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SUMMARY

English sole fillets previously equilibrated with aqueous 0.1% cysteine
were dehydrated by three methods to moisture levels ranging from 2 to 72%.
Model systems using cellulose to replace the fish tissue were also used. The
samples were irradiated at 1 Mrad in an air, nitrogen, or oxygen atmosphere.
The destruction of -SH groups was measured and related to the amount
and physical state of the tissue water. As free water was removed, destruction
steadily increased, reaching a maximum at about 20% moisture. Destruction
decreased markedly at moisture levels below 10%, and calorimetric measure-
ments confirmed that 10% moisture was about the level of bound water in
this species. These data suggest that dehydration favors the reaction of
solute molecules with free radicals formed in the free water of muscle cells.

At moisture levels greater than about 20%,
reaction with solute molecules, while below 20%
The calculated a values support this conclusion,

is more likely than
ture the reverse is true.

simple free radical recombination
mois-

as do the results from model systems using cellulose;

INTRODUCTION

Water, which accounts for 60 to 85% of
the total weight of many animal tissues, is
one of the dominant and most important con-
stituents of food. It is generally considered
to exist both “bound" and “free,” bound
water existing as a sheath of hydration held
by physical forces to macromolecules and
free water acting as the dispersing phase in
the protoplasm of cells, as water adsorbed
on cell membranes, in capillary spaces, etc.
There is, however, no clear boundary be-
tween bound and free water in the cell
(Kuprianoff, 1958).

The radiation sensitivity within dried cells
is about the same as the sensitivity in dried
extracts for many enzymes (Pollard et al.,
1950). In this case only energy deposition
(Compton collisions) by gamma photons di-
rectly in macromolecules is effective in pro-
ducing tissue alterations. In the case of cells*

* This work was supported by the Atomic En-
ergy Commission Contract No. AT (45-1) 1730.

Contribution No. 176, College of Fisheries, Uni-
versity of Washington.

bU.S.F.W.S. Fellow.

in hydrated tissue, the molecules are sub-
jected to an additional form of attack by
free radicals and peroxides generated in the
cell water. Thus, in ordinary muscle tissue,
radiation damage to molecules can occur
both by direct action and from oxidative
chemical attack by the radicals produced in
a surrounding volume of water (indirect
action). The radius of the effective volume
is determined by how far the free radicals
can diffuse from their site of formation. The
maximum diffusion distance has been vari-
ously estimated to be between 30 and 100 A
(Hutchinson. 1957). This corresponds to a
distance of about 10 to 30 water molecules.
However, there is evidence that much of the
water of hydration of protein molecules
(bound water) is highly ordered and may
exist in a crystalline form (Klotz, 1948;
Wood and Rosenberg, 1957). This would
tend to make the sensitive volume larger,
since a gamma photon could transfer its en-
ergy directly to the macromolecule if it inter-
acted with this layer of bound water (Bacq
and Alexander, 1961).

The dependence of irradiation damage on
the concentration of aqueous solutions of

[525]



526 ROLE OF WATER IN

proteins, etc., has been known for many
years and has been used as a measure of the
relative importance of the direct and indirect
effects. In intact tissues, however, little in-
formation is available. Sparrman et al,
(1959) irradiated seeds of Agrostis stolonif-
era having water contents ranging from 5 to
20% and reported that a minimum amount
of damage occurred at about 15% moisture.
More damage occurred at both greater and
lesser amounts of water.

Considerations such as these indicate that
in irradiation pasteurization both the amount
and physical state of water in muscle tissue
(or in the cells of microorganisms) are
likely to be important, and that the process
will probably be more successful if the role
of water in its different forms is more com-
pletely understood. The present study is
aimed at elucidating the role of bound and
free water as sources of and vehicles for free
radicals in the irradiation pasteurization of
fisheries products.

METHODS

English sole (Parophyrus vclitlus) fillets were
cut into pieces about 1 cm3 and dehydrated to
various residual moistures in the range of about
2 to 70% by three methods: 1) the wet-freeze
drying method of Mueller and Szent-Gyorgy
(1957) at —50°C; 2) the use of commercial freeze-
drying equipment; and 3) ethanol-water mixtures
in the range of 5 to 70% water. An attempt
was made to use changes in water-holding capacity
as measured by the press method or by the ATP-
induced swelling of myofibrils as an index of
irradiation damage (Lawrie et al., 1961). How-
ever, under pasteurizing conditions, these effects
were too small to be useful indices. The destruc-
tion of —SH groups was chosen as a measure of
irradiation damage for two reasons: First, because
compounds of sulfur are implicated as important
components of irradiation odors and flavors
(Hedin et al., 1960; Colby et al., 1961; Martin
et al., 1962) and, second, because the radiolysis
of —SH compounds in cells is well established
(Gordy et al.,, 1955). Because the free —SH con-
tent in this species of fish is low, it was necessary
to add —SH groups to the tissue, in the form of
cysteine prior to irradiation. This was done by
either: 1) equilibrating the fresh tissue with a
0.5% aqueous cysteine solution containing a few
drops of chloroform for 24 hr at 0°C under a
nitrogen atmosphere; or 2) in the case of the
alcohol dehydration procedure, saturating the de-

IRRADIATION PRESERVATION

hydrating solution with cysteine prior to the equili-
bration. This resulted in a cysteine concentration
in the tissue of 10 to 101 molar. The residual
acetone from method one and alcohol from method
two were removed by holding the tissue in light
petroleum ether at 0°C for 24 hr, decanting the
petroleum, and then evaporating the residual sol-
vent, using a stream of nitrogen or a vacuum
desiccator. The samples were analyzed for —SH
content both before and after irradiation, using
both a modification of the nitroprusside method of
Batzer and Dotty (1955 ) and, in later cases, the
Af-ethylmaleimide method of Siggia (1962). The
irradiation was carried out using a dose of one
megarad from a Co source and either an oxygen,
an air, or a nitrogen atmosphere.

In addition, model systems using cellulose in
place of muscle tissues were used. These were
made up with water contents ranging from 80 to
9%, with 10™ moles of cysteine present in each
sample. In certain models 0.1% protein (as papain)
was added. Bound water was determined in both
the model systems and the fish tissue, using a
calorimetric method similar to that used by Wood
and Rosenberg (1957).

Specific heat determinations were made,
the method of Robinson (1931).

Moisture determinations, total nitrogen, and ash
determinations were performed, using AOAC pro-
cedures.

using

RESULTS AND DISCUSSION
The data relating water content of fish

muscle tissue to irradiation damage, as meas-
ured by —SH oxidation, are presented in

Fig. 1L It can be seen (curve A) that as
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Fig. 1. —SH destruction as a function of the
water content of fish muscle tissue.

the water content of the tissue decreases,
there is a progressive increase in -SH de-
struction, which reaches a maximum of
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greater than 95% at the 20% moisture level.
It is also evident that below about 12%
moisture there is a sharp decrease in damage,
and below about 6% moisture an actual pro-
tection occurs (compared to fresh tissue). A
reasonable explanation of the shape of this
experimental curve from about 12 to 70%
moisture may be the following :

The radiolysis of water is considered to be
represented by:

y solute
HoO £5 H » + OH + —-» oxidized prod-
ucts.

As more and more water is removed from
the tissue, solute concentrations increase cor-
respondingly and the probability of simple
free radical recombination becomes progres-
sively smaller. This leads to increased oxi-
dation of solute, even though the absolute
number of free radicals formed is probably
smaller. Supporting evidence for this expla-
nation is given in Fig. 2.

The equation Dc _'TfT*O , Where Dc is
a

C
the D3l dose at solute concentration ¢, DO is
the D3i dose for direct action, and a is the
ratio of energy for inactivation by indirect

enaerqy for oxidation; indirect
energy for oxidation; direct

3

2

[«'3

T T T T T T T
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% Water in Tissue

Fig. 2. Calculated values of a as a function of
the water content of fish muscle.

1fa
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action to the energy for inactivation by di-
rect action, can be used to express irradiation
effects (Bacq and Alexander, 1961). Fig. 2
presents a plot of a vs. the concentration of
water in the muscle tissue. It is seen that
the energy for inactivation by the indirect
effect reaches about ten times that for the
direct effect, as water is removed to the 30%
level, implying that free radical recombina-
tion is indeed becoming less and less likely.
At the bound water level, a becomes zero,
which implies that little free radical attack is
occurring, i.e. the direct effect is predomi-
nant. These conclusions are consistent with
those of Samuel and Magee (1953), who
calculated that H. and OH. free radicals,
when formed, are separated by as much as
150 A. Hence, free radical recombination
would be an infrequent event, even in dilute
solutions.

Curve B is similar except that a much
lower level of damage occurs, probably due
to the presence of fewer .OH2 free radicals
and O- ions, and the decrease in -SH oxida-
tion begins at about 20% moisture instead
of at 10%. Substantial protection does not
occur (compared to fresh tissue) until the
tissue is dehydrated to about the 10% mois-
ture level. A few samples were irradiated,
using a nitrogen atmosphere. As expected,
a still lower level of destruction occurred.

A consideration of the remaining part of
the curves (0 to 10% moisture) reveals that
the destruction of -SH groups in this region
can be due to: 1) “Direct hits”; 2) water-
generated free radicals and peroxides; and
3) direct energy transfer from macromole-
cules. Extrapolation of the curves to 0%
moisture indicates that only about 2% of the
-SH oxidation occurring is due to direct
action. Hence it appears that most of the
destruction occurring in the 0 to 10% mois-
ture region of the samples is due to energy
transfer from macromolecules, water-gener-
ated free radicals and peroxides. The
amount of bound water in the muscle tissue
of this species was measured, using the
calorimetric method previously referred to.
About 10% of the total water (0.57 g H2/g
protein) was found to be bound. This indi-
cates that the irradiation damage occurring
in the below 10% moisture region is due
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to bound-water-generated free radicals and
peroxides and to energy transfer from macro-
molecules. Although energy transfer has
been shown to occur from proteins to added
thiol compounds (Norman and Ginoza,
1958), there is no quantitative information
available concerning the magnitude of this
effect in vivo.

These results suggest that both energy
transfer and bound-water-generated free
radicals are of relatively minor importance
in fresh tissue. Only the free water of the
fish muscle appears to be of major impor-
tance as a free radical and peroxide source,
although bound water perhaps participates
to a limited extent.

These findings also imply that dehydra-
tion prior to irradiation will only increase
irradiation damage unless very low moisture
levels are obtained, and may explain the
findings of Schultz et al. (1956), who re-
ported that dehydration to about 6% mois-
ture, followed by irradiation, resulted in a
product indistinguishable from undehydrated
controls.

The data from the model systems are pre-
sented in Figs. 3 and 4. Fig. 4 shows that

1? 13 To
H Cystsin

Fig. 3. Oxidation of cysteine in water saturated
with air.

the specific inactivating dose (i.e. D37,,)
rises sharply as the percent water increases
past about 16%. This indicates that free
radical recombination is occurring more and
more as water is added, a conclusion in full
agreement with the previous statements. At
less than 16% water, free radical recombina-
tion has become unimportant. Using the
calorimetric method, the bound water in the

ROLE OF WATER IN IRRADIATION PRESERVATION
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Fig. 4. Oxidation of cysteine in a water-cellulose
system containing 1 0 moles cysteine. A. no added
protein: B. 0.1Cf added protein (as papain).

model system was measured. About 12%;
of the water was bound. Curve B shows
that in the presence of added protein, the
specific inactivating dose is somewhat less
than before, perhaps due to energy transfer
effects.

Fig. 3 shows that free radical recombina-
tion in aqueous cysteine systems begins at
about 2 X 1(F4 molar cysteine or less.

11 summary, the model systems appear
to support the data obtained using fish
muscle tissue.

The existence of maximum -SH oxida-
tion at about 20% moisture has possible
implications in terms of replacing the chemi-
cal oxidizers now used as "improvers” in
the flour industry with irradiation process-
ing. It is thought that the action of such
improvers is due to -SH oxidation (Hird
and Yates, 1961 : Frater et al.. 1961). How-
ever, it should be noted that not all varieties
of wheat show strengthening of gluten struc-
ture upon irradiation (Cornwell, 1959).
Milner (1963) has emphasized that not only
is very little known of changes in the sulf-
hydryl groups in irradiated wheat proteins,
hut also the action of chemical oxidizers may
change the gelation of polysaccharides, as
well as proteins.

It should be noted that, contrary to ap-
pearances, the slopes of these curves do not
indicate that indirect free radical attack is
responsible for the -SH destruction at less
than 20% moisture (Fig. 1). The dilution
tests commonly performed to distinguish
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direct from indirect effects are done by vary-
ing the solute concentration while keeping
the total amount of water constant. This
cannot be done in muscle tissue.

Dehydration by freezing should also offer
protection, but conflicting information has
been reported (Schultz et al., 1956; Coleby
etal, 1961). Further studies are under way
to clarify the role of water at low tempera-
ture in irradiation pasteurization. These will
be carried out in terms of the amount of
water frozen as a function of temperature in
fish muscle tissue and its intra- or inter-
cellular location, the influence of these factors
in free radical production, and the destructive
potential of frozen free radicals, both as a
function of time and their sites of formation
in intra- or intercellular ice.
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Autoxidation of Turkey Lipids3
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SUMMARY

Autoxidation of lipids in
the 2-thiobarbituric acid (TBA)

raw, ground turkey tissues was studied with
method.

Samples prepared immediately

post-mortem and held at 4°C for approximately one week showed significant

differences between the
notably red and white muscle.

sition.

o egg albumen solids
phosphates to the ground tissue; 1%
Possible mechanisms
discussed.

INTRODUCTION

Rapid expansion in turkey production,
coupled with seasonal consumption of that
meat, makes it necessary to store frozen
turkeys for periods up to one year. Of the
biochemical changes occurring during stor-
age, a prominent one involves autoxidation
of lipids which may be detected as rancid
flavor in the cooked product. Keskinel et al.
(1964) studied oxidative changes in turkey,
beef, lamb, and pork. Those workers
showed that after one week of refrigerated
storage, turkey had undergone greater oxi-
dative change than the other meats. Rapid
autoxidation observed in turkey can be ex-
plained in part by fatty acid composition
(Lea, 1938, p. 212), and the presence of
low levels of natural antioxidants (Mecchi
et al., 1956a,b) in the tissue.

The present investigation was undertaken
to establish the rate at which autoxidation
occurs in raw turkey tissues and to measure
the “antioxidant” properties of egg albumen
solids, butylated hydroxyanisole (BHA),
gelatin, and phosphates when added to tissue.

EXPERIMENTAL

Materials. Adult Broad Breasted Bronze male
turkeys were used in these studies. Muscle sam-
ples were taken 1 hr post-mortem, freed of skin
and adhering fat, and passed once through a food
grinder (4-mm perforations). The ground tissue

"Journal Paper No. J—1758 of the lowa Agricul-
tural and Home Economics Experiment Station,
Ames, lowa. Project No. 1400.

rates of autoxidation for certain of these tissues,
Failure to detect other differences, as between
skin and white muscle, reflects variation

in both lipid and fatty acid compo-

A significant delay of autoxidation was achieved by the addition of
(w/w), 0.049¢ butylated hyldroxvaiiisole, or 0.35%
gelatin exhibited no beneficial effect,
by which these materials delay oxidative changes are

and any additive such as albumen solids were
blended in a closed plastic container from which
samples of approximately 10 g were taken. The
samples were overwrapped with MSAD-80 cello-
phane, heat-sealed, and stored at 4°C for periods
up to 10 days.

Analytical. The 2-thiobarbituric
as described by Tarladgis et al.
used to follow the

(TBA) test
(1960) was
rate of oxidative change in
samples. Duplicate samples of meat were removed
from storage daily for TBA determination. Fol-
lowing the distillation step, duplicate S-ml quanti-

ties of each distillate were taken for color
development.
Total lipids were measured by Goldfisch ex-

traction using a solvent mixture of diethyl ether.
Skellysolve B, and ethanol (5:5:1 v/v).

Statistical. A regression analysis was applied to
the data (Snedecor, 1956) in which “TBA number"
was regressed on storage time (days).

RESULTS AND DISCUSSION

Red vs. white muscle. Fig. 1 shows the
extent of lipid oxidation in red and white
muscle during refrigerated storage. The
difference, which is highly significant (P
<0.01), confirms the results of Keskinel
ct al. (1964), except those authors reported
a curvilinear relationship between mg of
malonaldehyde per 1000 g of sample (TBA
number) and storage time. Based on the
variation in total lipids in samples of white
and red muscle (1.59 and 3.64%, respec-
tively), a positive relationship exists be-
tween amount of total lipid and oxidation
rate. Moreover, it is likely that heme catal-

[S 1
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Fig. 1. Autoxidation of lipids in red and white
turkey muscle at 4°C.

ysis of oxidation (Barron and Lyman,
1938; Tappel, 1953) is more active in red
muscle, which contains a larger amount of
myoglobin than does white muscle. Lawrie
(1950) reported a ninefold difference in the
amount of myoglobin between chicken gas-
trocnemius and pectoralis superficialis
(0.045 and 0.005%, respectively).

Varied proportions of red and white
muscle. Ground, raw muscle was studied
in the following proportions: 1) 100% white
muscle (WM) ; 2) 75% WM and 25%
red muscle (RM) ; 3) 50% WM and 50%
RM; 4) 25% WM and 75% RM; 5) 100%
RM. The statistical analysis showed that a
significant increase (P<0.05) occurred in
oxidation rate with each increment of red
muscle to the mixture up to the combination
of 75% RM and 25% W M; no difference
was found between this combination and red
muscle alone (see Fig. 2). From these
results it is apparent that in a coarsely
ground mixture of red and white muscle,
the effect of the former is merely additive.
There is little chance for hematin compounds
and lipids from red muscle to be introduced
into white muscle to catalyze oxidative
changes.

Comparison of various tissues. Fig. 3
presents the combined results of two experi-
ments on lipid oxidation in six tissues. As
before, the difference between white and red
muscle was statistically highly significant
(P<0.01). There was no significant change
in TBA numbers for liver over the test
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Fig. 2. Autoxidation of lipids in mixtures of
red and white muscle at 4°C.
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period. Skin, high in total lipids, and giz-
zard, which is composed of highly pigmented
muscle, exhibited relatively low TBA num-
bers; these patterns did not differ from
that for white muscle. From these results
it can be inferred that heme catalysis, total
lipids and/or fatty acids are important in
lipid oxidation. Moreover, the TBA method
may be limited in its use on tissues that
vary widely with respect to lipid groups and
fatty acids. Other work in our laboratory
shows that in the 16-week-old turkey male,
phospholipids comprise about 60% of total
lipid in red or white muscle, and as high
as 90% in heart muscle. More research is
needed on the quantitative involvement of
these complex lipids in oxidation.

“ Antioxidant” properties of phosphates.
When phosphates (added as “Kena,” which
contains mostly sodium tripolyphosphate,
with lesser amounts of tetrasodium pyro-
phosphate and disodium dihydrogen pyro-
phosphate) were added to red muscle at
0, 0.175, 0.35, or 0.70% levels, the response
was as shown in Fig. 4. A statistical com-
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Fig. 3. Autoxidation of lipids in various turkey
tissues at 4°C.
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parison of the regression (b) values indi-
cated that the 0.175%- and 0.35%-treated
samples did not differ significantly in rate
of lipid oxidation, but both differed from
the control and 0.70%-treated samples (P
<0.05). There was a slightly different treat-
ment response observed in white muscle
compared with red. The lowest level of
phosphates had no influence on oxidation
rate, whereas the 0.35% level reduced oxida-
tion rate significantly, and the 0.70% level
exhibited an even greater effect.

“ Antioxidant” properties of different
materials. Fig. 5 shows the average re-

. o CONTROL
o—  —eo 0.35 % PHOSPHATES
[ T o 10 % ALB. SOLIDS

al n—-—a 1.0 % GELATIN
A—-—0 0.04 % BHA.

TBA NUMBER

TIME (DAYS)

Fig. 5. The average response of adding tripoly-
phosphate, albumen solids, gelatin, and butylated
hydroxyanisole (BHA) on lipid oxidation in white
and red muscle at 4°C.

sponse to adding 1.0% egg albumen solids,
0.04% butylated hydroxyanisole (BHA),
1.0% gelatin, or 0.35% phosphates to red
and white muscle. Each of the materials,
except gelatin, significantly delayed oxida-
tive changes. These results agree with those
of Chang et al. (1961), who reported that
tripolyphosphate delayed oxidation in beef
lipids. Further, Bishov et al. (1960, 1961)
and Togashi et al. (1961) reported that
albumen solids and gelatin reduce oxida-
tion rate of fat films in a model system.
Similarly, Klose ct al. (1952) have shown
that BHA combined with citric acid is effec-
tive in delaying rancidification in frozen
turkey steaks and half-turkeys.
Mechanisms of antioxidant activity. Con-
siderable effort is needed to elucidate prop-
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erly the mechanisms of antioxidant activity
reported here. Whereas with BHA a pro-
posed mechanism involving the transfer of
hydrogen or electrons is tenable, it is
probable that albumen solids are active in
sequestering cations that would otherwise
be available for catalysis. Conalbumin is
suspected as the active constituent. How-
ever, during repeated experiments in which
albumen from the same originally lyophilized
batch was used, there was an apparent dis-
appearance of the “antioxidant” character-
istic. The exact time required for its dis-
appearance has not been established, but
appears to be about 6-8 weeks. Neverthe-
less, two pertinent questions arise: What
biochemical property of albumen is active,
and what are the reasons for this loss of
activity? Bacterial growth leading to the
ultimate saturation of conalbumin with iron
is excluded as a possibility since the albumen
solids were held in a desiccated (CaCL)
atmosphere.

The significant protection afforded frozen
turkey steaks by a 0.2-0.4-mm layer of
gelatin as reported by Klose et al. (1952)
is explained largely by a physical protection
of the steak’s surface whereas gelatin added
to ground tissues at a 1.0% rate has less
chance of protecting exposed surfaces.

Compositional differences that exist be-
tween albumen and gelatin may contribute
to an explanation of the difference in activity.
Gelatin contains no tryptophan and a rela-
tively small amount (0.7%) of histidine
(Tristram, 1953) both of which have been
shown to possess antioxidant activity
(Tappel, 1954). Finally, the sulfur-contain-
ing amino acids of albumen (Evans et al.,
1949) may contribute to its activity, since
sulfhydryl groups are generally active in
this respect.

Less can be proposed on the mechanism
of phosphate activity. In these studies, pH
increased by about 0.5 unit when phosphates
were added to meat. Such a small change
in pH per se does not explain the beneficial
action imparted to lipids (Chang et al,
1961) since this change can be achieved
with different bases, which in turn do not
inhibit lipid oxidation. A more tenable
speculation is that the phosphates act by
forming complexes with fatty acids or their
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derivatives.
acid will complex peroxides
Quackenbush, 1954).

It is known that phosphoric
(Privett and
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Measurement of Discoloration in Fresh Beef
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SUMMARY

A method is described whereby precise measurement of discoloration in
fresh red meats can be achieved. The method utilizes a values obtained from
Gardner automatic color-difference meter readings and depends upon careful
control of storage temperature, control of sample area from which readings
are taken, and consistent orientation of sample during subsequent readings.

Results obtained with the method indicate considerable variation

in dis-

coloration of samples from the same slice of beef round stored at 6°C; a
substantial decrease in discoloration with lowered storage temperature; a de-
crease in discoloration resulting from increased exposure of the sample to air;
and the probable importance of respiration by the meat rather than bacterial
contamination in determining discoloration at low temperatures (—2°C).

INTRODUCTION

Fresh red meats, cut and packaged for
self-service retailing, undergo a discolora-
tion during storage. The surface of the meat
turns brown as a result of oxidation of the
bright-red oxymyoglohin to brown metmyo-
globin.

Early studies on discoloration of red meat
were made by Brooks (1929), who observed
that methemoglobin forms first beneath the
surface of the meat. The experimental sys-
tem used by Brooks consisted of a piece of
meat compressed between two pieces of glass
so that the edges of the meat sample were
exposed to air. The depth of penetration of
oxygen and the formation of methemoglobin
were observed spectroscopically. The finding
that methemoglobin forms initially beneath
the surface of the meat was given meaning
by studies of Brooks (1935), on hemoglobin,
and George and Stratmann (1952), on myo-
globin, showing that both heme pigments
autoxidize most rapidly at partial pressures
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of oxygen considerably below that present
in air.

In most studies subsequent to those of
Brooks, emphasis has been placed on meas-
urement of color at the surface of the meat.

Kraft and Ayres (1954) and Pirko and
Ayres (1957) used the reflectance attach-
ment of the Beckman DU spectrophotometer
for measuring color changes in red meats.
Butler et al. (1953) and Robach and Cos-
tilow (1961) used the Munsell spinning disc,
and Dean and Ball (1960) used the Gard-
ner color-diiference meter. In addition,
Mangel (1951), Broumand et al. (1958),
and Butler et al. (1953) used a technique by
which the percent metmyoglobin in aqueous
extracts of meat can be determined spectro-
photometrically. Dean and Ball (1960) de-
veloped a method, based on reflectance spec-
trophotometry, designed to give quantitative
data on metmyoglobin, oxvmyoglobin, and
myoglobin at the meat surface.

Data from previous studies show that
meat discolors because of metmyoglobin
formation, and that decreased partial
pressure of oxygen, inoculation of meat
with bacteria, and increases in temper-
ature are factors that increase the rate
of discoloration. Available techniques are
not sufficiently precise to give a clear under-
standing of the rate at which meat discolors.
For example, if bacteria are an important
factor in meat discoloration, the rate of-dis-
coloration should increase as numbers of

IO_uHufmwmjf) fmnntnrtu«
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bacteria increase. In contrast, if the discol-
oration were due to autoxidation of myo-
globin, the initial rate would decrease as less
myoglobin becomes available for autoxida-
tion.

This study was undertaken to determine
if a method could be devised whereby color
measurements would be sufficiently precise
to give information on the causes of metrnyo-
globin formation. A technique is described
that shows promise in measuring rates of
discoloration of fresh red meats. Results
obtained with the technique are discussed.

EXPERIMENTAL

The Gardner automatic color-difference meter,
model AC-1, was used in making color measure-
ments. See Hunter (1958) for a description of the
instrument and scales. Slices of beef round were
purchased in a local market, and in each instance
the slices were freshly cut from an intact round
(U. S. Choice). Samples for experiments were
cut to fit open, rigid, plastic containers 2 X Ijf X
Yi inches.

For preparing meat samples in which the
myoglobin was predominantly MbO» (oxymyo-
globin), Mb (reduced myoglobin), or Mb+ (met-
myoglobin), the meat was overwrapped first with
an CL-impermeable film (Saran) taking precau-
tions to minimize oxygenation of the myoglobin.
The samples were stored at room temperature and
when Rd, a, and b values no longer were changing
rapidly (about 4 hrs.), the myoglobin was consid-
ered to be in the reduced deoxygenated state, and
Rd, a, and b values were obtained. The Saran
film was then removed, replaced with 195-MSAD-
80 cellophane, and the samples stored at 0°C for
24 hr. After this time the myoglobin at the surface
was predominantly oxygenated, and again Rd, a,
and b values were obtained. For production of
metmyoglobin, several drops of 0.2% potassium
ferricyanide were spread over the surface of the
samples at hourly intervals. After three applica-
tions the samples were rewrapped and stored for
4 hr at room temperature. Then Rd, a, and b
values were again measured. The procedures out-
lined above, for altering samples so that they con-
tain predominantly Mb, MbO02 or Mb+ at the
surface, have also been monitored by obtaining
reflectance spectra of the samples using a Beck-
man DK-2A spectroreflectometer. These spectra
confirm that the procedures produce the desired
derivative.

In the storage experiments, samples were allowed
to “bloom” for approximately 1 hr at the storage
temperature prior to wrapping with 195-MSAD-80.
Initial color measurements were made soon after

MEASURING DISCOLORATION OF FRESH BEEF

wrapping, and at approximately 8-hr intervals
thereafter until the meat was grossly discolored.
Samples were stored in the dark in a freezer
chest to obtain temperature stability of +1°C. De-
frost cycles did not interrupt the temperature
control in the freezer chest, and by using a closed
box, atmospheric conditions had little effect on the
storage temperature.

Prior to the measurement of color, the Gardner
color-difference meter was allowed to warm up for
15 minutes and was standardized with a light-red
color standard, Rd = 338, a — 344, b = 129
The transparent plastic spacer was masked with
black tape so that the sample exposure area was
kept constant and no external light could reach
the photocells. The sample exposure area Was
equivalent to the area of the sample containers.
To make the Gardner readings as consistent as
possible, samples were oriented in the same direc-
tion each time readings were made. Rotating the
samples 180° was found to change the a value by 1
unit for some samples. The samples were thick
enough so that changes in background had no
effect on the Rd, a, or b values.

RESULTS AND DISCUSSION

The major changes one would expect to
find in the forms of myoglobin present in
meat are first an oxygenation of Mb to yield
MbC> and secondly an oxidation yielding
Mb+ To determine how Rd, a, and b values
would be affected by oxygenation and oxida-
tion of myoglobin, meat samples were cut
and packaged such that Mb, MbCU or Mb+
would predominate. Results of color meas-
urements are shown in Table 1 These re-

Table 1. Average Rd, a, and b values for 18
meat samples stored such that myoglobin, oxymyo-
globin, and metmyoglobin predominate.

Rd a b alb
MbO» 8.0£1.0" 28.6x1.3 13.8+0.6 21
Mb 8.0+1.2 13.7x0.7 7.6£0.6 18
Mb+ 8.7£1.2 41+0.3 10.6+x0.6 04

" Standard deviation.

suits show that a values change appreciably
in relation to the other two parameters of
color. Furthermore, in changing from MbC>
or Mb to Mb+ a values decrease. Using a
values only, it would be difficult to deter-
mine whether the myoglobin in a meat sam-
ple was oxidizing to Mb+ or deoxygenating
to Mb, since both changes represent a de-
crease in a value. However, the two types
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of change can be distinguished by consider-
ing the a/b ratio. For MbC>2and Mb, which
are both fresh meat colors, the a/b ratio
does not change appreciably, but for a con-
version of MbC2 or Mb to Mb+ the a/b
ratio decreases considerably. The meat dis-
colorations discussed in this paper were due
to changes in myoglobin of the type MbC32
or Mb going to Mb+ In this type of discol-
oration there is considerable change in a
value but relatively little change in Rd or b
values (Table 1). Although the change in a
value is considered to be the most sensitive
indicator of color changes in fresh beef, the
a/b ratio has also been plotted in Figs. 3
and 4 to indicate that the color change is
due to Mb or MbOs being oxidized to Mb+

Fig. 1 shows a values plotted against time
for three samples stored at 6°C. The data
of Fig. 1 show that there is a fairly regular
decrease in a values for any one sample
which results in a smooth curve, a values
begin to decrease immediately upon storage,
and there is considerable heterogeneity
within one slice of round steak.

The heterogeneity shown in Fig. 1 is of

28
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.
Semimembronosus
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Biceps femoris
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Fig. 1 Color deterioration curves for three

samples of beef round all taken from the same
slice of beef round. Storage temperature 6°C.
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interest because experiments are frequently
designed to test relations between color de-
terioration in meat samples and some other
factor such as bacterial numbers or percent
oxymyoglobin. With considerable differ-
ences in the color of the meat samples and
in the rates at which they change color, it
would be difficult to interpret the results
of experiments attempting to correlate color
changes with other factors.

The data of Fig. 1 were chosen to show
the extreme heterogeneity which can and
does occur occasionally. However, the re-
sults shown in Fig. 2 are more typical of
those obtained with meat samples stored at
6°C. As shown in Fig. 2 samples from
the semitendinosus had higher a values ini-
tially than did samples from the other
muscles in the round. This difference was
noted quite often when samples were stored
at 6°C but was not so apparent at lower
storage temperatures.

To investigate the effect of temperature
on color deterioration, samples from beef
rounds were stored at 2°C and —2°C, with
all other conditions kept the same. Fig. 3

26

20}

Semitendinosus

Gordner "a" values

Average of 7 other somples
U from some round J T
4+ J.
' ! | Il 1 N S
) 26 36 a0 30 €0 70 3 30

Time -Hours

Fig. 2. Color deterioration of meat samples
taken from a single slice of beef round. Storage
temperature 6°C.



538

shows the effect of 6. 2, and —2°C tempera-
tures on the discoloration of the beef samples.
Two effects of temperature are apparent in
Fig. 3. At —2°C, initial @ values are con-
siderably higher than at 2°C or 6°C. The
increase in d values with lowering tempera-
ture has been noted consistently in these
studies. The second effect is a decrease in
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Fig. 3. Effect of temperature on the color
deterioration of fresh beef. Each curve represents
the average for 16 samples taken from two ad-
jacent slices of beef round.

rate of discoloration with decrease in tem-
perature. Although the departure from
linearity prevents calculation of rates for

most of the curves in Fig. 3, it can he seen
that d values decrease more rapidly at 6°C
than at 2°C. For the two curves at 2°C and
—2°C which are linear, the calculated rate
of decrease for d values is 0.13 d/hr at 2°C
and 0.064 d/hr at —2°C.

As recently shown by Robach and Cos-
tilow (1961),
highly dependent upon the partial pressure
of oxygen in the meat. Several factors have
an influence on the partial pressure of oxy-
gen in stored meat. Bacterial growth can
deprive the meat of oxygen; the bacteria
utilize oxygen for respiration and thereby
decrease the amount available for diffusion
into muscle tissue. Respiration by the meat

deterioration of meat color is

is significant in decreasing the partial pres-
sure of oxygen. As Brooks (1929) pointed
out, when meat discolors, the metmvoglobin
appears first in a layer a few millimeters
below the surface, indicating an
the partial pressure of oxygen has
lowered because of respiration by the

area in
which
been
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meat. Also, in solu-
tion in the meat is influenced by the storage
temperature.

Lowering the storage temperature has a
favorable effect on all of the factors listed
above with regard to maintaining a high
partial pressure of oxygen in the meat. A
lowered temperature may decrease the resid-
flora. A lowered temperature
decreases the respiration of the meat itself,
thereby increasing the depth to which oxy-
gen may penetrate and decreasing any heat
production due to respiration. A lowered
temperature increases the amount of oxygen

the amount of oxygen

ual bacterial

dissolved in fluids of the meat. A lowered
temperature shifts the equilibrium, Mb +
CL ;= MbOo, to the right. Finally, a low-

ered temperature decreases the rate of au-
toxidation of myoglobin to metmyoglobin.
Hence, decreasing the storage temperature
has multiple beneficial effects for maintain-
ing oxymyoglobin in fresh meats.

It should be quite simple to experimentally
increase the partial pressure of oxygen in
meat samples and test the importance of
this factor on the discoloration. Preliminary
experiments with meat stored in the pres-
ence of an atmosphere of oxygen indicated
that discoloration was slower than with
samples atmosphere of air.
However, it is clumsy to provide a storage
oxygen and still remove
periodically for determina-
therefore samples were packaged and

stored in an

atmosphere of
samples
tions,
stored so that all surfaces of the meat sample
were exposed to air. This treatment effec-

color

tively increased the partial pressure of oxy-
in the sample and the results of such a
in Fig. 4.

gen

treatment are shown The rate of
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Fig'. 4. Effect of increased exposure to air on
the color deterioration of fresh beef. Each curve
represents the average for 16 samples taken from
two adjacent slices of beef round.
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discoloration (rate of decrease in d value)
calculated for the straight-line portion of the
curve representing samples with two sides
exposed was 0.040 alhr. For comparison,
the color deterioration curves of beef samples
with only one side exposed and stored at
the same temperature (—2°C) are included
in Fig. 4.

A technique of packaging and storing
meat with maximum surface exposed to air
may be of some limited usefulness in storing
and retailing fresh meats. The
point, that meat discoloration
was retarded by increasing partial pressure
of oxygen. From Fig. 4 it can be seen that
the major difference between samples with
one side and two sides exposed to air is
in the rate of change of @ value rather than
a large difference in initial d value. The
latter result might be the one expected from
the technique used, but the fact is that the
rate of discoloration was decreased as a re-
sult of increased partial pressure of oxygen
in the samples. The decrease in rate of
discoloration due to exposure of both sides
of samples was found at —2°C but not at
higher temperatures. Presumably, a volume
of meat remains in the reduced state in the
interior of samples stored at higher tem-
peratures. Consequently, exposure of more
area does not change the partial
pressure of oxygen at the point where Mb+
is forming.

important
however, is

surface

The findings that meat samples discolor
at —2°C and that the discoloration
immediately tend to discount the role of bac-

starts
teria at this temperature. Probably, a more
important factor at low temperatures is res-
piration of the meat. The decreased rate of
discoloration noted in samples packaged with
both sides exposed to air, as compared with
samples packaged in rigid plastic containers,
indicates the importance of oxygen utiliza-
tion by the meat in determining the subse-
quent rate of discoloration.
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The color life of fresh red meats can be

extended appreciably by keeping the storage
temperature low and by providing for maxi-
mum contact of the meat surfaces with air.
Any further decrease in discoloration rates
appears to depend upon decreasing the
respiratory activity of the meat.
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SUMMARY

The pH of peas and of poultry meat frozen pre- and post-rigor was
measured during frozen storage at -10°C for up to 6 months. In peas it
decreased sharply from 6.7 to as low as 6.0 during the first 3 days of
storage, increased to 7.0 during the next 2-3 weeks, decreased to 6.4 in
another 3 weeks, and remained there with only small fluctuations during the
rest of the storage time. Breast and leg meat of poultry resembled each other
in pH changes after freezing: increases and decreases of about 0.2-0.3 unit
occurred in all samples at about the same time. Meat frozen pre-rigor
differed from meat frozen post-rigor, however, the latter increasing 0.2-0.3 pH
unit during freezing, and the former changing little or decreasing slightly
under these conditions. Differences in pH between samples at a given time
were related to differences in initial pH.

Studies with salt solutions as similar as possible in composition to the
foods tested, and with gelatin solutions, showed that pH changes in frozen
foods were caused mainly by increasing concentration of food components,

including proteins, in the unfrozen phase,

teraction of proteins with

by precipitation of salts, by in-

ionic substances, and by enzymatic activity (e.g.

lactic acid formation) during frozen storage.

INTRODUCTION

Extensive information has been published
in recent years on quality deterioration dur-
ing the freezing and frozen storage of foods,
particularly in connection with time-temper-

ature tolerance studies (see Van Arsdel,
1957). This information has provided prac-
tical knowledge about the proper methods

of processing, storage, and handling of many
frozen foods. In several instances, the qual-
ity deterioration can be attributed to enzy-
matic and chemical reactions. In many
others, however, the exact nature of the de-
teriorative reaction cannot be determined
with certainty, nor can the factors causing
or affecting these reactions. One basic diffi-
culty appears to have been the limited infor-

mation available on the mechanical, chemical,

and physicochemical properties of frozen
foods, particularly of the unfrozen phase.
The formation of the ice phase as affected

by factors such as type of material, rate
of cooling, and ultimate temperature, as well

as the effect of ice precipitation on the

Presented at the First International Congress of
Food Science and Technology, September 18-21,
1962, London.

Contribution from the Division of Biosciences,
National Reserach Council, Ottawa 2, Canada. Is-
sued as N.R.C. No. 8042.

macroscopic and microscopic appearance and
structure of the frozen material, has been
studied in some detail, but these studies have
thrown little light on the processes occurring
simultaneously with, or subsequent to, the
removal of water by ice formation.

Recent studies in these laboratories have
dealt with one of the processes consequent
on freezing, namely, the crystallization of
salts and its effect on the pH and compo-
sition of the unfrozen phase. It was found
that ice formation increased the concentra-
tion of several salts and other soluble ma-
terials above the saturation point. These
compounds consequently precipitated during
freezing or after a period of frozen storage,
causing further ice precipitation
creases in concentration of the

and in-
remaining
dissolved materials with subsequent precipi-
tation of some of these materials. The rates
of precipitation were

tion

slow, some precipita-
still taking place after several months
of storage. Precipitation of salts markedly
affected the pH and composition of the un-
frozen phase, but the effect of these changes
on quality deterioration is not
present.

This paper presents further results on pH
and composition changes in frozen foods.
Extensive measurements were made with
frozen peas and with chicken meat frozen

known at
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post- and pre-rigor, as well as with salt
solutions of a composition resembling as
closely as possible the salt composition of

the foods tested.

EXPERIMENTAL

Fresh peas from the local market were shelled,
blanched in boiling water, and put through a very
coarse meat grinder, which left most of the cotyle-
dons intact. The peas were put in one-quart tin
cans and frozen in five hours in an air blast at
—20°C. Processing was completed and the cans
were stored at —10°C within twelve hours of
harvesting.

Poultry meat was obtained from 5- to 8-month-
old commercially-grown chickens which were
killed by cutting the jugular vein and carotid
arteries and bleeding for about 2 min, scalded
2 min at 54°C, plucked by hand, and eviscerated.
Pre-rigor meat was removed from the carcass
immediately, whereas post-rigor meat was removed
after the carcass was aged 24 hr in drained ice.
Both breast and thigh meat was used, and the
meat was frozen in an alcohol-dry ice mixture
prior to storage at —10°C. In one experiment, the
meat was cut in approximately half-inch cubes
before freezing, packed in one-quart tin cans, and
completely frozen within 75 min of removal from
the carcass. In a second experiment, the meat was
frozen in one piece within 45 min of removal from
the carcass.

Samples for pH measurement were obtained by
crushing part of the frozen material and discard-
ing the exposed layer because of possible surface
desiccation. The measurements were made at
—10°C with glass and calomel electrodes modified
for use at this temperature (van den Berg, 1960).
Phosphate buffers of pH 6.0 and 7.0 containing
glycerol were used for standardization. A small
amount (10-20 g) of the sample was packed tightly
around the electrodes to ensure good contact with
both glass and calomel electrode. AIll measure-
ments were made in duplicate on each sample and
mostly with two samples of the same material,
and were continued for up to 6 months. Repro-
ducibility was better than 0.1 pH unit.

Precipitation of phosphate salts presumed to oc-
cur in peas and poultry meat during freezing and
frozen storage, was studied in salt solutions com-
parable to those present in the materials used.
Each solution was cooled to a predetermined tem-
perature below the freezing point, seeded frequently
with a small amount of the solution which had
been frozen at —30°C, and a portion of the liquid
phase then removed and analyzed. Next, a new
solution similar in composition to that of the
analyzed solution was prepared, and the freezing-
process repeated, this time to a lower temperature.

These freezing studies covered the range —2 to
—12°C, and the type of salt precipitating was
deducted from the change in composition of solu-
tions as freezing progressed.

Tests were also made to study the effect of
freezing on the pH of simple protein gels. Gels
containing 15% gelatin (USP) and adjusted to
pH 5.5-7.0 were frozen and the pH measured at
-10°C.

The sodium, potassium, calcium, magnesium,
phosphate, chloride, and lactate content of peas,
meat, and solutions was determined by methods
described previously (van den Berg, 1961). For
meat and peas, analyses were made in trichloro-
acetic acid extracts. To determine the lactic acid
content of meat frozen pre-rigor, finely crushed
frozen material was suspended in 40% trichloro-
acetic acid at —10°C and left overnight at this
temperature to prevent further glycolysis during
thawing. The suspension was then diluted to the
proper trichloroacetic acid concentration and
treated in the usual way.

RESULTS

Changes in pH in peas during storage at —10°C
are shown in Fig. 1 The pH dropped rather
sharply immediately after freezing, from about 6.7
to as low as 6.0, and increased rapidly thereafter
to pH 7.0. After about 2 months, and to the end
of the test, the pH remained at 6.4 with only
small fluctuations.

The magnitude and rate of pH changes were
smaller in chicken meat than in peas (Figs. 2, 3).
In addition, the pH of meat passed through one
more cycle of increase and decrease than the pH
of peas during the storage time studied (4 months).
pH changes were similar in meat (both leg and
breast) frozen post- and pre-rigor. During freez-
ing, however, the pH of meat frozen post-rigor
always increased 0.3 to 0.5 pH units, whereas the
pH of meat frozen pre-rigor either remained con-
stant or decreased slightly. The differences in pH
between the meats at a given moment during
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Fig. 1. Changes in pH of peas stored at —10°C.



PHYSICOCHEMICAL

542

70 —
— ~7—pH BEFORE FREEZING

g FROZEN

L PRE-RIGOR ( 0,0 )

pH

N\ [ B 7
a2

60w & _A/' o /b A -
v ¥ . FROZEN
POST-RIGOR (4,9 )

T a— 0 80 55 e
STORAGE TIME, DAYS
Fig. 2. Changes in pH of poultry breast meat
frozen pre- and post-rigor and stored at —10°C
(two series of tests).

T T T
7018 -
)
ol
o pH BEFORE FREEZING
FROZEN
o o ° / PRE-RIGOR (0,0
6.5 o 8 -
Fov ° e ©
° c o ° o/c\
I o o a ) i ©
S —
wa, a - o a - a7 A
\ 9 -\ %
s.ol» s a s a ~a S a -
e Uy . 4
e "_\mozsu
pH BEFORE FREEZING POST-RIGOR(8.7)
.5 S T WU ST, S
' 20 40 60 80 100 120
STORAGE TIME. DAYS
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storage appeared to be largely dependent on differ-
ences in initial pH ; the differences in pH between
meats generally decreased with storage time.

The results obtained with salt solutions showed
that disodium, monopotassium, and alkaline cal-
cium and magnesium phosphates would precipitate
in most of the foods studied, the amounts depend-
ing on the initial composition of the product

Table 1 Composition of foods used in pH study (%

trichloroacetic acid).

Food product K Na
Peas” 0.31 0.003

Breast meat

Pre-rigor 0.39 0.045

Post-rigor 0.39 0.045
Leg meat

Pre-rigor 0.35 0.085

Post-rigor 0.35 0.085

CHANGES IN FROZEN FOODS

(Table 1). Disodium phosphate may not precipi-
tate in peas because of the low sodium concentra-
tion. The presence of soluble compounds (e.g.
sugars) will reduce the amount of salts precipi-
tated, but it is likely that the sugars present in
peas are not fully soluble at —10°C, and hence
may precipitate at some time during storage, caus-
ing further ice formation, salt precipitation, and
pH changes. During freezing of test solutions,
disodium phosphate usually precipitated first, fol-
lowed by monopotassium phosphate. Calcium and
magnesium phosphate did not precipitate in sig-
nificant amounts until the temperature reached
—9°C. The solubility of calcium and magnesium
phosphates was much smaller in these solutions
than was indicated by the original composition of
the food product, indicating that these minerals
are largely protein bound. The solubilities of
sodium and potassium phosphates at below freezing
temperatures was not noticeably affected by the
relatively small amounts of calcium and mag-
nesium soluble (less than 0.015 mmole/ml, varying
widely with small differences in pH and salt
composition of solutions) and were similar to those
observed in an earlier study of complex salt
solutions (van den Berg, 1959).

Freezing increased the pH of gelatin gels by
0.5-0.8 unit for all initial pH values tested. The
presence of phosphates (0.05.1/) reduced the pH
increase of gelatin gels during freezing to 0.2
to 0.3 pH unit.

The lactic acid content of meat frozen pre-rigor
increased at a rate of approximately 0.1% per
month in breast meat and 0.05% per month in leg
meat. This increase in lactic acid content during
storage explains the decrease in pH differences
between meats mentioned before.

DISCUSSION

The results presented in this paper con-
firm earlier conclusions (van den Berg,
1961) that pH changes in frozen foods are
caused mainly by increasing concentrations

[of fresh weight] soluble in 15%

Ca Mg P ad Laac%}iIC
0.027 0.006 0.045 0.03 —
0.009 0.004 0.13 0.15 0.6-0.8
0.009 0.004 0.13 0.15 11
0.007 0.005 0.10 0.16 0.2-0.3
0.007 0.005 0.10 0.16 0.8

" McCance and Widdowson (1960) report that peas contain about 4% reducing sugars.
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of food components in the unfrozen phase,
by precipitation of salts from
phase, and by interaction of proteins with
ionic substances. In addition, it was found

the unfrozen

that enzymatic activity could also contribute
to pH changes in frozen meat.

The increase in pH of gelatin gels during
freezing is to the pH
poultry meat and beef frozen post-rigor (van
den Berg, 1961) and is apparently caused
by the increase in protein concentration.
This increase in pH seems to counteract
partly or completely the decrease in pH
noted during freezing of buffer salt solu-
tions as a result of increasing concentration
(van den Berg and Rose, 1959;
Berg, 1959) and which may have caused
the decrease in pH in peas and meat frozen
pre-rigor, during freezing.

The results obtained with the
tions indicate that the sequence of precipi-
tation of phosphate salts is usually : disodium

similar increase in

van den

salt solu-

phosphate, monopotassium phosphate, and
calcuim and magnesium phosphate. This
sequence would explain the general shape

of pH-storage time curves obtained for most
products during the first 2 to 3 months of
storage. When the sodium content of a
product is low compared to the calcium and
magnesium content, as it is in peas, the
sequence of precipitation may be reversed
with relatively
of pH changes.
beef, which contains appreciable amounts of
carbonate, citrate, and other buffer
further pH changes are likely produced by
precipitation of some of these salts.

The extent of pH decreases in peas and
chicken meat during storage indicates that
more calcium and magnesium phosphate
precipitates from solution than is present in
soluble form originally. Calcium and mag-
nesium are usually associated with proteins
in some form or another, and it seems likely
that the bound ions go into solution when
the concentration in solution decreases from
precipitation of calcium and
phosphate. This will
cipitation until equilibrium
removal of calcium and magnesium
from the proteins may affect the stability
of the proteins, hut no definite information
is available at present.

little effect on the sequence
In poultry meat, and also in

salts,

magnesium

lead to further pre-
The

ions

is obtained.
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The magnitude of pH changes would de-
pend not only on the amount of salt pre-
cipitated but also on the buffering capacity,
which in turn depends largely on the pro-
tein content. This dependence on protein
content woidd explain why pH changes were
smaller in peas than in vegetables previously
studied (vau den.Berg, 1961) although the
salt composition is not appreciably different.
This protein effect would also indicate that
pH changes in a product such as green
beans might be different in the shells from
in the seeds, since the protein contents of
shells and seeds differ markedly (McCance
and Widdowson, 1960).

Since enzymatic activity is not eliminated
by freezing, enzymatic changes which result
in the production of acid or base, or which
affect the buffering capacity of the system,
may affect pH noticeably. This is apparent
in the results obtained in meat frozen pre-
lactic acid, and presumably
also dioxide, are produced
during storage. Proteolytic or lipolytic ac-
tivity in frozen foods may also affect pH
changes.

rigor, in which

carbon slow ly
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SUMMARY

Proteins extracted from chicken muscle during post-mortem aging in the
cold were examined by starch gel electrophoresis. Myofibrillar proteins, ex-
tracted and analyzed in concentrated urea, revealed no detectable, consistent
change during the two-day aging period. Myogen proteins, extracted by vig-
orous homogenization in dilute buffer, also remained unchanged in white
muscles, but an additional electrophoretic component, possibly derived from
myglobin, slowly appeared in red muscle extracts; the delay in its development
suggests a secondary relation with tenderizing processes. Important constit-
uents of myogen were lacking in “sacroplasmic” proteins extracted from breast
muscle, pre-rigor or in-rigor, with gentle homogenization in 0.44M sucrose
solution. Such “sarcoplasmic” preparations could not be obtained effectively
by the same method from red muscle with higher content of stroma. Some of
the myogen components absent from “sarcoplasm” gradually reappeared as
tenderization proceeded: the time required to achieve rigor and to complete
tenderization varied with the bird, but the observed changes were consistent.
Yields of total and protein nitrogen from fresh, rigor, and aged breast muscle
were in agreement with the electrophoretic data.

It is suggested that the additional components obtained in “sarcoplasm”
of tenderized muscle reflect soluble proteins escaping into the extract because
of the breakdown of intracellular barriers or subcellular particles. These
components may include enzymes instrumental in initiating changes of the
myofibril, ultimately evident iii tenderization.

INTRODUCTION

In recent years, poultry muscle has been
recognized as a convenient vehicle for studies
of the changes that meats
the “aging” or “tenderization” period after
slaughter (W einberg and Rose, 1960: Ban-
dack-Yuri and Rose, 1961; Fischer, 1963).
Fowl, like other warm-blooded animals of
a similar size, pass into rigor as
cular adenosine triphosphate falls
threshold level some 2-4 hr after death
(deFremery and Pool, 1960), but, in con-
trast to the slow tenderization of mammalian
tissue, chicken muscle recovers a large meas-
ure of pliability and “tenderness” within a
few hours post-mortem (May 6t al.. 1962;
Pool et al., 1959; van den Berg et al.
1964). This rapid “aging” permits study of

undergo during

intramus-
below a

"Issued as N.R.C. No. 8094.

changes in muscle protein fractions un-

hampered by microbiological contamination.

Changing distributions of nitrogen among
the classical myofibrillar protein fractions of
chicken muscle extracts were reported by
W einberg and Rose (1960), who suggested
that these changes arose from increasing
release of actin and possibly other proteins
from the myofilaments. Cytolysis and gross
proteolytic activity was inadequate to ac-
count for the rapid and complete tenderiza-
tion during the short period under study.
Electrophoretic studies of mammalian meats
revealed only gradual obliteration of the fine
features of electrophoretic patterns of myo-
gen during the first few days of storage,
followed slowly by the appearance of degra-
dative products (Zender 6t al.. 1958; Kron-
man and W interbottom, 1960). Initial ten-
derization-linked changes in the protein must

[544]
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limited nature

perhaps detectable only

be of a more specific and
(W hitaker, 1959),
by recently evolved methods of protein reso-
Starch gel electrophoresis, one of the
most detecting subtle
differences and changes in protein mixtures,
used to examine extracts of chicken
rigor and tenderization.

lution.
effective tools for
was
muscle undergoing

These extracts were selected to represent
myofibrillar protein, myogen, and sarco-
plasmic protein.

