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(M anuscript received August 7, 1961)

SUMMARY
A kinetic procedure em ploying D values was used instead o f the usual 

end-point m ethod to study heat inactivation o f peroxidase in whole-kernel 
sweet corn. Results at 150 -2 0 0 °F  indicated that a heat-labile fraction and a 
heat-stable fraction were being inactivated. The resistant fraction represented  
5% o f total enzym e activity, and was concentrated in  the pericarp. Increasing  
the blanch tim e at 200°F  from  2 to 5 m in decreased residual enzym e activity 
from  3.3%  to 1.7%.

Inactivation o f the heat-resistant fraction at 2 1 0 -2 9 0 °F  also followed a 
first-order reaction. The phantom  inactivation-tim e curve showed that an HTST  
process based on m icrobial destruction could leave residual enzym e activity.

In  the conventional thermal process for 
canned foods, i.e., at retort temperatures of 
2S0°F and below, enzymes are inactivated 
in some time less than that required for 
achieving commercial sterility. The situa­
tion may be the reverse at elevated retort 
temperatures. V etter cl al. (1958a, 1959), 
in their work on inactivation of sweet-corn 
peroxidase, showed that it is possible to 
find residual enzyme activity in whole-kernel 
corn given a high-temperature short-time 
process based on bacterial destruction. Their 
data indicated that the heat inactivation­
time curve for peroxidase was biphasic, 
showing a smaller slope above a critical 
temperature.

The heat inactivation curve used by Vetter 
et al. (1958a, 1959) was based on an “end­
point” determination. A series of samples 
were heated at a given tem perature for 
various times and analyzed for residual en­
zyme activity. The enzyme was considered 
inactivated when the assay method (V etter 
et al., 1958b) could detect no activity and 
the heating time was corrected for heat pene­
tration lag. This is the classical approach 
also used to obtain a thermal death-time

‘ M.S. thesis in Food Technology, by the senior 
author, University of Illinois, Urbana, Illinois.

‘ Present address: College of Tropical Agricul­
ture. University of Hawaii, Honolulu 14, Hawaii.

curve for bacterial spores. The position of 
the resulting curve in either case depends on 
the sensitivity of the assay method.

The disadvantage of the end-point method 
was avoided in the present work by taking 
an alternative approach, as outlined by Es- 
selen and Pflug (1954) and Stumbo (1949). 
In  this, the rate of inactivation is deter­
mined at each of several temperatures. The 
plot of these data gives a “phantom” heat- 
inactivation curve, which is not fixed in 
space but can be defined by selecting a 
starting and a final concentration. Such a 
kinetic study was made on the inactivation 
of sweet-corn peroxidase in the tem perature 
range of 150-290° F  for this report. A l­
though Farkas et al. (1956) used such an 
approach at temperatures to 212°F, this ap­
pears to be the first rate study on high- 
tem perature inactivation of enzymes in vege­
tables.

EX PER IM EN TA L
M aterials. A 500-watt Precision Scientific Co. 

constant-temperature bath was used to obtain 
constant temperatures to ±0.1°F . Two auxiliary 
heating elements of 550 and 1000 watts activated 
by a magnetic switch were added to the original 
equipment.

For heating whole-kernel corn in water, cylin­
drical wire cages approx 2 in. in diameter and 
3 in. high were constructed of Bi-in. wire mesh. 
Therm al death-time (T D T ) cans, 208 x006, were
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used to heat whole-kernel corn in the oil bath. 
Each cage and can was attached to a handle about 
18 in. long.

Unblanched whole-kernel Golden Cross sweet 
corn of optimum m aturity at about 72 percent 
moisture content was used. The kernels were 
mechanically removed using a medium cut (about 
1/4-kernel length) and cleaned so tip cap and cob 
tissue were absent. This corn, which had been 
stored at —40°F in 30-lb tins, was used for the 
greater part of this study. The frozen kernels were 
thawed in a flat porcelain pan under a small fan 
for 1 hr at room temperature. They were washed 
several times with tap water and drained before 
use. Fresh corn, obtained from the local market, 
was also used. The kernels were removed from 
the cob with a knife and then treated as thawed 
whole-kernel corn.

Procedures for heating whole-kernel sweet corn.
Depending upon the processing temperature, two 

procedures were used to heat the corn. Over the 
range of 170-200°F, approx 20-g samples of whole 
sweet-corn kernels were immersed in a soft-water 
bath at the proper tem perature for 5-600 sec. The 
wire containers were agitated during heating and 
subsequent cooling in an ice-water bath. The 
cooled samples were drained for 3 min, sealed in 
“C” enameled 211 X 400 cans, and stored 72 hr at 
34°F before analysis for peroxidase.

For treatm ent at 210-290°F, overlapping all 
temperatures used in canning, a mineral-oil bath 
was used and the heating times ranged from 60 to 
600 sec. Eleven grams whole-kernel corn was 
sealed with 7.5 cc soft water in the thermal death­
time cans. These small cans were agitated during 
the first 2 min of heating and while cooling in ice 
water. The cans were then stored 72 hr at 34° F. 
Finally, the samples were drained 3 min before 
enzyme analysis.

For temperatures from 210 to 245"F  the inden­
tation in the can bottom was hammered flat. This 
tended to reduce come-up time. Above these tem­
peratures the can was not flattened, since the 
internal pressure buckled the can somewhat, giving 
the same result.

H eat penetration determinations. H eat penetra­
tion in whole-kernel corn held in the wire cages 
was determined by impaling a kernel on a copper- 
constantan thermocouple and following the temper­
ature rise with a portable potentiometer.

A twelve-point Minneapolis-Honeywell recording 
potentiometer was used to study heat penetration 
into the T D T  can. A bare-j unction type of Eck- 
lund thermocouple, attached to the T D T  cans by 
a  special fitting, was sealed in the can and the 
leads connected to all twelve points of the poten­
tiometer. Each point, therefore, recorded the in­
ternal tem perature of the can.

Peroxidase assays. Both the orthophenylene- 
diamine (O P D A ) and ascorbic acid methods for 
determination of peroxidase activity were used. 
The O P D A  analysis was that of V etter e t al. 
(1958b), which had been specifically developed for 
determination of peroxidase in sweet corn with 
minor modifications (Yamamoto, 1958). I t  is 
based on the catalytic oxidation of O P D A  by 
hydrogen peroxide with a colorimetric determ ina­
tion of reaction product. The enzyme activity was 
expressed in terms of optical density units (O D U ) 
per gram of corn after 5 min of reaction.

The ascorbic acid method of analysis was carried 
out with the concentration of reagents recom­
mended by Joslyn (1956, 1957) and according to 
the procedure detailed by Yamamoto (1958). I t  
is based on the enzymatic oxidation of ascorbic 
acid by peroxide in the presence of 2,6-dichloro- 
phenol indophenol. A fter 2 min reaction time the 
unoxidized ascorbic acid was determined by titra ­
tion and the enzyme was calculated as mg ascorbic 
acid oxidized per gram corn.

Determination of inactivation rate. A t each in­
activation temperature, the residual enzyme activ­
ity remaining in the corn, expressed as percent of 
original (o r zero heating time) activity, was 
plotted on a logarithmic scale against the heating 
time. Two points were read on each straight-line 
portion for calculation of the heat inactivation rate 
as defined by the “D” value, the time required to 
inactivate 90% of the enzyme present (Esselen 
and Pflug, 1954; Stumbo, 1949).

RESULTS AND DISCUSSION
The results are considered in two sections 

based on processing temperatures. The first 
covers the range 150-200°F, while the other 
is concerned with enzyme inactivation at 
210-290° F.

Inactivation at 150-200°F. Fig. 1 plots 
the results of the experiment at 191 °F  as 
determined by O PD A  analysis. This curve, 
showing percent of original enzyme activity 
remaining, on the logarithmic axis, after the 
various heating times, was typical of all 
those obtained in this tem perature range. 
Identical data were obtained with fresh and 
frozen product, thus validating application 
of the results with frozen corn to processing 
of the fresh product. Also, when the ascorbic 
acid method was used to determine residual 
enzyme and the results were expressed and 
plotted in the same way, an almost identical 
curve (not shown) was obtained. This find­
ing, shown later (Fig. 3 ). serves as a check
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on the reliability of the procedures used and 
the results obtained.

Two resistances found. As expressed in 
Fig. 1, the heat inactivation curve consisted 
of an initial steep straight line, an inter­
mediate curved portion, and a final straight 
line with a shallow slope. The same type 
of curve would be obtained if two micro­
organisms with radically different heat re­
sistances were being destroyed at some lethal 
temperature (Ball and Olson, 1956). It 
was therefore concluded that two indepen­
dent first-order inactivation reactions were 
taking place; the initial line represented in­
activation of heat-labile enzyme, and the 
second, heat-resistant enzyme. The curved 
portion may be considered a transition zone.

There are several explanations for this 
finding. The peroxidase of sweet corn may 
be multiple in nature, with two enzymes or 
enzyme groups having two different heat 
stabilities and each being inactivated accord­
ing to a first-order reaction. Multiplicity of 
peroxidase has been shown for horse-radish 
(Jerm yn, 1952). Another possibility is that 
a protective mechanism such as formation of 
enzyme-substrate complex may be affecting 
the heat stability of a portion of the single 
enzyme. The initial rapid inactivation repre­
sents the disappearance of the unprotected 
peroxidase.

Fig. 1. Inactivation of peroxidase in sweet corn 
at 191 "F  as determined by O P D A  analysis.

It would be of interest to know what por­
tion of the total peroxidase activity exists 
in the heat-resistant form. This can be esti­
mated by extrapolating the heat-resistant 
curve to zero time. As may be seen in Fig. 1, 
this level was approximately 4%  of the total 
activity.

Fig. 2. Inactivation of peroxidase in the pericarp 
and in the endosperm plus germ fractions as com­
pared to whole-kernel corn at 171 °F.

Location of enzyme. I t  was noticed that 
particles of pericarp were deeply colored 
when the O P D A  enzyme assay was em­
ployed. This could be due to a high concen­
tration of enzyme in the pericarp. Therefore, 
an experiment was conducted to establish 
the location of the labile and resistant frac­
tions in whole-kernel corn. Twenty-gram  
batches of whole-kernel corn were heated 
at 171 °F  for various periods. Ten grams 
were analyzed as whole-kernel corn. Each 
kernel of the remaining 10 g was separated 
into pericarp and endosperm-germ fractions 
by squeezing; the average separation was 
40% pericarp and 60% endosperm-germ. 
The enzyme concentration of each fraction 
was expressed as percent activity of raw 
whole-kernel corn.

The results are shown in Fig. 2. The 
curves are only approximate because the
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heating times were widely spaced. The heat- 
inactivation curves for the two fractions, 
pericarp and endosperm-germ, were similar 
to that for whole-kernel corn, showing an 
initial rapid enzyme inactivation followed 
by a slow rate.

The percent activity values obtained for 
pericarp and endosperm-germ showed totals 
in close agreement with those for whole 
kernels. The enzyme content of the raw 
pericarp fraction accounted for 54% of the 
total enzyme activity in raw whole-kernel 
corn. The resistant fraction in raw whole- 
kernel corn as determined by extrapolation 
was 5% of the total. The pericarp ac­
counted for most of this resistant peroxidase 
fraction, 3.5% of the total activity or 78% 
of the resistance fraction, in whole-kernel 
corn. This gives a quantitative confirmation 
of observations made by Joslyn (1949).

Effect of temperature. Since the inacti­
vation of peroxidase followed two first-order 
reactions, each straight-line segment or heat 
resistance should be considered separately in 
studying the effect of temperature.

Heat-inactivation curves similar to Fig. 1 
were experimentally determined at ten- 
degree intervals over the range 150-200°F. 
A “D ” value was calculated for each straight­

Fig. 3. Time for 90% inactivation of heat-labile peroxidase fraction at 150-200° F.

line segment, and the results are plotted in 
Figs. 3 and 4 with D values on the logarith­
mic scale. The excellent agreement of D 
values as determined by the O P D A  and 
ascorbic acid enzyme assays should be noted 
in both figures.

Fig. 4. Time for 90% inactivation of heat-resis­
tant peroxidase fraction a t 170-200°F.

Fig. 3 shows the variation of D value 
with inactivation temperature for the heat- 
labile fraction. This phantom curve approxi­
mated a straight line, having a Qio of 1.6, 
a z value of 87 °F, and a D value at 200 °F  
of 13 sec. There were several sources of 
error in this curve. The extremely rapid 
inactivation necessitated the use of rate data 
before the kernels reached bath tem perature. 
Another factor is the poor precision obtained 
with an experimental technique using such 
short heating times.

A straight line was also obtained for the 
heat-resistant fraction (Fig. 4 ) . E xperi­
mental errors due to heat penetration lag 
were non-existent since heating time ex­
tended for relatively long periods at the 
experimental temperature. The Q i0 value 
was 2.1, the z value was 54°F, and the D 
value at 200°F was 11 min.

The practical significance of these findings
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is that, at the temperatures normally used 
for blanching, little peroxidase inactivation 
is gained by increasing blanch times past 
the point of rapid inactivation, i.e., where 
the inactivation curve changes to a shallow 
slope. This can be quantitatively shown by 
comparing the degree of inactivation accom­
plished by blanching times of 2 and 5 min. 
After 2 min at 200°F, the residual enzyme 
activity was only 3.3% of the original. In ­
creasing the heating tim e to 5 min would 
leave residual activity of 1.7% of the total 
original activity. A t the storage tem pera­
tures normally used for frozen whole-kernel 
corn it is questionable whether a difference 
in storage stability exists between 3.3 and 
1.7% residual activity (Joslyn, 1949).

Inactivation at 210-290°F. I t  was shown 
earlier that peroxidase was inactivated in 
what appeared to be two first-order reac­
tions. The inactivation of the heat-labile 
fraction was shown to be extremely rapid. 
In temperatures used for thermal processing 
of sweet corn the labile fraction is of little 
concern, and this portion of the study was 
therefore confined to the heat-resistant en­
zyme fraction.

Table 1 shows heat penetration into the

Fig. 5. Inactivation of peroxidase at 210 and 290°F in whole-kernel corn sealed in thermal 
death-time cans.

Table 1. H eat penetration into thermal death­
time can.

Temp, of oil bath (°F)
Time to reach —5°F of bath temp, (sec)

Time to reach bath temp, (sec)
220 65* 9 5 “
245 70* 100“
260 75 100
278 70 100
300 70 90

“ The indentation was removed from the bottom 
of the thermal death-time cans.

T D T  cans as determined by the recording 
potentiometer. I t  was shown earlier that the 
resistant fraction of peroxidase was located 
primarily in the pericarp. Since this was 
the case, it was felt that heat penetration 
lag into the center of the kernel could be 
neglected and that only the heat penetration 
lag into the T D T  can need be considered. 
W henever possible, rate calculations were 
based on data obtained after the internal 
tem perature of the can reached bath tem ­
perature. A t temperatures above 245 °F , the 
rapid inactivation necessitated the use of a 
range of temperatures, including those dur­
ing the latter part of the come-up time. The 
rate of inactivation was then expressed as 
the rate at the average internal temperature. 
This range never exceeded ± 2 .5 °F .

The rates of inactivation were determined 
at 210, 225, 234, 245, 262, 275, and 290°F. 
Fig. 5 shows inactivation-time curves for 
210 and 290°F. Only the O PD A  method of 
enzyme analysis was used, since the ascorbic 
acid assay method gave essentially the same 
results in the earlier study.

Data for inactivation of the heat-resistant 
fraction in the tem perature range studied 
indicated it to be a first-order reaction. The 
curves did not show the initial rapid inacti­
vation, as with the earlier low-temperature 
study, because the activity of the heat-labile 
fraction was reduced to a negligible level 
during the come-up time.

Fig. 6 gives the D values calculated from 
plots of the data at each temperature. A 
straight line drawn through the points 
showed a Q i0 of 1.9, a z value of 65 °F, 
and a D value at 290°F of 0.75 min. Once 
this 90% inactivation line has been experi­
mentally established a phantom curve for
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any other degree of inactivation is easily 
obtained. This was done by drawing a line 
parallel to the first and displaced vertically 
on the time axis. Thus the 99% or 2D line 
was placed at two times the heating time for 
ID  at any given temperature. For illustra­
tion, phantom lines for O.SD, 2D, and 3D 
were drawn in Fig. 6.

Temperature, *F

Fig. 6. Time for several D values of inactivation for the heat-resistant fraction of peroxidase as 
compared to thermal death times for spores of 
P. A. 3679.

The dotted line crossing the phantom 
curves in Fig. 6 is the T D T  curve for the 
thermophilic spore-forming bacterium PA  
3679, having an F 25o value of 4.0 min and 
z value of 16.6°F (Townsend and Esty,
1938). This line, representative of those 
used to determine the minimum thermal 
process time for canned vegetables, has a 
markedly steeper slope than the enzyme 
inactivation curves. Fig. 6 shows that the 
heat-resistant peroxidase enzyme is over 
99.9% inactivated if the product is sterilized 
at 240°F, but only 90% inactivated if barely 
sterilized at 260° F. Indeed, Guyer and 
Holmquist (1954) reported that it was often 
found necessary to increase high-tempera­
ture process times above calculated values 
to prevent off-flavors from developing in

whole-kernel corn during extended storage.
The relation between the slopes of the 

phantom inactivation-time curve and of the 
heat inactivation-time curve is theoretically 
identical if a first-order reaction holds to 
the point where the assay fails to detect 
enzyme activity (Esselen and Pflug, 1954). 
The slope of the phantom curves was fairly 
consistent with that of the straight-line heat- 
inactivation curve for whole-kernel corn 
assayed immediately after heating as ob­
tained by Vetter et al. (1959). They re­
ported a z of 59° F , compared to 65 °F  found 
here. Of special interest is the fact that the 
curve obtained in this study showed no 
inflection point, as did the heat inactivation­
time curve for samples stored 72 hr at 75°F 
to allow enzyme regeneration. A  possible 
explanation for this difference may be that 
the storage tem perature used in the present 
case was 34° F  instead of 75 °F. Another 
may be that a kinetic technique was used 
here instead of the “end-point” method.
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SUMMARY
Peroxidase was regenerated in  samples o f peas that had been blanched  

just sufficiently to destroy the original peroxidase activity. The regeneration  
occurred after a few  m onths in  peas stored at —18° C, or within a few  hours 
in thawed peas held at room  temperature. The m axim um  activity regenerated  
was about 4% o f  the original activity. No regeneration occurred in peas given  
substantially m ore heat treatment than was needed for inactivation. Peroxidase  
regeneration during frozen storage, or after thawing, did not affect the quality 
of peas.

Peas are blanched before freezing to in­
activate enzymes that would otherwise cata­
lyse reactions that produce off-flavors. The 
normal commercial practice is to blanch for 
60-90 seconds in water at 95-100° C. These 
conditions for adequate blanching are based 
on a great deal of published evidence (Jos- 
lyn 1949, Lee 1958) and practical experi­
ence. Idowever, because of variations in 
temperature and pea-water ratio in H and l­
ers, it is unwise to rely entirely on time of 
blanching, and a biochemical index of blanch­
ing is often used. The enzymes responsible 
for off-flavors are not yet identified, but the 
inactivation of catalase or peroxidase is 
generally taken to imply that peas have been 
blanched sufficiently, although these enzymes 
are probably not involved in off-flavor de­
velopment. The merits of catalase and per­
oxidase as an index of blanching have been 
discussed by Joslyn (1949) and Lee (1958). 
Peroxidase has greater heat stability than 
catalase and is a safer index.

Some doubts as to the validity of using 
peroxidase as a blanching index have been 
raised by reports that peroxidase is regen­
erated in tissues after heat induction. These 
reports have been reviewed by Joslyn
(1949), Schwimmer (1944) and Leeson
(1957). Schwimmer (1944) found that 
peroxidase activity in blanched cabbage and 
turnip tissues increased after holding for 
a few hours at 6 or 25°C, but all his samples

had some residual peroxidase activity im­
mediately after blanching. Farkus et al. 
(1956) found a slight reactivation in peas 
at room temperature, even in tissues show­
ing no activity immediately after blanching, 
and Rosoff et al. (1949) found that heat-in- 
activated cauliflower peroxidase reappeared 
during subsequent storage a t 0 or — 18°C. 
Reddi et al. (1950) found that apple peroxi­
dase was not regenerated after it had been 
completely inactivated. Zoueil et al. (1959) 
found that regeneration of peroxidase could 
occur in green beans and turnips stored at 
22 or 3°C after heating just sufficiently for 
inactivation, but no regeneration occurred 
after substantially more heating had been 
given.

Although there is abundant evidence of 
regeneration at temperatures of 0°C  and 
above, the only reliable evidence of regener­
ation at commercial storage tem peratures 
(about — 18°C) is the work of Rosoff et al. 
(1949) on inactivated cauliflower peroxi­
dases. Dietrich et al. (1955) measured the 
peroxidase activity of peas immediately after 
blanching, and after 6 and 12 months of 
storage at — 18°C, and their results suggest 
that some regeneration occurred. However, 
they held the peas for 1)4 hr between 
blanching and freezing and, as the authors 
suggest, much of the apparent regeneration 
may have occurred before the peas were 
frozen. Their view is supported by the
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fact that considerable regeneration appears 
to have occurred in only 3 weeks at — 24 °C.

The available evidence of the effect of 
regenerated peroxidase on the quality of 
frozen vegetables is somewhat contradictory. 
W agenknecht et al. (1958) found that al­
though peroxidase was regenerated in some 
samples of peas after prolonged frozen stor­
age, there was no off-flavor. W hen they 
added horseradish peroxidase to blanched 
pea slurries, off-flavors developed in storage 
at —18°C. Zoueil et al. (1959) found that 
added peroxidase produced off-flavors in 
green bean purees. In  the experiments de­
scribed by Dietrich et al. (1955), samples 
of peas in which regeneration occurred ap­
pear to have had some off-flavors but, after 
12 months of storage at —18° C, there was 
no significant difference in flavor between 
the 180-sec samples (over-blanched, no 
peroxidase), 90-sec sample (adequately 
blanched, regenerated peroxidase), and 50- 
sec sample (inadequately blanched, residual 
peroxidase). However, since the samples 
were delayed between blanching and freez­

ing for a time “far in excess of that which 
would be encountered under conditions of 
good commercial practice,” some off-flavor 
may have developed before the peas were 
frozen.

The object of the present work was to try 
to obtain evidence of regeneration of peroxi­
dase in blanched peas stored at — 18°C, and 
to discover whether this affected the quality 
of the peas. I t  was also of interest to study 
the rate of peroxidase regeneration and its 
effect on flavor in thawed peas held a t room 
temperature, since it is quite common prac­
tice, at least in Europe, for peas to be held 
at room tem perature for up to 24 hr between 
purchase and cooking.

PEROXIDA SE ASSAY METHODS
Qualitative assay. The method of Joslyn (1949) 

was used.
Q uantitative assay. Two methods were used:
1) B e d fo rd  a nd  J o s ly n  m e th o d  (1 9 39 ). This 

method proved to be unsuitable for measuring very 
low peroxidase activity.

2) C o lo r im e tric  g ua iaco l m e th o d . This method 
was a modification of Ponting and Joslyn’s (1948)

J  O rig in a l ex tra ct

S EC O N D S

Fig. 1. P lo t of optical density /tim e for various dilutions of pea extract.
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method. I t was compared with the ascorbic acid 
oxidation method (Joslyn 1957) and found to be 
equally reliable and more convenient for this work. 
The reagents used w ere: 0,2Af acetate buffer (pH  
5.58), 0.5% aqueous guaiacol solution, 0.051^ 
hydrogen peroxide, 2% sodium chloride. All solu­
tions prepared with glass distilled water. All tubes 
and pipettes must be cleaned very carefully.

Extraction. Fifty g  of peas were blended for 
3 min in an Atomix with 200 ml ice-cold sodium 
chloride solution plus a  pinch of chalk. The extract 
was filtered through raw cotton and muslin on 
a filter pump. The filtrate was assayed immedi­
ately or stored at —18° C. The filtrate was diluted 
as required.

Assay. All reagents were kept at 20° C in a 
water bath. Five ml water and 2 ml acetate buffer 
were pipetted into an Eel colorimeter tube. One 
ml guaiacol solution, 1 ml pea extract, and 1 ml 
water were added. The tube was placed in the 
Eel colorimeter and the meter was set at 0. 
Another tube was made up with the same mixture 
of reactants but omitting the last 1 ml water. One 
ml hydrogen peroxide solution was added and 
mixed, a stopwatch was started and the tube was 
placed in the colorimeter. Readings were taken 
at convenient intervals. Optical density was plot­
ted against time, and the slope of the line was 
measured after the initial lag period.

Fig. 1 shows plots for runs on several dilutions 
of an extract from peas. Except at the highest 
concentrations there was an initial lag period of 
40-100 sec, but after this a linear plot was ob­
tained for 60-300 sec. Fig. 2 shows the slopes 
plotted against the original activity. The rate of 
reaction was proportional to the enzyme concen­
tration over a wide range of activity. The slopes 
could be determined accurately within the range 
0.01-0.05 but above 0.05 they were too steep and 
it was advisable to dilute the more active extracts.

The method was calibrated against the Bedford 
and Joslyn method so that the results could be 
expressed in W illstatter purpurogallin units (P E  
units) per g  of peas. One unit of slope (change in 
optical density/sec) was equivalent to 0.92 x 1 0  s 
P E  units. The method was convenient and reliable 
even at very low enzyme activities. I t was not 
affected by ascorbic acid, or inhibited by hydrogen 
peroxide.

Taste-panel assessment. The quality of the 
samples was assessed by a taste-panel at intervals 
of a few months, up to 27 months. No single con­
trol could be used for all these tests, so the 
samples were scored without reference to a control, 
by a panel of trained tasters. The samples were 
scored on a numerical scale of 0-10, from inedible

Table 1. Peroxidase activity and flavor of pec
stored at —18° C.
Blanching time (sec)

Storage time (months)
0 2 4J4 7 lA 17

Qualitative peroxidase assays
0 + + + + + +

60
90

120

— + + + +
— — — — — —

180 - - - - - -
4 7'A 17 21

Quantitative peroxidase activity (P E  units x  10‘/g
peas) (values below 5 indicate no peroxidase
activity)

0 250 330 170 240
60 11 8 9
90 3 1 1 3

120 2 2 2
180 1

m 6 UVz 17 22 27
Taste-panel flavor scores

0 0 - — - - -
60 5.5 4.9 4.7 5.0 - -
90 5.7 5.5 4.9 - 4.8 4.0

120 5.3 5.3 4.9 - - -
180 5.2 4.5 4.4 - - -

to superlatively good. It is unusual for peas to 
be marked above 7; 5-6 indicates an average 
quality, and scores below 4.5 indicate a  definite 
lack of quality. A difference of one unit is neces­
sary to denote a significant difference in quality.

EX PER IM EN TA L AND RESULTS
Peroxidase regeneration during storage of ade­

quately blanched peas. Samples from a  batch of 
D ark Skinned Perfection peas were blanched in 
a rotary blancher for 60, 90, 120, or 180 sec, 
frozen immediately after blanching, and stored at 
—18°C. The blancher tem perature was 98-100°C, 
and the pea-water ratio was 1 :20. A  sample of 
unblanched peas was also frozen and stored.

Peroxidase was assayed at intervals of a  few 
months. Samples were taken from the cold store, 
thawed, and immediately extracted and assayed. 
The taste-panel assessed flavor every few months. 
Results are in Table 1.

Peroxidase was completely inactivated in all 
samples immediately after blanching, and no 
peroxidase was regenerated in any samples blanched 
for 90 sec or longer. Some peroxidase activity 
was detectable after 2 months in the 60-sec sample, 
and quantitative assays after 4 months showed 
that this sample had about 4% of the peroxidase
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activity of unblanched peas. The activity did not 
increase on further storage.

The taste-panel scores give a general picture of 
a  gradual loss in quality of all the blanched samples 
during frozen storage. The decline in flavor score 
was due to a loss of natural flavor rather than 
to any off-flavor development. The 60-sec sample, 
in which there was evidence of peroxidase regener­
ation, received about the same flavor scores as 
the other samples. The unblanched sample was 
inedible at 3 months of storage.

This series of experiments was repeated on an­
other batch of peas, blanched for 60, 90, and 120 
sec. No peroxidase was detected in any sample 
by qualitative tests immediately after blanching, 
but when the peas were left at room tem perature 
after blanching, peroxidase was regenerated in the 
60j sec and 90-sec samples. Samples were frozen 
immediately after blanching and stored at —18° C. 
Peroxidase was assayed after S and 10 months of 
storage, and the taste-panel assessed flavor, color, 
and texture at intervals up to 17 months of storage. 
Results are in Table 2.

The 60-sec sample showed slight peroxidase ac­
tivity after 5 months, and there were signs of very 
slight activity in the 90-sec sample after 10 months 
of storage. The taste-panel scores show a gradual

Blanching Storage time (months)time --------------------------------------------

Table 2. Peroxidase activity and quality of
stored frozen peas stored at —18° C.

(sec) 2 5 10 15 17
Peroxidase activity 
P E  units X 10* per 

60
g p eas“

s 8
90 4 6

120 3 3
Flavor 60 5.9 5.7 5.5 5.5 4.8

90 5.9 4.5 5.4 5.0 4.8
120 6.1 5.3 5.2 4.7 4.7

T  exture 60 5.7 5.3 5.3 4.5 4.9
90 5.9 5.5 5.3 4.5 5.2

120 5.9 5.5 4.9 4.5 4.9
Color 60 7.0 6.1 5.8 6.0 5.4

90 6.6 6.2 5.5 6.1 5.0
120 6.3 6.2 5.2 6.0 5.3

* Values below S indicate no peroxidase activity.
decline in quality during storage, with no significant 
differences among the three samples.

Peroxidase regeneration in thawed peas a t room 
temperature. Regeneration of peroxidase at room 
temperature was followed quantitatively with the 
modified Ponting and Joslyn method. A carton of

PERCENTAGE OF ORIGINAL EXTRACT

Fig. 2. Peroxidase activity of various dilutions of pea extract.
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frozen peas (90-sec blanch) was taken from cold 
storage. The contents were placed in a flask which 
was stoppered with a raw  cotton plug, and samples 
from the flask were assayed at intervals of a few 
hours. The time at which off-odors were first 
detected in the peas was noted. The results are 
in Fig. 3.

The peroxidase activity increased rapidly for 
the first few hours and reached a maximum at 
30 hr, a t which time the off-odor first became 
noticeable. The activity then decreased for a 
few hours and at 45 hr it reached a constant 
value of about 75% of maximum activity. E x ­
tracts of peas, obtained immediately after thawing, 
also increased in peroxidase activity on standing 
a t room temperature, but less than the peas them­
selves.

The possible effect of this regeneration on quality 
was tested. A  taste-panel compared a  sample 
cooked 1 hr after removal from cold storage, with 
a sample cooked 18 hr after removal from cold 
storage. The peroxidase activity of these samples 
was also measured. The results are in Table 3. 
Although the 18-hr sample contained three times 
as much peroxidase as the 1-hr sample, the taste 
panel could not detect any difference in quality.

I t was thought that regeneration of peroxidase

Table 3. Peroxidase activity and quality ofthawed peas.
Holdingtime(hr)

Peroxidase activity (PE units -X 10Vg)
Taste-panel score

Sample Flavor Texture Color
i i 6 5.6 5.7 6.1
2 18 18 5.8 6.1 6.1

at room tem perature might be due to bacterial 
contamination. To investigate this possibility, 
blanched samples were soaked 20 min in solutions 
of mercuric chloride (1% ) or streptomycin/peni- 
cillin (100 ,ug of each/m l) and left overnight at 
room temperature. This treatm ent should have 
destroyed any bacteria present, but these samples 
developed peroxidase activity as rapidly as un­
treated samples. To determine whether peroxidase 
was regenerated throughout the peas or only on 
the surface, samples of frozen peas were thawed 
and held overnight at room temperature. The peas 
were washed in 2N  sodium chloride solution, and 
peroxidase was assayed in the peas and the wash­
ings. The washings contained only 5% of the 
total activity, and therefore the peroxidase was 
not being formed only on the surface of the peas.

Fig. 3. Peroxidase regeneration in thawed peas held at room temperature.
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These results make it improbable that peroxidase 
is formed by bacterial activity.

Storage properties of inadequately blanched peas. 
Samples from a  batch of Kelvedon W onder peas 
were pan-blanched for 45, 60, 75, and 90 sec, 
frozen immediately after blanching, and stored at 
—18°C. The blancher tem perature was 98-100° C 
and the pea-water ratio was 1 :20. Peroxidase was 
assayed qualitatively immediately after blanching, 
and the taste-panel assessed flavor at 4, 6, and IOJ2 
months of storage. In an additional test at 1014 
months the tasters were asked to ignore the natural 
flavors, and to state whether the samples had any 
off-flavor. Results are summarized in Table 4.

Table 4. Quality of peas stored at —18° C.
Flavor scores at: -Off-flavorBlanching Peroxidase 4 6 to;/. aftertime after - w y(sec) blanching months months

45 + 5.1 4.5 3.6 +
60 - 5.6 5.5 5.1 -
75 - 5.7 5.2 4.9 -
90 - 5.8 5.5 5.3 -

The 45-sec sample showed peroxidase activity 
immediately after blanching. I t  deteriorated far 
more rapidly than the other samples, and had a 
marked off-flavor after 1014 months of storage. 
Although peas keep satisfactorily despite peroxi­
dase regeneration during storage, peas which have 
residual peroxidase immediately after blanching- 
may develop off-flavors.

DISCUSSION
These results show that some peroxidase 

is regenerated in blanched peas during stor­
age at —18° C. Earlier workers had shown 
that regeneration occurred in peas above 
0°C, but there was no previous evidence of 
regeneration at — 18°C. In  this respect pea 
peroxidase behaves similarly to cauliflower 
peroxidase. Peroxidase regeneration occur­
red only in peas that had a heat treatm ent 
just sufficient to inactivate the enzyme. No 
regeneration occurred in peas given sub­
stantially more heat treatm ent than was 
needed for inactivation. The regenerated 
activity was never greater than 4%  of the 
original activity. Peroxidase was also regen­
erated in thawed peas after holding at room 
temperature for a few hours, and the m axi­
mum regenerated activity was also about 
4% of the original activity.

The extent of peroxidase regeneration is 
in reasonable agreement with the 7%  found 
by Dietrich et al. (1955) in samples (90-sec) 
blanched just sufficiently for complete inac­
tivation. The regeneration in their samples 
almost certainly occurred between blanching 
and freezing and thus it appears that the 
same amount of peroxidase is regenerated 
whether the regeneration occurs before, 
during, or after storage at — 18°C.

Regenerated peroxidase did not affect the 
quality of the peas. All adequately blanched 
samples showed a decline in quality on stor­
age, but this was due to loss of natural 
flavor, and not to the development of off- 
flavor. Samples lost quality at the same 
rate whether or not they contained regener­
ated peroxidase. Peas that had not been 
blanched sufficiently, and contained residual 
peroxidase immediately after blanching, de­
veloped off-flavors and deteriorated more 
rapidly than adequately blanched peas.

In  our experiments, 60-sec blanching was 
just sufficient to inactivate all the peroxidase. 
Dietrich et al. (1955) found residual per­
oxidase even after 70-sec blanching, even 
though they used the M asure and Campbell
(1944) qualitative assay, which is less sensi­
tive than Joslyn’s (1949) assay. This differ­
ence is due most probably to the lower 
blanching temperature and higher pea-water 
ratio used by Dietrich et al. (1955). This 
illustrates the danger of assuming a “ safe” 
blanching time, and underlines the necessity 
for a biochemical index of adequate 
blanching.
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SUMMARY
Ascorbic acid oxidation was studied in relation to the natural copper level 

and to lipid peroxidation in m ilks produced by cows receiving alfalfa hay or 
pasture. Correlations were highly significant (r  =  0.79* * *) between ascorbic 
acid oxidation rate and natural copper for both alfalfa and pasture m ilks. The 
correlation between lipid peroxidation (by the TBA test) and ascorbic acid 
oxidation rate was very highly significant (r  = 0.87* * *) in alfalfa m ilks but 
nonsignificant in  pasture m ilks.

Som e postulated m echanism s for the action o f copper and ascorbic acid 
in producing oxidized flavor were studied. The results do not support the 
theories o f the role o f the ascorbic acid radical, or o f hydrogen peroxide, 
in the initiation o f oxidized flavor.

The kinetics o f ascorbic acid oxidation by light, hydrogen peroxide, and 
ascorbic acid oxidase were exam ined. Zero-order kinetics was found for light, 
and first-order for the other agents.

Milk and some other dairy foods are sub­
ject to oxidative rancidity, commonly called 
oxidized flavor. Comprehensive reviews on 
this subject have been published by Strobel 
et al. (1953) and Riel and Sommer (1954).
I t  is generally accepted that the flavor results 
from oxidation of unsaturated fatty acids in 
the phospholipids (Swanson and Sommer,
1940), and that copper and ascorbic acid are 
important prooxidants (Krukovsky and 
Guthrie, 1945; Smith and Dunkley, 1961).
Several investigators have reported a posi­
tive correlation between the rate of ascorbic 
acid oxidation and oxidized flavor develop­
ment (Riel and Sommer, 1954). King
(1958), however, believed that oxidized 
flavor did not necessarily occur at interme­
diate or higher rates of ascorbic acid oxida­
tion.

The behavior of the ascorbic acid in rela­
tion to oxidized flavor is anomalous. A t con­
centrations above those in normal milk, as­
corbic acid acts as an antioxidant (Riel and 
Sommer, 1954), but at lower concentrations 
it is a prooxidant. Oxidized flavor can be 
prevented by rapid destruction of ascorbic 
acid (Krukovsky and Guthrie, 1945).

a Present address : Hawkesbury Agricultural Col­
lege, Richmond, N.S.W .. Australia.

A mechanism for oxidized flavor devel­
opment involving both ascorbic acid and 
hydrogen peroxide was proposed by Brown 
and Olson (1942). They postulated that 
ascorbic acid reduces cupric copper to cu­
prous, the cuprous ion is oxidized to cupric 
by molecular oxygen with the production of 
hydrogen peroxide, and the hydrogen perox­
ide oxidizes the lipids in the fat globule mem­
brane.

Krukovsky and Guthrie (1946) suggested 
that oxidation of ascorbic acid is coupled 
to the lipid oxidation reactions when a cer­
tain equilibrium has been established be­
tween ascorbic and dehydroascorbic acids. 
In  their experiments they prevented the de­
velopment of oxidized flavor by adding 
hydrogen peroxide to destroy ascorbic acid. 
The action of hydrogen peroxide depended 
on the concentration added, and under care­
fully controlled conditions it induced oxi­
dized flavor in some samples. An enzyme, 
later shown to be peroxidase (Krukovsky, 
1949), promoted the destruction of ascorbic 
acid on addition of hydrogen peroxide.

Other explanations have been given for 
the prooxidant role of ascorbic acid in oxi­
dized flavor. Greenbank (1940) considered 
that Ei, poising is important in determining
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whether oxidized flavor develops, and that 
the effect of ascorbic acid is dependent on 
its poising action. The ascorbic acid radical 
has been postulated as a peroxidation initi­
ator— in milk by King (1958), and in other 
materials by Kelly and W atts (1957). Smith 
and Dunkley (1961) considered that the 
prooxidant properties of ascorbic acid are 
attributable to two properties—the ability to 
reduce cupric copper to the cuprous form, 
and a specific association between ascorbic 
acid and copper that in some unexplained 
manner increases prooxidant activity.

An investigation was made to clarify un­
derstanding of the relation of ascorbic acid 
oxidation to lipid oxidation in milk.

METHODS AND M ATERIALS
Milk. Unless otherwise specified, the milks used 

were individual milks from cows maintained on a 
ration of alfalfa hay and concentrate m ixture 
(barley and milo grain, wheat-mixed feeds, and 
molasses beet pulp). In some instances, samples 
were obtained from cows receiving irrigated le­
gume-grass pasture. The milk was protected from 
light, and precautions to avoid metal contamination 
were taken according to the method of Smith and 
Dunkley (1961).

H eat treatm ent of milk. All samples, except 
those used for Figs. S, 6, and 7, were heated 20 
min. at 60°C in pint polyethylene bottles. The 
heat treatm ent was used to inactivate lipase, to 
retard bacterial spoilage, and in some cases to 
convert dehydroascorbic acid to 2,3-diketoguIonic 
acid. The conversion of dehydroascorbic acid to
2,3-diketogulonic acid was necessary to prevent 
re-formation of reduced ascorbic acid.

Oxidation of ascorbic acid. Added crude ascorbic 
acid oxidase, light, and hydrogen peroxide were 
studied as promoters of ascorbic acid oxidation 
in milk. Crude ascorbic acid oxidase was prepared 
from cucumbers by the method of Stew art and 
Sharp (1945). For the light treatment, 500 ml 
of milk in a square quart glass milk bottle were 
exposed with agitation, a t a  distance of K  in. from 
two 40-watt cool white fluorescent lamps. H ydro­
gen peroxide for the activation energy experiments 
was added at the rate of 0.3 ml (30% Merck 
reagent) per liter of milk. In the other experi­
ments, 0.02-0.2 ml (30% Mallinckrodt A R ) was 
used per liter.

Ascorbic acid, d - and L-ascorbic acid (Eastm an) 
were used.

ATA 3-amino-l,2,4-triazole (twice recrystallized 
from absolute ethanol). A V)~°M  solution was 
made in the milk. This level inhibits peroxidase,

but not catalase, over the first two hours of reac­
tion (Castelfranco, 1960).

Catalase. Lyophilized beef-liver catalase (N . B. 
Co.) was added at the rate of 5 mg per 200 ml 
milk.

Organoleptic scoring. Flavor evaluations were 
made by at least two competent judges. The re­
sults of organoleptic examinations are expressed 
as average flavor scores indicating intensity of 
oxidized flavor: 0, none; 1, questionable to very 
slight; 2, slight but consistently detectable; 3, dis­
tinct or strong; 4, very strong.

Thiobarbituric acid (TBA) test. The Dunkley 
and Jennings method (1951) was used. To over­
come the problem of cloudiness in the cuvettes, 
the extracted chromophore was filtered (W hat­
man No. 12 fluted) before absorbancy was meas­
ured in the Beckman spectrophotometer. Results 
are expressed as the increase in absorbancy over 
that for the fresh milk.

Ascorbic acid. The method of Sharp (1938) 
was used except that the dye solution was pre­
pared by dissolving 0.135 g of sodium 2,6-dichloro- 
phenolindophenol (Eastm an) in hot water and di­
luting to 1 liter.

Statistical analyses were by conventional methods
(Snedecor, 1956).

RESULTS AND DISCUSSION
Copper-catalyzed ascorbic acid oxidation.

Fig. 1 gives representative results illustrat­
ing the rate of ascorbic acid oxidation in 
alfalfa-fed milks. In samples with the slow­
est initial rates, there were usually two

Fig. 1. Representative rates of oxidation of 
ascorbic acid at 3-4° C in milks from individual 
cows. Figures on curves indicate natural xopper 
content (jug/g). Solid circles indicate early lac­
tation (6 weeks or less).
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Fig. 2. Relation between rate of ascorbic acid 

oxidation (3—4°C) and natural copper content of 
milks from individual cows on either an alfalfa 
ration (circles) or on pasture (triangles). Solid 
points represent early-lactation milks (6 weeks or 
less).

zero-order rates—a slow initial rate and a 
faster second rate, with a sharp break be­
tween. This phenomenon was also noted in 
pasture-fed milks. The time required for 
the change in oxidation rate was significantly 
correlated ( r =  —0.44*) with the natural 
copper content of milk. The change in rate 
may be due to disappearance of an anti­
oxidant that is preferentially oxidized before 
the ascorbic acid. Holmes (1952) observed 
a small decrease in ascorbic acid loss during 
the storage of milk with added tocopherol. 
The difference in rate was much smaller, 
however, than illustrated for the individual 
milks in Fig. 1.

Fig. 2 illustrates the relation between the 
rate of ascorbic acid oxidation and natural 
copper content of milk from cows on alfalfa 
ration and cows on pasture. For the samples 
in which the ascorbic acid oxidation curve 
showed a break, the faster (second) rate 
was plotted. There was a highly significant 
correlation ( r  =  0.79***) between the faster 
ascorbic acid oxidation rate and the natural 
copper content of the milks, but low correla­

tion (r  =  0.18) between 16 slow (first) 
rates and natural copper. No differences 
were related to the rations. If milk produced 
by pasture feeding contained more antioxi­
dants than milk produced on the alfalfa hay 
ration, the difference did not influence the 
rate of ascorbic acid oxidation.

The kinetics illustrated in Figs. 1 and 2 
are not consistent with those of related sys­
tems described by others. Ascorbic acid oxi­
dation in milk showed zero-order depend­
ency on ascorbic acid, and the rate was 
directly proportional to the copper content. 
For ascorbic acid oxidation in buttermilk, 
Allan ( 1950) showed first-order dependency 
on ascorbic acid and direct proportionality 
to copper content. Timberlake (1960) found 
that ascorbic acid oxidation in a pH  2.9 
model system was first-order, and that the 
rate was proportional to the square root of 
the copper concentration. Since ascorbic 
acid has been shown to exist in bound form

perature on rate of oxidation of ascorbic acid 
catalyzed by natural and added copper for two 
cows (nos. 12 and 14). O —O  normal milk; 
• — •  buttermilk added (to  increase natural cop­
per) ; □ —□  0.05 f i g /g  copper added to milk; 
A —A 0.10 i i g /g  copper added to milk. Figures 
on curves indicate activation energies (kcal/m ole).
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Fig. 4. Relation between TB A  absorbancy in­

crease and rate of ascorbic acid oxidation in milks 
from individual cows on an alfalfa ration (circles) 
or on pasture (triangles). Solid points represent 
early-lactation milks (6 weeks or less).

