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T SU T O M U  YA SU I a n d  Y O SH IO  H ASH IM O TO
Department of Animal Science, Faculty of Agriculture, Hokkaido University, Sapporo, Japan

Effect of Freeze-Drying on Denaturation of Myosin
from Rabbit Skeletal Muscle

SUM M ARY
T h e effec t o f  freeze-d ry in g  o n  th e  d én a tu ra 

tion  o f  m y o s in  A  and  m y osin  B  p rep a red  fro m  
rabbit sk e le ta l m u sc le  and  o f  h ea vy  m erom yo- 
sin  d erived  fr o m  tryp sin -treated  m y o s in  A  was 
in v estig a ted  b y  m ea su rem en t o f  a d en o sin e  tri
p h o sp h a ta se  activ ities  and  by so lu b ilitie s . T h e  
resu lts show  th a t th e  m y osin s  u n d erg o  d én a tu 
ra tion  th ro u g h  th e  p ro cess  o f  freeze-d ry in g . 
F actors in v o lved  in  th e  d én a tu ra tion  are th e  
p H  and  io n ic  stren gth  o f  th e  so lu tio n  and  th e  
d eh y d ratio n . T h e d én a tu ra tion  is  in h ib ited  by 
th e  a d d itio n  o f  su crose to  th e  system .

Raw meat which has been subjected to 
freeze-drying is usually tougher and dried 
on reconstitution than the original meat and 
in addition shows a reduction in the water
holding capacity of the proteins (Hamm and 
Deatherage, 1960). These undesirable fea
tures have been considered to result from 
dénaturation of muscle proteins (Cole and 
Smithies, 1960; Hunt and Matheson, 1959; 
Penny et al., 1963 ; Sawant and Magar,
1961 ; Suden et al., 1964). Fukazawa et al. 
(196la,b) indicated that myosin A  was an 
essential component of muscle in the develop
ment of the water-holding capacity of meat. 
Hashimoto et al. (1959) showed that the 
quality of meat products depends greatly on 
the state of myosin in the raw material. 
Physicochemical studies on the dénaturation 
of myosin by different agents have been car
ried out in detail by several investigators 
(Yasui et al., 1958, Î960; Takahashi et al.,
1962 ; Shikama, 1963 ; H anafusa, 1962,
1964).

This study was undertaken to obtain an 
understanding of the dénaturation of myosin 
during the process of freeze-drying. The 
effect of each stage of the freeze-drying 
process (preliminary operations, freezing, 
dehydration, and rehydration) on the dé
naturation of myosin was studied by the 
determination of solubilities and adenosine 
triphosphatase (ATPase) activities. Also 
studied was the protective effect of sucrose 
on the dénaturation of myosin by freeze
drying.

Experimental
Preparation of myosins. Three preparations of 

myosin are known to possess ATPase activity: 
myosin A, myosin B (natural actomyosin), and 
heavy-meromyosin (HM M ). The first two are 
extracted from fresh muscle, and the last one 
is derived from trypsin-treated myosin A  (Szent- 
Gyorgyi, 1953). Since HMM maintains high 
ATPase activity, it is believed to be the subunit 
of myosin in which the enzymic-active site is 
localized. Used throughout this experiment were 
rabbit muscle myosin B of the Weber-Edsall type 
(Fukazawa, 1961a) purified three times by the 
usual dilution precipitation method and myosin A 
prepared by Perry’s method (Perry, 1955) with 
slight modifications. Myosin A was extracted 
from rabbit muscle with Guba-Straub solution for 
15 min at 5°C. Myosin A can be dissolved in
0.5M  KC1 solution and precipitated by dilution 
with water to 0.05ili KC1 solution. Purification 
was performed by repetitive precipitation and re
dissolution three times. For the elimination of 
myosin B as a contaminant in the solution, only 
the fraction soluble in 0.251/ KC1 was taken from 
the first precipitate, and the final preparation of 
the purified myosin A  was restored in 0.51/ KC1. 
HMM was prepared from fresh myosin A  by a 
trypsin hydrolysis procedure similar to that of 
Szent-Gyorgyi (1953, 1960). Trypsin in 0.0011/ 
HC1 was added to a myosin stock solution (10 
mg per ml in 0.5M KC1-0.0051/ borate buffer, 
pH 7.0), in sufficient quantity to give a weight 
ratio of 1 part enzyme to 100 parts protein, and 
digestion was allowed to proceed at room tem
perature for some 15 min. The reaction was 
stopped by the addition of soybean trypsin in
hibitor added in the weight ratio of two parts 
inhibitor to one part enzyme. Purified HMM was 
obtained by following the procedure of Szent- 
Gyorgyi (1953) in which ammonium sulfate 
fractionation is incorporated in the purification of 
HMM. Salt concentrations of stock solutions of 
the myosin preparations were as follows: myosin 
B in 0.61/ KC1, myosin A  in 0.51'/ KC1, and HMM 
in 50mM borate buffer. The pH values of the 
final preparations were approximately 6.5, and 
the protein concentration of each stock solution 
was adjusted to about 10 mg myosin/ml.

Freeze-drying. Ten ml of the stock solution of 
each myosin (approximately 10 mg myosin/ml) 
dialyzed for 48 hr at 3°C against various systems 
or buffered with tris-maleate at various pH values
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294 FREEZE-DRY EFFECTS ON M YOSIN DENATURATION

was pipetted into a glass bottle and frozen within 
S min in a mixture of acetone-dry ice (—75 °C). 
Then the bottle was connected to a vacuum pump, 
and the ice was removed at room temperature under 
a vacuum of 200 g Hg for 2-4 hr. After this 
the bottle was sealed with a glass stopper and 
stored in a freezer at —15 °C. To the freeze-dried 
sample of protein 10 ml of ice-cold deionized water 
was added and equilibrated overnight before use. 
Further dialysis was applied for some purposes 
(see text). When used, powdered sucrose was 
added before the solution was lyophilized in an 
amount equal to 0.5-3 times the weight of protein 
present.

Protein determination. Protein concentration 
was determined by a micro-Kjeldahl procedure, 
using a factor of 6.25 to convert nitrogen to 
protein. The protein recovery listed in Table 2 
was the percentage of the original protein re
maining in the supernatant fraction after cen
trifugation of the freeze-dried protein sample for 
20 min at 10,000 X G and 0°C. Since the degree 
of dénaturation of myosin A  or myosin B upon 
freezing and thawing was found to be dependent 
on the protein concentration below 1.0 mg/ml 
( Hanafusa, 1962; Shikama, 1963), myosin solutions 
containing more than 2 mg/ml were used for 
dénaturation studies throughout this experiment.

Enzymic activity. Basal media for ATPase 
activity measurements varied somewhat with the 
kind of myosin and the procedures employed as 
specified in each experiment in text. Standard 
components throughout the experiments, however, 
were 5m4/ CaCls, 20—50m4/ tris-maleate buffer, 
pH 7.0, lmiljf ATP, and 0.1 mg of HMM or 0.2 
mg of myosin A  and myosin B per ml of reaction 
mixture. The assays were performed at 21 °C. 
The amount of orthophosphate produced at 
measured intervals of time was determined by the 
method of Martin and Doty (1949).

Reagents. Adenosine triphosphate (ATP, so
dium salt) was purchased from Sigma Chemical 
Co. All chemicals used were of the best reagent 
grade.

RESULTS
Tables 1 and 2 show the effect of freeze-drying 

on the ATPase activity of each myosin in the 
different systems listed in the tables. It is evident 
from the tables that the ATPase activity of the 
myosins is destroyed by the freeze-drying procedure 
regardless of the nature of the system or the 
myosin. The loss of solubility of myosin A in 
0.54/ KC1 was measured concomitantly with 
ATPase activity and the results (Table 2) showed 
a fairly good correspondence, thus indicating that 
the myosins undergo dénaturation during the 
process.

The addition of a small amount of sucrose 
greatly inhibits the dénaturation. The enzymic 
activity, which is usually below 50% after freeze
drying, is retained at about 80% by this treatment 
(Tables 1, 2), and moreover, loss of solubility is 
also inhibited (Table 2).

Fig. 1 illustrates the effect of KC1 concentration 
on the dénaturation of the myosins by freezing and 
thawing. After frozen storage for 7 days at —15°C 
followed by overnight thawing at 3±1°C, the 
dénaturation of the myosins increases proportion
ally to the square root of ionic strength at pH 
6.0, but that at pH 7.0 appears to be independent 
of electrolyte concentration. Sucrose added in an 
amount of two times as much as the protein 
concentration has no effect on the dénaturation. 
The results thus far obtained indicate that under 
the conditions described above, all the myosins 
undergo substantially the same dénaturation and 
that pH may play an important role in the 
dénaturation of the proteins.

Figs. 1, 2, and 3 show the effect of pH on the 
dénaturation of a myosin A  solution in 0.54/ 
KC1 at low temperatures. Results are similar 
whether the conditions in the solutions are ob
tained by standing overnight at 3±1°C after

Fig. 1. Effect of ionic strength on inactivation of myosin A -ATPase by freezing and thawing. 0> HMM; X ,  HMM plus sucrose; A, myosin A ;  □  , myosin A  plus sucrose; • ,  myosin B ; A, myosin B plus sucrose. Solid lines, initial pH 6.0; dashed lines, initial pH 7.0. pH values were adjusted with 50m4/ tris-maleate buffer. The stock protein solutions (2.0 mg protein/ml) at the various ionic strengths were stored in a freezer at —15 °C for a week and thawed by standing overnight at 3±1°C. Weight ratio of sucrose to protein present was 2:1.
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Table 1. Effect of freeze-drying on ATPase activity of H-meromyosin, myosin A, and myosin B.

S a m p le S y s te m
R e m a in in g  A T P a s e  

a c t i v i t y  ( % )  
a f t e r  d ia ly s i s

H-Meromyosin" 5m3/ borate buffer (pH 6.5) 17.3
H-Meromyosin" 0.13/ KC1 12.0

0.13/ KC1 + sucrose (2:1) 90.2
H-Meromyosin H20 36.2

0.13/ KC1 29.4
H L.0 + sucrose (2 :1) 63.3
0.13/ KC1 + sucrose (2:1) 72.5

Myosin A 0.13/ KC1 18.0
0.13/ KC1 +  sucrose (2:1) 64.4

Myosin A 0.13/ KC1 + sucrose (2:1) 73.9
Myosin B 0.63/ KC1 40.1

0.13/ KC1 40.1
0.63/ KC1 +  sucrose (2:1) 86.1
0.13/KC1 +  sucrose (2:1) 80.3

“ HMM was freeze-dried at — 15°C. immediately after preparation and was stored in the freezer
"Before freeze-drying HMM was dialyzed against 0.13/ KC1 solution for 24 hr at 3±1°C, and sucrose was added in an amount equal to two times the weight of protein present. When used, the sucrose added was removed by dialysis before ATPase assay.

adjusting to the various pH’s with 50mM tris- 
maleate buffer, or by dialyzing at 3±1°C for 24 
hr against 0.53/ KC1 solutions at different pH’s ; 
the protein was found to be unstable below pH 
6.0 even at low temperatures. Dénaturation of 
myosin A  upon freezing and thawing is shown in 
Table 3 and Fig. 1. By quick-freezing at — 75 °C 
in 5 min followed by subsequent quick thawing at 
20°C in 5 min, myosin A  ATPase at pH 6.0 is 
inactivated by 25% of its activity, and almost no 
inactivation is observed at pH 6.5 or 7.0. The 
large difference in degree of inactivation observed

between pH 6.0 and 7.0 at the higher freezing 
temperature (—15°C) in Fig. 1 may possibly be 
due to the mixed type of dénaturation brought 
about by acid at low temperature (Figs. 2, 3) 
and by the slow freezing and thawing processes. 
When the myosin A which is partly denatured by 
freezing or unfavorable pH is dehydrated, the 
dénaturation proceeds further until the sample 
loses more than 50% of its activity. This loss 
in activity is prevented by the presence of 
sucrose (Table 3, Fig. 2). Although the above 
results have shown that the presence of sucrose

Table 2. Retention of ATPase activity and protein recovery after freeze-drying of myosin A.

S a m p le S y s te m
R e m a in in g  

A T P a s e  
a c t i v i t y  (%)

P r o t e i n
re c o v e r y(%)

Myosin A “ 0.13/ KC1 45.5 61.8
0.13/KC1 + sucrose (0.5:1)" 68.1 76.5

(2 : l ) b 72.7 74.2
Myosin A 0.53/ KC1 47.1 53.7

0.53/ KC1 + sucrose (0.5:1)" 74.3 61.0
(1 :1)" 85.7 63.9
(2 : l ) b 85.7 68.0

Myosin A 0.53/KC1, pH 7.0 25.0 60.0
0.53/ KC1 + sucrose (1:1)" 76.7 87.7

(2:1)" 76.7 84.1
ph 7.0 (3:1)" 76.7 83.6

“ Myosin A  was dialyzed against 0.1M KC1 for 24 hr at 3±1°C before freeze-drying. b Weight ratios of sucrose added to protein present are indicated in parentheses. Added 
sucrose was removed by dialysis before ATPase assay.
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is effective in preventing the myosins from dé
naturation upon freeze-drying (Tables 1, 2,. Fig. 2), 
the amount necessary for this protective effect is 
not necessarily the same in all eases (Figs. 1, 3).

Fig. 4 summarizes the effect of sucrose on the 
inhibition of the dénaturation of myosin A  by

Reaction Time (M in .)
Fig. 2. Effect of pH values on myosin H-ATPase activity before and after freeze-drying in presence or absence of sucrose. —, control (immediately after preparation) ; O, pH 6.5, adjusted by dialysis against 0.53/ KC1 with 5mM  tris-maleate buffer; A, pH 5.8, adjusted by the same way as before. • ,  (6.5) and A, (5.8) respectively represent the activities after lyophilization in presence of sucrose, and ©, (pH 6.5) and □ , (pH 5.8) are those in the absence of sucrose. Weight ratio of sucrose added to protein in the system was 2:1.

different conditions. The dénaturation of myosin 
A  caused by acid at low temperature (3±1°C), 
heat (35°C and pH 7.0), freeze-drying, and freez
ing and thawing was inhibited by the addition of 
a certain amount of sucrose. However, clear 
differences can be observed on the effective con
centration of sucrose for the protective action in 
each case. This difference may possibly result 
from a concentration of sucrose upon freezing 
or freeze-drying. A reasonable explanation may 
thus be given to the discrepancy between results 
in Fig. 1, where no sucrose effect can be observed, 
and results in Tables 1 and 2, where sucrose does 
exert a protective effect on dénaturation of the 
myosins.

DISCUSSION
The dénaturation of myosin under our ex

perimental conditions could occur in any of 
the following four stages of the freeze-drying 
process : 1 ) preliminary operations ( dialysis 
or storage after preparation) ; 2) freezing;
3) dehydration; and 4) rehydration. In

Fig. 3. Effect of sucrose on the pH-stability of myosin /I-ATPase. • ,  O'M sucrose: □ , 0.25M sucrose; A, 0.5M sucrose; X , 1.0M sucrose; O, 2.03/ sucrose. Incubation: 0.53/ KC1, 50m3/ tris- maleate buffer, 2.0 mg protein/ml for 18 hr at 3°C.

Table 3. Changes in ATPase activity of myosin A  after freezing, thawing, and freeze-drying.
A T P a s e
a c t iv i ty ( %  o f  

o r i g in a l )
p H  v a lu e s 11 o f  s y s te m b e fo r e t r e a t m e n t 6 .0 6 .5 7 .0

Before freezing b Control d 
0.13/ sucrose'

100.0
102.0

100.0
101.3

100.0
100.0

After thawing c Control d 
0.1M sucrose'

75.7
77.1

100.0
101.5

92.3
92.3

After freeze-drying Control J
0.1 M  sucrose'

25.5
79.6

47.7
86.0

“ pH values were adjusted with 50m3/ tris-maleate buffer. b Myosin A  was frozen for 5 min at —75°C.'Frozen samples were thawed at 20°C in 5 min. a Five ml of myosin A  (2.0 mg/ml) in 0.5M KC1.'F ive  ml of myosin A  (2.0 mg/ml) in 0.5M KC1 and 0.13/ sucrose.
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S U C R O S E  (M)
Fig. 4. Protective effect of sucrose on the inactivation of myosin ATPase. Freezing and thawing (A ) : myosin A (2.0 mg/ml) in 0,5M KC1, SOmM tris-maleate buffer at pH 6.0 and 0 to l.OAi sucrose was stored in a freezer at —15°C for a week and thawed in a bath at 20 °C within 5 min. Freeze-drying ( 9 )  : myosin A  ( ~  10 mg/ml) in 0.5M  KC1, 20milf tris-maleate buffer at pH 6.0 and 0 to 1.0M  sucrose was freeze-dried and stored at —15°C. Incubation at 35°C and pH 7.0 for 90 min (A ) : incubation mixture contained 2mg/ml myosin A, 50mM  tris-maleate buffer, 0.5M KC1, and 0-2.0M sucrose. Incubation at pH 6.0 and 3°C for 18 hr (Q ) : incubation mixture contained 2 mg/ml myosin A, 0.5M  KC1, 50mM tris- maleate buffer, and 0-2.0M sucrose.

stages 1 and 4, myosin is in solution or sus
pension ; and dénaturation occurring here 
has been shown to depend on temperature 
and pH ( Yasui et al. , 1958, 1960 ; Takahashi 
et al., 1962), i.e., the dénaturation of myosin 
usually consists of a pH-independent thermal 
dénaturation and a temperature-independent 
acid or alkaline one. Since the dénaturation 
study was carried out below 5°C, the rate of 
thermal dénaturation should be very slow. 
There appeared to be no dénaturation when 
the pH was in the neutral region (Figs. 1,2). 
On the acid side, however, myosin ATPase 
was inactivated because of temperature- 
independent acid dénaturation (Fig. 3).

As for the dénaturation of stage 2, i.e., 
freezing, the physical state of ice is thought 
to play an important part in the dénaturation 
of muscle proteins either in tissue cells 
(Dyer, 1951; Love, 1962) or in cell-free 
model systems (Hanafusa, 1962, 1964; Shi- 
kama, 1963). The former authors emphasize

mechanical breakdown of cell membranes 
and the latter postulate some disturbance in 
or on the protein molecules. The nature of 
the destructive processes which take place 
when tissue cells are frozen and thawed was 
described by Lovelock (1954) and Love
(1962). Briefly, damage on freezing is a 
consequence of the increase in concentration 
of electrolytes within and without the cell. 
The results in Fig. 1 and Table 3 indicate 
that the influence of freezing and thawing on 
the dénaturation of myosin could be ob
served only in solution at pH 6.0, and that 
an increase in the electrolyte concentration 
exerted an additional effect on the acid dé
naturation at pH 6.0. Under certain condi
tions, both factors worked together, though 
the degree of dénaturation was not very 
large. The freezing stage, therefore, plays 
only a minor role in this case.

In summing up the loss of ATPase ac
tivity by the factors so far described, one 
finds that it is far less than the total loss 
after freeze-drying. As shown in Fig. 2 and 
Table 3, about two-thirds of the total loss of 
ATPase activity is accounted for by the 
dehydration stage. Lyophilization has been 
widely used for preservation of proteins be
cause most proteins resist dénaturation dur
ing and after freeze-drying. However, some 
proteins and enzymes are denatured, and the 
results in Fig. 2 and Tables 1, 2, 3 clearly 
demonstrate that the myosins tested here are 
also susceptible to lyophilization. The total 
dénaturation after freeze-drying appears to 
be a sum of the respective dénaturation from 
the four different stages.

The protective ability of sugars and sugar 
alcohols against dénaturation of some pro
teins varies among sugars, with glucose, 
fructose, and sucrose being the most efficient 
(Putnum, 1955; Haurowitz, 1963). It has 
also been shown that the addition of sugars 
and alcohols is effective in preventing deteri
oration of meat during frozen storage (Ta- 
moto et al., 1961 ; Love, 1962) or storage 
with salt (Nikkila and Linko, 1954a). The 
effect may be attributable to the dielectric 
properties of the added solute because it 
appears to be related to the concentration of 
the sugar (Fig. 3) or alcohol. The possi
bility of the formation of sugar-protein com
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plex has been discounted, and no satisfactory 
explanation of the effect has yet been offered. 
Whatever the mechanism is, the fact that 
sucrose is effective in preventing the myosins 
from dénaturation by various conditions 
(Fig. 4) is significant.

The experimental results presented in this 
paper differ in some respects from those ob
tained with muscle tissues (Dyer, 1951; 
Love, 1962; Love and Elerian, 1964; Nik- 
kila and Linko, 1954b ; Penny et al., 1963 ; 
Suden et al., 1964). Nevertheless, it seems 
to indicate some fundamental suggestions 
for quality control in freeze-dried meats.
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Changes in the Concentration of Lactic Acid and Free Sugars in 
Post-Mortem Samples of Beef and Pork Muscle

SUM M ARY
In v estiga tio n s  w ere carried  o u t on  ch an ges  

o f  lactate co n cen tra tion  and  p H  values a t vari
ou s p ost-m ortem  tim es o n  d iffer en t sam p les  o f  
b ee f and  p ork  m u sc les  (E x p ts . A  and  B ) .  T h e  
d ifferen ces in  lactate  co n cen tra tion s b etw een  
th e m eth od  o f  B ark er and  S u m m erso n  and  the  
en zym a tic  assay  w ere co n sid era b le , fu lly  c o n 
firm in g  p rev iou s fin d in g s. B esid es th e  lactate  
and p H  v a lu es, g lu co se , fr u cto se , m a lto se , and  
rib ose w ere d eterm in ed  a fte r  fe e d in g  sucrose to 
som e o f  th e a n im als  (E x p t. C ) .  S u crose fe e d 
in g  d ecreased  th e pH  values and  in creased  the  
values fo r  lactate in  in v estig a ted  m u sc les  o f  
ex h a u sted  a n im a ls  w h ich  h ad  b een  transported  
over 3 4 0  m iles  in  a p p ro x im a te ly  2 4  h r. By 
th is  p ro ced u re  som e ch aracter istics o f  th e  q u a l
ity  o f  th e  m ea t co u ld  b e im p rov ed . S im ilar  
effec ts  w ere n ot d etected  in  a n im als  transported  
o n ly  3 .1  m iles , a lth o u g h  g lu co se  and  fru cto se  
w ere p resen t in  s ig n ifica n tly  h ig h er  am ou n ts in  
th e  su cro se-fed  a n im als  th an  in  th e  control 
g rou p .

INTRODUCTION
In post-mortem muscle, lactic acid and 

other carboxylic compounds are produced in 
considerable amounts during the degradation 
of glycogen. Since lactic acid is often con
sidered to be the determining factor for the 
pH value of a meat, the lactate concentration 
at various times post-mortem has been inves
tigated by several workers (Briskey, 1959; 
W ism e r-P e d e rse n  and Briskey, 1961a). 
In those experiments, the chemical method 
of Barker and Summerson (1941) was 
utilized (Briskey, 1959; Wismer-Pedersen 
and B risk ey , 1961b; B risk ey  et al.,
1959). This method, how ever, is sub
ject to certain d is tu rb in g  influences, as 
was shown by Schweiger and Gunther
(1964) and Lundholm et al. (1963a,b), 
working independently. The determination 
of lactate with lactic dehydrogenase is more 
specific and accurate. After these results 
were examined, it seemed both advisable and

“ Present address: Max Planck Institut fürEiweiss- und Lederforschung, Munich, Germany.

interesting to repeat the investigation of 
the “time course” of lactate production in 
beef and pork muscle using these two meth
ods in parallel experiments. As expected, 
the lactate concentration at various times 
found by the chemical and enzymatic method 
varied considerably. Thus the findings re
ported in the preceding paper ( Schweiger 
and Gunther, 1964) have been fully con
firmed. In addition to lactic concentration, 
pH changes in tissue were determined. A 
comparison of the values should serve as an 
indicator of glycolysis. There is a direct rela
tion between lactic acid and muscle carbo
hydrates via the glycolytic pathway. There
fore it is possible to exert some influence on 
the post-mortem production of lactic acid by 
changing certain conditions for the living 
animal. Heavy stress during transport can 
reduce the glycogen stock in muscle (Bate- 
Smith, 1948), but the feeding of sugar com
pensates for this loss. This paper describes 
the influence of sugar feeding on muscle lac
tic acid concentration and pH values, and the 
strong influence exerted upon the concentra
tion of several simple sugars such as glucose 
and fructose. These sugars give additional 
information on the process of glycolysis in 
meat.

MATERIALS AND METHODS
Animals and samples of muscle. Experiment A. 

The sample of steer muscle (1 kg) was from the 
longissimus dorsi. It was excised immediately after 
slaughter and stored at 0°C. Small pieces of the 
sample were checked at 20 min, and 2, 4, 6, 8, 24, 
32, 48, 72, 98, and 169 hr post-mortem. Samples 
of beef muscles were taken 2, 5.5 and 27.5 hr post
mortem from the longissimus dorsi.

Experiment B. Six pigs (German Landrace) 
were selected from 42 that had been transported 
by the Federal Railway over a distance of 550 km 
(340 miles) involving about 24 hr of travel time. 
Upon arrival, animals 1-3 (average weight 108 
kg) were fed a mixture of 1 kg sucrose and 
G kg cereal with protein-concentrate. Control 
animals 4-6 (average weight 112 kg) were only 
allowed to drink. The schedule and conditions be
fore and after slaughter were the same for all 6

[ 300 1
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animals. Samples were taken from the suspended 
carcasses from the adductor muscle at 30, SO, 80, 
150, and 210 min and 19 hr post-mortem. Samples 
from animals 4-6 were taken at SO, 60, 90, 115 min 
and 19 hr. After taking the first sample, the car
casses were transferred to a cold room and stored 
at 0-2°C. (Different times post-mortem for tech
nical reasons.)

Experiment C. In this experiment, 12 pigs ( Ger
man Landrace) were used. They had been trans
ported over 5 km (3.1 miles), which took 30 min. 
Six animals (7-12) were fed 1 kg sucrose and 
yi kg cereal with protein-concentrate. Control 
animals (1-6) were fed the usual mixture of cereal 
and protein-concentrate. All animals were the 
same age; there were only minor differences of 
weight (7-12 with a x — 105 kg; 1-6 with a x  — 
113 kg). Conditions during and after slaughter 
were the same in both groups. Samples were taken 
at 1, 2, 3, 5, and 27 hr post-mortem. The carcasses 
were transferred to a cold room after the first 
sample had been obtained.

Chemicals. All chemicals were reagent-grade 
purchased from Merck, Darmstadt; ribose and the 
test-combination TCB 15 972 for the enzymatic 
determination of lactate were from Boehringer 
and Soehne, Co., Mannheim, Germany. Cellulose 
powders MN 300 and MN 300 HR were the 
product of Macherey and Nagel, Düren, Germany. 
Used for paper chromatography was paper 2043b 
of Schleicher and Schüll, Dassel, Germany. Glu
cose was identified on paper and thin layers with 
the “Glucostat” reagent of Worthington Biochem. 
Corporation, Freehold, N. J.

Extractions and quantitative determinations. 
The pH values were measured with a pH-meter 
type PHM 22 of Radiometer, Kpbenhavn. All 
given values represent the average of double 
estimations. Perchloric acid extraction and deter
mination of lactate using lactic dehydrogenase 
were described in detail by Schweiger and Günther 
(1964). The values obtained were multiplied by 
33.8 in order to calculate the amount of lactate in 
the cuvette. The chemical determination was per
formed according to the method of Barker and 
Summerson (1941). In experiment C, samples 
were obtained and stored (0-2°C) every few hr 
over a 72-hr period. This was necessary for 
proper timing of the experiment. Other portions 
of the samples were stored in perchloric acid 
before extraction. There were, however, no differ
ences in the final lactate values due to the different 
methods of extraction, as the comparison in 
Table 1 shows.

Sugars were determined according to Günther 
(1962) and Grau et al. (1960). The method is 
described briefly as follows:

The perchloric extract of a 1.5- or 2.0-g sample 
of the muscle was neutralized with KOH and the 
supernatant was purified on a cation exchanger 
Merck I in the H +-form (15 X 1-cm column). The 
eluate was concentrated in a rotary evaporator. 
Depending on the sugar concentration, 1-20 ¿d of 
the solution were spotted for paper chromatography. 
The following solvents were used: system I, a 
mixture of butanol-ethanol-water-isopropanol (2 :4 :- 
0.5 :1.5) ; or system II, a mixture of ethyl acetate- 
pyridin-water (2:1:2). After the chromatograms 
were dried, the sugars were stained with an alco
holic solution of p-anisidine-phthalate, a modifica
tion of Pridham’s method (1956). The colors ob
tained w ere: glucose and fructose =  brown-green; 
maltose =  pink-brown; ribose and other pentoses =  
red-violet. To ensure an even staining procedure, 
the paper was dipped into the staining solution and 
placed in an oven for 15 min. The paper became 
transparent by placing it into paraffin liquid for 1-2 
h r ; surplus paraffin was removed under a pressure 
of 1 kg. For a quantitative determination of the 
spots, the chromatogram attachment CA2 was used 
in the Spectrophotometer PMQ II (Zeiss-Ober- 
kochen-Germany) (Fig. 1). The slit opening for 
glucose, fructose, and maltose was 0.1 mm at 
wavelength of 510 nm, and for ribose 0.04 mm at 
wavelength of 400 nm. The values were put in the 
form of a curve on paper for quantitative calcula
tion (Fig. 2). A comparison with standard sugars 
that were handled in the same way as the samples 
extracted from muscle, gave the exact amount of 
sugars present in the muscle. The standard devia
tion is ±5%  at the 2 s confidence limit. Recovery 
of added glucose was 93%. For additional identi
fication of the sugars by paper chromatography, a 
butanol-pyridin-water mixture (6 :4:3 =  system 
III) and a butanol-acetic-water mixture (4:1:1 =  
system IV) were used.

Identifications of the substances. L( +  ) lactic 
acid was identified as its p-phenyl-phenacyl-ester 
by means of the infrared spectrum in the Perkin- 
Elmer Infracord 137 E. For this purpose the 
lactic acid from muscle was purified on a cellulose 
layer. The sugars were also chromatographed on 
0.5-mm cellulose layers (MN 300 H R  =  high 
purity) in system II. Glucose and fructose (1-2 
mg) were eluted from the layers and mixed with

Table 1. Lactate values (g/100 g muscle).

A n im a l
I m m e d ia te ly  
e x t r a c t e d  in  

H C lO i
S t o r e d  in  
H C l O i

S t o r e d  in  
9 6 %  e th a n o l

30 1.09 1.01 0.96 Barker a. S.
1.01 0.96 0.90 enzymatic

2 2 1.21 1.06 1.17 Barker a. S.
0.83 0.77 0.83 enzymatic
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Fig. 1. Chromatogram attachment CA2 for the spectrophotometer PMQ II (Zeiss, Oberkochen).
200 mg KBr in 0.5 ml solution. After desiccation, 
the material was pulverized and formed into discs 
for infrared spectroscopy. Glucose and maltose

diagram of extinctions. Top: standards; bottom: sugars isolated from pig muscle.

(after 5 hr of hydrolysis in Ar/10 HC1) were iden
tified on the paper and layers by the reaction with 
glucose oxidase (Salton, 1960). Ribose was re
fluxed for 30 min in 1 ml of water with 0.1 g 
sodium acetate and 0.1 g phenylhydrazine according 
to the method of Haynes (1961). Ribosyl-phenyl- 
osazone was precipitated in the cold, washed, re
crystallized from ethanol, and formed into a disc 
with 200 mg KBr for infrared spectroscopy.

RESULTS
The determination of lactate in post-mortem 

beef and pig muscle by chemical and enzymatic 
methods confirms that there arc concentration 
curves showing qualitative and quantitative differ
ences in many cases. It is not always possible to 
detect any correlation between the lactate values 
and the muscle pH determined at the same time. 
Fig. 3 and Table 2 compare lactate values for ex
periment A. The slope of both curves, from enzy
matic and chemical determinations, is about the 
same. However, the Barker and Summerson values 
are 20-25% lower (Table 2 =  10-60%;). Differ
ences in lactate concentration with the pig muscle 
experiments were much more obvious (Figs. 4, 5, 
6). These figures show that there may be extreme 
differences, by a factor of 10-20, especially during 
the rigor mortis period. There were also consider
able deviations in the qualitative pattern (Fig. 4). 
However, in some cases these deviations were 
negligible and the curves almost identical (Fig. 7). 
With all animals there was one common feature, 
at least when the enzymatic lactate determination 
was used, that being a significantly short period
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Fig. 3. Lactate concentration (g/100 g muscle) in beef muscle at various times post-mortem. Lactate according to the Barker and Summerson method, X-----X- Lactate with the LDH method • -------*.

of decreasing lactate concentration at about 2-4 hr 
post-mortem.

It was shown in the feeding experiment that 
sucrose feeding influenced lactate production in 
animals subjected to long-distance transport. Fig. 
8 gives the increase of lactate concentration in 
the muscle. It is evident that sucrose feeding 
causes a lactate increase of almost 100% during 
the first S hr post-mortem (Fig. 8a), whereas there 
is only a relatively small increase in the control 
animals (Fig. 8b). pFI value curves correspond to 
lactate in this experiment. There was a large 
increase of 0.8 pH unit in the sucrose animals, 
compared to minor changes of pH in the control 
animals. On the other hand, the sucrose feeding 
had very little influence upon lactate and pH pat
terns of animals subjected to just short-distance 
transport (Figs. 9, 10).

In addition, the concentration of some free sugars 
was determined post-mortem in muscles of animals 
subjected to short-distance transport. Fig. 9 shows 
that glucose, with 46 mg, and fructose, with 21 
mg/100 g muscle, were significantly increased in 
sucrose animals, compared with 22 and 4 mg, re
spectively, in the control animals. (Glucose concen

tration maximum at 3-5 hr post-mortem.) The 
concentrations of maltose and ribose were always 
below 10 mg in 100 g of muscle. Other sugars 
had lower concentration than 1 mg in 100 g.

The infrared spectra of glucose, fructose, and 
ribosylphenylosazone were in accordance with those 
of standards and spectra described in the literature 
(Tipson and Isbell, 1962; Otting, 1961). The 
main bands of D-glucose (Fig. 11) at 13.0, 11.7, 
and 10.9 ¡i, and of fructose (Fig. 12) at 10.75, 
12.25, and 12.8 /i can be seen clearly. Ribosylphenyl
osazone has a spectrum with a band at 10.85 fj, and 
a missing adsorption at 9.0 g (Fig. 13). Thus, it 
is easy to distinguish ribose from xylose, which 
has a similar R / value on chromatograms, by the 
phenylosazone of the former.

DISCUSSION
Lactate values. The experiments show 

that there are minor quantitative deviations 
of lactate values determined by either the 
chemical or enzymatic method in aliquots of 
a beef muscle extract, whereas these devia
tions are considerable in pork muscle. The

Table 2. Concentrations of lactic acid estimated by Barker and Summerson (** =  ±8.2%) and by the enzymatic method (** =  ±4.1%) in some samples of beef muscle at various times after slaughter.

A n im a l

T im e  p o s t-m o r te m  in  h r
2 5 .5 2 7 .5

E n z y m . C h e m . 'E n z y m . C h em . E n z y m . C h e m .

l 0.355 0.395 0.240 0.355 0.389 0.450
2 0.159 0.275 0.203 0.340 0.254 0.350
3 0.081 0.145 0.064 0.170 0.610 0.940
4 0.425 0.650 0.230 0.330 0.575 0.905
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g/10Og mg/tOOg

5 10 15 20 27 h r

Fig. 4. Lactate concentration (g/100 g) and pH curve in pig muscle at various times post-mortem. Animal 3 (Control). Lactate according to Baker and Summerson, X - -  -X- Lactate with LDHmethod, o----- • . Glucose, O  • • • ■ O- Upper curve :ordinate at left: g lactate/100 g muscle; ordinate at right: mg glucose/100 g muscle. Brackets indicate standard deviation of the method.
Barker and Summerson method appears to 
be disturbed by substances present over a 
period lasting several hours post-mortem. 
These substances may be identical with sub
stances which were apparently separated 
from lactate by chromatography in our 
earlier experiments ( Schweiger and Gunther,
1964). It is interesting that there are cases 
that suggest quite different patterns of lac
tate production in different samples when 
chemical determination is used, whereas these 
patterns are identical at least in their main 
feature when enzymatic determination is 
used. In only a few cases was there a direct 
correlation between the production of lactate

9'100g mg/!00g

Fig. 5. Same explanation as in Fig. 4, animal 9. Brackets indicate standard deviation of the method.

g/1000 mg/IOOg

Fig. 6. Same explanation as in Fig. 4, animal 1 (Control).
and changes in pH. It was possible to alter 
the post-mortem pH pattern by subjecting 
the animals to different conditions before 
slaughter, especially by feeding them sucrose. 
This shows that the system of essentially 4 
types of reactions for pigs, suggested by 
Briskey and W ism e r-P e d e rse n  (1960, 
1961b), is certainly dependent on several 
factors and should not be regarded as a 
fixed scheme.

It is not completely known whether lactic 
acid, produced post-mortem, is the only 
compound that is responsible for the decreas
ing pH values in muscle. Grau and Gunther 
( 1962a) suggested the contribution of other 
strongly acidic carboxylic compounds (e.g.

Fig. 7. Same explanation as in Fig. 4, animal 11
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Fig. 8. Lactate concentration (g/100 g) and pH curve in pig muscle (averages from 3 animals) at various times post mortem; transport of 550 km, Expt. B (340 miles). Lactate according to Barkerand Summerson, x ----- X- Lactate with LDH method, • ------• . 8a) Animals fed with sugar—left. 8b)Controls—right.

citric acid) to the decreasing pH values. 
Most of the results given here also indicate

Fig. 9. Lactate concentration (g/100 g) and pH curve in pig muscle (averages from 6 animals) at various times post-mortem; transport of 5 km (3.1 miles). Expt. C. Lactate according to Barker andSummerson X----- X- Lactate with LDH method,o----- •. Glucose, X XXX- Fructose, X - - X .Ribose, X— • —X. Maltose, A--------A. Top:ordinate at left: g lactate/100 g muscle ; ordinate at right: mg sugar/100 g muscle. Animals fed with 
sugar.

that there is no simple correlation between 
lactate concentration and pH values. Only 
the sucrose-fed animals in experiments B and 
C showed, to a certain extent, such a corre
lation. In some cases, there was an increase 
of both lactic acid concentration and pH 
values at 3-5 hr post-mortem. It may be 
that the increasing pH was due to the influ-

a„°o0 NM.t. m9',00|,

ysw to nsmi. ,/j li/ it
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4000 3000 2000 1500 CM-' 1000 900 800 700

Fig. 11. Infrared spectra of D-glucose X H 20 . Top: after Tipson and Isbell (1962). Bottom : glucose isolated from muscle and purified on a cellulose layer.
ence of enzymatic deamination of adenine 
nucleotides described by Bate-Smith and 
Bendall (1956) and Bendall and Davey
(1957). _

The rigor mortis period was especially 
interesting. Among others, Amano et al.
(1953) and Fujimaki and Kojo (1953) de
termined some intermediates in fish muscle at 
various post-mortem times. They found that 
there is a decrease in lactic acid concentration 
after 1-2 hr combined with an increase of 
glycogen concentration in the presence of 
ATP. A resynthesis of ATP from creatin- 
phosphate and ATP during the early period 
of post-mortem glycolysis is described by 
Bendall (1960). Some of these results were 
confirmed during our experiments. In steer 
muscle (Expt. A, Fig. 4), the lactic acid 
value was at a minimum at 2-3 hr, followed 
by an increase. A very similar type of curve

was obtained for most pig muscles (Expt. B , 
C, ) at 2-3 hr post-mortem.

Effect of sugar feeding. The feeding of 
sucrose-exhausted animals caused a signifi
cant increase of lactate along with lower pH 
values in post-mortem muscle (Expt. B ). 
This means that sucrose can restore a higher 
level of sugar in muscle. The production of 
lactic acid was less in the control animals 
and there were almost no pH changes. How
ever, it is impossible to arrive at a definite 
conclusion without further experiments with 
larger numbers of animals. In contrast to the 
animals which were transported over long 
distances, the animals in experiment C were 
not influenced by the sucrose feeding. There 
were no differences in lactate and pH in the 
control group.

The sugar determinations demonstrated 
that the concentrations of glucose and fruc-
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Fig. 12. Infrared spectra of D-fructose. Top: standard. Bottom: fructose isolated from muscle and purified.
tose are considerably higher in the muscle of 
all sucrose animals. These sugars are appar
ently derived from sucrose by enzymatic 
cleavage in vivo. The possibility that the 
sucrose molecule reaches the muscle before 
slaughter and is split during the perchloric 
extraction was ruled out in an experiment 
where pure sucrose was treated in the same 
way as the sample. With sucrose there are 
degradation products which during chroma
tography tend to run (paper and thin layer) 
close to the solvent front; these substances 
did not appear with the sample extracts.

3 § 10 11 12 13 14 15
WAVELENGTH (MICRONS)

Fig. 13. Infrared spectra of D-ribose-phenylosa- zone. Top: standard. Bottom: ribose-phenylosa- zone from ribose isolated from muscle.

There is a minor pathway of degradation 
of glycogen to maltose under the influence 
of a-amylase. Maltose and oligosaccharides 
were found on paper chromatograms of veal 
extract (Grau et al., 1960) and pig muscle 
extract (Grau and Gunther, 1962b) in earlier 
experiments. During the present investiga
tion (Expt. C) there was a maximum of 
maltose concentration 2 hr post-mortem in 
sucrose-fed animals. The work of Batzer 
et al. (1962) shows that glucose is necessary 
in order to produce the typical meat flavor. 
Scheper (1964), of the Bundesanstalt fur 
Fleischforschung, determined certain quality 
characteristics in experiments B and C with 
pig muscle. He found that the long transport 
(Expt. B ), especially below freezing tem
peratures, promotes an accelerated glycoly
sis and its undesirable consequences, such 
as low water-holding capacity, pale color, 
and soft consistency. However, a transport 
distance of 5 km (3.1 miles) (Expt. B ) had 
little or no influence on the quality charac
teristics. The feeding of sucrose followed 
by a rest of several hours restores exhausted 
animals not only with normal glycolysis, as 
we have shown, but also with good water
holding capacity and consistency. There was 
evidence to indicate some breeds are not as 
susceptible to long-distance transport effects 
on quality of the meat.
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SUMMARY
S tu d ies w ere con d u cted  o n  th e  m u sc le  p ro p 

erties o f  p ig s  reared  in  o n e  o f  severa l co m b i
n a tio n s o f  en v iro n m en ta l tem p era tu re and  
h u m id ity . L o n g issim u s d orsi m u sc le  o f  p ig s  
reared  in  a ltern a tin g  tem p era tu res (2 9  and  
1 8 °C ) w as in fe r io r  in  stru ctu re to  th a t o f  p ig s  
reared  in  2 9  o r  18°C  co n stan t tem p era tu res i f  
th e  re la tive h u m id ity  w as low  ( 3 0 % ) .  H igh  
rela tive h u m id ity  ( 8 5 % )  d u rin g  grow th  ten d ed  
to im p rov e m u sc le  stru ctu re and  ten d ern ess  
(6 8  and  7 2°C  c o o k in g  te m p e r a tu r e ), regard less  
o f  en v iro n m en ta l tem p era tu re . B reed -treat
m e n t in tera ctio n s fo r  m u sc le  stru ctu re score  
in d icated  th a t P o la n d  C hina and  H a m p sh ire  
p ig s d iffered  in  re sp o n se  to en v iro n m en t. B reed  
com p arison s over  a ll trea tm en ts revea led  th at 
m u scle  fr o m  P o lan d  C hina p ig s  was less  ten d er  
th an  m u sc le  fr o m  H a m p sh ire  p ig s  w h en  it  was 
h eated  to  6 0 °C . T h e data o n  ten d ern ess  su g g est 
that th e  m a jo r  en v iro n m en ta l e ffects  w ere e x 
erted  o n  th e m u sc le  co n stitu en ts  w h ich  are  
su scep tib le  to h ig h  c o o k in g  tem p era tu res (p r o 
te in  h a rd en in g  ra n g e ) w h ereas th e  b reed  d iffer 
en ces w ere ev id en t at low  c o o k in g  tem p eratu res  
(c o lla g e n  sh r in k ag e r a n g e ) .

INTRODUCTION
The incidence of pale, soft, exudative 

(PSE ) porcine muscle increases during the 
seasons of the year that temperatures are 
high or fluctuating (Ludvigsen, 1954; Judge 
et al., 1959; Forrest et al., 1963). Heat stress 
on pigs of the Poland China and Hampshire 
breeds causes rapid anaerobic glycolysis, ele
vated post-mortem temperature, and ultimate 
development of the PSE condition in the 
muscles (Sayre et al., 1963; Kastenschmidt 
et ah, 1964, 1965). However, no research 
has been reported on the influences that spe
cific conditions of the rearing environment 
may exert on the post-mortem temperature 
and ultimate properties of chilled porcine 
muscle.

Studies on the relationship of porcine 
muscle color or structure to tenderness have 
had conflicting results. Judge et al. (1960) 
reported that the tenderness of broiled chops 
was negatively correlated with the degree of

muscle firmness prior to cooking, whereas 
Briskey (1963) reported that the PSE 
muscle of heat-stressed animals was less ten
der than normal muscle after moist-heat 
cookery. Although work of Sayre et al.
(1964) indicated that resistance to shear was 
high in PSE muscle heated to 85 °C, the effect 
of end-point cooking temperature on PSE 
muscle tenderness has not been investigated.

This experiment was designed to : 1) de
termine the effects of several combinations 
of environmental temperature and humidity 
during growth on the post-mortem tempera
ture and ultimate color, structure, and tender
ness of muscle from breeds of pigs known to 
have a high incidence of PSE muscle; and 2) 
determine the effect of end-point cooking 
temperature on the tenderness of muscles 
whose properties may have been influenced 
by rearing environment or breed.

EXPERIM ENTAL
This experiment utilized muscle samples from 

36 Poland China and 36 Hampshire barrows reared 
for 35 days in psychrometric chambers in which 
temperature and humidity were controlled. At the 
beginning and end of the experiment the respective 
mean weights of the animals were 68 and 95 kg. 
The animals were allotted into six treatment groups 
by breed (Table 1). They were kept in pens which 
provided 0.93 sq m of floor space per animal.

At the end of the growth period the animals 
were transported approximately 5 miles in an en
closed vehicle. Although precise humidity control 
was impossible during transport, the temperature

Table 1. Experimental design.

G ro u p
A m b ie n t

t e m p e r a t u r e(°C)
N u m b e r  o f  a n im a ls

h u m id i ty(%) P o la n d
C h in a H a m p s h i r e

H aL b 29 30 6 6
LL 18 30 6 6
AL 00 T "H

o\04 30 6 6
HH 29 LOCO 6 6
LH 18 85 6 6
AH 29. 18' 85 6 6
” Designates high, low, or alternating temperature. ” Designates high or low percent relative humidity.c Three-day periods at each temperature.

[ 309 ]
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in the vehicle was maintained at the environmental 
temperature at which the animals were reared. 
(Animals in the alternating temperature group 
were removed from treatment while in the 29°C 
temperature.) Excitement of the animals was 
minimized prior to exsanguination.

Carcass temperatures were observed at 45 min 
post-mortem by inserting a testing thermometer 
into the center of the ham. Color and structure 
scores for the chilled longissimus dorsi muscle 
were determined at 24 hr post-mortem. Color and 
structure were scored separately; muscles were 
classified as soft, intermediate, or firm, and as 
pale, grayish-pink, or dark, with each attribute 
receiving a score of 1, 2, or 3, respectively.

At 24 hr post-mortem the two longissimus dorsi 
muscles were removed from each carcass, wrapped 
in heavy freezer wrap, and stored at —18°C for 
later determinations of resistance to shear. After 
thawing, portions of the center sections of the 
muscles (excluding 10-cm portions at each end) 
were placed in plastic bags. Copper-constantan 
thermocouples were inserted into the center of 
the samples, air was evacuated from the bags, and 
the bags were sealed. The samples were heated 
in a water bath at 60, 64, 68, or 72°C. When tem
perature recordings indicated that the samples had 
reached the temperature of the water bath, heating 
was terminated and the samples were cooled to 4°C.

Resistance to shear was determined on the 
cooked samples and on raw samples with an Allo- 
Kramer shear press. Samples were sliced for 
shearing by the technique of Wise and Stadelman
(1959) with the cutting device designed by Dodge 
and Stadelman (1960). All slices were weighed to 
the nearest 0.1 g, and resistance to shear was 
calculated in lb per g of tissue. A minimum of 
10 slices per sample were sheared.

Data were analyzed by analysis of variance as

described by Ostle (1956). Treatment means were 
tested with the Duncan (1955) multiple-range test.

RESULTS AND DISCUSSION
Differences in carcass temperature at 45 

min post-mortem approached statistical sig
nificance at the .05 testing level (Table 2). 
The data indicated that high (29°C) and 
alternating (29 and 18°C) environmental 
temperatures during growth tended to ele
vate carcass temperature, a condition that 
may be detrimental to ultimate muscle qual
ity (Wismer-Pedersen and Briskey, 1961).

The environmental conditions in this ex
periment had little influence on the color of 
the chilled muscle, but its structure was affec
ted (Table 2). The combination of alternat
ing temperature and low relative humidity 
(30%) resulted in muscle structure scores 
that were lower (P  < .05) than those of the 
other environmental treatments. High rela
tive humidity (85%) tended to improve 
structure score regardless of the environ
mental temperature. A significant (P  <  .05) 
breed-treatment interaction for muscle struc
ture score indicated that the superior struc
ture in the high-humidity groups resulted 
from the responses of the Poland China pigs 
(Fig. 1). High and low environmental hu
midity appeared to produce similar muscle 
structure in Hampshire pigs.

Allo-Kramer shear values indicated that 
the effects of rearing environment on tender
ness were more evident when relatively high 
cooking temperatures (68 and 7 2°C) were 
used (Table 3). In addition, the magnitude

Table 2. Effects of rearing environment on post-mortem properties of porcine muscle
Significant mean differences a F

L H b LL HL AH AL HH
Temperature (°C )C 40.7 40.8 41.0 41.2 41.5 41.6 2.1

AL AH HH HL LL LH
Color score00 1.67 1.67 1.83 1.90 1.92 1.92 0.7

AL HL LL AH HH LH
Structure scoredt 1.48 1.63 1.67 1.75 2.00 2.08 2.6*

* Any group means not underlined by the same line are significantly (P  <  .05) different. b See Table 1 for description of treatments.c Internal temperature at the center of the ham 45 min post-mortem. d Longissimus dorsi, 24 hr post-mortem. e 1 =  pale, 3 =  dark. f 1 =  soft, 3 =  firm.* P <  .05.
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Table 3. Effects of rearing environment on shear valuesa in porcine longissimus dorsi muscle.

C o ok in g
te m p e ra tu re S ig n if ic a n t  m e a n o f  d if fe re n c e s b F

LL° HH AH HL LH AL
Raw 19.5 19.9 20.5 20.8 21.1 21.4 0.2

LH AL H H HL LL AH
60°C 26.8 27.8 28.4 29.5 29.7 30.7 1.7

AL HL LL LH HH AH
64° C 20.9 22.4 23.0 24.2 24.9 25.2 1.1

LH AL AH HH HL LL
68° C 25.1 28.2 28.7 29.3 32.3 32.5 3.6**

LH HH AH HL AL LL
72° C 24.8 26.9 28.0 30.5 30.8 32.2 3.8**

—
" Mean lb shear/g tissue.b Any group means not underlined by the same line are significantly (P  <  .05) different. c See Table 1 for description of treatments.** P <  .01.

BREED-TREATM ENT INTERACTIONS 
L.DORSI STRUCTURE SCORE

T R E A T M E N T
Fig. 1. Interaction of breed and environmental treatment for structure score of longissimus dorsi muscle. See Table 1 for description of treatments.

of the shear values indicated that pigs reared 
in low humidity tended to have less tender 
muscle than pigs reared in high humidity. 
These observations were confirmed when the 
data were combined to compare the effects of 
relative humidity over all environmental tem
peratures (Fig. 2). The graphic representa
tion of the data showed that muscle with

ENVIRONMENTAL HUMIDITY EFFECTS ON Al 1 0 -

— I-------------------- 1------------------------1______________ I______________ I 
RAW 60° 64° 68° *  72° *

COOKING TEMPERATURE °C
Fig. 2. Effect of environmental humidity during growth on Allo-Ivramer shear values for longissimus dorsi muscle at various cooking temperatures. *P <  .05.

inferior structure (from animals reared at 
low humidity) toughened when subjected to 
high cooking temperatures. These results 
are in agreement with research of Sayre 
e t  a l . (1964), who found high shear values 
in PSE muscle which had been heated to 
85°C. It is possible that the fibrillar proteins 
harden in muscle with inferior structure 
when cooking temperatures reach 68 or 72°C. 
This suggestion is supported by work of 
Machlik and Draudt (1963), who observed 
that collagen shrinkage was complete in beef 
muscle heated for 15 min or less in the tem
perature range of 60-65 °C, whereas little 
protein hardening occurred after prolonged 
heating at those temperatures. In the present
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Table 4. Breed differences in shear values* in longissinius dorsi muscle.
C o o k in g

t e m p e r a t u r e
B r e e d

P o la n d  C h in a  H a m p s h ir e F

Raw 21.2 19.8 1.3
60° C 30.0 27.7 6.5*
64° C 24.3 2 2 .6 1.9
68° C 30.0 28.7 1.1
72° C 29.7 27.9 2.3

* Mean lb shear/g tissue.* P <  .05.
work, collagen shrinkage was probably com
plete at cooking temperatures below those at 
which treatment effects were evident.

Data on resistance of muscles to shear were 
subjected to analysis for breed differences. 
Muscles of Poland China pigs were less ten
der (P  < .05) than muscles of Hampshire 
pigs when cooked to 60°C (Table 4). These 
breed differences in tenderness were inde
pendent of treatment effects (shown by analy
sis of variance), and they occurred at a cook
ing temperature that causes collagen shrink
age but probably does not cause hardening 
of the fibrillar proteins (Machlik and Draudt,
1963). Consequently, the muscle constitu
ents responsible for breed contrasts in ten
derness may differ from those responsible for 
treatment effects.
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Changes in Aldolase Activity in Cod and Haddock
During Frozen Storage

SUM M ARY
T h e a ld o la se  activ ity  o f  cod  and  h ad d o ck  

flesh  is s ig n ifica n tly  red u ced  by fr e e z in g  and  
th aw in g, and  fa lls  p ro gressive ly  d u rin g  storage  
at —1 4 ° . D u rin g  b oth  r igor m o rtis  a n d  fro zen  
storage at —1 4 ° , m u ch  o f  th e  a ld o lase  activ ity  
b ecom es in extra eta b le  in  w ater.

INTRODUCTION
In contrast to the behavior of the myo

fibrillar groups of proteins, the extractability 
of the sarcoplasmic proteins of cod and sev
eral other species of fish remains high during 
frozen storage at —14° (Connell, 1964). In 
addition, the moving boundary electrophore
sis patterns of the sarcoplasmic proteins ex
tracted from fish frozen-stored under adverse 
conditions did not differ from similar patterns 
obtained from extracts of unstored fish (Con
nell, 1964). Recent work has shown that the 
zone electrophoretic patterns of the sarco
plasmic proteins from cod stored under severe 
conditions differ slightly from those from 
fresh cod (Mackie, 1965). However, the 
overall implication of these combined results 
is that the gross properties of the sarcoplas
mic proteins are not much affected by frozen 
storage.

Much less information is available on 
changes in individual sarcoplasmic proteins 
during frozen-storage of fish. For example, 
data are limited on changes in the specific 
activity of the many enzymes making up this 
group (Gould, 1965a). However, it has been 
reported that the specific activities of ’’malic 
enzyme” and a-glycerophosphate dehydroge
nase present in the supernatant solution of 
centrifuged fish muscle change in a regular 
manner on frozen storage of the muscle 
(Gould, 1965b). In particular, the specific 
activity of “malic enzyme” decreases in cod, 
haddock, and dab in storage at —7°. Earlier 
unpublished work had suggested that the 
aldolase activity of cod was stable during 
frozen storage (Rambeck and Connell,
1955) ; the present work reports a fuller in
vestigation of the behavior of this enzyme.
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EXPERIM ENTAL
Materials. Cod (Gadus callarias L.) and had

dock ( Gadus aeglefirms L.) were caught in the 
North Sea by trawl net and either transferred while 
still live to a shore tank or killed, gutted, and kept 
in melting ice for 1-2 days before use. The iced 
fish were filleted and skinned, and the fillets then 
frozen in an air-blast, closely wrapped in aluminum 
foil to prevent desiccation, and stored at —14°. 
They were thawed by leaving them overnight at 
1- 2°.

Methods. Aldolase activity of homogenates of 
whole muscle was measured as follows: 30 g of 
muscle from the central part of the fillet was cut 
up into small pieces and homogenized with 300 ml 
distilled water at 0° in a chilled Atomix blender 
run at full speed for 75 sec. The homogenate was 
diluted with 15 volumes of water at 0° before use, 
and the diluted suspension held for no longer than 
a few hours at 0° before the assay. Occasionally 
the activities of the water-soluble portion of the 
homogenates were measured; used for this were 
filtrates of the diluted homogenates.

The method of enzyme assay was that of Bruns 
and Bergmeyer (1963) suitably modified for tissue 
homogenates: the reagents used were those de
scribed. One ml of homogenate was mixed with 
1.75 ml collidine/hydrazine buffer, pH 7.4, and 0.25 
ml fructose-1:6-diphosphate solution. After 20 min 
of incubation at 30°, the reaction was stopped by 
addition of 3 ml 10% aqueous trichloracetic acid, 
and the mixture was filtered. To 1 ml of the filtrate 
was added 1 ml 0.751V sodium hydroxide, and the 
mixture was allowed to stand for 10 min at room 
temperature in order to split the alkali-labile phos
phates. One ml 2 :4-dinitrophenylhydrazine solu
tion was then added, the mixture incubated at 30° 
for 10 min, 7 ml 0.751V NaOH added, allowed to 
stand for a further 10 min at room temperature and 
the color read at 540 m/i. The blank was prepared 
by adding substrate to the mixture after the enzyme 
had been inactivated by trichloracetic acid. The 
enzyme assay was calibrated in terms of alkali- 
labile phosphate produced in the enzyme incubation. 
This calibration was performed as suggested by 
Sibley and Lehninger (1949), that is, by determin
ing the amount of inorganic phosphate in the solu
tion after addition of alkali by means of Gomori’s 
(1941-42) method; the amount of inorganic phos
phate was then compared with the color produced 
at 540 m/t in the same solution.

An enzyme incubation temperature of 30° was
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chosen because this was found to be the temperature 
of maximum enzyme activity under these condi
tions. The enzyme activity was linear with time up 
to 20 min, so this period of enzyme incubation was 
chosen for all the assays.

The homogenates were not perfectly uniform, so 
three 1 ml portions from each homogenate were 
taken for separate enzyme assay, and the results 
averaged.

RESULTS AND DISCUSSION
Effect of freezing and immediate thaw

ing. The effect on the aldolase activity of 
freezing and thawing without intervening 
storage was examined by means of the paired- 
fillet technique. In this, one fillet from each 
fish was frozen and then thawed whereas the 
other fillet from the same fish was stored at 
0° unfrozen. Enzyme assays were then per
formed on the muscle from both fillets at the 
same time. Two cod and four haddock were 
examined in this way, and the results (Table
1) show that freezing reduced the aldolase 
activity in these species by 10-20%.

Effect of storage at —14°. The changes 
in aldolase activity of cod and haddock fillets 
stored at —14° are respectively shown in 
Figs. 1 and 2. Assuming that the activity 
changes linearly with time, the following re
gression lines were calculated:

Cod: A  =  0.674 (±0.001) —
0.0068 (±0.0006) t 

Haddock: A  =0.810 (±0.003) -
0.0103 (±0.0013) t

where A  is the aldolase activity in arbitrary 
units of optical density at time t weeks. The

Table 1. Effect of freezing on the aldolase activity of cod and haddock.
A ld o la s e  a c t iv i ty  a 

(o p t ic a l  d e n s i ty  a t  540 m /i)
U n f r o z e n F  ro z e n

Cod Ab 0.806 (0.023)° 0.660 (0.019)
Cod B 0.825 (0.013) 0.683 (0.011)
Haddock A 0.858 (0.002) 0.806 (0.015)
Haddock B 0.936 (0.012) 0.748 (0.018)
Haddock C 0.844 (0.005) 0.823 (0.023)
Haddock D 0.843 (0.017) 0.788 (0.022)
" The optical density values at 540 nip, though arbitrary, are linearly related to the enzyme activity. They are the mean values of three determinations.’’The letters denote different fish.0 The values in parentheses are the standard errors of the means.

Storage time (weeks)
Fig. 1. Changes in the aldolase activity of cod flesh during storage at —14°. The enzyme activity is given in arbitrary units of optical density.

values in parentheses are the standard errors.
It is seen that there is a definite and pro

gressive decline in enzyme activity during 
storage at — 14a, and that the rate at which 
the activity declines is approximately the 
same in cod and haddock. Judged from the 
tem perature-dependence of other protein 
changes during frozen storage, it can be con
fidently predicted that storage at below —14° 
would result in a lower rate of decline in 
aldolase activity. However, the report of the 
unpublished experiments of Rambeck and 
Connell (1955) is definitely incorrect in in
dicating that the aldolase activity is stable 
under all conditions of frozen storage.

General observations. The specific en
zyme activities of 8 fresh unfrozen samples 
of cod and of 12 similar samples of haddock 
muscle were found on average to be, respec
tively, 43,000 and 46,000 pi fructose-1 :6- 
diphosphate split/g wet tissue/hr at 30°. 
The standard error of these averages was 
700 in each case. These values are to lie com
pared with the average figure of 75,000 pi 
fructose-1 :6-diphosphate split/g wet tissue/ 
hr at 38° for rat skeletal muscle quoted by

Fig. 2. Changes in the aldolase activity of haddock flesh during storage at —14°. The enzyme activity is given in arbitrary units of optical density.
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Sibley and Lehninger (1949). The differ
ence between the specific activities of cod and 
haddock muscle is significant, and it appears 
that cod muscle is more affected by freezing 
and immediate thawing than is haddock 
muscle.

There are two possible causes for the de
cline in aldolase activity during storage at 
—14° : denaturation of the enzyme ; and pro
gressive lack of availability of the enzyme in 
the homogenates. The first of these causes is 
the most obvious, for it has been widely in
voked to explain the behavior of other pro
teins during the frozen storage of fish- For 
example, the myosin adenosine triphospha
tase (ATP-ase) activity of cod declines dur
ing storage at — 14° ( Connell, 1960) and this 
behavior can be interpreted as a denaturation 
of the enzyme. It is interesting to note that 
ATP-ase activity declines more rapidly than 
aldolase activity at the same temperature of 
storage. Progressive inactivation of aldolase 
by oxidation of sulphydryl groups is also 
possible, though it should be noted that no 
decline in the numbers of either total or 
easily-reactible sulphydryl groups of the 
whole muscle proteins was observed during 
storage of cod at —14° (Connell, 1960).

