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The Volatile Constituents of Passion Fruit Juice
DAWES N. H IU  b a n d  PAUL J. SCHEUER

Department of Chemistry, University of Hawaii, Honolulu 14, Hazvaii 
(M a n u s c r ip t  re c e iv e d  M a r c h  29, 1961)

S U M M A R Y
The characteristic flavor o f passion fruit was found in the water-insoluble 

oil, which constituted ca. 36 ppm  o f the juice. Four com ponents, n-hexyl 
caproate, n-hexyl butyrate, ethyl caproate, and ethyl butyrate, m ade up ca. 
95% o f  the o il, and, am ong these four, n-hexyl caproate was found to be the 
principal com ponent, accounting for ca. 70% o f the volatile passion fruit 
essence.

The unidentified portion o f the o il (ca. 5 % ) very likely contains compounds 
o f greater structural com plexity than those identified. Evidence for this assum p­
tion comes from  the appreciable specific rotation o f the crude oil. It is also  
reasonable to assum e that the olefin ic unsaturation encountered in the crude 
oil (Table 1) has its origin in the unidentified portion o f the oil.

Gas-liquid partition chromatography has 
become a powerful research tool for the in­
vestigation of volatile plant constituents 
since the method was developed by James 
and Martin (1954), in 1952. An example 
of a recent application to the study of a fruit 
essence is the work on strawberries by 
Corse and Dimick (1958).

Research on the constituents of tropical 
fruits has been largely confined to nutritional 
aspects, and generally restricted to gross 
analyses of sugars, vitamins, etc. A notable 
exception is pioneering work by Haagen- 
Smit et al. (1945) on the volatile constitu­
ents of pineapple.

The growing and processing of passion 
fruit (Passiflora edulis) have assumed im­
portance in recent years in Australia, New 
Zealand, South Africa, and Hawaii. Most 
of the edible species of the genus Passiflora 
are endemic to tropical America. The first 
seeds of P. edulis Sims, which bears purple 
fruit, were introduced to Hawaii from Aus­
tralia about 1880 and were planted in the 
Lilikoi district of East Maui (Anonymous,
1956). This circumstance has resulted in 
the trivial name lilikoi for passion fruit in

£ F r o m  th e  P h .D .  th e s is  o f D a w e s  N . H iu ,  U n i ­
v e r s i ty  o f  H a w a i i ,  1959.

b P r e s e n t  a d d r e s s : C h a m in a d e  C o lleg e  o f H o n o ­
lu lu , H o n o lu lu ,  H a w a i i .

Hawaii. The variety grown commercially in 
Hawaii is not the one that bears purple fruit, 
but a yellow-fruited variety, P. edulis f. 
flavicarpa Degener. P. edulis is still a com­
mon vine in the mountains of most of the 
islands in the Hawaiian chain. Prior re­
search on the constituents of passion fruit 
have been nutritionally oriented studies in 
India. That work has been summarized 
(Pruthi and Lai, 1959).

In view of our lack of knowledge of the 
volatile constituents of P. edulis, a fruit with 
a unique and pleasant flavor, a study of this 
problem seemed desirable.

E X P E R I M E N T A L  M E T H O D S
I s o la t io n  o f  th e  e ssen ce . F r e s h  p a ss io n  f r u i t  

f ro m  th e  U n iv e r s i ty  o f H a w a i i  E x p e r im e n t  S t a ­
t io n  f a r m  a t  W a im a n a lo ,  O a h u , w a s  g r a d e d  to  
re m o v e  u n r ip e , d ecay ed , a n d  d a m a g e d  f ru i t .  I t  w a s  
th e n  s te m m e d  a n d  w a sh e d , a n d  s lice d  b y  a  r o ta r y  
s lic e r . T h e  r in d  w a s  re m o v e d  b y  a  c e n tr i fu g a l  
s e p a ra to r .  T h e  seed s  a n d  o th e r  so lid  p a r t ic le s  w e re  
re m o v e d  b y  tw o  p u lp in g  m a c h in e s , f i r s t  to  p a ss  a  
7 .9 -m m  sc ree n , th e n  a  6 0 -m esh  sc ree n .

T h e  r e s u l t in g  ju ic e  w a s  d ilu te d  1 :2  in  w a te r  an d  
p ro c e s s e d  th r o u g h  a  f ru i t -e s s e n c e  re c o v e ry  u n i t  of 
th e  f la s h - h e a te r -v a p o r iz e r - c o n c e n t r a to r  ty p e  d e ­
s c r ib e d  b y  W a lk e r  a n d  P a t t e r s o n  (1 9 5 5 ) .  A n  o ily  
la y e r  p o ss e s s in g  th e  c h a r a c te r is t ic  p a s s io n  f r u i t  
o d o r  s e p a ra te d  a b o v e  th e  s te a m  d is t i l la te .  T h e  
a q u e o u s  c o n d e n s a te  w a s  r e tu r n e d  to  a  r e f lu x  co lu m n  
a b o v e  a  re b o i le r .  T h e  s tr ip p e d  m a te r ia l  w a s  
ch ec k e d  b y  p e r io d ic  ta s te  te s ts .
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T h e  a q u e o u s  d is t i l la te  w a s  e x t r a c te d  w ith  p e tr o l ­
eu m  e th e r  (b .p . 3 5 - 4 3 ° ) ,  w h ic h  h a d  b een  p u rif ie d  
b y  s h a k in g  w ith  c o n c e n tra te d  s u lfu r ic  a c id , w a s h in g  
w i th  w a te r ,  d ry in g , a n d  f ra c t io n a t in g .  T h e  e ff i­
c ien cy  o f th is  e x tr a c t io n  w a s  d e m o n s tr a te d  by  c o n ­
t in u o u s  e x tr a c t io n  o f th e  r e m a in in g  a q u e o u s  p h a se  
w ith  d ie th y l  e th e r  f o r  24 h o u rs .  T h e  e th e r  e x ­
t r a c t  c o n ta in e d  o n ly  a  t r a c e  a m o u n t  o f re s id u e  w i th ­
o u t  th e  c h a r a c te r is t ic  p a s s io n  f r u i t  o d o r .

T h e  p e tro le u m  e th e r  e x t r a c t  w a s  d r ie d  o v e r  a n ­
h y d ro u s  so d iu m  su lfa te , a n d  th e  so lv e n t  w a s  r e ­
m o v e d  b y  d is t i l la t io n  th ro u g h  a  1.8 X 2 5 -cm  co lu m n  
p a c k e d  w i th  g la s s  h e lice s . A  y e llo w  o il re m a in e d .

E x a m in a t io n  o f  t h e  o rg a n ic  p h a s e .  T h e  f r a g r a n t  
y e llo w  o il w a s  s u b je c te d  to  th e  s ta n d a r d  q u a l i ta t iv e  
te s ts .  T h e  r e s u lt s  a r e  s u m m a r iz e d  b e lo w .

G a s - liq u id  p a r t i t io n  c h ro m a to g ra p h y  ( G L P C )  
w a s  u se d  in  o rd e r  to  d e te rm in e  th e  c o m p le x i ty  of 
th e  o il. T h e  a p p a r a tu s  w a s  b u il t  in to  a  C e n c o  
D e k h o tin s k y  c o n s ta n t - te m p e ra tu re  o v en . T h e  d e ­
te c tio n  d e v ice  w a s  a  G o w -M a c  P r e tz e l  h e a te d  f ila ­
m e n t ty p e . T h e  e le c tro n ic  c i r c u i t r y  o f th e  b r id g e  
w a s  e s s e n t ia lly  a s  d e s c r ib e d  b y  D im b a t  et al. 
(1 9 5 6 ) ,  a n d  th e  sa m p le  in tro d u c tio n  sy s te m  a s  r e ­
p o r te d  b y  T e n n e y  a n d  H a r r i s  (1 9 5 7 ) .  T h e  co lu m n  
s u p p o r t  w a s  J o h n s -M a n v i l le  C -2 2  f ire  b r ic k  (4 0 - 
6 0 -m e s h )  t r e a te d  w ith  c o n c e n tra te d  h y d ro c h lo r ic  
a c id  to  re m o v e  iro n . T w o  p a r t i t io n in g  a g e n ts  w e re  
u sed , s il ic o n e  a n d  C a rb o w a x  1500, 4  g  in  e ac h  case  
f o r  10 g  o f  f ire  b r ic k . F o r  th e  s ilic o n e  co lu m n , 
D o w - C o r n in g  s ilic o n e  h ig h -v a c u u m  g re a s e  w a s  d is ­
so lv e d  in  e th y le n e  d ic h lo r id e  w i th  h e a tin g , a n d  th e  
fire  b r ic k  w a s  a d d e d  w ith  s t i r r in g .  T h e  m ix tu r e  
w a s  h e a te d  o n  a  s te a m  b a th , w i th  o c c a s io n a l  s t i r r in g ,  
to  re m o v e  m o s t  o f th e  so lv e n t. I t  w a s  th e n  d r ie d  
o v e rn ig h t  a t  100°. T h e  m a te r ia l  w a s  p a c k e d  in to
10 f t  o f  c o p p e r  tu b in g , 5 /1 6 - in .  d ia m e te r ,  b y  u se  of 
a  v ib ra to r .  T h e  c o lu m n  e n d s  w e re  p lu g g e d  w ith  
P y r e x  w o o l, a n d  th e  c o lu m n  w a s  c o iled  to  fit th e  
o v en . T h e  C a rb o w a x  1500 ( U n io n  C a rb id e  a n d  
C h e m ic a l  C o .)  c o lu m n  w a s  c o n s tru c te d  s im ila r ly . 
C o lu m n  te m p e ra tu re s  w e re  184, 143, a n d  100°. T h e  
c a r r i e r  g a s  w a s  h e liu m  f lo w in g  a t  45 m l/m in .  T h e  
co lu m n s  w e re  c a l ib r a te d  a t  th e  th r e e  o p e ra t in g  
te m p e ra tu re s  w ith  s e r ie s  o f k n o w n  co m p o u n d s.

Q u a n t i ta t iv e  e s t im a te s  o f th e  p e rc e n ta g e  c o m ­
p o s it io n  o f  th e  o il w e re  o b ta in e d  a s  fo llo w s . T h e  
G L P C  a p p a r a tu s  w a s  c a l ib r a te d  w ith  k n o w n  s ta n d ­
a r d  m ix tu r e s .  T h e  a re a s  u n d e r  th e  c o m p o n e n t 
p e a k s  w e re  c u t o u t  a n d  w e ig h e d . T h e  a re a s  w e re  
p lo tte d  a g a in s t  p e rc e n ta g e  c o m p o s itio n . T h e  a re a s  
u n d e r  th e  p e a k s  o f c h ro m a to g ra m s  o f th e  v o la ti le
011 w e re  th e n  c o m p a re d  w ith  th e  s ta n d a rd .

P r e l im in a r y  G L P C  ru n s  o f th e  o il in d ic a te d  th e
p re s e n c e  o f on e  m a jo r  a n d  a t  le a s t  fo u r  m in o r  
c o m p o n en ts . S u b s e q u e n t s e p a ra t io n  w a s  fa sh io n e d  
a c c o rd in g ly , a n d  a  c o m b in a tio n  o f  re d u c e d  p re s s u re

d is t i l la t io n  a n d  co lu m n  c h ro m a to g ra p h y  led  to  th e  
d e s ire d  re s u lts .

R e d u c e d  p re s s u re  d is t i l la t io n  u n d e r  a  n i tro g e n  
a tm o s p h e re  in  se m i-m ic ro  e q u ip m e n t (S y n th e t ic a l  
L a b o ra to r ie s ,  C h ic ag o , 111.) a llo w e d  c le an  s e p a r a ­
t io n  o f th e  m a jo r  c o m p o n en t, w h ic h  w a s  id en tif ie d  
b y  s ta n d a r d  a n a ly t ic a l  m e th o d s  a n d  b y  sy n th e s is .

C o lu m n  c h ro m a to g ra p h y  w a s  c a r r i e d  o u t  in  d ry -  
p a c k e d  F lo r i s i l  ( F lo r id in  Co., T a l la h a s s e e ,  F la . )  
c o lu m n s  (1 8  m m  X 38 c m ) .  T h e  su c ce ss iv e  e lu a n ts  
w e re  p e tro le u m  e th e r  (b .p . 3 0 - 4 3 ° ) ,  d ie th y l  e th e r , 
a n d  ace to n e .

T h e  m in o r  c o m p o n en ts  w e re  id en tif ie d  b y  p a p e r  
c h ro m a to g ra p h y  a n d  s p e c tra l  a n a ly s is . I n f r a r e d  
s p e c t r a  w e re  d e te rm in e d  w ith  a  B e c k m a n  IR -2 A , 
a n d  u l t r a v io le t  s p e c tra  w i th  a  B e c k m a n  D U , in ­
s tru m e n t.

P a p e r  c h ro m a to g ra p h y  w a s  c a r r ie d  o u t  o n  W h a t ­
m a n  N o . 1 p a p e r  in  tw o  so lv e n t  sy s te m s , n- 
B u ta n o l-g la c ia l  a c e tic  a c ic - w a te r  ( 4 0 :1 0 :5 0 )  a n d  
b e n z e n e -g la c ia l  a c e tic  a c id -w a te r  (1 0 0 :7 5 :1 0 0 )  w e re  
u se d  w ith  u p w a rd  i r r ig a t io n  a n d  o v e rn ig h t  e q u i­
l ib ra tio n .  T h e  c h ro m a to g ra m s  w e re  d r ie d  a f te r  
th e  so lv e n t  f ro n t  h a d  t ra v e le d  20 cm . C o m p a r is o n  
o f th e  s p o ts  w a s  c a r r i e d  o u t  a s  d e s c r ib e d  by 
M e ig h  (1 9 5 5 ) .

R E S U L T S  A N D  D IS C U S S IO N
Over-all yield of water-insoluble yellow 

oil was 36 ppm : In 1957, 556 kg of raw 
juice yielded 24.05 g of oil (43 ppm), and in 
1958, 267 kg of juice furnished 6.2 g (23 
ppm). The two oils were identical in com­
position as demonstrated by GLPC.

Table 1 shows the results of standard 
qualitative tests. Density of the oil was 
found to be d428° =  0.838, and optical rota­
tion of the pure oil [a]D20° =  4.17±0.02°. 
The UV spectrum lacked complexity, ex­
hibiting a maximum of low intensity at 280

T a b le  1. Q u a li ta t iv e  te s ts  on  th e  v o la ti le  o il 
o f p a ss io n  f r u i t  ju ic e .

Test Result
S o lu b il ity v .s . d ie th y l  e th e r ,  c h lo ro fo rm , 

b en zen e , M e O H
E le m e n ta l  a n a ly s is h a lo g e n -

n i tro g e n -
s u lfu r —

F u n c t io n a l  g ro u p c a rb o n y l —

a n a ly s is O H -
e s te r +
a c id —
olefin +
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m ¡x, a minimum at 266 m^ in addition to  end 
absorption. The IR  spectrum had m ajor 
bands at 2.89, 3.45, 5.75, 6.83, 7.25, 8.01, 
8.50, 9.09, 11.09, and 13.7 ^  G LPC analysis 
in two systems showed five clearly defined 
fractions.

The major component. Vacuum distilla­
tion initially yielded four fractions. The ma­
terial up to 30°/0.4 mm represented high- 
boiling components of the extraction solvent 
(petroleum ether). Fractions 3 and 4 were 
redistilled and cut into 3 fractions. The 
highest boiling fraction, 61-62°/0.2 mm, 
was shown by G L PC  to be essentially pure. 
This compound had the following proper­
tie s : d420° =  0.8707, nD20° =  1.4282, [a ]D26° 
=  0°. All but two IR  bands of the crude oil 
(2.89 and 7.25 g.) were present in the spec­
trum  of this com ponent:3.44, 5.77, 6.81, 8.04, 
8.52, 9.05, 9.90, and 13.7 ¡x. The new band 
at 9.90 ¡x was unresolved in the spectrum of 
the crude oil. The structure of this com­
ponent, which was shown by G LPC to be the 
m ajor constituent of passion fruit oil, was 
proved as follows:

1) Combustion analysis (performed by 
Dr. A. Bernhard, M iilheim /Ruhr, Ger­
many) gave the following results. Calcu­
lated for Ci2H 240 2 : C, 71.95; H , 12.08; 
O, 15.98; C-methyl, 15.03. Found: C, 71.54, 
71.84 ; H , 11.55, 11.71; O, 16.62, 16.77; C- 
methyl, 0.45.

2) The compound was reduced by lithium 
aluminum hydride to an oil that lacked the 
carbonyl band at 5.77 ¡x and exhibited a new 
band at 3 ¡x. The 3,5-dinitrobenzoate of this 
alcoholic material was prepared in the usual 
manner and furnished a single 3,5-dinitro­
benzoate, m.p. 56-57°, after several re ­
crystallizations from M eO H -w ater. Analy­
sis : Calculated for Ci 3H i 6N 20 6 : C, 52.70;
H . 5.44; N, 9.46. F o u n d : C, 52.68, 52.72; 
H , 5.46, 5.44; N, 9.21, 9.45.

3) The m ajor component was hydrolyzed 
by IN  potassium hydroxide in boiling ethyl­
ene glycol. The resulting acid and alcohol 
were isolated. An anilide of the acid had 
m.p. 92-94°, compared with the literature 
value (Vogel, 1951; p. 361) of 95° for 
caproic acid anilide. A 3,5-dinitrobenzoate 
of the alcohol melted at 57-58°, compared 
with 61° (Vogel, 1951; p. 267) for w-hexyl-
3,5-dinitrobenzoate. Infrared spectra of the

hydrolysis products were identical in all 
respects to those of caproic acid and of w- 
hexyl alcohol.

4) w-Hexyl caproate was synthesized 
from caproyl chloride and hexyl alcohol. 
The resulting ester was purified by repeated 
distillation in vacuo until the cut, b.p. 73- 
74°/0.3 mm, was shown to be pure by 
GLPC. Infrared and N M R  spectra of syn­
thetic w-hexyl caproate were identical in all 
respects to those of the m ajor component.
The only anomalous—and very puzzling— 

result in the entire structure proof was the 
essentially zero value in the C-methyl deter­
mination of a compound that has two such 
groups. This result lent support to an early 
working hypothesis that the m ajor com­
ponent was a lactone rather than an ester. 
Subsequent experimental results (vide su­
pra) made this hypothesis untenable. In  
order to correct or confirm the early analyti­
cal results, samples of natural and synthetic 
w-hexyl caproate were subjected to C-methyl 
determination with the following resu lts :

N atural Synthetic 
% C-methyl found: 0.7S, 1.13% 0.0, 0.0%
Calculated for 2 C-m ethyl: 15.03%

I t is therefore apparent that w-hexyl caproate 
is indeed resistant to oxidation under the 
conditions of the Kuhn-Roth determination 
and gives anomalous results.

The minor components. Initial separa­
tion. A crude separation was achieved by 
column chromatography on Florisil. Five 
grams of volatile oil yielded: 1) 4  g  of color­
less petroleum ether eluate possessing an 
odor very similar to that of w-hexyl caproate;
2) 0.78 g of straw-yellow diethyl ether 
eluate having an odor strongly reminiscent 
of peaches; and 3) 0.01 g of dark-yellow 
viscous oil eluted with acetone having an 
odor not unlike that of apricots. No GLPC 
plot could be obtained for the acetone eluate 
since the oil was too viscous to be introduced 
satisfactorily. Fig. 1 compares G LPC plots 
of the crude oil, the petroleum ether eluate, 
and the diethyl ether eluate. The petroleum 
ether fraction apparently had a composition 
very similar to that of the crude oil, and the 
diethyl ether eluate contained components 
not previously encountered. All identifiable
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Fig. 1. G L PC s. (a) volatile oil; (b) petroleum ether eluate; (c) ethyl ether eluate. 
Silicone on fire brick; 184°; helium at 45 ml/min.

peaks are numbered successively with in­
creased retention time, and are referred to by 
these designations hereinafter.

Identification. Since ethyl alcohol had 
been identified as a component of the 
aqueous phase (unpublished data) and n- 
hexyl caproate as the m ajor constituent of 
passion fruit oil, it seemed reasonable to sus­
pect the presence of other ethyl and hexyl 
esters. The relation of retention time to 
boiling point was therefore determined for 
a series of authentic esters under our ex­
perimental conditions. The results are in 
Table 2. To allow boiling-point assignments 
to be made on the basis of retention times, 
the above data were plotted. I t should be 
pointed out that boiling points correspond­
ing to very brief retention times (one 
minute or less) are not reliable, since the 
respective compounds are eluted very 
nearly as fast as it takes for the carrier gas 
to pass through the column. For very long 
retention times the accuracy of the estimated 
boiling points diminishes, since diffusion 
effects tend to broaden the G LPC peaks. 
This is particularly apparent with fractions 
in very low concentration, which give rise 
to broad peaks of small deflection. Table 3

shows retention times of component peaks 
and estimated boiling points.

Petroleum ether eluate. Fig. 1 indicates 
that the column fraction eluted with pe­
troleum ether consisted of four principal 
components, C - ll ,  C-9, C-6, and C-4, cor­
responding to the m ajor constituents of the 
crude oil.

Component C - ll ,  having a retention time 
of 10.8 min, was separated by G LPC and 
collected. It had a refractive index of 1.4237 
(24°), compared to a value of 1.4282 ( 20°) 
determined earlier for n-hexyl caproate. The 
infrared spectra of C - ll  and n-hexyl caproate 
were identical in all respects.

Table 2. Retention times of six known esters on 
a silicone gas-liquid partition chromatography col­
umn at 184°.

Ester Retention time (min) Boiling point (° C)
Ethyl acetate 1.14 77
Ethyl butyrate 1.64 121
Ethyl caproate 2.82 168
»-Hexyl acetate 2.84 169
»-Hexyl butyrate 5.34 208
»-Hexyl caproate 10.8 245
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Table 3. Retention times and estimated boiling 
points of all component peaks on a silicone gas- 
liquid partition chromatography column at 184°.

Component Retention time (m in)
Estim ated boiling point (° C)

C-l 0.96
C-2 1.12 77
C-3 1.36 96
C-4 1.64 120
C-S 2.16 145
C-6 2.82 170
C-7 3.60 185
C-8 4.40 198
C-9 S.34 208
C-10 8.66 238
C -ll 10.80 245
C-12 14.44
C-13 16.5
C-14 23

Component C-9, with a retention time of 
5.34 min, corresponded to a compound hav­
ing a b.p. ca. 208°. Its identity was proved 
by comparison with an authentic sample of 
M-hexyl butyrate. Its refractive index was
1.4165 (20°), compared to a literature value 
(H untress and Mulliken, 1941) of 1.4188 
(15°) ; paper chromatography of its hy- 
droxamic acid derivative showed it to be an 
ester of butyric ac id ; and its infrared spec­
trum  was identical in all respects to that of 
a synthetic sample, b.p. 52-53°/0.5 mm, 
nD28 1.439.

Component C-6, retention time 2.8 min, 
corresponded to a compound having a b.p. 
ca. 167°. The material was separated by 
G L PC  and collected. A paper chromato­
gram of the hydroxamic acid derivative in 
BuO H -A cO H -w ater exhibited two spots, 
Rf 0.83 and 0.08, respectively correspond­
ing to caproic and acetic acids. An infrared 
spectrum of this component was identical

with the spectrum of ethyl caproate, with 
one deviation: our compound had at 12.4 /x 
a band that was lacking in the spectrum of 
ethyl caproate. Component C-6 therefore 
represents slightly impure ethyl caproate.

To allow identification of C-4 the GLPC 
apparatus was recalibrated at 143°. Stand­
ard retention times were found in the man­
ner described above for the higher tempera­
ture. In  this manner C-4 was identified as 
ethyl butyrate, and the identity of C-6 as 
ethyl caproate was confirmed.

Diethyl ether eluate. Further gross sepa­
ration of this material into two fractions was 
obtained by rechromatography on Florisil 
and elution with petroleum ether-diethyl 
ether ( 1: 1 ). Decreasing amounts of yellow 
oil were eluted in fractions 1-7 and a viscous 
yellow oil of different odor in fractions 8-10. 
The first seven fractions were combined, 
rechromatographed on Florisil, developed 
with petroleum ether, and eluted with in­
creasing concentrations of diethyl ether. 
G LPC analysis of the resulting 24 chroma­
tographic fractions yielded the following in­
formation : Fractions 1—4 consisted essen­
tially of solvent ; fractions 5-8 consisted of 
a m ixture of C-4, C-6, C-9, and C - l l ,  which 
had been previously encountered in the pe­
troleum ether eluate and identified. None of 
the remaining fractions were obtained in 
sufficient amount for positive identification. 
Spectral data were obtained of several frac­
tions having the characteristic odor of roses, 
apricots and peaches.

QUANTITATIVE ESTIMATES OF THE 
IDENTIFIED COMPONENTS

Three standard mixtures of n-hexyl 
caproate, w-hexyl butyrate, ethyl caproate, 
and ethyl butyrate, corresponding to C - ll , 
C-9, C-6, and C-4, were prepared in propor­
tions similar to those found in the passion

Table 4. Composition of quantitative standards for estimation of C-4, C-6, C-9, and C -ll.

Component
Standard 1 Standard 2 Standard 3

Wt(g) %wt %area Wt(g) %wt %area Wt(g) %wt %area
Ethyl butyrate C-4 0.0774 7.70 9.4 0.0484 4.81 6.9 0.0305 3.04 4.7
E thyl caproate C-6 0.1289 12.8 14.0 0.1061 10.6 11.0 0.0683 6.80 8.2
ra-Hexyl butyrate C-9 0.1989 19.8 19.1 0.1482 14.8 14.8 0.0983 9.79 10.6
11-Hexyl caproate C -ll 0.6000 59.7 57.6 0.7023 69.9 67.3 0.8067 80.4 76.5
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Table 5. W eight percent composition of four principal components of volatile passion fru it oil.

Component

1957 Oil 1958 Oil
Wt of peak (g)

% of total area
%compo­sition

Wt of peak (g)
% of total area

°/ocompo­sition
Ethyl butyrate C-4 0.0023 3.3 1.0 0.0028 3.7 2.0
Ethyl caproate C-6 0.0087 12.4 11.6 0.0074 9.7 9.0
«-Hexyl butyrate C-9 0.0101 14.4 14.2 0.0118 15.5 15.2
«-Hexyl caproate C -ll 0.0492 70.0 73.0 0.0543 71.0 74.0

fruit oil. The data are in Table 4. W hen 
known percentage composition was plotted 
against corresponding areas under the peaks, 
straight lines were obtained for the three 
experimental points in all cases. The plots 
are reproduced in Fig. 2. A GLPC trace of 
the total volatile oil was used to determine 
the relative areas under the peaks repre­
senting C-4, C-6, C-9, and C - ll  by cutting 
out the peaks and weighing the paper. P er­
centage composition was then read from the 
calibration curves (Fig. 2). These data are

Fig. 2. Calibration curves for quantitative an­
alyses of components C-4, C-6, C-9, and C -ll.

in Table 5. The peaks C-l and C-2, which 
had been shown to be caused by petroleum 
ether, were neglected, and all remaining 
peaks were weighed. Comparison of this 
weight with the weight of peaks C-4, C-6, 
C-9, and C - ll  showed that the four identi­
fied components represented 94.7% of the 
total volatile oil. The percentage figures a r ­
rived at in Table 5 were then corrected for 
this factor. The true percentage composition 
by weight is shown in Table 6.

DISCUSSION
I t is interesting to compare these results 

with some of those reported for other fruits. 
The volatile oil of banana (13 ppm) is com­
posed largely of amyl esters of acetic, iso­
valeric, isocaproic and caprylic acids in addi­
tion to a number of unidentified compounds 
(H aagen-Sm it ct al., 1945) ; grapefruit 
essence (15.7 ppm) is made up largely of 
limonene (K irchner and Miller, 1953) ; and 
strawberry oil (75 ppm) contained over 40 
compounds of which ca. 20 have been identi­
fied. The esters among the identified com­
pounds were ethyl butyrate, isovalerate, and 
caproate, as well as isoamyl and «-hexyl 
acetates (Corse and Dimick, 1958). To our 
knowledge this is the first report of the oc­
currence of w-hexyl caproate in a natural 
product. The component alcohol and acid

Table 6. Percent composition by weight of 
volatile passion fruit oil.

Weight percent composition
Component 1957 1958

Ethyl butyrate C-4 0.95 1.9
Ethyl caproate C-6 11.0 8.5
«-Hexyl butyrate C-9 13.4 14.4
«-H exyl caproate C -ll 69.1 70.1
Unidentified components 5.55 5.1
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have, however, been found in strawberry 
essence (Corse and Dimick, 1958).
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SUMMARY
Esters are responsible for the typical desirable aroma of Bartlett pear. Hy­

drolysis products o f these esters were resolved by gas chromatography. The 
m ajor ester acid is an unsaturated 10 carbon acid, which hydrogenates to yield n -  
capric acid, as identified by relative retention volum e and infrared spectroscopy. 
Nonanoic acid is present in relatively large am ounts, and sm aller am ounts of 
acetic, propionic, butyric, caproic, and caprylic acids are involved. The major 
ester alcohols include n-butyl alcohol and n-hexyl alcohol. Two other still 
unidentified alcohols, possibly polyfunctional or cyclic, occur in large amounts. 
The author was unable to find evidence o f ethyl esters.

Most fresh fruits are characterized by par­
ticular natural aromas that strongly influ­
ence buyer appeal and consumer acceptance. 
These volatile flavor compounds, though the 
object of much study, remain largely un­
identified. Redgrove (1939), reporting on 
synthetic formulations, implied that a blend 
of several materials was essential for satis­
factory imitation of the pear flavor. Elis list 
included, in decreasing order of importance, 
isoamyl acetate, ethyl acetate, citrus oils, 
butyl acetate, isobutyl acetate, ethyl butyr­
ate, and isoamyl butyrate.

Mehlitz and Matzik (1956) studied the 
volatile acids of several pear varieties, not 
including the Bartlett. They report 
tile acid contents ranging 
m g/L  for vp-' ..- volatile

-t" the Guyot. 
_ _ cr- .3, identified by paper 

.. ..grip.iic techniques, were found in 
all varieties ; no other acids were reported.

Antoniani et al. (1954), Antoniani and 
Serini (1955), and Serini (1956) demon­
strated the presence of 2,3-butylene glycol 
and acetoin in pears and apples, and sug­
gested that, because the amounts and ratio

“ This project was supported in part by funds 
from P ear Zone No. 1.

" Presented as paper No. 25 at the 21st Annual 
Meeting, Institute of Food Technologists, New 
York, 1961.

varied with fruit maturity, these might 
serve as an index of ripeness. Amoore 
(1952), attempting to relate certain meas­
urable chemical or physical properties of 
specific compounds to the odor response 
generated, predicted that methyl-carbo- 
methoxypimelate would have ethereal, floral, 
and faint minty components that together 
would yield a pear aroma. Johnston (1960) 
submitted this ester to an odor panel under 
closely controlled conditions, and found 
that, though flow rate and concentration 
affected re ,e, at most levels a fruity- 
p u n r ' or with floral overtones was
r»1

, study designed to identify the vola- 
of Bartlett pears and evaluate their 

roles in determining flavor, an enclosed 
processing system has been utilized that per­
mits recovery of the volatiles in an aqueous 
essence (Jennings et al., 1961). The work 
reported here concerns the identity of sev­
eral of the esters in this essence.

METHODS
Preparation of essences. The essences used were 

recovered from fresh, ripe B artlett pears processed 
in an enclosed system previously described (Jen­
nings c t al., 1961).

Preparation of essence hydrolysate. Sufficient 
C.P. potassium hydroxide was added to aqueous 
essence to achieve a solution O.lili in hydroxide. 
This was boiled under reflux for six hours, and 
cooled.
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Preparation of extracts. Aqueous essences, satu­
rated with C.P. sodium chloride, were extracted 
four times with ca. one-tenth their volume of 
A.R. ethyl ether. The ester alcohols were ex­
tracted as described above from the alkaline 
essence hydrolysate. Ester acids were recovered 
by acidifying the residue from the alkaline extrac­
tion with C.P. hydrochloric acid. The fatty acids 
liberated by the hydrolysis were then extracted 
with ethyl ether, as described above. Control ex­
tractions indicated that none of the compounds 
discussed below originated from the ethyl ether.

P reparation of methyl esters. The ether extract 
of the acidified essence hydrolysate was dried over 
C.P. sodium sulfate and filtered into a small 
round-bottom flask, and most of the ether was 
removed in a  rotary flash evaporator. Boron- 
trifluoride-methanol (Applied Science Laboratories, 
Inc., State College, Pa.) was added in excess, and 
the m ixture was heated 5 min on a steam bath. 
The m ixture was poured into five times its volume 
of cold water, and S cc isopentane was added to 
assist in the separation of shorter-chained esters 
(suggested by R. E. Kepner, Chemistry Depart­
ment, Univ. of California). The ether layer was 
separated, dried over C.P. sodium sulfate, and 
concentrated in a rotary flash evaporator.

Gas chromatography. A commercial gas chro­
matograph was used, with a four-filament thermal 
conductivity cell, and helium as the carrier gas. 
Columns were stainless steel, %  in X 10 ft, packed 
with 20% diethylene glycol succinate (D E G S) on 
chromosorb. The column was maintained at 175° C 
and the injector at 250°C, and in those runs where 
fractions were collected, the collector was main­
tained at 250° C. Flow rate was 30 cc per minute.

Hydrogenation. Hydrogenation was performed 
by placing 1-2 /¿I of the methyl ester m ixture 
in a glass-stoppered 20-cc Erlenmeyer flask. Five 
ml of isopentane and 3 mg of palladium black 
catalyst were added. The flask was flushed with 
hydrogen and placed on a magnetic stirrer. P eri­
odically, fresh hydrogen was flushed through the 
flask. After 2 hr, the m ixture was filtered into 
a conical test tube, and the major portion of the 
solvent removed in a  rotary flash evaporator.

RESULTS AND DISCUSSION
Fig. 1 illustrates a chromatogram typical 

of the ether extract of pear essence, and 
Fig. 2 shows the chromatogram of the ether 
extract of the alkaline hydrolysate of pear 
essence. Even under alkaline conditions, the 
typical pear aroma is quite strong, but when 
conditions for hydrolysis are made stringent 
enough that the chromatograms are similar

Fig. 1. Chromatogram of the ether extract of 
pear essence. 175°C, 30 cc/min. Column, (4 in. 
X 10 ft, DEGS.

Fig. 2. Chromatogram of the ether extract 
(alkaline conditions) of the alkaline hydrolysate 
of pear essence. 175°C, 30 cc/min. Column, (4 in. 
x 10 ft, DEGS.

to that in Fig. 2, the desirable pear aroma 
disappears and other odors become apparent. 
This indicated that the desirable pear aroma 
is largely due to volatile esters.

Fig. 3 shows a semilog plot of the reten­
tion, relative to that of »-hexyl alcohol, of a 
series of known alcohols as a function of 
their molecular weights. The arrows at the 
top indicate the relative retentions of the 
four m ajor peaks in Fig. 2, which are pre­
sumably pear ester alcohols. Note that the 
first two of these agree with »-butyl and 
w-hexyl alcohol. The third and fourth do 
not agree with any normal straight-chain 
alcohol. Because an unsaturated compound 
generally exhibits a slightly greater reten­
tion volume on DEG S than does its satu­
rated counterpart (Lipsky et a!., 1959), it 
seemed possible that pear alcohol 3 could be 
an unsaturated C-7 alcohol. Experimental 
determination showed that its retention 
volume on the DEGS substrate agreed pre­
cisely with that of 3-heptene-l-ol.

u H u n m N t s f u «  m y l r i y i w i t f M$
m  % y m  ̂  fi fi cT ih  fD  J d



566 VOLATILE ESTERS OF BARTLETT PEARS

Xo
5
oc<Z>o

PEAR ALCOHOLS + *
, ■ ■ jj

octyl
*

■) .

Pheptyf-
i hexyl

propylo.
„ . '

-v p ony!
/  ' :* fi Potyl

_  -liliiRELATIVE RETENTION VOLUME n-hexyt dco ho t■  1.0

Fig. 3. Comparison of the relative retentions of 
pear alcohols (top arrow s) and a series of known 
primary »¡-alcohols. Ji-hexyl alcohol =  1.0.

W hen the pear alcohols were chromato­
graphed on a diglycerol substrate, a ma­
terial that resolves alcohols to a degree that 
was previously impossible, pear alcohols 1 
and 2 were confirmed as «-butyl alcohol and 
«-hexyl alcohol. The relative retention of 
pear alcohol 3, however, was shown to differ 
from that of 3-heptene-l-ol on this column. 
(These chromatograms were run on equip­
ment of Professors R. E. Kepner and 
A. D. Webb, respectively Departments of 
Chemistry and Enology, University of Cali­
fornia, Davis. A report on the use of this 
substrate will appear shortly.)

Infrared spectroscopy of pear alcohols 3 
and 4 showed similar spectra. The spectra 
show evidence of hydroxyl groups, carbonyl 
groups, and methyl groups. One fraction has 
been isolated from a commercial preparation 
of acetoin whose retention on D ECS agrees 
with that of pear alcohol 3. There are dif­
ferences, which might be reconciled, in their 
infrared spectra. Their retention values on 
the diglycerol column have not yet been com­
pared. The possibility of terpene alcohols 
or other cyclic structures cannot be dis­
counted at this time. Strong infrared ab­
sorption at 5.6 ¡i can be interpreted as indi­
cating a strained double bond in pear alcohol
3. Beyond this, the structure and identity of 
pear alcohols 3 and 4 remain to be elucidated.

The author was somewhat surprised at 
the absence of ethyl esters. I t  was con­
sidered possible that the extracting solvent,

being in vast excess, was masking the pres­
ence of ethyl alcohol. A preparative-scale 
gas chromatograph was used to check this, 
by collecting that area of the ether peak 
where ethyl alcohol would have been—what 
might be termed an ethanol center-cut. Sev­
eral such collections were combined, re­
chromatographed, and then retrapped at the 
point where ethanol would have emerged. 
This material was then examined on /i- in . 
analytical columns containing D EC S, and on 
another of diglycerol, whose retention time 
permits ethanol to separate further from 
ether. Ethyl alcohol was not demonstrated. 
Thus, if any ethyl esters do exist in pear, 
they appear to be present in relatively in­
significant amounts.

The ester acids were isolated by acidifying 
the alkaline hydrolysate and extracting with 
ethyl ether. Fig. 4 shows a chromatogram 
of the methyl esters of pear ester acids on 
DEGS at 175° and a flow rate of 40 cc/min. 
Fig. 5 shows a hydrogenated sample under 
the same conditions. Note that two major 
changes are occasioned by hydrogenation. 
The major peak in Fig. 4, which falls be­
tween the positions that would be occupied 
by the methyl esters of the normal C - ll  and 
C-12 acids, is shifted to agree with methyl 
caprate. There were several other changes, 
somewhat less striking, such as the disap­
pearance of three other peaks and the 
appearance of another on hydrogenation.

On two previous occasions, hydrogenation

Fig. 4. Chromatogram of methylated pear ester 
acids. 17S°C, 40 cc/min. Column, 44 in. X 10 ft, 
DEGS.
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Fig. 5. Chromatogram of methylated hydro­
genated pear ester acids. 175 °C, 40 cc/min. Col­
umn, !4 in. X 10 ft, DEGS.

resulted in a decrease of this m ajor peak, 
and the appearance of a new peak with a 
much longer relative retention. Together 
with absorptions in the infrared spectra that 
could be explained on the basis of more than 
one nonequivalent carbonyl group, this was 
at first interpreted as evidence of keto acids 
that hydrogenated to the hydroxy form. On 
this column, such a conversion would cause 
a longer retention time (Lipsky et al.,
1959). Later work indicates that these re­
sults were artifacts caused by experimental 
procedure. These earlier méthylations were 
done by refluxing over concentrated sulfuric 
acid ; in the current work, the relatively new 
B F 3 reagent was used, resulting in méthyla­
tion with much milder treatment. Even 
when samples were drawn out before hy­
drogenation had proceeded to  any great ex­
tent, evidence for production of the slower 
component no longer exists.

Fig. 6 shows a chromatogram of the free, 
unmethylated pear ester acids on Empol acid 
dimer column at 198°C, and a flow rate of 
87 ml H e/m in. A report on the use of this 
substrate (suggested by Drs. W ebb and 
Kepner) will appear shortly in Analytical 
Chemistry. Fig. 7 shows a sample of hy­
drogenated pear ester acids chromato­
graphed under the same conditions. The 
numbers and arrows at the very bottom of 
each figure represent the positions occupied 
by the appropriate straight-chain w-fatty 
acids. Study of Fig. 6 suggests that pear 
esters contain some acetic acid, a trace of

propionic acid, evidenced as a shoulder, a 
small amount of butyric acid, one that might 
be isovaleric acid, caproic acid, and caprylic 
acid. There is a m ajor component that 
agrees with nonanoic acid, one agreeing with 
capric acid, and a very large one that is in 
the neighborhood of, but doesn’t coincide 
with, lauric acid. Though hydrogenation ex­
erts little influence on the first portion of this 
curve, it has a profound effect on the m ajor 
component, which shifts and now occupies 
a position corresponding to that assigned to 
w-capric acid.

Fig. 8 shows, in the upper half, the infra­
red spectrum of the m ajor pear ester acid, 
unhydrogenated, and in the bottom curve, 
the same material after hydrogenation. This 
bottom curve agrees precisely with the infra­
red spectrum of w-capric acid. The major 
differences between these two spectra, e.g., 
the disappearance of absorption bands at
6.2, 7.1, 10.1, and 11.5 ¡x, can all be accounted 
for on the basis of hydrogenation of methyl­
ene groups.

On the basis of relative retention times of 
the pear acids and their methyl esters on

Fig. 6. Chromatogram of pear ester acids. 
198°C, 87 cc/min. Column, 44 in. X 10 ft. Empol 
dimer acid.

Fig. 7. Chromatogram of hydrogenated pear ester 
acids. 198°C, 87 cc/min. Column, 44 in. x  10 ft. 
Empol dimer acid.
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Fig. 8. Comparison of the infrared spectra of the 
m ajor pear ester acid before (top curve) and after 
(bottom curve) hydrogenation. Approx. 2% solu­
tions in CCU, micro-cavity cell.

these two columns, it seems reasonable to 
conclude that small quantities of acetic, 
butyric, caproic, caprylic, and capric acids 
are involved in these esters. There is a 
trace of propionic acid, and possibly some 
isovaleric acid. Nonanoic acid is present in 
larger amounts, and the m ajor pear acid is 
an unsaturated C-10 acid.

W e are currently engaged in preparative- 
scale gas chromatography to isolate larger 
quantities of pear esters and investigate 
which acids are normally esterified with 
which alcohols.
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SUMMARY
A m ethod is presented for gas chrom atographic identification o f the chain  

length and structure o f m ethyl esters o f lower-molecular-weight fatty acids. 
The chem ical identity o f the “cheese-like” off-odor o f sauerkraut was estab­
lished. Abnormally high concentrations o f n-propionic, n-butyric, and n-caproic 
acids were found in sam ples o f kraut that had been graded low because o f this 
off-odor defect. A very poor sam ple that had been discarded, contained isobu- 
tyric and isovaleric acids in addition to n-propionic, n-butyric, n-valeric, and n- 
caproic acids. In this sam ple, n-butyric acid was found in the largest concentra­
tion— 103 ppm.

INTRODUCTION
The prim ary reaction occurring during 

the fermentation of cabbage to sauerkraut by 
the lactic acid bacteria is the conversion of 
carbohydrates to acids and alcohol. The 
identification of acetic and lactic acids and 
ethyl alcohol as the m ajor end products 
of fermentation has been well-established 
(Pederson, 1960). A t times, abnormal fer­
mentations occur, producing sauerkraut 
with various types of off-odors. An off- 
odor that is observed on occasion has been 
described as “cheese-like” to putrid. A l­
though relatively rare today, this off-odor 
still presents a problem of serious economic 
loss to the industry.

In  attempting to establish the chemical 
nature of this off-odor, it was initially postu­
lated to be associated with the breakdown 
of the sulfur-containing constituents of the 
cabbage, particularly the thioglucosides and 
sulfur-containing amino acids. M any of the 
unpleasant odors produced during the cook­
ing of some vegetables have been associated 
with the breakdown of the various labile sul-

a Approved for publication by the Director of the 
New York State Agricultural Experiment Station 
as Journal Paper No. 1212.

6 Presented in part at the 21st annual meeting 
of the Institute of Food Technologists, New York, 
May, 1961.

fur compounds. The possible role of hy­
drogen sulfide or volatile mercaptans was 
eliminated by the use of a “chemical odor 
filter” (Brenner et a l, 1955). The addition 
of a 5% copper sulfate solution, which com­
pletely screens out the odor of both hydrogen 
sulfide and mercaptans, produced no signifi­
cant change in the “cheese-like” aroma of the 
off-odor kraut. However, neutralization of 
the steam distillate removed the off-odor, 
suggesting that lower-molecular-weight fatty 
acids, other than acetic, were responsible for 
the off-odor defect.

EXPERIMENTAL
The material studied was samples of canned 

sauerkraut graded according to U.S.D.A. standards 
for canned sauerkraut ( “United States Standard 
for Grades of Canned Sauerkraut.” United States 
Department of Agriculture, Agricultural M arketing 
Service, W ashington. D.C., May 10, 1957). The 
off-odor samples consisted of one sample graded 
substandard and discarded because of the off-odor 
defect, and four others showing varying degrees 
of the off-odor. Controls were two samples graded 
excellent.

Six hundred grams of sauerkraut were steam 
distilled at the rate of 5 ml per min. A Friedrich 
condenser and ice bath served to collect the dis­
tillate. Approx. 1200 ml of distillate were collected. 
The distillates were adjusted to pH  8.3 with 0.1 N  
N aO H  and concentrated in a rotary film evaporator. 
Following acidification of the sodium salts, the free
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acids were recovered by extraction with ethyl ether. 
The comparatively large excess of acetic acid, which 
is normally present in sauerkraut, was removed by 
silicic acid chromatography by the method of 
M arvel and Rands (1950) as modified by Rice and 
Pederson (1954). The effluent-volume pattern 
showed that all of the lower-molecular-weight fatty 
acids, except for acetic and formic, were found in 
the first eight fractions. After titration with 0.01 AT 
methanolic NaOH, these fractions were combined 
and evaporated to dryness. The acids were liberated 
with 10% H =SOi and extracted with a minimum 
of ethyl ether. The efficiency of recovery of the 
acids from the silicic acid column was 97%. 
The ether extract was concentrated in a stream of 
nitrogen at 4°C. The fatty acids were converted 
to the corresponding methyl esters by reaction w'ith 
diazornethane (Vorbeck e t a l., 1961).

A Barber-Colman Model 101 gas chromatograph, 
employing an ionization detection cell containing 
56 microcuries of Radium 226, was used for quali­
tative and quantitative determination of the methyl 
esters of the fatty acids. Since retention data on a 
single stationary phase can be misleading, two 
chemically distinct types of stationary phases were 
used to define the chain length and structure of 
the unknown acids.

The U-shaped columns were of heavy-walled 
boro-silicate glass tubing, 5 mm ID  and 6 ft long. 
The stationary phases used were Apiezon L, a 
non-polar saturated paraffin hydrocarbon, and 1,4- 
butanediol succinate (B D S ), a polar polyester of 
succinic acid. The Apiezon L was packed on 
Chromasorb W, 80-100-mesh, in a ratio of 1 :5 
(w /'w ). The BDS was packed on Chromasorb P, 
60-80-mesh, in a ratio of 1 :5 (w /w ) (Vorbeck et 
al., 1960). Both columns were preconditioned by 
baking prior to analytical use (90°C for the Apie­
zon L and 85°C for the B D S ). The operating 
parameters were: Apiezon L colum n: temperature 
84° C. cell 235°C, flash heater 206°C, argon pres­
sure 30 psi, flow rate 79 ml per min. BDS column: 
tem perature 79°C, cell 245°C, flash heater 216°C, 
argon pressure 17 psi, flow rate 33 ml per min. A 
potential of 500 volts was applied to both detectors, 
and argon was used as the carrier gas for both 
columns.

A m ixture of known composition containing both 
normal and branched-chain saturated acids was 
prepared and chromatographed to obtain relative 
retention data. Fig. 1 shows the relationship ob­
tained by plotting the log of the relative retention 
volume in a polar and nonpolar stationary phase. 
The retention volumes were calculated relative to 
methyl butyrate. The slope of the line is dependent 
on the relative interactions of the esters with the 
two stationary phases. Differences in London dis­
persion interactions with the stationary phase con­

trol the separation of the normal and branched- 
chain saturated esters (James, 1959). In  the polar 
BDS phase, the retention volumes are smaller than 
in the nonpolar Apiezon L because the London dis­
persion interactions between the esters and the polar 
phase are smaller in magnitude. W ith this tech­
nique, 2-methyl butyric, 3-methyl pentanoic, and 2- 
methyl pentanoic acids can be separated and iden­
tified (unpublished data).

RESULTS AND DISCUSSION
Fig. 2 shows a tracing of the chromato­

grams of the esters from the lower-molecular- 
weight fatty acids of the off-odor kraut and 
excellent kraut. A considerable difference is 
observed between the two samples in both 
the nature and amounts of the lower- 
molecular-weight fatty acids present. The 
relative retention volumes in both Apiezon 
L  and BDS were calculated, and the peaks 
are identified from the data presented in 
Fig. 1.