(Greenberg, 1957), the difference in reac­
tion order between milk and either butter­
milk or the Timber lake model may be due 
to exclusion of ascorbic acid from the rate­
determining step by steric hindrance.

N atural and added copper were compared 
with respect to the influence of temperature 
on catalysis of ascorbic acid oxidation. 
Chloroform was added to the milk to inhibit 
bacterial spoilage at the higher temperatures. 
Fig. 3 shows the results for two milks. The 
activation energy was lower in samples con­
taining added copper than in samples con­
taining only natural copper. Natural copper 
was increased by adding buttermilk prepared 
from the same m ilk ; this increased the acti­
vation energy.

The difference in activation energy for 
natural and added copper indicates a differ­
ence in chemical binding. Allan (1950 ), 
working with buttermilk and butter serum, 
also reported a lower activation energy for 
added copper than for natural copper. He 
concluded that the natural and added copper 
were associated with the same proteins but 
were attached in a different manner. King 
et al. (1959), in fractionation studies of milk, 
concluded that natural copper was preferen­
tially associated with the fat-globule mem­
brane, whereas added copper was largely

distributed in proportion to the composi­
tion of the skimmilk proteins.

Ascorbic acid oxidation in relation to 
lipid peroxidation. Fig. 4 illustrates the 
relation between TB A  absorbancy increase 
and ascorbic acid oxidation rate in 58 alfalfa- 
fed and 28 pasture-fed milks. F or the alfalfa- 
fed milks, the correlation was very highly 
significant ( r  =  0.87***) when the two 
early-lactation results were excluded. For 
the pasture-fed milks there was no significant 
correlation. As indicated by the low TBA- 
absorbancy increases, the pasture milks were 
more resistant to oxidized flavor than the 
alfalfa milks. Despite the high correlation 
between rate of ascorbic acid oxidation and 
TB A  absorbancy increase in alfalfa milks, 
it is not the ascorbic acid oxidation rate 
that determines the rate of lipid oxidation.

Kinetics of ascorbic acid oxidation by 
light, hydrogen peroxide, and ascorbic acid 
oxidase. Fig. 5 shows representative ascor­
bic acid oxidation plots. Zero-order kinetics 
was obtained for light catalysis, but first- 
order kinetics applied for hydrogen peroxide 
and ascorbic acid oxidase. For the reaction 
catalyzed by ascorbic acid oxidase, the in­
crease in rate after about 60 min may have 
resulted from activation by proteins, calcium, 
or both (Frieden and Maggiolo, 1957), even 
though the enzyme may be undergoing reac­
tion inactivation over a prolonged period 
(Dawson and Magee, 1955). The catalytic 
activity of the enzyme was much greater

Fig. 5. Oxidation of ascorbic acid at 25 °C by 
light, hydrogen peroxide, and ascorbic acid oxidase.
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acid oxidation catalyzed by light, hydrogen perox­
ide, and ascorbic acid oxidase. Data for two 
milks. 1

than would have been obtained by adding 
to milk an amount of copper corresponding 
to that added as part of the enzyme prepara­
tion (less than 0.001 /xg per g ).

Fig. 6 shows the effect of tem perature on 
the oxidation of ascorbic acid in two milks. 
The respective activation energies for light, 
hydrogen peroxide, and ascorbic acid oxi­
dase catalysis were 9.8, 11.2, and 9.0 kcal 
per mole. A t a temperature above the opti­
mum (25°C ) for ascorbic acid oxidase, the 
reaction rate decreased with time.

Relation of hydrogen peroxide to ascorbic 
acid oxidation and lipid peroxidation. 
Variations have been noted (Krukovsky and 
Guthrie, 1946) in the action of hydrogen 
peroxide in the rapid destruction of ascorbic 
acid. W hen the concentration of hydrogen 
peroxide was increased from 1.76 X 10~4M 
to 1.76 X _3M (0.02 to 0.2 rn l/L ), ascorbic 
acid oxidation was inhibited (Fig. 7). A 
logical explanation is an inactivation of an 
enzyme involved in hydrogen peroxide 
breakdown of ascorbic acid. The specific 
peroxidase inhibitor A T A  substantially pre­

vented ascorbic acid oxidation by hydrogen 
peroxide, indicating that peroxidase catalyzes 
the oxidation. This confirms the results of 
Krukovsky’s (1949) experiments in which 
hydrogen peroxide oxidation of ascorbic 
acid was prevented by heat treatment, and 
ascorbic acid oxidation was rapid on addi­
tion of horse-radish peroxidase. Lactoperox- 
idase is inactivated by the heat treatment.

Olson and Brown (1942) postulated that 
the reactant that initiates the attack on the 
lipid in the development of oxidized flavor 
in milk is hydrogen peroxide formed by cop­
per-catalyzed oxidation of ascorbic acid. 
Table 1 gives representative results of ex­
periments designed to test this hypothesis.

The addition of catalase did not slow as­
corbic acid oxidation or lipid peroxidation. 
If hydrogen peroxide formed during oxida­
tion of ascorbic acid is necessary to promote 
lipid oxidation, the catalase should have 
prevented lipid peroxidation by destroying 
the hydrogen peroxide.

Very low levels of added hydrogen perox­
ide (1.76 X 10-4M ) had variable effects on

Fig. 7. Effect of hydrogen peroxide concentra­
tion and peroxidase inhibitor on the oxidation of 
ascorbic acid at 0°C.. □ —□  1 .76X 10W / hydro­
gen peroxide; O —O  3.53 X 10W i hydrogen perox­
ide; A —A 7.06 X 10W7 hydrogen peroxide; 
X—X 1.76 X 10W f hydrogen peroxide; ■ —■ . 
•  — •  as above, but with 10W / ATA.
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Table 1. The effect of hydrogen peroxide on ascorbic acid and lipid oxidation in milk 
at 3 -4°C.

Sample

Ascorbic acid oxidation rate during storage (k°, (lM / hr X 102)
TBA increase at 5 days(absorbancy X 10s)

Flavor score at 5 days
17 98 120 4

+  catalase 93 113 4
+  HzOa8 0 b 3 0
A A  destroyed c 0 - 2 0
AA  destroyed 0 +  H 2Oa 0 40 0

.18 53 5 0
+  catalase 56 16 0
+  H 2O2 22 26 2
AA destroyedc 0 3 0
AA  destroyed c +  H 20 2 0 8 0

a 1.76 X 10“* ikf.b The ascorbic acid was all oxidized within 10 hr.
c The ascorbic acid was destroyed by ascorbic acid oxidase and heat treatments.

the rate of ascorbic acid oxidation. Some 
ascorbic acid remained after four days in 
some samples (e.g., no. 18), but none was 
present in others (e.g., no. 17). A ppar­
ently, part of the hydrogen peroxide was 
used in oxidizing compounds other than as­
corbic acid in some milks, because there was 
residual ascorbic acid even though two moles 
of hydrogen peroxide were added per mole 
of ascorbic acid. Lipid peroxidation occur­
red in the samples with residual ascorbic 
acid.

There was an increase in T B A  absorbancy 
in one sample (no. 17) to which hydrogen 
peroxide was added after destruction of as­
corbic acid by ascorbic acid oxidase. O xi­
dized flavor was not detected in any samples 
subjected to this treatment.

Fig. 8 compares ascorbic acid oxidation 
curves for four untreated milks (controls) 
with samples in which ascorbic acid was 
destroyed by hydrogen peroxide (1.76 X 
10AM ) and to which L-ascorbic acid was 
re-added. Two of the milks changed their 
susceptibility classification as a result of this 
treatment. No. 14 changed from spontane­
ous to susceptible, and no. 4 from susceptible 
to spontaneous, whereas nos. 10 and 11 were 
spontaneous before and after the depletion- 
addition treatment. The milks differed 
markedly in the influence of the treatm ent 
on the ascorbic acid oxidation curves. The 
results obtained, were inadequate to. explain 
the differences, which could have been

Fig 8. Effect of depletion of ascorbic acid by 
hydrogen peroxide (1.76X10"3M ) on subsequent 
oxidation of re-added L-ascorbic acid a t 3-4° C 
in milks of 4 cows. Solid line, controls; broken 
line, after depletion and addition.

caused by changes in antioxidant concentra­
tion, copper binding, or other variables.

Results of experiments such as these em­
phasize that studies of the mechanism of 
oxidized flavor in milk based on treatm ents 
with hydrogen peroxide could be misleading 
because of the varied changes that hydrogen 
peroxide may produce. However, they indi­
cate that hydrogen peroxide is not the initi­
ator of lipid peroxidation in milk.

The following criticisms are made of 
earlier evidence in support of the hypothesis 
that hydrogen peroxide initiates lipid peroxi­
dation in milk. Olson and Brown (1942), 
and Brown and Olson (1942) added hydro­
gen peroxide at levels greatly in excess of
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those that might be produced by oxidation 
of the ascorbic acid present in milk. From
2.9 X 10"3 to 2.9 X 10'V/kf hydrogen perox­
ide (0.01 to 0.1% , presumably of 1% solu­
tion) were added to washed milk. The ascor­
bic acid in milk (20 m g /L  or could
not produce more than 114fiM  of hydrogen 
peroxide. Even at the high levels of hydro­
gen peroxide added to washed milk, no oxi­
dized flavor was produced unless copper 
(0.5 to 1.5 fig /g )  was also added. F urther­
more, Olson and Brown (1942) produced 
oxidized flavor in washed milk by adding 
ascorbic acid without added copper. Otto- 
lenghi (1959) also showed that the continu­
ous addition of hydrogen peroxide or the 
presence of systems that generate hydrogen 
peroxide, e.g., xanthine oxidase, had no 
effect on the peroxidation of mitochondrial 
lipids.

The ascorbic acid radical in lipid peroxi­
dation. I t  has been postulated that the 
ascorbic acid radical is the peroxidation 
initiator in milk (King, 1958) and some 
other materials (Kelly and W atts, 1957). 
Yamazaki and Piette (1961) demonstrated 
the presence of ascorbic acid radical when

oxidation of ascorbic acid is catalyzed by 
ascorbic acid oxidase, and found that the 
concentration of the radical increased with 
the concentration of the enzyme. In  the 
experiment described below, ascorbic acid 
oxidase was used to study the role of ascor­
bic acid radical in lipid peroxidation in milk.

Ascorbic acid in four milks was destroyed 
by ascorbic acid oxidase and heat treatment, 
and d - and L-ascorbic acid was added 
(114fiM ) to separate portions. The rate of 
oxidation of the re-added ascorbic acid was 
determined, as were changes in T B A  ab­
sorbancy and flavor score. I t was assumed 
that ascorbic acid radical concentration was 
proportional to the rate of ascorbic acid 
oxidation, and that, in the reaction below, 
equilibrium was far to the right.

R  +  T --------------->2Sk----------------- -
where R =  reduced ascorbic acid, T  =  oxi­
dized ascorbic acid, and S =  radical (or 
sem iquinone).

As shown in Table 2, the rate of ascorbic 
acid oxidation catalyzed by ascorbic acid 
oxidase with either re-added l- or D-ascorbic 
acid was much greater than in the control

Table 2. Effect of ascorbic acid radical concentration,3 produced by ascorbic acid oxidase, 
on lipid peroxidation (3-4°C ).

Sample
Rate b of ascorbic acid oxidation 
( / i M  per hr X 102)

TBA increase at 5 days(absorbancy X 103)
Flavor score at 5 days

17 Control 98 120 4
AA  destroyed 0 0 -2 0
L-A A  re-added1 240e 108 4
D -AA re-added1 194 114 4

18 Control S3 5 0
AA destroyed 0 3 0
L-A A  re-added 213° 14 0
D-AA re-added 1S6 28 3.2

19 Control 27 - 2 0
AA destroyed 0 0 0
L-A A  re-added 142 9 1.8
D -AA re-added 83 2 2

20 Control 31 1 0
AA destroyed 0 1 0
L-AA re-added 117 8 0
D -AA re-added 82 IS 2

a Assumed that radical concentration was proportional to rate of ascorbic acid oxidation.
6 Initial rates. The reaction slowed with time.
0 By ascorbic acid oxidase and heat treatments. 
a 114¡iM  (20 m g /L ).e Ascorbic acid completely oxidized in two days. J

i
m r n i i T O f i c i i H f i i i y«i
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samples. Lipid oxidation and rate of ascor­
bic acid oxidation showed no consistent re­
lation such as would have been expected if 
the ascorbic acid radical produced by ascor­
bic acid oxidase catalysis initiated the lipid 
peroxidation. These results do not support 
the hypothesis that the ascorbic acid radical 
initiates lipid peroxidation in milk.

Furtherm ore, King (1958) inhibited lipid 
peroxidation with E D T A  ( ethylenediamine- 
tetraacetic acid), but ascorbic acid oxidation 
was enhanced under the same conditions. 
Yamazaki et al. (1961) have shown that 
the ascorbic acid radical is produced in the 
presence of Cu-ED TA  and Fe-ED TA .
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SUMMARY
T otal lip ids, lip id  p ho sp h o ru s , and  to ta l polyenes ex trac ted  fro m  m ulle t 

tissues w ith ch lo ro fo rm -m ethan o l show a progressive decrease in  oxid izing 
m u lle t tissue. T h io b a rb itu ric  acid values fro m  ch lo ro fo rm -m ethan o l ex tracts 
o f oxid ized tissues a re  ap p ro x  30 50% o f those ob ta ined  fro m  th e  u n ex trac ted  
tissue. M uch o f th e  TBA -reactive m a te ria l becom es co ncen tra ted  in  the  in ter- 
fac ia l flu ff d u rin g  th e  w ashing o f such  ex trac ts . C h loroform  alone ex tracts 
only  ab o u t 10% o f th e  TBA -reactive m a teria l.

Numerous observations in this laboratory 
have established that lipid oxidation as 
measured by the 2-thiobarbituric acid 
(T B A ) test and organoleptic panels was 
very rapid in the cooked flesh of meat ani­
mals and fin fish. To demonstrate this oxi­
dation it was necessary to apply the TBA  
test to distillates of the whole tissue (T ar- 
ladgis et al., 1960). Chloroform extracts 
of meats generally showed little or no in­
crease in T B A  numbers under conditions 
where the TBA  number of the whole tissue 
increased 10-50-fold. It was hypothesized 
that where such discrepancies occurred, the 
lipid fractions mainly involved in the oxi­
dation were phospholipids or proteolipids 
not extracted with chloroform (Younathan 
and W atts, 1960).

Folcii et al, (1951, 1957) and Folcii and 
Lees (1951) have described extraction pro­
cedures for the quantitative removal of total 
lipids from animal tissues. Their procedures, 
involving the use of chloroform-methanol as 
solvents, were demonstrated to remove 
phospholipids and proteolipids, as well as 
triglycerides, from various fresh tissues of 
land animals.

It has been demonstrated in this laboratory 
that most of the oxidizable lipid from raw 
fish tissue is removed by the Folch proce­
dure. However, preliminary observation 
indicated that chloroform-methanol did not

a Supported in part by a grant, RG-6885, from 
the National Institutes of Health, U. S. Public 
Health Service.

remove all of the TBA-reactive material 
from cooked, oxidizing fish tissue.

This observation led to the present, more 
systematic, study of the lipids extracted 
from a fin fish during oxidation. I t was 
considered probable that peroxidation or 
oxidative scission of fatty acid components 
decreased lipid solubility in fat solvents. 
This might be expected to show up as a 
progressive decrease in lipid extracted from 
oxidizing tissues as well as in low TBA  
numbers of lipid extracts. These predic­
tions were tested in the following experi­
mental work.

M ATERIALS AND METHODS
Preparation of fish. Mullet (M ugil cephalus) 

was used throughout this study. The fresh fish 
were filleted, skinned, and trimmed at a local 
market. The fillets for any one experiment were 
ground in an electric food chopper and mixed 
thoroughly by hand to obtain a homogeneous 
product.

The mullet has a fairly well defined lateral 
line band of darker tissue. In several experiments 
this tissue was separated as completely as possible 
in the raw fish with a knife, and the light and 
dark meat were ground and cooked separately. 
I t has been established that the rate of lipid oxi­
dation differs greatly in cooked light and dark 
tissue. The intensity of the reaction is greater in 
dark tissue, where a large quantity of highly un­
saturated lipids and ferric heme pigments, thought 
to be catalysts for lipid oxidation, are located (Zip- 
ser and W atts, 1961).

In several experiments an antioxidant was used 
on a portion of the fish tissue. This consisted of 
0.5% sodium tripolyphosphate and 0.1% sodium
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ascorbate. The antioxidants were mixed thoroughly 
by hand into the raw  ground fish.

Cooking and storage. Approximately 175-g por­
tions of ground fish were packed in 307 X 113 
C-enameled cans, which were sealed and placed in 
a  boiling water bath and cooked to an internal 
tem perature of 70° C. This required approximately 
20 minutes. The cans were then cooled in a run­
ning-water bath, and opened, and the cooked fish 
was removed, mixed thoroughly with a fork, and 
stored in covered bowls in a refrigerator.

Lipid extraction. Three methods were used for 
lipid extraction. The method described by Folch 
e t al. (1951) involves homogenization of fish tis­
sue with a  chloroform-methanol solution, filtration 
to obtain a  clear extract, and washing to remove 
non-lipid contaminants. The last step is accom­
plished by pipetting suitable aliquots of the filtrate 
into a small beaker at the bottom of a large beaker 
of distilled water. A fter standing overnight there 
results an upper transparent water-methanol phase, 
a lower chloroform phase, and an accumulation of 
material a t the interface. The water-methanol 
phase is removed by suction, and the surface is 
washed with distilled water. Next, the chloroform 
portion is removed by pipette and saved for further 
testing. The lower area is washed with chloroform, 
and the washings added to the chloroform ex­
tract. Finally, the fluffy material is quantitatively 
transferred to a volumetric flask with methanol.

I t  was discovered that the lipid components 
could undergo further oxidation in the washing 
process. This could be effectively eliminated by 
carrying out the overnight washing in tall 1-L 
beakers and using recently boiled and cooled 
glass-distilled water for the separation. No sig­
nificant differences were found in the amount of 
fluff separated at 25 and 5°C.

Folch e t  al. (1957) described a  modification of 
the original method in which 0.2 volume of a 
water solution of various salts was added to the 
extract, and two phases separated. This pre­
vented separation of proteolipids at the interface 
and gave a  clear solution of total lipids in the 
chloroform phase. The salt solutions employed 
in our experiments were 0.58% NaCl and 0.88% 
KC1.

Chloroform extracts, used for comparison with

Table 1. Lipid recovery from raw mullet tissues.
Lipid recovered !l

Folch method (1951) Folch (1957)
Sample Chloroform Fluff Total Total extract

D ark meat 6.00 0.55 6.55 6.65
Light meat 1.45 0.28 - 1.73 1.74

” As %• of fresh tissue.

the Folch extract in one experiment, were pre­
pared as described by Erdm an et al. (1954).

Polyenes. Total polyunsaturated fatty acids were 
estimated by converting to the conjugated products 
with an excess of lipoxidase according to the 
method of MacGee (1959). The factor used by 
MacGee to convert optical density of the conju­
gated fatty acids to percent polyenes in the tissue 
was derived for vegetable fatty acids, which may 
differ from fish lipids in chain length. However, 
in the absence of data on the mean molecular 
weight of the fatty acids from mullet, the same 
factor was used. The percentages obtained can be 
considered only as approximations.

Lipid phosphorus. The micromethod of Chen 
e t al. (1956) was used for phosphorus determina­
tions, employing a Kjeldahl micro apparatus for 
the digestions. A 10:1:1 m ixture of HNOs, 
H 2SO4, and HClOi was used rather than adding 
each acid individually.

TBA. The distillation method described by 
Tarladgis e t al. (1960) was used. W hen applied 
to lipid extracts the solvents were first removed 
at 65°C in a  stream of nitrogen.

RESULTS
Weight of lipid extracted. Prelim inary extrac­

tions of the same samples of mullet tissue gave 
similar results for the two procedures described 
by Folch. T hat is, the total lipids obtained by 
preventing the formation of interfacial fluff were 
approximately the same as the sum of the chloro­
form and fluff fractions (Table 1).

Table 2 shows the changes in total lipid and lipid 
phosphorus obtained upon cooking dark meat of 
mullet and storing the cooked material in the re­
frigerator for 5 days. A  21% decrease in total

Table 2. Total lipids and lipid phosphorus in oxidizing dark meat.
Sample Total lipids (% of tissue) Lipid phosphorus 

( %  of tissue) TBA number (mg malon./1000 g tissue)
Raw (0 days) 
Cooked

8.22 .0370
0 days 7.64 .0387 3.2
3 days 6.85 .0332 60
5 days 6.52 .0315 86
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Table 3. Polyenes extracted from oxidizing mullet.

Sample Days of storage
Expt. 1-—Dark meat Expt. 2-—Whole mullet

TBAnumber Polyenes 
( %  of tissue) TBAnumber Polyenes 

( %  of tissue)
Raw 0 16 3.58 1.4 0.36
Cooked (no antiox) 0 11 3.30 1.8 0.39

3 106 3.10 15 0.29
6 164 2.92 22 0.32
9 25 0.30

Cooked (antiox) 0 7.3 3.53 0.8 0.40
3 9.5 3.36 0.9 0.41
6 14 3.31 0.4 0.40
9 0.4 0.42

lipids and a 15% decrease in lipid phosphorus oc­
curred during the five days of refrigerated storage. 
As shown by the increase in T B A  number, oxida­
tion was very rapid during this storage period. 
In  another similar experiment, the decrease in 
total lipids was 13%, and in phosphorus 18%.

Table 3 shows loss of polyenes during storage 
of two samples of cooked mullet tissue. In the 
first experiment, with dark meat only, the anti­
oxidant protected the sample only partially, but 
the protection is reflected in higher retention of 
polyenes. The fish used in the second experiment 
on whole mullet was very low in fat, so the 
changes in polyenes are somewhat less reliable. 
However, a significant drop occurred in the poly­
enes of the unprotected sample. Oxidation was 
completely inhibited by the antioxidant, with no 
loss of polyenes.

TBA values of extracted lipids. A comparison 
was made of the T B A  values obtained on whole 
mullet tissue and on total lipids (Folch e t a t., 
1951) and chloroform extracts (Erdm an e t at., 
1954) of the same tissue. The mullet tissue was 
cooked and exposed in the refrigerator over a 
12-day period with extractions at daily intervals.

The results are shown in Fig. 1. The very 
low and irregular values obtained from the 
chloroform extracts are particularly noteworthy. 
The chloroform would not, of course, be expected 
to extract phospholipids or proteolipids, but it is 
doubtful that the very low T B A  values are to be 
interpreted as evidence that triglycerides are not 
oxidizing. Again it seems more probable that a 
large fraction of the oxidized triglyceride is not 
extracted by chloroform.

In this experiment the interfacial fluff was not 
separated, and the lipid extract was not washed 
further after standing overnight in contact with the 
aqueous phase, so that the weight of dried material 
obtained from the extracts may be somewhat 
greater than the total amount of lipid. The weight

ui

Fig. 1. TBA  values of refrigerated cooked 
muscle tissue as compared to those of lipid extracts 
from the same tissue. A ) whole m ullet; B ) chlo­
roform-methanol ex tract; C) chloroform extract.

of dried material from the chloroform-methanol 
extracts was 7.5% of the whole mullet tissue, 
whereas the fraction extracted by chloroform 
alone was 5.1%. If the observed TB A  numbers 
are calculated as mg. malonaldehyde per 1000 g 
lipid at this storage period, the respective TB A  
numbers obtained from the lipid in the unex­
tracted tisue, the chloroform-methanol extract, and 
the chloroform extract are 470, 243, and 80.

A  second experiment was designed to deter­
mine how much of the TBA-reactive material is 
in the fluff. A chloroform-methanol extract was
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Table 4. TBA  values of lipid fractions from cooked, whole mullet tissue.
Weight of lipidg/100 g tissue

Malonaldehyde after storage a

Lipid fraction (m g/1000 g whole tissue) (m g/1000g lipid fraction)
Folch extract

Chloroform fraction 4.54 6.0 132
Interfacial fluff 0.33 5.7 1900

Unextracted tissue 4.87” 36 740
* Stored in the refrigerator for 10 days.
6 Assumed to be the sum of the two fractions above.

prepared from cooked whole mullet tissue that had 
been stored in the refrigerator for 10 days. 
W ashed interfacial fluff and chloroform fractions 
were dried to determine the weight of lipid, and 
similar extracts from other portions of the same 
tissue were used for TB A  values.

The results (Table 4) bring out several points 
of interest. As in the previous experiment, the 
TBA values from all of the lipid extracted with 
chloroform-methanol (sum of chloroform and 
fluff fractions) are still much lower than the 
values obtained on the unextracted tissue. The 
TB A  number of the fluff, calculated to the weight 
of dried material, is extremely high, considerably 
higher than the maximum TBA values recorded in 
this laboratory during the accelerated oxidation of 
pure, unsaturated fatty acids catalyzed by heme 
compounds or lipoxidase. It seems probable that 
TBA-reactive fatty acid fragments tend to accu­
mulate at the interface, possibly bound to proteins.

DISCUSSION
The evidence demonstrates the pitfalls to 

be expected when one attempts to estimate 
the extent of lipid oxidation in animal tis­
sues by performing tests for the oxidation 
products on lipid extracts from the tissue. 
Even if the extraction procedure used is 
known to remove substantially all of the 
lipid material from fish tissue in the cold, 
and care is exercised to prevent further oxi­
dation during the extraction itself, changes 
in the solubility of the oxidized lipid ma­
terial interfere drastically with its extraction 
and estimation. E xtracts obtained with 
nonpolar solvents such as chloroform or 
carbon tetrachloride would appear to be of 
very little use in studies of lipid oxidation 
in muscle tissue.

The three tests used to follow lipid changes 
(total lipids, lipid phosphorus, and polyenes)

show losses of approximately the same mag­
nitude. Although the oxidation undoubtedly 
occurs mainly in the polyenes, their oxida­
tion could afifect the solubility of the larger 
triglyceride or phospholipid molecules of 
which they are a  part. The fatty acids of 
the triglycerides of fish tisues do not differ 
greatly in degree of unsaturation from those 
of the phospholipids.
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SUMMARY
In  an  a tte m p t to  d e te rm ine  th e  effect o f oxygen an d  elevated tem p era tu re  

on  freeze-d ried  beef in  a m oistu re-free  a tm osp h ere , two series o f storage ex­
pe rim en ts  were co nducted  on  freeze-d ried  beef slices. I n  one longissim us dorsi 
m uscle , an d  in  th e  o th e r  sem itendinosus, was packag ed  u n d e r com m ercially  
feasib le  conditions w here th e  res id ua l gas co n ta ined  2 .5  ±  0 .5%  oxygen an d  
no  a tm osp heric  m oistu re . An in-can desiccant, ca lcium  oxide (C a O ), an d  an  
oxygen scavenger, O xyban  (g lucose o x id ase ) , w ere added  in  som e instances, 
an d  th e  cans w ere sto red  u p  to 6  m on ths a t  100°F .

In  each series th e re  was m a rk e d  loss in  ex trac tab ility  o f actom yosin , an d  
in  activity o f actom yosin  A TPase a f te r  1 m o n th , b u t only  a  4 0 %  loss o f 
sarcoplasm ic p ro te in s. T he res id ua l aldo lase activity decreased  progressively 
to 8 %  a t 6  m o n ths, w hereas th e  res id ua l w ater-soluble p ro te in s  decreased  
progressively  on ly  to  56% . T h ere  was a  m ark ed  difference betw een th e  two 
series in  p e rcen t reh y d ra tio n  a t  6  m o n th s : 81 .1  in  one , an d  only  26 in  th e  
second. E lectrop horesis o f the  sarcoplasm ic p ro te in s  showed gross d en a tu ra tio n  
a f te r  1 m o n th  a t  100° F.

INTRODUCTION
The three main environmental factors 

affecting the stability of freeze-dried beef 
are moisture, oxygen, and temperature. 
This investigation was designed to study 
the effect of storage a t elevated tempera­
ture on freeze-dried beef in the presence of 
small quantities of oxygen, such as would 
be present in a  commercial packaging oper­
ation, i.e., about 2 .5± 0 .5% . Uncooked 
freeze-dried beef deteriorates rapidly when 
left exposed to air at room temperature 
(H arper and Tappel, 1957). I t  has been 
demonstrated that, under these conditions, 
the rate of oxygen uptake by the product 
is greater than can be accounted for by the 
amount of oxygen required to oxidize the 
heme proteins (myoglobin and hemoglobin), 
the compounds usually considered to be 
most susceptible to oxidation. Tappel (1956) 
reports also that potentially oxidizable

* D RM L Report No. 232-8; PCC Project No. 
DSO-78-03-01. Paper presented at the 21st annual 
meeting of the Institute of Food Technologists, 
May, 1961, New York.

groups such as sulfhydryl are not present 
in sufficient amount to account for the total 
uptake of oxygen. I t  has been suggested, 
therefore, that there is direct oxygen up­
take by the contractile protein, although the 
mechanism by which this would occur is in 
doubt.

The deleterious effect of moisture on ac­
ceptability and on adenosine triphosphatase 
activity has been demonstrated by H unt and 
Matheson (1959), but there are few reports 
on the biochemical changes resulting from 
storage. W e are primarily interested in as­
certaining whether two enzymes, each rep­
resentative of a  different group of proteins, 
were affected equally by storage, and what 
effect storage had on the “ solubility” of 
various components.

EX PER IM EN TA L
In every instance the following basic canning 

procedure was followed. Freeze-dried slices taken 
from the drying chamber (Smithies and Blakley, 
19S9) were put immediately into cans along with 
desiccant, calcium oxide (C aO ), and an oxygen 
scavenger, Oxyban, where applicable, and the can
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was closed under 25 in. H g  with an “American 
Can” closing machine. The cans were then punc­
tured and placed in a  chamber, re-evacuated, and 
flushed with nitrogen. Since it was impossible to 
estimate the amount of residual oxygen in cans 
containing freeze-dried beef before storage, a group 
of 2 dozen cans without inclusion was put through 
the above procedure. Residual oxygen was meas­
ured by the method of Dale (1957) modified for 
application to cans. The average value was
2.5 ±  0.5% residual atmospheric oxygen.

Two series of storage experiments were con­
ducted. In  series A, using semitendinosus, an 
attempt was made to compare the effect of calcium 
oxide (CaO ) alone and of Oxyban +  CaO with 
that of nitrogen packing only. Series B was con­
ducted on longissimus dorsi muscle, all cans con­
taining CaO and Oxyban.

W ater extract. An amount of freeze-dried beef 
equivalent to 2.0 g  wet weight was cut into very 
small pieces and minced in a V irtis blender with 
15 ml of water. The entire mash was poured into 
40-ml centrifuge tubes and spun 15 min in a clinical 
centrifuge at 1500 G. The supernatant liquid was 
decanted, and the pellet re-extracted with 15 ml 
water by macerating with a glass rod. The spin­
ning was repeated and the supernatant liquids 
were combined. This was labeled “water extract.”

Sarcoplasmic proteins. Freeze-dried beef (1.0 g ), 
equivalent to 3.5 g wet weight, was cut into small 
pieces and blended with 25 ml of phosphate buffer 
solution of 0.15 ionic strength and pH 7.6 (Bosch, 
1951). In all, 3 extractions (25 ml each) were 
made in a  manner similar to that described in 
the preceding paragraph, and the supernatant 
liquids combined. This was then filtered through 
W hatman No. 12 paper, and the filtrate was used 
for analysis of sarcoplasmic proteins.

Fibrils. The fibril fraction was prepared accord­
ing to the method of P erry  (1953).

Actomyosin. The freeze-dried equivalent of 3.5 g 
fresh or frozen beef was extracted with potassium 
chloride-sodium bicarbonate solution of 0.53 ionic 
strength at pH  8.25 in a manner previously de­
scribed (Cole and Smithies, 1960). A  suitable 
portion, usually 20 ml for control samples and 
40 ml for stored samples, was diluted with 100 
or 200 ml of water, respectively, and allowed to 
stand overnight. The m ixture was then spun for 
30 min at 1500 G, the supernatant liquid dis­
carded, and the pellet taken up in 20 ml or 10 ml, 
respectively, of buffer of 0.53 ionic strength. In 
order to obtain an amount of extract from stored 
samples sufficient for analysis it was necessary to 
reduce the volume of buffer in the final solution.

Adenosine triphosphatase (A TPase) activity. 
The final concentration of reactants was A T P,

2.5 X lOWli (disodium salt, sigma) ; calcium chlo­
ride, 5 X 10_3M ; potassium chloride 10~1M ; tris- 
(hydroxymethyl aminomethane), 5 X 10~SM ; muscle 
extract, 0.2-0.3 mg N.

The reaction was carried out at pH 8.2 in the 
manner previously described (Cole and Smithies, 
1960). Tubes were centrifuged and suitable ali­
quots taken for free phosphorus analysis, which 
was determined by the classical Fiske and Sub- 
barow method except that “Elon” (mono-methyl- 
¿i-aminophenol sulfate) was used for color devel­
opment instead of aminonaphthol sulfonic acid.

2,4-Dinitrophenol. Recrystallized 2,4-dinitro- 
phenol (D N P ) was dissolved in ethyl alcohol and 
kept as a stock solution of 4 X 10"2M. The final 
concentration of D N P  in the incubation m ixture 
was 4 X lOWli.

Aldolase activity. Aldolase activity was deter­
mined by the procedure of Taylor e t al. (1948). 
The effective concentration of water extract that 
gave optimum activity was found to be between 
0.0008 and 0.012 mg N under our conditions. There 
appeared to be a  shift in optimum between fresh, 
frozen, and freeze-dried beef, and this shift was 
assumed to indicate that, with processing, there 
was a decrease in the ratio of effective enzyme 
nitrogen to total nitrogen. In order to obtain the 
optimum activity in instances where optimum 
nitrogen concentration was in doubt, three levels 
of extract nitrogen were used, and the one giving 
the highest activity was accepted.

Rehydration ratio. Freeze-dried beef of known 
weight (ca . 5 g) was immersed 5 min in water, 
removed, dried on filter paper (%  min each side), 
and reweighed. The amount of water taken up 
per gram dry weight is called the rehydration 
ratio. The value given in the tables as percent 
rehydration is a comparison of the rehydration 
ratios of stored and control samples, expressed as 
a percentage of the latter. The rehydration of 
stored freeze-dried beef is a time-dependent func­
tion that can be used as an index of deterioration. 
In our experience, stored products can be made 
to take up their original weight of water if soaked 
for prolonged periods (30 min to 1 h r) . The 5-min 
rehydration time was arbitrarily  chosen as one 
that was long enough to enable control samples to 
take up their original amount of water, and short 
enough to give values that reflect changes in 
stored products.

Electrophoresis. Electrophoresis was carried out 
in a  Perkin-Elm er apparatus, model 38A. The 
extract was dialyzed against an Na.iP2OT-HCl 
buffer, I =  0.13, pH  8.6, for 52 hours, and sub­
jected to electrophoresis at 4°C and 1.46 watts.

Nitrogen was determined by the standard micro- 
Ivjeldahl procedure.
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RESULTS AND DISCUSSION
The sarcoplasmic group of proteins con­

tain, in addition to myoglobin and hemo­
globin, all the enzymes of the glycolysis and 
citric acid cycles, most of these fractions 
being present in the water extract. Aldolase 
was chosen as representative of the enzymes 
of glycolysis. I t is realized that results ob­
tained for this enzyme cannot be taken as 
necessarily indicative of the behavior of the 
other enzymes and protein fractions. Never­
theless, the intent was to compare one mem­
ber of the sarcoplasmic group, which appar­
ently withstands storage well (Table 1), 
with the A T Pase of the contractile group, 
which deteriorates rapidly during storage.

From  a priori reasoning it was thought 
that freeze-dried beef protected by CaO 
and Oxyban should deteriorate less rapidly 
than samples packaged with nitrogen only. 
Consequently, in series A, done first, samples 
protected by CaO and Oxyban were not 
analyzed until after 3 months, whereas those 
with nitrogen only were analyzed at 1, 2, 3, 
and 5 months. In  series B all cans con­
tained CaO and Oxyban.

From  the results shown in Tables 1 and 
2, solubility data demonstrate that the sarco­
plasmic proteins (including water extract- 
ables) are much less adversely affected than 
those of the contractile group. A total of 
97.5% and 85% , respectively, of extractable 
sarcoplasmic proteins was recovered after 
1 month of storage, whereas only 3% and 
8% of the originally “soluble” contractile 
proteins could be extracted. A  similar situ­
ation exists in the case of the residual 
aldolase activity of the water extract and 
the A TPase of the actomyosin extracts 
(Table 3). W hereas 40.6% of the aldolase 
activity remained after 1 month, A T Pase 
activity had fallen to  13% of the original 
value in this period. Further, there is a 
gradual reduction in aldolase activity from
40.6 to 8% , but the loss of A T Pase activity 
is sudden and complete between 1 and 2 
months.

W hen the sarcoplasmic extract from the 
sample stored for 1 month was subjected 
to electrophoresis, gross alteration of the 
pattern was found when compared with the 
control (Figs. 1 and 2 ). I t  is very difficult 
under these circumstances to make a  quan­

titative estimate (from the electrophoretic 
pattern) of the amount of destruction suf­
fered by the components. The interesting 
feature is that, despite these changes, 40% 
of the original aldolase activity was still 
elicited.

The rehydration ratio done under these 
conditions showed great variability between 
the two series. Since there was strict control 
of two of the three variables, viz, moisture 
and temperature, it would appear that the 
variability in rehydration ratio can be as­
cribed, at least in part, to variability in 
residual oxygen concentration. F urther­
more, there appears to  be no relationship 
between the ability of the product to re­
hydrate and the extractability of the con­
tractile protein.

Table 4 shows the A T Pase activity of 
myofibrils obtained from control and stored 
samples. The loss in activity in 1 month 
of storage is 50% , and a slow, erratic decline

Fig. 1. Electrophoretic pattern of 0.1SI P O r  
extract of stored freeze-dried beef dialyzed vs. 
0.131 N a4P207-H C l pH  8.6. Voltage 162, current 
9.0 milliamp.
Time descending <-------  5100 sec

(upper)
ascending ------- > 5160 sec
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Table 1. Analysis of freeze-dried beef stored at 100°F (Series A ).
Duration of storage StorageCondition

Sarcoplasmic proteins ( % recovered) Actomyosin 
( %  recovered)

%rehydration (5 min)
1 month N =  nitrogen only 97.5 3.0 98.0
2 months N 88.1 2.3 60.2

N +  CaO 88.9 2.3 92.0
3 months N 81.6 5.4 85.2

CaO +  Oxyban +  N 82.8 7.0 84.4
S months N only 66.5 2.45 52.0
6 months N +  CaO 60.2 2.8 86.2

CaO +  Oxyban +  N 67.0 2.3 81.1
Control
(after 8 months 
at —20°F) N2 only 98.6 91.3 98.6

Table 2. Analysis of freeze-dried beef stored at 100°F  (Series B) a

Duration of storage Water extract (% N recovered)
0.15 fi extract sarcoplasmic 

( %  N recovered)
0.53 jti extract (actomyosin) (%  N recovered)

1 month 86.0 85.0 8.0
2 months 71.0 70.0 6.5
3 months 53.0 65.0 6.1
4 months 57.0 75.0 4.7
5 months 63.0 74.0 3.5
6 months 56.0 64.0 2.9
Control (--20° F ) 6 months 100 100 100
* All cans contained CaO and Oxyban.

Table 3. Analysis of freeze-dried beef stored at 100°F (Series B) a
Duration of storage

Aldolase %  activity recovered
Actomyosin ATPase (ßg P/m in/m g N) % rehydration (5 min)No DNP % stimulation

1 month 40.6 7 25 93.2
2 months 23.8 66.2
3 months 25.9 31.4
4 months 16.2 13.3
5 months 15.0 28.7
6 months 8.0 26.2
Control ( -2 0°F ) 100 5 2 “ 3 0 “ 100

* All cans contained CaO and Oxyban.
“ These are initial A T Pase values. On storage for 6 months at — 20°F  there is no signifi­

cant change in ATPase, but D N P  no longer stimulates the reaction.
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in activity is observed during the remainder 
of the storage period. This behavior is in 
contrast with that of the a-ctomyosin ATPase. 
This evidence indicates that there is prob­
ably a difference in the behavior of C a+ + - 
activated myofibrillar A TPase and actomyo- 
sin A TPase, a circumstance that might be 
expected in the light of previous work 
(Perry  and Chappell, 1957). Since it was 
intended, in future work, to compare the 
“in vacuo” storage characteristics at 100°F 
of fibrils per sc, A TPase determinations 
were carried out on fibrils prepared from 
these stored products, and the values are 
reported here.

The data reported show that biochemical 
damage to protein resulting from storage 
deterioration can be measured. The con­
centration of residual atmospheric oxygen 
consonant with good storage characteristic 
is low and appears to be critical at this 
temperature, even in the absence of atmos­
pheric moisture. However, it has been our

Fig, 2. Electrophoretic pattern of 0.151 P O r  
extract of freshly prepared freeze-dried dialyzed 
vs. 0.131 NaiPoOr-HCl pH 8.6. Voltage 162, cur­
rent 9.0 milliamp.
Time descending <-------  9650 sec

(upper)
ascending ------- » 9710 sec

Table 4. Adenosine triphosphatase activity of 
fibrils from freeze-dried beef stored at 100° F (Series B ).

ATPase activity /¿g P/m in/m g N
of storage Without DNP -j-DNP 4X10-3M

1 month 11.0 11.0
2 months 7.6 4.1
3 months 4.7 3.7
4 months 6.2 4.0
5 months 6.7 4.7
6 months
Control, 6 months 

at —20° F 22.8 30.6

experience that although there is profound 
biochemical damage, the product made in 
these laboratories does not become unac­
ceptable to a taste panel until after 6 months, 
provided the freeze-drief beef is soaked long 
enough.
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S U M M A R Y
I t  is shown th a t th e  w ashed m uscle fibrils ob ta ined  fro m  watery p o rk  

have a low er w ater re ten tion  a t low ionic s treng th , an d  m uch  low er ex tract- 
ab ility  a t  h ig h  ionic s treng th , th an  the  fibrils fro m  n o rm al p o rk . T hese changes a re  accom panied  by a ga in  o f p ro te in  by the  w ashed watery fibrils, an d  this 
p ro te in  o rig ina tes  fro m  the  soluble sarcoplasm ic pro te in s. AH the  changes, 
inc lud ing  th e  characte ris tic  gain  o f p ro te in , can be artific ially  induced  in n o r­
m al m eat by allow ing it  to  pass in to  rig o r a t 37° C. T h e isoelectric reg ion , 
o r reg ion  o f m in im um  swelling o f w atery fibrils, w hether washed o r  unw ashed , 
is sim ilar to o r slightly  low er th a n  th a t o f no rm al fibrils. T h ere  is a b road  
isoelectric zone in  bo th  cases, ex tend ing  fro m  ~ p H  5 to <~5.70. O n the  
o ilie r h an d , the IP  o f fu lly  coagulated  fibrils lies betw een 5 .6  an d  6 .1 . W ashed 
an d  unw ashed fibrils o f w atery m eat show ab ou t the  sam e degree o f swelling 
a t  a ll pH  values. N orm al fibrils, how ever, show a h ig h e r w ater re ten tio n  in 
th e  unw ashed state  th an  the  w ashed. T his effect is n o t d u e  to the  Mg o r  Ca ions 
inc luded  in  the  unw ashed sam ples, b u t m ay resu lt fro m  in te rac tio n  betw een 
the  sarcoplasm ic and  fib rilla r p ro te in s. In  the  unw ashed state, the  swelling 
o f no rm al fibrils is nearly  double th a t o f the  watery fibrils a t a ll pH  values.

I t  is shown th a t the  rise  o f pH  in  in tac t carcasses o f watery m eat as they 
cooled fro m  37 to  10° C was p robab ly  due to the  effect o f tem p era tu re  on the  
pK  o f ionizable g roup s o f th e  p ro te in s  an d  bu ffering  substances. I t  can be 
rep ro du ced  artific ially  an d  reversibly in  native an d  coagula ted  m inced m eat, 
m ere ly  by ra is ing  o r low ering the  tem p era tu re . T he titra tio n  curves o f watery 
fibrils show sim ilar titra tio n  constants (p K ')  to those of no rm al fibrils, b u t a loss 
o f titra tab le  g roup s. H eat coagula tion , on the  o th e r  h and , resu lts  n o t only 
in  a b igg er loss o f titra tab le  g roup s b u t in a m uch  la rg e r sh ift in  the  titra tio n  
constants. T hese resu lts  can  be in te rp re ted  to show th a t th e  f ib rilla r p ro te in s 
o f the  w atery fibrils a re  n o t den a tu red  o r aggregated  in the  usual sense, b u t are  
p robab ly  covered by a layer o f den a tu red  sarcoplasm ic p ro te in  th a t is firm ly bou nd  to the  surface o f  the  m yofilam ents.

