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A B S T R A C T S  :
I N  T H I S  I S S U E

FORMATION OF At-SUBSTITUTED PYRROLE-2-ALDEHYDES IN THE BROWN
ING REACTION BETWEEN D-XYLOSE AND AMINO COMPOUNDS.
H. KATO & M. FUJIMAKI. J . F o o d  S c i. 33, 445 -4 4 9  (1968)-From  the 
reaction mixture of D-xylose and selected amino acid w ere isolated the 
following iV-substituted pyrrole-2-aldehydes as methyl ester of 2,4-dinitro- 
phenylhydrazone, respectively: (2-formylpyrrol-l-yl)acetic acid from gly
cine, 3-(2-formylpyrrol-1-yl)propionic acid from /3-alanine, and 2-(2- 
formylpyrrol-l-yl)-4-methyl-valeric acid from L-leucine. The extent of 
pyrrolealdehyde formation from D-xylose and selected alkylamine or 
amino acid was in the following order which corresponded to the extent 
of melanoidin formation: M-butylamine >  methylamine, /3-alanine >  
glycine >  DL-alanine.

ESSENTIAL AMINO ACID COMPOSITION OF CHICKEN MEAT AND 
DRIP AFTER 30 AND 90 DAYS OF FROZEN STORAGE. E. J.
WLADYKA & L. E. DAWSON. J . F o o d  S c i .  33, 453^155 (1968)—Light 
and dark chicken meat from heavy hens was frozen, stored for 30 and 
90 days, thaw ed, and drip was collected. Amino acid composition in 
dark and light meat drip from each was determ ined. Percentage of 
the essential amino acids in both dark and light meat decreased during 
frozen storage, and concentration of amino acids in the drip from each 
meat increased with storage time. Larger quantities of the essential 
amino acids were detected in the drip from light meat than from dark 
meat after both periods of storage. Concentration of each amino acid, as 
a percentage of the total amino acids, was similar in meat and drip.

RELATIONSHIPS AMONG SHEAR VALUES, SARCOMERE LENGTHS AND 
COOLING PROCEDURES IN TURKEYS. J. L. WELBOURN, R. B. HARRING
TON & W. J. STADELMAN. J. F o o d  S c i .  33, 450-452  (1968)—The chilling 
procedure treatm ents of 16°C, 1 6 -8 -0°C  and 0°C  exerted a significant 
effect only on the shear value of the turkey thigh muscle. The 0°C  
treatm ent resulted in the highest shear values. Significant differences in 
shear values w ere also observed between right and left thighs, and thigh 
muscles of hens and toms. Breast muscle of the toms was significantly 
higher. The outer slice of breast muscle also had a significantly higher 
shear value than other slices. Sarcomere lengths decreased with decreasing 
tem perature, but not significantly. Correlations were not significant be 
tween shear values of breast and thigh muscles, or between shear values 
and sarcomere lengths.

COMPARISON OF SARCOMERE LENGTH TO OTHER PREDICTORS OF 
BEEF TENDERNESS. R. D. HOWARD & M. D. JUDGE. / .  F o o d  S c i .  33, 
456-460  (1968)—Sarcomere length in the longissimus dorsi muscles of 
20 bovine animals was compared to other variables in predicting ten d er
ness. The sarcomere length of a single muscle sample was of little value 
in predicting tenderness if certain carcass param eters w ere known. 
However, similar measurements taken at several locations across the cross 
section of the muscles showed that very small differences in contraction 
state were associated with marked differences in tenderness in restricted 
muscle areas. The study emphasized the importance of post-rigor con
tracture to tenderness but indicated that several estimates are necessary 
to characterize a single muscle.

ARBUTIN AND A RELATED GLUCOSIDE IN IMMATURE PEAR FRUIT.
A. B. DURKEE, F. B. JOHNSTON, P. A. THIVIERGE & P. A. POAPST. 
J . F o o d  S c i .  33, 461-463  (1968)—Arbutin (p-hydroxyphenyl-/3-D-gluco- 
side) was separated from other phenols in an extract of immature fruit 
of P y r i t s  c.v. Kieffer by preparative paper chrom atography and isolated 
as the penta-acetyl derivative. A monoacetylarbutin (p-hydroxyphenyl-
6-0-acetyl-/3-D-glucoside) was identified in the same pear extract. In 
addition, arbutin was found in both mature and immature pears, but at 
much higher levels in the immature fruit.

MICROSCOPIC CHARACTERISTICS OF COOKED MUSCLES SUBJECTED 
TO STRETCH-TENSION DURING RIGOR. E. M. BUCK & D. L. BLACK. 
/ .  F o o d  S c i .  33, 464-467  (1968)—Few consistent relationships between 
histological structure at the shearing site and shear force values w ere 
observed. Sections prepared  from control samples exhibited significantly 
greater total amounts of perimysial connective tissue than sections p re 
pared from stretched samples. Stretched sections tended  to show greater 
amounts of perimysial tissue denaturation as indicated by deg ree  of 
tissue granulation. A mechanical thinning of connective tissues due to 
stretching may account for a portion of the increased tenderness previ
ously reported for stretched muscle samples.

PHOTOMICROGRAPHIC STUDIES OF DYNAMIC CHANGES IN MUSCLE 
FIBER FRAGMENTS. 1. Effect of Various Heat Treatments on Length, 
Width and Birefringence. R. L. HOSTETLER & W. A. LANDMANN. / .  F o o d  
S c i . ,  33, 468^470 (1968)—Photomicrographs w ere made of muscle fiber 
fragments as the stage of the microscope was heated from room tem pera
ture to 80°C , or as fibers w ere held at 37, 45, 53, 61, 69, or 77°C  on 
the heated stage for an hour. The possible relationship of changes in 
width, length and in birefringence brought about by heating to loss 
of moisture, water-holding properties, loss of acidic groups, and changes 
in tenderness are discussed. Changes in width appeared  to be related 
to changes in water-holding capacity. Changes in length and loss of 
birefringence were related to loss of acidic groups, to  coagulation of 
proteins, to volume change in cooked meat, and to changes in tenderness.

QUANTITATIVE METHODS FOR ANTHOCYANINS. 4. Determination of 
Individual Anthocyanins in Cranberry and Cranberry Products. T. FULEKI &
F. J. FRANCIS. J . F o o d  S c i .  33, 471—478 (1968)—The ratio of individual 
anthocyanins was determined by separating the purified pigments on 
paper and measuring their relative quantities densitometrically. The 
densitométrie response followed Beer's law and the difference in attenu- 
ancy between the four major cranberry anthocyanins was negligible. The 
amount of each anthocyanin was calculated from the total anthocyanin 
content and from the ratio of individual anthocyanins. The reproducibility 
of the method (coefficient of variation) was established as 6% for the 
arabinosides and 4 to 5% for the galactosides.
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I N  T H I S  I S S U E

FOOD VOLATILES: GAS CHROMATOGRAPHIC DETERMINATION OF 
PART TION COEFFICIENTS IN WATER-LIPID SYSTEMS. P. E. NELSON & 
J. E HOFF. / .  F o o d  S c i. 33, 479—482 (1968)—the distribution of volatile 
solutes between two immiscible solvents was determ ined gas chromato- 
graphically. The procedure takes advantage of the relationship that exists 
between the partition coefficient and Henry's constants of the solute in 
the tv/o separate solvent systems. Effects of salting-out and of tem perature 
on -he partial pressure of volatiles in dilute solutions were studied. The 
results may be utilized to quantify food volatiles in operations involving 
extraction and gas stripping prior to analysis.

INTENSITY-CONCENTRATION RELATIONSHIPS FOR SUGAR AND SALT 
SOLUTIONS. JOAN GORDON. J. F o o d  S c i .  33, 483-487  (1968)— 
Intensity of sweetness or saltiness was examined as a function of con
centration and logarithm of concentration in solutions of sugar and salt 
in w ater and orange or tomato juice. No clear-cut basis for choosing 
between functions em erged, and the sources of such equivocalness in 
experimental situations are discussed.

LIMONIN MONOLACTONE, THE NONBITTER PRECURSOR RESPONSIBLE 
FOF: DELAYED BITTERNESS IN CERTAIN CITRUS JUICES. V. P. MAIER &
G. D BEVERLY. / .  F o o d  S c i. 33, 488—492 (1968)—Tissues of early-season 
navel oranges and grapefruit were found by paper electrophoretic pro
cedures to contain a nonbitter precursor of limonin, but no significant 
amounts of limonin. Limonin is the intensely bitter triterpenoid dilactone 
respcnsible for the bitterness which develops in certain navel orange 
juices on standing. The nonbitter precursor was identified as limonin mono
lactone by comparison with the authentic compound prepared  by partial 
hydrolysis of limonin and by acid-catalyzed conversion of the natural 
compound into limonin. Limonin monolactone is stable in the tissues of 
intact fruit (which are not bitter) because it is apparently not in direct 
con-act with the acidic juice. It slowly converts into limonin (and the 
juice becomes bitter) when fruit tissues come in contact with the juice, 
after the juice is expressed from the fruit.

SALTING AND DRYING FISH. 3. Diffusion of W ater. F. R. DEL VALLE 
& J. T. R. NICKERSON. / .  F o o d  S c i. 33, 499-503  (1968)-Tw o distinct 
phases, each with a Fickian diffusion coefficient, were found in the 
falling rate period. The diffusion coefficient for the first phase was 
greater than that for the second in all cases. It increased, passed through 
a maximum and then decreased with degree  of salting, and was directly 
correlated with degree  of muscle hydration. Variations in diffusion 

_,coeJficient due to deg ree  of salting and addition of acid, base, and 
phosphate are explained by the hydration-dependence of the coefficient. 
Temperature variation of both coefficients was not great.

CALCIUM AND OXALATE IONS EFFECT ON THE TEXTURE OF CANNED 
APRICOTS. A. A. MOHAMMADZADEH-KHAYAT & B. S. LUH. / .  F o o d  
S c i. 33, 493—498 (1968)—Softening of canned apricots was accompanied 
by increase in soluble pectin and syrup viscosity. Calcium ions have the 
ability to decrease, to some extent, the movement of pectic material 
from the fruit to the syrup. A dded oxalate ions removed calcium from 
pectin in the cell wall, causing an increase in water-soluble pectin in the 
syrup and softening of texture. Low potassium in the fruit seems to be 
related to low pH in the cell sap, causing hydrolysis of pectic materials 
through hydronium ion catalysis and softening during heat processing 
and storage.

PENETRATION GRADIENTS OF SODIUM NITRITE AND SODIUM TRI
POLYPHOSPHATE IN HADDOCK FILLETS. P. G. SCHEURER. / .  F o o d  S c i.  
33, 504-506  (1968)—Studies w ere carried out to determ ine the penetra
tion gradients of sodium nitrite, containing radioactive sodium 24, and 
sodium tripolyphosphate, containing mostly phosphorus 32 in addition to 
sodium 24. In a parallel experiment, the penetration of sodium nitrite 
was also determined colorimetrically. Results on this technique compare 
closely with those obtained from the radiological method.

CO-DRIED CARBOHYDRATES EFFECT ON THE PERFORMANCE OF EGG 
YOLK SOLIDS. J. R. SCHULTZ, H. E. SNYDER & R. H. FORSYTHE. / .  
F o o d  S c i. 33, 507-513  (1968)—W hen egg yolk is dried and rehydrated, 
it loses its ability to form a stable foam. If sufficient carbohydrates are 
adced to the egg yolk before dehydration, much of the foaming ability 
is retained by the rehydrated yolk. Removal of water from plain dried 
yolk irreversibly changes the structure of the low-density lipoproteins 
anc foam-inhibiting free lipid is released from these lipoproteins. W hen 
yolk is co-dried with added carbohydrates, the carbohydrates partially 
protect the lipoproteins from this irreversible structural change.

HEAT DENATURATION OF THE OVOMUCIN-LYSOZYME ELECTROSTATIC 
COMPLEX-A SOURCE OF DAMAGE TO THE WHIPPING PROPERTIES OF 
PASTEURIZED EGG WHITE. J. A. GARIBALDI, J. W. DONOVAN, J. G.
DAVIS & S. L. CIMINO. / .  F o o d  S c i. 33, 514-524  (1 9 68)-H eat dénatura
tion of the ovomucin-lysozyme electrostatic complex results in dam age to 
the whipping properties of pasteurized egg white. The rate of change in 
the whipping properties is first order with respect to both ovomucin and 
lysozyme concentrations, and the rate increases with increasing pH and 
tem perature. The activation energy is 140 kcal at pH 7.5. Increase in 
ionic strength decreases the reaction rate. Removal of the product of the 
reaction, an irreversibly denatured ovomucin-lysozyme aggregate, restores 
whipping properties. The dénaturation reaction decreases the mechanical 
stability of the foam. A longer whipping time is then required to obtain 
a satisfactory meringue. W hipping aids compensate for, but do not 
reverse, the dénaturation.
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A B STR A C TS :
I N T H I S  I S S U E

ALCOHOLNAD OXIDOREDUCTASE (E.C. 1.1.1.1.) FROM PEAS. C. E.
ERIKSSON. J . F o o d  S c i. 33, 525-532  (1968)—The enzyme catalyzes the 
oxidation of the primary aliphatic alcohols, especially 2-alken-l-ols, e.g., 
trans-2-hexen-l-ol, under the conditions used. It also catalyzes the reduc
tion of aliphatic aldehydes, especially ethanal, hexanal, and unsaturated 
nonanals. The enzyme was used as a catalyst in experiments for determin
ing equilibrium constants and the calculation of the free energy change 
of some alcohol-aldehyde systems in the presence of oxidized and 
reduced coenzyme. On the basis of the equilibrium constants obtained, 
the composition of various alcohol-aldehyde mixtures were calculated for 
different NADTNADH ratios and different pH values.

GAMMA IRRADIATION AND ENRICHED CO, ATMOSPHERE STORAGE 
EFFECTS ON THE LIGHT-INDUCED GREENING OF POTATOES. R. ZIEG
LER, S. H. SCHANDERL & P. MARKAKIS. / .  F o o d  S c i .  33, 533 -5 3 5  (1 9 6 8 )-  
Upon illumination with 3,000 lux for periods up to 20 days while main
taining the atmosphere, all tubers developed some greening. The tubers 
exposed to 200 and 400 Krad were inhibited from greening to the 
highest deg ree  but suffered general quality loss. Fifty and 100 Krad 
caused a tem porary inhibition of greening. The chlorophyll content of the 
lots treated  with these two levels approached that of the controls after 
about 12 days of illumination. The levels of 10 to 20 Krad, which are 
suitable for the sprout inhibition of potatoes, did not cause significant 
inhibition of greening under any of the conditions of this experiment.

TOLERANCE OF BACTERIA FOR QUATERNARY AMMONIUM COM
POUNDS. P. R. SOPREY & R. B. MAXCY. / .  F o o d  S c i. 33, 536-540  (1968) 
—W hen grown in gradient concentrations of quaternary ammonium com
pound, bacteria gained increasing tolerance, which resulted in more fre
quent occurrence of individual cells at the plateau of maximum tolerance. 
A similar, but reverse, pattern appeared  with the loss of tolerance. 
P se u d o m o n a s  f lu o r e sc e n s  gained tolerance more rapidly and to a higher 
level than E s c h e r ic h ia  co li. The adapted cells were more resistant to 
quaternary ammonium compounds at low concentrations in germicidal 
effectiveness tests, but at levels of standard sanitizing recommendations 
there  was no difference between the normal and the adapted  cultures.

GAMMA IRRADIATION INFLUENCE ON THE STORAGE AND NUTRI
TIONAL QUALITY OF MUSHROOMS. J. D. CAMPBELL, S. STOTHERS, M. 
VAISEY & B. BERCK. J . F o o d  S c i .  33, 540-542  (1968)-G am m a irradia
tion of 100 krad markedly inhibits growth of freshly harvested mush
rooms, as measured by the small num ber of broken veils. This could 
significantly increase storage life of mushrooms even under suboptimal 
conditions. Hedonic scores indicated that treated  mushrooms would be 
acceptable, although untreated mushrooms were preferred. The respira
tion of the irradiated mushrooms accelerated up to three days after *" 
treatm ent, and then decelerated markedly. Diets that included 20% 
of irradiated mushrooms were fed to  mice during late pregnancy and 
lactation, with no signicant effect on weight of the offspring.

INTESTINAL FLORA AND CHICKEN FLAVOR. N. D. HARRIS, D. H. 
STRONG & M. L. SUNDE. / .  F o o d  S c i. 33, 5 4 3 - 5 4 7  (1968)-C hickens, 
including those reared under germ free, gnotobiotic (in contact only with 
C lo s tr id iu m  p e r fr in g e n s , E s c h e r ic h ia  co li, and S tr e p to c o c c u s  fa e c a lis ) 
or conventional conditions were compared for flavor, utilizing the triangle 
taste testing technique. The results of these tests indicated a highly sig

n ifican t difference between the flavor of cooked meat from chickens 
reared under germ free conditions and those reared in the conventional 
manner. Less pronounced flavor differences existed between gnotobiotic 
birds and conventionally reared birds. No significant difference was 
evident between birds grown under gnotobiotic conditions and those 
grown under germfree conditions.

BIOLOGICAL DEGRADATION OF CHLOROPHYLL IN A SYSTEM USING 
BELL PEPPERS (C a p s ic u m  fr u te s c e n s ) .  R. F. McFEETERS & S. H. SCHAN
DERL. / .  F o o d  S c i .  33, 547-553  (1968)—A degradation system was devel
oped based on the incorporation of radioactive chlorophyll into Bell pep 
pers (C a p s ic u m  f r u te s c e n s ) .  “ C-labeled chlorophyll a  was prepared  and 
injected into ripening carpels for different periods of time. The distribu
tion of radioactivity into three fractions prepared  by extraction w a s*• 
established. Preliminary chromatography of two fractions did not permit 
isolation of radioactive products. The system developed provides a tool 
for further studies of the biological degradation of chlorophyll. Labeling 
facilitates isolation, identification, and establishment of origin of small 
amounts of breakdown products.
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HIROMICHI KATO and MASAO FUJIMAKI
Department of Agricultural Chemistry, The University of Tokyo, To\yo

F o r m a t i o n  o f  N - S u b s t i t u t e d  P y r r o l e - 2 - A l d e h y d e s  in  t h e  B r o w n i n g  R e a c t i o n

B e t w e e n  D - X y l o s e  a n d  A m i n o  C o m p o u n d s

SUMMARY—The formation of TV-substituted pyrrole-2-alde- 
hydes in the browning reaction between D-xylose and selected 
amino acids was investigated.

In order to facilitate the separation of the reaction products, 
the carbonyl compounds formed in the browning solution 
were converted into 2,4-dinitrophenylhydrazones (2,4-DNPs) 
and then esterified with diazomethane. Isolation of the esteri- 
fied 2,4-DNP was accomplished by column chromatography 
with alumina. Chemical structures of the isolated 2,4-DNPs 
were confirmed by elementary analyses, ultraviolet and visible 
absorption spectra, and nuclear magnetic resonance spectra.

The following TV-substituted pyrrole-2-aldehydes were iso
lated as methyl ester of 2,4-DNP, respectively: (2-formylpyrrol- 
l-yl)acetic acid from the reaction mixture of D-xylose and 
glycine, 3-(2-formylpyrrol-l-yl)propionic acid from /3-alanine, 
and 2-(2-formylpyrrol-l-yl)-4-methyl-valeric acid from L-leucine.

The extent of pyrrolealdehyde formation from D-xylose and 
selected alkylamine or amino acid was in the following order 
which corresponded to the extent of melanoidin formation: 
n-butylamine >  methylamine, ¿3-alanine >  glycine >  DL- 
alanine. TV-substituted pyrrole-2-aldehyde was rather stable 
and was not considered to be an important Intermediate of 
melanoidins. However, some correlationships between the 
formation of pyrrolealdehyde and that of melanoidins were 
demonstrated and discussed.

I N T R O D U C T I O N

3 - D e o x y o s u l o s e s  (3-deoxyosones) have proved to be 
an important intermediate in non-enzymic browning reac
tion between aldoses and amino compounds (Kato, 1960 ; 
Anet, 1960; McWeeny et al., 1963).

Under acidic condition, 3-deoxyhexosuloses easily de
compose to 3,4-dideoxyhexosulos-3-enes and 5-hydroxy- 
methyl-2-furaldehyde (Anet, 1961, 1962). But, in neutral 
solution, the formation of furaldehyde from 3-deoxyosulose 
would be limited to a small amount, if any, and, in the 
presence of amino compounds, 3-deoxyosulose forms mela
noidins (Kato, 1960).

Some investigators showed that 5-hydroxymethyl-2- 
furaldehyde or 2 -furaldehyde was not the major interme
diate in melanoidin formation (Kato, 1959, 1963a; Mc
Weeny et al., 1963 ; Burton et al., 1963; Song et al., 1966a; 
Song et al., 1966b).

Kato (1967) isolated a new product, N-alkyl-pyrrole-2- 
aldehyde as its 2 ,4 -dinitrophenylhydrazone (2,4-DNP) 
from the reaction mixture of D-xylose or 3-deoxy-D- 
pentosulose (3-D P) with alkylamine such as methylamine 
or M-butylamine heated at 55 to 100°C in aqueous or 
methanol solution neutralized with acetic acid. In addition, 
Kato (1967) also reported that, in the reaction mixture 
of L-rhamnose with M-butylamine was produced the corre
sp o n d in g  pyrrolealdehyde, l-n-butyl-5-methyl-pyrrole-2- 
aldehyde; D-glucose, on the contrary, under the same

reacting condition, did not form any detectable amount of 
the corresponding pyrrole-aldehyde. However, effect of 
iV-substituted pyrrole-2-aldehyde described above on mela
noidin formation is not yet clear.

In  the present investigation the reactions between D- 
xylose and several amino acids instead of alkylamines were 
examined and the formation of the corresponding pyrrole
aldehyde was established. TV-Substituted pyrrole-2-alde- 
hyde was not so unstable, indicating that it is not the major 
intermediate of melanoidins, but some correlationships be
tween the formation of pyrrolealdehyde and that of mela
noidins were demonstrated and discussed.

E X P E R IM E N T A L
M e l t i n g  p o i n t s  were uncorrected. Ultraviolet and 

visible absorption spectra were recorded with a Hitachi 
recording spectrophotometer Model EPS-3T. Nuclear 
magnetic resonance (N M R ) spectra were recorded with 
a JNM -4H-100 spectrometer in deuteriochloroform or 
nitrobenzene with tetramethylsilane as an internal standard.

I s o la t io n  o f  ( 2 - f o r m y l p y r r o l - l - y O a c e t i c  a c id

D-Xylose (15 g ), glycine (7.5 g) and sodium bicar
bonate (0.84 g) were dissolved in water (50 ml) and the 
solution (initial pH  6.5) was heated in boiling water for 
1 hr. The carbonyl compounds formed in the resulted 
brown solution were reacted with reagent of 2,4-dinitro- 
phenylhydrazine (2.0 g) (Shriner et al., 1956) at room 
temperature for 2  hr.

The precipitate of 2,4-DNP (2.0 g) was filtered with 
suction, washed with water, then dried. This was suspended 
in tetrahydrofuran (30 m l), and to the suspension was 
added ether solution (30 ml) of diazomethane (ca. 0.5 g) 
(DeBoer et al., 1956) and the mixture was allowed to 
stand at room temperature (ca. 20°C) for 2 days.

Under the condition indicated, 3-deoxypentosulose bis-
2,4-DNP (Kato, 1960, 1962) decomposed in a significant 
rate; IV-M-butylpyrrole-2-aldehyde 2,4-DNP, on the con
trary, was fairly stable. Consequently, 2,4-DNPs of 
IV-substituted pyrrole-2-aldehydes would be generally con
sidered to be stable under the condition. Then, the reacted 
mixture given above was evaporated under reduced pres
sure and dried. The residue was extracted with hot 
benzene, filtered, and the filtrate was passed through a 
column of acid-treated alumina (M erck & Co., 40 g) 
(Kato, 1963b) to adsorb 2,4-DNP, followed by develop
ment with benzene—ethyl acetate (19:1 v /v ).

The second eluted brown band was collected, evaporated, 
and rechromatographed by the same procedure to give 
crystalline residue. Recrystallization from benzene—petro
leum ether yielded 35 mg of dark-red needles, methyl ester
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of (2-formylpyrrol-l-yl)acetic acid 2,4-DNP, m.p. 224~ 
225°C ; 309 («, 8,520), 406 (*, 26,900). Anal.
Calcd. for C 1 4 H 1 3 N 5 O 6 : C, 48.42; H , 3.77; N, 20.17. 
Found: C, 48.42; H , 3.91; N, 19.85%.

I s o la t io n  o f  3 - ( 2 - f o r m y l p y r r o l - l  - y l l p r o p io n ic  a c id

D-Xylose (15 g ), /3-alanine (8.9 g ), and sodium bicar
bonate (0.84 g) were dissolved in water (50 ml) and the 
solution was heated in boiling water for 1 hr. After 
esterification of the precipitate of 2,4-DNP (3.6 g) with 
diazomethane as described above, chromatography was 
carried out on a column of alumina (Merck & Co., 50 g). 
At least four bands were separated by development with 
benzene—ethyl acetate (19:1 v /v ) and the main band 
was collected and rechromatographed.

The crystals thus obtained were washed with benzene— 
petroleum ether and dried to give 8 8  mg of purple needles, 
methyl ester of 3 -(2-formylpyrrol-l-yl)propionic acid 2,4- 
D N P, m.p. 184~186°C; 309 (e, 8,540), 406 mp
(e, 28,500). Anal. Calcd. for C1 5 H 1 5 N 5 O 6 : C, 49.86; H, 
4.18; N, 19.39. Found: C, 49.56; H , 3.92; N, 19.30%.

I s o l a t i o n  o f  2 - ( 2 - f o r m y l p y r r o I - T - y l ) - 4 - m e t h y l - v a l e r i c  a c id

D-Xylose (15 g ), L-leucine (13.1 g ), and sodium bi
carbonate (0.84 g) were suspended in water (230 ml) and 
heated in boiling water for 5 hr. During heating, brown 
precipitate was formed. The procedures for formation of
2,4-DNP (yield, 4.5 g ), esterification and chromatography 
were similar to the case of the reaction of D-xylose and 
glycine. Crude IV-substituted pyrrolealdehyde 2,4-DNP 
fraction (54 m g), crude isovaleraldehyde 2,4-DNP frac
tion (934 m g), and crude 2-furaldehyde 2,4-DNP fraction 
(55 mg) were separated. The crude pyrrolealdehyde 2,4- 
D N P fraction was purified by rechromatography and by 
recrystallization from benzene—petroleum ether. Pure 2,4- 
D N P of 2 -(2-form ylpyrrol-l-yl)-4-m ethyl-valeric acid 
methyl ester was isolated in the yield of 34 mg, orange 
needles, m.p. 158°C (shrunk at 155°C) ; A.^™1 3 1 0  (t, 
7,760), 406 m/x (e, 28,700). Anal. Calcd. for Ci8H2iN 50 6: 
C, 53.59; H, 5.25; N, 17.36. Found: C, 53.81; H , 5.05; 
N, 17.14%.

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

Solution of D-xylose (2 or 0.5 M ) and methylamine 
(2 or 0.5 M )  neutralized with acetic acid was heated at 
100°C, and to the resulted brown solution was added 2,4- 
dinitrophenylhydrazine reagent (Shriner et al., 1956). 
After 2 hr at room temperature, the precipitate of 2, 4- 
D N P was filtered on a filter paper, washed with water and 
50% ethanol, then dried. The 2,4-DNPs thus obtained 
were dissolved in ethyl acetate or/and tetrahydrofuran 
through the above filter paper, and filled up to 50 ml. 2,4- 
D N Ps of both 3-DP and iV-methylpyrrole-2-aldehyde in 
this solution were determined by the following procedure. 
The solution of 2,4-DNPs given above was spotted on a 
Toyo Chromatosheet (3 X 10 cm, polyethylene film coated 
with silica gel, Toyo Kagaku-sangyo Co., Ltd., Tokyo) by 
the aid of micropipet ( 0 . 0 1  m l), and developed with ben
zene—ethyl acetate (2 :1  v /v ). The developed thin layer 
chromatogram was recorded with Densicord Model 542 
(Photovolt Corporation) with 420 mg filter. The part of

the corresponding absorption peak of the recorded paper 
was cut, weighed, and calculated from the standard curve 
of the authentic sample submitted to the similar procedure.

RESULTS A N D  DISCUSSION

I s o la t io n  o f  2 , 4 - D N P s  o f  A J - s u b s t i t u t e d  p y r r o l e - 2 - a l d e h y d e s

Three amino acids, glycine which has the simplest struc
ture, /3-alanine which has a tu-amino group, and L-leucine, 
were selected and reacted with D-xylose in aqueous solu
tion adjusted to initial pFl 6.5 with sodium bicarbonate at 
100°C, respectively. After heating, carbonyl compounds 
formed in the resulted brown mixture were converted into
2,4-DNPs. In case of amino acid, the IV-substituted pyr
rolealdehyde, which is expected to be formed, should have 
a carboxyl group in the Al-substituted group.

In  order to facilitate separation of the 2,4-DNP by col
umn chromatography, the mixture of 2,4-DNPs obtained 
was treated with ether solution of diazomethane to convert 
carboxylic acid into its methyl ester. Thin layer chromato
grams of the mixture of 2,4-DNPs before and after treat
ment with diazomethane were shown in Fig. 1. After 
esterification, a characteristic brown spot appeared respec
tively. Isolation of the .esterified 2,4-DNP was accom
plished by adsorption chromatography on a column of 
alumina or acid-treated alumina (Kato, 1963b). By 
this procedure, the following 2,4-DNPs were isolated : 
C1 4 H 1 3 N 5 O 6 , 2,4-DNP of I I I  in Fig. 2, dark-red needles,
m.p. 224~225°C, from the reaction mixture of D-xylose 
and glycine ; C1 5 H 1 5 N 5 O 6 , 2,4-DNP of IV  in Fig. 2, pur
ple needles, m.p. 184~186°C, from /3-alanine; and
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B r o w n  s p o t

Fig. 1. Thin layer chromatograms of 2,4-DNPs of carbonyl com
pounds formed by the reaction between D-xylose and amino acid in 
aqueous solution (initial pH 6.5) before and after methylation with 
diazomethane. Thin layer plates coated with Silica Gel G according 
to Stahl were developed with benzene—ethyl acetate (19:1 v /v ).

A: D-xylose and glycine, at 100°C for 1 hr.
B : D-xylose and (3-alanine, at 100° C for 1 hr.
C: D-xylose and L-leucine, at 100° C for 5 hr.
I : Before treatment with diazomethane.
II: After treatment with diazomethane.
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R =  I: C H 3C H 2C H 2C H 2- 
II: c a -  

I I I:  CFL-
I

C O O C H 3 
IV : CHoCHa-

COOCHa
V: C H 3C H C H 2C H -

C H 2 COOCHa 
V : C H 3C H C H 2C H -

Fig. 2. Structure of N -substituted pyrrole-2-aldehydes isolated.

C1 8 H 2 1 N 5 O 6 , 2,4-DNP of V in Fig. 2, orange needles, 
m.p. 158°C, from L-leucine.

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 s  o f  p y r r o l e a l d e h y d e s  i s o l a t e d

Ultraviolet and visible absorption spectra of 2,4-DNPs 
of III, IV and V  were given in Fig. 3. All these deriva
tives showed absorption peaks at 309~310 and 406 mg.

As described in the previous paper (Kato, 1967),
2,4-DNP of N-w-butyl- or lV-methyl-pyrrole-2-aldehyde 
(I or II  in Fig. 2) also showed absorption peaks at 308~ 
309 and 407 mg. Accordingly, ultraviolet and visible ab
sorption spectra of these derivatives (2,4-DNPs of I to V) 
are very close, indicating that these are compounds of 
analogous series.

W ith a view to confirming the structures, NM R spectra 
of 2,4- D N Ps of III  and V were recorded (Fig. 4 ). From 
the results of examination of the spectra, it was considered 
that their structures corresponded to N-substituted pyrrole-
2 -aldehyde formed from the parent amino acid respectively.

Summarizing the facts described above, it was concluded 
that I I I  was methyl ester of (2-formylpyrrol-l-yl) acetic 
acid, IV  was methyl ester of 3 -(2-form ylpyrrol-l-yl)pro
pionic acid, and V  was methyl ester of 2-(2-formyl-pyrrol- 
l-yl)-4-methyl-valeric acid (Fig. 2).

Fig. 4. NMR spectra (100 Me) of N-substituted pyrrole-2-alde- 
hyde 2,4-DNPs.

A: 2,4-DNP of III in nitrobenzene. N -substituted group: 
—CHtCOOCH,.

B : 2,4-DNP of V in CDCU. Pi-substituted group:
- C H -C H .-C H -C H ,

1 \
COOCHa C H S

Fig. 3. Ultraviolet and visible absorption spectra of Pi-substituted 
pyrrole-2-aldehyde 2,4-DNPs in ethanol.

A : 2,4-DNP of III, 1.055 mg/100 ml.
B: 2,4-DNP of IV, 0.985 mg/100 ml.
C: 2,4-DNP of V, 1.049 mg/100 ml.

C o m p a r i s o n  o f  b r o w n in g  r a t e  a n d  y i e ld  o f  p y r r o l e a l d e h y d e

As amino compounds, w-butylamine, methylamine, gly
cine, /3-alanine, and DL-alanine were used, and color in
tensity and yield of pyrrolealdehyde in the reaction with 
D-xylose were compared. Amino compound (0.1 mole) 
was dissolved in water (50 ml) and adjusted to pH  6.5 
with acetic acid or sodium bicarbonate, and then D-xylose 
(0.1 mole) was dissolved into the solution. After heating 
at 100°C for 1 hr, the corresponding IV-substituted pyrrole-
2-aldehyde 2,4-DNP was isolated. In  the case of w-butyl
amine or methylamine, the isolation procedure described 
in the previous paper (Kato, 1967) was carried out. In 
the case of DL-alanine, corresponding crude 2,4-DNP 
was separated but further purification was not accom
plished.

The results were shown in Table 1. The yield of pyrrole
aldehyde was in the following o rd e r: w-butylamine >  
methylamine, /3-alanine >  glycine >  DL-alanine. Color 
intensity (optical density at 470 mg) was also in the same 
order. These facts indicate that ai-amino group attached 
to longer carbon chain has stronger reactivity, and that 
carboxyl group inhibits the reaction especially in the case 
of a-amino acid.
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T a b le  1. C om p arison  o f brow n in g  (c o lo r  in te n s ity )  and y ield  o f iV -substitu ted  p y rro le -2 - 
aldehyde.

Amino compound reacted1
O.D. at 470 m¡1 

X dilution
Structure of pyrrolealdehyde isolated

Yield
2,4-DNP

(mg)
freealdehyde(mmole)

n -B u ty la m in e 2 562 i 277 0.83
M e th y la m in e 2 400 i i 83 0.29
/3-A lan in e 420 I V 883 0.24
G lycine 264 h i 35 8 0.10
D L -A la n in e 113 / 25 *•* /

1 D -X y lo s e  (0 .1  m o le ) , am ino com pound (0 .1  m o le ) , and sodium  bicarbo n ate  (0 .8 4  g )  w ere 
d issolved  in  w ater (SO m l)  (in itia l p H  6 .5 )  and heated  in  bo ilin g  w ater fo r  1 h r.

2 N eu tra lized  w ith ace tic  acid  (0 .1  m o le ) .
3 Iso la ted  as m eth yl ester.
4 Crude pow der n o t subm itted  to  fu rth e r p u rification .

C h a n g e  o f  p y r r o l e a l d e h y d e  d u r i n g  h e a t i n g

D-Xylose (2 M )  and methylamine (2 M )  in aqueous 
solution neutralized with acetic acid (initial pH 6.5) were 
heated at 100°C. Changes of optical density (470 m/7),
3-DP, and fV-methylpyrrole-2-aldehyde ( I I )  during heat
ing were investigated (Fig. 5). Determinations of 3-DP 
and II were carried out by densitometry of thin layer 
chromatograms of their 2,4-DNPs. 3-DP, an intermediate 
of melanoidin formation, decreased after only 15 min at 
100°C. As already reported (Kato, 1960), in the browning 
reaction of iV-n-butyl-D-xylosylamine and acetic acid in 
methanol, 3-DP reached the maximum amount after 7 min 
at 55°C. On the contrary, A/'-methylpyrrole-2-aldehyde
(I I )  was rather stable, although it decreased after longer 
heating time (2 h r) , indicating that II  is not the main 
intermediate of melanoidin formation.

P H  d e p e n d e n c y  o f  t h e  f o r m a t i o n  o f  p y r r o l e a l d e h y d e

Solution of D-xylose, methylamine, and acetic acid (each 
0.5 M ) was adjusted to each pH (range 2 to 8 ) with H Q  
or NaOH and heated at 100°C for 1 hr. Optical density

(470 m/z), 3-DP, and IV-methylpyrrole-2-aldehyde ( I I )  
were determined (Fig. 6 ). Formation peak of II  was 
around at pH  3.5 to 4.0. In the case of 3-DP, it was 
around at pH 4.0 to 4.5, but at higher pH, 3-DP would 
become more unstable to form melanoidins. At pH  2, 
neither II nor melanoidin was formed.

From the results shown in Fig. 6 , some correlationships 
among melanoidin, 3-DP, and pyrrolealdehyde were ex
pected.

C o r r e l a t i o n s h i p  b e t w e e n  f o r m a t i o n  o f  m e l a n o id in  a n d  

p y r r o l e a l d e h y d e

From the result in Fig. 5, pyrrolealdehyde was not con
sidered to be an important intermediate of melanoidin 
formation. However, from the results in Table 1 and 
Fig. 6 , formation reaction of melanoidins was considered 
to be closely connected with the formation of pyrrolealde
hyde. As shown in Fig. 1, 2-furaldehyde was formed in 
the cases of a-amino acids, glycine and L-leucine, from

h rs

Fig. 5. Changes of optical density (470 mg), 3-deoxypentosu- 
lose (3-DP), and N-methylpyrrole-2-aldehyde during heating 
(100°C) of D-xylose (2 M) and methylamine (2 M) in aqueous 
solution adjusted to pH 6.5 with acetic acid.

Fig. 6. Relation between pH and formation of melanoidins ( OD 
at 470 mg), 3-DP, and N-methylpyrrole-2-aldehyde. Aqueous solu
tion of D-xylose, methylamine, and acetic acid (each 0.5 M) was 
adjusted to each pH zvith HCl or NaOH and heated at 100°C for 1 hr.
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CHO CHO CHO
I I I

CO CO C =  N -  R
| I R-NH2 I

CH---------- » CH --------- * C H ------—> melanoidins
| || || (main product)

HCOH CH CH
I I I

CH,OH CHsOH CH-OH
3-DP 3,4-dideoxy- VI

pentosulos-3-ene

R
Fig. 7. Formation of 2-furaldehyde, N -substituted pyrrole-2-alde- 

hyde, and melanoidins from  3-DP and amino compound.

which both melanoidins and pyrrolealdehyde were formed 
in less amount; on the other hand, 2 -furaldehyde was not 
detected in the case of /6 -alanine, from which much mela
noidins and pyrrolealdehyde were formed (Table 1).

These facts indicate that 2-furaldehyde is a by-product 
in melanoidin formation. As discussed in the previous 
paper (Kato, 1967), the key reaction for pyrrolealdehyde 
formation is considered to be condensation of amino group 
to C-2 keto group of 3,4-dideoxypentosulos-3-ene. I t  is 
reasonable that «-amino group is more active for the con
densation reaction than the amino group of a-amino acid. 
If the condensation reaction should not occur, a part of
3,4-dideoxypentosulos-3-ene would form 2-furaldehyde, as 
observed in the case of glycine or L-leucine (Fig. 1). 
Therefore, the condensation product (V I in Fig. 7) is 
postulated to form both pyrrolealdehyde, a by-product, and 
melanoidins, the main product. These relationships were 
illustrated in Fig. 7. Song et al. (1966b) postulated that

such condensation product (V I) would form melanoidins
through polymerization.
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SUMMARY—Studies were conducted to determine the effect 
of different chilling procedures after slaughter on the tender
ness of the breast and thigh muscles of turkeys as measured 
by shear press values. Measuring sarcomere lengths deter
mined the effect of the chilling procedures on length of 
muscle fibrils and their correlation with shear press values. 
Three chilling treatments were used: (1) 16°C for three hr;
(2) 16°C for 45 min, 8°C for 45 min, and 0°C for 90 min; 
and (3) 0°C for 3 hr. The 0°C treatment for 3 hr resulted 
in a significant increase in shear press values for thigh muscle 
in both studies. Shear values also increased for breast 
muscle in the same 0°C treatment group, but not significantly.

Shear values for the left thigh muscle were significantly 
higher than for the right in Experiment I, while in Experiment 
II hens had significantly higher thigh shear values than toms.
In Experiment I with younger birds, shear values were sig
nificantly higher in the breast muscle of toms than in hens.
The surface slice of 3 slices of breast muscle had higher shear 
values in both experiments. Chilling treatments resulted in a 
progressive shortening of sarcomere lengths in breast and 
thigh muscles with decreasing temperature, and the sarcomere 
lengths were shorter for breast muscle than for thigh. No 
significant correlations were found between shear values of 
breast and thigh muscles, or between shear values and sarco
mere length.

I N T R O D U C T IO N

T h e r e  i s  r e a s o n  to believe that temperature changes 
of the chilling water in the poultry processing plant may 
affect the tenderness of the end product. In  present pro
cessing procedures, the freshly killed, plucked and evis
cerated birds are immersed directly into a chill tank of 
crushed ice and water (about 0°C to 4°C) which would 
probably result in maximum cold shortening. Locker et al.
(1963) described the phenomenon of cold shortening in 
isolated beef muscle with maximum shortening occurring 
at 2°C. In his work on isolated breast muscle of chickens 
and turkeys, Smith (1966) observed a cold shortening 
effect, with the shortening at about 0°C greater than at
14-16°C. Reportedly, Dr. Cook of the University of 
Sidney (Briskey et al., 1966) has also noticed cold short
ening in chicken breast muscle.

Shortening of muscle fibers has been related to tough
ness. Comments by B. B. Marsh and R. C. Cassens 
(Briskey et al., 1966) on this effect indicate that the extent 
of cold shortening has a very pronounced effect on muscle 
tenderness, and that various methods which cause muscles 
to shorten result in a substantial increase in toughness. 
Marsh et al. (1966) working with beef and lamb found 
there was excess toughening from intermediate amounts of 
shortening, while relatively tender meat resulted from 
low or very high shortening values.

Thus, there is reason to suspect that chilling proce

dure may influence the tenderness of poultry. Dodge et al.
(1960) suggested that the temperature of the aging me
dium effects rigor mortis and the level of tenderness of 
the breast muscle of poultry at a given time post-mortem. 
However, de Fremery et al. (1960) found no significant 
difference in shear values on intact breast muscle of poul
try aged at various temperatures between 0°C to 40°C. 
May et al. (1962) found that the breast muscle of 10-week- 
old chickens was significantly more tender at 0°C and 19°C 
over all periods of aging than at 37°C. There was no 
significant difference between aging temperatures for 72- 
week-old hens. Cooking was done in an electronic oven. 
I t  should be pointed out that most of the work on cold 
shortening has been done on excised muscle.

These studies were to determine the effect of different 
chilling procedures after slaughter on tenderness of the 
cooked turkey meat as measured by shear press values. 
A  second experiment allowed for a longer period between 
killing and chilling, because it was felt this would more 
closely follow commercial procedures. Sarcomere lengths 
were measured in the second study to determine the effect 
of the chilling procedures on length of muscle fibrils, and 
their correlation with shear press values.

PROCEDURE
E x p e r i m e n t  I

Seventy-two turkeys (equal number of young toms and 
hens), varying in age from 18-21 wk, were killed, evis
cerated and placed in a chilling treatment tank within 1 0  

min after slaughter. The 3 chilling treatments used 
throughout were: (1) 16°C for 3 h r; (2) 16°C for 45 
min, 8 °C for 45 min and 0°C for 90 min; and (3) 0°C 
for 3 hr. Equal numbers of birds were placed in the dif
ferent chilling treatments on a random basis. The turkeys 
were killed over a 4-week period (18/wk, 6 /day) with 
toms and hens on alternate weeks. All temperatures were 
maintained within ±1°C . Immediately after chilling, the 
birds were wrapped in foil and placed in a preheated, 
thermostatically controlled electric oven at a temperature 
of 163°C until a deep, internal breast temperature of 83°C 
was reached. The cooked birds were removed and chilled 
overnight for 12 hr in a 2°C chamber.

Shear measurements were then made with an Allo- 
Kramer shear press on samples from both right and left 
breast and thigh. Three slices were taken from the pec- 
toralis major muscle on each side of the breast, and the 
biceps femoris muscle was used from each thigh for shear 
value measurements. A 2500-lb ring was used on the shear 
press with a range setting of 10 for breast and 50 for 
thigh, and a downstroke time of 45 sec.
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T a b l e  1 . M e a n  s h e a r  v a lu e s  f o r  t h i g h  m u s c l e  f o r  t r e a t m e n t  a n d  
s id e  f o r  e x p e r i m e n t  I . 1

Treatment temperatures
16”C 16-8-0°C o ° c Average

L e f t 10 .61 11.31 1 3 .0 8 1 1 .6 7
R i g h t 1 0 .5 0 10 .85 1 2 .5 0 1 1 .2 8
A v e r a g e 10 .55 1 1 .08 1 2 .7 9

1 S h e a r  v a l u e s  g iv e n  in  k i l o g r a m s  p e r  g r a m  o f  m u s c le .

E x p e r i m e n t  II

In this experiment 60 turkeys, equal numbers of toms 
and hens, varying in age from 25-28 wk were used. The 
birds were held for 30 min after slaughter, then placed 
in the chilling water at the prescribed treatment tempera
tures. When removed from the chilling water after 3 hr, 
the birds were sawed into equal right and left halves. One 
half was cooked, chilled and used for shear measurements 
as in the first experiment. Samples from the breast and 
thigh from the other half were used for sarcomere length 
measurements. Approximately 2-5 g of tissue and 50 ml 
of 0.08 M  KC1 were blended in a homogenizer for 1 min. 
The sarcomeres of 10 myofibrils were measured in each 
sample using a phase-contrast microscope with an eyepiece 
micrometer. All other conditions were the same as in 
Experiment I.

A N A L Y S IS
A computer analysis of variance for factorial design 

programmed by Health Sciences Computing Facility, 
UCLA, was conducted on all data. A correlation with 
transgeneration programmed by the same facilities was 
used to compare shear values for breast and thigh in 
Experiment I, and sarcomere and shear press values in 
Experiment II.

RESULTS A N D  DISCUSSION
T he chilling treatments did exert a significant ef

fect on the shear values of thigh muscle in both Experi
ments I (P  <  .001) and II  (P  <  .025). The 0°C chilling 
treatment for 3 hr caused a significant increase in the 
shear measurements (Tables 1 and 2 ). The shear press 
values for the breast muscle were not significantly affected 
by the chilling treatment in these two experiments, al
though an increase in shear values was noted for the 0°C 
treatment (Table 3).

For thigh muscle in Experiment I there was also a side 
effect which was significant (P  <  .01), with the left side 
having higher shear values (Table 1). There was no 
significant difference in shear values for sides in breast 
muscle, but the right side had consistently higher meas-

T a b l e  2 . M e a n  s h e a r  v a lu e s  f o r  t h i g h  m u s c l e  f o r  t r e a t m e n t  a n d  
s e x  f o r  e x p e r i m e n t  I I . 1

Treatment temperatures
16°C 16-8-0°C 0°C Average

T o m s 8 .8 3 8 .8 4 9 .5 8 9 .0 8

H e n s 9 .5 4 9 .91 12 .15 10 .5 3

A v e r a g e 9 .1 9 9 .3 7 1 0 .8 6 9 .81

T a b l e  3 . M e a n  s h e a r  v a l u e s  f o r  b r e a s t  m u s c l e  f o r  t r e a t m e n t s . 1

Treatment temperatures
16°C 16-8-0°C 0°C

E x p e r i m e n t  I 7 .5 0 7 .4 7 7.81
E x p e r i m e n t  I I 10 .03 9 .3 8 11 .10

1 S h e a r  v a lu e s  g i v e n  in  k i l o g r a m s  p e r  g r a m  o f  m u s c l e .

urements than the left. In Experiment II  the sex of the 
birds had a significant effect ( P <  .05) on the shear values 
of the thigh muscle with the values for the hens being 
higher (Table 2).

This was contrasted with the significant sex effect ( P <  
.005) on the breast muscle in Experiment I where the toms 
had the higher shear measurements. The mean shear 
values were 8  39 kg/gram of breast muscle for the toms 
and 6.80 kg/gram for the hens. There was a significant 
difference between the shear values of the 3 slices of breast 
muscle in both Experiments I (P  <  .001) and II (P  < 
.01) (Table 4). The first (exterior) slice had the highest 
shear values, but the difference between slices was much 
greater in the younger birds of Experiment I.

In the case of the sarcomere measurements on the breast 
muscle in Experiment II  only the weeks exerted a sig
nificant effect (P  <  .025) (Table 5). This effect is 
probably due to the variance caused by the unexpected 
drop in sarcomere length for the 3rd wk for the 16-8-0°C 
treatment. While the treatment effect was not significant, 
the breast muscle does show a decrease in sarcomere 
length with decreasing temperature (Table 5). A similar 
effect occurs with the thigh muscle with the measurements 
being 2.38, 2.36 and 2.21 microns for the 3 treatments in 
order of decreasing temperature. The sarcomere lengths 
for the thigh are generally longer than for the breast 
muscle.

No significant correlation was found between shear 
values for breast and thigh, or between shear values and 
sarcomere measurements.

These results suggest that turkey processors could pos
sibly increase tenderness of their products by gradually 
chilling the birds to 0°C rather than placing them directly

T a b l e  4 . M e a n  s h e a r  v a l u e s  f o r  b r e a s t  m u s c l e  f o r  s l i c e s .1

Slice 1 Slice 2 Slice 3
E x p e r i m e n t I 8 .2 3 7 .1 7 7 .3 8
E x p e r i m e n t I I 1 0 .3 9 1 0 .2 0 9 .91

1 S h e a r  v a l u e s  g i v e n in  k i l o g r a m s  p e r g r a m .

T a b l e  5 . 
t r e a t m e n t . 1

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

Treatment temperatures
Weeks 16°C 16-8-0°C 0°C Average

l 2 .0 5 2 .21 1.41 1 .8 9
2 2 .00 1 .86 2 .0 2 1 .96
3 2 .0 8 0 .9 2 1.51 1.51
4 2 .0 6 2 .1 2 1 .52 1 .90

5 1 .74 2 .0 9 2 .0 8 1 .97

A v e r a g e 1 .99 1 .84 1.71 1 .84

1 S h ea r va lues g iv en  in k ilo g ra m s p er g ra m  of m uscle . S a rco m ere  len g th s  in  m icrons.
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in an ice bath of about 2°C. There was little difference 
between the treatments of 16°C and the 16-8-0°C in shear 
press values. Further studies would need to be made to 
determine whether these differences in chilling procedures 
would hold after several days’ aging or after freezing.

The increase in shear values with decrease in tempera
ture would be first expected due to the cold shortening 
phenomenon. However, in chilling the intact muscle, the 
sarcomere measurements showed only a slight amount of 
shortening with decreasing temperature, and this shorten
ing was less for the thigh muscle which had the significant 
increase in shear values. One would suspect the increase 
in shear values might be due to the temperature effect on 
some muscle component such as connective tissue, which 
is higher in the thigh muscle than in the breast, rather 
than on muscle shortening.

Lack of a significant difference between chilling treat
ments in shear press values for breast muscle agrees with 
the work of de Fremery et al. (1960) and May et al.
(1962). The authors do not know of any other studies 
with which to compare these results on the effects of chill 
temperatures on intact thigh muscle as measured by shear 
press.

Information on the rate of temperature decline in the 
breast and thigh muscles for the various treatments might 
be useful to explain some of the effects found or some of 
the bird-to-bird variability. However, this information 
was not obtained in these studies. The difference between 
the shear values for the outer and inner slices of breast 
muscle can possibly be explained by higher heat and dena- 
turation effects received by the outer layers of tissues dur
ing cooking. This agrees with Experiment II where there 
is less difference in shear values between outer and inner

slices due to the greater protective effect of the thicker 
skins on the older, heavier birds. Note the little difference 
in shear values between breast and thigh muscles in E x 
periment II, as compared with the wide difference in the 
younger birds of Experiment I. This change was due 
primarily to the increase in shear values for the breast 
muscle, although there was also a decrease in the thigh 
shear values from Experiment I. Age does not seem to 
have the same effect on thigh muscle as it does on breast 
muscle, as measured by shear press values.
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SUMMARY—Light and dark meat from 24 heavy hens was 
frozen and stored for 30 and 90 days. After storage, drip 
was collected and moisture and fat removed. The essential 
amino acids in acid and alkaline hydrolyzates of dark and 
light chicken meat and drip were determined by microbio
logical assay. Acid hydrolyzates from drip were also analyzed 
on a Beckman/Spinco Amino Acid Analyzer. The concen
tration of amino acids in both dark and light meat decreased 
and the concentration in drip increased with increasing 
storage time. In addition, larger quantities of essential 
amino acids were detected in drip from frozen light meat 
than from frozen dark meat after both periods of storage.
The quantitative results obtained from the analyzer were in 
general agreement with those obtained by microbiological 
assay but were somewhat higher. The concentration of each 
amino acid, as a percentage of total amino acids, was simi
lar in meat and drip.

IN T R O D U C T I O N
S imilarities in  the amino acid composition of various 

edible muscles from chicken, turkey, beef, pork, veal, lamb, 
shrimp, salmon, codfish and frog legs have been found by 
Beach et al. (1943), Millares et al. (1948, 1949), Scott
(1954), and Lyman et al. (1949). The amino acid com
position of voluntary muscle tissue, when expressed as a 
percentage of the muscle proteins, is similar in Aves, M am
malia, Pisces, and Crustacea (Beach et al., 1943).

Freezing and frozen storage affects the amount and 
proximate composition of drip from muscle tissues ob
tained during the thawing process, Godeaux (1957), 
Pearson et al. (1959), Taylor (1931), Howard et al.
(1960), Love (1956). Although poultry muscle protein 
undergoes some denaturation and proteolysis during frozen 
storage (Khan et al., 1963; Swanson et al., 1953), the 
amino acid composition of dark and light meat of chicken 
and drip from these muscles has not been reported.

This study was conducted to evaluate the effects of 
specific periods of frozen storage on the amino acid com
position of dark and light chicken meat and drip by means 
of microbiological assays and an amino acid analyzer.

PROCEDUR E

T wenty-four heavy hens were bled, scalded and 
machine-picked in an automatic rubber-fingered picker. 
After evisceration, the birds were placed in slush ice for 
18 hr. One-half of the carcasses were packaged in Cryovac 
bags (partial vacuum), frozen and stored at —18°C until 
analyzed.

The light and dark meat was separated from the car

* P r e s e n t  a d d r e s s : P i l l s b u r y  C o m p a n y  R e s e a r c h  L a b s . ,  M i n n e 
a p o l i s ,  M in n e s o ta .

casses of the remaining birds and packaged separately. 
These samples were later used for drip analyses. One-half 
of the birds were thawed and prepared for analysis after 
30 days storage, the remaining birds after 90 days storage.

Drip was collected from appropriate meat samples which 
were thawed at 16°C for 18 hr as described by Wladyka 
et al. (1967).

In preparing meat samples for assay, the whole birds 
were thawed in the Cryovac bags at approximately 16°C. 
After thawing, the light meat (Pectoralis major and 
minor) was removed from each carcass and the thighs and 
drumsticks (dark meat) were deboned. Individual meat 
samples were ground twice through a ^j-inch plate, spread 
on aluminum foil trays and frozen at —29°C. Moisture was 
removed from the ground meat samples by freeze drying. 
Fat was removed from the freezer-dried samples by Soxh- 
let extraction with petroleum ether for 18 hr.

The moisture-free, fat-free samples were pulverized with 
a mortar and pestle; 300-mg samples were analyzed for 
total nitrogen by the micro-Kjeldahl method. Protein 
values were calculated by multiplying micro-Kjeldahl val
ues by 6.25.

Acid hydrolyzates from meat were prepared by refluxing 
one g of meat in 25 ml of 6  A  hydrochloric acid for 16 hr, 
and from drip by refluxing 5 ml of drip in 5 ml of 12 A  
hydrochloric acid for 16 hr. The acid hydrolyzates were 
frozen at —2S°C and held at — 18°C for analyses.

Alkaline hydrolysis of the moisture-free, fat-free meat 
samples for the determination of tryptophane was carried 
out with sodium hydroxide in the presence of L-cysteine in 
order to prevent oxidative destruction, as recommended by 
Kuiken et al. (1947). Meat samples (0.2 g) were hydro
lyzed with 15 ml of 5 A  sodium hydroxide at 15 lb pressure 
for 16 hr. The hydrolyzates were cooled, made up to 
approximately 1 0 0  ml and neutralized with standard acid 
solution; the precipitates were washed and recentrifuged; 
the supernatants were combined, diluted to convenient 
volumes, frozen at —29°C, and held for analyses at — 18°C.

Alkaline hydrolyzates from drip were prepard by auto
claving 4 ml of drip in 10 ml of 5 A  sodium hydroxide at 
15 lb pressure for 16 hr.

Arginine, histidine, isoleucine, leucine, lysine, methio
nine, phenylalanine and valine were determined micro- 
biologically, using Leuconostoc mesenteroides P-60 ATCC 
#8042 as the test organism (Steele et al., 1949; Anon,
1953). Streptococcus faecalis (ATCC #8043) was used 
for the determination of threonine as described by Steele 
et al. (1949) and Anon (1953). The presence of trypto
phane was measured by the acidimetric growth response
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to  L a c to b a c illu s  a ra b in o s u s  17 -5  (A n o n , 1953 ; G reene 
et a l ,  1944 ).

T h e  m ethods used specified the  use o f a D L -s ta n d a rd  
fo r  iso leucine. T h is  necessitated the  c o rre c tio n  o f values 
ob ta ined  in  the  assay since the  tes t o rg an ism  responds o n ly  
to  the  L - fo r m  (S c h w e ig e rt et a l., 19 4 9 ). T h e  L - t r y p to -  
phane s tandards w e re  also co rre c te d  because o f racem iza- 
t io n  o f the  D L - is o m e rs  d u r in g  h y d ro ly s is  w ith  sod ium  
h y d ro x id e  and heat. L -a m in o  acid s tandards w e re  used 
to  de te rm ine  the  e igh t re m a in in g  am ino  acids assayed. 
H o w e v e r, the  lys ine  s tandard  was made u s in g  the  m ono
h y d ro c h lo r id e  fo rm , and va lues w e re  correc ted  to  the  pu re  
L - is o m e r.

C o nce n tra tion s  o f the  am ino  acids in  the  m eat h y d ro -  
lyza tes w e re  ca lcu la ted by  re ference to  s tandard  curves ; 
g ram s o f am ino  acid  pe r 100 g  o f p ro te in  w e re  subsequently  
ca lcu la ted.

A  B e c k m a n /S p in c o  M o d e l 120 A m in o  A c id  A n a ly z e r  
was used fo r  the ch ro m a to g ra p h ic  d e te rm in a tio n  o f am ino  
acids in  ch icken d r ip  hyd ro lyza tes . Sam ples w e re  p repa red  
acco rd ing  to  the m ethods o f S packm an (1 9 6 0 ). T h e  f r o 
zen d r ip  hyd ro lyza tes  (d a rk  and  l ig h t  m eat, 30 and  90 
days s to rag e ) w ere  thaw ed  a t 3 °C . A liq u o ts  v a ry in g  in  size 
f ro m  25 to  35 m l w ere  evapora ted to  dryness, washed w ith  
d is ti lle d  w a te r, and  d rie d  again. T h e  f in a l so lu tions  con 
ta in ed  3.5 ±  0.5 m g  o f p ro te in  pe r m l. These samples w ere  
fro ze n  a t —2 9 °C  and he ld  a t — 18°C  u n t i l  analyzed.

F o r  analys is , the  samples w e re  tha w ed  and b ro u g h t to  
ro o m  tem pe ra tu re . O ne m l o f the  p ro te in  s o lu tio n  was 
d ilu te d  to  5 m l w ith  b u ffe r ( p H  2 .2 ).  T w o  2 -m l a liquo ts  
w ere  used fo r  ana lys is  on  the  ana lyzer, one fo r  d e te rm in a 
t io n  o f n e u tra l and ac id ic  am ino  acids and one fo r  the 
basic am ino  acids. T o ta l n itro g e n  was de te rm in ed  by  the 
m ic ro -K je ld a h l m ethod.

RESULTS AND DISCUSSION
T h e  c o n c e n t r a t io n  o f  a m i n o  a c id s  de te rm in ed  by 

m ic ro b io lo g ic a l m ethods, fro m  d a rk  and l ig h t  ch icken  m eat 
a fte r  30 and 90 days frozen  storage, and a fte r  the  rem ova l 
o f d r ip ,  is  show n in  T a b le  1. P he ny la la n ine  is n o t g iven  
since considerab le loss occu rred  d u r in g  p re p a ra tio n  o f 
hyd ro lyza tes . A  sm all d iffe rence  was no ted  in  the  re la tive  
con cen tra tion  o f each am ino  ac id  betw een d a rk  and lig h t  
m eat. These values agree w ith  those o f M illa re s  et al.
(1 9 4 8 ) and Beach et al. (1 9 4 3 ).

T able  1. C oncentrations1 of specific amino acids in d a rk  and 
ligh t chicken m eat after 30 and 90 days of frozen storage.

Dark meat Light meat
Amino acid 30 day 90 day 30 day 90 day

A rginine 6.08
g  amino acid per 100 g  protein

5.32 5.68 4.31
H istidine 2.24 1.66 3.13 2.58
Isoleucine S.30 4.50 5.49 4.76
Leucine 8.58 7.06 8.83 7.42
Lysine 8.88 7.97 8.99 7.91
M ethionine 2.47 1.93 2.41 1.90
T hreonine 4.13 2.61 4.06 3.12
T ryptophan 1.18 1.07 1.34 1.28
Valine 5.04 4.71 5.89 4.91

1 A verage concentration of two samples each containing two rep li
cates as determ ined by microbiological assay.

T ab les  2, 3, 4  and 5 show  th a t the  a m ino  ac id  con ten t 
o f d r ip  f ro m  bo th  d a rk  and l ig h t  m eat increased w ith  
s torage tim e . T h e  am o un t o f am ino  acids exuded  f ro m  
l ig h t  m ea t was g re a te r th a n  th a t f ro m  d a rk  m eat. T h is  
ind ica tes th a t p ro te o lys is  p ro b a b ly  occu rred  d u r in g  fro ze n

T able  2. Essential am ino acids in d ark  chicken m eat and drip 
after 30 days of frozen storage and the percentage of the  total 
contained in the drip.

Amino acid

g AA 
per 100 g 
protein 
in meat

g A A per 100 g 
protein in drip

°/o of original AA in 
meat found in drip

A rginine 6.08 2.701 3.722 2 .1 1 2 .8 2
H istidine 2.24 1.36 2.94 2.9 6.1
Isoleucine 5.30 2.77 3.06 2.5 2.7
Leucine 8.58 5.60 6.32 3.1 3.5
Lysine 8.88 5.11 7.50 2.7 4.0
M ethionine 2.47 1.23 1.56 2.3 3.0
Threonine 4.13 2.33 2.97 2.7 3.4
T  ryptophane 1.18 1.45 3.8
Valine 5.04 4.97 5.20 4.6 4.9
A verage 3.0 3.8

1 A verage of tw o samples each containing tw o replicates as de te r
m ined by m icrobiological assay.

2 A verage of tw o samples as determ ined by A A  analyzer.

Table 3. E ssential am ino acids in d a rk  chicken m eat and drip
afte r 90 days of frozen storage and 
contained in the drip.

the percentage of the total

Amino acid

g AA
per 100 g 
protein 
in meat

g A A per 100 g 
protein in drip

%  of original AA in 
meat found in drip

A rginine 5.32 2.941 3.172 4 .4 1 4 .7 “
H istidine 1.66 1.99 2.70 9.4 12.8
Isoleucine 4.50 3.56 3.31 6.2 5.8
Leucine 7.06 6.06 6.51 6.7 7.2
Lysine 7.97 6.14 7.86 6.1 7.8
M ethionine 1.93 1.41 1.55 5.7 6.4
T hreonine 2.61 2.90 3.22 8.9 9.9
T ryptophane 1.07 1.43 10.8
Valine 4.71 5.64 5.63 9.5 9.4
A verage 7.6 8.0

1 A verage of tw o samples each containing tw o replicates as de
term ined by m icrobiological assay.

“ A verage of tw o samples as determ ined by A A  analyzer.

Table 4. Essential am ino acids in ligh t chicken m eat and drip  
a fte r 30 days of frozen storage and the  percentage of the total 
contained in the drip.

Amino acid

g AA
per 100 g 
protein 
in meat

g AA pep 100 g 
protein in drip

%  of original AA in 
meat found in drip

A rginine 5.68 3.301 3.802 3 .1 1 3 .6 2
H istidine 3.13 3.23 4.24 5.5 7.3
Isoleucine 5.49 4.26 4.17 4.2 4.1
Leucine 8.83 6.27 6.87 3.8 4.2
Lysine 8.99 6.25 7.72 3.7 4.6
M ethionine 2.41 1.49 1.84 3.3 4.1
Threonine 4.06 3.18 3.95 4.2 5.2
Tryptophane 1.34 1.02 4.1
Valine 5.89 5.56 6.06 5.0 5.5
A verage 4.1 4.8

1 A verage of tw o samples each containing tw o replicates as de
term ined by m icrobiological assay.

“ A verage of tw o samples as determ ined by A A  analyzer.
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Table S. E ssential amino acids in light chicken m eat and drip 
after 90 days frozen storage and the percentage of the total con
tained in the drip.

Amino acid

g AA 
per 100 g 
protein 
in meat

g AA in 100_g 
protein in drip

%  of original AA in 
meat found in drip

A rginine 4.31 3.491 4.362 7 .71 9 .6 2
H istidine 2.58 3.54 4.45 13.1 16.5
Isoleucine 4.76 4.84 4.12 9.7 8.3
Leucine 7.42 6.36 6.58 8.2 8.5
Lysine 7.91 7.10 7.94 8.6 9.6
M ethionine 1.90 1.73 1.73 8.7 8.7
Threonine 3.12 3.22 3.86 9.9 11.8
Tryptophane 1.28 1.27 9.5
Valine 4.91 6.47 5.75 12.6 11.2
A verage 9.8 10.5

1 A verage of tw o samples each containing tw o replicates as de
term ined by m icrobiological assay.

2 A verage of tw o samples as determ ined by A A analyzer.

storage, re s u lt in g  in  release o f am ino  a d d s  in  a p p ro x i
m a te ly  the  same p ro p o rtio n s  as they ex is ted  in  the meat. 
R esu lts  fro m  the am ino  acid  ana lyzer w ere  s lig h tly  h ig h e r 
than  those fro m  m ic ro b io lo g ic a l assay fo r  a ll am ino  acids 
and fo r  percentage o f to ta l am ino  acids recovered in  the 
d r ip .

T h e  am ounts o f specific  non-essentia l am ino  acids (an d  
a m m o n ia ) fo u n d  in  d r ip  f ro m  d a rk  and l ig h t  ch icken  meat 
a fte r frozen  storage pe riods o f 30 and 90 days are presented 
in  T ab le  6. T h e  resu lts  w ere  expressed in  te rm s o f m g 
o f am ino  acid pe r m l o f d r ip  collected.

T h e  qu an titie s  o f am m on ia  in  the  d r ip  fro m  d a rk  and 
lig h t  m eat a fte r 90 days o f frozen  storage w e re  s lig h t ly  
la rg e r tha n  th a t in  the  d r ip  fro m  d a rk  and lig h t  m eat 
frozen  fo r  30 days. A n  increase in  am m on ia  was also 
re p o rte d  by  M o n z in i (1 9 5 3 ) fro m  beef w h ic h  had been 
frozen .

R esu lts  fro m  bo th  m ethods o f assay w ere  in  genera l 
agreem ent as to  the  q u a n titie s  o f am ino  acids ob ta ined 
fro m  the d a rk  and lig h t  m eat samples and the increase in  
am ounts o f am ino  acids w ith  increased pe riods  o f frozen  
storage (3 0  to  90 d a y s ). H o w e v e r, the  resu lts  ob ta ined 
w ith  the an a lyze r w e re  som ew hat h ig h e r tha n  those o b 
ta ined  by m ic ro b io lo g ica l assays.

Som e o f the v a r ia t io n  can be a ttr ib u te d  to  the  d iffe re n t

Table 6. Q u a n tity 1 of specific am ino acids contained in the drip 
from  dark  and light chicken m eat afte r frozen storage periods of 
30 and 90 days.

30 days storage 90 days storage

Amino acid
dark

(mg/ml)
light

(mg/ml)
dark

(mg/ml)
light

(mg/ml)

Alanine 2.2 3.0 3.8 4.9
Am m onia 0.5 0.3 0.7 0.6
A spartic  acid 3.1 4.5 6.0 7.4
Glutam ic acid 4.3 6.4 7.6 7.9
Glycine 1.9 2.6 3.3 4.0
Proline 0.9 1.7 2.4 2.9
Serine 0.9 1.8 1.9 2.9
ml drip per 

100 g  meat 4.7 5.3 7.9 9.6

1 A verage of tw o samples determ ined with the amino acid
analyzer.

m ethods o f ana lys is  used. T h is  loss o f p ro te in  in  the 
p rocedure  fo r  de co lo riz in g  the  hyd ro lyza tes  shou ld  also be 
considered since a considerab le loss o f ph en y la lan ine  was 
in d ica ted  in  th is  s tudy . A  s im ila r  loss o f pheny la lan ine  
and an ab undan t loss o f ty ro s in e  was re p o rte d  by  F ea th e r- 
stone ct al, (1 9 6 4 ) . Som e p ro te in  loss m ay have also 
occu rred  in  p re p a rin g  the  d r ip  h yd ro lyza tes  fo r  analysis 
on the  ana lyzer.

A  nu m be r o f w o rk e rs  have suggested th a t p ro te o lys is  
a n d /o r  d e n a tu ra tio n  occurs in  fro ze n  s to red  m eat as a re 
s u lt o f in tr in s ic  enzym es w h ic h  rem a ined  ac tive  a t be low - 
fre e z in g  tem pe ra tu re , (R e ay , 1933 ; P earson et a l., 1959 ; 
K h a n  et a l., 1963 ). A ls o  d u r in g  frozen  s torage some o f 
the  s tru c tu ra l p ro te in s  appear to  be m od ifie d , p ro b a b ly  as a 
re s u lt o f p ro te o lys is , and exuded in  d r ip .
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SUMMARY—Sarcomere length in the longissimus dorsi muscles 
of 20 bovine animals was compared to other variables in pre
dicting tenderness (Allo-Kramer shear) in two muscle positions 
(medial and lateral) and at four cooking temperatures (60,
64, 68 and 72°C). The medial muscle position was less 
tender, had shorter sarcomeres and had higher correlations 
between sarcomere length and tenderness than the lateral 
muscle position. In neither position did sarcomere length 
account for tenderness variation that was unaccounted for by 
combinations of other commonly-used carcass variables indi
cating that a single measure of sarcomere length at a given 
position is of little value in predicting tenderness if certain 
carcass parameters are known.

Comparison of sarcomere length with resistance to shear 
across the cross section of 5 additional longissimus dorsi mus
cles showed that very small differences in contraction state 
were associated with marked differences in tenderness in 
restricted muscle areas. The study emphasizes the importance 
of post-rigor contracture to tenderness but indicates that 
several estimates are necessary to characterize a single muscle.

INTRODUCTION
T h e  s t a t e  o f bov ine  m uscle con tra c tio n , m easured as 

sarcom ere le ng th , was f ir s t  suggested b y  L o c k e r  (1 9 6 0 ) 
to  be associated w ith  tenderness. H e r r in g  et al. ( 1965a,b) 
re p o rte d  th a t m uscles w ith  lo n g  sarcom eres ( re s u lt in g  fro m  
tens ion  d u r in g  c h il l in g )  tended  to  have lo w  resistance to 
shear. A lth o u g h  the m easurem ent o f sarcom ere le ng th  
o f a p o s t-r ig o r  m uscle m ay be o n ly  a gross in d ic a tio n  o f 
m o lecu la r a rrangem en ts  w ith in  the  m y o fib r il,  i t  represents 
a s im p le , o b je c tive  m e thod  o f e s tim a tin g  the  degree of 
con tra c tio n . I ts  usefulness as a p re d ic to r o f tenderness is 
th e re fo re  o f p ra c tic a l in te res t.

T h e  purpose  o f th is  e x p e rim e n t w as to  eva luate the  im 
po rtance  o f the  co n tra c tio n  state o f m uscle, es tim ated as 
sarcom ere le ng th , as a p re d ic to r o f beef tenderness and to 
com pare i t  w ith  o th e r p re d ic to rs  o f tenderness in  m uscle 
sam ples heated to  d iffe re n t tem pera tu res.

EXPERIMENTAL
Phase I

T h e  carcasses o f 20 A n g u s  steers (o f  k n o w n  age and 
s im ila r  n u tr it io n a l and gene tic  ba ckg ro und s) w ith  a liv e  
w e ig h t o f a p p ro x im a te ly  1,000 lbs w e re  used. T h e y  w e re  
c h ille d  a t 1 to  2 °C . P a ram ete rs  o f the  carcasses and th e ir  
m uscu la tu re , com m o n ly  used in  m a rk e tin g , w e re  observed 
o b je c tiv e ly  and sub je c tive ly .

F o r t y - e ig h t  h r  p o st-m o rte m . S eve ra l t ra its  o f the  c a r
casses w e re  ra ted  s u b je c tiv e ly  by th re e  persons. These 
t ra its  w e re  m a rb lin g , m uscle co lo r, ske le ta l m a tu r ity ,  con 
fo rm a tio n , and fin a l grade. N u m e ric a l scores w e re  assigned 
as show n in  T a b le  1. M easurem ents  w e re  taken  o f the  
cross-sectiona l area o f the  lo ng iss im us d o rs i m uscle at

Table 1. Symbols and means for variables used to predict 
tenderness.

SL —’Sarcom ere length, 48 h r p o st-m ortem 1,2 ( p ) — M = 1 .8 3 ; 
L =2 .00

pH  48—pH , 48 hr post-m ortem 1,2—M = 5 .6 2 ; L = 5 .6 0  
p H  6—pH , 6 days post-m ortem 1,2— M = 5 .6 0 ; L = 5 .5 6  
Refl— Reflectance a t 540 m p ,  48 h r p o st-m ortem 1,2 ( % )  — 

M = 6 .5 7 ; L = 6 .4 9
M arb— M arbling  sco re3 ( l= tr a c e s ,  1 0 = ex trem ely  abundant) — 

S.13
F T — F a t thickness over longissimus dorsi, ¿4 of cross-sectional 

le n g th 3 ( in .) - 0 .6 9
Color— Color score 3 ( l= l ig h t ,  4 = d a r k ) —2.9 

M at—M aturity  score of skeleton ( l= y o u th fu l, 4 = m a tu re )  —
2.6

Conf— Conform ation score (1 5 = h ig h  prime, 1 2 = h igh  choice, 
e tc .)— 11.9

G rade— Final carcass grade (1 5 = h ig h  prime, 1 2 = h ig h  choice, 
e tc .)— 11.7

% M —M o istu re1,4 ( % ) — M = 6 9 .7; L = 6 9 .4  
%  E E —E th er e x tr a c t1,4 ( % ) — M = 7 .9 5 ; L = 8 .5 4  

C W —C arcass weight, 48 h r post-m ortem  ( lb ) —618.8 
L D —Longissim us dorsi a r e a 3 (sq in .)— 10.24 
J L —Juice loss as a  percent of total m oisture a fte r heating  and 

cen trifugation1,4 (% )
60°C—M = 3 2 .3 ; L =31 .3  
64° C— M = 3 4 .7 ; L = 34 .2  
68°C—M = 3 8 .1 ; L =37 .5  
72 °C— M = 4 2 .6 ; L = 41 .7  

A ge—Age of anim al (d a y s )—578

1 M edial (M ) or lateral (L )  position in longissim us dorsi.
2 Opposite 12th thoracic vertebra.
3 C arcass cross section between 12—13th ribs.
4 Opposite 4—5th lum bar vertebrae.

the 12th and 13th r ib  space. Subcutaneous fa t th ickness 
was m easured at the  same cross section and oppos ite  a 
p o in t th a t was th re e -fo u rth s  o f lo ng iss im u s  d o rs i cross- 
sectiona l le n g th  b e g inn ing  a t the  m ed ia l side.