However, it is important that during stor
age under these adverse conditions, the fish 
muscle becomes considerably firmer and in
creasingly resists efforts to reduce it to a fine 
state of subdivision by means of blending. If 
there is any tendency for the enzyme to ad
sorb on or otherwise become fixed to the 
insoluble part of the muscle, then it could be 
imagined that storage of the muscle might 
lead to an increasingly large degree of un- 
availablity of the enzyme to added substrate. 
Evidence that the enzyme is indeed adsorbed 
onto the water-soluble part of the muscle in 
the kind of sample assayed in this work, was 
obtained by comparing the aldolase activity 
of filtrates of homogenates of both post-rigor 
and frozen stored muscle with the homoge
nates themselves. It was found that the fil
trates had little aldolase activity. On the 
other hand high activity was found in similar 
filtrates prepared from pre-rigor cod muscle. 
It appears that during rigor mortis the en
zyme, which is normally water-soluble, be
comes attached to the fibrillar part of the

muscle so that it can no longer be completely 
extracted into water.

The question as to whether availability was 
the cause of declining activity during stor
age, was tested by homogenizing a sample of 
cod (stored at —14° for 26 weeks) for peri
ods of 1, 2, and 5 min. Care was taken to 
m aintain the tem perature at about 5° 
throughout the homogenizing periods by 
means of frequent stops and cooling. Ho
mogenizing for the longer periods resulted 
in a considerably finer state of subdivision of 
the muscle, but did not increase the specific 
enzyme activity. There is thus some evidence 
that unavailablity of the enzyme to the sub
strate is not the cause of the decline in activ
ity during storage of the muscle.

The decline in aldolase activity on storage 
as measured by the method described, is in 
any event, regular enough to serve as a pos
sible objective test of frozen storage deterior
ation alternative or supplementary to those 
already proposed.
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Separation of a Polyphenol Oxidase for 
Anthocyanin-Degradation in Eggplant

SUM M ARY
T h e a n th o cy a n in -d eco lo r iz in g  en zy m e w h ich  

was p rev iou sly  fo u n d  to b e a p o ly p h en o l o x id a se  
in  eg g p la n t fru its  was fu r th er  p u r if ied  by  
D E A E -cellu lose c o l u m n  ch rom a to gra p h y . At 
least two d ifferen t en zym es w ere p rep ared , b oth  
o f  w h ich  eq u a lly  o x id ize d  ca tech o l to its o-qu i- 
n o n e  as a prim ary  p ro d u ct, in d ica tin g  th e ir  
p o ly p h en o l o x id a se  n atu re, b u t d iffered  from  
each  o th er  in  sub strate sp ec ific ity . O ne o f  the 
two en zym es show ed  h ig h er  activ ity  tow ard th e  
e g g p la n t a n th ocya n in  and  ca tech o l th an  toward  
ch lo r o g en ic  acid . W h en  th e  a n th o cy a n in  was 
used as a sub stra te , th e pH  o f  m a x im u m  en zy m e  
activ ity  was 6 .5 . T h e secon d  en zy m e was m ore  
active o n  ch lo r o g en ic  acid , w ith  m a x im u m  a c
tivity n ear pH  5 .0 , and  less  active o n  th e  
an th ocya n in .

Recent investigations have demonstrated 
that polyphenol oxidases (P P O ’s) from egg
plants (Sakamura and Obata, 1963), mush
rooms, and white potatoes (Sakamura et al.,
1965), and also a commercial tyrosinase 
(Peng and Markakis, 1963) served as an 
oxidative degradation enzyme on the antho
cyanin substrates. Nevertheless, it is still 
doubtful whether there is a specific enzyme 
decolorizing anthocyanins among the PPO 
preparations. The present work was under
taken to separate the anthocyanin-degrading 
enzyme by DEAE-cellulose column chroma
tography.

The eggplants used as enzyme source 
(Solarium melangena L.) were purchased at 
a local market and were identical with those 
used in the structure determination of the 
anthocyanin (Sakamura et al., 1963). En
zymatic activities were measured throughout 
in a reaction mixture (4 ml) containing the 
enzyme solution (1 ml), M/10 phosphate 
buffer (pH 6.8), and substrates in a certain 
concentration. Control experiments were run 
using reaction systems that were complete 
except for the enzyme preparations. Chloro
genic acid oxidase activity in 5 X 10 
chlorogenic acid was determined by the 
spectrophotometric method (Sisler and Ev
ans, 1958). Catechol oxidase activity in

2.5 X 1 Q ^M  catechol was measured by the 
increase of absorbance at 390 m/a one min 
after the reaction initiated- Decolorizing ac
tivity of the anthocyanin in 10 mg% of the 
anthocyanin, incubated 15 min at 25°C, was 
measured by the decrease of absorbancy at 
530 m/t on the addition of equal volume of 
2% HC1 in methanol. Tyrosinase activity in
2.5 X 10_3iV/ tyrosine was also observed, by 
a red pigmentation in the complete systems.

Preparation of the crude PPO was fol
lowed by a method essentially similar to that 
described by Bouchilloux et al. (1963). 
Using 500 g peeled eggplant flesh the tech
nique involves extraction with 30% cold 
acetone followed by precipitation with addi
tion of 2 volumes of cold acetone (step 1), 
collection of precipitates in 70% saturation 
with (N H 4) 2S 0 4 (step 2), collection of pre
cipitates from 20 to 60% saturation with 
(N H 4) 2S 0 4 (step 3). Oxygen uptake was 
measured by using this enzyme preparation 
of step 3, showing that the enzyme oxidizes 
chlorogenic acid at a high rate and to a large 
extent, oxidizes anthocyanin somewhat less, 
and does not oxidize p-phenylenediamine and 
hydroquinone at all. Oxidation of p-cresol 
was observed after an induction period. 
These facts suggested that the enzyme prepa
ration contained PPO as well as cresolase 
and no laccase.

Further purifications were achieved by 
DEAE-cellulose column chromatography ac
cording to the directions of Alberghina 
(1964). As shown in Fig. 1, the bulk of 
proteins not absorbed was passed through 
with 1 X 10_3M phosphate buffer. Activities 
were eluted with 2.5 X 10~ 2M  (peak A ) ,  
5 X 10~2M  (peak B ), and 7.5 X 10~2M 
(peak C) of the buffer. Tyrosinase activity 
was found only in peak A • The activities 
plots seemed to indicate that the enzyme of 
peak A  had greater affinity toward both an
thocyanin and catechol, whereas those of 
peaks B and C had less affinity toward them 
than toward chlorogenic acid. In fact, this 
consideration was reasonable from the purifi-

[ 317]
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F R A C T I O N  NO.
Fig. 1. Chromatography of polyphenol oxidase from step 3. Two g of DEAE-cellulose (0.93 meq/g) in 1-cm-diameter column was equilibrated with 1 X lOAAi phosphate buffer (pH 7.0), and sample was then placed on the absorbent, followed by elution with increasing concentration of the buffer. Each fraction was 4 ml. OD at 530 m,it for anthocyanin-decolorizing activity ( O ---- O -----O ). OD at 326 m/r forchlorogenic acid oxidase activity (□ —□ —□ ), OD at 390 m[i for catechol oxidase activity (X—X—X), OD at 280 nifi for protein (A —A—A ).

cation data in Table 1. The enzymes from 
peaks A  and B, moreover, gave the red di- 
anilino-o-benzoquinone crystal, nip 192°C, 
equally in oxidizing catechol in the presence 
of aniline (Claton, 1959). When their sub
strates were assayed by the colorimetric 
method (Shiroya, 1964), the Michaelis con
stant (Km) was found to be 1.60 X  10~SM  
chlorogenic acid and 0.40 X  10 :;Ai catechol 
for the enzyme of peak A, and was 0.60 X  
10~:i4 / chlorogenic acid and 4.0 X  1CHM 
catechol for the enzyme of peak B.

Subsequently, the central fractions from 
the elution peaks A  and B were respectively 
dialyzed against water and rechromato
graphed under the same conditions as in the 
first column. Each elution peak A  and B 
were realized on the second chromatographic 
pattern. The central fractions corresponding 
to their peaks were pooled and dialyzed 
against water. The purified enzyme solutions 
thus obtained were examined for the effect

of pH on the activities. The data are pre
sented in Fig. 2. It could be concluded that 
there are two different enzymes catalyzing 
the oxidation in favor of either polyphenolics,

(a) (b)

pH
Fig. 2. Effect of pH on the activities of purified enzyme solution, a) Anthocyanin-decolorizing activity ; b) chlorogenic acid oxidase activity. Assay conditions were as described in text except that citrate and phosphate buffers were used for pH adjustment. Rechromatographed and pooled fractions from peak A  (X—X—X). Rechromatographed and pooled fractions from peak B (Q —Q —O ).
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Table 1. Purification data of eggplant polyphenol oxidase.

P r e p a r a 
t io n s

V o lu m e
(m l)

T o ta l  
p r o te in  a 

( m g )
T o ta l  

u n i t s  b
S p e c if ic
a c t iv i ty

( u n i t s / m g )
P u r i f i 
c a t io n Y ie ld

Step I 45 301 CA 19,800 66 i 100
Ant 6,057 20 i 100

Step II 45 150 CA 16,200 108 1.7 82
Ant 4,732 3 2 1.6 79

Step III 39 80 CA 13,800 168 2.6 70
Ant 3,923 49 2.4 65

Peak A 94 4.2 CA 105 25 0.4 0.5
Ant 600 143 7.2 10

Peak B 134 3.9 CA 1,700 436 6.7 9
Ant 315 80 4.0 5

Peak C 103 4.3 CA 950 221 3.4 5
Ant 200 47 2.3 3

“ Expressed at N X 6.25.6 CA, chlorogenic acid oxidase activity; one unit is 0.01 decrease of OD in 2 min under the assay conditions. Ant, anthocyanin-decolorizing activity; one unit is 0.1 decrease of OD under the assay conditions.
chlorogenic acid and the anthocyanin, both 
of which occur in eggplants.
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Pectin Methyl Esterases of the Banana. Purification and Properties

SUM M ARY
E arlier, th ree fra c tio n s  o f  p ectin  m eth y l ester

ase (P M E ) had b een  o b ta in ed  from  th e p u lp  
o f  th e  banana by d ifferen tia l ex tra c tio n . T h e  
cru de en zym e p rep aration s h ave now  b een  
p u rified  fu r th er  by  a m m o n iu m  su lfa te  frac
tio n a tio n  and io n -ex ch a n g e  ch rom a to gra p h y  on  
co lu m n s o f  DEAE- and  C M -cellu lose. E ach  
fra c tio n  h as a u n iq u e  b eh a v ior  o n  the ion- 
ex ch a n g e  co lu m n s. A d d itio n al cr iteria  h ave  
b een  estab lish ed  to d ifferen tia te  th e  fraction s. 
T h ese  in c lu d e resp o n se  to ca tio n s , in o rg an ic  
p h o sp h a te , n u c leo tid es , and  su crose , as w ell as 
d ifferen ces  in in it ia l reaction  k in etics , re sistan ce  
to en d -p rod u ct in h ib it io n , and  co ld  stab ilities . 
T h e  p ossib ility  o f  in terco n v ersio n  b etw een  fr a c
tion s is d iscu ssed ; F raction s I and  II m ay be 
co n verted  by trea tm en t w ith 3 .5  X  10  ‘M so 
d iu m  d od ecv l su lfa te  to fo rm s resem b lin g  F rac
tion  III as d eterm in ed  by p H -activ ity  spectra .

Earlier, we published a report of the 
preparation from banana of three fractions 
containing pectin methyl esterase (PM E) 
activity- One fraction was obtained by ex
traction with water, one with 0.1 SM NaCl, 
and one with 0.15M  NaCl after adjustment 
to an alkaline pH. The fractions were labeled 
I, II, and III, respectively, and were dis
tinguishable by their pH-activity curves, by 
the effect of an anionic detergent, sodium 
dodecyl sulfate (SD S), on their activities, 
and by differential temperature inactivation 
(Hultin and Levine, 1963). This paper re
ports the results of purification studies, as 
well as additional criteria by which the frac
tions of banana PM E can be distinguished.

EXPERIM ENTAL
Materials. Bananas were purchased locally. Bo&i 

the Gros Michel and Valery varieties were used. 
The nucleotides were purchased from Pabst Labora
tories. The pectin used was Pectin N.F. from 
Nutritional Biochemicals Corp., and the low- 
methoxy pectin was a product of Sunkist Growers, 
Inc. The pectin was purified by the method of 
Olsen ct al. (1939) to remove contaminating cat
ions. The ash content generally went from about 
3.6% to 0.5%. At this latter level, the pectin would

* Present address: Department of Biological Sciences, Purdue University, Lafayette, Indiana 47907.

contribute less than 10% of the total ions even 
when used in our “low-level” studies, described 
below. The salts used were the purest available, 
either biological or reagent grade.

Fractionation. Crude preparations of Fractions 
I, II, and III were obtained as previously described 
(Hultin and Levine, 1963). The water-soluble 
extract (Fraction I) was brought to 15% satura
tion by the addition of solid ammonium sulfate and 
then centrifuged to remove the brownish mass that 
came out of solution. This sediment contained little 
protein and only minor amounts of PME activity. 
It was necessary to remove this high-molecular- 
weight non-protein material to prevent its inter
fering with subsequent chromatographic procedures. 
The supernatant fraction was dialyzed against sev
eral changes of water to remove the ammonium 
sulfate. It was then concentrated by dialysis against 
previously dialyzed polyvinyl pyrrolidone (P V P) 
or a polyethylene glycol of average molecular 
weight 20,000. Aliquots of the concentrated solu
tion were then chromatogrammed on diethylamino- 
ethyl (D EA E)- or carboxymethyl (CM)-cellulose 
ion-exchange columns. The eluting solution was a 
0.02M  phosphate buffer at pH 6.8 with a linear 
concentration gradient of NaCl with a limiting 
concentration of IM. Five-ml fractions were col
lected automatically, and the OD of these fractions 
at 280 m ,̂ was determined in a Beckman DU spec
trophotometer. Assays for PME activity were 
carried out as described below.

The PME fraction soluble in 0.15M NaCl (II) 
was partially purified by treatment with ammonium 
sulfate to a final saturation of 60%. This produced 
two fractions, one coming out of solution and float
ing on the surface and one remaining in solution. 
The former had a pH-activity spectrum closely 
resembling that of the crude Fraction III, and the 
latter corresponded roughly to Fraction II. The 
soluble fraction was then treated as described for 
Fraction I, including the dialysis, concentration, and 
chromatography.

The crude Fraction III (soluble in 0.15M NaCl 
at pH 7.5) could not be fractionated by treatment 
with ammonium sulfate into more than one PME 
as determined by the pH-activity spectra of treated 
samples. Therefore, crude Fraction III was just 
dialyzed against water, without treatment with 
ammonium sulfate, prior to concentration and 
chromatography as described for Fraction I. All 
procedures were performed at 0-4° C.

Assay for PME. The effluent fractions from the 
columns were qualitatively assayed by incubating

[ 320 ]
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0.1 ml of sample with 1 ml of a pectin solution 
adjusted to the proper pH and containing a dye 
that would change color over the range of interest. 
Bromthymol blue was used as the indicator for the 
assays at the higher pH (around 8), and brom- 
cresol green was used at the low pH (around 5). 
The fractions showing activity were assayed quan
titatively by the procedure previously described, 
which was based on maintenance of a given pH 
with standard base as measured with a glass elec
trode (Hultin and Levine, 1963). The salt and 
nucleotide concentrations used in the reaction 
media, as well as other specific variables, are ex
plained in the text.

Protein determination. Protein was determined 
by a modified Folin procedure (Lowry et al, 1951).

RESULTS
The chromatographic patterns of a water-soluble 

extract on DEAE- and CM-cellulose ion exchange 
columns are respectively given in Figs. 1 (a) and 
1(b). CM-cellulose does not retain any of the 
water-soluble PM E activity, nor does it retain a

CHROMATOGRAPHY OF FRACTION I  ON D E A E -C E L L U L O S E

CHROMATOGRAPHY OF FRACTION H ON DEAE CELLULOSE

CHROMATOGRAPHY OF FRACTION IE ON DEAE CELLULOSE

3a

CHROMATOGRAPHY OF FRACTION I ON CM-CELLULOSE

CHROMATOGRAPHY OF FRACTION IE ON CM-CELLULOSE

Fig. 1-3. Chromatography of Fractions I, II, and III, respectively, on columns of DEAE- and CM- cellulose. The fractions were previously treated as described in the text. In each case, a represents the DEAE-cellulose and b the CM-cellulose data. PME assays were performed at pH 8.5 as previously described (Hultin and Levine, 1963) on those fractions which qualitatively showed activity (see text). The OD of each 5-ml fraction was read in a Beckman DU spectrophotometer.
significant proportion of the protein in the extract 
(as determined by OD at 280 m/x). Although most 
of the protein of the concentrated extract also 
passed through the DEAE-column, the greatest 
part of the PM E activity was held back by the 
anion-exchange column. This fraction had a pH- 
activity spectrum similar to that of the crude Frac
tion I; it represented approximately 85% of the 
total PME activity assayed at pH 8.5. This second 
peak is used hereinafter as Fraction I and repre
sents an increase of about 50-fold in the specific
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activity of the enzyme over that of the crude 
extract at pH 8.5. The smaller peak that is not 
retained by this column is characterized by a very 
broad optimal pH range closely resembling that 
of Fraction III. We have observed in some of our 
preparations an additional peak of activity in the 
water-soluble fraction (I) . This activity, designated 
Fraction I a ,  showed an optimal pH in the crude 
extract at approximately 5. When we originally 
obtained pH data on the water-soluble enzyme, 
this peak was not apparent. We still do not obtain 
this activity in the crude fractions consistently; the 
appearance of the activity is related neither to 
variety (neither the Gros Michel nor the Valery 
gave consistent results) nor to time of harvest. The 
fraction of PMK activity that was not retained by 
the column is similar in many respects to the ac
tivity at low pH in the crude water extract; hence 
it is hereinafter referred to as Fraction I a .

Chromatographic patterns of Fraction II, partially 
purified by ammonium sulfate fractionation, on col
umns of DEAF- and C.M-cellulose are respectively 
shown in Figs. 2( a) and 2(b). Two fractions were 
obtained in both cases, one not retained and one 
retained by the columns. pH activity data indicated 
that in both cases the retained fraction, which was 
the major fraction and represented 80-90% of the 
activity, corresponded to Fraction II. The unre
tained fractions were similar to Fraction III. The 
increase in specific activity of the Fraction II peak 
was approximately two-fold. This rather small in
crease in specific activity was due in part to rela
tively poor recovery from the column (about 35- 
40% 1. and in part undoubtedly to the rather selec
tive nature of the extraction procedure. This 
fraction is used in later experiments as Fraction II.

The chromatographic results with Fraction III 
are given in Figs. 3(a) and 3(b). Only one peak 
of activity is observed from either type of column 
and in both cases it passes without hindrance 
through the column. The increase in specific activ
ity is only about 1.3 times. Because of this fact 
and the observation of no differences in kinetic 
properties between the enzyme before and after 
chromatography, Fraction III was used as directly 
extracted from the banana in all subsequent assays. 
The increases in specific activities of the fractions 
in a typical run are shown in Table 1.

The very important effect of cations on the ac
tivity of pectin methyl esterase has been known 
and well-documented for some time (Lineweaver 
and Ballou, 1945 ; MacDonnell ct al., 1945 ; Kertesz, 
1951). This effect of cations is intimately linked to 
pH and is dependent on the valency of the cation. 
We assayed our PME fractions under certain spe
cific conditions to see if we could obtain differences 
in response to various cations. The effect of NaCl

Table 1. Increase in specific activities of the PME fractions.

F ra c t io n

P M E  u n i ts  X 103 p e r  m g  p r o t e in 3

In c re a s e  in  
spec ific  
a c t iv i tyC ru d e

e x tr a c t

A f te r
io n -e x ch an g e

c h ro m a to g 
ra p h y

i 1 .4 5 3 3 8  X
I a" 0 .3 1 .3 4 X

II 2 7 51 2 X
III 3 4 4 3 1 .3 X
a The assays were performed at pH 8.5 and 25°C in 150 m3f NaCl as previously described (Hultin and Levine, 1963).
" Fraction I a was assayed at pH 5. Other conditions were similar to those of the other fractions.

at three different levels on the activities of the 
three major fractions of PME was studied. The 
three levels used were 8, 150, and 408 mM NaCl. 
The lowest level represents the amount of Na+ that 
is introduced when the necessary amount of XaOH 
is added to bring the pH of the purified pectin and 
the dialyzed enzyme fraction to pH 8.5 for the assay, 
i.e., this represents our zero added-Na+ level. Where 
the enzymic assays were performed at a lower pH 
(as in the case of Fraction III) , enough NaCl was 
added to the assay medium to maintain the zero 
level of Na+ at 8iml/. The 150m3/ level has approx
imately the same ionic strength as that of physio
logical saline and has been reported to give optimal 
activity (Lineweaver and Ballou, 1945). A level of 
408m3/ NaCl was arbitrarily chosen as the high 
level. Assays were generally carried out at pH 8.5, 
which is roughly optimal for all fractions. A low 
pH (6.0) assay was also performed on Fraction III, 
since this fraction is as active at this pH as at 8.5. 
In most systems studied it has been shown that the 
effect of cations is greater at lower pH's and that 
this should be taken into account in any study de
signed to relate cation concentration to the physio
logical role of these enzymes, but it must be re
membered here that at this point we were interested 
only in establishing differences in the enzyme frac
tions. Any conditions, therefore, that could do this 
would be pertinent. Fraction II was insensitive to 
the three salt levels. Whereas Fractions I and 111 
reacted as one might expect, i.e., they showed a 
decreased activity at both the high and low salt 
levels, the activities of Fraction II were constant 
at the three levels. The relative inhibition of the 
high and low salt levels on Fraction III was 
greater at pH 6 than at 8.5; this is true for most 
systems studied, as mentioned above. The effect of 
low pH was most marked at the low salt level.

A study was performed to determine the effect 
of K+ on these fractions. IvCl was substituted for 
the sodium salt, and KOH was used to adjust the
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pH and for the enzyme assay itself. Under the 
conditions described above, no differences were 
observed when K+ was substituted for Na+.

Divalent cations have been shown in other sys
tems to achieve maximal activation of PM E at a 
much lower concentration (approximately 20 mM) 
than is required for the monovalent cations (Line- 
weaver and Ballou, 1945; MacDonnell ct al., 1945). 
Table 2 presents the data obtained with our three

Table 2. Effect of 20 m Ji Ca+2 on pectin methyl esterase activities.“
2 0  m M C a C ta

F r a c t i o n  I  F r a c t i o n  I I  F r a c t i o n  II 
( 6 )  ( 2 )  ( 2 )

pH 8.5
+  130 mM  NaCl 91 102 87
+  8 mM  NaCl 100 118 180

pH 6.0
+  130 mM  NaCl --- --- 71
+  8 mM  NaCl 225
" Values are compared to controls in which the CaCL was replaced with an equal molar concentration of NaCl. The control was taken as 100%. The assays were performed as described previously (Hultin and Levine, 1963). The values in parentheses refer to the number of preparations that were assayed.

enzyme fractions in the presence of 20 m l/ CaCL. 
The effect of the CaCC was determined at two salt 
levels; in one, the total salt concentration was 150 
mil-/, and in the other it was 28 m l/ (the latter 
represents the 8 mM  Na+ that is introduced in 
bringing the substrates and enzyme solutions to 
pH 8.5 plus the 20 mil/  added salt). In the con
trols the salt used was NaCl, and in the test mix
tures it was 20 mil/ CaCL plus NaCl to the indi
cated level. The data in Table 2, then, indicate the 
relative effect of Ca+‘ as compared to Na+. At pH 
8.5, the effect of Ca+2 differed for each fraction. At 
150 mil/ salt, Fractions I and III were inhibited 
(slightly but consistently), and there was no effect 
on Fraction II. At the 28 mM  salt level, Fractions 
II and III were stimulated, and there was no effect 
on Fraction I. The same effects were observed on 
Fraction III at pH 6 as at 8.5 except that they were 
accentuated. It must be emphasized that the figures 
in the tables are relative and show the effect of 
Ca+2 as compared to Na+. The two values which 
were not predictable on the basis of previous re
sults with other systems are the absence of stimu
lation of Fraction I at the lower salt level and the 
lack of inhibition of Fraction II at the high salt 
level. The latter, however, is in agreement with 
our results, mentioned earlier, which showed Frac
tion II to be insensitive over a wide range of NaCl 
concentrations. In some cases, the NaCl content

in the test solutions was adjusted to an equal ionic 
strength rather than molar concentration, e.g., the 
lower salt level control was adjusted to 68 mM 
rather than 28 mil/. The relative trends in activa
tion and inhibition were the same as indicated above, 
but they were subdued. This was especially true 
at the lower level of salt. Again this is reasonable, 
since what is happening is that a greater amount 
of NaCl is added, which brings the control to a 
level more nearly like that of the CaCL as far as 
effective activation is concerned (Lineweaver and 
Ballou, 1945). The primary point illustrated by 
our data is that, under our specified conditions, the 
three fractions of PME have different properties.

The effect of 20 mM  MgCh on the activities of 
the PM E fractions was similar in most respects to 
those obtained with CaCL. We observed, however, 
no inhibition of Fraction I at the high salt level at 
pH 8.5 or of Fraction III at the high salt level at 
pH 6. As a means of differentiating our PM E 
fractions, the Mg+2 effect is not as discriminating 
as that of Ca+2, but it does indicate differences be
tween Fraction III and Fractions I and II.

Observations of an inhibitory effect of inorganic 
phosphate on the activity of water-soluble crude 
extracts at pH 5 (our Fraction Ia) led to a 
survey of the effect of inorganic phosphate and 
nucleotides on all of the PME fractions. We were 
particularly interested in these substances because 
of their known role in the regulatory mechanisms 
of metabolic systems, and we wanted to determine 
if there might be any possibility of the PM E frac
tions being linked to other metabolic processes in 
the pulp of the banana through these substances. 
Inorganic phosphate was tested at 20 mM  and the 
nucleotides at a level of 5 m l/. The effect was 
examined at both high and low levels of salt. The 
high salt level was made 150 mM  in Na+ with 
NaCl; the low-salt-level controls were adjusted to 
a concentration commensurate with what was intro
duced into the assay medium by the sodium salt of 
the inorganic phosphate or nucleotide used. No 
adjustment was made for any sodium not dissoci
ated from the phosphates (Batra, 1965). Fractions 
I and II were assayed at pH 8.5, and Fraction III 
at 8.5 and 6.0. In general, there was little effect 
on Fractions 1 and III by these substances. A 
slight but significant effect of both ATP and ADP 
on Fraction I was observed at pH 8.5 at the higher 
salt level (150 m l/ Na+). These compounds at 
5 m l/ inhibited approximately 10% of the activity 
of Fraction I under these conditions. Five different 
preparations showed this inhibition. No inhibition 
was observed at the lower level of salt. The prin
cipal effect of inorganic phosphate and the nucleo
tides was noted with Fraction II. Inorganic phos
phate at a concentration of 20 m l/ inhibited Frac-
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tion II at both the high and low salt levels at pH 
8.5 by 25-30%. Significant effects of the nucleo
tides were not observed at the higher salt concen
tration; however, an inhibition of 15 to 30% was 
seen at the low salt level. The results obtained with 
Fraction II with the phosphate compounds were 
variable, and standard deviations of the averages 
were large. Nevertheless, the inhibitions were con
sistently observed at the low salt level and not at 
the high salt level. This variability of the assays 
was not observed with any of the other additives 
used. It is a possibility that we are observing inter
convertibility of our enzyme fractions catalyzed by 
the nucleotides and salt present. Chilson et al.
(1965) reported a study of the mechanism of hy
bridization of lactic dehydrogenases on freezing. 
The rate of hybrid formation was faster if sodium 
phosphate plus either thiocyanate or a halide ion 
were present. Jolley and Mason (1965) observed 
changes in forms of a mushroom tyrosinase if incu
bated for a few minutes with buffers of moderate 
ionic strength (0.1-0.2) over the range of pH from 
3.8 to 10.4. Instability of Fraction II and its con
version to another form by some means or other 
is a reasonable explanation of what may be happen
ing in the presence of nucleotides. When Fraction 
II is first treated with ammonium sulfate to afford 
a preliminary separation of the impurity that resem
bles Fraction III, the total activity always amounts 
to more than the original. It is possible that what 
we observe here is a conversion of Fraction II to 
Fraction III under the influence of the salt; this 
may be an indication of the instability of Fraction 
II. Kertesz and Zito (1962) converted a one- 
component tyrosinase into a two-component enzyme 
by treatment with ammonium sulfate. In any case, 
there appears to be a definite effect of inorganic 
phosphate as well as ATP, ADP, DPNH, and 
DPN + on Fraction II which is not observed with 
either Fraction I or III. Further studies on these 
compounds at other pH values and at various levels 
are necessary to determine whether they exhibit 
the typical characteristics of regulatory substances 
(Atkinson and Walton, 1965).

A study of sucrose inhibition of papaya pectin 
methyl esterase has been recently reported (Chang 
et al., 1965). Those workers found that the efficacy 
of sucrose in delaying papaya puree gelation was 
due to its inhibitory action on PM E and that the 
effect of sucrose on a partially purified enzyme 
preparation was linear up to a concentration of 50% 
sucrose. Other sugars as well as glycerol displayed 
similar inhibitory activities. The activities of our 
PM E fractions were assayed at 0, 5, 10, 25, and 
50% sucrose concentrations. Fraction I was un
affected at the 5% sucrose level but was at 10%, 
and the activity continued to decrease up to the

50% level of sucrose in a roughly linear fashion. 
Fraction II was somewhat more sensitive at low 
sucrose levels, but did not lose any activity between 
25 and 50%. Fraction 111 was unaffected up to a 
concentration of 25%, but lost one-half of its activ
ity between the 25 and 50% levels of sucrose. The 
significance, if any, of these results as they relate 
to osmotic changes in the banana caused by a con
version of starch to sugar during ripening is not 
known. However, they do serve once again to illus
trate differences in kinetic behavior of our three 
PME fractions.

When assayed over any period, the rate of reac
tion catalyzed by Fraction II increased initially, 
followed by a later decrease. Fig. 4 presents a

Fig. 4. Change in activity of Fraction II with time. The assay was performed as usual (Hultin and Levine 1963) with frequent readings. This particular assay was carried out at pH 7.0.
typical example of this. The assay shown in this 
figure was carried out at pH 7.0, but we found this 
phenomenon to be quite independent of pH over the 
range 5.5-8.5 and it was consistent. The rate would 
increase almost by a factor of 4. Neither Fraction I 
nor Fraction III behaved in this manner. Two 
possible explanations could account for these obser
vations. One is that Fraction II is converted dur
ing the initial stages of the assay to another, more 
active form (such as one similar to Fraction III) . 
The postulated instability of this fraction as shown 
by the data with phosphate compounds and ammo
nium sulfate described above lends credence to this 
view. The second possibility is that Fraction II is 
simply more active at a lower methoxy content than 
is normally present in our substrate. The pectin 
we used ordinarily was about 40-45% methylated, 
and a maximal rate with Fraction II was obtained 
at approximately a 10% lower level.

Although it does not really distinguish between 
these two possibilities, the data in Table 3 do serve 
to illustrate the greater tolerance of Fraction II to 
the use of a low-methoxy (LM) pectin in the assay 
medium. These assays were performed at a level of 
150 mJW NaCl and pH 8.5 and 6 (Fraction I was 
not assayed at pH 6, because of its very low activity
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Table 3, Inhibition of the pectin methyl esterase fractions by a low methoxy pectin."
0 .5%  LM

P e c t in  F r a c t i o n  I  F r a c t i o n  I I  F r a c t i o n  I I I150 m M  ( 3 )b (5) (3)
N a C l  %  lo s s  %  lo s s  %  lo ss

pH 8.S 64 24 67
pH 6.0 — 45 67

11 Values are compared to a control which contained 0.5% of regular pectin.b The numbers in parentheses refer to the number of samples tested.
at this pH ). The regular pectin was replaced in 
the test media by an LM pectin of approximately 
15% methylation. At this methoxy concentration, 
Fraction II is much less sensitive to inhibition than 
either Fraction I or Fraction III, losing approxi
mately one quarter of its activity at pH 8.5 and less 
than one half at pH 6.0, compared to about a 2/3 
loss of the other fractions. This resistance to end- 
product inhibition may have implications relative to 
the cellular localization of the enzyme and its physi
ological role. An enzyme E at can act on a low- 
methoxy pectin could conceivably play an important 
role in the metabolism of pectic acids which have 
been reported to constitute a major segment of 
certain parts of plants, e.g., the middle lamella 
(Zaitlin and Coltrin, 1964). In any case, the data 
demonstrate a basic difference in response between 
Fraction II and Fractions I and III.

D ISC U SSIO N
In the preceding section, we have presented 

evidence which reinforces the conclusions of 
an earlier paper that the three PM E fractions 
obtained from banana pulp by differential ex
traction procedures possess different kinetic 
properties. The variability in extractability 
of the three major fractions becomes some
what more clear when the ion-exchange chro
matography data are examined, if we make 
the assumption that the pectin methyl ester
ase activity that is associated with particulate 
fractions is bound to the cell wall or related 
parts (Jansen ct al., 1960). Fraction I be
haves as an anion on the ion-exchange chro
matographic columns, i.e., it is retained by the 
DEAE-cellulose column. The cell wall and 
adhering parts could be expected to consist 
principally of negative charges (one cannot 
dismiss the possibility of positive charges 
contributed by such compounds as mucopoly
saccharides, proteins, etc., but the major 
charge-bearing components would be nega
tive). As an anion, Fraction I would not be 
expected to be retained by a negatively

charged particulate structure, and, as we have 
observed, can be easily extracted with water. 
That Fraction II can be relatively easily ex
tracted with salt solutions of moderate ionic 
strength would lead one to predict a simple 
electrostatic interaction between the enzyme 
and the cell wall, and that the enzyme should 
be capable of acting as a cation. The ampho
teric properties of Fraction II as determined 
by its behavior on the CM- and DEAE- 
cellulose columns are consistent with this 
view. The situation with Fraction III is con
siderably more complicated. It is not exten
sively extracted with a NaCl concentration 
of 0.15M, and appears to be bound in some 
way dependent on pH. Also, it was not re
tained by either the cationic or anionic col
umns used, which may be a reflection of a 
blocking of its charged groups by subunit 
interaction, binding to nonactive material, etc. 
Elaboration of the nature of the binding of 
Fraction III must await further study.

In addition to obtaining additional evidence 
for the difference among the three major 
PM E fractions, a fourth component was ob
served and was located in the water-soluble 
fraction. This component ( IA), when puri
fied, had a pH-activity curve similar to that 
of Fraction III, and its chromatographic be
havior was also identical with that of this 
fraction. Although this component has not 
been studied as extensively as the others, 
there are certain facts which argue against its 
being identical to Fraction III. The most sig
nificant of these is a susceptibility to inhibi
tion by inorganic phosphate which Fraction 
III does not show. In addition. Fraction IA 
appears to be less sensitive to Ca++ inhibition 
in 150 mM  NaCl and to be more sensitive to 
low levels of Na+ than is Fraction III. There 
is the distinct possibility, nevertheless, that 
these differences are due to some component 
of the Fraction IA system (which is not puri
fied to any great extent by the procedures 
outlined and which has a considerably lower 
specific activity than the other three frac
tions) which is affecting the response of the 
enzyme to these compounds. Recent work in 
our laboratory has shown that a small amount 
of Fraction III activity could be expected to 
be extracted under the conditions used for 
the extraction of Fraction I. Therefore, fur-
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tlier experiments are necessary to character
ize the exact nature of the I a fraction and its 
relation to Fraction III. The apparent lack 
of Fraction I a activity in some crude extracts 
appears to be due to the presence of a non- 
dialyzable inhibitor which is removed by 
DEAE-cellulose chromatography. This in
hibitor may be a tannin ( Badran and Jones,
1965).

In addition to the differences already men
tioned and discussed, one further peculiarity 
of Fraction II is worth noting. This enzyme 
is remarkably stable at above-freezing tem
peratures, retaining approximately all of its 
activity for 2 weeks at 0°C or for 3 days at 
room temperature. It is, however, susceptible 
to inactivation by freezing and will com- 
pletelv lose its activity if frozen and held for 
3 days at — 30°C. Fractions I and III are 
not as stable at above-freezing temperatures 
as Fraction II, nor are they inactivated as 
easilv by freezing.

The principal reasons for the experiments 
described in this paper were to obtain further 
evidence to establish differences in the prop
erties of the three enzymes and to find fur
ther means of characterizing them. It is en
tirely possible, however, that some of the 
observations made may be of significance in 
understanding the physiological role of these 
enzymes. The differences in sensitivity of 
the fractions to various cations, or classes of 
cations, to sugar concentrations, and to end- 
product inhibition, as well as the inhibition of 
Fraction II by phosphate compounds, could 
be significant as to the action of these en
zymes in vivo.

A question of great importance is : what 
is the exact nature of the various PM E frac
tions ? Are they different proteins ? Do they 
represent complexes of similar subunits at 
various stages of aggregation? Do they rep
resent complexes of dissimilar subunits ? Are 
they the same enzymes bound to different 
cellular components such as inert proteins, 
phospholipids, polysaccharides, etc. ? Is it a 
combination of these factors? The following 
observations may lie pertinent to this prob
lem. When assayed in the presence of 3.5 X
10-4 M  SDS, the pH-activity curve of Frac
tion I became identical to that of Fraction 
III. A similar change took place when Frac

tion II was assayed in the presence of SDS. 
These results are suggestive of a simple rela
tionship existing between the various frac
tions. The actual significance of these obser
vations is not known, however, since we have 
not yet examined other properties of the 
SDS-treated Fractions I and II to establish 
whether a conversion of these fractions to one 
identical to that of Fraction III has actually 
taken place.

A further fundamental question remains 
unresolved. Is what we are seeing in vitro 
a true picture of the PME enzymic situation 
in the tissue, or are we creating these frac
tions by our procedures ? The only thing we 
can say at this point is that we have seen no 
interconversions between these fractions to 
any great extent under conditions similar to 
our normal extraction, purification, and 
assay procedures.
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Volatile Carbonyls in Stored Unblanched Frozen Peas
SUM M ARY

T h e vo la tiles  from  stored  u n b la n ch ed  fr o z en  
p ea s w ere show n  to co n ta in  12  carb on yl co m 
p o u n d s: eth a n a l, p ro p a n a l, h ex a n a l, p ent-2-
en a l, h ex-2 -enaI, h ep t-2 -en a l, oct-2-en a l, n on -2- 
en a l, h ep t-2 ,4 -d ien a l, lio n -2 ,4 -d ie n a l, d ec-2 ,4- 
d ien a l and  p ro p an -2 -o n e. Id e n tif ica tio n s  w ere  
based o n  th in -layer p a rtitio n  ch rom a to gra p h y  
and  in fra red , u ltra v io le t, and  v isib le  spectra o f  
th e  2 ,4 -d in itro p h en y lh v d ra zo n es. T h e o r ig in  o f  
th ese co m p ou n d s and  th eir  p rob ab le effect on  
th e  flavor o f  stored  and  u n b la n ch ed  p eas are 
d iscu ssed .

IN T R O D U C TIO N
Unblanched peas deteriorate in flavor when 

held in frozen storage for extended periods, 
and these changes have been ascribed to the 
activity of naturally occurring enzymes not 
inhibited by low temperatures (Joslyn, 1949; 
Lee and Wagenknecht, 1951). Lee and Wag- 
enknecht (1958) later showed that adding 
lipase, lipoxidase, or catalase to blanched 
peas induced the development of a flavor 
change similar to the off-flavor associated 
with stored unblanched frozen peas. The 
compounds responsible for off-flavor, how
ever, have remained unidentified, although 
efforts have been made to correlate peroxide 
and carbonyl levels with the development 
of off-flavors in stored frozen peas (Lee and 
Wagenknecht, 1951; Lee, 1958). Evidence 
supporting an association between peroxides 
and carbonyls was obtained by Siddiqi and 
Tappel (1956) , who showed that pea lipoxi
dase converts linoleate to a mixture contain
ing unstable hydroperoxides, monocarbonyls, 
and polymeric products. These findings led 
Tappel (1961. 1962) to suggest that lipoxi
dase in intact peas reacts with unsaturated 
fatty acids to form hydroperoxides which on 
decomposition yield carbonyl compounds re
sponsible for off-flavor.

Recently, chemical and gas chromato
graphic studies have been reported on the 
volatile components associated with the proc
essing and storage of peas. Bengtsson and 
Bosund (1964) used gas chromatography to 
evaluate the formation of volatile substances, 
and Ralls et al. (1965 ) combined gas chro

matography and mass spectrometry to iden
tify 40 components in the steam above a 
commercial pea blancher.

In this Division, work is in progress to 
identify the compounds responsible for fla
vor changes in stored frozen peas. The pres
ent paper outlines isolation and identification 
of 12 volatile carbonyl compounds present in 
unblanched frozen peas after storage.

M A T E R IA L S A N D  M ETH O DS
Extraction of carbonyls from frozen peas.

Peas (Edgell Freezer) were harvested, vined, 
washed, and held for 6 hr at 18°C prior to freez
ing. The frozen peas were then stored at — 17.8°C 
for 2 years. The stored product was inedible, 
causing a burning sensation to the tongue and 
throat. Samples of the frozen peas (2,500 g) mixed 
with sodium chloride (1000 g ) were rapidly minced, 
and then vacuum-distilled for 2 hr at 1-3 Torr 
pressure, the distillate being collected in traps 
cooled in liquid air. During distillation the tem
perature of the pea puree, which was continuously 
stirred while being heated in a water bath at 20°C, 
increased from —21° to 12°C. The distillate (300 
ml), thawed under vacuum, was removed from the 
distillation unit, treated with a saturated solution 
of 2,4-dinitrophenylhydrazine in 2N  hydrochloric 
acid (150 ml), and stored overnight at 5°C. The 
filtered-off insoluble mixture of hydrazones was 
washed with water and dried over phosphorus pent- 
oxide ; 17.5 Kg of frozen peas yielded 5.0 g of 
2,4-dinitrophenylhvdrazones.

Fractionation of tlie carbonyl 2,4-dinitrophenyl- 
hydrazones. A thin-layer partition chromatogram, 
on Kieselguhr G impregnated with 2-phenoxyethanol 
and developed with petroleum ether, bp 100-120°C 
(Urbach, 1963), indicated ethanal 2,4-dinitrophenyl- 
hydrazone as the major component of the hydrazone 
mixture. Chromatography of the mixture (1.5 g) 
on a nitromethane (150 g) and celite (150 g) par
tition column (Hughes, 1961) resolved the mixture 
into fractions A, B, and C. The application of 
TLPC (thin-layer partition chromatography) as 
before, followed by treatment of the resolved com
ponents with alcoholic sodium hydroxide (Anet, 
1962), indicated the following compositions: frac
tion A : 2,4-dinitrophenylhydrazones of G> to Cm 
monocarbonyls; fraction B : ethanal 2,4-dinitro-
phenylhydrazone; and fraction C: 2,4-dinitro-
phenylhydrazine and, possibly, dicarbonyl 2,4-di- 
nitrophenylhydrazones. No further investigation 
was carried out on fraction C. Ethanal 2,4-dinitro-

[ 328 ]



W H IT FIE LD  AND SHIPTON 329
phenylhydrazone accounted for 96% of the hydra- 
zones recovered from the column. Analysis of 
fraction A , by thin-layer chromatography (TLC) 
on magnesia-celite (Schwartz and Parks, 1963) 
followed by quantitative separation on a magnesia- 
celite column (Schwartz et al., 1962), gave four 
sub-fractions: A l:  alkanones ; A2 : alkanals ; A3 : 
alk-2-enals; and A4: alk-2,4-dienals. Separate
qualitative analysis of these sub-fractions by TLPC 
on Kieselguhr G impregnated with 2-phenoxy- 
ethanol (Urbach, 1963) and on Kieselguhr G im
pregnated with Carbowax 400 ( Badings and Was- 
sink, 1963), using petroleum ether, bp 100-120°C, 
for development, indicated the presence of one alka- 
nonc ; four alkanals ; six alk-2-enals ; and three 
alk-2,4-dienals. Of these fourteen compounds, 
eleven (see Table 1) were tentatively identified by 
TLPC through comparison with authentic speci
mens on Kieselguhr G whether impregnated with
2-phenoxyethanol or Carbowax 400.

Resolution of components for spectral studies. 
Samples for spectral studies were obtained by pre
parative TLPC on Kieselguhr G impregnated with 
2-phenoxyethanol and developed with petroleum 
ether, bp 40-60°C. The hydrazone mixture (5 mg) 
from each of the above sub-fractions was dissolved 
in chloroform (minimum quantity) and spotted 
across a plate (20 X 20 cm) of layer thickness 
0.30 mm. The plate was developed 3-5 times to 
achieve the desired separation. Where the mixture 
failed to resolve completely, the partially separated 
bands were removed from the plate, extracted with 
solvent, and rechromatographed until resolution 
was complete. The individual bands were then re
moved from the plate, and the compounds eluted. 
The solvent was removed by evaporation, and the 
2-phenoxyethanol by vacuum sublimation. The re
sidual hydrazone was checked for purity by TLPC 
and, where possible, was recrystallizcd from diethyl 
ether-light petroleum, bp 40-60°C. Hexanal, 2,4- 
dinitrophenylhydrazone recovered from the impreg
nated plates, accounted for 3.5% of the hydrazones 
recovered from the nitromethane-celite column.

Absorption spectra of the 2,4-dinitrophenylliy- 
drazones. For infrared spectra the dried hydrazone

was mixed with potassium chloride (0.1 :99.9) and 
was pressed in an evacuable die (Research and In
dustrial Instruments Co., England). The disc was 
examined in a double-beam spectrophotometer 
(Perkin Elmer Corp. Model 221) and the spectrum 
recorded. Where the quantity of hydrazone was 
very small, the sample was mixed with potassium 
chloride, as above, and compressed in a cardboard 
microframe, window 10 X  2 mm (Perkin Elmer 
Corp.), the spectrum being recorded with the use 
of a refracting beam condenser.

The ultraviolet and visible spectra of the 2,4- 
dinitrophenylhydrazones were recorded in 95% 
ethanol with a Beckman DB spectrophotometer.

RESULTS AND DISCUSSION
Table 1 lists the volatile carbonyl com

pounds shown to be present in stored un
blanched frozen peas.

Ethanal accounted for 96% of the hydra- 
zones isolated and was by far the major vol
atile carbonyl component in the stored peas. 
Its presence in peas has been reported on 
numerous occasions (see Bengtsson and Bo- 
sund, 1964, and references therein). Joslyn 
(1949) recorded an appreciable increase in 
ethanal content during the storage of un
blanched peas at — 17°C and suggested that 
it arises principally from fermentation proc
esses. Fermentation processes may also 
account for the formation of propan-2-one, 
isolated in low yield in the present work 
and previously detected by Ralls (1960) in 
blanched frozen peas.

Hexanal, which accounted for 3.5% of the 
hydrazones isolated in the present work, was 
detected in unblanched frozen peas by Bengt
sson and Bosund (1964), who suggested that 
it may be formed by reactions following the 
oxidation of linoleic acid with lipoxidase. Of 
the remaining aldehydes, only propanal has

Table 1. Carbonyl compounds'1 isolated (as their 2,4-dinitrophenylhydrazones) from stored unblanched frozen peas.
A lk a n o n e A lk a n a ls A lk - 2 -e n a ls A lk - 2 ,4 -d ie n a ls

Propan-2-one Ethanal 
Propanal 
Hexanal 
2 not identified

Pent-2-enal
Hex-2-enal
Hept-2-enal
Oct-2-enal
Non-3-enal
1 not identified

Hept-2,4-dienal 
Non-2,4-dienal 
Dec-2,4-dienal

a Tentative identification base on TLPC, spectral comparison with authentic specimens.
confirmed by infrared, ultraviolet, and visible



330 VOLATILES OF FROZEN PEAS

previously been isolated from peas (Ralls,
1960).

In considering the origin of the carbonyls 
shown in Table 1 it appears that, with the 
possible exception of ethanal and propane- 
one, these could be derived from either en
zymic or autoxidative decomposition of the 
fatty material in peas. A comparison of 
these aldehydes with those derived from the 
autoxidation of linoleate and linolenate (Gad
dis et al., 1961) seems to indicate that the 
carbonyls from peas result from autoxidative 
degradation of unsaturated fatty acids, which 
have been shown to lie present in peas (Lee 
and Mattick, 1961). However, since low- 
temperature autoxidation of fat is negligible 
in comparison with enzymic oxidation ( Sid- 
diqi and Tappel, 1956), enzymic oxidation 
of the unsaturated fatty acids would be fav
ored by low-storage temperatures. It is 
known that lipoxidase is present in peas (Lee 
and Wagenknecht, 1958), and that it pro
motes the oxidation of linoleic and linolenic 
acids (Dillard et al., 1961) to hydroperoxides 
structurally comparable with those obtained 
by autoxidation processes (Bergstrom, 1945 ; 
Holman, 1946). Decomposition of these 
hydroperoxides in the peas would be ex
pected to yield the aldehydes listed in Table
1. Though not in itself conclusive, the detec
tion of unidentified carbonyls following the 
lipoxidase oxidation of linoleate ( Siddiqi and 
Tappel, 1956) provides some support for 
the view that enzymic oxidation of unsatu
rated lipids is responsible for off-flavor 
development.

Aldehydes of the same kind as those iso
lated from unblanched frozen peas are stated 
to be responsible for off-flavor in fatty foods 
(Sulzbacher et al., 1963), and it is likely 
that such compounds could produce similar 
off-flavor effects in frozen peas. However, 
aldehydes represent only a few of the many 
volatile compounds isolated from unblanched 
peas and may contribute only partially to the 
off-flavor noted in such peas after frozen 
storage.

In view of the distinct possibility that the 
volatile aldehydes extracted from peas are 
formed by lipid oxidation, an attempt is be
ing made to confirm this by investigating the 
composition of the products derived from

lipoxidase oxidation of unsaturated pea lip
ids. Isolation and identification of other vol
atile compounds associated with the flavor of 
frozen peas is currently being undertaken by 
gas chromatography coupled with mass spec
trometry and by infrared spectroscopy.
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Relation of Pectic and Fatty Acid Changes to Respiration Rate
During Ripening of Avocado Fruits

SUM M ARY
T h e r ip en in g  o f  a lo t o f  hard m atu re avocado  

fru its  ( P ersea  a m erica n a  M iller, cv. M acA rthur) 
was fo llo w ed  at 1 5°C  by m ea su r in g  resp ira tion  
rate and  so ften in g . T h e clim a cteric  rise in  
resp ira tion  was a ccom p an ied  by rap id  so ften in g  
o f  th e flesh , a drop  in  c o n te n t o f  p ro to p ectin  
and  in  d egree o f  p ectin  e s te r if ic a t io n , a n d  a  rise  
in  so lu b le  p ec tin . E ig h t fa tty  acid s w ere id e n ti
fied  in  th e o il, but th e o il co m p o sitio n  d id  not  
ch a n ge s ig n ific a n tly , su g g estin g  that th e storage  
o il o f  th e  tissu e  has n o  m a jo r  m eta b o lic  ro le  
in  fr u it r ip en in g .

INTRODUCTION
As do most fleshy fruits, mature avocados 

show during senescence a characteristic re
spiratory pattern which has been termed the 
“climacteric.” The rise and fall in respira
tory rate is accompanied by a complex of 
other changes in fruit characteristics which, 
in sum, is called “ripening.” In studying 
fruit ripening, it is useful to relate these 
changes to this respiratory pattern. While 
several laboratories have observed composi
tional changes during avocado fruit growth 
and development, reports on biochemical 
changes during ripening are few and limited 
in scope. In the present work, the ripening 
of hard mature avocado fruits (Persea awer- 
icana Miller) was examined. Ripening was 
followed by measurements of respiration and 
flesh softening. The pectic substances and 
the fatty acid composition of the oil were 
analyzed to relate possible changes to the 
ripening of the fruit.

Basic work on the physiology of avocado 
ripening, with special reference to the respi
ratory climacteric, has been carried out by 
Biale (1941, 1946) and summarized in im
portant reviews (Biale, 1960a, 1964), in
cluding attention to biochemical changes 
(Biale, 1960b). Pectic changes between hard 
and soft avocado fruits were noted by Mc- 
Cready and McComb (1954). Several lab
oratories have studied the changes in con-

" Present address : National Institute of Science and Technology, Food and Nutrition Research Center, Manila, Republic of the Philippines.

tent and nature of the oil during fruit growth 
and development, for example: Church and 
Chace (1922), Applenran and Noda (1942), 
Davenport and Ellis (1959), and Hatton 
ct al. (1964) ; additional references are pro
vided by those authors. Only Davenport and 
Ellis (1959) reported on changes in the fruit 
during a significant postharvest period. 
Others have reported on the fatty acid con
stitution of the oil itself, including Jamieson 
ct al. ( 1928), Alvarez et al. (1949), French
(1962), Prevot and Cabeza (1962), and 
Mazliak (1965a,b) ; the source of the avo
cado oil samples analyzed was not always 
made clear by those workers.

MATERIALS AND METHODS
Fruit samples. One hundred mature but unripe 

‘MacArthur’ avocados were obtained through a 
local distributor. Five typical fruits were taken 
and analyzed for the zero-time sample as soon as 
the fruits were received. The remainder were 
sorted into lots of 20 fruits which were put in 
ventilated jars and held at 15°C for measurement 
of respiration rate and subsequent sampling. Five 
fruits were removed from one or another of the 
jars each day after measurement of the respiration 
rates (Fig. 1). Each fruit was cut into nine radial 
longitudinal slices, and the seed discarded. One- 
third of the slices were used for determination of 
each of the following: moisture and oil content, 
fatty acids, and pectins. Moisture and oil were 
determined on the day of sampling. The portions 
for fatty acid determination were further sliced, 
weighed, and frozen in air-tight glass containers 
at 0° under a nitrogen atmosphere; they were 
stored at this temperature until analyzed. Slices 
destined for pectin analysis were heated in boiling 
95c/c ethanol to inactivate the pectic enzymes; the 
containers were cooled rapidly in running water 
and then stored at 0°.

Respiration. A constant flow of air (about 25 L 
per hour) was passed through each jar of fruit, 
and respiration was determined by measuring the 
effluent carbon dioxide with the colorimetric 
method of Claypool and Ivecfer (1942). The rate 
is expressed as milligrams of carbon dioxide pro
duced per kilogram of original fresh weight; the 
weight of each lot was corrected as fruits were 
removed for analysis.

[' 332 ]
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Softening. Softening of the flesh of the fruits 

was determined with a Magness-Taylor pressure 
tester with a 5/16-inch plunger (Haller, 1941). A 
patch of skin was cut from the side of the fruit, 
and the plunger was pressed into the flesh toward 
the center.

Total pectin. One hundred grams of avocado 
pulp stored at 0°C in 95% ethyl alcohol were 
blended until the mixture was homogeneous. The 
solvent was filtered off through Whatman No. 2 
filter paper under slight suction. The pulp (alcohol- 
insoluble solids) was extracted with two volumes 
of chloroform to remove the oil, and this extraction 
was repeated until the pulp was free of oil. The 
pulp was then washed twice by blending with 50 ml 
of 95% ethyl alcohol and finally with 20 ml of 
purified ethyl alcohol. Thereafter, the method de
scribed by Postlmayr ct al. (1965) was followed 
for the extraction of total pectin. The colorimetric 
carbazole method ( McComb and McCready, 1952; 
McCready and McComb, 1952) was used to deter
mine the anhydrouronic acid content; color intensity 
was measured in a Klett-Summerson photoelectric 
colorimeter with a green filter.

Protopectin. The extraction procedure was the 
same as that for total pectin except that, after 
washing with purified ethanol, the moist oil-free 
alcohol-insoluble solids fraction was mixed with 
300 ml of distilled water and a few drops of toluene 
and kept overnight at 0°C. Seven grams of Super- 
cel were added, and the mixture was filtered through 
Whatman No. 2 filter paper (lined with a thin 
layer of moist Supercel) in a Buchner funnel under 
slight suction. The residue was removed, extracted 
again with 600 ml of distilled water, sucked dry, 
and analyzed for remaining pectin as above.

Water-soluble pectin. The difference between 
the content of total pectin and protopectin repre
sents the amount of water-soluble pectin.

Degree of esterification. Another sample of oil- 
free alcohol-insoluble solids was prepared from 
100 g of avocado pulp as described above, but after 
the final chloroform extraction the pulp was filtered 
and pressed as dry as possible. The dried pulp was 
blended with about two volumes of acidified ethanol 
(750 ml of 95% ethanol, 200 ml of water, and 50 ml 
of concentrated hydrochloric acid). After standing 
about one hour, the solvent was removed as before. 
The pulp was then blended with two volumes of 
70% ethanol and filtered, and the blending treat
ment was repeated until portions of the filtrate 
showed a negative reaction for chloride when tested 
with silver nitrate. The moist chloride-free pulp 
was washed twice with two volumes of acetone, 
and this material was dried without heating. The 
marc was ground in a mortar until it was fine 
enough to form a homogeneous mixture with ethyl

alcohol. Esterification of pectic substances was 
determined by the method of Gee et al. (1959).

Moisture. Approximately 10 g of thin slices of 
fruit were placed between fared ( 1 x 4  inch) strips 
of filter paper and tied with a fared copper wire. 
This packet was placed in a tared aluminum dish, 
weighed, and dried in a vacuum oven at 70°C. This 
sample was considered dry when the percent loss 
of moisture between two successive weighings was 
not more than 0.05%.

Oil content. The dried samples from the mois
ture determinations were extracted with 150-ml 
portions of Skellysolve B (n-hexane) in Soxhlet 
extractors. The solvent in the extract was evapo
rated on a warm bath until the weight was constant.

Fatty acids—extraction of oil. The frozen 
avocado samples were dried under vacuum for 
24 hr in a Stokes freeze-dryer. The plate tempera
ture was kept at 25 "C, and the pressure in the 
chamber at 0.1 mm Hg. Five grams of the dried 
sample were transferred into a Soxhlet bulb con
taining reagent-grade Skellysolve B (n-hexane). 
A continuous flow of nitrogen into the system was 
maintained until the solvent started to boil. The 
extraction was carried out for 5 hr. As soon as 
the heater was turned off, nitrogen was again 
allowed to flow until the Soxhlet bulb was cold 
enough to be handled. The solvent was evaporated 
under a nitrogen atmosphere.

Fatty acids—methylation. The method of Stof- 
fel et al. (1959) was followed: Five mg of lipid 
material were added to 4 ml of 1% dry hydro
chloric acid in anhydrous methanol in a 20-ml 
glass-stoppered test tube. These test tubes were 
put in a desiccator under a nitrogen atmosphere 
and kept in an oven at 50°C for 24 hr, then cooled 
in ice, and mixed with 4 ml of distilled water. The 
methyl esters of the fatty acids were extracted three 
times with 3 ml portions of redistilled petroleum 
ether. One gram of a 4:1 mixture of anhydrous 
sodium sulfate and sodium bicarbonate was added 
to the combined methylated fatty acids extract. The 
dried petroleum ether extract was transferred to a 
test tube, and most of the petroleum ether was 
evaporated under a nitrogen atmosphere.

Fatty acids—analysis by gas-liquid chromatog
raphy. An Aerograph gas chromatograph (Model 
A-90-C) was used with two recorders, one ten 
times as sensitive as the other, eliminating the use- 
of the attenuation controls. A 7-ft column of ethyl
ene glycol succinate polyester (DEGS) (12% by 
weight on acid-washed 60-80-mesh firebrick) was 
used at 208° C with helium as the carrier gas 
(45 ml per min). The amount of each component 
was calculated by multiplying the peak height by 
its width at half height. Any peak that was too 
small on the less sensitive recording was calculated
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from the high-sensitivity recorder and converted 
to the same base by dividing the area by 10. The 
peak area of a given methyl ester, divided by the 
sum of the peak areas of the sample and multiplied 
by 100, gave the percentage by weight of each 
methyl ester. The percent composition of each com
ponent found was multiplied by a correction factor 
determined from the percentage recovery of a known 
weight of standard fatty acid methyl ester. These 
factors were: methyl laurate, 0.92; methyl myris- 
tate, 0.96; methyl palmitate and methyl palmit- 
oleate, 0.99 ; methyl stearate and methyl oleatc,
1.00; methyl linoleate, 0.98: and methyl linolenate, 
0.97. The components were qualitatively identified 
by comparing retention times with those of authen
tic standards (Eastman Organic Chemicals).

RESULTS AND DISCUSSION  
Respiration and ripening. The ripening 

of these lots of fruit is shown by the patterns 
of respiration and softening (Tig. 1). The

Fig. 1. Ripening of ‘MacArthur’ avocadoes as illustrated by respiration and pectic changes. The respiration values are given for three jars of fruit, and the stars indicate the removal of fruits for analysis from one or another of the jars. The values for soluble pectin, protopectin, degree of esterification of pectin, and flesh softening were determined on the samples removed after the respiration readings indicated by the respective stars.

‘MacArthur’ avocado shows the same cli
macteric rise and fall in respiration as has 
been reported for the ‘Fuerte’ (Biale, 1941. 
1946 ). No preclimacteric minimum was ob
served in this instance, because the fruit was

not obtained directly from the tree. How
ever, the fruit was quite certainly in the 
initial stage of ripening at zero time, when 
the first samples were taken for analysis. 
The fruit is at ideal eating ripeness just after 
the climacteric peak; thereafter, the fruit be
comes very soft and mushy and, after 9-11 
days in storage, commonly shows brown 
blotches on the skin.

Pectic changes. The rapid softening of 
the fruit from the start of the ripening proc
ess to the fourth day was accompanied by a 
rapid decrease in protopectin and an increase 
in water-soluble pectin (Fig. 1). After the 
fourth day, the fruit continued to soften, but 
more slowly, until the firmness could no 
longer be measured with the Magness-Taylor 
pressure tester. The content of water-soluble 
pectin continued to increase, whereas that of 
protopectin showed relatively little further 
change. These results are similar to those 
obtained with other fruits ( Postlmayr et a!., 
1956: de Haan, 1957; Esau et al., 1962). 
Fig. 1 also shows the decrease in the degree 
of esterification of avocado fruit pectin dur
ing the ripening process ; this de-esterification 
of the pectic substances also contributes to 
the observed change in fruit texture (Gee 
et a!.. 1959).

