y p h i m u r i u m  in 
fish  sam ples.

In  th e  p re se n t s tu d y  it  w as in d ic a te d  
th a t  BGS was less in h ib i to ry  in  re co v e rin g  
sa lm o n e llae  f ro m  egg m ag m a  th a n  fro m  
ch ic k en  m ea t. BiS agar w as as g o o d  o r  
b e t te r  th a n  BGS ag ar in  re co v e rin g  sa lm o-
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T a b l e  4— D e c i m a l  r e d u c t i o n  d o s e  ( k r a d l  f o r  S a l m o n e l l a  s e r o t y p e s  i n  v a r i o u s  s u b s t r a t e s  a s  d e t e r m i n e d  b y  r e c o v e r y  o n  d i f f e r e n t  m e d i a .

Direct plate count

MPN count
N utrient

broth
TSYE
broth

TSYE Minimal BG BGS BiS MC SS DC SC TT TT SC
Serotype agar agar agar agar agar agar agar agar bro th bro th broth broth

Dj o value in chicken meat
S. typ h im u riu m 52 48 - 52 48 47 40 47 45 45 45 _
S. oran ien bu rg 71 72 - 71 73 - -  - 68 61 75 _
S. th o m p so n 68 - 60 56 63 - - 60 60 60 -
S. n e w p o r t 50 50 - 59 48 - -  - 50 57 52 —
S. h e id e lb erg 71 - 70 68 67 - -  - 69 62 67 67

Di o value in egg magma
S. typ h im u riu m 28 - - 28 32 26 23 30 29
S. o ran ien bu rg 37 37 - 30 37 38 29 35 —
S. th o m p so n 48 - - 31 47 24 27 24 32
S. n e w p o r t 16.7 - 19.2 17.2 35 17.5 21 16 16
S. h e id e lb e rg 31 - - 32 36 31 26 34 31

D, o value in TSYE b ro th 1
S. ty p h im u riu m 15.5 - - 13 14 13.4 12.2
S. th o m p so n 25.5 - - 23.5 22.2 20.6 _

S. n e w p o r t 11 - - 17 13 11 9.8
S. h e id e lb erg 17.5 12.6 - 15.2 13.6 14.5 17 13.8
S. a n a tu m 13.4 12 - 11.6 11.5 10.4 9.2

1 S a lm on ella  H eidelberg  and S. a rn tu rn  done in phosphate buffer.

ne llae  f ro m  in o c u la te d  c h ic k e n , b u t  o n ly  
as g o o d  o r  p o o re r  in  re co v e rin g  sa lm o - 
n e llae  f ro m  in o c u la te d  egg m ag m a. T h e re  
d id  n o t  seem  to  be  a n y  im p o r ta n t  d iffe r
e n ce  in  re co v e ry  o n  th e se  2 m ed ia  f ro m  
p h o sp h a te  b u ffe r . A d d itio n  o f  5 g p e r 
l i te r  o f  y e as t e x tr a c t  e n h a n c e d  re co v e ry  
o n  BGS agar b u t  n o t  o n  BiS agar. It is 
n o t  re c o m m e n d e d  th a t  y e as t e x tr a c t  be  
a d d e d  to  B G S ag ar w i th o u t  d e te rm in in g  
its  e f fe c t o n  se le c tiv ity  o f  th e  m e d iu m . If  
th e  BiS agar p la te s  w ere  m o re  th a n  24  
h o u rs  o ld  w h e n  u se d , even  th o u g h  re frig 
e ra te d , th e  m ed iu m  o f te n  te n d e d  to  be  
v e ry  in h ib ito ry .  T h e re fo re , in  th is  in v es ti
g a tio n  th e  BiS p la te s  w ere  u se d  w ith in  24  
h o u rs  o f  hav ing  b e e n  p o u re d . D iff icu lty  
w as o cca s io n a lly  e n c o u n te re d  w ith  so m e  
b a tc h es  o f  BGS ag ar a n d  n o  re co v e ry  o f  
cells o c c u rre d  a t th e  d i lu t io n s  p la te d . 
R ead  a n d  R ey es  (1 9 6 8 )  re p o r te d  a va ria 
t io n  in  th e  re co v e ry  o f  sa lm o n e lla e  on  
BGS agar d u e  to  lo t d iffe re n c e s  an d  
se ro ty p e  sen sitiv itie s . T h ey  re c o m m e n d e d  
th a t  a p a r tic u la r  lo t  o f  th is  ag ar b e  te s te d  
b e fo re  u sed . R eco v e ry  w as g o o d  o n  MC 
agar b u t  p o o r  on  DC a n d  SS agar. 
B an w art a n d  A yres (1 9 5 3 )  a lso  r e p o rte d  
p o o r  re co v e ry  o f  sa lm o n e lla e  o n  d e so x y - 
c h o la te  c itra te  la c to se  su c ro se  ag ar an d  o n  
SS agar.

T h e  MPN c o u n t in m o s t cases ran g ed  
fro m  o n e -h a lf  to  tw ice  th e  d irec t p la te  
c o u n t o n  T S Y E  agar. T h e re  w as no  
o v e rw h e lm in g  ev id en ce  th a t  SC  b ro th  was 
su p e rio r  to  T T  b ro th .  A lth o u g h  it m ay  
have a p p ea red  in  so m e  cases th a t  re co v e ry  
w as im p ro v e d  by  p re -e n ric h m e n t p r io r  to

in o c u la tio n  in to  1 o f  th e  se lec tiv e  b ro th s , 
in  g en era l th e  v a lu e  o f  th e  p ra c tic e  
se e m e d  to  be  q u e s t io n a b le  fo r  th e  e x am i
n a tio n  o f  u n ir ra d ia te d  fre sh  fo o d .

Recovery from irradiated food
T o  d e te rm in e  th e  e ff ic ie n c y  o f  th e  

v a rio u s  m ed ia  in  reco v e rin g  sa lm o n e llae  
f ro m  ir ra d ia te d  fo o d s , th e  d ec im al re d u c 
t io n  d o se  ( D 1 0 ), w h ic h  is th e  re c ip ro c a l 
o f  th e  in a c tiv a tio n  ra te ,  w as c o m p a re d  fo r  
e ac h  s e ro ty p e  o n  th e  v a rio u s  m ed ia . 
T h ese  va lues a re  sh o w n  in  T ab le  4 . In  
m o st in s tan c es  th e  h ig h es t D )0  w as o b 
ta in e d  u sin g  T S Y E  ag ar as th e  reco v e ry  
m ed iu m . W ith  BGS agar, BiS agar o r  MC 
ag ar th e  D] 0 va lue  ran g ed  fro m  a b o u t th e  
sam e to  s lig h tly  less th a n  th a t  w ith  T SY E  
agar, w ith  o n e  e x c e p t io n - th e  D 10 fo r  S. 
th o m p s o n  w as re la tiv e ly  lo w er in  th e  
fo o d  su b s tra te s  u sing  BGS agar. In  egg 
m agm a a h ig h e r  D 10 re su lte d  u sing  BiS 
ag ar c o m p a re d  to  B G S agar. In  th o se  few  
cases w h e re  BG a n d  BGS w ere  c o m p a re d , 
th e  D io  w as s lig h tly  h ig h er o n  BG agar; 
h o w ev er, th e  d iffe re n c e  m ay  n o t  have 
b e en  s ig n ifican t.

In so m e  cases a h ig h er D 10 w as o b 
ta in e d  w ith  1 o f  th e  se lec tive  m ed ia  th a n  
w ith  T S Y E  agar. T h is  w as b ecau se  re co v 
ery  o n  th e  se lec tive  m ed iu m  m ay  have 
b e en  lo w  fo r  th e  u n ir ra d ia te d  sam p le  b u t 
c o m p a ra b le  to  re co v e ry  o n  T S Y E  agar fo r  
ir ra d ia te d  sa m p le s ; o r  re co v e ry  o n  th e  
se lec tive  m ed iu m  im p ro v e d  w ith  in c re a s
in g  ra d ia tio n  d o se  b ecau se  a larger a liq u o t 
o f  th e  fo o d  su b s tra te  w as b e in g  in c lu d e d  
in  th e  in o c u lu m  fo r  p la tin g  a n d  m ay  have

n e u tra liz e d  so m e  o f  th e  in h ib i to ry  p ro p 
e r tie s  o f  th e  m ed iu m .

T h e  lo w e s t D 10 va lues w ere  u su a lly  
o b ta in e d  w ith  SS o r  D C  agar. B o th  o f  
th e se  c o n ta in  h ig h  c o n c e n tra t io n s  o f  su r
face -ac tiv e  ag en ts  p ro b a b ly  in h ib i to ry  to  
ra d ia tio n - in ju re d  cells. O n  d e so x y c h o la te  
la c to se  agar, w h ic h  c o n ta in s  o n ly  1/1 Oth 
as m u c h  so d iu m  d e s o x y c h o la te  as DC 
agar, re co v e ry  o f  i r ra d ia te d  o r  u n ir ra d i
a te d  cells  w as c o m p a ra b le  to  th a t  o n  
o th e r  se lec tiv e  m ed ia .

T h e  v a lu e  o f  D 10 o b ta in e d  w ith  m in i
m al m ed iu m  w as e q u a l o r  s lig h tly  lo w er 
th a n  th a t  o n  T S Y E  agar. T h is w o u ld  
in d ic a te  th a t  m e ta b o lic  d am ag e  as a re su lt 
o f  ir ra d ia t io n  w as, a t  m o s t, s lig h t. H o w 
ever, th a t  so m e  ty p e  o f  ra d ia tio n  d am age, 
p ro b a b ly  p h y sica l, m u s t have o c c u rre d  is 
e v id e n t, in  th a t  w ith  in c re as in g  ir ra d ia tio n  
t r e a tm e n t  th e  cells b e ca m e  m o re  sensitive  
in  m ed ia  w ith  h igh  c o n c e n tra t io n s  o f  
su rface -ac tiv e  ag en ts .

T h e  D j o va lues o b ta in e d  w ith  th e  
M PN b ro th s  w ere  g e n era lly  c o m p a rab le  
w ith , o r  in  a few  cases lo w e r th a n ,  th o se  
o b ta in e d  w ith  T S Y E  agar. SC b ro th  w as 
su p e rio r  to  T T  b ro th  in re co v e ry  o f  
i r ra d ia te d  S. o r a n ie n b u r g  o r  S. h e id e lb e r g .  
P re -en ric h m e n t in to  n u tr ie n t  b r o th  p r io r  
to  in o c u la tio n  in to  T T  b r o th  w as b e n e fi
cia l in  th e se  2 cases. F o r  ir ra d ia te d  S. 
n e w p o r t ,  h o w e v e r, T T  b r o th  was th e  
b e t te r  m ed iu m .

CONCLUSIONS
IN  C O N C L U S IO N , it can  be s ta te d  th a t  
re a so n a b ly  sa tis fa c to ry  reco v e ry  o f  sa lm o -
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n e llae  can  b e  o b ta in e d  fro m  ir ra d ia te d  o r  
u n ir ra d ia te d  p o u ltry  o r  egg m agm a using  
BG, BiS o r  MC agar p la te s . I t  sh o u ld  be 
re a liz e d  th a t  re co v e ry  o n  th e se  m ed ia  w ill 
p ro b a b ly  be  less th a n  m a x im u m  a n d  in  
th e  p re se n t s tu d y  it w as fo u n d , in  m o st 
cases, to  ran g e  fro m  4 0 —85%  o f  th e  
m ax im u m . S ince m an y  w o rk e rs  (T a y lo r  
e t a l., 1 9 5 8 ; G a lto n  a n d  B o ring , 1 9 6 4 ) 
have  c o n c lu d e d  th a t  o f  th e se  3 m ed ia  BG 
ag ar has th e  b e s t se lec tiv ity  a n d  c a p a b ili ty  
fo r  d is tin g u ish in g  S a lm o n e l la ,  i t  w o u ld  be 
c o n s id e re d  th e  so lid  p la tin g  m ed iu m  o f  
c h o ice  fo r  reco v e rin g  sa lm o n e llae  fro m  
irra d ia te d  o r  u n ir ra d ia te d  fo o d s  k n o w n  to  
be  h ig h ly  c o n ta m in a te d .

H o w ev er, in  p ra c tic a l a p p lic a tio n s  i t  is 
e x p e c te d  th a t  th e  M PN m e th o d  w o u ld  be  
e m p lo y e d  fo r  e n u m e ra tin g  th e  n u m b e r  o f  
sa lm o n e llae  in  ir ra d ia te d  fo o d s , becau se  
tn e  n u m b e r  o f  su rv ivo rs w o u ld  m o st 
p ro b a b ly  be  b e lo w  th e  level d e te c ta b le  by  
d irec t p la tin g . In  th is  case, i t  is in d ic a te d  
th a t  p re -e n ric h m e n t in a n o n se lec tiv e  
b r o th ,  su ch  as n u tr ie n t  b r o th ,  fo llo w ed  
b y  su b c u ltu re  in to  T T  b r o th  a n d  c o n f ir 
m a tio n  o n  BG agar, w o u ld  give sa tis fac 
to ry  re su lts .
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METHOD FOR ISOLATING VIRUSES FROM GROUND BEEF

S U M M A R Y — A  m e t h o d  w a s  d e v e l o p e d  t o  i s o l a t e  v i r u s e s  f r o m  g r o u n d  b e e f .  5 ,  1 - g  s a m p l e s  w e r e  

t a k e n  f r o m  e a c h  l o a f  o f  m e a t  a n d  e a c h  s a m p l e  d i s p e r s e d  i n  4  m l  o f  E a g l e ' s  m i n i m u m  e s s e n t i a l  

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

a d d i n g  a n t i b i o t i c s  t o  t h e  m e d i u m  t o  g i v e  f i n a l  c o n c e n t r a t i o n s  p e r  m l  o f  1 , 0 0 0  u n i t s  o f  p e n i c i l l i n  G ,  

1 , 0 0 0  p g  o f  s t r e p t o m y c i n ,  5 0  g g  o f  t e t r a c y c l i n e  h y d r o c h l o r i d e  a n d  5  g g  a m p h o t e r i c i n  B .  T h e  m e a t  

s l u r r y  w a s  a d j u s t e d  t o  p H  8 . 5  w i t h  N a O H ,  s h a k e n  a t  r o o m  t e m p e r a t u r e  ( 2 3 ° C )  f o r  1 h r ,  p H  

r e a d j u s t e d  t o  8 . 0  a n d  t h e  s l u r r y  s t o r e d  a t  4 ° C  f o r  a t  l e a s t  1 6  h r .  A f t e r  t h i s  p e r i o d ,  t h e  s l u r r y  w a s  

r e s h a k e n  f o r  1 h r  a t  r o o m  t e m p e r a t u r e ,  f i l t e r e d  t h r o u g h  a  d o u b l e  l a y e r  o f  c h e e s e  c l o t h  a n d  t h e  

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

m e t h o d  r e c o v e r e d  a p p r o x i m a t e l y  7 5 %  o f  i n p u t  c o x s a c k i e v i r u s  B - 2 .  T h e  m e t h o d  w a s  u s e d  t o  e x 

a m i n e  m a r k e t - p u r c h a s e d  g r o u n d  b e e f  f o r  v i r u s e s .  1 t o  1 9 5  v i r a l  p f u / 5  g  w e r e  i s o l a t e d  f r o m  3  o f  1 2  

l o a v e s  o f  m e a t .  1 l o a f  y i e l d e d  p o l i o v i r u s  1 a n d  e c h o v i r u s  6 ,  1 y i e l d e d  p o l i o v i r u s  2  a n d  1 y i e l d e d  

p o l i o v i r u s e s  1 a n d  3 .

INTRODUCTION
T H E R E  W ER E 3 4 5  re p o r te d  o u tb re a k s  
o f  fo o d -b o rn e  illness in th e  U n ite d  S ta te s  
in  1 9 6 8 , invo lv ing  1 7 ,5 6 7  p e o p le . T he 
cau sa tiv e  fa c to rs  in  85 o f  th e se  o u tb re a k s  
c o u ld  n o t  be  d e te rm in e d  a n d  in 15 o f  
th e se  85  b e e f  w as su sp ec ted  as th e  im p li
c a te d  fo o d . S im ila r sig n ifican t n u m b ers  o f  
fo o d -b o rn e  illn esses o f  u n k n o w n  e tio lo g y  
w ere r e p o r te d  in  p rev io u s  y ears  (U .S . 
DH EW , 1 9 6 9 ). T h is s i tu a t io n  p ro m p te d

us to  d ev elo p  te c h n iq u e s  fo r  th e  assay  o f  
fo o d s  fo r  v iruses. T h e  lim ite d  d a ta  o n  
v iruses in fo o d s  su g g ested  th a t  th e y  m ay  
p lay  an  im p o r ta n t  ro le  in fo o d -b o rn e  
diseases.

M ilk has b een  im p lica ted  in a t  least 5 
o u tb re a k s  o f  p o lio m y e lit is  (A y c o ck , 
1 9 2 7 ; D in g m an , 1 9 1 6 ; G o ld s te in  e t al., 
1 9 4 6 ; K n a p p  e t a l., 1 9 2 6 ; L ipari, 1951). 
In all th e se  o u tb re a k s ,  i t  is p ro b a b le  th a t  
th e  m ilk  was c o n ta m in a te d  w ith  p o lio 

v iru s d u rin g  im p ro p e r  h a n d lin g  u n d e r  
u n sa n ita ry  c o n d it io n s  in  th e  da iries . 
B ov ine  s tra in s  o f  p a ra in f lu e n z a  3 v irus 
have b een  iso la te d  fro m  m ilk  fro m  m as- 
t i t ic  cow s (K a w a k am i e t a l., 1 9 6 6 ). E tio 
log ical ag en ts  o f  te a t  le s io n s  in c a t t le  have  
b een  sh o w n  to  in c lu d e  v iruses o f  th e  p o x  
g ro u p , h e rp e s  g ro u p  a n d  p ap o v a  g ro u p  
(H u c k , 19 6 8 ).

P o lio v iru s w as re co v e red  fro m  b lo w 
flies 15 d ay s  a f te r  e x p e r im e n ta l  c o n ta m i
n a tio n  (D ave e t a l., 1 9 6 5 a )  a n d  c o c k 
ro a c h e s  h a rb o re d  th e  v iruses fo r  51 d a y s  
(D ave e t a l., 1 9 6 5 b ). T h is  in d ic a te s  th e  
p o ss ib ility  o f  m ec h an ic a l v e c to r in g  o f  
th ese  ag en ts  in to  fo o d s. P o lio v iru ses a n d  
e ch o v iru se s have  b een  iso la te d  fro m  th e  
soil o f  fie ld s  irr ig a ted  w ith  sew age, a n d  
so m e o f  th e  v eg etab les  g ro w n  in th e se  
fie ld s  w ere  c o n ta m in a te d  w ith  c y to p a th ic  
ag en ts  (B ag d asa r’y a n , 1 9 6 4 a ). E ch o - 
v iruses a n d  c o x sack iev iru se s  su rv iv ed  o n  
vegetab les  s to re d  u n d e r  h o u se h o ld  c o n 
d itio n s , a n d  p o lio v iru se s su rv ived  o n  
rad ish es  fo r  over 2 m o n th s  (B a g d asa r’y a n , 
1 9 6 4 b ). H o o f-a n d -m o u th  d isease  v iru s has
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survived in meat for 73 days (Dimo- 
poullos, 1960). It was possible to detect 
poliovirus and coxsackieviruses in various 
experimentally contaminated frozen 
foods for up to 5 months (Lynt, 1966). 
The virus (or viruses) of infectious hepa
titis is another likely candidate for food- 
borne disease. Cliver’s (1969) review of 
food-associated viruses cites epidemi
ological evidence in many outbreaks for 
probable viral contamination of food by 
handlers.

Application of heat is 1 method of 
inactivating viruses. Fortunately many, if 
not most, viruses are inactivated within 5 
min when heated to 65°C. This indicates 
that properly cooked foods and properly 
pasteurized milk should present no public 
health problem. There are many other 
factors which may limit occurrences of 
overt viral diseases. For instance, indi
viduals may be immune to certain viruses 
as a result of previous clinical or sub- 
clinical infections. Because of the ubiqui
tousness of viruses, however, they may 
enter foods during preparation, thereby 
creating primary foci for epidemics (Berg, 
1964). This becomes particularly impor
tant when foods are prepared in 1 loca
tion and shipped to another. The con
suming population may have little or no 
immunological experience with viruses 
that might be present in foods.

Although proper heating or cooking of 
foods, cleanliness in their preparation and 
the immunological status of the con
sumers act as barriers to virus-caused 
diseases, it is necessary to determine what 
and how many viruses are in various 
foods. To achieve this objective a rela
tively simple procedure is needed in order 
to examine a large number of specimens. 
This communication describes such a 
procedure developed in this laboratory 
along with the results of its application to 
a small number of market-purchased 
samples of ground beef.

MATERIALS & METHODS
Meat

G r o u n d  b e e f  w a s  p u r c h a s e d  f r o m  r e f r i g e r 
a t e d ,  s e l f - s e r v i c e  c o u n t e r s  i n  p a c k a g e s  c o n t a i n 
in g  1 - 3  lb  o f  m e a t .  T h e  p a c k a g e s  w e r e  i n t a c t  
a n d  t h e  m e a t  a p p e a r e d  t o  b e  o f  g o o d  q u a l i t y .  

Preparation of meat for assay
A t  l e a s t  5 ,  1 -g  p o r t i o n s  w e r e  t a k e n  f r o m  

d i f f e r e n t  p a r t s  o f  a  l o a f  o f  m e a t .  T h e s e  w e r e  
c o m b i n e d  a n d  a  s m a l l  l o a f  f o r m e d  a t  t h e  b o t 
t o m  o f  a  7 . 5 -  b y  1 8 .5 - c m  s t e r i l e  p l a s t i c  b a g .  
F o r m a t i o n  o f  t h e  l o a f  w a s  c o n v e n i e n t l y  d o n e  
b y  p l a c i n g  t h e  b a g  o n  a  h a r d  s u r f a c e  a n d  m o v 
in g  t h e  m e a t  w i t h  a  w o o d e n  t o n g u e  d e p r e s s o r  
a p p l i e d  t o  t h e  o u t s i d e  o f  t h e  b a g .  T h e  b a g  a n d  
i t s  c o n t e n t s  w e r e  p l a c e d  a t  — 6 0 ° C  u n t i l  t h e  l o a f  
w a s  f r o z e n .  T h e  f r o z e n  l o a f  w a s  r e t u r n e d  t o  
r o o m  t e m p e r a t u r e  ( 2 3 ° C )  a n d  1 -g  p o r t i o n s  
m a d e  b y  c u t t i n g  t h r o u g h  t h e  p l a s t i c  a n d  t h e  

m e a t .  T h e  p i e c e s  o f  p l a s t i c  w e r e  r e m o v e d  a n d  
e a c h  m e a t  p o r t i o n  p l a c e d  in  i n d i v i d u a l  1 7 -  b y  
100- m m  p o l y s t y r e n e  t u b e s  w i t h  f r i c t i o n - f i t  
p o l y e t h y l e n e  c a p s .  T h e  t u b e s  c o n t a i n e d  4  m l

e a c h  o f  E a g l e ’s  ( 1 9 5 9 )  m i n i m u m  e s s e n t i a l  

m e d i u m  ( M E M ) ,  w i t h  n o n e s s e n t i a l  a m i n o  a c i d s  

i n  H a n k s ’ b a l a n c e d  s a l t  s o l u t i o n  ( H a n k s  e t  a l . ,  
1 9 4 9 )  w i t h o u t  p h e n o l  r e d .  T h i s  m e d i u m  c o n 

t a i n e d  a n t i b i o t i c s  i n  c o n c e n t r a t i o n s  o f  p e n i c i l l i n  
G ,  1 , 0 0 0  u n i t s / m l ;  s t r e p t o m y c i n  s u l f a t e ,  1 , 0 0 0  

M g /m l ;  t e t r a c y c l i n e  h y d r o c h l o r i d e ,  5 0  ju g /m l  
a n d  a m p h o t e r i c i n  B ,  5  p g / m l ;  t h e  p H  h a d  b e e n  
a d j u s t e d  t o  8 .5  w i t h  N a O H .  E a c h  t u b e  w i t h  i t s  
c o n t e n t s  w a s  s h a k e n  b y  h a n d  s o  t h a t  t h e  m e a t  
w a s  d i s p e r s e d  in  t h e  m e d i u m  a n d  p H  r e a d j u s t e d  
t o  8 . 0  w i t h  N a O H .  T h e  t u b e s ,  t i g h t l y  c a p p e d ,  
w e r e  p l a c e d  in  a  t e s t - t u b e  r a c k  in  a  h o r i z o n t a l  
p o s i t i o n  a n d  t h e  r a c k  s e c u r e d  t o  a  r e c i p r o c a t i n g  
s h a k e r .  T h e  m i x t u r e s  w e r e  a g i t a t e d  v ig o r o u s l y  
f o r  1 h r  a t  r o o m  t e m p e r a t u r e ,  t h e n  p l a c e d  a t  

4 ° C  a t  l e a s t  1 6  h r .  T h e  m e a t  s l u r r i e s  w e r e  r e 
t u r n e d  t o  r o o m  t e m p e r a t u r e  a n d  a g a i n  a g i t a t e d  
f o r  1 h r .  T h e y  w e r e  t h e n  f i l t e r e d  t h r o u g h  a  d o u 
b l e  l a y e r  o f  c h e e s e  c l o t h .  T h i s  f i l t r a t i o n  o f  e a c h
5 -  m l  s l u r r y  w a s  e a s i l y  d o n e  b y  p l a c i n g  t h e  
c h e e s e  c l o t h  in  t h e  b o t t o m  o f  a  b a r r e l  o f  t h e  
s y r i n g e .  T h e  p l u n g e r  o f  t h e  s y r i n g e  w a s  u s e d  to  
f o r c e  t h e  l i q u i d  p o r t i o n  o f  t h e  m i x t u r e  t h r o u g h  
t h e  c h e e s e  c l o t h  i n t o  a  p o l y s t y r e n e  t u b e .  T h e  
t u b e s  t h a t  h a d  c o n t a i n e d  t h e  m e a t  s l u r r i e s  w e r e  

r i n s e d  t w i c e  w i t h  2 .5  m l  o f  M E M  a t  p H  7 .5  a n d  
t h e  5  m l  o f  r i n s e  f o r c e d  t h r o u g h  t h e  c h e e s e  
c l o t h  c o n t a i n i n g  t h e  m e a t  d e b r i s .  T h e  r i n s e  f i l 

t r a t e  w a s  a d d e d  t o  t h e  m e a t  f i l t r a t e  s o  t h a t  t h e  
v o l u m e  o f  m a t e r i a l  f r o m  e a c h  1-g  p o r t i o n  t o  b e  
a s s a y e d  w a s  a p p r o x i m a t e l y  10 m l .

T h e  1 0  m l  o f  f i l t r a t e  w a s  i n o c u l a t e d  i n t o  5 ,
6-  o z  p r e s c r i p t i o n  b o t t l e s  c o n t a i n i n g  c o n f l u e n t  
m o n o l a y e r s  ( 4 5  c m 2 ) o f  p r i m a r y  c e l l  c u l t u r e s  

f r o m  C e r c o p i th e c u s  a e th io p s  ( A f r i c a n  G r e e n )  
m o n k e y  k i d n e y s .  A n  I o n a g a r  N o .  2 - E a g le s  
m e d i u m  o v e r l a y ,  a s  p r e v i o u s l y  d e s c r i b e d  
( S u l l i v a n  e t  a l . ,  1 9 6 8 ) ,  w a s  u s e d  in  t h e  v i r a l  
p l a q u e - f o r m i n g  u n i t  ( p f u )  a s s a y  s y s t e m .

Method evolution
C o x s a c k i e v i r u s  B -2  V R  2 9  w a s  u s e d  a s  a n  

i n d i c a t o r  o f  r e c o v e r y  e f f i c i e n c y  a s  v a r i o u s  p r o 
c e d u r e s  w e r e  s t u d i e d .  S a m p l e s  o f  g r o u n d  b e e f  
s h o w n  t o  b e  v i r u s - f r e e ,  a t  l e a s t  b y  t h e  p r o c e 
d u r e  i n  i t s  s t a g e  o f  d e v e l o p m e n t  a t  t h a t  t i m e ,  
w e r e  i n o c u l a t e d  w i t h  a p p r o x i m a t e l y  7 , 0 0 0  v i r a l  
p f u  a s  d e t e r m i n e d  f r o m  t i t r a t i o n s  o f  t h e  v i r u s  in  

E a g l e ’ s M E M .
H ig h - s p e e d  b l e n d e r s  w e r e  u s e d  t o  m a k e  

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

u n w a n t e d  b a c t e r i a l  c o n t a m i n a t i o n  in  t h e  a s s a y  
o f  m i l k  f o r  v i r u s e s  ( S u l l i v a n  e t  a l . ,  1 9 6 8 )  w e r e  
a d e q u a t e  f o r  t h e  m e a t  a s s a y .  5  Mg o f  a m p h o 
t e r i c i n  B  p e r  g  o f  m e a t  w a s  n e c e s s a r y  f o r  f u n g a l  
s u p p r e s s i o n .  O p t i m u m  p H  l e v e l s  f o r  e l u t i o n  o f  
v i r u s e s  f r o m  m a g n e t i c  i r o n  o x i d e  s l u r r i e s  ( R a o  
e t  a l . ,  1 9 6 8 )  w e r e  u s e d  f o r  t h e  m e a t  s l u r r i e s  a n d  
f o u n d  s a t i s f a c t o r y .

RESULTS & DISCUSSION
Method evolution

Comment is warranted on some largely 
mechanical difficulties encountered in 
developing the method. Direct inocula
tion of meat or untreated meat slurries on 
cell sheets caused cellular necrosis. Use of 
high-speed blenders for making ground- 
beef slurries was objectionable because of 
the number of blenders needed and the 
difficulties in harvesting the meat slurries 
from the blenders. Sterile plastic bags

were convenient to use and, if necessary, 
could be sent to the location of an 
outbreak of food-borne illness for collec
tion of suspected food samples. The bags 
containing Eagle’s MEM at pH 8.5 with 
the high levels of antibiotics could be 
shipped in ice from the laboratory, the 
food added at the field site and reshipped 
back to the laboratory in ice. Ground 
beef is easily dispersed in the MEM by 
kneading and shaking.

Attempts to filter meat slurries by air 
pressure through coarse fiber-glass discs 
resulted in rapid clogging. Cotton, both 
absorbent and nonabsorbent, placed in 
the bottom of a syringe required high 
hand pressures for filtrations. When glass 
syringes were used, breakage was com
mon; this presented a safety problem. 
Disposable syringes eliminated this hazard 
and were less expensive, but still filtration 
was difficult. The combination of a dou
ble layer of cheese cloth and a disposable 
syringe gave rapid, convenient filtration. 
The adjustment of the pH with NaHC03 
resulted in gel formation and subsequent 
clogging of the cheese cloth. This prob
lem was solved by using NaOH for pH 
adjustment.

The evolved method has been used in 
this laboratory for over a year in a study 
of the radioresistance of coxsackievirus 
type B-2 in ground beef. A 75% average 
recovery of this virus from the meat has 
been achieved, if viral recovery from 
Eagle’s MEM is used an an indicator of 
100% recovery. The sensitivity of the 
method is essentially the same for re
coveries of 10, 50 and 7,000 pfu of 
inoculated coxsackievirus B-2 from gram 
amounts of ground beef. The data to 
illustrate this are presented in Table 1. 
Assay of market meat

To test the usefulness of this method,
1 2 packages of ground beef purchased at 
different times from 12 different markets 
were assayed for the presence of viruses. 
Results are summarized in Table 2. As 
shown, 3 loaves of meat were found to 
contain viruses. All of the viral isolates 
were serologically identified by the Enter
ovirus Infections Unit, National Commu
nicable Disease Center, U.S. Public Health 
Service, Atlanta, Georgia. The 12 pack
ages of meat were purchased during June 
through February. The first positive meat 
was purchased in October and contained
2 viruses identified as poliovirus 1 and 
echovirus 6; there was an average of 195 
viral pfu/5 g of this meat. The second 
isolate, identified as poliovirus 2, was 
found in meat purchased in January; 
there was an average of 6 viral pfu/5 g 
meat. The third positive meat was pur
chased in February and contained polio
virus 1 and poliovirus 3; there was an 
average of 1 viral pfu/5 g of this meat. 
More testing must be done before any 
significance is attributed to possible 
seasonal variation of viruses in ground
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T a b l e  1 — R e c o v e r y  o f  v i r u s  f r o m  g r o u n d  b e e f  i n o c u l a t e d  w i t h  

c o x s a c k i e v i r u s  B - 2 .

A v e r a g e  

i n p u t  ( p f u ' / g )
1-g

s a m p l e s

A v e r a g e

r e c o v e r y  ( p f u / g ) P e r c e n t

7 7 0 0 5 0 6 2 0 0 8 0

5 0 5 0 4 2 8 4

10 5 0 6 6 0

O v e r - a l l  a v e r a g e  r e c o v e r y 7 5

1 V i r a l  p l a q u e - f o r m i n g  u n i t s .

T a b l e  2 — V i r a l  i s o l a t i o n  f r o m  g r o u n d - b e e f  s a m p l e s  p u r c h a s e d  f r o m  

m a r k e t s .  ____________

S o u r c e

N u m b e r  o f  

m e a t  l o a v e s  

e x a m i n e d

A v e r a g e  

p f u ' / 5  g V i r u s  i d e n t i f i e d

9  d i f f e r e n t  

m a r k e t s

9 0 -

3  d i f f e r e n t  

m a r k e t s

1 1 9 5 P o l i o v i r u s  1 a n d  

e c h o v i r u s  6
1 6 P o l i o v i r u s  2

1 1 P o l i o v i r u s  1 a n d  

p o l i o v i r u s  3

' V i r a l  p l a q u e - f o r m i n g  u n i t s .

beef, or the extent of their distribution in 
the supply of ground beef.

The route by which the viruses entered 
the meat remains open to speculation. 
Insofar as we could determine from the 
'iterature, it is not known whether human 
enteroviruses are capable of infecting 
tattle. Neither is it known what the fate 
of these viruses would be in the alimen
tary canal of these animals. That coli- 
form bacteria in ground beef are not 
unusual indicates that this meat could be 
contaminated with enteroviruses during 
processing or handling.

Fortunately, studies done in this labo
ratory on thermal inactivation of viruses 
hkely to be food-borne indicate that 
these viruses are inactivated within 5 min at temperatures above 65°C. The long- 
established procedures for production 
and preparation of foods in properly 
managed food-processing plants act as 
significant barriers to viral food-borne 
disease. These procedures include use of 
healthy animals, scrupulous cleanliness in 
all phases of food preparation and, fi
nally, their proper cooking (U.S. DHEW, 1962).

The simplicity of the method de
scribed for the isolation of viruses in 
ground beef meat makes it possible to 
survey this commodity at different stages 
of production. The method could be

applied to meats involved in outbreaks of 
illnesses in which no causative factor can 
be determined by standard biological and 
chemical analysis.
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SOME EFFECTS OF ETHYLENE OXIDE ON BACILLUS SUBTILIS
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t i o n  o f  s p o r e s  e x p o s e d  t o  t h e  a l k y l a t i n g  a g e n t ,  e t h y l e n e  o x i d e  ( E T O ) ,  w e r e  i n v e s t i g a t e d  i n  t h i s  

s t u d y .  T h e  s t e r i l a n t  s y s t e m  c o n s i s t e d  o f  a  m i x t u r e  o f  e t h y l e n e  o x i d e  ( 1 2 % )  a n d  d i c h l o r o d i f l u o r o -  

m e t h a n e  ( 8 8 % ) .  S p o r e s  w e r e  e x p o s e d  t o  E T O  a n d  s u s p e n d e d  i n  d i s t i l l e d  w a t e r  o v e r n i g h t  t o  d e 

t e r m i n e  i f  t h e  E T O  t r e a t m e n t  w o u l d  a f f e c t  r e l e a s e  o f  p r o t e i n ,  R N A ,  D N A ,  o r  D P A .  O n l y  D P A  

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

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

E T O  r e s i s t a n c e  c h a r a c t e r i s t i c s .  T h e  r e s u l t i n g  s u r v i v o r  c u r v e  e x h i b i t e d  a n  u n u s u a l l y  l o n g  d e a t h  l a g  

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

c o u n t e r a c t e d  b y  i n c r e a s i n g  t h e  t i m e  b e t w e e n  p r e t r e a t m e n t  a n d  E T O  e x p o s u r e .  A  c o m p a r i s o n  o f  

l y o p h i l i z e d  v e g e t a t i v e  c e l l s ,  g e r m i n a t e d  s p o r e s ,  a n d  h e a t - a c t i v a t e d  s p o r e s  r e v e a l e d  t h a t  t h e  E T O  

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

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

a t  a b o u t  9 8 %  R . H .  p r i o r  t o  t h e  n o r m a l  p r e c o n d i t i o n i n g  a t  3 3 %  R . H .  V e g e t a t i v e  c e l l s  a n d  g e r m i 

n a t e d  s p o r e s ,  h o w e v e r ,  d i d  n o t  r e q u i r e  p r e c o n d i t i o n i n g  o t h e r  t h a n  a t  3 3 %  R . H .  T h e  e f f e c t  o f  

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

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

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

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

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

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

n o u n c e d  w i t h  i n c r e a s i n g  p e r i o d s  o f  e x p o s u r e .

INTRODUCTION
VAPOR PHASE sterilization has been 
studied with considerable interest during 
the past 30 years as a means of reducing 
to an acceptable level, contaminating 
microbial populations on or within ma
terials which are heat- and moisture- 
sensitive. Certain chemicals which are 
microbicidal in the vapor phase, notably 
the epoxides, remain effective at rela
tively low temperatures and low humid
ities. In these respects, methods of sterili
zation employing such chemicals have 
certain distinct advantages when com
pared to conventional methods employ
ing moist or dry heat.

Ethylene oxide, (ETO) the simplest of 
the epoxide compounds, has been shown 
to possess microbicidal properties in the 
aqueous as well as in the gaseous phase. 
An adequate explanation of the inactiva
tion mechanism by which microorganisms 
are rendered sterile when exposed to such 
a sterilant has been lacking. Much of the 
difficulty in this respect lies in the fact 
that ETO is capable of reacting with 
many components in microbial cells pro
vided a nucleophilic moiety is present. 
Phillips (1952) proposed that alkylation 
by ETO of free carboxyl, amino, hy
droxyl or sulfhydryl groups on bacterial

aPresent address: Bio-Marine ResearchLaboratory, State Fish Pier, Gloucester, Mass. 01930B̂ronwi 11 Scientific Co., Rochester, N.Y.

proteins served to disrupt metabolic proc
esses, eventually causing death of the 
organism. He felt that the greater resist
ance evidenced by spores over that of 
vegetative cells could be explained by a 
folding of protein molecules in spores to 
provide greater protection of sulfhydryl 
groups of key enzyme systems.

More recently, evidence has been pre
sented which suggests that reaction with 
nucleic acids is the significant reaction in 
sterilization by a variety of alkylating 
agents (Brookes and Lawley, 1960; 
Fraenkel-Conrat, 1961; Alexander et al.,
1961). Lawley and Brookes (1968) 
studied alkylation in sensitive and re
sistant strains of E. coli . They hypothe
sized that resistant strains were better 
able to withstand alkylation due to the 
influence of enzymatic DNA repair proc
esses which allow recovery of damaged 
cells.

Almost no attention has been given to 
similar studies as the above using spore 
forms. Shull (1963) suggested that certain 
peptides supplied in the recovery medium 
for spores which had been treated in a 
solution of ETO served as agents in the 
repair of synthetic mechanisms disrupted 
as a result of alkylation. The present 
study was undertaken to contribute addi
tional knowledge of the effects of eth
ylene oxide on spores, germinated spores 
and vegetative cells of Bacillus subtil is.

MATERIALS & METHODS
Microorganism

B .  s u b t i l i s  A T C C  9 5 2 4  w a s  s e l e c t e d  f o r  t h i s

s t u d y .  T h e  c u l t u r e ’ s i d e n t i t y  a n d  p u r i t y  w e r e  
c o n f i r m e d  p r i o r  t o  i t s  u s e .

Production and harvesting of spore crop
T h e  s p o r u l a t i o n  m e d i u m  c o n s i s t e d  o f  s t a n d 

a r d  n u t r i e n t  a g a r  w i t h  10 p p m  a d d e d  m a n g a 
n o u s  s u l f a t e .  A f t e r  s t e a m i n g  t o  i n s u r e  u n i 
f o r m i t y ,  a  2 5 0  m l  q u a n t i t y  w a s  p l a c e d  in  e a c h  
o f  a  l a r g e  n u m b e r  o f  1— q t ,  r e c t a n g u l a r  o r a n g e  
j u i c e  b o t t l e s .  T h e s e  b o t t l e s  w e r e  t h e n  a u t o 
c l a v e d  f o r  2 0  m i n  a t  1 2 1 ° C ,  s l a n t e d  a n d  a l 
l o w e d  t o  c o o l .

A  b r o t h  c u l t u r e  o f  t h e  o r g a n i s m  w a s  o b 
t a i n e d  b y  i n o c u l a t i n g  100 m l  o f  n u t r i e n t  b r o t h  
w i t h  c e l l s  f r o m  a  t y p i c a l  c o l o n y  a n d  i n c u b a t i n g  
a t  3 0 ° C  f o r  2 4  h r .  ( A n  i n c u b a t i o n  t e m p e r a t u r e  

o f  3 0 ° C  w a s  u s e d  t h r o u g h o u t  f o r  c u l t u r i n g  B .  

s u b t i l i s . )  1 m l  o f  t h i s  c u l t u r e  w a s  p i p e t t e d  o n t o  
e a c h  o f  3  b o t t l e  s l a n t s  a n d  s p r e a d  o v e r  t h e  a g a r  
s u r f a c e  b y  t i l t i n g .  T h e s e  w e r e  t h e n  i n c u b a t e d  
f o r  4  d a y s  t o  a c h i e v e  m a x i m a l  s p o r u l a t i o n .

2 0  m l  o f  c o l d  ( 2 ° C )  s t e r i l e  d i s t i l l e d  w a t e r  
( C S D W )  a n d  1 0 - 1 5  s t e r i l e ,  g a l v a n i z e d ,  h a l f 
i n c h  m a c h i n e  n u t s  w e r e  a d d e d  t o  o n e  o f  t h e  
i n c u b a t e d  s l a n t s .  U s i n g  a  g e n t l e  s h a k i n g  m o t i o n ,  
s p o r u l a t e d  g r o w t h  w a s  v e r y  q u i c k l y  s u s p e n d e d  
w i t h o u t  c o n t a m i n a t i o n  b y  b i t s  o f  a g a r .  T h e  r e 
s u l t i n g  s u s p e n s i o n  w a s  p o u r e d  i n t o  a  c h i l l e d  
( 2 ° C )  c o n t a i n e r ,  l e a v in g  t h e  m a c h i n e  n u t s  b e 
h i n d  o n  t h e  s l a n t .  A n o t h e r  2 0  m l  o f  C S D W  w a s  

a d d e d  t o  t h i s  s l a n t  t o  s u s p e n d  a n y  r e m a i n i n g  
g r o w t h .  T h i s  s u s p e n s i o n  a n d  t h e  m a c h i n e  n u t s  
w e r e  t r a n s f e r r e d  t o  a n o t h e r  o f  t h e  s l a n t s .  
G r o w t h  o n  t h i s  w a s  s u s p e n d e d  a s  d e s c r i b e d  
a b o v e  a n d  c o m b i n e d  w i t h  t h a t  f r o m  t h e  f i r s t  
s l a n t .  A  s e c o n d  w a s h i n g  w a s  p e r f o r m e d  a s  f o r  
t h e  f i r s t  s l a n t  a n d  t h e  w h o l e  p r o c e d u r e  r e p e a t e d  
f o r  t h e  t h i r d  s l a n t .  T h e  p o o l e d  s u s p e n s i o n  w a s  
h e a t e d  a t  8 0 ° C  f o r  2 0  m i n  t o  a c t i v a t e  t h e  
s p o r e s .  1 m l  o f  t h i s  w a s  a d d e d  t o  e a c h  o f  a  la r g e  
n u m b e r  o f  b o t t l e  s l a n t s ,  w h i c h  w e r e  t h e n  i n c u 
b a t e d  a s  b e f o r e .  T h e  s t e p s  o u t l i n e d  a b o v e  f o r  
t h e  f i r s t  s e t  o f  s l a n t s  w e r e  f o l l o w e d  t o  o b t a i n  
t h e  f i n a l  s p o r e  c r o p .

Cleaning of spores
S i n c e  r e p e a t e d  w a s h i n g s  d i d  n o t  e l i m i n a t e  

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

B e f o r e  l y s o z y m e  t r e a t m e n t  o f  a l l  o f  t h e  
c r u d e  s p o r e  c r o p ,  a  s m a l l  q u a n t i t y  w a s  r e m o v e d  
a n d  d i v i d e d  i n t o  t w o  p o r t i o n s ,  o n e  f o r  l y s o 
z y m e  t r e a t m e n t  a n d  t h e  o t h e r  f o r  s o n i c a t i o n .  
C o m p l e t e  ly s i s  o f  v e g e t a t i v e  c e l l s  w a s  e f f e c t e d  
b y  t h e  a d d i t i o n  o f  0 . 3  m g  o f  l y s o z y m e  p e r  m l  
a n d  i n c u b a t i o n  f o r  2 .5  h r  a t  2 ° C .  S p o r e s  w e r e  
f r e e d  o f  v e g e t a t i v e  c e l l s  b y  s o n i c a t i o n  in  a  
m o d e l  U — 2 0  B i o s o n i k b  o p e r a t i n g  a t  a  f r e 

q u e n c y  o f  20 K c  f o r  1 h r .
S p o r e s  s o  t r e a t e d  w e r e  t h e n  w a s h e d  t h r e e  

t i m e s ,  h e a t - a c t i v a t e d  a f t e r  a d j u s t m e n t  o f  c o n 

c e n t r a t i o n  t o  a b o u t  108 s p o r e s  p e r  m l ,  d e 
p o s i t e d  o n  p a p e r  d i s c s ,  h u m i d i t y  e q u i l i b r a t e d ,  
a n d  e x p o s e d  t o  E T O  t o  d e t e r m i n e  t h e i r  c o m 
p a r a t i v e  r e s i s t a n c e .  R e s u l t s ,  w h i c h  w i l l  b e  p r e 
s e n t e d  l a t e r ,  i n d i c a t e d  t h a t  t h e  l y s o z y m e  t r e a t 
m e n t  h a d  n o  e f f e c t  o n  r e s i s t a n c e ;  t h e r e f o r e ,  i t

Volume 35 (1970)-JOURNAL OF FOOD SCIENCE-627



6 2 8 -JOURNAL OF FOOD SCIENCE-Volume 35 (1970)

w a s  a p p l i e d  t o  t h e  r e m a i n d e r  o f  t h e  c r u d e  
s u s p e n s i o n .  T h e  t r e a t e d  s u s p e n s i o n  w a s  t h e n  
c e n t r i f u g e d  i n  t h e  c o l d  a t  8 0 0 0 G  f o r  1 5  m i n ,  
t h e  s u p e r n a t a n t  d i s c a r d e d  a n d  s p o r e s  i n  t h e  r e 
s u l t i n g  p e l l e t  r e s u s p e n d e d  in  C S D W . T h e  s p o r e s  
w e r e  w a s h e d  t w i c e  m o r e  i n  t h i s  f a s h i o n .  
Lyophilization of spore crop

A f t e r  t h e  f i n a l  w a s h i n g ,  t h e  s p o r e s  w e r e  
r e s u s p e n d e d  in  1 5 0  m l  o f  C S D W  a n d  h e a t e d  a t  
8 0 ° C  f o r  2 0  m i n .  T h e  s p o r e  s u s p e n s i o n  w a s  
t h e n  d i v i d e d  e q u a l l y  a m o n g  s ix  5 0  m l  p o l y e t h 
y l e n e  c e n t r i f u g e  t u b e s  a n d  t h e  t u b e s  c e n t r i 
f u g e d  ( 8 0 0 0 G )  a t  2 ° C .  A f t e r  c e n t r i f u g a t i o n ,  t h e  
s u p e r n a t a n t s  w e r e  d i s c a r d e d ,  a n d  t h e  s p o r e  
p e l l e t s  f r o z e n  a n d  l y o p h i l i z e d  in  t h e  c e n t r i f u g e  

t u b e s .  T h e  s p o r e  p o w d e r  s o  o b t a i n e d  w a s  d i s 
t r i b u t e d  in  a m p o u l e s ,  s e a l e d  u n d e r  v a c u u m ,  a n d  
s t o r e d  a t  - 2 0 ° C .

Obtaining samples of heat-activated spores, 
germinated spores, and vegetative forms for 
comparative resistance studies

B e f o r e  l y o p h i l i z a t i o n  o f  t h e  w a s h e d  s p o r e  

c r o p  o b t a i n e d  e a r l i e r ,  a  p o r t i o n  o f  t h i s  s p o r e  
p e l l e t  w a s  p l a c e d  i n t o  0 .0 2 M  K 2H P O 4, c e n t r i 
f u g e d ,  a n d  t h e  r e s u l t i n g  p e l l e t  l y o p h i l i z e d .

A  c r o p  o f  g e r m i n a t e d  s p o r e s  w a s  o b t a i n e d  
b y  i n o c u l a t i n g  n u t r i e n t  b r o t h  w i t h  t h e  l y o p h i l 
i z e d  s p o r e s  a n d  f o l l o w i n g  g e r m i n a t i o n  s p e c t r o -  
p h o t o m e t r i c a l l y  u n t i l  g e r m i n a t i o n  w a s  c o m 
p l e t e .  T h e s e  g e r m i n a t e d  s p o r e s  w e r e  t h e n  
c e n t r i f u g e d ,  w a s h e d  w i t h  0 .0 2 M  K 2H P O 4, a n d  
l y o p h i l i z e d .

V e g e t a t i v e  c e l l s  w e r e  p r o d u c e d  i n  n u t r i e n t  
b r o t h ,  c e n t r i f u g e d ,  w a s h e d  w i t h  0 .0 2 M  
K 2H P O 4, a n d  l y o p h i l i z e d  a s  a b o v e .  T h e  u s e  o f  

0 .0 2 M  K 2H P O 4 f o r  s u s p e n d i n g  B. s u b t i l i s  c e l l s  
w a s  r e c o m m e n d e d  b y  D e m a i n  ( 1 9 5 8 ) .  

Preparation of test population for exposure
F o r  s t u d i e s  i n v o l v i n g  s p o r e s  d e p o s i t e d  o n  

a b s o r b e n t  p a p e r  d i s c s  a n d  e x p o s e d  t o  E T O ,  l y o 
p h i l i z e d  s p o r e s  w e r e  r e s u s p e n d e d  in  d i s t i l l e d  
w a t e r  t o  g iv e  a b o u t  1 0 8 s p o r e s  p e r  m l .  A s  
c a r r i e r s ,  p a p e r  d i s c s  3 / 8  i n c h  ( a n t i b i o t i c  a s s a y  
d i s c s )  w e r e  p l a c e d  o n  p y r e x  d i s c s  a n d  s t e r i l i z e d .  
E a c h  p a p e r  d i s c  w a s  t h e n  i n o c u l a t e d  w i t h  0 .0 1  
m l  o f  t h e  t e s t  s u s p e n s i o n .  T h e s e  s a m p l e s  w e r e  
a l l o w e d  t o  e q u i l i b r a t e  o v e r n i g h t  a t  3 3 %  R .H .

W h e n  l a r g e r  q u a n t i t i e s  o f  s p o r e s  w e r e  
n e e d e d ,  l y o p h i l i z e d  s p o r e s  w e r e  d e p o s i t e d  i n  a  
t h i n  l a y e r  o v e r  t h e  b o t t o m  o f  a  s t e r i l e  p e t r i  
p l a t e  a n d  t h e  s a m p l e s  a l l o w e d  t o  e q u i l i b r a t e  a s  
a b o v e  p r i o r  t o  E T O  e x p o s u r e .

F i g .  1 - S u r v i v o r  c u r v e s  f o r  B .  s u b t i l i s  s p o r e s  

c l e a n e d  b y  s o n i c a t i o n  a n d  b y  l y s o z y m e .

Exposure apparatus
T h e  a p p a r a t u s  u s e d  f o r  e x p o s u r e  w a s  t h e  

s a m e  a s  t h a t  d e s c r i b e d  b y  L I U  e t  a l .  ( 1 9 6 8 ) .  

Relative humidity, temperature and 
ethylene oxide concentration

A  r e l a t i v e  h u m i d i t y  o f  3 3 % ,  a  t e m p e r a t u r e  
o f  4 0 ° C ,  a n d  a n  e t h y l e n e  o x i d e  c o n c e n t r a t i o n  
o f  7 0 0  m g  p e r  l i t e r  w e r e  t h e  e x p o s u r e  p a r a m 
e t e r s  u s e d .  T h e  s t e r i l a n t  c o n s i s t e d  o f  a  g a s e o u s  

m i x t u r e  c o n t a i n i n g  12%  e t h y l e n e  o x i d e  a n d  
88%  d i c h l o r o d i f l u o r o m e t h a n e  b y  w e i g h t .

Exposure procedure
E s s e n t i a l l y ,  e x p o s u r e s  w e r e  m a d e  in  t h e  

s a m e  m a n n e r  a s  d e s c r i b e d  b y  L I U  e t  a l .  ( 1 9 6 8 ) .  
A f t e r  e x p o s u r e ,  s a m p l e s  e x p o s e d  o n  p a p e r  d i s c s  
w e r e  p l a c e d  in  i n d i v i d u a l  10 m l  d i l u t i o n  b l a n k s  

c o n t a i n i n g  1 %  D a r v a n  N o .  1 ( a  d i s p e r s a n t ) .  T h e  
t u b e s  w e r e  t h e n  a g i t a t e d  o n  a  s h a k e r  u n t i l  t h e  
p a p e r  d i s c s  w e r e  p u l v e r i z e d .  A f t e r  a p p r o p r i a t e  
d i l u t i o n s  i n  C S D W , t r i p l i c a t e  p o u r - p l a t e s  w e r e  
p r e p a r e d  f o r  e a c h  b l a n k .  N u t r i e n t  a g a r  c o n 
t a i n i n g  0. 1%  s o l u b l e  s t a r c h ,  t o  a i d  i n  g e r m i 
n a t i o n  o f  t r e a t e d  s p o r e s ,  w a s  e m p l o y e d  

t h r o u g h o u t  a s  t h e  r e c o v e r y  m e d i u m .

W h e n  s a m p l e s  w e r e  e x p o s e d  a s  a  f r e e z e -  
d r i e d  p o w d e r ,  a  p o r t i o n  o f  t h e  e x p o s e d  s a m p l e  
( h e a t - a c t i v a t e d  s p o r e s ,  g e r m i n a t e d  s p o r e s ,  o r  
v e g e t a t i v e  c e l l s )  w a s  p l a c e d  i n t o  o n e  o f  t w o  
t y p e s  o f  d i l u e n t .  H e a t - a c t i v a t e d  s p o r e s  w e r e  
p l a c e d  in  1 %  D a r v a n  N o .  1 , w h i l e  g e r m i n a t e d  
s p o r e s  a n d  v e g e t a t i v e  c e l l s  w e r e  p l a c e d  in  0 .0 2 M  
K 2H P O 4. A f t e r  s h a k i n g  t o  d i s p e r s e  c l u m p e d  
c e l l s ,  e a c h  s u s p e n s i o n  w a s  p o u r e d  i n t o  a  c o l o r 
i m e t e r  t u b e .  T h e  o p t i c a l  d e n s i t y  o f  e a c h  s a m p l e  
w a s  t h e n  a d j u s t e d  w i t h  t h e  a p p r o p r i a t e  d i l u e n t  
t o  a  v a l u e  o f  0.20, r e s u l t i n g  in  a  c e l l  c o n c e n 
t r a t i o n  o f  1 0 7- 1 0 8 p e r  m l .  T h e s e  a d j u s t e d  
s u s p e n s i o n s  w e r e  d i l u t e d  a n d  r e p l i c a t e  p l a t e s  
p r e p a r e d  a s  d e s c r i b e d  a b o v e .

F i g .  2 — U l t r a v i o l e t  a b s o r p t i o n  s p e c t r a  o f  s u p e r 

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

s p o r e s  e x p o s e d  t o  E T O .

Construction of survivor curves and calculation 
of death rates

D u r i n g  e a c h  e x p o s u r e  p e r i o d ,  t h r e e  s a m p l e s  
w e r e  e x p o s e d  a n d  e a c h  w a s  d i l u t e d  a n d  p l a t e d  
i n  t r i p l i c a t e .  C o l o n y  c o u n t s  w e r e  m a d e  a f t e r  
2 - 3  d a y s  i n c u b a t i o n .  T h e  c o l o n y  c o u n t s  w e r e  

a v e r a g e d  a n d  t h e  l o g a r i t h m s  o f  t h e  a v e r a g e s  
t a k e n .  L o g a r i t h m s  o f  a v e r a g e  s u r v i v o r  v a l u e s  

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

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

d e t e r m i n e  t h e  D  v a l u e s  ( t i m e s  r e q u i r e d  t o  d e 
s t r o y  9 0 %  o f  t h e  c e l l s  p r e s e n t ) .

Leakage of spore components after ETO 
exposure

L y o p h i l i z e d  s p o r e s  w e r e  s e v e r e l y  e x p o s e d  ( 3  
h r )  t o  t h e  s t e r i l a n t  a t  3 3 %  R . H . ,  4 0 ° C ,  a n d  a t  
a n  E T O  c o n c e n t r a t i o n  o f  7 0 0  m g  p e r  l i t e r .  A  
c o n t r o l  w a s  p r e p a r e d  b y  e x p o s i n g  s p o r e s  f o r  3 
h r  a t  3 3 %  R . H . ,  4 0 ° C ,  a n d  a t  a n  a i r  p r e s s u r e  o f  

5  p s i g  ( t h e  s a m e  a s  t h e  s t e r i l a n t  g a s  p r e s s u r e  
u s e d  f o r  t h e  t r e a t e d  s a m p l e ) .  B o t h  w e r e  p l a c e d  
i n t o  C S D W  a n d  l e f t  o n  a  s h a k e r  a t  2 ° C  o v e r 
n i g h t .  T h e  s u s p e n s i o n s  w e r e  t h e n  c e n t r i f u g e d  a t  
8 0 0 0 G  f o r  1 5  m i n  a n d  t h e  s u p e r n a t a n t  d e 
c a n t e d  a n d  s a v e d  f o r  a n a ly s i s .

P r e l i m i n a r y  t o  c h e m i c a l  a n a l y s i s ,  a  U V  a b 

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

1. P r o t e i n :  L o w r y  e t  a l .  ( 1 9 5 1 ) .
2 . R N A :  C e r i o t t i  ( 1 9 5 5 ) .
3 . D N A :  B u r t o n  ( 1 9 5 6 ) .
4 .  D P A :  J a n s s e n  e t  a l .  ( 1 9 5 8 ) .

Spore coat disruption
T o  r u p t u r e  d i s u l f i d e  b o n d s  a n d  g e n e r a l l y  

“ l o o s e n ”  m a c r o - m o l e c u l a r  s t r u c t u r e  o f  t h e  
s p o r e  c o a t ,  t h e  t e c h n i q u e  o f  G o u l d  a n d  
H i t c h i n s  ( 1 9 6 3 )  w a s  e m p l o y e d .  S p o r e s  w e r e  
s u s p e n d e d  in  a  1%  ( v /v )  s o l u t i o n  o f  t h i o g l y c o l -  
l ic  a c i d  i n  8M  u r e a ,  a f t e r  w h i c h ,  t h e  s u s p e n s i o n  
w a s  h e a t e d  a t  7 0 ° C  f o r  1 / 2  h r .  A f t e r  c e n t r i f u g a 
t i o n  a n d  f iv e  w a s h i n g s ,  0.01 m l  q u a n t i t i e s  o f  

s u s p e n s i o n  w e r e  a d d e d  t o  p a p e r  d i s c s  a n d  t h e  
i n o c u l a t e d  d i s c s  h u m i d i t y  e q u i l i b r a t e d  ( 2 4  h r  a t  
3 3 %  R .H .  a n d  2 ° C ) .

EXPOSURE TIME mini

F i g .  3 — S u r v i v o r  c u r v e s  f o r  B .  s u b t i l i s  c o n t r o l  

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

p l u s  u r e a .
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F i g .  4 — S u r v i v o r  c u r v e s  f o r  B .  s u b t i l i s  c o n t r o l  

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

p l u s  u r e a ,  b u t  p r e c o n d i t i o n e d  a t  3 3 %  R .  H .  f o r  7  

d a y s  p r i o r  t o  e x p o s u r e  t o  E T O .

Post treatment development of spores
T o  o b s e r v e  t h e  v a r i o u s  s t a g e s  o f  d e v e l o p 

m e n t  o f  E T O  t r e a t e d  s p o r e s ,  t w o  t y p e s  o f  
l i q u i d  m e d i a  w e r e  u t i l i z e d :  1 ) n u t r i e n t  b r o t h  
p l u s  0. 1%  s o l u b l e  s t a r c h ,  a n d  2) m i n i m a l  s a l t s  

b r o t h  f o r  s p o r e s  ( D e m a i n ,  1 9 5 8 ) .
A  q u a n t i t y  o f  l y o p h i l i z e d  s p o r e s  w a s  p l a c e d  

in  t h e  a p p r o p r i a t e  m e d i u m  in  a  K l e t t  f l a s k  a n d  
t h e  o p t i c a l  d e n s i t y  a d j u s t e d  t o  0 . 3 2  f o r  ¿ a c h  

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

i c e - w a t e r  b a t h  u n t i l  a l l  s a m p l e s  w e r e  r e a d y  s o  
t h a t  i n i t i a t i o n  o f  g e r m i n a t i o n  w o u l d  b e  
s y n c h r o n i z e d .  T h e  f l a s k s  w e r e  p l a c e d  o n  a  
r e c i p r o c a t i n g  s h a k e r  i n  a  3 0 ° C  i n c u b a t o r  a n d  
t h e  o p t i c a l  d e n s i t y  m e a s u r e d  p e r i o d i c a l l y .

RESULTS & DISCUSSION

Resistance of spores cleaned by sonication 
versus lysozyme

In spite of concerted efforts to pro
mote maximal sporulation, a large num
ber of vegetative cells remained in the 
spore suspensions obtained after harvest
ing and washing. It was felt that ETO 
resistance results might be affected by 
these vegetative cells offereing a protec
tive barrier for spores against sterilization. 
Removal of these cells by either lyozyme 
treatment or sonication was considered, 
the former technique being preferred. 
Therefore, an experiment was designed to 
determine if there would be any differ
ence in ETO resistance of spores cleaned 
in either manner, and if in either case, the 
resistance was different from that re
ported by Liu et al. (1968) for spores 
which had been water washed only. They 
reported a D value of 14.7 min for the 
same organism under identical exposure 
conditions.

Upon exposure to ETO of spores 
cleaned by sonication and spores cleaned

EXPOSURE TIME I mini

F i g .  5 — S u r v i v o r  c u r v e s  f o r  h e a t - a c t i v a t e d

s p o r e s ,  g e r m i n a t e d  s p o r e s ,  a n d  v e g e t a t i v e  c e l l s  

o f  B .  s u b t i l i s .

by lysozyme, no significant difference in 
resistance was noted (see Fig. 1). It may 
be noted that the D value reported by Liu 
et al. (1968) lies between the two found 
here. Therefore, lysozyme treatment was 
adopted as the cleaning method in this 
study.

Release of materials from exposed spores
To determine if leakage of various 

spore components had occurred as a 
result of ETO treatment, the supernatants 
obtained after removal of control spores 
and exposed spores by centrifugation 
were analyzed both spectrophotometri- 
cally and by standard colorimetric assays. 
It may be noted from examination of the 
curves in Figure 2 that UV-absorbing 
materials were present in both super
natants, and additionally, that differences 
in DPA release may be indicated by the 
relatively higher peak at 270 nm for the 
supernatant from exposed spores.

When absorbance values obtained in 
the assay for protein, RNA, DNA, and 
DPA were referred to standard curves, it 
was found that a considerably greater 
quantity of DPA had been released from 
exposed spores than from control spores 
(0.37% of spore dry weight as opposed to 
0.23% for the control). Nearly equal 
amounts of the other components tested 
for were found in the supernatants from 
exposed and control spores.
Effect of thioglycollic acid/urea 
treatment on resistance

Pretreatment of spores with agents 
postulated to affect the intactness of the 
spore coat was noted to alter ETO resist
ance characteristics so that the survivor 
curve exhibited what appeared to be an 
unusually long death lag period followed
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F i g .  6 — S u r v i v o r  c u r v e  f o r  h e a t - a c t i v a t e d  s p o r e s  

o f  B .  s u b t i l i s  p r e c o n d i t i o n e d  a t  9 8 %  R . H .  f o l 

l o w e d  b y  p r e c o n d i t i o n i n g  a t  3 3 %  R . H .

by an increased first-order death rate in 
relation to the control (see Fig. 3). 
However, if after the pretreatment, spores 
were left to humidity equilibrate for 7 
days and then exposed, a typical survivor 
curve was obtained (Fig. 4). It was 
theorized that reformation of tertiary 
structure in the spore coat by oxidation 
of sulfhydryl groups formed in the pre
treatment to the original disulfide link
ages may have occurred during prolonged 
equilibration in order to reinstate typical 
resistance to ETO.
Comparative resistances of lyophilized 
heat-activated spores, germinated spores, 
and vegetative cells

Heat-activated spores which had been 
humidity equilibrated at 33% R.H. and 
exposed to ETO displayed non-loga- 
rithmic death characteristics (Fig. 5), but 
this could be reversed by preconditioning 
at 98% R.H. for 7 days prior to precondi
tioning at 33% R.H. for 3 days. (Fig. 6). 
The necessary preconditioning periods are 
indicated in the sorption and desorption 
curves of Figure 7.

Germinated spores and vegetative cells, 
however, displayed a logarithmic death 
rate with only the 33% R.H. precondi
tioning. It can be seen from comparing D 
values in Figures 5 and 6 that the 
resistance of germinated spores is much 
closer to that of heat-activated spores 
than to that of vegetative cells.

It appears that incomplete rehydration 
of spore components critical to steriliza
tion resulted in the non-logarithmic death 
of heat-activated spores preconditioned at 
33% R.H. (Gilbert et al., 1964, found 
that preconditioning at a high R.H. was 
necessary for complete rehydration of 
highly desiccated spores.) The reason
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F i g .  7 — R a t e  o f  s o r p t i o n  a n d  d e s o r p t i o n  o f  m o i s t u r e  b y  l y o p h i l i z e d  

h e a t - a c t i v a t e d  s p o r e s  o f  B .  s u b t i l i s  e q u i l i b r a t e d  a t  v a r i o u s  r e l a t i v e  h u 

m i d i t i e s  a n d  a t  a  t e m p e r a t u r e  o f  2 ° C .

F i g .  8 — B e h a v i o r  o f  B .  s u b t i l i s  s p o r e s  i n c u b a t e d  a t  3 0 ° C  i n  m i n i m a l  s a l t s  

b r o t h  a f t e r  e x p o s u r e  f o r  v a r i o u s  p e r i o d s  o f  t i m e  t o  E T O  a t  3 3 %  R . H . ,  

4 0 ° C ,  a n d  a t  a n  E T O  c o n c e n t r a t i o n  o f  7 0 0  m g  p e r  l i t e r .  * ( G e r m i n a t i v e  

p h a s e  o f  s p o r e s  e x p o s e d  f o r  3 0  m i n  i s  a l s o  r e p r e s e n t e d  b y  t h i s  s y m b o l . )

INCUBATION TIME I hrs )

F i g .  9 - B e h a v i o r  o f  B .  s u b t i l i s  s p o r e s  i n c u b a t e d  a t  3 0 ° C  i n  n u t r i e n t  

b r o t h  a f t e r  e x p o s u r e  f o r  v a r i o u s  p e r i o d s  o f  t i m e  t o  E T O  a t  3 3 %  R . H . ,  

4 0 ° C ,  a n d  a t  a n  E T O  c o n c e n t r a t i o n  o f  7 0 0  m g  p e r  l i t e r .  * ( G e r m i n a t i v e  

a n d  p o s t g e r m i n a t i v e  p h a s e s  o f  s p o r e s  e x p o s e d  f o r  6 0  m i n  a n d  1 2 0  m i n  

a r e  a l s o  r e p r e s e n t e d  b y  t h i s  s y m b o l . )

germinated spores and vegetative cells 
were not as moisture-sensitive was very 
likely due to the greater permeability of 
these organisms.

The finding that germinated spore 
resistance was so close to that of heat- 
activated spores was not expected in view 
of the variety of physiological and meta
bolic changes which occur during germi
nation. Evidently, although many reactive 
sites become available upon germination, 
critical sites to sterilization, such as nu
cleic acids, which are located within the 
core, may continue to resist alkylation to 
the extent that resistance still resembles 
that of heat-activated spores.
Behavior o f treated spores in nutrient 
broth and minimal salts broth

The effect of increasing time of ETO 
exposure on germination and postgermi- 
native and vegetative development of 
spores in a rich medium and in a deficient 
medium was evaluated (Fig. 8 and 9). In 
these curves, the germinative phase refers 
to that period during which the initial 
absorbance decreases and finally levels 
off; the vegetative phase is characterized 
by a steady increase in absorbance indi
cating emergence of new vegetative cells 
and later, cell division; and the postgermi- 
native phase is that period of growth 
between the end of the germinative phase 
and the beginning of the vegetative phase.

No appreciable change in rate or effi
ciency of germination was found for 
spores in either medium as severity of 
exposure increased. These findings are in 
agreement with those of Shull (1963) 
who treated spores of B. subtil is in a 
water solution of ETO. However, the 
postgerminative phase of development of

treated spores was notably lengthened 
over that of untreated spores in either 
medium. Treated spores which were incu
bated in the rich medium entered the 
vegetative phase of growth before those 
incubated in the deficient medium, this 
difference becoming more pronounced 
with increasing periods of exposure. Dur
ing the postgerminative phase in the 
minimal medium, it was noted, for spores 
which had been ETO treated for only 1 5 
min, that some vegetative cells began to

emerge from treated spores; but, soon 
after, these cells apparently lysed causing 
absorbance of the suspension to decrease.