Lo ng iss im u s  d o rs i samples f ro m  the 12th r ib  re g io n  o f 
the le ft carcass side w e re  secured. p H  d e te rm in a tio n s , 
us in g  a B eckm an  com b in a tion  e lectrode, w e re  m ade on 
the  m ed ia l and la te ra l p o rtio n s  o f a fre s h ly  cu t surface o f 
the m uscle. F ifte e n  m inu tes  a fte r  rem o va l o f m uscle 
samples fro m  the carcass, the l ig h t  re flectance a t the  tw o  
pos itions  was m easured w ith  a S pe ctron ic  20 c o lo r re fle c 
tance m e te r a t 540 m/*. Suspensions o f m y o fib r ils  in  
0 .08 M  KC1 (L o c k e r , 1960) w e re  p repa red  fro m  sam ples 
taken  near the  m ed ia l and la te ra l m uscle bo rde rs . T h e  
average sarcom ere le ng th  o f 25 m y o fib r ils , m easured w ith  
a phase -contrast m icroscope equ ipped w ith  an eye-piece 
m ic ro m e te r, was de te rm ined  fo r  each sample.

S i x  d a y s  p o rt-m o rte m . p H  w as de te rm in ed  a t the  
m ed ia l and la te ra l pos itions  o f a fre s h ly  c u t m uscle surface 
ad ja cen t to  the 4 8 -h r p H  sample. A t  th is  t im e  the  m uscle 
was excised fro m  the le ft  carcass side in  the  13th th o ra c ic  
to  3 rd  lu m b a r reg io n  and 4 slices w ere  p re pa red  (5 .1  cm
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th ic k )  by  c u tt in g  p a ra lle l to  the fibe rs . E ach  slice was 
the n  d iv id e d  in to  a p p ro x im a te ly  equa l-s ized m ed ia l and 
la te ra l halves and placed in  c ryovac  bags. A  the rm ocoup le  
was placed in  the  cen te r o f each sam ple, the  a ir  was re 
m oved, the  bag was sealed, and the  sam ple was placed in  
a w a te rb a th  (6 0 , 64, 68, o r 7 2 ° C ) .  A f te r  the  sam ple 
reached an in te rn a l tem p e ra tu re  o f 1°C  less tha n  the 
w a te r-b a th  tem pe ra tu re , 12 m in  w e re  a llow ed  to  elapse 
be fore  rem o va l to  a 4 °C  coo le r fo r  24  h r . Resistance to  
shear across the  m uscle fibe rs  was m easured w ith  an 
A llo -K ra m e r  shearing  device on 8 to  12 slices (4  cm  X

2.5 cm  X  3 m m ) .  R esu lts  w ere  expressed in  pounds per 
g ra m  o f cooked w e ig h t m in u s  w e ig h t o f e th e r e x tra c t in  
equ iva len t w e ig h t o f uncooked tissue.

Sam ples fro m  the 4 th  and 5 th  lu m b a r reg io n  w e re  d i
v ided  in to  m ed ia l and la te ra l p o rtio n s , the  ep im ys ia l con
nective  tissue was rem oved , and th e y  w e re  g ro u n d  tw ice  
th ro u g h  a % -in .  p la te . Sam ples w e ig h in g  25 g  w ere  
heated fo r  30 m in  a t the  p re v io u s ly  described cook ing  
tem pera tu res in  the  c e n trifu g e  tubes designed by  W ie rb ic k i 
et al. (1 9 5 7 ) . T h e  tubes w e re  coo led a t 2 5 °C  and  cen
tr ifu g e d  fo r  10 m in  a t 230 g. Ju ice  loss as a pe rcen t o f 
to ta l m o is tu re  was ca lcu la ted  fo r  each m uscle p o s itio n  and 
cook ing  tem pe ra tu re . T h e  values w ere  co rre c te d  fo r  m o is 
tu re  in  the ju ic e  (6 0 °C  =  0 .9 1 0 ; 6 4 °C  =  0 .9 3 1 ; 6 8 °C  =  
0.940 ; 72 °C  =  0 .9 4 1 ). P e rce n t m o is tu re  and pe rcen t 
e ther e x tra c t w e re  de te rm in ed  b y  oven d ry in g  and S o x h le t 
ex tra c tio n .

D a ta  a n a ly s is . T h e  data w e re  ana lyzed b y  ana lys is  o f 
variance, c o rre la tio n  analys is , and m u lt ip le  reg ress ion 
analysis (S te e l e t  a l., 19 60 ). A  s tep -w ise reg ress ion 
analysis was used to  com pare the  c o n tr ib u tio n s  m ade by  
the  in d iv id u a l va riab les , w h en  com b ined  w ith  o th e r v a r ia 
bles, to  the  p re d ic tio n  o f tenderness.

S ym bo ls  fo r  the  va riab les  used to  p re d ic t tenderness 
are show n in  T a b le  1.

Phase II

T h e  second phase o f the  e x p e rim e n t was conducted to  
eva luate m ore c le a r ly  th e  sarcom ere leng th -tenderness 
re la tio n s h ip  as in flue nced  b y  lo ca tio n  in  the  m uscle. T h e  
le ft  long iss im us d o rs i m uscles o f fiv e  a d d itio n a l A n g u s  
carcasses w ere  u t il iz e d  fo r  th is  phase. A t  4 8 -h r p o s t
m o rte m , sarcom ere le n g th  was d e te rm in ed  in  s ix  loca tions 
e q ua lly  spaced across the  cross-section  o f the  m uscles in  
the  12th r ib  reg ion . A t  6 days, p o s t-m o rte m  sam ples w ere  
secured f ro m  the  13th r ib  to  3 rd  lu m b a r re g io n  and w e re  
heated to  60, 64, 68, o r  72°C . Resistance to  shear across 
the fibe rs  was eva luated on 26  slices o f the  same d im ensions 
described in  Phase I .  T h e  pos itions  o f these slices are 
depicted in  F ig . 2.

RESULTS AND DISCUSSION
Phase I

M eans fo r  the  va riab les  used to  p re d ic t tenderness are 
show n in  T a b le  1.

A n a ly s is  o f va riance  p e rfo rm e d  on the  A llo -K ra m e r  
shear values show  s ig n if ic a n t d iffe rences due to  coo k in g  
tem pe ra tu re  ( P  <  .01) and m uscle p o s itio n  ( P  <  .0 1 ). 
T h e  means fo r  these da ta  are show n in  F ig . 1.

T h e  effects o f co o k in g  tem p e ra tu re  on  resistance to

COOKING TEMPERATURE, »0
F ig .  1. A l lo - K r a m e r  s h e a r  v a lu e s  a t  f o u r  c o o k in g  te m p e r a tu r e s

in r e la t io n  to  p o s i t io n  in  lo n g i s s im u s  d o r s i  m u sc le .

shear are s im ila r  to  those o f o th e r pub lished  stud ies on 
beef. C ove r et al. (1 9 5 7 ) fo u n d  th a t m uscles co n ta in in g  
l i t t le  connective  tissue, such as the  lo ng iss im u s  do rs i, are 
m ost tender w hen cooked to  a ra re  degree (6 1 °C  in te rn a l) .  
M a c h lik  et al. (1 9 6 3 ) showed th a t he a tin g  sem itend inosus 
m uscles fo r  3C to  60 m in  at 60 to  6 4 °C  resu lte d  in  m a x i
m um  tenderness.

T h e  da ta  in d ica te  th a t the la te ra l h a lf o f the  long iss im us 
d o rs i m uscle was m ore  ten de r tha n  the  m ed ia l ha lf. These 
resu lts  are in  agreem ent w ith  those o f C a rp e n te r et al.
(1 9 6 5 ) on lam b and A ls m e y e r et a l. (1 9 6 5 a ) on p o rk . 
H o w e v e r, T u m a  et al. (1 9 6 2 ) and A ls m e y e r et al. (1 9 6 5 b ) 
fo u n d  beef long iss im us d o rs i to  be m ore  ten de r in  the 
do rsa l (m e d ia l)  po s itio n . T u m a  e t  a l. (1 9 6 2 ) also re 
p o rte d  th a t the  m id d le  o f the  m uscle cross section was 
m ore  tender than  e ith e r la te ra l o r  do rsa l (m e d ia l)  samples. 
T h e  la tte r  f in d in g  m ay p a r t ia l ly  e x p la in  these c o n flic t in g  
resu lts  since the  presen t s tud y  u til iz e d  the  e n tire  m uscle 
cross section fo r  A llo -K ra m e r  shearing  whereas the  c ited  
stud ies u t il iz e d  cores fo r  the  W a rn e r -B ra tz le r  shearing  
device.

T h e  analysis o f va riance  fo r  sarcom ere le n g th  d e te rm in a 
tion s  showed s ig n if ic a n t ( P  <  .01 ) d iffe rences due to  
p o s itio n . T h e  le n g th  o f the  sarcom eres on the  m ed ia l and 
la te ra l bo rde rs  o f the m uscle averaged 1.83 ±  0 .09 and
2.00 ±  0.06 ft respective ly . E is e n h u t et a l. (1 9 6 5 ) ,  us ing  
samples taken  betw een p o in ts  th a t w e re  5.0 and  7.5 cm  
fro m  the sp inous process, observed sarcom eres th a t w ere  
equal in  average le n g th  to  those o f the  la te ra l p o s itio n  o f 
m uscles in  the presen t s tudy. T h e  d iffe rences in  con tra c 
t io n  state a t d iffe re n t m uscle po s itio ns  cou ld  have re 
su lted  fro m  tens ion  d iffe rences exe rte d  by  ske le ta l and 
connective  tissue a ttachm ents  ( H e r r in g  e t a l., 1965a,b)
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Table 2. Relation of A llo -K ram er shear v a lu e s1 to carcass variables by muscle position 
and cooking tem perature.2

Variable 3

Cooking temperature (°C)
60 64 68 72

Medial Lateral Medial Lateral Medial Lateral Medial Lateral

SL -.5 6 * * .09 - .5 4 * .18 - .5 5 * .06 - .5 4 * .19
p H  48 - .1 5 - .0 5 - .2 8 .02 - .2 3 .18 .02 .36
p H  6 - .4 3 .13 - .4 3 .22 - .4 8 * .09 —.44* .17
Refi .19 .12 .27 .22 .18 .21 .06 .24
M arb - .1 4 - .1 4 - .0 3 - .0 5 .00 - .1 2 - .0 1 .02
F T —.45* - .3 9 - .4 8 * - .3 8 - .4 4 * —.46* - .4 3 - .4 8 *
Color .31 .26 .17 .18 .32 .14 .43 .11
M at - .5 8 * * - .4 7 * - .5 0 * - .4 7 * -.5 9 * * - .4 3 -.6 5 * * - .3 4
Coni .38 .28 .22 .35 .22 .16 .28 .33
Grade - .0 3 - .0 4 .03 .07 .07 - .0 6 .06 .12
% M - .2 0 .04 - .1 7 .10 - .2 6 .00 - .2 3 - .0 6
% E E .20 - .1 0 .22 - .1 4 .26 - .0 2 .25 .06
C W .21 - .2 4 - .2 3 - .1 2 - .1 9 - .2 5 - .0 3 - .2 9
LD .33 .50* .14 .34 .12 .22 .01 .05
JL .51* .11 .40 .21 .32 - .1 4 .07 .06
Age - .3 0 - .2 5 - .2 2 - .2 8 - .1 6 - .1 3 - - .1 3 - .1 0

1 Lb sh e a r/g  longissimus dorsi cooked w eight minus w eight of ether e x tra c t in equivalent 
w eight of uncooked tissue.

2 C orrela tion  coefficients.
3 See Table 1 for description of variables.

**P <  .01, *P <  .05 th a t the variables a re  independent.

o r  by  d iffe re n t rates o f heat rem o va l d u r in g  c h illin g  o f 
va rio u s  m uscle areas (L o c k e r  et a l., 1963 ).

C o rre la tio n  coeffic ien ts between resistance o f the  cooked 
m uscle samples to shear and the carcass va riab les  showed 
several s ig n if ic a n t re la tio nsh ips  (T a b le  2 ) .  S arcom ere 
le n g th  was associated w ith  tenderness, as re p o rte d  by 
H e r r in g  et al. (1 9 6 5 a ,b ), b u t o n ly  in  the  m ed ia l p o r tio n  
o f the  m uscle. T ests  o f s ign ificance , a fte r Z  tra n s fo rm a 
tion s  o f the c o rre la tio n  coeffic ients, show ed th a t m ed ia l 
and la te ra l po s itio n  co rre la tio n s  d iffe re d  ( P  <  .05 ) at 
each coo k in g  tem pe ra tu re .

N e ga tive  c o rre la tio n s  w ere  fo u n d  between m a tu r ity  
score and shear values in  bo th  m uscle pos itions , in d ic a tin g  
th a t tenderness increased w ith  advanc ing  carcass m a tu r ity  
b u t the  tenderness-age co rre la tio n s  w ere  n o t s ig n ifica n t 
(T a b le  2 ) .  O th e r  stud ies, u t i l iz in g  ca ttle  o f w id e ly  v a ry 
in g  ages, have show n reduc tions  o f tenderness w ith  ad
van c in g  age o r m a tu r ity  (P a lm e r, 1963 ). H o w e v e r i t  is 
no tab le  th a t A ls m e y e r et al. (1 9 5 9 ) fo u n d  a po s itive  
associa tion between tenderness and ch ro n o lo g ica l age.

T h e  o n ly  o th e r va ria b le  th a t appeared to  be con s is ten tly  
co rre la te d  w ith  shear values was the  m easure o f subcu
taneous fa t th ickness. I t  is  possib le th a t th is  associa tion 
o f fatness w ith  tenderness was the re su lt o f the  m a tu r ity -  
tenderness c o rre la tio n  discussed above since H a e cke r’s 
(1 9 2 0 ) w o rk  showed th a t advanc ing  m a tu r ity  is accom 
panied b y  increased fatness.

C o rre la tio n  coe ffic ien ts w ere  ca lcu la ted  between sa r
com ere le ng th  and the o th e r carcass variab les to  id e n tify  
re la tio n sh ip s  th a t m ig h t have p h ys io log ica l bases (T a b le
3 ) .  L o w  b u t s ig n if ic a n t co rre la tio n s  w ere  fo u n d  fo r  some 
o f these variab les. O f in te re s t is the  re la tio n s h ip  between 
la te ra l sarcom ere le ng th  and the p H  o f the  aged m uscle 
( .5 4 ;  P  <  .0 5 ). S ince the sarcom eres w ere  m easured at 
2 days po s t-m o rte m , and th e ir  le n g th  was un re la ted  to

p H  a t th a t tim e , the  re la tio n s h ip  im p lie s  th a t the  in it ia l 
p o s t-r ig o r  co n tra c tio n  state m ay in fluence  p H  changes 
d u r in g  ag ing. T h is  re la tio n s h ip  needs fu r th e r  s tu d y  in  
l ig h t  o f the  fin d in g s  o f G o th a rd  et al. (1 9 6 6 ) th a t sa r
com ere le n g th  also changes d u r in g  ag ing.

In  the  m ed ia l m uscle po s itio n , the  c o rre la tio n  between 
sarcom ere le n g th  and pe rcen t e ther e x tra c t ( — .4 6 ; P  <  
.05) (a n d  consequently  the sarcom ere le n g th — %  m o is-

Table 3. R elation of longissimus dorsi sarcom ere length  to car
cass variables by muscle position.1

Position
Variable 2 Medial Lateral

pH  48 .15 .04
pH  6 .40 .54*
Refi - .2 9 .18
M arb - .1 7 - .1 7
F T .40 - .2 6
Color - .3 0 .04
M at .31 .04
Conf - .3 1 .16
Grade - .1 9 - .1 8
% M .49* .27
% E E - .4 6 * - .3 2
C W .31 - .2 5
LD - .3 0 - .2 2
Age .20 - .2 3
JL

60°C - .4 7 * .53*
64°C - .2 7 .35
68°C - .1 2 .25
72°C - .2 0 .39

1 C orrelation  coefficients.
2 See Table 1 for description of variables.
*P <  .05 that the variables are  independent.
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tu re  c o rre la t io n )  is  n o t re a d ily  exp la ina b le  (T a b le  3 ) .  
H o w e v e r, such a re la tio n s h ip  m ig h t re s u lt i f  in tra m u s c u la r 
lip id  in fluenced  tens ion  deve lopm ent d u r in g  r ig o r  m o rtis . 
D iffe rences  in  tens ion  w o u ld  subsequently  in fluence  sar
com ere le n g th  ( H e r r in g  et a l., 1965a).

T h e  c o rre la tio n s  betw een sarcom ere le n g th  and ju ic e  
loss a fte r  h e a tin g  and  c e n tr ifu g a tio n  suggest th a t con
tra c tio n  state o f bo v in e  m uscle  in fluences its  w a te r-h o ld in g  
p ro pe rties  (T a b le  3 ) .  W h y  the  c o rre la tio n s  are opposite  
in  s ign  fo r  the  tw o  m uscle po s itio ns  is n o t apparent.

T h e  usefulness o f sarcom ere le n g th  as a p re d ic to r o f 
tenderness was eva lua ted  on the  basis o f the  v a r ia t io n  i t  
accounted fo r  th a t was independen t o f o th e r p re d ic to rs . 
T h e  s tep -w ise m u lt ip le  c o rre la t io n  and reg ress ion  analysis 
used to  ra n k  the  va riab les  in  the  o rd e r o f th e ir  va lue  as 
p re d ic to rs  are show n in  T ab les  4  and 5 fo r  the  m ed ia l and 
la te ra l m uscle po s itio ns  respec tive ly . I n  the  m ed ia l pos i
t io n , sarcom ere le n g th  w as ra n ke d  f ir s t  o r  second a t each 
coo k in g  tem pe ra tu re , b u t co o k in g  te m p e ra tu re  a p p a re n tly  
d id  n o t in fluence  its  ra n k in g  am ong  the  variab les. H o w 
ever i t  was de le ted (i.e . d id  n o t c o n tr ib u te  s ig n if ic a n tly  
to  the  p re d ic tio n  e q u a tio n ) w h en  c e rta in  o th e r va riab les  
w e re  added. I n  the  la te ra l po s itio n , sarcom ere le n g th  was 
ran ked  be low  m an y  o f the  o th e r va riab les.

These resu lts  and the s im p le  c o rre la tio n  coeffic ien ts 
(T a b le  2 )  suggest th a t the  tenderness o f the  area o f the 
m uscle h a v in g  re la t iv e ly  s h o rt sarcom eres (m e d ia l)  was 
m ore c lose ly  re la ted  to  c o n tra c tio n  state th a n  the area 
h a v in g  re la t iv e ly  lo n g  sarcom eres ( la te ra l) .  Y e t, in  no 
instance d id  the  sarcom ere le n g th  m easurem ent p ro v id e  
kno w le dg e  o f tenderness th a t was n o t p ro v id e d  b y  com 
b in a tio n s  o f c e rta in  com m on ly -obse rved  carcass param eters.

Phase II
T h e  sarcom ere le n g th  and shear values fo r  the  five  

a d d itio n a l lo ng iss im us d o rs i m uscles w e re  superim posed 
on an o u tlin e  o f the  m uscle cross section (F ig .  2 ) .  S ig 
n if ic a n t ( P  <  .05 ) effects due to  m uscle p o s itio n  w e re  
no ted  b y  ana lys is  o f va rian ce  fo r  sarcom ere le n g th  and 
fo r  shear values a t each coo k in g  tem pe ra tu re . W h e n  the 
60° C  coo k in g  te m p e ra tu re  w as used, the  average shear 
values w ere  p lo tte d  as a sm oo th  c u rve  th a t w as a p p ro x 
im a te ly  the  reverse o f the  sarcom ere le n g th  p lo t. A t  the  
6 4 °C  coo k in g  te m p e ra tu re  the  same a p p ro x im a te  re la 
t io n s h ip  was ev ident. A c c o rd in g  to  M a c h lik  et al. (1 9 6 3 ) , 
co llagen sh rinka ge  occurs, b u t p ro te in  h a rd e n in g  does

COOKING TEMPERATURE, *C 
o 60 
•  64

4. s  68

F ig . 2. A l lo - K r a m e r  s h e a r  v a lu e s  in  r e la t io n  to  c o o k in g  te m 
p e r a tu r e  a n d  s a r c o m e r e  le n g th  i n  lo n g is s im u s  d o r s i  m u s c le  c ro ss  
s e c tio n .

Table 4. Cum ulative m ultiple correlations in step-wise regression  analysis 1 for A llo -K ram er shear values 2 in medial longissim us dorsi.2

Cooking temperature (°C)

60 64 68 72

Inclusion Deletion R Inclusion Deletion R Inclusion Deletion R Inclusion Deletion R

M at In OO SL .54 M at .59 M at .65
SL .71 M at .64 SL .71 SL .74
LD .75 F T .69 JL .76 F T .77
F T .79 pH  6 .75 C W .79 p H  6 .80
pH  6 .81 Refi .78 p H  6 .83 Conf .83
Coni .83 SL .78 F T .86 SL .83

SL .83 Coni .80 SL .86 Grade .84
M arb .85 p H  48 .82 Color .87 Age .85
C W .89 C W .83 Refi .88 Refi .87
% E E .90 LD .85 Age .90 p H  48 .88
% M .91 Grade .86 L D .90 F T .88

F T .91 % E E .87 SL .91 M arb .89
Grade .92 % M .88 % M .92 J L .90
F T .93 F T .88 CW .92 Color .90

M arb .93 SL .89 Conf .92 LD .91
SL .94 M arb .89 M arb .92 % E E .91
Age .94 A ge .90 LD .92 SL .92

Color .94 Color .90 p H  48 .93 p H  48 .92

Refi .95 C W .93 C W .92

JE .95 Grade .93 F T .93
M arb .93 M arb .93

V ariables deleted when mean square
due to  regression divided by e rro r  m ean square < 0 .1 .

2 LB sh e a r/g  longissim us dorsi cooked w eight m inus w eight of ether e x trac t in equivalent w eight of uncooked tissue. 
* See Table 1 fo r description of variables.
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Table S. Cum ulative multiple correlations in step-wise regression a n a ly s is1 for A llo -K ram er shear v a lu e s2 in  la te ra l longissim us dorsi.3

Cooking temperature (°C)

60 64 68 72

Inclusion Deletion R Inclusion Deletion R Inclusion Deletion R Inclusion Deletion R

LD .49 M at .47 F T .46 F T .48
M at .71 LD .61 M at

00LO p H  48 .55
Conf .76 Conf .70 LD .62 LD .59
Reft .79 Refi .77 pH  48 .65 M at .63
Color .80 SL .79 Refi .69 Refi .66
% M .82 Age .80 % M .70 % M .70
Grade .86 Color .80 Color .72 SL .73
Age .88 % M .81 p H  6 .74 Conf .75
% E E .89 C W .83 M arb .75 Color .76
F T .90 Grade .84 Age .81 % E E .78
J L .90 p H  6 .85 pH  48 .81 Conf .78
p H  48 .91 p H  48 .86 F T .81 pH  6 .80
M arb .91 SL .86 SL .82 F T .80

Grade .91 L D .86 LD .82 M arb .86
p H  6 .92 M arb .87 J L .84 pH  48 .86
SL .92 Grade .87 F T

LOoq SL .86
JL .92 % E E .86 JL .87
LD .92 % M .86 Age .88
F T .92 LD .88

C W .92 C W .89
Conf .89

1 T he variable m aking the g reatest reduction in the e rro r sum of squares was added a t each step. V ariables deleted when mean square 
due to  regression  divided by e rro r m ean square <0.1.

2 L B  sh e a r/g  longissimus dorsi cooked w eight minus w eight of e ther e x trac t in  equivalent w eight of uncooked tissue.
“ See Table 1 for description of variables.

n o t occur in  bov ine  sem itend inosus m uscle heated to  the  
60 to  64° C range.

A t  the  68 and 7 2 ° C  coo k in g  tem pe ra tu res  the  shear 
va lues w e re  m ore  v a ria b le  tha n  those o f samples heated 
to  lo w e r tem pe ra tu res  (F ig .  2 ) .  H a rd e n in g  o f the  f ib 
r i l la r  p ro te in s  p re sum a b ly  occu rred  in  these samples, ye t 
the  curves are s t i l l  in verse  to  the  sarcom ere le n g th  line . 
T h e  d iffe rence  in  average sarcom ere le n g th  across the  
m uscle  cross section  w as o n ly  0 .13 g. b u t the re  was a 
re la t iv e ly  w id e  range in  resistance to  shear. T h is  observa
t io n  appears to  be cons is ten t w i th  those o f V o ro b e r e t  a l .

(1 9 6 2 ) w h o  re p o rte d  th a t m odera te  tens ion  on  f ro g  sar- 
to r iu s  m uscle increases its  resistance to  th e rm a l dena tu ra - 
t io n . I t  is  possib le th a t the  c o n tra c tio n  state o f m uscle 
tissue is  h ig h ly  associated w ith  its  tenderness, b u t the  
ob se rva tion  o f sarcom ere le n g th  a t a s ing le  p o in t (as p e r
fo rm e d  in  Phase I  o f th is  s tu d y ) does n o t adequate ly  re 
fle c t the  o v e ra ll co n tra c tio n  state o f the  muscle.
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SUMMARY—Arbutin (p-hydroxyphenyl-^-D-glucoside) was sep
arated from other phenols in an extract of immature fruit 
of Pyrus c.v. Kieffer by preparative paper chromatography and 
isolated as the penta-acetyl derivative. A monoacetylarbutin 
(p-hydroxyphenyl-6-0-acetyl-(3-D-glucoside) was identified in 
the same pear extract. In addition, arbutin was found in 
both mature and immature pears, but at much higher levels 
in the immature fruit.

INTRODUCTION
D u r in g  a  s t u d y  of core browning in pears and apples 

in this laboratory, some naturally occurring phenols were 
tested with polyphenoloxidase preparations to see if brown 
pigments were formed. Arbutin, the glucoside occurring in 
pear leaves, produced reddish-brown color in this enzyme’s 
presence. This was demonstrated in buffer solutions of the 
glucoside incubated with pear enzyme and by spraying 
chromatograms of arbutin with a suspension of the enzyme 
prepared according to Siegelman (1955). Hattori et al.
(1963) found that isolated chloroplasts of arbutin-contain- 
ing plants oxidized arbutin to a dihydroxy glucoside which 
was identified on paper chromatograms as 3,4 dihydroxy- 
phenyl-/3-D-glucoside. These findings indicate that arbutin 
is a polyphenoloxidase substrate.

Arbutin was thought to be a constituent only of pear 
leaves, bark and possibly seeds (W illiams, 1957). If it 
occurs in the fruit, it may contribute to pear core browning, 
not only because it is a substrate for polyphenoloxidase but 
because hydrolysis of this glucoside yields quinol. Quinol 
is easily oxidized, enzymatically or otherwise, to benzo- 
quinone and subsequently to brown pigments (Hattori 
et al., 1963).

The present work was done to see if arbutin or related 
compounds were present in the fruit tissues.

EXPERIMENTAL
Materials

Four commercial varieties of pears were used: Kieffer, 
Phileson, Beurre d’Anjou and Bartlett. The latter 2 were 
obtained on the local market. Phileson was obtained from 
a tree, made available through the courtesy of the Ottawa 
Research Station, Canada Department of Agriculture, and 
Kieffer samples were obtained from Dr. R.E.C. Layne, 
Research Station, Canada Department of Agriculture, 
Harrow, Ontario.

Penta-acetylarbutin was prepared by acetylation of ar
butin (Nutritional Biochemicals Corp.) using acetic an
hydride in the presence of dry pyridine (Shriner e t  al.,
1948). After recrystallization from 95% ethanol the 
penta-acetate melted at 144-145°C, agreeing with the re
ported value (Cornforth, 1938).

Monoacetylarbutin (6-0-acetylarbutin) was synthesized 
from arbutin by a mild acetylation procedure outlined by

Entlicher et al. (1967). The reaction mixture was applied 
to chromatograms and the products identified by their 
Rf values in butanol-acetic acid-water (4:1:1 v /v ) . The 
products were 6-0-acetylarbutin, Rf 0.65 and some 2-0- 
acetylarbutin, Rf 0.78, agreeing with those of Entlicher 
et al. (1967). This mixture was used as a chromatographic 
standard.

Chromatographic identification of arbutin and monoacetylarbutin

Cold ethyl acetate extracts of core, cortex, peel and seeds 
obtained from the 4 different commercial pear varieties 
were prepared according to a method already described 
(Durkee et al., 1965). Streaks and spots of these extracts 
were chromatographed on Whatman 1 and 3 MM paper 
and developed with the following solvent system s: (a)
butanol-acetic acid-water (4:1:1 , v /v ) ;  (b) isopropanol- 
ammonia-water ( 8 : 1 :1, v /v )  ; (c) 2% glacial acetic acid;
(d ) benzene-propionic acid-water (organic phase) (2:2:1, 
v /v )  and (e) isopropanol-water (8:2, v /v ) . After drying, 
papers were sprayed with diazotized sulfanilic acid reagent 
(Block et al., 1958) and red spots or bands, with R f 
values identical with authentic arbutin, were located in all 
the above extracts.

One of these bands, presumed to be arbutin, was eluted 
with 95% ethanol, taken to dryness and treated with 0.2 N  
hydrochloric acid for 1 hr on a boiling water bath. The 
aqueous solution was dried on the rotary evaporator and 
the residue taken up in 70% ethanol for re-chromatography 
in butanol-acetic acid-water ( 4 : 1 :1, v /v ) .  Two chromato
grams were prepared. Quinol was detected as the aglycon, 
by spraying one paper with diazotized sulfanilic acid. The 
second paper was sprayed with ammoniacal silver nitrate 
reagent (Block et al., 1958), where well-separated spots 
of glucose (R i 0.20) and quinol (R f 0.83) were identified 
by comparison with standard markers. Quinol reacted 
immediately to the reagent, whereas the color due to 
glucose did not appear until the chromatogram was heated 
for 1 min at 100°C.

Another compound found in extracts of immature Kieffer 
and Phileson pears was not rigorously characterized, but 
was identified tentatively as a native monoacetylarbutin by 
its color reaction with diazotized sulfanilic acid and R f 
values in 3 solvent systems. Comparison with chromato
grams of the products obtained by mild acetylation of 
arbutin (see materials) is shown in Table 1.

Estimation of arbutin
Arbutin concentrations in the 4 pear varieties were 

estimated spectrophotometrically at 286 m/¿, after elution 
of the bands obtained from chromatograms of extracts 
(50 g samples) and comparison of the absorbance readings 
with a standard curve set up. for varying arbutin concen
trations. According to this method, immature Kieffer
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pears contained about 400 ppm, while the mature Anjou 
contained only 30 ppm arbutin (fw b). The 4 pear varie
ties studied contained arbutin in the following decreasing 
concentration: Kieffer (immature) >  Phileson (imma
ture) >  Beurre d’Anjou (mature) >  Bartlett (mature).

Isolation of arbutin from immature Kieffer pears
One kg (fresh weight) of sliced immature pears, with 

the stems removed, was extracted in 3 batches in a gallon- 
capacity Waring blendor using ethyl acetate (pre-cooled 
to — 20°C ). All operations prior to evaporation of the 
extracts were carried out in a cold room at 0°C. The 
details of this procedure have already been described 
(Durkee et al., 1965).

The extracts were combined (6.5 L ) and then divided 
into smaller portions which were evaporated to dryness at 
40°C, using a rotary film evaporator, and the residues 
taken up in small volumes of 95% ethanol. These were 
streaked on 18 Whatman 3 MM papers, which were de
veloped overnight in isopropanol-ammonia-water (8:1:1, 
v /v ) .  Thin strips cut out of the center of the papers were 
sprayed with diazotized sulfanilic acid, followed by 20% 
sodium carbonate. W ide bands consisting of arbutin and 
related glucosides were located, cut into small pieces, 
and eluted with boiling 95% ethanol (1 hr). The elu- 
ates were filtered and evaporated to small volumes for 
rechromatography.

The combined eluates from the 18 papers were sub
divided again (4 portions), streaked on 3 MM paper and 
developed overnight in butanol-acetic-acid-water (4:1:1, 
v /v ) . In this solvent system, the related compounds were 
well separated from the arbutin. The arbutin bonds were 
eluted with 95% ethanol as previously described, and the 
combined alcoholic solutions were dried at 40°C (rotary 
evaporator).

This residue was treated with 3 ml dry pyridine (dried 
over K O H  and re-distilled) and 1.5 ml acetic anhydride. 
The mixture was boiled for 4 min under reflux and, after 
cooling, poured into 5 ml of ice-water and placed in the 
refrigerator. After 1 hr, the crude acetyl derivative had 
precipitated. It was then collected on a Buchner funnel, 
and washed with dilute HC1 and cold water. After drying 
in the air, the crystals melted at 139-143°C. Recrystalliza
tion from 95% ethanol yielded a small amount of pure

penta-acetylarbutin m.p. 144-145°C, agreeing with that 
of the synthetic derivative. The yield as acetylated gluco- 
side before recrystallization was 150 m g/kg pear fruitlets 
(fresh weight).

The immature Kieffer pears were not de-seeded for the 
isolation procedure, but analytical results on 50 g samples, 
with and without seeds, as well as on 10 g seeds removed 
from a 1000 g of Kieffer pears, indicated that approx
imately 10% of the isolated derivative would be due to 
the seed content.

Comparison of the U V  spectra, on the Bausch and 
Lomb 502 Spectrophotometer, of the synthetic acetate 
and the acetate obtained from the pear substance showed 
that both substances had a major absorption peak at 274 
m/i. Eluates from chromatograms of pear extract and 
authentic arbutin absorbed at a maximum wave length of 
286 m¡1 (95% ethanol as reference). Acetylation of the 
sugar hydroxyls apparently caused a hypsochromic shift 
of 12 m/i. The pear extract eluates (before acetylation) 
and authentic arbutin gave bathochromic shifts of 20 m¡j., 
after treatment with a few drops of sodium ethoxide 
(Saxby, 1964) (Table 1).

RESULTS AND DISCUSSION
A r b u t in  (p-hydroxyphenyl-y3-D-glucoside) was identi

fied in pear fruit extracts by paper chromatography using 
5 solvent systems. The R f values, color tests, hydrolysis 
products and U V  spectra agreed with those of authentic 
arbutin. The glucoside was found in extracts of seeds, 
peel, stems, core and cortex of the pear fruit, and was 
isolated as the crystalline penta-acetate from the whole 
immature fruit. These experiments firmly establish arbu- 
tin’s presence in the fruit tissue.

At the same time, a related substance was identified in 
the immature fruit tissues. The chromatographic behavior 
of this substance in 3 solvent systems (Table 1) suggests 
that it is p-hydroxyphenyl-6-0-acetyl-y8-D-glucoside. Ent- 
licher et al. (1967) recently isolated p-hydroxyphenyl-2-0- 
acetyl-/6-D-glucoside from young pear leaves and showed 
that the 2-0-acetyl derivative was easily transformed to 
the 6-0-acetyl derivative in the presence of weak alkali. 
Because in our isolation of arbutin it was necessary to 
use isopropanol-ammonia-water as the first chromato-

Table 1. C hrom atographic da ta  and properties of a rbu tin  and related  substances from  pear.

Substances
M.P.

(Acetate)
Rf solvents1

Color 
Diaz S2

Acid
hydrolysis
products

UV

MAX

' spectra (m/i) 
after

NaOET3
Acety
lationBAW TAW HAc BPW IW

Unknow n I 144-45 °C 0.46 0.62 0.81 0.01 0.64 Red Quinol, glucose 286 306 274
A rbutin 144-45°C 0.45 0.62 0.80 0.01 0.61 Red Quinol, glucose 286 306 274

U nknow n I I 0.69 0.75 0.80 Red
A cetylated arbutin  m ix

2-0-A cetylarbutin 0.78 0.76 0.80 Red .....
6-0-A cetylarbutin 0.69 0.76 0.80 Red

’-Solven t system s— B A W  butanol-acetic acid-w ater (4 :1 :1 ) ,  IA W  isopropanol-am m onia w ater (8 :1 :1 ) ,  H A c 2%  glacial acetic acid, 
B P W  benzene-propionic acid-w ater (2 :2 :1 )  (organ ic  p hase), IW  isopropanol-w ater (8 :2 ) .

2 D iaz S —diazotized sulfanilic acid.
2 N a O E T —Sodium  ethoxide.
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graphic developing solvent, the end product was the more 
stable 6 -0 -acetylarbutin.

Methylarbutin (the monomethyl ether of arbutin) is 
thought to occur along with arbutin in some plant tissues 
and is not easily separable from it (Cornforth, 1938; and 
Hattori et al., 1963). Entlicher et al. (1967) and the 
present authors did not identify it in either pear leaf or 
fruit—the monoacetylarbutin being the only other related 
compound identified on chromatograms. Since no authentic 
sample of the methyl derivative was available for com
parison purposes, it is not possible at this time to state 
that the methyl ether was absent from the tissue.

Methylarbutin may lead to yellow discolorations, due 
to indirect oxidation (H attori et al., 1963), but it cannot 
be classed as a polyphenoloxidase substrate, due to the 
presence of the methoxyl group. The fact, however, that 
arbutin is present throughout the pear fruit in relatively 
high concentrations and can be enzymatically transformed 
to easily oxidized products either by the action of a /3- 
glucosidase or by a phenol oxidase, does suggest that pear 
fruit browning is due to oxidative breakdown products 
derived mainly from arbutin and is analogous to the 
blackening of senescent pear leaves.
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SUMMARY—Frozen sections, representing the entire cross- 
sectional area at the site of shear force determination, were 
prepared from cooked muscle samples previously subjected 
to two degrees of stretch-tension during rigor. Histological 
observations revealed very few consistent relationships be
tween structure at the shearing site and shear force values. 
Sections prepared from control samples exhibited significantly 
greater total amounts of perimysial connective tissue than 
sections prepared from stretched samples. Stretched sections 
tended to show greater amounts of perimysial tissue denatura- 
tion as indicated by the degree of tissue granulation. These 
results suggest that a portion of the increased tenderness 
previously reported for stretched muscle samples may be 
accounted for by a mechanical thinning of connective tissues 
due to stretching which results in a decrease in force required 
for shearing.

INTRODUCTION

G r e a t e r  a m o u n t s  of connective tissue, as determined 
histologically and chemically, have been related to in
creased shear values and decreased tenderness by many 
workers (M oran et al., 1929; Mackintosh et al., 1936; 
Ramsbottom et al., 1945; Strandine et al., 1949; Hiner 
et al., 1950 and Parrish et al., 1961). It is well established 
that cooking results in a hydrolysis of collagenous tissues 
which is partly responsible for increased tenderness. Sev
eral workers have reported that collagen denatured by 
heat reacts abnormally to differentiating histological stains, 
not staining at all in some cases (Harrison et al., 1949; 
Paul et al., 1944 and Paul, 1963).

The decreased shear values associated with stretched 
muscle samples reported previously (Buck et al., 1967) 
may have been influenced by physical changes in connective 
tissues resulting from the stretching or cooking. This por
tion of the investigation was designed to determine the 
relationship between histological structure and resistance 
to shear.

Samples of muscle at the shear point were evaluated 
histologically. Both the amount of connective tissue and 
the denaturation of the connective tissue in the cooked 
samples, as determined by the staining reaction, were 
assessed.

EXPERIMENTAL
Origin and preparation of samples

The tissues employed in this investigation were from 
the same samples used in a previous study (Buck et al.,
1967). Muscle strips, prepared from seven pairs of lon- 
gissimus dorsi muscles obtained from cull dairy animals 
varying in age from 3 to 9 years, were subjected to two

degrees of stretch-tension during rigor. Weighted muscle 
strips were not disturbed for 72 hours to insure that the 
rigor process was complete. A t the end of this period, 
portions of the muscle strips for future objective tender
ness measurements and histological o b s e rv a tio n  were 
wrapped in plastic film and frozen at — 30° C.

Frozen samples were thawed overnight at 5°C, removed 
from the refrigerator and held until internal temperatures 
reached 15°C. They were then placed in a bath of corn 
oil maintained at 135°C and cooked to an internal tempera
ture of 65.5°C. Maximal internal temperature reached 
after removal from the oil bath was 73.9°C. All tempera
tures were recorded by means of thermocouples and a 
Leeds and Northrup Recording Potentiometer.

Samples were prepared for shear force determinations 
and immediately following shearing on an Allo-Kramer 
Shear Press, one-half of each sheared strip, with a few 
drops of saline solution, was frozen to the object disc of 
a Lipshaw Cryotome (Model No. 1500). The cold cham
ber containing the microtome was operated at —20°C. 
After several sections were removed to square the sheared 
end of the tissue strip, three consecutive 1 0  p cross sections 
were removed and affixed to glass slides with Zwemer’s 
Chrome Glycerine Jelly (Gatenby et al., 1950). Sections 
were air-dried for 1 0  min before staining.

Structural components of interest were stained with a 
modified Mallory’s Triple Stain. Alteration of Mallory’s 
method involved a thorough rinsing of sections in a 1 % 
solution of phosphomolybdic acid after staining with acid 
fuchsin and before staining with the aniline blue-orange G 
mixture. Sections were taken from Mallory’s Solution II 
and placed directly in 70% alcohol for 1 min, 95% alcohol 
for 1 min and absolute alcohol for 1 min. They were then 
cleared in xylene and mounted. This method was very 
rapid and a mounted section could be obtained in approxi
mately 1 0  min.

Histological analysis of sections

Stained sections were examined and scored for amounts 
and denaturation of perimysial and endomysial connective 
tissues, presence and size of arteries and fat islands, and 
any other structural differences which might be related to 
the shear force value associated with the particular section 
being examined.

Connective tissue and denaturation were each scored 
on an arbitrary 1 to 3 scale with 1 indicating small amounts 
and 3 indicating large amounts of connective tissue or 
denaturation. Arteries and fat islands were recorded as to 
number and size (small, medium or large). All scoring

464— JO URNAL OF FOOD SCIENCE— Volum e 33 (1968)



MICROSCOPIC CHARACTERISTICS OF COOKED MUSCLES— 465

was relative, and to avoid bias, slides were coded and 
scored several times with the mean value recorded.

A second procedure for histological examination was 
also used. A section of control muscle and a section from 
the corresponding area in the paired stretched muscle 
were examined side by side on the stage of a dissecting 
microscope at a magnification of 50X. Two experienced 
operators determined which slide of the pair had the 
greater amount of perimysial connective tissue and heat 
denaturation of the connective tissue.

RESULTS AND DISCUSSION
I n i t i a l  s t a i n i n g  t r ia l s  in which albumin was used 

as an adhesive presented some difficulties in that tissue 
sections became detached from the slides during staining. 
Under the conditions of this experiment, Zwemer’s Chrome 
Glycerine Jelly (Gatenby et al., 1950) proved to be an 
excellent adhesive for frozen sections prepared from 
cooked muscle tissue.

Shear force determinations were made at three to five 
locations within each sample. Three stained sections were 
prepared from the sheared surfaces at each shearing loca
tion. Figs. 1, 2 and 3 are representative of the approxi
mately 160 slides prepared and examined.

The muscle cells of sections prepared from cooked tissues 
stained a very dark red. Perimysial connective tissues

Fig. 1. Cooked longissimus dorsi, frozen section representing 
entire cross-sectional area of control sample at site of shear force 
determination. Note dark zvavy band of stained collagenic fibers 
(arrozst) surrounded by granular tissue. Shear force, 8.70 lbs. 
Magnification  X  16.3.

showed wavy bands of dark blue collagenic fibers sur
rounded, in most cases, by a pinkish-red granular material 
which was interpreted to be hydrolyzed collagenous tissue 
(Fig. 1). The endomysial connective tissues were almost 
always completely denatured appearing granular and pink
ish-red in color. No elastic fibers were observed in the 
endomysial spaces and only a few pink elastic fibers ap
peared in perimysial spaces.

Figs. 1 and 2 represent sections prepared from similar 
shearing sites in paired control and stretched muscles, re
spectively. The greater amounts of perimysial connective 
tissue in the control section (Fig. 1) resulted in its re
ceiving a score of 2  as compared to its paired stretched 
section (Fig. 2) which received a score of 1. Several dark 
wavy bands of stained collagenic fibers may be seen in 
Fig. 1 while Fig. 2 is practically devoid of them, implying 
a larger degree of tissue granulation in the section in Fig. 2. 
In  this particular example the greater shear force is asso
ciated with the muscle sample from which the control 
section (Fig. 1) was prepared.

Approximately 75% of the sections showed one or more 
small to large fat islands. Arteries were observed in the 
perimysial spaces of approximately 1 0 % of the sections 
and they were always surrounded by dense areas of dark 
blue collagenic and pinkish-red elastic fibers. One would 
think that fat islands and arteries, as seen in Fig. 3, would 
influence shear force values, yet this was not the case 
under the conditions of this study. Fat islands and/or

F ig . 2. Cooked longissim us dors i, fro ze n  section o f corresponding
area  ( F ig .  1 )  in  p a ire d  s tretched  m uscle. S h e a r  fo rc e , 5 AO lbs.
M a g n if ic a tio n  X  16.3.
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arteries were not consistently associated with either in
creased or decreased shear forces.

I t is interesting to note that the collagenous framework 
of the fat islands showed very little dénaturation and 
stained an intense blue. Some pink elastic fibers were also 
visible. Considering the high heat carrying capacity of fat 
one would expect to find more granulation of the collage
nous tissue.

The staining properties of the collagenous tissues in 
the present study are similar to those reported by Paul 
et al. (1944) and Paul (1963) who found that the staining 
properties of collagen changed as heating progressed even
tually resulting in structural change from fibrous to granu
lar. Skelton et al. (1963) reported that collagenous tissue 
appeared as long fibrous strands in sections of raw meat 
and as masses of granular tissue dispersed throughout the 
sections of cooked tissue.

Subjective scoring of sections prepared from control and 
stretched muscle strips on a 1-3 scale failed to reveal any 
relationship between degree of granulation or perimysial 
connective tissues, amounts of endomysial connective tissue 
and shear forces. There was a definite trend, however, for 
sections from control muscle strips to score higher for 
total amounts- of perimysial connective tissues. This trend 
was brought into sharper focus by comparing a control 
section with a stretched section from the corresponding 
location in the paired muscle. Two operators made identi-

Fig. 3. Cooked longissimus dorsi, frozen section representing 
entire cross-sectional area of a control sample at site of shear 
force determination. Note artery (arrow ) surrounded by a large 
fa t island. Shear force, 7.30 lbs. Magnification  X  16.3.

cal choices when asked to indicate which slide of the pair 
showed greater amounts of total perimysial connective 
tissue, and also which section showed greater denaturation 
or granulation of the perimysial connective tissues. Results 
proved to be 100% reproducible with coded sections. The 
results of the paired comparison are shown in Table 1.

W ith the exception of Trial 5, more control sections 
than stretched sections exhibited greater total amounts of 
perimysial connective tissue. The chi-square test was em
ployed and these differences proved to be significant at 
the 1% level. These data tend to offer support to those 
workers who have demonstrated a relationship between 
decreased tenderness and increased amounts of connective 
tissue since the greater shear force values are associated 
with the control slides in Trials 3 through 7. As was 
reported previously (Buck et al., 1967), stretched muscle 
samples from Trials 1 and 2 were inadvertently cooked to 
a higher internal temperature and it was suggested that 
this higher temperature had a toughening effect on the 
myofibrillar proteins which was able to mask any connec
tive tissue effects present.

The data in Table 1 show a slight trend for the greater 
amount of perimysial tissue denaturation to be associated 
with sections from stretched muscle samples and therefore, 
lower shear values. Assuming the granular areas represent 
hydrolyzed collagenous tissue, this would be expected; 
however, the data are not clear on this point and differ
ences did not prove to be statistically significant.

The histological observations reported in this paper sug
gest that increased tenderness resulting from pre-rigor 
stretching of muscle is due, in part, to changes in con
nective tissue. The condition of myofibrillar proteins un
doubtedly also contributes to tenderness, or a lack of it; 
however, the proportional contribution of each remains to 
be determined.

The decreased amounts of connective tissues associated 
with the stretched muscle samples in the present study 
might have been due to an elastic effect or a mechanical 
thinning of perimysial connective tissues which resulted 
in decreased resistance to shear.

The results reported here should be interpreted cau
tiously since evidence is accumulating which suggests that 
amounts of connective tissue may not play as significant 
a role in muscle toughness as previously thought, at least 
insofar as muscles containing smaller amounts of connec
tive tissue are concerned. Weidemann et al. (1967) con
cluded that tenderness in beef muscle was produced by 
a disruption of the actin filaments and by a breaking down 
of the linkages between the actin and myosin filaments in 
the sarcomeres, provided the effects of gross connective 
tissue were small.

Herring et al. (1967b) found collagen content did not 
differ among longissimus dorsi muscles from bovine ani
mals in A, B and E  maturity groups and that it was not 
significantly related to tenderness. These workers also 
reported that neither collagen content nor collagen solu
bility was affected by post-mortem contraction s ta te ; how
ever, tenderness was markedly decreased by increased 
contraction.

Herring et al. ( 1967a) found that post-mortem contrac-
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T a b l e  1. H i s t o l o g i c a l  c o m p a r i s o n  o f  t h e  s h e a r e d  s u r f a c e s  o f  c o n t r o l  a n d  s t r e t c h e d  m u s c l e  s t r i p s .

T r ia l
N o.

N o. sec tions show ing 
g re a te r  am oun ts  of 

pe rim y sia l con. t is s u e 1

N o. sec tions show ing 
g re a te r  g ra n u la tio n  of 
p e rim y sia l con. t is s u e 1

A verage  
S h e a r  fo rce  

(lb s .)

C on tro l S tre tch ed C ontro l S tre tch ed C ontro l S tre tch ed

1 2 l 2 l 5 .4 7 6 .6 3
2 3 0 0 2 3 .4 7 4 .7 0
3 4 l 1 3 5 .81 4 .5 0
4 4 0 1 3 6 .71 5 .45
5 1 3 3 1 7 .20 6 .2 3
6 3 0 2 1 7 .0 4 5 .9 6
7 4 0 0 4 7 .7 0 5 .2 8

1 W h e n  c o m p a r e d  t o  t h e  c o r r e s p o n d i n g  s e c t io n  f r o m  t h e  o p p o s i te  g r o u p .

tion of muscles was very effective in causing decreased 
tenderness and that as muscles were shortened they had 
a larger percent area of fibers and, in contrast to the results 
of the present study, a smaller percent area of both endo- 
mysial and perimysial material.

It seems apparent at the present time that both connec
tive tissue and intra-fiber molecular changes are involved 
in the tenderness pattern of a particular m uscle; however, 
the proportional contribution of each and the conditions 
under which one may mask the other, remain to be 
resolved.
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SUMMARY— Photomicrographs were made of muscle fiber 
fragments as the stage of the microscope was heated from 
room temperature to 80°C, or as fibers were held at 37, 45,
53, 61, 69, or 77°C on the heated stage for an hour. The 
possible relationship of changes in width, length and in bire
fringence brought about by heating to loss of moisture, 
water-holding properties, loss of acidic groups, and changes 
in tenderness are discussed. Changes in width appeared to 
be related to changes in water-holding capacity. Changes in 
length and loss of birefringence were related to loss of acidic 
groups, to coagulation of proteins, to volume change in 
cooked meat, and to changes in tenderness.

INTRODUCTION
A r e v ie w  of literature reveals a continued interest in 

the effect of heat on muscle proteins. The rate of tempera
ture rise in ground beef as affected by fat content was 
studied by Irm iter et al. (1967), and in longissimus dorsi 
steaks as affected by ante-mortem stress by Lewis et al.
(1967). Weidemann et al. (1967), Paul (1965), and 
Lowe et al. (1961), noted changes in the histology of mus
cle tissues after cooking. Many studies (Bramblett et al., 
1964; Gilpin et al., 1965; Hamm et al., 1960; Pengilly 
et al., 1966; Ritchey et al., 1965; Rogers et al., 1967; and 
Tuomy et al., 1964) have been centered around changes 
in physical and chemical properties of muscles as they were 
heated by various methods to different temperatures for 
varying lengths of time. Hamm (1966), summarized the 
work on the heating of muscle systems.

This paper presents methods for the direct observation 
of changes in muscle fiber fragments when they are heated. 
In the first method, fibers were heated gradually by in
creasing temperature with time. In the second method, 
fibers were held at a constant temperature for a period of 
time. The changes in fibers observed by each method of 
heating are described.

EXPERIMENTAL
Materials and techniques

One-inch-thick slices of longissimus dorsi muscle from 
beef carcasses aged 7 days at 2°C were frozen and stored 
at —23°C until needed. Fragments of muscle fibers were 
obtained by placing a small piece of muscle in a Waring 
blender with enough saline solution (0.9% NaCl) to cover 
the blades of the blender. After running the blender for 
15 to 30 sec, the separated fibers were poured into a 
Petri dish. Fiber fragments were picked up with a medi
cine dropper and placed on a glass slide.

A square approximately 18 X 18 mm was outlined on 
a glass slide, using vacuum grease. Muscle fiber fragments

were then placed in the center of the square and covered 
with a 22 X 22 mm cover glass which was pressed into the 
vacuum grease to make a seal.

The prepared slide was then placed on a microscope 
stage (Leitz) equipped with both an electric heating ele
ment and a coil for circulating hot or cold liquids.

Increasing temperature with time. After suitable fiber 
fragments in one field were found, a photomicrograph 
was taken of that field at room temperature using either 
Kodak Panatomic X black and white film, or Kodachrome 
II color film. The heating element in the stage was then 
turned on and photomicrographs of this same field were 
taken after each 3-degree rise in temperature from 29 to 
50°C, and every 2 degrees from 50 to 80°C. Approxi
mately 45 min were required to heat the stage from room 
temperature to 80° C.

Constant temperatures with time. After a photomicro
graph was taken of fibers at room temperature, heated 
water from a constant temperature bath was circulated 
through the coil in the stage. Photomicrographs were 
taken every minute for the first 1 0  min, every 2  min for 
the next 10 min, and every 5 min thereafter, for a total 
of 60 min. The temperature of the stage was recorded 
each time a photograph was taken. Approximately 10 min 
were needed to bring the stage to each of the following 
temperatures: 37, 45, 53, 61, 69 and 77°C. A t 5 min the 
temperatures were within 4 degrees of 77°C and within 
2 degrees of 37°C.

Measurements of dimensional changes of fibers were 
made from prints of the black and white negatives or from 
projected images of color slides. It was usually possible to 
have four or five fiber fragments in a field that could be 
measured through an entire series of photographs. The 
width and length of the fragments were measured. All 
values are given as percent change from the original width 
and length of the fragments at room temperature.

Birefringence of muscle fiber. The heating stage was 
transferred to a polarizing microscope equipped with a 
half-wave filter for red. The muscle fibers appeared yellow, 
red or blue-green against a red background, depending on 
their orientation with respect to the crossed Nicol prisms 
of the polarizing microscope. Color transparencies using 
Kodachrome I I  film were taken during the course of heat
ing. The degree of change in birefringence of the fibers 
from one temperature to the next was determined by 
measuring the percent transmission through the color 
transparency of the fiber by means of a Photovolt densi
tometer (Model 542). A blue-green filter (A =  485 m/*) 
was used and the densitometer adjusted so that the area
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of a fiber allowing the most light to reach the photoelectric 
cell gave a reading approximately 80% full scale, while 
no light gave a zero reading. Although the values in Fig. 4 
cannot be interpreted quantitatively, they indicate clearly 
the point where prominent changes in birefringence 
occurred.

RESULTS
F i g . 1 r e p r e s e n t s  mean values o f the shrinkage charac

teristics of 32 individual fibers, and clearly shows that 
fiber fragments decreased in both width and length as heat 
was applied according to the first method (increasing heat 
with time). Gradual, but small, decreases in width began 
soon after heating was begun and continued to 45 °C. 
Between 45 and 62°C, a more rapid decrease in width 
occurred. At 62°C, the process appeared complete, since 
very little further decrease in width occurred.

Shortening of the muscle fibers proceeded very slowly 
or not at all as the temperature was raised to 55°C. Be
tween 55 and 65 °C, most of the fiber fragments shortened 
rather suddenly to about 80 percent of their original length. 
Increasing the temperature from 65 to 80°C resulted in an 
additional decrease of 1 0 % of the original fiber length.

The second study (Fig. 2) in which desired tempera
tures were held constant, showed only a small (2.5%) 
decrease in width during the first 8  min at 37°C. Another 
2 to 3% change took place in the next 8  min, but after this, 
little change took place. At 45°C, a 10% decrease in fiber 
width took place during the first 7 min, and during the next 
18 min there was another 5% decrease. Little change in 
width occurred thereafter. At higher temperatures (53, 
61, 69, and 77°C) most of the decrease in fiber width (23 
to 27%) took place during the first 5 min of heating, with 
little change thereafter.

The length of the fiber fragments decreased very little 
(Fig. 3) as fibers were heated for 1 hr at 37 and 45°C. 
Some decrease in length took place during the time re
quired for them to reach 53°C, but little after this. At 
61°C, 10% shortening took place during the first 9 min 
and continued very slowly for the next 20 to 25 min, with 
very little change during the last 25 min of the heating 
period. At temperatures above 61 °C, 25% shortening took 
place and was essentially complete in a little over 5 min.

When viewed under polarized light, muscle fibers ap
peared brilliantly biréfringent. Upon heating, the birefrin
gence gradually decreased (Fig. 4) for all muscle fiber 
fragments observed. Some fragments became isotropic by

Fig. 1. Change in w idth and length of fiber fragments zvith 
increasing temperature.

Fig. 2. Change in zvidth of fiber fragments w ith  time at d iffe r
ent temperatures.

the time they reached 58 to 60 °C, while others retained 
some birefringence at 6 6  to 6 8 ° C.

DISCUSSION
T h e  c h a n g e s  in muscle fibers observed in these experi

ments seem to be related most closely to the water-holding 
properties of muscle proteins as described by Hamm et al.
(1960) and Hamm et al. (1962). As proteins coagulate 
after being denatured by heat, their water-holding capacity 
is lost. Hamm states that the juice lost as drip during 
this process is that water held immobile by the myofila
ments, but is not water of hydration. W hen the proteins 
of the myofilaments denature, the immobile water is freed, 
escapes from the intermyofibrillar space, and carries with 
it some soluble sarcoplasmic proteins. This material, visible 
in our observations as amorphous particles, appeared 
around the entire fiber, not at the cut ends only. The fiber 
simultaneously became narrower, this process being essen
tially complete at 53°C.

Results of our time-temperature studies on isolated fibers 
(Fig. 2) also showed that the diameter decreased in a 
manner parallel to the loss of water-holding capacity as 
demonstrated by Hamm et al. (1962). Thus the decrease 
in diameter may be explained as the early stages of heat 
dénaturation where unfolding of peptide chains has oc
curred, causing a loss of water-holding capacity but little 
disturbance in the parallel array of myofilaments.

The changes in length of fibers do not conform to this 
behavior pattern, but instead resemble more closely the 
behavior described by the curves Hamm et al. (1960) have 
shown for the decrease or loss of the acidic groups. Fiber 
shortening does not begin until the temperature reaches 
50° or more, when birefringence (Fig. 4) is noticeably

F ig .  3. C hange in  len g th  o f fib e r  fra g m e n ts  w ith  tim e a t d if fe r 
en t tem peratures .



47 0 — JO URNAL OF FOOD SCIENCE— Volume 33 (1968)

Pig. 4. Change in birefringence of fiber fragments m ith increasing 
time, measured as change in  transmittance of light ( \  =  485 mg.) 
passing through color transparency of fiber fragment.

diminishing (54 to 56°C). At these temperatures myosin 
is supposedly coagulated (Locker, 1956), myofibrillar pro
teins are rearranging and forming stable cross-linkages 
(Hamm, 1966), and sarcoplasmic proteins are rapidly 
coagulating (Lee et a l, 1966). These changes coincide 
with the observed changes in birefringence and shortening, 
and suggest that the fiber shortening is associated with 
the actual coagulation processes of the various proteins in 
the muscle. The loss of birefringence further indicates that 
the A-Band structure is being disturbed when the fibrillar 
proteins coagulate and are thrown out of alignment.

I t can be assumed that changes in the length and width 
of muscle fibers also take place in meat being cooked since 
volume changes after cooking have been noted by several 
workers (Ritchey et al., 1965 ; Lowe et al., 1961). Ritchey 
et al. (1965) in work on the comparison of steaks oven- 
broiled to 61, 6 8 , 74 and 80°C, found that a greater weight 
loss per minute of cooking time took place between 61 and 
6 8 °C than between the other temperature intervals. This 
is soon after the muscle fiber fragments observed in the 
present study began to shorten, and corresponds to the 
temperatures at which the greatest shortening of the mus
cle fiber fragments took place.

Machlik et al. (1963) measured changes in shear force 
of one-half inch cores of semitendinosus muscle with time 
at one-degree intervals between 50 and 90°C. At tempera
tures from 50 to 54 °C, there was little change in shear with 
time. I t  was only in the range 5 5-59° C that the decrease 
in shear seemed to be a function of time as well as tem
perature. This is again in the range where shortening 
began in isolated LD muscle fibers and it is also within 
the range where the shortening of the muscle fiber frag
ments seemed to be a function of time as well as tempera
ture.

Machlik et al. (1963) further showed that at higher 
temperatures the decrease in shear was primarily a func
tion of temperature. In  our work, shortening of the muscle 
fiber fragments also became a function of temperature 
above 61 °C. The question of whether the results of the two 
studies can really be compared can not be answered with 
certainty until one or both of the tests are run with samples 
from the other muscle.

Ritchey et al. (1964) found that the shear values of

cores from LD were higher after being heated to 80 °C 
than they were at 61 °C. There is little evidence of this 
in the work of Machlik et al. (1963) on semitendinosus. 
Thus it remains to be seen whether shortening of muscle 
fibers due to heating can be associated with toughening in 
one muscle and no change in another. One factor which 
may enter into this question may be the possible difference 
in reaction to heat between free floating isolated fibers and 
those whose movement may be more or less restricted, as 
would be the case in a muscle. Perhaps the manner of 
relative position or restriction w o u ld  influence the 
tenderness.

REFERENCES
B r a m b l e t t ,  V .  D .  a n d  V a i l ,  G . E .  1 9 6 4 . F u r t h e r  s tu d i e s  o n  t h e  

q u a l i t i e s  o f  b e e f  a s  a f f e c t e d  b y  c o o k i n g  a t  v e r y  l o w  t e m p e r a 
t u r e s  f o r  l o n g  p e r io d s .  Food Technol. 18 , 2 4 5 .

G i lp in ,  G . L . ,  B a t c h e r ,  O . M .  a n d  D e a r y ,  P .  A .  1 9 65 . I n f lu e n c e  
o f  m a r b l i n g  a n d  f in a l  i n t e r v a l  t e m p e r a t u r e  o n  q u a l i t y  c h a r a c 
t e r i s t i c s  o f  b r o i l e d  r i b  a n d  e y e  o f  r o u n d  s t e a k s .  Food Technol. 
19, 8 3 4 .

H a m m ,  R .  a n d  D e a t h e r a g e ,  F .  E .  19 6 0 . C h a n g e s  i n  h y d r a t i o n ,  
s o lu b i l i t y  a n d  c h a n g e s  o f  m u s c l e  p r o t e i n  d u r i n g  h e a t i n g  o f  m e a t .  
Food Res. 23 , 5 87 .

H a m m ,  R . a n d  I w a t a ,  H .  19 6 2 . C h e m is c h e  u n d  p h y s i k a l i s c h e  
V e r ä n d e r u n g e n  b e im  E r h i t z e n  v o n  F l e i s c h .  I .  W i r k u n g  d e s  
E r h i t z e n s  i n  G e g e n w a r t  v o n  N a t r i u m c h l o r i d  a u f  W a s s e r 
b i n d u n g s v e r m ö g e n  u n d  p H - W e r t  d e s  R i n d e r m u s k e l s .  Z. 
Lebensm. Utitersuch. Forsch. 116 , 120.

H a m m ,  R .  1 9 6 6 . H e a t i n g  o f  m u s c l e  s y s t e m s .  I n  “ P h y s i o l o g y  a n d  
B i o c h e m i s t r y  o f  M u s c l e  a s  a  F o o d ,”  e d s .  B r i s k e y ,  E .  J . ,  C a s -  
s e n s ,  R .  G . a n d  T r a u t m a n ,  J .  C . U n iv .  o f  W i s c o n s i n  P r e s s ,  
M a d i s o n ,  W i s .

I r m i t e r ,  R .  F . ,  A l d r i c h ,  P .  J .  a n d  F u n k ,  K .  1 9 6 7 . R a t e  o f  t e m p e r a 
t u r e  r i s e ,  p h y s i c a l  a n d  c h e m ic a l  p r o p e r t i e s  o f  g r o u n d  b e e f  
c y l i n d e r s  f a b r i c a t e d  f r o m  s e le c te d  m u s c l e s  o f  t h e  r o u n d .  1. 
E f f e c t  o f  f a t  c o n te n t .  Food Technol. 21, 7 7 9 .

L e e ,  A .  a n d  G r a u ,  R .  1966 . T h e  in f lu e n c e  o f  t e m p e r a t u r e  o n  th e  
b e h a v i o r  o f  s o lu b le  p r o t e i n s  o f  b e e f .  Die Fleischwirtschaft 46, 
12 3 9 .

L e w is ,  P .  K .  J r . ,  B r o w n ,  C . J .  a n d  H e c k ,  M .  C . 1 9 6 7 . T h e  e f f e c t  
o f  a n t e - m o r t e m  s t r e s s  o n  t h e  i n t e r v a l  t e m p e r a t u r e  o f  b e e f  
d u r i n g  c o o k in g .  Food Technol. 21, 7 5 A .

L o c k e r ,  R .  H .  1 9 56 . T h e  d i s s o c i a t i o n  o f  m y o s i n  b y  h e a t  c o a g u l a 
t i o n .  Biochim. Biophys. Acta  20 , 5 15 .

L o w e ,  B . a n d  K a s t e l i c ,  J .  19 6 1 . O r g a n o l e p t i c ,  c h e m ic a l ,  p h y s i c a l  
a n d  m ic r o s c o p ic  c h a r a c t e r i s t i c s  o f  m u s c l e s  in  e i g h t  b e e f  c a r 
c a s s e s ,  d i f f e r i n g  in  a g e  o f  a n im a l ,  c a r c a s s  g r a d e  a n d  e x t e n t  
o f  c o o k in g .  I o w a  S t a t e  U n iv .  S c i .  a n d  T e c h n o l . ,  A g r .  a n d  
H o m e  E c .  E x p t .  S t a .  R e s e a r c h  B u l l .  N o .  4 9 5 .

M a c h l i k ,  S .  M .  a n d  D r a u d t ,  H .  N .  1 9 6 3 . T h e  e f f e c t  o f  h e a t i n g  
t i m e  a n d  t e m p e r a t u r e  o n  t h e  s h e a r  o f  b e e f  s e m i t e n d in o s u s  
m u s c l e .  J. Food Sci. 28 , 7 11 .

P a u l ,  P .  C . 19 6 5 . S t o r a g e -  a n d  h e a t - i n d u c e d  c h a n g e s  i n  t h e  m i c r o 
s c o p ic  a p p e a r a n c e  o f  r a b b i t  m u s c l e .  J. Food Sci. 30 , 9 60 .

P e n g i l l y ,  C . Q . a n d  H a r r i s o n ,  D .  19 6 6 . E f f e c t  o f  h e a t  t r e a t m e n t  
o n  t h e  a c c e p t a b i l i t y  o f  p o r k .  Food Technol. 20 , 3 3 0 .

R i t c h e y ,  S .  J .  a n d  H o s t e t l e r ,  R .  L .  1 9 6 4 . C h a r a c t e r i z a t i o n s  o f  t h e  
e a t i n g  q u a l i t y  o f  f o u r  b e e f  m u s c l e s  f r o m  a n i m a l s  o f  d i f f e r e n t  
a g e s  b y  p a n e l  s c o r e s ,  s h e a r  f o r c e  v a lu e s ,  e x t e n s i b i l i t y  o f  m u s c l e  
f i b e r s ,  a n d  c o l l a g e n  c o n te n t .  Food Technol. 18, 10 6 7 .

R i t c h e y ,  S .  J .  a n d  H o s t e t l e r ,  R .  L .  19 6 5 . T h e  e f f e c t  o f  s m a l l  t e m 
p e r a t u r e  c h a n g e s  o n  t w o  b e e f  m u s c l e s  a s  d e t e r m i n e d  b y  p a n e l  
s c o r e s  a n d  s h e a r  f o r c e  v a lu e s .  Food Technol. 1 9 , 12 7 5 .

R o g e r s ,  P . ,  G o e r t z ,  G . E .  a n d  H a r r i s o n ,  D .  1 9 6 7 . H e a t  in d u c e d  
c h a n g e s  o f  m o i s t u r e  in  t u r k e y  m u s c l e s .  J. Food Sci. 32, 2 9 8 .

T u o m y ,  J .  M . a n d  L e c h n i r ,  R .  J .  19 6 4 . E f f e c t  o f  c o o k i n g  t e m p e r a 
t u r e  a n d  t im e  o n  t h e  t e n d e r n e s s  o f  p o r k .  Food Technol. 18, 2 1 9 .

W e i d e m a n n ,  J .  F . ,  K a e s s ,  G . a n d  C a r r u t h e r s ,  L .  D .  1 9 6 7 . T h e  
h i s t o l o g y  o f  p r e - r i g o r  o n  m u s c l e  b e f o r e  a n d  a f t e r  c o o k i n g  a n d  
i t s  r e l a t i o n  t o  t e n d e r n e s s .  J. Food Sci. 32, 7.

M s .  r e c ’d  1 2 / 4 / 6 7 ;  r e v i s e d  6 / 1 3 / 6 8 ;  a c c e p te d  6 / 2 4 / 6 8 .

T h i s  s t u d y  w a s  s u p p o r t e d  i n  p a r t  b y  S o u t h e r n  R e g i o n a l  P r o j e c t  
S M - 1 9 ,  “ Q u a l i t y  o f  B e e f  a n d  F a c t o r s  M o t i v a t i n g  B e e f  P u r c h a s e s , ”  
a n d  b y  t h e  K i n g  R a n c h  C h a i r  o f  B a s i c  A n i m a l  S c i e n c e  a n d  B i o 
c h e m i s t r y ,  T e x a s  A & M  U n i v e r s i t y .



TIBOR FULEKP and F. J. FRANCIS
D epartm ent of Food Science and Technology 

University of Massachusetts, Am herst, Massachusetts 01002

Q u a n t i t a t i v e  M e t h o d s  f o r  A n t h o c y a n i n s .  4 .  D e t e r m i n a t i o n  o f  I n d i v i d u a l

A n t h o c y a n i n s  i n  C r a n b e r r y  a n d  C r a n b e r r y  P r o d u c t s

SUMMARY—A new method was developed to determine the 
quantities of the four major anthocyanins in cranberry and 
cranberry products. The pigments were streaked on Whatman 
No. 1 paper and separated by multiple ascending chroma
tography with 1-butanol-benzene-formic acid-water (100:19: 
10:25). The individual bands were measured by transmission 
densitometry at 525 nm. The ratio of individual pigments 
was calculated from the densitometric peak areas. The linear
ity of densitometric response for anthocyanins was established.
The amount of each individual anthocyanin present was calcu
lated from the total anthocyanin content and the ratio of 
individual anthocyanins. The reproducibility of the methods 
was 6% for the two arabinosides and 4 to 5% for the two 
galactosides expressed as the coefficient of variability.

INTRODUCTION
D u e  t o  v a r ia t io n s  in the nature and position of the 

aglycon, sugar, and acyl moieties, probably several hundred 
different anthocyanins (Acys) exist in nature. A recent 
listing of all known Acys (Harborne, 1967) gave the 
source for 119 Acys. Most fruits, examined so far, contain 
more than one anthocyanin (Acy) and the number of these 
pigments within one fruit can be as high as 16 (Francis 
et al., 1966a).

I t has been demonstrated on solutions of pure individual 
anthocyanins (I Acys) that variation in the structure of 
Acys has a definite effect on the behavior and chemical sta
bility of these pigments (Lamort, 1958; Horubala, 1964; 
Robinson et al., 1966). Thus it is important to identify 
the Acy pigments in fruits and to determine the stability 
of each pigment during processing and storage. Informa
tion on the influence of varietal differences and growing 
conditions on the I Acy content would help in breeding 
varieties, and developing cultivation and processing prac
tices which would result in a high degree of color stability 
in red fruit products. The quantitative Acy pattern can 
also serve as an indicator of adulteration for fruit products.

The lack of adequate methods for the quantitative deter
mination of I Acys in a pigment mixture has greatly 
hampered research. Such a method should fulfill the fol
lowing requirem ents:

1. It should be simple and applied readily to large num
bers of samples.

2. Each Acy present should be determined quantita
tively. The loss during manipulation, if unavoidable, 
should be proportionally the same for each Acy present in 
the particular product.

* P r e s e n t  a d d r e s s : H o r t i c u l t u r a l  P r o d u c t s  L a b o r a t o r y ,  H o r t i c u l 
t u r a l  R e s e a r c h  I n s t i t u t e  o f  O n t a r i o ,  O n t a r i o  D e p a r t m e n t  o f  A g r i 
c u l t u r e  &  F o o d ,  V i n e l a n d  S t a t i o n ,  O n t a r i o ,  C a n a d a .

The four major cranberry anthocyanins (Cy Acys) 
were identified by Sakamura et al. (1961) and Zapsalis 
et al. (1965) as cyanidin 3-monogalactoside (Cy 3-Ga), 
cyanidin 3-monoarabinoside (Cy 3-A r), peonidin 3-mono
galactoside (P n  3-Ga) and peonidin 3-monoarabinoside 
(P n  3-A r). Because these Acys are closely related chemi
cally, it is difficult to determine the quantity of individual 
pigments. The aim of this research was to establish a 
method, which fulfills the above requirements, for the 
quantitative estimation of the major Acys in cranberry 
(C r) and its products. This method is expected to be used 
in establishing degradation rates for the I Acys in Cr 
products and to determine their quantity in different strains 
and varieties of Cr and related species. If one or two of 
the pigments should prove to be more stable than the 
others, then it might be possible to produce new varieties 
with improved color stability through selection and breed
ing. This work will also help to establish methods for the 
quantitative estimation of I Acys for other fruits, berries 
and their products.

LITERATURE REVIEW
I d e a l l y  t h e  d e t e r m in a t io n  of I Acys should be done 

directly on the natural pigment mixture by measuring the 
optical density (O D ) at a selected wavelength where the 
interference from the other Acys present would be minimal. 
However, the absorption spectra of most of the Acys are 
so similar (Harborne, 1967) that spectral measurements 
are of little use for such purpose. The methods described 
in the literature for the quantitative determination of I Acys 
were all done after the Acys were separated.

The methods applied for the quantitative determination 
of I Acys may be classified according to the method used 
for the measurement of the separated pigments.

Spectrophotometrie methods

The concentrations of the separated Acys are determined 
by measuring the OD at the wavelength of maximum 
absorption. Such methods can be applied only on solutions, 
which makes their application slow and troublesome.

Effluent methods. Sondheimer et al. (1956) separated 
the strawberry Acys on a silicic acid column and deter
mined the Acy concentration in each of the collected frac
tions.