Composition of oil. The average oil con
tent of the avocado samples was 17% on a 
fresh basis and 63% on a dry-weight basis. 
Table 1 gives the relative composition of the 
oil at each sampling date during the ripening 
period, as determined by gas chromatography 
of the fatty acid methyl esters. Eight fatty 
acids were found, but the content of stearic 
acid was very low and only traces of myristic 
and arachidic acids were observed. The com
position of this oil was comparable to values 
reported by others for other cultivar?. It is 
interesting that, although the fatty acid com
position of avocado oil changes during growth 
and maturation of the fruit on the tree (Dav
enport and Ellis, 1959), there is no signif
icant change in fatty acid composition during 
postharvest ripening. Important biochemical 
changes are occurring during ripening, as 
shown by the changes in respiration rate and 
pectic constituents, but the “storage” oil 
fraction appears to have no major metabolic 
role. Fatty acids of biochemically important
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Table 1. Composition of avocado oil samples from fruits stored at 15°C after harvest (mole percent).

D a y s  in  
s to r a g e M y r i s t i c P a lm i t i c P a lm i to le ic S t e a r i c O le ic L in o le ic L in o le n ic A r a c h id i c

0 Trace 18.90 3.92 0.20 61.80 14.11 0.81 Trace
î " 19.75 4.25 0.10 61.52 13.37 0.99 "
2 " 18.52 3.09 0.09 64.45 13.18 0.65 "
3 " 19.72 3.58 0.10 61.63 14.10 0.86 "
4 " 16.85 3.47 0.12 64.62 13.90 1.02 "
5 " 18.33 2.58 0.06 61.90 15.87 1.27 "
6 " 16.55 2.87 0.19 65.66 13.73 0.99 "
7 " 21.19 2.67 0.10 61.21 13.90 0.91 "
8 " 19.42 3.69 0.10 62.13 14.01 0.63 "
9 " 19.55 3.89 0.06 61.84 14.06 0.59 "

10 " 17.92 3.11 0.15 63.97 13.87 0.95 "
11 16.58 3.90 0.11 62.95 15.41 1.03 "

Av. Trace 18.77 3.42 0.12 62.81 14.13 0.89 Trace

membrane systems may be changing signif
icantly, but such changes could not be de
tected by the methods used in this work.
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Characterization of Mucoprotein in Bovine Skeletal Muscle

SUM M ARY
M u co p ro te in  was iso la ted  fr o m  b o v in e  sk e le 

ta l m u sc le  b y  ex tra c tio n  w ith  CaCL, and  ch a r
acterized . T h e resu lts  in d ica te  th at ch o n d ro itin  
su lfa te  is  th e  so le  m u co p o ly sa cch a r id e  p resen t  
in  b ov in e  sk e le ta l m u sc le . I t  is lin k e d  to a 
p ro te in  th a t co n ta in s  th e  sam e carboh yd rate  
p ro sth e tic  g ro u p in g , regard less o f  m eth o d  o f  
iso la t io n . T h is  carb oh yd rate p o rtion  co n ta in s  
g lu cu ro n ic  a c id , g lu co sa m in e , a n d  g a la c to se . It 
app ears th a t v irtu a lly  a ll o f  th e  m u co p o ly sa c
ch arid e is  p ro te in  b ou n d . T h e m u co p ro te in  is  
acted  u p o n  by  h y a lu ro n id a se , p a p a in , a n d  ly so 
zy m e. T h e  co m p le x  w as n o n -h cat-coa gu la b le , 
a p rop erty  ty p ica l o f  g ly co p ro te in s . A co m m er
c ia l p rep a ration  o f  ch o n d ro itin  su lfa te  fr o m  
b ov in e trach ea l cartilag e  was a lso  stu d ied . It 
was fo u n d  to  co n ta in  a m u co p ro te in  co m p le x  
w h ich  was s im ila r  to th a t iso la ted  fr o m  b ov in e  
sk e le ta l m u sc le .

INTRODUCTION
Mucoprotein was isolated from bovine 

skeletal muscle by CaClo extraction, and 
purified (McIntosh, 1965). This so luble 
mucoprotein fraction has been characterized 
as described here.

Paper chromatographic studies of the mu
coprotein hydrolysates showed that galactos
amine and uronic acid were invariably pres
ent (McIntosh, 1965). This observation 
suggested the presence of chondroitin sulfate. 
Glucosamine and galactose were also noted 
consistently. The galactosamine-containing 
entity could not be separated from the 
glucosamine-containing component by any of 
various classical methods (Meyer e t  a l . ,  
1953; Moore and Stein, 1951; Hoffman e t  
a l , , 1956; Mathews and Dorfman, 1953). 
Regardless of the method employed, both the 
skeletal muscle mucoprotein and the com
mercial chondroitin sulfate were always re
covered in their original form, containing 
both hexosamines in their original ratios.

The tenacity with which glucosamine and 
galactosamine seemed bound together sug-

a Present address : 2842 E. Alta Vista Street, 
Tucson, Arizona.

gested the existence of a chondroitin sulfate- 
protein complex (Mathews and Lozaityte, 
1958; Muir, 1958; Partridge and Davis, 
1958 ; Partridge e t  a l . , 1961 ; Castellani e t  a l . ,  
1962; Gregory e t  a i ,  1964) similar to that 
found by Monter in whale nasal cartilage 
(Masamune, 1955). This chondromucoid 
was reported to consist of chondroitin sulfate 
linked to a carbohydrate-containing protein. 
The carbohydrate portion of this protein con
sisted of glucosamine-galactose-sulfate in the 
ratio of 2 ;2 ;1. The results reported here in
dicate that a comparable mucoprotein com
plex is present in bovine skeletal muscle.

EXPERIM ENTAL METHODS
Chemicals. Cobaltic luteochloride (Mathews and 

Dorfman, 1953) was prepared in the laboratory 
(Bjerrum and Me Reynolds, 1946). The sources of 
other chemicals used have been given (McIntosh, 
1965).

Mucoprotein p r e p a r a t io n s .  Mucoprotein was 
isolated from bovine skeletal muscle as described 
(McIntosh, 1965). Several pooled meat samples 
from animals of the same genetic background were 
carried identically through the isolation procedure, 
and the resultant mucoprotein products were ana
lyzed and characterized. The data presented here 
represent values for a typical product.

Paper chromatography. The separation and 
preliminary identification of sugars in the muco
protein hydrolysates were by paper chromatography 
(McIntosh, 1965). Roughly quantitative determi
nations of ribose, mannose, and galactose were 
made with an adaptation of this same technique.

Hexosamine. Total hexosamine was determined 
as described (McIntosh, 1961). When chromato
graphic analyses showed both glucosamine and ga
lactosamine present in a given preparation, they 
were separated quantitatively (Gardell, 1953) and 
determined colorimetrically (McIntosh, 1961), and 
the glucosamine-galactosamine ratios were calcu
lated (Table 1).

Uronic acid. A modification of the classical 
napthoresorcinol reaction was used to determine 
uronic acid. A preliminary hydrolysis of the muco
protein sample was necessary, not only to obtain 
equal liquid aliquots when solid samples were used, 
but also to obtain maximum uronate values. The 
sample (20 mg) was hydrolyzed for 20 min in

[ 337 1
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Table 1. Analytical values of mucoprotein preparations."
S k e le ta l  m u s c le  

m u c o p r o te in
C o m m e rc ia l  

c h o n d r o i t in  s u l f a t e 1’
C h o n d  r o i t i n  

s u l f a t e  s

U n t r e a t e d
( l a )

A lk a l i  - 
t r e n t e d  

( l b )
U n t r e a t e d

( H a )
A lk a li-
t r e a t e d

( l i b ) ( T h e o r e t i c a l )
N i trogen 12.00 2.66 3.91 2.11 2.44
Hexosamine (to tal)' 
Non-hexosamine nitrogen

2.98 30.83 27.02 28.33 37.57
(by difference) 

Protein
11.82
50.94

0.66 2.14
11.25

0.27
Glucosamine 2.16 3.86
Galactosamine
Glucosamine/

0.82 30.83 23.16 28.33 37.57
galactosamine ratio 2.6/1 1/6

Uronated 3.25 28.00 22.5 24.00 37.57
Sulfate 2.63 35.50 12.25 25.75 16.68
Hydroxyproline .......  C 0.70 f

Galactose 0.33 2.50
Mannose 0.17 0.13 0.42
Ribose 0.5
Relative viscosity 1.26 1.15 1.10 1.08

" Values are expressed as percent unless otherwise designated. b Potassium salt. c Expressed as glucosamine HC1. d Expressed as sodium glucuronate. e Less than 0.14%.' Less than 0.5%.B Sodium salt, tetrahydrate.

3 ml ldiV H2SO.1 in a boiling-water bath. Under 
these conditions, recovery of added glucuronate 
was complete. After cooling, the hydrolysates were 
made up to 5 ml in a volumetric flask, and an 
appropriate aliquot (0—100 gg) was taken for assay. 
The aliquot, made up, if necessary, to 2 ml with 
distilled water, was pipetted into a glass-stopperecl 
18 mm test tube, followed by the addition of 2 ml 
of 0.2% naphthoresorcinol. (This reagent should be 
prepared fresh daily. The solution should be shaken 
well to dissolve pigment, then filtered before use). 
To this was added, with shaking, 2 ml 18V TLSO.i. 
After shaking to mix thoroughly, the tubes were 
heated, unstoppered, for 90 min in an oil bath (Fish
man and Green, 1955) at 92-96°C. The tubes were 
removed immediately and cooled in cold water. 
Two ml ethanol were added, and the tubes were 
stoppered and shaken vigorously, end to end, to 
dissolve the pigment. It is essential that all of the 
pigment be dissolved at this step. Ten ml ether 
were then carefully added, the tubes stoppered 
again, and the pigment extracted into the ether 
phase by end-to-end shaking. The ether phase was 
transferred by decantation to a colorimetric tube 
at the bottom of which a pinch of anhydrous sodium 
sulfate had been carefully added to dry the ether. 
Using the 6-ml well, the tubes were read at 565 mg 
in the Evelyn colorimeter set to zero optical density 
using a water blank that was carried through the

entire procedure. A standard curve was run with 
each assay by using several levels of sodium glu
curonate. Values obtained were multiplied by 0.898 
to convert from sodium glucuronate to free glu
curonic acid. The assay is linear between 0 and 
100 gg. The actual degree of color intensity varied 
somewhat from one bottle of naphthoresorcinol to 
another. The coefficient of variation for the method 
was estimated to be about 3.9% for a single sam
ple, or 2.7% for duplicate samples.

Protein. Protein was measured according to the 
method of Lowry ct at. (1951), with purified bo
vine serum albumin used as the standard.

Nitrogen. Nitrogen was determined as described 
(McIntosh, 1965).

Sulfate. Sulfate was determined colorimetrically 
with barium chloranilate by a modification of the 
method described by Bertolacini and Barney (1957). 
The weighed sample was hydrolyzed for 2 hr in 
1 ml IV  HC1 in an autoclave at a pressure of 
15 psi. After the entire hydrolysate was passed 
through a Dowex-50 column, the column was 
washed several times with a total volume of 15 ml 
water. The sample effluent and combined washings 
were pooled, adjusted to pH 4, and transferred to 
a 50-tnl volumetric flask. To this was added 5 ml 
buffer (Bertolacini and Barney, 1957) and 25 ml 
95 (A ethanol. The mixture was diluted to volume 
with distilled water; 150 mg barium chloranilate
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was added, and the remainder of the analysis car
ried out as outlined by those investigators. A con
trol, which consisted of 1 ml LY HC1, was also 
carried throughout the entire procedure.

Viscosity. Relative viscosity measurements of 
the different mucopolysaccharide preparations were 
taken at 25°C with an Ostwald viscometer. The 
flow time of 5 ml of a 0.4%. solution of mucopoly
saccharide in phosphate buffer (Shatton and Schu
bert, 1954) was compared with that for buffer alone.

Enzyme studies. Hyaluronidase activity was 
measured by the changes in viscosity that occurred 
when a 0.2% mucoprotein solution [in sodium ace
tate buffer, pH 5 (Shatton and Schubert, 1954)] 
was incubated at 37°C with testicular hyaluronidase 
(100 itg per ml). Papain activity was measured 
essentially as described by Muir (1958). The action 
of lysozyme was studied by the procedure of Smith 
et al, (1955).

COMPLEX HYPOTHESIS
To test the hypothesis that glucosamine and ga

lactose belonged to the protein moiety, and the ga- 
lactosamine to the mucopolysaccharide ( chondroitin 
sulfate) portion of this proposed complex, attempts 
were made to devise a method which would split 
the protein from the mucopolysaccharide portion.

The following procedure was successful for sep
arating the protein from the mucopolysaccharide 
portion of both skeletal muscle mucoprotein and 
commercial chondroitin sulfate isolated from bovine 
tracheal cartilage.

Cleavage of mucoprotein “complex.” The muco
polysaccharide portion of the mucoprotein product 
was freed from the protein portion by digestion 
with 0.15.Y NaOH (Muir, 19581. A sample of the 
product (220-500 mg) was hydrolyzed for 4 days 
in 50 ml 0.15.V NaOH at room temperature. The 
digest was neutralized to pH 7 with l.Y HC1 and 
diluted to 250 ml. The free mucopolysaccharide 
was obtained by precipitation with aminoacridine 
hydrochloride (Muir, 1958). Usually, two precip
itations with this reagent were sufficient to remove 
the protein portion of the complex completely. The 
mucopolysaccharide precipitation must be carried 
out at pH 7 since, at a lower pH, the split muco
polysaccharide and protein fragment recombine. 
This recombination results in precipitation of the 
complex (or a product which is chromatographic- 
allv similar), rather than precipitation of free 
mucopolysaccharide.

Products of cleavage reaction. Paper chroma
tography was used as a preliminary criterion for 
complete “splitting off” of the protein-carbohydrate 
entity. After alkali treatment followed by precip
itation with aminoacridine at pH 7, chromatograms 
showed galactosamine and uronate as the only car

bohydrates. This composition is indicative of chon
droitin sulfate. Glucosamine, galactose, and ribose, 
which were originally present in the complex, ap
peared with the protein fragment (obtained by alco
hol precipitation of the aminoacridine supernatant). 
Uronate was also present. Fig. 1 shows a typical 
chromatogram of hydrolysates of : a) an amino- 
acridine precipitate; b) aminoacridine supernatant; 
and c) the untreated product.

Chemical analyses of mucoprotein preparations. 
Table 1 shows the chemical analyses of mucoprotein 
products obtained from bovine skeletal muscle and 
bovine tracheal cartilage, before and after cleavage.

For the untreated skeletal muscle mucoprotein 
complex (la ), the relatively high non-hexosamine 
nitrogen value indicates a high protein content 
[50.94% by the method of Lowry et al. (1951), 
73.88% from non-hexosamine nitrogen (X 6.25)]. 
The glucosamine-galactosamine ratio =  2.6:1. The 
hexosamine-uronate ratio of approximately 1:1 is 
in agreement with results of chromatographic stud
ies indicating that uronate was associated not only 
with galactosamine in the chondroitin sulfate por
tion, but also with glucosamine as part of the 
protein moiety.

After alkali treatment (lb ), the skeletal muscle 
mucoprotein preparation showed a drop in relative 
viscosity, and anlysis by paper chromatography in
dicated that glucosamine and galactose were no 
longer present. Nitrogen content was sharply re-

^  Glucuronolactone @ • •
@  Ribose •

^  Galactose • •
0  Glucosamine • •
0  Galactosamine @ •

£  Glucuronic Acid ^ © •

A B C D

Fig. 1. Splitting of complex into mucopolysaccharide and protein components as shown by paper chromatography.A )  Monosaccharide standards
B) Aminoacridine precipitate of alkali digest (mucopolysaccharide component)C) Aminoacridine supernatant (protein component)D) Untreated complex
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duced, with very little remaining nitrogen of non- 
hexosamine origin. These observations lend sup
port to the theory that alkali treatment resulted in 
virtually complete removal of the protein portion 
of the complex. The galactosamine-uronate ratio 
of approximately 1 :1 corresponded to theoretical 
expectations for chondroitin sulfate, which contains 
equimolar amounts of galactosamine and glucuronic 
acid.

Except for the absence of ribose (McIntosh, 
196S; Table 2), chromatographic studies showed 
that, qualitatively, the commercial chrondroitin sul
fate contained essentially the same carbohydrate 
components as skeletal muscle mucoprotein. Chem
ical analyses, however, showed certain definite 
quantitative differences.

The commercial chondroitin sulfate product (Ila) 
was much lower in protein content than was the 
skeletal muscle mucoprotein [11.25% by the method 
of Lowry et al. (1951), or 13.38% from non- 
hexosamine nitrogen (X 6.25)]. The hexosamine 
and uronate content is much higher in commercial 
chondroitin sulfate than in the mucoprotein product 
from skeletal muscle ; again, however, they are pres
ent in approximately equimolar ratio. These re
sults lend further credence to the theory that 
uronic acid is associated with the glucosamine of 
the protein moiety, as well as with the galactos-

Fig. 2. Effect of hyaluronidase and papain on viscosity of mucoprotein Solutions.

amine of the mucopolysaccharide portion. The 
glucosamine-galactosamine ratio of about 1 :6 in
dicated relatively less glucosamine in the commer
cial chondroitin sulfate product than in the skeletal 
muscle preparation. The glucosamine-galactose ra
tio is also considerably lower ; total galactose con
tent is higher in the commercial chondroitin sulfate 
complex (Ha) than in the preparation from skeletal 
muscle (la ).

Alkali treatment of the commercial chondroitin 
sulfate product (lib ) effected complete removal of 
glucosamine and galactose, as judged by paper 
chromatography. Nitrogen values approached the 
theoretical value for chondroitin sulfate. Splitting 
off the protein moiety was virtually complete, as 
evidenced by the low value for non-hexasamine 
nitrogen, as well as by the absence of glucosamine 
and galactose. The galactosamine and uronate 
values were low ; however, they gave the expected 
1 :1 ratio.

High sulfate values obtained for the chondro- 
mucoids from both skeletal muscle and tracheal 
cartilage indicate that the chondroitin sulfate may 
exist as a disulfate (Suzuki, 1960) rather than a 
monosulfate.

The mucoprotein complexes of both skeletal mus
cle and tracheal cartilage are similar to the com
plex reported in whale nasal cartilage (Masamune, 
1955) in that they contain glucosamine and galac
tose associated with the protein portion of the com
plex. However, the preparations studied here con
tained relatively less galactose, and little or no 
sulfate of protein origin could be detected. Both of 
the chondromucoids studied contained uronate as 
part of the protein moiety, whereas uronate w!as not 
reported for whale nasal cartilage.

The consistent observation of glucosamine and 
galactose had initially suggested that keratosulfate 
(Meyer ct al., 1953) might be present, along with 
chondroitin sulfate (McIntosh, 1965). How'ever, 
indications that glucosamine and galactose were 
associated with the protein portion of the complex, 
coupled with the finding of little sulfate which was 
not of chondroitin sulfate origin, seemed to pre
clude the presence of keratosulfate.

PROPERTIES OF MUCOPROTEIN COMPLEX
Precipitation reactions. The mucoprotein com

plexes of both skeletal muscle and tracheal cartilage 
were found to be non-heat coagulable, a property 
typical of glycoproteins. No coagulation occurred 
when 0.4% solutions of mucoprotein (in 0.05M 
phosphate buffer, pH 7) were heated for 10 min or 
longer in a boiling-water bath.

The skeletal muscle complex was precipitated by 
trichloracetic acid and by phosphotungstic acid but 
not by sulfosalicylic acid or picric acid (McIntosh,
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1965; Table 3). It thus seemed unlikely that the 
complex is an albumin or globulin since, typically, 
these proteins are precipitated by sulfosalicylic acid 
and are heat coagulable. The complex was pre- 
cipitable by alcohol. Neither was the complex a 
carbohydrate-containing "collagen” or “elastin” ; 
these albuminoids are insoluble in neutral salts and 
contain hydroxypoline, while the complex described 
here was soluble in neutral 10% CaCL and con
tained no hydroxyproline.

Relative precipitability of the mucoprotein at 
varying pH levels, coupled with its adsorption be
havior toward cationic and anionic exchange resins 
at different pH values, suggested an isoelectric 
point near 4.7.

Complete characterization of the protein portion 
of the complex is difficult since the alkali treatment 
which effects a cleavage of the complex into its 
component parts (i.e., protein and free mucopoly
saccharide) appeared to result in degradation of 
the protein component. The alkali digest contained 
considerable dialyzable material of a nitrogenous 
nature (along with free chondroitin sulfate) which 
indicated a degradation of the original protein to 
smaller fragments.

Effect of enzymes. In the presence of testicular 
hyaluronidase (200 /¿g/ml), skeletal muscle muco
protein lost viscosity slowly at rates of 3.4% in 
2 hr (Fig. 2) and 6.8% in 24 hr. Crystalline papain 
produced a marked drop in viscosity of mucoprotein 
solutions (McIntosh and Carlin, 1963), as shown 
in Fig. 2. At a concentration of 100 fxg per ml, 
papain produced a 10% drop in viscosity of a 0.2% 
mucoprotein solution in 90 min and at a concentra
tion of 250 fig per ml, a 13.3% decrease in 30 min. 
No further decrease was noted upon further incu
bation. Papain has been reported to produce de
creased viscosity of solutions of mucoprotein iso
lated from bovine cartilage (Muir, 1958). The sus
ceptibility of the skeletal muscle mucoprotein prep
aration to testicular hyaluronidase is indicative of 
chondroitin sulfate A  or C ; however, its precipit
ability by alcohol at a concentration of 50% and 
above suggests that it is present in the C form 
(Meyer and Rapport, 1951).

The mucoprotein of skeletal muscle is also 
affected by lysozyme. At a concentration of 50 /xg 
per ml, lysozyme produced a 22.5% decrease in 
turbidity of a 0.4% solution of mucoprotein incu
bated at 39°C. Turbidity was measured at 440 mfi 
in an Evelyn colorimeter (Smith ct a!.. 1955). 
There was no further loss in turbidity after 2 hr. 
The control showed no change in turbidity during 
this same period.

Behavior toward phosphotungstic acid. Studies 
with phosphotungstic acid revealed that all of the 
extractable skeletal muscle mucoprotein was phos

photungstic acid precipitable. No mucopolysac
charide material could be detected in the phospho
tungstic acid supernatant. Therefore, virtually all 
of the skeletal muscle mucopolysaccharide must be 
protein bound. These observations are similar to 
the conclusion of Schubert (1958) with respect to 
bovine nasal cartilage.

Extractability. Less than 10%. of the total 
mucoprotein in skeletal muscle is extractable by 
CaCl= (McIntosh, 1965). This observation is simi
lar to the experience of Muir (1958 ), Shatton and 
Schubert (1954), and others (Kent and White- 
house, 1955; Partridge, 1948) who have isolated 
mucoprotein from other sources by using mild 
methods of extraction. In all of these cases, most 
of the mucoprotein remained in the residue, as re
ported for skeletal mucle (McIntosh, 1965; Table 
1). Since the products thus obtained have repre
sented such a small fraction of the total mucopro
tein, there has been uncertainty whether they are 
truly representative of the mucoprotein as a whole 
(Kent and Whitehouse, 1955). However, work by 
Malawista and Schubert (1958) resulted in a pro
cedure, using a Vir-Tis hotnogenizer, whereby ex
traction of mucoprotein from cartilage was almost 
complete. Analytical results of the products ob
tained by the latter technique, compared with those 
obtained from the earlier method (Shatton and 
Schubert, 1954), indicated that the products are 
essentially identical.

STRUCTURE
The observations made in this study sug

gest that the basic molecule may look some
thing like th is:
CHONDROITINSULFATE Carbohydrate-| _ _ I PROTEIN( Uronic Acid-Galactosatnine-S Oi)( Lffonic Acid-Glucosamine-Galactose)

The structure proposed here is not incom
patible with that suggested by Gregory et al. 
(1964) for a chondromucoprotein from bo
vine cartilage. Those investigators concluded 
that galactose is not a “fortuitious contami
nant” but, rather, serves as a link between 
chondroitin sulfate and protein.

Observations that the isoelectric point is 
about 5 initially suggested an electrostatic 
linkage resulting from attraction between the 
positively charged protein (at pH values of 
5 and below) and the negatively charged 
anion, chondroitin sulfate. The disruption of 
the complex at alkaline pH could then be ex
plained by the protein becoming negatively
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charged, with subsequent repulsion by the 
negatively charged chondroitin sulfate. How
ever, if the linkages were completely electro
static. there would appear to be no union of 
protein with mucopolysaccharide in vivo, 
since the pH of skeletal muscle is 7.6. There
fore, it seems likely that other bonds exist in 
addition to electrostatic bonds; e.g., ester 
linkages between the protein and chondroitin 
sulfate (Gottschalk and Murphy, 1961). 
Linkage between the carbohydrate and the 
hydroxyl group of serine (Muir, 1958; Cas- 
tellani ct al., 1962; Gregory et al, 1964) 
appears likely. Gregory and co-workers 
(1964) suggested that chondroitin sulfate 
chains are joined to galactose by a glucuroni- 
dic linkage and that the bond to protein is a 
a glycosidic one between galactose (or xy
lose) and the hydroxyl group of serine. Such 
linkages could explain the existence of a 
complex in vivo at pH 7.6 and yet would be 
compatible with the observation that the 
complex is disrupted at alkaline pH.
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SUM M ARY
In  B om b ay-d u ck  (H a r p o d e n  n e h e r e u s )  f ish , 

p etro leu m -eth er-extra ctiv e ( “ tru e”  lip id s )  fa ts , 
resid u a l fa ts ( “ b o u n d ” lip id s )  o b ta in ed  by acid  
h yd rolysis , and  e th a n o l ex tractives  o th er  than  
“ tru e”  and  “ b o u n d ” lip id s  w ere fo u n d  to co n 
tr ib u te to its od or, th e  la st two fraction s b ein g  
m ore im p o rta n t. E xh a u stive  ex tra c tio n  with  
9 5 %  e th a n o l y ie ld ed  fish  p ro te in  co n cen trate  
w ith  n o  lip id  or e th a n o l ex tractives  but with
0 .3 7 %  “ b o u n d ” lip id s; th is co n cen tra te  was 
p ra ctica lly  w ith o u t any fish y  o d o r b u t d e
v elo p ed  it  o n  b e in g  co o k ed  w ith  w ater.

INTRODUCTION
Bombay-duck (Harpoden nehereus) fish 

is of economic importance in India. Annual 
production is 80,000 tons, and 80% of the 
catch is dried in the sun. Sun-dried fish 
has its own limitations, and a better way of 
preserving this fish is to convert it into fish 
flour or fish protein concentrate. Fish pro
tein concentrate, being a defatted and de
odorized product, is expected to have univer
sal appeal, can be utilized in many food 
preparations without much difficulty, and has 
improved stability.

In the preparation of fish protein concen
trate, the most important operations are 
dehydration, defatting, and deodorization, 
and processing methods vary mainly in the 
method of dehydration, choice of solvent(s), 
and extraction methods.

The present study was undertaken to find 
out the optimum conditions for defatting and 
deodorizing Bombay-duck fish.

Model experiments were used so that con
ditions could be better controlled.

EXPERIMENTAL
Sun-dried eviscerated Bombay-duck fish (as raw 

dried fish) and cooked pressed cake with or without 
drying were used. The fish was cooked with its 
own weight of water for 30 min, and the cooked 
meat was drained and pressed. Respective moisture 
contents were 11.1, 5.5 and 84.4%. The solvents 
were ethanol of 95% and 80% strength and hexane 
(67-70°C bp).

Batchwise extraction was carried out in a round

bottom glass flask fitted with a water-cooled glass 
refluxing condenser. Heating was done with a 
mantle-heater. The period of extraction was gen
erally 30 min, reckoned from the time of boiling 
of the solvent. Each extraction took about 50-60 
min including time for charging, time taken to 
raise the temperature of the solvent to its boiling 
point, and time for cooling before draining. In the 
experiments carried out to fix the period of extrac
tion, the time from the boiling of the solvent was 
15, 30, 60, and 120 min. Batch size was 50 g, and 
the ratio of solvent (ml) to weight of fish material 
(g) was 5:1. With cooked pressed cake (84.4% 
H 20 ) ,  the volume of solvent (ml) to dry matter 
of cake (g) was 8:1 in first extraction and 7.5:1 
in subsequent extractions. After each extraction, 
the meal and extract were transferred on a Buch
ner funnel, and draining was under suction.

In extraction by percolation, only cooked pressed 
dried meal was used. The inner tube (diameter 
3.2 cm) of a jacketed column was filled with 140 g 
of meal with light tapping; the packed density of 
the meal was 0.4 g/cc. With pulverized meal, the 
flow of solvent through the column was too slow. 
Hot 95% ethanol at 70-74°C was allowed to pass 
through the meal, and the temperature of the col
umn was maintained by circulating hot water of 
the same temperature range through the condenser. 
The rate of flow of solvent through the column 
was 250 ml/hr. The period of extraction was kept 
at 5 hr (equal to total time required for 4 extrac
tions in batch extraction process), and 1500 ml 
alcohol was fed to the column. Of this, 1250 ml 
alcohol was recovered in the form of extract and 
the remaining 250 ml was retained by the column. 
After extraction, the meal of the column was taken 
out in three sections (top, middle, and bottom) 
and studied separately.

In hot continuous extraction (Fig. 1, in use at 
Torry Research Station, U.K.) 28-30 g cooked 
pressed dried pulverized meal was taken in a 
thimble and extracted for different periods (2, 4, 
and 8 hr). The volume of solvent used for reflux
ing was 180-200 ml (ratio of volume to solvent 
(ml) to weight of meal (g) w'as 8.2:1). The rate 
of refluxing was 5.5-6 ml/min.

The extracted meal was dried for 4-5 hr at 60°C 
under a vacuum of 29 inches Hg, and organoleptic 
and other determinations were carried out with 
the desolventized meal.

Ethyl alcohol extractives were determined hv ex
traction in a Soxhlet apparatus with 95% ethrvnol

[ 3 4 4 ]
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for 24 hr over 3 days. Petroleum ether extractive 
(“true” lipids) was determined similarly with pe
troleum ether (40-60°C). “Bound” lipid was de
termined in a petroleum-ether-extracted sample

after acid hydrolysis by the method given in AOAC 
(1960, p. 23S). The non-lipid fraction of ethanol 
extractive was determined by removing the lipid 
fraction by petroleum ether (40-60°C). Pepsin 
digestibility was determined by the method given 
in AOAC (1960, p. 286). Available lysine was 
determined by the method of Carpenter (1960). 
Scoring for raw and cooked fishy odor was car
ried out as follows : strongly fishy, 5 ; fishy, 4-3 ; 
slightly fishy, 2; very slightly fishy, 1; doubtful,
0. 5 ; and no fishy odor, 0.0.

Raw-odor and cooked-odor scores give judgment 
in a general way and should be considered as the 
indication of a trend.

For cooked-odor score, the meal was mixed with 
10 times its weight of water and steam-cooked for 
30 min, and samples in warm condition were judged.

RESULTS AND DISCUSSION
Effectiveness of extractives in deodor- 

ization. Cooked, pressed, dried meal, on ex
haustive extraction with petroleum ether, 
gave a product with distinctly fishy odor— 
most of the odor being retained. The 95% 
ethanol, however, resulted in a product with 
practically no fishy odor. When cooked, these 
two samples were respectively fishy and 
slightly fishy (Table 1). Sample prepared 
by exhaustive extraction with petroleum 
ether had 5.4% residual ethanol extractive,
1.2% residual “bound” lipid, and 0.0% 
“true” lipids, and corresponding figures for 
samples exhaustively extracted with ethanol 
were 0.0, 0.37, and 0.0. It seems that a 
fraction of “bound” lipids is not removable 
with ethanol.

The general characterization of ethanol 
extractive (Table 2) indicated that about 
48% of the total extractive was “true” lipids,
1. e. e x tra c ta b le  with petroleum ether;

Table 1. Residual petroleum ether and ethanol extractives, raw odor, and cooked odor of exhaustively extracted fish meal from Bombay-duck. Eviscerated, cooked, pressed and dried meal used for exhaustive extraction. Exhaustively extracted samples were vacuum-dried for 4 hr at 60°C and a vacuum of 29 inches Hg. Extraction done in Soxhlet apparatus for 24 hr in a period of 3 days.
S o lv e n t  f o r  
e x h a u s t iv e  
e x t r a c t io n

%  r e s id u a l  
e th a n o l  

e x t r a c t i v e  a

%  r e s id u a l  
p e t ro le u m  

e t h e r
e x t r a c t iv e  a

°fo  r e s id u a l  
“ b o u n d ”  
l ip id s  a R a w  o d o r C o o k e d  o d o r

95% ethanol 0.0 0.0 0.37 No fishy 
odor (0.1)

Very slightly 
fishy (1.0)

Petroleum ether 
(40-60° C)

5.4 0.0 1.2 Distinctly 
fishy (3.5)

Fishy (3.4)

Moisture-free basis.
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Table 2. General characterization of ethanol extractives (for particulars of starting material, see Table l ) .a
1) Ethanol extractives 10.94% (100)

11.09% (100)
2) “True” lipids (petroleum 

ether, 40-60°C 
extractives) 4.84%, (47.6)

5.28% (47.6)
3) “True” lipids and “bound” 

lipids (petroleum ether 
40-50°C) extractives 
of ethanol extractive 7.24 (66.4)

7.35 (66.3)
4) “Bound'” lipids 2.4011 (18.8)

2.07b (18.7)
1.20° (10.9)

5) Nonlipids 3.70 (33.7)
3.74 (33.7)
4.76 (43.2)

a Figures are on moisture-free basis. b 3.2.c Estimated after acid hydrolysis of fat-free samples.
“bound” lipid fraction was 11-19%. The 
remaining 34-43% was non-lipid—a white 
solid, sparingly soluble in ethanol but readily 
soluble in water, with a pungent seashore 
odor.

It seems that in Bombay-duck fish a sub
stantial part of the odoriferous components 
are nonlipids and soluble in water. It further 
appears that fishy odor gets intensified on 
cooking. Sample exhaustively extracted with 
ethanol was practically without any fishy 
odor but was slightly (though distinctly) 
fish}- when steam-cooked with water.

While carrying out investigations on the 
substance of fish smell, Obata et al. (1950) 
made similar observations.

Deodorization by batch extraction. The 
data on the successive batch-wise extraction 
of raw dried fish (Fig. 2) or cooked pressed 
dried meal (Fig. 3) with 95% ethanol indi
cate that in these cases, ethanol extractive 
is a good objective index of deodorization as 
judged by raw odor. Residual “true” lipid 
content was less than 0.2% after the second 
extraction, and cooked odor score showed 
little or no change after the fourth extrac
tion. Even when “true” lipid content was 
less than 0.2%. (after the second extraction) 
raw-odor score was 2.8-3.5 (fishy).

The removal of residual ethanol extractive 
and the extent of deodorization as judged

Numbar o f  E x t r a c t io n
Fig. 2. Successive batchwise extraction of sun- dried fish with 95% ethanol.

Nuatrar of E x t r a c t io n
Fig. 3. Successive batchwise extraction of dried meal from eviscerated fish with 95% ethanol.

by raw odor followed two distinct phases: 
1 ) quite rapid during tire first three extrac
tions; and 2) very slow beginning with the 
fourth.

The removal of ethanol extractive (and 
consequently deodorization) could be effec
ted more rapidly in cooked pressed cake 
which had not been dried (Fig. 4). Since 
the non-lipid fraction of the ethanol extrac
tive is soluble in water, the better perform
ance of this case is due to the presence of 
water derived from press-cake. By this 
procedure, press-cake can be stored under 
alcohol till the operations of extraction are 
undertaken. It has been observed that press- 
cake with 84% moisture can be stored under
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Suaber o f  «x traction .
Fig. 4. Successive batchwise extraction of pressed cake from eviscerated fish with 95% ethanol.

alcohol (8 ml of 93% ethanol/g dry matter) 
for more than six months (Sen, 1964). The 
alcohol requirement in this case is 30.5 ml/g 
dry matter and can be cut down to 23 ml, 
is press cake is dried after first extraction 
and prior to subsequent extractions with 1 :5 
for meal to solvent. The product will be 
equally deodorized.

The efficacy of different solvents. The
results obtained with 95% ethanol and cooked 
pressed dried meal have already been de
scribed (Fig. 3). Figs. 5 and 6 give results 
obtained with: a) hexane followed by 95% 
ethanol; and b) 80% ethanol. Diluted 80% 
ethanol was selected since the non-lipid frac
tion of ethanol extractive was found to be 
soluble in water.

Muaber o f  E x trac tio n
Fig. 5. Successive batchwise extraction of dried meal from eviscerated fish with hexane followed by 

95% ethanol.

Fig. 6. Successive batchwise extraction of dried meal from eviscerated fish with 80% ethanol.
Using hexane prior to ethanol gave no 

additional advantage even from the stand
point of removal of “true’' lipids, and, as 
expected, it was a poor solvent to remove 
odoriferous ethanol extractive. Pariser and 
Odland (1963), while working on defatting 
and deodorization of Chilean hake (mer- 
luzza), made a similar observation.

Eighty percent ethanol appeared to be 
superior to 95% ethanol in removing ethanol 
extractives other than “true” lipids, but 
was a poor solvent for the removal of 
“true” lipids. Raw odor score in these cases 
was higher than that of the corresponding 
sample extracted with 95% ethanol. The 
higher odor level might be due to higher 
“true” lipid contents.

Successive extracts in batch extraction. 
A study of different extracts obtained with 
95% ethanol in batch extraction of cooked 
pressed dried meal indicated that the 1st, 
2nd, 3rd, and 4th extracts respectively con
tained 1.76, 0.66, 0.27, and 0.17% solids, of 
which 53, 28. 15, and 12% were soluble in 
petroleum ether. It seems that the 3rd and 
4th extracts can be conveniently utilized for 
the 1st and 2nd extractions of a subsequent 
batch.

Comparison of different methods of ex
traction. With cooked pressed dried meal, 
four procedures of extractions were com
pared: 1) batch e x tra c t io n ;  2) batch ex
traction following p a r tia l  counter-current 
principle; 3) e x tra c tio n  by percolation 
method ; and 4) continuous hot extraction.



Table 3. Fish protein concentrate by different procedures, quality of the products and requirement of solvent.
Residual

SI.no. 
Raw m

aterial
Solvent used

Raw m
aterial 

(M
FB) (g to 

solvent, m
l)

M
ethod of 

extraction

No. of 
extraction 
or period 

of extraction
Ethanol 

extractive %
Petroleum

 
ether ex

tractive %
Raw odor 

(score)
95%

 ethanol 
(m

l/g dry 
m

atter)

1. Sun-dried eviscerated
95% ethanol

1 :5
Batch extraction

4
4.97

0.11
Fishy (3.0)

20.0
fish

2. Eviscerated cooked
95% ethanol

1 :5
Batch extraction

4
1.82

0.15
Slightly

20.0
pressed dried meal

fishy (1.8)
3. Eviscerated cooked

80 %ethanol
1:5

Batch extraction
4

1.67
1.10

Fishy (2.5)
17.0

pressed dried meal
4. Eviscerated cooked

95% ethanol
1 :5

Batch extraction
4

2.04
0.13

Slightly
10.0

pressed dried meal
partial

fishy (2.0)
countercurrent

5. Eviscerated cooked
95% ethanol

1 :8
first

4
0.58

0.17
Doubtfully

30.5
press cake

extraction
fishy (0.7)

1 :7.5
subsequent
extractions

6. Eviscerated cooked
95% ethanol

1 :8
first

4
0.51

0.10
Doubtfully

23.0
press cake

1:5a
extraction
subsequent
extractions

fishy (0.8)

7. Eviscerated cooked
95 % ethanol

—
Percolation

5 hours
2.83

0.04
Slightly

13.27
pressed dried meal

method
fishy (2.0)

8. Eviscerated cooked
95% ethanol

1 :6.5
Hot, continuous

4 hours
1.26

0.15
Slightly

8.13
pressed dried meal

extraction
fishy (2.0)

Material dried after first extraction.
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Table 4. Period of extraction and quality of the product in continuous hot extraction with 95% ethanol. Eviscerated cooked dried pulverized meal used ; HT) =  5.51% ; ethanol extractive =  12.83% ; and petroleum ether extractive =  4.56%. Rate of refluxing =  5.5 ml/min. Meal (g) :solvent (ml) r= 1 :65—7.0.

E q u iv a le n t
n u m b e r  o f  %  r e s id u a l

P e r io d  o f  e x t r a c t io n  by  p e tro le u m  %  r e s id u a l  A v a ila b le  P e p s in
E x p t .  no .

e x tr a c t io n
( h r )

b a tc h  p ro c e ss  
a t  1 :5

e th e r
e x tr a c t iv e

e th a n o l
e x tr a c t iv e

R a w  od o r 
(sc o re )

.Jysine ( g /1 0 0  g 
p ro te in )

d ig e s t ib i l i ty(%)
l 2 5 2.19 0.13 Slightly fishy (2.0)
2 4 10 1.26 0.15 Slightly fishy (2.0) 9.08 99.5
3 8 20 0.46 0.06 Doubtfully fishy (0.7) 9.54 99.5

The solvent used was 95% ethanol. Results, 
showing the quality of different products and 
the alcohol requirements in each case, are 
given in Table 3. For comparison, certain 
data from Figs. 2, 3, 4, and 6 are incorpo
rated in the table.

In batch extraction following the partial 
counter-current principle, the 3rd and 4th 
extracts of a previous batch were used for 
the 1st and 2nd extractions of a subsequent 
batch, and fresh alcohol for the 3rd and 4th 
extractions. By this method, a product with 
2.04% residual alcohol extractive and 0.13% 
“true” lipid content could be obtained with 
50% of the alcohol required by normal batch 
extraction to bring clown residual alcohol 
extractive to 1.82%. A study of the extracts 
with respect to total solid contents and the 
fraction of it soluble in petroleum ether, in 
three successive partial counter-current ex
tractions, indicated that reuse of the 3rd and 
4th extracts could be repeated without affect
ing the quality of the product as judged by 
residual ethanol extractive.

In the percolation method, the quality of 
the product with respect to residual alcohol 
extractive and fishy odor was different in 
different layers. In the experiments de
scribed, about 66% of alcohol required in 
normal batch extraction process to bring 
down the re sid u a l alcohol extractive to
1.82%, could yield a product with 2.83% 
average re s id u a l alcohol extractive. No 
economy in alcohol can be achieved if ex
traction be carried out to the same extent 
(1.82% residual ethanol extractive) as ob
tained by four extractions in a batch process.

In continuous hot extraction, the meal was 
at the boiling temperature of the solvent dur
ing the entire period of extraction. To see 
whether the quality of protein is damaged by 
the prolonged exposure to high temperature,

the samples extracted for 4 and 8 hr were 
analyzed as to available lysine and pepsin 
digestibility. It appears that protein quality 
is not damaged (Table 4). Of the total eth
anol required in a batch extraction process 
to bring residual ethanol extractive down to
1.82%, 41% as much was required to yield 
a product with 1.26% residual ethanol ex
tractive, the period of extraction being more 
or less same in both the cases.

Optimum period in batch extraction. 
Fig. 7 gives the solid percentage in extracts 
obtained with different periods of extraction. 
It appears that 60 min is necessary for the 
first extraction, and 15 min for subsequent 
extractions.

Fig. 7. Period of extraction and amount of solid extracted in batchwise extraction of dried meal.
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SUM M ARY
S olu tio n s o f  g ly c in e , g lu ta m ic  acid , ly sin e , 

m eth io n in e , and  p h en y la la n in e  a d ju sted  to  p H
6 .5  w ere reacted  sep arately  w ith  g lu co se , fr u c 
to se , m a lto se , and  su crose a t 1 0 0  and  1 80 °C . 
S om e o f  th e arom as gen erated  w ere rem in iscen t  
o f  fo o d s , w h ereas o th ers w ere d istin c tly  u n 
p leasan t. E th a n a l, p ro p a n a l, a ce to n e , isob u ta- 
n al, a cro le in , b u ta n a l, 2 -b u tan o n e, 2 ,3 -b u tan e- 
d io n e , cro tan a l, 2 -p en ta n o n e , and  h ep ta n a l w ere 
id en tified  as en d  p rod u cts in  o n e  or m o re o f  
th e 2 0  m ix tu res. T h e g lu ta m ic  acid —g lu co se  
m ix tu re  w as a lso  h ea ted  at 1 0 0  and  180°C  a fter  
b ein g  adju sted  to p H  5 .0  and  8 .0 . O f th e co m 
p o u n d s a b ove, iso b u ta n a l and  h ep ta n a l w ere 
n ot fo rm ed . P en ta n a l was fo rm ed  at 1 0 0 °  b ut 
n o t at 1 80 °C . A sy n th etic  p ota to  m ed iu m  co n 
ta in in g  g lu co se  and  g lu ta m ic  acid  h ea ted  at 
1 00 °C  y ie ld ed  eth a n a l, p ro p an a l, a ce ton e , hu- 
tan al, 2 -b u tan o n e, 2 ,3 -b u ta n ed io n e , and  cro- 
to u a l. A p ota to  ex tract h ea ted  a t 1 80 ° d iffered  
fr o m  th e  sy n th etic  p ota to  m ed iu m  h ea ted  at 
1 0 0 °  in  th e  p rod ucts fo rm ed . N ot fo rm ed  w ere
2 -b u tan o n e and  2 ,3 -b u ta n e d io n e ; p en ta n a l, h e p 
tan al and  h e x e n - l-a l w ere fo rm e d . In  a ll, 8 5  
carbon yls w ere d etected  in  th e  various m ix tu res  
o r sub strates.

INTRODUCTION'
The reactions between individual amino 

acids and sugars have frequently been 
studied with reference to color changes, 
aroma, and taste (Beacham and Dull, 1951 ; 
Lewin, 1965; Lento ct al, 1960a,b: Herz 
and Shallenberger, 1960; Rohan and Stew
art, 1965; Wiseblatt and Zoumut, 1963), 
but the identities of the compounds formed 
have not been as extensively studied. Some 
of them, being volatile, may logically be ex
pected to affect the flavor of foods. The 
present work was undertaken to : 1) sep
arate the products formed when sugars and 
amino acids in a model system were reacted 
under the influence of temperature ; 2 ) study 
the effect of pH on the carbonyl compounds 
formed; and 3) evaluate organoleptically the 
aroma of the reaction products.

REVIEW  O F  LITERATURE
Browning occurs in both acidic and alkaline

media. The rate of the reaction and the extent of 
browning increase greatly as the pH increases 
(Boretti, 1944; Wolfrom ct ah, 1947; Haugaard 
ct al., 1951; Ivatchalsky and Sharon, 1953; Under
wood ct al., 1959). The rate of browning also 
increases with an increase in temperature (Hendel 
ct al., 1955 ; Hannan and Lea, 1951; Lea et al., 
1951). Zabrodskii and Vitkovaskaya (1954) stated 
that increasing the temperature increased the 
quantity of sugars combining with the same quantity 
of amino acid.

EXPERIMENTAL
Selection of the sugars and amino acids. Selec

tion of the sugars and amino acids used in tire 
pure chemical phases was based on identification 
of sugars and amino acids present in fresh potato 
tubers. A water extract of Katahdin variety of 
potato was used for analysis. A unidimensional 
chromatographic technique, employing 1-butanol- 
acetic acid-water (BAW) (4:1:5 v/v) and 80% 
phenol in water (4:1) was used for the identifica
tion of sugars and amino acids. The dry chroma
tograms were sprayed with 0.32%, anisidine to 
identify sugars and 0.25 % ninhydrin in acetone 
to spot amino acids, followed by heating for 3-5 
min in hot-air ovens for development of the color.

Of the amino acids identified, glycine, glutamic 
acid, lysine, phenylalanine, and methionine were 
separately reacted with the sugars identified (glu
cose, fructose, maltose, and sucrose). The amino 
acids selected were chosen to represent five major 
classes of amino acids: acidic, basic, neutral, aro
matic, and sulfur-containing.

Collection of carbonyl compounds. The reac
tion between each sugar and amino acid was car
ried out at 100 and 180°C. The sugars and amino 
acids (0.231/ each) were dissolved in 100 ml of 
0.02847 phosphate buffer at pH 6.5. The flasks 
containing the solution of sugar and amino acid 
were heated for 60 min in a water bath at 100“ C. 
Each flask was connected to another flask con
taining dinitrophenylhydrazine (D N PH ) reagent. 
These connections were kept airtight to ensure 
that all the volatiles bubbled into the reagent. At 
the end of the heating time, the flasks were re
moved and cooled to room temperature and poured 
in the reagent flask to collect traces of carbonyls 
still in the reaction mixture. The D NPH deriva
tives were collected according to the procedure of 
Dornseifer and Powers (1963, 1965), filtered

[ 3 5 1  ]
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through Whatman No. 2 filter paper, washed 
thoroughly with distilled water, and dried in a 
desiccator containing phosphopentoxide as a 
desiccant.

For the reaction at 180°C, the sugar and amino 
acid solution was placed in a special tube capable 
of withstanding high pressure. The tube was made 
of a borosilicate glass with an approximate pres
sure tolerance of 325 psi. A hypodermic syringe 
inserted through a rubber septum was used to 
fill the tubes to prevent the loss of solution from 
back pressure generated by air bubbles. The tubes 
were connected to a vacuum pump. After complete 
evacuation was obtained, the tubes were sealed in 
an oxygen flame and heated in an oil bath for 30 
min. At the end of the heating period, the tubes 
were removed and rapidly cooled to room tem
perature, and the solutions were poured into DNPH 
reagent and kept overnight. The crystals W'ere 
collected and dried as described above.

Effect of pH on the carbonyl compounds gen
erated. Glucose and glutamic acid solutions were 
prepared as before. Two 100-rnl portions were ad
justed to pH 5.0, 6.5, and 8.0. One flask at each 
pH was heated for 60 min at 100°C. The second 
100-ml portions were also heated at each pH level, 
but at 180°C in the borosilicate tubes. The car
bonyl compounds were collected as described above.

Generation of carbonyl compounds in potato 
media. A synthetic potato medium W'as formu
lated as closely as possible to diced frozen potatoes 
(Watt and Merrill, 1963 j. The mixture was 
placed in a round-bottom flask and connected to 
a series of traps. The first two traps contained 
diluted HC1, and the last three traps DNPH 
reagent. The mixture was heated 60 min at 100°C. 
Nitrogen gas was bubbled through the mixture 
to carry the carbonyls formed to the traps con
taining the DNPH reagent.

A potato extract was prepared by pureeing a 
small amount of water containing 130 ppm sodium 
bisulfite with diced potatoes, followed by filtration 
under vacuum with a Buchner funnel and What
man No. 2 filter paper. This extract was heated 
for 30 min at 180°C. The carbonyl compounds 
were collected and treated as previously described.

(Regeneration of the carbonyl compounds. The 
method of Ralls (1960) as modified by Dornseifer 
and Powers (1963, 1965) was used to regenerate 
the carbonyls. The vapors generated in the tube 
were withdrawn with a gas-tight syringe and in
jected directly into the gas chromatograph. An 
F & M gas chromatograph, model 609, with a flame 
ionization detector was used. The best of several 
columns tried were two 10-ft columns, one con
sisting of 15 % butanediol succinate on Diatoport 
P, and the second of 20% polyethylene glycol 600 
on firebrick. The column temperature was 75°C;

nitrogen gas flow rate, 57 m l/m in; sensitivity, 
range 1; and attenuation either 15 or 32.

RESULTS ANE DISCUSSION
Sugars and amino acids present in pota

toes. Identified as being present in the water 
extract of the Katahdin potatoes were glu
cose, fructose, maltose, sucrose, glycine, as
partic acid, glutamic acid, proline, lysine, 
serine, histidine, methionine, valine, and 
phenylalanine (Table 1).

Habib and Brown (1957) found glucose, 
fructose, maltose, and sucrose in the Katah
din potatoes they examined; Schwimmer 
et al. (1954) also reported that potatoes 
contain glucose, fructose, and sucrose, but 
did not detect the presence of maltose.

Slack (1948), Hirsch ct al. (1952), 
Katayama et al. (1956), and Furuholmen 
et al. (1964) found arginine, cystine, iso
leucine, threonine, tyrosine, and tryptophan, 
which we did not. The differences are 
probably a result of the variations in variety 
of potato examined and of cultural or stor
age conditions. The composition of potato 
tubers undergoes changes of varying de
grees from year to year, and conditioning 
of the tubers results in some difference in 
amino acid content of potatoes, particularly 
the basic ones (Habib and Brown, 1957).

Table 1. The Rf values of individual sugars and amino acids in the water extract of Katahdin potato.

C o m p o u n d s B A W  a
S o lv e n t

r w ”
Sugars

Fructose 0.21 0.55
Glucose 0.17 0.40
Maltose 0.10 0.33
Sucrose 0.12 0.37

Amino acids
Aspartic 0.16 0.19
Glycine 0.19 0.41
Glutamic 0.26 0.31
Proline 0.38 0.90
Lysine 0.45 0.80
Serine 0.40
Histidine 0.18 0.70
Methionine 0.53 0.79
Valine 0.39 0.73
Phenylalanine 0.90
“ BAW = Butanol-acetic acid-water solvent. ” PW  = Phenol-water solvent.



Table 2. Aromas generated at pH 6.S by the
reaction

of various sugars
and variousamino acids at100 and

Üo
2

Glycine
Glutam

ic
Lysine

M
ethionine

Phenylalanine
Arom

a
Color

Arom
a

Color
Arom

a
Color

Arom
a

Color
Arom

a
Color

At 100° C
Glucose

Caramelized
sugar
NO

DB
Old wood 
small 

P
Y

Baked sweet
potato
NO

DB
Overcooked 
sweet potato 
NO

B
Rancid 
caramel 
candy 

U P
DY

Fructose
Caramel smell 
UP

DR
Too weak to 
describe

YO
Frying butter 
O

0
Chopped cab
bage 

O
Y

Stinging 
smell 

VO
LY

Maltose
T oo weak to 
describe

VO
Too weak to 
describe

YO
Burned wet 
wood UP

YO
Overcooked 
cabbage O

YO
Sweet caramel 
P

YO
Sucrose

Weak NH,
0

LY
Caramel 
smell 

P
LY

Rotten raw 
potato UP

LY
Burned wood 
smell 

UP
LY

Sweet caramel 
smell 

UP
LY

At 180°C
Glucose

Burned candy 
NO

DB
Chicken tray 
smell 

0
DB

Burned fried 
potato N 0

DB
Cabbage smell 
O

DB
Caramel smell 
NO

DB

Fructose
Beef broth 
P

DR
Chicken manure 
0

DR
Fried potato 
NO

DR
Bean soup smell 
NO

BR
Dirty dog 
smell VO

DR
Maltose

Beef broth
NO

DR
Baked ham
NO

DR
Stale potato 
O

DR
Harsh horse
radish UP

OR
Sweet caramel 
P

YO
Sucrose

Beef broth 
NO

DR
Charred meat 
NO

DR
Boiled meat 
P

DR
Overcooked
cabbage VO

BR
Chocolate smell 
P

BR

ABBR: P = pleasant; O = objectionable; NO = not objectionable; UP = unpleasant; and VO = very objectionable; Y = yellow; O = orange, B = 
brown; BR = black red; DR = dark red; DB = dark brown; LY = light yellow; OR = orange red; and YO = yellow orange.
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Sensory evaluation of aromas generated.
Table 2 summarizes the sensory evaluation 
of the aromas evolved from reacting sugars 
and amino acids at 100 and 180°C. The pH 
of all the mixtures was 6.5. The aroma was 
described by 3 judges with previous ex
perience in evaluating the aroma of foods 
and chemical mixtures. As anticipated, 
various odors were produced. The aromas 
developed when sugars and amino acids were 
heated at 180°C were different from those 
produced at 100°C. The aromas produced 
by the interaction of sugars and amino acids 
ranged from pleasant to objectionable. 
Glutamic acid gave a meaty-type odor with 
the majority of the sugars examined. 
Methionine was always associated with a 
sharp and distinctive odor which resembled 
overcooked cabbage, especially at the higher 
temperature. This may be attributed to the 
sulfur compounds released during the re
action. The volatile odors emitted from 
the reaction of lysine and the sugars were 
associated with a potato smell. The aroma 
given off by phenylalanine was described, 
in most cases, as sweet caramel.

Relative reactivity of individual sugars 
and amino acids. The amino acids varied 
greatly in the ease with which they reacted 
with each sugar. In general, glycine showed 
the greatest and phenylalanine the least re
activity toward the four sugars used. When 
the weight of the DNPH crystalline deriva
tives was considered as a criterion for re
activity, sucrose showed the greatest re
activity, followed by glucose, fructose, and 
maltose (Table 3). When browning was 
considered the measure of reactivity, mal
tose and sucrose were less reactive than 
glucose and fructose, regardless of the 
amino acids. The amount of browning 
varied vddely as influenced by temperature, 
type and the chain length of the amino acid.

and kind of sugar present. Hydroxylation 
of the C-2 position of an aldose is essential 
for a significant degree of browning (Hau- 
gaard et al., 1951; Wolfrom ct al., 1947). 
The Amadori rearrangement is a key re
action for browning (Hodge, 1953). These, 
coupled with the fact that an elapse of time 
is required for hydrolysis to occur, might 
account for the low intensity of browning 
of the disaccharides. Lysine produced the 
greatest increase in color formation, followed 
by glycine, methionine, glutamic acid, and 
phenylalanine.

Volatile carbonyls formed. Table 4 shows 
the volatile carbonyls obtained from the re
action of the sugars at 100 and 180°C with 
the five amino acids. The aldehydes and 
ketones were identified tentatively by com
paring their relative retention times with 
those of authentic carbonyls on two columns.

A total of 85 compounds were detected. 
Identified in the 20 combinations of the four 
sugars and five amino acids were ethanal, 
propanal, isobutanal, butanal, acrolein, 
crotonal, heptanal, acetone, 2-butanone, 2,3- 
butanedione, and 2-pentanone. Because of 
the unavailability of many authentic car
bonyls, the identity of the other compounds 
could not be determined.

The number of peaks on both columns was 
significantly greater when the reaction was 
made to occur at 180°C as compared with 
i00°C. The volatiles formed from the re
actions between the four sugars and methi
onine at 180°C could not be identified. The 
instrument did not respond properly when 
the volatiles from these reactions were in
jected. In every attempt to resolve them, 
drift in the base line to the upper part of 
the chart occurred, apparently from a 
poisoning effect of the sulfur compounds on 
the detector.

Table 3. Weight in grams of DPNH derivatives collected from 100 ml of solution at 100 and 180°C.

A m in o  A c id
G lucose F r u c to s e M a lto se S u c ro se

100°C 180°C io n ° C 18 0“C 100°C 180°C 100°C 180°C
Glycine 0.7010 0.3248 0.8090 1.314 0.5499 1.3880
Glutamic acid 0.7780 0.2396 0.6500 0.1490 0.5395 0.4650 1.2048
Lysine 0.418S 0.3752 0.4196 0.2258 0.9240 0.3825 0.9420
Methionine 0.9776 0.2862 1.3462 0.2392 0.3365
Phenylalanine 0.2707 0.6560 0.1503 0.5640 0.2300 0.7970 0.3285 0.9594



Table 4. 
Volatile carbonyl compounds form

ed by reacting various sugars anti am
ino acids at pH 6.5 at 100 and 180°C.

Glucose 
Fructose 

M
altose 

Sucrose
Gly.

Glut.
Lys.

M
eth.

Phv.Gly.
Glut.

Lys.
M

eth.
Phy.Gly.

Glut.
Lys.

M
eth.

Phy.Gly
Glut.

Lys.
M

eth.
Phy.

At 100°C
Ethanal

+
i

+
+

(+)
-i-

+
+

+
+

+
+

+
+

+
+

+
+

+
+

Propanal
+

+
+

+
+

(+)
(+)

+
+

+
+

(+)
(+)

+
(+)

+
+

+
+

+
Acetone

-
-

—
—
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+
+

+
+

+
+

+
+

+
+

+
+

+
Tsobutanal
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-
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-
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-
-

-
-

-
(+)

-
-

-
Acrolein
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(+)

(+)
-

-
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-
-

-
—

-
-

—
-

-
-

—
—

Butanal
-

(4 >
(+)

+
-

~
-

-
-

-
-

-
—
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)

-
-

-
-

-
-

2-Butanone
+

+
+

(+
)

+
(+

)
(+

)
+

+
+

.
+

+
+

+
+

+
4-

+
+
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+
+

+
(+

)
(+

)
+

(+
)

+
-!

(+
)

+
+
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)

+
+

+
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-
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-
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-
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( +
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-
+

-
-

-
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)
+

( +
 )

2-Pentanone
-

-
-

-
-
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)

(+
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At 180°C
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-
—

—
-

+
1-

+
+

+
4-

_1_
+

+
(+)

+
(+)

Propanal
+

I-
+

+
+

+
+

+
1

+
+

+
+

+
+

Acetone
+

+
+

+
-

-
-

-
+

+
+

(+)
+

+
+

(+)
Isobutanal

-
-

—
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+
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+
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-
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-

-
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-
-

-
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-
-

-
-

-
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+
i

+
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—

(+)
-

—
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+
(+)

+
+

+
+

2-Butanone
+

1
+

(+)
(+)

+
(+)

+
-1

(+)
+

+
(+)

+
-

+
2,3-Butanedione

-
-

-
(+)

(+)
(+)

(+)
+

-
-

-
-

(+)
(+)

+
(+)

Crotonal
+

(+)
+

+
(+1

+
+

+
(+.)

+
+

+
-

—
-

(+)
2-Pentanone

+
(+)

+
+

(+)
(+)

(+)
(+)

(+)
(+)

+
+

-
(+)

-
+

Heptanal
—

-
(+)

(+)
—

—
—

(+>
-

~
—

—
-

-
-

-
+ Detected on two columns; (+) Detected on 

Phy = phenylalanine.
one column; -■ Not detected.Gly = : glycine ; Glut =

glutamic
acid ; Lys = lysine ; Meth = methionine
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Table 5. Volatile carbonyl compounds formed by reacting glucose and glutamic acid at 100 and 180°C at pH 5.0, 6.5, and 8.0.
A t  100°C a t  p H  : A t  180°C a t  p H  :

C o m p o u n d 5.0 6.5 8.0 5.0 6.5 8.0
Ethanal _L + + + - +
Propanai + + + + + +
Acetone + - + (+) + +
Acrolein - + - (+) - ( + i
Butanal - (+) - + + (+)
2-Rutanone — 
2,3-Butanedione

+ + + + +
+ (+) + + - +

Pentanal + - + - - -
Crotonal - - (+) (+) (+) (+)
2-Pen tanone — - - — (+) —

+ Appeared on two columns (+) Appeared on one column — Xot detected

Effect of pH on the volatile carbonyls 
formed. Table 5 shows the volatile carbo
nyls generated by the reaction of glucose 
and glutamic acid at pH 5.0, 6.5, and 8.0 
at 100 and 180°C. The amount of browning 
produced at 100°C increased moderately 
as the pH increased toward the alkaline 
range. At 180°C, the respective colors for 
pH 5.0. 6.5, and 8.0 were orange, deep red, 
and black. The number of carbonyl com
pounds produced by the glucose-glutamic 
acid system at the three pH levels was al
most equal at 100°C. When the systems 
were heated at 180°C, the number of vola
tiles was greater and increased more drasti
cally as pH increased.

