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S U M M A R Y
T h e  t h e r m a l  r e s i s t a n c e  a t  1 0 0 ° C  o f  C lostridium  sporogenes  P .A .  3 6 7 9  

w a s  d e t e r m i n e d  a f t e r  t h e  s p o r e s  h a d  b e e n  i r r a d i a t e d  w i th  g a m m a  r a y s  o r  
c a t h o d e  r a y s  u n d e r  v a r io u s  e n v i r o n m e n t a l  c o n d i t i o n s .

T h e  p r e - i r r a d i a t i o n  t r e a t m e n t  s e n s i t i z e d  t h e  s p o r e s  to  h e a t ,  a n d  s p o r e s  
i r r a d i a t e d  e i t h e r  i n  a i r  o r  u n d e r  v a c u u m  w e r e  h e a t - s e n s i t i z e d  to  t h e  s a m e  
e x t e n t .  T h e  h e a t  s e n s i t i z a t i o n  i n d u c e d  w a s  s l i g h t l y  g r e a t e r  w h e n  t h e  s p o r e s  
w e r e  i r r a d i a t e d  a t  a  p H  n e a r  n e u t r a l i t y ,  t h a n  a t  a n  a c i d  p H .  S p o r e s  s u s p e n d e d  
i n  p h o s p h a t e  b u f f e r  ( p H  7 . 0 )  w e r e  h e a t - s e n s i t i z e d  to  a  g r e a t e r  d e g r e e  t h a n  
s p o r e s  s u s p e n d e d  i n  n u t r i e n t  b r o t h  o r  p u r e e d  h a m .  T h e  t h e r m a l  r e s i s t a n c e  o f  
t h e  i r r a d i a t e d  s p o r e s  w a s  n o t  i n f l u e n c e d  b y  t h e  c o n c e n t r a t i o n  o f  v i a b le  s p o r e s  
i n  t h e  s u s p e n s i o n  ( p h o s p h a t e  b u f f e r ) ,  b u t  a s  t h e  p r o p o r t i o n  o f  d e a d  c e l ls  a n d  
d e a d  s p o r e s  i n c r e a s e d  w i th  i n c r e a s i n g  d o s e s  o f  i r r a d i a t i o n ,  t h e  t h e r m a l  r e s i s t 
a n c e  a l s o  i n c r e a s e d .

S p o r e s  i r r a d i a t e d  w i th  6 6 0 , 0 0 0  r e p  a t  6 6 —6 8 ° C  w e r e  m o r e  h e a t - s e n s i t iv e  
t h a n  s p o r e s  i r r a d i a t e d  a t  r o o m  t e m p e r a t u r e  o r  i n  t h e  f r o z e n  s t a t e .  B e lo w  th i s  
i r r a d i a t i o n  l e v e l  t h i s  e f f e c t  w a s  n o t  e v id e n t .

IN T R O D U C T IO N
Early studies by Curran and Evans 

(1938) and more recent investigations by 
Morgan and Reed (1954), Kempe (1955), 
and Kan et al. (1957) have shown that 
irradiating certain bacterial spores sensi
tizes them to the effect of the lethal action 
of heat. Kempe et al. (1959) applied this 
combination of processing treatments to 
sterilize cans of ground beef inoculated with 
spores of Clostridium sporogenes P.A. 3679. 
They reported that the Fc required to pro
duce commercially sterile cans after irradia
tion by 1.3-1.8  megarep was approx that 
required when only heat-processing was 
used.

Kempe et al. (1960) also used combined 
irradiation-heat processing to preserve

C o n tr ib u tio n  N u m b e r  424 f ro m  th e  D e p a r tm e n t  
o f N u t r i t io n ,  F o o d  S c ie n ce  a n d  T e c h n o lo g y .

T h e  w o r k  in  th is  s tu d y  w a s  c a r r i e d  o u t  f o r  th e  
P h .D . d e g re e , D e p a r tm e n t  o f N u t r i t io n ,  F o o d  
S c ie n ce  a n d  T e c h n o lo g y , M a s s a c h u s e tts  I n s t i tu te  
o f  T ec h n o lo g y .

canned green peas inoculated with spores 
of Clostridium sporogenes P.A. 3679. The 
F 0 required to sterilize the peas was 0.5 
following 1 . 2  megarad of gamma radiation, 
and about 4—5 with unirradiated peas.

The adverse changes in food brought 
about by irradiation at high dose levels can, 
in some instances, be decreased by making 
certain environmental changes (atmosphere, 
temperature, etc.) in the food during irra
diation. It is not known, however, whether 
the heat-sensitization effect of irradiation 
is influenced by these environmental changes 
during the irradiation treatment.

It would also be of interest to learn 
whether other factors such as the nature 
and pH of the substrate, and the concentra
tion of spores surviving irradiation altered 
the heat-sensitization effect of irradiation.

Therefore, the main objective of this in
vestigation was to determine whether alter
ing the environment would alter irradiation 
changes in the heat sensitivity of spores of 
Clostridium sporogenes P.A. 3679 and Ba
cillus subtilis A.T.C.C. 6633. These two
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212 THERMAL RESISTANCE OF CLOSTRIDIUM SPOROGENES

organisms were selected because of their 
importance in causing spoilage of canned 
whole hams. Since slow heat transfer 
through the ham makes it impractical to 
sterilize a canned whole ham by the conven
tional method of steam processing, it is felt 
that this product might lie greatly improved 
by this new technique of sterilization, if 
this process proves applicable.

This paper presents only the results with 
Clostridium sporogenes P.A. 3679. Results 
with Bacillus subtilis will be reported later.

E X P E R I M E N T A L  M E T H O D S
P r o p a g a t io n  o f  P .A . 3679  sp o re s . L y o p h il iz e d  

s p o re s  o f Clostridium sporogenes P .A .  3679 
( A T C C  N o . 79 55) w e re  o b ta in e d  f ro m  th e  
A m e r ic a n  T y p e  C u ltu re  C o llec tio n , W a s h in g to n ,  
D . C. A n  a c t iv e ly  g ro w in g  c u ltu re , o b ta in e d  by 
su c ce ss iv e ly  in o c u la t in g  in c re a s in g ly  l a r g e r  f lask s  
o f m ed ia , w a s  t r a n s f e r r e d  to  a  4 -L  E r le n m e y e r  
f la sk  c o n ta in in g  a  p o rk  in fu s io n  m e d iu m  to g e th e r  
w i th  cooked , g ro u n d , le a n  p o rk  a n d  se v e ra l  iro n  
n a ils . A f te r  in c u b a tio n  fo r  1 w k  a t  3 7 °C  a n d  2 
wlc a t  30° C , th e  s p o re s  w e re  h a rv e s te d  by  c e n t r i 
fu g a tio n , w a s h e d  se v e ra l  t im e s  w ith  d is ti l le d  w a te r ,  
re s u s p e n d e d  in  p h o s p h a te  b u ffe r , p H  7.0, a n d  s to re d  
a t  2 - 4 ° C  u n ti l  u sed .

T h e  p o rk  in fu s io n  m e d iu m  w a s  p r e p a re d  by 
s im m e r in g  g ro u n d  lean  p o rk  (1 l b / L )  f o r  1 h r  
in  d is ti l le d  w a te r .  T h e  b ro th  w a s  f i l te re d  th ro u g h  
ch ee sec lo th , a n y  fa t  w a s  s k im m e d  o ff th e  su rfac e , 
a rid  w a te r  lo s t  d u r in g  e v a p o ra tio n  w a s  re p la c e d . 
T h e  fo llo w in g  in g re d ie n ts  w e re  a d d e d  to  each  
l i te r  o f in fu s io n :  5 g  D ifco  p e p to n e , 1.5 g  D ifco  
try p to n e ,  1 g  d e x tro s e ,  a n d  1.25 g  K 2H P O 4. A f te r  
th e  in g re d ie n ts  w e re  d is so lv ed , th e  p H  o f th e  
in fu s io n  w a s  a d ju s te d  to  7 .2 -7 .4  w ith  K O H .

T h r e e  in d iv id u a l sp o re  c ro p s  w e re  c u lt iv a te d  
t h r o u g h o u t  th e  c o u rse  o f th is  in v e s tig a t io n .  O ne  
s p o re  c ro p  w a s  p ro p a g a te d  on  a  m ed iu m  q u ite  
s im ila r  to  th e  p o rk  in fu s io n  m e d iu m  e x c e p t  th a t  
b ee f l iv e r  w a s  s u b s ti tu te d  fo r  lean  p o rk . T h e s e  
s p o re s  h a d  in  p h o s p h a te  b u ffe r  a t  1 0 0 °C  a  lo w e r 
D  v a lu e  (a b o u t  130 m in )  th a n  s p o re s  g ro w n  in 
p o rk  in fu s io n  m ed iu m  (a b o u t  185 m in ) ,  a n d  th e r e 
fo re  w e re  d is c a rd e d .

S a m p le  p r e p a r a t io n .  F o r  th e  s tu d ie s  re la te d  to  
th e  e ffec t o f a tm o s p h e re  o f i r r a d ia t io n  on  h e a t  s e n 
s it iz a t io n , th e  sp o re s  w e re  su sp e n d e d  in  p h o s p h a te  
b u ffe r  ( p H  7 .0 ) , p o u re d  in to  5 -m l P y r e x  am p o u le s , 
h e a t- s h o c k e d  15 m in  a t  100° C, a n d  coo led .

S u sp e n s io n s  to  be i r r a d ia te d  in  a  n o rm a l  a tm o s 
p h e re  w e re  sea le d  in  a m p o u le s  w ith  a  3 -w a y  b u rn e r  
flam e. S u sp e n s io n s  to  be  i r r a d ia te d  u n d e r  a  low  
o x y g e n  te n s io n  w e re  sea le d  in a m p o u le s  a f te r  th e  
h e a d sp a c e  w a s  e v a c u a te d  w i th  a  m e c h a n ic a l v a c 

u u m  p u m p  to  a  p re s s u re  of a b o u t  1 m m  H g .  F o r  
s p o re s  to  b e  t r e a te d  in an  a tm o s p h e re  o f  n i tro g e n  
g a s , th e  h e a d s p a c e  g a s  w a s  re m o v e d  b y  m e c h a n ic a l  
v a c u u m  p u m p  a n d  re p la c e d  w ith  p y ro g a llo l-w a s h e d  
n i t ro g e n  g a s . T h is  cyc le  w a s  r e p e a te d  fo u r  t im e s  
b e fo re  th e  a m p o u le  w a s  sea led .

In  s tu d ie s  re la te d  to  th e  e f fe c t  of p H  o f th e  
s u b s tra te ,  th r e e  lev e ls  o f p H  ('4.5, 5.8, a n d  7 .0 ) 
w e re  in v e s tig a te d . T h e  b u ffe r  s u b s tra te s  w e re  p r e 
p a re d  b y  b le n d in g  so lu tio n s  o f p o ta s s iu m  ac id  
p h o s p h a te  a n d  d iso d iu m  p h o s p h a te  in  th e  p ro p e r  
p ro p o r t io n s  fo r  m a k in g  S o re n s e n ’s b u f fe r  m ix tu r e s .

T h r e e  d if fe re n t  s u b s tra te s  w e re  in v e s t i g a t e d : 
p h o s p h a te  b u f fe r  ( p H  7 .0 ) , n u t r i e n t  b ro th ,  a n d  
a  h a m  p u re e . T h e  n u tr i e n t  b ro th  w a s  p re p a re d  
f ro m  d e h y d ra te d  D ifc o  n u tr ie n t  b ro th . T h e  h a m  
p u re e  w a s  p re p a re d  b y  g r in d in g  le a n  h a m  in  a  
s te r i le  m e a t  g r in d e r ,  b le n d in g  fo r  se v e ra l  m in u te s  
in  a n  O s te r i z e r  w ith  an  a lm o s t  eq u a l p o r t io n  of 
w a te r ,  a n d  f u r th e r  c o m m in u tin g  th e  s lu r r y  in  a  
b a ll  m ill. P o r t io n s  o f th e  p u re e  w e re  p o u re d  in to  
s c re w -c a p  j a r s  a n d  h e ld  a t  — 18 °C  u n ti l  u sed .

T h r e e  d if fe re n t  te m p e ra tu re s  d u r in g  i r r a d ia t io n  
w e re  in v e s t ig a te d :  ro o m  te m p e r a tu r e  ( 2 0 ° C ) ,
— 78 °C , a n d  6 6 -6 8 ° C . F o r  i r r a d ia t io n  a t  ro o m  
te m p e ra tu re ,  2.5 m l o f th e  h e a t- s h o c k e d  s p o re  
s u sp e n s io n  ( p h o s p h a te  b u ffe r  p H  7 .0 ) w e re  p i
p e tte d  in to  a  5 0 -m m -d ia m e te r  P e t r i  d ish . T h e  d ish  
w a s  c o v e re d  w ith  S a r a n  film  a n d  i r r a d ia te d  w ith  
c a th o d e  ra y s . F o r  sam p le s  i r r a d ia te d  in  th e  f ro z e n  
s ta te , th e  P e t r i  p la te  w a s  s u r ro u n d e d  w i th  c ru s h e d  
d ry  ice. F o r  sam p le s  i r r a d ia te d  a t  6 6 -6 8 ° C, th e  
P e t r i  p la te  w a s  p a r t ia l ly  im m e rs e d  in  h o t  w a te r  
u n ti l  d e s ire d  sam p le  te m p e ra tu re  w a s  re a c h e d . T h e  
i r r a d ia te d  su sp e n s io n  w a s  im m e d ia te ly  c o o led  by  
p la c in g  th e  P e t r i  p la te  on  ice.

I r r a d i a t i o n  so u rce s . M o s t  o f th e  i r r a d ia t io n  v a s  
c a r r ie d  o u t  w i th  g a m m a  ra y s  f ro m  a  c o b a lt-6 0  
s o u rc e  w ith  an  o u tp u t  o f a p p ro x  200,000 r e p /h r  
(186 ,000  r a d / h r ) .  W h e n  th e  e ffec t o f t e m p e ra tu re  
d u r in g  i r r a d ia t io n  w a s  s tu d ied , c a th o d e  r a y s  w e re  
u se d  f ro m  a  G e n e ra l  E le c tr ic  re s o n a n t  t r a n s f o r m e r  
( K n o w lto n  et al., 1953) ra te d  a t  on e  m illio n  e le c 
t r o n  v o lts . T h is  m a c h in e  co u ld  d e liv e r  u p  to  on e  
m illio n  re p  in  a b o u t 1 sec.

M e th o d  f o r  d e te rm in in g  th e rm a l  re s is ta n c e .  T h e  
e q u ip m e n t fo r  h e a t in g  th e  s p o re s  a f te r  i r r a d ia t io n ,  
d e s c r ib e d  by  S te rn  an d  P r o c to r  (1 9 5 4 ) ,  b a s ic a l ly  
c o n s is ts  o f a  th e rm o s ta t ic a l ly  c o n tro l le d  ( ± 0 .5 ° C )  
h e a t in g  b a th  o f m in e ra l  oil a n d  a  c o o lin g  b a th  of 
ice  w a te r .  A  s m a ll a m o u n t  (0 .025 m l ) o f sp o re  
s u sp e n s io n  is sea led  in  m e l t in g -p o in t  c a p i lla ry  
tu b e s  ( K im e x  b ra n d , O w e n s - I l l in o is  G la ss  Co., 
T o le d o , O h io ) ,  a n d  th e  tu b e s  a r e  p o s it io n e d  b y  a  
sam p le  h o ld e r . A t  th e  en d  o f th e  p re s c r ib e d  h e a t 
in g  t im e  th e  tu b e s  a r e  a u to m a tic a l ly  a n d  ra p id ly  
(0 .4  sec )  t r a n s f e r r e d  f ro m  th e  h e a t in g  b a th  to  th e  
co o lin g  b a th . T h e  s p o re  s u sp e n s io n  w a s  in tro d u c e d
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in to  th e  c a p i l la ry  tu b e  w ith  a  W a r b u rg -m a n o m e te r  
c a l ib r a to r  (M ic r o - M e tr i c  In s t r u m e n t  C o ., C lev e 
lan d , O h io )  f itted  w ith  a  g la s s  a d a p te r  a n d  24- 
g a u g e  h y p o d e rm ic  n eed le . T h e  h e a t in g  la g  ( t im e  
r e q u ire d  to  re a c h  0.1 °C  b e lo w  h e a t in g  te m p e r a tu r e )  
in  th e s e  c a p i lla ry  tu b es , b o th  by  th e  e q u a tio n s  of 
O lso n  a n d  S c h u l tz  (1 9 4 2 ) a n d  b y  m e a s u re m e n ts  
w ith  a  th e rm o c o u p le  a t ta c h e d  to  a  S p e e d o m a x  
(L e e d s  a n d  N o r th r u p  C o., P h i la d e lp h ia ,  P a . ) ,  w a s  
10 -12  sec. T o  c o m p e n s a te  f o r  th is  h e a t in g  lag , 
a ll  c a p i lla ry  tu b e s , in c lu d in g  c o n tro ls , w e re  h e a te d  
fo r  a n  a d d i tio n a l  10 sec.

S p o re  c o u n t in g .  A f te r  h e a tin g , th e  c a p illa ry  
tu b e s  w e re  w a s h e d  in  p e tro le u m  e th e r ,  so ak ed  
se v e ra l  m in u te s  in  c h ro m ic  ac id  c le a n in g  so lu tio n , 
a n d  f in a lly  r in s e d  u n d e r  c o ld  ta p  w a te r .  E a c h  
c a p i lla ry  tu b e  w a s  p lac ed  in  a  c u ltu re  tu b e  c o n 
ta in in g  10 m l w a te r  a n d  w a s  c ru s h e d  w ith  a  g la s s  
ro d .

C o u n ts  w e re  m ad e  to  d e te rm in e  th e  n u m b e r  of 
s u rv iv in g  s p o re s  b y  in o c u la t in g  ( in  t r ip l ic a te )  
d e e p -c u ltu re  P y r e x  tu b e s  (1 2  m m  O D , 200 m m  
lo n g )  c o n ta in in g  0.5 m l o f a  s te r i le  5 %  so d iu m  
b ic a rb o n a te  s o lu tio n  w ith  an  a p p ro p r ia te  a m o u n t  
o f th e  d i lu te d  s p o re  su sp en s io n . A p p ro x  12 m l 
o f a n  a n a e ro b ic  c u ltu re  m e d iu m  w a s  th e n  ad d e d , 
fo llo w ed  by  s tr a t if ic a t io n  w ith  a  2 % a g a r  so lu 
tio n . C o lo n ie s  w e re  c o u n te d  a f te r  1 8 -2 4  h r  a t  
37°C .

C o m p o sitio n  of th e  c u ltu re  m e d iu m  w a s : 250 m l 
beef l iv e r  in fu s io n  (p r e p a r e d  b y  s im m e rin g  1 lb 
o f g ro u n d  b ee f l iv e r  f o r  1 h r  w i th  1 1- o f w a te r ,  
f i lte r in g , a n d  a d ju s t in g  th e  p H  o f th e  in fu s io n  
to  7 .1 -7 .3  w ith  K O H )  ; 750 m l d is t i l le d  w a t e r ;  
15 g  a g a r ; 29.3 g  d e h y d ra te d  flu id  th io g ly c o lla te  
m ed iu m  w ith  r e s a z u r in  in d ic a to r .

T h is  m ed iu m  g a v e  a s  h ig h  c o u n ts  w ith  P .A . 
3679 s p o re s  a s  d id  A n d e r s e n ’s m e d iu m  (1 9 5 1 ) , 
a n d  i t  w a s  sp e c if ic a lly  d e v e lo p e d  fo r  i ts  e a se  of 
p re p a ra t io n .

A n a ly s is  o f  th e  d a ta .  S u r v iv a l  c u rv e s  o f th e  
sp o re s  a f te r  h e a t in g  w e re  d r a w n  by  a v e r a g in g  
a r i th m e t ic a l ly  th e  th re e  in d iv id u a l  a n a e ro b ic - tu b e  
c o lo n y  c o u n ts  fo r  e ac h  h e a te d  c a p i lla ry  tu b e  a n d  
p lo t t in g  th e  lo g a r i th m s  o f th e  a v e r a g e  c o u n ts  as 
a  fu n c tio n  o f h e a t in g  tim e . I n  m o s t  in s ta n c e s , th e  
d e a th  r a te  b e ca m e  c o n s ta n t  o n ly  a f te r  a  c e r ta in  
h e a t in g  t im e  h a d  e lap sed . T h e r e fo re ,  re g re s s io n  
a n a ly s is  w a s  p e r fo rm e d  o n ly  o n  d a ta  f ro m  th a t  
p a r t  o f th e  s u rv iv a l  c u rv e  in  w h ic h  s u rv iv a l  w a s  
l in e a r  w ith  re s p e c t  to  tim e . F iv e  c a p i l la ry  tu b e s  
w 'ere  h e a te d  a t  e ac h  h e a t in g  tim e , a n d  th e  r e g r e s 
sio n  a n a ly s is  w a s  c a r r ie d  o u t  o n  th e  s u rv iv a l  d a ta  
of th re e  su c ce ss iv e  h e a t in g  t im e s . T h e  slo p e  of th e  
r e g re s s io n  lin e  re p re s e n ts  th e  th e rm a l  d e a th  r a te  
( o r  d e a th  r a te  c o n s ta n t ) ,  a n d  th e  n e g a tiv e  r e c ip ro 
cal o f th e  s lo p e  is th e  d e c im a l re d u c tio n  t im e  o r  
D  va lu e.

T o  d e te rm in e  w h e th e r  th e r e  w a s  a  s ig n if ic a n t  
d if fe re n c e  in  th e  th e rm a l  d e a th  r a te s  o f P .A . 
3679 s p o re s  i r r a d ia te d  u n d e r  tw o  d if fe re n t  c o n 
d itio n s , th e  v a r io u s  re p lic a te  v a lu e s  o f r e g re s s io n  
s lo p e s  o b ta in e d  f o r  a  g iv e n  i r r a d ia t io n - h e a t in g  c o n 
d itio n  w e re  p o o le d  b y  a p p ly in g  H a ld ’s (1 9 5 7 ) 
w e ig h te d  fo r m u la  to  d e te rm in e  th e  a v e r a g e  r e 
g re s s io n  slope . T w o  a v e r a g e  r e g re s s io n  s lo p e s  th u s  
o b ta in e d  co u ld  be s ta t is t ic a l ly  c o m p a re d  b y  a  
“ t"  te s t.

R E S U L T S  A N D  D IS C U S S IO N
Fig. 1 shows the effect of gamma irradia

tion on the decimal reduction time (D value) 
at 100°C of spores of P.A. 3679 (Crop 1). 
Before being heated, these spores had been 
irradiated in various atmospheres in a phos
phate buffer substrate (pH 7.0) at room 
temperature. For a given irradiation dose, 
the D values of the spores irradiated in air 
or under vacuum (1 mm Hg) were not sig
nificantly different. When the spores were 
irradiated with 660,000 rep in a nitrogen 
atmosphere the thermal resistance increased 
significantly. The mean D values for the 
nitrogen irradiated spores and vacuum ir
radiated spores were compared by a “t” test 
and the resulting value of t was significant 
at the 95% level. A possible explanation 
why spores irradiated in nitrogen had a

F ig . 1. E f fe c t  o f a tm o s p h e re  o f g a m m a  i r r a d ia 
t io n  o n  th e  d e c im a l re d u c tio n  o f t im e  o f P .A . 3679 
s p o re s  i r r a d ia te d  a t  ro o m  te m p e r a tu r e  in  p h o s p h a te  
b u ffe r  p H  7.0 a n d  th e n  h e a te d  a t  100°C .
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greater thermal resistance than spores ir
radiated in air or at low oxygen tension 
might be as follows. The technique used 
in sealing under nitrogen probably removed 
more oxygen than sealing under vacuum 
(1 mm Hg). In the radiolysis of water the 
formation of hydrogen peroxide is enhanced 
by the presence of oxygen. Thus, there 
probably was a greater accumulation of hy
drogen peroxide in the spore suspensions 
irradiated in air or at low oxygen tension. 
It is conceivable that this hydrogen peroxide, 
coupled with the heat treatment, could cause 
a greater destruction of the spores.

F ig .  2. E f fe c t  o f p H  o f s u b s tr a te  on  th e  d ec im al 
re d u c tio n  t im e  o f P .A . 3679 s p o re s  i r r a d ia te d  in  
a i r  a t  ro o m  te m p e ra tu re  in  p h o s p h a te  b u f fe r  a n d  
th e n  h e a te d  a t  1 0 0 °C.

In Fig. 2 log decimal reduction time has 
been plotted as a function of pH for various 
irradiation levels. Before being heated, the 
spores were irradiated at room temperature 
in phosphate buffer at various pH levels 
and in air atmosphere. For the unirradiated 
spores, decimal reduction time was a linear 
function of pH. With the irradiated spores, 
however, the rate of increase in D value 
dropped off as pH approached neutrality. 
This may indicate that combined irradia

tion-heating is more effective at a pH near 
neutrality than in the acid range.

An attempt was made to use approx the 
same concentration of viable spores through
out this investigation. The concentration of 
viable spores following irradiation was usu
ally 200,000-800,000/ml. Since each capil
lary tube contained 0.025 ml of spore sus
pension, the initial count for the heating 
runs was 5,000-20,000 spores per tube.

Fig. 3 shows the effect of spore concen
tration on the D value at 100°C of irradiated 
and unirradiated spores (Crop 2). The 
upper curve was determined with the usual 
spore concentration, 200,000-800,000/ml, 
and the lower curve with 1 / 1 0  that concen
tration range. Spore concentration did not 
significantly affect thermal resistance of 
unirradiated or irradiated spores until ir
radiation treatment was 660,000 rep or 
greater. Then thermal resistance was sig
nificantly lower (95% level) with lower 
spore concentrations. In order to have ap
proximately the same concentration of spores 
surviving the irradiation treatment, a more

F ig . 3. E f f e c t  o f g a m m a  i r r a d ia t io n  o n  th e  d e c 
im a l re d u c tio n  t im e  o f P .A . 3679 s p o re s  a t  tw o  
d if fe re n t  c o n c e n tra tio n s , i r r a d ia te d  in  a i r  in  p h o s 
p h a te  b u f fe r  p H  7.0 a t  ro o m  te m p e ra tu re  a n d  th e n  
h e a te d  a t  1 0 0 °C.
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concentrated spore suspension had to be 
used with increasing irradiation dose. Thus, 
a greater number of dead cells and spores 
were present in the suspensions (phosphate 
buffer) after treatment with the higher ir
radiation doses and these dead cells, which 
may have ruptured and released intracellu
lar material, probably exerted a protective 
influence on the remaining viable spores 
during heating.

Fig. 4 plots decimal reduction time of
P.A. 3679 (Crop 3) as a function of heat
ing temperature. These spores had been 
suspended in pdiosphate buffer (pH 7.0) 
and irradiated in air at room temperature. 
A line through the D values is known as 
a phantom thermal death-time curve. The 
negative reciprocal of the slope of the ther
mal death-time curve represents the Z value, 
and this parameter is an indication of the

thermal resistance of an organism in a par
ticular substrate over the temperature range 
at which it was determined.

In order to compare the phantom thermal 
death-time curves, each was drawn as the 
best curve passing through the average D 
value for each given temperature. This does 
not necessarily imply that the thermal death
time curve for P.A. 3679 is nonlinear over 
the temperature range of 90-110°C. Also, 
for comparative purposes, Z values were
measured over the interval 
These Z values were:

o f  l o o - :

Irradiation treatm ent prior to heating Z value
0 re p 1 3 .5 °F

330,000 re p 1 4 .4 °F
660,000 re p 1 5 .2 °F
990',000 re p 1 3 .6 °F

These Z values do not appear to be sig
nificantly different; thus it can be stated that 
irradiation prior to heating changed the F 
value but did not affect the Z value.

With regard to the actual shape of the 
thermal death-time curve of P.A. 3679 in 
the low-temperature range, there is a paucity 
of information in the literature to elucidate 
this. However, Halversen and Hays (1936) 
reported thermal death times for Cl. botu- 
lintnn spores in various foods. Thermal 
death-time curves constructed from their 
data did show a change in slope, and the 
slope was much less steep over the range 
of 90-100°C than over 100-110°C.

Fig. 5 compares the D values obtained 
when irradiated P.A. 3679 spores (Crop 3) 
were heated in either phosphate buffer (pH
7.0), nutrient broth (pH 6.7), or ham, puree 
(pH 6.2). The unirradiated spores showed 
greatest thermal resistance in ham puree, 
and least in nutrient broth. When the spores 
were suspended in ham puree or nutrient 
broth, irradiation heat-sensitized them to 
about the same degree (the two curves are 
essentially parallel). However, irradiation 
sensitized the spores to heat to a greater 
degree in phosphate buffer than in the other 
two substrates. Thus, some organic or in
organic component of the ham puree and 
nutrient broth protected P.A. 3679 spores 
during irradiation. Kempe (1955) reported
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that irradiation of Cl. botulinum prior to 
heating decreased the F 0 value, and this 
reduction of F 0 value was less in gelatin or 
nutrient broth than in phosphate buffer (pH
7.0).

F ig . 5. E f fe c t  o f g a m m a  i r r a d ia t io n  on  th e  d e c 
im a l re d u c tio n  t im e  o f P .A . 3679 s p o re s  su sp en d ed  
in  v a r io u s  s u b s tra te s ,  i r r a d ia te d  in  a i r  a t  ro o m  
te m p e ra tu re ,  a n d  th e n  h e a te d  a t  1 0 0 °C.

Fig. 6  shows the effect of temperature 
during irradiation on the thermal resistance 
of P.A. 3679 (Crop 3).

In comparing the thermal resistances of 
spores irradiated in phosphate buffer at dif
ferent temperatures, there was no apparent 
difference between —78°C and 20°C over 
a dose range of 0 to 660,000 rep. Further, 
there was no significant difference between 
20°C and 6 6 - 6 8 °C with either 165,000 or
330,000 rep. With 660,000 rep, however, 
6 6 - 6 8 °C gave a marked decrease in heat 
resistance below that from 20 or — 78°C.

In order to offer an explanation as to 
why the spores irradiated (660,000 rep) at 
6 6 - 6 8 °C were more heat-sensitive than the 
spores irradiated at 20°C, one must first 
consider the probable mechanism of the ra
diation-induced sensitivity. It has been sug
gested (Ciese and Crossman, 1946; Adams 
and Pollard, 1952) that irradiation damages

or breaks certain bonds within some func
tional protein, and when the cell is sub
jected to heat the thermal energy causes 
excitation and vibration, with either subse
quent rupture of the protein molecules or 
sufficient unfolding of the main chains that 
the necessary biological configuration is de
stroyed. It is conceivable, therefore, that 
if the radiation was applied while the mole
cule was in a high state of thermal excita
tion, the amount of chemical-bond damage 
would be greater than when the molecule 
was irradiated in a low state of thermal ex
citation. Thus, the thermal requirements 
for denaturing the protein following irradia
tion would be lowered.

Freezing the spores to —78°C did not 
affect their heat resistance. The D value at 
1 0 0 °C for unirradiated spores frozen and 
thawed before heating was not significantly 
different from the D value for unfrozen 
spores.

dose r e p  x io"3
F ig . 6. E f fe c t  of c a th o d e - ra y  i r r a d ia t io n  on  th e  

d e c im a l re d u c tio n  tim e  of P .A . 3679 s p o re s  s u s 
p e n d ed  in p h o s p h a te  b u ffe r  p H  7.0, i r r a d ia te d  in  
a i r  a t  v a r io u s  te m p e ra tu re s ,  a n d  th e n  h e a te d  a t  
100°C .
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F ig . 7. S u rv iv a l  c u rv e s  fo r  P .A . 3679 s p o re s  
i r r a d ia te d  a t  ro o m  te m p e r a tu r e  in  v a r io u s  s u b 
s t r a te s  a n d  a tm o s p h e re s  w ith  g a m m a  ra y s .

Fig. 7 represents the survival curves for 
P.A. 3679 spores (Crop 3) irradiated with 
gamma rays under a variety of conditions. 
Destruction of the spores by irradiation was 
not a straight-line function from the start 
of irradiation, hut became linear after the 
spores had received a dose of several hun
dred thousand rep.

The irradiation dose required to destroy 
90% of the spores is referred to herein 
as the D00 dose, or decimal reduction dose. 
This value was arrived at for the various 
survival curves by performing a regression 
analysis on the survival points that appeared 
to fall on a straight line. The negative re
ciprocal of the slope of the survival curve 
expressed in rep is the D90 dose. The re
gression analysis was carried out over the 
dose range of 400,000-800,000 rep. The 
Dao doses thus obtained w ere:
P h o s p h a te  b u f fe r  p H  7.0 
P h o s p h a te  b u ffe r  p H  5.8 
P h o s p h a te  b u ffe r  p H  4.5 
P h o s p h a te  b u ffe r  p H  7.0 
N u t r i e n t  b ro th  
P u r e e d  h a m

D„. close
a ir 350,000 re p
a ir 330,000 re p
a ir 312,000 re p
v a c u u m 510,000 re p
a ir 397,000 re p
a i r 758,000 re p

The D90 dose apparently decreased as the 
pH decreased ; however, when the slope of 
the pH 7.0 survival curve was compared by 
t-test with the slope of the pH 4.5 survival 
curve, they were not significantly different 
at the 95% level.

A significant difference at the 95 % level 
was found to exist between D90 doses for 
irradiation in air and irradiation under vac
uum.

The extreme resistance of P.A. 3679 in 
pureed ham may be due to the competition 
by some component of the ham puree for 
the free radicals formed during irradiation.

Fig. 8  gives the survival curves of P.A. 
3679 suspended in phosphate buffer (pH
7.0) and irradiated at various temperatures 
with cathode rays.

The Doo doses at the various temperatures 
of irradiation were: 171,000 rep at 20°C,
196.000 at 6 6 - 6 8 °C, and 260,000 at -78°C .

A comparison of the slopes of the survival 
curves resulting from irradiation at 20°C 
and —78°C revealed a significant difference 
at the 95% level.

The difference in D00 doses for spores 
irradiated at 6 6 - 6 8 °C and at 2 0 °C was not 
significant at the 95% level.

Fig. 8. Survival curves for P.A. 3679 spores
irradiated at various temperatures in phosphate
buffer pH 7.0 with cathode rays.
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S U M M A R Y
E f f o r t s  w e r e  c o n t i n u e d  in  a n  a t t e m p t  to  a s s e s s  q u a n t i t a t i v e l y  t h e  b e h a v io r  

o f  c e r t a i n  c e l l u l a r  c o m p o n e n t s  w h i le  t h e  s p o r e s  w e r e  b e in g  e x p o s e d  to  m o i s t  
h e a t ,  a n d  to  c o r r e l a t e  s u c h  b e h a v io r  w i th  t h e  t h e r m a l  d e a t h  r e a c t i o n .

S p o r e s  o f  Bacillus subtilis  w e r e  p r e h e a t e d  o v e r  p r o l o n g e d  i n t e r v a l s  i n  a n  
a t t e m p t  t o  i n d u c e  t h e  r e l e a s e  o f  c e l l u l a r  d i p i c o l i n i c  a c id  ( D P A )  w i th o u t  e x e r 
c i s in g  s e r i o u s  lo s s  o f  v i a b i l i t y ,  a n d  t h e n  to  e v a l u a t e  t h e  s u b s e q u e n t  e f f e c t  o f  
D P A  r e l e a s e  u p o n  t h e  t h e r m a l  d e a t h  r a t e  o f  t h e  p r e h e a t e d  s p o r e s .  A t  4 5  °C  i n  
2 .5 m M  P 0 4 b u f f e r  a t  p H  7 ,  t h e  n e t  D P A  r e l e a s e d  a m o u n t e d  o n ly  t o  1 .6  a n d  
2 .7  %  a t  t h e  e n d  o f  2 0  a n d  3 0  h r .  T h e  t r e a t e d  s p o r e s  e x h i b i t e d  n o  lo s s  i n  
v i a b i l i t y  a n d  w h e n  h e a t e d  a t  9 8 . 5 °C  i n  2 5 m M  P 0 4 b u f f e r  a t  p H  7 ,  e x h i b i t e d  
n o  d i f f e r e n c e  i n  t h e i r  t h e r m a l  d e a t h  r a t e s .  P r o l o n g i n g  t h e  h e a t  t r e a t m e n t  u p  
t o  9  d a y s  d i d  n o t  m a t e r i a l l y  c h a n g e  t h e  f i n a l  r e s u l t s .  T o  i n d u c e  f a s t e r  a n d  
g r e a t e r  D P A  r e l e a s e ,  t h e  a b o v e  e x p e r i m e n t  w a s  r e p e a t e d  a t  8 0  a n d  9 0  °C . A t 
8 0 ° C  t h e  n e t  D P A  r e l e a s e d  w a s  3 .6  a n d  4 . 1 %  a t  t h e  e n d  o f  3  a n d  8 .5  h r ,  w i th 
o u t  lo s s  i n  v i a b i l i t y .  H o w e v e r ,  t h e  t r e a t e d  s p o r e s  e x h i b i t e d  s o m e  r e d u c t i o n  i n  
t h e i r  t h e r m o r e s i s t a n c e  a t  9 8 .5  °C . A t 9 0  °C  g r e a t e r  a m o u n t s  o f  D P A  w e r e  r e 
l e a s e d ,  b u t  w e r e  a s s o c i a t e d  w i th  s u b s t a n t i a l  lo s s  i n  v i a b i l i t y ,  a n d  t h e  s u r v iv in g  
s p o r e s  e x h i b i t e d  m a r k e d  r e d u c t i o n  i n  t h e i r  t h e r m o r e s i s t a n c e  a t  9 8 .5  °C . T h e s e  
o b s e r v a t i o n s  s u g g e s t  t h e  e x i s t e n c e  o f  D P A  i n  m o r e  t h a n  o n e  s t r u c t u r a l  f o r m ;  
f r e e  o r  lo o s e ly  b o u n d  to  t h e  s p o r e  s t r u c t u r e  a n d  e a s i ly  e x u d e d  u p o n  m i l d  
h e a t i n g  o r  e v e n  s t a n d i n g  u n d e r  r e f r i g e r a t i o n ;  a n d  a  s e c o n d  m o r e  s t r o n g ly  
b o u n d  f o r m  w h ic h  r e q u i r e d  s e v e r e  h e a t i n g  f o r  i t s  r e l e a s e .  I t  i s  t h i s  l a t t e r  f o r m  
w h ic h  m i g h t  b e  a s s o c i a t e d  w i th  t h e  m e c h a n i s m  o f  t h e r m o r e s i s t a n c e .  A lo n g  w i th  
D P A , f o l lo w in g  t h e  s a m e  p a t t e r n  b u t  a t  m u c h  h i g h e r  r a t e s ,  n i n h y d r i n - p o s i t i v e  
m a t e r i a l  w a s  e x u d e d  d u r i n g  s u b l e t h a l  h e a t i n g  a t  8 0 ,  8 5 ,  a n d  9 0 ° C .  I t  w a s  
s u g g e s t e d  t h a t  s u c h  m a t e r i a l  m i g h t  b e  o f  s im i l a r  n a t u r e  to  t h a t  e x u d e d  d u r i n g  
g e r m i n a t i o n  o f  Bacillus  s p e c ie s  a s  d e s c r i b e d  b y  P o w e l l  ( 1 9 5 7 ) .