Eluate method. Francis et al. (1966b) eluted the 
huckleberry Acys separated by paper chromatography and 
measured the Acy concentration in the eluate. The ratio 
of the four Acys was calculated as wt % by assuming the 
same E  value for each pigment.
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In situ methods

The quantities of I Acys are determined directly on the 
chromatogram. The rapidity of the in situ methods makes 
them particularly suitable for analysis of large numbers of 
samples.

Visual estimation. The color intensity of the spots can 
be roughly evaluated by the visual comparison. Such 
method was employed by Ribereau-Gayon et al. (1954) to 
estimate the relative quantities of grape Acys separated by 
two-dimensional paper chromatography. This method was 
further refined by taking into consideration the spot size 
as well as the intensity (Ribereau-Gayon, 1955).

Densitometric methods. Two different techniques have 
been employed for photometry of Acys in s itu : photometry 
in transmitted light and in reflected light. Both techniques 
involve either the evaluation of the whole or the center of 
an individual spot, or the scanning of the chromatogram. 
In the latter case, the concentration of a certain substance 
is determined by integrating the area below the densi- 
tometric curve.

Reflectance densitometry. Gombkoto (1964) scanned 
the chromatograms of grape Acys with an instrument mea
suring the intenisty of the reflected light after passing 
through a green filter.

Transmittance d e n s i t o m e t r y .  Ribereau-Gayon et al.
(1957) used such a method first for Acys. They used an 
automatic scanning transmission photometer employing 
monochromatic light to measure the Acy bands on one 
dimensional chromatograms of partially separated grape 
pigments. Since the pigments were not completely sepa
rated, identified, or their extinction coefficients determined, 
the results were expressed for each separate band as percent 
of the total peak area. A similar method was employed by 
Albach et al. (1959) but they corrected the densitometric 
readings for the difference in absorbancy between the 
different Acys by using “average standard peak areas,” a 
corrected relative quantitative term.

The presence of a large amount of added sugar, such 
as that found in most preserved products, makes the sepa
ration of Acys rather difficult. Daravingas et al. (1965) 
employed an effluent method for the determination of Acy 
content of canned red and black raspberries. The Acys 
were extracted with methanol and separated on cellulose 
powder columns. The development was started in an 
ascending direction but after the solvent front reached one- 
third of the column’s length, it was continued in a descend
ing manner. The Acy content of each eluted band was 
determined using the Sondheimer et al. (1948) pH differ
ential method. Fitelson (1967) and Mattick et al. (1967) 
used transmittance densitometric methods for Concord 
grape juice pigments. Fitelson (1967) purified the pig
ments by precipitating the Acys with neutral lead acetate 
and ethyl ether, while Mattick et al. (1967) used the 
untreated juice. Both authors used paper chromatography 
to separate the Acys into groups.

M A TER IA L S A N D  M E TH O D S

T h e  s o u r c e s  for the Cr and cranberry juice cocktail 
(C rJ) were reported previously (Fuleki et al., 1968a,b)

as well as the preparation of the pure individual Cr Acys 
(Fuleki et al., 1967a).

Solvents
The following solvents were used:
B BFW — 1-butanol-benzene-formic acid-water (100:19: 

10:25), aged 3 days, upper phase (Fuleki et al., 1967b).
BAW-—1-butanol-glacial acetic acid-water (4 :1 :5 ) ,  up

per phase.
EtOH-1.5 N  HC1 (8 5 :15 )—95% ethanol-1.5 N  HC1 

(85:15). The acidity of the solvent was adjusted with 
cone. HC1 to pH 1.0.

Instruments
A Hitachi Perkin-Elmer, Model 139 spectrophotometer 

( Perkin-Elmer Corp., Norwalk, Conn.) was used to deter
mine the Acy content of the I Acy stock solutions. A 
Photovolt Densicord, Model 542, transmission densitom
eter (Photovolt Corp., New York, N. Y.) was used to 
measure the separated Acys on the chromatograms.

Chromatography room
The chromatography was carried out in a windowless, 

well-ventilated room kept at constant temperature (73 ±  
1°F). Kurz-Miramon all-glass ascending assemblies in 
12 X 12 X 24 in. tanks (Kensington Scientific Corp., 
Berkeley, Calif.) were used for quantitative chroma
tography.

Quantitative separation of cranberry anthocyanins
Crude Cr Acy was prepared by purifying and concen

trating the Acys from CrJ or an ion exchange resin column 
(Fuleki et al., 1968c). The crude Cr, Acy or the Cr 
extract (Fuleki et al., 1968a) was applied on Whatman 
No. 1 paper as 4 cm long streaks in such a way that the 
direction of development was perpendicular to the machine 
direction of the paper. The chromatograms were equili
brated over the aqueous phase of BBFW  for about 12 hr, 
transferred to another jar and developed ascendingly with 
the organic phase of BBFW . The atmosphere in the jar 
was saturated with the solvent prior to the development 
by lining the side of the jar with filter paper and soaking 
it with the developing solvent. The development was termi
nated as soon as the solvent front reached the area within 
1 to 2 cm from the top of the paper. The chromatograms 
were air-dried for 2 0  min and the development was 
repeated.

Preparation of the chromatograms for densitometry
The upper frame of the sample holder was used as an 

aid in selecting and cutting out the strips from the chro
matograms for scanning. The area passing over the slit 
was selected to give a uniform lateral distribution, always 
excluding the outer 2 to 3 mm of the streaks. The attenu- 
ancy of the Acys was intensified by fuming the chromato
grams with hydrochloric acid. The fuming was carried out 
by suspending the strips from a glass frame placed in a 
chromatography jar, over approximately 6  N  HC1 for 
5 min.

Establishment of operating parameters for the densitometer
The interference filter was selected by scanning a chro
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matogram of the Cr Acys with each of the wide-band 
filters supplied with the instrument. The wavelengths of 
maximum transmission for the filters were at 420, 445, 
465, 485, 505, 525, 545, 570, 595, and 610 nm. The filter 
which gave the greatest response (525 nm) was selected 
for further work with the instrument.

The slit aperture was selected by scanning a chromato
gram of the separated Cr Acys with the commercially 
supplied apertures: 0.1 X 15; 0.1 X 6 , 1 X 6  and 
1 x 3  mm. The narrower slits gave the best resolution. 
Although the sensitivity was slightly better with the 0.1 X 
6  mm slit, the one with 0.1 X 15 mm dimensions was 
chosen because of the statistically better distribution of 
pigments over a larger area. The standard scanning speed 
( 2  in. per min) was adequate with the selected slit.

The instrument was equipped with a variable response 
recording feature with switch positions from 0 to 12. The 
proper setting was selected by scanning a series of tripli
cate chromatograms of known amounts of Pn 3-Ga.

The No. 5 setting, where the quantity of Acy applied 
on the chromatogram vs. the densitometric peak area curve 
showed the best linearity, was selected as the “Response” 
switch setting for the instrument. This is a logarithmic 
setting (Levy, 1963).

Evaluation of the densitograms
Those densitograms in which the separation between the 

two lowest peaks reached beyond the half height of the 
smallest peak or where the height of the peaks was not 
between the 5 and 90 division marks were discarded. 
Taking into consideration the slightly tailing shape of the 
peaks the outline of each peak area was traced in the region 
where they overlapped. The area of each peak was mea
sured twice with a planimeter and the readings were 
averaged.

Standard curves for the cranberry anthocyanins
Accurately measured volumes of freshly purified I Acys 

were applied in triplicate on Whatman No. 1 paper as 
carefully defined 4 cm streaks. The chromatograms for 
the standard curve were developed twice with BBFW  as 
described previously. The concentration of Acy in the 
applied solution was measured in the EtOH-1.5 N  HC1 
medium using the appropraite E  values (Fuleki et al., 
1968a). The chromatograms were evaluated densitomet- 
rically and the average peak areas in planimeter units 
were plotted against the amounts of Acy applied on the 
streaks.

RESULTS A N D  DISCUSSION

Quantitative separation of cranberry anthocyanins
The quantitative determination of I Acys present in 

Cr is not feasible without prior separation of the pigments. 
Zapsalis (1963) suggested silicic acid column chromatog
raphy for the quantitative separation of Cr Acys. Column 
chromatography, particularly with silicic acid, is difficult to 
use with large numbers of samples. Paper or thin-layer 
chromatography is well suited for the handling of large 
numbers of samples and they allow the in situ measure
ment of the separated pigments. Since paper chromatog

raphy is the best method available for the separation of 
Acys (Harborne, 1967), major effort was directed toward 
the development of a method based on this technique.

The requirements of densitometry governed primarily 
the selection of operating conditions for the chromato
graphic separation. In order to have optimum results from 
densitometry, the chromatograms had to fulfill the follow
ing requirements :

1. The bands should be completely separated and should 
not be diffused.

2. The separated bands should be straight without any 
tailing or zigzag patterns.

3. The concentration of Acy in the bands should not 
exceed at any one point the concentration range where 
the densitometric response is linear.

4. The applied streak should be longer than the slit.
5. The background should be optically uniform and the 

thickness of the support should be such that the sensitivity 
of the detection is not overly reduced.

6 . The measurement should be carried out at a pH  level 
where the attenuancy of Acys are at their maximum and 
small variations do not appreciably effect the attenuancy.

Solvent. More than 50 solvent systems were tested but 
none of them were able to separate the four major Cr Acys. 
Finally, a new solvent system was developed (B B FW ) 
which gave excellent separations (Fuleki et al., 1967b).

Paper. The conditions which were found best with 
BAW , (Fuleki, 1967) namely W hatman No. 1 paper, 
developed across the machine direction were adapted for 
the quantitative work. However, No. 20 paper could be 
used with equal success. The separation as well as the 
uniformity of the background was good with both papers.

Equilibration. During routine use of the new solvent 
system to separate the Cr Acys, poor separation occurred 
during one period. The pigment bands were diffused and 
moved slower, while the solvent front traveled faster than 
usual. The charts showing the influence of benzene con
tent (Fuleki et al., 1967b) indicated that the anomalous 
behavior of the solvent system was due to a decrease in the 
water content. The cause of this was eventually found in 
the chromatographic paper used. The paper was stored 
under very dry conditions which decreased the water con
tent of the paper considerably. Since the paper absorbed a 
larger than usual amount of water during development, 
the water content of the solvent was reduced with the 
consequent distortion of the usual pattern of development. 
This situation was remedied by equilibrating the chromato
gram over the aqueous phase prior to the development. A 
similar phenomenon may have occurred with BAW  in a 
few cases, in which the four Cr Acys were completely 
separated by this solvent (Fuleki, 1967).

Size of the streak. I t was found that 4-cm streaks gave 
the best separation and at the same time allowed flexi
bility in choosing the area for densitometric scanning.

Mode of development. Descending development had the 
advantage of speed and complete separation. However, 
more uniform bands could be obtained on ascending devel
opment. The faster descending development frequently 
gave zigzag or tailing V-shaped bands which were unsuit
able for densitometric measurement.
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To improve the separation on ascending development, a 
multiple development technique was tried. After the first 
development was completed the chromatograms were air 
dried and developed again in the same solvent. The sepa
ration was greatly improved with this technique and it 
was adapted for use in the quantitative method. The addi
tional manipulations (drying, longer development time, 
etc.) had no deleterious effect on the Acys (Fuleki, 1967).

Densitometric measurement of the separated anthocya- 
nins. A densitometric method was favored over elution and 
spectrophotometric measurement of individual pigment 
concentration because it was simple and fast. Also, densi
tometry avoids the loss due to irreversible adsorption of 
Acys on cellulose (Roux et al., 1950) and the overlapping 
part of the bands could be easily assigned to the appropriate 
pigments.

A careful selection of the chromatograms and the area 
which will be scanned was very important. The errors 
which could occur at this stage were as follows:

1. Poorly separated or excessively diffused chromato
grams were retained for densitometric measurements.

2. The scanning area covered pigment bands with un
even lateral distribution. In this case the areas of two 
adjacent bands or the band and the pigment free area 
overlapped in certain slit positions due to slanted, zigzag 
or a tailing V-shape of the band.

Uneven lateral distribution of Acys results in an error 
because the Densicord as well as the other commercially 
available densitometers does not integrate attenuances 
across the width of the strip (Bush, 1963). In  some cases, 
although the pigment bands were completely separated on 
the chromatogram, two of them passed over the slit at 
the same time because of the slanted or tailing V-pattern 
of the bands. This resulted in a poor separation on the 
densitogram. To prevent uneven lateral distribution, the 
Acys were applied on the paper as streaks instead of spots. 
Furthermore, those chromatograms in which a scanning 
area giving uniform distribution could not be selected were 
rejected.

Since the absorbance of the Acys varies greatly with pH, 
(Fuleki et al., 1968b) it was necessary to assure a uniform 
pH of the paper at the time of measurement. Fuming of 
the paper with hydrochloric acid was quite satisfactory. It 
assured a uniform acidity in the pH  region below 1.0, 
where small changes in acidity did not influence the absorp
tion noticeably. Furthermore, the low pH  resulted in 
maximum absorbancy for the Acys.

In order to demonstrate the tracing of the peak area 
and to show the separation achieved, a densitogram ob
tained with the ion exchange purified Cr, is shown on 
Fig. 1. Since the background absorption due to tannins 
(Albach et al., 1959) was low and the instrument was 
carefully zeroed before the area with the pigments was 
scanned, the zero line was used as baseline. Planimetry 
was found to be the best means to measure the peak areas 
on the densitogram.

Densitometric standard curves. The establishment of 
the standard curves (Fig. 2) served three purposes. First, 
it was necessary to determine whether the densitometric 
response of Acys on paper followed Beer’s law. I t was

Fig. 1. A densitogram of the separated major cranberry antho- 
cyanins. The numbering was started with the fastest moving pig
ment, therefore the numbers 1, 2, 3 and 4 stand for Pn 3-Ar, Cy 
3-Ar, Pn 3-Ga and Cy 3-Ga respectively.

also necessary to establish the limits of the response range 
for the instruments in which a linear response can be ex
pected. The standard curves also made it possible to 
account for differences, if any, in the densitometric re
sponse between the four Cr Acys.

The standard curves for the four Cr Acys (Fig. 2) 
showed that the densitometric response followed Beer’s 
law. The peak area plotted on the graph could not be 
used directly for setting limits of acceptability for the 
densitogram peaks because the deviation from linearity 
was a direct function of peak height and not that of peak 
area. Since the extent of diffusion and overlapping varied, 
peaks having equal areas did not necessarily have the

Fig. 2. Densitometric standard curves for the major cranberry 
anthocyanins (Densicord: Response =  5 ;  Filter — 525 nm; Slit =  
0.1 X  15 mm).
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T a b le  1. D en sito m etrie  peak h e ig h ts a t  the la s t  d eterm ined point 
on the lin ear and the f irs t determ ined  point on the n o n -lin ear p or
tions of the standard  cu rves fo r  the m a jo r  cra n b e rry  anth ocyan in s.

Pigment
Last linear F irst non-linear

Peak height

P n  3 -A r 81 91
C y 3 -A r 70 93
P n  3 -G a 91 92
Cy 3 -G a 88 90

same height. This is reflected in the standard curves 
where deviation from linearity appeared at a lower concen
tration for the galactosides than for the arabinosides. On 
the basis of their molecular weights, the opposite would be 
expected. However, the galactosides moved slower, there
fore, they produced less diffuse bands. As a consequence 
of this, the densitometric peak height per unit pigment 
was greater for the galactosides, hence the standard curves 
leveled off at a lower pigment quantity. Consequently, the 
limit for acceptability was set on the basis of peak height. 
This was accomplished by measuring the peak heights on 
the densitograms produced for the standard curves (Fig. 2 ) 
at the last determined point where the response was still 
linear and also at the first point on the non-linear portion 
of the curves. (Table 1).

The above data in Table 1 show the peak heights be
tween which the deviation from linearity occurred. No data 
were available for the arabinosides at peak heights near 
90 divisions. However, the limit could be set using the 
data available for the galactosides because their densito
metric behavior appeared to be quite similar. The data 
indicated that the response was linear up to 90 divisions 
of peak height. Beyond that point, linearity was not ex
pected because the instrument has a “break-off” point at 
the 90 division mark.

Although the lower ends of the standard curves were 
linear, it was necessary to set a lower limit of acceptability 
in order to reduce the error due to variation in the back
ground. Considering the relative quantity of the pigments 
and the upper limit, the lowest acceptable peak height was 
set at the 5-division mark.

The results in Fig. 2 show very little difference in the 
attenuances for the four Cr Acys. The densitometric re
sponses in planimeter units for 10 pg Acy applied as a 4-crn 
streak, under the conditions described for the operation 
of the Densicord, are shown in Table 2. The difference 
in attenuancy was within the variation between individual 
determinations; therefore, no correction factor was estab-

T a b le  2. D en sito m etric  respon se fo r  the m a jo r  cra n b e rry  a n th o 
cy an in s.1

Pigment
Response 
peak area

P n  3 -A r 172

C y 3 -A r 166

P n  3 -G a 178

C y 3 -G a 160

1 T h e  d en sitom etric  respon ses (D e n s ic o rd : R esp on se =  S ;  F i lte r  
— 525 n m ; S l i t  =  0.1 X  IS  m m ) a re  g iven  fo r  10 pg anth ocyan in  
applied as 4  cm  stre a k  on W h a tm a n  N o. 1 paper.

lished to adjust the densitometer readings before the calcu
lation of the percent contribution of individual pigments.

W ith other fruits where the pigments may exhibit 
greater differences in attenuance, such a correction factor 
could be established by dividing the densitometric response 
for the Acy with the highest attenuance by the densitom
eter response for Acy “X.” The densitometer readings for 
Acy “X ” should be multiplied with the correction factor 
before the calculation of the percent pigment composition. 
W ith mixtures containing monoglycoside and diglycosides 
of the same aglycone, the correction may be avoided by 
establishing the standard curves and calculating with molar 
instead of absolute quantities.

The values from the standard curves could be used for 
the direct determination of the quantity of I Acys. Such 
a method would eliminate the need for a separate Total 
Anthocyanin (T  Acy) determination and the actual quan
tities, instead of the percentage, for the individual Acys 
would be obtained directly from the densitograms. How
ever, such a direct method would require the utmost care 
to reduce losses on manipulation and great accuracy in 
applying the pigments for chromatography. The exacting 
nature of such a method outweighs its advantage of elimi
nating the separate T  Acy determination, therefore, this 
approach was not used.

Calculation of individual anthocyanin content

The T  Acy content in mgs, the Total Optical Density 
(T O D ) or Optical Density Difference (AOD) were avail
able from the analyses described previously for Cr and 
CrJ (Fuleki et al., 1968a,b). The ratio of I Acys were 
obtained from the densitometric readings as follows : 

d en sitom etric  peak a re a  fo r  N o. 1 A cy  X  100 
° ‘ cy ’ “"d en sitom etric  peak a re a  fo r  a ll fo u r p igm en ts -  ̂

Since the calculations were essentially the same for all 
four pigments, the equations and the example are given 
only for the No. 1 Acy.

Simplified calculation. The quantity of I Acys was calcu
lated by distributing the mgs of T  Acy between the four 
Cr Acys according to their percentages.

X  A cy , mer
No. 1 A cy  m g /lC 0  g  (m l)  =  N o. 1 A cy , %  X  ----------------- - [2 ]

1 0 0

Successive approximation. This calculation may be ac
complished by determining the TOD or AOD for a hypo
thetical sample containing 100 mg T  Acy and having the 
same type and percent I Acy composition as that of an 
actual sample. The OD or AOD values for the amounts 
of each pigment present in the hypothetical sample were 
calculated by using the appropriate E  or AE values (Fuleki 
et al., 1968a,b). The percentages of each pigment were 
taken as mg Acy in 1 ml solution and the OD or AOD 
value calculated for each of them (Equation 3). Since 
the E and AE values were given for a 1% solution (10 
m g/m l), while the results were desired in mg/ml, only 
one-tenth of the E  or AE values were used in the calcula
tion.
O D  fo r N o. 1 A cy  (h y p o th e tica l) =  N o. 1 A cy , %

X Eno. 1 Acy/10. [2]
T O D  (h y p o th e tica l)  =  O D no.i Acy +  O D no. 2 Acy +

ODno. 3 Acy T  ODio. i Acy [4]
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The summed OD or AOD value was related to the TOD 
or AOD value of the actual sample in order to obtain the 
Calculation Factor (C F ).
C F  =  T O D  ( s a m p le ) / T O D  (h y p o th e tica l) [S ]

The absolute quantities of I Acys were calculated by multi
plying the quantities of each Acy in the hypothetical sam
ple (which is equal to the percentage of the pigment) with 
the CF.
N o. 1 A cy , m g /1 0 0  g  ( m l)  =  N o. 1 A cy , %  X  C F  [6 ]

Example
An example is given in the following. The actual data 

were rounded off for ease of calculation. The T  Acy con
tent of a Cr sample was calculated in a previous example 
(Fuleki et al., 1968a) as 101.8 mg per 100 g (TO D  =
10,000). The densitometric areas for the four pigments 
(starting with the No. 1 pigment) were 40, 80, 160, and 
1 2 0  planimeter units.

N o. 1 A cy , %
4 0  X  100

m
1 0 % [1 ]

N o. 1 A cy  =  10 X

Simplified calcidation
1 0 1 . 8

1 0 0
=  10.18 m g per lOOg [2 ]

The same equation was applied to the other pigments and 
the results were 20.36, 40.72, 30.54 mg per 100 g Cr re
spectively.

Successive approximation

O D  fo r  N o. 1 A cy  (h y p o th e tica l) =  10 X

O D  fo r  N o. 2 A cy  (h y p o th e tica l) =  20  X

O D  fo r  N o. 3 A cy  (h y p o th e tica l) =  40 X

981

1 0

1 0 0 2

1 0

985

1 0

958

=  981

=  2004

=  3840

O D  fo r  N o. 4  A cy  (h y p o th e tica l) =  30 X  — ——  =  2874

T O D  (h y p o th e tica l) =  9699

10,000
C F  = — 1------=  1.031

9699

[3 ]

[4 ]

[5 ]

N o. 1 A cy  =  10 X  1.031 =  10.31 m g per 100 g. [6 ]

The same equation was applied to the other three pigments 
and the results were 20.62, 41.24, and 30.93 mg per 100 g 
Cr respectively. The quantities for the I Acys were added 
up to obtain an accurate value of the T  Acy content (103.1 
mg per 100 g Cr) as indicated in the first two articles of 
this series (Fuleki et al., 1968a,b). The calculations are 
similar for Cr products but AOD and AE values are used 
instead of the OD and E  values.

The calculation process for Cr and CrJ was selected by 
calculating the I Acy content for Cr and CrJ samples with 
both methods. The results showed a negligible difference 
between the two methods, therefore the use of the more 
involved successive approximation would not be justified. 
The reason for the close agreement was that the differences 
in E  values between the four Cr Acys were small. In  cases 
with greater differences between the E  o r'A E  values of 
the Acys present in a particular mixture, or where the 
highest accuracy was required, the successive approxima
tion should be used. The simplified calculation procedure

is recommended for use in the method for the determina
tion of I Acy content in Cr and CrJ.

Evaluation of the developed methods
The method recommended for the determination of indi

vidual anthocyanin content in cranberry cocktail. As shown 
in the schematic diagram (Fig. 3) the method consists of 
two separate procedures:

Determination of T  Acy content 
Determination of the ratio of I Acys 

The results of the two determinations are used for the 
calculation of the I Acy contents in absolute quantities.

Determination of the total anthocyanin. The developed 
pH differential method (Fuleki et al., 1968b) was used 
for the determination of the T  Acy content. Aliquots of 
CrJ were diluted with sufficient amounts of pH  1.0 and
4.5 buffers to bring the pH to the required levels and to 
permit the OD measurements in the optimum range. The 
OD measurements were carried out at 510 nm after an 
equilibration period of 2 hr. From the OD readings the 
T  Acy content was calculated.

Determination of the relative individual Acy content. 
The CrJ was purified on an Amberlite CG-50 ion exchange 
column (Fuleki et al., 1968c). The column was washed 
with water and the Acy was eluted with 0.25% HC1 in 
methanol. The Acys were separated by paper chromatog
raphy and the relative amount of each pigment was mea
sured densitometrically as described in previous chapters 
of this paper. The quantities of the I Acys were calculated 
with the simplified procedure.

The method recommended for the determination of the 
individual anthocyanin content in cranberry. As the sche
matic diagram (Fig. 3) shows the procedure was essen
tially the same for Cr, except that the extraction of the 
Acy was the first step, the purification step was omitted 
and the single pH T  Acy determination method was used 
(Fuleki et al., 1968a).

The reproducibility of the methods was determined by 
carrying out the analyses outlined above for CrJ on 10 
samples drawn from the same bottle. Only minor varia
tions occurred in the first part (T  Acy determination) 
of the analyses (Fuleki et al., 1968b). The determination

Fig. 3. Schematic' diagram of the methods developed for the 
determination of individual anthocyanin content in cranberry and 
cranberry juice cocktail.
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T a b le  3. R esu lts  o f the individual an th ocyan in  d eterm in ation s by 
the developed m ethod on ten id en tical c ra n b erry  co ck ta il sam ples.

Individual Acy

No. Pn 3-Ar Cy-3-Ar Pn 3-Ga Cy 3-Ga

m g / 100 m l
i 0.76 1.94 3.60 3.60
2 0.85 1.88 3.74 3.32
3 0.97 1.93 3.33 3.64
4 0 .89 1.85 3.63 3.55
5 0.91 2.04 3.41 3.41
6 0.90 1.61 3.86 3.55
7 0.90 1.95 3.39 3.79
8 0 .86 1.82 3.43 3.74
9 0.85 1.85 3.56 3.62

10 0.86 1.81 3.58 3.65

M ean 0.87 1.87 3.55 3.59

Coeff. var. 6 .28 6.15 4.70 3.91

of the percent I Acy content was the major source of varia
tion for the whole method (Table 3) due primarily to the 
densitometric step. The coefficient of variability showed 
that the reproducibility of the developed method was at an 
acceptable level. The reproducibility may be improved by 
carrying out the densitometric analyses with as many repli
cates as desired for the required accuracy.

The two requirements listed in the Introduction for a 
quantitative I Acy determination method were fulfilled to 
a different extent by the developed methods. The devel
oped methods are relatively simple and can be easily ap
plied to a large number of samples. The method for CrJ 
has already been used to evaluate a storage study involving 
several hundreds of samples (S tarr et al., 1968). The 
method developed for Cr is currently in use to investigate 
the effect of variety and cultural conditions on the pigment 
ratios of Cr.

The second requirement was fulfilled only to a limited 
extent. The presence of several Acys occurring in trace 
quantities in Cr was revealed in the course of this investi
gation. Two of these pigments were identified as Cy 3-G1 
and Pn 3-G1 (Fuleki et al., 1967a). These glucosides were 
not separated from the corresponding galactosides in the 
quantitative method; therefore their quantities were in
cluded in the figure determined for the corresponding galac
tosides. The other minor Acys moved slower than the slow
est moving major pigment (Cy 3-Ga). A small peak was 
frequently registered on the densitograms due to these 
unidentified pigments. However, this group of slow-mov
ing minor pigments was disregarded because their quantity 
could not be measured reliably and their content was much 
less than 1% of the total. Descending development for an 
extended period of time would separate the pigments occur
ring in trace quantities but the limitation imposed by their 
low concentrations would still be present. Experiments 
with known quantities of pigments on the chromatograms 
showed that losses occurred to the same extent for all 
four pigments.

The method developed for Cr and CrJ could be applied 
with slight modifications to other fruits, fruit products and 
any Acy containing plant material as well. The basic 
design of the methods was that the total quantity and the

ratio of I Acys were determined separately (Fig. 3). This 
approach is recommended for other Acy containing ma
terials as well, because it frees the analyst from the burden 
of conducting a series of quantitative determinations re
quiring the highest accuracy.

The CrJ could be successfully purified and concentrated 
on Amberlite CG-50 ion exchange resin column. Extracts 
with high sugar content can be purified and concentrated 
also with the method employing basic lead acetate (Fuleki 
et al., 1968c). In either case, before such a method can 
be used routinely, it is necessary to determine whether 
any alteration in the ratio of the particular combination 
of I Acys occurs as a side-effect of the treatment.

The separation of I Acys was the crucial part of the 
method. At present, paper chromatography is the best for 
quantitative separation of Acys. The separation on paper 
cannot always be accomplished with the conventional de
veloping solvents. The system developed for Cr (B B FW ) 
should be useful to accomplish many difficult separations 
but in some cases it may be necessary to develop new 
solvents. Other approaches such as those investigated to 
some extent in the course of this work (multiple develop
ment with 1-butanol-2A HC1 (1 :1 ) followed by B A W ; 
quantitation of the aluminum chloride reaction may offer 
a solution for some other difficult Acy combinations (F u 
leki, 1967).

In spite of its limitations, densitometric evaluation of the 
chromatograms is superior to the elution method when 
dealing with large numbers of samples. Careful selection 
of the operating conditions such as the filter, slit, paper, 
scanning area, etc, are very important in optimizing the 
performance of the densitometric method. I t is also impor
tant to determine whether the pigments occurring in a 
particular mixture have similar attenuances. If they differ 
appreciably, it would be necessary to establish a correction 
factor. The possibility of carrying out the calculations on 
a molar basis should be also examined to eliminate the 
need for a correction factor.

The calculation procedure should follow one of those 
given for Cr. The selection will depend on the accuracy 
required and on the pecularities of the particular Acy 
mixture. Pigments, for which E  values are not available, 
present a special problem. If the absorption coefficients 
cannot be established, then the best way to handle this 
problem is to calculate the T  Acy content using an E  
value for a known pigment.
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F o o d  V o l a t i l e s :  G a s  C h r o m a t o g r a p h i c  D e t e r m i n a t i o n  

o f  P a r t i t i o n  C o e f f i c i e n t s  in  W a t e r - L i p i d  S y s t e m s

SUMMARY—The distribution of volatile solutes between two 
immiscible solvents can be determined by a study of the 
vapor pressures in the corresponding single solvent systems, 
since the partition coefficient is related to the Henry's con
stants: KP = kj/k,!- Application of this principle makes pos
sible the gas chromatographic determination of partition coeffi
cients involving nonvolatile solvents. The method was applied 
to a solvent pair consisting of paraffin oil and aqueous sodium 
sulfate. An approximate semilogarifhmic relationship exists 
between the partition coefficient and number of carbon atoms 
within each homologous series of aldehydes, ketones, alco
hols and esters. Saturation with sodium sulfate increased the 
partial pressure of volatiles from 12 to 20 times. The partial 
heat of vaporization of volatiles in paraffin oil decreased with 
increasing temperature and was appreciably smaller than that 
of the pure compound at its boiling point. These observations 
may be utilized in quantifying food volatiles in operations 
involving extraction and gas stripping prior to analysis.

IN T R O D U C T IO N

N a w a r  (1966) has drawn attention to the various 
factors that affect vapor pressure of volatiles in contact 
with food media or with extracting solvents. Both from 
theoretical considerations of physical chemistry and from 
available experimental evidence (Lea et al., 1958; Jellinek, 
1959; Patton, 1964) it is clear that temperature, nature 
and complexity of suspending medium and of solute, con
centration of solute, interaction of solutes, etc. play major 
roles in determining vapor pressures. These factors not 
only affect the interpretation of gas chromatographic 
headspace analyses, but also have to be considered in 
quantitative analyses based on procedures involving the 
use of extraction, stripping, concentration or other manip
ulations of the original sample.

W e have reported elsewhere (Nelson et al., 1966) on 
a method for the quantitative determination of food vol
atiles utilizing a nonaqueous, “non-volatile” solvent (par
affin oil) as the extractant. When a mixture of volatiles 
is partitioned between an aqueous and a non-aqueous 
phase, the quantity of volatiles in each phase at equilib
rium will be determined by the partition coefficients of 
the individual components. W e are here describing a 
gas chromatographic procedure for obtaining partition 
coefficients in such systems. Certain observations of 
factors that affect the magnitude of partition coefficients 
as well as of vapor pressure in pure solvents are also 
reported.

M ETH O D S, M A TER IA L S A N D  T H E O R E T IC A L
P r e d o m i n a n t l y  a q u e o u s  foods, such as most fruits, 

vegetables, milk and meat, contain volatile components 
in extremely dilute solution (ppm to ppb). The behavior

of these solutions is therefore close to ideal and the vapor 
pressure of the volatile solutes is governed by Henry’s 
law. If a lipid material is added (e.g., paraffin oil) or 
is already present (fats), volatile solutes will distribute 
themselves between the two phases as governed by the 
common vapor pressure. Under these circumstances and 
at equilibrium:

P k0 c0 kw cw [ 1 ]

where p, k and c are partial pressure, Henry’s constant, 
and concentration in the liquid phase respectively, and 
the subscripts 0 and w refer to the two phases—-oil and 
water. Since the partition coefficient is defined as Kp =  
c0/c w, it follows that Kp =  kw/k 0. Determination of par
tition coefficients is thereby reduced from a problem of 
determining concentrations in a binary solvent system 
to a problem of determining Henry’s constants in a 
single solvent system. These were determined gas chro- 
matographically as follows:

A known quantity of a pure volatile substance was 
allowed to vaporize completely in a 545-ml vapor flask 
(Hoff et al., 1964). A quantity of 10 /d was used for 
the majority of the materials tested. A headspace vapor 
aliquot of 1 0  ml was removed and injected into another 
vapor flask held at constant temperature.

After agitation, aided by glass beads in the flask, a
2 -ml aliquot of the second flask was injected into the 
gas chromatograph. Next, 10 ml of either paraffin oil 
or of a saturated sodium sulfate solution were injected into 
the flask. After adequate mixing to establish equilibrium, 
a 2 -ml headspace aliquot was again injected into the gas 
chromatograph. Under our conditions, quantities of va
por injected were faithfully represented by peak heights. 
The decrease in peak height between the first and the 
second injection then represented the quantity of the 
volatile in the solvent.

The quantities of volatile solutes used in this study 
were selected to give concentrations in the liquid phases 
roughly corresponding to those found in nature. The 
maximal concentrations in the liquid phases, assuming 
that all the solute was absorbed, would be 10 ppm. The 
quantities injected into the gas chromatograph (Research 
Specialties, Model 600), were maximally 0.8 X 10~ 6 g 
(with no liquid phase present) and were detected by 
means of a flame ionization detector. A 6  ft X Y\ in. 
Ucon Non-Polar, LB 1715 column was used.

Henry’s constant was calculated as follows:

k =  p/c =  P H ' • W ( P H  -  P H ')  • V g [2]

where P H  and P H ' refer to the peak heights before and 
after addition of the solvent, and V x and V g refer to the
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volume of the liquid and of the vapor space respectively. 
Henry’s constants were expressed, not in absolute units, 
but as the ratio between the concentration in the vapor 
phase and the concentration in the liquid phase, g per ml 
vapor/g per ml liquid. This procedure allowed, for 
practical purposes, Henry’s constant to be considered 
as formally nondimensional.

The aqueous phase was saturated with sodium sulfate 
( 6  g per 1 0  ml water) to simulate the conditions of the 
extraction procedure. The vapor flasks containing vapor 
and the liquid phases being tested were maintained at 
28° C unless otherwise stated. At this temperature the 
solubility of sodium sulfate is close to maximal, and the 
salting-out effect is reproducible. Lack of reproducibility 
was encountered when the temperature was allowed to 
transgress the decomposition point of the decahydrate 
(32.4°C).

Preliminary studies revealed that volatiles were dis
solved in the oil. Steam distillation at reduced pressure 
was used to remove the entrapped components. The 
purified oil was stored in a brown reagent bottle under 
nitrogen.

The effect of temperature on the vapor pressure of 
volatiles dissolved in oil was investigated separately. A 
two-necked, 2  1 round bottom flask equipped with a 
mercury-sealed mechanical stirrer and a serum cap to 
allow sampling of the vapor space with syringe and 
needle was maintained at the desired temperature in a 
controlled temperature bath. One hundred ml oil and 
1 0  /xl of a known compound were added to the flask. 
Vigorous agitation with the mechanical stirrer pro
duced a thin oil film on the large internal surface of 
the flask. This aided in obtaining rapid heat and mass 
transfer. After mixing for a time sufficient to obtain 
equilibrium (usually 5 min) 2 ml of headspace were in
jected into the gas chromatograph and peak heights re
corded. The temperature was adjusted from 30°C to 
90°C with samples taken at 10°C intervals. Pressure was 
maintained constant by allowing headspace gases to es
cape after each 10° rise in temperature. Corresponding 
corrections were made in the calculations of partial pres
sures utilizing the ideal gas equation.

RESULTS A N D  DISCUSSION
Effect of sodium sulfate

The salting-out effect exerted by sodium sulfate is well 
known. The efficiency of this particular compound is 
probably associated with the binding of water molecules 
in the decahydrate with a corresponding reduction in 
solvent-solute interaction. The effect on H enry’s con
stants of four compounds is shown in Table 1. The 
vapor pressure of these compounds in dilute solution is 
increased 1 2  to 2 0  fold when the aqueous phase is sat
urated with sodium sulfate. These effects are somewhat 
larger than found by Nawar (1966) , but the experimental 
conditions were different. W e worked at substantially 
lower concentrations and probably at higher temperatures 
than this investigator. The importance of maintaining 
defined conditions is illustrated by the effect of concen
tration of the salt on H enry’s constants. Since the solu
bility of sodium sulfate is sharply affected by temperature

T a b l e  1. E f f e c t  

c o n s t a n t s  a t  2 8  °C .

o f  s o d iu m  s u l f a t e  c o n c e n t r a t i o n  o n  
/  g / m l  v a p o r  \

V g /m l liquid )

H e n r y ’s

k
WNa2SO<

Water Water.salt Water :salt kw
only 1:0.3 1:0.6 HaO

k ,v kw
A c e to n e — .0 0 1 3 .0 0 5 2 .0 1 4 15
E t h y l  a c e t a t e — .0071 .0 2 4 .1 1 7 17
I s o v a l e r a l d e h y d e — .020 .0 7 0 .241 12

2 - p e n ta n o n e — .0 0 4 4 .020 .0 8 2 20

up to the decomposition point of the decahydrate, strict
control of temperature is imperative 
reproducible results.

in order to obtain

Partition coefficients
Henry’s constants and partition coefficients for selected

compounds in aqueous solution and in paraffin oil at
28°C are given in Tables 2 through 5. The average of

T a b l e  2 . P a r t i t i o n  c o e f f ic ie n ts  a n d  H e n r y ’s  c o n s t a n t s  o f  s e le c -
t e d  a l c o h o l s  a t  2 8  ° C .

kw 1 k„* K p 3

M e t h a n o l  .0 0 1 4 .1 2 2 9 .0 1 1 4
E t h a n o l  .0 0 3 0 .0 9 1 6 .0 3 3 2
P r o p a n o l  .0 0 6 9 .0 3 0 4 .2 0 8 8
B u t a n o l  .0 1 3 3 .0 0 5 7 2 .3 8 6
P e n t a n o l  .0 4 5 4 .0 0 1 4 3 4 .5
I s o p r o p a n o l  .0 0 7 0 .0571 .1 2 4 2
I s o b u t a n o l  .0 1 6 3 .0 1 1 3 1 .4 4 2
I s o p e n t a n o l  .0 2 3 7 .0031 7 .6 4
2 - b u ta n o l  .0 0 5 6 .0 2 1 0 .2 6 6 7

1 k w =  H e n r y ’s c o n s t a n t  f o r  s a t u r a t e d  N a 2S O t  s o ln .  
2 k 0 =  H e n r y ’s c o n s t a n t  f o r  m i n e r a l  o il .
3K P =  P a r t i t i o n  c o e f f ic ie n t .

T a b l e  3 . P a r t i t i o n  c o e f f ic ie n ts  a n d  H e n r y ’s  c o n s t a n t s  o f  s e le c te d  
e s t e r s  a t  2 8 ° C .

kw 1 ko3 K p3

M e th y l  a c e t a t e .0951 .0 3 7 7 2 .5 8
E t h y l  a c e t a t e .1 1 6 9 .0 0 9 8 1 1 .8 4
B u ty l  a c e t a t e .1 7 5 0 .0 0 1 0 1 6 7 .2
A m y l  a c e t a t e .1 9 5 8 .0 0 0 8 2 4 8 .
P r o p y l  p r o p i o n a t e .1081 .0 0 1 4 77 .21

1 k w =  H e n r y ’s  c o n s t a n t  f o r  s a t u r a t e d  N a 2S O <  s o ln .
2 k 0 =  H e n r y ’s c o n s t a n t  f o r  m i n e r a l  o il .
3K P =  P a r t i t i o n  c o e f f ic ie n t .

T a b l e  4 . P a r t i t i o n  c o e f f ic ie n t  a n d  H e n r y ’ 
a ld e h y d e s  a t  2 8 ° C .

s c o n s t a n t s o f  s e le c te d

kw1 ko= Kp8

A c e ta ld e h y d e .0 2 4 0 .1 0 3 9 .2 3 7 7
P r o p a n a i .0 3 6 7 .0 1 7 5 2 .1 0 3
B u t a n a l .1 5 1 3 .0 1 6 7 9 .0 3
P e n t a n a l .1 8 1 8 .0 0 2 8 6 5 .0 8
H e x a n a l .4 2 5 7 .0 0 1 9 2 2 3 .9
I s o v a l e r a l d e h y d e .2 415 .0 0 5 7 4 2 .3 6
F u r f u r a l .0 0 2 7 .0 0 0 9 3 .0

1 k w =  H e n r y ’s c o n s t a n t  f o r  s a t u r a t e d  N a 2S O i  s o ln .
2 k 0 =  H e n r y ’s c o n s t a n t  f o r  m i n e r a l  o il.
3K p  =  P a r t i t i o n  c o e f f ic ie n t .
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Table 5. P a rtitio n  coefficients and H en ry ’s constants of selected 
ketones a t 28 °C.

kw1 ko2 t v

Acetone .0144 .0416 .345
2-butanone .0410 .0130 3.21
2-pen tanone .0820 .0039 20.7

1k w =  H en ry ’s constant for sa tu rated  N a2SO i soln.
2 k 0 =  H en ry ’s constant for m ineral oil.
3 K p =  P a rtitio n  coefficient.

dup lica te  samples o f tw o  tr ia ls  are show n. A  sem ilog - 
a r ith m ic  p lo t o f the  p a r t i t io n  coe ffic ien ts versus carbon 
nu m be r gave essen tia lly  s tra ig h t lines fo r  each hom ologous 
series tested (F ig .  1 ) . I t  is observed th a t p a r t i t io n  coef
fic ie n ts  are n o t o n ly  in flue nced  b y  p o la r ity ,  b u t also by  
a n g u la r o r ie n ta tio n  o f in tra m o le c u la r g roups . T h u s , 
b ranched and secondary a lcoho ls have ap p re c iab ly  lo w e r 
p a r t i t io n  coeffic ien ts th a n  p r im a ry , s tra ig h t cha in  alcohols. 
S im ila r ly , ketones, a lth o u g h  be ing  g e n e ra lly  considered 
as less p o la r th a n  aldehydes, e x h ib it  a g re a te r pre fe rence 
fo r  the aqueous phase th a n  aldehydes. A l l  the  tested 
com pounds, except iso am y l a lcoho l, w i th  five  o r m ore  
carbon  atom s are e x tra c te d  b y  the  p a ra ffin  o il to  an 
e x te n t o f 95%  o r  g rea te r. C o n s id e rin g  o th e r sources o f 
e r ro r  in  q u a n tita tio n  o f v o la t ile  com pounds, the  e x tra c tio n  
m ay  fo r  these com pounds be taken  as com plete, and the 
p a r t i t io n  coe ffic ien t d is regarded .

Effect of temperature on Henry’s constant

F o o d  vo la tile s  th a t are p a rtit io n e d  in to  p a ra ffin  o i l f ro m

F ig . 1. R e la t io n  b e tw e e n  p a r t i t io n  c o e ff ic ie n ts  a n d  ca rb o n  n u m b e r  
o f  s e le c te d  c o m p o n e n ts .

an aqueous system  are in  o u r e x tra c tio n  p rocedure  re 
m oved and iso la ted  b y  m eans o f s tr ip p in g  w ith  an in e r t 
gas (h e liu m ) .  T h e  e ffic iency o f th is  process is de te rm ined  
b y  the  p a r tia l pressures o f the  vo la tile s  and affected to  a 
m a jo r  e x te n t by  tem pe ra tu re . I f  the  increase in  p a r tia l 
p ressure  re la tiv e  to  th a t o f a re ference te m p e ra tu re  is con
s idered and the  la te n t heat o f v a p o r iz a tio n  is assum ed to  
be constant, one m ay w r ite  the  C la us ius -C lap eyron  equa
t io n  in  the  fo llo w in g  f o r m :

lo g ( P T/ P 3o3) =  — A H t/4 .5 7 6  • T  +  C, [3 ]

w h ere  the  P T and P 303 re fe r to  the  p a r tia l pressures 
a t T  and  303 ° K  respec tive ly . T h is  p ro ced ure  fac ilita te s  
p lo t t in g  and in te rp re ta tio n  o f the  da ta  ( F ig .  2 ) .  W h e n  
the  te m p e ra tu re  is increased f ro m  30 °C  to  90 °C , the 
v a p o r p ressure  o f acetone increases b y  a fa c to r o f 2.3, 
w h ile  th a t o f he xano l increases by  a fa c to r o f 12.2. 
R a is in g  the  tem p e ra tu re  o f s tr ip p in g  w i l l  the re fo re  p r i 
m a r i ly  bene fit the  effic iency o f rem o va l o f re la t iv e ly  h ig h - 
b o ilin g  com pounds.

T h e  n o n lin e a r ity  o f the  p lo ts  in  F ig . 2 shows th a t the  
assum ption  m ade in  in te g ra tin g  the  C laus ius -C lap eyron  
equa tion  does n o t ho ld . A H V decreases w ith  inc reas ing  
tem pe ra tu re . T h is  d e v ia tio n  is m o re  p ronounced  fo r  
lo w -b o ilin g  com pounds th a n  fo r  h ig h -b o ilin g  com pounds. 
I f  A H ,  is ca lcu la ted based on the  slope betw een 30 °C  and 
4 0 °C, i t  is seen (T a b le  6 )  th a t the  heat o f va p o riz a tio n

F i g .  2 . R e l a t i o n  b e t w e e n  v a p o r  p r e s s u r e  a n d  t e m p e r a t u r e  o f
s e l e c t e d  c o m p o n e n t s  i n  p a r a f f i n  o i l .
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T able  6. L a ten t heats of vaporization of selected compounds 
in  dilute solution in paraffin oil.

Compound
-A  Hv (cal/g) 
in oil (30-40°C)

-A  Hv (cal/g) 
Pure compound 

at 1 atms
Polarity
Index

( i ) (2 ) ( 2 ) : ( 1 )
H exanol 89.5 105.5 2 1.18
F urfu ra l 85.7 107.51 1.25
2-Pentanone 82.1 92 .82 1.13
Butanol 92.0 141.31 1.53
E thyl acetate 69.0 102.01 1.48
Acetone 98.2 123.51 1.25

1 (P e rry , 1950).
2 (U nion Carbide, 1961, 1964).

in  d ilu te  so lu tio n  in  p a ra ffin  o i l is  in  a ll cases app rec iab ly  
sm a lle r th a n  the  heat o f va p o riz a tio n  o f the  p u re  com 
pounds a t th e ir  b o ilin g  po in ts . T h is  is reasonable since 
m o lecu la r in te ra c tio n  is la rg e ly  absent in  the  d ilu te  p a ra f
f in  o i l so lu tions. T h e  d iffe rence  o r the  ra t io  betw een these 
values expresses the  m ag n itu de  o f the  m o lecu la r in te r 
action . T h is  ra t io  as show n in  T a b le  6  co u ld  the re fo re  
be used as a “ p o la r ity  in d e x .”

D a ta  such as those g ive n  in  F ig . 2 m ay  be u til iz e d  fo r  
the  d e te rm in a tio n  o f the  tim e  necessary fo r  re m o v in g  a 
v o la t ile  so lu te  fro m  a n o n v o la tile  so lven t b y  s tr ip p in g  w ith  
an in e r t  gas. I f  i t  is assumed th a t e q u ilib r iu m  is estab
lished  betw een the gas phase and the liq u id  phase w hen 
a gas is passed th ro u g h  a so lu tio n , th e n :

dC
----------=  K  • p  • F  [4 ]

d t

w here  C ,t,p  and F  re fe r to  con cen tra tion  o f so lu te , tim e, 
p a r tia l p ressure  o f so lu te  and gas flo w  ra te  respective ly , 
and w h e re  K  is a constan t dependent on the  system  b u t 
independent o f the  specific  n a tu re  o f the  solute. S ub
s t itu t in g  fo r  p  acco rd ing  to  H e n ry ’s la w , and in te g ra tin g  
between the  lim its  o f Co ( th e  in it ia l con cen tra tion  at 
t  =  0 )  and C, one obta ins,

Co 1

w h e re  k  is H e n ry ’s constan t a t the  o p e ra tin g  tem pe ra tu re . 
T h e  constan t K  m ay be ob ta ined  by  d e te rm in in g  the re 
cove ry  o f a com pound whose H e n ry ’s con s tan t is k n o w n  
a fte r s tr ip p in g  fo r  any conven ien t le n g th  o f tim e . T h e  
reco ve ry  o f any o th e r com pound o f k n o w n  H e n ry ’s con 
s tan t can the n  be com puted.

S tr ip p in g  m ay be considered to  be com ple te w hen 
C

— U —>  100; i.e. w h en  less tha n  1% o f the  so lu te  rem a ins  

in  the  so lven t. U n d e r these con d itions ,

1
Completion — 4 .6  [6 ]

K - k - F

I t  is seen th a t com p le tion  tim e  is in v e rs e ly  p ro p o r tio n a l to  
H e n ry ’s constant.

U n d e r  o u r con d itions , o p e ra tin g  a t 40 °C , the  com 
p le tio n  tim e  fo r  acetone was 38 m in , w h ile  th a t o f hexana l 
was 500 m in .
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H o w  t o  S p e e d  P u b l i c a t i o n  

o f  Y o u r  S p e c i a l  R e s e a r c h

□  If y o u  a r e  p l a n n i n g  to  s u b m i t  r e s e a r c h  p a p e r s  f o r  p u b l ic a t i o n  in  F o o d  T e c h 

n o l o g y  o r  in  t h e  J o u r n a l  o f  F o o d  S c i e n c e ,  y o u  r e a l ly  s h o u l d  h a v e  a  c o p y  o f  t h e  
l a t e s t  y o u r s - f o r - t h e - a s k i n g  S t y l e  G u i d e  f o r  I F T  R e s e a r c h  P a p e r s .  I t  w o n ’t  t e a c h  
y o u  t o  w r i t e  o r  t o  d o  m e a n i n g f u l  r e s e a r c h ,  b u t  i t  w ill  h e lp  m o v e  y o u r  p a p e r  
t h r o u g h  t h e  h a n d s  o f  t h e  S c i e n t i f ic  E d ito r ,  h i s  a s s i s t a n t  w h o  m u s t  e d i t  a n d  
m a r k  y o u r  p a p e r  f o r  p r i n t i n g ,  t h e  r e v i e w e r  o r  r e v ie w e r s ,  a n d  e v e n  t h e  p r in te r !  
S e n d  y o u r  r e q u e s t  t o  t h e  S c ie n t i f ic  E d i to r  a t  IF T  H e a d q u a r t e r s  in  C h ic a g o .
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SUMMARY—Intensity of sweetness or saltiness was examined 
as a function of concentration and logarithm of concentration 
in solutions of sugar and salt in water and orange or tomato 
juice. Solutions were judged in linear or logarithmic con
centration increments. No clear-cut evidence was found to 
show that the logarithmic function described the relationship 
better than the linear function. In the juice experiments, the 
failure to demonstrate a logarithmic function apparently re
sulted from the panel's insufficient discriminating power 
relative to deviations from regression arising from fitting a 
linear function to logarithmic data. In the water experiments, 
where such discriminating power was present, some evidence 
that the judging was on a linear continuum was found.

I N T R O D U C T I O N

I n  a  study  o f a response surface approach to  the  eva lu 
a tio n  o f in te rre la tio n s h ip s  betw een sugar and  acid  con 
cen tra tion s  and  the  sweetness o f o range  ju ic e , i t  was 
fo u n d  th a t the  re la tio n s h ip  cou ld  be described b y  a f irs t -  
o rd e r p o lyn o m ia l, and the  h ig h e r o rd e r te rm s  th a t w o u ld  
be re q u ire d  i f  the  re la tio n s h ip  w e re  n o n -lin e a r d id  n o t 
c o n trib u te  a s ig n if ic a n t com ponent to  the  v a r ia t io n  asso
cia ted w ith  leve ls o f sugar and acid  (G o rd o n , 19 65 ). I n  
any c u rv e - f i t t in g  p rocedure , es tab lish ing  e m p ir ic a l re la 
tion sh ips  does n o t d isp ro ve  the  ex istence o f m o re  com p le x  
th e o re tica l re la t io n s h ip s ; i t  m e re ly  establishes th a t, w ith in  
the ru les  o f the  chosen s ta tis tica l s tra tegy, the  em p irica l 
re la tio n s h ip  is an adequate d e s c rip tio n  o f the  data. Such 
m ay have been the case in  th is  s tud y  since the  u s u a lly  ac
cepted v ie w  is  th a t in te n s ity  o f response is p ro p o rtio n a l to  
the  lo g a r ith m  o f the  s t im u li.

S evera l e xp la na tio ns  fo r  the  re la tiv e  s im p lic ity  o f the  
e m p ir ic a l re la tio n s h ip  betw een in te n s ity  and con cen tra tion  
co u ld  be suggested, and th is  paper re p o rts  a series o f e x 
pe rim en ts  designed to  in ves tig a te  th is  re la tio n s h ip  fu r th e r .

O ne e xp la n a tio n  m ig h t be fo u n d  in  the  pe rfo rm ance  o f 
judges  in  th e ir  use o f the  ra t in g  device. I f  th e y  v ie w  the 
assignm ent o f scores as one step beyond ra n k in g , and, a fte r 
ha v in g  established a ra n k -o rd e r  fo r  the  series, the y  d iv id e  
the  sco ring  co n tin u u m  in  an essen tia lly  lin e a r fash ion , 
the re  w o u ld  be a lin e a r re la tio n s h ip  betw een scores and 
w h a te ve r fu n c tio n  o f co n ce n tra tio n  had been presen ted to  
them . A lte rn a te ly ,  the  same re s u lt cou ld  be ob ta ined  i f  
the  p h ys io log ica l d iffe re n tia tio n  betw een v a rio u s  fu n c tio n s  
o f con cen tra tion  re q u ire d  a sensory a c u ity  beyond the 
ju d g e s ’ capab ilities .

I n  the  stud ies re p o rte d  here, the  sam ples w e re  presented 
to  the  ju dg es  in  tw o  series, one w ith  equal in te rv a ls  on a 
lin e a r con cen tra tion  scale, and one w ith  equa l in te rv a ls  on 
a lo g a r ith m ic  con cen tra tion  scale. T h e  re la tio n s h ip  be
tw een in te n s ity  and con cen tra tion , and  in te n s ity  and

* P resen t a d d re ss : Institu te  of A griculture, U niversity  of M inne
sota, St. Paul, M innesota 55101.

lo g a r ith m  o f con cen tra tion  was exam ined  in  the  expecta
t io n  th a t the in te n s ity  ju d g m e n ts  in  the  lin e a r series w o u ld  
be best described b y  a lin e a r fu n c tio n  o f con cen tra tion  and 
as a lin e a r fu n c tio n  o f lo g  C  in  the  lo g a r ith m ic  series, i f  
these fac to rs  v /ere opera tive . S up p lem en ta l p a ire d  com 
pa riso n  and ra n k in g  tests w e re  m ade to  de te rm in e  the 
e x te n t to  w h ic h  ju d g e s  cou ld  recogn ize d iffe rences between 
leve ls w ith in  a g ive n  series and betw een series.

A n o th e r  exp la n a tio n  fo r  the  s im p lic ity  o f the  e m p ir ica l 
re la tio nsh ips  m ay lie  in  the  n a tu re  o f the  th e o re tica l fu n c 
t io n  and the  s ta tis tica l tes t used to  estab lish s ign ificance  
o f reg ress ion  and de v ia tions  f ro m  i t  fo r  an y  g ive n  fu n c tio n  
o f concen tra tion . W ith  a fu n c tio n  such as y = f  ( lo g  C ) ,  
a considerab le  p o r t io n  o f the  v a r ia t io n  associated w ith  
reg ress ion  appears as a lin e a r com ponent i f  the  data are 
f it te d  to  the  fu n c tio n , y = f  ( C ) ,  and a re la t iv e ly  sm all 
com ponent rem a ins  fo r  te s tin g  the  s ign ificance  o f dev ia tions  
fro m  regression. G iven  the v a r ia b il i ty  associated w ith  the 
ju d g in g  s itu a tio n , in h e re n t in  the  v a r ia t io n  betw een judges  
and  successive ju d g m e n ts  b y  the  same ju d g e , i t  is con 
ce ivab le th a t t ile  “ de v ia tions  f ro m  reg ress io n ”  com ponent 
w o u ld  n o t be s ta t is t ic a lly  s ig n if ic a n t even th o u g h  i t  w e re  
o f the  o rd e r o f m ag n itu de  genera ted by  the  th e o re tica l 
fu n c tio n . T h is  aspect o f the  p ro b le m  was considered in  
the  e x a m in in g  the  s tru c tu re  o f the  tes t o f s ign ificance o f 
dev ia tions  f ro m  reg ress ion w h en  the  in te n s ity  scores w ere  
f it te d  to  the  tw o  fu n c tio n s , y = f  ( C )  and y = f  ( lo g  C ) .

E X P E R IM E N T A L

Sugar-water

S ug a r concen tra tions  ranged f ro m  1 to  5.06 g  pe r 100
m l. T h is  range was chosen to  b r in g  the  lo w es t leve ls 
above the th re s h o ld  re p o rte d  b y  Feeney et al. (1 9 6 6 ) fo r  
yo u n g  a d u lt fem ales and the to ta l range  w ith in  th a t re 
p o rte d  by  P a n g b o rn  (1 9 6 1 ). S ince 1.54 =  5.0626, a lo g 
a r ith m ic  series w ith  5 levels cou ld  be estab lished b y  us ing  
the  leve ls  1, 1.5, 1.52, 1.53, 1.54. T h e  lin e a r series was 
con s tru c ted  by  d iv id in g  the  range, 1 to  5.06, in to  fo u r  
e q ua lly  spaced in te rva ls .

Sugar-orange juice

T h e  range  o f sugar ad d itio n s  was the  same as th a t in  
the  2 -fa c to r exp e rim e n ts  p re v io u s ly  re p o rte d  (G o rd o n ,
19 65 ), 0 to  0.2 M  o r  0 to  8.55 g  pe r 100 m l. C o nce n tra 
tio n s  w e re  expressed as to ta l con cen tra tion s  based on 
estim ated in it ia l concen tra tions  o f 12.40 g  pe r 100 m l in  
E x p . 1 and 10.30 g  pe r 100 m l in  E x p . 2 and E x p . 3. 
In i t ia l  con cen tra tions  w ere  m easured, a fte r  in ve rs io n , as 
re d u c in g  sugar by  fe rr ic y a n id e -th io s u lfa te  t i t ra t io n  o r  spec- 
tro p h o to m e tr ic a lly  by  the  m e thod  o f T in g  (1 9 5 6 ) . F rozen  
o range ju ic e  re c o n s titu te d  w ith  tap  w a te r in  1 :3 ra t io  was 
used th ro u g h o u t the  exp e rim e n t. T h e  to ta l concen tra tion
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range was d iv id e d  in to  e q ua lly  spaced in te rv a ls  fo r  the 
lin e a r series and  the  range  o f lo g  C  (1 .09342 to  1.32015 
in  E x p . 1, and 1.01284 to  1.2753 fo r  E x p . 2 and E x p  3 ) ,  
in to  equal in te rv a ls  fo r  the  lo g a r ith m ic  series.

Salt-water
T h e  range o f sa lt concen tra tions  w as the same on a 

m o la r basis as th a t fo r  the  s u g a r-w a te r exp e rim e n ts  since 
the  m o la r th resh o lds  fo r  sod ium  c h lo r id e  and sucrose, as 
sum m arized  by  A m e r in e  et a l. (1 9 6 5 ) are q u ite  s im ila r. 
T h e  range  was 0.029 M  to  0.148 M  o r  1.71 g  p e r 1000 
m l to  8.65 g  pe r 1000 m l. T h is  range  w as d iv ide d , as in  
the  sugar exp e rim e n ts , in to  eq ua lly  spaced increm en ts  fo r  
the  lin e a r series and the  range o f lo g  C  (0 .23300 to  
0 .93702) was d iv id e d  in to  equal in te rv a ls  fo r  the  lo g a r ith 
m ic  series.

Salt-tomato juice
T h e  same range o f sa lt ad d itions  was used in  the  tom ato  

ju ic e  exp e rim e n ts . T h e  increm en ts  w e re  ca lcu la ted  on the  
basis o f an in it ia l sa lt con cen tra tion  o f 7.32 g  pe r 1000 m l 
in  tom a to  ju ic e  used in  the  lin e a r series and 7.36 in  th a t 
fo r  the  lo g a r ith m ic  series. In i t ia l  sa lt con cen tra tion  was 
es tim a ted  f ro m  the  sod ium  con cen tra tion  d e te rm in ed  w ith  
a flam e p h o tom e te r ( In s tru m e n ta t io n  L a b o ra to r ie s , B oston , 
M assachusetts, M o d e l 143) w ith  l i th iu m  as the  s tandard .

Judging procedure
A  series o f ra n k in g  and p a ire d  com p ariso n  tests was 

com ple ted before b e g in n in g  each g ro u p  o f in te n s ity  e x p e r i
m ents. R a n k in g  in  incom p le te  b locks (B ra d le y  et al.,
1952) was used to  eva luate d iffe rences betw een levels 
w ith in  each w a te r series and ra n k in g  in  com ple te  b locks 
fo r  leve ls w ith in  each ju ic e  series. R esu lts  fo r  the  pa irs  
genera ted by  the  B ra d le y -T e r ry  p ro ced ure  w e re  eva luated 
fo r  s ig n if ic a n t d iffe re n tia tio n  based on tab u la te d  values fo r  
s ig n if ic a n t d iffe re n tia tio n  in  p a ire d  com parison  tests ( A m 
e rine  et a l., 19 65 ). R anks  assigned in  com p le te  b locks 
w e re  eva luated by  p rocedures based on K e n d a ll’s C o e ffi
c ie n t o f C oncordance (A m e r in e  et a l., 19 6 5 ). S im p le  
pa ired  com parison  tests w e re  used to  eva luate d iffe rences 
between leve ls across lin e a r and lo g a r ith m ic  series.

In te n s ity  was scored on a 9 -p o in t scale w ith  gu ide  w o rd s  
o f none, s lig h t, m odera te , s tro n g  and extrem e . In  the 
sug a r-w a te r, sugar-o range  ju ice , and sa lt-w a te r e x p e r i
m ents, a lin e a r series and  a lo g a r ith m ic  series o f samples 
w e re  ju d g e d  a t each s it t in g , w h ic h  was considered a re p 
lica tio n . T h e  p re sen ta tion  o rd e r o f the  tw o  series and the 
o rd e r o f samples w ith in  each series w as ran do m ized  fo r  
each ju d g e . In  the  tom a to  ju ic e  exp e rim e n ts , a ll o f the  
re p lica tio n s  o f the  lin e a r series w e re  com p le ted f irs t ,  fo l
lo w ed  b y  the  lo g a r ith m ic  series.

T w o  com ple te  exp e rim e n ts  w e re  done fo r  the  sugar- 
w a te r se ries : fo u r  rep lica tion s  by  e ig h t ju dg es  in  the  f ir s t  
e x p e rim e n t and fo u r  rep lica tion s  b y  n ine  ju dg es  in  the 
second. T h re e  com ple te  exp e rim e n ts  w e re  p e rfo rm e d  fo r  
th e  o range ju ic e  series. T h e  f ir s t  and th ir d  exp e rim e n ts  
consisted o f fo u r  rep lica tion s  b y  n ine  ju dg es  and the  second 
o f f iv e  rep lica tion s  b y  n ine  judges. S in g le  exp e rim e n ts  o f 
f iv e  re p lica tio n s  by  e ig h t ju dg es  and fiv e  rep lica tion s  by  
n ine ju dg es  w e re  com p le ted fo r  s a lt-w a te r and sa lt-tom a to  
ju ic e  series.

T h e  ju dg es  w ere  un de rg ra d u a te  w om en , m ost o f them

foods and n u tr i t io n  m a jo rs . T h e  in i t ia l  g ro u p  had  p a r
tic ip a te d  in  a nu m be r o f e xp e rim e n ts  w ith  o range ju ic e , 
and rep lacem ents w e re  added as these exp e rim e n ts  p ro 
gressed. S ince eva lu a tion  o f saltiness was a new  e x p e r i
ence fo r  the  e n tire  pane l, the hypo thes is  th a t the  in d iv id u a l 
ju dg es  supp lied  a hom ogeneous estim a te  o f e r ro r  fo r  the  
to ta l e x p e rim e n t w as tested be fore  fu r th e r  ana lys is  o f the  
data. B a r t le t t ’s test (S te e l et a l., 1960) was app lied  to  the 
leve l X  re p lic a tio n  in te ra c tio n  associated w ith  in d iv id u a l 
judges. T h e  ca lcu la ted  va lues o f x 2 w e re  5.08, 7 D .F .,  and
7.11, 7 D .F .  fo r  the  lin e a r and lo g a r ith m ic  series o f s a lt
w a te r. These  va lues w e re  less tha n  x 2 o f 14.1 fo r  7 D .F .  
and 5%  leve l o f s ign ificance necessary to  re je c t the  h y 
pothesis o f hom ogene ity  o f variance.

A n a ly s is  o f va rian ce  was app lied  to  in te n s ity  scores. 
R egress ion o f in te n s ity  scores as a fu n c tio n  o f co n cen tra 
t io n  an d  the lo g a r ith m  o f con cen tra tion  was ca lcu la ted  fo r  
b o th  lin e a r and lo g a r ith m ic  series. S ign ificance  o f m ean 
squares a ttr ib u te d  to  reg ress ion and de v ia tions  f ro m  re 
g ression was tested aga inst the  m ean squares fo r  judges  
X re p lic a tio n  in te ra c tio n .

F o r  each e x p e rim e n t (s u g a r-w a te r, sug a r-o range  ju ice , 
s a lt-w a te r and sa lt-tom a to  ju ic e ) ,  va lues o f y  fo r  concen
tra tio n s  used in  each e xp e rim e n t w e re  estim a ted  f ro m  the 
regress ion equa tion , y  =  a +  b lo g  C, w h e re  y  is the  
estim ated in te n s ity  score, a and b are f it te d  constants, and 
C  is the  con cen tra tion . M ean squares associated w ith  re 
g ression as a fu n c tio n  o f con cen tra tion  ( ra th e r  tha n  lo g  C ) ,  
and m ean squares fo r  dev ia tions  fro m  th is  reg ress ion  w ere  
then  ca lcu la ted. T h e  la tte r  mean square was designated 
“ h yp o th e tica l de v ia tions  f ro m  lin e a r reg ress ion .”  T h e  
m a x im u m  m ean square fo r  e r ro r  possib le i f  s ign ificance 
w e re  to  be established fo r  de v ia tions  f ro m  lin e a r regress ion 
was ca lcu la ted  by  s o lv in g  the  e q u a tio n :

p  _  H y p o th e tic a l dev ia tions  f ro m  lin e a r reg ress ion  
M a x im u m  m ean square fo r  e r ro r  

w h e re  F  was the  tab u la te d  F  va lue  a t 5%  le ve l o f s ig 
n ificance  fo r  the  a p p ro p ria te  degrees o f freedom .

RESULTS
R esu lts  o f the  ra n k in g  tests fo r  sam ples w ith in  each 

series show ed th a t the  ju dg es  w e re  able to  d iffe re n tia te  
betw een the concen tra tions  o c c u rr in g  w ith in  each series. 
I n  the  s u g a r-w a te r series, e ig h t ju dg es  m ade no e rro rs  in  
se lecting the  sweeter sam ple in  each o f the  10 p a irs  gen
e ra ted  b y  the  B ra d le y -T e r ry  ra n k in g  p ro ced u re  in  w h ic h  
each sam ple is p a ire d  w ith  eve ry  o th e r sample. C o ns id e rin g  
the  tes t as a s im p le  pa ire d  com parison  test, seven c o rre c t 
id e n tifica tio n s  w o u ld  be re q u ire d  fo r  d iffe re n tia tio n  a t the  
5%  leve l o f s ign ificance  (A m e r in e , et a l., 19 65 ).

I n  the  s a lt-w a te r series, the  judges  m ade no m ore  tha n  
tw o  e rro rs  in  17 ju d g m e n ts  in  the  lin e a r series, and no 
e rro rs  in  18 ju d g m e n ts  in  the  lo g a r ith m ic  series, resu lts  
w e ll w ith in  the  13 c o rre c t ju d g m e n ts  needed fo r  d iffe re n 
t ia t io n  a t the  5%  leve l in  17 and 18 tr ia ls . I n  the  sugar- 
orange ju ic e  and sa lt-to m a to  ju ic e  exp e rim e n ts  in  w h ic h  
ra n k in g  in  com ple te  b locks was used, the  la rge  va lue  o f F  
associated w ith  the  test o f s ign ificance  o f W ,  K e n d a ll’ s 
C oe ffic ien t o f Concordance, in d ica ted  ag reem ent am ong 
the ju dg es  on the  o rd e r o f the  samples.
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R esu lts  o f the  p a ire d  com parison  tests be tw een levels 
across lin e a r and lo g a r ith m ic  series are show n in  T a b le  2.

T h e  judges  d iffe re n tia te d  betw een leve ls in  the  sugar- 
w a te r and s a lt-w a te r e xp e rim e n ts  b u t w e re  less successful 
in  d iffe re n tia tin g  betw een leve ls across the  lin e a r and 
lo g a r ith m ic  series in  suga r-o range  ju ic e  o r  sa lt-tom a to  
ju ic e  expe rim en ts . T h u s , in  the  ju ic e  exp e rim e n ts , i t  was 
lik e ly  th a t the  lin e a r and lo g a r ith m ic  series w o u ld  appear

Table 1. R ank sums for sugar-orange juice and salt-tom ato  juice 
experim ents.

Rank sum 1
Sugar-orange juice Salt-tomato juice

Linear Log Linear Log

Sample 1 2 1 2 1 2 1 2

A 54 54 53 52 50 54 49 47
B 45 44 42 47 38 43 45 49
C 35 37 35 35 39 26 39 33
D 27 25 32 26 23 27 25 28
E 19 19 17 19 22 26 18 21
F 9 10 10 10 17 13 13 11
F  r a t io 2 300 161 62 107 11 23 28 27
(5,38 D .F .)

1 N um ber of judges, 9. R ank of 1 assigned to  the sw eetest (o r 
saltiest) sample. A  refers to  the low est concentration.

(k —1 )W
2 F  =  — — - - , w here k  : num ber of judges, W  =  K endall’s

1 - W

Coefficient of Concordance defined as 

(n —1) — (2 /k )

product s.s. — (1 /k )

D .F . =  -
(k —1 [ (n —1 ) — ( 2 /k )  ]

total s.s. +  (2 /k )  

w here n =  num ber of samples.

Table 2. P a ired  comparisons betw een levels of linear and log
arithm ic series.

Number of correct judgments
Pair

Linear-log Sugar-water Sugar-orange juice Salt-water
Salt-tomato

juice

B - B 23 26 23 10
C - C 23 28 23 17 12
D - D 22 29 27 17 12
E - E
A - B 21

18 22 16 6

B - C 20 16
C - D 21 16
D - E 16

No. judgm ents 24 34 36 17 18

No. correct 
judgm ents for 
differentiation 
a t 5%  level 17 23 24 13 13

Table 3. M ean intensity scores fo r su g ar-w a te r experim ents.
Linear series Log series

C
Mean intensity 

score C
Mean intensity 

score
Sample ml Exp. I1 Exp. 22 ml Exp. I1 Exp. 22

A 1.00 1.5 1.8 1.00 1.5 1.6
B 2.02 3.0 3.0 1.50 2.1 2.2
C 3.03 4.6 4.6 2.25 3.5 3.6
D 4.05 6.1 6.0 3.38 5.3 5.1
E 5.06 7.3 7.2 6.06 7.2 7.1

1 M ean of 4 replications by 8 judges.
2 M ean of 4 replications by 9 judges.

Table 4. M ean intensity scores for sugar-orange juice experim ents.
Linear series Log series

Exp. I1 
C
g/100

ml

Exp. 2 & 3
Exp. li 
C
g/100

ml

Exp. 2 & 3

Sample
Mean

intensity
score

c
g/100

ml
 ̂ Mean 

intensity 
score

Mean
intensity

score
C
g/100

ml
Mean

intensity
score

A 12.40 1.8 10.30 2.6 2.1 12.40 2.0 10.30 2.3 2.0
B 14.11 3.3 12.01 3.6 2.9 13.76 3.3 11.62 3.4 3.1
C 15.82 4.7 13.72 4.8 4.4 15.28 4.5 13.13 4.3 4.2
D 17.53 5.9 15.43

ooio 5.3 16.96 5.6 14.80 5.5 5.2
E 19.24 6.8 17.14 6.9 6.4 18.83 6.9 16.70 6.5 6.2
F 20.90 7.5 18.85 7.4 7.1 20.90 7.7 18.85 7.3 7.2

1 M eans of 4 replications by 9 judges, Exp. 1; 5 replications by 9 judges, Exp. 2 
tions by 9 judges, Exp. 3.

; 4 replica-

Table 5. M ean intensity  scores for salt-w ater. Table 6. M ean intensity  scores for salt-tom ato juice.

Sample

Linear series Log series

Sample

Linear series Log series

C
g/1000

ml

Mean
intensity

score1
C

g/1000
ml

Mean 
intensity 

score1

C
g/1000
ml

Mean 
intensity 

score1
C
g/1000

ml

Mean
intensity
score1

A 0 1.0 0 i . i A 7.32 2.9 7.36 2.8
B 1.71 2.0 1.71 1.9 B 9.03 3.9 8.60 3.7
C 3.45 3.5 2.56 2.6 C 10.77 4.6 10.04 3.9
D 5.18 4.9 3.85 4.0 D 12.50 5.6 11.73 5.5
E 6.93 6.2 5.77 5.7 E 14.25 6.4 13.70 6.3
F 8.65 7.2 8.65 7.3 F 15.97 7.2 16.01 7.3

M ean of 5 replications by 8 judges. M ean of 5 replications by 9 judges.
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Table 7. Significance of deviations from  regression of intensity  as a  function of C and log 
C for linear and logarithm  series.

Linear series Log series

Variation C Log C C Log C
due to : D.F. M.S. F M.S. F M.S. F M.S. F

Sugar-w ater Exp. 1
R egression 1 703.64 675.89 703.59 688.07
D eviations 3 0.44 <1.00 9.69 5.01** 2.05 1.50 7.22 5.27**

J X R 21 1.93

Sugar-w ater E xp.2

1.37

Regression 1 685.44 646.98 709.10 693.64
D eviations 3 0.54 < 1.00 13.36 6.85** 1.71 1.43 6.86 5.72**

J X R 24 1.95

Salt-w ater

1.20

Regression 1 683.95 665.73 783.72 779.86
D eviations 3 1.01 <1.00 7.08 2.92 4.40 3.21* 5.69 4.15*

J X R 28 2.42 1.37

Sugar-orange juice Exp.. 1
Regression 1 832.89 845.52 828.07 839.78
D eviations 4 4.01 1.06 0.85 <1.00 3.72 1.54 0.80 < 1.00

J X R 24 3.77 2.42

Sugar-orange juice Exp. 2
Regression 1 790.75 793.80 802.51 812.84
D eviations 4 1.64 <1.00 0.88 <1.00 3.08 1.50 0.50 < 1.00

J X R 32 1.66 2.05

Sugar-orange juice Exp. 3
Regression 1 672.96 674.02 659.20 665.81
D eviations 4 1.46 1.33 1.19 1.08 1.76 <1.00 0.10 < 1.00

J x  R 24 1.10

Salt-tom ato  juice

2.00

R egression 1 562.14 557.32 665.81 660.80
Deviations 4 0.21 < 1.00 1.42 <1.00 3.10 1.10 4.35 1.54

J X R 32 3.46 2.83

* F  significant at 5 %  level. ** F  significant a t 1% level.

to  the  judges  as m ere ly  rep lica tion s  w h en  in te n s ity  scores 
w e re  be ing  assigned.