Volatile carbonyls generated in the po
tato substrates. Table 6 shows the volatile 
carbonyls formed when the synthetic potato 
medium was heated at 100°C and the potato 
extract at 180°C. The difference in the 
heat treatment was due to the fact that 
heating the synthetic potato medium at 
180°C formed a caramelized mass devoid of 
liquid. The potato extract was heated at 
180°C to simulate the process of frying 
potato chips. The volatiles isolated con
firmed that the sugars and amino acids re
acted in mixed systems and that many of 
the same carbonyls were formed.

For the potato substrates as for the amino 
acid-sugar mixtures, the number of car
bonyls formed increased as the temperature 
was raised. As already pointed out, the

total yield of carbonyls was greater at 180 
than at 100°C (Table 3), and browning 
was greater at the higher temperature. 
Hodge (1953) has reviewed possible brown
ing mechanisms and end products formed. 
This study was not designed to elucidate 
the mechanism of carbonyl formation. How
ever, since all the various amino acid-sugar 
combinations tended to yield carbonyls dif
fering by only one carbon length, breakdown 
of the compounds appears to have been a 
step-wise degradation. The Wohl degrada
tion or thermal decarboxylation (Roberts 
and Caserio, 1964) might account for the de
crease of chain length by one unit. The data 
suggest that coupling of compounds might 
have also occurred. Lysine and phenylala
nine with glucose or fructose yielded heptanal 
(Table 4). Of the four compounds, none of 
the initial reactants contained over 6 carbon 
units except phenylalanine. An aldol con
densation could account for the increase in 
chain length.

Even though only 14 carbonyls were 
identified, 85 were detected as judged by 
gas chromatographic retention times. Some 
of the carbonyls identified are fairly odori
ferous ; the others are quite mild. The odors 
listed in Table 2 probably did not come 
from the carbonyls alone. In the heating 
of the amino acid-sugar mixture, non
carbonyl compounds very likely were formed

Table 6. Volatile carbonyl compounds generated upon heating a synthetic potato medium for 60 min at 100°C and a potato extract for 30 min at 180°C.
C a rb o n y l

c o m p o u n d
S y n th e t ic

p o ta to
m e d iu m

P o ta to
e x t r a c t

Ethanal + +
Propanal + +
Acetone + -
Isobutanal - -
Acrolein - -
Butanal j _ - r
2-Butanone + —
2,3-Butanedione + -
Crotonal + +
2-Pentanone - —
Pentanal — +
Heptanal - +
Hexen-l-al — +
A plus sign show a minus sign shows s the compound it was absent. was present,
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and they may have contributed to the odors 
described by the three judges. The fact 
that particular types of odors were produced 
by the amino acid-sugar mixtures is im
portant, both basically and for applied rea
sons. That there are differences in the odor 
produced by different combinations has been 
known for some time. This study is im
portant as a first step in relating the com
position of the volatiles to odor differences 
and conditions which result in the generation 
of odor.
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Analysis for Stereoisomers of Beta-Carotene in
Fermentation Preparations

SUM M ARY
T h e p o ten tia l v itam in  A activ ity  o f  a caro

ten e-co n ta in in g  p r e p a r a t i o n  o b ta in ed  from  
m ated  cu ltu res o f  B la k e s le a  tr isp o ra  w as in 
vestigated  by d eterm in in g  th e s tereo isom ers o f  
th e /3-carotene fra c tio n . T h e /3-carotene e x 
tracted fr o m  som e fr esh  m y celia  co n ta in ed  
ab o u t 9 4 %  o f  th e  a l\- tra n s  isom er, th e  re
m ain d er  b e in g  ab o u t 3 .5 %  o f  neo-/3-carotene B 
and 2 .5 %  o f  neo-/3-carotene U. /3-Carotene from  
stored  dried  p rep a ration s show ed  a b o u t 9 1 %  o f  
a ll-iro n s, 7 .5 %  o f  neo-/3-carotene B , and  1 .5%  
o f  neo-/3-carotene U .

INTRODUCTION
Carotenoid compounds are used in foods 

and animal feedstuff's and have potential for 
expanded consumption (Bunnell and Bauern- 
feind, 1962J). Carotene preparations are ob
tained commercially by chemical synthesis 
(Isler et al., 1958) and from carrots and 
palm oil (Pazola and Wenta, 1957 ; Mosher, 
1961 ). However, a new potentially econom
ical process for carotene production by fer
mentation utilizing mated cultures of the 
mold Blakeslea trispora has been developed 
(Anderson et al., 1958; Ciegler et al., 1961, 
1962, 1963a,b, 1964).

Because carotene produced by fermenta
tion may be used as a vitamin A source for 
foods and feedstuff's, the true biological activ
ity of the carotenoids produced is important. 
The biological value of individual carotenes 
depends on their stereoisomeric configura
tion as well as on their basic (carbon- 
skeleton) chemical constitution. Vitamin A

activity of the most important carotenes m 
the rat is as follows (Bickoff, 1957) :

All-traiw-yS-carotene
Neo-/3-carotene U 
Neo-yS-carotene B 
All-irawi-a-carotene 
Neo-a-carotene U 
Neo-a-carotene B 
All-frowj-y-carotene

100%
(1,670,000 IU /g) 

38% 
53% 
53% 
13% 
16% 
27%

To obtain more exact values of vitamin A 
potency of the carotene product from the 
fermentation process, we estimated the total 
/3-carotene and the all-frcm.i-/3-carotene con
tent of both fresh and dried mycelium.
EXPERIM ENTAL METHODS AND RESULTS

Most of the analyses were carried out in a semi
dark room illuminated by red fluorescent bulbs. 
Illumination at bench top level was 1-4 ft-c or less ; 
since most of this light was at the low-actinic end 
of the spectrum, photolabile carotenoids were well 
protected. The carotenoids, which are red, yellow, 
or orange, were not visible on the columns under 
the red light; hence, columns had to be examined 
momentarily with flashlights, desk lamps, or sub
dued daylight. Although these exposures were kept 
to the practical minimum, it is not possible to rule 
out completely some actinic effect. Before the dark 
room was constructed, earlier work had been done 
under less protective conditions. Although the col
umn work for the earlier experiments was carried 
out in subdued light (1 ft-c or less ) the extractions 
preceding the chromatographic steps often had to 
be conducted in a normally illuminated room (ca. 
10 ft c). Some early results are given for com-

Table 1. Stereoisomer content of various fermentation /3-carotene preparations.

P r e p a r a t i o n

T o ta l
c a ro te n o id s

( m g / g
m y c e l iu m )

0 - C a ro te n e  
( %  o f  t o ta l  
c a r o t e n o id )

N e o -0 - 
C a r o te n e  B  

( %  o f  0- 
c a  r o t e n e )

A l l - f r a j u  ß- C a ro te n e  
( %  o f  0- 

c a r o te n e )

N e o -0 - 
C a ro te n e  
U  ( %  o f  
0 - c a ro te n e

1. Fresh 13.8 78 3.4 94 2.6
2. Dried 11.8 85 9.4 87.3 3.3
3. Fresh 11.0 86 7.4 88 4.6
4. Dried (composite)“ IS.4 88 7.3 91.1 1.6
" Stored in freezer ; occasionally removed for sampling.
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parison (Table 1, line 4) ; they do not differ much 
from the values obtained later under the more pro
tective conditions.

It must also be recognized that, even with the 
precautions described, some isomerization occurs 
when carotenes are put into solution. Approxi
mately 95% of /3-carotene is present as the three 
isomers M-trans, neo-B, and neo-U in equilibrium 
solution at 25°C (Bickoff, 1957; Bickoff et al., 
1949; Polgar and Zechmeister, 1942).

The amounts of /3-carotene were determined by 
reading appropriate dilutions in a Beckman B 
spectrophotometer and computing from a standard 
curve, prepared by measuring the absorbance of 
dilutions of a freshly opened ampoule of all-trans-ß- 
carotene from a commercial source. Identity of the 
stereoisomers was judged by their position on 
calcium hydroxide columns and confirmed by spec
trogram traces or. a recording Beckman DB spec
trophotometer. Efficiency of recovery from the 
C a(O H )2 columns was estimated by comparing the 
sum of the absorbances of the individual isomers at 
450 m/i after chromatography with the absorbance 
of the mixure at 450 m/t before chromatography. 
Correction factors were applied to the absorbances 
of the neo-B and the nco-U fractions. These factors 
are the ratios of the absorptivity of the all-trans 
form at 450 mp to the absorptivities of the respec
tive isomers at that wave length, as estimated from 
the curves (Bickhoff et al., 1948), i.e. 250:176 for 
neo-B and 250 :233 for neo-U.

Cultural methods for microbiological production 
of /3-carotene have been described in previous pub
lications (Ciegler et al,, op. cit.). Five 100-rnl 
shaken-flask cultures of Blakeslea trispora were 
harvested after 6 days’ incubation and filtered onto 
cheesecloth. The combined mycelia (wet weight 
Ca. 100 g) were twice macerated in a Waring 
blender with 600 ml of methanol :acetic acid (50:50 
v/v) and filtered on a Büchner funnel; the filter 
cake was washed both times with low-boiling pe
troleum ether (hereinafter referred to as pentane- 
hexane). Since the mycelium was still colored, it 
was extracted twice more on a magnetic mixer 
with 10% acetone-pentane-hexane and finally five 
times more with pentane-hexane. Water-miscible 
solvents were removed from the extracts by re
peated aqueous washings. Emulsions were broken 
by salting out with sodium sulfate and by centrifu
gation. The combined epiphases were concentrated 
in vacuo to 2720 ml. The concentrate contained 
149 ng/ml of pigment calculated as aU-trans-ß- 
carotene. Fifteen ml were put on a Sea-sorb :Hyflo- 
supercel (1:1) column and developed with 10% 
acetone-pentane-hexane. (Sea-sorb is an activated 
magnesium oxide; Hyflo-supercel is a refined dia- 
tomaceous earth.) After the rapidly moving orange

/3-carotene band was eluted (no a-carotene was 
detected) it contained 117 /rg/ml of /3-carotene on 
the basis of the original volume of 15 ml. Hence, 
the total pigment extract contained 117/149 or 78% 
/3-carotene. The /3-carotene solution was evaporated 
in vacuo to dryness and 36 ml of high-boiling 
(87-98°C) petroleum ether (hereinafter referred to 
as heptane) was immediately added to the dried 
material ahead of the incoming air. The heptane 
solution contained 44.25 pg/ml of /3-carotene. One 
ml of the heptane solution was then added to each 
of five lX  10 cm columns of new, freshly opened 
calcium hydroxide (Mallinckrodt's U.S.P. grade) 
and developed according to the method of Bickoff 
(Bickoff et al., 1948, 1949; Bickoff, 1957) with 
1/4% (v/v) of p-methylanisole in heptane. The 
effluents were read in the spectrophotometer; results 
are summarized in Table 1, line 1.

Five more shaken-flask cultures, grown at the 
same time as those just described, were filtered on 
cheesecloth in the same way, but the mycelial pads 
were dried overnight in a vacuum oven at 60°C. 
The mycelium (average dry weight 5.9 g) was 
ground to 20-mesh; 200 mg of each preparation 
were put on a column similar to those above and 
extracted directly into the adsorbent with 10% 
acetonc-pentane-hexane. The procedure from this 
point on was identical to that given above. The 
average results are given in Table 1, line 2.

In another experiment, four 6-day-old cultures 
were harvested as before and filtered through 
cheesecloth. The mycelial pads were combined for 
wet extraction which was carried out by macerating 
the mycelium in the blender for 3 min in 300 ml 
ethanol +  225 ml pentane-hexane. A second extrac
tion was made with 500 ml of ethanol :acetone 
(1:1) and a third with 500 ml of methanol. A 
reddish pigment was left in the cells, and an at
tempt was made to remove this with a blender 
treatment in 500 ml ethanol :acetic acid (1:1 by 
vol.). This left some red color, so Bonification was 
resorted to, with methanol as the suspending me
dium. After addition of pentane-hexane and water, 
followed by centrifugation, the cells still had a 
reddish pigment. It was believed, however, that 
substantially all the /3-carotene had been extracted, 
so all extracts were combined, diluted with pentane- 
hexane, and washed free of water-miscible solvents 
with 20% NaCl solution and then repeatedly with 
water. The pentane-hexane solution (1620 ml, 159 
/rg total pigment per ml) was treated on a Sea-sorb 
column as before. Fifteen ml of influent (equiva
lent to ca. 2385 /xg total pigment) yielded a fraction 
containing 2050 fig /3-carotene (86% of total pig
ment). It was evaporated under N2, made up to 24 
ml with heptane, and analyzed on 5 C a (0 H )2 col
umns as before. The average recovery from the
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columns was 97%, and the isomer composition is 
shown in Table 1, line 3. The earlier analyses 
mentioned above, averaged in Table 1, line 4, were 
done on composite dried material, stored in a 
freezer, but occasionally taken out and exposed to 
light and air at room temperature.

DISCUSSION
The results of these and other analyses 

indicate that the two principal neo-/3-caro- 
tenes are found in the fresh mycelium, al
though the possibility is not completely ex
cluded that only the all-trans isomer is 
present in the living organism and that 
isomerization to the neo-/3-carotenes takes 
place almost immediately during extraction. 
Irradiation with visible light tends to de
crease the content of c i s  isomers, whereas 
heating promotes the formation of these iso
mers (Thompson et al., 1951). We have 
studied the effects of ordinary temperature 
and lighting on the total carotenoid content 
of the fermentation product (Ciegler et ah,
1961) but not on its stereoisomer content.

In considering the vitamin A value of the 
fermentation product, we calculate as follows, 
using Bickoff’s table (see Introduction) for 
the /3-carotene in our better dried material 
(Table 1, line 4) :

100% x  91.0%  X 1,670,000 =  1,520,000 IU /g
53%  X 7.3%  X 1,670,000 =  65,000 IU /g
38%  x  1.6%  X 1,670,000 =  1,000 IU /g

Total 1,586,000 IU /g
Hence our product has about 95% of the 

theoretical vitamin A value for a t t - t r a n s - f i -  
carotene. This product, having been stored 
and exposed occasionally to light and air, 
represents somewhat more nearly the condi
tions that a commercial preparation to be 
used in feeds would encounter than do the 
other preparations above. Carotene could be 
extracted from fresh mycelium for use as a 
food additive.
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Quantitative Aspects of the Interaction of Carrageenan and Other 
Hydrocolloids with Polyvalent Cobalt Complexes

SUM M ARY
C arrageenan , o th er  sulfatée! p o lysacch a rid es, 

and carb o x y lic  acid  p o lysacch a rid es react w ith  
h e x o l n itra te , liex a m in e  cob altic  ch lo r id e , and  
tr is -(e th y le n e d ia m in e )-c o b a lt  III  ch lor id e  in  
aq u eou s so lu tio n  to g ive p recip ita tes  w h ich  e x 
h ib it d ifferen tia l so lu b ilities  in so lu tio n s  o f  
sim p le  sa lts. T h e tu rb id ity  (o p tic a l d en sity )  
p rod uced  w h en  th e h y d roco llo id s are m ix ed  
w ith th ese co b alt co m p le x e s  is p ro p o rtio n a l to 
th e  a m ou n t o f  h yd roco llo id  p resen t. Salts in 
h ib it  th e  rea ction , an d , g en era lly , th e ord er o f  
in h ib itio n  is : m o n o v a len t ca tion s <  d iva len t 
cation s <C tr iv a len t ca tion s.

T h e  tem p era tu re and pH  o f  th e reaction  
m ed iu m  greatly  in flu en ce  th e  fin a l tu rb id ity  
d ev elop ed . G en erally , th e  co m p le x e s  fo rm ed  
th rou g h  th e  rea ction  o f  th e  su lfa ted  p o ly sa cch a 
rid es and  th e  co b alt co m p le x e s  are less read ily  
d isso lved  by so lu tio n s  o f  s im p le  salts than  th ose  
fo rm ed  by th e  ca rb o x y lic  p o lysacch a rid es and  
th e  co b alt co m p le x e s . N eu tral p o lysacch a rid es  
are n ot p recip ita ted  by th e co b alt c o m p le x e s, 
h en ce  th ree co m p o n en t system s co n ta in in g  a 
su lfa ted , a ca rb o x y lic , and  a n eu tra l p o lysac
ch arid e can  be reso lved  and  th e  in d iv id u a l co m 
p on en ts  d eterm in ed  q u an tita tiv e ly . G ood reso 
lu tio n  was o b ta in ed  w ith  a m ix tu re  su ch  as 
carrageen an  (su lfa te d )  p lu s a lg in  (c a r b o x y lic )  
p lu s lo cu st bean gu m  (n e u tr a l) .

Q u an tita tive assay  o f  th ose p o lysacch arid es  
w hich fo rm  p recip ita tes  (tu r b id ity ) w ith th e  
co m p le x e s  can  be d on e e ith er  by m ea su r in g  th e  
tu rb id ity  d ev elop ed  or by d eterm in in g  spectro- 
p h o to m etr ica lly  th e a m ou n t o f  co b alt co m p le x  
ca tion  h ou n d . T h ese  co lo red  co m p le x e s  have  
sharp  a b s o r p t i o n  m a x im a : h e x o l n itrate,
m a x  =  4 9 0  mw; h ex a m in eco b a lt  ch lo r id e , 
m a x  =  4 7 5  m/x ; and  tr is -(e th y le n e d ia m in e )-  
co b alt III  ch lor id e , m a x  =  4 7 0  m/x.

INTRODUCTION
Carrageenan is a sulfated polysaccharide 

which is widely used in the food and pharma
ceutical industries as an emulsifier and sta
bilizer. The mechanism of its action, espe
cially with the proteins of milk, has not yet 
been fully elucidated, partly because of a lack 
of rapid and precise methods for its separa
tion and quantitative determination in com
plex milieu, particularly in the presence of

other hydrocolloids such as sodium carboxy- 
methylcellulose, pectin, gum tragacanth, lo
cust bean gum, and algin.

Several schemes have been advanced for 
the identification of food gums (Bundensen 
and Martinek, 1954; Smith and Montgom
ery, 1959; Ewart and Chapman, 1952). 
However, apart from the method of Hansen 
and Whitney (1960) and the methylene blue 
method (Graham, 1960), methods for the 
quantitative determination of carrageenan 
have not been forthcoming.

The trivalent cation [Co(N H 3) e]++l and 
the hexavalent complex cobalt ion [C o(O H )6 
(Coen-j)3]+6 have been used to precipitate 
chondroitin sulfate from aqueous solution 
(Mathews and Dorfman, 1953; Vouras and 
Schubert, 1957). The polyvalent cobalt com
plexes, as well as tris-(ethylenediamine)- 
cobalt III chloride, [C o(en)3] Cl3, have also 
been used to precipitate hyaluronate, nucleic 
acid, and mucoproteins from solutions and to 
aid in the study of physiological and patho
logical conditions involving the above-named 
biochemical entities (Shatton and Schubert, 
1954; Weissmann e t  a l . . 1959; Weissmann 
1960; Harris and Schubert, 1955; Harris 
and Teodoru 1961 ; Mathews, 1964).

The precipitates formed through the inter
action of these polyvalent cobalt complexes 
with chondroitin sulfate, mucoprotein, DNA, 
and hyaluronate dissolve readily in solutions 
of simple neutral inorganic salts such as cal
cium chloride (Vouras and Schubert, 1957) 
and this has facilitated the isolation of the 
hydrocolloids. In addition, preliminary ex
periments indicated that the p re c ip ita te s  
formed through interaction of the cobalt com
plexes and the proteins of milk were highly 
insoluble in saturated sodium sulfate, sodium 
chloride, magnesium sulfate, and magnesium 
chloride.

Although hexol nitrate has been used as 
an identifying agent for several hydrocol
loids, including c a rrag een an  (Smith and 
Montgomery, 1959), several other sulfated 
hydrocolloids, such as furcellaran, hypnean, 
fucoidan, and iridophycan, have gained sig

[ 362 ]
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nificance recently. Secondly, carrageenan is 
related to chondroitin sulfate both structu
rally and physiologically. Therefore, in view 
of the reported selective precipitation of sul- 
fated mucopolysaccarides by these polyvalent 
cobalt ions and the facile solubility of the 
precipitates in solutions of simple salts, it was 
considered of interest to study the solubility 
characteristics of the complexes formed 
through the interaction of such polyvalent 
cations with several classes of hydrocolloids. 
This approach poses the possibility of resolv
ing complex mixtures of hydrocolloids com
monly used in the food and pharmaceutical 
industry, but, as far as is known, it has not 
been investigated.

The colored nature of the cobalt salts in 
aqueous solution, with sharp absorption max
ima, enables rapid quantitative determina
tions of the amount of hydrocolloid present. 
This communication summarizes the results 
of such investigations and outlines applica
tion of the techniques developed to the sepa
ration and quantitative determination of car
rageenan and other hydrocolloids in milk 
and other complex mixtures.

EXPERIM ENTAL
Materials. The carrageenan and other hydro

colloids used are listed in Table 1. Stock solutions 
were prepared and dialyzed as previously outlined 
(Graham, 1960). Hexamine cobaltic chloride (lu- 
teocobaltic chloride) — [Co(NFL)e] CI3—was pre
pared according to the method of Bjerrum and 
McReynolds (1946). It may also be obtained from 
the K and K Laboratories, 177-10, 93rd Avenue, 
Jamaica 33, New York, N. Y. A 20 mfl//L stock 
solution was made up in double distilled water and 
stored in an amber bottle.

Hexol n i t r a t e — [Co( OH)«(Coen»)3] (NOj)«— 
was prepared according to the method of Werner 
(1907). A 20 mJli/L stock solution was prepared 
as described for hexamine cobaltic chloride. Tris- 
(ethylenediamine)-cobalt III chloride—[Co(en)3]- 
Cla—was prepared according to the method of Work
(1946).

The purity of all three cobalt salts was checked 
by the Kjeldahl nitrogen determination and by 
the constancy of their absorption spectra after re
crystallization. The absorption spectra are shown 
in Fig. 1.

Inorganic salts, C. P. grade, were used without 
further purification. Isopropyl alcohol and ethyl 
alcohol were Fischer certified reagent grade.

WAVE LENGTH ( M g  )

Fig. 1. Absorption spectra of polyvalent cobalt complexes and carrageenan (Seakem type 5) in distilled water.
I, tris-(ethylenediamine)-cobaltic chloride II, hexol nitrateIII, hexamine cobaltic chlorideIV, carrageenan ( Seakem type 5)
Ion-exchange resin—Dowex 50W-X8 resin, H + 

form, 50-100 mesh—was used.

DEVELOPMENT OF THE METHOD
G eneral procedure. Two to 10 mg of the par

ticular hydrocolloid dissolved in distilled water 
was added to a series of 30-ml Pyrex test tubes. 
If necessary, the volume was made up to 8 ml with 
distilled water or any other solution being investi
gated. The test tubes were preincubated for 10 min 
at 30±1°C. Two ml of the stock solution of the 
cobalt complex was added dropwise to each tube, 
shaking the tube well after each drop. The tubes 
were then incubated 30 min at 30±1°C, cooled 10 
min in an ice-water bath, and allowed to stand 15 
min at room temperature, and the turbidity devel
oped was measured at 600, 600, and 700 mg for 
tris-(ethylenediamine)-cobalt III chloride, hex
amine cobaltic chloride, and hexol nitrate, respec
tively, against a reagent blank. The appropriate 
reagent blank consisted of 2 ml of the cobalt com
plex plus all the other ingredients except the 
hydrocolloid. When the influence of variables or 
some other aspect of the problem was being studied, 
suitable controls were included as required.

Factors influencing the reaction. To assess the 
influence of several variables which may affect the 
reaction, the turbidity developed through the inter
action of 10 mg of carrageenan (Seakem type 5) 
with 2 ml of each of the cobalt complexes was 
measured as outlined in the general procedure, but 
varying the factors under investigation between the 
desired limits.
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Table 1. Summary of reaction of hydrocolloids dispersed in distilled water with cobalt complexes at 29±1°C.
R e a g e n t a

H y d r o c o l lo id  te s te d A B c
Group I. Sulfated polysaccharides 

Carrageenan (8 samples) + +

b

+Furcellaran + + +Hypnean + + +Fucoidan + + +Iridophycan + + +Agar — — —

Group II. Carboxylic polysaccharides
Sodium alginate + + +
Sodium carboxymethylcellulosc + + +Pectin + + +Mucin + + +
Gum Karaya +Gum arabic — — —
Gum tragacanth + Hh
Gum ghatti + ±2
Quince seed mucilage + +  (Gels) +  (Gels)
Polysaccharide B-1459 (NRRL) + + +

Group III. Phosphorylated polysaccharides
Phosphomannans Y-2448 and Y-2154 + ±2

Group IV. Neutral Polysaccharides
Locust bean gum — — —

Gum guar — — —
Potato starch — — —

Tamarind seed mucilage — — —

Group V. Proteins
Casein — — —

Lactalbumin — — ___

Gelatin — — -

Group VI. Other Compounds
Polygalacturonic acid + + +Polyglucose sulfate + + +Dextran sulfate + + 4-Chondroitin sulfate + + +Mepesulfate c + + +Heparin + + +Sodium lauryl sulfate + + +Sodium lauryl sulfonate + + +

a Reagent A, hexol nitrate.
Reagent B, hexamine cobaltic chloride.
Reagent C, tris-(ethylenediamine) co b a lt I I I  chloride.

b +  Precipitation or turbidity.— No visible reaction.±  Doubtful reaction.
0 Mepesulfate—Sodium salt of sulfated polygalacturonic acid methyl ester methyl glycoside.
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Table 2. Solubility of precipitates of hydrocolloid-polyvalent cobalt complexes in various salt solutions at 30°C. Concentration (normality) of salt necessary to reduce OD of systems to Yz of its value.

S y s te m  te s te d
S a l t  t e s te d A B C D E
LhSCh 0.065 0.04 0.045 0.028 0.05
NaCl 0.51 0.26 0.14 0.110 0.22
ICQ 0.69 0.50 0.28 0.09 0.30
Li Cl 0.52 0.15 0.10 0.06 0.12
NH4CI 0.6 0.30 0.2 0.10 0.27
HC1 0.9 0.33 0.14 0.002 0.05
MgSCh 0.16 0.11 0.10 0.05 0.10
MgCla 0.70 0.30 0.10 0.06 0.20
CaCL 0.95 0.12 0.12 0.06INJ-LHSO, 0.11 0.10 0.09 0.35 0.08
ZnSOj 0.15 0.12 0.10 0.10
Na»SQ.i 0.075 0.05 0.05 0.03 0.06
NaSCN 0.6 0.45 0.30 0.125 0.28
K NO., 0.6 0.38 0.25 0.07 0.30
KsSO, 0.115 0.18 0.085 0.038 0.11
NaNOa 0.6 0.22 0.24 0.10 0.20

A =  carrageenan (Seakem type 5 )—hexol nitrate.B =  carrageenan ( Seakem type 5)—hexamine cobalt chloride.C =  carrageenan (Seakem type 5)—tris-ethylenediamine cobaltic chloride. D =  sodium carboxymethylcellulose—hexamine cobaltic chloride.E =  sodium alginate—hexamine cobaltic chloride.
The influence of pH was studied by adding vari

ous amounts of 0.01-0.1AI phosphate buffer to the 
hydrocolloid-cobalt salt mixture and following the 
general procedure outlined above. The pH of each

Fig. 2. Influence of temperature on the turbidity developed through the interaction of hydrocolloids with hexol nitrate.
I, carrageenan II, gum tragacanthIII, sodium carboxymethylcelluloseIV, pectinV, sodium alginate VI, furcellan

system was checked before and after incubation. 
Tubes containing only the cobalt salts were treated 
similarly in order to assess any possible effect of 
pH on the absorption spectrum of the cobalt salts 
themselves.

The influence of temperature on the development 
of turbidity (Fig. 2) and on the spectrum of the 
cobalt salts was also studied.

Solution of precipitates by various salts. To 
test the solubility of the precipitates formed by 
various hydrocolloids and the cobalt complexes, 0-4 
ml of a solution of the salts listed in Table 1 was 
added to each tube. The tubes were shaken well 
and the mixture in each tube was measured as out
lined in tbe general procedure. A plot of the optical 
density vs. the final normality of the salt indicates 
the ability of each salt to dissolve a particular pre
cipitate. Comparisons were made by noting the 
concentration of salt needed to reduce the amount 
of precipitate formed to 50% of the value obtained 
when no salt was added to the system (Vouras and 
Schubert, 1957). For convenience, this has been 
dubbed “the (4-OD value." The results are sum
marized in Table 2 and Fig. 3.

The influence of aging of the precipitates on their 
solubility was also checked.

Influence of temperature of reaction on the 
solution of precipitates by solutions of various 
salts. Since preliminary observations indicated 
that, apparently, as the temperature of reaction in
creased, the solubility of the precipitate in salt solu-
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Tabic 3. Influence of variables on determination of carrageenan by methods I and II.
V a r ia b le R a n g e V a lu e

in v e s t ig a te d in v e s t ig a te d s e le c te d
Procedure No. 1

1. pH adjustment before heating pH 7-11 pH 9
2. Alkalis used NaOH.KOH

NH4OH
NaOH

3. Time of heating 0-3-niin 10 min
4. Temp, of heating 60-100°C 100°C

Procedure No. 2.
1. As above As above 9
2. As above As above NaOH
3. Final normality of NaOH 0-1.0 0.5
4. Cobalt complex used All three Hexamine

cobaltic
chloride

5. Salt used for extraction Na.SOi
NaCl
MgSOi
MgCU

MgCU

FINAL NORMALITY O F  SALT SOLUTION

Fig. 3. Comparative solubility of carrageenan- hcxol nitrate precipitate in sodium chloride and magnesium sulfate. Demonstration of calculation of “34-OD value.”
I, sodium chloride II, magnesium sulfate

tions decreased, this aspect was investigated fur
ther. For this, precipitation was done at 30, 45, 
and 60° C. The precipitates formed -were treated 
with increasing amounts of salts as described above, 
and the Jdi-OD value was calculated.

Application of the method. After the several 
factors affecting the reaction of carrageenan with 
the cobalt complexes were delineated, the proposed 
method was applied to the determination of carra
geenan in milk and other mixtures. Two different 
procedures were followed in isolating the hydro
colloid from mixtures.

Procedure No. 1. Coprecipitation of albumin 
and globulin with casein at pH 4.5. Fifty g of 
milk or other material, weighed to the nearest gram, 
was placed in a stoppered 100-ml centrifuge bottle. 
Where necessary, 10-20 ml of warm distilled water 
was added to disperse the material. The pH of the 
mixture was adjusted to 9 by adding, dropwise, 
5.V NaOH and following the procedure with a 
Beckman Zeromatic pH meter. Then the mixture 
was treated as shown in the outline. Filtrates II 
and 111 were collected in a 100-ml volumetric flask 
and the volume made up to mark with distilled 
water. The contents were mixed thoroughly, and 
8 ml was used for determination turbidimetrically as 
outlined in the general procedure.

Procedure No. 2. Simultaneous precipitation of 
carrageenan and milk proteins with cohalt com
plex and extraction of the carrageenan with satu
rated magnesium chloride. For this, the milk or 
other material was weighed out, and, if necessary, 
warm water was added as described under proce
dure No. 1. Enough 5N NaOH was added to give 
a filial concentration of 0.5.Y and the mixture was 
treated as shown in the outline. The carrageenan 
content of filtrate III was determined on a suitable 
aliquot by the anthrone-thiourea method (Graham, 
1965) or by the barium chloride procedure (Flan- 
sen and Whitney, 1960).

Resolution of mixtures of hydrocolloids. Three 
component systems consisting of 100 mg each of 
carrageenan, sodium carboxymethylcellulose, and 
locust bean gutn were resolved using hexamine 
cobaltic chloride and sodium sulfate. This was 
done on “untreated” mixtures and on mixtures
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Determination of carrageenan in milk and other products, procedure No. 1.

Milk or other product
Adjust to pH 9.0 with NaOH Heat for 10 min at 100°C Cool; Adjust to pH 4.5 Centrifuge and filter

4
Filtrate =  Gum some albumin and globulin Treat with mercuric chloride, or Dowex 50W-x8 resin and, if necessary decolorizing charcoal Filter

I
Filtrate III 

=  Gum

IResidue
Discard

Precipitated I=  Casein, Coagulated albumin and globulin may be occluded carrageenan
Extract with saturated mgCU Centrifuge

Filtrate II =  Gum Precipitate II =  Proteins
added to milk. Hexamine cobaltic chloride (0.1 g) 
was added to the mixture dispersed in 40 ml of 
distilled water and the mixture was incubated for 
30 min at 30±1°C and then centrifuged for 15 min 
at 2500 rpm. The supernatant was carefully 
poured off onto Whatman No. 2 filter paper and 
the filtrate collected. This filtrate contains the lo
cust bean gum (neutral polysaccharide) ; any pre
cipitate on the filter paper was returned to the 
centrifuge tube. The precipitate contains the carra
geenan (sulfated ) and the sodium carboxymethyl- 
cellulose (carboxylic hydrocolloid). Ten ml of 
0.05N  sodium sulfate was added to the precipitate, 
and the mixture was shaken well and left at room 
temperature (28±1°C) for 15 min. It was then 
centrifuged for 10 min at 2500 rpm and the super
natant poured carefully over Whatman No. 2 filter

paper. The filtrate contains the carboxylic poly
saccharide, and the precipitate contains the carra
geenan. The carrageenan was dissolved in 0,2N 
Na^SCfi. Each hydrocolloid in the mixture was 
assayed by an established method (Bundesen and 
Martinek, 1954; Cameron et al., 1948; Helbert and 
Brown, 1957, 1961). Prior to analysis of any of 
the fractions, it was shaken with 5 g of mercuric 
chloride and filtered, and the filtrate was used for 
analysis. This clarifies the solution through precipi
tation of the cobalt salt by mercury. Dowex 
50W-8 resin, H + form, 50-100 mesh, may also be 
used (Mathews and Dorfman, 1953). The results 
are summarized in Table 4. Mixtures containing 
carrageenan, sodium alginate or any other car
boxylic polysaccharide and any neutral polysac
charide may be fractioned in the same way.

Determination of carrageenan in milk and other products, procedure No. 2.
Milk or other products

l
Filtrate I=  Some gum and proteinadd 5x volume of alcohol Centrifuge

Filtrate II Discard.

Add 0.2 g hexamine cobaltic chloride. Shake well.Incubate 30 min at 30° C. Centrifuge 15 min at 2000 rpm.

Precipitate I =  Gum and proteinsAdd saturated MgCF Centrifuge.Repeat MgCU treatment.

-----1Precipitate II =  Gum and proteinPool with precipitate I
Precipitate III =  Proteins

lFiltrate III — Gums
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Table 4. Resolution of mixtures of hydrocolloids with hexamine cobaltic chloride and sodium sulfate.
Q u a n t i ty

H y d r o c o l lo id  A d d e d  R e c o v e r e d  %
a d d e d _______________(m g )_______ (m g )_____ r e c o v e r y  a

Isolated hydrocolloids
Carrageenan
Sodium

100 99.4 99.4

carboxymethyl-
cellulose 100 99.6 99.6

Locust bean gum 100 101.2 101.2
Hydrocolloids added to 
milk system and then 
isolated according to the 
method I

Carrageenan 100 95.8 95.8
Sodium carboxymethyl

cellulose 100 97.2 97.2
Locust bean gum 100 98.3 98.3
11 Each value represents the average of 3 different determinations.
Recovery of carrageenan added to milk and 

milk products, '['he recovery of carrageenan from 
milk and milk products was tested by adding 
0-100 mg (dry-weight basis) of the hydrocolloid 
to various systems. Isolation was done by the pro
posed methods, and quantitative determination was 
carried out as outlined in the general procedure. 
The results are summarized in Table 5.

RESULTS AND DISCUSSION
Fig. 1 shows the absorption spectra of the 

cobalt complexes in distilled water. By mak
ing turbidity measurements at 700 m/r for 
hexol nitrate and at 600 m/r for hexamine 
cobaltic chloride and tris- (ethylenediamine) - 
cobalt III chloride, minimum interference

due to absorption by the cobalt complexes 
themselves will be encountered. After pre
cipitation of the hydrocolloid the residual co
balt complex can be measured. Alternately, 
the precipitate formed can be dissolved in 
sodium sulfate or some other salt and the 
absorption of the released cobalt complex 
measured. In both cases, measurement is 
facilitated by the sharp absorption maxima 
of the highly colored cobalt salts.

When dissolved in distilled water, the ab
sorption maxima of all three complexes were 
the same between the temperatures of 25 and 
65 °C. Over this same temperature range 
their absorption at their respective absorption 
maxima differed by only 1-2%, thus indi
cating that, under the experimental condi
tions, temperature essentially does not affect 
the absorption spectra.

At 30±1°C, pH had a profound effect on 
the cobalt complexes, especially at the lower 
and higher levels. Between pH 4.2 and 8.0, 
no essential difference was found. Below pH
3.8. absorption was lower, while above pH
8.5 it increased because of a darkening of the 
solution. This was especially true for hexol 
nitrate.

The reactivity of several hydrocolloids and 
some related materials with the polyvalent 
cobalt complexes in aqueous suspension at 
30±1°C is shown in Table 1. The sulfated 
polysaccharides all reacted with the three 
cobalt cations. Several other sulfated com
pounds. listed under group VI, were also 
precipitated by all the complexes, indicating 
that, in general, sulfated and sulfonated com
pounds are active.

Table 5. Recovery of carrageenan from milk and
M eth o d  N o . 1 M e th o d  N o . 2

A d d e d R e c o v ere d R e c o v e r e d
S y s te m (m g ) (m g ) A v. R a n g e (m g ) (m g ) A v . R a n g e
Milk 5 0 4 7 .8 9 5 .6 9 4 .6 - 9 6 .2 5 0 4 8 .1 9 6 .2 9 4 . 6 -  9 8 .2(commercial sample) 1 2 .5 1 1 .6 9 2 .8 9 0 .8 - 9 4 .5 1 2 .5 1 1 .9 9 5 .2 9 2 . 8 -  9 7 .1

Chocolate milk 5 0 4 7 .0 9 4 9 2 .9 - 9 5 .8 5 0 4 7 .2 9 4 .4 9 1 . 2 -  9 5 .6
(3% chocolate in 

commercial milk)
1 2 .5 11.0 8 8 8 5 .5 - 9 0 .6 12 .5 11 .5 9 2 .0 9 0 . 8 -  9 4 .0

Beer 5 0 4 9 .2 9 8 .4 9 7 .9 - 9 9 .2 5 0 4 9 .5 9 9 .0 9 6 .2 - 1 0 1 .6(commercial sample) 12 .5 12 .1 9 6 .8 9 2 .4 - 9 8 .4 1 2 .5 1 2 .0 9 6 .0 9 3 .6 -  9 8 .2
Orange juice 5 0 4 9 .4 9 8 .8 9 7 .6 - 9 9 .4 5 0 4 9 .6 9 9 .0 9 8 . 4 -  9 9 .8

(canned) 1 2 .5 1 2 .0 9 6 .0 9 4 .5 - 9 8 .7 1 2 .0 1 2 .2 9 6 .4 9 4 . 5 -  9 8 .0
Average of 5 separate determinations.
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Among the carboxylic polysaccharides, the 

most active were sodium alginate, sodium 
carboxymethylcellulose, mucin, pectin, quince 
seed mucilage, and the bacterial polysaccha
ride B-1459 (NRRL) (R o g o v in  et al., 
1961; Sloneker and Jeanes, 1962 ; Sloneker 
and Orentas, 1962). Gum tragacanth, gum 
ghatti, and gum karaya reacted strongly with 
hexol nitrate, but much less with the other 
two cobalt cations. This reflects the greater 
activity of the hexavalent cobalt cation of 
hexol nitrate over that of the other two tri- 
valent cobalt cations. Gum arabic did not 
react with any of the cobalt cations.

The two phosphorylated polysaccharides 
(Anderson et al., 1960; Jeanes ct al., 1961b; 
Slodki, 1962) investigated reacted strongly 
with hexol nitrate, but only weakly with the 
other two cobalt cations. As expected, none 
of the neutral polysaccharides were precipi
tated by the cobalt complexes.

Under the conditions of the screening tests, 
the proteins did not respond although all the 
cobalt reagents, when added to milk, caused 
coagulation of the proteins.

The coagulation of several hydrocolloids 
by hexol nitrate is listed by Smith and Mont
gomery (1959, p. 44). Data included in this 
report supplement those given by the above- 
mentioned authors, since two trivalent cobalt 
complexes and several different polysaccha
rides are included.

The turbidity developed through the reac
tion of any sulfated or carboxylic hydrocol
loid with any of the cohalt complexes, at a 
specific temperature, is directly proportional 
to the amount of hydrocolloid present. For 
carrageenan, a straight-line relationship was 
obtained when optical density was plotted 
against hydrocolloid concentration. This held 
true for concentration ranges of 2-16 mg of 
the hydrocolloid per 10 ml of the reaction 
mixture.

Temperature has a profound effect on the 
turbidity developed, as shown in Fig. 2. 
Maximum turbidity occurred with carragee
nan and furcellaran at 60-75°C, while with 
sodium carboxymethylcellulose, pectin, so
dium alginate, and tragacanth it occurred at 
about 35-38°C.

When tested in a distilled-water system at 
30±1°C, pFI also affected the reaction.

Maximum turbidity occurred between pH 4.2 
and 8.8.

Buffer molarity also affected the turbidity 
developed with maximum turbidity occur
ring at and below 0.02 molar phosphate 
buffer.

Several salts, mainly as chlorides, were 
tested for their ability to inhibit the precipi
tation of carrageenan by the cobalt complexes. 
In general, the order of activity w as; mono
valent cations < divalent cations < trivalent 
cations. Trivalent cations such as Fe++t and 
Al++I, precipitate the hydrocolloid in the ab
sence of the cobalt complexes.

Inhibition of the formation of precipitates 
by cations is due mainly to competition for 
the anionic binding sites of the hydrocolloid 
(Harris and Schubert, 1955; Harris and 
Teodoru, 1961; Mathews, 1960, 1964). The 
nature of the accompanying anion of the salt 
also has some influence since, generally, the 
sulfates were more active than the chlorides 
and nitrates.

The most interesting feature of the pre
cipitates formed in interaction of the hydro
colloids with the cobalt complexes is the solu
bility of such precipitates in solutions of 
simple salts. The differential solubility of 
the hydrocolloid-polyvalent cobalt cation pre
cipitate can be exploited to separate mixtures 
of hydrocolloids.

Table 2 shows the final normality of sev
eral salts necessary to reduce the turbidity 
of various systems to one-half that developed 
when no salt was added. This “index of ac
tivity” was chosen since the concentration of 
any salt necessary to completely dissolve the 
precipitate was, at times, too high for prac
tical experimentation. This method has been 
found by Vouras and Schubert (1957) to 
give good comparisons. The sulfates were 
the most effective salts in this respect in the 
following ap p ro x im ate  order: L iS 0 4 > 
Na2S 0 4 >  (NH4USO4 =  K2S 0 4 =  M gS04
> ZnS04. Among the chlorides, the approx
imate order of activity was: NaCl >  LiCl
> NFI4CI > MgCU > KC1 > CaClo > HC1.

Aging seemed to increase the “ 1/2-OD”
values of the salts. Precipitates were formed 
at 30±1°C and left at this temperature for 
6, 12, 24, and 48 hr. After 6 hr, the 
“ 1/2-OD” value for sodium sulfate and so
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dium chloride increased 10-15%. This may 
be attributed, partially, to the tendency of 
the precipitate to form clumps on standing.

Apparently, the temperature of precipita
tion also influenced the “ 1/2-OD” value, 
since, as the temperature of precipitation in
creased, the “ 1/2-OD” value also increased. 
A portion, but not all, of this increase can be 
ascribed to the greater precipitation with in
creased temperature. However, other factors 
may be involved since, when systems devel
oped at 60°C were diluted to the same 
turbidity as those developed at 30° C and 
45 °C and were treated with sodium sulfate 
and sodium chloride, “ 1/2-OD” values were 
relatively higher for the precipitates formed 
at the higher temperatures.

The method used for the separation of 
proteins from the mixtures deserve some 
comment. In method 1, the alkali added to 
the milk presumably dissociates any com
plexes formed between carrageenan and the 
milk proteins. Woodman (1941, p. 168) 
mentions the use of “a few drops of ammonia” 
in describing the isolation of food gums from 
milk and ice cream. Partridge and Elsden
(1961) reported that the chondroitin sulfate- 
protein complex could be dissociated with 
alkali. Although more critical evidence is nec
essary for unequivocal proof of the dissoci
ation, the great decrease in the viscous nature 
of the milk-carrageenan mixture on the addi
tion of alkali indicates that the hydrocolloid- 
milk protein interaction was disrupted. The 
alkali added prevents the thermal destruction 
of carrageenan since this hydrocolloid is most 
stable at around pH 9.0 and is not readily 
destroyed at high temperatures in suspen
sions above pH 6.0. Heating for 10 min at 
100°C denatures the albumin and globulin, 
which are then coprecipitated with casein at 
around pH 4.7 (Rowland, 1937, 1938).

Determination of the carrageenan content 
of any sample by the proposed method de
pends on the use of a standard curve which 
should be constructed with a sample of the 
same "type” of the hydrocolloid being deter
mined.

In method 2, the carrageenan polyvalent 
cobalt complex and, presumably, to some ex
tent the carrageenan-protein complex, are 
dissociated by the saturated magnesium chlo
ride, in which the carrageenan but not the 
protein is soluble. As in method 1, the initial 
addition of alkali dissociates the carrageenan- 
protein complex. Although sodium or lithium 
sulfate is more active in dissociating the com
plex, the use of magnesium chloride obviates 
the introduction of inorganic sulfate into the 
sample. This is important where a sulfate 
analysis on the isolated sample is to be done. 
Magnesium chloride is also very soluble in 
alcohol. Determination of the amount of car
rageenan present by the anthrone-thiourea- 
sulfuric acid test ( Graham, 1965) is a rapid 
method for isolated samples. It is partic
ularly advantageous since proteins, sugar 
alcohols, and ascorbic acid do not react, as 
in the classical anthrone-sulfuric acid test. 
Moreover, the reagent is stable for as long 
as six weeks if stored in an amber bottle 
under refrigeration.

Recovery of added carrageenan from milk 
and milk products was somewhat low at low 
levels of added carrageenan. This could have 
been due to incomplete dissociation of the 
carrageenan-protein complex and to incom
plete extraction with the magnesium chlo
ride. Removal of the fat by the Rdese- 
Gottlieb method prior to treatment of the 
sample did not lead to higher recoveries.

When compared with the method of Han
sen and Whitney (1960), the recoveries 
from milk and milk products were somewhat

Table 6. Comparison of determination of carrageenan in milk by proposed method No. 2 and by the ester sulfate method of Hansen and Whitney (I960).“
C a r r a g e e n a n  a d d e d

( m g )
C a r r a g e e n a n  re c o v e re d

( m g ) %  re c o v e ry
M e th o d  u s e d M e th o d  u s e d M e th o d  u s e d

N o . 2 H - W N o . 2 H - W N o . 2 H - W
100 100 95.8 99.4 95.4 99.4
50 50 47.4 51.2 94.8 101.4

12.5 12.5 11.6 12.2 92.8 97.6
“ Average of 3 determinations for each value.
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low. The proposed method, though much 
more rapid than theirs and of approximately 
the same reproducibility, is less specific. 
However, by calibrating the proposed method 
against the ester sulfate method, it does lend 
promise as a rapid procedure for the detec
tion and determination of carrageenan in 
food products. The specific food gum present 
can be ascertained by a preliminary test 
(Bundensen and Martinek, 1954: Smith and 
Montgomery, 1959: Helbert and Brown, 
1957-1961 ; Cameron et al., 1948 ).

Carrageenan and the sulfated polysac
charides formed precipitates which dissolved 
much less readily in the salt solutions than 
the carboxylic polysaccharides.

The only exception to this rule was the 
bacterial polysaccharide B1459 (Jeanes et al., 
1961a). The complexes formed by this hy
drocolloid with the polyvalent cations, espe
cially that formed with hexol nitrate, were 
much less soluble in sodium sulfate and the 
other salts than the carrageenan complex.

In a few experiments, pectin was readily 
extracted and determined by the procedures 
outlined.
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Stress-Strain and Creep Relationships of Pectin Gels

SUM M ARY
T h e rh e o lo g ic a l p ro p erties  o f  sugar-aeid- 

p ectin  g e ls  w ere stu d ied  by m ea su r in g  th e stress- 
stra in  re la tio n sh ip s  u n d er  th ree typ es o f  lo a d in g  
(im p a c t , co m p ress io n , and  s ta t ic ) . T h ese  gels  
are v isco ela stic . W h en  th e a p p lied  stress was 
le ss  th an  .2 5  lb  p er  sq in ., a p erm a n en t d e fo r 
m a tio n  ( “ p la stic  flow ” ) was o b served , w h ile  
w ith la rg er  stress, th e  g e l resp o n d ed  elastica lly  
and fa ilu r e  was “ b r ittle .” B oth  th ese  resp o n ses  
w ere h ig h ly  tim e-d ep en d en t. T h e data o b ta in ed  
in d ica te  th a t th e  im p a ct and  co m p ressio n  
m eth od  o f  te stin g  ca n n o t clearly  id e n tify  sm all 
d ifferen ces in  ch em ica l co m p o s it io n . Creep  
tests in d ica te , h ow ever, that d isacch arid e gels  
su p p orted  la rg er  stresses fo r  lo n g e r  tim es than  
did  g e ls  c o n ta in in g  m o n o sa cch ar id es.

INTRODUCTION
The rheological properties of sugar-acid- 

pectin gels, although of considerable econo
mic importance, have been studied largely by 
empirical methods. It was felt that a more 
comprehensive stud}’, using recently de
veloped methods of measuring impact and 
creep stress-strain relationships, would pro
vide a better insight into these rheological 
properties.

A variety of devices have been developed 
for measuring gel strength. However, the 
rheology of these gels is complex and there
fore has been poorly understood. Conse
quently, the testing methods were often based 
on unsound premises, commonly taking the 
form of procedures intended to duplicate as 
closely as possible the actual commercial 
use of the material. Alatz (1962) reported 
that “tests may be classified a s : a) those in 
which the elastic limits (breaking strength) 
of the jellies are exceeded and the jelly is 
ruptured; and b) those measuring deforma
tion (sag) of jellies without exceeding the 
elastic limit. In the first category a re : 
Sucharipa's jelly disc method, the Fellers- 
Clague penetrometer, the Luers-Lochmuller 
Pektinometer, and the Delaware jelly tester 
of Tarr and Baker, with its several modifica
tions. Sag methods include the Bloom gelo- 
meter, the Cox and Higby sag method with 
its variations, the B.A.R. jelly tester, and

Saverborn’s cylindrical torsion method.” 
The F.I.R.A. jelly tester described by 
Campbell (1937-38) and the Exchange 
Ridgelimeter (IFT, 1959) also depend upon 
sag measurements.

Cheftel and Mocquard (1947) investi
gated the rheological properties of pectin 
gels with a high sugar concentration. Their 
results indicated that previous data on the 
elasticity of gels were in error. These con
clusions were disputed by Owens et al.
(1954), who pointed out that the deforma
tion of high-methoxy pectins is linear with 
respect to small stress, and that recovery is 
complete.

A detailed review of methods for deter
mining gel properties was made by Joseph 
and Baier (1949).

Hinton (1950) pointed out that the setting 
temperature of a jelly is a determinate 
physical property, whereas the setting time 
is a secondary property dependent upon 
temperature.

Christensen (1954) showed that the rela
tion between “sag” value and “breaking 
strength” was not constant, but was related 
to the molecular weight of the pectin. It 
was therefore impossible to find a simple 
conversion factor for the two types of test.

Solms (I960) outlined the relationship 
between the chemical constitution and gela
tion properties of pectin.

Harvey (1960) reported that sugar-acid- 
pectin gels are viscoelastic. Viscoelastic ma
terials exhibit the properties of both liquids 
and solids. The theory of viscoelasticity is 
discussed by Bland (1960), Reiner (1960), 
and Van Wazer et al. (1963 ).

Matz (1962) stated: “In the evolution of 
the various procedures for testing the 
strength of pectin gels it was frequently 
found that the results obtained on the same 
sample by different laboratories did not agree 
as closely as was desired. Differences were 
attributed to unrecorded variations in pro
cedures, materials, or equipment. As a re
sult specification of these factors became 
more and more detailed. The Pectin Jelly

[ 373 ]
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Test (I FT, 1959) of the Pectin Standardiza
tion Committee of the Institute of Food 
Technologists is an interesting example of 
the rigid procedure produced in the evolution 
of this empirical type of test.’'

Although work on the rheological prop
erties of pectin gels (when fully set) has 
progressed farther than work on other gels, 
Harvey (1960) pointed out that this work 
has not included ex ten siv e  rheological 
evaluation. The correlation of rheological 
properties with sensory evaluation of gel 
texture has not yet been achieved. Because 
the rheological properties of gels are time- 
dependent, the empirical nature of much of 
the previous “rheological-type'’ measure
ments has led to some confusion. As each 
method introduces its own time base, it is 
not surprising that differing results are ob
tained hv different test procedures. Further
more, although pectin is one of the oldest 
hydrocolloids known, many features of its 
structure and properties remain enigmatic 
(Anon, 1960). Intensive rheological studies 
will be required to correlate the various char
acteristics of the gel with one another and 
with the gel structure.

APPARATUS
To establish rates of strain between 0.2 and 50 in. 

per min, a Bellows Hydrocheck and air-motor 
(in-line assembly) was used (Fig-. 1). This unit 
is available commercially and is described by 
Mohsenin (1963).

The static (creep) and impact loads were ap
plied to the samples by means of a 2-ft balance 
arm mounted on knife-edge supports (Fig. 2). The 
beam was carefully balanced so that it would 
remain at rest on the knife edges. The desired 
weight was placed on the platform at the end of 
the beam. The beam, raised to the required height 
(y2 in.) above the sample, was held by a pin. 
Upon removal of the pin, the beam moved down
ward and the plunger bead struck the sample. 
Heads used on the plunger were of 1-inch and 
1 \A-inch diameter.

The force (stress) exerted on the sample was 
measured by an assembly of four cantilever beams 
(Fig. 1). The deflection of each cantilever beam 
was sensed by two Tatnall “Metalfilm” foil strain 
gages. The eight gages from the four beams were 
wired to form a Wheatstone bridge. The stress 
applied to the sample, and hc-nce to the cantilever 
beams, was sensed by the strain-gage bridge, ampli
fied and recorded.

Fig. 1. Bellows hydrocheck compression.U nit: A, Hydrocheck cylinders
B, Linear variable differential transformer(LVDT)C, Loading plungerD, Cantilever beams su p p o rtin g  specimen holder

A Brush “Metresite’’ linear-variable differential 
transformer (LVDT) attached to the crosshead 
of the loading mechanism measured the deflection 
(or strain) on the sample by sensing the relative 
position of the crosshead and the plate of the stress
sensing assembly.

A two-channel dual-beam oscilloscope with cam
era or an X-Y recorder was used to amplify and 
record the signals from the LVDT and strain-gage 
transducers.

Fig. 2. Static and impact loading beam.
(A ) counterweight( B )  LVDT(C) Loading platform(D) Loading plunger(E) Specimen(F) Cantilever beams
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An Exchange ridgelimeter (IFT, 1959) was 

used as a control instrument to measure the sag 
occurring in each batch. The soluble solids and pH 
of all batches were determined according to the 
AOAC methods of analysis (1960), respectively 
sections 29.011 and 10.125.

TEST PROCEDURE
Preparation of gels. The procedure of the IFT 

Committee on Pectin Standardization (IFT, 1959) 
was followed in preparing the gel samples. A 
standard batch could be boiled in about 10 min, 
but a few batches were made smaller in order to 
decrease the boiling time. Upon completion of the 
boiling operation (1015 g), the batch was set 
aside and allowed to cool to 205°F. No skimming 
was required. After cooling, the required amount 
of standard citric acid was added to the batch, 
which was then poured into the standard ridge
limeter jars, and/or aluminum moisture dishes 
2 in. in diameter by y% in. deep. All samples were 
held at room temperature for 36-48 hr before 
testing.

Most of the test batches were prepared with 
sucrose at a soluble solids content of 65%. Gels 
containing sucrose at 62% and 68.5% SS were 
also tested.

Citrus pectin (150-grade) was used in all tests. 
Slow-set pectin from one well mixed pectin lot 
was used in all of the tests, except for the few 
tests using rapid-set citrus pectin.

The “standard” pectin batches contained the 
amount of 150-grade pectin required to gel the 
quantity of sugar in the batch (i.e., in the propor
tion of 1 lb of pectin to 150 lb of sugar). A series 
of batches were also prepared with U or 1% of 
the “standard” amount of pectin.

For most batches the pH was 2.6, although 
batches were made with pH's from 2.2 to 3.0 by 
varying the quantity of citric acid used.

Gels were made up wherein 25% of the sweet
ener was Cerelose or glucose, the balance of the 
sweetener being sucrose. Also, batches were made 
up using only Cerelose or glucose as sweetener.

Measurement of rheological properties. The 
samples in the dishes were trimmed and turned out 
(unmolded) onto a steel plate which rested on 
the cantilever beam assembly, or onto the glass 
plate supplied with the Exchange ridgelimeter. 
Each sample was tested at room temperature 
(70°F). All samples tended to sag from their own 
weight when unmolded.

Compression loading was done with Bellows 
“Valvair" unit (Fig. 1). The force was applied at 
a number of speeds to the gel through a circular 
plunger 1 in. or l 1/  in. in diameter.

A series of tests were performed where a gel 
sample was subjected to rapid loading and unload

ing using the impact beam (Fig. 2) and the 1-in.- 
diameter plunger.

Impact stresses were applied by releasing a 
weighted beam (Fig. 2). The theoretical velocity 
at impact for a body in free fall would be 1200 in. 
per min. The average velocity from motion pictures 
was found to be 155 in. per min. This value agrees 
with the terminal velocity of 300 in. per min at 
impact estimated from the oscillograph records. 
Therefore it is assumed that the impact tests were 
done at an impact velocity of 300 in. per min. The 
deformation under static loads (creep) was meas
ured after carefully lowering the weighted beam 
( Fig. 2) upon the sample so that the plunger head 
contacted the center of the test specimen. After 
contact was made, the beam was released.

RESULTS
Tlie stress-strain curves calculated from the 

force-deformation relationships obtained at various 
rates of loading on gels containing 65% sucrose 
and standard pectin at pH 2.6 are shown in Fig. 3. 
Each curve represents the average values obtained 
from at least five different test batches. A typical 
curve representing the average of five tests is shown 
in Fig. 4. Figs. 5 and 6 illustrate the variation in 
stress-strain response when pH or sucrose content 
is varied.

Fig. 3. Stress-strain relationships at various rates of strain. Each curve represents the average values for five tests on 65% sucrose gel pH =  2.6. Standard pectin.
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slow set pectin 
rapid set pectin

Fig. 4. Stress-strain relationships for five 65%- sucrose gels, pH =  2.6. Standard pectin, rate of strain =  25 in. per min.

STRESS
(lbs/sq.in.)

Fig. 6. Stress-strain relationships for sucrose gels at a rate of strain of 18 in. per min, pH =  2.6. Standard quantities of slow-set pectin except where otherwise noted.
In an ideal elastic material, the relationship be

tween applied force ( stress! and deformation 
(strain) can be expressed in the form:

E = l -e
where E =  Young’s Modulus

a — stress, in lb per sq in. 
e nc strain, in inches per inch.

Since no allowance has been made for the stress 
concentration occurring under the plunger, the

Fig. 5. Stress-strain relationships for 65%- sucrose gels. Standard quantities of slow set pectin.

term “apparent modulus" is used to describe the 
ratio of stress over strain. Fig. 7 shows the appar
ent modulus at failure (cosecant modulus) for 
various rates of loading as the pectin content is 
varied. Similar curves for varying sugar content 
and pH levels can readily be obtained from Figs. 3, 
5, and 6.

Fig. 7. Apparent modulus at failure for 659% sucrose gels, pH =  2.6.

The stress-strain response to repeated loading 
and unloading (with increasing stress) for a 65% 
sucrose gel is illustrated in Fig. 8.

Fig. 9 illustrates a typical static loading curve 
of deformation and recovery with time for a 65% 
sucrose pectin-sugar-acid gel, at a constant loading 
of 0.34 lb.

Fig. 10 shows typical static loading deformation 
(to failure) with time for various gel compositions 
when subjected to constant stress. The strain at 
failure was remarkably constant. The average 
values for these creep tests are tabulated in 
Table 1.
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Fig. 8. Typical loading-unloading stress-strain relationship for 65%-sucrose gel.
In Fig. 11, the lengths of time required for 

various gels to deform (creep) to failure under 
constant stress are plotted against the applied stress.

Fig. 12 illustrates the sag (% ) as measured by 
the Exchange ridgelimeter for various gel compo
sitions and conditions.

DISCUSSION
Over the range of loading rates studied, 

all gel samples when loaded at less than .2 
lb per sq in. underwent deformations up to 
.15 inch per inch. This would be equivalent 
to an apparent modulus of approximately

d e f o r m a t i o n

(s tra w  ) 
(inches)

TIME (m inutes)

Fig. 9. Creep deformation for 65%-sucrose gel. Standard quantity of slow-set pectin, pH =  2.6. 
OA, Instantaneous deformation AB, Delayed elasticity BC, Viscous flow C, UnloadedCD, Instantaneous recovery DE, Delayed recovery E, Reloaded
1.25 lb per sq in. Although it is not obvious 
from the compression test results, it was later 
observed in the loading and unloading tests 
at small stress that the deformation was not 
completely recoverable, and therefore was 
not elastic in character. Some sort of “plas
tic flow” was occurring (at these very low 
stresses).

At stresses greater than .25 lb per sq in. 
the response of the gel becomes quite elastic 
(Figs. 3, 4, 5, 6) although very dependent

Fig. 10. Typical creep deformation (to failure) of gels containing standard quantities of slow-set 
pectin.
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Table 1. Average values found in the creep test for several gels.