The observed differences for treated 
spores in the two kinds of growth media 
may be explained if the metabolic proc
esses leading to formation of vegetative 
cells are considered to be inhibited in 
damaged spores. Thus, such inhibition 
should be magnified in a medium defi
cient in nutrients essential for repair and 
recovery.
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G .  T .  M I C H A E L a a n d  C .  R .  S T U M B O  

D e p a r t m e n t  o f  F o o d  S c i e n c e  a n d  T e c h n o l o g y  

o f  M a s s a c h u s e t t s , A m h e r s t , M a s s a c h u s e t t s  0 1 0 0 2

ETHYLENE OXIDE STERILIZATION OF SALMONELLA SENFTENBERG AND  
ESCHERICHIA COLI: DEATH KINETICS AND MODE OF ACTION

S U M M A R Y — D e a t h  o f  l y o p h i l i z e d  Salmonella senftenberg a n d  Escherichia coli w h e n  e x p o s e d  t o  

g a s e o u s  e t h y l e n e  o x i d e  ( E T O )  f o l l o w e d  f i r s t  o r d e r  k i n e t i c s .  S. senftenberg i n  w h o l e  e g g  p o w d e r  w a s  

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

w i t h  a m i n o  a c i d s ,  o r g a n i c  a c i d s ,  t h e  b a s e  c o m p o n e n t s  o f  D N A  a n d  R N A ,  v i t a m i n s  a n d  n u c l e i c  a c i d  

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

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

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

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

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

a l k y l a t i o n  o f  t h i s  c o m p o n e n t  o f  D N A  t h a t  c a u s e d  t h e  b a c t e r i a l  c e l l s  t o  l o s e  t h e i r  p o w e r  o f  

r e p r o d u c t i o n .

INTRODUCTION
IT HAS BEEN well established that cer
tain chemicals in the vapor phase are ef
fective microbicides. Of the chemicals 
thus far tested, ethylene oxide (ETO) 
appears to be the most promising for 
widespread use in the sterilization of 
many materials that are so sensitive to 
dry or moist heat as to preclude the use 
of these agents in their sterihzation. 
Moreover, for many applications, sterih
zation with ETO has been found more 
convenient and economical, even though 
heat or some other agent might well be 
employed.

During the past forty years, ETO va
por phase sterihzation has been studied 
by a number of investigators, including 
Griffith and Hall (1938), Kaye (1949), 
Kaye and Phillips (1949), Phillips (1949, 
1952, 1968), Opfell et al. (1959), Ernst

aPresent address: Colonial Provision Co., Inc., Boston, Mass.

and Shull (1962), Vondell (1962), Gilbert 
et al. (1964), Doyle and Ernst (1967), 
LIU et al. (1968), Kuzminski et al.
(1969), Blake and Stumbo (1970) and 
others. It has been established that death 
kinetics of microorganisms subjected to 
ETO are influenced by a number of fac
tors, principally by temperature, ETO 
concentration in the sterilant atmosphere, 
relative humidity of the sterilant atmos
phere, water activity of the microorgan
isms to be killed, level of contamination, 
microbial species to be eliminated, and 
physical and chemical nature of the ma
terial to be sterilized.

Most studies to date have been with 
spores more resistant to ETO than most 
vegetative forms. The reason for this is 
most logical-any sterihzation treatment 
which will destroy the most resistant 
microbial forms will generally free the 
material of all less resistant forms. How
ever, there are numerous occasions where
in the primary object is to free materials 
of vegetative forms, particularly patho
gens, with no real concern about the

more resistant spore forms. This is true in 
the case of certain medical supplies and 
equipment and of certain food ingredi
ents to be used in formulated products 
which receive no additional sterihzation 
treatments.

Salmonellosis is today the predomi
nant food-borne infection. Foods com
monly implicated in salmonellosis out
breaks are those which in their 
preparation are not heated sufficiently to 
destroy Salmonellae, or may become con
taminated subsequent to any heat process 
given. ETO sterihzation of some dry 
foods and food ingredients is now carried 
out. Notwithstanding the gravity of the 
salmonellosis problem, and the promise 
of ETO sterihzation in dealing with it, 
there has been virtually nothing reported 
on the kinetics of death of Salmonellae 
subjected to ETO.

Regardless of the many years of rather 
extensive work with ETO as a sterilant, 
there remains a paucity of information re
garding the mechanism by which ETO 
kills microorganisms. There is little doubt 
that the action is alkylation (see Phillips, 
1 952; Ross, 1958; Wheeler, 1962; 
Alexander et al., 1957, 1961). However, 
exactly what is alkylated to cause the 
microbial cell to lose reproductive ability 
has remained in doubt.

Therefore, the present study was 
undertaken to study the death kinetics of 
Salm onella  sen f ten berg  and Escherichia  
c o l i; and, to further elucidate the mech
anism by which ETO kills microorgan
isms.
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EXPOSURE TIME IN MINUTES

Dimmi

F i g .  1 — S u r v i v o r  c u r v e s  f o r  l y o p h i l i z e d  c e l l s  o f  

S .  s e n f t e n b e r g  p r e c o n d i t i o n e d  a t  d i f f e r e n t  r e l a 

t i v e  h u m i d i t i e s .

F i g .  2 — I n f l u e n c e  o f  r e l a t i v e  h u m i d i t y  o n  E T O  

r e s i s t a n c e  o f  l y o p h i l i z e d  c e l l s  o f  S .  s e n f t e n b e r g .

F i g .  3 — S u r v i v o r  c u r v e s  f o r  l y o p h i l i z e d  c e l l s  o f  

S .  s e n f t e n b e r g  a n d  E .  c o l i  a n d  f o r  S .  s e n f t e n b e r g  

l y o p h i l i z e d  i n  w h o l e  e g g .  A l l  t e s t  s a m p l e s  w e r e  

p r e c o n d i t i o n e d  a t  1 1 %  R . H .

MATERIALS & METHODS
T e s t  o r g a n i s m s

A  c u l t u r e  o f  S. s e n f t e n b e r g  7 7 5  W  w h i c h  w a s  

m o r p h o l o g i c a l l y  s m o o t h  ( S )  w a s  o b t a i n e d  f r o m  
t h e  D e p a r t m e n t  o f  V e t e r i n a r y  a n d  A n i m a l  
S c i e n c e  a t  t h e  U n i v e r s i t y  o f  M a s s a c h u s e t t s  
w h i c h  s e c u r e d  t h e  c u l t u r e  f r o m  M . M . G a l t o n ,  

C .D .C . ,  A t l a n t a ,  G e o r g i a .  A  c u l t u r e  o f  E . c o l i  
K 1 2  w a s  o b t a i n e d  f r o m  t h e  D e p a r t m e n t  o f  
M i c r o b i o l o g y ,  U n i v e r s i t y  o f  M a s s a c h u s e t t s .

M e d ia  e m p l o y e d

T r y p t i c a s e  S o y  A g a r  s u p p l e m e n t e d  w i t h  
0 .5 %  Y e a s t  E x t r a c t  ( T S Y  A g a r )  w a s  u s e d  a s  t h e  
r e c o v e r y  m e d i u m  f o r  t h e  t e s t  o r g a n i s m  a f t e r  
t r e a t m e n t  w i t h  E T O .  T r y p t i c a s e  S o y  B r o t h  s u p 
p l e m e n t e d  w i t h  0 .5 %  y e a s t  e x t r a c t  ( T S Y  B r o t h )  
w a s  u s e d  f o r  t h e  p r o d u c t i o n  o f  t h e  t e s t  m i c r o 
o r g a n i s m s .  T h i s  b r o t h  w a s  a l s o  u s e d  t o  o b s e r v e  
t h e  g r o w t h  p a t t e r n  a t  3 7 ° C  o f  E T O  e x p o s e d  
a n d  u n e x p o s e d  c e l ls .

A  M i n i m a l  S a l t s  ( M S )  B r o t h  c o n t a i n i n g  
( N H 4 ) 2 S 0 4  ( 2 g / l ) ,  K H 2 P 0 4  ( 6 g / l ) ,  K 2 H P 0 4 
( 1 4 g / l ) ,  N a  C i t r a t e  ( lg /1 ) ,  M g S 0 4 * 7 H 2 0  
( 0 . 2 g / l ) ,  M n S 0 4  • H 2 0  ( 0 . 2 5  m g /1 ) ,  a n d  g l u 
c o s e  ( 5 g / l )  w a s  u s e d  t o  o b s e r v e  t h e  g r o w t h  p a t 
t e r n  a t  3 7 ° C  o f  E T O  e x p o s e d  a n d  u n e x p o s e d  

c e l l s .  T h e  s a m e  b r o t h  p l u s  1 .5 %  a g a r  w a s  u s e d  
a s  a  p l a t i n g  m e d i u m .

P r e p a r a t i o n  o f  c l e a n  l y o p h i l i z e d  c e l l s

P r o d u c i n g  h a r v e s t i n g  a n d  c l e a n i n g .  A  l o o p 
f u l  o f  c e l l s  m a i n t a i n e d  o n  a  T S Y  A g a r  s l a n t  w a s  
i n o c u l a t e d  i n  T S Y  B r o t h  ( 1 0 - 2 0  m l )  c o n t a i n e d  
in  c u l t u r e  t u b e s  a n d  i n c u b a t e d  f o r  1 8 - 2 0  h r  a t  
3 7 ° C .  T h e s e  a c t i v e l y  g r o w i n g  c e l l s  w e r e  t h e n  
a d d e d  t o  5 0 0  m l  o f  T S Y  B r o t h  a n d  i n c u b a t e d  
f o r  1 8 - 2 0  h r  w h i l e  s h a k e n  a t  3 7 ° C .  T h e  r e s u l t 
i n g  c u l t u r e  w a s  c e n t r i f u g e d  a t  5 0 0 0 G  f o r  1 5  
m i n  a n d  t h e  p e l l e t  o f  c e l l s  r e d i s p e r s e d  in  c o l d ,  
s t e r i l e ,  t r y p t i c a s e  b u f f e r  ( p H  7 . 0 ;  M / 1 5  
K H 2 P 0 4 , a n d  M / 1 5  N a 2 H P 0 4  p l u s  0 .1 %  t r y p t i 
c a s e )  a n d  r e c e n t r i f u g e d .  T h i s  p r o c e d u r e  w a s  
r e p e a t e d  5  t i m e s .  T h e  c e l l s  w e r e  s u s p e n d e d  in  
c o l d ,  s t e r i l e ,  t r y p t i c a s e  b u f f e r  a n d  r e f r i g e r a t e d

a t  4 ° C  u n t i l  l y o p h i l i z e d  ( w i t h i n  3  d a y s ) .

L y o p h i l i z a t i o n .  A  0 .5  m l  v o l u m e  o f  t h e  
w a s h e d  c e l l  s u s p e n s i o n  w a s  t r a n s f e r r e d  t o  e a c h  
o f  a  n u m b e r  o f  v ia l s ,  s h e l l  f r o z e n  a n d  l y o p h i l 
i z e d .  T h e  v ia l s  w e r e  h e r m e t i c a l l y  s e a l e d  b y  a  
t o r c h  d i r e c t l y  f r o m  t h e  f r e e z e - d r y i n g  m a n i f o l d  

t o  p r e v e n t  e n t r y  o f  a i r  w h i c h  c o u l d  h a v e  d a m 
a g e d  t h e  l y o p h i l i z e d  c e l l s  d u r i n g  r e f r i g e r a t e d  
s t o r a g e  a t  4 ° C .  A  s p a r k  c o i l  t e s t e r  w a s  u s e d  t o  
v e r i f y  t h a t  a  v a c u u m  s e a l  h a d  b e e n  o b t a i n e d  in  
e a c h  v i a l  o f  l y o p h i l i z e d  c e l l s .  T h o s e  s a m p l e s  
c o n t a i n i n g  a i r  w e r e  d i s c a r d e d .

P r e p a r a t i o n  o f  p r e c o n d i t i o n e d  c e l l s

A  v i a l  o f  l y o p h i l i z e d  c e l l s  w a s  s h a k e n  o n  a  
V o r t e x - G e n i e  M i x e r  f o r  t w o  m i n u t e s  t o  p r o 
d u c e  a  f i n e l y  p o w d e r e d  s a m p l e .  T h e  d r i e d  c e l l s  
w e r e  e v e n l y  d i s t r i b u t e d  o n  a  s t e r i l e  p e t r i  d i s h  
w h i c h  w a s  p l a c e d  in  a  d e s i c c a t o r ,  c o n t a i n i n g  a  
p a r t i c u l a r  s o l u t i o n  t o  m a i n t a i n  a  d e s i r e d  r e l a t i v e  
h u m i d i t y ,  a t  4 ° C .  T o  o b t a i n  r e l a t i v e  h u m i d i t i e s  
o f  1 1 , 2 3 ,  3 3 ,  5 3  a n d  7 3 %  s a t u r a t e d  s o l u t i o n s  
o f  l i t h i u m  c h l o r i d e ,  p o t a s s i u m  a c e t a t e ,  m a g n e 
s iu m  c h l o r i d e ,  m a g n e s i u m  n i t r a t e ,  a n d  s o d i u m  
c h l o r i d e ,  r e s p e c t i v e l y ,  w e r e  u s e d .  T h e  d e s i c 
c a t o r  a n d  i t s  c o n t e n t s  w e r e  a l l o w e d  t o  e q u i l i 
b r a t e  u n d e r  r e f r i g e r a t i o n  o v e r n i g h t  t o  p r e c o n 
d i t i o n  t h e  c e l l s  t o  t h e  e q u i l i b r i u m  r e l a t i v e  
h u m i d i t y  o f  t h e  s t e r i l i z a t i o n  e x p o s u r e  a t m o s 
p h e r e .

P r e p a r a t i o n  o f  l y o p h i l i z e d  w h o l e  e g g  c o n t a i n i n g
S . s e n f t e n b e r g .

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

t o  e x p o s u r e  t o  E T O  t h i s  i n o c u l a t e d  e g g  p o w d e r  
w a s  p l a c e d  in  a  s t e r i l e  p e t r i  d i s h  a n d  p r e c o n d i 

t i o n e d  o v e r n i g h t ,  u n d e r  r e f r i g e r a t i o n ,  a t  1 1 %  
R .H .

E x p o s u r e  s y s t e m  a n d  p r o c e d u r e

T h e  e x p o s u r e  s y s t e m  a n d  p r o c e d u r e  u s e d  b y  
L i u  e t  a l .  ( 1 9 6 8 )  w e r e  e m p l o y e d .

S t e r i l a n t  g a s

A  m i x t u r e  o f  e t h y l e n e  o x i d e  ( 1 2 % )  a n d  
d i c h l o r o d i f l u o r o m e t h a n e  ( 8 8 % ) ,  b y  w e i g h t ,  w a s  
u s e d  a s  t h e  s t e r i l a n t  g a s .

E x p o s u r e  c h a m b e r  r e l a t i v e  h u m i d i t y

R e l a t i v e  h u m i d i t i e s  o f  1 1 ,  2 3 ,  3 3 ,  5 3  a n d  

7 3 %  w e r e  e m p l o y e d  in  t h e  e x p o s u r e  c h a m b e r .  
T h e  i d e a l  g a s  l a w  w a s  a p p l i e d  t o  c a l c u l a t e  t h e  

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

E x p o s u r e  c h a m b e r  E T O  c o n c e n t r a t i o n

A  c o n c e n t r a t i o n  o f  7 0 0  ±  2 0  m g / l i t e r  o f  
E T O  w a s  e m p l o y e d  in  t h e  e x p o s u r e  c h a m b e r .

T e m p e r a t u r e

T h e  e x p o s u r e  t e m p e r a t u r e  w a s  4 0 ° C .  

E x p o s u r e  t i m e s

T h e  t i m e s  o f  e x p o s u r e  w e r e  0 ,  1 ,  2 ,  3 ,  4 ,  5 ,  
a n d  6  m i n .

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

I m m e d i a t e l y  a f t e r  e x p o s u r e ,  3  m g  o f  t h e  

l y o p h i l i z e d  c l e a n  c e l l s  w e r e  a s e p t i c a l l y  t r a n s 
f e r r e d  t o  9  m l  o f  c o l d ,  s t e r i l e  b u f f e r  s o l u t i o n .  
T h e  s u s p e n s i o n  w a s  t h e n  a g i t a t e d  f o r  2  m i n  o n  
a  V o r t e x - G e n i e  M ix e r .  A p p r o p r i a t e  d i l u t i o n s  
w e r e  m a d e  a n d  p o u r  p l a t e s  p r e p a r e d  w i t h  T S Y  

o r  M S  A g a r .  C o u n t s  o f  c o l o n i e s  o n  T S Y  A g a r  
d e v e l o p i n g  f r o m  s u r v iv o r s  w e r e  m a d e  a f t e r  2  

d a y s  i n c u b a t i o n  a t  3 7 ° C ;  w h i l e  c o u n t s  o f  c o l o 
n i e s  o n  M S  A g a r  w e r e  m a d e  a f t e r  4  d a y s  i n c u b a 
t i o n  a t  3 7 ° C .

I n  t h e  c a s e  o f  i n o c u l a t e d  e g g ,  i m m e d i a t e l y  
a f t e r  e x p o s u r e ,  1 0  g m  o f  t h e  w h o l e  e g g  p o w d e r  
w e r e  a d d e d  t o  9 0  m l  o f  c o l d ,  s t e r i l e ,  p H  7 . 0  
b u f f e r  d i l u e n t  a n d  t h e  m i x t u r e  b l e n d e d .  T S Y  
A g a r  p o u r  p l a t e s  w e r e  t h e n  m a d e  a n d  i n c u b a t e d  
a t  3 7 ° C .  C o l o n y  c o u n t s  w e r e  m a d e  a f t e r  2  d a y s  
i n c u b a t i o n .
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Effect of ETO on cell reproduction, 
glucose utilization, protein synthesis, RNA 
synthesis and DNA synthesis

L y o p h i l i z e d  c e l l s  o f  S. senftenberg a n d  E. 
coli w e r e  p r e c o n d i t i o n e d  a t  t h e  r e l a t i v e  h u m i d 

i t y  w h i c h  g a v e  t h e  m a x i m u m  d e s t r u c t i o n  r a t e  
( o f  S. senftenberg c e l l s )  a n d  e x p o s e d  t o  E T O  o f  
t h e  s a m e  r e l a t i v e  h u m i d i t y  a t  4 0 ° C  a n d  5  p s ig  
u n t i l  a b o u t  9 0 %  o f  t h e  p o p u l a t i o n  w a s  d e 

s t r o y e d .  O n e  p o r t i o n  o f  a  t r e a t e d  b a t c h  o f  c e l l s  
w a s  a p p r o p r i a t e l y  d i l u t e d  a n d  p l a t e d  i n  T S Y  
A g a r  a n d  in  M S  A g a r .  A n o t h e r  p o r t i o n  o f  t h e  
s a m e  b a t c h  o f  e x p o s e d  c e l l s  a n d  u n e x p o s e d  
c o n t r o l  c e l l s  w e r e  a d d e d  t o  s t e r i l e  T S Y  B r o t h  
a n d  s t e r i l e  M S  B r o t h  c o n t a i n e d  i n  f o u r  f l a s k s  
w h i c h  w e r e  m e c h a n i c a l l y  s h a k e n  w h i l e  b e i n g  in 
c u b a t e d  a t  3 7 ° C .  D u r i n g  t h e  p e r i o d  o f  i n c u b a 
t i o n ,  o p t i c a l  d e n s i t y  ( O . D . ) ,  g l u c o s e  u p t a k e  
( G l u c o s t a t  R e a g e n t ) ,  p r o t e i n  ( L o w r y  e t  a l .  
1 9 5 1 ) ,  R N A  ( C e r i o t t i ,  1 9 5 2 ) ,  a n d  D N A  ( B u r 
t o n ,  1 9 5 6 )  d e t e r m i n a t i o n s  w e r e  m a d e  a t  s e l e c t 
e d  t i m e  i n t e r v a l s  t o  a s c e r t a i n  t h e  e f f e c t s  o f  
g a s e o u s  E T O  t r e a t m e n t  o n  c e l l u l a r  m e t a b o l i s m .

Nutritional study of the repair process
I n  o r d e r  t o  s t u d y  t h e  r e p a i r  p r o c e s s  o f  

d a m a g e d  c e l l s  w h i c h  w e r e  p r e v i o u s l y  e x p o s e d  
t o  E T O ,  i n d i v i d u a l  f l a s k s  o f  M S  B r o t h  c o n t a i n 
i n g  d a m a g e d  c e l l s  w e r e  s u p p l e m e n t e d  w i t h  
a m i n o  a c i d s ,  o r g a n i c  a c i d s ,  t h e  b a s e  c o m p o 
n e n t s  o f  D N A  a n d  R N A ,  v i t a m i n s ,  a n d  n u c l e i c  
a c id  s u g a r s ,  r e s p e c t i v e l y ,  a n d  i n c u b a t e d  a t  3 7 ° C  
t o  o b s e r v e  t h e  g r o w t h  p a t t e r n  o f  t h e  t r e a t e d  
c e l l s .  T h e  d a m a g e d  c e l l s  w e r e  a l s o  c u l t u r e d  in  
T S Y  B r o t h  a l o n g  w i t h  t h e  u n e x p o s e d  c o n t r o l  

c e l l s  c u l t u r e d  i n  M S  B r o t h  a n d  T S Y  B r o t h  a t  

3 7 ° C .  O . D . ,  g l u c o s e  u p t a k e ,  p r o t e i n ,  D N A ,
a n d  R N A  d e t e r m i n a t i o n s  w e r e  m a d e  a t  s e l e c t e d  
i n t e r v a l s .

RESULTS & DISCUSSION
LYOPHILIZED CELLS of S. sen ften b erg  
preconditioned at 11, 23, 33, 53, and 73% 
relative humidities and exposed to ETO 
at the same relative humidities, 40°C, and 
5 psig were found to be more resistant to 
the gaseous sterilant as the relative 
humidity increased from 11 to 73% (see 
Fig. 1 and 2). In Figure 3 is shown a com
parison of the resistance of lyophilized 
cells of S. sen ften b erg and of E. co li; and 
of S. sen ften b erg cells lyophilized in 
whole egg powder. It will be noted that S. 
sen ften b erg cells in whole egg powder 
were about twice as resistant as were the 
clean cells. Protection from the ETO, by 
occlusion in the egg powder may have 
been a factor; however, had it been a 
major factor a straight-line survivor curve 
should not have been obtained. A more 
logical explanation for the greater resist
ance of S. sen ften b erg in whole egg would 
seem to be competition for ETO by alkyl
atable components in the egg, of which 
there are many.

Growth curves for cells of S. se n f te n 
berg which were preconditioned in the 
lyophilized state at 11% R.H. and ex
posed to ETO for 1 D value at 40°C, 11% 
R.H. and an ETO concentration of 700 
mg/1, and the growth curves of the unex
posed controls are depicted in Figure 4. 
Almost identical results were obtained

4 UNEXPOSED CELLS IN TSY BROTH

F i g .  4 — G r o w t h  c u r v e s  f o r  e x p o s e d  a n d  u n 

e x p o s e d  c e l l s  o f  S .  s e n f t e n b e r g .

with E. co li. It was observed that the un
exposed cells of S. sen ften b erg and E. co li 
inoculated in TSY Broth grew up first 
during incubation at 37°C; while ETO ex
posed cells inoculated in TSY Broth grew 
up before the unexposed cells in MS 
Broth. The cells which were exposed to 
ETO and inoculated into MS Broth ap
peared, according to O.D. readings, to 
initiate growth, then level off. Subse
quently the O.D. decreased. During the 
limited increase in O.D. of the exposed 
cells in MS Broth, the viable cell count on 
TSY Agar did not change; the cell mass 
increased; the protein content increased; 
the RNA content increased; the glucose 
content decreased; but the DNA content 
did not change. The decrease in O.D. was 
due to the lysis of the cells. Therefore, it 
appeared that the metabolic glycolytic 
pathways were not completely inhibited. 
ETO treatment inhibited the DNA 
synthesis but protein and RNA synthesis 
were not inhibited. However, the nutrient 
rich TSY Broth allowed the exposed cells 
to recover from ETO damage and display 
normal reproduction.

The surviving ETO treated cells pro
duced colonies on TSY Agar but not on 
MS Agar. However, after the surviving 
organisms formed colonies on TSY Agar, 
cultures from the individual colonies 
streaked on MS Agar formed colonies 
after incubation at 37°C. It appeared that 
the ETO treated cells needed a rich nutri
ent medium in order to repair their dam
age.

By supplementing MS Broth with

o UNEXPOSED CELLS IN MS BROTH 
oEXPOSEO CELLS IN MS BROTH 
o EXPOSED CELLS IN MS BROTH SUPPLEMENTED 
WITH UNTREATED GUANINE 

A EXPOSED CELLS IN MS BROTH SUPPLEMENTED 
WITH ETO TREATED GUANINE 

□ EXPOSED CELLS IN MS BROTH SUPPLEMENTED 
WITH UNTREATED GUANOSINE TRIPHOSPHATE 

O EXPOSED CELLS IN MS BROTH SUPPLEMENTED 
WITH ETO TREATED GUANOSINE TRIPHOSPHATE

F i g .  5 — E f f e c t  o f  E T O  t r e a t e d  a n d  u n t r e a t e d  

g u a n i n e  a n d  g u a n o s i n e  t r i p h o s p h a t e  o n  g r o w t h  

o f  e x p o s e d  a n d  u n e x p o s e d  S .  s e n f t e n b e r g .

guanine or guanosine triphosphate, the 
surviving ETO treated cells were able to 
“repair” and reproduce. (The other sup
plements tried had no detectable effect 
on repair and reproduction.) When MS 
Broth was supplemented with ETO treat
ed guanine, the ETO treated cells showed 
recovery and reproduction. However, 
when the MS Broth was supplemented 
with ETO treated guanosine triphosphate, 
the ETO treated cells did not recover and 
reproduce (see Fig. 5 for S. sen ften b erg ). 
Again, almost identical results were ob
tained with E. co li. These results indicate 
that it is alkylation of phosphated gua
nine in the cell that is primarily respon
sible for loss of cell reproduction ability. 
The alkylated phosphated guanine may 
be that in the cell guanine pool as well as 
that in the cell DNA.

It might be concluded that one need 
look no further than the inactivation of 
nuclear DNA for an explanation of the 
lethal effect of alkylating agents such as 
ETO. Results of the present study tend to 
support this view. However, because only 
two bacterial species were represented in 
this study, generalization with respect to 
other microbial species, particularly spore 
formers, should be made with extreme 
caution pending further work. It has been 
shown that alkylating agents can react 
with a number of biologically important 
cellular components (nucleophiles) which 
are vital to cell metabolism and reproduc
tion. These include cellular compounds as 
vitamins and co-factors such as nicotin- 
amide-adenine-dinucleotide (NAD) para-
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a m in o b e n z o ic  a c id  ( P A B A ) ,  f o l i c  a c id  a n d  
p y r id o x a l ;  a d e n n in e  as w e ll as g u a n in e  o f  
D N A  a n d  R N A ; an d  p r o te in s , p a r t ic u la r ly  
e n z y m e s .
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SOYBEAN FACTORS RELATING TO GAS PRODUCTION BY INTESTINAL BACTERIA

S U M M A R Y —A n  in  v i t r o  assa y  s h o w e d  t h a t  to a s te d ,  d e h u lle d ,  d e f a t te d  s o y b e a n  m e a t c o n ta in s  a 

g a s -p ro d u c in g  f a c to r  a n d  a  g a s - in h ib i t in g  fa c to r .  T h e  o l ig o s a c c h a r id e s —s u c ro s e , r a f f in o s e  a n d  

s ta c h y o s e —a re  a s s o c ia te d  w i th  th e  g a s -p ro d u c in g  f a c to r  w h e n  in c u b a te d  in  t h io g ly c o l la t e  m e d ia  

w i th  a n a e ro b ic  b a c te r ia  o f  th e  in te s t in a l  t r a c t  o f  dog s. T h e  p h e n o l ic  a c id s  in  s o y b e a n s —s y r in g ic  a n d  

f e r u l ic  a c id —a re  e f fe c t iv e  gas in h ib i t o r s  in  v i t r o  a n d  in  in te s t in a l  s e g m e n ts  o f  dog s. T h e  l ip id s ,  

p r o te in s  a n d  w a te r - in s o lu b le  p o ly s a c c h a r id e s  o f  s o y b e a n  m e a l h a v e  n o  gas a c t iv i t y .  D u r in g  fe r m e n 

ta t io n ,  gas p r o d u c t io n  p a r a l le ls  th e  fo r m a t io n  o f  m o n o s a c c h a r id e s  b y  e n z y m a t ic  h y d r o ly s is  o f  

r a f f in o s e  a n d  s ta c h y o s e . T h e  a m o u n t  a n d  c o m p o s i t io n  o f  gas p r o d u c e d  f r o m  c o t to n s e e d  a n d  

p e a n u t  m e a l w e re  c o m p a r a b le  to  s o y b e a n  m e a l.

INTRODUCTION

E X P E R I M E N T S  in  w h ic h  h u m a n  s u b je c ts  
c o n s u m e d  v a r io u s  s o y b e a n  p ro d u c ts  
(S te g g e r d a  e t  a l . ,  1 9 6 6 )  sh o w e d  t h a t  th e  
g a s -p ro d u c in g  f a c t o r  re s id e s  m a in ly  in  th e  
lo w  m o le c u la r  w e ig h t c a r b o h y d r a te  f r a c 
t io n  t h a t  in c lu d e s  su c h  o l ig o s a c c h a r id e s  as 
s u c r o s e , s ta c h y o s e  a n d  r a f f in o s e .  I t  w as 
a lso  sh o w n  t h a t  w h e n  n a v y  b e a n s  w ere  
c o n s u m e d  in  a m o u n ts  e q u a l t o  t h a t  o f  
d e h u lle d , fu l l - fa t  a n d  d e fa t te d  s o y b e a n  
m e a l, gas p r o d u c t io n  w as a b o u t  2 .5  t im e s  
g r e a te r .  I t  w as su g g e ste d  t h a t  th e  d if fe r 
e n c e  m ig h t  b e  re la te d  e i th e r  t o  th e  m u c h  
g r e a te r  p r o te in  c o n t e n t  o f  s o y b e a n s  o r  to  
a g r e a te r  q u a n t i ty  o f  t h e  g a s -p ro d u c in g  
c a r b o h y d r a t e  f r a c t io n  in  n a v y  b e a n s .

In  a n o t h e r  s e r ie s  o f  e x p e r im e n ts , u sin g

d o g s, an  a t te m p t  w as m a d e  t o  lo c a t e  th e  
s i te  o f  gas p r o d u c t io n  a lo n g  t h e  g a s t r o 
in t e s t in a l  t r a c t  b y  p la c in g  k n o w n  q u a n t i 
t ie s  o f  n a v y  b e a n  h o m o g e n a te s  in  v a rio u s  
lo o p s  o f  th e  sm a ll in te s t in e  a n d  t h e  c o lo n ,  
th e n  m e a su r in g  th e  a m o u n t  o f  g as p r o 
d u c e d  o v e r  d e f in i te  t im e  in te rv a ls  
( R ic h a r d s  a n d  S te g g e rd a , 1 9 6 6 ) .  T h e s e  
e x p e r im e n ts  sh o w e d  t h a t  a lth o u g h  s o m e  
g as c o u ld  b e  p ro d u c e d  in  th e  d u o d e n u m  
a n d  je ju n u m , th e  m a jo r  p r o d u c t io n  w as in  
t h e  i le u m  a n d  c o lo n .  In  th is  s a m e  r e p o r t ,  
it  w as a lso  s h o w n  t h a t  gas p r o d u c t io n  
c o u ld  b e  in h ib i te d  b y  c o m b in a t io n s  o f  
n e o m y c in  a n d  s u lfa th a lid in e , as w e ll as a 
b a c te r io s t a t ic  a g e n t , V io f o r m . R e s u lts  o f  
a ll th e s e  f in d in g s  s tro n g ly  su g g e ste d  t h a t  
th e  in t e r a c t io n  o f  th e  in te s t in a l  m ic r o 

f lo r a  w ith  c o n s t i tu e n t s  in  t h e  b e a n  h o 
m o g e n a te  w as t h e  m a jo r  f a c t o r  in  gas 
p r o d u c t io n . I t  w as a lso  o b se r v e d  t h a t  th e  
c la ss  o f  b a c te r ia  m o s t  r e s p o n s ib le  f o r  th e  
r e a c t io n  w as t h e  g ra m -p o s it iv e  a n a e r o b ic  
s p o r e - fo r m in g  c lo s tr id ia  t y p e ,  n o r m a lly  
in h a b it in g  t h e  g a s t r o in te s t in a l  t r a c t  o f  
m a n  a n d  a n im a ls  ( B o r n s id e  a n d  C o h n , 
1 9 6 5 ) .  T h e  c h a r a c t e r i s t i c  r e a c t io n  b e 
tw e e n  b e a n  p r o d u c ts  a n d  t h e  a n a e r o b ic  
f lo r a  is d e s c r ib e d  b y  A n d e rs o n  ( 1 9 2 4 )  as 
b e in g  a n  “ e x p lo s iv e  r a te  o f  g as p r o d u c 
t io n  w ith  t h e  l ib e r a t io n  o f  e x c e p t io n a l ly  
h ig h  c o n c e n tr a t io n s  o f  C 0 2 a n d  H 2 . ”  I t  is 
b e lie v e d  t h a t  th is  t y p e  o f  in  v iv o  r e a c t io n  
in  t h e  sm a ll in te s t in e  an d  c o lo n  o f  th e  
d o g  a lso  o c c u r s  in  t h e  g a s t r o in te s t in a l  
t r a c t  o f  m a n  w h e n  v a r io u s  b e a n  p r o d u c ts  
a re  c o n s u m e d  (S te g g e r d a , 1 9 6 8 ) .

T h e  m a jo r  p u rp o s e  o f  th is  r e p o r t  w ill 
b e  t h r e e f o ld :  F i r s t ,  t o  s c r e e n  a n u m b e r  o f  
c h e m ic a l  f r a c t io n s ,  as w e ll as r e la te d  
c o m p o u n d s , fo u n d  t o  e x is t  in  s o m e  w a y  
o r  a n o t h e r  in  s o y b e a n s  f o r  t h e ir  s p e c if ic  
a b i l i ty  t o  c o n t r ib u te  to  o r  in h ib i t  gas 
p r o d u c t io n ;  s e c o n d ly , t o  s h o w  b y  a lc o 
h o l ic  e x t r a c t io n  m e th o d s  t h e  m a n n e r  in  
w h ic h  t h e  g a s -p ro d u c in g  a n d  g a s-in 
h ib it in g  fa c to r s  re s id e  in  th e  s o y b e a n  a n d ,
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Soy protein 
concentrate-

Detailed-defatted soybean meal
80% Ethyl alcohol 
extraction, solvent 
to meal ratio 5:1, 
reextract 3 times

Water extraction, pH 7.2, 
30°C, solventimeal ratio 
10:1, centrifuge, reextract 
residue with water 5:1 ratio

80% Alcohol 
extractives

Water-
insoluble
residue

Precipitate 
wash with 
water

Washings
(discard)

Water extract. 
Acidify pH 4.3 
with IN HCI

Whey solution. 
Neutralize to 
pH 7.5 with 
sodium hydroxide, 
spray dry

Whey solids

Isolated soy 
protein-

Neutralize to 
pH 7.2 with 
alkali, spray dry

Sodium soy proteinate

F ig . 1 - P r e p a r a t io n  o f  s o y b e a n  p r o d u c t s  f o r  in  v i t r o  gas p r o d u c t io n  b y  

in te s t in a l  b a c te r ia .

Dehulled-defatted soybean meal
Wash with diethyl ether, 3 times

Free lipids Ether-washed soybean meal. 
Reflux with 95% ethyl 
alcohol, 24 hr, solvent: 
meal ratio 10:1

95% Ethanol solubles [A] 
refrigerate, filter

I-----
Filtrate

Residue-I

Extract with 80% 
ethyl alcohol, 
twice with solvent: 
meal ratio of 5:1

Cone, to 1/4 voi 
Add acetone until 
precipitation ceases

Precipitate (B) 80% Ethanol
solubles (Fj

r
Acetone 
solubles (0)

Residue-II

Extract with 60% 
ethyl alcohol, 3 
times, solvent: 
meal ratio 10:1

Acetone 
precipitate (C)

60% Ethanol 
solubles (6)

I
Residue

Polyamide column 
elution with water

Neutral fraction (E)

F ig . 2 —Is o la t io n  o f  t h e  g a s -p ro d u c in g  a n d  g a s - in h ib i t in g  fa c to rs .

finally, to propose a theory concerning 
gas production in the intestine and colon 
when soybean products are ingested.

MATERIALS & METHODS
2 M ETH O D S w ere used to prepare various frac
tions for study, the first dealing w ith the prep
aration o f  high-protein fractio n s b y  eith er 80%  
ethanol or w ater e x tractio n , the second de
signed to separate low m olecular w eight co n 
stituents. T h e  first procedure (F ig . 1) is prim ar
ily one used com m ercially  in the processing o f  
soybeans in to  high-protein food  p rodu cts; the 
80%  eth y l alcoh ol ex tractio n  yields a 70%  pro
tein  con cen trate  and the w ater-extraction  
process eventually yields sodium soy pro
teinate, w hich contains about 98%  protein 
(ash-free dry basis). These products w ere pre
pared from  K ay -S oy -56-7 , a raw dehulled, 
d efatted  soybean m eal m anufactured by 
Archer-D aniels Midland C om pany, D ecatur, 
Illinois. T he prepared products w ere then 
treated w ith live steam for 4 0  min at 10 0 °C  to 
inactivate an tin u trition al constitu ents (R ack is, 
1 9 6 5 ). This treatm en t w ith live steam  is re
ferred to as toasting.

T h e second iso lation procedure consisted o f  
first washing dehulled, d efatted  soybean m eal 
prepared in the laboratory  from  certified , seed- 
grade soybeans w ith d ieth y l ether to rem ove 
free lipids, then extractin g  the washed m eal 
w ith a series o f  aqueous ethan ol solutions: 9 5 , 
8 0  and 60% , respectively. A diagram o f  the 
m anner in w hich the ex traction s and isolations 
o f  the various fractions was m ade is given in 
F igure 2 . T he letters on the diagram identify  
the d ifferen t fractions used in testing fo r the 
presence or absence o f  the gas-producing fac
tors. T o  rem ove solvent, th e ex tracts  were first 
concen trated  to  a th ick  syrup on a rotary  evap
orato r at 4 0 - 4 5 ° C  and then freeze-dried.

Toasted , dehulled, d efatted  cotton seed  and pea
nu t m eals (also tested for their gas-producing 
ability ) were obtained from  the Southern 
R egional R esearch L aborato ry , New Orleans, 
Louisiana.

T he in vitro techn ique used fo r m aking the 
studies on gas prod u ction  has been  previously 
described (R ich ards et al., 1 9 6 8 ) . In  utilizing 
the in vitro tests, it m ust b e  emphasized th at by  
far th e b est results are obtained w hen fresh 
24-h r cu ltures o f  the anaerobic intestinal m icro- 
flo ra  are used. Cultures o f  48-h r standing are 
n o t satisfactory . It  is also im p ortant to poin t 
ou t that th e cu ltures and incu bation  media 
m ust b e  free o f  any trace o f  oxygen. G as pro
d uction  from  th e oligosaccharides, stachyose 
and raffin ose, is d ifficu lt to  obtain  w ithout 
com plying w ith these criteria.

RESULTS
Effect of low molecular weight 
carbohydrates on gas production

As indicated earlier (Steggerda et ah, 
1966), the gas-producing factor in soy
beans resides principally in the low mo
lecular weight carbohydrate fraction. The 
oligosaccharide content of dehulled, de
fatted soybean meal, according to 
Kawamura et al. (1965), is approximately 
15% (8 % sucrose, 5% stachyose and 2% 
raffinose). Only trace amounts of ver- 
bascose and glucose are present. Small 
amounts of carbohydrates are also present 
as glycosides of isoflavones, sterols and 
sapogenins.

To determine which low molecular 
weight carbohydrate could most effec
tively react with the clostridia type of 
organism to produce the characteristically

high concentrations of C02  and H2, the 
following experiments were performed: 
To 1 cc of uniformly cultured anaerobic 
bacteria in a 30-cc syringe was added 9 cc 
of a nongas-producing thioglycollate me
dium containing a 1 % concentration of 
the carbohydrate to be tested. Each 
carbohydrate was run in triplicate and the 
gas produced recorded at intervals of up 
to 24 hr. After the gas volumes were 
determined for each test, a sample of the 
gas was collected and analyzed for its 
C02 and H2 content. Average results for 
each carbohydrate tested are recorded in 
Table 1. As will be noted, glucose gave 
the most gas during 24 hr. The glucose- 
anaerobic reaction also gave the most 
measurable amount of gas in 6  hr. The 
oligosaccharides—sucrose, raffinose and 
stachyose—were among the lowest pro
ducers and, except for sucrose, gas 
production occurred at a slower rate than 
for the monosaccharides. From other 
tests it was learned that if the experi
ments had continued for 36 or 48 hr the 
amount of gas produced from the raffi
nose and stachyose fractions would equal 
that observed for glucose. However, the 
ratio of C0 2 and H2  was essentially the 
same in all cases. These results suggest 
that glucose may be the form in which 
the anaerobic bacteria can most effec
tively use carbohydrate to produce C02 

and H2, and that the response to raffi
nose and stachyose is delayed because 
hydrolysis has to occur before they can 
be used efficiently. Support for this 
concept will be discussed later.



6 3 6 - J O U R N A L  O F  F O O D  S C I E N C E - V o lu m e  3 5  (1 9 7 0 )

T a b le  1 - A n a e r o b ic  gas p r o d u c t io n  w i th  c a r b o h y d ra te s .  A n a e r o b ic  

c u l tu r e s  is o la te d  f r o m  d o g  c o lo n  b io p s ie s .1

T a b le  2 - A n a e r o b ic  fe r m e n t a t io n  in  v i t r o  o f  s o y b e a n  p r o d u c t s  a n d  

o t h e r  o i ls e e d  m e a ls . A n a e r o b ic  c u l tu r e s  is o la te d  f r o m  d o g  c o lo n

Su bstrate

T o ta l gas produced (cc)

Gas
com position

(%)

1  hr 6  hr 1 2  hr 24  hr c o 2 h 2

M onosaccharides
G lucose 0 23 38 51 37 62

M altose 0 19 38 43 38 61

F ru cto se 0 1 0 2 0 37 41 58
G alactose 0 8 2 0 36 38 61

O ligosaccharides
Su crose 0 19 27 30 32 6 8

R affin ose 0 9 25 30 35 65
Stach y ose 0 1 0 27 31 37 63

C on tro l 0 1.5 1.5 2 . 0

H o o o o o *-*> th ioglycollate-anaerobic bacteria  m edium , 0 . 1  g o f
substrate was added.

b io p s ie s .1

Product Sam ple2

Gas volum e 
(c c /2 4  hr)

C om position  o f  gas 

% C 0 2 % h 2

I Soybean m eal
(dehulled-defatted)

4 0 4 4 45

II Ether-w ashed soybean 
m eal

46 52 4 3

III Whey solids 4 0 47 4 8

IV 80%  A lcohol 
extractives

39 34 61

V W ater-insoluble
residue

3 No gas fo r 
analysis

V I Sodium  soy 
proteinate

0 No gas for 
analysis

V II F ree  lipids 3 No gas for 
analysis

V i l i F a tty  acids 

( C i6 “ C i8 )

0 No gas for 
analysis

IX Egg album en 0 No gas for 
analysis

X Sodium  caseinate 0 No gas fo r 
analysis

X I C ottonseed  flour 43 48 4 6
X II P eanu t flour 38 52 4 3
*T o  10  cc o f  th ioglycollate-an aerobic b acteria  m edium , 0 .5  g o f

sample was added.
2 See  F igure 1 fo r preparation.

Influence of specific soybean products and 
other oilseed meals in gas production

Steggerda et al. (1966) observed pre
viously that whey solids isolated by water 
extraction techniques and 80% alcohol 
extractives produced large amounts of gas 
in human subjects, whereas the sodium 
soy proteinate fraction had no effect on 
gas production.

To ascertain whether there was a 
combination of factors in the intestine 
responsible for the results in humans, or 
whether these responses in humans were 
unique for the specific fraction being 
tested, an in vitro technique was used to 
reproduce these responses in the test 
tube. To make these in vitro tests, 0.5 g 
of each soybean product was added to 
the thioglycollate-anaerobic culture me
dium and incubated at 37°C. For 24 hr, 
gas production was recorded periodically 
and gaseous composition determined at 
the end of the experiment.

The data reported in Table 2 repre
sents an average of at least 2  assays, each 
run in triplicate. An assay required that 
the bacteria and culture media used were 
always from the same batch to allow for 
proper comparison. The results show that 
the gas-producing factor is present only in 
soybean products I through IV. The 
water-insoluble residue (V), sodium soy 
proteinate (VI) and lipid fractions (VII 
and VIII) did not contribute to gas 
production.

According to Aspinall et al. (1967), 
soybean meal contains about 18% poly
saccharide consisting of a complex mix
ture of acidic polysaccharides, arabino- 
galactan and small amounts of cellulosic 
material. These carbohydrates remain 
with the water-insoluble residue, which 
contains 75% polysaccharide and 25% 
protein. The small amount of gas pro
duced with the free lipids can be ac
counted for by the presence of sterol 
glucosides and oligosaccharides. Like soy

protein, egg albumen and sodium casein
ate had no activity. The in vitro results 
correlate well with previously reported 
experiments with humans (Steggerda et 
al., 1966). Preliminary tests also demon
strated that with the same products there 
is good correlation between in vitro gas 
activity and in vivo flatus activity in the 
colon of anesthetized dogs. Therefore, 
fat, protein and polysaccharide com
ponents of soybeans do not contribute to 
gas production. Further, low molecular 
weight carbohydrates are the active flatus 
principle.

As shown in Table 2, the amount and 
composition of gas produced by an
aerobic fermentation of toasted cotton
seed and peanut flours were comparable 
to soybean meal. Similar results were 
obtained by in vivo fermentation in the 
ileum and colon of the dog. Cottonseed 
and peanut flours have not yet been 
tested to determine whether flatulence 
would occur in human subjects.

All the products that produced gas in 
quantities large enough to measure gave 
the same high characteristic concentra
tions of C02  and H2. As Table 2 indi-

Table 3 —E ffe c t o f  ph e n o lic  acids on gas p ro d u c tio n . A nae rob ic  cu ltu re  o f  the  dog co lon  was 
used fo r  the in  v itro  experim ents.

In  vivo tech n iqu e2

Soybean  m eal +  ph enolic acid 
(mg) as su bstrate 1

In  vitro technique Ileal loop C olon loop
T o ta l gas produced (cc) 

6  h r 12  h r 2 4  hr

Gas volum e 
(cc  in 
6  hr)

Gas volum e 
(c c  in 
6  hr)

Soybean m eal 29 34 4 8 78 3 0
Syringic, 0 .01 1 3 5
Syringic, 0 .0 3 0 0 1
Syringic, 5 45 3 6
Syringic, 15 2 6

Soybean m eal 15 2 1 26
F eru lic , 0 .0 1 15 2 0 24
Feru lic , 0 .0 3 1 3 7
F eru lic , 0 .0 5 0 0 0
Feru lic , 30 30 2
C hlorogenic, 0 .05 7 2 1 35

1 In  v itro , 0 .5  g m eal; 6  g m eal in 15 0  m l o f  w ater hom ogenate per loop in vivo.
2 Milligrams phenolic acid per k ilo  o f  bod y  weight.
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T a b le  4 —E f f e c t  o f  s y r in g ic  a c id  o n  b a c te r ia  g r o w t h . 1

L i g h t  t r a n s m i s s i o n  a t  6 2 0  m ju  (% )

a d d e d 1 2 (g ) 2 h r 4  h r 6 h r 8 h r 10 h r 12 h r 2 4  h r

B l a n k 3 100 100 100 100 100 100 100
C o n t r o l4 9 5 . 7 9 2 . 0 7 6 .5 5 3 . 0 2 9 . 7 2 5 .7 2 1 . 5

0.002 9 9 . 0 9 5 . 4 4 6 . 8 2 8 . 2 2 6 . 7 2 5 . 3 21.8
0 . 0 0 9 9 9 . 7 9 3 . 7 4 6 . 6 2 8 .5 2 5 . 3 2 4 . 8 2 1 .5

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

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

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

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

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

2
G r a m  p e r  1 0 0  c c  o f  t h i o g l y c o l l a t e - 0 . 5 %  g l u c o s e  m e d i u m .

3 M e d i u m  w i t h o u t  b a c t e r i a  a n d  a c i d .

4 M e d i u m  w i t h  b a c t e r i a  a n d  n o  a c i d .

T a b le  5 —E f fe c ts  o f  s y r in g ic  a c id  o n  gas  p r o d u c t io n .

S y r i n g i c  A c id T o t a l  g a s  p r o d u c e d  ( c c )

a d d e d 1 ( g ) 2 h r 4  h r 6 h r 8 h r 2 4  h r % C 02
B la n k 0.0 0.0 0.0 0.0 0.0 N o  g a s  

c o l l e c t e d

C o n t r o l 0.0 3 .3 1 7 .3 2 7 . 3 4 7 .5 5 0 . 4

0 . 0 0 5 0.0 2 .9 1 7 .1 2 5 . 9 4 7 . 9 4 8 . 4

0 . 0 1 9 0.0 3 .0 1 8 . 0 2 7 . 0 4 8 . 2 5 1 . 9
0 . 0 3 8 0.0 1 .4 1 5 .8 2 4 . 3 4 5 .5 5 0 .1

0 . 0 8 0 0.0 1 .9 10.1 1 6 .5 3 8 . 6 4 7 . 9

0 . 1 5 0 0.0 0.0 2 .9 7 . 0 2 4 . 3 4 1 . 9

0 . 3 0 0 0.0 0.0 0.0 0.0 0.0 N o  g a s  

c o l l e c t e d

0 . 6 0 0 0.0 0.0 0.0 0.0 0.0
1 G r a m  p e r  1 0 0  c c  o f  t h i o g l y c o l l a t e - 0 . 5 %  s u c r o s e  m e d i u m .

c a t e s ,  th e  a m o u n t  o f  C 0 2 p r e s e n t  in  
r e la t io n  t o  t h e  H 2 w a s, in  g e n e r a l, h ig h e r  
( 4 4 —5 2 % )  t h a n  o b s e r v e d  w h e n  th e  is o 
la te d  c a r b o h y d r a te  f r a c t io n s  w e re  s tu d ie d  
( 3 2 —4 1 % , se e  T a b le  1 ) . A t  p re s e n t  n o  
s ig n if ic a n c e  c a n  b e  a t ta c h e d  t o  th is  o b s e r 
v a t io n .

Evidence for inhibitory factors for gas 
production in soybeans

In  e x p e r im e n ts  o n  h u m a n s , S te g g e rd a  
e t  a l. ( 1 9 6 6 )  p o s tu la te d  t h a t  s o y  p r o te in  
is o la te s  h a d  an  in h ib i to r y  e f f e c t  o n  f la t u 
le n c e . T h is  s a m e  r e s p o n s e  w as o b s e r v e d  in  
e x p e r im e n ts  in  w h ic h  s o y  p r o t e in  w as 
in t r o d u c e d  in t o  is o la te d  lo o p s  o f  th e  
lo w e r  in t e s t in e  o r  c o lo n  o f  t h e  in t a c t ,  
a n e s th e t iz e d  d o g . S e v e r a l n o n p r o t e in  c o n 
s t i tu e n ts  a re  p r e s e n t  in  s o y  p r o te in  is o 
la te s  (N a s h  e t  a l . ,  1 9 6 7 ) .  I s o f la v o n e s — 
g e n i s t e i n  a n d  d a i d z e i n —a n d  th e ir  
g lu c o s id e  d e r iv a tiv e s  a re  fo u n d  in  v a r io u s  
p r o te in  f r a c t io n s .  In  s e a r c h  o f  a  c lu e  fo r  
t h e  m e c h a n is m  o f  t h e  f la tu s  in h ib i to r y  
a c t iv ity  o f  t h e  p r o te in  f r a c t io n ,  t h e  e f f e c t  
o f  th e s e  p h e n o lic  c o m p o u n d s  o n  gas 
p r o d u c t io n  w as s tu d ie d . O th e r  p h e n o lic  
c o m p o u n d s  fo u n d  in  d e c re a s in g  a m o u n ts  
in  s o y b e a n s  a re  s y r in g ic ,  f e r u l ic  a n d  c h lo -  
r o g e n ic  a c id s  (A r ie  e t  a l . ,  1 9 6 6 ) .  F o r  th e  
in  v itr o  e x p e r im e n ts ,  t h e  p h e n o lic  c o m 
p o u n d s  w e re  a d d e d  t o  a c u ltu r e  o r ig in a lly  
ta k e n  f r o m  a  d o g ’s c o lo n  a n d  in c u b a te d  
in  t h io g ly c o l la te  m e d iu m  c o n ta in in g  s o y 
b e a n  m e a l. A  lim ite d  n u m b e r  o f  e x p e r i 
m e n ts  w e re  a ls o  p e r fo r m e d  t o  te s t  th en - 
e f fe c t iv e n e s s  as in h ib i to r s  in  t h e  i le a l  an d  
c o lo n  lo o p  o f  t h e  d o g  ( in  v iv o ) .

T a b le  3 s h o w s  t h a t  w h e n  0 .5  g o f  
s o y b e a n  m e a l a lo n e  w as t e s te d  f o r  gas 
p r o d u c t io n  b y  t h e  in  v itr o  t e c h n iq u e ,  a 
m a rk e d  r e s p o n s e  o c c u r r in g  w ith in  th e  
f ir s t  6  h r  o f  r e c o r d in g  c o n t in u e d  to  
in c r e a s e  th r o u g h  1 2  a n d  2 4  h r . In  t h e  in  
v iv o  e x p e r im e n t ,  w h e n  6  g  o f  t h e  s o y b e a n  
m e a l w as m ix e d  in  1 5 0  c c  o f  w a te r  an d  
t h e n  in s e r te d  in to  t h e  D eal a n d  c o lo n  
lo o p s , t h e  gas p r o d u c t io n  w ith in  a 6 -h r  
c o l l e c t io n  w as 7 8  a n d  3 0  c c ,  r e s p e c t iv e ly .

In  t h e  in  v itr o  e x p e r im e n ts  in  w h ic h  0 .0 1  
o r  0 . 0 3  m g  o f  s y r in g ic  a c id  w as a d d e d  to  
th e  t u b e  c o n ta in in g  0 .5  g  o f  s o y b e a n  
m e a l, a n  in h ib i t io n  o f  gas p r o d u c t io n  
o c c u r r e d  t h a t  w as n e a r ly  c o m p le t e  a t  th e  
0 . 0 1 -m g  le v e l. I f  s y r in g ic  a c id  ( 1 5  m g /k ilo  
o f  b o d y  w e ig h t)  w as a d d e d  t o  t h e  s o y 
b e a n  h o m o g e n a te  a t  t h e  t im e  o f  in s e r t io n  
in t o  th e  i le u m  o r  c o lo n ,  t h e  in h ib i t io n  o f  
gas p r o d u c t io n  w as n e a r ly  c o m p le t e .

In  a s im ila r  se r ie s  o f  e x p e r im e n ts , 
fe r u l ic  a c id  w as less  e f fe c t iv e .  T o  in h ib it  
in  v itr o  gas p r o d u c t io n  c o m p le t e ly ,  0 .0 5  
m g  w as r e q u ir e d . F o r  t h e  in  vivo te s t s  it  
t o o k  a  d o se  o f  3 0  m g /k ilo  o f  b o d y  w e ig h t 
b e fo r e  a n y  s ig n if ic a n t  in h ib i t io n  o c 
c u r r e d . C h lo r o g e n ic  a c id  h ad  o n ly  a  s lig h t 
in h ib i to r y  e f f e c t  e v e n  a t  t h e  0 .0 5 - m g  le v e l 
w h e n  te s te d  a lo n g  w ith  th e  fe r u l ic  se r ie s  
w ith  t h e  in  v itr o  te c h n iq u e .  A lth o u g h  th e  
d a ta  a re  n o t  r e p o r te d  in  T a b le  3 ,  th e  
m a jo r  is o f la v o n e  g lu c o s id e , g e n is t in , h ad  
n o  in h ib i to r y  e f f e c t  o n  f la tu s  p r o d u c t io n  
in  t h e  i le u m  a n d  c o lo n  o f  t h e  d o g , ev e n  a t 
a  c o n c e n t r a t io n  o f  2 0 0  m g /k ilo  o f  b o d y  
w e ig h t / lo o p . A ls o , th e  p r e s e n c e  o f  
g e n is t in  d id  n o t  in c r e a s e  g as p r o d u c t io n  
c o m p a r e d  w ith  t h e  c o n t r o l .  T h e  d if f e r 
e n c e  b e tw e e n  in  v i t r o  gas p r o d u c t io n  in  
t h e  s y r in g ic  a n d  fe r u l ic  a c id  s e r ie s  c a n  b e  
a c c o u n te d  f o r ,  b e c a u s e  c o n c e n tr a t io n  o f  
t h e  a n a e r o b ic  c u ltu r e s  v a rie d  a t  t h e  t im e  
o f  t h e  e x p e r im e n t .  T h e s e  e x p e r im e n ts  
d e f in i t e ly  s u p p o r t  t h e  p re m is e  o f  a g as- 
in h ib i to r  f a c t o r  in  s o y b e a n s .
Mechanism of inhibition of gas production 
by syringic acid

T o  te s t  th e  m a n n e r  in  w h ic h  th e  
p h e n o lic  a c id s  in h ib i t  g as p r o d u c t io n ,  r a te  
o f  g ro w th  o f  t h e  a n a e r o b ic  b a c te r ia  w as 
s tu d ie d . T h is  r a t e  s tu d y  w as d o n e  b y  
m e a su r in g  t h e  d e n s ity  o f  th e  C lo str id ia  
c u ltu r e  g ro w in g  o n  a n  a p p r o p r ia te  th io -  
g ly c o l la t e - g lu c o s e  m e d iu m  c o n ta in in g  
k n o w n  a m o u n ts  o f  s y r in g ic  a c id  ( 1  c c  o f  
c u ltu r e  p lu s  9  c c  o f  m e d ia ) . T h e  c u ltu r e  
g r o w th  w as r e c o r d e d  as p e r c e n t  lig h t 
tr a n s m is s io n  a t  2 -h r  in te r v a ls  f o r  t h e  f ir s t

1 2  h r , w ith  a f in a l  re a d in g  2 4  h r  a f te r  
t im e  o f  in o c u la t io n .

T a b le  4  c o n t a in s  t h e  a v e ra g e  d a ta  o b 
ta in e d  f r o m  a n  e x p e r im e n t  in  w h ich  
e a c h  c o n c e n t r a t io n  o f  s y r in g ic  a c id  w as 
t e s te d  in  t r ip l ic a t e .  G r o w th  o f  t h e  b a c 
te r ia  in  t h e  c o n t r o l  c u lt u r e ,  t o  w h ic h  n o  
s y r in g ic  a c id  w as a d d e d , is  ra p id  a f t e r  4  h r  
o f  in c u b a t io n ,  r e a c h in g  a  m a x im u m  in 
a b o u t  2 4  h r . T h is  m a x im u m  in d ic a te d  
t h a t  e i th e r  t h e  e f fe c t iv e n e s s  o f  th e  th io -  
g ly c o l la te -g lu c o s e  m e d iu m  as a s o u r c e  o f  
g ro w th  m a te r ia l  h a d  b e e n  e x h a u s te d  a n d  
no  f u r t h e r  g ro w th  o c c u r r e d , o r  t h a t  th e  
C lo str id ia  c u lt u r e  h a d  c h a n g e d  t o  a s p o r e 
fo rm in g  s t a t e  a n d  h a d  b e c o m e  d o r m a n t .

In  t h e  p r e s e n c e  o f  0 . 0 0 2 —0 .0 3 7 %  s y r 
in g ic  a c id , in i t ia l  g r o w th  o f  th e  b a c te r ia  
w as a p p a r e n t ly  s t im u la te d , as in d ic a te d  
b y  t h e  t r a n s m is s io n  re a d in g s  o b ta in e d  a t  
o n ly  6 — 8  h r  o f  in c u b a t io n .  A f t e r  2 4  h r  o f  
in c u b a t io n ,  h o w e v e r , th e s e  c u ltu r e s  c o n 
ta in in g  t h e  lo w  le v e ls  o f  s y r in g ic  a c id  
r e a c h e d  a le v e l o f  g r o w th  c o m p a r a b le  to  
t h a t  o f  t h e  c o n t r o l .  B a c te r ia l  g r o w th  w as 
in h ib i te d  in  m e d ia  c o n ta in in g  0 .1 5 %  s y r 
in g ic  a c id , w ith  c o m p le t e  in h ib i t io n  o c 
c u r r in g  in  m e d ia  c o n ta in in g  0 .3 0 %  s y r 
in g ic  a c id .

T h e  in h ib i t io n  o f  g r o w th  a p p e a r s  t o  b e  
b a c t e r io s t a t i c  in s te a d  o f  b a c te r ic id a l ,  
s in c e  g r o w th  re s u m e s  a f t e r  t h e  in a c t iv a te d  
a n a e r o b ic  b a c te r ia  a re  tr a n s fe r r e d  t o  a 
f r e s h  t h io g ly c o l la te -g lu c o s e  e n v ir o n m e n t. 
T h e  b a c te r ia  n o t  o n ly  a ss u m e  th e ir  o r ig 
in a l  s t a t e ,  b u t  a lso  p r o d u c e  g as ju s t  as 
e f f e c t iv e ly  as b e fo r e  th e  s y r in g ic  a c id  
t r e a t m e n t .

T o  t e s t  f u r t h e r  w h e th e r  t h e r e  w as a 
c o r r e la t io n  b e tw e e n  g r o w th  in h ib i t io n  
a n d  t h e  in a b il i t y  to  p r o d u c e  g a s , v a ry in g  
a m o u n ts  o f  s y r in g ic  a c id  w e re  a d d e d  to  1 

c c  o f  b a c te r ia l  c u lt u r e  p lu s  9  c c  o f  
th io g ly c o l la te  m e d iu m  c o n ta in in g  1 %  su
c r o s e  as t h e  c a r b o h y d r a t e  so u rc e . T h is  
a d d e d  s u c r o s e  w as s u f f i c ie n t  t o  m a in ta in  
g o o d  g as p r o d u c t io n  ev en  a f te r  2 4  h r  o f  
in c u b a t io n  ( T a b le  5 ) .
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T a b le  6 —E x t r a c t a b i l i t y  o f  f la tu s  fa c to r s  f r o m  s o y b e a n  m e a l w i th  

a q u e o u s  e th a n o l.

F r a c t i o n

S o y b e a n

f r a c t i o n 1

Y ie l d

(g/100 g  

m e a l )

C a r b o h y d r a t e  

c o n t e n t  a s  %  

g l u c o s e

G a s  v o l u m e  

( c c / 2 4  h r )

S o y b e a n  m e a l 3 3 2 4 0

A 9 5 %  E t h a n o l  s o l u b l e s 1 8 .1 8 2 2
B C o l d  p r e c i p i t a t e 3 .9 9 3 5 0

C A c e t o n e  p r e c i p i t a t e 6 .5 86 11
D A c e t o n e  s o l u b l e s 7 .7 8 0 0
E N e u t r a l  f r a c t i o n 4 . 8 8 0 8 0

F 8 0 %  E t h a n o l  s o l u b l e s 3 .4 5 5 1 6

G 6 0 %  E t h a n o l  s o l u b l e s 4 . 2 22 5 5

H R e s i d u e 7 4 . 3 2 5  3 2
1 S e e  F i g u r e  2  f o r  d e t a i l s ,  0 . 5 - g  s a m p l e  u s e d  f o r  a s s a y .

2 1 5 %  O l i g o s a c c h a r i d e  ( K a w a m u r a  e t a l . ,  1 9 6 5 ) ,  1 8 %  p o l y s a c c h a r i d e  

( A s p i n a l l  e t  a l . ,  1 9 6 7 ) .

3 C o n t a i n s  7 2 %  p r o t e i n  ( N  x  6 . 2 5 ) ,  3 %  a s h  a n d  2 5 %  p o l y s a c c h a r i d e  

b y  d i f f e r e n c e .

T h e  a m o u n t  o f  gas p ro d u c e d  b y  th e  
b a c t e r i a  i n  m e d i a  c o n t a i n i n g  
0 . 0 0 5 —0 .0 3 8 %  s y r in g ic  a c id  w as c o m p a 
r a b le  t o  t h a t  o f  th e  c o n t r o l  c u ltu r e s  a t 
e a c h  o f  th e  c o l le c t io n  p e r io d s  b e tw e e n  4  
a n d  2 4  h r  o f  in c u b a t io n .  S l ig h t  in h ib i t io n  
o f  gas p r o d u c t io n  o c c u r r e d  w ith  0 .0 8 %  
a d d it io n  o f  s y r in g ic  a c id , w ith  c o m p le te  
in h ib i t io n  o c c u r r in g  a t  t h e  0 .3 0 %  lev e l. 
S in c e  th e  a m o u n t  o f  C 0 2 p re s e n t  in  a ll 
th e  c o l le c te d  gas sa m p le s  w as th e  sa m e  as 
t h a t  o b se r v e d  in  e a r lie r  e x p e r im e n ts , th e  
c o n c e p t  is s u p p o r te d  t h a t  g as p r o d u c t io n  
is t r u ly  a c lo s tr id ia -c a r b o h y d r a te  r e a c t io n .

W h en  d a ta  in  T a b le s  4  an d  5 are  
c o m p a r e d , i t  is  se e n  t h a t  g ro w th  in h ib i 
t io n  is  s h o w n  to  p a ra lle l  th e  d e c re a s e  in 
g as p r o d u c t io n .
I s o la t io n  o f  g a s -p ro d u c in g  a n d  
g a s - in h ib it in g  f a c t o r s  f r o m  s o y b e a n  m e a l

O u r  r e s u lts  sh o w  th a t  th e  g a s -p ro 
d u c in g  f a c t o r  is  a s s o c ia te d  w ith  w a te r -  
s o lu b le  o l ig o s a c c h a r id e s  a n d  t h a t  c e r ta in  
p h e n o lic  a c id s  ca n  in h ib i t  g as p r o d u c t io n . 
T h e  in  v itr o  a ssa y  w as th e n  u sed  t o  fo l lo w  
e x t r a c t io n  o f  t h e  g a s -p ro d u c in g  an d  g as- 
in h ib it in g  fa c to r s  f r o m  s o y b e a n  m e a l a t 
v a r io u s  c o n c e n tr a t io n s  o f  a q u e o u s  e th y l  
a lc o h o l  ( F ig .  2 ) .  T h e  gas p ro d u c e d  b y  th e  
v a r io u s  s o y b e a n  m e a l f r a c t io n s  is  g iv en  in  
T a b l e ó .

A lth o u g h  f r a c t io n s  A —E  c o n ta in e d  
8 0 —9 3 %  c a r b o h y d r a t e  as d e te r m in e d  b y  
th e  p r o c e d u r e  o f  D u B o is  e t  a l. ( 1 9 5 6 ) ,  
th e  a m o u n t  o f  gas p ro d u c e d  b y  e a c h  
f r a c t io n  v a rie d  w id e ly . T h e  9 5 %  e th a n o l  
s o lu b le s  ( A )  an d  a c e t o n e  s o lu b le s  ( D )  
p ro d u c e d  l i t t le  o r  n o  g a s , w h e r e a s  th e  
in te r m e d ia te  f r a c t io n s  B  a n d  C  p ro d u c e d  
5 0  a n d  11 c c  o f  g as p e r  2 4  h r .

C o n s t i tu e n ts  in  th e  a c e to n e -s o lu b le  
f r a c t io n  w h ic h  c o m p le te ly  in h ib it  gas 
p r o d u c t io n  c a n  b e  re m o v e d  b y  p o ly a m id e  
c o lu m n  c h r o m a to g r a p h y . T h e  n e u tra l  
f r a c t io n  ( E )  o b ta in e d  b y  e lu t io n  w ith  
w a te r  c o n t a in s  8 0 %  c a r b o h y d r a te  an d

s m a lle r  a m o u n ts  o f  a m in o  a c id s  an d  
p e p tid e s . T h e  g a s - in h ib it in g  f a c t o r ,  t o 
g e th e r  w ith  m o s t  o f  t h e  u l t r a v io le t  a b 
so rb in g  a n d  f lu o r e s c in g  c o n s t i tu e n t s ,  re 
m a in e d  t ig h tly  b o u n d  t o  th e  c o lu m n . 
F r a c t io n  E  w as h ig h ly  a c t iv e , p ro d u c in g  
8 8  c c  o f  g as p e r  h r  c o m p a r e d  w ith  o n ly  
4 0  c c  f o r  s o y b e a n  m e a l. In  a r e p e a t  
e x p e r im e n t ,  f r a c t io n  E  w as fu r th e r  p u ri
f ie d  b y  c h a r c o a l  c o lu m n  t o  o b t a in  a 
sa m p le  c o n ta in in g  n e a r ly  1 0 0 %  o lig o s a c 
c h a r id e , as s u c r o s e , s ta c h y o s e  a n d  r a f f i-  
n o s e , in  a b o u t  t h e  sa m e  r a t io  as t h a t  in  
th e  m e a l ( 8 : 5 : 1 . 5 ,  r e s p e c t iv e ly ) .  W h en  
r e t e s t e d ,  t h e  p u r if ie d  sa m p le  w a s ev e n  
m o re  a c t iv e . P r e lim in a r y  te s t s  h a v e  a lso  
in d ic a te d  t h a t  th e  n e u tr a l  f r a c t io n  in 
s m a ll a m o u n ts  s t im u la te d  gas p r o d u c t io n  
w ith  m o n o s a c c h a r id e  s u b s tr a te s .

T h e  d a ta  a lso  sh o w  t h a t  w h e n  th e  
re s id u e  f r a c t io n  o f  th e  9 5 %  e th a n o l  e x 
t r a c t io n  w as fu r th e r  e x t r a c t e d  w ith  8 0  
a n d  6 0 %  e t h a n o l ,  c o n s id e r a b le  a m o u n ts  
o f  t h e  g a s -p ro d u c in g  f a c t o r  w e re  o b ta in e d  
( s e e  F  an d  G ) .  T h e  re s id u e  f r a c t io n  (s e e
H ) h a d  n o  a c t iv it y ,  an d  c h e m ic a l  a n a ly s is  
sh o w e d  t h a t  i t  c o n ta in e d  2 5 %  p o ly s a c 
c h a r id e , a c o m p le x  m ix tu r e  o f  a c id ic  
p o ly s a c c h a r id e s ,  a r a b in o g a la c ta n  an d  
s m a ll a m o u n ts  o f  c e l lu lo s e  m a te r ia l  
(A s p in a ll  e t  a l . ,  1 9 6 7 ) .  T h e  c a r b o h y d r a te  
c o n t e n t  o f  th e  f r a c t io n s  s h o w n  in  T a b le  
6 , e x t r a c t e d  w ith  9 5 ,  8 0  a n d  6 0 %  e t h 
a n o l ,  r e s p e c t iv e ly , in c lu d e d  su g ars o f  th e  
s a p o n in s , is o f la v o n e  a n d  s te r o l  g lu c o s id e s , 
as w e ll as th e  o l ig o s a c c h a r id e s . T h e  o l ig o 
s a c c h a r id e s  a c c o u n t  f o r  m o s t  o f  th e  c a r 
b o h y d r a t e  c o n t e n t  o f  t h e s e  f r a c t io n s .  A s 
in d ic a te d  p re v io u s ly , th e  is o f la v o n e s  d id  
n o t  a f f e c t  gas p r o d u c t io n . S a p o n in s , is o 
la te d  a c c o r d in g  t o  B ir k  e t  a l. ( 1 9 6 3 ) ,  
p ro d u c e d  gas in  th e s e  in  v itr o  t e s t s ;  
h o w e v e r , s in c e  s o y b e a n  m e a l c o n ta in s  
o n ly  0 .5 %  s a p o n in , i ts  c o n t r ib u t io n  t o  th e  
g a s -p ro d u c in g  a b i l i ty  o f  d e h u lle d -d e fa t te d  
s o y b e a n  m e a l is n e g lig ib le . S t e r o l  g lu c o -

s id e  c o n t e n t  is  a lso  v e ry  lo w . T h e  t o t a l  
c a r b o h y d r a te  c o n t e n t  o f  s o y b e a n  m e a l is 
a b o u t  3 3 % , c o n s is t in g  o f  1 5 %  o l ig o s a c 
c h a r id e  a n d  1 8 %  p o ly s a c c h a r id e .