Table 1 shows the distribution of the 
lower-molecular-weight fatty acids in the 
two samples of sauerkraut. The amounts of 
the various acids were calculated by triangu­
lation from the peak areas. Previous work 
from this laboratory (Vorbeck et al., 1961)

L O G  R E T E N T I O N  V O L U M E  (B D S)
Fig. 1. Relationship between log of relative re ­

tention volumes of normal and branched-chain sat­
urated acids in a polar (B D S ) and nonpolar 
(Apiezon, L ) substrate. Retention volumes calcu­
lated relative to methyl butyrate.
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Table 1. Distribution of lower-molecular-weight 

fatty acids.

Acid

Concentration (ppm)
Excellentkraut(EK)

Off-odorkraut(PK)
Propionic 0.1 6.7
«-Butyric 0.1 103.0
wo-Butyric — 3.9
«-Valeric — 19.2
¿Jo-Valeric — 9.9
«-Caproic 1.4 59.3
«-Heptanoic 10.9 —
«-Caprylic 10.0 7.1

has shown a molar-area relationship for the 
ionization detector used. The standard devi­
ation of the method is ±  0.32%.

The most striking difference is in the con­
centration of «-butyric acid. The off-odor 
kraut contained 103 ppm, approx 1000 times 
as much «-butyric acid as in the excellent 
kraut. Isobutyric, isovaleric, valeric, and

w-caproic acids were also found in significant 
concentrations in the off-odor kraut, but 
were notably absent or insignificant in the 
excellent kraut. The presence of heptanoic 
acid in the excellent kraut is interesting.

«-Butyric, «-valeric, and «-caproic acids 
added to the excellent kraut in the concen­
trations found in the off-odor kraut pro­
duced a similar “ cheese-like” off-odor defect. 
A flavor panel could detect a concentration 
of «-butyric acid of about 7 ppm in an aque­
ous solution. The effect of degree of ioniza­
tion of the butyric acid on flavor intensity is 
currently receiving investigation.

Four other samples of sauerkraut, with 
less pronounced off-flavor but scored low be­
cause of the “cheese-like” odor, were found 
to contain «-butyric acid as well as other 
lower-molecular-weight fatty acids. The 
concentrations of the acids were significantly 
higher in these samples than in the second 
control sample (Table 2 ) . Three of these 
(19, 45, 287), like the sample previously dis-

E X C E L L E N T  O F F  O D O R
Fig. 2. Chromatograms of methyl esters of lower-molecular-weight fatty acids in off-odor and ex­

cellent kraut. BDS stationary phase. 1) solvent (ethyl e th e r); 2) methyl propionate; 3) methyl iso­
butyrate; 4) methyl butyrate; 5) methyl iso-valerate ; 6) methyl valerate; 7) methyl caproate; 8) 
methyl heptanoate.
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Table 2. Analysis of sauerkrauts graded low because of “cheese-like” off-flavor.
Control 19 45 287 217

Lower-molecular-wt. 
fatty acids 

Propionic 72.7

Concentration (ppm) 

86.7 20.1 14.2
n-Butyric 0.3 42.6 27.1 30.9 37.6
n-Caproic — — 4.1 1.7 8.1
n-Heptanoic 7.6 1.5 — — 0.9
ra-Caprylic 3.9 3.8 0.3 2.1 1.2

Grading
Score 95 89 85 91 83
Grade A C C B C
Total Acid 1.42 1.29 1.39 1.27 1.26
Salt 1.60 1.70 1.64 1.63 2.26
Salt/A cid Ratio 1.06 1.32 1.18 1.32 1.88
Ascorbic Acid 18.7 25.1 1.5 7.1 14.5
Color

Rd 29.0 32.4 27.4 27.0 29.3
a 0.0 -1.1 -0 .3 -1 .0 +2.0

cussed, had been graded high in all respects 
except flavor. The objectionable odor and 
flavor were not so pronounced as in sample 
PK , and the samples otherwise showed nor­
mal analyses for total acid, salt, ascorbic 
acid, and color.

The mechanism by which the lower- 
molecular-weight fatty acids were formed 
is not explained. The large concentrations 
of these acids in the off-odor krauts appear 
not to have resulted from simple hydrolysis 
of the lipid material of the cabbage. A study 
was made of the fatty acids in the extracted 
crude lipid of the samples. No detectable 
amounts of lower-molecular-weight fatty 
acids were found in the phospholipid or neu­
tral fat of any samples. W hether these acids 
were the result of a breakdown or synthesis 
during an abnormal fermentation is not 
known. I t is known that the lower-molecu­
lar-weight fatty acids' are responsible for the 
hydrolytic rancid flavor of butterfat and are 
of importance in the flavor development of 
many types of cheeses.

R E F E R E N C E S
Brenner, M. W., J. L. Owades, and T. Fazio. 195S. 

Determination of volatile sulfur compounds: 
IV. Further notes on mereaptans. P ro c . A m .  
S o c . B re w in g  C hem ists , 125.

James, A. T. 1959. Determination of the degree 
of unsaturation of long chain fatty acids by 
gas-liquid chromatography. / .  C h ro m a to g . 2, 
553.

Marvel, C. S., and R. D. Rands. 1950. Separation 
of organic acids. / .  A m . C hem . S o c . 72, 2642.

Pederson, C. S. 1960. Sauerkraut. “Advances in 
Food Research” 10, 233.

Rice, A. C., and C. S. Pederson. 1954. Chromato­
graphic analysis of organic acids in canned 
tomato juice, including the identification of 
pyrrolidonecarboxylic acid. P o o d  R esea rch  19, 
106.

Vorbeck, M. L., L. R. Mattick, F. A. Lee, and 
C. S. Pederson. 1960. Determination of fatty 
acids of lower molecular weight by gas chro­
matography. N a tu r e  187, 689.

Vorbeck, M. L., L. R. Mattick, F. A. Lee, and 
C. S. Pederson. 1961. Preparation of methyl 
esters of fatty acids for gas-liquid chromatog­
raphy: Quantitative comparison of methylation 
techniques. A n a l. C hem . 33, in press.



A n  I n v e s t i g a t i o n  o f  V a r i e t a l  D i f f e r e n c e s  in  t h e  I o d i n e - B in d in g  
C a p a c i t i e s  o f  C r y s t a l l i n e  R ic e  A m y lo s e s  a

A L L E N  T. P H IL L IP S  b a n d  V IR G IN IA  R. W IL L IA M S
D e p a r tm e n t o f A g r ic u l tu r a l C h e m is try  and  B io c h e m is tr y  

L o u is ia n a  S ta te  U n iv e rs ity , B a to n  R o u g e , L o u is ia n a

(M anuscript received May 16, 1961)

SUMMARY
Purified am yloses have been obtained from  four widely different varieties 

o f rice by alcohol fractionation o f  the corresponding starch. Each variety 
o f am ylose was found to bind 18.9 m g o f iodine per 100 m g o f am ylose on  
the basis o f solvent-free carbohydrate. Viscosity measurem ents in potassium  
hydroxide solutions have made possible the calculation o f the viscosity- 
average m olecular weights. These m olecular weights were found to be: 
Century Patna 231 , 100 ,000; Caloro, 140 ,000; Rexoro, 3 25 ,00 0 ; and Zenith,
310 ,000 . Beta-amylase action on Century Patna and Rexoro amyloses in­
dicated that the structures o f both were similar.

From  previous investigations (Rao et al., 
1952; Williams et al., 1958), rice varieties 
may now be characterized by the amylose 
content of their starches as well as size and 
shape of the whole grain. Little information 
is available, however, as to whether any 
differences exist in the amylose molecules 
themselves. The molecular weights of sev­
eral amyloses extracted from rice have been 
determined previously in this laboratory by 
a periodate oxidation method (Tsai et al.,
1960). Although the amyloses prepared for 
that study were not completely purified, it 
was nevertheless possible to calculate min­
imal molecular weights on the assumption 
that all varieties would bind the same amount 
of iodine by weight when completely purified. 
The present study was undertaken to ap­
praise the validity of that assumption and 
to provide additional information on the 
physicochemical nature of rice amyloses.

EX PER IM EN TA L METHODS
Isolation and purification of the amyloses.

In obtaining the four varieties of rice chosen for 
this study, no attempt was made to secure uniform 
nursery samples. Caloro rice was obtained from

* Presented at the 21st Annual Meeting of the 
Institute of Food Technologists, New York.

b 1960-1961 General Foods Fellow of the Insti­
tute of Food Technologists.

Biggs Station, California; the Rexoro, Zenith, 
and Century Patna 231 were obtained from Crow­
ley, Louisiana. All were 1958 crop.

The procedure for extraction of starch, defatting, 
and subsequent fractionation and purification has 
been described (Tsai e t al., 1960). Purification was 
extended, however, by repeated washings with bu­
tanol-saturated water and recrystallization from 
hot water as the butanol-amylose complex by the 
addition of excess butanol. All of the final prod­
ucts were recrystallized five times and washed 
fifteen times.

The amylose was dried by stirring a suspension 
of amylose vigorously in butyl alcohol for 1 hr. 
The butanol was decanted and the treatm ent 
repeated three or more times until the product was 
sufficiently powdered. The product was collected 
on a suction filter and dried overnight in a vacuum 
desiccator over concentrated sulfuric acid. The final 
products were stored in a desiccator over phos­
phorus pentoxide.

M oisture and ash analyses were made on repre­
sentative samples of all varieties, including the 
“standard sample.” M oisture content was deter­
mined from the weight loss upon drying 18 hr at 
80"C in a vacuum oven. Samples were ashed for 
2 hr a t 500°C in a Lindberg electric furnace.

Iodine affinity. Two methods were employed 
for determining total iodine bound. The first was 
a modification of a colorimetric procedure devel­
oped in this laboratory (W illiams e t al., 1958). The 
amylose was weighed into a volumetric flask and 
covered with I N  potassium hydroxide (usually 5 
ml in a 50-ml flask). This solution was allowed 
to stand 2-4 hr at 4°C. Longer solution time per-
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mitted dissolving a greater quantity of amylose, 
but invariably led to a decrease in iodine binding, 
presumably through oxidative degradation. After 
solution was complete, the flask was diluted to 
volume with distilled water, and an aliquot con­
taining 1.0-1.6 mg of amylose was removed to  a 
250-ml beaker. To this was added SO ml of dis­
tilled water and the pH  was adjusted to a pre­
determined arbitrary pH meter reading (10.8 in 
most cases) with 0.0629 hydrochloric acid. A meter 
reading of 10.8 corresponded to an indicator paper 
reading of pH 6-7. This solution was then trans­
ferred to a 100-ml volumetric flask, 2 ml of an 
iodine reagent containing 0.2% iodine in 2.0% po­
tassium iodide was added, and the flask contents 
were diluted to volume. The color was read in a 
Klett-Summerson photometer with the K591 filter. 
The solution color and reading varied with the pH 
of the solution, but by adjusting to a meter value 
of 10.8, even a solution containing as little as 1.0 
mg of amylose was always a deep blue. The rela­
tion of concentration to optical density was linear 
in the range employed (1.0-1.8 mg amylose).

The second method investigated to provide iodine 
sorption data was a potentiometric titration. Two 
procedures were followed: the classical titration 
method for starch (Bates e t a l ,  1943), and an un­
published method circulated by Dr. T. J. Schoch 
(1960). This latter method differed from the 
former in that dispersion of the amylose was 
carried out for 15 min in concentrated calcium 
chloride solution (40° Baume) in a  boiling water 
bath. This avoids the possibility of degradation 
due to overexposure to strong alkali.

The iodine titrant solution for use in either 
method was prepared fresh daily by a tenfold 
dilution of 10 ml of a stock solution containing
2.000 g of iodine and 83 g of potassium iodide per 
liter as determined by standardization against 
arsenic trioxide and sodium thiosulfate. The con­
centration of the stock solution did not change 
appreciably over a 2-month period when stored 
in the dark. Titrations were performed on 10-mg 
samples with a 10-ml microburet. A Beckman 
Model G pH  meter was used in conjunction with 
bright platinum and saturated calomel electrodes 
for determination of the potential.

Total carbohydrate analyses. T h e  a n th ro n e  
method (Loewus, 1952) was used for determina­
tion of total carbohydrate, using as standard a 
sample of Rexoro rice amylose prepared by J. T. 
Hogan (1961), by a slightly different procedure 
(W ilson e t al., 1943).

Viscosity studies. Viscosities of each variety of 
amylose prepared in this laboratory were measured 
in I N  potassium hydroxide solutions not over 4 
hr old. The viscometer was an Ostwald-Fenske 
pipette, No. 100, with a flow time of approx 60

sec for solvent. Flow times were measured to the 
nearest 0.01 second with a stopwatch ; the tem­
perature was controlled with a circulating water 
bath thermostated at 30.0°C. For each determina­
tion, the alkaline solution was allowed to warm to 
room temperature, then was diluted to volume with 
additional potassium hydroxide solution, and filtered 
through a coarse sintered-glass funnel. The pipette 
was filled with 10.0 ml of solution and allowed to 
equilibrate 10 min in the bath. Four or five read­
ings were made per filling.

Enzymatic analyses. The Rexoro and Century 
Patna 231 varieties were subjected to the saccha- 
rogenic action of crystalline beta-amylase. The 
enzyme was obtained from Nutritional Biochemicals 
Corp. The reaction was conducted for 24 hr at 
30° C in 0 .2 M  acetate buffer, pH  4.8. Reducing 
sugars formed were determined by the dinitrosali- 
cylic acid method (Sumner, 1925), using maltose 
as the standard.

RESULTS AND DISCUSSION
To obtain reliable information on the 

iodine-binding capacity (IB C ) of each amy­
lose, complete purification was necessary. 
W hen purification had been extended until 
the iodine sorption became constant, the 
amylose was assumed pure. On this basis, 
the pure amyloses from the four varieties 
were found to bind essentially the same 
amount of iodine by weight. However, when 
compared to the “standard sample” of R ex­
oro rice amylose suplied by J. T. Hogan, the 
amylose samples were found to be only 83% 
amylose by both colorimetric IBC and carbo­
hydrate analyses (Table 1). F or further

Table 1. Carbohydrate and blue values.
Variety % carb. Blue value a(590 m/tt)

Century Patna 231 83.0 0.306
Rexoro 82.5 0.312
Caloro 84.0 0.316
Zenith 82.0 0.309
“Standard” 100.0b 0.366

‘ Optical density corresponding to a concentra­
tion of 1 mg of amylose per 100 ml final volume. b Assumed.

confirmation, potentiometric titrations were 
then conducted on each variety and the 
standard. Fig. 1 shows the results of two 
potentiometric titrations; the Zenith amy­
lose shows only 15.7 mg for IBC, compared 
to 18.8 mg for the standard sample. By this
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Mg. FREE IODINE
Fig. 1. Potentiometric iodine titration of Zenith 

and “standard” amylose, both corrected to dry 
weight but not corrected for total carbohydrate 
content.

method, along with the carbohydrate content 
analyses, it was possible to determine that 
the IBC of all the amyloses prepared in this 
laboratory was 18.9 mg iodine per 100 mg 
of amylose. Japanese workers (Inoue and 
Onodera, 1952) reported that the intensity 
of the iodine coloration with amylose varies 
with the variety of rice. The results with 
these four American varieties do not indicate 
this, but instead that any variations reported 
in IBC must be due to differences in the 
method of preparation and purity of amylose 
rather than any varietal differences.

The nature of the non-carbohydrate con­
taminant was also investigated. Because pro­
tein, lipid, and ash content of the amyloses 
was negligible, and because moisture con­
tent of all the amylose varieties had been 
determined, the impurity present in the amy­
lose is felt to be solvent bound into the 
crystal. Carbon and hydrogen analysis of 
the Century Patna amylose by an independ­
ent laboratory (W eiler and Strauss, 1961) 
revealed the presence of approx 10% bound 
water when calculated on the basis of an 
analysis of 40.26% C and 6.34% H. These 
analytical data cannot be explained if either 
butanol or any combination of butanol and 
water is the contaminating ag en t; only water 
is indicated present. The failure of the an­
alysis to account for all 17% of the con­
taminant must be due to the predrying (tem ­
perature and time unavailable) before the 
analysis. All attempts made in this labora­

tory to remove the contaminating material 
by moderate heating (less than 100°C) or 
vacuum sublimination (0.05 mm pressure) 
were unsuccessful. On heating IS hr in vacuo 
at 100°C (with 18 hr in vacuo at 80°C as 
base), weight loss was 2% ; heating 16 hr 
at 175°C, weight loss was 10%. Thus this 
contaminating water cannot be merely pres­
ent as moisture in the sample (true moisture 
content varied from 3-5 % in the samples and 
was taken into consideration in all instances).

Since the incorporation of complexed 
water into the amylose crystals may have 
resulted from rapid crystallization, an ex­
tension of the time of crystallization might 
avoid incorporation of large amounts of sol­
vent and obviate the need for carbohydrate 
analyses. All of the recrystallizations of the 
“standard” amylose were carried out slowly 
in insulated flasks (H ogan, 1961) and were 
free of bound solvent. This point is being 
investigated.

Other viscosity studies (Everett and 
Foster, 1959) have made it possible to deter­
mine the viscosity-average molecular weights 
for the amyloses examined here. The investi­
gation cited provided some idea of the con­
formation of amylose in solution, thereby 
furnishing data that might be used under 
similar conditions to estimate the molecular 
weights of any amylose.

Intrinsic viscosities were obtained with 
W agner’s equation (W agner, 1947) :

foge Vtel 
C

where c =  concentration in g/deciliter 
and k =  empirically determined constant

Preliminary investigations of the applicability 
of this equation revealed that it could be used 
with high accuracy in the concentration 
range of 0.1-0.4 g/deciliter. For a concen­
tration of 0.2%, k was found to be 0.038. 
This is in good agreement with the value of 
k determined previously for amylose in po­
tassium hydroxide (W olff et al., 1950).

The intrinsic viscosity calculations from 
relative viscosity data at 0.2% concentration 
are given in Table 2. These represent the 
average of two separate determinations at the 
same concentration. All determinations on 
the same samples were within 2% of one
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Table 2. Molecular constants.

Variety Int.vise. Mn » Mv
Century Patna 231 0.84 29,000 100,000
Caloro 1.10 52,000 140,000
Rexoro 2.09 41,000 325,000
Zenith 2.00 41,000 310,000

From Tsai e t al., 1960.

another. All weights of samples were cor­
rected for moisture and other non-carbohy­
drate content.

The viscosity-average molecular weights 
of the amyloses were calculated from the 
modified Staudinger equation, using the con­
stants evaluated by Everett and F o s te r:

/ V  =  K 'M a
where K ' =  0.85 X KT1 deciliters/g 

a =  0.76
M =  molecular weight X 10~5

In addition to the viscosity-average molecu­
lar weights (M v), Table 2 also includes 
molecular weights (M n) obtained previ­
ously (Tsai ct al., 1960) using periodate 
oxidation techniques. I t has been shown 
( Schaefgen and Florv, 1948) that for 
linear polymers having a most probable dis­
tribution, M v/M ti would be approx 1.85 for 
a equal to 0.76. In every case for our amy­
loses, the ratio of M v/M n is greater than 
this value, indicating a predominance of 
larger molecules. This provides good evi­
dence that relatively little or no degradation 
has taken place as a result of the preparative 
procedure or the presence of alkali. I t might 
also indicate that the numerous recrystalliza­
tions produced a subfractionation of the amy- 
lose, and that the smaller molecular species 
were absent. If that be the case, it should 
have occurred to nearly the same extent in 
all samples, and the comparisons are still 
valid.

The values of the intrinsic viscosities (and 
the viscosity molecular weights) appear to 
be sufficiently different for the different amv- 
lose varieties so as to reflect true variations 
in molecular size. No positive statement can 
be made until the extent of variation among 
several samples of the same variety can be 
determined. W hereas the number-average 
molecular weights gave a minimum value

for the molecular weight and showed little 
ind ication  of va rie ta l differences, the 
“true” molecular weight (as expressed by a 
weighted value such as the viscosity-average 
molecular weight) points up a much greater 
difference in size. Before attempting to cor­
relate other varietal studies with the molecu­
lar weights as presented here, it will be 
necessary to obtain some knowledge of dif­
ferences in the molecular weights of the 
amylopectins.

The action of beta-amylase was studied on 
the Rexoro  and Century Patna 231 amy­
loses. Since beta-amylase is apparently able 
to degrade completely only glucose poly- 
sacharides containing uninterrupted alpha- 
1,4 linkages, this method could be used to 
show their similar chemical nature even 
though these varieties exhibited the greatest 
difference in intrinsic viscosity. W ith a com­
mercial thrice-crystallized enzyme prepara­
tion reported free of alpha-amylase activity, 
these amyloses were respectively converted 
96% and 99% to maltose. These values for 
the beta-amvlase limits imply that the amy­
loses are identical in structure and possess 
an essentially linear arrangement.

FOOTNOTE TO THE STUDY
Since submitting this paper the authors 

have obtained a re-analysis of the Century 
Patna amylose referred to above as contain­
ing 10% complexed water at the time of the 
initial analysis. After 3 mo. of storage over 
P 20-, the sample was found to be 44.5% C 
and 6.17% H , compared to the theoretical 
values of 44.4% C and 6.23% H  for anhy­
drous amylose. Not only was it free of sol­
vent, but it was also partially retrograded as 
evidenced by the slight turbidity produced on 
dissolving it in IN  K O H . These findings 
suggest that the solvent that could not be 
removed by moderate heating was gradually 
released as the amylose aged over P 2O g.
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SUMMARY
An ionization-detector gas chrom atographic unit was used to analyze the 

acids extracted from  a pre-ferm ent typical o f those used in  comm ercial bread­
m aking. At least 45  acids were separated as esters on a colum n containing 
an adipate polyester o f diethylene glycol. Seventeen o f the m onocarboxylic 
acids were identified by relative retention times in free acid form . Their 
identities were confirm ed by preparing and separating their esters directly 
by flash exchange gas chromatography. The acids thus identified are: form ic, 
acetic, propionic, isobutyric, butyric, isovaleric, valeric, crotonic, isocaproic, 
caproic, heptylic, caprylic, pelargonic, capric, lauric, myristic, and palmitic.

The recent trend in the baking industry 
toward replacing sponge fermentation in 
bread-making by procedures using pre­
ferments has created an increased demand 
for knowledge of flavor substances produced 
during fermentation. I t is well established 
that the main end products of panary fer­
mentation are ethyl alcohol and carbon di­
oxide; however, many other compounds are 
formed that have definite flavor values. For 
a complete flavor picture, these must be 
determined. Of the many compounds re­
leased into the surrounding media by yeast 
cells during fermentation, organic acids can 
be separated most easily. This, coupled with 
the observation made in our laboratory that 
a m ixture of organic acids isolated from a 
typical pre-ferment gave rise on heating to 
a strong aroma reminiscent of freshly baked 
bread, prompted an investigation into the 
organic acids of bread pre-ferment.

Among earlier investigations on the or­
ganic acids produced during bread-making, 
Baker et al. (1953), using colorimetric and 
titration techniques, found acetic acid. This

a A laboratory of the W estern Utilization Re­
search and Development Division, Agricultural 
Research Service, U. S. Department of Agriculture.

Reference to a company and/or product name 
does not imply approval or recommendation of the 
product to the exclusion of others that may be 
suitable.

acid was present in very small amounts and 
was felt by them to have little effect on 
flavor and aroma. Johnson et al. (1958) 
used paper and column chromatography to 
separate acids and derivative formation, as 
well as infrared spectra to identify acetic and 
lactic acids in pre-ferments. A third acid 
found by them was not identified.

W ith the advent of gas chromatography, 
the number of acids found increased some­
what. W iseblatt (1960) identified acetic, n- 
butyric, iso-valeric, and w-caproic acids in 
fermented dough, bread extracts, and oven 
vapors.

The present work describes identification 
of seventeen organic acids in pre-ferments 
typical of those used in commercial bread 
production.

M ATERIALS AND METHODS
The gas chromatographic unit used was a 

Barber-Colman Model 10 with an ionization- 
detector cell containing 20 millicuries of strontium- 
90. The cell was operated at 220° C and a potential 
of 1100 V. The U-shaped column, heavy-walled 
Pyrex glass tubing, 4 mm ID  and 8 ft long, was 
packed with LAC 1-R 296 (glycoladipate polymer) 
(5 parts) on acid-washed fire-brick (40-60 mesh) 
(95 parts). The column tem perature was varied to 
accommodate the type of material being analyzed. 
A preheater maintained at 275 °C surrounded the 
inlet to the column. Gas (argon) flow rate was 
100 ml/min, with an inlet pressure of 10 psig and 
atmospheric outlet pressure. Except in Fig. 1, all
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Fig. 1. Program med heating (35-130°C) of the ethyl esters of the organic acids of a bread pre­
ferment prepared by flash exchange gas chromatography.

data reported here were obtained with a fixed 
column temperature.

Fermentation, liquor. A pre-ferment such as used 
in certain methods of bread production was prepared 
by incubating the following m ixture aerobically for 
6 hr at 37°C while stirring, and centrifuging to 
obtain the clear, cell-free liquor:

G ra m s
Glucose 330
Salt 110
Brew improver * 33
Compressed yeast 220
W ater 5000

Organic acids. The carboxylic acids used for 
comparative purposes were commercial samples. 
All yielded single peaks when tested individually 
in the gas chromatographic apparatus. These acids 
were used in making up synthetic acid mixtures 
and also in preparing standard solutions of sodium 
or potassium salts to be used in making synthetic 
salt mixtures as described in an earlier publication 
(H unter, 1961).

Potassium ethyl sulfate. Prepared following the 
direction of Evans and Albertson (1917).

The organic acids were extracted from the 
described cell-free pre-ferment with methylene 
chloride and concentrated as sodium salts essen-

a A m ixture of salts having the following com­
position : ammonium monohydrogen phosphate 200 
g, potassium sulfate 50 g, magnesium sulfate 25 g, 
and calcium carbonate 50 g.

tiallv as described by H unter e t al. (1960) except 
that the last 100 ml of solution were concentrated 
to dryness in a tray lyophilizer under vacuum 
(0.05 mm H g) with the trays at 33°C. The o r­
ganic acids were regenerated with dichloroacetic 
acid and separated by gas chromatography as de­
scribed earlier (H unter e t al., 1960). The main 
features of the flash exchange procedure used for 
the preparation and separation of the ethyl esters 
of the organic acids have also been described 
(H unter, 1961). However, the following slight 
modifications were introduced for these analyses. 
Twenty-two-gauge th ree-inch-long  h yp oderm ic  
needles were used as well as two-inch-long needles. 
The contents of the filled needles were dried 10 
min under vacuum (500 mm H g ) at 100°C.

Separations of unknown and synthetic mixtures 
of the acids or esters were carried out isothermally 
at several temperatures. Appropriate compounds 
were selected at each tem perature for determina­
tion of the retention times relative to these com­
pounds.

RESULTS AND DISCUSSION
The relative retention times shown in 

Table 1 provide tentative identification of 
17 monocarboxylic acids in a pre-ferment. 
Identity of the acids was confirmed by flash 
exchange preparation and chromatographic 
separation of the ethyl esters of pre-ferment 
acids and of known acids. Relative reten­
tion times of the esters are shown in Table 
2.
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Programmed flash exchange chromatog­
raphy of the organic acids in an extract of 
a pre-ferment revealed at least 44 compo­
nents (Fig. 1). These include mono- and 
probably di- as well as other types of car­
boxylic acids, the dicarboxylic acids appear­
ing both as mono- and di-ester.

The appearance of the higher-boiling fatty 
acids among the free acids leads to specula­
tion that they may play an unsuspected role 
in bread flavor and aroma. They could 
conceivably hinder the volatility of lower- 
boiling components and increase the time 
required for their evaporation out of bread. 
Fairly generous amounts of the acids between 
isobutyric and caproic were observed by 
H unter el al. (1960). However, it is inter­
esting to note that in aggregate these acids 
give rise to the delightful aroma that is 
usually associated with baking bread.

The odor of the m ixture of acids extracted 
from pre-ferments is pleasant, though not 
particularly bread-like until the m ixture is 
heated. Upon warming over an open flame 
the acid mixture gives off a persistent and 
pleasant aroma quite reminiscent of bread. 
A similar faint odor is always noted when

Table 1. Relative retention times of aliphatic 
carboxylic acids from a bread pre-ferment and 
synthetic acid mixture.

Acid
Relative retention time Columntemper­atureC°C)Syntheticmixture Pre­ferment

Formic 0.16 0.17 12C
Acetic 0.28 0.26
Propionic 0.40 0.40
Isobutyric 0.49 0.48
Butyric 0.60 0.60
Isovaleric 0.76 0.74
Crotonic 0.84 0.83
Valeric 1.00 1.00
Isocaproic 1.42 1.42
Caproic 1.68 1.68
Heptylic 2.94 2.90
Caprylic 4.82 4.82
Pelargonic 8.12 8.16
Capric 1.00 1.00 175
Laurie 2.21 2.25
Myristic 5.50 5.51
Palmitic 12.0 12.1

Table 2. Relative retention times of ethyl esters 
of aliphatic carboxylic acids from a bread pre­
ferment and a synthetic acid mixture.

Parent acid
Relative retention time Columntemper­aturer c )Syntheticmixture Pre­ferment

Formic 0.11 0.11 50
Acetic 0.17 0.18
Propionic 0.31 0.31
Isobutyric 0.40 0.40
Butyric 0.59 0.60
Isovaleric 1.00 1.00
Crotonic 1.20 1.21
Valeric 1.39 1.41
Isocaproic 0.83 0.86 75
Caproic 1.00 1.00
Heptylic 1.50 1.49
Caprylic 2.39 2.39
Pelargonic 3.94 3.93
Capric 6.61 6.60
Laurie 1.00 1.00 175
M yristic 2.07 2.06
Palmitic 4.60 4.58

aliquots of the free acids from a pre-ferment 
are injected into the heated entry port of the 
chromatographic column.
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SUMMARY
The lipids extracted from  beef and pork m uscle were fractionated into 

triglycerides, cephalins, and a m ixture o f lecithins and sphingom yelins. The 
fatty acid com position o f these fractions was determ ined, and the possible 
effect o f phospolipids on m eat flavor was evaluated.

Cold-water extracts of lean beef and lean 
pork contain desirable meat-flavor pre­
cursors. These extracts do not, however, 
contain any appreciable proportion of the 
lipids present in the lean meat. Lipids, par­
ticularly the phospholipids, are among the 
more unstable constituents of lean m ea t; 
and Younathan and W atts (1960) have re­
cently suggested that the phospholipids play 
a m ajor role in accelerating flavor deteri­
oration in cooked meats. This paper is con­
cerned with the effect on flavor of the lipids 
present in lean meat prior to preparation 
for consumption. O ur studies have there­
fore been made on aged lean beef and lean 
pork. The meat tissue lipids have been sepa­
rated into neutral lipids and phospholipids, 
the fatty acids present in these fractions de­
termined, and the possible contribution of 
these fractions to either desirable or unde­
sirable flavor evaluated.

EX PER IM EN TA L
Extraction of lipids from muscle. As in pre­

vious flavor studies (H ornstein and Crowe, 1960; 
Hornstein e t al., 1960b), fresh meat was aged 10 
days a t 36-38°F. Several of the muscles were 
then dissected and stored at 0°F. As needed, 
samples of meat were thawed, fat was removed, 
and the trimmed muscle was cut into small sec­
tions. The extraction procedure was essentially 
that of Folch e t  al. (1957). One hundred grams 
of the diced meat were blended for 5 min with 
900 ml of cold 2:1 chloroform-methanol (all sol­
vents are reagent grade and all solvent ratios are 
v /v ) in an Oster blender (mention of trade names

is for identification and implies no endorsement). 
The slurry was immediately filtered, then mixed 
with 0.2 its volume of water in a 2-L separatory 
funnel, and allowed to stand overnight at 3-5 °C. 
The separation into two phases was clean-cut. 
The lower phase was drained and, without further 
washing, dried over anhydrous sodium sulfate, con­
centrated to a small volume on a rotary evapo­
rator at room tem perature under partial vacuum, 
quantitatively transferred with several ml of chlo­
roform to a fared 125-ml Erlenmeyer flask, and 
dried on the rotary evaporator. Residual solvent 
was removed under high vacuum. The weighed 
residue was redissolved in 20 ml of 20:1 chloro­
form-methanol. Small amounts of undissolved ma­
terial were removed by centrifugation.

Separation of neutral fa t from phospholipids 
by column chromatography. Fifty grams of silicic 
acid (M allinckrodt A R  100-mesh) heated over­
night at 130°C were slurried with chloroform and 
poured into a 2.5 X 90-cm column fitted with a 
sintered-glass disc. A ir bubbles were removed by 
stirring the m ixture with a long glass rod. The 
silicic acid was allowed to settle and the chloro­
form drained under slight nitrogen pressure. W hen 
the column was compact and with at least 15 cm 
of liquid above the interface, anhydrous sodium 
sulfate was added to form a 2.5-cm-thick layer on 
top of the silicic acid. The column, after washing 
with 300 ml of chloroform, was ready to use. The 
entire lipid sample, containing as much as 1 g of 
phospholipid and 7 g of neutral fat, was added. 
The column was developed with successive 300-ml 
portions of chloroform-methanol 20:1, chloroform- 
methanol 1:1, and methanol. Flow rates of approx 
3-5 ml./min were obtained by applying 5 lb of 
nitrogen pressure to the top of the column. F rac­
tions collected were dried as described for the
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total lipid fraction, and the residues were weighed.
Analytical methods. Each fraction was made 

up to 50 ml with the solvent m ixture used for its 
elution, and aliquots were taken for the determina­
tion of phosphorus, total and amino nitrogen, re­
ducing sugars, and fatty acid composition. The 
infrared spectrum was also recorded. P h o sp h o ru s  
was determined after wet oxidation of an aliquot 
containing 1-10 yg of phosphorus. The phosphate 
formed was measured by reduction of the phos- 
phomolybdate complex according to the procedure 
of Chen c t al. (1956). T o ta l n itro g e n  was deter­
mined by the micro-Kjeldahl procedure with mer­
curic oxide as the catalyst. A m in o  n itro g en  was 
determined by the ninhydrin procedure of Moore 
and Stein (1948) as modified by Lea and Rhodes 
(1954). R e d u c in g  su g a rs  were determined by the 
anthrone method used by Radin e t al. (1955) in 
determination of cerebrosides. In fr a r e d  spectra  
were obtained by deposition of a film of the ma­
terial by solvent evaporation on sodium chloride 
plates and scanning the region of 2.5-15 n- The 
instrument used was a Perkin-Elm er 137 In fra­
cord spectrophotometer. P a t ty  acid d e te rm in a tio n s  
were made on aliquots taken to dryness and con­
taining 100-200 mg of material. Twenty-five ml 
of 0 .5 N  alcoholic K O H  were added to each residue 
and the m ixture gently refluxed for 6 hr. The con­
tents of the flask were transferred to a 125-ml 
separatory funnel, 50 ml of water were added, and 
the solution was made acid to phenolphthalein by 
dropwise addition of concentrated HC1 and then 
1 ml excess added. The solution was extracted 
with three successive 25-ml portions of petroleum 
ether, and the combined ether extracts were washed 
three times with 25-ml portions of cold distilled 
water. A t this point, approx 20 mg of Ji-hep- 
tadecanoic acid (recrystallized twice from meth­
anol), accurately weighed, were added to the 
solution to act as an internal standard in gas 
chromatographic analysis of the fatty acid esters 
(Hornstein e t a l., 1960a). The fatty acid methyl 
esters were prepared as previously described, and 
dissolved in 1 ml of petroleum ether. An appro­

priate aliquot, containing approx 500 ¡ig  of total 
esters, was used for gas chromatography. The gas 
chromatograph was a Beckman GC-2 equipped 
with a 1-rnv recorder, and the detector was a 
4-filament thermal conductivity unit. The column 
was an 8-ft. X 44-in OD coiled Cu tube containing 
polyvinylacetate on acid and alkali washed Chromo- 
sorb R, 15:85 w /w . The operating tem perature 
was 221° and the H e flow rate 100 ml/min. Quan­
titative results were based on recoveries of the 
C n  acid.

RESULTS AND DISCUSSION
Solvent systems. Initial attempts to sep­

arate the phospholipids by precipitation with 
acetone and magnesium chloride left phos­
phorus in solution. To avoid phospholipid 
losses, acetone precipitation was discarded 
and chromatography on silicic acid used 
(Borgstrom, 1952). The elution solvents 
were chloroform-methanol mixtures (H ana- 
han et al., 1957) ; increasing the percent 
methanol in chloroform by small increments 
resulted in smeared bands. The sharpest 
separations were obtained starting with 
20:1 chloroform-methanol (Solvent I ) ,  fol­
lowed by 1 :1 chloroform-methanol (Solvent 
I I ) ,  and finally eluting with anhydrous 
methanol (Solvent I I I ) .  Each of the eluted 
fractions contained a m ixture of lipids in 
which one class predominated. Solvent I 
eluted the nonphosphorous-containing lip­
ids. This eluate was collected as two frac­
tions. Fraction la  contained 85-90% of the 
neutral lipid fraction; collection was stopped 
prior to the emergence of a heavily pig­
mented band. Fraction lb  contained these 
pigments as well as neutral lipids. Silicic 
acid and Solvent I had similar refractive 
indices, and the column was translucent. 
The progress of Solvent II through the

Table 1. Chemical analysis of fractions obtained by silicic acid chromatography of muscle 
lipids.

Fraction Phosphorus(%) Totalnitrogen(%)
Aminonitrogen(%) Reducingsugars

Infrared absorption at 10.3 il Majorcomponents
la 0.0 0.0 Triglycerides
lb 0.1 0.0 weak, positive Triglycerides
II 3.6 1.7 1.7 absent Cephalins

III 4.0 1.9 0.1 strong Lecithins and 
sphingomyelins
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column caused the column to become pro­
gressively opaque. Just before Solvent II 
broke through, Fraction II  was collected; 
the last 150 ml of Solvent II  eluted only 
trace amounts of material. Methanol eluted 
the final fraction. Further elution with 
methanol, plus 5 % water, yielded only traces 
of material. This same elution pattern was 
obtained with lipid extracts from both lean 
beef and lean pork.

Classification of fractions. In  order to 
classify these fractions, extracts from sev­
eral muscles were analyzed. The data fell 
into a similar pattern for all m uscles; a 
typical analysis is shown in Table 1. F rac­
tions la  and lb, as mentioned, were pre­
dominantly triglycerides, and for the pur­
pose of this study were not further charac­
terized. The weak positive tests for phos­
phorous and reducing sugars suggested the 
presence of small amounts of phospholipids 
and cerebrosides in Fraction lb. Infrared 
spectra of Fractions II  and I I I  gave typical 
phospholipid spectra (Nelson and Freeman, 
1959; Smith and Freeman, 1959). W ithout 
pure reference standards, slight variations 
in spectra cannot be interpreted properly. 
The m ajor difference between II  and I II  
resided in the 10.3-^ region (Fig. 1). The

INFRARED RED SPECTRUM FROM LEAN PORK

Fig. 1. Infrared spectrum of Fractions 2 and 3 
obtained from pork.

absence of absorption at 10.3/x in Fraction 
II  was indicative of cephalins, and the strong 
absorption in Fraction I I I  at this wave 
length was characteristic of lecithins and 
sphingomyelins (Nelson and Freeman, 1959; 
Smith and Freeman, 1959). Fraction II 
had the expected 1 :1:1 molar ratio of amino 
nitrogen/total nitrogen/phosphorus. H ow­
ever, cephalins accounted for only about

90% of this fraction since these analyses 
were 10% lower than expected. T he very 
weak test for amino nitrogen in Fraction 
I I I  excluded cephalins except in trace 
quantities. Total nitrogen was 1.9% (com­
parable figures are lecithins 1.7% and 
sphingomyelins 3.0% ). The observed value 
indicated about 15% sphingomyelins in 
Fraction III.

The phospholipids in Fractions II  and I II  
were associated with protein. Folch and 
Lees (1951) described a class of lipopro­
teins that had the solubility characteristics 
of lip ids; when dried, even under the mild­
est conditions, these lipoproteins yielded an 
insoluble protein fraction. The cephalin 
fraction we obtained contained about 20% 
of this “proteolipid” material. For example, 
a typical Fraction II, weight 331.8 mg, was 
dried and then redissolved in Solvent II , and
50.3 mg of residue remained. Successive 
dryings yielded 8.2 mg and 4.0 mg of resi­
due. Analysis of this residue showed no 
phosphorus and 6.1% nitrogen. Fraction 
I I I  typically contained about 2% of this 
proteinaceous material. This protein denatu- 
ration is minimized in the presence of fat 
since the total extract, when taken to  dry­
ness, did not exhibit this phenomenon to 
as great an extent. O ur analytical data are 
reported on the basis of protein-free phos­
pholipids.

Fatty acid determinations. Table 2 tab­
ulates the lipid fractions extracted from 
typical samples of beef and pork. In  gen­
eral, beef muscle contained 2.CM-.0% of 
nonphosphorous-containing lipids, and pork 
muscle contained 5.0-7.0%. The phospho­
lipid content was 0.8-1.0% in beef and 0.7- 
0.9% in pork. The approximate composi­
tion of the phospholipid fraction for both 
beef and pork was cephalin 40—45%, leci­
thin 40-45% , sphingomyelin 10-15% , and 
protein 5-10% . Table 3 shows the fatty acid 
composition of the fractions isolated from 
these samples. The absolute recoveries of 
fatty acids in Fractions la  and lb, based on 
90% fatty acid content, were about 95%. 
Recoveries based on 75% fatty acid content 
for protein-free Fractions I I  and I I I  were 
respectively approx 50 and 80%. In  part, 
these low recoveries can be attributed to 
the presence of plasmalogens as evidenced
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Table 2. W eight in grams of lipid fractions iso­
lated from 100 g of muscle by chloroform-methanol 
extraction, followed by silicic acid chromatography.

Beef Pork
Total lipids 4.S699 6.6098
Non-phosphorus 
lipids 3.5539 5.8615

Fraction la
(triglycerides) 2.8962 5.4473

Fraction lb
(triglycerides) 0.6577 0.4142

Phospholipids 1.0040 0.7462
Fraction II

(cephalins) 0.4330 0.3155
Fraction I II  

(lecithins and
sphingomyelins) 0.4990 0.3737

Denatured
proteins 0.0720 0.0570

Total recovery 4.5489 (99.5%) 6.6077 ( 99.9%)

by the formation of 2, 4-dinitrophenylhydra- 
zones of long-chain carbonyl compounds after 
mild acid hydrolysis of these fractions, and 
to the formation of oxidized phospholipids 
as shown by the characteristic ultraviolet 
absorption at approx 235 mfi and 275 
(Lea, 1957).

The identities of the saturated acids and 
oleic, linoleic, linolenic, and arachidonic acids

were established by direct comparison of 
retention volumes of the methyl esters with 
those of authentic specimens. The other 
assignments were based on plots of the log 
of retention volumes versus the number of 
carbon atoms. Saturated fatty acid methyl 
esters fall along a straight line—those con­
taining one double bond along a parallel 
line, those with two double bonds along a 
second parallel line, etc. (H ornstein et al., 
1960a). As the number of double bonds in 
the molecule increases, the distance between 
these parallel lines tends to decrease; and 
it is possible, for example, that the “ en­
velope” assigned to arachidonic acid may 
contain higher unsaturated C20 acids. The 
assignment made for tetradecenoic, tetra- 
decadienoic, palmitoleic, eicosatrienoic, and 
docosadienoic should be considered rendered 
highly probable rather than absolute, since 
they were not based on direct comparison 
with authentic samples. Table 4 shows the 
fatty acid composition of the combined tr i­
glyceride fractions and of the combined 
phospholipid fractions. U nsaturated acids 
containing two or more double bonds make 
up 10% of the triglyceride fraction and 
about 50% of the phospholipid fraction ; 
however, the actual milligrams of these acids 
contributed by the two fractions are similar 
since the ratio of triglycerides to phospho­
lipids is about 4 : 1 in beef and about 8 : 1 in

Table 3. Fatty  acid composition of lipid fractions (%  of total fatty acids) obtained from 
lean beef and pork. Fractions la  and lb  triglycerides, Fraction II  cephalins, Fraction I I I  
lecithins and sphingomyelins.

Acid
Fraction la Fraction lb Fraction II Fraction III

Beef Pork Beef Pork Beef Pork Beef Pork
Capric 1.1 2.7
Laurie 0.2 0.6 0.4
Myristic 2.1 1.1 2.8 2.0 1.4 3.6 3.6 1.0
Tetradecenoic 1.0 1.5 0.6 0.1 1.1 0.3
T etradecadienoic 0.6 0.6 0.6 0.8 1.3 0.5
Palmitic 28.3 24.0 19.8 22.5 2.8 4.1 21.0 30.5
Palmitoleic 4.6 7.2 5.9 9.8 1.8 2.4 2.4 2.4
Stearic 17.0 12.1 16.2 7.0 27.4 20.6 6.6 4.6
Oleic 42.5 45.8 30.6 39.4 13.8 14.3 26.9 17.4
Linoleic 3.0 7.9 17.2 15.3 16.2 15.2 23.6 36.3
Linolenic 0.9 1.7 2.5 1.7 2.1 0.4 1.7 1.4
Eicosatrienoic 4.0 3.2
Arachidonic 1.2 1.2 33.3 32.4 8.6 5.6
Docosadienoic 2.1
W eight of fraction (g) 2.8962 5.4473 0.6577 0.4142 0.4330 0.3155 0.4900 0.3737
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Table 4. Fatty  acid composition of combined 
triglyceride fractions and of combined phospholipid 
fractions from Table 3 (%  of total fatty acids).

Triglycerides Phospholipids
Acid Beef Pork Beef Pork

Capric 0.1 0.1
Laurie 0.1 0.2
Myristic 2.2 1.2 2.6 2.0
Tetradecenoic 1.0 0.9 0.2
Tetradecadienoic 0.6 1.3 0.6
Palmitic 27.5 23.9 13.2 20.0
Palmitoleic 4.7 7.4 2.2 2.3
Stearic 16.9 11.6 15.6 11.0
Oleic 41.3 45.2 21.2 16.2
Linoleic 4.4 8.7 20.2 27.9
Linolenic 1.1 1.6 1.8 1.0
Eicosatrienoic 1.8 1.6
Arachidonic 0.1 0.1 19.2 16.3
Docosadienoic 0.9
Total saturated 

acids 46.7 37.0 31.4 33.0
Total monounsatu- 

rated acids 47.1 52.6 24.3 18.8
Total dienoic 

acids 5.0 8.7 21.5 29.3
Total trienoic 

acids 1.1 1.6 3.7 2.6
Total tetraenoic 

acids 0.1 0.1 19.1 16.3

pork. The major quantitative difference is 
the large amount of arachidonic acid (pos­
sible maximum 150 mg per 030 g of muscle 
in beef and 100 m g/100 g of muscle in pork) 
contributed by the phospholipid fraction 
that has no counterpart in the triglyceride 
fraction (Table 3).

Flavor characteristics. W e attempted to 
evaluate the aromas developed by heating 
freshly isolated lipid fractions in air. The 
odors of the beef and pork triglyceride frac­
tions were respectively reminiscent of “fried- 
fat” and “bacon.” The cephalin fractions 
from both beef and pork produced strong 
“fishy” odors, probably attributable to the 
high arachidonic acid content of these frac­
tions. The heated lecithin-sphingomyelin 
fractions from both beef and pork were also 
alike in odor, the “fishy” smell less pro­
nounced than in the cephalin fraction and 
superimposed on an aroma suggestive of 
liver. Total lipid and phospholipid extracts 
of pork and beef were exposed to air, and 
their odors noted at 24-hr intervals. Rancid

odors developed more quickly in these sam­
ples than in neutral fat. A t the end of one 
week, the samples were all highly rancid. 
The odor of the pork total lipid extract was 
the least objectionable; the large amount of 
triglyceride present either dissolved the po­
tent odor compounds produced, thus lower­
ing their vapor pressure, or mechanically 
inhibited the oxidation of the phospholipids 
by limiting their surface exposed to air. It 
was concluded that phospholipids did not 
contribute to desirable meat flavor and that 
the possibility existed that in excessively 
lean meat they could contribute to poor 
flavor. The triglyceride contribution was 
similar to that previously described (H orn- 
stein and Crowe, 1960). Changes in color 
were also noted in these fractions. The 
phospholipids darkened rapidly, the total 
lipid fraction changed color more slowly, 
and the neutral lipids showed the least color 
change.
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SUMMARY
Cornstarch sols (2 % ) were prepared at a series o f gelatinization tem pera­

tures (80 -12 7 °C ) and stored at 1, 37 , and 70°C. At 1°C storage, rétrogradation  
was slower as the temperature o f gelatinization was greater. At 37°C storage, 
no rétrogradation occurred in sam ples gelatinized at lower temperatures, and 
solubilization took place in samples gelatinized at higher temperatures. At 
70°C storage, solubilization occurred in all sam ples, but more rapidly as the 
temperature o f gelatinization was greater.

I t has generally been found that rétro­
gradation (i.e., decreasing solubility and in­
creasing crystallization) of a starch paste is 
more or less inhibited at holding tempera­
tures in the vicinity of 60°C and that it tends 
to be accelerated with decreasing temperature 
(Katz and Rientsma, 1930; Katz and Weid- 
inger, 1934; Maquenne, 1903, 1904; W hist­
ler, 1954). According to Lam pitt et al. 
(1941), however, rétrogradation is the same 
at 37° C as at 62° C in 2% pastes of fractions 
of thoroughly milled wheat starch; and at 
lower paste concentrations, rétrogradation at 
21 °C is equal to that at 37 and 62°C. Results 
of Lam pitt et al. (1948) were essentially 
similar with potato starch fractions. Like­
wise, Hull and Schoch (1959) showed little 
difference in solubility between starch films 
dried at 80°C and those dried at 30°C. 
Sterling (1960) recently reported that 13% 
starch gels held at 70°C become less disper­
sible than those held at room temperature. 
Thus, there are clearly discrepancies in re­
ports on the role of storage temperature in 
rétrogradation.