METHODS

Slaughter and dissection. White Leghorn or
Rhode island Red roosters, ranging in age from
3 to 12 months and in weight from 3 to 8 Ib, were
slaughtered by bleeding from neck veins with
wings under restraint. After some 2-4 min, de-
pending on the period of reflex spasm, the bird
was scalded 2 min at 52°C, plucked by hand,
decapitated, and eviscerated. The carcass was
transferred to a cold room at 4°C, where all sub-
sequent operations except electrophoresis took
place. When several pre-rigor samples were re-
quired, only the breast was coarsely plucked, and
evisceration was omitted.

The muscles included in this study were se-
lected because they showed slight but significant
differences in starch gel electrophoretic patterns,
typical of ntyogens from different muscles (Neelin,
1963b). According to the nomenclature of Cham-
berlain (1943), these muscles were pectoralis super-
ficialis (often called pectoralis major), biceps
brachii, biceps femoris, semimembranosus (by
some authorities termed semitendinosus) (Berger,
1960), sartorius, and gastrocnemius. The first
muscle was the most amenable to study, and there-
fore received the most attention.

Muscle was stored as a fine mince in a closed
vessel, as a piece of excised tissue wrapped in
moisture-proof film (Saran Wrap, Dow Chemical
of Canada), or (most commonly) in situ on the
carcass. All tissue was freed of obvious fat and
connective tissue before mincing or grinding.

Extraction. The three classes of muscle extract
are herein termed myofibrillar, myogen, and “sar-
coplasmic” protein preparations. The first usually
contained myogen as a secondary component, and
myogen always included sarcoplasmic proteins.
Of critical importance in the preparation of these
extracts were method of homogenization, propor-
tion of muscle to extractant, and the composition
of extractant solution. Residue was removed from
all extracts by centrifugation for 30 min at 10* X G
in a Servall centrifuge Model SS-1; to clarify
some veronal extracts, especially from red muscle,
centrifugation was repeated. Protein solutions
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were stored at 4°C, but never for longer than two
weeks after extraction.

Myofibrillar proteins were prepared by slicing
or by mincing a block of tissue in a Latapie mincer,
grinding a weighed sample with an equal part of
washed sea sand, and grinding again after adding
five parts of extractant solution. Three extractants
were used: 7M urea (in one experiment, 8M urea
buffered in dilute sodium phosphate, pH 7) ; 0.203/
sodium pyrophosphate adjusted to pH 7 with
hydrochloric acid; 0.403/ potassium chloride,
0.0093/ sodium dihydrogen phosphate, 0.0473/ di-
sodium hydrogen phosphate. Fractions of myo-
fibrillar proteins were obtained by dilution of con-
centrated urea extract to 33/ urea, or by dialysis
of “KCl-phosphate" extract (/ 0.55) against dilute
“KCl-phosphate” solutions (p 0.225 and 0.05).
For starch gel electrophoresis, fractions and ex-
tracts were dialyzed against 6.33/ urea, buffered
in sodium veronal, pH 8, p 0.02; urea extracts were
frequently used without dialysis, since they tended
to gel with this treatment. Extracts and fractions
were rather dilute, but the tendency to gelation in
concentrated urea limited the workable proportion
of muscle to extractant.

Myogen extracts were prepared by grinding
minced or chopped muscle with an equal weight
of sand, and again with two parts of buffer, p 0.05.
Buffers used were sodium veronal adjusted to pH
8 with hydrochloric acid, or sodium cacodylate,
pH 7. Veronal was preferred, because it avoided
ambiguous electrophoretic migration of a major
component which was isoelectric near neutrality;
cacodylate obviated a correction in nitrogen analy-
ses, but interfered with phosphorus determination.

Sarcoplasmic preparations were made from
tissue freshly minced in a Latapie mill. One part
of mince was suspended in nine parts of 0.443/
sucrose in a manually operated glass piston-type
homogenizer (loose-fitting piston) (Dounce el ah,
1955). The piston -was worked through eight
complete strokes, each requiring 1-5 min, depend-
ing on the toughness of the tissue; during with-
drawal of the piston the crushed tissue was sub-
jected to substantial vacuum, which contributed
to cytolysis.

Before electrophoresis, myogen and “sarcoplas-
mic" extracts were dialyzed against veronal buffer,
pH 8, ionic strength 0.05. Dialysis of sucrose ex-
tracts, already relatively dilute, increased volume
by some two-thirds; therefore, after overnight
equilibration against veronal, pH 8, p 0.02, “sarco-
plasmic” preparations were concentrated at least
fivefold and then dialyzed again against veronal,
ionic strength 0.05. Concentration was effected by
pervaporation at 4°C, by flash evaporation at
10-20°C, by dialysis at 4°C against 30% polyvinyl-
pyrrolidone or concentrated Carbow'ax solution, or
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by ultrafiltration at 18-20°C (Tessier and Rose,
1958). The evaporation and dialysis methods pro-
duced some denaturation, contamination with ab-
sorbent, or marked change in pH and ionic consti-
tution. In contrast, ultrafiltration removed some
30 ml from 35-40 ml of dialyzed extract in about
8 hr under air pressure of 25 Ib per sq in. without
evident denaturation of protein.

Starch gel electrophoresis. Except for prelim-
inary surveys, the vertical apparatus described by
Smithies (1959) was used, with details of opera-
tion as specified previously (Neclin, 1963a; Neelin,
1964). Gels consisted of 16 g of starch (Con-
naught Medical Research Laboratories, Toronto)
added to each 100 ml of buffer soultion. Buffer
systems are described in the form, gel solutes/
bridge solutes, as before (Neelin, 1963a). Electro-
phoretic conditions for illustrated examples are
summarized in Table 1

Myogen and “sarcoplasmic" protein preparations
were analyzed in three buffer systems, two gradient
systems found especially suitable for myogen (Nee-
lin, 1963a), and one discontinuous buffer system
(Poulik, 1957), with the following compositions:

System A—gel, 0.0103/ sodium cacodylate,
0.0013/ cacodylic acid/bridge, 0.0103/
sodium chloride

System B—gel, 0.0103/ sodium diethylbarbitu-
rate, 0.006M hydrochloric acid/
bridge, 0.103/ sodium chloride

System C—qgel, 0.0763/ tris (hydroxymethyl) -
aminomethane, 0.0053/ citric acid/
bridge, 0.063/ sodium hydroxide,

0.303/ boric acid.

Myofibrillar proteins were analyzed in gels con-
taining concentrated urea. For each 100 ml of
buffer solution, 42 g of finely powdered urea (later
amended to 36 g to avoid excessive gel fragility)
were added, with brisk swirling, to the hot starch
solution before evacuation. The addition of starch

CHICKEN MUSCLE PROTEINS DURING AGING

to buffer increased the volume by 9%, addition
of urea increased it a further 32-33%, and evacua-
tion removed 5-6% of the original buffer volume
(in urea-free gels only 1% of total volume was
lost on evacuation). Thus, the ultimate urea con-
centration would approximate 53/, although dis-
tribution of water and solutes may not be uniform
in a gel. The manipulation of gels containing urea
differed from the usual gels in the following de-
tails : several minutes were allowed for dissolution
of the urea and cooling of the starch solution
before the gel tray was sealed; several hours,
usually overnight, were required to completely
“set" the gel; after slicing, the fragile gel halves
were supported by the plastic cutting template and
cover (Smithies, 1959) during initial staining;
more time was required for destaining the protein-
free gel.

Conditions of electrophoresis with these buffer
systems are summarized in Table 1. Buffer compo-
sitions were as follows:

System D—gel, 600 ml of buffer as in B, plus
252 g urea/bridge, as in B

System E—gel, 600 ml of 0.0383/ Tris, 0.0053/
citric acid, plus 216 g urea/bridge,
as in C

Miscellaneous analyses. Total nitrogen of ex-
tracts, before and after dialysis, was determined
by micro-Kjeldahl and corrected for nitrogen of
buffer solutes; urea extracts were not analyzed
for nitrogen, and marked volume changes of di-
alyzed sucrose solutions increased variability of
these samples. Phosphorus was determined by the
method of King (1932). Ultraviolet absorption
spectra were obtained with a Cary Model Il re-
cording spectrophotometer.

No direct measurements of muscle tenderness
were undertaken, since published studies with both
organoleptic and shear-press methods (deFremery
and Pool, 1960; May ct «/., 1962) provided an ade-

Table 1 Electrophoretic conditions for vertical SGE of chicken muscle extracts (Figs.
2-8) ; (buffer compositions are given in methods; where current or voltage-drift change is

indicated as initial»final measurement).

Buffer Gel buffer/ Gel
system bridge solution pH
A Na cacodylate/ 6.5-6.9
Na chloride
B Na veronal (NaCl)/ 7445
Na chloride
C Tris citrate/ 8.6
Na borate
D Xa veronal (urea)/ 7.5-7.8
Na chloride
E Tris citrate (urea)/ 7.8

Na borate

Current Field Duration

Lower density strength of run
electrode (ma/cm2) (v/icm) (hr)
cathode 4 5-7->2 16-17
cathode 4 5-»3 16-18
anode 4-"1 5 13
anode 4 4-5->4 6-7
anode 3->1 3NT 7
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quate guide to the time course of tenderization.
However, relative changes in toughness of tissue
were obvious to the operator during the first few
strokes of the manual homogenizer. These changes
in consistency, reminiscent of the cell-fragility
method of determining tissue quality (Love and
Mackay, 1962), were in accord with more rigorous
tenderness measurements.

RESULTS

Myofibrillar protein. Selection of electrophoretic
conditions. Of the preparations considered, urea
extracts more closely approached complete solubili-
zation of muscle proteins in a form suitable for
analysis by high-resolution methods; therefore op-
timal conditions for resolution of these protein
mixtures by starch gel electrophoresis were
sought with the hope of detecting subtle changes
correlated with the aging phenomena. The effect
of pH on resolution was surveyed with horizontal
or vertical gels in constant and gradient buffer
systems, all containing concentrated urea (Fig. 1) ;
diagrams only are presented in Figs. 1 and 2
because many patterns were too weak for photo-
graphic reproduction.

At acid pH (Fig. 1,ab) most of the protein
was immobile or cationic, and few zones were
resolved. From pH 7.2 to 91 in a variety of
buffers (Fig. 1, c-g) electrophoretic patterns were
relatively uniform—some 2 to 4 zones remained
cationic and 5 to 7 anionic zones were more or
less resolved. A gel buffered at pH 75 in the
system sodium veronal (urea)/sodium chloride
(Fig. 1<) gave optimal resolution of some 10
zones, numbered in order of decreasing anionic
mobility (Fig. 2a).

GEL
BUFFER

With organic salts in the bridge solution in place
of sodium chloride, and with gels of sodium veronal
(e.g., sodium veronal [urea]/sodium veronal or
sodium borate), zone ii was resolved into two
clear zones, zone i occasionally revealed a hint of
heterogeneity, and the breadth of zone Hi suggested
polydispersity. In all continuous buffer systems,
zones r to vii were frequently diffuse and ragged.
However, addition of 0.1-0.2% (v/v) mercapto-
ethanol to extractant solution, dialyzing solution,
and the hot urea-gel medium after evacuation, im-
proved resolution of all anionic zones. Discon-
tinuous SGE in Tris citrate (urea)/sodium borate
produced an array of close-packed, highly anionic
bands (Fig. 3, system E).

Identity of zones. The nature of the protein
components extracted with urea can be surmised
by comparison with extracts of myofibrillar pro-
teins obtained by conventional methods. Similar
electrophoretic patterns were observed with ex-
tracts obtained in buffered or unbuffered concen-
trated urea (Fig. 24a), in pyrophosphate (Fig.
2,rf), or in phosphate-buffered potassium chloride
(Fig. 2, c). The cationic zones viii to x were
evidently myogen components, since chiefly anionic
protein was recovered by urea extraction of the
washed tissue residue (Fig. 2,c) remaining after
removal of myogen with dilute veronal buffer.

Dilution of myofibrillar protein extracts assisted
in identification of some zones. A flocculent pre-
cipitate formed in urea extracts diluted to less
than 3.5M urea; ultraviolet absorption spectra indi-
cated that some, but not all, protein precipitated,
while nucleotide remained soluble. Anionic zones
ii to iv and some cationic material (myogen) were
redissolved from the precipitate with buffered 6.3A7

Q FORMATE ;E 4:'0
b. ACETATE §§ 53
C. VERONAL = 7.2
d CACODYLATE 7.4
€ VERONAL 7.5
f.  VERONAL == 8.2
g. GLYCINE %E 9.1

POLARITY®

Fig. 1 Starch gel electrophoresis of chicken breast myofibrillar protein in concentrated
urea, pH 4.0-9.1. Gel buffers consisted of sodium salts (ionic strength ca. 0.02) ; bridge salts

were sodium formate (a) or sodium chloride (b-g).

to those in Table 1, system D.

Electrophoretic conditions were similar
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ZONES
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Q. EXTRACT, 8M UREA
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Il
I b~

| NN )

m Tl
L)

b. PRECIPITATE, 3M UREA

C. EXTRACT, UREA, AFTER MYOGEN
d. EXTRACT, PYROPHOSPHATE

€. EXTRACT, u 0.55

f SUPERNATANT, 10.05

g. PRECIPITATE, n0.05

POLARITY ©

0 @

Fig. 2. Starch gel electrophoresis (in concentrated urea, pH 7.5) of myofibrillar protein
extracts and fractions from breast muscle pre-rigor.

a) Extract in 8M urea (buffered with phosphate, pH 7).

b) Precipitate by dilution of (a) to 3M urea.

c) Extract (in 7.1/ urea) of tissue residue, after myogen extraction.
d) Extract in sodium pyrophosphate-sodium chloride, g 1.4, pH 7.
e) Extract in potassium chloride, sodium phosphate, n 0.55, pH 7.
f) Supernatant, and g) precipitate after dialysis of (c) to n 0.05.

Zones are numbered arbitrarily i to x.

Extractions and fractionations are described in

Methods. Buffer system D (Methods and Table 1).

urea (Fig. 2,b). Dilution by dialysis of potassium
chloride-sodium phosphate extracts from ionic
strength 0.55 to 0.225 (Weinberg and Rose, 1960)
did not result in significant fractionation of com-
ponents evident in starch gel patterns, despite sub-
stantial precipitation of protein. The supernatant
or myogen solution remaining after dilution of
this extract to ionic strength 0.05 (Weinberg and
Rose, 1960) contained chiefly zones vii to x
(Fig. 2, /), while the protein recovered from the
precipitate was enriched in zones i to vi (Fig. 2</)
attributed to myofibrillar proteins.

Aging. Although the resolution of muscle pro-
teins was unspectacular in starch gel systems con-
taining urea, patterns were reproducible, even with
extracts from birds of various sizes, and at least
some myofibrillar proteins are represented by the
zones observed. Therefore, the effect of aging of
freshly slaughtered fowl was studied by analysis of
urea extracts of four representative muscles, one
white breast muscle and three red leg muscles
(Fig. 3). AIll four muscles showed the same
distribution of components, with quantitative differ-
ences only in the cationic or myogen proteins.
These patterns were not changed significantly by
aging for one day (Fig. 3, system D). In the
illustrated example, zone iv appeared intensified in
the aged extracts, but this was not consistently
observed in replicate experiments. More often,

post-rigor extracts were uniformly more dilute
in all components, but relative intensities of zones
remained comparable to those of pre-rigor extracts.
The similarity of myofibrillar proteins of these
four disparate muscles, whether fresh or aged,
was corroborated by starch gel electrophoresis in
discontinuous Tris citrate (urea)/sodium borate
(Fig. 3, system E). In sodium formate (urea)/
sodium formate, red muscle (biceps femoris) dis-
played an additional, fast cationic component, but
there was no evident change in this or in breast
muscle after aging.

Pyrophosphate extracts, and buffered potassium
chloride extracts of fresh and aged breast muscle,
also failed to reveal changes detectable by starch
gel electrophoresis in buffer system D.

Myogen protein. Myogen extracts of chicken
breast muscle are readily reproducible and reason-
ably stable in the cold (Neelin, 1963a). Although
turbidity may develop after several days of storage
in solution, the only observed effect on electro-
phoresis was decreased clarity of definition.
Starch-gel patterns of myogen were not responsive
to differences in breed or size of the fowl, and
were not qualitatively affected by minor changes
in post-mortem handling—omission of evisceration,
abbreviated plucking, rapid cooling of the dressed
carcass in ice water, or storage of the muscle as a
mince rather than as an intact section (Fig. 4).
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Fig. 3. Vertical starch gel electrophoresis of myofibrillar proteins extracted with urea
before and after aging, of white breast muscle, pectoralis superficialis (ps), and three red

leg muscles, biceps femoris (bf),
D and E (Methods and Table 1).

sartorius (sar), and gastrocnemius (</').

Buffer systems

AGING PERIOD

2,3 78,10 15 17,18 20 HOURS post mortem
ZONES C u‘s,s' ’n 2 13 ml ;el es’e;,ez Is -
[N Lode gt [ 1
0.4 (mince)
0.4
BUFFER 1.3 (mince)
SYSTEM
B 13
2.3
24 (mince!
POLARITY © 0 ©
BUFFER co 0.5
SYSTEM
C 24

Fig. 4. Vertical starch gel electrophoresis of breast ntyogen extracted during post-mortem
aging. Buffer systems B and C (Methods and Table 1). Zones are numbered according to
previously described sequences for myogen (Neelin, 1963a).

The composition of myogen extracts was simi-
larly independent of the period of post-mortem
aging. Samples of breast muscle extracted at inter-
vals from less than I2 hr to 24 hr after slaughter
did not differ significantly in sodium veronal/
sodium chlroide (Fig. 4, system B), in Tris
citrate/sodium borate (Fig. 4, system C), or in

sodium cacodylate/sodium chloride (Fig. 5, ps).

Starch gel electrophoresis of other muscles, both
red and white, showed only minor variations dur-
ing aging. After one day, no significant change
was evident in electropherograms of myogen of
wing muscle (biceps brachii) or leg muscles (biceps
femoris, semimembranosus, and gastrocnemius) in
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-
| po.
bf
51
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Fig. 5 Vertical

starch gel
myogen extracted before and after aging of muscle
from breast (ps), thigh (bf and sin), and drum-
stick (</). Abbreviations ps, bf, and g as in Fig. 3;

electrophoresis of

sin, semimembranosus. Pigmented zones pi and p2
are indicated, as well as the usual components.
Buffer system A (Methods and Table 1).

buffer systems A, B, or C. After two days, the
only appreciable change in buffer system A, which
best resolves the cationic components, was a
greater diffusion of zones in red muscle myogen
(Fig. 5, bf, sin, g). However, buffer system B
resolved the pigmented components of red muscle
more clearly (Fig. 6, zones pi and p2), and re-
vealed an additional fast, cationic zone in samples
from red muscle after two days’' aging (Fig. 6,
bf and especially sin and g). Although this zone
was not pigmented, its occurrence was related to
the content of myoglobin, from which it may have
been derived as a secondary consequence of ten-
derization.

Sarcoplasmic protein. Starch gel electrophoresis.
“Sarcoplasmic” extracts differed considerably from

AGING

EXTRACT (Extractant) PERIOD
HOURS post mortem

MYOGEN (Veronal) <1
SARCOPLASM (Sucrose) <l
SARCOPLASM (Sucrose) 2«
MYOGEN (Veronal) <1
SARCOPLASM (Sucrose) <l
SARCOPLASM (Sucrose) 24

POLARITY ©

PROTEINS DURING AGING

AGING  PERIOD
HOURS  post sortem
Wi g

%l

POLARITY

MENTED ZONES + i p2

Fig. 6. Vertical starch gel electrophoresis of
myogen extracted before and after aging of four
muscles (abbreviations as in Fig. 5). Buffer sys-
tem B (Methods and Table 1).

myogen extracts in electrophoretic patterns in
buffer systems A, B, and C. “Sarcoplasm” from
pre-rigor breast muscle was lacking or poor in
zones 5 6, and 11, which stained strongly in
electropherograms of myogen (Fig. 7, ps), and
similar extracts of leg muscle were virtually de-
void of many prominent components (Fig. 7,bf).
Although all buffer systems revealed changes in
breast muscle sarcoplasm after aging, system A
(Fig. 7) most clearly indicated that zone 11
remained relatively weak, while zones 5 and 6
recovered a large measure of the prominence dis-
played in myogen. No effect of tenderization could
be observed in these meager extracts of any
chicken red muscles (e.g., Fig. 7,bf) ; these tissues
appear to resist the mild methods of homogeniza-
tion critical to the selective “sarcoplasmic” prepara-
tion.

Since “sarcoplasmic” extracts of chicken breast

muscle revealed significant changes during the
ZONES
& 810 3
43| Ts"‘u 2 |4T 16171819 20 2},22 MUSCLE
o L ULt A il ) e,
ps
bf

0 @

Fig. 7. Vertical starch gel electrophoresis of myogen and “sarcoplasm” of breast muscle
(ps) and thigh muscle (bf) before and after aging. Buffer system A (Methods and Table 1).
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Fig. 8. Vertical starch gel electrophoresis of
“sarcoplasmic” proteins extracted from breast
muscle during post-mortem aging, up to two days
post-rigor. Buffer system A (Methods and Table

1).

tenderization period, the course of these changes
was followed in more detail. In freshly killed
birds, breast muscle “sarcoplasm” was again rela-
tively poor in zones 4-7 and 11-12 (Fig. 8, 0.25
hr). As the muscle approached rigor (Fig. 8§,
0.35-1.25 hr), some zones diminished even further,
but the vestige of zone 4 remained more or less
constant throughout rigor (Fig. 8, 1.25-2.25 hr).
Zone 11 remained low in post-rigor “sarcoplasm,”
but zones 8-10 recovered their original intensity,
while zones 5-7 more slowly approached the level
attained in myogen extracts. Zones 1-3 and ani-
onic components (zones 13-22) were unchanged
throughout this post-mortem period.

Extracted nitrogen and phosphorus. Recoveries
of nitrogen in myogen and “sarcoplasmic” prepara-
tions of breast muscle were consistent with the
qualitative changes. Myogen extracted from birds
of various ages and weights contained 14-19 mg
nitrogen per g wet weight of tissue (40-44% of
the total muscle nitrogen), with about half in
dialyzable form. Replicate extracts from a single
bird were more reproducible, and the nitrogen
content of myogen extracted during aging increased
only slightly (Fig. 9, curve A). This increase
may have resulted from improved homogenization

of tenderized muscle, or from loss of moisture
during storage.
In contrast, the total extracted nitrogen in

“sarcoplasmic” preparations underwent a syste-
matic sequence of changes during rigor and aging
of breast muscle. These extracts of fresh muscle
contained 13-14 mg of nitrogen per g of tissue
(Fig. 9, curves B, C), appreciably less than “myo-
gen” of the same muscle, although the dialyzable
content was comparable. As the muscle passed
into rigor about two hours post-mortem (Fig. 9,

20

EXTRACTED
15

NITROGEN
10
(mg. N
per 5
g tissue)
1 i 1 | / 1 I
9] \ 2 3 4 s //20 30 40 50
PERIOD OF AGING AT 4°C
{HOURS post mortem)
Fig. 9. Changes in total extracted nitrogen

during post-mortem aging of chicken breast muscle
at 4°. Curve A, myogen from muscle aged in situ
or in mince; curve B, “sarcoplasm” from muscle
aged in situ; curve C, “sarcoplasm” from muscle
aged in mince.

Curve A represents the average trend of values
obtained from 14 birds sampled. The points ©
and ® in curves B and C are derived from
analyses of representative single birds, from 8
individuals sampled.

curve B), nitrogen recovered by sucrose extraction
decreased to less than 11 mg per g; thereafter,
extracted nitrogen increased to a maximum of
15-16 mg per g of tenderized breast muscle. The
initial, minimum, and maximum levels were re-
producible, but since the times required to enter
rigor and to complete tenderization were variable,
curves representing analyses on a single bird are
presented. Minimum and maximum yields of nitro-
gen were realized more rapidly in muscle stored
in the form of mince (Fig. 9, curve C) than in
muscle aged in situ (Fig. 9, curve B). These
values correspond to the changes in relative protein
concentrations, depletions, and restorations of
major components observed by starch gel electro-
phoresis of “sarcoplasm” extracted from muscle
during the course of aging (Fig. 8).

Essentially uniform vyields of 2.0£0.2 mg of
total phosphorus per g of tissue were recovered in
“sarcoplasmic” preparations of fresh or aged
minced and whole muscle, but a slight trend to
increased yield in myogen extracts with prolonged
aging was reminiscent of the drift in total extracted
nitrogen (Fig. 9, curve A). This trend was not
apparent in “sarcoplasmic" preparations, nor was
there any suggestion of a drop in yield during
rigor. Virtually all (96-98%) extracted phos-
phorus was dialyzable.

DISCUSSION

Although it has been suggested (e.g.,
Locker, 1960; Hill, 1962; Partman, 1963)
that the contractile proteins have a major
influence in the tenderness of various meats,
it has been difficult to demonstrate any
change in these proteins during tenderization
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bv aging. Weinberg and Rose (1960) found
that more myofibrillar protein, possibly actin,
was readily extracted from aged chicken
breast muscle, but Wierbicki et al. (1956)
found no consistent relation between the
“myosin” extracted and the tenderness of
beef. Although Baliga et al. (1962) found a
decrease in nitrogen extracted at high ionic
strength from fish muscle during storage on
ice, there was a sharp increase in the “acto-
myosin” component after 1-3 days. These
conflicting conclusions may simply reflect
the striking differences in tenderizing prop-
erties of different meats.

To obtain the low ionic strength required
for zone electrophoresis in the present work,
urea was used to extract the myofibril and
most auxiliary proteins; therefore, accurate
determination of the amount of protein
extracted was impractical. However, under
the conditions chosen, the actomyosin associ-
ation is disrupted (Barney et alL, 1960;
Stracher, 1961) and the myosin complex is
dissociated (Weber and Stover, 1933; Tsao,
1953; Szent-Gyorgyi and Borbiro, 1956).
Although complete deformation of myosin
requires 10-123/ wurea (Stracher, 1961,
Small et al., 1961), viscosity of both myosin
and actomyosin is minimal in 5M urea, the
ultimate concentration in our starch gels.
Myosin and heavy meromyosin migrate in
starch gel (Mueller and Perry, 1962) in 8M
urea buffered with borate, pH 9; myosin
yields three, possibly four, moderately an-
ionic zones which may be analogous to zones
i to iz (Figs. 2,a;3.D). Actin is heterogene-
ous in starch gel (Krans et al.. 1962), giving
four slow anionic zones in 7.2M urea buffered
in glycine, pH 8.5 (Carsten and Mommaerts,
1963) ; these should be analogous to zones
v to vii (Figs. 2,0; 3,D).

The assumption that zones i to vii repre-
sent myofibrillar proteins is supported by
several facts: the preponderance of these
zones in the sample extracted with urea
after prior extraction of rnyogen (Fig. 2,c),
the virtual absence of zones i to iv and de-
pletion of zones v to vii in extract dialyzed to

0.05 (Fig. 2, f), and precipitation of zones
i to iv upon dilution of 8M urea extract to
3M (Fig. 2, b). However, there is less cer-
tainty that all the myofibrillar protein, par-
ticularly macromolecular complexes, can
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enter the starch gel to be resolved into visible
bands. Certainly if myofibrillar proteins are
altered during early aging, any changes es-
cape observation or are obliterated by the
disruption of secondary and tertiary confor-
mations by urea. It is worth noting that no
specific starch gel components precipitate
between / 0.55 and ”~ 0.225, and that extracts
of aged muscle tend to give less intensely
stained zones than urea extracts of fresh
muscle. This could reflect either less effi-
cient extraction or an increase in actomyosin
complex (Weinberg and Rose, 1960), failing
to penetrate the gel, even in urea.

The amount of rnyogen protein extracted
from chicken breast muscle remained essen-
tially constant throughout a two-day aging
period, even though tenderization of this
muscle would be complete within this period
under the conditions used (van den Berg
et al., 1964; deFremery and Pool, 1960:
Sharp, 1963). Changes in solubility, enzyme
activity, and electrophoretic components
(Kronman and Winterbottom, 1960; Sharp,
1963; Deatherage, 1963; Zender et al.,
1958; Scopes and Lawrie, 1963) may reflect
denaturative or degradative losses during
the prolonged aging period required for
mammalian muscles, or species differences
may be indicated.

The delayed appearance of an extra
cationic zone in “rnyogen” extracts of red
muscle during aging appears to be related
to the content of myoglobin, although the
new zone is not pigmented. Perhaps it
arises from loss of heme; its relation to
tenderization seems, at best, only secondary.

The relatively gentle homogenization of
tissue in hypertonic sucrose solutions should
protect fragile intracellular structures
(Dounce et al., 1955). Thus, these extracts,
which should approach the freely soluble
sarcoplasm, are relatively free of some com-
ponents (Fig. 7) prominent in less selective
rnyogen preparations. The temporary loss
of other cationic components (zones 8 to 10)
from extracts of muscle in rigor may reflect
only the resistance of rigor tisue to homoge-
nization ; however, the recovery of zones 5
to 10 (Fig. 8) and of total extracted nitro-
gen (Fig. 9) from aged post-rigor muscle
strongly suggests release of protein by in-
creased disruption of subcellular structure.
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The drastic homogenization and the substan-
tial ionic concentration of the myogen prepa-
ration achieves this disintegration, even in
rigor muscles. A major myogen component
(zone 11) remains deficient in “sarcoplasm”
throughout tenderization, and may arise
from intracellular structure which is not
affected by aging but is susceptible to con-
ditions of homogenization.

The cationic proteins of zones 5 to 7 may
be analogous to the chromatographic frac-
tion observed by Fischer (1963) to increase
in water extracts of this muscle during ten-
derization under similar conditions. Since
this chromatographic peak was eluted easily
at high pH from a cationic adsorbent, it
would also be relatively cationic. These
components may be initial products of degra-
dation or they may be enzymes that have
become free in the sarcoplasm, and thus
gain access to structural substrates, weaken-
ing their contribution to toughness without
releasing soluble products. The higher
stroma protein content of red muscle (Khan,
1962) apparently increases its resistance to
gentle homogenization and prevents prepa-
ration of useful sarcoplasmic extracts; more
vigorous homogenization disintegrates cell
structures and produces a mvogen-type
preparation.
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SUMMARY

Stem-

and bud-end tissue from 41

samples of potatoes representing

various degrees of after-cooking discoloration were analyzed for organic acids

content. The

individual acids determined were glutamic,
tamic, malic, citric, orthophosphoric, oxalic, and one unidentified acid.

aspartic, pyroglu-

The

stem-end tissue contained a lower concentration of all the acids except the

unidentified one.

The difference between the stem- and bud-end was very

large in some cases, notably for malic acid and citric acid.
Examination of the data indicated a strong tendency for degree of blacken-

ing to be associated with low organic acid content.

A statistical analysis of

the data showed highly significant correlation of low citric acid, orthophos-

phoric acid, and oxalic acid content with blackening.

Citric acid exhibited the

highest degree of correlation, having an r value of 0.768.
The significant correlation between low citric acid content and after-cooking
blackening was maintained in all but one case when subgroups of the samples

were formed according to variety, crop year, and

location grown. Of the

three varieties studied statistically, Ontario and Katahdin showed correlation,

whereas Kennebec did not.
The
studied.

interrelationships of iron, citric acid, and potassium contents were
Since there is always a large excess of citric acid over iron, it must

be assumed that something prevents the citric acid from chelating the iron in

blackening potatoes. The data
constituent playing this role.

indicate that potassium may be the main
In the final analysis, the primary factor in the

blackening phenomenon is probably the amount of free organic acid present.

INTRODUCTION AND LITERATURE
REVIEW

Several previous publications (Yanovsky,
1955; Hunter et al., 1957; Heisler et al,
1962, 1963) from this laboratory have de-
scribed the problem of after-cooking dis-
coloration of potatoes. Briefly stated, this
is a discoloration that occurs only after cook-
ing and is not observed in the raw tissue. It
appears at the surface shortly after cooking,
during cooling, and is generally more intense
at the stem end than at the bud end of the
tuber. It is now generally accepted that the
discoloration is due to the formation of a
dark-colored complex of iron and chloro-
genic acid, but it is also recognized that the
presence or absence of other constituents
plays a major role in the blackening mecha-
nism.

[5:

The role of citric acid, because of its
known ability to chelate iron, has been given
prime consideration. From the practical
standpoint, most of the proposed methods
of treating potatoes to alleviate the after-
cooking discoloration are based on the che-
lating principle (Greig and Smith, 1955;
Hawkins et al., 1959; Hunsader and Hen-
ning, 1958; Smith and Davis, 1962).

Juul (1949) showed that the discoloration
was influenced by citric acid. However, he
attributed this influence to a pH effect.
Mulder (1949) and Bate-Smith et al.
(1958) recognized the citric acid action as
a chelating effect and stated that the distribu-
tion of blackening in individual cooked tubers
is governed mainly by the competition be-
tween chlorogenic acid and citric acid for
iron. Hughes and Swain (1962b) studied

51
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the effect of citric, orthophosphoric, and
malic acid on the color of various phenol-iron
complexes (in vitro) and concluded that
citric acid was the most important of these
factors in reducing the intensity of color of
the chlorogenic acid-iron complex.

In spite of the apparent importance of
citric acid and perhaps other organic acids,
the literature reports no general and inten-
sive study of the organic acid content of
potatoes and their relationship to stem end
blackening. Hughes and Swain (1962a)
studied the citric and phosphoric acid con-
tent of four individual tubers and reported
correlation of blackening with the ratio of
citric acid to chlorogenic acid. While this
was sufficient for their purpose of estab-
lishing the importance of citric acid in rela-
tion to blackening, we felt that a more gen-
eral analytical study of a large number of
samples would be of value.

Thus, in an attempt to gain more infor-
mation on the organic acids content of pota-
toes and their possible effect on after-cook-
ing discoloration, we have determined the
organic acids content of the stem and bud
ends of a large number of samples repre-
senting a wide range of discoloration and
have made a statistical study of the data.

EXPERIMENTAL METHODS

Potatoes. The 41 samples of potatoes used in
these experiments were sent to us as blackening
samples from various parts of the country over a
three-year period. Most were received from Wis-
consin (T9 samples’) and Michigan (15), with the
remainder coming from Pennsylvania (3), Maine
(3), and Long Island (1).

The experimental details for obtaining the sample
and determining the degree of discoloration have
been presented (Heisler et at, 1962). For con-
venience. a brief outline is given here.

Potato sampling. Plugs were taken from the
stem- and bud-end sections of thoroughly washed
and scrubbed potatoes using a no. 15 cork borer.
The plugs were cut to a length of approximately
1 in. and then cut in half lengthwise. One half
was used for the organic acids determination and
the other for measurement of degree of discolora-
tion by a reflectance test. The half cylinders used
for the organic acids determination were adjusted
in length so that 26 pieces totaled 100.00 g. Those
used for the reflectance measurement were ad-
justed to total weight of 65.00 g.

Determination of degree of discoloration. The

ORGANIC ACIDS IN POTATO DISCOLORATION

reflectance obtained from a smooth surface (under
glass) of cooked mashed potato was taken as a
measure of discoloration. The reflectance attach-
ment to the Beckman Model B spectrophotometer
(no endorsement implied) was used, with MgCOs
as standard. In this study, “degree of discolora-
tion" was arbitrarily taken as (Ri, — Rs)/Rs.
where Rn is the reflectance of mash from the
bud end, and Rs represents that for the stem end.
The more discoloration in the potato, the greater
the difference between Rjt and Rs and the lower
the value of Rst Thus, these factors reinforce each
other to amplify the value for degree of discolora-
tion, making the system more sensitive in differ-
entiating samples.

Preparation of extract. The 100.00-g sample of
potato tissue (26 half-plugs from stem or bud
end) was ground for 2 min in 300 ml of iron-free
water (redistilled in all glass apparatus and
checked with reagent) in a Waring blender. The
slurry was filtered through Whatman no. 12 paper.
The filtrate was immersed in a boiling water bath
for 5 min to coagulate the protein and then filtered,
while hot, through Whatman no. 12 paper. Loss
of vapor during heating and filtering was kept to
a minimum by stoppering the flask with a ground-
glass stopper and by covering the funnel with a
watch glass. The filtrate obtained in this way
contained about 1% solids. The individual organic
acids of the deproteinized extract were determined.

The resulting samples of deproteinized extracts,
though prepared by the same procedure, varied
slightly in solids content because of differences
inherent in the various lots of potatoes. The exact
solids content of each extract was determined by
loss of weight after drying. The individual or-
ganic acids were determined as the quantity present
in the deproteinized extract, hut it can be related,
percentagewise, to the fresh potato weight or to
the solids content of the juice.

While it is recognized that the above procedure
is not an exhaustive extraction it was believed
sufficient for the purpose of determining differ-
ences in the organic acids content of various sam-
ples and between the stem and bud end of the
same sample.

Determination of the individual organic acids.
The method of Schwartz et at. (1962) was used.
This method utilizes an anion-exchange resin to
adsorb the acids, and a gradient-elution technique
to elute and fractionate the acids from the column.
The individual fractions were then titrated with
base.

RESULTS AND DISCUSSION

Forty-one samples, representing a wide
range of after-cooking discoloration, were
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analyzed for organic acids content. The
stem- and bud-end samples of deproteinized
extracts were studied. Table 1 lists the 41
samples in order of decreasing degree of dis-
coloration, giving the organic acids content
of the stem- and bud-end tissue. Table 2
shows the range of values and the average
value for the stem and bud ends and for the
difference between the bud and the stem
ends. The orthophosphoric and oxalic acids
were treated as one because separation of
these two acids was not complete in every
case. In general, the stem end contained a
lower concentration of all the acids except
the unknown. The difference between the
stem and bud end in some cases is very
large, notably for malic and citric acids.
The stem-end values have a wider range for
all the acids except glutamic and the un-
known, the most variation occurring with
malic acid.

Examination of all data for the 41 samples
shows a strong tendency for degree of black-
ening to be associated with low organic
acid content of the stem end, especially in
the case of citric and malic acids. Consider-
ing the fact that the stem end blackens and
the bud end does not, the bud end of each
sample can be considered a control and the
organic acid value for the difference be-
tween the stem and bud ends should be
related to the tendency to blacken. As ex-
pected, this value does show a direct rela-
tionship to blackening, that is, the bud-stem
difference value increases with tendency to
blacken. Thus, low organic acid content in
the stem end and a large difference in the
organic acid content of the stem and bud
ends tends to be associated with blackening.
By combining these two factors in the ratio
(OAb — OAS)/OATft (where OAnN is the
organic acid content of the bud end, and OAs
that of the stem end), similarly to that done
for reflectance values, one arrives at an ex-
pression for organic acid content that should
give the highest degree of correlation with
blackening. Figs. 1 and 2 are plots of these
four functions (stem, bud, bud minus stem,
bud minus stem/stem) for the citric acid
data and the total organic acid data against
degree of blackening. It can be observed
that the value of (bud minus stemVstem
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gives a much better distribution of points
than the other values, especially in the case
of the total organic acid content.

A statistical study was made of all the
organic acid data by the linear regression
method, and an analysis of variance was
made. Table 3 gives the F and the r values
obtained, indicating the extent of correla-
tion. As stated before, since only the stem
end blackens, correlation between the de-
gree of discoloration and organic acid con-
tent should be obtained for the values of
stem, bud minus stem, and (bud minus
stem)/stem, but not for the bud value. This
theoretically ideal situation is obtained only
with the values for citric acid and for ortho-
phosphoric 4- oxalic acid. The malic acid re-
sults display an anomaly in that the bud-end
value shows significance whereas the bud-
minus-stem difference value does not. Citric
acid shows the highest degree of correlation.
The highest r value obtained was 0.768,
for the (bud minus stem)/stem (citric acid
data). This would give an r~ of 0.591, indi-
cating that 59% of the variability of black-
ening is due to this ratio. This is still too
low for prediction purposes, so no attempt
was made to determine confidence levels.

The significant correlation between low
citric acid content and degree of discolora-
tion was maintained in all but one case when
subgroups of the samples were formed ac-
cording to location grown, crop year, and
variety. Table 4 summarizes the results of
this statistical analysis of the subgroups. Of
the three varieties studied, two (Ontario and
the Katahdin) showed significant correla-
tion of low citric acid content and blacken-
ing. The high r values obtained for the
(bud minus stem)/stem function of these
two varieties indicate that this value could
perhaps be used to predict whether a par-
ticular sample will discolor. The Kennebec
variety failed to exhibit correlation. When
the potato samples from Waisconsin and
Michigan were treated separately, both
groups showed highly significant correla-
tion of citric acid content and blackening.
Also, considering the samples on a yearly
basis, a significant correlation was obtained
for the three years over which the study
extended.
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The interrelationships of some of the con-
stituents studied in this and previous publi-
cations from this laboratory (lleisler ct al.,
1962, 1963) were investigated. It was
found that the ratio of iron/citric acid on

a molar basis gave a slightly higher degree
of correlation with blackening than either
iron or citric acid alone (see Fig. 3 and
Table 5). The r value for the stem-end data
was increased from 0.680 to 0.777 (r~ =
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Table 2. Range of organic acid values for 41 samples.
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Fig. 2. Variation of degree of discoloration with the total organic acids content,
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Table 3. Summary of statistical study of organic acid data.

Stem Bud
Acid F r F
Glutamic 5.55*% .352* 9.34%*
Aspartic 5.65* .356* 1.58
Pyroglutamic =1 192 1
Malic 31.38% 667  18.46**
Citric 33.58* .680** ES 1
0-Phosphoric
oxalic 8.77* 427 a |
Unknown <1 .055 <1
Total acids 28.36** 649 4.41*

* Significant at 5% level.
** Significant at 1% level.

0.604). This indicates that 60.4% of the
variability of blackening is due to the ratio
of iron to citric acid. Again, this is on the
low side for prediction purposes. It is read-
ily apparent that even in blackening pota-
toes there is always a large excess of citric
acid over iron. What, therefore, prevents
the citric acid from chelating the iron in
blackening potatoes? Hughes and Swain
(1962b) discussed tins situation and sug-
gested that a mixed complex of iron, chloro-
genic acid, and citric acid is perhaps formed.
They also recognized the fact that perhaps
not all the citric acid in the tuber is free
for complex formation, that some may be
bound by calcium or other substance.

A possible solution to the problem is sug-
gested by studying the ratio of potassium/
citric acid on an equivalent basis. This ratio
(stem-end values) is plotted against hlack-

Bud-stem/
Bud-stem stem
r F r F r
438** < i .095
.198 < i 114
.184 331+
.568** < i 19.86** .580**
.203 12.90* 498*  56.59* .768**
4.73* .329* 4.18* .312*
.045 <1 127
.320* 11.76** 480*  37.23* .699**
T T T T T T
orf o §
STEM END

0.6

Ry - R
R!

o o

» »

BLACKENING

o © o i 1 1
(o] 0.0I 0.02
Fe.
CITRIC ACID
Fig. 3. Variation of degree of discoloration with
the ratio of iron content to citric acid content, stem-
end values.

L
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ening in Fig. 4, and the F values obtained
by statistical analysis are presented in Table

Table 4. Summary of statistical study of subgroups (citric acid data).

Stem
No. of

Subgroups  samples F r F
Varieties

Ontario 8 12.80* .825* 2.59

Katahdin 7 7.92* 782 <1

Kennebec 5 2.66 .685 2.08
State grown

Wisconsin 19 28.56** 192%* 1.70

Michigan 15 8.19* .621* 425
Crop year

1959 14 43.33* .885%* 3.84

1960 19 8.32* 572 <1

1961 8 6.84* .730* 2.54

* Significant, 5% level.
** Significant, 1% level.

Bud-stem/
Bud Bud-stem stem

r F r F r
549 <i .346 32.33* .919**
.339 3.34 .635 20.33* .896**
.640 <1 0 171 .602
.302 6.40* .524* 36.94* .828**
490 <1 158 19.49% 774
.500 5.22* 549* 37.59* .874*
.230 1.65 .298 11.34* .632**
543 <1 .303 9.84* .788*
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Fig. 4. Variation of degree of discoloration with
the ratio of potassium content to citric acid content,
stem-end values.

5. The high F values indicate that a highly
significant correlation exists between this
ratio and degree of discoloration, the larger
ratio tending to be associated with the dis-
coloration. Thus, blackening is associated
with a large excess of potassium over citric
acid. In this role, potassium would act as a
blackening inducer. These new data change
the role of potassium in the blackening pic-
ture from that which was indicated by a
previous analytical study (Heisler et al.,
1962) in which it was found that the stem
end always contained less potassium than the
bud end. The study of the ratio of potas-
sium/citric acid on an equivalent basis, how-
ever, shows that the citric acid content of
the stem end is lower relative to the bud
end, than the potassium content. This ac-
counts for the fact that the stem-end ratio
is always higher than the bud-end ratio.
The role of potassium was further investi-
gated by some in vitro experiments. Work-
ing with a model system of iron (.030
mmoles) and chlorogenic acid (.045 mmoles)
brought to a pH of 6.0 with .050 mmoles

Table 5. Summary of statistical study

Stem
F r
Fe/citric acid molar basis 59.01* TTT
K/citric acid equiv. basis 25.02* .625**

* Significant, 5% level.
** Significant, 1% level.
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of XaOH (total volume 15 ml), it can be
demonstrated that although citric acid (as
little as .007 mmoles) completely decolor-
ized the dark blue-green iron-chlorogenic
acid solution, an equal amount of potassium
citrate did not, and a large excess darkened
the solution further. The pH changed from
6.0 to 4.9 on addition of citric acid, and to
6.3 on addition of potassium citrate. Gener-
ally the same result was obtained in a system
containing 10 ml of 1% aqueous potato ex-
tract plus all other reagents mentioned
above except NaOH (total volume again
15 ml). In this case, however, .020 mmole
of citric acid was required to effect decolori-
zation, probably because of the buffer effect
of the extract. Here the pH was reduced
from 4.9 to 4.5 by the citric acid, and raised
to 5.2 by the potassium citrate. It appears
that potassium may act in two ways. From
the fact that potassium citrate does not de-
colorize the iron-chlorogenic acid solution
it follows that if the concentration of po-
tassium and other conditions are such that
the citric acid-salt equilibrium is shifted to
the salt side, then potassium would act as a
blackening inducer by lessening the effect
of citric acid. Potassium citrate may also
act to enhance the formation of the iron-
chlorogenic acid complex by raising the pH.
The above work also indicates that the citric
acid effect is at least partly due to its lower-
ing of the pH. It should be emphasized,
however, that an iron-chlorogenic acid solu-
tion is normally blue-green at a pH above
4.0, and that citric acid decolorized the solu-
tion at a pH higher than 4.0. Also, the pH
of the potato is fairly constant, varying only
slightly from sample to sample, normally
from pH 5.9 to 6.1.

Even though potassium appears to be an
important factor in the blackening mecha-
nism, it is not likely a controlling factor,
since there is probably an excess of potas-

of interrelationships of constituents.

Bivi Stem-hud
F r F r
9.71% 446*% 61.25%* .782*
7.18* .394* 24.40* .621*
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sium available to the potato tuber. The
prime consideration as to whether a potato
blackens or not is probably the amount of
free organic acid (citric, oxalic, phosphoric,
malic) present, or potentially present, and
this in turn is dependent on the equilibrium
constants of the possible reactions involved.
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I. Nootkatone, A New Grapefruit Flavor Constituent

WILLIAM D. MacLEOD, JR. and NELIDA M. BUIGUES

Fruit and Vegetable Chemistry Laboratory,*
263 South Chester Avenue, Pasadena, California

(Manuscript received January 2, 1964)

SUMMARY
The bicyclic conjugated sesquiterpene ketone, nootkatone, has been found

in grapefruit peel oil and in peel-oil-free grapefruit juice.

The flavor intensity

of grapefruit oil appears to be related to the relative abundance of nootkatone.
A combination of gas-liquid chromatography and thin-layer chromatography
revealed the presence of this ketone, which was identified by its infrared spec-

trum and the melting point of its

2,4-dinitrophenylhvdrazone

derivative.

Traces of nootkatone were found also in bergamot, lemon, lime, orange, and

tangerine oils.

INTRODUCTION

A desire for an understanding of grape-
fruit (Citrus paradisi Macfayden) aroma or
flavor has prompted a number of investiga-
tions into the volatile composition of grape-
fruit peel oil and juice. Guenther (1949)
listed several early chemical characteriza-
tions of grapefruit oil. Kirchner et al.
(1953) and Kirchner and Miller (1953)
reported an extensive study of the volatiles
in grapefruit juice. More recently, Stanley
et al. (1961) and lkeda et al. (1962a,b)
reinvestigated the terpene hydrocarbons and
aldehydes of grapefruit oil by gas-liquid
chromatography (GLC), and Hunter and
Brogden (1964) combined GLC with mass
spectroscopy to determine the sesquiterpene
hydrocarbon composition of the oil.

Despite these studies, the unique flavor-
aroma essence of grapefruit cannot be as-
cribed solely to the constituents thus far
identified, nor has any single compound
been found to dominate the essence, as citral
does in lemon. The finding of nootkatone
in grapefruit oil and juice adds a significant
compound to the list of grapefruit flavor
constituents.

The relation of this grapefruit oil constitu-
ent to grapefruit flavor intensity was first

aOne of the laboratories of the Western Utiliza-
tion Research and Development Division, Agri-
cultural Research Service, U. S. Department of
Agriculture.

pointed out by Beisel et al. (1963) of Sun-
Icist Growers. They observed in gas chro-
matograms of California cold-pressed grape-
fruit oil that after the passage of sesquiter-
pene hydrocarbons an unidentified peak
appeared which was prominent in the more
highly flavored oils but less apparent in oils
of mediocre or weak flavor.

EXPERIMENTAL

Gas-liquid chromatography. GLC operations were
conducted with an Aerograph Autoprep thermal-
conductivity detection chromatograph. Preparative
GLC samples were obtained from a (Mi-in. X 10-ft
aluminum column packed with 30% w/w SE-30
on 60/80-mesh Chromosorb P. When the column
was operated at 200°C under a helium flow rate
of 200 ml/min, the retention volume for nootka-
tone was 2100-2300 ml. Automatic sample injection
and peak collection were used for samples having
a well defined nootkatone peak; otherwise the
ketonic sample was injected and collected manu-
ally with collection based on the ketone retention
volume.

The GLC survey of citrus oils was carried out
with the same chromatograph using a A-\n. X 10-ft
stainless-steel column containing 20% w/w SE-30
on 60/80-mesh Chromosorb P. At 21S°C and
helium flow of 120 ml/min the retention volume
for nootkatone was 2400-2500 ml. Effluent vapor
corresponding to the ketone retention volume was
collected on a TLC plate as described below.

Thin-layer chromatography. Silica gel TLC
plates containing CaSCh binder were prepared on
Brinkmann-Desaga apparatus and dried for 1 hr
at 115°C. The sample to be analyzed was applied

[ 565 ]
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Fig. 1 Gas chromatogram of high-quality grape-
fruit oil on the inch column at 215°C.

to the plate by directing the effluent GLC vapor
onto the sample origin position on the plate, as
described by Nigam ct al. (1963). Sample appli-
cation was synchronized with the nootkatone
emergence from the GLC column, as determined
by its retention volume. A control sample of noot-
katone was also applied to the plate, in parallel,
for Rt comparison. The plate was developed by
ascending elution with 20% v/v ethyl acetate in
heptane, dried, and sprayed with a 0.3% w/v
solution of 2,4-dinitrophenylhydrazine in methanol
containing 3% v/v of 38% w/w hydrochloric acid.
Collected GLC samples containing nootkatone de-
velop an orange-colored spot at the same Rt as
did the control sample. Warming the plate acceler-
ates color development.

Infrared measurements. Infrared spectral identi-
fications were obtained in carbon tetrachloride
solution on a Perkin-Elmer S21 spectrophotometer.

Melting points. All melting points were taken
on a Kofler hotstage microscope and were cor-
rected.

Nootkatone in grapefruit oil. The constituent
corresponding to an unidentified GLC peak in
better-quality California cold-pressed grapefruit
oil was isolated and identified in the following
manner. A 500-g sample of oil was rapidly dis-
tilled up to 180°C/1 mm Hg in a short-path appa-
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Fig. 2. Tnfrared spectrum of nootkatone,
w/v in CCU.
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ratus. Automatic preparative GLC of the distillate
provided 2.4 g of the unknown constituent, which
was shown to be a ketone by infrared and TLC
analyses. Chromatography on 60 g of Merck
acid-washed alumina, eluting with 30% v/v ether
in petroleum ether, afforded 21 g of the ketone.
Little change, except for increased definition, was
noted in the infrared spectrum. A 24-dinitro-
phenylhydrazone derivative, nip 157-158°C, was
prepared in the usual manner. When the deriva-
tive was mixed with authentic nootkatone 2,4-di-
nitrophenylhydrazone (Erdtman and Hirose, 1962),
no depression in the melting point resulted. The
chromatographed ketone was further purified by
fractional distillation in a 6-mm X 10-cm Vigreaux
column at 128-130°C/I mm Hg. Overall yield
was 1.7 g, or 0.3%. A center cut, bp 129°C/1 mm
Hg, crystallized upon refrigeration. Recrystalliza-
tion twice from petroleum ether at —70°C and
twice from methanol at —1S°C gave pure noot-
katone, mp 36-37°C, identical in infrared spectrum
to authentic nootkatone.

Nootkatone in other citrus oils. Commercially
cold-pressed domestic lemon, lime, orange, and
tangerine oils and imported bergamot oil were
surveyed for nootkatone by the analytical GLC-
TLC combination. Oil samples of 0.2 ml were
injected into the analytical GLC column. Occa-
sional column back-flushing at 350°C was required
to minimize accumulation of residue. All samples
analyzed gave TLC spots comparable to noot-
katone.

To confirm the presence of nootkatone, a 200-g
portion of each oil was concentrated 4-fold on
a 6-mm X 18-in. Nester/Faust spinning band dis-
tillation column at 70-90°C/30-25 mm Hg. The
pressure was gradually reduced to 2 mm Hg, and
a fraction, bp 125-160°C, was collected. Unwanted
lactones and esters were saponified by boiling the
fraction for 30 min in 50 ml of 10% w/v ethanolic
KOH. The mixture was diluted with 10% w/v
aqueous KOH and extracted with petroleum ether.
The extract after solvent evaporation was chro-
matographed on 30 g of Merck acid-washed alu-
mina with 30% v/v ether in petroleum ether.
Finally, micro short-path distillation up to 150°C/1
mm Hg afforded 50-200 mg of an amber-colored
oil. Manual preparative GLC collection combined
with infrared spectral identification confirmed the
presence (less than 0.01%) of nootkatone in these
samples.