F u r th e r  c h e m ic a l  a n a ly s e s , s i l ic a  g e l 
an d  p a p e r  c h r o m a to g r a p h ic  s tu d ie s  in d i
c a te d  t h a t  t h e  e x t r a c t s  a ls o  c o n t a in e d  a 
la rg e  n u m b e r  o f  m in o r  c o m p o n e n ts ,  in 
c lu d in g  a m in o  a c id s , p e p t id e s , p h o s p h o 
lip id s  a n d  v a r io u s  c o n s t i tu e n t s  o f  n u c le ic  
a c id s . A s s h o w n  in  T a b le  6 , t o t a l  y ie ld  o f  
m a te r ia l  e x t r a c t e d  f r o m  s o y b e a n  m e a l 
w ith  a q u e o u s  a lc o h o l  w as 2 5 . 7  g / 1 0 0  g 
m e a l, w ith  th e  c a r b o h y d r a t e s  a c c o u n t in g  
f o r  7 0 %  o f  t h e  y ie ld . B y  a n a ly s is , t h e  
a c e to n e -s o lu b le  f r a c t io n  ( D )  a n d  t h e  8 0  
an d  6 0 %  e th a n o l  e x t r a c t iv e s  a ll c o n t a in e d  
u l t r a v io le t  a b s o r b in g  a n d  f lu o r e s c in g  c o m 
p o n e n ts . H o w e v e r , th e s e  f r a c t io n s  w e re  
n o t  te s te d  f o r  t h e  p r e s e n c e  o f  g a s - in h ib 
it in g  f a c to r s .

DISCUSSION
F R O M  T H E  e x p e r im e n ts  p e r fo r m e d , it  
a p p e a rs  t h a t  t h e  g a s -p ro d u c in g  f a c t o r  is 
c lo s e ly  a s s o c ia te d  w ith  th e  o l ig o s a c 
c h a r id e s  o r  lo w  m o le c u la r  w e ig h t  c a r b o 
h y d r a te  f r a c t io n  in  s o y b e a n s . A s  s h o w n  in  
T a b le  1 , g lu c o s e  in  th e  p r e s e n c e  o f  
a n a e r o b ic  c lo s tr id ia  ty p e  o f  b a c te r ia  p r o 
d u c e s  g as a t  a  fa s te r  r a t e  t h a n  e i th e r  
f r u c t o s e  o r  g a la c to s e . T h e  s e q u e n c e  o f  
su g ars in  th e  o l ig o s a c c h a r id e s  is , r e s p e c 
t iv e ly :

g a l a c t o s e - g a l a c t o s e - g l u c o s e - f r u c t o s e  

I—  s u c r o s e  —

L  r a f f m o s e ------------------------

-  s t a c h y o s e -------------------------------------------

T h is  su g g e sts  t h a t  a b r e a k d o w n  o f  th e  
o l i g o s a c c h a r i d e s  t o  m o n o s a c c h a r id e s  
o c c u r s  b e fo r e  th e  g a s -p ro d u c in g  m e c h a 
n ism  ca n  ta k e  p la c e . T h e n  i t  is u n d e r 
s ta n d a b le  t h a t  a lo n g e r  d e la y  m u s t  o c c u r  
b e fo r e  t h e  o n s e t  o f  g as p r o d u c t io n  w ith  
su c h  o l ig o s a c c h a r id e s  as s t a c h y o s e  an d  
r a f f in o s e ,  p a r t ic u la r ly  i f  g lu c o s e  is  th e  
p re fe rr e d  s u b s tr a te .

T o  f u r t h e r  s u p p o r t  th is  c o n c e p t ,  a 
l im ite d  n u m b e r  o f  e x p e r im e n ts  w e re  p e r 
fo r m e d  in  w h ic h  p a p e r  c h r o m a to g r a p h y  
w as e m p lo y e d  f o r  r e c o r d in g  c h a n g e s  t h a t  
ca n  o c c u r  in  th e  a m o u n ts  o f  o l ig o s a c 
c h a r id e s  a n d  m o n o s a c c h a r id e s  in  t h e  p re s 
e n c e  o f  a n a e r o b ic  b a c te r ia .  T h e  p r o c e d u r e  
w as t o  in c u b a t e  1  c c  o f  an  a n a e r o b ic  
c u ltu r e  m e d iu m  w ith  1  c c  o f  a 1 %  
s o lu t io n  o f  e i th e r  s t a c h y o s e  o r  r a f f in o s e  
in  an  a n a e r o b ic  t h io g ly c o l la te  m e d ia  a t 
3 7 ° C  f o r  4 8  h r . T h e n , a lo n g  w ith  th e  
r e c o r d in g  o f  g as p r o d u c t io n ,  1 .5 - c c  s a m 
p les  o f  m e d ia  w e re  w ith d r a w n  f r o m  e a c h  
tu b e  a t  3 - , 6 -, 1 2 - , 1 8 - ,  2 4 -  a n d  4 8 - h r  
in te rv a ls  o f  in c u b a t io n  an d  a n a ly z e d  f o r  
c a r b o h y d r a te  d is tr ib u t io n  v ia  p a p e r  c h r o 
m a t o g r a p h y  u s i n g  b u t a n o l  : a c e t i c  
a c id :w a t e r  ( 3 : 2 : 1 ) .  A t  t h e  e n d  o f  e a c h  
t im e  p e r io d  t h e  in c u b a t io n  m ix tu r e s  w e re
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f ir s t  c e n tr ifu g e d  t o  r e m o v e  t h e  b a c te r ia  
an d  t h e n  t h e  p r o te in  w as p r e c ip ita te d  
w ith  5 %  t r i c h lo r o a c e t i c  a c id  ( T C A ) .  A f te r  
e x t r a c t in g  T C A  w ith  e t h e r ,  t h e  sa m p le s  
w e re  d r ie d . W ith  t im e , s t a c h y o s e  a n d  
r a f f in o s e  g ra d u a lly  d is a p p e a re d . I n te r 
m e d ia te  h y d r o ly s is  p r o d u c ts  c o r r e s p o n d 
in g  t o  d i- a n d  tr is a c c h a r id e s  r e a c h e d  a 
m a x im u m  v a lu e  in  a b o u t  6  h r ,  fo l lo w e d  
b y  fo r m a t io n  o f  m a x im u m  a m o u n ts  o f  
g lu c o s e , f r u c t o s e  a n d  g a la c to s e  in  a b o u t  
1 2  h r . R a te  o f  gas p r o d u c t io n  p a ra lle le d  
th e  e n z y m a t ic  f o r m a t io n s  o f  m o n o s a c 
ch a r id e s .

T h e s e  re s u lts  le n d  s t r o n g  s u p p o r t  to  
th e  p ro p o s a l t h a t  o n e  s o u r c e  o f  g as in  th e  
g a s tr o in te s t in a l  t r a c t  is  t h e  b r e a k d o w n  o f  
o lig o s a c c h a r id e s  t o  m o n o s a c c h a r id e s  b y  
th e  b a c te r ia  th e m s e lv e s  b e f o r e  t h e y  c a n  
e f fe c t iv e ly  p r o d u c e  gas.

T h a t  th e  in h ib it in g  f a c t o r  f o r  gas 
p r o d u c t io n  in  s o y b e a n s  is  a s s o c ia te d  w ith  
c e r ta in  p h e n o lic  c o m p o u n d s  a n d  a c t s  b y  
w a y  o f  ca u sin g  an  in h ib i t io n  o f  th e  
a c t iv ity  o f  t h e  a n a e r o b ic  b a c te r ia  is  d e m 
o n s t r a t e d  b y  in  v itr o  e x p e r im e n ts . 
W h e th e r  a s im ila r  in h ib i to r y  m e c h a n is m  
o c c u r s  in  t h e  g a s t r o in te s t in a l  t r a c t  o f  th e  
in t a c t  a n im a l o r  m a n  h a s  n o t  b e e n  t e s te d .

A  p re v io u s  r e p o r t  ( S te g g e r d a  e t  a l .,  
1 9 6 6 ) ,  s h o w e d  t h a t  g as p r o d u c t io n  in  
m a n  fo l lo w in g  n a v y  b e a n  in g e s t io n  is  
t w i c e  t h a t  o b se r v e d  f o r  s o y b e a n s . 
W h e th e r  th e s e  d if f e r e n c e s  in  g as p r o d u c 
t io n  c a n  b e  a t t r ib u t e d  t o  e i th e r  gas 
in h ib i to r s  o r  g as a c c e le r a t o r s  is  n o t  
k n o w n . A d d it io n a l  r e s e a r c h  is  n e e d e d  to  
e s ta b lis h  w h e th e r  o t h e r  s o y b e a n  c o m 
p o n e n ts  c a n  in h ib i t  g as p r o d u c t io n  in  th e  
g a s t r o in te s t in a l  t r a c t .

REFERENCES
Anderson, B.G. 1924. Gaseous metabolism of 

some anaerobic bacteria. J. Infectious Dis
eases 35: 244.

Aspinall, G.O., Bigbie, R. and McKay, J.E.
1967. Polysaccharide com ponents of soy
beans. Cereal Sci. Today 12 (6): 233.

Arie, S., Suzuki, H„ Fujimaki, M. and Sukura,
Y. 1966. Studies on flavor components in 
soybeans. Part II. Phenolic acids. Agr. Biol. 
Chem. 30: 364.

Birk, Y., Bondi, A., Gestetner, B. and Ishaaya,
I. 1963. A therm ostable haem olytic factor 
in soybeans. Nature 197: 1089.

Bomside, G.H. and Cohn, I. Jr. 1965. The nor
mal m icrobial flora. Amer. J. Digestive 
Diseases 22: 844.

DuBois, M., Gilles, K.A., Hamilton, J.K., 
Rebers, P.A. and Sm ith, F. 1956. Colori
metric m ethod for the  determ ination of 
sugars and related substances. Anal. Chem. 
28: 350.

Kawamura, S., Tada, M. and Narasaki, T. 1965. 
Determ ination of sugars of the soybean

cotyledon, hypocotyl, hulls o f some varie
ties. Eiyo To Shokuryo 18: 13.

Nash, A.M., Eldridge, A.C. and Wolf, W.J.
1967. Fractionation and characterization of 
alcohol extractables associated with soybean 
proteins. Nonprotein components. J. Agr. 
Food Chem. 15: 102.

Rackis, J.J. 1965. Physiological properties of 
soybean trypsin inhibitors and their rela
tionship to pancreatic hypertrophy and 
growth inhibitors in rats. Federation Proc. 
24: 1488.

Richards, E.A. and Steggerda, F.R . 1966. Pro
duction and inhibition of gas in various 
regions in the  intestine of the dog. Soc. 
Exptl. Biol. Med. 122: 573.

Richards, E.A., Steggerda, F.R . and Murata, A.
1968. Relationship of bean substrates and 
certain intestinal bacteria to gas production 
in the dog. Gastroenterology 55: 502.

Steggerda, F.R . 1968. Gastrointestinal gas fol
lowing food consum ption. Amer. N.Y. 
Acad. Sci. 150: 57.

Steggerda, F.R ., Richards, E.A. and Rackis, J.J. 
1966. Effects of various soybean products 
on flatulence in the  adult m an. Soc. Exptl. 
Biol. Med. 121: 1235.

Ms. received 10/31/69; revised 1 /21/70; ac
cepted 2/25/70.

This study was supported in part by Agri
cultural Research Service, U.S. Departm ent of 
Agriculture, Grant No. 12-14-100-9176(71) 
administered by the N orthern Utilization Re
search and Development Division, Peoria, Illi
nois.

Reference to  a company or product name 
does no t imply endorsem ent o r recommen
dation by the  Departm ent o f Agriculture.

Mr. L.D. Kirk o f the  N orthern Laboratory 
assisted in the  preparation of some of the  soy
bean products.



\ ^ L i  A P PLIED  S C IE N C E  a n d  E N G I N E E R I N G
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D e p a r tm e n t  o f  F o o d  S c ie n c e , U n iv e r s i t y  o f  W is c o n s in ,  M a d is o n ,  W is c o n s in  5 3 7 0 6

CCI3 F HYDRATE: ABILITY TO INHIBIT OXIDATION OF 
L-ASCORBIC ACID IN PEAS

S U M M A R Y —O x id a t io n  o f  L -a s c o r b ic  a c id  w as m e a s u re d  a t  — 7 ° C  in  a  d o s e d  s y s te m  c o n ta in in g  

pea s, w a te r ,  C C I- jF  h y d r a te  a n d  a ir .  T h e  p re s e n c e  o f  C C /3F  h y d r a te  s ig n i f ic a n t l y  in h ib i t e d  o x id a 

t io n  o f  L - a s c o r b ic  a c id  to  c o m p o u n d s  d e v o id  o f  v i t a m in  C  a c t iv i t y .

INTRODUCTION

G A S  h y d r a te s  a re  ic e - lik e  c la t h r a t e  c o m 
p o u n d s , s ta b le  a t  t e m p e r a tu r e s  a b o v e  0 ° C  
(M a n d e lc o r n , 1 9 5 9 ;  1 9 6 4 ) .  In  s im p le  
s y s te m s , t h e  h y d r a te s  o f  C C 13 F ,  CC12 F 2 

a n d  C 3 H 8 , a ll e x is t in g  in  a T y p e  II 
s t r u c tu r e , w e re  fo u n d  t o  e x e r t  a h ig h ly  
s ig n if ic a n t  in h ib i to r y  e f f e c t  o n  o x id a t io n  
o f  L -a s c o r b ic  a c id  ( T h o m p s o n  e t  a h ,
1 9 7 1 ) .  T y p e  II  gas h y d r a te s  c o n ta in  
c a v it ie s  o f  2  s iz e s , o n ly  t h e  la rg e r  o c c u 
p ie d  b y  h y d r a te - fo r m in g  c h e m ic a ls  o f  th e  
k in d s  ju s t  m e n t io n e d . T h e  a n t io x id a n t  
p r o p e r ty  o f  T y p e  I I  gas h y d r a te s  a r ise s  
f r o m  th e ir  a b i l i ty  t o  e n tr a p  o x y g e n  in  th e  
s m a ll, n o r m a lly  u n f il le d  c a v it ie s  o f  th e  
h y d r a te  s t r u c tu r e .

T h e  p u rp o s e  o f  th is  s tu d y  w as to  
d e te r m in e  i f  C C 13 F  h y d r a te  c a n  e f f e c 
t iv e ly  in h ib i t  o x id a t io n  o f  L -a s c o r b ic  a c id  
in  a  c o m p le x  n a tu r a l  s y s te m  su c h  as g re e n  
p ea s .

MATERIALS & METHODS
F R E S H  g r e e n  p e a s  w e r e  s h e l l e d ,  b l a n c h e d  in  
b o i l i n g  w a t e r  f o r  4 5  s e c  a n d  c o o l e d  i n  c o l d  d i s 
t i l l e d  w a t e r  f o r  1 m i n .  A p p r o x i m a t e l y  2 5  g  o f  
p e a s  w e r e  m i x e d  w i t h  20 m l  o f  d i s t i l l e d  w a t e r  
a n d  6 m l  o f  C C I3F  ( r e d i s t i l l e d ,  D u P o n t )  i n  a  
c l o s e d ,  c y l i n d r i c a l  1 2 5 - m l  g la s s  b o t t l e ,  a n d  
h y d r a t e  w a s  f o r m e d  a t  0 ° C  a s  d e s c r i b e d  f o r  s im 
p l e  s y s t e m s  ( T h o m p s o n  e t  a t . ,  1 9 7 1 ) .  T h e  6- m l  
v o l u m e  o f  C C I3F  w a s  s u p e r i m p o s e d  u p o n  t h e  
a t m o s p h e r e  e x i s t i n g  i n  t h e  h e a d s p a c e  o f  t h e  
c o n t a i n e r ,  s o  a s  t o  a v o i d  lo s s  o f  a i r .  A l l  s a m p l e s  
w e r e  e q u i l i b r a t e d  a t  - 7 ° C  f o r  1 h r  a n d  t h e  c o n 
c l u s i o n  o f  t h i s  p e r i o d  w a s  r e g a r d e d  a s  z e r o  t i m e .  
C o n t r o l  s a m p l e s  w e r e  h a n d l e d  in  a n  i d e n t i c a l  
m a n n e r  e x c e p t  C C 1 3 F  w a s  o m i t t e d .  D u p l i c a t e  
s a m p l e s  w e r e  r e m o v e d  f o r  a n a l y s i s  a t  z e r o  t i m e  

a n d  a t  v a r i o u s  a d d i t i o n a l  t i m e s  o v e r  12 w e e k s .

aPresent address: Departm ent of Food Sci
ence, University of Toronto, Toronto, Canada.

A s  e a c h  s a m p l e  r e a c h e d  t h e  e n d  o f  i t s  r e a c t i o n  
p e r i o d ,  5 0  m l  o f  6%  H P 0 3 w a s  a d d e d  t o  s t o p  
f u r t h e r  o x i d a t i o n  o f  a s c o r b i c  a c i d  a n d  t o  f a c i l 
i t a t e  m e l t i n g .  T h e  a s c o r b i c  a c i d  ( A A )  a n d  d e h y -  
d r o a s c o r b i c  a c i d  ( D H A )  c o n t e n t s  o f  t h e  p e a s  
a n d  s u r r o u n d i n g  l i q u i d  w e r e  a n a l y z e d  in  g e n e r a l  
a c c o r d a n c e  w i t h  t h e  2,6- d i c h l o r o p h e n o l i n d o -  

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

A s s o c i a t i o n  o f  V i t a m i n  C h e m i s t s  ( 1 9 6 6 ) .

RESULTS & DISCUSSION
F R O M  F ig u re  1 it  is  a p p a r e n t  t h a t  A A  
r e t e n t io n  b e y o n d  1  w k  o f  s to r a g e  a t  
—7 ° C  w as c o n s is t e n t ly  g r e a te r  in  th e  
sa m p le s  c o n ta in in g  CC 13 F  h y d r a te  th a n  in 
c o r r e s p o n d in g  c o n t r o l  s a m p le s . D H A  c o n 
t e n t s  o f  th e  sa m p le s  w e re  s m a ll ( r a r e ly  
e x c e e d e d  4  m g / 1 0 0  g o f  p e a s ) , e x h ib i te d  
a  s lig h t  te n d e n c y  t o  d e c re a s e  d u rin g  
s to r a g e  a t  —7 ° C  a n d  w e re  n o t  in f lu e n c e d  
s ig n if ic a n t ly  b y  t h e  p r e s e n c e  o r  a b s e n c e  
o f  C C I3 F  h y d r a te .

S in c e  t h e  A A  lo s t  d u rin g  s to r a g e  a t  
- 7 ° C  d id  n o t  a c c u m u la te  as D H A , it  
m u st  h a v e  b e e n  o x id iz e d  f u r t h e r  t o  d i- 
k e t o g u lo n ic  a c id  ( D K G )  an d  i ts  d e g ra 
d a tio n  p r o d u c ts .  O x id a t io n  o f  D H A  to  
D K G  a n d  i ts  p r o d u c ts  is ir re v e r s ib le  a n d  
re s u lts  in  a t o t a l  lo s s  o f  v ita m in  C 
a c t iv it y .  T h u s , th e  ch a n g e s  s h o w n  in  
F ig u re  1 d e p ic t  a c tu a l  c h a n g e s  in  v ita m in  
C  a c t iv ity  r a th e r  th a n  a re v e rs ib le  a n d  
re la t iv e ly  u n im p o r ta n t  o x id a t io n  o f  A A  
t o  v ita m in -C -a c t iv e  D H A .

I t  s h o u ld  b e  m e n t io n e d  t h a t  CC 13 F  is 
sp a r in g ly  s o lu b le  in  w a te r  a n d  c a n  n o t  
p e n e tr a te  p ea s  o r  a n y  n o n f lu id  a q u e o u s  
s y s te m  in  s ig n if ic a n t  a m o u n ts  ( V a n  H u lle  
e t  a l . ,  1 9 6 6 ) .  T h u s , t h e  h y d r a te  o f  CC 13 F  
w o u ld  h a v e  fo r m e d  a lm o s t  e x c lu s iv e ly  in  
t h e  w a te r  su rro u n d in g  th e  p e a s . T h is  
w o u ld  b e  a d v a n ta g e o u s  f r o m  t h e  s ta n d 
p o in t  o f  s u b s e q u e n t  s e p a r a t io n  o f  C C 13 F  
f r o m  th e  p e a s .

B a s e d  o n  re s u lts  o b ta in e d  p re v io u s ly  
w ith  A A  o x id a t io n  in  s im p le  s y s te m s , i t  
w o u ld  b e  e x p e c te d  t h a t  o t h e r  g as h y 
d ra te s  o f  T y p e  I I  o r  p a r t ia l ly  f i l le d  T y p e  I 
s t r u c tu r e s  ( f o r  e x a m p le s , se e  B a r d u h n  e t  
a l .,  1 9 6 0 )  w o u ld  in h ib i t  o x id a t io n  o f  A A  
in  t is su e s  u n d e r  c ir c u m s ta n c e s  s im ila r  to  
t h o s e  e m p lo y e d  in  th is  s tu d y  ( T h o m p s o n  
e t  a l . ,  1 9 7 1 ) .

C o m m e r c ia l  u se  o f  g as h y d r a te s  w ith  
f o o d s  im p o s e s  se v e ra l r e q u ir e m e n ts  o n  
t h e  c h e m ic a ls  ( h y d r a te  f o r m e r s )  e m 
p lo y e d  f o r  h y d r a te  f o r m a t io n ,  i .e . ,  e c o n 
o m y  (a s  c o m p a r e d  t o  o t h e r  m e th o d s  o f  
c o n tr o l l in g  o x id a t io n ,  s u c h  as v a c u u m - 
iz in g  o r  in e r t  gas p a c k a g in g ) , n o n t o x ic 
i t y  a n d  c o m p a t ib i l i t y  w ith  a c c e p t e d  o r 
g a n o le p t ic  p r o p e r t ie s  o f  t h e  p r o d u c t .  In  
a d d it io n , f o r m a t io n  a n d  s t a b i l iz a t io n  o f  
th e  h y d r a te  m u s t  b e  p o s s ib le  a t  r e a s o n 
a b le  p re ssu re s . A lth o u g h  n o n e  o f  th e  
h y d r a te  fo r m e r s  c a p a b le  o f  f o r m in g  T y p e

F ig . 1—In f lu e n c e  o f  C C I3 F  h y d r a t e  o n  th e  s ta 

b i l i t y  o f  L - a s c o r b ic  a c id  in  p e a s  s to r e d  a t  —7 °C .  

E a c h  ra n g e  re p re s e n ts  4  r e p lic a te s .
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I I  o r  p a r t ia l ly  f i l le d  T y p e  I g as h y d r a te s  
c a n  s a t is fy  a ll o f  th e s e  r e q u ir e m e n ts , 
C F 2 C12 ( f lu o r o c a r b o n - 1 2 )  h a s  p e r h a p s  
th e  m o s t  fa v o r a b le  c o m b in a t io n  o f  p r o p 
e r t ie s .
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ORGANIC ACID PR O FIL E S OF THERM ALLY PROCESSED SPINACH PUREE

S U M M A R Y  D e a e ra te d  s p in a c h  p u r e e  w a s  p a c k e d  in t o  T D T  tu b e s , f lu s h e d  w i th  n i t r o g e n  a n d  

s e a le d . T h e  tu b e s  w e re  d iv id e d  in t o  b a tc h e s  a n d  p ro c e s s e d  w i t h  a n  F 0  =  4 . 9  a t  te m p e ra tu r e s  ra n g in g  

f r o m  2 4 0 ° —3 0 0 ° F  w i th  1 0 ° F  in c re m e n ts .  A n a ly s is  f o r  o r g a n ic  a c id s  w a s  c a r r ie d  o u t  b y  m e a n s  o f  

a n  A u t o m a t ic  O rg a n ic  A c i d  A n a ly z e r  ( A O A A I  a n d  c o n f i r m e d  b y  p a p e r  c h r o m a to g ra p h y .  O x a lic  

a c id  s h o w e d  v e ry  p o o r  r e s o lu t io n  o n  th e  A O A A ;  th e r e fo r e ,  a c h e m ic a l m e th o d  w a s u s e d  f o r  

a n a ly s is .  p H  m e a s u re m e n ts  w e re  ta k e n  a n d  c o lo r  w a s  m e a s u re d  o n  a  H u n te r L a b  M o d e l D 2 5  C o lo r  

D if fe r e n c e  M e te r .  T h e  a c id s  id e n t i f ie d  w e re  a c e t ic ,  f o r m ic ,  fu m a r ic ,  la c t ic ,  s u c c in c ,  a - k e to g lu ta r ic ,  

p y r r o l id o n e - 5 - c a r b o x y l ic ,  m a l ic ,  c i t r ic ,  a n d  o x a l ic .  A c e t i c  a n d  p y r r o l  ¡ d o n e - c a r b o x y l ic  a c id s  s h o w e d  

th e  m o s t  s t r i k in g  c h a n g e s  w i t h  in c re a s e s  a t  2 4 0 ° F  o f  129 %  a n d  1 3 2 %  r e s p e c t iv e ly .  T h e  g re a te s t  

ch a n g e s  in  th e  q u a l i t y  p a ra m e te rs  e v a lu a te d  in  t h is  s t u d y  w e re  n o t e d  a t  2 4 0 ° F  w i t h  s u c h  c h a n g e s  

d e c re a s in g  as te m p e ra tu r e  in c re a s e d  u p  t o  3 0 0 ° F .  A  p la te a u  w as n o t e d  in  th e  ra n g e  o f  2 7 0 ° - 2 8 0 ° F  

s in c e  l i t t l e  im p r o v e m e n t  w a s  g a in e d  a b o v e  th e s e  te m p e ra tu re s .

INTRODUCTION

T H E  M A IN T E N A N C E  O F  c o lo r  in  t h e r 
m a lly  p ro c e s s e d  g r e e n  v e g e ta b le s  h a s  b e e n  
a n d  re m a in s  a p r o b le m  in  f o o d  p r o c 
e ss in g . M a n y  a t te m p t s  h a v e  b e e n  m a d e  to  
s ta b il iz e  t h e  c o lo r  in  p a s t  y e a rs  w ith  
l im ite d  s u c c e s s  (C ly d e s d a le  e t  a l . ,  1 9 6 8 ) .

O n e  o f  t h e  m a jo r  p r o b le m s  h a s  b e e n  
t h e  d e c re a s e  in  p H  c a u s e d  b y  p r o c e s s in g . 
T h is  le a d s  t o  t h e  r e p la c e m e n t  o f  th e  
m a g n e s iu m  in  c h lo r o p h y l l  w ith  h y d r o g e n  
a n d  t h e  f o r m a t io n  o f  p h e o p h y t in . H o w 
e v e r , o n e  m e th o d  w h ic h  h a s  b e e n  u sed  
w ith  s o m e  s u c c e s s  h a s  b e e n  t h e  u se  o f  
h ig h -te m p e r a tu r e  s h o r t - t im e  p ro c e s s in g  
( H T S T )  ( G u p t e  a n d  F r a n c is ,  1 9 6 4 ;  L u h  e t  
a l .,  1 9 6 4 ;  T a n  a n d  F r a n c is ,  1 9 6 2 ;  E p s t e in ,
1 9 5 9 ) .  C ly d e s d a le  ( 1 9 6 6 )  n o t e d  t h a t  
w h e n  s p in a c h  p u re e  w as p r o c e s s e d  b y  
c o n v e n t io n a l  a n d  H T S T  m e th o d s  t h e  
H T S T  p a c k  s h o w e d  n o  c h a n g e  in  p H  a f te r  
p ro c e s s in g , w h ile  t h e  c o n v e n t io n a l  p a c k  
sh o w e d  a  1 0 %  d e c r e a s e . M o re  r e c e n t ly ,  
C h e n  e t  a l. ( 1 9 7 0 )  fo u n d  a s im ila r  s i tu a 
t io n  in  s tr a in e d  g re e n  p e a s  p r o c e s s e d  b y  
H T S T  a n d  r e t o r t  m e th o d s .

A  d e c re a s e  in  pH  u p o n  r e t o r t  p r o c 
ess in g  is n o t  r e s tr ic te d  t o  g re e n  v e g e ta 
b le s . S h a lle n b e r g e r  e t  a l. ( 1 9 5 9 )  fo u n d  
t h a t  p y r r o l id o n e - c a r b o x y l ic  a c id  (P C A )  
w a s  fo r m e d  d u rin g  t h e  p r o d u c t io n  o f  b e e t  
p u re e  a n d  L u h  e t  a l . ,  1 9 6 9  fo u n d  a 
d e c r e a s e  in  p H  o f  r e t o r t  p ro c e s s e d  
s tr a in e d  c a r r o ts  a lo n g  w ith  t h e  f o r m a t io n

o f  P C A . P C A  is  th o u g h t  t o  c a u s e  a  b i t t e r  
f la v o r  in  p r o c e s s e d  f o o d s . S h a lle n b e r g e r  
e t  a l . ( 1 9 5 8 )  h a s  s h o w n  a r e la t io n s h ip  
b e tw e e n  P C A  a n d  o f f - f la v o r  in  b e e t  p u re e . 
A ls o  M a h d i e t  a l . ( 1 9 6 1 )  in v e s tig a te d  th e  
e f f e c t  o f  P C A  o n  th e  f la v o r  o f  2 2  
p r o c e s s e d  f r u i t s  a n d  v e g e ta b le s .

A s w e ll as t h e ir  e f f e c t  o n  q u a lity  
f a c t o r s ,  o r g a n ic  a c id  f o r m a t io n  a n d  s u b 
s e q u e n t  c h a n g e s  in  p H  c o u ld  b e  an  
im p o r t a n t  p u b lic  h e a lth  f a c t o r  in  t h e r 
m a lly  p ro c e s s e d  f o o d s . E s s e le n  a n d  P flu g
( 1 9 5 6 )  c o l le c t e d  th e r m a l  r e s is ta n c e  d a ta  
f o r  P .A . 3 6 7 9  s p o re s  in  t h e  p ro c e s s  
te m p e r a tu r e  ra n g e  o f  2 5 0 °  t o  2 9 0 ° F .  
T h e y  fo u n d  t h a t  s p o r e  d e s t r u c t io n  t im e s  
te n d e d  t o  f o l lo w  a s e m i- lo g a r ith m ic  d e 
s t r u c t io n  r a te  b u t  it  a p p e a r e d  t h a t  th e r e  
m a y  b e  s o m e  c h a n g e s  in  t h e  d e s t r u c t io n  
r a te  a t  t e m p e r a tu r e s  a b o v e  2 7 0 ° F .  T h e y  
s u g g e s te d  t h a t  s u c h  c h a n g e s  in  s p o re  
d e s t r u c t io n  r a te s  m a y  b e  d u e  t o  th e  
in f lu e n c e  o f  c h e m ic a l  c h a n g e s  o c c u r r in g  
in  f o o d  d u rin g  h e a t in g .

O b v io u s ly  t h e  f o r m a t io n  o f  a c id s  d u r
in g  p r o c e s s in g  is  a n  im p o r t a n t  p a r a m e te r  
in  t h e  f in a l  q u a l i ty  a n d  s a f e t y  o f  a 
p r o c e s s e d  f r u it  o r  v e g e ta b le . W ith  th e  
in c r e a s e  in  p r o c e s s in g  b y  H T S T  m e th o d s  
i t  b e c o m e s  n e c e s s a r y  t o  in v e s t ig a te  c h e m 
ic a l  c h a n g e s  w h ic h  o c c u r  a t  e le v a te d  
t e m p e r a tu r e s . T h is  in v e s t ig a t io n  w as in i
t ia t e d  t o  s tu d y  t h e  e f f e c t  o f  th e  t im e -  
te m p e r a tu r e  p a r a m e te r s  o f  p r o c e s s in g  o n  
o r g a n ic  a c id  p r o f i le s ,  p H , a n d  c o lo r  o f

p u re e d  s p in a c h . I t  w as d e c id e d  t h a t  d if 
f e r e n c e s  in  p a c k s  p r o c e s s e d  a t  o n ly  o n e  
c o n v e n t io n a l  r e t o r t  te m p e r a tu r e  a n d  o n e  
H T S T  te m p e r a tu r e  d id  n o t  p r e s e n t  an 
a d e q u a te  s tu d y  o f  s u c h  c h a n g e s . F o r  th is  
r e a s o n  s p in a c h  p u re e  w as p ro c e s s e d  w ith  
F 0  =  4 .9  a t  te m p e r a tu r e s  ra n g in g  f r o m  
2 4 0 ° F —3 0 0 ° F  w ith  in c r e m e n ts  o f  1 0 ° F .  
B o t h  t h e  f r e s h  a n d  p r o c e s s e d  p u re e s  w e re  
t h e n  a n a ly z e d  t o  d e te r m in e  o r g a n ic  a c id  
p r o f i le s ,  c o lo r ,  a n d  pH  in  v iew  o f  th e ir  
im p o r t a n c e  in  th e r m a l  p r o c e s s in g , a p p e a r 
a n c e ,  a n d  n u t r i t io n a l  v a lu e .

MATERIALS & METHODS
S P I N A C H  P U R C H A S E D  f r o m  a  l o c a l  m a r k e t  
w a s  c o m m i n u t e d ,  d e a e r a t e d  a n d  p a c k e d  i n t o  
T D T  t u b e s  w i t h  a  s y r i n g e  i m m e d i a t e l y  a f t e r  t h e  
t u b e s  h a d  b e e n  f l u s h e d  w i t h  n i t r o g e n .  A f t e r  f i l l 
i n g ,  t h e  h e a d  s p a c e  i n  t h e  t u b e s  w a s  f l u s h e d  
w i t h  n i t r o g e n  a n d  t h e n  s e a l e d  w i t h  a n  o x y g e n  
f l a m e .

T h e  t u b e s  w e r e  d i v i d e d  i n t o  b a t c h e s  o f  5 0  
e a c h  a n d  p r o c e s s e d  w i t h  a n  F 0 =  4 . 9  a t  t e m p e r 
a t u r e s  r a n g i n g  f r o m  2 4 0 ° F  t o  3 0 0 ° F  w i t h  1 0 ° F  
i n c r e m e n t s  a s  c a l c u l a t e d  b y  G u p t e  a n d  F r a n c i s  
( 1 9 6 4 ) .  A f t e r  p r o c e s s i n g  t h e  t u b e s  w e r e  f r o z e n  
a t  - 2 0 ° F  u n t i l  a n a l y s e s  f o r  o r g a n i c  a c i d s ,  c o l o r  
a n d  p H  w e r e  p e r f o r m e d .

Organic acid analysis
C l a s s i c a l l y  o r g a n i c  a c i d s  h a v e  b e e n  e s t i m a t e d  

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

g r a d i e n t  e l u t i o n  s y s t e m  o f  n o n p o l a r  p l u s  p o l a r  
s o l v e n t s .  C u s t o m a r i l y  t h i s  s e p a r a t i o n  h a s  b e e n  
p r e c e d e d  b y  a  r e a s o n a b l y  e l a b o r a t e  s a m p l e  
p r e p a r a t i o n  a n d  f o l l o w e d  b y  t i t r a t i o n  o f  f r a c 
t i o n s  c o l l e c t e d  w i t h  d i l u t e  a l k a l i .  H o w e v e r ,  in  
t h i s  i n v e s t i g a t i o n  o r g a n i c  a c i d s  w e r e  q u a n t i t a 
t i v e l y  a n a l y z e d  b y  a n  a u t o m a t i c  o r g a n i c  a c id  
a n a l y z e r  ( A O A A )  ( W a t e r s  A s s o c i a t e s ,  I n c . ,  
F r a m i n g h a m ,  M a s s . ) .  T h e  p r i n c i p l e s  o n  w h ic h  
t h i s  a n a l y z e r  i s  b a s e d  a r e  d e s c r i b e d  b y  K e s n e r  
a n d  M u n t w y l e r  ( 1 9 6 6 ) .

T h e  c o l u m n  u s e d  in  t h i s  i n v e s t i g a t i o n  c o n 
s i s t e d  o f  o v e n - d r i e d  ( 1 1 0 ° C ,  o v e r n i g h t )  s i l i c a  g e l  

( M a l i n c h r o d t ,  A c i d  S i l i c i c  A . R . ,  1 0 0  m e s h  s u i t 
a b l e  f o r  c h r o m a t o g r a p h i c  a n a l y s i s  b y  t h e
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F ig . 1 —C a lib r a t io n  c u rv e s  f o r  c i t r ic ,  m a lic ,  

a - k e to g iu ta r ic  a n d  a c e t ic  a c id s .

F ig . 2 —C a lib r a t io n  c u rv e s  f o r  f o r m ic ,  p y r r o l -  

id o n e - c a r b o x y l ic ,  f u m a r ic  a n d  la c t ic  a c id s .

F ig . 3 —C a lib r a t io n  c u rv e  f o r  s u c c in ic  a c id .

m e t h o d  o f  R a m s e y  a n d  P a t t e r s o n ,  1 9 4 8 ) .  5 0  m l  
o f  0 .1 N  H 2S O 4 w e r e  a d d e d  t o  t h e  o v e n - d r i e d  
s i l i c a  g e l  a n d  t h e  m i x t u r e  s t i r r e d  u n t i l  l u m p  
f r e e .  2 5 g  o f  t h i s  h y d r a t e d  g e l  w a s  t h e n  s l u r r i e d  
w i t h  4 0  m l  o f  c h l o r o f o r m  ( F i s h e r ,  C e r t i f i e d  
A C S )  a n d  p a c k e d  i n t o  a  0 .9  x  5 0  c m  c o l u m n .

S a m p l e s  w e r e  p r e p a r e d  p r i o r  t o  a d d i t i o n  t o  
t h e  c o l u m n  b y  a c i d i f i c a t i o n  w i t h  6N  H 2S O 4 (3  
d r o p s / g )  f o l l o w e d  b y  m i x i n g  w i t h  o v e n - d r i e d  
s i l i c a  g e l  u n t i l  t h e  m i x t u r e  w a s  f r e e  f l o w in g .

T h e  e l u a n t  w a s  h o u s e d  in  a  5  c h a m b e r  g la s s  
a n d  T e f l o n  V a r i g r a d  ( B u c h l e r  I n s t r u m e n t s ,  F o r t  
L e e ,  N . J . )  e q u i p p e d  w i t h  a  h e a t e r  o n  t h e  f i n a l  
c h a m b e r  t o  d e g a s  t h e  s o l v e n t .  T h e  f i r s t  c h a m b e r  
c o n t a i n e d  2 0 0  m l  o f  p u r e  c h l o r o f o r m .  C h a m 
b e r s  2  a n d  3  c o n t a i n e d  7 %  ( v / v )  t e r t - a m y l  a l c o 
h o l  ( F i s h e r ,  R e a g e n t  G r a d e ) / c h l o r o f o r m ,  c h a m 
b e r  4  c o n t a i n e d  3 0 %  ( v / v )  t e r t - a m y l
a l c o h o l / c h l o r o f o r m  a n d  c h a m b e r  5  c o n t a i n e d  
5 0 %  ( v / v )  t e r t - a m y l  a l c o h o l / c h l o r o f o r m .  T h e  
v o l u m e s  o f  s o l v e n t s  u s e d  in  c h a m b e r s  2 t h r o u g h  
5  w e r e  d e t e r m i n e d  b y  t h e  d e n s i t y  o f  t h e i r  s o l 
v e n t  m i x t u r e s .  A  v o l u m e  e q u a l  i n  w e i g h t  t o  t h e  
200 m l  o f  c h l o r o f o r m  in  c h a m b e r  1 w a s  p l a c e d  
i n  e a c h  c h a m b e r .

T h e  e l u a n t  w a s  p u m p e d  t h r o u g h  t h e  s a m p l e  
a n d  t h e  c o l u m n  a t  t h e  r a t e  o f  200 m l / h r  b y  a  
M i l t o n  R o y  M i n i - P u m p .

A f t e r  t h e  c a r b o x y l i c  a c i d s  h a v e  b e e n  s e p a 
r a t e d  o n  t h e  c o l u m n ,  t h e  e f f l u e n t  s t r e a m  is  
b l e n d e d  w i t h  a  c o n t i n u o u s l y  f l o w i n g  s t r e a m  ( 5 0  
m l / h r )  c o n t a i n i n g  a n  e x c e s s  o f  i n d i c a t o r  i n  t h e  
i o n i z e d  s a l t  f o r m  ( l g  o f  t h e  s o d i u m  s a l t  o f  
o - n i t r o p h e n o l  ( E a s t m a n  O r g a n i c  C h e m i c a l s )  in  
21 o f  a n h y d r o u s  m e t h a n o l ) .  T h i s  i n d i c a t o r  is  
a l s o  t h e  t i t r a n t .  T h e  o p t i c a l  d e n s i t y  o f  t h i s  
s t r e a m  is  t h e n  c o n t i n u o u s l y  r e c o r d e d  a t  3 5 0  n m  
w h i c h  c o r r e s p o n d s  t o  t h e  m a x i m u m  a b s o r b a n c e  
o f  t h e  u n i o n i z e d  ( t i t r a t e d )  f o r m  o f  t h e  i n d i c a 
t o r .  W h e n  a c i d  is  n o t  b e i n g  e l u t e d  t h e r e  is  a  
m i n i m u m  o f  a b s o r b a n c e  a n d  t h e  p h o t o m e t e r  
r e c o r d s  a  b a s e l i n e .  W h e n  a n  a c i d  i s  e l u t e d  i t  is  
t i t r a t e d  b y  t h e  i n d i c a t o r  s a l t  a n d  p r o d u c e s  t h e  
u n i o n i z e d  f o r m  o f  t h e  i n d i c a t o r  w h i c h  a b s o r b s  
a t  3 5 0  n m  p r o d u c i n g  a  c u r v e ,  t h e  a r e a  u n d e r

w h i c h  is  p r o p o r t i o n a l  t o  t h e  q u a n t i t y  o f  t h e  
a c i d  e l u t e d .

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

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

S t o c k  s o l u t i o n s  o f  a c i d s  w e r e  p r e p a r e d  in  a  
5 0 %  ( v / v )  a c e t o n e - w a t e r  m i x t u r e  ( W a t e r s  A s 
s o c i a t e s  A O A A  I n s t r u c t i o n  M a n u a l ) .  F r o m  
t h e s e  s t o c k  s o l u t i o n s  s e v e r a l  m i x t u r e s  o f  a c id s  
w e r e  p r e p a r e d .  T o  s t a n d a r d i z e  e a c h  a c i d  in  t h e  
m i x t u r e ,  a  s a m p l e  e q u a l  t o  t h e  a m o u n t  t r a n s 

f e r r e d  t o  t h e  m i x t u r e - u s i n g  t h e  s a m e  p i p e t t e -  
w a s  t i t r a t e d .  T h i s  m i n i m i z e d  p i p e t t i n g  e r r o r s  
c a u s e d  f r o m  p o o r  d r a i n i n g  w h i c h  i s  c h a r a c t e r 
i s t i c  o f  n o n - a q u e o u s  s o l u t i o n s .  T h e  a c i d s  w e r e  
t i t r a t e d  t o  p h e n o l p h t h a l e i n  e n d  p o i n t  w i t h  
0 . 0 I N  s o d i u m  h y d r o x i d e  u s i n g  a  s t r e a m  o f  n i 
t r o g e n  f o r  s t i r r i n g .

T h e  k n o w n  m i x t u r e s  o f  a c i d s  w e r e  a n a l y z e d  
o n  t h e  A O A A  i n  t h e  c o n c e n t r a t i o n  r a n g e  o f  
0 . 0 5 - 5  p e q  p e r  a c i d .  T h e  a r e a  u n d e r  t h e  p e a k s  
w a s  o b t a i n e d  b y  m u l t i p l y i n g  t h e  n e t  h e i g h t  o f  a  
p e a k  b y  t h e  w i d t h  a t  h a l f  t h e  p e a k  h e i g h t .

T a b le  1—R fV a lu e s  o f  u n k n o w n  ve rsu s  k n o w n  

a c id s  in  b u t a n o l :  3 N  f o r m ic  a c id  ( 5 0 :5 0 ) .

R f  ( X  1 0 0 )

A c i d K n o w n  U n k n o w n

C i t r i c 4 5 4 7
F u m a r i c 8 4 8 4

a - K e t o g l u  t a r i e 6 1 6 1

L a c t i c 8 2 8 2

M a li c 5 1 5 3

P C A 5 5 5 6

S u c c i n i c 7 4 7 5

Identification
T e n t a t i v e  i d e n t i f i c a t i o n  o f  a l l  a c i d s  w a s  

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

Confirmatory identification
F u r t h e r  c o n f i r m a t i o n  o f  t h e  i d e n t i f i c a t i o n  

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

p a p e r  c h r o m a t o g r a p h y .  F i f t e e n  s a m p l e s  o f  s p i n 
a c h  p u r e e  w e r e  r u n  o n  t h e  A O A A .  E a c h  a c i d  
f r a c t i o n  w a s  c o l l e c t e d  a n d  c o n c e n t r a t e d  u n d e r  
v a c u u m .  P r e l i m i n a r y  s t u d i e s  i n d i c a t e d  t h a t  
w h e n  t h e  i n d i c a t o r  w a s  i n c l u d e d  in  t h e  e l u a n t  
f r a c t i o n  c o l l e c t e d ,  c r y s t a l l i z a t i o n  o c c u r r e d  
u p o n  c o n c e n t r a t i o n  w h i c h  i n t e r f e r e d  w i t h  s u b 
s e q u e n t  p a p e r  c h r o m a t o g r a p h y .  T h e r e f o r e ,  t h e  
i n d i c a t o r  f l o w  w a s  s t o p p e d ,  r e t e n t i o n  t i m e s  r e -

T a b le  2 —C o lo r  a n d  p H  re s u lts  in  s p in a c h  

p u re e  o v e r  th e  te m p e ra tu r e  ra n g e  2 4 0 ° —3 0 0 ° F  
w i th  a n  F 0  =  4 .9 .

P r o c e s s p H t a n ' l - a / b

F r e s h 6 . 4 2 - 3 7 . 9
2 4 0 6.12 -  5 .9
2 5 0 6 .2 9 - 11.6
2 6 0 6 .3 5 - 1 5 . 1

2 7 0 6 . 4 0 - 1 9 . 4
2 8 0 6 . 4 1 - 2 6 . 6
2 9 0 6 .4 1 - 2 7 . 8
3 0 0 6 .4 1 - 2 9 . 0
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c a l c u la te d  o n  th e  b a s is  o f  a  f lo w  r a t e  o f  2 0 0  
m l / h r  r a t h e r  t h a n  2 5 0  m l / h r ,  a n d  th e  a c id s  w e re  
c o l le c te d  in  s o lv e n t  a lo n e .

T h e  c o n c e n t r a t e d  f r a c t i o n s  w e re  r e d is s o lv e d  
in  5 0 %  m e t h a n o l  a n d  s p o t t e d  o n  W h a tm a n  N o . 
1 s h e e ts .  T h e  c h r o m a to g r a m s  w e re  r u n  a c c o r d 
in g  t o  t h e  m e th o d  o f  M a ik a k is  e t  a l .  ( 1 9 6 3 )  in  
w h ic h  t h e  s p o t t e d  p a p e r s  w e re  i r r ig a te d  d e -  
s c e n d in g ly  b y  t h e  u p p e r  p h a s e  o f  a  m i x t u r e  o f  1 
b u t a n o l :  3 N  f o r m ic  a c id  5 0 : 5 0  b y  v o lu m e .  T h e  
lo w e r  p h a s e  o f  t h e  m i x t u r e  w a s  u s e d  f o r  v a p o r  
e q u i l i b r a t i o n .  A f t e r  1 2  h r  t h e  p a p e r s  w e r e  d r ie d  
in  a n  a i r  d r a f t  a n d  s p r a y e d  w i t h  a  0 .0 5 %  s o lu 
t i o n  o f  b r o m p h e n o l  b l u e  (N a  s a l t )  in  5 0 %  e t h a 
n o l .

O x a lic  a c id  a n a ly s is

W ith  t h e  e x p e r i m e n t a l  p a r a m e te r s  d e s c r ib e d  
p r e v io u s ly  f o r  t h e  A O A A  i t  w a s  f o u n d  t h a t  a l
th o u g h  a  d i f f u s e  p e a k  w a s  o b t a i n e d  f o r  o x a l ic  
a c id ,  t h e  r e s o lu t io n  d e s i r e d  c o u ld  n o t  b e  
a c h ie v e d .  T h e r e f o r e ,  a  c h e m ic a l  a n a ly s is  b a s e d  
o n  th e  m e t h o d  o f  B a k e r  ( 1 9 5 2 )  w a s  u s e d .  T h is  
m e t h o d  d e p e n d s  u p o n  p r e c i p i t a t i o n  a s  c a l c iu m  
o x a la t e  f r o m  a  d e p r o t e in i z e d  e x t r a c t  a n d  s u b s e 
q u e n t  t i t r a t i o n  w i th  p o ta s s iu m  p e r m a n g a n a te .  

C o lo r  m e a s u r e m e n ts

I n s t r u m e n t a l  c o lo r  d a t a  w e r e  o b t a i n e d  f r o m  
a  H u n te r L a b  M o d e l  D 2 5  C o lo r  D i f f e r e n c e  M e
t e r  ( H u n te r  A s s o c ia te s  L a b o r a t o r y  I n c . ,  F a i r f a x ,  
V a .) .  T h e  d a t a  w a s  r e d u c e d  t o  t h e  f u n c t io n  
t a n - 1 a / b  a s  s u g g e s te d  b y  C ly d e s d a le  e t  a l.
( 1 9 6 9 ) .

p H  m e a s u r e m e n ts

T h e s e  w e r e  o b t a in e d  w i t h  a  R a d i o m e te r ,  
m o d e l  2 5 ,  p H  m e te r .

S ta t i s t i c a l  e v a lu a t io n

S ta t i s t i c a l  a n a ly s is  o f  t h e  o r g a n ic  a c id  d a t a  
w a s  d o n e  b y  t h e  R a n g e  M e th o d  ( K r a m e r  a n d  
T w ig g , 1 9 6 6 ) .

RESULTS & DISCUSSION
CALIBRATION CURVES for the acids 
identified by the AOAA are shown in 
Figures 1 ,2 , and 3. From  these curves the 
excellent relationship between peak area 
and concentration is evident. It should be 
noted tha t each curve has a different 
slope. In a static system containing uni
form concentrations of chloroform , alco
hol and indicator it is possible to  equate 
changes in absorbance per microequiv

F R E S H  --------------------

240 °F ............... g
300 0 F ----------- S

F ig . 4 —T y p ic a l  r e s o lu t io n  o f  a c id s  o b ta in e d  

w i th  th e  A O A A  o n  a  s lo p in g  b a s e lin e .

alent o f acid regardless o f whether the 
carboxylic group is contributed by a 
mono, di, or tricarboxylic acid. However, 
in a flowing system where there is a 
continuous change in the  com position of 
the solvent, a uniform  calibration con
stant in terms of units per microequiv
alent o f acid is not possible. This is a 
result in part, o f a change in the spectral 
characteristics o f the indicator with 
changes in solvent com position. Conse
quently calibration constants are not uni
form  for all acids and are dependent upon 
the position of the curve at which they 
are eluted.

A second effect arising from this phe
nom enon is a sloping baseline. This may 
be seen in Figure 4 which also shows the 
typical resolution o f peaks obtained in 
this work. However, as evidenced by the 
calibration curves, the sloping baselines

T a b le  3 —C o n c e n t ra t io n s  o f  o r g a n ic  a c id s  in  s p in a c h  p u r e e  o v e r  th e  te m p e ra tu r e  ra n g e  2 4 0 ° -  

3 0 0 ° F  w i th  a n  F 0  =  4 .9 .  ( C o n c e n t r a t io n s  a re  a ve ra g e s  o f  d u p l ic a te  a n a ly s e s .)

A c id  c o n c e n t r a t i o n  O re q /g  d r y  w e ig h t  s p in a c h )

a - K e to  P y r r o l id o n e

P ro c e s s A c e t i c F o r m ic F u m a r i e L a c t ic  S u c c in ic  g lu ta r ic S - c a r b o x y l i c  M a lic C i t r ic O x a lic

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

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

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

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

2 8 0 6 .8 7 * * 1 6 .8 2 3 8 .6 2 * 1 2 .4 2 2 2 .0 1 3 2 .8 9 2 3 .7 4 * * 7 7 .7 9 4 8 .6 8 7 1 2 .9 3

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

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

F r e s h 7 .0 4 * * 1 6 .9 0 3 6 .0 8 * 1 2 .2 1 2 4 .2 1 3 0 .4 7 2 3 .1 6 * * 7 5 .3 8 4 3 .8 0 7 9 5 .2 0

*S ignificantly d iffe rent from  the concentration at 240°F at the 5% level.
* * S ignificantly d iffe rent from  the concentration at 240°F at the 1% level.

F ig . 5 —I n te r n a l  s ta n d a r d  o f  a c e t ic  a c id  u s e d  

w i th  f re s h  s p in a c h  p u re e .  N u m e r a ls  in d ic a te  th e  

p e a k  h e ig h t  a n d  h a l f  w id th .

do not introduce serious errors in the 
calculations and are relatively constant as 
long as the procedure is held constant.

Figure 5 shows the results o f the 
internal standard check for acetic acid. 
This was done for all acids and results 
obtained were similar. In this figure the 
curves have been moved apart on the 
abscissa for clarity. The lines represent 
the peak height and half w idth in de
scending order on the ordinate. In this 
particular experim ent lg  o f fresh spinach 
was introduced into the colum n and an 
area response for acetic acid was ob
tained. This area response was equivalent 
to  2.22 f i e q of acetic acid from the 
calibration curve, lg  of the same batch of 
fresh spinach plus 1.59 /req of standard 
acetic acid was then added to  the column. 
The response obtained in this case indi
cated 3.83 jueq of acetic acid. By differ
ence the response obtained in the two 
cases for the spinach puree differed only 
by 0.02 jUeq. The curves in bo th  cases also 
showed identical retention times. These 
results indicated that the m ethod was 
providing valid results in terms of quan
titative identification of the acids within 
the spinach puree.

Table 1 shows the Rf values o f the 
concentrated acid fractions obtained 
from  the AOAA versus Rf values of 
known acids. This evidence was further 
confirm ation of the identity  o f the acids.

Table 2 shows the changes which were 
noted in color and pH when the spinach 
puree underw ent processing at different 
tem peratures w ith the same F 0 . The color 
data are reported in term s of ta n 'la /b  
which is an angular function of hue. The 
use of this function correlates very well
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w ith visual judgem ents of the color of 
processed spinach puree (Clydesdale and 
Francis, 1969). Larger negative values 
denote better color retention. As ex
pected, HTST treatm ent provided the 
best color retention and processing at 
240°F the worst. It should be noted that 
processing at tem peratures greater than 
280°F provided very little improvement 
in color retention.

As noted previously by Clydesdale 
(1966) HTST processing causes the least 
change in the pH of the spinach puree. 
Again tem peratures o f 280°F and greater 
had the same minor effect upon pH.

Table 3 shows the change in organic 
acid concentration caused by processing 
at different tem peratures. The most no
table changes occurred w ith acetic and 
pyrrolidone-carboxylic acids. In the case 
of acetic acid, processing at 240°F caused 
an increase of approxim ately 129% and 
approxim ately 56% at 250°F. However, 
at tem peratures of 260°F or greater there 
was virtually no effect on the acetic acid 
concentration due to  processing.

PCA showed the greatest increase of 
any of the acids analyzed. At 240°F there 
was an increase of about 132% and at 
250°F an increase of about 57%. In
creases were also seen at higher tem pera
tures but the range was less from about
3 -45% .

Fumaric acid showed a decrease of 
about the same order up to  260°F. From 
270°F —300°F there was virtually no 
change in concentration from  the fresh 
sample. The other acids which were an
alyzed showed varying minor degrees of 
change or virtually no change.

It is evident tha t the acids which 
would contribute to  a decrease in pH at 
lower process tem peratures are acetic and 
PCA. However, although there is a large 
relative increase, the absolute increase of 
these acids is not large. Therefore the 
question arose as to  whether the absolute 
increase in these acids could bring about a 
drop in pH of 0.3 (Table 2) or 0.65 as 
reported by Clydesdale and Francis
(1968). To partially resolve this question, 
standard solutions of acetic acid and PCA 
were made up and appropriate amounts 
added to  bo th  fresh and processed 
(240°F) purees. The samples were then 
equilibrated w ith mixing for 1% hr. The 
pH decreased from  6.41—5.55 in the 
fresh sample, and from  5.72—5.42 in the 
processed sample. This experim ent did 
not take into consideration the decrease 
in fumaric acid but did show tha t the

absolute increase in acids could account 
for the changes in pH noted at 240°F.

From  pH, color and changes in acid 
concentration, the parameters evaluated 
in this study, it is apparent that HTST 
processing produces a better quality prod
uct which shows a minimum am ount of 
change from  the fresh material.

Many recent studies have shown chem
ical changes which occur at 240°F versus 
300°F. However, a profile o f tem pera
tures has not been evaluated to  determ ine 
if a plateau is reached at any given 
tem perature in the HTST range. Re
cently, however, Teixeira et al. (1969) 
showed tha t thiam ine retention  asso
ciated w ith equivalent processes and a 
fixed Z value displayed an optim um  
retention. From  the results presented in 
this paper an optim um  plateau occurred 
at 270°F, in term s of the quality param
eters measured. That is, little change in 
color, pH, and organic acids was noted 
above 270°F , and in certain cases proc
essing above this tem perature might be 
inappropriate.

It is interesting to  note that PCA was 
found in fresh samples, since Markakis 
and Amon (1969) state tha t no PCA was 
found in fresh fruits and vegetables. 
However, Johnston and Hammill (1968) 
also found PCA in several vegetables. This 
leads to  the conclusion tha t bo th  type 
and variety of vegetable would be an 
im portant consideration in predicting the 
presence of PCA.

As m entioned previously there is a 
possibility of public health implications 
in HTST processed foods. In the tem pera
ture range of 270°F to  280°F  very small 
changes in pH and increases in organic 
acids are noted. If at such tem peratures, 
an F 0 value equivalent to  tha t used at 
240°F is em ployed, there might be a 
possibility of underprocessing if the food 
has a pH about 4.5. This class o f food 
material has not been investigated in this 
manner but the implications from this 
work are such that an investigation of this 
type might prove invaluable.
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ASCORBIC ACID AND COLOR CHANGES IN SUMMER SQUASH AS 
INFLUENCED BY BLANCH, pH AND OTHER TREATMENTS

S U M M A R Y —T h e  e f f e c t  o f  t im e  o f  b la n c h ,  p H ,  a n d  o t h e r  t re a tm e n ts  o n  c h a n g e s  in  a s c o r b ic  a c id  

a n d  c o lo r  o f  s u m m e r  s q u a s h  p u r e e  w a s  s t u d ie d  a t  5 0 ° C  to  d e te r m in e  s o m e  o f  th e  c h e m ic a l  

r e a c t io n s  t h a t  in f lu e n c e  q u a l i t y .  T h re e  ty p e s  o f  c h a n g e s  o c c u r r e d  d u r in g  h o ld in g  a t  5 0 ° C : ( 1 ) lo s s  

o f  y e l lo w  c o lo r ;  (2 )  b r o w n in g  r e a c t io n s ;  a n d  ( 3 )  lo s s  o f  a s c o r b ic  a c id .  A s c o r b ic  a n d  d e h y d r o -  

a s c o rb ic  a c id s  w e re  r a p id ly  o x id iz e d  a t  5 0 ° C .  T h e  r e a c t io n  w as s lo w e r  a t  p H  5 . 0  th a n  a t  p H  6 . 0  a n d  

7 .5 . C o lo r  r e te n t io n  as m e a s u r e d  b y  th e  C D M  w as g r e a te r  a t  th e  h ig h e r  p H  le v e ls . T im e  o f  b la n c h  

d id  n o t  a f f e c t  C D M  a / b  ( h u e )  b u t  d i d  in c re a s e  \ J a 2 +  b 2 ( c h ro m a )  a n d  d e c re a s e d  th e  C D M  L  

( lig h tn e s s ).  B o th  c o lo r  a n d  a s c o r b ic  a c id  w e re  lo s t  v e ry  r a p id ly  in  u n b la n c h e d  s q u a s h  p u r e e  u n d e r  

th e s e  c o n d it io n s .  B r o w n in g  r e a c t io n s  h a d  a  m a jo r  in f lu e n c e  o n  C D M  c o lo r  va lu e s , e v e n  in  b la n c h e d  

s q u a s h  a l th o u g h  th e  c h a n g e s  in  c a r o t e n o id  p ig m e n ts  w e re  less p r o n o u n c e d .

INTRODUCTION
THE PRODUCTION OF summ er squash 
for freezing has been increasing in recent 
years even though it is not especially 
desirable for freezing because of high 
water content. A good dem and for sliced, 
frozen squash has prom pted processors to  
continue to  pack this item  although they 
have become quite concerned about the 
loss o f color and deterioration of eating 
quality during storage.

Ascorbic acid content has been recog
nized as a criterion for evaluating quality 
changes in frozen vegetables because of 
the ease w ith which it can be analyzed 
and speed of degradation under unfavor
able conditions (Tressler and Evers,
1957). The recom m ended tim e o f blanch 
for inactivation of enzymes in sliced 
summer squash is 3-1/2 min in boiling 
water and 4-1/2 min in steam. In most 
instances where vegetables were ade
quately blanched and packaged before 
freezing, ascorbic acid was fairly stable at 
tem peratures o f — 18°C or lower.

Earlier studies on frozen summer 
squash indicated tha t there was a rapid 
loss of ascorbic acid during storage of 
sliced, packaged, frozen summer squash 
(Sistrunk and Cash, 1968). The change in 
ascorbic acid appeared to  be associated 
w ith variety and inadequate blanching. 
Significant changes in color occurred dur
ing storage even in blanched squash. 
Maximum stability of ascorbic acid and 
color was attained by blanching 4 to  6 
min in either boiling water or steam The 
rate o f reduced ascorbic acid loss in 
frozen vegetables has been shown to be 
re la te d  to  tim e-tem perature history 
(Dietrich et al., 1957). They emphasized 
that there were differences between veg
etables and varieties o f the same vegetable 
in the loss o f ascorbic acid and color, and 
th a t differences in stability may be due to  
pH.

The degradation of carotene and loss 
of color in carrots was studied in moist

air at 62°C in the presence of oxygen in 
24 hr (Weier, 1944). When diced carrots 
were blanched 5 min in water at 
80— 100°C there was very little loss of 
color during the incubation period. Weier
(1947) dem onstrated tha t color in carrot 
cylinders was more stable in neutral 
phosphate buffers than in acid or alkaline 
pH. Blanching seemed to  release an inhib
ito r system tha t prevented degradation of 
color.

The present study was conducted on 
squash puree at an accelerated tem pera
ture o f 50°C for a duration of 24 hr. The 
purpose was to  further define: (1) the 
relationship of tim e of blanch to  ascorbic 
acid breakdown; (2) the influence of 
ascorbic acid on color changes; and (3) 
the relationship of pH, holding at 50°C, 
tim e of blanch, catechol, and calcium 
conten t to  color changes in summer 
squash.

EXPERIMENTAL
IN  1 9 6 8 ,  tw o  v a r ie t ie s  o f  s u m m e r  s q u a s h ,  
S e n e c a  P r o l i f i c  H y b r id  a n d  Y e llo w  C r o o k n e c k ,  
w e re  w a s h e d  a n d  s l ic e d  in  3 /8  i n c h  s lic e s . T h e  
s lic e d  s q u a s h  w a s  p la c e d  i n t o  s ta in le s s  s te e l  b a s 
k e t s  w i t h  c o v e r s  a n d  s u b m e r g e d  in  b o i l in g  w a te r  
in  a  la rg e  s te a m  k e t t l e .  T im e s  o f  b l a n c h  w e r e  0 , 
3 , 4 ,  5 ,  a n d  6  m in .  A f t e r  b l a n c h in g  t h e  s q u a s h  
w a s  c o o le d  in  c o ld  t a p  w a t e r ,  f i l le d  i n t o  h e a v y -  

d u t y  p la s t i c  b a g s  a n d  f r o z e n  a t  - 2 0 ° C .  T h e

T a b le  1— T h e  e f f e c t  o f  b la n c h in g  t im e ,  p H ,  a n d  h o ld in g  t im e  o n  c o lo r  a n d  a s c o r b ic  a c id  o f  s q u a s h  
p u r e e  (S e n e ca  P r o l i f ic ) .

V a r ia b le
H u n t e r  C D M  v a lu e s  

‘L ’ ‘-a ’ ‘b ’

‘a ’/ ‘b ’
( h u e )

A sc o rb ic ®
a c id

( m g / 1 0 0 g )

D e h y d r o -
a s c o rb ic

a c id

(m g /1 0 0 g )

B la n c h  t im e  (m in )

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

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

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

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

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

F  v a lu e 1 8 .5 5 6 * * f 6 .8 5 1  * * 1 8 .7 8 8 * * 2 .1 6 3 2 3 .4 6 1 * * 3 1 .8 9 5 * *

L S D  @ 5 %  le v e l .8 .3 1 .8 N S .4 9 .7 4

1%  le v e l 1 .1 .4 2 1 .1 1 N S .6 7 1 .0 0

P H
4 .2 5 8 .1 6 .1 8 2 0 .2 .3 0 7 2 .7 8 3 .6 4

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

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

F  v a lu e 1 8 3 .6 7 9 * * 1 4 .1 0 0 * * 1 .5 0 0 5 .0 2 0 * 2 .9 0 9 2 5 .5 1 2 * *

L S D  @ 5 %  le v e l .6 .2 0 N S .0 1 1 N S .5 7

1 % le v e l .9 .2 7 N S N S N S .7 8

H o ld in g  t im e  ( h r )

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

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

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

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

F  v a lu e 2 9 .7 1 6 * * 4 2 .2 8 0 * * 1 9 .4 2 6 * * 7 .5 8 8 * * 1 9 4 .8 5 6 * * 1 3 2 .8 4 0 * *

L S D  @ 5 %  le v e l .7 .2 4 .7 .0 1 3 .4 4 .6 6

1%  le v e l 1 .0 .3 1 1 .0 .0 1 7 .5 9 .9 0

a N o  a s c o r b ic  a c id  a d d e d  t o  p u r e e .  
* 5 %  le v e l o f  s ig n i f ic a n c e .
**1% le v e l o f  s ig n i f ic a n c e .

V o lu m e  3 5  ( 1 9 7 0 1 - J O U R N A L  O F  F O O D  S C IE N C E - 6 4 5



6 4 6 - J O U R N A L  O F  F O O D  S C I E N C E - V o l u m e  3 5  ( 1 9 7 0 )

T a b le  2 —T h e  e f f e c t  o f  b la n c h in g  t im e ,  p H ,  h o ld in g  t im e ,  a n d  c a lc iu m  o n  th e  c h a n g e  in  c o lo r

a n d  a s c o r b ic  a c id  in  s q u a s h  p u r e e  (S e n e ca  P r o l i f ic ) . ___________________________________________________________

D e h y d r o -

V a r ia b le

H u n te r  C D M  v a lu e s  

‘L ’ ‘-a ’ ‘b ’

\J  a2 +  b 2 
( c h r o m a )

A s c o rb i c
acid®

(m g /1 0 0 g )

a s c o r b ic

a c id 3

(m g /1 0 0 g )

B la n c h  t im e  ( m in )

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

3 5 5 .7 6 .8 3 2 2 .2 2 3 .2 1 7 .4 6 .7

5 5 4 .6 7 .1 2 2 1 .7 2 2 .8 2 6 .7 3 .8

F  v a lu e 1 0 7 .7 7 1 * * 2 1 .7 1 8 * * 7 4 7 .3 4 0 * * 7 3 4 .1 3 9 * * 1 2 1 4 .9 5 2 * * 2 0 0 .1 7 6 * *

L S D  @ 5 %  le v e l .6 .6 0 .4 .4 1.0 1.1

1%  le v e l .8 .8 0 .6 .6 1 .4 1.5

H o ld in g  t im e  ( h i )

0 5 7 .2 6 .5 0 2 1 .1 2 2 .0 2 4 .1 1 4 .3

1 5 7 .0 6 .6 0 1 9 .1 2 0 .7 1 4 .9 1 1 .7

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

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

F  v a lu e 1 0 .6 2 7 * * 1 .6 1 9 3 4 .5 8 7 * * 3 3 .2 6 7 * * 2 2 1 .7 6 2 * * 1 3 9 .9 2 6 * *

L S D  @ 5 %  lev e l .7 N S .5 .5 1 .2 1 .3
1 % le v e l 1.0 N S .6 .7 1 .6 1 .8

P H
5 .0 5 6 .5 6 .0 8 1 9 .2 2 0 .1 1 6 .5 9 .6

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

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

F  v a lu e 2 .7 2 8 3 .5 0 7 * 6 .9 8 0 * 9 .9 2 4 * * 7 .5 9 3 * * 1 6 .3 9 3 * *

L S D  @ 5 %  le v e l N S .6 0 .4 .4 1.0 1.1
1%  le v e l N S N S .6 .6 1 .4 1 .5

T r e a t m e n t
C a lc iu m 5 7 .4 6 .4 3 1 9 .8 2 0 .8 1 4 .7 7 .8
N o  c a lc iu m 5 5 .4 6 .4 1 1 9 .4 2 0 .5 1 6 .1 9 .0

F  v a lu e 5 9 .6 0 7 * * .0 0 6  N S 4 .8 7 1 * 4 .1 4 5 * 1 2 .4 3 5 * * 6 .7 7 5 *
a 2 5  m g / 1 0 0  g o f  a s c o r b ic  a c id  a d d e d .  
* 5 %  le v e l o f  s ig n if ic a n c e .
**\% le v e l o f  s ig n if ic a n c e .

f r o z e n  s q u a s h  w a s  s to r e d  u n t i l  t h e  v a r io u s  e x 
p e r im e n t s  w e re  c o n d u c t e d .