A few studies have been directed to the 
relationship of rétrogradation with temper­
ature of gelatinization. Maquenne (1904) 
showed that rétrogradation in pastes of po­
tato starch was less in those gelatinized at 
120°C than in those gelatinized at 110°C,

* This study was supported in part by the U. S. 
Public Health Service, under Grant RG-5726. For 
this help the authors are truly thankful.

and less in those gelatinized at 110°C than 
in those gelatinized at 100°C. Comparable 
findings were reported by van Itallie (1930), 
who stated that, with gelatinization tem pera­
tures of 120, 100, and 65 °C, rétrogradation 
was greater the lower the temperature. No 
other systematic studies have been per­
formed.

Because of this fragmentary or contro­
versial state of knowledge, it was believed 
fruitful to explore further the relation be­
tween temperature and the rétrogradation 
of starch. Both temperature of gelatinization 
and tem perature of storage are variables in 
this study. The authors have elected to use 
2% cornstarch sols as raw material and to 
measure rétrogradation by the sensitive tech­
niques of cold-water solubility and enzy­
matic digestibility. To some extent, a new 
X -ray diffraction method has also been 
essayed.

MATERIALS AND METHODS
Slurries were made of 2%  native cornstarch in 

water, neutralized to pH  7 with ammonium hy­
droxide. The starch was gelatinized by heating the 
slurry for 10 min in a  round-bottom flask equipped 
with a stirrer, condenser, and thermometer. (This 
arrangem ent made it possible to prevent the form a­
tion of a surface film.) The heating temperatures 
were 80, 90, and 100°C. W hen the temperatures 
used were higher than 100°C (110, 120, and 127°C), 
the slurries were heated to 100°C in the above- 
described flask and immediately transferred to  an 
autoclave for further heating. The additional heat­
ing periods were 10 min for 110 and 120° C, and 
30 min for 127° C.
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The starch solutions were then stored in tightly 
capped vials with 5 drops of toluene added for pres­
ervation. Storage temperatures were 1, 37, and 
70 °C for each gelatinization temperature.

The determination of water-soluble starch, both 
by iodine adsorption and by hydrolysis of the super­
natant with HC1, has been described (Kalb and 
Sterling, 1961). Similarly, enzymatic hydrolysis 
of the whole sol was carried out by the technique 
given in that same report.

X-ray measurements, following the method of 
Herm ans and W eidinger (1949), were made to 
ascertain the relative crystallinity of the starch 
material. The rationale of this approach is the pre­
sumption (M eyer, 1952; Schoch, 1952; Sterling, 
1957) that rétrogradation is essentially a  process 
of crystallization of the starch molecules. How ­
ever, the amorphous background of the photometric 
traces was quite large relative to the size of the 
small crystalline peaks, and the areas of the latter 
could be determined only with difficulty.

A  new X-ray method was developed that proved 
useful in ascertaining the rate of crystallization. 
I t has been demonstrated that a freshly prepared 
starch paste shows a so-called V-pattern when 
precipitated with alcohol (Bear, 1952; Katz, 1930; 
Wiegel, 1941). During rétrogradation, the alcohol- 
precipitated paste gradually displays an increasing 
intensity of the B-pattern (Katz, 1930) and a de­
creasing intensity of the V-pattern.

Consequently, a 50-ml portion of the starch sol 
was precipitated with 16 volumes of 95% ethanol, 
filtered, washed with fresh ethanol, and dried at 
room tem perature under vacuum. The dry powder 
was packed in a sample holder with a drop of 2% 
commercial resin (H arleco) in toluene and ex­
posed to an X-ray beam (Cu-K a, monochromatized 
with a crystal of pentaerythritol) collimated to 
0.8 mm diameter. A film in a flat cassette, 4.0 cm 
from the sample, was used in the production of a 
photometric trace of the scattered intensity. In 
this trace, both the m ajor V-peak (d =  6.9A ) and 
the strong B-peak (d =  5.4Â ) are individualized 
at an early stage in rétrogradation, being most 
distinct at about 5 days. (Before 5 days, the 
B-pattern is usually not obvious, and after 5 days 
V-patterns in more rapidly retrograding samples 
tend to be indistinct). The heights of the two 
peaks of interest were evaluated, at their maxima, 
above the interpolated amorphous background. The 
index of rétrogradation is given as the ratio  of the 
height of the B-peak to that of the V-peak (B /V ).

RESULTS
The relative effect of gelatinization temperatures 

is readily shown in Fig. 1. H ere is represented the 
ratio of the B- to V-peak heights after 5 days’ 
storage at 1°C. I t is apparent that the lower the

temperature of gelatinization, the greater the rela­
tive amount of subsequent rétrogradation.

A feature of interest is shown in the course of 
rétrogradation during the 28-day period of storage. 
Fig. 2 illustrates the change in content of soluble 
starch as measured by hydrolysis. I t  may be seen 
that the amount of soluble starch is initially a 
function of the tem perature of gelatinization. D ur­
ing storage, rétrogradation occurs in all specimens. 
The trends of decreasing soluble starch content 
seem to be approaching a common level, with that 
level attained earlier with the lower gelatinization 
temperatures. In fact, starch gelatinized at 127° C 
apparently is highly soluble for about 9 days, after 
which it retrogrades rapidly. The same trends are 
shown in the analysis of soluble starch via iodine 
adsorption (Fig. 3) and in the enzymatic digesti­
bility of the whole sol (Table 1).

A t storage temperatures of 37 and 70° C the 
relative retrogradative tendencies of samples gelat­
inized at different temperatures are maintained. 
Samples gelatinized at 80° C have the greatest

01----- 1------1----- 1------1----- 1------1
80 9 0  100 110 120 130

GELATINIZATION (C”)
Fig. 1. Retrogradation, as measured by B /V  

ratio, at 5 days in starch sols held a t 1°C after 
gelatinization at different temperatures. Inset shows 
typical scattering pattern, with B and V peaks 
indicated.
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Table 1. Content of maltose (7/m l) produced by 
enzymatic hydrolysis of 2% corn starch sols stored 
at 1°C.
Gelatinization Time of storage (days)temperature ------------------------------------------------(C°) 0 2 5 9 28

80 690 570 520 480 460
90 670 590 540 500 450

100 700 600 580 530 490
110 670 600 620 540 480
120 690 600 630 580 500
127 740 680 680 640 560

amount of rétrogradation, and samples gelatinized 
at 130° C have the least, with samples gelatinized 
at intermediate temperatures exhibiting intermedi­
ate rétrogradation. Actually, as is shown below, 
storage at higher temperatures results in a re­
versal of rétrogradation, i.e., solubilization.

T I M E  ( d a y s )
Fig. 2. Soluble starch content in sols held at 1°C, 

after gelatinization a t different temperatures as in­
dicated. Soluble starch determined via HC1 hydrol­
ysis of the supernatant material. (Lim it of sensi­
tivity of method is at upper edge of graph.)

The effect of 37°C storage is indicated in Fig. 4. 
H ere it may be seen that, in general, no retro- 
gradation occurs. W ith lower temperatures of 
gelatinization, the starch sol remains more or less 
unchanged, or experiences a slight solubilization. 
W ith increased gelatinization tem perature the solu­
bilization effect is more definite.

During storage at 70°C, solubilization is marked 
in all the samples, and both the solubility of the 
starch and its enzymatic digestibility are increased. 
Again, the higher the tem perature of gelatinization 
the greater is the extent of solubilization (Fig. 5).

DISCUSSION
As a preface to the discussion of the gen­

eral results, it is well to emphasize that the 
role of gelatinization tem perature may be 
intermingled, to some extent, with the role 
of heating time. Because of the experimental 
difficulties it was not possible to eliminate 
the differences in time involved in bringing 
the starch pastes to  the required tempera­
tures of gelatinization. However, Katz 
(1928) has reported that doubling the period 
of holding a starch paste at a particular 
gelatinization tem perature seems to be with­
out additional effect on the swelling proper­
ties or the solution properties of the starch.

W hen a 2% cornstarch sol is stored at 
1°C, it is quite evident that the retrograding 
tendency is stronger the lower the tempera­
ture of gelatinization. Perhaps the simplest 
explanation is, in agreement with the prin­
ciple of Occam’s razor, the correct one : the 
lower the temperature of gelatinization the 
less the dispersal of the starch molecules. 
In  fact, at 80°C, which is just barely over 
the specific gel point for native starch, it 
might be supposed that rather large extents 
of the molecules are still held together in 
micellar regions. The higher the gelatiniza-

Fig. 3. Soluble starch content in sols held at 
1°C, after gelatinization at different temperatures as 
indicated. Soluble starch determined via iodine 
adsorption of the supernatant material.
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tion temperature the more dispersed are the 
starch molecules, which eventually become 
free in solution ( cf. Katz, 1928). Thus, it is 
justifiable to imagine that the starch mole­
cules can associate in a much shorter time 
when they are closer together than when 
they are farther apart. Moreover, when 
micellar regions are already present, aggre­
gation proceeds faster: Hollo et al. (1959) 
have shown that the presence of such crystal­
line domains facilitates renewed molecular 
association when a starch sol is cooled, in 
the manner of crystalline nuclei in super­
saturated solutions.

In this way, starch gelatinized at lower 
temperatures will aggregate more rapidly 
than will starch gelatinized at higher temper­
atures. The common level toward which all 
solutions would be tending is perhaps the 
original state of association within the starch 
grain—hence the validity of the term  “rétro­
gradation.” Note that a sort of “lag” period 
exists for the sample gelatinized at 127°C. 
This may be the period necessary for nuclé­
ation centers to reach a stable size and 
thereby initiate rapid crystallization.

Fig. 4. Soluble starch content in sols held at 
37° C, after gelatinization at different temperatures 
as indicated. Soluble starch determined via iodine 
adsorption of the supernatant material.

W hen the sols are held at higher storage 
temperatures, the same order of the effect of 
gelatinization temperature obtains. In the 
storage temperatures used here, the ranking 
of gelatinization temperatures from higher to 
lower values is related to decreasing disper­
sion or decreasing solubilization during stor­
age. I t is evident that, in agreement with the 
data of earlier workers, little retrogradation 
occurs during storage at 37°C. In  fact, a 
slight solubilization effect has been docu­
mented.

Fig. 5. Soluble starch content in sols held at 
70° C, after gelatinization at different temperatures 
as indicated. Soluble starch determined via HC1 
hydrolysis of the supernatant material. (Lim it of 
sensitivity of method is at upper edge of graph.)

At 70°C all samples become more and 
more solubilized. Maquenne (1904b) re­
ported a similar effect with partially re tro­
graded starch pastes. Katz (1928), however, 
stated merely that at 60°C there is no retro- 
gradative tendency. Obviously, effective hy­
drogen-bond rupture is occurring in the 
starch sol at 70°C (cf. Katz and W eidinger, 
1934). Roux (1905) and others believed 
that this could take place only at significantly 
higher temperatures, at which, however, the 
possibility of hydrolytic scission of the gluco- 
sidic linkages is greatly enhanced.

These results differ markedly from those 
of Hull and Schoch (1959) and Sterling
(1960). The discrepancy is possibly due to 
the fact that the latter observers worked with
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much more concentrated systems. When 
concentrated starch systems are heated, the 
X-ray diffraction pattern of the resulting 
crystallites is near-H (C) or A  (Bear and 
French, 1941 ; Katz and Derksen, 1933 ; Sair 
and Fetzer, 1944; Sterling, 1960). This is 
in agreement with the evidence that H-starch 
has a lower degree of hydration than does 
B-starch (Badenhuizen, 1959 ; Heilman et al.,
1954). Also, according to Badenhuizen
(1959), starch that is associated in A -crys­
tallites is more rigid and swells less than the 
same starch in B-crystallites. This concep­
tion will explain the discrepancy noted above 
as well as the results of Whittenberger and 
Nutting (1948) with potato starch heated in 
the presence of limited moisture.

An additional possibility, of probably 
lesser consequence, is that the soluble amylo- 
pectin-amylose ratio increases continually 
with increasing gelatinization temperature 
(or increases at a higher storage temperature 
as the time of storage increases). This re­
sult could presumably bring about a concomi­
tant retardation of molecular association in 
solution—if the effect of dissolved longer 
amylose chains did not work in the opposite 
direction. However, it is to be recalled that 
amylopectin molecules also do participate in 
rétrogradation (Schoch, 1952), and hence 
may not exercise a marked hindrance to that 
process (at least in the proportions present 
in corn starch).
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S U M M A R Y
C h a n g e s  w e re  fo l lo w e d  in  f r e s h  w e ig h t ,  j u i c e  c o n te n t ,  s o lu b le  s o lid s , to ta l  

a c id i ty ,  a n d  a s c o r b ic  a c id  o f  le m o n  f r u i t s  d u r i n g  4 ,  8 ,  a n d  1 2  w e e k s  a t  4 ,  1 3 , 
a n d  2 4 ° C  a n d  a f t e r  3  a n d  1 4  d a y s  a t  2 4 ° C  f o l lo w in g  4 ,  8 ,  a n d  1 2  w e e k s  a t  
4  a n d  1 3  °C . J u i c e  c o n te n t ,  s o lu b le  s o l id s ,  a n d  to ta l  a c id i ty  in c r e a s e d  d u r in g  
s to r a g e .  T h e  in c r e a s e  w as  g r e a te s t  f o r  f r u i t  h e ld  a t  2 4 ° C  a n d  l e a s t  f o r  f r u i t  
h e ld  a t  4 ° C . U p o n  t r a n s f e r  to  2 4 ° C  f r o m  4  a n d  1 3 ° C , a l l  t h r e e  c o n s t i tu e n ts  
in c r e a s e d .  C h a n g e s  i n  a s c o rb ic  a c id  in  th e  le m o n  f r u i t  d o  n o t  a p p e a r  r e l a t e d  
to  th e  m e c h a n is m  o f  c h i l l in g  in j u r y ,  b u t  t h e  lo s s e s  o b s e r v e d  i n  c h i l le d  f r u i t  
w h e n  t r a n s f e r r e d  to  2 4 ° C  w e re  s e c o n d a ry ,  p r o b a b l y  a s s o c ia te d  w ith  s y m p to m  
d e v e lo p m e n t .

IN T R O D U C T IO N
Most of the lemon crop is picked during 

periods when the commercial demand is 
light. Therefore, lemon fruits are stored for 
various periods, depending on their condi­
tion and market demands. Lemon fruits are 
normally harvested by size rather than color 
or maturity. In addition, this storage period 
is desirable because lemon fruits do not pro­
duce the maximum amount of juice or the 
highest quality of juice when picked, but 
require conditioning to develop color, juice 
content, and flavor. The literature on storage 
conditions and changes in the lemon fruit 
during storage has been reviewed (Bartholo­
mew and Sinclair, 1951; Miller, 1946, 1958; 
Rose et al., 1951; Wright et al., 1954).

In general, the optimum storage conditions 
and some of the physical and chemical 
changes occurring in lemon fruit during 
storage are known (Bartholomew and Sin­
clair, 1951; Miller, 1946, 1958; Rose et al, 
1951; Wright et al., 1954), whereas compo­
sitional changes in relation to storage tem­
perature have not been fully evaluated. Of 
special interest is the influence of lower stor-

" P a p e r  N o . 1317, U n iv e rs ity  of C a lifo rn ia  C itru s  
E x p e r im e n t S ta tio n , R iv e rs id e , C a lifo rn ia .

age temperatures, particularly in the chilling 
range. Ascorbic acid has been discussed in 
relation to chilling injury for other crops. 
With bananas (Harris and Poland, 1939), 
pineapple (Miller, 1951; Miller and Heil­
man, 1952) and sweet potato (Lieberman 
et al., 1958, 1959) a loss of ascorbic acid has 
been associated with chilling injury. How­
ever, changes in ascorbic acid content of to­
mato fruits did not appear to be related to 
chilling injury (Craft and Heinze, 1954).

Reported here are observations on some 
physical and chemical changes occurring in 
lemon fruits during 4, 8, and 12 weeks of 
storage at 4°, 13°, and 24°C and during 3 
and 14 days at 24°C following 4, 8, and 12 
weeks at 4° and 13°C.

M A T E R IA L S  A N D  M E T H O D S
F re s h ly  h a rv e s te d  a n d  p ro cessed  lig h t-g re e n  

E u re k a  lem on  f ru i ts  ( Citrus limonia O sb e c k ) w e re  
o b ta in ed  fro m  co m m erc ia l p ac k in g  hou ses  in th e  
co a s ta l an d  in te r io r  le m o n -p ro d u c in g  a re a s  of C a li­
fo rn ia . T h e  b u lk  supply  fro m  each  a re a  w as  d i­
v id ed  in to  ra n d o m  sam p les  o f 20 f ru i ts  each, 
w eigh ed , a n d  p laced  in  p a p e r b ag s, a n d  th e  bag s 
w e re  p laced  in  lem on s to ra g e  b o x es  a n d  p u t in  
s to rag e , ex c e p t fo r  sam ples f ro m  each  a r e a  th a t  
w ere  an a ly z ed  im m ed iate ly . A ll s to ra g e  tre a tm e n ts  
f ro m  each  a re a  w e re  re p lic a te d  e ig h t tim es. T h e  
s to ra g e  tre a tm e n ts  con sisted  o f 4, 8, an d  12 w eeks

S93
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a t  4, 13, an d  24°C  an d  3 an d  14 d ay s  a t  24°C  
fo llow in g  4, 8, an d  12 w eeks a t  4 an d  13°C. T h e se  
s to ra g e  te m p e ra tu re s  co v er th e  ra n g e  fro m  low- 
te m p e ra tu re  ( 4 ° C ) ,  re p o rte d  to  be in ju rio u s , to 
o p tim u m  s to ra g e  te m p e ra tu re  (1 3 ° C ) ,  to  m a rk e tin g  
te m p e ra tu re  (2 4 ° C ) .

T w o  sets of sam ples f ro m  each  tre a tm e n t an d  
re p lic a tio n  w e re  used  ; one w as ju ic ed  an d  th e  
o th e r  w as peeled an d  th e  peel an d  pulp  an a lyzed  
sep ara te ly . C h a ra c te r is tic s  in v es tig a ted  w ere  : a )  a p ­
p ea ran ce , b o th  in te rn a l a n d  e x te rn a l ; b )  incidence 
of d e c a y ; c )  f re sh -w e ig h t ch a n g es  of th e  w ho le  
fru i t, rin d , an d  p u lp ; d )  a m o u n t o f ju ice  ream ed  
fro m  th e  f r u i t ;  e )  so lub le so lids in  th e  ju ice , c o r­
rec ted  fo r a c id ity  ( S tevens an d  B a ie r, 1939) ; 
f )  to ta l ti tr a ta b le  ac id  ex p resse d  as  an h y d ro u s  
c i tr ic  ac id  ; g )  p H  ; h )  a sco rb ic  ac id  co n te n t of 
th e  ju ice , rin d , a n d  pu lp  e x c lu d in g  seeds, by  a 
c o lo rim e tr ic  m etho d  (L o e ff le r  an d  P o n tin g , 1942) : 
an d  i )  d ry  w e ig h t of th e  r in d  a n d  pulp . T h e  d a ta  
o b ta in ed  m ade p ossib le th e  ex p ress io n  of th e  ch em i­
ca l com p osition  e ith e r as  a  co n ce n tra tio n , based  on 
th e  fre sh  o r d ry  w e ig h t a t  sam p lin g , b ased  on 
o r ig in a l fre sh  o r d ry  w e ig h t, o r  on  a  p e r - f ru it  
b asis. T h e  d a ta  fo r th e  f ru i t  fro m  th e  tw o  a re a s  
w e re  com bined , o b v ia tin g  u nw ie ld y  tab les  a n d  co n ­
fu sion  in  th e  figu res. T h e  re su lts  ap p e a re d  m o st 
re le v a n t w hen  based  on c o n ce n tra tio n  an d  on o r ig ­
in al fre sh  w e ig h t of th e  fru it. P re se n tin g  th e  
re su lts  based  on d ry  w e ig h ts  o r on  a  p e r - f ru it  
basis  w ou ld  h av e  been re d u n d a n t. C han ges in  th e  
fre sh  an d  d ry  w e ig h ts  o f th e  r in d  an d  pulp  an d  
p H  of th e  ju ic e  a re  n o t p resen ted , s ince th e y  do 
n o t ap p e a r p e rt in e n t to  th e  d iscussion . S ta tis tic a l 
an a lysis , a c co rd in g  to  accep ted  tech n iqu es, w as  a p ­
p lied  to  th e  d a ta ;  confidence lim its  a re  show n  in 
th e  figu res  a n d  tab les.

E E S U L T S  A N D  D IS C U S S IO N
The selection of quality fruit, careful 

handling, and clean storage conditions did 
much to suppress decay during storage. Of 
the nearly 18,000 fruits involved, only 35 
decayed (Penicillium spp.). Most of these 
were in samples held 3 and 14 days at 24°C 
that had suffered chilling injury from 12 
weeks at 4°C. Corrections accounting for 
the decayed fruit were applied to the other 
data collected.

External appearance remained good with 
all treatments except for the fruit held 3 
and 14 days at 24°C after 12 weeks at 4°C: 
in addition to decay, it began to show sur­
face pitting, a dull appearance, and dis­
coloration of the buttons, indicating loss of 
vitality, Also, the internal appearance of

these fruits showed signs of physiological 
breakdown in the form of membranous stain 
and pathological decay from Alternaría. 
About 25% of the fruits held 14 days at 
24° after 12 weeks at 4°C had a translucent, 
water-soaked appearance when cut.

Weight loss is considerable during the 
first 4 weeks, when the turgidity of the rind 
was reduced (Fig. 1). In accordance with 
previous experience the rate of weight loss 
was a function of the vapor-pressure deficit. 
Following transfer from 4 and 13°C to 24°C, 
the fruits lost weight rapidly during the first 
3 days, after which the rate of weight loss 
closely paralleled that of fruit held continu­
ously at 24°C (Fig. 1).

The increase in juice content after the 
various storage treatments is illustrated in 
Fig. 2. By expressing the results as grams 
of juice per 100 grams of original fresh 
weight of the lemons, the actual changes in 
the amount of juice reamed from the fruits 
were determined. Many reports have ex­
pressed the results as percentage juice based 
on the fresh weight of the fruit at the time 
of sampling. On this basis the percentage 
juice reamed from the fruits after 0, 4, 8, 
and 12 weeks at 24°C was respectively 35.9,
43.6, 48.0, and 52.1, which shows the effect 
of weight loss in exaggerating the increase 
in juice content.

The source of the increase in reamable 
juice has been the topic of considerable dis­
cussion. The grams change per 100 g of 
original fresh weight of the fruit in the whole 
fruit, rind, pulp, and juice (Table 1) indi­
cates that the majority of this increase in 
juice is derived from changes within the pulp 

' tissue and not a movement of water into the 
pulp from the rind, as previously reported 
(Van der Plank et a!.. 1940) ; although some 
increase in pulp weight did occur it was not 
sufficient to account for the increase in juice.

The increase in soluble solids as percent 
of the juice (Fig. 3) and grams per 100 g 
of original fresh weight of the fruit (Fig. 4) 
reflect the change in concentration (Fig. 3) 
and the increase in total solids available in 
the juice (Fig. 4).

Figs. 5 and 6 respectively give the changes 
in percent total titratable acid as anhydrous 
citric acid and the millequivalents of titratable 
acidity in the juice per 100 g of the original
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F ig s . 1-6. 1) W e ig h t loss of lem on f ru i ts  d u rin g  4, 8, an d  12 w eeks a t  4 °, 13° an d  24°C , a n d  a f te r  
3 an d  14 d ay s  a t  2 4°C  fo llow in g  4, 8, an d  12 w eeks a t 4° an d  13°C  (b ro k e n  lin e ) . 2 )  J u ic e  o b ta in ed  
(g ra m s  p e r 100 g  o r ig in a l fre sh  w e ig h t [ O F W ]  of f ru i t)  a f te r  s to ra g e  as  d escribed  fo r  F ig . 1. 3 )  S olub le 
solids in  th e  ju ic e  (p e rc e n t)  a f te r  s to ra g e  as  d escribed  fo r  F ig . 1. 4 )  S o lub le  so lids (g ra m s  p e r 100 g  
O F W  of f r u i t )  a f te r  s to ra g e  as  d escrib ed  fo r  F ig . 1. 5 )  T i t r a ta b le  ac id  (p e rc e n t a n h y d ro u s  c itru s  ac id  in 
the ju ic e )  a f te r  s to ra g e  as  d escrib ed  fo r  F ig . 1. 6) A cid  in  th e  ju ic e  (m ille q u iv a len ts  p e r  100 g  O F W  
of f r u i t )  a f te r  s to ra g e  as  d escribed  fo r F ig . 1.

fresh weight of the fruit. The percent acid 
in fruits held at 4°C decreased slightly 
whereas the percent acid in fruits held at 
13°C remained essentially constant and fruits 
held at 24 °C showed a progressive increase 
in percent acid. However, upon removal to 
24°C from 4 and 13°C there was a marked 
increase in the percent acid. The increase in 
concentration of acid as shown by the per­
cent acid and the increase in juice content 
results in: a) a considerable increase in total 
acid available from the fruit held at 24°C, 
b) moderate increase in fruit held at 13°C,

and c) essentially no change in fruit held at 
4°C (Fig. 6).

The changes leading to increases in juice 
content, soluble solids, and acid augment the 
culinary and processing value of the lemon 
fruit. Most processors of lemons pay accord­
ing to the amount of acid per ton of lemons. 
Likewise the housewife is interested in a 
maximum of high-quality juice. Lemon 
fruits entering fresh-fruit channels from 
storage (13°C) are exposed to temperatures 
near 24 °C during wholesale handling, in the 
retail store, and in the home to bring about
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T a b le  1. F re sh -w e ig h t ch ang es of th e  w ho le  lem on fru it, rin d , pulp, a n d  re a m a b le  ju ice  
d u r in g  s to ra g e  fo r 4, 8, an d  12 w eeks a t  4, 13, an d  2 4 ° C p e r 100 g ra m s  o r ig in a l fre sh  w e ig h t 
( O F W )  o f th e  w ho le  lem on  fru it.

Storage conditions Change (g) per 100 g OFW'
T em perature  D uration  (°C ) (weeks)

Wholefru it Rind Pulp Juice
In it ia l w e ig h t (g /1 0 0  g ) 100.0 40.7 59.3 35.9

4 4 - 2 .9 -  2.3 -  0 .6 +  0.5
8 - 5 .3 -  4.9 -  0.4 +  1.1

12 - 6 . 6 -  6.2 -  0.4 +  3.0
13 4 - 3 .9 -  4.3 +  0.4 +  3.1

8 - 6 . 2 -  7.5 +  1.3 +  7.1
12 - 8 . 1 -1 0 .2 +  2.1 +  8 .8

24 4 - 4 .9 -  4.9 0.0 +  5.6
8 - 6 .7 -  8 .8 +  2.1 +  8.9

12 - 8 . 8 -1 1 .3 +  2.5 + 1 1 .6
L S D .05 0.7 0 .6 0.5 0.6

.01 0.9 0.8 0.7 0 .8

sufficient additional changes to give good 
quantities and quality of juice. The changes 
reported here in Figs. 1, 3 and 5 are in gen­
eral agreement with previous reports and 
reviews (Bartholomew and Sinclair, 1951; 
Miller, 1946; Van der Plank et a!., 1940). 
ITowever, previous reports have normally 
expressed the results in terms of concentra­
tion or based upon the fruit weight at the 
time of sampling. Thus, it is difficult to de­
termine quantitative changes. Expressing the 
data in terms of quantities per unit of orig­
inal fresh weight of the fruit (Figs. 2, 4, 
and 6) presents the actual changes directly.

Changes in the ascorbic acid (vitamin C) 
content of the juice, pulp, and rind of the 
lemon fruit are of interest nutritionally as 
well as physiologically. The milligrams of 
ascorbic acid per 100 grams of juice (Fig. 7) 
shows a considerable loss for fruits held at 
24° C and, to a lesser degree, for fruit held 
at 4°C. Fruits held at 13°C maintained 
about the same concentration of ascorbic 
acid in the juice. The ascorbic acid con­
centration in the juice from fruits moved 
from 4° and 13°C to 24°C showed small but 
nonsignificant changes, except for those 
fruits held 12 weeks at 4°C, w'hich showed 
a drastic loss of ascorbic acid.

Expressing the data as milligrams of 
ascorbic acid per 100 grams of original fresh 
weight of the fruit (Fig. 81 presents a 
completely different picture. The total as­
corbic acid found in the juice based on the

original fresh weight increased for fruit held 
at 13 and 24 °C and remained essentially con­
stant for fruit held at 4CC. The changes after 
transfer to 24°C from 4 and 13° were sim­
ilar to those described for the concentration
(Fig. 7).

The concentration of ascorbic acid in the 
edible pulp of fruit held at 13°C (Fig. 9) 
was constant during the experimental period. 
Also, little change occurred after 3 and 14 
days at 24°C following storage at 13°C. The 
pulp of fruit held at 24°C showed small 
progressive losses in ascorbic acid concen­
tration after 4 and 8 weeks, followed by a 
considerable decrease in ascorbic acid con­
centration between the 8th and 12th w'eeks. 
The ascorbic acid concentration in the pulp 
of fruits held at 4°C remained at essentially 
the same level after 4 weeks, but showed 
progressive losses from the 4th to 12th 
weeks. After transfer to 24°C from 4 and 
13°C, only minor changes occurred in the 
ascorbic acid concentration of the pulp, ex­
cept for the samples held 12 weeks at 4°C. 
where a considerable loss was observed. The 
concentration of ascorbic acid in the juice 
(Fig. 7) and in the pulp (Fig. 9), in gen­
eral, demonstrates similar trends during 
storage.

The translucent appearance of the pulp of 
about 25% of the fruits held 12 weeks at 
4°C and then 14 davs at 24°C was men­
tioned previously. This observation indi­
cated that two additional samples should he
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F ig s . 7-12. 7 ) A sc o rb ic  ac id  (A .A .)  in th e  ju ic e  (m g  p e r 100 g  ju ic e )  a f te r  4, 8, an d  12 w eek s  a t  
4°, 13“, an d  24°C , an d  a f te r  3 an d  14 day s a t  2 4 °C  fo llow ing  4, 8, an d  12 w eeks a t  4° an d  13°C  (b ro k e n  
lin e ) . 8 )  A sc o rb ic  ac id  in  th e  ju ic e  (m g  p e r 100 g  o rig in a l fre sh  w e ig h t [O F W ]  of f r u i t )  a f te r  s to ra g e  as  
d escribed  fo r  F ig . 7. 9 )  A sc o rb ic  ac id  in th e  pulp  (m g  p e r  100 g  p u lp ) a f te r  s to ra g e  as  d esc rib e d  fo r  
F ig . 7. 10) A sc o rb ic  ac id  in  th e  pu lp  (m g  p e r 100 g  O F W  o f f r u i t )  a f te r  s to ra g e  as  d escrib ed  fo r  F ig . 7. 
11) A sc o rb ic  ac id  in  th e  r in d  (m g  p e r 100 g  o f r in d ) a f te r  s to ra g e  as  d escribed  fo r  F ig . 7. 12) A sc o rb ic  
acid in th e  r in d  (m g  p er 100 g  O F W  o f f r u i t )  a f te r  s to rag e  as  described  fo r F ig . 7.

taken. Accordingly, after all fruits in each 
sample had been sampled for ascorbic acid, 
the normal procedure, a sample was taken 
from the pulp of the healthy-appearing fruits 
and from the pulp of the translucent-appear­
ing fruits : the respective average milligrams 
of ascorbic acid per 100 grams of pulp were 
52 and 9 (range 1-15). The healthy-appear­
ing pulp had lost only a small amount of as­
corbic acid whereas the translucent, water-

soaked-appearing pulp had lost more than 
80% of its ascorbic acid during the 14 days 
at 24°C following the 12 weeks at 4°C. 
Thus, the normal sampling gave only a modi­
fied picture of the true situation. This is a 
graphic illustration of the selectivity of chill­
ing injury. Three-fourths of similar fruits 
showed no symptoms of chilling injury 
whereas the remainder displayed several 
symptoms (internal discoloration, loss of
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semi-permeability resulting in the translucent 
appearance, susceptibility to decay and break­
down, and, secondarily, loss of ascorbic acid).

The rind of the lemon fruit contains much 
higher concentrations (Fig. 11) and amounts 
(Fig. 12) of ascorbic acid than the pulp or 
juice. The increase in ascorbic acid concen­
tration in the rind during storage at 4 and 
13°C (Fig. 11) was not expected. At first 
it was thought that this was not actual syn­
thesis or a real increase but a reflection of 
water loss from the rind. However, when 
based on the original fresh weight of the 
sample (Fig. 12) it was found that ascorbic 
acid does, in fact, increase during storage 
under these conditions. The ascorbic acid 
content of the rind of samples held 16, 20, 
and 24 weeks at 13°C showed a gradual 
decrease to about the initial level by the 24th 
week. At 24°C the ascorbic acid decreased 
progressively. Upon transfer from 4 or 
13°C the ascorbic acid content decreased in 
all cases of those chilled (12 weeks at 4°C), 
again showing a drastic loss in ascorbic acid. 
For those fruits that were not chilled the de­
crease in ascorbic acid might be expected 
since there appears to be two conditions 
present depending upon temperature, i.e., at 
4 and 13°C ascorbic acid appears to accumu­
late during storage, whereas at 24°C ascorbic 
acid decreases.

These data definitely indicate that the 
destruction of ascorbic acid is not the first 
phase in the development of low-temperature 
injury, as suggested by Miller and Heilman 
11952) from their studies with pineapple. 
The lemon fruit held 12 weeks at 4°C had 
suffered chilling injury yet the ascorbic acid 
content remained near the initial level ex­
cept in the rind, where an actual increase 
was observed. Upon removal to 24°C the 
symptoms of chilling developed (internal dis­
coloration, surface pitting, loss of semi- 
permeability—resulting in a translucent ap­
pearance) and the ascorbic acid content 
decreased. This resembles results with pine­
apple (Miller, 1951). Pineapple fruits chilled 
48 hours at 5°C and ripened at room tem­
perature contained essentially the same 
amount of ascorbic acid as fruits ripened 
without chilling. However, pineapple fruits 
with physiological breakdown (presumably

as the result of chilling injury) had less than 
80% as much ascorbic acid as healthy fruits, 
which is similar to the chilled lemon fruits. 
The ascorbic acid content of pineapples was 
about 40% less in those held 7 days at 6°C 
and 2 days at room temperature than in 
those held 2 days at room temperature (Mil­
ler and Heilman, 1952). Since the ascorbic 
acid content of the pineapples was not de­
termined at the end of the 7-day chilling 
period, the decrease observed two days later 
cannot be considered as the first phase in 
the development of chilling injury.

Although, from the data presented and the 
discussion, changes in ascorbic acid did not 
appear to be associated with low-temperature 
injury in tomatoes (Craft and Heinze, 1954), 
a fruit whose chemistry is somewhat similar 
to that of the lemon, certain analogies appear 
between the data on tomatoes and the data 
for lemons presented here. The ascorbic acid 
content of chilled tomatoes after ripening 
(19-22 days at 65 °F after 4 and 9 days at 
32 and 40°F) showed little change and may­
be similar in degree of injury and response 
to the 4- and 8-week exposure for lemons to 
4°C. However, the tomatoes held 14 days 
at 32 and 40°F were reported decayed after 
18 days at 65 °F. Had samples of these 
fruits been analyzed periodically, beginning 
immediately after transfer to 65 °F, the re­
sults may have been similar to those found 
for lemons upon removal to 24°C after 12 
weeks at 4°C, i.e., a rapid decrease in ascorbic 
acid as the symptoms of chilling develop.

Sweet potatoes (Lieberman et a!., 1958, 
1959) maintained ascorbic acid at the non­
chilling temperature but lost it at the chilling 
temperature. Lemon fruits, in contrast, lost 
ascorbic acid at 24°C and maintained or in­
creased it at 4°C. However, after a chilling 
exposure that resulted in chilling symptoms 
(6 weeks at 7.5°C) the sweet potato (Lieber­
man et al., 1959), like the lemon after 12 
weeks at 4°C, showed a marked decrease in 
ascorbic acid at the nonchilling temperature.

Changes in ascorbic acid in the lemon fruit 
do not anoear to be related to the mechanism 
or initial changes of chilling injury. The 
loss of ascorbic acid after a severe chilling 
exposure is secondary, probably associated 
with the symptoms that develop.
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S U M M A R Y
S tu d ie s  w e re  c o n t in u e d  o n  th e  c h e m ic a l  n a t u r e  o f  th e  w a te r - s o lu b le  s u b ­

s ta n c e  in  M u s c a d in e  g r a p e  le a v e s  t h a t  w as  p re v io u s ly  r e p o r t e d  a s  in h ib i t i n g  
p e c t in a s e  a n d  c e l lu la s e .  T h e  i n h i b i t o r  is  a  t a n n i n  o r  t a n n in - l ik e  m a t e r i a l ,  
r e m o v a b le  f r o m  l e a f  e x t r a c t s  b y  h id e  p o w d e r ,  c a f f e in e ,  g e la t in ,  a n d  n ic o t in e  
s u l f a t e .  M u s c a d in e  le a v e s  h a d  th e  h ig h e s t  in h ib i t i n g  a c t iv i ty  o f  th e  p la n ts  
te s te d .

IN T R O D U C T IO N
The importance in cucumber brining of 

the softening problem caused by enzymatic 
degradation of cell wall pectin was discussed 
by Etchells et al. (1958a, b). That paper 
also reported studies showing that the pec- 
tinolytic enzyme activity is chiefly the re­
sult of the growth of higher fungi (molds) 
in the cucumber flowers before they reach 
the brining station. Many of these flowers 
remain attached to the cucumbers when 
brined. Bell and Etchells (1958) and Bell 
et al. (1960) reported in Muscadine grapes 
(Scuppernong variety) a factor that inhib­
ited pectinase and cellulase activity.

The grape leaf inhibitor was found by 
Bell and Etchells (1958) to be water-solu­
ble, stable to heat, non-dialyzable through a 
cellophane membrane, and not completely 
précipitable by acetone or concentrated am­
monium sulfate. They also found that re­
duction in pectinase activity was directly 
related to the inhibitor concentrations used

a E a s te rn  U tiliz a tio n  R ese a rc h  an d  D ev elop ­
m en t D iv ision , A g r ic u l tu ra l  R esea rch  S erv ice ,
U . S. D e p a r tm e n t of A g r ic u ltu re .

b O n e  of th e  la b o ra to rie s  o f th e  S o u th e rn  U ti l iz a ­
tion  R ese a rc h  an d  D ev elo p m en t D iv is io n , A g r ic u l­
tu ra l  R esea rch  S erv ice , U . S. D e p a r t m e n t  of 
A g r ic u ltu re , N ew  O rle a n s  19, L o u is ia n a . P u b ­
lish ed  w ith  th e  ap p ro v a l of th e  D ire c to r  o f R e­
search , N o r th  C a ro lin a  A g r ic u l tu ra l  E x p e r im e n t 
S ta tio n , as  P a p e r  N o . 1309 in th e  J o u rn a l S eries.

and that the reaction between pectinase, sub­
strate, and inhibitor was that of competitive 
inhibition.

Pectic enzymes are destroyed by the usual 
enzyme and protein dénaturants such as 
heat, heavy-metal salts, strong acids, and 
strong alkalis. Kertesz (1951) reviewed 
the pectinase literature and found that com­
pounds such as tannins, glycine, and for­
maldehyde were reported as being inhibitory’. 
Later work, however, did not confirm the 
earlier findings on the latter two compounds. 
Rahman and Joslyn (1953) studied a num­
ber of the usual inhibitors such as mono- 
iodoacetic acid, mercuric chloride, sodium 
azide, sodium fluoride, ammonium arsenate, 
and sulfur dioxide against purified polygalac­
turonase (pectinase) and concluded that the 
enzyme was generally resistant or only 
slightly affected by these compounds.

Naturally occurring inhibitors have been 
previously reported for the hydrolytic en­
zymes. Inhibitors for amylases were found 
in wheat by Militzer et al. (1946), and in 
Leoti sorghum by Kneen and Sandstedt
(1946) and Miller and Kneen (1947). 
Weurman (1953) was the first to report a 
thermolabile inhibitor of pectinase, which 
he precipitated from pear sap with acetone.

Many investigators have demonstrated the 
inhibition of enzyme activity by tannins. 
Ehrenberg (1954) reported that the phos­
phatase activity of leaves of Kalanchoe was
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inhibited by the natural tannin content of 
the plant. The inhibition was eliminated by 
adding a slightly chromated hide powder to 
the extract. Caneghem and Spier (1955) 
showed that tannin, phosphotungstic acid, 
sodium lauryl sulfonate, thiazole yellow, and 
polyphloretin phosphate inhibited the action 
of hyaluronidase. Ishimatsu and Kibesaki
(1955) showed that agarase activity was in­
hibited by tannic acid. Friedrich (1955) 
reported that the natural tannin present pre­
vented the plant enzymes from splitting ar- 
butin during the extraction process, and 
hypothesized that such protective action 
probably accounted for the greater medicinal 
value of the extract over that of crystalline 
arbutin. Jackson and Wood (1959) demon­
strated in rose hips an inhibitor that was 
effective against the oxidation of ascorbic 
acid, and postulated that tannin may be the 
active principle.

Other work has shown that tannins are 
effective inhibitors for pectinase. Grossmann
(1958) reported that pectinolytic enzymes 
from Fusarium oxysporum f. lycopersici 
were inhibited by added tannins, that chebu- 
linic acids were less effective, and that D-cate- 
chins were ineffective. Hathaway and Seak- 
ins (1958), reporting on the inhibition of 
pectinase by several tannins, showed that 
myrabolan tannin inhibited the rate of hy­
drolysis but that the hydrolysis went to 
completion if sufficient time was allowed. 
This suggests a competitive type of inhibi­
tion. Gambir tannin was shown to have no 
effect. Cole (1956) demonstrated the inhi­
bition of pectinase by tannin and oxidized 
apple juice.

Cadman (1959) showed that extraction 
of minced raspberry leaves with 2.5% nico­
tine gave a tannin-free extract that was very 
poor as an inhibitor in the prevention of 
virus infection. Barnes (1956) showed that 
tannin can be precipitated from water solu­
tion by N-bases such as caffeine and anti- 
pyrine.

Screening studies by the authors, on pec­
tinase and cellulase inhibition by 61 species 
in 37 families of plants, have been completed 
and prepared for publication. The present 
work was initiated to obtain further infor­
mation on the chemical nature of the pec­
tinase inhibitor substance(s) in grape leaves

as compared to a selected group of the 
screened plant samples, including those with 
and without inhibitory activity.

M A T E R IA L S  A N D  M E T H O D S
P la n t  m a te r ia ls . S am p les  of g ra p e  leaves an d  

of o th e r  p la n t leaves w e re  co llec ted  a t  N o r th  
C a ro lin a  S ta te  C ollege an d  v ic in ity  in  th e  sum m er 
of 1960. T h e  sam ples w e re  w ashed  w ith  w a te r, 
su rfa c e  d ried , an d  p laced  in  p o ly e th y len e  bags. 
A ll sam ples w e re  s to red  a t  —15°C  o r  below .

E x tra c tio n s . W e ig h e d  sam ples (40 .0  g )  of th e  
fro z en  leaves w e re  c u t w ith  sc isso rs  a n d  p laced  
w ith  300 m l of d is tilled  w a te r  in  a  W a r in g  b len d er 
(m e n tio n  of co m p an y  an d  t ra d e  n am es  does n o t 
im p ly  en d o rse m en t o v e r o th e rs  n o t n a m e d ) . T o lu ­
ene (1 m l)  w as ad d ed  as  a  p re se rv a tiv e , an d  th e  
b len d er w as  ru n  30 sec a t  low  speed a n d  th en  
in c rea se d  to  h ig h  speed fo r 2.5 m in. T h e  s lu r ry  
w as filte red  th ro u g h  fo u r la y e rs  of ch eeseclo th  on 
a  B u c h n e r fu n ne l a n d  w ash e d  w ith  150-175 m l 
w a te r . T h e  filtra te  w as m ad e to  500 m l. F o r  
v isco sity  m ea su re m en ts  ( in h ib ito ry  p o w e r) , a l i­
q uo ts  o f th is  so lu tion  w e re  c e n trifu g e d  15 m in  a t  
3000 rp m . F o r  ta n n in  an a lyses , th e  so lu tion s  w ere  
filte red  a c c o rd in g  to  th e  fi ltra tio n  p ro c e d u re  em ­
p loyed  in  th e  official h id e-p o w d e r m etho d  o f th e  
A m e ric a n  L e a th e r  C hem ists  A ssoc . (1 9 5 7 ).

E n zy m e so lu tio n . A  n ew  enzym e so lu tion  w as 
p re p a re d  each  d ay . A  w eigh ed  sam p le  (0 .100 g ) 
o f P e c tin o l 10-M  (R o h m  an d  H a a s  C om pany , 
P h ila d e lp h ia , P a . )  w as m ad e to  100 m l w ith  w a te r. 
A n  a liq u o t of th is  so lu tio n  w as d ilu te d  to  a  co n ­
c e n tra tio n  of 0.0002 g /1 0 0  m l.

E n z y m e  su b s tra te . S ix  g  of sod ium  p o ly p ec ta te  
(S u n k is t  G ro w ers , O n ta r io , C a lifo rn ia )  w as  d is ­
so lved  in  500 m l of 0 .02M  N a O H -c i tr ic  ac id  b u ffe r 
a t  p H  5.0 an d  55°C  by m ix in g  in a  W a r in g  b len d er. 
T h e  re su lt in g  so lu tion  w as  filte re d  th ro u g h  sev e ra l 
la y e rs  of ch eeseclo th  a n d  p rese rv e d  w ith  1 m l of 
to luene. T h is  is th e  so lu tio n  u sed  by  B ell et al. 
(1 9 5 5 ).

M e a su rin g  enzym e a n d  in h ib ito r  a c tiv i ty . T h e
v isc o m e tric  m etho d  o f B ell et al. (1 9 55 ) w as m o d i­
fied by em p lo y in g  a  m o re  co n c e n tra te d  enzym e 
so lu tion  an d  by ta k in g  m ea su re m en ts  a f te r  a  r e ­
ac tio n  tim e  of 1 h r  an d  2 h r  in s tea d  o f 20 h r. 
U s in g  100 u n its  of p ec tin ase  a c tiv ity  as  eq u iv a len t 
to  a  50%  v isco sity  loss in  2 h r  of re a c tio n  tim e, 
a  ta b le  w as  se t up  re la tin g  loss in  v isco sity  to  
u n its  of p ec tin ase  a c tiv ity . T h is  ta b le  w as  ca lcu ­
la te d  fro m  a  c u rv e  re la tin g  th e  lo g  o f p ec tin ase  
a c tiv ity  u n its  to  th e  p e rc e n t loss in  v isco sity . S ince 
a  10-fold  enzym e co n ce n tra tio n  an d  on ly  a  2 -h r, 
in s tea d  of a  20 -h r, re a c tio n  tim e  w e re  em ployed , 
th e  v isc o s ity -a c tiv ity  re la tio n sh ip s  re p o rte d  in  th e  
o rig in a l m etho d  w e re  th e  sam e as  th o se  ca lcu la ted  
fo r  th is  w o rk .
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S ta n d a rd  enzym e a c tiv ity  (c o n tro l)  w as m ea s ­
u red  by m ix in g  enzym e so lu tion  w ith  w a te r  
( 2 :1  v /v )  an d  u sin g  1 m l of th is  m ix tu re  ad d ed  to 
5 m l of su b s tra te  a t  30°C  in an  O s tw a ld -F e n sk e  
v isco sity  p ip e tte  (u n c a lib ra te d , N o . 3 0 0 ). In h ib ­
ito r a c tiv ity  w as  m ea su re d  by su b s titu tin g  one 
v o lum e of th e  in h ib ito r so lu tion  fo r  th e  w a te r. 
T h e  enzym e an d  in h ib ito r w ere  m ix ed  a t  leas t 
IS m in  b e fo re  th e  v isco sity  m ea su re m e n t w as 
s ta r te d . C o rre c tio n  w as m ade fo r  th e  flow  tim e 
fo r p u re  w a te r  fo r each  p ipette .

T a n n in  an a ly ses . T a n n in  an a ly ses  w ere  m ad e by 
th e  official h id e-p o w d e r m etho d  o f th e  A m erica n  
L e a th e r  C hem ists  A ssoc . (1 9 5 7 ). T h e  p erc en t 
of ta n n in  an d  th e  ta n n in  p u r ity  valu es  w ere  ca lcu ­
la ted  by th e  fo llow in g  fo r m u la :

(A  -  B )  100%  tan n in  = ----------------------
C

(A  -  B )  1001 an n in  p u r ity  = ----------------------
B

w h e re  A  =  g  solids p e r m l of e x tr a c t
B =  g  solids p e r m l of e x tr a c t  a f te r  h ide- 

p o w d er tre a tm e n t
C =  w t sam ple  p e r m l e x tra c t.