Nootkatone in grapefruit juice. Fourteen ripe,
Arizona, Marsh seedless grapefruit were selected.
The outer peel, i.e., the flavedo and part of the
albedo, was manually removed in the draft of an
efficient hood to sweep away any peel mist gener-
ated. Immediately the partially peeled fruit and
the operator’s hands were immersed several times
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in two successive 1000-ml baths of petroleum ether,
then the fruit was set aside to dry. The remainder
of the albedo was then carefully stripped by hand,
and the washing procedure repeated with fresh
solvent. The fruit were macerated in a Waring
blender to furnish 1 gal. of juice and rag, which
was extracted with 1000 ml of ether. Then 1000
ml of petroleum ether was added and the phases
were separated. The extraction was repeated. The
extract was evaporated to about 2 g of residue,
which was chromatographed on 60 g of Merck
acid-washed alumina. Fractions eluted with 30%
v/v ether in petroleum ether amounted to 77 mg
of crude ketone. Preparative GLC of the principal
peak gave a few mg of nootkatone, which was
identified by its GLC retention volume, TLC Rf,
and infrared spectrum.

Commercial waxes. Coumarone-indene resin, tur-
pentine resin, carnauba wax and paraffin, waxes
frequently applied to the exterior of citrus fruit
as a preservative, were analyzed for nootkatone.
Wax samples were dissolved or slurried in a vola-
tile solvent, such as methylene chloride, and ap-
plied to a TLC plate. Development in the manner
described above failed to reveal an orange spot
comparable to the Rt of nootkatone.

Taste studies. A 5% v/v solution of nootkatone,
mp 30-31°, in 100 ji\ of 190-proof ethanol and
a 32° Baume solution of sucrose in 500 ml of dis-
tilled water were prepared. Ten taste-panel mem-
bers evaluated samples of 5 ml of sugar solution
in 10-ml beakers to which various amounts of
nootkatone solution had been added and well
mixed with individual glass rods. The order of
evaluation was odor first, then taste, in samples
containing increasing increments of nootkatone.
Continual reference was made to an alcohol-sugar-
water blank.

Stability studies. Separate samples of noot-
katone were allowed to stand in ambient air 30
days, heated 1 hr at 300°C under nitrogen, refluxed
30 min in 10% w/v ethanolic KOH, and heated
overnight at 100°C in glacial acetic acid. The
recovered samples were analyzed by IR.

RESULTS AND DISCUSSION

The constituent corresponding to an un-
identified GLC peak prominent in highly
flavored grapefruit oil was isolated. It is
shown to be the sesquiterpene ketone, noot-
katone, by its melting point, infrared spec-
trum, and melting point of its 2,4-dinitro-
phenylhydrazone, underpressed when mixed
with the authentic nootkatone derivative
(Erdtman and Hirose, 1962).

In pure form, nootkatone is a colorless,
low-melting, crystalline solid having an
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Table 1 Nootkatone taste detection in 32°
Baume aqueous sucrose by a ten-member panel.

Tasters noting difference

Ketone (ppm) from control

10 |
20 5
40 9
100 10

astringent taste and having a musty odor
somewhat reminiscent of certain green teas.
Numerous experienced citrus tasters have
indicated that the taste and odor of noot-
katone is definitely recognizable as contrib-
uting to grapefruit flavor. Taste-panel stud-
ies were conducted with ten ordinary par-
ticipants selected at random to determine
the threshold of flavor detection. Typical
threshold values of taste detection in sugar
solution are 20-40 parts per million (ppm).
At 100 ppm the taste of nootkatone is dis-
tinct. The odor of the ketone is detectable
below 10 ppm. The abundance of noot-
katone in grapefruit peel oil ranges as high
as 3.000 ppm (0.3%). However, its pres-
ence in the grapefruit juice analyzed ap-
peared to be around the threshold of taste
detection when extensive precautions were
taken to prevent juice contamination with
peel oil. Since most means of eating the
fruit or obtaining the juice ensure the mix-
ing of some peel oil flavor with the juice,
the concentration of nootkatone in grape-
fruit juice ordinarily encountered is prob-
ably above the threshold of odor and taste
detection.

Kirchner and Miller (1953) reported the
first indication of an unknown sesquiterpene
ketone in grapefruit juice. Our investiga-
tion of peel-oil-free, oily extract from
grapefruit juice suggests that the sesquiter-
pene ketone they isolated was probably
nootkatone. Traces (<0.01%) of the ketone
were found in the cold-pressed peel oils of
lemon, lime, orange, tangerine, and ber-
gamot. Teranishi (1963) also reports its
presence in the oily condensate obtained
from the commercial concentration of
Florida orange juice.

As a flavor constituent nootkatone is a
reasonably stable compound largely un-
affected by prolonged exposure to ambient
air or elevated temperatures in inert atmos-



568

phere. Heating in ethanolic KOH or
glacial acetic likewise causes little alteration.
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SUMMARY

A dry table wine prepared from Passiflora edulis var. flavicarpa was found
to contain the following volatile substances: methyl alcohol, ethyl alcohol,
isobutyl alcohol, isoamyl alcohol, active amyl alcohol, n-hexvl alcohol, 2-
phenethyl alcohol, acetaldehyde, diethyl acetal, 2-butanone, 2,3-butanedione,
ethyl acetate, ethyl isovalerate, ethyl caproate, ethyl heptanoate, ethyl caprylate,
ethyl caprate, ethyl laurate, isobutyl isobutyrate and isoamyl acetate. Probably
present are: n-butanol, ethyl isobutyrate, and n-hexvl caproate. Gas chromato-
graphic retention times are given for a number of unidentified components of
the passion fruit wine volatiles. The compounds responsible for the typical
passion fruit wine aroma remain unidentified.

INTRODUCTION

Of the over 300 species of the genus
Passiflora, two (Passiflora edulis Sims and
the yellow passion fruit, Passiflora edulis,
var. flavicarpa) are grown commercially for
human consumption. The flavicarpa variety,
with its yellow rind at maturity, produces
generous amounts of juice or pulp and has
more acid at maturity than does the purple
Sims variety.

Both the purple and yellow passion fruit
varieties have intense pleasant aromas and
flavor at maturity. Because of the intense
aroma there has been interest in California
in preparing wines from passion fruit, both
as 100% passion fruit wine and as blends
with more neutral vinifera grape wines.

Little had been known about the flavor
constituents of passion fruit juice, and even
less about the flavor constituents of wine
made with passion fruit juice. Investigations
had been limited to analyses of an elementary
nature on the juice pulp and whole fruit
until recently, when Hiu and Scheuer
(1961) reported the use of classical and
gas chromatographic techniques to identify
four esters, ethyl butyrate, ethyl caproate,
w-hexyl butyrate, and w-hexyl caproate as
the major constituents of passion fruit juice.
Identification of a number of the volatile

8Taken from the M.S. thesis of Carlos J.
ler, University of California, Davis, 1962.

Mul-

aroma materials from passion fruit dry
table wine is the subject of this report.

EXPERIMENTAL

Passion fruit juice. Forty-eight No. 10 cans
of single-strength frozen juice of Passiflora edulis
var. flavicarpa were most generously made avail-
able by the Food Processing Laboratory of the
University of Hawaii. Upon melting and mixing,
the sample was found to consist of 299 Ib of juice
with a density of 17.7° Brix and a pH of 2.82.

Wine preparation. To the passion fruit juice,
contained in a 200-gallon stainless-steel tank
equipped with a stirrer, was added 25 Ib of sucrose
in order to raise the Brix degree to 23.0. The
sweetened juice was inoculated with 1 L of a
specially prepared starter of Saccharomyces cere-
visae var. ellipsoideus, trained to grow at a pH
of 2.8 on especially acidified Thompson Seedless
grape juice. Within 24 hr the juice was ferment-
ing actively and the temperature had risen from
20°C to 30°C. At this time the fermenting juice
was transferred to a smaller stainless-steel tank
and placed in a cold room at 4°C. At the comple-
tion of fermentation (when all the sugar has
been converted to ethanol and carbon dioxide), the
wine was transferred into four 12-gallon Pyrex
bottles and allowed to settle. Three layers were
formed. The upper layer contained floating pulp
fragments, the lower layer was predominantly
yeast sediment, and the center layer consisted of
the clear wine. After separation of the layers, the
upper and lower layers were washed by agita-
tion with distilled water and decantation after a
period to permit settling. The clear wine combined
with the washings was stored in completely filled
bottles at 4°C.

[569 ]
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Flash evaporator. The volatiles were stripped
from the passion fruit wine by passing it through
a stainless-steel-and-glass flash evaporator, de-
scribed previously (Kepner and Webb, 1956). The
wine was fed into the evaporator at a rate of
16 L/hr. Under operation at a pressure of 20 mm
Hg, approximately 60% of the feed material was
flash-distilled into the volatiles collectors. The
nonvolatilized portion from the first flash evapora-
tion was diluted with an equal quantity of water
and repassed through the flash evaporator. This
sequence of operation was repeated again, after
which the nonvolatile portion was discarded since
it no longer smelled of passion fruit. The three
volatile fractions obtained were blended and stored
at 4°C until they could be extracted.

Extraction. The flash-evaporated volatiles from
the passion fruit wine were extracted in lvutscher-
Steudel-type extractors of 12-L capacity. A bat-
tery of four of these extractors was available.
The boilers used were of 100-ml capacity. Redis-
tilled normal pentane (Phillips Petroleum Co.)
of boiling range 35-36.5°C was used for extraction
of the wine. Because of the small size of the
boiler and the large amount of extractable materi-
als present in the wine it was necessary to empty
and recharge the boiler every 6 hr for the first
24 hr of operation. Daily changes of the pentane
in the boiler thereafter sufficed. Extractions were
continued for a total of 190 hr, at which time
there was no significant temperature rise in the
boiling point of the contents of the boiler. The
pentane extract collected totaled 1.2 L. These
extracts were stored over anhydrous magnesium
sulfate at —10°C. The aqueous alcoholic resi-
dues from the extraction were mixed and stored
at 4°C.

About 80% of the normal pentane was stripped
from the pentane extracts of the wine by a single
passage through the flash evaporator. This strip-
ped pentane fraction was shown by gas chroma-
tography on the Pluronic and Squalene columns
to be identical in composition to the pentane used
for the extraction. The pentane was further strip-
ped from the extract with a Wheeler center-rod
column provided with a dry-ice condenser to re-
flux some of the pentane. The pressure of the
distillation was 150 mm Hg. One hundred and
ten ml of pentane were distilled from the extract
by this technique. Gas chromatographic examina-
tion of this distillate showed it to be essentially
the normal pentane-extracting solvent. The ap-
proximately 50 ml residue from this distillation
(labeled PEX) was stored at —10° until used for
gas chromatographic analyses.

Separation of ethanol from extraction residue.
The Oldershaw distillation setup, adapted for con-
tinuous operation as previously described (Webb
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and Kepner, 1956), was used to separate the
ethanol from the other non-pentane-soluble sub-
stances in the extraction residues. The feed rate
to the column was 500 ml/hr. The overhead take-
off rate was 100 ml/hr, and the bottom take-off
rate was 400 ml/hr. Forty-one and one-half L
of ethanol boiling between 77.0 and 79.0°C and
labeled ALC were collected.

The essentially dealcoholized underflow fraction
from the column was rerun at a feed rate of 600
ml/hr with an overhead take-off rate of 10 ml/hr
and an underflow take-off rate of 590 to 600 ml/hr.
The underflow material had no odor and was dis-
carded. The overhead distillates were saturated
with sodium chloride and extracted u'ith diethyl
ether in the continuous Kutscher-Steudel type
extractors. Three and one half liters of ether
extract were obtained. After drying over mag-
nesium sulfate, the ether was stripped from this
fraction with the Wheeler center-rod column used
at atmospheric pressure. Gas chromatograms of
this stripped fraction showed it to be ether plus
trace amounts of ethanol. The stripped residue
was labeled ETX.

The aqueous residue from the ether extraction
was steam distilled at atmospheric pressure to
yield 1.6 L of distillate which was labeled EWR.

Gas liquid partition chromatograph. The instru-
ment used in this research, constructed in this
laboratory, has been described more fully else-
where (Webb and Kepner, 1961). The various
columns used in the anlyses were prepared in this
laboratory from the 40-60-mesh fractions of Johns-
Manville C-22 firebrick. All tubing columns were
of *4-inch outside diameter.

Pluronic column. Five grams of pluronic F-68
on 18 g of firebrick was packed into a 6-ft length
of stainless-steel tubing.

Squalane column. Three-and-one-half grams of
squalane (2,6,10,15,19,23-hexamethy 1-tetracosane)
on 12 g of firebrick was packed into a 6-ft length
of stainless-steel tubing. A 3-inch section of un-
treated firebrick was added at the exit end of
the column.

Dinonyl phthalate. Six grams of dinonyl
phthalate was mixed with 18 g of the firebrick and
packed into a 9.5-ft length of stainless-steel tubing.

Reoplcx. Five grams of Reoplex 400 was mixed
with 12 g of firebrick and packed into a 6-ft
length of stainless-steel tubing. Three inches of
untreated firebrick was packed at the exit end.

Carboioax. Twelve grams of Carbowax 400 was
mixed with 20 g of firebrick and packed in an
8-ft length of stainless-steel tubing. Three inches
of untreated firebrick was packed at the exit end
of the column.

UCON LB 385 Eight grams of UCON ma-
terial was mixed with 25 g of firebrick and packed
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in a 78-in. length of stainless-steel tubing. Three
inches of untreated firebrick was packed into the
exit end of the column.

Glycerol. Nineteen grams of glycerol was mixed
with 72 g of firebrick and packed into a 25-ft
length of copper tubing.

Diglycerol. Three grams of diglycerol was
mixed with 27 g of firebrick and packed into a
10-ft length of copper tubing.

DEGS. Four and one-half grants of polydiethy-
leneglycolsuccinate was mixed with 40 g of the
firebrick and packed in a 13-ft length of copper
tubing.

Dimer acid. Three grams of Emery Industries
“Empol 1022" dimer acid was mixed with 27 g
of firebrick and packed in a 68-in. length of
stainless-steel tubing.

Analyses of the different fractions. Each of the
various fractions obtained by extraction and dis-
tillation was analyzed for halogens, nitrogen, and
sulfur by the sodium fusion test. Functional group
tests were run as follows: Schiff's test for alde-
hydes, Tollen's test, 2,4-dinitrophenylhydrazine test,
periodic acid test, and test for unsaturation using-
bromine in carbon tetrachloride. The chromotropic
acid test for methanol was performed on three of
the four fractions.

Solid derivatives were prepared for identification
of certain of the components of each of the passion
fruit wine fractions. The 2,4-dinitrophenylhydra-
zones of carbonyl compounds were prepared and
separated on columns of bentonite-celite according
to the technique of White (1948). Alcohols in
the mixtures were characterized as the 3,5-dinitro-
benzoates. These derivatives, prepared according
to the technique of Webb et al. (1952), were
analyzed by column chromatography by the method
of White and Dryden (1948).

Esters in the pentane-extract fraction of the
passion fruit wine aroma material were determined
by the technique described by Kepner and Webb
(1961). The ester components were identified
gas chromatographically in this case.

The pentane extract and the ether extract of the
passion fruit wine were examined in some detail
gas chromatographically. A number of different
columns were employed.

RESULTS AND DISCUSSION

Four fractions of the volatile-aroma ma-
terials from the passion fruit wine were
available for analysis. These were the pen-
tane extract of the flash-evaporated vola-
tiles, labeled PEX ; the principally ethanol-
containing fraction obtained by distillation
of the residue from the pentane extraction,
labeled ALC; the ether extract of the
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underflow fraction from the Oldershaw dis-
tillation, labeled ETX ; and the distillate
from the aqueous residue of the ether ex-
traction, labeled EWR. The processing
steps used in isolation of the four fractions
of the volatile aroma material are indicated
in a schematic flow sheet (Fig. 1). Table 1

Table 1 Results of sodium fusion and func-

tional group tests on the fractions of passion
fruit wine volatiles.
Fraction
Test PEX ETX ALC EWR
Sodium fusion;
halogens, N, S
Schiff’s aldehyde T, + +
Tollen’s + o+ - - _
2,4-Dinitrophenyl-
hydrazine + o+ + + +
Periodic acid + + + —
Bromine in CCh + - - -
Chromotropic acid - - +

presents the results of sodium fusion tests
and the functional group analyses on these
4 fractions.

Fraction EWR, being essentially water,
could not be investigated gas chromato-
graphically with the thermal-conductivity
detector in the equipment available. The
fact that fraction EWR showed positive
Schiff's and 2,4-dinitrophenylhydrazine tests
with a negative Tollen’s test indicates that
traces of acetals remained with the water.
This fraction was not investigated further.

Fraction ETX was analyzed gas chro-
matographically and by the preparation of
carbonyl 2,4-dinitrophenylhydrazones as well
as by the functional group analyses listed in
Table 1 As shown in Table 2, the ETX
fraction contained acetaldehyde and 2,3-bu-
tanedione as carbonyl components. The 2,3-
butanedione was a very minor component.
The acetaldehyde detected undoubtedly
results from the hydrolysis of acetal by the
strongly acid 2,4-dinitrophenylhydrazine de-
rivatizing reagent. The compounds detected
by gas chromatography—ethanol, 2,3-bu-
tanedione, diethylacetal, isobutyl alcohol,
«-butyl alcohol, isoamyl and active amyl alco-
hols, and «-hexyl alcohol—were all present
in the PEX fraction as well. Their presence
in the ETX fraction means simply that pro-
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Fig. 1. Schematic flow sheet for volatile aroma isolation from passion fruit wine.

longed extraction does not remove these well as by the functional group tests listed
substances completely from an alcoholic in Table 1 The gas chromatograms showed
aqueous solution. the presence of methanol, ethanol, diethyl-

Fraction ALC was analyzed gas chro- acetal, 2,3-butanedione, ethyl acetate, and
matographically and by the preparation of isobutvl alcohol, all of which were also
carbonyl 2,4-dinitrophenylhydrazones as identified in the PEX fraction. Table 2

Table 2. Carbonyl 2,4-dinitrophenylhydrazones from the various fractions of the volatiles
from passion fruit wine.

Fraction and 2,4-DNH m.p. of mixed
band no. In deriv., 2,4-DNH known and unknown
chromatogram ¢ m.p. (°C) of: 2,4-DNH’s (°C)
PEX—1 115.2-116.3 2-Butanone 115.5-116.0
-2 oil
-3 141-149 Acetaldehyde 141-151 "
-4 165-166.3 Acetaldehyde 165-166.5 b
-5 313.8-315.0 2,3-Butanedione 314-315
ALC—1 115.5-116.2 2-Butanone 115.5-116.2
-2 trace a
-3 165.2-165.9 Acetaldehyde 165.2-165.9 b
-4 314.2-315.0 2,3-Butanedione 314-315
ETX-1 143-148 Acetaldehyde 141-151¢
_2 165.1-165.7 Acetaldehyde 165-166.5 b
-3 314-314.9 2,3-Butanedione 314-315

* Unstable isomer of acetaldehyde-2,4-dinitrophenylhydrazone.
bStable isomer recrystallized from ethanol-water-dioxane.
‘Column chromatography on 3:1 bentonite-Celite, Ref. White (1948).
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presents the carbonyl compounds identified
in the ALC fraction. The large quantities
of acetaldehyde found in this fraction un-
doubtedly result from the acid hydrolysis of
diethylacetal, for the Tollen’s test on this
fraction was negative. Saponification of a
portion of the ALC fraction and prepara-
tion of the />-phenylazophenacyl derivatives
of the acids from esters showed that an
acetate ester and traces of some other esters
were present. To be present in the ALC
fraction, components would have to he
either lower-hoiling than ethanol or form
more complicated azeotropes with ethanol
and water since this fraction was obtained
by distillation in a 40-plate column under
conditions of high reflux. The conditions
are easily met by all of the components
identified with the possible exception of the
isobutyl alcohol. Its presence in the ALC
fraction may be taken as tentative evidence
of isobutvl alcohol's being a component of
some complex azeotrope with a boiling
point not too different from that of the
ethanol water azeotrope.

Fraction PEX was the most interesting
of the four fractions investigated in that it
contained the largest number of chemical
substances and also in that it was the only
fraction which smelled distinctly like the
passion fruit. The sodium fusion test indi-
cated that there were no halogens, nitrogen,
or sulfur-containing compounds in this frac-
tion. Free carbonyls were indicated present,
a positive periodic acid test was obtained,
and the presence of some unsaturation was
indicated by the bromine absorption test.
The chromotropic acid test showed that
there was no methyl alcohol present in this
fraction. As indicated in Table 2, three car-
honyl compounds were identified—2-buta-

Table 4. Alcohol
passion fruit wine.

3,5-DXB
band no. on deriv.,
chromatogram 3 m.p. (°C)
PEX—1AlI 57.2-58.0
-1B 49-58
_2 92.1-93.0
-3 106.5-107.4
-4 106.5-107.1

“Column chromatography on 2:1
Dryden (19481.

silicic acid-Celite-Rhodamine 6G, Ref.
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none, acetaldehyde, and 2,3-butanedione.
When an aliquot of fraction PEX was
saponified and the acids from esters an-
alyzed according to the technique of Kepner
and Webb (1961), the acids as ester com-
ponents listed in Table 3 were identified.

Table 3. Acids from esters in fraction PEX of
passion fruit wine volatiles—gas chromatographic
analyses.

Free acids, Low-boiling High-boiling
Dimer methyl-esters,3 methyl esters,
acid col. DiGly col. DEGS col.
Acetic Acetate
Isobutyric Isobutvrate
»-Butyric »-Butyrate
Isovaleric Isovalerate Isovalerate
Caproic Caproate
Caprylic Heptanoate
Capric Caprylate
Caprate
Unidentified 1
Laurate

“ Reference: Kepner and Webb (1961).
bRetention time relative to methyl caprylate on
DECS, 180°C, 3.04.

With the exception of the n-butyrate and
the laurate, it was possible, as described
later, to identify an ester by gas chro-
matographic techniques for each of the acids
from esters listed in Table 3.

An aliquot of the PEX fraction was
reacted with 3,5-dinitrobenzoyl chloride ac-
cording to the technique of Webb et al
(1952) to yield the solid alcohol 3,5-dinitro-
benzoates, which were separated by column
chromatography on a 2:1 mixture of silicic
acid and Celite by the technique of White
and Dryden (1948). Table 4 lists the alco-
hols identified by this method. Isobutyl and
n-butyl alcohol were not identified by the
column chromatographic method although

3,5-dinitrobenzoates from the PEX fraction of the volatiles from

3,5-DNB m.p. of mixed
of known and unknown

alcohol 3,5-DNB’s (°C)
»-Hexyl 57.5-58.0
act. and iso-Amyl 50-58
Ethyl 92.5-93.0
2-Phenethyl 106.5-107.5
Methyl 106.5-107.1

White and
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Table 5. Retention times of fraction PEX com-
ponents of passion fruit wine volatiles relative to
that of isoamyl alcohol on various gas chromato-
graphic columns.

ucox

Component LB-385 Glycerol DEGS
Methyl alcohol 0.077
Ethyl alcohol .106 0.590
Isobutyl alcohol .388 .620 746
»-Butyl alcohol 481
act.-Amyl alcohol 1.00 910 1.00
Isoamyl alcohol 1.00 1.00 1.00
«-Hexyl alcohol 1.88 151
2-Phenethyl alcohol 16.2
2,3-Butanedione 149 .266
2-Butanone 117
Acetal 226 .079
Ethyl acetate 127 .079
Isoamyl acetate .204 .895
Ethyl isobutyrate .642
Isobutyl isobutyrate 851
Ethyl isovalerate 791
Ethyl caproate 121
Hexyl caproate 4.46
Ethyl heptanoate 1.63
Ethyl caprylate 2.30
Ethyl caprate 4.78

they were found by gas chromatographic
techniques described later. Even though
the quantity of methyl alcohol present in
fraction PEX was too small to give a posi-
tive test with chromotropic acid, the 3,5-
dinitrobenzoate was obtained and separated
by column chromatography, and the methyl
alcohol was found by gas chromatography.

Table 5 lists the retention times of the
various components identified in the PEX
fraction from the passion fruit wine volatiles.
These retention times, calculated with re-
spect to isoamyl alcohol as unity, are deter-
mined on three different columns. Among
the alcohols listed in Table 5, all are identi-
fied both by gas chromatography and the
preparation of derivatives with the excep-
tion of normal and isobutyl alcohols. In
these cases no solid derivatives were ob-
tainable. There was coincidence of the reten-
tion times for known and unknown «-butyl
alcohol only on one gas chromatographic
column. For isobutvl alcohol there was
coincidence of retention times on three col-
umns. The carbonyl derivatives are well
identified both gas chromatographicallv and
through the preparation of the 24-dinitro-
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phenvihydrazone derivatives. The esters
listed in Table 5, while identified by gas
chromatography only on the DECS column,
contain as their acid portions those acids
which were identified in the saponified ali-
guot of the PEX fraction. These esters also
have been previously identified in other
fermented beverages.

None of the substances listed in Table 5
contain unsaturation. Thus the compound
or compounds responsible for the absorption
of bromine must be among those substances
unidentified.

Table 6 lists the retention times relative
to that of isoamyl alcohol on 3 gas chro-
matographic columns for a number of un-
identified substances in the passion fruit
wine volatiles. Work on their identification
continues in this laboratory. While a mix-
ture of the substances identified and listed
in Table 5 has a generally fruity and per-
fumed aroma, it does not resemble the
aroma of passion fruit or a passion fruit
wine. The compounds responsible for this
distinctive aroma remain unidentified.

Hiu and Scheuer (1961), in their investi-
gation of the volatile oil from distillation of
a puree of passion fruit, found that 95%
of the oil consisted of four esters—w-hexyl
caproate, «-hexyl butyrate, ethyl caproate.
and ethyl butyrate. About 70% of the vola-

Table 6. Retention times of unidentified fraction
PEX components of passion fruit wine volatiles
relative to that of isoamyl alcohol on various gas
chromatographic columns.

UCON LB-385 Glycerol DEGS
0.051 0.059 0.403
.053 .097 463
.061 107 .552
.088 129 1.39
.097 .366 185
162 425 2.05
.183 811 2.64
2.23 2.90
2.86 3.04
3.34
3.85
5.97
6.86
9.20
10.7
115
13.7
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tile passion fruit essence was found to be
w-hexyl caproate. The passion fruit wine
Drepared from the same variety of passion
fruit studied by Hiu and Scheuer was found
in this laboratory to contain, at best, only
trace quantities of w-hexyl caproate. Further
investigations are under way to determine
if the hexyl caproate is hydrolyzed by the
low-pH medium of the passion fruit juice
or whether the hydrolysis occurs during
fermentation of the passion fruit juice.
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SUMMARY
The terpene />a-diinethylstyrene was isolated and identified in the essential

oil of distilled Mexican lime

(Citrus aurantifolia, Swingle)
demonstrated in oil expressed from Citrus aurantifolia.

hut could not be
Experimental evidence

is presented supporting a nonbiogenetic mechanism of formation of p,a-di-
methylstyrene in distilled lime oil from the acid-catalvzed cyclization of citral.
The mechanism involves novel reactions of citral and its reaction products that

are not consistent with the classically accepted acid-catalyzed

reactions of

citral and seem to provide an explanation for the appearance of p,a-dimethvl-
styrene in other citral-containing essential oils of the Rutaceae citrus plants.

INTRODUCTION

Recent investigations of the chemical com-
position of wvolatiles from orange juice
(Teranishi and Buttery, 1962) with gas
chromatography and mass spectrometry
have resulted in the identification of p,a-di-
methylstyrene as one of the constituents.
However, specific details of this identifica-
tion were not given. A later, more compre-
hensive study on orange volatiles (Teranishi
et al., 1963) indicates the presence of a
compound CI10H 12 that was tentatively as-
signed the structure of />a-dimethylstvrene
based on mass spectroscopic fragmentation
pattern and gas chromatographic retention
time. It is interesting to note that the author
reports finding this compound in that portion
of the oil that appeared to be predominantly
aldehydes.

Investigations of the essential oils of dis-
tilled lime (Kovats, 1963) and mandarin
(Kugler and Kovats, 1963) have also re-
sulted in identification of this material.

Other studies of the composition of the
essential oils of distilled and expressed lime
(Slater, 1961a,b), and orange juice (Wol-
ford et al,, 1963) have not resulted in identi-
fication of this compound, although there
are peaks in the reported chromatograms
that could possibly be />a-dimethylstyrene.

Studies of the chemical composition of
citrus essential oils have shown striking

qualitative similarities among the various
oils of this genus (Stanley, 1958) ; vyet
/ya-dimethylstyrene does not always seem
to occur. This seems unusual in view of the
obvious structural relationship that exists
between this compound and those already
commonly found in citrus essential oils.

The literature of terpene chemistry (Si-
monsen, 1947; Finder, 1960; de Mayo,
1959; Klouwen and ter Heide, 1962) has
not included />-a-dimethylstyrene as one of
the terpene hydrocarbons. Indeed, other
than in recent reports by Teranishi et al.
(1963) and Kovats (1963), the literature
does not indicate its identification in any
of the essential oils (Guenther, 1947a; Gilde-
meister, 1929; lkeda et al, 1962) ; yet, in
accordance with the classically accepted defi-
nition of “terpenes” (Haagen-Smit, 1948),
there is no reason not to consider it as a
member of this class of compounds. Studies
of the biogenesis of terpenes (Nicholas,
1963) seem to present ample possibilities
for the formation of the />a-dimethylstyrene
structure, yet the biogenetic existence of
this compound does not seem to have been
predicted or observed.

These conflicting observations raise a
number of questions concerning this com-
pound’s appearance in natural products,
such as its biogenetic or nonbiogenetic ori-
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gin, its precursors and mechanism of for-
mation, an explanation of its appearance in
predominantly aldehyde fractions, and its
appearance in some varieties of citrus oils
and absence in others.

These considerations prompted us to pub-
lish our recent investigations of the forma-
tion of />a-dimethylstyrene from citral in
distilled Citrus aurantifolia essential oil.

EXPERIMENTAL

Infrared spectroscopy. Infrared spectra were
obtained on a Perkin-Elmer M-21 infrared spectro-
photometer equipped with a rock-salt prism. All
runs were made in a 25-m cell and recorded from
2 to 15/ at standard conditions. The instrument
was calibrated against water vapor immediately
before use.

Ultraviolet spectroscopy. Spectra were obtained
on a Beckman Model DU spectrophotometer equip-
ped with a quartz prism and Process Instruments
recorder. Runs were made at a 0.001% dilution
in ethyl alcohol with a 1-cm quartz cell.

Vapor-phase chromatography. Vapor chromato-
grams were obtained on an Aerograph Model VPC
unit equipped with a thermal conductivity detector
and j4-inch X 10-ft 20% LAC 728 on 80-100-mesh
firebrick column at 145°C and an F & M Model
No. 609 VPC unit equipped with a flame ioniza-
tion detector and automatic temperature program-
ming. A k*inch X 10-ft 20% LAC 728 on 80-100-
mesh firebrick column was used with program-
ming from 50 to 130°C. Direct on-column injec-
tions were made to avoid possible artifact forma-
tion in the normal injection system.

Distillation. Commercial distilled Mexican lime
oil (2.6 kg) was deaerated under vacuum at room
temperature and saturated with helium. It was
then distilled at 0.2-0.4 mm Hg under helium at
a liquid temperature range of 60-110°C and vaPor
temperature range of 25-50°C, using a 2-inch X 3-ft
vacuum jacketed Goodloe packed column with 5:1
reflux ratio. Fraction No. 30 (bp 29°C at .25 mm
Hg), representing the fraction distilling between
78.3 and 82.4% of the distillation, was used for
the isolation of />a-dimethylstyrene. Results were
similar with a 5<-inch X 2-ft insulated Vigreux
column with a 5:1 reflux ratio and vacuum of
5 mm Hg. The fraction distilling between 78
and 82% of the distillation gave results similar
to those obtained in the careful fractionation.
Similar distillation of the expressed oil did not
give indications of />a-dimethylstyrene by VPC,
infrared, or ultraviolet examination of the frac-
tions.

577
Citrus aurantifolia used for isolation
Distilled Mexican:
Specific gravity 15/4 0.860
Optical rotation +40°
nB 1.4750
Peroxide value 0-1
Distilled West Indian (Haitian) :
Specific gravity 15/4 0.862
Optical rotation +42°25'
s 1.477
Peroxide value 0-1
Expressed Persian type (Florida)
Specific gravity 15/4 0.875
Optical rotation +38°
B 1.484
Peroxide value 0-1
Expressed Mexican:
Specific gravity 15/4 0.999
Optical rotation +36°30°

A 1.4867
Peroxide value 0-1

Preparative-scale VPC. A unit constructed in
these laboratories was used. This was equipped
with thermal-conductivity detector and a 50:1
split-ratio detector bypass. Column was six y2-
inch X 4-ft lengths connected by J+inch tubing
and packed with 20% LAC 728 on firebrick and
was operated at 140°C.

Purification of p,a-dimethylstyrene. /".a-dimethyl-
styrene obtained from Hercules Powder Com-
pany (lip 1.525) was purified by preparative-scale
VPC to give physical constants irS 1.535, specific
gravity 20/20 .900, boiling point 185°C, and infra-
red and ultraviolet spectra that were identical with
literature values.

Steam-distillation of expressed Citrus auranti-
folia under acid conditions. One hundred grams
of cold-pressed “Persian” Lime Oil was steam-
distilled in the presence of 5.2% citric acid (Win-
ton and Winton, 1935) under conditions approxi-
mating the commercial steam-distillation of lime
oil (Guenther, 1947). This experiment was also
conducted with one hundred grams of cold-pressed
Mexican Lime Oil, and again with one hundred
grams of citral.

Acid-catalyzed cyclization of citral. Treatment
of 88.0 grams of citral, n* 14875 sp. gr. 15/4
0.8922 with 100 ml of 4.8 normal aqueous hydro-
chloric acid for 5 hr at 25"C under vigorous
agitation gives 90% conversion of citral to a
mixture consisting of 71% terpene hydrocarbons
and 19% unidentified alcohols. When the terpenes
were isolated by preparative VPC at 100°C using
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a 20% LAC 728 substrate on 80-100-mesh fire-
brick column, they were found to consist of 9.2%
unidentified hydrocarbon of questionable purity
and the following:

TERPENE OF ESSENTIAL OIL OF LIME

with an n* of 1.535, specific gravity 20/20
0.900, and bp /60 mm 185°C. This llia-
terial gave an infrared spectrum (Fig. 2)
and ultraviolet max (247 m/*) which were

Compound % Structure bp nr Uv (mf/j)
/»-Cymcne 29.4 v 176° 1.4947 Max. 273
/>-a-Dimethylstyrene 21.8 \Y 185° 1.5352 Max. 247
1,8(9)-/-menthadiene 5.9 VI 176° 1.4730 Max. 220
1,3-/>-Menthadiene 4.7 \2! 180° 1.4850 Max. 265

Each of these compounds gave spectra identical
to those reported in the literature (Barnes ct al.,
1943; O'Connor and Goldblatt, 1954).

RESULTS AND DISCUSSION

Gas chromatographic examinations of the
untreated steam-distilled oil of Citrus au-
rantifolia Mexican yields a peak occurring
after /»-cyniene (Fig. 1) calculated as 0.1%
and having a relative retention time differ-
ent from that of any of the reported constitu-
ents of lime oil (Guenther, 1947a; Guenther
and Langenau, 1943; Slater, 1961a). The
concentration of this component was en-
riched by vacuum-fractionation, and it
was then isolated by preparative-scale
gas chromatography yielding a material

identical with those of purified commercial
/>,a-dimethylstyrene (Max 247u) as well as
spectral data given in the literature (Barnes
ct al., 1943; Pilliott and Cook, 1944). The
VPC relative retention time (Ambrose,
1958) was identical to that of the unknown
peak in the intact oil under two different
conditions of temperature and flow rate.
Examination of steam-distilled Haitian
oil of Citrus aurantifolia indicated the pres-
ence of this compound also. However, ex-
pressed Mexican and “Persian-type” Citrus
aurantifolia did not show the />a-dimethyl-
styrene peak by VPC. (The varieties of the
Persian-type Citrus aurantifolia seem to
differ from the true Mexican type (Webber
and Batchelor, 1943) and are suspected of

X16

XQl

X16

PADMS

AlIR

e ——

Fig. 1. A portion of the vapor phase chromatogram of commercial steam-distilled Citrus

aurantifolia.
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Citrus aurantifolia.

being the result of hybridization ). Attempted
enrichment of expressed oils by fractional
distillation did not give any fractions which
showed the presence of the compound by
infrared and ultraviolet spectroscopy or by
gas chromatography which under identical
conditions gave positive results with the
steam-distilled oils. This was considered to
be ample evidence that the presence of
/>-a-dimethylstyrene in the steam-distilled
oils was not due to the methods of isolation
and identification used.

Since the major difference between the
steam-distilled oils and the cold-pressed oils
is steam-distillation in the presence of natural
fruit acids, and since acid conditions are
known to alter the properties of the citrus
oils (Guenther and Langenau, 1943; Guen-
ther, 1943; Guenther, 1947b), it is reason-
able to postulate that acid-catalvzed reac-
tions of lime constituents may result in the
formation of Na-dimethvlstyrene.

Steam distillation of expressed Mexican
and Persian-type lime oil in the presence
of citric acid at concentrations found in the
fruit, conducted under conditions approxi-

—

e B 2H,0
—_— 2,
¢=0
/\ L
|

11A

Infrared spectrum of p.o-dimethylstyrene isolated from commercial steam-distilled

mating the commercial process (Guenther,
1947b), gave the characteristic peak of p,a-
dimethylstyrene by VPC. This was further
verified by ultraviolet spectroscopic exam-
ination of the oil before and after steam
distillation by the appearance of a band at
247 mit. Another major change noted in
the chromatogram of the treated oil was
the lowering of the concentration of the
citral peak, indicating involvement of citral
in formation of the />a-dimethylstyrene.
Citral was then steam distilled under acid
conditions and was found to give p,a-di-
methylstyrene as well as other terpenes and
oxygenated terpenes.

It has been generally reported that citral
(1), upon treatment with acids, cyclizes to
give p-cymene (IV) (Simonsen, 1947;
Pinder, 1960). Isolation of the intermedi-
ate 1-methyl 4-isopropylidene-I-cyclohexene-
3-ol (I1) gave some indications as to a pos-
sible mechanism (Bedoukian, 1951) (Fig.
3).
)Later, isolation of the intermediate com-
pound 2,4, (8) 6-paramenthatriene (111)
(Okuda, 1940), which upon further acid

-
OH

OH

OH

1 v

Fig. 3. The classically accepted reaction course for the acid-catalyzed cyclization of citral.
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treatment was found to give p-cymene,
seemed to provide final verification of the
postulated mechanism. Our experimental
evidence is not consistent with the mech-
anism.

The treatment of citral with acids was
found to give a mixture of hydrocarbons
(see the table) of which />a-dimethylstyrene
(V) was a major component. By monitor-
ing the reaction by vapor phase chromatog-
raphy and infrared spectroscopy, it was
possible to terminate the conversion at a
point that gave maximum vyields of inter-
mediate products which were found to be
a mixture of alcohols by IR spectroscopy.

TERPENE OF ESSENTIAL OIL OF LIME

When these alcohols were isolated by
preparative scale VPC they were found
to have a molecular weight of approxi-
mately 152 (by Rast Method). These alco-
hols were found to have a different VPC
retention time than those obtained by the
thermal isomerization of citral (Ohloff,
1960). Quantitative esterification indicated
a single hydroxyl group.

These alcohols upon further acid treat-
ment were found to give />-cymene and
/>,a-dimethylstyrene as the major products
and the monocyclic terpene dienes as the
minor products.

N + R X
+ H e o |
c=0 »C2OH ™ oH
|| H |7+ H +
PN P
| \
¢ ¢4 E + N
1 + H++ H_.O =l — H +
2 +
i | OH
v (NN
29. k% /
S . £ N
+ H + Hy0 -— =W
7 7/
/K\ OH
j— DISPROPORTIONATION
1
\ Y,
W wW /[ \
\Y Vi VI 1
21.8% b.1%6 5.9%
+ 9.2% UNIDENTIFIED HYDROCARBON

Fig. 4. Postulated course of reaction of the formation of p,a-dimethylstyrene in Citrus

aurantifolia.
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Since the terpene dienes 1,8(9)-p-men-
thadiene (V11) and 1,3-/>-menthadiene (V1)
could be reduction products of a monocyclic
terpene triene of the type obtained by Okuda
from the cyclization of citral, and since acid-
catalyzed disproportionation of monocyclic
terpene dienes is known to occur (Hunter
and Brogden, 1963), the possibility of dis-
proportionation reactions of the triene be-
comes evident (Fig. 4).

It is postulated that citral (1), upon at-
tack of a hydrogen ion on the carbonyl group,
produces a carbonium ion which upon reac-
tion with the isopropylidene double bond
yields monocyclic terpene diene alcohols.
These, in turn, give the monocyclic terpene
trienes by unimolecular elimination under
the acid conditions. Finally, disproportion-
ation and rearrangement reactions yield the
observed hydrocarbons. It should be noted
that heat treatment alone of citral at high
temperatures for extended periods does not
produce />,a-dimethyl.styrene (Ohloff. 1960).

These observations suggest that the pres-
ence of /ya-dimethylstyrene in citrus oils
is the result of commercial processing
rather than biogenesis, although they do not
preclude the presence of small and as yet
undetected amounts of biogenetically formed
/>,a-dimethylstyrene. since the requirements
essential for the reaction are present in
whole fruit.

It also seems reasonable to expect p,a-cli-
methylstyrene to be a constituent of other
citral-containing essential oils.

Structure elucidation of the reaction inter-
mediates from the acid catalyzed cyclization
of citral is currently being investigated.
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Cheddar Cheese Flavor:

Spectral Analyses of the Neutral Components
of the Aroma Fraction3

E. A. DAY ana L. M. LIBBEY
Department of Food Science and Technology
Oregon State University, Corvallis

(Manuscript received March 7, 1964)

SUMMARY

The aroma fraction from the fat of high-quality raw-milk Cheddar cheese
was isolated by centrifugation of the intact cheese and passing the recovered
fat through a molecular still at 40°C. The aroma fraction was separated by
gas chromatography on packed columns containing polar and nonpolar phases
and by prograinmed-temperature capillary-column gas chromatography. The
effluent from the latter column was admitted directly to the inlet of a rapid-
scan mass spectrometer enabling concurrent recordings of mass spectra for
each chromatographic peak. The aroma fraction was separated into approxi-
mately 130 components by the capillary column. By correlation of gas
chromatography and mass spectral data, most of the major neutral compo-
nents were characterized. These included aldehydes, methyl ketones, primary

Gas Chromatographic and Mass

and secondary alcohols, esters of the
fatty acids, 5-lactones, and the isomeric

The current status of published research
on tire chemistry of Cheddar cheese flavor
is given in recent reviews by Mabbitt
(1961) and Marth (1963). Although the
list of compounds isolated in the aroma
fraction has become extensive, no complete
description has been reported that is satis-
factory to most researchers. Endless fail-
ures in relating the aroma to a few discrete
compounds have prompted the theory of
balanced components where it is proposed
that the aroma is due to a combination of
many compounds which, when in proper
quantitative balance, give rise to the typical
aroma. Apparently, however, certain com-
pounds are more important than others
(Day et al., 1960; Walker, 1960; Patton,
1963), though there is disagreement on this
point.

Fhe isolation of a representative sample
that can be manipulated without artifacts is
a major problem in studying Cheddar aroma

“Technical paper no. 1781, Oregon Agricultural
Experiment Station.
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and Food Protection.
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primary and secondary alcohols and
lactides of lactic acid.

and could account for the limited success in
characterizing it. The procedure recently
published by Libbey et al. (1963) eliminates
most of the known problems of sample isola-
tion and gives a typical Cheddar aroma con-
centrate. Application of the procedure in
conjunction with programmed-temperature
capillary-column gas chromatography re-
vealed approximately 130 components in the
aroma fraction from Cheddar cheese. The
findings reported herein deal with the major
neutral components identified by correlation
of gas chromatography and mass spectral
data.

EXPERIMENTAL

The fat from 84 kg of high-quality raw-milk
20-month-old Cheddar cheese was isolated by the
centrifugation procedure of Libbey ct al. (1963).
The sneld was approximately 67%, and the aroma
of the fat was considered by expert opinion to be
typical of the intact cheese. The volatiles were iso-
lated from 1700 g of the fat by the molecular
distillation apparatus described by Libbey et al.
(1963) except that trap 1 was eliminated; hence
only two traps were used, a trap packed with 3-mm
glass beads and a safety trap. The molecular still
was operated at 40°C and a feed rate of 3 ml/min.
LTpon completion of the distillation the glass bead
trap, containing the Cheddar aroma concentrate,
was filled with ethyl chloride while still at liquid
nitrogen temperature. Afterward the trap was al-
lowed to warm to 5°C and the liquid contents

[583 ]
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transferred to the pot of the distillation apparatus
described by Bills et al. (1963), where the bulk
of the ethyl chloride was removed. The pot resi-
due, which contained most of the Cheddar aroma,
was submitted to analysis by gas chromatography
in conjunction with rapid-scanning mass spec-
trometry.

A Perkin-Elmer Model 800 gas chromatograph
equipped with a hydrogen flame detector and a
300-ft by 0.01-in. ID stainless-steel capillary coated
with polypropylene glycol was used. The capillary
was operated isothermally at 73°C for 8 min, then
temperature-programmed at 25°/min to 174°C and
operated at 174° until the separation was complete.
Retention data were obtained for both the cheese
volatiles and authentic compounds under these con-
ditions. The same conditions were employed for
the analysis in conjunction with rapid-scan mass
spectrometry. These analyses were conducted as
described by McFadden et al. (1963) except that
the positive ions occurring at m/e 43 (m/e is the
mass to charge ratio) were monitored by one gate
of the electron multiplier to obtain a concurrent
strip-chart recording of the gas chromatogram.
The other electron multiplier gate was used to
scan m/e 12 to 250 in 2 or 6 seconds, and the
spectra were recorded by an oscillograph. The
spectra were observed concurrently on an oscillo-
scope, which provided an important means of moni-
toring the effluent from the capillary column.

Additional gas chromatographic data were ob-
tained by variation of the temperature program for
the capillary column and by using packed polar
(20% diethylene glycol succinate on 80-100-mesh
Celite 545) and nonpolar (20% Apiezon M on 80-
100-mesh Celite 545) columns operated isother-
mally at 70 and 100°C. The columns were J*-inch
OD x 11-ft stainless steel. A /3-ionization detector
was employed, and the retention data were com-
pared with those of authentic compounds.

NEUTRAL COMPONENTS OF CHEESE AROMA

RESULTS AND DISCUSSION

Fig. 1 is a gas chromatogram showing
separation of the first 92 components of the
Cheddar aroma fraction. A total of 130
components were observed in the chromato-
gram, but peak 92 was the last that gave a
usable mass spectrum. Relative retention
values for peaks from the gas chromatogram
obtained by monitoring m/e 43 in the mass
spectrometer agreed with those given in
Table 1 As reported previously (Buttery
et al., 1963; McFadden and Teranishi,
1963) the two types of detectors vary in re-
sponse, but this does not affect the correla-
tion of retention data. Evidence used in
assigning identities to the numbered peaks
of Fig. 1 is presented in Table 1. In some
cases the quality of the mass spectra was
not adequate to enable positive identifica-
tion; hence, even though gas chromatog-
raphy data suggested particular compounds,
positive mass spectral evidence was con-
sidered essential for identification. The
quality of mass spectra of the unidentified
components should be improved by prefrac-
tionation of the Cheddar aroma for the pur-
pose of concentrating minor components and
by varying the chromatographic parameters.

The type of data obtained by the combi-
nation of gas chromatography with rapid-
scan mass spectrometry has been demon-
strated elsewhere (McFadden et al.,, 1963;
Teranishi et al.,, 1963). Application of the
technique made it possible to characterize
most of the major components appearing in
Fig. 1 The ketones and aldehydes have
been observed in earlier work (Day et al.,
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Fig. 1 Gas chromatogram of the neutral components of Cheddar cheese aroma.
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1960; Walker and Harvey, 1959). This is
the first conclusive evidence, however, for
an extensive number of esters. Esters were
suggested as early as 1910 (Suzuki et al.),
and Dacre (1955) reported ethyl acetate
and ethyl butanoate.

It will be noted that the chromatographic
data for peaks 79 and 91 give good agree-
ment with the authentic S-lactones. The
mass spectra were only suggestive, and the
peak assignments are therefore tentative.
The presence of lactones in Cheddar cheese
was suggested in earlier work (Day et al.,
1960).

Based on our knowledge of the cheese
ripening process, it is difficult to rationalize
the presence of »-pentanol and the alkyl-
substituted benzenes. Peaks 8, 22, 31, and
35 all contained aromatics. Exact assign-
ment of structure for the alkyl-substituted
benzenes was not possible with the mass
spectral data at hand. Hence no attempt
was made to characterize the isomers.
Aromatic compounds have been found in
heated milk (Cobb and Patton, 1963) and
in silage (Morgan and Pereira, 1962). The
spectrum for peak 70 was indicative of an
aldehyde. The pattern did not fit a saturated
aldehyde, nor did the chromatographic data.
Similarly the mass spectrum of peak 81
was typical of sesquiterpenes but the exact
structure could not be assigned. The ses-
quiterpene might result from the degrada-
tion of /l-carotene or similar structures com-
mon to milk. The halogenated compounds
were contributed by the ethyl chloride used
as the solvent.

Of particular interest, because of their
unique mass spectra, are chromatographic
peaks 19 and 21, shown in Fig. 1. The mass
spectral charts obtained for these peaks are
presented in Fig. 2 as chart sequence a-f.
Chart a gives the background following elu-
tion of ethyl butanoate (peak 17) ; charts b
and c were taken near the center and on the
downward slope of peak 19; chart d shows
the return to background ; chart ¢ gives the
mass spectrum for peak 21 ; chart / shows
almost complete elution of peak 21 and the
existence of a trace amount of a dimethvl-
or ethyl-substituted benzene.

It is immediately obvious that mass spec-
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Fig. 2. Mass spectral charts for chromatographic
eaks 19 and 21. Chart a = background; charts
and ¢ — chromatographic peak 19; chart d =
background after peak 19; chart € = chromato-
graphic peak 21; chart / = almost complete elution

of peak 21.

tral charts b and e are very similar, with a
modest difference in the ratio of the ioniza-
tion, due to masses 72 and 73. This indi-
cates molecules of very similar structure,
probably geometric isomers. However, it
was not possible to find a mass spectrum in
the literature that compared favorably (use
was made of a card catalog containing API
mass spectral data, ASTM uncertified mass
spectral data, and most of the mass spectra
published in chemistry journals). Interpre-
tation of these mass spectra required estab-
lishing whether the mass 129 peak was a
parent ion or a fragment. Because odd-
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number molecular weights can occur only
for those compounds containing an odd
number of nitrogens, consideration was
given to the amines (Gohlke and Mc-
Laffertv. 1962) or other nitrogen com-
pounds of molecular weight 129 that might
elute at this point. None fit the observed
spectra. Furthermore, since the mass 115
ion appears in both of the mass spectra
(charts b and e), it seems improbable that
it would be due to a second component of
the effluent, and loss of 14 mass units from
a parent ion is not a normally encountered
mode of ion decomposition. Thus, the mass
129 peak was concluded to he a fragment
ion.

The next logical consideration is that the
mass 129 ion is formed by loss of CH3 from
a parent ion of mass 144. The mass 115 ion
would then he due to loss of 29 mass units
(CHO or C2H5), and the mass 100 due to
loss of 44 (C02> probable than C2kl40 >
probable than C3H8). lons at mass 129,
115, 73, etc., normally indicate the existence
of one ether-type oxygen, but the system
could also contain two ether-type oxygens
and a double bond or ring. The absence of
ionization in the region of masses 71 or 85
indicates extreme improbability that there
are five or six carbons in an aliphatic chain.
This would mean that, for a compound of
molecular weight 144 (or larger), there will
probably be one or more carbonyl oxygens.

From such arguments, a variety of possi-
ble structures were considered. The differ-
ent ether-carbonyl, ester-carbonyl, or
alcohol-carbonyl combinations that were
proposed did not seem logical from con-
sideration of the known or expected charac-
teristics of their mass spectra. However, the
lactide of lactic acid.

(0]
Z
P
N
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C CH - CH3
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would be expected to have a mass spectrum
similar to those observed in charts b and e.
Thus, loss of CH3 would be very likely and
would lead to the mass 129 ion. Rearrange-
ment of the molecule and subsequent loss of
CHO is logically expected and would lead
to mass 115. The mass 100 ion would be
expected by loss of C02. It might also occur
as loss of CH3CHO. The ion at mass 72 is
reasonably attributed to the ion
0

CH-iCHC - 0 and that at 73 due to a
rearrangement in which the same fragment
ion contains an additional hydrogen. The
ionization at masses 57, 56, 55 could arise
from the CH3CHCO fragment with possible
loss or addition of hydrogen. The ionization
at masses 43 and 45 could occur from re-
arrangement of the CH:! — CHO group.

Such considerations point strongly to the
possibility that peaks 19 and 21 in Fig. 1
are the cis and trans isomers of the lactide
of lactic acid. Unfortunately, a proof is
constituted only by an actual comparison
with the authentic compounds, preferably
with both mass spectra and retention data.
Attempts to obtain authentic samples of
lactide have failed, because of the known in-
stability of this compound.