T y p e  o f 
s u g a r %s u g a r

S lo w  s e t  
p e c t in  

c o n te n t p H
N o . o f  

b a tc h e s  
te s t e d

A v .
s t r a i n  

a t  f a i l u r e  
( i n . )

C o n s ta n t
s t r e s s
( p s i )

A v .
c re e p  t im e  
( m in  to  
f a i l u r e )

Sucrose 65.0 Standard 2.6 5 0.25 0.61 21.0
Sucrose 65.0 Standard 2.58 7 0.27 0.64 4.5
Glucose 65.0 Standard 2.7 9 0.22 0.50 3.6
Cerelose 63.0 Standard 2.3 10 0.25 0.55 4.3

n  t h e  r a t e o f  s t r a in . T h e  v a lu e  o f th e r a t e s  o f  s t r a i n  ( s e e F ig s .  3, 6 ) .  T h i s  i
apparent modulus at failure is also highly 
dependent on the rate of strain (see Fig. 
7 ). The failure was quite brittle in most 
cases. In the compression tests, the vari
ability of the results ( see Figs. 3, 4, 5, 6) 
makes it very difficult to distinguish small 
differences in strength between individual 
batches of gel. Therefore the test as pres
ently conducted would not be suitable for 
evaluating gel strength on a commercial 
basis.

Impact. Frictional resistance in the ap
paratus, as well as other variables, caused 
the results of the impact tests to be variable. 
It was observed that the apparent modulus, 
as measured by the impact tests, ranged from 
6 to 8 lb per sq in., which is considerably 
higher than the values obtained at lower

be expected, since the slope of the stress- 
strain curve is greatly influenced by the rate 
of strain.

Creep. The average values in Table 1 in
dicate that, for a given batch composition, 
the time for creep to failure varies from a 
few seconds to mail}' minutes. It is interest
ing to note the tendency of all batches to 
fail at approximately .25 in. of deformation. 
Although the batch compositions are not 
strictly comparable, it is strongly indicated 
that the disaccharides are able to support 
greater loads for longer times than 
the batches containing a monosaccharide 
sweetener.

Fig. 9 would tend to confirm the “plastic 
flow” characteristics found in the compres
sion tests, since, on unloading after 3 min

CONSTANT .5 
STRESS 
Applied
(lbs/sq.irv) ^  _

Soluble solids Pectin pH
o---------- - —o65% sucrose standard slow set 2.6
ùt--------- ___^65% sucrose standard rapid set 2.6

▼ "-------- --*49%  sucrose standard slow set 2.6
16% glucose

□---------- — u 63% cerelose standard slow set 2.3
• ---------- ___ *65%  glucose standard slow set 2.75

.8

.7

.6 -Q________________

.2 .3 .4 .5
I . .1 i - i  I .1 _i__I__I I 1 I I

2 3 4 5 10
TIME TO FAILURE ( minutes)

Fig. 11. Time for various gels to fail when subjected to a constant stress.

_1_ -1____l—L
20 30 40 50 100
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A------------ a pectin varying
o ----------------------- o  PH varying
□---------------□ sucrose varying
•-.............     « boil time varying

20 25 3 0 35
RIDGELIMETER SAG (7.)

Fig. 12. Variation in percent Ridgelimeter sag when one factor is varied at a time. Basic gel contains 65% sucrose, standard quantity of slow-set pectin with pH =  2.6.
of loading, both the instantaneous and tran
sient gel recovery indicate a permanent defor
mation of approximately .13 in. The slope 
of the viscous-flow portion of the curve would 
indicate that deformation due to viscous flow 
would be 0.01 in. in 3 min. Therefore, 0.12 
in. of this permanent deformation could not 
have been caused by viscous flow.

Ridgelimeter. The variation of the ridge
limeter (sag readings) with the different 
variables (Fig. 12) indicates good correla
tion of the test variables with the ridgelimeter 
results.

General observations. It was observed 
that gel samples are subject to “work- 
hardening” (Figs. 8, 9). The effect of this 
“work-hardening” on test results merits con
siderable more study. This probably means 
that a gel can be meaningfully tested only 
once. It is possible that the amount of 
handling the gel receives before testing in
fluences the results obtained.

The diameter of the test plunger influenced 
the results of the tests; the moduli appeared 
to be about 10% higher for the tests done 
with the lj^-in.-diameter plunger than for 
the 1-in.-diameter plunger. This was not

expected, since Timbers et al. (1965) found 
that stress concentration under the plunger 
should yield larger apparent moduli under the 
smaller-diameter plunger.

CONCLUSIONS
The rheological properties of sugar-pectin- 

acid gels measured in this study exhibited 
considerable variability. The most likely 
causes of this variability a re : 1) the sag of 
the unconfined samples; 2) the time-depen
dency on this sag; 3) the “work-hardening” 
of the samples before testing; 4) the friction 
and inertia in the measuring apparatus (par
ticularly in the impact tests) ; 5) the experi
mental errors in batch preparation; and 6) 
the zeroing of measuring equipment, etc. 
The experimental and measuring errors are 
not considered to be a major factor con
tributing to the variability.

Certain attributes of the sugar-acid-pectin 
gels were quite definitely indicated:

1) The presence of a “plastic flow” (non- 
recoverable strain) at low stress.

2) The dependence of strength criteria 
upon the rate of strain when tested in both 
the “plastic flow” and elastic regions.
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3) The presence of only small differences 
between mono- and disaccharide gels when 
tested by either compression or impact.

4) The existence of rather substantial 
differences in creep behavior between gels 
containing mono- and disaccharides, the latter 
supporting greater stresses for longer times.

5) The presence of a typically “brittle” 
failure for all types of gels.

6) The apparently insignificant effect of 
pectin degradation during boiling upon sub
sequent rheological properties.

The deformation of rubber and some 
cross-linked plastics has been interpreted by 
Howard (1949) and Treloar (1958) as an 
extension of a randomly jointed chain molec
ular network. The deformation of gels has 
been interpreted by Anon (1960) and Matz
(1962) in the light of these theories with the 
addition of water and sugar, acting to swell 
and plasticize the basic gel-forming chains. 
However, this work shows that the initial 
deformation of a gel is not recoverable, and 
hence is not strictly comparable to rubber 
or plastic deformation curves displaying 
similar patterns. Reiner ( 1960) reported 
that a similar permanent deformation has 
been associated with gelatin solutions.

On the basis of these results, it appears 
that at least two types of bonding are involved 
in the pectin-acid-sugar gel structure. One 
type of bond is very weak, and capable of 
re-forming after disruption. The other bonds 
would be stronger, p robab ly  randomly 
jointed, and could impart the elastic proper
ties exhibited bv the gels at stresses above
0.25 lb per sq in.

A number of characteristics were indicated, 
but require verification. They were :

1) The sugar-pectin-acid gels appear to 
have the ability to absorb the greater portion 
of the energy applied to them. On this basis 
such gels would likely have a low relative 
elasticity.

2) They appear to require at least two 
relaxation constants.

3 ) They appear to be highly pseudoplastic 
and thixotropic.
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The Thermal Degradation of Sugars. II. The Volatile 
Decomposition Products of Glucose Caramel

SUM M ARY
T w enty-tw o co m p ou n d s in  th e vo la tile  fr a c

tion  o f  g lu co se  caram el w ere sep arated  and  
id e n tified . T h e m a teria l o f  th e n eu tra l vo la tile  
fra c tio n  fo r  gas ch rom a to gra p h y  was p repared  
by th e  a d so rp tio n  m eth od  on  an active ch ar
co a l, and  sep aratio n  o f  th e  v o la tile  acid s by 
a p p rop ria te  pH  a d ju stm en t, stea m  d istilla tio n , 
and ex trac tion .

T h e v o la tile  co m p ou n d s ten ta tiv e ly  id en tified  
o n  th e  b asis o f  th e ir  re ten tio n  data in c lu d ed  
2  fu r a n  co m p o u n d s, 2  a lco h o ls , 11 carbon yl 
co m p o u n d s, and  7 fa tty  ac id s. In  a d d itio n , 6  
p eak s in  th e  n eu tra l fra c tio n  and  1 p ea k  in  th e  
acid ic  fra c tio n  w ere fo u n d  b u t n o t id en tified .

INTRODUCTION
The thermal degradation of sugars dur

ing processing at high temperature is one of 
the important problems of food manufacture. 
The chief concern in the author's laboratory 
has been to determine the thermal degrada
tion products of sugars. In the previous 
paper (Sugisawa and Edo, 1964), it has 
been reported that a-o-glucose has gone to 
higher oligosaccharides by heating at 150°C, 
and some of these oligosaccharides were iso
lated from glucose caramel by charcoal col
umn chromatography.

Interest in the volatile decomposition 
products in caramel has always been high, 
but many workers have been discouraged by 
the arduous methods of separation that were 
necessary before the development of gas 
chromatography. As the first step in eluci
dating this problem by chemical means, 
separation of the thermal decom position 
products from glucose caramel has been at
tempted. The separation of volatile com
pounds was carried out by using the adsorp
tion method on an active charcoal described 
by Strackenbrock (1961).

There is considerable precedent for this 
work, since the thermal decomposition prod- 
ducts of carbohydrates (Greenwood et al.,
1961) and the volatile decomposition prod
ucts of starch (Bryce and Greenwood, 1963) 
have been determined by gas chromatog

raphy, although these pyrolyses were exam
ined at higher temperature (about 300°C) 
than that of caramelization of sugar.

EXPERIMENTAL
Preparation of condensable volatiles from glu

cose caramel. Dried glucose (100 g) was heated 
for 2.5 hr at 150°C in the retort connected with the 
adsorption tower of volatiles as shown in Fig. 1. 
The tower was packed with 130 g of granular 
active charcoal and served to adsorb the volatile 
fraction passed through a series of cold traps 
cooled with ice and water. After pyrolysis of glu
cose, the charcoal was taken out from the tower, 
and transferred to the desorption apparatus (see 
Fig. 2). The charcoal in the desorption apparatus 
was heated with refluxing of boiling water for 1 hr. 
The flow rate of nitrogen was adjusted to 20 
ml/min, and the volatile compounds desorbed from 
charcoal were received into the sample collecting 
tube for gas chromatography ( Sugisawa, 1965) 
kept at about — 70°C. After centrifugation of the 
tube (3000 rpm, 3 min), 0.5 ml of condensable 
volatile compounds was recovered.

Acidic fraction. The most convenient method 
for separating the acidic fraction from glucose 
caramel is by steam distillation and extraction with 
solvent, after adjustment of pH. The total acidity 
and the volatile acidity were determined by the 
method described by Ruck (1956). Total acidity 
was 0.052% (as succinic acid), and volatile acidity 
0.014% (as acetic acid).

The acidic fraction was prepared as follows : 
The pyrolysate was dissolved into 1 L of water, 
and the solution (pH 3.4) was adjusted to pH 8.3 
by addition of 10% sodium carbonate solution. The 
neutral volatile fraction was removed by steam 
distillation for 30 min. The residue was extracted 
with ether to remove the neutral nonvolatile frac-

Fig. 1. Schematic drawing of the apparatus of pyrolysis. A =  nitrogen inlet, flow rate 20 ml/min, B =  1 L retort, C =  condenser, D and E =  cold traps, F =  the charcoal tower (4 X 30 cm) packed with granular active charcoal and one end of the tower was connected with gentle suction, T =  ther
mometer.

[ 381 ]
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G  ^ N 2

H
Fig. 2. Drawing of the desorption apparatus. G =  reflux condenser, H =  1 L flask, ] =  charcoal and nitrogen inlet, desorption tube 5 X 52 cm, J =  outlet of volatiles. Inlet and outlet were packed with glass-wool.

tion. After extracting with ether, the volatile 
acidic fraction was recovered from the alkaline 
aqueous solution by adjusting the pH to 1.0 with 
dilute sulfuric acid and then distilling with steam. 
The condensate was saturated with sodium chlo
ride, and the volatile acids were extracted with 
100 ml of ether for 30 min oti a mechanical shaker. 
About 0.2 ml of a slightly yellow-colored viscous 
liquid with a strong acidic odor was obtained from 
1 L of the pyrolysate solution. This extract was 
used as the sample of volatile acidic fraction. After 
distillation of volatile acids, the residue was con
tinuously extracted with ether for 24 hr, and 
about 1 ml of the extract was used as the sample 
of nonvolatile fatty acids.

Gas chromatography of volatile acids. The 
volatile acids thus obtained were methylated by 
using tlie ether solution of diazomethane prepared 
from nitrosomethyl-urethan (Arndt, 1943). The 
ether solution of methylated sample was injected 
into gas chromatography, and the composition of 
the methyl esters was examined with two types of 
column packings : 20% Carbowax-400 on Chromo- 
sorb W, and 5% diethyleneglycol succinate on 
Shimalite C. A chromatogram of the methyl esters 
is shown in Fig. 3.

Fig. 3. Chromatogram of methyl esters of the volatile acidic fraction.
Paper chromatography of nonvolatile fa tty  

acids. The components of the nonvolatile fatty 
acid fraction were determined by paper chromatog
raphy irrigated in a solvent system of formic acid- 
n-butanol-water (1:4:1 v /v). The chromatogram 
was developed with 0.04% alcohol solution of brom- 
phenol blue.

Gas chromatography of neutral volatile frac
tion. The sample was prepared by the adsorption 
method on an active charcoal as described above. 
The sample contained not only neutral volatile com
pounds but also traces of volatile fatty acids, but 
the latter did not interfere with gas chromato-
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graphic analysis, since the fatty acids remained in 
the column under the conditions employed herein.

The neutral volatile components were analyzed 
with a Shimadzu GC-1B gas chromatography 
equipped with a hydrogen flame ionization detector. 
Many types of solid and stationary-phase materials 
were tested before it was found that the following 
three columns gave adequate separation of the vola
tiles for analytical w ork: a) 20% Carbowax-400 
on Giromosorb W ; b ) 20% |8,fl'-oxydipropionitril 
on Chromosorb W ; c) 10% (Carbowax-400 and 
dibutylphthalate 9:1) on Chromosorb W.

Fig. 4 shows a typical separation when only 10 ,ul 
of sample was injected. The exact experimental 
parameters of operation—temperature, flow rate of 
carrier gas, etc.—accompany the figures and tables.

Chromatogram of the neutral volatile fraction.

RESULTS AND DISCUSSION
This adsorption method on an active char

coal is very suitable for collecting a small 
amount of the volatile compounds. Neutral 
volatile compounds could be separated by 
appropriate pH adjustment and steam dis
tillation. However, the neutral fraction ob
tained by steam distillation was not suitable 
for gas chromatographic analysis, because of 
the loss of easily volatile material during 
steam distillation.

Strackenbrock (1961) studied the flavors 
of apples by the adsorption method on the 
charcoal and reported that the desorption of 
volatiles was carried out by distillation under 
vacuum at 250°C, the volatiles being con
densed in a tube kept at —70°C, and tests 
with pure substances showed that these 
were not chemically changed by adsorption 
and subsequent desorption of the charcoal.

Tables 1 and 2 give the relative retention 
volumes of the volatile compounds of glucose

caramel and authentic compounds. Methyl 
ethylketone was used as the reference com
pound for the neutral volatile fraction, and 
methyl propionate for the volatile acidic 
fraction.

Two furan compounds, two alcohols, and 
eleven carbonyl compounds were tentatively 
identified by using three different columns. 
These volatile compounds of glucose caramel 
are qualitatively identical to those from glu
cose pyrolysate at 300°C described by Bryce 
and Greenwood (1963), it is found that these 
volatiles were already formed during cara- 
melization at 150°C. Peaks 1 through 6 in 
Fig. 4 were not identified. Four peaks before 
acetaldehyde and furan were detected with 
every column, but these peaks could not be 
declared whether these were really the vola
tiles from glucose or not. Most of water 
formed by thermal dehydration was collected 
by using a series of cold traps under reduced 
pressure, although water and permanent 
gases in the volatile fraction of glucose cara
mel could not be detected by this gas chro
matographic setup, and also the presence of 
formaldehyde was not examined. 2-Methvl 
furan and acrolein could not be separated 
with column A or column C, but were sepa
rated very well with column B.

In the volatile acidic fraction, seven volatile 
fatty acids were identified by comparison of 
their relative retention volumes with those 
obtained for standard compounds under iden
tical co n d itio n s. Methyl propionate and 
methyl iso-butyrate could not be separated 
satisfactorily with column E, but the separa
tion of these compounds was achieved with 
column D. One unknown compound could be 
separated by means of only column E, but 
this peak did not show up when the sample 
was chromatographed with column D.

Succinic, fumaric, levulinic, and furan car
boxylic acids as the nonvolatile acids were 
identified by paper chromatography.

5-Hydroxymethyl furfural was obtained 
by distillation of the neutral nonvolatile 
fraction and identified by measuring of ultra
violet spectrum, Amax 283 m/x in methanol. 
Further it was identified as derivative of
2,4-dinitrophenyl hydrazone (Shriner et a!.,
1956) by the melting point of an admixture 
of the derivative and authentic component,
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Table 1. Relative retention volumes of volatiles in glucose caramel and authentic compounds.

N a m e
C o lu m n  A C o lu m n  B C o lu m n  C

S t a n d a r d S a m p le S t a n d a r d S a m p le S t a n d a r d S a m p le

Unknown 1 0.07 0.02 0.02
Unknown 2 0.10 0.06 0.12
Unknown 3 0.13 0.08 0.14
Unknown 4 0.19 0.11 0.18
Acetaldehyde 0.27 0.27 0.27 0.26 0.22 0.22
Furan 0.40 0.41 0.23 0.23 0.31 0.31
Propionaldéhyde 0.46 0.45 0.45 0.46 0.37 0.37
iso-Butyraldehyde 0.50 0.50 0.46 0.46 0.45 0.44
Acetone 0.57 0.57 0.70 0.66 0.53 0.54
2-Methyl furan 0.64 0.63 0.37 0.37 0.53 0.54
Acrolein 0.64 0.63 0.61 0.60 0.53 0.54
n-Butyraldehyde 0.77 0.77 0.74 0.76 0.69 0.70
Methyl-ethylketone 1.00 1.00 1.00 1.00 1.00 1.00
Unknown 5 1.08 1.05
iso-Valeraldehyde 1.02 1.02 0.87 0.86 1.16 1.17
Methanol 1.38 1.39 0.70 0.66 0.93 0.94
Unknown 6 1.60 1.62 1.50
M ethyl-propylketone 1.68 1.66 1.86 1.86 1.80 1.80
Diethylketone 1.68 1.66 2.10 2.12 1.80 1.80
Ethanol 1.86 1.86 0.79 0.79 1.42 1.42
n-Valeraldehyde 2.00 2.05 1.18 1.16 1.82 1.84

Retention volumes relate to methyl-ethylketone.Column A : 20% Carbowax-400 on Chromosorb W, 50-80-mesh, 3 mm X 2.25 m, 50°C'. Column B: 20% /3,j8'-Oxydipropionitril on Chromosorb W, 80-100-mesh, 3 mm X 2 m, 50°C. Column C: 10% (Carbowax-400 and dibutylphthalate, 9:1) on Chromosorb W, 80-100-mesh, 
3 mm X 3 m, 30°C.

Table 2. Relative retention volumes of the methyl esters of volatile fatty acids in glucose caramel and authentic compounds.

N a m e
C o lum n D C o lu m n E

S ta n d a r d S a m p le S ta n d a r d S a m p le

Methyl formate 0 .4 7 0 .4 6 0 .5 0 0 .5 1
Methyl acetate 0.66 0 .6 5 0 .6 9 0 .7 0
Methyl propionate 1.00 1.00 1.00 1.00
Methyl iso-butyrate 1 .0 8 1 .0 8 1 .0 3 1.00
Methyl n-butyrate 1 .5 4 1 .5 3 1 .5 0 1 .5 2
Methyl iso-valeratc 1.86 1 .8 5 1 .7 8 1 .8 0
Unknown 2.50
Methyl n-valerate 2 .8 2 2 .8 0 2 .6 4 2 .6 5

Retention volumes relate to methyl propionate.Column D: 20%  Carbowax-400 on Chromosorb W , 60-80-mesh, 3 mm x  3 m, 50°C. Column 11: 5% DECS on Shimalite C, 60-80-mesh, 3 mm X 3 m, 50°C.
nip 200-201°C. However, it is hoped that 
the separation of other components in neutral 
nonvolatile fraction still in progress will 
determine at least some of them.

It has been known that cross plotting or 
two-dimensional plotting is one of the sim
plest ways of obtaining a second parameter 
for peak identification (Sugisawa et al., 
1962 ; Bryce and Greenwood, 1963). A cross 
plot was made by plotting the log of the

relative retention volumes of the sample run 
on one column against the log of those of 
the same sample on a second column. When 
the values for the relative retention volumes 
of carbonyl compounds obtained from glu
cose caramel were plotted in this manner, 
the identities of the compounds given in 
Fig. 5 were confirmed. Acetone-acrolein 
and n-valeraldehyde-methyl propyl-ketone 
respectively line up on a vertical line; it
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COLUMN C

Fig. 5. Cross plot of log relative retention volumes of carbonyl compounds on two different columns.

means that these compounds cannot be 
separated with column C. Similarly, iso- 
valeraldehyde and methyl ethylketone line up 
on a horizontal line; these two cannot be 
separated with column A.
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Reactivities of Lipid Solvents with Thiobarbituric Acid
SUM M ARY

M ethyl a lco h o l, e th y l a lco h o l, ch lo ro fo rm , 
d ie th y l e th er , p etro leu m  eth er , cy c lo h e x a n e , 
and carbon tetrach lorid e w ere tested  fo r  reactiv 
ity  w ith  th iob arb itu ric  acid . P ig m en ts  w ith  
a b sorp tion  m a xim a  at 4 5 0  and  5 3 2  m,u w ere 
readily  fo rm ed  from  p etro leu m  eth er  and d i
eth yl e th er; m eth y l a lco h o l, eth yl a lco h o l, 
ch lo ro fo rm , and h e x a n e  rea cted , b u t to a lesser  
e x te n t;  carbon tetrach lor id e  was u n reactive. 
T h e p ro d u ction  o f  th ese  m a lo n a ld eh y d e-lik e  
co m p o u n d s, p resu m a b ly  fr o m  co n ta m in a n ts  in  
the so lv en ts, was in creased  by h ea tin g .

Kohn and Liversedge (1944) observed 
that animal tissues which had been incubated 
aerobically gave a pink chromogen with
2-thiobarbituric acid (TBA ). Bernheim et 
al. (1948) found this red color to be the 
result of a complex formed from oxidation 
products of unsaturated fatty acids and
2-thiobarbituric acid. The TBA reaction 
thereafter became an expirical assay of lipid 
autoxidation and has been widely used in 
studies of various foods and animal tissues 
(Sinnhuber and Yu, 1958; Tarladgis ct al.,
1960). The red pigment with an absorption 
maximum at 532 mp. has been identified as 
a condensation product of one molecule of 
malonaldehyde. (M A) and 2 molecules of 
TBA ( Sinnhuber and Yu, 1958). Tarladgis 
et al. ( 1962, 1964 ) have shown that acid and 
heat used in the TBA reaction are important 
factors in color development. Unknown sub
stances in acetic acid, which is a solvent 
commonly used for the TBA reagent, have 
been shown to be responsible for the forma
tion of an interfering yellow pigment (Yu 
and Sinnhuber, 1964). In fact, it has been 
found that TBA can form red and yellow pig
ments, having absorption peaks in the vicinity 
of 532 and 450 nip., with ethyl alcohol, methyl 
alcohol, and formic acid ( de Koning and Silk,
1963) ; glyceraldehyde and epihvdrin alde
hyde ( Patton. 1960) ; and certain pyrimidines 
(Shepherd, 1948; Sinnhuber et al., 1958).

The TBA assay for lipid oxidation often 
involves the use of lipid solvents (Dahle ct al., 
1962. Tarladgis et al., 1960). In experiments 
using the TBA reaction we noted that a vari-

etv of solvents would, alone, react with TBA. 
This report gives detail in that regard.

EXPERIMENTAL
TBA reagent was prepared in either 11 Cl (Sinn

huber and Yu, 1958) or acetic acid (Tarladgis 
ct al., 1962). Seven solvents tested for reactivity 
with TBA were: methyl alcohol, ethyl alcohol, 
chloroform, diethyl ether, petroleum ether, cyclo
hexane, and carbon tetrachloride. Each solvent 
was distilled until the ‘‘pot" volume w'as about one- 
tenth of the starting material. The distilled solvent 
and the “pot" concentrate were both tested for reac
tivity with TBA. Equal volumes of sample and 
TBA reagent were reacted in a water hath for 
30 min. The absorption spectra against glass- 
distilled water w'ere recorded in a Cary Model 11 
spectrophotometer.

RESULTS AND DISCUSSION
Petroleum ether and diethyl ether, heated 

with TBA-acetic acid, yield products which 
absorb very strongly at 532 and 450 m/c 
Methyl alcohol, ethyl alcohol, cyclohexane, 
and chloroform, similarly treated, produce 
lesser, though readily detectable, amounts of 
chromogen (Fig. 1). When petroleum ether

Fig. 1. Absorption spectra of complexes prepared by beating thiobarbituric acid in acetic acid with : a) petroleum ether; b) cyclohexane; c) carbon tetrachloride; d) diethyl ether; e) methyl alcohol; f) chloroform.
1 386 )
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and diethyl ether were distilled, the residual 
fractions contained more TBA-reacting sub
stances that did the distillates (Fig. 2, 3). 
However, more TBA-reacting material was

Wavelength, m/j
Fig. 2. Absorption spectra of complexes prepared by heating thiobarbituric acid: a ) in acetic acid with distillate of petroleum ether; b) in acetic acid with residual fraction of distilled petroleum ether: c) in H Q  with distillate of petroleum ether; d) in HC1 with residual fraction of distilled petroleum ether.

Fig. 3. Absorption spectra of complexes prepared by heating thiobarbituric acid: a) in acetic acid with distillate of diethyl ether; b) in acetic acid with residual fraction of distilled diethyl ether; c) in H Q  with distillate of diethyl ether; d) in HC1 with residual fraction of distilled diethyl ether.

present in either the residue or distillate than 
in the original material. That implies that 
some unknown substance or substances capa
ble of reacting must have been produced by 
the beating. When HC1 was used instead of 
acetic acid for the reaction, absorption of the 
chromagen at 532 m/x was lowered, and the 
peak at 450 m /x  disappeared. However, 
another peak appeared at 495 m/x.

It has been shown (Yu and Sinnhuber,
1964) that H 0O2 or other peroxides can react 
with TBA in acetic acid to form a yellow 
pigment with an absorption maximum at 
450 m/x. Tarladgis et al. (1962) also ob
served that H 2O2 can react with TBA-acetic 
acid system, the resulting product having 
absorption maxima at 450 and 532 m/x. Since 
ethers are well known to be contaminated 
with small amounts of peroxides, our results 
with ether may be due to peroxide contamina
tion. Yu and Sinnhuber (1964) found that 
TBA-acetic acid reagent, when heated alone, 
produced a pigment, and showed that acetic 
could be purified by reaction with 2,4-dinitro- 
phenylhydrazine or with potassium dichro
mate. In agreement with his observation, we 
found more pigment formed when acetic acid 
was used; however, substantial amounts of 
pigment were formed even in the absence of 
acetic acid, i.e., in the HC1 systems.

In TBA-HC1 system, petroleum ether and 
diethyl ether were, again, most reactive. An 
absorption peak at 532 m/x (but not at 450 
m/x) was present in the distillate and residual 
fractions of ethyl alcohol, methyl alcohol, 
chloroform, and cyclohexane. Of the seven 
solvents tested, only carbon tetrachloride was 
completely free from any TBA-reacting ma
terial, regardless of whether HC1 or acetic 
acid was used.

TBA is a very reactive compound. It is 
clear that every precaution should be taken 
in use of the TBA reaction where any lipid 
solvent is used, especially if a heat treatment 
is involved. For the quantitative determina
tion of lipid oxidation by the TBA method, 
not only acetic acid but also lipid solvents 
should be purified. Preliminary results show 
that refluxing methyl alcohol or chloroform 
with TBA effectively traps TBA-reacting 
material, and the distillates from such systems 
are free of the chromagen.
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SUMMARY

T h e v o la tile  co m p o u n d s iso la ted  fr o m  h a d 
d ock  ( M e la n o g ra m m u s aeg lefilm s')  f lesh  w ere  
ana ly zed  by cry og en ic  gas ch rom atograp h y . 
F ou r m eth od s o f  c o llec tin g  th e  v o la tile  co m 
p ou n d s w ere stu d ied  and  eva lu ated . C h rom ato
gram s show ed that th e b est sam p les  w ere  
o b ta in ed  from  th e eq u ilib r iu m  vapor ab ove the  
to ta l co n d en sa te  rem oved  fr o m  th e h ad d o ck  
flesh  by v acu u m  d istilla tio n . C h rom atogram s  
illu stra te  th e  ch a n ges in  th e re la tive a m ou n ts  
o f  v o la tile  co m p ou n d s co llec ted  from  sam p les  
o f  b oth  raw and co o k ed  fish  a fte r  storage at 
2°C  fo r  1 , 5 , and 10 days. T h e a m o u n t and  
n u m ber o f  vo latile  co m p ou n d s in creased  d u rin g  
storage , and  co o k in g  re leased  a d d itio n a l co m 
p o u n d s, so m e in large am ou n t.

INTRODUCTION
Little is known of the volatile compounds 

which contribute to the flavor and odor of 
fishery products. Isolation and identification 
of these compounds are essential to discover 
their chemical nature and to understand their 
contribution to the flavor and odor of the 
product. Basic studies of these compounds 
are also needed to determine how they are 
affected by various storage and processing 
conditions. Although gas chromatography is 
widely used for separating the volatile com
ponents associated with the flavor and odor 
of foods, analysis is meaningful most gener
ally only when the sample is collected with 
little or no change from its natural state. 
Several techniques have been used by various 
workers for removing the volatile compounds 
from foods for analysis by gas chromatog
raphy. The most widely used methods are 
solvent extraction ( Hornstein and Crowe, 
1960; Hunter et al.. 1961; Jennings, 1961) 
and distillation (Slater, 1961 ; Yueh and 
Strong, 1960) or a combination of both 
(Brandenberger and Muller, 1962; Hiu and 
Scheuer, 1961; Smith and Coffman. 1960; 
Vorbeck et al., 1961; Weurman, 1963 ; Wick

ct al., 1961). The disadvantages of solvent 
extraction are the inability of solvents to re
move all of the odor components quantita
tively and the possibility of contaminating 
the samples with impurities from the solvent. 
Distillation at elevated temperatures may lead 
to chemical changes. Other methods have 
been reported, such as high-vacuum distilla
tion (Merritt et al., 1959), flushing with an 
inert gas (Kramlich and Pearson, 1960; 
Rhoades, 1958), and direct sampling of equi
librium vapors (Buttery and Teranishi, 1961 ; 
Carrol and O’Brien, 1959; Mackay et al., 
1961 ; Nawar and Fagerson, 1962 ; Teranishi 
ct al., 1962). In a previous study (Mangan 
ct al., 1959) of the volatile components iso
lated from fish, high-vacuum distillation was 
used, but results obtained from further inves
tigations have revealed that samples differ 
markedly in composition with the method of 
isolation. Therefore, a systematic study was 
undertaken of certain techniques for remov
ing volatiles from haddock flesh. In assessing 
the significance of the analysis, of paramount 
importance in addition to the method of 
sampling is the efficiency of the gas chromato
graphic procedures in both degree of separa
bility and level of sensitivity. Although, 
ultimately, it is the objective of the current 
research to determine the effects of storage 
and cooking on the composition of the volatile 
components in fish and their relation to 
flavor, this study was initiated primarily to 
evaluate certain methods of collecting an odor 
concentrate. In the course of the investiga
tion considerable insight has been gained, 
however, concerning the change in the com
position of the volatiles under the various 
conditions of storage for both raw and cooked 
fish.

This paper deals with 4 techniques for col
lecting volatile compounds from cold-stored 
haddock and the gas chromatographic analv-

[ 389 ]



390 COLLECTING VOLATILES FOR GAS CHROMATOGRAPHY

ses of these mixtures. It also shows the 
changes in the volatile compounds from both 
raw and cooked haddock flesh which are due 
to storage.

EXPERIM ENTAL TECHNIQUES
Storage conditions. The samples of haddock 

fillets and storage conditions have been described 
(Mendelsohn and Steinberg, 1962). Sensory odor 
evaluation of the fillet was made by the experi
menters prior to storage and after each storage 
period. The first sample of volatiles was removed 
from the flesh the day the fish arrived at the 
laboratory. Since these fish were stored on ice 
almost 24 hr prior to arrival, they were considered 
as 1 day old. Subsequent samples, taken after the 
fourth and ninth days of storage in the laboratory, 
are referred to as the 5- and 10-day storage sam
ples. Since haddock stored for 10 days at refriger
ated temperatures, though edible, is of poor organ
oleptic quality, no samples were stored beyond this 
period. The composition of the volatiles isolated 
from haddock probably vary slightly with the time 
of the year, landing area, and handling aboard the 
boat. Therefore, all samples were obtained from 
the same source, and storage conditions in the 
laboratory were held constant. At each storage 
interval, duplicate samples were removed from 
storage. Various weights of samples were taken 
depending on the method of collection to be used. 
One sample was used for analysis of the volatile 
compounds from the raw fish, while the other fish 
sample was placed in a sealed glass vessel and was 
steamed in a pressure cooker at 110°C. This sam
ple was placed in the cooker as soon as the water 
had started to boil and cooked for 20 min.

Methods of collecting volatile concentrates. 
Direct sampling of equilibrium vapor. Three hun
dred g of the raw haddock fillets were placed in a 
1-L flask fitted with a sidearm over which was 
placed a rubber septum. Ten ml of the vapor in 
equilibrium with the fish in the flask ( “head gas") 
were removed directly by means of a gas syringe. 
The raw fish was equilibrated to room temperature, 
whereas the cooked fish volatiles were removed 
through the septum while the sample was still hot. 
Vapors were injected directly onto the chromato
graphic column.

Flushing with an inert gas. One hundred g of 
minced raw haddock flesh were placed in the col
lection trap shown in Fig. 1. and equilibrated for 
at least 1 hr at room temperature. The volatiles 
were flushed for 1 min with argon carrier gas onto 
the head of a gas chromatographic column held at 
—65°C (see chromatographic procedure below). 
For analysis of the cooked fish volatiles, the trap 
was sealed and was cooked in the pressure cooker

ARGON TO
CARRIER GAS CHROMATOGRAPHIC COLUMN

Fig. 1. Sample container used for removal of fish volatiles by flushing.

for 20 min. The hot volatiles were then removed 
in the same way by flushing for 1 min.

Vacuum collection of equilibrium vapor. At
room temperature the equilibrium vapors above 
600 g of raw haddock fillets and cooked haddock 
fillets were collected in gas bottles evacuated to a 
pressure of about 1 g Hg. The collection bottles 
were then immersed in liquid nitrogen and con
nected to the vacuum manifold, and any uncon- 
dcnsable gases were removed from the system. 
The collection bottles were brought to room tem
perature again, and about 1.4 X  10'1 moles of the 
volatiles (measured by the vapor pressure and cal
culated by PV = P 'V ') were transferred to a gas 
trap, according to the procedure of Bazinet and 
Walsh (1960). The trap was placed in the stream 
of carrier gas leading to the chromatographic 
column.

High-vacuum distillation. The total condensate 
from 600 g of minced, raw, or cooked haddock 
flesh was collected with the high-vacuum distilla
tion technique of Merritt et al. (1959). The col
lection was allowed to proceed for 24 hr. The 
sample was obtained by allowing the equilibrium 
vapor above the total condensate to expand freely 
into an evacuated glass collection bottle. By mea
surement of the vapor pressure of the gases which 
were allowed to expand into the collection bottle, 
approximately 1.4 X  10'1 moles of the total con
densate vapor were then transferred to a gas trap, 
and the contents of the trap were flushed by the 
argon carrier gas onto the gas chromatography 
column for separation. A comparison was made of 
the gas chromatograms obtained of the equilibrium 
vapor above the total condensate with the volatile
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material collected in the usual way as “center cut" 
(Merritt ct al., 1959).

Gas chromatography p r o c e d u r e . Preliminary 
studies showed that isothermal gas chromatography 
at room temperature or above gave poor resolution. 
Therefore, all the mixtures of volatile compounds 
were separated by programmed cryogenic tem
perature gas chromatography (Merritt and Walsh, 
1963) to achieve a high degree of separability. 
An argon ionization detector (Lovelock, 1958) 
was used to attain high sensitivity. The gas 
chromatography column was a 6-ft X 0.25-in.-OD 
U-shaped glass column with 5% (wt/w t) j3,0' 
oxydipropionitrile (O PN ) on 80-100-mesh un
treated chromosorb-W. The column, before intro
duction of the sample, was immersed in a dry-ice- 
ethanol coolant, and when the temperature had 
come to — 65°C the sample was swept onto the 
column with carrier gas. Elution of the compo
nents from the column was allowed to proceed as 
the temperature of the column was allowed to rise 
to room temperature. The column was surrounded 
by a glass jacket to contain the coolant and was 
attached at the column exit end to the argon ioni
zation detector of a Barber Colman gas chromato
graph, model 10. The argon carrier gas flow was 
40 ml per min measured before the start of the 
chromatogram at the detector outlet by a Fisher 
Porter Tri-Flat precision-bore flow meter. The 
ionization detector (20 me Sr”°) was operated 
at 190°C.

RESULTS AND DISCUSSION
Weurman (1963) investigated various 

methods of removing the volatile compounds 
from foods and showed that the compounds 
detected and identified were directly depen
dent upon the removal method. The effective
ness of 4 methods of collecting the volatile 
components was evaluated with the gas chro
matograms obtained used as criteria. Chro
matograms were obtained of the volatile 
components from haddock fillets collected by 
each of the 4 methods.

Direct sampling of eq u ilib riu m  vapors 
above the fillets with a syringe provides a 
gaseous sample of the odor components actu
ally perceived and is simple and rapid. Fig. 
2 shows the chromatograms obtained of a
10-ml sample of gas removed by syringe from 
both raw and cooked haddock fillets that had 
been stored 10 days at 2°C. Only relatively 
few peaks are observed. The bulk of the 
gaseous components of this sample are air 
and carbon dioxide and the argon ionization

l - k
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Fig. 2. Programmed cryogenic-temperature gas chromatograms of volatile components collected by syringe from haddock “headspace.”

detector does not respond to these compo
nents. The peaks observed on the chromato
grams are those due to the volatile flavor and 
odor components in the sample and are shown 
to be present in extremely low concentration. 
Since a 10-ml gas sample is considered to be 
fairly large, and since it was composed almost 
entirely of air and carbon dioxide, it was 
concluded that removal of the volatile com
pounds with a syringe produced a sample 
which is too dilute to be suitable. Chromato
grams for fillets stored 1 and 5 days showed 
fewer peaks than chromatograms for fillets 
stored 10 days.

Flushing the equilibrium vapors directly 
onto the chromatographic column concen
trates the volatile odor components on the 
head of the column. In addition, it may be 
expected that neither the fish flesh nor the 
composition of the volatiles is altered by this 
method of sampling. Another advantage is 
the fact that components which are normally 
lost by condensation when liquid nitrogen 
cold-trapping procedures is employed (see 
below) are detected on the chromatograms 
obtained by this method of sampling. Chro
matograms obtained by this technique from 
both raw and cooked fish samples are shown 
in Fig. 3. Only the sample which was stored 
for 10 days and then cooked showed large 
peaks. As with the syringe, the sample 
flushed onto the column is mainly air and 
carbon dioxide and contains but a very small 
proportion of the flavor and odor components. 
Although the cooked 10-day-old fish shows 
an abundance of volatiles which is much
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DEGREES CENTIGRADE

Fig. 3. Programmed cryogenic-temperature gas chromatograms of volatile components in haddock “headspace” flushed onto the column.
greater than that of the other samples, the 
amounts indicated by the chromatograms are 
too small for purposes of comparison.

The method of collecting the equilibrium 
vapor over a sample by free expansion into 
an evacuated receiver was devised in an at
tempt to concentrate the volatile components. 
The chromatograms subsequently obtained 
from the series of raw fish samples are shown 
in Fig. 4. As expected, both a larger num
ber as well as a greater quantity of the vola
tile components are indicated by the chro
matograms. This procedure provides the 
greatest concentration of volatile odor com
pounds attainable without alteration of the 
equilibrium composition of the vapor. For 
comparing the chromatograms from different

o 10 20 30 40
MINUTESI ....................................... ......... .___ .____ ^.60 -50 -40 - 30 -20 -10 0 10
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Fig. 4. Programmed cryogenic-temperature gas chromatograms of volatile components collected by vacuum from haddock “headspace.”

samples, however, the quantity of volatiles 
collected is too small to provide much infor
mation about composition except for major 
components of the mixture.

The largest yield of volatile material is 
provided by the vacuum distillation method 
(Merritt et al., 1959). In most prior studies 
using this technique, the total condensate 
from the distillation was taken for subsequent 
separation and analysis. In this study the 
procedure has been simplified by allowing the 
vapor over the. total condensate to expand 
into an evacuated sample trap. The relative 
amounts of the compounds in the vapor 
sample tend to differ, however, from the cor
responding amounts in the distillate. Never
theless, the validity of the qualitative corre
spondence of the sample composition is 
maintained since the same peaks are observed 
on total condensate vapor chromatograms as 
on chromatograms of liquid total condensate. 
As with the other methods, the bulk of the 
material collected consisted mainly of carbon 
dioxide and water. Since these components 
are separated from the volatile odor com
pounds by the gas chromatography procedure 
subsequently employed, they do not interfere 
with the evaluation of the sampling proce
dures. Many more components are found in 
total condensate vapor samples than in sam
ples which retain the unaltered “headspace” 
composition. For comparing the change in 
composition of the volatile components in the 
samples of fish flesh itself, the greater number 
of components and larger yield provided by 
total condensate vapor are superior to the 
other methods of collection. Chromatograms 
of samples collected by this procedure (Fig. 
5) clearly demonstrate the larger number and 
higher concentration of compounds collected.

This investigation shows that a vacuum 
distillation method for collection of volatile 
compounds can provide a sample of sufficient 
concentration for further study. This tech
nique has been used in studying the effect of 
temperature, storage time, cooking, and any 
other variables on the composition of volatile 
odor and flavor components in fish. The data 
provided by this study show that both the 
number and amount of components increase 
with storage time and with cooking. Appar
ent absence of volatile compounds in the
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Fig. 5. Programmed cryogenic-temperature gas chromatograms of volatile components in cooked haddock total condensate vapor.

chromatogram of a 1-day raw sample con
firms analytically the sensory observation that 
fresh raw fish is practically odorless. The 
significance of these results is difficult to 
evaluate, however, without a knowledge of 
the identity of the volatile components. The 
method used to accomplish such identifica
tions by rapid-scanning mass spectrometry 
of the gas chromatographic eluate has been 
described (Merritt et a l ,  1964). A  subse
quent paper will describe further studies of 
the composition of the flavor and odor com
ponents of fishery products.
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The Relation of Structure to Antioxidant Activity of Quercetin
and Some of Its Derivatives 

II. Secondary (Metal-Complexing) Activity

SUM M ARY
T h e secon d ary  (m e ta l-c o m p le x in g ) activity  

o f q u ercetin  and  som e o f  its d erivatives was 
stu d ied  w ith  th e  co n v en tio n a l W arburg tech 
n iq u e  in  an  ascorb ic acid  system  cata lyzed  w ith  
cu p ric  ion s.

T h e 3 -h yd roxy-4-k eto  g ro u p  was th e  m o st 
p o w erfu l m eta l-co m p le x in g  gro u p  in  th e  q u er
cetin  m o le c u le ;  th e  5 -h yd roxy-4-k eto  gro u p  had  
som e a ctiv ity , b u t was con sid era b ly  w eak er. T h e  
3 ',4 '-o -d ip h en o lic  g ro u p , im p o rta n t fo r  th e  p ri
m ary a n tio x id a n t activ ity , p ossessed  v irtu ally  no  
m etal-d ea ctiv a tin g  p ro p erties.

M eth ylation  o f  th e  4  - or 7 -h yd rox yl (o r , to  
a lesser  d eg ree , o f  th e 3 -h y d ro x y l) in creased  
th e  c o m p le x in g  cap acity  o f  th e  O -m eth ylated  
derivative o f  q u ercetin , w h ile  h y d ro g en a tio n  o f  
th e 2 ,3  d ou b le  bond y ie ld ed  an a lm o st co m 
p le te ly  in active co m p o u n d  (d ih y d r o q u e r c e tin ).

These experiments were made to study 
the relationship between the molecular struc
ture of polyhydroxyflavones and their secon
dary (metal-complexing) properties.

Simpson and Uri (1956), Mehta and Se- 
shardi (1958), and others, have suggested 
that, although the antioxidant activity of the 
polyhydroxyflavones is primarily a function 
of their ability to act as free radical acceptors, 
the metal-complexing properties of these 
molecules may make some contribution to 
their total activity.

Lea (1956, 1958) described the flavonols 
as multifunctional antioxidants combining in 
their molecule both chain-breaking and metal
deactivating properties, each of which can 
operate at several points, and Kelley and 
Watts (1957) compared the antioxidant 
effect of various flavonoids with their copper- 
complexing activity in an aqueous fat system 
to which ascorbic acid had been added. In 
their work a simple colorimetric method was 
used to indicate roughly the rate of oxidation 
of the ascorbic acid.

a Present address: Department of Food- andBiotechnology, Technion—Israel Institute of Technology, Haifa, Israel.

In a fat-containing system, however, it is 
difficult to evaluate the exact contribution of 
each mode of action to the total antioxidant 
capacity (Crawford e t  a l., 1961). The pres
ent study of the metal-deactivating capacity 
was therefore carried out on an ascorbic acid 
system catalyzed with cupric ions. The tech
nique employed was based on that used by 
Frieden and Alles (1958) in their work with 
nucleic acid components. The polyphenolic 
inhibitor quercetin (S^.ZW/l'-pentahydroxy- 
flavone) was used again, for the reasons out
lined in Part I, and its metal-deactivating 
capacity was compared with those of its
O-methylated, hydroxylated, dehydroxylated, 
and hydrogenated derivatives and with 6- 
tert-butyl, 3,7,8,2',5,-pentahydroxyflavone, an 
antioxidant synthesized by N. Uri.

EXPERIMENTAL
Apparatus. A conventional-type Warburg appa

ratus was used, with 20-ml sidearm flasks, and a 
shaking rate of 100 strokes/min (6-cm stroke).

Cleaning of glassware. Glassware used for the 
preparation, storage, and delivery of reagent, and 
the reaction flasks themselves, were cleaned by 
leaving overnight in concentrated nitric acid and 
then rinsing with water, distilled and redistilled 
from glass. This treatment was found both neces
sary and effective in keeping at an acceptably low 
level the catalysis of ascorbate oxidation by ex
traneous ions.

Methods. The rate of the copper-catalyzed oxi
dation of ascorbic acid was measured at 25.0±0.1°C 
by the conventional Warburg technique, with 
0.01.1/ sodium phosphate buffer (pH 7.0±0.1) in a 
15% (v/v) aqueous solution of 2-ethoxy-ethanol 
and air as the gas phase. The concentration of 
cupric ions in the solution was 0.5xl0“6M, that of 
the phenolic inhibitors O A xlO U /^O xlO U i, and 
that of the ascorbic acid 0.013ikf.

A 40% (v/v) aqueous solution of 2-ethoxy-
ethanol was used as solvent for the flavonoids, 
many of which are sparingly soluble in water. 2- 
Ethoxy-ethanol was also added to the sidearm of 
the flasks, so as to equalize the concentration there 
with that in the main vessel (to avoid heat and/or 
volume changes on mixing of the contents).

[ 395 ]
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Table 1. Reagents delivered to Warburg flasks and their volume (ml).
F l a s k

R e a g e n t a
U n in h ib i t e d  

O 2 u p ta k e
T n h ib i te d  
O 2 u p ta k e B la n k T h e r m o -

M a in
v e s s e l

S id e
a r m

M a in
v e s s e l

S id e
a rm

M a in
ve sse l

S id e
a r m

b a r o m e t e r

1. C u C F ,  a q .,  1.5 X  10%!/ 1.0 — 1.0 — — — —

2 . 0 . 2 6 3 /  a s c o r b i c  a c i d ,  a q .,  
n e u t r a l i z e d  t o  p H  6 .2  
s h o r t l y  b e f o r e  u s e 0.15 0.15 0.15

3 . 2 - e t h o x y  e t h a n o l  a q .,  3 0 %  v / v — 0.15 — 0.15 — 0.15 0.15
4 . d i t t o ,  4 0 % . v / v . 1.0 — — — 1.0 — 1 .0
5. S o l u t i o n  o f  f l a v o n o i d  i n h i b i t o r  

i n  (4) ,  1 .5x10% !/—60x10% !/ _ _ 1.0 __ __ _ __

6 .  p H  7 .0  s o d i u m  p h o s p h a t e  
b u f f e r ,  a q . ,  0 . 0 4 3 3 / 0.7 __ 0.7 __ 0.7 __ 0 .7

7 . W a t e r — — — — 1.0 — 1.15
;1 Water and 2-ethoxy ethanol used were purified by distillation and redistillation from glass.

Blanks, with ascorbate but without cupric ion, 
were included in all experiments, and the data 
were rejected whenever more than 10 id of oxygen 
were consumed during the run, indicating con
tamination.

Table 1 shows the solutions used and their vol
ume, as delivered to different Warburg flasks. 
Measurements were confined to the period of 
approximately linear oxygen absorption, and oxi
dation rates were calculated for reaction times of 
20 and 40 min.

The oxygen uptake ( / ')  was expressed as per
cent of the volume taken up during the uninhibited 
reaction, and calculated from

U = 100 ( Vi—V t) /(V c —V t), where
Vc = gl oxygen consumed in the copper-catalyzed 

reaction in the absence of inhibitor ;
Vi = ditto, in the presence of inhibitor ; and
l '„ -  M oxygen consumed in blank experiment 

(no inhibitor and no added Cupric ions ).
RESULTS

Detailed results for quercetin over the inhibitor/ 
Cu*+ range 1 :1 to 20:1 (molecular ratio) are given 
for a reaction time of 20 min in Fig. la, and for a 
reaction time of 40 min in Fig. lb. Data for the 
other 15 substances studied cannot be presented 
with the same completeness, but all results are 
summarized in Table 2 and Figs. 2a and 2b.

It can be seen that the semiloganthmic plot of 
oxygen uptake vs. inhibitor/Q r+ molecular ratio 
is normally approximately linear over a consider
able stretch.

In Table 3, all 16 substances investigated are 
arranged in descending order of copper-deactivating 
ability, 5 being superior and 10 inferior to quercetin.

DISCUSSION
Figs. 2a and 2b and Table 2 indicate that 

méthylation, or replacement with hydrogen, 
of the 3- or 5-hydroxyl group in the quercetin 
molecule resulted in derivatives of much 
lower metal-deactivating capacity (the effect 
was stronger in the 3-hydroxyl group). It 
therefore seems that the most powerful cop- 
per-complexing part of the quercetin mole
cule is the 3-hydroxv-4-keto grouping, fol
lowed by the 5-hydroxy-4-keto grouping.

The 3',4'-o-diphenolic group in the B ring 
(which has strong primary antioxidant prop-

Quercetin/Cu** m olecular ratio.
Fig. la. Inhibition, by quercetin, of cupric-ion catalysis of ascorbate oxidation. Reaction time, 20 min.
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Tabic 2. Oxygen uptake as function of the inhibitor and its concentration.

I n h i b i t o r

Quercetin
R e a c t io n  -  

t im e  ( m in )

20 
40 
av.

I n h i b i t o r / C i r 1-* m o le c u la r  r a t i o

100
98

79
87.5

10
14.5

40

2.5

3-OMeQ 20
40 
av.

5-OMeQ 20
40 
av.

7-OMeQ 20
40
av.

3'-OMeQ 20
40 
av.

4'-OMeQ 20
40 
av.

3,5-diOMeQ 20
40 
av.

3,3'-diOMeQ 20
40 
av.

3,7,4'-tri OMeQ 20
40 
av.

7,3',4'-tri OMeQ 20
40 
av.

3,7,3',4'-tetraOMeQ 20
40 
av.

Dihydroquercetin 20
40 
av.

5-HQ (fisetin) 20
40 
av.

3-HQ (luteolin) 20
40 
av.

8-OHQ (gossypetin) 20 
40 
av.

“Flavone” “ 20
40 
av.

99 83
—

—
100 100

— 100 100
— 100 100

100 60 22
98 67 25
99 63.5 23.5

100 64 17
98 76.5 24
99 70 20.5
80 24 4
82 30.5 6
81 27 5

—
100 100

— 100 100

—
100 100

94.5 69 19
97 66 27
96 67.5 23

—
100 100

— 100 100
— — 95
— — 94.5

— —
95

100 97 74
98.5 96 81
99 96 77
94 67.5 25
89 79.5 33.5
92 73.5 29.5

20.5 4.5 —

17.5 3.5 —

98 84 77
100 85.5 76.5
99 85 77
68 32 9.5
77 38 12
72.5 35 11
4 7 14
6 10 22
5 8.5 18

11 3 —

17 5 —
14 4 —

— 0.5 —
— 0.9 —

— 0.7 —
100 97 83
100 97 85.5
100 97 85
59 34 19
74 48 28
67.5 41 23.5

100 100 100
95 94 94
97.5 97 97
— 11 4
— 16 11.5
— 13.5 7
— 100 100
— 100 100
— 100 100

100 89 82
100 92 85
100 90.5 83.5
84.5 39 17
87 44.5 20.5
85 41 19
88 67.5 32.5
92 71 42
90 69 37
55 — —

69 — —
62 — —

7 1 —

9 1 —

8 1 —

6-tert-butyl, 3,7,8,2',5'-pentahydroxyflavone.



398 T H E RELATION OF STRUCTURE TO ANTIOXIDANT ACTIVITY. II

Table 3. Inhibitor/ Cu’ ' molecular ratio required for partial deactivation of the cupric ion.
c/c o f  u n h i b i te d  O s  u p ta k e A c t iv i t y  o f  

c o m p le x in g  a g e n tI n h i b i t o r 80 50 20

4'-OMeQ 1.0 1.4 2.5 Considerably stronger 
than Q

7-OMeQ (rhamnetin) 1.4 2.75 5.5 ;
7,3',4'-triOMeQ 1.45 2.75 6.5 Slightly stronger
3'-OMeQ 1.6 3.0 5.5 than Q
“Flavone"“ 1.6 3.25 6.5 1
Quercetin (Q) 2.25 5.0 9.5
8-OHQ (gossypetin) 4.5 — — Weaker than C3,3'-diOMeQ 8.0 16.5 --  1[
5-C )MeQ 9.0 15.5 30.0 |
5-HQ (fisetin) 11.5 18.0 36.0 1 Much weaker than Q
3-HQ (luteolin) 15.0 30.0 —
3-OMeQ 30.0 — — Very weak

12,3-dihydroquercetin 45-50 —
3,5-diOMeQ — — -  ]3,7,4'-triOMeQ — — - Inactive
3,7,3',4'-tetraOMeQ — — — 1

“ 6-tert-but., 3,7,8,2',5' pentahydroxyflavone.
erties) seems to have only a weak copper - 
complexing capacity (see results for 3,5- 
dimethoxy quercetin).

3.7,4'-tri-OMeQ and 3,7,3',4'-tetra-OMeQ 
were both inactive, although still containing 
the 5-hydroxy-4-keto group intact, and hy
drogenation of the 2,3 double bond of quer
cetin resulted in a derivative (dihydroquer-

Fig. lb. Inhibition, by quercetin, of cupric-ion catalysis of ascorbate oxidation. Reaction time, 40 min.

cetin) with practically no complexing ca
pacity.

While it is thus possible to evaluate the 
relative importance of the individual com
plexing centers to some degree, it neverthe
less seems that the metal-deactivating prop
erties of quercetin must be considered as a 
function of the molecule as a whole. There 
is obviously interaction of the several active 
centers along the connecting chain of conju
gated unsaturation. In this respect the 2,3 
double bond of quercetin is of great impor
tance and it is unfortunate that no O-methy- 
lated derivatives of dihydroquercetin were 
available to test the influence of blocking indi
vidual complexing centers in the absence of 
the connecting link of conjugated double 
bonds.

With regard to the increased complexing 
capacity of the 4'-OMe, 7-OMe, or 3'-OMe 
derivatives it seems that the 7- and 4'-O H ’s, 
being conjugated with the 4-carbonyl, are 
quite strongly acidic. Méthylation of these 
hydroxyls supresses their ionization and in
creases the electron density of the carbonyl 
group, thereby its complexing capacity. An 
adjacent 3'-OH also increases the acidity of
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Fig. 2a. Inhibition, by quercetin and its derivatives, of cupric-ion catalysis of ascorbate oxidation. The percent of uninhibited O2 uptake is the average of the 20- and 40-min reaction times.X, quercetin (Q) ; A, dihydroQ ;□  , gossypetin (8-OHQ) ; o , luteolin (3-HQ) ; m, fisetin (5-HQ) ; Y, 5-OMeQ;», 4'-OMeQ ; O, 3,7,4'-triOMeQ ;V, 7,3',4'-triOMeQ ; A, 3,7,3',4'-tetraOMeQ.

the 4'-OH group. Méthylation of the 3'-OH 
may therefore be expected, in the same way, 
to reduce the acidity of the 4'-OH and 
thereby increase the complexing capacity of 
the 4-carbonyl group.

Surprisingly, the metal-deactivating capac
ity of 7-OMeQ was less at inhibitor/Cu++ 
ratios 40:1 and 20:1 than at 10:1. No ex
planation can be suggested for this unex
pected behavior, which was confirmed in re
peated experiments.
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Causes of Can Swelling and Blackening of Canned Baby Clams
I. Chemical Factors Involved in Blackening

SUM M ARY
H yd rog en  su lfid e  is fo rm ed  fr o m  th e  m eat o f  

baby clam s d u rin g  ca n n in g . T h e  am ou n ts o f  
h yd rog en  su lfid e  are u su a lly  below  5 0  in g % , 
w hich  m ay be the m in im u m  a m o u n t n ecessary  
to cau se b la ck en in g . W h en  h yd rog en  su lfid e  is  
p rod uced  in  a m ou n ts m ore th an  5 0  m g%  (e .g .  
w h en  th e raw m a teria l is n o t f r e s h ) ,  b la ck en in g  
m ay he accelera ted , or th e can n ed  baby clam s  
m ay d eco m p o se  and h yd rog en  su lfid e  co n ce n 
tration in crease s lig h tly  d u rin g  stora ge . T h e  
b la ck en in g  is  cau sed  by tlie  fo rm a tio n  o f  cop p er  
su lfid e  and  iron  su lfid e . Iron  tran sferred  to  
th e  in te st in e  from  th e  m u d  w h ere th e  clam s  
live , is in volved  in b la ck en in g . A lso im p lica ted  
is  co p p er  freed  from  h em o cy an in  in  baby clam  
by b o ilin g . S om e p h osp h a te  co m p o u n d s ( 0 .2 % )  
are effec tiv e  in  d ecreasin g  th e b la ck en in g .

INTRODUCTION
Among technical problems in the canning 

industry, blackening of contents and swell
ing of tin containers have been the subject 
of research for many years. Investigated 
besides the blackening of metal surfaces in 
contact with the headspace of food con
tainers has been blackening of contents of 
canned shrimp (Thompson, 1963), canned 
tuna (Pigott and Stanby, 1956), canned 
salmon (Tanikawa, 1958), and canned crab 
(Machida, 1911; Oshima, 1927; Arakawa, 
1928). Sekine (1926) investigated the 
blackening of canned baby clams. He con
cluded that the canned product is blackened 
by a reaction between iron and hydrogen 
sulfide.

Blackening of the product can develop 
during processing at high temperature (Ka- 
neko, 1951). This was also reported by 
Pigott and Dollar (1963), who also con
sidered that cysteine was the major source 
of the sulfur and that oxidizing conditions 
prevent sulfide blackening by oxidizing cys
teine to cystine, which does not yield free 
reduced sulfur to react with ferrous iron. 
Ferrous iron is formed by the electrochemi
cal reaction of the tin-iron couple in the 
headspace at temperatures greater than 
150°F. From these reports, the mechanisms 
of the blackening of canned products are

considered to be : 1) chemical reactions 
which involve a large number of interrelated 
variables; and 2) bacterial action.

Preventive methods for the former a re :
1) to keep the raw material fresh (Tani
kawa, 1958) ; 2) to add tartaric or citric 
acids (Fellers and Parks, 1926; Legendre, 
1928 ; Thompson, 1963 ; Obata et a!,, 1957) ; 
and 3) to use C-enameled cans. Bacterial 
action is prevented by appropriate process
ing temperature and time, and/or added 
preservatives.

To clarify the causes of blackening and 
swelling of canned baby clams, we have 
carried out chemical and bacteriological ex
periments ; 1) on the mechanisms of black
ening; and 2) on the bacterial flora in the 
sea bottoms where baby clams live. This 
paper reports experiments on the chemical 
factors involved in the blackening of canned 
baby clams.

EXPERIM ENTS AND RESULTS
Nature of the black substance. Chemical com

position of normal, blackened, and szeelled clams. 
Chemical composition of the clams was determined 
as follows: Water contents, crude fat, and crude 
protein were estimated by the usual methods. 
Reducing sugar was estimated by an iodometric 
method (Hagedorn and Jensen, 1923). Iron and 
copper contents were estimated by a colorimetric 
method (Breuer and Militzer, 1938; Tompsett, 
1934). Hydrogen sulfide was determined by a 
titration method recommended by Tomiyama and 
Kanzaki (1951). The results are summarized in 
Table 1.

There were few differences in water contents, 
ash, crude fat, iron, copper, and reducing sugar. 
The amount of hydrogen sulfide was greater in 
blackened (sometimes blackened and swelled) 
cans than in normal samples.

Constituents of the black substance. The black 
substance from canned baby clams has been 
thought to be a metallic sulfide. It was therefore 
examined by paper chromatography and chemical 
analysis.

The contents of two cans of blackened canned 
baby clams were separated into solid and liquid 
portions. The liquid portion was filtered through 
gauze to remove small particles of meat. The 
filtered liquid (about 250 ml) was centrifuged for

[ 400 ]
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Table 1. Chemical composition of normal, blackened and swollen baby clam cans.

C o m p o s i t io n s N o rm a l B la c k e n e d
M a rk e d ly -
b la c k e n e d

B la c k e n e d  
a n d  s w o lle n

Water content ( % ) 68.03 69.80 72.02 70.37
Crude protein (% ) 18.74 17.19 17.34 17.35
Crude fat (% ) 4.82 2 .0 0 3.56 3.72
Reducing sugar (mg%) 146.34 1 0 0 .2 127.4 128.6
Iron (mg%) 63.9 78.2 56.9 64.1
Copper (mg% ) 0.72 0.83 0.92 0 .8
Hydrogen sulfide (mg%) 35.2 73.08 138.6 264.6
Volatile basic-N (mg%) 1 2 .1 0 14.48 53.1 69.3
Reflectance (% T) 16.5 7.8 6.5 6.7

10 min at 4000 rpm, and the deposit in the tube 
was washed with water. This procedure was re
peated 3 times. About 1 g of a pure black sub
stance was obtained. The metallic components in 
the black substance were examined by paper 
chromatography. O n e-d im en sio n a l ascending 
method was used with n-butanol saturated with 
water as the developing solvent. The paper was 
exposed to hydrogen sulfide gas to reveal the 
metallic components. Results are shown in Fig. 1. 
The results indicate that the black substance from 
markedly blackened canned baby clams contains 
copper and iron. In slightly blackened baby clams, 
however, the black substance contains copper only. 
The chemical constituents of the black substance 
are shown in Table 2.