S u f f i c i e n t  f r o z e n  s q u a s h  o f  t h e  d i f f e r e n t  
t im e s  o f  b l a n c h  w a s  p a r t i a l l y  th a w e d  in  a ir  u n t i l  
i t  c o u ld  b e  c h o p p e d  f in e ly  w i t h  a  la rg e  k n if e .  
T h e  s q u a s h  w a s  w e ig h e d  a n d  b l e n d e d  w i th  
.0 2 5 M  N a 2 H P 0 4 b u f f e r  ( 4 : 1 )  f o r  5  m in .  T h e n  
th e  e n t i r e  b a t c h  w a s  m ix e d  t h o r o u g h l y  b e f o r e  
d iv id in g  f o r  t h e  v a r io u s  t r e a tm e n t s .  W h e re v e r  an  
e x p e r i m e n t  in v o lv e d  d i f f e r e n t  p H  le v e ls ,  th e  
b u f f e r e d  s q u a s h  w a s  a d ju s t e d  t o  t h e  c o r r e c t  p H  
w i t h  e i t h e r  2 5 %  N a 2 H P 0 4 o r  2 5 %  H 3 P 0 4 . T h e  
t r e a t m e n t s  w e re  m a d e  u p  in  b u f f e r  a t  6 .3  p H  
j u s t  p r i o r  t o  b l e n d in g  w i t h  t h e  s q u a s h .  A f t e r  th e  
t r e a tm e n t s  w e r e  a p p l i e d ,  t h e  s a m p le s  w e re  
s t i r r e d  1 m in  w i t h  a  m a l t e d  m i lk  m ix e r  s e t  a t  
lo w  s p e e d .  T h e  p u r e e  w a s  f i l le d  i n t o  f iv e  g la ss  
v ia ls  f o r  e a c h  t r e a t m e n t  t o  a  f i l l  o f  3 0 g . T w o  
d r o p s  o f  to lu o l  w e r e  p la c e d  in  e a c h  v ia l  to  
i n h ib i t  b a c t e r i a l  g r o w th .  T h e  o r ig in a l  s e t  (0  
t im e )  w a s  a n a ly z e d  f o r  c o lo r  b y  t h e  H u n te r  
C o lo r  a n d  C o lo r  D i f f e r e n c e  M e te r  (C D M ) a n d  
p la c e d  im m e d ia te ly  i n t o  t h e  f r e e z e r  a t  - 2 0 ° C .

A ll  o t h e r  v ia ls  w e r e  p la c e d  in  t h e  w a t e r  b a t h  
a t  5 0 ° C .  A  p le x ig la s s  c o v e r  w a s  p la c e d  o v e r  th e  
e n t i r e  l o t  o f  v ia ls  t o  p r e v e n t  e v a p o r a t io n .  S u b 
s e q u e n t  s a m p le s  w e r e  r e m o v e d  a n d  c o o le d  b e 
f o r e  r e c o r d in g  c o lo r  a s  s h o w n .  T h e n  th e  v ia ls  
w e re  c a p p e d  t i g h t ly  a n d  f r o z e n  in  t h e  s a m e

m a n n e r  a s  t h e  o r ig in a l  s e t .  A t  e a c h  s a m p l in g  th e  
r e m a in in g  v ia ls  in  t h e  w a t e r  b a t h  w e re  s h a k e n  
t o  m ix  th e  c o n t e n t s  in  t h e  v ia ls . T h e  m e a s u r e 
m e n t  o f  c o lo r  o n  t h e  C D M  w a s  g r e a t ly  f a c i l i 
t a t e d  b y  u s in g  t h e  s m a l l  o p e n in g  s e t t i n g  o n  th e  
i n s t r u m e n t  a n d  a  s m a l l -h o le d  p l a t e  t o  r e a d  th e  
c o lo r  d i r e c t l y  in  t h e  g la s s  v ia ls . P r e l im in a r y  
s tu d ie s  in d i c a t e d  t h a t  th i s  p r o c e d u r e  g a v e  a c c u 
r a t e  r e s u l ts .  A  w h i t e  N a t io n a l  B u re a u  o f  S t a n d 
a rd s  p l a q u e  w a s  u s e d  as a  s t a n d a r d .  T h e  s e t t in g s  
f o r  t h e  s t a n d a r d  w e re  a s  fo l lo w s :  L  =  9 1 .8 ;  a  = 
1 .6 ; a n d  b  =  1 .6 .

Analytical
A s c o r b i c  a c id  w a s  d e t e r m in e d  b y  th e  c o lo r 

im e t r ic  m e t h o d  o f  M o re l l  ( 1 9 4 1 )  b y  th a w in g  
th e  v ia ls  o f  p u r e e  in  c o ld  t a p  w a t e r  f o r  15 m in  
b e f o r e  e x t r a c t in g .  D e h y d r o a s c o r b i c  a c id  w a s  
a n a ly z e d  o n  th e  s a m e  e x t r a c t  b y  th e  2 ,4 -d in i -  
t r o p h e n y l h y d r a z i n e  m e t h o d  ( R o e  a n d  O e s te r -  
l in g ,  1 9 4 4 ) .  T o t a l  c a r o t e n o id  p ig m e n ts  w e re  
d e t e r m in e d  b y  e x t r a c t i n g  1 0 g  s a m p le s  o f  th e  
p u r e e  w i th  9 0  m l  o f  S k e l ly s o lv e  B s a tu r a t e d  
w i th  9 5 %  e t h a n o l  ( 1 9 : 1 ) .  A f t e r  b l e n d in g  th e  
s a m p le s  w i t h  a n  o s te r iz e r  o n  lo w  s p e e d  f o r  2  
m in ,  a  1 0  m l  a l i q u o t  w a s  a d d e d  t o  4 g  o f  a n h y 
d r o u s  N a 2 S 0 4  in  v ia ls . T h e  c a p p e d  v ia ls  w e re  
s h a k e n  a n d  a f t e r  s t a n d i n g  3 0  m in  to  a l lo w  c la r 
i f i c a t i o n ,  t h e  p e r  c e n t  t r a n s m is s io n  w a s  re 

c o r d e d  o n  a  s p e c t r o p h o t o m e t e r  s e t  a t  4 5 0  m ;u. 
T h e  d a t a  w e re  c a l c u la te d  a s  b e t a  c a r o t e n e  f r o m  
a  s t a n d a r d  c u rv e .  D a ta  w e re  a n a ly z e d  a s  f a c t o 
r ia l  e x p e r im e n t s  b y  s t a n d a r d  s t a t i s t i c a l  p r o c e 
d u r e s .

RESULTS & DISCUSSION
THE CHANGE IN color o f unblanched 
squash was rapid after the blend was 
prepared. Nevertheless, it was included in 
each experim ent to  measure the effects o f 
active enzymes on color and ascorbic acid 
when other variables were introduced.
E ffect o f  pH o n  co lor

It was found in preliminary studies 
that squash tha t received no blanch and 3 
min blanch was lower in pH than squash 
that was blanched for longer times 
(Sistrunk and Cash, 1968). The normal 
pH of blanched squash was 6 .0—6.2. 
Earlier studies on carrots have shown that 
carotene was more stable at neutral pH 
(Weier, 1947). Actually there was an 
increase in CDM ‘a’ value by increasing 
the pH to  7.5 (Tables 1, 2, 3,). The a/b 
ratio (hue) shown in Table 1, and chroma 
(Table 2) were also higher at pH 7.5, a 
difference tha t was visible as a darker 
yellow color. There was a decrease in ‘L’ 
value (lightness) at pH 7.5 (Tables 1, 3). 
In the short term  experim ent higher pH 
did not affect ‘L’ value because o f the 
influence of calcium (Table 2).
E ffect o f  tim e o f  b lanch on co lor

There was an increase in CDM ‘a ’ value 
with an increase in tim e of blanch regard
less of the other variables (Tables 1, 2, 3,
4). Time of blanch did not affect a/b 
ratio (hue) although the chrom a was 
increased by longer blanching. Higher 
chroma values were visible as darker 
yellow color except where browning oc
curred.

The CDM ‘L’ value was decreased w ith 
longer blanching in the variety Seneca 
Prolific Hybrid (Tables 1, 2) and in
creased by blanching in Yellow Crook- 
neck (Tables 3, 4). This difference was 
produced to  some extent by the addition 
of catechol (Table 4) since the browning 
reaction was accelerated in unblanched 
squash. Also, the color of Yellow Crook- 
neck squash was m ore stable in the 
blended, unblanched squash, which could 
have accounted for part o f the difference 
in ‘L’ value.

E ffect o f  ho ld ing tim e o n  co lor
There was a significant change in color 

during the first 6 h r of the experim ents. 
Some of this change was due to  the effect 
o f pH, the rapid loss in the unblanched 
sample, and the acceleration of browning 
by catechol. However, the color was 
significantly changed during the first 6 hr 
o f the experim ent as dem onstrated by the 
decrease in CDM ‘a’ and hue (Table 1). 
Chroma, CDM ‘b ’ and ‘L’ values de
creased rapidly in the short term  exper
im ent (Table 2). Calcium increased the
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T a b le  5 — T h e  e f fe c t  o f  b la n c h ,  a s c o r b ic  a c id ,  a n d  h o ld in g  t im e  o n  

c a r o te n e  in  s q u a s h  p u r e e  ( Y e l lo w  C r o o k  n e c k ) a .

H o ld in g  t im e  ( h r )  a t  5 0 ° C

B la n c h  0  3 6  2 4
T r e a t m e n t ( m in ) ( m g / 1 0 0 g )

A s c o rb i c 0 1 .9 2 .6 6 .6 2 .5 4
N o  a s c o r b ic 1 .9 2 .8 4 .7 2 .5 1

A s c o rb ic 4 1 .8 9 1 .2 6 1 .0 2 1 .0 8
N o  a s c o r b ic 1 .8 9 1 .4 1 1 .2 0 1 .0 5

A s c o rb ic 6 2 .0 9 1 .8 3 1 .2 3 1 .1 1
N o  a s c o rb ic 2 .0 9 1 .6 5 1 .0 9 .9 9

a D a ta  r e p r e s e n t s  t h e  m e a n  o f  f o u r  r e p l ic a t io n s .

reflectance (CDM ‘L’) and apparently had 
a stabilizing effect on the color since 
CDM ‘L’, ‘b ’, and chroma were higher in 
the presence of Ca. A ready supply of 
available oxygen in the blend at the 
outset of the experim ent produced 
browning reactions rapidly in the pres
ence of active enzymes. Catechol resulted 
in more browning, even in blanched 
squash where enzymes were inactivated as 
dem onstrated by a decrease in CDM ‘L’ 
(Table 4). The decrease in CDM ‘L’ 
during holding might have occurred 
partly from a dull browning due to  
change of chlorophyll to  pheophytin. The 
dullness did not show up in samples 
where ascorbic acid was added until after 
the 12 hr holding time.
Effect of ascorbic and dehydroascorbic 
acid

Either ascorbic or dehydroascorbic 
acid was oxidized rapidly in squash. It 
was shown in previous studies (Sistrunk 
and Cash, 1968), that some varieties are 
better sources of ascorbic acid than o th 
ers either raw or blanched.

The pH had a significant effect on the 
loss of ascorbic and dehydroascorbic 
acids as dem onstrated by the higher 
retention  at pH 5.0 (Table 2, 3). Dehy
droascorbic acid was oxidized as rapidly 
as ascorbic acid as exemplified by the 
effect o f holding tim e. Blanching influ

enced ascorbic acid retention , but there 
was no effect beyond a 3 min blanch 
where no ascorbic acid was added (Table
1). Differences in ascorbic and dehydro
ascorbic acid between 3 and 6 min time 
of blanch were more pronounced where 
ascorbic acid was added (Table 3). The 
rate of oxidation during holding was 
approxim ately the same in bo th  the 2 
acids since there was no significant differ
ence in the dehydroascorbic acid when 
either ascorbic or dehydroascorbic acid 
was added to  the blend (Table 3). The 
addition o f ascorbic acid to  squash puree 
resulted in higher CDM ‘b ’ and chroma as 
com pared to  adding dehydroascorbic 
acid. There was no difference between 
the tw o acids on browning reactions since 
the ‘L’ values were comparable.

Calcium had an accelerating effect on 
oxidation of ascorbic acid since the values 
for both  acids were lower when Ca was 
added (Table 2). There was a significant 
effect o f concentration of ascorbic acid 
on the CDM ‘a’, ‘b ’, and chroma (Table
4). The higher concentration retained 
more color. The increase in CDM ‘L’ with 
the acid resulted primarily from  the 
inhibition of browning reactions pro
duced by catechol.

Extracted pigments
The to ta l pigments were extracted 

only on part o f the samples in the various

experiments. There did no t appear to  be 
as much change in extracted pigment 
during holding as there was in color as 
determined by the CDM. Nonenzym atic 
browning reactions had a major influence 
on color by the CDM in blanched squash. 
Ascorbic acid decreased the rate o f pig
ment breakdown (Table 5). Also in un
blanched squash, th e  pigment was lost 
rapidly following blending.

From  the results o f these studies it was 
concluded tha t bo th  ascorbic and dehy
droascorbic acids inhibited browning 
reactions in blanched squash and m ark
edly influenced color. When summer 
squash was inadequately blanched, ascor
bic acid was oxidized rapidly along w ith 
the carotenoid pigments. The most im
portant factor contributing to  com plete 
loss o f color and development of off- 
flavor was inadequate blanching, although 
non-enzymatic browning as well as loss o f 
carotenoid pigments and ascorbic acid did 
occur in squash that was blanched prop
erly. Further studies need to  be con
ducted on the enzymes and o ther constit
uents tha t affect carotenoid pigment 
oxidation in squash as well as those that 
produce browning reactions.
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PRODUCTION OF FROZEN ORANGE-JUICE CONCENTRATE 
FROM CENTRIFUGALLY SEPARATED SERUM AND PULP

S U M M A R Y —A n  o ra n g e  c o n c e n t r a te  p r o d u c t io n  p ro c e s s , b a s e d  o n  c e n t r i f u g a l  s e p a ra t io n  o f  th e  

ju ic e  in t o  p u lp  a n d  s e ru m , w a s  e v a lu a te d .  I n  t h is  p ro c e s s ,  th e  s e ru m  a lo n e  w a s  c o n c e n t r a te d  to  a 

h ig h  d e g re e  ( 7 0 —8 0 ° B r ix )  a n d  r e c o m b in e d  w i t h  th e  p u lp  b e fo r e  f re e z in g ,  t o  p r o d u c e  a  f u l l - f la v o r  

c o n c e n t r a te  o f  a b o u t  5 5 ° B r ix .  T h e  e f f e c t  o f  t im e  a n d  c e n t r i f u g e  a c c e le r a t io n  o n  s e p a ra t io n ,  as w e l l  

as t h a t  o f  v a r io u s  h e a t  t r e a tm e n ts  o f  th e  ju ic e  b e fo r e  s e p a ra t io n  o n  c o n c e n t r a te  p r o p e r t ie s ,  w as  

in v e s t ig a te d .  T h e  p u lp  w a s  f o u n d  to  b e  c o m p re s s ib le .  M o s t  o f  th e  e s s e n t ia l o i l  w a s  f o u n d  in  th e  

p u lp  f r a c t io n  a n d  th e  r e s id u a l o i l  c o n t e n t  in  th e  s e ru m  f r a c t io n  s h o w e d  l i n e a r i t y  w i t h  s e ru m  

t u r b id i t y .  C o n c e n t ra te s  p r o d u c e d  b y  th e  s e p a ra t io n  m e th o d  in  q u e s t io n  w e re  s ta b le  a n d  h a d  

s u p e r io r  o r g a n o le p t ic  p r o p e r t ie s  c o m p a r e d  w i t h  th o s e  p r o d u c e d  b y  th e  c o n v e n t io n a l m e th o d  u s in g  

f re s h  c u t -b a c k  ju ic e .  T h e  e s s e n t ia l o i l  c o n t e n t  o f  th e  n e w  c o n c e n tr a te s  w a s  h ig h  e n o u g h  to  d is p e n s e  

w i th  a d m ix t u r e  o f  p e e l o i l .  I t  w a s  f o u n d  t h a t  s ta b le  c o n c e n tr a te s  c a n  b e  p r o d u c e d  w i t h o u t  h e a t  

t r e a tm e n t  o f  th e  fe e d  ju ic e .

F ig . 1 —S c h e m a tic  d ia g ra m  o f  p ro c e s s in g  f ro z e n  o ra n g e  c o n c e n tr a te s  b y  

c o n v e n t io n a l a n d  p u lp - s e ru m  m e th o d .

INTRODUCTION
THERE ARE several m ethods for flavor 
enhancem ent in citrus concentrates to 
com pensate for losses during vacuum 
evaporation. The m ethod most com
monly used is that o f “ cutback” of fresh 
juice to  concentrates with or w ithout 
adm ixture of peel oil. O ther m ethods are 
that of aroma recovery (Bomben et al., 
1966; Mannheim et al., 1967), based on 
capture of the arom atic substances from 
the vapors and their concentration, and 
that of “juice em ulsion,” based on the 
addition of the oil fraction of the juice 
ob ta ined  by centrifugation (Lawler, 
1964).

The production of tom ato  concentrate 
from  centrifugally separated pulp and 
serum was described by Mannheim and 
Kopelman (1964). The main idea of this 
process is based on the low viscosity of 
the serum which substantially increases 
the heat transfer coefficients, facilitates 
concentration and reduces browning. Use 
of this process for citrus juice concentra
tion was described originally by Meizner
(1940), but no practical way of preserv
ing the concentrate was suggested. 
Recently, several patents involving cen
trifugal separation in the production of 
citrus concentrates were issued (Brown, 
et al., 1966; Sargeant, 1968; Sperti,
1968).

If this process is to  be used for 
high-flavor orange concentrate produc
tion, 2 major problems must be over
come. The first concerns heat treatm ent 
which is necessary for cloud stabilization 
(Guyer et al., 1956), bu t im parts a 
cooked flavor to  the product. The other 
is the behavior of juice during centrifuga
tion, especially the possibility of pulp 
compression which may affect the m ate
rial balance and the final concentration. 
These 2 problems were investigated in 
this work.

MATERIALS & METHODS
RAN DOM  samples o f  Israeli Sh am ou ti and 
V alencia oranges were taken a t an industrial 
p lant. A fter washing and sorting, the ju ic e  was 
extracted  on a FM C In lin e  Ju ice  E x tra c to r  
m ode! 7 1 8 , screened in a Sw eco-V ibro  Separa
tor M odel S -1 8  (0 .6-m m  screen) and processed 
as described in F igure 1. T h e  screened ju ice  was 
heated  to  the required tem perature in an A lfa- 
Laval p late h eat exchanger M odel PL-I-HB and, 
a fter holding for 5 sec, cooled  in the same 
equipm ent. Separation  was carried ou t in an 
E scher Wyss scraper-type centrifuge M odel 
H S -400 , w ith a basket diam eter o f  38  cm , using

V o lu m e  3 5  ( 1 9 7 0 ) - J O U R N A L  O F  F O O D  S C I E N C E - 6 4 9
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F ig . 2 —R e la t io n s h ip  b e tw e e n  p u lp  v o lu m e  a n d  c e n t r i f u g a t io n  c o n d i

t io n s .  a  =  a c c e le r a t io n  ( c m /s e c 2 ) ,  t  =  t im e  o f  c e n t r i f u g a t io n  (sec).

F ig . 3 —R e la t io n s h ip  b e tw e e n  d - l im o n e n e  c o n t e n t  a n d  s e ru m  t u r b id i t y .  

1. S h a m o u t i  ju ic e ,  2 . V a le n c ia  ju ic e .

s p e e d s  o f  2 1 4 0  a n d  2 9 4 0  r p m .  T h e  p u l p  w a s  
r e m o v e d  f r o m  c e n t r i f u g e  a n d  k e p t  u n d e r  r e f r ig 
e r a t i o n  ( 4 ° C )  p e n d in g  u s e .  T h e  s e r u m  w a s  
c o n c e n t r a t e d  in  a n  A l f a  L a v a l C e n t r i t h e r m  
E v a p o r a to r  M o d e l  C T -1 . T h e  c o n c e n t r a t e d  
s e r u m  w a s  m ix e d  w i t h  t h e  p u lp  a n d  p a c k e d  in  
2 1 1  x  1 0 8  (1 0 0 - g )  c a n s .  T h e  p r o d u c t  w a s  
f r o z e n  in  a  b l a s t  f r e e z e r  a t  a b o u t  - 3 5 ° C  a n d  
s to r e d  a t  —1 8 ° C . J u ic e  f o r  t h e  c o n v e n t io n a l  
c o n c e n t r a t e s  w a s  h e a t e d  in  a  p l a t e  p a s t e u r i z e r  
t o  9 0 ° C  f o r  5  s e c ,  c o o le d  a n d  c o n c e n t r a t e d  t o  
6 0 - 6 5 ° B r ix .  T h i s  c o n c e n t r a t e  w a s  m ix e d  w i th  
f r e s h  ju ic e  t o  g iv e  a  4 5 ° B r ix  f in a l  p r o d u c t ,  
w h ic h  w a s  a ls o  b la s t - f r o z e n  a n d  s to r e d  a t  
- 1 8 ° C .

F o r  t h e  s tu d y  o f  t h e  j u i c e  b e h a v io r  d u r in g  
c e n t r i f u g a t io n ,  j u i c e s  w e re  c e n t r i f u g e d  in  
c o n ic a l  5 0 -m l  t u b e s  in  a  M S E  l a b o r a t o r y  c e n t r i 
fu g e  3 9  c m  in  d ia m e te r .  S p e e d s  o f  1 3 0 0 ,  2 0 5 0 ,  
2 5 0 0  a n d  3 0 0 0  r p m  a n d  r e s id e n c e  t im e s  o f  2 ,  6 , 
1 0  a n d  1 4  m in  w e re  u s e d .  T h e  c o n c e n t r a t e s  
w e re  d i l u t e d  t o  1 1 .0 ° B r ix  b e f o r e  a n a ly s is .

P u lp  c o n t e n t  w a s  m e a s u r e d  b y  c e n t r i f u g in g  
r e c o n s t i t u t e d  j u i c e  i n  c o n ic a l  5 0 -m l t u b e s  in  a  
M S E  c e n t r i f u g e  a t  1 3 0 0  rp m  f o r  1 0  m in .  T h e  
s e r u m  o b t a i n e d  in  t h e  p u lp  d e t e r m in a t io n  w a s  
e x a m in e d  f o r  t u r b i d i t y  u s in g  a  K le t t -C o lo r im -  
e t e r  [ w i th  a  r e d  (N o .  6 6 )  f i l t e r ]  c a l i b r a t e d  w i th  
a  b e n t o n i t e  s u s p e n s io n .  R e c o n s t i t u t e d  j u i c e  w a s  
p u t  in  a  1 0 0 -m l g r a d u a te d  c y l in d e r  f o r  3 0  m in  
t o  d e t e r m in e  th e  d e g re e  o f  s e r u m  s e p a r a t io n .  
E s s e n t i a l  o i l ,  e x p r e s s e d  a s  d - l im o n e n e ,  w a s  
m e a s u r e d  b y  t h e  b r o m a t e  t i t r a t i o n  m e t h o d  
( S c o t t  a n d  V e ld h u is ,  1 9 6 6 ) .  T h e  c o lo r  o f  j u i c e  
w a s  t e s t e d  in  a  H u n te r  L a b  D -2 5  c o lo r  d i f f e r 
e n c e  m e te r ,  c a l i b r a t e d  w i th  a  s t a n d a r d  t i l e  w i th  
v a lu e s  R d  = 6 9 .2 ,  a  = - 4 . 6 .

T h e  r e c o n s t i t u t e d  j u i c e s  w e r e  e v a l u a te d  
o r g a n o le p t ic a l ly ,  a t  r o o m  t e m p e r a t u r e ,  b y  a  
p a n e l  o f  a t  l e a s t  1 0  m e m b e r s  in  a  t e s t i n g  r o o m  
w i th  d im  l ig h ts  t o  e l im in a te  t h e  e f f e c t  o f  v is u a l  
d i s t i n c t io n .  S a m p le s  w e re  s c o r e d  f r o m  1 ( w o r s t )  
t o  1 0  ( b e s t ) .  R e s u l t s  w e r e  s u b je c t e d  t o  a n a ly s is  
o f  v a r ia n c e  a n d  w h o l ly  s ig n i f i c a n t  d i f f e r e n c e s  
d e t e r m in e d  ( V o lk ,  1 9 5 8 ) .

RESULTS & DISCUSSION
Juice centrifugation

Pulp determ inations after centrifuga
tion at different times and speeds showed 
(Fig. 2) tha t the pulp was compressible to 
such an extent tha t further sedim entation

T a b le  1—D is t r ib u t io n  o f  e s s e n tia l o i l  b e tw e e n  s e ru m  a n d  p u lp  in  S h a m o u t i  o r a n g e  ju ic e .

T o t a l  d l
in  s e r u m  d l  in  o r ig in a l

E x p e r i m e n t
N o . S e ru m  (% )

d l  in  s e r u m  

( m l / l i t e r )  (%) P u lp  (% )

d l  in  p u lp

( m l /k g )  (% )
a n d  p u lp  
( m l / l i t e r )

j u i c e

( m l / l i t e r )

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

d l  =  O ra n g e  o i l  e x p r e s s e d  a s  d - l im o n e n e .

T a b le  2 —R e la t io n s h ip  b e tw e e n  s e ru m  t u r b id i t y  a n d  d - l im o n e n e  c o n te n t .

E x p e r i m e n t
N o .

H e a t  t r e a t m e n t  

° C
C o r r e l a t i o n  b e tw e e n  

d - l im o n e n e  ( d l )  a n d  t u r b i d i t y  (T )

D e g re e  o f  
f r e e d o m r

1 6 0 d l  = 0 . 0 2 1 3 T  + 0 .0 2 0 1 14 0 .8 9 1 * * *
1 8 0 d l  =  0 .0 2 5 6 T  +  0 .0 0 8 3 13 0 .9 6 8 * * *
1 9 0 1 d l = 0 . 0 1 6 6 T  + 0 .0 2 4 8 14 0 .9 2 3 * * *
2 6 0 d l  = 0 .0 2 5 7 T  +  0 .0 0 8 2 14 0 .9 5 5 * * *
2 8 0 d l  =  0 . 0 2 4 5 T +  0 .0 1 6 3 9 0 .9 9 8 * * *
2 9 0 1 d l  = 0 . 0 2 2 2 T + 0 .0 1 6 4 15 0 .9 8 9 * * *

1 H o t - f i l l e d  a n d  c o o le d  in  c o n ta in e r .  
* * * S ig n i f ic a n t  a t  9 9 .9 %  c o n f id e n c e  le v e l.

of fine particles from  the cloud did not 
suffice to  prevent a decrease in measur
able pulp volume.

Table 1 shows tha t most of the essen
tial oil, expressed as d-limonene, was 
found in the pulp fraction. The material 
balance showed tha t no oil was lost 
during centrifugation. The residual oil 
content in the serum fraction had a 
significant linear relationship with the 
serum turbidity  (Table 2), irrespective of 
the heat treatm ent of juice. This turbidity  
is due to  the presence of fine insoluble 
pulp particles on which microscopic oil 
droplets are absorbed. Figure 3 shows the 
l in e a r i ty  b e tw e e n  tu r b id i ty  and 
d-limonene content in Shamouti and 
Valencia juices.

Serum concentrates
The characteristics o f concentrates 

p repared  by pulp-serum separation, 
compared with those of conventional 
concentrates from the same raw material, 
are given in Table 3. The new concen
trates, w ith full pulp adm ixture, had a 
concentration of about 55°Brix, m uch 
higher than that o f commercial frozen 
concentrates, with cutback, on the 
market now.

The final Brix of the pulp-serum 
concentrates was a function of the degree 
of separation and the final serum concen
tration  is given by the following relation
ship:

Bf = ____ l°°» i____f x + (100—x)Bj/Bs
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T a b l e  3 - A n a l y s e s  o f  S h a m o u t i  a n d  V a l e n c i a  c o n c e n t r a t e s  m a d e  b y  p u l p - s e r u m  a n d  c o n v e n t i o n a l  m e t h o d  w i t h  d i f f e r e n t  h e a t  t r e a t m e n t s .

Conventional concentrate
Serum - pulp concentrate Cone

Exp.
No. Variety

Heat
treatm ent

(°C)

Serum
cone

(°Brix)
Final cone 

(°Brix)
Pulp
(%)

Essential
oil

(ml/liter)
Hunter

a
Color

Rd

Juice
cone

(°Brix)

after
cutback
(°Brix)

Pulp
(%)

Essential
oil

(ml/liter)
Color

a
Hunter

Rd
1 Shamouti None 68 56.0 7.0 0.112 -3 .4 33.5 62 47.0 7.7 0.076 - 0 .9 43.1

60 63 53.5 7.0 0.136 -2 .5 31.9
80 69 56.7 7.9 0.161 -2 .3 33.2

2 Shamouti None 76 55.0 10.0 0.097 0.6 31.7 60 45.4 7.0 0.042 2.1 31.0
60 76 56.1 9.8 0.102 0.9 30.9
80 80 54.0 14.0 0.152 3.9 34.9

3 Valencia None 80 61.2 10.0 0.120 5.7 26.4 68 46.1 7.0 0.056 5.1 26.7
4 Valencia None 72 54.1 12.5 0.148 5.4 27.6 66 45.2 7.0 0.050 5.2 26.5

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

m e n t s  d u r i n g  s t o r a g e  a t  — 1 8 ° C .

T a b l e  4 — O r g a n o l e p t i c  m e a n  s c o r e s  o f  S h a m o u t i  a n d  V a l e n c i a  f r o z e n  

c o n c e n t r a t e s  p r e p a r e d  b y  2  m e t h o d s .

Pulp-serum concentrates Conventional 
Exp. Heat treatm ent cone
No. Variety °C Mean score Mean score F W.S.D.

1 Shamouti None 6.67 5.60 3.18* 1.39
60 7.80
80 7.42

2 Shamouti None 8.64 6.09 9.89* 1.31
60 7.45
80 6.82

3 Valencia None 7.93 6.64 19.94** 0.87
4 Valencia None 8.67 6.75 8.18** 1.08

*Significant difference a t 95% confidence level.
**Significant difference at 99% confidence level.
W.S.D., wholly significant difference at 95% confidence level.

Bf = final product concentration (°Brix). Bs = final serum concentration (°Brix).Bj = °Brix of feed juice, x = percent pulp separated
The low viscosity of the serum permitted a concentration as high as 80°Brix (Table 3). A 7% pulp separation prior to concentration yielded a final product of 55°Brix. No significant differences in color and appearance were found between the pulp-serum and conventional concentrates. Observed differences were due to variations in pulp (volumetric) content. The volumetric pulp content depends on degree of compression of pulp and will be discussed elsewhere.Clarification of the reconstituted concentrates was independent of heat treatment and depended mainly on the amount of pulp. There was no change in clarification during storage for 20 weeks at -18°C (Fig. 4) and no separation in any of the concentrates throughout the storage period. These results lead to the conclusion that the heat treatment was not necessary for production of the pulp- serum concentrates. The stability of the new concentrates without enzyme inactivation is explained by the higher concentration (55°Brix) of the final product. As shown by Joslyn and Pilnik

(1961), maximum clarification takes place at about 45°Brix, while a higher concentration is more stable as regards cloud.The amount of essential oil in the pulp-serum concentrates was 2 to 3 times that of the conventional concentrates, because most of the essential oil was in the separated pulp which did not undergo evaporation (Table 1). The final oil content itself was influenced by the pulp content.Organoleptic scores for the Shamouti and Valencia concentrates are given in Table 4. The pulp-serum concentrates were preferred throughout to the conventional concentrates. This was probably due to the higher oil content in the former concentrates. In addition, the pulp-serum concentrates were found to have a very pleasant bouquet resembling the aroma of fresh juice, which was absent in the conventional concentrates. No correlation was found between heat treatment and organoleptic scores. Apparently, uncontrolled factors (such as the holding time during the process and the time of evaporation) outweighed the influence of the heat treatment. No difference in pH, acidity and ascorbic acid content was found between the 2 types of concentrates.
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BACTERIOLOGICAL CONTAMINATION OF SOME CITRUS 
OILS DURING PROCESSING

S U M M A R Y  T a n g e r i n e ,  l e m o n  a n d  g r a p e f r u i t  o i l  e m u l s i o n s  h a v e  b e e n  s h o w n  t o  u n d e r g o  u n d e s i r 

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

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

i n  t a n g e r i n e  a n d  l e m o n ,  a n d  t h e  l e a s t  i n  g r a p e f r u i t .  L e m o n  o i l  e m u l s i o n s  c o n t a i n i n g  l e s s  t h a n  1 %  o i l  

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

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

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

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

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

INTRODUCTION
MURDOCK et al. (1967, 1969) reported at the 1967 Florida State Horticultural Society meeting that orange oil emulsion was an excellent medium for microbial growth, the consequence of which yielded an undesirable oil. In addition, it was shown that this microbial process resulted in the biological formation of alpha-terpineol.Good sanitary practices were found to play an important role in the production of high quality orange peel oil. Heretofore, cleanliness during the oil recovery process was believed to be unimportant; therefore, the citrus industry paid little or no attention to sanitation during this phase of the operation.This paper is extended to include tangerine, lemon and grapefruit cold- pressed oils which are also produced in Florida. It concerns the oil recovery processes, with particular emphasis on the microbiological aspects and the development of alpha-terpineol.

PROCEDURE
THE FMC OIL recovery process was used to 
obtain lemon and grapefruit oils. Details were 
previously discussed by Murdock et al. (1969). 
Brown equipm ent was used to extract tangerine 
oil. Except for the m ethod of juice extraction, 
the Brown oil recovery process was similar to 
that o f FMC.

Bacteriological
Samples o f tangerine, lemon and grapefruit 

oil slurries and emulsions were obtained from 
various stages in the m anufacture o f cold- 
pressed oil during the 1967 and 1968 process
ing seasons. The samples were stored at 30°C 
(86°F) for an extended period. They were p lat
ed in duplicate on orange serum agar and the 
plates counted after 3 -5  days o f incubation at 
30°C. Some o f the product was also analyzed 
periodically by gas chromatography (GC). 
Analytical

The analytical procedure was the same as

previously described by Murdock e t al. (1967,
1969). Briefly it consisted of extracting the oil 
from the emulsion with methylene chloride and 
separating the extract from the emulsion by 
c en tr ifu g in g , removing the solvent and 
analyzing the residue by gas chromatography. 
The oil constituents represented by the peaks in 
the chromatogram were identified by infrared 
and mass spectroscopy.

A Perkin-Elmer 226 Flame Ionization Gas 
Chrom atograph was used to  m onitor the oil. 
The instrum ent contained a 0.01 in. x  300 ft 
Carbowax 20 M column which was tem perature 
programmed at 2°/min from 75°-180°C . In 
addition, after 10 min o f operation, the helium

pressure was programmed from 4 0 -1 8 0  psi 
over a period o f 1 hr (2.3 psi/min). A 4 ml 
sample was injected and split 100/1.

The alpha-terpineol fold in the oil was cal
culated from its chromatographic peak height. 
Any deviations, because of the sample size or 
delivery loss o f the sample into the gas chro
m atograph, were corrected using the natural 
n-decanal concentration in the oil as an internal 
standard. It was necessary to use caryophyllene 
as the internal standard in the lemon peel slurry 
oil analysis when the concentration o f alpha- 
terpineol was close to its maximum. It can be 
seen in Figure 1 that the concentration o f ali
phatic and terpenic aldehydes decreased when 
d-limonene was present in relatively low con
centrations.

The citrus oils used in this study has the 
following analysis:

. Oil w/w*

Peel grit slurry 
Finisher oil emulsion 
Desludger oil emulsion 
pH

< 1 < 1
7 0 -
4.3-

82
-5.4

* Modified Scott M ethod (Scott, 1966)

F i g .  1 — C h r o m a t o g r a m  o f  o i l  f r o m  l e m o n  p e e !  s l u r r y  5 2  d a y s  a f t e r  s a m p l i n g .
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F i g .  2 — G r o w t h  o f  m i c r o f l o r a  i n  t a n g e r i n e  o i l  

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

g e r i n e  o i l .

F i g .  3 — G r o w t h  o f  m i c r o o r g a n i s m s  i n  l e m o n  o i l  

e m u l s i o n s  h a v i n g  l e s s  t h a n  1 . 0 %  a n d  m o r e  t h a n  

8 0 %  o i l  c o n t e n t .

F i g .  4 - D e v e l o p m e n t  o f  a l p h a - t e r p i n e o l  i n  

l e m o n  o i l  e m u l s i o n s  c o n t a i n i n g  l e s s  t h a n  1 . 0 %  

a n d  m o r e  t h a n  8 0 %  o i l  c o n t e n t .

RESULTS & DISCUSSION

Tangerine oil
A sample of tangerine oil emulsion from the desludger was held at 30°C and plated at periodic intervals over a 60-day period. The results in Figure 2 show microbial growth occurred at an extremely rapid rate during the initial storage period, increasing in 48 hr from less than 100,000 org./ml to over 25 million. After reaching this peak, a gradual decrease in number occurred. Alpha-terpineol was also produced; however, the concentration was considerably less than that reported in orange oil, where over 80-fold developed in 60 days (Murdock et al„ 1967)

Lemon oil
Three different sets of samples were obtained at one plant during the production of cold-pressed lemon oil. Each set consisted of peel grit slurry from the extractors, oil emulsion from the finishers, and oil emulsion from the desludger. All samples were stored at 30°C.The first set, which was obtained in Sept. 1967 and represented oil from diphenyl-treated fruit, was held at 30°C for 150 days. Diphenyl is a fungicide used to control spoilage in a fresh fruit packing house. It penetrates the oil cells of the fruit and can be detected in the finished oil by GC.The second and third sets were collected in Oct. and Nov. 1967 respectively, and represented oil recovered when grove-run fruit was being processed. Set 2 was held 94 days and set 3 for 85 days. For sake of space, only the results ob

tained during the first 60 days will be reported.It was noted that higher plate counts occurred in oil extracted from diphenyl- treated fruit than from untreated (grove- run) fruit. This relationship is shown in data presented in Table 1. These data are from sets 1 and 2; because 3 was similar to set 2, it is not shown.A further examination of the results from set 2 (Fig. 3) showed that microbial growth was very rapid at the start of the storage period. A corresponding rapid decrease in population then occurred, followed by another increase. This same growth pattern occurred when all 3 sets of lemon oil components were held beyond the 60 days reported. This subsequent increase in population was believed to be due to another group of micro

organisms which started to take over, as was evidenced by different colony formations which began to appear on the pour plates.There was also a decided pH increase in the low oil content samples throughout the storage period. For example, the pH of peel grit slurry in one test increased after 60 days from 4.0-7.3. On the other hand, there was no change in the desludger oil emulsion pH during this same period (4.6—4.5).Alpha-terpineol produced throughout this test run is shown in Figure 4. The highest concentration occurred in emulsions containing less than 1% oil, and the least amount in the desludger oil emulsion. Bacterial growth in the emulsions of these oils also followed a somewhat similar pattern. In the low oil content sam-

T a b l e  1 — G r o w t h  o f  m i c r o o r g a n i s m s  i n  ' e m o n  o i l  e m u l s i o n s  f r o m  p r o c e s s i n g  d i p h e n y l - t r e a t e d  

a n d  u n t r e a t e d  f r u i t .  ___  ____  _____________

Days
30°C

Diphenyl Grove-run
Peel
grit

slurry3

Finisher
oil

emulsion3

Desludger
oil

emulsion15
Organisms per ml x  106

Peel
grit

slurry3

Finisher
oil

emulsion3

Desludger
oil

emulsion15

0 0.001 0.01 0.008 0.047 0.026 0.059
5 660.0 7.8 39.5 50.0 49.0 37.7

10 59.5 25.0 89.5 3.8 5.7 20.8
15 7.2 24.3 42.0 1.2 1.9 4.6
20 10.5 26.0 24.8 3.0 3.6
30 193.5 12.8 35.0 1.5 2.1 3.5
40 36.0 29.0 39.5 2.2 0.4
60 17.5 34.5 53.5 3.0 0.6 3.3

aPeel grit slurry and finisher oil emulsion less than 1% oil. 
b Desludger oil emulsion 80-82% .
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pies, the concentration of alpha-terpineol first increased and then, for some unexplained reason, decreased. This phenomenon was never observed in any of our previous studies.It was noted that when bacteria were allowed to multiply in dilute solutions, such as lemon oil slurry, the d-limonene concentration (a major component of citrus oils) diminishes in direct proportion to the increase in concentration of alpha-terpineol (Fig. 5 and 1).Figure 5 is a gas chromatogram ob-

T a b l e  2 — M i c r o o r g a n i s m s  f o u n d  i n  g r a p e f r u i t  

o i l  e m u l s i o n s  p r o d u c e d  i n  F l o r i d a  d u r i n g  1 9 6 8  

p r o c e s s i n g  s e a s o n .  ( S a m p l e s  o b t a i n e d  f r o m  

d e s l u d g e r . ) _____________________________
Plant
no.

Date
1968 Org. per ml

1 0 1 -1 0 1,100,000
0 2 -2 9 61,000

2 0 1 -0 9 1,000,000
0 2 -2 9 78,000

3 0 1 -1 2 230,000
4 0 1 -1 2 1,800,000

0 2 -2 9 1,000,000
5 0 1 -1 2 23,000

0 2 -2 9 270,000
6 0 2 -0 7 6,250,000

0 2 -2 9 22,000
0 4 -1 0 90,000,000

7 0 2 -1 5 2,800,000

tained from fresh peel grit slurry oil, and Figure 1 shows the same material 52 days later. Note the reduction in concentration of d-limonene. Furthermore, when d- limonene was added to the desludger waste water (oil content 0.03%), to simulate peel grit slurry, over 90% of the d-limonene was converted to alpha-terpineol.
Grapefruit oil
Samples of desludger grapefruit oil emulsion were obtained from seven different processing plants during the 1968 citrus season. They were pour plated as previously described. Table 2 shows a wide range in microbial counts; e.g., in one plant the counts ranged from 22,000 to 90 million org/ml. No definite correlation could be established between bacterial counts and the sanitation of the operation.Of the citrus oil emulsions investigated, grapefruit appeared to be the poorest medium for microbial growth. Also of interest, alpha-terpineol was not produced in any significant quantities in grapefruit oil emulsion.

Microbial growth and development of alpha-terpineol in citrus oils
Murdock et al. (1967) found that during the manufacturing of c.p. orange oil microbial growth occurred throughout the processing line. In this investigation, samples of tangerine and lemon oil emulsions from the desludger were also found to support very rapid microbial growth.

ORANGE

F i g .  7 — D e v e l o p m e n t  o f  a l p h a - t e r p i n e o l  i n  

o r a n g e ,  t a n g e r i n e ,  l e m o n  a n d  g r a p e f r u i t  o i l  

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

On the other hand, two different lots of grapefruit oil emulsion did not consistently support as high a microbial population as the other emulsions investigated.Growth curves, obtained after holding orange (Murdock et al., 1967), tangerine, lemon and grapefruit oil emulsions at 30°C for 60 days, are shown in Figure 6. The orange oil emulsion supported the highest microbial population followed by
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tangerine, lemon and grapefruit. Alpha- terpineol produced in these citrus oils during this test period is shown in Figure7. The curves show that approximately 11 times more alpha-terpineol is produced in orange oil emulsion in 60 days than in tangerine, and 20 times more than in lemon oil emulsion.Sterilized control samples of each oil emulsion studied showed no increase in alpha-terpineol during the test period.
Sanitary aspects
Data have been presented to show that microorganisms grow at an extremely rapid rate in lemon oil emulsions, especially when they contain less than 1% oil, with a correspondingly rapid increase in concentration of alpha-terpineol. This

same relationship occurs with orange and tangerine oil recovery processes, and to a lesser degree with grapefruit. This would indicate the need for maintaining an efficient sanitation program in the initial phases of the citrus oil recovery process to prevent rapid microbial growth and the corresponding development of alpha-terpineol.Holding of slurries prior to desludging for any period of time would not be advocated. Also, most processors use equipment consisting of screw conveyors to convey peel grit slurry to the finishers. This equipment is extremely difficult to keep in a sanitary condition. Pumping of this slurry from the extractors to the finishers would greatly alleviate this problem.
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REMOVAL OF OLIGOSACCHARIDES FROM SOY MILK BY AIM ENZYME FROM ASPERGILLUS SAITOI

S U M M A R Y — A s  p a r t  o f  a  p r o g r a m  t o  r e d u c e  t h e  f l a t u l e n c e - i n d u c i n g  t e n d e n c y  o f  s o y  m i l k ,  a  

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

f r o m  Aspergillus saitoi w a s  i n v e s t i g a t e d .  I t  w a s  f o u n d  t h a t  a  p a r t i a l l y  p u r i f i e d  p r e p a r a t i o n  p o s s e s s 

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

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

a - g a l a c t o s i d a s e  e x h i b i t e d  i t s  o p t i m u m  p H  b e t w e e n  5 . 0  a n d  5 . 5 ,  a n d  s e e m e d  t o  b e  s t a b l e  b e t w e e n  

p H  4 . 0  a n d  8 . 0 .  T h e  o p t i m u m  t e m p e r a t u r e  w a s  f o u n d  a t  a b o u t  5 5 ° C ;  h o w e v e r ,  t h e  e n z y m e  i t s e l f  

w a s  i n a c t i v a t e d  b y  m a i n t a i n i n g  i t  a t  7 0 ° C  f o r  3 0  m i n .  T h e s e  p r o p e r t i e s  a p p e a r e d  s u i t a b l e  f o r  t h e  

e n z y m a t i c  t r e a t m e n t  o f  s o y  m i l k .  p - C h l o r o m e r c u r i b e n z o a t e ,  N - b r o m o s u c c i n i m i d e ,  H g C t i ,  A g N O $  

o r  C u C ! 2  s h o w e d  s t r o n g  i n h i b i t o r y  e f f e c t s  o n  t h e  e n z y m e .  T h e  p r e s e n c e  o f  1 x 1 0  2 M  g a l a c t o s e  

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

b e  3 . 1 1  X 1 0 ' 3 M  a n d  t h e  m o l e c u l a r  w e i g h t  o f  t h e  e n z y m e  e s t i m a t e d  t o  b e  a b o u t  2 9 0 , 0 0 0  o n  t h e  

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

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

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

f r o m  a n  e c o n o m i c  v i e w p o i n t .

INTRODUCTION
SOY MILK has been given considerable attention as an economical high-protein beverage that can help overcome widespread protein deficiencies. However, there remain a number of qualitative problems which must be solved for this product to obtain a wider acceptance.One of these problems is its tendency to induce flatulence, often accompanied by an uncomfortable feeling of fullness and intestinal activity. Recently, it has been suggested by some investigators that the flatulence caused by soy products could be due, at least in part, to their relatively high contents of galacto- oligosaccharides, especially stachyose and raffinose (Murphy, 1963; 1964 a; 1964 b; Burr, 1967; Rackis et al., 1967; Steg- gerda, 1967). On the basis of this hypoth

esis, flatulence in soy milk should be reduced by removal or decomposition of these oligosaccharides.In preliminary studies by one of the authors (H.S.), it was found that considerable numbers of fungal strains belonging to the genus A sperg illu s exhibited powerful abilities to produce galacto- oligosaccharide decomposing enzymes such as a-galactosidase (E.C.3.2.1.22) or invertase (E.C.3.2.1.26). Furthermore, some of the commercial enzyme products prepared from the same fungi contained considerable activities of both enzymes (manuscript in preparation).This paper demonstrates that the oligosaccharides in soy milk can be hydrolyzed almost quantitatively by an enzyme partially purified from a commercial product. Some characteristics of the a-galactosidase which play a main part in

the hydrolysis of the oligosaccharides, the qualitative changes of the oligosaccharides during the enzyme treatment, and the economical practicability of the present method are also described and discussed.
MATERIALS & METHODS

Soy milk
Freeze-dried raw soy milk prepared from 

Harosoy 63 variety was supplied by  Dr. D. 
Fukushima, Kikkoman Shoyu Co., L td., Noda, 
Chiba, Japan. The chemical analysis o f  this 
material indicated the following composition: 
moisture 2.79%, crude protein (Kjeldahl N x  
5.71) 41.90% and crude fat 24.8%.
Source of enzyme

A commercial acid-protease product, Molsin 
(Lot No. M19, 193) from A . s a i to i , obtained 
from Seishin Pharmaceutical Co., Ltd., Tokyo, 
was used as a source of enzyme. 1 g o f the 
enzyme showed 620 X 103 units of a-galac
tosidase activity.
Assays of enzyme activities

The reaction m ixture for the assay of 
a-galactosidase (E .C .3.2.1.22) activity was 
composed as follows: 1 ml o f  1% (w/v) meli
biose dihydrate, 2 mi o f 0.1 M acetate buffer, 
pH 5.0 and 1 ml o f the enzyme solution. The 
reaction m ixture was incubated at 40°C for 1 
hr, then placed into a boiling water bath  for 10 
min. Glucose was estimated by a glucose 
oxidase reagent, G lucostat, according to the 
directions o f the m anufacturer, Worthington 
Biochemical Corp., Freehold, N.J. 1 unit of 
enzyme activity was defined as the am ount o f 
activity which liberated 1 mg o f glucose under 
the conditions ju st mentioned. The activities o f 
(3-galactosidase (E.C.3.2.1.23), a-glucosidase
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T a b l e  7— P a r t i a l  p u r i f i c a t i o n  o f  e n z y m e  p r e p a r a t i o n  f r o m  A s p e r g i l l u s  s a i t o i .

a-Galactosidase Invertase Protease
Total Specific Total Specific Total Specific

activity activity Yield activity activity Yield activity activity Yield
(units) (units/mg) (%) (units) (units/mg) (%) (units) (units/mg) (%)

Dialysate 298 x  10s 3,260 100.0 114 X 106 12,500 100.0 155 X 10 '2 17.1 x  IO'5 100.0
Acetone ppt. 298 x  10s 4,980 100.0 61 x  106 10,100 53.0 87 x  IO"2 14.7 x  lO’5 56.4
Ultrafiltrate 284 x  10s 69,300 95.4 21 x  106 50,700 18.2 3 x  10 '2 6.6 x  10 '5 2.0
Gel filtrate 226 x  10s 181,000 75.9 9 X 106 72,800 8.0 0 0 0.0

(E.C.3.2.1.20), 0-glucosidase (E.C.3.2.1.21) and 
invertase (E.C.3.2.1.26) were assayed in the 
same manner using 1% (w/v) solutions of 
lactose m onohydrate, maltose m onohydrate, 
cellobiose and sucrose, respectively, as sub
strates. In bo th  cases o f a-, and /3-glucosidases, 1 
unit o f enzyme activity corresponded to 2 mg 
of glucose liberated. In investigating the effects 
c f inhibitors or activators on the a-galactosidase 
activ ity , p-nitrophenyl-a-D-galactopyranoside 
was employed as a substrate, since it was neces
sary to avoid inhibitor or activator effects on 
glucose oxidase. In this case, the reaction mix
ture consisted o f 1 ml o f  0.5% (w/v) p-nitro- 
phenyl-a-D-galactopyranoside in 0.1 M acetate 
buffer, pH 5.0, 1 ml o f inhibitor or activator 
and 1 ml o f the enzyme solution. The reaction 
was carried ou t a t 40°C for 15 min and stopped 
ry  addition of 1 ml o f 10% (w/v) trichloro- 
i  ;etic acid. A fter addition of 9 ml o f 0.3 N 
NaOH to the reaction mixture, the increase of 
me optical density o f the m ixture was esti
mated a t 420 mp. Protease activity was assayed 
at pH 6.2 according to the improved Hagihara’s 
m ethod B (1954). In this m ethod, 1 unit of 
protease corresponded to 1 meq of tyrosine 
liberated from  milk casein per min at 30°C.

pared from Molsin by the following procedures: 
All operations were carried ou t at 2°C. 50 g of 
Molsin were dissolved in 250 ml o f  water and 
dialyzed overnight with a fishskin tubing 
against running tap-water. After removal of 
insoluble material by centrifugation, the 
enzyme solution was brought up to a volume of 
500 ml with distilled water. The same volume 
of cold acetone was then poured into the result
an t solution, the precipitate formed collected, 
washed twice with 50% (v/v) aqueous acetone 
and pure acetone successively, then dried in 
vacuo. After the acetone precipitation, recovery 
of a-galactosidase activity was almost quantita
tive. The acetone powder was dissolved in 
1,000 ml o f 0.05 M acetate buffer, pH 5.5, and 
the solution concentrated to a volume o f 100 
ml by  use o f  an Amicon ultrafiltration cell 
(Amicon Corp., Cambridge, Mass.) A Diaflo

XM-100 m embrane was employed under an air 
pressure o f  1.5 kg per sq cm.

After addition o f another 1,000 ml o f  
0.05 M acetate buffer, pH 5.5, the solution 
was concentrated again to  a final volume of 
20 ml. A 10-ml aliquot o f the above enzym e 
solution was applied to  a 2.0- by 140-cm col
umn ot Sephadex G-200 equilibrated with 
0.05 M acetate buffer containing 0.1 M KC1, 
pH 5.5. The column was eluted w ith the same 
buffer at a flow rate o f  15 ml per h r and 10-ml 
fractions collected.

Figure 1 shows the elution profile o f 
a-galactosidase from the column. The fractions 
showing intense a-galactosidase activity were 
pooled, concentrated and desalted by  means of 
a collodion bag assembly. The concentrate was 
then freeze dried and employed in subsequent 
experiments as a partially purified enzyme

A 50 ml of Soy Milk.

Adjusted to pH 6.2 with 2N phosphoric acid.

Estimation of enzyme protein
Lowry’s m ethod (Lowry e t al., 1951) was 

employed for the estim ation o f protein in the 
enzyme preparation and bovine hemoglobin 
(2x  cryst.) was used as a standard protein. 
Purification procedures o f  enzyme

The partially purified a-galactosidase, which 
had some other glycosidases such as invertase, 
although it was free from protease, was pre-

Added 1 ml of enzyme solution and incubated at 50°C.

Heated for 20 min in boiling water bath and cooled.

Poured into 120 ml of absolute ethanol.

I---------------- ^ ------------nFi/frat« (100 ml). Residue (protein, polysaccharides etc.).

Extracted with mixture of 50 ml of chloroform + 30 ml of water.

I  ̂ I
Aqueous phase. Chloroform phase (lipids etc.).

Concentrated to 25 ml in ̂vocuo.
Pipetted 21 ml and mixed with 5 ml of 0.3N ZnSOj + 4 ml of 0.3 N Ba(OHjj.

c 1  ̂ ISupernatant. Precipitate (protein etc.).

Pipetted 25ml and desalted by passing it through a combinative ion—exchanger 
column (2 x 9cm) of Amberlite CG - 50 and CG -  4B

IConcentrated to 70 ml in vacuo and applied to thin layer chromatography.
T i g .  1 - G e l  f i l t r a t i o n  o f  a - g a l a c t o s i d a s e  o n  a  S e p h a d e x  G - 2 0 0  c o l u m n .  F i g .  2 - P r o c e d u r e s  f o r  t h e  i s o l a t i o n  o f  o l i g o s a c c h a r i d e s  f r o m  s o y  m i l k .
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preparation. Differing from the enzyme from 
A sperg illu s n iger  (Bahl and Agrawal, 1969), the 
a-galactosidase in this freeze-dried preparation 
was stable during a storage o f  2 m onths at room 
temperature. The results o f enzyme assays, 
after each step o f the purification procedures, 
are summarized in Table 1. The partially 
purified enzyme also contained j3-galactosidase, 
a-, and /3-glucosidases with specific activities 
(units per mg protein) o f  1,800, 220,000 and
228,000, respectively. The yields o f  these 3 
enzymes were 5.4, 7 .0  and 18.2%, respectively. 
The enzyme preparation was completely free 
from protease activity.
Treatment of soy milk by enzyme

The enzym atic treatm ents o f soy milk were 
performed by the following procedures: The 
freeze-dried soy milk powder was dissolved in 
distilled water containing a few drops o f 
Antifoam A and concentration adjusted to  15% 
(w/v). I t  was then heated for 20 min in a 
boiling-water bath with a reflux and gentle 
stirring. After cooling, the pH value o f the soy 
milk was adjusted to 6.2 from its initial 6.5 by 
addition o f a few drops o f 2 N phosphoric acid; 
then the final concentration o f the solid m ate
rial was brought to 12.0% (w/v) with distilled 
water.

50 ml o f  soy milk and 1 ml o f  the enzyme 
solution were mixed in a 100-ml Erlenmeyer 
flask and incubated at 50°C with a gentle recip
rocal shaking for the indicated times. The 
enzyme reaction was stopped by placing the 
mixture in a boiling-water bath for 10 min. In 
the experiments employing pure oligosaccha
rides instead o f soy milk as substrates, the reac
tion mixture was composed as follows: 10 ml 
o f 1% (w/v) sugar solution, 9 ml o f 0.04 M 
phosphate buffer, pH 6.2 and 1 ml o f the 
enzyme solution.

Isolation of sugars from soy milk
50 ml o f the boiled reaction m ixture were 

poured into 120 ml o f absolute ethanol and 
filtered. The filtrate was extracted with a 
tertiary solvent system according to the m ethod 
o f Chan and Cain (1966). The aqueous phase 
was concentrated in vacuo and, after removal o f 
contam inating proteins by Somogyi’s m ethod 
(1945), desalted by passing it through a com
bination ion-exchange resin column. The neu
tralized eluate was concentrated and used for 
thin-layer chromatography. These procedures 
are summarized in Figure 2. In the experiments 
with pure oligosaccharides, the extraction pro
cedure with the tertiary solvent system was 
om itted.

Thin-layer chromatography
20 ¿filters o f the purified sugar solutions 

were applied to Eastman Chromagram sheets 
(6064, cellulose) and developed by ascending- 
partition chromatography using the solvent 
system, n-butanol-pyridine-0.1 N HC1 (5:3:2 
by vol) (Li e t al., 1964a). When the sucrose 
content in soy milk was being examined, 
a n o th e r  so lv e n t system, water-saturated 
n-butanol-95% ethanol-trichloroethylene (6:2:2 
by vol) was employed (Chan and Cain, 1966). 
The latter solvent system gave a be tte r separa
tion o f sucrose from galactose. In both cases, 
resolutions o f  sugars were enhanced by  using a 
multiple development technique, with 4 succes
sive developments.

To locate sugar spots on the chrom ato
grams, 3 kinds o f detectors were employed. 
Fructose-containing sugars were detected by 
dipping the chromatogram into the modified

a-naphthol reagent (Albon and Gross, 1950) in 
which the solvent, ethanol, was replaced by 
acetone. Alkaline silver n itrate reagent was used 
to locate reducing sugars (Trevelyan et al.,
1950), and diphenylamine-aniline-phosphate 
was applied to de tect bo th  reducing and non- 
reducing sugars (Buchan and Savage, 1952; 
Bailey and Bourne, 1960).

Estimation of oligosaccharides
The quantitative estim ations o f stachyose, 

raffinose and sucrose in soy milk were carried 
ou t by means o f a so-called guide-strip tech
nique. After the development o f the sugars on 
the cellulose thin layer in the way described 
above, the chromatogram was cut into strips. 
The sugar spots on the guide strip were 
detected by the modified a-naphthol reagent. 
The sites o f sugars on the o ther strips were 
located by reference to the guide strip. The 
squares containing sugars were cut ou t and 
eluted by 5 ml o f distilled water in a test tube 
at 70°C for 2 hr with occasional shakings. After 
removal o f cellulose powder by centrifugation,

the sugar in the supernatant was estimated 
according to  the phenol-sulfuric acid m ethod 
(Dubois e t al., 1956). The concentration of the 
sugar was calculated from standard graphs. 
Among standard sugar references, stachyose 
tetrahydrate was provided by Mr. A. Yasuda, 
Kikkoman Shoyu Co., L td., Noda, Chiba, 
Japan, and manninotriose by Dr. C. Y. Lee of 
this station.

RESULTS
Properties of a-galactosidase
Since a-galactosidase can play a most important part in the hydrolysis of soy milk oligosaccharides, some properties of the a-galactosidase in the partially purified enzyme preparation were investigated. The preparation exhibited its optimum pH between 5.0 and 5.5, but it was almost inactive below pH 2.0 and above pH 8.0 (Fig. 3). The enzyme seemed to be stable from pH 4.0—8.0; however, it

T a b l e  2 — E f f e c t  o f  i n h i b i t o r s ,  m e t a l  i o n s ,  s u g a r s  a n d  o r g a n i c  a c i d s  

o n  a - g a l a c t o s i d a s e  a c t i v i t y .

Final
Inhibitors concentration (M) Relative activity (%)

None - 100
KCN 1 X l t r 3 100
EDTA 1 X 10 '3 100
o-Phenanthroline 1 X 10‘3 100
8-Hydroxyquinoline 1 X n r 3 100
Sodium thioglycolate 1 X 10‘3 100
M ercaptoethanol 1 X 10‘3 100
Cysteine 1 X 10‘3 100
p-Chloromercuribenzoate 2 X 1er5 3
Sodium sulfite 1 X 1er3 100
Iodine 5 X l t r 4 0
A'-Bromosuccinimide 1 X l t r 3 0
Sodium arsenate 1 X 1er3 100
Sodium fluoride 1 X 1er3 100
Sodium pyrophosphate 4 X 10‘2 5

Metal ions
KC1 1 X io -3 100
MgCl2 1 X 1(T3 100
CaCl2 1 X n r 3 100
BaCl2 1 X KT3 100
SrCl2 1 X l t r 3 100
ZnCl2 1 X io -3 35
MnCl2 1 X 10 '3 91
FeCl3 1 X 10’3 49
NiCl2 1 X ic r3 100
CoCl2 1 X n r 3 100
CuCl2 1 X l t r 3 3
CdCl2 1 X ic r3 91
A gN 03 1 X ic r 3 0
HgCl2 1 X 1(T3 0
Pb (CH3COO)2 1 X i t r 3 42

Sugars and organic acids
D-Glucose 1 X n r 2 85
D-Galactose 1 X n r 2 97
D-Fructose 1 X i t r 2 100
Sucrose 1 X i t r 2 100
Sodium citrate 1 X ic r2 62
Sodium maleate 1 X IO '2 62
Sodium oxalate 1 X ic r2 100
Sodium ascorbate 1 X 10’2 100



6 5 8 - JOURNAL OF FOOD SCIENCE-Volume 35 (1970)

was sensitive under more acidic conditions. During 18 hr of storage in 0.1 M glycine buffer, pH 2.5, at 30°C, about 95% of the activity disappeared.As shown in Figure 4, the optimum temperature for the hydrolysis of meli- biose was observed near 55°C. However, the enzyme itself was unstable at high temperatures. For instance, 45% of the enzyme activity was lost after the treatment at 60°C for 30 min in 0.1 M acetate buffer, pH 4.5, and it was completely inactivated by maintaining it at 70°C under the same conditions.The effects of inhibitors, metal ions, sugars and organic acids on the reaction of the enzyme were examined using p-nitrophenyl-a-D-galactopyranoside as a substrate (Table 2). p-Chloromercuri- benzoate, at a final concentration of 2 x 10"5 M caused 97% of inhibition. Therefore, the enzyme seemed to be a SH- enzyme similar in this respect to the enzymes from other origins (Hogness and Battley, 1957; Li et al., 1963; Pridham and Walter, 1964; Suzuki et al., 1966). But, from this point of view, it appeared to be somewhat different from the a-galactosidase of a higher fungus, 
C alva tia  c ya th ifo rm is which is not inhibited by sulfhydryl blocking agents (Li and Shetlar, 1964b). The enzyme was also completely inhibited by the presence of 5 x lO^M iodine, 1 x 10'3M N-bromosuccinimide or 4 x 1 O’2 M sodium pyrophosphate in the reaction

GIYCINE, ACETATE, PHOSPHATE BUFFER*
F i g .  3 — E f f e c t  o f  p H  o n  a - g a l a c t o s i d a s e  a c t i v i t y ,  

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

m i x t u r e  i s  0 . 1 .

mixture. Among metal ions, 1 x 10'3M AgN03, HgCl2 or CuCl2 caused almost complete inhibition. Glucose at a concentration of 1 x 10"2M caused 15% inhibition to the enzyme activity whereas

F i g .  4 — E f f e c t  o f  t e m p e r a t u r e  o n  a - g a l a c t o s i d a s e  

a c t i v i t y .

galactose, at the same concentration, caused only slight inhibition. Certain organic salts such as sodium citrate or sodium maleate also caused considerable enzyme inhibition.

F i g .  5 — E f f e c t  o f  t h e  c o n c e n t r a t i o n  o f  e n z y m e  o n  t h e  d e c o m p o s i t i o n  o f  

o l i g o s a c c h a r i d e s  i n  s o y  m i l k .  N u m e r a l s  i n d i c a t e  t h e  a - g a l a c t o s i d a s e  

a c t i v i t y  X 7 0‘3 p e r  g r a m  o f  s o l i d  m a t e r i a l  i n  s o y  m i l k .

A b b r e v i a t i o n s :  F R U .  =  f r u c t o s e ,  G L U .  =  g l u c o s e ,  G A L .  -  g a l a c t o s e ,  

S U C .  =  S u c r o s e ,  M E L .  = m e l i b i o s e ,  R A F .  =  r a f f i n o s e ,  S T A .  =  s t a c h y o s e .

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

FRU. • m

SUC.
•

RAF. - ~ K—« —

STA. ■ m mm

VER. — ■— - — -

0 0.5 1.0 2.0 3.0

F i g .  6 — E f f e c t  o f  i n c u b a t i o n  p e r i o d  o f  e n z y m e  r e a c t i o n  o n  k e t o s e s  i n  

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

a r e  t h e  s a m e  a s  i n  F i g u r e  5 ,  e x c e p t  V E R .  =  v e r b a s c o s e .

D e t e c t o r :  i m p r o v e d  a - n a p h t h o l  r e a g e n t .
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FRU.
GLU.
GAL. i • • •  •
M EL

GB.
—

M AN . — -

T 0 5 T o 2 0  ~3X)

F i g .  7 — E f f e c t  o f  i n c u b a t i o n  p e r i o d  o f  e n z y m e  r e a c t i o n  o n  r e d u c i n g  

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

A b b r e v i a t i o n s  a r e  t h e  s a m e  a s  i n  F i g u r e  5 ,  e x c e p t :  G B .  = g a l a c t o b i o s e  

a n d  M A N .  =  m a n n i n o t r i o s e .

D e t e c t o r :  a l k a l i n e  s i l v e r  n i t r a t e  r e a g e n t .

FRU. « «

s u e .

RAF. ^ w w *  ~

STA. v 9

STANDARD

15
I___

45 15 45
1 _J

STA. RAF.

F i g .  8 - K e t o s e - c o n t a i n i n g  p r o d u c t s  o f  t h e  e n z y m a t i c  h y d r o l y s i s  o f  p u r e  

s t a c h y o s e  a n d  r a f f  ¡ n o s e .  N u m e r a l s  i n d i c a t e  t h e  i n c u b a t i o n  p e r i o d  ( m i n ) .  

A b b r e v i a t i o n s  a r e  t h e  s a m e  a s  i n  F i g u r e  5 .

D e t e c t o r :  i m p r o v e d  a - n a p h t h o l  r e a g e n t .

E n z y m e  t r e a t m e n t  w a s  c a r r i e d  o u t  a s  d e s c r i b e d  i n  t h e  t e x t .

Lineweaver-Burk (1934) plots of the enzyme activity against the concentration of melibiose indicated a value of Km =3.11 x 10'3M.The molecular weight of the a-galac- tosidase was determined roughly by

means of a gel-filtration technique (Andrews, 1962; 1964) on a Sepharose 6B column (1.5 by 78 cm) equilibrated with a 0.05 M Tris-HCl buffer, pH 7.4, containing 0.1 M KC1. Bovine tyroglobu- lin, horse apo-ferritin, human 7-globulin

(Fr. II), bovine serum albumin (Fr.V), egg albumen (5x cryst.) and beef chymotryp- sinogen A were employed for the establishment of a standard curve for globular proteins. The elution site of the a-galac- tosidase was detected by its activity on melibiose. It was observed between
7-globulin and apo-ferritin; consequently, the molecular weight of the a-galac- tosidase was assumed to be around 290,000.
Enzymatic hydrolysis of oligosaccharides in soy milk
Kawamura (1954) determined the contents of oligosaccharides in soybeans by means of paper chromatography and reported the following composition: sucrose 3.7%, raffinose 1.0%, stachyose 3.2% and total 7.9%. In the present experiment, as shown in Figure 5 and 6, all of these oligosaccharides could be recognized on the thin-layer chromatograms, and indicated the following contents on the dry basis of soy milk sample: sucrose 4.6%, raffinose 0.8% and stachyose 4.0% in terms of anhydrous material. Kawamura and Tada (1967) succeeded in detecting only a small amount of verbas- cose from Harosoy variety by means of column chromatography, but reported that pentasaccharides were not recognized on paper chromatograms. In our work, using soy milk prepared from the same variety, a sugar spot, supposedly verbascose, could be detected by the improved a-naphthol reagent on a cellulose thin-layer chromatogram (Fig. 6).Kawamura and Tada also reported that

F i g .  9 — R e d u c i n g  s u g a r  p r o d u c t s  o f  t h e  e n z y m a t i c  h y d r o l y s i s  o f  p u r e  

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

A b b r e v i a t i o n s  a r e  t h e  s a m e  a s  i n  F i g u r e s  5  a n d  7 .

D e t e c t o r :  a l k a l i n e  s i l v e r  n i t r a t e  r e a g e n t .
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Harosoy variety contained free arabinose 
as a constitutive monosaccharide, but in 
our investigation no arabinose, which 
gives a greenish color with the diphenyl- 
amine-aniline-phosphate reagent, could be 
detected. However, a small amount of 
free fructose was observed as a constitu
tive monosaccharide of our soy milk 
sample.

As shown in Figure 5, treating the soy 
milk with 16 x 1 0 ‘ 3  units of the a-galac- 
tosidase preparation per gram of-the solid 
material completely decomposed all of 
these oligosaccharides to their constitu
tive monosaccharides after 3 hr of incuba
tion.

Figures 6  and 7 show the time course 
of the hydrolysis of these oligosaccha
rides with the same activity of the 
enzyme preparation. In particular, during 
the earlier stage of the incubation, 
sucrose was decomposed very rapidly by 
the action of invertase, and parts of both 
raffinose and stachyose appeared to be 
hydrolyzed by the same enzyme to meli- 
biose and manninotriose, respectively.

These facts were also demonstrated in 
experiments using pure substrates, au
thentic raffinose and stachyose, as shown 
in Figures 8  and 9. Manninotriose, raffi
nose and melibiose were seen on chromat
ograms to be intermediates in the hydrol
ysis of stachyose to monosaccharides, 
whereas sucrose did not accumulate in 
detectable quantities. With regard to 
other possible intermediates of hydrol
ysis, some slight indication of the pres
ence of a-1 ,6 -galactobiose was present on 
these chromatograms.