The sensory properties of the Cheddar
aroma were most easily observed by smell-
ing the effluent from the injection splitter of
the gas chromatograph when injecting a
sample. It was apparent that the concen-
trate contained free fatty acids but these did
not elute from the capillary column during
the period of the analysis. This point was
confirmed by injection of authentic acids.
Similar observations were made for other
highly polar compounds such as amines.
The aroma, after removal of the ethyl chlor-
ide, appeared to lack the H2S and mercap-
tan notes that were evident immediately
after distillation of the cheese fat. These
compounds could have been lost during
solvent removal, and work is in progress
using the direct-transfer techniques of Lib-
bey et al. (1963) to characterize these and
similar low-boiling components. Because of
the aforementioned points, Fig. 1 does not
represent the complete pattern of Cheddar

NEUTRAL COMPONENTS OF CHEESE AROMA

aroma. Since the unidentified compounds
in low concentration may also have signifi-
cant aroma-contributing qualities, conclu-
sions on the significance of various com-
pounds are forbidden at this point.

Lawrence (1963) recently reported work-
in which it is suggested that odd-numbered
methyl ketones found in cheese were largely
heat-induced during distillation procedures
for aroma isolation. It will be noted in Fig.
1 and Table 1 of this manuscript that sub-
stantial quantities of odd-numbered methyl
ketones C5C15 were observed. The maxi-
mum heat treatment received by the cheese
fat was about 40°C. The molecular still was
operated at 40°C and the time required for
fat to pass through the heated portion was
short. Control experiments in earlier work
(Day et al., 1960) also indicated that sub-
stantial amounts of ketones exist in cured
cheese. Hence, while it is recognized that
the ketones can be heat-generated from milk-
fat, some also appear to be produced during
the normal cheese curing process.
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SUMMARY
Post-mortem changes in tenderness and protein solubility were studied in

bovine semitendinosus muscles.
were compared with muscles
times of 0. 6. 12, 24, 72,

Muscles
left attached to the
and 312 hr were studied.

excised immediately post-mortem
skeleton. Post-mortem

Sarcoplasmic protein

solubility was highest immediately after slaughter and lowest in muscles left

attached to the skeleton.
muscles left attached.

to the skeleton were least tender

Myofibrillar protein
Protein solubility changed during the first 6 hr post-
mortem but not during the 6- to 312-hr aging period.
immediately after death and gradually
increased in tenderness during post-mortem aging.

solubility was decreased in
Muscles left attached

Excised muscles were least

lender 6—12 hr post-mortem and became progressively more tender thereafter.
Even after 312 hr of aging, excised muscles were less tender than muscles

still attached to the skeleton.
to tenderness.
discussed.

INTRODUCTION

Since the early report of Moran and Smith
(1929), rigor mortis has been known to be
associated with large differences in meat
tenderness. The chemical changes associ-
ated with rigor mortis and the aging of meat
have been summarized by Whitaker (1959).
Ramsbottom and Strandine (1949) reported
that beef was more tender at two hr post-
mortem than at two days post-mortem. Nu-
merous other workers have observed in-
creased tenderness during aging (ripening)
of beef carcasses (Deatherage and Harsham,
1947; Deatherage and Reiman, 1946; Hoag-
land et al., 1917). It was generallv accepted
among early workers that this increased
tenderness was due to autolysis of the muscle
proteins (Bate-Smith, 1948; McCarthy and
King, 1942), presumably by the muscle
cathepsins (Smorodintsev and Nikolaeva.
1936, 1942). Husaini et al. (1950a,b), how-
ever, failed to find any increase in the non-
protein or proteose-peptone nitrogen frac-
tions during aging. This led Wierbicki ct al.
(1954) to suggest that post-mortem tenderi-

“Journal Paper No. J-4787 of the lowa Agricul-
tural and Home Economics Experiment Station,
Ames, lowa. Project No. 1549.

Protein solubility did not appear to he related
Possible relationships of muscle contraction to tenderness were

zation may be caused by a dissociation of
actomyosin to actin and myosin or by a
redistribution of ions within the muscle,
causing increased hydration and tenderness.
Wierbicki et al. (1956) later reported that
they could find no evidence for the post-
mortem dissociation of actomyosin.

Locker (1960b) found no increase in N-
terminal amino groups after either 3 or 16
days post-mortem aging at 2°C, although
small increases were observed in nonprotein
nitrogen and free amino acids. Locker con-
cluded that proteolysis was not important in
normal post-mortem tenderization. Wein-
berg and Rose (1960) suggested that spe-
cific cleavage of an actin association respon-
sible for the maintenance of the muscle ma-
trix, and not merely random autolysis, was
responsible for the increased tenderness of
chicken breast muscle aged 24 hr. Partmann
(1963) stated that muscle contraction and
rigor mortis have the same mechanism and
that post-mortem tenderization probablv oc-
curs as a result of dissociation of the acto-
myosin complex. Davies (1963), in dis-
cussing a new molecular theory of muscle
contraction, postulated that rigor mortis is
caused by a strong attraction of positive
binding sites in H-meromyosin to the nega-
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tive charge of the hound nucleotide of actin.
Elucidation of the molecular structure of
muscle (Huxley, 1957, 1963) and investiga-
tions of changes in modulus of elasticity dur-
ing contraction (Baranv and Jaisle, 1960)
suggest that rigor mortis is probably caused
by an irreversible combination of thick and
thin filaments (myosin and actin). The
molecular changes responsible for post-mor-
tem tenderization, however, remain a mys-
tery.

Solubility of different fractions of muscle
proteins have recently been associated with
tenderness of beef (Hegarty ct al., 1963)
and fish (Love, 1962). Sayre and Briskey
(1963) and Scopes and Lawrie (1963) have
reported that muscle protein solubility was
also influenced by post-mortem conditions
in the muscle. An experiment was made to:
1) study post-mortem changes in tenderness
and protein solubility of bovine muscle; and
2) relate changes in protein solubility to
differences in tenderness. Since Love (1962)
and Lowe (1948) have reported a substan-
tial decrease in tenderness following exci-
sion of a muscle immediately after death,
the post-mortem changes of muscles left
attached to the skeleton were compared with
those of muscles removed as soon after death
as possible.

MATERIALS AND METHODS

The muscle used was the semitendinosus from
15 steers of known age and genetic background,
raised on identical rations. The animals ranged
from 16 to 19 months in age. Nine different sire
groups were used in the tenderness determinations,
and five of these groups were represented in the
protein solubility measurements. Animals from
the same sire group were sampled at different
times post-mortem. The animals yielded carcasses
of Good and Choice grades.

As soon after death as possible, the semiten-
dinosus muscle was taken from the left side of
each carcass, and a steak \'/2 inches thick was
removed at a point approximately 7 inches from
the distal attachment of the muscle for a Warner-
Bratzler shear test of tenderness. An additional
sample for protein solubility measurements was
taken from the center of the muscle just distal
to the point of removal of the steak. This sam-
pling was completed 15-20 min after the death of
the animal, and the remainder of the muscle was
stored at 4°C until further sampling. Post-mortem
sampling times of 6, 12, 24, 72, and 312 hr were
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used. At an appropriate post-mortem time for
each animal, the semitendinosus muscle was ex-
cised from the right side of the carcass, and steaks
\/2 inches thick were removed both from this
muscle and from its companion from the left side,
excised immediately post-mortem. These steaks
were removed at a point approximately 9 inches
from the distal attachment of the muscle. Protein
solubility measurements were conducted on samples
from both the left and right muscles. These sam-
ples were taken from the center of the muscles
at a point just proximal to removal of the steak.
Thus, the left semitendinosus muscle of each ani-
mal had two steaks removed for Warner-Bratzler
shear tests of tenderness and two samples taken
for measurements of protein solubility. The corre-
sponding muscle from the right side was excised
from the carcass at a certain time post-mortem
and had one steak removed for a Warner-Bratzler
shear test of tenderness and one sample taken for
measurements of protein solubility.

Tenderness determinations. Steaks 1)4 inches
thick were cooked in deep fat (temperature, 135°C)
to an internal temperature of 60°C. Cooking time
varied among the different sampling times. Steaks
taken immediately post-mortem required only 5-6
min to reach 60°C whereas those removed at later
post-mortem times required 10-15 min to reach
this same internal temperature. The steaks were
cooled at room temperature for 5 min, and four

-inch cores were removed from each steak, one
core being removed from each quadrant of the
steak. Two shears were recorded for each core.

Protein solubility. Samples taken for protein
solubility were minced, and 4-6 g portions, weighed
accurately, were used for analysis. Three different
extracting solutions were used for each sample:
Solution I, a 0.03.1/ potassium phosphate buffer
(pH 7.4) to extract the sarcoplasmic protein
fraction; Solution I, 1.1M K1 in 0.1M potassium
phosphate (pH 7.4) to extract total soluble pro-
tein; Solution I11, an unbuffered 5% NaCl solution.
The 4-6-g samples were homogenized with sol-
vent-to-sample ratios of exactly 10:1 (v/w) using
precooled solutions. All extractions were con-
ducted at 4°C according to the method of Helander
(1957). The extracted protein was separated by
centrifugation at 30,000 X G for 15 min at 4°C.
Protein analyses were conducted by the biuret
method (Gornall ct al., 1949), and myofibrillar
protein was calculated as the difference between
the total soluble protein and the sarcoplasmic
protein. The pH of each muscle was measured
by using a Beckman Zeromatic pH meter on 10-g
samples immediately after homogenization.

RESULTS AND DISCUSSION
Table 1 shows post-mortem changes in
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POSTMORTEM CHANGES IN THE BOVINE MUSCLE

Table 1. Changes in Warner-Bratzler shear-force values and pH of bovine semitendinosus

muscle during post-mortem aging.

At time of death8

Muscle removed

Muscle left in carcassb from carcass ¢

Ti

Animal Sire Shear post—:rrwno?tem Shear Shear
no. group values pH (hr) values pH values pH
623 3 15.66 5.98 6 12.94 5.35 18.19 5.90
618 6 12.18 6.15 6 11.97 5.55 17.72 6.30
600 7 14.55 6.35 6 14.00 5.49 17.94 6.51
601 8 1381 6.54 12 11.78 5.35 21.69 5.80
624 3 13.06 6.60 12 9.81 6.22 18.00 551
612 5 12.25 6.80 12 12.25 5.10 19.83 6.45
605 2 14.95 6.40 24 9.28 5.30 20.32 5.40
615 6 11.86 6.60 24 9.00 5.10 17.50 5.29
622 4 13.50 6.55 24 9.28 5.40 1931 5.62
619 5 13.09 6.48 72 797 5.24 15.16 491
631 i 21.25 6.31 72 9.31 5.10 13.56 4.70
602 2 1313  6.65 72 841 543 1166 558
607 8 18.47 6.30 312 7.00 5.38 1141 5.13
610 7 12.44 6.45 312 8.00 535 7.63 5.52
606 9 12.03 6.44 312 7.34 5.47 6.78 5.52

* Muscle was removed as soon after death as possible. Actual time of sampling was 15-20

min post-mortem.

bMuscle was left in carcass until the appropriate time post-mortem when it was excised

and shear values obtained.

' Muscle was excised as soon after death as possible and a steak removed to obtain shear
values at this time. The remaining portion of the muscle was stored at 4°C until the appropriate
time post-mortem, when a second steak was removed and shear values obtained.

pH and tenderness for each of the 15 animals
in the study. Shear-force values immediately
after death varied substantially among indi-
vidual animals. With one exception, mus-
cles sampled immediately post-mortem had
pH values above 6.0. Table 2 shows the
average shear-force values at each of the
five post-mortem times studied. The results
indicate that semitendinosus muscles left at-
tached to the skeleton were least tender im-
mediately after death and became progres-
sively more tender with post-mortem aging.
Muscles excised at the time of death became
progressively less tender during the first 12
hr of post-mortem aging, and then gradually
increased in tenderness. However, even
after 312 hr aging, muscles excised from the
skeleton immediately post-mortem were still
less tender than muscles that remained with
the carcass. These results are summarized
in Fig. 1, which shows average shear-force
values for each post-mortem time. Fig. 2
shows the average change in shear-force
values during post-mortem aging. The ten-
derness changes in muscles excised from

the skeleton resemble those reported by Paul
ctal. (1952), who found that semitendinosus
steaks decreased in tenderness during the

Table 2. Average changes in Warner-Bratzler
shear-force values of bovine semitendinosus muscle
during post-mortem aging.

Shear value
Shear value of muscle
Shear values Time of muscle removed
at time of post-mortem left in from

death 8 (hr) carcassb carcass ¢
1428 + 0.62" 6 1297 £0.94 17.78 + 1.06
13.04 + 0.37 12 11.28 £ 0.54 19.74 £ 0.72
13.49 + 0.56 24 9.19 + 0.49 19.06 £0.80
15.82 £ 0.90 72 8.56 + 091 13.46 + 0.58
15.14 + 0.85 312 745+ 0.27 8.60 + 0.73

aMuscle was removed as soon after death as
possible. Actual time of sampling was 15-20 min
post-mortem.

bMuscle was left in carcass until the appropriate
time post-mortem, when it was excised and shear
values obtained.

¢ Muscle was excised as soon after death as pos-
sible and a steak removed to obtain shear values
at this time. The remaining portion of the muscle
was stored at 4°C until the appropriate time post-
mortem. when a second steak was removed and
shear values obtained.

dFigures are means plus or minus the standard
errors of 24 observations.
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Fig. 1 Effect of post-mortem aging on Warner-
Bratzler shear values of semitendinosus muscle.

first 24 hr post-mortem and then returned
approximately to their original tenderness
after 144-149 hr. The muscles used in
Paul's study had been removed from the
skeleton approximately 1 hr post-mortem.
The tenderness changes in the muscles left
attached to the carcass appear similar to
those reported by Love (1962) in fish mus-
cle which was allowed to pass into and
through rigor mortis as whole fish. Love
(1962 ) also found that fish muscle removed
immediately post-mortem and allowed to pass
into rigor as fillets remained less tender,
even 150 hr after death, than muscle which
had passed through rigor as whole fish.

The tenderness measurements in this
study are in agreement with findings of
Ramsbottom and Strandine (1949), who
observed decreased tenderness in muscles
excised from sides of beef before they were
chilled. Tenderness differences between
muscles left intact in the carcass and those
removed from the carcass immediately post-
mortem lessened with aging time, but even
after 12 days post-mortem, muscles left at-
tached to the skeleton were more tender.

Although the rate of chilling in this study
was not measured for every muscle, those
measurements which were taken indicated
that the temperature of muscles excised from
the carcass was lower for the first 24 hr
post-mortem than the temperature of mus-
cles left with the carcass. Temperature dif-
ferences between the two muscles were a
maximum at 6 hr post-mortem. This is in
accord with the results of Ramsbottom and
Strandine (1949).

Table 3 shows changes in protein solu-
bility of bovine semitendinosus muscle dur-
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Fig. 2. Effect of post-mortem aging on the
change in Warner-Bratzler shear values from the
shear values taken immediately after death.

ing post-mortem aging. Protein solubility
measurements were conducted on only 10
of the 15 animals used. Thus, measure-
ments were conducted on only two animals
for each of the five post-mortem periods.
Least squares analysis showed that signifi-
cantly greater amounts of protein were ex-
tracted from muscles which had been ex-
cised immediately post-mortem than from
muscles left attached to the skeleton. Since
the excised muscles were the least tender,
these findings are in contradiction to those
of Hegarty et al. (1963), who found a posi-
tive relation between myofibrillar protein
solubility and tenderness. Although it is
possible that changes in the excised muscle
are occurring which tend to mask or negate
the relationship between protein solubility
and tenderness, it appears more probable
that tenderness and protein solubility are
related only casually, perhaps because of a
common relationship to some factor as vet
unknown. Correlation coefficients between
Warner-Bratzler shear values and protein
solubility measurements were calculated for
muscles removed immediatelv after death,

POST-MORTEM CHANGES IN THE BOVINE MUSCLE

muscles left attached to the skeleton, and
muscles excised from the skeleton (Tables
4, 5 6). None of these correlations were
significant, and even those which were non-
significant fail to show any pattern of rela-
tionship between protein solubility and ten-
derness. For example, the correlation be-
tween Warner-Bratzler shear and myo-
fibrillar protein solubility is negative for
muscles excised from the skeleton but posi-
tive for muscles left attached to the skeleton.

The method of Helander (1957) extracted
about 6.6% of the muscle as sarcoplasmic
protein and 7.4% as myofibrillar protein.
These figures correspond closely to those of
Hegarty et al. (1963), who reported that
6.7% of the muscle was extracted as sarco-
plasmic protein and 7.6% was extracted as
myofibrillar protein.  Statistical analyses
found no significant differences among the
amounts of sarcoplasmic or myofibrillar pro-
tein extracted at the five different post-
mortem times. However, in accord with the
findings of Sayre and Briskey (1963), the
amount of sarcoplasmic protein extracted at
any of the post-mortem times was less than
the amount extracted immediately after
death. For muscles left attached to the skele-
ton, least squares analysis showed that the
amount of myofibrillar protein extracted at
any of the five post-mortem times was less
than the amount extracted immediately post-
mortem. Myofibrillar protein solubility of
the excised muscles, however, did not change
appreciably during the post-mortem period
studied in this experiment. Since excised
muscles cooled faster, it is possible that the
myofibrillar protein in these muscles were
not “denatured” by post-mortem changes in
pH and other factors. Thus, the results pro-
vide support for the conclusions of Sayre

Table 4. Correlations among measurements taken on bovine semitendinosus muscle at the

time of death.

Warner- Total
Bratzler Sarcoplasmic Myofibrillar  protein
i shear-force protein protein soluble in
Variable values pH solubility solubility 5% NaCl
pH -0.39
Sarcoplasmic protein solubility -0.03 -0.13
Myofibrillar protein solubility -0.03 0.04 0.73*
Total protein soluble in 5% NacCl -0.06 -0.26 0.67* 0.66*
Ratio of myofibrillar/sarcoplasmic protein 0.17 -0.01 0.17 0.55 0.65*%

* P < 0.05, 0.63 required for significance at this level.
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Table 5 Correlations among measurements taken on bovine semitendinosus muscle which
had remained with the carcass from time of death until time of measurement.
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Warner-

Bratzler

shear-force

Variable values

pH 0.27
Sarcoplasmic protein solubility 0.25
Myofibrillar protein solubility -0.32
Total protein soluble in 5% NacCl -0.57

Ratio of myofibrillar/sarcoplasmic protein -0.25

* P < 0.05, 0.63 required for significance at this level.

and Briskey (1963) that myofibrillar pro-
tein solubility is affected by post-mortem
physiological conditions in the muscle, al-
though the protein solubility changes re-
ported in the present study are small com-
pared with the large changes observed by
altering post-mortem conditions in pig mus-
cle. The total protein extracted by unbuf-
fered 5% NaCl solutions followed the same
solubility pattern as myofibrillar protein. The
NaCl extraction in this experiment was con-
ducted to afford some comparison with
Love’s studies on the solubility of fish mus-
cle protein.

Locker (1960a) found that contracted
muscles were less tender than muscles in
the relaxed state and suggested that degree
of muscular contraction may be an impor-
tant factor contributing to variations in meat
tenderness. The excised muscles in the pres-
ent study had shortened noticeably by 6 hr
post-mortem. This shortening is likely a
manifestation of the cold-shortening effect
recently reported by Locker and Hagyard
(1963). These workers state that observed
tenderness is largely a measure of shorten-
ing. However, no visible lengthening oc-
curred at the longer post-mortem aging
times, even though the muscles became more

Total
Sarcoplasmic Myofibrillar protein
protein protein soluble in
pH solubility solubility 5% NacCl
0.35
-0.04 -0.38
0.05 0.23 0.55
-0.17 -0.74* -0.18 0.23
tender. While loss of the ability of the

muscle to contract upon heating would ac-
count for the tenderness changes of the
attached muscles, this does not explain the
decreased tenderness of the excised muscles
after aging 6 hr. It is possible that con-
tractility and the cold-shortening effect are
acting together to influence tenderness of
the excised muscles.
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SUMMARY

In both breast and leg muscle from 6-, 9-, and 12-month-old chickens, held
for aging at 0°C, the buffer-extractable nitrogen rapidly decreased after death
during the onset of rigor and gradually increased to a maximum value during
post-rigor aging. Changes in extractable nitrogen occurred mainly as a result
of changes in the solubility of myofibrillar proteins. Changes in sarcoplasmic
and stroma protein fractions were small. In the nonprotein-nitrogen fraction,
some of the amino-acid-containing polymers were removed during the onset
of rigor mortis as a result of their interaction or aggregation with proteins.
During the post-rigor tenderization period, amino acids and peptide increased
in meat as a result of proteolysis. Different rates of post-mortem tenderiza-
tion in breast and leg muscle appear to be related to the differences in stroma
protein content of muscle. Proteolysis seems to weaken or break the bonds
which bind myofibrils to the matrix of the muscle and causes protein changes

that are responsible for post-rigor tenderization.

INTRODUCTION

During a study of the effect of fresh and
frozen storage on chicken muscle proteins
(Khan et al., 1963 ; Khan and van den Berg,
1964), a wide variation in the results on
protein extractability was noted in leg mus-
cle from old birds which were aged for 24
hr in drained crushed ice, whereas the breast
muscle from the same birds gave consistent
results. Since more recent work using taste-
panel and shear-press tests has shown that
tenderization occurs more slowly in leg
muscle than in breast muscle (van den Berg
et al.. 1964), the inconsistency in the results
on leg muscles may be attributed to the de-
gree of completion of post-rigor tenderiza-
tion changes in leg muscle at 24 hr post-
mortem. Changes introduced by incomplete
tenderization could interfere seriously with
the study of protein changes caused by freez-
ing, frozen storage, and thawing; therefore,
tests were made to compare the effect of
aging time on the extractability of protein
in breast and leg muscle of birds from 6 to
12 months old. Changes in muscle protein
fractions and in the nonprotein nitrogenous

Paper presented at the Annual Meeting of the
Institute of Food Technology, May 24-28, 1964,
Washington, D.C. Issued as N.R.C. No. 8117.

constituents of chicken meat that occur from
the moment of death to the time tenderness
changes were complete were also studied.

EXPERIMENTAL

Materials and procedure. Tests were made with
meat from 6-, 9-, and 12-month-old broiler-type
chickens (male). Four birds in each age group
were obtained from a single flock. They were
killed in the laboratory by cutting the jugular
vein and carotid arteries, bled for 2-3 min, scalded
for 2 min at 53-54° C, plucked by hand, eviscerated,
and washed. To avoid changes introduced by
microbial action during aging, each carcass was
rinsed in chlortetracycline solution (10 ppm, 15
sec) and placed in a sterile plastic bag. The bagged
meat was then placed in crushed drained ice for
aging. The onset of rigor mortis and post-rigor
relaxation were followed by the technique of judg-
ing the firmness and elasticity of flesh manually.
To reduce the effect of bird-to-bird variability,
comparisons were made between four samples
from breast or leg meat of one bird aged for
different periods. The analyses were made at
suitable intervals beginning 15-30 min after the
death of the bird.

Protein extraction and fractionation. Prepara-
tion of sample, method for the determination of
extractable nitrogen, and protein fractionation tech-
niques have been described earlier (Khan, 1962).
In brief, protein extractability was determined in
KClI-borate or KCI-phosphate buffer (ionic strength

[597 ]
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|P/2] = 1.0 and pH 7.4). The extractable nitrogen
was fractionated into myofibrillar proteins, soluble
at 172 = 0.5 and insoluble at 1'/2 = 0.08, and sarco-
plasmic proteins, soluble at r/2 = 0.08. The non-
protein-nitrogen fraction was obtained by precipi-
tating protein from the extractable-nitrogen frac-
tion with trichloroacetic acid and the stroma-pro-
tein nitrogen was determined in the unextractable-
nitrogen fraction according to Lowry ct at. (1941).
All tests were made at 0'C.

Nonprotein-nitrogen fraction analysis. Protein-
breakdown products were estimated in the non-
protein-nitrogen fraction by ninhydrin (Rosen,

1957) and by phenol reagents (Folin and Ciocalteu,
1927), both before and after the hydrolysis of
peptides, and arc expressed in terms of tyrosine
equivalents. Hydrolysis was carried out by boiling
the nonprotein-nitrogen fraction in the presence
of 6.Y HC1 for 20 hr under reflux. The hydroly-
sate was concentrated to dryness and the residue
taken up in water to original volume. The increase
in ninhydrin-positive or phenol-reagent-positive
materials that occurred after hydrolysis is referred
to as ninhydrin-positive polymers or phenol re-
agent-positive polymers.

RESULTS

Changes in protein nitrogen extractability. The
amount of nitrogen extractable in KCl-borate buf-
fer from chicken hreast and leg muscle rapidly de-
creased after death to a minimum value in about
4-8 hr, and gradually approached a maximum value
thereafter (Figs. 1 and 2). The onset of rigor
mortis corresponded with the decrease in the
extractable nitrogen. When the amount of ex-

tractable nitrogen approached a maximum, the
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Fig. 1. Changes in extractable nitrogen (KCI-
borate buffer) in chicken breast muscle during
post-mortem aging period. 0> 6-month-old birds;
#. 9-month-old birds; A. 12-month-old birds;
values plotted are averages of results for muscle
from three birds.
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Fig. 2. Changes in extractable nitrogen (KCI-
borate buffer) in chicken leg muscle during post-
mortem aging period. 0> 6-month-old birds; #.
9-month-old birds; A. 12-month-old birds; values
plotted are averages of results for muscle from
three birds.

muscles became soft and relaxed. Most of the
soluble nitrogen (total nitrogen minus stroma
nitrogen) was extractable from breast muscle
after about 1-1(4 days of aging and from leg
muscle after about 4-6 days of aging, about the
same time required to complete tenderization (van
den Berg ct al.,, 1964). The post-mortem changes
in protein solubility were more pronounced in
buffer containing borate than in buffer containing
phosphate (Fig. 3).

Post-mortem changes in extractable nitrogen
occurred mainly as a result of changes in the solu-
bility of myofibrillar proteins (Table 1). The
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Fig. 3. Comparison of protein extractability in
KCl-borate and KCIl-phosphate buffers during post-
mortem aging of chicken breast muscle.
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Table 1 Post-mortem changes in the nitrogen distribution in chicken breast and

muscle from 9-month-old birds.

Time
after
death Stroma Extractable
Breast muscle
30 min il 85
2 hr h 78
4 il 71
24 i 82
48 il 87
Leg muscle
30 min 28 57
1lday 28 46
2 28 50
4 28 56
6 28 65

solubility of myofibrillar fraction decreased with
the onset of rigor and increased during post-rigor
tenderization, whereas quantitative changes in
stroma and sarcoplasmic fractions were small. No
attempt was made to determine if the onset of
rigor mortis and the decrease in solubility of
myofibrillar proteins were a result of actomyositi
formation (Whitaker, 1959), and if post-rigor
tenderization and increase in solubility occurred
as a result of an increase in the solubility of actin
(Weinberg and Rose, 1960).

Changes in the nonprotein-nitrogen fraction.
Tables 2 and 3 show changes in the nonprotein-
nitrogen fraction that accompany post-mortem ten-
derization in breast and in leg muscle. The non-
protein-nitrogen content decreased slightly during
the onset of rigor mortis and increased during the
post-rigor aging period. The decrease in the non-

599
Nitrogen, % of total N
Myofibrillar Sarcoplasmic Nonprotein

37 32 16

32 30 16

24 31 16

32 33 17

37 33 17

26 21 10

15 21 10

18 20 n

23 21 12

32 21 12
Table 3. Post-mortem changes in ninhydrin-

and phenol-reagent-positive materials and polymers
in chicken breast and leg muscle from 9-month-old
birds.

Phenol-reagent-
[gosmve ‘materials as
g tyrosine/g muscle

Ninhydrin-positive
materials as
mg tyrosine/g muscle

;1|—fltn(g(re Before After Before After
death hydrolysis hydrolysis hydrolysis hy<drolysis
Breast
30 min 192 768 3.6 18.3
lday 252 600 42 17.7
2 348 744 48 20.4
Leg
30 min 216 696 3.6 117
1day 240 504 4.2 105
4 276 696 48 10.8
6 368 744 6.1 12.0

Table 2. Post-mortem changes in nonprotein nitrogen and ninhydrin- and phenol-reagent-
positive materials in breast and leg muscle of chickens of 3 ages.

Nonprotein nitrogen,

Time mg/g of muscle

after
death 6 mo 9 mo 12 mo 6 mo
Breast
30 min 5.7 55 6.3 240
6 hr 5.4 5.9
1day 55 264
2 5.6 5.7 6.2 288
3 5.7 5.9 6.4 336
Leg
30 min 3.8 3.7 33 216
1lday 35 35 3.2 300
2 33
3 3.8 3.7 324
4 34
6 3.8 39 366

Phenol-reagent-
ositive materials,
g tyrosine/g muscle

Ninhydrin-positive materials,
as mg tyrosine/g muscle

9 mo 12 mo 6 mo 9 mo 12 mo
288 125 4.7 5.0 7.2
125 7.2
5.0
313 187 5.0 9.4 7.8
425 287 5.6 109 85
113 125 51 54 675
138 162 5.0 5.6 7.2
187
156 5.2 9.7
262 8.7
225 55 10.0
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protein nitrogen during the onset of rigor occurred
as a result of loss of phenol-reagent- and ninhy-
drin-rcagent-positive polymers. Since the decrease
in these polymers was more than twice the simul-
taneous increase in the ninhydrin- and phenol-
reagent-positive materials estimated before hy-
drolysis (Table 3), these polymers appear to he
removed from this fraction and not broken down.
The removal of these polymers may have occurred
as a result of their interaction or aggregation with
proteins. The amount of both ninhydrin- and
phenol-reagent-positive materials and polymers
gradually increased in both kinds of meat during
post-rigor tenderization.

DISCUSSION

A comparison between the state of myo-
fibrils as indicated by the protein extracta-
bilitv. and the results of taste-panel tests
(van den Berg ct al.. 1964), shows a close
relation between tenderness and the state of
contraction of the muscle. Similar results
have been shown earlier for chicken breast
muscle (Weinberg and Rose, 1960), for beef
(Locker. 1960), and for fish (Otake and
Yamamoto, 1954). The increase in tender-
ness in leg muscle during the first day of
aging as shown by both taste-panel and
shear-press tests on cooked meat (van den
Berg ct al.. 1964) indicates that the meat
cooked in the primary stage of post-rigor
aging is more tender than the meat cooked
during the onset of rigor mortis.

Results show the formation of protein-
breakdown products during post-rigor ten-
derization of both breast and leg muscle.
Niewiarowiez (1956). Leinati (1957), and
Wierbicki et al. (1956) have also reported
similar increases in the nonprotein nitrogen,
amino acids, and peptides during aging of
beef and pork. The view that the post-rigor
tenderization process is proteolytic has been
suggested earlier (Whitaker, 1959: Ameri-
can Meat Institute, 1960), hut the results
have been inconclusive for beef because
changes introduced by the action of micro-
bial enzymes could not be avoided during
1417 days of aging at 0°C. The treatment
of chicken muscle with chlortetracycline rules
out the possibility of microbial action, par-
ticularly in breast muscle where post-rigor
tenderization was complete within 1-142
days. The small increase in protein-break-
down products suggests the possibility of

IX POULTRY MEAT

limited proteolysis, and the increase in ten-
derness may occur as a result of this spe-
cific attack. Wang ct al. (1957) have shown
a correlation between the observed micro-
scopic changes in the tissue and increase in
tenderness, whether as a result of natural
aging or by the action of proteolytic en-
zymes : however, the mode of action of these
enzymes is not known.

Since the stroma protein content of mus-
cle plays an important role in determining
the tenderness of meat (Callow. 1957 ; Hiner
ct al.. 1955), the difference in post-mortem
tenderization rates in breast and leg muscle
is considered on the basis of the difference in
their stroma-protein fractions. Although
leg muscle contains more than twice as much
stroma as breast muscle, no post-mortem
changes in stroma content of the muscle were
detected. On the other hand, collagenase has
been used for the isolation of myofibrils
(Perry, 1951) although this enzyme does
not attack myofibrils or sarcolemma (Barer,
1948). The point of action of this enzyme
is not clear, but the function of collagenase
treatment is to break down the intrafibrillar
links, possibly the Z bands which extend
transversely across the myofibrils, binding
them together and to the sarcolemma (Dra-
per and Hodge, 1949). Other proteolytic
enzymes, including trypsin, cause similar
changes (Perry, 1951). The increase in the
extractabilitv of myofibrillar proteins during
post-rigor tenderization may therefore be a
result of a similar proteolytic action which
weakens or breaks the bonds between some
of these proteins and the matrix of the mus-
cle (Rose, 1963), and a larger stroma-pro-
tein content may influence the stroma-mvo-
fibril relation and the rate of post-rigor ten-
derization.
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SUMMARY

A partially purified fraction of bovine muscle cathepsins prepared from a
crude extract by precipitation with ammonium sulfate between 45 and 55%
saturation was assayed for activity on 18 peptides and other synthetic sub-
strates, and on preparations of four natural substrates isolated from beef.
Three of the synthetic substrates were partially hydrolyzed by the enzyme

preparation.
endopeptidase activity.

The hydrolysis of carhohenzoxy-L-glutamyl-L-tyrosine
Dipeptidase and/or
denced by the hydrolysis of glycyl-L-tyrosine and L-leucyl-L-tyrosine.
using either of these two peptides as the substrate,

indicated
endopeptidase activity was evi-
When
a chromatographically

distinct compound was detected which was absent in the enzyme and substrate

blanks.

The fraction had no detectable enzymatic action on crude preparations

of actin, myosin, and actomyosin.

Commercially purified serum albumin was

hydrolyzed, but at a much slower rate than denatured hemoglobin, which has

been widely used for assaying catheptic activity.

Sarcoplasmic proteins indige-

nous to the crude extract appeared to be readily hydrolyzed by the cathepsins.

INTRODUCTION

On fractionation of the cathepsins from
beef muscle, Bodwell and Pearson (1963)
observed that the fraction precipitated be-
tween 45 and 55% saturation with ammo-
nium sulfate showed the greatest activity on
a denatured hemoglobin substrate. Hydroly-
sis of hemoglobin, though widely used as an
indication of catheptic enzyme activity (Sli-
winski et al., 1959; Stroke and Neurath,
1950 ; Bandack-Yuri and Rose, 1961), fails
to give information as to the specificity of
the enzyme or enzymes involved. In order
to characterize the type of proteolytic activ-
ity in the fraction precipitated bv 45-55%

"Journal Article 3289, Michigan Agricultural
Experiment Station, East Lansing, Michigan.

Delivered in abbreviated form at the 23rd An-
nual Meeting of the Institute of Food Technolo-
gists, May, 1963, Detroit, Michigan. The study
reported herein was supported in part by a grant-
in-aid supplied by the National Live Stock and
Meat Board, 36 S. Wabash Ave., Chicago, Illinois.

bIn receipt of a fellowship from the Danforth
Foundation. St. Louis, Missouri, when this research
was conducted.

ammonium sulfate saturation, it was assayed
for activity on various peptides and other
synthetic proteolytic enzyme substrates. The
activity was also determined using crude
preparations of myosin, acin and actomyosin,
commercially purified serum albumin, and
crude sarcoplasmic proteins indigenous tit
beef muscle.

EXPERIMENTAL

Extraction and partial purification. Muscle sam-
ples removed from beef carcasses 48 hr after
slaughter were used for preparation of the enzyme
solutions. Extraction and fractionation procedures
were identical to those reported previously by Bod-
well and Pearson (1963). The fraction precipitated
between 45 and 55% ammonium sulfate saturation
was used in all assays in the current investigation,
unless otherwise indicated. The activity of this
fraction was approximately six times that of crude
extracts when using denatured hemoglobin as a
substrate.

Preparation of natural substrates. Actin was
extracted and prepared as an acetone powder ac-
cording to the procedure of Tsao and Bailey
(1953). For use as a substrate, the actin powder
was brought into solution with cold H»G contain-
ing 02 mg ATP (adenosine triphosphate)/ml,
which yielded a solution containing 1.5-3.1 mg

1602 ]
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protein/ml solution. Myosin was extracted accord-
ing to the method of Mommaerts and Parrish
(1951), which resulted in a 0.33/ KC1 solution
containing 3.2-4.4 mg protein/ml. Actomyosin solu-
tions containing 2.6-3.1 mg protein/ml in 0.33/
KC1 were prepared as described by Szent-Gyorgyi
(1951). In all cases, the enzyme blank for each
of the three substrates was adjusted to contain
amounts of ATP or KC1 equivalent to that of
the reaction mixtures or substrate blanks.

Calf longissimus dorsi muscle was used as the
source of the actin, myosin and actomyosin prepa-
rations. Isolation and analysis are described else-
where (Hegarty et al., 1963). The albumin sub-
strate consisted of a 4% solution of powdered
bovine serum albumin (Armour Pharmaceutical
Co., Kankakee, 111.). A similar solution of dena-
tured hemoglobin (Armour Pharmaceutical Co.)
was used as a reference for all of the natural
substrates. The synthetic substrates were obtained
from either Nutritional Biochemical Co. (Cleve-
land), Sigma Chemical Co. (St. Louis) or Mann
Research Laboratories (N.Y.)

Assay of proteolytic action on natural substrates.
For estimation of proteotytic activity on actin and
bovine serum albumin, reaction mixtures contained
equal volumes of substrate solution, enzyme solu-
tion, 0.23/ sodium acetate buffer at pH 4.4, and
0.023/ FeCL. For enzyme or substrate blanks, 1
volume of HA) or ATP solution (actin substrate
blank) was included instead of enzyme or sub-
strate. Assay procedures were otherwise identical
to those previously reported (Bodwell and Pear-
son, 1963) except that the trichloroacetic acid
(TCA) precipitated aliquots were filtered through
Whatman No. 1 paper rather than being centri-
fuged.

Under assay conditions, myosin tended to aggre-
gate while actomyosin eventually formed a some-
what gelatinous solution. Consequently, 2 ml
reaction mixtures were used, which were identical
to those described above except that 0.43/ sodium
acetate buffer was used. Four replicates of each
of the three mixtures (reaction mixture, enzyme
blank, substrate blank) were prepared and placed
in a 38°C water bath. Upon reaching 38°C, 4 ml
of 10% TCA were pipetted into 2 replicates of
each mixture. After 4 hr, TCA was pipetted into
the 2 remaining replicates. After standing for at
least 1 hr at room temperature, the sloutions were
filtered through Whatman No. 1 paper and ab-
sorbance readings of the filtrate were taken at
280 mg. with a Beckman DU spectrophotometer.

Since the sarcoplasmic proteins were extracted
simultaneously with the cathepsins, it was impos-
sible to demonstrate the hydrolysis of sarcoplasmic
protein spectrophotometrically. Thus, paper chro-
matography was subsequently used. Two volumes
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of a crude undialyzed extract containing the cathep-
tic enzymes and other sarcoplasmic proteins were
incubated at 38°C with a volume of both 0.02M
FeCL and 0.43/ sodium acetate buffer (pH 4.4).
Five-ml aliquots were withdrawn at 0, 60, 180 and
240 min and mixed with 10 ml of absolute ethanol.
The precipitate was removed by filtering through
Whatman No. 1 paper, and 0.2-ml aliquots of the
filtrate were chromatographed according to the
procedure of Koszalka and Miller (1960).

Assay for hydrolysis of synthetic substrates.
Assays of the substrates DL-leucine amide HCL1,
benzoyl-L-tyrosyl-glycinamide and henzoyl-L-argi-
nineamide HC1 were carried out by a modified
Conway micro-diffusion method (Davis and Smith,
1955). Grassman and Heyde’s alcoholic KOH titri-
metric method (Davis and Smith, 1955) was used
to detect any hydrolysis of glycyl-L-asparagine,
Ar-carbobenzoxy-L-leucylglycine, L-leucy 1-glycyl-
glycine, glycyl-L-tryptophan, glycylglycine, glycyl-
glycylglycine. glycylglycylglycylglycine, glycyl-L-
proline, glycyl-L-leucine, glycyl-L-alanine, or ben-
zoyl-glycylglycine.

With substrates having terminal tyrosine residues
(carbobenzoxy-L-g lutamy 1- L-tyrosine, glycyl-L-
tyrosine, L-leucyl-L-tyrosine, and N-phthalyl-
glycyl-L-tyrosine), neither of the above methods
was satisfactory (Davis and Smith, 1955). There-
fore, paper chromatography was used to detect
possible hydrolysis of these compounds qualitatively.
Duplicate 25 ml reaction mixtures (0.5 ml enzyme
extract; 1.0 ml 0.1253/ substrate; 05 ml 0.43/
sodium acetate buffer, pH 4.4; and 05 ml of
either 0.0253/ FeCL, 0.023/ MnCL, 0.023/ L-cys-
teine, or H2) were prepared, and 5 ml of absolute
ethanol were added to one of each reaction mixture
pair at zero time or a subsequent time interval
(8 to 10 hr). The mixtures were filtered through
Whatman No. 1 paper after standing at least 1
hr at room temperature. Enzyme and substrate
blanks were treated similarly. Aliquots (0.1 ml)
of the filtrates were spotted on Whatman No. 1
paper and chromatographed by ascending paper
chromatography carried out in butanol-acetic acid-
water (4:1:1) or the organic layer of butanol-
ethanol-water (4:1:5). Chromatograms were
sprayed with a 0.5% solution of ninhydrin in 95%
ethanol.

RESULTS AND DISCUSSION

Activity on natural substrates. Table 1
shows the changes in absorbance at 280 m/r
with natural substrates. It has been previ-
ously reported (Bodwell and Pearson, 1963)
that the activity of different enzyme prepara-
tions from tissues derived from the same
animal or from different animals varied con-
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Taille 1. Activity of catheptic enzymes using
natural substrates as indicated by change in ab-
sorbance.”

Substrate Absorbance change b
Hemoglobin 0.192 ( 0.125/ 0.268)
Serum albumin 0.02S ( 0.019/ 0.036)
Myosin - .014 (-- .011/-- .042)
Actin - .052 (-- .013/-- .087)
Actomyosin 0.012 ( 0.003/ 0.025)

" Reaction mixtures consisted of equal wolumes
of substrate solution, 0.0242 FeCb, 0.4.1/ sodium
acetate buffer (pH 4.4), and enzyme solution (11.6
to 13.1 mg protein/ml) ; 4-hr assay at 38°C.

b Average change in absorbance at 280 m"i (cor-
rected for changes in absorbance of enzyme and
substrate blanks) of at least three duplicate assays
using enzyme extracts from two or more different
animals and (in the case of actin, myosin and
actomyosin) substrate preparations from three
different animals. Values in parentheses denote
range of values.

siderably when denatured hemoglobin was
the substrate. The variation found with
other natural substrates in the current study
was even more pronounced. Consequently,
the values in Table 1 are averages of at least
three duplicate assays with enzyme extracts
from two or more different animals.

When serum albumin was the substrate,
the change in absorbance was much less
relative to changes occurring with the hemo-
globin substrate. It was concluded that
serum albumin was hydrolyzed by the en-
zyme fraction, but much more slowly than
hemoglobin. This is in agreement with data
for rat skeletal muscle cathepsins reported
by Koszalka and Miller (1960).

The myosin and actin substrate reaction
mixtures both gave consistently negative
changes in absorbance, while actomyosin
substrate reaction mixtures resulted in small
but consistently positive changes. The actin
substrate blanks were always much higher
than the same values for myosin and acto-
myosin, indicating that actin was apparently
more labile under assay conditions. Actin
and myosin were not hydrolyzed by the en-
zyme preparation, and the proteolytic action
on actomyosin was negligible. While these
results suggest that the enzyme fraction
caused no major changes in these proteins,
minor structural changes were not excluded,
since they are difficult to detect spectrophoto-
metrically. As suggested by Whitaker
(1959), such minor structural changes in
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these proteins could have an important effect
on the physical properties of the particular
protein involved.

Hydrolysis of sarcoplasmic proteins.
Fig. 1 gives the results of chromatographing
the alcohol-precipitated aliquots of the crude
sarcoplasmic extract. Spectrophotometric
assay data were in agreement with those
previously reported for similar crude ex-

tracts (Bodwell and Pearson, 1963). Xo
0.6
0.4-
m
f g‘w Al
n 9«
0 60 180 240
1in lies
Fig. 1 Results of paper chromatography of

aliquots from alcohol-precipitated reaction mixture
of crude enzyme extract containing noncatheptic
sarcoplasmic protein. Time intervals refer to reac-
tion time prior to treatment with alcohol.

spots were detectable after 240 min that were
not present at O time, but the intensity of
the faster-moving spots was greatly in-
creased. On the original chromatogram, a
slight increase in intensity was apparent for
the slower-moving spots. Considerable hy-
drolysis has occurred during the 4-hr assay,
suggesting that the sarcoplasmic proteins
provided a good natural substrate. This is
in agreement with the recent report of
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Sharp (1963), in which he concluded that
the sarcoplasmic major
substrate for the natural proteolytic enzymes

proteins are the

in muscle.
Hydrolysis of substrates.
None of the substrates enzymatically treated
and assayed by Conway's micro-diffusion
method or the alcoholic KO H titration tech-
nique resulted in detectable hydrolysis.
Smith (1948a) reported hydrolysis of L-leu-
cylglycine, glycviglycine, L-leucylglycine,
glycylglycylglycine, and L-leucylglycylglycine
by crude extracts of either rat or rabbit
skeletal muscle. Likewise, Kies and Scliwim -
mer (1942) reported activity of similar ex-

tracts from beef on glycyl-L-leucine. glycyl-

synthetic

glycine, and DL-leucylglycylglycine. How-
ever, in all these studies muscle samples
were removed immediately post-mortem,

whereas in the present study samples were
not removed until 48 hr after death. In the
current study, it is possible that the enzymes
hydrolyzing these peptides were inactivated
prior to removal by physiological conditions,
or that the purification procedures either
inactivated these enzymes or excluded them
from The general instability
of some of the peptidases has been discussed
by Smith (1948b) and Davis (1961).

Benzoyl-L-arginineamide 1IC1 (a
strate specific for cathepsin B) and benzoyl-
L-tyrosyl-glycinamide (a substrate specific
for cathepsin C) were not hydrolyzed. The
presence of 0.004.1/ L-cysteine. with or
without ferrous ion, produced no activation
This
is in contrast to work reported by Sliwinski
gt al. (1961), who assayed a crude enzyme
fraction of bovine cathepsins with synthetic

the fraction.

sub-

of the enzyme toward either substrate.

substrates and concluded that the enzymes
were similar to cathepsins B and C though
not identical. Xo details were given by these
authors as to substrate used or as to the
particular enzyme fraction hydrolyzing the
substrates for cathepsin B and C. The par-
ticular fraction used by these authors prob-
ably differed from that used in the current
study.

The

three of the four

enzyme fraction was active upon

substrates in which the
carboxyl residue was provided by tyrosine.

The common product on hydrolysis of these
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substrates was tyrosine. This may have
been expected since Dahl (1962) reported

an increase in free tyrosine from 0.6 to 2.5%
of the total tyrosine on aging beef muscle
16 days post-mortem. Figs 2. 3, and 4 show

R i
0.4-
i
A
0.2* ~l Aol
m #
0.0* .
d b «
Fig. 2. Results from paper chromatography

showing a) substrate blank, b) reaction mixture,
and c¢) enzyme blank when using carbobenzoxy-L-
glutamyl-L-tyrosine as substrate. Spots located at
a-1 and b-1 are tyrosine resulting from autolysis of
substrate and hydrolysis of substrate, respectively.
Rr values for unhydrolyzed substrate = 0.75.

photographs of paper chromatograms of the
substrate blank, enzyme blank, and reaction
mixture, when using each of these substrates.

W hen using earbobenzoxy-L-glutamyl-L-
tyrosine as a substrate (Fig. 2), the spot a-1
was identified as tyrosine liberated as a result
of autolysis. The corresponding spot (b-1)
for the reaction mixture aliquot shows that a
considerable amount of tyrosine had been
liberated by enzymic hydrolysis in addition
to that resulting from the substrate blank.
The enzyme blank aliquot did not yield a
tyrosine spot. Thus, enzymic activity toward
the substrate was evident. Under assay con-
ditions, carbobenzoxy-L-glutamyl-L-tyrosine
is a specific substrate for the endopeptidases,
cathepsin A, and pepsin. Therefore, it was
concluded that the enzyme fraction contained

endopeptidase activity similar to that of
cathepsin A.
The results with glycyl-L-tyrosine as a

substrate are shown in Fig. 3. Spots a-1
and b-2 were glycine, one of the expected
products of hydrolysis. The greater inten-
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0.4.
0.2.
0.0*
b c
Fig. 3. Results from paper chromatography

showing a) substrate blank, b) reaction mixture,
and c¢) enzyme blank when using glycyl-L-tyrosine
as substrate. Spots located at a-1 and b-2 are
glycine resulting from autolysis and hydrolysis of
substrate. Spot located at b-1 is absent from a and
c. «r values for tyrosine = 0.27 and glycine =
0.11

sitv. of spot b-2 than of a-1 suggests that
hydrolysis of the substrate occurred in addi-
tion to that produced by substrate autolysis.
A compound resulting from the reaction
mixture (spot b-1) is absent from both sub-
strate and enzyme blanks. Apparently this
compound was formed from one of the
products of the hydrolyzed substrate (glycine
or tyrosine) and some product of autolysis
or hydrolysis of the enzyme fraction. The
compound formed, not identified, may pos-
sibly be a low-molecular-weight peptide.
Results were similar with L-leucyl-L-
tyrosine used as substrate (Fig. 4). Glycine
(spots b-2 and c-1) and tyrosine (spots b-3
and c-2) were evident in both the substrate
blank and to a slightly greater extent in the
reaction mixture. A detectable compound
(spot b-1) from the reaction mixture was
absent in both the enzyme and substrate
blanks. Again, it is suggested that peptide
formation may have occurred. Any enzymic
hydrolysis of L-leucyl-L-tyrosine of glycyl-
L-tyrosine must be attributed to endopepti-
dase or dipeptidase action since the particular

bonds involved are not susceptible to hy-
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f 3
0.2-
2
0.1-
£l
00- , X #
b

Fig. 4. Results from paper chromatography when
using leucyl-L-tyrosine as substrate showing a)
enzyme blank, b) reaction mixture, and c) sub-
strate blank. Spots b-2 and c-1 are tyrosine result-
ing from hydrolysis + autolysis and autolysis,
respectively. Similarly, b-3 and c-2 are leucine,
kr value for unhydrolyzed substrate = 0.58.

drolysis by aminopeptidases or carboxy-
peptidases. Hydrolysis followed by trans-
peptidation could be the result of dipeptidase
activity alone. Alternately, the formation of
the new compounds by transpeptidation fol-
lowed by hydrolysis could be carried out
entirely by endopeptidases. W ithout further
information it is impossible
which of these possibilities (or a combina-
tion thereof) is more feasible.

The results reported here tentatively sug-
gest that peptide synthesis or transpeptida-
tion may result from the action of some of
the catheptic enzymes found in beef muscle.
11 has been previously established that pro-
teolytic enzymes from various sources are
capable of transpeptidation and peptide elon-
gation (Durell and Fruton, 1954: Fruton
ct al.. 1951). If such reactions were to occur
to any extent in intact muscle of beef car-
casses. an analysis of free amino acids and
of free end groups would not necessarily be
indicative of the amount of proteolysis
occurring within the muscle.

to determine
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SUMMARY

Age-associated structural changes in collagenous residues isolated from the
loose connective-tissue network found within hovine hiceps femoris muscle

were studied with eollagenase used as a structural prohe.

Rate of enzymatic

digestion was measured by following the release of soluble protein, hydroxy-

proline,
fibrous residues.
protein and 8—=21%

and ninhydrin-positive material
Under the conditions of the experiment,
of the hydroxyproline
after 12 hr of incubation with eollagenase.

into the medium surrounding the
8—11% of the
in the residues were solubilized

Samples from four age groups

were studied: Group 1, veal, 40—49 days old; Group I, steers, 403—495 days
old; Group 111, cows, 4 years, 8 months to 5 years, 5 months old; Group IV,
aged cows, 10 years, 2 months and 10 years, 5 months old. The groups ranked
I. I, 1V, and II, from fastest to slowest, in rate of hydrolysis by eollagenase.
However, it was postulated that the larger amounts of lipid associated with
the Group Il samples acted to shield eollagenase-labile bonds and cause a slow

rate of hydrolysis.

Making this assumption, it appears that susceptibility to

eollagenase digestion of loose connective tissue follows an age pattern similar
to that reported for skin and tendon collagen.

INTRODUCTION

Structural changes in collagen have been
implicated as playing an important role in
the “collagen diseases” and in the aging
process. It has also been suggested that
structural alterations in collagen may cause
differences in meat tenderness ((loll et al..
1963). These phenomena may he linked
through common changes in the state of
the collagen fibers.

Several investigators have suggested that
mature collagen is more highly cross-linked
than collagen from younger subjects (Har-
rington and von Hippel, 1961; Gross, 1958;
Veis et al, 1960). Jackson and Bentley
(1960) proposed that a continuous spectrum

taken from the Ph.D. thesis of
Darrel E. Goll (University of Wisconsin, 1962),
was presented in part before the 54th Annual
Meeting of the American Society of Animal Pro-
duction, Chicago, November, 1962. Published with
the approval of the Wisconsin Agricultural Experi-
ment Station.

bPresent address: Department of Dairy and
Food Industry, lowa State University, Ames, lowa.

aThis paper,

of molecular aggregates exists in native con-
nective tissue. Increasing age connotes in-
creased cross-linking and consequent de-
creasing solubility of the collagen fibers.
New collagen fibrils are formed on the fibers
laid down earlier, and the latter are made
insoluble by further cross-linking, possiblv
involving covalent bonds (Yeis and Anesey,
1961 ; Gustavson, 1962) to give thicker fibers
(Gross, 1950; Banfield, 1955). As Scheraga
(1961 ) pointed out, increased cross-linking
of protein molecules should result in slower
observed rate of proteolytic hydrolysis.
The several reports of age-associated
changes in the rate of hydrolysis of fibrous
collagen by eollagenase have substantiated
these conclusions. Keech (1954a,b; 1955)
found that the eollagenase susceptibility of
biopsy samples of human dermal collagen
decreased with increasing age of the donor.
Collagen from young patients was readilv
and completely hydrolyzed, but collagen
samples from older patients were only par-
tially hydrolyzed, leaving behind a residue
which Keech termed “moth-eaten fibers” be-
cause of their appearance under the electron

[608]



GOLL, HOEKSTRA, AND BRAY

microscope. Diseased patients possessed a
more collagenase-resistant tissue than healthy
ones. Kolm and Rollerson (1960) have
also reported a decrease in collagenase sus-
ceptihility of human tendon collagen with
increasing age.