Fig. 1. Chemical composition of black substance detected by paper chromatography.No. 1) Black substance isolated from markedly blackened canned baby clams.No. 2) Black su bstan ce  isolated from slightly blackened canned baby clams.

The extent of formation of metallic sulfides in 
canned products is dependent on a reaction be
tween the metals and hydrogen sulfide. In general, 
in combining metallic salts and hydrogen sulfide, 
the metallic sulfide precipitates when the product 
of metallic ion and sulfur ion is larger than the 
solubility product of the sulfide. As the acidity of 
the solution increases and [ S ] gradually de
creases, the formation of sulfide is retarded. On 
the other hand, if the solution is close to neu
trality, the formation of sulfide is promoted as 
| S j increases.

If [M++] is a divalent metallic ion, and [S- - ] 
is formed from hydrogen sulfide, MS, which is a 
metallic sulfide, is precipitated by combining the 
two components.

M++ +  S -  =  MS 
I M Ì , 8 .

(MS)
Therefore,

[S " ] K,„s[H2S]
[H+r

[ 1]

[2]

[3]

If MS is a precipitate, and [MS] is a coefficient,
[M~] [H;S]

[ H T
K ms

k „2S [MS] =  K [4]

From Eq. 4, [M++], which has not been pre
cipitated as the sulfide but exists in the solution 
as the metallic ion, is in proportion to the square 
of [H +]. In other words, increasing the acidity of 
the solution makes it difficult to form the sulfide.

The extent of the formation of sulfide is related 
to the solubility product (Lp). If Lp is small, 
[ S ] becomes small. Thus, a sulfide whose Lp 
is sufficiently small is precipitated under com
paratively strong acidic solution. The Lp’s of 
copper sulfide and of iron sulfide are respectively 
8.5 X KL15 and 1.5 X 10'“ . This means that cop
per sulfide is precipitated in 7.5M hydrochloric acid 
solution, and iron sulfide is precipitated in 0.00011/ 
hydrochloric acid solution.
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Table 2. Chemical properties of black substance isolated from blackened baby clam cans.
W a t e r(%) A s h(%) T o ta l -N( % ) I r o n( mg c/n ) C o p p e r  

( m g %  ) R e f le c ta n c e( % T  )
Black substance 
Turbid material

81.3 5.5 0.63 27.5 1.08 4.2
(normal can) 77.6 6.2 0.15 16.6 0.69 15.5

Therefore, if both iron and copper coexist in an 
acidic solution, copper sulfide precipitates to a 
larger extent than iron sulfide.

From the above consideration it may be assumed 
that the blackening of canned baby clams would be 
caused by the formation of copper sulfide if the 
pH value of the contents were lowered by the 
addition of acid. Then, as the pH value increases 
toward the alkaline side, iron sulfide would be 
gradually formed.

Chemical constituents of headspace gas. The 
gas of blackened baby clams contains a large quan
tity of hydrogen sulfide compared to that of the 
normal canned product. Components other than 
hydrogen sulfide might also be present in the 
headspace gas of canned products. Hence, attempts 
were made to determine the constituents in the 
headspace.

Gas-chromatographic analysis of the gas-phase 
from normal and blackened clams was done as 
follows: the can was heated 10' min at 10 lb 
(115.2°C) in a pressure cooker. Immediately after 
heating, the can was placed in a vessel containing 
water. The cover of the can was opened, and 
the headspace gas was introduced into a test tube 
which had been filled with water. The collected 
gas was used for gas-chromatographic analysis. 
DNP (dinonyl phthalate) and DMF (dimethyl 
formamide) were used as fixed phases. The flow- 
speed of the carrier gas was 60 ml/min, the pres
sure was 0.15 kg/cnr, and the bridge current was 
210 mamp. The temperature of the column was 
130°C. Results are shown in Fig. 2.

N o rm a l can

B la c k e n e d  can
2

Fig. 2. Composition of headspace gas in canned baby clams detected by gas chromatography 1) air; 2) hydrogen sulfide; 3) methyl mercaptan; 4) ammonia; 5) water.

Hydrogen sulfide and ammonia in the gas were 
greater for blackened clams than for normal 
clams. It can be presumed that the blackening in 
canned baby clams reflects sulfide spoilage. Methyl 
mercaptan was also present in the blackened sam
ples, but only in small or almost negligible 
amounts. It is notable, however, that this com
ponent reacts with metals, especially iron and 
copper, to form black precipitates.

Chemical factors in blackening. Reaction of 
hydrogen sulfide u ’ith iron or copper. To relate 
various amounts of the metallic ions and hydrogen 
sulfide to degrees of blackening, ferrous, ferric, 
cuprous, and cupric chlorides were reacted with 
hydrogen sulfide. The concentrations of ferrous 
and ferric chloride solutions were varied from 
0 to 1.0 mg%. Solutions of sodium sulfide had 
concentrations varying from 0 to 100 mg% as 
hydrogen sulfide. Aliquots of the solutions were 
poured into the sodium sulfide solutions, and the 
development of visible blackening was observed. 
The results are summarized in Table 3. These 
data show that more black substance is formed 
by ferric ion than by ferrous ion. The reason 
is that the trivalent compound has a lower solu
bility in water than does the divalent compound. 
Visible blackening was produced at much lower 
concentrations with the divalent copper compound 
than with the divalent iron compound. Thus, cop
per salts reacting with hydrogen sulfide should 
cause more blackening than iron salts reacting 
with hydrogen sulfide.

When the hydrogen sulfide level was above the 
lowest limit for blackening by iron and copper, 
the degree of blackening did not increase with an 
increase in concentration of metal ions. When the 
amounts of iron or copper were above the lowest 
limit, however, an increase in hydrogen sulfide 
increased blackening.

Iron and copper in the meats. The iron and 
copper contents of the meats of raw and canned 
baby clams were estimated by gravimetric methods 
after 200 g of raw or canned meats were burned 
to ash in crucibles. The amounts of iron and 
copper were calculated as FeO and CuO. The 
results (Table 4) indicate that the iron or copper 
contents of raw or canned baby clams were above 
the lowest limit for blackening formation.

Blackening formation by hydrogen sulfide in 
meats and hcmocyanin from baby clams. Since the
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Table 3. blackening. Iron, copper, and hydrogen sulfide concentration as related to development of
H y d ro g e n  su lfid e  ( m g % )

0 - 3 0 40 50 6 0 - 7 0 8 0 - 9 0 100

Ferrous 0 - 1 5 — — — — — —
chloride 20 — — — — + - + -

(mg%) 2 5 — — — — + +
3 0 — — + - + - + +

Ferric 0-10 — — — — — —
chloride 15 — — + - + - + - + -

(mg%) 2 0 - 3 0 — - -j- + + +
Cuprous 0 — — — — — —
chloride 0.2 — — — — - +  -

(mg%) 0. 6 - 1 .0 — — - + + +
Cupric 0 — — — — — —
chloride 0.2 — + - + + + +

(mg%) 0. 6 - 1 .0 - + - + + + +
— : no blackening ; —  ; slight blackening; + : blackening.

Table 4. Copper and iron contents in raw and canned baby clams.
R a w

b a b y  c la m s
C a n n e d  

b a b y  c la m s  
( n o r m a l )

Iron as FeO
(nrg%) 71.5 63.9

Copper as CuO
(mg%) 0.59 0.72

iron or copper contents in raw baby clams arc 
above the lowest limit for formation of visible 
blackening, hydrogen sulfide added to boiled meats 
of baby clams might be expected to cause black
ening. The experiment was carried out to show 
whether blackening occurs when boiled meats and 
hemocyanin from baby clams are treated with 
hydrogen sulfide.

Ten ml of solutions of sodium sulfide with 
final concentrations varying from 0 to 120 mg% 
as hydrogen sulfide, were mixed with about 2 g 
of raw or boiled meats of baby clams. Also 2 ml 
of 0.1% solutions of unheated and boiled (7 min

at 100°C) hemocyanin were poured separately 
into solutions of sodium sulfide. Hemocyanin 
isolated from body fluid was gathered with an 
injection-syringe after the shells of baby clams 
were carefully opened. The hemocyanin was pre
pared by the method of Allison and Cole (1940). 
A 0.1% solution of hemocyanin was employed for 
the experiment.

Results are shown in Table 5. Hydrogen sulfide 
added in amounts of less than 50 mg% to boiled 
baby clams did not cause visible blackening. 
Above this concentration, blackening developed 
with increasing amounts of hydrogen sulfide. The 
findings show almost the same tendency as those 
found in Table 3.

According to Tables 1 and 4, there is no sig
nificant difference between normal and blackened 
canned baby clams in the amounts of iron or 
copper. This suggests that the amounts of copper 
or iron in the raw meat of baby clams are always 
sufficient to develop the black discoloration. It 
is therefore thought that the development of 
blackening in baby clams is affected more by the

Table 5. Formation of blackening in baby clam meat and hemocyanin with hydrogen sulfide.
Hydrogen ;sulfide added (mgfifi)

0 - 3 5 40 50-60 70-80 85 90-120
Baby clam meat

Raw — — — — — +
Boiled — 4 — + + + + + + +

Hemocyanin
Unheated — — — — + - +
Boiled — +  -  + + + + +

— : no blackening; -(---- : slight blackening ; +  : blackening ; +  +  : marked blackening.
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concentration of hydrogen sulfide than by the 
copper or iron contained. When hydrogen sulfide 
was added in the form of sodium sulfide to the 
raw clams, 50 mg% of hydrogen sulfide was in
sufficient to cause the black discoloration, but more 
than 100 mgc/0 of hydrogen sulfide did produce 
this reaction.

In Table 5, it is obvious that various concen
trations of hydrogen sulfide added in the form of 
sodium sulfide to hemocyanin did not cause black
ening. When hemocyanin isolated from baby clams 
was boiled 7 min at 100° C and more than 50 mg% 
of hydrogen sulfide was added, blackening resulted.

Blackening of heat-treated, hemocyanin. We next 
observed whether blackening occurred when hydro
gen sulfide at various levels was added in the form 
of sodium sulfide to the heat-treated hemocyanin. 
Two ml of 0.1 % hemocyanin solution was poured 
into 10 ml of the solution of hydrogen sulfide at 
various concentrations from 0 to 70 mg% and the 
mixtures were heated 0-10 min at 70-100°C, and 
the degree of blackening was observed. As seen 
in Table 6, hemocyanin from baby clams is quite 
stable when heated. Black discoloration did not

Table 6. Blackening of hemocyanin from baby clams by hydrogen sulfide after heat processing at various temperatures and times.
H y d r o g e n  s u lf id e  a d d e d  ( m g % )

(°C)' (min) 0—30 40 50-60 70
70 0-10 - - - -
80 0- 8 — — — —

10 — + - + +
90 0- 2 — — — —

5- 8 — — + +
10 — + - + +

100 0 — — — —

2 — — + - + -
5- 8 — — + 4-

10 — + - + +
—: no blackening; slight blackening ; +  :blackening.

develop on heating below 80° C for 10 min, but 
did develop on heating above 90°C for 5 min or 
100°C for 2-5 min. In practical canning proce
dures, raw baby clams are first boiled 4 min at 
100° C so as to remove the meat from the shell. 
Therefore, hemocyanin in raw baby clams would 
be decomposed to liberate copper by the heating, 
and become a factor of blackening.

Formation of hydrogen sulfide and blackening. 
Amount of hydrogen sulfide formed by heating. 
Blackening in canned baby clams is affected not 
so much by the amounts of copper or iron as by 
the concentration of hydrogen sulfide. In general, 
heating fish and shell fish produces hydrogen sul
fide. To show the amount of hydrogen sulfide 
produced from baby clams by heat processing, 
20 g of the meat was put into large test tubes 
(4.0 X 25.0 cm) and heated 30-100 min at 
80-120.9°C. The amount of hydrogen sulfide pro
duced was estimated by Tomiyama and Kanzaki’s 
method (1951).

The results (Table 7) indicate that hydrogen 
sulfide was produced with heating at above 80°C 
for 40 min. The amount of hydrogen sulfide pro
duced varied with the heating temperature. Thus, 
if fresh raw material is used, sulfide spoilage by 
heat should not occur since the smallest amount 
of hydrogen sulfide to cause blackening is 50 mg%. 
Blackening will not develop even if the canned 
baby clams are processed for 100 min at 15 lb 
( 120.9°C).

Volatile basic nitrogen (V B N ), hydrogen sulfide, 
and pH values. The relation between the amounts 
of hydrogen sulfide, volatile basic nitrogen (VBN), 
and pH values was investigated. Baby clams were 
packed into No. 7 cans and processed 60-100 min 
at 10-15 lb (115.2-120.9°C). After processing, 
each can was opened and only the meat portion 
was used for the experiment. The amounts of 
hydrogen sulfide, VBN, and pH value were deter
mined for each sample. The results (Table 8) 
show that, as processing temperature and time are 
increased, the amounts of hydrogen sulfide and 
VBN are increased.

Table 7. The amount of hydrogen sulfide (mg%) produced from baby clams by heatprocessing.
H e a t i n g  te m p . 

( ° C )
H e a t i n g  t im e  ( m in )

30 4 0 60 80 100
80 0 1.6 2.3 5.5 7.2

100 5.7 5.8 6.4 7.8 10.2
105 10.3 10.3 12.6 13.8 14.5
111.5" 16.3 19.1 20.6 19.6 28.8
117.6" 29.6 23.7 28.1 30.4 38.2
120.9“ 30.1 30.1 40.0 41.9 45.2

“ Temperatures equivalent to 10, 12, and 15 lb steam pressure.
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Table 8. The volatile basic nitrogen (VBN) and hydrogen sulfide contents and pH values after heat processing of canned baby clams.

T e m p .
( ° C )

T im e
( m in )

I D S
( m g % )

V B N
( m g % ) p H

115.2 (10 lb) 60 18.9 10.5 6.6
80 20.4 12.0 6.6

100 31.5 14.4 6.6
117.6. (12 lb) 60 29.3 11.4 6.6

80 31.6 12.1 6.6
100 36.5 18.8 6.6

120.9 (15 lb) 60 35.6 15.3 6.4
8 0 41.5 20.5 6.6

100 43.2 32.3 6.6

Hydrogen sulfide mid volatile basic nitrogen 
5with aged dams. The amount of VBN, hydrogen 
sulfide, and pH values after processing of canned 
baby clams from fresh and aged materials were 
studied. The control was raw fresh meats imme
diately after shucking. The other meats had been 
held 48 hr in the shell at 30°C. Two hundred g 
of each of these materials was boiled 7 min at 
100°C, packed into No. 7 cans, and processing for 
100 min at 15 lb (120.9°C). The cans were then 
opened and the amounts of VBN and hydrogen 
sulfide content, percent reflectance, and pH values 
determined.

The results (Table 9) indicate that the amounts 
of VBN and hydrogen sulfide were higher in aged 
meats than in fresh meats. Aged meats were 
higher in pH values. Slight blackening occurred 
in the aged meats. From these results, only fresh 
baby clams should be canned. The blackening 
seen several times in boiled meat of baby clams

is thought to be due to the use of dead shell or 
unfresh raw materials, which easily produce large 
quantities of hydrogen sulfide and volatile bases 
during canning.

Hydrogen sulfide in sea-bottom mud and clam 
meats. In general, baby clams inhabit the sea 
bottom, where many organic substances are depos
ited. Hydrogen sulfide in the mud of the sea 
bottom could be introduced into the digestive tracts 
of baby clams. To know the amounts of hydrogen 
sulfide in the sea bottom where baby clams occur, 
samples of mud were obtained from 11 places in 
Ariake-Sea in Kyushu, Japan, and their hydrogen 
sulfide contents were estimated. The baby clams 
used were prepared by the usual method and packed 
into No. 7 cans.

The amounts of hydrogen sulfide in the muds 
varied from 2.75 to 21.1 mg%. This variation may 
depend upon the mud characteristics, e.g. the or
ganic substance present. Nevertheless, no matter 
where the baby clams were caught, hydrogen sul
fide in the canned meats was 30-48 mg%, not 
directly related to the hydrogen sulfide in the 
sea-bottom mud.

Chemical changes in stored clam meats. Canned 
baby clams were stored for two months at 55 and 
37°C. At 1 and 2 months the cans were opened 
and the solid portion was used to estimate volatile 
basic nitrogen and hydrogen sulfide, percent re
flectance, and pH value.

As seen in Table 10, the amount of hydrogen 
sulfide and volatile basic nitrogen increased gradu
ally during storage. The change was greater at 
55°C than at 37°C. At the higher storage tem
perature, a slight, though not significant, blacken
ing occurred. Canned baby clams should not be 
stored at high temperature.

Table 9. The volatile basic nitrogen (VBN) and hydrogen sulfide and pH after heat processing of canned baby clams from aged raw material.
A f t e r  b o i l in g  

(1 0 0 ° C , 7 m in )
A f t e r  p ro c e s s in g  

( 1 2 0 .9 ° C , 100 m in )
F r e s h  m e a t  A g e d  m e a t F r e s h  m e a t  A g e d  m e a t

VBN (mg97)
H»S (mg%) 
Reflectance (97T) 
pH

15.1- 19.6
30.2- 37.7 

19.6
Ô.2-6.4

17.4-25.3
35.7-51.6

10.4
6.ÎV6.8

24.9-32.3 
40.5-43.2 

14.5 
6.4—6.6

37.6- 42.3
40.7- 56.7 

7.5
7.0-7.2

Table 10. Change in chemical composition of canned baby clams during storage.
A f t e r  1 m o n th A f t e r 2 m o n th s

B e f o r e  s to ra g e 3 7 ° C 5 5 °C 3 7 °C 5 5 °C

VBN (mg%) 12.1 15.9 20.0 14.8 24.2
H»S (mg97 ) 35.2 36.6 46.3 45.8 49.7
pH 6.4 6.6 6.6 6.6 6.6
Reflectance (% T) 16.5 14.7 9.7 13.3 8.5
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Effect of phosphates. Behavior of phosphates to 
copper. As a method of preventing blackening, 
complete removal or deactivation of free copper 
might be effective. Studied first was the effective
ness of adding phosphates to cupric chloride solu
tion, and then to heated hemocyanin. Each 5 ml of 
2r/o cupric chloride solution was mixed with, first 
5 ml, then 10 ml, of 0.2% phosphate solution, and 
the amount of precipitate was observed. The kinds 
of phosphate were sodium phosphate (monobasic), 
sodium phosphate (tribasic), sodium pyrophos
phate, sodium tripolyphosphate, sodium hexatueta- 
phosphate (pH 4.4), and sodium polymetaphos
phate (pH 5.6). For the hemocyanin, about 5 ml 
of 0.1% solution was heated 7 min at 100°C and 
then mixed, first with 5 ml, and then 10 ml, of 
0.2% phosphates solution, and the amount of pre
cipitate was observed. It was found that sodium 
phosphate (tribasic) and sodium pyrophosphate 
were the most effective in forming copper phos
phate compounds from cupric chloride or hemocy
anin in baby clams. Sodium phosphate (mono
basic) and sodium tripolyphosphatc were less 
effective. These results suggest that added phos
phates might decrease blackening.

Effect of phosphates on the reaction of hydrogen 
sulfide and copper. With respect to discoloration, 
the relation between phosphate, copper, and hydro
gen sulfide was studied. To eacli 5 ml of 1% CuCh 
solution or 0.1% hemocyanin solution from baby 
clams was added 2 ml of sodium sulfide solution 
(0-100 mg%) as hydrogen sulfide and then 5 ml 
of 0.2% sodium phosphate (tribasic! or sodium 
pyrophosphate. Precipitation was then observed.

The results (Table 11) show that the sodium 
phosphates are effective in preventing the develop
ment of blackening. However, even though the 
phosphates were added directly into the container, 
black discoloration was not prevented when a 
large quantity of hydrogen sulfide was present. 
Thus, it would be difficult to prevent blackening of 
canned baby clams by the simple addition of 
phosphates.

Iron in sea ivatcr and sea-bottom mud. Results 
of Sekine (1926) and the present researchers indi
cate that baby clams have a higher iron content 
than other fish. Iron in the meat of baby clams 
is biologically important in shell formation and 
also involved in oxygen transport in the respira
tion system. The absorbed iron of baby clams 
comes mainly from the mud or sea water in which 
they are found. Thus, the iron content of baby 
clams and of mud or sea water where the clams 
were obtained was determined quantitatively. The 
method of estimation was the same colorimetric 
method as above. The samples were collected from 
six places where baby clams live along Ariakc-Sea 
in Kyushu, Japan.

Considerable differences were found in the dis
tribution of iron in the mud (2.6-8.7%! or sea 
water (0.1-0.4%) where baby clams live. The 
iron content of the meat of baby clams, however, 
was relatively constant (58.9-78.4 mg%), regard
less of where they were harvested. In all cases 
it was greater than 20 mg%, the lowest limit of 
iron for blackening to occur. The lack of differ
ence in iron content of the meat of baby clams 
harvested from a wide area is due to the fact that 
almost all of the iron absorbed into baby clams 
is utilized to meet physiological requirements.

Reaction of phosphates with iron. As described 
above, tribasic sodium phosphate and sodium pyro
phosphate are effective in forming metallic com
pounds with copper. Experiments were carried 
out to determine whether the phosphates are also 
effective in forming metallic compounds with iron. 
Each 5 ml of 2% FeSOi solution was mixed with, 
first 5 ml, and then 10 ml, of 0.2% phosphates 
solution, and the amount of precipitate was ob
served. It was found that sodium and potassium 
metaphosphates are effective in forming metallic 
compounds with iron, but tribasic sodium phosphate 
and sodium pyrophosphate were not effective.

Blackening in clams containing phosphates. In 
order to find out whether the phosphates which 
were effective in preventing blackening of copper

Table 11. Effect of added phosphates on blackening of copper and hydrogen sulfide.
1 %  C u C b  s o in C u  in  h e m o c y a n in

HaS(mg%) C o n tr o l
N a  p h o s p h a te  

t r i b a s i c
N a  p y r o 

p h o s p h a te C o n tr o l
N a  p h o s p h a te  

t r ib a s ic
N a  p y r o 
p h o s p h a te

0-50
40 + -

— —
+ -

- -
50 + — — + — + -60 + — + - + + - + -70 + + + - + + + +80 + + + + + + + +90 + + + + + + + +100 + + + + + + + + + + +

no blackening ; H— : slight blackening; + :  blackening; + + , -(—|—|- : mar!Iced blackenin;
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and hydrogen sulfide were also effective in commer
cially prepared canned baby clams, the following 
experiment was carried out. Sodium pyrophos
phate or sodium phosphate (tribasic) was added 
to each container in the amount of 0.2% of the 
total weight of the contents ; then the cans were 
packed with boiled meat of baby clams and 
processed 110 min at IS lb (120.9°). The product 
was stored for about a month at room temperature 
(20±2°C) and then opened. The solid portion 
was used for the determination of copper, iron, 
hydrogen sulfide, and volatile basic nitrogen by 
the methods given above. Reflectance of the meat 
was estimated as follows : About 10 g of the meat 
was blended to a slurry in a mortar, then put on 
a disk of reflectometer attached to a photoelectric 
co lo rim e te r. Reflectance was expressed as %T 
of the reading of the colorimeter. The standard 
for the estimation of reflectance was CaO. The 
crushed meat of baby clams was extracted with 
ten times its volume of water, and the pH value 
was estimated with a glass-electrode pH meter.

The results (Table 12) indicate that sodium 
pyrophosphate and tribasic sodium phosphate were 
effective to some extent in preventing blackening 
in canned baby clams. It is obvious that copper 
in canned baby clams is liberated from blood 
hemocyanin by dénaturation or decomposition. 
Iron, however, is also a component that causes 
blackening. Although it could be dissolved from 
the tin container rather than from the contents, 
this should not be an important factor, since the 
container was coated with C-enamel or other 
paints. It should be recalled that there were only 
slight differences between the iron contents of 
canned and raw meat of baby clams. Hence disso
lution of iron from the tin container is thought to 
have little or no relation to blackening.

The copper associated with blackening is, at 
least in part, liberated from the hemocyanin of 
baby clams by processing. Then, the copper and 
iron react with hydrogen sulfide to produce the 
blackening. Some phosphate compounds (0.2%)

Table 12. Effect of added phosphates on blackening of canned baby clams.
C o n tro l
( w i th o u t

p h o s p h a te )
N a  p h o s p h a te  

t r i b a s i c
N a  p y r o 

p h o s p h a te

Cu as CuO
(mg%) 0.75 0.82 0.78

Fe as FeO
(nig%) 67.3 55.7 59.1

H,,S (mg% ) 38.9 3 7.2 36.5
Reflectance (% T) 17.3 20.3 19.6
VBN (mg%) 15.4 14.6 12.8
pH 6.4 6.5 6.2

appear to be effective in preventing the develop
ment of black discoloration by forming the metallic
phosphate compounds.

DISCUSSION
The data indicate that blackening of can

ned baby clams is a phenomenon of precipi
tation of metallic sulfides. The metallic con
stituent of the black substance is copper and 
iron. The copper content of hemocyanin 
from Gastropod is usually about 0.25% 
higher than that from Arthropoda. The 
relatively high copper content of hemocya- 
nins from Gastropod represents a remarkable 
concentration of copper from sea water, 
which contains only 0.01 /¿g per 100 ml 
(Goodwin, 1960). Thus, the development 
of blackening of canned baby clams may 
easily occur.

Without any definite evidence, the copper 
in various hemocyanins has for many years 
been assumed to be in the cuprous form in 
both the reduced and oxygenated pigments 
(Redfield, 1952). More recently, consider
able evidence has been obtained that the cop
per in Busycon canaliculatnm hemocyanin is 
almost entirely in the cuprous state in the 
non-oxygenated pigment, and that only about 
one-half is in the cupric state in the oxy
genated pigment (Klotz and Klotz, 1954). 
Also, strong oxidizing agents, e.g. perman
ganate, are necessary to convert the copper in 
Hoinarus hemocyanin from the cuprous to 
the cupric state. From these findings, the 
valency state of the copper in hemocyanin 
from baby clams may be mainly in the 
cuprous state. Whether the valency state of 
the copper in the hemocyanin in canned baby 
clam remains in the cuprous state or is 
converted to the cupric state by heating, is 
yet to be determined.

Some phosphate compounds are effective 
in forming metallic phosphate compounds 
with iron and copper. These phosphate com
pounds may be effective in preventing 
blackening in canned baby clams. The rever
sion of polyphosphate compounds to or
thophosphate is affected by pH and heat 
treatments (Green, 1950). Therefore infor
mation regarding the final pH of canned baby 
clams after addition of various phosphates 
and heat “stability” of the added polyphos
phate compounds in the canned clams is
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necessary before a recommendation can be 
made on the type of phosphate compounds 
to be used in preventing blackening in can
ned baby clams.
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Effect of Temperature and pH on the Soluble Proteins of Ham
SUM M ARY

A sen sitiv e  h ea t g e ll in g  test based  u p on  the  
least p ro te in  co n ce n tra tio n  as th e  en d p o in t  
(L C E ) w as d ev e lo p ed  fo r  sa lt-so lu b le  p rote in  
ev a lu atio n  in  ex tracted  m u sc le . A lth o u gh  th is  
is n o t rea d ily  a p p lica b le  to q u a lity -con tro l p ro 
ced u res, it a p p ears to b e an  e x c e lle n t research  
to o l to stu dy  su b tle  p ro te in  ch a n ges  o ccu rrin g  
in  m u sc le  p ro te in s d u rin g  th e  p ost-m ortem  
tra n sfo rm a tio n  o f  m u sc le  in to  m ea t. U sing  
the LCE to stu d y  the e ffe c t o f  s im u la ted  p h y
s io lo g ica l te m p e ra tu r e  a n d  pH  on  m u sc le  p ro
te in  ex tracts  it  was fo u n d  that p H  h as a p ro
fo u n d  and  p a r tia lly , but n o t c o m p le te , rev ersib le  
e ffe c t on  th ese  p ro te in s. A d e fin ite  re la tion  
was fo u n d  b etw een  p ost-rigor m u sc le  pH  and  
th e LCE o f  th e  ex tracted  sa lt-so lu b le p ro te in s, 
w h ich  su g g ests  th at th e  rigor m ortis  tran sfo r
m a tio n  o f  m u sc le  to m eat d eterm in es th e  su b 
seq u en t ch aracter istics o f  th ese p ro te in s. T he  
m o s t  d esirab le  p ost-rigor m u sc le  pH  w as 5 .8 -  
6 .1 . N o m ech a n ism  is  p ro p osed  to ex p la in  th e  
e ffe c t o f  pH  on  th e sa lt-so lu b le  p ro te in  LCE. 
T h e e ffe c t o f  d ecreasin g  p H  was lin e a r  o n  th e  
so lu b ility  o f  b oth  water- and  sa lt-so lu b le  p ro 
te in s, and  o n  th e  in crea se  o f  fr e e  h em e  w ith  
co n co m ita n t d ecrease in  o x y m y o g lo b in  v isu a l 
co lo r . M ix in g  sa lt-so lu b le  p ro te in s fr o m  ex* 
trem e-pH  p ost-rigor m u sc le  resu lted  in  an  im 
proved  LCE w h ile  avera g in g  th e  so lu tio n  pH  
and A T P (a s e )  activ ity . T h is  m ix in g  e ffe c t m ay  
a ccou n t fo r  th e  la ck  o f  re la tion  b etw een  sau 
sage batter variation  and  p ro d u ct q u ality .

INTRODUCTION
In the production of processed sausage, 

products of marginal quality should be sig
nificantly reduced by the application of com- 
putor-derived formula, single 10-15,000-lb 
batch mixing of trimmings representing sev
eral thousand animals (Kielsmeier and Gara,
1962), and continuous processing including 
chopping (Eberman, 1961), stuffing (Sloan 
ct dl., 1965), smoking, heating, and relative- 
humidity conditions (Sloan and Ahern,
1965). While this has been true, occasional 
product problems such as fat separation, soft 
texture, poor color development, and stabil
ity are still found. Studies in this laboratory 
of samples taken from large lots of the indi
vidual beef and pork meat components and 
large mixed batches, and examined by vari

ous water-binding, fat emulsification, and 
heat gel strength tests suggested that these 
problems are related to variations in the meat 
quality. Although meat quality was indicated 
as a major variable, good statistical relation
ships could not be established, because of the 
poor sensitivity of these methods. To under
stand these meat quality variations, attention 
was directed toward characterizing some of 
the muscle post-mortem glycolytic-associated 
changes, particularly regarding the soluble 
muscle proteins. In most processed sausage 
products it is essential that a portion of the 
contractive (salt-soluble) muscle proteins be 
solubilized with sodium chloride before heat 
processing.. Although post-mortem changes 
in muscle have recently received a great deal 
of attention (Bendall, Briskey, Hamm, 
Wismer-Pedersen), it is unfortunate that 
these studies have not included sodium chlo
ride solubility properties which would be 
similar to those necessary for sausage manu
facture.

Variations in many post-rigor carcass 
properties and characteristics have been re
ported to be associated with the biochemical 
transformation of muscle into meat. Spe
cifically, Bendall and W ism er-Pedersen,
(1962), W ism er-Pedersen (1964), and 
Briskey and Wismer-Pedersen (1961) have 
reported that rapid glycolysis at body tem
peratures result in pale, soft, exudative pork 
tissue, Bendall and W ism er-Pedersen
(1962) concluded that solubility, swelling, 
and water retention of the muscle fibrils are 
inhibited by an insoluble surface layer of 
sarcoplasmic protein which is altered by post
mortem temperature and pH changes. They 
also concluded that the myofibrillar proteins 
are relatively unaffected by these post
mortem changes. Scopes (1964) reported 
the denaturation of sarcoplasmic protein to 
be both temperature- and pH-dependent and 
associated with decreased myofibrillar solu
bility. The loss in solubility of both sarco
plasmic and myofibrillar proteins due to post
mortem changes has been reported by Sayre 
and Briskey (1963). Cassens et dl. (1963-
a.b) reported evidence conflicting with Ben-

[ 409 ]
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dall and Wismer-Pedersen’s (1962) inter
pretation of the dense irregularly banded 
material. They suggest that the disorganiza
tion of the myofilaments may be due to 
changes in the myofibrillar proteins and that 
the precipitated sarcoplasmic proteins may 
be an artifact of myofibrillar solubility.

Although there is general agreement that 
the kinetics and extent of post-mortem gly
colysis are responsible for the undesirable 
properties of the pale, soft, watery muscle, 
the causative factors and components in
volved have not been fully elucidated. Con
siderable disagreement exists about which 
reactions of glycolysis are most responsible 
for these properties and which meat compo
nents are most susceptible to the changes.

While both temperature and pH contrib
ute to ultimate carcass properties, no attempt 
has been made to distinguish between tem
perature effects on the rate of glycolysis and 
the kinetics of chemical reactions between 
the products of glycolysis and meat compo
nents. Hence, it is desirable to determine 
which is most important to manufacturing 
meat quality: a) the ultimate carcass pH 
resulting from various rates of glycolysis; 
or b) the nonglycolytic reactions, whose rates 
are temperature-dependent. Of equal impor
tance is determination of which meat compo
nents are involved.

A model system of soluble meat compo
nents was selected so that undefinable vari
ables could be minimized and the experimen
tal parameters closely controlled. Such a 
model system has a very practical basis 
since: a) except for the dilution effects of 
water and the presence of fat and connective 
tissue, finely comminuted sausage batters are 
quite similar; and b ) the heat treatments and 
pH range studied are those encountered in 
rigor mortis conditions and during cooked 
sausage manufacturing. Although some of 
the properties of the soluble proteins studied 
here in model systems may be analogous to 
their reactions in muscle and meat, these sys
tems must be considered different in at least 
two respects:

First, the model system contained only 
those proteins which were soluble after lim
ited or extensive post-mortem reactions took 
place. Recause the extraction may be viewed

as a fractionation step of soluble from in
soluble protein of the same or mixtures of 
proteins, the extracts may not be truly repre
sentative of meat, especially with respect to 
molar ratios of myoglobin, actin, myosin and 
actomyosin.

Second, the myofibrillar proteins were 
studied in their NaCl-soluble states versus 
their potentially soluble or superprecipitated 
condition in the muscle. The subject of this 
report is the observed influence of simulated 
carcass temperatures and pH conditions on 
the soluble protein components from ham 
muscle.

MATERIALS AND METHODS
Muscle samples. P r e - r ig o r .  Semimembranosus 

muscles were obtained from SHAiid-month pigs 
ranging in weight from 195-210 lb within five min 
of slaughter at the University of Wisconsin Meats 
Laboratory and immediately ground and frozen in 
thin layers on dry ice. The muscle from each ani
mal was identified and treated as individual sam
ples. The frozen samples were placed directly in 
the salt extraction solution to avoid thaw rigor, 
which is similar to certain sausage practices 
(Turner and Olson, 1959).

Post-rigor. Semimembranosus muscles were ob
tained from swine carcasses 18-24 hr after carbon 
dioxide anesthesia and slaughter in a commercial 
meat processing plant. Average 24-hr carcass tem
perature was 38-40°F. Numerous individual mus
cles were selected on their color basis, their 
distilled-water pH was determined, and those rep
resenting the desired pH range were taken for 
individual extraction.

Extraction. Samples to he extracted were cooled 
to 32-3J °F, extracted 1 hr at 32° F on a constant- 
speed stirring rack at a ratio of 100 g sample to 
275 ml of 0.05M, 0.673/, or 1.2M NaCl (depending 
upon which major component was desired), and 
centrifuged for 10 min at approximately 9,000 X G. 
The use of 0.673/ NaCl and 1.2M  NaCl extraction 
solutions was justified on the basis that many sau
sage products have 0.673/ NaCl in their aqueous 
phase and, during certain periods of the blending of 
sausage ingredients, the NaCl concentration in the 
aqueous phase may be as high as 1.4-1.53/. Subse
quent mixing and chopping melts the remaining ice 
and lowers the NaCl concentration. The protein 
components are referred to herein as water- or 
salt-soluble instead of sarcoplasmic or myofibrillar 
because their manner of preparation was based 
upon their solubility. Electrophoretic examinations 
of similarly prepared extracts have confirmed the 
validity of this terminology with respect to the
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presence of actin and myosin and actomyosin in 
pre- and post-rigor purified extracts, respectively.

Water-soluble protein (sarcoplasmic proteins). 
The 0.05M NaCl supernatants contained only 
water-soluble protein and NPN. The latter was 
removed by dialysis for two days at 32°F against 
three changes ( 1 0 x  supernatant volume) of 0.053/ 
NaCl.

Water- and salt-soluble protein. The 0.67M 
NaCl supernatant contained approximately equal 
amounts of water- and salt-soluble proteins plus 
NPN. The latter was removed by dialysis against 
0.673/ NaCl.

Salt-soluble protein (myofibrillar proteins). The 
1.2.1/ NaCl supernatants contained significantly 
more salt-soluble protein than water-soluble protein 
and were utilized as sources of purified salt-soluble 
protein. These supernatants were dialyzed for three 
days at 32°F against 0.053/ NaCl with four changes, 
and then centrifuged for 10 min at approximately 
9,000 X G. The insoluble salt-soluble protein was 
recovered and washed twice with 0.053/ NaCl. 
Finally it was solubilized in 1.23/ NaCl and dialyzed 
for two days with 0.673/ NaCl. At 1)4% concen
tration these soluble purified salt-soluble proteins 
were clear, whitish solutions with no acid-acetone- 
soluble heme.

Heat-gelling test. A test called “least concen
tration," developed to determine the quality differ
ences of soluble proteins, was based upon the 
rigidity and elasticity of a heat-induced gel. It 
consists of the following steps:

1) Calculated portions of a soluble protein solu
tion and 0.673/ NaCl or buffer are pipetted into a 
series of 15-ml conical centrifuge glass tubes so 
that 10 ml of these solutions should cover the antic
ipated concentration endpoint range. (ienerally, 
pre-rigor salt-soluble protein will have a range of 
0.3-0.5% ; post-rigor salt-soluble protein will have 
a range of 0.6-1.0%, depending on its original 
muscle p H ; and water-plus-salt-soluble protein 
mixtures will have a range of 1.2-2.0%. Incre
ments of 0.1% are satisfactory.

2) The 10-ml contents of each tube are thor
oughly mixed by repeated gentle inversions.

3) The series of tubes are transferred to a 176°F 
water bath, held quiescently for 10 min, and then 
transferred to an ice-water bath for 1 hr.

4 ) The air-gel-tube interphase of each tube was 
loosened with a micro-spatula to avoid anomalous 
endpoints. Each tube was then gently inverted 
three times. The endpoint was the tube in which 
all the content of the least protein concentration 
remained in the tube when inverted.

5) Once the endpoint range is established, an 
endpoint accuracy of ±0.05% protein may be ob
tained by repeating the test with the protein solu

tion diluted to a concentration 0.1-0.2% greater 
than the endpoint previously determined. With 
experience, this endpoint is quite definite and 
reproducible.

Pure water-soluble protein solutions will form a 
flocculated coagulum when heated to 176°F at a 
concentration of 2% or greater. However, slight 
physical distortions caused a complete breakdown 
of the coagulum over a wide range (2.0-3.0%) of 
protein concentration, so that this test is not appli
cable to pure water-soluble proteins.

Buffers. The pH changes were accomplished by 
dialysis for at least 2 days against one of the fol
lowing buffers at 32°F with four changes :

1) pH 7.0-4.5 were prepared containing 0.673/ 
NaCl and 0.053/ phosphate and adjusted to the 
desired pH with NaOH or HC1.

2) Similar NaCl-POi buffers were prepared con
taining 0.013/ sodium ascorbate.

Heme determinations. Total acid-acetone-soluble 
heme was determined by Hornsey’s (1956) method. 
Acetone-soluble free heme was determined on 10-ml 
protein solutions plus sufficient acetone and 0.013/ 
ascorbate to give a ratio of 80% acetone to 20% 
water at 50 ml. The absorption spectra of the free 
heme was similar to that of acid hematin. Thus, 
in a 1-crn cell at 640 rny, a factor of 680 was used 
to obtain ppin of free heme (Hornsey, 1959).

ATP(ase) activity. The magnesium-activated 
A TP(ase) activity of salt-soluble protein was de
termined by the method of Perry and Kielley 
(1955) at pH 7.5, and inorganic phosphate by 
Allen’s method (1940).

Heating protein solutions. After dialysis against 
buffer for 3 days, each protein solution in its 
dialysis bag was transferred to its corresponding 
buffer, which had been prewarmed to the desired 
temperature. Each sample was held for 30 min 
and then returned to its 32°F buffer, where dialysis 
was continued for two days.

RESULTS AND DISCUSSION
Pre-rigor proteins. The frozen pre-rigor 

ham muscles from only one animal were ex
tracted for each experiment under conditions 
which avoided thaw rigor. All the results 
reported here were confirmed by at least 
three similar experiments. Pre-rigor muscles 
were selected so that the condition of the 
extracted proteins would be as near the pre- 
mortem state as possible before the cellular 
organization was disrupted. The amount of 
labile phosphate was also determined in each 
muscle and expressed as the percent of total
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phosphate which was acid-hydrolyzed. A 
range of 57-70% labile phosphate was found.

Effect of temperature and pH on water- 
and salt-soluble proteins. A 0.67M NaCl 
extract of the %-in. reground frozen pre- 
rigor muscle was prepared. Portions were 
immediately dialyzed against phosphate buf
fer at pH 7.0, 6.5, 6.0, 5.5, and 5.0. After 
three days of dialysis, fractions of each pH 
were heated to 65, 75, 85, 95, and 105°F to 
determine if there was a critical temperature 
effect which might be similar to that reported 
by Briskey (1963). After two additional 
days of buffer dialysis, the protein concentra
tion, least-concentration endpoint (LCE), 
and pH of each sample were determined. 
Below pH 5.5, the samples were in a gel 
condition, which, when centrifuged, yielded 
a dense residue and a pink-gray supernatant. 
The bright-pink oxymyoglobin changed to 
gray with decreasing pH from 6.5. This ob
servation was in agreement with Goldspink 
and McLoug'hlin (1964). The effects of pH 
and heat on the LCE are illustrated in Fig. 1.

The results in Fig. 1 gave a family of 
curves representing the live heat treatments 
from 65 to 105°F. Very little significant 
deleterious effect was observed between the 
65 and 105°F heat treatments. The most 
significant effect was in pH. The best LCE 
(0.7-0.8%) was between 6.0 and 5.7. Below 
this pH range, a very sharp positive slope in 
the curves continued until the sample gelled 
into an unworkable condition, at pH 5.3 and 
at approximately twice the LCE. Above pH

Fig. 1. The effects of pH and temperature on the least-concentration endpoint of a pre-rigor extract containing water- and salt-soluble proteins.Heat treatments for 30 min.: x----- x 65°; o----- o75°; *----- * 85°; «----- •  95°; and A----- A 105”F.

6.0 the slope of the curves increased in a 
positive manner to approximately pH 6.75 
and, again, about twice the LCE. The LCE 
results suggested that there was an optimum 
pH range in which the heat-denatured solu
ble proteins gave a more rigid gel. The pink- 
gray supernatants containing 10-20% of the 
protein below pH 5.7 indicated that not all 
the sarcoplasmic proteins had precipitated. 
Since the LCE reflects the effects of pH be
fore and during heating of the NaCl solu
bilized protein system, these results cannot 
be compared with work of Hamm (1959) on 
the pH and water-binding capacity of raw 
meat systems. However, because sausage 
batters are heat-processed at pH values rep
resenting the composite of many muscle pH's 
or individual hams representing pH ’s from
5.7 to 6.6, the LCE test at various pH ’s is 
considered to have a significant practical 
relationship.

Effect of temperature and pH on salt- 
soluble protein and pH reversal. Since the 
solubility of myofibrillar proteins has been 
reported by Sayre and Briskey (1963) to be 
influenced by physiological conditions, the 
effects of pH on purified salt-soluble proteins 
were examined. Pre-rigor salt-soluble pro
teins were prepared from a single semimem
branosus muscle. Portions of the resolubil
ized protein solution were dialyzed against 
phosphate buffers. Since no significant effect 
of temperature was previously found, half of 
each sample was warmed only at 65 °F for 
30 min. Following further dialysis, the least- 
concentration endpoint and pH were deter
mined. Afterwards, aliquots of each sample 
were dialyzed individually for three days 
against phosphate buffer, pH 6.4, to study 
the reversible nature of the pH effect. The 
LCE and solution pH were again deter
mined. The results are presented in Fig. 2.

The results in Fig. 2 were on purified salt- 
soluble proteins. The effect of changing the 
protein pH is represented by the solid lines, 
while the effect of returning the protein solu
tion pH to 6.4-6.5 is represented by broken 
lines and arrows. Again, an LCE minimum 
was found in the pH range of 5.8-6.1. Simi
lar sharp positive slope changes were found 
at pH 5.4 and 6.75. No significant deleteri
ous effects of the 65 °F heat treatment were
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Fig. 2. The effect of pH, temperature, and pH reversal on pre-rigor salt-soluble protein.Control o----- oHeated to 65°F for 30 min □ ----- □ .Filled symbols with dotted line connecting arrows indicate pH-reversal effect.

found. Returning the pH to approximately
6.4 tended to increase slightly the LCE of 
the samples at pH 5.8-6.1. A decrease (im
provement) was found in samples either 
above or below this range. Changing the pH 
appeared to restore partially, though not 
completely, the LCE of the samples initially 
at the pH extremes. In other words, the 
extreme pH of 6.75 and 5.4 tended to im
print certain properties which were irrevers
ible during subsequent pH changes. Hamm
(1959) has stated that pH changes of mus
cle from 4.5 to 7.0 are completely reversible 
for water-holding capacity of uncooked meat 
systems. The pH reversal is not complete 
with this heated system. The partial reversal 
of the pH effect observed here illustrates the 
desirability of studying isolated proteins and 
the sensitivity of the least-concentration test 
in determining subtle protein changes. Be
cause the LCE for pure salt-soluble protein 
was obtained at significantly lower protein 
concentrations than those for water-and-salt- 
soluble protein mixtures (0.5-0.6, versus 
approximately 1.5-2.0% protein), it was 
concluded from an intact cooked-meat water
binding standpoint that pH may have a 
greater influence on the salt-soluble protein 
than on the water-soluble protein.

Post-rigor proteins. The indication that 
initial pre-rigor pH may determine subse
quent characteristics of salt-soluble proteins 
suggested that post-rigor muscle pH may

also determine muscle or salt-soluble protein 
properties.

Effect of temperature and pH on salt- 
soluble proteins. Salt-soluble proteins were 
prepared individually from post-rigor ham 
muscles having 24-hr pH ’s of 5.25, 5.55, 
6.27, 6.68, and 6.80. Portions of each prepa
ration were divided into the following lo ts: 
three control samples which were exhaus
tively dialyzed against 0.67M  NaCl followed 
by one not being heated; a second heated to 
65° ; and a third heated to 105°F; and three 
series which were dialyzed against the range 
of pH buffers before similar heat treatments. 
Because specific ions have been reported 
(Hamm, 1960; Yasui et al., 1964a,b) to in
fluence the water binding of raw and cooked 
meats, phosphate, malonate, and EDTA 
buffers were also studied. The LCE and pH 
were determined and plotted. The results of 
the pH 6.68 ham-muscle salt-soluble proteins 
in EDTA buffer are presented in Fig. 3. 
Again, the pH caused an increase in LCE at 
the extremes of pH studied, and a minimum 
was found in the pH range 5.7-6.0. A small 
deleterious effect of heating was noted in the

PROTEIN SOLUTION

Fig. 3. The effect of pH and teinperature on the least-concentration endpoint of post-rigor salt- soluble protein.x ----- x pH control, o ------o heated to 65 °F for30 min.-|--------- h heated 30 min at 105°F.
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control unbuffered samples. No heating 
effect was found in the buffered samples until 
the pH was below 5.5. Similar families of 
curves were obtained with salt-soluble pro
teins from semimembranosus muscles of 
various pH's. Portions of the same protein 
sample dialyzed against these three buffers 
and at the same pH’s result in very similar 
curves. The buffer ion studied did not ex
hibit a significant specific effect. While the 
shapes of the curves from each sample were 
similar, the LCE minimum varied from pH
5.6 to 6.2. When all of the results from this 
pH range of muscles were plotted, it became 
apparent that, at a given buffer pH, the pH 
effect was not of the same intensity.

R ela tio n sh ip  between post-rigor ham 
muscle pH and its salt-soluble protein 
least-concentration endpoint. Since post
rigor salt-soluble proteins from different pPI 
muscles did not respond equally to the same 
pH, the previously noted effect of initial pH 
on pre-rigor proteins suggested that these 
differences may have been related to the 
post-rigor muscle pH. To determine whether 
a relationship existed, the results of the un
heated control samples from the previous 
experiments were plotted versus their re
spective muscle pH as presented in Fig. 4. 
A minimum LCE was found in the salt- 
soluble protein extracted from ham muscles 
in the pH range of 5.8-6.25. The endpoint 
then increased in a similar manner on both 
sides of this minimum when the muscle was

(,H OF PROTEIN SOLUTIONS)

Fig. 4. Relationship between post-rigor ham pH and its salt-soluble protein least-concentration endpoint. o-----------o ham muscle pH versus L C E ;o----------> x direction and magnitude of shift frommuscle pH to SSP solution pH at equilibrium dialysis.

of either higher or lower pH. There appears 
to be a very definite relationship between 
LCE and the post-rigor muscle pH. This 
indicates that the properties of the salt- 
soluble proteins are determined by and are 
characteristic of the glycolytic events during 
rigor-mortis which determine ultimate mus
cle pH.

The pH of each protein solution was also 
plotted in Fig. 4, with arrows connecting 
each respective muscle pH. The direction 
and length of each arrow indicate the pH 
shift from muscle to salt-soluble protein solu
tions. At muscle pH of 6.5 and higher after 
exhaustive NaCl dialysis, the salt-soluble 
proteins had a lower solution pH, while at 
muscle pH of 6.25 and lower the solutions 
had an increase in pH. This shift in pH 
would appear to explain the differences in 
response at a given pH of salt-soluble pro
teins from different muscle pH. It may also 
be interpreted as differences in sodium and 
chloride ion-binding capacity as determined 
by post-rigor pH. During an 18-month 
period following these experiments, 14 simi
lar salt-soluble protein solutions from known 
muscle pH were found to have LCE's which 
fit on this curve. Hamm (1960) has ex
plained various muscle-pH water-hydration 
curves in terms of inter- and intramolecular 
bonds. His curve differences may have been 
due to changes brought about by bond 
changes caused by differences in muscle pH 
which may be related to the pH shift from 
muscle to protein solution observed here.

Although additional studies will be neces
sary to explain the protein structural differ
ences responsible for this pH 5.8-6.25 LCE 
minimum, a practical relationship has been 
found. The amount of free moisture in a 
vacuumized impervious film package of com
minuted sausage after 14 days at 45 °F was 
found to be related directly to the LCE of 
the salt-soluble proteins extracted from the 
sausage batter (Trautman, 1963). Thus it is 
concluded that LCE is related to water bind
ing in cooked meat systems which contain 
sufficient NaCl to solubilize the salt-soluble 
proteins.

For several years it has been observed in 
this laboratory that the addition of NaCl to 
post-rigor ham muscles consistently lowers
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the pH. This has been reported by Hamm
(1957), and Van Logtestijn (1964). The 
increase in pH upon exhaustive NaCl dialy
sis of salt-soluble proteins from low-pH 
muscles suggests that the water-soluble and 
insoluble muscle components mask these 
subtle changes in the salt-soluble proteins.

Effect of pH on protein solubility and 
heme distribution. Salt-soluble protein. One 
percent salt-soluble protein solutions contain
ing no acid-acetone-soluble heme were pre
pared from post-rigor ham muscles of pH 
6.51 and 5.46. Portions were dialyzed indi
vidually for three days against the range of 
NaCl-phosphate buffers. The protein content 
of each sample was determined before and 
after centrifuging, and the effect of pH on 
protein solubility was calculated. The re
sults are presented in Fig. 5. No difference 
in solubility was found between these two 
samples at the same buffer pH. Both sam
ples were completely soluble above pH 5.9 
and 95% insoluble at pH 4.9. Additional 
studies of salt-soluble proteins from muscles 
of various pH’s found very similar curves,

Fig. 5. The effect of pH on the solubility of post-rigor salt-soluble protein. Original ham muscle pH: 0----- 0, 5.46; □ ----- □  6.51.

with no apparent relationship between mus
cle pH and loss in protein solubility, as found 
with the LCE in Fig. 4.

These results indicate that solubility cri
teria are not as sensitive a test for protein 
alterations as the least-concentration test. 
Although protein solubility may be a poor 
criterion for subtle protein changes, it has 
been used by Sayre and Briskev (1963) to 
indicate differences of physiological condi
tions in the muscle. These effects of pH on 
salt-soluble protein solubility support the po
sition of Sayre and Briskev that rigor-mortis 
pFI changes do alter the solubility of myo
fibrillar proteins and are not confined to the 
sarcoplasmic proteins as reported by Ben- 
dall and Wismer-Pederson (1962).

The disagreement about the pH effects on 
muscle protein solubility (Bendall and 
Wismer-Pederson, 1962; Sayre and Bris- 
key, 1963; and Scopes, 1964) may be due to 
the use of buffers during extraction which 
have pH ’s different from the muscle. Thus 
anomalies may be introduced by these buffers 
before experimental observations are made. 
As shown in Fig. 2 and confirmed in Fig. 4, 
certain salt-soluble protein properties are in
fluenced by their first exposure to pH de
crease and respond differently following sub
sequent pH changes.

Water-soluble protein. A decrease in the 
color intensity of myoglobin with decreasing 
pH was noted similar to that shown in Fig. 1. 
This loss in color may have been due to a 
change from a covalent to an ionic bonding 
( Haurowitz and Hardin, 1954) between the 
iron of the ferriheme and the F-8 histidyl 
residue of Kendrew et al. (1960) 2A model; 
or splitting of the approximately 9 salt link
ages between the heme group and the pro
tein moiety. Snyder (1963) found 40% of 
the heme in beef muscle myoglobin to be sol
uble in acetone at pH 6.6. Although Fronti- 
celli and Bucci (1963) were unable to find 
this amount of soluble heme from myoglobin 
derivates at pH 6.6, they did find a sharp 
increase at pH 5.0 and below. To determine 
whether acetone-soluble heme increased con
comitantly with visual color loss and de
creasing pH, the following study was made.

Water-soluble proteins were extracted 
from single post-rigor muscles. The protein
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content of the extracts was standardized at 
1% and the free and total heme determined. 
Portions of each extract were then dialyzed 
against the NaCl-phosphate buffers contain
ing 0.01M ascorbate. Without ascorbate in 
the buffers, the lower-pH samples were found 
to analyze lower heme contents than the 
higher-pH samples and original unbuffered 
extract. This loss in heme suggested that 
free heme is less stable at lower pH even at 
32°F. After three days of buffer dialysis, 
portions of each sample were removed for 
determinations of free and total heme, pH, 
and protein. The remaining portion of each 
sample was centrifuged for 10 min at 9,000 
X  G and the supernatant protein determined. 
The effects of pH on heme distribution and 
water-soluble protein solubility of an extract 
from pH 6.28 post-rigor ham muscle are pre
sented in Fig. 6. The ratio of ppm heme to 
% protein is plotted against protein solution 
pH to correct for small changes in bag vol
ume during dialysis. In the presence of 
ascorbate the total heme concentration re
mained constant while the free heme in
creased linearly with pH decrease. The visual 
intensity decreased at a rate apparently simi-

PROTEIN SOLUTION ,H
Fig. 6. The effect of pH on the heme distribution and solubility of water-soluble proteins.•----- •  total heme; 0------0 free heme; A----- Apercent of total protein insoluble.

lar to the increase in free heme. Protein in
solubilization with decreasing pH was also 
linear and prevented a more objective mea
surement of the color intensity.

Although the increase in free heme and 
protein insolubilization was linear with pH 
in a series of similar experiments, the slope 
of the lines was not constant. This may have 
been due to the difference in extract compo
sition. For example, the ratio of ppm heme 
to % protein ranged from 19 to 29 extracted 
from muscles of pH S.9-6.5. This narrow 
range of muscle pH may account for the lack 
of a correlation between heme content and 
muscle pH as reported by Hornsey (1959).

These results on water-soluble protein ex
tracts suggested that the paleness of pork 
muscle studied by Briskey and others may 
have been initiated by simple pH effects of 
the muscle during rigor mortis. If this were 
the case then analysis of free heme, total 
heme, and pH of muscle pairs, one pre-rigor 
and one post-rigor, should reveal a relation
ship between free heme and decrease of vis
ual color with decreasing post-rigor muscle 
pH. Approximately two dozen pairs of mus
cles were examined, and significant differ
ences found in pH, color, and total heme. 
However, no free heme was found in any of 
the pre- or post-rigor muscles. The failure 
to find free heme in low-pH muscles, while 
readily detected in water-soluble protein ex
tracts of similar pH, prompted further stud
ies on the nature of the protein-moiety heme 
binding in myoglobin, which will be the sub
ject of a future paper.

Mixing salt-soluble proteins. The rela
tionship shown in Fig. 4 explains the LCE 
range of 0.7-12 found in studies of several 
years ago in which muscle pH was not deter
mined. However, it did not explain the LCE 
of 0.8-0.9 of salt-soluble proteins extracted 
from large sausage batters containing mus
cles ranging from pH 6.6-5.4 (Moss, 1963). 
No significant statistical correlation was 
found between 38 sausage batter pH ’s and 
least-concentration endpoints.

To study the effect of mixing salt-soluble 
proteins from muscles of known pH, three 
post-rigor muscles were selected having pH ’s 
of 6.85, 6.15, and 5.60. The salt-soluble pro
teins were individually extracted and puff-
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fied, and exhaustively dialyzed against 0.67M  
NaCl. The LCE, pH, and A TP(ase) ac
tivity were determined on the individual 
samples and 50:50 mixtures of each. The 
results are presented in Table 1.

The LCE of the individual samples closely 
followed the relationship shown in Fig. 4 
with respect to muscle pH. The mixture of 
pH 6.85 + 6.15 (sample D) and pH 6.15 +
5.60 (sample E) resulted in an averaging 
effect on the LCE. However, when the pH 
6.85 sample (A) was mixed with the pH
5.60 sample (C) to obtain sample F, a lower 
endpoint was obtained than either of these 
individually. Since the pH of the latter mix
ture approximated that of the two former 
mixtures, pH alone did not appear to account 
for this effect. This improvement effect may 
he similar to that noted by Shaw (1958) 
that mixing pre-rigor and post-rigor muscles 
together resulted in a pre-rigor electropho
retic pattern of the extract. His analysis 
suggested that this effect was not merely an 
ATP effect but was probably protein com- 
plexing. Although the improvement by mix
ing may involve protein complexing. a thor
ough study including ultracentrifugal 
molecular-weight distributions should he 
made before this phenomenon is suggested 
to be due to different rigor mortis conditions 
causing different protein molecular stoichio
metric combinations or alterations.

The ATP(ase) activity of the individual 
and mixed samples was on the order ex
pected if this activity was primarily a func
tion of ultimate muscle pH and a secondary 
function of protein solution pH, i.e. greater

Table 1. The effect of mixing post-rigor salt- soluble proteins on their LCE, solution pH, and ATP Case) activity.
M u s c le  P r o t e i n  L C E  A T P ( a s e )

S a m p le  p H  s o lu t io n  p H ( %  p r o te in )  a c t iv i ty  a

A 6.85 6.01 1.4 2.50
B 6.15 5.80 0.7 1.85
C 5.60 5.61 1.0 0
D 34 A +

/ 2 B mixture 5.76 1.1 2.20
E I4B  +

/ i  C mixture 5.70 0.9 0.90
F 54 A +

A C mixture 5.80 0.9 1.20
“ fiMP 0 4 released in 5 min per mg enzyme N.

activity with higher post-rigor muscle pH. 
The ATP(ase) activity of the mixed sam
ples supported this position in that their 
activity was a numerical average of the activ
ity of the two components. The variability 
of muscle ATP(ase) activity reported in 
literature may be the result of pH differences 
in the sources of myofibrillar proteins.

The improvement in least-concentration 
endpoint by mixing and averaging ATP(ase) 
activities was confirmed in two similar ex
periments with three muscles having post
rigor pH in the range 6.5-5.5.
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SUM M ARY
M icrobia l grow th  p attern s o f  reh vd rated  

sh rim p  w ere in v estig a ted  a t 4 , 2 0 , and  3 7°C . 
Storage tem p era tu re  greatly  in flu en ce d  th e  
grow th ra tes. T h e  la g  p er io d  was lo n g e st at 4°C  
and  sh ortest a t 3 7°C . T h e  m a x im u m  p o p u la 
tio n , a lm o st a m illio n  tim es  th at o f  th e  in it ia l 
p o p u la tio n , w as reach ed  tw ice as fa st a t 3 7 °C  
as a t 2 0 °C . S am p les  stored  a t 4°C  in creased
1 0 ,0 0 0 -fo ld  in  to ta l aerob ic  co u n ts  b u t req uired  
two w eek s to do  so .

G rowth p attern s in d ica te  a s h ift  in  m icro b ia l 
sp ectru m  in resp o n se  to tem p era tu re . T h is  
was p ro n o u n ced  w h en  reh vd rated  sh r im p  was 
stored  at 4 °C , th e  esse n tia lly  m eso p h ilic  p o p u 
la tion  b eco m in g  a m in o rity .

It is  ap p a ren t th a t, in  co m m o n  w ith  o th er  
typ es o f  p er ish a b le  fo o d  p ro d u cts , reh yd rated  
sh rim p  can  h ave a storage l i f e  s ig n ific a n tly  
ex ten d ed  by low  tem p era tu res. T h e sh rim p  
storage l i f e  was 7 tim es as lo n g  at 4 °C  as a t 
2 0 °C , and  2 0  tim es as lo n g  as a t 3 7°C .

INTRODUCTION
The production of commercial freeze-dried 

foods for consumer acceptance has shown a 
steady increase after the initial developmental 
stages. In 1962, the volume of freeze-dried 
foods in the U.S. was 5.6 million pounds, and 
now is five times that of 1962. It is predicted 
that by 1970, there will be further a 12-fold 
increase in the production of freeze-dried 
foods (Bird, 1965). It is therefore impor
tant that these foods be evaluated microbi- 
ally.