R E S U L T S  A N D  D IS C U S S IO N
Influence of concentration of grape leaf 

on inhibitory power of extract. Forty grams 
of Creek grape leaves (Muscadine group) 
were extracted and made to 500 ml. Serial 
dilutions from 80 mg/ml to 0.6 mg/ml were 
made, and the resulting solutions were 
tested for inhibitory power. The data are 
presented in Fig. 1. All concentrations down 
to and including 4.8 mg/ml gave 95% or 
more reduction in pectinase activity. On 
the basis of the tannin content (hide powder) 
of this sample (16.5% on a moisture-free 
basis) the tannin concentrations ranged from 
5.2 mg/ml to 0.04 mg/ml. The concentra­
tion corresponding to 4.8 mg leaf/ml was 
0.31 mg tannin/ml. As pointed out by Bell 
and Etchells (1958), leaves from species of 
grapes other than Muscadine varieties have 
less inhibitory activity and the inhibition 
starts to drop at a much higher concentra­
tion of leaf material per milliliter.

Relationship of type and quantity of tan­
nin to inhibitory power of plant extracts. 
The presence of pectinase inhibitors in plants 
other than the grape has been demonstrated 
(Bell et al., 1961). Several of these plants

were selected to span the range of inhibitor 
activity from 95% to 0%, for use in a study 
of the relationship of tannin (as determined 
by hide powder) to inhibitory activity. The 
results are reported in Table 1. In all cases 
the hide-powder treatment used in the tannin 
analyses removed essentially all of the active 
principle, and removal was completed by 
further additions. Flowever, the inhibitory 
power of the untreated extract was not per­
fectly correlated with its tannin content, be­
cause of three factors.

The first factor is that an increase in 
tannin content beyond a certain point pro­
duces little or no increase in inhibitory 
power (Fig. 1). An extract of Muscadine 
grape leaves, if diluted from 80 mg leaf/ml 
to 4.8 mg leaf/ml, contained 0.3 mg tannin/ 
ml and still produced about 94% inhibition. 
Undiluted iris leaf extract (0.3 mg tannin/ 
ml) and sericea extract (0.6 mg tannin/ml), 
each prepared from 80 mg leaf/ml, produced 
88% and 80% reduction in pectinase activity, 
respectively. This would indicate that these 
three plant sources, on a tannin basis, appear 
to be about equalv effective. However, on a 
fresh leaf basis (80 mg leaf/ml) the Musca­
dine grape leaves appear to have 8-17 times 
the inhibitory capacity, because of the higher 
tannin content of the grape leaves.

The second factor is the varying inhibitory 
power of different types of tannin. This 
difference in activity due to tannin source is 
exemplified by tests on commercial tannins. 
Myrabolan tannin had a relatively high ac-

MG. TANNIN /ML.OF EXTRACT

MG. GRAPE - LEA ̂  TISSUE / ML. OF EXTRACT
F ig . 1. R e la tio n sh ip  of g ra p e  leaf co n ce n tra tio n  

an d  ta n n in  co n ce n tra tio n  to  re d u c tio n  in p ec tin ase  
ac tiv ity .
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T a b le  1. In h ib ito ry  a c tiv ity  of p lan ts  as  re la te d  to  ta n n in  con ten t.

P lan t a M oisture
(% )

T ann in(M F B )(% )
T annin  in  ex tract (m g / ml) T annin  p u rity  b

Inh ib ition  of pectinase
W ate r N on-tannin  ex trac t ex trac t c (% ) (%)

( P la n ts  w ith  in h ib ito ry  a c tiv i ty )
M u scad in e Vitis rotundifolia

G rape v a r. C reek 60.0 16.5 5.3 43.7 95 7
Ir is Iris sp. 82.8 2.0 0.3 5.4 88 14
S ericea Lcspcdesa cuneata 45.3 1.4 0.6 11.1 80 12
R asp b erry Kubus strigosiis

v a r. L a th a m 61.1 5.2 1.6 16.2 70 0
S tra w b e rry Fragaria chiloensis 72.6 7.4 1.6 19.6 60 0
D ogw ood Comus florida 58.5 9.7 3.2 26.0 64 0
P ea ch Prunus persica 59.7 2.9 0.9 9.4 60 0
R ose Rosa odorata 61.8 3.9 1.2 14.2 57 14
B lu eb erry Vaccinium ashei 54.3 19.3 7.1 42.6 54 21
S w ee t P o ta to Impomoea batatas 81.7 7.2 1.1 33.2 36 0

( P la n ts  w ith  n eg a tiv e  to  d ou b tfu l in h ib ito ry  a c tiv i ty )
T o m a to Lycopersicon esculentum 86.3 2.6 0.3 6.7 12 3
P e a r Pyrus communis 55.9 6.0 2.1 19.4 11 19
C h e rry Prunus cerasus 63.9 2.4 0.7 8.8 0 13
H o lly Hex cornuta

v ar. B u rfo rd ii 62.1 4.1 1.2 20.2 0 4
A pp le l ’yrus malus 53.0 4.9 1.8 12.4 0 8
M a g n o lia Magnolia grandiflora 51.5 3.7 1.4 14.1 2 16
F ig Ficus carica 68.6 4.0 1.0 11.9 0 0

“ A ll sam ples co n sisted  of 80 g  fre sh  leaf tissu e  e x tr a c te d  3 m in  in W a rin g  b len d er a t  h ig h  speed w ith  
600 m l of w a te r , filte red  th ro u g h  cheeseclo th , an d  m ad e  to  one lite r , inc lud in g  w ash ing s.

11 T a n n in  p u r itv  =  -  , %  ta n n “ ! X 100 F ' Cl to ta l solids
c T h is  colum n in d ica te s  re sid u a l in h ib ito ry  p o w er a f te r  tre a tm e n t w ith  h ide p ow d er fo r ta n n in  a n a ly ­

sis. F u r th e r  h id e-p o w d e r ad d itio n s  p ro du ced  e x tr a c ts  h a v in g  no re s id u a l in h ib ition  of p ectinase.

tivity, and Wattle tannin had little or no 
activity. This confirms the work of Hatha­
way and Seakins (1958). It would appear 
that Muscadine grape, iris, and sericea may 
contain the same type of tannin. Blueberry, 
which gave only 54% reduction in activity 
though its extracts contained 7.1 mg tannin/ 
ml, may be a second type of tannin. Mont­
morency cherry, holly, apple, and fig, which 
gave no reduction in activity, though their 
extracts contained 0.7-1.8 mg tannin/ml, 
probably contain tannins different from any 
of those above. It is apparent that a tannin 
with a low inhibitory efficiency would pro­
duce less enzyme activity reduction than 
Fig. 1 would predict, since the curve is ap­
parently based upon a tannin of high 
efficiency.

The third factor, tannin purity ( % tannin 
X 100/total solids), complicates the above 
considerations. Tannin extracts of low pu-

ritv are known to give high tannin values 
by the hide-powder method, because of ad­
sorption of non-tannins by the hide powder. 
Since iris and sericea gave water extracts 
of much lower purity than the Muscadine 
grape leaves, the actual tannin content may 
be lower than indicated by the analytical 
method. This would indicate that the tannin 
from these two sources may be more effec­
tive than the actual data show. For this and 
other reasons, further work is in progress 
on the identity of the types of tannins of 
high inhibitory capacity.

Influence of extractant on the inhibitory 
power of the extracts. A sample of Scup- 
pernong grape leaves (Muscadine) was ex­
tracted in the usual manner with water. A  
second sample was extracted with 1.3% 
caffeine solution, and a third was extracted 
with 2.5% nicotine sulfate solution. The
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water extract gave 95% inhibition, and the 
two alkaloid extracts gave no inhibition. Ad­
dition of caffeine to the water extract fol­
lowed by centrifugation gave a solution pro­
ducing no inhibition. Caffeine and nicotine 
sulfate alone had no influence on the rate 
of viscosity change due to the enzyme. Addi­
tion of gelatin to the leaf sample while ex­
tracting with water gave an extract having 
no inhibitory power.

Influence of treatment of water extracts 
on inhibitory power. The dialysis experi­
ments of Bell and Etchells (1958) were 
repeated in more detail. An extract of 
Scuppernong grape leaves was prepared 
and diluted to a concentration of 2 mg 
leaf/ml. This concentration produced 80% 
inhibition before dialysis. The extract was 
dialyzed with stirring against distilled water 
for 2 hr, with four changes of the water 
outside the cellophane membrane. The dia­
lyzed solution gave 82% inhibition, and the 
dialvsate, after concentration in vacuo at 
room temperature to a volume equal to the 
starting volume, gave 7.5% inhibition. An 
extract containing 40 mg leaf/ml gave 98% 
inhibition before and after dialysis, and the 
dialvsate gave 9% inhibition. The inhibi­
tion of the dialysate is insignificant when 
considered with the total inhibition. There­
fore, the active inhibitor must be of rela­
tively high molecular weight.

Adsorption on Amberlite IRA-410 (O H /) 
completely removed all inhibitory materials. 
Elution with ammonium hydroxide and de­
ionization with Dowex 50 (H +) produced 
a dark solution that yielded a strong test 
for polyphenols with ferric chloride and 
showed an inhibitory power about 25% of 
that of the original extract.

A borate complex was made and adsorbed 
on Duolite A-4 resin charged with 0.1 M  
Na2B40 7 • 10 HoO. All inhibitory activity 
was removed, and the ammonium hydroxide 
and sodium hydroxide eluates from the col­
umn were completely inactive. This indi­
cates that the borate inactivates the tannin.

Using the technique employed by Bell 
and Etchells (1958) on grape leaf extract, 
we have been able to show that pectinase 
inhibition by myrabolan tannin is of a com­
petitive nature.

In a preliminary gel filtration resolution 
with Sephadex G-50 (Pharmacia, Uppsala, 
Sweden), a grape leaf extract indicated 5-6 
compounds, represented by elution peaks, 
as shown by the activity of the fractions as 
inhibitors of pectinase. Ferric chloride tests 
on the individual fractions indicate a close 
correlation between the polyphenol content 
and the inhibitory activity. Since the peaks 
were very quickly eluted from the column, 
it must be assumed that the active com­
ponents were of relatively high molecular 
weight. The fact that multiple peaks of ac­
tivity were obtained indicates a range of 
molecular weights.

All of the experimental work on the re­
lation of tannin to inhibitory activity—re­
moval of activity by hide powder, gelatin, 
and alkaloids ; dialysis ; ion-exchange studies 
both on natural extracts and on borated ex­
tracts ; resistance to heat; and the relation 
of polyphenols to inhibitory power after 
crude separation according to molecular 
weight by means of gel filtration—indicates 
that the active inhibitor of pectinase found 
in Scuppernong grape leaves is a tannin or 
a tannin-like compound. There is always 
the possibility that some non-tannin com­
pound, having many of the physical and 
chemical characteristics of the tannins, may 
lie responsible, but, considering the number 
of positive correlations, this chance seems 
remote. Work is continuing on characteri­
zation of the type of tannin.
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S U M M A R Y
S o lu b i l i ty  m e a s u r e m e n ts  h a v e  s h o w n  t h a t  th e  “ m y o s in ”  o f  B a l t ic  h e r r in g  

is d e n a tu r e d  r a p id ly  in situ  e v e n  in  a  2 %  s o d iu m  c h lo r id e  s o lu t io n  a t  0 ° C . 
T h is  d é n a tu r a t i o n  is  i n h ib i te d  b y  v a r io u s  a l k a l i  p h o s p h a te s  a n d  c i t r a te .  A h ig h e r  
c o n c e n t r a t io n  o f  s o d iu m  c h lo r id e  r e q u i r e s  a  h i g h e r  c o n c e n t r a t io n  o f  p h o s p h a te  
to  p r e v e n t  d é n a tu r a t i o n  b y  th e  f o r m e r .  T h is  a c t io n  o f  a l k a l i  p h o s p h a te s  v a r ie s  
w ith  th e  p H  o f  th e  s o lu t io n ,  p r o b a b ly  a s  a  c o n s e q u e n c e  o f  c h a n g e s  in  th e  n e t  
c h a r g e  o f  t h e  p r o te i n s  a n d  in  th e  d is s o c ia t io n  o f  th e  p h o s p h a te s .  P o s s ib le  
m e c h a n is m s  o f  th e  in h ib i t i n g  e f fe c t  o f  th e  p h o s p h a te s  a n d  c i t r a te s  o n  th e  
d é n a t u r a t i o n  b y  s o d iu m  c h lo r id e  a r e  d is c u s s e d .

The muscle proteins of fish may undergo 
dénaturation from many different causes : 
freezing, thawing, freeze-drying, heating, 
various salts, etc. The mechanism need not 
be the same in all cases, however. Thus, 
Luijpen (1957) stated that the dénaturation 
of fish proteins caused by freezing differs in 
principle from that caused by heating. There 
are also marked differences between the 
effects of freeze drying and heat dénaturation 
(Hamm and Deatherage, 1960). In con­
trast, many factors indicate that there is an 
appreciable similarity between the dénatura­
tion of fish muscle proteins caused by freez­
ing and that caused by salts. Love (1958), 
Simidu and Simidu (1957), Simidu and 
Hibiki (1951), and Luijpen (1957), among 
others, concluded that the dénaturation of 
muscle protein of frozen fish is caused by the 
concentration of tissue salts that results from 
freezing.

Duerr and Dyer (1952) and Fougère 
(1952) stated that when cod fillets are kept 
in strong NaCl solutions at 0-20°C, the 
structural proteins are rapidly denatured 
when a certain “critical” salt concentration 
(8-10% NaCl) is reached in the muscle. 
However, dénaturation of the proteins of 
Baltic herring is produced by a 2% NaCl 
solution, the final salt concentration in the 
muscle being only 1.7% (Nikkilâ and Linko, 
1954b). Similar results with different fish 
species have been obtained by Simidu and

Hibiki (1951) and Simidu and Simidu
(1957), who showed that dénaturation oc­
curs in 2-3% NaCl solutions, the rate of dé­
naturation depending on the salt concentra­
tion and the size of the fish fillet.

Duerr and Dyer (1952) and Nikkilâ and 
Linko (1954b) also showed that NaCl spe­
cifically denatures the “myosin” fraction of 
muscle. This dénaturation of “myosin” by 
salt is similar to the dénaturation resulting 
from freezing and thawing (Nikkilâ and 
Linko, 1954a). By “myosin” is here meant 
that fraction extractable from the muscle 
with 5% NaCl but subsequently found to 
be insoluble in 0.25% NaCl.

Shimizu and Simidu (1953) observed 
with fish muscle that, for equimolar solu­
tions the effectiveness of dénaturation was 
in the following order: MgCl2 >  NaCl >  
KC1 >  MgSCff. With Baltic herring, how­
ever, Nikkilâ and Linko (1954b) found the 
following order of effectiveness : NaCl >  
KC1 >  MgClo, whereas glucose did not 
alter the solubility of myosin.

In the present study, an investigation was 
made of the effect of different sodium phos­
phates, sodium citrate, and sodium acetate 
on the dénaturation by sodium chloride of 
the myosin of Baltic herring in situ at 0°C.

M E T H O D S
S k in less  fille ts of B a ltic  h e r r in g  (Chtpea haren- 

gus v a r . membranus) of as  u n ifo rm  a  size as  p o ssi­
606
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ble w ere  im m ersed  in 2 o r  5 %  sod ium  ch lo rid e  
so lu tion s  c o n ta in in g  sod ium  o rth o -, n ie ta - , o r  po ly ­
p hosphate , sod ium  c itra te , o r  sod iu m  a c e ta te  in 
v ario u s  co n ce n tra tio n s  a t  0 °C  an d  p H  6-8 . In  m o st 
of th e  e x p erim en ts  th e  c o n c e n tra tio n  o f sod ium  
ch lo rid e  w as 2 % , because  th e  m yosin  of B a ltic  
h e rr in g  is d e n a tu re d  in situ r a th e r  ra p id ly  in  a  
sod ium  ch lo rid e  so lu tion  o f th is  s tre n g th . T h e  
b rin e  w as s t ir re d  occasion a lly  d u r in g  th e  e x p e r i­
m ents. J a r s  w ere  ta k e n  a t  in te rv a ls  fo r th e  a n a ly ­
sis of fillets an d  sa lt so lu tion s  (cf. N ik k ila  an d  
L inko , 1954b).

T h e  e x tra c ta b le  m y osin  of th e  fish fille ts w as  
d e te rm in e d  by a  p ro ced u re  d escrib ed  p rev io u sly  
(N ik k ila  an d  L in ko , 1954a, b ) .

R E S U L T S
F ig . 1 sho w s th e  v a ria tio n  of th e  so lu b ility  of 

m yosin  in 5%  sodium  ch lo rid e  so lu tion  a f te r  th e  
fillets h ad  been k e p t fo r d iffe re n t p eriod s  in solu-

0 «0 80 120 160 0 40 80 120 160 200
TIME IN HOURS

F ig . 1. T h e  ch ang es in  th e  so lu b ility  of m y osin  
fro m  B a ltic  h e r r in g  fille ts s to re d  in  sod ium  ch lo rid e  
so lu tion s  c o n ta in in g  ad d ed  sod iu m  p y ro p h o sp h a te  
a t  p H  7.5 an d  0°C .

tion s  c o n ta in in g  2 %  ( A )  -o r 5 %  (B )  sod ium
ch lo rid e  an d  0.5 to  3%  of a  p h o sp h a te  m ix tu re  of 
1 :2 te tra so d iu m  p y ro p h o sp h a te  an d  d iso d iu m  p y ro ­
pho sp h ate . T h e  p H  v a lu es  of a ll th e  sa lt so lu tions 
w e re  a d ju s te d  to  7.5 b efo re  th e  ex p e rim e n ts  w ere  
begun. T h e  re su lts  show  th a t  th e  so lu b ility  of 
m yosin  d ec reases  m a rk e d ly  in  th e  so lu tion s  co n ­
ta in in g  2 o r 5%  sod ium  ch lo rid e  (A  an d  B, cu rv es  
I ) ,  b u t th is  d ec rea se  is c le a rly  d ece le ra ted  in  th e  
p resen ce  of sod ium  p y ro p h o sp h a te . T h e  ra te  of 
d é n a tu ra tio n  d epended  on th e  co n ce n tra tio n  of 
bo th  sod ium  c h lo rid e  a n d  p ho sp h a te . T h u s, th e  
c o n ce n tra tio n  of p h o sp h a te  m ix tu re  needed  to  p re ­
v en t d é n a tu ra tio n  com plete ly  w as 1%  in th e  2 %

sod iu m  ch lo rid e  so lu tion  (A , cu rv e  I I I )  an d  3% in  
th e  5'/  sod ium  ch lo rid e  so lu tion  (B , c u rv e  I V ) .  
R esu lts  w e re  s im ila r  w hen  th e  fille ts w ere  a llo w ed  
to  s tan d  fo r 1, 3, an d  6 d ay s  in  th e  p h o sp h a te  so lu ­
tion s  b efo re  th e  ad d itio n  of sod ium  ch lo ride . T h e  
u n d e n a tu re d  m yosin  N  finally  fo u n d  in th e  sod ium  
ch lo rid e  so lu tion s  am o u n ted  to  ab o u t 10% of th e  
o rig in a l p ro te in  N  (cf. N ik k ila  a n d  L inko , 1 9 5 4 b ).

Z  1 Phosphate addition otter 1 hay

Ô 7 0 ' ------------- „ ------------- 6 days

0 20 t0 60 80 100 120 U0 160 180 200 220 240
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F ig . 2. T h e  ch ang es in  th e  so lu b ility  o f m yosin  
a f te r  th e  ad d itio n  ( a t  0 h o u rs )  o f 1% sod ium  p y ro ­
p h o sp h a te  to  b rin e  so lu tion s  o f p H  7.5 in  w hich  
B altic  h e rr in g  fillets h ad  been s to re d  a t  0°C . T h e  
in itia l m yosin  N  p e rc en ta g e  w as 6 3%  in  a ll 
ex p erim en ts .

F ig . 2 show s th e  v a r ia tio n  in  so lub ility  of m y o ­
sin  w hen  B a ltic  h e rr in g  fille ts  w e re  k e p t f irs t fo r 
1 (c u rv e  I ) ,  3 (c u rv e  I I ) ,  o r  6 (c u rv e  I I I )  d ay s  in 
a  2 %  N aC l so lu tion , an d  an  a m o u n t of th e  ab o ve- 
m en tioned  so lu tion  of sod iu m  p y ro p h o sp h a te  suffi­
c ien t to  ra is e  th e  final co n ce n tra tio n  of th e  la tte r  
sa lt to  1%  w as th en  ad d ed  to  each  so lu tion . I t  
a p p e a rs  th a t  p y ro p h o sp h a te  is ab le  to  in h ib it th e  
d e n a tu ra tio n  of th a t  p o r tio n  of th e  m y osin  u n ­
affec ted  by  tre a tm e n t w ith  sod iu m  ch lo rid e  b u t 
ca n n o t re v e rse  th e  d e n a tu ra tio n  a lre a d y  acco m ­
plished.

T o  check  th e  possib ility  th a t  p y ro p h o sp h a te  en ­
hanced  th e  e x tra c ta b il ity  o f m yosin , fille ts  w ere  
k e p t in a  2% N aC l so lu tion  fo r  1, 3, o r  6 day s an d  
th en  e x tra c te d  in th e  sam e so lu tion s  a f te r  sa lt so lu ­
tio n s  h ad  been ad d ed  u n til th e y  co n ta in ed  5%  
sod ium  ch lo rid e  o r  5 %  sod ium  ch lo rid e  an d  1%  
sod ium  p y ro p h o sp h a te .

T h e  re su lts  (T a b le  1) sho w  th a t  ad d itio n  of 
p y ro p h o sp h a te  to  th e  e x tra c tio n  m ed iu m  h as  no  
effect on th e  e x tra c ta b il ity  of m y osin  u n d e r th ese  
conditions.

S o d iu m  p y ro p h o sp h a te  a lo n e  d ec reases  th e  so lu ­
b ility  of m yosin  only  to  a  sm a ll d eg ree , a s  m ay  be 
seen in  F ig . 3 fro m  cu rv es  I  (1 %  of th e  p h o sp h a te  
m ix tu re ) ,  I I  ( 3 % ) ,  an d  I I I  ( 5 % ) .  T h e  loss in  
so lu b ility  re ac h e d  its  lo w es t level in  th e  so lu tion
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T a b le  1. E ffe c t of sod ium  p y ro p h o sp h a te  on  e x tra c ta b il ity  of “ m yosin ."

D uration  of prio r trea tm en t w ith 2%  N aC l soln.

%  soluble myosin N of total protein N
5% N aCl 5% N aCl +  1 %  N aiPaO i

1 d ay 47.2 47.8
3 days 24.8 23.1
6 days 11.5 13.6

co n ta in in g  5 %  p hosphate . A t  th e  end  of th e  e x ­
p erim en t, a f te r  a b o u t 140 h r , th e  am o u n ts  of so lu ­
b le m yosin  in  th e  sam ples co n ta in in g  1, 3, an d  5 %  
p h o sp h a te  w ere  re sp ec tiv e ly  65.0, 57.0, an d  50.3%  
o f th e  to ta l p ro te in  of th e  m uscle, th e  in itia l v a lu e  
being  60.9% .

I\  Mi— ----- x----
\  '  \

^ n_____
m ._____ A

I. 1% sodium pyrophosphot* n. 3% “ffl. 5% ------ " ------
20 <0 60 80 100 120 HO 160

TIME IN HOURS

F ig . 3. T h e  ch a n g es  in  th e  so lu b ility  of m yosin  
fro m  B a ltic  h e rr in g  fille ts s to red  in  sod ium  p y ro ­
p ho sp h a te  a t  p H  7.5 an d  0°C .

T h e  n e x t series  of e x p erim en ts  in v es tig a ted  th e  
effect of d iffe re n t sod ium  p h o sp h a tes  on  th e  d é ­
n a tu ra tio n  of th e  fish m y osin  in  th e  phy sio log ical 
p H  ran g e . F ig . 4 i l lu s tra te s  th e  so lu b ility  of m y o ­
sin  a f te r  th e  fille ts h ad  been  k e p t fo r 210 h r  a t 
0 °C  in so lu tion s  c o n ta in in g  2 %  sod ium  ch lo ride  
(c u rv e  I ) ,  2 %  sod ium  c h lo rid e  an d  2 .8%  sodium  
o rth o p h o sp h a te  (c u rv e  I I ) ,  2 %  sod ium  ch lo rid e  
an d  2 .7%  sod ium  p y ro p h o sp h a te  (c u rv e  I I I ) ,  2%  
sod ium  ch lo rid e  an d  2 .5 %  sod ium  tr ip o ly p h o sp h a te  
(c u rv e  I V ) ,  an d  2 %  sod ium  ch lo rid e  an d  2 %  
sod ium  h ex a m e ta p h o sp h a te  (c u rv e  V ) ,  th e  p H  
v alues of th e  so lu tion s  bein g  a d ju s te d  w ith  H C1 o r 
N a O H  to  6, 7, o r  8. T h e  p e rc en ta g e s  v a ry  because 
th e  am o u n ts  of p h o sp h a te  sa lts  ad d ed  w ere  such 
th a t  th e  p h o sp h o ru s  co n ten ts  of th e  so lu tion s  w ere  
equal. T h e  figu re  show s th a t  th e  m yosin  is a lm o st 
com plete ly  d e n a tu re d  a t  a ll th ese  p H  v alues in  th e  
p resen ce  of sod ium  ch lo rid e  a lone (c u rv e  I ) ,  th e  
a m o u n t of th e  solub le m yosin  bein g  less th an  10% 
of th e  to ta l p ro te in . A ll th e  p ho sp h a tes  stud ied

inh ib ited  th e  d e n a tu ra tio n  of m yosin , b u t th e ir  
efficiencies v a rie d  w ith  p H . S od iu m  o r th o p h o s ­
p h a te  h ad  th e  w ea k e s t effec t a t  a ll th e  p H  valu es  
stud ied , th e  soluble m yosin  v a ry in g  fro m  30 to 
36%  of th e  to ta l p ro te in . S od iu m  p y ro p h o sp h a te  
p rev en te d  th e  d e n a tu ra tio n  of m yosin  m uch  m o re  
effective ly  th a n  sod ium  trip o ly p h o sp h a te  o r  sod ium  
h e x am e tap h o sp h a te  a t  p H  6, th e  solub le m y osin  
b e in g  re sp ec tiv e ly  56, 39, an d  35% . A t  p H  7, a ll 
th re e  w ere  n ea rly  equally  effective , th e  a m o u n t of 
th e  soluble m yosin  v a ry in g  fro m  55 to  5 7% . T h e  
effects of sod ium  p y ro p h o sp h a te  an d  sod ium  h e x a ­
m etap h o sp h a te  a t p H  8 w e re  th e  re v e rse  of th o se  
a t  p H  6. T h e  effects  of th e  o th e r  sa lts  w ere  
a p p ro x im a te ly  th e  sam e a t  p H  8 as  a t  p H  6.

T w o  p erc en t tr iso d iu m  c i tra te  a lso  p rev en ted  
th e  d e n a tu ra tio n  of m yosin  cau sed  by sod ium  
ch lo rid e  (C u rv e  I I  in F ig . 5 ) .  In  c o n tra s t to  th e  
c itra te , ad d itio n  of 1 -6 %  sod ium  a c e ta te  in creased  
th e  ra te  of d e n a tu ra tio n , b u t a f te r  a p p ro x  170 h r 
th e  e x te n t of d e n a tu ra tio n  in th e  so lu tion  c o n ta in ­
in g  sod ium  ch lo rid e  an d  sod ium  a c e ta te  w as sim i­
la r  to  th a t  in th e  so lu tion  c o n ta in in g  only  sodium  
ch lo ride .

D IS C U S S IO N
These experiments confirm that a concen­

tration of sodium chloride as low as 2% 
rapidly lowers the solubility of the myosin

F ig . 4. T h e  so lu b ility  o f m yosin  fro m  B a ltic  
h e rr in g  fille ts s to red  fo r  210 h r  in sod ium  ch lo rid e  
so lu tion s  c o n ta in in g  d iffe re n t a lk a li p h o sp h a te s  in 
th e  p H  ra n g e  of 6 to  8, a t  0°C .
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F ig . 5. T h e  ch ang es in  th e  so lu b ility  of m y osin  
in  B a ltic  h e rr in g  fillets s to red  in sod iu m  ch lo rid e  
so lu tion s  w ith  th e  a d d itio n  of sod ium  c i tra te  a n d  
sod ium  a c e ta te  a t  p H  7 an d  0°C .

of Baltic herring in situ. This decrease in 
solubility we have taken as the criterion of 
dénaturation. This dénaturation of myosin 
in sodium chloride solutions may, as our 
experiments show, be slowed down and even 
completely inhibited by small amounts of 
alkali phosphates in the solution. If the 
concentration of sodium chloride is increased, 
the inhibition of myosin dénaturation re­
quires a higher concentration of pyrophos­
phate (Fig. 1). Variations were great when 
the denaturation-inhibiting effect of differ­
ent phosphates was studied in the physio­
logical pH range (Fig. 4). Such variations 
in the action of the phosphates may be due 
to differences in the charges of the muscle 
proteins and in the dissociation of the phos­
phates at different pH values.

The time and order of addition of the 
phosphate and sodium chloride were varied 
in the different, experiments. Phosphates 
inhibited dénaturation if they were added 
to the storage solution before or together 
with sodium chloride (Fig. 1). If only 
phosphate was present (Fig. 3), no definite 
dénaturation occurred. If the phosphate 
was added after the fillets had been first 
kept in sodium chloride solution for differ­
ent periods (Fig. 2), it was able to prevent 
further dénaturation of the myosin, but no 
reversal of dénaturation (i.e. increase in 
solubility) took place. The addition of phos­
phate to the extraction medium did not 
increase the solubility of myosin. It thus 
seems that the phosphates directly inhibit

the dénaturation of myosin by sodium 
chloride and that the effect is not due to an 
increase in the solubility of myosin.

Alkali citrates also have an inhibiting 
effect on the dénaturation of the Baltic her­
ring myosin caused by soduim chloride. 
Thus, two groups of substances, phosphates 
and citrates, that differ greatly from each 
other in chemical structure, can function as 
dénaturation inhibitors. All these substances, 
moreover, increase the water-binding ca­
pacity of muscle, although they do not follow 
the series of Hofmeister in this respect ( cf. 
Hamm, 1955). In contrast, sodium acetate, 
which according to Hamm (1960) exerts 
a weak dehydrating effect in low concentra­
tions (ju. =  0.3), has an opposite effect 
(Fig. 5).

There are various mechanisms by which 
phosphates and citrates could inhibit the 
reduction of solubility of native Baltic her­
ring myosin by sodium chloride and at the 
same time increase the hydration of this 
protein. Phosphates and citrates may, for 
example, be taken up directly by protein 
molecules, thereby increasing the numbers 
of polar groups in the latter. In addition, 
condensed phosphates bind to actomyosin, 
which the myosin of this study closely re­
sembles, increase its negative charge and 
cause it to dissociate. According to Bendall
(1954) and Kotter and Pràndl (1956), 
such a process leads to an increase in the 
solubility of this protein. Phosphates and 
citrates may also remove calcium and zinc 
ions that are bound to muscle proteins, and 
so increase the number of polar groups in 
the latter (Hamm and Grau, 1958). A 
similar ability to bind calcium and zinc 
is possessed by ethylenediaminetetraacetate 
(ED TA ). However, in experiments per­
formed with Baltic herring (unpublished 
experiments of the authors), EDTA was 
unable to prevent the lowering of myosin 
solubility by sodium chloride. The removal 
of calcium and zinc ions therefore may not 
be the correct explanation for the effects 
of phosphates and citrates shown in this 
paper.
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S U M M A R Y
U n c u re d  b a c o n ,  i r r a d ia t e d  w ith  5 .5 8  m e g a r a d s  o f  g a m m a  ra y s  w as  c o m p a r e d  

w ith  s im i la r  u n c u r e d  u n i r r a d i a t e d  b a c o n  b y  f e e d in g  to  7 5 7  m ic e .  T h e r e  w e re  
n o  m a j o r  d i f f e r e n c e s  b e tw e e n  th e  c o n t r o l  a n d  e x p e r i m e n ta l  g r o u p s .  N o  g ro s s  
o r  h i s to p a th o lo g ic a l  le s io n s  a t t r i b u t a b l e  to  i r r a d i a t i o n  o f  th e  l i p id  w e re  o b ­
s e rv e d . T h e  in c id e n c e  o f  s p o n ta n e o u s  c a n c e r s  s h o w e d  n o  s ig n i f ic a n t  d i f f e r e n c e s  
a m o n g  th e  d i e t  g r o u p s  a n d  in d ic a te s  t h a t  i r r a d ia t i o n  o f  th e  b a c o n  d id  n o t  p r o ­
d u c e  c a r c in o g e n s  o r  g r o w th - a l te r in g  s u b s ta n c e s  d e m o n s t r a b le  u n d e r  th e  c o n ­
d i t io n s  o f  th e s e  e x p e r i m e n ts .

Radiation preservation of food offers the 
possibility of two important contributions 
to world food distribution : (1) extension of 
the shelf life of refrigerated foods; and (2) 
retention, without refrigeration, of most of 
the natural qualities of food so as to permit 
world-wide shipping, storage, and consump­
tion (Siu et al., 1955 ). Thus, types of food 
not now readily useful for the Armed Forces 
might become available.

Government approval of radiation preser­
vation of food is required for its use. A 
provision of the Federal Food Additives 
Law bars the use of additives known to be 
carcinogenic or pathogenic, and it is gener­
ally accepted that induced radioactivity is 
an “additive” that has this potential. There­
fore radiated foods need to undergo exten­
sive tests to ascertain that no detrimental 
effects on growth, reproduction, and lon­
gevity occur, and that no potentially toxic 
or carcinogenic substances develop.

Read (1960) discussed the confusion that 
has arisen concerning the suitability of ir­
radiated foods for human consumption. He

" T h e  E x p e r im e n ts  re p o rte d  w ere  u n d e rta k e n  
u n d er c o n tra c t N o. D A -4 9-00 7-M D -S 70  w ith  th e  
Office of T h e  S u rg e o n  G en eral. T h e  op in ions e x ­
p ressed  a r e  th o se  of th e  a u th o rs  an d  a r e  n o t n eces­
sa ri ly  en d o rsed  by th e  D e p a r tm e n t o f th e  A rm y .

also described wholesomeness testing and 
undertook an analysis of available data.

The work described here is part of the 
contractual program of the office of the 
Surgeon General, Department of Defense. 
It was undertaken to determine if gamma 
irradiation of bacon has any influence on the 
bacon lipids that would alter the incidence 
or rate of appearance of spontaneous neo­
plasms and other pathological changes in 
mice.

E X P E R IM E N T A L
I r r a d ia t io n  a n d  s to ra g e . I t  w as co n sid e red  a d ­

v isab le  to  u se  u n c u red  b acon  because  n itr i te s  ( H u ­
b er, 1957) in p ro cessed  bacon  m ig h t h av e  th e  
effect of d e c re a s in g  th e  side re ac tio n s  seco n dary  
to  ir ra d ia tio n .

T h e  Q u a r te rm a s te r  F o o d  an d  C o n ta in e r In s t i tu te  
fo r  th e  A rm e d  F o rce s  o b ta in ed  u n c u re d  bacon  
packed  in 4 .5 -lb  am o u n ts  in  N o. 10 cans, an d  
sh ipped  it  to  th e  M a te r ia ls  T e s tin g  R e a c to r, P h i l ­
lips P e tro le u m  C om pany , Id ah o  F a lls , Id ah o . H a lf  
of th e  bacon  w as  shipped, fro z en  an d  u n irra d ia te d , 
to  L os A ng e les , w h e re  it w as k e p t a t  —20° u n til 
u se . T h e  o th e r  h a lf  w a s  re ta in e d  a t  Id a h o  F a lls  
fo r ra d ia tio n . A  m o n th ’s supply  of bacon  fo r  th e  
ir ra d ia te d  lip id  d ie t w as  g a m m a - irra d ia te d  (R e a d  
et al., 1959) w ith  5.58 m e g a ra d s  an d  th e n  sh ipped  
to  L o s  A ng eles . F o r  th e  firs t s ix  m o n th s  o f th e  
p ro je c t  th e  ir ra d ia te d  b acon  w as  k e p t a t  5° u n til 
used, b u t fo r th e  re m a in d e r of th e  tim e  it w as
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s to re d  a t  ro o m  te m p e ra tu re . In  th e  la s t eleven 
m o n ths  of th e  ex p erim en t, th e  bacon  w as  g am m a- 
ir ra d ia te d  a t  S a v a n n a h  R iv e r , G eo rg ia .

A n im al fe ed in g . T h e  C 3 H /C r g l  (fo rm e rly  d es­
ig n a te d  as  th e  C 3 H /H e  C rg l (S n e ll et al., 1960) 
an d  h e re in a f te r  re fe rre d  to  as  C 3 H ) an d  th e  
A /C r g l  (C a n c e r  R ese a rc h  G enetics L ab ., 1959) 
(fo rm e rly  d esig n a ted  as  th e  A / H e  C rg l an d  h e re ­
in a f te r  re fe r re d  to  a s  A )  fem ale  m ice used  in th e  
e x p e rim e n t w ere  o b ta in ed  fro m  th e  C an ce r R e ­
sea rch  G enetics L a b o ra to ry  ( C r g l ) ,  U n iv e rs ity  of 
C a lifo rn ia , B erk e ley , C a lifo rn ia . S om e sub -lines 
of th e  C 3 H  m ouse h av e  up to  a  9 0%  incidence of 
spo n tan eo us m a m m a ry  ca n ce r by th e  tim e  th ey  
a re  10 m o n th s  o ld  (F a w c e t t  an d  W ilso n , 1955), 
an d  incidence is 5 -1 0 %  in  th e  A  m o use (D e O m e , 
1956). A  co m p ariso n  of th e  incidence of m am m a ry  
can cer in  th e  d iffe re n t d ie t g ro u p s  cou ld  th u s  be 
m ad e b etw een  th e  tw o  s tra in s  of m ice.

A lth o u g h  th e  C 3H  fem ale  m ice h av e  a  less th a n  
1%  incidence of h ep a to m a  (B a rn e w e ll, 1957), an  
in d ica tio n  of th e  incidence of h ep a to m a  in  fem ales 
su rv iv in g  p a s t 12 m o n th s  of ag e  cou ld  a lso  be 
ob ta in ed . L ik ew ise , th e  o cc u rren ce  of lu n g  cancer 
w as  stud ied  in th e  A  m ice, w h ich  h av e  a  n o rm al 
incidence o f 17% (D e O m e , 1956).

T h e  C 3 H  an im a ls  w e re  134-147 day s o ld  w hen  
p laced  on th e  ex p e rim e n ta l d ie ts , an d  th e  A  m ice 
w ere  63-152  day s old. B oth  s tra in s  w ere  m a in ­
ta in ed  on a  L a b o ra to ry  C how  d ie t b efo re  being  
p laced  on th e  ex p erim en ts , th e  C 3 H  fo r 2(-4-3 
m o n ths  a n d  th e  A  m ice fo r  2 w eeks to  3 m onths. 
W ith  b o th  s tra in s , an im a ls  of d iffe re n t ag es  w e re  
evenly  d is tr ib u te d  a m o n g  th e  3 d ie t g ro u p s.

T h e  an im a ls  w e re  cag ed  in  g ro u p s  of 4 -7  a n i­
m als in 17.9 X 28.4 X 16.5-cm  s ta in le ss-s te e l boxes 
w ith  solid  b o tto m s an d  screen  tops. S ix  m o n ths  
a f te r  th e  p ro je c t  w as s ta r te d , th e  p ine saw d u st 
bed d ing  w as ch ang ed  to  2 /3  saw d u s t an d  1 /3  ced ar 
shav ing s, w hich  h elped  co n tro l m ites  on  th e  a n i­
m als. T h e  m ice w e re  h ou sed  in  an  an im a l room  
m ain ta in e d  a t  a p p ro x  25.5 ± 1 ° .

T h re e  h u n d re d  an d  n in e ty -fo u r  C 3H  an d  362 A 
m ice w ere  em ployed . T h e re  w ere  98 C 3H  an d  91 
A  m ice on th e  b asal d iet, 149 C 3 H  an d  136 A 
m ice on th e  u n irra d ia te d  bacon  lip id  d iet, an d  147 
C 3 H  an d  135 A  m ice on th e  ir ra d ia te d  lip id  d iet.

T h e  b asal d ie t a n d  th e  d ie ts  to  w h ich  th e  u n ­
ir ra d ia te d  an d  ir ra d ia te d  b acon  fa ts  w e re  added  
w ere  R a ls to n  P u r in a  C om pany  L a b o ra to ry  C how . 
I t  w as g ro u n d  fine in  a  W ile y  M ill. T h e  chow  
co n ta ins  n o t less th a n  23.0%  c ru d e  p ro te in , 4 .5%  
c ru d e  fa t, an d  44.0%  n itro g e n -f re e  e x tr a c t  an d  
n o t m o re  th a n  6 .0%  c ru d e  fiber an d  9 .0%  ash . 
H e re in a f te r  th e  th re e  d ie t g ro u p s  a re  c o d e d : C  =  
co n tro l b asal d iet, B U O  =  u n irra d ia te d  lipid  +  
g ro u n d  chow , an d  B U 6  =  ir ra d ia te d  lioid  +  g ro u n d  
chow .

A fte r  s ix  m o n ths , th e  lipid  co n ten t of th e  d ie t 
w as in c rea se d  fro m  10%  to  15% , an d  a f te r  an  
a d d itio n a l th re e  m o n th s  to  2 0% . F o r  th e  lipid  
d iets, th e  ir ra d ia te d  an d  u n irra d ia te d  bacon  w as  
sliced  an d  th en  fried  in  th e  re g u la r  m an n er u n til 
th o ro u g h ly  cooked. T h e  bacon  w as fr ied  a t  w eek ly  
in te rv a ls . T h e  lip id  w as s tra in e d  th ro u g h  a  fine 
m eta l sieve in to  cans, w hich  w e re  k e p t a t  5° u n til 
needed. T h e  lip id  w as w eigh ed  an d  m elted  o v e r 
low  h e a t b efo re  it  w as ad d ed  to  th e  g ro u n d  P u r in a  
L a b o ra to ry  C how . Q u a n titie s  of d ie t w ere  m ix ed  
in a  H o b a r t  M ix e r  fo r one w eek ’s supply , an d  
th en  s to red  in  ice c ream  c a rto n s  a t  5° u n til fed.

T h e  an im a ls  w ere  fed  d a ily  ad libitum, an d  no  
a tte m p t w as  m ade to  re c o rd  food  in take . M ice on 
a ll th re e  d ie ts  a te  th e ir  food  read ily  an d  ap p e a re d  
to  find th e  b acon  lip id  d ie ts  p a la tab le .

D u r in g  th e  e n tire  ex p erim en t, cages w e re  checked  
d a ily  fo r d ea th s . D u r in g  th e  f irs t 2 (4  m o n th s  of 
th e  d ie t, th e  an im a ls  w e re  ex a m in e d  an d  w eigh ed  
by cage g ro u p s  tw ice a  w eek . F o r  th e  re m a in d e r 
of th e  e x p e rim e n t th e  an im a ls  w ere  w eigh ed  once 
a  w eek. A n im als  w ith  p alp ab le  neo plasm s o r o th e r 
g ro ss  ab n o rm alitie s  w ere  w eigh ed  se p a ra te ly  and  
in spected  daily .

C hem ical s tu d ie s  on  lip id s . U n s a tu ra t io n  of 
fa tty  ac ids w as d e te rm in e d  by th e  W i j ’s iod ine 
t i tr a t io n  m etho d  (G u n s to n e , 1958) on each  can  of 
bacon  lipid. T h e  v alu es  a re  ex p resse d  as  th e  ml 
o f 0.2N  iod ine ab so rb ed  p e r g ra m  of lipid.

T h e  p e ro x id e  n u m b er w as  d e te rm in e d  by a  
s lig h t m odification  of th e  m etho d  of P o lis te r  an d  
M ead  (1 9 5 4 ). T h e  p e ro x id e  n um b ers  w ere  ob ­
ta in ed  by m u ltip ly in g  by 1000 th e  ml of 0.0LV 
sod ium  th io su lfa te  u sed  p e r g ra m  o f lipid.

R E S U L T S
G ro w th  a n d  w eigh ts . T a b le  1 show s th e  a v e ra g e  

an im a l w e ig h t in  g ra m s  by d ie t g ro u p  a t  d iffe re n t 
in te rv a ls  d u r in g  th e  ex p erim en t. In  v iew  of th e  
re la tiv e ly  h ig h  p erc en t lipid  in  th e  u n ir ra d ia te d  
an d  ir ra d ia te d  d ie ts  as  co m p ared  to  th e  a p p ro x i­
m a te ly  4 .5%  cru d e  fa t in  th e  b asal die, it  w ou ld  
be ex p ec ted  th a t  th e  an im a ls  on th e  lip id  d ie ts  
w ou ld  w eig h  m ore. A lth o u g h  th e  c o n tro l-d ie t a n i­
m als o f bo th  s tra in s  show  a  co n sis te n tly  lo w er 
a v e ra g e  w eigh t, th ese  lo w er w eig h ts  w ere  only  
0.1—0.5 below  th e  s ta n d a rd  d ev ia tio n  of th e  th re e  
d ie t g ro u p s.

M o rta li ty  a n d  l i fe  sp a n . T h e  life span  of all 
C 3 H  an d  A an im a ls  on  th e  th re e  d ie ts  is show n  on 
F ig s . 1 an d  2. A n im als  w ere  sacrificed  w hen  th ey  
show ed  c lin ica l sym p to m s of illness o r  ap p e a re d  to  
be te rm in a l f ro m  th e ir  ca rc in om as. A lth o u g h  it 
w as  rea lized  th a t  th e  life span  of an im a ls  so s a c r i­
ficed m ay  h av e been sh o rten ed  a r tif ic ia lly , th ese  
an im a ls  w ere  included  w ith  th o se  found  dead  in 
th e  life  span d a ta  in F ig s . 1 an d  2.
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T w o  h u n d re d  a n d  five of th e  305 C 3 H  m ice th a t  
d eveloped  m am m a ry  can cer w e re  265-457  d ays old 
w hen  tu m o rs  w e re  firs t no ted . A v e ra g e  ag e  a t 
tim e  o f sacrifice  o r  d ea th  of tu m o r-b e a r in g  C 3H  
m ice w as 480 d ay s  in th e  C  g ro u p , 463 d ay s  in  the 
B U O  g ro u p , an d  507 day s in  th e  B U 6  g ro u p . F o r  
th e  g ro u p  of 89 C 3H  m ice th a t  d id  n o t develop  
m am m a ry  can cer, a v e ra g e  ag e  in  d ays a t  th e  tim e 
of sacrifice  o r  d ea th  w as  624 fo r  th e  C  d ie t, 623 
fo r th e  B U O , an d  650 fo r th e  B U 6 . A n im als  h a v ­
in g  h ep a to m as  w ere  sacrificed  a t  a v e ra g e  ag es  of 
635 day s fo r  th e  C g ro u p , 639 fo r th e  B U O  and  
692 fo r  th e  B U 6.

N o  m a m m a ry -g la n d  can cers  w e re  fo u n d  in  A 
m ice on th e  C  d iet. In  th e  B U O  g ro u p  th e  2 
an im a ls  w ith  m am m a ry  ca n ce r w e re  sacrificed  a t 
an  a v e ra g e  ag e  of 383 days. In  th e  B U 6  g ro u p  th e  
a v e ra g e  ag e  a t  th e  tim e o f sacrifice  fo r  th re e  a n i­
m als  w as 433 days. A v e ra g e  ag e  a t  th e  tim e of 
sacrifice  o r d ea th  fo r  A  m ice w ith  lu n g  can cers  
w as 540 d ay s  on th e  C d iet, 570 day s on th e  B U O , 
an d  539 on th e  B U 6.

N eo p lasm s. T h e  m ice s tud ied  fo r  p a th o lo g ica l 
ch ang es to ta le d  744. C lin ica lly  ill o r  te rm in a l 
tu m o r-b e a r in g  an im a ls  w e re  sacrificed  by e th e r 
a n a esth e sia , an d  au to p sie s  w e re  p e rfo rm e d  im m e­
d ia te ly . A n im als  fo u nd  d ead  w e re  au to p sie d  as 
soon as  possib le. T is su e  sectio ns  w ere  ta k e n  of 
all neo p lasm s an d  o f o th e r  g ro ss  a b n o rm alitie s  by 
th e  p a th o lo g is t. T is su es  w ere  fixed in 10%  fo r ­
m alin . P a ra ff in  sections w e re  s ta in e d  w ith  h em a- 
to x y lin -eo sin .

In  th ese  e x p erim en ts  th e  C 3 H  m ice h ad  m am ­
m a ry  can cer incidences of 75.5%  in th e  C  d ie t 
g ro u p , 81.2%  in  th e  B U O  d ie t g ro u p , an d  75.3%  
in th e  B U 6  d ie t g ro u p . A p p ro x  4 5%  of th e  C 3H  
m ice w ith  m a m m a ry  tu m o rs  developed  2 -8  sep a­
ra te  tu m o rs. T h e  tu m o rs  w e re  w eigh ed  a t  th e  
tim e th e  an im a ls  w e re  au to p sied . T a b le  2  in d i­
ca tes  th e  a v e ra g e  tu m o r w e ig h t in  each  d ie t 
g ro u p  ; th e  m ean  of th e  a v e ra g e  w e ig h ts  in  each 
d ie t g ro u p  w ere  8.18 g , w ith  a  s ta n d a rd  d ev ia tio n  
of ± 0 .2 3  g.