In  recent years several reports have ap­
peared in the literature describing in the 
ham and back muscles of the pig a condition 
that is characterized by pale color and exces­
sive loss of fluid from the meat when the 
carcass is cut up for the market ( H erter and 
Wilsdorf, 1914; Ludvigsen, 1954; W ismer- 
Pedersen, 1959; Briskey ct al., 1959; Lavv- 
rie et al., 1958; Lawrie, 1960 and others). 
This condition was described by Ludvigsen 
as muscle degeneration (M D ), and by W is- 
mer-Pedersen (1959) as watery pork. Both 
these authors have shown that it is charac­
terized by very rapid glycolysis post-mor­
tem, so that the pH of the meat reaches 
values of <6.00 at <4 hr after slaughter 
(p H t; the pH  of the longissimus dorsi mus-

* Present address: Low Temperature Research 
Station, Cambridge.

cle in the lumbar region measured by probe 
electrodes -y) hr after slaughter.) Thus the 
meat is at a low pH  and a high temperature 
(> 35 °C ) during the first 1-2 hr post-mor­
tem under commercial factory conditions. In 
contrast, the fall of pH in meat of normal 
appearance is much slower, so that the car­
cass has time to cool well below 25°C before 
the pH has fallen to 6.0. Lawrie (1960) de­
scribed a similar condition in English Land- 
race pigs as “white-muscle disease,” which is 
also characterized by rapid glycolysis post­
mortem but is often further accentuated bv 
excessively low ultimate pH values of <5.20, 
in contrast to the findings in the Danish 
Landrace breed, where the ultimate pH of 
the “watery” muscles lies in the normal 
range of 5.30-5.60 (Briskey and W ismer- 
Pedersen, 1961.

144
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W ismer-Pedersen (1959) and W ismer- 
Pedersen and Briskey (1961a) have shown 
that watery muscle differs in many ways 
from normal muscle, but particularly in the 
reduced extractability of the muscle proteins 
at high salt concentrations and in a reduced 
water-holding capacity. They suggested that 
these changes could be accounted for by dé­
naturation and aggregation of the muscle 
proteins, particularly of the actomyosin fila­
ments of the myofibrils, and this suggestion 
seemed to be supported by a characteristic 
rise in pH  that occurred in the watery pork- 
after processing was complete and while the 
temperature was falling to that of the cool­
ing room.

In the present paper, we have re-exam ­
ined the proteins of watery pork in rather 
more detail, with particular emphasis on the 
proteins of the muscle fibril, actin and myo­
sin. For this purpose, we washed the fibrils 
free of sarcoplasmic proteins in dilute salt 
solutions, and then examined their water- 
binding capacity, protein content, and titra ­
tion curves, and their extractability at high 
salt concentrations. W e found that the 
washed fibrils from watery pork invariably 
had a higher protein content, but a lower 
water-binding capacity and much lower ex­
tractability than normal fibrils. On the other 
hand, their isoelectric point, as judged by the 
pH  for minimal swelling, was nearly the 
same as or lower than that of normal meat, 
whereas their proton-binding capacity per g 
of protein was reduced. Their buffer capac­
ity curves showed, however, maxima and 
minima similar to those of normal meat, 
and differed entirely from those of heat- 
coagulated fibrils, whether watery or normal.

These facts, taken together, suggest that 
the watery condition of pork meat is due not 
to aggregation or dénaturation of the fibril­
lar proteins in the classical sense, but rather 
to adsorption of denatured sarcoplasmic pro­
teins onto the surface of the fibrils and myo­
filaments, thus reducing the number of 
charged groups available for proton-binding 
and water-binding. This conclusion is sup­
ported by the fact that the proton-binding of 
normal washed fibrils is not changed by keep­
ing them at 37°C for l td  hours at low pH 
(5.40), whereas whole meat allowed to pass

into rigor at 37 °C shows all the character­
istic symptoms of wateriness.

Against these arguments there is the find­
ing of Briskey and W ismer-Pedersen (1961) 
that the pFI of intact meat of the watery type 
apparently reaches a minimum 1 )d hr after 
slaughter and then rises again slowly as the 
meat cools. pH  increases of this kind could 
be taken to mean that considerable denatu- 
ration of the proteins had occurred (Bull, 
1938 ; Bate-Smith and Bendall, 1946; Ben- 
dall, 1947). Examination of the pFI changes 
in washed and unwashed fibrils, as the tem­
perature was raised or lowered, showed, 
however, that the effect was entirely revers­
ible, that is, that the pH fell as the tempera­
ture was raised and regained its original 
level as the temperature was once more low­
ered. This suggests that the effect is mainly 
due to changes in the pK  values of charged 
groups on the fibrillar and sarcoplasmic 
proteins.

METHODS
Preparation of pork samples. To obtain meat of 

normal or watery type, samples of longissimus 
dorsi muscle were cut from the lumbar region of 
the carcasses 24 hr after slaughter. The pigs were 
of Danish Landrace breed, reared at the progeny 
testing station Sjaelland, and slaughtered at Ros- 
kilde bacon factory after electric stunning. The 
pH taken 3/f hr after slaughter (pH ,) was above 
6.20 in the normal muscles and below S.60 in the 
watery muscles. Some samples were obtained 
10 min after slaughter of the animals and were 
allowed to go into rigor at ~20°C . These served 
as controls in the titration studies.

Preparation of fibrils. Fibrils were prepared 
from the meat by passing it through a mincer and 
weighing out S-g samples of the mince into KC1 or 
buffer solution. The mince was then homogenized 
to fibril level with an U ltra-T urrax  blender, which 
was taken to full speed in 3 bursts of 10 seconds 
duration, so as to avoid excessive heating. W hen 
unwashed fibrils were required, no further prepa­
ration was necessary. The preparation of washed 
fibrils is described later. It should be noted that 
homogenates prepared in this way contain pieces of 
connective tissue not thoroughly disintegrated by 
the blender. In titration studies it was necessary 
to cut these up finely with scissors. Microscopic 
examination of the homogenates revealed that all 
the muscle tissue proper was reduced to fibril level 
by the procedure.

Measurement of fibrillar volume and nitrogen 
content. For comparison of the fibrillar volumes
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Table 1. Fibrillar protein content and water binding of normal and watery pork after wash­
ing the fibrils in 0.043/ K  phosphate (pH  7.00; I =  ~ 0.09).

High pHj Low pHx

pHj Fibrillar protein (g per g meat) g water retained per g protein pH! Fibrillar protein g water retained (g per g meat) per g protein
6.59 0.131 10.7 5.41 0.157 6.0
6.42 0.129 11.2 5.51 0.145 7.2
6.51 0.133 10.9 5.36 0.154 5.8
6.25 0.116 12.9 5.38 0.139 7.6
6.81 0.116 12.0 5.39 0.167 6.5
6.46 0.132 11.0 5.40 0.164 7.0
6.50 0.132 12.1 5.50 0.173 6.5
6.52 0.135 11.0 5.41 0.163 5.8
6.26 0.138 11.4 5.50 0.172 6.1
6.26 0.133 9.1 5.60 0.166 5.9
6.35 0.114 11.1 5.60 0.143 6.8

Mean 6.45 0.128 11.22 5.46 0.158 6.47
Ultimate pH 
Total N %

5.44 ±  0.036 ( 9) 5.39 ±  0.054 ( 9)

of whole meat 3.77 3.78

and nitrogen contents of watery and normal fibrils 
(as in Table 1), 5 g nruscl ewas homogenized in 
40 ml of 0.043/ postassium phosphate (pH  7.00; 
ionic strength, I =  0.09) and centrifuged 10 min at 
1500 X G. The supernatant was discarded and the 
fibrils re-mixed, with the U ltra-T urrax  blender, in 
40 ml of the phosphate buffer. They were then 
centrifuged for 10 min, the supernatant was again 
discarded, and the fibril layer was weighed and its 
nitrogen content estimated by the usual Kjeldahl 
procedure. The results of the nitrogen estimations 
were expressed as g fibrillar protein per g of meat, 
taking the nitrogen content of the fibrillar proteins 
as 16.79o (Bailey, 1937).

Extractability. To measure the extractability of 
the muscle proteins at high ionic strength, the 
minced meat was homogenized and washed as in 
section 3 above, except that the buffer used was 
0.043/ potassium phosphate (pH  6.50; 1 =  0.05). 
The fibril layer was then re-suspended in 40 ml of 
a solution of 0.53/ KC1 +  0.043/ postassium phos­
phate (pH  6.5; I =  0.55), left 30 min at 0°C, and 
then centrifuged 30 min at 1500 X G. The super­
natant fluid was decanted and the fibril residue 
weighed. The nitrogen content of residue and super­
natant was estimated.

Preparation of samples for titra tion  studies and 
measurement of isoelectric point. Five-gram sam­
ples were minced as above and homogenized in 
20 ml 0.13/ KC1. W ashed fibrils were prepared 
from this homogenate by washing twice in 20 ml 
of 0.13/ KC1. Finally the fibril layer was suspended 
in 20 ml of 0.13/ KC1. Measurement of phosphate 
content showed that such washed fibrils contain 
less than 1 mol. of acid-soluble phosphate per 105 g

of protein. For the measurement of IP  or point of 
minimal swelling the pH was adjusted with O.l.'V 
HC1 or NaOH. W hen the IP  of unwashed fibrils 
was to be measured, 0.0043/ iodoacetate was in­
cluded in the KC1 solution to prevent any possible 
glycolysis. In either case, the procedure was to 
allow the fibrils to equilibrate for 15 min at 20 °C 
at the desired pH, and then to centrifuge them for 
5 min at 1500 X G. The fibril layer was weighed 
after decantation of the supernatant.

T itration  studies. Fibrils, prepared as above, 
were titrated stepwise with 0.LV HC1 or N aO H  
over the range pH 1.8-11.00, care being taken to 
allow the samples to equilibrate for 5-10 min after 
each addition of acid or alkali. The pH was meas­
ured with a Radiometer pH meter, type 22.

The titration curves are expressed as the number 
of protons absorbed or released per 10B g protein. 
This parameter was estimated from the equations :

Cbl og— =  p H a — p H b [I]
and

mols H ! bound =  [V(Ci, — C),)/W ]  X 103 [2]
where C„ and pH» respectively represent the con­
centration of protons and the pH of a 0.13/ KC1 
solution to which HC1 has been added in the ab­
sence of fibrils, and Cb and pHi, are the correspond­
ing values in the presence of fibrils; V  is the vol­
ume of the solution in ml and W  is the weight of 
protein in g. Cb can be exactly computed from 
pHb fro m :

[H+]b
Cb ==---------=  anti-log (-pHi, — lo g 7 «) [3]

Y h
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where 7h is the activity coefficient of the H + 
ion at pHb (Cohn and Edsall, 1943). In practice 
the necessary correction was estimated from the 
pH  of HC1/KC1 or N aO H /K C l solutions of known 
concentration.

Measurement of the dependence of the pH  of 
the meat on tem perature. W ashed or unwashed 
fibrils were prepared in 0.1 M  KC1, as in the titra ­
tion studies. The pH  was measured at 20° C, and 
then the tem perature was raised slowly to 40° C 
(10 min) and the pH  recorded as it fell back to 
20°C. For measurements below 20°C the beaker 
containing the fibrils was cooled in an ice-water 
m ixture to ~ 8 °C  and allowed to warm spontane­
ously again to 20° C. To simulate the conditions of 
the experiments of Briskey and W ismer-Pedersen 
(1961), the pH  meter was set to 6.50 at 20° C, 
using a S0rensen buffer of that pH  as standard, 
and the tem perature adjustm ent of the meter was 
subsequently kept constant at 20° C regardless of 
the actual temperature. Corrections were then 
made by measuring the pH  of the Sorensen buffer 
against tem perature in exactly the same manner. 
To check the accuracy of the measurements, the 
variation of the pK  value of 0.04M imidazole 
(pH  7.2) with tem perature was measured. The 
heat of ionization (AH) derived from these data 
was found to be +6600 cals/mole from 8 to 40° C. 
The published value for the imidazole group of 
histidine is +6900 cals/mole (Cohn and Edsall, 
1943). The agreement is seen to be satisfactory.

RESULTS
W ater retention and protein content of fibrils 

washed a t  low ionic strength. Table 1 shows the 
water retention and protein content of fibrils of

normal and watery meat prepared by washing in 
0.04 phosphate buffer a t pH  7.00, I =  0.09. I t  is 
seen that the fibrils from meat with low pH i values 
(<5.60) have a higher protein content (x l-2 3 )  
but a lower water retention per g of protein 
( X0.58) than fibrils from meat with high pH, 
(> 6 .20). The protein content of the washed nor­
mal fibrils is a  little higher than the value of 
0.115 g /g  muscle, given by Bendall (1961) for 
rabbit fibrils free of stroma. The origin of the 
ex tra protein of watery fibrils will be discussed 
later.

Fig. 1. Swelling curves of the washed fibrils of 
normal and watery pork, in 0.1M EC1 a t various 
pH  values. Swelling expressed as g  w ater re­
tained per g  protein, after centrifuging 5 min at 
1500 x  G. © samples of normal pork allowed to go 
into rigor at 20°C; X samples of watery pork 
(pH , =  5.60).

Table 2. Extraction of actomyosin at pH  6.50 (1 = 0 .5 5 ) from washed fibrils of normal 
and watery pork.

High pH, Low pH*
. CDProtein extracted pHj (g/g meat)

(2)Residue (g/g meat)
(1) +  (2) Total fibril­lar protein pH,

(1) (2) Protein extracted Residue (g /g  meat) (g/g meat)
(1) +  (2) Total fibril­lar protein

6.59 0.118 0.0146 0.133 5.41 0.0156 0.138 0.153
6.42 0.121 0.0180 0.139 5.51 0.0189 0.113 0.132
6.51 0.122 0.0156 0.138 5.36 0.0146 0.133 0.147
6.25 0.120 0.0180 0.138 5.38 0.0162 0.125 0.141
6.81 0.119 0.0118 0.131 5.39 0.0144 0.147 0.162
6.46 0.120 0.0273 0.147 5.40 0.0192 0.140 0.159
6.50 0.127 0.0135 0.140 5.50 0.0210 0.164 0.186
6.52 0.136 0.0135 0.149 5.41 0.0176 0.145 0.162
6.26 0.133 0.0125 0.146 5.50 0.0214 0.164 0.185

Mean 6.48 0.124 0.0161 0.140 5.43 0.0177 0.141 0.159
Values as %

total protein 88.5 11.5 11.1 88.9
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The table also shows that the differences in 
water retention between normal and watery fibrils 
are not due to differences in ultimate pH or total 
nitrogen content, which are nearly identical in the 
two types.

E xtractability  a t high ionic strength (1 =  0.55) 
a t pH 6.50. Table 2 shows the amount of protein 
extracted by a phosphate buffer of I =  0.55, pH 
6.50, from fibrils washed free of soluble sarco­
plasmic proteins at I =  0.05, pH  6.50. I t  is seen 
that normal fibrils (pH i >6.20) are almost com­
pletely extracted by the procedure, giving a highly 
viscous solution containing 88.5% of the fibrillar 
proteins, whereas in the case of "watery” fibrils 
(pH i <5.60) only 11% of the fibrillar proteins are 
extracted, and the solution is quite limpid. These 
extreme differences between the types are best 
shown up by extraction at pH 6.50, because at 
higher pH  values the normal fibrils yield an ex­
tract so viscous that it cannot be centrifuged, and 
at lower pH values extraction is very incomplete. 
I t would clearly be desirable to study in more 
detail the relation between extractability and pH.

The origin of the extra-fibrillar protein of 
watery meat. The results in Table 1 might be 
taken to indicate that there is a higher content of 
true fibrillar protein in watery meat than in normal 
meat. This, however, is unlikely to be the case, 
because an exactly similar gain in apparent “fibril­
lar” protein can be brought about merely by heat­
ing a minced sample of normal muscle at 37° C for 
l y i  hr or by allowing a sample of muscle cut from 
the animal immediately after death to pass into 
rigor at 37-41°C. In one experiment of the first 
type, for example, the unheated fibrils had a pro­
tein content of 0.122 g per g meat, after washing 
out the sarcoplasmic proteins, whereas the fibrils 
prepared from the heated mince had a  protein con­
tent of 0.141 g per g meat. Similarly, in an ex­
periment in which one piece of muscle was allowed 
to go into rigor at 20°C and the other at 40.5°C, 
the respective protein contents of the washed fibrils 
were 0.128 and 0.150 g  per g meat. A  similar but 
rather more detailed experiment is given in Table 
3 to illustrate the differences in water retention, 
protein content, and extractability between fibrils 
from meat allowed to pass into rigor at 20° C and

Table 3. Effect of tem perature of rigor on the 
water retention and extractability of fibrils.

Fibrils washed at FibrilspH 7.00, I =  0.09 extractedat pH 6.5,
e  fib- I =  0.55e ino rillarretained protein rillarper g per g proteinTreatment protein meat extracted)

Rigor at 20 °C 11.8 0.119 81.0
Rigor at 37°C 7.7 0.137 9.4

fibrils from the same meat passing into rigor at 
37° C. They are again similar in magnitude to 
the differences between watery and normal fibrils 
shown in Tables 1 and 2.

The relation between water retention and pH in 
the fibrils from normal and watery pork. Fig. 1 
illustrates the relation between the water retention 
per g of protein and the pH for washed fibrils 
from normal and watery pork at I =  ~0.1. In this 
case, the normal fibrils were prepared from meat 
allowed to go into rigor at 20° C. I t is seen that 
“watery” fibrils retain less water per g  of protein 
than those of normal pork at all pH values between
4.5 and 7.5. In spite of this, the zone of minimal 
swelling, which is probably also the isoelectric 
region, is about the same in the two cases, although 
the zone is broader with the “watery” fibrils and 
extends to lower pH values. This is exactly the 
reverse of what happens when the proteins of nor­
mal meat are  aggregated by heat, as we see from 
Fig. 2, which shows the water retention of fibrils

Fig. 2. Swelling curves of normal washed fibrils 
coagulated at various pH  values a t 90° C, in O.likf 
KC1. The average curve for washed fibrils from 
Fig. 1 is superimposed. Results expressed as in 
Fig. 1.
coagulated at various pH values at 90° C. The 
minimum of the swelling curve is now between 
5.90 and 6.00. I t should be noted that the absolute 
values of water retention for the coagulated fibrils 
cannot be strictly compared with those of the native 
fibrils, because of the very different nature and 
packing density of the coagulated particles. The 
isoelectric point measured in this way is very close 
to the pH of ~6.00 attained by washed normal 
fibrils after coagulation under isoelectric conditions 
at pH 5.40. This new pH  reached after coagula­
tion must represent the isoelectric point of the 
coagulum, since no acid or base has been added to 
the system.

The similarities of the I P ’s of normal and watery 
meat can also be shown by measuring the water 
retention of unwashed fibrils (see Fig. 3). The 
curves show that the unwashed watery fibrils
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pH
Fig. 3. Swelling curves of unwashed fibrils of 

normal meat (pH* 6.30) and of watery meat 
(pH i S.60). Results expressed as g water retained 
per g fibrillar protein. Mean values for 3 experi­
ments are given with the S.E.’s of the means. 
---------norm al; ----------watery. A  indicates an ex­
periment with meat passing into rigor at 20° C ; 
(8> indicates an experiment with the same meat 
passing into rigor a t 37° C.

retain about the same amount of water at all pH 
values as the washed “watery” fibrils in Fig. 1, 
whereas the unwashed normal fibrils retain con­
siderably more than the washed. Since the un­
washed fibrils contain all the salts, non-protein 
nitrogenous compounds, and sarcoplasmic proteins 
of the meat, it is difficult to say which of these 
components is responsible for the difference in the 
latter case. Certainly, it is not due solely to the 
presence of Mg or Ca ions, since addition of these 
to washed fibrils in the concentrations expected to 
be present in the homogenates, that is, respectively 
~ 2 m  M  and O A m M , diminishes the water re­
tention rather than increasing it. I t  seems more 
likely that the effect is due to interactions be­
tween the sarcoplasmic and fibrillar proteins, but 
more experiments are necessary to confirm this 
suggestion. I t  will also be noted from the figure 
that the isoelectric region is again somewhat lower 
in the watery fibrils than in the normal fibrils. 
Also illustrated in Fig. 3 is an experiment compar­
ing the water retention of unwashed fibrils from 
meat passing into rigor at 20°C with that of fibrils 
from the same meat allowed to go into rigor at 
37° C. I t  is seen that the 20° C fibrils follow the 
curve for normal fibrils, whereas the 37° C fibrils 
follow that for watery fibrils.

The reversible effect of tem perature on the 
pH of muscle fibrils and extracts. The experiments 
of Briskey and W ism er-Pedersen (1961) on intact

pig carcasses showed that in pigs where the pH  fell 
rapidly (w atery type 4) it also fell to the very low 
level of ~5.15 and subsequently rose again to 
~5.50 during the cooling of the carcass. Their 
results are plotted as pH against temperature in 
Fig. 4. I t  will be noted that the pH tends to in­
crease most steeply as the tem perature falls from 
20 to 10°C. If the rise of pH  is to be taken as a 
measure of dénaturation this feature of their curve 
is exactly the opposite of what would be expected, 
since it is well known that the rate of dénaturation 
falls rapidly with falling temperature (Ham m  and 
Deatherage, 1960). For this reason we have re­
examined the phenomenon, using washed and un­
washed fibrils, coagulated minced meat, and the 
Kochsaft prepared from whole meat, that is, the 
filtered liquid obtained after heat coagulation at 
90 °C. The curves in Fig. 4 show that large changes 
in pH occur with all the preparations studied as the 
tem perature is raised or lowered, and that they are 
all inversely related to the temperature. T hat the 
effects with native fibrils are not due to dénatura­
tion is shown first by the fact that they are re­
versible within ±0.03 pH  units at 20° C, and also 
that coagulated minced meat shows a comparable 
effect. The curves as shown have not been corrected 
for tem perature effects on the setting of the pH 
meter, which was standardized to pH 6.S at 20° C

Fig. 4. The reversible effect of tem perature on 
the pH  of whole meat and various preparations of 
fibrils. ©  intact carcass (Briskey and W ismer- 
Pedersen, 1961) ; ®  washed fibrils (S g meat in 
10 ml 0.1 Af KC1) ; V  Kochsaft prepared from 10 g 
meat, heat-coagulated in 20 ml O.llli KC1; A  un­
washed fibrils (5 g  meat in 10 ml 0.1M KC1) ; 
El coagulated mince (10 g meat +  3 ml 0.1JH KC1).
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Table 4. Reversible effect of temperature on pH and proton binding of various preparations 
of pork muscle.

pH at Change in H+ bound (in H)-° mois per g of meat)
Preparation 10°C 20°C 30°C 10°C 20°C 30°C

W hole meat [Briskey and 
W ism er-Pedersen (1961)] 5.495 5.32 5.18 +9.75 0 oLQK1

Unwashed fibrils 5.66 5.53 5.395 +7.50 0 -7 .60
Coagulated mince 5.82 5.71 5.60 +6.40 0 -6 .40
W ashed fibrils 5.47 5.35 5.21 +3.20 0 -3.70
Expected value for 

sarcoplasmic proteins —+1.60 0 -----1.90
Kochsaft 5.51 5.45 5.35 +1.30 0 -2.10

without altering the tem perature compensator from 
20°C, as in the experiments of Briskey and W is- 
mer-Pedersen. The measured corrections, shown 
as an inset, are seen to be quite small.

The pH /tem perature curves, after correction, can 
be converted into numbers of protons (H +) bound 
or released by the buffering substances of the meat 
as the tem perature is changed, by employing the 
measured buffering capacities of each of the re­
spective preparations. The values calculated in this 
way are shown in Table 4. The results of Briskey 
and W ism er-Pedersen have been similarly recalcu­
lated, using a  buffering capacity of 54 X KP1 moles 
H + per pH per g meat. I t  is seen that the un­
washed fibrils show a reversible absorption or re­
lease of protons of the same order as that shown 
by the intact meat on the carcass.

T itration  curves. To illustrate the form of 
the titration curves, we have chosen the 
curves for normal and watery fibrils in the 
native state (Figs. 5 and 6, respectively). The 
buffering capacities CAHyApH) derived from 
these curves at intervals of 0.2-0.4 pH units are 
shown in Figs. 7 and 8, respectively, and also the 
buffering capacities of normal and watery fibrils 
after coagulation at ~ p H  5.40 at 90°C. Since we 
have shown above that the washed fibrils of watery 
meat contain ex tra  protein, probably in the form of 
denatured sarcoplasmic protein, we have also ti­
trated the coagulated sarcoplasmic proteins of nor­
mal meat. Table 1 shows that such protein is present 
in watery fibrils to the extent of ~0.19 g per g of 
total protein, the remainder being in the form of 
true fibrillar protein. The calculated titration 
curve for the proteins in this proportion is shown 
in Fig. 6, and also the actual curve for 0.19 X 105 g 
coagulated sarcoplasmic protein alone.

W e see from Figs. 5 and 6 that there are losses 
of titratable groups (proton binding) in both the 
alkaline and acid regions of the curves on passing 
from the normal to the watery state, although 
these losses do not result in any appreciable shift 
in the maxima and minima of the AB/ApH curves

in the acid or neutral region (Figs. 7 and 8 ). This 
is in complete contrast to the effect of coagulation, 
which is characterized not only by a loss of groups 
but also by a large shift in the maxima and 
minima of the AB/ApH curves in the acid and 
neutral regions.

In connection with the titration curves of watery 
fibrils, it is of some interest that the fibrils from  a 
sample of meat allowed to go into rigor at 40.5 °C 
showed proton binding per g of protein almost iden­
tical to that of the samples of watery fibrils in Fig. 
6, and an almost identical gain of protein of sarco­
plasmic origin. By contrast, washed normal fibrils 
held at 40°C for \) /2 hr gave a  normal titration 
curve of the type in Fig. 5, and showed no loss of 
titratable groups.

DISCUSSION
The changes responsible for wateriness in 

pork meat have been variously ascribed to 
acute degeneration of the muscular tissue in 
the living animal (Ludvigsen, 1954), to ex­
cessively low ultimate pH  values of 5.20 
(Lawrie, 1960) and to a rapid fall of pH 
post-mortem (Briskey and W ism er-Peder­
sen, 1961). Although it is clear that both 
muscle degeneration and very low ultimate 
pH  values might give rise to wateriness in 
the meat, it is most unlikely that either of 
these changes is responsible for the condition 
in the Landrace pigs studied here. In the 
first place, the mean ultimate pH  values of 
the normal and the watery muscles were 
identical in our experiments, as they were 
in those of Briskey and W ismer-Pedersen
(1961), and secondly we were able to con­
firm the observation that the watery condi­
tion could be produced merely by holding a 
normal piece of meat 2 hr at 33°C (W ism er- 
Pedersen, 1959), or by allowing rigor to 
occur at 37 to 41 °C. Moreover, in detailed
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studies of the rigor process at 37°C, to be 
reported elsewhere, it was observed that the 
muscles began to weep and their color to 
change only when they were about to pass 
into rigor, that is, when pH  had fallen to
6.00 or below. It is, therefore, obvious that 
the immediate cause of wateriness in the 
Landrace pigs studied here is the combined 
effect of high tem perature and low pH  on 
the muscle proteins, as W ismer-Pedersen 
and Briskey (1961a) have shown. In  fact, 
wateriness appears to be a general phenome­
non, not confined solely to Landrace pigs, 
but characteristic of all muscles when rigor 
is allowed to take place at 37°C at low pH  
values, because it is then also found in a 
more or less severe form in the longissimus 
dorsi and psoas muscles of the rabbit and the 
ox (Bendall, unpublished observations), and 
to a very marked degree in whale muscle 
(M arsh, 1952).

Aside from their decreased extractability 
and water retention, watery fibrils are dis­
tinguishable from normal fibrils mainly in 
their higher protein content. This extra pro­

tein, derived from the sarcoplasm, is evi­
dently present either in an aggregated form 
or firmly combined in some other way with 
the fibrillar proteins, actin and myosin. The 
problem is therefore to decide whether the 
reduced water retention and the greatly re­
duced extractability of watery fibrils is due 
simply to the deposition of this layer of sar­
coplasmic protein onto the surface of the 
myofilaments or whether it is due to  de- 
naturation and aggregation of the fibrillar 
proteins themselves. Two criteria may be 
used to distinguish between these possibili­
ties : first, to enquire whether a  rise of pH 
and of isoelectric point, characteristic of the 
phenomenon of denaturation, can be detected 
as the muscles pass into the watery state 
( cf. Bull, 1938; Bate-Sm ith and Bendall, 
1946; Bendall, 1947; Putnam , 1953); and, 
secondly, whether the titration curves of 
watery fibrils show any of the changes that 
characterize denatured proteins (Bendall,
1947).

As already pointed out, Briskey and W is­
m er-Pedersen (1961) described a  rise of

Protons bound Protons released

Fig. 5. T itration curves of normal washed fibrils in the acid and alkaline range, ex­
pressed as g protons released or bound per 10“ g protein. Average fibrillar protein content 
=  0.128 g per g meat. Full line calculated from the constants in Table S. © indicates the 
observed points.
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pH  in muscles of watery type, but this can­
not necessarily be taken as an indication of 
denaturation— first, because it occurs as the 
tem perature of the meat is falling; secondly, 
because it is larger than the actual rise of 
0.25-0.30 units observed after the complete 
heat coagulation of whole m eat; and thirdly, 
because a similar but reversible effect of tem­
perature on pH  can be demonstrated in both 
native fibrils and heat-coagulated whole meat 
(Fig. 4 ). The number of protons reversibly 
bound or released as the tem perature of the 
unwashed native fibrils and of the heat- 
coagulated whole meat is raised or lowered 
is seen to be nearly the same in the unwashed 
native fibrils and in the heat-coagulated 
whole meat as it is in the intact carcass 
(Table 4 ). It is therefore reasonable to sup­
pose that the effect is due to changes in the 
pK  values of the various buffering sub­
stances of the meat with temperature.

The main groups likely to be involved in 
this range of pH  are the imidazole and car­
boxyl groups of the proteins, and those of

carnosine and anserine. The pK  of the imida- 
zoliutn groups has a negative temperature 
coefficient, and that of the carboxyl groups 
a positive one, so that in both cases protons 
will be released on raising the temperature, 
and bound again on lowering it (Cohn and 
Edsall, 1943). Unfortunately, we do not 
know the exact numbers or pK  values of 
these groups in whole meat, so that we can­
not accurately predict their effect on the pro- 
ton-binding. W e can, however, make the 
following assumptions : 1) that the 26 groups 
per 105 g of protein that titrate in the washed 
fibrils with a pK ' of 6.40 are imidazolium 
groups, and that the 105 groups titrating 
with pK ' =  4.15 are carboxyl groups (see 
Table 5 ) ;  2) that a similar number of imida- 
zoliuni and carboxyl groups are present in 
the sarcoplasmic pro te ins; 3) that the total 
protein content is about 0.20 g per g of m ea t; 
and 4) that the heat of ionization ( A H )  of 
the imidazolium groups is +6900 cals per 
mole and that of the carboxyl groups 
~  — 1500 cals per mole (Cohn and Edsall,

Protons bound Protons released

Fig. 6. T itration curves of fibrils from watery meat, expressed as in Fig. 5. Average 
fibrillar protein content =  0.158 g per g meat. Curve (1) is calculated from the known proton 
binding of 0.19X10° g denatured sarcoplasmic protein + 0.81 X 10n g fibrillar protein. Curve 
(2) is the curve calculated for watery meat from the constants in Table 5. Curve (3) is the 
titration curve for 0.19 X 105 g' denatured sarcoplasmic protein. Q  indicates the observed points.
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Table S. Summary of titration constants and number of groups titrating, in various fibrillar 
preparations.

Number of groups titrating per ID5 g protein at pK' =
Type of preparation 2.10 2.60 3.00 3.40 3.50 4.15 4.50 4.70 6.40 6.70 10.2

Normal, native 48 .... 105 26 72
Normal, coagulated 48 40 44 26 54
W atery, native 39 l i 80 26 57
W atery, coagulated 48 41 40 26 51
Sarcoplasm, coagulated 
Calc, for 0.19 parts

52 58 40 ?a ?a ?a

sarcoplasm to 0.81 parts 
fibrillar protein 10 39 11 85 7.5 25 72

“ g-protons bound per 105 protein =  29 from pH  8.4 to 5.60, and 63.5 from pH 11 to 8.4.

1943). Calculating on this basis for the ef­
fect of changing the tem perature of the un­
washed fibrils in Table 4 from 20 to 37°C, 
we would expect a release of ~ 5 .2  X 10~® 
moles of H + against the found value of 7.3 X 
10“6 moles. The discrepancy is not large 
when we consider that no account has been 
taken of the possible effect of carnosine or 
anserine or of the other buffering substances 
known to be present. W e may conclude that 
we can account for the apparent rise of pH  
of watery meat in terms of the effect of tem ­
perature on the pK  values more easily than 
by invoking a general dénaturation phenome­
non. Nevertheless a small rise of pH  would 
be expected in the watery muscles as the sar­
coplasmic proteins were denatured and be­
came deposited on the fibrils. Calculating 
for the known amount of protein deposited 
in this way (Table 4 ) , we would expect the 
rise of pH  not to exceed 0.05 unit in the 
whole meat, whereas complete heat coagu­
lation results in a rise of 0.25-0.30 unit at 
pH  5.40. Such a small rise would probably 
go undetected in the intact carcass.

The criterion of the isoelectric point ( IP )  
similarly indicates that dénaturation in the 
classical sense can have occurred only to a 
minor degree, if at all, in the watery fibrils, 
because their IP  tends, if anything, to  be 
lower than that of normal fibrils, whereas 
the IP  of fully coagulated fibrils is much 
higher (Fig. 1-3). I t is also of some inter­
est that the swelling of unwashed normal 
fibrils is higher at all pH  values than that of 
washed fibrils, whereas watery fibrils show 
about the same swelling in both cases. This 
suggests that the sarcoplasmic and fibrillar

proteins are mutually active in the swelling 
process in normal meat but not in watery 
meat.

The other criterion we may apply to 
watery meat is that of proton-binding. For 
this purpose it is necessary to calculate the 
apparent titration constants (pK7) of each 
curve, which we have done by trial and 
error. These constants are analogous to, but 
not necessarily identical with, the true pK 
values of the groups titrating in the various 
regions of the curves (Cohn and Edsall, 
1943). W e started from the assumption that 
the peak in the AH+/A pH  curve of normal 
meat at pH  4.15 (Fig. 7) represented the 
pK ' of a class of similar groups, virtually 
undisturbed by the presence of other groups 
in the region pH  3.65—4.65. W e then ap­
plied the general equations:

p H  =  p K %  +  ^  [ 4 ]

f antilog (pH  — plv 'q) 1 
5 1 1 +  antilog (pH  -  pIC q) J

where pK ' is the titration constant of the 
qth class of g roups; aq is the fraction of 
the total number of groups in the class 
that have given up protons to base at any 
p F I; and naq represents the number of pro­
tons given up by groups of the qth class at 
any pH . It follows from these equations 
that 52% of the groups in the class with 
pK ' =  4.15 should titrate between pFI 3.65 
and 4.65. W e actually find 54.5 g protons 
given up per 105 g protein over this range of
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pH , so that the total number of groups with 
pK  4.15 is —105. Removing these groups 
from the observed curve, as they would 
titrate according to equation 5, we found by- 
similar reasoning that there was a class of 48 
groups with a pK ' of 2.60 in the acid region, 
and a class of ~ 2 6  groups with a pK  of 
6.40 in the neutral region. In the alkaline 
region, there appeared to be a class of 72 
groups with pK 10.20, and this would mean 
that the remaining 50 or 60 basic groups 
expected to be present from the analytical 
data of Kominz et al. (1954) should have 
pK ' values greater than 11.00 (Mihalyi,
1950). Unfortunately, this could not be 
checked with the electrode assembly avail­
able, which had a large “alkaline” error 
above pH  11.40.

From  these calculations it is possible to 
describe the titration of the native fibrils of 
normal meat from pH  1.8 to 10.2 as follows :

g  protons bound =
48ai +  105a2 +  26a3 +  72a4 [6]

antilog (pH -2 .6 ) "j 
1 +  antilog (pH -2 .6 ) J

+  105 [ antilog (pH -4.15)
\  1 +  antilog (pH -4.15) J

antilog (pH -6 .4) "j 
1 +  antilog (pH -6 .4 ) j

+  72 f  antilog (pH -10 .2) ~)
\  1 4- antilog (pH -10 .2) J

The curve calculated from this equation 
(Fig. 5) is seen to agree well with the ob­
served values for two different fibril prepa­
rations up to the limit at pH  10.2.

A similar type of analysis was applied to 
the curves for watery fibrils and for the 
coagulated fibrils of normal and watery 
meat. The results of the analyses (Table 5) 
are in terms of the classes of pK ' values and 
the number of groups titrating in each class. 
To demonstrate the general validity of these 
constants we have plotted the average values

of the observed results against the values 
calculated from Table 5 for the particular 
complex case of coagulated normal fibrils 
(Fig. 9 ). I t is seen that the agreement is 
good in the acid range, but small discrep­
ancies occur in the alkaline range after about 
30 groups have been titrated (pH  8.2-10.0), 
and a larger discrepancy after 60 groups 
have been titrated (pH  10.4 and above). The 
first discrepancy may be due to the constant 
at pH  6.70 being too low, or to the release 
of a-amino and -groups, not taken into ac­
count in the calculations. The second dis­
crepancy arises because we do not know the 
pK ' values of the groups alkaline to pH  11.0. 
As a further check, we may note that the 
calculated curve for watery fibrils (curve 2, 
Fig. 6) also agrees well with the observed 
points, up to the limit at pH  10.2. From 
these arguments we may have reasonable 
confidence in the constants (p K ')  given in 
Table 5.

Since it is believed that this study of the 
titration constants of native, watery, and co­
agulated fibrils is the first of its kind, it is 
necessary to enquire whether the data for the 
native fibrils agree with the amino acid anal­
ysis and titration curves of the main fibril 
proteins, actin and myosin. Mihalyi (1950), 
for instance, showed that purified myosin 
contained 165 titratable acid groups, 16 imid- 
azolium groups, and 134 basic groups per 
105 g of protein. There are no comparable 
data for actin, but the amino acid analysis of 
Kominz et al. (1954) shows the presence of 
117 free acid groups, 19 imidazolium groups, 
and 109 free basic groups. If the fibrillar 
proteins contain 1 part of actin to 2 parts of 
myosin ( cf. Hanson and Huxley, 1957), 
there should therefore be ~  148 acid groups 
and ~ 1 8  imidazolium groups per 105 g. W e 
find a total of ■—-153 acid groups and ~ 2 6  
groups titrating with a pK f of 6.40, which 
are likely to be imidazolium groups (Cohn 
and Edsall, 1943). Similarly we find 72 
groups titrating with a pK ' of 10.20, close 
to the expected pK  values of tyrosine and 
lysine (Cohn and Edsall, 1943). The ana­
lytical data of Kominz et al. (1954) would 
yield 23 tyrosine and 74 lysine groups for an 
actin-myosin ratio of 0.5. The over-all 
agreement is, therefore, fairly good, particu­
larly since we have not taken any account of
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the stroma, connective tissue, and tropomyo­
sin undoubtedly present in our preparations. 
These components, however, probably cancel 
each other out, because connective tissue has 
a small number of charged groups and tropo­
myosin a  very large number. According to 
Lawrie (1960) and Hanson and Huxley 
(1957), they are present in the fibrillar pro­
teins in about equal amounts of 10%. In  this 
connection, we may note that W ismer-Peder- 
sen and Briskey (1961b) found normal 
whole meat to bind 144.4 g equivs of safra- 
nin per 10® g total protein, whereas watery 
meat bound 187 g equivs per 10® g. This 
measure of the number of acidic groups in 
normal meat agrees well with the present 
results, which would show about 146 g pro­
tons to be bound at pH  1.8. In  watery meat, 
however, the proton binding is not likely to 
exceed 130 g protons per 10® g total protein. 
I t  is difficult to account for the large dis­
crepancy in the latter case, although it may 
be pointed out that it is not certain that the 
dye-binding method is an exact measure of 
proton binding, particularly where protein- 
protein interactions may have taken place in 
the material under study. For example, 
Hamm and Deatherage (1960), using this 
method, detected a loss of acidic groups after 
heat denaturation of whole beef muscle, but 
could find no comparable loss of basic

groups, which would have been expected 
from the results of the present titration 
studies.

Inspection of Table 5 shows that the pro­
ton binding of the washed watery fibrils is 
lower than normal in both the acid and alka­
line regions, but that this decrease is not 
accompanied by the characteristic shifts in 
the titration constants observed after com­
plete heat coagulation. On the other hand, 
the titration constants of watery fibrils are 
shifted by heat coagulation in much the same 
manner as those of normal fibrils, particu­
larly in the acid and neutral regions. This 
again suggests that most of the protein of 
watery fibrils is not in a  denatured or coagu­
lated form. If this is so, however, we must 
seek some other explanation of the decreased 
water retention and extractability of watery 
meat. A possible explanation can be sug­
gested from the titration studies. W e have 
shown that the extra protein of watery fi­
brils must arise from the sarcoplasm, and 
yet when we calculate the expected contri­
bution of this protein to the total proton 
binding we find that nearly all of it has 
disappeared from the actual titration curves 
of the watery fibrils (Table 5). T he only 
way in which this could happen would be for 
the missing groups to have become linked to 
groups on the fibrillar proteins. W e may

60

Fig. 7. Mean buffering capacity curves for normal native and coagulated fibrils. A H +/  
A p H  =  g protons bound per pH  unit per 1(F g protein. Plain line =  native fibrils; 0  =  coagu­
lated fibrils.
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60

Mean pH
Fig. 8. Mean buffering capacity curves for the native and coagulated fibrils of watery 

pork, expressed as in Fig. 7.

assume, for instance, that the carboxyl 
groups titrating with pK ' values of 2.60 and 
4.15 belong to the fibrillar proteins, whereas 
the groups with pK ' 3.40 belong to dena­
tured sarcoplasmic proteins. This would 
mean that all the 11 groups with pK7 2.10 
and the 7.5 groups with pK ' 4.50 contributed 
by the sarcoplasmic proteins have become 
linked to the fibrillar proteins. This could 
occur by the formation of bonds between 
these groups and the hydroxyl groups of 
tyrosine or even the e-amino groups of ly­
sine, or the guanidino groups of arginine of 
the fibrillar proteins. In  addition, 5 car­
boxyl grpups with pK  4.15 have been lost 
from the fibrillar contribution, possibly by- 
linkage to basic groups on the sarcoplasmic 
proteins. The over-all effect should be a loss 
of 23 or 24 groups titrating in the alkaline 
range. W e actually observe a loss of ~ 1 5  
groups with pK ' 10.20, and it is possible that 
the remainder are lost at more alkaline pH 
values. These losses are, indeed, similar in 
magnitude to those observed after the com­
plete coagulation of normal fibrils, which in 
the acid region amount to 25 groups and in 
the alkaline region to ~ 1 8  groups, although 
in the latter case the missing carboxyl groups 
must have become linked to hydroxyl or 
basic groups, either on the same molecule or 
between molecules of the same protein type,

which might account for the greater shift in 
the pK ' values of neighboring groups. Simi­
larly, complete heat coagulation of watery- 
fibrils must result in the breaking of some of 
the postulated bonds between the fibrillar 
proteins and the layer of denatured sarco­
plasmic proteins on their surface, because we

Fig. 9. P lot of calculated numbers of titratable 
groups in normal coagulated fibrils against the 
average number actually found at any given pH 
value (see Table 5). 0  values from pH  5.60 to 
1.80, taking pH  5.60 as the starting point; X values 
from pH 5.60 to 11.20, taking pH 5.60 as the 
starting point.
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find after coagulation considerable shifts in 
pK  values that are similar in kind, but not in 
degree, to those observed in coagulated nor­
mal fibrils.

W e may conclude that we have an example 
in watery meat of a unique type of protein- 
protein interaction, where the main fibrillar 
protein, actomyosin, is in the native form 
but has become covered with a layer of de­
natured sarcoplasmic protein that is bound 
to it sufficiently strongly to make it resistant 
to extraction at high, and to hydration at 
low, ionic strengths. This change in the 
structure of the muscle, unlike the effect of 
coagulation, leaves the titration constants of 
the combined proteins more or less unal­
tered, with the result that the isoelectric 
point of watery fibrils is the same or even 
slightly lower than that of normal fibrils.
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1 5 8 FIBRILLAR PROTEINS IN  PORK MUSCLE

A P P E N D IX

In collaboration with N. R. King, we obtained 
samples of normal and watery pork muscle from 
Danish Landrace pigs for histological examina­
tion in Cambridge. The accompanying plates illus­
trate the results.

The samples of meat, excised from the lumbar 
region of the longissimus dorsi muscle, were fixed 
in 10% neutralized formol saline and embedded in 
celloidin after dehydration. Longitudinal sections 
were then cut, stained with Heiderhain iron hemo- 
toxylin and differentiated in iron alum.

Plates A and C show longitudinal sections of 
normal and watery muscle at a magnification of 
~300x . I t  is seen that the characteristic cross- 
striations are uniform and clear in the normal 
section, whereas in the section of watery muscle, 
many heavily-staining dark bands of protein lie 
irregularly across the fibers. The minimum width 
of these bands is at least 6X that of the cross- 
striations themselves, that is, at least 20 mg. They 
are, however, entirely irregular in pattern. As we 
see from the more highly magnified section (600X) 
in plate D, the bands of protein seem to cover one 
muscle fiber in each case, and in some places small 
bulges appear in the sarcolemma at the points 
where the bands terminate. It will also be noted 
that the cross-striations can still be distinguished 
and are only slightly distorted, where they underlie 
a dark band. It can be concluded, therefore, that 
the basic muscle structure is still intact in the 
watery meat,’ so that there is no evidence from 
these sections, or from many others like them, 
that any degeneration had occurred in the muscle

during the life of the animal, as might perhaps 
have been supposed from the name m u sk e l-d e g e n e r-  
a tion , given to the symptoms by Ludvigsen.