A previous study (Sinskey et al., 1964 ) 
demonstrated that certain organisms of pub
lic-health significance and other contaminants 
in model systems and foods can survive 
freeze-drying to various extents, and that 
survival is influenced by the composition of 
food to be freeze-dried and by the processing 
temperature. Saleh et al. (in press) sur
veyed eight randomly selected commercial 
freeze-dried foods and detected organisms of 
public-health significance. As stated else
where (Silverman and Goldblith, in press), 
the microbial flora of a freeze-dried food is

related to but not necessarily identical to that 
of the original raw material. The differences 
may be greater after storage and rehydration. 
Rehydration studies are important because, 
once a freeze-dried food is rehydrated, it be
comes a perishable product which requires 
immediate consum ption  or refrigeration. 
Therefore, both for product quality and for 
anticipating specific situations of potential 
public-health significance, it is important to 
predict growth patterns of various groups of 
organisms subsequent to rehydration at spe
cific temperatures.

In this study three temperatures, 4, 20, 
and 37°C, were selected to estimate psycho- 
trophs (Eddy, 1960; Mossel and Zwart,
1960) and mesophiles. The selection of 
these temperatures is somewhat arbitrary 
since, for example, certain psychrophilic or
ganisms can grow over an appreciable tem
perature range (Ingraham and Stokes, 1959; 
Witter, 1961).

Sea foods such as shrimp, which are sus
ceptible to deterioration at refrigerated tem
peratures and which undergo protein de- 
naturation during frozen storage, are being 
freeze-dried commercially for institutional 
use. For this reason, it was felt desirable to 
evaluate the microbial growth patterns of 
rehvdrated freeze-dried shrimp.

MATERIALS AND METHODS
Two samples of commercial peeled, deveined, 

and cooked freeze-dried shrimp of H (higher bac
terial plate count) and L (lower bacterial plate 
count ) were obtained from commercial sources and 
stored at 20° C until analyzed. The shrimp had 
been packaged under nitrogen in 13b i-o z  cans 
which were of the same lot number.

Portions of freeze-dried shrimp (225 g) were 
rehydrated with 1,000 ml of either sterile distilled 
water or trypticase diluent. The rehydration 
medium was equilibrated at either 4, 20, or 37°C 
prior to use. After 15 min of rehydration the 
samples were drained to remove excess liquid, and 
each portion was stored at a temperature corre
sponding to that of the rehydration liquid.

For plate counts, a 50-g portion of rehydrated
[ 4 1 9 ]
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shrimp was blended for 3 min with 75 ml trypticase 
diluent, resulting in a 1:10 dilution (dry basis). 
The trypticase diluent consisted of 0.0034/ KH2PO i 
containing 0.1% trypticase (BBL, pH 7.2). Blend
ers and diluents were always cooled to 5°C before 
use. Unless otherwise indicated, trypticase diluent 
was used for rehydration.

Total aerobic pour-plate counts were made in 
trypticase soy agar (BBL) supplemented with 0.5%' 
yeast extract (Difco). Serial dilutions were made 
in trypticase diluent (Sinskey et al., 1964). For 
each rehydration temperature, three sets of plates 
were prepared and incubated at 4, 20, and 37°C, 
respectively. Plates incubated at 37° C were 
counted after 3 days, those incubated at 20°C after 
5 days, and those incubated at 4°C after 7 days.

RESULTS
Enumeration of the aerobic microbial flora in

shrimp is, to a certain extent, dependent upon the 
composition of the rehydration medium (Fig. 1). 
Rehydration with trypticase diluent gave a higher 
recovery than rehydration with distilled water. 
The difference in recoverable organisms was mini
mal initially, and increased with incubation. Growth 
rates in the logarithmic phase were much higher 
in shrimp rehydrated and stored at 20°C than in

T IM E  (HOURS)

Fig. 1. Growth patterns at 4 and 20 °C of shrimp rehydrated in distilled water (DW ) or in trypticase diluent (TD ).

Fig. 2. A comparison at 20 and 37°C of the growth patterns of two samples of shrimp : higher count (H ) and lower count (L).
shrimp stored at 4°C. At 20°C, a population of 
10” cells was obtained in 50-55 hr, while at 4°C, 
a population of 10“ cells was obtained in 55 hr. As 
noted below, growth was even faster at 37°C.

The initial number of organisms present in the 
two shrimp samples, one of higher plate count (H) 
and the other of lower plate count (L ), did not 
materially affect the growth rates hut did influence 
the total numbers detected at any given interval of 
storage. As seen in Fig. 2, the growth rates of 
the bacteria in H and L samples stored at 20 or 
at 37° C were comparable. At any given interval, 
those stored at 37°C reached a higher total popu
lation than those at 20° C. After 25 hr, sample H 
reached a population of 10UI organisms per gram of 
dry material, compared to 10° organisms per gram 
at 20°C. Sample L at 37°C had a population of 10’ 
cells in 25 hr, and at 20°C a population of 10“ cells. 
A comparison of Figs. 1 and 2 indicates that plate 
counts for shrimp rehydrated and incubated at 4°C 
was much lower initially than replicates incubated 
at 20 or 37°C. This is, however, an oversimplifica
tion of the problem, as is discussed below (Fig. 3).

Spoilage was detected organoleptically at 37°C 
after 15 hr in sample H and 24 hr in sample L. At 
20°C this period was extended to 40 hr in sample 
H and 45 hr in L. Both H and L samples at 37, 
20, and 4°C spoiled when the total numbers of aero-
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SPOILED

Fig. 3. The aerobic plate counts at three incubation temperatures of shrimp rehydrated and stored at 4°C. The incubation temperatures were 4°C, □ ------□ ; 20°C, • ------• ;  37°C, O ----------O-
bic organisms were in the neighborhood of IS to 
20 X 10s organisms per gram of dry material 
(40 X 107 per gram of wet material).

Storage life of the rehydrated shrimp is extended 
appreciably by low-temperature storage. At 4°C 
it took about two weeks for sample L to show 
obvious organoleptic deterioration. At this time, 
and in agreement with the studies conducted at 20 
and 37°C, the microbial population was about IS X 
10s organisms per gram of dry material (Fig. 3). 
For samples stored at 4°C, three sets of plates were 
prepared at each sampling period and a set incu
bated at 4, 20, and 37°C. Approximately a 10-fold 
average higher initial plate count was obtained 
from plates incubated at 20 and 37° C than from 
plates incubated at 4°C.

Using growth temperature as a criterion, it is 
seen that a shift occurs in the microbial spectrum. 
In this study, psychrotrophs (Eddy, 1960) are 
defined as those bacteria capable of relatively rapid 
growth at or below 4°C. Mesophilic bacteria are 
those bacteria which grow at 37° C. Recovery at 
20°C would therefore not differentiate between psy
chrotrophs and mesophiles.

The majority of the microbial population found 
in freeze-dried shrimp upon rehydration was in
capable of growing at 4°C but did grow at 20 and 
37°C; recovery was highest at 37°C. During stor
age at 4°C a significant change occurred in the 
nature of the microbial flora as shown by their 
growth response.

After 2 weeks, the counts from plates incubated 
at 4 and 20°C were about 100 times as high as those

incubated at 37°C. This indicates that the psychro
trophs capable of growth at 20 and 4°C became the 
predominant flora in the shrimp stored at low 
temperatures and the mesophiles capable of growth 
at 37° C decreased proportionately after 140 hours 
of storage. The counts of plates incubated at 4°C 
increased rapidly until they were equal to those at 
37° C after 5 days of storage. Essentially the same 
result (not presented) was obtained with shrimp 
sample H.

The microbial growth pattern for sample L re
hydrated and stored at 37°C is shown in Fig. 4 and 
analyzed in the same manner as shown in Fig. 3. 
In agreement with the data of Fig. 3 the numbers of 
organisms capable of growth at 4°C were 10% of 
the organisms capable of growth at 37°C. After 
24 hr of storage, the total counts from plates incu
bated at 37 and 20°C were about a hundred times 
as great as counts from plates incubated at 4°C.

Table 1 indicates that when shrimp sample L 
was rehydrated and stored at 20° C, the initial 
counts from plates incubated at 20°C were 10 
times as great as the counts from plates at 4°C. 
After 51 hr of storage, the counts from plates at 
20°C were still 10 times as great as the plate 
counts at 4°C. In fact, once the dominant popula
tions were established by storage at a given incu-

Fig. 4. The aerobic plate counts at three incubation temperatures of shrimp rehydrated and stored at 37°C. The incubation temperatures were: 4°C, □ ------□ ; 20°C, • ------• ;  37°C, Q ----------O-
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Table 1. Total aerobic plate counts of shrimp L rehydrated and stored at 20° C.
I n c u b a t i o n  
t im e  ( h r )

O r g a n i s m s / g  d r y s a m p le
3 7 °C 2 0 °  C 4 ° C

0 35 x  101 35 X  101 3 X  101
5 60 X  101
8 11 X  10=

12 55 x  10= 45 X  10= 55 x  10'
15 16  x  103
24 70 X  104
32 40 X  10°
51 14 x  10s 50 X  10s 50 x  107

bation temperature, plate counts were always higher 
at 20°C than at 37°C. For storage at 4°C, a some
what different pattern emerged (Fig. 3). The 
plate counts obtained at 20° C were higher than the 
4°C plates only in the initial stage of incubation. 
In the latter stages the plates incubated at 4°C 
had counts higher or comparable to counts of the 
20°C plates.

DISCUSSION
The temperature, time of storage, initial 

number of microorganisms present, compo
sition of rehydration media, and nature of the 
food influenced the microbial growth patterns 
of rehvdrated freeze-dried shrimp. The in
fluence of the composition of rehydration 
medium on recovery of total plate count 
from shrimp indicates that shrimp does not 
appear to support optimal microbial growth, 
even though it is conceivable that rehydra
tion can cause the liberation of food constitu
ents which may be present due to the destruc
tion of cellular integrity as a result of 
processing. In this study only two rehvdra- 
tion media were compared, and quantitation 
may be increased by other media, but from 
a public-health viewpoint, rehvdration in 
water is one of the more important consider
ations.

Interestingly enough, rehydrated shrimp 
was organoleptically spoiled, as determined 
by odor, when a population of 15 to 20 X  10R 
organisms/g at 4, 20, and 37°C was reached 
for both 41 and L shrimp samples even 
though the growth patterns differed. The 
type of spoilage could not be distinguished by 
the organoleptic examination. Maximum 
populations were not determined at 4, 20, 
and 37°C, because the shrimp became or
ganoleptically unacceptable before the maxi
mum population was attained.

The samples from regular commercially 
produced batches which were used in this 
study were of relatively low initial counts. 
Silverman et al. (1961) found aerobic plate 
counts of commercial frozen, raw, peeled, and 
deveined shrimp that were higher than those 
found in this study. Plate counts for frozen 
shrimp varied from a low of 70,000 orga
nisms to a high of 9,420,000 organisms per 
gram of wet material. Studies are being con
ducted by the senior author on the effect of 
processing conditions on microbial survival 
in freeze-dried shrimp. Preliminary data 
show that the decrease in plate counts due 
to freeze-drying can be only 50-70%, because 
moderate drying temperatures must be used 
in order to obtain an acceptable product. 
Therefore, should there be shrimp with much 
higher initial plate counts, the spoilage time 
can be shorter than that shown in this study, 
particularly at the higher incubation temper
atures.

When rehvdrated shrimp is stored at 4°C, 
higher initial aerobic total counts are ob
tained at incubation temperatures of 20 and 
and 37°C. Therefore, it may be said that 
the initial flora of the rehydrated shrimp was 
mesophilic in character. However, after five 
days of storage, that is, when the microflora 
have undergone a change to favor the multi
plication of p sy c h ro tro p h s , higher plate 
counts were obtained from plates incubated 
at 4 and 20°C. When rehvdrated shrimp is 
stored at 37°C, the growth of mesophiles is 
favored, as was shown bv highest counts 
being obtained from plates incubated at 37°C 
during the entire rehvdration period.

It is evident from these experiments that 
the incubation temperature of choice for the 
enumeration of the microflora of rehydrated 
shrimp depends upon the temperature at 
which the product is stored and the interval 
of storage. Iutial counts will reflect the sur
vivors of processing, whereas subsequent 
counts will reflect their growth patterns 
after incubation at a given temperature.

In spite of the large increase in microbial 
populations at the temperatures studied, the 
pH of the homogenate varied only over the 
narrow range of 7.1-7.4.

In this study, only those organisms inti
mately associated with shrimp were included.
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For rehydration the manufacturer’s recom
mendations were followed. This resulted in 
a certain amount of excess liquid (about 
300 ml), which was found to contain a small 
number of microorganisms. Aerobic plate 
counts of the excess liquid varied between 
between 30 and 200 organisms per ml, 
which, based on the total number of organ
isms, shows that approximately 1-6% of the 
microbial flora appeared in the rehydration 
water. The extent of this removal of organ
isms in the excess rehydration fluid will, of 
course, depend upon the location of an 
organism on a shrimp portion. Comparable 
experiments at 20 and 37°C (results not 
presented) where the excess water used for 
rehydration was not drained, resulted in 
growth rates very similar to those for the 
samples from which the water was removed.

Since standards should reflect the degree 
of potential public-health hazards (Goldblith,
1963), it is important to include organisms 
of public-health significance in the study of 
growth patterns in rehydrated freeze-dried 
food. The commercial shrimp samples H and 
L used in this study did not contain Staphy
lococcus aureus ( B a ird -P a rk e r  Medium,
1962), fecal enterococci (K F Medium, Ken
ner ct al., 1961), or coliforms as part of the 
natural flora. Present studies in this labora
tory on other sources of frozen shrimp in 
which these organisms are found to be 
present will determine the survival of these 
organisms as affected by processing variables 
and storage. A subsequent paper will discuss 
the growth patterns of Staphylococcus aureus 
and fecal enterococci as part of the natural 
flora of chicken.

REFERENCES
Baird-Parker, A. C. 1962. An improved diagnostic 

and selective medium for isolating coagulase- 
positive staphylococci. J . A p p l .  B a c te r ia l .  
25, 12.

Bird, K. 1965. Freeze-drying—12-fold increase by 
1970. F o o d  P r o c e s s in g  26, 75.

Eddy, B. P. 1960. The use and meaning of the 
term “psychrophilic.” J .  A p p l .  B a c tc r io l .  23, 
189.

Goldblith, S. A. 1963. I n :  Exploration in Future 
Food Processing Techniques. S. A. Goldblith, 
ed. M.I.T. Press, Cambridge, Mass., p. 70.

Ingraham, S. L., and J. L. Stokes. 1959. Psychro
philic bacteria. B a c tc r io l .  R e v s .  23, 97.

Kenner, B. A., H. F. Clark, and P. W. Kabler. 
1961. Fecal streptococci. I. Cultivation and 
enumeration of streptococci in surface waters. 
A p p l .  M ic r o b io l .  9. 15.

Mossel, D. A. A., and H. Zwart. 1960. The rapid 
tentative recognition of psychrotrophic types 
among Enterobacteriaceae isolated from foods. 
J .  A p p l .  B a c tc r io l . 23, 185.

Saleh, B., G. J. Silverman, and S. A. Goldblith. 
Microbial evaluation of commercial freeze- 
dried foods. F o o d  T c c lm o l .  20(5), 103.

Silverman, G. J., and S. A. Goldblith. 1965. The 
microbiology of freeze-dried foods. I n : Ad
vances in Applied Microbiology. Vol. 7. W. W. 
Umbreit, ed. Academic Press, New York. 
In press.

Silverman, G. J., N. S. Davis, J. T. R. Nickerson, 
D. W. Duncan, I. Tezcan, and M. Johnson. 
1961. Microbial analysis of frozen raw and 
cooked shrimp. I. General results. F o o d  
T c c h n o l .  15, 455.

Sinskey, T. J., A. H. McIntosh, I. S. Pablo, G. J. 
Silverman, and S. A. Goldblith. 1964. Con
siderations in the recovery of microorganisms 
from freeze-dried foods. H e a l t h  L a b . S c i .  1, 
297.

Witter, L. D. 1961. Psychrophilic bacteria—A 
review. J .  D a i r y  S c i .  46, 983.

Ms. rec’d 5/19/65.
The research reported was supported by theDivision of Environmental Engineering and FoodProtection, Public Health Service research grantEF-00314.
Contribution no. 696 from the Department ofNutrition and Food Science, Massachusetts Institute of Technology, Cambridge, Massachusetts.



M. W . E K L U N D , J . SPIN E L L I, D . M IYA U C H I, and  J . DASSO W
B u r e a u  o f  C o m m e r c ia l  F i s h e r ie s  T e c h n o lo g ic a l  L a b o r a to r ySeattle, Washington 98102

Development of Yeast on Irradiated Pacific Crab Meat

SUM M ARY
Y easts in creased  rap id ly  o n  a ir-p acked  irrad i

ated  ( 0 .2  and 0 .4  m eg a ra d ) sam p les  o f  crab  
m ea t stored  at 0 .5  and  5 .6 °C. T h e grow th  o f  
th e yeasts o n  irrad iated  crab m ea t was in h ib ited  
by vacu u m -p a ck in g  th e  sa m p le . N o  a p p rec iab le  
in crea se  in  y east cou n ts occurred  o n  th e  u n irra
d ia ted  co n tro ls. A to ta l o f  5 6 9  y ea st cu ltu res  
w ere iso la ted  fr o m  u n irrad iated  and  irrad iated  
K in g  crab and D u n g en ess  crab m ea t. T h e  
g en era  rep resen ted  in c lu d ed  R h o d o to r u la , C ry p 
to co cc u s , T o r u lo p s is , C a n d id a , T ric h o sp o ro n , 
and a y ea stlik e  o rg an ism  resem b lin g  A u re o - 
b a s id iu m  p u llu la n s . M em bers o f  th e C ry p to 
co ccu s , C a n d id a , and  A u re o b a s id iu m  p u llu la n s  
w ere g e la tin o ly tic  and lip o ly tic . T rich o sp o ro n  
iso la tes  w ere very active in  a tta ck in g  g e la tin , 
ca se in , and  tr ig lycerid es.

INTRODUCTION

Of the factors affecting the spoilage of un
frozen fishery products, by far the most im
portant is that of microbial activity. Most of 
the earlier investigations concerning the spoil
age of fishery products have demonstrated 
that the predominating microorganisms on 
spoiling fish are psychrophilic gram-negative 
bacteria belonging to the Pseudomonas and 
Achromobacter genera ( Shewan, 1960; Cas- 
tell and Anderson, 1948; Liston, 1960).

Because of the extreme perishability of 
unfrozen seafoods, the fisheries industry has 
continually searched for a satisfactory method 
of retaining the quality of the freshly har
vested product. Current research on ionizing 
radiation at pasteurization levels shows that 
marine products can be preserved for ex
tended periods with only minor alterations 
from the fresh untreated product (Nickerson 
and Goldblith, 1950; Shewan and Liston, 
1958 ; Scholz et al., 1962; Mosurovsky et al., 
1963 ; Miyauchi et al., 1964; Lerke and Far- 
ber, 1961).

The effect of irradiation at pasteurization 
levels is to inactivate a large portion of the 
microorganisms indigenous to the fishery 
product. The increased storage life of the 
irradiated product therefore depends on the

longer period for the survivors to reach 
sufficient numbers to cause spoilage. Factors 
that may influence this increase in the storage 
life include : 1 ) a qualitative change in the 
microbial flora after radiation; 2) possible 
radiation damage to the surviving microor
ganisms, with a resulting longer lag period ; 
and 3 ) alteration of the substrate by radiation 
with a resulting inhibition of growth in the 
surviving microorganisms.

Yeasts are not of major importance on 
untreated fresh fishery products, because 
they normally represent only a small percent
age of the initial microbial population and are 
rapidly overgrown by the bacteria at refriger
ated temperatures. However, it has been ob
served in this laboratory that yeast and mold 
counts often exceed 1 X 10r'/g on crab meat 
that has been irradiated and stored at 0.5 
and 5.6°C. In contrast, yeast and mold 
counts seldom exceed 1 X 10Vg on untreated 
crab meat.

It is generally agreed that yeasts are more 
resistant to radiation than are bacteria (In
gram and Thornley, 1959; Gunter and Kolin,
1956). In fact, the initial microbial popula
tion after irradiation can be composed pre
dominantly of yeasts (Ingram and Thornley,
1959). The predominance of yeasts was 
however only temporary and they were over
whelmed by bacteria in the final spoilage 
flora.

Because of the radiation resistance of 
yeasts and their ability to grow on crab meat 
during refrigerated storage, they have as
sumed greater importance than before as po
tential contributors to spoilage of the product. 
Furthermore, some yeasts may be of public- 
health significance.

This paper reports : 1) the factors affecting 
growth of yeasts in irradiated crab meat ; 
2 ) the genera of yeasts present on the unirra
diated product and those surviving the irra
diation treatment and growing on the re
frigerated product; and 3) the biochemical 
activities of the different genera that might be 
potentially deleterious to the product.

! 4 2 4  1
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FACTORS AFFECTING YEAST GROWTH 
IN  IRRADIATED CRAB MEAT

Results were very much the same for irradiated 
Dungeness and King crab meat. Accordingly, only 
the results for King crab meat are discussed here 
except where differences were significant. Con
sidered in this phase of study are: 1) the effect of 
air and vacuum packing on yeast count; and 2) the 
effect of bacterial populations.

Effect of air and vacuum packing. Materials 
and methods. King crab and Dungeness crab meat 
were purchased from local processors and then 
packed into 307 X 200.25 cans leaving a headspace 
of approximately inch. The cans were sealed 
either under atmospheric pressure or under vacuum 
(26 inches H g). Irradiation procedures used by 
Miyauchi ct al. (1964) were followed. After being- 
irradiated, the crab meat was stored at either 0.5 
or 5.6°C until sampled.

In the preparation for total yeast and mold 
counts, 100 g of sample was blended with 100 ml 
of sterile diluent (0.1(4 peptone water). Forty g 
of this sample was again blended with 160 ml of 
sterile diluent, and serial dilutions were prepared. 
Pour plates were made by the use of malt agar 
acidified to pH 3.8 with sterile 10% lactic acid. 
Samples on all pour plates were incubated 7 days 
at 22° C, and yeast and mold were then counted.

Results and discussion. Very few molds were 
isolated from any of the samples; therefore, these 
counts will be referred to as yeast counts in the 
remainder of the report. Figs. 1 and 2 illustrate 
the changes in yeast counts on air- and vacuum- 
packed crab meat stored at 0.5 or 5.6°C. The main 
yeast count prior to irradiation was 2 X 10,2/g- 
After the crab meat was irradiated at 0.2 and 0.4 
megarad, the yeast count was reduced to less than

STORAGE TIME (days)
Fig. 1. Comparison of yeast counts from air- packed and vacuum-packed king crab meat irradiated at 0.0, 0.2, and 0.4 megarad and stored at 0.5 °C.

STORAGE TIME (days)
Fig. 2. Comparison of yeast counts from air- packed and vacuum-packed king crab meat irradiated at 0.0, 0.2, and 0.4 megarad and stored at 5.6°C.

10/g—that is, over 95% of the original yeast flora 
was inactivated.

During subsequent storage, a slight increase in 
yeast counts was observed on unirradiated crab 
meat that was air packed and held at 5.6°C, but 
no increase was observed on unirradiated samples 
stored at 0.5 °C. When the samples were irradiated 
at 0.2 and 0.4 megarad, yeast grew only on the 
air-packed samples. Yeast counts on the vacuum- 
packed irradiated samples remained at less than 
10/g even after 6 weeks at either 0.5 or 5.6°C. 
Therefore, subsequent discussions in this report are 
confined to the air-packed samples.

In samples stored at 0.5 °C, increases in yeast 
counts were not observed until after 7—14 days on 
samples irradiated at 0.2 megarad and 14-21 days 
on samples irradiated at 0.4 megarad. At the higher 
storage temperature of 5.6°C, yeast counts increased 
on the 0.2- and the 0.4-mcgarad samples after 7 days 
and after 7-14 days, respectively. The greater time 
required for the yeasts to multiply on the 0.4- 
megarad samples may be the result of a combina
tion of effects: 1) increased damage to the cell at 
the higher irradiation level, resulting in inability to 
synthesize protein (Stapleton ct al., 1955) ; or 2) 
possible temporary inhibition of the irradiated sub
strate on microbial growth (Solberg and Nicker
son, 1963).

Similar observations on the development of yeasts 
have been reported in other food products when 
antibiotics were used as food preservatives to 
inhibit bacterial growth. Tarr ct al, (1952) ob
served a predominance of yeasts on spoiled fish 
treated with tetracycline antibiotics. Ziegler and 
Stadelman (1955) and Wells and Stadelman (1958) 
have observed appreciably larger yeast populations
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on antibiotic-treated than on untreated chicken
carcasses.

Effect of bacterial population. M e th o d s  a n d  
m a te r ia ls . Total bacterial plate counts were made 
with the same procedures as for yeast and mold 
counts except that trypticase, phytone yeast-extract 
(pH 7.1) was used in place of malt agar. The 
plates were incubated 5 days at 22°C, and the 
bacteria then counted. Yeast counts were made with 
the same procedures discussed in the previous 
section.

R e s u l t s  a n d  d is c u s s io n . The yeast population was 
considerably higher on all the irradiated samples 
than on unirradiated samples. This increase may 
be due, in part, to the longer storage time, but it 
is most likely due to the reduction in types of 
bacteria that arc antagonistic to and compete with 
the yeasts for the same nutrients. These factors 
are illustrated in Figs. 1 and 1—higher yeast counts 
appearing on the 0.4-megarad samples than on the 
0.2 megarad or the untreated samples. The yeast 
counts on the 0.4-megarad samples exceeded 
1 X 105/g- In contrast, the unirradiated samples 
treated with 0.2 megarad of ionizing radiation re
spectively reached mean counts of 1 X 103 and 
1 X 10'/g.

Figs. 3 and 4 illustrate the relative changes in 
total bacterial counts and yeast counts in irradiated 
air-packed King crab meat. Unirradiated samples 
of crab meat showed very rapid increases in total 
bacterial plate counts, and spoilage generally oc
curred when the bacterial population exceeded 
1 X 10'7'g. In these same instances, the yeast 
population never exceeded 1 X 10'/g. When the 
crab meat received irradiation doses of 0.2 and 0.4 
megarad, spoilage was not detected until the bac
terial counts exceeded 1 X 10s/g, and spoilage was 
more of an acidic or sour type, particularly at the 
0.4 dose level, than of the normal amine-like type 
observed on unirradiated samples, indicating a pos-

Fig. 3. Comparison of total bacterial and yeast counts from air-packed king crab meat irradiated at 0.0, 0.2, and 0.4 megarad and stored at 0.5 °C.

Fig. 4. Comparison of total bacterial and yeast counts from air-packed king crab meat irradiated at 0.0, 0.2, and 0.4 megarad and stored at 5.6°C.
sible difference in the type of surviving microflora. 
It is noteworthy that yeast counts on the air-packed 
irradiated samples increased until the bacterial 
counts were 1 X 10s/g ;  thereafter they decreased. 
This trend perhaps indicates a depletion of nutri
ents ; however, it might also indicate that a bacterial 
population of 1 X 10s/g  is required before a cer
tain segment (genus) of the bacterial population 
reaches sufficient numbers to cause spoilage. In 
turn, it may also be that these species arc inhibi
tory. Whitehill (1957) reported that the bacterial 
flora developing on meat seemed to produce anti- 
fungals that inhibited the growth of yeasts. Walker 
and Ayres (1959) and Eklund (1962) also observed 
inhibitory action against yeast by P s e u d o m o n a s  
f lu o r e s e e n s  and P s .  g c n ic u la ta .

GENERA OF YEASTS ISOLATED
This phase of the study was made to determine 

the genera of yeast developing on air-packed un
irradiated and irradiated King crab and Dungeness 
crab meat at 0.5 and 5.6°C.

Methods and materials. Procedures for yeast 
pour plates were as discussed in earlier sections. 
Twenty colonies of yeast were selected randomly 
from each of the countable plates. Before the 
physiological and biochemical characteristics of each 
isolate were studied, it was streaked twice suc
cessively on acidified malt agar (pH 3.8). Isolated 
colonies were transferred onto malt agar slants and 
stored at 3°C until characterized.

Physiological and biochemical characteristics of 
these isolates were determined by procedures of 
Lodder and Kreger-Van Rij (1952). Malt agar, 
V-8 agar (Wickerham e t  a!.. 1946), and (lorodo- 
kowa’s agar were used to induce spore formation 
at incubation temperatures of 20, 25, and 30°C.
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Table 1. Genera of yeast and frequency of occurrence on unirradiated and irradiated King crab meat stored at 0.5 and 5.6°C.

I r r a d i 
a t io n
lev e l

( M r a d )
S t o r a g e

te m p .
(C ° )

S to r a g e
tim e

( d a y s )

G e n e ra a n d  n u m b e r  o f  t im e s  is o la te d

-S
O
O
2

y
2
o
5-
£

$<4.O
of-s

6
o

5

e
Ü3O

3Vo-c,
o

£

0.0 0 .5 0 - 5 9 1 i 8 15
5 0 - 5 1 7 9 2 10 1 6

0 .2 0 .5 13 6 5 8
21 10 9
2 8 2 1 1 4 3 3

5 13 6 5 7
21 1 4 11 1 2

0 .4 0 .5 21 1 2 8
2 8 2 4 12 2

5 13 7 13 1
21 6 9 4 1 1
2 8 15 1 6 3

Results and discussion. During the study, 293 
cultures were isolated from unirradiated and irradi
ated King crab meat, and 276 cultures from unirra
diated and irradiated Dungeness crab meat. These 
isolates were taken from air-packed samples. All 
of the isolates failed to produce ascospores under 
the conditions of the experiment. These isolates 
represent both unpigmented and pigmented yeasts.

Isolates from King crab. Table 1 lists the genera 
of yeasts and frequency of occurrence on unirradi
ated and irradiated King crab meat stored at 0.5 
and 5.6°C.

Six different genera are represented by the iso
lates—T rie  ho spar on, Rhodotorula, Cryptococcus, 
Torulopsis, Candida, and a “black yeast" resembling 
Aurcobasidium pullulons. Five of these genera were 
isolated from samples irradiated at 0.2 and 0.4 
megarad ; Candida was not isolated, however, from 
0.2-megarad samples, and was isolated only infre
quently from 0.4-megarad samples.

The largest number of isolates from the unirradi
ated samples of King crab meat was of the Tricho- 
sporon and Rhodotorula genera. After irradiation 
and storage of the samples, the largest number of 
isolates occurred in the Cryptococcus and Torulopsis 
genera. Rhodotorula isolates were observed more 
frequently on samples stored at 5.6°C than on 
samples stored at 0.5 °C.

Forty-nine cultures belonged to the Trichosporon 
genus. It was isolated more frequently from the 
irradiated crab meat than was the other mycelium
forming genus, Candida. Lodder and Kreger-Van 
Rij (1952) reported that the production of a 
starchlike material is characteristic of the genus 
Cryptococcus. We observed that the Trichosporon

isolates also produced starchlike material. This 
characteristic was not observed in the isolates of 
the genus Candida. Similar observations have been 
made by Walker and Ayres (1959) and Aschner 
and Cury (1951), though the latter authors found 
starchlike material also to be produced by Candida 
humicola.

“Black yeasts,” which resemble Aurcobasidium 
pullulans, were isolated only one time from the 
unirradiated crab meat but 11 times during the 
later storage period of the irradiated crab meat. 
This difference is not surprising, considering that 
this organism has an exceptionally high resistance 
to gamma radiation. Saravacos ct al. (1962) re
ported a lethal dose for this organism of 2.0 
megarad using a 500-curie cobalt-60 source of radi
ation, five times the highest irradiation dose used in 
these experiments.

Isolates from Dungeness crab. Table 2 lists 
genera of yeasts and frequency of occurrence on 
unirradiated and irradiated Dungeness crab meat 
stored at 0.5 and 5.6°C.

The six genera isolated from King crab meat 
were also represented on both unirradiated and 
irradiated Dungeness crab meat. Rhodotorula and 
Trichosporon genera constituted the larger portion 
of the initial yeast flora prior to irradiation; 
whereas, after irradiation, Cryptococcus and Tri
chosporon were represented most often in the irra
diated product. Neither the Rhodotorula nor the 
Torulopsis genus was isolated from the crab meat 
receiving 0.4 megarad of ionizing radiation. “Black 
yeasts” were isolated much more frequently from 
Dungeness crab meat than from King crab meat.
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Table 2. Genera of yeast and frequency of occurrence on unirradiated and irradiated Dun- geness crab meat stored at 0.5 and 5.6°C.
G e n e r a  a n d  n u m b e r  o f  t im e s  is o la te d

I r r a d i 
a tio n
le v e l

( M r a d )
S to ra g e
te m p .
(C ° )

S to ra g e
tim e

( d a y s )

§

O Rh
od

oto
ru

la

Cr
yp

toc
oc

cu
s

To
r u

lop
 sis

Bl
ac

k 
ye

as
t

r*3*3
aU

■ 5)J-.O■ C*
o

/ÒK

0 .0 0 .5 0 - 6 1 17 1 0 6 12 6 2 0
5 0 - 6 13 3 3 3 8 1 2

0 .2 0 .5 1 3 3 5
1 4 3 8 2 6 9
21 5 5 1 4
2 8 2 3 4 11

5 1 4 2 3 1 1 3 15
0 .4 0 .5 21 1 7 1

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

BIOCHEMICAL ACTIVITIES OF 
YEAST ISOLATES

Yeasts undoubtedly play a very minor role 
in the spoilage of untreated crab meat. How
ever, “yeasty” odors have often been detected 
on irradiated (0.2 and 0.4 megarad) samples 
that are spoiled.

The biochemical activities of representa
tives of each of the genera of yeasts were 
determined so that the deleterious changes 
that the various genera of yeasts might have 
on crab meat could be evaluated.

Methods and materials. Lipolytic activity 
was determined using cottonseed oil in nile-

blue sulfate agar (Turner, 1929) and spirit- 
blue agar (Starr, 1941).

Gelatinolytic activity was determined using 
gelatin tubes and the plate procedure of 
Smith e t  a l. (1946). Caseinolytic activity 
was determined using tryptone, yeast-extract 
agar, plus 3% skim milk. Clearing around 
the colonies indicated a positive caseinolytic 
culture. The ability of the isolates to hydro
lyze casein was confirmed, using a modified 
procedure of Anson (1938), with casein as 
the substrate.

Results and discussion. Tables 3, 4, and 5
summarized the gelatinolytic, caseinolytic,

Table 3. Gelatinolytic activity of yeast isolates.

I r r a d i 
a t io n
le v e l

( M r a d )
S t o r a g e

te m p .(C°)
S t o r a g e

t im e
( d a y s )

G e la t in o ly t ic  a a c t iv i ty a m o n g  y e a s t g e n e r a

Rh
od

oto
ru

la 
,

Cr
yp

toc
oc

cu
s

T o
r u

lop
 sis

 
1

Bl
ac

k 
ye

as
t

Ca
nd

ida

T r
ich

os
po

ro
n

0.0 0.5 0-6 0/9 o /i l / i 6/8 10/15
5 0-6 0/17 3/9 0/2 4/10 12/16

0.2 0.5 13 0/6 0/5 8/8
21 8/10 0/9
28 0/2 0/1 0/14 3/3 3/3

5 13 0/6 0/5 0/7
21 0/1 0/4 0/11 1/1 2/2

0.4 0.5 21 0/12 0/8
28 0/2 0/4 0/12 2/2

5 13 0/7 0/13 1/121 0/6 0/9 0/4 1/1 1/128 0/15 1/1 6/6 3/3
a Number of isolates yielding positive test/number of isolates tested.
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Table 4. Caseinolytic activity of yeast isolates.

I r r a d i 
a tio n
leve l

( M r a d )
S to ra g e

tem p .
(C #)

C a se in o ly tic  a a c t iv i ty a m o n g  y e a s t g e n e ra

S to ra g e
tim e

( d a y s ) Rh
od

oto
ru

la

Cr
yp

toc
oc

cu
s

T o
ru

lop
sis

Bl
ac

k 
ye

as
t

Ca
nd

ida

T r
ich

os
po

ro
n

0.0 0 .5 0 - 6 0 / 9 0 / 1 o / i 0 / 8 6 / 1 5
5 0 - 6 0 / 1 7 0 / 9 0 / 2 0 / 1 0 1 0 / 1 6

0 .2 0 .5 13 0 / 6 0 / 5 8 / 8
21 0 / 1 0 0 / 9
2 8 0 / 2 0 / 1 0 / 1 4 0 / 3 0 / 3

5 13 0 / 6 0 / 5 0 / 7 0 / 3
21 0 / 1 0 / 4 0 / 1 1 0 / 1 2 / 2

0 .4 0 .5 21 0 / 1 2 0 / 8
2 8 0 / 2 0 / 4 0 / 1 2 0 / 2

5 13 0 / 7 0 / 1 3 0 / 1
21 0 / 6 0 / 9 0 / 4 0 / 1 1 / 1
2 8 0 / 1 5 0 / 1 0 / 6 0 / 3

‘ Number of isolates yielding positive test/number of isolates tested.

and lipolytic activities of representatives of 
the different yeast genera.

None of the T o n t l o p s i s  or R h o d o t o r u l a  
isolates from either the unirradiated or the 
irradiated samples displayed lipolytic or pro
teolytic activity under the conditions of these 
experiments. Certain of the isolates repre
senting the C r y p t o c o c c u s ,  C a n d i d a ,  and 
“black yeasts’’ were gelatinolytic and lipo-

Members of the T r i c h o s p o r o n  genus iso
lated from both the irradiated and the unirra
diated samples were very active biochemically 
in attacking casein, gelatin, and triglyceride 
substrate.

All of the genera isolated from Dungeness 
and King crab meat have at one time or 
another caused the spoilage of other food 
products, such as : 1) refrigerated beef (Jen-

: but failed to attack the casein 
Table 5.

substrate, sen, 1942)
Lipolytic activity of yeast

; 2 ) fats 
isolatesa

[spoilage indicated

I r r a d i 
a t io n
le v e l

( M r a d )
S t o r a g e

te m p .
(C ° )

L ip o ly t i c  b a c t iv i ty  a m o n g  y e a s t g e n e r a

S t o r a g e
tim e

( d a y s ) Rh
od

oto
ru

la

Cr
yp

toc
oc

cu
s

T o
ru

lop
sis

Bl
ac

k 
ye

as
t

Ca
nd

ida

T r
ich

os
po

ro
n

0 .0 0 .5 0 - 6 0 / 9 0 / 1 l/i 1 / 8 8 / 1 5
5 0 - 6 0 / 1 7 7 / 9 0 / 2 2 / 1 0 1 0 / 1 6

0 .2 0 .5 13 2 / 6 0 / 5 8 / 8
21 5 / 1 0 0 / 9
2 8 0 / 2 1 / 1 0 / 1 4 3 / 3 3 / 3

5 13 0 / 6 5 / 5 0 / 7
21 0 / 1 1 / 4 0 / 1 1 1 / 1 2 / 2

0 .4 0 .5 21 4 / 1 2 0 / 8
2 8 0 / 2 3 / 4 0 / 1 2 1 / 2

5 13 0 / 7 4 / 1 3 1 / 1
21 0 / 6 2 / 9 0 / 4 1 / 1 1 / 1
2 8 0 / 1 5 1 /1 6 / 6 3 / 3

Nile blue sulfate and spirit blue indicators used. b Number of isolates yielding positive test/number of isolates tested.



430 YEAST DEVELOPMENT ON IRRADIATED CRAB

discoloration (Jensen, 1942)]; 3) oysters 
[spoilage indicated bv discoloration ( McCor
mack, 1950)] ; 4 ) poultry treated with tetra
cycline antibiotics (Wells and Stadelman,
1955) ; and 5) fruit juices (Lawrence e t  a l.,
1959).'

In a separate report, Eklund e t  a l. (1965) 
reported on an organism tentatively identi
fied as T r ic h u s p o r o n  sp. that would attack 
casein and soluble crab protein. This orga
nism was also observed to grow very well 
at 0.5 °C.

From the public-health standpoint, the 
C a n d i d a  and C r y p to c o c c u s  genera have been 
implicated in the past in mycotic infections 
in man (Ainsworth, 1958; Skinner e t  a l.,
1961). However, none of the species de
scribed by Eklund c t  a l. (1965) from crab 
meat had the characteritsics of the patho
genic species.
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Effect of Bivalent Metals on the Production of 
Aflatoxins in Submerged Cultures

SUM M ARY
O p tim u m  grow th  and  m a x im u m  a fla to x in  

p ro d u ction  by A sp erg illu s  fla vu s  w ere ob ta in ed  
o n  a basal m ed iu m  c o n ta in in g  0 .8  m g  o f  zinc  
p er liter . T h e effec t o f  severa l o th er  trace m eta ls  
o n  th e  to x in  p ro d u ction  was ev a lu ated . A fla 
to x in  p ro d u ction  was in h ib ited  by  th e  p resen ce  
o f  b ariu m  io n s in  th e  m ed iu m . C ad m ium  io n s, 
in  con trast, stim u la ted  a fla to x in  p ro d u ction .

IN T R O D U C T IO N
Aflatoxins, a mixture of toxic metabolites 

produced by certain strains of Aspergillus 
flavus and related organisms, are found to 
consist of structurally related coumarin-like 
derivatives which are designated as Bi, Ba, 
Gi, and Go in the order of decreasing R f 
value on thin-layer chromatography. Accord
ing to Hartley et al. ( 1963) , the infrared and 
ultraviolet absorption spectra of the four 
aflatoxins are very similar. Several investi
gators, including Asplin and Carnaghan 
(1961 ), Sargeant et al. (1961), and Allcroft 
and Carnaghan (1963), have reported that 
these toxins, isolated from moldy animal 
feeds, are responsible for “Turkey X ” disease 
and outbreaks of poisoning among livestock 
in England and elsewhere.

In tissue cultures, Gabliks et al. (1965) 
reported that the toxic effect of aflatoxin Bi 
on several cell cultures including HeLa cells 
(human cervical carcinoma) was shown by 
an inhibition of growth followed by progres
sive granulation, rounding and finally slough
ing of the cells from the glass.

HeLa cells were reported to be less sensi
tive (50% toxic dose TD 50 =  5.0 to 7.Opg/ 
ml) than primary chick-embryo cells (TD r>0 
<5.0 pg/m l), human Chang liver cells (TD B0 
=  1.0 to 1.75 pg/ml), and primary duck- 
embryo cells (TDgo = 1 .0  /xg/ml). Our un
published data on cytotoxic effect on HeLa 
cells and mouse L-strain (NCTC clone 929, 
connective tissue ) cells are in agreement with 
those observations on metabolic and morpho
logical changes. However, visible signs of 
toxicity to aflatoxins added in the medium of

our newly established stationary serum cul
tures of HeLa cells appeared at a level as 
high as 24-25 /¿g per ml, approximately five 
times that of the HeLa cell assay of Gabliks 
et al. (1965).

Mateles and Adye (1965) described the 
effect of different growth and cultural condi
tions on the production of aflatoxins in sub
merged culture. Among their data, the effect 
of trace elements on aflatoxin production is 
most interesting, especially the zinc require
ment. It has been suggested that metal che
lates are formed by the trace metals that 
function in metalloenzymes or as enzymatic 
activators (Dwyer and Mellor, 1964) and 
that the stability of the metal complexes may 
depend on the pH of the medium in which 
it is formed.

This study was made to determine the role 
played by divalent metals other than zinc in 
the generation of aflatoxins in liquid shake 
cultures of Aspergillus flavus.

The studies were conducted in the follow
ing sequence :

1) To determine the minimum concentra
tion of zinc required for obtaining optimum 
growth while maintaining maximum afla
toxin production ;

2) To investigate the effect of various 
trace metals on growth and aflatoxin produc
tion when added to a basal medium.

M A T E R I A L S  A N D  M E T H O D S
O rg a n is m . The A. flavus used was strain No. 

91019b received from Culture Collection, Common
wealth Mycological Institute, Ferry Lane, Kew, 
Surrey, England. The original culture was inocu
lated on moist peanut meals, and incubated at 30°C 
until good sporulation was obtained. These spores 
were used to inoculate flasks containing 100 ml of 
medium.

M e d ia  a n d  c u l tu r e s .  The basal medium contain
ing glucose, ammonia, and inorganic salts was as 
described by Adye and Mateles ( 1964) except that 
the concentration of zinc was reduced to 0.8 ppm, 
for reasons stated in the text.

On hundred ml of medium contained in a 500-ml 
Erlenmeyer flask was steam-sterilized at a pressure 
of 15 psi for 15 min, inoculated, and incubated for
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5 days at 30°C on a gyratory shaker. Barium car
bonate and barium acetate were sterilized separately 
by filtration and added to the medium immediately 
prior to inoculation. The yellow pigment produced 
in the culture was found to parallel aflatoxin pro
duction and for this reason served as a fast visual 
indication of the presence of toxins. According to 
Máteles and Adye (196S), four days of incubation 
at 30°C was sufficient to obtain a maximum afla
toxin production. Differences in aflatoxin produc
tion between duplicate flasks were generally less 
than 10%, although, very rarely, they differed as 
much as 40-50%.

T i t r a t i o n .  The conidia inoculated into the basal 
medium containing 0.5 mg (1.9 mM) of barium 
acetate per 100 ml were allowed to germinate and 
to grow for 24 hr prior to titration. The estab
lished cultures were then placed in a water-bath 
shaker maintained at a constant temperature of 
30° C and were titrated by an automatic Radiometer 
titrator to maintain the pH at 4.5 (the initial pH 
of the medium) either with 0.5¿V NaOH or with 
0.51V B a(O H )2. The control cultures were treated 
under the same conditions without pH adjustment.

A s s a y s .  The procedure outlined by Máteles and 
Adye (1965) was used to determine the presence of 
aflatoxins, particularly Bi in the unfiltered broth.

Total aflatoxin determination was performed in 
duplicate 1-ml aliquots of the unfiltered media. Each 
aliquot was extracted by shaking for 30 sec with 
5 ml of chloroform. The optical density of the 
chloroform extract was measured at 362 nlg. The 
remaining broth and mycelia were extracted with 
100 ml chloroform, evaporated, and rcdissolved in 
5 ml methanol for thin-layer chromatography.

A portion of methanolic extract equivalent to 
25 ml of culture media w'as spotted on a 4 X 8-inch 
glass plate coated with a 0.3-mm layer of “Kiesel- 
gel” previously activated at 90° C for 1 hr and then 
developed with 5% methanol in chloroform. The 
plate was examined under ultraviolet light. The 
relative visual intensities and values were re
corded. The aflatoxin bands, detected by fluores
cence under ultraviolet light, were scraped off and 
eluted with methanol. Again, the presence of afla
toxin was determined by measuring the absorbancy 
of the methanol eluant at 362 mg.

Where preliminary examination failed to reveal 
typical absorption at 362 mg, the following proce
dure was followed to eliminate the possibility of 
any loss of aflatoxins through complexing with 
barium ions. The cultures were saturated overnight 
with ethylenediaminetetraacetic acid (EDTA) and 
then extracted with chloroform. The chloroform 
extracts were examined for the presence of afla
toxins following separation by thin-layer chroma
tography.

R E S U L T S  A N D  D I S C U S S I O N
Fig. 1 indicates the effect on growth and 

aflatoxin production of various concentra
tions of zinc in the basal medium. In agree
ment with data of Mateles and Adye (1965), 
the minimum concentration of zinc required 
for optimum growth and maximum aflatoxin 
production was 0.8 ppm. This concentration 
was used subsequently in our basal medium.

Of the trace metals investigated, Co++, Ba++, 
C r0 4=, Cd++, Fe+++, and Mn++, only barium 
reduced aflatoxin production (Table 1). 
Cadmium, on the other hand, increased pro
duction. Visual observations of the intensity 
of the yellow color in the culture agreed with 
numerical data obtained from absorption 
spectra of the chloroform extracts. In the 
flasks in which aflatoxin production was in
hibited by added barium acetate, the myce
lium remained white until the third day and 
started to turn yellow on the fourth day. 
Thus, barium ions appeared to delay the pro
duction of aflatoxin.

It was of interest to find that significant 
amounts of aflatoxins were produced in zinc- 
deficient cultures (0.2 ppm of zinc) contain
ing 0.5 ppm of cadmium ions, while the same 
medium without cadmium produced only a 
trace or no aflatoxins. This implies that the 
cadmium ions directly stimulated production 
or lowered the zinc level required for 
aflatoxins.

Since the presence of barium ions in the 
medium appeared to indicate an inhibition of 
the occurrence of aflatoxins, experiments 
were carried out to further elucidate the effect 
of this ion. In concentrations of barium ace-

Fig. 1. Effect of zinc on growth and aflatoxin production. Symbols : •  =  growthO — aflatoxins
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Tabic 1. Effec t of trace elements on aflatoxin production
C o m p o u n d  a d d e d  

to
b a s a l  m e d iu m

C o n e , o f 
c o m p o u n d  

a d d e d
u M / n

C o lo r
o f

m y c e l iu m
T o ta l  d ry  

w e ig h t  
( g )

A f l a to x in  o p t ic a l  
d e n s i ty  a t  3 6 2  m f i  

p e r  m l o f  u n - 
A lte re d  b ro th

none yellow 1.033 0.18
CoCl, 42.0 yellow 1.018 0.23

BafCHsCOOB 3.9 white 1.027 0.02 or none
CaSO, 5.8 yellow 1.026 0.23
KaCrOt 4.3 yellow 1.023 0.17
CdCb 4.3 strongly

yellow
1.035 0.34

FefSOi)., 250.0 slightly
pink

1.012 0.17
M11SO1 59.0 yellow 1.017 0.20

tate, ranging from 1.0 mg to 500 mg [1.9mA/ 
of Ba(Cl faCOO )2] per 100 ml of basal me
dium, aflatoxin production was delayed 24 hr. 
By the end of 4 days the total yield of afla- 
toxins was equivalent to that of the control 
cultures, and the final pH was approximately
2.2. To determine whether the high final 
acidity developed in the cultures nullified the 
aflatoxin inhibitory effect of a possible hypo
thetical barium chelate, the barium acetate 
cultures were maintained at the constant pH 
of 4.5 by adding approximately 40 ml (2 X
10-3 mole) of 0,5N NaOH over 5 days. 
Maintenance of the pH at 4.5 did not alter 
the final yield of aflatoxins from that of the 
control cultures. However, when the said 
cultures were maintained at pH 4.5, using 
approximately 25 ml (6.2 X 10 3 mole) of
0.5N  B a(O H )2, no aflatoxins were found in 
cultures incubated for as long as 5 days at 
30°C (aflatoxins are usually produced after 
2 days incubation). The same effect of bar
ium was observed for the series of cultures 
grown in the basal media containing 0.5 g to
0.75 g (3.8 X 1CF3 mole) of BaCO:i per 
100 ml. Any concentration greater than 1.0 g 
of BaC03 per 100 ml of medium inhibited 
the germination of the conidia. The absorp
tion spectra of the chloroform extracts of the 
medium from the control, the Ba( OH fa- 
titrated. and BaCOa cultures are shown in 
Fig. 2. The control culture was the only cul
ture which contained aflatoxin as indicated by 
the characteristic absorption peak at 362 m/t.

On examination of the aflatoxins from the 
above chloroform extracts after thin-layer 
chromatography (Fig. 3), it was apparent by

visual estimation that aflatoxin was either 
not present or that it occurred in very small 
amounts in the barium-treated cultures. As 
indicated by fluorescence, only trace amounts 
of material occurred at Rf 0.55 in the barium- 
treated cultures, compared to the large 
amount found at this Rf value in the control 
culture. A purified crystallized Bi aflatoxin 
sample also had an Rf value of 0.55 in this 
chromatographic system. However, the ab
sorption . spectra of the material at Rf 0.55 
from the barium-treated cultures was not 
typical of aflatoxin, i.e., a strong absorption

Fig. 2. Absorption spectra of chloroform extracts from culture media.
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Fig. 3. Thin-layer chromatography of chloroform extracts of culture medium: a) control cultures; b) Ba(OH(--titrated cultures; c) BaCCL-added cultures.
Fluorescence in ultraviolet :

BSB =  bright sky blue LSB =  light sky blue LBG =  light blue green LB =  light blue GB =  green blue FB — faintly blue
at wavelength 362 nip. was not obtained ( Fig.
4). The fluorescent material at Rf 0.15 found 
in the control culture, which was not found 
in the barium-treated culture, was not identi-

£40  £60 3£0  360 400
WAVELENGTH (nit)

Fig. 4. Absorption spectra of fluorescent materials separated by thin-layer chromatography ; I, bright sky-blue spot having R f of 0.55 from control cultures; II, bright sky-blue spot having Rf 0.15 from control cultures; III, light sky-blue spot having Rr 0.55 from either Ba( OH)»-titrated or BaCOs-added cultures ; IV, faintly blue spot having R f 0.18 from either Ba(OH)»-titrated or BaCO«- added culture.

show any absorption spectrum at wavelength 
362 m/i. Thus, the supply of barium ions to 
the basal medium, according to the changes 
of pH in the medium or as barium carbonate, 
inhibited aflatoxin production.

The possibility of failure to extract the 
aflatoxins in the first chloroform extraction 
in the barium-treated cultures was checked 
by the addition of EDTA to the cultures, 
followed by extraction with chloroform. 
These extracts were chromatographed and 
absorption spectra were taken. The very 
small amount of fluorescent materials isolated 
from these extracts did not differ from thefled. The substance, Rf = 0.15. had an ab

sorption spectrum similar to that of the afla
toxins (Fig. 4), and may be similar to the 
fluorescent materials found in cultures grown 
in synthetic media described by A. Sheridan. 
It was noted that a new, weakly fluorescent 
material of Rf 0.18, which did not show any 
similarity to the aflatoxin absorption spec
trum (Fig. 4), occurred in the cultures con
taining barium. All other fluorescent spots 
(Fig 3), Rf 0.45, 0.24, and 0.11, did not

previous primary extraction in either Rf 
values or absorption spectra.
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Structure of Spores of Rough and Smooth Variants of Bacillus 
Stearothermophilus with Special Reference to

Their Heat Resistance
SUM M ARY

A sin g le-ce ll m eth o d  was u sed  to sep arate two 
variant fo rm s o f  B a c illu s  s te a ro th e rm o p h ilu s .  
T h e h ea t resistan ce  o f  ro u gh  and  sm o o th  vari
ant spores was d eterm in ed . T h e iL.m- valu es  
fo r  th e sm o o th  and  ro u gh  variants w ere resp ec
tively  2 .3 2  and  1 .4 2  m in . T h in  sectio n s  o f  
spores o f  b o th  variants revea led  that th ere w ere 
th ree layers in  th e  sp ore w all o f  b oth  variants. 
In the sm o o th  variant, h ow ever, th ese  layers  
a d h ere to g eth er  w h ereas in  th e ro u gh  th ey  
sep arated . A lso , th e  sp ore w all was th ick er in  
th e sm o o th  variant th an  in  th e ro u gh  variant. 
Im m ed ia te ly  ad jacen t to th e  spore w all o f  th e  
sm o o th  variant was a “ tw o-layer” area o f  less  
elec tro n  d en sity  than  th e sp ore w all. T h e co r
tex  was th ick er in  th e ro u gh  variant th an  in  
the sm o o th . T h e sp ore core w all, o r  a layer  
su rro u n d in g  th e  core o f  th e  sp o re , w as p resen t 
in  th e ro u g h  variant b u t n o t in  th e sm o o th .

INTRODUCTION
Bacillus stearothermophilus can cause flat- 

sour spoilage in low-acid foods such as peas, 
corn, beans, and spinach. The spores of this 
organism are heat resistant and may survive 
the heat process and cause flat-sour spoilage. 
It is important, therefore, to investigate the 
factors which affect this heat resistance.

Different F  values (time to kill all the 
spores at 250°F) are found in the literature 
for this organism. Bigelow (1921) found 
that the F  value of B. stearothermophilus 
strain NCA 1518 was 5 /  min at 250°F. 
Reed et a!. (1951), however, published F 
values for this organism of 25.3 min in phos
phate buffer, pH 7.0, and 44 min in pea 
puree. Fields and Finley (1962) found the 
F value at 250°F to be 7.0 min for a suspen
sion of NCA 1518. Some of these differences 
may have been due to traditionally recog
nized factors such a s : nutritional status of 
the organism, the suspending menstruum, 
the age of the spore, and concentration of 
spores; however, the differences between 
spore suspensions of the same organism may 
have been due to the presence of variant

forms in the spore suspensions, particularly 
in Fields and Finley’s suspension.

In work on the heat resistance of B. stear- 
othcrmophilus spores reported in the litera
ture, no reference is made to variant forms 
except in that conducted by Fields.

According to some investigators (Church 
and Halvorson, 1959; Hashimoto et al., 
1960; Levinson et al., 1961) the heat resis
tance of a spore depends greatly on the 
amount of dipicolinic acid and calcium. Ha- 
chisuka and Kuno (1963) suggest that the 
cortex is the site of the dipicolinic acid and 
calcium. Recently, Thomas (1964) showed 
that the spore core as well as the coat are 
mineral-rich. He avoided making a clear 
decision about the cortex, because of the 
possibility of artifacts. Knaysi (1965) ob
served a higher concentration of mineral 
matter in the core than at the periphery of 
the endospore. He suggested that the bulk 
of the dipicolinate complex is in the core.

Since earlier work in our laboratory 
showed that the rough variant of NCA 1518 
was less heat-resistant than the smooth, and 
since thin sections of spores had not been 
made on variants to relate morphological 
structure to heat resistance, this research 
was instituted.

MATERIALS AND METHODS
The organism used was B. stearothermophilus 

NCA 1518. The two variants, rough and smooth, 
were isolated by using single-cell method. From 
these isolated single vegetative cells, spore suspen
sions were prepared by the procedure used by 
Finley and Fields (1962). These spore suspensions 
were used in botli destruction-rate studies and 
spore sectioning.

Thermal destruction rates were determined by 
the classical method of Esty and Williams (1924). 
Phosphate buffer (iR/15, pH 7.0) was used as 
heating menstruum. The tubes were sealed after 
2 ml of suspension, with a concentration of 105 
spores per ml, were introduced into each tube. 
Four tubes were run per heating time. The “come- 
up times” were corrected by the method of Ball
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et at. ( 1937). One ml from each TDT tube was 
plated in dextrose tryptone agar and incubated 
48 hr at S2°C. The “come-up” spore count (count 
at the time the suspension reached the oil bath 
temperature) was used as the original spore con
centration in determining the number of survivors.

For morphological observations, the spores were 
fixed for 20 min with KMnO« (5%) at 0-S°C, 
since Rode ct al. (1962) demonstrated that KMnO-i 
fixation yields spores with uniform and character
istics appearance. The compact fixed spores were 
dehydrated through an ethanol series 25, 50, 75, 
and 100% (Mercer and Birbeck, 1961).

The fixed dried spores were embedded in a 
polymerized monomer which was prepared by mix
ing 20 ml methylmethacrylate (inhibitor-free) 
with 80 ml of butylmethacrylate (inhibitor-free). 
Two g of dried, cooled Luperco CDB (Lucidol 
Division, Wallace & Tiernan Inc., 1740 Military 
Road, Buffalo 5, New York) and 0.07 g uranyl 
acetate UCkfChHaOs)» were added. The embedding 
procedure used in this study is described in detail 
by Mercer and Birbeck (1961).

The microtome used was a hand-operated model 
designed by Porter and Blum for use with glass 
knives. Sections 600 to 3200 A thick were placed 
on electron microscope copper grids coated with an 
extremely thin film of Formvar (Peas, 1960). The 
microscope used was Akashi (Bendix Tronscope 
Model TRS-50 EL.

The double-exposure method (Tronscope Model 
Instructions) was used to measure the magnitude 
of the specimens.

RESULTS AND DISCUSSION
The smooth variant was found to be of 

greater resistance to heat than the rough 
variant, as shown in Fig. 1. This is in agree
ment with the work of Fields (1963). The 
D (time required to kill 90% of the spores 
at 250°F) values were found to be 2.32 min 
for the smooth and 1.42 min for the rough 
variant. The break in the curve for the 
smooth variant indicates that there were two 
levels of resistance in the spore population, 
with the major part being less resistant than 
the minor.

About 125 sections were examined by the 
electron microscope for each variant. In both 
variants, three layers were observed in the 
spore wall (Fig. 2-A, 3-A, 4-A). The outer
most layer has the lowest electron density. 
The spore wall of the smooth variant is 
thicker than the wall of the rough variant by
175.3 A (Table 1). This value does not

smooth variants of Bacillus stearothermophihis strain NCA 1518.

Fig. 2. A cross section of spores of the rough variant (Mult. 70,000). The spore wall (A) consists of three layers. (B) is the cortex. The spore core wall (C) is separated from the cytoplasm of the spore core.
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Table 1. Comparison between the rough and the smooth variants (average of 10 sections in Angstroms).

S p o r e  c o re
V a r i a n t  S p o r e  w a l l  C o r te x  w a ll

Rough 1163.0 1437.5 856.8
Smooth 1338.3 1137.8

“ Could not be observed.

show the actual differences between the two 
variants, since the layers of the spore wall of 
the rough variant were separated to a greater 
extent than in the smooth variant. The 
method used to measure the thickness of the 
spore wall included the gaps between the 
layers, which artificially increased the thick
ness of the spore wall of the rough variant. 
Observed inside the spore wall of the smooth 
variant spores were two layers with low 
electron density (Fig. 3B). This structure 
could not be seen in sections of the rough 
variant spores. Together with the relatively

Fig. 3. A longitudinal section of a smooth variant spore (Mult. 70,000). The spore wall (A) has three layers. Inside the spore wall is a “two-layer” structure (B). The cortex surrounds the cytoplasm of the spore core (C).

thick spore wall, this structure may act as a 
mechanical barrier to heat, in spores of the 
smooth variant.

Two layers of equal electron density were 
seen around the core of the rough variant 
spores (Fig. 2-C ) but could not be observed 
in sections of the smooth variant spores. In 
the study reported herein, this structure is 
referred to as the spore core wall.

The area between the spore core wall and 
the spore wall is an electron-transparent zone 
(Fig. 2-B, 3-C, 4-B) referred to as the 
cortex (Holbert, 1960). Spores of the rough 
variant had thicker cortices than spores of 
the smooth variant (Table 1). The litera
ture on the composition of the cortex is full 
of contradictions and discrepancies. Accord
ing to Hachisuka and Kuno (1963 ), the cor
tex is the site of dipicolinic acid and calcium, 
which affect the thermo-resistance of spores 
(Church and Halvorson, 1959; ITashimoto 
ct cil., 1960; Levinson et al., 1961). Thomas 
(1964) and Knaysi (1965) seemed to sug
gest that the core contains high concentra-

Fig. 4. A longitudinal section of a rough spore (Mult. 70.000). The spore wall (A) has three layers. The cortex (B ). The spore core wall (C).
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tion of “mineral matter.” Knaysi also sug
gests that the site of the dipicolinate complex 
is in the core. The role of the cortex in 
regard to heat resistance has not been 
established.