Harrington, von Hippel, and their co-
workers have proposed the use of proteo-
lytic enzymes as probes of the secondary
structure of fibrous proteins (Harrington
ct al.. 1959; Mihalyi and Harrington, 1959;
von Hippel et al, 1960; von Hippel and
Harrington, 1959). By heating soluble col-
lagen to temperatures above the collagen-*
gelatin transition temperature, those investi-
gators were able to conclude that the differ-
ences observed in the Kinetics of proteolysis
by collagenase were, at least for the soluble
collagen-collagenase-gelatin system, entirely
configurational in origin. Although caution
should be used in extrapolating results with
soluble collagen to the main part of the
collagen fiber, it seems likely that extensive
cross-linking within collagen fibers may also
restrict the availability of susceptible bonds
to enzymic attack’.

This study was conducted to investigate
age-associated structural changes in collag-
enous residues obtained from the loose
connective-tissue network found within bo-
vine biceps femoris muscle with collagenase
used as a structural probe. If such changes
occur, they may he, in part, responsible for
the decreased tenderness of meat from older
animals. Jackson (1958) also has pointed
out the need for studies of connective tissue
other than the conventional skin, tendon,
and granulation tissue in order to establish
the pattern of in vivo fibrogenesis.

METHODS

Eleven animals, varying in genetic and nutri-
tional background, were divided into tour age
groups: Group |1, three Holstein calves, 40-49
days old ; Group IT, three Hereford steers, 403-495
days old; Group IlI, three cows (one Holstein,
one Hereford, and one Jersey) ranging from 4
years, 8 months to 5 years, 5 months old; Group
1V, two Holstein cows, 10 years, 2 months and
10 years, 5 months old. The entire biceps femoris
muscle was removed from the right side of each
animal within 20 min of death, immediately chilled
on dry ice, freed of adhering fat and connective
tissue, and minced five min with dry ice in a
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Buffalo silent cutter, Model 23. The minced tissue
was extracted at 0-4°C with precooled 1.1.1/ KI
buffered at pH 7.4 with 0.1.1/ potassium phosphate,
and the connective tissue residue from this extrac-
tion was then freed of lipid according to the pro-
cedure described by Goll ct al. (1963). The residue
left after lipid extraction was lyophilized and
powdered in a small Wiley mill at 0°C. Seventy-
five-mg samples of the lyophilized, powdered con-
nective-tissue residues were weighed into 50-ml
Erlenmeyer flasks. Three samples were weighed
for each animal. A small piece of glass wool, 20.5
ml of deionized water, 1.5 ml of 1.0.1/ CaCk, and
3.0 ml of 10.1/ Tris [tris(hydroxymethyl)amino-
methane] buffer (pH 7.8) were added to each
flask. The flasks were placed in a Dubnoff Incu-
Shaker, Model 61, water bath for 1 hr at 37°C,
and then 5 ml of a prewarmed 0.1% collagenase
solution were added. A blank flask containing
5 ml of deionized water in place of the enzyme
was included in each run for every animal.

The 0.1% collagenase solution was prepared by
dissolving 250 mg of crude collagenase powder
obtained from Nutritional Biochemicals Corpora-
tion in 125 ml deionized water. This solution was
centrifuged at 17,000 X G for 2 hr at 2°C and
the supernatant made up to 200 ml. The enzyme
was dialyzed for 24 hr against two changes of
Ringer's solution, and the dialysate was made up
to 250 ml.

Immediately after addition of the enzyme to
initiate the reaction, two 1-ml samples were re-
moved from each flask. To stop the enzymatic
reaction, one of these was placed in a centrifuge
tube containing 1 ml of 5% NaaCOn and the
other in a centrifuge tube containing 1 ml of a
saturated acetate buffer (pH 4.7) prepared accord-
ing to the method of Rosen (1957). These tubes
were centrifuged for 15 min, and 0.5-ntl samples
were removed in duplicate from the supernatant
and made up to 1 ml with deionized u'ater for
analysis. Samples from the tubes containing the
5% XaXO:i were used for protein analysis by a
modified Folin-Lowry (Lowry et al.,, 1951) pro-
cedure, and samples from the tubes containing the
acetate buffer were used for ninhydrin analysis of
free amino groups according to the method of
Rosen (1957). Duplicate 1-ml samples were re-
moved front each flask and handled according
to the procedure described at 0, 1, 3, 5, 8, and 12 hr
after addition of the enzyme.

The Folin-Lowry protein analysis (Lowry ct al.,
1951) was modified to give greater sensitivity.
Just prior to an analysis, 1 ml of 0.0SM CuSCh
was mixed with 1.5 ml of 2.5% sodium tartrate,
and 2 ml of this mixture were then diluted to
25 ml with'an 8% Xa-COa solution in 0.2Ar XaOH.
One ml of this reagent was mixed with 1 ml of
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sample and allowed to stand at room temperature
for 10 min or longer. Then 0.2 ml of the diluted
Folin-Ciocalteu reagent (Hawk ct al., 1949) was
added and mixed immediately. After the mixture
sat at room temperature for 45 min, the absorb-
ancies were read on a Zeiss spectrophotometer at
7500 A. This modified analysis gave a color which
was stable for at least 4 hr and permitted deter-
mination of as little as 10 fig of gelatin per ml.
The standard curve, made from gelatin purchased
from Distillation Products Industries, Division of
Eastman Kodak Company, was linear through the
origin up to 50 fig of gelatin per ml. Above this
concentration, the slope decreased. The upper limit
of the analysis was approximately 250 fig per ml
when gelatin was the standard protein used.

Rosen’s ninhydrin analysis was also modified
slightly, using 1 ml of the acetate-cyanide buffer
and 1 ml of the 3% ninhydrin reagent on 1-ml
samples. Leucine was used as a standard, and all
ninhydrin values are expressed in terms of leucine
equivalents.

A separate collagenase digestion was used to
measure the rate of release of soluble hydroxy-
proline-containing material under the same condi-
tions described above. One-ml samples of the
collagenase digests were removed and placed in
05 ml of 6.Y HCl. After centrifugation, 1-ml
samples were removed from the supernatant of
each tube and placed in 15-ml calibrated glass
tubes. One ml of 6N HC1 was added to each tube,
and the tubes were autoclaved 6 hr at 19 Ib pres-
sure (126°C), previous trials having shown that
the yield of hydroxyproline was greater at 6 In-
dian at 3, 4, or 8 hr under these conditions. After
removal from the autoclave and cooling, the sam-
ples were neutralized to a phenolphthalein end-
point with NaOH and made up to 6 ml with
deionized water. One-half-ml portions were re-
moved in duplicate from each tube and made up
to 2 ml with deionized water for hydroxyproline
analysis by the modified Woessner method de-
scribed by Goll ct al. (1963).

The results of these three analyses were ex-
pressed on the basis of the concentrations of
soluble protein, ninhydrin-positive material, and
hydroxyproline in the Erlenmeyer flasks at the
various sampling times after correction for the
zero-time values. Since variation was expected
among animals of the same age group and among
different samples of the same lyophilized connective-
tissue preparation, all results were subjected to
detailed statistical analysis according to the meth-
ods presented by Snedecor (1956).

RESULTS

Release of soluble protein. Table 1 shows the
release of soluble protein from the lyophilized con-
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nective-tissue samples of the four age groups.
The values in the table represent the average
concentrations of soluble protein in the incubation
medium after subtraction of zero-time soluble pro-
tein concentrations. The concentrations of soluble
protein in the flasks containing deionized water in
place of the enzyme did not change over the 12-hr
incubation period, remaining close to zero.

Analyses of the lyophilized residues revealed that
not all residues had the same chemical compo-
sition (Goll ct al, 1963). The samples from
Group | averaged 49% collagen as measured by
hydroxyproline analysis, whereas those from the
other three groups averaged from 58-68% collagen.
Since collagenase is specific for collagen or gelatin
(Mandl, 1961), the amount of collagen in the
samples would be expected to influence their rate
of digestion by collagenase. Therefore, the release
of soluble protein was adjusted to put all samples
on an equal collagen-content basis. This adjust-
ment was done by multiplying the concentrations
of soluble protein in the flasks by a ratio calcu-
lated from the hydroxyproline contents of the
lyophilized samples. The ratio was determined
for each animal by dividing the hydroxyproline
content of that animal's connective-tissue samples
into the lowest hydroxyproline content among the
eleven samples. Thus, the ratios for the eleven
animals ranged from 0.57 to 1.00. Although it is
not claimed that these ratios represent exact ad-
justments for the different amounts of collagen
in the samples, it does appear necessary to make
some correction for the varying amounts of sub-
strate present. Therefore, Table 1 shows both
adjusted and unadjusted data for the release of
soluble protein by collagenase. The adjusted data
indicate that soluble protein was released more
rapidly from the Group 1| (veal) samples and
more slowly from the Group Il (steer) samples.

The age-time interaction was the most inter-
esting source of variation in the analyses of vari-
ance since it indicated the significance of the
differences existing among the age groups in the
time course of hydrolysis. This interaction was
highly significant (p<0.005) in analyses of both
the adjusted and the unadjusted data, showing
that collagenase digestion of the connective-tissue
residues followed a different kinetic pattern for
each of the four age groups. It is evident from
Table 1 that the samples from Group IIl (cows)
had a rapid initial release of protein compared
to the samples from the other three groups. A
more detailed Kkinetic analysis was not attempted,
since the insoluble substrate limits the interpre-
tation of Kinetic results.

Release of soluble hydroxyproline. Table 1 also
shows unadjusted and adjusted data for the re-
lease of hydroxyproline from the connective-tissue
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residues. The concentration of hydroxyproline in
the flask containing deionized water in place of
enzyme remained near zero throughout the hydroly-
sis. These data closely parallel those showing the
release of soluble protein, although the differences
among the four groups are more pronounced in
the case of the release of soluble hydroxyproline.
Also, analyses of variance of the adjusted and
unadjusted data revealed that the age-time inter-
action was highly significant for both sets of data.
Again, the samples from Group Il (cows)
released soluble material more rapidly during the
initial stages of hydrolysis than the samples from
the other three groups.
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Release of soluble ninhydrin-positive material.
Table 1 shows the release of soluble ninhydrin-
positive material from the insoluble connective-
tissue residues. The figures represent m/;moles of
soluble leucine-equivalent material per ml of incu-
bation medium in the flasks after correction for
the zero-time values. Although the flasks containing
deionized water in place of enzyme showed some
fluctuations in content of ninhydrin-positive ma-
terial during hydrolysis, no consistent increase or
decrease was noted, and therefore no correction
for these fluctuations was attempted.

The results of the ninhydrin analyses closely
parallel those of the protein and hydroxyproline

Table 1 Release of soluble protein, hydroxyproline, and ninhydrin-positive material from
bovine biceps femoris connective tissue by collagenase."

W e

Protein (gelatin standard )

1 54.8+2.0 26.0+2.5
(65.7+2.8)" (40.9+3.6)
3 118.9+4.1 60.5+4.5
(142.2+2.8) (95.3+5.8)
5 154.0d=5.5 75.2+5.1
(1837+2.7) (118.7+6.4)
8 196.3+7.3 97.8+7.1
(233.8+2.9) (153.8+9.0)
12 230.7+9.2 122.7+8.5
(274.4+3.6) (193.6+10.8)
Hydroxyproline
1 8.6+1.0 2.8+0.2
110.8+1.4)b (4.040.2)
3 15.9+0.9 5.4£0.4
(19.3+1.4) (7.9+0.4)
5 17.2+1.2 8.9+0.3
(21.2+1.9) (13.0+0.4)
8 24.0+1.3 9.4+0.3
(29.5+2.2) (13.8+0.4)
12 28.8+0.9 11.3+0.2
(35.1+2.0) (16.6+0.5)
Ninhydrin-positive material (leucine equiv.)
1 84+6 34+3
(104+11)" (56.5)
3 216+10 97+8
(264+17) (155+12)
5 296+14 119+5
(333+24) (189+6)
8 361+ 11 140+7
(441 + 24) (225+ 12)
12 456+10 148+7
(556+25) (236+10)
“Figures

(403-516%%9%3& old)

Group LIl Group 1V
G §8%"?s"55>|d) (ded.only
68.8+2.2 44.8+4.3
(113.1+3.0) (67.3+5.0)
114.4+3.9 92.6+7.7
(188.0+5.6) (139.7+8.6)
124.7+2.9 127.9+9.7
(205.0+3.7) (193.2+10.4)
144.7+3.2 153.2+10.9
(237.849.0) (231.7+11.4)
160.2+4.2 172.8+12.4
(278.0+5.2) (261.3+13.0)
7.8+0.4 4.4+0.2
(13.1+0.5) (6.5+0.3)
10.740.5 6.9+0.2
(17.9+0.8) (10.1+0.4)
13.8+0.6 8.8+0.2
(23.040.8) (12.9+0.4)
16.3+0.6 11.0+0.3
(27.3+0.8) (16.1+0.4)
18.2+0.6 13.5+0.1
(30.4+0.8) (19.8+0.4)
88+4 44+4
(145+6) (69+7)
159+6 130+11
(262+8) (198+14)
203+ 7 163+9
(334%11) (249+11)
253+8 180+11
(415 + 10) (274+12)
270+7 207+8
(444+10) (318+12)

represent average Mg (m/unoles for ninhydrin-positive material) per ml of

incubation medium (plus or minus the standard error) of 18 determinations for all groups
except Group IV. where an average of 12 determinations is represented.

bFigures enclosed by parentheses represent the data which are not adjusted for the
hydroxyproline content of the samples. The figures not enclosed are the adjusted data.
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analyses. Group [IIl (cows) samples released
soluble ninhydrin-positive material very rapidly

when compared to samples from the other three
age groups during the first hour of incubation,
but this rate of release decreased after 3 hr.

Molecular weight of the soluble protein. Since
the protein and ninhydrin analyses were conducted
on samples taken from the same flask at the same
time, it was possible to calculate an average
molecular weight of the soluble protein in the
flasks. Any effect due to the initial addition of
the enzyme and to the small amounts of soluble
protein originally present in the flasks was re-
moved by correction for the zero-time values of
protein and ninhydrin-positive material in the
flasks. In calculating molecular weight in this
manner, it is necessary to assume that the nin-
hydrin values are measuring only the concentration
of N-terminal amino groups in the reaction me-
dium. Although about 2.5% of the amino acid
residues of collagen are lysine, this amino acid
appears to be concentrated in the non-collagenase-
susceptible regions of the molecule (Nishigai et ah,
1960; Nordwig ct at., 1961). Therefore, it seems
likely that the largest part of the ninhydrin value
is due to the N-terminal amino groups.

Table 2 shows the approximate molecular weight
of the soluble protein in the collagenase digests
after the various incubation periods. There was
some decrease in the average molecular weight of
the soluble protein after the first hour of incubation.
This may indicate some hydrolysis of the soluble
peptides after their release from the insoluble
fiber, either by collangenase itself or by contami-
nating proteases. No significant difference was
noted among the four age groups in the molecular
weight of the soluble protein released by the
enzyme.

DISCUSSION

Twelve hours of incubation with collage-
nase under the conditions described under
Methods resulted in the solubilization of
11% of the total protein in the Group |
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(veal) samples, 8% of the protein in the
Group Il (steer) samples, 11% of the pro-
tein in the Group 111 (cows) samples, and
10% of the protein in the Group IV (aged
cows) samples. The same conditions caused
the solubilization of 21% of the total hy-
droxyproline in the Group | samples, 8%
in the Group Il samples, 13% in the Group

Il samples, and 10% in the Group IV
samples.
The protein, hydroxyproline, and nin-

hydrin analyses all indicated that samples
from Group | (veal) were hydrolyzed most
rapidly during a 12-hr incubation with col-

lagenase. Group Il (cows), Group IV
(aged cows), and Group Il (steers) fol-
lowed Group T in order from fastest to

slowest in rate of digestion by collagenase.
Unless Group Il is omitted, these data do
not entirely support the conclusions of Keech
(1954a,b; 1955) and Kohn and Rollerson
(1960) regarding the effect of age upon the
rate of digestion of collagen by collagenase.
Chemical analyses of the Ivophilized con-
nective-tissue residues of Group Il revealed
that they contained nearly 2.5% lipid in spite
of the rigorous fat-extracting methods used
in their isolation. Samples from the other
three groups all possessed less than 1%
lipid. The bound lipid content of Group Il
samples may suggest the presence of a large
amount of reticulin which has a high bound
lipid content (Robb-Smith, 1958). Since
reticulin may be resistant to collagenase,
this may explain the slow rate of hydrolysis
of Group Il samples. It is also possible that
the large amount of lipid associated with
the samples from Group Il may act to shield
collagenase-labile bonds from the enzyme or
to restrict diffusion of the enzyme to the

Table 2. Approximate molecular weight of soluble protein in collagenase digests of bovine

biceps femoris connective tissue.”

Incybation G V%u | fr%ygi Groupgl G vV
COWS

s (404é Gysold (403435 0 old) 612 (fcl)gyeagé grsm“o“f&)

T 766+55 870+118 795+31 1123+ 172

3 592+15 639+43 721+15 710+43

5 647149 622421 62120 774+ 37

8 580122 699146 57418 848+33

12 533+23 824141 629+13 832156

* Figures represent average g/mole of soluble protein (plus or minus the standard error)
of 18 determinations for all groups except Group IV, where an average of 12 determinations

is represented.
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insoluble substrate. Data presented in the
following papers tend to confirm this possi-
bility (Goll et al., 1964a,b). There is no
apparent reason why lipid should have re-
mained bound to the samples from Group Il
and not to the samples from the other three
groups unless a sex effect is involved.
Groups I, IIl, and 1V were all females,
whereas Group Il was castrated males.

Analyses of variance revealed that en-
zymic hydrolysis of the lyophilized samples
followed a different kinetic pattern for the
different age groups. The protein, hydroxy-
proline, and ninhydrin analyses all indicated
that the samples from Group Il (cows)
were hydrolyzed very rapidly compared to
samples from the other three groups during
the first hour of incubation. A possible
explanation is that the residues from Group
Il were partially denatured during their
isolation. The enzyme would then rapidly
hydrolyze the denatured collagen, releasing
it as soluble material. Such degradation
must be slight, since hydrolysis slows con-
siderably after the first hour, before 3% of
the protein has been solubilized.

The values of 600-800 g/mole for the
average molecular weight of the soluble pro-
tein released by collagenase is in good agree-
ment with the values of 500-600 g/mole
reported by Seifter et al. {1959), who used
the same method to estimate molecular
weight.

The differences observed in the rate of
collagenase digestion of the samples may
be due either to differences in the availability
of substrate to the enzyme or to the type
of limited proteolysis reaction discussed by
Scheraga (1961). Both of these effects
would be caused by increased cross-linking
within or among tropocollagen molecules.
Although change in the rate of enzymic di-
gestion provides presumptive evidence for
the existence of more frequent or stronger
cross-linkages in more mature collagen, it
does not, by itself, rule out the effect in
insoluble substrates of shielding of colla-
genase-susceptible bonds by elastin, lipid, or
any other non-collagenase-labile substances
in the samples. While it might be assumed
that these shielding effects remain the same
among similarly treated samples from differ-
ent age groups, the data presented here
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indicate that it may be unwise to do so.
Analyses showing the protein, lipid, and
collagen composition of the samples should
be presented when collagenase is used as a
structural probe of fibrous collagen. Even
with these data, additional information ob-
tained by other techniques would appear
necessary before any definite conclusions can
be reached regarding the nature of the cross-
linking in fibrous collagen. Following papers
will present two techniques which should
prove valuable for the study of fibrous col-
lagen.

ACKNOWLEDGMENTS

This research, supported in part by the Research
Committee of the Graduate School from funds
supplied by the Wisconsin Alumni Research Foun-
dation, was carried out during the tenure of a
Predoctoral Fellowship (DEG) from the Division
of General Medical Sciences, U. S. Public Healtli
Service.

REFERENCES

Banfield, W. G. 1955. Width and length of col-
lagen fibrils during development of human
skin, in granulation tissue, and in the skin of
adult animals. J. Gerontol. 10, 13.

Goll, D. E., R. W. Bray, and W. G. Floekstra,

1963. Age-associated changes in muscle com-

position. The isolation and properties of a

collagenous residue from bovine muscle. J.

lI-ood Sci. 28, 503.

D. E., W. G. Hoekstra, and R. W. Bray.
1964b.  Age-associated changes in bovine
muscle connective tissue. Il. Exposure to in-
creasing temperature. J. Food Sci. 29, 615.

D. E, R. W. Bray, and W. G. Hoekstra.
1964a. Age-associated changes in bovine
muscle connective tissue. Ill. Rate of solu-
bilization at 100°. J. Food Sci. 29, 622.

Gross, J. 1950. A study of the aging of collagenous
connective tissue of rat skin with the electron
microscope. Am. J. Pathol. 26, 708.

Gross, J. 1958. Studies on the formation of col-
lagen. Ill. Time-dependent solubility changes
of collagen in vitro. J. Exptl. Med. 108, 215.

Gustavson, K. H. 1962. The behavior of teleostean
and bovine collagen towards specific agents
indicating the presence of covalent cross-link-
ages in bovine collagen. In: “Symposium of

Goll,

Goll,

Central Leather Research Institute on Col-
lagen.” p. 279. (N. Ratnanathan, ed.) Inter-
science Publishers, New York.

Harrington, W. F., and P. H. von Hippel. 1961.



614
'Plie structure of collagen and gelatin. Ad-
vances in Protein Chem. 16, 1

Harrington, W. F,, P. H. von Hippel, and

E. Mihalyi. 1959. Proteolytic enzymes as
probes of the secondary structure of fibrous
proteins. Biochim. ct Biophys. Acta 32. 303.

Hawk, P. B., B. L. Oser, and W. H. Summerson.
1959. "Practical Physiological Chemistry.”
12th ed. p. 879. Blakiston Co., Philadelphia.

Jackson, D. S. 1958. The biogenesis of collagen.
In: "Recent Advances in Gelatin and Glue
Research." p. 50. (G. Stainsby, ed.) Per-
gamon Press, New York.

Jackson, D. S., and J. P. Bentley. 1960. Signifi-
cance of the extractable collagen. /. Biophys.
Bioehnn. Cytol. 7. 37.

Keech, M. K. 1954a. The effect of collagenase
and trypsin on collagen. An electron micro-
scope study. Ana/. Record 119, 139.

Keech, M. K. 1954b. Effect of collagenase on
human skin collagen. Comparison of different
age groups with and without collagen diseases.
Yale J. Biol. Med. 26. 295.

Keech. M. K. 1955. Human skin collagen from
different age groups before and after collag-
enase digestion. Ann. Rheumatic Diseases 14,
19.

Kohn, R. R, and E. J. Rollerson. 1960. Aging
of human collagen in relation to susceptibility
to the action of collagenase. J. Gerontol. 15, 10.

Lowry, O. H., N. J. Rosebrough, A. L. Farr, and
R. J. Randall. 1951. Protein measurement
with the Folin phenol reagent. J. Biol. Chem.
193. 265.

Mandl, I. 1961. Collagénases and elastases.
vances in Ensymol. 23. 163.

Mihalyi, E., and W. F. Harrington. 1959. Studies
on the tryptic digestion of myosin. Biochim.
et Biophys. Acta 36, 447.

Ad-

changes in bovine muscle CONNECTIVE TISSUE—I

Nishigai, M., Y. Nagai, and H. Xoda. 1960. Par-
tial collagenase digestion of the fiber structure
of collagen. J. Biochem. (Tokyo) 48, 152.

Nordwig, A., H. Hormann, K. Kuhn, and W.
Grassmann. 1961. Weitere Versuche zum
Abbau des Kollagens durch Kollagenase. V.
Aminosauresequenzen des Kollagens. Z.
Physiol. Chem. 325. 242.

Robb-Smith, A. H. T. 1958. The relationship of
reticulin to other “collagens.” In: “Recent
Advances in Gelatin and Glue Research.” p. 38.
(G. Stainsby, ed.). Pergamon Press, New
York.

Rosen, A. 1957. A modified ninhydrin colorimetric
analysis for amino acids. Arch. Biochem. Bio-
phys. 67, 10.

Scheraga, H. A. 1961. “Protein Structure.” p. 67.
Academic Press, New York.

Seifter, S., P. M. Gallop, L. Klein, and E. Meilman.
1959. Studies on collagen. Il. Properties of
purified collagenase and its inhibition. J. Biol.
Chem. 234. 285.

Snedecor, G. W. 1956. “Statistical Methods.” 5th
ed. p. 329. lowa State College Press, Ames.

Veis, A., and J. Anesey. 1961. The long range
reorganization of gelatin to the collagen struc-
ture. Arch. Biochem. Biophys. 94. 20.

Veis, A., J. Anesey, and J. Cohen. 1960. The
depolymerization of collagen fibers. J. Ameri-
can Leather Chemists' Assoc. 55, 548.

von Hippel, P. H., and W. F. Harrington. 1959.
Enzymic studies of the gelatin to collagen fold
transition. Biochim. ct Biophys. Acta 36. 427.

von Hippel, P. H., P. M. Gallop, S. Seifter, and
R. S. Cunningham. 1960. An enzymatic ex-
amination of the structure of the collagen
macromolecule. /. Am. Chem. Soc. 82. 2774.



Age-Associated Changes in Bovine Muscle Connective
Tissue. Il. Exposure to Increasing Temperature6

DARREL E. GOLL,1\Y. G. EIOEKSTRA, ana R. \Y. BRAY

Department of Biochemistry ami Department of Meat ami Animal Science. Cooperating.
University of Wisconsin, Madison, Wisconsin

(Manuscript received January 27, 1964)

SUMMARY

Changes in collagen structure during maturation »ere studied with col-
lagenous residues obtained from the loose connective-tissue network within
bovine biceps femoris muscle from animals of different ages. A new technique
for studying thermal shrinkage and collagen structure of powdered collagenous
residues was described. Samples from four age groups were studied: Group I,
three calves, 10—19 days old; Group 11, three steers, 403—495 days old;
Group I, three cows, 4 years, 8 months to 5 years, 5 months old; Group IV,
two cows, 10 years, 2 months and 10 years, 5 months old.

The release of soluble protein, ninhydrin-positive material, and hvdroxy-
proline from collagenous residues into a phosphate-buffered medium (pH
7.0) upon incubation at gradually increasing increments of temperature from
25 to 70°C was measured. Differences between various age groups were
marked, and at 60°C and above, the groups ranked I, II, Ill, and IV, from
highest to lowest, in amounts of soluble material released. At the final tem-
perature of 70°C, Group | samples had released 42% of their hydroxyproline
in a soluble form, compared to only 2% from Group IV. The thermal shrink-
age temperature, which was taken as that temperature at which a sudden
release of soluble hydroxyproline occurred, increased with advancing age,
from near 55°C for Group | to 70°C or above for Group IV, while the
average molecular weight of the soluble protein released was greater for the

younger animals.
ing the

The results were discussed in relation to experiments involv-
rate of collagenase digestion of the

same samples. The findings

indicate stronger or more extensive cross-linkages in the collagen from older

animals.

INTRODUCTION

Thermal shrinkage has been recognized as
one of the characteristic properties of col-
lagen for many years (Ewald, 1919; Gus-
tavson, 1956). This phenomenon may be
observed simply by subjecting a bundle of
collagen fibers to slow heating. At a tem-
perature, 7* which is characteristic of the
species from which the collagen was ob-
tained. the fibers suddenly contract to 1/3
of their original length. According to Gus-

1 This paper, taken from the Ph.D. thesis of
Darrel E. Goll (University of Wisconsin, 1962),
was presented in part before the 54th Annual Meet-
ing of the American Society of Animal Production,
Chicago, November, 1962. Published with the ap-
proval of the Director of the Wisconsin Agricul-
tural Experiment Station.

bPresent address: Department of Dairy and
Food Industry, lowa State University, Ames, lowa.

tavson (1955a,b), this is caused by a rup-
ture of the interchain cross-linkages of
collagen. Strengthening or increasing the
number of these cross-linkages leads to an
increase in T,, but the addition of agents
which interfere with cross-linkages by direct
competition for valency will decrease T,.
Gustavson (1957) has also stated that the
principal type of cross-linkage broken during
the thermal contraction of collagen is the
hydrogen bond, and he postulated that the
hydrogen bonds formed by the hydroxyl
group of hydroxyproline are among the
principal sources of stabilization of the col-
lagen fiber against thermal shrinkage. How-
ever, recent evidence indicates that the
influence of pyrrolidine residues in locking
the amino acid residues of collagen into a
polv-L-proline 1l-type configuration may be
a more important source of stabilization of
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the collagen fiber (Burge and Hynes, 1959;
Piez and (jross, 1960).

The thermal shrinkage of collagen fibers
has been related to the thermal denaturation
of soluble collagen molecules (Esipova ct al.,
1958; Doty and Xishihara, 1958). If the
optical rotation or viscosity of a tropocol-
lagen solution is followed as the tempera-
ture is slowly increased, large changes in
these two properties will occur over a
narrow temperature range. The midpoint of
this temperature range may be called T».
For all classes of collagen studied to date,
the difference between Ts and TD has been
found to be 27+3°C. This indicates that
thermal shrinkage may be a manifestation
of the collapse of the triple-helical collagen
molecule. Fiber shrinkage occurs at a higher
temperature than the denaturation of soluble
collagen because both the intramolecular
forces within the triple-stranded molecule
and the crystallization energy must be over-
come. When interpreted in view of this
evidence, differences in the thermal-shrink-
age temperature of collagen fibers appear to
depend upon intra- rather than intermolec-
ular interactions (Harrington and von
Hippel, 1961).

Verzar and his co-workers (Brocas and
Verzar, 1961; Verzar, 1957; Yerzar and
Freydberg-Lucas, 1958; Verar and Huber,
1958) have reported a close correlation be-
tween the isometric tension developed dur-
ing thermal contraction and age as well as
between the weight required to prevent
shortening of rat-tail tendons and age.
Those workers stated that the temperature
of thermal shrinkage, Ts, was not related to
age. This is in accord with results of Hall
and Reed (1957). Other workers, however,
have reported an increase in T, with ad-
vancing age (Brown and Consden, 1958;
Brown et al., 1958; Joseph and Bose, 1962).

The difficulty in unequivocally interpret-
ing the results of collagenase digestion of
insoluble collagen samples from animals of
different ages has been described in a pre-
vious paper (Foil ct al., 1964b). The ther-
mal shrinkage of collagen fibers appeared
to offer a method for obtaining additional
information regarding changes in collagen
structure upon maturation and the relation
of these changes to meat tenderness. Verzar
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and his associates (Meyer and Yerzar, 1959 ;
Yerzar, 1960; Yerzar and Meyer, 1961;
Yerzar and Thoenen, 1960) recently re-
ported that soluble substances are released
from collagen fibers during thermal shrink-
age. These substances contain ninhydrin-
positive material and hydroxyproline. The
amount of soluble substance released ap-
peared to decrease with advancing age in
Yerzar’s studies. This paper describes a
new method for measuring thermal shrink-
age of insoluble collagen isolated from the
loose connective-tissue network within bo-
vine biceps femoris muscle. Use of this
method demonstrates wide differences be-
tween collagen samples from animals of
different ages and dispenses with the neces-
sity of using fibers to measure thermal
shrinkage.

METHODS

Connective-tissue samples were obtained from
the loose connective-tissue network with the biceps
femoris muscle as already described (Goll ct al.,
1964b). Four age groups were represented: Group
I, three Holstein veal calves, 40-49 days old;
Group Il, three Hereford steers, 403-495 days old;
Group Ill, three cows (Holstein, Hereford, and
Guernsey breeding), 4 years, 8 months to 5 years,
5 months old; Group IV, two Holstein cows, 10
years, 2 months and 10 years, 5 months old.

Triplicate 150-mg samples of the lyophilized
connective-tissue residues were weighed into 50-ml
Erlenmeyer flasks. Forty ml of 0.14/ sodium
phosphate buffer, pH 7.0, were added to each
flask. The flasks were incubated in a Dubnoff
Incu-shaker, Model 61, water bath at 25°C for
1 hr, and 4-ml samples were then removed from
each flask. The samples were placed in glass
centrifuge tubes, allowed to cool, and centrifuged
for 15 min. Following removal of the sample,
the temperature of the water bath was raised to
45°C. After remaining at this temperature for
15 min, another 4-ml sample was removed front
each of the flasks and placed in cold centrifuge
tubes. The temperature of the water bath was
then raised to 55°C. This procedure was repeated
at 55, 65, and 70°, holding the flasks at each of
these temperatures for 15 min before sampling
and moving on to the next-higher temperature.
Temperatures higher than 70°C were not used,
because the temperature of the water bath was
difficult to control accurately.

Samples (0.5 ml) were withdrawn in duplicate
from the supernatant in the centrifuge tubes for
protein analysis by the modified Folin-Lowry
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method already described (Goll ct al.. 1964b).
Two additional 0.5-ml portions were removed for
ninhydrin analysis (Goll ct al., 1964b). Lastly, a
1-ml sample was taken from the supernatant and
placed with 1 ml of 6.Y HC1 in a graduated tube.
This tube was autoclaved for 6 hr at 19 Ib pres-
sure (126°C). The samples were neutralized to
a phenolphthalein end-point with NaOH, made up
to 6 ml with deionized water, and 0.5-ml portions
were removed in duplicate and placed in test
tubes. These were made up to 2 ml with deionized
water and analyzed for hvdroxyproline by a modi-
fication (Goll ct al., 1963) of the procedure de-
scribed by Woessner (1961).

The results of the three analyses were expressed
on the basis of the concentration of soluble pro-
tein, leucine-equivalent ninhydrin-positive material,
and hvdroxyproline in the flasks at each tempera-
ture. Since all three analyses were conducted on
the same samples, an estimate could also be ob-
tained of the molecular weight and the hydroxy-
proline content of the soluble protein. All results
were analyzed according to the procedures outlined
by Snedecor (1956).

RESULTS AND DISCUSSION

Incubation of the insoluble connective-tis-
sue residues under the conditions described
in Methods resulted in solubilization of 23%
of the total protein and 42% of the total
hvdroxyproline in the Group | (veal) sam-
ples, 11% of the protein and 17% of the
hvdroxyproline in the Group Il (steer)
samples, 4% of the protein and 5% of the
hvdroxyproline in the Group Il (cow)
samples, and only 2%, of the protein and 2%
of the hvdroxyproline in the Group IV
iaged cow) samples. These figures show
that a higher percentage of hvdroxyproline
than of protein was solubilized. Thus, col-
lagen was probably the primary protein
affected in this experiment although the
samples probably contained elastin and pos-
sibly reticulin as well as collagen.

The protein, ninhydrin, and hydroxypro-
line analyses showed marked age-associated
differences among the four groups in release
of soluble material with increasing tempera-
ture (Table 1). In each of these analyses,
the samples from the younger animals re-
leased more soluble material and released it
at a lower temperature. Previous analyses
(Goll ct al.,, 1963) had shown that signifi-
cant differences existed in the hydroxvpro-
line content of the samples from the four
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groups, so the data for this release of hy-
droxyproline were adjusted to put all sam-
ples on an equal hydroxyproline-content
basis (cf. Goll ct al., 1946b). This appeared
necessary since the samples from (jroup |
contained only 49% collagen by hydroxy-
proline content whereas the samples from
the other three groups ranged from 59 to
68% collagen. The adjusted data for the
release of soluble hvdroxvproline appear in
Table 1

By assuming that all of the hvdroxyproline
released by the increasing temperatures was
in peptide-linkage, the hydroxyproline con-
tent of the soluble protein could be calcu-
lated. Since the ratio of hydroxyproline to
protein in the insoluble residues was not
the same among the four groups, the data
were adjusted to put all samples on an
equal hydroxyproline-to-protein ratio. This
was done by calculating the mg of hydroxy-
proline per g of protein (Kjeldahl N multi-
plied by 6.25) in the samples from each
animal. The animal with the lowest ratio
of hydroxyproline to protein in the insoluble
residues was selected as a base for the ad-
justment, and the hydroxyproline-to-protein
ratios of all the other animals were divided
into this base to give a correction factor.
The hydroxyproline content of the soluble
protein released from each animal’s samples
was then multiplied by that animal's correc-
tion factor. The eleven correction factors
calculated in this manner ranged from 0.54
to 1.00. This method of correcting the data
resulted in a decrease of all values for the
hydroxyproline content of the soluble pro-
tein. Adjusting the data in this fashion
recognized the fact that the samples from
different animals possessed varying amounts
of noncollagenous protein and that some of
this protein may be solubilized by the con-
ditions employed in this experiment. Both
the adjusted and unadjusted data appear in
Table 2.

The hydroxyproline content of collagen
has been reported to be 13.3% on a weight
basis (Eastoe and Leach, 1958). This com-
pares closely with hydroxyproline contents
of 12.4 and 13.0% for the soluble protein
released by Groups | and 11, respectively,
indicating that most of this protein originates
from the collagen in the connective-tissue
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Table 1. Release of soluble protein, ninhydrin-positive material, and hydroxyproline front
bovine biceps fentoris connective tissue with increasing temperature."
Grou sll Lraii]) 1V
K (404 dﬁys od)  (ds rsi old) (5;(/%3?;‘%@ (Lﬁfi%/earsod)
Protein (gelatin standard) i
25° 22+3 Nn=l 26£2 13+ 1
45° 54+5 19+ 1 39+2 18+ 1
55° 22517 53+2 59+2 26+1
60° 544+29 168=%10 82+1 38+1
65° 726+32 310+21 12242 60+1
70° 86334 40926 171+ 4 82+ 1
Ninhydrin-positive material (leucine equiv.)
25° 29+1 3+1 171 4+1
45° 38+2 4+1 24+1 6+1
55° 73it4 102 33+2 81
60° 130+4 48+4 30+1 9+1
65° 1706 905 66+3 14+2
70° 214+8 129+11 97+2 33+ 2
Hydroxyproline
25° 0 0 0.1+0.1 0
0 0 (0.2:0.1) 0
45° 1.2+£0.4 0 0.6+x0.1 0
(1,6+0.5)" 0 <1.1:0.2) 0
55° 16.8+1.3 0.8x0.1 1.1+0.1 0
(20.9%2.0) (1.1£0.2) (1.8+0.2) 0
60° 51.5+2.0 12.2x0.9 3.0£0.2 0.1+0.1
(63.2£4.0) (18.0+1.4) (5.0£0.4) (0.1:0.1)
65° 73.2+25 25.1+2.0 6.7+0.2 1.840.1
4 (89.545.2) (37.1£3.3) (11.2+0.3) (2.6+0.2)
70° 88.3+x2.9 36.2+2.2 10.3+0.3 3.920.1
(107.1£5.5) (53.6:4.1) (17.2:0.5) (5.7:0.2)
“Figures represent average gg (m/imolcs for the ninhydrin-positive material) per ml of
incubation medium (plus or minus the standard error) of 18 determinations for all groups
except Group IV, where the figures are averages of 12 determinations. Samples were main-
tained at each of the designated temperatures for 15 min before elevating the temperature to
the next level.
bFigures enclosed by parentheses represent the data which are not adjusted for the
hydroxyproline content of the samples. The figures not enclosed are the adjusted data.
samples. It appears that most of the nott- the thermal shrinkage temperatures reported

collagenic protein which was released by
the increasing temperature was solubilized
at the lower temperatures. The sudden in-
crease in hydroxyproline content of the
soluble protein should be a good indication
of melting temperature of the secondary
structure of collagen in the samples from
the four age groups. This melting temper-
ature for the four groups appears to be:
Group I, 55°C; Group Il, 55-60°C; Group
111, 60-65°C; Group 1V, over 70°C. The
melting temperature of the secondary struc-
ture of collagen may be closely related to
the thermal shrinkage temperature. The
melting temperatures reported here for
Groups Il and IIl correspond closely to

by Gtistavson (1956) for bovine tendon
collagen. Joseph and Bose (1962), Brown
and Consden (1958), and Brown et al.
(1958) have also reported collagen shrink-
age temperature to increase with advancing
age. If maturation of collagen is accom-
panied by the formation of stronger cross-
linkages, possibly covalent in nature, within
the tropocollagen molecule (Gustavson,
1962), and not merely by an increase in the
number of cross-linkages, an increase in the
thermal-shrinkage temperature should be
expected.

Bv making the assumption that the nin-
hydrin values were due entirely to N-termi-
nal amino groups, it was also possible to
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Table 2. Hydroxyproline content of soluble protein released from bovine biceps femoris

connective tissue with increasing temperature.”

G | roup Ll Group LI Groyp IV
Kess (40-4§8u§;)s old) (40335&9%353 old) 6 §é‘%‘1’svs5c>|d) AT
25° 0 0 0.5+0.2 0
0 0 (0.3:0.1) 0
45° 21£0.5 0 2.410.5 0
(1.540.5)" 0 (15+0.3) 0
55° y.0to.4 1.9+0.4 3.0£0.2 0
(7.540.2) <1.2£0.2> (1.8+0.2) 0
60° 11520.1 105+0.3 5.9+0.4 0.340.1
(9.640.2) (6.5+0.1) (3.6£0.2) (0.2£0.1)
65° 12.240.2 11.7£0.4 9.240.1 4.410.3
110140.2) (7.240.2) (5.6+0.1) (2.9+0.2)
70° 12.4+0.4 12.0+0.2 101=:01 6.940.2
(10.5£0.4) (81£0.1) (6.1£0.1) (4520.2)

“Figures represent average % hydroxyproline content of the soluble protein on a weight
basis (plus or minus the standard error) of 18 determinations for all groups except Group 1V,

where the figures are averages of 12 determinations.

Samples were maintained at each of the

designated temperatures for 15 min before elevating the temperature to the next level.
" Figures enclosed by parentheses represent the data which are adjusted for the hydroxy-
proline content of the samples. The figures not enclosed are the unadjusted data.

calculate an average molecular weight for
the soluble protein released from the insolu-
ble residues for each of the four age groups.
Since some of the ninhydrin values at the
lower temperatures were zero, the molecular-
weight computation could not he made for
every temperature.

The mean values, with their standard
errors, for the average molecular weight of
the soluble protein in the flasks at 70°C
were: Group 1, 4030+100; Group I,
3290+50; Group 111, 1860+100; Group 1V,
2560+50. These figures may he low. since
no attempt was made to correct the nin-
hydrin values for lysine. About 2.5% of the
amino acid residues of collagen are lysine,
and. in contrast to the collagenase experi-
ment. there is no reason to believe that
lysine would not he included in the soluble
material released. Therefore, if the soluble
protein is assumed to be primarily collage-
nous, the calculated molecular-weight values
may he 2-3 times too small. However, the
figures presented do offer a relative com-
parison of the average molecular weight of
the soluble protein released by the four age
groups.

Analyses of variance indicated the pres-
ence of a significant age-temperature in-

teraction in the data for the release of
soluble protein, hydroxyproline, and nin-
hvdrin-positive material. ~ Significance of

this interaction may be interpreted as
differences among four age groups in
the time-course of their release of soluble
material. The samples from Group Il
(steers) appeared remarkably inert below
55°C, whereas the Group Il (cow) samples
appeared remarkably soluble below this same
temperature. A preceding paper (Goll et al..
1964b) has already pointed out some peculi-
arities of the samples from these two groups
in their rate of collagenase digestion. It was
postulated that a large amount of lipid asso-
ciated with the Group Il samples was acting
to shield them from enzymic attack. If that
is so, then in the experiments described in
this paper, the lipid coating on the Group Il
samples would act to prevent any surface
erosion of the collagen fibrils in the samples
with the consequent liberation of a small
amount of soluble material into the sur-
rounding medium until the thermal shrink-
age temperature was reached. The sudden
contraction of the collagen fibrils at T,
would then break the bonds between the
lipid and the protein, and large amounts of
collagenous material would be rapidly re-
leased into solution. It seems unlikely that
the bonds between the lipid and the protein
are covalent in nature, since the lipid could
also he released upon dénaturation of the
protein by chloroform extraction of the sam-
ples at room temperature. It is possible that
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the association is a physical one clue to the
interaction of charged groups. This may
explain the resistance of the lipid to the
chloroform extraction at —21°C used to iso-
late connective-tissue residues from the bi-
ceps femoris muscle (Goll ct al.. 1963).

The rapid initial solubilization of the
samples from Group Il (cows) which was
noted in the previous paper was also evident
in the experiments described in this paper.
It appears quite likely that both of these
results may he explained by the presence of
some small, soluble, hydroxyproline-contain-
ing peptides in the (jroup 111 samples, possi-
bly resulting from partial degradation of the
samples during their preparation. This
hypothesis is, in part, supported by the low
average molecular weight of the soluble
protein released from the Group Ill sam-
ples. Such degradation must not have been
verv extensive, since the samples from this
group appeared to undergo thermal shrink-
age in the range 60-65“C, which was given
by Gustavson (1956) for bovine collagen.
This conclusion is also supported by results
given in the other two papers of this series
(Goll ct al., 1964a,h). There is no apparent
explanation for the partial degradation of
the Group 111 samples or the lipid in the
Group Il samples, since all samples were
subjected to the same conditions of isolation.

The release of larger-molecular-weight
fragments from the samples from the
younger age groups confirms the hypothesis
that collagen from older animals possesses
more extensive or stronger cross-linkages.
The presence of several cross-linkages could
act to tie a peptide strand onto the body
of the fiber even after it had been freed at
both ends. Portions of this peptide could
then he released only by cleavages along the
strand. Younger animals, with fewer cross-
linkages, would tend to release larger pep-
tides since the average distance between
cross-linkages would be larger.

The evidence obtained with the technique
described in this paper appears to be a valu-
able complement to information gained from
collagenase digestion. They both indicate
that collagen from more mature animals
possesses more frequent or stronger cross-
linkages. Since it does not require intact
fibers, which do not exist in the loose con-
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nective-tissue network within a muscle, the
technique described in this paper is particu-
larly applicable to a study of the role of
collagen in meat tenderness. A following
paper will describe a technique which offers
additional information on the composition
and structure of insoluble collagenous resi-
dues.
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SUMMARY

The rate of solubilization of insoluble connective-tissue residues obtained
from the loose connective-tissue network within bovine biceps femoris muscle
was studied in phosphate-buffered (pH 7.0) aqueous medium at 100°C.
Eleven animals from four age groups were used: Group i, three veal calves,
40—49 days old; Group Il, three steers, 403—495 days old; Group IIl. three
cows, 4 years, 8 months to 5 years, 5 months old; Group IV, two cows, 10
years, 2 months and 10 years, 5 months old. The conditions under which
the samples were heated resulted in the solubilization of 95—100% of the
hydroxyproline and 72—94% of the protein in the samples within 240 min.
The release of soluble protein and soluble hydroxyproline indicated that
collagen from the younger animals was solubilized (i.e. converted to gelatin)
much more rapidly than collagen from the older animals. The low hydroxy-
proline content of the soluble protein released from the Group | samples was
discussed, and it was suggested that these samples contained some reticulin.
The average molecular weight of the soluble protein decreased with increasing
age. The findings were discussed with relation to the results reported in
two previous papers and the extent and strength of cross-linkages in collagen
from animals of different ages. It was suggested that the number and strength
of cross-linkages in collagen may play an important role in meat tenderness.

INTRODUCTION

The thermal or chemical degradation of
collagen leads to soluble products called
gelatin. If native collagen is placed in an
alkaline solution for a prolonged period and
then extracted at neutral pi |l and 60-65°C,
the soluble gelatins appear as single-chain
polypeptide units (Boedtker and Doty, 1954;
Gouinlock ct al.. 1955) with an isoelectric
point near pH 5.0 (Kenchington and Ward,
1954) and a weight-average molecular
weight of 95,000 (Williams, 1958). How-
ever. native collagen which is first equili-
brated for a short period at room tempera-
ture with an acid buffer and then extracted

‘ This paper, taken from the Ph.D. thesis of
Darrel E. Goll (University of Wisconsin, 1962),
was presented in part before the 54th Annual Meet-
ing of the American Society of Animal Production,
Chicago, November, 1962. Published with the ap-
proval of the Director of the Wisconsin Agricul-
tural Experiment Station.

bPresent address: Department of Dairy and
Food Industry, lowa State University, Ames, lowa.

16.

at (>0-65°C breaks down to form acid-
precursor gelatins, which have markedly
different molecular parameters than the al-
kali-precursor gelatins (Harrington and von
Hippel, 1961 ; Aeis and Cohen, 1956, 1957
Veis ct al.. 1955).

Yeis and co-workers (Veis and Anesev.
1961; Veis ct al.. 1958, 1960, 1962) have
conducted an extensive study of the acid-
precursor gelatins and have isolated, from
the soluble products released from collagen
fibers by 60-65°C temperatures at pH 2,
four types of gelatin components, each pos-
sessing a discrete molecular-weight distribu-
tion. One of these components had a
molecular weight larger than that of the
tropocollagen molecule. This fact, plus the
findings that the two largest-molecular-
weight fractions could he readily precipitated
in the form of collagen fibers, led \reis to
conclude that: 1) strong intra-tropocollagen
bonds exist which are undoubtedly covalent
in nature; and 2) similar, strong inter-
tropocollagen covalent linkages exist in ma-
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ture fibers. Gallop and his group (Gallop
ct al.. 1659; Seifter et al, 1960) have also
obtained evidence showing the presence of
covalent cross-linkages within the tropo-
collagen molecule.

A previous paper (Goll et al., 1964b)
discussed the release of soluble products
from skeletal muscle collagen from animals
of different ages by exposure to increments
of temperature from 25 to 70°C. If covalent
cross-linkages exist among tropocollagen
molecules in the collagen fiber, it appears
possible that these cross-linkages may in-
crease during maturation and affect the rate
and extent of transformation of the fiber
into gelatin. Fysh (1958) has stated that
collagen from young animals is more readily
converted to gelatin than collagen from
older animals of the same species. There-
fore, a study of the rate of solubilization of
insoluble bovine-muscle connective-tissue
residues at the temperature of a boiling-water
bath (hereinafter referred to as 100°C for
convenience) was undertaken to provide ad-
ditional information on the nature and
strength of the cross-linkages existing in the
collagen fibers from animals of different ages.

METHODS

Samples from the loose connective-tissue network
within bovine biceps femoris muscle were obtained
according to a procedure previously described
(Goll ct at.. 1964a). The eleven bovine animals in
the study were divided into four age groups;
Group 1, three Holstein veal calves, 40-49 days
old; Group |Il, three Hereford steers, 403-495
days old; Group III, three cows (Hereford, Hol-
stein, and Guernsey breeding), 4 years, 8 months
to 5 years, 5 months old; Group 1V, two Holstein
cows, 10 years, 2 months and 10 years, 5 months
old.

Triplicate 50-mg samples of lyophilized, pow-
dered connective-tissue residue were weighed into
large test tubes. Fifty ml of 0.1.1/ sodium phos-
phate buffer (pH 7.0) were added to each tube
and the tubes allowed to equilibrate at room tem-
perature for 1 hr. A 6-ml sample was then
removed from each and placed in a centrifuge tube.
The large test tubes were capped with marbles
and put into a boiling-water bath. Three-ml sam-
ples were removed 15, 30, 60, 120, and 240 min
after introduction into the water bath. These
samples were each placed in centrifuge tubes con-
taining 3 ml of deionized water and sitting in
crushed ice. After chilling, the tubes were cen-
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trifuged and four 0.5-ml samples of the supernatant
were removed for analysis in duplicate by the
Rosen ninhvdrin procedure for free amino groups
and the modified Folin-Lowry procedure for pro-
tein as previously described (Goll ct at., 1964a).
A 1-ml sample was also removed, placed with 1 ml
of 6.V HC1, and autoclaved for 6 hr at 19 Ib
pressure (126°C). These samples were neutralized
with NaOH to a phenolphthalein end-point and
made up to 6 ml with deionized water, and 0.5-ml
samples were analyzed in duplicate by modification
(Goll ct ul.,, 1963) of the procedure described by
Woessner (1961).

The results were expressed as concentration of
protein, hydroxyproline, and ninhydrin-positive
material per ml of incubation medium in the tubes
at each of the five sampling times after correction
for zero-time values. The average molecular
weight and average hydroxyproline content of the
soluble protein were calculated, and these results
are also presented.

RESULTS AND DISCUSSION

Incubation of the connective-tissue resi-
dues for 240 min in a boiling-water bath
under the conditions described in Methods
resulted in complete solubilization of hy-
droxyproline in the samples of all groups
except Group I. In this group, 95% of the
hydroxyproline was released in the soluble
form. The same conditions resulted in solu-
bilization of 75% of the protein in Group |
samples, 72% of the Group Il protein, 94%
of the Group Il protein, and 81% of the
protein in Group IV samples. These figures
indicate that, for Groups II, Ill, and 1V,
solubilization of collagen in the samples was
complete in 240 min of heating.

Table 1 shows the release of soluble pro-
tein, hydroxyproline, and ninhydrin-positive
material from the insoluble residues at
100°C. Samples from the younger groups
exhibited a more rapid initial release of
soluble protein and and hydroxyproline than
samples from the older groups. After 240
min in the boiling-water bath, however, more
soluble protein was found in the tubes con-
taining samples from Groups Il (cows)
and IV (aged cows) than in those contain-
ing samples from Group | (veal). The
soluble-protein concentrations in the tubes
after 240 min may reflect differences in the
elastin content of the samples, since elastin
would not be solubilized at 100°C.
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Table 1. Release of soluble protein, hydroxyproline, and ninhydrin-positive material from
bovine biceps femoris connective tissue at 100°C."