M ean  in te n s ity  scores are g iven  in  T ab les  3 to  6, and 
tests o f s ign ificance  o f reg ress ion  and de v ia tions  f ro m  re -

Table 8. Com parison of regression equations. L inear and log
arithm ic experim ents.

Experiment

y =  a +  b C1 y =  a -f- b log C1

a b a b

Sugar-w ater 1 L inear 0.07 1.46
Log 0.07 1.44

2 L inear 0.41 1.36
Log 0.30 1.37

Salt-w ater L inear 0.88 0.75 0 7.34
Sugar-

orange juice 1 L inear - 6 .2 6 0.68 -2 6 .0 8 25.58
Log -6 .0 1 0.67 -2 5 .7 0 25.45

2 L inear - 3 .3 6 0.59 -1 6 .9 4 19.16
Log -3 .5 1 0.59 -1 7 .2 7 19.36

3 L inear - 4 .1 0 0.60 -1 8 .0 8 19.74
Log -3 .8 6 0.60 -1 7 .7 6 19.59

Salt-tom ato
juice L inear -0 .5 8 0.49 -  7.97 12.44

Log -1 .0 4 0.53 -  9.13 13.57

1 C expressed as g/100 ml in sugar experim ents, and g/1000 ml
salt experim ents.

gression are g ive n  in  T a b le  7. T h e  constants f it te d  to 
y  =  f  ( C )  and y  =  f  ( lo g  C )  are sum m arized  in  T a b le  8.

In  the  s u g a r-w a te r expe rim en ts , de v ia tions  f ro m  reg res 
sion w ere  n o t s ig n ifica n t fo r  y = f ( C )  fo r  e ith e r the  lin e a r 
o r lo g a r ith m ic  series, b u t dev ia tions  w e re  s ig n if ic a n t fo r  
y = f ( l o g  C ) .  F u r th e rm o re , the  f it te d  constants fo r  each 
set o f lin e a r and lo g a r ith m ic  series w e re  v e ry  s im i la r ; fo r  
exam ple , a =  0.07 and b =  1.46 and  1.44 fo r  the  lin e a r 
and lo g a r ith m ic  series, respec tive ly , in  the  f ir s t  e x p e rim e n t. 
These resu lts  suggest, then, th a t the  ju dg es  placed a ll the 
samples, w h e th e r ju d g e d  in  lin e a r o r  lo g a r ith m ic  concen
tra t io n  inc rem en ts , on the  same lin e a r sco rin g  co n tin u u m . 
I n  the  s a lt-w a te r exp e rim e n t, the  de v ia tions  f ro m  reg res
s ion w e re  n o t s ig n if ic a n t fo r  b o th  fu n c tio n s  in  the  lin e a r 
series, and s ig n if ic a n t fo r  bo th  fu n c tio n s  in  the  lo g a r ith m ic  
series.

I n  the  orange ju ic e  and tom a to  ju ic e  exp e rim e n ts , de v ia 
tio n s  fro m  regress ion f it te d  to  e ith e r fu n c tio n  w e re  no t 
s ig n ifica n t. T h u s , in  the ju ic e  exp e rim e n ts , in te n s ity  data 
cou ld  be f it te d  to  e ith e r fu n c tio n , y = f ( C )  o r  y = f ( l o g  C ) ,  
w ith in  the  chosen leve l o f significance.

T h e  question  m ay the n  be ra ised w h e th e r su ffic ie n t d is 
c r im in a to ry  po w e r was p resen t to  d iffe re n tia te  betw een 
lin e a r and lo g a r ith m ic  fun c tions . T h e  da ta  sum m a rized  in  
T a b le  9 are an approach to  a n sw e rin g  th is  question . M e a n
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Table 9. H ypothetical mean squares fo r discrim ination between 
functions.

Experiment

Mean square for:
Hypothetical 

deviations Maximum 
from error for 

regression 1 significance 2
Observed

error

Sugar-w ater L inear Series 11.8 3.8 1.9
L og Series 11.8 3.8 1.4

S alt-w ater L inear Series 11.8 4.0 2.4

Sugar-
L og Series 11.6 3.9 1.4

orange juice L inear Series 1.3 0.5 3.8

Salt-tom ato
Log Series 1.3 0.5 2.4

juice L inear Series 1.4 0.5 3.5
L og Series 1.8 0.7 2.8

1 R egression equations : S u g ar-w ater y =  0.95 + 8.3 log C
S a lt-w ater y =  0 + 7.3 log C
S ugar-orange juice y =  —26 +  26 log C
Salt-tom ato  juice y  =  —8 +  12.4 log C 

2 M axim um  e rro r M.S. =
M.S. H ypothetical Deviations from  R egression 

F
F  =  3.07, 2.95, 2.78, and 2.67 fo r sugar-w ater, salt-w ater, sugar- 

orange juice, and salt-tom ato  juice respectively for 5 %  level 
of significance.

squares fo r  de v ia tions  f ro m  lin e a r reg ress ion  f it te d  to  data 
genera ted f ro m  lo g a r ith m ic  fu n c tio n s  are sum m arized  in  
the  tab le  fo r  each exp e rim e n t. T h e  tab le  gives m a x im u m  
values fo r  e r ro r  m ean squares above w h ic h  F  va lues fo r  
the  ra t io  o f m ean square fo r  de v ia tions  f ro m  reg ress ion 
to  e r ro r  m ean square w o u ld  n o t be s ig n ifica n t. T h e  ob
served m ean squares estim a ted  f ro m  the  ju d g e  X re p lic a 
t io n  in te ra c tio n  are also g iv e n  in  the  tab le.

T h e  estim ates o f e r ro r  supp lied  by the  in te ra c tio n  te rm  
in  the ju ic e  exp e rim e n ts  w e re  v e ry  m uch  la rg e r th a n  the 
m a x im u m  va lue  possib le fo r  d is c r im in a tio n . T h u s , d i f 
fe re n tia t io n  betw een the  tw o  fu n c tio n s , y = f ( C )  and y = f  
lo g  ( C )  appeared to  re q u ire  a d is c r im in a tin g  po w e r beyond 
th a t o f the  panel.

T h e  h yp o th e tica l de v ia tions  w ere  la rg e r and the e x p e r i

m en ta l e r ro r  was sm a lle r in  the  w a te r exp e rim e n ts  tha n  
in  the  ju ic e  exp e rim e n ts . C onsequently , enough d is c r im 
in a tin g  po w e r was p resen t to  d iffe re n tia te  between the 
fu n c tio n  in  the  w a te r exp e rim e n ts . I n  none o f these e x 
pe rim en ts  d id  the  lo g a r ith m ic  fu n c tio n  g ive  a b e tte r de
s c r ip tio n  o f the data th a n  the lin e a r fu n c tio n . T h e  m anner 
o f p re sen ting  samples caused some d iffe rences in  the  
p a tte rn  o f s ign ificance , b u t the re  was no evidence o f a 
b e tte r f i t  to  lo g  C  in  the  lo g a r ith m ic  p resen ta tions  than  
in  the  lin e a r p resen ta tions, as w o u ld  have been expected 
i f  the  ju dg es  w ere  s im p ly  d iv id in g  the  in te n s ity  co n tin u u m  
in  a ra n k -o rd e r  fash ion . In  a d d itio n , each set o f constants 
fro m  com parable lin e a r and lo g a r ith m ic  series (T a b le  8 ) 
was q u ite  s im ila r.

These expe rim en ts , then, have n o t reso lved  the  question  
o f the  th e o re tica l re la tio n s h ip  betw een in te n s ity  and con 
cen tra tio n , bu t, as a consequence o f the  e x a m in a tio n  o f 
the  e m p ir ica l re la tio n sh ip , have suggested some fac to rs  to  
be considered in  des ign ing  exp e rim e n ts  to  eva luate the 
re la tio nsh ip .
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SUMMARY—Tissues of early-season navel oranges and grape
fruit were found by paper electrophoretic procedures to con
tain a nonbitter precursor of limonin, but no significant 
amounts of limonin. Limonin is the intensely bitter triter
penoid dilactone responsible for the bitterness which develops 
in certain navel orange juices on standing. The nonbitter pre
cursor was identified as limonin monolactone by comparison 
with the authentic compound prepared by partial hydrolysis 
of limonin and by acid-catalyzed conversion into limonin. 
Limonin monolactone is stable in the tissues of the intact fruit 
(which are not bitter) because it is apparently not in direct 
contact with the acidic juice. It is slowly converted into 
limonin (and the juice becomes bitter) when the fruit tissues 
come in contact with the juice, after the juice is expressed 
from the fruit. Limonin monolactone was not detected in late- 
season navel oranges or grapefruit. This agrees with the 
fact that juice made from these fruits does not contain limonin. 
Work is in progress to determ ine whether the naturally occur
ring limonin monolactone is the A-ring monolactone, the D-ring 
monolactone, or a mixture of the two.

I N T R O D U C T I O N

A  s e r io u s  pr o b l e m  in  the  p ro d u c tio n  o f ju ic e  fro m  
c e rta in  va rie tie s  o f orange (e a r ly -  to  m id-season W a s h 
in g to n  N a ve l, S ha m ou ti and A u s tra lia n  V a le n c ia  oranges) 
is the  g ra du a l deve lopm ent o f b itte rness  in  the  ju ic e  a fte r 
e x tra c tio n  f ro m  the  f r u it .  W h e n  eaten fresh , these f ru its  
are n o rm a lly  n o n b itte r . T h is  phenom enon is ge ne ra lly  
re fe rre d  to  as de layed b itte rness. F o r  rev iew s, see K e ffo rd
(1 9 5 9 ) and Jo s lyn  et al. (1 9 6 1 ).

T h e  com pound responsib le  fo r  the b it te r  taste o f the 
ju ic e  f ro m  f ru its  e x h ib it in g  de layed b itte rness  is the  t r i 
te rp e n o id  lim o n in  (F ig .  1 ) . L im o n in  was f ir s t  iso la ted 
fro m  W a s h in g to n  N a v e l orange ju ic e  by  H ig b y  (1 9 3 8 ) ; 
i t  was show n to  be the  sole b it te r  lim o n o id  in  nave l orange 
ju ic e  by  E m erso n  (1 9 4 9 ) ; and its  com ple te s tru c tu re  w as 
re p o rte d  by  A r ig o n i e t a l. (1 9 6 0 ) . I n  a d d itio n , M a ie r 
et al. (1 9 6 5 ) iso la ted  sm all am ounts fro m  g ra p e fru it  ju ice .

A lth o u g h  num erous a ttem p ts  have been m ade to  de
te rm in e  the  cause o f de layed b itte rness , the  p ro b lem  has 
defied conclus ive  e xp e rim e n ta l p ro o f. F lo w e ve r, in d ire c t 
evidence ga thered  ove r the  years has led  to  the  fo rm u la 
t io n  o f tw o  theories. F o r  convenience these can be des ig
na ted the  p re cu rso r th e o ry  and the d iffu s io n  the o ry .

T h e  p re cu rso r th e o ry  was f ir s t  p u t fo r th  by  H ig b y
(1 9 3 8 ) . H e  proposed th a t the  f r u i t  tissues con ta in  a 
n o n b itte r , w a te r-so lu b le  substance w h ich , a fte r  d is ru p tio n  
o f the  f r u i t  tissues in  ju ic e  m an u fac tu re , is e x tra c te d  in to  
the  ju ic e  w h e re  i t  is s lo w ly  conve rted  in to  lim o n in . E m e r
son (1 9 4 9 ) s tud ied  the  d ih y d ro x y  d iac id  fo rm e d  on base

F i g .  1 . T h e  s t r u c t u r e  o f  l im o n in  s h o w in g  th e  A - r i n g  
la c to n e  a n d  th e  D - r i n g  la c to n e .

h y d ro ly s is  o f lim o n in  and concluded th a t th is  com pound 
lac ton ized  too  s lo w ly  to  be the  p recu rso r. H e  suggested th a t 
the p re cu rso r m ig h t be one o f the  m ono lactone  acids o r 
perhaps a g lycos ide  and th a t enzym es m ig h t be in v o lv e d  in  
conve rs ion  o f the  p re cu rso r in to  lim o n in . H o w e v e r, E m e r
son was unab le to  iso la te  o r  id e n tify  the  p re cu rso r 
substance.

C h an d le r (1 9 5 8 ) also a ttem p ted  to  iso la te  the  p re cu rso r 
w ith o u t success. T h is  caused doub ts to  a rise  abou t the 
p re cu rso r th e o ry  and led K e ffo rd  (1 9 5 9 ) to  p u t fo r th  the 
d iffu s io n  th e o ry . H e  a rgued  th a t lim o n in  its e lf  is  p resen t 
in  the  f r u i t  tissues b u t because o f its  lo w  s o lu b ility  i t  takes 
an appreciab le  tim e  to  d iffu se  f ro m  the tissue fra g m e n ts  
o f the  ju ic e  in to  so lu tio n  and to  reach a con cen tra tion  
su ffic ie n t to  im p a r t a b it te r  taste.

Sam isch et al. (1 9 5 0 ) fe lt  th a t b itte rn ess  developed 
fro m  a n o n b itte r  p re cu rso r because f i l t ra t io n  o f ju ic e  im 
m ed ia te ly  a fte r rea m ing  p re ven te d  deve lopm ent o f b it te r 
ness. H o w e v e r, K e f fo rd  (1 9 5 9 ) a rgued  th a t th is  evidence 
cou ld  also be c ited  in  s u p p o rt o f the  d iffu s io n  th e o ry .

Because o f the  im p o rtan ce  o f the  de layed b itte rn ess  
p ro b lem  to  nave l orange ju ic e  m anu fac tu re , w e have re 
exam ined  the de layed b itte rness  phenom enon. S ince m uch  
o f the  e a rlie r evidence fa vo re d  the  p re cu rso r th e o ry , i t  
was fe lt  th a t the  best approach to  the  p ro b le m  w o u ld  be to  
search fo r  and id e n tify  the p re cu rso r, i f  one ex is ted . O n  
the basis o f the  c h e m is try  o f lim o n in  i t  appeared th a t the

488— JOURNAL OF FOOD SCIENCE— Volume 33 (1968)



LIMONIN MONOLACTONE A N D  BITTERNESS IN CITRUS JUICES— 4 8 9

sim p lest possib le p re c u rs o r w o u ld  be one o f the  h y d ro ly z e d  
fo rm s  o f the com pound.

B a rto n  et al. (1 9 6 1 ) had show n  th a t lim o n in  ( F ig .  1) 
is  a m o d ifie d  te tra c y c lic  tr ite rp e n o id  w ith  a fu ra n - r in g  side 
cha in  and th a t the  A -  and D -r in g s  are 8-lactones (c y c lic  
es te rs) w h ic h  can be opened re v e rs ib ly  w ith  excess a lka li. 
[T h e  d ih y d ro x y  d iac id  fo rm  o f lim o n in  w i l l  be re fe rre d  to  
here as lim o n in  d is a lt o r  the  d isa lt. T h e  A - r in g  m on o 
lactone h y d ro x y  acid  ( o r  s a lt)  and the  D - r in g  m on o lac
tone h y d ro x y  acid  ( o r  s a lt)  fo rm s  o f lim o n in  w i l l  be 
re fe rre d  to  here c o lle c tiv e ly  as lim o n in  m ono lactone  o r the  
m ono lactone .]

H ig b y  (1 9 3 8 ) show ed th a t lim o n in  d is a lt undergoes 
la c to n iz a tio n  to  lim o n in  un d e r m ild ly  ac id ic  con d itions  
w hen heated. E m erso n  (1 9 4 9 ) re p o rte d  th a t the  d is a lt 
o f lim o n in  is w a te r-so lu b le , b u t unstab le  in  the  ac id  fo rm .

A p p a re n t ly  no d ire c t stud ies o f the  m onolactone fo rm s  
o f lim o n in  have been made. I n  o rd e r to  tes t fo r  the  n a tu ra l 
occurrence o f lim o n in  d is a lt and m ono lactone  i t  was neces
sary, the re fo re , to  p repa re  the  au th e n tic  com pounds and 
to  develop an e x tra c tio n  and  de tection  p rocedure  w h ic h  
w o u ld  no t, o f its e lf, cause the  com pounds to  lacton ize. 
T h is  has no w  been done and w e re p o r t here  d ire c t evidence 
o f the  existence and id e n t ity  o f the  n o n b itte r  p re cu rso r o f 
lim o n in  in  nave l o ranges and  g ra p e fru it .

EXPERIMENTAL AND RESULTS
Analytical procedures

T h e  d iffe re n t fo rm s  o f lim o n in  w e re  separated fro m  
each o th e r by  h ig h  vo lta ge  paper e lec trophores is  ( P E )  
on W h a tm a n  N o . 1 f i l te r  paper us in g  0.05 M  c itra te  b u ffe r. 
p H  5.5 and 113 v o lts /c m  fo r  40  m in . L im o n in  rem a ined  
s ta tio n a ry  and lim o n in  m ono lactone  and lim o n in  d is a lt 
m ig ra te d  to w a rd  the  p o s itive  po le  6.5 and 14.5 cm , re 
spective ly . E ach  o f the  com pounds gave the same d is 
t in c t iv e  o ra n g e -b ro w n  c o lo r w h e n  sprayed w ith  E h r l ic h ’s 
reagent (p a p e r sp rayed  w ith  a 1% s o lu tio n  o f /> -N -d i- 
m ethy lam inobenza ldehyde  in  m e thano l, the n  fum ed  w ith  
H C 1 ), a selective sp ray  fo r  lim o n o id s  (D re y e r ,  1965a ,b ). 
L im o n in  w as d is tin g u ish e d  f ro m  o th e r lim o n o id s  b y  th in -  
la y e r ch ro m a to g ra p h y  ( T L C )  on s ilica  ge l-G , us in g  the  
up pe r phase o f benzene -e thano l-w a te r-ace tic  acid, 200 :47 : 
15:1 (M a ie r  et a l., 1965) and e th y l e ther-ace tic  ac id - 
w a te r, 1 5 :3 :1 . See T a b le  1.

Preparation of limonin monolactone and limonin disalt

L im o n in  was re flu x e d  w ith  a s lig h t excess o f 0.1 N  
N a O H  fo r  1.5 h r  to  achieve p a r t ia l h y d ro ly s is  and  fo r  2 h r  
to  achieve com ple te  h y d ro ly s is . A ssay  b y  paper e lec tro 
phoresis ( P E )  show ed th a t the  p a r tia l h y d ro ly z a te  con 
ta in ed  a p p ro x im a te ly  equal am oun ts  o f m onolactone ( m i
g ra tio n  d istance 6.5 c m ) and  d is a lt (m ig ra t io n  d istance
14.5 c m ) and the  com ple te h y d ro ly z a te  con ta ined  o n ly  the  
d isa lt. P ro o f th a t the  h yd ro lyza te s  con ta ined  no decom 
p o s itio n  p ro d u c ts  w as ob ta ined  b y  re c o n v e rtin g  the  m o n o 
lactone and  d is a lt in to  lim o n in . A  p o r t io n  o f each h y 
d ro lyza te  was a d ju s te d  to  p H  3.5 w ith  d ilu te  HC 1 and 
re flu x e d  fo r  30 m in . P E  and th in - la y e r  c h ro m a to g ra p h y  on 
s ilica  ge l-G  (see a n a ly tic a l p ro ced u res ) showed o n ly  the 
presence o f lim o n in . I n  a d d itio n , each so lu tio n  was in 
tense ly b itte r . O th e r  p o rtio n s  o f the  p a r t ia l h y d ro lyza te

Table 1. R t values 
chrom atography.

of lim onoids on silica gel-G  th in-layer

Limonoid1
Benzene-ethanol-water- 

acetic acid
(200:47: 15:1, upper)

Ethyl ether-acetic 
acid-water 
(15:3:1)

Deacetylnom ilin 0.27 0.73
D eoxylim onic acid 0.25 0.75
Deoxylim onin 0.37 0.63
Ichangin 0.26 0.67
Isoobacunoic acid 0.20 0.83
Lim onexic a c id 2 0.27 0.61
Lim onilic acid 0.30 0.92
Lim onin 0.48- 0.73
Lim onin diosphenol 0.57 0.87
Nom ilin 0.41 0.64
Obacunoic acid 0.20 0.84
Obacunone 0.58 0.86

1 L im onin is the only limonoid reported  to occur in navel orange 
and g rapefru it juices (see : In troduction ). Deacetylnom ilin, deoxy- 
limonin, ichangin, limonin, nomilin, and obacunone are  the only 
limonoids reported  to  occur in C itr u s  seeds (D reyer, 1965b, 1966). 
See D reyer, 1965a for structures of these limonoids.

2 U ncerta in ty  exists as to w hether lim onexic acid is a  natural 
constituent of C itr u s  seeds or an a rtifac t (D reyer, 1965a). L im on
exic acid is negative w ith E h rlich ’s reagent, but positive with 
periodate-perm anganate.

w e re  ad ju s te d  to  p H  7.0 and 3.2 and d ilu te d  w ith  w a te r 
to  a con cen tra tion  o f 100 pp m  m ono lactone  p lus  100 ppm  
d isa lt. W h e n  tasted b y  in d iv id u a ls  w h o  cou ld  detect 
lim o n in  b itte rness  a t 2 to  7 ppm , the  h y d ro ly z a te  was 
ju d g e d  n o n b itte r . I n  lik e  m an ne r the  com ple te  h y d ro ly z a te  
d ilu te d  to  100 ppm  d is a lt w as n o n b itte r.

T h e  s ta b ility  o f lim o n in  d is a lt to  the con d itio n s  o f the  
P E  p ro ced ure  was tested. A  so lu tio n  c o n ta in in g  96 ppm  
lim o n in  d is a lt was a d ju s te d  to  p H  5.0 (a  p H  s lig h t ly  
lo w e r th a n  th a t o f the  c itru s  tissue e x tra c ts )  and 0.25 m l 
was ap p lied  as an 8 -cm  lo n g  s treak  to  a P E  paper ( w i th  
a R o dd e r S tre a k e r)  un de r a con tinuous  s tream  o f a ir  to  
a id  evapo ra tion . P E  w as ru n  in  the  s tan da rd  m an ne r and 
the d r ie d  paper was sprayed w ith  E h r l ic h ’s reagent. O n ly  
one lim o n o id  band was presen t. I t  co rresponded to  lim o n in  
d is a lt in  m ig ra tio n  distance. A ls o , 100 p p m  each o f 
lim o n in  m ono lactone  and d is a lt in  0.05 M  c itra te  b u ffe r 
a t p H  5.0 fo rm e d  no detectable lim o n in  w h en  he ld  fo r  48 
h r  a t 29° C, a lth o u g h  lim o n in  was fo rm e d  on lo n g e r s tand 
in g . L im o n in  d id  n o t h y d ro ly z e  ( to  m ono lactone  o r d is a lt)  
in  0.05 M  c itra te  b u ffe r a t p H  5.0 o r  5.6 even w h e n  bo iled  
several hours .

Early-season Navel oranges

A  g ro u p  o f W a s h in g to n  N a v e l o ranges ( C it r u s  s in e n s is  
( L in n . )  O sbeck) w e re  ha rvested  N o ve m b e r 13 fo r  use in  
the  fo llo w in g  exp e rim e n ts . T h e ir  average w e ig h t was 211 
g, and  th e ir  average eq u a to ria l d iam e te r w as 6.7 cm. 
S evera l f r u i t  w e re  peeled and the  endocarp  p o r t io n  was 
c a re fu lly  separated in to  a c a rp e lla ry  m em brane  fra c tio n  
(n o  seeds, albedo, o r  ju ic e  ves ic les) and  a ju ic e  vesicle 
fra c tio n . T h e  c a rp e lla ry  m em branes w e re  rin sed  w ith  
w a te r to  rem ove any ac id  f ro m  b ro ke n  ju ic e  vesicles. T h e  
albedo was co llected f ro m  the  peel b y  sha v in g  o f f  the  p ig 
m en ted  flavedo. Ju ice  was e x tra c te d  f ro m  severa l o th e r 
f r u i t  f ro m  the  same lo t  w ith  a k itch e n  handrearner.

C a r p e lla r y  m e m b ra n e s . A  2 8 -g  p o r t io n  o f the  r in sed
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membranes was blended with 1 0 0  ml water at high speed 
for 3 min in an Omni Mix at 5°C. The homogenate was 
rapidly filtered through celite ( 1  min) into a receiver im
mersed in an ice bath and gave a clear, almost colorless 
solution, pH  5.1 which was just perceptibly bitter. It was 
held at 5°C and divided into three portions for the follow
ing tes ts :

(1) Immediately after preparation, 500 /d of extract 
were applied as a 9-cm streak to an electropherogram pa
per, along with authentic limonin, monolactone, and disalt. 
After P E  and treatment with Ehrlich’s reagent, the extract 
showed a limonoid band that was identical to authentic 
monolactone in color and migration distance. No disalt or 
limonin was detected.

(2) A 30-ml portion of the extract was heated on a 
steam bath for 20 min and cooled. It was very bitter. 
P E  (500 /d as a 9-cm streak) showed the presence of 
monolactone and limonin in the approximate ratio 3 :2 . 
(On longer heating the monolactone eventually disappeared 
and only limonin was found.)

(3) A 65-ml portion of the extract was adjusted to pH
3.0 with 1 N  HC1, heated on a steam bath for 20 min 
and cooled. I t was appreciably more bitter than the un
acidified sample after 20 min of heating. P E  (500 /d as 
a 9-cm streak) showed the presence of limonin and the 
absence of monolactone. Twenty-five ml of the acidified, 
heated extract was extracted with CHCI3  (5 X  10 ml), 
the CHCI3 was dried with Na2 S 0 4  and concentrated to
2 ml. TLC  and P E  (40 jd as a 9-cm streak) showed the 
presence of a substantial amount of limonin and the ab
sence of monolactone and disalt.

A test was run to confirm that limonin monolactone was 
not being formed enzymically or chemically (by acid 
catalysis) from limonin disalt during the extraction and 
P E  procedures. Membrane tissues were blended to a 
slurry in 0.05 M  phosphate buffer, pH 8  at 5°C. The ice- 
cold slurry was filtered rapidly and a portion of the filtrate 
was brought to a boil almost instantaneously. After boiling
3 min, it was cooled rapidly. P E  of both the heated and 
unheated filtrates showed the presence of limonin mono
lactone and the absence of limonin disalt and limonin. 
Identical treatment of authentic limonin disalt caused no 
change in this compound.

Albedo. Ten grams of albedo were blended and ex
tracted with 50 ml of water in the same manner as was 
the carpellary membrane fraction. After filtration the 
clear extract had a pH of 5.6 and was only very slightly 
bitter. It was held at 5°C and used in the following tests:

(1) Immediately after preparation, 150 /d was applied 
as a spot to an electropherogram paper. P E  analysis 
showed limonin monolactone to be present and limonin 
and its disalt to be absent.

(2) 25 ml of aqueous extract were extracted with 
CHCI3  (5 X  10 m l), the CHCI3 was dried over Na2 S 0 4 

and concentrated under vacuum to 5 ml. P E  and TLC 
(60 /d/spot) showed the presence of only a trace of 
limonin and no monolactone or disalt. The CHCI3 ex
tracted aqueous fraction was adjusted to pH  3 with 1 N  
HC1 and refluxed 30 min. It was again extracted with 
CHCI3  as above. P E  and TLC (30 /d/spot) of the con
centrated CHCI3 extract showed the presence of a sub

stantial amount of limonin and the absence of the mono
lactone.

Juice vesicles. This fraction was blended to break up 
the vesicles and release the juice. Immediately after 
preparation, the slurry (pH  3.2) was not bitter. After 
heating to 100°C over 14 min and cooling for 30 min it 
was extremely bitter. The slurry was filtered through 
celite giving a clear filtrate which was only slightly bitter.

Juice. This fraction (pH  3.3) was not bitter immediately 
after it was prepared. It was heated to boiling in 3 min 
and allowed to cool for 27 min, at which time it was only 
slightly bitter. After standing 2.5 hr at 23°C it was very 
bitter, as well as after 4.5 hr. A portion of the juice was 
filtered through celite giving a clear, light yellow solution. 
When compared with the very bitter unfiltered juice, the 
filtrate was rated as slightly bitter.

Another portion of the bitter juice was mixed with 
seven volumes of acetone, brought to a boil and filtered. 
The residue was treated with acetone once again, and the 
combined acetone extracts were concentrated under vac
uum to an aqueous residue. The aqueous residue was 
extracted with CHCI3 , the CHC13  was dried over Na2 S 0 4 

and evaporated to dryness. The semisolid residue was 
mixed several times with hexane, centrifuged, and the 
remaining residue was treated with CH 2 CI2 , filtered, and 
concentrated. TLC of the CH 2 C12 concentrate gave a 
spot with Ehrlich’s reagent in both developing solvents 
that was identical in Rf and color to authentic limonin.

Seeds. To test whether the extraction procedure would 
solubilize limonin if it were present in tissues, Valencia 
orange seeds which are known to contain limonin (orange 
seeds when chewed are extremely bitter) were examined. 
Five g of seeds were blended and extracted with 25 ml 
water in a manner identical to that used for the fruit 
tissues. The slurry and clear filtrate (pH  6.4) were 
both extremely bitter immediately after preparation and 
PE  and TLC (15 /d/spot) of the clear extract showed 
substantial amounts of limonin and moderate amounts of 
monolactone to be present. No disalt was seen.
Early-season Marsh grapefruit

Albedo. A 10-g portion of albedo from an immature 
Marsh grapefruit ( Citrus paradisi Macf.) ( 6 .6 -cm equa
torial diameter, harvested July 4) was blended and ex
tracted with 150 ml water in the same manner as was the 
orange carpellary membrane fraction. After filtration, the 
clear extract had a pH of 5.6. I t was held at 0°C and 
used for the following tes ts :

( 1 ) Immediately after preparation, 80 /d of extract were 
applied as a spot to an electropherogram paper, along with 
authentic compounds. After P E  and treatment with 
Ehrlich’s reagent the extract showed a limonoid spot that 
was identical to authentic monolactone in color and migra
tion distance. No disalt or limonin was detected.

(2) After standing overnight at 0°C, 25 ml of extract 
were extracted with CHC13 (4 X  25 m l), the CHC13 was 
dried and concentrated to 2 ml. PE  and TLC (19 /d/spot) 
of the CHCI3 fraction showed the presence of only a trace 
of limonin. P E  (80 /d/spot) of the aqueous fraction (after 
CHCI3  extraction) showed the presence of the mono
lactone in an amount essentially unchanged from ( 1 ) 
above.
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(3) The CHCl3 -extracted (limonin free) aqueous frac
tion was adjusted to pH  2.1 with 1 N  HC1 and boiled 30 
min. I t was extracted with CHCI3 (4 X 25 m l), and the 
CHCI3  was dried and concentrated to 2 ml. PE  and TLC 
(6.4 /d/spot) gave a strong positive test for limonin and 
a negative test for monolactone and disalt. The aqueous 
fraction following CHCI3 extraction gave a negative test 
(150 /d/spot) for limonin, monolactone and disalt by PE.

Carpellary membranes. A  7-g portion of membranes 
from a Marsh grapefruit (7.7-cm equatorial dia., har
vested Oct. 13) was blended and extracted with 50 ml 
water by the method already given. About 500 /d of this 
clear extract (pPI 5.0) was immediately applied as an
1 1 -cm long streak to an electropherogram paper along 
with authentic compounds. P E  showed a strong band 
which was identical to authentic monolactone in color and 
migration distance. No bands corresponding to limonin 
or limonin disalt were visible. A portion of the clear 
aqueous extract was acidified, heated and extracted with 
CHCI3  as in (3) above. TLC and P E  (18 /d as a 5-cm 
streak) of the concentrated CHCI3 extract showed the 
presence of limonin and the absence of the monolactone 
and disalt.

Later-season Navel oranges and Marsh grapefruit

Navel orange. A 28-g portion of carpellary membranes 
from fruit harvested in April, extracted and filtered as 
before, gave a clear, almost colorless solution, pH 5.4. The 
solution was nonbitter and when tested by P E  (using 
identical procedure and amounts as used with the early- 
season fruit) neither limonin monolactone, limonin disalt 
nor limonin bands were found. The solution was adjusted 
to pH 3.0 with HC1 and heated 20 min on a steam bath. 
The cooled solution was nonbitter. Twenty-five ml of 
the heated extract was extracted with CHCI3 (5 X 10 ml) 
and the CHCI3 was dried and concentrated to 2 ml. TLC 
showed the presence of only a trace of limonin. The 
heated whole juice from portions of these fruit was also 
nonbitter.

Marsh grapefruit. A  7-g portion of carpellary mem
branes from fruit harvested in February was blended and 
extracted with 50 ml water by the method already given. 
I t was tested by P E  in exactly the same manner as the 
early-season grapefruit membrane extract and no limonin 
monolactone, limonin disalt or limonin was detected.

DISCUSSION
Paper electrophoresis (P E ) proved to be an effective 

method of separating limonin disalt, limonin monolactone, 
and limonin because of charge differences exhibited by 
these compounds at pH  5.5. On P E  the doubly charged 
authentic disalt migrated roughly twice as far as the singly 
charged authentic monolactone, while authentic limonin 
with zero charge was unmoved. All forms of limonin 
were stable during P E  and were readily detected with 
Ehrlich’s reagent, a selective spray for limonoids (Dreyer, 
1965a,b). Limonin monolactone and disalt were differen
tiated from other mono- and di-carboxylic acid limonoids 
by acid-catalyzed conversion into limonin. Limonin was 
differentiated from other limonoids such as obacunone, 
nomilin, deacetylnomilin, deoxylimonin, ichangin, limonin

diosphenol, obacunoic acid, isoobacunoic acid, limonexic 
acid, deoxylimonic acid and limonilic acid by thin-layer 
chromatography (T L C ) on silica gel-G, Table 1. Taste 
tests showed that authentic limonin disalt and monolactone 
were nonbitter in neutral or acidic aqueous solutions at 
100 ppm, while limonin was detectably bitter at 2 to 7 
ppm. Taste tests also permitted limonin to be differentiated 
from obacunone, deacetylnomilin, deoxylimonin, and limon
exic acid, all of which are tasteless (Dreyer, 1965a, 1965b,
1966).

The carpellary membranes of the endocarp and the 
albedo of the peel proved to be the best portions of the 
fruit for analysis. Aqueous extracts of these tissues were 
only mildly acidic (pH  5.0 to 5.7) and were low in inter
fering substances. In addition, previous workers had 
shown that bitterness is associated with the tissue frag
ment portion of navel orange juice. Analysis of early- 
season Washington Navel orange and Marsh grapefruit 
albedo and carpellary membrane extracts showed that 
limonin monolactone was the primary limonoid present.

Tests showed that limonin monolactone was not formed 
from limonin disalt by acid or enzyme catalysis nor from 
limonin by hydrolysis during extraction and analysis. 
Traces of limonin were detected in the chloroform extracts 
of the aqueous tissue extracts, but the limonin was probably 
formed from the monolactone during the liquid diquid ex
traction step. Limonin monolactone was identified by elec
trophoretic comparison with authentic monolactone, by its 
color with Ehrlich’s reagent, by its nonbitter taste, and by 
acid-catalyzed conversion into limonin. The identity of 
the limonin so formed (no other limonoid was detected) 
was confirmed by taste, PE , TLC, and color with Ehrlich’s 
reagent.

If limonin itself had been present in the tissues in sig
nificant amounts, the clear aqueous extracts of the finely 
ground tissues should have been quite bitter (as was the 
seed extract) rather than essentially tasteless, and limonin 
rather than limonin monolactone should have been de
tected by PE. Treatment of the nonbitter, clear extracts 
with heat or with acid and heat caused the monolactone to 
disappear, limonin to appear, and the extracts to become 
bitter. These experiments show that a nonbitter precursor 
of limonin exists and that the precursor present in extracts 
of albedo and carpellary membranes of Washington Navel 
oranges and Marsh grapefruit is limonin monolactone. It 
would be reasonable to expect limonin monolactone also 
to be the nonbitter precursor of limonin in the tissues of 
other citrus fruits that exhibit delayed bitterness.

Whole juice prepared by reaming early-season navel 
oranges or juice made by blending the juice vesicles from 
similar fruit was not bitter immediately after preparation. 
After boiling and cooling, however, both juices became 
bitter. The presence of limonin in these bitter juices was 
confirmed by solvent extraction and TLC. No other 
limonoids were detected. When the boiled juices were 
filtered, the filtrates were less bitter than the unfiltered 
juices, indicating that a portion of the limonin was asso
ciated in some way with the tissue fraction of the juices. 
In addition, these results agree with the fact that before 
contact with acid, carpellary membranes are good sources 
of limonin monolactone. This experiment indicates that
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limonin monolactone is also present in the walls of the 
juice vesicles.

Mid- to late-season navel oranges frequently produce 
juice that does not become bitter. Tests of later-season 
navel orange carpellary membrane tissue extracts showed 
that limonin monolactone was not present. When the ex
tract was acidified and heated, no bitterness developed and 
only traces of limonin could be found in concentrated 
chloroform extracts of the aqueous solution. In addition, 
whole juice from these fruit after heating and standing 
for 5 hr was not bitter. Therefore, as navel oranges ma
ture, limonin monolactone disappears from the tissues, and 
the juice made from these fruit does not become bitter 
after standing or heating. Tests of later-season grapefruit 
carpellary membrane tissue extracts showed that limonin 
monolactone was not present at this stage of maturity. 
Thus, grapefruit are similar to navel oranges in that 
limonin monolactone disappears as the fruit matures.

On the basis of this work it can be concluded that 
limonin monolactone is the primary naturally occurring 
limonoid present in the albedo and endocarp tissues of 
Washington Navel oranges and Marsh grapefruit at about 
the time they first reach commercial maturity. Minor 
amounts of limonin disalt may also occur, but only at 
levels beyond the sensitivity of the methods used here or 
at earlier stages of fruit development. Free limonin does 
not appear to occur to any significant extent as a natural 
constituent of the albedo or endocarp tissues of healthy 
intact navel oranges or grapefruit, although it is a natural 
constituent of citrus seeds. Free limonin might be found 
as a constituent of intact fruit tissues in instances where 
the fruit has been damaged and the released acids or 
enzymes have caused conversion of the monolactone to 
limonin. This may account for the bitterness of oranges 
damaged by frost. Since limonin is a dilactone, it is clear 
that two limonin monolactones are possible, the A-ring 
monolactone, and the D-ring monolactone. W ork is now 
in progress to determine which of these forms occurs 
naturally.

The following explanation of the delayed bitterness 
phenomenon emerges from the work reported here. Limo
nin monolactone is present in the albedo and endocarp 
tissues of Washington Navel oranges and Marsh grape
fruit. Since it is a nonbitter compound, the navel oranges 
when eaten fresh are nonbitter. However, when the juice 
is expressed from the fruit, in juice manufacture, cells and 
tissues are disrupted, and the tissue fragments (which 
contain limonin monolactone) come in direct contact with 
the acidic juice. Over a period of time, which is shortened 
if the juice is heated, the monolactone undergoes lactoni- 
zation to the bitter dilactone, limonin, and the juice be

comes bitter. The monolactone is stable in the intact fruit 
probably because it is located in a region of relatively 
neutral pH.

Higby (1941) reported that bitterness in navel orange 
juice could be minimized by avoiding tissue maceration 
and by immediately separating the coarser tissue fraction 
from the extracted juice. The chemical basis of this process 
is now clear. Avoiding maceration retards extraction of 
limonin monolactone into the liquid phase and at the same 
time facilitates removal of this potential source of bitterness 
before limonin is formed. It is hoped that this new knowl
edge will both aid and stimulate the commercial application 
of this process.
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SUMMARY—Softening of canned apricots was accompanied 
by increase in soluble pectin and syrup viscosity. Calcium 
ions have the ability to decrease, to some extent, the move
ment of pectic material from the fruit to the syrup. This 
might be explained by the ability of calcium ions to make a 
bridge between polygalacturonic acid, units, thus producing 
larger molecules which bind the cells together at the middle 
lamella. Added oxalate ions removed calcium from pectin 
in the cell wall, causing an increase in water-soluble pectin 
in the syrup and softening of texture. The mineral contents 
of canned apricots from three growing areas were determined 
by flame spectrophotometry. Low potassium in the fruit 
seems to be related to low pH in the cell sap, causing hy
drolysis of pectic materials through hydronlum ion catalysis 
and softening during heat processing and storage.

IN T R O D U C T I O N

T h e  c a n n i n g  in d u s t r y  is occassionally faced with the 
problem of soft texture in canned apricots. Softening 
takes place in the can after processing or during storage. 
In severe cases the apricot halves nearly completely dis
integrate to a mushy appearance. Luh et al. (1966) 
reported that harvest maturity and processing time are 
related to softening in canned apricots. Kertesz (1951) 
suggested that soft texture in canned tomatoes can be 
remedied, to some extent, by adding calcium ions. Collins 
et al. (1963) studied the influence of added calcium ions 
on the texture of thermally processed apple slices. Hoos 
et al. (1956) reported on the effect of 2,4,5-trichloroph- 
enoxyacetic acid spray on the organic acids, pectin, and 
quality of canned apricots. The chemical composition of 
apricots has been reported by Strachan et al. (1951).

This study covers the effect of calcium and oxalate ions 
on the texture and pectin of canned apricots.

E X P E R IM E N T A L  MA TE RIA LS

Apricots
Blenheim apricots grown on the Wolfskill Ranch, near 

W inters (Yolo County), California, were harvested at 
canning ripeness. They were used to study the effect of 
added calcium and oxalate ions on the texture and pectin 
in canned apricots. Blenheim apricots grown at Suisun 
(Solano County) and Cupertino (Santa Clara County) 
were also used to determine whether a change in some 
chemical or physical property of fruit as brought about by 
environment might be associated with the softening of 
canned apricots. Calcium chloride was added to the syrups 
at 0 , 50, 1 0 0 , and 2 0 0  ppm calcium during the canning 
process. In a separate experiment, ammonium oxalate 
was added at 0 , 0.25, and 0.50% levels to the syrup during 
canning.

Canning procedure

Canning was done in the pilot plant of the Department 
of Food Science and Technology, University of California, 
Davis. Green and overripe fruits were removed before 
canning. The apricots were washed with cold tap water 
and then halved and pitted in a Felice and Perrelli pitting 
machine. The halves were processed in No. 2/4 cans 
made with differential electrolytic tin plate. The fill weight 
was 18 ±  0.5 oz. Enough 40° Brix syrup made with 
sucrose and distilled water was added to maintain a head- 
space of 5/16 to 7/16 in. The cans were sealed in a double 
seamer under a vacuum of 16 in. Hg, and heat processed 
in an Anderson-Barngrover continuous rotatory cooker at 
210°F for 19 min. The cans were cooled in a rotatory 
water cooler, and stored at 70°F. Each sample consisted 
of 40 No. 2y2 cans.

A N A L Y T I C A L  M E T H O D S
Texture determinations

Twelve readings were made on four cans of each sample 
with a L.E.E.-Kram er shear press. Then 150 g of fruit 
was placed in the regular test cell. A 3,000-lb ring was 
used for testing the fresh fruit, and a 500-lb ring for 
testing the canned product. The dial settings for the fresh 
fruit ranged from 300 to 1,000 lb, depending on the ripe
ness of the product. For the canned apricots, a 200-lb 
dial setting was employed. The readings were converted 
to the 100-lb basis. The time interval from the beginning 
of the downward motion of the ring until it passed through 
the product in the test cell was 1 min ±  5 sec. The 
average area under the curve, in square inches, represents 
the firmness of the product. (Luh et al., 1966).

Soluble solids

A Zeiss-Opton refractometer was used to determine the 
soluble solids in the samples. Results are expressed as 
°Brix at 20°C.

pH

A Leeds and Northrup glass electrode pH  meter, model 
7664-A1, was used to measure the pH  of the blended 
samples.

Tit-ratable acidity

A Beckman automatic titrator, model K, was used to 
determine titratable acidity. The fruit and syrup were 
blended for 1 min. Ten grams of the slurry were weighed 
into a 250-ml beaker, diluted with 150 ml of distilled water, 
and then titrated with 0.1 N  N aO H  to pH  8.0. Results 
are expressed as percent citric acid.
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Extraction and determination of pectic substances

The syrups from four cans were mixed. To 100 ml of 
sample were added 5 g of Super-Cel. The resulting mixture 
was stirred and then filtered under suction through W hat
man No. 1 filter paper. To 10 ml of clear filtrate were 
added 5 drops of 0.5 N  HC1 and 30 ml of 95% ethanol. 
The precipitated pectin was stirred thoroughly, separated 
from the suspending medium by centrifugation, and then 
washed successively with 95% and 70% ethanol. The pre
cipitate was suspended in 25 ml of 0.05 N  NaOH for 
1 hr, by which time the pectin had completely dissolved. 
The resulting solution was diluted with distilled water to 
1 L. The pectin content in the extract was determined 
by the carbazole colorimetric method described by McComb 
et al. (1952) and McCready et al. (1952).

Syrup viscosity

The fruit from four cans was drained on an 8 -mesh 
screen for 2  min, and the syrup thus obtained was cen
trifuged for 30 min at 10,000 rpm (12,000 X g). The 
viscosity of 5 ml of the centrifugate was determined at 
30°C in a No. 300 Ostwald-Finske capillary viscometer. 
A pycnometer was used to measure the specific gravity 
of the syrup. A precision electrical timer with an accuracy 
of 0 . 1  sec was used to measure the flow time in seconds. 
The viscosities are reported in centipoises at 30°C, with 
distilled water used as a reference.

Mineral content

The concentration of calcium, magnesium, and potassium 
was determined according to the method described by 
Luh et al. (1959). The canned apricots were drained to 
remove the syrup and then disintegrated in a blender. Ten 
grams of pulp were weighed into a silica dish, partially 
dried on a steam bath, and then dried in a vacuum oven 
at 70°C. The dried material was ashed to a constant 
weight in an electric muffle furnace at 550°C. The ash 
was weighed and dissolved in 0.15 N  HQ. The resulting 
solution was made to 1 0 0  ml with the same solvent, and 
then filtered through Whatman No. 1 filter paper.

A Beckman DU spectrophotometer was adopted for 
flame photometry with the following wavelengths : calcium
422.2 m/x low sensitivity, magnesium 285.2 mp. high sensi
tivity, and potassium 767.0 mp. high sensitivity with a 
blue filter. The oxygen pressure was 10 psi. A phos
phorous sulfur-nitrogen reagent was used for better resolu
tion of the peaks of the emission curve. This reagent 
contained 50 ppm of P (H 3 P 0 4 ), 20 ppm of S (H 2 S 0 4), 
and 10 ppm of N (H N 0 3). Twenty ml of the sample 
solution were pipetted into a test tube, and 1 ml of the 
phosphorus-sulfur-nitrogen reagent was added. The mix
ture was thoroughly shaken before being introduced into 
the flame photometer. The results are expressed as mg 
per hundred g of initial sample.

In the case of syrup, 20 ml of clear syrup were pipetted 
into a silica dish, weighed, and treated as above.

RESULTS A N D  DISCUSSION
Texture of canned halves

The L.E.E.-Kram er shear press was used to measure 
texture changes in the canned apricot halves. The work

TIME IN MONTHS

Fig. 1. Effect of storage at 70°F on texture of canned apricots 
from Winters. The syrups were treated zvith 0, 50, 100, and 200 
ppm calcium during canning.

needed to break the tissues in the shear press was recorded 
as the area under the force-time curve. Fig. 1 shows the 
changes in texture associated with the addition of calcium 
ions to canned Blenheim apricot halves stored at 70°F. 
The apricots were grown at W inters and were canned 
with 40° Brix sucrose syrup containing 0, 50, 100, and 
200 ppm calcium ions and 0.25 and 0.50% ammonium 
oxalate. All samples softened gradually during storage. 
Samples canned with syrups containing added calcium ions 
were slightly firmer than the control sample. Fig. 2 shows 
that the samples containing oxalate were softer than un
treated controls.

Trends were similar in apricots from the Suisun and 
Cupertino areas. The apricots from the W inters area had 
initial L.E.E.-Kramer readings of 3.0 to 3.2 sq. in., which 
decreased gradually to 1.8 to 2.1 sq. in. after 9 months 
at 70°F (Fig. 1). The sample from the Suisun area had 
an initial reading of 1.9 to 2.1 sq. in. (Fig. 3 ). It appears 
that the beneficial effect of calcium ions on texture was 
more pronounced in the fruits from the Suisun and Cu
pertino areas, especially after 9 months at 70°F. Maximum 
firming effect was observed when 1 0 0  ppm calcium was 
added to the syrup during canning. No further improve-

TIME IN MONTHS

Fig. 2. Effect of storage at 70°F on texture of canned apricots 
from Winters. The syrups were treated with 0, 0.25, and 0.50% 
(NHi)tCtOt.
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Fig. 3. Effect of storage at 70°F on the texture of canned apri
cots from Suisun. The syrups were treated with 0, 50, 100, and 
200 ppm calcium during canning.

ment was observed when more calcium chloride was added. 
The phenomenon may be explained by the fact that cal
cium chloride is a salt of a weak base and a strong acid. 
I t tends to be hydrolyzed to yield HC1 which may coun
teract the effect of calcium ions.

The firming effect of the calcium ions on the texture of 
canned apricots may be explained by the linking of the 
carboxyl groups in the polygalacturonic acid units with 
calcium ions. This caused a strengthening of the binding 
force between cells, forming a firmer texture. Hanglein
(1947) postulated that protopectin is formed by the as
sociation of polygalacturonic acid chains among each 
other, and perhaps even with cellulose, exclusively through 
calcium linkage. This was further evidenced by work of 
Postlmayr et al. (1956), who reported that firmness in 
clingstone peaches is related to the retention of proto
pectin. The relationship between calcium, pectin quality, 
and texture appears to be applicable to canned peaches 
and apricots.

That calcium ions play an important role in the texture 
of canned apricots was further shown by adding ammonium 
oxalate to the syrup. Fig. 2 shows the softening caused 
in canned apricots from W inters by adding 0.25 and 0.50% 
ammonium oxalate to the syrup during canning. The 
softening effect may be explained by the removal of cal
cium ions from the pectin in the cell walls to form calcium 
oxalate. This weakens the binding force between cells 
because of the reduction in binding between calcium and 
polygalacturonic acids. The samples with oxalate ions 
were extremely soft and judged unacceptable.

Effect of pH and acidity

Table 1 shows the firmness, pH, and titratable acidity 
of the fresh apricots used. Table 2 shows the effect on 
pH  and titratable acidity of adding calcium chloride to 
the canning syrup. The results show that the samples 
from Suisun and Cupertino, which were characterized by 
considerable softening after canning, were higher in acidity 
and lower in pH  than the W inters samples. It is possible 
that the hydrogen ions in the cell sap, activated by the 
thermal processing, caused softening due to hydrolysis of 
large pectin molecules into smaller units and solubilization 
of the cementing materials between cell walls. A possible 
approach to the problem would be determination of the pH 
and total acidity of the fresh fruit before canning. Fruit 
lots that prove unusually high in acidity and low in pH 
values may be diverted to the fresh-fruit market or used 
for apricot nectar and concentrates.

The relationship between the characteristics of the fresh 
apricots and the texture of canned products may be repre
sented by the equation:

Y =  -7.2021 +  0.0585 X x +  2.7103 X 2 -  0.1135 X 3

where Y =  Shear press readings (sq. in.) of the canned 
apricot halves after storage at 70°F for 9 months.

X x =  Shear press readings (sq. in.) of the fresh apricots.
X 2  =  pH of the fresh fruit.
X 3 =  Soluble solids (°Brix at 20°C) of the fresh fruit.
When the X x, X 2, and X 3 values of the fresh apricots are 

known, one may predict the shear press values of the 
canned product from the above equation. The pH  value 
(X 2) appears to be an important factor influencing the 
texture of canned product.

T a b l e  2 . E f f e c t  o f  c a l c iu m  c h l o r i d e  o n  p H  a n d  a c i d i t y  o f  c a n n e d  
a p r i c o t  h a lv e s .  S t o r e d  a t  2 0 °  C  f o r  9 0  d a y s .

Code G row ing  a rea

C alcium  ion 
added  to 

sy ru p  
(ppm ) pH

T itra ta b le  
a c id ity  as 
c itr ic  acid  

(5 )
B rix

a t 20°C

A l W i n t e r s 0 3 .9 0 0 .6 0 8 2 5 .0
A 2 W i n t e r s 50 3 .95 .6 1 2 2 5 .0
A 3 W i n t e r s 100 3 .9 0 .6 4 0 2 4 .6
A 4 W i n t e r s 2 0 0 3 .9 0 .6 7 4 2 4 .5

A S S u i s u n 0 3 .5 2 .8 0 9 26 .1
A 6 S u i s u n 5 0 3 .5 2 .8 2 9 2 6 .0
A  7 S u i s u n 1 0 0 3 .4 8 .8 6 4 2 5 .5
A 8 S u i s u n 2 0 0 3 .5 2 .8 6 7 2 5 .5

A 9 C u p e r t i n o 0 3 .5 3 .8 5 6 2 4 .6
A 1 0 C u p e r t i n o 5 0 3 .55 .8 5 9 2 4 .6
A l l C u p e r t i n o 100 3 .5 0 .8 6 6 2 4 .6
A 1 2 C u p e r t i n o 2 0 0 3 .5 0 .8 6 0 2 5 .2

T a b l e 1. C h e m ic a l a n d  p h y s i c a l p r o p e r t i e s o f  B l e n h e i m a p r i c o t s a t  c a n n i n g r ip e n e s s .

Sam ple G row ing  a rea

L .E .E .-  
K ra m e r 

sh ea r p ress 
read in g  
(sq  in .)

P re s su re  
te s t  (lb ) 
(7 /1 6  in . 
p lu n g e r) pH

T itra ta b le  
ac id ity  

as c itric  
acid  (%)

B rix  
a t  20°C

A v  w t 
p e r  f r u i t  

(oz)

A l W i n t e r s 6 .0 3 .6 3 .9 2 1 .1 7 7 1 6 .3 1 .43

A S S u i s u n 7 .2 3 .8 3 .55 1 .3 3 6 1 5 .0 2 .11

A 9 C u p e r t i n o 6 .9 3 .9 3 .5 0 1 .3 4 8 14.1 1 .8 7

L .S .D .  p  :=  .05 1 .2 0 .8 0 .21 .0 6 2 .60 .2 0
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Syrup viscosity

A close relationship was found between syrup viscosity 
and the texture of canned apricots. The effect of storage 
on the syrup viscosity of canned apricot halves from 
W inters as influenced by calcium ions is shown in Fig. 4, 
and that by oxalate ions in Fig. 5. The syrup viscosity 
of the canned product varied from 5 to 10 centipoises 
initially, increased rapidly during the first 3 to 6  months 
of storage, and increased more slowly on further storage.

Table 3 shows that the syrup viscosity was higher in 
samples from Suisun and Cupertino than in samples from 
the W inters area. Syrup viscosity gradually increased 
during storage at 70°F. Samples showing softening were 
higher in syrup viscosity. It seems likely that one of the 
factors in softening might be movement of high-molecular- 
weight pectin from the apricot tissue to the surrounding 
syrup. The increase in syrup viscosity appears to be ac
companied by a decrease in firmness of the apricot halves. 
Addition of calcium ions to the syrup caused binding of 
the pectin molecules in the cell wall, which inhibits their 
movement from the fruit tissue to the surrounding syrup. 
This was also suggested by the experiment in which 
oxalate ions were added to the syrup.

The increase in syrup viscosity was faster and proceeded 
further in the oxalate-treated samples than in the control. 
This may be explained by the extraction of calcium from 
the protopectin in the apricot tissue, causing solubiliza-

TIME IN MONTHS
Fig. 4. Effect of storage at 70°F on syrup viscosity of canned 

apricots from Winters. The syrups i v e r e  treated zvith 0, 50, 100, 
and 200 ppm calcium during canning.

Fig. 5. Effect of storage at 70°F on syrup viscosity of canned 
apricots from Winters. The syrups were treated ivith 0, 0.25, and 
0.50% (NHJiCiOi during canning.

tion of pectic material, which diffuses into the syrup. It 
should be understood, however, that calcium ion was not 
the only factor affecting texture. Hydrogen bonds be
tween hydroxyl groups at the C2 and C3 positions between 
galacturonide units in protopectin and glucoside units in 
cellulose also contribute to the binding force between the 
cell walls.

T a b l e  3 . E f f e c t  o f  c a l c iu m  io n s  o n  
a p r i c o t  h a lv e s .

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

Sam ple G row ing  a rea

C alcium  
added  to 

sy ru p  
(ppm )

S y ru p  v iscosity  (cp s) 
S to rage  a t  7 0 °F  (m on ths)

0 3 6 9

A l W i n t e r s 0 6 .1 7 18 .9 3 2 2 .7 0 2 6 .1 8
A 2 W i n t e r s s o S .8 2 18 .71 2 4 .0 1 2 4 .0 0
A 3 W i n t e r s 1 0 0 S .30 17.2S 2 0 .7 1 2 4 .2 3
A 4 W i n t e r s 2 0 0 S.3S 17 .85 2 2 .3 9 2 3 .6 6

A  5 S u i s u n 0 13 .93 3 2 .4 9 6 2 .1 4 6 3 .4 5
A 6 S u i s u n s o 1 2 .2 6 3 5 .0 2 6 6 .8 9 7 3 .8 4
A  7 S u i s u n 1 0 0 1 1 .5 2 4 4 .6 2 5 4 .2 9 7 0 .9 5
A 8 S u i s u n 2 0 0 1 0 .1 9 2 7 .3 9 4 2 .5 9 6 1 .9 5

A 9 C u p e r t i n o 0 14.01 3 7 .4 3 5 7 .5 8 5 3 .3 1
A IO C u p e r t i n o SO 2 1 .6 4 37 .1 5 4 1 .5 2 5 8 .6 0
A l l C u p e r t i n o 100 13 .65 3 5 .7 4 4 7 .4 5 5 0 .0 9
A 1 2 C u p e r t i n o 2 0 0 11 .75 3 5 .6 4 5 5 .1 8 5 5 .0 0
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Water-soluble pectin

Since protopectin in fruit tissues acts as a binding ma
terial between cell walls and is responsible at least in part 
for the firm texture of fruit tissues, the softening of apri
cots appears to be related to the conversion of protopectin 
to water-soluble pectin. This action reduces the binding 
force between cells and results in soft fruit tissue. The 
gradual softening of canned apricot halves was shown to 
be correlated with the increase in water-soluble pectin in 
the syrup.

Table 4 shows a rapid increase in water-soluble pectin 
in the syrup of canned apricots from W inters when the 
canned product was stored at 70°F. One day after 
canning, the concentration of pectin in the syrup was 119— 
134 mg/100 g. The increase was rapid during the first 
3 month storage period, and then tapered off. The trends 
were similar to the increase in syrup viscosity, as was 
shown previously.

It can be postulated that there was a gradual conversion 
of protopectin to water-soluble pectin in the apricot tissue, 
which caused an increase in syrup viscosity resulting from 
diffusion of the water-soluble pectin from the tissue into 
the surrounding syrup. Addition of calcium ions appears

T a b l e  4 . E f f e c t  o f  c a l c iu m  io n s  o n  s y r u p  p e c t in  o f  c a n n e d  
B le n h e im  a p r i c o t s .

Code Growing area

Calcium 
added to Syrup pectin mg/100 g
(ppm) 1 day 3 months 6 months 9 months

A l W i n t e r s 0 119.5 2 8 6 .8 3 1 6 .5 3 2 7 .6

A 2 W i n t e r s s o 133 .9 2 7 8 .0 2 8 7 .3 3 1 0 .5

A 3 W i n t e r s 100 120.0 2 3 3 .6 2 8 4 .2 27 5 .1

A 4 W i n t e r s 200 119 .1 2 8 0 .2 2 9 6 .9 3 1 3 .4

A S S u i s u n 0 16 7 .3 2 5 2 .6 302 .1 3 0 6 .4

A 6 S u i s u n SO 1S 8 .0 2 6 8 .2 2 9 9 .8 3 0 4 .7

A  7 S u i s u n 100 148 .3 2 7 2 .5 2 9 9 .4 2 9 2 .2

A 8 S u i s u n 200 1 3 5 .4 2 4 9 .7 2 8 8 .9 29 2 .1

A 9 C u p e r t i n o 0 1 6 6 .7 2 8 7 .4 3 1 9 .5 319 .1

A 1 0 C u p e r t i n o SO 16 4 .8 2 9 1 .9 3 1 1 .7 313 .1

A l l C u p e r t i n o 100 15 1 .7 2 6 4 .4 3 0 5 .7 3 0 0 .7

A 1 2 C u p e r t i n o 200 1 7 4 .0 2 6 4 .5 3 0 3 .3 31 9 .1

to inhibit, to some extent, the diffusion of the pectin from 
the tissue into the syrup. Results were similar with the 
samples from Suisun and Cupertino. The increase was 
much slower after 6  months of storage.

Mineral constituents

The potassium, magnesium, and calcium concentrations 
of canned apricots from W inters, Suisun and Cupertino 
are shown in Table 5.

Potassium. The sample from W inters (A l) ,  which 
had a normal texture after canning, was higher in potas
sium content than those from Suisun (A 5) and Cupertino 
(A 9), which were unusually soft after canning and stor
age. Potassium is needed in many of the biological pro
cesses involving growth, metabolism, and synthesis in 
plants. It can combine with the organic acids formed in 
the biosynthesis processes, to form salts. W hen the po
tassium supply in the soil is low, the apricot may have a 
low pH  and higher free acid content in the cell sap. The 
problem may be approached by checking the availability 
of potassium in the soil, and proper application of potas
sium fertilizers. Whatever the cause of higher acidity, 
the softening in canned apricots can be attributed, in part, 
to acid hydrolysis of the pectic or hemicellulose material 
in the fruit tissue during heat processing and storage.

Magnesium. Magnesium is one of the minerals needed 
in many biological processes in plants and in chlorophyll 
synthesis for photosynthetic activities. Table 5 shows the 
magnesium content of canned apricots from the three 
sampling areas. The sample from W inters (A l) ,  which 
was normal in texture after canning, was slightly higher 
in magnesium content than the samples from Suisun (AS) 
and Cupertino (A 9), which showed softening.

Calcium. Calcium is one of the important constituents 
related to the texture of canned fruits, since it binds pectic 
materials in the middle lamella. Removal of calcium from 
the tissue by oxalate ions caused softening in the canned 
product. Table 5 shows the calcium ion content of canned 
apricots from the three growing areas. The respective 
calcium contents in the fruit samples from W inters (A l) ,  
Suisun (A 5), and Cupertino (A9) were 15.4, 9.7, and

T a b l e  5. D i s t r i b u t i o n  o f  K ,  M g ,  a n d  C a  in  t h e  f r u i t  a n d  s y r u p  o f  c a n n e d  B l e n h e i m  a p r i c o t s  
s t o r e d  a t  3 2 ° F  f o r  4  w e e k s  a f t e r  p r o c e s s in g .

Calcium added to
Minerals in mg/100 g

Fruit Syrup
Sample Growing area (ppm) K Mg Ca K Mg Ca

A l W i n t e r s 0 2 5 4 .7 6.8 1 5 .4 25 1 .1 6.0 6.0
A 2 W i n t e r s 50 2 4 7 .6 6 .4 1 6 .2 202.6 5 .2 5 .5

A 3 W i n t e r s 100 2 4 0 .3 5 .7 1 9 .9 2 3 4 .9 6.2 10.0
A 4 W i n t e r s 200 2 8 0 .6 7.1 2 3 .4 1 8 8 .0 5.1 7 .2

A 5 S u i s u n 0 177.1 4 .2 9 .7 1 5 7 .9 4 .5 6.0
A 6 S u i s u n 50 1 5 8 .4 4 .6 1 3 .7 1 5 0 .0 4 .7 9 .2

A  7 S u i s u n 100 1 4 3 .0 4 .7 16 .3 147 .1 4 .8 10 .3

A 8 S u i s u n 200 1 7 0 .7 4 .0 1 9 .3 1 2 3 .4 3 .8 8 .7

A 9 C u p e r t i n o 0 1 8 2 .8 4.5 19 .9 145.1 4 .1 4 .6

A 1 0 C u p e r t i n o 50 1 6 3 .6 4.5 2 1 .4 1 5 4 .2 5 .6 8 .3

A l l C u p e r t i n o 100 17 8 .3 4 .0 2 1 .9 13 3 .3 3 .4 6 .7

A 1 2 C u p e r t i n o 200 1 6 3 .9 3 .9 26.1 13 0 .4 4 .4 11.5
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19.9 mg/100 g. The calcium in the syrup of the same 
samples was respectively 6.0, 6.0, and 4.6 mg/100 g.

Although the addition of calcium ion to the syrup 
caused some firming of the canned product, as shown in 
an earlier section, the differences in texture among the 
three lots cannot be attributed to their difference in initial 
calcium content. The sample from Cupertino (A9) was 
unusually soft in texture, yet its calcium content was 19.9 
mg/100 g, considerably higher than the value of 15.4 
mg/100 g in the sample from W inters ( Al ) ,  which was 
normal in texture.

I t seems likely that pectic materials in the middle lamella 
are not the only ones that serve as a cement to bind the 
cells together. McClendon and Somers (1960) reported 
that when calcium is extracted from fruit tissues, cell sep
aration may not be complete, presumably because other 
bonds may be holding the cells together. Besides the cal
cium bridges in calcium pectinate gel, hydrogen bonds and 
other secondary valence forces may also hold the cells 
together. Breakdown of the pectic substances in the middle 
lamella by acid hydrolysis and by hydrogen-bond rupture 
can lead to weaknening of the intercellular cement and 
cause softening of the tissue. It remains to be investigated 
whether the biosynthesis of pectin and other carbohydrate 
polymers in the cell wall was changed by environmental 
conditions which may influence the texture of canned 
apricots.
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SUMMARY—Drying of salted fish was studied in the falling 
rate period. It was found that this period consisted of two 
distinct phases, each of which was characterized by a Fickian 
diffusion coefficient. The coefficient for the first phase was, 
in all cases, greater than that for the second phase. The 
effect, on both diffusion coefficients, of the following varia
bles was studied: degree of salting, drying temperature, and 
degree of hydration of the muscle (varied by addition of 
acid, base and sodium trypolyphosphate to the muscle). The 
first diffusion coefficient was found to increase, pass through 
a maximum, and then decrease with degree of salting. The 
second coefficient was found to decrease with degree of 
salting within the range for which it was determined.

The first diffusion coefficient was found to be directly 
correlated with the degree of hydration of the muscle; a 
plot of the coefficient versus water content of the muscle 
(expressed as pounds of water per pound of bone-dry solids) 
yielded a straight line, the regression equation of which was 
found to be D = 0.16 W  + 0.09, where D is the diffusion 
coefficient in cmVsec X 105 and W  is the water content. Vari
ations in the diffusion coefficient due to degree of salting and 
due to addition of acid, base, and phosphate could be ex
plained by the hydration-dependence of the coefficient. The 
temperature variation of both coefficients was found not to 
be great.

INTRODUCTION
T he first two papers in  th is  series have been con 

cerned w ith  sa ltin g  o f fish. T h is  paper considers some 
aspects o f the d ry in g  o f sa lted fish.

A  nu m be r o f stud ies on d ry in g  o f f ish  have been con
cerned w ith  f ix in g  o f “ o p tim u m  c o n d itio n s ”  o f tem pe ra 
tu re , a ir  re la tiv e  h u m id ity  and speed fo r  d ry in g . T h u s  
F ougere  (1 9 4 8 ) fo u n d  th a t fre sh  cod co u ld  be o p tim a lly  
d r ie d  b y  an a ir  s tream  o f lin e a r v e lo c ity  150 cm /sec  at 
55 °C  and 60%  re la tiv e  h u m id ity  o r b y  a stream  o f v e lo c ity  
250 cm /sec a t 26 .7 °C  and 50%  re la tiv e  h u m id ity . H e  also 
fo u n d  th a t d ry in g  tim es w e re  in ve rse ly  re la ted  to  the 
th ickness o f the  fish.

D e l C am po et al. (1 9 5 6 ) fo u n d  th a t fa t ty  h e rr in g s  too k  
lo n g e r to  d ry  th a n  lean ones, and th a t considerab le  fa t 
o x id a tio n  occu rred  d u r in g  the  process. F in a lly ,  L in to n  
et a l. (1 9 4 5 ) , s tu d y in g  the  d ry in g  o f he av ily -sa lte d  cod, 
re p o rte d  th a t the  o p tim u m  d ry in g  con d itio n s  fo r  th is  
p ro d u c t w e re : a ir  v e lo c ity  o f 100 to  .125 cm /sec, a ir  te m 
p e ra tu re  o f 2 6 °C and re la tiv e  h u m id ity  o f 45 to  55% . 
T h e y  no ted th a t h ig h  d ry in g  p o ten tia ls  in h ib ite d  d ry in g  
due to  the  fo rm a tio n  o f an im p e rv io u s  s a lt-p ro te in  c ru s t 
on  the  surface o f the  fish . O th e r  stud ies e x is t w h ic h  re p o r t 
essentia lly  the  same o r  s im ila r  resu lts  (M a c P h e rs o n , 1933 ; 
H a m p to n , 1937 ).

" P r e s e n t  a d d r e s s :  S c h o o l  o f  F o o d  T e c h n o l o g y  a n d  M a r i n e  
S c ie n c e s ,  M o n t e r r e y  I n s t i t u t e  o f  T e c h n o l o g y ,  G u a y m a s ,  S o n o r a ,  
M e x ic o .

T h e  sa lt-p ro te in  c ru s t w h ic h  is fo rm e d  d u r in g  d ry in g  
o f he av ily -sa lte d  fish  has also been no ted  b y  Jason (1 9 5 8 ) . 
A c c o rd in g  to  W o o d  (1 9 6 4 ), the  d ry in g  ra te  re ta rd a tio n  
e ffec t caused by  the  presence o f th is  c ru s t m ay  be c irc u m 
ven ted  b y  a process w h ic h  consists o f a lte rn a tin g  pe riods 
o f d ry in g  w ith  pe riods o f p re s s -p ilin g  to  b re ak  the  film .

Jason (1 9 5 8 ) conducted a n u m be r o f th e o re tica l studies 
on the  d ry in g  o f fish , in c lu d in g  he av ily -sa lte d  fish . H e  
fo u n d  th a t d ry in g  occu rred  in  tw o  stages, a con s tan t-ra te  
p e rio d  and a fa ll in g -ra te  pe riod . D ry in g  in  the  con s tan t- 
ra te  p e rio d  was fo u n d  to  be c o n tro lle d  so le ly  b y  the  co n d i
tions  o f the  am b ie n t atm osphere, be ing  equal to  th a t fro m  
a sa tu ra ted  w a te r surface o f the  same sha pe ; d ry in g  in  the  
fa ll in g -ra te  p e rio d  was fo u n d  to  occu r in  tw o  d is tin c t 
phases, each o f w h ic h  was cha rac te rized  by  a F ic k ia n  w a te r 
d iffu s io n  coeffic ien t.

C o nce rn in g  these tw o  d iffu s io n  coeffic ien ts, b o th  w e re  
fo u n d  to  be is o tro p ic  and to  depend upon  the fa t con ten t 
o f the  f is h ; bo th  also fo llo w e d  an A rrh e n iu s - ty p e  v a r ia t io n  
w ith  tem pe ra tu re . T h e  coe ffic ien t fo r  the  f ir s t  fa ll in g -ra te  
p e rio d  was fo u n d  to  be g re a te r th a n  th a t fo r  th e  second 
fa ll in g -ra te  pe riod .

Jason also s tud ied  d ry in g  o f he av ily -sa lte d  cod in  the 
fa ll in g - ra te  pe riod . H e  fo u n d  th a t d iffu s io n  coeffic ien ts 
fo r  the  f ir s t  fa ll in g - ra te  p e rio d  w e re  a p p ro x im a te ly  equal 
fo r  bo th  h e a v ily  salted and unsa lted  fish , w h ile  coeffic ients 
fo r  the  second fa ll in g -ra te  p e r io d  w e re  con s id e rab ly  lo w e r 
fo r  sa lted th a n  fo r  unsa lted  fish. H e  also fo u n d  th a t 
sa lted fish  en tered the second fa ll in g -ra te  p e rio d  sooner 
tha n  unsa lted  fish.

Jason (1 9 6 5 ) also in ves tig a ted  the  effects o f fa t  con ten t 
on  the  d iffu s io n  coeffic ients. H e  fo u n d  th a t b o th  w ere  
sens itive ly  dependent upon  the  a m o un t o f fa t  p resen t in  
the  m uscle. T h e  eq ua tion  w h ic h  c o rre la te d  the  v a r ia t io n  
o f e ith e r coe ffic ien t w ith  fa t con ten t fo r  va riou s  species 
was fo u n d  to  be D -1 =  a  +  b F ,  w h e re  D  is  the  d iffu s io n  
coe ffic ien t, D _1 is  the  “ d iffu s io n  re s is t iv ity , ”  F  is fa t  con 
ten t, expressed as pe rcen t o f ne t w e ig h t, and a and b 
are constants.

T h e  d ry in g  stud ies re p o rte d  in  th is  w o rk  w e re  con
cerned w ith  ( 1 )  d e te rm in a tio n  o f the  e ffect o f degree o f 
s a ltin g  on the  d iffu s io n  coe ffic ien ts fo r  b o th  fa ll in g -ra te  
pe riods  in  d ry in g  o f sa lted fish  m u sc le ; ( 2 )  d e te rm in a 
t io n  o f the  effect, on  the  d iffu s io n  coeffic ien ts, o f the  a d d i
t io n  o f acid, base, and phosphate to  the  sa lted  m u s c le ; 
and ( 3 )  d e te rm in a tio n  o f the  effect o f te m p e ra tu re  on bo th  
d iffu s io n  coeffic ients.

T h e  stud ies described in  p o in t ( 2 )  w e re  c a rr ie d  o u t 
because i t  is k n o w n  th a t acid, base, and  phosphate have 
an appreciab le  e ffect upon  the  degree o f h y d ra t io n  o f 
m uscle and because i t  was desired to  de te rm in e  the  effect 
o f the  la tte r  pa ram e te r on the  d iffu s io n  coeffic ients.
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PROCEDURE
T ransport of water d u r in g  d ry in g  occurs in  tw o  suc

cessive s te p s : d iffu s io n  f ro m  the  in te r io r  o f the  m a te ria l 
to  be d r ie d  to  the  surface, and e va po ra tion  a t the  surface. 
T h e  ra te  o f the  second step depends upon  a ir  v e lo c ity , 
a ir  re la tiv e  h u m id ity  and tem pe ra tu re , w h ile  th a t o f the 
f ir s t  step depends upon  tem p e ra tu re  and m ag n itu de  o f the 
d iffu s io n  coeffic ien ts.

D ry in g  occurs in  the  cons tan t-ra te  p e rio d  i f  surface 
eva po ra tion  c o n tro ls ; i t  occurs in  the fa ll in g - ra te  p e rio d  i f  
d iffu s io n  con tro ls . D ry in g  can be m ade to  occu r in  e ith e r 
p e rio d  by  m a k in g  the  co rre spo nd ing  step the  ra te - l im it in g  
one. T h u s , lo w  a ir  ve loc itie s  lo w e r surface eva po ra tion  
rates w ith  respect to  d iffu s io n  rates and cause d ry in g  to  
occu r in  the  con s tan t-ra te  pe riod . H ig h  a ir  ve loc itie s , on 
the  o th e r hand, increase surface eva po ra tion  rates w ith  
respect to  d iffu s io n  rates and cause d ry in g  to  occur in  
the fa ll in g -ra te  pe riod . In  th is  w o rk , the  con s tan t-ra te  
pe rio d  was suppressed and d ry in g  was begun in  the  fa ll in g -  
ra te  p e rio d  b y  us in g  h ig h  a ir  ve loc ities.