A n  a t te m p t w as m ade to  find  an  e s tim a te  of 
th e  ra te  of m am m a ry  tu m o r g ro w th  in  each  d ie t 
g ro u p . T h e  tu m o rs  w e re  m e a su re d  w h en  f irs t 
no ted , each  tim e  th e  an im a ls  w e re  w eigh ed , an d  
finally  w h en  th e  an im a l w as sacrificed . T u m o r 
size w as  o b ta in ed  by m u ltip ly in g  th e  th re e  d im en ­
sions of th e  tu m o r in  ce n tim e te rs . T h e  “a v e ra g e  
ra te  of g ro w th  of m a m m a ry  tu m o rs” w as  ta k e n  
as  th e  d iffe ren ce  b e tw een  th e  in itia l a n d  final 
“cub ic c e n tim e te rs” (c c )  of each  tu m o r d iv ided  
by th e  n u m b er of d ay s  th e  tu m o r g rew . T h e  
a v e ra g e  v alu es  o b ta in ed  by th is  m e th o d  w ere  
0.291 cc p e r d ay  fo r  th e  C g ro u p , 0.282 cc p er 
day  fo r  th e  B U O , an d  0.275 cc p er day  fo r th e  
B U 6. T h e re  w as a  w id e  ra n g e  of “ ra te s  of
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AGE IN DAYS

F ig . 1. M o rta li ty  an d  life span  of C 3 H  s tra in  
m ice on C, B U O , an d  B U 6  d ie ts .

g ro w th ” w ith in  each  d ie t g ro u p , an d  a lso  in  th e  
‘‘ra te  of g ro w th ” of sev era l tu m o rs  in  th e  sam e 
an im a l. R an g es  re co rd ed  in th e  d ie t g ro u p s  w e r e : 
0.0184-09460 cc p e r d ay  in  th e  C, 0.0036-1.2455 cc 
p er d ay  in  th e  B U O , a n d  0.0017-1.9568 cc per 
d ay  in  th e  B U 6.

P u lm o n a ry  m etas ta ses  w ere  fo u nd  in  80 of th e  
305 C 3 H  m ice w ith  m am m a ry  can cer. M e tas ta se s  
w ere  p re se n t in 27.8%  of th e  C, 25.6%  of th e  
B U O , an d  26.4%  of th e  B U 6  m ice w ith  m am m a ry  
tu m o rs.

H e p a to m a s  w ere  observed  in 20 of th e  392 C 3H  
m ice th a t  w ere  au to p sied , w ith  an  incidence of 
5 .2%  in  th e  C g ro u p , 6 .0 %  in th e  B U O  gro up , 
an d  4 .1%  in th e  B U 6  g ro u p . T h e  B erk e ley  s tra in  
of C 3 H  m ice h as  been o bserved  to  h av e  less th an  
1%  incidence of h ep a to m a (B a rn e w e ll, 1957). A l­
th o u g h  th e  incidence of h ep a to m a  is h ig h e r in  th is  
ex p erim en t, th e re  ap p ea rs  to  be no  sign ifican t d if­
fe ren ce  am o n g  th e  th re e  d ie t g ro u p s  ( P  >  0.50, 
c h i-sq u a re  te s t ) .

T h e  B erk e ley  s tra in  of A  m ice h as  a  5 -10%  
incidence of m am m a ry  can cer an d  a  17%  incidence 
of lu n g  can cer (D e O m e , 1956). In  th is  e x p e ri­

m en t, no  m ice on th e  C d ie t developed  m am m a ry  
can cer w h e re as  2 m ice (1 .4 % ) in  th e  B U O  g ro u p  
an d  3 (2 .2 % ) in th e  B U 6  g ro u p  d eveloped  m am ­
m a ry  can cer. O b serv ed  incidence o f lu n g  can cer 
w as 3 .4%  in th e  C  g ro u p , 6 .1%  in  th e  B U O , a n d  
3 .8%  in th e  B U 6  ( P  >  0 .5 0 ).

T ab le  3 su m m arizes  th e  incidence of ben ig n  a n d  
m a lig n a n t neo p lasm s in C 3 H  an d  A  m ice in  th e  
th re e  d ie t g ro u p s.

N o n -n eo p la stic  p a th o lo g ic a l ch ang es. T a b le  4
re co rd s  th e  incidences of th e  m o st com m on  n o n - 
n eo p las tic  p a th o lo g ica l find ings o bserved  in  th is  
ex p erim en t. M a n y  o th e r  n o n -n eo p las tic  p a th o ­
log ica l ch ang es w ere  o bserved  as  s in g le  cases 
a m o n g  th e  3 d ie t g ro u p s, b u t a r e  o m itted  b ec au se  
o f th e  lack  of sign ifican t n u m b ers . In fe c tio n s  
no ted  m o st freq u e n tly  in  A  m ice w ere  in te rs t i t ia l  
d isease  an d  cy s tic  ch an g e  in  th e  k id n e y s  ( P  >  
0 .50) an d  g ra n u lo m a to u s  abscesses in  th e  liv e r 
( P  >  0 .5 0 ). S a lp in g itis  w as o ften  fo u n d  in th e  
u te r in e  h o rn s  of b o th  A  ( P  >  0 .50) a n d  C 3H  
m ice ( P  >  0 .5 0 ) . A s in d ica te d  by th e  P  v alu es , 
th e re  w as no  sign ifican t d iffe rence  in  th e  o c c u r­
rence of th ese  in fection s  am o n g  th e  d ie t  g ro u p s.

------CONTROL (C)

F ig . 2. M o rta li ty  an d  life span  of A  s tra in  m ice 
on C, B U O , an d  B U 6  d iets.

T a b le  2. A v e ra g e  w e ig h t ( g )  of m am m a ry  neo p lasm s 
u n irra d ia te d  lipid, an d  ir ra d ia te d  lipid  d iets.

in  C 3 H an d  A  m ice fed  con tro l,

C3H A
No. animalsDiet No. animals Range of Av neoplasm with Range of Av neoplasmcode with neoplasms wt/neoplasm wt neoplasms wt/neoplasm wt

c 74 0 .1-25.4 7.9 0 0 0
B U O 121 0.2-31.9 8.2 2 3.4-4.4 3.9
B U 6 110 0.5-24.3 00 Cn 3 2.8-7.0 5.1
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T a b le  3. S u m m a ry  of neopl 

lipid, an d  ir ra d ia te d  lipid  d iets.
asm s in C 3 H  and A  s tra in m ice fed co n tro l, u n irra d ia te d

C3H A

Control(C)
Unirrad.lipid(BUO)

Irrad. lipid (BU6) Control(C)
Uuirrad.lipid(BUO)

Irrad. lipid (BU6)
N o. an im a ls  b eg in n in g  o f d iet 98 149 147 91 136 135
N o. an im a ls  au to p sied  
N eo p lasm s (M a lig n a n t)

96 149 147 88 131 133

A d e n o c arc in o m a
1. L u n g 0 3 1 3 8 5
2. M a m m a ry  g lan d 74 121 n o 0 2 3
3. O v a ry 2 0 0 0 0 0
4. O th e r  o rg an s 0 0 i 1 1 0

C a rc in o m a-sq u a m o u s  cell 
C arc in o m a  in lm yph  nodes

0 0 l 1 0 0

u n k n o w n  o rig in 0 1 0 0 0 0
H e p a to m a 5 9 6 0 2 0
L y m p h o b la stic  L eu kem ia 0 1 3 6 6 3
S a rc o m a i 1 1 0 1 0
T h y m o m a

N eo p lasm s (B e n ig n )
0 0 0 0 0 1

B ro n c h ia l ad eno m as 
C ysts

0 0 4 23 21 23

1. E a r 0 0 0 1 1 0
2. L iv er 0 0 1 0 0 0
3. M e se n ta ry 0 0 1 1 0 0
4. O v a ry 9 10 20 3 6 9
5. S k in 0 1 0 0 0 0

H em a n g io m a 0 0 1 0 0 0
L y m p h a n g io m a 0 0 0 0 1 0

S qu am o u s pap illom as 
T o ta l  n eo p lasm s

0 0 0 0 1 2

M a lig n a n t 84 136 123 11 20 12
B en ig n 9 11 27 28 30 34

A  s im ila r cy s tic  ch an g e  in k id neys w as  r e ­
p o rted  by G o re r (1940) in  a b o u t 100%  of S tra in  
A  m ice m o re  th a n  487 d ays old. T h e  A  m ice in  
th is  ex p e rim e n t h a v in g  cy stic  k id neys w hen  au to p - 
sied  a v e ra g e d  562 d ays o ld  in th e  C g ro u p , 520
day s in  th e  B U O  g ro u p , an d  522 d ays in  th e
B U 6  g ro u p . S tra in  A  m ice w ith o u t ev idence of 
th is  re n a l d isease  w hen  sacrificed  a v e ra g e d  433 
day s o ld  on th e  C d iet, an d  410 on bo th  th e
B U O  an d  B U 6  d iets.

D u n n  (1 9 44 ) fo u nd  a  h ig h  incidence of re n a l 
d isease  in  A  s tra in  m ice, b u t fo u n d  on ly  one case 
in  150 C 3 H  au to p sie s . In  th is  ex p e rim e n t ren a l 
d isease  w as o b serv ed  in  one C 3 H  m ouse on th e  C 
d iet, in  2 on  th e  B U O  d ie t, an d  in  none on th e  
B U 6  diet.

C hem ical s tu d ie s  o f lip id s . U n s a tu ra t io n  of fa tty  
ac id s  an d  p e ro x id e  n u m b er w e re  d e te rm in e d  on 
each can  of b acon  lipid.

W i j ’s io d in e  m etho d  fo r  u n s a tu ra tio n  g av e  a v e r ­
ag e v alu es  of 49.7 fo r  th e  B U O  lip id  an d  50.1 fo r

th e  B U 6 . W ith  B U O  lipid, th e  u n s a tu ra tio n  v alues 
ra n g e d  fro m  46.5 to  54.1 a m o n g  th e  53 cans, w ith  
a  ± 1 .6  s ta n d a rd  dev ia tio n . T h e  u n s a tu ra tio n  v a l­
ues fo r  th e  B U 6  lip id  ra n g e d  fro m  46.2 to  54.0 
a m o n g  th e  56 cans, w ith  a  ± 1 .5  s ta n d a rd  dev ia tio n .

T h e  a v e ra g e  p e ro x id e  n u m b er of th e  B U O  
b acon  lip id  w as  7.9, an d  of th e  B U 6  lip id  12.1. 
T h e  p e ro x id e  n u m b ers  ra n g e d  fro m  2.9 to  17.0 
fo r th e  B U O  lipid, w ith  a  ± 3 .0  s ta n d a rd  d ev ia tio n . 
T h e  ra n g e  of p e ro x id e  n u m b ers  fo r th e  B U 6  lipid 
w as 5.8-30.6, w ith  a  ± 4 .6  s ta n d a rd  dev ia tio n .

B efo re  th e  s to ra g e  te m p e ra tu re  of th e  ir ra d ia te d  
bacon  w as ch ang ed  fro m  5° to  ro o m  te m p e ra tu re , 
an  ex p e rim e n t w as co n du cted  to  see if th e  h ig h e r 
s to ra g e  te m p e ra tu re  w ou ld  a f fe c t th e  p e ro x id e  
n u m b er of th e  lipid. C an s of B U 6  bacon  w ere  
s to re d  a t  ro o m  te m p e ra tu re  an d  opened  a f te r  2 
an d  4 m o n ths  of s to rag e . T h e  b acon  w as  fr ied  
an d  th e  p e ro x id e  n u m b er of th e  lip id  d ete rm in ed . 
T h e  p e ro x id e  n u m b er w as 9.8 a f te r  2 m o n ths  and  
15.3 a f te r  4 m o n th s  of s to ra g e  a t  ro o m  te m p e ra ­
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tu re . T h e se  v alu es  fa ll w ith in  th e  ra n g e  of v alu es  
o b ta in ed  fo r  th e  56 cans of B U 6  bacon  lipid.

In  a n o th e r  ex p e rim e n t cans of B U O  an d  B U 6  
bacon  w ere  fried , th e  lip id  w as  s to re d  a t  ro o m  
te m p e ra tu re , an d  sam ples w ere  ta k e n  p eriod ica lly  
fo r  p e ro x id e  d e te rm in a tio n . T h e  re su lts  a r e  show n  
in T a b le  5.

D IS C U S S IO N
Rubin and Metlitsky (1958) reported that 

the USSR Central Inspectorate oi Public 
Health, on the basis of tests carried out 
while feeding potatoes treated with 10,000 
and 50,000 r to two generations of rats and 
dogs, has authorized the use of potatoes ir­
radiated with a dose of 10,000 r as food in 
Russia.

The research of Teply and Kline (1956) 
failed to demonstrate the production of car­
cinogens on radiation of brain and egg 
preparations, a milk-beef-pork-fish-cheese- 
mixture, beef and yeast sterol concentrate 
mixture, peanut-corn-cottonseed oil emul­
sion and liquid lard. The materials were fed, 
injected, and painted, employing mice as 
the experimental animal.

Poling et al. (1955) observed in rats no 
gross or histopathological lesions attribut­
able to a radiated beef diet. The small and

occasionally statistically significant decreases 
in growth, food efficiency, reproduction, 
adult body size, and survival were con­
sidered to be due to slightly decreased nu­
tritional quality similar to that which occurs 
during heat sterilization—not an indication 
of toxic effects.

Research of Burns et al. (1960) on feed­
ing gamma-irradiated potatoes to rats dem­
onstrated no effects on growth, reproduction, 
hematology, or pathologic changes.

Coleby (1959) described some of the 
complexities involved in determining the 
chemical changes produced in lipids by ir­
radiation. In general each fat, when irradi­
ated, behaves in a characteristic fashion, with 
vegetable oils often more resistant to changes 
than animal fats—presumably because of the 
higher content of natural antioxidants in 
vegetable oils.

Morgan (1958) has included, as reactions 
in irradiated lipid material, hydrogen ab­
straction, addition of H + and OH' to double 
bonds, isomerization, hydrolysis, polymeriza­
tion, and decarboxylation.

Our results indicate no significant differ­
ences between the degree of unsaturation 
and peroxide numbers of the cans of lipid

T a b le  4. S u m m a ry  of m o st com m on n on -n eo p las tic  p a th o lo g ica l ch ang es in  C 3 H  an d  A  
s tra in  m ice fed  co n tro l, u n ir ra d ia te d  lipid, a n d  ir ra d ia te d  lip id  d iets.

C3H A
Control(C )

U n ir  rad.lipid(B U O )
Irra d .lipid(B U 6) Control(C )

U n irrad .lipid(B U O )
Irra d .
lipid(B U 6)

N o. an im a ls  au to p sied  
K id ney

96 149 147 88 131 133

H y d ro n e p h ro s is  
In te r s t i t ia l  d is e a s e :

0 0 0 5 9 7

cy s tic  change 
L iv e r

1 2 0 70 91 105

F a t ty  ch ang es 3 12 5 5 5 5
G ra n u lo m ato u s  abscess 

L u n g
0 0 0 11 i i 17

A te lec ta s is 2 0 2 10 9 9
P u lm o n a ry  edem a 

M e se n te ry  & m esen te ric  vessels 
In fa rc tio n  w ith  f a t  n ec rosis ,

i 1 5 6 11 19

in flam m atio n  an d  fibrosis  
M e se n te ric  lym ph  nodes 

D ila ta tio n  of sinu ses  w ith

i 12 8 0 0 0

h e m o rrh a g e  an d  edem a 
U te r in e  h o rn

6 2 4 0 0 0

S a lp in g itis 29 39 44 14 17 15
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T a b le  5. E ffe c t o f ro o m -te m p e ra tu re  s to ra g e  on 
lip id  p e ro x id e  n um b er.

Peroxide number
frying BUO BU 6

2 h o u rs 10.9 8.1
24 h o u rs 12.1 9.6

2 w eeks 15.7 29.6
2 m o n ths 167.6 231.8

used in the diets. Storage of the lipid ma­
terial at room temperature for up to two 
months resulted in a higher peroxide number 
for the irradiated lipid.

Important variables to be controlled be­
cause of their effects on sensitivity to radi­
ation damage of food lipids are such factors 
as rate and amount of radiation dose, oxygen 
presence during irradiation, and length and 
temperature of storage.

It is clearly evident that the three diets 
in this experiment supported a good rate 
of growth for both strains of mice. The ten­
dency for animals of the unirradiated and 
irradiated lipid diets to gain more weight 
than those on the control diet is believed to 
be due to the additional 10-20% lipid in 
these diets, which were fed ad libitum. Con­
trol and experimental animals did not differ 
significantly.

The incidence of benign and malignant 
tumors was quite similar for both groups, 
indicating that irradiation of the bacon did 
not produce carcinogens demonstrable under 
the conditions of these experiments.

Other histological abnormalities observed 
showed no significant differences among the 
three diet groups. It is possible that the high 
incidence of renal disease and early death 
in A mice contributed to an incidence of 
adenocarcinomas of the mammary gland 
lower than previously observed (DeOme, 
1956).
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Bacteriological and Serological Studies of Organisms of the 
Arizona Group Associated with a Food-Borne 

Outbreak of Gastroenteritis1
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S U M M A R Y
T h e  b io c h e m ic a l  a n d  a n t ig e n ic  c h a r a c te r i s t i c s  o f  a  s t r a in  o f  t h e  Arizona 

g r o u p  ( 1 ,  2 : 1 ,  2 ,  5 )  t h a t  a p p e a r s  to  h a v e  b e e n  r e s p o n s ib le  f o r  t h e  i l ln e s s  o f  
5 1  n u r s e s  i n  a  f o o d - b o r n e  o u t b r e a k  o f  s e v e re  g a s t r o e n te r i t i s  i n  a n  I n s t i t u t i o n  
i n  W a s h in g t o n  a r e  d e s c r ib e d .  A  c u s ta r d  p r e p a r e d  f r o m  f r e s h ,  u n b r o k e n  e g g s , 
w a s  p r o b a b l y  th e  v e h ic le  o f  t h e  in f e c t in g  o r g a n is m .  T h e  a g g lu t in a t io n  r e a c t io n s  
o f  th e  b lo o d  s e r u m  o f  e x p o s e d  in d iv id u a ls  w ith  a n t ig e n s  o f  s e v e ra l  E n te r o -  
b a c te r ia c e a e ,  in c l u d in g  th e  Arizona  s t r a in  i s o la te d  d u r in g  th e  o u t b r e a k ,  a r e  
r e c o u n te d .

IN T R O D U C T IO N
A food-borne outbreak of severe gastro­

enteritis (Verder et al., 1946; Vivino et al., 
1947 ; Murphy and Morris, 1950) occurred 
in a group of 158 nurses in an Institution 
in Washington, D. C., in August, 1946. 
Fifty-one nurses became acutely ill within 
12-24 hours of eating a custard containing 
organisms of the Arizona group. It is not 
known how many of the 158 nurses had the 
custard; it was served at lunch and again 
with the evening meal to some of the girls, 
but since it was a Saturday many did not 
have either meal in the dining room.

The more severely ill patients were hos­
pitalized for more than a week; in some the 
fever persisted many days. Eight of the 
more severely ill patients, who had shown 
no response to 3 days of therapy with sul­
fonamides and penicillin, were given strep­
tomycin both intramuscularly and orally. 
Organisms of the Arizona group were pres­
ent in the stool cultures of all eight before 
therapy was begun. In 3 patients the tem­
perature fell to normal rapidly, in 3 a drop 
in temperature was dramatically rapid and 
in the other 2 a less abrupt drop occurred.

a F ro m  th e  U . S . D e p a r tm e n t of H e a lth , E d u c a ­
tion , an d  W e lfa re , U . S . P u b lic  H e a l th  S erv ice , 
N a tio n a l In s t i tu te s  o f H e a lth , N a t io n a l In s t i tu te  
o f A lle rg y  a n d  In fe c tio u s  D iseases, L a b o ra to ry  of 
B a c te r ia l D iseases, B e th e sd a  14, M a ry lan d .

The type-specific Arizona strain was still 
present in the stools of 4 of these patients 
6 days after completion of the streptomycin 
therapy (Vivino et al., 1947). Two months 
later, when 18 of the girls were questioned 
about recovery from their illness, 15 com­
plained of their hair falling out and 10 re­
ported the persistence of loose stools with 
cramping. A prolonged period of malaise 
followed the acute illness in most patients 
(Verder et al., 1946).

M E T H O D S
S pecim en s. S in ce  th e  N a tio n a l In s t i tu te s  of 

H e a l th  w as  in v ite d  to  a s s is t w ith  th e  in v es tig a tio n  
o f th e  o u tb re a k  m o re  th a n  48 h o u rs  a f te r  th e  o n se t 
o f illn ess  in  m o st of th e  p a tien ts , th e re  w as  no  
o p p o r tu n ity  to  ex a m in e  specim ens b e fo re  th e ra p y  
w as  in s titu te d .

S to o l specim ens fro m  22 p a tie n ts  w e re  e x a m ­
in e d ; s ing le  specim ens on ly  w e re  av a ila b le  fo r  19, 
a n d  2  fro m  each  o f 3 o th e r p a tien ts . F o r tu n a te ly , 
th e  L a b o ra to ry  o f th e  D is tr ic t  o f C o lum b ia  H e a lth  
D e p a r tm e n t h ad  iso la ted  th e  o rg a n ism  fro m  th e  
stoo ls  o f an  a d d itio n a l S p a tien ts . N o  specim ens 
w e re  o b ta in ed  fro m  th e  o th e r  24 p a tie n ts . H o w ­
ever, 16 n u rse s  w h o  w e re  n o t ill supp lied  us w ith  
stoo ls  fo r  stud y , a n d  th e  cook, w h o  su ffe re d  a  
m ild  illness, c o n trib u te d  a  stoo l fo r  e x a m in a tio n .

B lood  sam p les  w e re  secu red  fro m  9 a c u te ly  ill 
g i r l s ; th e  se ru m  w as s e p a ra te d  fro m  th e  c lo ts  fo r  
u se  in  th e  se ro lo g ica l w o rk  a n d  th e  c lo ts  w e re  
cu ltu red . E ig h t  u r in e  sam p les  fro m  h o sp ita liz ed  
p a tien ts  w e re  cu ltu red .

618
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B lood  se ru m  w as  av a ila b le  fo r  42 n u r s e s : 32 
w h o  h ad  been ill an d  10 w h o  d id  n o t becom e ill 
th o u g h  liv in g  in th e  n u rse s ’ re s id e n c e  a t  th e  tim e 
o f th e  o u tb re a k . M u ltip le  sam p les  w e re  av a ila b le  
fo r  17 p a t ie n ts ; th e y  w e re  o b ta in ed  d u r in g  th e  
a c u te  illn ess  a n d /o r  6, 14, o r 26 w eeks a f te r  th e  
c lin ica l onset. O n ly  e ig h t sam p les  w e re  co llec ted  
fro m  th e  n u rse s  w ho  h a d  n o t been  i l l ; 7 w ere  
o b ta in ed  14 w eeks a f te r  th e  co n tam in a te d  c u s ta rd  
w as  serv ed , an d  th re e  26 w eeks a f te rw a rd . S ince  
m an y  o f th e  n u rse s  h a d  tr a n s fe r r e d  to  o th e r  in s t i­
tu tio n s  im m ed ia te ly  a f te r  th e i r  re co v e ry , i t  w as 
d ifficult to  p ro c u re  co n va lescen t serum s.

B a c te rio lo g y . F o u r  p la te s  of d iffe re n t m ed ia an d  
2 en ric h m e n t m ed ia  w ere  in o cu la ted  w ith  each 
stoo l s p e c im e n : o ne p la te  each  o f b ism u th  su lp h ite  
m ed iu m  (m o d ified  D ifc o ) , M a cC o n k ey ’s m edium , 
S S  ag a r , an d  5 %  ra b b it b lood  a g a r ;  an d  2  tu b es  
each of S e len ite  F  (B B L )  a n d  te tra th io n a te  (m o d i­
fied D ifco ) en ric h m e n t b ro th . O n ly  th e  en rich m en t 
m ed ia  w ere  u sed  w ith  u r in e  specim ens. H e a r t  in ­
fu sion  b ro th  co n ta in in g  p a ra -a m in o -b e n z o ic  ac id  
w as  se lected  fo r  th e  b lood  cu ltu res . E v e ry  e ffo rt 
w as  m ad e  to  c u ltu re  th e  m a te r ia l  w ith in  a  few  
h o u rs  o f co llec tion  o f each  specim en.

A ll co lon ies w ith  a n y  re se m b lan ce  to  th o se  of 
en te r ic  p a th o g e n s  w e re  se lected  fo r  fu r th e r  study . 
B o th  th e  b iochem ical c h a ra c te r is tic s  an d  th e  a n ti­
g en ic co m p on en ts  o f a ll c u ltu re s  w ith  p ro p e rtie s  
th a t  in d ica ted  a  s im ila r i ty  to  reco g n ized  p a th o g e n s  
w e re  ex am ined .

B io ch em ica l m etho d s. In  an  a t te m p t to  d is t in ­
g u ish  th e  g ro u p  o r  d iv ision  to  w h ich  th e  selected  
cu ltu res  b elonged , te s ts  w e re  m ad e fo r  p ro d u c tio n  
o f indo l, h y d ro g e n  sulfide, ac e ty l-m e th y l ca rb in o l, 
an d  u r e a s e ; fo r  u tiliz a tio n  o f sod ium  c i t r a t e ; an d  
fo r  fe rm e n ta tio n  o f d e x tro se , lac tose , an d  sucrose . 
W h e n  i t  a p p e a re d  th a t  o rg a n ism s  re se m b lin g  
Salmonella s tra in s  w ere  b e in g  iso la ted , th e  fe r ­
m en ta tio n  o f a d d itio n a l su g a rs  an d  th e  liqu efac tio n  
of g e la tin  w e re  s tud ied  in  an  e f fo r t to  id en tify  th e  
s tra in s  m o re  c losely  w ith  th e  Salmonella o r  w ith  
re la te d  g ro u p s  (E w in g  an d  E d w a rd s , I9 6 0 ; I.A .M ., 
1954, 1958).

A n tig e n ic  an a ly s is  o f is o la te d  s tra in s . A s  soon 
as  th e  b iochem ical s tud ies  in d ica ted  th a t  th e  iso ­
la tes  h ad  m an y  o f th e  p ro p e rtie s  of Salmonella, 
slide a g g lu tin a tio n s  w ith  poo led  Salmonella O 
se ru m s w e re  in clud ed  fo r  p re lim in a ry  sc reen in g  
of liv in g  cu ltu res . T u b e  te s ts  w ith  poo led  Salmo­
nella H  se ru m s a n d  fo rm a lin iz ed  b ro th  c u ltu re s  
w ere  em ployed  fo r  ex a m in a tio n  of f lag e lla r  co m ­
p onen ts. W h e n  i t  ap p e a re d  th a t  th e  O  com ponen ts 
w e re  re la te d  to  th o se  o f 5 \ poona (13 ,22  : z : 1,6) 
an d  S. zvorthington (1 ,13,23 : l ,w  :z ) ,  a n d  th e  H  
com ponen ts to  th o se  of S. cerro ( 1 8 : Z 4 , Z : » ) ,  th ese  
specific Salmonella a n tise ru m s  w e re  u tilize d  to  
id en tify  o th e r  fre sh ly  iso la ted  s tra in s . R e c rip ro c a l

a b so rp tio n  s tu d ie s  w e re  n eeded  to  c la r ify  th e  se ro ­
lo g ica l find ings b ecau se  o f th e  c lose re la tio n sh ip s  
b etw een  b o th  th e  H  an d  O  a n tig e n s  o f som e of 
th e  Salmonella a n d  Arizona s tra in s . T w o  o f th e  
s tra in s , fre sh ly  iso la ted  fro m  p a tie n ts  o f th e  o u t­
b re a k , w e re  u sed  fo r  th e  p re p a ra tio n  of specific H  
an d  O  a n tise ru m s  by th e  m etho d s d esc rib e d  by  
E d w a rd s  an d  E w in g  (1 9 55 ) fo r  Salmonella a n t i ­
seru m s. W h e n  b o th  th e  b iochem ical a n d  th e  a n t i ­
g en ic  c h a ra c te r is tic s  of th e  iso la ted  c u ltu re s  p ro v e d  
a ty p ic a l fo r  p rev io u sly  d escrib ed  s tra in s  of tru e  
Salmonella, c u ltu re s  o f 6 o f th e  iso la te s  a n d  th e  
specific H  an d  O  a n tise ru m s  w e re  fo rw a rd e d  to  
D r. P . R . E d w a rd s  fo r  fu r th e r  study .

A g g lu tin in s  in  p a t i e n ts ’ seru m s. E a c h  seru m  
w as  te s te d  fo r  a g g lu tin in s  fo r each  of 6  a n t ig e n s : 
O  a n tig e n  o f a n  “o u tb re a k ” s tra in , H  a n tig e n  of 
th e  sam e “o u tb re a k ” s tra in , O  a n tig e n  of 5". poona, 
an d  O  an tig e n s  of S. typhi, S. paratyphi A , an d  
.S', paratyphi B . In  th is  w ay  th e  r ise  in  th e  specific 
a g g lu tin in s  of th e  in fe c tin g  o rg a n ism  cou ld  be 
co m p ared  w ith  th o se  o f a n  o rg a n ism  w ith  th e  sam e 
m in o r O  a g g lu tin o g e n s  (S. poona) a n d  a lso  w ith  
th e  ag g lu tin in s  p rev io u sly  s tim u la ted  a s  a  re su lt 
of T -A -B  v acc in a tio n . T h e  O  an tig e n s  co n sisted  
o f liv in g  o rg a n ism s  w ashed  fro m  a g a r  s lan ts  an d  
suspended  in 0 .85%  N aC l. T h e  H  an tig e n s  w e re  
ac tiv e ly  m o tile  o rg a n ism s  g ro w n  in  b ro th  an d  
k illed  in fo rm a lin :  a  1 6 -h r b ro th  c u ltu re  w as  d i­
lu ted  w ith  an  equal a m o u n t of 0 .85%  N a C l so lu ­
tion  co n ta in in g  0 .6%  fo rm a lin . A ll te s ts  w e re  
in cu b a ted  a t  5 0 ° C ; th o se  w ith  O  an tig e n s  fo r  18 h r  
an d  th o se  w ith  H  an tig e n s  fo r  2 h r.

R E S U L T S
A  s tra in  o f th e  Arizona g ro u p  (1 ,2 :1 ,2 ,5 ) 

w as iso la ted  fro m  th e  stoo ls  of 18 (6 7 % )  of 27 
n u rse s  fro m  w ho m  specim ens w ere  a v a i la b le ; speci­
m ens w e re  n o t o b ta in ed  fro m  th e  o th e r  24 w ho  
w ere  ill. N o n e  w as  fo u n d  in  th e  s to o ls  o f 16 
n u rse s  w h o  w e re  n o t ill. E ig h t u rin e  specim ens 
an d  9 b lo od  clo ts  w e re  cu ltu red , b u t n o n e  w as 
positive . T h e  sam e s tra in  w as iso la ted  fro m  th e  
c u s ta rd  th a t  w as p ro b a b ly  th e  v eh icle  th a t  sp read  
th e  in fe c tio n ; it  w as also  iso la ted  fro m  th e  stoo ls 
of th e  cook, w h o  a te  som e o f th e  c u s ta rd  fo r  h e r  
lunch  an d  su ffe red  a  m ild  illness. (T h e  L a b o ra ­
to ry  of th e  D is tr ic t  of C o lum b ia  H e a l th  D e p a r t­
m en t k in d ly  fo rw a rd e d  to  u s  25 s tra in s  iso la ted  
e a rly  in  th e  o u tb reak , in c lu d in g  th e  c u ltu re  fro m  
th e  c u s ta rd  an d  a lso  cu ltu res  f ro m  stoo ls  of 5 
n u rse s  f ro m  w ho m  w e d id  n o t o b ta in  specim ens.)

A ll of th e  s tra in s  h a d  th e  b iochem ical c h a ra c ­
te r is tic s  of ty p ica l cu ltu res  of th e  Arizona g ro u p  
(E d w a rd s  et al., 195 9). A ll p ro d u ced  ac id  an d  
g as  in  th e  fe rm e n ta tio n  of a rab in o se , d e x tr in , d e x ­
tro se , g a lac to se , g ly cero l, levu lose , m alto se , m a n n i­
tol, rh am n o se , so rb ito l, treb a lo se , an d  x y lo se . A ll
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fa iled  to  fe rm e n t ad o n ito l, am y g d a lin e , d u lcito l, 
e ry th r i to l ,  inosito l, inu lin , raffinose, salicin , an d  
su c ro se  in  21 d ay s. T h e  le n g th  of tim e  re q u ire d  
fo r  d e te c tio n  of th e  fe rm e n ta tio n  o f la c to se  v a r i e d : 
2 s tra in s  p ro d u ced  a  s lig h t a c id ity  in  6 d ays, 12 
show ed  d efin ite  fe rm e n ta tio n  in  14 days, an d  th e  
re m a in d e r  g av e  n o  ev idence of s p li ttin g  th e  s u g a r 
in  b ro th  in  21 d ays. H o w e v e r , a  v e ry  s lig h t a c id ity  
w as  u su a lly  n o ticeab le  in  m o st c u ltu re s  in  b ro m  
c reso l p u rp le  m ilk  w ith in  1CI-14 days. G ela tin  
(1 2 % )  w as  liquefied  in  16-21 day s w h en  in cu b a ted  
a t  ro o m  te m p e ra tu re  in  s to p p ered  tu b es . H y d ro g e n  
su lp h id e  w as  p ro d u ced  in  ab u nd an ce , u re a  in 
C h ris ten sen ’s m ed iu m  w as  n o t h y d ro ly zed , an d  
indo l w as  n o t fo rm ed . T h e  m e th y l- re d  re a c tio n  
w as positive , th e  V o g e s -P ro s k a u e r  te s t  n eg a tiv e . 
A  v e ry  s lig h t a c id ity  developed  in  J o rd a n ’s t a r ­
t r a te  m edium .

T h e  m ouse p a th o g e n ic ity  of 2 fre sh ly  iso la ted  
Arizona s tra in s  w as te s ted  by in je c tin g  in tra p e r i-  
to n ea lly  0.5 m l o f m ucin  suspensio ns  of v a ry in g  
d ensities. B e tw een  150 an d  200 o rg a n ism s  of each  
c u ltu re  k illed  8 o f th e  10 in o cu la ted  m ice w ith in  
36 h o u rs . A  s tra in  of A. poona, s tu d ie d  s im ila rly , 
p ro ved  to  be eq u ally  p a th o gen ic . A  s tra in  o f .S'. 
ccrro fa ile d  to  k ill  un less  500 m illio n  o rg an ism s 
w e re  g iven .

A n tig e n ic  a n a ly s is  o f s t ra in s  iso la ted . A ll o f
th e  s tra in s  iso la ted  d u r in g  th e  o u tb re a k  w ere  a g g lu ­
tin a te d  by  each  of th e  specific H  an d  O  a n tise ru m s  
p re p a re d  fo r  2 cu ltu res  o b ta in ed  fro m  p a tien ts .

T h e  iso la ted  s tra in s  w e re  a g g lu tin a te d  a lso  by 
A. poona (13, 22 : z : 1, 6 )  O seru m  an d  by  S. ccrro 
( 1 8 :z4,ziï,) H  seru m . T h e se  re ac tio n s  w ere  h e lp ­
fu l in  se le c tin g  c u ltu re s  fo r  fu r th e r  s tu d y  d u r in g  
th e  e a r ly  w o rk  on th e  o u tb reak . H o w e v e r , w h en  
specific O seru m s fo r th e  s tra in s  asso c ia ted  w ith  th e  
o u tb re a k  w e re  av a ila b le  fo r re c r ip ro c a l a b so rp tio n  
a g g lu tin a tio n  te s ts , A. poona d id  n o t a b so rb  th e  
m a jo r  a g g lu tin in s  fro m  th e  specific O se ru m ; 
th e  2 s tra in s  p ossessed  on ly  s im ila r  m in o r a g g lu ­
tino g en s. In  c o n tra s t, th e  m a jo r  a n tig e n ic  fa c to rs  
of th e  flag e lla  of th e  fre sh ly  iso la ted  s tra in s  a n d  
of S. ccrro w e re  id en tica l ; cu ltu res  o f each  of th e  
s tra in s  com plete ly  rem ov ed  th e  a g g lu tin in s  fo r bo th  
s tra in s  fro m  b o th  an tise ru m s.

T h e  6 cu ltu res  fo rw a rd e d  to  D r . P . R . E d w a rd s  
w e re  iden tified  as  s tra in s  o f th e  Arizona g ro u p  
of th e  sam e sero lo g ica l ty p e  as  th e  one o rig in a lly  
iso la ted  by C aldw ell an d  R y e rso n  (1 9 3 9 ), w ith  
th e  a n tig e n ic  fo rm u la  1 ,2 : 1 , 2 , 5  (E d w a rd s  an d  
W e st, 1959).

A g g lu tin in s  in  b lood  o f p a t ie n ts  a n d  co n tac ts .
T a b le  1 sho w s th e  ch ang es th a t  o c c u rre d  in  th e

T a b le  1. R esu lts  of a g g lu tin a tio n  te s ts  on  se ru m s of b lood  ta k e n  d u r in g  a c u te  illness an d  co n v a les­
cence o f 17 n u rses.

Reciprocals of titers of agglutinins in serums obtained at following times for various O and H antigens

Patient

Arizona • organism isolated from stools

Acute illness 6 week:s later 14 Vreeks later 26 weeks later
Arizona Ari zona 15. Poona S. Typ. A & B Arizona S. Poona S. Typ. A &B Arizona

0 H 0 H 0 0 O H 0 0 0 H
i + 0 0 640 320 40 40 320 80 — 40 0 0
2 + 20 20 160 80 20 40 160 160 - 20 0 0
3 + 40 40 640 320 40 20 0 0 0 0 0 0
4 + 0 0 80 320 40 20 160 160 20 20 40 160
5 + 40 40 320 160 20 80 320 80 20 80 0 0
6 - 0 0 0 0 0 0 160 40 — 20 20 20
7 + 160 80 1280 640 80 40 0 0 0 0 80 160
8 + 0 0 640 320 320 40 160 80 - 40 0 0
9 + 0 0 640 160 40 20 80 40 — 40 0 0

10 + 0 0 640 320 40 20 160 160 20 20 0 0
11 0 80 40 640 320 160 160 0 0 0 0 0 0
12 - 80 80 0 0 0 0 320 80 20 20 0 0
13 0 80 320 1280 640 40 160 160 320 20 40 0 0
14 + 0 0 320 320 40 20 80 80 - 40 80 40
15 + 0 0 320 160 20 20 160 160 - 20 0 0
16 + 0 0 0 0 0 0 160 160 20 20 — 80
17 + 40 40 80 80 20 80 80 160 - 80 0 0

S. T y p . A  & B -O , O  a n tig e n s  of A. typhi, S. paratyphi A , an d  A. paratyphi B . T i te r  g iv en  is  h ig h e s t 
one o b ta in ed  w ith  an y  one of 3 an tig e n s .

0, se ru m  n o t av a ilab le .
- ,  T i te r  < 1 : 2 0 .
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specific a g g lu tin in  t i te r s  in  th e  b lood  se ru m  of 
som e of th e  n u rse s  d u r in g  th e  w eeks fo llow in g  
th e ir  a c u te  illness. T h e  re a c tio n s  w ith  sev era l 
an tig e n s  a r e  in clud ed  in o rd e r  to  d e m o n s tra te  v a r i ­
ous ty p es  of an tib o d y  re sp o n se— specific an d  n o n ­
specific. T h e  t i te r s  o b ta in ed  w ith  th e  O an tig e n s  
o f 5 . typhi, S. paratyphi A , an d  5 \ paratyphi B 
show  th e  re sp o n se  to  an tig e n s  p rev io u sly  rece iv ed  
in  a  vaccine. T h e  v e ry  s lig h t r ise s  in  an tib o d ies  
com b in in g  w ith  th e  O  a n tig e n  o f A. poona in d ica ted  
th e  re ac tio n s  to  an  o rg a n ism  a n tig e n ica lly  re la te d  
th ro u g h  m in o r a g g lu tin o g e n s  to  th e  Arizona s tra in . 
T h e  m uch  h ig h e r  an d  r is in g  t i te r s  of specific 
ag g lu tin in s  fo r  b o th  th e  H  a n d  O  an tig e n s  o f an  
iso la te  o b ta in ed  fro m  an  ill n u rse  p o in t to w a rd  
th e  s tra in  o f th e  Arizona g ro u p  as  th e  e tio lo g ica l 
ag en t.

A t  le as t one se ru m  sam p le  of 25 of th e  32 ill 
n u rse s  (7 8 % )  fro m  w h o m  b lood  w as  o b ta in ed  
show ed a  t i te r  of 1 :8 0  o r g re a te r  fo r  b o th  H  an d  
O  an tig e n s  of th e  Arizona s tra in . O n ly  2 of th e  10 
n u rse s  w h o  d id  n o t becom e ill an d  h ad  b lood  
ex am ined , possessed  specific a g g lu tin in s  in  th ese  
d i lu t io n s : it  is p ossib le  th a t  th e y  h ad  h ad  m ild  
u n reco g n ized  in fections.

D IS C U S S IO N
This outbreak is the first mass food in­

fection in which a completely identified 
Arizona type was recognized. Although 
Edwards has now studied Arizona strains 
from more than 159 outbreaks (Edwards 
et al, 1956a, b, 1959), the laboratory find­
ings accumulated during investigation of this 
outbreak are somewhat unique.

The vehicle by which the organisms of 
the Arizona group were spread appears to 
have been a custard prepared with fresh, 
unbroken eggs. Although the type-specific 
Arizona strain was isolated from the stools 
of the cook, it is very unlikely that she con­
taminated it. Since she experienced a mild 
diarrheal illness after eating the custard, 
it is not probable that she was a carrier of 
the agent responsible for the outbreak. It 
was an explosive outbreak and there is no 
reason to suspect that earlier scattered in­
fections had occurred in the group. It is 
much more probable that the eggs either 
contained large numbers of the organisms or 
their shells were heavily contaminated, and 
the custard proved to be an excellent medium

for their multiplication since it stood in a 
warm kitchen on an August day awaiting 
additional refrigeration. The eggs had been 
obtained directly from a warehouse. It was 
learned that the eggs delivered to the Insti­
tution had been taken from several hundred 
dozen picked up from various farming areas, 
so no further effort was made to locate eggs 
for study. Of the 2634 cultures of this group 
that Edwards (1959) and his co-workers 
have typed, 136 were obtained from eggs or 
egg products.
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S U M M A R Y
T h e  d e a th  r a t e s  o f  s ta t io n a r y - p h a s e  b r a i n  h e a r t  i n f u s i o n - b r o th  c u l t u r e s  

o f  S. faecium  a n d  S. faecalis w e re  i n d e p e n d e n t  o f  n i t r i t e  a t  1 4 8 .5 ± 1 .5 ° F ,  
b u t  w e re  a c c e le r a t e d  a t  1 5 5 ± 1 . 5 ° F  a n d  1.18.5 I ,5  F .  A s c o rb ic  a c id  a d d e d  to  
th e  c u l t u r e  a t  t h e  t i m e  o f  h e a t in g  r e v e r s e d  th e  n i t r i t e  e f fe c t .  E v id e n c e  w as  
o b t a in e d  f o r  t h e r m a l  i n j u r y  o f  e n te ro c o c c i  s u rv iv in g  th e r m a l  p r o c e s s in g  i n  a  
c u r e d - m e a t  p r o d u c t .  O n e  h a l f  o f  t h e  p a c k  r e c e iv e d  a  s l ig h t ly  lo n g e r  p ro c e s s  a t  
1 5 9 ° F  t h a n  d id  th e  o th e r .  T h e  e n te r o c o c c i  s u rv iv in g  th e  le s s e r  s c h e d u le  
e v e n tu a l ly  m u l t i p l i e d  i n  th e  p r o d u c t ,  w h e re a s  th o s e  s t i l l  v ia b le  a f t e r  th e  
l e n g t h i e r  p ro c e s s  d ie d  o u t  d u r i n g  s to r a g e  a t  5 0  °F .

Nitrite has been described as the in­
gredient primarily responsible for the sta­
bility of lightly processed unrefrigerated 
cured meats (Silliker et al., 1958). The 
authors presented evidence that the level of 
nitrite commonly used in cured meat products 
(78-156 ppm), in combination with mild 
thermal processing, rendered the surviving 
bacterial spores incapable of growth in the 
product, although subculture of the meat in 
appropriate media resulted in outgrowth of 
surviving spores.

Nitrite also appears to be important in the 
stability of perishable cured meats, in which 
thermoduric cocci are frequently a spoilage 
problem. Streptococcus faecium has been 
implicated as the lactic acid organism most 
likely to survive the processing applied to 
perishable canned hams and luncheon meats 
(Barnes and Ingram, 1955; Ingram and 
Barnes, 1955 ; Drake et al., 1960).

The present studies were concerned with 
the response of N. faecium and S. faecalis to 
heat in the presence of nitrite. The results 
indicate that these organisms, under certain 
conditions, show a heat-injury phenomenon 
similar to that observed in spore-forming 
bacteria.

M A T E R IA L S  A N D  M E T H O D S
C u ltu re s  of 8". faecium H S -5  a n d  8". faecalis 3 

G A P -2  w e re  o b ta in ed  fro m  th e  A m e ric a n  M e a t

“ P re se n te d  a t  th e  T w e n ty -f i rs t  A n n u a l M e etin g  
o f th e  In s t i tu te  o f F o o d  T ec h n o lo g is ts , N ew  Y o rk , 
M a y  8, 1961.

In s t i tu te  F o u n d a tio n  c u ltu re  co llec tio n  th ro u g h  
th e  co u rte sy  of D r . C . F . N iv en , J r .  E ig h te e n -  
h o u r  cu ltu res  g ro w n  a t  98° F  in  tu b es  c o n ta in in g  
5 m l b ra in  h e a r t  in fu sion  b ro th  (D ifc o )  w ere  
s to re d  fro z e n  u n t i l  u sed  as  in o cu la  fo r  100 m l of 
b ra in  h e a r t  in fu sio n  b ro th  in  sc re w -ca p p e d  8 -oz 
b o ttle s . T h e  100-m l c u ltu re s  w ere  in cu b a te d  24 h r  
a t  98° F , a t  w h ich  tim e th e  p o p u la tio n  h a d  leveled  
off a t  1 -2  b illio n  cells p e r m l. T h e  p H  of th ese  
c u ltu re s  w as  6.3-6.4.

S od iu m  n i tr i te  an d  asco rb ic  ac id  so lu tio n s  w e re  
p re p a re d  fre sh  on th e  d ay  of use, an d  S e itz  filte red . 
T h e se  re a g e n ts  w e re  ad d ed  asep tica lly  to  th e  cu l­
tu re  b o ttle s  a t  th e  b eg in n in g  of each  ex p erim en t. 
T h e rm a l d e a th  s tu d ie s  w e re  c a rr ie d  o u t by  h ea tin g  
th e  c u ltu re  b o ttle s  in  a  c o n s ta n t- te m p e ra tu re  c irc u ­
la tin g  w a te r  b a th . S am p les  w e re  w ith d ra w n  a t  
in te rv a ls  an d  p la te d  in  try p to n e  y e a s t e x tr a c t  a g a r  
(D ifc o ) .  A  w a te r-b la n k  b o ttle  fitted  w ith  a  th e r ­
m o m ete r p e rm itte d  fo llo w in g  th e  te m p e ra tu re  of 
th e  c u ltu re  b o ttle s  th ro u g h o u t th e  ex p erim en t. T h e  
try p to n e  y e a s t e x tr a c t  a g a r  p la te s  w ere  in cu b a te d  
48 h r  a t  98° F  b e fo re  bein g  counted .

T h e  te s t  p ro d u c t u sed  in  th e  in o cu la ted  pack  
te s ts  w as  p re p a re d  as  fo l lo w s : 35 lb  of p o rk  w as  
g ro u n d  th ro u g h  a  (G in  p la te  an d  m ix ed  w ith  th e  
fo llo w in g  m a te r ia l s : 550 g  N aC l, d e x tro se , 320 g  
c o rn -sy ru p  solids, 7 g  w h ite  pepper, 7 g  c o rian d e r, 
7 g  N aN O ?, 7 g  N aN O a, an d  450 g  w a te r. O ne h u n ­
d re d  g ra m s  each  of 2 4 -h o u r cu ltu res  o f N. faecium 
a n d  S', faecalis w ere  th en  added , an d  th e  em ulsion  
w as v a c u u m -m ix ed  fo r  5 m in. T h is  w as  fo llow ed  
by re g r in d in g  th e  p ro d u c t th ro u g h  a  3 /1 6 - in  p la te  
an d  v ac u u m  m ix in g  fo r an  a d d itio n a l 5 m in . S ix -  
o unce (3 0 0  X 200) can s  w e re  h an d  filled a n d  sealed  
u n d e r 20 in. o f v acuum . O n e  h a lf  of th e  cans w e re  
p ro cessed  69 m in  in  an  open k e tt le  a t  1 59 °F . A  
m ax im u m  c e n te r te m p e ra tu re  o f 156 .5°F  w as
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Table 1. Effect of nitrite or survival of stationary phase S tre p to c o c c u s  faeca lis  cultures 
subjected to heat.