Although there is no positive way of proving 
the point from histology alone, it is nevertheless 
likely that the irregular dark bands are composed 
of denatured sarcoplasmic proteins, and that they 
are, in fact, the origin of the extra “fibrillar” pro­
tein of watery meat, which has been shown in the 
previous paper to render the fibrils resistant to 
extraction at ionic strengths normally sufficient 
to extract actomyosin. Similar bands were reported 
by Lawrie e l al. (1958) in meat with very low 
ultimate pH. H e interpreted these results to mean 
that the fibers had become internally disrupted, 
which would indeed be the case if denaturation 
of the sarcoplasm had occurred. Unlike some of 
Lawrie’s sections, the present samples do not show 
any kinking or waving of the fibers; on the con­
trary, they appear to run flat in the plane of the 
section and in the plane perpendicular to it.

W e may conclude that the main change in struc­
ture that characterizes watery pork is the deposi­
tion of denatured protein of sarcoplasmic origin, 
in the form of dark-staining bands lying trans­
versely within the muscle-fibers. From  the evi­
dence of the previous paper, this change occurs 
only after the death of the animal—while its rigor 
processes are reaching completion—and can be a t­
tributed to an unusually rapid production of lactic 
acid, leading in its turn to a low pH  value while 
the meat is still at a high temperature, that is, to 
conditions specially conducive to denaturation.
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P la te s  A  ■and  B . Longitudinal sections of normal pork longissimus dorsi muscle (pH  =  ~  
6.50), magnified, respectively, 300X and 600X.

P la te s  C  and  D . Longitudinal sections o f watery pork (pH  =  ~  5.50), magnified respec­
tively, 300x and 600x.



The Effect of Sudden Cooling on the Respiration of Pea Tissue

D O H N  G. G L IT Z ,a P A U L  A. BU CK ,b A N D R E W  C. R IC E ,c 
a n d  W IL L IA M  D. P O W R IE  d

(M anuscript received April 24, 1961)

Thermal shock may be defined as an 
injury to biological materials that occurs 
when the materials are cooled rapidly to 
a tem perature near their freezing point with­
out the actual formation of ice crystals in 
the tissue. A distinction should be made 
between the terms “thermal shock” (or 
“temperature shock” ), which results from 
the cooling of the tissue, and “physiological 
cold injury,” which may occur when tissues 
are exposed to low temperatures above freez­
ing for comparatively long periods. Both 
of these phenomena have been considered 
in the review by Smith (1954), although 
the same terminology has not been employed.

Thermal shock has been noted upon the 
cooling of a number of materials including 
sperm (Birillo and Puhaljski, 1936), bac­
teria (M ayer, 1955), and human red blood 
cells (Lovelock, 1954), but no report was 
found that describes the phenomenon in 
a tissue of a higher form of plant such 
as might be used for food. On the other 
hand, physiological cold injury has been ob­
served in a number of foods (Sm ith 1954), 
where it occurs as an injury during cold 
storage. No experiments have attempted to 
demonstrate alterations in respiratory ac­
tivity that could be interpreted as thermal 
shock, using a common food tissue, green 
peas, which is not known to be sensitive to 
this type of injury.

Each instance of thermal shock previously 
cited used a different measure of the degree 
of injury, since in each case the injury took 
a different external form. Studies of sperm 
have usually been based on measurement
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of motility of fertility (Sm ith, 1954), while 
lysis was measured in the case of red blood 
cells (Lovelock, 1954) and viability in the 
case of bacteria (Sherm an and Cameron, 
1934). W hile recent results indicating a 
cold lability of certain enzymes (Pullm an 
et al., 1960; Raijm an and Grisolia, 1961) 
cannot be considered as evidence of thermal 
shock at this level of organization, they 
do encourage possible detection of thermal 
shock using a metabolic measurement. Cer­
tain tissues and cells, such as spermatozoa, 
liver, kidney, intestines, skin, and blood 
(M ann and Lutwak-M ann, 1955; Mayer, 
1955; Sherman, 1959; Smith et al., 1956), 
as well as bacteria (M ayer, 1955 ; Sherman,
1959) and enzymes (H ultin , 1955), have 
been studied for thermal shock with meta­
bolic techniques, the success varying with 
the material studied.

In  a study of physiological cold injury 
in cucumbers, Eaks and M orris (1956) 
found respiratory changes to be associated 
with the injury, and Appleman and Smith 
(1936) reported alterations in respiratory 
activity as a result of prolonged cold stor­
age of a number of vegetables.

On the basis of this literature it was 
decided to examine respiratory activity in 
pea tissues in the hope of detecting a meta­
bolic alteration that could be interpreted as 
thermal shock.

Sherman (1959) w rote: “Although the 
goal in food preservation is not viability 
but palatability of foods after storage, the 
approach in construing methods of preser­
vation of life by freezing could profitably 
be applied to food. The following are some 
of the considerations in such an approach: 
(a) Some plant and animal cells are sensi­
tive to the phenomenon of tem perature 
shock, manifested in the deleterious effects 
of rapid cooling above the freezing tem pera­
ture. I t is necessary to ascertain whether

160



DOHN G. GLITZ, PAUL A. BUCK, ANDREW C. RICE, W ILLIAM  D. POWRIE 161

or not the material to be frozen is sensitive 
and if so to attempt to obviate this by 
slower cooling or with protective substances. 
I t would be futile to attempt preservation 
by freezing if cells were injured even before 
freezing temperatures were reached, (b) 
The rate of cooling during ice formation 
is also a vital factor. Slower rates have 
been more beneficial to some cells and tis­
sues, faster rates to others. Each type of 
material should be evaluated as to its optimal 
rate rather than accepting that found suc­
cessful with other material. The possible 
beneficial role of protective substances 
should also be explored, (c) Once desirable 
rates of cooling above and below the freez­
ing tem perature are found experimentally, 
the final temperature reached is examined 
as to effect, since the tolerated minimum 
tem perature may also vary from sub­
stance to substance. The factor of time at 
this tem perature naturally follows in con­
sideration of effects during storage, (d) 
Finally, the rate of rewarming from the 
frozen state during dissolution of ice has 
often proved critical. Techniques employed 
in the approach may include macroscopic 
and microscopic observations on structural 
alterations, chemical and biochemical anal­
ysis, termograph recording of temperature 
changes, various physiological and cyto- 
chemical tests of viability and injury, and 
freeze-drying for study of ice formation, 
among others.

M ATERIALS AND METHODS
Experim ental materials. The test material was 

green peas (P is u m  s a tiv u m )  of the variety P e r­
fected W ales, generously supplied by Dr. D. 
Hagedorn, of the Department of Plant Pathology 
of the University of Wisconsin. No sudden or 
appreciable changes in tem perature were allowed 
to occur during their growth in a greenhouse. The 
peas were harvested at a stage of m aturity at which 
they were judged suitable for use as food.

Preparation of samples. The peas were prepared 
for measurement of respiratory activity by slicing 
them into sections about !4o in. thick. This was 
done with a series of double-edged razor blades 
spaced equally with metal washers and held to ­
gether as a unit by bolts through the centers of 
the washers and blades. T hirty  to sixty grams of 
peas were prepared for each experiment, and the 
slices mixed to promote uniformity. Samples were

about 1 g each, weighed to the nearest 0.005 g 
on an analytical balance. Variations in weight 
were corrected in the calculations.

Pretreatm ent of peas. In some experiments, 
peas were pretreated in an attem pt to  sensitize 
them to thermal shock, using a method similar 
to that of Lovelock (1954). Five ml of 1.0M 
sodium chloride solution was added to the sample 
in the reaction vessel, and the peas were allowed 
to soak 30 min at room temperature. The sodium 
chloride solution was then decanted, the peas 
were rinsed with 2 ml of distilled water, and 
further treatm ents were applied as in all other 
cases.

Cooling of peas. A number of methods were used 
to cool the peas to a tem perature near 0°C in 
an attempt to induce a  measurable respiratory 
change. W hen no pretreatment was used, the peas 
were chilled by placing them in a cooler kept 
at about 0°C immediately after the peas were 
sliced. The tem perature at the center of the slice 
was measured with imbedded thermocouples. After 
reaching a tem perature of 2-3°C (less than 5 min 
required), the slices were immediately returned to 
room temperature for weighing and measurement 
of respiratory activity. Multiple cooling treatments 
were applied by repetition of the cooling cycle.

In some cases peas were cooled in their pods by 
placing them in the cooler for about 10 min. They 
were then returned to room tem perature for slicing, 
weighing, and measurement of respiratory activity. 
W hen desired, the cooling process was repeated 
before removal of the shell.

In one experiment, shelled and unshelled peas 
were exposed to about 0° for periods up to 24 and 
48 hours, respectively. Samples were withdrawn 
at various times and sliced and weighed for meas­
urement of respiratory activity.

W hen pretreatm ent was used the peas were 
cooled in their reaction vessels after slicing and 
weighing. The vessels containing the samples were 
placed in an ice-water bath to cool and returned to 
room temperature by placing them in a water 
bath at 25°. Multiple cooling treatm ents were ap­
plied by repetition of the cycle.

Measurement of respiratory activity. The evo­
lution of carbon dioxide and the uptake of oxygen 
were measured in the W arburg respirometer 
(Um breit e t al., 1957). Vessels of about 15 ml 
capacity were used, and the tem perature was 
maintained thermostatically at 25° in all ex­
periments where tem perature was not the vari­
able. Each flask contained 2 ml of distilled water 
in addition to 1 g of experimental material. Buffer 
was found to be unnecessary since pH  remained 
nearly constant at 6.2-6.3. The evolution of carbon 
dioxide in an atmosphere of nitrogen was deter-
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T a b le  1. S u m m a ry  o f r e s p i r a to r y  m e a s u re m e n ts  o n  r e p lic a te  sam p le s  o f p e a  t is su e .

Sampleno.
Oxygenconsumed(/d /g -h r)

Carbon diox­ide evolved ( /d /g -h r)

Carbon diox­
ide evolved in nitrogen ( /d /g -h r)

R espiratoryquotient*1
i 240 232 150 1.04
2 204 267 161 1.20
3 233 239 139 1.07
4 242 248 1.11
5 197 244 1.09

M e d ia n 233 244 150 1.09

A v . 223 246 150 1.10
S td . d e v ia t io n 18.8 11.8 9.0 0.054

a R e s p i r a to r y  q u o tie n t  v a lu e s  c a lc u la te d  u s in g  a v e r a g e  o x y g e n  u p ta k e  v a lu e  a n d  in d iv id u a l  
c a rb o n  d io x id e  e v o lu tio n  v a lu e s .

m in e d  a f te r  f lu sh in g  th e  v e sse ls  w i th  n i t ro g e n  fo r  
15 m in .

T h e  e ffe c t  o f te m p e r a tu r e  o n  th e  r e s p ir a to r y  
a c t iv i ty  o f p e a  s lice s  w a s  m e a s u re d . T h e  t e m ­
p e r a tu r e s ,  0, 5, 10, 15, 20, 25, 30, 35, a n d  5 0 c, 
w e re  m a in ta in e d  th e rm o s ta t ic a l ly .  A l l  c a lc u la t io n s  
a r e  e x p re s s e d  a s  g a s  v o lu m e  e x c h a n g e d  a t  s ta n d a rd  
t e m p e r a tu r e  a n d  p re s s u re  p e r  g r a m  o f e x p e r im e n ta l  
m a te r ia l .

R E S U L T S  A N D  D IS C U S S IO N
Replication of data. A typical set of ob­

servations is presented in Table 1, showing 
ordinary variation between samples. From 
these and many similar results, average 
variations of less than 10% of the control 
value were considered to be of doubtful 
significance. The data presented in all other 
tables and in the figures represent the aver­
age of 2-6 determinations.

Respiratory activity of peas cooled after 
shelling. Respiratory activities were meas­
ured in uncooled peas and in peas cooled 
one, two, and three times to temperatures 
near 0°. The results are summarized in 
Table 2.

Comparison of the data reveals no in­
dication of an alteration in respiratory rates,

the observed differences being accounted for 
by experimental variation. Repetition of the 
cooling treatment did not produce an addi­
tive effect, as would be expected in the 
occurrence of thermal shock.

Respiratory activity of peas cooled before 
shelling. The respiratory activities of peas 
cooled in their shells and of uncooled peas 
were measured. The data (Table 3) in­
dicate no respiratory changes indicative of 
thermal shock.

Respiratory activity of pretreated peas.
Respiratory activity was measured in pea 
slices pretreated in an attempt to sensitize 
them to thermal shock. Table 4 shows the 
respiratory activity of uncooled peas and of 
peas cooled one, two, and three times.

The observed differences in respiratory- 
rates can again be accounted for by normal 
experimental variation. Repetition of the 
cooling process results in an apparent re­
action opposite to that which seems to re­
sult from a single cooling. This result is 
in contrast to that observed in the hemoly­
sis of red blood cells (Hultin, 1955).

Respiratory activity of stored peas. 
Shelled and unshelled peas were held at

T a b le  2. R e s p i r a to ry  a c t iv i ty  o f p eas  c o o led  a f te r  sh e llin g .

Sample
Oxygenconsumed(/d /g -h r)

Carbon dioxide evolved ( /d /g -h r)
Carbon dioxide evolved in N 2( /d /g -h r) R espiratoryquotient

C o n tro l 226 318 190 1.40
C o o led  on ce 224 329 178 1.46
C o o led  tw ic e 248 366 193 1.47
C o o led  th r e e  t im e s 225 321 214 1.43
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T a b le  3. R e s p i r a to r y  a c t iv i ty  o f p e a s  c o o led  in  th e  sh e lls .

Sample
Oxygen

consumed(/ul/g-hr)
Carbon dioxide evolved (/¿1/g-hr)

Carbon dioxide evolved in N 2 {¡x 1/g-hr) R espiratoryquotient
C o n tro l 245 333 186 1.37
C o o led 22 6 29 6 180 1.32

0 and 25° for periods up to 48 and 24 
hours, respectively. Samples were with­
drawn at intervals, and the respiratory ac­
tivity measured. The data are illustrated 
in Fig. 1.

No alteration in respiratory activity in­
dicative of thermal shock or physiological 
cold injury is apparent in these results. 
With all samples, a significant drop in res-

F ig .  1. k e s p i r a t o r y  a c t iv i ty  o f p e a s  s to re d  a t  
25 a n d  0 ° C .

piratory activity occurs within the first 1.5 
hr, and then the curves begin to diverge. 
The only effect then apparent is that the 
rate of change in respiratory activity is 
slower in peas stored at 0° than in peas 
stored at 25°. The slight increase (follow­
ing the initial drop) in respiratory activity 
of peas stored at the lower temperature is 
in agreement with the results of Appleman 
and Smith (1936).

Effect of temperature on respiratory 
activity. The effect of temperature on the 
respiratory activity of pea slices was meas­
ured. The evolution of carbon dioxide in 
both air and nitrogen is seen in Fig. 2 to 
give a linear plot of log activity vs. 1/T 
(°K ), corresponding in each case to an 
activation energy of about 12,300 calories 
per mole, or a Q ]0 of two. Such a linear 
response would be expected of a reaction

F ig .  2. E f f e c t  of te m p e r a tu r e  o n  th e  re s p ir a to ry  
a c t iv i ty  o f p ea  slices.

controlled by one enzyme or enzymes with 
similar energies of activation.

The uptake of oxygen, on the other hand, 
does not give a linear plot. This may be 
taken as an indication that the process is 
not limited by enzymic action, or that more 
than one enzyme with different energies of 
activation, is involved. Separate identical 
experiments with a second variety of peas, 
Charter, gave the same result.

Fig. 3 shows the variation in respiratory 
quotient of RQ (volume of COo evolved/ 
volume of 0 2 consumed) with temperature. 
It can be seen that great variations in the 
respiratory activity occur as the temperature 
is altered. This variation cannot be taken

Fig. 3. Effect of tem perature on the respiratory
quotient.
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T a b le  4. R e s p i r a to r y  a c t iv i ty  o f p r e t r e a te d  p eas .

Sample
Oxygenconsumed(/il/g-hr)

Carbondioxideevolved(Al/g-hr) Respiratoryquotient
C o n tro l 150 275 1.82
C o o led  o n ce 148 250 1.68
C o o led  th re e  

tim es 165 285 1.72

as ail indication of thermal shock, however, 
since the alteration in respiratory activity 
could not be demonstrated to be permanent. 
The method of detecting thermal shock by 
respiratory activity might not be suited to 
pea tissue, although it is suitable for certain 
tissues, yet macroscopic and microscopic 
observations also failed to indicate thermal 
shock.

C O N C L U S IO N S
None of the experiments indicated thermal 

shock or short-term physiological cold in­
jury of pea tissue. No permanent altera­
tions in respiratory activity could be at­
tributed to cooling. Macroscopic and micro­
scopic observations also failed to indicate 
thermal shock, so that this phenomenon 
probably does not occur in pea tissue.
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S U M M A R Y
V o l a t i l e  c o m p o u n d s  i n  t h e  a r o m a  o f  f iv e  v a r i e t i e s  o f  r o a s t e d  a n d  u n r o a s t e d  

( r a w )  c o c o a  b e a n s  h a v e  b e e n  i d e n t i f i e d  b y  m a s s  s p e c t r a l  a n a l y s i s  a n d  g a s  
c h r o m a t o g r a p h y .  T h e  f iv e  c o m m o n  v a r i e t i e s  s e l e c t e d  f o r  t h i s  s tu d y  a l l  c o n t a i n  
t h e  f o l lo w in g  c o m p o u n d s  u s u a l l y  i n  t h i s  o r d e r  o f  a b u n d a n c e :  i s o v a l e r a l d e h y d e ,  
i s o b u t y r a l d é h y d e ,  p r o p i o n a l d é h y d e ,  m e t h y l  a l c o h o l ,  a c e t a ld e h y d e ,  m e t h y l  a c e ­
t a t e ,  n - b u t v r a ld e h y d e ,  a n d  d i a c e t y l .  A n  a d d i t i o n a l  e i g h t  c o m p o u n d s  a p p e a r  
i n  s m a l l e r  a m o u n t s .  A s  e v id e n c e d  b y  g a s  c h r o m a t o g r a p h i c  a n a l y s i s ,  t h e  r a w  
b e a n  a r o m a  c o n t a i n s  t h e  s a m e  c o m p o n e n t s  b u t  i n  l o w e r  c o n c e n t r a t i o n s .  T h e  
p r i n c i p a l  d i f f e r e n c e s  b e tw e e n  v a r i e t i e s  a r e  s h o w n  to  b e  d u e  to  t h e  r a t i o s  o f  t h e s e  
c o m p o u n d s  r a t h e r  t h a n  n e w  c o m p o u n d s .  T h e  e f f e c t  o f  r o a s t i n g  p e r i o d  o n  t h e  
c o n c e n t r a t i o n  o f  f o u r  a ld e h y d e s  i n  t h e  a r o m a  o f  t h e  g r o u n d  b e a n  is  s h o w n .

Roelofsen (1958), in reviewing informa­
tion on the fermentation, drying, and storage 
of cocoa beans, wrote that the “chocolate 
flavor and odor developed on roasting is by 
far the most important characteristic of cocoa 
beans.” A search of the literature has re­
vealed that the volatile components of the 
roasted cocoa bean have not been studied 
extensively.

Of the compounds previously identified 
in cocoa, few may be considered to be suffi­
ciently volatile to be associated with the 
aroma characteristics of the roasted bean. 
a-Linalool (Bainbridge and Davies, 1912), 
the principal component of the essential oil 
in Ecuadorian cocoa bean (Arriba), is a 
Cio carbon ester. Theobromine, 3,7-dimethyl 
xanthrene, with an m.p. of 337°C, which 
changes very little during the roasting proc­
ess (Chatt, 1953), was once believed to de-

" P r e s e n t  a d d r e s s : W a l te r  B a k e r  C h o c o la te  C o., 
G e n e ra l  F o o d s  C o rp ., D o r c h e s te r ,  M a ss . W o r k  
in i t ia te d  d u r in g  a c tiv e  d u ty  t r a in in g  u n d e r  U . S. 
A rm y  R e s e rv e  P r o g r a m .

b P r e s e n t  a d d re s s  : C e n tr a l  In s t i tu te  fo r  N u t r i ­
t io n  a n d  F o o d  R e s e a rc h ,  T .N .O . ,  U t r e c h t ,  T h e  
N e th e r la n d s .  N A S - N R C  V is i t in g  S c ie n ti s t  a t  th e  
Q M  R & E  C e n te r  f ro m  D e c e m b e r 1 9 5 9 -A p r il  1961.

velop an aroma suggestive of chocolate, but 
this view is no longer held (Forsyth and 
Rombonts, 1956 a, b). At least nine polyphe­
nols were separated and identified by Forsyth 
(1957). These large molecules have long 
been supposed :o be the precursors of aroma 
in tea, coffee, and cocoa. Organic acids 
known to occur in cocoa bean are well rec­
ognized in labeling beans according to 
acidity, astringency, and bitterness. Extrac­
tion of polyphenols and organic acids from 
the unroasted bean prevented development 
of the flavor on roasting (Roelofsen, 1958). 
Replacement of the extracted compounds 
did not restore the characteristic aroma. 
However, had these components been them­
selves carried through the roasting step, 
aroma enhancement might have occurred. 
The fermented and unfermented beans were 
shown by Maly (1955) to contain the amino 
acids aspartic and glutamic acids, alanine, 
cysteine, leucine, serine, threomine, methio­
nine, and arginine.

Those volatile components in cocoa which 
have been studied include diacetyl and acetyl- 
methyl carbinol reported by Schmalfuss and 
Barthmeyer (1932) and Schmalfuss and 
Rethorn (1935). The presence of methyl, 
ethyl, isobutyl, isoamyl, and dimethyl amine
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have been observed in cocoa powder by 
Weurman and De Rooy (1961). Mere 
recently, Mohr (1958) studied the composi­
tion of chocolate aroma and published initial 
results on the gas chromatography of choco­
late conching. Mohr observed 23 compounds 
by gas chromatography in the solvent ex­
tract of the conc'ned bean, but none were 
identified. The low order of concentration 
of the aroma components did not permit use 
of a direct sampling technique. In the pres­
ent study, direct aroma sampling of the 
freshly ground bean was used extensively, 
thus permitting an examination of the cocoa 
bean aroma in a manner completely analo­
gous to perception by the nose, i.e., there 
is no loss of components or change in ratios 
between components taking place in this 
direct sampling technique, as may occur 
when concentration is required. This type 
of gas chromatographic analysis has become 
possible through new, very sensitive detec­
tors, and in this study the /1-ray ionization 
type was used. For purposes of identifica­
tion, analysis by mass spectrometry was used 
in accordance with procedures used in the 
study of volatile components of food (Mer­
ritt et a!., 1959).

E X P E R I M E N T A L
Sample. I n  o r d e r  to  s tu d y  a  p ra c tic a l  m e th o d  

f o r  th e  e v a lu a tio n  o f  a ro m a  c o m p o s itio n , som e  
r e p re s e n ta t iv e  ty p e s  o f  co co a  b e an s  ( Theobroma 
cacao L . )  w e re  se lec ted  t h a t  a r e  w e ll re c o g n iz e d  
in  th e  c h o c o la te  in d u s t ry  f o r  th e i r  p a r t i c u la r  
c h a r a c te r is t ic s .  T h e  fo llo w in g  ty p e s  o f c o co a  b e an s  
w e re  u s e d :  Accra, a  b a s ic  s t r o n g  c h o c o la te  f lav o r, 
l a c k in g  th e  u n d e s ira b le  a s t r in g e n c y  a n d  b i t te rn e s s  
fo u n d  in  p o o re r - f la v o r  v a r i e t i e s ; Arriba, r e c o g ­
n iz e d  b y  i ts  u n iq u e  a n d  v e ry  p e rfu m y  a ro m a t ic  
c h a r a c te r ,  th o u g h  i t  g e n e ra l ly  h a s  a  m o d e ra te  
a s t r in g e n c y  a n d  b i t t e r n e s s ; Bahia, a  re la t iv e ly  
a c id  ty p e  o f  f lav o r , w h ic h  h a s  a  b a s ic  c h o c o la te  
t a s te  b u t  l i t t l e  o r  n o  a ro m a t ic  q u a l i ty ;  Sanchez, 
g e n e ra l ly  a  h a r s h ,  sp icy  ty p e  o f f la v o r  t h a t  is 
m a sk e d  by  s t r o n g  a s t r in g e n c y  a n d  b i t te rn e s s  u n le ss  
th e  b e an s  a r e  w e l l - f e r m e n te d ; Trinidad, w i th  a  
s t r o n g  b a s ic  c h o c o la te  c h a r a c te r  s im ila r  to  th a t  
fo u n d  in  A c c ra ,  a n d  a  ty p ic a l  “ w in e y ” ty p e  o f 
a r o m a t ic  f la v o r  t h a t  is  n o t  fo u n d  in  o th e r  v a r ie t ie s .

T h e  a b o v e  a r e  a v e r a g e  c h a r a c te r iz a t io n s .  A c ­
tu a l ly ,  r a n g e s  o f  v a r ia t io n  a r e  w id e  f ro m  c ro p  
to  c ro p  a n d  f ro m  b a g  to  b a g  w ith in  a  s in g le  s h ip ­
m en t. T h is  is  c a u se d  b y  th e  d ifficu ltie s  in  k e e p in g  
th e  p ro c e s s in g  o f  th e  b e an s  in  th e  fie ld  u n d e r  c lo se

c o n tro l .  F e rm e n ta t io n  fo llo w e d  b y  a i r  d ry in g  to  
a  5 - 7 %  m o is tu re  c o n te n t  is a c c o m p lis h e d  in  th e  
a r e a  in  w h ic h  th e  b e a n  is  g ro w n .

T h e  r o a s t in g  p ro ce ss , w h ic h  b r in g s  o u t  th e  
c h a r a c te r is t ic  f la v o r  o f th e  co co a  b ean , ta k e s  p lac e  
in  th e  c h o c o la te  m a n u fa c tu re r ’s p la n t. T h e  fin a l 
m o is tu re  c o n te n t  is o f th e  o rd e r  o f 1 .5 -2 .5 % . T h e  
s a m p le  w a s  ro a s te d  b y  p la c in g  th e  w h o le  b e a n  in  
a  c ir c u la t in g  h o t  a i r  o v en  a t  300° F . U n le s s  o th e r ­
w ise  in d ic a te d , th e  r o a s t in g  p e r io d  w a s  30 m in .

B e c a u s e  o f  k n o w n  d if fe re n c e s  w ith in  a  g iv e n  
v a r ie ty  o f  b e a n  d u e  to  c u r in g  o p e ra tio n s , s e v e ra l  
s am p le s  w e re  t a k e n  f ro m  e ac h  o f s ix  d if f e r e n t  
c o m m e rc ia l  lo ts  o f th e  A c c r a  v a r ie ty .  A  c o m p a r i­
so n  o f th e  a ro m a  c o m p o s itio n  o f  th e s e  sam p le s  
sh o w e d  o n ly  m in o r  d iffe re n c e s , w h ic h  w e re  in  p a r t  
d u e  to  l im ita t io n s  o f  th e  a n a ly t ic a l  m e th o d . F o r  
th e  o th e r  v a r ie t ie s  tw o  c o m m e rc ia l  lo ts  f ro m  w h ic h  
s e v e ra l  sam p le s  w e re  s e le c te d  w e re  c o n s id e re d  
a d e q u a te .

T h i r ty  g ra m s  o f  th e  r o a s te d  o r  u n ro a s te d  ( ra w r) 
b e a n  w e re  g ro u n d  in  a  sm a ll  l a b o r a to r y  b le n d e r  
a n d  im m e d ia te ly  p la c e d  in  a  25 0 -m l E r le n m e y e r  
f la sk  c o v e re d  w i th  a  ru b b e r  s e ru m  cap . A f te r  2 
h r  a t  ro o m  te m p e r a tu r e  to  r e a c h  e q u ilib r iu m , s a m ­
p les  r a n g in g  f ro m  1 to  5 m l o f h e a d s p a c e  o v e r  
th e  sam p le s  w e re  re m o v e d  b y  g la s s  s y r in g e  a n d  
in tro d u c e d  to  th e  g a s  c h ro m a to g ra p h y  in s tru m e n t .  
In i t ia l ly ,  f re e z in g  a n d  g r in d in g  w i th  d r y  ice  w e re  
u se d  to  p re v e n t  p o ss ib le  lo ss  o f  h e a t- la b i le  c o m ­
p o u n d s  o r  a l t e r a t io n  in  th e  r a t io  o f v o la t i le  c o m ­
p o u n d s . I t  w a s  l a t e r  fo u n d  t h a t  th is  w a s  n o t  r e ­
q u ire d , a n d , f u r th e r ,  t h a t  e x c e s s iv e  c a rb o n  d io x id e  
in  th e  h e a d s p a c e  re d u c e d  th e  a m o u n t  o f c o co a  b ean  
v o la ti le s  in  th e  sam p le  ta k e n  fo r  a n a ly s is . I n  th e  
e x p e r im e n ts  b e lo w , o n ly  th e  f i rs t-m e n t io n e d  m e th o d  
o f p r e p a r in g  th e  sam p le s  w a s  used .

Gas chromatographic analysis. V a p o r  sam p le s  
f ro m  th e  h e a d sp a c e  o v e r  th e  g ro u n d  m a te r ia l  w e re  
in tro d u c e d  in to  a  P y e - A r g o n  g a s  c h ro m a to g ra p h  
eq u ip p e d  w ith  a  2 0 -m c  s tro n t iu m -9 0  io n iz a tio n  
d e te c to r .

T h e  120-cm  X 4 -m m  c o lu m n  w a s  p a c k e d  w ith  
1 0 %  d i- j i -d e c y l-p h th a la te  o n  f i re b r ic k . A  flow  o f 
95 m l /m in  o f  a r g o n  a t  a  c o lu m n  te m p e r a tu r e  o f 
5 0 ° C  w a s  th e  s ta n d a r d  e x p e r im e n ta l  c o n d itio n  
em p lo y ed . D i f f e r e n t  co lu m n  m a te r ia ls ,  a t  lo w e r  
a n d  h ig h e r  t e m p e ra tu re s  a n d  d if f e r e n t  flow  ra te s ,  
h a d  b een  e x p lo re d , a n d  th e  a b o v e  c o n d itio n s  se ­
le c te d  fo r  o p tim u m  re s u lts .  A  te m p e r a tu r e  p r o ­
g ra m m e d  r u n  f ro m  a p p ro x  5 to  75 ° C  p ro v id e d  a  
g r e a te r  s e p a ra t io n  o f c o m p o n en ts , b u t  w i th  n o  
in c re a se  in  th e  n u m b e r  o f  p e a k s  o v e r  th o s e  o b ­
s e rv e d  u n d e r  is o th e rm a l  c o n d itio n s . W h e n  in f o r ­
m a tio n  o n  th e  id e n ti ty  h a d  b e co m e  a v a i la b le  f ro m  
m a s s  s p e c tro m e tr ic  a n a ly s is , sm a ll q u a n t i t ie s  o f 
th e  p u re  re fe re n c e  c o m p o u n d  w e re  a d d e d  to  th e  
v a p o r  o f th e  c o co a  b e a n  sam p le s  to  lo c a te  th e
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p o s it io n  o f th e  c o m p o u n d  o n  th e  c h ro m a to g ra p h . 
T h e  in c re a se , w i th o u t  d is to r t io n ,  o f th e  u n k n o w n  
p e a k  b y  th e  k n o w n  c o m p o u n d  p ro v id e d  f u r th e r  
c o n f irm a tio n . T h e  l a t te r  m e th o d  w a s  fo u n d  to  be  
o f c o n s id e ra b le  v a lu e  b e c a u se  o f  i ts  v e ry  g r e a t  
se n s it iv ity .

Mass spectral analysis. T h e  m a ss  s p e c tra l  te c h ­
n iq u e  e m p lo y e d  h a s  b e en  d e s c r ib e d  ( B a z in e t  a n d  
M e r r i t t ,  1 9 5 9 ). A p p r o x  lx lO " 6 m o les  o f th e  v a p o r  
w a s  t r a n s f e r r e d  to  a  s a m p lin g  b o tt le  by  h ig h -  
v a c u u m  lo w - te m p e ra tu re  c o n d e n sa tio n . T h e  g a s e ­
ou s  s a m p le  w a s  th e n  f r a c t io n a te d  d i r e c t ly  in to  a  
C o n s o lid a te d  E n g in e e r in g  M o d e l 21 -103 C  A n a ­
ly tic a l  M a s s  S p e c t ro m e te r  a t  lo w  te m p e ra tu re  a n d  
h ig h  v a cu u m . S e p a r a te d  c o m p o n e n ts  w e re  id e n ti ­
fied  b y  c o m p a r is o n  o f th e  f r a g m e n ta t io n  p a t t e r n  
w ith  th o s e  o f k n o w n  c o m p o u n d s .

R E S U L T S
F ig . 1 s h o w s  a  g a s  c h ro m a to g ra m  o f th e  v o la ­

t ile  c o m p o n e n ts  re le a s e d  f ro m  a  ty p ic a l  s a m p le  of 
ro a s te d  g ro u n d  c o co a  b e an . R e so lv e d  p e ak s , id e n ti ­
fied  b y  th e  m e th o d s  d e sc rib e d , a r e  c o r re s p o n d in g ly  
lab e le d . O th e r  v a r ie t ie s ,  a s  is  s u b s e q u e n tly  sh o w n , 
g iv e  q u ite  s im i la r  g a s  c h ro m a to g ra p h ic  p a tte r n s .  
T a b le  1 s h o w s  th e  m a s s  s p e c tra l  a n a ly s is  g iv in g  
th e  m o le  p e rc e n t  c o m p u te d  o n  a  w a te r -  a n d  c a rb o n -  
d io x id e - f re e  b a s is  f o r  a  ty p ic a l  ro a s te d  sam p le . 
T h e  b a se  l in e  o f th e  c h ro m a to g ra m  o f F ig .  1 in d i­
c a te s  c o m p o u n d s  id e n tif ie d  f ro m  m a ss  s p e c tra l  e v i­
d e n c e  b u t  p r e s e n t  in  q u a n t i t ie s  to o  s m a ll f o r  r e s o ­
lu tio n  b y  g a s  c h ro m a to g ra p h y .

T h e  s e v e ra l  s a m p le s  f ro m  a  g iv e n  lo t  a n d  se v ­
e r a l  lo ts  o f  a  g iv e n  v a r ie ty  g a v e  v e ry  re p ro d u c ib le

F ig . 1. G a s  c h ro m a to g ra m  o f  th e  v o la t i le  c o m ­
p o n e n ts  o f r o a s te d  g ro u n d  co co a . T y p ic a l  c h r o ­
m a to g r a m  w i th  p e a k s  id e n tif ie d  f ro m  m a ss  s p e c ­
t r a l  d a ta  a n d  p u re  re fe re n c e  co m p o u n d s .

T a b le  1. M a s s  s p e c tra l  a n a ly s is  o f  ro a s te d  B a h ia  
co co a  b e a n  v a p o r .

Mole %
I s o v a le ra ld e h y d e 42 .0
I s o b u ty ra ld é h y d e 15 .4
P ro p io n a ld e h y d e 13.0
M e th y l  a lc o h o l 9.1
A c e ta ld e h y d e 7.0
M e th y l  a c e ta te 6.3
n -B u ty ra ld e h y d e 3.0
D ia c e ty l 2 .8
D im e th y l  su lfid e 0.3
D im e th y l  d isu lfid e 0.2
E th y l  a lc o h o l 0.2
F u r a n 0.2
T o lu e n e 0.1
B e n z en e 0.1
M e th y l  fu ra n T r a c e
A c e to n e T r a c e

re s u lts .  S l ig h t  c h a n g e s  in  th e  r a t io s  o f  c e r ta in  
c o m p o n e n ts  w e re  o b s e rv e d  in  so m e  c a se s  d u r in g  
r e p ro d u c ib i l i ty  s tu d ie s . S in ce  th e  b e a n s  a r e  a n  
a g r ic u l tu r a l  p ro d u c t  i t  is  n o t  u n u s u a l  to  find  s u c h  
v a r ia t io n  a s  a  r e s u l t  o f  so il c o n d itio n s , m a tu r i ty  
d if fe re n c e s , a n d  v a r ia t io n s  in  p ro c e s s in g .

I t  w a s  a ls o  c o n s id e re d  to  b e  o f so m e  in te r e s t  
to  d e te rm in e  th e  e ffe c t  o f s to ra g e  o n  a  s in g le  lo t 
o f r o a s te d  c o co a  b e an s . A  sam p le  h e ld  4  m o n th s  
a t  ro o m  te m p e ra tu re  w a s  c o m p a re d  to  a n  id e n tic a l  
s a m p le  h e ld  4  m o n th s  a t  —15 °C . T h e  r e s u l t in g  
g a s  c h ro m a to g ra m s  s h o w e d  n o  s ig n if ic a n t  d i f f e r ­
ences.

I n  th e  c h ro m a to g ra m s  o f  th e  r o a s te d  sam p le s , 
i s o v a le ra ld e h y d e  (3 -m e th y l  b u ta n a l )  is th e  m o s t  
p ro n o u n c e d  c o m p o n e n t in  th e  v a r ie t ie s  s tu d ied . 
T h e  n e x t  m a jo r  c o m p o n e n t is i s o b u ty ra ld é h y d e , 
w i th  p ro p io n a ld é h y d e  a n d  a c e ta ld e h y d e  c o m p le tin g  
th e  fo u r  m a jo r  a ld e h y d e s  in  th e  v a p o r s  o f  th e  
r o a s te d  bean .

F iv e  v a r ie t ie s  o f  c o co a  b ean , ra w , a r e  c o m p a re d  
in  F ig s .  2, 3, a n d  4. T h e  im p o r ta n c e  o f ro a s t in g

F ig .  2. G a s  c h ro m a to g ra m s  o f  th e  v o la ti le  c o m ­
p o n e n ts  o f  g ro u n d  S a n c h e z  a n d  B a h ia  v a r ie t ie s ,  
r o a s te d  a n d  ra w .



168 VOLATILES IN COCOA BEANS

F ig .  3. G a s  c h ro m a to g ra m  o f  v o la t i le  c o m ­
p o n e n ts  o f g ro u n d  T r in id a d  a n d  A r r ib a  co co a  
b ean s , r o a s te d  a n d  ra w .

to  e n h a n c e m e n t o f v o la t i le  c o m p o n e n ts  is  o b se rv e d  
in  a ll  v a r ie t ie s .  A  fe w  o f  th e  m in o r  c o m p o n en ts  
a r e  n o t  d e te c ta b le  in  th e  r a w  bean .

T h e  c h ro m a to g ra m s  o f th e  u n ro a s te d  S a n ch ez , 
T r in id a d ,  A r r ib a ,  a n d  A c c r a  sam p le s  a r e  v e ry  
s im i la r  w i th  re s p e c t  to  th e  r e la t iv e  a m o u n ts  of 
th re e  m a jo r  c o m p o n e n ts  a n d  a  n u m b e r  o f m in o r  
c o m p o n en ts . T h e  B a h ia  v a r ie ty ,  in  b o th  th e  r a w  
a n d  r o a s te d  sam p le s , h a s  a  m u c h  h ig h e r  r e la t iv e  
a m o u n t  o f m e th y l  a c e ta te  th a n  d o  th e  o th e r  fo u r  
v a r ie t ie s .  T h e s e  sam e  five  v a r ie t ie s  cvere d ire c t ly  
c o m p a re d  b y  m e a s u r in g  th e  p e a k  a r e a s  o f th e  
fo u r  m a jo r  a ld e h y d e s  in  c h ro m a to g ra m s  in  w h ich  
sam p le  a n d  s e n s it iv i ty  o f th e  in s t ru m e n t  p e rm it te d  
a ll  p e a k s  to  be  r e ta in e d  on  th e  c h a r t  p a p e r . T h e  
A c c ra  r o a s te d  sam p le  g a v e  th e  la r g e s t  to ta l  a r e a  
fo r  th e s e  fo u r  c o m p o u n d s , w i th  th e  B a h ia  n e x t  an d  
th e  A r r ib a  th e  le a s t. T h e  A r r ib a  c o co a  b e a n  is 
g e n e ra l ly  c o n s id e re d  a s  h a v in g  a  h ig h  a ro m a t ic

F ig . 4. G as  c h ro m a to g ra m s  o f  th e  v o la t i le  c o m ­
p o n e n ts  o f  g ro u n d  A c c r a  c o co a  b ean , ro a s te d  a n d  
ra w .

c h a r a c te r ,  b u t  th is  d o es  n o t  a p p e a r  to  b e  a s s o c ia te d  
w ith  th e  v o la t i le  c o m p o n e n ts  c o m p a re d  in th is  
s tu d y .

F ig .  S s h o w s  th e  e ffe c t  o f  ro a s t in g  p e r io d  on 
th e  re le a s e  o f a ld e h y d e s . T h e  p e a k  h e ig h ts  of 
is o v a le ra ld e h y d e , iso b u ty ra ld é h y d e , p ro p io n a ld é ­
h y d e , a n d  a c e ta ld e h y d e  f o r  r o a s t in g  p e r io d s  o f 20, 
30, 40, a n d  50 m in  a r e  c o m p a re d  to  a n o th e r  s a m ­
p le  of th e  sam e  lo t  t h a t  w a s  n o t  ro a s te d .  T h e  
re le a s e  o f h ig h e r  a ld e h y d e s  is m a rk e d ly  in c re a s e d  
b y  20  m in  o f  ro a s t in g .  T h e  p ro p io n a ld é h y d e  a n d  
a c e ta ld e h y d e  a r e  n o t  s ig n if ic a n tly  a f fe c te d  b y  th e  
ro a s t in g  p ro c e ss . R o a s t in g  t im e s  of 30 a n d  40 m in

F ig .  5. C h a n g e  o f g a s  c h ro m a to g ra m  p e a k  
h e ig h ts  o f fo u r  v o la ti le  c o m p o n e n ts  w i th  ro a s t in g  
p e rio d .

g a v e  n o  s ig n if ic a n t  in c re a s e  o v e r  th e  2 0 -m in  
r o a s t in g .  In c re a s e d  r o a s t in g  t im e  o f 50  m in , h o w ­
ev e r , d o es  a p p e a r  to  in c re a se  th e  re le a s e  o f th e  
tw o  h ig h e r  a ld e h y d e s . F r o m  a  f la v o r  s ta n d p o in t  
th e re  w a s  a  p re fe re n c e  b y  t a s te r s  fo r  th e  40 - a n d  
5 0 -m in  sam p le s , w i th  five  p r e f e r r in g  th e  4 0 -m in  
sam p le  a n d  th r e e  p r e f e r r in g  th e  5 0 -m in  sam p le s . 
O n e  t a s t e r  in d ic a te d  n o  p re fe re n c e .

T o  o b ta in  a  g e n e ra l  im p re s s io n  o f  th e  a c tu a l  
a m o u n ts  o f m a te r ia l  r e p re s e n te d  b y  th e  c h ro m a to ­
g ra p h ic  p e ak s , th e  a m o u n t  o f is o v a le ra ld e h y d e  in  
th e  c h ro m a to g ra m s  s h o w n  h a s  b een  e s t im a te d  by  
ta k in g  a liq u o t  v a p o r  sam p le s  f ro m  a  5 .0 -L  s p h e r ic a l  
g la s s  v e sse l in  w h ic h  g l  a m o u n ts  o f th e  a ld e h y d e  
w e re  in tro d u c e d . T h e  q u a n t i ty  o f  a ld e h y d e  u se d  
p e rm it te d  c o m p le te  v a p o r iz a t io n .  I t  w a s  th e re fo r e  
p o ss ib le  b y  t a k in g  o u t  sm a ll  g a s e o u s  sam p le s  to  
e s t im a te  r a th e r  a c c u ra te ly  th e  q u a n t i ty  o f  i s o v a le r ­
a ld e h y d e  a s s o c ia te d  w ith  a  g iv e n  p e a k  h e ig h t.  A t  
a  d e te c to r  v o lta g e  o f  1750 V , a  s e n s i t iv i ty  o f  1 /3  
m a x im u m , a n d  a  flow  r a te  o f 95 m l /m in  o n  109o 
d i-n -d e c y l-p h th a la te ,  p e a k s  c o v e r in g  th e  r a n g e  o f 
a  2 4 -cm  r e c o r d in g  c h a r t  p a p e r  c o r re s p o n d  to  
a m o u n ts  u p  to  1.3 ,ug o r  1 .5 x l0 ~ s m o les . I n  th e  
c h ro m a to g ra m s  o f F ig s .  2, 3, a n d  4 th e  q u a n t i ty  
o f iso v a le ra ld e h y d e  is, th e re fo r e ,  of th e  o r d e r  o f 
2 to  3 x l0 " 8 m oles.
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T h e  th re s h o ld  p e rc e p t io n  o f  iso v a le ra ld e h y d e  
w a s  d e te rm in e d  b y  sn iffing  d i lu te  a q u e o u s  so lu tio n s  
o f  th e  a ld e h y d e . M o la l  c o n c e n tra t io n s  o f 9 .3 X 1 0 “3, 
4 .6 X 1 0 "4, a n d  2 .3 x l( T B re s p e c tiv e ly  g a v e  s tro n g , 
fa in t ,  a n d  v e ry  f a in t  b u t  d e te c ta b le  o d o r  o f th e  
a ld e h y d e . T h e  sa m e  s iz e  o f E r le n m e y e r  f la sk  w a s  
u se d  in th is  o d o r  th re s h o ld  s tu d y  a s  w a s  u se d  in 
th e  s a m p lin g  o f  g ro u n d  co co a  b e a n s ;  in  th is  w a y , 
th e  h e a d s p a c e  s a m p lin g  m a y  be  c o n s id e re d  a n a lo ­
g o u s . T h is  h a s  g iv e n  so m e  in d ic a tio n  o f th e  lev e ls  
o f o d o r  th re s h o ld  p e rc e p tio n , a n d  th e  a m o u n t  o f 
is o v a le ra ld e h y d e  a s s o c ia te d  w i th  th e  p e a k  h e ig h ts  
o b s e rv e d  in  th e  c o co a  sam p le s .