DISCUSSION
RECENTLY, an industrial application of 
a-galactosidase for the improvement of 
crystalline sucrose recovery from beet 
molasses has been reported by Suzuki et 
al. (1963; 1964; 1969). Their research is 
apparently the first and the only example 
concerned with an application of a-galac
tosidase for a food manufacture. For 
their purpose, it was necessary to avoid 
contamination with invertase in the 
enzyme preparation. However, in remov
ing the oligosaccharides from soy milk, 
the presence of invertase in the enzyme 
preparation can be rather useful because, 
on the assumption of no serious problem 
of accelerated browning reaction, it can 
promote the hydrolysis of the oligosac
charides and increase the organoleptic 
sweetness of the soy milk.

On the other hand, contamination 
with protease activity causes many un
desirable effects on soy milk such as 
coagulation, precipitation of protein, for
mation of bitterness and so on; conse
quently, the enzyme preparation for the 
present purpose must be strictly free 
from protease activity. Fortunately, the 
a-galactosidase from A . s a i to i has an 
especially high molecular weight. There

fore, the separation of it from protease(s) 
can be easily attained by means of a 
simple molecular sieving method. This 
indicates that the enzyme can be ob
tained very economically as a by-product 
of purified protease production. In addi
tion, the particular a-galactosidase from 
A . s a i to i has a few advantages. For 
instance, since the optimum pH for 
enzyme activity is in the natural pH range 
of soy milk, there is almost no need to 
change the original pH value of soy milk. 
Furthermore, the enzyme itself is very 
stable in the same pH range, and it is not 
necessary to take any special care in its 
storage. Also, differing from some of the 
a-galactosidases previously reported (Li 
and Shetlar, 1964b; Suzuki et al., 1966), 
the activity of the enzyme from A . s a i to i  
is relatively insensitive to the presence of 
an end product, a-D-galactose, in the 
reaction mixture. The enzyme has an 
undesirable feature in that it is inhibited 
by some organic acids present in soybeans 
in considerable amounts (Moriguchi et al.,
1961).

Separate from the results described 
above, there is a fundamental question; 
namely, whether stachyose or raffinose 
is actually the main cause of flatulence 
of soy milk (Hellendoom, 1969). Future 
physiological experiments with the oligo
saccharide-free soy milk will be useful in 
testing this hypothesis.
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BREAD FROM SORGHUM AND BARLEY FLOURS

S U M M A R Y —Various additives were exam ined as possib le aids in  m a k in g  bread fro m  sorghum and  
barley flours. G ood rise was achieved w ith  doughs con ta in ing  45% solids. Several gums, especially 
4000 centipoise m ethy lce llu lose , increased gas re te n tio n  in  sorghum  bread and im proved  tex tu re  o f  
b o th  sorghum  and  ba rley  breads. Several starches im proved  te x tu re  and  lo a f volum e o f  sorghum  
bread. G lyce ry l m onostearate (GM S) im p roved  the tex tu re  o f  sorghum  bread b u t  caused i t  to  
crum ble  badly. GMS im proved  softness in  ba rley  bread. Shortenings also so ftened  sorghum  and  
barley breads. The e ffe c t o f  several processing variables on sorghum  bread was s tud ied  a long w ith  2  
m ethods o f  im p a rtin g  a sou r fe rm en ted  fla vo r to  sorghum  bread.

INTRODUCTION

BOTH SORGHUM and barley are widely 
used in America as feed grains, but in 
many other areas of the world they are a 
staple part of the human diet. Barley is 
grown over much of the world in rela
tively cool climates where its short grow
ing season often makes it more depend
able than wheat or oats. In contrast, 
sorghum does well in hot semiarid 
regions. Its ability to resist droughts 
makes it especially valuable in many areas 
subject to chronic food shortages.

Sorghum is not easily utilized as a 
food. The grain remains tough even after 
extended parboiling. In addition, the 
flavor is rather unappetizing. When used 
as a staple it is commonly fermented into 
a form of beer or ground into a flour 
(Rooney and Clark, 1968). The flour is 
eaten as porridge or flat bread.

Barley is more easily utilized as a food, 
especially in malting and malt products. 
Lesser amounts are used for supplements 
in baby foods and soups. Barley flour can 
be incorporated into predominantly 
wheat breads and has been used to dilute 
wheat bread during wartime (Horder et 
al, 1954).

Barley flour can be used to make a 
yeast-raised bread (Landenberger and 
Morse, 1918), but it bakes into a coarse, 
heavy loaf that compares poorly to wheat 
bread.

Considerable effort has already been 
expended in making bread from non
wheat or gluten-free wheat flours. Jongh 
(1961) made bread from wheat starch 
and glycerol monostearate (GMS). Later 
studies were made by Jongh et al. (1968) 
on wheat and cassava starch breads using 
GMS. Kim and De Ruiter (1968) investi
gated various gums, starches and proteins 
along with GMS, as aids in making bread 
from combinations of cassava flour and 
soya or peanut flour. McGreer (1967) 
developed a bread from gluten-free wheat 
flour using cellulose gum.

It was thought that similar breads 
could be made from barley and sorghum 
through the use of suitable additives. 
Bread properties might also be improved

through processing variations. With these 
objectives in mind, selected additives 
were evaluated for their effects on sor
ghum and barley bread, and certain 
processing variations were examined for 
their effect on sorghum bread.
Bread from sorghum and barley flours 
without additives

Samples of red milo sorghum and 
Firlback barley were obtained locally and 
ground into a flour by a Brabender Quad- 
rumat Senior mill (C. W. Brabender In
struments, Inc., South Hackensack, N.J.). 
A yield of 65% was obtained for sorghum 
and 52% for barley.

Sorghum. When a dough of 35 to 
45% moisture (percent based on dough 
weight) was prepared it lacked the con
sistency and elasticity associated with a 
wheat flour dough. It broke apart easily 
and failed to develop any elastic proper
ties when worked or kneaded. Increasing 
the amount of water to 50-60% resulted

in a more liquid dough or batter. It was 
assumed that a dough or batter must at 
least double in volume during mixing and 
proofing, to produce an acceptable bread. 
When 2% compressed yeast (percent 
based on flour weight) was added in 
making a sorghum dough (with 35 to 45% 
moisture) insufficient rise was obtained. 
When the same amount of yeast was 
added to a batter (with 50—60% mois
ture) sufficient rise was obtained, but the 
loaves collapsed during baking.

Barley. Unlike the sorghum flour, 
barley formed a dough that was sticky 
and held together well. Unfortunately, 
the barley dough also failed to rise 
properly. Although the barley dough rose 
higher than sorghum dough at compar
able moisture contents it was still neces
sary to use a batter of 50—60% moisture 
to achieve a sufficient proof height.

Once sufficient rise was obtained the 
barley batter could be successfully baked 
without collapsing. During baking no 
further rise or oven spring occurred; 
consequently, the resultant bread lacked 
the domed shape associated with good 
quality. The top surface of the loaves was 
rough and lumpy and the texture very 
coarse.
The effect of bread additives

Evaluation procedure. Preliminary

Fig. 1—E ffe c t o f  d if fe re n t gums in  sorghum bread. L o a f 1: no  a d d itive ; 2 : 2% 40 00  cps M ethoce l; 
3 : 2% gum  arab ic ; 4 : 2% K raystay  type  S; 5 : 2% sod ium  CM C; 6 : 2% Jaguar J2S -1.
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tests were made to determine a suitable 
recipe for comparison purposes. Several 
gums thickened and strengthened the 
sorghum and barley doughs to where they 
more closely resembled conventional 
bread dough. However, the doughs still

would not rise properly, and it became 
necessary to incorporate all additives into 
a batter rather than a dough.

When the additive was a gum or 
pectin, a moisture content of 55% or 
more was necessary, depending on the

amount of additive. In contrast, viscosity 
was lowered by starches and shortenings, 
permitting a lower moisture content if 
desired. A moisture content of 55% was 
used for testing most of the additives.

The following basic recipe was used:

Table 1—The q u a lita tive  e ffe c t o f  various additives o n  sorghum  and  ba rley  breads.

A d d i t iv e S o u r c e E f f e c t  o n  s o r g h u m  b r e a d E f f e c t  o n  b a r l e y  b r e a d

I .  G u m s  a n d  p e c t in s
1. A ra b ic — N o n e N o n e
2 . C a r r a g e e n in  w i t h  v e g e ta b le K r a y s t a y  t y p e  S S l ig h t  in c r e a s e  in  g a s  r e t e n t i o n . S l ig h t  i m p r o v e m e n t

m o n o  a n d  d ig ly c e r id e s P r e v e n ts  l o a f  f r o m  c o l la p s in g in  s t r u c t u r e
3 . G u a r  d e r iv a t iv e J a g u a r  J 2 S -1 S l ig h t  in c r e a s e  i n  g a s  r e t e n t i o n . S l ig h t  im p r o v e m e n t

P r e v e n ts  l o a f  f r o m  c o l la p s in g in  s t r u c t u r e
4 .  H y d r o x y p r o p y l  c e l lu lo s e K lu c e l  G F N o n e N o n e
5 . M e th y lc e l lu lo s e  a n d  d e r iv a - M e th o c e l :

t iv e s 1 0  c p s  M C N o n e —

5 0  c p s  M C N o n e N o n e
4 0 0  c p s  6 5 H G I n c r e a s e d  g a s  r e t e n t i o n .  P r e v e n ts S l ig h t  im p r o v e m e n t

l o a f  f r o m  c o l la p s in g in  s t r u c t u r e
4 0 0 0  c p s  6 5 H G I n c r e a s e d  g a s  r e t e n t i o n .  P r e v e n ts F i n e r  s t r u c t u r e

9 0 H G l o a f  f r o m  c o l la p s in g
8 0 0 0  c p s  M C N o n e N o n e

1 5 0 0 0  c p s  9 0 H G I n c r e a s e d  g a s  r e t e n t i o n .  P r e v e n ts S l ig h t  im p r o v e m e n t
l o a f  f r o m  c o l la p s in g in  s t r u c t u r e

6 . S o d iu m  c a r b o x y  m e th y l - H e rc u le s  7 L P N o n e S l ig h t  im p r o v e m e n t
c e l lu lo s e in  s t r u c t u r e

H e rc u le s  7 H O P N o n e —

D u p o n t  p -7 5 -X H N o n e S l ig h t  im p r o v e m e n t
in  s t r u c t u r e

7 . T r a g a c a n th -----— S l ig h t  in c r e a s e  in  g a s  r e t e n t i o n .  
P r e v e n ts  l o a f  f r o m  c o l la p s in g

—

8 . R a p i d - s e t  p e c t in X  C h a n g e  c i t r u s  
3 4 3 6 ,  1 5 0  g r a d e

N o n e N o n e

9 . S lo w - s e t  p e c t i n X  C h a n g e  c i t r u s  

4 5 1 ,  1 5 0  g ra d e
N o n e N o n e

1 0 . L o w  m e t h o x y l  p e c t in X  C h a n g e  c i t r u s H in d e r s  r is e  b u t  p r e v e n ts  c o l la p s e H in d e r s  r is e  b u t  p r e v e n t s
a n d  c a lc iu m 3 4 6 6 c o l la p s e

I I .  S ta r c h e s
1. S o r g h u m L a b o r a to r y - A ll  s t a r c h e s  p r o d u c e d  s im i la r  r e s u l ts . S l ig h t ly  c o a r s e r  s t r u c t u r e

e x t r a c t e d W h e n  c o m b in e d  w i t h  4 0 0 0  c p s  M e th o c e l in c r e a s e d  o v e n  s p r in g
a l l  p r o d u c e d  a  f i n e r  s t r u c t u r e  a n d  b e t t e r w h e n  c o m b in e d  w i t h  g u m
ris e

2 . S o r g h u m ,  p h o s p h a te C o r n  p r o d u c t s —
d e r iv a t iz e d ,  c ro s s  b o n d e d ,  
w a x y

4 8 3 2

3 . C o rn K in g s fo rd —
4 . T a p io c a  (c a s s a v a ) S o u th  P a c if ic  L t d . _____
5 . A r r o w r o o t E l  M o l in o  M ills _____
6 . P o t a t o M a l l in c k r o d t —

I I I .  E n z y m e s

1. P r o te a s e W h e a te z e I n c r e a s e d  a d h e s iv e  q u a l i t y  o f  b a t t e r ,  
s l ig h t  in c r e a s e  in  r is e ,  w e a k e n e d  c r u m b  
s t r u c t u r e

N o n e

2. a -A m y la s e A m  f le x W e a k e n e d  c r u m b  s t r u c tu r e N o n e
3. C o m b in e d  p r o t e a s e  a n d P r o f le x W e a k e n e d  c r u m b  s t r u c t u r e N o n e

a -a m y la s e

IV . E m u ls i f ie r  a n d  s h o r te n in g s
1. G ly c e r o l  m o n o s t e a r a t e M y v e ro l  1 8 0 0 W h e n  c o m b in e d  w i th  4 0 0 0  c p s  M e th o c e l  

p r o d u c e d  f i n e r  s t r u c t u r e ,  g r e a t ly  
w e a k e n e d  c r u m b  s t r u c t u r e

S o f t e n e d  c r u m b  s t r u c t u r e

2 . V e g e ta b le  s h o r te n in g C r is c o S o f t e n e d  c r u m b  s t r u c t u r e  w h e n  c o m 
b in e d  w i th  4 0 0 0  c p s  M e th o c e l

S o f t e n e d  c r u m b  s t r u c t u r e

3 . M o n o  a n d  d ig ly c e r id e s  o f A tm u l  5 0 0 S o f t e n e d  c r u m b  s t r u c t u r e  w h e n  c o m - S o f t e n e d  c r u m b  s t r u c t u r e
f a t - f o r m in g  f a t t y  a c id s b in e d  w i th  4 0 0 0  c p s  M e th o c e l
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50 parts flour, 1 part baker’s yeast, 1 part 
sugar, 1 part salt, variable amounts of 
additive and 60 parts water.

Sample batters of 180 g each were 
mixed by hand until smooth and then 
placed into standard pup-loaf pans. Proof
ing was done at 85°F until sample volume 
had doubled or until no further rise was 
noted in samples that failed to double in 
volume. The samples were then baked at 
400°F.

RESULTS

TABLE 1 lists the additives examined 
along with the qualitative effect of each 
on the loaf. No attempt was made to 
examine all additives available; those 
selected are examples of 4 common 
types.
Gum and pectins

The gums were tested by incorporating 
1 part additive into the basic recipe and 
mixing as a dry component with the 
flour.

As listed in Table 1 only gum traga- 
canth, Jaguar J2S-1, Kraystay type S and 
certain Methocels had any beneficial 
effect on the sorghum bread. Most gums 
failed to develop gas retention properties 
or to prevent the loaves from collapsing 
during baking. Gum tragacanth, Jaguar 
J2S-1 and Kraystay type S developed 
some gas retention but not enough for 
the loaves to rise properly. However, they 
did prevent loaves from collapsing. Both 
results were achieved in loaves containing 
400, 1500, 4000 or 15000 centipoise 
(cps) Methocel, which produced a suit
able rise and prevented collapse during 
baking.

Figure 1 illustrates the effects of 
various gums at an additive level of 2 % in 
each loaf. Loaves containing either no 
additive, gum arabic or sodium CMC 
collapsed while loaves containing either 
4000 cps Methocel, Kraystay S or Jaguar 
J2S-1 were stable during baking. The 
height of these latter loaves was achieved 
during proofing. At this additive level no 
further rise occurred during baking, 
although some rise occurred in samples 
with a higher additive level. Only the loaf 
containing 4000 cps Methocel achieved 
enough rise to be considered acceptable. 
Figure 2 illustrates the differences 
between several different viscosity 
Methocels. While several different viscos
ities are good, 4000 cps Methocel pro
duced the best rise and, therefore, was 
examined more extensively. Figure 3 
compares sorghum bread containing 
increasing amounts of 4000 cps Methocel. 
Each sample was allowed to rise equally 
during proofing. The greater height of 
loaves containing 4 and 6 % added Meth
ocel was due to a further rise during 
baking. Increasing the amount of Meth
ocel produced both a finer structure and 
a better rise. However, there was a corre

Fig. 2 —E ffe c t o f  d iffe re n t v iscosity Methocels in  sorghum  bread. L o a f 1: no  a d d itive ; 2 : 2% 400  
cps; 3 : 2% 1500 cps; 4 : 2% 4 0 0 0  cps; 5 : 2% 8 0 0 0  cps; 6 : 2% 15000 cps.

Fig. 3 —E ffe c t o f  increasing am ounts o f  4 0 0 0  cps M ethoce l in  sorghum  bread. L o a f 1: 1%; 2 : 2% ; 3 : 
4% ; 4 : 6%.

sponding weakening of loaf strength. 
Because of this an additive level of 2% 
seemed to be the best compromise be
tween loaf strength and loaf texture.

Barley bread was also improved by the 
addition of certain gums. Again, 4000 cps 
Methocel produced the best bread as 
illustrated by Figure 4. Other gums that 
produced some improvement in structure

are 15,000 cps Methocel and Jaguar 
J2S-1, shown in Figure 4, and Kraystay 
type S, 400 cps Methocel, Hercules 7LP 
and Du Pont CMC p-75-XH.

The addition of 4000 cps Methocel 
also partially improved the top crust of 
barley bread. By holding rise during 
proofing to no more than double the 
initial volume of bread batter, some oven
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Fig. 4 —E ffe c t o f  d if fe re n t gums in  ba rley bread. L o a f 1: no a d d itive ; 2 : 2% 4 0 0 0  cps M e thoce l; 3 : 
2% 15000 cps M ethoce l; 4 : 2% Jaguar J2S -1.

Fig. 5 —E ffe c t o f  increasing am ounts o f  sorghum  starch in  sorghum  bread c o n ta in ing  2% 4 0 0 0  cps 
M ethocel. L o a f 1: 0% ; 2 : 10%; 3 : 20% ; 4 : 40%.

spring was achieved producing a domed
shaped loaf along with a smoother crust.

The pectins were tested by incorpo
rating 2.5 parts additive into the basic 
recipe and mixing as a dry component 
with the flour. All sorghum loaves con
taining rapid or slow set pectin collapsed 
during baking. Similar loaves of barley 
bread did not collapse but did not im
prove in texture over loaves containing no 
additive. When low methoxyl pectin was 
used with a calcium source, there was 
insufficient rise in both sorghum and 
barley loaves although no collapse oc
curred.

Starches
Starches were initially tested by 

omitting any additive and replacing 1 0 % 
of the flour in the basic recipe with the

various starches listed in Table 1. Each 
starch caused sorghum bread to rise 
faster, but would not hold enough gas 
during baking to prevent collapse.

However, when 1 part of 4000 cps 
Methocel was added along with the 
starch, structure of the sorghum bread 
was finer. Various amounts of flour were 
then replaced by starch in sorghum bread 
containing 1 part added 4000 cps Meth
ocel. Increased starch content caused an 
added rise during baking and a finer 
structure in the finished loaf. These 
results are illustrated by Figure 5.

Addition of starch to barley bread 
produced little effect. When 10 to 20% of 
the barley flour was replaced by sorghum 
starch a slightly poorer loaf structure 
resulted. Higher amounts of starch had no 
effect on loaf structure but did produce a

slight oven spring during baking. When 
4000 cps Methocel was added with 
starch, as illustrated by Figure 6 , oven 
spring increased with increasing amounts 
of starch but the structure of each sample 
remained similar. Each starch tested pro
duced similar results, but differences 
might show up in more critical tests.

Pregelatinized sorghum starch was 
tried in sorghum bread. To maintain a 
batter, only 1 0 % of the sorghum flour 
was replaced by sorghum starch in the 
basic recipe. When larger amounts were 
tried, the solids content of the batter had 
to be reduced to compensate for the 
starch thickening. No combination of 
pregelatinized starch produced any 
beneficial results.
Enzymes

3 commercial baking enzymes, listed 
in Table 1, were tried. 50 mg of enzyme 
were incorporated in the basic recipe for 
each 10 g of flour. Protease increased the 
adhesive property of the sorghum batter 
somewhat and caused slightly more rise 
than did samples without enzyme, but 
sufficient rise in sorghum bread was not 
obtained from any enzyme and all weak
ened crumb structure. Enzyme additives 
had no noticeable effect on barley bread, 
probably due to a lack of suitable sub
strate.
Emulsifiers and shortenings

Again, initial testing was done by 
incorporating 1 part additive into the 
basic recipe. A 10% emulsion of glyceryl 
monostearate (GMS) in 140°F water was 
added while the other shortenings were 
dispersed by mixing. Neither GMS nor the 
other shortenings increased gas retention 
in sorghum or barley loaves.

It was necessary to incorporate a gum 
such as 4000 cps Methocel along with the 
GMS or shortenings to prevent collapse of 
the sorghum bread. The result was a 
fine-structured loaf. Unfortunately, the 
loaf strength was weakened so much by 
the GMS that it crumbled badly during 
slicing. The shortenings, when combined 
with Methocel, had little effect on struc
ture but did soften the loaves.

GMS or shortenings had little effect on 
the structure of barley bread whether 
combined with a gum or added alone. 
However, the loaves were softened, as 
would be expected.
Effect of processing variations on sor
ghum bread

Several steps and variations in 
processing were examined. The effects of 
varying flour yield from milling, solids 
content of the bread batter and baking 
temperature of the loaves were deter
mined. Flavor modification of sorghum 
bread by sour fermentation also was 
examined. All processing variations were 
tried using the basic recipe previously 
mentioned, with an added 2% of 4000 
cps Methocel.



B R E A D  F R O M  S O R G H U M  A N D  B A R L E Y  F L O U R S - 6 6 5

Fig. 6 —E ffe c t o f  increasing am ounts o f  sorghum  starch in  ba rley bread con ta in ing  2% 40 0 0  cps 
M ethocel. L o a f 1: 0% ; 2 : 10%; 3 : 20% ; 4 : 40%.

Using a Brabender Quadrumat mill, we 
obtained a yield of approximately 65% 
from grain containing 13.4% moisture. 
This produced a good baking flour when 
Methocel was added. This same flour was 
then sifted through a No. 80 mesh screen 
and a No. 100 mesh screen to produce 
flours of 51 and 37% extraction, respec
tively. Both of these higher extraction 
flours were slightly lighter in color and 
baked into bread of a slightly finer 
texture than the 65% extraction flour. 
However, this was a small gain when 
compared to the greatly increased milling 
loss. By drying grain to 7.0% moisture a 
yield of 8 6 % was obtained. This produced 
a flour much darker in color with specks 
of bran in it. Bread from this flour was 
always very coarse in texture and rose 
poorly.

Moisture content of the bread batter 
was raised as high as 60%. Increasing the 
moisture content allowed a quicker rise 
during proofing. However, the batter 
became increasingly fluid, making it 
difficult to handle and producing bread 
with weakened structure. The best results 
were obtained with a batter moisture 
content of 55%. This produced batter 
that rose well and yet baked into bread of 
good strength.

Baking at 350°F or lower caused a 
white crust of ungelatinized flour on top 
of the loaf. Increasing the baking temper
ature to 400°F brought about proper 
browning.

2  methods of flavor modification by 
sour fermentation were tried. In one, the 
fermentation process was a modification 
of a traditional process used in Africa as 
described by Hulse (1968). Sorghum was 
decorticated, then soaked for 24 hr until 
the pH dropped to about 4. The grain was 
then dried and milled. The resultant flour 
was slightly darker in color than conven
tional sorghum flour. Bread made from it 
rose faster and retained a sour fermented 
flavor, but otherwise was similar to con
ventional raised sorghum bread.

In the other process, a natural sour 
dough was prepared by holding a dough, 
containing 50% moisture, overnight at 
85°F. Yeast, water and other ingredients 
of the basic testing recipe were added 
after souring to make a batter containing 
55% moisture. The resultant bread again 
resembled conventional sorghum bread 
except for its flavor.

As with conventional sorghum bread, 
texture of the sour bread could be im
proved by additional amounts of Meth- 
ocel or starch.

CONCLUSIONS

VERY ACCEPTABLE pan breads can be 
made from milo sorghum flour by includ
ing a gum, 4000 cps Methocel, and any 
one of several starches. The amount of 
Methocel and starch added would depend 
both on the economics involved and on 
the desired loaf characteristics. However,

a proportion of 1 part Methocel, 10 parts 
starch and 40 parts sorghum flour pro
duced a loaf of good structure and oven 
spring.

Sorghum starch or certain locally avail
able starch could be used. Crops such as 
corn, cassava, potato or arrowroot are 
often grown in the same regions as 
sorghum. Starch from these plants could 
readily be used in sorghum bread.

Where desired, a sour fermented flavor 
can be imparted to sorghum bread by 
either of 2 methods. The sorghum grain 
may be fermented before milling or a 
sour dough fermentation may be used.

Like sorghum, barley bread can also be 
improved by addition of gums. Several 
gums do very well in improving the 
texture of barley bread but again 4000 
cps Methocel gives the best results. A 
proportion of 1 part gum to 50 parts 
barley flour would produce a loaf of good 
texture. Starch has virtually no effect in 
barley bread. If desired, it could be added 
as a diluent for flavor modification or 
because of economic considerations.

Both sorghum and barley bread have 
to be baked from a batter to achieve 
sufficient rise. A batter with a moisture 
content of 55% will rise sufficiently, yet 
is stiff enough to be handled conven
iently. Since it is necessary to use a 
batter, pans of sufficient height must be 
used to contain any further rise during 
baking while the batter is still relatively 
fluid.

REFERENCES

Horder, T.J., Dodds, E.C. and Moran, T. 1954. 
“ Bread.”  pp. 61, 169. Constable and Com
pany, Ltd., London, England.

Hulse, J.H. 1968. Food technology and the war 
on hunger. Annual IFT Meeting, Philadel
phia, Pa.

Jongh, G. 1961. The form ation of dough and 
bread structures. I. The ability of starch to 
form  structures and the improving effect of 
glyceryl m onostearate. Cereal Chem. 38: 
140.

Jongh, G., Slim, T. and Greve, H. 1968. Bread 
w ithout gluten. Baker’s Digest 42(3): 
24—29.

Kim, J.C. and De Ruiter, D. 1968. Bread from 
non-wheat flours. Food Technol. 22(7): 
5 5 -6 2 , 64, 66.

Landenberger, L.L. and Morse, W. 1918. Barley 
bread, optim um  reaction and salt effect. 
Science 48(1237): 269—270.

McGreer, R.H. 1967. A gluten-free wheat prod
u c t made with cellulose gum. J. Am. Dietet. 
Assoc. 51(6): 534—535.

Rooney, L.W. and Clark, L.E. 1968. The chem
istry and processing of sorghum grain. 
C e re a l Sci. Today 13(7): 258—265,
2 8 5 -2 8 6 .

Ms. received 10/23/69; revised 1/16/70; ac-
cepted 2/11/70.______________________________

Presented a t the 29th Annual Meeting of the 
Institute o f Food Technologists in Chicago.

Reference to a company or product name 
does no t imply approval or recom m endation of 
the product by th e  U.S. D epartm ent of Agricul
ture to the exclusion of others th a t may be 
suitable.



O. H. M ILLER and E. E. BURNS
Adriance Laboratory, Soil and Crop Sciences Dept., Texas A&M  University, College Station, Texas 77843

STARCH CHARACTERISTICS OF SELECTED GRAIN SORGHUMS AS RELATED TO HUMAN FOODS

S U M M A R Y —Seventeen varieties an d  hyb rids  o f  gra in sorghum  were analyzed fo r  co n te n t o f  to ta l 
starch, am ylose, am y lo pec tin , starch density , and  starch granule diam eter. C orre lations am ong 
these a ttrib u te s  and  organo lep tic  q u a lity  were made. Starches o f  regular-starch type  varieties had  
higher densities than w axy starch varieties. S tarch de ns ity  was re la ted  d ire c tly  to  am ylose co n te n t 
and  inversely to  to ta l starch and  am y lo pec tin  con ten t. A m y lose  c o n te n t was d ire c tly  re la ted  to  
to ta l starch con ten t, starch density , and  inversely re la ted  to  am y lo pec tin  con ten t. The varieties 
w ith  h igh  am y lo pec tin  c o n te n t were p re fe rred  fo r  sorghum  bread. O rgano leptic q u a lity  was d i
re c tly  re la ted  to  am y lo pec tin  c o n te n t and  inversely re la ted  to  to ta l starch and  am ylose con ten t.

INTRODUCTION

PRODUCTION OF grain sorghum in the 
United States increased from 37.6 to 
743.1 million bushels during the period 
1930-1969 (Long, 1967; U.S.D.A.,
1969). The United States now produces 
over 50% of the world’s supply 
(U.S.D.A., 1964).

On a world-wide basis, grain sorghum 
ranks third among cereals for human 
consumption and is a staple food in 
Africa, China, and India. However, of the 
total U.S. production, it is estimated that 
only 2—3% is used for human food, the 
remainder being utilized industrially and 
as animal feed (U.S.D.A., 1970).

The goal of grain sorghum research in 
the past has been the development of 
varieties with desirable agronomic charac
teristics but with limited regard for attri
butes of the grain. There is a need for 
information concerning measurable char

Table 1—C lassification o f  the gra in sor
ghums used fo r  analysis.

S a m p le
n u m b e r

S u p p l i e r ’s
c o d e

E n d o s p e r m
c h a r a c te r i s t i c s

1 B 6 0 7 a W a x y

2 T e x io c a  5 4 a W a x y

3 F !  H y b rid * 3 W a x y

4 B 3 1 9 7 a R e g u la r

5 T x 2 5 2 0 a W a x y

6 F ,  H y b rid * 3 I n t e r m e d ia t e

7 B 3 9 8 a R e g u la r

8 T x 2 5 3 6 a Y e llo w

9 F !  H y b rid * 3 I n t e r m e d ia t e

10 _ c Y e llo w

11 _ c Y e llo w

12 C -6 0 0 * 3’1* Y e llo w

13 B 3 7 8 a R e g u la r

14 T x 4 1 5 a R e g u la r

15 R S 6 7 1 3 !*3 R e g u la r

16 P o p s o r g h u m R e g u la r

17 S A 5 0 2 3 - 9 - l - 2 a S u g a ry

a T e x a s  A g r ic u l tu r a l  E x p e r i m e n t  S t a t i o n

n u m b e r
^ H y b r i d  o f  t h e  tw o  p r e c e d i n g  s a m p le s  
c N o t  A v a i la b le
^ D e K a lb  S e e d  C o m p a n y  n u m b e r

acteristics which are closely related to the 
utilization of grain sorghum. The most 
efficient utilization of grain sorghum as a 
human food can be accomplished by 
objectively establishing attributes and 
matching these with appropriate food 
formulas. Suitability of grain sorghum for 
specific purposes depends primarily on 
starch characteristics.
Utilization

Starch, the most abundant constituent 
of grain sorghum, is utilized to the 
greatest extent. Grain sorghum starch is 
used for food products, adhesives, sizings, 
drilling muds, and other purposes (Ward 
and Browder, 1960). Sorghum starches 
are particularly favored in bland foods 
because they render less “cereal flavor” 
(Watson, 1959). Waxy sorghum starch 
can be useful where extraordinary stabil
ity is required such as in fruit pie fillings, 
soups, and canned foods (Boren, 1962).

Pregelatinized sorghum starches are useful 
when their addition results in immediate 
thickening, such as in instant puddings 
(Waldt, 1960).
Previous Evaluations

Horan and Heider (1946) analyzed 
1 0 1  different varieties of grain and forage 
sorghums for protein, starch, and crude 
fat content. They found that all the 
non-waxy sorghum samples contained 
approximately 25—30% amylose. Small 
quantities of amylose were found in the 
waxy varieties. Barham et al. (1946) 
studied 14 different varieties grown under 
the same conditions and found the chem
ical and physical attributes of the varie
ties to be distinguishable. Deatherage et 
al. (1955) surveyed 210 varieties from a 
world collection of sorghums in search of 
a high amylose variety but with no 
success. The amylose ranged from
21-28%.

Francis and Smith (1916) reported 
that grain sorghum starch granules ranged 
from 14—21 /t in diameter; corn meas
ured 14 /i and potato starch granules 40 
IX.

Very little work has been reported on 
the evaluation of grain sorghum varieties 
for human foods. Boren (1962) con
cluded that yellow endosperm varieties

Table 2 —Mean values o f  chem ical, physica l, and  organo lep tic  a ttrib u te s  o f  selected gra in sor
ghum.

S a m p le

N o .

T o t a l
S ta r c h

(% )

A m y lo s e  P e rc e n ta g e  
o f  T o t a l  S ta r c h

(% )

S ta r c h

G r a n u le
D e n s i ty

S ta r c h  G r a n u le  
D ia m e te r  

(m ic r o n s )  

R a n g e  M e a n
O r g a n o 
l e p t i c 3

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

O<N1O

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

1 0 6 9 .4 4 2 8 .0 8 1 .6 5 7 . 5 - 2 0 1 3 .2 5 3 .0 0
11 6 7 .5 2 2 7 .1 3 1 .6 1 7 . 5 - 2 0 1 3 .2 5 2 .5 0
12 7 0 .6 0 3 4 .8 7 1 .9 0 1 0 - 2 0 1 5 .0 0 2 .4 0
13 6 9 .1 2 2 5 .2 3 1 .6 3 7 - 1 8 1 3 .0 0 2 .4 0
14 6 9 .8 4 2 5 .9 3 1 .7 5 1 0 - 2 0 1 5 .0 0 2 .7 0
15 7 0 .5 7 2 5 .9 7 1 .9 4 4 - 2 0 1 1 .7 5 3 .1 0
16 6 5 .2 6 3 0 .6 6 2 .0 1 5 - 1 8 8 .2 5 2 .4 0
17 5 7 .3 9 2 6 .8 0 2 .2 1 1 0 - 2 0 1 5 .0 0 2 .3 0

a S c o re  o f  1 =  E x c e l l e n t - D e l i g h t f u l  p r o d u c t ,  l i t t l e  r o o m  f o r  im p r o v e m e n t .  
S c o r e  o f  2  =  G o o d - W o u l d  c o n s u m e  m o r e  o f  p r o d u c t  w i t h o u t  r e lu c t a n c e .  
S c o r e  o f  3  =  F a i r —W o u ld  c o n s u m e  p r o d u c t  b u t  w i th  s o m e  r e lu c t a n c e .  
S c o r e  o f  4  =  P o o r - W o u l d  c o n s u m e  p r o d u c t  b u t  w i th  g r e a t  r e lu c t a n c e .

66 6 - J O U R N A L  O F  F O O D  S C I E N C E - V o lu m e  3 5  ( 1 9 7 0 )
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were preferable over common commer
cial varieties because prepared products 
(cookies and pancakes) had a more pleas
ing appearance due to the lack of the 
grey-blue colors of the pigmented varie
ties. It was also noted that the yellow 
endosperm varieties had less of a “feed- 
store” smell than the common commer
cial varieties (Boren, 1962). As Wilkens 
(1966) has indicated, the measurement of 
chemical and physical attributes of food 
constituents is meaningless until corre
lated with organoleptic evaluations. In 
this study organoleptic evaluations were 
correlated with the chemical and physical 
attributes.

EXPERIMENTAL
A  N U M B E R  O F  c o m m e r c ia l ly  a v a i la b le  g ra in  
s o rg h u m  v a r ie t i e s  a n d  h y b r id s  w e r e  a n a l y z e d  in  
a n  a t t e m p t  t o  e v a lu a te  t h e  s t a r c h  a n d  o r g a n o 
l e p t ic  a t t r i b u t e s  o f  s o rg h u m s  p r e s e n t l y  a v a i la b le  
a n d  t o  d e te r m in e  d i f f e r e n c e s  a n d  s im i la r i t ie s .  A  
l i s t  o f  v a r ie t ie s  a n d  h y b r id s  a n a l y z e d  is 
p r e s e n t e d  in  T a b le  1.

Chemical
T o t a l  s t a r c h  d e t e r m i n a t i o n s  w e re  c a r r ie d  o u t  

o n  w h o le  k e r n e l  m e a l  p r e p a r e d  w i t h  a  0 .0 0 3  in . 
m ill.

T h e  s u g a r s  w e re  e x t r a c t e d  f r o m  w e ig h e d  
s a m p le s  w i th  c o ld  w a te r .  T h e  s ta r c h e s ,  e x 
t r a c t e d  b y  th e  m e t h o d  o f  W a ts o n  ( 1 9 6 4 ) ,  w e re  
h y d r o ly z e d  a n d  t h e n  n e u t r a l i z e d  t o  t h e  p h e n o l -  
p h t h a l e i n  e n d  p o i n t .  T h e  n e u t r a l i z e d  s o lu t io n  
w a s  t h e n  a n a l y z e d  b y  th e  M u n s o n -W a lk e r  
G e n e r a l  M e th o d  a n d  t h e  d e x t r o s e  e q u iv a l e n t  
m u l t i p l i e d  b y  0 .9 0  w a s  t a k e n  a s  t h e  p e r c e n t  
s t a r c h  p r e s e n t  in  t h e  s a m p le  ( A .O .A .C . ,  1 9 6 5 ) .  
T h e  m e t h o d  o f  G i lb e r t  a n d  S p r a g g  ( 1 9 6 4 )  w a s  
e m p lo y e d  to  d e t e r m in e  a m y lo s e  c o n t e n t .  

P h y s ic a l

D e n s i t i e s  o f  t h e  p u r i f i e d  s ta r c h  w e re  d e t e r 
m in e d  b y  u t i l i z in g  th e  B e c k m a n  A i r  C o m p a r i 

s o n  P y c n o m e te r  ( J o y c e ,  1 9 6 1 ;  S m i th ,  1 9 6 4 ) .
A v e ra g e  d i a m e te r s  o f  s t a r c h  g r a n u le s  w e re  

d e t e r m in e d  fo l lo w in g  t h e  m e t h o d  o f  M ac  
M a s te r s  ( 1 9 6 4 ) .

Organoleptic
A  m o d i f i e d  c o r n b r e a d  f o r m u la  w a s  u s e d  in  

p r e p a r in g  b r e a d  f o r  o r g a n o le p t i c  e v a lu a t io n .  A 
p a n e l ,  c o n s i s t in g  o f  s e v e n  e x p e r i e n c e d  p e r s o n 
n e l ,  e v a l u a te d  t h e  s o r g h u m  b r e a d  m a d e  f r o m  17 
v a r ie t i e s  a n d  h y b r id s  f o r  t e x t u r e ,  c o lo r ,  a n d  
f la v o r  a t t r i b u t e s  a n d  o v e ra l l  p r o d u c t  a c c e p t 
a n c e .

Statistical
T h e  p e r c e n t  t o t a l  s t a r c h ,  a m y lo s e ,  s t a r c h  

d e n s i t y ,  d i a m e t e r  o f  s t a r c h  g r a n u le s ,  a n d  o rg a 
n o l e p t i c  s c o re s  w e re  e a c h  t r e a t e d  w i th  a n  a n a l 
y s is  o f  v a r ia n c e  t e s t .  S im p le  c o r r e l a t i o n s  a m o n g  
a ll  a t t r i b u t e s  w e re  d e t e r m in e d .

RESULTS & DISCUSSION 
Chemical

Total starch, with one exception, 
ranged from 65-70% as shown in Table
2. This agrees with Watson (1959). The 
exception, No. 17, was the sugary- 
endosperm Kafir type, SA5023-0-1-2. It 
contained 58% total starch and was signif
icantly different from the others.

The amylose percentages were signif

icantly different. The waxy types, Nos. 1, 
2, 3, and 5, contained very little amylose. 
This agrees with Watson (1959). The 
highest amylose content was found in the 
G-600 hybrid, No. 12, which has been 
available only recently. It is possible that 
the high amylose content may be one of 
its favorable characteristics.

The starch component of the waxy 
grain sorghums, Nos. 1, 2, 3, and 5, 
approached 100% amylopectin. This high 
amylopectin content would be most de
sirable for the production of thickeners, 
adhesives, and sizings.
Physical

There were significant varietal differ
ences in starch density (Table 2.). Varie
ties high in amylose had higher starch 
densities. Density ranged from 2.22 g/cc 
in the sugary-endosperm, No. 17, to 1.14 
g/cc in the waxy type, No. 4. Watson
(1964) indicates that cereal starch has a 
density of 1.5 g/cc. It appears that high 
amylose content contributes positively to 
starch density.

During the starch purification proce
dures it was noted there were character
istic settling patterns and the high amyl-

Table 3 —S im ple co rre la tio n  coe ffic ien ts  am ong chem ical, p h ys i
cal, and  organo leptic  a ttrib u te s  o f  selected gra in sorghum  samples.

A t t r i b u t e s % V a lu e s P r o b a b i l i ty

P e r c e n t  t o t a l  s t a r c h
X  P e r c e n t  a m y lo s e  

P e r c e n t  t o t a l  s ta r c h

0 .2 9 3 * 0 .0 1 5

x  S ta r c h  d e n s i t y  
P e r c e n t  t o t a l  s t a r c h

- 0 . 3 3 9 * * 0 .0 0 5

x  S ta r c h  g r a n u le  d i a m e te r  
P e r c e n t  t o t a l  s t a r c h

- 0 . 0 0 7 0 .9 5 3

X  O r g a n o le p t ic  e v a lu a t io n  
P e r c e n t  a m y lo s e

0 .5 2 1 * * 0 .0 0 0

X  S ta r c h  d e n s i ty  
P e r c e n t  a m y lo s e

0 .5 1 9 * * 0 .0 0 0

X  S ta r c h  g r a n u le  d i a m e te r  
P e r c e n t  a m y lo s e

- 0 . 0 8 7 0 .4 7 9

X  O r g a n o le p t ic  e v a lu a t io n  
S ta r c h  d e n s i ty

0 .4 9 9 * * 0 .0 0 0

X S ta r c h  g r a n u le  d i a m e te r  
S ta r c h  d e n s i ty

- 0 . 1 2 4 0 .3 1 6

X  O r g a n o le p t ic  e v a lu a t io n  
S ta r c h  g r a n u le  d i a m e te r

0 .0 1 4 0 .9 0 8

x  O r g a n o le p t ic  e v a lu a t io n - 0 . 0 4 0 0 .7 4 6

* S ig n i f ic a n t  a t  5 %  le v e l 
* * S ig n i f ic a n t  a t  1% le v e l Fig. 1—C ra in  sorghum  bread.
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ose starches settled more rapidly than the 
others.

Diameters of the starch granules 
ranged from 4—25 ¡J. with the majority 
being 15—20 ¡±. This agrees with the 
findings of MacMasters (1964). The 
starch granules of popsorghum, No. 16, 
had the smallest mean diameter. Appar
ently the amylose content is not related 
to starch granule size.
Organoleptic

Data presented in Table 2 indicate that 
percentage amylopectin and organoleptic 
attributes are related. Some members of 
the panel detected a slight astringency in 
the popsorghum, No. 16, which is a 
Shallu type.

A representative loaf of grain sorghum 
bread is shown in Figure 1.
Statistical

A difference existed in total starch, 
amylose, amylopectin content, starch 
density, and starch grain size at the 1 % 
level of significance, indicating these char
acters to be varietal attributes.

Organoleptic evaluation revealed that 
texture and crumb color of the sorghum 
bread affected the scoring of the evalua
tion panel significantly. Analysis of vari
ance of product acceptance again indi
cated varietal significance at the 1 % level.

Correlation coefficients for all attri
butes are presented in Table 3. Significant 
correlations were obtained at the 1 % level 
for percent total starch x starch density; 
percent total x organoleptic evaluation; 
and percent amylose x organoleptic eval
uation.

The correlation between percent total 
starch x starch density indicates an in
verse relationship. This implies that the

starch of the small hard-seeded regular- 
starch varieties is less dense than that of 
the larger softer-seeded regular starch 
varieties.

The correlation between percent total 
starch x organoleptic evaluation is nega
tive. This indicates that varieties having 
lower total starch content are preferable 
for sorghum bread. This is probably 
because the varieties with lower total 
starch content were high in amylopectin 
content and were white seeded varieties. 
The white seeds contributed to a lighter 
colored bread which was more acceptable 
organoleptically.

The direct correlation of percent total 
starch x percent amylose indicates that 
amylose content directly affects total 
starch content.

The direct relationship of percent 
amylose x starch density is apparently 
caused by higher density of amylose.

The negative correlation of percent 
amylose x organoleptic evaluation indi
cates that higher amylose content de
creases sorghum bread acceptability.

These observations indicate that physi
cal and chemical attributes of grain sor
ghum varieties and organoleptic qualities 
are related.
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EFFECT OF SODIUM NITRITE ON FLAVOR OF CURED PORK

S U M M A R Y —The e ffe c t o f  sod ium  n it r ite  in  the cu ring  p ick le  upon the flavo r o f  the resu lting  
cured and  coo ked  p o rk  roasts was investigated. Paired p o rk  longissimus do rs i roasts were cured  
w ith  varying am ounts o f  salt, and  w ith  o r  w ith o u t sod ium  n itr ite . The e ffe c t o f  sm oke was also 
studied. Taste panelists were able to  select c o rre c tly  IP  < 0 .0 5  o r  0 .01 ) the d iffe re n t sample in  
triangle tests and ind ica ted  th a t the p o rk  roasts cured  w ith  sod ium  n it r ite  had m ore cured p o rk  
flavor. Smoke d id  n o t mask th is  flavor, w hich was d iffe re n t fro m  th a t a tt r ib u ta b le  to  the sa lt used 
in  the curing  p ick le .

aPresent address: Food Science Departm ent, 
North Carolina S tate University, Raleigh, North 
Carolina.

INTRODUCTION
THE CURING of meat is fundamentally a 
process of salting and was used originally 
as a method of preservation. Saltpeter 
(KN03) also has long been used to 
protect meat from spoilage and discolora

tion (Hoagland, 1908). The original pre
serving function of meat curing has been 
changed to one of flavor and color 
development, to satisfy present-day con
sumer tastes.

The characteristic heat-stable red color 
of cured meat is due to the interaction of 
nitrite with the myoglobin of meat to 
form the pigment, nitroso-myoglobin. 
When nitrate was used in the curing 
process, bacteria were necessary to reduce 
the nitrate to nitrite for color fixative 
purposes. Since 1929 the use of either 
sodium or potassium nitrite has been 
approved by the U.S. Meat Inspection
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T a b l e  1 — C o m p o s i t i o n  o f  t h e  c u r i n g  p i c k l e s ,  r e s i d u a l  n i t r i t e ,  s u g a r ,  s o d i u m  c h l o r i d e ,  p h e n o l

c o n t e n t  o f  c o o k e d  r o a s t s  a n d  t a s t e  p a n e l  r e s u l t s . ____________
______________ C o o k e d  r o a s t s

P i c k l e  R e s i d u a l

Trial
NaCl
(%)

Sugar
(%)

Nitrite
(ppm)1

nitrite
(ppm)2

Sugar6
(%)

NaCl6
(%)

Phenols 
(mg/100 g )

Triangle
test

Two-sample
test

1 4.70 1.20 300 37 0.21 2.15 — 9/183 NS
2 4.70 1.20 300 32 0.21 2.17 - 7/18 NS
3 4.70 1.20 300 41 0.25 2.05 - 12/18**
4 4.70 1.20 300 30 0.09 1.79 - 10/18*
5 4.70 1.20 300 30 0.10 1.81 - 12/18**
6 2.35 1.20 300 39 0.23 1.04 - 11/18* 15/184**
7 2.35 1.20 300 42 0.29 1.14 - 10/18* 14/18*
8 2.35 1.20 300 19 0.28 1.01 - 21/36** 32/36***
R5 2.35 1.20 300 39 0.16 1.11 — - 21/36 NS
9l 4.70 1.20 - - 0.19 2.20 - -

R 4.70 1.20 - - 0.14 2.11 - -

ioL 2.35 1.20 300 35 0.16 1.00 - - 23/36 NS
R 2.35 1.20 300 38 0.15 1.21 - - 20/36 NS

l lL 4.70 1.20 - - 0.14 2.14 - -
12 - - 300 23 - - - 14/23** 19/23**
13 - - 300 22 - - - 11/19* 16/19**
14 - - 300 22 - - - 11/18* 14/18*

15 2.35 1.20 300 32 0.33 0.97 3.21 17/26*** 22/26***
16 2.35 1.20 300 19 0.32 1.15 9.22 14/22** 18/22**
17 2.35 1.20 300 26 0.25 1.02 6.20 13/18*** 17/18***

1 E i t h e r  r i g h t  o r  l e f t  s a m p l e  o f  t h e  p a i r .

I n  s a m p l e  c u r e d  w i t h  N a N O j .
3  N u m b e r  o f  c o r r e c t  s e l e c t i o n s / n u m b e r  o f  p a n e l i s t s .

N u m b e r  o f  “ m o r e  c u r e d  f l a v o r ”  s e l e c t i o n s  o f  N a N C >2 c u r e d  s a m p l e s / n u m b e r  o f  p a n e l i s t s .

S R  =  R i g h t ,  L  =  L e f t .

A v e r a g e  o f  p a i r e d  r o a s t s .

N S  =  n o t  s i g n i f i c a n t ,  *  s i g n i f i c a n t  a t  P < 0 . 0 5 ;  * *  s i g n i f i c a n t  a t  P < 0 . 0 1 ;  * * *  s i g n i f i c a n t  a t  

P  < 0 . 0 0 1 .

Division. The am ount is lim ited, so that 
the finished products contain no more 
than 200 ppm of sodium nitrite.

The distinctive flavor of cured meat 
may be due to  the salt, sugar, nitrite or 
smoke, or both, used or applied during 
the curing process. Brooks et al. (1940) 
studied the function of nitrite in the 
curing of bacon and hams and reported 
that “ the characteristic ‘cured’ flavour of 
bacon is due primarily to  the action of 
nitrite on the flesh, and a satisfactory 
bacon can be made by using only sodium 
chloride and sodium n itrite .” Taste panel 
data were not presented.

The present study was undertaken to  
determine if taste panelists could detect 
differences in pork cured w ith nitrite 
from pork cured w ithout nitrite.

EXPERIMENTAL
P A I R E D  ( r i g h t  a n d  l e f t )  s e c t i o n s  o f  p o r k  lo n g i s -  
s im u s  d o r s i  m u s c l e s  w e r e  r e m o v e d  f r o m
6 8 . 2 - 7 5 . 0 - k g  p o r k  c a r c a s s e s .  T h e  s e c t i o n s  w e r e  
f r o m  e i t h e r  t h e  1 0 t h  t o  l a s t  t h o r a c i c  v e r t e b r a e  
o r  t h e  f i r s t  t o  l a s t  l u m b a r  v e r t e b r a e .  T h e  b o n e 
le s s  r o a s t s  r a n g e d  f r o m  0 . 4 5 - 1 . 0 8  k g  i n  w e i g h t .  
A f t e r  r e m o v a l ,  t h e y  w e r e  p a c k a g e d  in  C r y o v a c  
b a g s  u n d e r  p a r t i a l  v a c u u m ,  f r o z e n  a n d  s t o r e d  a t  
- 1 7 . 0 ° C  u n t i l  u s e d  ( 3 - 4  w e e k s ) .

P r i o r  t o  c u r i n g ,  p a i r e d  r o a s t s  w e r e  d e f r o s t e d

f o r  1 2  h r  a t  3 ° C ,  w e i g h e d  a n d  p l a c e d  i n  t h e  
c u r i n g  p i c k l e  i n  p l a s t i c  b a g s  a n d  c u r e d  f o r  3 
d a y s  a t  2 . 0 - 3 . 0 ° C .  R a t i o  o f  p i c k l e  t o  m e a t  w a s  
a l w a y s  2 : 1  ( w / w ) .  I n  e v e r y  t r i a l  o n e  o f  t h e  
p a i r e d  s a m p l e s  w a s  c u r e d  w i t h  N a N C >2 i n  t h e  
p i c k l e  a n d  t h e  o t h e r  r o a s t  w i t h o u t  N a N 0 2 . T h e  
c u r i n g  p i c k l e s  c o n t a i n e d  e i t h e r  0 . 0 0 ,  2 . 3 5  o r  
4 .7 %  N a C l ;  0 . 0 0  o r  1 .2 0 %  s u g a r  a n d  0  o r  3 0 0  
p p m  o f  s o d i u m  n i t r i t e .

T h e  c u r e d  r o a s t s  w e r e  c o o k e d  i n  a  1 7 0 ° C  
o v e n  t o  a n  i n t e r n a l  t e m p e r a t u r e  o f  8 5 . 6 ° C .  T h e  
c o o k e d  r o a s t s  w e r e  s l i c e d  i n t o  5 - m m - t h i c k  s l i c e s  
w i t h  a  m e a t  s h e e r .  W h e n  t h e  e f f e c t  o f  s m o k e  
w a s  s t u d i e d ,  t h e  s l i c e s  w e r e  s m o k e d  ( h a r d w o o d  

s a w d u s t  s m o k e )  a t  5 3 . 3 ° C  a n d  3 4 %  R .H .  f o r  1 0  
m i n  i n  a n  a i r - c o n d i t i o n e d  s m o k e h o u s e .  S o m e  o f  
t h e  c e n t e r  s l i c e s  o f  e a c h  r o a s t  w e r e  u s e d  f o r  
c h e m i c a l  a n a l y s e s  a n d  t h e  r e m a i n d e r  f o r  p r e s e n 
t a t i o n  t o  a  n o n t r a i n e d  f l a v o r  p a n e l .

T h e  t r i a n g l e  t a s t e  t e s t  w a s  u s e d  t o  d e t e r m i n e  
i f  a  d i f f e r e n c e  c o u l d  b e  d e t e c t e d  b e t w e e n  t h e  
s a m p l e s  c u r e d  w i t h  N a N 0 2 a n d  t h o s e  c u r e d  
w i t h o u t  n i t r i t e .  R e d  l i g h t s  w e r e  u s e d  t o  m a s k  
s a m p l e  c o l o r  d i f f e r e n c e s ,  b u t  t h i s  p r o c e d u r e  
w a s  d i s c o n t i n u e d  in  f a v o r  o f  a  t e s t  i n  w h i c h  t h e  
p a n e l i s t s  w e r e  b l i n d f o l d e d  a n d  s e r v e d  t h e  s a m 
p le s .  I n  t h e  t r i a n g l e  t e s t  t h e  d i f f e r e n t  s a m p l e  
w a s  s e r v e d  f i r s t  1 / 3  o f  t h e  t i m e ,  s e c o n d  1 / 3  o f  
t h e  t i m e ,  a n d  l a s t  1 / 3  o f  t h e  t i m e .  T h e  s a m p l e s  
w e r e  a t  r o o m  t e m p e r a t u r e  w h e n  p r e s e n t e d  t o  
p a n e l  m e m b e r s .  T h e  2 - s a m p l e  t a s t e  t e s t  f o l 
l o w e d  t h e  t r i a n g l e  t e s t .  T h e  p a n e l i s t s  w e r e  
a s k e d ,  “ W h i c h  o f  t h e  s a m p l e s  h a d  m o r e  ‘c u r e d  
f l a v o r ’” ?

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

c u r e d  s a m p l e  f i r s t  a n d  p a n e l i s t  B  t h e  n o - n i t r i t e -  
c u r e d  s a m p l e  f i r s t ,  e t c .  A l l  p a n e l i s t s  u s e d  f o r  
t h e  t r i a n g l e  t e s t s  w e r e  g iv e n  t h e  2 - s a m p l e  t e s t s ,  
r e g a r d l e s s  o f  w h e t h e r  t h e y  h a d  s e l e c t e d  c o r 
r e c t l y  t h e  d i f f e r e n t  s a m p l e s .  S t a t i s t i c a l  s i g n i f i 
c a n c e  w a s  d e t e r m i n e d  b y  r e f e r e n c e  t o  E l l i s  
( 1 9 6 1 )  f o r  t h e  t r i a n g l e  t e s t  a n d  t o  R o e s s l e r  e t  
a l .  ( 1 9 5 6 )  f o r  t h e  2 - s a m p l e  t e s t .

C h e m i c a l  a n a l y s e s  f o r  r e s i d u a l  s o d i u m  n i 
t r i t e ,  s o d i u m  c h l o r i d e ,  s u g a r  a n d  p h e n o l s  
( s m o k e d  s a m p l e s )  w e r e  m a d e  o n  t h e  c e n t e r  p o r 
t i o n s  o f  t h e  c o o k e d  r o a s t s .  S o d i u m  n i t r i t e  a n d  
s o d i u m  c h l o r i d e  w e r e  d e t e r m i n e d  b y  r e c o m 
m e n d e d  m e t h o d s  ( A . O . A . C . ,  1 9 6 5 ) .  T h e  m e t h 
o d  o f  F o l i n  a n d  W u  ( 1 9 2 0 )  w a s  u s e d  f o r  d e t e r 
m i n a t i o n  o f  g l u c o s e .  T h e  s u c r o s e  i n  t h e  s a m p l e  
w a s  i n v e r t e d  b y  t h e  m e t h o d  d e s c r i b e d  b y  H a r 
r o w  e t  a l .  ( 1 9 5 5 ) .  T h e  a m o u n t  o f  s u g a r  in  t h e  
s a m p l e  w a s  t h e  d i f f e r e n c e  b e t w e e n  g l u c o s e  
v a l u e s  b e f o r e  a n d  a f t e r  i n v e r s i o n .  P h e n o l s  w e r e  
e s t i m a t e d  b y  t h e  c o l o r i m e t r i c  m e t h o d  o f  
T u c k e r  ( 1 9 4 2 ) .  R e s u l t s  a r e  r e p o r t e d  a s  m g  

p h e n o l s  p e r  1 0 0  g  s a m p l e .

RESULTS & DISCUSSION

COMPOSITION of the curing pickles 
used, data of some chemical analyses of 
the cooked roasts and results of the 
triangle and 2-sample taste tests are pre
sented in Table 1. In each of the 17 trials 
listed, paired right and left roasts were 
used. Samples cured with N aN 02 were 
equally divided between right and left 
roasts.

The taste panel tests of trials 1—5 were 
perform ed in booths employing red illu
mination to  mask the normal visual dif
ference between the roasts cured with 
nitrite and those cured w ithout nitrite. In 
trials 1 and 2 no statistical difference in 
the triangle taste test was obtained. The 
next 3 trials (3, 4 and 5) resulted in 
correct selection of the different sample 
at a significant ( P < 0 .0 5  or 0.01) level. 
In all subsequent trials, samples were 
served to  blindfolded panelists to  elimi
nate the possibility of color difference 
being used rather than flavor difference.

The sodium chloride concentrations 
used did not appear to interfere with the 
panelist’s ability to  select the correct 
different sample in the triangle test when 
the results o f trials 3, 4 and 5 are 
compared with trials 6, 7 and 8. The 
effect of 1.0 and 2.0% sodium chloride 
concentration combined with or w ithout 
the nitrite cure, respectively, was studied 
in trials 9, 10 and 11. In each trial the 
lower salt concentration was in the sam
ples cured with n itrite. While the 2-sam- 
ple test did not dem onstrate statistical 
significance, more panelists (64) selected 
the lower salt-nitrite-cured samples than 
those (44) who chose the higher salt-no
nitrite-cured samples as having “more 
cured flavor.”

3 trials (12, 13, 14) were conducted in 
which neither salt nor sugar was added to 
the curing pickle. 1 of the roast pairs was
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cured in a nitrite-containing pickle, 
whereas the pairm ate was placed in dis
tilled water. Both the triangle and the 
2-sample tests showed that the panelists 
selected correctly the different sample 
and chose that sample with nitrite 
(P <  0.05 or 0.01) as having “ more cured 
flavor.”

Smoking is a process often applied to 
cured pork. Trials 15, 16 and 17 were 
conducted to  determine if the smoke 
flavor would mask or dilute the cured 
meat flavor that the panelists indicated 
was present in the nitrite-cured sample 
and not present in the sample cured 
w ithout nitrite. In spite of the heavy 
smoke concentration as shown by the 
phenol data, the panelists chose the cor
rect different sample in the triangle test 
and indicated that the nitrite-cured 
smoked sample had “more cured flavor” 
than the smoked samples cured without 
nitrite (P <  0.01 and 0.001).

Results reported are in agreement with 
those of Brooks et al. (1940), who stated 
that a sodium chloride and sodium nitrite 
cure would produce a bacon satisfactory 
to  English consumers. Wasserman and 
Talley (1969) reported that statistical 
significance in triangle tests was obtained 
only when the different sample was a 
smoked sample and not when the differ
ent sample was an unsmoked sample. In 
the present study the no-nitrite-cured and 
nitrite-cured samples were used equally as 
often as the different sample. Statistical 
significance was noted in 12 of the 14 
triangle tests.
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WEIGHT AND COLOR CHANGES DURING STORAGE OF BEEF STEAKS 
PACKAGED IN CLEAR PLASTIC, FOAM AND PULP TRAYS

S U M M A R Y — 4  t r i a l s  w e r e  c o n d u c t e d  u s i n g  1 4 4  U . S .  C h o i c e - g r a d e  b e e f  r o u n d  s t e a k s  p a c k a g e d  i n  

p u l p ,  f o a m  a n d  d e a r  p l a s t i c  t r a y s  o v e r w r a p p e d  w i t h  P V C  f i l m .  P e r c e n t  w e i g h t  l o s s e s ,  a t  t h e  e n d  o f  

2  a n d  4  d a y s  o f  s t o r a g e ,  w e r e  s i g n i f i c a n t l y  g r e a t e r  f o r  t h o s e  s t e a k s  p a c k a g e d  i n  p u l p  t r a y s  a s  

c o m p a r e d  t o  d e a r  o r  f o a m  t r a y s  ( P < . 0 1 ) .  E v a p o r a t i o n  l o s s e s  f r o m  t h e  v a r i o u s  t y p e s  o f  t r a y s  

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

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

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

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

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

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

INTRODUCTION
THE TRANSPARENT plastic tray used 
in some retail outlets at the present time 
was designed to  assist the shopper in her 
decision-making by making more of the 
product visible, especially the underside. 
Relatively little inform ation is available 
concerning the merits o f the transparent 
plastic tray with respect to consumer 
acceptance, quality maintenance and eco
nomics of use.

This experiment was designed to inves
tigate the effects o f pulp, foam and clear 
plastic trays on certain physical character-

P r e s e n t  a d d r e s s :  M a r k e t i n g  R e s e a r c h  D e -  

p a r t m e n t ,  C a r n a t i o n  C o m p a n y ,  V a n  N u y s ,  C a l i 
f o r n i a  9 1 4 1 2 .

istics o f beef stored in an open, refriger
ated display case for 4 days. Moisture 
losses, color changes and odor develop
m ent of steaks were studied in all trays. 
Changes in the visibility of steaks through

the underside of clear plastic trays were 
also studied.

EXPERIMENTAL
Sample source

4  t r i a l s  w e r e  c o n d u c t e d  u s i n g  U S D A  
C h o i c e - g r a d e  b e e f  r o u n d s  p u r c h a s e d  l o c a l l y .  
T h e  p r i o r  h i s t o r y  o f  t h e  b e e f  r o u n d s  w a s  u n 
k n o w n ;  h o w e v e r ,  c a r e  w a s  t a k e n  t o  s e l e c t  
r o u n d s  s h o w i n g  n o  e v i d e n c e  o f  h a v i n g  b e e n  
i m p r o p e r l y  h a n d l e d  o r  s t o r e d .  P r i o r  t o  p u r 
c h a s e ,  r u m p s  a n d  s i r l o i n  t i p s  w e r e  r e m o v e d  

f r o m  t h e  r o u n d s  w h i c h  w e r e  o t h e r w i s e  i n t a c t  t o  
m i n i m i z e  c o n t a m i n a t i o n .  R o u n d s  w e r e  t h e n  
t r a n s p o r t e d  u n d e r  r e f r i g e r a t i o n  t o  t h e  U n i v e r 
s i t y  M e a t s  L a b o r a t o r y  w h e r e  t h e y  w e r e  h e l d  a t  
1 - 2 ° C .

T a b l e  1 — S t e a k  a s s i g n m e n t  a n d  p a c k a g e  a r r a n g e m e n t  d u r i n g  s t o r a g e .  T r i a l  I .

S t a c k

p o s i t i o n

T o p r o u n d  s t e a k s B o t t o m  r o u n d  s t e a k s E y e  r o u n d  s t e a k s

P u l p F o a m C l e a r P u l p F o a m C l e a r P u l p F o a m C l e a r

T o p  p a c k a g e A ' B C A . B C A B C
T o p  -  1 D E F D E F D E F
B o t t o m  +  1 G H I G H  " I G H I
B o t t o m  p a c k a g e J K L J K L J K L

’ A  =  1 s t  e x p e r i m e n t a l  s l i c e  r e m o v e d ,  B  =  2 n d  s l i c e ,  e t c .  T h e  a b o v e  c o n f i g u r a t i o n  r e p r e s e n t s  

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

t r i a l s .

T r a y  t y p e s :  P u l p - M o l d e d  p u l p ,  i n t e r n a l l y  s i z e d  t o  c o n t r o l  a b s o r p t i o n .  F o a m - P o l y s t y r e n e  

f o a m e d  p l a s t i c  t r a y .  C l e a r - C l e a r  p l a s t i c  s t y r e n e  w i t h  r i d g e d  b o t t o m .  '
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T a b l e  2 — S c a l e  u s e d  i n  e v a l u a t i n g  c o l o r  a c c e p t a b i l i t y  o f  a l l  p a c k a g e d  

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

Score1 Color description

Percent of steak clearly 
visible through bottom 

of clear packages
5 Blackish-u naccep tab le 0
4 Brownish red-questionable 25
3 Dull red-acceptable 50
2 Bright red (bloomed) 75
1 Purplish red (prebloom) 100
•Packages were scored to the nearest one-half unit using a + or -  

system.

T a b l e  3 — M e a n  p e r c e n t  w e i g h t  l o s s e s  a f t e r  2  a n d  4  d a y s  s t o r a g e  o f  

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

Tray type Pulp Foam Clear
Days storage 2 4 2 4 2 4
Trial 1, x 4.0 5.6 1.1 1.9 1.6 2.4
Trial 2, x" 3.4 4.6 1.3 1.5 2.0 2.6
Trial 3, x 3.1 4.4 1.6 2.2 2.1 2.8
Trial 4, ~x 3.3 5.2 1.2 2.5 1.6 3.4
Overall x 3.5 • 5.01 1.3 2.0 1.8 2.8

•Significantly different from corresponding foam or clear mean 
(PC .01).

Preparation of samples
All samples were prepared, bloomed, pack

aged and stored under constant refrigeration of 
1-2°C. The semimembranosus with adductor, 
semitendinosus and biceps femoris (known 
commercially as top, eye and bottom round 
muscles, respectively) were separated from the 
beef rounds at their natural connective tissue 
seams and sliced into 12-mm-thick steaks on a 
Toledo Meat Slicer. Use of a slicer ensured uni
form thickness of steaks and smooth, even cut- 
surfaces. The first and last slices from each mus
cle were discarded to minimize the effects of 
light and contamination. 12 consecutive slices, 
A through L, were each weighed to the nearest 
0.1 g on a laboratory scale and assigned to pre
viously weighed pulp, foam and clear plastic 
trays (see Table 1). Weight of steaks was ap
proximately 452, 226 and 113 g for top, bot
tom and eye of round, respectively. The trayed 
cuts were allowed to bloom in the cold for 45 
min before being overwrapped with standard 
75-gauge PVC film which was in contact with 
the meat surface after wrapping. Each trial con
sisted of 36 individual packages stacked 4-high 
in a single row across the front of a Hill open- 
topped display case. Tray assignment, slice loca
tion within a stack and tray positions in the 
case were all alternated for each trial, to mini
mize differences due to position. Case air inlet 
temperature was - 2  to — 3°C. Average tempera
tures of packaged steaks as determined at the 
end of the storage period were 5, 3, 2 and 0°C, 
respectively, for top, 2nd, 3rd and bottom posi
tions in a stack.

Top packages were exposed alternately to 
100 f.c. of fluorescent light for 12 hr and dark
ness for 12 hr throughout the storage period. 
All packages were subjectively scored for color 
by a panel of 3 judges, initially and every 24 hr 
thereafter to the end of the 4-day storage. 
Steaks packaged in clear plastic were also 
scored daily for visibility of steak through the 
package bottom. The latter determination was 
accomplished without disturbing released 
juices, by holding the package over a mirror 
placed in the bottom of the case and observing 
the reflection. Scoring procedures are outlined 
in Table 2.

At the end of 48 hr of storage, each package 
was opened and the weight of the steak it con
tained determined to the nearest 0.1 g. It was 
then returned to its original package and re- 
overwrapped. At the end of 96 hr of storage (4 
days), all packages were given a final scoring, 
steaks and trays were weighed separately and 
the volume of free expressed juices, if any, de
termined.

T a b l e  4 — E f f e c t  o f  s t a c k  p o s i t i o n  o n  p e r c e n t  w e i g h t  l o s s e s  o f  s t e a k s  p a c k a g e d  i n  p u l p ,  f o a m  a n d

d e a r  p l a s t i c  t r a y s . _________________________________________________________________
Tray type Pulp Foam Clear

Stack
position Top Bottom Top Bottom Top Bottom
Days

storage 2 4 2 4 2 4 2 4 2 4 2 4
Trial 1 4.4 7.0 3.6 4.7 1.5 3.2 1.0 1.3 1.9 3.4 1.5 2.2

2 4.1 5.8 3.4 4.6 1.6 2.4 0.9 1.2 3.5 4.4 1.6 1.9
3 4.4 5.9 2.2 4.2 2.4 4.1 1.6 1.9 3.1 3.6 1.9 3.1
4 4.0 6.7 3.1 4.7 1.9 3.7 0.8 1.9 2.2 4.7 1.1 2.4
x~ 4.2 6.5 3.1 4.6 1.9 3.4 1.1 1.6 2.7 4.0 1.5 2.4

The data were treated by analysis of vari
ance according to Snedecor (1955).

RESULTS & DISCUSSION 
Steak shrinkage

The mean percent weight losses oc
curring in all steaks after 2 and 4 days of 
display-case storage may be seen in Table
3. Shrinkage after either 2 or 4 days of 
storage was significantly greater for steaks 
packed in pulp than for those in foam or 
clear plastic (P <  .01). Although mean 
foam-packed steak weight losses were less 
than those packed in clear plastic, these 
differences did not prove to be statis
tically significant. It is of interest that 
after 4 days of storage, steaks packed in 
clear or foam trays had lower average 
weight losses than steaks packed in pulp 
trays and stored only 2 days. It would 
seem clear that the blotter effect of the 
more absorbent pulp trays accounted for 
the greater shrinkage of steaks packed in 
pulp trays; however, the greater shrinkage 
of clear-packed steaks over foam-packed 
is not as easily explained. It is possible 
that the channels or ridges in the bottom 
of the clear plastic trays could have 
exerted increased pressure at points of 
tray-steak contact, resulting in the expres
sion of greater amounts of liquid. The 
shrinkages reported in Table 3 are in line 
with those reported by other workers 
(Kraft and Ayres, 1952; Marriott et al.,
1967) when allowance is made for differ

ences in packaging and storage condi
tions.
Effect of stack position

It is obvious from the data in Table 4 
that the steak in the top package of a 
stack loses greater amounts of weight 
throughout storage as compared to that 
in the bottom package of a stack. Since it 
was suspected that a considerable part of 
the weight loss of the steak in the top 
package was due to evaporation of mois
ture from the package surface, evapora
tion losses were determined by subtract
ing the weight of accumulated tray juices 
plus increase in tray weight from total 
steak weight loss. The unaccounted-for 
portion of the weight loss was then 
presumed to have been lost through 
evaporation. The average over-all percent 
loss due to evaporation after 4 days of 
storage was relatively uniform, with pulp, 
foam and clear trays showing losses of
1.8, 1.5 and 1.7%, respectively. However, 
when stack position is considered top 
packages, regardless of tray type, lost 
approximately 3% of weight through 
evaporation as compared to 1 % for bot
tom packages.