Minutes in temperature range before sampling

Log y. faecalis per ml brain heart infusion broth
148.5 ± 1.5°F 155 ±  1.5°F 158.5 ± 1.5°F

Control 100 ppm NaNCL Control 100 ppm NaNOz Control 100 ppm NaNCL
0 8.08 8.05 7.08 7.33 6.01 6.26

10 7.68 7.63 6.04 6.45 4.85 4.86
40 6.65 6.68 3.73 2.81 3.75 2.84
70 5.90 6.00 3.73 2.30 3.36 1.23

100 3.83 4.05 3.32 1.69
130 3.19 3.86 3.20 1.04

reached, as measured by geometrically centered 
copper-constantan thermocouples. The remainder 
of the pack was processed 78 min at 159°F and 
reached a  maximum center tem perature of 158°F. 
The cans were incubated a t 5 0 ± 1 ° F .  Duplicate 
or triplicate cans were removed periodically and 
their contents analyzed for the presence of viable 
enterococci as follow s:

Presumptive test. Serial dilutions of samples 
were placed in tubes of azide dextrose broth 
(D ifco). The tubes were incubated 24 hr at 
98°F. Growth indicated presumptive evidence of 
enterococci.

Confirmed test. A 0.1-ml sample was taken 
from each positive presumptive tube and inocu­
lated into trypticase soy broth (Difco) containing 
6.5% NaCl. The tubes were incubated 24 h r at 
113°F, after which the tubes showing growth were 
examined for gram-positive streptococci. The cata­
lase reaction of these cultures was tested by placing 
0.2 ml of culture in a spot plate and adding a few 
drops of 10% hydrogen peroxide. Absence of 
bubbles during a  S-min holding period was con­
sidered a  negative catalase reaction.

R E S U L T S
The data in Table 1 show that, at 148.5±1.5°F, 

death rates were similar throughout the test in 
both nitrite-containing and control cultures. A t 
155±1.5°F a  tenfold difference in viable cell count 
was apparent less than 40 min after the cultures 
reached the tem perature range. Samples taken 
at 100 min showed 2,100 survivors per ml in the 
control culture, and 49 per ml in the nitrite-treated 
culture. A t 130 min, the ratio was 1,600:11. Re­
sults were similar at 158.5±1.5°F. W ithin 70 min 
of reaching 157°F, the viable count of the nitrite 
culture had fallen from 1,820,000 to 17 per ml, and 
that of the control had fallen from 1,030,000 to 
2,300.

Table 2 shows the results of experiments with 3'. 
fa ec iu m  cultures at 148.5±1.5°F and 158.5±1.5°F.

Again, no difference in thermal tolerance was ob­
served at the lower temperatures. A t 158.5=fcl.5°F, 
however, the nitrite effect was apparent, with 
1,300 survivors per ml in the control bottle and 
only 20 per ml of the culture to which nitrite had 
been added.

Table 2. Effect of nitrite on survival of station­
ary phase S tre p to c o c c u s  fa ec iu m  cultures subjected 
to heat.

Log S , faecium  per ml brain, heart infusion broth
Minutes in temperature ■ range before sampling

148 ± 1.5°F 158.5 ± l.5 °F

Control 100 ppm NaNCL Control 100 ppm NaNCL
0 8.00 7.95 6.36 5.98

10 7.51 7.80 5.20 5.40
40 6.76 6.60 3.90 2.97
70 5.59 5.37 3.51 2.51

100 3.66 3.48 3.11 1.30
130 2.57 2.70 2.80 1.08

Ascorbic acid has proved to be extremely useful 
in enhancing the bright color of cured meats. 
Since this substance reduces nitrite to nitric oxide 
under acid conditions (Hollenbeck and Monahan, 
1953), it seemed possible that the nitrite effect 
might be overcome by the simultaneous addition 
of ascorbic acid to the test system. The data in 
Table 3 were obtained from an experiment in 
which 5". fa ec iu m  cultures were treated with 100 
ppm sodium nitrite, 112 ppm ascorbic acid, and 
both reagents. The pH  of the three test cultures 
and the control culture were all 6.4±0.05. The 
tem perature chosen was 154.5±1.5°F. The results 
showed that ascorbic acid, under the conditions of 
the test, did overcome the ability of n itrite to  in­
crease the thermal susceptibility of S . fa ec iu m .

Table 4 shows the results of a  test in which a 
batch of enterococcus-inoculated canned luncheon 
meat was divided into two parts and subjected to
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Table 3. 
add.

Reversal of nitrite effect by ascorbic

Minutes @ 154.5 rb 1.5°

Log Streptococcus fa-ecium per : heart infusion broth at 154.5 ±  1.5°F
ml brain

F Control 100 ppm NaNOs
112 ppm ascorbic acid

NaNOa +  ascorbic acid
0 7.92 8.19 8.14 8.05

10 7.25 7.44 7.37 7.39
20 4.42 4.08 4.87 4.90
35 3.65 2.00 4.83 4.43
65 2.85 0.00 3.04 3.57

slightly different processes at 159° F. One group 
of cans was held 78 min a t 159° F, attaining a 
center tem perature of 1S8°F ; the other was proc­
essed 69 min at 159°F, reaching an internal tem­
perature of 156.5°F. The “78-minute” cans were 
above 150°F for 35 m in; the “69-minute” cans 
were above 150°F for 28 min. As might be ex­
pected from the previous work, the number of 
surviving enterococci was considerably higher 
(about sixfold) in the lighter-cooked product than 
in the companion product. I t  was extremely inter­
esting to find, however, that, during storage at 
50° F, multiplication was substantial within 90 days 
in the lighter-processed luncheon meat, whereas 
the enterococci surviving the somewhat longer 
process died off steadily until they were no longer 
detectable.

DISCUSSION
The results with the brain heart infusion 

broth cultures, though reproducible, did not 
show a logarithmic order of death. W hite 
found this to be the case in some of her ther­
mal death work with 5'. faecalis (Richards

Table 4. Fate of enterococci in luncheon meat 
during storage a t 50°F.

Days storage @ 50°F

Enterococci per g of luncheon meat a
Processed 78 min @ 159°F (max cent T  ~158°F)

Processed 69 min @ 159° F (max cent T  =  156.5°F)
0 960 5,750

. 19- 21 500 5,900
48- 50 620 5,300
62- 64 310 2,000
89- 91 115 12,150,000
94- 96 20 8,000,000

111-113 10
124-126 1
158-160 <0.3

a Average of 2-3 cans per sampling period.

and W hite, 1959, W hite, 1952). Brown 
et al. (1960) obtained a  logarithmic death 
rate at 150°F with cocci isolated from 
canned ham when the organisms were sus­
pended in broth, but not when the heating 
menstruum consisted of bromelin-digested 
meat or comminuted baby-food meat. Young, 
vigorous cultures are usually used in deter­
mining the thermal death characteristics of 
nonsporing bacteria. The unusually high 
enterococcus thermal resistance encountered 
in our experiments can probably be traced 
to the age of the cultures. O ur choice of 
stationary-phase cultures was based on the 
grounds that the physiological status of such 
cultures parallels most nearly that of the 
enterococci present in cured-meat emulsions 
at the time of processing. The lactic acid 
microflora of raw cured-meat emulsions is 
not typically in exponential growth, and 
must comprise cells embracing all physi­
ological ages.

Perishable canned cured pork products 
are processed at heating schedules that re­
sult in maximum internal temperatures in 
the 150-160°F range. This ensures destruc­
tion of Trichinae and is optimal for yield 
and general organoleptic quality.

The data suggest that the specifics of the 
process affect profoundly the concentration 
of enterococci in the finished product and the 
ultimate fate of these organisms during re ­
frigerated storage. The longer such products 
are in excess of 150°F during thermal 
processing, the greater will be the syner­
gistic enterococci-killing effect of the nitrite 
in the emulsion.

The difference in the fate of enterococci 
surviving the thermal treatments applied in 
the inoculated cured-meat pack deserves fur­
ther consideration. The viable enterococcus 
concentration of product processed to an 
internal tem perature of 158°F declined 
steadily during storage a t 50 °F. Eventually 
(after about 5 months of incubation), no 
enterococci were recoverable from the 
product. Cans prepared from the same 
emulsion, held a shorter time in the same 
processing tank and reaching a center tem­
perature of 156.5°, developed high numbers 
of enterococci—and acid spoilage—within 
90 days. I t is thus apparent that nitrite, in 
combination with a crititcal amount of ther­
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mal energy, can render enterococci incapable 
of outgrowth in perishable cured meats—a 
situation not unlike the thermal injury effect 
described by Silliker et al. (1958) in regard 
to bacterial spores in shelf-stable cured-meat 
products. Much of the stability inherent in 
foods receiving less than a sterilizing ther­
mal process may be traceable to sublethal re­
actions that prevent outgrowth in the micro­
environment of the survivors. Ability to 
grow in subculture is by no means a definite 
indication that an organism can grow in the 
product unit from which it was taken.
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SUMMARY
Mildly heat-shocked spores o f four strains o f Type E C l o s t r i d i u m  b o t u l i n u m  

(VH , Beluga, Iwanai, and 8E ) were inoculated into a heat-sterilized beef stew 
substrate and incubated at 34 , 36 , and 38°F. Inoculum  levels o f approx
4 -1 2  m illion spores per tube were used with different strains. At 38°F, toxin  
production and visible outgrowth as evidenced by gas form ation beneath a 
vaspar seal occurred in one or m ore tubes o f each o f the strains within 31—45  
days. No evidence o f growth was visible after 14 days at 38°F, and at this 
tim e duplicate tubes o f each strain were not toxic. After 31 days, strains Iwanai 
and Beluga showed 2 o f 8 tubes with gas and toxin. None o f 8 tubes o f the VH 
and 8E strains showed gas after 31 days. Two tubes o f each strain were not 
toxic. After 45 days, tubes o f the VH and 8E strains showed visible gas 
production and toxin. Inoculated tubes incubated at 34  or 36°F showed no 
gas production during 104 days. Samples o f all strains at both temperatures 
were toxin assayed at 54  days and 104 days, and toxin was absent in all cases. 
These results suggest a rather sharply defined critical temperature above and 
below which spores o f Type E C l. b o t u l i n u m  are or are not capable o f germ inat­
ing and initiating toxic outgrowth. The significance o f these results in relation  
to extended refrigerated storage o f food products is discussed.

IN T R O D U C T IO N
Dolman et al. (1950) reported growth and 

toxin production of the VFI strain of Type 
E  Cl. botulinum  at 43 °F. Ohye and Scott
(1957) presented a detailed study of the 
effect of temperature on the growth rates of 
10 strains of Type E  Cl. botulinum. Also, 
using a cooked meat medium they found 
growth initiation from spore inocula in 3^1 
weeks at 41 °F, with toxin detectable after 
8 weeks of incubation. Six other strains 
showed growth, but the cultures did not kill 
mice although some appeared to produce 
transient symptoms. However, since this 
work was done before recognition of the 
potentiation of Type E  toxin by trypsin 
(Duff et al. 1956), the complete absence of 
toxin in any of these cultures is uncertain. 
Schmidt et al, (1961a) reported that small 
numbers of Type E  spores permitted to sur­
vive radiation pasteurization doses were able

“ Presented at the 21st Annual Meeting of the 
Institute of Food Technologists, May 8, 1961.

to germinate and produce toxic outgrowth 
at 43 and 49°F  during comparatively short 
periods of storage. Strains V H , Beluga, 
and Iwanai were used in that work, and it 
was also shown that mildly heat-shocked 
spore inocula germinated and produced toxic 
outgrowth at those temperatures. Schmidt 
et al. (1961a) discussed the results of ex­
periments from 3 different laboratories in 
relation to the extension of the refrigerated 
storage life of food products by radiation 
pasteurization. Ohye and Scott (1957) 
found no growth initiation of 10 Type E  
strains incubated 22 weeks at 36° F. H ow ­
ever, it must be pointed out that those ex­
periments consisted of duplicate tubes each 
inoculated with 10,000 spores of the strain 
being studied. Schmidt et al. (1961a) also 
suggested that the implications of the various 
results obtained to date make it desirable 
that an intensive study be conducted to deter­
mine the absolute minimum tem perature that 
permits outgrowth of Type E  spores using 
high-spore-level inocula. This paper pre­

626
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sents the results of studies that attempt in 
a preliminary way to determine the ability 
for outgrowth at 34, 36, and 38 °F  of heat- 
shocked spores of 4 strains of Cl. botulinum  
Type E.

EX PE R IM E N T A L  METHODS
Spore suspensions. The spore suspensions used as 

inocula were dilutions of stock suspensions pre­
pared and used for determining radiation resistance 
as described by Schmidt e t al. (1961b). Portions 
of the stock suspensions were centrifuged and 
washed three times by resuspending in sterile water 
and centrifuging at 6000 rpm in a Servall angle 
centrifuge. After the third washing the sedimented 
spores were resuspended to the original volume, 
heat-shocked for 13 min a t 140°F, and diluted 
10-fold to provide the final inoculum.

Substrate. Frozen beef stew used as a sub­
strate for determination of the radiation resistance 
of spores of Type E  Cl. b o tu lin u m  (Schm idt e t al., 
1961b) was thawed and distributed in approxi­
mately 30-g quantities in 25 X 150-mm screw-cap 
tubes. After the addition of 5 ml of water, the 
tubes were sterilized for 15 min at 250 °F.

Inoculation. Tubes of the sterilized beef stew 
were inoculated with 1-ml quantities of suspension 
and sealed with a  layer of sterile vaspar. The tubes 
were then immersed 5 min in water a t 140°F to 
reset the vaspar into a smooth layer, and then 
chilled for about 1 hr in cold tap water. Following 
this, the tubes were held at least 2 hr in ice water 
with melting ice. The tubes were dried rapidly 
and placed at the desired incubation tem perature 
in Lo-Temp BOD incubators. For each incubation 
temperature, 10 tubes of the beef stew substrate 
were inoculated with each strain tested. The in­
oculum level per tube varied between 4 million and 
12 million for the different strains.

Incubation and observation. Sets of tubes for 
each of the 4 strains tested were incubated at 
34, 36, and 38°F. The tubes incubated at 38°F 
were examined each week, and those incubated at 
34 and 36°F were examined every two weeks. The 
tubes were removed from the incubator and ex­
amined for visible gas production beneath the vaspar 
seal. This observation could be conducted quite 
readily by tapping the sides of a pair of tubes 
against each other. Since complete observation of 
a rack of 40 tubes required less than 5 min, there 
was little opportunity for a significant temperature 
rise in a 25-mm tube of this quite viscous product.

Sampling and toxin assay. After certain peri­
ods of incubation, samples were removed from the 
incubators and assayed for Type E  toxin. The 
vaspar seal was removed and the contents of the

tubes blended 1 :1 with sterile water. Toxin assay 
was conducted using trypsin digestion as described 
by Schmidt e t  al. (1961b). Tubes showing no gas 
a t the respective incubation temperatures at the 
time of sampling were placed in water a t 95 °F  for 
at least 2 hr to determine whether gas was detect­
able under these conditions.

RESULTS AND DISCUSSION
Tables 1 and 2 show the results with the 

spore inocula of 4 different strains incubated 
at 38°F. After 14 days’ incubation no gas 
was detectable either in 10 tubes of each 
strain at 38°F or in 2 tubes of each strain 
subsequently warmed to 95 °F. These 2 
tubes of each strain also were nontoxic after 
this period of incubation. After 31 days of 
incubation, 2 tubes of the Iwanai strain and 
one tube of the Beluga strain showed definite 
evidence of gas production at 38°F. The 
tube of the Beluga strain and one of the 
Iwanai tubes showed detectable toxin. After 
45 days of incubation additional tubes of the 
Iwanai and Beluga strains showed gas at 
38°F, as did also 2 tubes of the V H  strain 
and one tube of the 8E  strain. All tubes 
showing gas at 38°F  after 45 days’ incuba­
tion were shown to contain Type E  toxin. 
After 31 and 45 days of incubation, when 
tubes of the strains showing gas were toxin 
assayed, a tube not showing gas at 38°F 
was also tested by warming to 95°F  and 
then assayed for toxin. Tubes of the Type 
8E strain that showed no gas at 38°F  after 
60 days of incubation were also tested by 
this procedure. The results of these tests 
are included in Tables 1 and 2 and summar­
ized in Table 3. The data in Tables 1 and 
2 show that, with each strain tested, toxic 
outgrowth with visible gas production can 
occur within 31-45 days at 38°F  in at least 
a part of 10 replicate samples inoculated. 
O ther replicate tubes of the same inoculum 
may require 53-60 days at 38°F  to produce 
detectable gas. The data summarized in 
Table 3 show that 2 of the 4 strains after 
45 days of incubation may produce an 
amount of gas not detectable at 38°F  but 
detectable upon warming to 95°F. The 8E 
strain requires about 60 days of incubation 
to produce the same result. Also, with 3 of 
the strains at certain periods of incubation, 
it is evident that a detectable toxin titer may
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Table 1. Gas formation and toxin production from spore inocula of strains V H  and 
Iwanai incubated at 38°F.

TubeS train  no.

Days incubation Toxin assay
F or gas produc­tion

Beforetoxinassay Gas at 95°F Results b
Dilutionleveltested

V H  1 0 /1 4 14 0 N T 80
2 0 /1 4 14 0 N T 80
3 0 /3 1 31 0 T 80
4 0 /3 1 31 0 N T 8
5 S3 --- R — — —
6 4S 45 — T 80
7 4S — — — —
8 0 /4 S 45 + T 80
9 S3 — — — —

10 60 60 — T 80
I w a n a i  1 0 /1 4 14 0 N T 80

2 0 /1 4 14 0 N T 80
3 31 31 — T 80
4 31 31 — N T 8
S 38 45 — T 80
6 0 /4 5 45 + T 8
7 45 — — — —
8 45 — — — —
9 47 — — — —

10 47 — — — —
a N o t  te s te d .
b N T  =  N o n - to x ic ,  T  =  T o x ic .

T a b le  2. G a s  fo r m a tio n a n d  to x in  p ro d u c tio n  f ro m s p o re  in o c u la o f s tr a in s B e lu g a  a n d
8 E  in c u b a te d  a t  38 ° F .

Days incubation Toxin assay
For gas BeforeTube produc- toxin Gas atS tra in  no. tion assay 95°F Results b tested

B e lu g a  1 0 /1 4 14 0 N T 80
2 0 /1 4 14 0 N T 80
3 31 31 — T 80
4 0 /3 1 31 0 N T 8
5 38 45 — T 80
6 0 /4 5 45 0 T 8
7 38 --- a — — __
8 47 — — — __ _
9 53 — — __ __

10 53 — — — —

00 0 /1 4 14 0 N T 80
2 0 /1 4 14 0 N T 80
3 0 /3 1 31 0 N T 8
4 0 /3 1 31 0 N T 8
5 45 45 — T 80
6 0 /4 5 45 0 T 8
7 53 — — __ _
8 53 60 — T 80
9 0 /6 0 60 0 T 8

10 0 /6 0 60 + T 80
“ Not tested.b N T  =  non-toxic, T  =  toxic.
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Table 3. Summary of toxin assay of samples 
that showed no gas at 38 °F  at time of examination.

Strain T ube no.

Incuba­tiontime(days)

Toxin assay

Gas at 95°F Result
Dilutionleveltested

VH 3 31 0 T 80
8 45 + T 80

Iwanai 9 45 + T 8
Beluga 7 45 0 T 8
8E 6 45 0 T 8

9 60 0 T 8
10 60 + T 80

exist without gas being apparent even at 
95 °F.

A t 36 °F, 3 tubes of each strain were tested 
following 42 days of incubation, 2 tubes 
following 54 days, and 5 tubes following 104 
days. A t 34°F, 3 tubes were examined after 
54 days, and 7 tubes after 104 days. None of 
the tubes showed gas either at the respective 
incubation temperatures or after warming to 
95°F. All tubes of strains Iwanai, Beluga, 
and 8E were negative for toxin at a level 
equivalent to 8 M LD per gram. Some of the 
tubes of the V H  strain showed toxicity at a 
level equivalent to 8M LD, but all samples 
were negative at 16 MLD. It was subse­
quently shown that, in spite of washing and 
preheating, there was a slight carrvover of 
trypsin-digestible toxin in the inoculum. The 
washed preheated suspension of the V H  
strain contained approx. 200 M LD per ml 
following trypsin digestion. W hen one ml 
was inoculated into tubes containing 35 g of 
substrate, this would account for a toxin 
level of approx. 8 M LD per gram, as was 
found with this strain. The results obtained 
at 36 °F  provided some confirmation of the 
data of Ohye and Scott (1957), who found 
no growth of 10 strains in 22 weeks at 36°F, 
using much lower spore inocula levels.

These experiments seem to indicate con­
clusively that a refrigerated storage tem per­
ature of 38°F is not safe over extended 
periods with respect to preventing outgrowth 
and toxin production by spore inocula of 
Type E  Cl. botulinum. I t could be expected 
that somewhat less optimal culture media and 
lower spore inocula levels might somewhat 
mitigate the hazard of outgrowth at this 
temperature, or markedly delay the time at

which it occurs. The effect of such factors 
remains to be revealed by future investiga­
tion. A t present one must hesitate to sug­
gest the storage of food products capable of 
supporting growth of Type E  Cl. botulinum  
at a maximum temperature of 38°F  beyond 
a storage time of approx 3 weeks. The tests 
conducted at 34 and 36°F, within the limits 
of the small number of strains and the spore 
inoculum level of each used, indicate a sig­
nificant and very favorable effect of these 
temperatures in preventing the hazard of 
Type E  botulism in refrigerated foodstuffs. 
Comparison of the results at 38 and 36°F, 
however, suggests a very sharply defined 
critical temperature zone above which spores 
of Type E  Cl. botulinum  can present a public 
health hazard during moderately long storage 
periods. The very narrow borders of the 
upper and lower limits of this zone must 
make us wary of specifying too definitely on 
limited evidence the tem perature at which 
the hazard of Type E  botulism no longer 
occurs until much more supporting evidence 
is at hand. The data presented indicate in a 
preliminary fashion some of the problems of 
the Type E  botulism hazard that may be in­
volved in extended refrigerated storage life 
of foodstuffs. I t is our hope that these results 
will stimulate considerable additional investi­
gation in this field in the near future.

Schmidt et al. (1961a), in an experiment 
preliminary to determining the ability of 
spores surviving irradiation to germinate 
and result in outgrowth at refrigeration tem­
peratures, tested the ability of mildly heat- 
shocked spores to germinate and develop in 
beef stew at 43 and 49°F. Approximately 
the same inoculum level of spores and pro­
cedure were used as in this work with strains 
Y H , Iwanai, and Beluga. Gas production 
was detectable in 10-12 days at 49° F, and 
in 19-22 days at 43°F. The average time 
for gas production was estimated as 11 days 
at 49°F  and 20 days at 43°F. In the work 
now presented, we may estimate 36 days as 
the average time at which some tubes of each 
of the 4 suspensions produced gas at 38° F. 
Fig. 1 shows the relationship that develops 
when the average time for detectable gas is 
plotted on a logarithmic scale against degrees 
Fahrenheit on a linear scale. I t is perhaps 
surprising that such a complex phenomenon
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TEMPERATURE °F.
Fig. 1. Relation of incubation time for visible 

gas production and incubation tem perature for 4 
strains of C lo str id iu m  b o tu lin u m  Type E.

as the appearance of detectable gas, which 
is dependent on spore germination, cell 
growth, and gas formation, as well as gas 
solubility and gas pressure at each tempera­
ture, should appear so regularly related to 
temperatures between 38 and 49°F. An at­
tempt was made to establish another point 
on the curve by conducting a test with the 
same inoculum with 5 tubes of each strain 
incubated at 52°F. In  this case gas was de­
tectable in tubes of all strains between 5 and

7 days, so that the estimated average time 
of 6 days falls somewhat below the extra­
polated curve. The extrapolated portion be­
low 38°F has been shown to be invalid by 
the results of our work at 34 and 36° F. 
However, the extrapolation did have some 
value in suggesting incubation time intervals 
at which tubes that exhibited no gas at the 
respective incubation temperatures should be 
warmed to 95 °F  so that small quantities of 
gas might be detected and also assayed for 
toxin. If this relationship between time for 
detectable gas production and temperature 
holds for spores of additional strains in 
various substrates, it should be possible to 
conduct surveys for their behavior quite 
rapidly at 2 temperatures between 40 and 
50°F. The line extrapolated below 40°F  
could then be used as a guide for further 
observations requiring prolonged incubation.
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SUMMARY
From four m arket m eats (ham burger, pork chops, beef liver, and round 

steak) obtained at 28  retail stores, 136 isolates o f  coagulase-positive staphylo­
cocci were recovered. Suggestive o f hum an sources o f S t a p h y l o c o c c u s  a u r e u s  
to the meats were bacteriophage types o f m ost o f the isolates similar to those 
of hum an strains. Also, over 70%  o f the isolates produced hem olysins char­
acteristic o f hum an strains o f S. a u r e u s .  Suggestive o f non-hum an sources 
was the finding that none o f the strains was resistant to penicillin and three 
other antibiotics and that 6%  were resistant to streptomycin, 3% to chlortet- 
racycline, and 12.5%  to ristocetin.

The distribution of potentially virulent 
Staphylococcus aureus strains has recently 
been shown by many investigators to be 
widespread. In  brief, it has been shown 
that these organisms exist on almost every 
type of object and in most all environments 
where man and certain animals exist (W al­
ter et al., 1958; F ratta  and Mann, 1960;
Clark, Moore, ana Nelson, 1961). Such 
widespread occurrence might be either con­
sequences of or contributing factors in the 
spread of these strains in human outbreaks 
of staphylococcal infections, which are so 
widespread. Foods, unfrozen meats in par­
ticular, seem to have been overlooked as 
possible sources of spread of these organ­
isms. A first consideration in this regard 
should perhaps be a survey of market meats 
to determine their content of coagulase- 
positive Y. aureus and whether the numbers 
are sufficient to be of possible significance

* This study was supported by research grant 
E-3089 from the Institute of Allergy and Infectious 
Disease, National Institutes of Health, U. S. Public 
Health Service.

b Presented in part at the 61st annual meeting 
of the American Society for Microbiology, April, 
1961.

° Present address: Department of Biology,
W ayne State University, Detroit, Michigan.

in their spread. One such story has been 
reported (Jay, 1961). A  second considera­
tion should be a characterization of the 
market staphylococci to determine whether 
they are similar to strains in human out­
breaks and whether they are capable of 
initiating infection in man.

This paper reports the bacteriophage and 
hemolysin patterns and the antibiotic sensi­
tivity of coagulase-positive S. aureus from 
4 market meats.

M ATERIALS AND METHODS
The fresh meats chosen for study w e re : ham ­

burger or ground beef, round beef steak, beef or 
calf liver, and pork chops. The first 3 meats were 
chosen primarily because they are usually cooked 
to various degrees of doneness and therefore pre­
sent perhaps the greatest chance for the spread of 
staphylococci to the purchaser, the cook, and the 
consumer.

The meats were purchased over the counter 
from 28 retail grocery stores and meat markets 
selected at random in the Baton Rouge area. The 
meats were bought in ordinary lots without in­
forming the clerk of intended use. On the day of 
purchase, they were treated as follow s: SO-g 
samples were taken primarily from the surface, 
homogenized in W aring blenders with saline, and 
O.Tml portions were planted on the surface of 
staphylococcus medium # 1 1 0  (Difco) fortified 
with egg yolk, tellurite-glycine agar, and mannitol
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salt agar. Colonies resembling coagulase-positive 
S .  a ureu s  were selected from all three media, coag­
ulase tested with Bacto-coagulase plasma, and 
phage typed by the method of Blair and Carr 
(1960). In  addition to the basic set of 21 phages, 
phages 39, 42B, 44A, 70, 81, 83, and 523 were used, 
making a total of 28. The basic set of propagating 
strains, along with numbers 81 and 83, were sup­
plied by Dr. John E. Blair. The other 5 strains 
were supplied by Dr. Jack N. Baldwin.

The production of the alpha, beta, and delta 
hemolysins was determined with the agar-plate 
technique described by Bryce and Rountree (1936), 
W illiams and H arper (1947), and Elek and Levy 
(1950). Alpha hemolysin clears rabbit and sheep 
red-blood cells; beta lysin attacks sheep cells, is 
“hot-cold,” and does not lyse rabbit ce lls; and 
delta lysin attacks rabbit, sheep, and human blood 
cells. Antibiotic sensitivity tests were run by the 
3-disc technique, per Ditco instructions, with the 
following 8 antibiotics: penicillin, streptomycin, 
chlortetracycline (C T C ), chloramphenicol, novo­
biocin, erythromycin, kanamycin, and ristocetin. 
Resistant and moderately sensitive cultures were 
further tested by the tube dilution method.

RESULTS AND DISCUSSION
From  the 3 media employed, 136 isolates 

of coagulase-positive staphylococci were re­
covered. Of these, 97 (71% ) were phage- 
typable, representing 32 phage strains. The 
phage groups are given in Table 1. The larg-

Table 1. Distribution of the typable staphylo­
cocci recovered from m arket meats within the 
bacteriophage groups.
Group Number Percent

i 10 10
n 5 5

h i 53 55
IV 3 3
Mixed a 26 27

“ Mostly Groups I and III.

est number of typables belonged to Group 
I I I  (5 5 % ), followed by the mixed group. 
Five reports taken at random from the liter­
ature on hospital staphylococci showed an 
average of 53% for Group I I I  (range 37- 
68% ). Of interest here is the fact that a 
large number of food-poisoning strains have 
been shown to fall into Group III . Twenty- 
seven percent of the typable isolates fell into

Table 2. Numbers of isolates of coagulase-posi­
tive staphylococci and phage strains from the 28 
meat markets.

Market No.
No. of isolates No. of phage strainsTypable Nontypable

i 5 5 4
3 2 0 1
6 5 1 4
7 15 12 8
8 6 2 4
9 1 i 1

11 3 3 2
12 9 2 1
13 2 3 1
14 7 0 2
16 5 0 4
17 13 1 2
18 1 0 1
19 4 0 2
20 6 3 4
21 3 1 2
22 1 0 1
23 2 0 1
24 i 0 1
25 i 1 1
28 5 4 4
Totals 97 39

the mixed group and consisted for the most 
part of Groups I and III . Ten percent be­
longed to Group I, and 5 and 3% to Groups 
II  and IV , respectively. Papavassiliou and 
Obiger (1959) found that 68% of 84 phage- 
tvpable staphylococci recovered from milk 
belonged to Group I II , and 29% belonged 
to a mixed group composed of I I I  and IV  
types.

Of the 28 meat markets, 21 (75% ) 
yielded meats from which coagulase-positive 
A", aureus was recovered. Table 2 shows the 
number of isolates from each m arket and 
the number of phage strains represented. 
The largest number was recovered from 
market no. 7: 15 typable and 12 nontypable. 
This number was composed of 8 phage 
strains. This market is an all-meat market, 
specializing in low-priced bulk-rate meats. 
A large number of phage strains from one 
market is taken to be indicative of several 
sources of the organisms in the meats. 
M arket no. 17 yielded 13 typable isolates 
representing only 2 strains. This, on the 
other hand, probably indicates that these
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organisms originated from a fewer number 
of sources, perhaps only one. In general, 
however, the larger the number of isolates 
the greater was the number of different 
phage strains. Of the 7 stores from which 
staphylococci could not be recovered, 3 were 
meat markets, 2 were chain stores, and 2 
were neighborhood grocery stores.

The most frequently encountered phage 
patterns are shown in Table 3. Of the types

Table 3. Phage patterns of 5'. a ureu s  from m ar­
ket meats.

Pattern Total No. isolates
No. markets recovered from

52A, S2A/80, 44A/52A/80 10 7
54 9 7
83(Va4) 7 2
6/47/53/54/75/83 7 1
7 4 2
77 3 3
53/83 3 3
42D 2 1
42E 2 2
81 2 2
22 others 48 1 each

52A, 52A/80, and 44A /52A /80, which all 
seem closely related, the total recovered 
was 10 from 7 different markets and 
about equally distributed among the 4 
meats. Type 54 was the next-most fre­
quently encountered pattern, followed by 
83 (V a4), 6 /47 /53 /5 4 /7 5 /8 3 , 7, 77, 53/83, 
42D, 42E, and 81. One isolate each of 22 
other patterns was recovered, making a total 
of 32 phage strains. Of the phage patterns 
shown in Table 3, 35% were recovered from 
hamburger and 30% from pork chops, while 
only 18% came from steak and liver. At 
least 8 of the 12 patterns shown have at 
one time or another been involved in human 
outbreaks. A t least 21 of these 32 patterns 
have been recovered from humans. No iso­
late of the pattern 80/81 was recovered.

The numbers of N. aureus recovered from 
the 4 meats are shown in Table 4. H am ­
burger yielded the largest number, followed 
by steak, pork chops, and beef liver. A l­
though the liver yielded the fewest isolates, 
it yielded the most phage strains.

Table 4. M eat source of staphylococcal isolates 
from 28 markets.

Total isolates No. of phage strainsMeat Typable Nontypable
Ham burger 30 h 15
Pork chops 26 6 18
Beef liver 23 6 21
Steak 18 16 13

The hemolysin patterns of all 136 isolates 
and of the predominant phage types are 
shown in Table 5. Seventy-six produced 
the alpha-delta lysins, 28 the alpha-beta- 
delta, 22 the alpha, and 2 the alpha-beta 
lysins, and 8 were nil in these regards. Of 
the most predominant phage patterns, 58% 
were alpha-delta producers, 26%  ̂ alpha-beta- 
delta, 14% alpha, and 2 were nil. Elek and 
Levy (1950) reported that approximately 
75% of animal strains produced the beta 
lysin whereas only 10% produced the alpha- 
delta lysins. Only 11% of human strains 
were reported to produce the beta hemolysin. 
Clark et al. (1961) found that 49 of 51 
strains of S. aureus recovered from  bulk- 
tank raw-milk samples produced either 
alpha-beta or beta lysins. Richou et al.
(1959) concluded, primarily from hemolysin 
and fibrinolysin production, that the coagu- 
lase-positive staphylococci they recovered 
from food products were not of human 
origin.

The sensitivity of these organisms to 8
Table 5. Hemolysin pattern of all isolates and of 

predominant phage patterns.
Hemolysins

pattern Total a aÖ aß ai35 Nil
All isolates 136 22 76 2  28 8

52A, 52A/80, 
44A/52A/80 10 3 3 3 1
54 9 6 3
6 /47 /53 /
54/75/83 7 7
83 ( Va4) 8 2 5 1
7 4 1 1 2
53/83 3 2 1
42D 2 1 1

T o ta lsa 6 25 h 1
Percent of types 

indicated 14 58 26 2
" Totals of the phage types indicated only.
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antibiotics is recorded in Table 6. All iso­
lates were sensitive to penicillin, erythromy­
cin, chloramphenicol, and kanamycin. Three 
of the 136 were resistant to novobiocin, 4 
to CTC, 8 to streptomycin, and 17 (12.5% ) 
to ristocetin. The phage patterns of the re­
sistant strains indicate that 40% of them 
were nontypable whereas approx 40% be­
longed to Group I II , the largest number 
being type 83. The relatively few antibiotic- 
resistant isolates, especially to streptomycin 
and CTC, with none being resistant to peni­
cillin, also suggests that many of these or­
ganisms probably had origins into the meats 
other than human sources.

CONCLUSIONS
I t  is somewhat difficult to draw conclu­

sions from these data as to what is the 
main source of Staphylococcus aureus into 
market meats and the actual role of market 
meats in the possible spread of staphylococci 
in the population. On the one hand, most of 
the phage patterns recovered have been at 
times involved in human outbreaks, and 
most of them produced hemolysins charac­
teristic of human strains of A. aureus. These

Table 6. Antibiotic sensitivity of the staphylo­
cocci and phage patterns of the resistant strains.

Antibiotics No.sensitive %.sensitive Phage pattern of resistant
Penicillin 136 100
Erythromycin 136 100
Chloramphenicol 136 100
Kanamycin 136 100
Novobiocin 133 97.8 7, (2 )a 

Nontypable
CTC 132 97.1 81, (3) 

Nontypable
Streptomycin 128 94.1 (2) 83, 52A, 

77, 44A / 
52A/80, 
3C /6 /29 / 
44A/53/80 
(2) Non­
typable

Ristocetin 119 87.5 (4) 83, (2) 
53/83, 3C, 
52A/80, 54, 
54/55, 53/ 
54/80, (6) 
Nontypable

a Number of strains.

two findings indicate human sources. On 
the other hand, the antibiotic resistance was 
considerably lower than is usually found in 
clinical isolates. Also, the rather wide dis­
tribution of the strains among the markets, 
the occurrence of 21% with animal hemoly­
sin patterns, and the relatively small num­
bers recovered all tend to suggest that their 
sources were other than human. I t  is quite 
likely that both sources are involved, with 
the human source perhaps contributing the 
smaller number.
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SUMMARY
The lim itations o f eosine m ethylene blue or basic fuchsin polypectate gels 

prom pted further investigations to develop a selective pectate gel that could be 
used to enum erate or isolate gram-negative pectolytic bacteria even when  
they com posed a m inor portion o f the microbial population.

Crystal violet and brilliant green with bile proved the m ost effective o f  
several selective agents studied. Of the two, crystal violet was m uch less in­
hibitory. Actidione, 10 m g per L added after sterilization, is help fu l in  the 
control o f growth o f m olds and yeasts on this m edium.

The crystal violet m edium  has a productivity comparable to that o f standard 
plate-count agar when pure cultures are used. It was successfully used to en­
umerate known populations o f pectolytic gram-negative bacteria am ong m ixed  
populations o f other nonpectolytic gram-negative and -positive bacteria. It is 
also being used routinely for enum eration and isolation o f pectolytic gram­
negative bacteria from  natural sources.

Thus far, pectolytic bacteria belonging to 5 genera, including A e r o b a c te r ,  
E s c h e r ic h i a ,  P a r a c o l o b a c t r u m ,  A e r o m o n a s ,  and A c h r o m o b a c t e r ,  have been  
isolated by use o f the crystal violet gel.

Vaughn et al. (1957) described the first 
attempts to devise selective pectate gel media 
for detection of gram-negative pectolytic 
microorganisms associated with softening of 
cucumbers, olives, and other plant tissues. 
In  investigations of the cause of a charac­
teristic softening of olives known as “slough­
ing” it became apparent to the present au­
thors that the selective eosine, methylene 
blue, and basic fuchsin gels used by Vaughn 
et al. (1957) were sometimes unsatisfactory. 
If the gram-negative bacteria predominated 
the populations, no trouble was encountered 
with the selectivity of these gels. W hen 
species of Bacillus were the most abundant, 
however, isolating gram-negative pectolytic 
bacteria became impossible.

a Presented at the 21st annual meeting of the 
Institute of Food Technologists, New York, May, 
1961.

b Present address : W estern W ashington Experi­
ment Station, Puyallup, W ashington.

Pectinous gel media described by Funk 
(1937), Baier and M anchester (1943), Mc- 
Cready et al. (1943), Jones (1946), and 
W ieringa (1949), also perm itted indiscrimi­
nate growth of microorganisms. Therefore, 
the present study was undertaken to  develop 
a medium that would be selective for detec­
tion and enumeration of gram-negative 
pectolytic bacteria under conditions where 
they might constitute a minor portion of the 
natural pectolytic microbial population.

EX PER IM EN TA L METHODS
Test culture collection. A total of 132 pure cul­

tures of different microbes were used as test 
organisms. These included 76 identified bacteria, 
21 identified molds, and 16 identified yeasts, re­
spectively representing 18, 13, and 7 genera. The 
microorganisms are listed in Tables 1 and 2. 
Used as controls were 19 partially identified cul­
tures of pectolytic gram-negative bacteria : 3
A c h ro m o b a c te r , 9 A e ro b a c te r , S A e ro m o n a s , 1 
E sc h e rich ia , and 1 P araco lob a c tru m .
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Constituents used in media. B a c t o - p e p t o n e  
(Difco) was used as the source of organic n itro­
gen and other accessory nutrients. Potassium 
phosphates (iUHPO* and K H 2P O t) were used to 
buffer the medium at pH 7.0 because bacterial 
“polygalacturonases” are most active at pH values 
between 7.5 and 9.4 (Fernando, 1937; Wood, 1951, 
1955; N ortje and Vaughn, 1953; Smith, 1958; and 
Nagel and Vaughn, 1961a).

Calcium chloride was used in all test media. 
Calcium ion is required to activate some pectolytic 
enzymes (Wood, 1951, 1955; Smith, 1958; Nagel 
and Vaughn, 1961a). The calcium acts also to 
form a stronger gel through the addition of chemi­
cal salt bonds that help strengthen the hydrogen 
bonds.

Various inhibitory agents were added to sup­
press the growth of all but the gram-negative 
bacteria (see below). Crystalline actidione (U p­
john Co.), an antibiotic produced by S tre p to m y c c s  
griseu sj was used in some of the test media to 
inhibit yeasts and molds. This antibiotic is active 
against many fungi, but has no effect on bacteria 
in the concentrations tested by Whiffen (1948), 
Phillips and Hanel (1950), Jeffers (1954), and 
Green (1955). Phillips and Hanel (1950), Green 
(1955), and Ivlis et al. (1957) have suggested 
that actidione be used in media to inhibit the 
growth of yeasts and molds to facilitate the isola­
tion of bacteria.

An aqueous actidione solution (10 m g/m l) was 
sterilized with a Millipore filter and added to the 
sterilized and cooled (50-55°C) media and thor­
oughly mixed. The antibiotic was used in a final 
concentration of 10 m g/L  of medium.

The sodium polypectate used in these studies 
was a purified alkaline degradation product of 
citrus pectin produced by Sunkist Growers, On­
tario, California. This product was completely de- 
methylated and contained less than 1.0% total 
invert sugars (Beisel, 1960).

Preparation of gels. The sodium polypectate 
was weighed separately. Other constituents were 
added to the desired amount of boiling distilled 
water. It was advantageous to add the inhibitory 
dyes, calcium chloride, actidione, sodium lauryl sul­
fate, and other compounds required in small quanti­
ties from concentrated alcoholic or aqueous solu­
tions to reduce errors in weighing and to conserve 
time.

The hot solution containing all of the desired 
ingredients was placed in a W aring Blendor in 
500-ml portions, and the required amount of the 
polypectate was added in small increments while 
the solution was slowly stirred. A rheostat was 
used to control the motor speed of the Blendor to 
reduce the amount of occluded air.

A fter mixing (3 min or m ore), the 500 ml of
homogeneous slurry was transferred to a 1-L 
Erlenmeyer flask. The medium was then deaerated 
by placing it in a steam cabinet for approx 15 
min or subjecting it to a vacuum rapidly released 
several times in order to remove entrapped air. 
Deaeration is essential to prevent undue frothing 
during subsequent sterilization (15 min a t 120° C ). 
Prolonged heating tends to break down the poly­
mer, thus weakening its gel strength.

Upon cooling, the medium was poured into 
standard Petri plates. If actidione was used, a 
measured amount of the sterilized antibiotic was 
added to the cooled (50-55°C) medium and thor­
oughly mixed before pouring. Since the liquid 
medium was quite viscous, it was necessary to 
pour the plates at 45 °C or above.

The gel can be streaked 4 hr after being poured, 
but it is firmer if left overnight at room tem per­
ature. Plates of gel media should be used while 
fresh because the medium dries on storage and 
organisms do not readily show pectolysis. If test 
tubes were used, the medium was poured into the 
tubes and then deaerated and sterilized as de­
scribed above.

EXPERIMENTAL RESULTS
The development of selective media. In all of

the studies on the effect of selective inhibitory 
substances, the following standard basal medium 
was used: 5.0 g peptone (D ifco), 5.0 g KsHPCL,
1.0 g KHsPCL 0.6 CaCls • 2H =0 , 70.0 g sodium poly­
pectate (Exchange Product No. 24), 1000 ml dis­
tilled water.

Plates of test medium were streaked with un­
classified cultures including 19 gram-negative and 
5 gram-positive rod-shaped bacteria, 3 gram -posi­
tive cocci, and 2 yeast strains. A number of known 
inhibitory substances were tested alone and in 
various combinations, in this medium at different 
pH values.

In the preliminary experiments, brom thymol 
blue was used at a concentration of 0.025 g /L  at 
pH 6.4 and 7.0. A  combination of crystal violet, 
eosine-y, and methylene blue was tried in respective 
concentrations of 0.004, 0.4, and 0.065 g/L . Crystal 
violet was tested alone at 0.004 g /L , as was bril­
liant green at 0.0132 g /L . Brilliant green was also 
tested in the presence of 20 g Bacto-oxgall/L. 
Crystal violet (0.004 g /L )  was also tested in the 
presence of 0.1 g /L  of sodium lauryl sulfate. In 
addition, sodium lauryl sulfate was used alone at 
0.2 g /L . Basic fuchsin was tested in concentra­
tions of 0.015 g /L  and 0.0075 g /L . Eosine-y and 
methylene blue were tested in respective combina­
tions of 0.4 and 0.065 g/L .

The results of these preliminary experiments 
indicated none of these media were selective enough
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Table 1. Effect of selective polypectate media on growth of mold and yeast.*
Brilliant . green bile Crystalviolet Brilliant green bile Crystalviolet

Molds Plus 10 m g/L actidione

A lte rn a r ía  so la n i — — ■ — —

A sp e r g i l lu s  g la ucus — X — X

A sp e r g i l lu s  n ig er xxD X X X

A sp e r g i llu s  sp. (yellow) — —
A sp e r g i llu s  sp. (black) — —
B y sso c h la m y s  fu lv a — — — —

G eo tr ic h u m  ca n d idu m X X X X X

G eo tr ic h u m  ca n d idu m xD xD X X

G eo tr ic h u m  candidum xxD xxD X X

G eo tr ic h u m  ca n d idu m xxD xxD X —

N e m a to sp o ra  co ry li — — — —
O ospora  lactis xD xxD X X

P én ic illiu m  ch ryso g en m n — — X X X

P én ic illiu m  sp. xD xD X X —
P e r ic y s t is  apis — —
P ro to th ec a  sp. — — — —
P u llu la ria  p u llu lo n s X — — —
P u llu la r ia  p u llu lo n s — X — X

T a p h r in a  d e fo rm a n s — — — —
T r ich o sp o ro n  cu ta n eu m X X X X X X X

U stila g o  sp. — X — —
Yeasts

C andida  g u illie rm o n d ii X — — —
C andida  k ru se i X X — —

C andida  parap silo sis X X X — — —

D e b a ry o m y c e s  g u illie rm o n d ii — — — - —

H a n sen ia sp o ra  va lb ye n sis — — — —

R h o d o to ru la  g u ltin is — — — —

R h o d o to ru la  m uc ilag in osa X X X X

S a c c h a ro m y c e s  a c id ifac iens X — — —

S a c c h a ro m y c e s  cerevisiae — — — —

S a c ch a ro m y ce s  cerevisiae — — — —

S a c c h a ro m y c e s  cerevisiae X — — —

S a c c h a ro m y c e s  fra g il is — —

S a c c h a ro m y c e s  r o u x i i X — — —

S p o ro b o lo m y c e s  sa lm o n ico lo r — — — —

S p a ro b o lo m y c e s  sa lm o n ico lo r X — — —

S p o ro b o lo m yc es  sp. — — — —

T o ru lo p s is  m ag n o lia e X X — — —

*— no grow th; x  growth limited to area a t beginning of streak; xx  moderate grow th; 
xxx  profuse growth : D depressions.
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to eliminate the growth of all the gram-positive 
bacteria. Both brilliant green and crystal violet 
were promising, however, and it was decided to 
concentrate on these two dyes.

Further studies with brilliant green and crystal 
violet. Crystal violet was used in concentrations 
of 0.0016-0.04 g /L . Brilliant green was tested at 
concentrations varying from 0.0264 to  0.0369 g /L . 
The brilliant green media were supplemented with 
Bacto-oxgall. I t  was found that concentrations of 
0.02 g /L  of crystal violet or 0.0264 g /L  of brilliant 
green plus 20 g /L  of Bacto-oxgall resulted in 
selectivity for the differential growth of the pecto- 
lytic gram-negative test bacteria. The ingredients 
of these two media w e re :

B r ill ia n t g reen  bile p o lyp ec ta te  g e l:  5.0 g pep­
tone (D ifco), 8.0 g K2H P O 4, 20.0 g Oxgall 
(D ifco), 0.6 g CaCh ■ 2H zO, 0.0264 g brilliant 
green, 70 g sodium polypectate (Exchange), and 
1000 ml distilled water.

C ry s ta l v io le t p o lyp ec ta te  g e l:  5.0 g peptone 
(D ifco), 5.0 g K2H P O 1, 1.0 g K H 2P 0 4, 0.6 g 
CaCL • 2H»0, 0.02 g crystal violet, 70.0 g sodium 
polypectate (Exchange), and 1000 ml distilled 
water.

Pectolysis resulted in a softening of the media. 
Crateriform  depressions were always formed sur­
rounding discrete colonies of pectolytic bacteria. 
Fig. 1 is a photograph of a plate of brilliant green 
gel showing isolated depressed colonies. The indi­
vidual craters produced in either medium are 
quite distinct.

The results of several experiments indicated 
that these media did not require sterilization. 
However, the occluded air was not adequately 
released when sterilization was omitted.

Effect of the selective gels on the growth of 
molds and yeasts. Cultures of 21 molds and 17 
yeasts were grown on the brilliant green bile and 
crystal violet gels in both the presence and absence 
of actidione. The inoculated media were incubated

Fig. 1. P late showing pectolysis by isolated 
colonies.