I t  th e n  w a s  c o n s id e re d  d e s ira b le  to  see  if th e  
c o m p o u n d s  re s p o n s ib le  f o r  th e  c h ro m a to g ra m , a s  
s h o w n  in  F ig .  1, c o u ld  b e  r e la te d  to  th e  f re s h  
a ro m a  o f th e  g ro u n d  r o a s te d  co co a  bean . F r o m  
p re v io u s  c h ro m a to g ra p h ic  ru n s ,  th e  t im e  r e q u ire d  
fo r  e lu t io n  a t  ro o m  te m p e r a tu r e  w a s  d e te rm in e d  
p re c ise ly . A  2 0 -m l h e a d s p a c e  s a m p le  w a s  th e n  
in tro d u c e d , w i th  th e  c o lu m n  d isc o n n e c te d  to  p r e ­
v e n t  o v e r lo a d in g  o f th e  d e te c to r  a n d  to  f a c i l i ta te  
t ra p p in g . T h e  v o la ti le  c o m p o u n d s  w e re  t r a p p e d  
a t  d ry - ic e  t e m p e ra tu re  in  a  sa n d -f i lle d  s p i r a l  g la s s  
t r a p .  U p o n  c o m p le tio n  o f  t r a p p in g  th e  t r a p  w a s  
a llo w e d  to  co m e  to  ro o m  te m p e r a tu r e  a n d  th e  
c o n te n ts  g e n t ly  f lu sh e d  o u t. T h e  a ro m a  e m e rg in g  
f ro m  th e  t r a p  w a s  fo u n d  to  be  c h a r a c te r is t ic  of 
th e  co co a  b e a n  a n d  e s s e n t ia l ly  th e  sam e  a s  th e  
h e a d s p a c e  s a m p le  in tro d u c e d . T h e  c o m p o u n d s  id e n ­
tif ied , th e re fo r e ,  a p p e a r  to  b e  o f  im p o r ta n c e  in  
c h a r a c te r iz a t io n  o f  th e  r o a s te d  c o co a  b ean  a ro m a .

T o  w h a t  e x te n t  th e s e  v o la ti le  c o m p o n e n ts  m a y  
c o n tin u e  to  be o b s e rv e d  in  th e  n e x t  s te p  o f  th e  
c h o c o la te  m a n u fa c tu r in g  p ro c e s s , w a s  d e te rm in e d  
b y  g a s  c h ro m a to g ra p h ic  a n a ly s is  o f a  s a m p le  o f

F ig .  6. G a s  c h ro m a to g ra m  o f th e  v o la t i le  c o m ­
p o n e n ts  of c h o c o la te  l iq u o r .

c h o c o la te  l iq u o r . T h is  sam p le , p re p a re d  f ro m  
B a h ia  r o a s te d  c o co a  b e an s , w a s  th e  sa m e  sam p le  
g iv e n  th e  3 0 -m in  r o a s t  in  th e  ro a s t in g -p e r io d  s tu d y . 
T h e  g a s  c h ro m a to g ra m  o f th e  h e a d s p a c e  sam p le  
is sh o w n  in  F ig .  6. P e a k  A  d o es  n o t  a p p e a r  in  
th e  ro a s te d  o r  r a w  sam p le s . P e a k  B  c o rre s p o n d s  
to  a c e ta ld e h y d e , C  to  p ro p io n a ld é h y d e , D  to  m e th y l  
a c e ta te , E  to  i s o b u ty ra ld é h y d e  ; F  a n d  G  a r e  n e w  ; 
a n d  H  c o r re s p o n d s  to  is o v a le ra ld e h y d e . T h e  c o n ­
d itio n s  f o r  th e  a n a ly s is  r e p re s e n te d  in  th is  c h r o ­
m a to g r a m  c o r re s p o n d  to  c o n d itio n s  f o r  th e  a n a ly ­
s is  r e s u l t in g  in  th e  c h ro m a to g ra m s  o f  F ig s .  1, 2, 
3, a n d  4. T h e  q u a n t i ty  o f  th e  v o la t i le  c o m p o n e n ts  
is  th e re fo r e  m a rk e d ly  re d u c e d  in  th e  fo r m a tio n  o f 
th e  c h o c o la te  l iq u o r . A  m o re  d e ta ile d  s tu d y  is 
n e c e s s a ry  to  d e te rm in e  th e  a ro m a  c o m p o s itio n  of 
th e  l iq u o r . T h e  c h ro m a to g ra m  s h o w n  f o r  th e  
l iq u o r  w o u ld  in d ic a te  th e  u se fu ln e s s  o f th is  te c h ­
n iq u e  f o r  su c h  a d d i tio n a l  s tu d ie s .

D IS C U S S IO N  A N D  C O N C L U S IO N S
The aroma composition of these five varie­

ties of roasted and raw cocoa bean was 
found to be very similar. The major differ­
ences were observed in the amounts of each 
component as shown by the gas chromato­
grams. A much larger concentration of 
methyl acetate was found in the Bahia 
variety, and w-butyraldehyde was present in 
the Bahia and Arriba bean to a greater 
extent than in other varieties.

It is generally recognized that fermenta­
tion produces a rapid breakdown of protein 
to produce soluble nitrogen such as amino 
acids (Becker and Stelling, 1952). The 
amino acids thus formed, through processes 
of oxidation, deamination, and decarboxy­
lation during fermentation and on drying, 
may well serve as precursors to the alde­
hydes reported in this study. The general 
reaction for these processes, first established 
by Strecker in 1861, is given as follows:

( O )  H .O
R C H  — C O O H  R  — C  — C O O H  ->

I II ( —N H .)
N I E  N H

(-coo
R - C - C O O H  -> R C - H

The occurrence of isovaleraldehyde in cocoa 
bean, as reported in this study, may come 
from leucine through these reactions. Jack­
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son and Morgan (1954) attributed the 
malty aroma in dairy products to the con­
version of leucine to isovaleraldehyde by 
Streptococcus lactis var. maltigenes. By 
similar reasoning the presence of isobutyral­
déhyde and other aldehydes reported here 
may be attributed to similar reactions. Fur­
ther studies are indicated to substantiate 
this observation.

Roasting at 300°F increases the amount 
of isovaleraldehyde and isobutyraldéhyde, 
the most pronounced effect occurring after 
20 min at this temperature. Roasting peri­
ods of 30, 40, and 50 min gave somewhat 
smaller increases. In this connection the 
prolonged heating at the elevated tempera­
ture might be expected to result in the loss 
of the more volatile components. The failure 
of acetaldehyde and, to a lesser extent, 
propionaldéhyde to show increased amounts 
on roasting may be accounted for in this 
way.

It remains as a future problem to attempt 
reconstitution of a cocoa aroma from these 
components as well as to fortify substandard 
beans with some of these to determine if ac­
ceptable aroma enhancement can be achieved.

While some evidence has been presented 
for the importance of these compounds in 
chocolate liquor, a greater attention must 
be given to this problem. The heating and 
grinding in the process of preparing the 
liquor would be expected to result in the 
loss of the more volatile components.

Finally it may be concluded that analytical 
techniques are now available for the study 
of fresh and processed foods in small quanti­
ties without the requirement for extraction 
and concentration of volatile components. 
This permits an assessment of aroma com­
position to a degree of reliability heretofore 
not possible.
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S U M M A R Y
T h e  c a r o t e n o i d s  h a v e  b e e n  e x a m i n e d  i n  t h e  p e e l  a n d  p u l p  ( t h e  e d ib l e  

p o r t i o n )  o f  M e y e r  l e m o n s .  T h e  p r i n c i p a l  c a r o t e n o i d  i n  t h e  p u l p  w a s  
c r y p t o x a n t h i n .  T h e  p e e l  c a r o t e n o i d s  i n c l u d e d  a  n u m b e r  o f  u n u s u a l  s u b ­
s ta n c e s ,  i n c l u d i n g  c r y p t o x a n t h i n  m o n o -  a n d  d i e p o x i d e s  a n d  f r a c t i o n s  t e n t a t i v e l y  
i d e n t i f i e d  a s  h y d r o x y  d e r iv a t iv e s  o f  p h y t o e n e ,  p h y t o f l u e n e ,  a n d  z e t a - c a r o t e n e .  
A n  u n u s u a l  p o ly e n e  w a s  a l s o  f o u n d .  A p p a r e n t l y  i t  c o n t a i n s  tw o  a l l y l i c  
h y d r o x y l  g r o u p s ,  o n e  o f  w h ic h  is  a l l y l i c  to  t h e  c o n j u g a t e d  d o u b l e  b o n d  
s y s t e m .

The carotenoids of Valencia oranges, both 
peel and pulp (the edible portion), have 
been investigated in considerable detail 
(Curl, 1953; Curl and Bailey, 1954, 1955,
1956). The carotenoids of Ruby Red grape­
fruit (Curl and Bailey, 1957a), tangerines 
(Curl and Bailey, 1957b), and navel oranges 
(Curl and Bailey, 1961) have also been 
reported. The present paper reports a study 
of the carotenoids of Meyer lemons. The 
peel was found to be a rather good source 
of a number of unusual carotenoids, includ­
ing cryptoxanthin mono- and diepoxides and 
substances tentatively identified as mono­
hydroxy derivatives of phytoene, phytoflu­
ene, and zeta-carotene.

E X P E R I M E N T A L
T h e  M e y e r  lem o n s  u s e d  w e re  g ro w n  in  E l  

C e r r i to ,  C a li fo rn ia .  T h e  f r u i t  s e le c te d  h a d  o ra n g e -  
y e llo w  p ee ls . T h e  p u lp  a n d  p ee l w e re  e x tr a c te d  
s e p a r a te ly : 1000 g  o f p u lp  a n d  t h r e e  lo ts  o f peel 
o f  500, 1800, a n d  1100 g .

T h e  p u lp  in  2 0 0 -g  b a tc h e s  w a s  b le n d e d  w i th  300 
m l o f  w a te r  c o n ta in in g  12 g  o f  m a g n e s iu m  c a r ­
b o n a te . F i l t e r  a id  ( C e l i te  5 4 5 ; n o  e n d o r s e m e n t 
im p lie d  in  p ro d u c t  id e n t i f ic a t io n s ) ,  1 0 %  o f  th e  
w e ig h t  o f  th e  p u lp , w a s  a d d e d , a n d  th e  m ix tu r e  
f i l te re d  o n  a  B u c h n e r  fu n n e l  p re c o a te d  w i th  f i lte r  
a id . T h e  f i l te r  c a k e  w a s  w o r k e d  u p  a s  p re v io u s ly

a A  la b o r a to r y  o f  th e  W e s te r n  U t i l iz a t io n  R e ­
s e a rc h  a n d  D e v e lo p m e n t  D iv is io n , A g r ic u l tu r a l  
R e s e a rc h  S e rv ic e , U . S . D e p a r tm e n t  o f A g r ic u l ­
tu re .

d e s c r ib e d  b y  C u r l  a n d  B a ile y  (1 9 5 9 a ) ,  w i th  on e  
m o d if ic a tio n . A f te r  e v a p o ra tio n  o f th e  a c e to n e  f ro m  
th e  a c e to n e  e x tr a c t ,  th e  r e s id u e  w a s  t r a n s f e r r e d  
to  a  s e p a ra to ry  fu n n e l  w i th  w a te r  a n d  e th e r ,  
a n d  ca. 2  g  o f s o d iu m  c h lo r id e  a n d  m e th a n o l  ( ca. 
10 %  o f  th e  v o lu m e  o f  th e  a q u e o u s  s o lu t io n )  w e re  
a d d e d . A d d it io n  o f m e th a n o l r e s u lt s  in  c le a n e r  a n d  
m u c h  m o re  ra p id  s e p a ra t io n s  in  th e  e th e r  e x t r a c ­
tio n . T h e  e x t r a c t  w a s  sap o n if ied  ( C u r l  a n d  B a ile y  
19 5 9 a) in  a  o n e -p h a s e  s y s te m  o f  e th e r  a n d  2 0 %  
p o ta s s iu m  h y d ro x id e  in  m e th a n o l.

T h e  p eels , in  10 0-g  b a tc h e s , w e re  b le n d e d  w ith  
400 m l o f w a te r  c o n ta in in g  a b o u t  2  g  o f  m a g n e s iu m  
c a rb o n a te . F i l t e r  a id  ( a b o u t  2 0 %  b y  w e ig h t  o f 
th e  p e e ls )  w a s  a d d e d , a n d  th e  m ix tu r e  w o r k e d  u p  
in  th e  s a m e  m a n n e r  a s  th e  pu lp .

B o th  sap o n ified  e x t r a c ts  w e re  s u b je c te d  to  
1 0 0 - t ra n s fe r  c o u n te r c u r r e n t  d is t r ib u t io n  r u n s  in  
a  C r a ig  a p p a ra tu s  w ith  so lv e n t  s y s te m  I  (h e x a n e -  
9 9 %  m e th a n o l, 1.8 to  1 b y  v o lu m e ) ,  in  o r d e r  to  
s e p a ra te  t h e  c a ro te n o id s  in to  ( a )  h y d ro c a rb o n s ,  
( b )  m o n o ls , a n d  ( c )  d io ls  a n d  p o ly o ls  (C u r l ,  
1 9 5 3 ). T h e  d is tr ib u tio n  c u rv e  f o r  p e e l c a ro te n o id s  
in d ic a te d  a  m o re  c o m p le x  m ix tu r e ,  so  a  seco n d  
r u n  w a s  m ad e , w i th  200  t r a n s f e r s ,  u s in g  s y s te m  I .

T h e  d io l-p o ly o l  f r a c t io n s  o b ta in e d  w ith  s y s te m  I  
w e re  f u r th e r  f r a c t io n a te d  b y  a  seco n d  1 0 0 - tra n s fe r  
c o u n te r c u r r e n t  d is tr ib u tio n  ru n  w i th  so lv e n t  s y s te m  
I V a  (h e x a n e - 7 5 %  m e th a n o l, 1 :1  v / v )  ; t h e  l a t te r  
s y s te m  is  s im ila r  to  th e  p re v io u s ly  d e s c r ib e d  s y s ­
te m  I V  (hexane-73V2%  m e th a n o l, C u r l,  1 9 6 0 b ). 
T h e  c o n te n ts  o f  e a c h  tu b e  w e re  d i lu te d  w i th  a c e to n e  
to  50 m l, a n d  th e  c o lo r  m e a s u re d  in  a n  E v e ly n  
p h o to e le c tr ic  c o lo r im e te r  u s in g  f i l te r  440.

T h e  f r a c t io n s  w e re  c h ro m a to g ra p h e d  o n  c o l­
u m n s  o f m a g n e s ia  (W e s tv a c o  S e a  S o r b  43, 12 b y  
ca. 80  m m  w i th o u t  a  d i lu e n t ) ,  u s in g  th e  sa m e  s e r ie s  
o f g r a d e d  e lu a n ts  d e s c r ib e d  b y  C u r l  a n d  B a iley
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172 THE CAROTENOIDS OF MEYER LEMONS

(1 9 5 9 b ) f o r  u se  w i th  m a g n e s ia  2642 (d i lu te d  w ith  
a n  e q u a l  v o lu m e  o f f i l te r  a i d ) .  S p e c tro p h o to m e tr ic  
d a ta  w e re  o b ta in e d  w i th  a  C a ry  r e c o rd in g  s p e c t ro ­
p h o to m e te r  m o d e l 14.

R E S U L T S  A N D  D IS C U S S IO N
The carotenoid contents of the pulp and 

peel were found to be 2.4 and 5.6 mg per 
kg (as beta-carotene). These values are 
much lower than those obtained with Valen­
cia oranges—24 and 98 for pulp and peel, 
respectively (Curl and Bailey, 1956).

Countercurrent distribution. The frac­
tional compositions of the carotenoid mix­
tures of the peel and pulp are given in Table 
1, as well as the N i0o values (tube number 
of maximum per 100 transfers) obtained 
with systems I and IVa. In both peel and 
pulp there was an unusually high percentage 
of rnonols (including epoxides), higher than 
in any fruit previously reported. In other 
fruits, such as Valencia orange peel (Curl 
and Bailey, 1956), Ruby Red grapefruit 
peel (Curl and Bailey, 1957a), tangerine 
peel (Curl and Bailey, 1957b), and cling 
peaches (Curl and Bailey, 1959b), minor 
maxima with N i0o values of ca. 38 were 
obtained with system I. They were attrib­
uted to the presence of monoepoxide rnonols. 
In the Meyer lemon pulp there was a minor 
inflection in this vicinity, which was esti­
mated to be 7% of the total carotenoids. 
In a 100-transfer run of the peel carotenoids

with system I, there was an unusually broad 
maximum with N 10o value of 52 and a smaller 
maximum at Nioo of 32, both unlike any 
previously found. In a 200-transfer run, 
there were three maxima with Nioo values 
of 55, 47, and 31 (Fig. 1). The first is 
close to that of cryptoxanthin (56), but the 
other two differ from any found previously.

With system IVa the carotenoid diol- 
polyol fraction was cleanly separated into 
four fractions in 100 transfers, more cleanly 
than in 200 transfers with system II (hex- 
ane-benzene-87% methanol, Curl 1953). 
The Nioo values (Table 1) of these four

F ig .  1. C o u n te r c u r r e n t  d is tr ib u tio n  o f M e y e r  
lem o n  p ee l c a ro te n o id s  in  sy s te m  I  (h e x a n e - 9 9 %  
m e th a n o l ) .

T a b le  1. F r a c t io n a l  c o m p o s itio n  o f c a ro te n o id  m ix tu r e s  f ro m  peel a n d  p u lp  o f M e y e r  lem o n  
a s  d e te rm in e d  b y  c o u n te r c u r r e n t  d is tr ib u tio n .

Composition ( % ) Nioo value of m axim a a
Fraction F e d Pulp Peel P ulp

H y d r o c a r b o n  ( I ) 7 9 90
( S y s te m  I )  

91
M o n o l ( I I  o r  I I A ) 18 51 55 57
M o n o e p o x id e  m o n o l ( I I B ) 28 ( 7 ) b 47 (c a  3 8 ) c
D ie p o x id e  m o n o l ( I I C ) 8 31
D io l-p o ly o l  ( I I I ) 39 33 7 5

D io l ( I I I A ) 6 6 77
(S y s te m  I V a )  

76
M o n o e p o x id e  d io l ( I I I B ) 3 5 45 45
D ie p o x id e  d io l ( I I I C ) 26 18 17 16
P o ly o l  ( I V ) 4 3 2 1

a Nmo is  th e  tu b e  n u m b e r  o f m a x im u m  p e r  100 t r a n s f e r s .  
6 A p p ro x im a te  v a lu e  b a sed  on  in f le c tio n  a t  N » 0 o f ca. 38. 
c In f le c tio n , e s t im a te d .
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T a b le  2. C o m p o s itio n  o f  h y d ro c a r b o n  c a ro te n o id  f r a c t io n  f ro m  M e y e r  lem o n s.

Constituent
Spectral absorptionmaxima, — rn.fi (hexane)

Percentage composition a 
Peel Pulp

P h y to e n e (2 8 7 ) ,2 8 5 ,2 7 3 b 57 31
P h y to f lu e n e 36 7 ,3 4 8 ,3 3 1 c 22 20
a lp h a -C a ro te n e 4 7 1 ,443 ,4 17b 0.5
b e ta -C a ro te n e 476,449, (4 2 7 )  b 2 16
z e ta -C a ro te n e 424,399 ,378 e 20 32

V a lu e s  in  p a re n th e s e s  a r e  fo r  s h o u ld e rs  o r  h u m p s  o n  s p e c tra l  a b s o rp tio n  c u rv e s .
1 C a lc u la te d  f ro m  su m  o f a b s o rb a n c e s  a t  p r in c ip a l  m a x im u m  o n  C a ry  s p e c tro p h o to m e te r  c u rv e  

f o r  e ac h  c o n s titu e n t. 
b F r o m  p u lp . 
c F r o m  peel.

fractions were very close to those obtained 
with the xanthophylls of orange juice and 
of cling peaches, indicating they consisted 
of diols, monoepoxide diols, diepoxide diols, 
and polyols. In the Meyer lemon peel and 
pulp, the diepoxide diol fraction (IIIC ) 
amounted to over half of the combined diol- 
polyol fraction (I I I ) .

Chromatography. The following fractions 
were investigated chromatographically; pulp 
fractions I and II, and peel I, IIA, IIB, and 
IIC. The other fractions were not chroma­
tographed, because of the small amount of 
material available and also because the N i0o 
values did not indicate anything unusual 
to be present.

Fraction I (hydrocarbons). The hydro­
carbon fractions from both peel and pulp 
contained considerable amounts of phytoene, 
phytofluene, and zeta-carotene (Table 2). 
Beta-carotene occurred in much greater pro­
portion in the pulp than in the peel, and 
alpha-carotene was found only in the pulp, 
in very small amount.

Pulp fraction I I  (monols). The tubes com­
posing IIA  and IIB (the minor inflection) 
were combined for chromatography. Cryp- 
toxanthin amounted to about 88% of the 
total. It was accompanied by three very 
minor bands below it on the column, which 
resembled hydroxy-alpha-carotene or cryp- 
toxanthin-5,6-epoxide, and by two above, 
which resembled cryptoflavin (cryptoxan- 
thin-5, 8-epoxide). The uppermost band had 
spectral absorption maxima in hexane at 
453, 426, and 404 m^.

Peel fraction IIA  (monols). Fractions 
IIA and IIB (N )0o values 55 and 47)

were incompletely separated, even on a 200- 
transfer countercurrent distribution run, 
hence some of the constituents of fraction 
IIA  were found to a small extent in IIB, 
and vice versa, on chromatography. The 
constituents are listed in Table 3 under the 
fractions in which they were mainly found, 
and the percentages are based on the com­
bined monol fractions IIA, IIB, and IIC.

Much of the color of fraction IIA  was 
due to its high cryptoxanthin content. An 
unusual feature of this fraction was the 
presence of two substances not previously 
found in this laboratory in any fruits. The 
spectral absorption curves of these fractions 
closely resembled those of phytoene and 
phytofluene, but their occurrence in fraction 
IIA  indicated the presence of one hydroxyl 
group. The chromatographic behavior in 
relation to cryptoxanthin was very similar 
to that of phytoene and phytofluene, in 
relation to beta-carotene. The phytofluenol- 
like band had a greenish fluorescence on the 
column in ultraviolet light, similar to that 
of phytofluene. Zechmeister and Pinckard
(1948) reported phytofluenol in some ripe 
tomatoes, but there appears to be no pre­
vious report of phytoenol (hydroxy-phyto- 
ene). A hydroxy-zeta-carotene-like pigment 
was previously found in this laboratory in 
very small amounts in apricots (Curl, 
1960a). Jensen et al. (1958) reported the 
presence of hydroxyphytofluene (phytoflu­
enol) and hydroxy-zeta-carotene in a bac­
terium, Rhodospirillum rubrnm.

Peel fraction IIB  (monoepoxide monols). 
The principal constituent of fraction IIB,
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T a b le  3. C o m p o s itio n  o f m o n o l c a ro te n o id  f r a c t io n s  f ro m  M e y e r  lem o n  peel.

Constituent

Spectral absorp­tion maxima (hexane) (mfi) Composition% Nioo(system I )
I I A

P h y to e n o l  a 298,286 14.0
P h y to f lu e n o l * 366,347 ,330 5.4
H y d r o x y - a lp h a - c a r o te n e  * 473,444,421 0.8
C r y p to x a n th in 4 7 7 ,4 4 9 ,(4 2 6 ) 22.6 5 6 l
H y d r o x y - z e ta - c a r o te n e  * 425,401 ,380 2.6

I I B
H y d ro x y -a lp h a -c a ro te n e  

5 ,6 -e p o x id e  a 467,440,417 1.2
C r y p to x a n th in  5 ,6 -e p o x id e 4 7 4 ,4 4 5 ,(4 2 2 ) 27.1 48
C r y p to x a n th in  5 ,8 -e p o x id e  a 453,426 ,404

i i } « 50C r y p to x a n th in  5 ,8 -e p o x id e  b 453,426,403
R u b ix a n th in - l ik e 489,458,431 0.8

I I C
C ry p to x a n th in  5 ,6 ,5 ',6 '-  

d ie p o x id e 470,439,416 8.4 32
P h y to f lu e n o l- l ik e 366,346,331 0.4
C ry p to x a n th in  5 ,6 ,5 ',8 '-d ie p o x id e  a 448,423,400 1.1 j 2  31.2 \ 0 30C r y p to x a n th in  5 ,6 ,5 ',8 '-d ie p o x id e  b 448,421 ,397
P 3 7 8 378,357,340 4.3 27
C ry p to x a n th in  5 ,8 ,5 ',8 '-d ie p o x id e 424,398 0.3 31

a T e n ta t iv e  id e n tif ic a t io n . 
“ F r o m  c lin g  p e ac h e s .

which had a spectral absorption curve sim­
ilar to that of alpha-carotene, was identified 
as cryptoxanthin-5,6-(or S',6') -monoepoxide. 
The 5',6'-monoepoxide was obtained by the 
action of monoperphthalic acid on crvpto- 
xanthin acetate by Karrer and Jucker 
(1946). The Nioo value in system I of the 
substance obtained in the present work was 
48, a rather small difference from that of 
cryptoxanthin (56). The difference may be 
due to the epoxide and hydroxyl groups be­
ing on the same ring. The substance gave 
a weak blue color in the hydrochloric acid- 
ether test. Above it on the column were 2 
cryptoflavin-like bands; on countercurrent 
distribution of the combined bands in system 
I, the Nioo value was found to be 50, not 
significantly different from that of the 5,6- 
epoxide. Also present were minor bands that 
appeared to be a hydroxy-alpha-carotene-5, 
6-monoepoxide and rubixanthin (hydroxy- 
gamma-carotene) ; the latter occurred to a 
somewhat lesser extent in fraction IIA.

The cryptoxanthin-5,6-epoxide fraction 
was treated 1 min with hydrochloric acid 
in methanol and ether (1 to 9 to 6 ml ) and 
the product rechromatographed. About 83% 
of the recovered material consisted of two 
cryptoflavin-like bands, about 6% of crypto­
xanthin. This is about what would be ex­
pected if the original substance were cryp­
toxanthin- 5,6- ( or 5 ' ,6' ) -monoepoxide.

Peel fraction IIC  (monol diepoxides). The 
principal constituent of fraction IIC was 
identified as cryptoxanthin-5,6,5',6'-diepox- 
ide. The spectral absorption curve (Fig. 
2) was similar to that of violaxanthin 
(zeaxanthin-5,6,5',6'-diepoxide). This con­
stituent was accompanied by much smaller 
amounts of two bands that appeared to be 
the corresponding 5,6,5',8'-(or 5',6',5,8)- 
diepoxides, and by a very small amount of 
the 5,8,5',8'-diepoxide. The 5,6,5',6'- and 
5,6,5',8'-diepoxides gave a light blue color 
in the hydrochloric acid-ether test.

The 5,6,5',6'-diepoxide was treated 2 min 
with hydrochloric acid in methanol (1:9),
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F ig .  2. S p e c tro p h o to m e tr ic  c u rv e s  in  h e x a n e  of 
c a ro te n o id s  f ro m  M e y e r  lem o n  peel.

and the product chromatographed. The 
5,8,5',8'-diepoxides amounted to 75% of 
the recovered material, with about 10% of 
cryptoflavin-like substances, which supports 
the identification of the original substance. 
The spectral absorption curve of the 5,8, 
5',8'-diepoxide (Fig. 2) closely resembles 
that of auroxanthin (zeaxanthin-5,8,5',8'- 
diepoxide). The Nioo values (Table 3) of 
the 3 diepoxides were 30, 31, and 32.

Above the 5,6,5',8'-diepoxide bands on 
the column was a substance with spectral 
absorption maxima at 378, 357, and 340 
m^ (P378) in hexane (Fig. 2). The shape 
of the curve resembled that of a carotenoid 
with none of the conjugated double bond 
system in an ionone ring, such as phyto- 
fluene. The spectral absorption maxima 
were at about 11, 9, and 7 nyu, respectively, 
longer wavelengths than those of phyto- 
fluene, which has a system of 5 conjugated 
double bonds. No greenish fluorescence in 
ultraviolet light was observed. The Nioo 
value in system I was 27, a little below 
that of cryptoxanthin-5,6,5',6'-diepoxide, but 
much above that of the diols lutein (10) 
and isozeaxanthin (15).

In order to test for the presence of epox­
ide groups, a portion of the sample was 
treated 15 sec with hydrochloric acid in 
methanol (1:9). The spectral absorption 
maxima were now at 398, 376, and 356 mju 
(in hexane), respective increases of 20, 19, 
and 16 mfx, which indicates the addition of 
a double bond to the conjugated system 
instead of the loss that occurs with a 5, 
6-epoxide.

The acid-treated product was subjected 
to a 100-transfer countercurrent distribution 
run with system I. The distribution curve 
showed the presence of two well-defined 
maxima with N 10o values of 63 and 86; the 
latter was about twice as great in amount 
as the former. These two substances had 
almost identical spectral absorption curves 
and maxima; the shape of the curves were 
similar to those of the original material.

The Nioo value of 63 is somewhat above 
that of cryptoxanthin at 56 and may indicate 
one hydroxyl group remaining. The shift 
in Nioo value from 27 to 63 may indicate 
the loss of one hydroxyl group. This can 
be accounted for by assuming that one hy­
droxyl group originally was allylic to one 
end of the conjugated double bond system. 
Upon hydrochloric acid treatment a mol­
ecule of water was lost, thus an additional 
double bond was formed.

The N10o value of 86 is somewhat below 
that of beta-carotene, which is 91, and may 
indicate the presence of one methoxyl group 
only. The substance with N 100 of 86 may 
be the methyl ether of the substance with 
N joo of 63. This may also indicate that the 
second hydroxyl group is also allylic, too, 
perhaps to an isolated double bond. It was 
shown by Petracek and Zechmeister (1956) 
that some allylic hydroxyl groups in carot­
enoids will form methyl ethers on treatment 
with acidic methanol.

It can be concluded that P378 is a polyene 
that contains a conjugated double bond sys­
tem of about 5 double bonds, a hydroxyl 
group allylic to the conjugated system, and 
probably another hydroxyl group that is 
also allylic but perhaps not to the conjugated 
system. This polyene may not be a carot­
enoid or a polyene with a related structure, 
such as phytofluene.



176 THE CAROTENOIDS OF MEYER LEMONS

A C K N O W L E D G M E N T
S p e c tra l  a b s o rp tio n  d a ta  w e re  o b ta in e d  b y  G len

F . B a ile y  a n d  E d i th  L . L o n g . T h e  w r i te r  is  in ­
d e b te d  to  th e  la te  G. F . S ie m e rs , H o f fm a n n -  
L a R o c h e , In c ., N u t le y , N . J ., f o r  th e  sam p le  o f 
is o z e a x a n th in .

R E F E R E N C E S
C u rl, A . L . 1953. A p p lic a t io n  o f c o u n te r c u r r e n t  

d is tr ib u tio n  to  V a le n c ia  o ra n g e  ju ic e  c a r o te ­
n o id s . J. Agr. Food Chcm. 1, 456.

C u rl, A . L . 1960a. T h e  c a ro te n o id s  o f a p r ic o ts .
Food Research 25, 190.

C u rl, A . L . 1960b. T w o  n e w  so lv e n t  sy s te m s  fo r  
th e  c o u n te r c u r r e n t  d is tr ib u tio n  o f c a ro te n o id s .
1. Agr. Food Chcm. 8, 356.

C u rl, A . L ., a n d  G. F . B a iley . 1954. P o ly o x y g e n  
c a ro te n o id s  o f V a le n c ia  o ra n g e  ju ic e . J. Agr. 
Food Chcm. 2, 685.

C u rl, A . L ., a n d  G. F .  B a iley . 1955. T h e  s ta te  of 
c o m b in a tio n  o f th e  c a ro te n o id s  o f V a le n c ia  
o ra n g e  ju ic e . Food Research 20, 371.

C u rl,  A . L ., a n d  G. F . B a iley . 1956. C o m p a r is o n  
of c a ro te n o id s  o f V a le n c ia  o ra n g e  peel a n d  
pu lp . J. Agr. Food Chcm. 4, 156.

C u rl, A . L ., a n d  G. F .  B a iley . 1957a. T h e  c a r o te ­

n o id s  o f R u b y  R e d  g ra p e f ru i t .  Food Research 
22, 63.

C u rl, A . L ., a n d  G. F . B a iley . 1957b. T h e  c a r o te ­
n o id s  o f ta n g e r in e s .  / .  Agr. Food Chem. 5, 
605.

C u rl, A . L ., a n d  G. F .  B a iley . 1959a. C h a n g e s  in  
th e  c a ro te n o id  p ig m e n ts  in  p r e p a r a t io n  a n d  
s to ra g e  o f V a le n c ia  o ra n g e  ju ic e  p o w d e r. Food 
Tcchnol. 13, 394.

C u rl,  A . L ., a n d  G. F . B a iley . 1959b. T h e  c a r o te ­
n o id s  o f c lin g  p each es . Pood Research 24 , 413.

C u rl,  A . L ., a n d  G. F . B a iley , 1961. T h e  c a r o te ­
n o id s  o f n a v e l  o ra n g e s . J. Food Sci. 26, 442.

Je n s e n , S . L ., G. C o h e n -B a z ire , T .  O . M . N a k a -  
y a m a , a n d  R . Y . S ta n ie r .  1958. T h e  p a th  o f 
c a ro te n o id  sy n th e s is  in  a  p h o to s y n th e tic  b a c ­
te r iu m . Biochim. biophys. acta. 29, 477.

K a r r e r ,  P ., a n d  E . J u c k e r .  1946. V o m  K r y p -  
to x a n th in  sich  a b le ite n d e  E p o x y d e  a n d  fu r a -  
n o id e  O x y d e . Helv. Chim. Acta. 29, 229.

P e tr a c e k ,  F .  J ., a n d  L . Z e c h m e is te r . 1956. R e a c ­
t io n  o f b e ta -c a ro te n e  w ith  N -b ro m o s u c c in i-  
m id e : th e  fo r m a tio n  a n d  c o n v e rs io n s  o f  so m e  
p o ly  k e to n e s . J. Am. Chem. Soc. 78, 1427.

Z e c h m e is te r , L ., a n d  J .  H .  P in c k a rd .  1948. O n  
n a tu r a l ly  o c c u r r in g  c o lo r le s s  p o ly e n e s . E x- 
perientia 4, 474.



The Browning Produced by Heating Fresh Pork. I. The Rela­
tion of Browning Intensity to Chemical Constituents and pHab

A. M. PEARSON, G. HARRINGTON,0 R. G. W EST,d 
a n d  MILDRED E. SPOONER

Department of Food Science," Michigan Agricultural Experiment Station, East Lansing, Michigan

S U M M A R Y
A  r e l a t i o n s h i p  b e tw e e n  t h e  d e g r e e  o f  b r o w n n e s s  p r o d u c e d  b y  d e e p - f a t  f r y i n g  

o r  b y  e v a p o r a t i n g  to  d r y n e s s  i n  a  1 0 0  °C  e l e c t r i c  o v e n  w a s  e s t a b l i s h e d .  F r e s h  
p o r k  a s  c h o p s ,  i n  a  w a t e r  s l u r r y ,  o r  a  w a t e r  e x t r a c t  d e v e lo p e d  v a r y i n g  d e g r e e s  
o f  b r o w n n e s s  o n  h e a t i n g .  T h e  a m o u n t  o f  b r o w n  c o lo r  d e v e lo p m e n t  w a s  r e l a t e d  
t o  t h e  l e v e l  o f  r e d u c i n g  s u g a r s  i n  t h e  t i s s u e s .  T h e  d e g r e e  o f  c o l o r  d e v e lo p m e n t  
c o u l d  b e  m e a s u r e d  s p e c t r o p h o t o m e t r i e a l l y  a t  a  w a v e l e n g t h  o f  3 7 5  m /x. T h e  
d e v e lo p m e n t  o f  b r o w n n e s s  i n  b u f f e r e d  s o l u t i o n s  w a s  p H - d e p e n d e n t ,  w i th  
m a x i m u m  c o lo r  b e i n g  p r o d u c e d  b e tw e e n  p H  5 .6 0  a n d  5 .9 0 .

IN T R O D U C T IO N
The browning of certain foods during 

cooking is recognized to impart attractive­
ness and to add a desirable undertone to 
the natural flavors. The importance of 
brownness as related to the flavor and ap­
pearance of meat and some other foods was 
recognized early by the manufacturers of 
microwave cooking equipment, who com­
monly recommended pre-browning of foods 
so cooked. The exact mechanism whereby 
browning produces desirable flavors is not 
known.

Observations in our laboratory showed 
that raw pork from different animals varied 
in degree of brownness when subjected to 
deep-fat frying or to oven drying under

" J o u r n a l  A r t ic le  2700, M ic h ig a n  A g r ic u l tu r a l  
E x p e r im e n t  S ta t io n ,  E a s t  L a n s in g .

b T h e  a u th o r s  th a n k  th e  W . K . K e llo g g  F o u n d a ­
tio n , B a t t le  C re e k , M ic h ig a n , f o r  s u p p o r t  o f  th is  
re s e a rc h ,  in  th e  fo r m  o f a  fe llo w s h ip  f o r  G. H a r ­
r in g to n  a n d  o th e r  f in an c ia l a s s is ta n c e .

c P r e s e n t  a d d re s s  : A g r ic u l tu r a l  R e s e a rc h  C o u n ­
cil, S ta t is t ic s  G ro u p , S c h o o l o f A g r ic u l tu r e ,  C a m ­
b r id g e  LTn iv e rs ity ,  C a m b rid g e , E n g la n d .

11 D e ce ase d .
c T h e  a u th o r s  g ra te fu l ly  a c k n o w le d g e  th e  a s s i s t ­

a n ce  o f D r .  J .  R . B r u n n e r ,  D e p a r tm e n t  o f F o o d  
S c ience , fo r  r e c o rd in g  th e  a b s o rp tio n  s p e c t r a  o f 
th e  sam p le s .

standard conditions. No information or 
observations on this phenomenon were noted 
in a literature search, so this study was 
initiated to determine the relationship be­
tween the constituents of pork muscle and the 
development of brown color upon heating.

P R O C E D U R E
P o r k — o r ig in .  P o r k  lo in  c h o p s  w e re  re m o v e d  

f ro m  th e  c e n te r  p o r t io n  o f th e  r i g h t  lo in  o f  10 
d if f e r e n t  h o g s  s e lec ted  a t  r a n d o m  f ro m  th e  r e g u la r  
p o r k  k i l l  a t  th e  U n iv e r s i ty  a b a t to i r .  A l th o u g h  th e  
h o g s  c a m e  f ro m  v a r io u s  t r e a tm e n ts  a t  th e  U n iv e r ­
s ity  fa rm , s ta n d a rd iz e d  fe ed in g , h o ld in g , s la u g h ­
te r in g  a n d  c h il lin g  p ro c e d u re s  w e re  fo l lo w e d  in  
th e  la b o ra to ry .  A f te r  s la u g h te r ,  th e  c a rc a s s e s  w e re  
c h il le d  f o r  48 h r  a t  a p p ro x  2 ° C  b e fo re  b e in g  c u t. 
T h e  lo in s  w e re  re m o v e d , cu t, a n d  f ro z e n  u n ti l  
u sed .

B r o w n in g  a n d  R a n k in g . A  c e n te r  se c tio n  o f  th e  
lo in  f ro m  each  h o g  w a s  g ro u n d , a n d  a  s a m p le  o f 
e ac h  w a s  h e a te d  24 h r  a t  1 0 0 °C  in  d isp o sa b le  
a lu m in u m  w e ig h in g  d ish e s  in  a  fo r c e d - a ir  e le c tr ic  
d ry in g  o v en . T h e  sam p le s  w e re  c o o led  a n d  ra n k e d  
v is u a lly  in  o r d e r  o f b ro w n n e s s  f ro m  1 th ro u g h  
10, f ro m  l ig h te s t  to  d a rk e s t .  I n  a d d itio n , c h o p s  
f ro m  e ac h  lo in  w e re  f r ie d  in  l a r d  h e a te d  to  1 3 8 °C  
u n t i l  t h e  in te rn a l  t e m p e r a tu r e  r e a c h e d  80° C. T h e y  
w e re  re m o v e d , co o led , a n d  r a n k e d  v is u a lly  in  o rd e r  
of b ro w n n e s s  a s  w i th  th e  o v e n -d r ie d  sam p le s .

C h em ica l a n a ly s is .  F u r th e r  sam p le s  f ro m  each  
lo in  w e re  p re p a re d  f o r  a n a ly s is  o f th e  r e d u c in g  
s u g a r s  in  th e  fo l lo w in g  m a n n e r : O n e  g  o f  g ro u n d

177
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lo in  t is s u e  w a s  d is p e rs e d  in  10.5 m l o f H » 0  ; 6.4 
m l o f 0.20911V H 2S O 4 w a s  th e n  a d d e d , a n d  th e  
m ix tu r e  w a s  a llo w e d  to  s ta n d  f o r  2  m in . T h e  
s u g a r  c o n te n t  o f  th e  m u sc le  w a s  d e te rm in e d  by  
th e  m e th o d  o f F o l in  a n d  W u  (1 9 2 0 ) a n d  e x p re s s e d  
in  te rm s  o f g lu c o se . F a t ,  p ro te in , a n d  m o is tu re  
w e re  d e te rm in e d  b y  th e  m e th o d s  o f B e n n e  et al. 
(1 9 5 6 ) ,  a n d  p H  re a d in g s  w e re  ta k e n  o n  a  m e a t-  
w a te r  s lu r r y  (1  g  m e a t  in  10 m l o f w a te r )  w ith  
a  M o d e l G  B e c k m a n  p H  m e te r .  F r e e  a m in o  n i t r o ­
g e n  w a s  d e te rm in e d  f o r  th e  sam e  m e a t- w a te r  
s lu r r y  b y  th e  m e th o d  o f V a n  S ly k e  a s  o u tl in e d  
in  th e  A .O .A .C . (1 9 5 5 ) a n d  w a s  e x p re s s e d  as  
p e rc e n ta g e  o f  f re e  a m in o  n i t r o g e n  in  th e  tis su e s . 
G ly co g e n  w a s  d e te rm in e d  b y  th e  m e th o d  o f  H a n s e n  
et al. (1 9 5 2 ) , a n d  la c tic  a c id  w a s  m e a s u re d  c o lo r-  
im e tr ic a l ly  b y  th e  m e th o d  o f B a r k e r  a n d  S u m m e r-  
so n  (1 9 4 1 ) .

O b je c tiv e  m e a s u re m e n t  o f  b ro w n n e s s . T o  a s c e r ­
ta in  w h e th e r  a b s o rb a n c e  c o u ld  b e  u se d  to  m e a s u re  
d e v e lo p m e n t o f b ro w n n e s s , a  1 :3 m e a t- w a te r  s lu r r y  
w a s  p re p a re d  in  a  W a r in g  b le n d e r  f ro m  each  
r a w  p o r k  lo in . T e n - m l p o r t io n s  w e re  re m o v e d  
f ro m  e ac h  s lu r r y  a n d  c o m b in ed  w i th  10 m l of 
d is ti l le d  w a te r .  A ll s am p le s  w e re  th e n  d r ie d  fo r  
24  h r  to  d e v e lo p  th e  b ro w n  c o lo r , re su s p e n d e d  
in  20 m l o f  d is ti l le d  w a te r ,  u s in g  a  sm a ll s p a tu la  
to  b re a k  u p  th e  p a r t ic le s ,  a n d  f i l te re d  th ro u g h  
W h a tm a n  41 f i l te r  p a p e r . T w o  m l o f th e  f i l t r a te  
w a s  d ilu te d  to  20 m l w i th  d is ti l le d  w a te r ,  a n d  th e  
s o lu tio n  w a s  u s e d  f o r  r e a d in g  th e  a b s o rp tio n  
sp e c tru m .

A b s o rb a n c e  c u rv e s  w e re  p lo t te d  f ro m  re a d in g s  
a t  w a v e le n g th s  o f 350, 375, 400, 425, a n d  450  mp 
w ith  a  B a u s c h  a n d  L o m b  S p e c tro n ic  20 c o lo r im e te r . 
I n  a d d itio n , s p e c tra l  c u rv e s  w e re  p lo t te d  fo r  se v e ra l  
o f  th e  b ro w n e d  sam p le s  w ith  th e  B e c k m a n  D K -2  
r e c o rd in g  s p e c tro p h o to m e te r .

Buffers. T o  d e te rm in e  w h e th e r  p H  in flu en ces  th e  
d e v e lo p m e n t o f  b ro w n  c o lo r, a  s e r ie s  o f  p h o s p h a te  
b u ffe r s  w e re  p r e p a re d  b y  u s in g  \M  K H s P O *  a n d  
2 M  K 2H P O 4 in  p ro p o r t io n s  to  g iv e  p H  v a lu e s  of 
5.5, 6.0, 6.5, 7.0, a n d  8.0. T e n - m l  p o r t io n s  o f e ach  
1 :3 m e a t- w a te r  s lu r r y  w e re  a d d e d  to  10 m l of 
e a c h  b u ffe r , so  th a t  sam p le s  o f e ac h  lo in  w e re  
b u ffe re d  a t  e ac h  p H . I n  a d d itio n , o n e  a l iq u o t  o f 
th e  m e a t- w a te r  s lu r r y  f ro m  e ac h  lo in  w a s  a d d e d  
to  10 m l o f d is t i l le d  w a te r .  A ll  sam p le s  w e re  
ch ec k e d  f o r  p H , d r ie d  to  d ev e lo p  b ro w n n e s s , r e ­
su sp e n d e d  in  w a te r ,  a n d  f i lte re d , a n d  a b s o rb a n c e  
w a s  m e a s u re d  w i th  th e  S p e c tro n ic  20 c o lo r im e te r  
a s  o u tl in e d  p re v io u s ly .