S w o rd fis h  ( X ip h ia s  g la d iu s )  was used in  a ll cases. Sam 
ples o f m uscle w ere  selected so as to  assure th a t a ll w ere 
o f a p p ro x im a te ly  the  same fa t con ten t (2  to  3 % ) .

S w o rd fis h  slices o f u n ifo rm  shape (4  cm  d iam e te r X 
0.5 cm  th ickn ess ) w e re  sa lted in  b rine s  o f d iffe re n t sa lt 
concen tra tions  (0 .5  m o la l, 2.5 m o la l and s a tu ra te d ) by  a 
m e thod  described in  a p re v io us  paper (D e l V a lle  et al.,
19 67 ). S lices w e re  also sa lted in  b rines  o f the  same above 
con cen tra tions  w h ic h  con ta ined , in  a d d itio n , h y d ro c h lo r ic  
ac id  (0 .05  m o la r ) ,  sod ium  h y d ro x id e  (0 .05 m o la r )  and 
sod ium  tr ip o ly p h o s p h a te  ( 5 % ) .  A f te r  desa lting , the  slices 
w e re  rem oved fro m  the b rine s  and w e re  b lo tte d  d ry . 
D im ens ion s  o f the  slices w e re  de te rm in ed  a fte r  b lo tt in g . 
C o n ce n tra tio n  o f sa lt in  the  slices was also de te rm in ed  by  
a m e tho d  described in  a n o the r paper (D e l V a lle  et al.,
1967).

T h e  p rocedure  fo llo w e d  in  a ll d ry in g  ru n s  w as as 
fo llo w s . T h e  slices to  be d r ie d  w e re  placed on a t ra y  ins ide  
a d ry in g  tu n n e l and th e ir  w e t w e ig h t was read in  a M e tt le r  
balance to  w h ic h  the tra y  had  been a ttached (F ig .  1 ) .  T h e  
balance had been p re v io u s ly  ta re d  to  zero w e ig h t w ith  the 
t ra y  alone. F o llo w in g  th is , d ry in g  was com m enced by  
tu rn in g  on the  fan , and  w as a llow ed  to  proceed fo r  3 h r , 
w ith  read ings  o f the  w e ig h t o f the  slices be ing  taken  eve ry  
10 m in . A t  the  end o f the  d ry in g  ru n , the  slices w e re  
rem oved  fro m  the  t ra y  and w ere  p u t in  a closed a lu m in u m  
m o is tu re  cup fo r  f in a l m o is tu re  d e te rm in a tio n . D ry in g  a ir  
tem pe ra tu res  w e re  m easured b y  in s e r t in g  a the rm o m e te r 
in  the  tu n n e l as show n in  F ig . 1. R u ns  w e re  conducted 
a t 40 and 55°C .

D a ta  taken  d u r in g  the  d ry in g  run s  w ere  processed as 
fo llo w s . T o ta l w e igh ts  o f the  slices ob ta ined  as fu n c tio n s  
o f tim e  in  the  d iffe re n t ru n s  w e re  f ir s t  conve rted  to w a te r 
con tents (w e ig h t w a te r pe r w e ig h t d ry  so lid s ) in  the  fo l
lo w in g  m a n n e r :

w  — w s =  w H,o i 11

W  =  W np/W a  r 21

w here  w  is to ta l w e ig h t o f the  slices, is th e ir  d ry  w e ig h t 
(ob ta in e d  by  d ry in g  the  slices to  cons tan t w e ig h t in  a

vacuum  oven a t 6 5 ° C ) ,  w H„o is the  ne t w e ig h t o f w a te r in  
the  slices, and W  is  the  w a te r con tent.

D iffu s io n  coeffic ien ts fo r  the  f ir s t  fa ll in g - ra te  p e rio d  w e re  
ca lcu la ted fro m  the W  versus tim e  data by  m a k in g  use o f 
the  S he rw ood  equa tion  (S h e rw o o d , 19 29 ), g ra p h ic a lly  
represented in  F ig . 2, w h ic h  expresses the  fu n c tio n a l re la 
tio n s h ip  between the  pa ram ete rs  X  — ( W  — W e) / ( W o — 
W e) and ©  =  D t / L 2, w here  W 0 is the  in it ia l w a te r con 
ten t, W e is  the  e q u ilib r iu m  w a te r con ten t, D  is  the  w a te r 
d iffu s io n  coe ffic ien t, t is tim e  and L  is the  h a lf-th ickn e ss  o f 
the  slice. A  p re lim in a ry  d e te rm in a tio n  o f the  e q u ilib r iu m  
w a te r con tents W e had show n th a t these w e re  n e g lig ib le  
in  com parison  w ith  the  w a te r con tents W , so th a t the 
pa ram e te r X  became W /W o -  E ach  W  w as th e re fo re  con 
v e rte d  to  X  by  d iv id in g  the co rre sp o n d in g  in it ia l w a te r

b i g .  2. G r a p h ic a l r e p r e s e n ta tio n  o f  S h e r w o o d  e q u a tio n  u s e d  in
c a lcu la tio n  o f  d if fu s io n  coeffic ien ts .
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F ig . 3 . T y p ic a l  d r y in g  c u r v e s  a t  55° C  f o r  fish  s l ic e s  s a l te d  in  
b r in es  o f  d if fe r e n t  co n c e n tra tio n s .

con tent. T h e  co rre sp o n d in g  ©  va lue was n e x t de te rm ined  
fo r  each X  b y  use o f F ig . 2. F in a lly ,  since t values fo r  
each W — and hence fo r  each X — w ere  k n o w n , the  d if fu 
sion coe ffic ien ts w e re  ca lcu la ted  fro m

D  =  Q L H .  [3 ]

D iffu s io n  coe ffic ien ts fo r  the  second fa ll in g - ra te  p e rio d  
w ere  de te rm in ed  f ro m  the  lin e a r p a rt, a t h ig h  tim es, o f 
p lo ts  o f lo g  ( W / W o )  versus tim e  ( F ig .  3 ) .  T h e  S he rw o od  
equa tion  shpws th a t such p lo ts , a t h ig h  tim es become 
s tra ig h t lines  w ith  slopes equal to  ( D / L 2) ( n 2/ 4 ) ,  w h e re  D  
is  the  d iffu s io n  coe ffic ien t and L  is the  ha lf-th ickn ess  o f the  
slice. T h e re fo re ,

D  =  (S lo p e ) (L 2) (4 /tt2). [4]
I t  shou ld  be no ted  th a t lin e a r ity  o f these p lo ts  a t h ig h  

tim es d id  n o t necessarily  assure th a t d ry in g  was a lready

in  the  second fa ll in g - ra te  pe rio d . I t  happened in  some cases 
th a t the  f ir s t  fa ll in g -ra te  p e rio d  was m uch p ro lo n g e d  and 
covered the  e n tire  3 -h r  le n g th  o f the  d ry in g  ru n . I n  such 
cases, d iffu s io n  coe ffic ien ts de te rm ined  f ro m  E q . 4  were 
id e n tica l w i th  those de te rm ined  f ro m  E q . 3.

RESULTS AND DISCUSSION
T able 1 gives a summary o f a ll resu lts  ob ta ined  in  the  

d ry in g  exp e rim e n ts  a t 55°C  and  also inc ludes da ta  on 
in it ia l m o is tu re  and w a te r con ten ts  o f the  slices w h ic h  w ere  
d ried . T a b le  2 com pares da ta  ob ta ined  a t 40° C  w ith  c o r
re sp on d in g  data ob ta ined  a t 55 °C . T h e  fo llo w in g  po in ts  
are o f in te re s t :

( 1 )  T h e  fa ll in g - ra te  p e rio d  in  d ry in g  o f sa lted  fish  was 
fo u n d  to  be cha racte rized  b y  tw o  w a te r d iffu s io n  co
e ffic ien ts, w ith  the  f irs t  be ing  g re a te r th a n  the  second.

( 2 )  D u e  to  the  lo n g  d ry in g  tim es re q u ire d , the  d e te rm i
n a tio n  o f the  d iffu s io n  coe ffic ien t fo r  the  second fa ll in g -  
ra te  p e rio d  was sub jec t to  ra th e r la rg e  e rro rs . V a lues  
ob ta ined , the re fo re , serve m a in ly  to  in d ica te  tre n d s  in  the  
be ha v io r o f th is  va riab le . T ab les  1 and 2 and  F ig . 4  show  
th a t the  second d iffu s io n  coe ffic ien t behaved in  essentia lly  
the  same m anne r as the  f irs t.

T a b l e  2 . E f f e c t  o f  t e m p e r a t u r e  o n  d i f f u s io n  c o e f f ic ie n t  o f  w a t e r  
in  d r y i n g  o f  s a l t e d  f i s h  m u s c l e  i n  f a l l i n g - r a t e  p e r io d .

# Cone, of brine in which muscle was salted, molal Temperature,°C

Diffusion coefficient 
cm2/sec X 106

Firstperiod Secondperiod
F r e s h  f is h 4 0 0 .3 0 N o t e  ( 1 )

55 0 .3 9 N o t e  ( 1 )

O.S m 40 0 .3 6 N o t e  ( 1 )

55 0 .6 2 N o t e  ( 1 )

2.S m 40 0 .5 4 0 .2 2
55 0 .8 7 0 .2 4

S a t u r a t e d 40 0 .2 6 0 .1 0
55 0 .3 3 0 .0 9

N o t e  ( 1 )  : D r y i n g  d id  n o t  e n t e r  s e c o n d  f a l l i n g - r a t e  p e r i o d  in  
d u r a t i o n  o f  e x p e r i m e n t .

T a b l e  1. S u m m a r y  o f  d a t a  o b t a i n e d in  d r y i n g  e x p e r i m e n t s  a t  5 5 '■c.
Cone, of brine in which muscle was salted, molal

Cone, of additional substance in brine
Percent water in muscle

Weight water
Diffusion coefficient 

cm2/sec X 10®
Firstperiod SecondperiodWeight solids

F r e s h  f is h 7 2 .8 2 .6 9 0 .3 9 N o t e  ( 1 )

0 .5  m C o n t r o l 7 8 .4 3 .7 2 0 .6 2 N o t e  ( 1 )
0 .0 5 M  H C 1 75.1 3 .0 3 0 .6 0 N o t e  ( 1 )

0 .0 5 M  N a O H 8 0 .9 4 .2 3 0 .6 9 N o t e  ( 1 )
5 %  P h o s p h a t e * 8 2 .0 4.80 0 .7 8 N o t e  ( 1 )

2 .5  m C o n t r o l 74 .5 2 .9 2 0 .8 7 0 .2 4

0 .0 5 M  H C 1 7 0 .4 2 .3 8 0 .61 0 .2 4

0 .0 5 M  N a O H 7 5 .7 3.11 0 .6 0 0 .2 0

5 %  P h o s p h a t e * 7 5 .7 3 .11 0 .6 7 0 .2 6

S a t u r a t e d C o n t r o l 6 2 .2 1 .65 0 .3 3 0 .0 9

0 .0 5 M  H C 1 6 1 .0 1 .56 0 .3 2 0 .11

0 .0 5 M  N a O H 6 5 .3 1 .89 0 .3 0 0 .0 9

5 %  P h o s p h a t e * 6 4 .8 1 .84 0 .2 6 0 .11

N o t e  ( 1 )  : D r y i n g  d id  n o t  e n t e r  s e c o n d  f a l l i n g - r a t e  p e r i o d  in  d u r a t i o n  o f  e x p e r i m e n t .  
N o t e  ( * )  : “ P h o s p h a t e ”  r e f e r s  t o  s o d iu m  t r i p o l y p h o s p h a t e .
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SALT CONCENTRATION IN THE MOSCLE, MOLES/UTER

F ig . 4. V a r ia tio n  o f  w a te r  d if fu s io n  co e ffic ien ts  in  d r y in g  w i th  
s a l t  c o n te n t o f  s a l te d  f ish  m u sc le  a t  5 5 °C .

F ig . 5 . R e g r e s s io n  o f  d if fu s io n  coe ffic ien t f o r  f i r s t  fa l l in g - r a te  
p e r io d  in  d r y in g  o f  s a l te d  fish  on  in it ia l  w a te r  c o n te n t o f  m u sc le .

( 3 )  F ig . 4  shows th a t the d iffu s io n  coe ffic ien t fo r  the 
f ir s t  fa ll in g -ra te  p e r io d  was a fu n c tio n  o f the  degree o f 
s a ltin g  o f the  m uscle, in c rea s ing  in it ia l ly ,  passing th ro u g h  
a m a x im u m , and subsequently decreasing w ith  degree o f 
sa lting-

( 4 )  D e pe nd ing  upon  the degree o f sa lting , a d d itio n  o f 
acid, base, a n d /o r  phosphate affected the  d iffu s io n  co
e ffic ien t fo r  the  f irs t  fa ll in g -ra te  p e rio d  d iffe re n tly . A t  a 
lo w  degree o f sa lting , a d d itio n  o f ac id  decreased, and 
a d d itio n  o f base and phosphate increased the d iffu s io n  co
e ffic ie n t; at a v e ry  h ig h  degree o f sa lting , no  e ffect was 
no ted fro m  the  a d d itio n  o f e ith e r o f these substances. A t  
an in te rm e d ia te  degree o f sa lting , a d d itio n  o f the  th ree  
substances a p p a re n tly  resu lted  in  a decrease o f the 
coe ffic ien t.

( 5 )  T h e  d iffu s io n  coe ffic ien t fo r  the  f ir s t  fa ll in g -ra te  
p e rio d  was fo u n d  to  increase w ith  tem p e ra tu re  fo r  a ll 
degrees o f s a ltin g  stud ied .

O b se rva tion s  ( 1 )  and  ( 5 )  agree w ith  and e x te nd  the  
resu lts  o f Jason (1 9 5 8 ).

I t  was fe lt  th a t observa tions ( 3 )  and ( 4 )  m ig h t bo th  
p o in t to  a possib le c o rre la tio n  betw een the  d iffu s io n  co
e ffic ien t and the  w a te r con ten t o f the  m uscle, as reference 
to  T a b le  1 w i l l  show. T o  v e r i fy  th is  p o s s ib ility , the  c o rre 
la tio n  coe ffic ien t was ca lcu la ted and  F ig . 5 was p lo tte d  w ith  
the  da ta  f ro m  T a b le  1. A  c o rre la tio n  coe ffic ien t o f 0.82 
(s ig n if ic a n t a t the  99 %  le v e l)  and  F ig . 5 b o th  revea l th a t 
a good lin e a r re la tio n s h ip  indeed ex is ted  betw een bo th  
variab les. T h e  reg ress ion s tra ig h t line , ca lcu la ted  by  the 
m e thod  o f least squares, was fo u n d  to  be :

D  =  0 .16 W  +  0 .09 [5 ]

where D  is the diffusion coefficient in cm2/sec X 105 and 
W  is the water content in pounds water per pound dry 
solids.

A  possib le e xp la n a tio n  o f the  above obse rva tions  m ig h t 
be the  fo llo w in g . D u r in g  d ry in g  o f sa lted fis h  m uscle, 
w a te r m olecules m ig ra te  f ro m  the in te r io r  to  the  ou ts ide  
o f the  m uscle. T h is  m ig ra t io n  is, ho w e ver, h ind e red  by  a 
nu m be r o f re ta rd a to ry  forces, in c lu d in g  p ro te in -w a te r  and 
s a lt-w a te r in te rac tio ns . I t  is  k n o w n  th a t the  e ffect o f some 
o f these forces— n o ta b ly  the  la s t ones— is s tro n g ly  concen
tra t io n -d e p e n d e n t; i.e., as w a te r m olecules a re  b ro u g h t 
c loser to  p ro te in  m olecu les and sa lt ions (as a re s u lt o f 
decreasing the  w a te r c o n c e n tra tio n ), the  respective  in te r 
action  forces increase, thu s  re ta rd in g  fu r th e r  the  m ig ra tio n  
o f the  w a te r m olecules. S ince the  d iffu s io n  coe ffic ien t is a 
m easure o f the  ease o f th is  m ig ra tio n , i t  shou ld  also de
crease w ith  decreasing w a te r co n ce n tra tio n  and  v ice -versa .

A n  o b je c tio n  to  the  above e x p la n a tio n  m ig h t be ra ised 
a t th is  p o in t in  the  sense th a t, i f  the  d iffu s io n  coe ffic ien t is 
w a te r concen tra tion -dependen t, w h y  was i t  fo u n d  to  re 
m a in  essen tia lly  constan t d u r in g  the  d ry in g  run s , w h en  
the w a te r con cen tra tion  w as c o n tin u a lly  decreasing ? T h e  
exp la n a tio n  o f th is  phenom enon, w h ic h  has been observed 
in  m an y  d ry in g  expe rim en ts , rem a ins  obscure. Jason
(1 9 5 8 ) p o in ts  o u t th a t i t  co u ld  be poss ib ly  due to  a 
fo r tu ito u s  cance lla tion  o f concen tra tion -dependence  effects 
b y  sh rinkage  effects.

Som e fu r th e r  observa tions m ay  be m ade on  the  resu lts  
ob ta ined  in  the  d ry in g  e x p e r im e n ts :

( 1 )  Jason’s ob se rva tion  th a t th e  d iffu s io n  coe ffic ien t fo r  
d ry in g  o f unsa lted  fish  in  the  f ir s t  fa ll in g - ra te  p e r io d  was 
a p p ro x im a te ly  equal to  th a t fo r  d ry in g  o f f u l ly  sa lted fish  
in  the  same p e rio d  was v e r ifie d  by  th e  resu lts  o f these 
exp e rim e n ts , as re ference to  T a b le  1 w i l l  show.

( 2 )  T h e  e ffect o f te m p e ra tu re  on th e  d iffu s io n  co
e ffic ien ts was ge n e ra lly  n o t v e ry  grea t. A  p lo t  o f the  
lo g a r ith m  o f the  d iffu s io n  coe ffic ien t versus the  inve rse  o f 
the  absolute tem p e ra tu re  to  de te rm in e  a c tiv a tio n  energ ies
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fo r  w a te r tra n s p o rt was n o t a ttem p te d  because i t  was fe lt  
th a t tw o  te m p e ra tu re  leve ls alone w ere  in s u ffic ie n t fo r  th is  
ca lcu la tion .

( 3 )  D ry in g  o f fu l ly  sa lted fish  was observed to  be ac
com panied, a t bo th  tem pe ra tu res , by  syneresis o f a h ig h ly  
concen tra ted  sa lt s o lu tio n  f ro m  the  slices. T h is  so lu tio n  
e ve n tu a lly  covered the  e n tire  surface o f the  slices and 
p ro b a b ly  in te rfe re d  w ith  d ry in g  because d ry in g  ra tes w ere  
observed to  d ro p  ap p re c iab ly  a fte r  the  surfaces w ere  cov 
ered. I f  the  so lu tio n  was scraped f ro m  the  surface o f the 
slices, d ry in g  ra tes im m e d ia te ly  increased, a lth o u g h  they  
ra th e r q u ic k ly  d ro pp ed  aga in  to  th e ir  fo rm e r  levels. T h e  
syneresis so lu tio n  is p ro b a b ly  a m a n ife s ta tio n  o f the  “ sa lt- 
p ro te in  c ru s t”  a lrea dy  re fe rre d  to , and re p o rte d  by  a 
nu m be r o f in ve s tig a to rs  ( L in to n  et a l., 1945 ; W o o d , 
1964 ; Jason, 19 58 ). Syneresis was poss ib ly  caused by 
shrinkage  o f the  slices d u r in g  d ry in g  as w e ll as by  loss o f 
w a te r fro m  the m uscle as a re s u lt o f coa gu la tio n  o f the 
p ro te in  by  h ig h  sa lt con cen tra tion s  and b y  tem pe ra tu re .
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A D D  T H E  F O U R T H  D I M E N S I O N  . . . .

. . . Discipline. I t ’s at the root of growth in knowledge, 
in application, in personal stature. Food professionals 
continually ask themselves: how much do we really know 
about the substance and tools of our profession? We need 
to know more about the disciplines at the base of the 
processes we use. We need to rub gray matter with the 
high-caliber minds that roost in the speakers, the listeners 
at IF T ’s upcoming Annual Meeting. There the word will 
be BASIC, but for disciplined use—by you in reaching 
and keeping professional maturity and know-how; by your 
company or organization in gathering helpful information 
on accomplishments and, more important, trends in the 
food world. Add the fourth dimension to your discipline— 
plan to come fourth and be present at the
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S o d i u m  T r i p o l y p h o s p h a t e  in  H a d d o c k  F i l l e t s

SUMMARY—Studies were carried out to determine the pene
tration gradients of sodium nitrite, containing sodium 24, and 
sodium tripolyphosphate, containing mostly phosphorus 32 in 
addition to sodium 24. In a parallel experiment, the penetra
tion of sodium nitrite was also determined colorimetrically. 
Results on this technique compare closely with those obtained 
from the radiological method.

INTRODUCTION
I nvestigations (S c h m id t, 1964 and 1965 ; S ch m id t 

et a l., 1964) have show n th a t w h e n  C lo s tr id iu m  b o tu lin u m  
organ ism s are in ocu la ted  in to  com m inu te d  fish  flesh, th e ir  
deve lopm ent is in h ib ite d  o r de layed by v a rio u s  salts ; e.g., 
n itr ite s  and po lyphosphates.

L i t t le  in fo rm a tio n  is ava ilab le , how ever, on  the  abso rp 
t io n  cha rac te ris tics  o r  d is tr ib u tio n  g ra d ie n ts  o f sa lts  in  
w ho le  fis h  f ille ts  th a t have been d ipped  in to  a sa lt so lu tion . 
N e ith e r  is the re  m uch  in fo rm a tio n  on precise la b o ra to ry  
procedures fo r  m ea su rin g  these g rad ien ts .

Such in fo rm a tio n  is needed to  p e rm it the  estab lishm ent 
o f d ip p in g  p rocedures th a t w i l l  in su re  com pliance w ith  
l im its  p rescribed  by  F ede ra l and S ta te  re g u la to ry  agencies.

T h is  paper discusses a rad io ac tive  tra c e r techn ique  de
ve loped to  m easure the  abso rp tion  and d is tr ib u tio n  o f 
ce rta in  ad d itives  in  fish  flesh. T h e  accuracy o f th is  m ethod  
is com pared, in  the case o f sod ium  n itr i te ,  w ith  a m od ifie d  
c o lo r im e tr ic  p rocedure  based upon  the p rocedure  fo r  
n i t r i te  an ion  p resen t in  m eats (A .O .A .C . ,  1955).

w ere  p repa red  f ro m  m ix tu re s  o f the  ra d io a c tive  sa lt and 
the n o n -ra d io a c tive  salt.

A t  the  tim e  o f analyses, d e te rm in in g  the ra d io a c t iv ity  
o f the  d ip  s o lu tio n  expressed by  the  ra tio , C .P .M . pe r 
g ram , enables one to  ca lcu la te  re a d ily  the  sa lt q u a n tity  
in  a g ive n  sam ple o f flesh fro m  its  ra d io a c tiv ity , i.e ., its
C .P .M . d iv id e d  b y  the  ra tio .

T h e  w e ig h t percentage o f sa lt in tro d u c e d  in to  a core 
section b y  d ip p in g  w as considered to  be the  average con 
ce n tra tio n  o f the sa lt a t the  cen te r o f the  section. A l l  da ta 
w ere  co rrec ted  fo r  backg ro und  ra d ia tio n , abou t 18 C .P .M .

T h e  vo lu m e  o f the  core section in  cm 3 is the  w e ig h t o f 
the  section in  gram s. T h e  d istance f ro m  the  cen te r o f the 
section  to  the  surface o f the  f i l le t  was equa l a p p ro x im a te ly  
to  the w e ig h t o f the  core -section  p lus  the  w e ig h ts  o f the  
aggregate core-sections above the  p a r tic u la r  section d i
v id e d  by  the  cross-sectiona l area o f the  sam ple core, i.e., 
by th a t o f the  c o rk  bo re r, 2.85 cm 2 (F ig .  1 ) .

I n  a ty p ic a l e x p e rim e n t, 200 m l o f ra d io a c tive  sa lt 
so lu tio n  w e re  p repa red , and a 10 m l p o r t io n  was w i th 
d ra w n  fo r  la te r assay. P o rtio n s  o f haddock f ille ts  w ere  
d ipped  in to  the  so lu tio n  b o th  fo r  10 sec, and  fo r  10 m in , 
d ra in e d  and s to red  a t 33° F  in  a m o is t des icca to r fo r  24  h r. 
T h e  f ille ts  w e re  l ig h t ly  fro ze n  on  a piece o f d ry  ice to  
fa c ilita te  c u ttin g . C ore samples w e re  taken  w ith  a c o rk  
b o re r and sectioned w ith  a ra z o r blade. T h e  sections w e re  
w e ighed  on p lanchets, and th e ir  ra d io a c tiv ity  w as de te r-

EXPERIMENTAL
Radioactive tracer method

I r ra d ia t io n  w ith  neu tron s  y ie lded  ra d io a c tive  salts. T h is  
was done in  the  M assachusetts In s t itu te  o f T e ch n o lo g y  
( M I T )  rea c to r h a v in g  a f lu x  o f 2 X 1012 neu trons  per 
cm 2 pe r sec. W ith  an a ly tica l sam ples o f so lid  sod ium  
n itr i te ,  130 m g, the  o n ly  ra d io a c t iv ity  ob ta ined  a fte r  1 m in , 
abou t 100 pc, w as due to  sod ium  24 w h ic h  has a h a lf- life  
o f 14.8 h r.

I r ra d ia t io n  o f sod ium  tr ip o ly p h o s p h a te  ( N a BP 3O i0) 
300 m g, fo r  30 m in  also gave phosphorous 32, estim ated 
to  have a ra d io a c t iv ity  o f 6 7 pc  and h a lf- life  o f 14.3 days. 
In  a d d itio n , an estim ated 6,400 p c  o f ra d io a c t iv ity  was 
c o n trib u te d  b y  sod ium  24. T h is  m a te ria l was a llow ed  to 
decay abou t 5 days before use, w hereby , abou t 51/*c o f 
phosphorous 32 rem a ined  w ith  o n ly  abou t 25 p c  o f sod ium  
24.

D ip  so lu tio ns  o f a desired con cen tra tion  and ra d io a c tiv ity

a P r e s e n t  a d d r e s s  : R F D  N o .  1, S p o f f o r d  R o a d ,  B o x f o r d ,  M a s s a 
c h u s e t t s  0 1 9 2 1 .

FLESH SIDE

wt| 4- w<2 + w tj + wt4/2  
SECTION # 4  , P cm = --------------------------- ----------

iTd 2/^

Fig. 1. Average penetration defined.
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PENETRATION GRADIENTS IN HADDOCK FILLETS— 5 0 5

mined directly by counting. A t the same time, a 50 /d 
aliquot of the dip solution was placed on a planchet and 
its radioactivity determined.

Colorimetric method

A standard sodium nitrite solution was prepared by 
diluting a 1 ml aliquot of a sodium nitrite solution, 0.1093 
g of analytical grade sodium nitrite per 100 ml, to 1 L. 
The concentration of sodium nitrite obtained was, there
fore, 1.093 X 10- 6  g per ml.

Aliquots of this standard solution, 1-5 ml, were diluted 
to 5 ml in biuret tubes and 3 ml of Griess reagent added. 
Color development was complete after 5 min.

Griess reagent was prepared as follows: a-naphthyla- 
mine, 0.4 g, was dissolved in 2 ml of glacial acetic acid 
and diluted with 50 ml of distilled water. The solution 
was decolorized by warming with 1 g of norite charcoal, 
cooling and filtering. I t was then combined with a solu
tion of 0.5 g sulfanilic acid dissolved in 100 ml of distilled 
water to which was added 2 0  ml of glacial acetic acid. 
Prepared in the above manner, Griess reagent is almost 
colorless and will remain so if stored in an amber bottle.

In a typical experiment, sample core-sections were com
bined after their radioactivity was determined. They were 
then placed in a 250 ml Erlenmeyer flask with some dis
tilled water and broken up with a spatula. Following a few 
minutes’ boiling, 5 ml of a saturated solution of mercuric 
chloride, a 10% solution, were added. After standing over
night, the solution was suction-filtered, and the filtrate 
was made up to a standard volume.

The weight of sodium nitrite in a given core-section was 
determined by calculating the optical density for this 
standard volume from the determined optical density of 
the sample volume and multiplying by 1.02 X 10_a.

The accuracy of the colorimetric procedure was deter
mined through some blank experiments using 1 0 0  ml of 
standard sodium nitrite solution with 5 g samples of 
haddock. About 90-95% of the nitrite was accounted for 
in the resulting analysis.

AVERAGE PENETRATION FROM FLESH SIDE OF FILLET (cm.)
F ig . 2. P e n e tr a t io n  o f so d iu m  tr ip o ly p h o s p h a te  in to  h a d d o ck  

f i lle ts  ( s k in  o n ) a f te r  d ip p in g  in  1 2 .1 %  so d iu m  tr ip o ly p h o s p h a te  
so lu tio n .

O 10 Minute dip followed by 24 hours ot room temperature.

AVERAGE PENETRATION FROM FLESH SIDE OF FILLET (cm.)
F ig . 3 . P e n e tr a t io n  o f so d iu m  n itr i te  in to  h a d d o c k  f i l le ts  ( s k in  

o n ) a f te r  d ip p in g  in to  0 .1 3 5 %  so lu tio n  o f so d iu m  n itr i te .

RESULTS AND DISCUSSION
T he data for the penetration of sodium tripolyphos

phate into haddock fillets from 1 2 . 1 % sodium tripolyphos
phate solution are expressed graphically in Fig. 2. The 
data show that the penetration of sodium tripolyphosphate 
to the center of the fillet is slight compared with that of 
the other salt evaluated. As expected, the concentration 
is highest at the surface and decreases toward the center. 
It is interesting to note that although the concentration 
near the surface increased with an increase in dip time, 
the concentration at the center remained about the same.

Data for the penetration of sodium nitrite into haddock 
fillets are shown graphically in Figs. 3 and 4, corresponding 
to dip concentrations of 0.135 and 0.262 weight percent
ages, respectively.

When the weight percentages of sodium nitrite in the 
core sections were multiplied by the ratio of the above 
dip concentrations, 0.262/0.135, and the projected data 
plotted with the data at the higher dip concentration, the 
data appear identical within experimental error as a func
tion of the depth. Thus, the concentration of the salt 
which is some function of the depth of penetration appears 
directly proportional to the concentration of salt in the 
dip solution.

□ 10 Minute dip followed by 24 hours at 33° F.
O 10 Minute dip followed by 24 hours at 338F. (Colorimetic Method)
+ 10 Second dip followed by 24 hours at 33°F.
A 10 Second dip followed by 2 4 hours at 33°F. (Colorimetic Method)
O Projected data obtained from 10 minute dip into several solutions containing 0.270g sodium nitrite assuming that the weight percent

F i g .  4 .  P e n e t r a t i o n  o f  s o d i u m  n i t r i t e  i n t o  h a d d o c k  f i l l e t s  a f t e r

d i p p i n g  i n t o  2 0 0  m l  o f  s o l u t i o n  c o n t a i n i n g  0 .5 2 5  g  o f  s o d i u m  n i t r i t e .



5 0 6 — JOURNAL OF FOOD SCIENCE— Volume 3 3  (1 9 6 8 )

Table 1. Concentrations of sodium n itrite  and sodium tripoly
phosphate in dipped haddock fillets.

Total concentra- Total concentra-

Salt

Concentration of salt in bath (wt. %)

tion of salts in fillets dipped for 10 seconds (wt. %)

tion of salts in fillets dipped for 10 min (wt. %)
Sodium  nitrite 0.135 0.0021 0.0080

Sodium
0.262 0.0045 0.014

tripolyphosphate 12.1 0.21 0.28

The overall absorption of salts calculated from the data 
is given in Table 1.

All of the radioactive tracer data show a difference in 
penetration of salt with respect to the skin side and flesh 
sides of the fillet. The point of minimum penetration is 
evidently shifted toward the skin side, indicating that 
penetration through the skin is reduced.

Figs. 3 and 4 show that penetration after 10 min is 
only about twice that obtained after 1 0  sec although the 
time span is 60 times greater. The initial rate of penetra
tion is, probably, very rapid. The reproducibility of sep
arate experiments particularly for 1 0 -sec dips might, 
therefore, be poor. For this reason, among others, the 
comparison of the radioactive tracer and colorimetric 
methods with sodium nitrite was made directly in parallel 
experiments with identical material.

Losses in the colorimetric method might result from 
the retention of nitrite ion in the pieces of filtered and 
discarded fish and from a possible side-reaction between 
the nitrous acid liberated in the colorimetric reaction and 
free-amino-functional groups in the water-soluble com
ponents of the flesh, such as amino acids. These water- 
soluble components probably are not precipitated by the 
addition of the mercuric chloride.

A plot of ml standard solution vs optical density at 
520 m/i was linear corresponding to a slope of 1.02 X 10~ 5 

g sodium nitrite per unit of optical density.
Fig. 4 shows the colorimetric method as a parallel ex

periment with the radioactive tracer method. The colori

metric data plotted with the data obtained from the radio
active tracer method show general agreement.

CONCLUSIONS
The radioactive tracer method for the determination of 

distribution gradients appears to be a general method of 
analysis whenever the salt to be investigated can be made 
radioactive by irradiation with neutrons. Isotopes, how
ever, must be obtained that have sufficiently long half-lives 
for experimental purposes.

The distribution gradients can be determined by simple 
calculations if the standard solution is counted at the same 
time as the sample. The more complex calculations based 
on the laws of radioactive decay are, therefore, unnecessary.

The colorimetric method used is specific to determine 
nitrite ion and might provide in this case an accurate al
ternative method.

General agreement between the tracer and colorimetric 
methods for sodium nitrite shows that they are analytically 
comparable.

The penetration of the nitrite anion, therefore, must 
be the same as that of the observed radioactive sodium 24 
upon which the calculation of nitrite anion concentration 
is based. The tripolyphosphate anion, however, can be 
determined directly, since radioactive sodium tripolyphos
phate can be prepared that contains essentially only radio
active phosphorous 32.
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SUMMARY—When egg yolk is dried and subsequently rehy
drated, it loses its ability to form a stable foam. If sufficient 
carbohydrates are added to the egg yolk before dehydration, 
much of the foaming ability is retained by the rehydrated 
yolk. Evidence has been presented that, in plain-dried yolk, 
the removal of water irreversibly changes the structure of the 
low-density lipoproteins and that foam-inhibiting free lipid 
is released from these lipoproteins. When yolk is co-dried 
with added carbohydrates, the carbohydrates partially protect 
the lipoproteins from this irreversible structural change, prob
ably by replacing the water of hydration at its binding sites 
during the drying process.

INTRODUCTION
V arious sugars and related polyhydroxy compounds 

have been added to egg yolk and whole egg before spray
drying since early in W orld W ar II. At that time, Brooks 
et al. (1943) reported that these carbohydrates minimized 
the loss of foaming power which otherwise occurred in 
egg yolk or whole egg immediately after spray drying. It 
was suggested by Brooks et al. (1944) that the added 
sugars stabilized an unidentified complex between lipids 
and proteins. Since that time, sugar-dried egg products 
have gained a prominent industrial role. To date, how
ever, there has been no satisfactory explanation of the 
chemical or physical-chemical role that the added co-dried 
carbohydrates play in improving the aerating ability of the 
dried products.

Brooks et al. (1943) reported that, if 10% sucrose was 
added to egg yolk or whole egg and the liquid mixture 
spray-dried, the resulting product would foam volumin
ously, while the plain spray-dried egg would not form a 
foam. They also noted that a small percentage of the total 
lipids present in the sugar-dried products was extractable 
with fat solvents, while nearly all the lipid present in the 
plain-dried egg was extractable. The easily extractable 
lipid was removed from plain spray-dried egg yolk with 
acetone by Joslin et al. (1954), who found that the result
ing product wculd then foam when rehydrated and beaten. 
They also found that, if a very small amount of the lipid 
that had been extracted by the acetone was added to a 
foam produced from fresh yolk or the defatted dried yolk, 
the foam would collapse. If the lipid were added to fresh 
yolk before it was whipped, no foam would form.

An extensive study of the properties of yolk-containing 
solids with added carbohydrates was reported by Kline 
et al. (1964). They found that the addition of increas
ingly greater amounts of sugars before spray-drying grad-

* F orm erly  D epartm ent of P o u ltry  Science, Iow a S tate U niver
sity. P resen t address: Jam es F o rd  Bell R esearch Laboratory , 
General M ills, Inc., M inneapolis, Minn.

” D epartm ent of D airy  and Food Industries, Iow a Sta te  U n i
versity, Ames, Iowa.

0 F orm erly  D epartm ent of P o u ltry  Science, Iow a Sta te  U niver
sity. P resen t a d d re ss : H enningsen Foods, Inc., 2501 College St., 
Springfield, M issouri 65801.

ually increased the specific volume of the foam prepared 
from the dried material. They also reported that, as the 
level of carbohydrates added to the liquid egg before spray
drying is gradually increased, an abrupt transition occurs 
in the spray-dried products wherein the lipids go from a 
state of being easily extractable with a nonpolar fat solvent 
to a virtually unextractable state.

The level of added carbohydrates, when this transition 
occurred, varied from 7 to 15%, depending on the molec
ular species of carbohydrate added. This transition state 
in lipid extractability corresponded to a similar transition 
in the flavor stability of the dried substances. Consequently, 
a level of added carbohydrates that gives a dried product 
with the best foaming power cannot be used because of 
ensuing flavor instability.

Martin et al. (1964) reported that more than 90% of 
the total lipid present in egg yolk is associated with the 
low-density fraction lipoproteins. They suggested a spher
ical structure for these lipoproteins, with an internal 
“lipid-core” and a hydrophilic surface composed of protein 
and phospholipid. A water of hydration content of between 
10 and 30 percent of the total weight of the lipoprotein 
micelle was suggested. Saari et al. (1964) also isolated 
and described these low-density yolk lipoproteins. Bellairs
(1961), in a detailed electron-microscopic study of the 
structure of egg yolk, described spheres about 250A in 
diameter, which she believed to be protein. Since Martin 
et al. (1964) reported the low-density lipoproteins aver
aged about 250A in diameter, as calculated from ultra
centrifugal flotation analyses, it is probable that they are 
the protein structures reported by Bellairs (1961).

The objective of this project was to elucidate the physio- 
chemical role that added carbohydrates play in preventing 
the loss of foaming power in sugar-dried eggs. W ith 
additional knowledge of the basic chemistry of the asso
ciations between added carbohydrates and the yolk lipo
proteins, it might be possible to design new products that 
would combine good functional performance with satis
factory flavor stability.

EXPERIMENTAL
Egg yolk

The egg yolk used in these experiments was of two 
basic types—commercially and laboratory dried. Egg yolk 
was prepared in the laboratory from eggs obtained fresh 
from the Iowa State University Poultry Farm. The eggs 
were stored at 3 to 4°C until broken, always within one 
week of being laid. The yolks were rolled on paper towels, 
the chalazea removed with tweezers, the membranes punc
tured, and the contents drained into a beaker.

A commercial spray-dried yolk source was also used in 
some experiments. The liquid yolk to be spray dried was 
commercially prepared from machine-broken eggs. The
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y o lk  was d r ie d  in  a com m erc ia l, m od ifie d  R ogers type 
spray d r ie r . T h e  liq u id  y o lk  con ta ined  44%  solids. S ugar- 
d r ie d  com m e rc ia l y o lk  was p repa red  fro m  the  same batch 
o f liq u id  y o lk  as the  p la in -d r ie d  y o lk . T h e  fin a l sugar- 
d r ie d  y o lk  con ta ined  74.5%  egg solids, 20 .5%  30 -dex trose  
e q u iva le n t co rn  sy ru p  solids, and 4 .2%  m o is tu re . T h e  
p la in -d r ie d  y o lk  con ta ined  4 .7%  m o is tu re .

Sam ples o f p la in  and su g a r-d r ie d  y o lk  w ith  d iffe re n t 
v iscos ities  w ere  p repa red  by  v a ry in g  the  feed ra te  o f the 
d ry e r. T h re e  d iffe re n t v iscos ities  o f p la in  y o lk  and tw o  
d iffe re n t v iscos ities  o f sugared y o lk  w e re  p repared. D i f 
ferences in  v isco s ity  w ere  con firm e d  by re h y d ra tin g  60 g 
o f d r ie d  y o lk  w ith  80 m l o f w a te r and m easuring  the  v is 
co s ity  w ith  a B ro o k fie ld  v iscom eter.

Sam ples o f la b o ra to ry -d r ie d  eggs w ere  p repa red  w ith  a 
ly o p h iliz e r  and by  ro ta ry  evapora tion . P re lim in a ry  e x p e r i
m ents w ith  ro ta ry  eva po ra tion  showed no d iffe rence  be
tw een sam ples d r ie d  a t 55 m m  H g  absolute pressure and 
sam ples in  w h ic h  the vacuum  was g ra d u a lly  increased 
d u r in g  d ry in g . I f  the  pressure was reduced be low  55 m m  
H g  in  the  e a rly  stages o f d ry in g , the  y o lk  foam ed o u t o f the 
ro ta ry  eva p o ra to r flask  w h ic h  was subm erged in  a w a te r 
ba th  m a in ta in e d  a t 35°C .

Low-density lipoprotein isolation
L o w -d e n s ity  lip ip ro te in s  w e re  iso la ted  fro m  fresh  o r 

d r ie d  y o lk  b y  the  p rocedure  illu s tra te d  in  F ig . 1. T h e  p ro 
cedure used is a s lig h t m o d ific a tio n  o f th a t described by 
M a r t in  et a l. (1 9 6 4 ) .

Foam volume tests
F oam  vo lum e  tests w e re  ru n  by  ad d ing  18 g  o f g ra n u 

la ted  sucrose to  egg p ro du c ts  eq u iva len t to  26.0 g  o f egg 
so lids and enough w a te r to  m ake a to ta l o f 74.0 m l o f 
w a te r in  the  w h o le  m ix tu re . T h e  tem p e ra tu re  o f the in 
g re d ien ts  was a d ju s te d  to  2 5 °C  in  a ll cases. T h e  in g re 
d ien ts  w ere  then  m ix e d  w ith  a F lo b a rt K itc h e n -A id  M o d e l

YOLK DILUTED WITH EQUAL 
VOLUME OF WATER

GRANULE SUPERNATANT

10% NaCL ADDED. 
CENTRIFUGED 8 HOURS 

AT I 6 5 , 0 0 0 x G

I
SEPARATE PACKED CLEAR YELLOW SUPERNATANT 

AND WHITE LIPID LAYER

EXTRACTED WITH SKELLY B

f I
LOW-DENSITY LIPOPROTEINS FREE-LIPID

Fig. 1. Flozv diagram for the isolation of the low density lipo
protein and free lipid from egg yolk.

K 5 - A  m ix e r  fo r  3 m in  a t speed 8. T h e  w e ig h t o f 250 m l 
o f foam  w as recorded. T h e  specific  vo lu m e  o f the  foam  is 
re p o rte d  in  m il l i l i te rs  per g ram . I n  the  case o f s u g a r-d r ie d  
y o lk , the  am o un t o f sucrose was reduced an e q u iva le n t 
am oun t. S ix ty  g  o f fresh  y o lk  was d ilu te d  w ith  50 m l o f 
w a te r in  the  tests to  m easure the fo a m -in h ib it in g  p ro p e rtie s  
o f added lip id .

Photomicrographs
P h o to m ic ro g ra p h s  w ere  m ade w ith  a Zeiss p h o to m ic ro 

scope equipped w ith  an au tom a tic  exposu re  device. T h e  
drops o f y o lk  to  be pho tog raphed  w ere  placed on a m ic ro 
scope slide, w h ic h  was on the m icroscope stage, and d rie d  
w ith  lo w  ra d ia n t heat. T h e  d rops w e re  ph o tog rap hed  at 
in te rv a ls  as the y  d ried .

Free lipid extraction
F ree  l ip id  was ex tra c te d  by a ra p id -e x tra c tio n  p ro ced ure  

w ith  re d is tille d  p e tro le um  e ther (S k e lly  B , B .P . =  66 to  
6 8 ° C ) .  S k e lly  B  was com bined w ith  the sam ple to  be 
e x tra c te d  in  a 45 0 -m l te flo n - lin e d  L o u rd e s  hom ogen ize r 
con ta ine r. T h e  con tents w e re  then  m ix e d  on a L o u rd e s  
m odel V M  v o lu -m ix  hom ogen izer and m ix e d  a t a speed 
o f a p p ro x im a te ly  100,000 rp m  fo r  one m in u te . T h e  h o m og
enized m ix tu re  was then  tra n s fe rre d  to  a fu n n e l and 
filte re d  th ro u g h  W h a tm a n  N u m b e r 1 f i l te r  paper in to  a 
ta red  25 0 -m l beaker. T h e  hom ogen izer con ta in e r was 
rinsed  w ith  S ke lly  B , and the  f i l te r  paper rin sed  th ree  
m ore tim es w ith  p o rtio n s  o f S k e lly  B . A f te r  f i lt ra t io n ,  the 
so lven t was evapora ted on a steam ba th  and the  re m a in in g  
lip id s  w e re  fu r th e r  d r ie d  in  a fo rc e d -a ir  oven fo r  30 m in  
a t 105°C . T h e  beaker c o n ta in in g  the  d r ie d  fa t w as re 
w e ighed , and the percentage o f the o re tica l fa t  ex tra c te d  
fro m  the sam ple was calcula ted.

Heat treatments
F re sh  egg y o lk  and lo w -d e n s ity  f ra c t io n  lip o p ro te in s  

iso la ted fro m  fresh  y o lk  w ere  hea t-trea ted  to  de te rm ine  
the a m o un t o f l ip id  released due to  heat d é n a tu ra tio n  o f 
the  p ro te ins . T h e  samples to  be he a t-trea ted  w ere  w e ighed  
in to  ta re d  25 0 -m l beakers, a te flo n  covered m agne tic  s t i r 
r in g  ba r w as added to  the  beaker, and the  beaker was 
covered w ith  P a ra film . T h e  beaker was the n  abou t tw o - 
th ird s  subm erged in  a ba th  o f g ly c e ro l m a in ta ined  a t the 
p ro p e r tem pe ra tu re . T h e  y o lk  o r lip o p ro te in  was s t ir re d  
in  the  g lyce ro l ba th  fo r  10 m in , the  sam ple rem oved and 
cooled, and the y o lk  o r lip o p ro te in  e x tra c te d  w ith  pe tro le um  
ether.

Analytical ultracentrifugation
A n a ly t ic a l u ltra c e n tr ifu g a tio n s  w ere  m ade w ith  a B e ck 

m an m odel E  a n a ly tica l u ltra c e n tr ifu g e . E p o n -a lu m in u m , 
2 y 2 °, 12 m m , doub le sector centerpieces w e re  used in  an 
A N - D  ro to r  a t a speed o f 29,500 rp m . S ch lie ren  op tics 
w ere  used, and the ro to r  was m a in ta ined  a t a tem p e ra tu re  
o f 26 °C . A  lip o p ro te in  con cen tra tion  o f 1.5%  ( W / W )  
was d isso lved in  a 1,745 m o la l sod ium  c h lo r id e  so lven t 
(d e n s ity  =  1.063 g /m l at 2 6 °C ) .

RESULTS AND DISCUSSIONEffect of free lipid on foaming
F re sh  egg y o lk , d ilu te d  w ith  w a te r, foam s q u ite  v o lu 

m in o u s ly  (F ig .  2 ) .  H o w e v e r, w h en  sm a ll am oun ts  o f
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yolk.

lip id , iso la ted fro m  p la in  s p ra y -d rie d  egg y o lk  w ith  S k e lly  
B , w e re  added to  the  egg y o lk , the  specific  vo lu m e  o f the 
foam  was ra p id ly  reduced. T h e  S k e lly  B  was evaporated, 
and  the lip id s  w e re  cooled to  ro o m  te m pe ra tu re  be fore 
the y  w e re  added to  the fresh  y o lk . T h u s , iso la ted  egg 
lip id s , w h en  re -added to  fresh  y o lk , possess considerab le  
a n tifo a m in g  p ro pe rties .

Effect of moisture level on amount of free lipid
I f  fresh  egg y o lk  is e x tra c te d  w ith  S k e lly  B  u n d e r the  

con d itio n s  described e a rlie r, essen tia lly  no fre e  l ip id  is 
e x tra c te d  fro m  the y o lk . E g g  y o lk  was d r ie d  to  d iffe re n t 
m o is tu re  leve ls  b y  in te r ru p t in g  ro ta ry  eva po ra tion  a fte r 
va rio u s  tim es. T h u s , egg y o lk  w as ob ta ined  co n ta in in g  
fro m  about 5%  to  n e a rly  50%  m o is tu re  (i.e ., the  m o is tu re  
con ten t o f the fresh  y o lk ) .  T h is  egg y o lk  was ex tra c te d  
w ith  S k e lly  B  as described e a rlie r. T h e  egg y o lk  co n ta in 
in g  fro m  50%  d o w n  to  abou t 33%  m o is tu re  had essentia lly  
no fa t e x tra c te d  fro m  i t  (F ig .  3 ) .  W h e n  the m o is tu re  con 
te n t was reduced be lo w  33% , how ever, the am o un t o f l ip id  
ex tra c te d  ra p id ly  increased u n t il,  a t a m o is tu re  con ten t 
o f abou t 5% , m ore  th a n  55%  to  the  l ip id  th e o re tic a lly  p re s 
ent in  the y o lk  w as ex trac te d .

L o w -d e n s ity  lip o p ro te in s  iso la ted  fro m  fresh  y o lk  by

the m e thod  o u tlin e d  in  F ig . 1 w ere  d isso lved in  w a te r so 
th a t the  fin a l m o is tu re  con ten t was 50%  to  p e rm it d is t r i
b u tio n  on the w a lls  o f the  ro ta ry  eva po ra tion  flask. T h e  
lip o p ro te in s  w e re  then  d r ie d  in  a m an ne r id e n tica l to  the 
fresh  y o lk  and e x tra c te d  w ith  S k e lly  B . T h e  resu lts  are 
also show n in  F ig . 3. T h e  p a tte rn  o f l ip id  release versus 
m o is tu re  con ten t fo r  the  lo w -d e n s ity  lip o p ro te in s  is s im ila r  
to  the  one fo r  fresh  egg y o lk .

T h e  lip o p ro te in s , how ever, do n o t beg in  re leas ing  free  
l ip id  u n t i l  th e ir  m o is tu re  con ten t d rops  be low  30% . T h e  
lip o p ro te in s  d r ie d  to  5%  m o is tu re  released m ore  free  lip id  
th a n  d id  egg y o lk  d r ie d  to  5%  m o is tu re  by  ro ta ry  evap
o ra tio n . I n  genera l, the  cu rve  o f free  l ip id  release as a 
fu n c tio n  o f m o is tu re  con ten t is s im ila r , and the  s lig h t 
d iffe rences are easily  unders tandab le  in  l ig h t  o f the  d if fe r 
en t n a tu re  o f the  tw o  m a te ria ls .

T h u s , i t  appears th a t ra th e r m ild  d ry in g  con d itions  
(those  th a t w o u ld  o rd in a r ily  n o t be expected to  cause 
p ro te in  d é n a tu ra tio n ) cause l ip id  to  be released f ro m  the 
lip o p ro te in  m ice lles. T h a t is, as the m o is tu re  con ten t is 
reduced, the  lip id  goes fro m  a state o f be ing  un ex trac tab le , 
u n d e r the  co n d itio n s  used here fo r  e x tra c tio n , to  a state 
w here  i t  is  easily ex trac tab le .

Effect of sugar on retarding free lipid release
T h e  coalescence o f l ip id  released d u r in g  d e h y d ra tio n  can 

a c tu a lly  be observed th ro u g h  a m icroscope i f  a d ro p  o f 
y o lk  is d r ie d  on a m icroscope slide. F ig . 4 -A  is a p h o to 
m ic ro g ra p h  o f fre sh  y o lk  im m e d ia te ly  a fte r  be ing  placed

Fig. 3. Effect of moisture level on lipid extractability of egg 
yolk and low density lipoproteins.
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C D
Fig. 4. Photomicrographs (xl87) of drying egg yolk. (A) 

Fresh liquid egg yolk; (B) fresh yolk after drying has begun, 
showing small fat droplets beginning to form; (C) drying yolk 
showing fat droplets beginning to coalesce; (D) dried yolk show- 
ing coalesced fat nearly covering surface of the yolk.

on the  slide. T h e  y o lk  g ranu les and g lobu les described 
by  R o m a n o ff et al. (1 9 4 9 ) a re  re a d ily  v is ib le . I n  F ig .
4 -B , sm all d rop le ts  o f fa t  have begun ap pe arin g  on the 
surface o f the  d ry in g  y o lk . I t  was dem onstra ted  th a t the 
sm a ll ro u n d  d ro p le ts  seen in  the  p ic tu re  are fa t  by  the  fac t 
th a t the y  w e re  re a d ily  sta ined by  osm ium  te tro x id e  vapors. 
T h e  sm all d ro p le ts  o f fa t  have begun to  coalesce in  F ig .
4 -  C. I n  F ig . 4 -D , the  y o lk  is q u ite  d ry , and the fa t has 
coalesced on the surface o f the  y o lk  u n t i l  the  surface is 
n e a rly  covered.

F ig . 5 -A  shows y o lk  c o n ta in in g  10% m altose d rie d  on a 
m icroscope slide. E ve n  th o u g h  i t  is so d ry  th a t a f ilm  has 
fo rm e d  ove r the surface o f the  d ro p  o f y o lk  and the  y o lk  
g ranu les  and g lobu les can no lo n g e r be seen, the re  is no 
lip id  coalesced on the  surface o f the  d ro p le t. F igs . S-B 
and  5 -C  show  egg y o lk  d r ie d  w ith  4%  and 2%  added 
m altose, respec tive ly . In c re a s in g ly  la rg e r am oun ts  o f free  
l ip id  coalesce as the  am o un t o f sugar is decreased. F ig .
5 - D  is o f lo w -d e n s ity  lip o p ro te in  d r ie d  in  a m anne r s im ila r  
to  th a n  described fo r  the  egg y o lk . I n  th is  p h o to g ra p h  the

y o lk  is a t an in te rm e d ia te  stage o f d ry in g , and free  lip id  
can be seen coalescing on the  surface o f the  lip o p ro te in s . 
T h e  lip o p ro te in s  behave and lo o k  m uch  lik e  fre sh  egg 
y o lk , except in it ia l ly  the  g ranu les  and g lobu les are n o t 
p resen t in  the  iso la ted lip o p ro te in s , as the y  are in  fresh  
yo lk .

I t  appears th a t, f irs t ,  w hen p la in  y o lk  d ries  (even  u n d e r 
m ild  d e h y d ra tio n  c o n d itio n s ) , free  l ip id  is released and 
coalesces. Second, evidence has been developed to  su p p o rt 
the th e o ry  th a t the lo w -d e n s ity  lip o p ro te in s  are the  source 
o f th is  free  lip id . T h ird ,  sugars added to  liq u id  y o lk  p r io r  
to  d e h y d ra tio n  tend  to  g re a tly  reduce the a m o un t o f free 
lip id  released by the  y o lk  d u r in g  de hyd ra tio n .

T h e  effect o f sugar in  re d u c in g  the  a m o un t o f easily  
e x trac ta b le  l ip id  p resen t in  d r ie d  y o lk  can be seen in  F ig . 6. 
Y o lk  w ith  v a ry in g  am ounts o f added sucrose was ly o p h i-  
lized, and the d r ie d  m a te r ia l e x tra c te d  w ith  S k e lly  B . T h e  
d rie d  y o lk  con ta ined  a p p ro x im a te ly  3%  m o is tu re . T h e  
leve l o f added sucrose has a d e fin ite  e ffect on  the  am o un t

A B

C D
Fig. 5. Photomicrographs (xl87) of dried egg yolk and lipopro

teins. (A) Dried yolk with 10% maltose added prior to drying, 
illustrating that no coalesced fat is present; (B) dried yolk with 
4% maltose added prior to drying, illustrating only a small 
amount of coalesced fat; (C) dried yolk with 4% maltose added 
prior to drying, illustrating an intermediate amount of coalesced 
fat on the surface of the yolk; (D) dried low density lipoproteins, 
illustrating coalescing fat.
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Fig. 6. Effect of co-dried sucrose on lipid extrac¡ability of dried 
egg yolk.

o f eas ily  ex tra c ta b le  l ip id  in  th e  y o lk  a fte r  d ry in g  (F ig .  6 ) .
F ro m  th is  evidence, th e  hypo thes is  w as developed th a t, 

d u r in g  d ry in g , the  added carbohydra tes, th ro u g h  th e ir  
h y d ro x y l g roups , rep lace the  w a te r o f h y d ra tio n  in  the  
o u te r p ro te in  la ye r o f the  lip o p ro te in  m ice lle . S ince th is  
w a te r is p ro b a b ly  bo un d  to  the  p ro te in  o v e rw ra p  th ro u g h  
hyd rog en  bo nd ing , the  h y d ro x y l g roups  on the  c a rb o h y 
dra tes, th ro u g h  induced  charges, cou ld  occupy the  charged 
sites on the  lip o p ro te in  m ice lle  and thu s  s tab ilize  i t  aga inst 
a d is ru p tio n  w h ic h  o th e rw ise  occurs upon  the d e h y d ra tio n  
o f the lip o p ro te in  m ice lle . W h e n  the  d r ie d  y o lk  is re h y 
d ra ted , the  w a te r aga in  rep laces the  sugar and reh yd ra te s  
the  lip o p ro te in  m ice lle  surfaces. U p o n  d e h yd ra tio n , i f  no 
sugar is added, the  lip o p ro te in  m ice lle  releases lip id  fo r 
m e rly  in  the  cen ter o f the  m ice lle . T h e n , upon  re h y d ra tio n , 
the  lip o p ro te in s  in  the  p la in -d r ie d  y o lk  do n o t resum e th e ir  
na tive  s tru c tu re  as w e ll as do the  lip o p ro te in s  in  the 
su g a r-d r ie d  y o lk .

Effect of heat on free lipid
A n  e x p e rim e n t w as designed to  de te rm ine  w h e th e r 

heat d e n a tu ra tio n  o f the  p ro te in  coa t on the  m ice lle  s u r
faces w o u ld  cause the  release o f free  lip id . A s  p re v io u s ly  
ind ica ted , S k e lly  B  e x tra c ts  no lip id  f ro m  fre sh  egg y o lk . 
I n  these exp e rim e n ts , sam ples o f fre sh  y o lk  and fresh  
y o lk  p lus  1 0 %  sucrose, y o lk  p lus  10% lactose, y o lk  p lus  
10%  glucose, and y o lk  p lus  10%  m altose w e re  heated at 
60°, 70°, 80 °, 90 °, 100° and 110°C  fo r  10 m in  in  a

o f free  lip id  are released (F ig .  7 ) .  T h e  lo w -d e n s ity  lip o 
p ro te in  behaves s im ila r ly ,  except th a t i t  appears even m ore  
la b ile  to  heat tha n  is fre sh  yo lk .

T h e  y o lk  w ith  added sugars does n o t release free  lip id  
as ra p id ly  on he a tin g  as does fre sh  y o lk . I f  the  release 
o f l ip id  is due to  heat d e n a tu ra tio n  o f p ro te in s  associated 
w ith  these lip id s , the n  i t  w o u ld  appear th a t the  added 
sugars ten d  to  p a r t ia l ly  p ro te c t these p ro te in s  fro m  heat 
d e na tu ra tio n . I t  is  k n o w n  th a t ca rbohyd ra tes  can p ro te c t 
p ro te in s  aga inst d e n a tu ra tio n . B ro s te a u x  et a l. (1 9 3 5 ) 
re p o rte d  th a t changes in  the  m o lecu la r s tru c tu re  o f p ro 
te ins caused by  d ry in g  w ere  re ta rd e d  in  the  presence o f 
sugars. I t  appears th a t the  m o l ra t io  o f ca rbohydra tes 
to  p ro te in s  is im p o rta n t since the  m onosaccharide , glucose 
w h en  added a t a leve l o f 10%  b y  w e ig h t, p ro te c ted  the 
p ro te in s  aga inst d e n a tu ra tio n  to  a g re a te r e x te n t th a n  d id  
an equal am o un t o f the  d isaccharides. T h e  th ree  d isac
charides, a ll added a t the same leve l b y  w e ig h t, gave 
id e n tica l resu lts .
g ly c e ro l bath. I n  a d d itio n , a sam ple o f lip o p ro te in  also 
was heated a t these tem pe ra tu res . A s  fre sh  egg y o lk  is 
heated to  in c re a s in g ly  h ig h e r tem pe ra tu res , la rg e r am ounts

LOW-DENSITY LIPOPROTEINS £-------------a
EGGS YOLK o------------o
YOLK PLUS 10% DISACCAHARIDE ° ------------ O
YOLK PLUS 10% GLUCOSE □------------ n

Fig. 7. Effect of heat treatment and added sugars on the lipid 
extractability of egg yolk and low density lipoproteins.
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Fig. 8. Effect of co-dried sucrose on the foaming ability of 
dried egg yolk (adapted from Kline et al., 1964; Fig. 1).

Effect of added sugar and time on foaming ability
W h e n  sugar is added to  y o lk  be fore  i t  is  d rie d , the  

specific vo lu m e  o f the  foam  th a t can be fo rm e d  w ith  the  
re h yd ra te d  m a te ria l is  g ra d u a lly  increased as the  leve l 
o f sugar increases. A s  show n in  F ig . 8, adapted fro m  
F ig . 1 o f K lin e  et al. (1 9 6 4 ) , egg y o lk  d r ie d  w ith  15% 
sucrose foam s n e a rly  as w e ll as fresh  egg yo lk . T h u s , in  
con tra s t to  the sha rp  b re a k -p o in t th a t occurs in  the  p a tte rn  
o f easily ex trac ta b le  l ip id  fro m  d rie d  y o lk , a g ra d u a l in 
crease in  fo a m in g  occurs. F ig . 8 is n e a rly  a m ir r o r  im age 
o f F ig . 2, w h ic h  cou ld  in d ica te  th a t as the  leve l o f sugar 
increases, the am o un t o f l ip id  re m a in in g  free  in  the  re h y 
d ra te d  y o lk  is g ra d u a lly  reduced.

K lin e  et al. (1 9 6 4 ) re p o rte d  th a t d r ie d  p la in  egg y o lk  
w o u ld  re a d ily  foam  i f  re h yd ra te d  im m e d ia te ly  a fte r  spray 
d ry in g . R esu lts  show n in  T a b le  1 c o n firm  th is  observa
tio n . T h e  sugared y o lk  con ta ined  10% added co rn  sy ru p  
so lids on a liq u id  basis. B o th  p la in  and su g a r-d r ie d  y o lk  
foam  qu ite  w e ll w hen re h yd ra te d  and w h ipp ed  im m e d ia te ly

Table 1. Lipid ex tractab ility  and foam ing power of freshly-dried 
yolk.

Time after 
drying

Plain Sugared
Foam

specific
volume

% Free 
lipid

Foam
specific
volume

% ' Free 
lipid

10 M in 5.37 0.4 4.99 0.2
1 H r 3.56 0.7 4.98 0.1
3 H r 3.46 0.5 5.04 0.3

24 H r 1.13 4.1 2.58 0.3
7 Day 1.10 4.0 2.71 0.3

a fte r be ing  spray d ried . W ith in  24 h r  o f be ing  d rie d , 
how ever, a ll the  fo a m in g  po w e r o f the  p la in  y o lk  is los t, 
and y o lk  c o n ta in in g  the am o un t o f sugar added here loses 
m uch o f its  fo a m in g  pow er.

T h u s , i t  was reasoned th a t, i f  the  lip o p ro te in s  w e re  re 
h y d ra te d  soon a fte r  lo s ing  th e ir  w a te r o f h y d ra tio n , the y  
had n o t undergone  ir re v e rs ib le  changes. T h e  free  lip id  
in  T a b le  1 was iso la ted by u ltra c e n tr ifu g a tio n  as show n  in  
F ig . 1. A g a in , the re  is a re la tio n s h ip  betw een the a m o un t 
o f free  l ip id  re m a in in g  in  the  re h yd ra te d  y o lk  and the  
fo a m in g  po w e r o f the re h yd ra te d  y o lk .

Effect of drying under various commercial conditions
L o w -d e n s ity  lip o p ro te in s  w e re  iso la ted  fro m  c o m m e r

c ia lly  d r ie d  egg y o lk  o f d iffe re n t v iscosities. T h e  a m o un t 
o f lip o p ro te in  iso la ted  was de te rm ined , and the  resu lts  
re p o rte d  are lip o p ro te in s  recovered as a percentage o f 
th e o re tica l lip o p ro te in s  p resen t in  an equal a m o un t o f 
fre sh  y o lk  solids.

N e a r ly  100%  o f the  the o re tica l lip o p ro te in  presen t was 
recovered f ro m  the sug a r-d rie d  y o lk , w h ile  o n ly  abou t 
80%. o f the  th e o re tica l lip o p ro te in  p resen t w^as recovered 
fro m  the p la in  sp ra y -d rie d  y o lk  (F ig .  9 ) .  T h e re  was v e ry  
l i t t le  free l ip id  iso la ted fro m  the  su g a r-d r ie d  y o lk , w h ile  
fro m  5 to  7%  o f the  lip id  was recovered as free  o r  easily  
e x trac ta b le  lip id  in  re h yd ra te d  p la in -d r ie d  y o lk . T h e  
lip o p ro te in  in  the  s u g a r-d rie d  y o lk  thus su rv ives  the  spray
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Fig. 9. Effect of drying treatment on the lipoprotein and free 
lipid content of rehydrated egg yolk. P  =  plain dried- egg yolk; 
S  =  sugar dried egg yolk (20.5 corn syrup solids, dry basis); 
Vis. =  viscosity of rehydrated powder, varied by controlling liquid 
feed rate to dryer.
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drying and rehydrating steps much better than do the 
lipoproteins in the yolk without added sugar.
Additional evidence that the lipoproteins from sugar- 

dried yolk are not changed as much as the lipoproteins 
from plain-dried yolk can be seen in Fig. 10. The ultra
centrifugal-flotation pattern of the low-density lipoproteins 
isolated from the sugar-dried yolk spreads less and is 
more symmetrical than that of the lipoprotein isolated 
from the plain-dried yolk. The flotation pattern of the 
lipoprotein isolated from the sugar-dried yolk is quite 
similar to the flotation pattern of lipoprotein isolated from 
fresh egg yolk. The greater spreading in the pattern of 
the lipoprotein isolated from the plain-dried yolk indi
cates a considerable amount of heterogeneity in these 
lipoproteins.

F ig . 10. U l tr a c e n tr ifu g a l  f lo ta t io n  p a tte r n  o f  lo w  d e n s i ty  l ip o 
p ro te in  is o la te d  f r o m  s p r a y  d r ie d  e g g  y o lk .
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Heat Dénaturation of the Ovomucin-Lysozyme Electrostatic C o m p l e x -  
A  Source of D a m a g e  to the Whipping Properties of Pasteurized Egg White

SUMMARY—A longer whip time is usually required to obtain a meringue of the same specific gravity from pasteurized egg white as from unpasteurized egg white. We have determined the rate at which this change in whipping properties occurs as a function of heating time and pH.The rate of damage is minimal at neutral pH. The activation energy for whipping property damage at pH 7.5 is 140 kcal. Experiments in which either ovomucin or lysozyme concentration of egg white was increased and decreased showed that the reaction producing damage to the whipping properties is first order with respect to both ovomucin and lysozyme concentration. Since an increase of 0.33 in the ionic strength of egg white produces a ten-fold decrease in the rate of whipping property damage, the reactants are probably present as the ovomucin-lysozyme electrostatic complex. The product appears to be an irreversibly denatured ovomucin-lysozyme aggregate or network. Removal of the product restores the whipping properties of the egg white.The whipping property damage is a decrease in the mechanical stability of the foam. For this reason a longer time is needed to whip pasteurized egg white to a satisfactory meringue. Whipping aids such as triethyl citrate or triethyl phosphate compensate for the damage to the whipping properties, but do not appear to reverse the reaction producing damage to the whipping properties of the egg white.
INTRODUCTION

H e a t  t r e a t m e n t  of stabilized egg white for only a few 
minutes at temperatures near 60°, such as is recommended 
for the pasteurization of egg white (Lineweaver e t  al.,
1965) is known to produce a significant increase in the time 
required to whip egg white to a meringue of definite spe
cific gravity (Atkin, 1966). The purpose of this study was 
to determine the cause of this change in the whipping prop
erties of egg white which occurs upon pasteurization.
The experiments described below were carried out on 

egg white rather than with any of the recognized fractions 
of egg white, such as the albumins or globulins. It has 
been shown by MacDonnell e t  al. (1955) that the foaming 
properties of egg white reside primarily in the globulins, 
while the stability of an egg white foam depends primarily 
on the ovomucin. However, the physical properties of egg 
white also depend upon interactions among the different 
components, both those of high molecular weight (pro
teins), and those of low molecular weight (salts, sugars, 
etc.). These interactions have not been studied in relation 
to the foaming or whipping properties, although such an 
interaction between lysozyme and ovomucin has been 
studied in relation to the viscosity and rigidity of egg white 
(Cotterill e t  al., 1955; Brooks e t  al., 1959).
When it became evident from preliminary experiments

that the lysozyme-ovomucin interaction was the principal 
cause of the changes produced in the whipping properties 
of egg white by heat, attempts were made to study the 
separated lysozyme-ovomucin complex. This complex, in 
the absence of other egg white components, was insoluble, 
as reported by Hawthorne (1950), and formed a sticky 
mass when heated above 50°. The failure to duplicate the 
results of heat dénaturation in the absence of the other 
components of egg white is a good example of the impor
tance of these intermolecular interactions. Thus, the prop
erties of egg white may not merely be the sum of the 
properties of its individual components when these are 
measured in isolation.

MATERIALS
E gg w h it e  was obtained from a local egg product manu

facturer. Shell eggs for breaking and separating were 
procured by the manufacturer directly from producers and 
had been held at refrigeration temperatures for at most 1 
to 2 weeks from day of lay. At the time of breaking, the 
pH of the egg white was observed to be between pH 9.0 
and 9.3.
Lysozyme chloride was prepared from fresh egg white 

by the method of Alderton e t  al. (1946), and checked for 
purity by starch gel electrophoresis. The substrate, M .  
l y s o d e ik t i c u s , and the buffers for the lysozyme assays were 
obtained from Difco Laboratories.
N-acetyl neuraminic acid used as standard for the sialic 

acid assay was Calbiochem Lot #30165.
METHODS

Stabilization of egg white
The e g g white was stabilized using aluminum sulfate 

and lactic acid, as described by Cunningham e t  al. (1965). 
The final pH was 7.3 ± 0.2, except where noted.
Pasteurization of egg white
The stabilized egg white was pasteurized by heating it 

to 60°C (140°F) in a commercial plate pasteurizer and 
holding it at this temperature for 3.5 min (Cunningham 
e t  al., 1965).
Sample selection and storage of egg white samples
Where direct comparisons are made, the treated egg 

white sample was taken from the same batch of egg white 
as the control egg white, and thus no variation from one 
batch of egg white to another affected the results. Usually, 
egg white was frozen and held at — 18° until used, although 
some experiments were performed with unfrozen egg white. 
No differences were observed between frozen and unfrozen
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egg white samples given equivalent heat treatments. The 
frozen egg white, when thawed, had the same appearance 
and turbidity as the unfrozen egg white. No insoluble 
material was present.
Heat treatment of egg white
Sixty g portions of egg white, in capped bottles with only 

a few ml of head space to avoid CO2 loss with resulting 
pH change, were heated at the stated temperature 
(±0.03°) in a water bath of 20-1 capacity. The samples 
were preheated 15 to 20 min at temperatures 10° to 12° 
below experimental temperatures to keep “come-up time” 
to a minimum (about 3 min). Zero time (control) sam
ples were also preheated. Hot water was added to the bath 
to compensate for temperature drops of more than a few 
tenths of a degree when large numbers of samples were 
immersed in the bath. After treatment, the egg white was 
cooled by agitating the bottles in a cold water bath. The 
whipping properties were usually determined within 4 hr 
after heat treatment. The pH change on heating was less 
than 0.05 pH units.
Separation of high and low molecular weight components
Stabilized egg white, both pasteurized and unpasteurized, 

was filtered under one atmosphere pressure at 4° through 
Visking size 36 dialysis tubing supported by a polyester 
fabric mesh in an apparatus described by Davis e t  al., 1967. 
After 3 days, 60% of the volume of egg white had passed 
through the membrane. Since the filtration rate had be
come negligible, the filtration was halted. The filtrates and 
retentâtes from both egg whites were collected. The reten
tâtes were shown by gel electrophoresis to contain essen
tially all the high molecular weight components of egg 
white. The filtrates were essentially free of such com
pounds.
Ovomucin analyses

M e t h o d  o f  H o o v e r  ( 1 9 4 0 ) . The ovomucin content of 
egg white was determined by a modification of the proce
dure described by Hoover (1940). The sample of egg 
white was brought to pH 7 with acetic acid, and three 
volumes of water were added. The precipitate was dis
persed, sedimented by centrifugation for 10 min at 2000 X 
G, and washed successively with 0.01 M  NaCl containing 
acetic acid, 0.01 M  NaCl, and distilled water. The precipi
tate was weighed after drying overnight in air at 105°.