96 hr at 20° C and examined for growth. These 
results are recorded in Table 1. A number of 
molds were able to  grow on either medium in the 
absence of actidione and produce depressions indica­
tive of pectolysis. However, actidione reduced the 
growth of these cultures so they were not able to 
produce depressions in 96 hr at 20° C. The reduc­
tion in growth and activity of the pectolytic molds 
is particularly desirable since they are commonly 
encountered as air-borne contaminants. I t was also 
observed that actidione was more effective in 
inhibiting the growth of yeasts than that of molds. 
As a  result, actidione was routinely added (10 
m g /L ) to either medium.

Effect of the selective gels on the growth of 
bacteria. An experiment similar to that described 
for molds and yeasts was conducted with 76 cul­
tures of bacteria. The obligately anaerobic bac­
teria of the genus C lo str id iu m  were inoculated into 
deep tubes of gel with a Pasteur pipette. T he sur­
face of the gel was then stratified with sterile 
“vaspar” (1 :1 w /w  Parow ax and Vaseline) before 
incubation. The inoculated media, both with and 
without actidione, were incubated 72 hr a t 30° C 
before being examined for growth and pectolytic 
activity. The results are shown in Table 2.

I t  will be noted that most of the gram-negative 
bacteria tested grew moderately to profusely on 
either selective gel. I t  was also clear that, within 
the limits of this experiment, the two media were 
of nearly the same productivity. However, it 
should be emphasized that the A c e to b a c te r  species 
have fastidious growth requirements and would 
not be expected to grow under the conditions 
provided by these media.

I t is possible that the slight growth observed 
with many of the cultures resulted from large 
numbers of cells transferred during inoculation. 
W hen a slight amount of growth was observed 
under these conditions it was invariably concen­
trated in the area at the beginning of the streak.

Effect of pH on utility  of the selective gels. 
I t  was desirable to determine the effect of pH  on 
the usefulness of the two selective gels because it 
is known that crude and partially purified bacterial 
“polygalacturonases” are most active in  v itr o  at 
pH  values between about 7.5 and 9.4.

Several experiments were run to determine the 
optimum pH  over the range of pH 5.2 to 8.5 after 
sterilization of the media. The technique used was 
to make up the media and adjust pH  to the desired 
levels. After autoclaving the pH  values were deter­
mined again. The 19 test organisms were inocu­
lated onto the surface of these test media by the 
giant-colony technique. The plates were incubated 
at 30°C and observed daily. The results indicated 
that the optimum pH  was about 7.0 for grow th and 
formation of the depressions indicative of pectol-
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Table 2. Effect of selective polypectate media on growth of bacteria.”
Gram-negativebacteria Brilliant green bile Crystalviolet Brilliant green bile Crystalviolet

Plus 10 mcr/L actidioneA c e to b a c te r — — — __
(10 cultures, 8 species)

A c h ro m o b a c te r  p a rvu lu s — —- __ __
A c h ro m o b a c te r  sp. __ __
A e ro b a c te r  a erogcnes X X X X X X X xxx
A cro b a c te r  aero  g en es X X X X X x x x
A e ro m o n a s  h yd ro p h ila X X X X X X
A lc a lig e n e s  sp. xxx xxx
A lc a lig e n e s  sp. X X X X xxx xxx
A r th r o b a c te r  a tro cya n eu s — X X X
E rw in ia  caro tovora xxx D xxxD — xD
E rw in ia  ch ry sa n th e m i xxx D xxD xD xD
E sc h e rich ia  coli X X X X X X X X
E sch erich ia  coli X X X X xxx xxx
E sc h e rich ia  coli X X X X xxx xxx
E sc h  er ich ia fre u n d ii X X X X X X X X
P ro te u s  v u lg a r is X X X X X X X X
P se u d o m o n a s  a erug inosa xxx X X X X X X
P se u d o m o n a s  aerug inosa X X X X X X X X
P se u d o m o n a s  m ep h itica X X X X xxx xxx
P se u d o m o n a s  m ep h itica xxx xxx X X X X
P se u d o m o n a s  p u tre fa c ie n s — X X
P se u d o m o n a s  p u tre fa c ie n s — —- — ___
P se u d o m o n a s  sp. X X X X xxx xxx
S e r ra tia  n tarcescens xxx xxx xxx X X
S e r ra tia  m a rcescen s xxx xxx xxx X X X
V ib rio  sp. — .— __ __
B a c illu s  b rev is __ __
B a c illu s  coagu lans —- X
B a c illu s  la te ro sp o ru s — X — —

B a c illu s  la tero sp o ru s — X — —

B a c illu s  m aceran s — X — __
B a c illu s  p o ly m y x a X X X __
B a c illu s  p o ly m y x a — X X — —
B a c illu s  p u m ilu s — X — .—.
B a c illu s  p u m ilu s X X — .—
B a c illu s  su b tilis — — X X
B a c illu s  su b tilis — —. — __
B a c illu s  su b tilis — X — —
B a c illu s  su b tilis — — —. —
B a c illu s  su b tilis — —- — —
B a c illu s  su b tilis —- — — __
C lo str id iu m — —

(14 cultures, 7 species)
M ic ro co cc u s  ly so d e ik tic u s X X
M ic ro co cc u s  p yo g e n e s  aureu s — —
M ic ro co cc u s  p yo g e n e s  a lbus X X
S a rc in a  lu tea X X X X
S ta p h y lo c o c c u s  aureus — — — —
S ta p h y lo c o c c u s  aureu s — —
S tre p to c o c c u s  ja eca lis — —
S tre p to c o c c u s  lactis — X — —
S tre p to c o c c u s  la ctis — — — —
S tre p to c o c c u s  sp. X — — —

* — no g row th ; x  growth limited to area at beginning of s tre ak ; xx  moderate growth ; 
xxx profuse grow th ; D depressions.
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ysis. For practical reasons, a pH at or near 
neutrality is best. Alkaline media become soft 
whereas acid media become stiff and unworkable.

The effect of sodium hexametaphosphate on u til­
ity  of the selective gels. The formula for polypec- 
tate media, described first by Baier and M an­
chester (1943) and later by Vaughn et al. (1954,
1957) , contained food-grade sodium hexameta­
phosphate ( Calgon). The action of Calgon is to 
sequester calcium and other polyvalent ions. It 
was thought that elimination of this sequestering 
agent from the formula might strengthen the gel 
by salt bond formation. Besides, as already men­
tioned, calcium ions are required by some of the 
bacterial pectolytic enzymes.

Experiments were conducted with and without 
added Calgon as compared to media without Cal­
gon but containing calcium chloride. The results 
indicated that, even without a precise method for 
determining gel strength, the media with Calgon 
were noticeably softer than the other media, so 
Calgon was omitted from the formula and calcium 
chloride was always added to ensure firmer gels.

Productivity of the selective gel media. As in­
dicated in Tables 1 and 2, the two gel media were 
effective in preventing the growth of nearly all of 
the test organisms except the gram-negative bac­
teria. I t  was apparent, though, that there was some 
difference in the productivity of the two selective 
media, so a  series of experiments were made to 
determine quantitative differences between the pro­
ductivity of the two media as compared with the 
plate-count and other standard bacteriological 
media.

Total plate-count agar was used as the reference 
medium (American Public Plealth Association,
1958) . Levin’s eosine methylene blue (EM B ) agar 
was tested because it is commonly used for detec­
tion of the gram-negative coliform bacteria. These 
media were compared in productivity with the two 
polypectate gels. A number of pure cultures of 
partially identified grain-negative pectolytic bac­
teria and two known cultures of P seu d o m o n a s  
a erug inosa  were used as test organisms. These 
cultures were grown 8-24 hr in nutrient broth at 
30°C on a rotary shaker. Then the “total” count 
per ml was determined. Dilutions were made in the 
usual manner, and duplicate 0.1-ml portions were 
used as inocula for the spread-plate technique. The 
inoculated plates were incubated at 30 °C, and 
counts were made after 12, 24, and occasionally 
48 hr. The results are shown in Table 3.

The count from the total plate-count agar medium 
was assumed to represent 100% of the viable popu­
lation in the culture. The counts obtained on the 
selective media were then compared with the total 
plate count by calculating the percentage of the

Table 3. Productivity of the selective polypec­
tate media as compared with EMB agar and total 
plate-count agar.

Percentage recovery of viable cells 
Culture Plate-count EMB Crystal Brilliantno. agar agar violet green bile

24 A c ro b a c te r 100“ 145 149 44
34 A c h ro m o b a c te r 100 0 119 7
38 P a raco lo -

bac trum 100 37 39 2
46 A e ro m o n a s 100 41 55 36
62 A c ro b a c te r 100 106 126 80

159 A c ro b a c te r 100 95 103 62
160 A e ro m o n a s 100 0 100 0
164 A c ro b a c te r 100 67 115 42
164 A c ro b a c te r 100 112 92 20
164 A c ro b a c te r 100 102 82 60
164 A c ro b a c te r 100 100 108 55
175 A e ro m o n a s 100 43 75 28
177 E sch erich ia 100” 39 37 0
177 E sc h e rich ia lOO" 97 86 0
178 A c h ro m o b a c te r 100 86 98 0

1 P seu d o m o n a s
a erug inosa 10011 228 151 87

1 P se u d o m o n a s
a erug inosa 100 167 100 73

2 P se u d o m o n a s
aerug inosa 100- 55 77 0

Average 100 84.4 95.1 33.1
a The count was assumed to be 

viable count of each culture tested. 100% of the
b N utrient agar was substituted.

populations that grew in comparison with those on 
the standard plate-count agar.

The brilliant green bile gel was not as productive 
as its crystal violet counterpart, and was the most 
inhibitory of the three media. It may also be con­
cluded that the crystal violet gel is at least as 
productive as the EMB agar since the average 
count in the crystal violet gel medium is almost 
the same as the total plate-count agar under the 
conditions described here.

Recovery of pectolytic gram-negative bacteria 
from in vitro mixtures of two cultures. Several 
experiments were conducted to determine the re ­
covery of pectolytic gram-negative bacteria from 
intentional mixtures of two cultures. The two 
cultures were grown in yeast extract-glucose broth 
in individual side-arm Erlentneyer flasks on a 
shaker at 30 °C. A fter 4-8 hours the cultures were 
diluted with sterile distilled water to the same 
optical density (0.2). The cultures were then 
mixed 1 :3, 1 :1, and 3 :1 and plated with the spread- 
plate technique on total plate-count agar and the 
two polypectate gels. The plates were counted for
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Table 4. Recovery of gram-negative pectolytic 
organisms from a mixture of gram-negative bac­
teria.“

Ratio of culture No. 62 Aerobacter to Ps. aeruginosa Media Anticipated count X 10° b Actual count X 10°
3:1 PC 76

CV 57D 19 68D 17
BG 48D 2

1:1 PC 283
CV 142D 142 136D 87
BG 74D 21

1:3 PC 220
CV 66D 126 66D 126
BG 26D 21

“ PC  total plate-count ag ar; CV crystal violet 
polypectate; BG brilliant green bile polypectate; D depressions.

b Anticipated count based on total plate-count agar total count.

total numbers, and on the polypectate gels, for 
pectolytic and non-pectolytic colonies.

The results are shown in Table 4. The “anti­
cipated” count was calculated on the basis of 
“total” count on the total plate-count agar. I t  
was observed that the actual count was the same 
as that expected, and the variation could be in­
terpreted as an inherent error in the plating method. 
The brilliant green bile medium permitted less 
growth than the crystal violet, confirming the 
results above. P s. a erug inosa  was inhibited to 
some extent on the polypectate media, as shown by 
the decrease in the numbers of non-pectolytic 
colonies. These results show that these pectolytic 
gels allow nearly quantitative recovery of pecto­
lytic organisms from mixtures of gram-negative 
bacteria.

A second set of experiments were run to examine 
the effectiveness of these media in preventing 
growth of B a c illu s  species and allowing quantita­
tive recovery of pectolytic gram-negative bacteria. 
The procedure differed from that described above 
in that the cultures were grown on nutrient broth, 
and counted with a Petroff-H auser bacteria 
chamber before plating, and the plating procedure 
was modified.

The experiments were made with cultures mixed 
3:1, 3:2, 1:1, and 1000:1 of B a c illu s  su b tilis  to the 
unidentified culture No. 62, an A e ro b a c te r . U n­
mixed cultures were plated on nutrient agar and 
the polypectate gels to determine the “total” count, 
and the mixtures were plated on the two selective 
gels.

The results (Table 5) indicate that the plate 
counts were as expected when calculated on the 
basis of the polypectate gels as total count. There­

fore, the selective polypectate media apparently are 
effective in preventing the growth of B . su b tilis  
when it is mixed in equal portions or in massive 
numbers with respect to the gram-negative pecto­
lytic test bacteria. All of the colonies on the 
polypectate media were similar and typical of the 
pectolytic gram-negative culture.

On the basis of these in  v itro  experiments, 
several conclusions appear warranted. Pectolytic 
gram-negative bacteria can be separated from 
mixed cultures and enumerated on the selective 
gels. The ratio of populations of pectolytic gram ­
negative bacteria to non-pectolytic bacteria or pecto­
lytic gram-positive bacteria had no effect on the 
selectivity of the media. The crystal violet poly­
pectate gel was consistently more productive than 
the brilliant green bile medium.

Recovery of pectolytic gram-negative bacteria 
from mixed cultures from natura l sources. An 
important test of the utility of the selective gel 
media is, naturally, an evaluation of their usefulness 
for recovery of pectolytic gram-negative bacteria 
from mixed cultures from various natural sources. 
Pectolytic gram-negative bacteria have been iso­
lated from the following sources on both brilliant 
green and crystal violet g e ls : fermenting cucumber, 
olive, and pepper b rines; soft, rotten carrots, let-

Table S. Recovery of gram-negative pectolytic 
organisms in a mixture of B a c illu s  sub tilis .
Ratio of culture No. 62 to B . subtilis Media a Anticipated count X 10° b Actual count X 10«

0:1 Nut 144“ 40
CV 0
BG 0

1 :0 Nut 272c 226
CV 283D
BG 93D

1 :3 CV 71 70D
BG 23 15.9D"

2:3 CV 113 148D
BG 37 33D

1 :1 CV 142 136D
BG 37 38D

0:1 Nut 73.8° 12.7
CV 0
BG 0

1:0 Nut 09 X 09 229
CV 208D
BG 88D

1 :1000 CV 10.4 10.3D
BG 4.4 3.7D

“ N ut nutrient ag ar; CV crystal violet polypec­
tate ; BG brilliant green bile polypectate.

b Anticipated count based on polypectate gels 
total count.0 Microscopic count.

11 Depressions.
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tuce, and potatoes; softened olives undergoing 
processing; well water from an olive processing 
plant; soil samples from olive groves and cucum­
ber fields; unblanched dehydrated vegetables; 
aseptically shelled almond and English walnut 
m eats; and male human feces.

In these studies the only cultures producing 
crateriform  depressions in either gel were gram- 
negative rods. Colonies of mold or yeast that de­
veloped were small, isolated, and visually recogniz­
able. I t is believed that either gel will be useful 
for further studies on the ecology of the pectoiytic 
gram-negative bacteria but the crystal violet med­
ium is recommended because it is less inhibitory, at 
least under the conditions described here.

During this investigation several observations 
were made that have a bearing on the utility of 
these two gels. Some organisms have a tendency 
to absorb the crystal violet from the medium, thus 
forming a blue colony. Other organisms do not 
absorb the dye, so the colonies remain colorless. 
This affords a means of differentiating these types 
of colonies on a plate of crystal violet gel with 
mixed cultures.

On the brilliant green medium the colonies do 
not absorb the dye, and thus appear white against 
a green background. In a few instances the back­
ground turns yellow. This latter color difference 
facilitates the counting of colonies. In contrast, 
the colonies that absorb the crystal violet are 
difficult to observe before they form depressions 
in the medium. This problem may be solved either 
by pouring the medium in a thinner layer to reduce 
its opacity, or by counting the colonies after they 
have formed depressions in the medium.

W hen moisture was present on the surface of 
the brilliant green gel, the colonies occasionally 
spread. The problem of spreading was not en­
countered with the crystal violet gel. Reduction 
of the surface tension by the bile in the brilliant 
green medium might explain this difference.

The appearance of depressions on the surface 
was generally 6-12 h r later with the crystal violet 
gel than with the brilliant green medium. The 
times were respectively after 24 h r and 12-18 hr 
of incubation.

Pectoiytic enzymes produced by cultures isolated 
on the two gels. I n  v i tr o  demonstration of pec- 
tolysis by enzymes produced by presumably pecto­
iytic gram-negative cultures of bacteria recovered 
from either of the two gels would generally be 
considered as final proof of their utility as differ­
ential media. Pectoiytic enzymes known to be 
produced by bacteria include pectin esterase (P E ) ,  
“polygalacturonase” (P G ), and pectic acid elimi­
nase (P A E ).

Pectin esterase production was demonstrated by 
a modification of the method of McComb and

McCready (1958). Instead of using a crude en­
zyme solution on the plates, these organisms were 
grown on nutrient agar containing 1% pectin n.f. 
at pH 7.0. After 48 hours or more of growth the 
test reagents were added. A clear zone surround­
ing the colony is indicative of P E  activity. “Poly­
galacturonase” production was detected by the “cup 
plate” assay method described by Nagel and 
Vaughn (1961a). The cultures were grown 48 
hr or longer at 30° C in nutrient broth containing 
0.5% sodium polypectate. The cells were removed 
by centrifugation, and 0.05 ml of the supernatant 
of each culture was tested in a “cup” for PG 
activity on 1% pectic acid contained in 1% agar 
at pH  7.0.

P A E  (Nagel and Vaughn, 1961b), similar in 
some respects to the pectin trans-eliminase of 
Albersheim e t al. (1960), was demonstrated by 
first growing the 19 gram-negative control cul­
tures in a medium containing 0.5% pectic acid, 0.2% 
Bacto yeast extract, and buffered at pH 7.0 with 
1% T ris buffer. After incubation for 48 hours at 
30° C on a rotary shaker the cultures were cen­
trifuged. The supernatant was dialyzed, then tested 
for P A E  activity in a Beckman DU  spectrophotom­
eter at a wavelength of 235 mg to measure the 
increase in optical density indicative of the forma­
tion of unsaturated bonds during degradation of 
the pectic acid. The reaction m ixture contained 
1.5 ml of 0.3M Tris buffer a t pH 8.0, 1.0 ml of 1% 
pectic acid at pH 8.0, 0.3 ml of O.OlAf CaCL, and 
0.2 ml of the dialyzed crude enzyme supernatant. 
The reaction time varied from approximately 8 
to 30 min at room temperature.

All of the control cultures produced an active 
P A E  and non-specific PG, and were able to de- 
esterify pectin. Therefore, it may be concluded 
that the two polypectate gels have good differential 
value.
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SUMMARY
Four grape juices differing in am ount o f added citric acid were exam ined  

by paired comparison by 72 tasters. Some judges preferred sweet and som e 
preferred acid juices, causing pronounced and progressive changes in the 
frequency distributions o f the preference ratings. The correlation coefficient 
between variances and acid differences was 0 .98 . The direction and degree of  
preference was m uch m ore consistent for larger differences in acid. M athemati­
cal m odels developed by other authors for analysis o f paired comparison data 
are o f doubtful validity or awkward in application to the present data.

INTRODUCTION
The mathematical models detailed by 

Dykstra (1960), Scheffe (1952), and T erry 
et al. (1952) for analysis of data for paired 
comparison cannot be easily used when the 
distribution of judges’ scores are bimodal 
with different variances. The method de­
scribed by Pangborn and Nickerson (1959) 
could be applied, but only with certain 
awkwardness.

Because the tasters in the present experi­
ment separated into two distinct groups 
with regard to direction and degree of 
preference, the factor analysis exemplified 
by Baker et al. (1955) and explained by 
Guilford (1954) was used.

EX PER IM EN TA L PROCEDURE
Juice from W hite Riesling grapes, close-filtered 

twice, was a light yellow and quite brilliant color. 
The reducing sugar content of the grape juice was
23.5 g/100 ml. The amounts of citric acid added 
to the original juice to produce the samples desig­
nated A, B, C, and D were respectively 0, .091, 
.274, and .548 g/100 ml. To prevent precipitation 
of potassium acid tartarate  the acid additions were 
made each day just before the tests. The total 
acids, expressed as tartaric acid/100 ml, for the 
three days w e re :

Juice 1st 2nd 3rd Av. Expected
A 0.38 0.39 0.39 0.386 0.386
B 0.46 0.47 0.53 0.486 0.503
C 0.73 0.69 0.69 0.703 0.708
D 0.99 1.02 1.02 1.005 1.030

A panel of 72 tasters gave direction of prefer­
ence and degree of preference between each of the 
6 possible pairs. Tastings were on 2 consecutive 
days immediately succeeding a training run on one 
day. The details of presenting the pairs for com­
parison followed procedures worked out over sev­
eral years in numerous similar experiments. In  
particular, the trials were made in such a way as 
to balance out order in pairs and the effect of days. 
The tasters were staff members and students. The 
data consist of paired comparisons of each of the 
six possible pairs by each of 72 testers. The first 
day’s data (which are, as far as method of presen­
tation is concerned, exactly like the last day’s 
data) are omitted since the first day was designed 
to be simply a  training run. These data are pre­
sented in Table 1. The direction of preference 
is indicated by minus and plus signs, and the degree 
of preference by the scale values 0, 1, 2, 3. Thus 
the complete scale for comparisons of pairs is 
-3 , - 2 ,  - 1 ,  0, 1, 2, 3.

“ A (original juice) plus added amount of citric 
acid converted to tartaric acid equals the expected 
amount.

644
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Table 1. Preference scores for 72 tasters for 
6 paired comparisons. The numbers indicate the 
preference for the first member of each pair over 
the second.

AB BC AC CD BD AD
1 i 2 2 3 3 3
2 i 1 3 3 3 3
3 - 2 1 - 2 1 2 3
4 - 2 1 3 0 - 2 2
S 1 3 3 0 3 3
6 2 1 1 1 2 2
7 - 1 - 1 - 3 3 - 3 - 3
8 2 3 2 2 3 3
9 1 2 2 2 3 3

10 0 i 2 2 3 3
11 - 2 _2 - 2 3 - 2 - 2
12 - 1 —2 - 3 - 2 - 3 - 3
13 - 2 _ 2 - 3 3 3 3
14 - 1 —2 - 2 - 2 - 1 - 2
IS 1 —2 - 2 - 1 - 2 - 3
16 - 1 i - 2 2 2 3
17 - 2 0 - 2 - 3 - 3 - 3
18 0 —2 2 3 3 3
19 - 2 - i - 2 - 2 - 2 - 2
20 2 - i 3 3 2 3
21 1 i - 2 - 1 - 2 - 2
22 - 1 . —2 - 1 3 3 3
23 - 1 - 2 - 2 2 - 2 - 3
24 1 1 2 2 2 2
25 - 1 2 - 2 - 2 3 - 3
26 - 2 - 3 - 3 - 3 - 3 - 3
27 1 1 -1 1 1 3
28 - 1 - 1 - 3 -1 - 3 - 3
29 - 1 1 1 2 2 2
30 1 -1 —2 - 2 - 3 - 2
31 - 1 - 2 - 2 - 2 - 2 - 2
32 - 1 - 2 2 2 3 3
33 - 1 2 3 2 - 3 3
34 - 1 - 1 - 2 - 3 - 3 - 3
35 - 2 - 2 - 2 - 1 - 1 - 2
36 - 1 - 2 - 2 - 1 3 3
37 - 2 - 2 - 2 - 1 - 1 - 1
38 - 1 2 - 2 2 3 3
39 1 2 2 3 3 3
40 2 - 1 - 2 - 1 - 1 - 2
41 - 1 -1 - 2 - 3 - 2 - 3
42 1 - 2 - 3 2 3 3
43 - 2 0 0 0 3 - 3
44 - 2 - 2 - 3 - 3 - 3 - 3
45 0 - 2 2 - 1 - 2 - 1
46 - 1 - 1 - 3 - 2 - 2 - 3
47 - 1 - 1 - 2 - 2 - 3 - 2
48 1 - 2 - 1 - 1 -1 - 3
49 - 1 - 2 - 3 3 3 3
50 - 2 - 2 - 3 2 - 3 - 2
51 - 2 - 2 - 3 - 2 - 3 - 3
52 -1 - 1 - 2 - 3 - 3 - 3

Table 1. (Continued)
AB BC AC CD BD AD

53 0 2 1 1 3 3
54 - i 1 2 2 2 - 2
55 0 - 1 - 2 - 2 - 1 - 2
56 - 1 - 1 - 1 2 - 1 - 2
57 - 1 1 - 1 - 1 - 2 - 1
58 - 1 - 2 - 1 - 2 - 2 - 2
59 - 3 - 2 - 3 - 2 3 3
60 2 2 3 - 2 1 1
61 2 - 2 - 2 - 1 - 2 - 1
62 - 2 2 - 2 - 3 - 3 - 3
63 - 2 - 2 - 2 - 2 - 2 - 2
64 1 0 1 2 - 2 3
65 2 - 1 2 - 2 - 3 - 2
66 3 - 1 3 1 2 - 2
67 2 2 - 3 3 3 - 2
68 - 1 - 2 - 2 2 - 2 - 3
69 - 1 0 0 - 1 - 1 - 1
70 - 1 - 1 - 2 - 2 - 2 - 3
71 1 2 3 3 3 3
72 0 - 2 - 2 - 2 - 3 - 2
Mean -.3 8 -.43 -.71 .08 - .1 2 - .2 6
r 1 1.98
Sum absolute

2.67 4.51 4.50 6.22 6.76

values 93 111 151 140 171 181
Neg. values 60 71 101 67 90 100
Pos. values 33 40 50 73 81 81

ANALYSIS AND DISCUSSION OF DATA
Scatter diagrams were made of the joint 

ratings of the tasters on pairs of different 
juices as detailed in Table 1. It appeared 
that a conventional factor analysis was 
proper. Therefore the correlation matrix 
given in Table 2 was computed. The di­
agonal elements were assumed to be equal 
to the greatest coefficient in the correspond­
ing column.

Two factors were extracted as indicated in 
Table 3: one we have called Fi, the “sugar” 
factor, and one called F2, the “acid” factor. 
We rotated the original factors into' FT and 
Fa' in such a way as to make the FT loading 
on the pair AB as large as possible. We note 
that when this is done, the F 2' loadings on 
AB, BC, and AC are zero. However, the 
FT loadings on CD, BD, and AD are about 
equal to the FT loadings but opposite in 
sign. Thus, we have two very close clusters 
of pairs of 3 each: one on the positive F2' 
axis, and the other on a line that makes a 
minus 45° angle with the positive F2' axis.
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h2 (communality) measures the ability of 
the tasters to prefer between the pairs irre­
spective of their direction of preference, 
while 1-h2 measures the inability of the 
tasters to prefer. It is noted that h2 ranges 
from 0.41 to 0.78. On the basis of the com- 
munalities, the 6 pairs can be ordered in a 
rational way. These findings are in accord 
with the discussions by Baker et al. (1954, 
1958, 1960) and Mrak et al. (1959).

The detailed frequency distributions in 
Table 4 indicate the very pronounced 
changes in the distributions of preferences as 
successive amounts of citric acid were added. 
Progressive and extensive changes take 
place in these distributions as we proceed 
from pair AB to pair AD. The variances of 
the 72 tasters increase from 1.98 for the pair 
AB to 6.76 for AD. It is apparent that as 
“sugar” juices are compared with “acid” 
juices, some people much prefer the sugar 
and many others much prefer the acid.

If we consider the relation between 
amount of citric acid added and 100h2 of 
Table 1, we get the results in Table 5. The 
correlation coefficient is 0.961, indicating a

Table 2. Correlation m atrix for the factor analy­
sis for the data of Table 1.

AB BC AC CD BD AD
AB (0.50)a 0.35 0.50 0.27 0.30 0.46
BC 0.35 (0.54) 0.54 0.30 0.44 0.43
AC 0.50 0.54 (0.54) 0.41 0.43 0.54
CD 0.27 0.30 0.41 (0.64) 0.62 0.64
BD 0.30 0.44 0.43 0.62 (0.75) 0.75
AD 0.46 0.43 0.54 0.64 0.75 (0.75)

“ Communalities. See E. C. Baker e t al. 1955.

Table 3. Factor loadings -on two factors (Fi,
sweetness; F a, acidity) for the six pairs of Table 1 
rotated to make the loading of F /  on pair AB a 
maximum.
Pair F, F, X-matrix F,' F2' h2 a
AB .57 .29 .909 -.417 .64 .03 .41
BC .62 .28 .417 .909 .68 .00 .46
AC .70 .32 .77 .00 .59
CD .69 -.3 2 .56 -.5 8 .65
BD oo - .34 .57 -.63 .72
AD .85 -.23 .68 —.56 .78

a l r  is the communality or sum of squares of thefactor loadings.

Table 4. Frequency distributions of the prefer­
ence ratings of 72 tasters for the 6 comparisons of 
Table 1. The preference scale is in the direction 
A to D.

Preference
- 3 1 1 13 7 16 19
- 2 15 26 28 17 17 19
-1 27 16 6 12 8 5

0 6 4 2 3 0 0
1 14 12 4 5 2 1
2 8 11 11 16 8 4
3 1 2 8 12 21 24

Total 72 72 72 72 72 72

Table 5. Regression of discriminability (100h2 
of Table 3) on the difference in citric acid in 
gram s/m l for the 6 pairs of Table 1.

Pair (x — acid difference)
(y =  100 h2)

Observed Calculated
AB 0.091 41 42.69
BC .183 46 50.22
AC .274 59 57.67
CD .274 65 57.67
BD .457 72 72.65
AD .548 78 80.10
Total 1.827 361
SS deviations 0.144753 1050.8

Least-squares regression line: y =  81.850 x +  35.243
Correlation coefficient : r =  0.961

Table 6. Regression of the sums of the absolute 
values of the preference scores on the difference in 
citric acid added, in gram s/m l, for the 6 pairs of 
Table 1.

Pair (x =  acid difference)
(y =  sum of absolute values)

Observed Calculated
AB .091 93 99.94
BC .183 111 117.67
AC .274 151 135.21
CD .274 140 135.21
BC .457 171 170.53
AD .548 181 188.01
Total 1.827 847
SS deviations .144753 5,804.8

Least-squares regression line :
y =  192.970 x +  82.407

Correlation coefficient : r =  0.964
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nearly perfect relation between 100h2 and 
the difference between the amounts of citric 
acid added to the separate juices of a pair.

Another possible measure of the strength 
of preference without regard to the direction 
of the preference is the sum of the absolute 
values of the preference ratings for each 
pair. Table 6 shows the relation between the 
sums of the absolute values of the preference 
scores and the acid difference between pairs. 
The correlation coefficient is about the same 
as before, r =  0.964, showing that these 
variables are very closely related.
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The effect o f citric acid on the sweetness o f sucrose solutions was determined  
by a highly trained panel using variations o f two basic m ethods: single stimulus 
and paired stim uli. In the form er presentation, evaluation o f sam ples singly 
or in a series o f 4  did not alter responses significantly. The binary m ethod, 
requiring judges to indicate the direction and the degree to which members 
o f a pair differed in sweetness, was slightly m ore sensitive than the single  
presentation, especially when one mem ber o f the pair within a set was kept 
constant. The follow ing conclusions were drawn from  all m ethods: (a )  Citric 
acid, at concentrations ranging from  0 .007  to 0 .073% , depressed the sweetness 
of 0 .5-20 .0%  sucrose, (b )  The m asking o f sweetness by acid was greater at 
lower than at higher sucrose concentrations.

INTRODUCTION
Methods of measuring taste interactions 

of sapid solutions vary considerably, de­
pending on the purpose of the study and the 
preferences of the investigator. The litera­
ture contains conflicting results obtained with 
diverse methods. In an early study, Kiesovv 
(1894) applied solutions directly on the 
tongue and observed the effect of a sub­
threshold concentration of one compound on 
the threshold of a second compound. Salty 
and sour, and salty and sweet exhibited 
simultaneous masking, but sweet and sour 
solutions affected each other in an incon­
sistent manner so that no conclusions could 
be drawn. Working with sucrose, NaCl, 
quinine hydrochloride, and HC1, Heymans 
(1899) found that supraliminal concentra­
tions of one substance always raised the 
threshold for a second compound. Only 
one subject was used in that investigation. 
Werner (1933) matched the tastes of inor­
ganic salts at fixed concentrations against 
substances representing the 4 fundam al 
tastes. He found that diluting a salt solution 
and its taste-matched sugar solution to the 
same degree did not result in maintenance 
of equivalent tastes, and concluded that “in­
teraction relationships between taste stimuli 
are specific to the level stimulus intensity at 
which they occur.”

Bujas (1934) and I-Iahn (1936) used the 
“Geschmackslupe” (El-tube) to stimulate 
one area of the tongue with sucrose solu­
tions while simultaneously determining the 
threshold for NaCl on another part of the 
tongue. Dilute sucrose solutions lowered the 
NaCl threshold, and concentrated sucrose 
solutions raised it. Similar results were re­
ported in a later publication (Hahn and Ul­
rich, 1948).

The “sensitivity threshold,” i.e., the lowest 
concentration distinguishable from water, 
was used by Cragg (1937) to establish the 
effect of NaCl and sucrose on the sourness of 
HC1. The addition of 18.7% sugar did not 
change the HC1 threshold but the addition 
of 2.9% sugar reduced the sourness of 
0.0057V HC1 by 15%. Equi-sweet saccharin 
solutions produced the same effects as su­
crose.

In one of the most comprehensive studies 
reported, Fabian and Blum (1943) selected 
a matching method in which a suprathreshold 
concentration of one compound plus a thresh­
old level of a second compound was matched 
to a series of 5 solutions of increasing con­
centration of the suprathreshold substance.

reported that hydrochloric and acetic 
acids decreased the sweetness of dextrose but 
had no effect on the sweetness of sucrose. 
Lactic, malic, citric, and tartaric acids in­
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creased the sweetness of sucrose but de­
creased the sweetness of fructose. In addi­
tion, all sugars decreased the sourness of all 
acids, though to varying degrees. Using the 
same matching methodology, Pangborn
(1960) found that sucrose and citric acid 
had a masking effect on each other.

Anderson (1950) used a single-sample 
presentation of sucrose, sodium chloride, 
quinine hydrochloride, and tartaric acid, all 
at threshold levels. In tap water, sucrose 
thresholds for the two subjects used were 
0.029M  and 0.012M whereas in the presence 
of threshold levels of tartaric acid, the re­
spective sucrose thresholds rose to 0.038M 
and 0.016M. The corresponding respective 
values for tartaric acid were 0.0012M  and 
0.00035M in tap water and 0.0010M and 
0.00038M in threshold concentrations of 
sucrose.

In a study of the taste interactions of 
sucrose and sodium chloride ranging from 
threshold to solubility limits, Beebe-Center

et al. (1959) employed the “up and down” 
method, i.e., tasters indicated whether the 
second sample within a pair was more or less 
sweet than the first. When the compound 
was judged less sweet than the least con­
centrated standard of the scale, or sweeter 
than the most concentrated, the same stand­
ard was used again in the next comparison. 
The median was used as the measure of 
central tendency. The principal effect was 
one of mutual masking. A single-stimulus 
method with a nine-point scale of successive 
integers from 1 (no taste) to 9 (extreme 
intensity) was described by Kamen et al.
(1960), who concluded that suprathreshold 
levels of citric acid generally increased the 
sweetness of suprathreshold concentrations 
of sucrose, whereas sucrose reduced the 
sourness of citric acid.

It is difficult to make a critical comparison 
of the precision of the methods discussed 
above since the results were influenced by 
many other experimental variables, i.e..

SCORE CARD FOR SINGLE-SAM PLE PRESENTATION SET_____________________________

NAM E_________________________________________________________________________D ATE___________________________
DIRECTIONS: C IRCLE TH E V ER T IC A L  LIN E CORRESPONDING TO YOUR OPINION OF THE 

TA STE  IN TEN SITY  OF SW EETNESS FOR EACH SAM PLE SEPARA TELY .
SAM PLE NO.

None Slight Moderate Large Extreme

SCORE CARD FOR PAIRED PRESENTATION
SET.

NAM E_________________________________________________________________________DATE.----------------------------

D IRECTIONS: C IRCLE TH E SW EETER SAM PLE W ITH IN  EACH PA IR , THEN  IN D ICATE 
TH E DEGREE OF DIFFERENCE IN SW EETNESS W ITH IN  PAIRS.

SAMPLES
SW EETNESS DIFFERENCE W ITH IN  EACH PAIR

SLIG H T MODERATE LARGE EXTREM E

j

Fig. 1. Score cards used for single-sample and paired presentations.
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number of subjects, training of judges, 
amount of replication, temperature of the 
solutions, tap water vs. distilled water, 
buffered vs. unbuffered solutions, purity of 
the compounds, and the levels compared.

The present paper is concerned with evalu­
ation of the taste reactions of a highly 
trained panel to mixtures of suprathreshold 
concentrations of sucrose and citric acid 
using variations of single and paired presen­
tation.

METHODS AND M ATERIALS
Selection and training of the taste panel. Nine 

judges, 4 men and 5 women 25-45 years old, were 
selected from 23 individuals on the basis of their 
ability to distinguish small differences in con­
centration between paired solutions of sucrose and 
of citric acid. Solutions were freshly prepared each 
day and served at room tem perature in 40-ml 
portions in coded beakers presented in randomized 
order. Freshly distilled water was provided for 
oral rinsing at the judge’s discretion. All evalua­
tions were made between 11 and 12 a . m . Monday 
through Friday, in individual partitioned booths. 
Participants were informed of their accuracy after 
each test session.

Methods. S in g le -sa m p le . The score card de­
scribed by Kamen et al. (1960) was used; a nine- 
point rating scale of taste intensity, with alternate 
points “anchored” by the descriptive terms “none, 
slight, moderate, strong, extreme.” Later, the 
points were assigned successive integers from 1 
to 9 and analysis of variance applied to the scores. 
In Method I, judges received a tray containing 4 
solutions (randomly selected from the 16 possible 
combinations) presented in randomized order. The 
sweetness intensity of each solution was recorded 
separately; however, comments indicated that the 
samples were influencing each other, i.e., the sweet­
ness intensity of the first sample affected the ap­
parent sweetness of the subsequent samples within 
a  set. To offset this contrast effect, the investiga­
tion was repeated using Method I I : one solution 
only was evaluated per judge per day. The experi­
mental design was repeated 4 tim es/judge for 
Method I and once for Method II. Analysis of 
variance was applied to individual intensity scores. 
Only replication I in Method I was analyzed 
against Method II.

P a ire d  sam ples. After completion of the above 
study, paired presentation was tested. Each judge 
received a tray containing 8 pairs for Series I, and 
12 pairs for Series II. Participants circled the 
number of the sweeter sample and indicated the 
degree of difference in sweetness intensity within 
each pair by checking a four-point scale labeled

Table 1. Concentrations used in the various 
presentation designs.

Single sample, methods I and II
% citric acid b

% sucrose a
<).5f! 1.80 5.80 20.0

0 A B c D
0.007 E F G H
0.023 I J K L
0.073 M N O P

Paired samples, series I
Concentrations same as in single samples, above.

Pairs A E EI IM
B F FJ JN
C G G K KO

DH HL L P
Paired samples, series II. Constant stimuli

% citric acid l)
% sucrose a

1.0 2.0 5.0 10.0 20.0
0 A B c D E
0.005 F G H I J
0.010 K L M N O
0.020 P Q R S T
0.040 U V W X A'
Pairs : A F B G CH DI E J

AK BL CM DN E O
A P BQ CR DS ET
AU BY C\Y DX E Y

“ Baker analyzed.b Baker and Adamson. Percentages have been 
corrected for the one molecule of water of crystal­
lization.

“slight, moderate, large, extreme.” This was an 
adaptation of a preference method described by 
Scheffe (1952). Upon the recommendation of 
Gridgeman (1960, 1961), the central (zero) point 
was eliminated so as to force a decision.

The paired-stimulus method was repeated in 
Series II, using a different range of sucrose and 
citric acid. The entire experimental design was 
repeated 4 tim es/judge for Series I, and 3 tim es/ 
judge for Series II. For statistical treatm ent of 
the data, negative and positive numbers were used 
to indicate the direction and sweetness intensity 
of the response, as illustrated below :

A (no acid) > B  (0.005% acid)
-7 , -5 , - 3 ,  -1

A (no acid) <  B (0.005% acid)
+1, +3, +5, +7

Negative and positive responses were totaled for 
each pair, the weighted values plotted, then linear
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regression determined so that the slopes of indi­
vidual lines could be compared for Series I. For 
Series II, the weighted responses were submitted 
to analysis of variance to establish the degree to 
which citric acid influenced sweetness intensity.

Score cards for the single and paired presenta­
tions are shown in Fig. 1.

T a s te  so lu tion s. The concentrations used in the 
various designs are shown in Table 1.

The paired design was repeated with the con­
centrations indicated in Series I I  when the panel 
complained of the extreme displeasure involved in 
continuous sampling of the 0,073% level of citric 
acid. Also, no sweetness a t all was perceived in 
solutions containing 0.50% sucrose in the presence 
of 0.007, 0.023, or 0.073% acid.

RESULTS AND DISCUSSION 
Single-sample presentation. Although 

the methods of presentation, singly or in 
series, had no significant effect on sweetness 
scores (Table 2 ) , the plotted data show that 
the scoring range was narrower when 
samples were evaluated singly than when 
tasted in a series of 4 solutions (Fig. 2). 
In  the latter method, the “contrast erro r’’ 
may have been influential, i.e., a tendency 
to undervalue or overvalue a given character-

EFFECT OF CITRIC ACID ON SWEETNESS OF SUCROSE 
SINGLE SAMPLE PRESENTATION

sucrose single-sample presentation.

istic within a series (Guilford, 1954, p. 279). 
This tendency is indicated by the significant 
interaction between sucrose and method, and 
is readily seen by determining the difference 
in total scores within each m ethod:

% sucrose Method I (series) Method II  (singly) Difference
0.50 64 78 - 1 4
1.80 124 1 2 2 +  2
5.80 208 199 +  9

20.00 304 283 + 2 1

Judges responded differentially to the two 
m ethods; the difference in total sweetness 
scores between methods ranged from —18 
to +14 for individual judges. The inter­
action between methods and acid level was 
not significant. Application of analysis of 
variance to Method I, separately, showed 
that the variation due to replication (3 reps.) 
was not significant.

W ith both methods of presentation, in­
creasing additions of citric acid generally 
decreased apparent sweetness intensity at 
each of the 4 sucrose levels. This observa­
tion, although in agreement with previous 
work in this laboratory (Pangborn, 1960), 
disagrees with the conclusions of Fabian 
and Blum (1943) and of Kamen et al. 
(1960), who reported that citric acid in­
creased the sweetness of sucrose. In the 
present investigation, all of Kamen’s experi­
mental conditions were followed except for 
selection and training of judges and presenta­
tion of 8 stimuli. In  Kamen’s study, there 
were 700 untrained judges selected on the 
basis of availability; only some participated 
in more than one replication. Kam en’s 
group feel that this method increases the 
efficiency of the design by avoiding loss of 
motivation through testing of all solutions 
at one sitting and that “training and using 
more rigorous methods of selecting Os is 
probably not worth the effort. Instead, using 
a larger number of Os is likely to compensate 
for somewhat decreased precision.” This 
latter point had been verified by Kamen 
previously (1959). The present author does 
not subscribe to the use of untrained, un­
tested judges in difference testing, because 
a judge’s response is greatly modified by
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Table 2. Analysis of variance. Single-sample presentation. Method I, evaluated in series 
Method II, evaluated singly, .

Source of variation Sums of squares Degrees of freedom Meansquare F' ratio
Total 1928.319 287
Sucrose (S ) 1575.236 3 525.079 773.312***
Citric (C) 23.847 3 7.949 11.707***
Judges (J ) 88.069 8 11.009 16.214***
Method (M ) 1.125 1 1.125 1.657
S X C 10.680 9 1.187 1.748
S x J 35.764 24 1.490 2.194***
S x M 8.902 3 2.967 4.369**
c x ; 20.153 24 0.840 1.237
C X M 1.625 3 0.542 0.798
M X J 26.500 8 3.313 4.879***
Remainder 136.391 201 0.679

** Sig. at P =  0.01. 
*** Sig. at P =  0.001.

training and familiarization with the tasting 
method, as illustrated by increased sensi­
tivity to the 4 basic tastes with subsequent 
testing (Pangborn, 1959). Several investi­
gators have reported improved sensory per­
formance as a direct result of panel training 
(Bennett et al., 1956; Boggs and Hanson,
1949).

W hen data from both methods were 
pooled, it was observed that every judge 
gave a higher total sweetness score to solu­
tions containing 0.007% citric acid than to 
the unacidified control. This result is not 
readily explainable. Individual judges fre­
quently commented that the lowest acid level 
imparted a degree of pleasantness to other­
wise insipid sugar solutions. W ith this par­
ticular method, there is no way of deter­
mining quantitatively how much of the ob­

served variation in scores was due to differ­
ences in palatability rather than taste in­
tensity.

Paired presentation. In Series I of the 
paired presentation, samples differed in both 
sucrose and citric acid content. A simple 
tally of the selections of sweeter samples 
within pairs shows a decrease in apparent 
sweetness with increasing acid levels (Table
3). A t lower sugar levels, the acid had a 
greater sweetness-depressing effect than at 
higher levels. When the data from Table 3 
are weighted in terms of degree of sweet­
ness difference between members of a pair,
i.e., slight, moderate, large, extreme, a sep­
arate value is obtained for each pair, which 
is then plotted at each sucrose level in Fig.
3. The plot shows the same distribution as 
the data in Table 3 : (a) 0.023% vs. 0.073%

Table 3. Effect of citric acid (percent) on sweetness in three paired presentations, 
series I (values represent response to sweetness within each pair).

%sucrose

T II III Totals
n a 0.007 a 0.007 * 0.023 » 0.023 a 0.073 a Loweracid Higheracid

o.so 25* h 24*** 2 21*** 5 90*** 18
1.80 22*** 4 33*** 3 33*** 3 9§*** 10
5.80 24 12 25* 11 29*** 7 7g*** 30

20.0 22 14 21 15 25* h 68** 40
Totals 103*** 41 113*** 31 118*** 26 334*** 98

* Sig. at P =  0.05. 
** Sig. a t P =  0.01. *** Sig. at P  =  0.001. 

* Percent citric acid.
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Fig. 3. Effect of citric acid on sweetness score 
of sucrose; paired presentation, series I.

citric acid gave greater differences than did 
the other two pairs; (b) sweetness masking 
was greater at lower than at higher concen­
trations of sucrose. The slopes of the three 
lines did not differ significantly as indicated 
by a statistical comparison of the b values. 
An unexplainable drop at the 1.8% sugar 
level was observed in twyo of the plots. Al­
though the paired presentation data from 
Series I involved more complex calculation 
and interpretation than data obtained by 
single-sample presentation, the same general 
conclusion was observed: at the levels
studied, citric acid decreased the apparent 
sweetness of sucrose.

A simplification of the paired methodology 
is incorporated into Series II, the method of 
constant stimulus, where one member of the 
pair within each set was constant. The 
simple tabulation in Table 4 verifies that a 
decreasing sweetness accompanied an in­
creasing acid content. Once again, the mask­
ing effects were most pronounced at the 
lower sugar levels. A t higher sugar levels, a 
mutual masking actually occurred and the 
acidified samples did not taste as sour. 
Plotting the weighted sweetness scores for 
each pair against acid content shows the 
degree to which the acid decreased sweet­
ness (Fig. 4 ). Although the intermediate 
sugar levels follow a somewhat erratic down­
ward progression, the extremes, 1.0 and 
20.0% sucrose, substantiate the previous ob­
servation that higher levels are depressed less 
than lower levels. The author agrees with 
statements by W erner (1933), Cameron

(1947), Kamen (1959), and others that 
perceived intensities of mixtures depend on 
the specific levels of each stimulus.

The individual values plotted in Fig. 4 
readily lend themselves to analysis of vari­
ance (Table 5). Both sugar and acid had a 
significant effect on sweetness differences 
between pairs. A very highly significant 
variation was due to judge differences. The 
3 replications did not differ, and two of the 
interactions involving judges were signifi­
cant.

Analysis of variance is as simple to per­
form for the paired comparison data as for 
the single-sample scores. The former method 
requires that each judge replicate every set 
n times, so that the values designated as 
direction and magnitude of difference be­
tween a pair are based on the same number 
of evaluations. This requisite was not diffi­
cult to achieve, since only 5 days of testing 
(12 pairs/judge/session) were necessary to 
secure the data analyzed in Table 5.

Although the main advantage of the single 
stimulus is its simplicity of presentation and

Fig. 4. Effect of citric acid on sweetness score of 
sucrose; paired presentation, series II.
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Table 4. Effect of citric acid (percent) on sweetness in four paired presentations, series II  
(values represent response to sweetness within each pair).

%sucrose
I II III IV Totals

0 a 0.005 a 0 a 0.010 a 0 a 0.020 8 o a 0.040 a Noacid Addedacid
1.00 21** 6 22** 5 27*** 0 27*** 0 97*** h
2.00 19 8 22** 5 24*** 3 25*** 2 90*** 18
5.00 18 9 23*** 4 24*** 3 24*** 3 g9*** 19

10.00 ' 18 9 22** 5 19 8 21** 6 80*** 28
20.00 14 13 16 11 19 8 21** 6 70*** 38

Totals 9Q*** 45 105*** 30 113*** 22 1lg*** 17 426*** 114
** Sig. at P =  0.01. 