The increased evaporation losses of 
top packages were not due solely to the 
increased exposed surface area. Undoubt
edly, the variation in temperature due to 
stack position also played a role. Internal 
steak temperatures were determined for 
all packages at the end of each trial and,
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T a b l e  5 — C o l o r  a c c e p t a b i l i t y  s c o r e  o f  s t e a k s  a f t e r  2  a n d  4  d a y s  s t o r 

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

T r a y P u l p F o a m C l e a r

S t o r a g e 2  D a y 4  D a y 2  D a y 4  D a y 2  D a y 4  D a y

T r i a l  1 2 .9 4 .1 3 .2 4 .1 2 .5 4 . 0

2 2 .8 3 .5 2 .8 3 .6 2 .8 3 .5

3 3 .2 4 .1 3 .1 4 .1 3 .0 4 .3

4 3 .5 4 . 2 3 .5 4 . 3 3 .3 3 .8

X 3 .1 4 . 0 3 .2 4 . 0 2 .9 3 .9

T a b l e  7 — P e r c e n t  l o s s e s  i n  w e i g h t  o f  b o t t o m  r o u n d ,  e y e  r o u n d  a n d

t o p  r o u n d  s t e a k s  a f t e r  2  a n d  4  d a y s  o f  s t o r a g e . ____________________
B o t t o m  r o u n d  E y e  r o u n d  T o p  r o u n d

T r i a l 2  D a y 4  D a y 2  D a y 4  D a y 2  D a y 4  D a y

1 1 .8 2 .9 3 .1 4 . 3 1 .7 2 .8

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

3 2 .1 2 .7 2 .7 3 .7 2 .1 3 .1

4 1 .7 3 .3 2 .1 3 .8 2 . 4 4 . 0

X 1 .9 2 .9 2 .7 3 .8 2 . 0 3 .1

T a b l e  6 — E f f e c t  o f  s t a c k  p o s i t i o n  o n  c o l o r .  

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

t r a y s  i n  a  s t a c k .

S t a c k
p o s i t i o n T o p  t r a y B o t t o m  t r a y

S t o r a g e 2  D a y 4  D a y 2  D a y 4  D a y

P u l p , x 4 .5 4 .8 2 .8 3 .4

F o a m ,  x 3 .8 4 .8 2 .8 3 .4

C l e a r ,  x 3 .4 4 .5 2 .7 3 .5

x" 3 .9 4 .7 2 .8 3 .4

as was reported earlier, it was found that 
tem peratures o f steaks in top  packages 
averaged 5°C, as compared to 3, 2, and 
0°C, respectively, for steaks in 2nd, 3rd 
and bo ttom  positions. There was also a 
tendency for some steaks in bottom  
packages to  be partially frozen which 
would, of course, reduce shrinkage and 
evaporation in these packages.

Color and odor acceptability
The average color acceptability o f pre

packaged steaks, as reflected by the sub
jective scoring technique employed in this 
study, is shown in Table 5. As might be 
expected, the color acceptability of all 
steaks decreased with tim e. There was no 
color advantage associated with any par
ticular tray type. On the average, all 
steaks were acceptable, color-wise, after 2 
days of storage, but were o f questionable 
acceptability after 4 days of storage. 
These results are similar to those reported 
by Dean and Ball (1960).

A comparison of top and bottom  
packages in a stack is shown in Table 6 
and, as would be expected, the color 
acceptability of top  packages deteriorated 
much more rapidly than that o f bottom  
packages. This was probably due to  the 
combined effects of light and tem pera
ture and is consistent with results re
ported by Brissey (1963) and M arriott et 
al. (1967).

The bottom  surfaces of steaks in con
tact w ith the tray were also scored for 
color acceptability at the end of the
4-day storage and, although there was a 
trend for pulp-packed steaks to  score in a 
more acceptable range, all undersides 
were of questionable acceptability after 4

days of storage. Mean scores for pulp, 
foam and clear trays were 3.7, 4.4 and
4.2, respectively.

There was no evidence o f objection
able odor or slime development in any of 
the packages when examined at the end 
of the 4-day storage.
Visibility of product in clear packages

At the end of the 4-day storage, free 
liquids in all trays were poured off and 
the volume determ ined. The incidence of 
free liquid was low in pulp trays due to 
the comparative absorbent nature o f the 
tray; it was greater in foam trays, and 
greatest in clear trays. Approximately 
1.0% of all pulp packages had measurable 
free liquid; 5.5% of foam trays and 21% 
of clear packages had measurable free 
liquid. The volume of liquid varied, de
pending upon the weight of the steak and 
the muscle used. The largest volume of 
liquid, 9.6 ml, was removed from a clear 
tray containing a top  round steak. The 
average volume of liquid in foam and 
clear trays was 3—4 ml. The free liquid in 
the clear trays did not seriously impair 
the visibility o f steaks as viewed through 
the bo ttom  of the package. The average 
visibility score of all clear trays after 2 
and 4 days o f storage was 1.2 and 1.3, 
respectively, indicating that 75% or more 
of the steak was visible through the 
bottom  of the package.

The greater am ounts of free liquid 
associated with the clear plastic trays 
might have been due to  the differences in 
heat capacity or insulating effect, or 
bo th , which would tend to  balance tem 
perature fluctuations in the pulp or foam 
trays. The greater tem perature fluctua
tions in the clear plastic trays might 
possibly have set up a “ m oisture vapor 
pum p” situation within the package, thus 
increasing release of fluid. This phenom e
non is w orthy of further investigation.

The color acceptability of the under
side o f steaks after 4 days in clear trays 
tended to  be better when viewed through 
the plastic than when removed and exam
ined. A m ottled appearance apparently 
caused by the ridges in the tray was not 
obvious through the bottom  of the pack
age.

Increase in tray weight after 4 days of 
storage was insignificant in foam and 
clear trays. The slight increase in weight 
which did occur was due to  droplets o f 
moisture which clung to  the tray  surface. 
Wiping w ith an absorbent towel would 
return pulp and foam trays to  their 
original weights. Steak weight losses were, 
for the most part, accounted for by free 
liquid and evaporation loss.

It will be recalled tha t steaks packed in 
pulp trays lost, on the average, 5.0% of 
their original weight. The increase in pulp 
tray weight due to  absorption o f liquids 
accounted for 3.2% of the 5% loss after 4 
days o f storage.

Shrinkage by type of steak
The mean percent losses in weight by 

type o f steak used in this experim ent are 
shown in Table 7. After 2 days o f storage, 
eye of round steaks showed the greatest 
percent losses (2.7%), followed by top 
round (2.0%) and bo ttom  round steaks 
(1.9%). This relationship was unchanged 
after 4 days of storage.

It may be concluded from  this experi
m ent tha t of the variables studied, only 
shrinkage is significantly affected by tray 
type, and tha t the visibility of steaks 
through the bottom s o f clear packages is 
m a in ta in ed  at an acceptable level 
throughout a 4-day storage period. Also, 
a lack of free juices in pulp trays tended 
to  preserve the surface of the steak in 
contact w ith the tray in a m ore accept
able condition during display-storage.
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COOLING OF PORCINE HAM BY OIL IMMERSION
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INTRODUCTION
DEMAND by the consumer for economi
cal cuts o f meat has led investigators to 
seek new methods of processing. New, 
rapid, more efficient cooling methods for 
meat have received limited study.

Thermal conductivity of meat was 
found to be greatest when the heat flow 
was parallel to the muscle fibers (Hill et 
al., 1967). The same authors stated that 
the greater the moisture content of lean 
tissue, the greater was the thermal con
ductivity.

The efficiency o f a fluid as an immer
sion coolant can be evaluated using the 
Prandtl number as the criterion (Clary et 
al., 1970). Each cooling medium has a 
Prandtl number, which is a relative meas
ure of the rate at which heat is trans
ported from the surface of the object 
being cooled to the moving cooling me
dium. The larger the Prandtl number, the 
more efficient the cooling medium is as 
an immersion coolant.

During water-immersion chilling, the 
greater the immersion time and agitation 
of poultry carcasses, the greater the water 
absorption (Brant, 1963). Birds immersed 
in water-ice solution (33°F) had less total 
bacterial contamination than carcasses 
chilled in circulating air at 40°F  (Casale 
et al., 1965).

Cellulose acetate and polyethylene 
films were permeable to microorganisms, 
whereas cellophane, Pliofilm and Cry-
O-Vac were not significantly permeable 
(Hartman et al., 1963). Dunker and 
Hankins (1953) reported the time re
quired for freezing o f beef samples by air 
blast (2°F) was increased by 53% when 
the product was placed in Cry-O-Rap.

When several thermocouples were used 
to measure the mass center temperature, 
the thermocouple point that required the 
longest cooling time was considered the 
most accurate. This thermocouple point

was judged to give the most represent
ative record of the mass center tempera
ture (May et al., 1961). Thermocouple 
placement in biological material can be 
accomplished by threading the wire 
(copper-constantan) into the meat with a 
needle. Lentz and van den Berg (1957) 
reported that while recording tempera
ture changed in immersion-chilled poul
try, a special jig with suitably spaced 
parallel needles was used to thread the 
therm ocouples (30-gauge copper-con
stantan) through the flesh. The leads were 
extended through the end of the bag and 
the bag sealed by twisting and tying.

Associated with thermocouple place
ment was the geometric configuration of 
the product being cooled. As the geome
try or shape of a biological material 
changed, so did the cooling time (Smith 
et al., 1967).

Meat, packaged hot immediately after 
slaughter has been described as emitting 
an off-odor once the package is opened. 
Clauss et al. (1957) vacuum sealed fresh, 
raw beef samples in Cry-O-Vac packages 
and found upon opening that a faint odor 
was present. At times, raw odor was 
almost imperceptible. The purpose of our 
investigation was to develop a more rapid 
method o f chilling than using conven
tional air cooling, that could be used in 
conjunction with “hot processing” of 
pork.

MATERIALS & METHODS
12 MARKET-weight swine (8 Hampshire, 4 
Yorkshire barrows) of similar management were 
used. The animals ranged in weight from 182 to 
250 lb. The bled animals were skinned and rap
idly eviscerated. Both hams were removed from 
the hot carcasses in the conventional manner, 
trimmed of excess fat and boned. To ensure 
that both hams were the same weight, they 
were weighed on a gram balance and the heavier 
of the 2 trimmed until their weights were the 
same. The hot weights were recorded and the

hams inserted into cellulose casings using a ham 
stuffing horn. (Casings were used to prevent 
contamination and to ensure similar ham 
shapes.) The packaged, boneless, “hot” hams 
were then assigned at random to 1 of 2 treat
ments: cooling in air (40°F) or immersion chill
ing in light mineral oil (40°F). The packaged 
hams, sealed on 1 end, were forced into brack
ets made of metal rod to ensure that their di
mensions were the same. 4 thermocouples were 
inserted through the open end of the bag 
(20-gauge copper-constantan) into the geo
metric center of each ham by using a threading 
needle (Lentz and van den Berg, 1957). It was 
assumed that the geometric center of the ham 
was the most difficult part to cool. Therefore, 
the thermocouple point(s) requiring the longest 
to reach 50°F were the most representative of 
the mass center temperature (May et al., 1961). 
Temperature recordings were initiated as soon 
as the packaged product was placed in the as
signed cooling system. Each system’s ambient 
temperature was 40°F (± 2°F).
Equating heat-transfer coefficients

Both the oil and air-cooling systems were 
designed and constructed so as to equate the 
heat-transfer coefficients, using fluid velocity as 
a basis. Air velocities of 100, 350, 600 and 750 
ft/min were selected. The following general 
equation was reported by Clary et al., (1968) 
and is the basis for equating heat-transfer coef
ficients for boneless hams of the same di
mensions with a geometry index of 0.45.

Nu = 0.367 (Pr)0 333 (Re)0 564

Therefore:

h = - y  (0.367) (Re)0 564 (Pr)0 '333

Symbol Quantity Units

Nu Nusselt Number
hi ------
K

Pr Prandtl Number
M Cp -----
KNe

Re Reynolds
Number 
VdpNe 

P
Cp

d
h

Specific heat 
of the cooling 
medium at 
constant pres
sure

Diameter 2(1) 
Average heat- 

transfer co
efficient

Btu/lbm °F
ft

Btu /hr ft 2 °F
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Table 1—Interpolated economies o f  cooling times a t selected veloc
ities.____________________________________________ ___________
Velocity1 Cooling time2 (min) Economies of time
(Fig. 2) (Fig. 3) (air)
ft/sec Air Oil (oil)
0.06 420 307 1.37
0.10 409 295 1.39
1.00 359 270 1.33

10.00 308 196 1.57
Velocity determined from Figure 2. 
2Interpolated from Figure 3.

K Thermal con
ductivity of the 
cooling medium Btu/hr ft°F

1 Characteristic
dimension ft

V Velocity of the 
cooling medium ft/sec

M Viscosity of the 
cooling medium lbf-sec/ft2

P Density of the 
cooling medium lbm/ft3

Ne Newton’s Second 
Law Coefficient 
(0.0311) lbf-sec2/lbm-ft

The properties of the oil and air at 40°F are:

Air

evaluate how well the heat-transfer coefficients 
of both systems could be equated.

Cooling times to reach selected tempera
tures versus the cooling temperature were plot
ted graphically, where temperature was dimen
sionless as defined by:

T = Tc ~ To 
Ti -  To

T = Dimensionless temperature
Tc = Temperature increments during

cooling (100, 90, 80, 70, 60, 
50°F)

To = Average environmental tempera
ture during chilling

Ti = Internal starting temperature
of the ham

Ka = 0.015 Btu/hr ft°F 
pa = 1.2 x 10"5 lbfSec/ft2 
p a  = 0.0788 lbm/ft3 

Cpa = 0.24 Btu/lbm°F

Oil

Ko = 0.076 Btu/hr ft°F 
M0 = 0.0862 lbfSec/ft2 
po = 53.5 lbm/ft3 
CpO = 0.46 Btu/lbm°F

When the heat-transfer coefficient of the oil 
was set equal to the heat-transfer coefficient of 
the air, the oil velocity was solved for in terms 
of the velocity of the air, thus:

Velocity of oil = (.00568) Velocity of air
The hams from 3 animals were assigned to 

each of the 4 air velocities (100, 350, 600 and 
750 ft/min) with corresponding oil velocities. 
All hams were chilled to 50°F; and theoreti
cally the chilling times should be identical for 
both hams from the same animal because the 
heat-transfer coefficients were equated.

The reason for equating heat-transfer coef
ficients was to give a basis for evaluating econo
mies of cooling times between both chilling 
methods.

The reason for using a dimensionless tempera
ture was to adjust for differences in environ
mental and internal starting temperatures of the 
hams.

The analysis of variance and F-test were uti
lized to evaluate statistical differences between 
cooling times to reach 50°F for each repetition 
at each velocity selection.
Economies of cooling times

2 graphs were constructed so that cooling 
times by 1 method could be directly compared 
with time saved by the other. Time in these 
comparisons was velocity dependent. From the 
general formula h = y  (0.367) (Re)0'564 
(Pr)O'333 (Clary et al., 1968), for any given 
velocity a cooling medium heat-transfer coeffi
cient can be calculated. Velocity versus heat- 
transfer coefficient was plotted for both the oil 
and air-cooling methods.

The companion graph to the heat-transfer 
coefficient versus velocity graph was the heat- 
transfer coefficient plotted against cooling time 
determined by the dimensionless temperature 
formula:

T
T e l  -  T o  

T i  -  T o
= 0 . 2

T = Dimensionless temperature
(constant)

Tci = Adjusted temperature
representative of 50°F

Evaluation of equating heat-transfer 
coefficients

The F-test in conjunction with the analysis 
of variance and graphical analysis was used to

To = Average environmental
temperature during chilling

Ti = Internal starting temperature
of the ham

Fig. 1—Cooling curves fo r hams chilled a t an 
ambient temperature o f  40°F  (heat transfer 
coeffic ient = 2.68 B tu /h r f t 2°F).

The dimensionless temperature formula was 
used to adjust for differences in the average en
vironmental temperature during chilling and the 
internal starting temperature of the ham. The 
time required to chill to a temperature repre
sentative of 50°F was plotted against the cor
responding heat-transfer coefficient. For each 
velocity on the velocity versus heat-transfer 
coefficient graph, a corresponding heat-transfer 
value was read for both oil and air. By entering 
the heat-transfer coefficient versus cooling time 
graph, differences in cooling time for both oil 
immersion and air chilling were determined for a 
given velocity.
Percent moisture loss

The sample calculations for percent mois
ture loss are:
Before chill -  after chill

weight weight y inn = petCent mois- 
Before chill weight ture loss

Odor evaluation
As soon as the hams chilled to 50°F, the bag 

was removed from each ham and an organo
leptic evaluation made of odor. If any off or 
undesirable odor was present, this was re
corded.

RESULTS & DISCUSSION 

Equating heat-transfer coefficients
The heat-transfer coefficients o f both 

cooling systems were equated to provide 
a basis for evaluating economies of cool
ing times. Theoretically, when both heat- 
transfer coefficients are equal, identical 
hams should chill to the same tempera
ture in the same length of time.

Cooling times to reach 50°F for each 
repetition with each velocity selection
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(v) Velocity, ft. / sec
F i g .  2 — H e a t  t r a n s f e r  c o e f f i c i e n t s  a t  s e l e c t e d  v e l o c i t i e s  f o r  a i r  a n d  m i n 

e r a l  o i l .

(100, 350, 600 and 750 ft/m in) proved 
nonsignificant. Analyses were calculated 
on each velocity selection independent of 
the 3 other velocities.

Sample cooling curves plo tted  for each 
velocity selection are shown in Figure 1. 
The nonsignificance of cooling times to 
reach 50°F and the similarity o f all 
cooling curves for each repetition  at each 
velocity selection indicated tha t a satis
factory job  of equating the heat-transfer 
coefficient was accomplished.

By equating the heat-transfer coeffi
cients, it was expected tha t no difference 
in cooling times would result. Any differ
ences in the cooling period could have 
been due to  1) errors in adjustm ent and 
measurement o f velocities, 2) heteroge
neous ham shapes, 3) differences in ham 
com position (lean-to-fat ratio), 4) ambi
ent tem perature differences, 5) differ
ences in initial internal ham tem perature,
6 ) error in therm ocouple placem ent and
7) air pockets trapped beneath the cellu
lose casing which would retard cooling.

Economies of cooling times
Large differences in heat-transfer coef

ficients resulted between the oil imm er
sion and air systems at any given velocity 
(Fig. 2). At a given velocity (ft/sec), the 
corresponding heat-transfer coefficient 
for oil and air can be read from  Figure 2. 
By taking the resulting heat-transfer coef
ficients and entering Figure 3, differences 
in cooling tim es can be read directly. For 
example, at a velocity of 10 ft/sec (Fig.
2 ), the heat-transfer coefficient o f oil 
would be 69.0 and for air, 3.7. The 
corresponding cooling times (Fig. 3) were 
195 min (oil) and 308 min (air), giving a 
cooling tim e in oil approxim ately 1.6 
times faster than cooling in the forced-air 
chamber. Selected economies of cooling 
tim e for oil immersion and air chilling are 
shown in Table 1.

The data presented in Figures 2 and 3 
are dependent on the characteristic

shapes of the hams and the properties of 
the air and mineral oil at 40° F. Response 
lines on Figures 2 and 3 may be extrapo
lated beyond the points plo tted  from  the 
observed data.

Percent moisture loss
Moisture loss within the air system was

4.34—2.42 times greater than tha t ex
perienced in the oil-immersion system 
when the corresponding air velocities 
were approxim ately 176 times greater 
than the oil velocities (Fig. 4).

Packaged product odor
No objective odor values were re

corded; the subjective organoleptic tests 
revealed only characteristic odors that 
would probably be acceptable to  the 
consumer.
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N O R A  Y U - A N G  T A N G  a n d  D O R I S  M .  H I L K E R  

D e p a r t m e n t  o f  F o o d  a n d  N u t r i t i o n a l  S c i e n c e s ,  U n i v e r s i t y  o f  H a w a i i ,  H o n o l u l u ,  H a w a i i  9 6 8 2 2

EFFECT OF HEATING AND COLD STORAGE ON 
ANTITH IA M INE A C TIV ITY  IN SKIPJACK TUNA

S U M M A R Y — T h e  s t a b i l i t y  o f  a n t i t h i a m i n e  f a c t o r ( s )  i n  s k i p j a c k  t u n a  (Katsuwonus pelanus) w a s  

t e s t e d  a f t e r  b o i l i n g  b y  2  m e t h o d s ,  b a k i n g  a n d  c o l d  s t o r a g e  a t  1 0  a n d  - 1 0 ° C .  T h e  v a r i o u s  h e a t  

t r e a t m e n t s  r e d u c e d  t h e  a n t i t h i a m i n e  a c t i v i t y  f r o m  5 5 — 8 6 %  o f  t h e  c o n t r o l .  B o t h  f r o z e n  a n d  r e f r i g 

e r a t e d  t u n a ,  r e s p e c t i v e l y ,  l o s t  t h e  a n t i t h i a m i n e  a c t i v i t y  b y  5 0 — 6 0 %  o f  t h e  o r i g i n a l  l e v e l  i n  4  d a y s .

INTRODUCTION
THE PRESENCE of antithiamine sub
stances in fish has been known since 
Chastek-paralysis, an acute dietary defi
ciency disease, was induced by inclusion 
of raw carp in the fox’s diet (Green et al., 
1942). Since then, similar antithiamine 
activity has been reported in the tissues 
of many fishes throughout the world. 
Yudkin (1949), Fujita (1954), Deutsch 
and Hasler (1943), Sealock and Goodland
(1944), as well as others (Wooley, 1941; 
Krampitz and Wooley, 1944), reported 
thiaminase in various species of fish. 
Recently, Kundig and Somogyi (1967) 
found a thermostable antithiamine factor 
in carp viscera, later shown to be hemin 
or a related compound. Also, Hilker and 
Peter (1968) reported that the an
tithiamine activity in skipjack tuna was 
not enzymatic. The factor(s) was thermo
stable and contained protein and non
protein moieties. The antithiamine activ
ity was associated with the nonprotein 
moiety but modified by protein.

This investigation was conducted to 
examine the stability of antithiamine 
factor(s) in tuna under cooking and cold 
storage conditions. The conditions ex
amined were: boiling by 2  different meth
ods, baking, refrigeration and frozen stor
age.

EXPERIMENTAL
Fish extract preparation

The fish were purchased from Honolulu 
markets on the date of testing. The deep red 
muscle, usually not eaten, was removed. Since 
the antithiamine activity of the cross section of 
the fish muscle was found to be more uniform 
than longitudinal slices, cross-section slices were 
used in all studies. Approximately 2-in.-wide 
cross sections weighing 50 g were homogenized 
with 250 ml distilled water, centrifuged, then 
filtered to remove fat if present. The resulting 
supernatant was used as the fish extract.

Antithiamine activity determination
In antithiamine activity determinations, 

2-ml aliquots of fish extract were added to 
25-ml volumetric flasks containing 12 Mg thia
mine chloride. Appropriate dilutions were made 
with 0.001 N HC1 and the remaining thiamine 
determined by the Somogyi (1966) modifi
cation of the thiochrome reaction. Thiochrome 
was determined using a Turner Model 110 
Fluorometer with a 360-mu primary filter and a 
415-mn secondary filter. Controls from the 
same fish were run simultaneously with the 
treated groups. The antithiamine activity was 
expressed as Mg thiamine destroyed per mg ex
tract (dry weight).
Heat treatments

The effect of boiling on the antithiamine 
activity of the fish section was tested in 2 ways:
I. The fish section was placed in cold water, 
brought to boiling and boiled for 5 min, and II. 
The fish section was placed in boiling water and 
boiled for 5 min. The sections were cooled, ho
mogenized and the antithiamine activity deter
mined as described above. The effect of baking 
was studied by placing fish sections in an oven 
preheated to 149° C and baked for 30 min. The 
fish sections were cooled, homogenized and the 
antithiamine activity determined as described. 
Cold storage

5 to 6 sections from a fish were wrapped 
separately with aluminum foil and placed in a 
freezer at -10° C or refrigerated at 10° C. Sec
tions were removed daily and allowed to come 
to room temperature, then analyzed for an
tithiamine activity.

RESULTS & DISCUSSION
THE AMOUNT of antithiam ine sub
stance^) obtained from  the average of 28 
fish extracts was 0.24 ± 0.05 /rg thiamine 
destroyed per mg dry weight of the 
extract. When the control activity was 
less than 50% thiam ine destruction, the 
data from the set were no t used. The 
effect of heat treatm ents on the an
tithiam ine activity is shown in Table 1. 
The values are the averages of 7 tests.

After various heat treatm ents, more

T a b l e  1 — R e s i d u a l  a n t i t h i a m i n e  a c t i v i t y  i n  t u n a  a f t e r  3  h e a t  t r e a t 

m e n t s . _____
Treatment

Boiling I Boiling II Baking
Percent of control 

antithiamine activity 74.4 ±9.7 54.4 ± 13.5 85.7 ±5.4

than 50% antithiamine activity remained. 
Boiling (II) showed less antithiamine ac
tivity remaining than with boiling (I) and 
baking; but since there was a wide range 
of variations among these groups, partic
ularly in boiling II, the difference was not 
significant.

Deutsch and Hasler (1943), Sealock et 
al. (1943), Melnick et al. (1945) and 
Gnaedinger and Krzeczkowski (personal 
communication) studied antithiamine 
substance(s) (thiaminase) and reported a 
complete heat inactivation under their 
experimental conditions. It appears that 
different antithiamine factors exist in 
different species of fish and also in the 
same fish. Studies in our laboratory indi
cated that more than 1 antithiamine 
factor is present in the tuna (Hilker and 
Peter, 1968).

The effect of cold storage on an
tithiamine activity is shown in Figure 1. 
The data show a marked decrease in both 
frozen and refrigerated fish. A sharp 
decrease in the first 2  days of frozen 
storage was noted, after which the de
crease was more gradual. Tests had been 
extended to 3 weeks but no further 
inactivation occurred after 1 week. On 
the other hand, storage by refrigeration 
resulted in a linear decrease in an
tithiamine activity over a 5-day period. A 
fish sample frozen and thawed immedi-

F i g .  1 — E f f e c t  o f  c o l d  t e m p e r a t u r e  t r e a t m e n t s  

o n  a n t i t h i a m i n e  a c t i v i t y .  V a l u e s  a r e  g i v e n  a s  r e l 

a t i v e  p e r c e n t a g e s  o f  t h e  a n t i t h i a m i n e  a c t i v i t y  o f  

t h e  f r e s h  c o n t r o l s .
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ately showed an antithiamine activity 
level similar to that of the fresh control. 
It appears that the length of storage is an 
important factor that could influence the 
stability of the antithiamine factor. The 
antithiamine activity was usually greater 
when the extract was more deeply col
ored; however, no linear relationship was 
observed between the antithiamine ac
tivity and the color intensity. Further 
investigations on the nature of the an
tithiamine factor in fish are now in 
progress.
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l o n g e r  s h o w e d  a  d e c r e a s e  i n  l y s i n e ,  a r g i n i n e ,  a v a i l a b l e  l y s i n e  a n d  P E R .  M o i s t  h e a t i n g  p r o d u c e d  a n  

i n c r e a s e  i n  N P N ,  a  d e c r e a s e  i n  p H  a n d  l i t t l e  c h a n g e  i n  a m i n o  a c i d  c o n c e n t r a t i o n .  T h e  p r o t e i n  

q u a l i t y  w a s  d e c r e a s e d  a f t e r  4  h r  a t  1 2 0 ° C .

INTRODUCTION
FISH PROTEIN CONCENTRATE (FPC) 
is one of several protein concentrates 
recognized as being capable of increasing 
the nutritive quality of foods low in 
protein quality. Its primary use therefore 
will be as a protein supplement to im
prove diets deficient in high-quality pro
tein. FPC prepared by solvent extraction 
of whole hake with isopropyl alcohol 
(Bureau of Commercial Fisheries, 1966) 
has been shown to contain a high-quality 
protein similar to casein (Stillings, 1967).

The most effective use of FPC is to 
incorporate it in foods. However, when 
FPC is included in foods, changes may 
occur during processing that alter the 
quality of the protein. For example, 
others have shown that prolonged expos
ure to heat can adversely affect the 
quality of the protein in foods (Ellinger

and Boyne, 1965; Donoso et al., 1962; 
Rice and Beuk, 1953). We therefore 
conducted two experiments to determine 
the effect of temperature of heating and 
time of exposure on the chemical and 
nutritional properties of FPC. Effects of 
both dry heat and moist heat on FPC 
were evaluated.

EXPERIMENTAL
Dry heat experiments

Materials. FPC was prepared from whole 
hake (U r o p h y c i s  c h u s s )  by solvent extraction 
with isopropyl alcohol (Bureau of Commercial 
Fisheries, 1966). About 27 kg was thoroughly 
mixed in a tumbling dryer. The material was 
then divided into 16 samples each weighing 1 
kg. Each sample was next treated according to 
the procedures outlined below.

Treatments. 1 kg of FPC was placed on a 
stainless-steel tray, spread to a thickness of 
about 'A in., and placed in a forced-air dry-heat

oven. Thermocouples were inserted into the 
layer of FPC for continuously recording the 
temperature. The sample was then subjected to 
a temperature of 100°, 120°, or 150°C for 0, 
30, 60, 120, or 240 min. Immediately after 
being treated, the sample was placed in a con
tainer and stored at -20°C. Timing of the heat 
treatment was started when the product 
reached the desired temperature.

Chemical evaluation. Samples of heat- 
treated FPC were analyzed for crude protein (N 
X 6.25) in accordance with approved methods 
(AOAC, 1965). Amino acids were analyzed by 
ion-exchange chromatography according to 
Moore et al. (1958). Available lysine was ana
lyzed as described by Carpenter (1960), and 
tryptophan was analyzed by the method of 
Spies and Chambers (1949). Only samples 
heated for 0 and 240 min at each temperature 
were analyzed for all amino acids; however, 
basic amino acids were analyzed in all samples 
of FPC.

As an indication of possible changes in pro
tein caused by heat, pH was determined in a 5% 
slurry of FPC and distilled water.

Nutritive evaluation. The nutritive quality 
of the samples was determined by animal feed
ing. Diets were prepared that contained 10% 
protein from the FPC samples. A diet contain
ing 10% protein from casein was used as a 
standard. Stillings et al. (1969) have reported 
on the composition of the basal diet.

Male weanling rats of the Sprague Dawley 
strain were obtained when 22 days old, and fed 
a diet containing 15% casein for 2 days. Rats 
were then assigned to groups of 10 on the basis
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T a b l e  1 — C r u d e  p r o t e i n ,  v o l a t i l e  c o n t e n t  a n d  p H  v a l u e s  o f  F P C  a f t e r

h e a t i n g  i n  d r y  a i r  a t  v a r i o u s  t i m e s  a n d  t e m p e r a t u r e s .

T r e a t m e n t

T e m p .

° C

T im e

m in

C r u d e  p r o t e in  

( d r y  w e ig h t )

%

V o la t i l e s

% p H

1 0 0 0 8 7 . 4 1 .9 7 . 5 6

3 0 8 7 . 9 1 .4 7 . 5 7

6 0 8 7 . 8 1 .1 7 . 5 4

1 2 0 8 7 . 4 2 . 3 7 . 5 5

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

1 2 0 0 8 7 . 6 1 .4 7 . 5 2

3 0 8 7 . 3 2 . 3 7 . 5 3

6 0 8 7 . 6 2 . 4 7 . 5 1

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

2 4 0 8 7 . 2 1 .4 7 . 5 2

1 5 0 0 8 8 . 0 2 . 6 7 . 4 7

3 0 8 8 . 0 2 . 0 7 . 5 0

6 0 8 8 . 0 1 .8 7 . 5 2

1 2 0 8 8 .5 1 .8 7 . 4 9

2 4 0 8 8 . 5 1 .5 7 . 4 9

U n h e a t e d 8 8 . 0 5 . 7 7 . 6 8

T a b l e  2 - A m i n o  a c i d  c o n t e n t s  o f  F P C  a f t e r  h e a t i n g  i n  d r y  a i r  a t  v a r i o u s  t i m e s  a n d  t e m p e r a t u r e s .

T r e a t m e n t A m i n o  A c i d A v a i l -

M e t h i 

o n in eT e m p .

° C

T im e

m in

A r g i 

n in e

H i s t i -  T r y p -  

d i n e  t o p h a n  

- %  o f  p r o t e i n  ( N  x  6 .

L y s in e

a b le

ly s in e

Z j  )  "

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

3 0 6 .7 1 .9 1.0 8 . 3 7 .7

6 0 6 . 6 2 . 0 1.0 8 . 2 7 .8

1 2 0 7 .1 2 . 0 1.0 8 .9 7 .8

2 4 0 6 . 4 1 .9 1.1 8 . 2 7 .7 3 .1 5

1 2 0 0 6 .9 1 .9 1.0 8 .7 7 . 4 3 . 3 2

3 0 6 .9 2 . 0 1.0 8 . 6 7 .7

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

1 2 0 7 . 0 2 .1 1.0 8 .8 7 .5

2 4 0 6 .9 2 . 0 1.0 8 .6 7 . 7 3 . 4 0

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

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

6 0 6 .7 1 .9 0 .8 8 .1 6 . 3

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

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

U n h e a t e d 7 . 0 2 . 0 0 .9 8 .5 9 . 0 3 . 0 6

o f  b o d y  w e ig h t ,  a n d  t h e  g r o u p s  r a n d o m ly  as

s ig n e d  t o  t h e  e x p e r im e n t a l  d ie t s .  T h e  r a ts  w e r e  

fe d  a d  l i b i t u m  f o r  4  w k .  F e e d  c o n s u m p t io n  a n d  

w e ig h t  g a in s  w e r e  r e c o r d e d  w e e k ly ,  a n d  th e  

P E R  c a lc u la t e d  b y  d i v i d i n g  t h e  g a in  i n  w e ig h t  

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

D a t a  w e r e  e v a lu a t e d  s t a t i s t i c a l l y  b y  a n  a n a ly 

s is  o f  v a r ia n c e ,  a n d  d i f f e r e n c e s  b e t w e e n  m e a n s  

d e t e r m in e d  b y  T u k e y ’ s p r o c e d u r e  ( S t e e l  a n d  

T o r r i e ,  1 9 6 0 ) .

Moist heat experiments
Materials. F P C  u s e d  i n  t h is  e x p e r im e n t  w a s  

f r o m  t h e  s a m e  l o t  as t h a t  u s e d  in  t h e  d r y - h e a t  

e x p e r i m e n t ,  w i t h  1 k g  s a m p le s  u s e d  p e r  t r e a t 
m e n t .

Treatments. F P C  s a m p le s  w e r e  p la c e d  in  

t r a y s  l i n e d  w i t h  a l u m in u m  f o i l ,  a n d  t h e r m o 

c o u p le s  in s e r t e d  a t  t h r e e  d i f f e r e n t  lo c a t io n s .

U p o n  c o m p le t i o n  o f  t h e  h e a t in g ,  t h e  p r o d u c t  

w a s  im m e d ia t e l y  p la c e d  in  g la s s  j a r s ,  s e a le d ,  a n d  

h e ld  a t  - 2 0 ° C  u n t i l  n e e d e d .

Chemical evaluation. A n a l y t i c a l  m e t h o d s  

w e r e  t h e  s a m e  as  th o s e  d e s c r ib e d  f o r  d r y  h e a t ;  

h o w e v e r ,  i n  a d d i t i o n  N P N  w a s  d e t e r m in e d  b y  

t h e  m e t h o d  o f  G u i t t o n  ( 1 9 6 4 ) .

Nutritive evaluation. P r o c e d u r e s  u s e d  t o  d e 

t e r m in e  t h e  n u t r i t i o n a l  q u a l i t y  o f  t h e  s a m p le s  

w e r e  t h e  s a m e  as  th o s e  d e s c r ib e d  f o r  d r y  h e a t  

e x p e r im e n t s .

RESULTS & DISCUSSION
Effect of dry heat
Table 1 presents results of the analyses for crude protein, volatiles, and pH. Crude protein levels of the FPC’s heated

3.00

250 * 30

72 7.3 7.4 73
pH

F i g .  1 — S c a t t e r  d i a g r a m  o f  t h e  r e l a t i o n  o f  p H  t o  

t h e  p e r c e n t  N P N  i n  F P C  a f t e r  i t  w a s  a u t o c l a v e d  

a t  1 0 0 ° C  o r  1 2 0 ° C  f o r  u p  t o  2 4 0  m i n .

at 100°, 120°, or 150°C changed little, ranging from 87.2—88.5%; unheated FPC had a protein level of 88.0%. The pH of the samples (Table 1) changed only slightly and was not significantly related to the heat treatments. Differences between the unheated and heated samples may have been due to volatilization of residual amines (Wick et al., 1967).Table 2 shows amino acid values. Arginine concentration fluctuated between 7.1—6.4% of the protein in samples heated up to 120°C, but at 150°C, decreased from 6.9% at 30 min to 6.3% at 240 min. Histidine level ranged between1.9—2.1% of the protein in samples heated to 120°C; however, at 150°C the level decreased from 2.1% at 30 min to 1.7% at 240 min: about a 19% decrease. Lysine also showed similar losses. Lysine concentration in samples heated at 100°C and 120°C ranged between 8.9—8.2% of the protein. The lysine levels in the samples heated to 1 50°C decreased after30 min from 8.5—7.7% of the protein, or about a 9.5% decrease. The data appeared to reflect some change also in the tryptophan level; however, the control sample of non-heated FPC showed values within these ranges (Table 2).The major change was in available lysine, with the greatest decrease occurring at a heating temperature of 150°C. At 100°C, available lysine ranged from 7.8—7.7% of the protein, whereas at 120°C, it ranged from 7.7—7.3%. At 150°C, available lysine fell from 7.4% after 0 min exposure to 5.9% after 240 min, representing about a 20% decrease in concentration.The methionine content of the samples varied, but the variation did not appear to be related to the treatments. Other neutral and acidic amino acids were also not affected by the treatments, and values for these are therefore not reported.Table 3 shows data from the animal-
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T a b l e  3 —E f f e c t  o f  d r y  h e a t  o n  t h e  n u t r i t i v e  v a l u e  o f  f i s h  p r o t e i n  c o n c e n t r a t e  ( F P C )  p r e p a r e d  

f r o m  h a k e . a

T r e a t m e n t

T e m p .

° C

T im e

m in

A v g  d a i l y  

w e ig h t  g a in  

g

A v g  d a i l y  

f o o d  in t a k e  

g

P r o t e in  e f f i c ie n c y  

r a t i o

CL *
1 0 0 0 4 . 9 7  ± 0 . 1 4 b 1 5 . 1 5  ± 0 . 2 7 3 .2 1  ± 0 . 0 5

s?
• 3 0 4 . 6 8  ± 0 . 1 3 1 4 .4 5  ± 0 . 3 0 3 . 2 2  ±  0 . 0 4

1.5 6 0 4 . 8 2  ± 0 . 1 6 1 4 . 7 6  ± 0 . 3 6 3 . 2 4  ± 0 . 0 5•
• 1 2 0 4 . 7 5  ± 0 . 1 4 1 4 .9 5  ± 0 . 3 4 3 . 1 3  ± 0 . 0 4

• 2 4 0 4 . 8 7  ± 0 . 1 4 1 4 . 9 9  ± 0 . 3 0 3 . 2 2  ±  0 . 0 9
•

1 2 0 0 4 . 8 1  ± 0 . 0 6 1 4 .7 1  ± 0 . 2 7 3 . 2 4  ± 0 . 0 4•
3 0 4 . 8 4  ± 0 . 1 4 1 4 . 9 6  ± 0 . 3 5 3 . 1 5  ± 0 . 0 4

Q5
6 0 4 . 8 5  ±  0 . 0 8 1 4 . 7 8  ± 0 . 3 1 3 . 2 4  ± 0 . 0 3

120 4 . 8 8  ±  0 . 0 9 1 5 .0 1  ± 0 . 2 3 3 . 2 0  ±  0 . 0 6

2 4 0 4 . 7 2  +  0 . 1 6 1 4 . 6 0  +  0 . 3 7 3 . 1 7 + 0 . 0 5
2.4 2.6 ZA 10 12 3.4

1 5 0 0 4 . 5 4  ± 0 . 1 6 1 4 . 3 7  ± 0 . 3 3 3 . 1 2  ± 0 . 1 0
PER

3 0 4 . 5 6  ± 0 . 1 3 1 4 . 4 2  ± 0 . 4 3 3 . 1 2  ± 0 . 0 4

F i g . 2 — S c a t t e r  d i a g r a m  c o m p a r i n g  t h e  r e l a t i o n 6 0 3 . 8 4  ± 0 . 1 3 1 4 . 0 0  ± 0 . 4 2 2 . 6 8  ± 0 . 0 4

o f  t h e  P E R  t o  t h e  p e r c e n t  N P N  o f  a u t o c l a v e d 1 2 0 1 .5 3  ± 0 . 0 8 1 0 . 9 8  ± 0 . 4 6 1 . 4 2  ± 0 . 0 5

h e a t  t r e a t e d  F P C s . 2 4 0 1 .3 4  ± 0 . 0 8 1 0 . 5 8  ± 0 . 3 4 1 .2 5  ± 0 . 0 6

C o n t r o l  -  F P C 4 . 7 4  ± 0 . 2 8 1 5 . 0 9  ± 0 . 4 1 3 . 0 8  ± 0 . 1 2

C a s e in 4 . 2 0  ± 0 . 0 9 1 3 .8 1  ± 0 . 2 7 3 . 0 9  ± 0 . 0 4

T u k e y ’ s W P  < 0 . 0 5 .6 9 2 . 1 0 .3 0

f e e d i n g  s t u d y .  N o  s i g n i f i c a n t  d i f f e r e n c e s P < 0 . 0 1 .7 9 2 . 4 0 .3 5

i n  n u t r i t i v e  q u a l i t y  w e r e  f o u n d  b e t w e e n

t h e  u n h e a t e d  c o n t r o l  a n d  s a m p le s  h e a t e d a A l l  v a lu e s  a r e  a v e ra g e s  f r o m  9 - 1 0  S p ra g u e  D a w le y  r a ts .

at 100°C and 120°C for 0—240 min, nor between the control and samples heated at 150°C for 0 and 30 min. However, the nutritive quality of the sample heated at 150°C for 60 min was significantly lower than that of the control, as measured by weight gain and PER. Severe depressions in weight gain, food intake, and PER resulted with samples heated for 120 and 240 min at 150°C. The major damage to the quality of the protein occurred between 60 and 120 min of heating; only a small further decrease in quality occurred between 120 and 240 min of heating at 150°C.The effects of dry heat on the nutritive value of FPC are similar to those reported for casein (Block et ah, 1934; Greaves et al., 1938; Eldred and Rodney, 1945). These investigators found that when casein was heated for 65 min or longer at 150°C, the nutritive value was lowered, although the retention of amino acids was high.

T a b l e  4 — P e r c e n t  o f  c r u d e  p r o t e i n ,  v o l a t i l e  a n d  n o n - p r o t e i n  n i t r o g e n  

( N P N )  c o n t e n t  a n d  p H  o f  F P C  a f t e r  a u t o c l a v i n g  a t  v a r i o u s  t i m e s  a n d  

t e m p e r a t u r e s .

T r e a t m e n t

T e m p . T im e

C r u d e  

p r o t e in  

( d r y  w t )

Vola
tiles

NPN (as is 
basis)

° C m in % % % p H

1 0 0 0 8 6 . 6 6 . 4 0 . 6 0 7 . 7 4

3 0 8 8 .1 8 . 0 0 . 6 2 7 . 6 2

6 0 8 8 . 7 9 . 7 1 .0 6 7 . 6 0

1 2 0 8 8 . 9 1 1 .9 0 . 9 4 7 .5 5

2 4 0 8 8 . 3 1 3 .1 1 .3 7 7 . 4 2

1 2 0 0 8 8 . 5 7 .1 0 . 7 5 7 . 6 0

3 0 8 8 . 2 9 . 0 1 .2 3 7 . 4 0

6 0 8 8 . 4 1 0 .5 1 .7 4 7 . 3 5

1 2 0 8 8 . 4 1 3 .2 2 . 0 0 7 . 2 2

2 4 0 8 7 .5 1 5 .2 2 . 5 6 7 . 1 7

U n h e a t e d 8 8 . 0 5 . 7 0 . 6 5 7 . 6 8

Effect of moist heat
Table 4 shows results of the chemical analyses. The volatile content of the FPC’s increased slightly more than twofold as the time and temperature of autoclaving increased. The crude protein level, on a dry-weight basis, remained relatively constant at around 87-88% regardless of treatment.The NPN content also increased as the time and temperature were increased. At 100°C, the values increased from 0.60% at 0 min to 1.37% at 240 min. The NPN level in samples heated to 120°C increased from 0.75%—2.56% after 240 min. Hughes (1963) reported an increase in non-coagulable protein in autoclaved herring, ascribing it to the conversion of collagen to gelatin and the formation of

ammonia from unknown sources. He did not find an increase in the free amino acid level. However, this factor must be taken into consideration in the present study.The pH values of the samples decreased as the temperature and time of heating increased. At 100°C, the pH decreased from 7.74 at 0 min to 7.42 at 240 min. Also, at 120°C, the pH dropped from 7.60 at 0 min to 7.17 at 240 min. A similar effect was found by Almquist and Maurer (1953) with autoclaved soybean meal.A significant negative correlation (r = —0.96) was found between the NPN and

the pH values. Figure 1 illustrates this relationship.Table 5 shows the amounts of the basic amino acids, methionine and cystine in the samples. The amounts of arginine, histidine, tryptophan, and lysine were not significantly affected by the treatments. The available lysine values were lower in most of the heated samples, especially those heated at 120°C. Methionine was not affected by the treatments. The concentration of cystine in samples of FPC heated at 120°C for 0 min was equal to that in the unheated FPC. However, 30% of the cystine in the sample of FPC heated for 240 min at 120°C was lost. No
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Table 5 —Amino acid contents o f  FPC after autoclaving at various times and temperatures.

T r e a t m e n t

T e m p .
° C

T im e
m in

A r g in in e H i s t i d in e T r y p t o p h a n L y s in e

A v a i la b le

l y s in e M e t h i o n i n e C y s t in e

yo u i  p r u i c m  A  j

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

3 0 6 .6 1 .9 0 .8 8 . 0 8 .2 - -

6 0 6 .7 2 . 0 0 .9 8 . 4 8 . 0 - -

1 2 0 7 . 2 2 . 0 0 .9 9 . 0 7 . 4 - -

2 4 0 7 . 3 2 .1 0 .9 9 .1 8 . 2 3 . 3 2 -

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

3 0 6 .8 2 . 0 0 .9 8 .4 7 .7 - -

6 0 6 .8 1 .9 0 .9 8 .5 7 .9 - -

1 2 0 6 . 6 1 .9 1 .0 8 . 0 7 .9 - -

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

U n h e a t e d 7 . 0 2 . 0 0 .9 8 .5 9 . 0 3 . 0 6 0 . 7 8

T a b l e  6 — E f f e c t  o f  m o i s t  h e a t  o n  t h e  n u t r i t i v e  v a l u e  o f  f i s h  p r o t e i n  c o n c e n t r a t e  ( F P C )  p r e p a r e d  

f r o m  h a k e . a

T r e a t m e n t

T e m p .

° C

T im e

m in

A v g  d a i l y  

w t  g a in  

g

A v g  d a i l y  

f o o d  in t a k e  

g

P r o t e in

e f f i c ie n c y  r a t i o

1 0 0 0 4 . 9 3  ±  0 . 1 5 b 1 5 . 2 0  ± 0 . 3 5 3 . 1 8  ± 0 . 0 4

3 0 4 . 9 3  ± 0 . 1 0 1 5 .2 5  ± 0 . 2 6 3 . 1 7  ± 0 . 0 5

6 0 4 . 6 3  ± 0 . 2 1 1 4 . 5 4  ± 0 . 5 4 3 .2 1  ± 0 . 0 3

1 2 0 4 . 8 7  ± 0 . 1 3 1 5 . 3 4  ± 0 . 2 5 3 . 0 9  ±  0 . 0 5

2 4 0 4 . 6 4  ±  0 . 2 4 1 4 .7 7  ± 0 . 5 3 3 . 1 0  ± 0 . 0 8

1 2 0 0 4 . 4 1  ± 0 . 1 4 1 4 . 1 7  ± 0 . 4 0 3 . 0 4  ±  0 . 0 7

3 0 4 . 4 6  ± 0 . 1 1 1 4 . 3 2  ± 0 . 2 6 3 . 0 8  ±  0 . 0 6

6 0 4 . 7 0  ± 0 . 1 2 1 5 . 3 8  ± 0 . 2 7 2 . 8 5  ±  0 . 0 4

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

2 4 0 3 .1 1  ± 0 . 1 3 1 3 . 8 2  ± 0 . 5 5 2 . 3 0  ± 0 . 0 4

C o n t r o l  F P C 4 . 7 2  ± 0 . 1 5 1 4 . 6 0  ± 0 . 4 3 3 . 1 6  ± 0 . 0 3

C a s e in 4 . 4 3  ± 0 . 1 1 1 3 .9 5  ± 0 . 3 8 3 .1 5  ± 0 . 0 6

T u k e y ’ s W P  <  0 . 0 5 0 . 6 9 1 .8 4 0 . 2 4

P C 0 . 0 1 0 . 7 7 2 . 1 2 0 . 2 8

a A l l  v a lu e s  a r e  a v e ra g e s  f r o m  9 - 1 0  S p ra g u e  D a w le y  r a ts .  

b S E .

changes in the other acidic and neutral amino acids were found, so the values are not reported.Baldwin et al. (1950) reported 90—100% retention of these amino acids when casein was autoclaved for 1 20 min at 15 psi. Histidine, however, was retained to the extent of 83% of the concentration found in the unheated casein. Losses of lysine and cystine were reported by Evans and McGinnis (1948) who autoclaved soybean protein for 60 min at 130°C. In the present study, cystine was the only amino acid that appeared to be significantly affected by the extreme heat treatment.Table 6 shows the data obtained from the animal study. Heating FPC samples at 100°C for 0—240 min or at 120°C for 0—120 min did not affect their nutritional quality. However, heating the samples at 120°C for 240 min significantly lowered their quality as evidenced by lower weight gain and PER than obtained with the other heated samples and unheated controls.

Results of the feeding studies suggested a relation between percent NPN and PER. This relation is shown in Figure 2 as a scatter diagram with a coefficient of correlation equal to -0.8701, which is statistically significant (P < .01). Further investigation into the cause of lowered protein quality is required to determine whether it is due to biologically unavailable amino acids, slower release of amino acids by digestion, or other causes.A comparison of the data from the two experiments, using comparable times and temperatures, shows that dry heating of the FPC produced less damage to the quality of the protein than moist heating did.
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RADIO-FREQUENCY PASTEURIZATION OF CURED HAMS

S U M M A R Y — R a d i o - f r e q u e n c y  h e a t i n g  a t  6 0  a n d  2 4 5 0  M H z  i n  c o n v e y o r i z e d  e q u i p m e n t  w a s  c o m 

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

C r y o v a c  c a s i n g s  i n s i d e  m o u l d s .  F o r  l e a n  2 - l b  h a m s ,  t r e a t m e n t  t i m e  t o  r e a c h  t h e  d e s i r e d  c e n t r a l  

t e m p e r a t u r e  c o u l d  b e  r e d u c e d  t o  1 / 3  b y  h e a t i n g  i n  a  c o n d e n s e r  f i e l d  t u n n e l  o p e r a t i n g  a t  6 0  M H z ,  

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

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

s a m e  e x t e n t  b y  p r o c e s s i n g  a t  2 4 5 0  M H z ,  b u t  p r o d u c t  t h i c k n e s s  h a d  t o  b e  r e d u c e d  t o  s e c u r e  

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

w a t e r  t r e a t m e n t .  A t  2 4 5 0  M H z  i n  p a r t i c u l a r ,  b u t  a l s o  a t  6 0  M H z ,  b a c t e r i a l  s u r f a c e  c o u n t s  w e r e  

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

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

b e t w e e n  m e t h o d s .

INTRODUCTION
THE SWEDISH MEAT industry produces small pasteurized cured hams (1—2 lb), “cooked” inside cans or plastic casings in hot water of about 85°C to a final central temperature of 65—70°C. The product has a limited shelf life and requires cold storage. Processing time is about 1 hr and juice loss is of the order of 25%. The juice lost is jelled around the ham with gelatin. This jelly is usually discarded by the consumer and implies both a quality negative and an economic loss. Since the use of water binding agents such as polyphosphates is forbidden in Sweden, we decided to find out whether any substantial reduction in juice losses and treatment time could be obtained by using radio-frequency (RF) heating. Under ideal conditions RF-heating might allow rapid heating throughout a food sample without any temperature gradients, provided field and sample are sufficiently homogenous. In practice such a process would have to allow continuous operation without requiring any very special electrode assemblies or sample holders differing widely in construction from the moulds commonly used in the processing of large hams. The processed ham also should be adequately protected against recontamination after processing and not require transfer to another container for supplementary heat treatment.

LITERATURE REVIEW
Processing methods
Pircon et al. (1953) and Pircon (1954) describe a process for diathermal sterilization of boned hams at 9 MHz. Based on fundamental studies of capacitance and conductivity of cured luncheon meats they designed test cells, in which hams were placed in pyrex tubes between steel electrodes, using an expansion follower

plate for the “hot” electrode to take up pressure caused by expansion of the meat. Owing to the high conductivity of the meat, the tubes had to be made long and narrow. Experiments were also conducted with plastic-walled cans with concentrically corrugated metal caps, as the electrodes. They report 6-lb pieces of ham could be heated to sterilizing temperatures in about 10 min. Cooling of the perifery of the sample from the container walls was reduced by the use of external heat. Temperature differences along the meat cylinder ranged from 30—40°F. Cold regions were observed near the bottom of the cylinder and in melted fat pockets, and current control and agitation of the cell were used to equalize the temperatures.
Taste panel results showed a preference for the diathermal sterilization compared with conventional pasteurization. Shelf life of the hams was satisfactory. No mention is made of the amount of juice lost during processing. Despite these results the process has not been used commercially, probably because óf high costs and problems in designing processing cells or cans suitable for large-scale operation. After processing, the ham had to be transferred under aseptic conditions to a separate container for supplementary surface heat treatment.
While the above process, with direct contact between product and electrodes, can be considered a combination of dielectric and resistance heating, Luijerink(1962) describes a process for the heat pasteurization of cured hams by pure conduction heating at mains frequency viz. line frequency or 220V a.c. Heating from room temperature to 80°C requires 8 min after which the ham is transferred to a can and dipped in boiling water for 5 min as supplementary surface heat treatment. Temperature differentials after

conduction heating were given as about 30°C in 6-lb hams. Conventional processing with water heating required 5-6 hr.A search of the literature failed to reveal any investigation where cured hams had been heat processed continuously by dielectric heating with an air gap between the sample and the electrodes. However, several have reported on dielectric thawing of foods in the frequency range27—35 MHz by such processes. Jason and Sanders (1962), Bengtsson (1963) and Sanders (1966) described equipment for continuous dielectric thawing in laboratory and production scale equipment, and reported results obtained with fish and various meat products. The significance of the use of an air gap between sample and electrodes to reduce tendencies towards run-away heating are discussed by Bengtsson and Remi (1963) and Sanders (1966) on the basis of dielectric data, sample-electrode configuration and experimental results. Two important factors in influencing temperature distribution were conveyor speed and power density in the sample.
At higher frequencies, the only report found is a patent procedure by Williams(1965) on diathermal treatment in the curing and smoking of meats. He claims that the temperature in cured meats could be raised uniformly to 140°F in1—5 min by microwave heating in the frequency range 450-900 MHz. Internal heating was slightly higher than the surface heating. Higher frequencies than 900 MHz could be used, but tended to produce more surface heating. The objective of the process was not ham pasteurization but to shorten the time of after-treatment in the smokehouse. No details are given concerning the actual processing equipment or procedure. Otherwise, there are numerous reports in the literature on the application of microwave heating for cooking purposes, mostly in small, domestic ovens. More recent work has been reported on industrial cooking of foods in large scale, conveyorized microwave equipment (Anon. 1967).

Fundamental and theoretical
When a material is heated in a dielectric field, whether by capacitive heating or by microwave heating, the heat generated in the material is directly proportional to its dielectric constant and loss tangent, to frequency and to the square
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F i g .  1 — 5  k W  m i c r o w a v e  t u n n e l .

of the field strength in the material. The degree of energy penetration into the material, generally expressed as the depth at which the power of the incident wave is reduced to 1/2 or to 1/e (1/2.71), decreases with increasing dielectric constant, loss tangent and frequency. Since the dielectric properties thus determine both the rate of heating and the degree of power penetration, knowledge of such data is important in all dielectric heating applications.Pircon (1954) determined permittivity and resistivity of cured hams at 7 and 29 MHz and 70°F and obtained values corresponding to a conductivity of 0.009 ohm"1 • cm"1 and a dielectric constant of 132. Ede and Haddow (1951) and Hartshorn and Rushton (1946) report conductivities of 0.02 ohm'1 • cm'1 at 20°C and 10—20 MHz for bacon and lean ham. For ham fat they report a conductivity of 0.001 ohm"1 • cm'1 Otherwise, no dielec-

F i g .  2 — M o u l d - e l e c t r o d e  a r r a n g e m e n t  f o r  F t F - p r o c e s s i n g  a t  6 0  M H z ;  

( t o p i  c r o s s  s e c t i o n ;  ( b o t t o m )  a c t u a l  v i e w .

trie data on salty meats could be found in the literature.Differential effects in dielectric heating of layered or embedded material are important in the heating of hams, which usually have a layer of fat as well as embedded streaks or particles of fat. These factors have been discussed by Morris-Thomas (1951) and Schwan et al.(1953) in relation to dielectric properties and layer thickness. According to Morris- Thomas, in capacitance dielectric heating of rectangular slabs of layered material, a layer of higher conductivity will heat less than one of lower conductivity below a

certain critical frequency, while the opposite will be true above that frequency. Schwan et al. (1953) studied diathermic heating of fat-muscle layers in the human body, and conclude the fat will be overheated in capacitive dielectric heating up to 100 MHz. This tendency decreases with increased frequency, while in radiation diathermy heating of the fat layer increases with the frequency.The fundamental equations for circuit calculation in capacitive dielectric heating are discussed by Riegel (1952, 1953). It should be possible then, by calculating equivalent parallel resistance and capacitance for an electrode-sample combination, to determine the proper changes in dimensions of a different material to maintain unchanged load matching if the dielectric properties are known.
Microbiological considerations
It is obviously important that microbiological factors be taken into account when considering application of RF-heat

ing to reduce treatment time in the pasteurization or sterilization of cured hams. The possible reasons for the observed safety of canned, cured meats are discussed by Spencer (1966). Factors considered other than heat treatment are: content of salt and nitrite, pH, and incidence of clostridial spores. He concludes that there are no quantitative data on the combined effects of heat process and curing ingredients on the ability of C los
tr id iu m  b o tu lin u m to survive and grow. Perigo et al. (1967) report inhibitory activity on vegetative growth of C lo s tr id 
ium  sp o ro g en es from an unknown substance formed when heating a laboratory medium containing nitrite, and they discuss the finding in the context of sub- lethally processed cured meats.The problem of green discoloration sometimes occurring in cooked hams is discussed by Gardner (1967) who attributes the fault to either improper distribution of curing salts or bacterial activity from survival of lactobacilli.
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T a b l e  1 — P a s t e u r i z a t i o n  o f  h a m  a t  6 0  a n d  2 4 5 0  M H z .  P r o c e s s i n g  

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

6 0  M H z 2 4 5 0  M H z  

p a r a b o l ic  

t u n n e l

2 4 5 0  M H z  

w a v e  g u id e  

t u n n e l

H a m  t h ic k n e s s ,  c m 6 3 3
w e ig h t ,  g 9 0 0 4 0 0 4 0 0
p a c k a g in g C r y o v a c C r y o v a c C r y o v a c

W a t e r  im m e r s io n ,  c m 3 1 0 0 - 2 0 0 — —
t e m p ,  i n i t i a l ,  ° C 5 0 — —

E le c t r o d e  l e n g t h ,  c m 2 5 - —
A i r  g a p ,  c m

P o w e r  i n p u t  t o  g e n e r a t o r

5 - 6 - —

P i  k W / k g  lo a d  

P o w e r  o u t p u t  i n  lo a d

1 0 0 0 4 0 0 0 2 8 0 0

P 2 k W / k g  lo a d 2 5 0 1 0 0 0 1 0 0 0
P o w e r  e f f i c i e n c y  P 2 / P i  % 2 5 2 5 3 5

C o n v e y o r  s p e e d ,  c m / m in 6 2 0 4 5

N u m b e r  o f  p a s s a g e s 6 - 8 8 2

E f f e c t i v e  h e a t  t r e a t m e n t  

t im e ,  ( m i n )

1 6 - 2 0 4 4

EXPERIMENTAL
Equipment

T h e  e x p e r im e n t s  a t  3 5 - 6 0  M H z  w e r e  m a d e  

w i t h  a  g e n e r a t o r  o f  1 k W  o u t p u t  a n d  a  c o n 

v e y o r  f o r  f e e d in g  t h e  m a t e r i a l  t o  b e  h e a te d  

b e t w e e n  t h e  e le c t r o d e s  o f  t h e  lo a d  c o n d e n s o r .  

P o w e r  i n p u t  f r o m  t h e  m a in s ,  e le c t r o d e  s p a c in g  

a n d  c o n v e y o r  s p e e d  c o u ld  b e  v a r ie d  c o n t i n u 

o u s ly ,  a n d  b y  a  s im p le  m o d i f i c a t i o n  o f  t h e  c i r 

c u i t  t h e  f r e q u e n c y  c o u ld  b e  s h i f t e d  b e t w e e n  3 5  

a n d  6 0  M H z .  T h e  e q u ip m e n t  h a s  b e e n  d e s c r ib e d  

p r e v io u s ly  ( B e n g ts s o n ,  1 9 6 3 ) .

A t  2 4 5 0  M H z  t w o  c o n v e y o r i z e d  u n i t s  o f  d i f 

f e r e n t  d e s ig n  w e r e  u s e d ,  o n e  o f  w h i c h  h a s  b e e n  

d e s c r ib e d  p r e v io u s ly  ( B e n g ts s o n ,  1 9 6 3 ) .  T h i s  

w a s  a  2  k W  e x p e r im e n t a l  t u n n e l  o f  t h e  P h i l i p ’ s 

p a r a b o l ic  d e s ig n .  T h e  s e c o n d  u n i t  w a s  a  m o d i 

f i e d  c o m m e r c i a l  H u s q v a m a  t u n n e l  m o d u le ,  d e 

v e lo p e d  f o r  h e a t in g  p r e c o o k e d  f r o z e n  o r  r e f r i g 

e r a t e d  m e a ls .  I t  c o n s is ts  o f  a  5 . 5  X  1 2  c m  

t u n n e l  a n d  1 .5  m  i n  l e n g t h  i n t o  w h i c h  t h e  w a v e 

g u id e s  f r o m  t h r e e  1 .5  k W  m a g n e t r o n s  a re  c o u 

p le d  b y  t h e  s o - c a l le d  m a g ic  T - p r in c i p le .  T h e  

e q u ip m e n t  is  s h o w n  in  F ig u r e  1 .  F o r  b o t h  m i 

c r o w a v e  t u n n e ls  p o w e r  i n p u t  a n d  c o n v e y o r  

s p e e d  c o u l d  b e  v a r ie d  c o n t in u o u s ly .

P o w e r  e f f i c ie n c y  in  t h e  e x p e r im e n t s  w a s  c a l

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

h e a t  i n  t h e  lo a d  in  p e r c e n t  o f  t h e  i n p u t  f r o m  

t h e  m a in s  t o  t h e  g e n e r a to r s ,  a s  e s t im a t e d  f r o m  

in s t r u m e n t  r e a d in g s ,  t e m p e r a t u r e  r is e  a n d  a v a i l 

a b le  e n t h a lp y  d a t a .  I n  t h e  e x p e r im e n t s ,  e f f i c i e n 

c ie s  o f  a b o u t  2 5 %  w e r e  o b t a i n e d  a t  6 0  M H z  a n d  

2 5 - 3 5 %  a t  2 4 5 0  M H z .

Raw material and methods
H a m s  w e r e  o b t a i n e d  f r o m  t h r e e  d i f f e r e n t  

p r o c e s s in g  p la n t s  u s in g  s l i g h t l y  d i f f e r e n t  c u r in g  

m e t h o d s ,  g i v in g  d i f f e r e n c e s  i n  s a l t  c o n t e n t  a n d  

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

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

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

a lw a y s  u s e d .  N o r m a l l y  h a m s  h a d  b e e n  p u m p e d  

t o  6 - 1 0 %  c o n t e n t  o f  1 8 °  B e 'b r i n e  ( N a C l  w i t h

0 . 6 %  N a N C >2)  a n d  s t o r e d  i n  b r i n e  f o r  1 - 2  w k .  

T h e y  w e r e  t h e n  c u t  d o w n ,  t r i m m e d  t o  2 - lb  s iz e  

a n d  s h ip p e d  t o  t h e  S I K  I n s t i t u t e  u n d e r  r e f r ig e r 

a t i o n .  T h e  t r i m m e d  h a m s  w e r e  u s u a l ly  t a k e n  

f r o m  t h e  in s id e  r o u n d .  A v e r a g e  s a l t  c o n t e n t  v a r 

ie d  f r o m  3 - 5 %  b e t w e e n  h a m s  a n d  s o m e t im e s  

b y  a s  m u c h  w i t h i n  h a m s .  A v e r a g e  w a t e r  c o n t e n t  

w a s  6 8 - 7 0 %  a n d  t h e  t o t a l  f a t  c o n t e n t  1 0 - 1 5 % .  

H a m s  w e r e  u s u a l ly  t r i m m e d  t o  le s s  t h a n  5  m m  

s u r fa c e  f a t  la y e r ,  b u t  e x p e r im e n t s  w e r e  m a d e  

a ls o  w i t h  h a m s  w i t h  a  1 c m  f a t  la y e r  a n d  t h i c k  

e m b e d d e d  s t r e a k s  a n d  m a s s e s  o f  f a t  t is s u e .  A l l  

t o g e t h e r  s o m e  2 5 0  h a m s  w e r e  u s e d  in  t h e  e x 

p e r im e n t s .

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

s u m m a r iz e d  i n  T a b le  1 w e r e  d e v e lo p e d .  F o r  

t r e a t m e n t  a t  6 0  M H z  h a m s  w e r e  t r i m m e d  t o  

a b o u t  2 - lb  w e ig h t  a n d  r o u n d e d  r e c t a n g u la r  

s h a p e  a n d  p a c k e d  in  1 .5  m i l  x  6  i n .  C r y o v a c  

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

a f t e r  t h e  e n d s  h a d  b e e n  f o ld e d  o v e r  t o  r e d u c e  

r is k s  f o r  r e in f e c t io n  a f t e r  p r o c e s s in g .  A  v a c u u m  

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

p le t e l y ,  a n d  t h e  c a s in g  w a s  s h r u n k  a r o u n d  th e  

h a m  b y  a  h o t  w a t e r  d i p .

T h e  t r i m m e d  a n d  e n c a s e d  h a m  w a s  c o m 

p re s s e d  i n t o  a  p o l y e t h y le n e  m o u ld  ( 9 . 8  x  1 8  x

5 .5  c m  in n e r  d im e n s io n s )  b e t w e e n  t w o  f l a t  a lu 

m in u m  e le c t r o d e  p la te s  b y  a  s im p le  c o m p r e s 

s io n  d e v ic e ,  e x e r t i n g  a  p r e s s u r e  o f  a p p r o x 

im a t e l y  1 5  k g  o n  t h e  h a m  s u r fa c e .  T h e  t o p  

e le c t r o d e  w a s  s e c u r e d  t o  t h e  m o u ld  b y  p o l y e t h 

y le n e  s c r e w s ,  a n d  e m p t y  s p a c e s  a r o u n d  t h e  h a m

in  t h e  m o u ld  w a s  f i l l e d  w i t h  1 0 0 -  2 0 0  c c  w a r m  

w a t e r  t h r o u g h  h o le s  in  t h e  t o p  e le c t r o d e .  T h e  

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

s h o w n  i n  F ig u r e  2 .  C o m p r e s s io n  b e t w e e n  e le c 

t r o d e  p la te s  a n d  t h e  u s e  o f  im m e r s io n  w a t e r  

s e rv e  t o  le v e l  o u t  f i e l d  a n d  t e m p e r a t u r e  d i s t r i 

b u t i o n  i n  t h e  h a m .  C o m p r e s s io n  is  n e c e s s a ry  t o  

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

t o g e t h e r  a f t e r  h e a t  t r e a t m e n t .

T h e  h a m s  w e r e  f e d  r e p e a t e d ly  b e t w e e n  t h e  

p r im a r y  e le c t r o d e s  o f  t h e  lo a d  c o n d e n s o r ,  u n t i l  

a  c e n t e r  t e m p e r a t u r e  a b o v e  6 5 ° C  w a s  r e a c h e d ,  

a n d  l e f t  i n  t h e  m o u ld  f o r  1 0  m in  b e f o r e  b e in g  

c o o le d  in  a  r e f r i g e r a t o r .  P r o c e s s in g  t im e  w a s  

u s u a l ly  1 5 - 2 0  m in  a n d  f i n a l  w a t e r  t e m p e r a t u r e  

b e t w e e n  6 5 - 7 5 ° C  w h e n  u s in g  a  w e l l - i n s u la t e d  

m o u ld .