Heating Group |
time (veal)
(min) (40—49 days old)

Protein (gelatin standard)

15 230+10

30 3639

60 523+9

120 691+12

240 7548

Hydroxyproline

15 13.2+1.5
(15.9+1.9)*

30 25.7+2.2
(31.2+2.9)

60 37.4+2.5
(44.9£3.3)

120 44.2+3 .4
(54.6%5.2)

240 53.9+4.3
(63.6+4.1)

Xinhydrin-positive material (leucine equiv.)

15 20+5

30 52+4

60 136+6

120 1072

240 1675

aFigures represent average fig

Group 11

(steers)
(403—495 days old)

Group 111
(cows)
(5 years old)

Group 1V
(aged cows)
(10 years old)

116+6 8244 33+ 3
19714 1565 95+6
33416 3269 158+14
583=1=28 604+11 365+ 18
726+24 942+17 811+ 31

7.4+0.6 1.040.3 0
(10.8+1.0) (1.6+0.5) 0
14.9+1.2 6.2£0.5 1.5+0.4
(21.7+1.9) (10.4=1=0.8) (2.2+0.6i
27.3+1.8 17.0+0.8 10.1+1.6
(39.7+2.5) (285+1.3) (14.7£2.2)
52.6+2.4 42.5+1.0 28.8=1=14
(76.6+3.3) (71.2+1.4) (42.5£2.6)
60.6+1.9 64.2+ 11 64.3+1.8
(88.7+3.5) (107.2+2.0) (94.643.7)

4+2 46+3 0

4846 84+2 10%4
9546 138+4 66+10
164+8 23546 12448
20912 31347 2568

(m,umoles for ninhydrin-positive material) per ml of

incubation medium (plus or minus the standard error) of 18 determinations for all groups

except Group 1V, where an average of 12 determinations is represented.
bFigures enclosed by parentheses represent the data which are not adjusted for the

hydroxyproline content of the samples. The figures not enclosed are the adjusted data.

Because the samples from the four groups
ranged from 49 to 68% collagen by hydroxy-
proline analysis (Goll et at. 1963), the
results were adjusted to put all samples on
an equal collagen-content basis (cf. Goll
et at. 1964a). The adjusted data are pre-
sented in Table 1 These data show that,
after 240 min in the 100°C bath, the concen-
tration of hydroxyproline released by the
four groups approached the same value.
This would be expected if the collagen in
each of the samples was entirely solubilized.

The release of soluble, ninhydrin-positive
material does not show consistent age-asso-
ciated differences (Table 1). After 240 min
of incubation, Group IIl (cow) samples
had released large amounts of ninhydrin-
positive material compared to the samples
from Groups | (veal) or Il (steers). The
initial rate of release of soluble ninhydrin-
positive material from Group I1l (cow)

samples also was large compared to the ini-
tial release of material from Group Il (steer)
and Group IV (aged cow) samples. After
60 min, the release of free amino groups
from the Group | (veal) samples decreased
and appeared to stop. Although these data
do not show age-associated differences, the
ninhydrin values are not necessarily indica-
tive of the amount of soluble material re-
leased, since any hydrolysis of peptide bonds
in the soluble protein would also be reflected
as an increase in the concentration of soluble
ninhydrin-positive material. Thus, although
the protein concentration in the tubes con-
taining Group Il (steer) samples didn’t
quite double during the 15-30-min interval
of incubation, the concentration of ninhydrin-
positive material in these same tubes in-
creased 12-fold during this time interval.
Similar, although less pronounced, results
occurred at lower temperatures in the pre-
vious study (Goll ct at.. 1964b).
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Assuming that all the soluble hydroxy-
proline was in peptide linkage, it was possible
to calculate an average hydroxyproline con-
tent of protein released from the connective-
tissue residues. Since the residues of the
four groups did not have the same hydroxy-
proline-to-protein ratio (Goll et al., 1963),
the data were adjusted to put all samples on
an equal hydroxyproline-protein ratio (cf.
Goll ct al., 1964a). The effect of this adjust-
ment was to raise the hydroxyproline content
of Group | protein relative to that from the
other three groups. Both the adjusted and
the unadjusted data appear in Table 2.

The unadjusted figures indicate that small
amounts of noncollagenous protein, possibly
some muscle protein remaining with the
connective-tissue residues after salt extrac-
tion, were released during the first part of
the incubation period. Such contamination
must be small in the samples from Groups
I, I, and 1V, since the hydroxyproline
content of protein released by these samples
after 240 min of incubation approached the
13.3% figure reported as the hydroxyproline
content of collagen (Eastoe and Leach,
1958). The soluble protein released from
the Group | samples, however, contained
less hydroxyproline than would be expected
if it were entirely collagenous. It is possible
that collagen from younger animals possesses
less hydroxyproline than that from more
mature animals, or that some protein other
than collagen is present in the Group |

625

samples. The former possibility appears un-
likely, since the soluble protein released
from the Group | samples at 70°C possessed
the hydroxyproline content of collagen (Goll
ct al.. 1964bJ. It seems more likely that the
Group | samples contained substantial
amounts of some protein which is insoluble
at 70°C but is solubilized at 100°C. Elastin,
which would be expected to be present with
collagen in the residues, is not affected by
100°C temperatures (Hall, 1955 ; Partridge
ct al., 1955). Reticulin, a protein which
resembles collagen but lias a lower hydroxy-
proline content of 7.4%( by weight (Bose and
Das, 1956) may also remain with the insolu-
ble residues through the salt extractions.
Although this protein has not been well
characterized, the work of Robb-Smith
(1958 ) and others (Bose et al.. 1955 ; Bowes
and Kenton, 1959; Denisova and Zaides,
1957; Zaides et al, 1959) suggests that
reticulin may he more resistant to agueous
extraction than collagen. Therefore, it ap-
pears quite possible that the Group | samples
contain appreciable amounts of reticulin.
Boucek et al. (1961) have also reported a
low hydroxyproline content of human lung
collagen isolated from young donors. Those
workers suggested that their results could be
explained either by a strong conjugation of
lipids with the protein, resulting in their
ability to resist alcohol-ether extraction, or
by the presence of reticulin. In view of the
low lipid content and the high Kjeldahl

Table 2. Hydroxyproline content of soluble protein released from bovine biceps femori:

connective tissue at 100°C.“

Heating Group | Group |1 Group 111 Group 1V
time (veal) (steers (cows) (aged cows)
(min) (40—49 days old) (403—495 days old) (5 years old) (10 years old)

15 6.8+0.6 9.0+0.4 1.7£0.5 0
(5.740.6)b (5.6%0.2) (1.1£0.3) 0
30 8.6x0.8 10.8+0.2 6.6+£0.4 2.4+0.6
(7.2+0.7) (6.8+0.2) (4.0£0.1) (1.240.4)
60 85+0.5 11.7%0.2 8.7+0.2 8.7+0.6
(7.1=40.4) (7.3+0.2) (5.3+0.1) (5.7+0.4)
120 7.810.7 13.2+0.1 11.8+0.2 11.6+0.2
(6.3=+0.4) (8.2£0.2) <7.2+0.2) (7.5+0.2)
240 8.4+0.6 12.2+0.1 115+0.1 11.7+0.1
(7.1+0.6) (7.6%0.2) (7.0+0.1) (7.640.2)

" Figures represent average % hydroxyproline content of the soluble protein on a weight
basis (plus or minus the standard error) of 18 determinations for all groups except Group IV.
where the figures are averages of 12 determinations.

1Figures enclosed by parentheses represent the data which are adjusted for the hydroxy-
proline content of the samples. The figures not enclosed are the unadjusted data.
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nitrogen content reported for the Group |
samples (Goll et al., 1963), the former hy-
pothesis doesn't seem to offer a likely expla-
nation for the results obtained in this study.
The possibility that reticulin is associated
with the connective-tissue samples of young
animals is particularly interesting since retic-
ulin has been postulated to be a form of
immature collagen (Irving and Tomlin,
1954; Mandl, 1961).

An average molecular weight of the solu-
ble protein released front the connective-
tissue residues may be calculated by assum-
ing that ninhydrin values were due entirely
to N-terminal amino groups. Since the
ninhydrin values for some tubes after 15
min of incubation were zero, the molecular-
weight calculations were carried out only
for the 240-min incubation period.

The mean values, with their standard
errors, for the average molecular weight of
the soluble protein were: Group I, 4540490 ;
Group Il, 3540+80; Group Il1l, 3020+40;
Group 1V, 3160+60. Since the calculations
did not take the lysine content of collagen
into consideration, the figures presented
above may be 2-3 times too low. However,
they should give a fairly accurate represen-
tation of the relative differences among the
four age groups. In those instances where
the calculations could be made, the average
molecular weight of the soluble protein ap-
peared to decrease with increasing incubation
time. Therefore, temperatures of 100°C ap-
peared to rupture some peptide bonds in the
soluble protein under the conditions used
in this experiment.

The results of the protein and hydroxy-
proline analyses clearly indicated that colla-
gen from older animals was converted to
gelatin at a slower rate than collagen from
younger animals. The lipid which, on the
basis of the results of the two previous
studies (Goll ct al., 1964a,b), had been pos-
tulated to be present on the surface of col-
lagen in the Group Il (steer) samples was
not apparent in this study. The 100°C tem-
perature apparently caused almost immedi-
ate thermal shrinkage of the collagen fibers,
thereby breaking any bonds between lipid
and protein. However, the suggestion that
some degradation of collagen in the Group
11 samples had occurred during their isola-
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tion received additional support in this study.
The Group Il samples released large
amounts of ninhydrin-positive material
within 15 min of introduction into the 100°C
hath. Also, the average molecular weight of
the soluble protein released from Group IllI
samples was lower than the average molecu-
lar weight of the soluble protein released by
any of the other three groups. This situation
also existed in the previous study in which
connective-tissue residues were heated to
70°C.

As explained in the previous paper (Goll
ct al., 1964b), the larger average molecular
weight of the soluble protein released by
samples from the younger animals may indi-
cate the presence of stronger or more fre-
guent cross-linkages in the more mature
collagen. The similarity between the average
molecular weight of the soluble protein re-
leased at 100° in this study and the molecular
weight of the protein released at 70° in the
previous study suggests that the same bonds
were affected in both cases.

The results of three independent physico-
chemical tests described in this paper, and
the two preceding it, all suggest that collagen
isolated from the loose connective-tissue net-
work within bovine muscle changes in char-
acter with maturation of the animal. Mature
collagen appears to contain more extensive
or stronger cross-linkages than collagen
from young animals. The three tests de-
scribed may offer an approach to the study
of changes in connective tissue during mus-
cular dystrophy and some of the “collagen
diseases.” The three-pronged approach re-
sulting from these tests has several advan-
tages over the use of any single method,
particularly in a study involving an insoluble
substrate which may contain several sub-
stances in addition to collagen.

The results of these tests may also offer
a new explanation for variations in meat
tenderness. Although collagen content of
muscle and increasing maturity of the animal
have been independently associated with de-
creasing tenderness, several studies have in-
dicated that the collagen content of muscle
does not incresae with age (Loyd and Hiner,
1960; Mitchell ct al., 1928). Analysis of the
biceps femoris muscle used in this study also
did not reveal any difference among the four
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groups in collagen content of the fresh mus-
cle (Goll et al. 1963). However, some
simple tests of tenderness conducted on
steaks taken from this same muscle indicated
that tenderness decreased with age (Goll
et al., 1963 ). The results described here
suggest that the cooking process may have
less effect on the connective tissue in meat
cuts from older animals, thereby leaving the
collagen relatively undegraded, permitting
less tenderness.
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Conversions of Sugars to Organic
Acids in the Strawberry Fruit
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The prevailing theory concerning biogene-
sis of the organic acids in plants has been
that these acids are synthesized primarily in
the leaves and later translocated to other
organs, including the fruit (Pevnaud and
Maurie, 1958; Ulrich, 1952; Gatet, 1939).
The possibility of in situ formation of the
fruit acids has been discussed by Ulrich
(1952) and experimentally demonstrated by
Hale (1962) and Loewus (1961).

The present communication presents evi-
dence for the conversion of glucose and
fructose to organic acids in strawberries de-
tached from the plant.

Strawberry fruits of the cultivated vari-
eties Robinson and Everbear were severed
from the plant when they were yellow-
white, leaving about 1 inch of stem on them.
Any green sepals remaining on the detached
berries were removed, and the stem was
immersed in a solution of 14C-labeled sugars.
Water was added as the fruit absorbed the
solution at a greenhouse. Twenty-four to
36 hours later, the acids of the berries were
extracted with boiling water, purified with
lead precipitation, and separated by gradi-
ent elution ion-exchange column chromatog-
raphy, as described previously (Markakis
ct al., 1963). In some repetitions of the
experiment the lead precipitation step was
omitted without loss of resolution of the
acids.

The fractions of the column chromato-
graphic separation were dried in vacuo,
titrated with 0.02A (or 0.1A for the major
acids) NaOH, transferred to 30-mtu-diam-
eter planchets, dried under infrared lamps,
and measured for radioactivity by a gas-
flow thin window detector connected with
an automatic sample changer, scaler, and

"This research was supported in part by a grant
of the Charles F. Kettering Foundation. The
manuscript was assigned Journal article no. 3292
by the Michigan Agricultural Experiment Station.

printing timer (all
clear-Chicago Corp.).

Identification of the individual acids was
based on the effluent volumes of the column
separation and the Rf values of the subse-
guent paper chromatography of the fractions
performed by methods already described
(Markakis ct al., 1963). The identity of the
citric acid was confirmed by subjecting the
corresponding peak to silica-gel chromatog-
raphy with isocitric acid (Zbinovskv and
Burris, 1954), since citric and isocitric are
not separable by the column and paper chro-
matographic methods used here. The mo-
lybdate test was used for confirmation of
the presence of phosphoric acid. The ascor-
bic acid was detected by the 2,6-dichloro-
phenolindophenol reaction applied photo-
metrically to all the column chromatographic
fractions of an analysis of unlabeled straw-
berries.

Fig. 1 presents results of a typical experi-
ment in which two Everbear strawberries
were fed 8 microcuries of uniformly labeled
crystalline n-fructose-14C  (sp. activity 2
millicuries/millimole) and analyzed 24 hr
later. The correspondence of the radio-
activity and titration peaks is very satisfac-
tory. Peak 1 did not display an acid spot
upon paper chromatography, but it was
weakly ninhydrin-positive; it may corre-
spond to amino acids which had not been
completely removed by the Dowex-50 treat-
ment. Peaks 2 and 3 respectively represent
glutamic and aspartic acids. Peak 4 has
the effluent volume of shikimic acid, but no
other evidence was ascertained for the
identity of this acid. Peak 5 corresponds to
quinic acid. Peak 6 was resolved by paper
chromatography to galacturonic, glyceric,
and glycollic acids. Peak 7 was also re-
solved by paper chromatography to succinic
and glucuronic acids. Peak 8 represents as-
corbic acid. No attempt was made to quan-

manufactured by Ntt-

[629 ]
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Fig. 1. Radioactivity and acidity of the column
chromatography fractions of the acids of detached
strawberries fed fructose-4C. Peaks are identified
in text.

tify this acid. Peak 9 corresponds to malic
acid. Peak 10 was resolved to citric acid
and a trace of malonic acid. Peaks 11 and
12 were not identified. Peak 13 represents
phosphoric acid and a small quantity of an
unidentified organic acid which was sepa-
rated from phosphoric by paper chromatog-
raphy. The presence of this organic acid
explains the radioactivity of some of the
phosphoric acid fractions. Results were

RESEARCH NOTE

similar when D-glucose-UL-14C was admin-
istered to detached strawberries. Some of
the organic acids of strawberries were pre-
viously identified bv Hulme and Wooltorton
(1958).

It was estimated that 2.5% of the 14C of
the radiofructose fed to the strawberries was
incorporated in the citric acid of the fruit.
This acid represented about 75% of the total
equivalent acidity of the strawberries used
in this experiment.

REFERENCES

Gatet, L. 1939. Recherches chimiques sur la
maturation des fruits. Ann. physiol,
chim. biol. 15. 984.

Hale, C. R. 1962. Synthesis of organic acids of
the fruit of the grape. Nature 195, 917.

Hulme, A. C, and L. S. C. Wooltorton. 1958.
The acid content of cherries and strawberries.
Chem. and Imi. (London) 1958, 659.

Loewus, F. A. 1961. Aspects of ascorbic acid bio-
synthesis in plants. Ann. N. Y. Acad. Sci.
92, 57.

Markakis, P., A. Jarczyk, and S. P. Krishna. 1963.
Nonvolatile acids of blueberries. 1. Agr. Food
Chem. 11, 8.

Peynaud, E., and A. Maurie. 1958. Synthesis of
tartaric and malic acids by grape vines. Am. J.
End. 9, 32

physico-

Ulrich, R. 1952. La vie des fruits, pp. 370. Mas-
son et Cie., Paris.
Zbinovsky, V., and R. H. Burris. 1954. New

techniques for adding organic acids to silicic
acid columns. Anal. Chem. 26. 206.
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SUMMARY

A theory of pressing
equation relating all

is presented.
relevant variables.

This takes the form of an integral
Experiments carried out on the

pressing of apples into cider validated this theory.

INTRODUCTION
Filtration theory has been studied by a
number of investigators, but there is very
little information in the literature on press-
ing. Some studies have appeared in which
investigators attempted to apply filtration
theory to pressing, but with little success.
The author believes that the theory pre-
sented in this paper will prove useful in the
design of continuous pressing devices.

THEORY
Fig. 1 presents a diagram of the pressing opera-

pressureplate

cake

/

filter cloth  / g

Fig. 1L Schematic diagram of pressing.

tion. As pressure is applied on the piston, liquid
is forced out of the product, through the crushed
mass and filter cloth, into the receiver. It may
be assumed that the pressure drop due to re-
sistance of the filter cloth is negligible. Further,
the total cross-sectional area perpendicular to the
direction of flow may be chosen as unity. Darcy’s
Law is now applied to the system. The pressure
drop (dp) in the liquid as it moves through a
given differentially small thickness (dl) of the
solid-liquid mixture at a distance (1) from the
piston surface at time t may be expressed as

follows:
LIPS S (1
dl dt
Dividing by dI gives:
dp _ dv
df-a [21
~a' 7T

ai is the pressure drop through a press cake of
unit thickness when the flow rate through unit
cross-sectional area is one. at will be referred to
as the specific flow resistance. In filtration theory,
specific resistance relates to a unit-viscosity liquid
phase; however, in the present situation, this is
omitted for simplicity's sake. dv/dt is the flow
rate through thickness di at time t.

During pressing, the cake becomes thinner, and,
accordingly, / becomes smaller. Since the cross-
sectional area has been chosen as unity, the flow
rate is equal to the rate of decrease in / while the
weight of the solid phase remains constant, since
only the liquid phase passes through the cross-
section determined by I. Thus it is evident that:

dv _ _d |

dt dt 3]
The following equation can now be introduced:

I=Sm/ 1IVds [4]

0

where the term s m is the weight of the solid phase
in the entire cake, w is the volume of the solid-
liquid mixture containing a unit weight of the
solid phase (W now to be termed the specific vol-
ume of the solid phase), r is the weight ratio of
the solid phase from the piston surface to / relative
to all the solid phase s m.

Based on Eq. 4, the following substitutions can
be made in Eq. 3:

dv __ _dl___ [ ‘ fdj
- 5
dt dt dt] ,Vd =-§-Jnys B
0 )
As / is decreased such that i remains constant
then:
dp dp 1
[61
dl ds W Sm
Eq. 2 can now be transformed to:
0
d )
P 1 - ¢ [mTYy [7]

ds Wwsm~ a,SmJ ai

The following considerations regarding the pres-

[631 J
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sure distribution are taken from the filtration
theory (Carman, 1938). The following symbols
and definitions apply: /5, is the total pressure
(that is, the total force on the pressed cake
divided by the total cross-sectional area); p (as
before) is the pressure in the liquid phase (that
is, the force transmitted by the liquid phase di-
vided by its cross-sectional area, a part of the
total one).
Cake pressure is calculated thus:

pr=p,-p (8]
Carman (1938), Rietema (1952), and Stjenitzer
(1955) have shown that the compression of the
solid phase depends on the cake pressure. They
found that the specific resistance and cake pressure
are both functions of the specific volume:

ai=a, (W)

pc= pc (V)
Both functions characterize the physical proper-
ties of the pressed material and can be determined
experimentally. In order to simplify Eq. 7 further,
ai is replaced by

a.=aW [9]
a* is the specific flow resistance of a layer which
contains a unit weight of solid on unit cross-section.

Substituting pc from Eq. 8 for p (Eq. 7), we

arrive at the final form of the integral equation :

1 dpc_dw f2)w ,
_ [10]
«. dW Z,~ ym ~dids
o
The initial conditions are #=0and W =W,

which  means that, before pressing, the mixture is
characterized by its initial specific volume of the
solid phase (W i). The boundary conditions are
A= 1 and W= W(pc) = Wo which means that at
the filter cloth the pressure in the liquid phase is
negligible; the cake pressure is equal to the total
pressure. p, (the total pressure) may be kept
constant or varied.

The most important conclusion expressed by
Eq. 10 is that the pressing time required to
achieve the same percent yield of press fluid is
proportional to the square of the initial thickness
of the material being pressed (In and 1,12 are two
different initial thicknesses). Thus:

b (SwmY_ (Lo (GuY
ts Swe) N L) \ G

The initial thickness of the material is propor-
tional to the initial weight of the pressed material
(Gu and Gia) or to the weight of the solid phase
(Smi and Swj), reminding that the total cross-
sectional area was chosen as unity.

Eg. 11 was obtained by substituting t— U S“m
(! is a new variable of time). Since Smis a
constant, in order to get the same W at a constant

[11]
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total pressure it is necessary to have the same
U value.

This conclusion is also valid when the initial
press cake has different thickness and is sub-

jected to pressure varying in time, assuming that
the pressure does not decrease (rf/>#:df> 0) and
provided that p,(U) is the same in both cases.
This would indicate that the processes with vary-
ing pressures may be compared in this special
case and the relation h:52m = t2:SX® holds if the
percent yield is the same.

Fig. 2 shows IV =1V (s,t) function of integral

t W(PAWO

Fig. 2. Surface described by integral equation.

Eq. 10. Initial and boundary conditions are in-
cluded. This function of three variables is illus-
trated by geometric surface (Fig. 2).

EXPERIMENTAL

Apparatus. The apparatus used to test the the-
ory is shown in Fig. 3. Air pressure adjustments

S

Fig. 3. Testing apparatus.
pressure-reducing valve;
(4) scale.

(1) air tank; (2)
(3) pressing assembly;

were made with a pressure-reducing valve. The
air supplied the pressure needed to drive the piston
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against the material being pressed. The juice from
the cake flows through the filter cloth into the
receiver placed on a balance. Fig. 4 shows a cross-
section of the pressing assembly.

In operation, the material to be pressed is placed

air }
N[N
7 1 [
5 [ [em : ‘
gasket rings 17 R |
)'/, ! A E]
Piston ZE o

=

AAARNAN

NN\

~

/

juice

Fig. 4. Cross section of pressing assembly.

on this piston in an upside-down position. The
filter cloth was next placed on the material, and
a perforated disc and sealing ring added. The
latter was fastened to the assembly by a clamp,
a part of which had a funnel for directing the
juice into the receiver. The whole assembly was
then placed in an upright position for the test.
Temperature control was maintained by a water
jacket with connections to a constant-temperature
bath. Pressure on the system was measured by a
gauge. Pressure was kept constant by a regulat-
ing screw on the reduction valve. The apparatus
was operated up to pressures of 30 kg/cnr (used
by European processors).

The piston rings for the apparatus were made of
rubber. The average value of the friction of the
piston assembly was found to be 0.17 kg/cnr. This
value was taken into account in the calculations
involved.

Experiments.

Experimental work was carried
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out on crushed apples prepared in several ways.
In the main the test material was prepared with
and without peel and with and without core. Apple
pulp, grated apple, a mixture of both, and homog-
enized apple pulp were used. The quantity of ex-
pressed juice was determined at constant pressure
as a function of pressing time. Preliminary ex-
periments were made to determine flow resistance
of the filter cloth, which was found to be negligible.
In the regular experiments the effects of pressure
were studied as well as the influence of time lapse
between comminution of the apple and pressing.
Most of the experiments, however, related to the
effect of the initial thickness of the material to be
pressed.

RESULTS AND DISCUSSION

If Eq. 11 was found to be valid, then the
percent-yield-time curves [y —f(t)} for dif-
ferent initial thicknesses, plotted as the ratio
of time and the square of initial thickness,
should coincide for different thicknesses and
result in a single curve [y = f(t/G{2)]. Sat-
isfactory confirmation of theory was found
in experiments carried out on apple pulp
and grated apples over a wide range of
thicknesses. Fig. 5 shows the curve for
apple pulp which included core and peel;
Fig. 6 is for apple pulp without core or peel.

V X
40
P
"‘,’yl
. 6, gram/n?
L + 8
< o 599
W
*1 w W »oytt
Fig. 5 Yield as a function of time and initial
thickness (apple pulp including core and peel).
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Fig. 6. Yield as a function of time and initial
thickness (apple pulp without core or peel).
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Fig. 7. Yield as a function of time and initial
thickness (grated apple including core and peel).

Fig. 7 gives results with grated apple (made
up of small, firm particles), including core
and peel; Fig. 8 is for grated apple without
core or peel. All these experiments were
carried out at a pressure of 10 kg/cm2.

Standard deviations for the curves shown
in Figs. 5-8 were respectively +0.981,
+2.24, +1.59, and +2.04.

A PRESSING THEORY ON

APPLES

sm
2,966

0«2

0171

Fig. 8 Yield as a function of time and initial
thickness (grated apple without core and peel).
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SUMMARY
Spores of two suspensions of Bacillus stearothermophilus strain M were

heat-shocked in monosaccharides,
concentration had significant effects.

reduced counts with increased concentrations of carbohydrate.
cant effects are thought to be associated with osmotic pressure.

disaccharides,
The dominant significant trend was for

and polysaccharides. The

These signifi-
It would

appear, therefore, that there was considerable difference in the osmosensitivity

of spores in these populations.
when heated in plant extracts.
to suppress spore germination,
germination.

INTRODUCTION

Bacillus stearothermophilus is of particu-
lar interest to the food processor and food
microbiologist because the spore form is ex-
tremely heat resistant and the vegetative
form, which is capable of growth at 70°C
or slightly higher, is responsible for flat
sour spoilage of low-acid canned foods.
This thermophile has been used routinely
in studies involving low-acid food in the
canning industry. In such studies, the num-
ber of spores that will germinate at the time
the experiment is performed, must be known.
To increase the number of spores that ger-
minate, the common practice has been to
heat (activate) prior to plating and count-
ing. Curran and Evans (1944, 1945) were
the first workers to demonstrate systemati-
cally that sublethal heat (62-95°C) could
induce dormant spores to germinate. It was
Brachfeld (1955) and Titus (1957), how-
ever, who showed that the spores of B.
stearothermophilus were activated by heat
at temperatures greater than 100°C. Studies
in our laboratory confirmed that spores of
B. stearothermophilus were activated at
temperatures greater than 100°C (Finley
and Fields, 1962; Fields and Finley, 1962;
and Fields, 1963).

Contribution front the Missouri Agricultural
Experiment Station. Journal Series No. 2586. Ap-
proved by the Director.

Spores were activated as well as suppressed
Pea,
and green

tended
spore

and corn extracts
extract stimulated

spinach,
bean

Our studies with B. stearothermophilus
NCA strain 1518 and strain M (Finley and
Fields, 1962), showed that spores of B.
stearothermophilus were susceptible to dor-
mancy as produced by heat during incu-
bation and low heat shock. The concept
of “heat-induced dormancy” as introduced
by Brachfeld (1955) was therefore con-
firmed. Also, it has been shown that the
presence of rough and smooth variants
within a spore population may be a factor
in measuring a treatment effect by the
standard plate-count method (Fields, 1963).
These factors of heat-induced dormancy, and
rough and smooth variants, although they
are not the main objective of this study,
must be considered in interpreting the data.
It was originally hoped that spore suspen-
sions could be considered as duplicates, but
the above data indicated that each suspen-
sion had different spore populations; hence,
each must be considered separately.

Extensive studies were performed on
two suspensions of of B. stearothermophilus.
Time-temperature values previously deter-
mined for each suspension (Finley and
Fields, 1962) were used as the experimental
basis for these experiments.

Although B. stearothermophilus has long
been known to cause flat sour spoilage in
canned foods, the effect of common carbo-
hydrates and plant extracts on the heat-
activation response of spores at tempera-
tures above 100°C has not been studied.

[635 ]
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It is known that certain components in
vegetables influence the death of spores.
Some vegetables afforded more protection
than others for putrefactive anaerobe N.C.A.
3679 when pH was controlled (Sognefest
et al.,, 1948).

These experiments were instituted to de-
termine the effect of heating spores at their
maximum activation temperatures, as deter-
mined in distilled water, in selected carbo-
hydrate and plant extracts. The questions
that this research poses are as follows:
1) Will an increase in sugar concentration
have an effect on the spore during the
heat-shock period? 2) Does the type of
plant extract have an effect when the spore
is heat-shocked in these extracts ?

METHODS AND MATERIALS

Preparation of spore suspensions and heat acti-
vation. Strain M of B. stearothcrnwphilus was
used. The strain and procedures followed were
as previously reported (Finley and Fields, 1962).
Spores of strain M were heated 7 min at 110°C,
heat-activation conditions resulting in maximum
plate counts.

Preparation of carbohydrate solutions. Glucose,
fructose, sucrose, and maltose solutions, having
molarities of 0.001, 0.01 and 0.1, were prepared
with distilled water. These were sterilized by
passing through a Seitz filter. Nine ml of these
solutions were pipetted aseptically into sterile test
tubes with screw tops. By adding 1 ml of the
appropriate spore suspensions, the number of un-
heated spores per ml was in a countable range
(50 to 70) yet allowed for a threefold heat activa-
tion increase without subsequent dilutions.

Dextrin and starch solutions were prepared
having the following percentages: 0.02, 0.2, and
2.0. These solutions were also sterilized by filter-
ing through a Seitz filter, and were handled like
the monosaccharides and disaccharides.

Preparation of plant extracts. In the prepara-
tion of green bean, corn, and spinach extracts,
fresh products were used. Fresh peas were not
immediately available, so the frozen product was
substituted. Duplicate 100-g quantities of each
were weighed, placed in 800-ml beakers, and
covered with 400 ml of distilled water. Extraction
was performed by refluxing at the boiling point
on a heating apparatus commonly used for crude-
fiber extractions (Laboratory Construction Com-
pany). Upon reaching the boiling point, one set
of the duplicate preparations was extracted for
5 min and the other for 60 min. Extraneous ma-
terials were removed from the extracts by filtering

HEAT ACTIVATION OF BACILLUS SPORES

them through No. 2 Whatman filter paper. Steri-
lization was achieved by refiltering the extracts
through Seitz filters. The presence of starchy
materials made this latter filtration a lengthy
process, and in the case of the corn extracts the
filter pads had to be replaced 3 or 4 times before
sufficient quantities were obtained. Following fil-
trations, the collected filtrates were coded and
stored under refrigeration (4°C) until use, on
the next day.

Enumeration of spores. The number of germi-
nated spores was determined by plating 1-ml quan-
tities of the suspending menstrua with dextrose
tryptone agar (Difco Laboratories, Inc., Detroit,
Mich.). Triplicate plates were poured for each
treatment, and all plates were incubated 48 hr at
52°C.

Analysis of data. The data reported are from
a series of experiments performed over several
weeks. The data are grouped according to suspen-
sion. Originally, it was our intention to use sus-
pensions as duplicates, but bacteriological analysis
of these suspensions indicated that heat-induced
dormancy was greater in the second suspension
(Finley and Fields, 1962). Also, there was a
greater percentage of rough variants in the second
suspension of strain M (Fields, 1963). I'or these
reasons and since the treatments within suspen-
sions were replicated, each statistical analysis is
based upon one suspension.

In the design of these experiments the heat
activation conditions resulting in maximum plate
counts in distilled water were used as the basis
for comparisons, and spores of each suspension
were heat-shocked in distilled water in each run
made.

An analysis of variance was computed on the
data of each experiment, and the standard error
of the mean was computed. The D value of Tukey,
as modified by Snedecor, was calculated for each
experiment for determining significance (Snedecor,
1957). Also, for comparisons between sugars and
plant extracts, which were not done at the same
time, the plate counts were calculated as percent
of distilled water control.

Summary tables were prepared to show trends
in the data. These tables were prepared by tabu-
lating the numbers of comparisons that were
significantly higher, lower, or not significantly
different between treatment and distilled-water
(control) plate-count means. Each concentration
of carbohydrates or plant extract was compared
with the distilled-water control plate count of
that particular run.

RESULTS

Effect of monosaccharides and disaccharides.
Table 1 gives data on the effect of glucose, fruc-
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Table 1. Effect of selected monosaccharides and disaccharides on heat activation of B. stearother-

inof'hilus spores strain M.

Type of carbohydrate

Glucose Fructose Sucrose Maltose
of Plate % of Plate % of Plate % of Plate % of
carbohydrate count3 control count3 control count3 control count3 control
Suspension 1
Distilled-water
control 2153 100.0 199.8 100.0 186.3 100.0 186.0 100.0
.0013/ 205.2 95.3 173.0 86.6 183.7 98.6 184.8 99.4
.013/ 194.8 90.5 1455 72.8 163.0 87.5 183.2 98.5
1Y 160.3 745 152.8 76.5 148.7 79.8 184.8 99.4
D = 19.7b D = 16.8" D = 16.0" D= 131"
Suspension 2
Distilled-water
control 233.0 100.0 234.0 100.0 240.0 100.0 248.7 100.0
.0013/ 261.2 1121 228.2 97.5 240.2 100.1 249.8 100.4
.013/ 208.2 89.4 192.0 82.1 204.0 85.0 202.5 81.4
1Y 177.0 76.0 156.2 66.8 129.3 53.9 205.7 82.7
D = 33.6" D = 27.5" D = 26.2" D = 23.0"

" Mean of six replications.

"To be significant at 5% level, difference between means must be greater than D value.

tose, sucrose, and maltose on spores of strain M,
suspension No. 1. Counts were significantly lower
for the 0.0,/ and 0.1.1/ levels of glucose than
for the distilled-water control. The number of
spores germinating decreased significantly after
being heated in fructose at all levels of concen-
tration. The spore counts also decreased with
increased concentrations of sucrose in the heating
menstrua, with the counts being significantly lower
for 0.01.1/ and 0.1.1/ levels than for the distilled-
water control. In maltose, however, there was no
significant difference at any sugar level.

Activation responses of spores of strain M, sus-
pension No. 2, are also given in Table 1 Control
counts were significantly higher than the counts
obtained at 0.01 and 0.1.1/ levels of glucose. The
plate count of the 0.0013/ solution was higher
than the distilled-water control, though not sig-
nificantly. Plate counts were also significantly
lower when spores were heated in fructose, su-
crose, and maltose at 0.01 and 0.13/ levels.

Effect of polysaccharides. The influences of
dextrin and starch on spores of suspension No. 1
are shown in Table 2. In dextrin, only the 2%
level affected the spore counts significantly. In
this case, the counts were significantly lower than
the distilled-water control. The starch counts,
however, were significantly lower at the 0.02 and
0.2% levels, whereas counts representing the 2.0%
level were not significantly different from the
distilled-water control.

The responses of spores of suspension No. 2 in
starch and dextrin are shown in Table 2. The
counts at 0.2 and 2.0% dextrin were significantly

lower than the distilled-water control, whereas the
plate count at 0.02% was not significantly differ-
ent from the control. In starch, however, the plate
count in the 0.02% starch was significantly higher
than the control and the plate count at 2.0% was
significantly lower than the control.

Effect of plant extracts. As shown in Table 3,
only the spore count in the 5-min bean extract was
significantly higher than the distilled-water con-
trol when first suspension strain M spores were
heated. Plate counts of spores heat-shocked in
peas, spinach, and corn extracts were significantly
lower. The same relationships were encountered
with the 60-min extracts. For suspension No. 2,
also shown in Table 3, the response patterns were
essentially the same. However, there was no sig-
nificant difference between the spore counts in the
60-min spinach extract and the distilled-water
control.

DISCUSSION

It was shown previously that strain M
spores were activated to a high degree in
distilled water and that there was little heat-
induced dormancy (Finley and Fields,
1962). This fact would suggest that a cer-
tain portion of the strain M spores used in
these experiments was very responsive to
heat. As previously described, 50-70 spores
in each run did not need a heat shock to
stimulate germination while the heat-acti-
vated portion did. The spore population
may be divided into two groups based on
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Table 2. Effect of selected polysaccharides on heat activation of B.

spores of strain M.

. Dextrin
Concentration
o) Plate
carbohydrate counta
Suspension 1
Distilled-water
control 176.7
0.02% 195.7
0.2% 187.5
2.0% 150.8
D = 23.0"
Suspension 2
Distilled-water
control 248.8
0.02% 268.2
0.2% 181.0
2.0% 110.3
D = 238"

" Mean of six replicates.

HEAT ACTIVATION OF BACILLUS SPORES

stearothermopliilus

Type of carbohydrate

Starch
% of Plate % of
control counta control
100.0 188.8 100.0
110.8 132.8 70.3
106.1 1195 63.3
85.3 170.7 90.4
D = 23.0"
100.0 170.8 100.0
107.8 226.0 132.3
72.7 165.5 96.9
44.3 120.7 70.7
D = 20.9"

"To be significant at 5% level, difference between means must be greater than D value.

Table 3. Effect of selected plant extracts on heat activation of B. stcarothermophilus spores

of strain M.

5 min
Type of water Plate
extract counti
Suspension 1
Distilled-water
control 121.3
Green beans 154.2
Peas 82.5
Spinach 74.2
Corn 53.5
Suspension 2
Distilled-water
control 196.6
Green beans 239.5
Spinach 153.8
Peas 1165
Corn 105.0

Extraction time

60 min
% of Plate % of
control counta control
100.0 121.3 100.0
1271 156.8 129.3
68.0 78.8 65.0
61.2 91.3 75.3
44.1 65.8 54.2
100.0 196.6 100.0
121.8 244.8 124.5
78.2 201.2 102.3
59.2 124.2 63.1
53.4 138.0 70.2

Mean of six replicates. To be significant at 5% level, difference between means must
be greater than D value (21.4 for suspension 1, and 23.6 for suspension 2).

the need for heat to stimulate germination.
The work of Fields (1963) also showed that
each suspension was made up of rough and
smooth variants. These spore populations
may be divided, therefore, into another two
fractions. The spore population was, there-
fore, a heterogeneous population. When the
spores of strain M were heated in carbo-
hydrates, counts were usually lower. These

relationships are summarized for all experi-
ments at 0.1M concentration in pure solu-
tions of carbohydrates in Table 4. Ten of
12 determinations exhibited a significant de-
cline in germination. Since suspension No. 2
was significantly lower for all carbohydrates
only two times more than suspension No. 1
the higher concentration of the rough variant
apparently did not have an over-all effect.



FIELDS AND FINLEY

Table 4. Summary table showing the number of
comparisons in which significant results were ob-
tained when compared to distilled-water control.

. _ Not significantly
Suspension Lower“ Highera changed”
i 4 0 2
2 6 0 0
Totals 10 0 2

“In 0.1.V mono- and disaccharides and in 2.0%
polysaccharides.

How, then, can one explain these results?
As a working hypothesis, the decline in
spore germination is attributed to osmotic
pressure. The effects of osmotic pressure
on spores in both homogeneous and hetero-
geneous populations need more research so
as to elucidate this working hypothesis.

As shown in the plant-extracts data in
Table 5, more comparisons were signifi-
cantly lower than with the distilled-water
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ides was the most rapid and complete at
relatively low osmotic pressure. The fact
that the spores in our study were condi-
tioned to low osmotic pressure would prob-
ably explain the decreases in counts when
heat-shocked in carbohydrate solutions.

Working with dormant spores of Bacillus
cereus strain terminalis, Black et al. (1960)
showed that glucose could be taken up by
spores at pH 6.3 and 0°C, in 15-min ex-
posure periods. In our studies, the spores
were in contact with sugars for 3CM-0 min
(including come-up times) at temperatures
of 110°C. Whether the sugars were pene-
trating the spores or producing an effect
upon the spore coat and membranes, is not
known. The data reported herein show that
spores produced as in this study may be
affected significantly when they are heat-
shocked in carbohydrate solutions.

Table 5. Summary table showing the number of comparisons in which significant results

were obtained when compared to the distilled-water control.

All plant extracts.

5-min extract 60-min extract
Suspension Lower Higher significant Lower Higher significant
i 3 | 0 3 | 0
2 3 I 0 2 I I
Totals 6 2 0 5 2 I

controls. Here again, this is probably due
to osmotic pressure. There were also
higher counts in the plant extracts. The
mechanism involving higher counts is not
known.

Bretz and Hartsell (1959) introduced the
term “osmosensitive” to describe the reaction
of Escherichia coli cells (which succumb to
dilution in ordinary buffer or distilled
water) in remaining capable of producing
colonies when suspended in sucrose solu-
tions after having been frozen. The data
presented here suggest that the term osmo-
sensitive also applies to spores, but the term,
as used here, means that certain levels of
sugar, especially the 0.0/ level, suppressed
spore germination.

Apparently, only Curran (1931) has
made a study of the effect of osmotic pres-
sure on spores, and he did not study the
effect of carbohydrates. Curran found that
the germination of spores of Bacillus myco-
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RESEARCH NOTE

Sensitization of Microorganisms to Radiation by
Previous Ultrasonic Treatment

S. D. DHARKAR
Biology Division, Atomic Energy Establishment Trombay, Bombay, India

The spoilage organisms of food and food
products, comprising the sporulating as well
as nonsporulating bacteria and molds and
yeasts, show a wide range in radiation sensi-
tivities (U. S. Army Quartermaster Corps,
1957). In general, the lethal effects of radi-
ation on resistant organisms are observed
with a radiation dose in the range of 2 X 10s
rads, which causes loss of color and flavor,
and destruction of vitamins of the food.
Considerable attention is therefore focused
on developing processes which minimize the
objectionable side reactions arising from
radiation sterilization of food products. The
use of chemical compounds such as vitamin
K3 or its analogs has been suggested by
Silverman, Shehata and Goldblith (1962) to
increase the sensitivity of the organisms
toward radiation. Kempe (1960) and Licci-
ardello and Nickerson (1962) were able to
sensitize spoilage microorganisms to heat by
preirradiation. In this laboratory, it was ob-
served that spoilage organisms in preirradi-
ated orange juice became sensitized to heat
treatment (Dharkar, 1964). This combina-
tion treatment eliminates the defects of steri-
lization due to high radiation dose (8 X 105
rads) and offers the advantage of sterilizing
at a lower radiation dose (4 X 103 rads),
thereby minimizing the radiation damage to
the product.

This communication presents some obser-
vations which demonstrate sensitization of
microorganisms by combination of ultra-
sonic waves and ionizing radiations.

Two organisms, Micrococtts radiodurans
(radiation-resistant) and Streptococcus fae-
calis (relatively radiation-sensitive), were
chosen as representatives of organisms
which contaminate foods. These were rou-
tinelv cultured in a complete medium con-
taining tryptone, glucose, beef extract, and
casamino acids (required for M. radiodurans
onlv). The cultures were grown for 24 hr

either on slants for M. radiodurans or in
shake cultures for .S, faecalis. The cells were
washed twice in M /15 phosphate buffer at
pH 7.0 and resuspended in the same buffer
to give a final concentration of about
5 X 107/ml. Three-ml portions were placed
in sealed ampoules and exposed to ultrasonic
waves in a G.E. ultrasonic generator at 300
kilocycles. Since it was necessary to sepa-
rate the lethal from the sensitizing effects,
the experiments were performed with low
transducer power of 10 watts, which did
not affect the viability of the cells. It was
observed that under these conditions the
organisms were not lysed by longer expo-
sures to ultrasonic waves (up to 60 minutes)
or by maintaining the pH of the medium at
4.4 or 7.

Studies on the effect of combination treat-
ment of ultrasonic waves and radiation were
carried out as follows. The organisms were
first treated for 20 min at 300 kilocycles and
10 watts of transducer power. Both the
sonicated and nonsonicated cells (controls)
were exposed to gamma radiation in a Cof
source at a dose rate of 1.8 X 10° rads/hour.
Plating was done on tryptone, glucose, beef
extract agar with 0.05% casamino acids for
M. radiodurans (incubation temp. 30°C),
whereas the same medium without casamino
acids was used for S, faecalis (incubation
temp. 37°C). Colonies developed after 72
and 48 hr, respectively. Figs. 1and 2 depict
the sensitizing action of the ultrasonic treat-
ment on M. radiodurans and S. faecalis, as
seen by the change of the slope of the sur-
vival curve. The experiments with M. radio-
durans were repeated ten times on different
days, whereas those with S, faecalis were
done eight times, also on different days. The
various points obtained were subjected to a
regression analysis. As can be seen, the
slopes of the regression lines are significantly
different, since the Do value (90% mortal-

1 6411
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Fig. 1. Radiation sensi-
tivity of Micrococcus ra-
diodurans.

ity) for M. radiodurans has fallen down
front 5.8 X 105 rads to 2.9 X 10 rads,
whereas that for 5'. faecalis shows a decrease
from 37 X 103to 22 X 103 rads. Tables 1
and 2 show the various points, together with
the calculated standard deviation from the
mean, which demonstrate that there is no
overlapping of the points anywhere.
Application of the sonication-radiation
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Fig. 2. Radiation
sensitivity of Strepto-
coccus faecalis.

method can be further amplified, by calcu-
lating the sterilizing dose, by the following
equation (U. S. Army Quartermaster Corps,
1957).
D = DO (log NO- log N) + L,

where D is the sterilizing dose, DO is the 90%
mortality dose, NO is the initial number of
microorganisms per container (for example,

106), N

Table 1. Radiation sensitization effect of ultrasonic treatment.

Percent
survival Standard
without deviation
Radiation ultrasonic {t) from
dose treatment heé mean
Micrococcus radiodurans (av. of 10 expts.)
(rads X 105
18 73 11.0
3.6 37 5.6
45 27 173
54 145 175
7.2 9.2 15
10.8 155 0.8
Streptococcus faecalis (av. of 8 expts.)
(rads X 1031
15 87 5.66
30 30 3.46
60 3.64 0.54

90

Percent

survival

with
ultrasonic
treatment

56.5
131
6.4

0.82
0.058

55.7

12.3
0.385
0.0111

is the number of organisms per

Standard
deviation

§

+) from
he mean

2.99
2.39
114

0.25
0.013

7.7

24
0.84
0.0028
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container after irradiation (for example,
10"4) and L is the lag value (1.08 x 105
rads from Fig. 1) :
D= (58 x 105) [6 -
(1.08 x 103)
= 591 x 106 rads.
This would be the sterilizing dose for radia-
tion alone. For the combination treatment
the sterilizing dose works out to be 3.01 X
106 rads, which is half of the above value.
This marked effect of ultrasonic treatment
in enhancing the radiation sensitivity of mi-
croorganisms points out its practical value
in radiation sterilization of liquid foods such
as fruit juices, milk, etc.

(-4)] +
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Anthocyanins. V. The Influence of Anthocyanins and

Related Compounds on Glucose Oxidation By Bacteria3
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(Manuscript received July 3, 1963)

SUMMARY
The influence of 11 anthocyanin pigments on glucose oxidation by resting
cells of Escherichia coli k-12. Staphylococcus aureus. Lactobacillus casei 7469,
Salmonella enteritidis, S. typhosa, Proteus vulgaris, and Aerohacter aerogenes
was determined with a manometric technique. Malvidin, delphinidin, and the
monoglucosides of malvidin, pelargonidin, petunidin, and delphinidin gener-
ally inhibited glucose oxidation by the test organisms, hut in the absence of

glucose the organisms oxidized the pigments.

on respiration varied with pH.
chloride-4’-methyl-ether,

pounds

effect on E. coli.

and 3-methoxy-apigeninidin-chloride-4'-methyl-ether

The action of the anthocyanins

Apigeninidin chloride, 5-desoxy-apigeninidin-
and 5-desoxy-3 -methoxy-apigeninidin-chloride-4 -
methyl-ether inhibited glucose oxidation by S. aureus.

The latter two com-
had a similar

The depressing effect of glvcosidic anthocyanins on the

respiration of S. aureus was reversed by the addition of MgUI.

INTRODUCTION

Determination of the action of anthocyanin
pigments toward bacteria has to date been
confined to methods which demonstrate
either bactericidal activity or an influence
on the ability of microorganisms to repro-
duce. A study was made of the effect of
anthocyanin pigments on the respiration of
microorganisms in the presence and absence
of glucose.

REVIEW OF LITERATURE

Masquelier and Jensen (1953a,b) were
the first to show that an anthocyanin com-
pound may affect microbial activity. They
demonstrated that a partially demethoxylated
malvidin was bactericidal toward E. coli by
a procedure which was essentially a Phenol
Coefficient method (Jensen, 1954). In this
laboratory, Zimmerman (1957), Hartman
(1959) , Pratt et al. (1960), Powers et al,
(1960) , Hamdy et al. (1961), and Somaat-
madja (1962) have established that various
anthocyanin compounds influence multiplica-
tion by five genera of bacteria. Turbidi-
metric, plate count, and sensitivity-disc

“ Contribution from the College Experiment Sta-
tion, University of Georgia, Athens, Georgia. Ap-
proved as Journal paper No. 301. Portions of the
data are from a Ph.D. dissertation, University of
Georgia, 1962, by the senior author.

methods were used—all of which hinge upon
the ability of microorganisms to reproduce.
The literature relative to the action of antho-
cyanins toward microorganisms was re-
viewed by Pratt et al, (1960), Powers et al.
(1960), and Hamdy et al. (1961). Among
relevant investigations are those of Huddle-
son et al. (1944), who examined plants for
antibacterial substance. Gardner (1953) at-
tributed antibacterial activity to components
of wine other than alcohol. Remlinger and
Bailly (1937) reported that wine was in-
hibitory toward dysentery-producing orga-
nisms.
EXPERIMENTAL PROCEDURE

Natural and synthetic anthocyanin pigments.
The natural anthocyanin pigments used were mal-
vidin, malvidin-3-monoglucoside, delphinidin, del-
phinidin - 3-monoglucoside, petunidin -3 -monogluco-
side, and pelargonidin-3-monoglucoside. Pelargoni-
din-3-monoglucoside was isolated from strawber-
ries as described by Pratt et al. (1960) ; the other
compounds were isolated from Cabernet Sauvignon
grapes as described by Powers et al. (1960).

Five synthetic apigeninidin compounds, supplied
by Hoffman-La Roche, Inc., were used. They
were: apigeninidin-chloride, apigeninidin-chloride-
4’-methy l-ether, 3'-methoxy-apigeninidin-chloride-
4'-methyl -ether, S-desoxy-apigeninidin-chloride-4'-
methyl-ether, and 5-desoxy-3-methoxy-apigeninidin-
chloride-4'-methy 1-ether.

Bacterial procedures. The test organisms were
Escherichia coli, Staphylococcus aureus, Lactobacil-
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lus casei, Salmonella typhosa, S. enteritidis, Pro-
teus vulgaris, and Aerobacter aerogenes. E. coli,
S. aureus, and L. casei cultures were maintained
on tryptone-glucose-yeast-extract broth (Difco
B2). P. vulgaris and S, typhosa cultures were
maintained on brain-heart-infusion broth (Difco
B37), and S. enteritidis and A. aerogenes were
cultured in nutrient broth (Difco B3).

For the manometric studies the test organisms
were grown for 18-24 hr. The cells were har-
vested by centrifugation for 10 min at 10,000 rpm
and then washed 3 times with 0.85% saline solu-
tion. The washed cells were suspended in saline
and their weight per ml was determined gravi-
metrically. One ml of the cell suspension was
pipetted into each of several 5-ml test tubes, the
tubes were centrifuged, the supernatant discarded,
and the precipitate (the resting cells) immediately
frozen at —25°C. The frozen cells were resus-
pended at a concentration of 1 mg/ml in saline
solution at the time of use. Originally, compari-
sons were made of cells used within a few hours
after washing, after freeze-drying, and after freez-
ing as described above. Fresh cells were slightly
more active than frozen or freeze-dried cells but
also more variable as judged by replicate determi-
nations. Frozen cells were as active as freeze-dried
cells and easier to prepare. Provided the tempera-
ture of storage did not fluctuate, frozen cells were
the most satisfactory in terms of activity and uni-
formity.

The technique described by Umbreit et al. (1957)
to measure oxygen uptake was followed. Into the
main well of the flask were added 1 ml of potassium
phosphate buffer and 1 ml of the cell suspension
(1 mg cells). The potassium phosphate buffer
was adjusted to pFl levels ranging from 3.5 to 7.0.
The pigments to be tested (0.1, 0.2, 0.4, or 0.6 ml
of the 0.01M) were placed in the side well to-
gether with the substrate (0.2 ml of O.Olkf glu-
cose). CO02 was absorbed with strips of filter
paper saturated with KOH. The flasks were incu-
bated in a water bath of 37°C with constant stir-
ring. The oxygen uptake was measured at 10-min
intervals.

To study whether the anthocyanins have the
ability to chelate metallic ions and thereby stimu-
late or inhibit glucose oxidation, the pigments
were mixed with MgCB in different molar ratios
at various pH levels. The pigment-magnesium
mixtures were allowed to react for 1 hr before
they were introduced into the reaction mixtures in
the manometric flasks. The oxygen-uptake meas-
urements were conducted as above. Sensitivity-
disc measurements were also used to demonstrate
the action of MgCI2 and CaCl2 on growth of the
test organisms. The sensitivity-disc procedure fol-
lowed was that described by Powers et al. (1960).
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RESULTS AND DISCUSSION

Table 1 shows the effects of 4 glycosidic
anthocyanins and 5 aglycones on the respira-
tion of E. coli and 5" aureus. All of the com-
pounds depressed respiration below that
with substrates containing glucose alone.
The action of malvidin-3-monoglucoside and
malvidin is depicted in Fig. 1. The mono-
glucoside depressed respiration moderately;
the aglucone was slightly more effective.