S p o r e  s u s p e n s i o n s  o f  Bacillus coagulans ( t h e r m o a c i d u r a n s )  o f  v a r i e d  
t h e r m o s t a b i l i t y  w e r e  h e a t e d  i n  2 5 m M  p h o s p h a t e  b u f f e r  a t  p H  7 ,  a t  9 5  °C , a n d  
b o t h  t h e  r a t e  o f  d e a t h  a n d  D P A  r e l e a s e  w e r e  e s t a b l i s h e d .  R e s u l t s  s h o w e d  a  
d i f f e r e n c e  i n  k i n e t i c s  b e tw e e n  t h e  tw o  r e a c t i o n s .  D e a t h  p r o g r e s s e d  a t  h i g h e r  
r a t e s  t h a n  D P A  r e l e a s e .  H i g h e r  r a t e s  o f  d e a t h  w e re  a s s o c i a t e d  w i th  h i g h e r  
r a t e s  o f  D P A  r e l e a s e .  S p o r e s  o f  s a m e  s t r a i n  w e r e  h e a t e d  i n  b o t h  w a t e r  a n d  
lO m M  g ly c y lg ly c in e ,  a  d e a t h  a c c e l e r a t i n g  a g e n t ,  a t  1 0 0 ° C ,  s a m p le d  a t  i n t e r v a l s  
a n d  a n a l y z e d  f o r  s u r v iv a l ,  d r y  w e ig h t ,  c a l c i u m ,  m a n g a n e s e ,  m a g n e s i u m  a n d  
D P A . R e s u l t s  s h o w e d  t h e  d e a t h  o f  s p o r e s  a n d  t h e i r  c o n c u r r e n t  e x u d a t i o n  o f  
D P A  a n d  d i v a l e n t  c a t io n s  w e r e  b o t h  m a r k e d l y  a c c e l e r a t e d  i n  t h e  p r é s e n c e  o f  
g ly c y lg ly c in e .  T h e  2 5 - m in  s u r v iv a l  a n d  e x u d a t e  le v e ls  i n  g ly c y lg ly c in e  w e r e  
n e a r  e q u i v a l e n t  to  t h o s e  a t  t h e  6 5 - m in  l e v e ls  i n  w a te r .

T h e  k i n e t i c s  o f  d e a t h  a n d  t h e  c o n c u r r e n t  r e l e a s e  o f  D P A  a n d  c a l c i u m  w e r e  
f u r t h e r  a s s e s s e d  i n  m o r e  d e t a i l  i n  S m if f  p h o s p h a t e  b u f f e r  a t  p H  7  a t  9 6  a n d  
9 9 ° C  u s i n g  s p o r e s  o f  B. coagulans ( t h e r m o a c i d u r a n s ) .  D e a t h  a g a i n  p r o g r e s s e d  
a t  a  h i g h e r  r a t e  t h a n  t h a t  o f  e i t h e r  D P A  o r  c a l c i u m  r e l e a s e .  R a s e d  o n  t h e  
m o l a r  r a t i o  o f  C a /D P A  r e l e a s e d  i n  t h e  s u p e r n a t a n t ,  t h e  i n i t i a l  r a t i o  w a s  a lw a y s  
g r e a t e r  t h a n  1 , t h e n  r a p i d l y  d r o p p e d  a n d  e v e n tu a l l y  p l a t e a u e d  a t  a  v a lu e  o f
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2 2 0 THERMORESISTANCE OF BACTERIAL ENDOSPORES

l e s s  t h a n  1 . S i m i l a r  p a t t e r n s  o f  d e a t h  a n d  c a l c i u m  a n d  D P A  r e l e a s e  w e r e  o b 
t a i n e d  f o r  B, cereus w h e n  h e a t e d  a t  8 6 ° C .

A ll  o f  t h e  a b o v e  o b s e r v a t i o n s  d e m o n s t r a t e  t h e  a s s o c i a t io n  o f  t h e  t h e r m a l  
d e a t h  r e a c t i o n  w i th  t h e  e x u d a t i o n  o f  n i n h y d r i n - p o s i t i v e  m a t e r i a l ,  D P A  a n d  
d i v a l e n t  c a t io n s  i n t o  t h e  h e a t i n g  m e n s t r u u m .  T h e  e x a c t  r e l a t i o n s h i p  b e tw e e n  
s u c h  c e l l u l a r  c o m p o n e n t s  a n d  t h e  s p o r e  m e c h a n i s m  o f  t h e r m o r e s i s t a n c e  r e 
m a i n s  i n c o n c lu s iv e .

The phenomenon of thermoresistance of 
bacterial endospores is of the utmost sig
nificance to the food technologist. Canning 
technology bases its preservative action on 
thermal destruction of the major intoxica
tion and spoilage bacteriospores commonly 
associated with the food and/or the food 
container. Understanding the mode of 
thermoresistance of such spores would ef
fectively contribute toward perfecting a 
thermal process with maximum lethal effect 
on the spores and minimum damage to 
product quality.

A widely accepted concept of bacterial 
death by heat is thermal dénaturation of 
a critical monomolecular proteinaceous site, 
within the genetic structure of the cell, that 
affects and regulates its reproduction (Rahn, 
1943). Factors that enhance the thermo
stability of protein would be expected to 
do likewise to the bacterial cell. This hy
pothesis provided guidance to most of the 
approaches used thus far in exploring the 
unique mechanism of thermoresistance of 
the spore cell.

Nanninga (1957) showed that proteins 
such as casein and pepsin had a high affinity 
for calcium and magnesium. Bier and Nord 
(1951) and Gorini (1951) demonstrated 
that calcium salts induced the thermosta
bility of trypsin, serum albumin, and certain 
bacterial proteases. Curran ct al. (1943) 
found that several bacterial spores contained 
higher levels of divalent cations, particularly 
calcium, than did their homologous vegeta
tive forms. They also reported that higher * 11

* S u p p o r te d  in  p a r t  b y  c o n t r a c t  no . 12-14-100- 
2 6 1 9 (7 4 )  o f th e  U n i te d  S ta te s  D e p a r tm e n t  of 
A g r ic u l tu re ,  A lb a n y , C a lifo rn ia .

11 P r e s e n t  a d d r e s s :  D e p a r tm e n t  o f F o o d  T e c h 
n o lo g y , U n iv e r s i ty  o f M a s s a c h u s e tts ,  A m h e rs t.

0 P r e s e n t  a d d re s s  : C o n tin e n ta l  C an  C o m p an y ,
C h icag o , I llin o is .

11 P r e s e n t  a d d re s s  : A s a h i  B re w e r ie s ,  L td .,
S u m id a -k u , T o k y o , J a p a n .

concentrations of calcium were associated 
with higher thermoresistances. Vas and 
Proszt (1957) found that intact spores of 
Bacillus cereus contained 4.70% of their 
dry-weight calcium whereas the germinated 
spores contained only 0.86%. The higher 
calcium level in the intact spores was as
sociated with higher thermoresistance.

El-Bisi and Ordal (1956a) obtained 
higher thermal death rates of spores of
B. coagulans (thermoacidurans) when pro
duced in the presence of higher levels of 
phosphate. It was postulated that higher 
levels of phosphate interfered with the 
availability of the divalent cations to the 
sporulating cells. On the other hand, the 
enrichment of calcium and manganese in 
the sporulating medium produced spores 
of higher calcium and manganese content, 
and consequently of higher thermoresist
ances (Amalia and Ordal, 1957).

Slepecky and Foster (1959) also showed 
that the content of individual metals in 
spores was flexible within a wide range 
and was dependent on the relative concen
tration of the particular metal in the growth 
medium. They inferred that the various 
cations accumulated by the spores were 
interchangeable. Spores with maximal or 
minimal metal content were indifferent in 
their morphology, staining, retractility, and 
resistance to killing by desiccation, phenol, 
and UV radiation. However, higher thermo
resistances were associated with higher 
levels of calcium. Spores with maximal 
manganese or zinc content possessed mini
mum calcium, and therefore were thermo
sensitive.

Amaha and Ordal (1957) demonstrated 
that the presence of chelating agents with 
high affinities towards calcium and man
ganese, such as ethylenediaminetetraacetic 
acid (ED TA ), trishydroxvmethylamino- 
methane (TR IS) and glycylglycine (GG) 
in the heating menstruum accelerated the



HAMED M. EL-BISI, R. V. LECHOWICH, M. AMAHA AND Z. J . ORDAL 221

death reaction and thus caused a consider
able reduction in the apparent thermal re
sistance of the spores.

El-Bisi and Ordal (1958) further demon
strated that higher levels of phosphate or 
GG in the heating menstruum increased 
the rate of thermal destruction and that 
the original destruction rates were partially 
restored by the addition of calcium and 
manganous salts. Magnesium and mono
valent cations were ineffective in this respect.

Powell (1953) demonstrated a unique 
organic component, 2 ,6 -dicarboxypyridine 
(dipicolinic acid, DPA ), in the spore cell. 
Though all spores examined since then 
contained 5-15% of their dry weight as 
DPA, the homologous vegetative forms 
had none. The appearance of mature spores 
in the sporulating culture coincided with 
the synthesis of DPA, the incorporation of 
higher calcium level, and the attainment of 
higher thermoresistance (Perry and Foster, 
1955; Collier and Murty, 1957; Hashimoto 
et al., 1960; Church and Halvorson, 1959). 
DPA was released in the surrounding 
menstruum when the spores were germi
nated or autoclaved (Powell, 1957; Steel
man, 1956).

Rode and Foster (1960), in studies on 
induced release of DPA from spores of 
Bacillus megaterium, showed that practically 
all the DPA was released during the first 
few minutes ( 6  min at 100°C). They were 
of the opinion that death of spores preceded 
the release of DPA.

El-Bisi and Ordal (1956) produced spores 
of enhanced thermal resistance at higher 
incubation temperatures. Lechowich and 
Ordal (1960) demonstrated that such spores 
possessed higher levels of calcium, man
ganese, and DPA, and/or higher molar 
ratios' of cations to DPA.

All of the above evidence suggests that 
certain cations as well as DPA are in 
some way associated with the mechanism 
of thermoresistance it: the spore cell. In 
the present investigation, efforts were con
tinued to assess quantitatively the behavior 
of cellular DPA and certain divalent cations 
during exposure of spores to moist heat, 
and to correlate such behavior with the 
thermal death rates.

M A T E R I A L S  A N D  M E T H O D S
T e s t  c u ltu re s .  T h r e e  c u ltu re s  w e re  u sed . T h e  

f i r s t  w a s  a  la b o r a to r y  i so la te  id en tif ie d  a s  a  
Bacillus subtilis s tr a in .  T h e  sec o n d  w a s  o b ta in e d  
f ro m  th e  A m e r ic a n  T y p e  C u l tu re  C o lle c tio n  as  
Bacillus coagulans ( th e r m o a c id u r a n s )  s t r a in  8038 
( e q u iv a le n t  to  th e  N a t io n a l  C a n n e rs  A s s o c ia t io n  
B. thermoacidurans s t r a in  4 3 - P ) ,  th e  id e n ti ty  of 
w h ich  w a s  c o n firm e d  in o u r  la b o ra to ry .  T h e  th i r d  
w a s  a  f r e s h  iso la te  m ad e  in  o u r  l a b o r a to r y  f ro m  
g a rd e n  so il a n d  id en tif ie d  a s  Bacillus cereus. A ll  
id e n tif ic a t io n  p ro c e d u re s  fo l lo w e d  th o s e  re c o m 
m en d ed  b y  S m ith  et al. (1 9 5 2 ) .

A ll  s to c k  c u ltu re s  w e re  m a in ta in e d  in  th e  s p o re  
s ta te  a t  3 ° C  u n ti l  u se d  fo r  p re p a ra t io n  o f  th e  
v a r io u s  s p o re  c ro p s .

P r e p a r a t io n  o f  sp o re  s u s p e n s io n . I n  th e  case  
o f b o th  B. subtilis a n d  B. coagulans s t r a in s  a n  a c 
tiv e  in o c u lu m  w a s  p re p a re d  b y  t r a n s f e r r i n g  i t  f ro m  
a  s to c k  a g a r  s la n t  in to  150 m l b ro th  c o n ta in e d  
in  a  50 0 -m l E r le n m e y e r  flask , a n d  p la c in g  th e  
f la sk  o n  a  r o t a r y  s h a k e r  (2 7 0  r p m )  fo r  16 -20  
h r .  S te r i le  a g a r  su rfa c e s  w e re  p re p a re d  in  a d v a n c e  
in  1 5 0 -m m  P e t r i  p la te s  o r  16-oz p re s c r ip t io n  
b o tt le s . T o  c h ec k  fo r  c o n ta m in a tio n , a g a r  p la te s  
o r  b o tt le s  w e re  h e ld  2 4 -4 8  h r  a t  ro o m  te m p e ra 
tu r e  b e fo re  in o c u la t io n . A g a r  s u rf a c e s  w e re  s p re a d  
w ith  th e  a c t iv e  in o c u lu m , u s in g  1 .5 -2  m l p e r  
p la te  o r  b o ttle . C u ltu re s  w e re  in c u b a te d  u n ti l  
m a x im u m  s p o ru la t io n  w a s  a t ta in e d .

G ro w th  w a s  th e n  w a s h e d  o ff th e  a g a r  su rfa c e  
w ith  a b o u t  10 m l w a te r  p e r  p la te  o r  b o t t l e ; g r o w th  
u s u a lly  flak e d  o ff re a d ily  in  a b o u t  1 5 -2 0  m in . T h e  
g r o w th  w a s  p o u re d  in to  c h ille d  s te r i le  2 5 0 -m l 
c e n tr i fu g e  b o tt le s  th ro u g h  4 la y e rs  o f fine  g a u z e  
a n d  w a s h e d  tw ic e  b y  c e n tr i fu g a tio n  a t  2000 rp m  
in  a n  In te r n a t io n a l  N o . 2  c e n tr i fu g e . T h e  p a r t ia l ly  
w a s h e d  g r o w th  se d im e n ts  w e re  re s u s p e n d e d  in 
0.1.V  K C 1 c o n ta in in g  0.75 m g /m l  a c t iv e  ly so z y m e  
p re p a r a t io n  ( N u tr i t i o n a l  B io c h e m ic a ls )  a n d  p lac ed  
on  a  r o t a r y  s h a k e r  a t  ro o m  te m p e r a tu r e  fo r  3 -4  h r .  
T h e  ly s o z y m e - tre a te d  g r o w th  w a s  f u r th e r  w a s h e d  
10 tim e s  b y  c e n tr i fu g a tio n .  T h e  fin a l s p o re  se d i
m e n ts  w e re  a c c u m u la te d  in  c h ille d  s te r i le  8 -o z  p r e 
s c r ip t io n  b o tt le s  w i th  a  L f-in . la y e r  o f N o . 1 
g la s s  b ead s  in  th e  b o tto m , u s in g  a  m in im u m  
a m o u n t  o f w a te r .  T h e  ly so z y m e  s o lu tio n  w a s  
s te r i l iz e d  b y  p a s s in g  i t  th r o u g h  a  M ill ip o re  f ilte r , 
a n d  a ll th e  w a te r  u se d  th r o u g h o u t  w a s  d is ti lle d , 
d e m in e ra liz e d , s te r i l iz e d , a n d  ch illed .

T h e  fina l s p o re  s u sp e n s io n  h a d  a  h ig h  d e g re e  
o f c le a n lin e ss  a s  ju d g e d  b y  its  f re e d o m  f ro m  d e b r is  
o r  a n y  a d h e r in g  s p o ra n g ia l  m a te r ia l  w h e n  e x 
a m in e d  v ia  d a rk -p h a s e  c o n t r a s t  o r  e le c tro n  
m ic ro sc o p y .

T h e  m ed ia  u se d  w e re  m o d if ic a tio n s  o f th e  
th e rm o a c id u ra n s  a g a r  ( T A M )  ; p ro te o s e  p e p to n e
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0 .5 % , y e a s t  e x t r a c t  0 .5 % , g lu c o se  0 .5 % , v a ry in g  
lev e ls  o f K o H P O i  a n d  M n S O j,  a n d  2 %  a g a r  
( b r o th  c o n ta in e d  n o n e ) .  T h e  fin a l r e a c tio n  w a s  
a d ju s te d  to  p H  6.8. In c u b a tio n , e x c e p t  w h e n  
sp ec ified , w a s  5 -7  d a y s  a t  4 5 °C .

B. cereus s p o re s  w e re  p ro d u c e d  in  a  l iq u id  
m ed iu m , a  m o d if ic a tio n  b y  P e lc h e r  (1 9 6 1 ) of th e  
“ G ” m e d iu m  o f C h u rc h  cl al. (1 9 5 4 ) .  In c u b a tio n  
w a s  o n  a  r o t a r y  s h a k e r  f o r  2 0 -2 4  h r  a t  30 °C . T h e  
p ro c e d u re  d e s c r ib e d  a b o v e  w a s  u se d  in  p re p a r in g  
th e  t e s t  sp o re  su sp en s io n s .

T h e r m a l  d e a th  r a t e  a p p a r a tu s  a n d  m e th o d . T h e  
a p p a ra tu s  w a s  t h a t  d e s c r ib e d  b y  E l- B is i  an d  
O r d a l  (1 9 5 6 a ) .  T h e  m e th o d  w a s  s l ig h tly  m o d ified . 
T h e  h e a t in g  sy s te m  w a s  b ro u g h t  u p  to  th e  d e s ire d  
te m p e ra tu re .  T h e  r e a c tio n  m e n s tru u m , 198 m l, 
w a s  in tro d u c e d  in to  th e  r e a c tio n  c h a m b e r. T h e  
c h a m b e r  w a s  lo o se ly  sea led , s te r i l iz e d  15 m in  a t 
121.1°C , im m e d ia te ly  t ig h te n e d , m o u n te d  in  th e  
se c o n d a ry  h e a t in g  o il b a th , a n d  a llo w e d  to  cool 
to  th e  p re s e t  e q u ilib r iu m  te m p e ra tu re .  A t  z e ro  
tim e , 1 o r  2 m l o f th e  t e s t  s p o re  su sp e n s io n  c o n 
ta in in g  a b o u t  10 ' s p o r e s /m l  w e re  in je c te d  in to  th e  
r e a c tio n  c h a m b e r. S a m p le s  w e re  w i th d r a w n  a t 
p re s e t  in te rv a ls ,  c h ille d  im m e d ia te ly , a n d  p la te d  
o u t  o n  th e  a p p ro p r ia te  re c o v e ry  m ed iu m .

T h e  re c o v e ry  m e d iu m  u se d  f o r  b o th  B. subtilis 
a n d  B. coagulans s t r a in s  w a s  th e rm o a c id u ra n s  a g a r  
to  w h ic h  0 .1 %  so lu b le  s ta r c h  w a s  a d d e d , a n d  th e  
fin a l r e a c tio n  a d ju s te d  to  p H  6.8. In c u b a t io n  w a s  
m a d e  a t  4 5 °C . I n  th e  c a se  o f B. cereus th e  r e 
c o v e ry  m e d iu m  w a s  t ry p to n e  g lu c o se  e x t r a c t  a g a r  
( D i f c o ) ,  a n d  in c u b a tio n  w a s  a t  30 °C . F in a l  c o u n ts  
w e re  re c o rd e d  a f te r  a  3 -d ay  in c u b a tio n  p e rio d , a n d  
a ll  p la t in g  w a s  in  tr ip l ic a te .

A n a ly t ic a l  p ro c e d u re s . Dry weight. A p p ro p r ia te  
sam p le s  of th e  sp o re  m a te r ia l  w e re  p ip e tte d  in to  
a  C o o rs  N o . 2  c ru c ib le  p re v io u s ly  fired  a t  4 5 0 °C  
to  a  c o n s ta n t  w e ig h t.  C ru c ib le s  w e re  d r ie d  16 h r  
a t  105 "C , c o o led  %  h r  in  a  d e s ic c a to r , a n d  w e ig h e d  
on  a  s e m i-m ic ro a n a ly tic a l  b a la n c e . T h e  p ro c e d u re  
o f d ry in g  fo r  a n  a d d i tio n a l  h o u r , c o o lin g , an d  
w e ig h in g  w a s  re p e a te d  u n til  w e ig h t  w a s  c o n s ta n t .

Ash content. D r ie d  sam p le s  w e re  a sh e d  in  th e  
c ru c ib le s  f o r  16 h r  a t  4 5 0 °C, c o o led  in  a  d e s ic c a to r , 
a n d  w e ig h e d  o n  a  s e m i-m ic ro a n a ly t ic a l  b a la n c e . 
T h e  sam p le s  w e re  a sh e d  fo r  a n  a d d i tio n a l  h o u r , 
co o led , a n d  w e ig h e d  u n ti l  w e ig h t  w a s  c o n s ta n t .

Cation content. T h e  a s h e d  s p o re  m a te r ia l  w a s  
d is s o lv e d  in  5 m l o f 0 .IN  n i t r ic  a c id  fo llo w e d  by 
1-5  d ro p s  H 2O 2, a n d  g e n t ly  h e a te d . A f t e r  co o lin g , 
th e  d is so lv e d  c o n te n ts  w e re  t r a n s f e r r e d  in to  a  
10 -m l v o lu m e tr ic  flask . T h e  c ru c ib le  w a s  r in s e d  
w ith  fo u r  1 -m l p o r t io n s  o f O.liV n i t r i c  a c id  an d  
m ad e  u p  to  v o lu m e  w ith  d e m in e ra liz e d  w a te r .  T h is  
m in e ra l  e x t r a c t  w a s  th e n  u se d  d ire c t ly , o r  a f te r  
p ro p e r  d i lu tio n , f o r  d e te rm in a t io n  o f  th e  ca lc ium , 
m a g n e s iu m , a n d  m a n g a n e s e  c o n ten t. O n e  o r  m o re

o f th e  fo l lo w in g  m e th o d s  w e re  u s e d : th e  e m iss io n  
s p e c tro g ra p h ic  m e th o d  a s  d e s c r ib e d  b y  M a lm s ta d t  
a n d  S c h o lz  (1 9 5 5 ) ; th e  s p e c tro p h o to m e tr ic  E D T A  
t i t r a t io n  p ro c e d u re  d e s c r ib e d  by  Z a k  et al. (1 9 5 6 ) ; 
a n d  th e  m e th o d  of M a lm s ta d t  a n d  H a d j i io a n n o u  
(1 9 5 9 ) f o r  th e  a u to m a tic  t i t r a t io n  o f c a lc iu m  a n d  
m a g n e s iu m . T h is  la t te r  m e th o d  e m p lo y ed  th e  
S a r g e n t- M a lm s ta d t  S p e c t ro - E le c tro  a u to m a t ic  t i -  
t r a t o r  w i th  a  6 5 0 -n v i f ilte r . I n  so m e  e x p e r im e n ts ,  
m a n g a n e s e  w a s  d e te rm in e d  w ith  th e  p ro c e d u re  
d e s c r ib e d  in  S ta n d a r d  M e th o d s  fo r  th e  E x a m in a 
t io n  of W a te r ,  S e w ag e , a n d  I n d u s t r ia l  W a s te s  
(A m . P u b lic  H e a l th  A sso c ., 1 9 5 5 ).

Dipicolinic acid content. T h e  p ro c e d u re  u se d  
w a s  a  s l ig h t  m o d if ic a tio n  o f t h a t  p u b lis h e d  b y  
J a n n s e n  ct al. ( 1 9 5 8 ) .  T h e  m a in  m o d if ic a tio n  w a s  
in  th e  m e th o d  o f  e x t r a c t in g  D P A  f ro m  th e  s p o re  
m a te r ia l .  W i th  o u r  t e s t  s tr a in s  i t  w a s  n e c e s s a ry  
to  u se  a  m o re  d r a s t i c  t r e a tm e n t  to  p ro v id e  m a x i 
m u m  e x tr a c t io n  o f D P A .  T h e  p ro p e r  sam p le  o f 
s p o re  m a te r ia l  w a s  su sp en d ed  in  O.liV H C 1, h e a te d  
1 h r  a t  121° C , a n d  c o o led  to  ro o m  te m p e r a tu r e ;
1.5 m l o f 10 %  tr ic h lo ro a c e tic  a c id  w a s  a d d e d  a n d  
th o ro u g h ly  m ix e d ; th e  m ix tu r e  w a s  a llo w e d  to  
s ta n d  1 -2  h r  a n d  c e n tr i fu g e d  a t  a p p ro x . 10 ,000 X 
G ; th e  c le a r  s u p e rn a ta n t  w a s  ta k e n  u p  a n d  m a d e  
to  a  v o lu m e ; a n d  th e  s p e c tro p h o to m e tr ic  d e te rm i
n a tio n  w a s  c o m p le ted  a s  p re s c r ib e d .

R E S U L T S  A N D  D IS C U S S IO N
Effect of preheating on the spores’ D P A  

and their subsequent thermoresistance.
This study was carried out in an attempt 
to induce the release of DPA from the 
spores by exposing them to various heat 
treatments and to find out how such a loss 
of DPA would affect their subsequent ther
mal death rates.

Preliminary tests had demonstrated that 
spores stored at 3°C in distilled water lost 
a small but a detectable amount of DPA 
during storage. In this series of experiments 
we attempted to establish temperature-time 
relationships that would cause the release of 
appreciable amounts of DPA but have’ very 
little or no effect on spore viability. Such 
treated spore populations would then be sub
jected to a lethal temperature, and their 
death rates established. Although it was an
ticipated that other cellular components 
would also be released during such heat 
treatment, DPA was the main component 
monitored because of the wide speculation as 
to its relation to the mechanism of thermo
resistance of the spore cell.
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Spores of B. subtilis were produced on 
TAM agar containing 50 ppm MnSO* and 
0.05% K 2 H PO 4 . The harvest was lyso- 
zymed and cleaned according to the proce
dure described previously. The spores were 
suspended in 2.5 mM  phosphate buffer of 
pH 7 at a population level of about 
4 X  109/ml. The suspension was then dis
pensed in 10-ml portions in sterile 50-ml 
Erlenmeyer flasks sealed with rubber stop
pers. Flasks were placed in a constant-tem
perature shaker oil bath (Research Special
ties Model 2156) controlled at the desired 
temperatures for specified periods. At pre
set intervals, sample flasks were taken out 
and subjected to DP A analysis and viable 
count and thermal death rate determinations 
at 98.5°C. in 25mM phosphate buffer of 
pH 7.

Table 1 presents data on the release of 
DPA and the change in viability when the 
spores were preheated at 45 °C. Fig. 1 shows

T a b le  1. E f f e c t  o f p re h e a t in g  o n  th e  re le a s e  o f 
D P A  a n d  th e  lo ss  o f v ia b il i ty  o f s p o re s  of Bacillus 
coagulans ( M ) .
Preheating temperature and time a (hr)

% of total D PA  released Viable count (xlOVml) 9fo loss of viability
A t  45 ° C

0 1 .4 0 b 48
10 2.97 46
20 3.00 52
30 4.13 47
72 5.54 48

216 6.87 44

A t  80° C
0 4 .4 c 43
3 8.0
8.5 8.5 49

A t  90° C
0 1.60" 45
1.5 7.39 28 38
3 17.15 21 53

a S p o re s  w e re  h e a te d  in  2 .5m M  p h o s p h a te  b u ffe r  
a t  p H  7.0 a n d  th e  lev e l o f a b o u t  40 X lO V m l.

b T h e  a m o u n t  o f D P A  fo u n d  in  th e  s u p e rn a ta n t  
o f u n h e a te d  c o n tro l  s p o re s  s to re d  30  d a y s  a t  3 °C . 
T h e  D P A  lev e l in  th e s e  s p o re s  w a s  a p p ro x  8 % .

c S p o re s  u s e d  w e re  p re v io u s ly  p re h e a te d  20 h r  
a t  4 5 °C . T h is  n u m b e r  in c lu d e s  th e  D P A  re le a s e d  
d u r in g  3 ° C  s to ra g e  ( 1 .4 % )  a n d  t h a t  re le a s e d  d u r 
in g  th e  4 5 °C  h e a t  t r e a tm e n t  ( 3 . 0 % ) .

d T h e  a m o u n t  o f D P A  fo u n d  in  th e  s u p e rn a ta n t  
o f u n h e a te d  c o n tro l  s p o re s  s to re d  a t  3 °C .
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F ig .  1. T h e r m a l  d e a th  r a t e  c u rv e s  o f s p o re s  o f Bacillus subtilis p re h e a te d  a t  4 5 °C . D e a th  r a te s  

w e re  d e te rm in e d  in  2 .5 m ili  p h o s p h a te  b u ffe r , p H  7, 
a t  9 8 .5 °C . O .  u n h e a te d  c o n t r o l ;  • ,  s p o re s  p re 
h e a te d  f o r  20  h r  ; X, s p o re s  p re h e a te d  30 h r .

the respective thermal death rate curves 
(TD R) at 98.5°C. The results clearly demon
strate a limited release of DPA. Only 5.5% 
of the total DPA was released after a 9-day 
heating period at 45°C. Both viability at 45° 
C and thermal resistance at 98.5 °C were 
maintained. These results indicated that a 
more drastic heat treatment would be required 
to induce significant exudation of DPA. 
The limited amounts of DPA released may 
represent a portion of cellular DPA that is 
present in a less stable form and is not di
rectly involved in the mechanism of thermo-

F ig .  2. T h e r m a l  d e a th  r a te  c u rv e s  o f s p o re s  of Bacillus subtilis p r e h e a te d  a t  8 0 ° C . D e a th  r a te s  
w e re  d e te rm in e d  in  2 .5 m M  p h o s p h a te  b u ffe r , p H  7, 
a t  9 8 .5 °C . O .  u n h e a te d  c o n t r o l ;  • ,  s p o re s  p r e 
h e a te d  3 h r ;  X, s p o re s  p re h e a te d  8.5 h r .
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resistance of the spore cell, or it may result 
from a few germinated spores.

To induce a greater release of DP A, simi
lar experiments were carried out at 80 and 
90°C. Table 1 also provides data on the 
release of DPA and the changes in viability 
at 80°C. Fig. 2 illustrates the respective 
TDR curves at 98.5°C. The viability of the 
spores remained unchanged throughout the
8.5-hr heating period. The amount of DPA 
released was still limited, being only 3.6 and 
4.1% at the end of 3 and 8.5 hr of preheating. 
Spores treated in this manner exhibited 
some loss in thermoresistance as the pre
heating period was extended, but such a loss 
was not proportional to the loss in DPA.

Table 1 and Fig. 3 present the data ob
tained when spores were preheated at 90°C. 
The release of DPA was increased by this 
treatment, but continued exposure to this 
temperature also reduced the viability of 
the spore suspension. The loss in heat re
sistance was related to the length of the 
preheating treatment but again did not cor
relate with the amount of DPA released.

F ig . 3. T h e rm a l d ea th  ra te  cu rv es  of spo res  of Bacillus subtilis p re h e a te d  a t  90°C . D ea th  ra te s  
w ere  d e te rm in e d  in 2 .5m il/ p h o sp h a te  b u ffer, p H  7, 
a t  98.5°C . O . u n h ea ted  c o n tro l;  • ,  spo res  p re 
h ea ted  1.5 h r ;  B . spo res p reh ea te d  3 h r.

A subsequent experiment was undertaken 
to characterize more fully the changes in a 
spore suspension during the preheating 
period. Spore suspensions were heated at 
80. 85, and 90°C, sampled at intervals, and 
analyzed for survivals, and ninhydrin-posi- 
tive material (N PM ) and DPA in the super

natant. As previously demonstrated, very 
little DPA was released when the spores 
were held at 80°C. This was also true of 
the NPM. As the heating temperature was 
increased, there was a marked increase in 
the release of both DPA and NPM (Fig. 4). 
However, the increased rate of release of 
NPM with temperature was greater than

oUi

F ig . 4. R elease  of ce llu la r co m ponen ts an d  loss 
of v iab ility  of spo res  of Bacillus subtilis d u r in g  
h ea tin g  in 2 .5m 3i p h o sp h a te  b u ffe r a t p H  7. 
S po res  h ea ted  a t  80°C  :A , n in h y d rin -p o s itiv e  m a 
t e r i a l ; A , D P A ;  no ap p a re n t loss of v iab ility . 
S p o re s  h ea ted  a t  8 5 °C : SI, n in h y d rin -p o s itiv e  m a 
te r ia l ; □ , D P A ; ----------, p ercen t dead  spores.
S p o re s  h ea ted  a t  9 0 °C : s ,  n in h y d rin -p o s itiv e  m a
te r ia l ; o, D P A ; --------- , p e rc en t dead  spores.

that of DPA and was more closely related 
to the rate of death. It is felt that NPM 
could be related to or similar to those nitrog
enous components released from the spore 
wall during germination of Bacillus species 
as reported by Powell (1957). The release 
of such material could be the initial change 
that sets the stage for further loss of cellular 
components, and possibly the onset of the 
death reaction.

Thermal death and the release of DPA 
of spores of varied therm oresistance.
Three different spore suspensions were pre
pared of B. coagulans (thermoacidurans) of 
different degrees of thermal resistance. The 
phosphate level in the sporulation medium 
was the determinant factor responsible for 
the resultant variation in thermoresistance.
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Crop A, of the highest resistance, was pro
duced in TAM agar containing 0.05% 
K2 H P 0 4; and Crop C, of the lowest resis
tance, was produced in the presence of 0.5% 
K2 H PO 4 . All media contained 1 ppm 
M nS04.

Both thermal death rate and the DPA 
exudate were determined simultaneously for 
each of the three crops at 95°C in 25mM 
phosphate buffer at pH 7.

Fig. 5 illustrates the results. It is appar
ent that death followed different kinetics 
from those followed by the release of DPA. 
While the former seems to conform to a first- 
order reaction, the latter more closely follows 
that of a zero-order reaction. However, 
higher death rates were associated with 
higher rates of DPA release.

Release of DPA and divalent cations dur
ing thermal death in varied heating 
menstrua. This experiment was designed 
primarily to establish the changes in the 
spore material during thermal death, and 
to explore the relationship, if any, between 
certain changes and the death reaction. The 
indices of change selected for this purpose 
were dry weight, calcium, magnesium, man
ganese, and DPA.

F ig . 5. R elease  of D P A  d u rin g  th e rm a l d e
s tru c tio n  of spo res  of v a ried  th e rm o re s i stance. 
S p o res  of Bacillus coacjulans ( th e rm o a c id u ra n s )  
w ere p ro du ced  on a g a r  m ed ia  co n ta in in g  v ariou s  
levels of p h o sp h a te ; C rop  A , 0 .0591; C rop  B , no 
added  p h o sp h a te ; C rop  C, 0 .5% . S p o res  w ere  
h ea ted  in 2 .5m M  p h o sp h a te  b u ffe r a t p H  7. C ro p  
A :  □ , dead  sp o re s ; 9 .  D P A  re leased . C ro p  B :  
A , dead  sp o re s ; A, D P A  re leased . C rop  C :  o, 
dead  sp o re s ;  • ,  D P A  re leased .

A spore crop of B. subtilis was produced 
on TAM agar containing 0.05% K0FIPO4 

and 20 ppm M nS04. The final suspension 
contained more than 1010  spores/ml. Six 
25-ml samples of this suspension were pi
petted into six 50-ml volumetric flasks. The 
first five flasks were diluted with similar 
volumes of sterile demineralized water, and 
the sixth flask with 2 0 mM glycylglycine to 
give a final concentration of lOrnM GG. All 
flasks were heated in a pre-equilibrated 
American Sterilizer autoclave equipped with 
Cyclomatic and Isotherm Controls set at 
98°C, sampled at preset intervals, and ana
lyzed for survivors, dry weight, ash, cal
cium, magnesium, manganese and DPA. It 
was recognized that, because of such a heavy 
suspension and the large size of sample, 
sampling errors would be greater, from 
varied heat transfer during heating and cool
ing and uneven dispersion of spores. To 
counterbalance such errors, triple analyses 
were made on each sample, the total spore 
material, the supernatant, and the spore 
sediment. To overcome the problem of ex
tremely low levels, especially of the divalent 
cations, in the supernatant, internal stand
ard levels of the test constituents were added 
to all supernatant samples prior to analyses. 
Such built-in standards also served as moni
tors of the analytical results. The water 
samples were to compare among each other 
and establish the trend in the various reac
tion rates, and the sample heated in GG was 
to demonstrate the efleet of such a death- 
accelerating agent upon these rates of var
ious reactions.

Table 2 presents the data obtained. The 
average composition was : calcium 2.57, mag
nesium 0.208, manganese 0.048, and DPA 
7.75%' of the total dry weight of spores. 
These values were used as the reference for 
computing the data illustrated in Fig. 6 . 
Death progressed at the highest rate, sug
gesting that death precedes other chemical 
changes. Manganese was exuded at a much 
greater rate than calcium. Magnesium was 
released at the slowest rate. The rate of 
manganese exudation was the closest to that 
of death during the initial heating stage. 
While death and the exudation of cations 
seem to have followed a first-order reaction

u H u m i W u , *  m i n Y i t n r f i f l f U
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T a b le  2. B e h av io r of d ip ico lin ic  ac id  an d  d iv a le n t ca tion s  d u r in g  th e rm a l d es tru c tio n  of 
sp o res  of B. coagulans ( M )  a t  9 8 °C  in  v a r ie d  h e a tin g  m en s tru a .

Composition in % of original dry weight of spores a
Sampleheated

Viable count (X  1010/m l) Dry weights ■ (m g/m l) Calcium Magnesium Manganese DPA
0 m in T o ta l 1.2 5.16 2.82 0.23 0.05 7.75

in w a te r S u p e rn a ta n t 0.108 0.068 0.001 0.005 0.23
S ed im en t 4.356 2.68 0.204 0.025 7.34

5 m in T o ta l 0.71 3.98 2.54 0.22 0.05 7.84
in  w a te r S u p e rn a ta n t 0.196 0.101 0.006 0.019 0.72

S ed im en t 3.680 3.11 0.291 0.048 7.74

10 m in T o ta l 0.63 4.30 2.45 0.21 0.055 7.34
in w a te r S u p e rn a ta n t 0.284 0.260 0.008 0.022 1.37

S ed im en t 3.547 2.46 0.257 0.039 6.81

25 m in T o ta l 0.26 4.22 2.46 0.257 0.03 7.80
in w a te r S u p e rn a ta n t 0.344 0.82 0.006 0.020 3.11

S ed im en t 3.534 2.02 0.215 0.036 4.93
65 m in T o ta l 0.00316 4.36 2.64 0.21 0.05 7.91
in w a te r S u p e rn a ta n t 0.702 1.15 0.028 0.032 7.34

S ed im en t 3.144 0.972 0.199 0.016 0.65

25 m in T o ta l 0.000526 4.32 2.52 0.22 0.055 7.89
in  3 //1 0 0 S u p e rn a ta n t 0.596 1.29 0.031 0.047 5.97
g lycy la lvc ine S ed im en t 3.314 1.49 0.222 0.023 2.06
A v. spo re  co m position  (%  d ry w e ig h t) 2.57 0.208 0.048 7.75

3 C atio ns  d e te rm in e d  by em ission  sp e c tro g ra p h .

rate, DPA seems to have followed a zero- 
order reaction rate. The accelerated death 
in the presence of GG was associated with 
an accelerated exudation of manganese, 
DPA, and calcium. Magnesium was less 
affected. The 25-min survival and the exu
date levels in GG were nearly equivalent to 
those in the 65-min water sample.

Table 3 compares the released components 
on the basis of percent dry weight of total 
cellular exudate. The unidentified material 
in the exudate made up over 80% of its 
dry weight during the initial heating stage, 
and became progressively smaller until it 
reached about 45%, at the end of the ex
periment. Part of such material could be 
the ninhydrin-positive type previously dem
onstrated. Analogous to the germination 
exudate reported by Powell (1957), this 
material could be made up primarily of cer
tain spore wall nitrogenous components the 
release of which precedes that of the other 
cellular components.

Kinetics of calcium and DPA release 
during thermal death. >S pores were exposed

to lethal temperatures, sampled at close 
intervals, and analyzed for death as well as 
calcium and DPA release. A controlled- 
temperature oil shaker bath was preset at the 
desired temperature. Sterile 50-ml Erlen- 
meyer flasks, each containing 3.5 ml of 10mM  
phosphate buffer of pH 7, were placed on 
the shaker and allowed to equilibrate. Each 
flask was then inoculated with 3.5 ml heavy 
spore suspension, resulting in a final phos
phate buffer concentration of 5mM  as the 
heating menstruum. At pre-set time in
tervals one flask was removed and imme
diately chilled in an ice bath, one ml was 
removed for a survival count, and the rest 
was transferred quantitatively into a chilled 
50-ml thermostable plastic centrifuge tube 
and centrifuged at approx 10,000 XG. The 
supernatant was transferred into a 1 0 -rnl 
volumetric flask and made up to volume. 
The pellet was acidified by adding 10-nil 
0.1 A  HC1 and autoclaving for 1 hr. The 
tube was then recentrifuged and the super
natant transferred into a 25-rnl volumetric 
flask and made up to volume. Both contents
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IN WATER IN GLYCYLGLYCINE

F ig . 6. R a te  of re le ase  of c e llu la r  co m ponen ts fro m  spo res  of Bacillus subtilis d u r in g  th e rm a l 
d e s tru c tio n  in tw o  h e a tin g  m e n s tru a  a t  9 8 °C.

in the two volumetric flasks were analyzed 
for calcium and D P A ; the former repre
senting the exudate and the latter the residue 
in heated spores. The test organisms used 
were B. coagulans (thermoacidurans) heated 
at 96 and 99°C, and B. cercus heated at 
8 6 °C. Spores of the former strain were 
produced on the TAM agar with 0.05% 
K0H PO 4 and 1 ppm MnSCh, whereas the 
latter were produced in the modified G 
medium.