*** Sig. at P =  0.001. 
1 Percent citric acid.

its resemblance to normal conditions of test­
ing, the evaluation is a memory comparison 
based on previous experience with similar 
stimuli. The paired presentation limited the 
evaluation to the 2 samples at hand and was 
considered more sensitive. This sensitivity 
was further increased when one member of 
the pair was kept constant within a set. 
Scaling of degree of difference between pairs 
yielded additional information, which could 
be plotted against the concentration of the 
additives.
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French-fried Potatoes: Palatability as Related to 
Microscopic Structure of Frozen Par-fries
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SUMMARY
W hen tissue was taken from  finish-fried or par-fried potatoes not subjected  

to fixing or em bedding, potato cells were found to be plum p, and the 
surfaces were comparatively sm ooth, faintly showing the outlines o f the 
gelatinized starch granules within. Cells from  tissue that had been frozen  
showed reticulation, especially those from  tissue frozen at —18°C as contrasted 
with tissue frozen at —78°C. W hen tissue was observed during freezing, cell 
separation was pronounced, as well as pushing together or shrinking o f gelled  
starch granules, and cell distortion. W hen thawed, the potato cells partially 
recovered their original plum pness although breaks between the cells rem ained. 
Recovery o f gelation was incom plete in starch granules from  cells from  potato 
tissue that had been par-fried, frozen, and finish-fried. A taste-test panel 
preferred French-fried potatoes frozen as an interm ediate step in preparation, 
especially noting less cohesiveness o f texture and greater tenderness o f crust.

Preliminary studies in this laboratory indi­
cated that French-fried potatoes prepared by 
par-frying, freezing, and finish-frying had 
better texture than similar potatoes French- 
fried without an intermediate freezing step 
in their preparation. This observation was 
the background for the work herein reported: 
a study of the microscopic appearance of 
fried potato tissue associated with freezing 
treatments and taste-panel scores.

During cooking of starchy vegetables, 
gelatinization of starch granules is one of 
the most noticeable phenomena. When moist 
heat is employed, vegetable tissues soften. 
Simpson and Halliday (1941) noted disinte­
gration of cell membrane materials, soften­
ing of cellulose, and the changing of large 
amounts of protopectin to pectin. Reeve
(1953) pointed out, among other histological 
observations on heated potatoes, that “cell 
separation, due to weakening of the adhesive 
properties of the middle lamellae, is aided 
by the swelling of gelled starch within the 
cells so that their walls are distended and 
pushed apart.” Under some conditions, cells 
ruptured. He indicated that this is “caused by 
swelling of the gelled starch and appears to 
begin in the weaker primary pit regions of 
the cell walls.”

Deep-fat frying might be assumed to have 
somewhat different effects, since in the fry­
ing process partial dehydration occurs. Reeve 
and Neel (1960) stated that “deep-fat frying 
is essentially a cooking and dehydration proc­
ess during which the starch content of the 
cells is gelled and dehydrated and some of the 
water in the tissue is replaced with oil.” 
They point out that the cellular structure 
remains intact and that the cell walls rarely 
rupture during the deep-fat frying process.

When cooked vegetable tissue is frozen, 
ice formation begins on the outside of the 
cells. If freezing occurs slowly, water is with­
drawn from the cells and larger ice crystals 
are formed, which crush the cells (Gardner, 
1940). Woodroof (1938) reported that in 
immature seeds such as peas, corn, and lima 
beans, cell walls separated and ruptured 
during freezing, while the contents of each 
cell coagulated into a shrunken mass. If the 
seed coats were uninjured, there was little 
loss of structure even though cell walls 
within the seed were broken or separated. 
Longree (1950), using mashed cooked po­
tato, noted variations in cell appearance asso­
ciated with rate of freezing. When shrunken 
cells were allowed to stand at room temper­
ature or in a refrigerator, no reabsorption
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took place of the water that had "frozen out” 
of the cells and starch granules. On reheat­
ing, the differences in cell appearance due 
to rate of freezing tended to disappear. Lee 
et al. (1946) tested the effect of freezing 
rates on the eating quality, appearance, and 
vitamin values of peas and snap beans. Al­
though slower freezing rates had a pro­
nounced effect on the appearance of the 
tissues by favoring the formation of large 
crystals and partially shrinking and dehy­
drating the solids, thawing caused the fluids 
to be reabsorbed by the tissues so that they 
resumed their natural appearance.

R u s s e t  B u rb a n k  p o ta to e s  w e re  o b ta in e d  a t  h a r ­
v e s t  t im e  f ro m  fa rm s  se lec ted  a t  r a n d o m  in  c o m ­
m e rc ia l  p o ta to - g ro w in g  a re a s .  T u b e r s  o f  h ig h  
sp ec ific  g ra v i ty ,  1.115, a n d  o f  lo w e r  spec ific  g ra v i ty ,
1.085, w e re  s e lec ted  f ro m  e a c h  f a r m  in  o r d e r  to  
p ro v id e  a  m ea n s  o f  d e te rm in in g  s p e c if ic -g ra v ity  
e ffec ts .

F o u r  m e th o d s  fo r  p r e p a r in g  f in is h -f r ie d  p o ta to e s  
w e re  c o m p a re d  : s in g le -s ta g e  f r ie d , u n f ro z e n  ; tw o -  
s ta g e  fr ied , u n f ro z e n ;  p a r - f r ie d ,  f ro z e n  a t  — 78 °C , 
h e ld  2 w e ek s  on  d ry  ice, th e n  f in is h -f r ie d  ; a n d  
p a r - f r ie d ,  f ro z e n  a t  —18 °C , h e ld  2  w e e k s  a t  th is  
te m p e ra tu re ,  th e n  f in ish -fr ie d . E ig h t  sam p le s  w e re

M ATERIALS AND METHODS

F ig . 1. P h o to m ic r o g ra p h s  (X 6 0 ) o f p o ta to  t is su e  p re p a re d  fo r  m ic ro s c o p ic  s tu d y  by  h is to lo g ic a l  
f re e z e -d ry in g  t e c h n iq u e :  a )  f in is h -f r ie d , u n f r o z e n ;  b )  p a r - f r ie d ,  f ro z e n  a t  —18 C ;  c )  p a r - f r ie d ,  f ro z e n  a t  
—7 8 ° C ; d )  p a r - f r ie d ,  f ro z e n  a t  —1 8 5C  a n d  fin ish -fried .
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F ig . 2. P h o to m ic r o g ra p h s  (X 6 0 ) o f p o ta to  c e l ls :  a )  f in is h -f r ie d , u n f r o z e n ;  b )  p a r - f r ie d ,  f ro z e n  a t  
—1 8 ° C ;  c )  p a r - f r ie d ,  f ro z e n  a t  — 7 8 ° C ;  d )  p a r- f r ie d ,  f ro z e n  a t  —1 8 ° C  a n d  f in ish -fr ie d .

e v a lu a te d  p e r  re p lic a t io n , a n d  th re e  re p lic a t io n s  
w e re  c a r r i e d  o u t.

T e m p e r a tu r e  d u r in g  p a r - f r y in g  a n d  f in is h - f ry in g  
w a s  m a in ta in e d  a t  177°C . A ll  p a r - f r ie s  w e re  f r ie d  
fo r  5 m in u te s . W h e n  f in is h -f r ie d , th e  p o ta to  s tr ip s  
a ll  h a d  a  to ta l  c o o k in g  t im e  of 6 %  m in . M o is tu re  
loss a n d  f a t  a b s o rp tio n  w e re  d e te rm in e d . A l l  t r e a t ­
m e n ts  w e re  ju d g e d  by  a  t r a in e d  p a n e l. M a tc h in g  
tu b e rs  f ro m  th e  sam e  fa rm s  a n d  o f th e  sam e  sp e ­
c ific  g ra v i t ie s  w e re  u se d  f o r  m ic ro s c o p ic  s tu d y .

S e v e ra l  p ro c e d u re s  w e re  u se d  in  p r e p a r in g  m a ­
te r ia l  fo r  m ic ro s c o p ic  s tu d y , w ith  th e  e x p e c ta t io n  
th a t  m o re  in fo rm a tio n  c o u ld  th u s  be o b ta in e d . T h e  
h is to lo g ic a l  f r e e z e - d ry in g  te c h n iq u e  fS c i .  S p e c ia l ­
tie s  C o rp ., 1955) w a s  se lec ted  in  p re fe re n c e  to  th e  
u se  o f  d e h y d ra t in g  so lu tio n s  s in ce  t is s u e  t h a t  is

f ro z e n  v e ry  ra p id ly  a n d  d e h y d ra te d  w ith o u t  th a w in g  
b e fo re  in f i l t r a t io n  w ith  p a ra ff in  m ig h t  be  e x p e c te d  
to  b e a r  a  c lo se r  re s e m b la n c e  to  u n tr e a te d  t is su e . 
In  a d d itio n , sm all b i ts  o f t is s u e  w e re  iso la te d  f ro m  
p o ta to  s tr ip s  fo l lo w in g  p a r - f ry in g ,  f re e z in g  a t  
—1 8 °C  a s  w e ll a s  — 7 8 °C , an d  a f te r  f in is h - f ry in g . 
B i ts  o f p a r - f r ie d  t is s u e  w e re  v iew e d  d u r in g  th e  
p ro c e sse s  o f f re e z in g , th a w in g , a n d  re f re e z in g .

T h e  s ig n if ic an ce  o f d iffe re n c e s  d u e  to  spec ific  
g r a v i ty  a n d  t r e a tm e n t  w e re  d e te rm in e d  b y  a n a ly s is  
o f v a r ia n c e  fo r  p an e l sco res , m o is tu re  lo ss, a n d  fa t  
a b s o rp tio n .

R E S U L T S  A N D  D IS C U S S IO N  
Microscopic observations. The appear­

ance of potato tissue differed somewhat with
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the histological method used in its study. 
However, the effects of cooking and freezing 
were apparent although tissue was prepared 
by different methods.

Cells taken from potato strips prepared by 
par-frying or single-stage or two-stage frying 
without an intermediate freezing step were 
similar in appearance. When viewed by 
polarized light, no ungelatinized starch gran­
ules were found. Tissue taken from these 
strips was composed of plump cells crowded 
together (Fig. 2). Cell surfaces were faintly 
reticulated, having an over-all stippled ap­
pearance. Longree (1950) suggested that 
this effect is due to pushing of the swollen 
starch granules against the cell walls. Reeve 
(1943), in calling attention to this effect in 
sections cut from blanched, dehydrated po­
tato after rehydration, wrote, “the semi- 
fibrous or reticulate appearance of the gelled 
starch may be due to variations in density as 
the grains swell or to cytoplasmic substances 
trapped between the swollen and gelled 
grains.”

Ice crystals in cells frozen at — 78°C must 
have been small enough that cells taken from 
par-fried tissue frozen and held for two weeks 
at this temperature closely resembled cells 
from tissue that had not been frozen. Evi­
dence of strain from the freezing treatment 
was noted, in that surfaces of cells from 
frozen tissue were slightly wrinkled, in con­
trast to the velvety “stippled” appearance 
of the surfaces of unfrozen cells. The stria- 
tions occurring in the cell surfaces from 
frozen tissue frequently had a twisted ap­
pearance (Fig. 2). The cells taken from 
strips that were par-fried and then frozen and 
stored at —18°C were generally similar in 
dimension and shape to those taken from 
unfrozen strips having no freezing treatment 
or having a “fast-freeze” treatment, except 
that the cell walls were very wrinkled, 
apparently adjusting to the contours of 
shrunken starch granules within (Fig. 2).

When par-fried tissue that had been frozen 
was finish-fried, the cells were plump and 
relatively smooth, probably from reabsorp­
tion of moisture and swelling of starch gran­
ules. Moisture loss was high during the 
par-frying operation (Table 2), but enough 
remained to allow the cells to become almost
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T a b le  2. M o is tu re  lo ss  a n d  f a t  a b s o rp tio n  d u r in g  F re n c h - f ry in g .

Specificgravity

M oisture loss (% ), fresh-weight basis F a t absorption (% ), finish-fried basis
Sample Treatm ent Par-fry Finish-fry Par-fry Finish-fry

l 1.085 F r o z e n  a t  —1 8 °C 43.6 47.5 5.8 8.1
2 1.085 F r o z e n  a t  —1 8 °C 44.2 46.9 7.0 8.5
3 1.115 F ro z e n  a t  —1 8 °C 43.3 46.5 7.3 8.7
4 1.115 F ro z e n  a t  —18° C 41.5 44.3 5.2 7.1
5 1.085 F ro z e n  a t  —7 8 ° C 43.9 46.4 6.6 9.9
6 1.085 F r o z e n  a t  —7 8 ° C 41.9 44.3 5.6 9.2
7 1.115 F ro z e n  a t  — 78 °C 44.7 47.1 7.9 10.8
8 1.115 F ro z e n  a t  — 7 8 ° C 45.4 47.7 7.9 11.7
9 1.085 S in g le  f r ie d 48.5 6.5

10 1.085 S in g le  f r ie d 46.5 6.8
11 1.115 S in g le  f r ie d 46.5 6.1
12 1.115 S in g le  f r ie d 47.6 8.4
13 1.085 T w o -s ta g e  f r ie d 50.8 9.3
14 1.085 T w o - s ta g e  f r ie d 50.1 8.2
15 1.115 T w o -s ta g e  f r ie d 49.1 8.7
16 1.115 T w o - s ta g e  f r ie d 48.2 7.6

fully restored to their original plump con­
dition when finish-fried. That they were 
not completely restored is indicated by the 
tiny folds remaining in the cell walls (Fig.
2). According to Longree (1950), cooked 
potato cells that have been frozen in such 
a way that they become shrunken and reticu­
lated, will regain their original plump, 
smooth appearance when heated in the pres­
ence of sufficient moisture.

Extensive shrinking of cells was apparent 
only when small bits of tissue were taken 
from par-fried potato strips and observed 
during the process of freezing. When handled 
in this way, cells originally plump and com­
paratively smooth changed in shape, becom­
ing angular and wrinkled. Distortion of 
cooked cells, as well as cell separation during 
freezing, may be seen in photomicrographs 
(Fig. 3). Breaks in intercellular cementing 
material were marked. When cells were al­
lowed to thaw, some reversal of the freezing 
change took place, the most noticeable being 
a plumping and partial recovery of the shape 
of the cells. Breaks between cells remained 
relatively prominent.

The freeze-drying method was used to se­
cure information that might not be available 
from studies of single cells or small groups 
of cells isolated from cooked or cooked and 
frozen potato tissue. The cells in tissue pre­
pared by the freeze-drying method did in

fact differ in appearance from cells prepared 
for study in other ways. Because the freeze- 
dried and embedded tissue could be sectioned, 
the interior of many cells was visible.

A high percentage of water was lost during 
par-frying, and a small additional loss oc­
curred during finish-frying (Table 2). In 
spite of the resultant partial dehydration, 
swelling and gelatinization of starch granules 
appeared to be unimpaired when no freezing 
step was included in the preparation. The 
cross sections of par-fried strips was similar 
in appearance to that of strips finish-fried 
in a single-stage or two-stage operation. The 
cells were well-filled with gelatinized starch 
granules (Fig. 1).

The cross sections of par-fries that had 
been frozen for two weeks had a porous ap­
pearance, indicating the growth of ice crystals 
throughout the tissue (Fig. 1). Dehydration 
of the gelled starch may be inferred, since 
granules that had been swollen during cook­
ing to the extent that their outlines were 
obliterated and they filled the cells, appeared 
separate and distinct from each other after 
frozen storage. When finish-fried after two 
weeks of frozen storage at — 18°C, cross 
sections of the potato strip showed cells in­
completely filled with gelatinized starch 
granules (Fig. 1). Since cell walls are re­
ported to be more hydrophilic than starch 
granules (Reeve, 1943), it is probable that
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Fig-. 3. P h o to m ic ro g ra p h s  ( X270 ) of fin ish -fried  p o ta to  ce lls : a )  u n fro z e n ; b ) f ro z e n ; c )  th a w e d ; 
d ) re -fro z en .

in the presence of a comparatively low per­
centage of water, the short cooking time after 
freezing was not sufficient to allow full re­
covery of the dehydrated starch granules. 
Swelling and gelatinization of starch was 
greater in tissues stored for two weeks at 
—78°C followed by finish-frying. In fact,

this tissue closely resembled that having no 
freezing treatment. Cell separation was noted 
in cross sections of tissue that was finish-fried 
after freezing.

Panel scores. Table 1 shows average 
scores and significance of difference due to 
treatment for the characteristics of French-
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fried potatoes prepared by different methods. 
Over-all quality, crust crispness, crust ten­
derness, and interior cohesiveness were in­
fluenced by treatment. The judges preferred 
the French-fried potatoes that had been par- 
fried, frozen, and finish-fried. According to 
their evaluation, the interior texture was less 
cohesive and the crust was more tender and 
crisp than in French-fried potatoes that had 
no freezing treatment.

High specific gravity of the tubers re­
sulted in a more glistening, opaque interior, 
greater graininess, drier and fluffier interior, 
and less cohesive interior than was found 
for tubers of lower specific gravity. Although 
these differences in texture were noted by 
the taste panel, no consistent differences in 
microscopic appearance were found in par- 
fried or finish-fried tubers of different spe­
cific gravity classes.

Probably the most significant relation 
between microscopic appearance and taste- 
panel scores was the rupture of intercellular 
cementing material in the frozen par-fries, 
which would help account for the “nonco- 
hesive” texture scored high by the judges.

Moisture loss and fat absorption. Differ­
ences due to treatment were significant at 
the 1 % level for moisture loss and fat absorp­
tion during frying to the finished stage. The 
potato strips that were frozen as an inter­
mediate step in preparation absorbed more

fat and lost less moisture than did the 
French-fries that were not frozen. The crisp, 
tender crust of French-fried potatoes that 
had been frozen and then finish fried was 
probably due to the slightly higher fat ab­
sorption by these potatoes.
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Influence of Autoclaving Soybean Proteins on Liberation of 
Aspartic and Glutamic Acids and Lysine by 

Several Digestion Procedures”
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Department of Biochemistry, Michigan State University Hast Lansing, Michigan
(M a n u s c r ip t  re c e iv e d  O c to b e r  21, I9 6 0 ) '

SUMMARY
Part of the lysine was destroyed when soybean meal or isolated soybean 

protein m ixed with sucrose was autoclaved 4  hr at 121 °C. Little or no loss 
occurred when isolated proteins were autoclaved by themselves.

In vitro digestion with trypsin and erepsin liberated less lysine from  the 
autoclaved than from  the unheated soybean proteins if  they did not contain 
the trypsin inhibitor.

Partial hydrolysis with hydrochloric acid liberated more aspartic and glu­
tamic acids and lysine from  unheated than from  heated soybean proteins.

Hydrolysis with concentrated hydrochloric acid for 7 days at 40°C and 
in vitro digestion with trypsin and erepsin liberated sim ilar am ounts o f  
lysine (except for the proteins containing trypsin inh ib itors), but acid hy­
drolysis liberated m ore aspartic and glutam ic acids that did enzym atic hy­
drolysis.

The data support the hypothesis that autoclaving soybean protein form ed  
lysine^aspartic acid and lysine-glutam ic acid liukages that were resistant to 
mild hydrolysis.

Previous investigations have shown that 
overheating soybean oil meal reduced the 
protein nutritive value for growing chicks 
(Evans and McGinnis, 1946), and that the 
reduction was corrected by supplementation 
with lysine, methionine, and cystine, but not 
by any one of them alone (McGinnis and 
Evans, 1947). Autoclaving destroyed 43% 
of the lysine in soybean oil meal (microbio­
logical assay after acid hydrolysis ) and in­
activated 60% (microbiological assay after 
enzymatic digestion) (Evans and Butts,
1948). No lysine was destroyed or inacti­
vated by dry-heating soybean meal 4 hr at 
121 °C. None was destroyed when isolated 
soybean (Alpha) protein was autoclaved, 
but 30% was inactivated.

Block et al. (1946) postulated, for dry- 
heated cake mix, a reaction of the free car­
boxyl groups of the dicarboxylic amino acids 
with the epsilon-amino groups of lysine to 
form a new peptide linkage that would re­
sist enzymatic digestion but he broken dur-

• M ic h ig a n  A g r ic u l tu r a l  E x p e r im e n t  S ta t io n  
J o u r n a l  A r t ic le  N o . 2696.

ing acid hydrolysis. Lockhart and Abraham
(1956) observed such a linkage in bacitracin
A. Evans et al, (1951) observed that auto­
claving 10 g of soybean (Alpha) protein for 
4 hr at 121 °C inactivated 1.24mM of basic 
amino acids (lysine, histidine, and arginine) 
and 1.25mM of acidic amino acids (aspartic 
and glutamic).

The work reported herein was conducted 
to see if lysine is both destroyed and bound 
in a form not released by enzymatic diges­
tion when proteins other than Alpha protein 
are autoclaved, to determine how autoclav­
ing proteins affects release of aspartic and 
glutamic acids and lysine by several diges­
tion procedures, and to study further the 
nature of the lysine linkage resistant to 
enzymatic digestion.

EXPERIMENTAL
T h e  m a te r ia ls  u sed , p e rc e n t  n i tro g e n , a n d  so u rce s  

w e r e :  a  c o m m e rc ia l  so y b ea n  oil m ea l (7 .9 0 % )  ; A l ­
p h a  p ro te in  (1 4 .3 9 % )  a n d  A m is o y  (1 3 .5 1 % ) ,  b o th  
G lid d en  C o m p a n y  (n o w  C e n tra l  S o y a  C o .)  ; B u c k ­
e y e  p ro te in  ( 1 4 .3 2 % ) ,  B u c k e y e  C e llu lo se  C o r p . ; 
C - l  A s s a y  p ro te in  (1 3 .7 5 % ) ,  D r a c k e t  Co. 
(n o w  A r c h e r -D a n ie ls -M id la n d  C o .)  ; P ro to s o y
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(1 3 .6 4 % ) ,  M a n n  R e s e a rc h  L a b o r a to r y ;  c ase in  
(1 3 .4 6 % ) ,  z e in  ( 1 4 .9 6 % ) ,  g lu te n  ( 1 4 .0 8 % ) ,  a n d  
la c ta lb u m in  (1 1 .7 9 % ) ,  a ll  f ro m  N u t r i t io n a l  B io - 
c h e m ic a ls  C o r p . ; a n d  e g g  w h i te  (1 3 .2 3 % ) .  T h e  
e g g  w h ite  w a s  p re p a re d  b y  a i r - d r y in g  w h ite s  o f 
e g g s  a n d  g r in d in g  fine in  a  W ile y  M ill.

S a m p le s  o f so y b ea n  m ea l, p ro te in s ,  c r  p ro te in s  
p lu s  20%  s u c ro se  w e re  h e a te d  4  h r  a t  1 2 1 °C  in  
th e  a u to c la v e  a t  15 lb p re s s u re .  E x c e p t  w h e re  
o th e rw is e  in d ic a te d , a c id  h y d ro ly s e s  w e re  p e r ­
fo rm e d  by a u to c la v in g  8 h r  a t  121 " C  w ith  20 %  
h y d ro c h lo r ic  a c id . E n z y m a tic  d ig e s ts  w e re  p re ­
p a re d  a s  d e sc rib e d  b y  E v a n s  (1 9 4 6 ) .  In  so m e  cases  
sam p le s  w e re  h y d ro ly z e d  b y  s ta n d in g  s e v e ra l  d ay s  
in  c o n c e n tra te d  h y d ro c h lo r ic  a c id  a t  4 0 ° C.

A s p a r t ic  a c id  a n d  ly s in e  w e re  d e te rm in e d  by  
m ic ro b io lo g ic a l  a s s a y  w ith  Lcuconostoc mesente- 
rnides P -6 0  on th e  m e d ia  o f S a u b e r l ic h  a n d  B a u ­
m an n  (1 9 4 6 ) . Laclobacillis arabinosns w a s  u se d  to  
a s s a y  fo r  g lu ta m ic  ac id .

A m in o  n i tro g e n  w a s  d e te rm in e d  b y  th e  V a n  
S ly k e  m e th o d . A m in o  a c id s  w e re  d e te rm in e d  on  
som e  sam p le s  b y  th e  c h ro m a to g ra p h ic  p ro c e d u re  
o f  M o o re  a n d  S te in  (1 9 5 1 ) .

R E S U L T S  A N D  D IS C U S S IO N
In agreement with earlier findings (Evans 

and Butts, 1951), 42%. of the lysine in soy­
bean oil meal, but none in Alpha protein, 
was destroyed by autoclaving (Table 1). 
When another isolated soybean protein, 
Buckeye protein, was autoclaved 14% of 
the lysine was destroyed (Table 1). 
The amount of lysine made available to L. 
mesenteroidcs by trypsin and erepsin diges­
tion was nearly doubled when Buckeye pro­
tein was autoclaved 1 hr at 121 °C (Fig. 1). 
Lysine availability in C-l Assay protein, 
Amisoy, and Protosoy was also increased by 
autoclaving, but not nearly as much as in 
Buckeye protein (Fig. 1). Evans and Mc­
Ginnis (1946) observed that chicks fed soy­
bean flakes autoclaved 30 min at 121 ° C grew 
twice as fast as chicks fed unheated soybean 
flakes. The poor growth on raw soybean 
meal has been partially attributed to a tryp­
sin inhibitor that was destroyed or inacti­
vated by heating ( Bowman, 1944; Ham and 
Sandstedt, 1944). Buckeye protein also 
probably contained the trypsin inhibitor, be­
cause the heated protein was more readily 
digested by trypsin than the unheated pro­
tein.

Ten per cent of the lysine was destroyed 
when casein was autoclaved, and 64% when

casein plus sucrose was autoclaved (Table
1). Destruction of lysine was insignificant 
when zein or zein plus sucrose was auto­
claved. The epsilon amino group of lysine 
in zein appears to be shielded in some way 
to prevent reaction with carbohydrate and 
tryptic release of lysine, because very little 
lysine (6% of total) was liberated from 
zein by enzymatic digestion in vitro.

Enzymatic digestion of Alpha protein, 
gluten, and lactalbumin released less aspartic 
and glutamic acids and lysine from auto­
claved than unheated proteins (Table 1).

Because of the possible presence of trypsin 
inhibitor in some isolated soybean proteins, 
such as Buckeye protein, a non-enzymatic 
mild digestion procedure was needed to study 
the resistant linkage of lysine. Sanger and

F ig . 1. In a c tiv a t io n  o f ly s in e  b y  a u to c la v in g . 
M ic ro b io lo g ic a l  a ssa y . T o p  c u r v e s :  h y d ro ly z e d  8 
h r  w i th  2 0 %  h y d ro c h lo r ic  a c id . B o tto m  c u r v e s :
h y d ro ly z e d  w ith  t ry p s in  a n d  e re p s in . O -----------O  :
B u c k e y e  p ro te in . O — ' — O  : C - l  a s s a y  p r o ­
te in . O -------- O --------- O :  P ro to s o y  o r  A m iso y .
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Tuppy (1951) partially hydrolyzed the 
phenylalanyl chain of insulin with IliV hy­
drochloric acid for 3 days at 37° C. The 
lysine-containing peptides of unheated and 
autoclaved Alpha protein were studied in the 
present experiment by hydrolyzing the pro­
teins with concentrated hydrochloric acid at 
40°C for from 8 hr to 7 days or with 20% 
hydrochloric acid at 121 °C for from 15 min 
to 8 hr. The amount of lysine released in a 
form available to L. mesenteroides increased 
with digestion time, and lysine was released 
faster from unheated than from autoclaved 
proteins (Fig. 2). Thirty-seven percent less

F ig . 2 R e le a se  o f ly s in e  f ro m  so y b ea n  ( A lp h a )  
p ro te in  in  a  m ic ro b io lo g ic a l  a v a ila b le  fo rm  b y  a c id  
h y d ro ly s is . 1 ) u n h e a te d  p ro te in  h y d ro ly z e d  w ith  
2 0 %  h y d ro c h lo r ic  a c id  a t  1 2 1 °C ; tim e  in  h o u rs . 
2 )  a u to c la v e d  p ro te in  h y d ro ly z e d  w ith  2 0 %  h y d r o ­
c h lo r ic  a c id  a t  121 ° C ;  t im e  in  h o u rs . 3 )  u n h e a te d  
p ro te in  h y d ro ly z e d  w ith  c o n c e n tra te d  h y d ro c h lo r ic  
a c id  a t  40° C ;  t im e  in  d a y s . 4 )  a u to c la v e d  p ro te in  
h y d ro ly z e d  w ith  c o n c e n tra te d  h y d ro c h lo r ic  a c id  a t  
40° C ; t im e  in  d ay s .

lysine was released from autoclaved than 
from unheated protein by hydrolysis with 
concentrated hydrochloric acid for 7 days 
and 42% less was released by enzymatic 
digestion.

The formation when soybean protein is 
autoclaved of a lysine linkage that resists 
hydrolysis is indicated by the above data. 
Lockhart and Abraham (1956), after hydrol­
ysis of bacitracin A for from 21 to 91 hr 
with 11 A7" hydrochloric acid at 80°C, isolated 
one peptide containing isoleucine, lysine, and 
aspartic acid, and another more stable one 
containing lysine and aspartic acid. Results

with DNP-derivatives indicated that aspar­
tic acid was linked to the epsilon-amino 
group of lysine. Evans et al. (1951) postu­
lated that when soybean protein is auto­
claved the free carboxyl groups of aspartic 
acid and glutamic acid react with the free 
amino groups of lysine and arginine and 
with the imidazole group of histidine to 
form a pepticle-type linkage resistant to 
enzymatic cleavage. Several commercially 
isolated soybean proteins were studied to 
determine if equivalent amounts of dicar- 
boxy lie acids and lysine would be inacti­
vated by autoclaving the proteins. Amino 
acid availability was determined by enzy­
matic and mild acid digestion.

Soybean oil meal, Amisoy, Buckeye pro­
tein, C-l Assay protein, and Protosoy were 
hydrolyzed by enzymatic and acid digestion 
procedures to study the release of amino 
nitrogen, aspartic and glutamic acids, and 
lysine.

Hydrolysis of Alpha protein with concen­
trated hydrochloric acid for 7 days at 40°C 
liberated about the same amount of micro- 
biologically available lysine but much more 
aspartic acid and glutamic acid than did 
digestion with a combination of trypsin and 
erepsin in vitro (Table 2). However, en­
zymatic digestion liberated slightly less 
lysine from autoclaved protein than acid 
digestion. Pepsin, trypsin, and erepsin di­
gestion released more of all amino acids 
than trypsin and erepsin digestion. Increas­
ing the time of acid hydrolysis to 14 days 
at 40°C and to 8 hours at i21°C increased 
amino acid release. Higher values for amino 
nitrogen, lysine, and aspartic acid but not 
for glutamic acid were obtained by chro­
matographic determination than by micro­
biological assay. Less lysine and aspartic 
acid were released from autoclaved than raw 
Alpha protein by enzymatic digestion or 
hydrolysis by concentrated hydrochloric acid 
at 40°C. Acid hydrolysis at 121 °C released 
equal amounts of amino acids from raw or 
autoclaved proteins. Data for Amisoy, Buck­
eye protein, C-l Assay protein, and Proto­
soy are not presented in tabular form be­
cause for the most part they are similar to 
those for Alpha proteins. The following- 
differences were observed, however.
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T a b le  2. L ib e ra t io n  o f a m in o  a c id s  f ro m  A lp h a  p ro te in  ( p e rc e n t  a m in o  n i t r o g e n  o r  a m in o  a c id ) .

Trypsinerepsin
Pepsintrypsinerepsin

Cone. HC1—■ 40°C 20% HC1-— 121°C
Amino acid Total Pepsin Trypsin 3 days 7 days 14 days 30 min 8 hr

A m in o  g ro u p s 14 .3 9“ 1.99 3.98 4.90 4.52 5.86 7.14 7.67 9.02 11.44
A u to c la v e d 1 4 .3 7 “ 1.51 3.77 4.51 5.13 5.34 6.87 7.55 9.10 11.28
%  loss 0 24 5 8 - 1 4 9 4 2 - i 1

L y s in e 5.45 b 0 1.77 3.73 4.36 2.84 3.86 4.49 3.82 4.86
A u to c la v e d 4 .7 6 6 0 1.00 2.39 3.64 2.04 2.93 3.36 3.23 4.68
%  loss 13 44 36 17 28 24 25 15 4

A s p a r t ic  a c id 1 2 .7 0 ” 0.70 0.87 2.06 3.94 3.22 4.47 5.95 9.04 10.81
A u to c la v e d 1 1 .0 6 ” 0.88 0.42 1.44 4.25 2.67 3.68 5.00 7.86 10.72
%  loss 13 - 2 6 52 30 - 8 17 18 16 13 1

G lu ta m ic  ac id 19 .1 8” 4.00 5.30 4.43 6.24 9.92 11.86 13.52 17.87 20.74
A u to c la v e d 1 8 .8 4 ” 2.66 3.52 1.96 6.66 10.20 11.87 13.32 17.27 21.29
%  loss 2 34 34 56 - 7 - 3 0 2 3 - 3

“ T o ta l  n i tro g e n  b y  K je ld a h l  m e th o d . 
“ C h ro m a to g ra p h ic  m e th o d .

T a b le  3. L y s in e , a s p a r t ic  a c id , a n d  g lu ta m ic  a c id  m ad e  u n a v a ila b le  by  a u to c la v in g . ( M i l l i ­
m o les  p e r  10 g  o f p r o t e in ) . “

Aspartic Glutamic Aspartic +  glutamic Lysine Lysine, 20% HC1 b
T ry p s in -e re p s in  d ig e s tio n

A lp h a  p ro te in .47 1.68 2.15 .92
A m is o y + .5 7 + 1 .2 6 ” + 1 .8 3 ” .21
B u c k e y e  p ro te in .04 .20 .24 .01
C - l  A s s a y  p ro te in .41 .73 1.14 1.46
P ro to s o y .39 .57 .96 1.33

C one. H C 1  40° C  7 d a y s
A lp h a  p ro te in .59 .00 .59 .64 .12
A m iso y .40 .52 .92 .85 .16
B u c k e y e  p ro te in .56 + .2 2 ” .5 6 d 1.03 .40
C - l  A s s a y  p ro te in .44 .10 .54 .88 .36
P ro to s o y .55 .00 .55 .96 .29

" T h e  m illim o le s  o f e ac h  a m in o  a c id  m a d e  u n a v a ila b le  to  th e  a s s a y  o rg a n is m  by  a u to c la v in g  
th e  p ro te in  w e re  c a lc u la te d  b y  s u b tr a c t in g  th e  a m in o  a c id  c o n te n t  o f th e  d ig e s t  o f a u to c la v e d  
p ro te in  f ro m  th e  a m in o  a c id  c o n te n t  o f th e  d ig e s t  o f  th e  r a w  p ro te in  to  g iv e  g  o f a m in o  ac id  
p e r  10 g  p ro te in , w h ich  w a s  d iv id e d  b y  th e  m il lim o le c u la r  w e ig h t  o f th e  a m in o  ac id .

“ L y s in e  u n a v a ila b le  a f te r  d ig e s tio n  w ith  2 0 %  h y d ro c h lo r ic  a c id  fo r  8 h r  a t  121 °C . T h is  
ly s in e  w a s  p re s u m a b ly  d e s tro y e d  by  th e  M a il la r d  r e a c tio n  w ith  c a rb o h y d ra te s .

c A  +  s ig n  b e fo re  th e  n u m b e r  m ea n s  t h a t  a u to c la v in g  in c re a s e d  th e  a v a i la b i l i ty  o f th e  a m in o
acid .

” T h e  g lu ta m ic  a c id  v a lu e  w a s  n o t  u se d  in  c a lc u la t in g  th e  to ta l  d ic a rb o x y l ic  a c id s , b e ca u se  
it in c re a se d  in  a v a ila b ili ty .
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More free alpha-amino nitrogen, aspartic 
acid, and glutamic acid were released from 
autoclaved than from unheated Amisoy by 
trypsin or trypsin and erepsin, indicating 
Amisoy contained the soybean trypsin in­
hibitor. Lysine linkages resistant to mild 
acid digestion were formed when Amisoy 
was autoclaved, but destruction of amino 
acids was not significant.

Buckeye protein was affected by auto­
claving essentially in the same way as 
Amisoy.

Autoclaving destroyed 10% of the lysine 
in C-l Assay protein and 8% of that in 
Protosoy. Otherwise, autoclaving affected 
these two proteins in the same way as it 
did Alpha protein. Thus Alpha protein, 
C-l Assay protein, or Protosoy could be 
used to study the nature of the lysine link­
age resistant to enzymatic digestion, and 
any one of the five proteins could be used 
to study the nature of the acid-resistant 
lysine linkage.

Soybean oil meal contained 7.90% nitro­
gen (50% crude protein). No other con­
stituents were determined, but soybean oil 
meal is usually about 22% carbohydrates 
(6% sucrose), 2S%> moisture, oil, ash, and 
fiber, and little or no reducing sugar (Peck,
1939). The constituent in soybean oil meal 
responsible for the destruction of lysine, 
appears to be sucrose, which is probably 
hydrolyzed to release reducing sugars, which 
in turn react with the epsilon-amino group 
of lysine by the Maillard Reaction. Auto­
claving of soybean oil meal resulted in a 
greater decrease of alpha-amino nitrogen 
liberated by enzymatic digestion than did 
autoclaving of any of the isolated soybean 
proteins. Evans et al. (1951) observed that 
some protein-bound amino acids of soybean 
protein react with sucrose or glucose to form 
a linkage resistant to enzymatic but not to 
acid digestion.

In vitro digestion of 10 g of Alpha protein 
with trypsin and erepsin released 0.92ml/ 
less lysine, 0.47m l/ less aspartic acid, and 
1.68ml/ less glutamic acid from autoclaved 
than from the unheated protein (Table 3). 
These data are not directly comparable with 
those of Evans ct al. (1951) because no 
histidine or arginine determinations were 
made. Digestion with concentrated hydro­

chloric acid for 7 days at 40° C broke some 
of the linkages that enzymatic digestion did 
not, because the mild acid digestion released 
0.64ml/ less lysine and 0.59ml/ less aspartic 
acid from the autoclaved than from the un­
heated protein. Similar amounts of glutamic 
acid were released. The indications from 
data with Alpha protein and Amisoy are that 
autoclaving of the protein caused formation 
of a linkage between lysine and aspartic acid 
and glutamic acid that was resistant to mild 
acid hydrolysis, because the mM  of lysine 
and of aspartic plus glutamic acids released 
were nearly the same (Table 3).

The presence of the trypsin inhibitor in 
Amisoy and Buckeye protein interfered with 
enzymatic digestion studies on these pro­
teins.

Buckeye protein, C-l assay protein, and 
Protosoy appeared to contain sufficient car­
bohydrate so that part of the lysine was de­
stroyed by the Maillard reaction. When the 
m l  of lysine destroyed are subtracted from 
the total m l/ inactivated for these proteins, 
the m l/  of lysine made unavailable agree 
well with the m l/ of aspartic plus glutamic 
acids also made unavailable (Table 3).
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An All-glass Laboratory Apparatus for Concentrating 
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SUMMARY
An all-glass apparatus for the concentration o f volatile compounds from  

dilute aqueous solutions on a laboratory scale is described. 3—6 L o f solutions 
are stripped in 1 hr under reduced pressure at temperatures at or below 37 °C, 
and concentration increases o f over 10 times are obtained in a single pass. A 
scale drawing o f the apparatus and some exam ples o f its operation are given.

The concentration of a great number of 
the odorous volatile compounds in the aque­
ous phase of food is on the order of parts per 
million or less. The concentration must be 
increased before fractional distillation, ex­
traction, or other isolation procedures can be 
applied. The initial concentration increase 
obtained with any procedure should prefer­
ably be some 10 times or more, but may have 
to be reduced, depending on the properties of 
the compounds in the solution. No heat 
damage can be allowed, and care should be 
taken in this respect, particularly when non­
volatile material is also present in the liquid.

A number of devices for stripping the vola­
tile compounds from dilute solutions have 
been described (Dimick and Makower, 1951 ; 
Kepner and Webb, 1956; Scott, 1956), of 
which the all-glass climbing film evaporator 
of Scott resembles in some aspects the ap­
paratus described herein. One of the most 
advanced, producing excellent results, is the 
apparatus developed by Eskew et al. (1959), 
consisting of a stripper and a fractional distil­
lation column in a combined arrangement. 
The method, with modifications, is used by 
many investigators but requires an elaborate 
set-up, which is not easily built in smaller 
laboratories and is more practical for large- 
scale operations.

All-glass rotating film evaporators are easy 
to use and to build for laboratory work

8 P r e s e n t  a d d r e s s : C e n tr a l  In s t i tu te  f o r  N u t r i ­
t io n  a n d  F o o d  R e s e a rc h , T .N .O . ,  U t r e c h t ,  T h e  
N e th e r la n d s .

( Kohn, 1956), but are designed primarily, 
and better suited, for concentrating nonvola­
tiles. Furthermore, their speed of operation 
is low (ca. 300/ml/hr at non-elevated tem­
peratures ).

In laboratory-scale concentrators for vola­
tiles of the fractional distillation type as de­
scribed for either atmospheric (Dimick and 
Simone, 1952) or for reduced pressure 
(Shepherd, 1957), the liquid from which the 
volatiles are to be recovered is temporarily 
heated to rather high temperatures (100 and 
80°C, respectively). Such an apparatus is 
therefore more satisfactory for second-step 
concentrators where heat damage is less 
likely.

Recently, an arrangement (Cotner et al., 
1960) was described for the stripping of 
odors, with or without steam, which seems 
to have some advantages over a number of 
earlier steam strippers. No performance 
data are given.

The all-glass apparatus described here 
(Fig. 1) can be built easily and is simple to 
operate on a laboratory scale. The functional 
design was suggested by the stripper em­
ployed by Eskew and co-workers, but the 
construction utilizes some of the main struc­
tural features of a commercial apparatus 
(Jena-Schott, 1960) developed for the con­
centration of nonvolatile compounds.

APPARATUS AND OPERATION
W h e n  a  v a cu u m  (e .g ., w a te r  j e t )  is e s ta b lis h e d  

th ro u g h o u t  th e  a p p a ra tu s  a n d  th e  ja c k e t  o f th e  h e a t  
e x c h a n g e r  A  is w e ll h e a te d  b y  s te a m  fro m  B , th e

670
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so lu tio n  to  be s tr ip p e d  is  s u c k e d  in  a t  C. B y  
r e g u la t in g  th e  s t r e a m  w ith  a  s to p c o c k  o r  n e ed le  
v a lv e  a t  D , th e  c o n c e n tra t io n  in c re a s e  c an  be c h o se n  
to  som e  d e g re e . A s  lo n g  a s  su ffic ien t w a te r  is  le f t  
u n e v a p o ra te d , th e  t e m p e ra tu re  is  d e te rm in e d  b y  th e  
p re s s u re  in  th e  s y s te m  a n d  is in d ic a te d  b y  th e  
th e rm o m e te r  a t  E .

T h e  v a p o r s  d e v e lo p e d  in  th e  h e a t  e x c h a n g e r  a r e  
c o n d e n se d  in  th e  c o n d e n s o r  F  a n d  c o lle c te d  in  th e  
ice -co o led  re c e p ta c le  G. A  s m a ll p a r t  o f th e  h ig h ly  
v o la ti le  c o m p o u n d s  w ill  be  fo u n d  in  th e  — 8 0 ° C  t r a p
H . T h e  re s id u a l  l iq u id  is re c o v e re d  in  th e  5 -L  su c ­
t io n  f la sk  K , c o n n e c te d  by  w a y  o f a n  a d d i tio n a l  
—8 0 ° C  t r a p  M  to  th e  v a c u u m  s o u rc e  a t  N . T h e  
size  o f th e  s u c tio n  f la sk  K  d e te rm in e s  th e  a m o u n t  
o f s o lu tio n  t h a t  c an  be  s tr ip p e d  in  on e  p a ss . B y  
m in o r  a l te r a t io n s ,  h o w e v e r , th e  a p p a ra tu s  can  be 
m ad e  to  o p e ra te  c o n tin u o u s ly  f o r  a n y  sam p le  size.

P E R F O R M A N C E
In  on e  h o u r , 3 -6  L  o f a n  a q u e o u s  s o lu tio n , d e ­

p e n d in g  on  i ts  p ro p e r t ie s  a n d  o n  th e  c o n c e n tra tio n  
in c re a se  d e s ire d , c an  be ru n  t h r o u g h  th e  a p p a ra tu s .  
E x a m p le s  o f so lu tio n s  th a t  w e re  s tr ip p e d  w ith o u t  
d ifficu lties  a t  4 3 -4 6  m m  H g  a n d  3 6 -3 7 ° C  p ro d u c t  
te m p e ra tu re  a r e : a n  a q u e o u s  s o lu tio n  c o n ta in in g  10 
p p m  o f a c e to n e  a n d  10 p p m  o f e th y l  a c e ta te ,  a p p le  
ju ic e , co ffee  b re w , a n d  b e e r  f ro m  w h ic h  p a r t  o f th e  
C 0 3 w a s  re m o v e d  by  s ta n d in g  10 h o u rs  a t  + 4 ° C . 
T h e  in c re a se  in  th e  c o n c e n tra t io n  o f v o la ti le  c o m ­
p o n en ts  fo r  a  s in g le  p a ss , d e te rm in e d  by  c o m p a r in g

F ig . 1. S c a le  d ra w in g  o f s tr ip p in g  a p p a ra tu s .  
O u ts id e  d iam . I ,  10 m m ;  I I ,  4  m m ;  I I I ,  11 m m . 
N o t  sh o w n  is  th e  e x i t  f o r  c o n d e n se d  s te am  a t  th e  
b o tto m  o f th e  h e a t  e x c h a n g e r  A .

g a s - liq u id  c h ro m a to g ra m s  o f v a p o r  sam p le s  b e fo re  
a n d  a f te r  s tr ip p in g , w a s  fo u n d  to  be  b e tw e e n  10 
a n d  30 tim es , d e p e n d in g  o n  th e  p ro d u c t  a n d  its  
c o m p o s itio n .

F ig .  2. G a s - liq u id  c h ro m a to g ra m s  o f h e a d s p a c e  
v a p o r s  o v e r  c o m m e rc ia l  p a s te u r iz e d  m ilk  (b o tto m  
g r a p h )  a n d  i ts  s in g le -p a s s  c o n c e n tra te  ( to p  g r a p h ) .  
C o lu m n  1 3 0 X 0 .6  c m ; 1 0 %  d i- /z -d e c y lp h th a la te  on  
f ire b ric k , 8 0 -1 0 0 -m esh , a t  5 0 ° C ;  S r 90 io n iz a tio n  d e ­
t e c to r  a t  1750 V ; 95 m l a r g o n /m in .  S a m p le  size, 
5 m l.

R e - s t r ip p in g  o f th e  f i r s t  c o n c e n tra te  f ro m  th e  
s y n th e tic  m ix tu r e  g a v e  to ta l  r e s p e c tiv e  c o n c e n tra t io n  
in c re a se s  o f 119 a n d  126 t im e s  o v e r  th e  in i t ia l  c o n ­
c e n t r a t io n  o f th e  a c e to n e  a n d  th e  e th y l  a c e ta te .

T h e  o d o r  o f th e  c o n c e n tra te s  in  a ll  a p p lic a t io n s  
w a s  v e ry  m u ch  s tr e n g th e n e d  a n d  o f e x c e lle n t  q u a l­
ity  a s  c o m p a re d  w ith  th e  o r ig in a l  so lu tio n s .

N o rm a lly ,  th e  a p p a ra tu s  is n o t  re c o m m e n d e d  fo r  
s tr ip p in g  m ilk  w i th  a  h ig h  f a t  c o n te n t . T h e  o d o r  
o f th e  c o n c e n tra te  o b ta in e d  f ro m  s u c h  m ilk , h o w ­
ev e r , w a s  e x c e lle n t,  a n d  th e  in c re a s e  in  c o n c e n tr a ­
t io n  o f th e  v o la ti le s  w a s  ca. 18 t im e s  o n  th e  f irs t  
p a ss , b u t  th e  n a r r o w  tu b e s  in  th e  h e a t  e x c h a n g e r  
te n d e d  to  c lo g  a n d  r e q u ire d  c le a n in g  a f te r  4 L  h a d  
b een  s tr ip p e d  in  40  m in  a t  a  m a x im u m  te m p e ra tu re  
o f 38 °C . T h e  re s u lts  o f  th e  m ilk - s t r ip p in g  t e s t  a r e  
d e m o n s tr a te d  in  F ig .  2 by  tw o  s u p e r im p o s e d  g a s -  
l iq u id  c h ro m a to g ra m s  o f  sam p le s  o f h e a d sp a c e  
v a p o r s  ta k e n  o v e r  25 m l o f c o n c e n tra te  a n d  o f th e  
c o r re s p o n d in g  o r ig in a l  l iq u id  in  2 5 0 -m l E r le n m e y e r  
fla sk s  a t  ro o m  te m p e ra tu re .  T h e  in c re a se  in  c o n ­
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c e n t r a t io n  c a n  e a s ily  be re a d  f ro m  th e  tw o  g ra p h s , 
s in ce  th e  p e a k  h e ig h ts  h a v e  b een  fo u n d  to  be  d ire c t ly  
p r o p o r t io n a l  to  th e  c o n c e n tra t io n  o f th e  v o la ti le  
c o m p o u n d s  in  s o lu tio n  (W e u r m a n ,  1 9 6 1 ).
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