When glucose was not present in the sub-
strate, E. coli and 5. aureus had the ability
to oxidize the monoglucosides of pelargoni-
din, petunidin, delphinidin, and malvidin
(Table 2). The action of the aglycones was
variable. At the 2gM level, A aureus was
able to utilize malvidin and the synthetic
compound apigeninidin-chloride.

In general, P. vulgaris, A. aerogenes, and
L. casei were affected by malvidin-3-mono-
glucoside in the same manner as E. coli and
A. aureus. This is shown in Table 3. With
these organisms, comparisons were made at
pH levels from 4.5 to 7.0. Respiration of
P. vulgaris and A. aerogenes was depressed
at the 3 pH levels, but at pH 4.5, L. casei
consumed more oxygen in the presence of the
pigment than in its absence.
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Fig. 1. Influence of malvidin-3-monoglucoside

and malvidin on glucose oxidation by E. coli at
pH 7.0.
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Table 1

GLUCOSE OXIDATION BY BACTERIA

Influence of anthocyanins and selected synthetic compounds on the oxidation of

glucose by 1 mg resting cells of E. coli and 5'. aureus at pH 7.0.
fib O utilized after incubation (min)

E. coli
Substrate K] 60 D
2 fj-M glucose (G) 4 29 43
G+ 1pM P-3-G - 2 - 6 -11
G+ 2nM P-3-G - 3 -21 -17
G+ 1pM Pt-3-G -7 -13 -21
G+ 2pM Pt-3-G -9 -20 -29
G+ 1pM D-3-G -7 -17 -21
G+ 2/iM D-3-G -10 -22 -32
G+ 4ixM D-3-G -11 -26 -40
G+ 1pM M-3-G
G+ 2/iM M-3-G
G + 1pM malvidin
G + 2 pM malvidin
G+ 1pM MAM - 4 - S -10
G+ 2pM MAM -14 -25 -30
G+ 1pM DAM - 6 -12 -18
G+ 2/iM DAM -10 -27 -28
G+ 1pM DMAM -18 -31 -37
G 4-2pM DMAM -19 -39 -45

G+ 2pM ApC

S. aureus
120 D 60 QD 120
56 43 68 79 85
-15 -9 -12  -13  -17
-24 S22 -30 -33 -38
-20 -8 -8 -10 -12
-32 -16 -27 -31 -35
-20 -1 -18 -21 -23
-37 -12 -27 -35 -43
-44
—22 -60 -60 -69
-29 -66 -70 -81
-17 -13 -10 -11
-30 -20 -30 -29
- 8
-29
-18 -20 -27 -34 -30
-31 -37 -44 -48 -48
-29 -18 -28 -30 -35
-41 -31 -41 -47 -48
—34 —43 50 —48
-30 -43 -48 -57

Negative values indicate a decrease in 0 3uptake from that with glucose alone.

P-3-G = pelargonidin-3-monoglucoside.

D-3-G = delphinidin-3-monoglucoside.

MAM = 3'-methoxy-apigeninidin-chloride-4'-methyl-ether.

DAM = 5'-desoxy-apigeninidin-chloride-4'-methyl-ether.

DMAM = 5'-desoxy-3'methoxy-apigeninidin-chloride-4'-methyl-ether.
ApC = apigeninidin-chloride.

Pt-3-G = petunidin-3-monoglucoside.

M-3-G = malvidin-3-monoglucoside.

When P. vulgaris, A. aerogenes, S. enteri-
tidis, S. typhosa, and L. casei were incubated
in substrates containing malvidin-3-mono-
glucoside but no glucose at pH 4.5, 5.6, and
7.0, the organisms utilized the pigment
(Table 4) in the same manner as did E. coli
and 6" aureus (Table 2).

Figs. 2 and 3 show the action of the aglu-
cones malvidin and delphinidin toward 6.
enteritidis and S. typhosa. In the presence
of glucose, 2 and of malvidin affected
respiration only slightly, but at the level of
6/iM of malvidin, respiration was depressed.
In the absence of glucose, respiration was
considerably lower, but the organism was
able to derive some energy from 2 and 6"M
of malvidin as compared with respiration in
the endogenous substrate.

Toward S. typhosa, the action of delphini-
din was more drastic. At levels of 2 and

4fiM of delphinidin respiration was lower
than with glucose alone (Fig. 3). However,
as was true for S. enteritidis, S. typhosa was
able to utilize delphinidin in the absence of
glucose.

Table 5 shows the effects of pH and mal-
vidin-3-monoglucoside on respiration of these
organisms. At pH 7.0 and 4.5, respiration of
S. enteritidis was inhibited by 2 and 4j-M;
at the other pH levels the action of the pig-
ment was variable. Respiration of A. typhosa
was inhibited in the range pH 4.0-7.0, but
at pH 3.5 respiration was greater. It should
be pointed out that respiration in the pres-
ence of glucose alone was slow at pH 3.5
(as would be expected) ; consequently, the
error involved in measurement was greater,
so this apparent increase in respiration
should be evaluated with reservations. One
interesting observation made throughout the
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Table 2. Oxidation of anthocyanins and selected synthetic compounds in the absence of

glucose by 1 mg resting cells of E.

coli and 5. aureus at pH 7.0.

/iL O utilized after incubation (min)

E. coli V. aureus
Substrate K] 60 D 120 K] 60 D 120
Endogenous 4 10 12 is 4 12 16 18

1pM P-3-G + 3 + 2 + 2 + 6
2pM P-3-G 0 + 5 + 18 +25 + 4 + 8 + 12 + 16
2pM Pt-3-G +10 +15 +22 +34
2pM D-3-G + 14 + 19 +27 +34
1pM M-3-G + 6 + 18 +20 + 17
2pM M-3-G + 11 +10 + 12 + 12
1pM malvidin - 2 - 4 -1 +10
2 pM malvidin + 6 + 8 + 16 +30
2pM DAM -3 -2 0 + 3
2pM ApC + 4 + 5 + 5 + 8

P-3-G = pelargonidin-3-monoglucoside.

D-3-G = delphinidin-3-monoglucoside.

DAM = b5'-desoxy-apigeninidin-chloride-4'-methyl-ether.

Pt-3-G = petunidin-3-monoglucoside.

M-3-G = malvidin-3-monoglucoside.

ApC = apigeninidin-chloride.

Positive values indicate oxidation of pigment (values above those of endogenous).
Negative values indicate depression of endogenous by pigment.

investigation was that there was a tendency
for the action of the anthocyanin compounds
to be at a minimum at pH 5.6 as compared
with other pH levels.

180
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Fig. 2. Influence of malvidin on glucose oxida-
tion by N. cntcritidis at pH 7.0.

Table 6 shows the influence of delphinidin-
3-monoglucoside on the respiration of P. vul-
garis, A. aerogenes, S. enteritidis, and S.
typhosa at pH 4.5-7.0. Toward P. vulgaris,
A. aerogenes, and -S, enteritidis, the antho-
cyanin was inhibitory. Toward 5" typhosa
the compound stimulated respiration at the

160

UPTAKE (ML O/ 2 MG DRY CELL)

OXYGEN

40 60 80 oo 120
TIME (MINUTES)
Fig. 3. Influence of delphinidin on glucose oxi-

dation by N. typhosa at pH 7.0.
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As between S. enteritidis and S. typhosa.
the action of the two compounds, malvidin-3-
monoglucoside and delphinidin-3-monogluco-
side, was reversed. Delphinidin-3-monoglu-
coside inhibited the respiration of S, enteri-
tidis, whereas malvidin-3-monoglucoside de-
pressed the respiration of S. typhosa more.

In the absence of sugar, P. vulgaris, A.
aerogenes, S. enteritidis, and S', typhosa uti-
lized delphinidin-3-monoglucoside for energy
(Table 7), as they did malvidin-3-mono-
glucoside (Table 4).

To learn whether chelation of metals
might be involved in the action observed, a
series of sensitivity discs were set op, with
pigment added to some discs and pigment
plus either CaCF or MgCI2 added to other
discs. Fig. 4 shows the influence of the Ca

S.AUREUS

INHIBITION UTILIZATION

W Co Ca_Mg
\\ M9 Mg [ m |
Neo| | M M

= cal | Mg
§ | § N \&n

il ! -

D-3-G Pt-3-G M-3-G 0-3-G Pt-3-G

L. GASEI

INHIBITION UTILIZATION Co
C

0-3-6 P1-3-G P1-3-G

Fig. 4. Influence of addition of calcium and mag-

nesium (1:1 molar ratio with pigment) on the
activity of anthocyanin pigments toward the
growth of S, aureus and L. casci.

or Mg salt in reversing the action of the
pigment. The monoglucosides of delphinidin,
petunidin, and malvidin inhibited growth, as
has been reported in a previous publication
(Powers et al., 1960). When CaCU or
MgCI2 was also added, the inhibitory action
of the anthocyanin was reversed in whole or
in part. As described by Powers et al
(1960) and Hamdy et al. (1961), there was
a tendency for the zone of inhibition imme-
diately surrounding the disc to be surrounded
in turn by a zone of greater population den-
sity than that at locations well removed from
the treatment discs. In prior publications
this has been referred to as a zone of stimu-
lation. It appears to the authors of those
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SOMAATMADJA AND POWERS

publications that the zone of greater colony
density may merely be a zone wherein both
the medium nutrients and small amounts of
pigment and/or the Mg and Ca salts are
being utilized by the organisms. This is
borne out by some of the manometric re-
sults described above. Small amounts of
anthocyanin sometimes increased respiration
rather than depressed it, as did larger
amounts of pigment. The concentration of
anthocyanin falls off rapidly at points only
a short distance from the sensitivity disc.
The zone previously referred to as a zone of
stimulation may merely be an example of the
Arndt-Schutz rule (Townsend and Luckey,
1960 ), wherein stimulation results through
utilization of compounds which are inhibi-
tory in higher concentrations.

The sensitivity-disc observations reflect
the growth of organisms, not merely respira-
tion. To learn whether added MgCL also
affected respiration, manometric measure-
ments were likewise made. The results of
some of these experiments are shown in Fig.
5. When one mole of Mg per mole of mal-
vidin-3-monoglucoside or of petunidin-3-
monoglucoside was added, respiration was
increased over that with the pigment alone.
When 2 moles of Mg was added, respiration

50

40

30[

20

OXYGEN UPTAKE (uL O,/ MG DRY CELL)

[¢] 20 40 60 80 100 120
TIME (MINUTES)

Fig. 5. The reversal of the inhibitory effect of
malvidin-3-monoglucoside and petunidin-3-mono-
glucoside on oxidation of 2 jiM glucose by 3. aureus
by magnesium at pH 4.5.
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was increased even more. Both by the sensi-
tivity-disc procedure—which reflects growth
—and by the manometric method—which
reflects respiration—MgCL could offset in
part the inhibition produced by malvidin-3-
monoglucoside or petunidin-3-monogluco-
side.
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Anthocyanins. VI. Chelation Studies on Anthocyanins
and Other Related Compounds3
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SUMMARY

The metal-complexing properties of nialvidin-3-nionoglucoside, petuiiidin-3-
nionoglucoside, and 3'-methoxy-apigeninidin-chloride-4'-methyl-ether were
studied polarographieallv and spectrophotometrieally to complement bacte-
riological findings previously made. The molar ratios at which malvidin-3-
monoglucoside combined with cupric ions depended on the pH of the sup-
porting electrolyte solutions. The molar ratio of cupric ion to malvidin-3-
monoglucoside was 2:1 at pH 3.9; the molar ratios were 1:2 at pH 3.3 and
4.3, but these ratios were 1:1 at pH 5.0 and 6.0.

The absorption peaks of malvidin-3-monoglucoside were shifted to shorter
wavelengths in the visible range but to longer wavelengths in the UV range
upon addition of various concentrations of cupric ions. The absorption peaks
of petunidin-3-monoglucosidc were shifted to shorter wavelength in both the
UV and the visible light ranges upon addition of various concentrations of
cupric ions. The infrared absorbancies of 3'-methoxy-apigeninidin-chloride-4'-
methyl-ether at 11 to 14.5 g disappeared upon the addition of Ca and Mg ions.

INTRODUCTION

The capability of the flavone compound
guercetin to chelate certain metallic ions
has been reported by Clark and Geissman
(1949), Heimann et al. (1953), and Detty
et al. (1955). Anthocyanins differ struc-
turally from flavones in that the former do
not have a carbonyl group at the fourth car-
bon of the molecule (Bate-Smith, 1954).

Earlier papers from this laboratory (Pratt
ct al.. 1960; Powers et al.. 1960; Hamdy
et al., 1961) reported that anthocyanin pig-
ments inhibited the growth of certain bac-
teria. Somaatmadja (1962) found that an-
thocyanin pigments as a class inhibited glu-
cose oxidation of certain bacteria but that
these pigments were oxidized when no glu-
cose was available. Somaatmadja et al,
(1964) found that inhibition of the growth
of S, aureus by malvidin-3-monoglucoside
and delphinidin-3-monoglucoside was re-
versed by the addition of Mg or Ca. The
decrease in rate of glucose oxidation by S.

“ Contribution from the College Experiment Sta-
tion, University of Georgia, Athens, Georgia. Ap-
proved as Journal Paper No. 302. Portions of the
data were taken from the Ph.D. dissertation. Uni-
versity of Georgia, 1962, of the senior author.

aureus upon the addition of malvidin-3-
monoglucoside and petunidin-3-monogluco-
side was reversed by the addition of 1:1 and
1:2 molar ratios of Mg to pigment. The
study reported here was made to investigate
by polarographic and spectrophotometric
means whether anthocyanins chelate with
metals.

EXPERIMENTAL PROCEDURE

Anthocyanin pigments. Malvidin-3-monogluco-
side and petunidin-3-monoglucoside were isolated
from Cabernet Sauvignon grapes as described ear-
lier (Pratt et al.. 1960; Powers et al., 1960). Syn-
thetic 3'-methoxy-apigeninidin-chloride-4'-methyl -
ether was also used (Powers et al., 1960).

Polarographic analysis. Aqueous solutions of
CuSO, (0.01A/), pigment f0.01AT) and mixtures of
CuSOi and pigments in different molar ratios were
pipetted into 25 ml of supporting electrolyte solu-
tions (0.2M citrate buffer of pH 3.5, 3.9, 45, 50,
and 6.0). The mixtures u'ere deaerated for 10 min
with nitrogen gas. A Sargent-Heyrovsky Polaro-
graph instrument, Model XII, w'as used.

The diminution of copper was measured by the
difference in the height or disappearance of its
wave. The formation of copper-pigment complex
was indicated by the appearance of new polaro-
graphic waves with new half-wave potentials.

Spectrophotometric analysis. Aqueous solutions
of anthocyanin pigment and CuSOi were mixed in

[655 ]
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different molar ratios. The mixtures were allowed
to stand for 1 hr and then transferred to HC1
solution of pH 1.0. The spectral curves were
determined with a Beckman DU spectrophotometer.
The optical density readings were compared with
the blank containing the same amount of CuSCL
with respect to the mixture being investigated.

For infrared analysis, mixtures of CaCk or
MgCk and anthocyanin pigment solutions in 1:1
molar ratios were dried with ground KBr. The
KBr-pigment pellets were prepared as described
by Powers ct al. (1960). The infrared absorbancy
curves were determined with a Beckman IR 5
spectrophotometer.

RESULTS AND DISCUSSION

Spectrophotometric analysis in the UV
and visible spectra showed that the shifts of
the absorption peaks of malvidin-3-mono-
glucoside upon the addition of 1:1 and 1:2
molar ratios of cupric ions to pigment (Fig.

1) were more pronounced in the UV region.

A similar situation was observed with petu-
nidin-3-monoglucoside (Fig. 2).

Infrared analysis of 3'-methoxy-apigenini-
din-chloride-4'-methyl-ether (Fig. 3) showed
that the addition of Ca or Mg resulted in
the disappearance of absorbancy peaks at 11
to 14.5 fi. Somaatmadja (1962) found that
substituting methoxyl groups into the 3rd
and 4th carbon on the side ring and remov-
ing the OH at the 5th carbon of various
synthetic apigeninidin chloride derivatives
increased the number of absorbancy peaks
in this region.

Polarographic studies of malvidin-3-
monoglucoside established that this pigment
produces two distinct waves (Figs. 4, 5, 6,
7). These results are in general agreement

[] o o =
a » ® Q

OPTICAL DENSITY

o
~

300 400 500 600
WAVELENGTH (MU)

Fig. 1. Influence of copper on absorption charac-
teristics of malvidin-3-monoglucoside (-------- P =
pigment; — - P+ Cu (1:1);
(2:1)).

CHELATION STUDIES ON ANTHOCYANINS

OPTICAL DENSITY

N

300 500 600

400
WAVELENGTH (M)

Fig. 2. Influence of copper on absorption charac-
tesistics of petunidin-3-monoglucoside (------- =
pigment; ----------- P+ Cu (1:1);
(2:1)).

with those of Zuman (1953). Kolthoff and
Lingane (1952) reported that flavones gave
two polarographic waves.

When malvidin-3-monoglucoside was
mixed with cupric ions in different molar
ratios in citrate buffer of pH 3.5, 3.9, 45,
and 6.0, the diffusion currents of the antho-
cyanin and copper changed in height and
new waves became evident as the end prod-
ucts of the reactions of copper and the pig-
ment. Table 1 show's the values of the
half-wave potentials of copper, malvidin-3-
monoglucoside, and copper-pigment complex
in solutions of different pH. Table 2 gives
the values of the diffusion current in micro-
amperes of the residual copper.

At pH 3.5 when one part of copper was
polarographed with one part of pigment,
one-half of the amount of copper was re-
covered, as evidenced by the diffusion cur-
rent of the residual copper of 5.17 /i@ as
compared with the original of 10.58 ;ua
Corresponding changes in diffusion current
of the residual copper were obtained when
two parts of copper and three parts of the
pigments were polarographed. When one
part of copper was polarographed with two
parts of the pigment, all the copper was
tied up. At this pH. copper and malvidin-3-
monoglucoside formed a complex in a 1:2
molar ratio with a half-wave potential of
—0.42 V. The polarograms of these reac-
tions are shown in Fig. 4.

At pH 3.9, no diffusion current of the
residual copper was found when one part
of copper and one part of malvidin-3-mono-
glucoside w'ere polarographed. Results were
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WAVENUMBER CM'1
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Fig. 3. Influence of calcium and magnesium on the infrared spectral curve of S-desoxy-3'-

methoxy-apigeninidin-chloride-4'-methyl-ether.

similar when two parts of copper were
polarographed with one part or three parts
of the pigment, indicating that all copper
had been tied up into a copper-pigment com-
plex. At pH 3.9, copper and malvidin-3-
monoglucoside formed a complex in a 2:1
molar ratio. The half-wave potential of the
copper-pigment complex was —0.43 V. The

polarograms of the reactions are shown in
Fig. 5.

Fig. 6 shows the polarograms of the reac-
tions of copper and malvidin-3-monogluco-
side at different molar ratios at pH 4.5. At
this pH a diffusion current of 4.23 /;a was
observed when copper and the pigment were
polarographed in a 1:1 molar ratio. When

Table 1. Half-wave potentials (volts) of copper, malvidin-3-monoglucoside, and copper-
malvidin-3-monoglucoside complexes at different pH levels.

pH a My @
35 -0.344 -0.196
-0.247
-0.372
3.9 -0.326 -0.219 -0.209
-0.330 -0.284
-0.447
45 -0.312 -0.187 -0.229
-0.252 -0.327
-0.410
5.0 -0.302 -0.215 -0.247
-0.317 -0.330
-0.400
6.0 -0.279 -0.215 -0.260
-0.279

QP 9P G5
-0.197 -0.196 -0.200
-0.256 -0.316 -0.289
-0.336 -0.367 -0.360
-0.440 -0.436 -0.400
-0.196 -0.256 -0.261
-0.335 -0.354 -0.354
-0.428 -0.423 -0.410
-0.205 -0.200 -0.177
-0.280 -0.322 -0.234
-0.322 -0.428 -0.415
-0.400

-0.191 -0.200
-0.293 -0.317
-0.428 -0.420
-0.219 -0.238
-0.290 -0.272

-0.320
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Table 2. Diffusion current in micro-amperes of the residual copper at different pH levels.

pH 35 3.9

Cu 10.58 7.05
Cu:P(2:1) none
Cu:P(1:1) 5.17 none
Cu:P(2:3) 4.70 none
Cu:P(4:2) none none

None, no residual copper.

two parts of copper and one part of the pig-
ment were polarographed, the diffusion cur-
rent of the residual copper was higher than
that of the original (7.76 /¢a). This value
indicated that more than one part of copper
was still free. On the other hand, when two
parts of copper were polarographed with
three parts of the pigment the diffusion cur-
rent of the residual copper was one-half of
that of the original copper, indicating that
half of the amount of copper was still free.
When one part of copper was polarographed
with two parts of the pigment no residual
copper was recovered. These results indi-
cate that at pH 4.5, copper and nralvidin-3-
monoglucoside react to form a complex in a
molar ratio of 1:2; the half-wave potential
of the complex at this pH was —0.41 V.

At pH 5.0, one part copper was recovered
when two parts of this metal was mixed
with one part of the pigment. The diffusion
current of the residual copper (11.76 /)
was similar to that of the original (10.11 na).
On the other hand, when two parts of cop-
per were reacted with three parts of pig-
ment no residual copper was recovered. A
similar result was observed when one part
of copper was polarographed with two parts
of pigment. This indicated that the reaction
of copper with the pigment to form a copper-
pigment complex was at a 1:1 molar ratio.
o
3=Cu:

4=Cu:
5= P

P(1:1)
P(2:3)

P(I1:2)
(PIGMENT)
2 3 . 5

Fig. 4 Polarograms of copper and malvidin-3-
monoglucoside at different molar ratios in citrate
buffer of pH 35.

45 5.0 6.0
7.76 101 16.45
8.46 11.76 15.67
4.23 none
4.70 none

none none none

—, not determined.

The half-wave potential of the complex at
this pH was —0.40 V.

Fig. 7 shows the polarograms of copper
and the pigment reactions at pH 6.0. No
residual copper was recovered when one part
of this metal was polarographed with one
part of pigment. Results were similar when
one part of copper was reacted with two
parts of pigment. One part of copper was
still free when two parts of this metal were
polarographed with one part of pigment.
The residual current of copper was 15.67 /;a
as compared to the original of 16.45 /i
These results indicate that at pH 6.0, copper
reacts with malvidin-3-monoglucoside in a
1:1 molar ratio to form a complex with a
half-wave potential of —0.31 V.

The molar ratios of copper and pigment
to react to form complexes varied with the
pH of the supporting electrolyte solution.
Clark and Geissman (1949) suggested that
the chelatogenic sites of flavones are the 3rd
and 4th dihydroxyls on the side ring and
the 3-hydroxy-4-ketone group. Mehta and
Sehadri (1958) suggested that the keto-enol
tautomerism of the hydroxyl on the 3rd
carbon and the carbonyl on the 4th were the
major factors for the chelating action of the
molecule of flavones.

Malvidin-3-monoglucoside does not con-
tain a hydroxyl group at the 3rd carbon of

;igz-mz.l)

= Cu:P(l:1)

3

4*GCu: P (2:3)
5*Cu:P(1:2)
6
7

* | P(PIGMENT)
s2pP

Fig. 5. Polarograms of copper and malvidin-3-
monoglucoside at different molar ratios in citrate
buffer of pH 3.9.
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1=Cu
2 =CuP {2:1
3=CuP{l:1)
4=Cy:P (2:3)
5=Cu:P (1:2)
6= 1P (PIGMENT)
7=2P

Fig. 6. Polarograms of copper and malvidin-3-
monoglucoside at different molar ratios in citrate
buffer of pH 45.

the side ring, and it does not contain a car-
bonyl group. It seems from the results of
these studies that the reactive site of mal-
vidin-3-monoglucoside to combine with cu-
pric ions is in the methoxyl and the OH
groups on the side ring or the OH groups
at the 3rd, 5th, or 7th carbon of the molecule.

At pH 35 and 4.5 the molar ratios of
copper to pigment to form a complex were
1:2. It is possible that the OH group at the
4th carbon of the side ring of one molecule
of pigment and that of another react with
one Cu, as shown in A. At pH 3.9 the
molar ratio of copper to pigment was 2:1;
the site of the reaction at this pH may be
on the ring side, i.e,, 2 Cu ions react with
two methoxvls and OH as shown in B.

At pH 5.0 and 6.0, the molar ratios of
copper and pigment to form a complex was
1:1. In this case it may be that the methoxyl

|-
2+Cu: P (2:1)
3:Cu:P (1)
4-Cu: P (1:2)
51 P (PIGMENT)

Fig. 7. Polarograms of copper and malvidin-3-
monoglucoside at different molar ratios in citrate
buffer of pH 6.0.
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groups acted as the chelatogenic site of the
molecule.

Methoxyl groups of the pigment molecule
as chelating sites have not been previously
reported. The results of these investigations
indicated that OH groups alone or both
methoxyl and OH groups may be the reac-
tive site of malvidin-3-monoglucoside mole-
cule, depending on the pH of the solution.
The dependence on pH of the availability of
the hydroxyl group to chelate metals was
reported by Detty et al. (1955).

The chelating ability of malvidin-3-mono-
glucoside observed in this study may par-
tially explain the mode of action of malvidin
derivatives in inhibiting the growth and glu-
cose oxidation of various test organisms.

Masquelier and Jensen (1953a,b) showed
that partially-demethoxylated malvidin had
bactericidal property. This may be accounted
for by the presence of both OH and OCH3
groups on the side ring of the pigment mole-
cule. The fact that malvidin, malvidin-3-
monoglucoside, and 5-desoxy-3'-methoxy-
apigeninidin-chloride-4'-methyl- ether were
more reactive in inhibiting the test organisms
than any other pigments studied (Powers
et at., 1960; Somaatmadja et al., 1963) gives
further support to the role played by the
methoxyl and hydroxyl groups as chelato-
genic sites of the pigment molecule.
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SUMMARY
A method of prediction of perceptibility of luminous-transmittance and

dominant wave-length differences by
given for a small area of the color continuum with a specific product.

spectrophotometric measurements is
Graphs

are presented from which the dominant wave-length or luminous-transmittance
differences necessary for discrimination are read directly, at various proba-
bility levels of success, for any dominant wave length or transmittance over

the range of red wines.

INTRODUCTION

Based on the work of Munsell (1933),
Lovibond (1890), Adams (1942), Mac-
Adam (1943), and others, a number of
methods have been developed for the predic-
tion of perceptibility of color differences
over the complete color continuum. These
methods are usually used with reflectance
measurements. However, in dealing with
discrete areas of color under conditions
where light is transmitted to the observer
through a liquid, these methods do not yield
acceptable results.

In preliminary studies (Ough and Berg,
1959) on the effect of different light sources
on color differentiation in red wines, the
AC values obtained from Davidson’s (1951)
charts correlated rather poorly with panel
results. Because of this finding the present
study was undertaken to determine if a more
reliable prediction method could be estab-
lished for red wines.

EXPERIMENTAL DETAILS
Test wines.
which covered the gamut of red-wine dominant

Used as base wines were three wines

wave length and transmittance (Table 1). With
these wines, blends were made to give a total of
5 reference wines spaced in dominant wave length
and transmittance and purity over the red-wine
range. Four blends were made daily to give the
desired differences in dominant wave length or
transmittance from the reference wine under study.
With these reference wines of constant pigment
composition, independent shifting of dominant wave
length, transmittance, and purity by blending was
not possible. Previous work on wines indicated
that, from an observer viewpoint, transmittance and
dominant wave length were the most characteristic
attributes of wine. Under these circumstances the
blends were studied with major reference to either
dominant wave length or transmittance, although
purity was calculated and considered in all cases.
From 16 to 32 blends were made for each reference
wine.

In the investigation of transmittance variation
without dominant wave-length change, 3 reference
wines covering the transmittance range of red
wine were made by blending a concentrated red
wine with a decolorized white wine. Since the
pigment composition of the blending wine was
constant, the blends fell on a line of increasing
transmittance and decreasing purity. Since pre-
vious work (Ough and Berg, 1959) had shown
that the major attribute considered by the observer

Table 1. Color characteristics of the base wines.

Dominant

Wine General color wave length
type description 3 °/o purity (m/t)
Cabernet Purple-red, dark 0.5538 0.3470 33.2 39.7 505.0 ¢
Burgundy Red, dark 0.5397 0.3784 325 41.5 611.2
Rosé Orange-red, light 0.4639 0.4082 87.8 11.7 592.0

[661]
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was the change in transmittance, purity was not
included in the treatment of the data. Twenty
blends were used in the study of each reference
wine.

All wines were filtered to a high degree of
brilliance before use. Blends were made each day
just prior to evaluation.

Physical color measurements. Transmittance
measurements of the blends and the reference wines
were made daily on a Beckman Model DU spectro-
photometer. The percent transmittance was meas-
ured at 10-m/i intervals over the range of 400 to
700 m/r, through a 2-mm light path with water
as the reference liquid. From these measurements
the dominant wave length, percent purity, and
luminous transmittance (% Y) were determined by
means of the weighted ordinate method of Hardy
(1948) for illuminant A.

With wines having only transmittance and purity
differences, spectrophotometric readings at 420 and
520 m/r were used to determine % Y by the method
outlined by Ough et al. (1962).

Subjects. Thirty subjects, of both sexes, ranging
in age from the early twenties to the early sixties,
were selected from the department staff. Some
were familiar with judging wine color, others
were not. All were tested with the Farnsworth-
Munsell 100 Hue Test (1943) and the I1SSC color
aptitude test described by Dimmick (1956). The
results of these tests indicated that the panel was
a fair representation of the general population.
Two of the male subjects were found to be
deuteranoid. Neither case was extreme, and the
subjects were retained on the panel.

Test conditions and methodology. Sample com-
parisons were made by using a viewing box under
illuminant A (Holuk Lighting and Manufacturing
Co., Model K-6 Color Comparison Grading Light
Unit). Illuminant A was used because most wines
are viewed and consumed under incandescent light.
The light was positioned 37 inches above the
samples at the top of the box, which was closed
on three sides and the bottom. The box was 40
inches wide, 24 inches deep, and 40 inches high.
The interior was painted a dull neutral gray (19%
reflectance) to give a neutral, nonspecular sur-
rounding. Illumination of sample area was checked
with a photometer to ensure uniformity. Position-
ing marks for the sample glasses were spaced
equally (2 inches) right and left of center in a
parallel plane to the open face and an equal distance
between back and front of the box. Samples were
presented in 8-ounce, matched, tulip-shaped wine
glasses. A measured amount (50 ml) of wine was
placed in each glass. The subjects were instructed
to place the glasses, one pair at a time, on the
marks and make the comparisons without moving
or tilting the glasses. No restriction was placed

AMONG RED WINES

on the subject as to his position in reference to the
glasses. The effect of extraneous light was mini-
mized by sealing the windows and illuminating
the room with subdued indirect incandescent light.

Four pairs of samples were presented to the
subjects each day over a period of several months.
One glass of each pair contained the reference wine

and the other a blend. The presentation was
forced choice, with complete randomization of
coding, inter-, and intra-pair order. In lightness

comparisons the subjects were requested to select
the less light of each pair. In hue comparisons
they were asked to select the more red, or orange
or purple, depending on the dominant wave length
area being tested. Lightness and hue comparisons
were made on alternate days. The chromaticity
diagram (Fig. 1) gives the variations that all the
wines viewed in the 5 series would have had if
viewed in a layer 2 mm thick.

Analysis of test data. Transmittance. Differen-
ces between the % F of the reference wine and the
test blends were plotted against the panel response
as normal deviates for each reference group. By
using the method of least squares, regression lines
were determined showing a reasonably linear re-
sponse by the panel to changes in %F. Fig. 2
is an example of one of these plots. The slopes
of these regression lines were then transformed
from deviates /A% r to [A log /% F]/deviate in
order to give linear functions. This result would
be expected since response to changes in transmit-
tance is generally a power function. Also, having
the deviate at unity allows further plotting of the
slope data with reference to the various constant
stimuli. [The transformation could have been made
prior to plotting; but, as is pointed out by Guilford
(1954), there is little difference in the residual
error term between making or not making the
transformation before plotting. This was checked
on one of the plots by making the transformation
prior to plotting. No change was found in final
slope value or residual error, indicating that the
normal response law was not violated by plotting
the non-transformed data.]

These transformed slope values were then plotted

on log-linear paper in the form: x = ab”x
where x = log
%Y
Ar =

Alog v (A.r in this case is the vari-
0

ation required for the panel to respond with a cor-
rect decision 84% of the time).
b — slope of the line, and a — the x inter-

cept.
By wusing the above form, plots were made
(Fig. 3) of the transmittance variations with
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Fig. 1. Chromaticities of the 5 series blends viewed by illuminant A in a layer 2 mm thick.

dominant wave-length variations, and without
dominant wave-length variations.

In order to obtain a linear relationship of the
transmittance variations where dominant wave
length also varied the data were replotted (Fig. 4)
in the log-log form Ax — k (x — Xt)n where n
is the slope of the line. The threshold value, xt,
was taken as zero since it was evident from the
data that the value was so low as to be insignificant
in the calculations. The degree of expectation
of a correct decision is found from the deviate (in
the case of a deviate of 1.0 the probability of a
correct decision would be 0.84). The other prob-
abilities are readily calculated from the initial re-
gression lines.

Dominant wave length. By trial it was found
that the V Adominant wave length gave the best
linear relationship when plotted against the normal
deviates of the hue responses of the subjects. Fig. S
shows a typical example of one of these plots. The

slopes of the regression lines were transformed
from deviates/V Adominant wave length to
V Adominant wave length/A deviate, and the trans-
formed slope values plotted (Fig. 6) on log linear
paper in the form

y =

where y =

abx

VAdominant wave length (Adominant

wave length is the minimum change in wave length
which can be detected by a given percentage of
the viewing population.)

4.0

30— SERIES II

20

(+)

A%Y

30
() e———(+)
[ I

16 12 08 04 0 04 08 12
RESPONSE AS NORMAL DEVIATES

40

1.6

Fig. 2. Panel response to incremental transmit-
tance differences for Series I1II.



x = the reference dominant wave length
b = the slope of the line
a = the intercept

RESULTS
Fig. 3 shows the effect of dominant-wave-length
variations on the relationship of A% F to reference
% F (plotted as A log 1/% F against log 1/%F.
W here the dominant wave length remains constant,
the relationship is linear. This is in contrast to the

L1l

|

L 111

A 1»1c7
(INCREMENTA. DIFFERENCE)

Fig. 3. Transmittance differences required at
various transmittances for an 84% correct decision
by the panel for constant dominant wave length
and for varying dominant wave length. 0 constant
dominant wave length, 504, m~ (refer to Table 2
for the tabulated values). X- covers the range
from 594 to 635 mu (refer to Tables 3 and 4 for
the tabulated values).
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Fig. 4. Transmittance differences required over
the range covered by the 5-blend series for various

expected probabilities of a correct lightness de-
cision.
curvilinear line, which shows the effect of domi-

nant-wave-length variations. In this experiment the
determined difference most nearly fits the Munsell
value function V = 10 R1L The accuracy of the
data derived from these observations would not
warrant comparisons to the value functions of
Godlove (1933) or those of the OSA subcommittee
(Newhall et al.,, 1943). The analysis of the data
was made without reference to this function, but
independent statistical analysis arrived at this func-
tion as the function of best fit.

Decreasing transmittance, as well as increasing
dominant wave length, requires a greater A%F
for a perceptual difference in lightness between
two wines. This is evidenced by the straight line
of Fig. 3 and the data of Table 2. As shown in
Table 2, the reciprocal of the slope (1/fr) increases
with increasing log 1/%F.

A comparison of the data in Tables 2 and 3

Table 2. Regression equations of normal probability plots of A% F versus normal deviates

with standard error terms.

No dominant-wave-length variations.

Reference

% Y log 1/% Y Regression line SE» (y) SE» (P) 1/6»

28.6 0.544 y = 0.141 + 0.676 0.066 0.073 0.023
(x + 0.035)

61.6 0.210 y = 0.103 + 0.395 0.095 0.050 0.017
(x - 0.242)

86.3 0.064 v = 0.006 + 0.768 0.102 0.104 0.006
(x - 0.027)

aStandard error.
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Table 3. Regression equations of normal probability plots of A% Y versus normal deviates
with standard error terms for wines of both dominant-wave-length and transmittance variations.

Reference

Series %Y log 1/ % F Regression line SE (y) SE (6) i/fc

V. 33.60 0.474 y = 0.0098 + 0.483 0.104 0.061 0.039
(x + 0.960)

V. 36.44 0.438 y= 0.162 + 0.358 0.144 0.091 0.032
(x + 0.031)

1. 55.96 0.252 y = -0.096 +0.341 0.113 0.057 0.022
(x - 0.241)

1. 67.24 0.171 y = 0.060 + 0.513 0.118 0.098 0.011
(x - 0.230)

l. 82.30 0.084 y = -0.0509 + 0.9525 0.157 0.177 0.005
(x + 0.439)

"1/b as (A log--—-)/deviate.

shows that increasing dominant wave length and
decreasing transmittance changes are additive in
their effect on A%Y. A %Y value of 28.6 in
Table 2 gives a I/b value of 0.023, whereas a %Y
value of 33.60 in Table 3 gives a I/b value of 0.039.
Further evidence for the interaction between domi-
nant wave length and transmittance is given by
the plots of Figs. 3 and 4. The straight-line data
of Fig. 3 replotted on log-log paper gave a slope
value of 0.65, compared to 1.16 for Fig. 4.

Table 4 and Fig. 6 show the striking effect of
increasing dominant wave length on the perceptual
discriminatory ability of the panel members. As
shown in Table 4, the reciprocal of the slope (1/b)
increases with increasing dominant wave length,
becoming very large at the longer wave lengths.
This effect becomes so pronounced in the deep red
that the linear relationship shown in Fig. 6 prob-
ably should not be extrapolated beyond 635 nyt.

In lightness comparisons toward the purple end
of the dominant-wave-length range the phenomenon

of lightness reversal appeared. When a reference
wine of 635.3 mfi dominant wave length was com-
pared with wines of longer wave length and lesser
transmittance, the latter were called lighter. This
appears to be a critical area of the color spectrum
as wines of lower dominant-wave-length and
greater transmittance than this reference wine
were correctly judged lighter. This phenomenon
was not encountered with dominant-wave-length
determination, for the panel’s response to the hue
question was as expected. This would tend to
agree with Sanders and Wyszecki (1958) since
in this area of the chromaticity diagram they show
the L/Y response to change rapidly.

DISCUSSION

No attempt has been made to combine the
brightness and hue observations to formu-
late a visual color difference prediction
curve. This is believed to be unnecessary

Table 4. Regression equations of normal probability plots of VA dominant wave length
versus normal deviates with standard error terms for wines of both dominant-wave-length and

transmittance variations.

Reference
Dom WL Purity

Series (m/i) (%) Regression line SE (y) SE (b) I/ba

i. 593.9 14.6 y = -0.079 + 0.908 0.114 0.130 1.101
(x - 0.132)

il. 600.5 21.0 g = 0.194 + 0.707 0.064 0.072 1.414
(x - 0.338)

hi. 605.4 26.4 y = -0.904 + 0.656 0.120 0.098 1.524
(x - 0.501)

V. 611.4 40.8 y = -0.118 + 0.313 0.099 0.094 3.195
(x - 0.230)

v 635.3 33.8 g = -0.319 + 0.126 0.107 0.039 7911
(x -0.017)

“1/b as VAdominant wave length/deviate.
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since the interaction effects of hue on light-
ness and lightness on hue are included in
the plots of Figs. 4 and 6. Therefore it is
felt that these graphs may be used to predict
the various probabilities of a perceptual color
difference when two wines are compared by
spectrophotometric means even though the
purity was not taken into account in the cal-
culations. This is because, under the condi-
tions of these experiments, the purity is
determined when the dominant wave length
and transmittance are fixed. Secondly, the
judgments of color differences in wines ap-
pear to be largely dependent on the attributes
of hue and lightness. Thirdly, for the range
covered by red wines, the chromaticity
parameters are such that they would preclude
major changes in purity without correspond-
ing changes in transmittance.

While only a very small and discrete por-
tion of the color continuum was covered,
there is no reason why this approach could
not be applied to other areas where critical
color evaluation is important.
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SUMMARY

Experimenters involved with
augmented

scores between the supposed odd

sensory difference
the triangle test as a basic procedure.
the basic triangle test through obtaining
sample and

tests have long used
In some circumstances, they have
“degree-of-difference”

the pair of like samples.

A companion paper gives a method of formally utilizing these scores in the

analysis of these modified

This

triangle

tests
paper summarizes the method and gives the

when a computer is available.

results of applications

of the modified triangle test to experimental data.

INTRODUCTION

In three earlier references (Bradley, 1958,
1963; Ura, 1960) a mathematical model was
formulated that permitted theoretical associ-
ations and comparisons among sensory differ-
ence tests. This same mathematical model
formed the basis for the development of a
method of analysis for modified triangle tests
by Bradley and Harmon (1964). This paper
summarizes the modified triangle test pro-
cedure and provides additional illustrations
of its use without going into the computa-
tional details.

The procedure for the modified triangle
test is that the respondent first, in the usual
way, selects the odd sample from three sam-
ples, one of which is a variant or odd and
two of which are standard or like. Then the
respondent has the additional assignment of
scoring the degree of difference between the
sample selected as odd and the remaining
pair of samples through use of a scoring
scale. Scoring scales may differ but a typical
one would be as follows: 0, no difference;
2, very slight difference; 4, slight difference ;
6, moderate difference; 8, large difference;
10, very large difference. It is clear that some

“Research supported by the Army, Navy and
Air Force under an Office of Naval Research
Contract. Reproduction in whole or in part is per-
mitted for any purpose of the United States Govern-
ment. The assistance of a National Science Foun-
dation Grant to the Florida State University Com-
puting Center is acknowledged.

respondents will be scoring correctly a meas-
ure of difference between the odd sample and
the like pair, but it is also clear that some
respondents will be scoring a difference be-
tween one of the like samples and a pair
consisting of the odd sample and the other
like sample. The modified triangle test pro-
cedure utilizes both the information on num-
bers of correct selections in triangle tests and
the information contained in the degree-of-
difference scores. While this utilization of
the scores should increase test power, it also
increases the computational problem so that
an electronic computer is necessary.

ASSUMPTIONS

The modified triangle test is based on the
assumption of a conceptual, sensory-differ-
ence, stimulus-response scale for sensory sen-
sations of respondents in difference testing. It
is assumed that responses are normally and
independently distributed on the scale with
homogeneous variances cr. Responses to the
standard samples are taken to have mean
zero without loss of generality, and responses
to the variant samples are taken to have
mean /. Thus, in a single triangle test,
responses X\ and x2 to the standard samples
and response y to the variant sample are re-
ceived by the respondent. It is assumed that
the correct selection of the odd sample will
result when Xi and x2 are closer together
than y is to either x+ or x2 and that incorrect
selection will result otherwise. When the odd
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sample is correctly selected, the score on
degree of difference measures or approxi-
mates to [y —y2 (-ti + x2)| = R and, when
the odd sample is not correctly selected, the
score on degree of difference measures either
[r2 —vyi (y + 12)| = Wor |12 —y2
(y + xi) | = W. When N triangle tests are
conducted, observations Ri, , Rm Wi,
..., W, are recorded, there being m correct
judgments and n incorrect judgments in
some order, m -f n = N ; mand n are ran-
dom variables. Note that in the usual tri-
angle test only m is recorded, and now we
have the additional information in the R- and
if-values.

On the basis of the assumptions above, a
relationship has been developed between /fa
the probability of correct selection of the
odd sample, and 0 = /a, the standardized
difference in means of odd and like popula-
tions. Table 1 brieflv summarizes this rela-

Table 1. The relationship between probability of
correct selection and the standardized difference in
means.

Pa n/a Pa li/a Pa liltr
.3333 0 .6048 2.0 8977 4.0
.3370 2 6437 2.2 9137 4.2
3478 4 6812 2.4 9276 4.4
.3654 6 7169 2.6 .9396 4.6
.3891 8 7504 2.8 .9500 4.8
4181 1.0 7814 3.0 .9588 5.0
4512 1.2 .8098 3.2 9753 5.5
4875 1.4 .8356 3.4 .9857 6.0
.5258 1.6 .8588 3.6 L9920 6.5
5653 1.8 .8794 3.8 9957 7.0

tionship, taken from Bradley (1963). The
table may be used for a preliminary estimate
of 8 based on a simply estimated value of
pA, namely m/N.

THE MODIFIED TRIANGLE TEST

Although the emphasis in this paper is
on applications of the modified triangle test,
a brief summary of the method is necessary.
To consider applications fully, reference to
Bradley and Harmon (1964) is necessary
since difficulties may enter unless attention
is given to indeterminancies that may arise.

The standard statistical method of maxi-
mum likelihood is applied to develop a like-
lihood-ratio test procedure. Based on the
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assumptions of the preceding section, appro-
priate conditional distributions of R and W
were derived and included in a likelihood
function, the natural logarithm of which is

/[« n \

InL = k- Nina- | 2R(- + 4 IVf) /3a2

— (4m + n)6 12

m

+ 2 In coslt (28 Ri/3a) +
1
n
2 In cosh (8Wj/3<i)
1
in _ n
+2In/(V2Ri/3a) + 2In [/+}+ [_ ]
1 1 [1j
where
dt, 2
I(n) VT o t [2
I+.s = /[(V2»V 3«0 +(fl/V2)], [3]
I-,i = /[(V2«y3a) - (8/V2)], [4]
and
k = 2NIn2 - y2NIn(3ir).
The usual null hypothesis of the triangle
test is HO:px — y versus the alternative

hypothesis, Ha:pA> These hypotheses
remain for the modified triangle test but, in
view of Table 1, may also be translated into
hypotheses on 8. Thus we have

HO-pa= 'A 8= 0 [5]
and
Hn:pA>A,6,ey o [6]

The appropriate statistic for the modified
triangle test is

= —2InX = —2[Max InL\n0—
Max liiL\na] [7]

where Max InL\nQ is obtained by finding a,
the value of a that maximizes InL when
8 = 0, and substituting a fora and 0 for 8 in
Eq. 1. Similarly, Max InL\Ha is obtained by

finding 8 and 5, values of 6 and a that maxi-
mize InL in Eq. 1, and substituting these
values appropriately in Eq. 1. The chi-square
distribution with one degree of freedom ap-
plies to —2 nx (A is the usual likelihood-
ratio statistic) and this is indicated in Eq. 7;
large values of Xj are significant, the critical
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value determined by specification of a sig-
nificance level a.

The only real difficulty in application of
the modified triangle test is in the determi-

nation of a, ¢ and 8 This is done through
an iterative procedure leading to solution
of the likelihood equations for the maximiza-
tion of InL. These equations are too compli-
cated for desk-calculator solutions but solu-
tions are easily available from electronic
calculators of modest size. The applications
in this paper are based on IBM 709 calcu-
lations at the Florida State University. De-
tails of the equations to be solved are given
in Bradley and Harmon (1964), and that
reference should be consulted in computer
programming.

The method of maximum likelihood leads
to an information matrix and thence to
asymptotic variances and covariances of
maximum-likelihood estimates.  Through

this theory it is possible to take \/N (8 —8)
to be normal, with zero mean and a variance
obtainable from the information matrix. In
this way, confidence intervals on 8 and
thence on p\ (through use of Table 1) may*

be obtained. Again, details are given in
Table 2. Modified-triangle-test
Expt. 1 Expt-j
(beverages)3 (baked goods) 3
R ir R ir R

2 6 4 4 8 2 4

2 4 9 2 4 2 4

2 4 4 4 10 4 2

4 2 9 2 4 4 6

6 4 2 6 4 6 2

2 2 4 4 4 4 4

4 8 6 6 2 2 4

2 3 9 6 4 6 3

6 4 9 4 9 4

6 0 2 2 9 8

2 4 2 8 6

2 4 4 6 6

2 0 o 6 >

2 2 9 8

4 4 2

m —25 n — 29 m= 8 « = 13

R = 3.60 IV = 3.17 R = 5000 4.15

aData provided through
Foods Corporation.

IN SENSORY DIFFERENTE

Bradley and Harmon (1964), and examples
are shown below.

EXPERIMENTAL DATA

Four sets of experimental data are shown
in Table 2. The first three experiments in-
volved use of the illustrative degree-of-
difference scale of the Introduction. The
scale used in the fourth experiment was a
“confidence scale” : 0, pure guess; 2, very-
doubtful ; 4, somewhat doubtful; 6, almost
sure; 8, confident; 10, absolutely confident.
Experiment 2 is a comparison of baked
goods, and the other experiments all involve
control and experimental beverages.

In Table 2, values R and IV are shown
as average scores for triangle tests with cor-
rect and incorrect selections of the odd
sample for each of the four experiments. As
one would expect, R is larger than IV in
each case, but for the fourth experiment the
small difference between R and IV seems
somewhat anomalous in view of the relative
sizes of m and n. The fourth experiment
uses the confidence scale, and this may? sug-
gest that this scale is less desirable than the
degree-of-difference scale.

data from four experiments.

Expt. 3 Expt. 4
(beverages)h (beverages)1
w R ir
2 2 2 6 10 8 8
4 2 2 9 2 4 4
2 6 4 0 0 8 4
6 22 0 6 2 6
2 4 4 6 6 6 4
2 8 2 8 4 6 4
6 2 6 8 2 2 2
2 2 2 8 8 4 2
4 22 0o 2 8 4
10 2 4 8 4 2 2
4 6 1 8 6 8 8
6 0o 2 4 2 4
4 4 2 4 8 4
4 4 6 4
2 6 2 8
U=28 n = 28 1nz=30 i —26
R = 425170, = 296 R - 500 TV= 485

the courtesy of Mr. Charles C. Beazley, Post Division, General

bData provided through the courtesy of Mrs. Mavis B. Carroll, Technical Center, General

Foods Corporation.
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DATA ANALYSIS

To apply the modified triangle test, we
obtain the maximume-likelihood estimates of
8 and a under alternative and null hypothe-

ses. These values, 8. 5, and <, are given in
Table 3 for each of the four experiments,
together with values of x* based on Egs. 7
and 1 The probability that the observed
value of x* is exceeded under the null
hypothesis is shown in order to assess the
significance in the experiment. Note that
three of the experiments lead to significance
at the classical .03 level of significance but
that the small set of data on the baked goods

671

mum-likelihood theory may he used to obtain
confidence intervals on 8 This has been
done, and the intervals are shown in Table 3.
Table 1 may be used to convert the end
points of the confidence intervals on 8 into
end points of the corresponding confidence
intervals on ps shown in the last line of
Table 3. For these confidence intervals, a
confidence coefficient of 0.95 has been used.

Table 4 permits comparison of the modi-
fied triangle test with the usual simple tri-
angle test. The normal approximation to the
binominal distribution depends on the sta-
tistic

in Experiment 2 does not. ., = [81]
Estimates of pA the probability of correct V2A79

choice of the odd sample in a triangle test, \yperein the last numerator term is a con-

are given in Table 3; these values are ob- inity correction. The statistic « is taken

tained through use of Table 1 with that

table entered with the values 8 and interpola-
tions made for the corresponding values ofpA
(8 — it a).

As indicated above, large-sample maxi-

to be standard normal, and large values of
i lead to rejection of 110in Eq. 5 in favor
of H,, in Eq. 6, the normal test being one-
sided. Values of u for the four experiments
are given in Table 4, together with the cor-

Table 3. Data analysis for the four experiments: modified triangle test.

Experiment 1 2 3 4
a 2.3192 3.0179 2.5065 3.3738
6 1.0931 0.8713 1.3261 1.3784
a 1.9598 2.6950 1.9867 2.6380
X; 4.0980 0.7307 9.1768 8.4712
Prob. of
larger .043 .393 .0024 .0036
K 433 .399 474 483
.95 coni,
int. on 8 (.427, 1.759) (0, 2.097)" (.767, 1.886) (.802, 1.954)
.95 conf.
int. on p 1.350, .557) (.333, .624)" (.385, .582) (.389, .596)

' The lower limit for 8 was negative, but the realistic lower limit must thence be zero cor-
responding to a lower limit of 1/3 for A

Table 4. Data analysis for the four experiments : simple triangle test.

Experiment 1 2 3 4
m 25 8 28 30
N 54 21 56 56
ik 1.876 0.231 2.504 3.071
Prob. of
larger it .030 409 .0061 .0011
h 463 .381 .500 .536
.95 conf.
int. on px (:333, .596)" (-333, .589)" (:369, .631) (.405, .666)

" The lower limit obtained for px was less than 1/3, and 1/3 was used.
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responding probabilities that the observed
values of u be exceeded under HO The
estimates of p\ in Table 4 may be compared
with those of Table 3;in Table 4, —m/N.
It is seen that the two sets of estimates
of fa in the two tables agree quite closely.

The normal approximation to the binomial
may be used to obtain confidence intervals
on fa for the simple triangle test. The ap-
proximate interval is

(PA —1.96V pA (1 —P#)/N, pa +
196V h (]. " fa)/N) [9]

where a confidence coefficient of .95 is used.
We have used Eq. 9 to yield the intervals
in the last row of Table 4. It is seen that
the confidence intervals in Table 3, based on
the modified triangle test, tend to be shorter
than those in Table 4, based on the simple
triangle test.

DISCUSSION

The modified triangle test has been ap-
plied to four samples in this paper, to an
additional similar example in Bradley and
Harmon (1964), and to a simulated experi-
ment consistent with the assumptions for
the method, also in Bradley and Ilarmon
(1964). General indications are that the
modified triangle test should yield greater
power for the detection of sensory differences
and shorter confidence intervals for pA than
does the simple triangle test. For the simu-
lated experiment, the modified triangle test
appeared to lead adequately to reasonable
estimates of the parameters /* and a, known
in that example.