Figs. 7 and 8  illustrate the results for B. 
coagulans (thermoacidurans). The death 
reaction progressed at a higher rate than

that for the release of either DPA or cal
cium. Initially, calcium was released more 
rapidly than DPA, but the rate of release 
of both substances was reduced as heating 
continued until a fixed amount remained in 
the spores. Such behavior led to a higher 
molar ration of Ca/DPA in the exudate 
during the initial heating period. This ratio 
dropped rapidly and eventually reached a 
constant value for the remainder of the 
heating period (Table 4). The behavior 
pattern was similar at the two test heating 
temperatures. Both the initial and inter
mediate stages are clearly represented at

T a b le  3. P e rc e n t com p osition  of e x u d a te  d u r in g  th e  th e rm a l d e s tru c tio n  of sp o res  of 
B. coagulans ( M )  a t  9 8 °C  in v a ried  h e a tin g  m en s tru a .

Sampleheated
Percent of spore’s dry- weight exuded

Percent composition of dry weight of exudate

Calcium Magnesium Manganese DPA Unidentifiedmaterial
0 m in  in  w a te r 2.09 2.69 0.038 0.185 10.84 86.26
S m in  in  w a te r 2.43 1.70 0.097 0.322 14.70 83.18

10 m in  in  w a te r 6.60 3.25 0.105 0.281 20.78 75.58
25 m in  in w a te r 8.12 8.31 0.060 0.208 38.08 53.34
65 m in  in  w a te r 16.10 5.95 0.146 0.166 45.58 48.16
25 m in  in g ly cy lg ly cin e 13.79 7.78 0.189 0.285 43.30 44.45
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F ig . 7. C hem ical ch ang es d u r in g  th e rm a l d e
s tru c tio n  of spo res of Bacillus coagulans ( th e rm o - 
a c id u ra n s )  a t  9 6 °C. S po res  w ere  h ea ted  in  S nijl/ 
p h o sp h a te  b u ffe r a t  p H  7. o, D P A  in  h ea ted  spo res  ; 
•  , D P A  in s u p e rn a ta n t;  A , ca lc ium  in  h ea ted  
s p o re s ; A  ca lc ium  in su p e rn a ta n t, p e r
cen t su rv iv o rs .

the lower heating temperature, and the late 
or final stage is clearly represented at the 
higher temperature. A similar pattern was

followed when B. cereus spores were heated 
at 8 6 °C (Fig. 9 and Table 4).

It has been adequately demonstrated that 
the thermal death reaction is associated with 
the release of dipicolinic acid and certain 
divalent cations such as calcium and man
ganese. Factors that accelerated the death 
reaction also accelerated the release of the 
above cellular components. Whether such 
an exudate is the cause or the effect of the 
thermal death of the spore cell remains 
difficult to determine. From the previously 
illustrated kinetics of both phenomena, it 
appears that death precedes the release of 
DPA and divalent cations. The possibility 
exists, however, that in the latter case we 
may be dealing with a two-step reaction. 
First, the disruption within the spore cell 
of a certain critical stereostructure that 
relies on such components as DPA and the 
divalent cations to act as the cementing 
material; and second, the release of such 
widely varied DPA-divalent cation molec
ular combinations from the disrupted par
ticulate type structure into the surrounding 
menstruum. This latter step could in itself 
be composed of two successive steps instead

HEATING TIME (MIN)
F ig . 8. C hem ical ch ang es d u r in g  th e rm a l d e s tru c tio n  of spo res of Bacillus coagulans ( th c rm o - 

a c id u ra n s  ) a t  99° C. S po res  w e re  h ea ted  in  S m .l/ p h o sp h a te  b u ffe r a t  p H  7.0. o, D P A  in h ea ted  
sp o re s ; • ,  D P A  in  s u p e rn a ta n t;  A . ca lc ium  in h ea ted  s p o re s ; ▲ , ca lc ium  in s u p e rn a ta n t;  
----------------, p e rc e n t su rv iv o rs .
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T a b le  4. M o la r  ra tio s  of ca lc iu m  to  d ip ico lin ic  
ac id  as  re ta in e d  a n d  re le ased  by th e  spo res  d u r in g  
th e ir  th e rm a l d estru c tio n .

Heating- time (min)
B. coagulans (thermoacidurans)a B. cere us b

Retained Released Retained Released
5 0.7 l . i

10 0.7 l . i
15 l . i 3.5 0.7 0.9
20 0.7 0.8
25
30 1.6 0.70 0.8 0.7
35 0.8 0.7
40 0.8 0.7
45 4.3 0.47
50 0.8 0.7
60 7.6 0.59 0.8 0.7
70
90 2.39 0.52

105 2.51 0.46
120 3.03 0.51
135 3.14 0.54
150 3.60 0.56
11 H e a te d  in  M /2 0 0  p h o sp h a te  b u ffe r a t  p H  7 a t 

99° C.
b H e a te d  in  M /2 0 0  p h o sp h a te  b u ffe r a t  p H  7 a t 

86° C.

of one ; first, the release or freeing of such 
small molecular fragments (DPA-cation) 
from the disrupted structure, and second, 
the exudation of such free fragments into the 
surrounding menstruum. Such sequential- 
type reactions or events are extremely diffi-

F ig . 9. C hem ical ch ang es d u r in g  th e rm a l d e
s tru c tio n  of spo res  of Bacillus ccrcus a t  86°C . 
S po res  w e re  h ea te d  in SmM p h o sp h a te  b u ffe r a t 
p H  7.0. o, D P A  in  h ea ted  sp o re s ; » , D P A  in 
s u p e rn a ta n t;  A , ca lc ium  in h e a te d  sp o re s ; ▲ , 
calcium  in  s u p e rn a ta n t;  □ , p e rc en t su rv iv o rs .

cult, if not impossible, to resolve and evalu
ate. It is highly probable that each step in 
such a complex chain of events is governed 
by a single major or multiple major factors, 
and that the final exudate is the over-all net 
result of all such interfering factors.

Another major difficulty one encounters 
in correlating the death reaction with such 
exudates is the possibility that such cellular 
components as DPA, divalent cations, and 
maybe others could possibly exist in multi
ple cellular structures, one of which may 
be directly related to or exercise control 
upon the death reaction, while the others 
do not and serve entirely independent func
tions. All forms are liable to the thermal 
degradative effect, and the final exudate is 
again the indirect over-all result of such a 
multitude of behaviors. Therefore, the meas
ured rate of release of a certain cellular 
component in the heating menstruum need 
not be representative of its critical form 
associated with the mechanism of thermo
resistance.

A third and apparently insoluble problem 
would be the possibility that a certain cell
ular component is being exuded from more 
than one cellular form : a surviving cell, a 
dying cell, and a cell already dead. So far, 
it is impossible to differentiate between 
such various exudate fractions in a heated 
spore population, and hence impossible to 
establish a direct relationship, if any, with 
the thermal death reaction.

However, as has been occasionally shown, 
the level of certain cations such as calcium 
and/or manganese as well as certain molar 
ratios such as cations/DPA in the spore 
cell may still serve as indices of its 
thermoresistance.

It is noticed in Figs. 1, 2, and 3 that 
although the death rates assumed what 
appears to be the first-order kinetics, an 
initial lag or shoulder was encountered in 
all cases. Such behavior has often been 
encountered by many workers in the field 
and often attributed to inherent multicel
lular groupings, clumping, heat activation 
cf surviving cells, carry-over of antigermina
tion or antigrowth principle(s) . . . etc. 
(El-Bisi and Ordal 1956). Two further 
observations, which may be related to this
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phenomenon are noteworthy: (a) the initial 
lag or shoulder diminished with the increase 
of the preheating temperature and time 
(Figs. 1, 3,) and (b) there had been what 
appeared to be a relatively higher rate of 
cation and DPA exudation during the intial 
heating period (Figs. 7, 8 , 9). These ob
servations suggest that such initial lags or 
shoulders in thermal death rate curves 
could be due (at least in part) to an en
riched protective steareostructure involving 
DPA and enhanced by higher levels of di
valent cations. Such structure is independ
ent of and external to the site of death, 
and while being degraded during the initial 
heating stage it is consuming a significant 
part of thermal energy and hence a lower 
initial death rate.
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Effect of Processing Temperature on 
Pigments and Color of Spinach"
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(M a n u s c r ip t  rece ived  S ep tem b er 12, 1961)

SUMMARY
A m ethod  was developed fo r  estim ation  o f ch lorophylls a an d  b, pheophy- 

tins a and  h, lu te in , and  caro tene in  processed spinach. T he m ethod , developed 
p rim arily  fo r  co lorim etric  studies, involves ex traction  o f th e  sp inach  with 
acetone and  ch ro m atog rap h ic  separa tion  on a sugar-starch  (7 0 :3 0 )  co lum n. 
E quatio ns were developed fo r  spectropho tom ctric  estim ation  o f the  am o u n t o f 
each p igm ent in  th e  e luate  fro m  the  co lum n. T h e m ethod  gave recovery values 
o f 95-98%  fo r  a wide range of p ig m en t m ix tu res, an d  a coefficient o f varia
tion  o f app ro x im ate ly  1 .5%  fo r  rep rodu cib ility  on  the  sam e ex tract.

F resh  sp inach  was b lanched , pu reed , packed  in  glass therm al-death -tim e 
tubes an d  processed in  an  oil b a th  a t  240 , 250 , 260 , 270 , an d  2 80 °F  fo r  a 
process value equal to Fo 4 .9 . Color m easu rem en ts  ind icated  a d ifference of
4.1 un its  betw een the  contro ls and  the  sam jjles processed at 280°F , an d  11.6 
un its  betw een th e  contro ls an d  the  sam ples processed at 2 40°F . T h e p ig 
m en t changes ind icated  a progressively sm aller ch ange in ch lorophylls a and h 
to ph eophy tins a an d  b as the  processing tem p era tu re  was raised . C hlorophyll a 
was degraded  m ore  rap id ly  than  ch lorophyll b , and the  ra tio  o f th e  two changed 
fro m  1.55 fo r  the  sam ples processed a t 280 °F , to 0 .92 fo r  th e  sam ples a t 
240 °F. Som e degradatio n  o f lu te in  was observed, p a rticu la rly  a t the  lower 
processing tem p era tu res , w hereas caro tene was u nchan ged . T he p igm ent-free 
tissues also showed m ore  change in  co lor a t the low er tem p era tu res , b u t the 
co n trib u tio n  o f the  p igm ent-free  tissues and  the  degradatio n  o f lu te in  to the  
over-all co lor change was very sm all. T he m a jo r reasons fo r the  ch ange in 
co lor o f the  sp inach  p u ree  u po n  processing were, first, the d egradatio n  of 
ch lorophyll a to pheophy tin  a, an d  second, the  deg rad a tio n  o f ch lorophyll 
b to p h eo ph y tin  b.

INTRODUCTION
The change in color of foods containing 

chlorophyll from a bright green to an olive 
green on processing has been of concern to 
food processors since the introduction of 
thermal processing. The color change has 
been attributed to the conversion of chloro
phyll to pheophytin in peas (Gold and 
Weckel, 1959, Mackinnev and Weast, 1940) 
and green beans (Westcott ct al.. 1955). 
Since the same reaction was described as 
the reason for the color change in frozen

' C o n tr ib u tio n  no. 1317, U n iv e rs ity  of M a ssa c h u 
se tts  A g r ic u l tu ra l  E x p e r im e n t S ta tio n , A m h e rs t, 
M assach u se tts .

T h e  re se a rc h  re p o rte d  w as ta k e n  fro m  a  P h .D . 
th es is  by th e  sen io r a u th o r , w hose p re se n t ad d ress  
is C on tin e n ta l B ak in g  Co., R ye, N ew  Y ork .

peas (Mackinnev and Weast, 1940, Camp
bell, 1937, 1950) and dehydrated spinach 
(Dutton ct a!., 1943), it is probably a 
general reaction for most products containing 
chlorophyll.

The kinetics of conversion of chlorophyll 
to pheophytin at different temperatures were 
studied in aqueous acetone extracts by Mac- 
kinney and Joslyn (1941). They concluded 
that the rate was first-order with respect 
to both chlorophyll and acid. Gold and 
Weckel (1959) also studied the kinetics of 
degradation of chlorophyll in peas under the 
conditions necessary for thermal preserva
tion. They concluded that the conversion of 
chlorophyll to pheophytin followed pseudo- 
first-order kinetics, and were able to predict 
that raising the temperature of processing 
with an equivalent Fo value would decrease

[ 332 ]
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the degradation of chlorophyll from 74.1% 
at 240°F  (pH =  6) to 1.09% at 280°F. 
The calculation of 1.09% degradation was, 
of course, based on the assumption of in
stantaneous heating and cooling. This might 
be difficult to approach in practice because, 
as the authors pointed out, 50% of the chloro
phyll might be degraded during the retort 
“come-up” time. Even with a Votator op
erated at 280°F (Kiratsous ct ill., 1961), the 
heating and cooling curves could contribute 
up to 65% of the Fo value. However, the 
contribution of the heating and cooling curves 
could be included in the calculation of the 
Fo value.

It is reasonable to assume that raising 
the temperature of processing while main
taining an equivalent Fo value would result 
in a different retention of chlorophyll be
cause the kinetics of chlorophyll degradation 
are different from the kinetics of the death 
of microorganisms. Most sterilization values 
for processed foods are calculated with a 
“z” value of the order of 18 (Ball and Olson,
1957), whereas most chemical reactions ex
hibit a “z" value of the order of 60°F 
(Adams and Yawger, 1961). Fortunately, 
in this case, the heat requirements to achieve 
the bacteriological aims are such that 
more chlorophyll is retained at the higher 
temperatures.

This work was undertaken to establish 
quantitatively the changes in color and pig
ment content in spinach as the temperature 
of processing was raised with an equivalent 
Fo value.

M ATERIALS AND METHODS
F re sh  sp in ach  fro m  a  local w ho lesa le  m a rk e t 

w as w ashed , tr im m ed , an d  b lan ch ed  fo r  3 m in  in 
bo ilin g  w a te r. T h e  sp inach  w as ch illed  im m ed ia te ly  
in  ice w a te r, an d  th e n  held  on a  screen  fo r 20 
m in to  d ra in  off ex cess  w a te r. T h e  b lanched  
sp inach  w as th en  p tireed  in a  F itz p a tr ic k  m ill, 
u s in g  a  co a rse  screen  an d  th en  a  fine screen  (no. 
40) fo r th e  second p assag e  th ro u g h  th e  m ill. 
Im m e d ia te ly  a f te r  com m in u tio n  th e  pureecl sp inach  
w as d e a e ra te d  to  rem ov e th e  oxy gen . T h e  d e
a e ra tio n  w as acco m p lished  by a llo w in g  th e  p u ree  
to  pass  slow ly  fro m  a  s e p a ra to ry  fu n ne l in to  a 
d es icc a to r m ain ta in e d  a t a  v acuu m  of 28 m m  Fig . 
A fte r  d ea e ra tio n , th e  p u ree  w as s to red  a t  3 8 °F  
u n til p rocessed . T h e  co lo r ch ang es in th e  p u ree  
w ere  n eg lig ib le  even up to  14 day s a t  38°F .

T h e  m o is tu re  co n ten t of ev e ry  b a tch  of s tra in ed  
sp inach  ra n g e d  fro m  92.5 to  94.5% .

F o r  r e to r t  p ro cessing , b aby-food  ja r s  (201 X 
210) w ere  chosen  as  co n ven ien t co n ta in e rs . T o  
d e te rm in e  th e  h ea t p en e tra tio n  ra te , a  b ak e lite - 
s tem  th erm o co u p le  w as fixed to  th e  c e n te r of th e  
j a r  co v er such th a t  it w ou ld  p e n e tra te  to  th e  
ce n te r of th e  ja r . A f te r  h e a tin g  in a  w a te r  b a th  
to  th e  re q u ire d  in itia l te m p e ra tu re  w ith  ca re fu l 
s t i r r in g  to  avo id  th e  in co rp o ra tio n  of a i r  bubbles, 
th e  p u ree  w as  filled in to  th e  ja r s  an d  sealed . T h e  
ja r s  w ere  p ro cessed  u n d er w a te r  in a  r e to r t  w ith  
a u to m atic  co n tro ls , an d  te m p e ra tu re s  w ere  tak en  
ev e ry  3 m in. T h e  s te r iliz a tio n  valu es  w e re  ca l
cu la ted  a c co rd in g  to  th e  G en era l M eth od , u s in g  
a  “z" v alu e  of 18 (B ig e lo w  et al., 1920; B a ll an d  
O lsen , 1957).

F o r  p ro cessing  in an  oil b a th , g la ss  th e rm a l-  
d e a th - tim e  tu b es  ( T D T  tu b e s ) w ere  chosen b e
cause th e  s te r iliza tio n  v a lu e  cou ld  be m ea su re d  a t 
th e  h ig h e r  te m p e ra tu re s  m o re  a c c u ra te ly  w ith  th is  
m ethod . T u b es  w ere  p re p a re d  from  P y r e x  tu b in g  
(7  m m  ID , 1 m m  th ickn ess, 15 cm  in  le n g th ) , an d  
filled w ith  p u ree  u sin g  a  g lass  tu b e  of sm a lle r 
d iam e te r u n d e r a ir  p ressu re . T h e rm o co u p le  w ires  
w ere  fixed in th e  ce n te r of se lected  T D T  tubes 
an d  a tta c h e d  to  a  te m p e ra tu re  re c o rd e r . T h e  tubes 
w ere  con d itio n ed  in a  w a te r  b a th  to  a d ju s t  th e  
in itia l te m p e ra tu re  an d  im m ersed  in an  oil b a th . 
T e m p e ra tu re  re ad in g s  w ere  ta k e n  a t  15-sec in 
te rv a ls  d u r in g  th e  h e a tin g  an d  coo lin g  cycles. T h e  
p ro cess  v a lu es  ( F o )  w 'ere ca lcu la ted  by th e  
G en eral M ethod .

S ince th e  d e te rm in a tio n  of h e a t p e n e tra tio n  d a ta  
w as fo r th e  p u rp o se  of d es ig n in g  eq u iv a len t 
th e rm a l-p ro c e s s in g  conditions fo r bo th  th e  r e to r t  
an d  oil b a th  a t sev era l te m p e ra tu re s , th e  d a ta  w ere  
com puted  an d  ex p resse d  as  th e  re la tio n  betw een  
h ea tin g  tim e an d  F o  value. A cc o rd in g  to  th e  re c 
o m m en da tio n s  of th e  N a tio n a l C an n ers  A sso c ia 
tio n  ( N .C .A ., 1955), s tra in e d  sp inach  in sm all 
bab y-fo od  ja r s  (201 X 210, 3%  o z) re q u ire s  an  F o  
value equal to  4.9. T a b le  1 show s th e  tim es  and  
o th e r co n d itio n s  n ecessary  to  ach iev e th is  v a lu e  fo r 
each  p ro cessin g  condition .

T h e  co lo r d e te rm in a tio n s  on th e  p u ree  w 'ere m ade 
w ith  a  C o lo rm as te r D iffe re n tia l C o lo r im e te r ( M a n 
u fa c tu re rs  E n g in e e rin g  an d  E q u ip m e n t C orp., 
H a tb o ro , P e n n .) equ ipped  w ith  a  10 X m u ltip lie r  an d  
a  sm a ll-a re a  a p e r tu re . A  g ra y  tile  ( G =  5.52, 
R  =  5.49, B =  6 .22) w as used  to  s ta n d a rd iz e  th e  
in s tru m e n t. C o lo r d a ta  w 'ere a lso  ta k e n  w ith  a 
G a rd n e r  C o lo r an d  C o lo r-D iffe ren ce  M e te r ( G a rd 
n e r L a b o ra to ry , Inc., B e th e sd a  14, M d .) , m an u al 
m odel, equ ipped  w ith  a sm a ll-a re a  a p e r tu re . A  
g ree n  tile  (L  =  19.2, a  =  — 12.2, b =  0 .2 ) w as used  
to  s ta n d a rd iz e  th e  in s tru m e n t. T h e  co lo r d a ta



234 PROCESSING TEMPERATURE AND SPINACH COLOR

Table 1. Processing conditions for spinach for conditions equivalent to Fo =4.9.

Processing Initial Processing Cooling
temp temp time time

Method (OF) (OF) (min) (min)

Retort (baby-food jars, 30 oz) 240 130 37 15
250 130 22 15

Oil bath (TDT tubes) 240 90 19.5 Immediate
250 90 6.7 cooling
260 90 3.17 111

270 90 1.95 ice
280 90 1.60 water

from the Gardner instrument were calculated as
the "-alb" index of hue in order to make the data
compatible with the nomographs calculated for
peas by Gold and Weckel (1959). The color data
from the Colormaster were converted to the Adams
Coordinate System and used to calculate a color
difference (Delta E) between the control and the
processed sample. The color difference was cal
culated in NBS units by the equation:
Delta E = [(Delta L) 2+ (Delta a)"+ (Delta b2

)]'
/
2

The pigment-free residues were obtained by
blending a 10-g sample of spinach puree for 2 min
with 120 m! of 850/0 acetone in water in an Omni
mixer. After filtering and washing with pure ace
tone, the residue was air-dried and stored until
the color measurements could be performed. The
pigment-free residues were moistened with acetone,
and measured on a Colormaster colorimeter stand
ardized against a white tile (G =84.97, R =84.44,
B =83.74). Delta E color differences between the
control and the processed samples were calculated
in the same manner as for the puree.

Development of an analytical method for pig
ment determinations. A variety of methods have
been suggested for determination of the pigments
in chlorophyllaceous plant materials. They range
in complexity from a relatively simple extraction
with 850/0 acetone (Petering et at., 1949) to a
paper chromatographic method (Hager, 1957) for
separating all the pigment constituents. The pres
ent work sought a method for estimation of the
prin'cipal pigments present in processed spinach for
studies on color changes due to processing.

In preliminary work, several of the better known
methods were examined for their suitability for
processed spinach. The determination of chloro
phylls has been studied extensively by Zscheile
(Zscheile and Comar, 1941; Zscheile et al., 1942),
and their equations were adopted in the A.O.A.C.
(1960) method. Aronoff (1953) modified the equa
tions of Comar and Zscheile (1942) to include two
additional equations to solve for the concentration
of pheophytins a and b. Sweeney and Martin
(1958) modified the formulae developed by Comar

and Zscheile for use with chlorophylls in acetone
solution and also developed equations to estimate
the relative amount of chlorophyll present in ex
tracts of broccoli after various cooking procedures.
Mackinney and Weast (1940) and Dietrich (1958)
developed equations for estimating the concentra
tion of chlorophyll and percent conver'sion to pheo
phytin. The methods, involving relative conversion
of chlorophylls to pheophytins without estimat
ing the amount of chlorophylls a and band
pheophytins a and b, were unsuitable for studies
involving an explanation of color changes upon
processing, because the colors of the four pig
ments are different. Chlorophyll a has an intense
blue-green color, which changes to the gray color
of pheophytin a. Chlorophyll b has a yellow
green color, which changes to the olive-green
color of pheophytin b.

The A.O.A.C. method and Sweeney and Mar
tin's modified method were quite suitable for the
determination of total chlorophyll in processed
spinach extracts, and were found to agree within
0.5 % when little or no pheophytin was present.
Calculations for total chlorophyll and pheophytin
in spinach extracts averaged 9.1 % higher with the
Sweeney and Martin equation for absorbance at
558 m,u than with the Sweeney and Martin equa
tion for total chlorophyll. A comparison of the
two methods using the actual intersection point,
which averaged 553 m,u in this laboratory, gave
results that agreed within 2.70/0. This serves to
emphasize the recommendation of Sweeney and
Martin (1958) that each analyst develop his own
constants. The equations developed by Aronoff
gave obviously incorrect values with some extracts
of processed spinach, so this method was not
applicable to extracts with a high proportion of
pheophytins.

The data from the preliminary work indicated
that none of the existing methods would be en
tirely suitable for color studies, so an attempt
was made to develop a suitable method. However,
since this work was completed, Vernon (1960)
has published a method for estimating chlorophylls
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a and b and pheophytins a and b. Sweeney and 
M artin (1961) also published a modified method 
for estimating chlorophylls a and b that probably 
could be adapted to the estimation of pheophytins 
a and b.

I t was evident that a method designed to aid 
in an understanding of color changes due to proc
essing would have to be capable of estimating 
each pigment that might be involved in the color 
change. W ith spinach, this would include chloro
phylls a and b, pheophytins a and b, and the two 
m ajor carotenoids, carotene and lutein. A chro
matographic approach seemed to be most promising 
for this goal.

A number of combinations of sugar, starch, and 
talc were investigated in combination with many 
combinations of petroleum ether, acetone, benzene, 
ethanol, and methanol. A column composed of 
70% powdered sugar and 30% corn starch used 
with 2%, and 3% acetone in petroleum ether was 
found to be a suitable combination for separation 
of the six pigments.

Identification of pigm ents on chromatogram.
Purified preparations of pheophytins a and b were 
prepared from spinach extracts by treatm ent with 
oxalic acid and repeated chromatography on sugar- 
starch columns. Purified preparations of the carot
enoids were prepared from spinach extracts by 
refluxing an acetone solution with barium hy
droxide (Petering e t a i ,  1940) and repeated 
chromatography on sugar-starch columns. The 
purified pigments were evaporated to dryness and 
redissolved in the appropriate solvent. Spectral

data for identification purposes are presented in 
Table 2.

The pigments in zones 3 and S were respectively 
identified as pheophytin b and a. The pigments in 
zones 2 and 4 were respectively violaxanthin and 
lutein. The pigment in zone 1 was probably com
posed of several carotenoids, but since they were 
present in small amounts and probably would have 
little effect on the color of the spinach puree, no 
attempts were made to identify them further. The 
pigment in the yellow solution that was not ab
sorbed by the column was mainly beta-carotene. 
According to W all and Kelly (1943) and Kem- 
merer and Fraps (1943), this solution is likely 
to include alpha-carotene and neo-beta-carotene as 
well as beta-carotene. However, the amount of 
alpha-carotene in spinach is very low as compared 
with beta-carotene.

Determination of specific absorption coefficients 
for pheophytins a and b. Pheophytin a was iso
lated chromatographically from an oxalic-acid- 
treated extract of spinach. After five passages 
through a sugar-starch (70:30) column, the puri
fied pigment was recovered in petroleum ether. 
Upon evaporation the pheophytin a precipitated out 
and was redissolved in acetone. A fter precipitation 
from acetone the pigment was dried, weighed, and 
redissolved in petroleum ether containing 2% 
acetone. Pheophytin b was handled in the same 
manner except that the purified pigment was re
dissolved in petroleum ether containing 3% acetone.

Absorption curves for the above preparations 
were determined with a Beckman DU  spectro-

Table 2. Identity of pigments isolated from chromatograms of petroleum ether extracts of 
spinach with oxalic acid.

Absorption maximum (m/¿)
Zonea Color Solvent Observed Reported Pigment

i Light yellow Chloroform 405, 428 Unidentified
2 Dark yellow Benzene 425, 450 425, 449 Violaxanthinb

483 482
3 Olive green Ethyl ether 433, 523 433, 523 Pheophytin bc

599, 655 599, 655
4 Yellow Benzene 430, 456 430, 456 Luteind

487 487
5 Gray Ethyl ether 409, 506 409,506 Pheophytin a°

532, 608 532, 608
667.5 667.5

6 Yellow (not ab- Petroleum
sorbed on column) ether 447 447 Carotene1

a In order of decreasing absorbance on a sugar-starch (70:30) column.
b Curl and Bailey, 1954.
c Zscheile and Cornar, 1941. 
a Curl, 1953.
'A ronoff, 1950.
'  O’Connor e t a!., 1946.
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photometer. The specific absorption coefficients 
for the two pigments w e re :

Pheophytin a : 56.8 L /g  cm at 667.5 mg in 2% 
acetone in petroleum ether (b.p. 36-54°C)

Pheophytin b : 31.8 L /g  cm at 665.0 mg in 3%  
acetone in petroleum ether (b.p. 36-54°C)

These data were necessary to derive the equa
tions for content of pheophytins a and b as pre
sented in the proposed method.

The purity of the isolated pheophytins a and b 
was checked by determining their specific absorp
tion coefficients in ethyl ether. The values ob
tained were respectively 59.1 and 36.0 L /g  cm 
for pheophytins a and b, which compared favor
ably with those (59.5 and 37.5) reported by 
Zscheile and Comar (1941).

Analytical procedure. The procedure followed 
in extracting the pigments from the spinach tissue 
was very similar to the A.O.A.C. (1960) method 
except that petroleum ether was used instead of 
ethyl ether in order that the final pigment solution 
would be ready for chromatographic separation.

A 10-g sample of spinach puree was mixed for 
2 min with 120 ml of 85% acetone in water and 
about 0.1 g of calcium carbonate in an Omnimixer 
(Ivan Servall, Inc., Norwalk, Conn.). The mix
ture was filtered in a Buchner funnel, and 
washed free of pigment with 85% acetone and 
finally with a few ml of pure acetone. The com
bined extract and washings were transferred to 
petroleum ether with a small modification in the 
A.O.A.C. method, based on the suggestion by 
H ager (1957). A 10%. sodium chloride solution 
was used instead of water to “salt-out" the pig
ment from the acetone-water layer to the petro
leum ether layer. The pigment solution in petro
leum ether was made up to 200 ml, dried over 
sodium sulphate, and used in the chromatographic 
separation.

The chromatographic columns were prepared 
from a mixture of 70% confectioners sugar ( 6 x )  
and 30% corn starch (Melojel, obtained through 
the courtesy of the National Starch and Chemical 
Corp., New Y ork). The absorbent mixture was 
dried for 12 hr at 100°C before being packed into 
a 15 X 300-mm column. Fifteen g of absorbent 
were made into a slurry with petroleum ether, 
poured into the tube, and concentrated under air 
pressure. A small disc of filter paper was added, 
and then a 0.5-cm layer of anhydrous sodium 
sulphate. The excess petroleum ether was re
moved with air pressure, and 10 ml of the pigment 
extract were added. After the pigment was ab
sorbed on the column, 15 ml of petroleum ether 
was added to wash the carotene from the column. 
The pheophytin a was eluted with 35 ml of 2% 
acetone in petroleum ether. The pheophytin b

was eluted together with lutein with 45 ml of 3% 
acetone in petroleum ether. The chlorophyll was 
eluted with 15 ml of acetone. Each eluate was 
collected and made up to volume.

The calculations for pigment content were made 
after absorption with appropriate dilution was 
measured with a Beckman DU  spectrophotometer..

The calculations for total chlorophyll as well 
as chlorophylls a and b were based on the equa
tions of Comar and Zscheile (1942), adopted in 
the A.O.A.C. method. A correction factor of
1.06 was used to modify the equations for use in 
the acetone solution from the adsorption column. 
The modified equations were as follows :

Total chlorophyll (m g /L ) =  7.55 (A660 ) +  17.8
( A642.5 )
Chlorophyll a (m g /L ) =  10.5 ( A660 — 0.824 

( A642.5 )
Chlorophyll b (m g /L ) =  18.6(A642.5 — 2.98 

( A660 )
Pheophytin a was calculated by the equation : 

Pheophytin a (m g /L ) =  17.6( A667.5 )
Pheophytin b and lutein were determined in the 

same solution. Since lutein had no absorbance at 
655 mg (Zscheile et al., 1942), the concentration 
of pheophytin b was calculated by assuming it as 
the only component of the solution absorbing at 
655 mg.

Pheophytin b (m g/L ) =31.4(A 653)
Lutein was calculated by developing an equa

tion for the absorbance of lutein at 472 mg 
corrected for the absorbance of pheophytin b 
at the same wavelength. Lutein has a specific 
absorption coefficient of 231 L per g cm at 477.5 
mg in ethanol (Zscheile e t al., 1942). The ab
sorption coefficient of lutein in 3%-, acetone in 
petroleum ether was determined as 250 L per g 
cm at 472 mg, by comparison with a similar solu
tion in ethanol. Since pheophytin b has an absorp
tion coefficient of 3.3 at the same wavelength, the 
following equation could be derived.

Lutein (m g /L ) =  4.00(A472) — 0.415(A655)
The calculation for carotene was based on the 

observation that beta-carotene has a specific ab
sorption coefficient of 245 L per g cm at 447 mg 
in petroleum ether (O'Connor e t al.. 1946) : 

Carotene (m g /L ) =4 .08(A 447)
No equation to estimate the concentration of 

violaxanthin was developed, because it was present 
in relatively small amounts and could not be ex
pected to have much influence on the color change 
from processing.

Recovery and reproducibility studies. The ac
curacy of the method was determined by the re 
covery of each component in a pigment extract.
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Table 3. Recovery of pigments in synthetic mixtures.

Pigment No. of sani]) les Range of pigment added (m g /L ) Meanrecovery

Coefficientvariationrecoverv
w  '

Solution A
Pheophytin a 20 3.83-14.29 98.3 2.49
Pheophytin b 20 1.82-13.58 96.7 3.05
Pheophytin b 12 2.98- 8.99 98.4 1.36
Lutein 12 0.50- 1.44 83.0 3.62
Carotene 20 0.80- 2.55 95.5 2.44

Solution B
Chlorophylls a and b 12 3.91-13.99 94.7 2.10

Pheophytin a, pheophytin b, lutein, and carotene 
were prepared from spinach extracts, purified 
chromatographically, dissolved in petroleum ether, 
and used as stock solutions. A 10-ml portion con
taining varying proportions of the above pigments 
was chromatographed according to the proposed 
method. A control solution of each pigment was 
prepared by taking the same original quantity of 
each stock solution and making it up to the same 
volume with the same composition of solvent. A 
comparison between the eluate and the control 
solution gave a measure of the recovery of each 
pigment.

The recovery tests (Table 3) for chlorophyll 
were done separately, but in the same manner. 
The chlorophyll was eluted with acetone after the 
petroleum ether, 2% acetone in petroleum ether, 
and 3% acetone in petroleum ether had passed 
through the column. Since the eluted solution was 
in acetone, the stock solution that was in petro
leum ether was evaporated under vacuum and 
redissolved in acetone.

The reproducibility of the method was deter
mined by repeating the analysis twelve times on 
the same pigment extract (Table 4).

Table 4. Reproducibility of pigment analyses.

Pigment No. of samples

Meanpigmentcontent(m g/L ) Standarddeviation
Coefficient variation ( CC )

Chlorophylls 
a and b 12 7.75 0.17 1.86

Pheophytin a 12 14.2 0.16 1.31
Pheophytin b 12 5.27 0.06 1.13
Lutein 12 1.32 0.02 1.56
Carotene 12 1.39 0.02 1.39

I t  is ev id en t fro m  T a b le  2 th a t  p heo p h y tin s  a 
an d  b, ch lo ro p h y lls  a  an d  b, an d  ca ro te n e  could 
be re co v e re d  w ith  an  ac cu ra cy  of 95%  o r b e tte r

over a relatively wide range of concentrations. 
The reproducibility tests (Table 4) showed much 
less variation than the recovery tests.

The recovery values for lutein were low com
pared to those for the other pigments. Further 
investigation revealed that repeated chromatog
raphy on lutein solutions always yielded another 
thin yellow band on the chromatogram. The sec
ond band had absorption maxima at 430, 454, 
and 482 mg, compared with 430, 456, and 488 mg 
for the main band. Possibly, this second band was 
an isomer of lutein that was formed continually 
from the main pigment. Further evidence of the 
change was obtained by analyses for lutein con
tent at different time intervals (Table 5). After

Table 5. Relation between standing time and 
recovery of lutein.

Time at 40—44°F (hr) Recovery(%)
4 94

12 85
16 83
72 78

120 71

five days at 40-44° F, only 71% of the lutein 
could be recovered although 98% of the pheophytin 
b could be recovered from the same solution. I,t 
is apparent that separation and determination had 
to follow pigment extraction without delay in 
order to achieve suitable accuracy. Some of the 
data on lutein in Table 2 were performed on ex
tracts that had been allowed to stand overnight 
in the refrigerator. I t was possible to obtain re
coveries of 95 %: for lutein if the chromatographic 
separation followed the pigment extraction step 
without delay.

This method was developed primarily for esti
mation of chlorophylls a and b and pheophytins
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a and b in order to follow color changes in proc
essing. I t is also useful for balance studies on the 
formation of pheophytins from the chlorophylls, 
since there may be some question about this con
version in processed spinach. It was also found 
that lutein and carotene could be estimated by 
the same procedure with very little extra work. 
Since these two pigments made up the major 
carotenoid portions and both contributed relatively 
little to the color changes, this phase of the 
method was not developed further.

RESULTS AND DISCUSSION
Table 6 shows the changes in color of 

spinach puree processed in a retort and an 
oil bath. There was no visual difference * 240

Table 6. Color measurements of thermally 
processed spinach puree.

Color a ttribute
H unterProcessingtemperature(°F )

Adams coordinates11 coordinates1*
L a b Delta E H ue (—a /b )

Retort process
Control 23.1-1Ó.8 20.4 1.05

240 21.8- 0.6 17.2 10.8 0.14
250 22.0- 1.0 17.4 10.3 0.15

Oil bath process
Control 23.6-11.4 20.0 0.923

240 21.9- 0.2 17.7 11.6 0.087
250 21.7- 3.5 16.8 8.7 0.366
260 21.5- 5.7 17.8 6.4 0.534
270 21.9- 8.2 18.2 4.0 0.657
280 22.2- 8.2 17.8 4.1 0.682

a D ata obtained with a Colormaster Differential 
Colorimeter and converted to the Adams Coordinate System.

6 Data obtained with a Gardner Color and Color- Difference Meter.

in the color of the samples processed at
240 and 250°F  in a retort. This was borne 
out by the similarity in Delta E  values. The 
samples processed in an oil bath did show 
a distinct color difference, and the Delta 
E  values were progressively smaller as the 
temperature of processing was raised. The 
hue values indicated the same trend, and 
it was evident that the greatest change was 
in the “- a ” attribute.

Tables 7 and 8 show the changes in pig
ment content of spinach puree. In  the retort 
process, the conversions of chlorophylls a 
and b to pheophytins a and b were compar-

able. There was some loss of lutein during 
processing, but very little loss of carotene. 
In  the oil-bath process, the conversion of 
chlorophylls to their respective pheophytins 
was dependent on the tem perature of proc
essing. Chlorophyll a degraded to pheophytin

Table 7. Pigment content (/*g /g ) of spinach 
puree processed in a conventional retort.

Processing tem perature
240°F 250° F

Pigm ent Control Processed Control Processed
Carotene COLO 58 53 47
Lutein 74 49 64 49
Pheophytin a 343 852 320 716
Pheophytin b 65 305 60 286
Chlorophyll a 519 39 400 36
Chlorophyll b 244 32 226 24

Table 8. Pigment content { p g /g  fresh weight)
of spinach puree processed in an oil bath.

Processing temperature (°F)
Exptno. Pigment Control 240 250 260 270 280

Carotene 50 48 45 45 46 46
Lutein 57 ' 47 51 54 54 57
Pheophytin a 220 691 633 559 468 464
Pheophytin b 65 236 173 142 111 118
Chlorophyll a 426 39 105 167 236 236
Chlorophyll b 204 51 107 136 167 168

Total pheophy
tin a & b and
chlorophyll a&b 915 1017 1018 1004 972 986

Carotene 53 45 54 S3 51 51
Lutein 64 47 55 58 57 59
Pheophytin a 245 782 642 520 478 460
Pheophytin b 62 254 157 146 115 108
Chlorophyll a 455 36 143 198 243 263
Chlorophyll b 191 34 115 125 149 156

Total pheophy
tin a & b and
chlorophylla&b 953 1106 1039 989 985 987

a at a more rapid rate than chlorophyll b 
to pheophytin b (Table 9 ). Mackinney and 
Joslyn (1941) estimated that the rate of 
conversion of chlorophyll a was 7-9 times 
as fast as that of chlorophyll b in aqueous 
acetone extracts. Sweeney and M artin
(1958) also found that chlorophyll a de
graded more rapidly than chlorophyll b 
in experiments with various cooking times
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Table 9. Ratio and percentage retention of chlo
rophyll b in spinach puree samples processed in a 
conventional retort and an oil bath.