S t a t i s t i c a l  a n a ly s is .  T h e  r a n k in g s  f o r  b ro w n n e s s  
w e re  c o r r e la te d  w ith  th e  o b je c t iv e  c o lo r  m e a s u re ­
m e n ts  b y  S p e a r m a n ’s p a s  o u tl in e d  b y  K e n d a ll  
(1 9 5 5 ) .  O th e rw is e ,  u s u a l  c o r r e la t io n  m e th o d s  w e re  
u sed .

R E S U L T S  A N D  D IS C U S S IO N
Development of brownness on heating.

Both the deep-fat-fried chops and the oven- 
dried samples showed considerable variation 
in brownness. It was found on drying repli­
cate samples that they maintained about the 
same relative rank. Some samples were a 
burnt-brown and others a light-brown. Thus, 
it was possible to make fairly distinct dif­
ferentiation in color rankings. Although 
observations leading to this study were made 
on deep-fat-fried chops, it became apparent 
that color development was not only darker 
but more consistently reproducible for the 
oven-dried samples. The correlation in rank­
ing between the two methods of browning 
for these 10 loins was 0.77. Since color 
development tended to be more reproducible 
for the oven-dried samples, they were used 
as the basis for other comparisons.

Measurement of brownness by absorption 
spectra. Subjective ranking according to 
color intensity is at best difficult, so absorp­
tion spectroscopy was investigated as a 
possible objective measure of degree of 
brownness. Fig. 1 shows a characteristic 
absorption spectrum of an aqueous solution 
of the browned meat extract made with the 
Beckman DK-2 recording spectrophotom­
eter. Optical density increased as wave­
length was decreased. The curve shows the 
regularity of the increase in absorbance as 
wavelength was decreased. Since the colored 
extracts showed good absorbance at 375 
and readings could be readily made with the 
Spectronic 20 colorimeter, this wavelength 
was arbitrarily selected as a point for meas­
uring color development. Color readings 
made at 375 m^ are given in Table 1. These 
show that the rank of the 10 loins according 
to the objective color measurements had 
a correlation of 0.70 with the ranks of the 
fried chops and of 0.95 with the ranks of 
the oven-dried samples according to ap­
parent brownness. This indicates that ab­
sorbance was an excellent measure of brown- 
ness in the oven-dried samples. Although 
no extracts were prepared of the deep-fat- 
fried chops, the close relation between the 
color rankings for fried chops and the oven- 
dried samples indicates that absorbance 
could probably also be used to measure the
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ABSORBANCE

F ig .  1. A  ty p ic a l  a b s o rb a n c e  c u rv e  f o r  b ro w n e d  p o r k  e x t r a c t  in  a q u e o u s  s o lu tio n .

intensity of brownness for the fried chops.
Measurement of absorbance in the manner 

described appears to be a valid objective 
method of expressing the degree of brown­
ness developed on heating fresh pork. Once 
the nature of the reaction is established, 
development of standard procedures for 
measuring the amount of brownness pro­
duced on heating meat or meat extracts 
should be possible.

Relationship of chemical constituents to 
color development. Table 2 summarizes the 
data on objective color measurements and 
various chemical components. Examination 
of the data reveals that the level of sugar 
in the tissues was closely related to color 
development with a correlation of 0.97

(Table 3). The significant negative relation­
ship (r =  —0.66) between percentage pro­
tein and color development was unexpected. 
The correlation, however, was influenced to 
a considerable extent by the two darkest- 
colored loins (Nos. 82-1 and 82-13), which 
were lowest in protein content.

The extremely high relationship between 
free sugar content and degree of brownness 
suggests that sugar is, at least in part, 
responsible for the brown color developed 
upon heating. This would indicate that the 
color production may be due to the amino- 
sugar (Maillard) reaction, which is known 
to produce an undesirable browning in a 
number of foods (Ellis, 1959). Although 
the amino-sugar reaction has not been

T a b le  1. V a lu e s  a n d  re la t iv e  r a n k s  f o r  b ro w n n e s s  a n d  a b s o rp tio n  s p e c t r a  f o r  p o r k  lo in s .

Pig No.
Rank for oven-dried samples1*1

Rank for deep-fat- fried chopsla
Absorption spectra values at 375 mfi

Rank for absorption spectra values13
86-11 l 2 0.090 l
86-9 2 3 0.096 2
2 7 -3 3 1 0.108 3
2 3 -1 7 4 4 0.163 6
2 9 -4 S 8 0.142 5
27-1 6 7 0.120 4
23-11 7 S 0.221 7
8 2 -6 8 9 0.290 8
8 2 -1 3 9 10 0.480 9
82-1 10 6 0.579 10

“ R a n k in g s  a r e  f ro m  1 to  10, f ro m  l ig h te s t  to  d a rk e s t .
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T a b le  2. A b s o rp t io n  s p e c t r a  a n d  c h em ica l c o n s t i tu e n ts  in  d if f e r e n t  p o rk  lo in  sam p le s .

P ig  No.

Absorption spectra values at 375 mfi

Reducing sugar as glucose (mg %) Glycogen(m g/g )
Lacticacid(mg % ) pH

Percent Percentage
nitrogen F a t Protein M oisture

86-11 0.090 57 0.04 760 6.10 0.21 5.76 20 .84 71.74
8 6 -9 0.096 68 0.09 780 5.88 0.17 5.62 20.71 72.44
2 7 -3 0.108 113 0.68 920 5.70 0.28 2.15 21 .92 73.81
2 3 -1 7 0.163 222 2.56 950 5.52 0.16 2.65 21.48 74.03
2 9 -4 0.142 210 1.33 970 5.77 0.26 3.79 22 .38 72.95
27-1 0.120 273 1.54 1010 5.62 0.24 2 .72 22.75 73.43
23-11 0.221 387 4.59 930 5.35 0.27 4.70 21.78 72.00
8 2 -6 0.290 436 0.04 1040 5.62 0.24 2.14 22.47 73 .46
8 2 -1 3 0.480 752 0.05 950 5.62 0.19 8.52 19.34 70.63
82 -1 0.579 763 0.05 930 5.58 0.23 4.17 19.64 74.05

studied in development of the desirable 
brown color in cooked meats, its implica­
tion in the browning of stored dehydrated 
meats has been shown by a number of 
workers (Regier and Tappel, 1956; Tappel, 
1956; Sharp, 1957 a, b). Henrickson et al.
(1955) showed that the browning of dehy­
drated meats could be largely prevented by 
yeast fermentation of the sugars. Another 
possible mechanism for the development of 
the brown color in cooked meats may be 
by caramelization of the naturally occurring 
sugars, for this reaction has been demon­
strated in other products by Zerban (1947). 
Browning on heating fresh pork may also 
be due to a combination of caramelization 
and the amino-sugar reaction. Additional 
work has been initiated to elucidate the 
exact mechanism of the brown color de­
velopment obtained upon heating fresh pork.

Influence of pH on color Development. 
Fig. 2 shows absorbance values for the

T a b le  3. C o r re la t io n  coeffic ien ts  f o r  a b s o rp tio n  
s p e c tra  a t  37S m,a w i th  v a r io u s  c h em ica l c o m ­
p o n e n ts  in  p o r k  lo in  sam p le s .

R e d u c in g  s u g a rs  ( a s  g lu c o s e ) 0.97* **
G ly co g e n  leve l - 0 .2 4
L a c tic  a c id 0.31
p H -0 .4 1
F r e e  a m in o  n itro g e n , % - 0 .0 6
F a t ,  % 0.35
P ro te in ,  % -0 .6 6 *
M o is tu re ,  % - 0 .0 9

* S ig n if ic a n t  a t  5% lev e l.
** S ig n if ic a n t  a t  1 %  leve l.

buffered meat extracts following browning. 
The absorption curves are plotted so that 
one is based on pH readings taken before 
browning, and the other on values ob­
tained after the sample had been browned 
and rehydrated. The two curves closely 
parallel each other except in the unbuffered 
range, where the absorption peak occurred 
at approximately pH 5.75 for the browned- 
rehydrated sample, compared with a pH 
of 5.90 for the value before browning. It 
is interesting to note that the peak absorp­
tion occurred in the unbuffered sample, and 
that browning resulted in a definite altera­
tion in pH in the absence of the buffer 
but remained essentially the same for the 
buffered samples.

Development of brown color was max­
imum somewhere in a pH range of 5.60- 
5.90 (Fig. 2). The darkest-colored samples

F ig .  2. T h e  e ffe c t  o f  p H  u p o n  o p tic a l  d e n s i ty  
o f b ro w n e d  p o r k  e x tr a c ts .
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occurred at pH 5.60 (Table 2), but in 
a heterogeneous product such as meat there 
would obviously be some variation in the 
optimum. Since phosphate buffers were 
added to raise the pH in this study, it 
is possible that the addition may have in­
hibited browning. However, studies by 
Willits et al. (1958) and Underwood et al.
(1959) showed that an acid pH tends to 
inhibit browning and that it is necessary 
to raise the pH to the alkaline side of 
neutral in order to obtain maximum color 
development. Therefore, it seems unlikely 
that the increase in browning noted on 
heating meat in a pH range of 5.60-5.90 
was influenced by the phosphate additions.
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S U M M A R Y
A n  a p p a r a t u s  is  d e s c r i b e d  f o r  a u t o m a t i c  r e c o r d i n g  o f  m e c h a n i c a l  r e s o n a n c e  

c u r v e s  f o r  t e s t  s p e c i m e n s  o f  f o o d s t u f f s  w i th  t h e  a p p r o x i m a t e  s iz e  o f  6  X 1 2  X 5 0  
m m .  T h e  s im p le  e v a l u a t i o n  p r o c e d u r e  d e s c r i b e d  g iv e s  i n f o r m a t i o n  o n  t h e  
m o d u lu s  o f  e l a s t i c i ty  ( d i v i d e d  b y  t h e  d e n s i t y )  a n d  d e g r e e  o f  m e c h a n i c a l  
d a m p i n g .

In judging the consistency of solid and 
semisolid foodstuffs, vibrational properties 
are often, consciously or unconsciously, esti­
mated as an important part of the general 
mechanical properties. Thus, for a better 
understanding of the relations between sub­
jective and objective determinations, a study 
of vibrational properties fills a given place. 
This is especially so since vibration measure­
ments are in some respects easier to perform 
than static ones, and it is usually not neces­
sary to know the absolute magnitude of the 
amplitude of vibration.

Various manual and automatic measure­
ments of vibrational properties of engi­
neering materials can nowadays be consid­
ered a well established procedure (Bopp 
ct al., 1947; Bradfield, 1960; Grime and 
Eaton, 1937; Kohlrausch, 1955 ; Moyal and 
Fletcher, 1945). Usually, however, food­
stuffs and other materials of biological origin 
have been investigated by point-for-point 
methods (Anon., 1954; Brooks and Hale, 
1959 ; Karrholm and Schroder, 1953 ; Virgin,
1955) and only occasionally with some sort 
of automatic recording (Shimizu and 
Ichiba, 1958). It was thus deemed suitable 
to design an automatic apparatus specially 
for such materials, which are quite different 
from more frequently investigated materials, 
such as metals. The alternative chosen here 
was to record automatically the mechanical 
resonance curves for transversally vibrating 
cantilevers. Such curves can easily be evalu­
ated manually as to mechanical damping 
and, when geometric dimensions are exactly 
known, modulus of elasticity.

Theory. An appropriate treatment of the 
theory of mechanical vibrations can be found

in textbooks (Hartog, 1947; Kohlrausch, 
1955; Santen, 1953; Schuler, 1958), and 
only some minor extensions had to be de­
veloped for the purpose considered here.

For a forced harmonic vibration, the fol­
lowing formula is applicable:

mx +  rx +  kx =  P cos <ot [ 1 ]
where m =  mass of the oscillator,

r =  “damping constant” (related 
to viscosity),

k =  “spring constant” (related to 
elasticity),

P =  peak value of sinusoidal ex­
ternal force,

x =  deviation (points indicate 
time derivatives),

(o =  a n g u la r  frequency  =  2-n-i 
(where f =  frequency), 

t =  time.
The steady-state solution of this equation 
may be written

 ̂_  A„ cos (ait — 4>) [2]
V (1 — n2) 2 +  n2 S2

where Au =  P /k  =  constant deviation for a 
static force of magnitude P,

<j> =  phase angle between force and 
deviation =
arc tan [e>r/(k — orm )] 

n =  relative frequency (f/f0 or <o/w0 
=  a>/y k /m  (where w0 =  reso­
nance frequency for the same 
oscillator without damping),

S =  “damping factor” = r /y 'k  - m.
182
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The amplitude A of the vibration (i.e., the 
maximum deviation of the oscillating body) 
may then be written as

A =  A0/  V ( l —n2) 2 +  n2 84 [3]
The quotient A /A ^, often referred to as 
“amplification factor” R, has a maximum 
value Rm.,x =  1/S\/1 — S2/4, when n has the 
resonance value nr =  V 1 — S2/2. Obviously, 
for small 8 values Rmax will be very high 
and nr close to 1, while for increasing 8 
values both Rmax and nr will decrease 
(Fig. 1). For 8<0.2, the difference between 
nr and 1 (and also between observed reso­
nance frequency and “ideal resonance fre­
quency” f0) is smaller than 1%, whereas 
for S<0.4 it is smaller than 4%.

E X P E R I M E N T A L
A p p a r a tu s .  I n  p r in c ip le , th e  r e c o rd in g  of 

re so n a n c e  p e a k s  fo r  a  t e s t  sp e c im en  d e m a n d s : 
1 ) a  fre q u e n c y  sw eep , 2 )  a  m e c h a n ic a l  d r iv in g  
a c tio n , 3 )  a  f re q u e n c y  m e a s u re m e n t, 4 )  a n  a m p li­
tu d e  m e a s u re m e n t , a n d  5 )  a  r e c o rd in g  o f  th e se  
tw o  m e a s u re m e n ts  s im u lta n e o u s ly . I n  th e  a c tu a l

F ig . 1. T h e o re t ic a l  re s o n a n c e  c u rv e s  f o r  se lec ted  
d a m p in g - fa c to r  v a lu e s .

La

Le

S HSV

M a
S p

Ph

F ig . 2. B lo c k  d ia g ra m  o f th e  a p p a r a t u s : S ta  =  
s ta b i l iz e r  f o r  th e  l a m p ; M o t  =  sw e ep  m o t o r ; 
O s c  =  lo w  fre q u e n c y  o s c i l l a to r ; A m p  =  a m p lif ie r  
f o r  th e  e le c t r o m a g n e ts ; F r e  =  f re q u e n c y  m e t e r ; 
R e c  =  X - Y  r e c o r d e r ; P h o  =  p h o to tu b e  a m p l i f ie r ; 
L a  =  l a m p ; L e  =  l e n s ; S H  =  h o r iz o n ta l  s l i t ; 
S V  =  v e r t ic a l  s l i t ; M a  =  2  e le c t r o m a g n e ts ; S p  =  
t e s t  s p e c im e n ; P h  =  p h o to tu b e .

ca se  c o n s id e re d  h e re , th e  five n e ed s  a r e  fu lf illed  
b y  u s i n g : 1 ) a  lo w -fre q u e n c y  g e n e r a to r  w i th  a  
m o to r  c o n n e c te d  to  th e  d o u b le  p o te n tio m e te r  o f 
a  W ie n -b r id g e  a r r a n g e m e n t ,  2 )  a  t r a n s i s to r  a m ­
p lif ie r  fe e d in g  tw o  e le c tro m a g n e ts  a c t in g  o n  a  
sm a ll p iece  o f i ro n  in s e r te d  in to  th e  sp ec im en , 
3 )  a  c o n v e n tio n a l  f re q u e n c y  m e te r  w i th  th e  sam e  
r a n g e s  a s  th e  lo w -fre q u e n c y  g e n e r a to r ,  4 )  a  l a m p /  
l e n s / s l i t /p h o to tu b e /a m p l i f i e r  a r r a n g e m e n t  fo r  
m e a s u r in g  th e  a m p li tu d e  o f v ib ra t io n  (cf. S a c k  
et al., 1 9 4 7 ), a n d  S ) a n  X - Y - r e c o r d e r  (M a n d re l ,  
T y p e  E R - 9 0 )  t h a t  d ra w s  o n  a  sh e e t  o f p a p e r  a  
c u rv e  o f a m p li tu d e  a s  a  fu n c tio n  o f fre q u e n c y .

A  b lo c k  d ia g ra m  o f th e  c o m p le te  a p p a r a tu s  is 
s h o w n  in  F ig . 2, a n d  som e d e ta ils  in  F ig .  3. A lso ,

light path

envelope of light beam 

piece of iron

F ig .  3. D e ta i ls  o f  th e  a p p a r a t u s : sp e c im en  w ith  
c lam p , a n d  g e o m e try  o f th e  l ig h t  b eam .
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tw o  c u rv e s  o b ta in e d  w ith  th e  a p p a r a tu s  f o r  a  
r e la t iv e ly  h a r d  fo a m  ru b b e r  u se d  fo r  a d ju s tm e n t  
p u rp o s e s  a r e  sh o w n  in  u n re to u c h e d  fo rm  in  F ig .  4.

S o  t h a t  th e  f re q u e n c ie s  re le v a n t  to  th e  m e a s u re ­
m e n t o n  fo o d s tu ff  sp e c im en s  o f re a s o n a b le  size  
a r e  in c lu d e d , th e  g e n e r a to r  w a s  b u il t  f o r  th e  to ta l  
r a n g e  a p p ro x  1 c / s  to  5000 c /s ,  d iv id e d  in to  s u b ­
ra n g e s  w h o se  u p p e r  l im its  a r e  p la c e d  a t  2, 5, 10, 
20, e tc ., c / s .  E a c h  on e  o f th e  s u b ra n g e s  c o v e rs  th e  
f re q u e n c ie s  f ro m  a p p r o x  2 0 %  to  10 0%  o f th e  
u p p e r  lim it.

Ampi

F ig . 4. T w o  u n re to u c h e d  e x p e r im e n ta l  c u rv e s  
fo r  a  re la t iv e ly  h a r d  fo a m  ru b b e r .

A t  lo w e r  f re q u e n c ie s , th e  d a m p in g  o f  th e  r e c t i ­
fied  o u tp u t  f ro m  th e  f re q u e n c y  m e te r  a n d  f ro m  
th e  a m p li tu d e  m e te r  b eco m es  a  c r i t ic a l  q u es tio n . 
T h u s ,  f o r  s a t is f a c to r y  r e s u lt s  w i th  th e  p re s e n t  
a r r a n g e m e n t ,  th e  u s u a l  r e c o rd in g  t im e  o f  5 m in  
s h o u ld  b e  in c re a s e d  w ith  f re q u e n c ie s  lo w e r  th a n  
a b o u t  5 -1 0  c /s .  O th e rw is e ,  ev en  i f  th e  c u rv e s  
lo o k  s a t is f a c to r y ,  to o  m u c h  d e la y  (b y  u s in g  la rg e  
c a p a c ita n c e s  fo r  s m o o th in g  p u rp o s e s )  w ill  c au se  
t ro u b le  w ith  a c c u ra te  r e a d in g  o f b o th  fre q u e n c y  
a n d  a m p li tu d e .

T o  u t i l iz e  th e  fu ll  c a p a c ity  o f th e  a p p a r a tu s  o u t ­
lin e d  h e re , tw o  c o n d itio n s  s h o u ld  b e  s a t i s f ie d : O n e  
n e ed s  a  s u ita b le  m e th o d  o f c u tt in g  fo o d s tu ffs  in to  
e x a c t  g e o m e tr ic a l  sh a p e s , a n d  a ls o  a  su ita b le  
m e th o d  o f e v a lu a tin g  e x p e r im e n ta l  c u rv e s . H o w  
th e s e  s e p a ra te  p ro b le m s  w e re  so lv e d  is d e sc r ib e d  
b e lo w .

A c c e sso ry  a r r a n g e m e n ts .  A t  a n  e a r ly  s ta g e , 
i t  w a s  fo u n d  im p o ss ib le  to  c u t  e x a c tly  r e c ta n g u la r  
t e s t  sp e c im en s  f ro m  s o f t  m a te r ia ls  b y  u s in g , e.g ., 
a  se t  o f tw o  k n iv e s  o r  tw o  s a f e ty - r a z o r  b lad es . 
L a te r ,  a  c u t t in g  a r r a n g e m e n t  w a s  d e v e lo p ed  th a t  
h a s  g iv e n  m o re  s a t is f a c to r y  re s u lts .

T h e  c u t t in g  is  n o w  p e r fo rm e d  in  tw o  s ta g e s . 
F i r s t ,  a  c o m b in a tio n  o f tw o  th in  p a ra l le l  k n iv e s , 
h in g e d  a t  o n e  end , is tu rn e d  d o w n  o v e r  a  su ita b le  
p iece  o f th e  m a te r ia l ,  a n d  th e  o p e ra t io n  is re p e a te d  
a f te r  th e  c u t-o u t  p a r t  is  ro ta te d  9 0 ° . T h e  s q u a re

ro d  ( 1 7 x 1 7  m m )  o b ta in e d  in  th is  w a y  is  p lac ed  
in  a  t ig h t- f i t t in g  a lu m in u m  b o x  p ro v id e d  w i th  a  
se t  o f lo n g i tu d in a l  s lo ts  ( F ig .  5 ) ,  a n d  th e n  c o v e re d  
w ith  a  p la s t ic  p la te . F in a l ly ,  th e  s h a p in g  is  c o m ­
p le te d  w ith  r o ta t in g  s a w b la d e s  in  th r e e  c u tt in g s ,  
tw o  w i th  d o u b le -b la d e s  a n d  o n e  w ith  a  s in g le  
b lad e . A s  a  re s u lt ,  tw o  t e s t  sp e c im en s  w i th  ( in  
o u r  c a s e )  a p p r o x  5.5 a n d  7 m m  th ic k n e s s  a n d  
12 m m  w id th  a r e  o b ta in e d , to g e th e r  w i th  a  n u m ­
b e r  o f  s u r r o u n d in g  s tr ip s ,  w h ic h  a r e  d is c a rd e d .

E v a lu a t io n  o f  re c o rd e d  cu rv e s . A  v e r t ic a l  lin e  
is d r a w n  th r o u g h  th e  v e r te x ,  p e a k  h e ig h t  H  
( F ig .  6 ) ,  a n d  a  h o r iz o n ta l  l in e  is  d r a w n  a t  a  
h e ig h t  o f h  =  H -0 .7 0 7  ( =  H  V 2 ) .  H  a n d  H 0 a r e  
u se d  h e re  in s te a d  of A  a n d  A „ to  in d ic a te  h e ig h t  
o v e r  th e  b a se  lin e  o n  th e  g r a p h  p a p e r .  (S in c e  
th e  p re s e n t  m o d e l o f th e  a p p a ra tu s  h a s  n o t  y e t  
b een  m a d e  c o m p le te ly  sc ree n ed , n o ise  a n d  h u m  in  
th e  e le c tr ic a l  c irc u i ts  g iv e  a  c e r ta in  d a r k  c u r r e n t  
re a d in g . F o r  v e ry  lo w  p e ak s , th is  g iv e s  a n  a p p r e ­
c ia b le  d e fo rm a tio n  o f th e  p e a k  sh ap e . F o r  th e  
c u rv e s  sh o w n  in  th is  a r t ic le ,  h o w e v e r , th e  c o r r e c ­
t io n  f o r  th e  u p p e r  h a lf  o f  th e  p e a k  is  a lm o s t  
n e g l ig ib le .)  T h e  w id th  An o f th e  p e a k  c u t  o ff  b y  
th is  line , a n d  th e  d is ta n c e  n r b e tw e e n  th e  v e r t ic a l  
l in e  a n d  th e  lin e  n  =  0, a r e  m e a s u re d  in  m il l im e te rs  
a n d  te n th s  th e re o f . T h e  q u o tie n t  A n / n r (w h ic h  
e q u a ls  A f / f r =  A io /« r ) g iv e s  a  m e a s u re  o f  p e a k  
w id th  a n d  is, f o r  lo w  d e g re e s  o f d a m p in g , e q u a l 
to  th e  damping factor 5. F o r  h ig h e r  d a m p in g  fa c -

x =  r e c e s s e d  g r o o v e s  f o r  g u id in g  t h e  b o x

F ig .  5. C u tt in g  d e v i c e : c ro s s - s e c tio n  t h r o u g h  
r o ta t in g  saw , a n d  s k e tc h  o f  sp e c ia l a lu m in u m  b o x .
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F ig . 6. E v a lu a t io n  o f a  ( s m o o th e d )  e x p e r i ­
m e n ta l  c u rv e  f o r  a  s o f t  fo a m  ru b b e r . ( F u l l  l in e s  
a r e  n e ed ed  f o r  e s t im a tio n  o f  A n /n r ; d a s h e d  lin e s  
f o r  f =  f 0 a n d  H  =  H „  h a v e  b e en  d r a w n  f o r  c o n ­
t r o l  p u rp o s e s .)

to r s ,  h o w e v e r , a  m o re  c o m p lic a te d  re la t io n  h a s  to  
be u sed , e .g .,

A n /n r =  V 1 +  a — V 1 — a, 
w h e re  a=S  V 1 — S2/ 4  /  ( 1 — S'~/2). [4]

F r o m  c a lc u la t io n s  le a d in g  to  th e  c u rv e  sh o w n  
in  F ig .  7, w h ic h  b y  th e  a id  o f e q u a tio n  4  g iv e s  
A n /n r a s  a  fu n c tio n  o f 8, i t  h a s  b e en  fo u n d  th a t  
th e  e r r o r  in  u s in g  th e  s im p le  re la t io n  A n /n r =  S 
is  s m a l le r  th a n  2%  f o r  v a lu e s  o f 8 b e lo w  a p p ro x  
0.2. H o w e v e r ,  th e  d if fe re n c e  w ill  e v id e n tly  beco m e  
a p p re c ia b le  f o r  h ig h e r  5 v a lu e s , su c h  a s  a r e  n o t 
u n c o m m o n  a m o n g  fo o d s tu ffs .

F o r  th e  fo a m  ru b b e r  u se d  in  th e  e x p e r im e n ts  
t h a t  g a v e  th e  c u rv e s  in  F ig .  4, th r e e  c o n se c u tiv e  
d e te rm in a t io n s  o f A n /n r h a v e  g iv e n  re s p e c tiv e  
v a lu e s  0.117, 0.113, a n d  0.113, w h e re a s  in  ru n s  
p e r fo rm e d  o n  v a r io u s  o th e r  d a y s , th e  v a lu e s  w e re  
0.122, 0.112, a n d  0.111. T h is  g iv e s  a  ro u g h  e s t im a te  
o f th e  d e g re e  o f a c c u ra c y  t h a t  c a n  be o b ta in e d  
w ith  th e  a c tu a l  m o d e l.

F o r  th e  d e te rm in a t io n  o f modulus of elasticity 
o f  a  b e am  w i th  r e c ta n g u la r  c ro s s -s e c tio n , th e  
fo l lo w in g  fo r m u la  ( K o h lr a u s c h ,  1955) m a y  be 
u sed .

E  =  48 7r" pl'T ’/ m V .  [5]

H e r e  p =  d e n s ity , 1 =  le n g th , F  =  f re q u e n c y , m  =  a  
f a c to r  w ith  c e r ta in  “ e ig e n v a lu e s ” f o r  th e  d if fe re n t  
m o d es  o f v ib ra t io n ,  a n d  a  =  th ic k n e s s  o f th e  b e am . 
S in ce  m* =  12.36 f o r  th e  fu n d a m e n ta l  f re q u e n c y , 
th e  fo l lo w in g  fo r m u la  c a n  b e  a p p l ie d :

E  =  38.3 P l4f7 a =  =  38.3 p ( —  ■ f ) 2 [6 ]
a

I t  s h o u ld  b e  re m e m b e re d  th a t ,  s in ce  th e  te s t  sp e c i­
m en s  u se d  h a v e  b e en  r e la t iv e ly  s h o r t ,  fo rm u la s  
5 a n d  6 a r e  o n ly  a p p ro x im a te ly  v a lid . F o r  fo o d ­
s tu ffs  w i th  a  h ig h  c o n te n t  o f w a te r  th e  d e n s ity  is 
c lo se  to  u n ity , a n d  th e  fo rm u la s  th e n  b e co m e  even  
s im p le r . I n  th is  f i r s t  r e p o r t ,  h o w e v e r , o n ly  r e la ­
t iv e  v a lu e s  w e re  a im e d  a t,  a n d  th e  coeffic ien ts  of 
th e s e  fo r m u la s  a r e  c o n se q u e n tly  n o t  c o n s id e re d  
im p o r ta n t .

T h e  f a c t  t h a t  1 h e re  o c c u rs  in  th e  f o u r th  p o w e r, 
in d ic a te s  t h a t  d e te rm in a t io n  o f te s t- s p e c im e n  
le n g th  is  r a th e r  c r i t ic a l .  T h u s ,  e .g ., a  m is re a d in g  
o f 0.5 m m  f o r  a  le n g th  o f 40  m m  g iv e s  a n  e r r o r  
in  E  o f 5 % . O n  th e  o th e r  h a n d , a n  e q u a l  m is re a d ­
in g  o f 0.5 m m  f o r  a  w id th  o f 5 m m  g iv e s  a n  e r r o r  
in  E  o f 2 0 % , w h ic h  sh o w s t h a t  g r e a t  c a re  is  
n e c e s s a ry  in  m e a s u r in g  sp e c im en  w id th . I t  is  a ls o  
e v id e n t  t h a t  u n ifo rm ity  o f sp e c im en  w id th  m u s t  
b e  a n  im p o r ta n t  fa c to r .

A s  e x p e c te d , a  c o m p a r is o n  o f v a lu e s  o b ta in e d  
f o r  m o d u lu s  o f e la s t ic i ty  h a s  sh o w n  t h a t  d i f fe re n t  
le n g th s  o f th e  sam e  t e s t  sp e c im en  d o  n o t  g iv e  th e  
sa m e  re s u lt .  H o w e v e r ,  th e  a d d i t io n  o f a  le n g th  
e q u a l to  th e  sp e c im e n ’s th ic k n e s s  to  a l l  le n g th s  
m e a s u re d  g iv e s  a  p ra c tic a l ly  c o n s ta n t  E  v a lu e , 
a n d  su c h  a  c o r re c t io n  h a s  a c c o rd in g ly  b e en  a p ­
p lied  h e re . ( A  c lo s e r  s tu d y  o f th is  p h en o m e n o n  
w ill  b e  ta k e n  u p  la t e r . )

F ig .  7. D ia g r a m  sh o w in g  th e  re la t io n  b e tw e e n  
re la t iv e  p e a k  w id th  A n /n r =  V 1 +  a  — V I  — a, 
w h e re  a  =  5 V 1 — 8V 4 /  (1  — 8 V 2 ) , a n d  th e  d a m p in g  
f a c to r  5.
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F ig .  8. C o m p a r is o n  b e tw e e n  ( s m o o th e d )  e x ­
p e r im e n ta l  c u rv e s  f o r  p o ta to  ( __________ ) ,  p e a r
( --------- ) ,  a n d  ch ee se  ( ------------ ) ,  w h ic h  b e fo re  th e
re c o rd in g  h a v e  b een  a d ju s te d  so  t h a t  th e  v e r tic e s  
c o in c id e  o n  th e  g r a p h  p a p e r . T h e o re t ic a l  v a lu e s  
f o r  5 =  0.2 h a v e  b een  in s e r te d  ( o ) .

T o  s im p lify  c o m p a r is o n s  b e tw e e n  c u rv e s  f o r  
d i f f e r e n t  m a te r ia ls  o r  d i f f e r e n t  sp e c im en s  o f th e  
sa m e  m a te r ia l ,  i t  c a n  b e  a d v a n ta g e o u s  to  a d ju s t  
th e  a m p lif ic a t io n s  in  th e  tw o  c h a n n e ls  c o n n e c te d  
to  th e  X - Y  r e c o rd e r  in  su c h  a  w a y  t h a t  a l l  v e r tic e s  
fa ll  e x a c tly  o n  a  p o in t  w i th ,  e .g ., t h e  c o o rd in a te s  
f r =  10 cm  a n d  H  =  10 cm . A n  e x a m p le  o f su ch  a  
c o m p a r is o n  is  g iv e n  in  F ig .  8. H e r e ,  th e  d a m p in g  
fa c to r s  f o r  th e  3 sp e c im en s  c a n  be  e a s ily  c o m ­
p a re d  a n d  m e a s u re d  w ith  th e  sam e  d e g re e  o f 
a c c u ra c y , w h ile  th e  c a lc u la t io n  o f  E  v a lu e s  d e ­
m a n d s  a  k n o w le d g e  o f th e  a c tu a l  a m p lif ic a t io n  
a lo n g  th e  f re q u e n c y  a x is .

M e a s u re m e n ts  on  som e  fo o d s tu ffs . I n  o rd e r  to  
t e s t  th e  p e r fo rm a n c e  o f  th e  a p p a r a tu s  d e sc rib e d  
h e re , a  n u m b e r  o f fo o d s tu ffs  h a v e  b een  c u t in to  
t e s t  sp e c im en s  a n d  ru n  a t  ro o m  te m p e ra tu re  in  
a n  a p p ro p r ia te  f re q u e n c y  ra n g e . T h e  c u rv e s  ob -

T a b le  1. E x p e r im e n ta l  d a ta  a n d  c h a r a c te r is t ic  
v a lu e s  fo r  som e  s e lec ted  fo o d s tu ffs  (s p e c im e n  
w id th  p e rp e n d ic u la r  to  v ib ra t io n  d ire c t io n ,  1.2 c m ) .

M aterial a(cm)  ̂ 1(cm) frc /s
E /p(rel.values)

8

A p p le 0.7 4.3 . 36.6 156 0.075
( “J o n a th a n ” ) 

F i s h  p u d d in g
0.6 4.8 21.2 100 0.08

(c o m m e rc ia l)
P o ta to

0.6 4.9 5.8 8.5 0.13

(c o m m e rc ia l)
P e a r

0.6 5.3 15.0 76 0.17

( “ P e c k n a m ” ) 0.55 4.4 18.8 71 0.195

C h ee se  I 0.6 4.8 15.8 55 0.34
( “ H e r r g a r d ” ) 

C h ee se  I I
0.6 5.8 14.0 90 0.33

( “ T i lc i” ) 0.6 5.3 7.1 17 0.35

ta in e d  h a v e  th e n  b een  e v a lu a te d , in  th e  w a y  d e ­
s c r ib e d  a b o v e , a s  to  d a m p in g  a n d  m o d u lu s  o f 
e la s t ic i ty . T h is  h a s  u s u a l ly  in v o lv e d  n o  t ro u b le ,  
b u t  in  so m e  c a se s  w h e re  th e  p ro p e r t ie s  in v e s t i ­
g a te d  h a v e  h a d  v e ry  h ig h  o r  v e ry  lo w  v a lu e s , th e  
r e s u lt s  m a y  h a v e  b een  less  a c c u ra te  th a n  in  th e  
m o s t  s u ita b le  ra n g e .

In f o rm a t io n  o n  som e  o f th e  m a te r ia ls  in v e s t i ­
g a te d  is  in  T a b le  1, w h ic h  g iv e s  e x p e r im e n ta l  d a ta  
a n d  c h a r a c te r is t ic  v a lu e s  c a lc u la te d  f ro m  th e m . I t  
sh o u ld  b e  o b s e rv e d  t h a t  th e  v a lu e s  ( e s p e c ia l ly  E  
v a lu e s )  c h a n g e  w ith  t im e  a f te r  th e  m o m e n t of 
c u tt in g ,  a n d  t h a t  re lia b le  v a lu e s  w ill  a c c o rd in g ly  
d e m a n d  a  s e r ie s  o f m e a s u re m e n ts  a n d  a n  e x t r a p o ­
la t io n  to  th e  t im e  o f c u tt in g .  A n  id e a  a b o u t  b o th  
th e  a c c u ra c y  in  m e a s u r in g  a n d  th e  c h a n g e s  w ith  
t im e  c an  be o b ta in e d  f ro m  F ig s .  9  a n d  10. A s  a  
p re l im in a ry  re s u lt ,  i t  c an  b e  o b s e rv e d  t h a t  E  
v a lu e s  fo r  ch ee se  a n d  fish  p u d d in g  in c re a s e  w ith  
t im e  a f te r  c u tt in g , w h e re a s  th e  c o r re s p o n d in g  v a lu e s  
f o r  a p p le , p e a r , a n d  p o ta to  d e c re a se . A s  to  p o s ­
s ib le  e v a p o ra tio n  e ffec ts , th e s e  c a n  b e  l a rg e ly  
a v o id e d  by , e .g ., s u r r o u n d in g  th e  sp e c im en  w i th  a  
t r a n s p a r e n t  b o x  ( a  p o s s ib ili ty  e la b o ra te d  o n  la te r

T im e  ( m i n u t e s )

F ig .  9. O b s e rv e d  re s o n a n c e  f r e q u e n c y  a s  a  
fu n c tio n  o f th e  t im e  a f te r  c u tt in g .  V  =  " T i l c i ” 
c h e e s e ; A  =  “ H e r r g a r d ” ch ee se  ; □  =  fish  p u d d i n g ; 
•  =  p e a r  ; x  =  p o ta to  ; O  =  ap p le .
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T im e  ( m in u t e s )
F ig . 10. R e la t iv e  p e a k  w id th  A n / n r a s  a  fu n c tio n  

o f  th e  t im e  a f t e r  c u t t in g  ( f o r  e x p la n a t io n s ,  see  
F ig . 9 ) .

h e r e in ) .  H o w e v e r ,  w i th  t is s u e s  t h a t  m a y  beco m e  
d a m a g e d  b y  c u tt in g ,  e .g ., a  f r e s h  a p p le , e v a p o ra ­
t io n  c o n tro l  c a n n o t  b e  e x p e c te d  to  p re v e n t  c h a n g e s  
o f  th e  m ec h a n ica l p ro p e r t ie s .

D IS C U S S IO N
One of the purposes of this work is to 

give food technologists a better idea about 
the vibration properties of foodstuffs, and 
for that reason the method has been chosen 
so as to be elucidative rather than to afford 
a solution in terms of complex modulus, 
etc.

The apparatus described above should be 
considered as a device under development, 
and the results for cantilever bending are 
given onlv as an indication of the possibili­
ties of the method.

As seen from Fig. 8, the peak for the 
pear is skew, whereas the peaks for the 
potato and for the cheese are almost as 
symmetrical as a theoretical curve. This 
indicates some non-linearity in the mechan­

ical properties of the pear, a factor that in 
manual reading of isolated values could have 
been overlooked. Full discussion of such 
behavior, however, must be postponed to 
a later publication.

In comparison with manual methods of 
vibration analysis, it can be said that the 
automatic recording to a large degree reduces 
the personal factor, which may give inter­
personal differences in readings, e.g., by 
adhering to different time schedules. Also, 
with the apparatus at hand, much more data 
can be collected during a workday; and, 
finally, a skewness or other irregularity of a 
curve can be detected more easily, when the 
whole resonance peak is visualized on a 
graph paper.

Further details of the apparatus and of the 
evaluation methods will be published in due 
course, together with more data on various 
foodstuffs.
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S U M M A R Y
T h i r t y - f o u r  p a i r s  o f  s i m i l a r ,  c o m m e r c i a l l y  a c c e p t a b l e  w in e s  a n d  a  f r e s h l y  

p r e p a r e d  5 0 - 5 0  b l e n d  o f  e a c h  p a i r  w e re  s c o r e d  f o r  q u a l i t y  b y  a  s m a l l  e x p e r t  
p a n e l .  T h e  c o m p o s i t e  s c o r e s  o f  t h e  b l e n d s  d i d  n o t  d i f f e r  t o  e v e n  a  lo w  d e g r e e  
o f  s ig n i f i c a n c e  f r o m  t h e  s c o r e  o f  t h e  h i g h e s t - s c o r i n g  m e m b e r  o f  t h e  p a i r .  
T h e  s c o r e s  o f  t h e  b l e n d s  w e re  v e r y  h i g h l y  s i g n i f i c a n t l y  b e t t e r  t h a n  t h e  s c o r e s  f o r  
t h e  lo w - s c o r in g  w in e s  o r  t h e  m e a n  o f  t h e  lo w - a n d  h ig h - s c o r in g  w in e  i n  e a c h  
p a i r .  I n  7  c a s e s  a m o n g  t h e  3 4  t h e  b l e n d ’s c o m p o s i t e  s c o r e  w a s  h i g h e r  t h a n  t h a t  
o f  t h e  h i g h e s t - s c o r i n g  w in e ,  a n d  i n  n o  c a s e  w a s  i t  l o w e r  t h a n  t h a t  o f  lo w e s t-  
s c o r in g  w in e  o f  t h e  p a i r .  I n c r e a s e d  c o m p le x i t y  o f  f l a v o r  i s  b e l i e v e d  t o  b e  a  
m a j o r  f a c t o r  i n  t h e  f a v o r a b l e  e f f e c t  o f  b l e n d i n g  s h o w n  i n  t h i s  s t u d y ;  o t h e r  p o s ­
s ib le  e f f e c ts  a r e  d i s c u s s e d .

Complexity has long been considered a 
desirable factor in the quality of most flavor- 
some or odorous products. In cookery or 
perfumery, efforts are made to improve the 
product by adding many ingredients in 
amounts small enough to influence flavor or 
odor without being individually obvious. In 
wines, flavor complexity is considered very 
important to high quality and is believed to 
be one of the primary effects produced by 
proper aging. Although much blending of 
different lots of wine is done commercially, 
largely to improve or standardize the aver­
age final product quality, this blending re­
mains largely an art. So far as the authors 
have been able to determine, there are no 
published studies on any product that demon­
strate the value of a complex flavor or esti­
mate the value of blending in producing 
increased complexity. Of course, correcting 
a frank deficiency or meeting uniformity 
standards by blending is an obviously similar 
problem and one relatively easily solved, but 
can blending or flavor modification within 
the limits of a single commercially acceptable 
product be expected to improve it, and, if so, 
how much?

As a part of a research program upon 
the aging of wines, experimental and less 
subjective evidence was sought testing the 
validity and estimating the magnitude of the 
presumed favorable effect of flavor com­
plexity on wine quality.

E X P E R IM E N T A L  M E T H O D S
P a i r s  o f w in e s  w e re  s o u g h t  t h a t  w e re  s im ila r  a s  to  

ty p e , s c o re d  s im i la r ly  a s  to  q u a l i ty  a n d  w i th in  th e

c o m m e rc ia lly  a c c e p ta b le  ra n g e ,  a n d  y e t  a p p e a re d  
to  h a v e  d if f e r e n t  f la v o r  q u a lit ie s . T h e  w in e s  f ro m  
w h ic h  s e lec tio n s  w e re  m a d e  w e re  th e  1960 v in ta g e  
p ro d u c e d  in  th e  U n iv e r s i ty  w in e ry  b y  s ta n d a rd  
p ro d u c tio n  m e th o d s . M o s t  o f th e  g ra p e s  w e re  f ro m  
th e  U n iv e r s i ty  v in e y a r d s  a t  D a v is  o r  O a k v i lle ,  a n d  
th e  w in e  lo ts  w e re  e ac h  f ro m  a  s in g le  g ra p e  
v a r ie ty .  T h e  w in e s  w e re  p re s e n te d  to  a  sm a ll  
(1 0 -m e m b e r )  p a n e l w h o se  m e m b e rs  h a d  h a d  c o n ­
s id e ra b le  e x p e r ie n c e  a s  s e n s o ry  p a n e lis ts  a n d  w e re  
fa m i lia r  w ith  w in es . T h e  m a n n e r  o f p re s e n ta t io n  
a n d  s c o r in g  w a s  e s s e n t ia lly  a s  r e p o r te d  b y  O u g h  
a n d  B a k e r  (1 9 6 1 ) ,  e x c e p t  t h a t  10 s a m p le s  w e re  
t a s te d  e ac h  d a y  a n d  th e s e  w e re  g ro u p e d  a s  to  
ty p e  ( a n d  u s u a l ly  v in e y a r d  r e g io n ) ,  e .g ., d r y  re d  
ta b le  w in es  o n e  d a y , r e d  d e s s e r t  w in e s  th e  n e x t ,  
d r y  w h i te  ta b le  w in e s  th e  th ird ,  e tc . T h e  w in es  
w e re  f i r s t  s c o re d  d u r in g  N o v e m b e r - J a n u a r y ,  1 9 6 0 - 
61, a b o u t  th r e e  m o n th s  a f te r  v in ta g e .  T h e  a v e r a g e  
s c o re s  a n d  c o m m e n ts  w e re  u s e d  to  c h o o se  f ro m  
a m o n g  a  g iv e n  d a ily  s e t  o f  te n  w in e  lo ts , tw o  t h a t  
h a d  th e  m o s t  s im ila r  s c o re s  b u t  th e  m o s t  d i f fe re n t  
c o m m e n ts . T h e s e  tw o  lo ts , p lu s  a  s a m p le  p re p a re d  
b y  b le n d in g  e q u a l v o lu m e s  o f  th e s e  tw o , w e re  r e ­
t a s te d  a b o u t  five m o n th s  la t e r  a s  p a r t  o f a  c o n ­
t in u in g  p a n e l e v a lu a tio n  o f th e  1960 v in ta g e  ( d u r in g  
A p r i l - J u n e ,  1 9 6 1 ).