Various questions arise in regard to the
modified triangle test, and some of these can
be answered only through extensive use.
Note that the method may be used as an

MODIFIED TRIANGLE TEST IN SENSORY DIFFERENCE

adjunct to the simple triangle test on a trial
basis, as such tests are routinely conducted.
It is believed that the procedure should be
relatively insensitive to departures from the
assumptions made and this conclusion is
partially based on Bradley (1963). Usual
questions arise in regard to the discreteness
of the scoring scale for degree of difference
but this should not lead to bias; an approach
similar to that in Bradley et al. (1962) might
be undertaken, although the mathematical
problem appears to be difficult. Monte Carlo
studies could be considered to check various
properties of the modified triangle test, and
such studies seem to hold forth the easiest
method of further study.

The author would like to receive reports
on the use of the modified triangle test. It is
believed that many workers have used modi-
fied triangle tests before in the sense that
degree-of-difference scores have been ob-
tained. However, examples are difficult to
find and we note only the paper by Mahoney
et al. (1957).
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SUMMARY

The reaction of a large untrained panel to turkey meat samples ranging
from very tender to very tough was studied. Suitable samples were produced
by varying the post-mortem aging time before freezing from 1 to 24 hr.
W arner-Bratzler shear-force values were compared with toughness differences
detectable by a small trained panel and with toughness complained of by the
large panel. The small panel, using a triangle test, distinguished toughness
differences in light meat that differed in shear resistance by 4 Ib in a 9- to 22-1b

range.

between 19 and 25 Ib.

INTRODUCTION

The main purpose of this investigation
was to find out at what quantitative level of
toughness the consumer becomes dissatisfied
with the tenderness of turkey meat. Numer-
ous studies (Koonz et al., 1954; Klose et al.,
1959, 1960, 1961a,b; Dodge and Stadelman,
1960) have shown that aging (or chilling)
time and variations in processing can influ-
ence tenderness as measured by trained taste
panels and objective shear measurements,
but the results available do not tell us the
toughness levels that will make consumers
complain.

The problem is complicated by the fact
that some birds become tender in the few
hours before freezing that elapse in normal
processing whereas others require longer
aging. We therefore selected birds for test
according to shear measurements, since pre-
vious results showed that this measurement
correlates well with results with trained
panels (Klose et al., 1961a). Suitable sam-
ples were submitted to a large untrained
panel consisting of laboratory personnel and
their families.

METHODS

Turkey processing and shear force. One hundred

broad white turkey hens 20 weeks old were*

* Present address : University of Illinois, Urbana.

Complaints about toughness by the
when the light meat had shear resistance above 25

large panel increased markedly
Ib, and to some extent

slaughtered in a commercial plant, chilled in ice
slush for 1, 4, 6, 8, or 24 hr, packaged in plastic
bags, frozen in a blast freezer, and held at —10°F
for 1 to 3 weeks before cooking. The average
eviscerated weight (without giblets) was 10.3 Ib.
The day before cooking they were placed at 0°F.
They were roasted from the frozen state at 325°F
in a rotating electric oven, breast down, for two
hours, then breast up until the temperature in
the center of the thigh was 185°F. Total roasting
time was 4H~S hr; weight loss during cooking
was 30-32%. After one hour at room tempera-
ture, the breast, thigh, and leg meat was removed.

Strips of meat one inch wide, parallel to the
longitudinal grain, were removed from both sides
of the outer breast muscle (pectoralis superfi.cialis)
and the outer left thigh muscle (biceps femoris)
and tested on the Warner-Bratzler shear apparatus.
The strips from the breast muscles were removed
from an area approximately 1 inch from the an-
terior end. Thickness of the strip was that of the
muscle unless thickness exceeded 1 inch. In the
latter case the portion exceeding 1 inch was trim-
med. The strips from the thigh muscle were the
length that could be cut 1 inch wide and the
thickness of the rmiscle, and were centered over
the narrow end of the muscle. Six readings were
made on each strip, and the remainder of the
cooked meat from these parts was frozen in poly-
ethylene bags and held at —10°F.

Description of shear resistance of meat tested.
The shear resistance of the selected light meat
ranged from 7 to 42 Ib, and that of dark meat
ranged from 4 to 13 Ib. The influence of aging

[673 ]
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time on the distribution of samples within various

ranges of shear values (in Table 1) illustrates
the wusually encountered relation between shear
values and aging time (Klose et al, 1959). None

of the light meat from birds chilled 24 hr had a
shear resistance of 19 or above; 15% of the meat
from birds chilled 8 hr was in this range.

Dark meat from only 3 birds had shear resis-
tance of more than 10 Ib, and approximately 85%
were in the 4- to 7-Ib range. The shear values of
light and dark meat are not comparable, since the
light muscle was considerably thicker than the
dark muscle. Since the left wing tips of all birds
were clipped to hinder their flying, a comparison
of right and left breast muscles was made to de-
termine whether clipping affected shear values. No
difference was found.

Procedure used for trained-panel tests. The
trained panel compared samples of different shear
values to determine differences discernible under
typical laboratory conditions. Seven judges tasted
samples of the outer and inner breast muscles,
pectoralis superficialis and pectoralis secundus. The
samples consisted of comparable slices cut perpen-
dicular to the meat fibers either through both
breast muscles or through a single muscle. Three
coded samples were presented at a time, two sam-
ples of approximately equal shear value from
different birds and the third from a bird of shear
value differing from the other two. There were
four replications of each test. The judges were
members of a panel that has judged poultry tender-
ness for a number of years at this laboratory, and
their evaluation of tenderness in previous studies
had shown good correlation with measurements of
shear force. They worked in booths designed to
eliminate distracting influence. The statistical sig-
nificance of the differences in the triangle tests was
determined by the method of Davis and Hanson
(1954) in order to obtain information from the
partially correct as well as completely correct
judgments.

Procedure used for untrained panel tests. Re-
quests for volunteers for the untrained panel were
sent to all members of the staff except those on the
pretest panel and those in the poultry laboratory.

TOUGHNESS DIFFERENCES

IN TURKEYS

The panel was not informed of the specific purpose
of the study. The only information they received
until after completion of the test was from the
mimeographed sheet requesting volunteers to par-
ticipate : “Each panel member . . . will be asked
to give us his opinion about the flavor, moistness
and tenderness of turkey. The information that
you give will help us in determining ways to
improve the quality of turkey meat.” Those who
agreed to participate completed forms showing
their age, sex, and preference for light or dark
meat. Of the 355 persons participating, 154 were
on the staff. Of those who started the study, 339
completed it. The panel of 175 men and 180
women ranged in age from 16 to over 55. Students
working during the summer raised the number in
the 16- to 24-year age group (99). In the rest of
the panel, 55 people were 25-34, 75 were 35-44, 76
were 45-54, and 50 were over 55. Thirty-nine per-
cent of the panel preferred light meat, 31% pre-
ferred dark meat, and 30% had no preference.
More women (45%) liked light meat than dark
meat (26%). The preference of the men was
about equally divided; 33% favored light meat
and 35% dark meat. Ninety percent of the mem-
bers reported that they eat turkey at least once
every 6 months, and over half once every 3
months. The 154 regular staff members of the
consumer panel were slightly® but consistently more
critical than the other 200 members, as might
be expected (Table 2). However, since the differ-
ence is so small a panel of either composition
would be expected to lead to essentially the same
conclusion.

The meat to be evaluated by the untrained panel
was thawed overnight at 35°F, sliced 1/10 in.
thick across the grain on a slicing machine, and
presented in sandwiches. The sandwiches were
made with thin-sliced wheat sandwich bread, 6 g
of oleomargarine, and 50 g of turkey meat. Each
sandwich was placed in a plastic sandwich bag
and sealed with a pressure-sensitive tape on which
a code number identifying the sample was typed.
Aproximately six sandwiches were made from each
side of the breast, and 7 to 9 from the dark meat.
The introductory letter, instructions, questionnaire,

Table 1. Shear-resistance values of samples selected for tests.

Distribution of samples in shear resistance ranges (rfi)

Aging Birds

Shear ranges (lb)

time cooked Light meat Dark meat

(hr) (no.) 7-12 13-18 19-24 25+ 4-6 T+
i 15 3 47 37 13 87 13
4 30 28 47 17 8 43 57
6 20 22 53 10 15 55 45
8 20 45 40 13 2 35 65

24 15 73 27 0 0 93 7
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Table 2. Similarity of tenderness ratings by
laboratory employees and other panelists.”

Number of samples

Shear tested by: Tenderness ratings of:
resistance
(Ib) Employees Others Employees Othersb
Light meat
7-12 91 138 3.2 31
13-18 90 162 3.5 3.2
19-24 48 92 3.8 34
25+ 25 47 4.3 3.6
Dark meat
4- 6 96 130 3.5 3.0
7-12 52 6> 3.8 3.5
402 631

"“Employees” exclude trained panel and poultry
laboratory members; “others” include families of
staff members and students employed during vaca-
tion.

bl = extremely tender; 8 = extremely tough.

and sandwiches were pretested on 15 staff mem-
bers, and changes were made on the basis of their
comments.

Each person received three sandwiches, one each
week for three weeks. They were randomly di-
vided into nine groups. Three of the nine groups
were used as controls to determine whether the
general reaction varied from the first to the third
samples. They received meat from within a single
shear-force range. Nair (1949) reported that con-
sumer panels tended to prefer the sample tasted
first, whether foods were consumed at different
times or side by side. Hanson et al. (1955) re-
ported similar results, but Schwartz and Pratt
(1956) reported that in consumer tests of soups
compared simultaneously and after 1,- 3,- 7,- and
10-day intervals, panelists consistently preferred
the second sample. The latter authors favored use
of a series of samples over a single sample in
determining consumer reaction.

The other six panel groups
different shear resistance each week, allowing
evaluation of the influence of toughness of the
preceding sample on the scores for tenderness.
The plan for all groups follows, with letters indi-
cating shear range: A, low (7-12 Ib); B, inter-
mediate (13-18 Ib); C, high (19+ Ib).

The sandwiches were taken home to be eaten
within 24 hr, with instructions explaining the pro-

received meat of

Plan for distribution of sandwiches

Constant shear- Variable shear-force

force groups groups

1 2 3 4 5 6 7 8 9
1st week A B C A A B B C C
2nd week A B C B C A C A B
3rd week A B C C B C A B A
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cedure and a form (Fig. 1) for reporting reactions.
Selection of the scales used on the form considered
the report of Jones et al. (1955) that longer scales
up to nine intervals, tend to be more sensitive
to differences among foods and that elimination
of the neutral category seems to be beneficial.

RESULTS AND DISCUSSION

Shear-resistance differences detectable by
trained panel. The trained panel detected
differences in the tenderness of single turkey
breast muscles differing by shear resistance
of approximately 4 Ib in the 9- to 22-Ib
shear range (Table 3). Samples with shear

Table 3. Detection of tenderness difference in
turkey breast meat of different shear resistance by
small, trained panel.

Percent of times birds with lower shear

Shear T )
resistance were judged more tender*

values
compared a Both breast Pectoralis Pectoralis
(Ib) muscles superficialis  secundus
9vs. 16 83rxx
10 vs. 16 74%** 64*
11 vs. 17 55
9vs. 13 83rxx 48
11 vs. 15 gl 744%x
14 vs. 18 62
15 vs. 19) " .
18 vs. 22j 69 &
aShear resistance determined on outer breast
muscle, pectoralis superficialis.
b Statistical significance of triangle tests, 28

judgments per comparison except that 14 judg-
ments in the two last comparisons were combined
for analysis.

values greater than 22 Ib were not tested by
this panel. The tenderness difference was
detected most readily in the outer breast
muscle, pectoralis superficialis, the muscle
on which shear-resistance determinations
were made. Possible differences in rate of
tenderization during aging may have resulted
in different relative tenderness in the inner
breast muscles, as reported by Koonz et al.
(1954). Tenderness differences between the
inner breast muscles smaller than between
outer breast muscles would account for the
greater difficulty in detecting tenderness
differences between the inner breast muscles
or between combinations of inner and outer
muscles judged at the same time. Although
the trained panel was not asked to comment
on toughness, samples of shear resistance of
15 Ib and above elicited voluntary toughness
comments.
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Nontenderness quality ratings by the un-
trained panel. The panel ratings for moist-
ness, flavor, and over-all quality were high,
as would be expected since the birds were
raised and processed under optimum com-
mercial conditions except for the chill time.
The flavor ratings averaged approximately
3, “good,” on a 6-point scale ranging from
excellent to very poor. The ratings for
moistness approximated 4, “slightly moist,”
on an 8-point scale ranging from “extremely
moist” to “extremely dry.” The over-all
quality ratings for all samples averaged ap-
proximately 3, “like moderately,” on an
8-point scale ranging from “like extremely”
to “dislike extremely.” These three ratings
were unaffected by shear-resistance values
(Table 3).

The tenderness ratings by the untrained
panel. Average ratings for light meat ranged
from 3.1, for that having shear resistance of
7-12 Ib, to 3.8, for shear resistance of more
than 25 Ib (Table 4). Although these re-
sults show the expected increase in tough-
ness with shear force, the average rating,
3.8, for samples with the highest shear force
is within the range described as tender on
the questionnaire. Ratings of 3 and 4 are
respectively described as “moderately ten-
der” and “slightly tender.” However, the
average rating may be misleading. Thirty-
eight percent of the judges rated the samples
in categories from “slightly tough” to “very
tough.”

In this test the panelists liked the first
sample more than subsequent samples. This
tendency was apparent to some extent in the
average ratings given by the control groups
who received three similar samples. Control

TOUGHNESS DIFFERENCES IN TURKEYS

Table 5. Tendency for control groups to become
increasingly critical of tenderness of light meat
with successive samples.”

Shear resistance
range
(ib

Samples tested

Mean weekly
per week

tenderness rating

(no.) 1 2 3

7-12 26 3.2 3.2 3.8
13-18 27 2.8 35 3.7
19+ 26 3.1 3.3 3.3
Total 79 3.0 3.3 3.6

aNo trend was found in rating of dark-meat
samples.

groups rated successive light-meat samples
from the same shear range increasingly
tougher (Table 5). This was not true of
the dark-meat samples. The adverse reaction
to the second and third samples was readily
apparent, however, in the toughness com-
ments of the whole panel.

The frequency of comments on toughness
of light and dark meat in the lowest shear
ranges, about 15 to 20%, can be considered
the usual base level of complaints for this
panel. Consumer panel members began to
make an increasing number of adverse com-
ments about toughness of samples when the
shear resistance values were over twice
(greater than 18 Ib) the minimum values
found for the most tender samples. Ap-
proximately half of those who for their
second or third samples received light meat
of shear resistance greater than 25 Ib, and
approximately one-third of those receiving
dark meat of shear greater than 7, com-
mented that it was tough (Table 6). In
addition to the increase in comments on
toughness of later samples, a greater per-
centage of panel members reported that they
would avoid the product in the future.

Table 4. Influence of shear resistance on tenderness, with other quality ratings for comparison.
Shear .
resistance Samples . Average ratings
(Ib) no. Tenderness a Moistness Flavor Quality
Light meat
7-12 229 3.1 3.7 2.8 2.8
13-18 252 3.3 3.8 2.9 2.9
19-24 140 35 3.9 3.1 3.1
25+ 72 3.8 3.7 2.8 2.9
Dark meat
4- 6 228 3.2 3.4 2.8 2.7
7-12 112 2.9 3.7 2.9 2.9

1= extremely tender; 8 = extremely tough.
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Fig. 1. Forms used by untrained panel for reporting reaction to turkey sandwiches.

CODE NO

member of the family participating in the study. We are interested in your own opinion

FAMILY NO
The following questions regarding the quality of the turkey meat in these sandwiches are to be answered by each

NAME

before discussing the study with other members of the family.

A. GENERAL OR OVERALL
QUALITY (check one)

1. Like extremely well—
Like very much

Like moderately__
Like slightly__
Dislike slightly---------
Dislike moderately__
. Dislike very much—
. Dislike extremely---—-

®NO o s wN

D. FLAVOR (check one)
. Excellent

1
2
3.
4. Fair
5
6

B.

TENDERNESS
(check one)

1. Extremely tender__
2. Very tender

3. Moderately tender
4. Slightly tender____
5.
6
7
8

Slightly tough--——-

. Moderately tough—
. Very tough--------—--
. Extremely tough__

E. Assuming this turkey had been

purchased

under a “brand”

name and at the usual market

price, you would
1.

N

(check one)

Specifically request this brand
again

. Specifically avoid this

Please answer the questions

C. MOISTNESS
(check one)

1.

o ~NoO s wN

3.
4.

G. Is

Extremely moist—

. Very moist

. Moderately moist.
. Slightly moist____
. Slightly dry

. Moderately dry__
. Very dry

. Extremely dry___

you eat turkey (check one)

. At least once every

3 mos

. At least once every

6 mos

At least once a year
Never

turkey served in your home

(check one)

1. At least once every
3 mos

2. At least once every
6 mos

3. At least once a year

4. Never,

H. Please comment briefly on the turkey meat with respect to its over-all quality, tenderness, moistness and flavor.

About 8% percent reported that they would
avoid turkey similar to the first samples;
about 28% said they would avoid the second
and third samples. Since responses indicat-
ing that the turkey would be avoided were
unrelated to shear range, they are additional
evidence that reaction to a single sample
may not be typical of the long-term reaction.
The percent who said they would request a
similar product again decreased from about
42% on the first sample to about 30% on
the second and third samples. This further

Table 6. Increase in toughness comments on
second and third samples in high-shear-resistance
groups.

tal Percent

samples tested toughness comments
gj)ear Sample No. Sample No.
resistance 1 2,3 1 2,3
Light meat
7-18 153 328 18 17
19-24 60 80 20 26
254- 24 48 13 53
Dark meat
4- 6 95 143 15 21
7-12 33 79 12 37

shows the vagaries of single sample tests.

Although a fairly wide variation in degree
of tenderness seems to be equally acceptable,
birds with values for shear resistance above
20 Ib, as determined in this study, would
appear to be suboptimal in tenderness. The
frequent criticism of toughness on the sam-
ples with shear forces above 25 Ib, and criti-
cism by one-fourth of the panel on samples
in the 19- to 24-1b shear range, indicate that
the aging time for birds of this size should
be long enough to assure shear resistance
of less than 19 Ib. Of the 20 birds aged
8 hr, 85% had a shear resistance less than 19.
Klose et al. (1959) found that 8 hr reduced
shear resistance to a range of 12-18 Ib for
20-week-old Broad-Breasted Bronze hens of
about the same weight (15 Ib average live
weight) roasted from the frozen state. Thus,
aging slightly longer than 8 hr should
adequately tenderize such birds. Although
aging was the only variable studied in this
experiment, tenderness variation may of
course occur from excessive scalding, se-
vere picking treatment, size of bird, and per-
haps other factors.
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Influence of shear force of preceding
sample. In addition to a general decrease in
tenderness rating with successive samples,
the panelists were influenced by the tender-
ness of the preceding sample. Tender sam-
ples seemed more tender when preceded by
tough samples, and tough samples seemed
tougher when preceded by tender samples.
For example, the rating for light meat of
7-12 b shear resistance was 3.5 when the
preceding sample was in the same shear
range; when the preceding sample had a
high shear value, 19 or more, the sample re-
ceived a more tender rating—2.8. The rating
of samples with a shear value of over 19
Ib, when preceded by samples of the same
shear value, was 3.3; when preceded by a
sample with a lower shear value, the sample
received a tougher rating—4.0 The differ-
ences between these means are statistically
significant.  Similar contrast effects have
been reported previously (Hanson et al.,
1955; Peryam and Pilgrim, 1957).

Relation between tenderness ratings and
comments of untrained panel. The un-
trained panel was more consistent in scoring
and commenting on tenderness than on
toughness. The average scores of 131 light-
meat samples receiving tenderness comments
was 2.5, and of 64 dark-meat samples was
2.3. A score of 2 is described as “very
tender” and a score of 3 as “moderately ten-
der” on the questionnaire. Although the
samples receiving toughness comments had
ratings toward the tougher end of the scale,
some of the ratings were in the tender
range. The average ratings of 139 light-
meat samples receiving toughness comments
was 4.6, and of 77 dark-meat samples was
4.7. Ratings of 4 and 5 are respectively
described on the questionnaire as “slightly
tender,” and “slightly tough.” Thus, some
panel members commented on toughness
but rated these samples in the tender range.
Jones et al. (1955) found that the level of
preference implied in descriptive phrases
may be interpreted differently and cannot
always be predicted.
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One method (Patton and Josephson,
1957) of assessing a compound’s flavor sig-
nificance in a food is to determine the quan-
titative level and the flavor threshold for the
compound. If the actual concentration ex-
ceeds the threshold concentration, it is rea-
sonable to assume that the compound has a
perceptible effect on flavor. In reviewing
flavor threshold data for fatty acids, Lea
(1963) compared our findings, with milk-
used as a medium, with those of Feron and
Govignon (1961), who used neutral edible
oil. The respective threshold values for bu-
tyric and caproic acids in milk were 25 and
14 ppm, whereas in edible oil these values
were 0.6 and 2.5 ppm. Respective values
for the other volatile fatty acids measured in
oil were 350, 200 and 700 ppm for caprylic,
capric, and lauric acids. Data which follow
suggest that the differences are valid and
traceable to the media used.

EXPERIMENTAL

Flavor thresholds for acetic, butyric, caproic,
caprylic, and capric acids (Distillation Products
Industries purest grade; acetic acid, reagent grade,
from Fisher Scientific Co.) were determined in
distilled water at room temperature as described
by Patton and Josephson (1957). The same nine
graduate students and staff members (all male) of
the department were used for the sessions involving
the five acids. After some preliminary delineation
of reasonable concentration ranges, four concentra-
tions of each acid were evaluated three times by
each of the nine observers. Thus each concentra-
tion of an acid was evaluated 27 times. The
threshold was defined as that concentration of

" Authorized for publication on February 27, 1964
as paper No. 2875 in the journal series of the
Pennsylvania Agricultural Experiment Station.

The experimental work reported was contributed
by graduate students in connection with a graduate
seminar.

acid, by plot of the data, corresponding to the
50% level of positive response.
RESULTS AND DISCUSSION

Flavor threshold values for the five acids
are shown in Table 1 The values for bu-

yable 1 Flavor thresholds for volatile fatty
acids in water and in oil.

Fatty Parts per million

acid Water oil*

G 54

Cc, 6.8 0.6

Co 5.4 25

Co 5.8 350

G, 35 200

Go 700

“Data by Feron and Govignon (1).

tyric and caproic acids (6.8 and 5.4 ppm, re-
spectively) are not unreasonable with respect
to those obtained earlier (25 and 14 ppm)
with milk used as the medium. At normal
pH (6.6), milk would exert some buffer ac-
tion, tending to sequester the acids and raise
their thresholds above those with water.
However, the data derived with water and
extended to the longer-carbon-chain acids
clearly confirm an order of values different
from those for the same acids in oil as ob-
served by Feron and Govignon. The longer-
chain acids have low thresholds in water and
high thresholds in oil. This observation is in
accord with that of Lea and Swoboda (1958)
for aliphatic aldehydes, which also yielded
lower thresholds in water than in oils. Re-
versal of the principle with the more-polar,
short-chain acids is somewhat surprising,
though not illogical, and may have implica-
tions to cheese flavor (Patton, 1963). Vola-
tility of the stimulus is essential for olfactory
perception. Bonding to solvent molecules ap-
parently tends to reduce volatilization of

[679 ]
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polar components from water in much the
same manner that oils “fix” nonpolar odor-
ants.

Differences in the efficacy of flavor com-
ponents depending upon their relative dis-
tributions between fat and aqueous phases
in foods seem to be a significant and com-
plicating factor in the understanding and
control of flavor.
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Effect of Coring Methods on Shear Values
Determined by Warner-Bratzler Shear3
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SUMMARY
Shear-force values were determined with the Warner-Bratzler shear ma-

chine on cores obtained by two methods from steaks from

longissimus dorsi

(LD) and biceps femoris (BF) muscles cooked to 61 and 80°C. One-lialf-inch
cores were cut either parallel with the muscle fibers or perpendicular to the

cut surface of the steak without regard to orientation of the fibers.

The LD

and BF muscles did not react in the same manner to changes in coring method.
Method of coring made a large difference in shear values in LD at 80°C.
With one exception shear values of paired steaks from the same muscle with
cores cut parallel were more closely related than shear values of cores from

within the same steak cut differently.

INTRODUCTION

The evaluation of published reports on
meat tenderness is complicated by several
factors. Comparison of subjective measure-
ments is difficult because of variation in
scoring procedures and in the abilities of
judges to distinguish differences between
samples. Comparisons of objective measure-
ments are impaired because techniques used
in determining tenderness differ among labo-
ratories.

The Warner-Bratzler shearing device is
probably the most widely used instrument
in measuring tenderness of meat. There are
several sources of variation in the technique
of using this device. Two sources of varia-
tion between investigators are size of the
core and method of obtaining the core to be
sheared. Both one-half and one-inch cores
were found suitable by Paul and Bratzler
(1955). Harrison et al. (1959) stated that
cores are obtained by cutting the meat par-
allel to the muscle fibers. However, many
reports in the literature do not reveal the
method used. In personal conversations and
oral reports it has been stated that cores
were obtained by cutting through the meat
without regard to the direction of fibers.*

* Supported in part by the Animal Husbandry
Research Division, Agricultural Research Service,
U. S. Department of Agriculture.

bThis paper is a contribution of the Texas Agri-
cultural Experiment Station.

[<

The orientation of muscle fibers within
steaks cut from individual muscles is de-
pendent upon the orientation of the fibers
in the whole muscle, and upon the way
steaks are cut from the muscle. Only when
the muscle fibers run parallel to the long-
dimension of the muscle and the steaks are
cut across the muscle will the fibers be per-
pendicular to the cut surface of steaks. If
the fibers do not run parallel to the long di-
mension of the muscle the orientation of the
fibers in the steak will deviate from being
perpendicular to the cut surface. In some
muscles the fibers do not all run in the same
direction. In such cases, steaks cannot be
cut that have the fibers orientated in the
same way within the entire steak.

One of two methods of obtaining cores for
shear determination is likely to be used. Cor-
ing with the fibers is done so that the orien-
tation of muscle fibers during shearing will
be similar for all cores from a steak and for
cores from steaks of different muscles. A
second method of obtaining cores is to dis-
regard fiber orientation and simply core
perpendicular to the cut surface of the steak.
When this method is used, the orientation
of muscle fibers may vary in cores from
different areas within a steak, as well as in
cores from steaks from different muscles.

EXPERIMENTAL

Meat was obtained from 20 animals produced
at Texas Agricultural Experiment Station No. 23

1
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and slaughtered in 1961 and 1962. Details of
slaughter and storage were as given by Ritchey

et al'. (1963). The steaks used were one-inch
steaks cut from the loin end of the longissimus
dorsi (LD) muscle, beginning at the last thoracic

vertebra, and from the dorsal end of the biceps
femoris (BF) muscle in the round. The ischiatic
head was removed from the BF steaks. The steaks
were cut as nearly as possible across the two
shortest dimensions of the muscle. The steaks
were cooked to final temperatures of 61 and 80°C
with procedures described by Cover and Hostetler
(1960).

Eight one-half-inch cores were obtained from
each steak. Four cores were cut parallel with
the muscle fibers as described by Cover et al.
(1962). The other four were obtained by cutting
the cores perpendicular to the flat surface of the
steak. The division of steaks into quarters was
not as straightforward in LD as in BF. For this
reason only two locations are considered in LD
and four in BF. In LD, four cores (two parallel
and two perpendicular) were removed from the
medial half (near the vertebra) and four from the
lateral half (away from the vertebra) of the
steaks (Fig. 1). In BF, two cores (one parallel
and one perpendicular) were cut from each quarter
of the steak. Quarters one and two were adjacent
to the ischiatic head. Quarters one and three were
on the outside (fat side) of the muscle.

The analysis of variance in Table 1 was calcu-

LONGISSIMUS DORSI

BICEPS FEMORIS

Fig. 1. Division of steaks for analysis of shear
variation within steaks. Medial (1) and lateral
(2) halves of LD. Quarters (1) through (4) of
BF. Taste-panel areas (A).

Table 1 Analysis of variance of shear values
(mean of values from four locations in each steak).

Degrees of Mean

Variablesa freedom square
Muscles (M) i 7.779 n.s.
Temperatures (T) i 63.23 ***
Coring methods (C) i 1242 *
Animals (A) 19 1498 ***
MXT 1 1433  **x
Mx C 1 54.76 ***
M X A 19 6.264 **
TXC 1 4,672 n.s.
TXA 19 6.008 **
Mx TXC 1 8.668 n.s.
Error 95 2.528
Total 159

*p 0.05; **p 0.01; *** p 0.001.

a (M) longissimus dorsi and biceps femoris; (T)
61 and 80°C; (C) perpendicular to the steak sur-
face and parallel with the fibers.

lated to test the significance of interactions and
of differences between muscles, final cooking tem-
peratures, coring methods, and animals. The analy-
ses in Table 2, within LD and BF, also test the
significance of interactions and differences between
locations in the steaks, as well as in final cooking
temperatures, coring methods, and animals. Dun-
can's multiple-range test (Steel and Torrie, 1960)
was used to test differences between individual
means. For eight of the animals, simple correla-
tions (Snedecor, 1956) were calculated to deter-
mine the repeatability of shear values within steaks
with cores cut differently. Intraclass correlations
were calculated to determine the relationship be-
tween shear values of paired steaks from the same
muscle with cores cut parallel with the muscle
fibers in both steaks.

RESULTS AND CONCLUSIONS

The analysis of variance indicated two
very highly significant interactions (Table
1). The larger was between muscles and
final cooking temperatures. The mean shear
value (mean of both methods) of LD in-
creased 3.1 Ib between 61 and 80°C, whereas
the mean of BF decreased 0.6 Ib. When the
means in Table 3 were compared individu-
ally in LD it was found that the increase in
shear values in LD took place regardless
of how the cores were cut, but the increase
was 4.0 Ib when cores were cut parallel with
the fibers and only 2.4 Ib when cut perpen-
dicular to the surface of the steak. For LD,
the difference between shear values at 61 and
80°C was highly significant by both meth-
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Table 2. Analyses of variance of shear values.

L. dorsia B. femorisb
Degrees of Mean Degrees of Mean

Variables e freedom square freedom square
Temperatures (T) | 396.9 *** | 3781 *
Locations (L) | 53.79 *** 3 2.318 n.s.
Coring methods (C) i 1195  *** 1 35.44 *
Animals fA) 19 26.57 *** 19 31.85 ***
TXL 1 4.904 n.s. 3 70.13 ***
TXC 1 26.01 * i 1.250 ns.
TXA 19 10.77 ** 19 8.639 n.s.
Lx C 1 27.83 ** 3 75.57 ***
Lx A 19 6.213 n.s. 57 7.148 n.s.
CXA 19 6.917 n.s. 3 6.918 n.s.
TXLxC 1 6.412 n.s. 3 25.85 *
TXCXA 19 7.833 * 19 7.437 ns.
Error 57 3.693 171 7.576
Total 159 319

*p 0.05; **p 0.01; *** p 0.001.
aEach observation

is a mean of two shear values.

bEach observation is a single shear value.

C(T) 61 and 80°C;
with the fibers.

(L) see Fig. 1; (C)

ods. The difference between methods was
not significant at 61 but was highly signifi-
cant at 80°C. In BF, the mean shear values
were lower at 80 than at 61°C with both
coring methods, but the differences were not
significant.

The second interaction was between mus-
cles and coring methods. Cores cut parallel
with the fibers sheared 1.7 Ib higher in LD
and 0.6 Ib lower in BF than cores cut per-
pendicular to the cut surface. Further in-
vestigation may reveal that connective tissue
has more effect on the shear values of BF
when coring is done bv one of the methods
than by the other.

perpendicular to the steak surface and parallel

When cores were cut parallel with the
fibers the difference in shear values between
LD and BF was 4.0 Ib at 80°C but only 0.8
Ib at 61°C. This agrees with findings of
Cover et al. (1962). However, when cores
were cut perpendicular to the cut surface,
the larger difference (2.2 Ib) between the
muscles was at 61°C, with only 0.7 Ib differ-
ence at 80°C. Thus, changing the method
changed the relationship between the mus-
cles.

Several workers (Murphy and Carlin,
1961 ; Urbin et al., 1962 ; Tuma et al., 1962 ;
Cover et al., 1962) have found differences in
shear value between the areas near to (me-

Table 3. Effect of coring method on shear values of steaks from two muscles cooked to

two temperatures.

Method of coring

Perpendicular

Parallel to cut
with fibers surface of steak Mean
Final of both
steak Mean Mean methods
Muscle temperature (Ib) S. D. (Ib) S. D. (Ib)
Longissimus dorsi 61°C 8.9 16 8.0 17 8.5
80°C 12.9 3.7 10.4 33 11.6
Mean of both temp. 10.9 9.2
Biceps femoris 61°C 9.7 13 10.2 2.4 9.9
80°C 8.9 17 9.7 1.6 9.3
Mean of both temp. 9.3 9.9
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dial) and away from (lateral) the vertebrae
in LD muscles of pork and beef, but do not
agree as to the area having the higher shear
value. The possible effect of coring method
on this problem was investigated. Shear val-
ues for cores 1 and 2 (medial) were aver-
aged and compared with the average of cores
3 and 4 (lateral).

The analysis of variance (Table 2) for
LD indicates a highly significant interaction
between location and coring method. When
coring was done parallel with the fibers the
difference between shear values of the medial
and lateral ends of LD was highly significant.
Cores from the medial end sheared 2.0 Ib
higher than cores from the lateral end. This
agrees with work of Cover et al. (1962) and
Urbin et al. (1962). When coring was per-
pendicular to the cut surface of the steak
the cores from the medial end sheared only
0.4 Ib higher (not significant) than cores
from the lateral end.

The temperature X coring method inter-
action was also significant. When coring
was done parallel with the fibers the medial
end sheared 2.0 Ib higher (Table 4) than
the lateral end at both 61 and 80°C. When
coring was done perpendicular to the cut
surface, cores from the medial end sheared
11 Ib higher (not significant) than cores

EFFECT OF CORING METHODS ON SHEAR VALUES

from the lateral end at 61°C, but at 80°C the
cores from the lateral end sheared slightly
higher than those from the medial end.
Thus, coring perpendicular to the cut surface
reduced the significance of the difference be-
tween the medial and lateral end of LD at
both 61 and 80°C. At 80°C this method
also reversed the trend.

Cover et al. (1962) found considerable
variation in shear-force values within steaks
from the BF muscle. The analysis of vari-
ance (Table 3) for BF indicates that the
interaction of temperature X location X cor-
ing method is significant and that the tem-
perature X location and location X coring
method interactions are very highly signifi-
cant. At 61°C, cores one, two, and three
(Table 4) sheared higher when coring was
done perpendicular to the cut surface
whereas core four sheared significantly
higher when coring was with the muscle
fibers. At 80°C, cores one and three, again,
sheared significantly higher when coring was
perpendicular to cut surface, but core two
now sheared significantly higher when cor-
ing was done parallel, and the difference
between the methods was now not signifi-
cant in core four.

The significance of differences between
locations varied within the temperature-cor-

Table 4. Effect of coring method on shear values in different locations of steaks.

Final Location
steak in
temperature steak a
L. dorsi 61°C ib
2
80°C i
2
B. femoris 61°C 1°
2
3
4
80°C 1
2
3
4
‘ See Fig. 1

Method of coring

Perpendicular

Parallel

with fibers surface of steaks Mean
of both

Mean Mean methods
(Ib) S. D. (Ib) s. D. (Ib)
9.9 23 8.6 2.6 9.2
8.0 15 7.5 1.9 7.7
13.9 4.2 10.2 4.3 12.0
11.9 2.8 10.6 2.9 11.2
9.1 1.6 104 4.0 9.8
87 2.2 9.8 4.3 9.2
10.1 2.6 12.0 5.5 11.0
10.8 29 8.8 4.0 9.8
8.4 2.7 11.0 2.0 9.7
11.4 21 9.2 2.5 10.3
6.0 18 9.4 3.0 1.7
9.8 2.1 9.0 1.7 9.4

bEach observation is a mean of two shear values.

cEach observation is a single shear value.
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ing method combinations. At 80°C, when
the coring was done parallel with the fibers,
all location differences were significant ex-
cept that locations one and two were not
different from four. At 61°C, when coring
was done perpendicular to the surface of the
steaks, location three was significantly differ-
ent from two and four but all other differ-
ences were not significant. At 61°C, when
coring was done parallel with the fibers,
location two was significantly different from
four. All other differences were not signifi-
cant. There were no significant differences
at 80°C when coring was done perpendicu-
lar to the surface of the steak.

All comparisons reported thus far have
been for differences between coring methods
between and within steaks. For eight of
the 20 animals, additional cooked steaks
from the same muscles had been sheared
using cores cut parallel with the fibers. Thus
it was possible to compare shear values of
paired steaks from the same muscle with
coring done parallel with the fibers, and to
compare shear values within the same steaks
with coring done by two methods. The cor-
relation coefficients (Table 5) were higher

Table 5. Correlations between shear values from
eight animals.

L. doi'si B. femoris
61°C 80°C 83 o 8C

Between steaks

within a

coring method3 025 0.86* 045 0.60
Between coring

methods within

steaks” 0.07 041 0.68 0.02

** p 0.01.

" Paired steaks from same animal with cores

cut parallel with the fibers.
” Parallel with the fibers wvs.
cut surface of the same steak.

perpendicular to

between steaks with coring done the same
way (parallel with the fibers) except for
BF at 61°C.

As a main effect, coring method had the
most influence on the shear values of LD.
Of greater importance was the interaction
of coring methods with muscles and temper-
atures. LD and BF did not react in the
same way to changes in coring method. This
might be expected since coring perpendicu-
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lar to the surface of the steak produced cores
with muscle fibers oriented differently for
the two muscles. Shear-value relationships
between temperatures within muscles were
altered by changing the coring methods.
Relationships between shear values of cores
within muscles were also altered by changing
the method.

The data indicate that valid comparisons
of shear data cannot be made if the method
of coring differs between tests. This is of
importance when ranking the progeny of
different sires and when comparisons are to
be made between variables such as age
groups and breed of animals, and between
treatments such as aging of carcasses.
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SUMMARY

Growth of mice on > complete synthetic diet has been used to determine
the ability of synthetic amino acid derivatives to replace the corresponding

essential metabolites in nutrition.

In a series of range-finding experiments,

it was found that dietary valine, phenylalanine, leucine, methionine, and, to

a lesser extent, isoleucine could he effectively
In addition,

DL-amides or amide salts.

replaced by the corresponding
DL-valinamide salts could he admin-

istered in aqueous solution to supplement a solid valine-free diet. The physical,
chemical, and biological properties of amino acid amide salts may make them
of special value in protein supplementation.

INTRODUCTION

It is generally recognized that protein re-
sources may be the eventual limiting factor
in meeting the food requirements of the
world’s burgeoning population. Although it
has been amply demonstrated on both a
practical and a laboratory scale that the
component amino acids may be substituted
for complete protein or used effectively to
supplement low-grade food sources, the high
cost of the pure substances makes their use
as food supplements economically unfeasible
in most instances.

A number of derivatives of alpha-amino
acids have been tested for their ability to
replace corresponding essential nutrients in
mammalian diets. For example, substituted
2,5-piperazinediones (“amino acid anhy-
drides”) have been examined by several
investigators (see Wretlind, 1953), and a
variety of compounds related to tryptophan
(see Gilman, 1943) and leucine (Rechcigl
and Williams, 1961) have received atten-
tion. However, with few exceptions, the
proposed substitutes failed to exhibit bio-
logical activity.

Recently, a new synthesis of amino acid
amides was disclosed (Johnson and Crosby,
1962) by which many of these compounds
might be manufactured in quantity at low
cost. The present paper shows that the

" Present address: Agricultural Toxicology Lab-
oratory, University of California, Davis.

amides of several essential amino acids can
replace the parent nutrients in the diets of
experimental animals.

EXPERIMENTAL

Weanling male Swiss mice were housed in
groups of ten in 10 X 7 X 6-inch stainless-steel
cages in an air-conditioned room maintained at
25°C. The animals weighed 12-15 g at the begin-
ning of each experiment and were weighed daily.

Food and water were provided ad libitum.
Dietary amino acids were supplied in crystalline
form, as purchased commercially, in proportions
similar to those recommended by Maddy and
Elvehjem (1949) (Table 1). In addition to the
amino acid mixtures, the diets also contained the
following major components (g/kg of diet) : salt

mix “W” (Wesson, 1932), 40; corn oil, 80; cod
liver oil, 20; choline, 2; and inositol, 1. The fol-
lowing minor components (mg/kg) were also

included: riboflavin, 6; pyridoxine hydrochloride,
6; thiamine hydrochloride, 6; calcium panthothe-
nate, 30; nicotinic acid 25; menadione, 5; vitamin
Biz, 0.05; biotin, 0.5; folic acid, 2; and tocopherol,
200. Sucrose was added to bring these total
weights to 1 kg, and alphacel (100 g) and
NaHCCL (17 g) were added. AIll test diets were
made isonitrogenous with respect to the complete
synthetic diet (CSD) by varying the glutamic
acid content to the calculated degree.

The amino acid amide salts employed in these
experiments were prepared by the method of John-
son and Crosbhy (1962). The compounds were
recrystallized to a purity of at least 98% as shown
by C, H, and XHA4C1 analysis, the only detectable
impurity being ammonium chloride.

[686 1
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Table 1. Amino acid composition of the com-
piete synthetic diet.

Essential acids

L-Isoleucine (+ D-alloisoleucine) 1.00%
L-Leucine 0.80
DL-Methionine 0.90
DL-Phenylalanine 0.90
i)L-Valine 1.40
L-Arginine (HC1) 1.35
i.-Histidine (HO) 0.55
i.-Lysine (HC1) 1.37
DL-Threonine (allo-free) 1.00
m.-Tryptophan 0.40
Nonessential acids
ul-Alanine 0.40
L-Asparagine 1.00
L-Glutamic acid 5.10
Glycine 2.00
DL-Serine 0.50
L-Tyrosine 1.00
Total 19.67%

Experimental diets were varied by removal of
a single amino acid component from the CSD
and substitution of the corresponding derivative
or other replacement in an amount calculated to
be equivalent on a molar basis. The degree of
utilization of the racemic parent amino acid (Van
Pilsum and Berg, 1950) was also taken into con-
sideration.

In one series of experiments, a solid valine-free
diet was fed and the necessary valine or its
amide salt was dissolved in the drinking water.
In this case, equivalent quantities of amide were
not employed; both valine and its amide were
given ad libitum at a concentration of 4% in tap
water.

Each test required between 14 and 30 days.
During initial experiments, diet consumption aver-
aged 175 g/day/mouse, including the portion
wasted. In order to reduce loss, the open-cup
feeder was replaced with a compartmented box
which permitted only entry of the animal's head and
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which was fitted with wire screen food cover to
prevent scattering. With this improvement, the
consumption of diet dropped to 6.5 g/day/mouse
while weight gains remained identical with those
of the cup-fed group. No attempt was made to
determine the actual food intake of individual ani-
mals, but very little diet waste was noted.

RESULTS AND DISCUSSION

Almost without exception, earlier investi-
gations on nutrient replacement have used
rats as experimental animals. However,
Shipper and Thomson (1958) have shown
that mice are particularly susceptible to
amino acid deficiencies. This fact, together
with the proportionately large short-term
weight changes on both normal and deficient
diets and the relatively economical quantities
of the synthetic rations which these animals
consume, suggested that mice might be well
suited to an investigation of the structural
parameters governing the “essential” nature
of a number of important dietary constitu-
ents.

The synthetic diet approached an optimum
composition with respect to the amino acids
examined in these experiments, as shown
by the response of mice receiving a varying
amount of DL-valine. The growth rate was
maximum near the standard valine level of
1.4%, while higher and lower levels were
less satisfactory. At best, the CSD sustained
only about 65% of the growth rate obtained
when casein was the protein source, perhaps
because of the use of mixed isoleucines.

Although, as expected, D-valine failed to
support growth (Bauer and Berg, 1943), it
did not appear to interfere with utilization
of the L-forrn when a DL-mixture was em-
ployed (Table 2). The considerable differ-

Table 2. Effect of valine isomers on mouse growth.

Av.

initial
Diet \Wta day 3

g
Control (casein) 10.7 4.3
Control (CSD) 13.0 1.0
Valine-free diet (VFD) 12.8 -1.2
VFD + L-valine 14.3 1.2
VFD + D-valine 125 -1.4
VFD + ui.-valine 12.8 14

“Ten animals.
blIncludes a small amount of waste.

Av. weight gain Av.
daily food
day 6 day 9 day 12 consumption b
g g

7.8 11.2 135 9.3
2.8 5.5 9.0 8.4
-3.0 -3.9 -3.8 7.8
2.6 7.2 10.6 8.4
-2.8 -3.6 8.1
2.9 5.6 9.3 7.4
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ence in weight gain between animals fed the
CSD and those deprived of a single essential
amino acid afforded a clear-cut test of nutri-
tional activity in synthetic compounds.

Valinamide hydrochloride provided typical
results. This compound was able to replace
completely the corresponding amino acid in
the mouse. No toxicity or unusual effects
were observed over periods of almost two
months; unlike with valine, quantities up
to three times the normal level were without
apparent deleterious effect on growth or
health. The response to the free amide, not
described here, did not differ from that
obtained with the salt.

No significant difference was observed be-
tween the growth rate on diets containing
L-leucinamide or the stoichiometric equiva-
lent of DL-leucinamide (Fig. 1). Comparable

or

WT.  GAIN (gms)

DAYS

Fig. 1. Mouse growth rate (average of 10 ani-
mals). A) complete diet; B) leucine-free diet
+ L-leucinamide « HC1; C) leucine-free diet +
DL-leucinamide * HCI; D) isoleucine-free diet +
isoleucinamide ¢« HC1 (isomer mixture) ; E) leu-
cine-free diet; F) isoleucine-free diet.

experiments with synthetic isoleucinamide
which contained all four possible optical iso-
mers showed that consumption of even
twice the normal (a1) level resulted in se-
verely depressed growth. Thus, it appears
that a//o-isoleucinamide may inhibit utiliza-
tion of the other forms.

When provided as a 4% solution in drink-
ing water, a DL-valine supplement to the
solid valine-free diet produced growth rates
which corresponded to those obtained with
purified casein as a protein suorce (Fig. 2).
This effect apparently was not due to an
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Fig. 2. Mouse growth rate (average of 10
animals). A) Valine-free diet + DL-valine solu-
tion; B) complete solid diet; C) valine-free diet
+ a1-valinamide acetate solution; D) valine-free
diet.

s
ST

unusual intake of the amino acid, since the
volume of solution consumed provided ap-
proximately normal dietary valine levels.
Substitution of an equivalent solution of
valinamide hydrochloride for that contain-
ing valine afforded a growth rate which was
satisfactory but somewhat less than that of
the control for the first 14 days. Between
days 15 and 23 there occurred a sharp
weight loss, after which the animals again
gained rapidly. It was noted that a thin
layer of the amide salt accumulated on the
rim of the drinking tube during the experi-
ment, and presumably the mice were re-
pelled by the taste of this deposit which,
to the human tongue, is very saline. The
difficulty was circumvented by using the
tasteless (to humans) valinamide acetate,
and this substance produced weight gains
equivalent to those obtained with either
DL-valine or DL-valinamide hydrochloride ad-
ministered in solid diets (Fig. 2).

As shown in Fig. 1 and Table 3, the
hydrochlorides of DL-valinamide, DL-leucin-
amide, L-leucinamide, DL-phenvlalaninamide,
DL-methioninamide, and probably DL-isoleu-
cinamide replaced completely the correspond-
ing amino acids in the mouse. The develop-
ment of these amides as protein supplements
would present several advantages. The high
degree of water solubility permits their use
in low-volume liquid nutritional supplements
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Table 3. Effects of DL-amino acid amides on mouse growth.

Diet
CSD

Valine-free diet (VFD)
VFD -f- Valinamide 1 HC1

CSsD
Phenylalanine-free diet (PFD)
PFD -p phenylalaninamide « HC1

CsD
Methionine-free diet (MFD)
MFD J- methioninamide « HC1

CSD
Leucine-free diet (LFD)
LFD -p leucinamide « HC1

aTen animals weighing 1S.0 £+ 0.5 g.
Dead =

and under other circumstances where the
relative insolubility of most amino acids
hinders effective use. Racemic amides have
been successfully converted to the corre-
sponding L-amino acids; the use of common
and inexpensive proteolytic enzymes such as
papain (Tatsuoka and Honjo, 1953a; Smith
et al, 1952) as well as strictly chemical
methods (Tatsuoka and Honjo, 1953b)
could greatly simplify the manufacture of
the optically pure compounds. Above all,
the substances are prepared with relative
ease from inexpensive industrial raw ma-
terials, and the physical and chemical char-
acteristics of this type of structure offer ad-
vantages in manufacture and handling which
could make amino acid amides important in
large-scale food supplementation.

ACKNOWLEDGMENTS
The continued interest and advice of Dr. H. E.
Skipper and the capable assistance of Miss Janet
Bell, Miss Eunice Johnson, and Mrs. Loretta
Taylor are gratefully acknowledged.

REFERENCES

Bauer, C. D., and C. P. Berg. 1943. The amino

acids required for growth of mice and the
availability of their optical isomers. J. Nu-
trition 26, 51.

Gilman, H. 1943. “Organic Chemistry—An Ad-
vanced Treatise.” 2nd ed. John Wiley and
Sons, Xew York.

Johnson, H. E., and D. G. Crosby. 1962. alpha-

day 7

-4.7(d)b

-2.2

-4.1

-3.7

Av. wt. gain (g)a

day 14 day 21 day 28
45 7.3 7.3
-6.0(d) -6.5 (3d) —5.0(9d)
3.9 5.6 6.4
6.0 6.9 9.1
-2.0 - 10 0.3
6.1 9.3 11.0
6.0 6.9 9.3
-5.5 -6.0(d) -6.0 (7d)
4.0 7.9 9.8
4.5 6.3
-4.8(d) -4.8(d)
3.6 4.6

Amino acid amides. A convenient synthesis.
J. Org. Chew. 27, 708.

Maddy, K. H., and C. A. Elvehjem. 1949. Studies
on growth of mice fed rations containing free
amino acids. J. Biol. Chem. 177, 577.

Rechcigl, M., and H. H. Wailliams. 1961. The
availability of leucine derivatives for growth
of rats. Arch. Biochem. Biophys. 92, 264.

Skipper, H. E., and J. R. Thompson. 1958. A
preliminary study of the influence of amino
acid deficiencies on experimental cancer chemo-
therapy. In Ciba Symposium, “Amino Acids
and Peptides with Antimetabolic Activity.”
p. 38. J. and A. Churchill Ltd., London.

Smith, E. L., D. H. Spackman, and W. J. Pol-

glase. 1952. The specificity of leucine amino-
peptidase. J. Biol. Chem. 199, 801.
Tatsuoka, S., and M. Honjo. 1953a. Resolution

of racemic methionine. I1l. Enzymatic reso-
lution. J. Phann. Soc. Japan 73, 355.

Tatsuoka, S., and M. Honjo. 1953b. Resolution
of racemic methionine. 1V. Optically active
methionine amide acetate. /. Pharm. Soc.
Japan 73. 357.

Van Pilsum, J. F., and C. P. Berg. 1950. The
comparative availabilities of mixtures of the

L and di modifications of the essential amino
acids for growth in the rat. J. Biol. Chem.
183. 279.

Wesson, L. G. 1932. A modification of the Os-

borne-Mendel salt mixture containing only
inorganic constituents. Science 75, 339.

Wretlind, K. A. J. 1953. The availability of the
isopropyl ester of L- and D-phenylalanine and
3,6-dibenzyl-2,5-diketo piperazine for growth in
rats. Acta physiol. Scand. 30, 97.



RESEARCH

NOTE

Nutrient Content of Morel Mushroom Mycelium:
B-Vitamin Composition
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The growth characteristics of morel mush-
room mycelium in submerged culture have
been reported (Litchfield and Overbeck,
1962 ; Litchfield et al.,, 1963a). Morchella
hortensis was selected as the organism of
choice for large-scale production on the basis
that it has a greater growth rate and better
flavor than other species (Litchfield et al.,
1963a). A strain of this organism is now
being grown on a commercial scale for food
use (Klis, 1963).

Litchfield et al. (1963b) presented data
on the amino acid composition of morel
mushroom mycelia. The results of assays for
B-vitamin content of M. hortensis mycelium
are presented in this communication to com-
plete the characterization of the nutrient con-
tent of this organism.

M. hortensis was grown in aerated cul-
ture vessels in a glucose-ammonium phos-
phate-cornsteep liquor-calcium carbonate
medium as described previously (Litchfield

et al.,, 1963a,b). Assays for B-vitamin con-
tent of dried M. hortensis mycelium were
performed by the Laboratory of Vitamin
Technology, Chicago, lllinois, according to
the procedures shown in Table 1

From the results (Table 1) it appears that
M. hortensis mycelium is quite similar to
M. esculenta (Szuecs, 1956) and Agaricus
blasei (Block et al., 1953) in contents of
thiamin, and niacin ; higher in Vitamin B#6,
pantothenic acid, and folic acid ; and lower
in riboflavin and biotin. Szuecs (1956) did
not specify in his patent the assay procedures
used. Some of these differences in assay re-
sults might be explainable on the basis of
differences in assay procedures and differ-
ences in the composition of the growth media.
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Table 1. B-Vitamin composition of mushroom myecelia.

Method used for

Vitamin M. hortensis

Thiamin AOAC, 1960
(fluorometric)

Riboflavin AOAC, 1960
(fluorometric)

Niacin AOAC, 1960

(microbiological)

Vitamin B» (as
pyridoxine

hydrochloride)

Pantothenic acid

(as D-calcium

Atkin et al., 1943

pantothenate) AOAC, 1960
Choline Click, 1944
Folic acid AOAC, 1960
Inositol Atkin et ai, 1943
Biotin Wright and Skeggs,

1944

Composition
(mg/100 g dry weight)

M. esculenta Agaricus blazei
(Szuecs, Block et al.,
M. hortensis 1956) 1953)
0.518 0.392 0.200
131 2.46 3.4
124 8.20 14.6
2.62 0.58
12.6 0.87 6.9
461.
1.09 0.348
178.
0.015 0.075
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