Thermalprocess(°F)

RatioChlorophyll a 
Chlorophyll b

Retention (% )  of chlorophyll 
Chlorophyll a Chlorophyll b

Retort process 
Control 2.12 100 100
240 1.22 7.5 13.1
2S0 1.47 9.0 10.6

Oil bath process 
Control 2.23 100 100
240 0.92 8.0 20.2
250 1.12 26.8 ■ - 53.6
260 1.40 40.6 64.8
270 1.52 53.7 78.5
280 1.55 55.5 80.3

for frozen broccoli. In  the present work, the 
difference in rate of conversion of the two 
chlorophylls was less than that given in the 
two previous citations. However, it- is in
teresting that trends in chlorophyll conver
sion were similar in processes as different 
as cooking frozen broccoli and processing 
pureed spinach at a much higher temperature.

I t is apparent in Tables 7 and 8 that 
appreciable amounts of chlorophyll had been 
degraded to pheophytin before the actual 
heat processing. This was unavoidable, be
cause of the conditions of blanching, deaera
tion, and filling in this work, but this initial 
conversion could probably be minimized in 
actual practice.

The data in Table 8 indicate that lutein 
was also degraded to a greater extent at 
the lower temperatures. How much of the 
loss in pigment was due to a  stereoisomeri
zation and how much was due to actual 
degradation was not determined in this work, 
because no analytical method was developed 
for this isomer. In either case, the change 
in lutein would affect the color of the puree, 
though the color change would necessarily 
be very small. There was little or no change 
in the content of carotene at the different 
processing temperatures.

Table 10 shows the effect of processing 
temperature on the color of the pigment- 
free tissues. The tissues showed a greater 
color change between the processed and 
unprocessed (control) samples as the tem

Table 10. Color measurements of acetone-ex
tracted, pigment-free spinach tissues.

Processingtemperature(°F )
Color a ttribute

La a b Delta E
Retort process

Control 57.01 0.6 13.1
240 56.19 0.8 14.9 2.0
250 58.61 1.2 14.0 2.0

Oil bath process
Control 58.26 1.8 12.9
240 ■ 57.96 0.6 15.6 3.0
250 58.74 0.2 14.5 2.3
260 58.60 0.3 13.4 1.6
270 58.27 1.8 13.9 1.7
280 59.05 1.2 12.7 1.0

• * Data obtained with a Colormaster Differential 
Colorimeter and converted to the Adams Coor
dinate System.

perature of processing was lowered. This 
trend was evident only in the oil-bath sam
ples, not in the retort samples. The effect 
of the processing tem perature on the pig
ment-free tissues would affect the color of 
the puree, but, again, the color change would 
necessarily be very small.

Mackinney and W east (1940) suggested 
that other degradation products of chloro
phyll besides pheophytin might occur, be
cause of the severity of the heat process 
in canned vegetables. W estcott et al. (1955) 
found small amounts of pheophorbide as well 
as pheophytin in commercially canned green 
beans, but Siegele (Gold and Weckel, 1958) 
found only pheophytin. This point could be 
checked in the present work by adding the 
total weight of pheophytins formed and 
chlorophylls degraded. It will be seen from 
Table 4 that the actual total weight of 
pheophytins and chlorophylls was somewhat 
higher in the processed samples than the 
total weight in the control samples. The 
analytical data indicated the presence of more 
pheophytin than could be accounted for by 
the degradation of chlorophyll. Since the 
discrepancy was greater at the lower tem
peratures, some substance was possibly being 
formed during processing that had higher 
absorption coefficients than the pheophytins 
and raised the apparent total pigment con
tent. I t would also have to be present as 
a contaminant of one of the zones on th t
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chromatogram. The error was not due to 
mere removal of magnesium from the mol
ecule or to the type of error suggested by 
Van Norm an (1957), because each would 
cause an error in the opposite direction. The 
cause of this discrepancy is not apparent at 
present.

I t is evident from this work and that of 
others that foods containing chlorophyll can 
be packed with a high initial content of 
chlorophyll and an attractive color. I t is 
equally true that the chlorophyll will be 
degraded to pheophytin relatively quickly 
upon storage. Chlorophyll-containing foods 
have been considered poor candidates for 
high-temperature short-time processing, be
cause of the color retention problem and 
suggestions of flavor changes due to enzy
matic activity (Adams and Yawger, 1961). 
I t  is hoped that a combination of conditions 
can be developed, including considerations of 
bacteriological sterilization, pigment stability, 
and enzymatic inactivation, such that the 
initial advantages of high-temperature short- 
time processing can be maintained.
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SUMMARY
E ight g ra in  species were exam ined  fo r  sodium  an d  po tassium  contents 

in  p ro te in  an d  non -p ro te in  frac tion s  be fo re  an d  a f te r  soak ing . M ost o f sodium  
is p ro te in  b ou nd , an d  po tassium  appears  less strongly  b ound . Soaking does n o t 
seem  to ch ange these  constituen ts  in  two frac tion s. H ard ly  an y  sa lt app ears  
to leach  o u t in  soaking.

INTRODUCTION
In the past, sodium and potassium con

tents of food materials were determined only 
with the idea of acquiring a picture of min
eral composition of foods (Clifford, 1955). 
Since the analytical procedure was tedious 
and time-consuming, a rough approximation 
sufficed. With the increase in low-sodium- 
diet therapy, food materials began to be 
examined carefully for sodium, and the lit
erature on the subject became abundant 
(Roychowdhury and Gyani, 1959; Bills 
et ai, 1949; Food and Nutrition Board,
1954). In all these investigations, only the 
total amount of sodium and potassium pres
ent in foodstuffs has been reported ; no one 
seems to have studied how these two ele
ments are distributed in the protein and 
non-protein fractions of the grains, nor is 
there any indication as to how soaking and 
germination affect the distribution of the two 
minerals. It is quite apparent that organic 
constituents are prone to change chemically 
by germination (soaking), whereas such is 
not the case with inorganic constituents, 
though the redistribution of the inorganic 
constituents might be affected. With these 
objects, some grains were analyzed for 
sodium and potassium in protein and non
protein fractions, and also after soaking 
them for 48 and 72 hr.

EX PER IM EN TA L
The grains were procured from the local m arket 

and washed superficially to remove adhering dust.

” Present address: Deputy Assistant Director 
(Biochem ist), M alaria Institute of India, Filariasis 
Training Centre, Calicut, Kerala, India.

Excess washing was avoided so leaching of salt 
from the body of the grains would be minimum.

The whole grain (with skin) was then immersed 
in an equal weight of sodium-free water in a flat 
basin, and left overnight. The excess water was 
then drained away and the moist grains were again 
stored for another 24 hr (room temperature, 20°C ). 
One portion (2 g) was then dried 2 hr at 135°C 
for moisture determination (A.O.A.C., 1955), and 
the rest was left over for another 24 hr. After 
moisture determination, the grains were ashed at 
500°C; sodium and potassium were determined by 
the method suggested previously (Roychowdhury 
and Gyani, 1959). The same was repeated with 
other lots (72-hr soaking) and in the unsoaked 
grains as well.

To precipitate proteins, the grains (both soaked 
and unsoaked) were ground with 10% trichloro
acetic acid solution in a glass mortar. The treated 
mass was then centrifuged (3500 rpm ) and the 
supernatant liquid was saved. The residue was 
treated in the same way 2-3 more times. The 
supernatant liquid portions (non-protein fractions) 
were combined in a basin and evaporated to dry
ness. The residue portion (protein fraction) was 
also dried. Both were ashed, and sodium and 
potassium were determined. The results are in 
Table 1.

DISCUSSION
Considerable sodium remained bound with 

proteins, although the trichloroacetic acid 
used in separating the proteins is quite a 
strong acid. One might have expected al
most complete removal of amphoteric pro
teins, which are such weak acids.

Potassium appears to be less strongly 
bound with the proteins. There is some 
doubt whether the amounts that have been

[ 242]
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Table 1. M oisture content of the whole grains, and sodium and potassium in the protein 
and non-protein fractions. Results for sodium, (mg/100 g) and potassium (g/100 g) are on 
dry powder basis, and moisture is in g/100 g. Botanical names are given in parentheses.

Grains

Hoursofsoaking Moisture

Sodium

Nonproteinfraction Proteinfraction

Potassium
Non-proteinfrac- Protein tion fraction

Barley (H o rd e u m  vu lg a re ) 0 11.0 8.7 4.9 0.22 0.02
48 39.1 7.0 4.7 0.21 0.02
72 38.2 6.5 4.2 0.20 0.02

W heat, whole (T r i t ic u m  a e s tiv u m ) 0 10.S 5.5 2.6 0.22 0.02
48 36.5 5.0 2.5 0.21 0.02
72 36.4 4.7 2.5 0.20 0.02

Bengal gram  (C ic c r  a r ic tin u m ) 0 9.7 24.6 3.8 0.55 0.06
48 53.9 23.6 3.3 0.54 0.06
72 52.2 21.8 3.2 0.54 0.06

Black gram  (U rd)
( P ha seo lo its  m u n g o ) 0 10.0 13.3 8.5 0.65 0.15

48 51.0 12.7 6.5 0.57 0.16
72 49.5 12.2 6.0 0.55 0.16

Green gram  (M ung)
(P h a seo lo u s  a ureu s  R oxbJ 0 10.5 7.5 12.2 0.86 0.10

48 60.8 5.7 4.8 0.85 0.08
72 59.2 5.7 4.8 0.85 0.08

Lentil (M asur) (L e n s
cu lina ris  Medic.) 0 10.5 5.5 4.5 0.45 0.04

48 51.4 5.0 3.5 0.41 0.03
72 50.9 4.8 3.5 0.40 0.03

Lathyrus (K hesari)
(L a th y r u s  s a tiv u s ) 0 7.3 23.2 7.7 0.68 0.05

48 55.6 19.8 7.5 0.64 0.04
72 55.6 19.2 7.0 0.62 0.04

Peas (M atar) (P is ttm  sa tiv u m ) 0 9.9 10.8 6.8 0.60 0.10
48 54.9 10.0 4.5 0.58 0.09
72 54.3 9.2 4.0 0.57 0.09
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determined in protein and non-protein frac
tions represent the correct quantity or the 
redistribution that prevails after disturbance 
by the presence of trichloroacetic acid. If 
a disturbance is produced, it is possible that 
more potassium is being freed from proteins 
than sodium. The reason for the same may 
lie found in a physical effect like diffusion, 
since, although Iv ions have a larger radius 
(1.33A) than Na ions (0.95A) in a crystal, 
the sodium ions become larger through hy
dration.

It also appears that hardly any salt is 
leached out by soaking, for though the sum 
of the Na and K after soaking does not 
equal the sum before soaking, the change is 
very slight and consistent. The sodium fig
ures for Mung (green gram) and peas are 
exceptions.
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SUMMARY
C hicken m uscle was analyzed fo r  free  sugars using  separa tions by p a p e r  

ch rom atography . Inosito l, glucose, sedoheptu lose , m annose, fruc tose , ribose, 
and  ribu lose were iden tified . Two o th e r unknow n com pounds ap p ea red  to be 
arab inose  an d  xylose. Five m in o r com ponents detected  were no t identified .

T he  p rin c ip a l free  sugars p resen t in  ch icken  m uscle im m ediate ly  post
m ortem  were glucose an d  fructose . R ibose occurred  only in  trace am oun ts . 
D u rin g  a 6-dav storage period  a t ice tem p era tu re , glucose levels increased in 
w hite m uscle fro m  13-week-old pu lle ts  and  also in b o th  red  an d  w hite m uscle 
fro m  old  hens, b u t decreased in  red  m uscle fro m  pulle ts. Red m uscle contained  
m ore  th a n  twice as m uch  free  inosito l as w hite m uscle. Inosito l, fruc tose , 
and  ribose increased d u rin g  storage in  the  two k inds o f m uscle in  bo th  o lder 
an d  you n ger b irds.

There is increasing evidence that sugars 
and sugar derivatives are precursors of 
some of the substances contributing to the 
normal cooked flavor of meats (Batzer et 
al., 1960; Wood, 1961). Solutions con
taining reducing sugars and amino acids 
develop meat-broth-like flavors on heating 
(Lobanow and Wolfson, 1958; May, 1960; 
Morton et al., 1960; Wood, 1961). Reduc
ing sugars, however, also participate in re
actions causing deteriorative changes in 
meat and fish products (Hendrickson et al., 
1956; Jones, 1958; Sharp, 1957; Tarr,
1954).

The purpose of the present study was to 
determine the individual sugars present in 
chicken meat, and to determine the varia
tions that may occur in the principal free 
sugars and inositol with respect to type of 
muscle, age of bird and time post-mortem.

E X P E R IM E N T A L
Samples. E xtracts for the qualitative analysis 

of free sugars were prepared from fresh and 
frozen muscle samples of Single Comb W hite 
Leghorn and New Hampshire chickens of both 
sexes and various age groups. To study quan
titative occurrence of inositol and free sugars 
post-mortem, two 13-week-old New Hampshire 
pullets, and two 18-month-old New Hampshire 
hens, were used for the analyses. Each bird was 
slaughtered by severing the jugular vein and bleed

ing for two minutes. The red muscles of the left 
leg and thigh were immediately cut out, weighed, 
sliced, and homogenized. The time required from 
bleeding to completion of homogenization was 15 
min. The white muscles of the left breast were 
then excised and treated in the same manner. 
Homogenization of these muscles was completed 
in 30 min post-mortem. The remainder of the 
carcass was then eviscerated and packaged in a 
polyethylene bag to prevent leaching of the tissue 
constituents, and was covered with crushed ice 
in a Dewar flask. For comparison, muscles from 
the right side were removed from 2 of the birds 
after 24 hr at 1°C, and from 2 others after 6 
days at this temperature. Muscle from the right 
half was compared with muscle from the left half 
of the bird in each instance.

Extraction. Muscle was homogenized in a Servall 
Om ni-M ixer with small amounts of added water 
to give a homogenate of creamy consistency. 
Picric acid was added directly to muscle that was 
to be analyzed quantitatively. In either instance, 
four parts of 1% picric acid solution was added 
to one part of muscle. The m ixture was centri
fuged, filtered, and extracted with purified petro
leum ether to remove lipid material.

Deionization. Each extract was passed over a 
column of Dowex 5 0 (H ), 200-400-mesh. The 
effluent and washings were treated with Amberlite 
1R 45 (O H ), 200-400-mesh. The solution was 
stirred with 3/5 of the latter resin, and then 
passed over the remainder of the resin in column 
form. In freshly excised muscle, glycogen was 
present in sufficient amounts to interfere with

[ 245 ]
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Table 1. Substances detected by sugar reagents in iextract b from frozen chicken breast.

Sugar Distance from starting line Detectingreagents Color Remarks
unknown cmpd. 0.6 cm ' AgNOa'1, A -P 0 brown Trace
unknown cmpd. 2.0 cm AgNOa, A -P brown Trace
unknown cmpd. 4.5 cm AgNOa, A -P brown Trace
inositol 6.6 cm AgNOa,

N & K f
brown

red-orange
M ajor constituent 
Specific for inositol

unknown cmpd. 8.5 cm AgNOa, A -P 
orcinol“

brown
tan

Trace

glucose 16.1 cm AgNOa, A -P 
A -H -P"

brown
tan

M ajor constituent

sedoheptulose 19.0 cm orcinol blue Trace
mannose 20.4 cm AgNOa, A -P  

A -H -P
brown
brown

Minor constituent 
Color develops slowly

fructose 22.2 cm AgNOa, A -P 
orcinol 
resorcinol 1

brown
tan

red-brown

M ajor constituent

unknown cmpd. 24.6 cm AgNOa
A -P

brown
red

Trace
Possibly arabinose

unknown cmpd. 28.0 cm AgNOa, A -P brown Trace, possibly xylose
ribose 32.7 cm AgNOa, A -P  

A -H -P
brown
red

M ajor constituent

ribulose 36.0 cm AgNOa, A -P  
resorcinol 
orcinol, A -D -A 1

brown
bluish-gray

tan

Minor constituent

unknown cmpd. 46.0 cm AgNOa brown Trace
“ Muscle from year-old Single Comb W hite Leghorn hen stored at S°F. 
b Solvent system was ethyl acetate-acetic acid-water (3:1:1 v /v ) .
c Distances are listed instead of Rg values because descending-type chromatograms do not give reproducible Rg values. 
a Smith, 1958.
'Aniline-phosphoric acid (Bryson and Mitchell, 1951).
'  Nagai and Kimura reagent (1958). 
g Bevenue and Williams, 1951.
11 Aniline hydrogen phthalate (Partridge, 1949).
1 Bryson and Mitchell, 1951.
1 Aniline diphenyl amine (Smith, 1958).
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chromatography. It was removed from the de
ionized extracts by evaporation to dryness and 
precipitation from 2: 1 ethanol-water. E xtracts 
were concentrated so that 1 ml was approximately 
equivalent to 2 g of moisture-free muscle.

Chromatography. Descending chromatograms 
were run on W hatm an No. 1 paper. The solvent 
systems used w e re : 1) ethyl acetate-acetic acid- 
water ( 3 :1 :1  v /v )  ; 2) butanol-acetic acid-
water (6 0 :1 5 :2 5  v /v ) ;  3) ethyl acetate-pyr
idine-water ( 6 :1 :1  v /v ) .  For quantitative anal
yses, solvent systems 1 and 2 were used. Ap
propriate detection reagents were used to locate 
standards, and paper sections were cut out in the 
area corresponding to the known standard and 
eluted with water. This procedure was employed 
for the quantitative estimation of glucose, inositol, 
and ribose.

Analytical. Glucose and inositol were deter
mined by the periodate oxidation method of H irst 
and Jones (1949). Acetic acid was removed from 
the filter paper by placing it under reduced pres
sure in the presence of moisture (Laidlaw and 
Reid, 1952). Losses of formic acid produced dur
ing the digestion were prevented by using ground- 
glass tapered flasks fitted with cold fingers.

Inositol was also estimated by the method 
of Dixon and Lipkin (1954) as modified by 
Agranoff e t al. (1958).

Ribose was determined by the orcinol method 
of Mejbaum (1939). F ilter paper contains soluble 
orcinol-reacting substances that are difficult to 
remove by preliminary washing of the paper (D u
bois e t al., 1956). The ribose determinations are 
therefore only reasonably approximate (10% 
error) in those cases where tire value obtained 
was 5 mg/100 g dry muscle or greater.

Keto sugars (principally fructose) were deter
mined by the method of Roe (1934).

RESULTS AND DISCUSSION
Free sugars in chicken muscle. The fol

lowing substances were found consistently 
in fresh and frozen red and white muscle 
samples from birds of several ages and both 
sexes: inositol, glucose, fructose, ribose,
and mannose. Sedoheptulose, ribulose, two 
substances that appeared to be xylose and 
arabinose, and several unknown compounds 
were found in each type of sample, but did 
not appear consistently in all samples.

Table 1 lists substances found in the 
water extract of breast muscle of a 1-year- 
old White Leghorn hen that had been stored 
in the frozen state for 18 months. This

sample contained all the compounds men
tioned above.

Post-mortem changes. Values for free 
inositol, glucose, fructose, and ribose are 
shown in Table 2 for muscle of birds just 
after killing and for muscle of the same 
birds after storing at 1°C for 1 and 6 days.

Inositol levels were somewhat higher in 
muscle of younger birds than in comparable 
muscle of older birds. Red muscle con
tained more than twice as much inositol as 
white muscle. In all samples, free inositol 
increased during storage. Levels of free 
inositol in muscle tissue appear to be de
pendent upon the age of the animal, the 
type of muscle, and the time post-mortem. 
Most of the data in the literature for inositol 
in muscle of various species do not con
sider these variables, although Needham 
(1923, 1924) noted that free inositol in
creased post-mortem in rabbit and rat 
muscle.

Glucose was the principal free sugar in 
fresh-killed and chill-stored chicken meat 
(Table 2). In breast muscle of both older 
and younger birds and in dark muscle of 
older birds, glucose increased during cold 
storage and approximately doubled during 
6 days at 1°C. A decrease in the glucose 
content of the leg and thigh muscle of the 
younger birds during storage was unusual 
in that it did not follow the pattern of the 
other samples.

Since fructose is the only important keto 
sugar in chicken muscle (Table 1), the 
results in Table 2 indicate that fructose 
increased in all samples during storage.

Ribose was present only in trace amounts 
in muscle of freshly killed chicken, and, 
although it increased during storage, it 
was still present at very low levels (Table 
2). In this respect chicken differs from 
beef, veal, and fish. In certain fish free 
ribose is found only post-mortem, and may 
increase to levels higher than those of glu
cose (Tarr, 1954; Jones, 1958). Ribose 
content of beef and veal, though variable, 
appears to be much higher than that of 
chicken (Tarr, 1954; Grau et al., 1960). 
According to Wood (1961), ribose is an 
important flavor precursor in beef. Con
sidering the low levels of ribose in chicken
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Table 2. Inositol and free sugars of chicken muscle—effect of storage at 1°C for 1 to 6 days.
Leg and thigh Breast

Young a Old b Young Old
Mg inositol/100 g dry muscle

Fresh c 122rt 126” 86" 87- 52" 48 ' 39" 33 '
24 hour storage at 1°C 148 161 120 120 72 72 50 49
Fresh 135 140 117 120 54 57 26 28
6 day storage at 13C 188 201 147 149 80 82 38 41

Mg glucose/100 g dry muscle *
Fresh 188 155 141 105
24 hour storage at 1 ° C 139 186 236 272
Fresh 156 122 118 115
6 day storage at 1°C 116 298 289 272

Mg keto sugar/100 g dry muscle as fructose f
Fresh 10 15 13 13
24 hour storage at 1 ° C 22 24 44 42
Fresh 15 8 13 9
6 day storage at 1°C 22 39 50 40

Mg ribose/100 g dry muscle E
Fresh 1 1 3 less than 1
24 hour storage at 1 ° C 4 3 5 1
Fresh 1 1 1 1
6 day storage at 1° C 9 6 14 7
* Thirteen-week New Hampshire pullets. 
b Eighteen-month-old New Hampshire hens.
c Leg and thigh, 15 min post-m ortem ; breast, 30 nun post-mortem.
" Method of Dixon and Lipkin (1954) as modified by Agranoff et al. (1958).
'M ethod  of H irst and Jones (1949).
f Method of Roe ( 1934)
'M ethod  of Mejbaum (1939).

Table 3. Periodate oxidizable substances in glucose equivalents ( mg/100 g dry m uscle).
Leg and thigh Breast

Y oung « Old 1 Young Old
Obs.1- Calc.'1 Diff.«* Obs. Calc. Diff. Obs. Calc. Diff. Obs. Calc. Diff.

Fresh ' 
24-hour

328 309 19 268 244 24 214 195 19 153 143 10
storage at 1° C 301 301 0 302 211 9 335 332 3 358 342 16

Fresh 312 292 20 242 236 6 190 179 11 161 147 14
6 day storage at 10 C 329 317 12 484 462 22 421 407 14 362 346 16

" Thirteen-week-old N.H. 
b Eighteen-month-old N.H.
'  Periodate-oxidizable substances in glucose equivalents by method of H irst and Jones (1949). 11 Total reducing substances by sum of inositol, glucose, keto sugar, and ribose as determined 

individually but recalculated in terms of glucose equivalents by periodate oxidation method.'  Difference between observed and calculated.
' Leg and thigh, 15 min post-mortem ; breast, 30 min post-mortem.
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it would seem that glucose and fructose 
may be more im portant than ribose as 
flavor precursors in chicken.

The post-mortem changes in free sugars 
of chicken muscle are similar to those 
reported for fish (T arr, 1954; Jones, 1958; 
Burt, 1961) and veal (G rau et a l, 1960).

Estimation of total reducing sugars. Sam
ples of the various extracts were analyzed 
for total reducing substances by the peri
odate method. The results, in glucose 
equivalents, were compared with the sum 
of the components determined individually, 
which were also expressed as glucose equiv
alents. These data (Table 3) indicate that 
all but minor amounts of reducing sub
stances were accounted for by inositol, glu
cose, fructose, and ribose. If a specific cor
rection for inositol is applied, this method 
would appear to give a more reasonable 
estimate of free reducing sugars in muscle 
than the usual nonspecific methods for re
ducing sugars.
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SUMMARY
Ficin can no t hydro lyze native co llagen. Collagen can be degraded  by 

th is enzym e oidy a f te r  it  has been  d e n a tu red  by heat, low pH , o r  h ig h  salt 
concen tra tions. T h is  ap p ears  to be tru e  also fo r  the  ac tion  o f b rom elain , 
pap a in , an d  trypsin  on collagen.

The use of proteolytic enzymes for tender
izing meat is increasing rapidly. This ten
derizing effect may depend to some extent 
on the ability of the enzymes to degrade 
collagen. I t  is not clear from the literature, 
however, whether proteolytic enzymes other 
than the Clostridium collagenases can de
grade collagen.

Investigations of a series of bacterial and 
mold enzymes by Mandl ct al. (1958) indi
cated that, under physiological conditions of 
pH  and temperature, only the enzymes 
produced by Clostridium histolyticum  and 
Clostridium welch'd are capable of hydrolyz
ing native collagen. This is supported by 
data of Dresner and Schubert (1955), Neu
man and Tytell (1950), and Sherry et al.
(1954). Springell (1955), however, re
ported that native collagen is comparatively 
resistant to both Clostridium histolyticum  
collagenase and trypsin.

Collagen appears to be readily digested by 
pepsin in acid solution (pH  1-2) (Sizer, 
1949a; Neuman and Tytell, 1950). Pepsin 
at pH  1.5-1.7 has been used to determine the 
quality of meat. Smorodintsev (1934) and 
Smorodintsev et al. (1939) found that first- 
grade meat is digested 20-30%  better than 
second-grade meats, because of an approxi
mately 65% decrease in rate of hydrolysis 
of collagen fibers compared with pure muscle 
fibers (Smorodintsev and Adova, 1935). 
In general, the results of Grau and Hamm

* Presented at 22nd Annual Meeting of Institute 
of Food Technologists, Miami Beach, Florida, 
June 10-14, 1962.

b Present address: John M orrell and Company, 
Sioux Falls, South Dakota.
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(1951) support this conclusion. Observed 
pepsin action on collagen may be due to 
an attack on denatured collagen formed by 
the acid conditions used in the assay (Gus- 
tavson, 1956; Fokina, 1937; Cassel and 
McKenna, 1954; Courts, 1960).

Collagen is found to be relatively resistant 
to hydrolysis by trypsin (Grassm au et al., 
1937; Neuman and Tytell, 1950; Sizer, 
1949b; Springell, 1955; Mandl et al.. 1958; 
Dresner and Schubert, 1955; Gustavson,
1956) and by chymotrypsin and papain 
(Neum an and Tytell, 1950).

On the other hand, W ang et al. (1958), 
by use of histological techniques, found that 
ficin, papain, bromelin, and trypsin, when 
used at high concentrations (2 .5 -5 .0% ), 
possess collagenase activity at 23-25 CC. 
The microbial enzymes H T  proteolytic, 
Hydralase D, and Hydralase T P  had little 
or no collagenase activity. Miyada and 
Tappel (1956b) reported that bromelin, 
ficin, trypsin, Rhozyme P-11, and papain 
all digest collagen of freeze-dried biceps 
femoris muscle when incubated 1 hr at 60CC. 
Sherry ct al. (1954) found that papain and 
ficin digested collagen at pH  2.0-4.5. H ow
ever, they presented evidence that the native 
collagen at the low pH  undergoes a reversi
ble alteration that renders it susceptible to 
these enzymes. Grant and Alburn (1960) 
reported that trypsin, chymotrypsin, elastase, 
and endopeptidase from procarboxypeptidase 
A all solubilized collagen in the presence of 
calcium salts, salicylates, arginine, creatinine, 
and guanidine.

This work was conducted to provide de
tailed information on the collagenase activity 
of ficin and to compare this activity with



J .  R. I I I N R I C I I S  A N D  J .  R. W H I T A K E R 251

the collagenase activity of bromelain, papain, 
trypsin, H T  proteolytic, and fungal protease.

M ATERIALS AND METHODS
Collagen was prepared by method B of Baker 

c t al. (1954) from Achilles tendons of cattle. 
The final purified product was freeze-dried for 
3 days in a Stokes 2004L lyophilizer a t a pressure 
of 0.1 mm and plate tem perature of 27° C. It 
was then mixed with a large amount of dry ice 
and passed through a  W iley Mill equipped with a 
20-mesh screen. The collagen was stored a t —27° C. 
Kjeldahl nitrogen content was 17.1%, which is in 
agreement with reported values (M iyada and Tap- 
pel, 1956a, 16.98%; Salo, 1949a, 17.25%; Jacob
son and Lollar, 1951, 17.2%). M oisture content 
was 6.0% as determined in a vacuum oven.

Ficin was obtained from Merck and Co., H T  
proteolytic and fungal protease enzymes from 
Miles Chemical Co., trypsin (2X crystalline) from 
Nutritional Biochemicals Corporation, papain 
( “Panol,” purified) from Biddle Sawyer Corpora
tion, and bromelain from Dole Corporation.

Measurement of activity was very similar to 
the method used by Mandl e t al. (1958). Collagen, 
ranging from 25 to 150 mg, was weighed into 
13 X 100-mm tubes. Then the following were added 
to each tube: 0.10 ml versene (0.25AQ, 0.10 ml 
mercaptoethanol or cysteine (0.25M ), 0.40 ml 
buffer (0.5M ) ,  other additives, enzyme, and water 
to bring the total to two ml. For nonsulfhydryl 
enzymes, versene and mercaptoethanol were re
placed with water. After a reaction period of 
30 min with stirring, 3 ml of 5% trichloroacetic 
acid were used to stop the reaction. The tubes 
were allowed to stand for one hour and then 
centrifuged, and the supernatant liquid removed. 
Amount of proteolysis was determined on the 
supernatant liquid by optical density measure
ments at 280 mp, ninhydrin method (M oore and 
Stein, 1954), and in certain cases by the micro- 
Kjeldahl method as modified by Johnson (1941). 
Reported values are averages of 2-5 experiments. 
pH was determined on separate reaction mixtures 
with a Beckman Model G pH  meter.

RESULTS AND DISCUSSION
Effect of pH  and tem perature. Effect of 

pH  and tem perature on solubilization of col
lagen by ficin is shown in Tables 1 and 2 
and Figs. 1 and 2. Only a small amount 
of collagen is solubilized by ficin a t pH  4.5 
and above. The percentage solubilized at 
pH  7.0 and 35°C is independent of ficin 
concentration (0.5-2.0 mg) (Fig. 2) and 
the amount of collagen used (25-150 mg

collagen per assay tube), indicating that a 
small fraction (approx 10% ) of the collagen 
is capable of being solubilized under these 
conditions but that the remainder cannot 
be attacked. Trypsin, bromelain, and papain 
were also able to solubilize collagen to the 
same extent under these conditions (Fig. 1). 
Below pH  4.5, collagen is solubilized quite 
rapidly, with a pH  optimum near 2.9 at 
35 °C and an incubation time of 30 min. 
Two mg ficin is able to solubilize 25 mg 
collagen completely in 30 min at 35°C and 
pH  2.9 (Fig. 2 ). Study of the split prod
ucts formed under the conditions just de
scribed indicates that only 4.3% of the 
peptide linkages involving «.-amino acids are 
split (ninhydrin assay at 570 mp,).

If a sample of collagen is held 1 hour at 
pH  2.03 and 35°C and then treated with 
ficin after the pH  is adjusted to 6.48, there 
is 49% solubilization of collagen, compared 
to 8.75% with a sample held for 1 hour 
at pH  6.48 and 35°C before enzyme treat
ment (Table 2). The available evidence 
indicates that ficin is able to digest collagen 
at pH  2—4.5 because there is a slow dena- 
turation of collagen in this pH  range. This

pH
Fig. 1. Effect of pH  on solubilization of col

lagen by ficin ( O ) .  bromelain ( • ) ,  papain (X ), 
and trypsin (4-). Reactions carried out a t 35°C 
for 30 min, 25.0 mg collagen, 0.50 mg enzyme, and 
reaction volume of two ml. 1.25 X  10~2M  versene 
and mercaptoethanol as activators for ficin, brome
lain, and papain.
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Fig. 2. Effect of ficin concentration on percent 
solubilization of collagen at pH 7.0 (O K  and pH 
2.86 (X ). Reactions carried out a t 35°C, for 
30 min, 25.0 mg collagen, and reaction volume 
of two ml. 1.25 X 10~*M versene and mercapto- 
ethanol as activators.

is in agreement with results of Sherry et al.
(1954). The degree of solubilization falls 
off on the acid side (below pH  2.9) because 
of rapid inactivation of the enzyme, not be
cause the collagen is not denatured. This 
is indicated by the effect of temperature 
on the amount of solubilization by ficin 
(Table 1).

While the temperature optimum for solu
bilization of collagen by ficin is near 35°C 
at pH  2.9, at higher pH  values, where ficin 
is more stable, there is a marked increase 
in percentage solubilization at 60°C (Table
1). That this increase in solubilization is 
due to denaturation of collagen with sub
sequent enzymatic activity can be shown by 
holding a suspension of collagen (pH  5.7) 
for 30 min at 60°C, and then treating with 
ficin for 30 min at 35°C. There is a 35% 
solubilization of collagen under these con
ditions, the same as when the enzymatic 
solubilization is carried out at 60° C.

Effect of other enzymes. Bromelain and 
papain also solubilize collagen maximally at

pH  2-4.5. Trypsin shows no activity in this 
range. A t pH  6-7  all these enzymes show 
the same slight solubilization of collagen. 
H T  proteolytic and fungal protease enzymes 
showed no activity on collagen even though 
they degraded casein quite rapidly.

Effect of other factors. Gross et al.
(1955) showed that the extent of digestion 
of collagen is dependent on the method of 
preparation. Data of Table 2 indicate that 
the methods of preparation used in the pres
ent work did not influence the degree of 
solubilization.

Increase in sodium chloride concentration 
produced a small but significant increase in 
solubilization of collagen (Table 2 ). This 
is in agreement with the results of Hamm
(1955) and Sizer (1949b). The effect of 
sodium chloride is to increase the solubility 
of collagen (Pavlov, 1938; Salo, 1949b; 
H arrington, 1958). Calcium chloride did 
not increase the solubilization of collagen by 
ficin (Table 2) ; in fact, there was a small 
decrease. This is in contrast to the report 
of Grant and Alburn (I960) that calcium 
chloride increased not only the solubility 
of rat-tail collagen but its digestibility by 
trypsin, chymotrypsin, elastase, and endo- 
peptidase from procarboxypeptidase A. Ly
sine did not affect the degree of solubiliza
tion of collagen by ficin, but there was a 
significant increase in the presence of argi
nine (Table 2). The latter is in agreement 
with the results of Grant and Alburn (1960).

Ficin, bromelain, papain, and trypsin can
not solubilize collagen until it has been de
natured. Denaturation produces a swelling 
of the collagen fillers so that enzymes can 
penetrate and attack them. Collagen in meat 
is not attacked by these enzymes at low tem
peratures, but is degraded quite rapidly at 
elevated temperatures (60-70°C ). If the 
meat is properly cooked, the collagen will 
also be converted to gelatin under the influ
ence of moist heat and will not contribute to 
toughness. On the other hand, elastin be
comes more rigid on heating. It has re
cently been shown that elastin is solubilized 
quite rapidly by ficin even at low tem pera
tures (Yatco-M anzo ancl W hitaker, 1962). 
Conditions for the solubilization of elastin 
by ficin are optimum at pH  5.5 and 55°C.
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Table 1. Effect of pH and tem perature on solubilization of collagen with ficin.a
Temp.(°C)

% Solubilization at pH :
1.90 2.60 2.86 3.30 4.50 5.50 6.95 7.80 9.20

25 43.8
35 25.8 63.7 75.5 29.5 5.44 7.31 7.78 8.90 8.44
40 62.0 24.4 7.50 8.90 10.8 11.1 10.7
45 42.3 33.3 16.2 15.0 12.7 12.7 13.1
50 35.1
55 25.2
60 0.94 28.5 36.8 35.4 33.3 40.4 35.4
a Reactions carried out for 30 min, 2S.0 mg collagen, 0.50 mg enzyme, and reaction volume 

of two ml. 1.25 X 10W1/ versene and mercaptoethanol as activators.

Table 2. Effect of several factors on solubilization of collagen by ficin.
Factor Condition % solubilization

Method of preparation of substrate a Freeze-dried tendon “ 9.00
Ground freeze-dried tendon c 11.6
Purified native collagen d 8.62

P rior pH  trea tm en te 1 hr at pH  6.48, 35 °C 8.75
1 hr at pH  2.03, 35 °C 49.1

Additive NaCl ( M ) 1
0.0 3.20
0.2 5.95
0.4 7.02
0.8 9.24

CaCl2 (M )s
0.0 16.4
0.16 13.3
0.32 12.8
0.40 11.2

0.2M  lysine 8 15.7
0.2M  lysine +  0.14/ CaCls8 14.4
0.24/ arginine 8 33.1
0.24/ arginine +  0.14/ CaCB 8 33.2

a Reaction carried out at pH 8.0, 35°C, for 30 min, 25.0 mg collagen, 1.0 mg enzyme, and 
reaction volume of two ml. 1.25 X 10 '.U versene and cysteine as activators.

“ Tendons cut into approx 2 X 2-nun pieces, ether-extracted, and freeze-dried.
“ As in b except ground through Wiley Mill using 20-mesh screen.
“ Prepared by method B of Baker c t al. (1954).
“ A fter pH treatment, reaction carried out at pH 6.48, 35°C, for 30 min, 25.0 mg collagen, 

0.50 mg enzyme, and reaction volume of two ml. 1.25 X 10"24 / versene and mercaptoethanol as 
activators.

'R eaction  carried out at pH 7.0, 35°C, for 30 min, 150.0 mg collagen, 0.50 mg enzyme, and 
reaction volume of two ml. 1.25 X 10"24 / versene and mercaptoethanol as activators.

8 Series of reactions carried out with different preparation of ficin. Reaction mixture con
tained 25.0 mg collagen, 1.25 X 10~24 /  versene, and cysteine and additive at pH 5.7. Incubated 
1 hour at 25 UC. Reaction with ficin carried out at 35 °C, for 30 min, 0.50 mg enzyme, and 
reaction volume of two ml.
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SUMMARY
A po la ro g rap h ic  m ethod  fo r  m easu rin g  th e  m olecu la r oxygen co n ten t of 

foods is described. O xygen conten ts d e te rm in ed  by the  m ethod  were o f the  
sam e o rd e r o f m ag n itu d e  as perox ide  oxygen values o f non -ran cid  fa ts  an d  
oils. Factors th a t con tro lled  th e  m o lecu la r oxygen co n ten t o f dehydra ted  foods 
were p e rcen t m o is tu re , su rface  a rea , p a rtia l p ressu re  o f oxygen, an d  ab so rb 
ab ility  o f o th e r  gases in  th e  headspace.

One reason for the interest of the U. S. 
armed forces in dehydrated foods, aside 
from the logistic advantage, is the desire 
to have rations with long storage life. O xy
gen limits the stability of dehydrated foods 
by initiating reactions that lead to such 
defects as rancidity, loss of nutritional value, 
and discoloration. W e therefore investi
gated methods for measuring molecular 
oxygen in dehydrated foods, and the con
ditions that affect their affinity for oxygen.

It is common practice to measure the 
uptake of oxygen by foods at elevated tem 
peratures with the W arburg apparatus or 
by similar techniques. Frequently, this is 
done without regard to the fate of the oxy
gen after uptake. The purpose of this 
work was to measure the oxygen that is 
held by the food and remains in the molec
ular form still unreacted with the food com
ponents. This oxygen may be held by 
physical entrapment, by chemisorption, or,

a This paper reports research conducted by the 
Quarterm aster Food and Container Institute for 
the Armed Forces, QM Research and Engineer
ing Command, U. S. Army, and has been as
signed no. 2171 in the series of papers approved 
for publication. The views or conclusions are 
those of the authors and not to be construed as 
necessarily reflecting the views or indorsement of 
the Department of Defense.

b Respective present addresses: Veterans A d
ministration, Chicago, Illinois ; Food and Drug 
Administration, W ashington, D. C. ; Minneapolis- 
Honeywell Regulator Company, Hopkins, Minne
sota.

to a lesser degree, by physical adsorption. 
I t seems reasonable that molecular oxygen 
in close proximity to oxidizable components 
of the foods may be responsible for initiating 
oxidative deterioration. Knowledge of this 
oxygen content might therefore provide ad
vance information on the inherent stability 
of a product.