A c id - p r e c ip i ta b l e  s ia lic  ac id . The ovomucin content of 
lysozyme-depleted egg white was calculated from results 
of sialic acid analyses of acid-precipitable material. Two 
to four ml aliquots of egg white were diluted with three 
volumes of water. The pH of the diluted white was ad
justed to 4.5 with 5 M  acetic acid. The suspension was 
centrifuged and the supernatant liquid discarded. The 
unwashed precipitate was resuspended in 4 ml of 0.12 N  
sulfuric acid and heated at 80° for one hour. Control 
experiments indicated that this treatment released all the 
sialic acid of ovomucin. After centrifugation, aliquots of 
the supernatant liquid were analyzed for sialic acid using 
p-dimethylaminobenzaldehyde (Werner e t  al. , 1952 ).
The absorption at 533 m/x was used to calculate the con

centration of sialic acid, since standards read at this wave
length showed no deviation from Beer’s law. Since lyso

zyme-free ovomucin prepared in this laboratory contained 
4.0% by weight of A-acetyl neuraminic acid, ovomucin 
content of egg white was calculated on this basis.
Lysozyme-depleted egg white
Egg white depleted in lysozyme was used to determine 

the contribution of lysozyme to the change in whipping 
characteristics of egg white on heat treatment. This lyso
zyme-depleted egg white was prepared by dispersing 35 g 
of the acid form of carboxymethyl cellulose (CMC) in 800 
ml of egg white. The suspension was adjusted to pH 9.0 
with 5 M  NaOH and stirred slowly at 4° overnight. Suc
cessive centrifugations at 650 X G and 4,500 X G yielded 
a lysoxyme-depleted egg white free of CMC.
“Ovomucin-free” egg white
Both pasteurized and unpasteurized egg white were 

centrifuged in a Beckman Model L-2 preparative ultra
centrifuge. Aliquots of 250 ml were centrifuged at 19,000 
RPM (equivalent to 53,000 X G at Rmax) in a 19 rotor 
at 4° for 16 hr. Supernatants were easily separated from 
the firmly packed pellet. The two fractions from each 
sample of egg white were weighed and stored at 4° until 
used.
Starch gel electrophoresis
Horizontal starch gel electrophoresis was carried out 

using the discontinuous buffer system of Poulik (1957). 
The gels, pH 8.5, were 0.075 M  in tris (hydroxymethyl) 
aminomethane, 0.005 M  in citric acid, 2 M  in urea and 
contained 10% starch. Buffer for the electrode vessels was 
0.03 M  in sodium borate, 0.18 M  in boric acid, pH 8.1. 
Normally, aliquots of 0.05 ml of egg white were placed in 
the slots at the origin in the gel. The samples were sub
jected to electrophoresis at room temperature for 15 to 
17 hr at a potential gradient of 8 volts per cm. The gel 
was then stained with 1% amido black in 5% acetic acid 
and destained electrophoretically.
Whip test
To obtain true comparisons of the whipping properties 

of egg white samples, overwhipping must be avoided. In 
these experiments several portions of the control egg white 
(which always has the shortest whipping time) were 
whipped for different time periods to determine the mini
mum time necessary to obtain a meringue with specific 
gravity of 0.15 g/ml, called the “soft peak stage.”
The time period so determined for the control egg white 

was chosen as the whipping time for all samples. Since 
the control material has the shortest whipping time, no 
sample is overwhipped. All egg white samples from each 
experiment were whipped for identical times, and under 
identical whipping speed conditions. The specific gravities 
of the resulting meringues were used as the basis of com
parison of the whipping properties.
The whip test was conducted as follows: 60 g of egg 

white at 25° was whipped at speed 10 in a Hobart model 
K4B mixer for the time determined for the control sample 
as described above- The mixer was stopped, the speed 
changed to 6, and 46 g sucrose were added in three equal 
portions with a 4-sec mix after each addition. The specific 
gravity of the meringue was calculated from the weight
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of the meringue in a container of known volume. Potas
sium acid tartrate was added before whipping in predeter
mined amounts to give meringues with a pH of approxi
mately 6.
Lysozyme assays
Egg white was analyzed for lysozyme turbidimetrically, 

by a modification of the method of Smolelis e t  al. (1949). 
Difco bacto-lysozyme buffer (phosphate, pH 6.2) was made 
up in 0.1 M  KC1. Lysozyme standards and egg white were 
diluted 3:10,000 with this buffer. Approximately 30 mg 
of Difco bacto-lysozyme substrate (UV killed M .  l y s o d e ik -  
t i c u s) were shaken thoroughly with 25 ml of buffer, and 
allowed to settle for 30 min. The supernatant suspension 
was decanted and used for the assay. All solutions were 
equilibrated at assay temperature before use. Turbidimetric 
assays were carried out at 22° in the thermostated cell com
partment of a Cary Model 15 spectrophotometer at 540 mg, 
using the synchronous mode. Two ml of substrate were 
mixed with 1 ml of diluted sample in a 1-cm cell. The 
optical density was recorded for 10 min, and the slope 
of the resulting line determined. Approximately 2 % repro
ducibility was attained. The slope was linearly proportional 
to lysozyme concentration of the undiluted samples to at 
least 7 mg of lysozyme per ml (twice the concentration of 
lysozyme in egg white).
Viscosity measurements
Viscosity measurements were made using a size 100 

Cannon-Fenske viscometer, in a Cannon M-l constant tem
perature bath at 25°.
Surface tension measurements
Surface tension measurements of unpasteurized and pas

teurized egg white were made with a DuNouy Tensiometer.
Meringue stability measurements
The meringue from 60 g of egg white was placed on 

cheesecloth in a large funnel at room temperature, and 
the volume of the liquid (“drip”) collected in a 50-ml 
graduate was noted at 10-min intervals for an hour.
Foam stability comparisons
Five ml each of egg white samples were placed in 100-ml 

graduated cylinders. A fixed volume of air was bubbled 
at approximately the same rate into each sample, producing 
70 ml of foam in each graduated cylinder. The stability of 
the foam against mechanical damage was qualitatively 
tested in two ways: (1) by insertion of a glass rod the 
length of the graduate, followed by movement of the rod 
across the diameter of the cylinder; (2) by striking the 
open top of the graduate with the palm of the hand, causing 
a sharp rise of pressure within the graduate.

RESULTS
Size of molecule responsible for change in whipping properties
Filtrates and retentates obtained by the fractionation 

of pasteurized and unpasteurized egg white through Vis- 
king dialysis tubing were recombined and cross-combined 
in their proper volume ratio and whipped for 40 sec 
(Table 1). Only the recombinations containing the retal
iate from the pasteurized egg white or its equivalent gave

T a b l e  1. W h i p p i n g  p r o p e r t i e s  o f  r e c o m b in e d  u l t r a f i l t e r e d  m a t e r i a l s .

Sample
Meringue 

SP. GR. (40 secs)

O r i g i n a l  s t a b i l i z e d  e g g  w h i t e  ( S ) 0 .1S6
P a s t e u r i z e d - s t a b i l i z e d  e g g  w h i t e  ( P S ) 0 .2 1 9

Filtrate Reténtate
S  F i l t r a t e  +  S  R e t é n t a t e 0 .1 5 8

P S  F i l t r a t e  +  P S  R e t é n t a t e 0.211
P S  F i l t r a t e  +  S  R e t e n í a t e 0 .1 5 8

S  F i l t r a t e  +  P S  R e t e n í a t e 0.202

meringues of higher specific gravity, i.e., damaged whip
ping properties. Recombination of filtrates and retentates 
from each starting material yielded an egg white with 
whipping properties identical to the original. Therefore no 
change in whipping properties occurred during the filtra
tion process.
Rate of change in whipping properties
The whipping properties of egg white heated for various 

periods of time at 45°, 54°, 56°, and 58° were determined. 
Since the specific gravity appeared to be a nearly linear 
function of heating time in the early stages of the heating 
period (Fig. 1), all kinetic experiments were reduced to 
an initial velocity basis, by measuring the change in 
meringue specific gravity produced in samples heated 30 
to 60 min, or from the initial slope of curves such as those 
in Fig. 1.
The activation energy for the reaction which produces 

whipping property damage, calculated from the slope of 
the line drawn in Fig. 2, is 140 kcal/mole. The point at 
60° in Fig. 2 was obtained from an egg white sample 
pasteurized with commercial plant equipment (60° for
3.5 min).
Changes in starch gel electrophoresis patterns
The change in the whipping property of egg white 

heated 4 hr at 54° (Fig. 1) is approximately equivalent

F ig . 1. C h a n g e  in  th e  zv h ip p in g  p r o p e r t ie s  o f  e g g  w h i t e  w i th  
t im e  a t s e v e r a l  te m p e r a tu r e s .  T h e  s p e c ific  g r a v i ty  o f  th e  m e r in g u e  
is  p lo t te d  a g a in s t  t im e  o f  h e a t in g  (p r e h e a t in g  n o t  in c lu d e d ) .  T h e  
p H  o f th e  e g g  w h i te  w a s  7 .3, iw h ip p in g  t im e  40  sec .
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T(°C)
54 56 58 60

F ig .  2. T e m p e r a tu r e  d e p e n d e n c e  o f th e  
ra te  o f  ch a n g e  in  w h ip p in g  p r o p e r t ie s  o f  e g g  
•white. T h e  n a tu r a l  lo g a r i th m  o f th e  in i t ia l  
v e lo c i ty  ( V i )  o f  th e  r e a c tio n , i n  u n i t s  o f 
s p e c ific  g r a v i ty  c h a n g e  p e r  h o u r , i s  p lo t te d  
a g a in s t  r e c ip r o c a l a b s o lu te  te m p e r a tu r e  ( ° K ) .  
T h e  p o in t  a t  6 0 ° C  w a s  d e te r m in e d  fo r  th e  
e g g  w h i te  p a s te u r iz e d  in  a  c o m m e r c ia l  p a s 
te u r is e r  (6 0 °  fo r  3 .5  m in ) .  T h e  c a lc u la te d  
a c tiv a t io n  e n e r g y  is  140  k ea l.

to  th a t o f egg w h ite  heated 3.5 m in  at 60° (T a b le  1 ). 
E le c tro p h o re tic  pa tte rns  o f unheated egg w h ite  and o f egg 
w h ite  heated a t 54° and 56° are show n in  F ig . 3. T h re e  
changes in  these pa tte rns  are apparent. T h e  f ir s t  and m ost 
obvious is the  decrease in  in te n s ity  o f the band designated 
“ lin e  18”  by  L u s h  (1 9 6 1 ) ; the second is the s lig h t decrease 
in  lysozym e in te n s ity  (see also T a b le  2 )  ; and the  th ir d  
is the  increase in  m a te ria l near the slo ts a t the  o r ig in  
(p ro b a b ly  hea t-dena tu red  p ro te in ) .  S ince the am oun ts  
o f m a te ria l p laced in  the  s lo t o r ig in s  m ay d iffe r  by  as m uch 
a t 25% , changes in  am ounts o f the  egg w h ite  com ponents 
m us t be eva luated b y  com parison  w ith  a no n -ch ang in g  
re ference m a te ria l, such as con a lbum in  o r ova lb u m in , in  
the  same p a tte rn .

pH dependence of the  rate of dam age to the  whipping 
properties

S ta b ilize d  egg w h ite  was ad ju s te d  to  the  desired p H  w ith  
e ith e r la c tic  ac id  o r  am m on ia , and heated fo r  va rio u s  tim es 
a t 56° o r 58°. T h e  ra t io  o f the  in it ia l v e lo c ity  a t each p H  
to  th a t a t p H  6.5 was ca lcu la ted  and is show n as a fu n c tio n  
o f p H  in  F ig . 4.

C entrifugation of egg white

E g g  w h ite , uo on  c e n tr ifu g a tio n  a t 53,000 X G  fo r  16 h r, 
separated in to  tw o  fra c tio n s  con s is tin g  o f a c lear supe r
n a ta n t and a f irm  pe lle t, 6 .2%  by  w e ig h t o f the egg w h ite . 
S ta rch  ge l e lec trop ho re tic  p a tte rn s  (F ig .  5 ) showed th a t 
the egg w h ite  and its  sup e rn a tan t had essen tia lly  the same 
concen tra tions  o f p ro te in  s ta inab le w ith  am ido  b lack. A s 

ti Va 3
Hours or 56°

6 24 4 0
Hours a t 54°

F ig .  3. S ta r c h  g e l  e le c tr o p h o r e t ic  p a t te r n s  o f  s ta b i l is e d  e g g  
w h i te  sa m p le s  h e a te d  a t  56° a n d  a t  5 4 ° .

says fo r  lysozym e a c t iv ity  (T a b le  2 )  show ed th a t the  
superna tan t had a lo w e r lysozym e con cen tra tion . O v o m u 
c in  is n o t detected in  s ta rch  gel pa tte rns . T h e re fo re  bo th  
unsed im ented egg w h ite  and sup e rn a tan t th e re fro m  w ere  
ana lyzed fo r  ovo m uc in , us ing  the m e thod  described by- 
H o o v e r (1 9 4 0 ). Less tha n  5%  o f the  o vo m uc in  o f egg 
w h ite  is fo u n d  in  the superna tan t fra c tio n  o f ce n trifu g e d  
egg w h ite  (T a b le  2 ) .  T h e  ca lcu la ted  com p o s itio n  o f the  
pe lle t is also g iven  in  T a b le  2.

F ig . 4. T h e  p H  d e p e n d e n c e  o f  th e  ra te  o f  h e a t d a m a g e  to  th e  
w h ip p in g  p r o p e r t ie s  o f  e g g  w h i te .  T h e  in i t ia l  v e lo c i ty  ( V i )  o f  
th e  r e a c t io n  a t  each  p H  zvas d e te r m in e d  f r o m  th e  c h a n g e  in  sp e c ific  
g r a v i ty  o f  th e  -m eringue  w i th  h e a t in g  t im e . I n i t ia l  iv e lo c it ie s  a re  
e x p r e s s e d  r e la tiv e  to  th e  in i t ia l  v e lo c i ty  a t p H  6.5.
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F ig . 5. S ta r c h  g e l  e le c tr o p h o r e tic  p a t te r n s  o f  s ta b i l iz e d  e g g  
iv l i i te  sa m p le s . F r o m  l e f t  to  r ig h t :  E g g  w h i te  c o n ta in in g  (4% 
a d d e d  s a l t , N a C I  C , u n h e a te d  c o n tr o l;  N a C I  P ,  p a s te u r iz e d . U n 
h e a te d  e g g  w h i te  c o n tr o l,  C ;  53 ,000  X G s u p e r n a ta n t  f r o m  th is  
e g g  w h i te ,  S ; S u p e r n a ta n t  h e a te d  a t  56° fo r  6 h r , 6 S . E g g  w h i te  
m a d e  0 .33  M  in  N a C I , th e n  h e a te d  a t  56° fo r  6 h r , N a C I  6. T h e  
in c r e a s in g  d is to r t io n  o f  th e  p a t te r n s  f r o m  l e f t  to  r ig h t  w a s  
ca u s e d  b y  a  sa m p le  in  a s e v e n th  s lo t  ( n o t  s h o w n )  c o n ta in in g  
la rg e  a m o u n ts  o f  a d d e d  sa lt.

Recom bination of fractions from centrifuged egg white

T h e  superna tan ts  and sedim ents fro m  bo th  s tab ilized  and 
s tab ilized -pas teu rized  egg w h ites  w ere  recom bined  and 
cross-com bined in  the  p ro p e r ra tio . R esu lts  o f w h ip p in g  
p ro p e rty  eva lu a tion  o f these com b ina tions  and o f the  sup e r
na tan ts  a re  g iven  in  T a b le  3. R em ova l o f sedim entable 
m a te ria l f ro m  pasteurized  egg w h ite  gave a superna tan t 
w ith  w h ip p in g  p ro pe rties  ap p ro ach ing  those o f un p a s te u r
ized egg w h ite . T h e re fo re , some fa c to r m us t be fo rm ed  
d u r in g  p a s teu riza tion  th a t is d e trim e n ta l to  the w h ip p in g  
p ro pe rties  o f pasteurized  egg w h ite . T h is  fa c to r m us t be 
o f su ffic ie n t size to  be re a d ily  sedim entable a t 53,000 X G.

These recom b ina tions  o f sed im ent fro m  unheated egg 
w h ite  w ith  supe rna tan t fro m  e ith e r heated o r unheated 
egg w h ite  gave a re co ns titu ted  egg w h ite  w ith  good w h ip 
p in g  p rope rties . H o w e v e r, reco m b in a tio n  o f sed im ent fro m  
pasteurized  egg w h ite  w ith  c ith e r supe rna tan t gave in co n 
s is ten t resu lts . T h is  has been o u r experience w ith  recom 
b ina tions  o f sed im ent fro m  pasteurized egg w h ite  o r o f 
sed im entable m a te ria l heat trea ted  separa te ly a fte r c e n tr ifu 
ga tion .

Dependence of the  heat dam age on ovomucin content

Since the heat dam age to  the w h ip p in g  p ro p e rtie s  of 
egg w h ite  depleted in  ovo m uc in  (53 ,000  X G  sup e rn a tan t)

Table 2. A nalyses of egg white fractions obtained by sedim enta
tion a t 53,000 x  G.

A. Ovomucin analysis

Control egg w h ite 1 (11.3%  solids) 0.332 g /100  g  egg white
53.000 X G supernatant 0.014 g /9 4  g  supernatant
53.000 X G pellet (by difference) 0.318 g /6 .2  g  pellet

Lysozyme content
Relative
activity g Lysozyme/100 g

Control egg white 1 
53,000 X G supernatant-

100 0.35

from  control 84 0.29
Pasteurized  egg white 2 
53,000 X G supernatant

85 0.30

from  past. 65 0.23

C. Com position of 53,000 X G pellet from  control egg white 3
1. T otal solids in pellet: 1.10 g 4
2. Calculated composition of solids content :

L ysozym e5 0.08 g
O vom ucin0 0.32
Occluded egg white proteins 7 0.66

1.06 g

1 Stabilized unpasteurized egg white.
2 Pasteurized  3.5 min a t 60°.
3 6.2 g  pellet from  100 g  egg white. T he same w eigh t pellet was 

obtained from  pasteurized egg white. Com position was presum ed 
to be nearly  the same as that of the pellet from  the control egg 
white.

*6.2 g x  17.7% solids.
5 F rom  loss in lysozyme activity  of supernatant (see B ).
“ By difference between control egg w hite and supernatan t (see A ) .
7 W eight of lysozyme plus ovomucin in pellet is 0.4 g. T otal 

w eight of pellet m inus 0.4 g  leaves 5.8 g  occluded egg white. 5.8 
g X 11.3% solids gives 0.66 g occluded egg white proteins.

was m a rk e d ly  reduced (F ig .  6 ) ,  the  e ffect o f ovo m uc in  
con cen tra tion  on the heat dam age to  egg w h ite  was in v e s t i
gated. T h e  o vo m uc in  con cen tra tion  o f the  superna tan t 
fro m  ce n trifu g e d  egg w h ite  is essen tia lly  zero (T a b le  2 ) .  
B y  m ix in g  egg w h ite  and sup e rn a tan t in  d iffe re n t ra tio s , 
samples o f egg w h ite  w ith  in te rm e d ia te  ovo m u c in  concen
tra tio n s  w ere  prepared. T h e  o vo m uc in  con ten t o f egg 
w h ite  has been estim ated to  be fro m  1.6%  o f the  to ta l 
p ro te in  (L a n n i et a l., 1949) to  4 .7%  (F e rn a n d e z -P a la e z ,

Table 3. W hipping properties of egg w hite samples.

Meringue specific 
gravity (45 sec)

A. O riginal samples
Stabilized, unpasteurized 0.153
Stabilized, p asteu rized1 0.316

B. Supernatants obtained a t 53,000 X G
Stabilized, unpasteurized 0.131
Stabilized, pasteurized 0.153

C. Recom binations 3
Supernatant Pellet

U npasteurized U npasteurized 0.153
Pasteurized  Pasteurized 0.197
U npasteurized Pasteurized 0.165, 0.374
Pasteurized  U npasteurized 0.162, 0.162

1 Pasteurized  3.5 min a t 60°.
2 All samples stabilized.
3 Duplicate experim ents.
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F ig . 6. E f f e c t  o f s a l t  a n d  h ig h  s p e e d  c e n tr i fu g a t io n  on  th e  
h e a t  d a m a g e  to  th e  w h ip p in g  p r o p e r t ie s  o f  e g g  zv h ite . S o l i d  s o d iu m  
c h lo r id e  w a s  a d d e d  to  s ta b i l i z e d  e g g  zv h ite  to  a t ta in  th e  in d ic a te d  
c o n c e n tr a t io n  b e fo r e  h e a t  t r e a tm e n t .  T h e  s u p e r n a ta n t  ( lo zv e s t  
c u r v e )  zvas o b ta in e d  f r o m  s ta b i l iz e d  e g g  zv h ite  b y  c e n tr i fu g a t io n  fo r  
16  h r  a t  5 3 ,000  X G. T h e  c o n tr o l  e x p e r im e n t  w a s  p e r fo r m e d  on  
s ta b i l iz e d , b u t o th e r w is e  u n tr e a te d , e g g  w h i te .  A l l  s a m p le s  in  th is  
f ig u r e  w e r e  a l iq u o ts  f r o m  th e  sa m e  b a tch  o f  e g g  zv h ite . W h ip p in g  
t im e  40  sec .

19 60 ). S ince the re  appears to  be no genera l agreem ent on 
the  am o un t presen t, o vo m uc in  con cen tra tion  is here re p re 
sented in  te rm s  o f a f ra c t io n  o f the  am o un t presen t in  egg 
w h ite .)  T h e  w h ip p in g  p ro p e rtie s  o f these samples w ere  
de te rm in ed  be fore  and a fte r  heat tre a tm e n t a t 56° (F ig .  7 ) .  
T h e  heat-dam age rea c tion  is e v id e n tly  f ir s t  o rd e r w ith  
respect to  the  o vo m uc in  con cen tra tion .

Effect of lysozyme on the  whipping property dam age

T h e  ra te  o f less o f w h ip p in g  p ro p e rtie s  was de te rm ined  
fo r  c o n tro l egg w h ite , egg w h ite  reduced in  lysozym e

F ig .  7. T h e  e f f e c t  o f  o v o m u c in  c o n c e n tr a t io n  on  th e  h e a t d a m a g e  
to  th e  w h ip p in g  p r o p e r t ie s  o f  e g g  w h i te .  S a m p le s  o f  d i f f e r e n t  
o v o m u c in  c o n c e n tr a t io n s  w e r e  p r e p a r e d  b y  m ix in g  e g g  w h i te  a n d  
s u p e r n a ta n t  f r o m  53 ,000  X G c e n tr i fu g e d  e g g  w h i te .  O r d in a te :  
sp e c ific  g r a v i ty  o f  m e r in g u e  o b ta in e d  b y  w h ip p in g  th e s e  m ix tu r e s  
f o r  50  se c , b o th  b e fo r e  a n d  a f t e r  o ne  h o u r  o f  h e a t in g  a t  5 6 ° . 
A b s c is s a :  th e  w e ig h t  p e r c e n t  o f  e g g  w h i te ,  w h ic h  i s  d i r e c t ly  p r o 
p o r t io n a l  to  th e  o v o m u c in  c o n c e n tr a t io n  o f  th e  m ix tu r e .

con ten t, and b o th  egg w h ite  and 53,000 X G  superna tan t 
w ith  added lysozym e. S ta rch  ge l e le c tro p h o re tic  pa tte rns  
(F ig .  8 )  showed th a t rem ova l o f lysozym e fro m  egg w h ite  
by  c a rb o x y -m e th y l ce llu lose tre a tm e n t d id  n o t a lte r  the 
concen tra tions  o f the  o th e r egg w h ite  p ro te in s . A na lyses 
(see b e lo w ) in d ica ted  th a t the  ovo m u c in  con ten t was 
unchanged. T h e  s tab ilize d  sam ples w e re  heated a t 56°, 
cooled, and lysozym e added to  some o f them . F feat dam age 
is reduced w hen lysozym e con cen tra tion  is less tha n  th a t 
n o rm a lly  fo u n d  in  egg w h ite  (F ig .  9 ) .

T h e  a m o un t o f heat damage as a fu n c tio n  o f lysozym e 
con cen tra tion  is show n in  F ig . 10. T h e  slope o f the line  
d ra w n  th ro u g h  the  po in ts  is u n ity . T h e  rea c tion  w h ic h  
produces heat damage is thu s  also f ir s t  o rd e r w ith  respect 
to  lysozym e concen tra tion .

Lyso zym e  m us t be p resen t d u r in g  he a tin g  fo r  the  dam 
age to  occur. A d d it io n  o f lysozym e a fte r  heat tre a tm e n t 
had no effect on the  dam age produced . S im ila r ly ,  a d d itio n  
o f lysozym e to  unheated egg w h ite  p roduced  o n ly  a s lig h t 
increase in  the  specific g ra v ity  o f the  m erin g u e  fo rm ed . 
O vo m u c in  m us t be presen t so th a t th is  e ffect o f lysozym e 
con cen tra tion  can be observed. W h e n  the lysozym e con
ce n tra tio n  o f 53,000 X G  sup ern a tan t ( in  w h ic h  the  ovo 
m uc in  con cen tra tion  is v e ry  lo w )  is doub led , no e ffect o f 
he a tin g  upon  the w h ip p in g  p ro p e rtie s  o f the  superna tan t 
is observed.

Effect of ionic streng th  on h eat dam age

A d d it io n  o f sa lt m a rk e d ly  reduces heat dam age in  the 
e a rlie r stages o f hea ting  (F ig .  6 ) .  A f te r  3 h r  o f hea ting  
at 56°, the re  is an increase in  ra te . I t  has n o t been de te r-

Lysozyme

Origin

"l ine  1 8 '

C ona lbumi n

O v o i n M b i t o r
Gl obul i ns

O v o m u c o i d  
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F lavopr ot e i n

e w  y2 y4

F ig .  8. S ta r c h  g e l  e le c tr o p h o r e t ic  p a t te r n s .  O n  th e  l e f t  are  
p a t te r n s  o f u n d i lu te d  a n d  o f  s u c c e s s iv e  tw o - fo ld  d i lu t io n s  o f  u n 
s ta b i l iz e d  (u n h e a te d )  e g g  w h i te .  T h e  s i x th  p a t te r n  i s  o f  e g g  zvh ite  
tr e a te d  zv ith  c a r b o x y m e th y l  c e llu lo se  to  r e m o v e  ly s o z y m e .  T h e  
p a t te r n  o n  th e  r ig h t  is  th a t  o f  th is  c a r b o x y m e th y l  c e l lu lo s e - tr e a te d  
e g g  zv h ite  a f te r  ly s o z y m e  w a s  a d d e d  b a ck  to  th e  o r ig in a l c o n c e n 
tr a tio n .
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m ined  w h e th e r th is  la te r dam age is s im ila r  to  th a t w h ic h  
occurs in  the c o n tro l egg w h ite  sample.

Effect of pasteurization on the  lysozyme activity 
of egg white

T h e  decrease in  lysozym e a c t iv ity  in  pasteurized  egg 
w h ite  and in  the 53,000 X G  superna tan ts  (T a b le  2 )  is in  
agreem ent w ith  s ta rch  gel e lec trophores is  pa tte rns  (F ig s . 
3 and 5 ) w h ic h  suggest sm a lle r am oun ts  o f lysozym e are 
p resen t in  pasteurized  egg w h ite , in  egg w h ite  heated at 
54° and 56°, and in  the superna tan t f ro m  unpasteurized  
egg w h ite . T h e  e lec trop ho re tic  pa tte rns  presented by 
Seidem an ct al. (1 9 6 3 ) show  a decrease in  s ta in in g  fo r  
lysozym e in  egg w h ite  heated at 62° fo r  3 m in  a t p H  7.0 
to  9.5, w hen com pared  to  the e lec trop ho re tic  pa tte rns  fo r  
unheated egg w h ite .

Ovomucin con ten t of untreated  egg white

W h e n  egg w h ite  was analyzed fo r  ovo m uc in  us in g  the 
p rocedure  described by H o o v e r (1 9 4 0 ), in  w h ic h  the  o v o 
m uc in  is p re c ip ita te d  a t p H  7, then washed a t p H  4.5 (see 
a b o ve ), 0.33 g w as ob ta ined  per 100 g  o f egg w h ite  
(T a b le  2 ) .  T h is  re s u lt is s im ila r  to  th a t ob ta ined  by 
H o o v e r (1 9 4 0 ) and B a lls  et al. (1 9 4 0 ) . H o w e v e r, sam 
ples o f egg w h ite  depleted to  o n e -th ird  the  n o rm a l ly s o 
zym e con tent, w hen ana lyzed by the  H o o v e r p rocedure , 
appeared to  have o n ly  o n e -th ird  the  o vo m uc in  o f the  u n 
trea te d  egg w h ite . H a w th o rn e  (1 9 5 0 ) and C o tte r i l l et al.
(1 9 5 5 ) have show n th a t the  p re c ip ita t io n  o f ovo m uc in  at 
p H  7 is fa c ilita te d  b y  an increase in  lysozym e concen tra 
tio n . T h e  s o lu b ility  o f ovom uc in  in  b u ffe r so lu tions at 
p H  7 (L a n n i et a !., 1949) suggests th a t in  the  absence of

F ig . 9. E f f e c t  o f ly s o z y m e  on th e  h e a t d a m a g e  to  th e  w h ip p in g  
p r o p e r t ie s  o f  e g g  w h ite .  T h e  s a m p le s  w e r e  s ta b i l iz e d , a d ju s te d  to  
p H  7 .3 , h e a te d  a t  5 6 ° , a n d  w h ip p e d  fo r  65 sec  w i th o u t  ta r tr a te .  
T h e  sa m p le  d e s ig n a tio n  is  a s fo l lo w s :

□  c o n tr o l  e g g  sa lu te .
O e g g  w h ite  d e p le te d  to  3 5 %  o f i t s  o r ig in a l c o n c e n tr a t io n  o f  

l y s o z y m e .
■ d e p le te d  e g g  w h i te  w i th  ly s o z y m e  a d d e d  b a ck  to  th e  o r ig in a l  

c o n c e n tr a tio n  jirior to  h e a t tr e a tm e n t.
•  d e p le te d  e g g  w h i te  w i t h  ly s o z y m e  a d ju s te d  to  th e  o r ig in a l  

c o n c e n tr a t io n  after h e a t  t r e a tm e n t  a n d  c o o lin g .
A  d e p le te d  e g g  -w hite w i th  ly s o z y m e  a d ju s te d  to  5 0 %  o f th e  

o r ig in a l c o n c e n tr a tio n  prior to  h e a t tr e a tm e n t .
0  c o n tr o l  eg g  -w hite -w ith  ly s o z y m e  a d ju s te d  to  1 8 5 %  o f the  

o r ig in a l c o n c e n tr a tio n  after h e a t t r e a tm e n t  a n d  co o lin g .

P ig . 10. T h e  e f f e c t  o f  l y s o z y m e  c o n c e n tr a t io n  on  th e  h e a t  d a m a g e  
to  th e  w h ip p in g  p r o p e r t ie s  o f  e g g  w h i te .  T h e  lo g a r i th m  o f  th e  in i 
tia l v e lo c i ty ,  e x p r e s s e d  a s  th e  s p e c ific  g r a v i ty  c h a n g e  f o r  45 m in  
o f h e a tin g , is p lo t te d  a g a in s t  th e  lo g a r i th m  o f th e  ly s o z y m e  c o n c e n 
tr a t io n , i n  g  p e r  h u n d r e d  m l  o f  e g g  w h i te .  T h e  tr ia n g le s  a re  d a ta  
f r o m  c o n tr o l e g g  -white a n d  e g g  -white r e d u c e d  in  l y s o z y m e  c o n c e n 
t r a t io n ;  th e  c ir c le s  a rc  fo r  c o n tr o l  e g g  w h i te  a n d  e g g  w h i te  e n 
r ic h e d  in  ly s o z y m e . T h e  lin e  d r a w n  th r o u g h  th e  p o in ts  h a s  a  s lo p e  
o f u n i ty .  H e a t in g  c a r r ie d  o u t a t  5 6 ° ;  sa m p le  p H  -was 7 .3  to  7.5.

lysozym e, a ll the ovom uc in  w o u ld  n o t be p re c ip ita te d  fro m  
egg w h ite  a t p H  7.

A c c o rd in g ly , an a lte rn a tiv e  m e thod  o f ana lys is  w as de
v ised in  w h ic h  ovom uc in  was p re c ip ita te d  a t p H  4.5 and 
the ovo m uc in  con ten t o f the  p re c ip ita te  ca lcu la ted  fro m  
ana lys is  o f its  s ia lic  ac id  con ten t (see M e th o d s ) . A lth o u g h  
o th e r p ro te in s  m ay be p re c ip ita te d  fro m  egg w h ite  a t th is  
p H ,  no a tte m p t was m ade to  rem ove these, since ovo m uc in  
n o t o n ly  con ta ins m ost o f the  p ro te in -b o u n d  s ia lic  ac id  o f 
egg w h ite , b u t also appears to  be the o n ly  ac id -p re c ip ita b le  
p ro te in  c o n ta in in g  s ig n if ic a n t am oun ts  o f s ia lic  acid  (F e e 
ney, 1964 ).

D u p lic a te  de te rm in a tio n s  o f lysozym e-dep le ted  egg w h ite  
gave 188 and 186 g g  o f a c id -p re c ip itab le  s ia lic  a d d  (as 
N - ace ty l- ne u ra m in ic  a c id ) per m l o f egg w h ite . U n tre a te d  
c o n tro l egg w h ite  con ta ined  185 g g  o f a c id -p re c ip itab le  
s ia lic  ac id  per m l. T h is  am o un t o f s ia lic  ac id  corresponds 
to  0.46 g  o f o vo m uc in  per 100 m l o f egg w h ite . A  p re p a ra 
t io n  c a rr ie d  o u t in  th is  la b o ra to ry  y ie lded  0.42 g  o f o v o 
m u c in  pe r 100 m l o f egg w h ite . These resu lts  suggest 
th a t n o t o n ly  is lysozym e re q u ire d  fo r  p re c ip ita t io n  o f 
o vo m uc in  fro m  egg w h ite  a t p H  7, b u t th a t p re c ip ita tio n  
o f ovo m uc in  is incom p le te  even in  the presence o f lysozym e.

Viscosity and turbidity  of heated egg white

T h e  tu rb id ity  o f the egg w h ite  samples increased w ith  
hea ting  and pa ra lle led  q u a lita t iv e ly  the  w h ip p in g  p ro p e rty  
damage. A ls o , the  v isco s ity  o f the  so lu tions increased w ith  
bo th  tim e  o f hea ting  and w ith  in c reas ing  p H . Sam ples 
heated fo r  the longe r tim es w ith o u t s t ir r in g  became g e l
like . Increases in  v isco s ity  upon  p a s te u riza tio n  w e re  re 
p o rte d  by  C u nn ing ha m  et al. (1 9 6 5 ) , and K lin e  et al. 
(1965 , 19 66 ). Sam ples o f egg w h ite , in i t ia l ly  som ew hat 
tu rb id , increased in  tu rb id ity  d u r in g  hea ting . T h e  tu rb id i ty  
cou ld  be sed im ented a t 2000 X G. T h e  vo lu m e  o f the



DAMAGE TO WHIPPING PROPERTIES OF EGG WHITE— 521

sedim ent, m easured in  ca lib ra ted  c e n trifu g e d  tubes, is 
p lo tte d  aga inst he a tin g  tim e  a t 58° in  F ig . 11. T h e  specific 
k in e m a tic  v is c o s ity  o f the  superna tan t l iq u id  above th is  
sed im ent tog e the r w ith  the  specific g ra v ity  o f the m eringue  
fro m  egg w h ite  sam ples heated at 58° is also p lo tte d  in  
F ig . 11.

Sam ples o f egg w h ite  w h ic h  had been ce n trifu g e d  at 
5000 X  G  p r io r  to  heat tre a tm e n t, a lth o u g h  s u ffe r in g  
h a lf the usua l loss o f w h ip p in g  p ro pe rties , d id  n o t y ie ld  a 
sed im ent w h en  ce n trifu g e d  a t 2000 X G  a fte r heat t re a t
m ent. These so lu tio ns  showed the  usual increased tu rb id ity  
bu t o n ly  a s lig h t increase in  v isco s ity  upon  heating .

Effect of pasteurization on stability of m eringues and foams

M easurem ents  o f s ta b ility  o f m eringues  m ade fro m  u n 
pasteurized  egg w h ite , pas teurized  egg w h ite  and super
na tan t fro m  pasteurized  egg w h ite  showed th a t the  am oun t 
o f liq u id  d ra in in g  fro m  the m eringu e  d u r in g  the  f irs t  h o u r 
was a p p ro x im a te ly  a lin e a r fu n c tio n  o f tim e , and d id  n o t 
show a cons is ten t dependence upon  the specific g ra v ity  o f 
the m eringu e  (T a b le  4 ) .

Q u a lita t iv e  m easurem ent o f the m echan ica l s ta b ility  o f 
foam s revealed th a t foam s fro m  pasteurized  egg w h ite  
w e re  m uch m ore  susceptib le to  m echan ica l dam age than 
foam s fro m  un pa ste u rize d  egg w h ite . Foam s fro m  p a s teu r
ized egg w h ite  had a “ d r y ”  appearance, the  lam ellae  ap
pea ring  v e ry  th in  in  com parison  to  the lam ellae  in  the 
foam  fro m  an unpasteu rized  egg w h ite . S urface  tension 
m easurem ents o f un pas teu rized  and pasteurized  egg w h ite  
showed no d iffe rence  (61 ±  1 d y n e s /c m ). A d d it io n  o f

F ig . 11 . A g g r e g a t io n  o f  th e  p r o d u c t  o f  th e  
r e a c tio n  fo r m e d  on  h e a t in g  e g g  w h i te  a t  p H  
7.3 . A ,  th e  sp e c if ic  g r a v i ty  o f th e  m e r in g u e  
a s  a fu n c t io n  o f  h e a t in g  t im e  a t  5 8 ° . B ,  th e  
s p e c ific  k in e m a t ic  v is c o s i ty ,  d e te r m in e d  a t  
2 5 ° , w i th  r e s p e c t  to  w a te r ,  o f  th e  e g g  zu h ite  
r e m a in in g  a b o v e  th e  m a te r ia l  s e d im e n te d  a t 
2000  X G  a f te r  h e a tin g . C , th e  v o lu m e  o f 
th e  s e d im e n t  o b ta in e d  a t  2000  X G  a f te r  
h e a tin g , a s  a fu n c t io n  o f  h e a t in g  t im e .

Table 4. S tability  of m erin g u es1 from  pasteurized and unpas
teurized egg white.

Sample
Whipping 
time (sec)

Meringue 
specific gravity 

(fiV ml)
Draining rate 

(ml/hr)

Unpasteurized 40 0.156 7
Pasteurized 70 0.202 17
Pasteurized 100 0.170 9
53,000 X  G 

Supernatant 40 0.146 29
from  pasteurized

1 60-g sample plus 0.7 g ta rtra te  plus 46 g  sucrose.

t r ie th y l c itra te , a w h ip p in g  a id , to  the pasteurized  egg 
w h ite  before foam  fo rm a tio n  g re a tly  increased the s ta b ility  
o f the  foam  and abolished the “ d ry ”  appearance o f the 
lam ellae. L yso zym e  assays bo th  be fore  and a fte r  a d d itio n  
o f tr ie th y lc it ra te  to  the pasteurized  egg w h ite  showed no 
d iffe rence  in  a c tiv ity .

DISCUSSION
T h e  m em brane f i l t ra t io n  exp e rim e n ts  presen ted in  T a b le  

1 suggest th a t the com ponent in  egg w h ite  responsib le  fo r  
heat damage has a m o lecu la r w e ig h t g re a te r than  10,000, 
and is thus  one o r m ore o f the  p ro te in s  o f the  egg w h ite . 
T h e  change in  specific g ra v ity  o f the m eringu e  w ith  tim e  
o f hea ting  was used to  eva luate the  tem pe ra tu re  depen
dence o f the  ra te  o f he a tin g  damage. T h e  a c tiv a tio n  energy 
o f the reac tion  p ro d u c in g  the  damage to  the  w h ip p in g  
p ro p e rtie s  was 140 kca l, ca lcu la ted u s in g  the  va n ’t  H o f f  
e q u a tio n : d l n k / d ( l / T )  =  — E a/ R ) .  I n  the  tem pe ra tu re  
range o f 6° show n in  F ig . 2 (5 4 °  to  6 0 ° ) ,  the  ra te  o f 
the  heat-dam age reac tion  increases a p p ro x im a te ly  4 5 -fo ld . 
T h is  h ig h  a c tiv a tio n  energy is ty p ic a l o f p ro te in  dé na tu ra 
tion .

C e n tr ifu g a tio n  a t h ig h  c e n tr ifu g a l forces separates o vo 
m u c in  fro m  the o th e r p ro te in s  o f egg w h ite  (L a n n i et al., 
1949; F o rs y th e  et a l., 19 50 ). T h e  pe lle t ob ta ined  a fte r 
c e n trifu g a tio n  at 53,000 X  G  con ta ined  n e a r ly  a ll the 
o vo m uc in  in  the  egg w h ite  (T a b le  2 ) .  I n  a d d itio n , s ta rch  
ge l e lec trophores is  showed th a t the  pe lle t con ta ined  a ll the 
o th e r p ro te in s  in  the egg w h ite  in  th e ir  n o rm a l ra tio s , 
except fo r  lysozym e, in  w h ic h  the  pe lle t was en riched  4 -fo ld  
com pared to  egg w h ite  (T a b le  2 ) .

W h ip p in g  p ro p e rty  tests o f the  sup e rn a tan t and recom 
b ina tions  o f sup e rn a tan t and pe lle t f ro m  undam aged and 
heat-dam aged egg w h ite  (T a b le  3 )  showed th a t w h ip p in g  
damage cou ld  be e lim in a ted  b y  re m o va l o f the  m a te ria l 
sed im entable a fte r  heat tre a tm e n t. .Rem oval o f sed im en
tab le  m a te ria l p r io r  to  heat tre a tm e n t also g re a tly  reduced 
the damage p roduced  by  heat (F ig .  6 ) .  These resu lts  
s tro n g ly  im p lica te d  ovo m u c in  as the p ro te in  dam aged 
b y  heat. H o w e v e r, ovo m uc in  has been re p o rte d  to  be stable 
to  hea ting , even to  100° fo r  2 h r  above p H  9 (M a c D o n n e ll 
et a l., 1953; C o tte r i ll,  1954 ; C u n n in g h a m  et a l., 1965 ).

T h e  ra te  o f heat dam age to  the  w h ip p in g  p ro p e rtie s  o f
53,000 X  G  superna tan t fro m  undam aged egg w h ite  is 
o n e -tw e n tie th  th a t o f the o r ig in a l m a te ria l (F ig .  6 ) .  T h e  
o vo m uc in  con ten t o f the  superna tan t, as m easured by 
H o o v e r ’s p rocedure , is a p p ro x im a te ly  o n e -tw e n tie th  th a t 
o f the o r ig in a l m a te ria l. S ta rch  gel e lec trophores is  pa t-
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te rns  o f samples o f the  superna tan t and o r ig in a l egg w h ite  
are n e a rly  in d is tin g u ish a b le  (F ig .  5 ) ,  b u t assays (T a b le  2 ) 
show  a re d u c tio n  in  lysozym e con cen tra tion  in  the  super
na tan t. T h u s , ovo m uc in , w h ic h  does n o t s ta in  on starch 
ge l w ith  am ido  b lack, and lysozym e, w h ic h  sta ins rea d ily , 
are the  o n ly  p ro te in s  p resen t in  egg w h ite  in  s ig n ifica n t 
q u a n tity  w h ic h  are fra c tio n a te d  by  sed im enta tion . D am age 
to  o vo m uc in  a n d /o r  lysozym e m us t be the  cause o f damage 
to the  w h ip p in g  p ro p e rtie s  o f egg w h ite .

T h is  conc lus ion  is suppo rted  by the  resu lts  o f e x p e r i
m ents (F ig s . 7 and 9 )  w h ic h  showed th a t the  reaction  
w h ic h  p roduced  w h ip p in g  p ro p e rty  dam age was f irs t  o rd e r 
in  ovom uc in  con cen tra tion  and also f ir s t  o rd e r in  lysozym e 
con cen tra tion . T h e  a d d itio n  o f sa lt, w h ic h  w o u ld  be e x 
pected to  d im in is h  the in te ra c tio n  be tw een these oppos ite ly  
charged p ro te ins , reduced the heat dam age to  the w h ip p in g  
prope rties .

T h e  p ro te in  designated “ line  18”  by  L u s h  (1 9 6 1 ) and 
iso la ted and cha racte rized  by  M il le r  et al. (1 9 6 6 ) d isap
pears fro m  the s ta rch  gel e lec trop ho re tic  pa tte rns  o f heated 
egg w h ite  (F ig .  3 ) a t a ra te  ro u g h ly  p ro p o rtio n a l to 
the e x te n t o f hea ting  (com pare  F ig . 1 ) .  T h u s , line  18 
w o u ld  appear to  be im p lica te d  in  the  process o f heat dam 
age. H o w e v e r, the 53,000 X  G sup e rn a tan t has essentia lly  
the same lin e  18 con ten t as unsed im en ted  egg w h ite  (F ig .
5 ) ,  a lth o u g h  the re  is a 2 0 -fo ld  d iffe rence  in  th e ir  suscepti
b i l i t y  to  heat dam age (F ig .  6 ) -  T h is  ob se rva tion  e lim inates 
b o th  d é n a tu ra tio n  o f lin e  18 and d é n a tu ra tio n  o f a com 
p le x  betw een lysozym e and lin e  18 as the  source of 
damage.

T h e  fo llo w in g  scheme is proposed to  account fo r  the heat 
dam age to  the  w h ip p in g  p ro p e rtie s  o f egg w h ite  :

K b
1. M  +  « L  M L ,,

K d
2. M L ,,  (n a tiv e )  <=» M L ,,  (d e n a tu re d )

3. M L „  (d e n a tu re d ) - — > A gg reg a te

H e re , M  represents ovom uc in  and L ,  lysozym e.
In  S tep 1, n  lysozym e m olecu les b in d  to  one ovom uc in  

m olecu le in  a reve rs ib le  e q u ilib r iu m  cha rac te rized  by the 
b in d in g  constan t Iv B. In  v ie w  o f the opposite  net charges 
on lysozym e and ovo m uc in  a t n e u tra l p H ,  i t  seems reason
able to  suppose th a t th is  b in d in g  is p r im a r i ly  e lec tros ta tic  
and takes place at m any sites on the  la rge  ovo m uc in  
m olecu le (see b e lo w ).

In  S tep 2, the  lyso zym e-ovo m uc in  e lec tros ta tic  com p lex 
undergoes heat dé na tu ra tio n , w h ic h  is here a rb it ra r i ly  re p 
resented as be ing reve rs ib le .

S tep 3, w h ic h  is assumed to  be ra p id  and to  obey pseudo- 
f irs t  o rd e r k in e tics , is the  ag g rega tion  o f the  dena tu red  
com plexes, poss ib ly  a t the sites o f dé na tu ra tio n .

T h e  k in e tics  o f the reac tion  scheme described above 
w o u ld  be as fo llo w s  :

d  .(Aggregate). =  y  | M L „ (d e n a tu re d ) 1 . 

LTsing the  re la tio ns
[ M L „  (d e n a tu re d  ) J 

[ M L n (n a t iv e ) ]

and

the re  is ob ta ined  :

[M L , ,  ( n a t iv e ) ]  

[ M ]  I L ] „

d (A g g re g a te ) 

d t
— k ' K d K b [ M ] [L]».

T h is  scheme leads to a reac tion  ra te  w h ic h  is f ir s t  o rd e r 
in  ovo m uc in  concen tra tion , as observed e x p e rim e n ta lly . 
T h e  o rd e r w ith  respect to  lysozym e w i l l  be n  i f  n  sites at 
w h ic h  lysozym e is bound are dena tu red s im u ltan eou s ly . 
S ince the reac tion  is observed to  be f irs t  o rd e r w ith  respect 
to lysozym e, a s ing le  s ite on o vo m uc in  a t w h ic h  a lysozym e 
m olecu le is bound becomes heat dena tu red  in  S tep 2.

I f ,  as assum ed here, S tep 3 is n o t ra te - l im it in g , the n  the  
tem pe ra tu re  dependence o f the  o v e ra ll process w i l l  be de
te rm in e d  by Steps 1 a n d /o r  2. S ince S tep 1 is e le c tro s ta ti
ca lly  favo ra b le  and p ro b a b ly  d iffu s io n  c o n tro lle d , its  a c tiv a 
tio n  energy can be expected to  be a t m ost a few  k c a l/m o le . 
T h e  observed a c tiv a tio n  energy o f 140 k c a l/m o le  is u n 
d o ub te d ly  th a t o f a la rge  co n fo rm a tio n a l change c h a ra c te r
is tic  o f p ro te in  d é na tu ra tio n , and m us t be the  a c tiv a tio n  
energy fo r  S tep 2. T h e  a c tiva tio n  energy re p o rte d  by 
H a m a g u ch i et a l., (1 9 6 5 ) fo r  lysozym e d é n a tu ra tio n  near 
p H  5 is a p p ro x im a te ly  130 keal. T h e  agreem ent between 
th is  va lue  and th a t observed in  the  p resen t exp e rim e n ts  
is suggestive o f heat dé na tu ra tio n  o f a lysozym e m olecu le 
bound to  ovom uc in .

T h e  effect o f added sa lt appears to  be in  accord  w ith  the 
above scheme, since re d u c tio n  o f the s tre n g th  o f the elec
tro s ta tic  in te ra c tio n  in  S tep 1 w i l l  lead to  a re d u c tio n  
in  ra te  o f the  ove ra ll process. O ne o f the m a in  fea tu res 
o f the scheme above is the in tro d u c tio n  o f the  ovo m u c in - 
lysozym e e lec tros ta tic  com p le x  as a reactan t. B o th  ly s o 
zym e and ovo m uc in  have been re p o rte d  n o t to  unde rgo  
d é n a tu ra tio n  at the  tem pe ra tu res em p loyed here.

T h e  observa tions o f M a c D o n n e ll et al. (1 9 5 3 ) and C u n 
n ingham  et al. (1 9 6 5 ) in d ica te  th a t in  the  absence o f o th e r 
p ro te ins , ovo m uc in  w i l l  w ith s ta n d  he a tin g  a t 100° fo r  
several m inu tes . L yso zym e  does n o t show evidence of 
th e rm a l u n fo ld in g  be low  60° a t p H  7 in  e ith e r 0.1 M  
phosphate (S te im , 1965) o r in  2 M  l i th iu m  b ro m id e  
(H a m a g u c h i et al., 1965 ). R e p o rte d  t ra n s it io n  tem pe ra 
tu res ( T , „ )  are 69° and 6 7 ° ,  respec tive ly . T h u s , the  fo r 
m a tio n  o f the ovo m uc in -lyso zym e  e lec tro s ta tic  com p le x  
renders one o r bo th  o f these p ro te in s  susceptib le to  heat 
dé na tu ra tio n  at reduced tem pera tu res. T h e  m ere fo rm a 
t io n  o f an e lec tros ta tic  com p lex  m ay be su ffic ie n t to  p ro 
duce th is  change in  s ta b ility . H o w e v e r, i t  m ay be neces
sa ry  fo r  some chem ica l reaction , n o t in d ica ted  in  the  above 
scheme, to  produce a cova len t a ttachm en t o f lysozym e to  
ovo m uc in  before d é n a tu ra tio n  w i l l  occur.

T h e  p H  dependence o f the heat dam age to  the w h ip p in g  
p ro p e rtie s  (F ig .  4 )  appears to  co rre la te  c lose ly  w ith  the  
p H  dependence o f the  v isco s ity  increase re p o rte d  b y  C u n 
n ing ham  et a l. (1 9 6 5 ). I t  is  n o t appa ren t h o w  th is  p H  
dependence arises fro m  the reac tion  m echan ism  proposed 
above. S tep 1 is p re sum a b ly  s tro n g ly  dependent u p o n  
diffe rences in  the  net charge o f the  tw o  reactan ts . T h e  
e q u ilib r iu m  cons tan t fo r  associa tion, K B, can be expected 
to be a m a x im u m  near a p H  m id w a y  be tw een the isoelec-
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trie points of the two reactants, i.e., approximately at pH 8. 
The observed pH dependence of the reaction rate is prob
ably determined by Step 2.

1 'he approximate composition of the lysozyme-ovomucin 
electrostatic complex may be calculated from the compo
sition of the pellet (Table 2 ) . From 100 g of egg white, 
approximately 0.32 g of ovomucin is found in the pellet. 
The amount of lysozyme in the pellet, in excess of the 
amount usually found in this weight (6.2 g ) of egg white, 
is 0.06 g. Thus, the weight ratio of lysozyme to ovomucin 
in the pellet is 1 :5. Using the molecular weights of 14 X 
103 for lysozyme (Canfield, 1963) and 8 X 108 for ovo
mucin (Lanni e t  al., 1949), the molar ratio of lysozyme 
bound to ovomucin in the pellet is 100:1.

Pasteurized egg white shows a decrease in lysozyme 
activity of approximately 15% (Table 2 ). Upon centrifu
gation at 53,000 X G, an additional loss of 20% of the 
lysozyme activity from the supernatant is observed. Thus, 
even in pasteurized egg white, a large quantity of active 
lysozyme is sedimented by centrifugation and is presum
ably bound to the ovomucin of the pellet.

A  large loss of lysozyme from the supernatant of heat- 
treated egg white is easily accounted for by the reaction 
scheme proposed above. When a “lysozyme-ovomucin 
interaction site” is heat-denatured, the lysozyme may then 
no longer be free to dissociate, and thus the site may be
come fully saturated. A s more interaction sites are de
natured, the molar ratio of lysozyme to ovomucin in the 
complex increases.

The association of lysozyme and ovomucin in egg white 
has been termed “cross-linking of ovomucin by lysozyme” 
by Brooks e t  al. , (1959). Sharp e t  al., (1950) have termed 
the coherent structure in the thick portion of the egg white, 
which has a high ovomucin content, a “fibrous mesh.” 
Some of this coherent structure still remains in egg white 
after it has been milled to lower its viscosity (Forsythe 
e t  al., 1951). Since the viscosity of egg white increases 
both with temperature and with time of heating (Seideman 
e t  al., 1963; Kline e t  al., 1965; Cunningham e t  al. , 1965), 
the product of the reaction of lysozyme and ovomucin 
may be the source of the increase in viscosity.

In one experiment (Fig. 11), a qualitative increase in 
viscosity of the samples upon heating was readily apparent 
when the samples were poured from the reaction bottles 
for whipping tests. However, after low speed centrifuga
tion at 2000 X G, a sediment was obtained in every case, 
even for the unheated sample. The volume of the sediment 
(not well compacted) was a linear function of the heating 
time (Fig. 11C). The viscosity of the supernatant above 
this sediment d e c r e a s e d  with increased amount of sediment 
formed (Fig. 11B), suggesting that the sedimentable ma
terial produced the increase in viscosity of the heated 
sample.

A duplicate control egg white sample, when subjected to 
centrifugation at 5000 X G b e fo r e  heat treatment, did not 
yield a sediment when subjected to centrifugation at 2000 
X G a f t e r  heat treatment. Since this sample suffered 
essentially the same loss in whipping properties, it appears 
that the heat-damaged lysozyme-ovomucin complex either 
becomes attached to the original sedimentable “fibrous 
mesh,” or that this mesh serves as the point of develop

ment of a network of damaged ovomucin-lysozyme com
plex. The development of this damaged ovomucin-lyso
zyme network, giving gel-like, or semi-solid, properties to 
the egg white may be the first step in the coagulation of 
egg white upon heating.

The results presented in Table 4 indicate that heat 
damage to the whipping properties of egg white is not a 
damage to the stability of the meringue formed from egg 
white so pasteurized. When pasteurized egg white was 
whipped for a length of time sufficient to produce a “soft 
peak” meringue, the stability of the meringue, as measured 
by rate of drain of liquid from the foam, was found to 
be nearly the same as that of unpasteurized egg white. The 
drain rate of the meringue made from the 53,000 X G 
supernatant from unpasteurized egg white is very high, al
though the specific gravity of this meringue was nearly 
identical with that of the meringue from the unpasteurized 
egg white. This observation is in accord with previous sug
gestions that cvomucin stabilizes a foam, but contributes 
little to its formation (MacDonnell e t  al., 1955 ; Nakamura 
e t  al., 1964).

The results of qualitative estimates of the stability to 
mechanical damage of foams formed from unpasteurized 
and pasteurized egg whites indicate the physical mechanism 
of the heat damage to the whipping properties of egg 
white. The formation of a damaged network of the ovo
mucin-lysozyme complex produces a “dry” foam, easily 
damaged by mechanical action. Thus, the increased time 
required for the whipping of a pasteurized egg white is 
needed because the foam is being broken down by mechani
cal action of the beaters during the same beating process 
in which the foam is being produced. The rate of produc
tion of foam is obviously greater than the rate of destruc
tion, since an acceptable foam is eventually obtained. H ow 
ever, the rate of destruction of foam is significantly greater 
for pasteurized egg white than for unpasteurized, since in 
some cases the whipping time must be increased to three 
times normal.

The results presented above suggest the mode of action 
of whipping aids such as triethylcitrate. Triethylcitrate, 
added to heat-damaged egg white, does not appear to 
reverse the heat damage, but appears to alter some physical 
property of the egg white, perhaps its surficial viscosity, 
to produce a foam which is less susceptible to mechanical 
damage.

In addition to interacting with ovomucin, lysozyme 
must associate with most of the other proteins in egg white, 
since these are almost all acidic, and lysozyme very basic. 
Lysozyme associates with conalbumin (Ehrenpreis e t  al.,
1956), ovalbumin (Nichol e t  al., 1964) and ovomucoid. 
The association constants of these complexes, as expected, 
are all markedly decreased with increase in ionic strength. 
Much of the lysozyme in egg white may be complexed 
with these other proteins, and little of it left free. These 
interactions may have significant influence on both the 
chemical and physical properties of egg white.

The actual conformation of an isolated protein is 
probably the most thermodynamically stable conformation 
(W hite, 1961). The most stable conformation of an asso
ciation of two or more proteins is probably some other 
conformation than that of the separated proteins. Thus,
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it is not surprising that the ovomucin-lysozyme complex is 
heat-denatured at a lower temperature than that observed 
for either protein separately. However, for the chicken, 
the sacrifice in heat stability in the formation of the ovo- 
mucin-lysozvme complex is presumably compensated by 
other factors, such as the increase in rigidity of the egg 
white produced by this association.
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A l c o h o l :  N A D  O x i d o r e d u c t a s e  (E. C . 1 .1 .1 .1 .) f r o m  P e a s

SUMMARY—The substrate specificity of the enzyme alcohol: 
NAD oxidoreductase from seeds and pods of the pea plant 
( P i s i t m  s a t i v u m )  was investigated. The enzyme catalyzes the 
oxidation of primary aliphatic alcohols especially 2-alken-l- 
ols c.g. , trans-2-hexen-l -ol, under the conditions used. It 
also catalyzes the reduction of aliphatic aldehydes especially 
ethanal, hexanal and unsaturated nonanals. The reaction 
product was routinely identified by mass spectrometry.

The enzyme activity was found to be inhibited competitively 
by fatty acids, methanol, imidazol and L-histidine.

The enzyme was used as a catalyst in experiments for de te r
mining equilibrium constants and the calculation of the free 
energy change of some alcohol-aldehyde systems in the 
presence of oxidized and reduced coenzyme. On the basis 
of the equilibrium constants determined, the composition of 
various alcohol-aldehyde mixtures were calculated for different 
NADLNADH ratios and different pH values.

The enzyme preparation could not be separated into frac
tions with altered substrate specificity by ammonium sulfate 
precipitation or by ion exchange chromatography.

INTRODUCTION
Several of t h e  v o l a t il e  compounds found in fruits, 

berries and vegetables have been identified as alcohols, 
aldehydes and ketones (Ralls ct a!., 1965; Gould, 1966; 
Anjou et a!., 1967a,b; Murray et al., 1968). Most of this 
work has been done during the last 10 years in the field of 
flavor research. The alcohols and their corresponding alde
hydes and ketones often occur simultaneously in the ma
terial. The chemical reactions that lead to an equilibrium 
between an alcohol and its corresponding aldehyde or 
ketone are biocatalyzed by alcoholdehydrogenase (A D IT )“ 
together with one or both of the nicotinamide-adenine- 
dinucleotide coenzymes according to the formula;

P rim ary  alcohol 
Secondary alcohol

, x- a n./A T  a AldehydeT  N A D  (N A D P  ) Ketone
+  N A D H ( N A D P H ) +  IP [1]

Knowledge of these reactions and the equilibria obtained 
with different alcohols, aldehydes and ketones is important 
for the understanding of the biosynthesis of such volatile 
compounds.

A D H  occurs in tissues of many animals, higher plants 
and in microorganisms. Our knowledge about this enzyme 
has been reviewed (Sund ct ah, 1963). LA D H  and 
Y A D H  are the most intensively investigated, and it is 
noteworthy that the substrate specificity is very low for 
both. Attempts have been made to separate alcoholdehy- *

* A bbrev iations: A D H  for alcohol: N A D  o x i d o r e d u c t a s e ;  
P A D H , L A D H  and Y A D H  for the enzym es from  peas, horse liver 
and yeast, respectively; T H A M -H C 1 for tris -(h y d ro x y m eth y l) 
am inom ethane-hydrochloric acid.

drogenase preparations into fractions with different sub
strate specificity. These attempts have failed but in one 
case. Steroid activity was found to be associated with a 
minor subfraction of LADH . This fraction— L A D H S—  
also showed ethanol activity whereas the main subfraction 
— L A D H e—was found to be free from steroid activity 
(Theorell et al., 1966). These findings led to the conclu
sion that L A D H s contains two different binding sites for 
the two substrates in the same enzyme molecule.

P A D H  has also been studied earlier. The coenzyme has 
been found to be N A D f whereas N A D P + was ineffective 
(Adler et al., 1937). The enzyme activity rises in pea 
seeds during germination (Virtanen ct al., 1944; Goksoyr 
ct al., 1953) and the activity has been followed in vari
ous parts and organs of a pea plant during its life cycle 
(Davison, 1949). The enzyme activity is inhibited by 
hydroxylamine (Kaplan et al,  1953) and by thiol reagents, 
metal-binding agents and metals (Suzuki. 1966). There 
are, however, no observations for PA D H  on the very 
interesting inhibitory effect of fatty acids on LA D H  
(W iner et al,  1959, 1960). In a preliminary report a low 
substrate specificity was shown to be characteristic also 
for P A D H , which catalyzed the oxidation of especially 
trans-2-hexen-l-ol. at a high rate, compared with hexan- 
1 -ol and ethanol (Eriksson, 1967).

Equilibrium constants have been determined for ethanol- 
acetaldehyde (Racker, 1950; Backlin, 1958), isopropanol- 
acetone (Burton ct al,  1953) and cyclohexanol-cyclohexa- 
none (Merritt et al., 1959).

The solubilities of aliphatic primary alcohols and alde
hydes with up to 10 and 7 carbon atoms, respectively, have 
been determined previously (Table 1). The correlation 
between the logarithm of the molar solubility and the 
number of carbon atoms in a homologous series of alcohols 
or aldehydes is linear. The solubility of longer chain 
molecules was estimated by extrapolation. The experimen
tal and extrapolated values are given in Table 1, from 
which it is clear that the solubility of alcohols and alde
hydes used in the p resen t investigation were never 
exceeded.

The purposes of the present investigation were to study 
the substrate specificity of A D H  from pea seeds with spe
cial reference to alcohols and aldehydes possibly contrib
uting to the flavor of vegetables, to measure the enzyme 
activty in the fresh green seeds and pods, to assess the 
inhibitory effect of some naturally occurring compounds 
and to determine the equlibrium constants for some alcohol- 
aldehyde pairs in the presence of oxidized and reduced 
coenzyme.

Data are also given about the free energy change (A F°) 
and oxidation-reduction potential (E '0). The ability, of
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T a b l e  1. S o l u b i l i t y  ( m o l e s /1  o f  w a t e r )  o f  a l c o h o l s  a n d  a ld e h y d e s  
( E  =  e x t r a p o l a t e d  v a l u e ) .

(von Erichsen, 1952) 30°C
(Kinoshita et al. 1958) 25®C (Saracco et al. 1958) 20°C

B u t a n - l - o l 1 .79 0 .9 7 1 .28

P e n t a n - l - o l 0 .4 4 0 .25 0 .31

H e x a n - l - o l 0 .1 0 0 .0 5 9 0 .0 5 8

H e p t a n - l - o l 0 .0 2 5 0 .0 1 4 6 0 .0 1 0

O c t a n - l - o l E  0 .0 0 6 2 0 .0 0 3 8 E  0 .0 0 2

N o n a n - l - o l E  0 .0 0 1 5 0 .0 0 0 9 7 E  0 .0 0 0 4

D e c a n - l-ol E  0 .0 0 0 4 0 .0 0 0 2 3 E  0 .0 0 0 0 8

B u t a n a l 0 .6 0

P e n t a n a l 0 .15

H e x a n a l 0 .0 4

H e p t a n a l 0 .01

O c t a n a l E  0 .0 0 3

N o n a n a l E  0 .0 0 0 7

D e c a n a l E  0 .0 0 0 2

LADH and YADH to catalyze the oxidation of unsatu
rated alcohols is compared with that of PADH. In con
nection herewith, the relative reaction rates for different 
alcohols are discussed on the bases of some simple experi
ments on such rates obtained at different substrate concen
trations, pH values and temperatures.

An attempt was also made to separate the enzyme prepa
ration into fractions by ammonium sulfate precipitation and 
ion exchange chromatography in order to find out whether 
it contained several enzymes with different substrate 
specificity.

EXPERIMENTAL
T h e  e n z y m e  was extracted from fresh green peas and 

pods as well as from ripe dry peas. The latter was the 
main enzyme source. The green peas in their pods were 
collected by hand in the field at the normal harvesting 
time for commercial deep freezing. The material was 
chilled to about 5°C and stored for about 10 hr. Just before 
analysis, the fresh green peas were shelled by hand. Forty 
g each of green peas and pods were immediately frozen 
in solid COs in a W aring blender and ground to powder. 
While still cold, the powders were washed on a Buchner 
funnel with cold acetone and diethyl ether and then dried 
in a desiccator under vacuum.

The enzyme was extracted with 50 ml of 0.1 M  sodium- 
potassium phosphate buffer, pH 7.5, at 0°C. The buffer 
contained 1CP3M reduced glutathione and 2% polyvinyl
pyrrolidone (PV P, MW =  10,000). After centrifugation 
at 14,500 X G for 30 min, the supernatant was assayed 
for ADH activity. In a parallel experiment an attempt 
was made to extract the enzyme directly into buffer with
out acetone-ether treatment, followed by ammonium sul
phate precipitation. This procedure, however, yielded prep
arations with much lower activity or with no activity at all.

One hundred g of dry peas were treated in the way de
scribed for fresh green peas. The defatted and decolorized 
powder was placed overnight in a desiccator under vacuum. 
The dry powder was then sieved to remove large frag
ments. This procedure yielded 8 8  g of pea powder, which 
was used as starting material for several enzyme prepara

tions. One such preparation was made by extracting 12 g 
of the powder for 1 hr with 1 0 0  ml of the above mentioned 
glutathione-PVP buffer at 0°C. The slurry obtained was 
filtered through Pyrex wool and then centrifuged at 
200 X G for 5 min at 0°C. The supernatant was dialyzed 
four times at 3°C against 500 ml of 0.1M sodium-potassium 
phosphate buffer, pH 7.5, containing 10~4M reduced glu
tathione.

The bag content was centrifuged at 14,000 X G for 
20 min at 0°C. The supernatant solution was fractionated 
by precipitation with solid ammonium sulphate at 35, 45, 
55 and 60% saturation at 0°C. The precipitation was 
allowed to continue for 30 min at each step in an ice bath. 
After centrifugation at 14,000 X G for 15 min at 0°C the 
precipitates were dissolved in 0.1 M  sodium-potassium 
phosphate buffer, pH 7.2, containing 10~ 3 M  reduced gluta
thione. The solutions were assayed for AD H  activity and 
then divided into aliquots, each containing 0.5 ml, which 
were frozen separately. The enzyme maintained 90% of 
its original activity for at least four months when stored at 
—20°C. A 35% saturation precipitate was used for column 
chromatography, but in most experiments the precipitate 
obtained by 60% saturation was used.

Commercial YADH and LA D H  were purchased from 
C. F. Boehringer & Soehne GmbH, Mannheim, Germany, 
as crystal suspensions (analytical reagent grade), YADH 
30 mg in 1 ml of 2.4 M  ammonium sulphate solution, and 
LADH 10 mg in 1 ml of 0.02 M  phosphate buffer, pH 7, 
containing 10% ethanol. Before use, 150 ¡A of the liver 
enzyme was dialyzed against 0.02 M  phosphate buffer, pH
7.0, to remove the ethanol.

Alcohols and aldehydes were purchased from several sup
pliers and the purity of each batch was checked by gas 
chromatography on the analytical columns listed in Table 2. 
When necessary, they were purified by preparative gas 
chromatography and again analyzed by gas chromatog
raphy, by mass spectrometry and, in the cases of cis- 
trans-isomerism, also by infrared spectrophotometry. The 
conditions under which analytical and preparative gas 
chromatography were performed are also given in Table 2.

The enzyme assay method used was the normal spectro- 
photometric procedure based upon the increase in absor
bancy at 340 nm due to the formation of NA D H  (Eq. 1). 
As a rule the temperature was kept constant at 25.0 ±  
0.1°C. The reaction mixture contained 2.8 ml of 0.01 M  
sodium pyrophosphate buffer, pH 8.5, 0.1 ml of 0.015 M  
NAD+, and 0.010 ml enzyme solution. Before addition of 
0 . 1  ml water solution of alcohol, the reaction rate was 
checked at zero. After this addition the initial rate of the 
reduction of NAD* was taken as a measure of the enzyme 
activity.

In control runs alcohol, enzyme or NAD+ were replaced 
by a corresponding volume of buffer. The assays for control 
of the enzyme activity in new preparations, precipitates 
and chromatography fractions were performed with 0 . 1  ml 
of 3 M  ethanol. Deviations from the assay scheme are 
noted in the tables and legends. When inhibitors were 
used, 0 . 1  ml of the buffer was replaced by the same volume 
of inhibitor solution. The assay with aldehydes instead of 
alcohols was made in 2.6 ml of 0.1 M  phosphate buffer
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T a b l e  2 . C o n d i t i o n s  u s e d  in  a n a l y t i c a l  a n d  p r e p a r a t i v e  g a s  c h r o m a t o g r a p h y  f o r  p u r i f i c a t i o n  a n d  a n a l y s i s  o f  a l c o h o l s  a n d  a ld e h y d e s  
u s e d  f o r  r e a c t i o n  r a t e  a n d  e q u i l i b r i u m  m e a s u r e m e n t s .

Type Length,feet Diameter,in. Stationaryphase Supportingmaterial Carriergas Detector Temperature°C
A n a l y t i c a l so 0 .0 2 C a r b o w a x  

2 0  M

S C O T - C o l u m n n 2 F la m e no

A n a l y t i c a l 9 Vs P G  1 0 0 0  1 8 %  

T w e e n  8 0  0 .5 %
C h r o m o s o r b  

W A W  D M C S  

8 0 - 1 0 0

n 2 F l a m e 8 0

A n a l y t i c a l 9 Vs F F A P 5 % C h r o m o s o r b  
W A W  D M C S  

8 0 - 1 0 0

H e I o n  c u r r e n t .  
M a s s p e c -  

t r o m e t e r  

L K B  9 0 0 0  

7 0  e V .

9 0 - 1 5 0 /
4 ° / m i n

P r e p a r a t i v e 10 H C a r b o w a x  

2 0  M  2 5 %

C h r o m o s o r b  

W A W  6 0 - 8 0
H e T h e r m a l

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

1 0 0 -1 2 0

pH 6.9, 0.1 ml of 0.003 M  NADH, 0.005 or 0.025 ml of 
enzyme solution. After checking that no degradation of 
NAD H had occurred, 0.3 ml of 0.001 M  aldehyde solution 
was added. W hen necessary, alcohols, aldehydes and inhibi
tors of low solubility were dissolved in, and added with, the 
buffer, and the reactions were started by addition of the 
enzyme. All measurements were made at least three times.

The reaction rates of alcohols and aldehydes were calcu
lated relative to ethanol and n-hexanal, respectively. The 
reaction rates of these two compounds, when used in the 
same concentrations as the other alcohols and aldehydes, 
were considered as unity. The equilibrium constants were 
determined in a medium of low ionic strength following 
procedures outlined by Burton et al. (1953).

To check that the correct reactions had occurred, the 
reaction product—aldehyde or alcohol—was extracted with 
redistilled diethyl ether and identified with the aid of a 
combined gas chromatograph-mass spectrometer (LKB 
9000). The conditions under which this analysis was 
performed are given in Table 2.

Column chromatography was done on a DEAE-cellulose 
weak anion exchanger in a standard laboratory column
2.5 cm in diameter and 45 cm long equipped with a cooling 
jacket (Sephadex Column K  25, Pharmacia Fine Chemi
cals, Uppsala, Sweden). The ion exchanger was packed 
to a height of 35 cm and was pretreated with NaO H  and 
a strong chloride solution (Semenza, 1960). In this case, 
0.1 M  pyridinium chloride solution, pH  4.4, containing 
20% NaCl was used. After such treatment the ion ex
changer was equilibrated with 0.01 M  THAM-HC1, pH
7.2, containing 1CH M glutathione.

An enzyme solution obtained from the 35% ammonium 
sulfate saturation step in the way described above was 
used after dialysis against the above THAM -glutathione 
buffer and centrifugation. After assay, 13 ml of this solu
tion was placed on the top of the column. The elution was 
performed with a linear gradient to 0.6 M  KC1 in the above 
THAM-HC1 buffer. The flow rate, 1 ml per min, was 
kept constant by means of a peristaltic pump. The content 
of UV-absorbing substance in the eluate was recorded 
continuously in a U VICO RD (LK B-Produkter AB, Swe
den) at 254 nm.

Fractions, collected every 5 min, were assayed for ADH 
activity, and the absorption at 280 nm was measured. Both 
the column and the fractions were kept at 0 °C during the 
run.

RESULTS AND DISCUSSION
Substrate specificity

Table 3 shows a number of primary alcohols used in the 
specificity test of PADH-NAD+. Methanol was not oxi
dized but acted as a weak competitive inhibitor in ethanol

T a b l e  3 . R e l a t i v e  r e a c t i o n  r a t e s  o b t a i n e d  w i t h  a l c o h o l : N A D  
o x i d o r e d u c t a s e  f r o m  p e a  s e e d s  a n d  a l c o h o l s  a t  t w o  d i f f e r e n t  c o n c e n 
t r a t i o n s  [ N A D +] =  5.10“* M , p H  =  8 .5 . S p e c i f i c  a c t i v i t y  o f  
e n z y m e  ( e t h a n o l  o x i d a t i o n )  =  30 /n m o le s  m in -1 g  d r y  w e ig h t .  
[ E t h a n o l ]  =  0.031 M.

Alcohol concentrationAlcohol 0.01 M 0.001 M Saturated1

M e t h a n o l 0 . 0 0 0 . 0 0

E t h a n o l 1 . 0 0 1 . 0 0

P r o p a n - l - o l 0.18
2 - p r o p e n - l - o l  ( a l l y l  a l c o h o l ) 1.41
2 - p r o p y n - l - o l  ( p r o p a r g y l

a l c o h o l ) 0 . 0 0

B u t n a - l - o l 0 .2 7 0 . 2 2

T  r a n s - 2 - b u t e n -  l - o l 0 .5 5 0 .4 9
C i s - 2 - b u t e n - l - o l 0 . 2 0

2 - m e t h y l - 2 - p r o p e n - l - o l 0 . 0 2

P e n  t a n - 1  -o l 0 .0 6

3 - m e t h y l - b u t a n - l - o l 0 .0 1

3 - m e th y l - 2 - b u te n  - l - o l 0 .4 6
H e x a n - l - o l 0 . 1 2

4 - m e t h y l - p e n t a n - l  -o l 0 . 0 0

T  r a n s - 2 - h e x e n -  l - o l 2 .9 3
T  r a n s - 3 - h e x e n -  l - o l lo w
C i s - 3 - h e x e n - l - o l 0 .1 5
5 - h e x e n - l - o l l o w
T r a n s ,  t r a n s - 2 ,4 - h e x a d i e n - l - o l 2 .4 3

H e p t a n - l - o l 0 .3 3

O c t a n - l - o l 0 .2 1

N o n a n - l - o l 0 .1 8

3 - p h e n y l - 2 - p r  o p e n -  l - o l

( c i n n a m i c  a l c o h o l ) 0 . 2 2

1 C o m p a r e d  w i t h  t h e  r a t e  o f  e t h a n o l  a t  0 .0 0 1  M.
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and trans-2-hexen-l-ol oxidation (Fig. la ). 2-alkenols, 
such as 2 -propen-l-ol (allyl alcohol), trans-2 -hexen-l-ol 
and trans-2 -buten-l-ol, were oxidized more rapidly—the 
former more so than the latter—than their saturated ana
logues propan-l-ol, hexan-l-ol and butan-l-ol. However,
2 -propyn-l-ol (propargyl alcohol) with a triple bond in 
the same position did not react. Double bonds further from 
the functional group, as shown in the C- 6  series (Table 3), 
again lowered the reaction rate. ( See e.g., trans- and 
cis-3-hexen-l-ol, 5-hexen-l-ol and trans,trans-2 ,4 -hexa- 
dien-l-ol where, in the last mentioned case, the C-4 double 
bond slightly counteracted the effect of the C-2 double 
bond.)

Methyl branches substantially decreased the reaction 
rate,which can be seen from the vanes for 3-methyl-butan- 
l-ol, 4-methyl-pentan-l-ol and 2-methyl-1 -propen-l-ol. In 
the last case, the rate increasing effect of the double bond 
was completely neutralized by the methyl group between 
the hydroxyl end and the double bond. It was interesting 
to observe that, by contrast, in the case of 3-methyl-butan- 
l-ol and 3-methyl-2-buten-l-ol the double bond effect neu
tralized the effect of the methyl branch. The configuration 
around C-2 is evidently important for the formation of 
A D H -N A D 1-alcohol complex.