I n  t h e  e x p e r im e n t s  a t  2 4 5 0  M H z ,  s a m p le  

t h ic k n e s s  w a s  r e d u c e d  t o  3  c m  a n d  h a m s  w e r e  

t u r n e d  u p s id e  d o w n  b e t w e e n  s u c c e s s iv e  p a s 

sa g e s  t h r o u g h  t h e  t u n n e ls  t o  o b t a i n  s u f f i c i e n t  

p e n e t r a t i o n  d e p t h .  A  p o l y e t h y le n e  m o u ld  

( i n n e r  d im e n s io n s  1 9  x  9  x  3  c m )  w a s  u s e d .  I t  

c o n s is te d  o f  t w o  h a lv e s  w h i c h  w e r e  s c r e w e d  

t o g e t h e r  a f t e r  c o m p r e s s io n .  I m m e r s io n  in  w a t e r  

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

p a r t l y  b e c a u s e  p r e v io u s  e x p e r ie n c e  f r o m  m ic r o -  

w a v e  t h a w in g  o f  m e a t  h a d  in d ic a t e d  w a t e r  i m 

m e r s io n  w o u ld  n o t  b e  h e l p f u l .  B e c a u s e  o f  t h e  

r a p id  h e a t in g  a t  2 4 5 0  M H z ,  a  s m a l l  o p e n in g  in  

o n e  o f  t h e  c lo s u r e s  o f  t h e  C r y o v a c  t u b in g  w a s  

u s e d  d u r in g  p r o c e s s in g  t o  p r e v e n t  b u r s t i n g  p r e s 

s u re s  f r o m  d e v e lo p in g .  T h i s  c h a n n e l  w a s  c lo s e d  

as n e a r  a s e p t i c a l l y  as p o s s ib le  a f t e r  p r o c e s s in g ,  

a n d  t h e  h a m  d ip p e d  i n  b o i l i n g  w a t e r  f o r  5  m in .  

H a m s  w e r e  p a s s e d  t h r o u g h  t h e  t u n n e ls  r e p e a t 

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

6 5 ° C .

P a s t e u r i z a t io n  i n  w a t e r  a t  8 5 ° C  w a s  u s e d  f o r  

r e fe r e n c e .  T h e  h a m  w a s  t r i m m e d ,  p a c k e d  a n d  

s h r u n k  in  C r y o v a c  c a s in g  a n d  c o m p r e s s e d  b e 

t w e e n  m e t a l  p la te s  i n  a  m o u ld .  T h e  p la te s  w e r e  

p e r f o r a t e d  a n d  i n  d i r e c t  c o n t a c t  w i t h  t h e  p r o c 

e s s in g  w a t e r ,  w h i c h  w a s  a g i t a t e d  w i t h  a  s t i r r e r  

t o  im p r o v e  h e a t  t r a n s f e r .  F o r  c o m p a r is o n s  w i t h  

R F  h e a t in g  a t  6 0  M H z  2  lb  h a m s  w e r e  u s e d  a n d  

f o r  t h e  c o m p a r is o n s  w i t h  m ic r o w a v e  p r o c e s s in g

1 lb  h a m s ,  t h e  w a t e r  p r o c e s s in g  t im e s  b e in g  

a p p r o x i m a t e l y  1 h r  a n d  3 0  m in  r e s p e c t iv e l y ,  t o  

r e a c h  a  c e n t e r  t e m p e r a t u r e  o f  6 5 ° C .

T e m p e r a t u r e  w a s  m e a s u r e d  w i t h  s p e a r - ty p e  

t h e r m o c o u p le s .  F o r  t h e  h a m s  t o  b e  a n a ly z e d  

w i t h o u t  s to r a g e ,  t e m p e r a t u r e  w a s  m e a s u r e d  a t  

1 8  o r  2 7  s y m m e t r i c a l l y  s i t u a t e d  p o in t s  i n  t h e  

h a m s  p ro c e s s e d  b y  R F ,  a n d  a t  t h e  s u r fa c e  a n d  

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

t e n d e d  f o r  s to r a g e  t e s t in g  t e m p e r a t u r e  w a s  

m e a s u r e d  o n l y  a t  t h e  c e n t e r  a n d  s u r fa c e ,  u s in g  a  

s t e r i le  s e n s o r  o r  s u r fa c e  t e m p e r a t u r e  s e n s e d  

w i t h  a  s p e c ia l  t h e r m o c o u p le  a p p l i c a t o r  w i t h o u t  

p e n e t r a t i n g  t h e  C r y o v a c  c a s in g .

A n a l y t i c a l  m e t h o d s

J u ic e  lo s s e s  w e r e  d e t e r m in e d  b y  w e ig h in g  

t h e  h a m s  b e f o r e  p r o c e s s in g  a n d  a f t e r  a d h e r in g  

j u i c e  a n d  j e l l y  h a d  b e e n  s c r a p e d  o f f .  W a t e r  r e 

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

g a t io n  u s in g  a  m o d i f i c a t i o n  o f  a  m e t h o d  o f  

A i t k e n  ( 1 9 6 2 ) .  S a l t  c o n t e n t  w a s  m e a s u r e d  a t  5  

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

o m e t r i c  t i t r a t i o n  w i t h  s i l v e r  n i t r a t e .

S e n s o r y  e v a lu a t io n  o f  a p p e a r a n c e  c o m p r is e d  

i n t e n s i t y  a n d  e v e n n e s s  o f  c o l o r ,  l ig h t n e s s  a n d  

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

s l ic e s  u s in g  5 - p o i n t  s c a le s .  I n t e n s i t y  o f  h a m -  

m e a t  f l a v o r ,  j u ic in e s s  a n d  s a l t in e s s  a n d  t e x t u r e  

a n d  t a s te  p r e f e r e n c e  w e r e  e v a lu a t e d  b y  5 - p o i n t  

s c a le s  in  t h e  e a r ly  c o m p a r is o n .  T h e n  d i r e c t  

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

n e s s ,  t e n d e r n e s s  a n d  s a l t in e s s .  B a c t e r io lo g i c a l  

e x a m in a t i o n  w a s  m a d e  b y  s u r fa c e  s a m p l in g ,  

u s in g  a  c o r k - b o r e  t e c h n iq u e ,  p l a t i n g  o n  A T P -  

a g a r  a n d  in c u b a t in g  a t  3 0 ° C  f o r  3 - 4  d a y s .  A  

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

r a w  h a m s  w a s  m a d e ,  b u t  o t h e r w is e  o n l y  t o t a l  

c o u n t s  w e r e  m a d e .
P r e l im in a r y  d i e le c t r i c  d a t a  w e r e  o b t a i n e d  

f o r  c u r e d  h a m  a n d  f a t  t is s u e  in  t h e  t e m p e r a t u r e  

r a n g e  o f  2 0 - 7 0 ° C  a n d  f r e q u e n c y  ra n g e  o f  

3 5 - 1 0 0  M H z  u s in g  a  B o o n t o n  R X - m e t e r  a n d  a 

t e s t  c e l l  d e s ig n  d e s c r ib e d  in  a  p r e v io u s  p u b l i 

c a t io n  ( B e n g ts s o n  e t  a l . ,  1 9 6 3 ) .  A t  2 4 5 0  M H z  a 

f e w  m e a s u r e m e n t s  w e r e  m a d e  w i t h  a  p e r t u r 

b a t i o n  t e c h n iq u e  d e s c r ib e d  b y  L a b u d a  a n d  

L e G r a w  ( 1 9 6 1 ) .
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T a b le  2 - D i f f e r e n c e  b e tw e e n  R F -p a s te u r iz a t io n  o f  h a m s  a t  6 0  M H z  a n d  h o t  w a te r  p ro c e s s in g . G ra n d  a ve ra g e s  f o r  2 8  ru n s  e v a lu a te d  a f t e r  3  d a y s  a n d  

9  r u n s  a f t e r  3  m o n t h s '  s to ra g e  a t  + 1 0 ° C .  ___________________________________________________ __

E v a lu a t io n  a f t e r  3  d a y s ’  s to r a g e E v a lu a t io n  a f t e r  3  m o n t h s ’  s to r a g e

P r o c e s s in g  c o n d i t i o n s  

a n d  e v a lu a t io n s

R F -

p r o c e s s in g

H o t  w a t e r  

p r o c e s s in g D i f f e r e n c e

R F -

p r o c e s s in g

H o t  w a t e r  

p r o c e s s in g D i f f e r e n c e

P r o c e s s in g  t im e ,  m in . 2 8 7 0 R F  m u c h  s h o r t e r 1 6 6 5 R F  m u c h  s h o r t e r

F i n a l  c e n t e r  t e m p .  ° C 7 2 6 8 s m a l l 7 2 6 9 s m a l l

T e m p ,  r a n g e  in 12 15 R F  s l i g h t l y  b e t t e r 15 15 n o n e

s in g le  h a m s ,  °  C

J u ic e  lo s s ,  % 1 2 .4 1 9 .8 R F  m u c h  b e t t e r 1 3 .1 1 9 .7 R F  m u c h  b e t t e r

C e n t r i f u g a t i o n  lo s s ,  % 1 5 .7 1 4 .8 n o n e 1 6 . 0 1 1 .3 R F  s i g n i f i c a n t l y  

h ig h e r

S e n s o r y  e v a lu a t io n  s c o re

g e n e r a l  a p p e a r a n c e 3 .5 3 .2 R F  t e n d e d  t o  b e  b e t t e r 3 .5  3 .5  

P a i r e d  c o m p a r is o n s

n o n e

t a s te 3 .8 3 .6 n o n e t a s te n o n e

t e x t u r e 3 .6 3 .5 n o n e te n d e r n e s s n o n e

ju ic in e s s 5 . 6 5 . 2 R F  t e n d e d  t o  b e  b e t t e r ju ic in e s s R F  s i g n i f i c a n t l y  

b e t t e r

M i c r o b ia l  t o t a l - - - 8 .5  • 1 0 s 0 . 4  • 1 0 s R F  w o r s e

p la t e  c o u n t ,  s u r fa c e

D e t e r m in a t io n  o f  s u i t a b le  p r o c e s s in g  

c o n d i t i o n s

A t  3 5 - 6 0  M H z  e m p i r i c a l  e x p e r im e n t a t io n  

w i t h  2 - lb  h a m s  a n d  m o d e l  s y s te m  w o r k  w i t h  

g r o u n d  h a m  w e r e  m a d e  in  p a r a l l e l  t o  d e t e r m in e  

m o s t  s u i t a b le  p r o c e s s in g  c o n d i t i o n s .  I n  t h e  

m o d e l  s y s te m  w o r k ,  t h e  in f l u e n c e  o f  s a m p le  

a n d  e le c t r o d e  g e o m e t r y ,  a n d  w a t e r  im m e r s io n  

o n  lo a d  m a t c h in g  w a s  s t u d ie d ,  a lo n g  w i t h  h e a t 

in g  p a t t e r n s  i n  la y e r e d  o r  e m b e d d e d  f a t  u s in g  

P le x ig la s s  c y l i n d e r s  o r  r e c t a n g u la r  p o l y e t h y le n e  

b o x e s  f o r  s a m p le  h o ld e r s  a n d  s a m p le  w e ig h t s  

f r o m  5 0 - 1 0 0 0 g .  I n  t h e  t e s t in g  w i t h  2 - lb  h a m s ,  

t h e s e  w e r e  t r i m m e d  t o  4 - 7  c m  t h ic k n e s s ,  

p a c k e d  in  C r y o v a c  c a s in g  in  p l a s t i c  m o u ld s  w i t h  

o r  W i t h o u t  c o m p r e s s io n  b e t w e e n  s e c o n d a r y  

e le c t r o d e s  a n d  w i t h  o r  w i t h o u t  im m e r s io n  in  

w a t e r  o f  d i f f e r e n t  v o lu m e ,  s a l t  c o n t e n t  a n d  

i n i t i a l  t e m p e r a t u r e .  O t h e r  v a r ia b le s  in v e s t ig a t e d  

w e r e  s a l t  a n d  f a t  c o n t e n t  o f  t h e  h a m ,  c o n v e y o r  

s p e e d ,  p o w e r  d e n s i t y  a n d  g e n e r a t o r  f r e q u e n c y .  

T h e  f o l l o w i n g  o b s e r v a t io n s  o f  in t e r e s t  w e r e  

m a d e  in  t h e  r o u g h l y  1 0 0  p r e l i m i n a r y  h e a t in g  

e x p e r im e n t s .

H e a t  g e n e r a t io n  w a s  c o n s id e r a b ly  h ig h e r  in  

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

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

t w e e n  3  a n d  6 %  s a l t  c o n t e n t .  P o w e r  e f f i c ie n c y  

w a s  h ig h e r  a t  6 0  M H z  t h a n  a t  3 5  M H z .  I t  i n 

c re a s e d  w i t h  c o m p r e s s io n  o f  t h e  h a m  b u t  a t  t h e  

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

lo s s .  W h e n  w a t e r  im m e r s io n  w a s  n o t  u s e d ,  t h e  

s iz e  o f  t h e  a i r  g a p  w a s  c r i t i c a l  t o  p o w e r  e f f i 

c ie n c y  a n d  h a d  t o  b e  s m a l l ,  w h i l e  w a t e r  im m e r 

s io n  r e q u i r e d  la r g e r  a i r g a p s  a n d  p e r m i t t e d  m o r e  

v a r ia t i o n .  I n s t e a d ,  w a t e r  im m e r s io n  s l i g h t l y  

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

t h e  w a t e r  r a is e d  i t .

B y  im p r o v in g  t h e  t ig h t n e s s  o f  f i t  o f  t h e  h a m  

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

t o  a  l i t t l e  o v e r  1 0 0  m l  r e s u l t in g  in  a  r is e  in  f i n a l  

w a t e r  t e m p e r a t u r e  f r o m  5 0  t o  7 0 ° C ,  a n d  m o r e  

e v e n  t e m p e r a t u r e  d i s t r i b u t i o n  b e t w e e n  s u r fa c e  

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

t e n t  o f  t h e  h a m  i n f l u e n c e d  t h e  o p t im a l  r a t i o

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

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

d i f f e r e n t  a i r  g a p s .

I n  t h e  m o d e l  e x p e r im e n t s ,  u s e  o f  e q u a t io n s  

b y  R ie g e l  ( 1 9 5 2 ,  1 9 5 3 )  p e r m i t t e d  s c a le -u p  f r o m  

5 0 g  t o  lO O O g  w i t h  u n c h a n g e d  p o w e r  e f f i c ie n c y ,  

i n  t h a t  s a m p le  t h ic k n e s s ,  a i r  g a p  a n d  s u r fa c e  

a re a  w e r e  a lw a y s  c h a n g e d  i n  t h e  s a m e  p r o p o r 

t io n s .  T h e  r e la t io n s h ip s  d i d  n o t  h o l d  w h e n  

u s in g  w a t e r  im m e r s io n  o f  t h e  h a m .

T e m p e r a t u r e  d i s t r i b u t i o n  i n  t h e  h a m  w a s  

im p r o v e d  b y  u s in g  le a n  h a m s  o f  u n i f o r m  s a l t  

c o n t e n t ,  b y  in c r e a s in g  t h e  f r e q u e n c y  f r o m  3 5  

t o  6 0  M H z ,  b y  c o m p r e s s in g  t h e  h a m  b e t w e e n  

s e c o n d a r y  e le c t r o d e s  a t  m o d e r a t e  p r e s s u r e ,  b y  

w a t e r  im m e r s io n  i n  a  s m a l l  v o l u m e  o f  w a t e r  a n d  

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

m a l  i n s u la t i o n  o f  t h e  m o u ld s  o r  a  s h o r t  d i p  in  

h o t  w a t e r  a f t e r  R F  p r o c e s s in g .

I n c r e a s in g  c o n v e y o r  s p e e d  a n d  n u m b e r  o f  

o v e n  p a s s a g e s  a ls o  im p r o v e d  t e m p e r a t u r e  d i s t r i 

b u t i o n ,  e s p e c ia l ly  w h e n  t h e  h a m s  w e r e  t u r n e d  

1 8 0 °  b e t w e e n  p a s s a g e s  t o  c o m p e n s a te  f o r  t h e  

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

( h o t )  e le c t r o d e .  T e m p e r a t u r e  s p r e a d  i n  t h e  h a m  

a p p e a r e d  t o  in c re a s e  w i t h  s a m p le  w e ig h t ,  h e a t 

in g  r a te ,  c o m p r e s s io n ,  a n d  w h e n  c o n t a c t  w i t h  

t h e  s e c o n d a r y  e le c t r o d e s  w e r e  p o o r .  T h e  a v e r 

a g e  t e m p e r a t u r e  r a n g e  i n  a  le a n  2 - lb  h a m  

c o o k e d  b y  R F  h e a t in g  a t  6 0  M H z  w a s  1 0 ° C ,  

m a in l y  as  h ig h e r  t e m p e r a t u r e  i n  t h e  i n t e r i o r  

t h a n  a t  t h e  s u r fa c e .  I n  t h e  w a t e r  c o o k in g  a t  

8 5 ° C  t h e  s u r fa c e  t e m p e r a t u r e  w a s  a b o u t  1 5 ° C  

h ig h e r  t h a n  t h e  f i n a l  d e s i r e d  c e n t r a l  t e m p e r a 

t u r e .  H o r i z o n t a l  la y e r s  o f  f a t  w e r e  a lw a y s  o v e r 

h e a te d ,  w h i l e  v e r t i c a l  la y e r s  ( p e r p e n d i c u la r  t o  

t h e  e le c t r o d e )  a n d  e m b e d d e d  b a l ls  o r  c y l i n d e r s  

o f  f a t  w e r e  n o t .

A t  2 4 5 0  M H z  s im i la r  p r e l i m i n a r y  h e a t in g  

e x p e r im e n t s  w i t h  g r o u n d  a n d  w h o le  h a m s  

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

t i o n ,  p r o d u c t  t h ic k n e s s  h a d  t o  b e  r e d u c e d  t o

F ig . 3 —J u ic e  lo ss  as a  f u n c t io n  o f  f in a l  c e n t r a l  te m p e ra tu r e  in  h a m s :  A  

=  h o t  w a te r  p ro c e s s in g ;  B  =  R F -p ro c e s s in g  a t  6 0  M H z .
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T a b l e  3 — D i f f e r e n c e  b e t w e e n  R F  p a s t e u r i z a t i o n  a t  2 4 5 0  M H z  a n d  h o t  w a t e r  p r o c e s s i n g .  A v e r a g e s  f o r  8  r u n s  a n d  t w o  s t o r a g e  t i m e s .

P r o c e s s in g  c o n d i t i o n s  

a n d  e v a lu a t io n s R F  p r o c e s s in g H o t  w a t e r  p r o c e s s in g D e g re e  o f  d i f f e r e n c e

P r o c e s s in g  t im e ,  m in . 5 3 5 R F  m u c h  s h o r t e r

C e n t e r  t e m p . ,  ° C 6 6 6 8 s m a l l

T e m p e r a t u r e  r a n g e  in 2 0 1 5 R F  s l i g h t l y  p o o r e r

s in g le  h a m s ,  ° C

J u ic e  lo s s ,  % 1 6 .7 1 8 .1 n o n e

C e n t r i f u g a t i o n  lo s s ,  % 1 2 .6 1 3 .3 n o n e

M ic r o b io lo g i c a l  e v a lu a t io n  a f t e r  3  w e e k s  s to r a g e ,

s u r fa c e  t o t a l  p l a t e  c o u n t  

S e n s o r y  e v a lu a t io n  b y  p a i r e d  c o m p a r is o n

G e n e r a l  a p p e a r a n c e ,  s u r fa c e

G e n e r a l  a p p e a r a n c e ,  i n t e r i o r

T a s te

J u ic in e s s

1 0 ' 3 . 1 0 R F  m u c h  w o r s e

3  d a y s  s to r a g e

R F  t e n d e d  t o  

b e  p o o r e r  

n o n e

n o n e

n o n e

3 w e e k s  s to ra g e

R F  s ig n i f i c a n t l y  

p o o r e r

R F  te n d e d  t o  

b e  p o o r e r  

R F  s ig n ,  p o o r e r  

n o n e

a b o u t  3  c m .  T e m p e r a t u r e  d i s t r i b u t i o n  w a s  im 

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

a n d  c o m p r e s s in g  in  p la s t i c  m o u ld s ,  b u t  w a t e r  

im m e r s io n  d i d  n o t  s e e m  t o  p r o d u c e  a n y  i m 

p r o v e m e n t .  R e la t i v e l y  h i g h  c o n v e y o r  s p e e d s  

h a d  t o  b e  u s e d .  T o  c o m p e n s a te  f o r  v a r ia t io n s  in  

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

h a m s  h a d  t o  b e  t u r n e d  u p s id e  d o w n  a n d  1 8 0 °  

s id e w a y s  b e t w e e n  p a s s e s . T h i s  p r o c e d u r e  w o u ld  

a t  t h e  s a m e  t im e  s im u la t e  in - l i n e  p r o c e s s in g  

w i t h  s e v e r a l p a r a b o la s  o r  w a v e - g u id e  t u n n e ls  

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

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

C o n s id e r a b ly  h ig h e r  p o w e r  d e n s i t y  a n d  

s h o r t e r  h e a t  t r e a t m e n t  t im e  ( 3 - 5  m in )  c o u ld  b e  

u s e d  c o m p a r e d  w i t h  t h e  lo w e r  f r e q u e n c ie s ,  b u t  

o n l y  a t  t h e  e x p e n s e  o f  le s s  e v e n  t e m p e r a t u r e  

d i s t r i b u t i o n .  P o w e r  e f f i c ie n c ie s  w e r e  i n  t h e  

o r d e r  o f  3 0 % .  T h e  t w o  t u n n e ls  g a v e  c o m p a r a b le  

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

w i t h  t e m p e r a t u r e  s p r e a d s  o f  a b o u t  1 5 - 2 0 ° C ,  o r  

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

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

le a s t .

C o n t i n u o u s  m o v e m e n t  t h r o u g h  t h e  t u n n e ls  

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

s u l t s  o b t a i n e d  w e r e  t o  b e  a c c e p ta b le .  

E x p e r im e n t a l  p la n

O n  t h e  b a s is  o f  t h e  p r e l i m i n a r y  w o r k ,  a  

s e r ie s  o f  m o r e  w e l l  d e f in e d  e x p e r im e n t s  w e r e  

p la n n e d  t o  c o m p a r e  R F  h e a t in g  a t  e a c h  o f  t h e  

f r e q u e n c ie s  6 0  a n d  2 4 5 0  M H z  w i t h  p r o c e s s in g  

in  h o t  w a t e r .  F o r  p r a c t i c a l  r e a s o n s ,  d i r e c t  

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

c ie s  c o u ld  n o t  b e  in c lu d e d .

A b o u t  4 0  r u n s  w e r e  m a d e  c o m p a r in g  p r o c 

e s s in g  a t  6 0  M H z  a n d  h o t  w a t e r  p r o c e s s in g  a n d  

1 0  r u n s  c o m p a r in g  2 4 5 0  M H z  a n d  w a t e r  p r o c 

e s s in g .  A  p la n n e d  s e r ie s  a t  9 1 5  M H z  h a d  t o  b e  

p o s t p o n e d  o w in g  t o  la c k  o f  s u i t a b le  e q u ip m e n t .

D ie le c t r i c  p r o p e r t i e s  o f  h a m s  a t  6 0  a n d  

2 4 5 0  M H z  w e r e  d e t e r m in e d  in  a n  e f f o r t  t o  c o r 

r e la t e  t h e  r e s u l t s  o f  h e a t in g  e x p e r im e n t s  w i t h  

b a s ic  d a ta .

RESULTS
RF-pasteurization of hams at 60 MHz
Two series of experiments were made with lean hams and one with fat hams.

An attempt was made to reach the same final center temperature with both heating methods for each pair of hams in order to make direct paired comparison more valid.
In the first series, with short time storage of 30 pairs, lower power density and larger volume of immersion water were used in the RF processing than for the second series, which comprised 10 pairs and 3 months’ storage. The results of these experiments are summarized in Table 2.
Quite significantly lower juice losses were obtained with RF-processing than in hot water processing and treatment time was less than half. Temperature spread was less than in hot water processing in the first series and essentially equal in the second series, where higher power density and smaller water volume were used in the RF-heating. Temperature spread tended to increase with final temperature in the ham and to decrease with increasing final temperature of the immersion water. There was no consistent temperature gradient in the ham during RF- processing. Sensory evaluation showed a general tendency towards better quality of RF-processed hams, particularly in juiciness. Higher centrifugation loss of RF-processed ham is in accord with higher degree of juiciness.
In Figure 3 juice loss is shown as a function of final center temperature of the ham for the first series of 30 pairs. Juice loss shows no correlation with final central temperature in hot water processing. RF-heating showed a positive correlation with final temperature (r = 0.36), juice loss being about half that for water processing at a center temperature of 65°C. In the second series the results were similar.Microbiological examination after pro

longed storage showed considerably higher total counts for RF-processed hams, indicating need for higher final temperatures or supplementary heat treatment. Total counts decreased with increasing salt content and final water temperature, and in one of the runs, where salt content was 5% and final temperature above 75°C in the immersion water, bacterial counts were very low. Variation between runs was considerable, probably to a larger extent because of variation in the raw material available.
Fat hams with a surface fat layer of about 12—15 mm were used in a series of four comparisons. Because preliminary experiments had shown overheating of the fat layer when placed parallel to the electrodes, the fat layer was now positioned perpendicular to the electrodes. To decrease microbial surface contamination hams were dipped for 5 min in boiling water after processing as a supplementary treatment, and gelatin was added to bind the juice released. Heat processing time was 16 min by RF and final center temperature as high as 75°C, temperatures in the fat layer being lower than in the meat. Evaluation after 3 wk storage at +10°C indicated slightly lower quality of RF-processed fat hams, and only 1—2% lower juice loss than in hot water cooking. The fat layer had a more “raw” consistency in the RF-treated ham. Microbial counts were about 10 times higher than in hot water processing.
The effect of adding gelatin to bind released juice was studied separately, and juice losses appeared to be much smaller when no gelatin was used. This appeared to confirm observations that RF-proc- essed hams have a higher tendency to reabsorb released juices when processed inside shrink-packed Cryovac casings 

without gelling agent.
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T a b l e  4 - D i e l e c t r i c  d a t a  o b t a i n e d  u s i n g  a  m o d i f i e d  t e s t  c e l l .

3 5  M H z 6 0  M H z

M a t e r i a l

t e m p .

° C

d i e l e c t r i c
1

c o n s t a n t  6

lo s s

t a n g e n t

d i e l e c t r i c
t

c o n s t a n t  e

lo s s

t a n g e n t

L e a n  p o r k ,  u n s a l t e d 2 0 7 7 5 7 3 3 .2

H a m ,  1 %  s a l t 2 0 9 0 9 8 0 7 . 0

L e a n  h a m ,  3 %  s a l t 2 0 1 2 5 1 2 1 1 5 8 .5

L e a i i  h a m ,  3 %  s a l t 4 0 1 2 5 1 4 1 2 0 11

F a t  t is s u e  f r o m  s a l t e d  h a m  

( 0 .9 %  s a l t ) 2 0 2 8 .5 2 .1 2 2 2 . 0

RF-pasteurization of hams at 2450 MHz
Since the preliminary work at this frequency had proved less rewarding, more well defined experiments were limited to 8 runs comparing microwave processing with hot water processing for 1-lb hams. Four of the pairs were evaluated after 3 days’ storage at 5°C and the rest after 3 wk at 10°C. The results are given in Table 3.On examination immediately after processing the hams differed but little in quality with the processing method used. Also temperature spread and juice losses were roughly equal. Color development and eating characteristics were surprisingly close for the two methods considering that processing time by microwave heating was only 5 min. On the other hand, the temperature remained high for some time after processing.After 3 wk storage the appearance and general quality of the microwave processed ham had deteriorated. The microbial counts were very high with noticeable green discoloration of the surface.

Dielectric measurements and their significance
To explain the experimental heating results and to obtain basic data for future choice of equipment and processing parameters, measurements of dielectric properties were made at the frequencies of 35, 60 and 2450 MHz.For the measurement at the lower frequencies a previously developed test cell had to be modified because of the high conductivity of the salted ham. Precision became rather low with a range of ± 25% between replicates in some cases. The data obtained are given in Table 4.For comparison it may be mentioned that Pircon (1954) reported a dielectric constant of 132 for cured ham at 29 MHz and room temperature. For lean bacon Ede and Haddow (1951) report a conductivity of 0.040 ohm'1 • cm'1 at 40°C and 20 MHz, which compares well with a value of 0.034 calculated from our own measurements at 35 MHz and one of 0.025 ohm"1 ■ cm'1 reported by Hartshorn and Rushton (1946) for lean ham at 20°C and

10 MHz. They also found the conductivity for ham fat at the same temperature and frequency as 0.001 ohm'1 • cm'1, compared with 0.0012 calculated from our own data at 35 MHz.Applying these data to the ham heating experiments, we first consider the case where a constant electrode voltage is used and direct contact between electrodes and sample. Power density in the ham defined as generated heat will then be proportional to e’x tan5x frequency. Using the tabulated data, power density is found to increase with salt content and temperature in the ham and with frequency. However, when an airgap is introduced between sample and electrodes, voltage gradients in air and sample will also depend on the dielectric properties of the sample, as demonstrated by Bengtsson and Remi (1963) and by Sanders (1966). For a 1:1 ratio between air gap and sample thickness and a constant voltage over the electodes, the following relative values for power density are calculated:
35 MHz 60 MHz

unsalted pork, 20°C 2.4 6.4ham, 1% salt 20°C 1.2 2.9ham, 3% salt 20°C 0.6 1.7ham, 3% salt 40°C 0.4 1.2
In agreement with the heating experi-ments made, the dielectric data suggest that the rate of heating increases with frequency and decreases with salt content and temperature.For differential heating in plane parallel layers of fat and meat and in embedded fat, calculations based on the formulae given by Morris-Thomas (1951) and the above dielectric data result in a ratio of power density between meat and fat of about 1:20. This occurs when the layers are parallel to the electrodes, while the ratio will be about 20:1 when the layers are turned perpendicular to the electrodes and 10:1 when a spherical lump of fat is embedded in the ham.The calculations seem to agree with observations in our heating experiments with hams and with Sanders’ (1966) observations in dielectric thawing of fat

and meat layers.An attempt also was made to use the dielectric data measured for ham in the equations of Riegel (1952, 1953) to calculate sample dimensions for optimal load matching. It was known that the power efficiency of the generator combination used was as high as 50% when heating wood of known dielectric properties. The attempt was, however, not successful.
2450 MHz
Preliminary measurements made in a TM012 mode cavity by a perturbation technique indicated that, at the same field strength, heat generated in the ham will be about twice as high at 2450 MHz as at 60 MHz for cured ham. Penetration depth, defined as the depth where the energy of the wave is reduced to 1/e (37%) of the original value was calculated as 5 mm at 20°C. This is unexpectedly low considering the fact that rapid heating was obtained for 3 cm thick samples, and we have no ready explanation to offer.

DISCUSSION
DIELECTRIC pasteurization of lean hams at 60 MHz resulted in acceptable temperature distribution and substantially reduced heat treatment time and juice losses with indications of an advantage in sensory quality. On the other hand, the shortened heat treatment, in combination with a lower surface temperature than in conventional hot water processing, gave a higher surface infection. The reduced juice losses found in the dielectric process are probably due both to reduced surface heat treatment, with less release of juice, and to a higher ability of the surface of the ham to reabsorb juice during cooling under the reduced pressure inside the cryovac casing. Tests showed the use of a jelling agent interfered with this reabsorption of juice.The higher surface infection of RF-processed hams is probably a direct result of the lower and shorter surface heat treatment. A limited study of the microflora in raw hams revealed no presence of pathogenic bacteria. Cocci, yeast and Gram-positive rods seemed to dominate. After processing, only spore-forming bacteria were found indicating that heat treatment was sufficient to kill vegetative cells. It must be remembered, however, that RF-pasteurization involves reduced surface heat treatment in a process where, according to Spencer (1966) the actual reasons for apparent hygienic safety are not clear.In the experiments made, surface infection in the raw material as well as salt content were quite variable. Improved raw material control would have to be combined with higher final central tern-
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perature than in the hot water process 
and final temperature of the immersion 
water around 75°C. Or the RF-process 
could be combined with some supple
mentary surface treatment, such as steam, 
smoke, IR, ionizing radiation or anti
bacterial agents. Such supplementary 
heating may be most effective if done 
before RF-processing.

The results indicated that increasing 
brine content (and improving distribu
tion) reduced surface counts. It is pos
sible that the corresponding increase in 
nitrite level contributed to this effect, 
judging from the observations of Perigo et 
al. (1967).

The highest power efficiency that 
could be obtained with salted ham in the 
generator-electrode combination used was 
25%, while 50-60% would be required in 
an industrial application. It is believed 
that with knowledge of the dielectric 
properties of the material to be heated, 
this could be obtained by proper design 
of the generator.

While Pircon et al. (1953) in their 
RF-sterilization work with hams had to 
use batchwise heating in a special proc
essing cell with direct contact between 
meat and electrodes and aseptic transfer 
to a container after processing, our pas
teurization technique allows continuous 
heat processing without such transfer 
from the Cryovac casing after treatment. 
Lowering the goal from a sterilizing treat
ment to pasteurization eliminates prob
lems encountered when working above 
atmospheric pressure. The use of an 
airgap and continuous treatment simpli
fies process control, as discussed by 
Sanders (1966) with regard to so-called 
runaway heating.

A problem present in all dielectric 
heating applications is that of tempera
ture measurement, since temperature sen
sors can generally not be used in RF- 
fields. By using treatment in several 
successive RF fields after each other, 
temperature could be controlled during 
the passage in between heating zones; for 
example, by pressing a surface tempera
ture sensor against the outside of the 
ham. Unless weight, fat content and salt 
content of the hams are closely con
trolled, there will be some variation in 
heating rate between hams. In our experi

ments the final temperature achieved by 
the same treatment time varied by about 
10°C.

At 2450 MHz with 1-lb hams con
siderably higher power density in the ham 
and shorter heat treatment time could be 
used than at 60 MHz. Power efficiency 
was higher. At the same time, surface 
temperatures reached were considerably 
higher than at the lower frequency, and 
juice loss was roughly comparable to that 
in hot water processing at 85°C. While 
initial sensory quality of the microwave 
processed ham was acceptable, surface 
infection after 3 wk storage was far too 
high and greenish discoloration of the 
surface made the product unsightly. Ac
cording to Gardner (1967), green discol
oration of hams is caused either by 
improper distribution of curing salts, or, 
by bacterial activity which was probably 
the cause in this case. Owing to the rapid 
heating and swelling of the ham during 
microwave heating the Cryovac casing 
could not be completely sealed until after 
processing, which may have increased the 
risk for reinfection in spite of precautions 
taken. At none of the frequencies was 
there any indication of a specific effect of 
RF-treatment on microorganisms.

Results have shown that “old-fash
ioned” capacitative dielectric heating at 
60 MHz may be useful for the pasteuri
zation of hams, even if it is not known 
whether surface infection can be con
trolled without appreciable loss of the 
advantages of reduced juice loss and 
processing time. The only advantage to 
heating at 2450 MHz, under the experi
mental conditions used, was shortening of 
the processing time. However, it is pos
sible that a slower heating rate combined 
with periods of temperature equilibration 
and external heating with steam might 
have produced more positive results, at 
the expense of longer processing time. 
The combined results at 60 and 2450 
MHz suggest that an intermediate fre
quency may very well be optimal for the 
purpose (Williams, 1965). However, pilot 
equipment at 450—915 MHz was not 
available for our investigations.
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EFFECT OF PROCESSING VARIABLES ON STABILITY AND PROTEIN 
EXTRACTABILITY OF TURKEY MEAT EMULSIONS

S U M M A R Y - T h e  e f f e c t  o f  c h o p p in g  te m p e ra tu r e  a n d  t im e  o n  th e  s t a b i l i t y  o f  w h ite  a n d  d a r k  

t u r k e y  m e a t  e m u ls io n s  w as d e te r m in e d .  W h ite  m e a t  e m u ls io n s  re m a in e d  s ta b le  o v e r  e x te n d e d  

c h o p p in g  t im e s  in  a 1 .5 ° C  te m p e ra tu r e  e n v i ro n m e n t .  W h e n  c h o p p e d  in  r o o m  te m p e ra tu re s ,  th e  

w h it e  m e a t  sausages b e c a m e  v e ry  u n s ta b le  a f t e r  1 8 .2 ° C  a n d  w e re  m o s t  s ta b le  a t  1 2 .8 °C . D a rk  m e a t  

sausages w e re  s ig n i f ic a n t l y  m o re  u n s ta b le  th a n  w h ite  m e a t  e m u ls io n s  u n d e r  b o t h  c h o p p in g  e n v i r o n 

m e n ts . T e n s ile  s t re n g th  o f  c o o k e d  w h it e  a n d  d a r k  m e a t  e m u ls io n s  d e c l in e d  w i th  in c re a s e s  in  

c h o p p in g  te m p e ra tu re .  W h e n  p re p a r e d  in  1, 5 ° C  s u r ro u n d in g s ,  te n s ile  s t re n g th  c h a n g e s  w e re  n o ta b le  

o n ly  a f t e r  1 0  m in  c h o p p in g  f o r  w h it e  m e a t.  D a rk  m e a t  sausa ge  te n s ile  s t re n g th  s e e m e d  u n a f fe c te d  

b y  c h o p p in g  t im e . I n  c o n t r a s t  to  e a r l ie r  r e d  m e a t  e m u ls io n  w o r k ,  p r o t e in  d e n a tu r a t io n  w as i n d i 

c a te d  to  o c c u r  in  t u r k e y  m e a t  e m u ls io n s  p re p a r e d  u n d e r  b o t h  c o ld  a n d  r o o m  te m p e ra tu r e  e n v i r o n 

m e n ts . D e c re a se s  in  s o lu b le  p r o t e in s  d u e  to  in c re a s e d  c h o p p in g  o c c u r r e d  u n d e r  b o t h  c o n d it io n s .  

P r o te in  d e n a tu r a t io n  is  b e l ie v e d  to  b e  p a r t ia l ly  r e s p o n s ib le  f o r  e m u ls io n  b r e a k d o w n .  D a r k  m e a t  

s h o w e d  m o re  p r o t e in  d e n a tu r a t io n  th a n  w h ite  m e a t  e m u ls io n s .  P h o to m ic ro g ra p h s  o f  h is to lo g ic a l ly  

p r e p a r e d  m e a t  e m u ls io n s  s h o w e d  d is r u p t io n  o f  th e  p r o t e in - f a t  g lo b u le  in te r fa c e  as a  r e s u lt  o f  

in c re a s e d  c h o p p in g  o r  te m p e ra tu r e ,  o r  b o th .  C o a le s c e n c e  a n d  e m u ls io n  b r e a k d o w n  o c c u r r e d  a t  

e n d - p o in t  c h o p p in g  te m p e ra tu r e s  s im i la r  t o  th o s e  r e p o r te d  b y  re d -m e a t  w o rk e rs .

INTRODUCTION
SINCE the advent of economically 
mechanically deboned turkey meat, it 
may become feasible to utilize turkey 
meat in new emulsion convenience items. 
Formulation of a number of sausage-type 
prepared turkey meat items from various 
meat sources to satisfy variety and cost 
criteria may be the likely result. Meat 
sources may include mechanically 
deboned neck, back and frame meat in 
various combinations with hand deboned 
meat from other portions of the carcass.

Much of the previous work on poultry 
meat has involved the model system 
approach. Maurer and Baker (1966) 
studied various parts of different classes 
of poultry to emulsify fat. Their work 
indicated that collagen content is a detri
ment to emulsifying capacity and 
observed that voluntary muscle meats 
were superior to gizzard, heart or skin 
with respect to emulsification capacity. 
Hudspeth and May (1967) observed that 
emulsifying capacity of salt-soluble pro
tein from dark meat was higher than that 
noted from white meat. This was true 
even though white meat had higher 
quantities of salt-soluble protein present. 
Franzen and May (1968) investigated 
phospholipids and found that they may 
be involved in improvement of emulsify
ing capabilities of meat from certain 
tissues. More recently Hudspeth and May
(1969) reported that skin is the least 
desirable tissue with respect to emulsifica
tion properties, that heart tissue is 
intermediate and gizzard tissue the most

aPresent address: Campbell Institute for 
Food Research, 100 Market Street, Camden, 
New Jersey 08101.

desirable of these 3 tissue sources. None 
of these sources was as effective for 
emulsification as muscle tissue.

The effect of processing variables on 
actual poultry meat emulsion formula
tions has largely been unexplored. Guide
lines are needed to establish production 
procedures for accurately controlling the 
quality of poultry emulsion products.

Chopping time and temperature inter
relationships have been studied exten
sively utilizing red meat sources. Saffle
(1968) indicated that it has been known 
for some time in the sausage industry that 
chopping tem p era tu res exceeding 
15—22°C will cause emulsion breakdown. 
Hansen (1960) found that chopping time 
must be sufficient to form a protein 
matrix enclosing the dispersed fat. The 
p ro te ins, myosin and actomyosin, 
appeared to supply stabilizing membrane 
around the fat globule. Excessive chop
ping temperatures were observed to 
partially denature the protein matrix and 
thereby result in coalescence of fat glob
ules.

Helmer and Saffle (1963) noted that 
emulsions were stable at chopping tem
peratures of 60° F and were also stable 
when emulsions were chopped to 90°F, 
chilled to 40°F and rechopped to 60°F. 
Chopping to 90° F caused emulsion break
down. Although there was a slight drop in 
percent extractable protein at the higher 
chopping temperatures, the change in 
solubility was not significant. They con
cluded that protein denaturation was not 
a factor in emulsion instability.

Excessive periods of comminution can 
also cause emulsion instability. According 
to Wilson (1960), myosin is salt extracted 
from meat during chopping to form an 
interface between liquid-protein and fat

phases of an emulsion. With continued 
chopping, semisolid fat is cut up into 
increasingly smaller fat globules, creating 
a larger total fat surface for the protein to 
cover. If insufficient myosin is available, 
fat globules not fully surrounded will 
coalesce, causing emulsion breakdown.

The purpose of this research was to 
investigate processing variables which 
influence turkey meat emulsion stability 
and to examine changes in protein solu
bility as a factor related to emulsion 
breakdown. The study was divided into 2 
parts: Part 1 dealt primarily with the 
effect of comminution temperatures; Part 
2  emphasized the effect of comminution 
time. In addition, white and dark meats 
were compared for efficiency as emul
sifiers.

EXPERIMENTAL
M e a t  s o u r c e

T h e  m e a t  u s e d  in  t h i s  s t u d y  w a s  f r o m  
2 5 -w e e k -o ld  B ro a d  B re a s te d  W h ite  to m  t u r k e y s  
g ro w n  u n d e r  u n i f o r m  m a n a g e m e n t  c o n d i t i o n s .  
A f t e r  s la u g h te r  in  t h e  U n iv e r s i ty  o f  N e b r a s k a  
p o u l t r y  l a b o r a to r i e s ,  t h e  b i r d s  w e re  b l a s t  f r o z e n  
a n d  s to r e d  a t  - 2 9 ° C .  W h e n  r e a d y  f o r  e v a lu a 
t io n ,  t h e  b i r d s  w e re  t h a w e d  4 8  h r  a t  6 ° C  a n d  
h a n d  d e b o n e d .  T h e  m e a t  w a s  s e p a r a te d  i n t o  
w h i te  a n d  d a rk  c o m p o n e n t s  a n d  th e  m u s c le s  
f r o m  a ll  b i r d s  w e re  m ix e d  th o r o u g h l y  t o g e th e r  
a f t e r  g r in d in g  tw ic e  t h r o u g h  3 -m m  g r in d e r  
p la te s .  A f t e r  w e ig h in g  i n t o  f o r m u la  p o r t i o n s ,  
t h e  m e a t  w a s  f r o z e n  a t  - 2 9 ° C  u n t i l  u t i l i z e d  in  
t h e  e m u ls io n s .

E m u ls io n  p r e p a r a t io n

T h e  b a s ic  e m u ls io n  w a s  a s  f o l lo w s :  6 0 0  g 
m e a t ,  2 5 0  g  f in e ly  c r u s h e d  ic e ,  1 3 5  g r e n d e r e d  
c h ic k e n  f a t  ( w i th  a d d e d  a n t i o x i d a n t ) ,  1 3 .0  g 
N a C l, a n d  2 .0  g  p e p p e r .  W h i te  a n d  d a r k  e m u l 
s io n s  w e re  p r e p a r e d  id e n t ic a l ly  in  a  H o b a r t  
s i le n t  c u t t e r  p r e c o o le d  t o  1 .5 ° C . P a r t i a l ly  
f r o z e n  m e a t  w a s  a d d e d  t o  th e  c h o p p in g  b o w l  
w i th  th e  s a l t  a n d  p e p p e r .  A f t e r  3 0  s e c  o f  c h o p 
p in g ,  t h e  f a t  ( 1 .5 ° C )  w a s  a d d e d  a n d  ic e  w a s  
a d d e d  3 0  s e c  a f t e r  th e  f a t  a d d i t i o n .  C o m m in u 
t io n  w a s  t h e n  c o n t in u e d  u n t i l  th e  d e s i r e d  e m u l 
s io n  t e m p e r a tu r e  o r  c h o p p in g  t im e  w a s  r e a c h e d .

C o m m in u t io n  in  P a r t  1 w a s  p e r f o r m e d  a t  
r o o m  t e m p e r a tu r e .  T e m p e r a tu r e  le v e ls  o f  1 .7 ,
7 .2 ,  1 2 .8  a n d  1 8 .2 ° C  w e re  o b t a i n e d  w i t h o u t  
a d d i t i o n a l  h e a t in g .  T h e  f o o d  c u t t e r  w a s  p la c e d  
b e f o r e  a n  o p e n  o v e n  o p e r a t i n g  a t  2 3 2 ° C  t o  
o b t a in  2 3 .8  a n d  2 9 .4 ° C  le v e ls . T h e  t im e  
r e q u i r e d  to  r e a c h  th e  v a r io u s  e m u ls io n  t e m p e r 
a tu r e s  f o r  t h e  r e p l i c a t i o n s  w a s  c o n t r o l l e d  as 
c lo s e ly  as p o s s ib le  b y  m a in t e n a n c e  o f  c o n s t a n t  
r o o m  a n d  o v e n  te m p e r a tu r e s .

In  P a r t  2 , w h e re  e m p h a s is  w a s  p la c e d  o n  th e  
e f f e c t  o f  c o m m in u t io n  t im e ,  t e m p e r a t u r e  
in c r e a s e s  w e re  k e p t  m in im a l  b y  c a r r y in g  o u t  th e  
e m u ls i f i c a t io n  p r o c e d u r e  in  a  1 .5 ° C  c o ld - r o o m .

6 8 8 —J O U R N A L  O F  F O O D  S C I E N C E - V o l u m e  3 5  ( 1 9 7 0 )
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A f te r  t h e  in i t i a l  m ix in g  o f  t h e  in g r e d ie n t s ,  th e  
s i le n t  c u t t e r  w a s  s t o p p e d  e v e r y  5 m in  t o  r e c o r d  
t e m p e r a tu r e  u n t i l  c h o p p in g  t im e s  o f  1 0 , 2 0 ,  3 0  
a n d  4 0  m in  w e r e  r e a c h e d .  T h e  t e m p e r a tu r e  
in c r e a s e d  to  a  m a x im u m  o f  1 0 .5 ° C  d u r in g  th e  
lo n g e s t  c h o p p in g  p e r io d .  T h e s e  c h o p p in g  t im e s  
a re  in  e x c e s s  o f  th o s e  n o r m a l ly  e n c o u n t e r e d ;  
h o w e v e r ,  th e  o b je c t iv e  w a s  t o  e s ta b l i s h  e x t r e m e  
c o n d i t i o n s  f o r  t h e  v a r ia b le .

I n  b o t h  P a r t s  1 a n d  2 , t h e  s i l e n t  c u t t e r  b o w l  
a n d  t o p  w e re  p e r io d ic a l ly  s c r a p e d  to  p r e v e n t  
a n y  a c c u m u la t io n  o f  n o n e m u ls i f i e d  m a te r ia ls .

A f t e r  c o m m i n u t i o n ,  t h e  e m u ls io n s  w e re  
p la c e d  in t o  a  p r e c o o le d  s a u s a g e  s tu f f e r  a n d  
w e re  e x t r u d e d  i n t o  5 0  b y  3 5 0 - 4 0 0 - m m  N o -J a x  
lin k s .  R a w  e m u ls io n s  w e re  c o l l e c t e d  f o r  h is 
to lo g ic a l  f ix in g  a n d  f o r  t h e  s t a b i l i t y  t e s t .  T h e  
s a u s a g e s  w e re  c o o k e d  f o r  t e n s i le  s t r e n g th  t e s t s  
in  a n  e l e c t r i c  r o t a t i n g  ra c k  o v e n  a t  9 4 ° C  f o r  1 
h r ,  a f t e r  w h ic h  th e  o v e n  c o n t r o l s  w e r e  a d ju s t e d  
t o  1 2 1 ° C  u n t i l  t h e  i n t e r n a l  s a u s a g e  t e m p e r a t u r e  
r e a c h e d  7 8 ° C .

Emulsion stability
T h e  m e t h o d  o f  T o w n s e n d  e t  a l. ( 1 9 6 8 )  w a s  

u s e d  to  e v a lu a te  th e  e f f e c t s  o f  c h o p p in g  t im e  
a n d  t e m p e r a tu r e  o n  th e  e m u ls io n s  p r o d u c e d  in  
th is  s tu d y .  T h e  a m o u n t  o f  f a t ,  w a t e r  a n d  s o lid s  
r e le a s e d  d u r in g  c o o k in g  w a s  u s e d  a s  a n  in d ic a 
t o r  o f  s t a b i l i ty  o f  t h e  s a u s a g e s .  F a t  r e le a s e  w a s  
c o n s id e r e d  th e  b e s t  in d ic a to r .

Tensile strength
T h i s  t e s t  w a s  u s e d  t o  d e t e r m in e  w h e th e r  

e m u ls io n  s ta b i l i ty  w a s  r e l a t e d  t o  te n s i le  
s t r e n g th  o f  t h e  c o o k e d  e m u ls io n s .  A  d e v ic e  
s im ila r  t o  t h a t  o f  S w if t  a n d  E l l is  ( 1 9 5 7 )  w a s  
u s e d  t o  m e a s u re  t h e  a m o u n t  o f  f o r c e  n e c e s s a ry  
t o  b r e a k  a  5 1 -  b y  2 0 -  b y  4 -m m  c e n t e r  s lic e  o f  
t u r k e y  s a u s a g e .

Protein solubility
P r o te i n  d e n a t u r a t i o n  d u e  t o  in c r e a s e d  

c h o p p in g  t e m p e r a t u r e s  a n d  t im e s  w a s  d e t e r 
m in e d  b y  m e a s u r in g  p r o t e i n  s o lu b i l i ty  a t  
v a r io u s  le v e ls  o f  c o m m in u t io n .

A t  e a c h  le v e l o f  c h o p p in g ,  a  s a m p le  o f  th e  
e m u ls io n  w a s  s u b je c t e d  to  a n  e x t r a c t i o n  s im ila r  
t o  t h a t  u s e d  b y  K h a n  ( 1 9 6 2 ) .  C o ld  (1 .5 ° C )  
K C l-b o ra te  b u f f e r  ( 0 .6  m  K C 1, .0 6 5  m  
N a 2 B 4 0 7 , .0 0 1 3  m  H 3 B O 3 , p H  7 .5 ,  io n ic  
s t r e n g th  o f  1 .0 ) w a s  u s e d  to  e x t r a c t  t h e  p r o 
te in s  in  a  p r e c o o le d  m o r t a r  in  a  c o ld - r o o m  
( 1 .5 ° C ) .  3 g  o f  e m u ls io n  w e re  g r o u n d  1 m in  
w i th  5 g o f  s a n d  in  th e  m o r t a r ,  f o l l o w e d  b y  
g r in d in g  1 m in  w i th  5 0  m l  o f  b u f f e r .  T h e  r e s u l t 
in g  s u p e r n a t a n t  w a s  p o u r e d  o f f  i n t o  a  h o ld in g  
b e a k e r  a n d  g r in d in g  w a s  c o n t i n u e d  f o r  3 0  sec  
w i th  2 5  m l o f  b u f f e r .  A f t e r  p o u r in g  o f f  th is  
s u p e r n a t a n t ,  t h e  r e m a in in g  r e s id u e  w a s  w a s h e d  
i n t o  t h e  h o ld in g  b e a k e r  w i th  15  m l  b u f f e r .  T h e  
e x t r a c t in g  b u f f e r  a n d  m a te r ia l s  w e re  th o r o u g h l y  
m ix e d  a n d  th e n  c e n t r i f u g e d  10  m in  a t  1 8 ,0 0 0  x  
g in  a n  I n t e r n a t i o n a l  M o d e l  H T  in  t h e  c o ld -  
r o o m . T h e  r e s u l t in g  s u p e r n a t a n t  w a s  a n a ly z e d  
f o r  n i t r o g e n  b y  a  m ic r o - K je ld a h l  t e c h n iq u e  
(A O A C , 1 9 6 5 ) .

Histological methods
T o  e x a m in e  th e  e f f e c t s  o f  p ro c e s s in g  v a r i 

a b le s  o n  th e  e m u ls io n  m a t r ix ,  a  p r o c e d u r e  o f  
p a r a f f in  e m b e d d in g  ( G r a y ,  1 9 5 8 )  w a s  u s e d  t o  
p r e p a r e  ra w  e m u ls io n  s a m p le s  f o r  d i f f e r e n t i a l  
s ta in in g .  P r io r  t o  e m b e d d in g ,  s a m p le s  w e re  
p la c e d  in  c e l lu lo s e  c a s in g s  a n d  f ix e d  4  d a y s  in  a 
f o rm a l - s a l in e  (1 .8 %  N a C I , 1 0 %  f o r m a l d e h y d e )  
s o lu t io n .  A f t e r  e m b e d d in g  a n d  b lo c k in g ,  s l id e s  
w e re  p r e p a r e d  b y  s lic in g  s e c t io n s  2 .5 -p  th ic k  
a n d  m o u n t in g  o n  to  s lid e s . H e id e n h a in ’s s t a in 
in g  m e t h o d  ( C la y d e n ,  1 9 6 2 )  w a s  u s e d  to  s h o w

T a b le  1—E f f e c t  o f  te m p e ra tu r e  o f  e m u ls i f ic a t io n  o n  a m o u n ts  o f  c o m p o n e n ts  re le a s e d  o n  c o o k 

in g  to  6 8 .8 ° C .  V o lu m e  o f  c o m p o n e n ts  re le a s e d  e x p re s s e d  in  u n i t s  p e r  1 0 0  g  e m u ls io n  ( P a r t  1 ) .1

M a x im u m  

t e m p  d u r in g  
c h o p p in g  ( ° C )

A v e ra g e  
c h o p p in g  

t im e  ( m in )

F a t  (m l)  

W h i te  D a rk

G e l w a t e r  (m l )  

W h i te  D a rk

S o l id s  (g ) 

W h i te  D a rk

1 .7 6 .7 . 2 b ,8 a 8 .4 a 1 2 .7 a ,3 b .4 a
7 .2 9 .8 . l a 2 .0 b 5 .7 b 1 8 .6 b ,3 b ,6 b

12 .8 1 3 .9 . 0 a 3 .7 c 4 .1 b 2 5 .6 c . l a 1 .3 c
1 8 .2 2 5 .8 .4 c 5 .6 d 8 .8 a 2 8 .4 c ,3 b 1 .5 c
2 3 .8 3 1 .0 l.O d 6 . I d 9 .6 a 2 7 .0 c .5 c 1 .5 c
2 9 .4 4 2 .8 1 .9e 6 .3 d 7 .3 a 2 5 .9 c .5 c 2 .0 c

1 M e a n s  w i th in  a  c o lu m n  f o r  d i f f e r e n t  s u b s c r ip t s  a r e  s ig n i f i c a n t ly  d i f f e r e n t  a t  .0 5  le v e l o f  
p r o b a b i l i t y .

T a b le  2 —E f f e c t  o f  c h o p p in g  t im e  o n  a m o u n ts  o f  c o m p o n e n ts  

re le a s e d  o n  c o o k in g  to  6 8 .8 ° C .  V o lu m e  o f  c o m p o n e n ts  re le a s e d  e x 

p re s s e d  in  u n i t s  p e r  1 0 0  g  e m u ls io n  (P a r t  2 1 .1

M a x im u m  A v e ra g e

c h o p p in g  

t im e  ( m in )

c h o p p in g  

t e m p  ( ° C )

F a t  (m l ) G e l  w a te r  (m l ) S o l id s  (g )

W h ite D a rk W h ite D a rk W h ite D a rk

10 - 2.1 N F 1 .4 a 4 .8 a 6 . 6 a .3 a .3 a
20 3 .3 N F 2 . 1b 4 .6 a 6 . 0 a ,2 b , 2b
3 0 8 .4 N F 2 .7 b 3 .4 b 8 .6 b ,2 b .3 a
4 0 1 0 .4 N F 3 .9 b 3 .6 b 1 3 .7 c , 2b .4 c

N F  =  N o  f a t  r e le a s e d  a t  a n y  l e n g th  o f  c h o p p in g  t im e .
1 M e a n s  w i th in  a  c o lu m n  f o r  d i f f e r e n t  l e t t e r s  a r e  s ig n i f i c a n t ly  d i f f e r 

e n t  a t  .0 5  le v e l o f  p r o b a b i l i t y .

t h e  e m u ls io n  m a t r i c e s  o f  t h e  s a m p le s .  P h o t o 
m ic r o g r a p h s  o f  t h e  p r e p a r e d  s e c t io n s  w e re  
t a k e n  a t  4 0 0 x  m a g n i f ic a t io n .  T h e  c o m p le te  
e m b e d d in g  m e t h o d ,  a s  m o d i f i e d  f o r  e m u ls io n s ,  
is t h a t  r e p o r t e d  b y  F r o n in g  e t  a l. ( 1 9 7 0 ) .

Statistical analysis
A n a ly s is  o f  v a r ia n c e  w a s  p e r f o r m e d  o n  d a t a  

c o l le c te d  f r o m  3 r e p l i c a t i o n s  in  P a r t  1 a n d  2 
r e p l ic a t io n s  in  P a r t  2  ( S n e d e c o r ,  1 9 5 6 ) .

RESULTS & DISCUSSION 
Stability test

Results of the stability test are shown 
in Tables 1 and 2.

Fat release of dark meat emulsions 
significantly increased up to 18.2°C chop
ping temperature and appeared to remain 
constant for the remaining advancing 
temperature periods. After reaching a 
minimum fat release at 12.8°C, white 
meat emulsions exhibited a step-wise 
significant increase in fat release with 
advancing temperature. Gel-water release 
did not increase appreciably in either 
white or dark meat emulsions after 
12.8°C. Although solids released were 
somewhat variable, there was a trend 
upward in each of the meat sources 
associated with increasing chopping 
temperature. These results represent a 
combination of chopping time and 
temperature. Thus, the importance of 
Part 2 of this study is further exempli
fied.

When compared to results of Part 1, 
increasing comminution periods under 
controlled temperature conditions pro
duced emulsions with much improved 
stability (Table 2). No fat release was 
observed from white meat emulsions at 
any of the chopping periods. Dark meat 
emulsions exhibited fat release at each of 
the chopping periods, but no significant 
increase was found after 1 0  min of 
chopping. Gel-water release of white meat 
sausage remained somewhat uniform at 
all chopping periods although the 1 0 - and 
2 0 -min periods were significantly higher 
than the 2 other periods. Gel-water re
lease from dark emulsions significantly 
increased with longer periods of chop
ping. Solids release from both white and 
dark emulsions showed no apparent trend 
with advanced periods of chopping.

The superiority of white over dark 
meat as a fat emulsifier could be due to 
higher levels of salt-soluble proteins in 
white meat. Khan (1962) showed signifi
cantly higher amounts of extractable 
myosin nitrogen/ 1 0 0  g tissue in white 
than in dark meat. The more coarse meat 
fiber bundles in dark meat also resist 
extraction more than white meat under 
commercial emulsification conditions. In 
addition, the higher fat content of the 
dark meat adds to the total amount of fat 
to be emulsified. Data previously re
ported by Hudspeth and May (1967)



6 9 0 - J O U R N A L  O F  F O O D  S C I E N C E - V o l u m e  3 5  ( 1 9 7 0 )

F ig . 1—E f f e c t  o f  c h o p p in g  te m p e ra tu r e  o f  1 .7 ° C  ( c h o p p in g  t im e  6 . 7  m in )  o n  p h o to m ic r o g r a p h ic  

a p p e a ra n c e  o f  r a w  w h ite  m e a t  e m u ls io n s  (2 00X  m a g n i f ic a t io n ) .

T a b le  3 —E f f e c t  o f  c h o p p in g  te m p e r a tu r e  o n

te n s ile  s t re n g th  o f  w h ite  

e m u ls io n s  (P a r t  1 ) .1

a n d  d a r k t u r k e y

M a x im u m  
t e m p  o f  

c h o p p in g  ( ° C )

A v e ra g e  
c h o p p in g  

t im e  (m in )

T e n s i le  
s t r e n g th  (g )

W h ite  D a r k

1 .7 6 .7 2 7 0 a 2 0 3 a
7 .2 9 .8 2 3 3 b 1 4 5 b

12 .8 1 3 .9 2 3 6 b 1 2 9 b
1 8 .2 2 5 .8 1 8 0 c 1 4 2 b
2 3 .8 3 1 .0 1 6 8 d 1 3 6 b
2 9 .4 4 2 .8 1 3 5 e 1 2 7 b

1 M e a n s  w i th in  a  c o lu m n  f o r  d i f f e r e n t  l e t t e r s  
a re  s ig n i f ic a n t ly  d i f f e r e n t  a t  .0 5  le v e l o f  p r o b 
a b i l i ty .

T a b le  4 —E f f e c t  o f  c h o p p in g  t im e  o n  te n s ile  

s t re n g th  o f  t u r k e y  e m u ls io n s  (P a r t  2 ) . 1___________

M a x im u m  A v e ra g e
c h o p p in g  

t im e  (m in )

c h o p p in g  

t e m p  ( ° C )

T e n s i le  s t r e n g th  (g ) 

W h i te  D a r k

10 - 2.1 2 8 0 a 1 9 0 a

20 3 .3 2 2 1 b 2 1 2 a

3 0 8 .4 1 8 6 c 2 0 4 a

4 0 1 0 .4 1 9 4 c 1 7 9 a

1 M e a n s  w i th in  a  c o lu m n  f o r  d i f f e r e n t  l e t t e r s  
a re  s ig n i f ic a n t ly  d i f f e r e n t  a t  .0 5  le v e l o f  p r o b 
a b i l i ty .

indicated that dark meat had superior 
emulsifying capacity when compared to 
white meat. It should be emphasized, 
therefore, that emulsifying capacity and 
stability are 2  measurements, each with 
different objectives. Thus, it appears both 
should be considered when studying 
emulsifying characteristics.
Tensile strength

Considering Part 1 and Part 2 simul
taneously, tensile strength of white meat 
sausages tends to decrease with increasing 
amounts of chopping (Tables 3 and 4). In 
Part 1, the tensile strength of dark meat 
emulsions was more sensitive to tempera
ture increases during chopping than white 
meat sausages. Tensile strength appears to 
be somewhat of an indicator of stability, 
although maximum tensile strength was 
always at the onset of chopping, and fat 
release in white meat was minimal at 
12.8°C. White meat emulsions exhibited 
significantly higher tear strength than the 
less stable dark meat sausages.

The downward trend in tensile 
strength of white meat emulsions was 
significant (P <  0.05) in Part 1, whereas 
the tensile strength of dark meat emul
sions remained fairly constant after reach
ing 7.2°C. There was no. significant 
decline in tensile strength of dark meat 
emulsions at any of the chopping times 
(Part 2) observed. White meat emulsions 
from Part 2 did exhibit a significant 
decrease in tensile strength as chopping 
time advanced, although differences

between the 30- and 40-min periods of 
chopping were not significant (P <  0.05).

Protein dénaturation
Percent extractable protein was found

to decrease significantly due to increases 
in chopping temperature and time (Tables 
5 and 6 ). This indication of protein 
denaturation was coincidental to the 
increases of instability in white and dark

Fig. 2-Effect of chopping temperature of 12.8°C (chopping time 13.9 min) on photomicrographic
appearance of raw white meat emulsions (200X magnification).



P R O C E S S IN G  O F  T U R K E Y  M E A T  E M U L S I O N S - 6 ^

F ig . 3 —E f f e c t  o f  c h o p p in g  te m p e ra tu r e  o f  2 9 . 4 ° C  ( c h o p p in g  t im e  4 2 . 8  m in )  o n  p h o to m ic r o g r a p h ic  

a p p e a ra n c e  o f  r a w  w h it e  m e a t  e m u ls io n s  (2 00X  m a g n i f ic a t io n ) .

meat sausages in Part 1 and dark meat 
emulsions in Part 2. The decline in the 
amount of soluble proteins was slightly 
greater in Part 1 than in Part 2 presum
ably due to a temperature effect. Dark

meat consistently exhibited lower protein 
extractability which may explain differ
ences in stability between white and dark 
meat sources.

The decline in soluble proteins coinci

dental with decreased stability indicates 
that protein dénaturation may be par
tially involved in emulsion breakdown. 
This research does not agree with the 
earlier work reported by Helmer and 
Saffle (1963). Perhaps differences in 
extraction procedures may in part explain 
results. This study utilized a different 
extraction buffer which extracted total 
proteins. Also, the use of sand in the 
extraction  procedure may possibly 
improve the over-all efficiency of the 
extraction.

The apparent stability of white meat 
emulsions chopped at low temperature, 
even with a decrease in soluble proteins, 
indicated that more was involved in emul
sion breakdown than protein dénatura
tion. Perhaps physical effect produced 
dénaturation from extended chopping 
periods. Townsend et al. (1968) showed 
emulsion breakdown occurring at chop
ping temperatures coinciding with the 
change of fat from semisolid to liquid. 
Perhaps the interaction of protein dénat
uration and fat transitional states may be 
contributing to instability of emulsions 
chopped to high (+20°C) temperatures.

The decline in protein solubility also 
may not materially affect the emulsifica
tion characteristics. This is especially true 
when the protein capacity to emulsify fat 
has probably not been reached in the 
formulations utilized in this study. 
Perhaps, the protein available for stabiliz
ing the fat globule is so overwhelming 
that the loss in protein solubility is not a

T a b le  5 —E f f e c t  o f  c h o p p in g  te m p e ra tu r e  o n  

p e r c e n t  p r o t e in  e x t r a c ta b le  f r o m  w h it e  a n d  

d a r k  t u r k e y  m e a t  e m u ls io n s  ( P a r t  1 ) .1

M a x im u m  A v e ra g e  P e r c e n t
c h o p p in g  c h o p p in g  e x t r a c t a b l e  p r o t e in

t e m p  ( ° C )  t im e  (m in )  W h ite _________D a rk

1 .7 6 .7 5 4 .8 a 5 2 .0 a

12.8 1 3 .9 5 3 .4 b 5 1 .0 b

2 3 .8 3 1 .0 5 1 .4 c 4 7 .7 c

1 M e a n s  w i th in  a  c o lu m n  f o r  d i f f e r e n t  l e t t e r s  

a re  s ig n i f ic a n t ly  d i f f e r e n t  a t  .0 5  le v e l o f  p r o b 

a b i l i ty .

T a b le  6 —E f f e c t  o f  c h o p p in g  t im e  o n  p e r c e n t  

e x t ra c ta b le  p r o t e in  o f  t u r k e y  e m u ls io n s  (P a r t

2)}________________________________
M a x im u m  A v e ra g e  P e r c e n t
c h o p p in g  c h o p p in g  e x t r a c t a b l e  p r o t e in

t im e  ( m in ) t e m p  ( ° C ) W h ite  m e a t D a r k  m e a t

10 - 2.1 5 4 .6 a 4 7 .8 a

20 3 .3 5 3 .0 b 4 5 .1 b

3 0 8 .4 5 2 .1 c 4 4 .0 c

1 M e a n s  w i th in  a  c o lu m n  f o r  d i f f e r e n t  l e t t e r s  
a r e  s ig n i f ic a n t ly  d i f f e r e n t  a t  .0 5  le v e l o f  p r o b 

a b i l i ty .
F ig . 4 —E f f e c t  o f  c h o p p in g  t im e  o f  1 0  m in  ( c h o p p in g  t im e —2 . 1 °C )  o n  p h o to m ic r o g r a p h ic  a p p e a r 

a n c e  o f  r a w  w h ite  m e a t  e m u ls io n s  ( 2 0 0 x  m a g n i f ic a t io n ) .



6 9 2 - J O U R N A L  O F  F O O D  S C I E N C E - V o l u m e  3 5  ( 1 9 7 0 )

F ig . 5 —E f f e c t  o f  c h o p p in g  t im e  o f  4 0  m in  ( c h o p p in g  te m p e ra tu r e  1 0 .4 ° C j o n  p h o to m ic r o g r a p h ic  

a p p e a ra n c e  o f  r a w  w h ite  m e a t  e m u ls io n s  ( 2 0 0 x  m a g n i f ic a t io n ) .

significant factor. This aspect would be 
an interesting investigation for future 
consideration, especially if higher fat 
levels were utilized in the emulsion for
mulation.
Histological survey

The photomicrographs presented in 
Figures 1, 2 and 3 show the effect of 
chopping temperature and time on the 
white meat emulsion matrices at 1.7, 12.8 
and 29.4°C. At 400x magnification, a 
decrease in fat globule size occurs be
tween 1.7 and 12.8°C. At 29.4°C, fat 
globules are even smaller in some in
stances, but large irregular holes appar

ently are the result of fat globule coales
cence and emulsion breakdown. Amounts 
of unbroken muscle fibers were also 
shown to decrease with continued chop
ping.

Figures 4 and 5 show raw white meat 
emulsions at 10- to 40-min chopping time 
in Part 2 of this study. Intact tissue was 
noted to be present after 1 0  min of 
chopping and fat globules showed no 
apparent evidence of coalescence. 40 min 
of chopping, however, appeared to show 
fat globule breakdown, although the 
emulsion stability test indicated no fat 
release.
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EFFECT OF pH ON THE QUALITY OF CHICKEN FRANKFURTERS

S U M M A R Y —C h ic k e n  f r a n k fu r te r s  w e re  m a d e  w i t h  c h ic k e n  m e a t  a d ju s te d  to  p H  le v e ls  f r o m  4 . 6  to  

8 .6 . F in is h e d  f r a n k fu r te r s  w e re  te s te d  s u b je c t iv e ly  f o r  te n d e rn e s s , ju ic in e s s ,  f la v o r  a n d  p r e fe re n c e  

b y  a n  e x p e r ie n c e d  ta s te  p a n e l.  T h e se  w e re  s u b je c t iv e ly  te s te d  f o r  c o m p r e s s io n  v a lu e s  b y  K r a m e r  

s h e a r  p re s s  a n d  f o r  p u n c h  a n d  d e f o r m a t io n  v a lu e s  b y  In s t r o n .  R e s u lts  in d ic a t e d  t h a t  a t  n o r m a l p H  

( 6 .1 )  th e  c h ic k e n  f r a n k fu r te r s  w e re  th e  m o s t  f i r m .  B e lo w  p H  6 .1  th e y  r a p id ly  b e c a m e  m o r e  te n d e r ,  

b e ca u se  o f  th e  in s t a b i l i t y  o f  th e  e m u ls io n .  A b o v e  p H  6 .1 ,  t h e y  g r a d u a l ly  b e c a m e  m o re  te n d e r ,  d u e  

to  lo w e r  m o is tu r e  loss. J u ic in e s s  w a s  l i t t l e  a f fe c t e d  b y  p H ,  e x c e p t  a t  p H  5 .6 ,  w h ic h  p r o d u c e d  a  

d r ie r  s a m p le .