Considerable attention has been given to 
direct measurement of the oxygen content 
of biological materials (Brezina and Zuman, 
1958; Kolthoff and Lingane, 1952) but not 
of dehydrated foods. Usually, the molecular 
oxygen content of dehydrated foods is es
timated indirectly by measuring the concen
tration of oxygen released to the headspace. 
During the release of oxygen the food 
product may be enclosed in an evacuated 
chamber (H aller and Holm, 1947) or may 
be placed in an atmosphere of nitrogen 
(Lea ct al., 1943). The W inkler manganous 
hydroxide method (A P H A , 1955) was used 
for some of the work reported here. Be
cause of its limitations in this application, 
however, most of the work was done by the 
polarographic method described below. 
Since the polarographic method was re
sponsive to differences in moisture content, 
processing, and headspace gas composition, 
it offers promise of being useful in stability 
studies and in defining characteristics that 
would be expected to provide good stability.

EX PER IM EN TA L
The standard W inkler method for dissolved 

oxygen (A P H A , 1955) was found to be appli-
[ 255 ]
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cab le  to  m e a s u re m e n t  o f th e  o x y g e n  c o n te n t  o f 
s ta rc h  d is p e rs e d  in  d e o x y g e n a te d  -w ater. In  th is  
m e th o d , d is so lv e d  o x y g e n  c o n v e r ts  m a n g a n o u s  io n  
to  m a n g a n ic  ion , w h ic h  in  t u r n  re le a s e s  io d in e  
f ro m  p o ta s s iu m  io d id e  in  a m o u n ts  e q u iv a le n t  to  
th e  d is so lv e d  o x y g e n . T h e  io d in e  is  m e a s u re d  by  
t i t r a t io n  w ith  s ta n d a rd  s o d iu m  th io s u lf a te  so lu 
tio n . T h e  s ta r c h  s e rv e d  a s  th e  in d ic a to r .  T h is  
m e th o d  w a s  n o t  a p p lic a b le  to  d e h y d ra te d  fo o d s .

A p p lic a b le  to  s e v e ra l  m a te r ia ls  w a s  a  m o d ific a 
tio n  of th e  p o la ro g r a p h ic  m e th o d  d e s c r ib e d  b y  
P e te r in g  a n d  D a n ie ls  (1 9 3 8 ) a n d  b y  K a r s te n  
( 1939) fo r  m e a s u r in g  th e  o x y g e n  c o n te n t  of 
so ils . I n  p r in c ip le , th is  m e th o d  d e p e n d s  o n  th e  
re d u c tio n  o f m o le c u la r  o x y g e n  a t  th e  d ro p p in g  
m e rc u ry  e le c tro d e . I n  o u r  m o d if ic a tio n , th e  d r o p 
p in g  m e rc u ry  e le c tro d e  w a s  in s e r te d  a p p r o x 
im a te ly  1 1/> in . th r o u g h  a  ru b b e r  s to p p e r  in to  a  
1-oz j a r  c o n ta in in g  30 m l of d e o x y g e n a te d  O.liV 
p o ta s s iu m  c h lo r id e  s o lu tio n  a n d  a  T e f lo n -c o v e re d  
1-in. m a g n e tic  s t i r r i n g  b a r . T h e  s o lu tio n , c o n 
ta in e d  in it ia lly  in  an  8 -L  P y r e x  g la s s  r e s e rv o ir ,  
w a s  d e o x y g e n a te d  by  s p a rg in g  w ith  w a te r -p u m p e d  
n i tro g e n  f ro m  w h ic h  t r a c e s  o f o x y g e n  w e re  r e 
m o v e d  by  p a s s in g  o v e r  h o t  c o p p e r  tu rn in g s .  T h e  
1-oz j a r  w a s  filled  b y  s ip h o n in g  f ro m  th e  r e s e r 
v o ir . T lfe  o th e r  h a lf  o f th e  ce ll c o n s is te d  o f a  
H i ld e b ra n d - ty p e  s a tu ra te d  c a lo m e l e le c tro d e , th e  
a rm  of w h ic h  w a s  in s e r te d  th r o u g h  th e  ru b b e r  
s to p p e r .

A f te r  m e a s u re m e n t  o f th e  re s id u a l  c u r r e n t  
flow  (s e e  “ C irc u i t ry ,”  b e lo w ) ,  a  1.00-g q u a n t i ty  
o f p u lv e r iz e d  fo o d  w a s  in tro d u c e d  in to  th e  j a r .  
T h e  s t i r r i n g  b a r  w a s  th e n  a c tu a te d  a t  in te rv a ls  
by  m o v in g  a  secon d  b a r  b e lo w  th e  j a r  in  such  
a  m a n n e r  th a t  th e  s u rf a c e  o f th e  fo o d -e le c tro ly te  
su sp en s io n  w a s  n o t a g ita te d .  T h e  sea l p ro v id e d  
by  th e  ru b b e r  s to p p e r  w a s  d e p e n d e d  u p o n  to  
m a in ta in  a n  a i r - t ig h t  sy s te m  d u r in g  e q u ilib ra tio n  
o f th e  o x y g e n  o f th e  fo o d  so lid s  w ith  th e  d e 
o x y g e n a te d  so lu tio n . T h r e e  c u r r e n t  re a d in g s , 
ta k e n  b e tw e e n  s t i r r i n g  in te rv a ls ,  w e re  re c o rd e d  
a n d  a v e ra g e d . E q u i l ib ra t io n  w a s  c o n s id e re d  to  
be c o m p le te  w h e n  th e  r a n g e  of re a d in g s  a g re e d  
w ith in  on e  g a lv a n o m e te r  sca le  d iv is io n , e q u iv a le n t  
to  0 .0 4 7 g .l/ o f o x y g e n  p e r  g ra m . R e a d in g s  o f 
± 0 .0 5 g . l /  o f o x y g e n  p e r g ra m  re p re s e n t  th e  
m a x im u m  re p ro d u c ib i l i ty  of th e  m e th o d , in  i ts  
p re s e n t  s ta te , fo r  d u p lic a te  sam p le s . T h e  d if 
fe re n c e  in  d iffu s io n  c u r r e n t ,  m e a s u re d  b e fo re  a n d  
a f te r  a d d itio n  o f th e  sam p le , w a s  re la te d  to  th e  
o x y g e n  c o n te n t  b y  a  c a l ib ra t io n  c u rv e . A ll  m e a s 
u re m e n ts  w e re  m ad e  a t  ro o m  te m p e ra tu re .

E le c tro d e s .  In  a d d i t io n  to  th e  d ro p p in g  m e r 
c u ry  e le c tro d e , w h ic h  h a s  b een  u se d  e x te n s iv e ly  
in  m e a s u re m e n t  o f th e  d is so lv e d  o x y g e n  c o n te n t  
o f b io lo g ic a l m ed ia  ( B re z in a  a n d  Z u m a n , 1958 ; 
K o l th o f f  a n d  L in g a n e , 1 9 5 2 ), o th e r  m e a s u re m e n ts

w e re  m ad e  w ith  a  s e lf -c o n ta in e d  p la t in u m  c a th o d e -  
s ilv e r  a n o d e  e le c tro d e  sy s te m  c o v e re d  w ith  a  
p o ly e th y le n e  m e m b ra n e  ( W a ta n a b e  a n d  L e o n a rd ,  
1 9 5 7 ). L ise o f th is  e le c tro d e  p e rm it te d  c o n tin u o u s  
ro ta t io n  o f th e  b a r  m a g n e t  d u r in g  c u r r e n t  m e a s 
u re m e n ts .  E q u i l ib r iu m  c u r r e n t  v a lu e s  a s  s h o w n  
b y  s ta b le  re a d in g s  d u r in g  a  6 -m in  in te rv a l  w e re  
re c o rd e d .

C irc u it ry .  E a r l i e r  m e a s u re m e n ts  w i th  th e  d r o p 
p in g  m e rc u ry  e le c tro d e  w e re  m a d e  w ith  a  s im p li
fied  e le c tr ic a l  c irc u i t  s im ila r  to  th a t  d e s c r ib e d  by  
H e y ro v s k y  (1 9 5 1 ) .  L a t e r  m e a s u re m e n ts  w ith  
e i th e r  th e  m e rc u ry  o r  p la t in u m  e le c tro d e  w e re  
m ad e  w ith  a  r e c o rd in g  M o d e l X X I  S a r g e n t  
p o la ro g r a p h  ( n o  e n d o r s e m e n t  im p lie d ) .

S p e c if ic i ty  o f  th e  m e th o d  f o r  m o le c u la r  o x y g e n . 
S o m e  sp e c ific ity  w a s  a s s u re d  by  m a k in g  a ll  
m e a s u re m e n ts  a t  a n  a p p lie d  p o te n tia l  o f — 0.6 
v o lt , w h ic h  is on  th e  p la te a u  o f th e  f i r s t  o f th e  
tw o  w a v e s  fo r  o x y g e n  g iv e n  b y  th e  d ro p p in g  
m e rc u ry  e le c tro d e  (K o l th o f f  a n d  L in g a n e ,  1 9 5 2 ). 
A t  th is  p o te n tia l,  m o le c u la r  o x y g e n  is  re d u c e d  
to  h y d ro g e n  p e ro x id e . I n  th e  ca se  o f th e  p la t in u m  
e le c tro d e  th e re  is o n ly  on e  o x y g e n  w a v e , a n d  
th e  o n ly  r e a c tio n  o c c u r r in g  in  p u re  o x y g e n a te d  
so lu tio n s  is re d u c tio n  o f o x y g e n  to  h y d ro g e n  p e r 
o x id e  (B r e z in a  a n d  Z u m an , 19 58 ; K o l th o f f  a n d  
L in g a n e , 1 9 5 2 ).

T h e  sp ec ific ity  o f th e  m e th o d  w a s  c o n firm e d  
b y  th e  a d d itio n  of g lu c o se  o x id a s e  a n d  g lu c o se  
to  fo o d -e le c tro ly te  s u sp e n s io n s  c o n ta in in g  a p p r e 
c iab le  q u a n t i t ie s  of o x y g e n  a s  s h o w n  b y  c u r r e n t  
m e a s u re m e n ts . In  a ll c ase s  te s te d , a  seco n d  m e a s 
u re m e n t  o f th e  c u r r e n t  s h o w e d  n e g lig ib le  o x y g e n  
v a lu e s  w ith  e i th e r  e le c tro d e .

C a l ib ra t io n .  C a lib ra t io n  w a s  a g a in s t  O.LY 
p o ta s s iu m  c h lo r id e  so lu tio n s  c o n ta in in g  a  r a n g e  
o f d isso lv ed  o x y g e n  c o n c e n tra tio n s . T h e  re fe re n c e  
m e th o d  w a s  th e  s ta n d a rd  W in k le r  m e th o d  
( A P H A ,  1 9 5 5 ).

D e s ic c a tio n  o f  sam p le s . O n e -g r a m  sam p le s  of 
th e  p ro d u c t  w e re  c o n d itio n e d  f o r  a p p ro x im a te ly  
on e  w e e k  a t  2 3 9c r e la t iv e  h u m id ity  a t  2 2 °C . T h e  
sam p le s  w e re  th e n  t r a n s f e r r e d  to  O '/ t- re la t iv e -  
h u m id ity  d e s ic c a to rs  c h a rg e d  w i th  m a g n e s iu m  p e r 
c h lo ra te . S a m p le s  w e re  w i th d ra w n  a t  in te rv a ls  fo r  
o x y g e n  d e te rm in a t io n s .  M o is tu re  c o n te n ts  w e re  c a l
c u la te d  f ro m  th e  in i t ia l  m o is tu re  v a lu e s  by  fo l lo w 
in g  th e  w e ig h t  c h a n g e s  in  th e  d e s ic c a to r . A l l  p r o d 
u c ts  w e re  c o n d itio n e d  a t  7 2 °F  to  a v o id  a  d if fe re n c e  
b e tw e e n  th e  t e m p e ra tu re  o f c o n d itio n in g  a n d  th e  
te m p e ra tu re  o f th e  o x y g e n  m e a s u re m e n ts .

M o is tu re - s o rp t io n  is o th e rm s . T h e  d e s ic c a to r -  
e q u ilib r iu m  m e th o d  d e s c r ib e d  by  S la w s o n  a n d  
S a lw in  (1 9 5 8 ) w a s  u sed . R e la t iv e -h u m id i ty  v a l 
u e s  c o rre s p o n d in g  to  th e  m o is tu re  c o n te n ts  w e re  
d e te rm in e d  f ro m  th e  is o th e rm s .

M o is tu re  d e te rm in a t io n s .  S ta r c h  sam p le s  w e re
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d r ie d  o v e rn ig h t  a t  7 0 °C  in  a  v a c u u m  ov en . M e a t  
sam p le s  w e re  e i th e r  d r ie d  b y  th is  p ro c e d u re  o r  
f o r  5 h r  a t  100° C  in  a  v a c u u m  o v en .

Monomolecular moisture-layer values. T h e s e  
v a lu e s  w e re  c a lc u la te d  b y  th e  m e th o d  d e sc rib e d  
b y  S a l w in  (1 9 5 9 ) .  T h e  c o rre s p o n d in g  re la t iv e -  
h u m id ity  v a lu e  w a s  th e n  d e te rm in e d  by  in s p e c 
t io n  o f th e  is o th e rm .

Bulk volume. S ix  g ra m s  o f th e  m a te r ia l  w e re  
t r a n s f e r r e d  to  a  g r a d u a te d  c y lin d e r , w h ic h  w a s  
th e n  s h a k e n  a n d  ta p p e d  in  su c h  a  m a n n e r  a s  to  
s e t tle  th e  c o n te n ts  b u t  n o t  to  p a c k  th e m . T h e  
b u lk  v o lu m e  w a s  re c o rd e d  a s  cc  p e r  g ra m .

MATERIALS
Starch. T h is  m a te r ia l  w a s  r e a g e n t - g r a d e  so l

u b le  p o ta to  s ta rc h  c o n ta in in g  7 .0 %  m o is tu re .
Beef, freeze-dried. T h r e e  9 5 -g  p o r t io n s  o f a  

th o ro u g h ly  m ix e d  g ro u n d  b ee f sam p le  ( C u t t e r  
a n d  C a n n e r  G ra d e )  w e re  t r a n s f e r r e d  to  th re e  
60 0 -m l b e a k e rs . T w o  p o r t io n s  w e re  p re h e a te d  
to  in te rn a l  t e m p e ra tu re s  o f 60° C a n d  98° C ;  th e  
t h i r d  w a s  le f t  in  th e  u n c o o k e d  s ta te .  E a c h  p o r 
t io n  w a s  th e n  b le n d e d  fo r  1 %  m in  w ith  190 m b  
o f d is ti l le d  w a te r ,  s h e ll - f ro z e n  in  a  ro u n d -b o tto m e d  
flask , a n d  d e h y d ra te d  in  a  la b o r a to r y  ly o p h il iz e r . 
T h e  d r ie d  m a te r ia l  w a s  th e n  r e g ro u n d  in  a  
s h a rp -b la d e d  fo o d  b le n d e r . T h e  r e s u l t in g  p ro d u c t  
a v e ra g e d  3 .5%  m o is tu re .  T h e  fa t  c o n te n t  o f a ll 
sam p le s , r e g a rd le s s  o f p re h e a t  t r e a tm e n t,  w a s  
20 .2 % .

Chicken, freeze-dried. T h e  e n ti re  m u s c u la r  
t is su e , s k in  e x c lu d e d , o f a n  a l l -p u rp o s e  r o a s te r  
or f r y in g  c h ic k e n  w a s  th o ro u g h ly  g ro u n d  a n d  
p ro c e sse d  a s  d e sc rib e d  fo r  beef. T h e  re sp e c tiv e  
m o is tu re  a n d  f a t  c o n te n ts  o f th e  g ro u n d , d r ie d  
p ro d u c t  w e re  a p p ro x im a te ly  3 a n d  15 % .

Carrots, precooked, freeze-dried. C a r r o ts  w e re  
c lean ed , b lan ch e d , a n d  su lfited . A f te r  b e in g  
p re c o o k e d  fo r  15 m in  th e y  w e re  f re e z e -d r ie d  in  
a  V a c u d y n e  v a c u u m -fre e z e  d e h y d ra t io n  p la n t. 
F in a l  p la te  t e m p e ra tu re  w a s  49° C ;  t im e  o f f re e z e 
d ry in g , 18 h r .  M o is tu re  c o n te n t  o f th e  fin ish ed  
p ro d u c t  w a s  1 .1% .

Nitrogen. W a te r -p u m p e d  n i tro g e n , A i r  R e 
d u c tio n  C o m p an y .

H e liu m . G ra d e  A , N a tio n a l  C y lin d e r  G a s  
C o m p an y .

Nitrous oxide. U .S .P .,  O h io  C h em ica l C o m p an y .

RESULTS AND DISCUSSION
Magnitude of molecular oxygen values.

In common with indirect methods (Haller 
and Holm, 1947; Lea et al., 1943), the 
quantity of oxygen measured by the polaro- 
graphic method is the fraction of the total 
quantity that is released to the surrounding

medium. In this instance the electrolyte 
solution provided that medium.

The values reported below range from 
0.05 to 6.0^.ili of oxygen per gram of sam
ple. The values by all methods were in 
general agreement, although those obtained 
with the platinum electrode were somewhat 
higher (Table 1). The higher values may 
have been partly due to some diffusion of 
air into the solution. Literature values 
were not available for direct comparison, 
but some comparisons were possible. Haller 
and Holm (1947) reported oxygen values 
of 0.011-0.033 ml (approximately 0.4—1.3 
¡j,M ) per gram of dried milk. The gas was 
desorbed from the dried milk by evacuation 
for 6 hr at 70°C. Karsten (1939) found 
0.27fx.M oxygen per gram of garden-type 
loam (10% moisture) by the polarographic 
method. Emmett et al. (1938) found that 
air-dried Barnes soil adsorbed 1.0 ¡iM of 
oxygen per gram at 0°C at a partial pres
sure of 150 mm of oxygen. The soil was 
thoroughly degassed before oxygen was ad
mitted to their manometric system.

Although molecular oxygen values were 
low, they were of the same order of mag
nitude as peroxide values, to which con
siderable importance is attached. It is fre
quently specified that the peroxide values of

MOISTURE CONTENT,%  OF SO L ID S ( from desorption isotherm)

F ig .  1. E f fe c t  o f d e s ic c a tio n  on  th e  m o le c u la r  
o x y g e n  c o n te n t  o f s ta rc h . O x y g e n  c o n te n t  b y  
W in k le r  m e th o d  a n d  b y  d ro p p in g  m e rc u ry  e le c 
tro d e s .
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fats and oils be controlled during refining, in 
the range of 1-5 vaM per kg (or p.M/g) to 
assure optimum quality (Williams, 1950).

Factors controlling the quantity of mo
lecular oxygen. Moisture content. Fig. 1 
shows the effect of desiccation on the oxy
gen content of starch. With a stable prod
uct such as starch, where no consumption 
of oxygen by chemical reaction would be 
expected under these conditions, oxygen 
values increased rapidly in the moisture 
region below the monomolecular-layer value 
(Salwin, 1959). This relation between oxy
gen content and moisture content was 
demonstrated consistently over several trials, 
using the dropping mercury electrode and 
the Winkler methods. Fig. 2 also shows 
that the oxygen content of beef was higher 
at moisture contents below the monomolec
ular-layer value.

Monomolecular layer values in Fig. 2 
and in Table 1 exceed average values for 
freeze-dried meat processed in large-scale 
equipment by approximately 4% relative 
humidity. Laboratory freeze-dried meat had 
greater moisture-holding capacity, which re
sulted in higher monomolecular-layer values.

Karsten (1939) reported an inverse re
lation between oxygen content and moisture 
content of soil samples. Haller and Holm 
(1947) showed that the sorbed gas content 
of dried-milk samples decreased abruptly 
when moisture content exceeded 4%. They 
did not determine the possible influence of 
moisture content on their ability to remove 
sorbed gases by evacuation. The moisture 
content of the samples is not likely to be 
a factor influencing the technique reported 
here, because all samples were dispersed in 
water to displace the oxygen.

Once oxygen was bound to the three

dehydrated beef samples at 0% relative 
humidity (Fig. 2), it was not possible to 
displace it by exposing the samples again 
to an air atmosphere of 23% relative hu
midity. The oxygen content of the very 
low-moisture samples remained at their 
maximal levels after such a transfer. After 
oxygen had become bound to charcoal at 
room temperature, it was impossible to de
sorb it by evacuation (Adamson, 1960). 
Such behavior emphasizes the desirability 
of excluding oxygen from dehydrated foods 
during processing.

The data in Table 1 show the relation
ship of oxygen content to the moisture con-

M O ISTU RE CONTENT, %  OF SO L ID S  ( from desorption isotherms)

F ig . 2. E f f e c t  o f d e s ic c a tio n  o n  th e  m o le c u la r  
o x y g e n  c o n te n t  o f f re e z e -d r ie d  beef. O x y g e n  c o n 
te n ts  d e te rm in e d  w i th  p o ly e th y le n e -c o v e re d  p la t 
in u m -s ilv e r  e le c tro d e .

T a b le  1. E f fe c t  o f p ro c e s s in g  a n d  m o is tu re  c o n te n t  o n  m o le c u la r  o x y g e n  c o n te n t  of f re e z e -  
d r ie d  c h ic k e n  ( S a r g e n t  M o d e l X X I  p o la r o g r a p h ) .

Oxygen content, /¿mols/g
Platinum electrode Dropping mercury electrodeB u l k -------------------------------------------------------------------------------------------------------

Treatment volume(c c /g ) 0%  RH  (0.5%  HaO) 23 % RH  (5.4%  HsO) 0 % RH  (0.5%  HsO) 23%  RH  (5.4%  H 2O)
U n c o o k e d 11.4 3.7 4.7 2.4 3.6
P re c o o k e d  60 °C 6.0 1.3 1.0 0.7 0.8
P re c o o k e d  9 8 °C 5.5 0.9 1.1 0.6 0.8

M o n o m o le c u la r la y e r  v a lu e  = 4 .1 %  H = 0  (1 3 .7 % R H ) .
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tent of freeze-dried chicken. This product 
showed lower oxygen values upon desicca
tion below the monomolecular-layer mois
ture value of 4.1%. Fig. 3 shows the same 
relation between oxygen content and mois
ture content for freeze-dried carrots. At 
low moisture content the oxygen was ap
parently consumed by reaction with the un
saturated fat in these products. When the 
carrots were stored in air at room tem
perature, the oxygen contents decreased 
after the eleventh day (Fig. 3). They de
creased more rapidly when the moisture 
content was below the monomolecular layer 
value. During the same period the carotene 
content of the low-moisture samples de
creased, and the color faded. Apparently 
responsible for this further decrease in 
measurable oxygen was oxidation of the 
carotene.

The observations on these four products 
indicate that relatively stable materials 
exhibit a normal behavior of containing 
greater quantities of oxygen at lower mois
ture contents. A reversal in this pattern 
suggests that the sample under test is a

DAYS IN AIR AT ROOM TEMPERATURE

F ig .  3. E f f e c t  o f d e s ic c a tio n  a n d  s to ra g e  o n  th e  
m o le c u la r  o x y g e n  c o n te n t  o f  p re c o o k e d  f re e z e -  
d r ie d  c a r ro ts .  N o te :  S u lf i te  io n  in  n e u t r a l  s o lu 
t io n  re d u c e s  o x y g e n  ra p id ly  ( K o l th o f f  a n d  L in -  
g a n e , 1 9 5 2 ). H o w e v e r ,  th e  su lfite  c o n c e n tra t io n  
a s  d e te rm in e d  b y  th e  p o la ro g r a p h ic  m e th o d  of 
P r a t e r  et al. (1 9 4 4 ) w a s  o n ly  35 pp m , and th e  
p H  o f th e  e le c tro ly te  su s p e n s io n  w a s  5.6.

less stable material in which oxygen is 
being consumed by fats, pigments, or other 
components. This hypothesis is consistent 
with observations that low moisture levels 
are frequently conducive to oxidation (Lea,
1958).

F ig .  4. M o is tu re  a d s o rp tio n  is o th e rm s  o f f re e z e -  
d r ie d  beef.

Processing. Fig. 4 shows that uncooked 
freeze-dried beef and beef precooked to in
ternal temperatures of 60°C and 98°C had 
very similar moisture-sorption properties. 
Based on judgment formed from previous 
work in this laboratory (Salwin, 1959; 
Salwin and Slawson, 1959; Slawson and 
Salwin, 1958), the differences in moisture 
contents at a given relative humidity were 
not considered significant. On the other 
hand, the oxygen contents of freeze-dried 
beef were definitely lower when precooked 
(Fig. 2). The oxygen contents were ap
parently related to surface areas because 
the bulk volumes were: uncooked, 12 cc 
per gram; precooked to 60°C, 7 cc per 
gram; and precooked to 98°C, 6 cc per 
gram. The surface area controlled the oxy
gen content but not the moisture content. 
The same observations were made with 
freeze-dried chicken (Fig. 5 and Table 1).

These observations are consistent with 
those of Benson and Ellis (1948) and 
Benson and Richardson (1955). They re
ported similar findings for native and de
natured egg albumin. They concluded that 
the adsorption of water by proteins is a 
different process from the adsorption of 
oxygen or nitrogen, and that the protein 
particle presents no internal surface ac
cessible to either the oxygen or nitrogen 
molecule. They considered it highly probable 
that water adsorption is closely related to
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hydration of specific polar regions in the 
individual protein moelcules rather than 
nonspecific adsorption on the surfaces of 
large aggregates. They hypothesized that the 
water molecule must actually spread apart 
layers of protein to penetrate to the polar 
groups.

F ig .  5. M o is tu re  d e s o rp tio n  is o th e rm s  o f fre e z e -  
d r ie d  c h ick en .

Headspace gas composition. Since gases 
have different adsorbabilities on solids, 
their competitive effect on the adsorption 
of oxygen was tested. The adsorbability of 
oxygen is intermediate between the high 
adsorbability of nitrous oxide (Bancroft, 
1932) and the negligible adsorbability of

F ig . 6. E f f e c t  o f h e a d s p a c e  g a s  c o m p o s itio n  on
th e  m o le c u la r  o x y g e n  c o n te n t  o f s ta rc h .

helium (Adamson, 1960). Potato starch, 
conditioned to 0% and 1.25% relative hu
midity, was sealed in tin cans in oxygen- 
helium atmospheres and in oxygen-nitrous 
oxide atmospheres. The oxygen concentra
tions were 2, 10, and 20%. Included for 
comparison were air-packed samples (ap
proximately 21% oxygen, 79% nitrogen). 
After 3 weeks at room temperature, the 
oxygen content of the starch was determined 
polarographically. In every case the oxygen 
contents were lower in the samples sealed 
with nitrous oxide and highest in those 
sealed with helium. Oxygen values were 
also lower at 1.25% relative humditv than 
at 0% relative humidity (Fig. 6).
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SUMMARY
Lipoxidase demonstrated a typical protein inactivation response to heat 

as a function o f pH when heated at 65°C and 0.1 molar buffer. The enzym e 
was found to be very sensitive to ionizing energy when irradiated in pH 7 
buffer. This sensitivity was shown by a relatively low Do value (9  X 104 rad) 
and a rapid loss o f enzym e activity during post-irradiation storage. The 
results o f combined treatm ent o f the enzym e, in buffer, by heat and 
radiation showed that treatm ent order was im portant. Heating prior to 
irradiation produced inactivation proportional to the sum of the separate 
treatments, whereas the reverse order produced inactivation greater than that 
calculated from  the effect o f each treatment. This is in agreem ent with the 
above, where post-irradiation storage at 0°C m ay he likened to a m ild heat 
treatment. Addition o f 20%  pea solids to a buffered solution o f the enzyme 
afforded a six- to tenfold protection with respect to inactivation by heat, and 
a seventyfold protection against inactivation by ionizing radiation. Com
bined heat and irradiation treatment o f soybean lipoxidase, in the presence 
o f 20%  pea solids, showed that, in contrast to the results obtained in buffer, 
heat prior to irradiation produced greater enzym e inactivation than the re
verse order o f application o f the two types o f energy.

INTRODUCTION
The trend toward the use of relatively 

mild heat treatments in combination with 
physical or chemical techniques for preserv
ing food materials has emphasized a newer 
problem relating to the loss of quality that 
can take place in fresh food materials through 
the action of enzymes in the food.

Amounts of thermal energy sufficient to 
destroy microbial contamination are gener
ally adequate to inactivate all enzymes pres
ent in the food. Newer high-temperature 
short-time processes, however, present prob
lems in relation to enzyme regeneration 
(Guyer and Holmquist, 1954).

The inhibition of food spoilage organisms 
by freezing, drying, antibiotics, chemicals, 
or ionizing energy leaves the enzyme sys-

a C ontribution  no. 447 from  the D ep artm en t of 
N utritio n , Food  Science and Technology, M assa
chusetts In stitu te  of T echnology, C am bridge 39, 
M ass.

" P re se n t A d d re s s : A rth u r  D. L ittle  Co., C am 
bridge, M ass.

terns in the food generally unaltered. In 
some cases degradation is actually hastened 
by these catalysts, through concentration of 
the enzyme and substrate and through cell 
breakdown during the preservation process.

The work reported herein was undertaken 
to determine the combined effects known to 
cause deterioration in some foods (Wagen- 
knecht and Lee, 1958). These studies also 
had as an objective the determination of 
ways of optimizing processing conditions 
for enzyme inactivation with these forms 
of energy. The literature also shows that 
exact data are lacking on the inactivation 
kinetics of lipoxidase by thermal and ionizing 
energy. Therefore, the experimental work 
was divided into five parts:

1) The effect of heat on lipoxidase sus
pended in buffer at pH values of 4-9.

2) The effect of heat on lipoxidase sus
pended in pea puree.

3) The effect of irradiation treatment on 
lipoxidase suspended in pH 7 buffer and 
in pea puree.

[ 2 6 2 ]
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4) The combined effects of heat followed 
by irradiation treatment, and treatment in 
the reverse order, on lipoxidase suspended 
in pH 7 buffer.

5) The combined effects of heat followed 
by irradiation, and the reversal of the treat
ments, on lipoxidase suspended in pea puree.

The literature on each of the five phases 
of this study is quite extensive, especially 
on the effect of temperature and pH on 
the rate of loss of physiological activity 
of various proteins and enzyme systems. 
[The reader is referred to Laidler (1958), 
Reiner (1959), Levy and Benaglia (1950), 
and London et al. (1958) for a general dis
cussion of the effects of temperature and 
pH on the rate of loss of physiological ac
tivity of protein.]

Fricke (1952) and Leone et al. (1959) 
have discussed the combined effects of 
thermal and ionizing energy on crystalline 
egg protein. The results obtained in the 
present study, with soybean lipoxidase, are 
similar to those found bv the above workers. 
The implications of our results on the pres
ervation of food appear in the discussion 
section.

EXPERIMENTAL
Procedures. Assumptions. T h e  fo l lo w in g  a s 

su m p tio n s  w e re  m a d e : 1) a  f i r s t - o r d e r  r a t e  o f 
in a c tiv a tio n  o f  th e  e n zy m e  w i th  re s p e c t  to  t im e  
o f  h e a t  t r e a tm e n t ;  2 )  a b s o lu te  r a te  th e o ry  f o r  
th e  k in e tic s  o f  l ip o x id a s e  in a c tiv a tio n  b y  th e rm a l  
e n e rg y  (G la s s to n e  et al., 1 9 4 1 ).

Enzyme preparation. L y o p h il iz e d  p u r if ie d  s o y 
b e an  l ip o x id a s e  w a s  u se d , a  s in g le  o n e -g  sam p le , 
h e ld  a t  — 18°C , b e in g  su ff ic ien t fo r  a ll  e x p e r im e n ta l  
p u rp o s e s . A s s a y  b y  th e  m e th o d  o f B e r g s t r o m  a n d  
H o lm a n  (1 9 4 8 ) sh o w ed  t h a t  th e  en zy m e  p r e p a r a 
t io n  h a d  a n  a c t iv i ty  o f  a b o u t  4 .4 %  t h a t  of th e  
c ry s ta l l in e  l ip o x id a s e  p re p a re d  b y  th e  a b o v e  w o r k 
e rs . M e a s u re m e n t  o f o p tic a l  d e n s i ty  a t  280 a n d  
260 m/x (C o lo w ic k  a n d  K a p la n ;  19SS) in d ic a te d  
t h a t  th e  W o r th in g to n  p r e p a r a t io n  ( W o r th in g to n  
B io c h e m ic a l  C o., F re e h o ld ,  N . J . )  w a s  a b o u t 5 0 %  
p ro te in .

Stock enzyme. S to c k  so lu tio n s  o f th e  en zy m e , 
a t  a  d e s ire d  leve l o f a c t iv i ty ,  w e re  p r e p a re d  b y  
d is s o lv in g  a  w e ig h te d  q u a n t i ty  o f  th e  ly o p h iliz e d  
p re p a r a t io n  in  c h ille d  0.1.1/ b u ffe r  o f th e  a p p ro 
p r ia te  p H . T h e s e  so lu tio n s  a t  5 ° C  w e re  fo u n d  to  
be su ff ic ien tly  s ta b le  f o r  u se  o v e r  a  2 4 -4 8 -h r  
p e rio d , th o u g h  a  c o n tro l  w a s  a lw a y s  ru n  to  c h ec k  
a c tiv i ty . S in c e  th e  en zy m e  w a s  n o t  c ry s ta l l in e  
p u re , a ll  a c t iv i ty  m e a s u re m e n ts  w e re  b a s e d  o n  a

w e ig h t  c o n c e n tra t io n  o f th e  p re p a ra t io n ,  th e  a s 
su m p tio n  b e in g  th a t  th e  a c t iv i ty  m e a s u re d  o n  a  
w e ig h t  b a s is  w o u ld  d if fe r  o n ly  f ro m  th e  a c t iv i ty  
m e a s u re d  o n  a  m o le c u la r -w e ig h t  b a s is  b y  a  c o n 
s ta n t  fa c to r .

T h e  c o n c e n tra t io n  o f l ip o x id a s e  in  th e  s ta n d a rd  
s to c k  en zy m e  so lu tio n  w a s  a b o u t  0.3 m g  o f th e  
ly o p h iliz e d  p re p a ra t io n  p e r  m l. In d iv id u a l  sam p le s  
w 'ere  p r e p a re d  b y  d is p e n s in g  0.03 m l o f th e  s to c k  
so lu tio n , f ro m  a  1 -m l s y r in g e  f i t te d  w i th  a  m i
c ro m e te r ,  in to  th in -w a l le d  m e l t in g -p o in t  c a p i l la ry  
tu b e s . E a c h  tu b e , c o n ta in in g  a b o u t  9 /xg o f  th e  
en zy m e  p re p a ra t io n ,  w a s  s e a le d  w i th  a n  o x y g e n -  
g a s  f lam e  a n d  s to re d  a t  0 ° C  u n ti l  a ssa y e d .

Enzyme in pea solids. E n z y m e  p re p a ra t io n s  
c o n ta in in g  p e a  so lid s  w e re  m a d e  a s  fo l lo w s . D r ie d  
s p l i t  p e a s  ( a b o u t  8 %  m o is tu r e )  w e re  g ro u n d  in  
a  W ile y  m ill  a n d  s if te d  t h r o u g h  a n  8 0 -m esh  s ieve . 
O n e  g  o f  th e  r e s u l t a n t  f lo u r, f r e e  o f  c o ty le d o n s , 
w a s  m ix e d  w i th  5 m l o f  0.05AZ, p h o s p h a te -c i t r a te  
b u ffe r , p H  7, c o n ta in in g  0 .6 -0 .7  m g  o f ly o p h iliz e d  
l ip o x id a s e  p e r  m l. T h e  fin a l p H  w a s  7 .0  a n d  th e  
final c o n c e n tra t io n  o f  p e a  so lid s  w a s  2 0 %  b y  
w e ig h t. C a p i l la ry  tu b e s  w e re  filled  w i th  0.015 m l 
of th e  p u re e  to  g iv e  a  f in a l e n z y m e  c o n c e n tra t io n  
o f 7 ¡xg o f  l ip o x id a s e  p re p a r a t io n  in  e ac h  tu b e . A  
c o m p a r is o n  o f th e  a c t iv i ty  o f  th is  p re p a r a t io n  w ith  
tu b e s  c o n ta in in g  7 ¡xg o f  l ip o x id a s e  a n d  n o  p e a  so lid s  
sh o w ed  th a t  th is  p re p a ra t io n  h a d  a b o u t  7 0 %  o f 
th e  a c t iv i ty  o f  th e  e n zy m e  in  p H  7 b u ffe r . A ll  
a c t iv i tie s  w e re  e x p re s s e d  in  te rm s  o f  c o n tro ls  ru n  
w ith  e ac h  e x p e r im e n t. T h e s e  c o n tro ls  w e re  ru n  
to  c o m p e n s a te  fo r  sm a ll  v a r ia t io n s  in  a c t iv i ty  f ro m  
p re p a ra t io n  to  p re p a ra t io n .

Substrate preparation. T h e  s u b s tr a te  u se d  
th r o u g h o u t  w a s  m a d e  f ro m  9 9 %  p u re  lin o le ic  a c id  
( H o r m e l  F o u n d a tio n , A u s tin , M in n e s o ta )  h e ld  a t  
— 1 8 °C  in  a  n i tro g e n  a tm o s p h e re  u n d e r  re d u c e d  
p re s s u re .

S u b s tr a te  so lu tio n s  w e re  p re p a re d  f r e s h  e ac h  
d a y  b y  w e ig h in g  50 m g  o f lin o le ic  a c id  in to  a  
v o lu m e tr ic  f la sh  a n d  a d d in g  su ffic ien t 0 .1 M  s o d iu m  
b o ra te -b o r ic  a c id  b u ffe r , p H  8.9, to  g iv e  a  s u b 
s t r a t e  c o n c e n tra t io n  o f 1 m g /1  m l. T w e e n  20 
(0 .3  m g / m l ) ,  a d d e d  as  a n  e m u ls if ie r , d id  n o t  
a p p e a r  to  in te r f e re  w ith  th e  a c t iv i ty  o f th e  en zy m e  
a t  th e  c o n c e n tra t io n s  u se d  in  th e  a s s a y  s o lu tio n . 
T h e  c o n c e n tra t io n  o f th e  l in o le ic  a c id  in  th e  s to c k  
s o lu tio n  w a s  3.57m A /.

Buffer preparation. B u ffe rs , o f a  m o d ified  M c - 
I l lv a in  ty p e  (H o d g m a n ,  1 9 5 1 ), w e re  p re p a re d  by  
m ix in g  0 .1 3 /  d iso d iu m  p h o s p h a te  ( N a»H  P O ( ) w ith  
0.1.1/ c i t r ic  a c id  to  th e  d e s ire d  p H  a s  sh o w n  w ith  
a  B e c k m a n  M o d e l H - 2  g la s s -e le c tro d e  p H  m e te r . 
B o ra te  b u f fe r s  w e re  p re p a re d  b y  m ix in g  0.05 m o les  
o f so d iu m  b o ra te  w ith  0.05 m o les  o f b o r ic  a c id  
in  1 L  o f d is t i l le d  w a te r .

Enzyme assay technique. A  s p e c tro p h o to m e tr ic
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m e th o d , a d a p te d  f ro m  T a p p e l  ct al. ( 1 9 5 2 ) ,  w a s  
u se d  fo r  a ll  a s s a y  w o rk . T h e  fo llo w in g  p ro c e d u re  
w a s  s e lec ted  a f te r  a  p re l im in a ry  in v e s tig a tio n  of 
th e  e ffe c t  o f s u b s tr a te  a n d  en zy m e  c o n c e n tra t io n  
o n  th e  r a te  o f th e  re a c tio n .