W ith the exception of 2-propen-l-ol the oxidation of 
unsaturated alcohols has not been investigated before. 
However, the effect of the double bond and the methyl 
branches in the alcohols reported here might be compared 
with the fact that fatty acid amides competitively inhibit 
aldehyde reduction by LADH by the formation of ternary 
enzyme-coenzyme-inhibitor complexes (W iner et a!., 1959;
1960). The inhibition by propionamide (Kb =  0.439 
mM) was lowered by the double bond in acrylamide (Ki 
=  5.32 mM) (Woronick, 1961). Woronick also showed 
that methyl substitution on C-2 with formation of 2- 
methyl-acrylamide almost neutralized the effect of the 
double bond (IC, =  0.814 mM ).

Other types of alcohols, such as secondary alcohols, 
diols, terpene alcohols, cyclic and aromatic alcohols, with 
the exception of cinnamic alcohol, were oxidized very 
slowly or not at all with this pea enzyme preparation. The 
side chain of cinnamic alcohol is allyl alcohol, where again, 
the double bond increased the reaction rate (Table 3).

Though not quite comparable, the results obtained in 
the forward reaction were not mirrored in the reverse 
(Eq. 1). This is most striking when comparing the rates 
of hexanal and trans-2-hexenal in Table 4. On the whole, 
the picture obtained with aldehydes was more complex. 
The interesting thing for the flavor chemist is, however, in 
the first line: Aldehydes of these kinds were attacked by 
the enzyme with consequently rather high reaction rates.

The identification of the reaction product, the aldehyde 
or the alcohol, proved that the correct reactions were 
followed spectrophotometrically. For identification, most 
of the spectra obtained were compared with existing refer
ence spectra, but, in a few cases, previously unpublished 
spectra were also obtained. They are trans-3-hexenal. 
trans-2 -hepten- 1  -ol, trans-2 -nonen- 1  -ol, trans-6 -nonen- 1  -ol, 
trans-2 -decen-l-ol, trans,trails-2 ,4 -hep tad ien-l-o l, trans,

T a b l e  4 . R e l a t i v e  r a t e s  o b t a in e d  w i t h  a l c o h o l :  N A D  o x id o -  
r e d u c t a s e  f r o m  p e a  s e e d s  a n d  a ld e h y d e s  a t  t w o  d i f f e r e n t  e n z y m e  
c o n c e n t r a t i o n s  [ A l d e h y d e ]  =  10"4 M, p H  =  6 .9 . S p e c i f i c  a c t i v i t y  
a s  in  T a b l e  3.

Aldehyde Enzyme 0.005 ml addition
0.025 ml

E t h a n a l 6 .S 2
P r o p a n a i 0 .2 0 0 .15
B u t a n a l 0 .5 2 0 .2 4
H e x a n a l 1 .00 1 .00
T r a n s - 2 - h e x e n a l 0 .1 6
H e p t a n a l 0 .3 0
T r a n s - 2 - h e p t e n a l 0 .1 9
T  r a n s , t r a n s - 2 ,4 - h e p t a d i e n a l 0 .1 8
O c t a n a l 0 .41
T  r a n s - 2 - o c t e n a l 0 .1 9
N o n a n a l 0 .1 8
T  r a n s - 2 - n o n e n a l 0 .2 7
T r a n s - 6 - n o n e n a l 1.01
D e c a n a l lo w
T r a n s - 2 - d e c e n a l 0 .3 2

T  r a n s , t r a n s - 2 - 4 - d e c a d i e n a l 0 .2 5
T  r a n s ,c i s - 2 ,4 - d e c a d ie n a l 0 .4 9

trans-2,4-decadien-l-ol and trans,cis-2 ,4-decadien-1 - o l . 
(Complete spectra can be obtained from the author.)

ADH activity in unripe green peas and pods
The substrate specificity of pea ADFI was studied with 

preparations from ripe dry peas because of the higher yield 
and better stability of the enzyme obtained. The maximum 
specific activity of the dry peas is in the order of 25 /¿moles 
of ethanol oxidized per min and g of dry peas. This activity 
will, as mentioned in the introduction, rise to a maximum 
after a few days of germination. Both the pea seed and 
the pod will synthesize ADH during ripening (Davison,
1949) , and the specific activity of the unripe material might 
be a function of the degree of ripeness. Several enzyme 
preparations from the unripe peas and pods were used to 
obtain the data in Table 5. They all differed in specific 
activities. On average, the activities of ripe peas, unripe 
peas and unripe pods had the ratio 1 0 0 : 1 0 : 2  in these 
measurements.

The interesting thing however, was the possibility of 
confirming the ADH-activity previously found in unripe 
peas and pods and to find out whether the substrate speci
ficity was similar to that of the enzyme from ripe seeds. 
Such experiments were made with selected saturated and 
unsaturated alcohols, and the activity of enzymes obtained 
from the fresh material was compared with the activity of 
ADH from ripe dry peas, yeast and liver. The two last 
mentioned enzymes were included to ascertain whether 
the effect of ADH on unsaturated alcohols was something 
specific for the pea enzyme.

Roughly speaking, the pea enzymes behaved similarly,
i.e., they catalyzed the oxidation of unsaturated alcohols, 
which were oxidized at higher rates than the saturated 
analogues (Table 5). There were deviations, e.g.. the 
enzyme from unripe pods seemed to be less active than 
the others against trans-2 -buten-l-ol and trans-2 -hexen- 
l-ol compared with butan-l-ol and hexan-l-ol. The effect
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T a b i c  5. T h e  a c t i v i t y  o f  A D H  in  d i f f e r e n t  p e a  p r e p a r a t i o n s ,  a n d  o f  Y A D H  a n d  L A D H  o n  
v a r i o u s  s a t u r a t e d  a n d  u n s a t u r a t e d  a lc o h o ls .  [ A l c o h o l ]  =  10“3 M .  S p e c i f i c  a c t i v i t y  ( r i p e  s e e d s )  
a s  in  T a b l e  3.

Alcohol Ripeseeds
PADHunripeseeds Unripepods YADH LADH

E t h a n o l 1 .00 1 .0 0 1 .00 1 .00 1 .00
P r o p a n - l - o l 0 .1 8 — — 0 .1 4 1.25
2 - p r o p e n - l - o l 1.41 2 .2 9 1.41 1.81 1 .64
B u t a n - l - o l 0 .2 2 0 .3 6 0 .5 4 0 .0 3 1 .08
T r a i i s - 2 - b u t e n - l - o l 0 .4 9 0 .6 4 0 .6 2 0 . 8 6 1.71
H e x a n - l - o l 0 .1 2 0 .2 2 0 .0 6 0 .0 3 0 .7 9
T r a n s - 2 - h e x e n - l - o l 2 .9 3 3 .4 9 1 .78 1 .02 1.31
T r a n s , t r a n s - 2 , 4 -

h e x a d i e n - l - o l 2 .4 3 2.31 1 .24 — —

of YADH and LA D H  on the nnsaturated alcohols was 
similar to though less strong than that of pea enzymes.

The values obtained for saturated alcohols with the liver 
and yeast enzymes deviated somewhat from earlier results 
(Sund et al., 1963), probably because the alcohol concen
trations and pH used in the present investigation were not 
identical with those used previously since they were selected 
for comparison with the pea enzyme. Both in this and 
previous papers the reaction rates of an alcohol or an 
aldehyde relative to those of ethanol or hexanal seem to be 
reproducible only under identical experimental conditions. 
In other words, the reactions of various alcohols or alde
hydes may not be equally influenced by changes in pH, 
temperature, substrate concentration and substrate inhibi
tion. Ethanol is known to inhibit at concentrations about 
lOrnM and above. If the other alcohols inhibit less or not 
at all the relative reaction rates for these alcohols will in
crease with the substrate concentrations. The results pre
sented in Tables 6  and 7 support these assumptions as to 
why relative reaction rates must not be looked at uncriti
cally.

Inhibition of pea ADH
Imidazol and fatty acids are known to be competitive 

inhibitors in connection with LA D H  imidazol (Theorell 
et al., 1961) only when its concentration is high compared 
with those of alcohol and NAD". In low relative concen
trations it produced the opposite effect, i.e., it increased the 
reaction rate. It was thought worthwhile to see whether 
compounds of these types, some of which occur in peas, 
also compete with the binding of alcohols to PADH. Meth
anol was included in this investigation because, though it 
is the most common alcohol iti peas except for ethanol, 
it was not oxidized by PADH.

T a b l e  6 . R e l a t i v e  r e a c t i o n  r a t e s  w i t h  a l c o h o l : N A D  o x i d o r e d u c -  
t a s e  f r o m  y e a s t  a n d  t h r e e  a l c o h o l s  a t  d i f f e r e n t  c o n c e n t r a t i o n s  a n d  
t w o  p H  v a lu e s .  S t a n d a r d  a s s a y .  S p e c i f i c  a c t i v i t y  ( e t h a n o l  o x i d a 
t i o n )  =  180  ,[im cl m in “1 m g  p r o t e i n “1.

pH  8.9 9.2

Alcohol con-centration, M 0.001 0 .0 1 0.1 0.001 0 .0 1 0.1

E t h a n o l 1 .00 1 .00 1 .00 1 .00 1 .00 1 .0 0

P r o p a n - l - o l 0 .13 0 .2 0 0 .3 2 0 .1 4 0 .2 6 0 .4 6

B u t a n - l - o l 0 .0 4 0 .05 0 .1 4 0 .0 4 0 .0 6 0 .2 0

T a b l e  7. R e l a t i v e  r e a c t i o n  r a t e s  o b t a i n e d  w i t h  a l c o h o l : N A D  
o x i d o r e d u c t a s e  f r o m  h o r s e  l i v e r  a n d  t h r e e  a l c o h o l s  a t  d i f f e r e n t  
t e m p e r a t u r e s .  S t a n d a r d  a s s a y .  S p e c i f i c  a c t i v i t y  ( e t h a n o l  o x i d a 
t i o n )  =  2 .7  /¿ m o l m in “1 m g  p r o t e i n “1.

Temperature °C Alcohol concentration, M 20
0 .0 1

25
0 .0 1

25
0.001

30
0 .0 1

35
0 .0 1

E t h a n o l 1 .00 1 .00 1 .00 1 .00 1 .00
P r o p a n - l - o l 0 .7 9 0 .7 7 1.05 0 .7 2 0 .9 7
B u t a n - l - o l 0 .4 4 0 .7 2 1.11 0 .5 0 0 .5 4

In Fig. 1, double reciprocal plots are presented for the 
competitive inhibition of ethanol oxidation by methanol 
( la )  L-histidine and imidazol ( lb ) ,  octanoic acid and 
decanoic acid ( lc ) ,  and for the inhibition of trans-2 -hexen- 
l-ol by methanol and decanoic acid ( Id ) .  The Michaelis 
(K m) and inhibitor (K j) constants were calculated and 
are shown in the same figure.

Methanol and especially L-histidine were found to be 
very weak inhibitors. The inhibition with octanoic and 
decanoic acid—the latter a stronger inhibitor than the 
former—indicated that the regulatory effect of carboxylic 
acids and acid amides proposed for LA D H  (Theorell,
1959) might be valid also for PADH. It also confirmed 
a lipophilic character of the binding site of PA D H , some
thing that is supported by the fact that decanoic acid com
petes less with the more lipophilic trans-2 -hexen-l-ol than 
with the less lipophilic ethanol (Figs, lc, d).

Equili brium constants
The equilibrium constant K was calculated as

[ A l d e h y d e ]  • [ N A D H ]  ■ [ H + ]
K = -----------------------------------—  [2]

[ A l c o h o l ]  • [ N A D H

The equilibria were approached from both sides in each 
determination when both the aldehydes and the alcohols 
were available sufficiently pure, in the case of cis-3-hexen- 
l-ol, equilibrium was approached from only one side be
cause it was impossible to purify the corresponding alde
hyde enough. The constants obtained for some alcohol and 
aldehyde pairs are listed in Table 8  together with the 
calculated change in free energy (AF°) and the oxidation- 
reduction potential ( E '0). The equilibrium constant in
creased with the chain length of the alcohols and aldehydes 
involved. The value especially noticed is, however, that 
of the trans-2 -hexen-l-ol :trans-2 -hexenal system for which
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a drastic rise in the equilibrium constant was observed. 
This result could be predicted from the forward and reverse 
reaction rates obtained with this alcohol and aldehyde, com-

0 500 1000 0 2500 5000

F ig .  1. D o u b le  r e c ip r o c a l  p l o t s  s h o w n ig  th e  e f fe c t  on  th e re a c t io n  
r a te  o f  th e c o n c e n tr a t io n  o f  e th a n o l  ( a - c )  a n d  t r a n s - 2 - h e x e n - l - o l  
( d )  a lone  a n d  in  the p r e s e n c e  o f  d i f f e r e n t  in h ib i to r s .  T e m p e r a t u r e  
2 5 ° C. S p ec i f i c  a c t i v i t y  ( e th a n o l  o x i d a t io n )  — 34 g m o l e s  m i n 1 g  
d r y  w e i g h t

pared with those of hexan-l-ol and hexanal (Tables 3
and 4).

By rearrangement of Equation 2, the ratio between an 
alcohol and its corresponding aldehyde at pH  7.0 could 
be estimated as a function of the N A D 1: NA D H  ratio, 
when K had been determined. This was done in Fig. 2 
where the calculated alcohol: aldehyde ratio is plotted 
against the logarithm of assumed NAD+ :N A D H  ratios. A 
lowering of pH one unit will move all curves one log unit 
to the right.

The actual ratio between the NAD+ and NA D H  concen
trations in plant tissues depends on several factors, includ
ing the physiological state. Developing tissues should have 
a high ratio because the energy-requiring anabolic processes

I TRANS-2-HEXEN-1-0L: TRANS-2-HEXENAL pH 70

II NONAN-1-OL: NONANAL pH 7.0

III HEXAN-1-0L: HEXANAL pH 7.0
IV HEXAN -1-OL: HEXANAL pH 6,0

F ig .  2. D i a g r a m  s h o w in g  the in fluence  o f  th e N A D * :  N A D H  
r a t io  on the r a t io  of  d i f f e r e n t  a lc o h o ls  a n d  a ld e h y d e s  in  eq u i l ib r iu m  
m i x t u r e s  a t  p H  7, t e m p e r a tu r e  2 5 ° C .  L o w e r in g  o f  the p H  re s u l t s  
in a, s h i f t  of  th e c u r v e s  to  th e r i g h t  one lo g  u n i t  p e r  p H  u n i t ;  
a r ise  in  p H  r e s u l t s  in a c o r r e s p o n d in g  s h i f t  to  th e  left .

T a b l e  8 . E q u i l i b r i u m  c o n s t a n t s  ( K )  a n d  c h a n g e  in  f r e e  e n e r g y  ( A F ° )  o b t a i n e d  w i t h  d i f f e r 
e n t  a l c o h o l - a l d e h y d e : N A D +- N A D H  s y s t e m s  a t  p H  8 .2 - 8 .4  in  t h e  p r e s e n c e  o f  a l c o h o l :  N A D  
o x i d o r e d u c t a s e  f r o m  p e a  s e e d s .  K  is  d e f in e d  a s  in  e q u a t i o n  2. O x i d a t i o n - r e d u c t i o n  p o t e n t i a l s  
( E ' 0)  w e r e  c a l c u l a t e d  f o r  t h e  r e a c t i o n :  a l c o h o l  a ld e h y d e  +  H . .  T  =  2 5 . 0 ± 0 . 1 ° C  A F °  f o r  
N A D + |  H : ^  N A D H  H + d e t e r m i n e d  to  5 .4 9  k c a l  m o l e '1 ( B a c k l i n ,  1 9 5 8 ;  5 .4 7  k c a l  m o le “1) .

Alcohol-aldehyde Number of determinations K. 1012

S ta n d a rd
dev ia tion

1012

AF°
kj. mole-1

Kcal.
mole-1

E'ovolts
B u t a n - l - o l - b u t a n a l 10 9.1 0 .6 63 .0 1 1 5 .0 6 - 0 . 2 0 8
H e x a n - 1 - o l - h e x a n a l  

T  r a n s - 2 - h e x e n - l - o l -
13 1 4 .4 1.5 6 1 .8 8 1 4 .7 9 - 0 . 2 0 2

t r a n s - 2 - h e x a n a l

C i s - 3 - h e x e n - l - o l -
9 14 2 0 53 5 0 .5 0 12 .0 7 - 0 . 1 4 3

c i s - 3 - h e x e n a l l i 3 .6 0 .2 2 65 .3 1 15.61 - 0 . 2 2 0
O c t a n - l - o l - o c t a n a l 6 53 3.5 5 8 .6 4 1 4 .0 2 - 0 . 1 8 5
N  o n a n - 1 - o l - n o n a n a l 13 153 3 0 56 .01 13 .3 9 - 0 . 1 7 1



ALCOHOL: NAD OXIDOREDUCTASE (E.C. 1.1.1. ].) FROM PEAS— 531

will keep the concentration of NAD H low by reoxidizing 
it to NAD+ in the respiratory chain. If there is any inter
play between the alcohol-aldehyde systems and the anabolic 
reactions, the aldehyde content might be higher in growing 
or very freshly harvested green peas.

On the other hand, when the peas are stored after har
vest and are subjected to various treatments, the net 
reaction pattern of the tissues will change to catabolism 
and fermentation. Under these conditions the NAD+: 
NADH ratio should decrease and also pH. Both changes 
will favor alcohol formation, at the same time as precursors 
of alcohol: aldehyde systems e.g., unsaturated fatty acids 
are released, with the result that the alcohol: aldehyde con
centration level will rise, a well known observation.

Both alcohols and aldehydes will, however, certainly take 
part in other equilibrium reactions whose characteristics 
must be known before any definite statements can be made 
about the alcohol: aldehyde situation in green peas.

Fractionation

Fractionation of the pea seed preparation by precipita
tion with ammonium sulphate did not indicate the presence 
of different kinds of PA D H . For the precipitates and 
supernatant solutions the relative rates obtained with eth
anol, trans-2 -buten-l-ol and trans-2 -hexen-l-ol were con
stant. The recovery of enzyme activity was 80, 99, 99.8 
and 100% in the precipitates obtained at 35, 45, 55 and 60 
percent saturation, respectively. The remaining 20 and 1% 
were measured in the supernatant solutions of the first two 
steps.

The further fractionation of the 35% saturation precipi
tate on a cellulose ion exchanger, as shown in Fig. 3, gave 
the same result when all tubes containing PA D H  were 
assayed with the alcohols mentioned. The figure represents 
one of four almost identical chromatograms. The recov
eries ranged between 90 and 75% of the total activity put 
on the column. The activity dropped rapidly to about 
50% in 24 hr, while the activity of the alcohols mentioned 
had to be monitored during the run. The specificity was 
unchanged even after a heavy drop in activity.

These results do not exclude the presence of several 
enzymes of the ADH type with the substrates used, but

F ig .  3. Io n  e x c h a n g e  c h r o m a t o g r a p h y  of a p ea  e x t r a c t  co n ta in 
in g  a lc o h o l :  N A D  o x id o r e d u c ta s e .  T e m p e r a t u r e  0 ° C .  R e c o v e r y  
a b o u t  9 0 % .

they do indicate that, in the event of such enzymes, they 
are not easily separated. Conclusions about the general 
effect on alcohols can therefore often be drawn from mea
surements of only one or a few.

CONCLUSIONS
1. Alcohol:NAD oxidoreductase from peas has a low 

substrate specificity. The ratio between the reaction rates 
of different substrates are valid only for one set of experi
mental conditions; especially the substrate concentration 
is important. Under the conditions used in this investiga
tion 2 -alken-l-ols, especially trans-2 -hexen-l-ol, were oxi
dized at the highest rates. Of the aliphatic aldehydes, eth- 
anal, hexanal and unsaturated nonahals were reduced at 
the highest rates.

2. The same unspecific enzyme occurs in fresh green 
peas harvested for deep-freezing, in the pods of such peas 
and in ripe dry peas.

3. Commercial ADH from yeast and horse liver also 
give higher reaction rates with 2 -alken-l-ols than for the 
saturated analogues but less pronounced than the pea 
enzyme.

4. The action of ADH from peas on ethanol is com
petitively inhibited by octanoic and still more by decanoic 
acid. In this respect the pea enzyme resembles the liver 
enzyme. The inhibitory action of the fatty acids also occurs 
when the substrate is trans-2-hexen-l-ol. A weak inhibi
tory action is exerted by L-histidine, the naturally occur
ring imidazol compound, and by methanol.

5. The equilibrium constants obtained at pH 7 are low 
and in the order of 10~ 9 to 10-11. This means that at neu
tral pH and when the ratio between NAD+ and NADH 
is below 1 0 , in most aliphatic alcohol-aldehyde systems the 
alcohol partner is predominant. The systems rapidly re
spond to changes in the NADU NAD H ratio as well as in 
pH. Such changes can occur during the working up of 
plant material for flavor analysis as well as during heat 
treatment and storage of peas, if ADH is still active. In 
most cases the changes will favor alcohol formation, a fact 
which should be taken into consideration in flavor analysis.
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S UMMA RY —Michigan-grown Kennebec and Sebago potato 
tubers were exposed to gamma irradiation in the dose range 
of 0 to 400 Krad and subsequently stored in atmospheres 
containing 0.03% to 15% CO,. Upon illumination with 3,000 
lux for periods up to 20 days while maintaining the atmo
sphere, all tubers developed some greening. The tubers 
exposed to 200 and 400 Krad were inhibited from greening 
to the highest degree but suffered general quality loss. The 
levels of 10 to 20 Krad, which are suitable for the sprout 
inhibition of potatoes, did not cause significant inhibition of 
greening under any of the conditions of this experiment. 
Storage in enriched CO, atmospheres inhibited the greening 
to the extent of 50% at 15% CO,, only upon prolonged 
illumination (12 days), while irradiation (40 Krad) was only 
effective after a short period (4 days) of illumination. Irradia
tion in the 0—40 Krad range did not increase the inhibition 
caused by CO,. The inhibition of potato greening by Irradi
ation was effective through a period of 5 weeks storage in 
the dark prior to illumination.

INTRODUCTION
P o t a t o  t u b e r s  exposed to light over a period of several 

days turn green due to the formation of chlorophyll (L ar
sen, 1949). Susceptibility to greening appears to be a 
varietal characteristic, but no commercial variety is im
mune to it (Akeley ct ai, 1962). Kroener et a!. (1942) 
conclude that greening significantly reduces the market
ability of potatoes, especially because the green color of 
potatoes is associated with bitter taste and the presence 
of a toxic alkaloid, solanine. Potato chips made from 
green potatoes also show discoloration.

Gull et al. (1958) studied the greening of several vari
eties of potatoes exposed to fluorescent light in retail stores 
and found that light intensities of 50 to 100 foot-candles 
exert the same strong greening effect, but 25 foot-candles 
result in significantly less greening.

Hardenberg (1954) finds that packing potatoes in trans
parent plastic bags or nets to satisfy the consumer's desire 
to see the product has aggravated the greening problem. 
A dark-colored polyethylene bag has been recommended 
for preventing potato greening by Newman (1966).

Schwimmer ct al. (1958) found that gamma irradiation 
only slightly reduced the light-induced greening of Russet- 
Burbank potatoes grown on the west coast.

Forsyth et cl. (1968) reported that exposure of potatoes 
to light in atmospheres containing 15% C 0 2 or more re
sulted in very little or no greening.

The objective of the present work was to study the

" P r e s e n t  a d d r e s s :  S c i e n t i f i c  R e s e a r c h  D e p t . ,  D e l M o n t e  C o r p . ,  
S a n  F r a n c i s c o ,  C a l i f o r n i a  9 4 1 1 9 .

effect of gamma irradiation and storage in C 0 2-enriched 
atmospheres, separately and in combination, on the light- 
induced greening of Michigan-grown potatoes. It would 
be desirable if through a combination of effects, doses 
effective in preventing the sprouting of potatoes, as re
ported by Desrosier et al. (I960), also inhibited the 
greening.

MATERIALS AND METHODS
Potatoes

Michigan-grown potatoes of the varieties Kennebec and 
Sebago were used. The tubers were selected for uniformity 
in size and freedom from defects. Most of the results were 
obtained with potatoes which had been stored in the dark 
at 5-7°C for 5 or more months.

Irradiation
The 50,000 curie °°Co facility of the Food Science De

partment was used for gamma irradiation. The potatoes 
were arranged in isodose circles around the radiation 
source, and when half of the dose had been received, they 
were turned 180° for uniform dose distribution over the 
entire tuber. Doses of 0 to 400 Krad were applied. The 
dosimetry was performed by the Fricke method, reported 
by Am. Soc. for Testing Materials (1959).

Illumination
After irradiation with the 60Co source, potatoes were 

exposed to continuous light of 3,000 lux for 4 to 20 days 
in a temperature-controlled chamber at 23 ±  1°C. The 
light source was a combined bank of 1 2  fluorescent tubes 
(Sylvania F48T12-CW -VHO) and 3 incandescent lamps.

CO, Treatment
For controlled atmosphere storage the potatoes were 

placed in stainless steel trays (45 X  30 X  6  cm), covered 
with a plastic film nearly impermeable to COL>, and a slow 
continuous stream of gas mixture was maintained flowing 
through the trays. Normal air (0.03%), 0.5%, 5% and 
15% C 0 2  in air (v /v ) (Mathieson gases) were applied. 
The gases were saturated with moisture, by passing them 
through wash bottles, to avoid a drying effect of the gas 
stream.

Chlorophyll extraction and determination
Ten discs of 9.2 mm diameter and 3 mm thickness each 

were cut at random from the light exposed surface of each 
tuber with a corkborer, avoiding the areas of the eyes. 
These discs were ground together in a small mortar with 
quartz sand and 1 0  mg of MgCO;t. After complete disinte-
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gration, one g anhydrous Na2 SO.j was added, and grind
ing continued until the sample was a dry powder. The 
powder was mixed with cold acetone and the suspension 
filtered through a fritted funnel under reduced pressure 
into a 1 0  ml volumetric flask.

The extraction was repeated with a small amount of 
acetone. To the combined extracts, 2 ml of distilled water 
were added and made to volume with acetone. Chlorophyll 
was determined according to Ziegler et al. (1965) in a 
Beckman DU spectrophotometer. In some cases, centrifu
gation of the extract was necessary for clarification. The 
whole procedure was performed at room temperature and 
dim light. The results were expressed as averages of three 
determinations performed on three potatoes ; the differ
ences among triplicates did not exceed 1 0 %.

RESULTS AND DISCUSSION
T h e  effect of gamma radiation on the inhibition of 

chlorophyll formation in Kennebec and Sebago potatoes 
stored for 5 months after harvest and exposed to 3,000 lux 
of continuous illumination, post-irradiation, for 1 2  days 
is illustrated in Fig. 1. The data indicate: (a) Increasing 
doses of irradiation in the range of 0 to 400 Krad resulted 
in increasing inhibition of greening, (b) While the non- 
irradiated potatoes reached their maximum chlorophyll 
content in approximately one week of continuous illumina
tion, the irradiated potatoes generally continued forming 
chlorophyll throughout the 1 2 -day period of illumination. 
At 20 days (not shown in the graph) there was no signifi
cant difference in chlorophyll content between the tubers 
irradiated with 50 and 100 Krad and the nonirradiated 
control. The samples which had received 200 and 400 
Krad did not completely recover their chlorophyll synthe
sizing system during the entire observation period ; these 
levels, however, destroy the general quality of the potatoes,
(c) Chlorophyll formation appeared inhibited by irradia
tion slightly more in the Kennebec than in the Sebago 
variety.

In an attempt to find conditions of irradiation under 
which considerable inhibition of greening might be accom
plished with doses not much higher than those applied for 
the prevention of sprouting of potatoes, (10-15 K rad), a

Fig. 1. Effect of gamma irradiation on the chlorophyll forma
tion in Kennebec and Sebago potatoes during 12 days of illumina
tion u'ith 3,000 lux.

Fig. 2. Effect of 40 Krad gamma irradiation and 15% COi 
atmosphere post-irradiation storage on the chlorophyll formation 
of Sebago potatoes during 12 days of illumination zuith 3,000 lux.

combination treatment of irradiation and enriched C 0 2 

atmosphere storage was explored. Sebago tubers 11 months 
old were exposed to 0, 10, 20 and 40 Krad of gamma 
irradiation and subsequently stored in normal air (0.03% 
C 0 2), and air containing 0.5%, 5% and 15% C 0 2 under
3,000 lux of illumination. In Fig. 2, the increase of chloro
phyll is shown for the four most widely differing treat-

4  D A Y S  8  D A Y S  12 D A Y S

Fig. 3. Effect of four doses of gamma irradiation (0, 10,20 and 
40̂  Krad) and four levels of COi concentration (0.03, 0.5, 5 a>id 
15%) in the air of post-irradiation storage on the chlorophyll for
mation of Kennebec potatoes exposed to 3,000 lux of illumination 
for 4, 8 and 12 days.
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ments. At the end of 4 days of illumination there was an 
inhibiting effect on greening found in the irradiated sam
ples; whereas at 12 days the COo enriched atmosphere 
was more effective.

In Fig. 3, the results of all treatments are shown. Two 
trends are apparent : one is the decrease of greening with 
irradiation, irrespective of CO 2  treatment, at 4 days of 
illumination ; and the other is the decrease of greening 
with increasing CO 2  in the atmosphere, irrespective of 
irradiation, at 12 days of illumination. Statistically differ
ent at the level P =  0.05 were only the average chlorophyll 
content of unirradiated tubers stored at all four different 
atmospheres and the same value (avg. of the values at all 
four different atmospheres) irradiated at 40 Krad. On 
the other hand, the average chlorophyll content of all 
levels of irradiation in normal air and the same for 15% 
C 0 2 atmosphere were significantly different only after 12 
days.

In the last experiment the tubers were exposed to 50 
Krad of gamma irradiation and subsequently stored in 
darkness for 1, 2, 3 and 5 weeks at 7°C. At the end of 
these periods they were exposed to 3,000 lux continuous 
illumination for four days, and the chlorophyll formed was 
determined. Fig. 4 shows that for the first 2 weeks of 
dark storage the radiation-induced greening inhibition did 
not change appreciably. The chlorophyll formed during 
this period was 45% of the unirradiated control. At longer

Fig. 4. Relative chlorophyll content of Sebago potatoes exposed 
to 50 Krad gamma irradiation, subsequently stored in darkness for 
1, 2, 3 and 5 weeks at 7°C and then illuminated with 3,000 lux for 
4 days. One hundred percent is the chlorophyll content of similarly 
treated but not irradiated potatoes determined with every sampling. 
The average chlorophyll content of these controls was 5.2 \ig chloro- 
phyll/cm* at the beginning and 4.0 g.g/cm‘ at the end of the 5 week 
period.

storage the inhibition decreased with time, indicating the 
possibility of repair in the chlorophyll biosynthetic mecha
nism. After 5 weeks the chlorophyll formed was 60% of 
the control.

Schwimmer et al. (1958) reached similar conclusions 
concerning the effect of irradiation alone on the inhibition 
of potato greening, although they reported much higher 
(up to 1 0  times) concentrations of chlorophyll in the green 
potatoes. The differences in chlorophyll concentration may 
be due to methodology or potato variety.

Regarding the CO2 effect alone, Forsyth et al. (1960) 
reported that 15% CO2 in the storage atmosphere resulted 
in very slight greening. Using the same potato variety, 
Sebago, and 15% CO 2 , but higher intensity of illumina
tion, (3,000 lux vs. 2,260) a chlorophyll content not less 
than 50% of the control was found.
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T o l e r a n c e  o f  B a c t e r i a  f o r  Q u a t e r n a r y  A m m o n i u m  C o m p o u n d s

SU M M A R Y — Escherichia coU a n d  Pseudomonas fluoresccns 
f o l lo w e d  s im ila r  p a t t e r n s  o f  a d a p t a t i o n  to  t o l e r a t e  q u a t e r n a r y  
a m m o n iu m  c o m p o u n d s .  E. coli a p p r o a c h e d  a t o l e r a n c e  a t  

2 8  ¿ ¿ g /m l in n u t r i e n t  b r o th  a f t e r  12 to  14  d a i ly  t r a n s f e r s .

P. fluoresccns a d a p t e d  m o re  r a p id ly  in a s im ila r  m e d iu m , 

r e a c h in g  a le v e l o f  1 2 0  ¿ ¿ g /m l in 12 d a y s .  D u r in g  t h e  a d a p t a 

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

in d iv id u a l  c e l ls  t h a t  t o l e r a t e d  t h e  e s s e n t ia l  p l a t e a u  o f  m a x i
m u m  t o l e r a n c e .  A  r e v e r s e  p r o c e s s  w a s  t r u e  d u r in g  lo ss  o f 

t o l e r a n c e  fro m  g ro w th  in t h e  a b s e n c e  o f  q u a t e r n a r y  a m m o 

n iu m  c o m p o u n d s .

T h e  c e l ls  o f  a d a p t e d  c u l tu r e s  w e r e  m o re  r e s is ta n t  w h e n  
lo w  e x p o s u r e s  o f  q u a t e r n a r y  a m m o n iu m  c o m p o u n d s  w e r e  

u s e d  to  d e t e r m in e  g e rm ic id a l  e f f e c t iv e n e s s .  T h e re  w a s  n o  
a p p a r e n t  d i f f e r e n c e ,  h o w e v e r ,  b e tw e e n  th e  n o n - a d a p t e d  a n d  

th e  a d a p t e d  c u l tu r e s ,  w h e n  c o n c e n t r a t io n s  a n d  e x p o s u r e s  a p 

p r o a c h in g  s t a n d a r d  r e c o m m e n d a t io n s  w e r e  u s e d .  T h e  re s u l ts  
in d ic a te  a d a p t a t i o n  is an  u n lik e ly  c o n t r ib u to r  t o  a n  o b je c t io n 

a b l e  m ic ro f lo ra  o n  p r o p e r l y  c l e a n e d  fo o d  h a n d l in g  e q u ip m e n t .

INTRO DUCT IO N

T h e  u s e  o f  quaternary ammonium compounds in formu
lated cleaning and sanitation products is common in all 
segments of the food industry. Quaternary ammonium 
compounds arc considered effective bactericides when used 
at an appropriate concentration. They have some major 
advantages (Foster ct ah, 1958; Klimek et al., 1956) such 
as sanitizing effectiveness where trace amounts of organic 
material are present. Another favorable feature of quater
nary ammonium compounds is that they are considered 
noncorrosive to equipment.

Cousins (1963) has shown that residual quaternary 
ammonium compound remains on equipment and the quan
tity depends on processing and cleaning operations. The 
quantity of organic material present depends upon the food 
processing operation as well as the cleaning and rinsing 
process. The interaction of varying quantities of residual 
soil and quaternary ammonium compound contributes to 
the varying microenvironment, which in turn influences 
microbial growth (Maxcy, 1966b).

Quaternary ammonium compounds are more effective 
against the gram-positive than against the gram-negative 
bacteria (Foster ct al., 1958; Newton, 1958). The latter 
group includes the genera Escherichia and Acrubacter as 
well as most of the psvchrophilic bacteria. In addition, 
certain gram-negative bacteria have been shown to acquire 
a tolerance to quaternary ammonium compounds during 
continued exposure (Chaplin, 1951, 1952; Crocker, 1951; 
McGregor ct al., 1958). The effect of residual quaternary 
ammonium compound on food handling equipment seemed 
to be of significance in developing a selected microflora 
(Thomas et al., 1964). They found a more frequent occur
rence of gram-negative bacteria associated with milk from

farms where quaternary ammonium compounds were used 
as the sanitizer.

The general phenomenon of selective effect gave rise 
to fear of a generally resistant microflora. There was a 
consequent reluctance on the part of regulatory agencies 
to approve the use of quaternary ammonium compounds. 
Further caution was warranted by the lack of understand
ing of the mechanisms by which the bacteria acquired 
tolerance.

This study was conducted to obtain a better understand
ing of the process of gain and loss of tolerance by bacteria 
for quaternary ammonium compounds. Consideration was 
also given the effect of acquired tolerance on the results 
of the accepted standard method for evaluating germicidal 
effectiveness (Chambers, 1956).

M ATER IALS A N D  M ETHO DS
Media and cultures

The primary source of quaternary ammonium compound 
was a commercial preparation containing n-alkyl dimethyl 
benzyl ammonium chloride and n-alkyl dimethyl ethyl 
benzyl ammonium chloride (Klenzade Products, Inc.) as 
10% active ingredient. Other quaternary ammonium com
pounds were used to show that all had a similar behavior. 
In reporting the results, the concentrations were expressed 
as active ingredient. Nutrient broth (8.0 g dehydrated 
medium by Difco per liter ) served as the basal medium to 
which various concentrations of quaternary were added.

Pure cultures of Escherichia coli and Pseudomonas flito- 
rcscens maintained in the Department of Food Science and 
Technology were used as examples of bacteria having been 
reported to acquire resistance to quaternary ammonium 
compounds.

Prior to use, .the cultures were carried through three 
daily transfers in nutrient broth at 30°C. The various 
concentrations of quaternary were inoculated with the 
actively growing cultures for judging growth, as vigorous 
growth was the phenomenon being studied. Commonly 
growth was determined by examining for visual turbidity 
after 24 hr. W here visual turbidity did not serve as an 
adequate criterion for growth, direct microscopic observa
tions and enumeration by plate culture methods were used.

Assessment of tolerance
In assessing the tolerance of the bacteria a series of 

tubes with varying quantities of quaternary ammonium 
compounds were inoculated. The tube with the highest 
concentration of quaternary ammonium compound in which 
there was growth after 24 hr was considered as showing 
the maximum tolerance and was used for subsequent inocu
lations. This system of transfer into another series of still 
higher concentration was continued until the culture used
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could tolerate essentially its upper limit. The cultures 
growing in this concentration were referred to as tolerant 
or adapted cells.

The nature of tolerance was also assessed by measuring 
the number of cells that were capable of tolerating the 
essential upper limit for the culture. The number of toler
ant cells was determined by the dilution technique given 
in Standard Methods (American Public Health Associa
tion, 1960). A series of three 10-fold dilutions within an 
appropriate range was made from which 1 .0 -ml portions 
were transferred to the tubes containing 9.0 ml of nutrient 
broth and the appropriate concentration of quaternary 
ammonium compound, e.g., 28 /¿g/ml for E. colt. Each 
dilution was made into five replicate tubes at three concen
trations. Those that gave visible turbidity after 48 hr 
were considered positive. The most probable numbers per 
ml of inoculum were determined by the use of appropriate 
tables (American Public Health Association, 1960). The 
number thus obtained indicated the tolerant cells present. 
The ratio of tolerant cells to the total count was determined 
by comparing the tube dilution technique to the plate count.

The tolerant cultures were caused to lose tolerance by 
growing them at 30 °C in nutrient broth free of quaternary 
ammonium compound. After 24 hr of incubation at 30°C 
the tolerance was determined and transfers were made 
into fresh broth. Under specific conditions, to be given with 
the experiments later, the time required to lose tolerance, 
and the ratio of tolerant cells to the total count were deter
mined for each culture.

Comparison of germicidal action
The comparative germicidal effectiveness of the quater

nary ammonium compound against the tolerant and noil- 
tolerant cells was determined by the Chambers Modifica
tion of the Weber and Black Method (Chambers, 1956).

RESULTS
Developing tolerance to quaternary ammonium compounds

To determine the pattern of adaptation of E. coli to 
tolerate quaternary ammonium compounds, daily sub-cul
tures in increasing quantities were made. The initial toler
ance was 4 to 5 /¿g/ml. After a period of 12 to 14 days 
the culture had acquired a capacity to tolerate 28 g/ml, 
which represented an essential plateau of the maximum 
tolerance. Slight additional tolerance could be attained only 
after 1 to 2 months of daily sub-cultures. The results of 
three separate trials are given in Table 1 , which shows the 
pattern of developing tolerance and the variation to be 
expected between trials.

P fluorescens showed a similar pattern of developing 
tolerance. The results of three trials are given in Table 2. 
The initial tolerance was 15 /¿g/ml, but after 12 days the 
tolerance had reached 1 2 0  /¿.g/ml, which appeared to be a 
plateau of maximum tolerance.

P. fluorescens acquired tolerance at a more rapid rate 
and to a higher level than E. coli.

The occurrence of fully tolerant cells
The manner of developing tolerance and the frequency 

of occurrence of fully tolerant cells could be of practical 
significance in the development of the microflora on food
handling equipment where residues exist. The process of

T ab le  1. T h e  acq u ired  to le ran ce  o f E .  c o l i  to  a  q u a te rn a ry  am m o
n ium  com pound th ro u g h  da ily  su b c u ltu re  in  p ro g ressiv e  co n cen tra 
tions.

M a x im u m  t o le r a n c e  i n  f i g / m l f o r  g r o w t h  i n  2 4  h r

s u b c u l t u r e d T r i a l  1 T r i a l  2 T r i a l  3 A v e r a g e

i s 4 4 4 .3
2 5 6 4 5 .0
3 7 6 7 6 .6
4 9 8 10 9 .0
5 12 8 12 1 0 .6
6 19 10 12 13 .6
7 19 12 14 15 .0
8 2 3 18 14 18 .3
9 25 18 18 2 0 .3

10 25 18 25 2 2 .6
11 2 7 20 2 7 2 4 .6
12 28 2 2 2 7 2 5 .6

13 28 2 4 2 8 2 6 .0
14 2 8 2 8 2 8 2 8 .0

gaining tolerance was examined by repeating the normal 
development of tolerance while comparing the numbers of 
essentially fully tolerant cells at various stages to the total 
numbers of cells.

The relationship between the cells capable of tolerating 
28 /¿g/ml and the total numbers of cells is shown in Table 3, 
which represents an average of 3 trials. Even when the 
culture was in the early stage of developing tolerance, some 
cells were able to tolerate 28 /¿g/ml. In the early transfers, 
the number of tolerant cells was very small as compared to 
the total count. As the process of adaptation continued the 
number of tolerant cells approached the total count. Thus, 
the process of acquiring tolerance was within the individual 
cells rather than with the culture as a whole.

The process of developing an increased tolerance in 
P. fluorescens is shown in Table 4 which represents an 
average of three trials. P. fluorescens developed tolerance 
much more rapidly than E. coli.

The loss of acquired tolerance
The stability of the tolerant cells is an important factor 

in evaluating the significance of tolerance in a sanitation 
program. To study the stability of acquired tolerance, 
adapted cultures of E. coli capable of tolerating 28 /¿g/ml

T ab le  2. T h e  acq u ired  to le ran ce  o f P .  f l u o r e s c e n s  to  a  q u a te rn a ry  
am m onium  com pound  th ro u g h  d a ily  su b c u ltu re  in  p ro g ress iv e  con
cen tra tio n s.

M a x im u m  t o le r a n c e  i n  f i g / m l  f o r  g r o w t h  i n  2 4  h r
D a y s --------------------------------------------------------------------------------------------------------------------------------------------

s u b c u l t u r e d T r i a l  1 T r i a l  2 T r i a l  3 A v e r a g e

i 15 15 15 15 .0

2 25 25 25 2 5 .0

3 30 35 35 3 0 .3

4 35 40 45 4 0 .0

5 40 55 45 4 6 .6

6 50 60 65 5 8 .3

7 60 65 70 6 5 .0

8 75 75 85 7 8 .3

9 90 95 100 9 5 .0

10 105 105 105 10 5 .0

11 115 110 115 113 .3

12 120 120 12 0 12 0 .0
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T a b l e  3. T h e  e f f e c t  o f  d a i l y  s u b c u l t u r i n g  in  p r o g r e s s i v e  q u a n t i 
t i e s  o f  a  q u a t e r n a r y  a m m o n i u m  c o m p o u n d  o n  th e  n u m b e r s  o f  E. coli 
t h a t  t o l e r a t e d  2 8  /¿ g /m l .

R atio  of
N um bers  to le ra n t orga-

D ay s T o le ran ce  in  T o ta l coun t to le ra tin g  n ism s to  to ta l
su b cu ltu red  fig/ml p e r ml 28 /¿g /m l count

1 4 71 X 10“ 0 0
3 6 87 X 105 0 0
6 10 94 X 101 0 0
9 14 15 X 10= 23 1.5 X KU

12 22 32 X Iff 49 X Iff 1.5 X 103
15 28 55 X Iff 49 X 10s 0.89

T a b l e  4. T h e  e f f e c t  o f  d a i ly  s u b c u l t u r i n g  in  p r o g r e s s i v e  q u a n t i 
t i e s  o f  a  q u a t e r n a r y  a m m o n iu m  c o m p o u n d  o n  th e  n u m b e r s  o f  P. 
fluorescens t h a t  t o l e r a t e d  6 0  pg / m l .

R a tio  of
N um bers  to le ra n t orga-

D ay s T o leran ce  in  T o ta l coun t to le ra tin g  n ism s to  to tal
su b cu ltu red  /¿g /m l p e rn i i  60 ¿¿g/ml coun t

1 15.0 21 X Iff
3 30.3 14 X Iff
6 58.3 60 X Iff
9 95.0 20 X 10' 30 x 101 7.40 X 10“4

12 120.0 53 X 10‘ 44 X 10* 0.846

of the quaternary ammonium compound were reverted by 
growing in daily transfers to quaternary-free nutrient 
broth. After each third transfer in nutrient broth, observa
tions were made on maximum tolerance, number of cells 
tolerating 28 /¿g/ml of quaternary ammonium compound, 
and the total count.

Results of reversion of tolerant E. coli cells are given. 
Table 5 shows typical results with cells having newly 
acquired tolerance. Table 6  shows typical results with cells 
that had been sub-cultured daily for 45 days in medium 
containing 28 /¿g/ml of quaternary ammonium compound. 
W ith each example there was a gradual decrease in the 
total tolerance, but the newly adapted cells lost tolerance 
more rapidly. The numbers of individual cells capable of 
tolerating 28 /¿g/ml decreased more rapidly in the newly 
adapted cultures. Even though the older culture of adapted 
cells did not show a loss in tolerance by the traditional 
transfer method, the number of cells capable of tolerating 
28 /¿g/ml showed a continuous decrease.

T a b l e  5 . T h e  lo s s  o f  t o l e r a n c e  b y  E. coli w i t h  n e w l y  a c q u i r e d  
r e s i s t a n c e  t o  t h e  p r e s e n c e  o f  a  q u a t e r n a r y  a m m o n i u m  c o m p o u n d  
t h r o u g h  s u b c u l t u r e  in  m e d ia  w i t h o u t  q u a t e r n a r y  a m m o n i u m  c o m 
p o u n d .

D ays
icu ltu red

T o lerance  in  
/¿g /m l

T o ta l count 
p e r m l

N um bers 
to le ra tin g  
28 /¿g /m l

R atio  of 
to le ra n t o rga
nism s to to tal 

coun t

0 28 54 x  Iff 49 X 106 0.91
l 28 79 x  Iff 70 X Iff 0.88
3 28 84 x  Iff 23 X 104 2.7 X 10-4
6 28 37 X Iff 54 X Iff 1.5 X 10-4
9 28 1 1  x  iff 13 X Iff 1 . 2  x  1 0 “4

12 26 56 x Iff 70 x  Iff 1 . 2  x  1 0 ~ 5

15 26 63 x  Iff 33 x  Iff 5.2 x  10-7
18 24 84 X Iff 13.0 1.6 X 10"8
21 20 97 X Iff 0 0
24 20 58 X Iff 0 0

T a b l e  6. T h e  lo s s  o f  a c q u i r e d  t o l e r a n c e  b y  a n  o ld  a d a p t e d  c u l t u r e  
o f  E. coli ( s u b c u l t u r e d  d a i l y  f o r  45  d a y s  in  m e d i u m  c o n t a i n i n g  2 8  
/ ¿ g /m l  o f  a  q u a t e r n a r y  a m m o n iu m  c o m p o u n d )  t o  t h e  p r e s e n c e  o f  
q u a t e r n a r y  a m m o n iu m  c o m p o u n d  t h r o u g h  s u b c u l t u r i n g  in  n u t r i e n t  
b r o th .

R a tio  of
N u m b ers  to le ra n t orga- 

D ays T o leran ce  in T o ta l coun t to le ra tin g  n ism s to  to ta l
su b cu ltu red  /¿g /m l per ml 28 /¿g /m l coun t

0 28 91 X Iff 84 X Iff 0.92
1 28 53 X Iff 46 X Iff 0.87
3 28 wr 00 X Iff 17 X Iff 0.22
6 28 65 X Iff 13 X Iff 0.20
9 28 76 X Iff 13 X Iff 0.13

12 28 96 X Iff 79 X Iff 8.2 X IO“2
15 28 62 X Iff 24 X 10‘ 3.9 X IO“4
18 28 77 X Iff 23 X Iff 3.0 X 10-4
21 26 61 X Iff 13 X Iff 2 .1  x  1 0 -*
24 26 96 X Iff 17 X Iff 1.8 X 10-4

Using the same procedures, stability of tolerant P. fluo
rescens was studied. The average of 3 trials is shown in 
Table 7. P. fluorescens lost its tolerance to 60 /¿g/ml of 
quaternary ammonium compound after 2 1  transfers in 
nutrient broth. The results showed that P. fluorescens 
tolerated more quaternary ammonium compound, but the 
loss of tolerance was in the same general manner as was 
true for E. coli.

Comparative germicidal action against normal and tolerant cells
Since the adaptation process produces a greater tolerance 

for quaternary ammonium compound, the adapted cells 
might be more resistant to quaternary ammonium even at 
germicidal concentrations. Tests for comparative germi
cidal effectiveness were therefore made. The average re 
sults of three trials are given in Table 8 .

A t concentrations of 30 /¿g/ml and above, the results 
with the normal and tolerant cells were essentially the 
same. At the lowest treatment, however, the adapted cells 
were more resistant. In Table 8  it can be seen that within 
15 sec about 46% of the tolerant cells were killed, whereas, 
within the same time 96% of normal cells were killed. 
W ith an increase in the time of action the tolerant cells 
were susceptible to the germicidal action.

Similar tests were performed with P. fluorescens. The 
average results of three trials are given in Table 9. Toler
ant and non-tolerant cells were susceptible to the action 
of quaternary ammonium compound. At the concentrations

T a b l e  7. T h e  lo s s  o f  a c q u i r e d  t o l e r a n c e  b y  a  c u l t u r e  o f  P. fluo
rescens t o  t h e  p r e s e n c e  o f  a  q u a t e r n a r y  a m m o n iu m  c o m p o u n d  
t h r o u g h  s u b c u l t u r e  in  n u t r i e n t  b r o t h .

R a tio  of

D ays
su b cu ltu red

T o lerance  in  T o ta l coun t 
/¿g /m l p e r ml

N um bers 
to le ra tin g  
60 /¿g /m l

to le ra n t o rg a 
n ism s to to ta l 

coun t

0 60 36 X Iff 33 X Iff 0.93
l 60 48 X Iff 35 X Iff 0.72
3 60 57 X Iff 12 X Iff 0.20
6 60 54 X Iff 39 X 103 7.34 x  10-3
9 60 58 X 107 10 X 105 1.52 x  10-3

12 60 42 X Iff 54 X Iff 2.10 X IO“4
15 58 62 X Iff 42 X Iff 6.98 x  Iff7
18 57 68 X Iff 23 X Iff 3.52 X 10~7
21 57 52 X Iff 10 X Iff 1.92 X 10~7
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T a b l e  8 . T h e  s e n s i t i v i t y  o f  n o r m a l  a n d  t o l e r a n t  c u l t u r e s  o f  E. coli t o  a  q u a t e r n a r y  a m m o 
n i u m  c o m p o u n d .

O r i g i n a l  
c e l l  c o u n t  

X 1 0 6

Q u a t e r n a r y
a m m o n iu m

P e r c e n t  o r g a n is m s  k i l l e d  
i n  e x p o s u r e  p e r io d s  o f :

C u l t u r e / t g / m l 15  sec 3 0  se c  6 0  se c 1 2 0  se c

Normal 137 40 99.999 99.999 1 0 0 . 0 0 0 1 0 0 . 0 0 0

35 99.999 99.999 1 0 0 . 0 0 0 1 0 0 . 0 0 0

30 99.999 99.997 1 0 0 . 0 0 0 1 0 0 . 0 0 0

15 99.984 99.998 99.999 99.999
5 95.285 98.318 99.480 99.940

Tolerant 130 40 99.999 99.999 1 0 0 . 0 0 0 1 0 0 . 0 0 0

35 99.996 99.999 99.999 1 0 0 . 0 0 0

30 99.995 99.998 99.999 1 0 0 . 0 0 0

15 99.886 99.972 99.983 99.988
5 46.556 73.974 98.166 98.660

of 30 ¡ig/ml and higher, tolerant and non-tolerant cells may differ in their exact behavior toward quaternary am-
were susceptible to the same extent. At the lower concen- monium compounds, the general pattern is the same as
trations tolerant cells were less susceptible. In general, the exemplified by the results with E. coli and P. fluorescens.
results of germicidal action against P. fluorescens were The plateau of maximum tolerance may appear to be
similar to those of E. coli.

D ISCUSSION

E ■ coli, P. fluorescens, and certain other gram-nega
tive microorganisms are able to develop a tolerance for 
quaternary ammonium compounds. While this phenome
non may appear, on the surface, to be of major importance 
in the sanitizing process, further consideration of the con
ditions required to develop the tolerance is warranted.

The conditions reported to allow development of toler
ance are based on a progressively increasing gradient of 
quaternary ammonium compound at a challenging but non- 
lethal concentration. In  addition, nutrients, temperature, 
and time are critical because it is the progeny that has the 
tolerance. W ith the laboratory conditions for development 
of tolerance the number of cells is indeed large, which is a 
most unlikely situation except on equipment being totally 
neglected. In addition, there is a reversal of the adaptation 
process when the cultures are not exposed to challenging 
concentrations of quaternary ammonium compound.

Even with relatively ideal laboratory conditions 12 days 
are required for E. coli to reach its plateau of maximum 
tolerance. The P. fluorescens required 12 days to develop 
a tolerance of 120 /¿g/ml. While individual microorganisms

relatively high when considering the normal recommended 
concentration for sanitizing operations, but the conditions 
for developing tolerance and the conditions for sanitizing 
operations are quite different. The former provides an 
adequate growth environment while the latter assumes 
cleaned equipment free of nutrients for growth. Further
more, in the presently accepted test for evaluating sani
tizers, tolerant cultures of E. coli and P. fluorescens were 
no more resistant than normal cultures.

The results of this work indicate that a selectively resis
tant microflora from the use of quaternary ammonium 
compounds as sanitizers is most unlikely. W hen a pre
ponderance of gram-negative bacteria is found where 
quaternary ammonium compounds are used, a logical 
approach may be to seek a previously unrecognized har
borage of soil (Maxcy, 1966a).
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J . D .  C A M P B E L L , ’ S . S T O T H E R S , 2 M . V A I S E Y 3 a n d  B . B E R C K 1

G a m m a  I r r a d i a t i o n  I n f l u e n c e  o n  t h e  

S t o r a g e  a n d  N u t r i t i o n a l  Q u a l i t y  o f  M u s h r o o m s

S U M M A R Y —G r o w th  o f  f r e s h ly  h a r v e s te d  m u s h ro o m s  s u b 

j e c te d  to  1 0 0  k r a d  o f  g a m m a  i r r a d i a t io n  is m a r k e d ly  i n h ib i te d ,  
a s  m e a s u r e d  b y  t h e  sm a ll n u m b e r  o f  b r o k e n  v e ils .  T h is c o u ld  

s ig n i f ic a n t ly  in c r e a s e  t h e  s t o r a g e  l ife  o f  m u s h ro o m s  e v e n  u n d e r  
s u b o p t im a l  c o n d i t io n s .  U n t r e a t e d  m u s h ro o m s  w e r e  p r e f e r r e d  

t o  t h e  t r e a t e d ,  b u t  h e d o n ic  s c o r e s  i n d i c a t e d  th a t  t h e  t r e a t e d  

m u s h ro o m s  w o u ld  b e  a c c e p ta b l e .  T h e r e  w a s  n o  s ig n if ic a n t  

c h a n g e  In r a t e  o f  m o is tu r e  lo s s , o r  In r e d u c in g  s u g a r  o r  d r y  
m a t te r  c o n te n t  o f  t h e  i r r a d i a t e d  m u s h ro o m s .  R e s p ira t io n  o f 

i r r a d i a t e d  m u s h ro o m s  is a c c e l e r a t e d  u p  to  a b o u t  3  d a y s  a f te r  
t r e a t m e n t  a n d  th e n  s lo w s  m a r k e d ly .  T h e  in c lu s io n  o f  2 0 %  

i r r a d i a t e d  m u s h ro o m s  in m o u s e  d ie t s  f e d  in  la te  p r e g n a n c y  

a n d  la c ta t i o n  h a d  n o  s ig n i f i c a n t  e f f e c t s  o n  t h e  a v e r a g e  m o u s e  

w e ig h t  o f  t h e  o f f s p r in g  4 0  d a y s  o ld  o r  o n  t h e i r  d a i ly  f o o d  
in ta k e  a n d  w e ig h t  g a in  in  a s u b s e q u e n t  6 -w k  f e e d i n g  p e r io d .

INTRO DUCT IO N

T h e  c o m m e r c i a l  production of the most widely grown 
mushroom in the U. S. A. and Canada, Agaricus campes- 
tris, (Agaricus btsporus) (Singer, 1961) has increased 
almost elevenfold during the past 36 years to a total ot
190,402,000 pounds in 1965 (Lambert, 1958; Dominion 
Bureau of Statistics, 1966; Kneebone, 1966).

Top-grade mushrooms are harvested before the veil is 
broken. At room temperature they continue to grow; 
the stem elongates, the veil breaks, exposing the dark-

1 P l a n t  S c ie n c e  D e p a r t m e n t ,  “ A n i m a l  S c ie n c e  D e p a r t m e n t ,  “ F o o d s  
a n d  N u t r i t i o n  D e p a r t m e n t ,  U n i v e r s i t y  o f  M a n i t o b a ,  W i n n i p e g ,  
‘ C a n a d a  D e p a r t m e n t  o f  A g r i c u l t u r e ,  R e s e a r c h  S t a t i o n ,  W in n ip e g ,  
M a n i t o b a .

colored gills, and the white cap and stem become brownish 
in color. Such changes make mushrooms unattractive to 
the consumer, and reduce their economic value.

Relatively low dosages of gamma radiation prevent 
sprouting of vegetables such as potatoes (Sparrow et al.,
1954) and onions (Dallyn et al., 1959). The possible use 
of irradiation to extend the storage life of mushrooms was 
investigated. The initial objective was to determine the 
optimum irradiation dosage that would prevent post-har
vest growth of mushrooms. Freedom from possible toxic 
effects and maintenance of the nutritive value of treated 
mushrooms were also considered. Accordingly, the effects 
of incorporating treated mushrooms in the diet of test 
mice were investigated. For preliminary information on 
physiological effects, the C 0 2  output of irradiated and un
treated mushrooms was compared.

In preliminary investigations of the influence of gamma 
irradiation on the storage and nutritional quality of mush
rooms, three experiments were undertaken.

EXPER IM EN T  1

Freshly harvested mushrooms were irradiated at differ
ent levels in a mobile gamma irradiation unit with a Co6 0  

(15,000 curies) energy source. The mushrooms were 
placed in wire baskets into lead buckets (40 X  40 X  75 
cm). These were moved on conveyers to the irradiation 
chamber. A ferris wheel arrangement enabled controlled 
exposure of the mushrooms to the gamma radiation. Dos
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age levels were 0, 6.25, 12.5, 25, 50, 75, 100, 200 and 300 
kilorad (krad).

The treated mushrooms and 2 kg of untreated mush
rooms were stored at 1°C and 85% R.H. (optimal) for 
1 wk, followed by suboptimal storage at 21 °C and 30% 
R. H. Based on comparative effects on external appear
ance, growth changes and flavor, 1 0 0  krad was selected as 
the optimum dosage. The appearance of treated mush
rooms improved when the dosage exceeded 75 krad, but the 
taste ratings of mushrooms treated at dosage levels of 2 0 0  

krad were lowered. The mushrooms were sliced uniformly, 
fried in butter in stainless steel pans and served warm in 
randomized order for rating on a 9-point hedonic scale, 
where 9 represented “like extremely” (Amerine et al.,
1965).

Taste ratings by a panel of 17 untrained persons were
6.1, 6.7, 5.5, 6.3, 6.0 and 6.1 for mushrooms treated at 
0, 6.25, 12.5, 25, 50 and 75 krads respectively. The ratings 
by a 16-member panel were 5.6, 5.6, 4.7 and 5.7 for mush
rooms treated at 0, 100, 200 and 300 krads respectively. 
The mushrooms irradiated at a dosage of 200 krads were 
significantly inferior in taste appeal by Tukey’s W-proce- 
dure (Steel et al., 1960).

EXPER IM EN T  2

Mushrooms treated at the 100 krad dosage were stored 
for 4 days at F C  and 85% R.H. followed by 2 days at 
21°C and 30% R.H. Growth as measured by broken veils 
was recorded. The content of reducing sugars was mea
sured by the arsenomolybdate method (Colowick et al.,
1957). Also determined were percent of weight loss and 
dry matter content of the mushrooms after storage. .

Table 1 shows that the growth of the treated mushrooms 
was markedly inhibited, as indicated by the small number 
of broken veils. The average contents of reducing sugars 
of the treated and the control groups were 0.14% and 
0.09% respectively, and was statistically insignificant. The 
comparative effects on weight loss and dry matter were 
similarly insignificant.

A taste panel of 21 untrained persons judged coded 
samples of treated and untreated fried mushrooms in a 
paired preference test (Amerine et al., 1965). Four repli
cates were prepared and served at one sitting. Thus, each 
panelist judged 4 pairs in which the order of samples was 
alternated between pairs. The statement of “no prefer
ence” was discouraged.

The taste tests showed a significant preference (P  =

0.01) for the untreated mushrooms. Fifteen of the 21 
panelists were consistent in their preferences in 3  or 4  

of the 4 pairs. Twelve of those 15 preferred the untreated 
mushrooms. Some panelists (14% ) commented that the 
untreated mushrooms were more flavorful; 17% of the 
panel members detected a stronger flavor in the treated 
mushrooms. W ith regard to texture, 10% of the panelists 
judged the untreated samples to be more tender than the 
treated mushrooms. During sample preparation, the irradi
ated mushrooms appeared softer both before and after 
cooking and were slightly darker than the untreated 
mushrooms after cooking. Although this experiment indi
cated a definite preference for the untreated mushrooms, 
it did not show the degree of preference. Experiment 1, 
admittedly without replication, showed no difference in 
scores based on degree of liking between the untreated 
samples and those treated at a dosage of 100 krads. Thus, 
it is felt that further research would show equal accepta
bility between untreated and 1 0 0 -krad treated mushrooms.

EXPER IM EN T  3

A gamma cell equipped with a Co6 0  irradiation unit 
(Gammacell Model No. 220, Atomic Energy of Canada, 
Ottawa, Ontario) was used. The dosages used in the 
initial experiment were repeated, and similar results were 
obtained. Freshly harvested mushrooms were treated in 
quadruplicate amounts at 100 krad. The treated and 
untreated materials were dried, ground in a Braun grinder, 
and incorporated into pelleted rations to feed to mice. 
The rations were similar to the semi-purified mouse diet 
of Bell (1960). To facilitate pelleting, corn starch was 
replaced by sucrose for a gestation-lactation test.

A preliminary experiment showed that the addition of 
2 0 % dried mushrooms (to replace sucrose) had no ad
verse effect on the daily food consumption or body weight 
of young adult mice. Accordingly, untreated and irradi
ated mushrooms at a 2 0 % level in the diet were compared 
in the gestation-lactation test.

Twelve pregnant albino (C F no. 1) mice (2-5 days 
before term) were divided into two groups of six to study 
effects of irradiated mushrooms on the mothers and their 
offspring. One group received the diet containing the 
irradiated mushrooms ; the second group received the diet 
with untreated mushrooms. The offspring of both groups 
were weaned at an average age of 24 days, fed a standard 
laboratory chow, and weighed individually at 40 days. 
While more of the offspring of mothers fed irradiated

T a b l e  1. T h e  in f lu e n c e  o f  1 0 0  k r a d  o f  g a m m a  i r r a d i a t i o n  o n  m u s h r o o m s  a f t e r  4  d a y s  
s t o r a g e  a t  1 ° C  a n d  8 5 % R .  H .

Broken veils 
(per 100 

mushrooms)

Reducing 
sugars ( % ,  dry- 

weight basis)
Weight loss 

( % )

Dry matter 
content 

(%)
Replicate Irrad. Check Irrad. Check Irrad. Check Irrad. Check

l 3 83 0 .2 3 0 .0 6 1 0 .9 6 1 2 .00 9 .6 8 11 .1 8

2 11 90 0 .11 0 .05 10 .55 1 0 .88 9 .6 0 11 .85

3 S 86 0 .1 8 0 .1 2 1 1 .4 4 1 2 .2 2 10 .55 11 .75

4 2 76 0 .0 4 0 .13 1 1 .76 1 1 .5 6 12 .4 0 11 .15

M e a n 5 .3 8 3 .7 0 .1 4 0 .0 9 1 1 .1 8 11 .7 0 1 0 .5 6 11 .4 8
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mushrooms died before weaning, there was no significant 
difference after 40 days between the average mouse weight 
of the offspring from female mice fed irradiated dried 
mushrooms compared to untreated dried mushrooms. The 
coefficient of variability in this series was 16.8%.

Sixteen offspring ( 8  males and 8  females) from each 
treatment were subsequently fed their mother’s diet for 
6  wk during their 8 - to 14-wk life stage. Two males and 
one female on the irradiated mushroom diet and two 
males on the untreated mushroom diet died during the 
test. No significant difference in increase in body weight 
was observed in the remaining mice. For both treatments, 
the average daily intake was 2.4 g per mouse.

Since preliminary experiments showed that mushroom 
growth was strongly inhibited by 1 0 0  krad of gamma 
irradiation, it was considered that measurement of the 
effect of this dosage on C 0 2 output during respiration 
of mushroom tissue would be informative. Such measure
ments were made in all three experiments.

Preliminary tests indicated that fresh mushrooms should 
be placed directly into glass bottles, sealed and treated to 
avoid subsequent contamination. Replicated samples (50 
g) were placed in bottles fitted with gas-tight rubber 
stoppers containing rubber septums through which the air 
within the bottles could be sampled with a gas-sampling 
syringe. The bottles were kept in hermetic storage at 4°C 
for 4 days. Measurements were terminated after 4 days 
because it was considered that the accumulated C 0 2  con
tent in the bottles would unduly interfere with normal 
respiration.

Four replicates were irradiated at a dosage of 100 
krad in the Gammacell 220. The C 0 2 content of 2-cc air 
samples obtained from the bottles was determined by gas 
chromatography. The method used (Berck, 1967) em
ployed an F  and M Model 500 linear temperature pro
grammed gas c h ro m a to g ra p h  (F  and M Scientific 
Corporation, Avondale, Pennsylvania), with a thermal 
conductivity detector. Samples were taken at 3 hr, 4JA hr, 
and 1, 2, 3 and 4 days after treatment.

Fig. 1 shows that the level of accumulated C 0 2  was 
considerably higher for the irradiated mushrooms than for 
the untreated mushrooms at the 1 - and 2 -day sampling 
period. However, the difference in C 0 2  level became 
progressively less thereafter, and at 4 days there was no 
statistical significance. It should be noted that the rate 
of rise in C 0 2 of the irradiated mushrooms diminished 
very appreciably after 3 days, and this was not the case 
with the untreated mushrooms. This was also shown in

Fig. 1. COi content of air of irradiated and untreated mushrooms 
during storage at 4°C in closed systems.

the first two experiments wherein suppression of C 0 2

output was obtained for the treated samples.
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S U M M A R Y —C h ic k e n s ,  in c lu d in g  th o s e  r e a r e d  u n d e r  g e r m f r e e ,  

g n o to b io t i c  (in  c o n ta c t  o n ly  w ith  Clostridium perfringens, 
Escherichia coli, a n d  Streptococcus faecalis) o r  c o n v e n t io n a l  

c o n d i t io n s  w e r e  c o m p a r e d  f o r  f la v o r  u t i l iz in g  t h e  t r i a n g le  t a s t e  

t e s t in g  t e c h n iq u e .  D a rk  a n d  l ig h t  m e a t  w e r e  e v a l u a t e d  s e p a 

r a te ly .  T h e  re s u l ts  o f  t h e s e  t e s t s  in d i c a t e d  a h ig h ly  s ig n i f ic a n t  

d i f f e r e n c e  b e tw e e n  t h e  f l a v o r  o f  g e r m f r e e  a n d  c o n v e n t io n a l  

c h ic k e n  m e a t ,  a d i f f e r e n c e  o f  lo w e r  s ig n i f ic a n c e  b e tw e e n  

g n o to b io t i c  a n d  c o n v e n t io n a l  c h ic k e n  m e a t  a n d  n o  s ig n if ic a n t  

d i f f e r e n c e  b e tw e e n  t h e  f l a v o r  o f  g n o to b io t i c  a n d  g e r m f r e e  

c h ic k e n  m e a t .  M e a t  f ro m  th e  c o n v e n t io n a l l y - r e a r e d  c h ic k e n s  

h a d  a s t r o n g e r  a n d  m o re  c h a r a c te r i s t i c  c h ic k e n  f la v o r  th a n  th a t  

f ro m  g e r m f r e e  c h ic k e n s .  T h e s e  re s u l ts  in d ic a te  t h a t  b a c t e r ia  

p r e s e n t  in t h e  in te s t in a l  t r a c t  d o  a f f e c t  f l a v o r  o f  t h e  m e a t  
o f  t h e  c h ic k e n .

IN TRO DU CT IO N

T h e  f a c t o r s  w h i c h  e s t a b l i s h  the flavor of poultry 
have not been completely defined. In considering these 
factors it seemed feasible that intestinal bacteria could 
synthesize compounds or alter compounds present in the 
gut of the bird in such a way as to produce substances 
which might contribute to flavor.

Baker et al. (1956) compared the flavor of eviscerated 
and uneviscerated birds and found that flavor deterioration 
was more rapid in uneviscerated birds. Since flavor differ
ences existed between eviscerated and uneviscerated car
casses it appeared that flavoring compounds were carried 
to the muscle. That compounds such as hydrogen sulfide 
are carried to muscles is demonstrated by the “green 
struck” phenomenon which occurs in uneviscerated birds 
following multiplication of bacteria in the gut (Nickerson 
et al., 1939). Barnes et al. (1957) investigated the causes 
of greening in poultry and concluded that during storage 
hydrogen sulfide diffused through the gut wall and finally 
reached the muscle tissue where it reacted with the heme 
pigments of blood and muscle and, in the presence of air, 
formed the green pigment sulfmyoglobin.

Shrimpton (1966) speculated that the gamey flavor 
which developed in uneviscerated birds was caused by 
microbiological activity in the intestine and the subsequent 
acquisition by the skeletal muscle of the metabolites so 
formed. Earlier experiments by Shrimpton et al. (1965) 
indicated that flavor components are transferred from 
the gut to the muscle of poultry. They tentatively iden
tified 15 flavor components of chicken breast meat all 
of which were also found in the ceca of cannulated birds. 
They further observed that the amounts of these substances 
increased in the breast muscle of birds held after death 
at 15°C with their viscera in place. When the level of the 
substances was high, there was a concurrent “gamey ele
ment” in the flavor. It appeared that at least some of the

I n t e s t i n a l  F l o r a  a n d  C h i c k e n  F l a v o r

gamey flavor of the birds had its origin in the metabolic 
reactions that occurred in the cecal flora.

The studies presented here were designed to give an
other approach to the question of whether the bacterial 
flora of the intestinal tract affect the flavor of chicken 
muscle. The flavor of cooked muscle of germfree chickens 
was compared with that of chickens reared in the conven
tional manner. This procedure was designed to determine 
whether flavor compounds produced by bacteria could be 
carried from the intestine to the muscle tissue while the 
bird was alive. When the presence of microorganisms was 
found to affect flavor, additional experiments were carried 
out in which selected microorganisms were fed to germfree 
birds to determine their effect on chicken flavor.

M A T ER IA LS  A N D  M ETHO DS
A r b o r  a c r e  f e m a l e s  were mated to Peterson males to 

produce broiler-type chickens. Incubated fertile eggs were 
obtained from a local hatchery on the 18th day of incu
bation.

Control chickens were reared in the conventional man
ner under non-germfree conditions. The 18-day-old eggs 
were transferred from the commercial hatchery incubator 
to a 37°C incubator at the University. After hatching, 
chicks were transferred to wire cages equipped with electri
cally-heated batteries. A gradual reduction in temperature 
began and was continued for approximately 2  weeks when 
room temperature was reached and maintained.

In order to hatch germfree birds, the 18-day-old em- 
bryonated eggs were washed with a brush in a 2 % (w /v) 
detergent solution maintained at 37°C distilled water. Eggs 
were placed in a nylon stocking and immersed for six min 
in a 1.5% (w /v) mercuric chloride solution maintained at 
37-39° C. The eggs were then transferred with a wire hook 
through a tube without exposure to the non-sterile air 
into a previously sterilized germfree isolator. Inside the 
isolator the eggs were removed from the stocking and 
placed in a special pan for hatching. Ten eggs yielded 
from six to eight chicks. To prevent overcrowding only 
three chicks were retained in each isolator for the experi
ment.

This procedure was carried out in a room maintained 
at 37° C. Two days after hatching, a gradual reduction in 
temperature began and room temperature (22°C) was 
reached and maintained after two weeks.

The germfree isolator was modeled after that of Trexler
(1959). Each isolator was equipped with a collapsible 
cage constructed of stainless steel fA-in. mesh wire.

All chickens were fed ration and water ad libitum. The 
diet was designed to compensate for losses due to the 
heat treatment in sterilization and for the fact that vitamins
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Table 1. Com position of diet for all birds.

Ingredient g

G round corn 548.0
Soybean meal (50%  protein) 300.0
Fish  meal 25.0
D ried  whey 50.0
A lfalfa meal 25.0
M eat scrap 25.0
Salt 5.0
Feeding oil 2.0
Calcium  carbonate 7.5
Dicalcium  phosphate 7.5
M anganese sulphate (m onohydrate) 0.3
V itam in prem ix * 5.0
D -L  m ethionine 0.5
E thoxyquin 1.0

* V itam in prem ix
T hiam ine-H C l 10.0
Niacin 10.0
Riboflavin 1.6
Ca Pantothenate 10.0
V itam in B12 (m g /g m ) 2.0
Pyridoxine-H C l 0.6
Biotin 0.06
Folic  acid 0.4
Inositol 10.0
V itam in A  (250,000 IU /g m ) 4.0
V itam in Ds 0.5
M enadione 1.0
Sucrose 449.84

n o rm a lly  synthesized b y  the  m ic ro b ia l f lo ra  w o u ld  n o t be 
p roduced  in  ge rm fre e  b irds . T h e  com p os ition  o f the  d ie t 
fo r  a ll b ird s  is presen ted in  T a b le  1.

T h e  above m ix tu re  o f v ita m in s  was b lended tog e the r 
w ith  enough sucrose to  equal 500 g. A  h ig h  vacuum  
au toc lave w ith  an o il-sea led  vacuum  pu m p  was em ployed 
fo r  s te r il iz in g  a ll the  feed. Feed was placed on c lo th - lin e d  
m esh tra y s  to  a dep th  o f one in . T ra y s  w e re  placed in  a 
steel s te r il iz in g  c y lin d e r w h ic h  was then  sealed w ith  M y la r  
f ilm . T h e  c y lin d e r was placed in  the  au toc lave and the 
fo llo w in g  s te r il iz in g  cycle was c a rr ie d  o u t :

1. T h e  cham ber was evacuated to  12 m m  H g  res idua l 
p ressure  and he ld  fo r  15 m in .

2. T h e  vacuum  w as b ro ken  b y  steam and the feed was 
he ld  a t 121°C  fo r  25 m in .

3. A  vacuum  cycle  o f 15 m in  was em ployed to  rem ove 
excess m o is tu re .

W h e n  i t  was necessary to  add item s to  the  is o la to r the  
tra n s fe r sleeve was a ttached and the item s as w e ll as the  
tra n s fe r sleeve w ere  sprayed w ith  2%  perace tic  acid. Ite m s  
to  be added w e re  a llow ed  to  set fo r  a m in im u m  o f 30 m in  
be fore  the y  w ere  a d m itte d  to  the  ge rm fre e  iso la to r. W h e n  
i t  was necessary to  rem ove item s fro m  the is o la to r the  
tra n s fe r sleeve was attached, sprayed w ith  pe race tic  acid  
and  a llo w e d  to  set fo r  30 m in  be fo re  the ins ide  d o o r was 
opened.