T h e  u s u a l  c h em ica l a n a ly s e s  f o r  a lc o h o l, to ta l  
a c id , e tc ., w e re  c o m p le te d  o n  e ac h  w in e ; s h o r t ly  
a f t e r  th e  f i r s t  t a s t in g .  T h e  w in e  lo ts  w e re  f ro m  
5 to  5 0  g a llo n s  each . T h e  d r y  w h i te  w in e s  w e re  
h e ld  in  g la s s , c o rk -s to p p e re d  c o n ta in e rs  t h r o u g h ­
o u t  th e  e x p e r im e n t  w i th  th e  e x c e p t io n  o f  w in e  
N o . 3 ( T a b le  1 ) w h ic h  w a s  in  a  2 5 -g a llo n  p re v i ­
o u s ly  u s e d  o a k  b a r r e l  u n ti l  i t  w a s  b o tt le d  on  
F e b r u a r y  2, 1961. T h e  o th e r  w in e s  w e re  in  p re v i ­
o u s ly  u se d  o a k  c o o p e ra g e  th r o u g h o u t  th e  e x p e r i ­
m e n t  w i th  th e  e x c e p tio n  o f  w in e  N o s . ( T a b le  1) 
38, 41, 42, 45, 47, 48, 49, 50, 51, 56, 57, 58, a n d  
66, w h ic h  w e re  in  g la s s , c o rk - s to p p e re d  c o n ta in e rs ,
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a n d  w in e  52, w h ic h  w a s  in  w o o d , b u t  w a s  b o tt le d  
a b o u t  tw o  m o n th s  b e fo re  i ts  seco n d  ta s t in g .

T h e  seco n d  ta s t in g  in c lu d e d  a s  a  d a ily  s e t  th e  
sam e  te n  w in es  a s  b e fo re  p lu s  th e  b le n d e d  sam p le . 
T h e  b len d  w a s  p re p a re d  im m e d ia te ly  b e fo re  p r e ­
s e n ta tio n  of th e  sam p le s  to  th e  p a n e l. I t  w a s  
co d ed  a n d  ra n d o m iz e d  a s  to  seq u en ce , a s  w e re  
th e  o th e r  sam p le s , so  t h a t  th e  p a n e lis ts  w e re  n o t  
a w a re  o f a n y  sp e c ia l t r e a tm e n t  a n d  r a te d  i t  a s  o n e  
of a  g ro u p  o f e lev en  s im ila r  b u t  u n re la te d  in d i­
v id u a l  w in es . T h e  sco re s  re c o rd e d  b y  e a c h  t a s te r  
fo r  e ach  w in e  w e re  b a s e d  o n  th e  s c a le :  2 0 -17 , 
w in e s  w ith  so m e  s u p e r io r  c h a r a c te r is t ic s  a n d  n o  
m a rk e d  d e f e c t s ; 16 -13 , s ta n d a r d  w i n e s ; 12 -9 , c o m ­
m e rc ia l ly  a c c e p ta b le  w in e s  w ith  n o tic e a b le  d e f e c t s ; 
8 -5 , b e lo w  c o m m e rc ia l  a c c e p ta n c e ;  a n d  4 -1 , c o m ­
p le te ly  sp o iled . A  m in im u m  o f s ix  p a n e lis ts  ta s te d  
each  d a y  f o r  w h ic h  a n y  r e s u lt s  a r e  re c o rd e d  h e re . 
T h e  f la v o r  c o m m e n ts  w e re  th o s e  s e le c te d  a s  m o s t  
v a lid  o r  re v e a l in g  f ro m  th e  tw o  o r  th re e  p a n e lis ts  
w h o  in c lu d e d  c o m m e n ts  on  th e i r  s c o re  s h e e ts  m o s t  
f re q u e n tly .

R E S U L T S  A N D  D IS C U S S IO N
Table 1 lists the origin and composition 

of the wine pairs chosen, the mean scores 
received in both tastings, and comments 
from the second tasting. If one compares 
the minimum detectable differences (p =  
0.05, triangular test) in wine published by 
Hinreiner et al. (1955) with the analyses 
of each pair of wines, it is found that the 
following probably detectable concentration 
differences exist: sugar, pairs 57—8, 59-60, 
61-2, 63-4, 65-6, and 67-8; alcohol, none; 
tannin, pairs 37—8, 51-2, 53-4, 61—2, and 
67-8; and acid, pairs 1-2, 3-4, 9-10, 13-14, 
15-16, 27-8, 29-30, 37-8, 43-4, 45-6, 47-8, 
55-6, 57-8, and 61-2. Based on laboratory 
experience, the color differences large 
enough to have had a probable effect on scor­
ing were in pairs 13-14, 19-20, 33-4, and 
63—4. Eliminating duplicates, this totals 22, 
and thus 1 2  pairs of wines have no flavor 
or color differences that can be considered 
detectable on the basis of the available ana­
lytical and sensory- information. Examina­
tion of mean scores of the pairs that do show 
analytical differences large enough to be 
sensorily significant (second tasting, Table
1 ) shows, for sugar, that the wine with 
lower sugar received the highest score in 
two cases, and the reverse was true in four 
cases. Only sweet wines are involved, and 
the differences are large enough that the

blend would also be detectably different 
from the wines in only one or perhaps two 
cases of the six.

Similarly with tannin, only red wines are 
involved, and in the three dry-wine pairs 
the lower tannin got the higher score, but 
in the two sweet-wine pairs the higher tan­
nin scored higher. In only two cases is the 
difference large enough that the blend would 
be expected to be detectably different from 
either of the wines based on tannin alone. 
Comparison of the tannin content and scores 
of several pairs of wines having high tannin 
both with and without sufficient difference 
to be a factor in scoring of the pair shows 
several wines having high scores and yet 
high tannin. Thus it seems impossible to 
correlate quality judgment with tannin con­
tent within this series of wines.

Total acidity calculated as tartaric gives 
even less clear relationships with quality- 
score. In nine cases the high-acid wine was 
scored higher, but in five cases the low-acid 
wine got the higher score, and in only three 
cases would one expect the blend to differ 
detectably in acid from either of the wines. 
Wines with unusually high or low acid con­
tent received equally high scores in many 
cases. With color, the relation to quality- 
score was exactly split among the four cases 
of sizable differences (one each favoring 
high and low color within the white wines 
and similarly within the reds). Several other 
color differences were probably large enough 
to be detectable but were within the com­
mercial range and did not appear to corre­
late with quality score.

Considering the facts just mentioned, the 
fact that the wines often scored differently- 
in the two tastings, and that the estimated 
detectable differences are based upon imme­
diate cross-comparison in a triangular test 
whereas the scores here were obtained by- 
judging a single wine at a time within a 
standard scoring system, it seems correct 
to conclude that in nearly all cases the cru­
cial factors in quality scoring are not ex­
plained by simple differences in taste related 
to usual analytical values available for wines. 
This is in line with the results Baker and 
Amerine (1953) reported; even an esti­
mating equation including several analytical 
determinations did not predict quality score
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reliably. The authors therefore conclude 
that the quality score of a blend, if it is 
higher than one would expect from the 
scores of wines entering the blend, cannot 
be attributed (at least within this series of 
wines) to the simple supplementation of 
deficiencies. Although the blend of two 
wines with objectionably high and low acidi­
ties, etc., would probably result in an im­
proved wine, our efiforts to minimize this 
type of effect—by selection of pairs of wines 
for blending, and comparison scoring on 
only commercially acceptable, carefully 
matched pairs—appear to have been success­
ful.

The data in Table 1 are so arranged that 
the wine receiving the highest mean score 
in the second tasting was numbered odd, and 
the even-numbered wines were those scoring 
lower. It may be worth noting in passing 
that this same relative order within each 
pair prevailed in 2 2  cases and was reversed 
in 12 cases in the first tasting. This sug­
gests that relative quality usually appeared 
early and was fairly consistent in these 
wines. Since about five months intervened 
between the two tastings of each pair of 
wines, considerable development of these 
wines did occur. The mean scores of 32 
wines increased, 32 decreased, and 4 re­
mained the same in the second tasting as

compared to the first, with a mean decrease 
of 0.1 score unit in the second tasting. This 
suggests that the panelists were either scor­
ing in the first tasting partly on the basis of 
potential quality or that the temporary 
faults of the young wines such as lack of 
clarity and yeastiness were given less severe 
stfbre deductions than later-appearing per­
manent defects such as oxidized flavors.

Although individual panelists did occa­
sionally score a blend lower than either con­
stituent wine, in no case (Table 1) did a 
blend receive a lower mean score by the 
whole panel than the lowest-scoring wine of 
the pair. In seven cases the blend received 
a higher mean score than either wine. A 
statistical evaluation of these results, con­
sidering the mean scores only, with no 
breakdown by tasters, etc., showed (Table
2 ) that the mean scores of the blends did 
not differ from those of the highest-scoring 
of the pair of wines blended, even to the 
lowest level of significance. However, the 
blend's scores were very highly significantly 
better than the average of the scores of the 
two constituent wines, and very highly sig­
nificantly better than that of the lowest- 
scoring of the pair.

An analysis of variance of the scores 
given individually by five panelists who 
tasted most regularly (31 of these 34 pairs

T a b le  2. T e s t s  fo r  s ig n if ic an ce  o f th e  d if fe re n c e  b e tw e e n  th e  c o m p o s ite  sco re  fo r  th e  b len d  
a n d  th e  c o m p o s ite  s c o re s  fo r  th e  w in e s  in  th e  b len d .

Difference of scores
Blend Blend Blendfrom from from
higher lower mean
wine w'ine of pair

( S tu d e n t ’s t  te s t,  p a ire d  v a r ia te s ,  n u ll  h y p o th e s is , 33 d e g re e s o f f re e d o m )
A v e ra g e  d e v ia t io n , D - .1 2 4 + 1 .0 0 + .4 3 8
S u m s  of s q u a re s  o f sam p le  d e v ia t io n

m in u s  a v e r a g e  d e v ia t io n , - ( D — D ) 5 17.401 22.02 11.176

s , .  =  V ( I > J B ) ’
.726 .817 .582

33
S -  =  S d .126 .142 .101

V 34
t =  D  — 0 .981 7.03 4.32

S -
S ig n if ic an ce , p z e ro > .0 0 1 > .0 0 1

M e a n  S c o r e :  A l l  s am p le s  14.39, a l l  b le n d s  14.68, a ll  h ig h e r  o f p a ir s  14.81, a ll  lo w e r  of 
p a ir s  13.68, m e a n  o f  p a ir  m e a n s  14.24.
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of wines) gave the results shown in Table 3. 
A highly significantly higher score was 
found for the blend than for the mean score 
of the two wines. Of note among the inter­
actions is that treatment didn’t interact with 
wines or tasters. The taster X  wine inter­
action is normal, as are the taster and wine 
significant variances. These data agree with 
the previous conclusion that a 50-50 blend 
of wines chosen as these were receives a 
better quality score than might be expected 
from the scores of the two wines. Consider­
ing that the analysis of variance shows such 
a high degree of variability with respect to 
difference between individual wines, scores 
given by individual tasters, and the reaction 
of individual tasters to different wines, the 
high significance level for the treatment is 
especially noteworthy. These data, then, 
experimentally confirm the value of blending 
wines for improved quality. If the blending 
of two standard-quality wines seldom gives 
a product as bad as the poorer, usually gives 
one (at 50-50 blend level) as good as the 
better one, and sometimes gives one better 
than either, blending appears capable of use­
ful, if still rather empirical, extension. Much 
blending, as now practiced commercially, 
appears to be based on firmer footing, and 
probably is of more value than previously 
suspected.

The reasons for the improvement of a 
blend over its constituents cannot be stated 
with certainty, because our understanding of 
the composition-quality interrelationships in 
wines is far from complete. At least in some 
cases, however, the evidence points to an 
increase in complexity as a major contrib-

T a b le  3. A n a ly s is  o f v a r ia n c e .  T r e a tm e n t  is  a
c o m p a r is o n  o f m e a n  sco re  
sco re  o f b le n d  o f b o th .

o f tw o w in es a n d  th e

Source df ss ms F
T o ta l 309 962.80
T a s te r s 4 109.91 27.47 24 .30 **
T  r e a tm e n t 1 9.85 9.85 8.71 **
W in e s 30 360.47 12,01 10.62 **
T r e a tm e n t  X w in e s 30 38.69 1.28 1.13
T a s te r s  X t r e a tm e n t 4 4,87 1.22 1.07
T a s te r s  X w in es 120 313.12 2.60 2.30 **
E r r o r  ( r e s id u a l ) 120 135.74 1.13

** S ig n if ic a n t  to  1 %  leve l.

utor to the quality increase. By this is 
implied the addition of flavors whose ab­
sence cannot be considered a serious defi­
ciency but whose presence in the proper 
amount contributes favorably. A further 
implication is that a flavor that may be 
undesirable when recognizably strong, may 
be a contributor to complexity and therefore 
not undesirable if below the recognition 
threshold in the blend. This may help ex­
plain the data reported by Kramer and 
Ditman (1956), who showed that canta­
loupes treated with an insecticide were scored 
significantly better than untreated canta­
loupes.

Still another factor may be the fact that 
differences sensed as if on a unitized scale 
are actually a geometric rather than linear 
function of the stimulus (Stevens, 1961). 
It thus appears that a flavorsome constitu­
ent sensed as a given strength in one wine, 
may not seem much weaker when diluted 
one-half with a wine lacking this constituent. 
For example, a simple solution containing 
one aromatic ester compared with that of 
a different ester both near minimum detect­
able levels may appear less odorous, less 
complex, and less satisfactory as odorants 
than a blend of equal amounts of both 
solutions.
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S U M M A R Y
A n  o l f a c t o m e t e r  d e s c r i b e d  p r e v i o u s l y  w a s  m o d i f i e d  a n d  u s e d  to  d e t e r m i n e  

o d o r - d i f f e r e n c e  t h r e s h o l d s  f o r  4 8  s u b j e c t s  a t  4  l e v e ls  o f  2 - h e p t a n o n e .  T h e  
a p p a r a t u s  w a s  f o u n d  to  g iv e  r a p i d  a n d  r e p r o d u c i b l e  t h r e s h o l d  m e a s u r e m e n t s .  
D i f f e r e n c e  t h r e s h o l d s  w e r e  f o u n d  to  f o l lo w  t h e  W e b e r  la w .  A  W e b e r  f r a c t i o n  
o f  0 .2 3  m g / m i n / d e v i a t e  w a s  d e t e r m i n e d  f o r  2 - h e p t a n o n e .  T h e  a b s o l u t e  t h r e s h ­
o l d  w a s  f o u n d  t o  b e  8 .9 7  X 1 0 '4 m g  o f  2 - h e p t a n o n e / L  a i r .

Previous investigations (Mrak et al., 1959; 
Ough and Stone, 1961) have shown that 
measurements of odor-difference thresholds 
with an olfactometer could be reported in 
terms of concentration of the test substance 
in the inspired air rather than molar con­
centration of the test substance in a water, 
glycerol, or oil solvent.

The present work was conducted to es­
tablish difference thresholds for 48 subjects 
for 4 concentrations of 2-heptanone as well 
as to determine the absolute threshold. The 
validity of the methodology was tested, and 
the difference thresholds were studied to 
determine whether they followed Weber’s 
law.

A P P A R A T U S  A N D  M E T H O D
E q u ip m e n t.  T h e  o lfa c to m e te r  p re v io u s ly  d e ­

s c r ib e d  in  d e ta il  ( O u g h  a n d  S to n e , 1961) h a s  
u n d e rg o n e  s e v e ra l  a l te r a t io n s .  T o  im p ro v e  e a se  
o f  s e a lin g  th e  jo in ts ,  a ll  c o n n e c tio n s  f ro m  th e  m a n i­
fo ld  to  th e  m a in  a i r  s t r e a m  w e re  c o n v e r te d  to  b a ll  
jo in ts  s e a le d  w i th  o d o r le s s , n o n - re a c tiv e  g re a s e  
(D o w  C o rn in g  200 F lu id , D o w  C o rn in g  C o rp ., 
M id la n d , M ic h ig a n )  a n d  h e ld  w i th  C -c lam p s . 
T h r e e  s ta in le s s - s te e l  v a lv e s  ( W h i te y  N e e d le  
V a lv e s , V a n  D y k e  V a lv e  a n d  F i t t in g  C o ., O a k ­
lan d , C a l i fo r n ia )  w e re  in s ta lle d , o n e  e a c h  b e tw e e n  
th e  s to p c o c k  a n d  th e  flow  m e te r ,  to  p ro v id e  m o re  
p re c is e  m e te r in g  o f  a i r  f lo w  th r o u g h  th e  d iffu s io n  
bu lb . A  d o u b le -w a lle d  w a te r  b a th  im p ro v e d  te m ­
p e r a tu r e  c o n tro l  o f  th e  t e s t  l iq u id . T o  c o n tro l  
in te rn a l  a i r  te m p e ra tu re ,  a  c o o lin g  a n d  h e a t in g  
sy s tem  w a s  in s ta l le d  in  th e  a i r  line . T h e  a i r  w a s  
f i r s t  p re c o o le d  a n d  th e n  h e a te d  to  th e  d e s ire d  
o p e ra t in g  te m p e r a tu r e  o n  p a s s in g  t h r o u g h  th e  h e a t ­
in g  coil. T h e  te m p e r a tu r e  w a s  s e t  m a n u a l ly  by

a  r h e o s ta t  c o n tro l l in g  th e  h e a t in g  e le m e n t. I n  a d ­
d itio n , a n  a i r  c o n d i tio n e r  w a s  in s ta l le d  to  c o n tro l  
ro o m  te m p e ra tu re .  T h e  in s p i r e d -a i r  te m p e ra tu re  
f o r  th is  s tu d y  w a s  2 4 ± 1 ° C  a t  40  ± 5 %  re la t iv e  
h u m id ity .

C a lib ra t io n  o f  e q u ip m e n t. A i r  flow  r a te s  w e re  
d e te rm in e d  b y  m e th o d s  sp ec ified  f o r  th e  m e te rs . 
T o  d e te rm in e  th e  a c tu a l  a m o u n ts  o f  2 -h e p ta n o n e  
d e liv e re d  to  th e  h o o d , a  m o d if ic a tio n  o f th e  Id d le s  
a n d  J a c k s o n  (1 9 3 4 ) a n d  Id d le s  et al. (1 9 3 9 ) 
m e th o d  w a s  e m p lo y ed . T h e  o d o r - s a tu r a te d  a i r  
( a t  v a r y in g  flow  r a te s )  w a s  t r a p p e d  in  a  c h lo ro ­
f o r m - d r y  ice  b a th , w a rm e d  to  a  l iq u id , a n d  r e ­
m o v e d  w ith  p e n ta n e . S in c e  th e  p e n ta n e  d id  n o t  
f re e z e  a t  th is  t e m p e ra tu re  (ca. — 8 0 ° C ) ,  i t  w a s  
a d d e d  b e fo re  th e  t r a p s  w e re  re m o v e d , to  p re v e n t  
a n y  la r g e  lo ss  o f  th e  2 -h e p ta n o n e  a s  i t  r e tu r n e d  
to  a  l iq u id  s ta te . T h e  s o lu tio n  w a s  th e n  t r a n s f e r r e d  
to  a  b e a k e r  w ith  th e  2 ,4 -d in it ro p h e n y lh y d ra z in e ,  
m ix e d  th o ro u g h ly ,  a n d  p la c e d  in  a  h o o d  to  re m o v e  
th e  p e n ta n e  a n d  p e r m it  c r y s ta l l iz a t io n .  A f t e r  24 
h r  th e  p re c ip i ta te s  w e re  h a rv e s te d  in  s in te re d -  
g la s s  c ru c ib le s  a n d  d r ie d  to  c o n s ta n t  w e ig h t. C o n ­
t r o l  sam p le s  w e re  in c lu d e d  w i th  e a c h  te s t  ru n . 
C a lib ra t io n  b y  th is  te c h n iq u e  re v e a le d  t h a t  o n ly  
6 3 %  o f  th e  2 -h e p ta n o n e  c o u ld  b e  r e c o v e r e d ; t h e r e ­
fo re  th is  v a lu e  w a s  u s e d  a s  a  c o r r e c t io n  te rm . 
F u r th e r  in v e s t ig a t io n  re v e a le d  t h a t  th e  2 -h e p ta -  
n o n e  r e a c te d  d i r e c t ly  w i th  th is  r e a g e n t  to  th e  
e x te n t  o f  6 3 % . T h e  r e s u lt s  o f  th is  c a l ib ra t io n  
( T a b le  1 ) in d ic a te d  t h a t  th e  a c tu a l  re c o v e re d  
a m o u n ts  w e re  e q u a l  t o  th e  c a lc u la te d  a m o u n ts . 
T h e  c a lc u la te d  a m o u n ts  w e re  th e re fo r e  u se d  in  
th e  c a lc u la t io n s . T h e  2 -h e p ta n o n e  w a s  r e d is t i l le d  
in  th e  la b o r a to r y  b e fo re  u se , a n d  th e  v a p o r  p re s ­
s u re  w a s  d e te rm in e d  a t  th e  o p e ra t in g  t e m p e ra ­
tu r e  b y  th e  s ta t ic  m e th o d . C a lc u la t io n s  o f th e  
a m o u n t  o f o d o r  d e liv e re d  w e re  b y  a  m e th o d  r e ­
p o r te d  p re v io u s ly  ( O u g h  a n d  S to n e , 1 9 6 1 ).
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T a b le  1. C o m p a r is o n  o f  c a lc u la te d a m o u n ts  o f 2 -h e p ta n o n e  w ith  re c o v e re d a m o u n ts .

Calculated am ount (m g /m in )

Recovered am ount

M ean values Stri­de viati on Range
No. of recoveries

0.738 0.72 i
1.04 1.06 i
1.46 1.26 ± .2 3 .925-1 .45 4
1.91 2.11 2 .06 -2 .17 2
2.39 2.24 ±.26 1 .88 -2 .50 4
2.84 2.59 ± .3 4 2 .10 -2 .84 4
3.40 3.48 ± .2 9 3 .03 -3 .65 4
3.78 4.07 ± .3 1 3 .70 -4 .33 4
4.43 4.61 ± .2 1 4.31—4.74 4
4.89 4.76 ± .2 7 4 .41 -5 .06 4

P a n e l  a n d  d e s ig n . T h e  p a n e l w a s  a  g ro u p  o f 36 
m en  a n d  12 w o m en , 18 -55  y e a r s  o ld , s e lec ted  f ro m  
d e p a r tm e n ta l  s ta ffs . A b o u t  o n e - th i rd  o f th e  pan e l 
h a d  h a d  e x p e r ie n c e  w ith  th is  ty p e  o f  te s t in g .  I n d i ­
v id u a l  s e n s it iv it ie s  w e re  d e te rm in e d  a t  fo u r  lev e ls  
o f 2 -h e p ta n o n e  (1 .16 , 2.14, 3.14, a n d  4 .14  m g /m in ) .  
T h r e e  c o n c e n tra t io n s  w e re  te s te d  o n  e a c h  s id e  o f 
e ach  le v e l:  0.94, 1.00, 1.10, 1.24, 1.34, a n d  1.50 
m g /m in  f o r  s e r ie s  1 ; 1.60, 1.90, 2.00, 2.24, 2.40, a n d  
2 .70 m g /m in  f o r  s e r ie s  2 ;  2.40, 2.74 , 2.94, 3.34, 3.49, 
a n d  3.83 m g /m in  fo r  s e r ie s  3 ;  a n d  3.04, 3.59, 3.83, 
4.39, 4.67, a n d  5.2 m g / r r in  fo r  s e r ie s  4. T o  c o n ­
v e r t  th e s e  v a lu e s  to  m g / L  a ir ,  i t  is o n ly  n e c e s s a ry  
to  d iv id e  th e s e  flow  r a te s  b y  3 .68 X 102 L  p e r  m in  
( th e  flow  r a te  o f  th e  m a in  a i r  s t r e a m ) .

T h e  m e th o d  u se d  w a s  th e  c o n s ta n t- s t im u lu s  
m e th o d  of p a ire d  p re s e n ta t io n ,  r e g a rd e d  b y  G u i l ­
fo rd  (1 9 5 4 ) a s  o n e  o f th e  m o s t  a c c u ra te  o f  th e  
p sy c h o p h y s ic a l  m e th o d s . T h e  te s t  m e th o d  w a s  
m o d ified  s l ig h tly  b y  ra n d o m iz a tio n  o f th e  re fe re n c e  
s a m p le  a s  w e ll a s  th e  te s t  sam p le s . T h is  w o u ld  
te n d  to  e lim in a te  a n y  o p e ra t io n a l  e r r o r s ,  a n d  a lso  
h e lp  to  su p p re ss  a n y  p o s it io n  a n d  o rd e r  e ffec ts  by  
th e  su b je c ts . P a n e l  m e m b e rs  w e re  a s k e d  to  c h o o se  
th e  sam p le  w ith in  e ac h  p a ir  w i th  th e  m o re  in te n se  
o d o r  o f h e p ta n o n e ; “n o  d if fe re n c e ” re s p o n se s  w e re  
n o t  p e rm itte d .

S e v en  ra n d o m iz e d  p a ir s  w e re  p re s e n te d  to  each  
s u b je c t  e ac h  d a y  fo r  4  d a y s . A l l  p a ir s  w e re  
ra n d o m iz e d  in  a ll  fo u r  s e r ie s  in  on e  se t  o f b lo ck s . 
R e sp o n se s  to  th e  f i r s t  p a ir ,  w h ic h  s e rv e d  as  
o r ie n ta t io n ,  w e re  n o t  re c o rd e d . T h e  e ffec t o f p r e ­
s e n ta tio n  o f  a  s a m p le  o f lo w  c o n c e n tra t io n  fo llo w ­
in g  a  s a m p le  o f  h ig h  c o n c e n tra t io n  w a s  in v e s tig a te d  
by  re p e a t in g  th e  e n ti re  s tu d y  w ith  th e  p an e l 
te s te d  o n  a  s in g le  ra n d o m iz e d  s e r ie s  a t  o n e  sess io n . 
A  d e fin ite  te s t in g  t im e  w a s  a s s ig n e d  to  each  p an e l 
m em b e r. T o  p ro v id e  in c e n tiv e , p a n e l m em b e rs  w e re  
to ld  t h a t  r e w a rd s  w o u ld  be p re s e n te d  to  a ll  th o se  
c o m p le tin g  th e  s tu d y .

T o  e lim in a te  c o n v e rs a tio n  b e tw e e n  s u b je c t  a n d  
in v e s t ig a to r ,  a  s ig n a l  s y s te m  w a s  u s e d : A  g re e n  
l ig h t  o n  a  s ig n a l  b o a rd  d i re c t ly  in  f r o n t  o f  th e  
o d o r  h o o d  to ld  th e  s u b je c t  w h e n  a  s a m p le  w a s  
p re s e n te d . T h e  s u b je c t  in d ic a te d  th e  m o re  in te n s e  
sam p le  b y  p re s s in g  a  b u tto n  t h a t  l ig h te d  a  b u lb  
in  f r o n t  o f  th e  in v e s t ig a to r .  E a c h  sa m p le  w a s  
p re s e n te d  fo r  10 sec , fo llo w ed  b y  10 sec  o f  p u r i ­
fied  a ir ,  w i th  15 -sec  in te rv a ls  b e tw e e n  p a ir s .

S t a t i s t i c a l  c a lc u la t io n s .  T h e  m e th o d  o f  m a x im u m  
lik e lih o o d , e x p la in e d  b y  J o n e s  (1 9 5 7 ) ,  w a s  u se d  
to  e v a lu a te  th e  d a ta . T h e  e q u a tio n  fo r  th e  r e ­
g re s s io n  lin e  a n d  th e  s ta n d a rd  e r r o r s  o f e s t im a te  
o f th e  d e v ia te s  w e re  d e te rm in e d . T h e  d a ta  w e re  
p lo t te d  o n  n o rm a l-p ro b a b il i ty  p a p e r , w i th  th e  p e r ­
c e n ta g e  o f  re s p o n se s  te rm e d  h ig h  b e in g  p lo t te d  
a g a in s t  s t im u lu s  c o n c e n tra tio n . T h e  x~ a n a ly s is  
w a s  u se d  to  c h ec k  fo r  fit a n d  h o m o g e n e ity .

S in c e  th e  re fe re n c e  p o in ts  c o v e re d  a  re la t iv e ly  
la rg e  r a n g e  o f o d o r  c o n c e n tra tio n , th e  d a ta  w e re  
te s te d  f o r  a g re e m e n t  w ith  W e b e r ’s L a w . U s in g  
a  m e th o d  d e s c r ib e d  by  J o n e s  (1 9 5 7 ) ,  p ro p o r t io n s  o f 
th e  d if fe re n c e  s tim u li  to  th e  c o n s ta n t  s t im u lu s  w e re  
p lo t te d  a g a in s t  p e rc e n ta g e  o f th e  re s p o n se s  c a l le d  
h ig h . M a x im u m -lik e lih o o d  so lu tio n s  w e re  d e te r ­
m in ed  a t  th e  fo u r  leve ls . S u m s  o f  s q u a re s  a n d  
c ro s s -p ro d u c ts  f ro m  th e  s e p a ra te  re g re s s io n s  w e re  
po o led , a n d  a  c o m m o n  re g re s s io n  w a s  o b ta in e d  f o r  
a ll  o b s e rv a t io n s .  T h e  d if fe re n c e  b e tw e e n  th e  su m  
o f th e  re s id u a l  su m s  o f  s q u a re s  fo r  th e  s e p a ra te  r e ­
g re s s io n s  a n d  th e  re s id u a l  fo r  th e  c o m m o n  r e g r e s ­
s io n  is  c a u se d  b y  th e  d if fe re n c e  b e tw e e n  th e  s e p a ­
r a te  r e g re s s io n s .  I f  th is  d iffe re n c e , a s  xT  is  n o t  
s ig n if ic a n t, th e  re g re s s io n  coeffic ien ts  m a y  b e  c o n ­
s id e re d  e q u a l a n d  e s t im a te d  b y  th e  c o m m o n  r e ­
g re s s io n  co effic ien t. T h e  r e m a in in g  su m  o f s q u a re s  
m a y  b e  p a r t i t io n e d  in to  tw o  c o m p o n e n ts — coeffi­
c ie n ts  a n d  m ea n s . T h e  x ” v a lu e  o f th e  co effic ien ts  
s h o u ld  be  in s ig n if ic a n t  if th e  d a ta  a g r e e  w ith  
W e b e r 's  L a w . T h e  o th e r  p o r tio n e d  p a r t s  w ill  be
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in s ig n if ic a n t  a ls o  if  th e  d a ta  a g re e  w ith  th e  n o rm a l-  
re s p o n se  law .

T o  c o m p le te  th e  s tu d y  th e  a b s o lu te  th re s h o ld  
fo r  2 -h e p ta n o n e  w a s  d e te rm in e d  b y  th e  m e th o d  o f 
c o n s ta n t  s tim u lu s  w i th  a i r  a s  a  re fe re n c e . A b s o ­
lu te  th re s h o ld  w a s  d e fin ed  a s  t h a t  c o n c e n tra tio n  
d e te c te d  b y  5 0 %  o f th e  p a n e l. S e v en  p a ir s  w e re  
p re s e n te d  to  e ac h  su b je c t ,  w i th  th e  f i r s t  p a ir  u se d  
f o r  p ra c tic e . J u d g e s  w e re  in fo rm e d  t h a t  so m e  o f 
th e  c o n c e n tra t io n  o f o d o r  w o u ld  be v e ry  low , 
p o ss ib ly  b e lo w  th re s h o ld ,  b u t  t h a t  a  “n o  d e c is io n ” 
w o u ld  n o t  b e  a llo w ed . A  m e th o d  o u tl in e d  by  
J o n e s  (1 9 5 7 ) w a s  u se d  to  d e te rm in e  th e  th re s h o ld  
v a lu e .

E X P E R I M E N T A L  R E S U L T S
T o  d e te rm in e  th e  e ffe c t  o f  t r a in in g  d u r in g  th e  

f i r s t  s tu d y , th e  f i r s t  d a y ’s sam p le s  w e re  r e p e a te d  
o n  th e  fif th  d a y  a n d  th e  d a ta  s u b je c te d  to  %a 
a n a ly s is . T h e  r e s u lt s  a r e  s u m m a r iz e d  in  T a b le  2. 
T h o u g h  th e  a n a ly s is  s h o w e d  n o  s ig n if ic a n t  d i f f e r ­
en ce  b e tw e e n  th e  s u b je c ts  f ro m  th e  f i r s t  d a y  to  th e  
fif th , so m e  t r a in in g  h a d  o c c u r re d  a s  e v id en c e d  by  
th e  h ig h  x 2 v a lu e  o f 7.46 (c o m p a re d  to  th e  lo w  
o f  1.48 f o r  th e  s ec o n d  s e r ie s ) .  T h e r e f o r e  i t  w a s  
d ec id e d  to  d e le te  th e  f i r s t  d a y ’s d a ta  a s  r e p re s e n t in g  
t r a in in g  a n d  fa m i lia r iz a t io n  w i th  th e  a p p a ra tu s .

S in c e  th e  s tu d y  c o v e re d  a  w id e  r a n g e  o f o d o r  
c o n c e n tra t io n s ,  o r d e r  e ffec ts  w e re  te s te d . T h e  d a ta  
w e re  a n a ly z e d  b y  d e te rm in in g  th e  n u m b e r  o f  c o r ­
r e c t  re s p o n se s  o f  a  s a m p le  p a ir  in  th e  1 .1 6 -m g /m in  
s e r ie s  w h e n  i t  fo l lo w e d  i ts e l f  o r  o n e  o f th e  h ig h e r -  
sam p le  p a ir s  (2 .14 , 3.14, o r  4 .14 m g / m i n ) .  A  
t e s t  fo r  h o m o g e n e ity  w a s  c a r r i e d  o u t  b y  x 2 a n a ly s is . 
T h e  re s u lts  in d ic a te d  th a t  th e r e  w a s  n o  s ig n if ic a n t

T a b le  2. N u m b e r  o f  c o r r e c t  a n d  in c o r re c t  r e ­
sp o n ses  o n  a  d a ily  b a s is  f o r  48  su b je c ts .

Test Day No.correct No.incorrect TotalPairs
A  a l 175 113 28 8

2 190 9 8 28 8
3 2 0 3 85 288
4 199 89 288

T o ta l 76 7 385 1152
B " 2 190 98 288

3 203 85 28 8
4 199 8 9 28 8
5 194 9 4 28 8

T o ta l 786 36 6 1152
" x 2 =  7.46 ( n o t  s ig n if ic a n t  a t  5 %  le v e l) .  
b x 2 = l-48  ( n o t  s ig n if ic a n t  a t  5 %  le v e l)

h e te r o g e n e i ty ;  h o w e v e r , a  d e f in ite  t r e n d  w a s  e v i­
d e n c ed  b y  th e  h ig h  v a lu e  ( x 2 =  7 .3 7 ) .  C lo se r  
o b s e rv a t io n  o f  th e  d a ta  b y  x 2 a n a ly s is  o f  th e  1.16- 
m g /m in  s e r ie s  vs. th e  2 .1 4 -m g /m in  s e r ie s  in d ic a te d  
a n  o r d e r  e ffe c t  o f x 2 =  5 .8  ( s ig n if ic a n t  a t  5 %  
p ro b a b il i ty  le v e l)  ; th e re fo r e ,  th e  e n t i r e  s e r ie s  o f 
4 lev e ls  o f 2 -h e p ta n o n e  w a s  re p e a te d .  I n s te a d  o f 
r a n d o m iz in g  a ll  lev e ls , e a c h  s e r ie s  w a s  ra n d o m iz e d  
a n d  te s te d  s e p a ra te ly ,  i.e ., o n  d a y  1, th e  6  p a ir s  o f 
th e  2 .1 4 -m g /m in  se r ie s , a n d  o n  d a y  2  th e  3 .14- 
m g /m in  se r ie s . T h e  d a ta  w e re  th e n  s u b je c te d  to  
X2 a n a ly s is  f o r  h o m o g e n e ity  c o m p a re d  w i th  th e  
c o m p le te ly  ra n d o m iz e d  se r ie s . N o  s ig n if ic a n t  d i f f e r ­
en ce  w a s  o b s e rv e d  b e tw e e n  th e  ra n d o m iz e d  s e r ie s  
a n d  th e  in d iv id u a l  s e r ie s  ( x 2 =  0 .4 2 ) ; t h e re fo r e  
th e  tw o  s e r ie s  w e re  c o m b in ed  a n d  th e  d if fe re n c e

T a b le  3. M a x im u m -lik e lih o o d  s o lu tio n  a t  fo u r  re fe re n c e  p o in ts .
Analyses of regressionConstant-stimulus Sum ofconcentration Source of x2 df squares X2 Probability

A )  1.16 m g /m in
R e g re s s io n 1 1.3236 127.065
R e s id u a l 4 0.987 9.475 .0 5 >  p > .1 0
T o ta l 5 1.4223

B )  2 .14  m g /m in
R e g re s s io n 1 .8165 78.38
R e s id u a l 4 .1394 13.38 ,0 1 >  p > .0 0 1
T o ta l 5 .9559

C )  3.14 m g /m in
R e g re s s io n 1 1.259 120.86
R e s id u a l 4 .015 1.44 .8 0 >  p > .9 0
T o ta l 5 1.274

D )  4.14 m g /m in
R e g re s s io n 1 1.4869 142.47
R e s id u a l 4 .050 4.8 ,5 0 >  p > .3 0
T o ta l 5 1.5369
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F ig .  1. P lo ts  o f th e  tw o  lo w e r -c o n c e n tra t io n s  s e r ie s  w i th  p e rc e n ta g e  re s p o n se  v s . 2 -h e p ta n o n e  
c o n c e n tra t io n  a n d  c a lc u la te d  r e g r e s s io n  lin e s  a n d  th e  s ta n d a r d  e r r o r s  of e s tim a te .

F ig .  2. P lo ts  o f  th e  tw o  h ig h e r - c o n c e n tr a t io n  s e r ie s  w i th  p e rc e n ta g e  re s p o n se  v s . 2 -h e p ta n o n e  
c o n c e n tra t io n  a n d  c a lc u la te d  re g re s s io n  lin e s  a n d  th e  s ta n d a r d  e r r o r s  o f e s t im a te .
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T a b le  4. W e b e r  p ro p o r t io n s ,  p e rc e n ta g e  re sp o n se , W e b e r  f ra c t io n s ,  a n d  re s id u a l  a t  e ac h  o f 
fo u r  lev e ls  of 2 -h e p ta n o n e .

Reference level (m g/m in) Xc
1.16 2.14 3.,14 4.14

W eber a proportion X
~ x T

Responsecalledhigh
(% )

W eberproportionX
Xe

Responsecalledhigh(%)

W eberproportionX
~ x 7

Responsecalledhigh
(% )

W eberproportionX
Xc

Responsecalledhigh(%)
.293 85.4 .262 79.2 .220 82.3 .256 84.4
.155 68.8 .121 54.2 .111 66.7 .128 76.0
.069 61.5 .047 69.8 .064 60.4 .060 59.4

- .0 5 2 50.0 - .0 6 5 39.6 - .0 6 4 38.5 - .0 7 5 44.8
- .1 3 8 30.2 - .1 1 2 30.2 - .1 2 7 32.3 - .1 3 3 26.1
- .1 9 0 11.5 - .2 5 2 22.9 - .2 3 6 12.5 - .2 6 6 9.4

W e b e r  f r a c t io n  —  
b

0.246 0.325 0.231 0.225
X2 o f  re s id u a l  ( d f  =  4 )

1 0 .1 9 b 14 .0 8 c 1.32 4.82
a X  is  th e  d if fe re n c e  f ro m  th e  re fe re n c e  c o n c e n tra t io n  ( X c) .
b . 0 5 >  p > .0 2 .
c . 0 .1 >  p > .0 0 1 .

th re s h o ld s  w e re  c a lc u la te d . I t  w a s  fe lt  t h a t  th e  
c o m b in ed  d a ta  w o u ld  p ro v id e  a  m o re  a c c u ra te  
m e a s u re  o f th e  d if fe re n c e  th re s h o ld s  fo r  th e  2 -h e p -  
ta n o n e .

T h e  p e rc e n ta g e  o f re sp o n se s  c a l le d  h ig h  v s . th e  
2 -h e p ta n o n e  c o n c e n tra t io n  ( m g / m in )  w a s  p lo tte d  
o n  n o rm a l-p ro b a b il i ty  p a p e r  ( F ig s .  1 a n d  2 ) .  T h e  
m e th o d  o f m a x im u m  l ik e lih o o d  w a s  u se d  fo r  a n a ly ­
s is . F o r  e ac h  se r ie s , r e g re s s io n  lin e s , s lo p es , a n d  
s ta n d a rd  e r r o r s  o f e s t im a te  w e re  c a lc u la te d  ( T a b le  
3 ) .  I n  o n ly  1 s e r ie s  (2 .1 4  m g /m in )  th e  r e g re s s io n  
a n a ly s is  r e s u l te d  in  a  s ig n if ic a n t  re s id u a l  te r m  ; 
th e re fo r e  th e  s ta n d a rd  e r r o r  o f e s t im a te  w a s  b a s e d  
o n  th e  su m  o f s q u a re s  o f th e  x2 te rm . T h e  r e g r e s ­
sio n  coeffic ien ts  in  th is  s tu d y  in d ic a te d , a s  w o u ld  
b e  e x p e c te d , a  g r e a te r  s e n s i t iv i ty  a t  th e  lo w e r  
c o n c e n tra tio n  [3.S3 d e v ia te s /m g /m in  ( A  s e r ie s ) ]  
th a n  a t  th e  h ig h e r  c o n c e n tra t io n s  [1 .44 9  d e v ia te s /  
m g /m in  (B  s e r ie s ) ,  1.376 d e v i a t e s /m g /m in  (C  
s e r ie s ) ,  a n d  1.077 d e v i a t e s /m g /m in  ( D  s e r i e s ) ] .

T e s t  o f  W e b e r ’s L aw . T a b le  4  g iv e s  th e  n e c e s ­
s a r y  t r a n s f o rm e d  d a ta  f o r  th e  m a x im u m -l ik e l ih o o d  
c a lc u la t io n s  a n d  th e  s e p a ra te  r e c ip ro c a ls  o f th e  
r e g re s s io n  co effic ien t a n d  re s id u a l  %2 v a lu e  a t  e ach  
leve l. T h e s e  W e b e r  f r a c t io n s  a r e  v e ry  s im ila r  
e x c e p t  fo r  th e  2 .1 4 -m g /m in  leve l. T h e  c a lc u la t io n s  
sh o w ed  t h a t  a  h ig h ly  s ig n if ic a n t  x" r e s id u a l  w a s  
a s s o c ia te d  w ith  th is  re g re s s io n  co effic ien t. ( T h i s  
w a s  c au se d  by  th e  c o n tro l  v a lu e s  o n  th e  flow  m e te r , 
w h ich  h a d  p o o r c o n tro l  c h a r a c te r is t ic s  in  th is  
a re a , m a k in g  i t  d ifficu lt to  se t  th e  flo w s p ro p e r ly  
a t  th e se  se t  p o in t s ) .  T h e  in c lu s io n  of th e  2 .1 4 -m g /

m in  leve l c au se d  a n  in c re a s e  in  re s id u a l  te rm s  
su ffic ien t to  in v a lid a te  th e  te s t  (b o th  W e b e r ’s L a w  
a n d  n o rm a l- re s p o n s e  l a w ) .  F o r  th e  r e m a in in g  3 
se r ie s , th e r e  w e re  n o  s ig n if ic a n t  re s id u a l  x 2 te rm s  
( T a b le  5 ) ,  in d ic a tin g  c lo se  a g re e m e n t  w i th  W e b e r ’s 
L a w ; a  W e b e r  f r a c t io n  o f 0.234 w a s  fo u n d  f o r  
2 -h e p ta n o n e  a t  th e  c o n c e n tra t io n  lev e ls  s tu d ied . 
A lso , n o  s ig n if ic a n t  d e v ia t io n  f ro m  th e  n o rm a i-  
re s p o n se  la w  w a s  fo u n d  if  th e  2 .1 4 -m g /m in  s e r ie s  
w a s  re m o v e d  f ro m  th e  c a lc u la t io n s .

T h re s h o ld  d e te rm in a t io n .  T h re s h o ld  d e te r m in a ­
t io n s  a r e  s u m m a r iz e d  in  T a b le  6. T h e  s tu d y  w a s  
c o n d u c te d  o n  2  su c ce ss iv e  d a y s , w i th  6  p a ir s  te s te d  
e ac h  d a y . F o u r  h ig h e r  s a m p le  lev e ls  w e re  d e le te d  
f ro m  th e  c a lc u la t io n s  s in ce  th e  r a n g e  in  th e  lo w e r 
8  v a lu e s  w a s  su ffic ien t f o r  th e  d e te rm in a t io n .  T h e

T a b le  S. T e s t  o f W e b e r  r e la t io n s h ip  a t  th r e e  
re fe re n c e  lev e ls  ( a n a ly s is  o f  r e g r e s s io n ) .

Source of x~ df S S r X2 Probability
S e p a r a te

re g re s s io n s 12 0.1701 16.33 .20 >  p  >  .10
M e a n s 2 0.0054 0.52 .80 >  p >  .70
C o effic ien ts 2 0.0137 1.31 , 7 0 > p >  .50
C o m m o n

re g re s s io n 16 0.1892 18.16 .50 >  p >  .30
[ N  =  96]

W e b e r  f r a c t io n  1 =  —  =  0.234 m g /m in /d e v ia te  
b

* E s t im a te d  b y  th e  c o m m o n  re g re s s io n  coeffic ien t.
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T a b le  6. M a x im u m  l ik e lih o o d  so lu tio n  fo r  
th re s h o ld  o f 2 -h e p ta n o n e .