INTRODUCTION
ONE OF THE criticisms of frankfurters 
made from chicken meat is that their 
texture is too tender. Earlier attempts in 
this laboratory at increasing the firmness 
include addition of skin at various levels 
(Baker et al., 1968) and changes in level 
of the fat and protein in the formula 
(Baker et al., 1969). Results showed that 
the addition of skin at levels above 
natural proportions increased firmness, 
but the chewy skin pieces were somewhat 
objectionable. Increasing fat and decreas
ing water when protein was held constant 
made a somewhat firmer frankfurter. 
Raising the protein level was the most 
effective in increasing firmness. The 
effect of pH of the meat from which the 
emulsion was made on the finished prod
uct was investigated. Changes in pH level 
have been found (Hellerdorn, 1962; Swift 
and Sulzbacher, 1963) to affect both the 
water binding capacity and the emulsify
ing ability of meat when using meat 
slurries and several protein extracts. 
Levels above the normal pH of meat 
(about 6 .0 ) resulted, in general, in an 
increase in both of these factors. In actual 
practice, higher pH values have been 
found to increase the water binding 
capacity and emulsifying ability of red 
meats used in sausage manufacture, while 
low pH tend to “short out” meat which 
reduces its emulsifying qualities (Sair, 
1965). To what extent and in what 
manner increased water binding and/or

T a b le  1 - F o r m u l a  f o r  c h ic k e n  f r a n k fu r te r s

I n g r e d i e n t Q u a n t i t y

C h ic k e n  m e a t 4 3 1 3 g  ( 9 - V i  lb )
C h ic k e n  f a t 1 1 3 5 g  ( 2 - V i l b )

C h ip p e d  ic e 1 3 6 2 g  (3  lb )

S a l t 1 0 9 g

S e a s o n in g
(a  c o m m e r c ia l  b l e n d )

5 5 g

O n io n  p o w d e r 10g
S o d iu m  n i t r a t e 10g
S o d iu m  n i t r i t e M g
D e x t r o s e 3 8  g

emulsifying capacity affects tenderness in 
a frankfurter or other emulsion type meat 
products cannot be found in the litera
ture.

MATERIALS & METHODS
C H IC K E N  M E A T  f r o m  h e a v y  fo w l  w a s  p r o 
c u r e d  f r o m  a  c o m m e r c ia l  p r o c e s s in g  p l a n t ,  h a n d  
d e b o n e d  a n d  f r o z e n .  C h ic k e n  f a t  w a s  o b t a in e d  
f r o m  th e  s a m e  s o u rc e .  A ll  m e a t  a n d  f a t  w e re  
s to r e d  a t  - 2 0 ° C  u n t i l  n e e d e d .

F r a n k f u r t e r s  w e re  m a d e  f r o m  t h e  f o r m u la  
g iv e n  in  T a b le  1. I c e  w a s  m a d e  b y  f r e e z in g  
d i s t i l l e d  w a t e r  m ix e d  w i t h  c i t r i c  a c id  o r  s o d iu m  
b i c a r b o n a te  t o  o b t a i n  t h e  d e s i r e d  p H  w h e n  
m ix e d  w i t h  t h e  m e a t .  I n  s e r ie s  5 ,  s o d iu m  
h y d r o x i d e  w a s  u s e d  t o  a d ju s t  p H .

T h e  e m u ls io n  w a s  m a d e  b y  c h o p p in g  th e  
m e a t  a n d  ic e  f o r  1 m in  w h e n  a  s m a l l  s a m p le  w a s  
r e m o v e d  f o r  a  p H  r e a d in g .  T h e  c u re  a n d  s e a s o n 
in g s  w e re  t h e n  a d d e d  a n d  c h o p p in g  c o n t in u e d  
t o  2 - 3 ° C .  T h e  f a t  w a s  a d d e d  a n d  t h e  e m u ls io n  
c h o p p e d  t o  a  f in a l  e n d  t e m p e r a t u r e  o f  1 2 ° C  ±  
0 .5 ° C .  T h e  f r a n k f u r t e r s  w e re  t h e n  s tu f f e d ,  
l i n k e d  a n d  c o o k e d  a s  d e s c r ib e d  b y  B a k e r  e t  a l.
( 1 9 6 8 ) .  A f t e r  s to r a g e  o v e r n ig h t  a t  2 ° C  t h e y  
w e re  p e e l e d  a n d  s t o r e d  in  s e a le d  p la s t i c  b a g s  
u n t i l  u s e d  f o r  te s t in g .

F r a n k f u r t e r s  w e re  m a d e  u p  in  t h i s  m a n n e r  
in  f iv e  s e r ie s :  ( 1 )  p H  5 .4 ,  5 .8 ,  6 .1  ( n o r m a l )  a n d
6 .6  ( e x p l o r a t o r y  o n ly ) ;  ( 2 )  4 .6 ,  5 .1 ,  5 .6 ,  5 .1  
( n o r m a l ) ;  ( 3 )  6 .1  ( n o r m a l ) ,  6 .6 , 7 .1 ,  a n d  7 .6 ;
(4 )  5 .6 ,  6 .1  ( n o r m a l ) ,  6 .6 , 7 .1  a n d  7 .6  a n d  (5 )
6 .1  ( n o r m a l ) ,  7 .1 ,  7 .6  a n d  8 .6 . p H  re a d in g s  o n  
th e  m e a t  a n d  ic e  m i x t u r e s  s h o w e d  a  v a r ia t io n  
f r o m  t h e  e x p e c t e d  p H  o f  n o t  m o r e  t h a n  ± 0 . 1 .  
E a c h  s e r ie s  w a s  d u p l i c a t e d .

A f t e r  b e in g  h e a t e d ,  t h e  f r a n k f u r t e r s  w e re  
e v a l u a t e d  o r g a n o le p t ic a l ly  b y  a  p a n e l  o f  s ix  
m e m b e r s ,  a ll o f  w h o m  h a d  c o n s id e r a b le  e x -

T a b te  2 —E f f e c t  o f  p H  o n  th e  m o is tu r e  a n d  

f a t  c o n t e n t  o f  f in is h e d  c h ic k e n  f r a n k f u r t e - s . 1

p H
M o is tu r e

%

F a t

%
4 .6 5 8 .6 1 7 .6
5 .1 5 8 .9 2 1 .0
5 .6 5 7 .3 2 7 .9
6.1 5 8 .0 2 6 .1
6 .6 5 8 .6 2 5 .5
7 .1 5 8 .0 2 6 .3
7 .6 5 8 .2 2 6 .2

'E a c h m e a n  is  t h e  a v e ra g e o f  a t  l e a s t  tw o

b a tc h e s .

p e r ie n c e  in  j u d g in g  c h ic k e n  f r a n k f u r t e r s .  T h e  
f r a n k f u r t e r s  w e r e  p r e p a r e d  f o r  h e a t in g  b y  
r e m o v in g  t h e  “ s k in ”  o r  o u t e r  p r o t e in a c e o u s  
la y e r  ( s in c e  o n ly  t h e  i n t e r i o r  w a s  o f  i n t e r e s t ) ,  
a n d  c u t t i n g  e a c h  i n t o  t h r e e  s e c t io n s .  T h e  p ie c e s  
w e re  t h e n  s e a le d  in  a  b o i la b le  p la s t i c  b a g , 
im m e r s e d  in  b o i l in g  w a t e r  a n d  b o i le d  f o r  20  
m in .  T h is  m e t h o d  le s s e n e d  th e  p o s s ib i l i ty  o f  
b r e a k in g  u p  t h e  m o r e  t e n d e r  a n d  m u s h y  s a m 
p le s ,  w h ic h  m ig h t  h a v e  o c c u r r e d  h a d  t h e y  b e e n  
h e a t e d  d i r e c t l y  in  t h e  w a te r .  T h e  f r a n k f u r t e r s  
w e re  s c o r e d  f o r  t e n d e r n e s s ,  j u ic in e s s  a n d  f la v o r ,  
u s in g  a  s e m i - s t r u c tu r e d  s c a le  f r o m  9  t o  1 , w i th  
t h e  h ig h e r  n u m b e r s  d e n o t i n g  t h e  m o r e  t e n d e r ,  
m o r e  j u i c y  a n d  b e t t e r  f l a v o r e d  p r o d u c t s .  S a m 
p le s  w i th  t h e  tw o  lo w e s t  p H  v a lu e s  o f  s e r ie s  (p H
4 .5  a n d  5 .1 )  w e r e  n o t  p r e s e n t e d  t o  t h e  p a n e l  as 
t h e y  w e re  c o m p le t e l y  u n a c c e p ta b l e  w i th  re g a rd  
t o  a p p e a r a n c e ,  a n d  w e re  t o o  t e n d e r  a n d  m u s h y  
t o  b e  c u t  i n t o  s e c t io n s  f o r  s e rv in g .  A ll  te s t in g  
w a s  d o n e  in  in d iv id u a l  b o o t h s  in  a n  a i r  c o n d i 
t i o n e d  r o o m  u n d e r  r e d  l ig h ts .

A ll  s a m p le s  p r e s e n te d  t o  t h e  t a s t e  p a n e l  
w e re  t e s t e d  o b je c t iv e l y  f o r  t e n d e r n e s s  b y  th e  
K r a m e r  s h e a r  p re s s .  E x c e p t  f o r  s e r ie s  4 ,  s a m p le s  
w e re  h e a t e d  b e f o r e  t e s t i n g  a c c o r d in g  to  th e  
p r o c e d u r e  o u t l i n e d  b y  B a k e r  e t  a l. ( 1 9 6 8 ) .  M a x 
im u m  fo r c e  a n d  c o m p r e s s io n  v a lu e s  w e re  
c o m p u t e d  f r o m  e a c h  c u rv e .  S e r ie s  4  w a s  a ls o  
e v a l u a te d  b y  t h e  p u n c h  t e s t  a n d  a  c o m p r e s s io n  
te s t ,  u s in g  t h e  I n s t r o n  U n iv e r s a l  T e s t in g  
M a c h in e ,  a s  d e s c r ib e d  in  a n  e a r l i e r  p a p e r  (B a k e r  
e t  a l . ,  1 9 6 8 ) .  T h e s e  t e s t s  w e re  p e r f o r m e d  o n  
c o ld  s a m p le s  a s  w e re  t h e  K r a m e r  s h e a r  te s t s .

S a m p le s  w e re  a n a l y z e d  f o r  f a t  a n d  m o is tu r e .  
T h e  O ’H a u s  M o is tu r e  D e t e r m i n a t i o n  b a la n c e  
w a s  u s e d  f o r  t h e  m o i s tu r e  a n a ly s e s .  F a t  w a s  
d e t e r m in e d  b y  t h e  m e t h o d  o f  S a lw in  e t  a l. 
( 1 9 5 5 )  w i th  t h e  s u b s t i t u t i o n  o f  s u l f u r ic  a c id  
a n d  w a t e r  f o r  a c e t i c  a c id  a n d  p e r c h lo r i c  a c id .  
R e s u l t s  o f  t h e  a n a ly s e s  a re  in  T a b le  2.

T h e  p r o j e c t  e x t e n d e d  o v e r  s e v e ra l  m o n t h s  
a n d  tw o  f a c to r s  b e c a m e  e v id e n t :  O n e  w a s  th e  
w e e k  t o  w e e k  v a r ia b i l i ty  o f  t h e  t a s t e  p a n e l  
m e m b e r s ,  a n d  t h e  o t h e r  w a s  a  v a r ia b i l i t y  a m o n g  
t h e  “ n o r m a l ”  ( p H  6 .1 )  s a m p le s  in  e a c h  s e r ie s ,  a s  
t e s t e d  o b je c t iv e ly .  T o  e l im in a t e  th e s e  f a c to r s ,  
a n  a r b i t r a r y  v a lu e  o f  6 .0  w a s  g iv e n  t o  th e  
“ n o r m a l ”  s a m p le s ,  a n d  th e  s c o r e s  o f  t h e  o t h e r  
s a m p le s  w e re  a d ju s t e d  a r i t h m e t i c a l l y .  In  e a c h  
s e r ie s  t h e  s c o r e s  w e re  c h a n g e d  p r o p o r t i o n a t e l y  
t o  t h e i r  s t a n d a r d  v a lu e .  T h e  t a s t e  p a n e l  d a t a  
w e re  t h e n  s u b je c t e d  t o  a n  a n a ly s is  o f  v a r ia n c e  
a s  a  w h o le .  D u n c a n ’s n e w  m u l t ip l e  r a n g e  t e s t  
( S te e le  a n d  T o r r i e ,  1 9 6 0 )  w a s  u s e d  t o  d e t e r 
m in e  t h e  s ig n i f ic a n c e  a m o n g  th e  t r e a t m e n t  
m e a n s .  C o r r e l a t i o n  c o e f f i c i e n t s  w e re  r u n  o n  a  
s e le c te d  d a ta .

RESULTS & DISCUSSION
Tenderness

T a s t e  p a n e l  s c o r e s  f o r  t e n d e r n e s s  
( T a b l e  3 )  s h o w e d  a  m a x i m u m  t e n d e r n e s s  
a t  t h e  l o w e s t  p H  v a l u e  t e s t e d  ( 5 . 4 )  a n d  a  
s h a r p  a n d  s i g n i f i c a n t  i n c r e a s e  i n  f i r m n e s s  

t o  a  m a x i m u m  a t  p H  6 . 1 .  A b o v e  t h i s

V o lu m e  3 5  ( 1 0 7 0 ) - J O U R N A L  O F  F O O D  S C I E N C E - 6 9 3



6 9 4 - J O U R N A L  O F  F O O D  S C I E N C E - V o l u m e  3 5  ( 1 9 7 0 )

T a b le  3 —E f f e c t  o f  p H  o n  ta s te  p a n e l sco re s  

f o r  te n d e rn e s s , ju ic in e s s  a n d  f la v o r  o f  c h ic k e n  

f r a n k f u r t e r s . 1

p H T e n d e r n e s s 2 J u ic in e s s 2 F la v o r 2

5 .4 8 .7 5 5 .0 8 5 .0 4

5 .6 6 .7 1 6 .1 3 5 .7 7

6 .1 6 .0 0 6 .0C 6 .0 0

6 .6 6 .291 6 .2 5 6 .0 8
7 .1 6 .481 6 .4 2 5 .8 8

7 .6 6 .871 6 .5 8 5 .6 7

8 .6 7 .041 6 .4 2 5 .7 5

1 E a c h  v a lu e  is  a n  a v e ra g e  o f  4 8  s c o re s .
2 S c o r e  o f  9  d e n o t e s  m o s t  t e n d e r ,  m o s t  

j u i c y ,  a n d  le a s t  f la v o r .  M e a n s  c o n n e c t e d  b y  th e  
s a m e  v e r t i c a l  l in e  a re  n o t  s ig n i f i c a n t  f r o m  e a c h  
o t h e r  (P  <  0 .0 5 ) .

level, samples were judged progressively 
less firm. Samples below pH 5.4 were not 
served to the taste panel; they were too 
soft and mushy to be cut up for serving 
and were extremely unappealing in 
appearance.

Maximum force values computed from 
the Kramer shear press curves showed 
that there was little difference in the 
frankfurters made from meat adjusted to 
pH levels below normal and those made 
from meat at normal pH and levels above 
normal. In appearance, however, as the 
pH was lowered, the frankfurters became 
progressively much softer and mushier. 
The lack of change in the maximum force 
values may be due to the presence of skin 
and connective tissue fragments in the 
emulsion, the shearing of which could 
contribute in large measure to the value 
for “maximum force.” The quantity and 
toughness of these fragments was approx
imately the same for all frankfurters in 
each series. “Compression” values were 
calculated from the first peak on the 
curve. Such a peak appeared in nearly all 
cases below pH 6.1. These compression 
values seemed to be more reliable esti
mates of the relative tenderness of frank
furters. These compression values (Table
4) showed the same pattern as the taste 
pan e l’s tenderness scores, although 
inversely: that is, a very low value for pH
5.6 climbing to a high at 6.1—6 .6 , denot
ing maximum firmness, and dropping 
again as the pH was raised above normal. 
A correlation coefficient of r = —0.538 
shows a significant correlation between 
taste panel tenderness scores and Kramer 
shear compression values.

The Instron punch test, which was 
used on the samples in Series 4, showed 
the same trend as the compression values 
(Table 5) with a highly significant correla
tion of r = 0.948. Deformation test 
results appear to be unrelated to the 
tenderness of the frankfurters.
Juiciness

Juiciness, as determined by the taste

T a b le  4 —E f f e c t  o f  p H  o n  c o m p re s s io n  

v a lu e s  o f  c h ic k e n  f r a n k fu r te r s ,  te s te d  h o t . 1

P H
C o m p r e s s io n  v a lu e s 2 

( lb /g )

5 .6 0 .5  l d

6 .1 0 .8 9 a

6 .6 0 .8 4 a

7 .1 0 .7 5 b

7 .6 0 .6 3 c

8 .6 0 .4 7 d

1 E a c h  m e a n  is  t h e  a v e ra g e  o f  a t  l e a s t  6  

d e t e r m in a t io n s .
2 M e a n s  f o l lo w e d  b y  th e  s a m e  s u b s c r ip t  

l e t t e r  a re  n o t  s ig n i f ic a n t ly  d i f f e r e n t  (P  <  0 .0 5 ) .

panel scores, showed that there was little 
difference among the samples, except in 
the case of those at pH 5.4, which were 
significantly less juicy than the others. 
Since the analyses for fat and moisture 
(Table 2) at normal pH and above varied 
very slightly, the lack of difference in 
juiciness scores is to be expected. Both 
fat and moisture have been shown to be 
important in the apparent juiciness of 
frankfurters and bologna (Baker et al., 
1969; Swift and Weir, 1954). The low 
juiciness score for the sample at pH 5.6 
can be explained by the low water reten
tion for those samples (Table 6 ). A 
considerable amount of water and fat 
cooked out of the samples on heating 
(10% more than at pH 6.1) resulting in a 
dried sample.
Flavor

Flavor scores appeared highest in the 
pH range 6.1— 6 . 6  although these were 
not significant. Bouthilet (1949) found 
that when the pH of chicken meat was 
changed, there appeared a strong chicken 
flavor at pH 5.8. Below this level the 
chicken flavor was strong but distilled in 
a few minutes. Above this level (pH
6 .2 —6 .8 ) the flavor became less “chick- 
eny” and more “meaty” (and possibly 
more in keeping with the flavor of a 
frankfurter). At pH 7.0-7.2, the flavor 
became weaker. In general, taste panel 
results appear to agree with these find
ings.
Preference

Preference scores can be compared 
only within each series, and not over the 
range of pH values. On this basis, pH 6 .1 
was preferred over 5.6, but at levels above
6 . 1  there was no clear-cut preference. 
From these results, one may conclude 
that some judges preferred more tender 
franks than other judges, or that the 
flavor of some of the franks was preferred 
over those of the others, since preference 
is a personal matter. The small size of the 
taste panel precludes drawing any infer

ence as to how the public in general may 
prefer one pH level over another and is of 
interest only.
General Appearance

General appearance of the finished 
frankfurters showed no striking differ
ences due to pH except in the case of 
those with pH values below normal. In 
these instances, due to “shorting out” of 
the emulsion, both fat and moisture were 
lower than in the “normal” frankfurters, 
with much cook-out in the casings; the 
degree depended on the pH. The degree 
of “shorting out” or “breaking” of the 
emulsion, which was obvious after chop
ping was completed, also depended on 
the acidity of the meat. The greater the 
acidity the more apparent “breaking” and 
the poorer the appearance of the finished 
frankfurters. Above the normal pH of 
meat, there was little, if any, apparent 
difference in the appearance of the emul
sions, and the frankfurters made from 
them all had no fat caps, a good “skin” 
and peeled well. Color in the casings, 
however, appeared to be pH dependent;

T a b le  5 —E f f e c t  o f  p H  o n  c o m p re s s io n  

v a lu e s  a n d  p u n c h  a n d  d e f o r m a t io n  te s ts  o f

c h ic k e n  f r a n k fu r te r s  (se rie s  4 )  te s te d  c o ld .

P H

K r a m e r
c o m p r e s s io n 1

lb/g

P u n c h

t e s t 2

g
D e f o r m a t io n 3

c m

5 .6 0 .6 7 5 2 0 0 .0 7 9 4

6 .1 1 .02 , 1 1 2 4 0 .0 6 5

6 .6 1.031 1 1 8 5 0 .0 7 0

7 .1 0 .8 0 , 9 6 6 0 .0 7 8

7 .6 0 .8 l l 9 0 7 0 .0 8 3

1 A v e ra g e  o f  6  d e t e r m in a t io n s .
2 U s in g  a  # 8  p u n c h ,  w i th  a  c r o s s h e a d  s p e e d  

o f  2 0  c m /m in ;  a v e ra g e  o f  8 0  d e t e r m in a t io n s .
3 D e f o r m a t io n  u n d e r  a  2 0 g  lo a d  ( b e tw e e n  5 

a n d  2 5 g ) ;  a v e r a g e  o f  1 6 0  d e t e r m in a t io n s .
4 M e a n s  c o n n e c t e d  b y  th e  s a m e  l in e  a r e  n o t  

s ig n i f ic a n t ly  d i f f e r e n t  f r o m  e a c h  o t h e r  (P  <  
0 .0 5 ) .

T a b le  6 —E f f e c t  o f  p H  o n  w a te r  r e te n t io n  b y

c h ic k e n  f r a n k f u r t e r s . 1_________________________________

W e ig h t  lo s s 2
P H_________________ %

5 .6 3 1 .8
6.1 2 1 .7
6 .6 1 5 .7
7 .1 1 2 .2
7 .6 1 1 .7
8 .6 1 1 .1

'E a c h  m e a n  is th e  a v e r a g e  o f  a t  l e a s t  6  
d e t e r m in a t io n s .

2 H e a te d  in  a  s e a le d  p la s t i c  b a g  f o r  2 0  m in  in  
b o i l in g  w a te r .

3 M e a n s  c o n n e c t e d  b y  th e  s a m e  l in e  a re  n o t  
s ig n i f ic a n t ly  d i f f e r e n t  f r o m  e a c h  o t h e r  (P  <  
0 .0 5 ) .
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as the pH of the frankfurter was raised 
the color became noticeably paler. This 
difference in color in no way influenced 
the taste panel as it could not be detected 
under the red lights used in the taste 
panel room.
Water Loss

Water loss was calculated by the 
following formula:

) r ig in a l w t . - w t .  a f t e r  h e a t i n g w ^
— -------- —— :—  -------------- X 100 = % w a te r  loss

o r ig in a l  w t .

Retention increased as the pH was 
increased (Table 6 ). This is in agreement 
with others who have worked both on 
protein extracts and slurries (Hellerdorn, 
1962; Swift and Sulzbacher, 1963) and

on emulsion products (Sair, 1965). 
Increased pH has been found to increase 
both the water binding ability and fat 
emulsification qualities of meat, which 
would lead to a higher water retention 
value when heated.
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U S D A  W e s te rn  U t i l i z a t io n  R & D  D iv . ,  A R S ,  A lb a n y , C a l i f o r n ia  9 4 7 1 0

FROZEN WHOLE EGGS FOR SCRAMBLING

S U M M A R Y —C o m m e r c ia l ly  b le n d e d ,  p a s te u r iz e d  l i q u i d  w h o le  eggs w e re  u s e d  f o r  te s t in g  m e th o d s  

o f  p r e p a r in g  p r o d u c ts  t h a t  w o u ld  b e  s u i ta b le  f o r  s c r a m b lin g  a f t e r  f ro z e n  s to ra g e .  T h e  eggs w e re  

s u b je c te d  to  s e p a ra te  a n d  c o m b in e d  e f fe c ts  o f  h o m o g e n iz in g ,  c o l lo i d  m i l l in g ,  m ix in g  a n d  a d d i t io n  

o f  v a r io u s  le v e ls  o f  l i q u i d  s k im  m i l k ,  s a l t ,  s u g a r  o r  d e x t ro s e .  A f t e r  r e m o v a l f r o m  f ro z e n  s to ra g e  th e  

p r o d u c ts  w e re  th a w e d  a n d  e v a lu a te d  f o r  th e  e f f e c t  o f  t r e a tm e n t  o n  a p p e a ra n c e , v is c o s ity  a n d  

s w e e tn e ss . P r o d u c ts  w e re  d e v e lo p e d  h a v in g  g o o d  a p p e a ra n c e  a n d  l o w  v is c o s ity  w i th  a  l o w  e n o u g h  

le v e l o f  s w e e tn e s s  to  p r e v e n t  d e te c t io n .

INTRODUCTION
IN THE LAST few years the institutional 
food-service industry has increased its use 
of whole eggs frozen in 5- to 15-lb quan
tities for scrambling. Discussions with 
representatives of this industry revealed 
that the usual commercial frozen whole 
egg does not supply the desired uniform 
appearance, smooth consistency and low 
viscosity needed to facilitate mixing with 
milk and other scrambled-egg ingredients. 
This is true even though freezing increases 
the viscosity of whole eggs from about 
0.1 to less than 30 poises and the eggs are 
fairly fluid; thawed commercial yolks 
have a viscosity of several thousand 
poises.

In addition to increased viscosity, 
thawed whole eggs tend to have a curdled 
appearance and exhibit separation of a 
darker liquid after thawing that is unat
tractive. Wertheim (1964) reported that 
defrosted liquid whole egg may be lumpy 
and may contain “gelled aggregates, 
sometimes separated by a thin orange to 
red liquid.”

Treatments known to influence these 
quality factors include mechanical thin
ning and addition of substances such as 
salt, sugar and milk. Reduction of viscos

ity of thawed whole eggs by prefreezing 
mechanical treatments such as stirring, 
milling, homogenizing and pumping 
through pasteurizing equipment has been 
reported by numerous investigators 
(Thomas and Bailey, 1933; Pearce and 
Lavers, 1949; Farrand, 1956; Heller et al., 
1962; Wertheim, 1964; Kline and Sugi- 
hara, 1966; Sugihara et al., 1966). These 
reports do not show that the mechanical 
treatments eliminate the unattractive 
appearance and nonuniform consistency 
of the thawed product. Keith (1914) and 
Thomas and Bailey (1933) showed that 
addition to whole egg of mixtures of 
sugar and salt ranging in concentration 
from a few tenths of 1 % to less than 2 % 
reduce the thickening effect of frozen 
storage by as much as 50%. This report 
extends those viscosity observations and 
includes observations on the effect of 
treatments on appearance and liquid sep
aration. It also describes the effects ob
tainable by the separate and combined 
use of mechanical treatments and addi
tives at concentrations acceptable in 
scrambled eggs. The results show how to 
prepare whole egg products that have var
ied physical properties after thawing and 
should help manufacturers meet buyers’ 
specifications at minimum cost.

MATERIALS & METHODS
L I Q U I D  w h o le  e g g s  w e r e  o b t a i n e d  f r o m  a  lo c a l  
egg  p r o c e s s o r  a f t e r  t h e y  h a d  b e e n  m a c h in e  
b r o k e n ,  c h u r n e d ,  p a s t e u r i z e d  a t  6 0 - 6 1 ° C  
( 1 4 1 - 1 4 2 ° F )  f o r  3 .5  m in  a n d  c h i l le d .  T e m p e r a 
tu r e s  o f  t h e  m a te r i a l  b e in g  t r e a t e d  w e re  b e 
tw e e n  1 a n d  3 ° C  ( 3 4  a n d  3 7 ° F ) .

T h e  eg g s  w e re  h o m o g e n iz e d  in  a  C re a m e r y  
P a c k a g e  M u l t i -F lo  M o d e l  3 D D 1 3  h o m o g e n iz e r  
a t  5 0 0 ,  1 0 0 0  a n d  2 0 0 0  p s i .  T h e  t e m p e r a tu r e s  o f  
t h e  p r o d u c t s  le a v in g  th e  h o m o g e n iz e r  w e r e  4 , 5  
a n d  9 ° C  ( 4 0 ,  4 1  a n d  4 8 ° F )  a f t e r  h o m o g e n iz a 
t i o n  a t  5 0 0 ,  1 0 0 0  a n d  2 0 0 0  p s i ,  r e s p e c t iv e ly .  
T h e  eg g s  w e re  c o l lo id  m il le d  in  a T r i - H o m o  
M o d e l  2  m il l  w i t h  s e r r a te d  s ta in le s s  s te e l  r o t o r  
a n d  s t a t o r .  H e a t in g  w a s  p r e v e n te d  b y  c i r c u l a t 
in g  ic e  w a t e r  t h r o u g h  th e  s t a t o r  j a c k e t .  T h e  
r o t o r  s p e e d  w a s  4 ,4 8 0  r p m .  T h e  m il l  w a s  fe d  a t  
a  r a t e  e q u iv a l e n t  t o  1 0 3 8  g  o f  w a t e r  p e r  m in  b y  
a  M o y n o  p u m p  d r iv e n  b y  a  m o t o r  e q u ip p e d  
w i th  a  R e e v e s  V a r i -S p e e d  t r a n s m is s io n .  T h e  
V a r ik in e t i c  m ix e r  M o d e l  V K -1  1 /2  ( M a n to n -  
G a u l in )  w a s  o p e r a t e d  a t  1 7 4 0  r p m  w i th  th e  
v a n e s  o p e n e d  to  a p p r o x im a te ly  3 0  d e g re e s .  2 0  
lb  o f  l iq u id  w h o le  e g g  w e re  s t i r r e d  in  a n  o p e n  
c o n t a i n e r  9 .5  in .  in  d i a m e te r .  B y  h a v in g  th e  
m ix e r  o f f - c e n t e r  a n d  w i th in  1 in . o f  t h e  b o t 
to m ,  i t  w a s  p o s s ib le  t o  a v o id  v o r t e x in g  a n d  a ir  
i n c o r p o r a t io n .

F o r  c o m p a r i s o n  o f  e f f e c t s  o f  h o m o g e n iz a 
t i o n  p r e s s u re ,  6 -lb  s a m p le s  o f  u n h o m o g e n iz e d  
a n d  h o m o g e n iz e d  eg g s  w e re  f r o z e n  f o r  2 4  h r  in  
1 0 -lb  c a n s  in  c i r c u la t in g  a ir  a t  - 2 3 ° C  ( - 1 0 ° F )  
a n d  s to r e d  f o r  1 , 2  a n d  4  m o n t h s  a t  - 2 9  a n d  
- 1 8 ° C  ( - 2 0  a n d  0 ° F ) .  A f t e r  s to r a g e ,  t h e  s a m 
p le s  w e re  p a r t i a l ly  t h a w e d  o v e r n ig h t  a t  a m b ie n t  
t e m p e r a tu r e  a n d  t h e n  p la c e d  in  a  w a te r  b a t h  a t  
3 2 ° C  ( 9 0 ° F )  u n t i l  t h e y  r e a c h e d  2 1 ° C  ( 7 0 ° F ) .  
T h e y  w e re  g iv e n  a  m in im u m  s t i r r in g  d u r in g  th e  
l a t t e r  p e r io d .

F o r  c o m p a r i s o n  o f  h o m o g e n iz a t io n  a n d
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T a b l e  1 — I n f l u e n c e  o f  h o m o g e n i z a t i o n  a n d  f r e e z i n g  o n  v i s c o s i t y  o f  

w h o l e  e g g s .

Viscosity

Storage
tem perature1

Homogenization treatm ent
Unhomogenized 500 psi 1000 psi 2000 psi

Unfrozen

2
Brookfield viscometer (cp)

9 7 6 6
- 1 8  or -2 9 °C 1600 800 650 500

- 1 8  or -2 9 °C

Corn Industries viscometer (g cm) 
Initial viscosity

3 5 0 -4 3 0  8 0 -1 0 0  7 0 -8 0 6 0 -7 0

- 1 8  or -2 9 °C
Final viscosity3

240 3 0 -5 0  3 0 -4 0 2 0 -4 0

'Sam ples were frozen 3 days at -2 3 °C  (—10°F) before storage. 
Values obtained at 1, 2 and 4 m onths’ storage and 2 storage tem pera
tures were averaged, since no further viscosity changes were apparent 
after 1 m onth’s storage.

2Thawed samples were measured on Brookfield viscometer, Model 
RVT at a shear rate 10 rpm. Values were calculated for a shear rate of 
30 rpm (see Methods).

3 After 15 min stirring with Corn Industries Impellers.

T a b l e  2 — E f f e c t  o f  f r e e z i n g  r a t e ,  c o l l o i d  m i l l i n g  a n d  h o m o g e n i z a t i o n  

o n  v i s c o s i t y  o f  w h o l e  e g g s .

Freezing and 
storage conditions

Viscosity (cp)1

Untreated
Colloid
m illed2 Homogenized3

Unfrozen 10 9 7
-2 9 °C  slow airflow, 5 days;

-  18°C, 1 m onth 1940 1650 1100
-2 9 °C  blast freeze;

-1 8 °C , 1 m onth 1430 1100 650

1 Thawed samples were measured with Brookfield viscometer Model 
RVF at a shear rate 2.5 rpm and the results converted to values for a 
shear rate o f 30 rpm (see Methods). Values are averages o f duplicate 
samples.

2Tri-Homo colloid mill with clearance set a t 0.003 in.
'C ream ery Package Company, Multi-Flo Homogenizer Model 

3DD13 at 1000 psi.

pared with samples containing no additives. 
Judges were asked to identify the odd sample 
and comm ent on the basis for identification. 
Comparisons were replicated to provide about 
15 judgments for each.

milling treatm ents, approxim ately 500-g sam
ples were frozen in 32-oz polyethylene tubs in a 
-2 9 °C  (—20°F) room with circulating air. 
Under these conditions, samples reached the 
tem perature o f the room within 12 hr. Samples 
were also frozen in a blast freezer at -2 9 °C . 
Samples were held at this tem perature for 5 
days before transferring them to storage at 
other temperatures. After storage, samples were 
thawed overnight at 2°C and then held at 
2 1 -2 3 °C  for 6 - 7  hr.

Samples with and w ithout additives were 
stirred equally before they were frozen in 32-oz 
polyethylene tubs, 10-lb cans and 10-lb plastic 
bags packed 4 per carton. Samples were frozen 
and stored at - 1 2 ,  - 1 8 ,  - 2 3  and -2 9 °C  in still 
air or frozen in a blast freezer at -2 9 °C  and 
stored at —18°C. They were thawed overnight 
in air at 2°C or in 21°C water and held at 
2 1 -2 3 °C  for 6 - 7  hr before photographing and 
measurement o f  viscosity.

V iscosity was measured at product tempera
ture o f 2 1 -2 3 °C  where values for thawed 
whole eggs are approxim ately 2/3 the value at 
10°C (50°F). 3 measures o f viscosity were used. 
The Corn Industry viscometer was used to 
measure initial viscosity and viscosity after 15 
min o f stirring. Viscosity was also measured 
with a Zahn No. 2 cup and reported as flow 
time in seconds. Most o f the data reported were 
obtained using Brookfield viscometers, Models 
LVF and RVT, at shear rates (measurement 
speeds), from 2 .5 -3 0  rpm. Unfrozen samples 
were measured with Model LVF and UL adapt
er. Since liquid whole eggs, as well as other 
yolk-containing liquid eggs behave as pseudo
plastic materials after freezing (Palmer et al., 
1969a; 1969b), their viscosity increases with 
decrease in shear rate. Inform ation obtained 
from  measurements at several shear rates per
m itted conversion of viscosity data obtained at 
one shear rate to predicted values at other shear 
rates, as indicated in Figure 1. The following 
equations define the lines in Figure 1:

Viscosity a t 5 rpm  = -4 6 .2 7  + 0.7095 ya
Viscosity at 10 rpm  = -1 2 1 .2 1  + 0.5442 ya

Viscosity at 30 rpm = -  119.66 + 0.3222 ya 

a y = viscosity at 2.5 rpm.

Within the limits o f  the data, the relationship 
appears to be  linear and is useful for interpola
tion. However, because of the possibility o f a 
slight upward curve, caution should be used in 
extrapolation.

Triangle tests were conducted to determ ine 
levels o f added sucrose or dextrose no t readily 
distinguishable in scrambled eggs. The eggs were 
prepared with liquid nonfat milk; for a few of 
the tests a bland oil was added to  the mixture. 
The egg m ixture was cooked in a water bath  
and coded samples were served to a panel o f
6 - 8  judges. Samples with additives were com-

VISCOSITY (cp) AT 2.5 RPM
F i g .  1 — C o m p a r i s o n  o f  v i s c o s i t y  o f  t h a w e d  e g g  

s a m p l e s  m e a s u r e d  a t  2 . 5  r p m  a n d  a t  5 - 3 0  r p m .

RESULTS & DISCUSSION
Freezing and storage
Viscosity of commercially broken, churned, pasteurized whole eggs increased from about 9—13 cp before freezing to a range of 1400—2500 cp after thawing (Tables 1, 2 and 3). The thawed eggs had a curdled appearance and a darker liquid portion separated from the egg mass (Fig. 2). Storage in the —23 to — 18°C (—10—0°F) range produced maximum viscosity increases (Fig. 3). Storage for 4 months produced no obvious changes beyond those evident after 1 month. This

F i g .  2 — E f f e c t  o f  f r e e z i n g  o n  a p p e a r a n c e  o f  l i q 

u i d  w h o l e  e g g s  t h a w e d  a f t e r  1 m o n t h  a t  — 1 8 ° C .
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result is similar to observations on yolk (Palmer et al., 1969a).Freezing rate influenced viscosity. Blast freezing at -29°C (—20°F) limited viscosity increase to about 3/4 of the viscosity of whole eggs frozen in a slow airflow at —29°C but was not effective in preventing appearance defects. The effect of freezing rate on whole egg and yolks was reported in previous studies, but was not isolated from effects of freezing temperature (Pearce and Lavers, 1949; Thomas and Bailey, 1933; Lopez et al., 1954).
Mechanical thinning
Homogenization, colloid milling or stirring with a mixer before freezing limited viscosity increase in liquid whole eggs during frozen storage, but none of these mechanical treatments was effective in preventing liquid separation and a curdled appearance in eggs thawed after storage at -18 to —29°C (0 to —20°F).Of the 3 treatments tested, homogenization was most effective in Limiting the viscosity increase caused by frozen storage. Viscosities of the thawed unhomogenized samples ranged from 1400—1900 cp; the viscosities of homogenized samples ranged from 500—1100 cp, 30 to 60% of the viscosity of unhomogenized samples (Tables 1 and 2). Homogenization treatments at 1000 and 2000 psi were of comparable value in limiting viscosity and were more effective than homogenization at 500 psi. Kline and Sugihara (1966)

°F-*--30 -20 -10 0 10 20
STORAGE TEMPERATURE

F i g .  3 — E f f e c t  o f  s t o r a g e  t e m p e r a t u r e  a n d  

h o m o g e n i z a t i o n  ( 1 0 0 0  p s i )  o n  v i s c o s i t y  o f  

w h o l e  e g g  t h a w e d  a f t e r  1 m o n t h  ( B r o o k f i e l d  

v i s c o m e t e r ,  3 0  r p m ) .

T a b l e  3 — E f f e c t s  o f  c o l l o i d  m i l l i n g  a n d  m i x i n g  t r e a t m e n t s  a n d  f r e e z 

i n g  o n  v i s c o s i t y  o f  w h o l e  e g g s .

Viscosity test

Time (sec) Viscosity (cp)2
(Zahn No 2) (Brookfield viscometer)

Milling
treatm ent

Unfrozen
samples

Unfrozen
samples

Frozen -2 9 °C , 5 days;
-  18°C o r —7°C, 1 m onth

Untreated 22 13 2490
Tri-Homo colloid mill 

0.003, 0.010 and 
0.030 in. clearance 1 8 -1 9 8 - 9 1 8 1 0 -1 9 4 0

Varikinetic Mixer,1 
2, 6 and 10 min 1 6 -1 7 8 1620 -1 7 5 0

1 Varikinetic Mixer Model VK-1 1/2.2
Thawed samples were measured with Brookfield Viscometer Model 

RVT a t a shear rate 2.5 rpm; values reported are for 30 rpm (calcu
lated) (see Methods).

reported a reduction in viscosity from 1342—430 cp due to homogenization of whole eggs at 500 psi, and comparable reductions were reported by Sugihara et al. (1966).
The viscosity of colloid-milled samples (clearance, 0.003 in.) averaged about 75% of the viscosity of the unmilled samples (Tables 2 and 3). Milling at a clearance of 0.003 in. lowered the viscosity only slightly more than milling at a clearance of 0.030 or 0.010 in. The viscosity of samples mixed in the Varikinetic mixer for 2— 10 min was about 70% of the viscosity of the unstirred samples (Table 3).

SUCROSE OR DEXTROSE CONCENTRATION (%l
F i g .  4 — E f f e c t  o f  s a l t  a n d  s u g a r  o n  v i s c o s i t y  o f  

w h o l e  e g g s  t h a w e d  a f t e r  s t o r a g e  a t  — 1 3 ° C  

( B r o o k f i e l d  v i s c o m e t e r ,  3 0  r p m ;  1 a n d  2  

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

h a v e  a p p e a r a n c e  d e f e c t s ;  t h o s e  a b o v e  t h e  a r e a  

h a v e  m a j o r  d e f e c t s ;  t h o s e  b e l o w  t h e  a r e a  h a r e  a  

s a t i s f a c t o r y  a p p e a r a n c e ) .

Stirring 10 min lowered the viscosity only slightly more than stirring 2 min.
Additives
Viscosity increase, a curdled appearance and liquid separation after thawing can all be prevented by addition of low levels of salt, salt and sugar, or salt and liquid nonfat milk to whole eggs before freezing. It is feasible to add concentrations of sugar low enough to avoid organoleptic detection but still effective in preventing undesirable viscosity and appearance changes.

A. Sample size: 2 lb or less.The effects of added salt and sugars on viscosity of thawed samples after 1-2 
months at — 18°C (0°F) are shown in Figure 4. A salt concentration of 0.8% limits the viscosity increase to less than 100 cp compared to about 1500 for no salt; 0.6% salt limits viscosity to 200—300 cp. Lower levels of salt are associated with progressively higher viscosities in the thawed products.
Sucrose and dextrose added at levels of 0.8% have practically no effect in limiting viscosity increase in the eggs during frozen storage. Yet lower levels of added sugar are effective in further reducing the viscosity of samples containing added salt. Mixtures of 0.4 or 0.5% salt and 0.1 to 0.4% sucrose or dextrose yield viscosities of thawed samples of 300 cp or less compared to 600-800 cp for salt alone. Increase in the sugar concentration above 0.4% has little additional effect on viscosity. Addition of 25% liquid skim milk to liquid eggs before freezing limits viscosity of the thawed product to less than 200 cp; a combination of 25% skim milk and 0.4% salt limits viscosity to less than 50 cp.The curdled appearance in thawed whole eggs is effectively prevented by suitable concentrations of additives (Fig.5). A concentration of 0.6% salt is effective; concentrations of 0.4 or 0.5% are



698-JOURNAL OF FOOD SCIENCE-Volume 35 (1970)

F i g .  5 — E f f e c t  o f  s u i t a b l e  c o n c e n t r a t i o n s  o f  

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

a f t e r  1 m o n t h  a t  — 1 8 ° C .

not always effective. Dextrose or sucrose alone is ineffective at concentrations ranging up to 1.6%. The combination of 0.4% salt and 0.2% dextrose prevents the curdled appearance after thawing. At this same salt concentration, addition of 1.6% sucrose is required to equal the effect of the 0.2% dextrose on appearance. A salt concentration of 0.2% is not effective even in combination with 0.8% dextrose. With concentrations of salt higher than 0.4%, correspondingly lower amounts of sugar can be used. In general, viscosities below 250 cp after thawing were associated with absence of curdled appearance in samples containing salt and dextrose (represented in Figure 4 by the area below the shaded section). Addition of 25% skim milk to liquid eggs before freezing does not prevent development of a curdled appearance in the thawed product, but addition of 0.4% salt to the milk- containing product eliminates the appearance defects.
Homogenization can limit the viscosity increase and eliminate liquid separation and curdling of samples that exhibit borderline defects due to use of low concentrations of additives. The necessary improvement can be made for samples containing 0.4% salt, 0.4% salt + 0.2% sucrose or 0.4% salt + 0.1% dextrose. Samples in the viscosity range of

200—600 cp without homogenization are limited to viscosities of 100 cp or less by homogenization before freezing (samples within the shaded area of Fig. 4).
B. Sample size: 101b.Treatments that limit viscosity and prevent a curdled appearance in small amounts of eggs (less than 2 lb) are inadequate for larger quantities if such quantities require longer freezing or thawing times. Amounts of 2 lb or less freeze in 8-12 hr at —29°C in still air; this freezing rate can be achieved in 10-lb cans or in 4, 10-lb packages in a carton by use of a blast freezer at -29°C. Amounts of 2 lb or less thaw within 30 hr in still air at 2°C; 50-70 hr are required for 10-lb quantities, and the slower thaw increases the viscosity and curdled appearance. Desired viscosity and appearance can be achieved under these conditions by increases in additive concentration. Addition of a mixture of 0.8% salt, 0.4% dextrose and 25% liquid skim milk, for example, is adequate without homogenization. The following are adequate combinations with homogenization: 1. 0.6% salt, 0.4% dextrose, 25% milk. 2. 0.8% salt, 0.4% dextrose. Alternate approaches involve a decrease in the thawing time by thawing in running water or by use of a riving machine and heat exchanger. Eggs in 10-lb cans thaw in 21°C water in about 8 hr; 10-lb packages removed from the container thaw in about 6 hr. The viscosity is less than 100 cp and the thawed eggs have a smooth appearance.
Flavor
Since sweetness is not associated with the flavor of scrambled eggs, additives used in frozen whole eggs intended for scrambling should not contribute an obvious sweet flavor. Triangle test comparisons were made to determine levels of added sugar that could reasonably be expected to escape detection in scrambled eggs.Samples containing 0.4% salt were compared with samples containing 0.4% salt plus 0.4% dextrose; no flavor difference was detected. In similar tests substituting sucrose for dextrose, a difference between samples was detected, but it was not recognized as a difference in sweetness. The sweetness was recognized, however, in comparison of samples containing 0.4% salt and samples containing 0.4% salt plus 0.8% sucrose. Sweetness recognized in a direct comparison might not be

detected in a single sample test or if samples were served with additional seasonings. However, use of dextrose rather than sucrose is favored by evidence that the intensity of sweetness of dextrose is about 2/3 that of sucrose (Schultz and Pilgrim, 1957).
CONCLUSIONS

VARIOUS combinations of low levels of salt, sucrose, dextrose or liquid skim milk and homogenization before freezing can be used to produce satisfactory frozen whole eggs for scrambling. These products have a low enough level of sweetness to avoid detection, a low level of viscosity and the absence of appearance defects. The information obtained in these studies makes it possible to select the most economical method of achieving an acceptable product.
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COMPARISON OF FROZEN, FOAM-SPRAY-DRIED, FREEZE-DRIED, AND SPRAY-DRIED EGGS
7. Soft Meringues Prepared With a Carrageenan Stabilizer

S U M M A R Y — T h i s  s t u d y  c o m p a r e d  t h e  q u a l i t y  c h a r a c t e r i s t i c s  o f  s o f t  m e r i n g u e s  p r e p a r e d  f r o m  

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

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

a v e r a g e  w h i p p i n g  t i m e s  n e e d e d  t o  o b t a i n  s p e c i f i c  g r a v i t i e s  o f  0 . 2 4  t o  0 . 2 2  w e r e  m e r i n g u e s  

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

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

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

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

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

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

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

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

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

s t a b i l i z e r  h a d  a  s i g n i f i c a n t l y  h i g h e r  ( P  < 0 . 0 1 )  p e r c e n t a g e  o f  d r a i n a g e  a n d  w e r e  s i g n i f i c a n t l y  

t o u g h e r  ( P < 0 . 0 5 ) ,  a s  i n d i c a t e d  b y  A l l o - K r a m e r  s h e a r  p r e s s  m e a s u r e m e n t s  e x p r e s s e d  a s  a r e a -  

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

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

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

INTRODUCTION
USE OF ALBUMEN processed by foam- spray-, freeze- and spray-drying offers convenience such as improved keeping quality, time economy and reduced storage space. However, concomittant to their use is the quality of a prepared product such as soft meringue.The effect of filling temperature as well as baking times and temperatures on the quality of soft meringues has been investigated (Felt et al., 1956; Hester and Personius, 1949; Gillis and Fitch, 1956). Also, amounts of sugar as well as the best time for adding sugar have been studied (Gillis and Fitch, 1956). Investigating whipping times, Briant et al. (1954) recommended use of high speeds throughout whipping for optimum quality meringues. In contradiction, Godston (1950) reported medium speed yielded better meringues characterized by fine cell structure.Franks et al. (1969) studied the performance and palatability of frozen, foam-spray-, freeze- and spray-dried albumen in angel cakes and reported satisfactory cakes could be made with the four types of albumen only when low whipping speeds and hence, increased whipping times, were used to produce foams of equal specific gravity. Zabik and Brown (1969) had previously reported decreased foam stability for spray-dried albumen when constant high-speed whipping times were used for the same four types of albumen.According to Felt et al. (1956), Godston (1950) and Glabau (1948), the use of a vegetable gum stabilizer in a me

ringue decreased the amount of liquid collected between the filling and the meringue. Glabau (1948) concluded the rigidity of meringues as shown by the resistance to shearing with a modified MacMichael apparatus was directly related to the amount of added stabilizer.The purpose of this study was to compare quality characteristics of soft meringues prepared with frozen, foam- spray, freeze- and spray-dried albumen. For this purpose, three lemon meringue pies were prepared for each of the six replications of each albumen process. A carrageenan stabilizer was added to all meringues. Because foods may be held in many food service systems for varying periods of time between preparation and service, the quality characteristics of one pie from each replication were objectively measured after 20—22 hr of refrigerated holding. Meringues evaluated 2-3 hr after preparation were designated as fresh and those evaluated after refrigeration as held. A second purpose of this study was to determine the effect of stabilizer on quality characteristics as determined by objective measurements and for this purpose meringues were prepared from spray-dried albumen with and without added stabilizer.
EXPERIMENTAL METHODS

PROCUREMENT processing, packaging and 
storage o f all types o f albumen were as outlined 
by Franks et al. (1969). All ingredients were 
purchased in common lots. Unbaked pie crusts 
in 9-inch aluminum foil pans and lemon-fla
vored filling mix were purchased commercially. 
Sugar and albumen were preweighed into 
appropriate amounts before storage while other

ingredients were weighed or measured ju st prior 
to preparation. Pie crusts and albumen were 
stored a t -2 3 °C  while sugar was stored a t room 
temperature.
Preparation and baking

Thawed, pricked crusts were baked in a 
219°C H otpoint oven, model HJ225, for ap
proximately 10 min. Six 4-oz packages o f filling 
mix, 12 egg yolks, 400g sugar and 3548 ml tap 
water were placed in the top part o f a 12-qt 
double boiler, blended and cooked to a temper
ature o f 8 2 -8 4 °C . After cooling to a tempera
ture o f 4 2 -4 5 °C , the filling was poured into 
the crusts to a depth  of 2.0 cm from the bo t
tom of the pan as measured with a vernier cali
per. Filled crusts were covered with inverted 
aluminum foil pans and allowed to cool to 
room  tem perature or 2 4 -3 2 °C .

To provide sufficient meringue for covering 
the pies and objective measurements, the for
mula contained 244g sugar, 1.87g salt and 
0.2930g stabilizer (Viscarin brand, Marine Col
loids, Inc., Springfield, N.J.) along with 293g 
frozen albumen or 43.6, 42.6 and 43.7g of 
foam-spray-, freeze- and spray-dried albumen, 
respectively, reconstituted with appropriate 
quantities o f distilled water to equal 293g. 
Am ounts o f  dried albumen were based on the 
solids content o f frozen albumen corrected for 
variance in powder m oisture among processes 
(A.O.A.C., 1955).

Defrosting and reconstitution procedures 
were as outlined by Franks e t al. (1969). After 
the albumen was weighed into a 5-qt bowl of a 
KitchenAid mixer, model K5-A, the tempera
ture was adjusted to 25°C ± 1°. Using the whip 
attachm ent, the albumen was whipped for 30 
sec at speed 2 (67 rpm) before the salt was 
added and whipping was continued for 45 sec. 
The sugar and stabilizer, previously blended 
with a KitchenAid mixer, model K4-B, for 3 
min at speed 1 (34 rpm), were added over a 
1-min interval during which the mixer was oper
ating at speed 2. F'inally, the mixture was 
whipped at speed 4 (98 rpm) for the additional 
time needed to obtain a specific gravity be
tween 0.24 and 0.22. Thus, whipping speeds 
and times, determined in preliminary investiga
tions, were based on the recommendations of 
Franks et al. (1969).

Meringuing was as described by Mailman et 
al. (1963). The meringue was leveled to a depth 
of 1.91 cm using a 12-in. spatula. Each lot of 
three pies was placed in a 163°C ± 2° oven 
regulated with a Versatronik controller. The 
lightly browned pies were removed from the 
oven following 3 4 -3 6  min o f baking, set on 
racks and allowed to cool for approxim ately 2 
hr. Baking time and oven tem perature were 
selected on the basis o f the study of Mailman et 
al. (1963). One pie from each lo t designated for 
objective m easurements after holding was then 
refrigerated at 5°C.
Objective measurements

Specific gravity was determined in duplicate
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T a b l e  1 — A v e r a g e s  a n d  s t a n d a r d  d e v i a t i o n s  f o r  o b j e c t i v e  m e a s u r e m e n t s  o f  s o f t  m e r i n g u e s  p r e 

p a r e d  f r o m  a l b u m e n  p r o c e s s e d  b y  f o u r  m e t h o d s .  ____________________ _____
Albumen
process

Objective Spray- Foam-spray- Freeze-
measurement Frozen dried dried____________ dried

Whipping time (min) 13.5 ± 0 .4 16.1 ± 1.5 16.0 ± 2 .5 13.9 ± 0 .7
Specific gravity 0.23 ±0 .01 0.23 ± 0 .01 0.24 ±0 .01 0.23 ±0.01
pH 6.3 6 .7 - 6.8 6.2--6.3 6.2--6.3
Evaporation, fresh (%) 20.9 ±2.1 20.6 ± 1.9 20.5 ± 1.3 21.2 ± 1.5
Evaporation, held (%) 21.8 ± 2 .4 21.2 ± 2 .6 21.3 ± 1.9 22.3 ± 1.4
Drainage, fresh (%) 12.9 ± 5 .0 11.8 ± 5 .4 10.4 ± 4 .0 9.9 ± 2 .6
Drainage, held (%) 10.3 ±6.5 10.1 ± 4 .0 9.0 ± 3 .6 6.1 ± 2 .9
Height, fresh (cm) 1.85 ± 0 .0 3 1.87 ± 0 .0 8 1.87 ±0 .05 1.87 ± 0 .0 8
Height, held (cm) 1.78 ± 0 .1 3 1.74 ± 0 .0 9 1.78 ±0 .07 1.76 ±0.05
Maximum force, fresh 0.23 ± 0 .0 4 0.23 ± 0 .0 3 0.23 ± 0 .0 6 0.23 ± 0 .0 2

(lb force/g)
Maximum force, held 0.21 ±0 .05 0.21 ± 0 .0 3 0.18 ± 0 .0 4 0.19 ± 0 .0 2

(lb force/g)
Area-under-the-curve 2.991 ± 0 .612 3.183 ± 0 .453 3.279 ± 0.626 3.409 ± 0.588

Fresh (cm2)
Area-under-the-curve 2.726 ± 0 .324 2.754 ±0.447 2.730 ± 0 .3 7 4 2.794 ±0 .289

Held (cm2)
Hunter L, fresh 82.09 ± 2 .3 3 81.54 ±3 .85 81.51 ± 2 .45 80.44 ± 2 .4 6
Hunter aj^, fresh 3.37 ± 1.04 3.48 ± 1.79 3.47 ± 1.56 4.61 ± 1.15
Hunter b ^ , fresh 19.92 ± 1.78 19.53 ± 2 .4 4 19.50 ± 1.53 20.31 ± 1.73

tions o f three samples served at each session. 
Pieces o f pie were served according to a pre
determined ro tation plan; hence, each judge 
evaluated pieces which were baked in six differ
ent positions. To minimize variance due to 
judges, all scores for each palatability character
istic were averaged for each replication.
Statistical analyses

Data were analyzed for variance due to  albu
men process and replication. Duncan’s (1957) 
m ultiple range test was used to pinpoint further 
the sources o f significant differences.

RESULTS & DISCUSSION
Unbaked meringues
Ranked in order of increasing average whipping times of 13.5, 13.9, 16.0 and16.1 min were meringues prepared from frozen, freeze-, foam-spray- and spray- dried albumen. Analysis showed freeze- dried albumen required less whipping time than spray-dried albumen (P < 0.01) and foam-spray-dried albumen (P<0.05). In a study of angel cakes, Franks et al. (1969) ranked processed albumens from the same common lot in the same order for whipping times. Investigating the whipping properties of pasteurized albumen, Garibaldi et al. (1968) suggested heat denaturation of the ovomucin-lysozyme complex of the albumen was responsible for increased whipping times.

as outlined by Platt and Kratz (1933). Losses 
due to evaporation and drainage were deter
mined using techniques similar to Funk e t al.
(1966). Percentages o f evaporation were calcu
lated from the weight differences o f unbaked 
and baked meringued pies divided by the 
weight o f unbaked meringue. The am ount of 
drainage was determined by weighing the pan, 
crust and filling before the pie was meringued 
and after the meringue had been carefully re
moved from the pie. The difference between 
these two weights was divided by that o f the 
unbaked meringue and the answer converted to 
percentage.

Height measurements, as an indication of 
shrinkage, were made after one-half o f the me
ringue had been carefully removed from the 
pie. Using a vernier caliper, the height of the 
meringue remaining on the pie was measured at 
the center.

Tenderness was measured with an Allo- 
Kramer shear press, model SP12. Using a 5.39 
cm square cutter, two samples were cut from 
each meringue previously removed from a pie. 
Each sample was weighed to  the nearest 0.0 lg 
before it was placed in the center o f the stand
ard shear compression cell. Using a 30 sec 
downstroke, a 10-lb range, 25-Ib pressure with a 
100-Ib proving ring, the sample was sheared. 
The pounds o f force required for shearing were 
recorded on a time-force-curve by  a Varian elec
tronic recorder, m odel E2EZ. Calculations of 
tenderness values, expressed as maximum force 
and area-under-the-curve, were as outlined by 
Franks et al. (1969); however, a conversion fac
tor o f 187.2 was used.

Color was measured by a Hunter color- 
difference m eter, model D-25, standardized 
w ith an optical lens-covered white tile, (L 93.0; 
a^ , -0.6; bj^, -0.1) in preparation for deter
mining L (lightness), aL (redness) and bjr

(yellowness) values o f meringues. A cu t piece of 
meringue was placed on a flat piece o f glass and 
covered with an optical lens. Two sets o f values 
were derived from each sample by moving the 
glass supporting the meringue under the viewing 
area one quarter o f a turn after the first read
ing. The two sets o f values were averaged before 
the mean was determined from duplicate meas
urements o f each replication.
Sensory evaluation

Seven judges subjectively scored meringue 
samples for color and appearance, shrinkage, 
slippage and drainage, texture, tenderness, fla
vor and general acceptability using a seven- 
poin t scale with a score o f seven showing excel
lent quality and a score o f one indicating 
unacceptable quality. Descriptive terms aided 
the judges in their evaluations. A glass o f lemon 
water (2 tsp /q t o f water) a t room tem perature 
was provided for judges to use between evalua

Meringues prepared with spray-dried albumen had a significantly higher (P < 0.01) pH of 6.7 6.8 than the pH of6.2—6.3 for meringues prepared with the other three types of processed albumen. Zabik and Brown (1969) reported similar results for pH values of processed albumen.
Baked meringues
Meringues prepared from frozen, foam-spray-, freeze- and spray-dried albumen lost an average of 20.9, 20.5, 21.2 and 20.6% moisture, respectively, due to evaporation during baking and subsequent cooling. These differences were not significant. Evaporation increased during holding for meringues prepared from frozen, foam-spray-, freeze- and spray-dried

T a b l e  2 — A v e r a g e  s c o r e s  a n d  s t a n d a r d  d e v i a t i o n s  f o r  q u a l i t y  c h a r 

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

m e t h o d s .

Albumen process 
Spray- Foam-spray- Freeze-

Quality characteristics Frozen dried dried dried

Color and appearance 4.9 ± 0.6 4.5 + 0.9 4.9 ± 0.6 5.3 ± 0.4
Shrinkage 5.1 ± 0.7 5.7 ± 0.5 5.9 ± 0.5 6.1 + 0.3
Slippage and drainage 5.4 ± 0.5 5.3 + 1.0 5.6 ± 0.5 5.9 ± 0.3
Texture 5.4 + 0.4 5.1 ± 0.5 5.0 ± 0.5 5.5 ± 0.5
Tenderness 4.8 + 0.6 5.1 ± 0.4 4.9 ± 0.7 5.1 ± 0.4
Flavor 5.2 ± 0.6 5.0 ± 0.5 5.0 ± 0.5 5.1 ± 0.3
General acceptability 5.0 ± 0.5 4.8 ± 0.5 4.9 ± 0.4 5.2 ± 0.2



COMPARISON OF PROCESSED EGGS: SOFT MERINGUES—701

albumen showing averages of 21.8, 21.3, 22.3 and 21.2%, respectively. Again, no significant differences attributable to processing were found. However, significant differences (P < 0.05) existed among replications. Standard deviations indicate most variance among replications of meringues prepared with spray-dried and frozen albumens (Table 1).
No significant differences attributable to process or replication existed for percentages of drainage from fresh or held meringues. As indicated by the standard deviations, considerable day-to-day variance was noted (Table 1).No significant differences were found in height measurements of either fresh or held meringues (Table 1). However, a comparison of averages revealed meringues prepared with the three types of dried albumen decreased significantly (P < 0.05) in height during holding. Such a decrease was not found in meringues prepared from frozen albumen.
Allo-Kramer shear press measurements of tenderness, expressed as maximum force and area-under-the-curve, showed no significant differences in either fresh or held meringues due to egg processing; however, maximum force values of held meringues differed significantly (P < 0 .01) among replications. Data suggest tenderness increased during holding as indicated by lower maximum force and area-under-the-curve values (Table 1).
Hunter color-difference meter values showed meringues prepared from frozen albumen to be lightest in color followed by meringues prepared from spray-, foam- -spray- and freeze-dried albumen although differences were slight. For Hunter aj_+ 

values, meringues prepared from freeze- -dried albumen had highest mean redness values followed by spray-, foam-spray- dried and frozen albumen. Meringues prepared from freeze-dried albumen were most yellow as indicated by Hunter b̂ + values (Table 1).
Sensory evaluations showed no significant differences among processes or replications for color and appearance, slippage and drainage, texture, tenderness, flavor and general acceptability (Table 2). However, the standard deviations suggest day-to-day variance among the meringues and/or judges. Shrinkage scores differed significantly (P < 0.05) with most shrinkage indicated for meringues prepared from frozen albumen followed by spray-,

foam-spray- and freeze-dried albumen.Meringues prepared from freeze-dried albumen were scored as being most acceptable followed by those prepared from frozen, foam-spray- and spray-dried albumen. However, all were judged acceptable. These data agree with those of Franks et al. (1969) who found angel cakes prepared from the same types of albumen to be acceptable.
Meringues without stabilizers
To demonstrate the effect of stabilizer on quality characteristics of soft meringues, six replications of meringues prepared from spray-dried albumen with no added carrageenan were subjected to objective measurements as outlined. Percentages of drainage decreased significantly (P < 0.01 ) in fresh meringues when stabilizer was used although the standard deviations indicate considerable variance from day-to-day. Meringues prepared with and without stabilizer had percentage drainage losses of 11.8 ±5.4 and 20.1 ± 2.5, respectively. This finding is in general agreement with those of Glicksman (1962), Felt et al. (1956), Godston (1950) and Glabau (1943). When the meringues were held for 20—22 hr, percentage drainage losses of 10.4 ± 4.0 and 14.6 ± 5.5 were found for meringues with and without stabilizer, respectively. The percentages for held meringues did not differ significantly. Perhaps the lower drainage values shown for held meringues can be attributed to evaporation during holding. In a discussion of foams, Glabau (1948) indicated sugar may be present in a meringue as a syrup or as dry sugar within the cellular walls. Perhaps during baking, the sugar in solution separated from the meringue and then during the holding period, dry sugar absorbed liquid which had previously drained from the meringue.
Fresh and held meringues prepared with and without stabilizer had similar average shear press values when expressed as maximum force. Comparison of means for tenderness measurements, expressed as area-under-the-curve, showed fresh meringues prepared with and without stabilizer were not significantly different; however, held meringues prepared with stabilizer received significantly (P < 0.05) lower area-under-the-curve values than held meringues prepared without stabilizer thus indicating more tender meringues. These findings suggest disagree

ment with Glabau (1948) who concluded added stabilizer caused more rigid meringues as shown by resistance to shearing; however, Glabau (1948) measured the shear resistance of unbaked meringues with varying quantities of added stabilizer. Also, the meringues in his study were whipped for a constant time rather than to a constant specific gravity as was done in the present experiment.No significant differences were found for any of the three color measurements as determined with a Hunter color difference meter for fresh meringues prepared with and without added stabilizer. Color of meringues which were held was not determined.
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A Research Note

A METHOD FOR THE DETERMINATION OF 5-HYDROXYMETHYL-2-FURALDEHYDE  
IN THE PRESENCE OF 2-FURALDEHYDE (FURFURAL)

INTRODUCTION
MANY METHODS are available (Linko, 1961; Moye, 1964) for the determination of 5-hy droxymethyl-2-furaldehyde (5-HMF); however, in many foods the occurrence of 2-furaldehyde interferes with the spectrophotometric measurements. Linko (1961) overcame this interference by employing two different color reactions: one with a reagent to which both compounds responded and another which was specific for 2-furaldehyde. Recently Jacin et al. (1968) determined5-HMF by gas chromatographic analysis of its trimethylsilyl derivative.During the course of our studies on the carbonyl intermediates of the Mail- lard reaction we developed a simple technique for the simultaneous assay of both2-furaldehyde and 5-HMF. The two aldehydes are first converted to their 2,4-dini- trophenylhydrazones, which are then extracted and chromatographed on silica gel plates. The respective spot areas are measured and the concentrations determined by the method of Purdy and Truter (1962).

METHODS
PRODUCTS of the Maillard reaction include 
both 2-furaldehyde and 5-HMF. The reaction 
m ixture was extracted with cyclohexanone 
which was then removed under reduced pres
sure at 40°C. The extract was treated with an 
excess o f 2,4-dinitrophenylhydrazine reagent in 
aqueous hydrochloric acid (400 mg in 500 ml 
distilled water and 40 ml concentrated HC1). 
After standing for 2 h r the hydrazones were 
extracted in to  ethyl acetate and the solvent re
moved under reduced pressure. The extract was 
dissolved in a measured volume o f a m ixture of 
tetrahydrofuran/ethyl acetate (1:2, v/v) and 
spotted onto a precoated silica gel plate (E. 
Merck A. G.) by means o f a micro-pipette 
(Camag Inc.). Standard solutions o f the
2,4-DNP’s o f the two aldehydes are chrom ato
graphed on the same plate. The developing sol
vent was toluene/ethyl acetate/buty l acetate 
(5 :4 :2  v/v). The mean Rj- values o f 2-furalde
hyde and 5-HMF were 0.67 and 0.24 respective-

1 Perm anent address: Ceylon Institute of Sci
entific and Industrial Research, (CISIR) Colom
bo 7, Ceylon.

F i g .  1 — V a r i a t i o n  o f  c o n c e n t r a t i o n  o f  5 - H M F  

w i t h  t h e  s q u a r e  r o o t  o f  t h e  s p o t  a r e a  f o r  

t h e  r a n g e  5 — 3 0  p g ,  u s i n g  p r e c o a t e d  a n a l y t i c a l  

( 2 5 0  p )  p l a t e s .

ly when the distance traveled by the solvent 
front was 15 cm. Precautions outlined previ
ously for quantitative TLC based on spot 
area measurements (Purdy and Truter, 1962; 
Senanayake and Wijesekera, 1968) were ob
served. The developed plate was placed on a 
light-box and the illuminated outline o f each 
spot was traced onto millimeter graph paper. 
The squares within each outline were counted 
with the aid o f a flash-magnifier.

RESULTS & DISCUSSION
QUANTITIES WITHIN the range 5-30 /ig of both 2-furaldehyde and 5-HMF could be assayed on precoated analytical plates of 250/i thickness (Fig. 1) while larger amounts (30—80 jug) were best assayed on the thicker (500/f) preparative plates (Fig. 2). Plates prepared in the laboratory could also be used but the results were not as consistent. Both aldehydes could be assayed on a single plate. However, it is preferable that standards containing equal quantities of each aldehyde be chromatographed together. A minimum of 3 or 4 standards within the appropriate range were chromatographed together with duplicates of the unknown solutions. Good recoveries (83—94%) were obtained when known amounts of5-HMF were added to the products of a Maillard reaction prior to extraction with

F i g .  2 — V a r i a t i o n  o f  c o n c e n t r a t i o n  o f  5 - H M F  

w i t h  t h e  s q u a r e  r o o t  o f  t h e  s p o t  a r e a  f o r  t h e  

r a n g e  2 0 — 1 2 0  p g ,  u s i n g  p r e c o a t e d  p r e p a r a t i v e  

( 5 0 0  p i  p l a t e s .

cyclohexanone. The method assumes that the conversion of the aldehydes to their2,4-DNP’s occurs stoichiometrically. The method is simple, requires no elaborate equipment and is suitable for multiple assays.
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“ w e  h a v e  r e d u c e d  m i s t a k e s  

a n d  i m p r o v e d  a c c u r a c y  

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

t h e  D I S C  I n t e g r a t o r / P r i n t e r ”

And the writer* goes on to say, “the D isc  system  
saves enough tim e in calculation that we d o  n o t have to  
train one addition al assistan t during p ea k  season  of use."

That is precisely what the DISC Integrator/Printer system is supposed to do for any quantitative chromatographic analyses —  reduce errors, improve accuracy, and save operators’ time. Tedious, manual area calculations are eliminated forever. The DISC Integrator

automatically calculates peak areas, the Disc Printer provides a digital readout of each peak area value.How simple! And how accurate —  ±0.1 % . And how inexpensive —  the entire system will interface with any recorder, old or new, for only $ 1570.00.
Send today for a complete data file on the DISC Integrator and Printer.

*D. W. Ingalsbe, Technical Director of Ermey 
Vineyards, Inc., Wapato, Washington. The DISC 
Integrator/Printer system is used at Ermey Vineyards in the 
analysis of essential oils and fruit juice concentrates. D I S C

Disc Instruments, Inc.
2701 S. H alladay St., Santa Ana, Calif. 92705 
Phone (714) 549-0343 • TW X 714-546-0434
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