A  c a p i lla ry  tu b e , c o n ta in in g  a b o u t 9 g g  o f en zy m e  
p re p a ra t io n  in  0.03 m l o f b u ffe r , w a s  p la c e d  in
2.7 m l of a e ra te d  0 .1 3 /  b o ra te  b u ffe r , p H  9, c o n 
ta in e d  in  a  h e a v y -w a lle d  16 X 13 9-m m  te s t  tube . 
T h e  c a p i lla ry  tu b e  w a s  c ru s h e d  w ith  a  g la s s  s t i r 
r in g  ro d , a n d  th e  s o lu tio n  w a s  th o ro u g h ly  m ix ed . 
T h e  c o n te n ts  o f th e  te s t  tu b e  w e re  p o u re d  d ire c t ly  
in to  a  4 -m l o n e -c m - lig h t-p a th  s ilic a  B e c k m a n  U V  
s p e c tro p h o to m e te r  a b s o rp tio n  cell. A t  z e ro  tim e , 
1 m l o f s u b s tra te  w a s  a d d e d  w ith  a  ra p id -f lo w  
p ip e tte , a n d  th e  cell w a s  c o v e re d  w ith  a  g la s s  c o v e r  
a n d  th e n  in v e r te d  to  m ix  en zy m e  a n d  s u b s tr a te  
so lu tio n .

O p tic a l  d e n s i ty  ( a t  234 m m )  of th e  re a c tio n  
m ix tu r e  w a s  re c o rd e d  a t  30 -sec  in te rv a ls  an d  
p lo tte d  a g a in s t  t im e  on  r e c ta n g u la r  g r a p h  p a p e r . 
T h e  s lo pe  o f th e  s t r a ig h t - l in e  p o r t io n  of th e  a c 
t iv i ty  c u rv e  w a s  fo u n d  to  be  p r o p o r t io n a l  to  e n 
zy m e a c tiv i ty . T h is  p ro c e d u re  g a v e  r e s u lt s  eq u a l 
to  th o se  o f th e  B e r g s t r o m - H o lm a n  m e th o d , c ited  
e a r l ie r .

A  ty p ic a l  v a lu e  fo r  th e  a c t iv i ty  o f th e  u n h e a te d  
e n zy m e  p re p a ra t io n ,  a t  a  c o n c e n tra t io n  o f 2.43 /¿g 
p e r  m l o f f in a l re a c tio n  m ix tu r e ,  w a s  0.600 O D  
p e r  m in . T o  s im p lify  th e  h a n d l in g  o f d a ta ,  a ll

a c t iv i t ie s  w e re  m u ltip lie d  by  1000 to  e l im in a te  th e  
d e c im a l p o in t. T h u s ,  th e  r a n g e  o f a c t iv i t ie s  m e a s 
u ra b le  w ith  re a s o n a b le  a c c u ra c y  ( p lu s  o r  m in u s  
3(/f ) w a s  a b o u t  10 -6 0 0  u n its  (0 .0 1 0 -0 .6 0 0  O D /  
m in ) .  F ig . 1 sh o w s th re e  su ch  a c t iv i ty  c u rv e s  an d  
a  p lo t  of e n zy m e  c o n c e n tra tio n  v e rs u s  a c t iv i ty .

A  m o d ific a tio n  o f th is  te c h n iq u e  w a s  u se d  to  
a s s a y  so y b ean  lip o x id a s e  in  th e  p re sen ce  o f p ea  
so lid s. In  th is  c a se  c a p i l la ry  tu b e s  w e re  c ru s h e d  
in 2.7 m l of b o ra te  b u f fe r  c o n ta in in g  a b o u t  10 -20  
m g  o f H y fk n v  S u p e r  C ell f i l te r  a id  ( J o h n s -  
M a n v ille  C e l i te ) .  T h e  th o ro u g h ly  m ix e d  c o n te n ts  
w e re  f i l te re d  by  m ild  s u c tio n  th ro u g h  a  s h e e t  of 
S T S  N o . 595 f i lte r  p a p e r  s u p p o r te d  b y  a  16 -m m  
B u c h n e r  fu n n e l, d i re c t ly  in to  a  1-cm  B e c k m a n  
U V  a b s o rp tio n  cell. R e a c tio n  t e m p e ra tu re  w a s  
a b o u t 20° C.

H e a t in g  te c h n iq u e . T h e  h e a t in g  a p p a r a tu s  u sed , 
a  m o d ic a tio n  o f t h a t  d e v e lo p ed  b y  S t e r n  a n d  
P r o c to r  (1 9 5 4 ) , is sh o w n  in  F ig .  2. T h in -w 'a l le d  
m e l t in g -p o in t  c a p i l la ry  tu b e s  w ith  a n  O D  o f less  
th a n  2 m m  w e re  u se d  th r o u g h o u t  th is  w o rk . C a l 
c u la tio n s  sh o w ed  th a t  a b o u t 10 sec  w e re  r e q u ire d  
fo r  th e  c o n te n ts  in  th e  c e n te r  o f th e  tu b e  to  r e a c h  
0.1 “C  o f b a th  te m p e ra tu re  fo r  a  7 5 °C  te m p e ra tu re  
rise . C o r re c t io n s  fo r  h e a t -p e n e tr a t io n  la g  w e re  
e s t im a te d  b y  e x tr a p o la t in g  th e  f i r s t - o r d e r  r a te -o f -  
d e s tru c t io n  c u rv e  o b ta in e d  fo r  h e a t in g  t im e s  lo n g e r  
th a n  10 sec . In  a ll  c ase s , th e  a c t iv i ty  o f a  t r e a te d  
en zy m e  p re p a ra t io n  ( N )  wras  e x p re s s e d  a s  a  r a t io
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F ig . 1. G ra p h ic  te c h n iq u e  u se d  in  th e  a n a ly s is  o f l ip o x id a s e  a c t iv i ty .
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o f t h a t  o f a n  u n tr e a te d  c o n tro l  ( N „ )  a ss a y e d  a t  
th e  sam e  tim e .

I r r a d i a t i o n  te c h n iq u e .  I r r a d ia t io n  w a s  p e r fo rm e d  
in  th e  C o60 s o u rc e  d e s c r ib e d  b y  D a v is o n  et al.
( 1 9 5 3 )  . T h e  d o se  ra te ,  a s  m e a s u re d  b y  fe r ro u s  
s u lfa te  d o s im e try  ( W e is s  ct al. 1 9 5 6 ), w a s  a b o u t 
165 X 103 r a d  p e r  h r ,  a n d  w a s  c o r r e c te d  fo r  
d e c a y  w ith  th e  fa c to r s  a p p e a r in g  in  K in s m a n
(1 9 5 4 )  . T h e  t e m p e r a tu r e  o f sam p le s  e x p o s e d  fo r  
s h o r t  p e r io d s  w a s  h e ld  b e lo w  10° C  b y  c ru s h e d  ice. 
S a m p le s  e x p o se d  f o r  lo n g e r  p e r io d s  a p p ro a c h e d  
th e  t e m p e ra tu re  o f th e  so u rce , 20° C. D e ta i ls  on  
th e  h a n d l in g  o f th e  c a p i l la ry  tu b e s  d u r in g  e x p e r i 
m e n ts  u s in g  b o th  h e a t  a n d  i r r a d ia t io n  t r e a tm e n ts  
a r e  g iv e n  w h e re  a p p ro p r ia te .

F ig .  2. C a p i lla ry  tu b e  t r a n s f e r  dev ice .

E X P E R I M E N T A L  D A T A
T h e r m a l  a n d  p H  e ffec ts . T h e  in a c tiv a tio n  of 

l ip o x id a s e  b y  h e a t  a p p e a re d  to  fo llo w  f i r s t -o rd e r  
k in e tic s  d o w n  to  re s id u a l  en zy m e  a c t iv i t ie s  of 
a b o u t  1 0 %  o f th e  in it ia l  v a lu e . T h is  w a s  fo u n d  to  
be  t r u e  a t  a ll  v a lu e s  o f p H  b e tw e e n  4 a n d  9, 
e x c e p t  p H  8. T h e  l in e a r  r e la t io n  b e tw e e n  th e  
lo g a r i th m  o f th e  re s id u a l  a c t iv i ty  a n d  t im e  o f h e a t 
ing  a llo w e d  th e  d e te rm in a t io n  o f th e  in a c tiv a tio n  
r a te  c o n s ta n t  ( s e c -1) b y  th e  m e th o d  o f le a s t  
sq u a re s .

F ig .  3 p re s e n ts  a  p lo t  o f th e  r a te  of in a c tiv a tio n  
c o n s ta n ts  so o b ta in e d  a s  a  fu n c tio n  o f p H  fo r  th e  
in a c tiv a tio n  o f so y b ean  l ip o x id a s e  a t  6 5 °C . T h e  
v a lu e  sh o w n  a t  p H  8 re p re s e n ts  a n  e s t im a te  b a sed  
o n  a n  a v e r a g e  o f th r e e  ru n s . T h e  d a s h e d  lines 
th ro u g h  th e  e x p e r im e n ta l  v a lu e s  a r e  d ra w n  to  
in d ic a te  th re e  p o ss ib le  re g io n s  f o r  re la t io n  of th e  
r a te  o f in a c tiv a tio n  of l ip o x id a s e  to  p H  (c f . L e v y  
a n d  B e n a g lia , 1 9 5 0 ).

F ig .  4 p re s e n ts  a n  A r rh e n iu s - ty p e  p lo t  o f th e  
d a ta  fo r  th e  r a t e  o f in a c tiv a tio n  of l ip o x id a s e  in  
p H  7 a n d  p H  4 b u ffe r . B e c a u se  o f th e  s e n s it iv ity  
o f l ip o x id a s e  to w a r d  h e a t  a t  p H  4, th e  a c c u ra c y  
o f th e s e  d a ta  r e p re s e n te d  b y  th e  th r e e  p o in ts  o b 
ta in e d  a t  th is  p H  w a s  n o t  a s  g r e a t  a s  a t  p H  7. 
T a b le  1 c o n ta in s  th e  th e rm o d y n a m ic  v a lu e s  c a l
c u la te d  f ro m  th e  d a ta  sh o w n  in  F ig .  4.

T a b le  1. T h e r m o d y n a m ic  v a lu e s  c a lc u la te d  fo r  
th e  in a c tiv a tio n  o f l ip o x id a s e  in  p H  4  a n d  p H  7 
b u ffe r .

pH T°C A H *(K cal/m ole) A S*(Cal/deg-m ole) r A F*  (K cal/m ole)
4 65 100 255 18.7
7 65 101 242 22 .9

A H *  =  a c t iv a tio n  e n e rg y .
A S *  =  e n tro p y  o f a c t iv a tio n . 
A F *  =  f re e  e n e rg y  o f a c t iv a tio n .

T h e  c u rv e s  in  F ig s .  3 a n d  4  a r e  re p re s e n ta t iv e  
o f th e  d a ta  o b ta in e d  f ro m  s im ila r  s tu d ie s  o n  r ic in , 
p ro s th e t ic  a c id  p h o s p h a ta s e , a n d  o th e r  e n zy m es .

T h e  e ffe c t  o f h e a t  o n  p r e p a ra t io n s  o f l ip o x id a s e  
su sp e n d e d  in  2 0 %  p e a  so lid s  is  sh o w n  in  F ig s .  
5 a n d  6. T w o  re g io n s  o f h e a t  re s is ta n c e  w e re  
o b se rv ed , l ip o x id a s e  b e c o m in g  m o re  sen s it iv e  to  
in a c tiv a tio n  b y  h e a t  a b o v e  70 °C . T a b le  2  sh o w s

1000

100

10

I

-----------—  Three Possible Regions for the Rote
_ of in ac tiva tio n of Lipoxidase to pH

'o
=  \

4 5 6 7 8 9
PH

F ig .  3. R a te  o f  in a c tiv a tio n  o f  l ip o x id a s e  a s  a  
fu n c tio n  o f  p H .
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I__________________ !----------------------:-----------1----------- U75 70 67.5 65°C —
Heating Temperature

F ig .  4. A r r h e n iu s  ty p e  of p lo t  o f th e  r a te  of 
in a c tiv a tio n  d a ta  fo r  l ip o x id a s e  in  p H  7 a n d  p H  
4 b u ffe r .

(1) Seconds 20 40 60(2) Minutes 10 20 30
Heating Time

F ig .  5. In a c t iv a t io n  o f l ip o x id a s e  in  th e  p re sen ce  
o f  2 0 %  p e a  so lid s  a t  67.5 a n d  7 2 .5°C .

T a b le  2. T h e r m o d y n a m ic  v a lu e s  c a lc u la te d  to r  
th e  in a c tiv a tio n  o f l ip o x id a s e  in  th e  p re s e n c e  of 
2 0 %  p ea  so lid s.
Temperature AH * A S* AF*Range T°C (K cal/m ole) (Cal/deg-mole (K cal/m ole)

65-70° C 65 64 115 25
70-80 °C 65 150 366 26

th e  e ffe c t  o f p e a  so lid s  o n  th e  th e rm o d y n a m ic  
v a lu e s  o b ta in e d  f o r  th e  in a c tiv a tio n  o f  l ip o x id a se .

I r r a d ia t io n  e ffec ts . T h e  r e s u lt s  o b ta in e d  w h e n  
l ip o x id a s e  in  p H  7 b u ffe r  w a s  e x p o se d  to  io n iz in g  
r a d ia t io n  w e re  q u ite  u n e x p e c te d  in  th a t  a s  l i t t le  
a s  25 ,000 r a d  w a s  su ffic ien t to  in a c tiv a te  9 0 %  of 
th e  e n zy m e  if a ss a y e d  24  h r  a f te r  i r r a d ia t io n .  P o s t 
i r r a d ia t io n  lo ss  o f a c t iv i ty  is a  c o m m o n  o c c u rre n c e  
w ith  b io lo g ic a l m a te r ia ls ,  th e  p h en o m en o n  b e in g  th e  
s u b je c t  o f  a  sy m p o s iu m  (cf. A lp e r , 1 9 5 2 ), a n d  th e  
im p lic a tio n s  o f th is  loss o f a c t iv i ty  a f te r  t r e a tm e n t  
w ith  a  sm all d o se  o f io n iz in g  ra d ia t io n ' w ill  be 
d isc u sse d  la te r .  B e c a u se  o f th e  ra p id  lo ss  o f e n 
zy m e  a c t iv i ty  a f te r  i r r a d ia t io n ,  n o  c u rv e  c o u ld  be 
o b ta in e d  sh o w in g  re s id u a l  en zy m e  a c t iv i ty  a s  a  
fu n c tio n  o f do se . H o w e v e r ,  if th e  r a t e  o f in a c tiv a -

80  77.5 75 72.5 70  67.5 65
"C  —

Heating Temperature
F ig .  6. A r r h e n iu s  ty p e  o f p lo t  o f th e  r a t e  o f 

in a c tiv a tio n  d a ta  f o r  s o y b ea n  l ip o x id a s e  in  th e  
p re s e n c e  o f 2 0 %  p e a  so lid s.
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t io n  c u rv e s  fo r  p o s t- i r r a d ia t io n  s to ra g e  o f  th e  e n 
zy m e, a s s u m e d  to  b e  f i r s t  o rd e r ,  w e re  e x tr a p o la te d  
to  z e ro  t im e  (i .e ., j u s t  o u t  o f th e  s o u r c e ) ,  a n d  
th e  le n g th  o f t im e  o f  e x p o s u re  in  th e  s o u rc e  n e 
g le c te d , a  Do (d o s e  r e q u i r e d  to  d e s t ro y  6 7 %  o f 
th e  a c t iv i ty  o f  a  g iv e n  c o n c e n tra t io n  o f th e  e n 
z y m e )  o f a b o u t  9 X  104 r a d  is  o b ta in e d .

I r r a d i a t io n  o f l ip o x id a s e  p r e p a ra t io n s  in  th e  
p re s e n c e  o f 2 0 %  p e a  so lid s  g r e a t ly  in c re a s e d  th e  
re s is ta n c e  o f th e  en zy m e  to  in a c tiv a tio n ,  a s  w o u ld  
b e  e x p e c te d . A  D 0 v a lu e  o f 6 .2  X  10“ r a d  w a s  
fo u n d , in d ic a tin g  t h a t  th e  p e a  so lid s  a f fo rd e d  a b o u t  
a  se v e n ty fo ld  p ro te c t io n  to  th e  en zy m e . F u r th e r 
m o re , i r r a d ia te d  p re p a ra t io n s  c o n ta in in g  2 0 %  p ea  
so lid s  sh o w ed  n o  te n d e n c y  to w a r d  lo ss  o f a c t iv i ty  
d u r in g  p o s t- i r r a d ia t io n  s to ra g e  f o r  24  h r  a t  0 °C .

C o m b in ed  e f fe c ts  o f  h e a t  a n d  i r r a d ia t i o n  t r e a t 
m e n t  o n  th e  a c t iv i ty  o f  l ip o x id a s e  s u s p e n d e d  in  
p H  7 b u ffe r . L ip o x id a s e , in  p H  7 b u ffe r , w a s  
q u ite  se n s it iv e  to  io n iz in g  r a d ia t io n .  T h is  se n s i
t iv i ty  w 'as sh o w n  b o th  by  a  re la t iv e ly  lo w  D „ v a lu e  
(9  X  104 r a d )  a n d  b y  a  ra p id  lo ss  o f re s id u a l  
a c t iv i ty  d u r in g  p o s t- i r r a d ia t io n  s to ra g e .  T a b le  3 
sh o w s th e  lo ss  o f en zy m e  a c t iv i ty  d u r in g  s to ra g e  
a t  0 ° C  fo r  l ip o x id a s e  so lu tio n s  i r r a d ia te d  a t  25, 
50, a n d  100 k ra d .  In c lu d e d  is  th e  e ffec t on  th e  
re s id u a l  a c t iv i ty  o f th e  e n zy m e  o f a  p o s t - i r r a d ia 

t io n  h e a t  t r e a tm e n t  c a lc u la te d  to  d e s t ro y  a b o u t 
2 5 %  o f th e  a c t iv i ty  o f th e  u n ir r a d ia te d  en zy m e . 
T h e  p o s t- i r r a d ia t io n  h e a t  t r e a tm e n t  o f l ip o x id a s e  
in c re a s e d  th e  le th a l  e ffe c t  o f th e  th e rm a l  e n e rg y  
b y  m an y fo ld .

T h e  e ffe c t  o f  p o s t- i r r a d ia t io n  h e a t  t r e a tm e n t  on  
th e  a c t iv i ty  o f  l ip o x id a s e  w a s  s tu d ie d  in  a  m o re  
q u a n t i ta t iv e  m a n n e r  b y  u s in g  a  d o se  o f 104 ra d  
(3 .6  m in  e x p o s u re )  fo llo w e d  by  a  s h o r t  h e a t  t r e a t 
m e n t a t  65 o r  70° C. I n  th e s e  s tu d ie s , th e  en zy m e  
p r e p a r a t io n  w a s  filled  in to  c a p i lla r ie s  a n d  i r r a d i 
a te d . T h e  i r r a d ia te d  c a p i lla r ie s  w e re  h e a te d  fo r  
th e  a p p r o p r ia te  t im e s  a n d  t e m p e ra tu re s ,  a n d  r e 
m o v e d  to  0 ° C  s to ra g e  u n ti l  a ssa y e d . T a b le  4 
s h o w s  th e  e ffe c t  o f h e a t  t r e a tm e n ts  c a lc u la te d  to  
d e s tro y  a b o u t  2 -2 5 %  o f th e  a c t iv i ty  o f th e  u n i r r a 
d ia te d  e n zy m e . A  d o se  o f 104 r a d  g a v e  a  n e g lig ib le  
a m o u n t  o f in a c tiv a tio n  o v e r  a  p o s t- i r r a d ia t io n  s to r 
a g e  p e r io d  o f 40 m in . A  h e a t  t r e a tm e n t  o f 30  sec  
a n d  6 5 °C  (su ff ic ie n t to  in a c tiv a te  2 %  o f th e  u n i r r a 
d ia te d  e n z y m e )  c au se d  a  6 3 %  in a c tiv a tio n  w h e n  
th e  t r e a te d  sam p le s  w e re  a s s a y e d  w i th in  1 h r  
o f e x p o s u re .

T h e  p o s t- i r r a d ia t io n  lo ss  o f a c t iv i ty  o f so lu tio n s  
o f l ip o x id a s e  a p p e a re d  to  b e  o f  su ff ic ien t in te r e s t  
to  m e r i t  d e ta ile d  s tu d y  o n  r e s id u a l  a c t iv i ty .  T h e  
o b je c tiv e  w a s  to  d e te rm in e  th e  e ffe c t  o f s to ra g e

T a b le  3. E f f e c t  o f i r r a d ia t io n a n d  s to ra g e  a t  0 ° C  on l ip o x id a s e  a c t iv i ty in  p H  7 b u ffe r .
Post-irrad. storage Average Percent residualTreatment at 0°C (min) activity a activity

C o n tro l  (n o  t r e a tm e n t ) 615 100
I r r a d i a t e d  25 X 103 ra d 60 175 28.5
(9 -m in  e x p o s u re ) 70 170 27.5

85 150 24
1530 63 10

I r r a d ia te d  50  X  10s r a d 27 175 28.5
( 18 -m in  e x p o s u re ) 42 165 27.0

110 115 18.5
1530 52 9.5

I r r a d i a t e d  lO3 ra d 140 51 8.3
(3 6 -m in  e x p o s u re ) 150 68 11 .0

170 50 8.1
185 47 7.6

I r r a d i a t e d  2  X  105 ra d 140 38 6 .2
(7 3 -m in  e x p o s u re ) 150 38 6 .2

160 22 3.6
170 30 4.9

I r r a d i a t e d  10s ra d , th e n 2 2 0 T r a c e C a lc u la te d - fo u n d
h e a t  50 sec  @  70° C 220 T r a c e 2 2 %  T r a c e

I r r a d i a t e d  2 X  105 ra d , th en 240 T r a c e 7 %  T r a c e
h e a t  50 sec  @  70 °C 240 T ra c e
a A c tiv i t ie s  e x p re s s e d  in  o p tic a l  d e n s i ty  u n it s  p e r  1000 m in .
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T a b le  4. E f f e c t  of i r r a d ia t io n  a n d  p o s t- i r r a d ia t io n  h e a t  t r e a tm e n t  on  so y b ea n  l ip o x id a s e  in
p H  7 b u ffe r .

Treatment Storage at 0°C (min) Average activity a
Percent residual activity

Found b Heat only
C o n tro l  (n o  t r e a tm e n t ) 600 100
I r r a d i a t e d  104 ra d 30 615 100

35 595 100
40 570 95

I r r a d i a t e d  104 r a d  fo llo w e d  b y  h e a t  a t  6 5 “ C  fo r  th e  t im e s  n o te d
30 sec 0 ( 7 6 % ) 9 8 %

50 225 37.5
60 220 37

60 sec 0 ( 5 0 % ) 9 5 %
H a l f  v a lu e  64 m in 25 250 42

75 140 23
125 95 16

120 sec 0 (3 6 % ) 9 0 %
H a lf  v a lu e  54 m in 15 180 30

65 90 15
100 60 10

180 sec 0 (2 1 % ) 8 6 %
H a lf  v a lu e  64 m in 85 51 8.5

115 36 6.0
140 28 4.7

I r r a d i a t e d  104 r a d  fo l lo w e d  b y  h e a t  a t  7 0 °C  f o r  th e  t im e s  n o te d
24  sec 90 260 43 8 7 %

110 255 43
60 sec 60 68 11 75 %

75 66 11
a A c tiv it ie s  e x p re s s e d  in  o p tic a l d e n s i ty  u n its  p e r  1000 m in .
" V a lu e s  in  p a re n th e s e s  a r e  e x tr a p o la t io n s  o f s to ra g e  d a ta  to  z e ro  s to ra g e  t im e  b a s e d  on  

f i r s t -o rd e r  loss o f a c t iv i ty  d u r in g  s to ra g e .
H a l f  v a lu e s  s h o w n  a r e  f o r  p o s t- i r r a d ia t io n  lo ss  o f a c t iv i ty  u p o n  s to ra g e  a t  0 °C  b a s e d  on  

f i r s t -o rd e r  k in e tic s .

a t  0 ° C  a n d  h e a t  a t  7 0 °C. T h e  a s s u m p tio n  w a s  th a t  
th e  c o m b in ed  e ffec ts  o f  p o s t- i r r a d ia t io n  h e a t  t r e a t 
m e n t  a n d  i r r a d ia t io n  w o u ld  b e  in d e p e n d e n t o f t r e a t 
m e n t t im e  w h e n  th e  a c t iv i t ie s  o f th e  en zy m e  
p re p a ra t io n  w e re  c o r r e c te d  fo r  a c t iv i ty  lo ss  d u r in g  
s to ra g e .  S a m p le s  w e re  a ss a y e d  f o r  re s id u a l  a c 
t iv i ty  a f te r  s to ra g e  a t  0 ° C  fo r  u p  to  3 h r  ; T a b le  
S sh o w s th e  re s u lts .  T h e r e fo re ,  tu b e s  o f l ip o x id a se , 
in  p H  7 b u ffe r , w e re  s u b je c te d  to  th e  fo l lo w in g  
t r e a tm e n ts  : 1 ) i r r a d ia t io n  w ith  5000 ra d  ; 2 )
i r r a d ia t io n  w ith  5000 r a d  fo llo w e d  b y  a  h e a t  t r e a t 
m e n t o f 30 sec  a t  70° C, g iv e n  a t  8, 68, 128, a n d  
140 m in  a f te r  i r r a d ia t io n  ; a n d  3 )  h e a t  t r e a tm e n t  
f o r  30 sec  a t  7 0 °C.

T a b le  5 sh o w s th a t ,  w i th in  e x p e r im e n ta l  e r r o r ,  
th e  re s id u a l  a c t iv i ty  o f i r r a d ia te d  l ip o x id a s e  is  
f a i r ly  in d e p e n d e n t o f th e  t im e  th e  en zy m e  is 
h e a te d  a f te r  i r r a d ia t io n ,  b u t is s tr o n g ly  d e p e n d e n t

o n  th e  le n g th  o f  t im e  b e tw e e n  i r r a d ia t io n  a n d  a ssa y . 
F in a lly , l ip o x id a s e  p re p a ra t io n s  in  p H  7 b u ffe r  
w e re  h e a te d  fo r  30 sec  a t  70° C  b e fo re  i r r a d ia t io n  
in  o rd e r  to  o b se rv e  a n y  e ffec ts , d u e  to  th e  p re se n c e  
o f  h e a t -d e n a tu re d  en zy m e , on  th e  r a te  o f p o s t
i r r a d ia t io n  lo ss  o f a c t iv i ty  o f l ip o x id a se . T h e  d a ta  
th u s  o b ta in e d  w e re  b e s t e x p re s s e d  b y  a  f i r s t -o rd e r  
r a t e  c u rv e  h a v in g  th e  fo l lo w in g  c o n s ta n ts  : h a lf  
v a lu e  =  165 m in ;  N „ =  473 ( 8 1 % )  ( a t  z e ro  s to r 
a g e  t im e )  ; L o g  N  =  — 1.825 X  10“3t +  2.6746. T h e  
r a te  of lo ss  o f a c t iv i ty  o f l ip o x id a s e  a f te r  i r r a d ia t io n  
a p p e a re d  in d e p e n d e n t o f th e  o rd e r  o f t r e a tm e n t.  
T h e  m a g n itu d e  o f  re s id u a l  en zy m e  a c t iv i ty  a p 
p e a re d  to  be less  w h e n  h e a t  t r e a tm e n t  fo llo w e d  
i r r a d ia t io n  o f th e  e n zy m e  a t  th is  d o se  lev e l. F ig .  
7a  p lo ts  d a ta  in  T a b le s  4 a n d  5.

S im ila r  s tu d ie s  w e re  c a r r ie d  o u t  a t  th e  104 a n d  
2 X  104 r a d  d o se  lev e l, w i th  a n d  w ith o u t  p re -  a n d
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T a b le  S. E f f e c t  o f p o s t- i r r a d ia t io n  h e a t  t r e a tm e n t  a n d  s to ra g e  a t  0 ° C  on  th e  re s id u a l  a c t iv i ty  
o f l ip o x id a s e  in  p H  7 b u ffe r .

Treatment Post-irradiation storage time (min) Post-heating storage time (min) Residual a activity
Percentresidualactivity

C o n tro l  (n o  t r e a tm e n t ) 585 100
H e a te d  30 sec  a t  7 0 °C  
I r r a d ia t io n  d o se  5000 r a d

550 94

(n o  h e a t  t r e a tm e n t ) 20 505 86.5
30 505 86.5
40 450 77
55 450 77

110 390 67
120

I r r a d i a t io n  d o se  5000 r a d ,  fo llo w ed
380 65

b y  h e a t  t r e a tm e n t  fo r  30  sec  a t  7 0 ° C  13 5 400 68.5
23 15 410 70
70 3 315 54
80 70 315 54

128 1 250 43
138 70 250 43

( th r e e  s a m p le s ) 1 4 5 ,1 5 5 ,1 7 0 5 ,1 5 , 30 250, 250, 240 43, 43, 41
151 143 240 41
187 60 195 33

“ P e r c e n t  re s id u a l  a c t iv i ty  b a s e d  o n  a  c o n tro l  a c t iv i ty  o f 585 u n its .
A c tiv i t ie s  e x p re s s e d  in  o p tic a l  d e n s ity  u n it s  p e r  1000 m in .
T h e  r a te  o f  lo ss  o f a c t iv i ty  o f th e  sam p le s  i r r a d ia te d  a t  5000 r a d  w i th o u t  h e a t  t r e a tm e n t  c o u ld  

b e  d e s c r ib e d  a s  f i r s t - o r d e r  r a te  c u rv e  w ith  th e  fo l lo w in g  c o n s ta n t s :  H a l f  v a lu e :  217.1 m in . 
No C a lc .= 5 3 3  ( 9 1 % )  ( a t  z e ro  s to ra g e  t im e )  L o g  N = — 1.3863 X  10 3t  +  2.7271, w h ile  th e  d a ta  
f o r  th e  p o s t- i r r a d ia t io n  h e a t - t r e a te d  sam p le s  fo l lo w e d  a  c u rv e  d e s c r ib e d  a s  : h a lf  v a lu e  : 167 m in . 
N „ ca lc . =  434 ( 7 4 .1 % )  ( a t  z e ro  s to ra g e  t im e )  L o g  N  =  — 1.803 X  10 3t  +  2.6377.

T a b le  5a. E f fe c t  of a  p r e - i r r a d ia t io n  h e a t  t r e a tm e n t  o f 30 sec  a t  7 0 °C  o n  th e  r e s id u a l  a c 
t iv i ty  o f l ip o x id a s e  e x p o se d  to  5000 ra d  o f g a m m a  ra d ia t io n  12 m in  a f te r  h e a tin g .

Post-irrad storage time at 0°C (min)
Percentresidualactivity

Data from Table 5

Treatment Activity % activity Storage time (min)
C o n tro l 640 100%
H e a te d  30 sec  a t  70° C 565 96.5
I r r a d ia te d ,  5000 ra d 30 490 83.8 8 6 .5 % 30

90 360 61.5 70 ( e s t im a te ) 90

H e a te d  30 sec  a t  70 °C  a n d  i r r a d ia te d w ith  5000 ra d
1 15 435 74.4 68.5 13
2 24 435 74.4 70 23
3 71 350 60.0 54 70
4 80 340 58.0 54 80
5 145 260 44.4 43 123
6 158 240 41.0 43 138
7 218 170 29.0 41 151
8 228 170 29.0 33 187

H a l f  v a lu e  =  165 m in N „ =  473 ( 8 1 % )  L o g  N  = 1.825 X  IO’3t  +  2 .6746
^ fc tiv itie s  e x p re s s e d  in  o p tic a l  d e n s ity  u n it s  p e r  1000 m in .
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(A) (B) (C)
F ig .  7. L o ss  o f a c t iv i ty  o f l ip o x id a s e  s to re d  a t  0 ° C  a f te r  a  c o m b in ed  h e a t  a n d  i r r a d ia t io n  t r e a tm e n t.

p o s t- i r r a d ia t io n  h e a t  t r e a tm e n t.  F ig s .  7b a n d  7c 
sh o w  th e  r e s u lts ,  a n d  T a b le  6 s u m m a r iz e s  th e  
c o n s ta n ts , d e s c r ib in g  th e  r a te  c u rv e s  o b ta in e d . 
T a b le  6 in d ic a te s  th e  in te r a c t io n  b e tw e e n  t r e a t 
m e n t  o rd e r  a n d  d o se  lev e l a s  s h o w n  b y  th e  p o s t
i r r a d ia t io n  r a te  o f lo ss  o f  a c t iv i ty  o f th e  enzy m e.

D IS C U SS IO N
The effect of thermal energy on proteins 

in solution has been extensively discussed 
by Kauzmann (1954), Laidler (1958), 
Levy and Benaglia (1950), London et al.
(1958), and others. Their findings are ap

plicable to the results obtained for the heat 
treatment of lipoxidase.

This discussion describes and evaluates 
a mechanism whereby the data presented 
may be explained and correlated.

Lipoxidase, in dilute buffer solution, may 
be pictured as an ordered protein molecule, 
partially hydrated (cf. Klotz, 1958), and 
possessing the proper hydrogen bonds to 
maintain itself in its active form. Water 
of “hydration,” pictured as surrounding the 
molecule in dilute solution, may act as a

T a b le  6. S u m m a ry  o f c o n s ta n ts  d e s c r ib in g  th e  r a te  c u rv e s  fo r  th e  p o s t- i r r a d ia t io n  lo ss  of 
a c t iv i ty  o f l ip o x id a s e  h e ld  a t  0 °C  in  p H  7 b u f fe r .11

Treatment Half-value b (min)
Calculated No value % v (zero storage time) Equation of curve d log N =

5000 r a d 217 91 - 1 . 3 8 6  X  10 -’t  +  2.727
5000 r a d  th e n  h e a te d  0 167 74 - 1 .8 0 3  X  10_3t  +  2.638
H e a te d  th e n  5000 ra d 165 81 - 1 .8 2 5  X  10“3t  +  2.675
104 ra d 104 86 - 2 .9 0 0  X  10“3t  +  2.685
H e a te d  th e n  10 ' r a d 98 77 - 3 . 0 6 8  X  10_3t  +  2.635
104 ra d  th e n  h e a te d 101 52 - 2 . 9 9 7  X  10-3t +  2.477
2  X  10* ra d 61 77 - 4 .9 2 5  X  10-’t  +  2.674
H e a te d  th e n  2 X  104 ra d 61 61 - 4 .9 4 3  X  10 3t  +  2.573
2  X  10* r a d  th e n  h e a te d 46 34 - 6 . 5 7 9  X  10-3t  +  2.315

1 T h e s e  d a ta  a r e  b a s e d  on  s to ra g e  tim e s  o f less  th a n  300 m in .
_b H a l f  v a lu e  m ea n s  th e  s to ra g e  t im e  a t  0 °C  n e c e s s a ry  fo r  th e  p r e p a r a t io n  to  lo se  5 0 %  o f its  

in i t ia l  a c t iv i ty .
0 P e r c e n t  a c t iv i t ie s  a r e  b a sed  o n  u n tr e a te d  c o n tro ls  ru n  s im u lta n e o u s ly  w ith  e ac h  e x p e r im e n t. 

S e e  F ig .  7a ,b ,c  f o r  v a lu es .
a A c tiv i t ie s  r e p re s e n te d  b y  th e  e q u a tio n s  a r e  in  o p tic a l  d e n s i ty  u n its  p e r  1000 m in .
'H e a t  t r e a tm e n t  c o n s is te d  o f  30 sec  a t  7 0 °C.
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stabilizing agent through increasing hydrogen 
bonding.

Lipoxidase, suspended in 20% pea puree, 
is also pictured as an ordered enzyme, but 
it is postulated that the enzyme exists as 
a partial complex with some material present 
in the puree. Neither the nature of the 
complexing material nor the complex was 
determined, but investigators have shown, 
for example, that a protein fraction of wheat 
will complex with amolytic enzymes and thus 
partially inhibit their activity (Kneen and 
Sandstedt, 1946).

Evidence of complex formation. The idea 
of complex formation is neither new nor 
unique. Whenever an enzyme is purified, 
substances present in the starting material 
are removed, and with each subsequent 
removal an increase in activity noted. Be
cause biological materials are so hetero
geneous, the form of the enzyme-“surround- 
ing media” complex may partially take the 
form of a true chemical complex possessing 
a true equilibrium constant, or the binding 
of the enzyme could possibly be pictured as 
an entanglement of the molecule in a starch 
or protein matrix. Addition of a known 
concentration of lipoxidase to a volume of 
pea puree resulted in a loss of about 30% 
of the activity of the enzyme, based on its 
activity in buffer. This loss of activity in the 
presence of pea puree may be correlated in 
a rough manner with the change in the heat 
resistance of the enzyme in the absence and 
presence of this protective substance.

Tables 1 and 2 show the thermodynamic 
data obtained for lipoxidase heated in buffer 
and in pea puree. A change in the pH of 
the suspending buffer was found to change 
the entropy of activation AS*. Thus, as the 
nature of the buffer is changed, becoming 
either more alkaline or acid than pH 7, 
it presumably became easier and easier to 
form an activated complex, by heat, through 
which the enzyme could inactivate. As a 
corollary, any material that would prevent 
or inhibit the formation of this activated 
complex would inhibit inactivation of the 
enzyme and thus protect it from heat. The 
addition of pea puree was found to increase 
the resistance of lipoxidase to heat inacti
vation although the thermodynamic values

associated with this increase in heat resist
ance did not indicate the nature of the 
protection.

For example, London et al. (1958) studied 
the effect of prostatic acid phosphatase 
inhibitors on the heat resistance of this 
enzyme and found that the degree of in
hibition could be correlated with the amount 
of protection afforded. The protective mech
anism appeared to involve the straddling 
of a critical seam of the enzyme molecule 
by the inhibitor. This auxiliary binding of 
the protein molecule by the inhibitor was 
sufficient to increase the resistance of the 
protein to heat.

Through a calculation similar to that 
carried out by London et al. (1958) the 
loss in activity upon the addition of lip
oxidase to pea puree could be shown to 
agree, within a factor of ten, to the protec
tion afforded the enzyme against inactivation 
by heat.

Effect of treatment order, on residual 
activity in presence of 20% pea solids.
A study was made of the effect of order 
of treatment on the residual activity of 
soybean lipoxidase in the presence of 20% 
pea solids. Such a study should supply data 
representative of processing conditions that 
might be encountered in the preservation 
of food by thermal and ionizing energy. 
Capillary tubes were filled, sealed, and stored 
at 0°C according to the procedures pre
viously outlined.

Three studies were performed to determine 
the effect of treatment order, dose level, 
and heating temperature on the residual 
activity of the enzyme. Table 7 lists the 
treatments and variables used. Heating tem
peratures of 72.5 and 67.5°C were selected 
to represent inactivation conditions above 
and below 70°C since it appeared that the 
activation energy of inactivation of lipoxi
dase in the presence of pea solids was dif
ferent above and below this temperature.

Typically, a run was carried out by pre
paring sufficient tubes to give four tubes 
per heating interval (40 tubes total), six 
untreated controls, and six tubes for irradia
tion treatment but without heat. No samples 
treated only with heat were run, since in
clusion of this variable would have made 
the experiment prohibitively long (o\er 12
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T a b le  7. T r e a tm e n ts  a n d  v a r ia b le s  u se d  to  d e 
te rm in e  th e  e ffec t of th e rm a l  a n d  io n iz in g  e n e rg y  
o n  lip o x id a s e  a c t iv i ty  in  th e  p re s e n c e  of 209c 
p ea  so lid s.

Tem- Irradiationperature (°C )a dose (rad)
Treatm ent 72.5 ° 67.5 c 0.6X10° 2.0X10°

H e a t - I r r a d i a t e A B ,C A ,B c
I r r a d i a t e - H e a t A B ,C A ,B c
H e a t  o n ly  d 
I r r a d i a t e  o n ly

( A ) (B ,C )
A ,B c

a L e t te r s  A , B , C  r e f e r  to  s in g le  ru n s . 
bH e a t  t r e a tm e n ts  a t  72.5° C  w e re  fo r  0.S, 1, 2, 3, 

a n d  S m in  p re -  a n d  p o s t- i r r a d ia t io n .
“ H e a t  t r e a tm e n ts  a t  6 7 .5 °C  w e re  fo r  7, 15, 25, 

35, a n d  48 m in  p re -  a n d  p o s t- i r r a d ia t io n .  
d T h e s e  d a ta  w e re  ta k e n  f ro m  p re v io u s  ru n s .

hr). All samples were filled at the same 
time and held in melting ice until treated 
and assayed.