Source of x2 df SS Xs Probability
R e g re s s io n 1 1.5251
R e s id u a l 6 0 .1385 6.65 .50  >  p >  .30
T o ta l 7 1 .6636
Y  =  - .1 1 2 0  +  8 .1078 ( X - 0 .30 39) 
Md =  0.33 m g /m in  
SE(Md) =  0.04

48 s u b je c ts  h a d  a  m ea n  th re s h o ld  o f 8.97 X 10 1 
m g / L  a i r  fo r  2 -h e p ta n o n e  a t  24° C.

D IS C U S S IO N
This study has provided additional infor­

mation on the use of this olfactometer for 
measuring odor thresholds. The problems 
associated with training the panel were minor, 
as evidenced by the y2 analysis for homo­
geneity of the data for days 1 to 4 vs. days 
2 to 5. The constant-stimulus method, when 
analyzed by the maximum-likelihood solution, 
provided sufficient data to determine the 
difference thresholds for 2 -heptanone at four 
concentrations, and to obtain the absolute 
threshold all within 1 1  days of testing.

When the data were tested by Weber's 
Law, there was good agreement over the 
range of concentrations studied. One of the 
errors that can occur in all testing methods 
reflects the learning effect. By use of con­
stant-stimuli methods, learning effects are 
kept to a minimum. Any magnitude esti­
mation scale or rating scale is certainly sub­
ject to gross errors of this type since the 
subject must first create a frame of reference 
and a scale in his mind. Ough and Baker
(1961) reported that a period of learning 
was necessary before the scores become 
meaningful. The frame of reference is the 
constant stimulus in the constant method; 
no scaling system is used. If the “adaptive 
level” theory of Helson (1947) is to be 
accepted then it would be expected that the 
effect of the adaptive level on the constant 
method would be small. Briefly , the adaptive- 
level theory considers the effects of memory 
or past learning during the experiment, and

effects of asymmetrical experimental designs. 
In the constant method, where learning ef­
fects are kept to a minimum and the designs 
of the experiments are reasonably symmetri­
cal, the adaption level should be very close 
to the constant stimulus and have little effect 
on the apparent constant-stimulus concen­
tration. With the present data, order effects 
were not evident in the randomized series. 
When a sample pair from series D (4.14- 
mg/min series) was followed by a sample 
pair from series A (1.16-mg/min series), 
subjects had no difficulty in their perception 
of the latter pair.

Plotted on normal-probability paper the 
data followed the normal-response law. Sub­
jects gave a slightly greater percent correct 
response to sample pairs on the lower side 
of each series. This resulted in a slight 
skewness that was not great enough to affect 
the calculations.
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S U M M A R Y
T h e  n u t r i t i v e  v a lu e  o f  IN C A P  V e g e t a b le  M i x t u r e  9  i n  y o u n g  a n d  p r o t e i n -  

d e p l e t e d  a d u l t  r a t s  w a s  s t u d i e d .  T h i s  m i x t u r e  c o n t a i n s  2 8 %  l im e - t r e a t e d  c o r n ,  
2 8 %  s o r g h u m  g r a i n ,  3 8 %  c o t t o n s e e d  f l o u r ,  3 %  k i k u y u  l e a f  m e a l ,  a n d  3  %  
t o r u l a  y e a s t .  W h e n  M i x t u r e  9 ,  s k i m  m i l k ,  c a s e in ,  o r  m e a t  f l o u r  w a s  f e d  c o m ­
b i n e d  w i th  d i f f e r e n t  a m o u n t s  o f  s t a r c h  to  g iv e  a  r a n g e  o f  d i e t a r y  p r o t e i n  l e v e ls ,  
t h e  n u t r i t i v e  v a lu e  o f  t h e  v e g e ta b l e  m i x t u r e  f o r  r a t s  c o m p a r e d  f a v o r a b l y  w i th  
t h a t  o f  a n i m a l  p r o t e i n s  a t  t h e  h i g h e r  l e v e ls  o f  p r o t e i n  i n t a k e .  B o t h  y o u n g  g r o w ­
i n g  r a t s  a n d  p r o t e i n - d e p l e t e d  r a t s  w e r e  u s e d .  T h e  g r o w th  r e s p o n s e  w a s  g e n e r a l l y  
le s s  t o  t h e  v e g e ta b l e  m i x t u r e  a t  lo w  p r o t e i n  l e v e ls  t h a n  w h e n  a n i m a l  p r o t e i n s  
w e re  f e d  a t  t h e  s a m e  d i e t a r y  l e v e l ,  p r e s u m a b l y  b e c a u s e  o f  a  l y s in e  d e f i c i e n c y  
a ls o  o b s e r v e d  i n  p r e v i o u s  c h ic k  t r i a l s .

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

INCAP Vegetable Mixture 9 contains 
27.5% protein, of which approximately 
70% comes from cottonseed flour, 25% 
from corn-sorghum mixtures, and 5% from 
yeast protein (Bressani et al., 1961b). Ex­
tensive studies in chicks (Bressani et al., 
1961a) have shown it to be free of toxic 
effects and relatively high in protein quality. 
Its nutritive value has also been confirmed 
by nitrogen-balance studies in children and 
by its use as the sole source of protein in 
the treatment of kwashiorkor (Scrimshaw 
et al.. 1961). Additional information on the 
nutritive value of INCAP Vegetable Mix­
ture 9 was obtained from experiments with 
young and adult rats before the clinical 
studies were undertaken. This paper gives 1

1 T h is  in v e s t ig a t io n  w a s  s u p p o r te d  b y  g r a n t s  
R F - N R C - 1  f ro m  th e  N a tio n a l  R e s e a rc h  C o u n c il 
( U .  S .)  a n d  A -9 81  f ro m  th e  N a tio n a l  I n s t i tu te s  o f 
H e a l th .

b I N C A P  P u b lic a t io n  1-227.
c P re s e n t  a d d r e s s : D e p a r tm e n t  o f N u t r i t io n ,

F o o d  S c ie n ce  a n d  T e c h n o lo g y , M a s s a c h u s e tts  I n ­
s ti tu te  of T e c h n o lo g y , C a m b rid g e , M a s s a c h u s e tts .

these results and compares Vegetable Mix­
ture 9 with several animal proteins at var­
ious dietary levels of protein. It also de­
scribes the effects of various methods of 
processing the cereal grain employed in 
the mixture.

M A T E R IA L S  A N D  M E T H O D S
B o ile d  c o rn  a n d  s o rg h u m , g ro w n  a n d  c u lt iv a te d  

in  th e  h ig h la n d s  o f G u a te m a la , w e re  p r e p a re d  b y  
c o o k in g  1,000 g  e ac h  o f  th e  tw o  g r a in s  in  th e  
a u to c la v e  w i th  1,000 m l o f w a te r  f o r  15 m in , a t  
15 p o u n d s  p re s s u re  ( 1 3 1 ° C ) ,  a n d  d r y in g  w i th  h o t  
a i r  fo r  16 h r  a t  70° C . G e rm in a te d  c o rn  a n d  s o r ­
g h u m  w e re  p re p a re d  b y  s o a k in g  1,000 g  e a c h  o f 
c o rn  a n d  s o rg h u m  f o r  18 h r ,  g e rm in a t in g  th e  seed  
b e tw e e n  f i lte r  p a p e rs  f o r  24  h r ,  a n d  d r y in g  a s  w ith  
th e  b o iled  c o rn  a n d  s o rg h u m . R o a s te d  c o rn  a n d  
s o rg h u m  w e re  p r e p a re d  b y  r o a s t in g  e q u a l w e ig h ts  
o f th e  tw o  g ra in s  fo r  20  m in  in  a  sm a ll, e le c tr ic a l ly  
h e a te d , r o t a r y  c o ffee  ro a s te r ,  w i th  r o a s t in g  t e m ­
p e r a tu r e s  v a r y in g  f ro m  180 to  2 2 0 °F .

A ll g r a in  p re p a ra t io n s ,  w h e n  co o led  a n d  d r ie d , 
w e re  g ro u n d  in  a  W ile y  m ill  to  p a ss  30  m e sh  a n d  
s to re d  in  b o tt le s  a t  4 ° C  u n ti l  u sed . T h e  s o u rc e  
a n d  d e s c r ip t io n  o f th e  c o tto n s e e d  f lo u r , l im e - t r e a te d  
c o rn , s o rg h u m  g ra in ,  a n d  o th e r  in g re d ie n ts  o f 
I N C A P  V e g e ta b le  M ix tu r e  9  h a v e  a l r e a d y  b een
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g iv e n  (B r e s s a n i  et al., 1961a, b ;  S c r im s h a w  et al., 
1 9 5 7 ).

T h e  a n im a l  p ro te in s  u s e d  w e re  sk im  m ilk  ( f u r ­
n is h e d  b y  U N I C E F ) ,  c ase in  ( V .F . ,  N u t r i t io n a l  
B io c h e m ic a l  C o rp ., C lev e lan d , O h io ) ,  a n d  m e a t  
f lo u r . T h e  m e a t- f lo u r  p ro te in  w a s  p re p a re d  in  th e  
la b o r a to r y  f ro m  p r im e -q u a li ty  f r e s h  lo ca l b ee f by  
d ry in g  f o r  24  h r  w ith  h o t  a i r  a t  70° C , g r in d in g  
in a  m e a t  g r in d e r ,  a n d  th e n  e x t r a c t in g  w i th  p e ­
t ro le u m  e th e r  u n ti l  f re e  o f fa t.  A f t e r  a  seco n d  
d ry in g  th e  m e a t  w a s  g ro u n d  in  a  W ile y  m ill  to  p a ss  
40 m esh  a n d  s to re d  a t  4 ° C . T h is  m a te r ia l  c o n ­
ta in e d  13 .5 5%  n i tro g e n .

T h e  e x p e r im e n ta l  a n im a ls  w e re  y o u n g  a n d  a d u l t  
r a t s  of th e  W is t a r  s t r a in  o f th e  I N C A P  co lo n y , 
a s s ig n e d  r a n d o m ly  b y  w e ig h t  to  th e  d if fe re n t  e x ­
p e r im e n ta l  g ro u p s , so  t h a t  th e  a v e r a g e  in it ia l  w e ig h t  
p e r  g ro u p  w a s  th e  sam e . U n le s s  o th e rw is e  sp e c i­
fied, 3 fe m a le  a n d  3 m a le  r a t s  w e re  u se d  p e r  g ro u p . 
T h e y  w e re  p lac ed  in  in d iv id u a l  w ire -s c re e n  c ag e s  
w ith  ra is e d  sc re e n  b o tto m s . W a t e r  a n d  fe ed  w e re  
g iv e n  ad libitum. T h e  y o u n g  r a t s  w e re  w e ig h e d  
e v e ry  7 d a y s  d u r in g  a  2 8 -d a y  g ro w in g  p e rio d .

A d u l t  r a t s  w e re  p ro te in -d e p le te d  b y  fe e d in g  on 
a  p ro te in - f r e e  d ie t  o f 9 1 %  c o rn s ta rc h ,  4 %  c o tto n ­
seed  o il, 4 %  m in e ra ls  ( H e g s te d  ct al., 1 9 4 1 ), 1% 
co d  l iv e r  o il, a n d  a  co m p le te  v i ta m in  so lu tio n  
p re v io u s ly  d e s c r ib e d  (M a n n a  a n d  H a u g e , 1 9 5 3 ).

A f t e r  lo s in g  2 2 -2 5 %  o f th e i r  in it ia l  w e ig h t, th e y  
w e re  fe d  th e  e x p e r im e n ta l  d ie ts  f o r  14 d a y s , w i th  
w e ig h t  c h a n g e s  re c o rd e d  e ac h  7 d a y s . D ie t  c o n ­
su m p tio n  w a s  re c o rd e d  a n d  th e  d ie ts  w e re  a n a ly z e d  
fo r  n i t ro g e n  u s in g  th e  K je ld a h l  m e th o d .

T h e  b a se  in  a ll  e x p e r im e n ts  w a s  I N C A P  V e g e ­
ta b le  M ix tu r e  9 ( B r e s s a n i  ct al., 1 9 6 1 b ), c o n ta in ­
in g  2 8 %  c o rn , 2 8 %  so rg h u m , 3 8 %  c o tto n s e e d  flo u r , 
3 %  to r u l a  y e a s t ,  a n d  3%. d e h y d ra te d  le a f  m ea l. 
U n le s s  o th e rw is e  spec ified , th e  d ie ts  a s  fe d  c o n ­
ta in e d  10 %  p ro te in , o b ta in e d  b y  d i lu t in g  th e  27 .5 %  
p ro te in  c o n te n t  o f th e  m ix tu r e ,  a n d  w e re  s u p p le ­
m e n te d  w ith  5 %  c o tto n s e e d  oil, 4 %  H e g s te d  
m in e ra l  m ix tu r e ,  1 %  co d  l iv e r  o il, a n d  a  c o m p le te  
v i ta m in  so lu tio n  (M a n n a  a n d  H a u g e ,  1 9 5 3 ).

R E S U L T S
C o m p a r iso n  w ith  c a se in , s k im  m ilk , a n d  m e a t

flo u r. T h e  d a ta  of T a b le  1 in d ic a te  th e  g r o w th -  
p ro m o tin g  v a lu e  o f I N C A P  V e g e ta b le  M ix tu r e  9 
a s  c o m p a re d  to  th a t  o f c ase in , s k im  m ilk , a n d  m e a t  
fe d  a t  fo u r  d if f e r e n t  lev e ls  o f p ro te in  in  th e  d ie t. 
T h e  d ie ts  w e re  p re p a re d  b y  d i lu t in g  th e  p ro te in  
in  th e  v e g e ta b le  m ix tu r e  (2 7 .5 %  p r o te in ) ,  in  
c a se in  ( 8 9 .5 % ) ,  in  sk im  m ilk  ( 3 3 .0 % ) ,  a n d  in 
m e a t  f lo u r  ( 8 4 .7 % ) ,  to  a  c a lc u la te d  p ro te in  leve l 
o f 5, 10, 15, 20, o r  2 5 % . G ro w th  a t  a ll  p ro te in  
lev e ls  w a s  s l ig h tly  less  f o r  th e  v e g e ta b le  m ix tu r e

T a b le  1. E f f e c t  o f d i f f e r e n t  c o rn - s o rg h u m  c o m b in a tio n s  o n  th e  n u tr i t iv e  v a lu e  o f V e g e ta b le  
M ix tu r e  9 “ (3  m a le s , 3 f e m a le s /g r o u p ) .

Variation in corn-sorghum combination b

Av.initialweight
(g)

Av.weightgain
(g) F .E .C P .E .R .d

I .  G ro w th  t r ia l  0
1 0 0 %  c o rn 57 121 4.47 1.54
7 5 %  c o rn  & 2 5 %  s o rg h u m 57 112 4.70 1.46
5 0 %  c o rn  & 5 0 %  s o rg h u m 57 124 4.30 1.60
2 5 %  c o rn  & 7 5 %  s o rg h u m 57 120 4.53 1.52
10 0%  s o rg h u m 57 120 4.65 1.48
C a se in  & 0 .3 %  c y s tin e 59 103 3.27 1.91

I I .  D e p le t io n - re p le t io n  t r ia l  '
1 0 0 %  c o rn 131 63 4.21 1.63
7 5 %  c o rn  & 2 5 %  s o rg h u m 128 63 4.21 1.63
5 0 %  c o rn  & 50%. s o rg h u m 139 60 4.45 1.54
2 5 %  c o rn  & 7 5 %  s o rg h u m 136 69 4.01 1.71
10 0%  s o rg h u m 136 70 3.95 1.74
S k im  m ilk  & 0 .3 %  c y s tin e 155 66 3.21 1.94

“ V e g e ta b le  M ix tu r e  9 :  2 8 %  l im e - tre a te d  c o rn , 2 8 %  s o rg h u m , 3 8 %  c o tto n se ed , 3 %  k ik u y u  
le a f  m ea l, a n d  3 %  to r u la  y e a s t.

“ A ll d ie ts  c o n ta in e d  a p p ro x im a te ly  14 .5 5%  p ro te in  a n d  w e re  s u p p le m e n te d  w i th :  5 %  N B C o  
N o . 2 m in e ra l  m ix tu r e ,  2 %  cod  l iv e r  o il, 5 %  c o tto n s e e d  o il, 2%  a lp h ac e l, c o rn s ta rc h  to  a d ju s t  
to  1 0 0 % , a n d  4  m l/1 0 0  g  o f a  v i ta m in  so lu tio n  (M a n n a  a n d  H a u g e ,  1 9 5 3 ). 

c F e e d  e ff ic ie n c y : fo o d  c o n s u m e d /w e ig h t  g a in . 
d P r o te in  e ffic iency  r a t i o : w e ig h t  g a in /p r o te in  co n su m ed .
0 E x p e r im e n ta l  p e r io d  la s te d  28  d a y s .
1 E x p e r im e n ta l  p e r io d  la s te d  14 d ay s .
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t h a n  f o r  c a se in . F e e d  effic ienc ies w e re  s im ila r . 
P r o te in  e ffic iency  r a t io s  w e re  h ig h e r  w ith  c a se in  
a t  lo w  p ro te in  lev e ls , b u t  s im i la r  a t  th e  10 to  
2 5 %  lev e ls  f o r  th e  tw o  p ro te in  s o u rc e s . W i th  b o th  
V e g e ta b le  M ix tu r e  9  a n d  sk im  m ilk , g r o w th  in ­
c re a s e d  in  d i r e c t  p ro p o r t io n  to  th e  in c re a s e  in  th e i r  
p ro te in  lev e ls , a n d  fe e d  effic ienc ies im p ro v e d  p r o ­
p o r tio n a te ly .  P r o te in  e ffic iency  r a t io s  w e re  h ig h e r  
fo r  s k im  m ilk  th a n  f o r  c a se in  o r  fo r  V e g e ta b le  
M ix tu r e  9  a t  lo w  p ro te in  lev e ls , a n d  s im ila r  a t  
h ig h e r  p ro te in  leve ls .

O n ly  fo u r  p ro te in  lev e ls  w e re  c o m p a re d  f o r  
V e g e ta b le  M ix tu r e  9  a n d  m e a t  f lo u r . A g a in , 
h ig h e r  lev e ls  o f  p ro te in  in  th e  d ie t  r e s u lte d  in  
h ig h e r  w e ig h t  g a in s  f r o m  b o th  p ro te in  so u rc e s , 
a n d  a t  a ll  p ro te in  lev e ls  th e  w e ig h t  g a in s  w e re  th e  
sa m e  f o r  b o th  th e  v e g e ta b le  m ix tu r e  a n d  th e  m e a t  
f lo u r. A s  p ro te in  lev e ls  in  b o th  fo o d s  ro se , fe ed  
effic ienc ies a ls o  im p ro v e d . P r o te in  e ffic ienc ies w e re  
a g a in  s l ig h tly  h ig h e r  w ith  m e a t  f lo u r  th a n  w ith  
V e g e ta b le  M ix tu r e  9, p a r t i c u la r ly  w h e n  th e  p r o ­
te in  lev e ls  w e re  low .

E f f e c t  o f  d i f f e r e n t  c o rn -s o rg h u m  c o m b in a t io n s .
I n  th e s e  e x p e r im e n ts ,  th e  c o rn  a n d  s o rg h u m  p e r ­
c e n ta g e  d is tr ib u tio n  v a r ie d  f ro m  10 0%  c o rn  an d  
0 %  s o rg h u m  to  0 %  c o rn  a n d  1 0 0 %  so rg h u m . T h e  
o th e r  in g re d ie n ts  o f  th e  m ix tu r e  re m a in e d  a t  3 8 %  
c o tto n s e e d  f lo u r , 3 %  to r u la  y e a s t ,  a n d  3 %  d e ­
h y d ra te d  le a f  m ea l, b e fo re  a d ju s tm e n t  a t  10%  
p ro te in . T a b le  2  g iv e s  th e  r e s u lt s  o f tw o  t r ia ls .  
I n  th e  f irs t,  w e ig h t  g a in s  a n d  fe e d  a n d  p ro te in  
effic ienc ies w e re  s im ila r  in  b o th  th e  1 0 0 %  c o rn  a n d  
10 0%  s o rg h u m  d ie ts  to  th o s e  o f  th e  o th e r  g ro u p s . 
I n  th e  secon d , a  p ro te in - r e p le t io n  e x p e r im e n t,  th e  
c a se in  c o n tro l  g ro u p  h a d  less  w e ig h t  g a in  b u t  
th e  fe ed  a n d  p ro te in  e ffic ienc ies w e re  s im i la r  to  
th o s e  o f th e  o th e r  g ro u p s . T h e  re p le t io n  w e ig h t  
g a in  a n d  fe ed  a n d  p ro te in  e ffic iency  f o r  th e  sk im  
m ilk  c o n tro l  g ro u p  w e re  s im ila r  to  th o s e  o f a n y  
o f  th e  c o m b in a tio n s  o f c o rn  a n d  s o rg h u m  in  th e  
b a s ic  fo rm u la , a n d  n o n e  o f th e s e  v a r ia t io n s  a p ­
p e a re d  to  a l t e r  th e  p ro te in  v a lu e  o f  th e  m ix tu r e .

E f f e c t  o f  t r e a tm e n t  o f  th e  c o rn  a n d  so rg h u m . 
B e c a u se  c o rn  a n d  s o rg h u m  a r e  im p o r ta n t  in  L a t in -  
A m e r ic a n  d ie ts  ( B r e s s a n i  et al., 1958, 19 59 ; B r e s -  
san i a n d  R io s , 1 9 6 1 ), te s ts  w e re  m a d e  to  d e te rm in e  
th e  e ffec t o f  v a r io u s  m e th o d s  o f  p r e p a r a t io n  of 
th e s e  g r a in s  o n  t h e  n u t r i t iv e  v a lu e  o f  V e g e ta b le  
M ix tu r e  9. F iv e  d ie ts  ( p a r t i a l l y  d e s c r ib e d  in  
T a b le  3 ) ,  e ac h  c o n ta in in g  a p p ro x im a te ly  1 5 %  p r o ­
te in , w e re  fe d  f o r  2 8  d a y s  to  5 g ro u p s  o f ra ts .  
W e ig h t  g a in  w a s  h ig h e s t  in  th e  g ro u p s  fe d  th e  
v e g e ta b le  m ix tu r e  c o n ta in in g  c o rn  a n d  so rg h u m , 
e i th e r  ra w , b o ile d  in  w a te r ,  o r  c o o k e d  w i th  lim e. 
T h e  o th e r  tw o  g ro u p s  fe d  th e  v e g e ta b le  m ix tu r e  
w ith  g e rm in a te d  o r  r o a s te d  c o rn  a n d  s o rg h u m  
sh o w ed  lo w e r  w e ig h t  g a in s  a n d  fe e d  p ro te in  
effic iencies.

S u b s t i tu t i o n  o f  o th e r  c e re a l  g ra in s .  T h e  sam e  
c e re a l  g r a in s  o r  c o m b in a tio n s , o th e r  th a n  c o rn  a n d  
s o rg h u m , t h a t  w e re  te s te d  in  c h ic k s  (B r e s s a n i  
et al., 1959, 19 61a) w e re  a ls o  te s te d  in  r a ts .  T h e  
e x p e r im e n t  c o n s is te d  o f fe e d in g  v a r ia t io n s  o f V e g e ­
ta b le  M ix tu r e  9 a n d  a  c o n tro l  d ie t  o f  sk im  m ilk  
to  8 g ro u p s  o f  ra ts .  T a b le  3 g iv e s  th e  r e s u l t s  an d  
a  p a r t i a l  d e s c r ip t io n  o f th e  d ie ts .

T h e  o a t  c e re a l-b a s e d  V e g e ta b le  M ix tu r e  9  r e ­
s u l te d  in  th e  b e s t g ro w th ,  s l ig h tly  lo w e r  th a n  th a t  
o f th e  s k im -m ilk  c o n tro l  g ro u p . T h e  d e sc e n d in g  
o r d e r  o f  w e ig h t  g a in  f o r  r a t s  fe d  th e  o th e r  c e re a l 
g r a in s  w a s  a s  f o l lo w s : w h o le  g r o u n d  w h e a t , rice , 
w h e a t  f lo u r, a n d  w h o le  g ro u n d  c o rn . T h e  lim e- 
t r e a te d  c o r n - o a t  m ix tu r e  a n d  th e  l im e - tre a te d  
c o rn - r ic e  m ix tu r e  in d u c e d  g ro w th  a n d  fe ed  effi­
c ien c ies  s im ila r  to  t h a t  o b s e rv e d  w i th  th e  r ic e  a n d  
w h e a t- f lo u r  d ie t, b u t  lo w e r  t h a n  th o s e  o f  o a ts  a n d  
h ig h e r  th a n  th o s e  f o r  th e  m ix tu r e s  c o n ta in in g  o n ly  
r a w  c o rn . F o r  r a t s  r e c e iv in g  e i th e r  s k im  m ilk  o r  
a n y  o f th e  c e re a l  d ie ts , p ro te in  e ffic ienc ies w e re  
v e r y  s im ila r  e x c e p t  f o r  th e  lo w e r  v a lu e  f o r  th e  
g ro u p  re c e iv in g  w h e a t  f lo u r.

C o m p a ra t iv e  r e p le t io n  o f  p r o te in -d e p le te d  r a ts .  
T a b le  4 sh o w s th e  r e s u l t s  o f  tw o  t r i a l s  in d ic a tin g  
t h a t  th e  v e g e ta b le  m ix tu r e  w i th  1 5 %  p ro te in  p r o ­
d u ce d  re p le t io n  w e ig h t  g a in s  c o m p a ra b le  to  th o s e  
o b s e rv e d  w h a i  th e  s k im  m ilk  a n d  c a se in  o r  m e a t-  
f lo u r  d ie ts  w e re  fe d  a t  th e  1 0 %  p ro te in  lev e l. E v e n  
a t  th e  10 %  p ro te in  lev e l th e  c a se in  a n d  v e g e ta b le  
m ix tu r e s  g a v e  s im ila r  re p le t io n  w e ig h t  g a in s .

D IS C U S S IO N
Previous (Bressani e t al., 1961a) and 

present testing of INCAP Vegetable Mix­
ture 9 showed that the 56% of cereal in 
the corn and sorghum formula could be 
supplied equally by corn, sorghum, or any 
combination of the two. They also showed 
that ground rice, oat, and wheat or wheat 
flour may be substituted for the ground corn 
and sorghum in the basic formula without 
affecting nutritive value significantly.

The comparison of Vegetable Mixture 9 
with various animal proteins further indi­
cates that the mixture is of good nutritive 
value, particularly at higher protein levels. 
It is well known that amino acid deficiencies 
in proteins become more evident at lower 
levels of dietary protein than at higher 
levels, and an amino acid deficiency can 
often be corrected either by increasing the 
protein level in the diet or the protein 
intake (Harper, 1959). At levels lower 
than 10% of protein in the diet, the animal 
proteins induced better growth than the
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T a b le  2. T w e n ty - e ig h t -d a y  c o m p a r is o n s  b e tw e e n  th e  n u tr i t iv e  v a lu e  o f V e g e ta b le  M ix tu r e  9 
a n d  c a se in , s k im  m ilk  a n d  m e a t flo u r a t  d if fe re n t  p ro te in  lev e ls  in  th e  d ie t  (3  m a le  a n d  3 
fe m a le  r a t s / g r o u p ) .

T reatm ent
%test protein in  diet

%protein con­ten t in diet

Av.initia lweight
(g)

Av.weightgain
(g) F .E .a P .E .R .»

V e g e ta b le  M ix tu r e  9 c,d 17.0 5.82 47 22 13.9 1.23
V e g e ta b le  M ix tu r e  9  c' d 34.0 10.28 44 84 4.8 2.03
V e g e ta b le  M ix tu r e  9 ' ,d 51.0 14.78 45 133 3.4 2.00
V e g e ta b le  M ix tu r e  9 r  i 68.0 18.48 44 149 3.2 1.71
V e g e ta b le  M ix tu r e  9 ‘ ,d 85.0 22.61 45 156 2.9 1.51
C a se in  6 5.0 5.73 47 30 9.5 1.83
C a se in  * 10.0 10.25 44 96 4 .2 2 .2 9
C a se in  0 15.0 15.31 45 142 3.0 2.14
C a s e i n ' 20.0 20.10 44 154 2.7 1.83
C a se in  c 25.0 24.91 44 184 2.3 1.73

V e g e ta b le  M ix tu r e  9 1 18.5 5.16 50 17 17.6 1.14
V e g e ta b le  M ix tu r e  9 ’ 37.0 10.58 50 89 4.6 2.04
V e g e ta b le  M ix tu r e  9 1 55.6 15.48 50 125 3.5 1.85
V e g e ta b le  M ix tu r e  9 ' 74.1 19.60 50 129 3.1 1.67
V e g e ta b le  M ix tu r e  9 ' 90.0 24.50 50 147 2.9 1.42
S k im  m ilk  s 15.6 5.70 50 36 7.5 2.34
S k im  m ilk  E 31.2 10.26 50 117 3.4 2.88
S k im  m ilk  s 46.8 14.31 51 127 3.1 2.24
S k im  m ilk  s 62.4 19.62 50 148 2.6 1.94
S k im  m ilk  B 78.0 23.53 50 133 2.9 1.48

V e g e ta b le  M ix tu r e  9 " 37.0 11.64 52 74 6.5 1.33
V e g e ta b le  M ix tu r e  9 " 55.6 14.48 51 113 4.1 1.70
V e g e ta b le  M ix tu r e  9 " 74.1 21.09 51 138 3.1 1.51
V e g e ta b le  M ix tu r e  9 " 90.0 24.36 51 156 2.8 1.48
M e a t  f lo u r  " 11.1 11.21 51 54 6.0 1.49
M e a t  flo u r " 16.7 14.33 51 123 3.1 2.21
M e a t  f lo u r  " 22.3 19.81 51 130 3.2 1.60
M e a t  f lo u r  " 27.8 25.36 51 172 2.6 1.52

* F e e d  e f f ic ie n c y : fo o d  c o n s u m e d /a v e ra g e  w e ig h t  g a in ed .
b P r o te in  effic iency  r a t i o : a v e r a g e  w e ig h t  g a in /a v e r a g e  p ro te in  c o n su m ed .
c L im e - tr e a te d  c o rn  2 8 % , g ro u n d  s o rg h u m  2 8 % , c o tto n s e e d  f lo u r  3 8 % , k ik u y u  le a f  m e a l  3 % , 

a n d  to r u la  y e a s t  3 % .
“ A ll  d ie ts  w e re  s u p p le m e n te d  w ith  4 %  N B C o  N o . 2 m in e ra l  m ix tu r e ,  0 .3 %  co d  l iv e r  o il. 

(4 .3 , 3.6, 2.9, 1 .4 )%  c o tto n s e e d  o il, (1 .9 , 1.4, 1.0, 0 .5 ) %  a lp h a c e l , e n o u g h  c o r n s ta r c h  to  a d ju s t  
to  1 0 0 % , a n d  4  m l p e r  100 g  o f  a  v i ta m in  su p p le m e n t (M a n n a  a n d  H a u g e , 1 9 5 3 ).

'  A l l  d ie ts  w e re  su p p le m e n te d  w ith  4 %  N B C o  N o . 2 m in e ra l  m ix tu r e ,  0 .3 %  co d  l iv e r  o il, 5%  
c o tto n s e e d  oil, 2 .4 %  a lp h a c e l , e n o u g h  c o rn s ta rc h  to  a d ju s t  to  1 0 0% , a n d  4 m l p e r  100 g  o f a  
v i ta m in  s u p p le m e n t ( M a n n a  a n d  H a u g e , 1 9 5 3 ).

'A l l  d ie ts  w e re  su p p le m e n te d  w ith  4 %  H e g s te d  m in e ra l  m ix tu r e ,  1 .0%  co d  l iv e r  o il, 5 %  
c o tto n se e d  oil, 10 %  c o rn s ta rc h ,  s u g a r  to  a d ju s t  to  1 0 0% , a n d  4  m l o f a  c o m p le te  v i ta m in  s u p ­
p le m e n t ( M a n n a  a n d  H a u g e , 1 9 5 3 ).

E A ll  d ie ts  w e re  su p p le m e n te d  as  in / , p lu s  2 %  c e llu f lo u r.
" A l l  d ie ts  w e re  s u p p le m e n te d  w ith  4 %  sa lm in a  m in e ra l  m ix tu r e  ( B r e s s a n i  ct ah, 1 9 6 1 b ), 

1 %  co d  l iv e r  o il, 5 %  c o tto n s e e d  oil, e n o u g h  c o rn s ta rc h  to  a d ju s t  to  1 0 0 % , a n d  4  m l o f a  
c o m p le te  v i ta m in  s u p p le m e n t (M a n n a  a n d  H a u g e , 1 9 5 3 ).
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vegetable mixture, presumably because of 
amino acid deficiencies in the vegetable pro­
tein mixture. Previous studies showed that 
lysine in Vegetable Mixture 9 was limiting 
for the chick (Bressani et a!., 1961a), and 
the same appears to be true for rats when 
this mixture is fed at low protein levels.

The protein-efficiency ratio of Vegetable 
Mixture 9 at higher protein levels in the 
diet was similar to that of the animal pro­
teins tested, suggesting that the nutritive 
value of the vegetable mixture is slightly 
lower than that of the animal proteins as 
tested in the young rat. The biological deter­
mination of nutritive value of A’egetable

Mixture 9, however, showed it to be very 
similar to animal proteins in protein quality. 
Certainly it is possible to develop vegetable 
mixtures closely approaching the nutritive 
value of good-quality animal proteins such 
as eggs, milk, and meat. Such a conclusion 
is supported by the results obtained with 
the adult protein-depleted rats.

Since corn and sorghum are prepared in 
different ways for consumption in Central 
America, it was considered important to 
determine the extent to which the nutritive 
value of Vegetable Mixture 9 would be af­
fected by the treatment. Most of the treat­
ments tested are commercially available and

T a b le  3. E f f e c t  o f th e  s u b s ti tu t io n  o f  l im e - tre a te d  c o rn  a n d  s o rg h u m  g r a in  in  V e g e ta b le  
M ix tu r e  9  b y  o th e r  c o rn  a n d  s o rg h u m  p r e p a ra t io n s  a n d  o th e r  c e re a l  g ra in s  (3  m a le  a n d  3 fe m a le  
r a t s / g r o u p ,  28 d a y s ) .

Variation in Vegetable M ixture 9 a
%protein in diet

Av.initialweight
(g)

Av.weightgain
(g) F .E .b P .E .R .e

W h o le  g ro u n d  c o rn  a n d  
s o rg h u m  g r a in  d' * 13.50 61 132 3.5 2.10

L im e - tr e a te d  c o rn  a n d  
b o iled  s o rg h u m  d ' 14.10 61 140 3.5 2.04

B o iled  c o rn  an d  
b o iled  s o rg h u m  "■ ' 14.20 61 128 3.5 2.02

G e rm in a te d  c o rn  a n d  
g e rm in a te d  s o rg h u m  d,e 14.40 61 120 3.8 1.81

R o a s te d  c o rn  a n d  
r o a s te d  s o rg h u m  d ' 1 3 7 0 61 126 3.7 1.99

W h o le  g ro u n d  c o rn  r ' 8 13.81 49 128 3.5 2.05
W h o le  g ro u n d  w h e a t f- 8 14.74 48 143 3.4 1.97
O a ts  ' • s 15.58 50 151 3.3 1.93
W h i te  r i c e ' 18 13.97 50 134 3.6 2.01
W h e a t  f lo u r  * '8 15.05 50 135 3.6 1.85
L im e - tr e a te d  c o rn  a n d  o a ts  f ' 8 15.07 49 133 3.4 1.95
L im e - tr e a te d  c o rn  a n d  r ic e  f ’8 13.99 49 136 3.6 1.98
S k im  m ilk " 16.28 49 158 3.0 2.07

" V e g e ta b le  M ix tu r e  9 :  2 8 %  l im e - t r e a te d  c o rn , 28%  s o rg h u m  g ra in ,  3 8 %  c o tto n s e e d  flo u r, 
3 %  k ik u y u  lea f m ea l, 3 %  to r u l a  y e a s t .

" F e e d  e ff ic ie n c y : fo o d  c o n s u m e d /a v e ra g e  w e ig h t  g a in ed .
'P r o t e i n  e ffic iency  r a t i o :  a v e r a g e  w e ig h t  g a in /a v e r a g e  p ro te in  co n su m ed .
d T h e  p e rc e n ta g e s  o f c e re a l  g ra in s  in  a w e re  re p la c e d  by  th e  sam e  p e rc e n ta g e  of th e  t r e a te d  

g ra in s  a s  in d ica te d .
" A l l  d ie ts  w e re  s u p p le m e n te d  w ith  1 %  co d  l iv e r  o il, 4%  H e g s te d  m in e ra l  m ix tu r e ,  4 %  c o t­

to n se e d  o il, c o rn s ta rc h  to  a d ju s t  to  1 0 0% , a n d  3 m l/1 0 0  g  o f a  co m p le te  v i ta m in  s o lu tio n  
( M a n n a  a n d  H a u g e , 1 9 5 3 ).' T h e  p e rc e n ta g e s  o f  c e re a l  g ra in s  in  a w e re  re p la c e d  to ta l ly  by  th e  c e re a l  in d ica te d .

8 A l l  d ie ts  w e re  su p p le m e n te d  w ith  1 %  co d  l iv e r  o il, 4 %  H e g s te d  m in e ra l  m ix tu r e ,  4 %  c o t ­
to n se e d  o il, 2 0 %  s u g a r ,  2 0 %  c o r n s ta r c h  a n d  3 m l/1 0 0  g  o f a  c o m p le te  v i ta m in  so lu tio n  ( M a n n a  
a n d  H a u g e , 1 9 5 3 ).

" T h i s  d ie t  c o n ta in e d  46 .8%  s k im  m ilk , 2 %  c e llu f lo u r , 21 .2 %  s u g a r ,  2 0 %  c o rn s ta rc h ,  
1 %  co d  l iv e r  o il, 4%  H e g s te d  m in e ra l  m ix tu r e ,  5%  c o tto n se e d  oil, a n d  3 m l/1 0 0  g  of a  c o m ­
p le te  v i ta m in  s o lu tio n  (M a n n a  a n d  H a u g e , 1 9 5 3 ).
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T a b le  4. R e p le t io n  o f  p ro te in  d e p le te d  r a t s  w i th  V e g e ta b le  M ix tu r e  9, sk im  m ilk , c ase in , 
w h o le  eg g , a n d  m e a t  f lo u r .“

T  reatment
% .test protein in diet

%protein con­tent in diet

Av.initialweight
(g)

Av.weightgain
(g) F.E.» P .E .R .'

V e g e ta b le  M ix tu r e  9 37.0 10.19 158 4 8 a 5.6 1.74
V e g e ta b le  M ix tu r e  9 55.0 15.03 158 59 a 4.2 1.58
S k im  m ilk 31.3 10.48 158 7 1 a 3.5 2.72
C a se in 11.0 9.70 158 6 9 " 3.8 2.70
W h o le  e g g 15.5 10.04 158 7 6 “ 3.3 3.03
M e a t  flo u r 12.0 10.60 158 7 5 “ 3.5 2.69
V e g e ta b le  M ix tu r e  9 37.0 10,58 175 4 1 c 3.2 3.00
V e g e ta b le  M ix tu r e  9 55.0 14.09 174 55 ' 2.4 2.91
V e g e ta b le  M ix tu r e  9 74.0 19.29 175 6 6 ° 2.0 2.57
S k im  m ilk 31.3 10.05 175 51 “ 2.3 4.30
C a se in 11.0 8.77 175 4 2 ° 2.9 3.96
M e a t  flo u r 12.0 9.94 175 5 2 ° 2.6 3.93

“ A l l  d ie ts  w e re  su p p le m e n te d  w ith  4 %  H e g s te d  m in e ra l  m ix tu r e ,  5 %  c o tto n s e e d  o il, 1 %  co d  
l iv e r  o il, c o rn s ta rc h  to  a d ju s t  to  1 0 0% , a n d  4  m l o f a  c o m p le te  v i ta m in  so lu tio n  ( M a n n a  a n d  
H a u g e , 1 9 53).

“ F e e d  e ffic iency  : fo o d  c o n s u m e d /w e ig h t  g a in .
c P r o te in  e ffic iency  r a t i o : w e ig h t  g a in /p r o te in  c o n su m e d .
a 3 m a le  a n d  3 fe m a le  r a t s / g r o u p ;  e x p e r im e n ta l  p e r io d , 14 d ay s .
0 6 m a le  r a t s / g r o u p ;  e x p e r im e n ta l  p e r io d , 7 d ay s .

could be used in the industrial production 
of vegetable mixtures.

Roasting and vapor-heating treatments 
have been shown most likely to decrease 
the already low nutritive quality of cereal 
proteins (Liener, 1950). Nevertheless, the 
experiments carried out with raw, lime- 
treated, boiled, roasted, or germinated corn 
and sorghum in the mixture showed that 
these treated cereals did not alter Mixture 
9’s nutritive value significantly. Since some 
of these treated cereals keep better than 
raw cereals, it would be advantageous to 
use them ; the treatments destroy enzymatic 
activity, and the final product can thus be 
stored for longer periods.

The experiments also showed that a va­
riety of other cereal grains can be substituted 
for corn or sorghum in the vegetable mix­
ture without altering its nutritive value, pro­
viding the proportion of the protein from cot­
tonseed flour is not altered. These make the 
Vegetable Mixture 9 formula more adapt­
able to parts of the world where corn and 
sorghum are not grown. Oats, whole wheat, 
and rice, actually improved the nutritive 
value of the mixture further, since corn, as 
is well known, has perhaps the lowest pro­
tein quantity among the cereals.
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RESEARCH NOTE
Some Properties of the 2, 4-Dinitrophenylhydrazine Derivatives 

of Diacetyl, a-Acetolactic Acid, and Acetoin.a
During analyses of carbonyl compounds 

from the flavor concentrates of butter cul­
tures, it was observed that, regardless of 
reaction conditions, a-acetolactic acid and 
acetoin yielded three derivatives with 2,4- 
dinitrophenylhydrazine (D N P) : diacetyl
bis-(DNP-hydrazone), diacetyl DNP-hy- 
drazone, and acetoin DNP-hydrazone. Prop­
erties of the last two derivatives and methods 
for their separation have not been previously 
reported. This note relates methods for 
characterizing the above derivatives and re­
ports some of their observed physical prop­
erties.

A mixture of the three aforementioned 
DNP-hydrazine derivatives resulting from 
a-acetolactic acid or acetoin may be separated 
into two fractions by the silicic acid pro­
cedure of Wolfrom and Arsenault (I960). 
The faster-moving fraction was identified 
as diacetyl bis-(DNP-hydrazone), whereas 
the slower of the two fractions was later 
found to contain a mixture of the DNP- 
hydrazones of acetoin and diacetyl. The 
slower-moving fraction, in ethylene chloride, 
was chromatographed on a column contain­
ing 1 part magnesium oxide (dried 380°C, 
18 hr) and 10 parts Celite 545 (dried 
150°C, 18 hr). An 18-mm-ID column con­
taining 10 g of packing was adequate. De­
velopment with ethylene chloride gave two 
bands. The faster band, identified as acetoin 
DNP-hydrazone, appeared pink when the 
zone was compact on the column, and with 
diffusion it exhibited a tan color. The slower 
band, identified as the diacetyl DNP-hydra­
zone) gave a cherry red color on the column. 
Diacetyl bis-(DNP-hydrazone), if it were 
present, would appear as a blue band and 
would move slower than the mono derivative.

Properties of the authentic derivatives are 
given in Table 1. The distinguishing cri­
terion for diacetyl DNP-hydrazone and 
acetoin DNP-hydrazone is the absorption 
maxima in chloroform and alcoholic KOH. 
It should be noted that the acetoin derivative 
differs from data reported previously (Pat-

* S u p p o r te d  b y  fu n d s  g r a n te d  b y  th e  A m e r ic a n  
D a ir y  A sso c ia tio n .

T a b le  1. P r o p e r t i e s  o f 2 ,4 -d in it ro p h e n y lh y d ra z o n e s .

2,4-DN P-hydra-zone
Meltingpoint(°C)

\  max chloro­form

X max alco­holic KOH

Colorinalco­holic .. KOH
B is-

D ia c e ty l 318 430,394 540 P u r p le
D ia c e ty l 175 355 500 R e d d is h  P in k
A c e to in “ 1 7 8 -7 9  327,259 510,382 B r ig h t  P in k

" S o lu b le  in  w a te r .

ton et al., 1958; Day et al., 1960). A frac­
tion identical to that reported by these 
workers was observed in the DNP-hydra­
zine derivatives of authentic acetoin, but 
infrared data did not reveal its identity.

Infrared spectra provide an additional 
method of differentiating DNP-hydrazones 
of acetoin and diacetyl. Spectra taken of 
the acetoin derivative in KBr pellets reveal 
strong absorption bands—a doublet, in the 
OH region at 3333 cm-1 and 3460 cm"1— 
whereas the mono-DNP-hydrazone of dia­
cetyl gave a strong band at 1685 cm-1, 
characteristic of the carbonyl band.

It is evident that more suitable means 
should be employed for quantitative analysis 
of the aforementioned compounds, yet their 
DNP-hydrazine derivatives will occur dur­
ing carbonyl analysis and must be accounted 
for. Gas chromatography provides a more 
suitable means of quantitative separation of 
diacetyl and acetoin (Vg/Vg =  2.7, acetoin : 
diacetyl, Apiezon M, 70°C). In this regard 
it was observed that acetoin issuing from the 
exhaust of a gas chromatograph had no 
odor.
R . C. L i n d s a y  a n d  W . E . S a n d i n e  
E . A . D a y  D e p a r tm e n t  o f  M ic ro b io lo g y
D e p a r tm e n t  o f F o o d  O re g o n  S ta te  U n iv e r s i ty  
a n d  D a ir y  T e c h n o lo g y  C o rv a ll is ,  O re g o n
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