Since the data in this study indicate that 
there was more cortex in the rough variant, 
which was the least heat resistant, the amount 
of cortex does not seem to Ire related to heat 
resistance. The presence of core wall in the 
rough variant and its absence in the smooth 
variant suggests that this structure does not 
act as a mechanical barrier to heat.

The amount and the location of dipicolinic 
acid and calcium for both variants, is cur
rently under investigation in our laboratory.
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Immunofluorescent Detection of Staphylococcal Enterotoxin B
I. Detection in Culture Media

SUM M ARY
A p p lica tion  o f  th e flu o rescen t a n tib od y  tech 

n iq u e  (F A T ) to  d etectio n  o f  sta p h y lo co cca l en- 
tero to x in  B  and  o f  th e  ce lls  th a t p ro d u ce  it  in  
cu ltu re  m ed ia  was in v estig a ted . E n tero to x in  B  
was d etected  by FAT in  cu ltu re  m ed ia  b o th  in  
th e p resen ce  and  in  th e  a b sen ce  o f  b acteria l 
ce lls . T w o m eth o d s o f  d etectio n  w ere d ev e lo p ed . 
T h e first in v o lved  sta in in g  o f  fix ed  sm ears w ith  
f lu o r e sc e in -iso  t h io c y a n a t e - c o n j u g a t e d  a n t i-  
en tero to x in  B  seru m . T h e  seco n d  tech n iq u e  in 
volved  th e  p recip ita tio n  o f  en te r o to x in  b y  m ix 
in g  o n e  d rop  o f  flu id  c o n ta in in g  e ith er  liv in g  
ce lls  and  to x in  or o n ly  to x in  w ith  two d ro p s o f  
seria lly  d ilu ted  co n ju g a te . A fter  in cu b a tio n , 
th e fo rm ed  p recip ita tes  w ere ca u g h t o n  M illi- 
p ore  filter  m em b ran es a n d  w ash ed , and  im p r es
s ion  sm ears w ere m a d e o n  s lid es . E n terotox in  
B  was d em o n stra ted  w ith  th e  first tech n iq u e  
o n ly  w h en  th ere was a m in im u m  o f  15  f ig /m l. 
T h e  seco n d  tech n iq u e  d etected  as litt le  as 1 fig  
to x in /m l.

INTRODUCTION
Much progress has been made lately in 

methodology for detecting staphylococcal 
enterotoxins. Biological tests (feeding mon
keys or injecting cats with toxic filtrates) 
have been replaced more and more by specific 
se ro log ic  procedures. The antigenicity of 
two of the known enterotoxins (A  and B ) 
has been demonstrated. A  has been purified 
above 70% (Bergdoll, 1962), and B above 
99% (Schantz et al., 1965). Specific anti
sera against these two types of toxins are 
now available, and both toxins are demon
strable in cultures or food extracts by single 
and double gel diffusion methods. Quantities 
of 1 /ag of toxin per 1 ml of culture can be 
detected by the slide gel diffusion test, while 
tube double gel diffusion can increase the 
sensitivity to 0.05 ¡xg/m l (Hall et al., 1963,
1965). Type B strains usually produce large 
amounts of toxin in broth cultures (over 100 
/ig/ml) whereas type A  strains produce only 
minute amounts. Casman and Bennett (1965) 
reported that with 15-20 billion microorgan
isms per ml the production of type A  toxin

was about 2-4 ¡xg per ml of aerated brain- 
heart infusion (B H I) broth. Since foods 
implicated in food poisoning rarely have such 
a great number of staphylococci, much less 
toxin would be expected to be present.

The demonstration of enterotoxins in foods 
involves two basic problems : 1) extraction ; 
and 2) concentration to detectable quanti
ties. Experiments have been conducted by 
adding known amounts of toxin in foods and 
then recovering them by extraction. Recov
eries have been variable: Casman and Ben
nett (1965) reported recovering 68 % of en
terotoxin A and 48 to 72% of enterotoxin B ; 
and Hall et al. (1965) reported recovering 
48% of A  and 75% of type B. Ion-exchange 
chromatography and gel filtration are used 
for selective separation of enterotoxins from 
broth cultures or food extracts, which are 
further concentrated until the concentration 
is high enough to be within the sensitivity 
limit of the gel diffusion test. At least 24 hr 
are necessary for the detection of toxins 
when their concentration is in the area of 
1 /ag/m l broth or food extract.

An indirect hemagglutination-inhibition 
procedure has been developed (Robinson and 
Thatcher, 1965; Brown and Brown, 1965) ; 
and a flotation system is reported which can 
detect enterotoxin B of 1 ¡xg/m l in 2-3 hr 
(Hopper, 1963, 1965 ). Both of these meth
ods still need more refined techniques of ex
traction of enterotoxins from foods.

It is obvious from the foregoing that no 
suitable method is available which can dem
onstrate enterotoxins or enterotoxic cells in 
foods in a short period without resorting to 
extractions, concentrations, and gel diffusion. 
Since enterotoxins react specifically with 
their antibodies, the fluorescent antibody 
technique (FA T) might be applicable for a 
direct detection of toxins and toxic strains in 
foods in a short period by the use of conju
gated antienterotoxin sera. To study this 
possibility, experiments were first conducted 
with pure broth and agar cultures of toxic

[441]
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and nontoxic staphylococcal strains with the 
intent that, if results were satisfactory, ex
periments would then be conducted with 
foods. This paper reports observations with 
broth ancl agar cultures. Very recently, 
Friedman and White (1965) reported the 
demonstration of cell-associated staphylococ
cal enterotoxin B by immunofluorescence. 
That report appeared in the form of a note, 
providing few details.

MATERIALS AND METHODS
Staphylococcal strains. Used throughout were 

the following staphylococcal strains, falling into 
five groups:

Toxigenic strains
Type A : 196-E, 238, 239, 246-3A, 265
Type B : 243
Type A  and B : S-6

Nontoxigenic strains
Coagulase-positive: No. 1, Wood 46, 242, 305 
Coagulase-negative: 14, 17, 28

All of these strains were tested for enterotoxicity 
in an earlier study (Genigeorgis, 1963), and the 
results agreed with their previous history.

Type B antienterotoxin serum and purified entero
toxin B were obtained through the courtesy of 
Dr. M. S. Bergdoll (University of Chicago). Puri
fied enterotoxin B was obtained through the cour
tesy of Dr. E. J. Schantz (U. S. Army Laboratory, 
Fort Detrick). Type B antienterotoxin serum was 
obtained through the courtesy of Dr. H. E. Hall 
(Robert A. Taft Sanitary Engineering Center).

Production of enterotoxin. Erlenmeyer flasks 
of 25-ml and 125-nil capacity, respectively contain
ing 5 and 25 ml of brain-heart infusion (BHI) 
broth, pH 7.4 (Difco), were inoculated with a few 
drops of 18-hr trypticase soy broth cultures and 
incubated for different periods on a rotary shaker 
at 37° C. Cellophane-membrane cultures, as de
scribed by Casman and Bennett (1963), in BHI 
without special atmosphere were used to obtain 
high concentrations of toxins. A modification of 
this method that proved easier and less costly, was 
also applied and resulted in good growth and high 
toxin concentrations. Dialysis tubing was cut into 
circles of 3 cm diameter, sterilized in the autoclave, 
and then placed on blood agar (BA). One drop of 
a suspension of cells washed three times with saline 
was placed on each membrane, and the plates were 
incubated aerobically for 48-72 hr at 37°C. Four 
strains per plate could be tested in this way. Hal- 
lander (19651 recently reported a similar method.

Demonstration of enterotoxin by gel diffusion. 
For quantitative and qualitative studies of entero-

toxin production, single and double gel diffusion 
methods were applied. Oudin's single diffusion 
tubes were prepared as described by Hall et al. 
(1963), using 1:40 dilutions of type B antiserum 
in 0.3% Oxoid Ionagar No. 2 (Consolidated Lab
oratories, Inc., Chicago Heights, Illinois) in a 
standard buffer (phosphate-buffered saline, pH 7.2, 
0.023/, with 1 :10,000 merthiolate). Each tube was 
loaded with 0.3 ml antiserum, sealed with plastelin, 
and kept in the refrigerator until used. To test for 
toxicity, 0.3 ml of culture supernatant was placed 
on the top of the antiserum agar column, and the 
tube was sealed with plastelin and then incubated 
for 7 days at 29-30°C. For qualitative studies, the 
micro-Ouchterlony test (Crowle, 1958) was also 
applied.

For quantitative studies, a standard enterotoxin B 
curve was constructed by adding to the above tubes 
0.3 ml of a 1 :1 mixture of BHI broth and standard 
buffer containing amounts of pure enterotoxin B 
ranging from 1 to 250 gg/ml. The tubes were 
sealed, incubated at 29-30° C, and checked at 24 hr 
and again at 7 days. The migration distance (in 
mm) of the toxin-antitoxin precipitin line was 
plotted against the log of toxin concentration (Berg
doll, 1962; Hall ct a!., 1963). A straight-line pro
gression was obtained for toxin concentrations 
ranging from 8 to 250 /¿g/ml at 24 hr and from 4 
to 250 gg/ml at 7 days. Below these lower limits 
the line curved sharply downward.

Preparation of conjugated antiserum. Three 
different batches of specific rabbit antientero
toxin B sera obtained from the sources reported 
and one prepared here were conjugated and used 
during this study. Immune sera were conjugated 
with fluorescein isothiocyanate at a dye-protein 
ratio of 1 :40, according to a method previously 
developed (Corstvet and Sadler, 1964). By this 
procedure, the dilution effect experienced during 
fractionation was minimum and the method was 
not time-consuming. Antibody activity (titration 
against same amount of toxin with the slide gel 
test) was highest in the first colored fraction which 
eluted from the column. This fraction was stored 
in the refrigerator and used for the rest of the 
studies. A portion of the conjugate was absorbed 
3 times with cells of strain No. 1, 242, and 305, and 
then filtered through Sephadex G-50 (Pharcacia, 
Upsala) equilibrated with standard buffered saline.

Staining of fixed smears. Thin smears from 
BHI broth, cellophane membrane, and BA cultures 
were made on clean coverslips. The smears were 
dried for 20 min at 37°C and then fixed either by 
passing them twice through a low flame from a 
Bunsen burner or by holding them at — 20° C for 
1 hr in 95% ethanol or tor 4 hr in acetone. After 
fixation, the coverslips were dried in the freezer
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and kept there until staining, usually not more than 
2 or 3 days. Fixed coverslips were stained with 
2 drops of different dilutions of conjugate ranging 
from undiluted to 1 :5,000. The coverslips were 
placed in a moist chamber for 30 min at 37°C and 
then washed for 10 min with standard buffered 
saline, air-dried, and mounted on slides with 10% 
buffered glycerol. The moist chamber was con
structed of a large Petri dish (14-crn diameter) 
inside which was placed a standard Petri dish. 
Water was then added to a height of 3 mm. The 
coverslips were placed on the top of the second 
Petri dish, and the whole system was closed with 
a thick plastic sheet and sealed with paraffin.

Staining of living cells. A completely different 
technique was applied to test living cultures (drop 
technique). A drop of culture was placed on a 
clean coverslip and then mixed with two drops of 
conjugate previously adjusted to twofold dilutions 
ranging from 1 :S to 1 :320. The three drops were 
mixed thoroughly, as in the agglutination test, and 
the coverslip was placed in the moist chamber to 
be incubated for 30 min at 37°C. After 30 min, the 
Petri dishes were removed from the incubator and 
placed in the refrigerator for 4 hr.

At the end of this cold incubation, each coverslip 
underwent the following treatment: A large Petri 
dish was filled with Whatman No. 1 filter paper. 
Millipore filter membranes of 0.22-g pore size and 
13-mm diameter were soaked with standard buffer 
and placed on the absorbing paper. A few more 
drops of buffer were then added to make sure of 
complete contact between the membrane and the 
filter paper. The fluid from each coverslip was 
poured onto the center of the membrane. The fluid 
quickly disappeared. Next, 20 drops of standard 
buffer were added slowly for washing purposes, 
and after the fluid from the last drop disappeared, 
the membrane was removed with forceps and an 
impression smear of the surface of the membrane 
was made on a clean slide (three such impression 
smears can be made per slide). After a few seconds 
the membrane was removed and the slides were air 
dried and mounted in 10% glycerol-buffer. Use of 
Millipore filters retained all particles greater than
0.22 g.

All preparations were examined by Zeiss Fluo
rescent microscope with an Osram FIBO 200 W 
maximal-pressure mercury-vapor arc. The UGS 
filter was used as an ultraviolet excitation filter, 
and the combination 0/41 as a barrier filter.

RESULTS AND DISCUSSION
Preliminary experiments. Early in this work, 

immune conjugate diluted 1 :5 with standard buffer 
was used to stain gentle-heat-fixed or cold-acetone- 
fixed smears from broth or agar cultures of the

different strains. This technique did not distinguish 
between strains producing type B enterotoxin and 
strains negative for type B. Only coagulase- 
negative strains consistently stained negatively. 
The positive-stained cells had a smooth bright- 
green periphery and dark center. Culture super
natants of all strains showing classical positive FA 
reaction were tested for enterotoxin by the single 
tube gel diffusion and micro-Ouchterlony double 
diffusion tests without any concentration. For the 
respective tests the antiserum was diluted 1 :40 and 
1 :5. All culture supernatants v'ere found to be 
negative except those strains producing type B 
enterotoxin (S-6 and 243). A line of identity with 
pure enterotoxin B was obtained in the slide micro
diffusion test. When the negative supernatants were 
concentrated 10 times with a 30% solution of poly
vinylpyrrolidone they reacted positively with type B 
antiserum, giving many precipitin lines, none of 
which had an identity with the line of pure entero
toxin. Normal sera from 10 chickens, 10 rabbits, 
and 20 monkeys were tested against the above con
centrated supernatants (strains 1, S-6, 238, 243, 
305 ) and against pure enterotoxin. All sera demon
strated the existence of a variety of antibodies 
against different staphylococcal antigens. None of 
these antibodies reacted with pure enterotoxin. 
Hall cf al. (1963), reporting the existence of such 
antibodies, suggested that antienterotoxin serum 
used for gel diffusion tests be diluted at least 1 :40. 
This treatment eliminated all nonspecific minor anti
bodies from their antiserum and they got only the 
specific line due to the enterotoxin-antienterotoxin 
reaction.

This method was applied to the conjugate in an 
effort to eliminate the cross reaction. Dilutions 
were made up to 1 :2,000, and each higher dilution 
eliminated more strains as negative for green fluo
rescence. Strains 243 and No. 1 each stained posi
tively with 1 :2,000 dilution of conjugate. Conju
gated normal rabbit serum stained at least one 
strain when diluted 1 :500. Conjugated immune 
rabbit serum produced against blood proteins 
stained nearly all enterotoxic and nonenterotoxic 
strains brilliantly when diluted 1 :2,000. Naturally 
occurring antibodies against staphylococcal anti
gens have been found in normal or even germ-free 
animals (Cohen ct al., 1961, 1963; Pittman and 
Moody, 1960), with Cohen iff al. (1963) reporting 
titers of 1 :1400 for conjugate from germ-free mouse 
sera, and 1 :2100 for conventional mouse sera.

Since type B could not be distinguished from 
type A or nonenterotoxic strains, absorption of the 
conjugated antienterotoxin sera was resorted to. 
Conjugated serum was mixed with one-half volume 
of packed cells of strains No. 1, 242, and 305, incu
bated 1 hr at 37°C, and left in the refrigerator
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overnight. This procedure was repeated three times. 
The cells were removed by centrifugation, and the 
clear supernatant was filtered through Sephadex 
G50 column equilibrated with standard phosphate- 
buffered saline. No increase of buffer molarity was 
necessary for elution. The clear conjugate, diluted 
1 :10, was used to stain smears from 12-hr BHf 
broth cultures of the different strains. Absorption 
with the nonenterotoxic No. 1 strain gave a con
jugate which stained 243, stained No. 1 weakly, 
but did not stain S-6. Absorption with nonentero
toxic strains 242 and 305 gave a conjugate which 
stained nearly all strains less intensively than did 
unabsorbed conjugate, and there was a definite de
crease in the thickness of the fluorescence of the 
cell walls. Absorption with lyophilized dialyzed 
supernatants of BHI broth cultures of strains 
No. 1, 242, and 305 also failed to provide the 
specificity desired. Because of these results, ab
sorption of immune conjugate was not tried again.

Fixation of enterotoxin. When unabsorbed con
jugate was used to stain smears from 18-hr BHI 
broth cultures of S-6 and 243 type R strains, a 
brighter staining was observed at the edge of 
smears than in the center of those fixed by heat or 
cold acetone. Cells appeared to have brighter and 
thicker walls, thick interstitial spaces, and very 
often abnormal surfaces with little dots on or 
around them. Clouds of fluorescence often covered 
the cells. These observations led to a consideration 
of the possibility that the reaction of toxin-antitoxin 
might produce precipitates which were not firmly 
associated with the cells and were being lost be
cause of poor fixation or too much washing. If this 
was so, the observed fluorescence was not due to 
enterotoxin-antienterotoxin reaction but was actu
ally the result of the reaction of normally present 
antibodies against surface staphylococcal antigens 
common among the different strains. Thus, these 
antigens resulted in an FA-positive staining.

Millipore filter membranes. These membranes 
were tested for their ability to catch the precipitates 
which might have formed and which might have 
eluted from the slide during washing. Results were 
variable, but the specific enterotoxin-antienterotoxin 
reaction was demonstrable for the first time. The 
two strains producing enterotoxin R showed a 
green halo of variable thickness, sometimes com
pletely covering masses of cells in the form of a 
cloud (Fig. 1 ). Many times, a sky-like picture was 
obtained, with numerous bright precipitates in the 
form of stars or bridges between or around the 
cells. None of the type A and nonenterotoxic strains 
produced sucli a picture, and those cells which did 
stain showed only a green fluorescence with a 
smooth periphery and no precipitates or clouds 
(Fig. 4). The difference between a positive and a

Fig. 1. Positive reaction. Living cells of Staphylococcus aureus strain S-6 from an 18-hr BHI broth culture (undiluted) stained with antientero- toxin B conjugate (diluted 1:5). All dilutions of conjugate higher than 1 :5 stained only the cell walls, as the nonenterotoxic strain No. 1 in Fig. 4. Toxin content of broth 125 /tg/ml. 2500X.
negative smear was obvious when 1250X magnifi
cation oil immersion was used. Negative cells were 
weak green, with rather thin, smooth walls. The 
positive showed a variety of pictures characterized 
by the presence of little fluorescent drops on the 
cells, by fluorescent precipitates in the form of 
halos around individual cells, by bridges joining 
them, or by clouds filling the interstitial spaces or 
covering them completely. Halos or clouds were 
fading in their periphery.

Lack of correlation of gel diffusion and FA. 
A problem encountered in demonstrating the entero- 
toxic cells was the lack of agreement between gel 
diffusion and FA tests. It was thought that the 
FA test could be more sensitive since it is a micro
scopic test, but, on the contrary, broth cultures 
containing over 100 ,ug toxin per ml often showed 
no precipitates around the green cells in smears 
fixed by heat or cold acetone. When the broth was 
diluted 1 :5, however, precipitates could be demon
strated, indicating a positive reaction. These obser
vations suggested that either suboptitnal propor
tions of toxin and antitoxin or the presence of 
inhibitors in the broth had prevented the toxin- 
antitoxin reaction. Buffer was found to be a better 
diluent than was broth.

To test the effect of optimum proportions, dilu
tions from 0.02 to 250 gg/ml of pure enterotoxin 
were made, and one drop of each dilution was 
thoroughly mixed on a coverslip with two drops 
nt dilutions of conjugate ranging from 1 :5 to 1 :320. 
The coverslips were placed in the moist chamber, 
incubated 30 min at 37°C, and then held 4 hr in the 
refrigerator. Then the content of each coverslip 
was poured on the Millipore filter membrane and 
washed slowly with 20 drops of standard buffer. 
Impression smears were made from the membrane 
on dean slides as described before. Results with
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this technique were excellent. Precipitates were 
formed only in a rather narrow zone of antiserum 
dilution. High concentrations of toxin did not give 
precipitates when reacted with high dilutions of 
conjugate. When the time of cold incubation in 
the refrigerator was extended to 24 hr, most of the 
formed precipitates stuck on the coverslips and the 
regular 10-min washing with standard buffer did 
not remove them. The precipitates were more 
amorphous in the area of antibody and antigen 
excess, and they had a definite morphology in the 
area of optimum proportion.

After determination of optimum proportion with 
purified enterotoxin, the same kind of experiment 
was repeated, with an 18-hr BHI broth culture of 
strain S-6. This culture had 125 f ig  toxin per ml, 
and when one drop was mixed with 2 drops of 
conjugate diluted 1 :5 to 1 :160, it reacted positively 
only with the 1 :5 dilution (Fig. 1). When the cul
ture was diluted 1:5 (Fig. 2), the reaction was 
positive for 1 :5, 1 :10, 1 :20, 1 :40, and 1 :80 dilu
tions of the conjugate, with the best reaction around 
1 :40. The cells in the region of optimum propor
tion were star-like, with abnormal surfaces because 
of the fluorescent precipitates which either covered 
them, occupied the interstitial spaces, or were scat
tered around them. Individual isolated cells fre
quently displayed a halo as a result of these pre
cipitates. These fluorescent precipitates in the re
gion of antibody or antigen excess appeared in the 
form of clouds that were fading or disintegrating 
on their periphery, suggesting that there was a 
loose association of toxin with the cells. This ob
servation was confirmed when the effect of wash
ing upon the size and brilliancy of precipitates was 
studied. It was found that increasing the numbers 
of drops of buffer used to wash the aggregates of 
toxin-producing cells resulted in a decrease in the 
size and brilliancy of precipitates around the cells, 
with only dull-green cells observed after excessive

Fig. 2. Positive reaction. The same broth as in Fig. 1, but diluted 1 :5 and stained with conjugate diluted 1 :5 with saline. Dilutions of conjugate from 1 :10 to 1 :80 were also positive. 2500X-

washing. The cells which did not produce toxin 
remained bright, however, and could be seen in a 
good impression smear. In such smears there were 
also dull cells with dark centers and very thin and 
weakly green walls. Close to these cells there were 
bright precipitates which obviously appeared to be 
casts of the cells that had separated from them. 
These observations suggest that the toxin is loosely 
associated with the cells and that when the cell 
does not have sufficient toxin around it, its surface 
antigens, being in a high concentration, react with 
normally existing antibodies in the conjugate and 
stain bright green. Additionally, when there is a 
high concentration of toxin around these cells, a 
thick precipitate is formed and the normal anti
bodies are prevented from reacting with surface 
antigens. Thus, when the precipitate is removed by 
excessive washing the cell appears dull, with a 
weakly stained wall.

Specificity of the reaction and controls. To
establish the specificity of the reaction observed, 
the following control tests were performed. Sterile 
cellophane discs of 2.5 cm diameter, cut from dialy
sis tubing, were placed on the surface of blood agar 
plates. After complete contact was established by 
pressure, a drop of 12-hr-old BHI broth S-6 cul
ture, previously washed 3 times with saline, was 
placed on top of the cellophane, and another drop 
was placed directly on the BA. After aerobic incu
bation for 48 hr, thin smears from both growths 
were made on coverslips, dried, fixed with heat, 
and then stained. The growth from the cellophane 
discs was strongly positive for toxin, with cells 
loaded with fluorescent precipitates (Fig. 3). The 
growth from the agar surface was negative or 
weakly positive, and cells were simply green, with 
either no precipitates or a very few small ones. 
Cells were harvested from the disc and from the 
agar and adjusted to the same optical density at 
660 m/i. The cellophane disc with the growth was 
placed in 1 ml of standard buffered saline. Both

Fig. 3. Positive reaction. Heat-fixed smear of strain S-6 from cellophane membrane growth on blood agar. Conjugate diluted 1 :40. 2500X-
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suspensions were centrifuged, and the supernatants 
were checked for toxin by the single gel diffusion 
method. A piece of agar, 2 cm in diameter, under 
the area of colony growing directly on the agar 
was placed in a graduated centrifuge tube, and an 
equal volume of buffered saline was added. The 
mixture was homogenized, left at room tempera
ture for 1 hr, and centrifuged, and the clear super
natant was checked for toxin by the single gel dif
fusion method. All three gel diffusion tubes were 
incubated for 7 days at 30°C. The cellophane 
growth and the agar extract were found to be 
positive, with respectively 46 and 70 gg toxin per 
ml. No toxin was demonstrated in the cells grown 
on the surface of the agar, as the FA test had also 
shown. A line of identity with pure enterotoxin 
was established when the supernatants were tested 
with the micro-diffusion slide method. The above 
test was repeated with strain 243, and the results 
were the same.

Strains which do not produce type B enterotoxin 
were grown in culture media under the same condi
tions as type B enterotoxin-producing strains. 
Smears and drops of living cells from these strains 
were stained and washed by the procedures pre
viously described. None of these strains gave pre
cipitates. The surface of the cells of many of these 
strains showed a 4+  fluorescence, and nothing else. 
The cells were round and smooth, with variations 
in thickness of their fluorescent walls (Fig. 4). 
Such cells were easily distinguished from the posi
tive cells. Smears made from cellophane-membrane 
cultures of nonenterotoxic strain No. 1 and type A  
strains 196-E, 238, 239, 246-3A, 265 and stained 
with conjugate serially diluted from 1:5 to 1 :160. 
Certain false-positive reactions characterized by 
small but typical fluorescent precipitates like those 
described for enterotoxin B producing strains were 
obtained with the 1 :5 and 1 :10 dilutions. Two out 
of three coagulase-negative strains gave small 
fluorescent precipitates with less than 1 :5 diluted

Fig. 4. Negative reaction. Heat-fixed smear of nonenterotoxic strain No. 1 from cellophane growth on blood agar. Conjugate diluted 1 :40. 2500X-

conjugate. All these cultures were negative for the 
presence of type B enterotoxin when tested by the 
micro-diffusion slide test. It was not surprising 
that nonspecifiic positive reactions were obtained 
with low dilutions of the conjugate, since Hall et al. 
(1963) reported similar results when they applied 
gel diffusion. To eliminate the nonspecific precipi
tin lines formed in the gel, they suggested dilution 
of the antiserum to 1 :40 and higher. It is believed 
that the nonspecific reactions obtained were possi
bly due to staphylococcal antibodies normally exist
ing in the serum which reacted with highly con
centrated antigen.

Conjugated enterotoxin B antiserum did not react 
specifically with the following bacteria: Proteus
vulgaris, Acrobactcr aerogenes, Escherichia coli, 
Pseudomonas aeruginosa, Hemophilus gallinarum, 
Salmonella anatuin, Salmonella typhimurium, Sal
monella senftenberg (heat-labile and the heat- 
resistant strain 775\'V), Serratia marccscens, Salmo
nella infantis, Pasteurella multocida. Putrefactive 
anaerobe no. 3679. Clostridium botulinum type E, 
Clostridium perfringens type A. Certain other FA 
control tests suggested by Beutner (1961) were 
also performed. All demonstrated the specificity of 
the reaction observed.

Sensitivity of test. To measure the sensitivity 
of the test, purified enterotoxin B was diluted from 
250 /¿g/ml to 0.2 /¿g/ml. One drop of each dilu
tion was mixed on coverslips with two drops of 
conjugate doubly diluted from 1:5 to 1 :320. The 
coverslips were placed in the sealed moist cham
ber, incubated 30 min at 37°C, and then kept in 
the refrigerator for either 4 or 24 hr. Then each 
coverslip was washed for 10 min in standard buffer, 
dried, and mounted on slides with buffered glycerol. 
The coverslips removed from the refrigerator at 
4 hr were washed by the Millipore filter membrane 
procedure. This method detected toxin concentra
tions of over 0.8 /¿g/ml. There was a minimum 
evaporation from the periphery of the reactants, 
with slight nonspecific precipitation there. These 
precipitates interfered only with amounts of toxin 
below 1 /¿g/ml. Above this amount, specific precip
itates were easily distinguished because they were 
numerous and of different sizes, and were scattered 
all over the coverslip, giving a sky-like picture. 
The reaction was consistently better when the 
coverslips remained in the refrigerator for 24 hr. 
In this case the precipitates were firmly adhered to 
the coverslip, and two washings of 5 min each with 
standard buffered saline did not remove them.

The following experiment was conducted to test 
the degree of sensitivity of the FA test for detec
tion of enterotoxin in actual culture. Eighty ml of 
BHI broth were placed in an Erlenmeyer flask of 
250-ml capacity. The broth was inoculated with
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Fig. 5. Positive reaction. Enterotoxin B anti- enterotoxin specific precipitates from 24-hr BHI broth culture with supernatant diluted 1 :3 and reacted with 1 :20 diluted immune conjugate. Impression smear from Millipore filter membrane. 2500 X.
cells from an overnight broth culture which had 
been washed three times, and the flask was placed 
on a shaker at 37°C. Samples of 4 ml were taken 
at 30-min intervals and analyzed for optical den
sity (660 mg,), for enterotoxin content by the single 
gel diffusion test, and then for the presence of 
enterotoxin in smears by the FA test. The culture 
at zero time had an optical density of 0.035. After 
exponential growth for about 200 min, the culture 
entered the stationary phase, and at 210 min the 
growth-rate constant was zero. The first indication 
of toxin by the gel diffusion method was obtained 
at 210 min (4.5 gg toxin/ml) and then increased 
linearly with respect to time. The sample obtained 
after 6.5 hr contained 27.3 gg toxin/ml. Thin 
smears were made from the samples on coverslips 
and fixed with heat or cold alcohol. Ten slides 
were prepared per sample because 5 dilutions of 
conjugate, from 1 :5 to 1 :80, were used to stain. 
The coverslips were incubated for 30 min at 37°C 
and left for 4 hr in the refrigerator. They were 
then washed with standard buffer for 10 min, dried,

Fig. 6. Positive reaction. Enterotoxin-antientero- toxin specific precipitates from purified enterotoxin B (25 gg/ml) reacted with 1 :20 diluted immune conjugate. Impression smear from Millipore filter 
membrane. 2500 X-

and mounted on slides with buffered glycerol. All 
smears from the exponential time of growth were 
negative for precipitates or green clouds on the 
cells. As growth continued, there was, however, a 
rather gradual increase in thickness of the cell 
walls which gave an intensive fluorescence.

Positive smears were obtained from samples with 
toxin concentrations over 15 gg/ml. When the 
drop technique was used to stain living cells, posi
tive reactions were obtained with samples from the 
late exponential and early stationary phases having 
2-4 gg toxin/ml. Smaller amounts of toxin (about 
1 gg/ml) were detected in cell-free supernatants 
after diluting 1 :2 with standard buffer. Friedman 
and White (1965) reported that smears from cul
tures of strain S-6 in the early lag phase (3 hr) 
contained cells with minimal green fluorescence, 
whereas a brilliant wide band of peripheral fluores
cence was seen in unwashed cells from 8-hr cul
tures. We observed that, when washed three times 
with saline, the cells from 6.5-hr cultures gave 
minimum fluorescence. It was a fluorescence weaker 
than the fluorescence demonstrated by nonentero- 
toxic cells. Therefore, a slide was considered as 
positive only when cells were covered with fluores
cent precipitates. Those showing no fluorescent 
precipitates were considered negative even if they 
had 4+  fluorescent walls.

The ease with which enterotoxin B and the toxic 
cells were demonstrated in cellophane membrane 
cultures (high toxin concentration around the indi
vidual cells) encouraged a study of the application 
of fluorescent antibody technique in detecting en
terotoxin in foods. The results will be reported 
in a companion paper.

GENERAL DISCUSSION
Smears made from cellophane growth of 

strains S-6 and 243 and fixed with gentle 
heat reacted strongly with twofold dilutions 
of conjugate from 1 :5 to 1 :80. With this 
type of growth (high toxin concentration 
around the individual cells), the range of 
optimum proportion was much wider than 
with broth cultures under the same staining 
procedures. When smears from broth cul
tures were fixed with heat it was frequently 
found that only one dilution of the conjugate 
gave positive reaction. When drops of living 
cultures were used, the range of optimum 
proportions was intermediate. A good posi
tive reaction apparently results from the 
presence of a large quantity of toxin around 
the individual cells, as in the cellophane cul
ture. Good fixation, obviously, is also neces
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sary. Broth culture smears fixed by heat do 
not have such a high concentration of toxin 
around the individual cells, so the reaction 
is weaker and fades more, because of loss of 
material from the smear during washing. 
When one drop of living culture was mixed 
with two drops of conjugate dilution, the 
molecules of toxin were not fixed and so 
could form larger precipitates, resulting in 
intermediate fluorescence. Somehow the 
broth itself must also play a role in the 
antigen-antibody reaction, through concen
tration of its different compounds or pH.

Since there is a significant loss of material 
from the slides in washing, which is espe
cially important for small concentrations of 
toxin, degree of fixation was recognized as 
a possible source of error. Because of this, 
certain fixation methods proposed for other 
systems were tested. Ten min of fixation of 
smears with 95% ethanol or with acetone at 
room temperature was found to affect the 
antigen, and the staining was dull. Cold fix
ation with acetone (4-5 hr at — 20°C) or 
95% ethanol (30-60 min at — 20° C) and 
then drying in the freezer was found to be 
satisfactory. Heat fixation gave more losses 
of the smear during washing than did fixa
tion with cold alcohol or acetone. It appeared 
that the thickness of the smear was the most 
important factor in getting good fixation; 
losses from washing were less in thin smears, 
so a brighter fluorescence resulted. The 
newly developed method of enterotoxin B 
detection by FAT is based on the demonstra
tion of specific fluorescent precipitates around 
the bacterial cells and not on the presence of 
fluorescent cells alone. The use of different 
batches of antiserum and different dilutions 
has demonstrated that high titers are neces
sary to eliminate nonspecific cross reactions 
due to antibodies other than antientero- 
toxin B.
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Studies in Meat Tenderness. III. The Effects of 
Cold Shortening on Tenderness

SUM M ARY
T h e ten d ern ess  o f  m ea t rem ov ed  fr o m  th e  

carcass in  a p re-rigor co n d itio n  is h ig h ly  d ep en 
d en t on th e e x te n t o f  th e co ld  sh o rten in g  w hich  
occurs a fter  e x c is io n . T h e re la tio n sh ip  betw een  
sh o rten in g  and  ten d ern ess  is co m p le x . A d e
crease o f  u p  to 2 0%  o f  th e  in it ia l ex c ised  
len g th  d oes n ot ex ert a s ig n ific a n t e ffe c t, but 
to u gh n ess  in creases rap id ly  w ith  fu r th er  sh ort
en in g  b eyon d  th is p o in t, rea ch in g  a p ea k  o f  
several tim es its o r ig in a l v a lu e  ( in  term s o f  
shear fo rce  req u ired ) at a sh o rten in g  o f  ab o u t  
4 0 % . W ith  y et fu r th er  sh o rten in g , th e m ea t  
b ecom es p rogressive ly  m o re ten d er u n til , at 
abou t 5 5 -6 0 %  sh o rten in g , it is c lea ved  abou t  
as easily  as m ea t in  w h ich  le ss  th an  2 0 %  sh ort
en in g  has occurred .

T h e p resen ce  o f  in ta ct sk e le ta l a ttach m en ts  
d oes n ot n ecessa rily  o vercom e th e d ev elo p m en t 
o f  sh o rten in g -in d u ced  to u g h n ess . It is  show n  
th at a pre-rigor m u sc le  w h ich  is a b so lu te ly  
fix ed  in  over-a ll le n g th  is still ca p ab le o f  a p p re
c iab le  sh o rten in g  in  o n e  zo n e , w ith  co m p en sa t
in g  le n g th e n in g  e lsew h ere , i f  th e  a p p lica tio n  o f  
co ld  is u n ev en  a lo n g  its su r fa ce .

INTRODUCTION
During the first few hours post-mortem, 

the components of muscle undergo an exten
sive series of biochemical changes culminat
ing in rigor mortis (Bate-Smith and Bendall,
1949), and the ultimate structure of meat 
is determined partly by the rate and extent 
of events in this phase. It is rather surpris
ing, therefore, to find a paucity of papers 
attempting to relate meat tenderness with 
conditions during rigor onset. Indeed, few 
reports of meat quality investigations even 
mention the temperature at which the experi
mental material was held during rigor onset, 
the inference being that this information is 
irrelevant and the rigor phase is of no im
portance.

There are a few indications, however, that 
a muscle which has been cut or excised in 
a pre-rigor condition may be tougher than 
expected following rigor onset and cooking 
(Lowe and Stewart, 1946; Ramsbottom and 
Strandine, 1949; Koonz et al., 1954; Paul

and Bratzler, 1955 ; Lowe, 1958; de Fremery 
and Pool, 1960 ). Locker (1960) suggested 
that the toughening might be due to a short
ening of the muscle during the onset of rigor 
mortis, a view consistent with the turgidity 
observed by Lowe and Stewart (1946) when 
the breast muscles of roasters were cut soon 
after slaughter.

This rigor shortening has been studied 
extensively, within the temperature range 
17-37°C, by Bendall (1951) ; and, more re
cently, Locker and Hagyard (1963) have 
examined the shortening which accompanies 
or precedes rigor onset at temperatures be
low this range. Their investigations have 
rev ea led  an interesting “cold-shortening” 
phenomenon in which the exposure of excised 
fresh bovine muscles to temperatures near 
freezing point causes very appreciable 
shortening.

These two groups of observations—the 
first relating muscle shortening to meat 
toughness, the second connecting the extent 
of shortening to temperature—suggest that 
the ultimate tenderness of meat might be 
affected by temperature during the first few 
hours post-mortem, quite apart from the 
well-recognized temperature-dependent aging 
process. Locker and Hagyard’s results indi
cate that shortening is minimal at about 
15-20°C, and within limits is progressively 
greater the further removed is the pre-rigor 
holding temperature from this region in 
either direction. We might expect to detect 
toughening, therefore, in muscles which were 
still in a pre-rigor condition when exposed to 
temperatures either well above or appreciably 
below this intermediate range, and evidence 
has already been presented (Marsh, 1964) to 
support this view. More recently. Herring 
et a!. (1965) have obtained further evidence 
favoring a relationship between tenderness 
and the shortening produced bv chilling pre
rigor bovine muscles.

The effect of temperature on shortening is 
much greater in the lower (0-15°C) than in 
the upper (20-43°C) range, and in addition
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the accelerated aging to be expected at higher 
temperatures (Wilson ct al., 1960) might 
well obscure or eliminate entirely any tough
ening produced during rigor onset at an 
elevated temperature. Furthermore, it is in 
the low-temperature region that practical 
implications might he expected, for modern 
refrigeration techniques have made the rapid 
cooling and freezing of meat economically 
attractive (Marsh and Thompson, 1958). 
For these reasons the present investigation 
is concerned primarily with the toughness 
produced by cold shortening rather than by 
heat shortening.

EXPERIMENTAL
Meat. Sternomandibularis muscles ("neck mus

cles”) were obtained within 20 min of slaughter 
from a variety of beef carcasses. In a few experi
ments longissimus dorsi (LD) muscles were excised 
from lamb carcasses 20-30 min after death. In all 
cases the muscles were transported to the labora
tory, trimmed, and prepared for experimental treat
ment within 90 min of slaughter.

General design. To eliminate inter-animal vari
ability, all observations in any one experiment were 
made on the two neck muscles of only one beef 
carcass. Each experiment was repeated several or 
many times on the neck muscles of other carcasses, 
as will be apparent from the results, but one aim 
throughout this project has been to utilize to the 
full the quite remarkable uniformity of this muscle 
within any one carcass (Marsh et al., 1966).

The muscles were cut into pieces of 80-200 g, the 
longest dimension (minimum 7 cm) being along the 
fiber direction. The number of samples so obtained 
ranged from 6 (small cow) to 45 (large bull). To 
permit approximate measurement of changes in 
length during cooling, freezing, thawing, and cook
ing, a small nail was inserted near each end of 
every sample (Locker and Hagyard, 1963).

The experimental treatments of the samples var
ied widely. In general the measured pieces were 
exposed for different periods to one or more of the 
following conditions: high temperature (30, 37, or 
43°C), room temperature (18-26°C), 15°C, low 
temperature (circulating air at 2°C, still air at 
5 or 10°C, or, when plastic-wrapped, water at 0, 2, 
or 5°C), and freezing (dry ice-alcohol at —75°C, 
or circulating air at —29°C). Frozen samples were 
stored at —14°C in plastic bags, and were thawed 
(usually for 16 hr in circulating air at 2°C) before 
being cooked. Samples which had not been frozen 
at any stage of their experimental treatment were 
held at 2°C until 48-hr post-mortem before being 
cooked, to ensure the completion of rigor changes.

The samples were cooked by the water-bath 
method described by Marsh ct al. (1966), and their 
tenderness values were assessed objectively by the 
tenderometer of Macfarlane and Marer (1966).

In a few experiments the progress of rigor onset 
was followed by periodic determination of the ex
tensibility of a vertically-mounted loaded strip of 
muscle (Marsh, 1954).

Estimations of pH were made by glass electrode 
on homogenates (Marsh and Snow, 1950) of 1-2 g 
muscle in 10-15 ml neutralized sodium iodoacetate 
solution. The ‘‘initial pH” is the pH of a sample 
taken 70-90 min post-mortem; the “ultimate pH ” 
is that of the muscle after 24 hr at room tempera
ture.

RESULTS
Cold shortening in relation to rigor onset. In a

preliminary study designed to confirm and extend 
the work of Locker and Hagyard (1963), it was 
found that the extent of cold shortening is related 
inversely to the degree of rigor onset at the time 
of cold application. This is illustrated in Fig. 1, 
summarizing four experiments in which samples of 
neck muscle were held at 37°C for varying periods 
before transfer to a cold environment, the extensi
bility being determined on one strip every time a

minzui
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extent of cold shortening produced (lower). Extensibility change as percent of total decrease in extensibility; cold shortening as percent of sample length at time of transfer from 37°C to 2°C.
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sample from the same muscle was transferred to 
air at 2°C. The neck muscles providing these data 
were typical of those used throughout this project; 
the uniformity of these four pairs is demonstrated 
by their consistent extensibility behavior, cold
shortening response, relatively high initial pH 
values (greater than 7.1), and narrow range of 
ultimate pH values (5.50-5.61). There is some 
evidence that muscles of high ultimate pH do not 
follow the pattern of cold shortening and toughen
ing displayed by more normal muscles, and for this 
reason results from the few atypical muscles en
countered (initial pH less than 7.0, or ultimate 
pH greater than 6.0) are excluded from this paper.

In practice it is sometimes more convenient and 
instructive to relate cold shortening and allied 
effects to declining pH rather than to time. This 
procedure allows direct comparison of results when, 
for instance, samples from the same muscle are held 
at two or more temperatures before application of 
a cold shock. An example of this is provided in 
Fig. 2, illustrating an experiment performed with

Fig. 2. The effects on extent of cold shortening of (left) temperature before cold application, and (right) pH at the time of transfer. Samples held before transfer at 18°C (X ) and 37°C (O ). Cold shortening as percent sample length at time of transfer to 2°C.
one pair of neck muscles. Some samples were held 
at 37° and others at 18°C; at intervals, samples 
were transferred from these holding temperatures 
to air at 2°C. It will be seen that a plot of cold 
shortening against time produces two separate 
curves, one for each of the holding temperatures, 
whereas a plot of cold shortening against the pH 
at the time of transfer is fitted by a single curve.

The rate, as well as the extent, of cold shorten
ing is dependent on the degree of rigor onset at the 
time of cooling. This is shown in Fig. 3, one of 
several experiments in which samples were trans
ferred at intervals from air at 30°C to water at 
0°C, the lengths of all strips being measured every 
15 or 30 min after immersion.

Fig. 3. The effects of time post-mortem on rate and extent of cold shortening. Times post-mortem and pH values at time of transfer from air at 30°C to water at 0°C were: 1) 2 hr, 7.20; 2) 434 hr, 6i85; 3) 6J/> hr, 6.66; 4) 8Yi hr, 6.13; 5) 24 hr, 5.60. Cold shortening as percent initial excised length.
Tenderness in relation to cold shortening. In

the first major series of experiments to involve ten
derness determinations on cold-shortened samples, 
shortening values of 5 to 60% of the initial excised 
length were obtained by transferring samples to air 
at 2°C after varying periods (0-24 hr) at room 
temperature. Samples left at room temperature till 
rigor was fully, or almost fully, established before 
being transferred to the cold were found to be 
relatively tender; cold shortening had been negli
gible, and the shortening which accompanied rigor 
onset had been only slight. Samples which had been 
exposed to a cold environment within about 5 hr 
post-mortem, while still in a strictly pre-rigor con
dition, were also found to be quite tender despite 
very considerable shortening, usually exceeding 
50%. Between these two situations, however, in the 
region where the extent of cold shortening had 
been restricted by partial rigor onset, a range of 
shortening was detected in which the resistance to 
shearing was higher, occasionally reaching values 
four times that of either the greatly shortened or 
the relatively unshortened samples from the same 
muscle. Three of the many examples of this phe
nomenon observed are illustrated in Fig. 4. It will 
be seen that in each experiment excessive toughness 
(upper figure) was found in those samples which 
had shortened by intermediate amounts (lower 
figure), while relatively tender meat resulted from 
low or very high shortening values.

This result was most unexpected, so the experi
ment was repeated many times with a wide variety 
of beef animals, including young steers, old cows, 
and bulls. The holding temperature before the sam
ples were cold-shocked was also varied; in addi
tion to the room temperature studies, others were 
undertaken in which samples were held at 37 and 
at 43 °C. In all cases, regardless of age and sex of
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Fig. 4. The extent of cold shortening (lower) and the relative tenderness of the same samples when cooked (upper) in relation to the pH values of the raw samples when transferred to air at 2°C during rigor onset. Cold shortening as percent sample length at time of transfer.
the animal or of the temperature before cold appli
cation, only those samples shortening by inter
mediate amounts were excessively tough.

As will be discussed later, we believe the “back
ground toughness" (as measured by the resistance 
to shearing of the unshortened muscle) to be the 
contribution of connective tissue to toughness, and 
the increase in toughness with shortening to be 
due to configurational changes in the contractile 
proteins actin and myosin. It would be expected, 
then, that "background toughness" would be con
siderably smaller in a muscle of lower connective- 
tissue content than in beef neck, whereas the ability 
to toughen with shortening would he unimpaired. 
This view was tested in a small series of experi
ments using paired lamb LD muscles excised 20-30 
min after slaughter. The left muscle of each pair 
was frozen rapidly (dry ice-alcohol), with only 
momentary exposure to cold-shortening tempera
tures before ice crystal formation prevented short
ening; the right muscle was held at 2°C for 1-2 hr 
before being frozen at the same fast rate. After 
slow thawing, the muscles were cooked and the 
tenderness assessed by tenderometer. The force re
quired to shear the left muscles seldom exceeded 20

arbitrary units, whereas the right muscles occasion
ally required more than 100 units. In a few experi
ments the right muscle was six times as tough as 
the left, a considerably higher ratio than found in 
beef neck. This difference between lamb LD and 
beef neck appears to be due entirely to the smaller 
"background toughness” of the former; the magni
tude of the increase in toughness with shortening is 
comparable in the two species.

The combined results of 13 experiments on beef 
neck are presented in Fig. 5. In each of them, 6-12 
samples were held at room temperature before 
exposure to air at 2°C. Similar relationships were 
found for samples held for various times at 37°C 
(18 experiments) and 43°C (7 experiments) before 
cold application, but in these series scatter was 
rather more pronounced, an effect possibly due to 
accentuation of differences in aging rates at ele
vated temperatures. Apart from this increased 
scatter, we have detected no exception to the con
clusion made plain in Fig. 5 : beef neck muscles are 
invariably very tough if cold-shortened by about 
40% of their initial excised length, but are very 
much more tender, within the shortening range 20- 
60%, the further the shortening is removed in either 
direction from 40%.

Before seeking an explanation for this effect, 
several experimental details require emphasis. In 
the beef neck studies described above, freezing was 
not introduced at any stage. All samples in any 
one experiment were from the same muscle, or pair

Fig. S. Relative tenderness in relation to the shortening induced by transfer of samples from room temperature to 2°C at intervals during rigor onset. Cold shortening as percent initial excised length.
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of muscles, of one carcass. The tenderness of beef 
neck muscle is known to be remarkably uniform if 
all samples from a single carcass are given the 
same post-mortem treatment (Marsh cl ah, 1966), 
but in any case the samples were randomized to 
avoid any intramuscular variation. All samples were 
given the same cooking treatment at the same time 
(48 hr ) post-mortem. There are only two obvious 
differences, then, among the samples of any one 
experiment: the lengths of time spent at room or 
elevated temperature before transfer to 2°C, and 
the degree of shortening produced by exposure 
to cold.

Attempts to explain the results by the first of 
these differences, invoking an aging effect, obvi
ously fail completely, for the samples which were 
aged both most and least were very significantly 
more tender than those aged for intermediate times 
before transfer to the cold. This fact can be ascer
tained from Fig. 4, bearing in mind that the de
crease in pH during active glycolysis at any one 
temperature is roughly proportional to time post
mortem (Marsh, 1954). It is illustrated more 
directly in Fig. 6 for samples of three neck muscles 
held at room temperature before transfer to the 
cold; after a relatively steady phase of up to 5 hr, 
toughness apparently increased very substantially 
with aging during the ensuing 4-8 hr.

Only the differences in shortening remain, there
fore, to account for the effect, a conclusion sup-

Fig. 6. Relative tenderness in relation to time spent at room temperature before transfer to 2°C. All samples cooked 48 hr post-mortem.

ported by the result of the experiment illustrated in 
Fig. 7. Twelve samples from one muscle were held 
at 43°C, six being free to shorten while the re
mainder were clamped securely at their initial 
lengths. One free and one clamped sample were 
transferred to air at 2°C at each of six times. The 
clamped samples were released 48 hr post-mortem, 
and all 12 samples were cooked together and 
assessed for tenderness. It is obvious from the fig
ure that the prevention of shortening by physical re
straint has eliminated the toughening effect entirely.

The regular occurrence of peak toughness in sam
ples which had shortened by about 40% suggested 
possible direct involvement of the rigor process, in 
addition to shortening, in toughness production. It 
was argued that, while shortening was clearly neces
sary to cause toughening, shortening alone could 
hardly be held responsible, since both minimal and 
maximal shortening resulted only in tender meat. 
On the other hand, the occurrence of cold shorten
ing simultaneously with the formation of “rigor 
linkages” might be expected to result in some de
gree of internal strain or actual disorganization, 
with a consequent increased resistance to cleavage. 
On this reasoning, toughening would occur only 
when cold application coincided with the early part 
of the rapid phase of rigor onset: if the muscle was 
cooled either before the initial development of rigor 
linkages or when sucli linkage formation was near
ing completion, little or no conflict between short
ening and rigor would occur, and disorganization 
would be expected to be negligible.

Extensibility measurements appeared to lend sup
port to this concept: in each of six experiments, 
the toughest sample was one of those which had

HOURS BEFORE TRANSFER TO 2° C.
Fig. 7. The effects of permitting (upper) and preventing (lower) cold shortening on relative tenderness.
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been cold-treated during the first half of the rapid 
phase of rigor onset. To be certain that toughening 
is really due to this postulated combination of cold 
shortening and rigor onset, however, it is necessary 
to establish that a peak would not appear if these 
two processes took place at different times. To 
attempt this, three series of experiments were 
undertaken. All failed to support the hypothesis 
that simultaneous cold shortening and rigor onset 
were necessary for toughness production. The re
sults nevertheless provided further strong evidence 
for the relationship between toughness and extent 
of shortening.

In the first series, samples were transferred to 
several air temperatures between 2 and 15°C 1-2 hr 
post-mortem, and were left there for the entire 
course of both cold shortening and rigor onset. At 
the lower temperatures within this range, cold 
shortening was considerable and preceded the onset 
of rigor mortis, as demonstrated by Locker and 
Hagyard (1963) ; in these samples we may assume, 
therefore, a fairly clear separation in time between 
the processes of cold shortening and rigor onset. 
At or near 15°C, shortening accompanied rigor 
onset, as judged both from the time post-mortem 
of its occurrence and from the pH at which it took 
place. It may be assumed, therefore, that only 
rigor-associated shortening occurred in this tem
perature region, so in these samples too there was 
no possibility of simultaneous cold shortening and 
rigor onset. Despite this separation of the effects, 
however, a clearly-defined peak toughness was de
tected in the vicinity of 35-40% shortening, as 
illustrated in Fig. 8 (4 experiments).

120-

0 l------------------- ■------------------------■--------------------- '----------0 20 ¿0 60
PERCENT SHORTENING

Fig. 8. Relative tenderness in relation to the shortening induced by holding samples at temperatures within the range 2-15°C throughout rigor onset. Combined cold-plus-rigor-shortening as percent initial excised length.

In the second series, cold shortening was virtu
ally eliminated and replaced by thaw shortening. 
Samples were frozen at —75°C after varying 
periods at room temperature, and were later thawed 
at different rates: in air at 2 and 5°C, and in 
water (when plastic-wrapped) at 0, 2, and 5°C. 
The range of thawing temperatures was kept nar
row in order to minimize any differences in aging. 
Once more, the dependence of tenderness on extent 
of shortening was demonstrated (Fig. 9) ; maxi-

120

°0 20 40 60
PERCENT SHORTENING

Fig. 9. Relative tenderness in relation to the shortening induced by thawing samples (previously frozen very rapidly at different stages of room- temperature rigor onset) at several rates. Thaw shortening as percent initial excised length.
mum toughness occurred in those samples which 
had shortened by about 30-35%. This value is 
somewhat lower than observed in the other series, 
and scatter is more apparent. Nevertheless it is 
clear that substitution of thaw shortening for cold 
shortening has not greatly modified the relationship 
between tenderness and length. Although it may be 
argued that thaw shortening and thaw rigor are 
essentially the same process, it has in fact been 
established (Bendall, 1960) that the shortening 
phase is complete before the ATP level has decayed 
significantly. Again in this series, therefore, a fair 
separation of shortening and rigor onset may be 
assumed, yet despite this, a significant toughness 
peak appears at intermediate levels of shortening.

In the third series, various degrees of cold short
ening and thaw shortening were produced in the 
same samples. Muscle strips were transferred to 
water at 0°C for varying periods (15 min to 24 hr) 
and at different stages of rigor onset. Cold short
ening was terminated by freezing in alcohol at 
—75 °C, and the samples were thawed later in air
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at 2°C before being cooked and assessed for tender
ness in the usual way. The results obtained from 
seven similar experiments are illustrated in Fig. 10, 
and clearly show that peak toughness persists at 
about 40% shortening.

Fig. 10. Relative tenderness in relation to the total shortening induced by successive exposure to temperatures of 20, 0, —75, and 2°C. Combined rigor-, cold-, and thaw-shortening as percent initial excised length.
These three series of experiments demonstrate 

that a coincidence in time of onset of rigor and 
shortening is not an essential requirement for the 
development of toughness. Furthermore, they pro
vide strong evidence, additional to that presented 
earlier (Fig. 5), that the extent of shortening affects 
tenderness very markedly, and that toughness at
tains a peak value at a shortening of about 40%.

This value is of special interest, for it is at about 
40% shortening that stimulated fresh muscle enters 
the “delta state" (Ramsey and Street, 1940), a 
condition probably indicative of some degree of 
internal disorganization or disruption. It has been 
found (Marsh and Thompson, 1957) that strips of 
thaw-shortened lamb muscle enter a phase of copi
ous fluid release at about 40-50% shortening, an 
observation supporting the view (Fenn, 1947) that 
at this shortening the elastic limit of a containing 
membrane is reached, further shortening being pos
sible only after its rupture. An almost identical 
relationship between shortening and fluid exudation 
has now been found in strips of beef neck muscle 
air-frozen at different stages of rigor and thawed 
in plastic bags ( to minimize evaporative losses) in 
air at several temperatures (2-37°C) to extend

the shortening range. Although considerable varia
tion was found in the “drip”/shortening relationship 
among animals, due perhaps to the wide variety of 
animals used, all experiments indicated that little 
fluid was exuded until shortening exceeded 40%. 
This is illustrated in Fig. 11, all the samples for 
which were obtained from one pair of bull neck 
muscles. Below about 40% shortening, “drip” exu
dation was low and fairly constant, but between 
approximately 40 and 55-60% shortening, the rate 
of “drip” release rose rapidly with increasing short
ening. Beyond this the volume of exuded fluid wras 
high, and increased rapidly with further shortening, 
but its rate of release with shortening was roughly 
constant. We suggest that this would be the ex
pected effect if cell damage commenced at 40%, 
continued with further shortening, and was com
plete at 55-60%. Further shortening would then 
cause the release of fluid by continued compression 
of an already maximally-damaged structure.

Fig. 11. The relation between “drip" exudation (as percent frozen sample weight) and extent of thaw shortening (as percent initial excised length).

It was shown earlier (Fig. 7) that strips of 
muscle, clamped to prevent shortening, showed no 
toughening trend as a result of transfer to a cold 
environment, regardless of the stage of rigor onset 
at which this transfer took place. It might be 
assumed from this result that, in muscles firmly 
attached to the skeleton, toughening of the cold- 
shortening type could not develop because of the 
supposed impossibility of muscle shortening. The 
treatment received by the clamped strips, however, 
differed appreciably from that undergone by intact 
muscles on a carcass during chilling. In particular 
the strips were uniform in cross-section, they were 
free of superficial fat (variations in the thickness 
of which could have delayed cooling in some parts 
of the strip), and they w'ere cooled uniformly by 
directing air at 2°C over their entire surfaces,
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except for the small areas covered by the restrain
ing clamps. In view of these appreciable differences 
between clamped muscle strips and intact skeletally- 
attached muscles, a study was undertaken to assess 
the possible development of zones of shortening 
within a muscle of fixed length.

In each experiment, a beef muscle was clamped 
vertically in a metal frame at its initial excised 
length, and lines were drawn on it at 1-cm intervals 
across the fiber direction. The upper and lower 
thirds of the muscle were then wrapped lightly with 
several thicknesses of paper, and the clamped, 
partly-insulated muscle was transferred to moving 
air at 2°C about 6 hr post-mortem. The expected 
cold shortening occurred only in the exposed sec
tion, the lightly-insulated zones lengthening by a 
corresponding amount. The muscle was removed 
from the restraining frame 48 hr post-mortem, 
cooked by the water-bath method, and assessed by 
tenderometer. In all cases the zone exposed to the 
cold air was appreciably tougher than the insulated 
sections, in one experiment by a factor of 3.5. An 
example is illustrated in Fig. 12; in this case the

Fig. 12. Photograph of a beef neck muscle in which cold shortening was confined to the central zone by light insulation of the end thirds. Lines originally 1 cm apart. Muscle restrained at its initial excised length.

central exposed zone shortened by 26% on average, 
but small areas within it attained shortening values 
of up to 47%. The bulk of the compensating length 
change occurred in the lower of the two insulated 
sections. The over-all length change of the muscle 
was zero, yet the midsection was three times as 
tough as either end.

D IS C U S S I O N
The results confirm a preliminary report 

from this laboratory (Marsh, 1964) that the 
extent of shortening during the early post
mortem period affects meat tenderness to a 
remarkable degree. In addition the study has 
shown the relationship between tenderness 
and shortening to be a most interesting and 
unexpected one. A decrease in length of up 
to about 20% causes little or no toughening, 
but from 20 to roughly 40% shortening the 
toughness increases severalfold. Beyond 40% 
the meat becomes rapidly more tender, and 
at 60% shortening it is cleaved about as 
easily as meat in which almost no shortening 
had occurred. Thus there appear to be three 
critical shortening values—approximately 20, 
40, and 60%—which divide the tenderness/ 
shortening plot into reasonably symmetrical 
zones.

We are unable to relate the initial excised 
length, on which all our shortening values 
have been based, to the true resting length 
of the muscle in the animal; indeed, for the 
sternomandibularis muscle, which changes its 
length considerably with every head move
ment, the term “resting length’’ is perhaps 
meaningless. Nevertheless there is a strong 
possibility that excision and trimming of the 
muscle strips caused some degree of short
ening before measurement of the initial length 
(Locker and Hagyard, 1963). Herring et al.
(1965) reported shortenings of 20-25%. for 
bovine semitendinosus and of 10-20% for 
psoas major muscles upon excision shortly 
after death. Our critical shortening values 
may therefore be too low. If true resting 
length was 20% greater than our measured 
initial excised length, then the supposed criti
cal values of 20, 40, and 60% shortening 
would in fact correspond to shortenings of 
yi, y2, and of the true resting length—an 
interesting possibility, even though unsup
ported at this stage by direct measurement.
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It seems clear that the relationship between 
tenderness and shortening is not related to 
connective tissue, for any shortening-induced 
thickening or passive folding in this compo
nent would be expected to result in a tough
ening which would increase regularly with 
shortening, a pattern quite unlike that de
tected here. It appears, then, that we are 
concerned with a consequence of actin-myosin 
shortening, and that it is the contractile ma
terial itself which is responsible for the ob
served tender-tough-tender sequence. How
ever, any attempt to explain the mechanism 
of the effect in molecular terms would be 
premature at this stage.

A possible lead to further investigation is 
provided by the relationship (Fig. 11) be
tween fluid exudation and extent of shorten
ing during thaw rigor. If actual cell damage 
is slight at 40% shortening but maximal at 
60%. as the results suggests, then the range 
of 40-60% shortening could be considered a 
zone of “progressive rupturing.” It is not 
difficult to visualize a rapid decrease in inter
nal strain in tiffs phase, with consequent re
alignment of previously-distorted “cleavage 
planes.”

Finally, we must consider the relevance of 
these results to present and future commer
cial practice. The very appreciable toughen
ing reported here is dependent on shorten
ing, and it may well be asked to what extent 
such shortening can occur when most skeletal 
attachments are still intact at the time of 
chilling. A few relatively unimportant mus
cles, like the sternomandibularis used in this 
study, are severed during dressing, and could 
certainly shorten appreciably; this may be 
partly responsible for the general belief that 
the neck muscle is excessively tough. Other 
muscles, notably the important LD, are able 
to shorten because of their method of attach
ment, the fibers being firmly anchored to the 
skeleton at one end only. Even muscles which 
are fixed absolutely in length by firm attach
ment to the skeletal framework would be 
capable, as demonstrated above (Fig. 12), of 
shortening in part of their length, provided 
the cold application does not reach the entire 
span of the muscle simultaneously. In prac
tice it would require only a slightly greater

thickness of fat, the proximity of a bone, or 
a protective shielding of part of a muscle 
from cold moving air by overlying tissue, to 
activate this mechanism. Such an activation 
may well prove to be the rule rather than 
the exception in carcasses exposed to a cold 
environment before the onset of rigor mortis.
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