Table 8 and Fig. 8a,b,c show the results. 
The curves drawn through the experimental 
points represent least-square fits to the aver
age values exclusive of the points for zero 
heating times. The spread of experimental 
values is shown in each plot. It should be 
noted that the variation in activity was 
much greater for samples heated before

irradiation than for samples treated in the 
reverse order.

Inspection of Fig. 8 shows that heat 
treatment after irradiation resulted in less 
inactivation of the lipoxidase, added to the 
pea puree, than the reverse procedure, but 
the rate of lipoxidase inactivation with heat
ing appeared to be independent of irradia
tion dose. That is, after an initial rapid 
loss of activity the residual enzyme was 
inactivated in a manner similar to that 
observed for the heat-treated enzyme. The 
curves in Fig. 8, although drawn as if first 
order, are not to be taken as demonstrating 
the order of the reaction. At long heating 
times the order of the reaction, and conse
quently the rate, appeared to change, while 
for very short heating times inactivation 
occurred at a very great rate.

Results of the work outlined in this sec
tion are tabulated in Table 9 for reference.

Effect of thermal and ionizing energy on 
lipoxidase in buffer solution. The effect of 
ionizing energy on proteins in dilute solu
tion appears to be chemical in nature. Radi
cals, formed in the bulk solution, have been 
shown to react with various groups on the 
protein molecule to cause both hydrogen and

T a b le  8. E f fe c t  of p re -  a n d  p o s t- i r r a d ia t io n  h e a t  t r e a tm e n t  o n  so y b e a n  lip o x id a s e  in  2 0 %  
p e a  p u re e .“,b

Treatment H alf value Rate constant N 0 N„ Equation v(sec ) k (sec-J) calc. found log N -
A

0.6 X 10“ ra d , 72.5 °C
I r r a d ia te - h e a t 190 36.37 x  10-“ 330 480 - 1 . 5 8  x  1 0 0  +  2.52
H e a t - i r r a d ia te 189 36.61 X  IO"1 207 480 - 1 . 5 9  X  10-“t  +  2.32

B
0.6 X  10“ ra d , 67.5 CC

I r r a d ia te - h e a t 1604 4.32 X  10-J 322 455 - 1 . 8 8  X  1 0 0  +  2.51
H e a t - i r r a d i a t e 1655 4.19 X  10 -‘ 258 455 - 1 . 8 2  x  1 0 -1  +  2.41

C
2.0 X  10“ ra d , 67.5 °C

I r r a d ia te - h e a t 1570 4.40 X  10-* 216 310 - 1 . 9 2  x  10 “t +  2.34
H e a t - i r r a d i a t e 1595 4.33 X  10 ‘ 99 310 - 1 . 8 9  X  1 0 0  +  1.99
H e a t  7 2 .5°C 215 32.24 X  10 1 244 314 - 1 . 4  x  1 0 0  +  2.39
H e a t  67 .5 °C 1495 4.62 X  10 “ 342 360 - 2 . 0  x  1 0 -‘t  +  2.53

I r r a d i a t e  0.6 X  10“ ra d A  =  480 B =  455
I r r a d i a t e  2.0 X  10“ ra d OCOIIu

11 A c tiv it ie s  e x p re s s e d  in  o p tic a l d e n s ity  u n its  p e r  1000 m in . 
b U n t r e a te d  c o n tro ls  h a d  th e  fo l lo w in g  a c t iv i t ie s :  A -5 4 0 , B -515 , C -430. 
c A c tiv i t ie s  re p re s e n te d  by  e q u a tio n s  a r e  in  o p tic a l-d e n s i ty  u n its  p e r  1000 m in .
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Heoting Time 1 (Minute) ot 72.5°C 
(A) (8) (C)

F ig .  8. C o m b in ed  e ffec ts  o f h e a t  a n d  i r r a d ia t io n  t r e a tm e n t  o n  lip o x id a s e  in  th e  p re s e n c e  o f 2 0 %  
p ea  so lid s .

covalent bond breakage. Thus, the tertiary, 
or over-all, structure of the protein molecule, 
held together largely through hydrogen bond
ing, is weakened.

The initial loss of lipoxidase activity, as 
a function of irradiation dose, appeared to 
be first order and typical of many organic 
materials. That the tertiary structure of 
the enzyme may be weakened, is shown by 
the rapid loss of activity of the enzyme under 
post-irradiation heat treatment.

Heat treatment before irradiation inacti
vated a certain fraction of the lipoxidase

T a b le  9. T a b u la t io n  o f  th e  re s id u a l  a c t iv i ty  
p e rc e n t  o b ta in e d  b y  e x tr a p o la t in g  v a r io u s  r a te -o f -  
d e s tru c t io n  c u rv e s  to  z e ro  h e a t in g  tim e .
Irradiation dose heat treatment zero 0.6 X 106 2.0 X 106
N o n e to o 88.5 72.1

67.5'°C 95.1
I r r a d i a t e - h e a t 62.5
H e a t - i r r a d i a t e
C a lc u la te d

50.0 23.0

a s  a d d itiv e 84.0 68.5

72.5 °C 77.6
I r r a d ia te - h e a t 61.2
H e a t - i r r a d ia te
C a lc u la te d

38.4

a s  a d d itiv e 68.6
( D a ta  t a k e n  f ro m  F ig .  8 a ,b ,c .)

molecules present in solution. It may be 
assumed that those not inactivated were 
otherwise unaltered by heating the prepara
tion. This would be in agreement with 
the postulates of the absolute-rate theory 
since the active complex, which presumably 
decomposes to form inactive enzyme, may 
be assumed to be in true equilibrium with 
the native enzyme.

Irradiation of the remaining active enzyme 
caused a loss of activity proportional to 
the concentration of the active enzyme re
maining after the mild heat treatment. When 
the reverse treatment was employed (irradi
ation followed by heat), the irradiation- 
weakened tertiary structure of the enzyme 
collapsed rapidly under the effects of heat. 
The treatment of irradiated enzyme with 
heat hastened the breakdown that was found 
to occur during storage. In effect, irradia
tion greatly reduced the activation energy 
for inactivation of the enzyme.

The effect of thermal and ionizing energy 
on lipoxidase in the presence of 20% pea 
solids. The results obtained through ap
plication of thermal and ionizing energy to 
lipoxidase in the presence of pea puree ap
peared to be in direct contrast with those 
obtained by treating the enzyme in buffer 
solution. A plausible explanation has been 
developed based on the assumption that the
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lipoxidase, added to the pea puree, existed 
partially in a puree-enzyme complex form.

The results in Table 9 indicate that heat 
treatment before irradiation results in a 
greater loss of enzyme activity than equal 
amounts of energy given in the reverse 
order. It was also observed that after a 
rapid loss of activity with only mild heat
ing, the rate of enzyme inactivation with in
creased heating time appeared to follow 
that of the unirradiated preparation.

The data in Fig. 8a,b,c, may be sum
marized as follows : 1 ) All rate curves 
showed a rapid initial drop in activity— 
approximating a discontinuous function with 
respect to heating time. 2) The rate of 
inactivation of lipoxidase, after the initial 
rapid decrease in activity, proceeded only 
as a function of heating temperature, inde
pendent of irradiation dose. 3) The lipoxi
dase preparation was inactivated to a greater 
extent under combined treatment when 
heated prior to irradiation. 4) The magni
tude of the combined effects of heat and 
irradiation could not be predicted from the 
extent of the inactivation of the separate 
treatments.

Fig. 5 shows that a certain small fraction 
of the lipoxidase activity, present in the 
pea puree preparations, was rapidly des
troyed upon heat treatment. This rapid 
initial loss of activity was attributed to the 
destruction of lipoxidase not bound as a 
stable complex with the pea solids.

The magnitude of the activity of the 
free enzyme could be estimated from these 
data by extrapolating to zero heating time 
the “first-order” rate-of-destruction curves 
obtained by heating the enzyme-pea puree 
solutions at any selected temperature for 
various lengths of time, and noting that 
the straight line did not pass through the 
“origin” (100% activity at zero heating 
time).

Similar analysis of the data for the com
bined treatment of the enzyme in the pres
ence of pea solids gave the values in Table
9. At any one temperature, inactivation 
seemed to proceed at a rate independent 
of irradiation dose. The following interpre
tations are advanced to explain these data.

The treatment of food materials by ioniz
ing radiation causes relatively little change

in the physical and chemical state of the 
system. Irradiation of a solution of lipoxi
dase in the presence of pea solids, while 
not modifying the physical form of the 
system to any extent, seemed to cause a 
fraction of the active enzyme molecules to 
be destroyed immediately, and an additional 
fraction to be modified with respect to its 
sensitivity toward heat.

The portion of the activity destroyed im
mediately by ionizing energy may be termed 
the “apparent irradiation effect,” and the 
fraction of the lipoxidase molecule changed 
by irradiation, with respect to heat resist
ance, may be termed the “latent irradiation 
effect.” A summation of these may be 
called the “total effect" of irradiation.

Thus, it is postulated that, upon cessation 
of irradiation, a certain percentage of the 
lipoxidase originally present in the solution 
had been rendered inactive (D„ =  9 X l 0 4 
rad) and an unknown amount of the enzyme 
had been changed with respect to heat re
sistance (latent irradiation effect) and re
mained bound iti an active form as an 
enzyme-pea solids complex. A third frac
tion existed unchanged, probably largely in 
complex form.

It is suggested that heat treatment of 
the irradiated lipoxidase preparation had 
the following effects: 1) the lipoxidase
fraction modified by irradiation was rapidly 
and largely destroyed; 2) continued heat 
treatment destroyed the remaining bound 
stable enzyme at a rate equal to that ob
served for the unirradiated preparation.

The total irradiation effect of 0.6 and
2.0 X 10° rad may be estimated from the 
values given in Table 9 under the heading 
“Irradiate-Heat.” It is found to be 38% 
at 0.6 X 10s rad and 50% at 2 X 106 rad. 
If the values obtained by irradiation in the 
absence of heating are then subtracted from 
the total-effect values, an estimate may be 
obtained of the latent irradiation effect. 
These values are about 25% at 0.6 X 106 
rad and 22% at 2.0 X 10s rad. As the 
irradiation dose was increased from 0.6 to
2.0 X 106 rad the latent irradiation effect 
appeared to be decreased. This suggested 
that the protective effect of the pea puree- 
enzyme complex was decreasing and that 
at some greater irradiation level the results
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of the combined effects of irradiation and 
heat, in that order, on lipoxidase in pea 
puree would first approach the values cal
culated for the separate effects of the two 
treatments, and then irradiation would ac
tually sensitize the enzyme to heat.

The combined effects of heat and irradia
tion, in that order, may now be analyzed 
in light of the above postulates to see why 
this treatment was much more effective than 
either the reverse treatment or the individual 
treatments.

Heat treatment of lipoxidase in the pres
ence of 20% pea solids at 67.5°C seemed 
to cause the rapid destruction of only a 
small amount of the free enzyme in the 
preparation, as shown in Fig. 5. Yet it 
may be suggested that the effect of the 
heat was quite profound on either the en
zyme-pea solids complex or the complexing 
agent itself. An increase in the temperature 
of inactivation, from 67.5 to 72.5°C, showed 
an even greater effect on the complex and 
on the free enzyme in the absence of irradia
tion treatment.

It may be further suggested that heat 
treatment before irradiation either reversed 
or seemed to destroy the complexing ability 
of the pea solids toward free lipoxidase, 
and therefore greatly reduced the protective 
value of the pea puree against ionizing 
energy. Protective effect in this case is 
not meant with respect to radiation as radical 
scavenger but as an agent that allowed sup
port and stabilization of the tertiary enzyme 
configuration against degradation through 
the various effects of ionizing energy on the 
enzyme in pea puree.

The data in Table 9 show that heat treat
ment before irradiation did greatly increase 
the effect of the ionizing energy. At 67.5°C 
the “zero heating time" intercept showed a 
loss of activity of only 5% (Fig. 5) and 
treatment of the preparation with 0.6 X 10s 
rad of gamma radiation alone gave a de
struction of 12%. Together these treat
ments yielded a destruction of 50%. At 
2 X 106 rad, sufficient to cause 28% destruc
tion of the enzyme in the absence of heat, 
a combined treatment gave 77% inactivation.

An increase in treatment temperature had 
a similar effect at constant irradiation dose. 
In this case, 72.5°C allowed a destruction

of 62% of the enzyme by an irradiation 
dose of 0.6 X 106 rad, whereas 67.5 °C 
gave a 50% destruction. The reverse treat
ment order was shown to result in the 
same destruction at both 67.5 and 72.5°C.

These effects were observed by Leone 
et al. (1959) with crystalline ovalbumin 
treated with heat and ionizing energy.

The above may be considered from the 
viewpoint of the food processor contem
plating the preservation of raw plant and 
animal materials by ionizing energy. Heat 
treatment of the food material, while not 
decreasing the “radical-scavenging” ability 
of the food, appears to reduce the ability 
of the food to form protective complexes 
with the enzymes in it, perhaps by altering 
the equilibrium of the “enzyme-food” 
complex.

Since the use of some heat appears highly 
desirable to obtain the fullest effect of the 
irradiation treatment (apparent and latent 
effects), the problem reduces itself to one 
of maximizing the destructive effects of 
any given combined treatment. Results with 
lipoxidase in pea puree suggest the use of 
heat before irradiation. Commerical practice 
dictates such a procedure since heat penetra
tion is facilitated by small individual food 
pieces and irradiation treatment is most 
advantageous when carried out in conjunc
tion with pre-packaged foods exposed in 
a fixed configuration. Perhaps the most 
effective treatment would be to heat and 
irradiate simultaneously. Proper dose rates 
and processing temperatures would depend 
on the product, type of irradiation source, 
and preservation objective, all of which need 
study.
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SUMMARY
Some of the variables influencing the stability o f purified and unpurified  

spinach catalase during storage were evaluated in m odel systems. A purified  
preparation o f spinach catalase was obtained from  spinach leaves by com 
m inution and extraction with phosphate buffer and extraction with u-butanol. 
(NH iffSO i precipitation, (NH i) 2SOi fractionation, dialysis, and lyophilization.
The preparation had a Kat.-f. o f 3300  at pH 7.0. The stability o f the enzym e 
in storage was influenced primarily by storage temperature, the pH of catalase 
solutions, and the activity o f microorganisms. The enzym e concentration had 
a relatively m inor effect on catalase stability. The stability o f spinach catalase 
during storage was not influenced by the presence o f NaCl, sucrose, starch, 
and denatured catalase in catalase solutions; the atm ospheric pressure under 
which solutions were stored; or differences in freezing rates.

Although a number of studies of plant 
catalase have been reported, especially in 
the older literature as reviewed by Joslyn
(1949), there has been surprisingly little 
fundamental interest in the storage stability, 
heat inactivation, and regeneration of this 
enzyme. These closely related aspects of 
stability should be better understood because 
of their pertinence to catalase research and 
to industrial applications of the enzyme.

Both Galston et al. (1951) and Mitsuda
(1956) have shown that plant catalase is 
substantially less stable during storage than 
is catalase from other sources. Mitsuda
(1956) and Mitsuda and Nakazawa (1954) 
reported that the stability of catalase ex
tracted from rice-plant leaves was decreased 
by dilution. During 24-hr storage at room 
temperature, the enzyme was more stable 
in pH 7 phosphate buffer and in NaHCOs 
solution than in water or solutions of NaCl

“ C o n tr ib u tio n  441 f ro m  th e  D e p a r tm e n t  o f N u 
tr i t io n ,  F o o d  S c ie n ce  a n d  T e c h n o lo g y .

h P r e s e n t  a d d re s s  : P io n e e r in g  R e s e a rc h  D iv is io n , 
Q M  R e s e a rc h  a n d  E n g in e e r in g  C e n te r , N a tic k , 
M a s s a c h u s e tts .

r T h is  p a p e r  is  b a s e d  o n  r e s e a rc h  c a r r ie d  o u t  by  
G. M . S a p e r s  fo r  th e  P h .D .  d e g re e  in  F o o d  T e c h 
n o lo g y  a t  M a s s a c h u s e tts  In s t i tu te  o f T ec h n o lo g y .

and other salts. Galston et al. (1951) found 
that purified spinach catalase was stable in 
the cold at a pH between 5.3 and 8.9, and 
was destroyed rapidly at lower pH values 
and slowly at higher pH values. According 
to Luck (1957), the pH effect is reversible 
above pH 4, probably reflecting the forma
tion of the inactive secondary enzyme sub
strate complex.

Although research cited by Joslyn (1949) 
has shown other enzymes to be relatively 
stable at low temperatures, little attention 
has been given to the stability of plant cat
alase during prolonged frozen storage. Kier- 
meier (1947, 1949) observed losses in cat
alase activity in potato extracts and whole 
potatoes stored for as long as 2 wk at 
temperatures ranging from 2.5° to —15.4°C 
with the storage losses being greatest at the 
lowest temperatures. He also investigated 
the effects of repeated freezing and thawing 
and of differences in the rate of freezing.

These studies point out some of the vari
ables likely to influence the storage stability 
of plant catalase. The present research was 
intended to evaluate the importance of these 
and other variables on the storage stability 
of purified and unpurified spinach catalase 
in model systems.

7 '
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E X P E R I M E N T A L
P u r if ic a t io n  o f s p in a c h  c a ta la s e .  T h e  e n zy m e  

w a s  p a r t ia l ly  p u rif ie d  u s in g  a  m o d if ic a tio n  o f th e  
te c h n iq u e s  o f M i ts u d a  a n d  Y a s u m a ts u  (1 9 5 5 ) a n d  
G a ls to n  ct al. (1 9 5 1 ) .

A l l  p u r if ic a tio n  o p e ra t io n s  w e re  c a r r i e d  o u t 
u n d e r  r e f r ig e ra t io n .  F ro z e n  s p in a c h  le a v es  (15 3  lb )  
w e re  c o m m in u te d  w ith  a  H o b a r t  F o o d  C u t te r  a n d  
su sp en d ed  in  102 L  o f 0 .0 1 3 /  p H  7.0 p h o s p h a te  
b u ffe r . A s  d e s c r ib e d  b y  M its u d a  a n d  Y a s u m a ts u  
(1 9 5 5 ) ,  th e  su sp e n s io n  w a s  s tr a in e d  th ro u g h  c h ee se 
c lo th , a n d  th e  f i l t r a te  w a s  e x t r a c te d  w i th  13 g a l. 
» -b u ta n o l  to  l ib e ra te  c a ta la s e  f ro m  th e  su sp e n d e d  
c h lo ro p la s ts  a n d  b r in g  i t  in to  a q u e o u s  so lu tio n . 
T h e  a q u e o u s  p h a s e  w a s  s e p a ra te d  f ro m  th e  
» -b u ta n o l  p h ase , a n d  p re c ip i ta te d  so lid s  w e re  r e 
m o v e d  by  c o n tin u o u s  c e n t r i fu g a tio n  on  a  W e s t 
p h a l ia  c e n tr i fu g e .  T h e  s u p e rn a ta n t  w a s  th e n  50 %  
s a tu ra te d  w ith  ( N H O - S O *  to  p r e c ip i ta te  th e  
c a ta la s e  a n d  o th e r  p ro te in s . C a ta la s e  w a s  b ro u g h t  
in to  s o lu tio n  w ith  0.1 A / N a T I P C b  a n d  w a s  f u r th e r  
p u rif ie d  b y  ( N H 4) 2S 0 4 f ra c t io n a t io n .

P r o te in s  p re c ip i ta te d  a t  d i f fe re n t  lev e ls  of 
( N H 4) 2S 0 4 s a tu ra t io n  w e re  s e p a ra te d  b y  c e n t r i fu 
g a tio n  f o r  20  m in  a t  2200  rp m , w a s h e d  w ith  
( N H 4) 2S 0 4 so lu tio n , r e c e n tr ifu g e d , a n d  d is so lv e d  
in  0 .1 3 /  N a s H P O i.  T h e  f r a c t io n a t io n  sch em e  is 
s u m m a r iz e d  b e lo w .

F r a c t io n s  w e re  o b ta in e d  a t  0 -1 3 %  s a tu r a t io n  
( a ) ,  a n d  a t  1 3 -4 4 %  s a tu r a t io n  ( b ) .  F r a c t io n  a 
c o n s is te d  of so lu b le  a n d  in so lu b le  p ro te in  ; th e  l a t 
t e r  w a s  su sp e n d e d  in  0 .1 3 /  N a 2H P 0 4 ( su sp en s io n  
A ) ,  a n d  th e  fo r m e r  w a s  f u r th e r  f r a c t io n a te d  a t  
0 -2 0 %  s a tu ra t io n  ( c ) ,  a n d  a t  2 0 -5 0 %  s a tu ra t io n  
( d ) .  F ra c t io n s  c a n d  d w e re  d is so lv e d  in  0 .1 3 /  
N a 2H P O i ,  y ie ld in g  so lu tio n s  B a n d  C. F r a c t io n  
b c o n s is te d  o f so lu b le  a n d  in so lu b le  p ro te in  ; th e  
l a t te r  w a s  su sp e n d e d  in  0 .1 3 /  N a 2H P 0 4 ( s u s p e n 
s io n  D ),  a n d  th e  fo r m e r  w a s  f u r th e r  f ra c t io n a te d  
a t  0 -1 4 %  s a tu ra t io n  ( e ) ,  a n d  14-24% , s a tu ra t io n  
( f ) .  B o th  f r a c t io n s  e a n d  /  c o n s is te d  o f so lu b le  
a n d  in so lu b le  p ro te in , w h ic h  w e re  d is so lv e d  o r  
s u sp e n d e d  in  0 .1 3 /  N a 2H P 0 4, re s p e c tiv e ly  y ie ld in g  
so lu tio n s  E  a n d  G a n d  su sp e n s io n s  F a n d  H. S o lu 
t io n s  B, C, E, a n d  G w e re  c o m b in ed  a n d  c o n c en 
t r a t e d  b y  ( N H 4) 2S 0 4 p re c ip i ta tio n ,  c e n tr i fu g a tio n ,  
a n d  re s o lu tio n  o f th e  p ro te in  in  a  sm a lle r  v o lu m e  
o f 0 .1 3 /  N a 2H P 0 4 to  y ie ld  s o lu tio n  I . S u s p e n 
s io n s  A , D , F, a n d  El w e re  a ls o  c o m b in ed  a n d  
c e n tr i fu g e d  t o  y ie ld  p r e c ip i ta te  I I .  P r e c ip i ta te  I I  
w a s  p a r t i a l ly  so lu b iliz e d  b y  d ig e s tio n  w i th  0 .1 %  
t ry p s in .  T h e  so lu b le  p ro te in  o b ta in e d  f ro m  p r e 
c ip i ta te  I I  w a s  s e p a ra te d  f ro m  s o lu tio n  by 
( N H 4) 2S 0 4 p re c ip i ta t io n  a n d  c e n tr i fu g a tio n ,  a n d  
w a s  re d is s o lv e d  in  f r e s h  0.1 3 /  N a 2H P 0 4 a n d  c o m 
b in e d  w ith  so lu tio n  I. T h e  in so lu b le  re s id u e  of 
p r e c ip i ta te  I I  w a s  d is c a rd e d .

A t te m p ts  to  in c re a se  th e  p u r i ty  o f th e  c o m b in ed  
c a ta la s e  so lu tio n s  f u r th e r  b y  u s in g  s ta rc h -b lo c k  
e le c tro p h o re s is  (0 .0 5M  p H  7.0 p h o s p h a te  b u ffe r , 
350 V , 18 h r  a t  2 ° C )  a n d  d io x a n e  f r a c t io n a t io n  
( a t  35, 42, a n d  5 6 %  d io x a n e  u n d e r  r e f r ig e r a t io n  a t  
3 6 - 4 0 ° F )  w e re  n o t  su ccess fu l.

T h e  so lu b le  c a ta la s e  p re p a ra t io n  w a s  d ia ly z e d  
a g a in s t  d is t i l le d  H 20  a n d  th e n  ly o p h iliz ed . A  y ie ld  
o f 1.34 g  o f  d r y  en zy m e  p re p a r a t io n  w a s  o b ta in e d . 
T h e  p re p a r a t io n  h a d  a  K a t.- f .  o f 3300 a t  p H  7.0.

D e te rm in a t io n  o f  c a ta la s e  a c t iv i ty .  M a n o m e tr ic  
a s s a y s  w e re  e m p lo y e d  w ith  a ll  im p u re  a n d  p a r 
t ia l ly  p u r if ie d  c a ta la s e  sam p le s  ( M a e c h ly  a n d  
C h an ce , 1 9 5 4 ). T h e  m e th o d s  d e s c r ib e d  b y  G o ld 
s te in  (1 9 4 9 ) a n d  B u r k  a n d  H o b b y  (1 9 5 4 ) fo r  
f re e  m a n o m e try  w i th  B a r c r o f t - W a r b u r g  m a n o m 
e te r s  w e re  u sed . A s s a y s  w e re  p e r fo r m e d  a t  2 6 ° C. 
T h e  c a ta la s e  a c t iv i ty  o f sam p le s  w a s  b a s e d  o n  
z e r o - o r d e r  r e a c t io n - r a te  c o n s ta n ts , e x p re s s e d  a s  
id  o f  O s ev o lv ed  p e r  m in u te  ( / d /m i n ) .

S p e c tro p h o to m e tr ic  a s s a y s  b a s e d  o n  th e  m e th o d  
of B e e r s  a n d  S iz e r  (1 9 5 2 ) w e re  u se d  w i th  so lu 
t io n s  o f p u r if ie d  c a ta la s e . A  w a v e le n g th  o f 235 m /r 
a n d  a n  H 20 2 c o n c e n tra t io n  o f 0 .0 1 7 6 3 / w e re  e m 
p loyed . T h e  c a ta la s e  a c t iv i ty , b a se d  o n  th e  f i r s t-  
o r d e r  r e a c t io n - r a te  c o n s ta n t  k  ( s e c -1) ,  w a s  e x 
p re s s e d  a s  th e  K a t.- f .  o r  a s  k  p e r  m g  o f p ro te in  
in  th e  sam p le  ( k / m g ) .

S to r a g e  s tu d ie s . A  s e r ie s  o f s tu d ie s  w a s  u n d e r 
ta k e n  to  d e te rm in e  th e  e ffec ts  o f s to ra g e  t e m p e r 
a tu re ,  s to ra g e  tim e , p H , en zy m e  c o n c e n tra tio n , 
a tm o s p h e r ic  p re s s u re ,  b a c te r ia l  a c t iv i ty , a d d e d  
N a C l,  su c ro se , s ta rc h ,  a n d  d e n a tu r e d  c a ta la s e , a n d  
f re e z in g  r a te s  o n  th e  s ta b i l i ty  o f s p in a c h  c a ta la s e . 
A l l  p re p a ra t iv e  w o r k  w a s  p e r fo r m e d  u n d e r  r e 
f r ig e ra t io n .

C a ta la s e  so lu tio n s  c o n ta in in g  0.1, 0.2, a n d  0.4 
m g  o f  d ry  p ro te in  p e r  m l w e re  p re p a re d  by  
d is s o lv in g  th e  en zy m e  p re p a ra t io n  in  0 .0 1 3 / p h o s 
p h a te  b u ffe r  a t  p H  5.5, 7.0, a n d  9.0. T h e  so lu tio n s  
w e re  d isp e n se d  in to  o n e - a n d  5 -m l g la s s  a m p o u le s  
( K im b le ) ,  w h ic h  w e re  th e n  h e a t- s e a le d  e i th e r  a t  

a tm o s p h e r ic  p re s s u re  o r  in vacuo. A m p o u le s  w e re  
s to re d  in  d a r k  ro o m s  m a in ta in e d  a t  86, 3 6 -4 0 , 0, 
a n d  —4 0 ° F . T h e  a m p o u le s  to  be s to re d  a t  th e  
l a t t e r  tw o  te m p e ra tu re s  w e re  q u ic k - f ro z e n  by  
im m e rs io n  in  d ry  ic e -a lc o h o l. S to ra g e  tim e s  v a r ie d  
f ro m  tw o  h r  to  th r e e  m o n th s , d e p e n d in g  o n  th e  
s to ra g e  te m p e ra tu re .  A f te r  s to ra g e , d u p lic a te  a m 
p o u le s  w e re  o p en e d  a n d  th e  c o n te n ts  a s s a y e d  w ith  
up  to  s ix  re p lic a te s .

A  s e r ie s  o f 0 .2  m g / m l - p H  5.5 c a ta la s e  s o lu tio n s  
w e re  m a d e  u p  to  c o n ta in  1 .5%  N a C l, 3 .6 %  su c ro se , 
3 .6 %  s ta rc h ,  a n d  0 .2  m g /m l  d e n a tu r e d  en zy m e  
p re p a ra t io n .  T h e s e  so lu tio n s  w e re  s to re d  in  a i r  
a t  86° F  f o r  u p  to  5 h r .

T h e  s to ra g e  s ta b i l i ty  o f c a ta la s e  w a s  a ls o  d e 
te rm in e d  in  s p in a c h  e x tr a c ts  s im u la tin g  w h o le
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s p in a ch  leav es . E x t r a c t s  w e re  p re p a re d  b y  b le n d 
in g  100 g  o f f ro z e n  s p in a c h  le a v es  w ith  50 g  
d is t i l le d  EEC) in  a  W a r in g  b le n d e r , c e n tr i fu g in g  
th e  h o m o g e n a te  10 m in  a t  2200 rp m , a n d  f i l te r in g  
th e  s u p e rn a ta n t  th r o u g h  S  & S  no . 595 f i lte r  p a p e r . 
T h e  so lid s  o f sp in a c h  e x t r a c ts  w e re  d e te rm in e d  b y  
e v a p o ra tin g  sam p le s  to  d ry n e s s  o n  a  s te a m  b a th . 
E x t r a c t s  w e re  s to re d  in  a i r  a t  86° F  f o r  a s  lo n g  
a s  36 h r .  T h e  pE l o f th e  e x t r a c ts  w a s  d e te rm in e d  
a t  in te rv a ls  d u r in g  s to ra g e .

T o  d e te rm in e  th e  in f lu en ce  of b a c te r ia l  a c t iv i ty  
o n  th e  s ta b i l i ty  o f s p in a ch  c a ta la s e  d u r in g  s to ra g e ,  
a  0.1 m g / m l - p H  7.0 s o lu tio n  o f th e  p u rif ie d  e n 
zy m e  p r e p a r a t io n  w a s  s te r i l iz e d  b y  f i l t r a t io n  
th r o u g h  a n  H A  M ill ip o re  f i l te r  a n d  s to re d  a se p -  
t ic a l ly  in  p a ra l le l  w i th  a n  id e n tic a l  n o n s te r i le  
c a ta la s e  s o lu tio n  a t  86° F .  B o th  so lu tio n s  w e re  
a ss a y e d  a f te r  d i f f e r e n t  s to ra g e  in te rv a ls .  P a r a l le l  
e x p e r im e n ts  w e re  a ls o  p e r fo rm e d  w i th  s p in a ch  
e x t r a c ts  c o n ta in in g  0  a n d  25 p p m  o f a u re o m y c in  
( L e d e r le )  s to re d  a t  8 6 ° F . S ta n d a r d  p la te  c o u n ts  
w e re  m a d e  o n  s p in a ch  e x t r a c ts  a n d  o n  s o lu tio n s  
o f th e  p u rif ie d  e n zy m e  u s in g  t r y p to n e  g lu c o se  
e x t r a c t  a g a r  (D if c o )  a n d  a n  in c u b a tio n  t im e  of 
24 h r  a t  86° F .

T h e  e ffe c t  o f f re e z in g  r a te  o n  th e  s ta b i l i ty  of 
p u rif ie d  s p in a c h  c a ta la s e  w a s  d e te rm in e d  by  im 
m e rs in g  a m p o u le s  o f 0 .2  m g / m l - p H  7.0 s o lu tio n s  
in  a lc o h o l c o o led  to  0, — 40, a n d  — 1 0 8 °F . F ro z e n  
so lu tio n s  w e re  im m e d ia te ly  th a w e d  a n d  a ssa y e d .

R a te s  o f in a c tiv a tio n  w e re  d e te rm in e d  by  l in e a r  
re g re s s io n  a n a ly s is  w h e n  th e  in a c tiv a tio n  p ro c e ss  
fo l lo w e d  z e ro -o rd e r  k in e tic s .

R E S U L T S  A N D  D IS C U S S IO N
Purification. The degree of purity of the 

catalase preparation used in this research 
represents a 50-fold increase in specific ac
tivity. Galston et al. (1951) reported that 
the maximal Kat.-f. of their highly purified 
crystalline spinach catalase was 23,600. 
Using a different procedure, Mitsuda (1956) 
obtained crystals of spinach catalase having 
a Kat.-f. of 15,300. If Galston’s maximal 
value is assumed to represent the pure en
zyme, then the preparation described herein 
contained about 14% catalase. Further puri
fication would have been desirable but was 
not considered feasible within the confines 
of this research.

The 1.34 g of enzyme preparation repre
sents a yield of about 10%. Losses in cat
alase activity undoubtedly resulted during 
the purification operations as a result of 
inhibition by acid impurities in the (N H 4) 2 
S 0 4, foaming, trypsin digestion, and storage

changes. Mitsuda and Nakazawa (1954) re
ported losses during dialysis, and Dounce 
and Schwalenberg (1950) observed catalase 
inactivation during lyophilization. It is pos
sible that different configurations of the 
active catalase molecule were produced dur
ing purification by alteration of the native 
molecule.

Stability of spinach catalase during stor
age—effect of storage temperature. As
might be expected, temperature was found 
to be the most important variable affecting 
the stability of spinach catalase during stor
age. Table 1 shows data representing the 
stability of 0.2 mg/ml-pH 7.0 solutions of 
purified spinach catalase stored in air and 
in vacuo at different temperatures.

It can be seen that the enzyme was in
activated rapidly at 86° F, underwent little 
or no change at 36-40° F, and was quite 
stable during frozen storage. This trend is 
consistent with results reported in the lit
erature by Galston et al. (1951), Joslyn 
(1949), and Mitsuda (1956), and is prob
ably a general characteristic of labile bio
logical materials. Kiermeier’s (1947, 1949) 
observations with catalase in frozen potatoes 
and potato extracts are difficult to reconcile

T a b le  1. E f fe c t  o f s to r a g e  te m p e r a tu r e  o n  th e  
s ta b i l i ty  o f 0 .2  m g / m l - p H  7.0 so lu tio n s  o f p u rif ie d  
s p in a c h  c a ta la s e  in  a i r  a n d  in vacuo.
Storagetemperature(°F ) Storagetime

Average specific activity (k /m g)
Air Vacuum

8 6 0  h o u rs .152 .152
6 .153 .150

18 .102 .100
24 .0843 .0701
42 .0380 .0277

3 6 -4 0 1 d a y s .160 .157
3 .170 .148
7 .160 .142

14 .158 .147
0 7 d ay s .143 .155

30 .152 .145
60 .169 .158
90 .153 .160

- 4 0 7 d a y s .154 .146
30 .164 .162
60 .155 .173
90 .166 .170
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with the results of this research. They may 
reflect transient effects mentioned by Joslyn 
(1949), sampling or analytical variability, 
or some unusual effect of freezing on the 
catalase structure and its intracellular site 
in potatoes.

It is also apparent in Table 1 that the 
atmospheric pressure under which solutions 
of catalase were stored had no significant 
effect on the stability of the enzyme. This 
was also true under other conditions of 
storage discussed.

Effect of pH. The stability of purified 
spinach catalase during storage at a given 
temperature was found to be highly depend
ent on the pH of the enzyme solution. The 
effect of pH on the stability of 0.4 mg/ml 
solutions stored in air at 86°F is shown in 
Table 2.

T a b le  2. E f fe c t  o f p H  on  th e  s ta b i l i ty  o f 0.4 
m g /m l  so lu tio n s  o f p u rif ie d  s p in a c h  c a ta la s e  s to re d  
in  a i r  a t  8 6 ° F .

Av. specific activity (k /m g) Storage --------------------------------------------------------------time (hr) pH 5.5 pH 7.0 pH 9.0
0 .0661 .162 .169
2 .352
4 .0345
6 .0360 .156 .132

18 .0137 .119 .104
24 .0915 .0855
42 .0504 .0571

The enzyme was inactivated at a much
greater rate at pH 5.5 than at pH 7.0 or
9.0. The kinetics of inactivation were also
found to vary with the pH of the catalase
solution. At pH 7.0, zero-order kinetics
were followed ; at pH 9.0, the inactivation 
was first-order, and at pH 5.5, inactivation 
curves were concave on semilog paper. These 
trends were also observed during storage 
at 36-40°F. Even during frozen storage, 
pi 1 5.5 catalase solutions showed losses in 
activity during the first day.

Similar pH effects were reported by Gals- 
ton ct a!. (1951). Since all catalase assays 
were performed at pH 7.0, the pH effects 
illustrated in Table 2 were obviously irre
versible. The change in inactivation kinetics 
with pH suggests a complex mechanism of 
inactivation that probably involves the com-

petitive inhibition in acid solutions described 
by Theorell (1951), the presence of several 
forms of catalase differing in stability, the 
protective effects discussed by Reiner
(1959), and other factors. It is not likely 
that the extreme instability of pH 5.5 solu
tions represents denaturation, since rapid 
changes in activity occurred at all storage 
temperatures.

Effect of bacterial activity. Significant 
bacterial growth was found in solutions of 
purified spinach catalase at each pH and 
in aqueous spinach extracts stored at 86° F. 
This is not surprising since carbon, nitro
gen, and other essential nutrients were pres
ent in the enzyme solutions and spinach 
extracts in amounts sufficient to permit the 
initial bacterial load to multiply.

The activity of these microorganisms had 
a profound effect on the stability of catalase 
in solution and in spinach extracts. The 
rates of inactivation of 0.1 mg/ml-pH 7.0 
solutions of purified spinach catalase stored 
in air at 86°F were found to be 3.11%/hr 
for nonsterile solutions and 1.02%/hr for 
sterile solutions. Table 3 illustrates the ef
fect of aureomvcin on the stability of catalase 
in spinach extracts stored in air at 86° F.

In the extract containing aureomvcin, 
catalase inactivation was greatly reduced 
compared to the extract containing no anti
biotic. A portion of the effect of bacterial 
activity on the stability of spinach catalase 
may be due to acid production. The oH of 
the extract containing- no aureomvcin de
creased from 6.62 to 5.90 in 24 hr. whereas 
the extract containing 25 npm of aureomvcin 
showed no change in pH during the same 
storage time.

The rates of inactivation of catalase in

T a b le  3. S ta b i l i ty  of c a ta la s e  in  a q u e o u s  e x t r a c ts  
o f s p in a c h  c o n ta in in g  0 a n d  25 p p m  a u re o m y c in  a t  
86 ° F .

Storage time (hr)
Average specific activity (manometric)

No aureomycin 25 p]im aureomycin
0 14,300 8 ,970
8 12,900 9 ,540

12 6 ,500 8 ,4 2 0
18 1,670 8 .1 9 0
24 896 7 .250
36 5 ,740
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spinach extracts containing 25 ppm aureo- 
mycin and in sterile 0.1 mg/ml-pH 7.0 
solutions at 86° F were similar, the former 
being 1.11%/hr and the latter 1.02%/hr. 
Since the enzyme is considered to be bound 
within the chloroplast structure in the former 
case and in colloidal suspension in the latter 
case, the comparable stability of the two 
preparations suggests that the mechanism 
of inactivation does not involve the inter- 
molecular bonds between catalase and the 
chloroplast.

Effect of enzyme concentration. Under 
some conditions of storage, a relatively minor 
protective effect was found when the enzyme 
concentration was increased. This is illus
trated in Table 4 by stability data obtained 
with pH 9.0 solutions of purified spinach 
catalase stored at 36-40° F.

T a b le  4. E f fe c t  o f  e n zy m e  c o n c e n tra t io n  o n  th e  
s ta b i l i ty  o f p H  9.0 so lu tio n s  o f p u r if ie d  s p in a ch  
c a ta la s e  s to re d  in  a i r  a t  3 6 -4 0 ° F .