T es ts  fo r  the s te r il ity  o f the  appara tus and  the b ird s  
w e re  u s u a lly  scheduled to  co inc ide w ith  the  tim e  w hen 
food, w a te r, and o th e r m a te ria ls  had to  be in tro d u ce d  in to  
o r rem oved fro m  the  iso la to r. T es ts  w e re  m ade fo r  s te r il

i ty  o f the  ch icken  by  sw abb ing  v a rio u s  p a rts  o f the  b ird  
and by o b ta in in g  sam ples o f excre ta . S w abb ings  w e re  also 
taken  fro m  cage surfaces and sam p lings w e re  m ade o f feed 
and w a te r. T w o  types o f l iq u id  m ed ia , b ra in  h e a rt in fu s io n  
b ro th  and f lu id  th io g ly c o lla te  m ed iu m , w e re  em p loyed  in  
these tests. In o c u la te d  tubes o f these m ed ia  w e re  rem oved 
fro m  the  iso la to r fo r  p la t in g  in  b ra in  h e a rt in fu s io n  b ro th  
w ith  1.5%  agar added. P la te d  cu ltu re s  w e re  incuba ted  
ae ro b ica lly  o r  an ae rob ica lly  a t 3 7 °C and ro o m  tem pe ra 
tu re  (a b o u t 2 2 ° C ) .  T ra n s fe rs  w e re  also m ade fro m  the 
in ocu la ted  tubes in to  fre s h ly  p repa red  f lu id  th io g ly c o lla te  
m ed ium , and these cu ltu res , a long  w ith  the  in ocu la ted  tubes 
w h ic h  w ere  rem oved fro m  the  iso la to r, w e re  incuba ted  a t 
37 °C  o r  ro o m  tem pe ra tu re  fo r  48  h r . A f te r  in cub a tion , 
p la tes w e re  exam ined  fo r  the  g ro w th  o f b a c te ria l co lon ies 
and the  liq u id  m ed ia  w e re  exam ined  fo r  tu rb id ity .  G roup s  
th a t became con tam ina ted  w e re  e lim in a te d  f ro m  the  
exp e rim e n t.

I n  th is  paper, “ g n o to b io tic ”  re fe rs  to  those b ird s  associ
a ted w ith  o n ly  th ree  organ ism s, f ro m  those w h ic h  are p re 
d o m in a n t in  the  in te s tin a l f lo ra  o f chickens. These  w ere  
E s c h e r ic h ia  co li ( g r a t ia ) , S tr e p to c o c c u s  ja e c a lis , and  C lo s 
tr id iu m  p e r fr in g e n s  1 1 6 8 .  T h e  th re e  s tra ins  w e re  a d m in is 
te red  s im u ltan eou s ly  w hen the  b ird s  reached th re e  weeks 
o f age.

E .  co li was p ropagated  on s te r ile  try p to n e  glucose e x tra c t 
agar s lan ts fo r  24 h r  at 3 7 °C. B a c te ria l cells w e re  th e n  
washed fro m  tw o  slan ts w ith  100 m l s te rile  0 .1 %  peptone 
w a te r. T h e  suspension was a d ju s te d  to  an o p tic a l de n s ity  
re a d in g  o f 0.175 a t 660 ( io n  a spe c tropho tom e te r to  p ro 
duce a con cen tra tion  o f a p p ro x im a te ly  300 X 10® cells 
pe r m l. T w e n ty - f iv e  m l o f th is  suspension w e re  added to  
the  d r in k in g  w a te r o f the  chickens.

5'. ja e c a lis  was p ropagated  in  s te r ile  b ra in  h e a rt in fu s io n  
b ro th  fo r  24 h r  a t 37°C . S te r ile  d is ti lle d  w a te r w as added 
to  the  b ro th  to  a d ju s t the  op tica l de n s ity  o f the  suspension 
to  0.230 on a spectropho tom e te r a t 660 /a. A n  op tica l 
de ns ity  rea d ing  o f 0.230 in d ica ted  a p p ro x im a te ly  150 X 
10® cells pe r m l. F ifte e n  m l o f th is  suspension w e re  added 
to  the  b ird s ’ d r in k in g  w a te r.

C . p e r fr in g e n s  1 1 6 8  was p ropagated  in  s te r ile  f lu id  th io 
g ly c o lla te  m ed iu m  ( F T G )  fo r  6 h r  a t 37°C . T e n  m l o f the  
F T G  and ce ll suspension a long  w ith  one m l th ia m in e  HC1 
was inocu la ted  in to  each o f tw o  bo ttles  o f s te r ile  S E C  
b ro th , a sp o ru la tin g  m ed iu m  (A n g e lo t t i  et a l., 1 9 6 2 ). T h e  
S E C  b ro th  was incuba ted  fo r  18 h r  a t 37 °C . T h e  b ro th  
was then  rem oved fro m  the  in c u b a to r and ba c te ria l cells 
w ere  concen tra ted  by  c e n tr ifu g in g  fo r  10 m in  a t 13200 X g. 
A f te r  decan ta tion  o f the  superna tan t b ro th , ce lls w e re  
washed w ith  s te rile  saline and then  placed in  sm a lle r tubes 
fo r  c e n tr ifu g a tio n  a t 27000 X  g fo r  10 m in . A f te r  decan
ta tio n  o f the  superna tan t, enough s te rile  sa line  was added 
to  the ce lls to  produce an o p tic a l de ns ity  rea d ing  o f 0 .2  on 
the spec tropho tom e te r a t 420 ¡i. T h is  rea d ing  in d ica ted  
the  presence o f a p p ro x im a te ly  5.9 X  107 cells pe r m l. 
T w e n ty - f iv e  m l o f the  suspension w e re  a d m in is te red  to  the  
b ird s  in  th e ir  d r in k in g  w a te r.

D u r in g  the  w eek fo llo w in g  in o cu la tio n , tests w e re  c a r
r ie d  o u t to  ascerta in  w h e th e r the  organ ism s had  estab
lished  them selves in  the  in te s tin a l tra c t. E o s in  m e thy lene
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b lue agar and E .C . m ed iu m  w e re  b o th  used to  c o n firm  the  
presence o f E .  c o li. S u liite -p o ly m y x in -s u lfa d ia z in e  agar 
was selected to  test fo r  the  presence o f C . p e r fr in g e n s . T o  
tes t fo r  the  presence o f S .  fa e c a lis  tw o  e xa m in a tion s  w e re  
com ple ted. I n  the  f ir s t  test, azide de x trose  b ro th  and e th y l 
v io le t azide b ro th  w e re  used. I n  the  second test, yeast 
w a te r m a n n ito l w i th  0 .04%  po tass ium  te llu r ite  was em 
p loyed  as a tes t m ed ium .

G ra m  sta ins m ade on the  test suspension fro m  g n o to - 
b io tic  iso la to rs  a lw ays c le a rly  revealed the  presence o f th ree  
organ ism s w ith  m o rp h o lo g ica l cha rac te ris tics  id e n tic a l to  
those used fo r  the  in ocu la tio n .

E ig h t  weeks a fte r  ha tch in g , the  ch ickens w e re  s la ug h 
te red  and dressed a t the  U n iv e rs ity  o f W is c o n s in  P o u lt ry  
Research L a b o ra to ry . T h e  b ird s  w e re  a llow ed  to  b leed fo r  
2 m in  be fore  th e y  w e re  scalded in  an a u tom a tic  ro ta ry  
scalder a t 54° C  fo r  21 sec. F ea th e rs  w e re  the n  p lucked  
b y  hand  and the b ird s  w e re  eviscera ted. A  m a x im u m  tim e  
lapse o f 90  m in  occu rred  betw een s la u g h te rin g  and the 
com p le tion  o f the  ev isce ra tion  process. Carcasses w e re  
placed in  re fr ig e ra te d  storage (5 ° C )  abou t 18 h r  and 
w e re  then  roasted w h o le  in  a preheated 191°C  oven fo r  
7 5 m in . A lu m in u m  fo i l  loose ly  covered the  b ird s  d u r in g  the  
f ir s t  h r  o f cook ing . A f te r  coo ling , m eat was rem oved  fro m  
the bones, the  w h ite  m eat fro m  the b reast p o r t io n  be ing  
k e p t separate f ro m  the  d a rk  m eat o f the  leg  m uscle. W h ite  
m eat f ro m  a ll b ird s  in  a p a r tic u la r  g ro u p  was m ix e d  to 
ge the r and  d a rk  m eat w as trea te d  likew ise . S k in  and  pan 
fa t  d r ip p in g s  w e re  in c lud ed  in  the  sam ple. S k in  com posed 
a p p ro x im a te ly  4 %  and fa t a p p ro x im a te ly  tw o  pe rcen t o f 
the  to ta l sam ple. T h e  m eat was f in e ly  s liced w ith  an 
e lec tr ic  chopper fo r  10 sec to  p roduce  a reasonab ly u n ifo rm  
sample. T h e  m eat was im m e d ia te ly  p laced in  s te rile  p e tr i 
p lates in  a freeze r m a in ta in e d  a t — 18°C  w h e re  i t  rem a ined  
fo r  3 weeks.

A  tr ia n g le  taste  tes t (A m e r in e  e t  al., 1965) was a d m in 
is te re d  to  a taste pane l o f 11 g radua te  students, w h o  had 
p a rtic ip a te d  in  severa l p rac tice  sessions p r io r  to  ac tua l tests. 
D a rk  and l ig h t  m ea t w e re  ju d g e d  separa te ly . T h e  m eat 
was a t ro o m  te m p e ra tu re  w h en  served. T w o  tr ia n g le  sets 
w e re  presen ted a t each ta s tin g  session. C h i-squa re  tests 
were used as a basis fo r  d e te rm in in g  s ig n if ic a n t d iffe rences.

RESULTS
T h r e e  f l a v o r  c o m p a r is o n s  w e re  com p le te d : ( 1 )  

chickens rea red  u n d e r g e rm fre e  co n d itio n s  and com pared 
w ith  those rea red  in  the  co n ven tion a l m anner, ( 2 )  ch ickens

w h ic h  w e re  associated w ith  o n ly  th ree  organ ism s com pared 
w ith  those rea red  in  the  con ve n tio n a l m anne r, and (3 )  
ch ickens w h ic h  w e re  associated w ith  th ree  k n o w n  o rg a 
n ism s com pared w ith  those rea red  u n d e r g e rm fre e  con 
d ition s .

Germfree vs. Conventional

W h ile  the  range  in  s ign ificance  fo r  the  th re e  rep lica tes 
v a rie d  fro m  .05 to  .001, (T a b le  2 ) ,  the  to ta l leve l o f s ig 
n ificance was v e ry  h ig h  (.0 0 1 ) in d ic a tin g  th a t a d iffe rence  
ex is ted  betw een the f la v o r o f b ird s  rea red  u n d e r ge rm fre e  
con d itions  and those rea red  c o n ve n tio n a lly . These  data 
w e re  cons is ten t in  in d ic a tin g  s ig n if ic a n t f la v o r  d ifferences. 
P ane l m em bers w e re  asked to  describe the  f la v o r d if fe r 
ence between odd  and lik e  sam ples. T h e y  g e n e ra lly  de
scribed the  m eat fro m  ch ickens rea red  in  the  conven tiona l 
m an ne r as h a v in g  a s tro n g e r f la v o r  o r a m o re  ch a ra c te ris tic  
ch icken  fla v o r th a n  the  m eat f ro m  ch ickens rea red  un de r 
g e rm fre e  con d itions .

Gnotobiotic vs. Conventional

T a b le  3 presents the  resu lts  o f f la v o r  tests betw een these 
tw o  g roups. P ane l m em bers appeared m ore  able to  detect 
f la v o r d iffe rences in  the  f ir s t  rep lica te  th a n  in  the  second 
and th ir d  rep lica tes. T h e y  w e re  ab le to  detect f la v o r d if fe r 
ences in  the  l ig h t  m eat m o re  o fte n  th a n  in  the  d a rk  m eat 
samples. T h e  to ta l leve ls o f s ign ificance  fo r  d iffe rences 
w e re  .01 fo r  l ig h t  m eat and no s ign ificance  fo r  d a rk  m eat 
samples. I t  appeared f ro m  w o rd  d e sc rip tions  o f  f la v o r 
d iffe rences th a t pane l m em bers co u ld  detect l i t t le  d iffe rence  
betw een m eat f ro m  b ird s  rea red  un d e r g n o to b io tic  co n d i
tio n s  and those rea red  un d e r co n ven tion a l con d itions .

Gnotobiotic vs. Germfree

T a b le  4  shows the  resu lts  o f th ree  tests. I t  sho u ld  be 
po in te d  o u t th a t seven was the  lo w es t n u m b e r o f c o rre c t 
ju d g m e n ts  w h ic h  cou ld  be cons idered  s ig n ifica n t. T h u s , 
s ig n if ic a n t d iffe rences, w h e n  th e y  d id  occur, w e re  m in im a l. 
T h e  to ta l resu lts  o f the  th re e  rep lica tes in d ica te d  no s ig n if i
can t d iffe rences betw een the  f la v o r  o f b ird s  rea red  un de r 
g n o to b io tic  and g e rm fre e  c o n d itio n s  w h en  l ig h t  and d a rk  
m eat w ere  ju d g e d  separa te ly . W o rd  de sc rip tions  o f f la v o r 
d iffe rences e x is tin g  betw een odd  and lik e  sam ples fu r th e r  
in d ica ted  th a t pane l m em bers w e re  g e n e ra lly  unab le  to  
d is tin g u is h  f la v o r  d iffe rences in  m eat f ro m  b ird s  g ro w n  
u n d e r g n o to b io tic  o r  g e rm fre e  con d itions .

T h e re  was l i t t le  d iffe rence  in  th e  genera l appearance o f 
a ll b ird s  except those con ta ined  in  iso la to rs  had d ir t ie r

Table 2. F lavor difference betw een germ free and conventional 
triang le  tests.

chickens as determ ined by

Repli
cate

Light meat1 Dark meat1

No. of 
tasters

No. of 
correct 

judgments
Level of 
signifi
cance

No. of 
tasters

No. of 
correct 

judgments
Level of 
signifi
cance

l i l 8 .01 i l 8 .01
2 h 9 .001 h 9 .001
3 8 7 .01 8 6 .05

T otal 30 24 .0012 30 23 .0012

1 Sam ples w ere a  composite of muscle, skin, and fa t from  a  minimum of three  birds.
2 Indicates significance of total correct judgm ents.
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Table 3. F lavor difference betw een gnotob io tic1 and conventional chickens as determ ined 
by triangle tests.

Repli
cate

Light meat2 Dark meat2

No. of 
tasters

No. of 
_ correct 
judgments

Level of 
signifi
cance

No. of 
tasters

No. of 
correct 

judgments

Level of 
signifi
cance

l i i 9 .001 i i 7 .05
2 n 5 N.S. i i 4 N.S.
3 i i S N .S. i i 1 N.S.

T otal 33 19 . 013 33 12 N .S .3

1 Gnotobiotic birds w ere in contact w ith only E s c h e r ic h ia  co li, C lo s tr id iu m  p e r fr in g e n s  and 
S tr e p to c o c c u s  fa eca lis .

2 Sam ples w ere a composite of muscle, skin and fa t from  a minimum of th ree  birds.
3 Indicates significance of to ta l correct judgm ents.

Table 4. F lavor differences between gnotob io tic1 and germ free chickens as determ ined by 
triang le  tests.

Repli
cate

Light meat2 Dark meat2

No. of 
tasters

No. of
correct

judgments
Level of
signifi
cance

No. of 
tasters

No. of 
 ̂correct 

judgments
Level of
signifi
cance

l i i 2 N .S. i i 7 .05
2 i i 7 .05 i i 2 N .S.
3 i i 4 N .S. i i 4 N .S.

T otal 33 13 N .S .3 33 13 N .S .3

1 Gnotobiotic birds w ere in contact w ith only E s c h e r ic h ia  co li, C lo s tr id iu m  p e r fr in g e n s  and 
S tr e p to c o c c u s  fa eca lis .

2 Sam ples w ere a composite of muscle, skin and fa t from  a  minim um  of three  birds.
3 Indicates significance of to ta l correc t judgm ents.

fea thers  th a n  those rea red  u n d e r co n ven tion a l cond itions . 
I t  appeared th a t g e rm fre e  b ird s  consum ed s lig h t ly  m o re  
feed th a n  o thers . M ea n  w e ig h ts  o f the  d iffe re n t g ro up s  are 
presen ted in  T a b le  5. T hese da ta  in d ica te  th a t as the 
n u m be r o f s tra in s  o f o rgan ism s w as reduced  to  th ree  and 
th e n  to  ge rm free , the  w e ig h ts  o f the  b ird s  increased. A l l  
b ird s  w e re  fed  the  same d ie t and kep t fo r  the  same le n g th  
o f tim e .

DISCUSSION
T h is  s t u d y  in d ic a t e d  th a t m ic ro b ia l in te s tin a l f lo ra  

do have an e ffect on  the  f la v o r  o f ch icken  m uscle since 
f la v o r ju dg es  w e re  co n s is ten tly  able to  detect a f la v o r 
d iffe rence  be tw en the cooked m uscle o f b ird s  g ro w n  un de r 
g e rm fre e  as com pared w ith  those g ro w n  u n d e r conven
tio n a l con d itions . F la v o r  d iffe rences betw een b ird s  g ro w n  
u n d e r g n o to b io tic  con d itio n s  and those g ro w n  in  the  con 
v e n tio n a l m anne r w e re  less th a n  those in  the  f ir s t  s tud y  
since the  o v e ra ll f la v o r com parisons in d ica ted  no s ig n if ic a n t 
d iffe rence  betw een d a rk  m eat samples and a d iffe rence  a t 
the  .01 le ve l o f s ign ificance fo r  l ig h t  m eat samples.

Table S. M ean weights of conventional, gnotobiotic1 and germ 
free birds live and ready to cook.

Group No. of birds
Mean weights (g)

Live Ready to cook

Conventional 33 1190 737
Gnotobiotic 17 1304 822
Germ free 19 1418 992

1 Gnotobiotic birds w ere in contact w ith only E s c h e r ic h ia  co li, 
C lo s tr id iu m  p e r fr in g e n s  and S tr e p to c o c c u s  fa eca lis .

B ird s  g ro w n  u n d e r g n o to b io tic  p rocedures and com pared 
fo r  f la v o r w ith  b ird s  g ro w n  in  a ge rm fre e  e n v iro n m e n t 
showed no o v e ra ll s ig n if ic a n t d iffe rence . T h is  in d ica te d  
th a t the  f la v o r o f m eat f ro m  b ird s  g ro w n  u n d e r g n o to b io tic  
con d itio n s  m o re  c lose ly  resem bled th a t o f m ea t fro m  b ird s  
g ro w n  u n d e r ge rm fre e  con d itions  th a n  th a t f ro m  b ird s  
g ro w n  in  the  con ven tion a l m anner.

I t  is  possib le th a t o th e r o rgan ism s in  the  in te s tin a l tra c t 
c o n trib u te  m o re  to  f la v o r th a n  the  ones tested. T h e  o rg a 
n ism s in c lu d e d  in  th is  s tu d y  m ay  have reacted d iffe re n t ly  
in  th e  presence o f a n u m be r o f v a rie tie s  o f the  m ic ro o r 
ganism s fo u n d  in  the  in te s tin a l tra c t. I t  is also possib le 
th a t a syn e rg is t e ffect m ay  occu r in  w h ic h  case the  th ree  
organ ism s tested m ay co n trib u te  m o re  to  f la v o r w h en  the  
to ta l in te s tin a l f lo ra  are presen t tha n  w hen the  th re e  alone 
are present. I n  any case these resu lts  tend  to  show  th a t the  
com b ined  presence o f C . p e r fr in g e n s , E .  co li and A. fa e c a lis  
in  the  g u t do n o t p roduce  the  same f la v o r  as the  to ta l f lo ra  
o f th e  in te s tin a l tra c t.

T h is  s tud y  substantia tes S h r im p to n ’s (1 9 6 6 ) th e o ry  th a t 
some f la v o r com ponents in  the  flesh o f the  b ird  are o f 
m ic ro b io lo g ic a l o r ig in  and synthesized b y  the  in te s tin a l 
f lo ra . T h is  s tud y  seems to  fu r th e r  in d ica te  th a t c e rta in  
f la v o r com ponents, m etabo lites  o f ba c te ria  in  the  in tes tine , 
can be absorbed and c a rr ie d  to  the m uscle w h ile  the b ird  is 
a live .

O ne  o f the  m a jo r  p rob lem s c o n fro n tin g  f la v o r  science 
appears to  be a kno w le dg e  o f the  source and the  im p o r 
tance o f the  com pounds id e n tifie d . O nce the  exact ro le  
o f c e rta in  in te s tin a l m ic ro o rga n ism s  in  d e te rm in in g  f la v o r 
is established, f la v o r  cou ld  perhaps be b e tte r c o n tro lle d .
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T h e  breed o f b ird , its  age and  d ie t, as w e ll as a n tib io tics , 
m ig h t be em p loyed  in  such a w a y  as to  p roduce  m a x im u m  
num bers o f ba c te ria  w h ic h  c o n tr ib u te  des irab le  f la v o r 
com pounds.
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B io lo g ic a l  D e g r a d a t io n  o f  C h lo r o p h y l l  in  a  S y s te m  

U s in g  B e ll P e p p e rs  (C a p s ic u m  f ru te s c e n s )

SUMMARY—A degradation system was developed based on 
the incorporation of radioactive chlorophyll into a ripening 
bell pepper carpel.

Pure chlorophyll a  in aqueous triton X-100 injected into 
green bell peppers (C a p s ic u m  f r u te s c e n s )  variety 035 was 
degraded up to 50% by the end of ripening, versus a control 
in buffer pH 5.4 not exceeding 7% loss in 2 weeks. Variety 
and stage of ipeness affected the amount of degradation.

Labeled chlorophyll a  with a specific activity of 7 to 8 X 
10s dpm/mg was then prepared from young wheat plants, 
fed 14C02 and injected in amounts of 0.2 to 0.3 mg. The 
distribution of activity in pepper extracts after pigment degra
dation was evaluated. The acetone water extract remaining 
after transfer of lipid material to petroleum ether acquired 
activity withir 2 days of injection, but the amount remains 
fairly constant for 12 days. The activity of the extraction 
residue, and of an 80% ethanol extract thereof, increased 
throughout the experiment. The residue containing increasing 
amounts of protein had the largest amount of radioactivity 
of the three fractions at the conclusion of the experiment.

Preliminary chromatography did not yield isolated radio
active products.

Extracts of pepper show no activity when substituted for

* P resen t a d d re ss : D epartm ent of Food Science, U niversity  of 
California, Davis, C alifornia 95616.

b P resen t a d d re ss : Scientific R esearch D epartm ent, Del M onte 
Corp., San Francisco, California 94119.

soybean extract in a system containing chlorophyll and lin- 
oleic acid.

The degradation of chlorophyll by ripening bell peppers 
provides a tool for further studies for degradation in a 
physiological system.

Labeling facilitates isolation, identification, and establish
ment of origin of small amounts of breakdown products.

INTRODUCTION
O n e  o f  t h e  m o s t  obv ious  changes d u r in g  the  senes

cence o f f r u i t  and o th e r p la n t tissues is  the  d isappearance 
o f c h lo ro p h y ll. C o n tro l o f th is  rea c tio n  w o u ld  be o f in te r 
est, fo r  exam ple , since bananas som etim es do n o t degreen, 
re n d e rin g  them  unsaleable, w h ile  on the  o th e r hand, the  
she lf li fe  o f green b e ll peppers m ig h t be extended i f  de
g re en ing  cou ld  be preven ted.

F re e z in g  o f such p ro d u c ts  as peas and  beans preserves 
the  c o lo r fo r  a c e rta in  p e rio d  o f tim e , b u t c o lo r d e te r io ra 
t io n  s t i l l  occurs be fore  o th e r q u a lity  fac to rs  such as fla v o r 
o r  te x tu re  become unacceptable.

W h ile  some e m p ir ic a l c o n tro l o ve r these reactions is 
possib le, l i t t le  is kn o w n  o f the b iochem ica l m echan ism  o f 
c h lo ro p h y ll d isappearance. B e tte r c o n tro l o f c o lo r q u a lity  
in  foo d  p ro d u c ts  w o u ld  re s u lt f ro m  the  u n d e rs ta n d in g  o f 
th is  m echan ism . T h is  kno w le dg e  w o u ld  also p e rm it  f u r 
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th e r in ves tig a tion s  con ce rn ing  its  b io lo g ica l s ign ificance . 
F o r  instance, i t  is n o t kn o w n  w h e th e r c h lo ro p h y ll b re a k 
d o w n  p ro d u c ts  are o f p h ys io log ica l s ign ificance  (S pencer,
19 65 ). I f  in te rm ed ia tes  in  th is  process w ere  k n o w n , i t  
w o u ld  be possib le to  estab lish the  presence o r absence o f 
c h lo ro p h y ll tu rn o v e r  in  m a tu re  tissues b y  fo llo w in g  the 
appearance and disappearance o f these p ro du c ts . P re l im i
n a ry  e xp e rim e n ts  in d ica ted  th a t the  s tud y  o f th is  process 
in  w h o le  tissues was n o t feasible. T h e re fo re , an in ve s tig a 
t io n  w as m ade to  f in d  a system  w h ic h  w o u ld  be su itab le  
fo r  the  is o la tio n  and id e n tific a tio n  o f in te rm ed ia tes  and 
p ro d u c ts  o f the  p h ys io log ica l deg ra da tio n  o f ch lo ro p h y ll.

S chanderl et al, (1 9 6 6 ) , Co et al. (1 9 6 7 b ), M ic h e l-  
W o lw e r tz  et al. (1 9 6 5 ) and B acon et al. (1 9 6 7 ) have a ll 
re p o rte d  the  ex istence o f some c h lo ro p h y ll- ty p e  com pounds 
in  p la n t ex trac ts . H o w e v e r, the  re la tio n s h ip  o f these 
com pounds to  the  b io lo g ica l b re akd ow n  o f c h lo ro p h y ll has 
n o t been established. E v e n  less is k n o w n  abou t an y  steps 
le ad ing  beyond the  d e s tru c tio n  o f the  p o rp h y r in  r in g .

T h o u g h  some c h lo ro p h y ll de g ra da tio n  in  n a tu re  m ay be 
a re s u lt o f p h o to o x id a tio n  o f the  p igm e n t, th e  fa c t th a t 
r ip e n in g  f ru its  show  loss o f c h lo ro p h y ll e ith e r in  the  lig h t  
o r  d a rk  ind ica tes th a t the  de g rada tion  in  v iv o  is  a t least 
p a r t ia l ly  enzym atic . T h is  is sup po rte d  b y  the  w o rk  o f 
H o y t  (1 9 6 6 ) , w h o  fo u n d  th a t ry e  grass ( L o l iu m  p e r e n n e )  
lo s t m ost o f its  c h lo ro p h y ll w ith in  6 days a fte r c u ttin g . 
L o w  te m p e ra tu re  d u r in g  in cub a tion , b o ilin g  o r  freez ing  
the  tissue p r io r  to  in cub a tion , and  desicca tion  o f the  grass 
g re a tly  reduced c h lo ro p h y ll loss.

W a g e n kn e ch t et a l. (1 9 5 2 ) observed de g ra d a tio n  o f 
c h lo ro p h y ll in  fro ze n  peas and a ttr ib u te d  th is  loss to  the 
ac tio n  o f lipox ida se . W a lk e r  (1 9 6 4 ) came to  s im ila r  con 
clus ions abou t the  d isappearance o f c h lo ro p h y ll in  F re n c h  
beans. H o ld e n  (1 9 6 5 ) re p o rte d  a system , based upon  th a t 
o f B la in  et al. (1 9 5 3 ), w h ic h  con ta ined  legum e seed e x 
tra c ts  and  lo n g -ch a in  fa t ty  acids and degrades c h lo ro p h y ll 
ra p id ly  to  p ro d u c ts  w ith o u t c h lo ro p h y ll- ty p e  spectra.

T h is  system  shou ld  p ro ve  use fu l fo r  the  s tu d y  o f the 
deg ra da tio n  o f c h lo ro p h y ll in  some fo o d  p ro du c ts . H o w 
ever, th is  type  o f de g rada tive  system  m ay be lim ite d  to  
legum es o r  to  tissues w h ic h  are dam aged b y  processing, 
such as fre e z in g  o r e x tra c tio n . T w o  obse rva tions  w h ic h  
a rgue  aga inst the  genera l op e ra tion  o f such a lopox idase - 
re la ted  de g ra da tio n  a re : ( 1 )  in  ryegrass ( H o y t ,  1966) 
the  c h lo ro p h y ll d e s tru c tio n  was in h ib ite d  b y  fre e z in g  o r 
g r in d in g , whereas ra p id  deg ra da tio n  is  observed in  p re v i
ou s ly  fro z e n  legum es o r in  legum e ex trac ts , and  ( 2 )  the  
lipo x id a se -re la te d  deg rada tive  system  bleaches caro teno ids 
(B la in  et a l., 1953) as w e ll as c h lo ro p h y ll,  b u t in  B e ll 
peppers, fo r  instance, a la rge  increase in  ca ro teno ids is 
observed a t the  same tim e  as c h lo ro p h y ll d isappears d u r in g  
r ip e n in g  (C u r l,  19 64 ), in d ic a tin g  the  absence o f v e ry  lo w  
a c t iv ity  o f a ca ro te no id  de g ra da tive  system . These con
s ide ra tions  made th is  system  appear un su ita b le  as a m odel 
fo r  the  s tu d y  o f the  p h ys io log ica l de g ra da tio n  o f c h lo ro 
p h y ll.

S eyb o ld ’s (1 9 4 3 ) fa ilu re  to  f in d  com pounds in  au tum n  
leaves o b v io u s ly  de rive d  f ro m  c h lo ro p h y ll and the  fa ilu re  
o f a ttem p ts  in  o u r la b o ra to ry  to  f in d  such p ro d u c ts  in  
r ip e n in g  f ru its  m ade i t  necessary to  develop a system

w h ic h  w o u ld  degrade exogenous c h lo ro p h y ll. T h is  w o u ld  
a llo w  d e g ra da tio n  o f labeled c h lo ro p h y ll in  the  system  so 
th a t ra d io a c tive  p ro d u c ts  cou ld  be detected and iso la ted.

E a r l ie r  exp e rim e n ts  in  th is  la b o ra to ry  had  sho w n  no 
de g rada tion , o th e r th a n  p h e o p h y tin  o r  ph eo ph orb ide  f o r 
m a tio n , w h en  c h lo ro p h y ll was added to  iso la ted  c h lo ro - 
p lasts o r  to  acetone pow ders  p repa red  f ro m  r ip e n in g  
bananas o r  peppers. I n  v ie w  o f the  la b il i ty  o f the  c h lo ro 
p h y ll de g ra da tive  system  in  ry e  grass ( H o y t ,  19 6 6 ), i t  
appears th a t such trea tm e n ts  p ro b a b ly  destroyed  the  a c t iv 
i t y  o f deg rada tive  enzymes.

I t  was k n o w n  th a t m a tu re  green peppers ( C a p s ic u m  
fr u te s c e n s )  lose th e ir  c h lo ro p h y ll v e ry  ra p id ly  once the 
r ip e n in g  process begins and th a t no  c h lo ro p h y ll rem a ins  
a t advanced r ip e n in g  stages (S c h a n d e rl e t  a l., 19 66 ). 
D e sp ite  the  obv ious d iff ic u lt ie s  o f in c o rp o ra tio n  o f a la rg e  
m olecu le  such as c h lo ro p h y ll in to  the  ce ll and th e  poss i
b i l i t y  th a t i t  w o u ld  be degraded in  a no n p h ys io lo g ica l w ay , 
i t  w as th o u g h t th a t a ra p id ly  r ip e n in g  pepper m ig h t  de
g rade  exogenous c h lo ro p h y ll o r  c h lo ro p h y ll d e riva tive s . 
T h e  resu lts  o f such exp e rim e n ts  are described in  th is  
paper.

METHODS AND MATERIALS
Preparation of chlorophyll a

C h lo ro p h y ll a  w as p repa red  a cco rd ing  to  the  p ro ced ure  
o f S tra in  et al. (1 9 6 6 ).

S p inach  leaves w e re  d ropped  in  a W a r in g  B le n d o r w ith  
enough acetone to  g ive  a  f in a l con cen tra tion  o f 80%  ace
tone. O x a lic  ac id  was added a fte r g r in d in g . T h e  s o lu tio n  
was a llow ed  to  s tand a t ro o m  te m p e ra tu re  u n t i l  the  c o lo r 
changed fro m  green to  g ra y , in d ic a tin g  th a t m os t o f the  
c h lo ro p h y ll had been converted . T h e  s o lu tio n  w as f ilte re d  
th ro u g h  a B ü c h n e r fu n n e l and the  res idue w ashed w ith  
acetone to  rem ove m ost o f the  re m a in in g  p igm en ts . T h is  
was ove rla ye red  w ith  e ther, and w a te r o r  concen tra ted  
sod ium  ch lo r id e  so lu tio n  w as added u n t i l  the  p igm e n ts  
w e re  tra n s fe rre d  to  the  e ther la ye r, w h ic h  was the n  washed 
several tim es w ith  w a te r to  rem ove acetone.

T h e  e ther s o lu tio n  was d rie d  in  a vacuum  e va po ra to r 
to  rem ove any re m a in in g  w a te r, and  the  p igm e n ts  w e re  
taken  up  in  pe tro le u m  e th e r and ap p lied  to  a co lum n  
packed w ith  pow dered  sugar c o n ta in in g  3%  starch. T h e  
co lu m n  was developed u s in g  3%  acetone in  p e tro le u m  
ether. P h e o p h y tin  was a g ra y  band  w h ic h  m oved beh ind  
a lpha  and  beta carotene. A f te r  the  p h e o p h y tin  band 
showed enough separa tion  f ro m  the o th e r com ponents, the  
co lu m n  was sucked d ry  and the p h e o p h y tin  p a r t  c u t o u t 
and d ilu te d  w ith  e ther.

Preparation of “ C-lafaeled chlorophyll a

T w o  h u n d re d  w hea t seeds w e re  p lan te d  in  s te r ile  soil 
in  an a lu m in u m  p ie  p la te . T h e  w h ea t was g ro w n  in  d im  
l ig h t  fo r  3 to  4  days u n t i l  the  p r im a ry  leaves w e re  a p p ro x i
m a te ly  1)% in . th ro u g h  the  co leop tile  t ip .  T h e  w h ea t was 
placed in to  a desiccator, and  a 6 lb /p e r  sq in . vacuum  
was pu lle d . A  sm a ll ro u n d -b o tto m  fla sk  w h ic h  con ta ined  
3 m illic u r ie s  (11 .5  m g ) o f B a 14C 0 3 ha d  p re v io u s ly  been 
connected to  the  desiccator. F o u r  m l o f 5 IV  la c tic  ac id  
was s lo w ly  added to  the  b a r iu m  carbonate, and  the  system



BIOLOGICAL DEGRADATION OF BELL PEPPERS— 5 4 9

was sealed com p le te ly  u n t i l  the  14CC>2 gene ra tion  w as com 
pleted. T h e  flask  was flushed  w ith  a ir  u n t i l  o n ly  a s lig h t 
vacuum  rem a ined  in  the  system . T h e  desicca to r was 
sealed and k e p t in  a hood u n d e r cons tan t l ig h t  f ro m  tw o  
3 0 -w a tt fluo rescen t lam ps a t a d is tance o f 3 f t  u n t i l  the 
w hea t g re w  to  7 to  9  in . T h is  to o k  3 to  4  days. T h e  w hea t 
was c u t and the  c h lo ro p h y ll e x tra c te d  a cco rd ing  to  the 
p rocedure  described fo r  c h lo ro p h y ll a  p re p a ra tio n . T h e  
o n ly  m od ifica tio n s  m ade w e re  th a t the  w h ea t was g ro u n d  
in  an o m n im ix e r  s lo w ly  d u r in g  the  e x tra c tio n , and fo u r  
o r five  e x tra c tio n s  w ith  m e th a n o l-p e tro le u m  e th e r 4 :1  
w ere  made. T h e  w h ea t tissue  was m ore  d if f ic u lt  to  e x tra c t 
th a n  spinach leaves, so these changes w e re  necessary to  
get a com ple te e x tra c tio n .

T h e  specific  a c t iv ity  was de te rm in ed  a fte r  each c h ro m a 
tog ra ph y . I f  the  specific  a c t iv ity  o f the  c h lo ro p h y ll a  was 
the  same a fte r each ch ro m a to g ra p h y  and the  c h lo ro p h y ll 
was spe c tra lly  pu re , i t  was used fo r  fu r th e r  expe rim en ts .

O ne p re p a ra tio n  o f the  size described gave a p p ro x i
m a te ly  5 m g  c h lo ro p h y ll a w ith  a specific a c t iv ity  o f 7 to  
8 X 105 d p m /rn g .

Extraction of peppers
Peppers w e re  c u t in to  pieces, p laced in  an o m n im ix e r  

cup, and acetone was added to  g ive  a t least an 80%  acetone 
concen tra tion , assum ing the tissue was w a te r. T h is  was 
g ro u n d  fo r  1 m in . T h e  g ro u n d  m a te ria l was filte re d  w ith  
suction  th ro u g h  a fine  f r i t te d  fun ne l. T h e  res idue was 
re tu rn e d  to  the m ix in g  cup, and 100 m l acetone was added. 
I t  was g ro u n d  fo r  1 m in  and  aga in  f ilte re d  th ro u g h  the 
f r i t te d  fun ne l. T h e  res idue  was washed w ith  acetone u n t il 
the  f i lt ra te  was free  o f p igm e n t, and a ll f i lt ra te s  w ere  com 
b ined  in  a sep a ra to ry  fun ne l.

A f te r  ad d in g  a p p ro x im a te ly  100 to  150 m l o f p e tro le um  
ether, fo llo w e d  by  50 m l o f w a te r, the  fu n n e l was shaken 
g e n tly  u n t il the  p e tro le u m  e the r and ace tone -w ate r layers 
w e re  separated. T h e  lo w e r la ye r was rem oved , and  the  
p e tro le um  e ther la ye r was washed several tim es w ith  
w a te r to  rem ove re m a in in g  acetone. T h e  p e tro le u m  e ther 
so lu tio n  was evapora ted to  dryness in  a vacu um  e va po ra to r 
w ith  a fe w  a d d itio n s  o f sm all am oun ts  o f acetone to  a id  
evapo ra tion . T h e  d rie d  p igm en ts  w e re  taken  up  and  m ade 
in to  a k n o w n  vo lu m e  w ith  e ith e r d ie th y l e ther o r  acetone 
fo r  p ig m e n t de te rm in a tio n s  o r o th e r analys is . A p p r o x i
m a te ly  9 5 % o f the re m a in in g  p ig m e n t is recovered  w ith  
th is  m ethod.

F o r  rad io ac tive  m easurem ents the res idue ob ta ined  a fte r 
p ig m e n t e x tra c tio n  w as bo ile d  fo r  1 h r  w ith  80%  ethano l, 
T h e  m ix tu re  was f ilte re d  ho t, th ro u g h  a fine  f r i t te d  fun ne l. 
T h e  f i lt ra te  was evapora ted and m ade to  10 m l w ith  w a te r. 
T h e  res idue was d rie d  and w e ighed . T h e  ace tone-w ate r 
la ye r and the  w a sh ings  fro m  the pe tro le u m  e th e r la ye r 
w ere  com bined, evapora ted to  a sm all vo lum e , and  m ade 
to  10 m l w ith  w a te r.

A  schem atic d iag ram  o f the  e x tra c tio n  p ro ced ure  is 
g iven  in  F ig . 1.

Determination of chlorophyll a  and pheophytin a

A l l  q u a n tita tiv e  absorbance m easurem ents w ere  m ade 
us in g  a B eckm an D U  spec tropho tom e te r w ith  a G ilfo rd  
readou t a ttachm ent.

PEPPERS

Acetone Extraction

Acetone
Extract

Residue

Petroleum Ether 
and Water Added

Acetone-Water
Layer

Petroleum Ether 
Layer

Hot 80% Ethanol 
Extraction

80% Ethanol 
Extract

Wash Petroleum 
Ether Layer 
With Water

IWashings
____ I

RESIDUE

Evaporate and 
Make to 10 ml 

With Water

Washed Petroleum 
Ether Layer

Evaporate and Make 
to 10 ml With Water

80% ETHANOL 
EXTRACT

Evaporate to Dryness 
and Make to Known Volume 
With Acetone or Ether

PETROLEUM ETHER 
EXTRACT

ACETONE-WATER 
EXTRACT

F ig .  1. S c h e m a t ic  d ia g r a m  o f th e  e x t r a c t io n  p r o c e d u r e  u se d .

T h e  read ings o f stock s o lu tio n  o f c h lo ro p h y ll a  w e re  
m ade in  d ie th y l e the r, and an a b s o rp tiv ity  va lue  o f 100.9 
lg ^ c i r r 1 a t 662 nm  (S m ith  et a l., 1955) was used fo r  ca l
cu la tions . T h e  ra t io  o f the absorbance a t 429  n m  to  the  
absorbance a t 662 nm  was used as in d ic a tio n  o f the  spec
t ra l p u r ity  o f the  c h lo ro p h y ll a.

C h lo ro p h y ll a  was com p le te ly  con ve rted  to  p h e o p h y tin  a 
by ad d ing  2 m g /m l o x a lic  acid  to  the  so lu tions  fo r  3 h r  
be fore read ings w ere  taken  (V e rn o n , 19 60 ). A bso rb a n cy  
read ings  w ere  taken a t 667 nm  and a t 700 nm  to  c o n tro l 
the  lig h t  sca tte rin g  o f the  so lu tio n . T h e  d iffe rence  o f the  
tw o  read ings was used to  ca lcu la te  the  p h e o p h y tin  con 
ce n tra tio n  us in g  the a b s o rp tiv ity  o f 58.7 lg _1cm “ 1 (W ils o n , 
et a l., 1962 ). I f  ph e o p h y tin  a  was in je c te d  in to  a pepper, 
the same procedure  was fo llo w e d  w ith o u t the  o x a lic  acid 
a d d itio n . T h e  c h lo ro p h y ll a  con cen tra tion  was ob ta ined 
by m u lt ip ly in g  by  a fa c to r o f 1.025 to  co rre c t fo r  m o lecu la r 
w e ig h t d iffe rence .

W h e n  the  d e te rm in a tio n  w as m ade in  80%  acetone, the  
a b s o rp tiv ity  fo r  ph e o p h y tin  a  o f 55.2 l g '1cnm1, un co rrec ted  
fo r  m agnesium  loss, (V e rn o n , 1960) was used.

Thin-layer chromatography
A . C o  a n d  S c h a n d e r l  ( 1 9 6 7 a ) : P la tes w e re  coated w ith  

s ilica  ge l G  (E .  M e rc k , D a rm s ta d t, G e rm a n y ), u s in g  a 
Desaga spreader. T h i r t y  g  o f s ilica  ge l w e re  m ix e d  w ith  
60 m l o f w a te r to  m ake fiv e  20 X 20 cm  pla tes 0.25 m m  
th ic k . T h e  plates w ere  d r ie d  a t ro o m  tem pe ra tu re . T h e  
so lven t system  was b e n z e n e -p e tro le u m  ether-acetone 
(1 0 :2 .5 :2  b y  v o lu m e ).

B . H a g e r  a n d  B e r t e n r a t h  ( 1 9 6 2 ) :  F iv e  20 X 20 cm  
0.25 m  th ic k  p la tes w ere  m ade by  m ix in g  12 g  k ie se lg u r G, 
3 g  k iese lge l, 3 g  C a C 0 3, and  0.02 g C a ( O H ) 2 w ith  50 m l 
8 X  10-3 N  ascorb ic acid  so lu tio n  and sp read ing  w ith  a 
Desaga spreader. T h e  pla tes w e re  d r ie d  fo r  l_%i h r  a t 
50 to  6 0 °C. A  so lven t system  con s is tin g  o f 100 m l hep
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tane, 12 m l iso p ro pan o l and 0.25 m l w a te r was used fo r  
deve lopm ent.

C. S c h n e id e r  ( 1 9 6 5 ) :  F i f t e e n  g  M N  ce llu lose 300 
(M a c h e re y , N a g e l &  C o .) w e re  m ix e d  w ith  100 m l w a te r 
in  an o m n im ix e r. F iv e  p la tes (2 0  X  20 c m ) 0.4 m m  th ic k  
w e re  m ade us in g  a Desaga spreader. T h e  deve lopm ent 
so lven t w as m e th a n o l-d ich lo ro m e th a n e -w a te r (1 0 0 :1 8 :2 0 ,  
by  v o lu m e ).

D . B a c o n  ( 1 9 6 5 ) :  P la tes w e re  made, as w ith  the 
S chne ider m ethod . T h e  deve lopm ent so lven t was p e tro 
leum  e th e r-ace to ne -n -p ro pa no l (9 0 :1 0 :0 .4 5 ,  b y  v o lu m e ).

Injection of peppers

Q u a n tita t iv e  in je c t io n  o f p ig m e n t was possib le u s in g  a 
60 to  70%  acetone so lu tio n . H o w e v e r, some tissue damage 
o ccu rred  as a re s u lt o f the  h ig h  acetone con cen tra tion . T h is  
was used in  a few  experim en ts .

C h lo ro p h y ll a  was d isso lved in  0 .2 m l acetone and then 
suspended in  3 to  5 m l o f w a te r c o n ta in in g  0 .2 %  t r ito n  
X -1 0 0 . T h e  c h lo ro p h y ll suspension was in je c te d  in to  the 
pepper w ith  a s te r ile  syringe . T h e  tes t tub e  and syringe  
w e re  washed w ith  0.1 m l acetone and  0.5 m l w a te r con 
ta in in g  t r i to n  X -1 0 0 , w h ic h  w e re  also in je c te d  in to  the  
pepper. N o  v is ib le  dam age to  the  pepper tissue w as ob
served w ith  th is  m ethod.

Characteristics of the degradation
C h lo ro p h y ll a  was in je c te d  in to  the  peppers w h ic h  w ere  

p icked  and p laced in  the  d a rk  u n t il ex trac te d . Y e llo w -  
green 035 peppers and v e ry  d a rk  green v a r ie ty  044 peppers 
w e re  in je c te d . T h e  peppers w e re  ex tra c te d  and  the  c h lo ro 
p h y ll d e g ra da tio n  was m easured acco rd ing  to  the  p roce 
du res g iv e n  above.

Effect of pH on chlorophyll degradation
C h lo ro p h y ll a  (0 .2 6  m g )  was suspended as before, 

excep t th a t 5 m l acetate b u ffe r a t p H  5.4 w as used in  
place o f w a te r. T h e  suspended p ig m e n t was k e p t in  the 
d a rk  a t 26 to  2 7 °C  in  tes t tubes. A t  s ix  sam p lin g  tim es 
the con tents o f th ree  tes t tubes w e re  tra n s fe rre d  to  25 m l 
v o lu m e tr ic  flasks and m ade to  vo lu m e  w ith  acetone to  g ive  
a f in a l acetone co n ce n tra tio n  o f 80 % . T h e  c h lo ro p h y ll 
re m a in in g  was de te rm in ed  as described. T h e  average 
c h lo ro p h y ll reco ve ry  fro m  th re e  de te rm in a tion s , expressed 
as pe rcen t c h lo ro p h y ll reco ve ry  a t zero tim e , was ca lcu
la ted.

Chlorophyll bleaching using Holden’s system
A  v a r ie ty  035 pepper, w i th  abou t o n e -fo u rth  o f the  

surface orange, was cu t in to  sm a ll pieces a fte r  re m o v in g  
the  stem  and seeds. F o r ty  g ram s o f tissue w e re  g ro u n d  in  
a m o r ta r  w ith  120 m l o f acetate b u ffe r p H  5.9. T h is  e x tra c t 
was c e n trifu g e d  fo r  10 m in  a t 5,000 g. T h e  superna tan t 
was used as the  enzym e e x tra c t. T h e  substra te  consisted 
o f 0.35 m g  c h lo ro p h y ll a  d isso lved in  0.3 m l acetone. S u ffi
c ie n t acetate b u ffe r p H  5.9 c o n ta in in g  0 .2  t r i to n  X -1 0 0  
was added to  suspend the  c h lo ro p h y ll and g ive  a fin a l 
sam ple vo lum e  o f 25 m l. E ith e r  1 m l o f 0 .5%  lin o le ic  acid 
in  e thano l o r  1 m l e thano l was added to  the  suspension. 
T h e  rea c tio n  was in it ia te d  b y  ad d in g  enzym e e x tra c t and 
v ig o ro u s ly  s t ir r in g  the  rea c tion  m ix tu re  fo r  2 m in .

T h e  rea c tion  was stopped a fte r  15 m in  b y  a d d in g  25 m l 
acetone. T h e  m ix tu re  was tra n s fe rre d  to  a sep ara to ry  
fu n n e l, and 25 m l p e tro le u m  e ther was added. T h e  fu n n e l 
was ag ita ted  u n t i l  the  c h lo ro p h y ll a  w as tra n s fe rre d  to  the  
pe tro le u m  e th e r phase. T h e  ace tone -w ate r phase w as d is 
carded. A f te r  several w ash ings w ith  w a te r, the  p e tro le u m  
e th e r was evapora ted to  dryness. T h e  c h lo ro p h y ll was 
m ade to  25 m l w ith  80%  acetone, and  the  re m a in in g  
c h lo ro p h y ll w as de te rm ined .

Time study of chlorophyll degradation
T w e lv e  035 peppers w e re  each in je c te d  w i th  0 .26 m g  

14C -c h lo ro p h y ll a  suspended in  5 m l 0 .2 %  t r i to n  X -1 0 0 . 
A l l  peppers w e re  a t the  same stage o f ripeness w ith  a 
sm a ll p o r t io n  o f the  peppers o range-co lo red , in d ic a tin g  the  
b e g in n in g  o f r ip e n in g . T h e  peppers w e re  incub a ted  in  
the  d a rk  a t 26  to  2 7 °C  and sam pled a t s ix  d iffe re n t tim es. 
O ne pepper show ed ir re g u la r  r ip e n in g  and  w as d iscarded.

T h e  peppers w e re  e x tra c te d  acco rd ing  to  the  p ro ced ure  
g iv e n  above. T h e  p e tro le u m  e th e r e x tra c t w as d r ie d  and 
m ade to  25 m l w ith  acetone, and the  reco ve ry  o f the  
in je c te d  c h lo ro p h y ll a  was de te rm ined . T h e  ace tone -w ate r 
e x tra c t and 80%  e thano l e x tra c t w e re  m ade to  10 m l, and 
the  res idue a fte r  80%  e thano l e x tra c tio n  w as d r ie d  and 
w e ighed  be fore  ra d io a c t iv ity  d e te rm in a tion s .

A  N u c le a r C h icago lo w  b a ckg ro und  p lanche t c o u n te r 
was used fo r  ra d io -a c t iv ity  m easurem ents.

T h e  average c o u n tin g  ra te  o f f iv e  d e te rm in a tio n s  on  a 
k n o w n  a m o un t o f sam ple was ca lcu la ted  fo r  a l l samples. 
T h e  res idue w as a p o w d e ry  m a te r ia l;  th e re fo re , to  p re 
v e n t co n ta m in a tio n  o f the  c o u n tin g  cham ber, the  p lanché is  
w e re  cove red  w ith  a th in  p la s tic  w ra p . T h e  average loss 
o f counts caused by  the  p la s tic  w ra p  was de te rm in e d  to  be 
44 %  by  c o u n tin g  several sam ples o f c h lo ro p h y ll a  be fore  
and  a fte r  c o v e rin g  the  p lanchéis. T h e  c o u n tin g  ra te  o b 
ta in ed  f ro m  the  res idue samples was a d ju s te d  to  c o rre c t 
fo r  th is  loss.

Protein determination
T h e  p ro te in  con ten t o f the  res idue  fra c tio n s  was d e te r

m in ed  us in g  the  m e thod  o f L o w r y  et a l. (1 9 5 1 ) . Casein 
was used fo r  the  s tandard  curve . P ro te in  f ro m  a p p ro x i
m a te ly  1.5 to  2.5 m g  o f res idue w as d isso lved in  0 .4  m l 
o f N a O H  fo r  45 m in  be fore  d e te rm in a tio n .

RESULTS AND DISCUSSION
T h e  d a t a  in  T a b le  1 dem onstra te  th e  cha rac te ris tics  o f 

the  deg rada tion . V a r ie ty  035 peppers w h e n  in je c te d  a t an 
e a rly  r ip e n in g  stage degraded a s ig n if ic a n t p o r t io n  o f the  
in je c te d  c h lo ro p h y ll a. V a r ie ty  044 peppers degraded o n ly  
a sm a ll p o r t io n  o f the  in je c te d  c h lo ro p h y ll. W h e n  in je c te d  
a t la te r stages o f r ip e n in g , b o th  v a rie tie s  caused v e ry  sm all 
c h lo ro p h y ll losses, in d ic a tin g  th a t fu l ly  r ip e  peppers are no 
lo n g e r capable o f c a r ry in g  on c h lo ro p h y ll deg rada tion . 
W h e n  a r ip e  pepper w as in je c te d  w ith  c h lo ro p h y ll a  and 
im m e d ia te ly  ex tra c te d , o n ly  a  2%  loss o f c h lo ro p h y ll was 
observed. T h is  shows th a t the  losses observed in  the  035 
peppers in je c te d  a t the  be g in n in g  o f r ip e n in g  d id  n o t occu r 
d u r in g  the  e x tra c tio n  p rocedure . T h e  fa c t th a t the  a m o un t 
o f deg ra da tio n  depended u p on  the  pepper v a r ie ty  and th a t 
c h lo ro p h y ll a  co u ld  be le ft  in s ide  a r ip e  pepper fo r  5 days
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Table 1. D egradation  of chlorophyll a  by two varieties of pep
pers during  ripening in darkness.

Pepper
variety

Stage of ripening at 
injection and extraction1

Percent degradation of 
injected chlorophyll a

035 i 46
035 i 32
044 i 15
044 i 4
035 3 10
035 2 6
044 2 6
044 4 2

1 1. In jected  a t  early  ripening s ta g e ; ex tracted  a t completion of 
ripening.

2. In jected  when r ip e ; ex tracted  afte r S days.
3. In jected  a t 2 /3  ripeness; ex tracted  a t completion of ripening.
4. In jected  when r ip e ; ex tracted  im m ediately after injection.

w ith  l i t t le  d e g ra da tio n  in d ica ted  th a t the  d e g ra da tio n  was 
n o t a re s u lt o f a ir  o x id a tio n  o f c h lo ro p h y ll d r ie d  on the 
endocarp o f the  pepper.

T h e  p H  o f the  ju ic e  squeezed f ro m  a green 035 pepper 
is a p p ro x im a te ly  5.5. T h e re fo re , i t  seemed a reasonable 
p o s s ib ility  th a t the  observed b re akd ow n  w as caused by 
some ac id -ca ta lyzed  rea c tion  and d id  n o t depend upon  
enzym atic  a c t iv ity  in  the  pepper.

T h e  resu lts  in  F ig . 2 show  th a t a s ig n if ic a n t c h lo ro p h y ll 
loss is o n ly  observed a fte r  11 days, and the 7%  loss ob 
served is n o t n e a rly  as la rge  as the  de g ra da tio n  observed 
in  the  peppers.

A n o th e r  reason fo r  the  c h lo ro p h y ll de g ra da tio n  observed 
in  peppers co u ld  have been a rea c tio n  caused b y  enzym atic  
l ip id  o x id a tio n  (H o ld e n , 19 6 5 ). I f  th is  w e re  tru e , i t  
w o u ld  in d ica te  th a t the  d e g ra da tio n  was a re s u lt o f tissue 
in ju r y .  I n  th is  case, H o ld e n ’s deg ra da tive  system  w o u ld  
p ro b a b ly  be a b e tte r m ode l system  w ith  w h ic h  to  s tudy  
the  reac tion . T h is  p o s s ib ility  was tested b y  s u b s titu tin g  
an e x tra c t o f tissue f ro m  a r ip e n in g  pepper fo r  the  soybean 
e x tra c t in  h e r system . T h e  de ta ils  o f th is  e x p e rim e n t are 
described above.

T h e  c h lo ro p h y ll loss, expressed as pe rcen t o f the  c o n tro l 
w h ic h  con ta ined  n e ith e r enzym e e x tra c t n o r lin o le ic  acid, 
w as o n ly  3%  fo r  a 15 m in u te  in cu b a tio n  and is considered

F ig . 2 . R e c o v e r y  o f  c h lo r o p h y ll  a  su s p e n d e d  in  p H  5 .4  a c e ta te  
b u ffe r  e x p r e s s e d  a s  p e r c e n t  c h lo r o p h y ll  c o n te n t a t  z e r o  tim e .

to  be w ith in  e x p e rim e n ta l e rro r .  H o ld e n  observed a 69%  
c h lo ro p h y ll deg ra da tio n  d u r in g  2 -m in  in cu b a tio n  w hen 
soybean e x tra c t was used. I f  such a ch lo ro p h y ll-b le a c h in g  
system  e x is ts  in  pepper tissue, i t  is  e ith e r m uch  less active  
th a n  the  soybean enzym e, o r  i t  is  ac tive  un d e r d iffe re n t 
con d itions . B la in  (1 9 5 3 ) show ed th a t ca ro teno ids are also 
b leached u n d e r these con d itions . S ince a la rg e  increase in  
ca ro teno ids  is observed d u r in g  r ip e n in g  o f peppers (C u r l,
1 9 6 4 ), th is  is one a rg u m e n t aga inst such a b leach ing  sys
tem  be ing  ac tive  in  the  tissue. I t  was conc luded th a t the 
observed d e g ra da tio n  o f the  in je c te d  c h lo ro p h y ll p ro ba b ly  
occurs by  some p a th w a y  o th e r th a n  th a t in  H o ld e n ’s 
b leach ing  system .

In fo rm a tio n  abou t the  p ro d u c ts  d e riv e d  f ro m  the  c h lo ro 
p h y ll degraded b y  the  peppers cou ld  be ob ta ined  us ing  
labe led c h lo ro p h y ll.  C h lo ro p h y ll a, assum ed to  be ra n d o m ly  
labe led w ith  ca rb on -14  (P e rk in s  et a l., 1 9 6 2 ), w as p re 
pa red  and in je c te d  in to  tw e lv e  035 peppers. T h e  c h lo ro 
p h y ll recovery , d e te rm in ed  by  spe c tro p h o to m e tric  m easure
m en t expressed as pe rcen t reco ve ry  o f in je c te d  c h lo ro p h y ll, 
is  show n in  F ig . 3.

A t  day zero the  peppers w e re  ju s t  b e g in n in g  to  r ip e n , as 
evidenced by  a sm a ll o range spo t on the  pepper. T h is  
v a r ie ty  o f peppers had  o n ly  a sm a ll a m o u n t o f c h lo ro p h y ll 
n a tu ra lly  p resen t in  the  tissue, b u t enough w as p resen t to  
g ive  recoveries o f g re a te r tha n  100%  a t zero  and tw o  
days. B y  day fiv e  the  peppers w e re  orange, and ne a rly  
a ll endogenous c h lo ro p h y ll had  disappeared. A t  day fo u r 
teen the  peppers w e re  d a rk  re d  and b e g in n in g  to  sh rive l.

o

T i m e ( days)
F ig . 3 . R e c o v e r y  o f  in je c te d  c h lo r o p h y ll  a  f r o m  r ip e n in g  035  

p e p p e r s  a s  d e te r m in e d  s p e c tr o p h o to m e tr ic a l ly .
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F ig . 4. T h e  d is tr ib u tio n  o f  UC  f r o m  in je c te d  u C -c h lo r o p h y l l  a 
in  f r a c t io n s  p r e p a r e d  f r o m  r ip e n in g  p e p p e rs .

F ig . 4 g ives the  to ta l counts pe r m in u te  o f the  acetone- 
w a te r, 80%  ethano l, and res idue  fra c tio n s .

T h e  c o u n tin g  procedures w ere  sub je c t to  e rro rs  w h ic h  
d id  n o t a llo w  a q u a n tita tiv e  m easurem ent o f a c tiv ity . T h e  
residues w e re  po w d e ry , and the size o f the  pa rtic le s  va rie d  
w ith  the  ripeness o f th e  pepper. T h e re fo re , the re  w as u n 
do u b te d ly  some loss fro m  sam ple se lf-a bso rp tion . T h e  
same p ro b le m  o f se lf-a bso rp tion  was also presen t fo r  the 
ace tone -w ate r and  80%  e thano l ex trac ts . H o w e v e r, m uch 
less m a te ria l was on the  p lanché is  fo r  these e x tra c ts  tha n  
fo r  the  residue, so the  se lf-a bso rp tion  was p ro b a b ly  m uch  
less. T h e re fo re , the  curves in  F ig . 4  g ive  an estim a te  o f 
the  re la tiv e  in c o rp o ra tio n  o f a c t iv ity  in to  the  fra c tio n s  w ith  
tim e , b u t the  absolute in c o rp o ra tio n  is lik e ly  to  be som e
w h a t g re a te r, especia lly in  the  res idue frac tion s .

T h e  com b ined  a c t iv ity  in  the  ace tone -w ate r, 80%  ethano l, 
and res idue  fra c tio n s  in  genera l is  con s id e rab ly  less than  
w o u ld  be expected i f  a ll the  p ro du c ts  fo rm e d  fro m  the 
c h lo ro p h y ll a, w h ic h  d isappeared in  the  spe c tro ph o tom e tric  
de te rm in a tio n , had been e x tra c te d  in  these frac tion s . 
T h e re fo re , i t  appears th a t e ith e r a c t iv ity  was lo s t as 
14C 0 2 o r  some l ip id  so lub le  p ro d u c t ( s )  was fo rm e d  w h ic h  
rem a ined  in  the  p e tro le u m  e th e r e x tra c t.

T h e  a c t iv ity  in  the  ace tone -w ate r e x tra c t increased 
ra p id ly  a fte r  in je c t io n  and rem a ined  re la t iv e ly  constant 
a fte r  the  second day. T h is  fra c tio n  con ta ins com ponents 
o f the  pepper w h ic h  are so lub le  in  90%  acetone, b u t are 
h y d ro p h ilic  enough n o t to  be tra n s fe rre d  to  the pe tro le u m  
e ther la ye r. T h e  80%  e thano l e x tra c t con ta ins the  m a te ria l

f ro m  the  pepper w h ic h  is inso lub le  in  90%  acetone, b u t 
so lub le  in  b o ilin g  80%  ethano l. T h e  a c t iv ity  o f th is  f ra c 
t io n  increases th ro u g h o u t the  r ip e n in g  pe riod . T h e  residue, 
a fte r  h o t 80%  e thano l e x tra c tio n , con ta ins  p ro te in  and 
po lysaccharide  m a te ria l. A n  io d in e  tes t in d ica ted  the  p re s 
ence o f l i t t le  s tarch , especia lly a t the  la te r r ip e n in g  stages.

T h e  p ro te in  con tent, d e te rm in ed  b y  the  L o w r y  m ethod, 
fo r  each res idue is show n in  F ig . 5. T h e  p e rio d  o f p ro te in  
increase in  the  res idue corresponds q u ite  c lose ly  to  the 
p e rio d  o f m ost ra p id  c h lo ro p h y ll de g ra da tio n  (see F ig . 3 ) .  
T h e  c h lo ro p h y ll deg ra da tio n  n e a rly  s topped a fte r  8 days 
w hen the  loss o f p ro te in  becomes ra p id . H o w e v e r, increase 
o f ra d io a c tiv ity  in  the  res idue fra c tio n  con tinues d u r in g  
the p e rio d  o f p ro te in  loss. E nzym es fo r  co n ve rs ion  o f 
c h lo ro p h y ll de g rada tion  p ro du c ts  to  substances w h ic h  re 
m a in  in  the  res idue m us t be m ore  stab le th a n  enzym es 
w h ic h  are in v o lv e d  in  the  in it ia l steps o f the  deg rada tion .

T h e  n e x t step in  the s tud y  o f th is  system  is to  iso la te  
and id e n tify  the  p ro du c ts  fo rm e d  fro m  c h lo ro p h y ll a. Som e 
a ttem p ts  have been m ade to  iso la te  p ro d u c ts  f ro m  the  
pe tro le u m  e ther and ace tone -w ate r e x tra c ts  b y  th in - la y e r  
c h ro m a to g ra p h y  w ith  the  m ethods o f Co et a l. (1 9 6 7 a ), 
H a g e r (1 9 6 2 ), S chne ider (1 9 6 5 ) , and  B acon  (1 9 6 5 ) . 
H o w e v e r, i t  has n o t been possib le to  iso la te  d is tin c t ra d io 
ac tive  p ro du c ts , o th e r th a n  p h e o p h y tin  o, f ro m  the  p e tro 
leum  e ther e x tra c t. E x c e p t fo r  one instance w h ic h  cou ld  
n o t be repeated, w hen copper pheophorb ide  a  w as ob 
ta in e d  f ro m  an ace tone-w ate r e x tra c t, no ra d io a c tive  p ro d 
ucts w e re  iso la ted fro m  th is  fra c tio n .

T i m e ( d a y s )
F ig . 5. P r o te in  c o n te n t o f  re s id u e  f r a c t io n s  d u r in g  r ip e n in g  o f  

v a r ie ty  03 5  p e p p e r s  in je c te d  w i th  UC -c h lo r o p h y ll  a. T h e  c o n te n t  
iS' e x p r e s s e d  in  m g / g  fre sh  w e ig h t  o f th e  p e p p e r  a t  th e  t im e  o f  
p ic k in g .
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There are two explanations for the inability to find 
distinct radioactive bands. Either the methods used were 
not appropriate for separation of the chlorophyll degrada
tion products formed, or the plates were too overloaded 
to give a good separation. The amount of carotenoids in 
ripe pepper extracts is much greater than the amount of 
injected chlorophyll. In order to apply enough activity 
onto a chromatogram so that minor components would be 
detectable, it was necessary to overload the chromatograms 
with carotenoids. No work has been done to isolate prod
ucts from the 80% ethanol extract or the residue fraction.

The data presented are consistent with the theory that 
the observed degradation was accomplished by a physio
logically important mechanism.

This system permits a more direct study of the degra
dation of chlorophyll than was previously possible. The 
identification of small quantities of unknown compounds 
is still a problem, but the use of labeled chlorophyll makes 
isolation and proof of their origin from chlorophyll con
siderably easier.

Proof that this is a physiological system will have to 
wait until some compound, which is formed from the 
exogenous chlorophyll, is demonstrated in vivo, and its 
appearance is correlated with the loss of endogenous 
chlorophyll.

REFERENCES
Bacon, M. F . 1965. Separation  of chlorophylls a  and b and related 

compounds by th in-layer chrom atography on cellulose. J . C h r o -  
m a to g . 17, 322.

Bacon, M. F. and H olden, M. 1967. Changes in chlorophylls 
resu lting  from  various chemical and physical treatm ents of 
leaves and leaf ex tracts. P h y to c h e m . 6, 193.

Blain, J. A., H aw thorn , J . and Todd, J. P . 1953. T he bleaching
of carotene by a lipoxidase linoleate system. J . S c i. P o o d  A q r .  
4, 581.

Co, D. Y. C. Lynn and Schanderl, S. H . 1967a. Separation of 
chlorophylls and re la ted  plant pigm ents by two-dimensional 
th in-layer chrom atography. / .  C h r o m a to g . 26, 442.

Co, D. Y. C. Lynn and Schanderl, S. H . 1967b. T he occurrence 
of 418 and 444 nm chlorophyll-type compounds in some green 
p lant tissues. P h y to c h e m . 6, 145.

Curl, A. L. 1964. T he carotenoids of green  bell peppers. A g .  F o o d  
C h e m . 12, 522.

H ager, A. and B ertenrath , T . 1962. V erteilungschrom atograph
ische T rennung  von C hlorophyllen und C arotinoiden grüner 
Pflanzen an D ünnschichten. P la n ta  58, 564.

Holden, M. 1965. Chlorophyll bleaching by legum e seeds. / .  S c i .  
F o o d  A g r .  16, 312.

H oyt, P . B. 1966. Chlorophyll-type compounds in soil. I. T heir 
origin. P la n t  a n d  S o i l  X X V , 167.

Low ry, O. H ., R osebrough, N. J., F a rr , A. L. and R andall, R. J. 
1951. P ro te in  m easurem ent w ith the Folin phenol reagent. 
/ .  B io l .  C h e m . 193, 265.

M ichel-W olw ertz, M. R. and Sironval, C. 1965. On the chloro
phylls separated by paper chrom atography from  Chlorella 
ex tracts. B io c h im . B io p h y s .  A c t a  94, 330.

Perk ins, H . J . and R oberts, D. W . A. 1963. On chlorophyll tu rn 
over in m onocotyledons and dicotyledons. C an. J . B o t . 41, 221. 

Schanderl, S. H . and Lynn, D. Y. C. 1966. Changes in chloro
phylls and spectrally  related  pigm ents during  ripening of 
C a p s ic u m  fr u te s c e n s . J . F o o d  S c i .  31, 141.

Schneider, H . A. W . 1966. E ine einfache M ethode zur D ünn- 
schicbtchrom atographischen T rennung  von Plastidenpigm enten. 
/ .  C h r o m a to g . 21, 448.

Seybold, A. 1943. A utum n leaf coloring. B o ta n . A r c h .  44, 551. 
Sm ith, J. H . C. and Benitez, A. 1955. C hlorophylls: A nalysis in 

p lant m aterials. In  “M oderne M ethoden der Pflanzenanalyse,” 
Paech, K. and Tracey, M. V., eds., IV , pp. 142-196, Springer, 
Berlin.

Spencer, M. 1965. F ru it ripening. In  “P lan t Biochem istry,” B on
ner, J . and V arner, J. E ., eds., pp. 793-825, Academ ic Press,
N. Y.

Strain , H . H . and Svec, W . A. 1966. E x traction , separation, 
estim ation and isolation of the chlorophylls. In  “T he C hloro
phylls,” V ernon, L. P . and Seeley, G. R., eds., pp. 21-66, 
Academ ic Press, N. Y.

V ernon, L. P . 1960. Spectrophotom etric determ ination of chloro
phylls and pheophytins in p lant ex tracts. A n a l .  C h e m . 32, 1144. 

W agenknecht, A. C , Lee, F . A. and Boyle, F. P . 1952. T he loss 
of chlorophyll in green peas during  frozen storage and analysis. 
F o o d  R e s . 17, 343.

W alker, G. C. 1964. Color deterioration  in frozen French  beans 
( P h a s e o lu s  v u lg a r is ) .  J . F o o d  S c i . 29, 383.

W ilson, J . R., N utting , M. D. and Bailey, G. F . 1962. U se of 
tetracyanoethylene for rem oval of visual carotenoid spectra 
from  solutions of pheophytins. A n a l .  C h e m . 34, 1331.

Ms. rec’d 10 /23 /67 ; revised 5 /2 8 /6 8 ; accepted 6/24/68.

Journa l A rticle  N um ber 4196 of the M ichigan S ta te  A gricu ltu ral 
E xperim ent S tation, E ast Lansing, M ichigan.

T his investigation was supported by Public H ealth  Service Re
search G ran t No. U I 00141-05 from  the N ational Center for U rban 
and Industrial H ealth .

T he counsel of D r. R. Z iegler during  the course of this w ork 
was greatly  appreciated.



Y o u  h a v e  r e a d  a b o u t  . . . .

. . .  The DATA BLIZZARD 

... The GIANT WATERFALL
of research results and their industry application.

A n d  if you feel blinded by the flakes and deafened by 

the static of detail that surrounds the really useful data bits . . .

we have the F IL T E R  for you!

• What you need to know about today’s

INTERNATIONAL FOOD INFORMATION SERVICE

food literature in a thousand Vital Jour-

nals (patents, too!)— can be yours from a 

single source.............. “F O O D  S C I E N C E T E C H N O L O G  Y - A B S T R A C T S ”

• F o r  y o u — someone has now provided 

the shortest distance between 

publication and retrieval from the 

world-wide wellspring of

□  Coming by the thousand every month be
ginning in 1969. Concise abstracts from ail 
the 1000 vital ones plus patents. □  Efficiently
organized facts. □  Every month.

food knowledge . . . .

• F o r  y o u  a n d  y o u r  o r g a n iz a t io n — the 

commitment to efficient use of 

available information can now mean 

implementation.............

□  The Time to Subscribe is NOW. To get 
to the top or stay on top of tomorrow’s moun
tain of food information, you w ill need to 
have this invaluable fact file & compendium 
at your fingertips . . .  to guide . . . work, in 
research . . . development . . . commercializa
tion . . . market research . . . new product & 
new process work . . . and in many other areas.

• F o r  y o u ,  y o u r  o r g a n iz a t io n ,  a n d  th e  

f o o d  w o r l d — growth and the building 

of a future can be placed on the 

foundation of knowledge 

concentrated in . . .  .

□  You will want to know more about this 
new source that can put you in command of 
world-wide developments in foods. Just tell 
us by ’phone, write us by postcard or letter: 
“ I want to know— right away all about the 
new . . . .

F o o d  S c i e n c e  cT T e c h n o l o g y — A B S T R A C T S

PUBLICATION of International Food Information Service

CALL I F T ’s  E x e c u t i v e  D i r e c t o r  in  C h ic a g o :  3 1 2 ¡ 7 8 2 - 8 4 2 5  
OR
W R I T E  I F T  a t  2 2 1  N o r t h  L a S a l l e  S t r e e t ,  C h i c a g o  6 0 6 0 1  U S A

copyright © 1-968 In s titu te  o f Food Technologists


	JOURNAL OF FOOD SCIENCE 1968 VOLUME 33 NO.5
	Contents
	Formation of N-Substituted Pyrrole-2-Aldehydes in the Browning Reaction Between D-Xylose and Amino Compounds
	Relationships Among Shear Values, Sarcomere Lengths and Cooling Procedures in Turkeys
	Essential Amino Acid Composition of Chicken Meat and Drip After 30 and 90 Days of Frozen Storage
	Comparison of Sarcomere Length to Other Predictors of Beef Tenderness
	Arbutin and a Related Glucoside in Immature Pear Fruit
	Microscopic Characteristics of Cooked Muscles Subjected toStretch-Tension during Rigor
	Photomicrographic Studies of Dynamic Changes in Muscle Fiber Fragments. 1. Effect of Various Heat Treatments on Length, Width and Birefringence
	Quantitative Methods for Anthocyanins. 4. Determination of IndividualAnthocyanins in Cranberry and Cranberry Products
	Food Volatiles: Gas Chromatographic Determination of Partition Coefficients in Water-Lipid Systems
	Intensity - Concentration Relationships for Sugar and Salt Solutions
	Limonin Monolactone, the Nonbitter Precursor Responsible forDelayed Bitterness in Certain Citrus Juices
	Calcium and Oxalate Ions Effect on the Texture of Canned Apricots
	Salting and Drying Fish. 3. Diffusion of Water
	Penetration Gradients of Sodium Nitrite and Sodium Tripolyphosphate in Haddock Fillets
	Co-dried Carbohydrates Effect on the Performance of Egg Yolk Solids
	Heat Dénaturation of the Ovomucin-Lysozyme Electrostatic Complex- A Source of Damage to the Whipping Properties of Pasteurized Egg White
	Alcohol: NAD Oxidoreductase (E.C. 1.1.1.1.) from Peas
	Gamma Irradiation and Enriched CO2 Atmosphere Storage Effects on the Light-induced Greening of Potatoes
	Tolerance of Bacteria for Quaternary Ammonium Compounds
	Gamma Irradiation Influence on the Storage and Nutritional Quality of Mushrooms
	Intestinal Flora and Chicken Flavor
	Biological Degradation of Chlorophyll in a System Using Bell Peppers (Capsicum frutescens)