_ Storage time (days)
Average specific activity (k /m g) at:

0.1 m g/m l 0.2 m g/m l 0.4 m g/m l
0 .126 .164 .169
i .154 .156 .186
3 .148 .142 .164
7 .124 .130 .153

14 .137 .126 .149
30 .109 .104 .124

Results were similar during the frozen 
storage of pH 7.0 and 9.0 solutions of puri
fied spinach catalase.

Effects of other variables. The addition 
of 1.5% NaCl, 3.6% sucrose, 3.6% starch, 
and 0.2 mg/rnl of denatured catalase to 0.2 
mg/ml-pH 5.5 solutions of purified spinach 
catalase had no effect on the stability of the 
enzyme in air at 86°F. Mitsuda (1956) 
and Mitsuda and Nakazawa (1954) reported 
that NaCl had an adverse effect on the sta
bility of rice-plant leaf catalase in this con
centration range. The apparent conflict in 
results may be explained by differences in 
the enzyme source and in the pH of the 
preparation.

Freezing times varying from 1 min at 
— 108°F to 4 min at 0°F did not influence 
the activity of a 0.2 mg/ml-pH 5.5 solution

of purified spinach catalase. Kiermeier 
(1947, 1949) reported an effect with potato 
catalase over a broader range of freezing 
rates.
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SUMMARY
The effects o f certain variables on the thermal stability o f spinach catalase 

were investigated with m odel systems. The rate o f thermal inactivation of 
spinach catalase was accelerated as heating temperature was increased. 
Inactivation kinetics were not first-order with solutions of the purified enzym e 
between 50 and 60°C and with spinach extracts at 55°C, but became first- 
order with the latter preparation as the temperature was increased to 65°C.
The presence o f a heat-labile catalase inhibitor is postulated. Catalase was more 
thermostable in spinch extracts than in solutions o f the purified enzym e. 
Purified spinach catalase at 5 5 °C was more thermostable in solutions at pH 5.5  
and 7.0 than at pH 9.0 . The thermostability o f purified spinach catalase was 
not influenced by the enzym e concentration or by the presence of 1.5% NaCl, 
3.6%  sucrose, or 3.6%  starch in pH 7.0 solution at 55°C.

The thermal lability of catalase and many 
other enzymes has been well established. 
I lowever, basic studies of heat inactivation 
have been confined to catalase from animal 
and microbiological sources. Values of AH* 
and AS* for inactivation have been deter
mined for crystalline beef-liver catalase by 
Frazer and Kaplan (1955), Guild and van 
Tubergen (1957), and Sizer (1944), for 
intracellular yeast catalase by Frazer and 
Kaplan (1955). and for crystalline horse 
erythrocyte catalase by Deutsch (1951).

According to Sizer (1944), Frazer and 
Kaplan (1955), and Guild and van Tu
bergen (1957), the thermal inactivation of 
beef-liver catalase is a first-order reaction. 
However, Deutsch (1951) reported that the 
inactivation of crystalline horse erythrocyte 
catalase is not first-order, the rate decreasing 
rapidly with time. He suggested that a

“ C o n tr ib u tio n  442 f ro m  th e  D e p a r tm e n t  o f N u 
tr i t io n ,  F o o d  S c ie n ce  a n d  T e c h n o lo g y .

11 P r e s e n t  a d d re s s  : P io n e e r in g  R e s e a rc h  D iv is io n , 
Q M  R e s e a rc h  a n d  E n g in e e r in g  C e n te r , N a tic k , 
M a s s a c h u s e tts .

c T h is  p a p e r  is b a sed  on  r e s e a rc h  c a r r ie d  o u t  by  
G. M . S a p e r s  fo r  th e  P h .D . d e g re e  in  F o o d  T e c h 
n o lo g y  a t  M a s s a c h u s e tts  In s t i tu te  o f T e c h n o lo g y .

number of species of catalase were present 
in his preparation, each differing in thermal 
lability. Frazer and Kaplan (1955) ob
served, during the heat inactivation of intra
cellular yeast catalase, an initial lag phase 
that they attributed to the weak linkages 
holding catalase to the intracellular inter
faces.

Frazer and Kaplan's results indicated 
that the thermal lability of yeast catalase 
is not greatly influenced by pH. Deutsch 
(1951) reported that crystalline horse ery
throcyte catalase is most stable to heat near 
the isoelectric point of the enzyme. Kier- 
meier and Koberlein (1957) found that 
mono- and disaccharides increased the heat 
stability of crystalline catalase.

For the most part, investigations of the 
thermal lability of plant catalase have dealt 
with semiquantitative determinations of 
blanching times and temperatures. This 
work was discussed in detail by Joslyn 
(1949). In general, the data are limited in 
scope and give little insight into the kinetics 
and mechanism of catalase inactivation bv 
heat. In the present study, certain funda
mental characteristics of the thermal inacti
vation of spinach catalase were examined in 
model systems with quantitative techniques.

[ 2 8 2 ]
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E X P E R I M E N T A L

S o u rc e  o f  en zy m e . D e te rm in a tio n s  o f th e  h e a t  
la b i li ty  o f s p in a c h  c a ta la s e  w e re  c a r r ie d  o u t  in  
so lu tio n s  o f  th e  p u rif ie d  e n zy m e  p re p a ra t io n  a n d  
a q u e o u s  s p in a ch  e x t r a c ts  a s  d e sc rib e d  e a r l ie r  
( S a p e r s  ct al., 1 9 6 2 ).

E q u ip m e n t  a n d  h e a t in g  p ro c e d u re s . S o lu t io n s  of 
th e  p u r if ie d  e n zy m e  p r e p a r a t io n  in  0 .0 1 2 / p h o s p h a te  
b u ffe r  w e re  h e a te d  in  18 X ISO -m m  te s t  tu b e s  an d  
a ls o  in  sea le d  1.5—2.0  X 10 0-m m  g la s s  m e ltin g -p o in t  
c a p i l la r y  tu b e s  h a v in g  a n  in n e r  d ia m e te r  o f 1.2—1.4 
m m ; a q u e o u s  s p in a ch  e x t r a c ts  w e re  h e a te d  in  
c a p i lla ry  tu b e s . T h e  end  o f e ac h  c a p i l la r y  w a s  
fu se d  to  a  s h o r t  s u p p o r t in g  s ec tio n  o f c a p i l la ry  
tu b e  b e n t in  th e  s h a p e  o f a  c an e . T h e  c a p i l la ry  tu b e  
filling , s ea lin g , a n d  h e a t in g  p ro c e d u re s  o f S te rn  
a n d  P r o c to r  (1 9 5 4 ) ,  a s  m o d ified  b y  L ic c ia rd e l lo  
(1 9 6 0 ) a n d  F a r k a s  (1 9 6 0 ) ,  w e re  u sed . W ith  th is  
te c h n iq u e  i t  w a s  p o ss ib le  to  h e a t  0 .075-m l sam p le s  
u n d e r  p re c is e ly  c o n tro l le d  c o n d itio n s  w ith  m in im a l 
h e a t in g  a n d  c o o lin g  lag s .

T h e  c a p i l la ry - tu b e  te c h n iq u e  w a s  n o t  p ra c tic a l  
w h e n  th e  c a ta la s e  a c t iv i ty  w a s  re d u c e d  to  a  lo w  
leve l b y  e x p o s u re  to  h e a t ,  s in ce  th e  c o n te n ts  of 
a  g r e a t  m a n y  tu b e s  w o u ld  h a v e  to  be  p o o le d  to  
p ro v id e  su ffic ien t s o lu tio n  f o r  a s s a y in g . C o n se 
q u en tly , s am p le s  to  be g iv e n  e x te n d e d  e x p o s u re s  
to  h e a t  w e re  h e a te d  in  te s t  tu b e s . In  o r d e r  th a t  
h e a t  p e n e tra t io n  la g s  be m in im iz e d , a  sm a ll v o lu m e  
o f c o n c e n tra te d  en zy m e  so lu tio n  ( 1 - 2  m l)  w a s  
a d d e d  ra p id ly  b y  s e ro lo g ic a l  p ip e tte  to  15—20 m l 
o f p re h e a te d  b u f fe r  in  th e  t e s t  tu b e  a n d  im m e d i
a te ly  m ix e d  in  w ith  th e  t ip  o f th e  p ip e tte . A f te r  
e ach  h e a t in g  in te rv a l ,  p o r t io n s  o f th e  s o lu tio n  w e re  
t r a n s f e r r e d  r a p id ly  b y  s e ro lo g ic a l  p ip e tte s  f ro m  
th e  h e a t in g  te s t  tu b e  to  c h ille d  te s t  tu b e s  im 
m e rs e d  in  a n  ice  b a th .

M e th o d s  o f  a s s a y . P r e l im in a r y  e x p e r im e n ts  
d e m o n s tr a te d  t h a t  th e  c o n te n ts  o f c a p i l la ry  tu b e s  
c o u ld  n o t  be  re le a s e d  b y  c ru s h in g  in  b u ffe r , a s  is 
u s u a lly  d o n e , fo l lo w in g  th e  m e th o d  o f S t e r n  an d  
P r o c to r  (1 9 5 4 ) ,  s in ce  a  la rg e  p ro p o r t io n  o f th e  
c a ta la s e  a c t iv i ty  w a s  lo s t by  in a c tiv a tio n  on  th e  
s u rf a c e  o f th e  g ro u n d  g la s s . A s  a n  a l te rn a t iv e  
m e th o d , th e  c a p i l la ry  tu b e s  w e re  b ro k e n  a t  e ach  
end , a llo w in g  th e  c o n te n ts  to  d ra in  in to  te s t  tu b e s  
c h ille d  b y  im m e rs io n  in  a n  ice  b a th . T h e  e m p ty  
c a p i lla r ie s  w e re  th e n  f lu sh e d  w ith  a  m e a s u re d  v o l 
u m e  o f b u f fe r  in je c te d  w i th  a  tu b e rc u lin  sy rin g e . 
T h e  c o n te n ts  o f a s  m a n y  a s  60  c a p i l la r y  tu b e s , 
h e a te d  u n d e r  id e n tic a l  c o n d itio n s , w e re  p o o led  by 
th is  p ro c e d u re  to  a llo w  fo r  6 re p lic a te  a s s a y s  a t  
a l l  a c t iv i ty  lev e ls . R e c o v e ry  o f c a ta la s e  a c t iv i ty  
w a s  fo u n d  to  b e  q u a n t ita tiv e .

A f te r  p o o lin g  a n d  a p p ro p r ia te  d i lu tio n , s o lu tio n s  
of p u r if ie d  s p in a ch  c a ta la s e  w e re  a s s a y e d  b y  a  
s p e c tro p h o to m e tr ic  m e th o d  d e s c r ib e d  e a r l ie r  ( S a p 

e rs  ct al., 1 9 6 2 ). A q u e o u s  s p in a ch  e x tr a c ts ,  a f te r  
p o o lin g  a n d  a p p ro p r ia te  d i lu tio n , w e re  a ss a y e d  by  
th e  m a n o m e tr ic  m e th o d  d e s c r ib e d  in  a n  e a r l ie r  
p a p e r .

P re s e n ta t io n  o f  d a ta  a n d  c o r re c t io n  f o r  h e a t-  
p e n e t r a t io n  la g s . T h e  e x p e r im e n ta l  d a ta  w e re  
t r e a te d  g ra p h ic a l ly  by  p lo ttin g  a v e r a g e  spec ific  
a c t iv i ty  a g a in s t  h e a t in g  t im e  on  s e m ilo g  p a p e r .

S ig n if ic a n t  h e a t  p e n e tr a t io n  la g s  o c c u r re d  in  
c a ta la s e  so lu tio n s  h e a te d  in  te s t  tu b e s . T h e  e x te n t  
o f  c a ta la s e  in a c tiv a tio n  w a s  g r e a te r  in  so lu tio n s  
h e a te d  in  c a p i l la ry  tu b e s  th a n  in t e s t  tu b e s  f o r  th e  
sam e  h e a t in g  t im e  a n d  te m p e ra tu re .  I t  w a s  o b 
s e rv e d  t h a t  in a c tiv a tio n  c u rv e s  b a sed  o n  th e  te s t-  
tu b e  te c h n iq u e  sh o w ed  a n  in c re a s in g  p o s it iv e  d e v i
a t io n  f ro m  th e  c a p i l la r y - tu b e  in a c tiv a tio n  c u rv e s  
u n ti l  th e  t e s t- tu b e  c o m e-u p  t im e  h a d  b een  e x ce ed ed . 
A t  th a t  p o in t  th e  c u rv e s  b e ca m e  p a ra l le l .  B e tw e e n  
55 a n d  65 ' C, c o m e-u p  t im e s  v a r ie d  f ro m  2  to  3 m in .

C o r re c t io n  w a s  m ad e  fo r  th e  e ffec t o f  th e  h e a t -  
p e n e tr a t io n  la g  b y  g ra p h ic a l ly  s u b tr a c t in g  th e  
c o n s ta n t  d i f fe re n c e  b e tw e e n  th e  tw o  c u rv e s  f ro m  
a ll  p o in ts  o b ta in e d  b y  th e  te s t- tu b e  te c h n iq u e  a t  
h e a t in g  tim es  g r e a te r  th a n  th e  c o m e-u p  tim e . T h e  
c a p i l la r y - tu b e  te c h n iq u e  w a s  u se d  f o r  a ll  heating- 
t im e s  less  th a n  a n d  in c lu d in g  th e  c o m e-u p  tim e .

E x p e r im e n ta l  d e s ig n . T h e  r a te  o f h e a t  in a c tiv a 
t io n  of s p in a c h  c a ta la s e  in  so lu tio n s  o f th e  p u rif ied  
e n zy m e  w a s  d e te rm in e d  u n d e r  th e  fo l lo w in g  c o n 
d itio n s  :

E n z y m e  c o n c e n tr a t io n :  0.2, 0.4, 1.0 m g  en zy m e  
p re p a ra t io n  p e r  m l o f 0 .0 1 2 / p H  7.0 p h o s p h a te  
b u ffe r , h e a te d  a t  55 °C .

p H :  1.0 m g /m l  b u ffe r  so lu tio n s  a t  p H  5.5, 7.0, 
a n d  9.0 h e a te d  a t  5 5 °C .

H e a t in g  t e m p e r a tu r e :  1.0 m g /m l - p H  7.0 s o lu 
t io n s  h e a te d  a t  50, 55, a n d  60° C.

A d d e d  s o l id s :  1.0 m g /m l - p H  7.0 so lu tio n s  c o n 
ta in in g  1 .5%  N a C l,  3 .6 %  su c ro se , a n d  3.6 '/o 
s ta rc h ,  h e a te d  a t  5 5 °C .

I n  a d d itio n , a q u e o u s  s p in a c h  e x t r a c ts  w e re  
h e a te d  a t  55, 60, a n d  6 5 °C .

R E S U L T S  A N D  D IS C U S S IO N
Effects of heating temperature. Fig. 1 

shows the effect of heating temperature on 
the rate of inactivation of spinach catalase 
in solutions of the purified enzyme. It can 
be seen that heating temperature had a 
very important effect on the stability of 
spinach catalase. The time required to in
activate 50% of the enzyme was estimated 
to be 4 min at 50°C, 30 sec at 55°C, and 
10 sec at 60°C. It is also evident that the 
inactivation rate was not first-order. The 
enzyme was inactivated very rapidly initially,
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F ig . 1. E f fe c t  o f h e a t in g  t e m p e ra tu re  on  th e  s ta 
b i li ty  of 1.0 m g / m l - p H  7.0 s p in a c h  c a ta la s e  so lu 
tio n s .

but the rate progressively decreased as the 
heating time was increased.

As can be seen in Fig. 2, heating tempera
ture had a similar effect on the stability of 
catalase in spinach extracts. However, the 
enzyme showed a greater degree of stability 
in spinach extracts. The time required to 
reduce the activity by 50%' was estimated 
to be 8-13 min at 55°C, 2.5 min at 60°C, 
and 13-15 sec at 65°C. Inactivation curves 
were nonlinear at 553C but became first-

E ig . 2. E f fe c t  of h e a t in g  t e m p e ra tu re  o n  th e  
s ta b i l i ty  of c a ta la s e  in sp in a ch  e x tr a c ts .

order as the temperature was increased to
65 °C.

Activation enthalpies and entropies, based 
on the linear portions of the curves in Fig. 
2, were calculated between 55 and 60°C 
and between 60 and 65°C. These values, 
given in Table 1, are only approximate since

T a b le  1. T h e rm o d y n a m ic  c o n s ta n ts  fo r  th e  in a c 
t iv a tio n  o f c a ta la s e  in  sp in a ch  e x tr a c ts .

Temperature range (°C )
Calculationtemperature(°C ) A H * s *(kcal/m ole) (k ca l/m o le /üK)

5 5 -6 0 60 25.5 5
60-65 60 60.9 111

the relation between the logarithm of the 
hrst-order rate constant and reciprocal ab
solute temperature was not determined for 
more than three temperatures.

The nonlinear inactivation curves obtained 
with purified spinach catalase may indicate 
the presence of a number of species of the 
catalase molecule formed by alteration dur
ing purification from the native molecule, 
each of which differed in heat lability.

The shape of inactivation curves may also 
be explained by assuming the presence of 
a heat-labile catalase inhibitor. Initially, 
catalase would be inactivated not only by 
heat but also by the temperature-accelerated 
action of the inhibitor. If the inhibitor were 
heat-inactivated more rapidly than catalase, 
its inactivating effect would disappear with 
time, and the slope of the inactivation curves 
would decrease, eventually becoming con
stant when heat dénaturation alone caused 
the loss in activity. This trend can be seen 
in Figs. 1 and 2.

The transition of inactivation curves ob
tained with spinach extracts from less than 
first-order to first-order with increasing 
temperature is also indicative of a heat-labile 
inhibitor mechanism. It is necessary to as
sume that the inhibitor, if present, was in 
close proximity to catalase as it exists in 
the chloroplast structure of the plant, and 
that inactivation of the inhibitor has a 
higher Q ln than inactivation of spinach 
catalase.

Final evidence supporting the inhibitor 
hypothesis can be seen in Table 1. The
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values of AH* and AS* between 55 and 
60°C are consistent with chemical inhibition 
of catalase, and values between 60 and 65 °C 
are typical of catalase dénaturation as re
ported by Deutsch (1951), Frazer and 
ixaplan (1955), and Guild and van Tubergen
(1957).

It is unlikely that the nonlinear shape 
of inactivation curves resulted from the 
presence of several species of native spinach 
catalase in the purified preparation and in 
spinach extracts. If several species differing 
in lability to heat had been present, inac
tivation curves obtained with spinach ex
tracts would probably be nonlinear at all 
temperatures.

It is also unlikely that a protective effect 
such as that described by Reiner (1959) 
was responsible for the nonlinear inactiva
tion curves, since the kinetics predicted by 
his theoretical analysis were not observed 
in these experiments.

Effect of pH. The pH of solutions of 
purified spinach catalase was found to have 
an important effect on the thermal stability 
of the enzyme. This is indicated in Fig. 3.

The stability of 1.0-mg/ml solutions of 
the purified enzyme at 55°C was far less 
at pH 9.0 than at pH 5.5 or 7.0 Inactivation 
curves at the latter two pH values were 
parallel, indicating similar thermal lability. 
As discussed in an earlier publication

(1961), the displacement of these curves 
reflected the initial instability of pH 5.5 
catalase solutions during storage.

These results support the general obser
vation made by Neurath et al. (1944) that 
the pH of maximal thermal stability for 
enzymes lies between the isoelectric point, 
pH 5.7 for beef-liver catalase according to 
Sumner and Bounce (1955), and neutrality. 
Similar results were reported by Deutsch 
(1951) and Frazer and Kaplan (1955), re
spectively for horse erythrocyte and intra
cellular yeast catalase.

Effects of other variables. The thermal 
stability of purified spinach catalase at 55°C 
was not influenced by the enzyme concen
tration between 0.2 and 1.0 mg/ml in pH
7.0 buffer. This provides further evidence 
against a protective mechanism such as 
described by Reiner (1959).

The presence of 1.5% NaCl, 3.6% su
crose, and 3.6% starch in 1.0 mg/ml-pH 7.0 
solutions of purified spinach catalase had 
no effect on the stability of the enzyme at 
55°C. The large protective effect of sucrose 
reported by Kiermeyer and Koberlein
(1957) apparently does not apply under 
the experimental conditions employed in this 
research. It also appears that the greater 
thermal stability of catalase in spinach ex
tracts than in solutions of the purified en
zyme is due to the specific internal structure 
of the chloroplast rather than to nonspecific 
protective effects of soluble solids.
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SUMMARY
The regeneration o f spinach catalase was demonstrated during storage 

after heat inactivation. The occurrence o f regeneration was influenced by 
the enzym e source, pH, heating conditions, and storage conditions. The 
change in  catalase activity after heating was considered to represent the 
balance between enzym e regeneration and enzym e inactivation during storage.

Evidence for the regeneration of catalase 
after heat inactivation has been scanty, 
largely qualitative, and contradictory. One 
of the earliest reports of catalase regenera
tion was made by Diehl et al. (1936) , who 
noted a return of activity in Alderman peas 
Ye. hr after scalding and cooling. According 
to Joslyn (1949), catalase regeneration dur
ing the frozen storage of vegetables was 
observed when qualitative tests for catalase 
activity were used. More recently, data 
suggesting catalase regeneration have been 
reported in asparagus 15-30 min after 
blanching at 180°F by Paul et al. (1952), 
in dried spinach and potatoes after blanch
ing by Virmani and Tandon (1950), and 
in peas stored at —10°F for as long as 13 
months after a 20-sec blanch at 192-208°F 
by Dietrich et al. (1955). Regeneration has 
also been observed with dry crystalline 
beef-liver catalase as 60°C by Kiermeyer and 
Kôberlein (1955), and with crystalline horse 
erythrocyte catalase at temperatures below 
60°C by Deutsch (1951).

On the other hand, Sizer (1944) found 
no evidence of regeneration after crystalline 
beef-liver catalase was heat-inactivated. 
Lopez et al. (1954) failed to observe cata-

a C o n tr ib u tio n  443 f ro m  th e  D e p a r tm e n t  o f N u 
t r i t io n ,  F o o d  S c ie n ce  a n d  T e c h n o lo g y .

b P r e s e n t  a d d re s s  : P io n e e r in g  R e s e a rc h  D iv is io n , 
Q M  R e s e a rc h  a n d  E n g in e e r in g  C e n te r , N a tic k ,  
M a s s a c h u s e tts .

c T h is  p a p e r  is  b a s e d  o n  re s e a rc h  c a r r ie d  o u t  b y  
G . M . S a p e r s  f o r  a  P h .D .  d e g re e  in  F o o d  T e c h 
n o lo g y  a t  M a s s a c h u s e tts  In s t i tu te  o f T e c h n o lo g y .

lase regeneration in five varieties of southern 
peas blanched for 1 and 2 min in boiling 
water and stored at 0°F for as long as 
29 months.

Little attention has been given to the 
systematic determination of heating and stor
age conditions under which plant catalase 
regenerates or fails to regenerate. In this 
investigation, some of these conditions were 
examined in an attempt to determine the 
nature of regeneration.

E X P E R I M E N T A L
S o u rc e  o f  en zy m e  a n d  m e th o d s  o f  a s s a y .  T h e

p re p a ra t io n  a n d  a s s a y  o f sam p le s  o f s p in a ch  c a ta la s e  
w e re  d e s c r ib e d  in  d e ta i l  e a r l ie r  ( S a p e r s  ct a l, 
1962a, b ) .  R e g e n e ra t io n  s tu d ie s  w e re  c a r r ie d  o u t  
o n  s o lu tio n s  o f p u rif ie d  s p in a ch  c a ta la s e  a n d  on  
a q u e o u s  s p in a ch  e x tr a c ts .  A  s p e c tro p h o to m e tr ic  
a s s a y  p ro c e d u re  w a s  u se d  to  d e te rm in e  c a ta la s e  
a c t iv i ty  in  th e  fo r m e r  sam p le s , a n d  a  m a n o m e tr ic  
m e th o d  in  th e  la t te r .  A ll a s s a y s  w e re  p e r fo r m e d  
w ith  five  o r  s ix  re p lic a te s .

H e a t  in a c t iv a t io n .  T h e  c a p i l la r y - tu b e  h e a t - in 
a c t iv a tio n  te c h n iq u e  e m p lo y ed  in  e a r l ie r  s tu d ie s  o f 
s p in a ch  c a ta la s e  s ta b i l i ty  ( S a p e r s  et al., 1962b) 
w a s  u se d  in  th is  in v e s t ig a t io n  o f c a ta la s e  r e g e n e r 
a tio n . S o lu tio n s  c o n ta in in g  1.0 m g  o f en zy m e  
p r e p a r a t io n  p e r  m l o f 0.01 M  p h o s p h a te  b u f fe r  a t  
p H  S.S, 7.0, a n d  9.0 a n d  a q u e o u s  s p in a c h  e x t r a c ts  
w e re  h e a te d  u n d e r  c o n d itio n s  su ff ic ien t to  in a c tiv a te  
7 0 -8 0 %  of th e  c a ta la s e . T e m p e r a tu r e s  a n d  t im e s  
u se d  to  a cc o m p lish  th is  d e g re e  o f in a c tiv a tio n  a r e  
s u m m a r iz e d  in  T a b le  1. S a m p le s  w e re  a s s a y e d  
f o r  c a ta la s e  a c t iv i ty  b e fo re  a n d  im m e d ia te ly  a f te r  
h e a tin g .

S to ra g e .  A f t e r  h e a t in g ,  c a p i l la r y  tu b e s  c o n 
ta in in g  c a ta la s e  sam p le s  w e re  im m e d ia te ly  p lac ed  
in  s to r a g e  a t  86  a n d  3 6 -4 0 ° F . S a m p le s  w e re  ta k e n

[ 2 8 7 ]
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significant regeneration was not observed 
with catalase in spinach extracts, although 
an increase in catalase activity was noted 
during storage at 86°F.

These results illustrate several important 
characteristics of enzyme regeneration. The 
process is usually dependent on pH. Ac
cording to Joly (1955) and Lumry and 
Eyring (1954), ionic bonds are involved 
in both dénaturation and aggregation re
actions. The likelihood of regeneration will 
depend on the extent to which the ionic 
bonds of the native protein may be restored 
at different pH ’s during storage.

It can also be seen that regeneration at 
pH 7.0 was substantially greater when 
samples were heated at 62 °C than at 50° C. 
Fram (1957) and Zoueil and Esselen
(1959) have shown that reversible déna
turation is generally favored if H TST heat-

Enzymepreparation H eatingconditions
Storagetem perature(°F) Storage time (hr) Percentregeneration

pH 7.0 soln 10 sec at 62°C 86 2 29 Q***
6 Yj 3***

24 4.65
36-40 24 9.30***

168 7.60**
pH 7.0 soln 20 min at 50 °C 86 2 10.8 ***

6 4.50
24 0

36-40 24 0
168 0

pH 9.0 soln 10 sec at 57°C 86 2 16.7***
6 0

24 0
36-40 24 14 Q***

168 0
pH  5.5 soln 10 sec at 60°C 86 2 0

6 0
24 0

36-40 24 0
168 0

Spinach extract 10 sec at 67°C 86 2 4.85
6 16.3

Spinach extract 10 sec at 67°C 86 24 0
36-40 24 0

168 0.76
** Regeneration significant at 0.01 level. 
*** Regeneration significant at 0.001 level.

Table 1. Heating conditions for the determina
tion of spinach catalase regeneration.

Enzymepreparation p H
Heatingtemperature(°C) H eatingtime

Catalase solution 5.5 60 10 sec
Catalase solution 7.0 62 10 sec
Catalase solution 7.0 50 20 min
Catalase solution 9.0 57 10 sec
Spinach extract 67 10 sec

for assay after 2, 6 , and 24 hr at 8 6 ° F, and after 1 
and 7 days at 36-40 "F.

RESULTS AND DISCUSSION
As can be seen in Table 2, these experi

ments provided considerable evidence of 
spinach catalase regeneration. There is little 
doubt that significant regeneration occurred 
with purified spinach catalase at pH 7.0 
and pH 9.0, but not at pH 5.5. Statistically

Table 2. Regeneration of spinach catalase.
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ing conditions are employed. According to 
Lumry and Eyring (1954), with rapid 
heating, the relatively slow and irreversible 
aggregation reactions do not become limit
ing. This fact may explain the different 
results obtained by Lopez et al. (1954) and 
Dietrich et al. (1955) with pea catalase.

The results also demonstrate that catalase 
regeneration is an incomplete process, the 
residual activity increasing by only 29% at 
the most. Completely reversible dénatura
tions are not common, and, in the opinion 
of Neurath et al. (1944), unlikely to occur.

Regeneration is usually dependent on the 
conditions of storage. Fram (1957) found 
alkaline phosphatase regeneration to be ac
celerated by temperature and to increase 
with time. However, while the results 
showed more regeneration at 86° F than 
at 36—40°F, there was a decrease in residual 
activity during extended storage. It was 
reported elsewhere that unheated spinach 
catalase solutions are unstable during stor
age. Thus, the process of regeneration is 
in competition with a simultaneous inacti
vation process, and changes in residual ac
tivity during storage after heating reflect 
the balance of the two effects. This may 
account not only for the disappearance of 
regeneration with time at pH 7.0 and pH
9.0 but for the complete absence of regenera
tion at pH 5.5 as well. At the latter pH, 
spinach catalase was found to be highly 
unstable during storage.

Heating appeared to stabilize catalase 
solutions during storage, even when no overt 
regeneration was observed. Table 3 illus
trates the effect of heating on the retention 
of activity during storage. The increased 
storage stability of heated catalase solutions 
may be due to regeneration or to the de
struction of bacteria or enzymes that would 
otherwise inactivate spinach catalase.

The absence of significant catalase re
generation in aqueous spinach extracts can
not be explained by competing inactivation 
reactions during storage, since the enzvme 
in spinach was found to be relatively stable 
under the conditions of this experiment. It 
is possible that denatured catalase in spinach 
extracts is constrained within the chloroplast 
structure in such a way as to prelude regen
eration.

Table 3. Effect of heating on the retention of 
activity of purified spinach catalase during stor
age at 86 °F.

pH Storage time (hr)
% retention of catalase activity

Heated Unheated a
5.5 2 78.9 53.2-70.4

6 60.0 27.1-54.5
18 11.8-35.7
24 36.8

7.0 6 H T S T Slow Heating
118 104 86.2-101

24 105 78.6 38.8-78.9
9.0 6 93.0 73.5-87.4

24 73.3 50.5-64.5
“ Based on data reported by Sapers ct at. 

(1962b).

It is also possible that regeneration did oc
cur, but at a level too low to be demonstrated 
statistically because of the relatively high 
variability of the manometric method of 
assay.
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SUMMARY
Snap bean pectin m ethylesterase had a pH optim um  of 8 .2 . Its activity 

was enhanced by the presence o f salts such as sodium  chloride and calcium  
chloride. Low pH conditions increased the susceptibility o f the enzyme to heat 
inactivation. There were indications that conditions were present in the intact 
pod which protected the enzym e from  heat denaturation. The enzym e had a 
Qio o f 1.4 over a wide tem perature range. It was not regenerated on frozen  
storage.

Pectin methylesterase is found in many 
plants (Lineweaver and Jensen, 1951) and 
is capable of catalyzing the deesterification 
of methyl galacturonide units of pectin to 
yield galacturonic acid units and free methyl 
alcohol. The enzyme is believed to be rel
atively inactive in most intact plant tissues, 
but when tissues are ground or macerated 
the esterase rapidly converts pectins to 
pectic acids. The enzyme has been of in
terest in foods because of the part that 
pectic substances play in influencing the 
structure and character of foods of plant 
origin. Pectin methylesterase has been 
studied in connection with cloud in orange 
juice (Guyer et al., 1956), the texture of 
tomato products (Kertesz, 1938) and the 
texture of canned cauliflower (Hoogzand 
and Doesburg, 1961). The action of the 
enzyme results in a decreased solubility 
of the pectic substances, particularly in the 
presence of calcium salts, and an increased 
firmness of tissues.

Texture or firmness is an important fac
tor in evaluating the quality of processed 
snap beans. Reports of Downey (1959), 
Sistrunk (1959, 1960), and McConnell
(1956), and from our laboratories (Van 
Buren et al., 1960a,b), have shown that the

" Presented at the Twenty-first Annual Meeting 
of the Institute of Food Technologists, New York, 
May 8 , 1961.

b Journal Paper 1287, New Y ork State A gri
cultural Experiment Station, Cornell University, 
Geneva, New York.

firmness of canned beans was greatly in
fluenced by blanching conditions. Differ
ences in firmness w'ere related to the types 
of pectic substances present: the firmer 
beans had more pectic acid or pectate than 
the softer beans. Conditions under which 
firming occurred indicated that an enzyme 
wras involved since changes in firmness were 
stopped when beans were heated to high 
temperatures. The nature of the chemical 
change that took place indicated that the 
enzyme was pectin methylesterase. The role 
of moderate blanching temperatures in in
itiating the action of the enzyme is a subject 
of continuing investigation. Such a phe
nomenon, however, has also been observed 
with ascorbic acid oxidase, and the action 
of mild heat in starting the enzymatic re
action duplicates in some ways the effect 
of macerating the plant tissues.

Pectin methylesterase has been reported 
in bean pods by Sistrunk (1959). The 
amount present depended on variety. The 
present paper describes some of the proper
ties of the enzyme, its survival in frozen 
beans, and the effects of temperature and 
pH on its activity and denaturation.

METHODS
The enzyme was studied in Tendergreen snap 

bean pods either fresh, frozen, or as an acetone 
powder preparation. Enzyme activity was meas
ured in the presence of 0.5% pectin by maintain
ing pH  at the desired level through continuous 
titration with 0.05iV sodium hydroxide (Kertesz, 
1937) (V an Buren et a l, 1960b). The enzyme in

1291 ]



292 PECTIN METHYLESTERASE IN SNAP BEANS
fresh pods hydrolyzed 27.9 microequivalents (/xeq) 
of ester per gram dry weight per minute at pH 
6.5 and 30° C. The acetone powder split 34.7 
,ueq of ester per minute per gram dry weight under 
the same conditions.

RESULTS
The activity of bean pectin methylesterase was 

influenced by pH and salt. Fig. 1 shows a pH

pH
Fig. 1. The effect of pH  on the activity of 

snap bean pectin methylesterase, acetone powder
suspension. O ------O  n0  salt in assay medium.• ------•  0.153/ sodium chloride in assay medium.

optimum for the enzyme of around 8 .2 , somewhat 
higher than the average pH of 6.5 normally 
found in bean pods. In the presence of sodium 
chloride the activity of the enzyme was increased 
and the range of pH conditions conducive to 
high activity was broadened. The effectiveness of 
sodium chloride depended on its concentration 
(Fig. 2). As the concentration was increased 
to about 0 .2.11 the activity of the enzyme also 
increased, but higher concentrations depressed 
enzyme activity. Calcium chloride also enhanced 
the rate of enzymatic deesterification and was

MOLAR SALT CONCENTRATION
Fig. 2. Effect of salt concentration on the ac

tivity of snap bean pectin methylesterase, acetone
powder suspension, pH 6.5. O ------O  sodiumchloride. • ------® calcium chloride.

effective at lower concentration than sodium chlo
ride. Other experiments using combinations of the 
two salts indicated that their effects were additive 
both in enhancing enzyme activity at suboptimal 
concentrations and in inhibiting the enzyme at high 
salt concentration. M ixtures of the salts did not 
result in greater activity than could be obtained 
with optimal concentrations of either salt alone. 
This suggests that both salts affected the enzyme 
by a similar mechanism. Other salts that enhanced 
the activity of the enzyme were ammonium chlo
ride, potassium chloride, and magnesium chloride. 
In the intact bean pod the activity of the enzyme 
is probably influenced by the salts naturally present 
in the pod. The activity indicated in our assays 
in the absence of salt may be somewhat lower than 
what could be expected in the bean pod, because 
the pod components were diluted 15 or more times 
in our assay medium.

The enzyme as it occurred in the pod v'as more 
resistant toward heat denaturation at pH 6.5 than 
tiie enzyme in the form of a suspension of an 
acetone powder (Fig. 3). This suggests that there

HEAT INACTIVATION OF ENZYME

FOR 5 MIN
Fig. 3. Pectin methylesterase remaining after 

heating 5 min at various temperatures in 0.01 M
sodium phosphate buffer, pH 6.5. O ------O  pods.» ----- 9  acetone powder suspension.

may be factors or conditions in the pod that pro
tect the enzyme from inactivation. If such factors 
can be determined it may be possible to decrease 
the rate of enzyme inactivation during heating by 
altering some pod characteristics.

The interaction of pH, temperature, and time 
(Table 1) shows that the enzyme was less stable 
under conditions of low' pH. This indicates that 
variations of pH conditions in the pods may in
fluence not only the activity of the enzyme but 
also the degree to which the enzyme can survive 
a heat treatm ent or blanching procedure.
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Table 1. Residual pectin methylesterase after heat inactivation at various temperatures and pH .“

pH at which heating took place

Percent of enzyme active a fte r heating a t:
65°C 70°C 75 C

2 min. 5 min. 15 min 2 min. 5 min. 15 min. 2 min. 5 min. 15 min.
4.5 10 3 0 3 0 0 0 0 0
5.0 46 21 l 31 6 0 2 0 0
5.5 85 72 59 42 27 16 15 2 0
6.0 87 69 61 51 35 29 12 4 1
6.5 95 86 83 59 49 35 18 7 5
7.0 93 92 87 60 47 38 15 10 6
7.5 94 81 70 47 34 22 20 8 5
‘ Enzyme heated as a suspension of an acetone powder in 0.014/ phosphate buffer at the indicated pH.

In the tem perature range of 20-50°C the enzyme 
had a Qm value of about 1.4. W hen corrections 
were made for denaturatimi above this tempera
ture, the Qio stayed near 1.4 up to 75°C. Beyond 
75 °C it was impossible to extrapolate with any 
confidence.

The survival of the enzyme in frozen beans is 
shown in Table 2. To test for possible regenera-

Table 2. Retention of pectin methylesterase in 
frozen beans.

Blanch tem perature a (°C)

Relative enzyme content

Beforefreezing
A fter 1-year storage at —18°C

No blanch 100 91
77 52 47
82 16 12
88 0 0
93 0 0
99 0 0

“Five-minute blanch.

tion of the enzyme, the beans were blanched at 
different temperatures before freezing. The re
sults show that the enzyme was not greatly affected 
by freezing and storage, and also, perhaps more 
important, the enzyme that had been destroyed by 
blanching was not regenerated on frozen storage.

DISCUSSION
Pectin methylesterase of green beans is 

qualitatively similar to the enzyme found 
in other plants, such as tobacco (Holden, 
1946) and alfalfa (Lineweaver and Ballou,
1945) with regard to the influence of cat
ions and pH on its activity. The level of 
activity is, however, about one-tenth that

found in those other sources. Even so, 
there was sufficient enzyme in the beans 
to catalyze the demethylation of significant 
amounts of pectin. The activity of the en
zyme in the presence of salts was quite sen
sitive to pH changes in the region around 
phi 6.5. Earlier work (Van Buren et al., 
1960b) has shown that the pH of the in
tact pods decreased several tenths of a unit 
as pectate was formed. Newly formed pec- 
tate would also be expected to bind calcium 
ions. It appears that the action of the en
zyme in intact pods would tend to create 
conditions decreasing its activity.

There are many indications that the firm
ness of processed snap beans is related to 
the amount of pectic acid or pectate that 
is present to serve as an intercellular ce
ment. In general, the amount of pectate 
present in fresh beans is not enough to pre
vent the processed bean from having a 
soft, sloughing character. Pectate levels 
can be increased by using processing con
ditions that allow the pectin methylesterase 
to act on the pectin.

The enzyme, as studied in Tendergreen 
beans, was inactivated rapidly at high 
blanching temperatures. Since, for other 
reasons, a high blanching temperature is 
often desirable, it might be useful to increase 
the activity of the enzyme in the pods by 
raising the pH on the pods, increasing the 
amount of enzyme, increasing its resistance 
of heat inactivation, or increasing the cation 
concentration. Such conditions might be 
achieved through breeding or modification 
of cultural and processing procedures.
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SUMMARY
A range o f colors for spinach, carrots, and pears was produced by blending  

sam ples o f different colors and diluting with water. The sam ples were exam ined  
by a visual panel under a MacBeth Exam olite to determ ine the “just noticeable  
color difference” ( J"\I)) and were then m easured with a Colormaster differen
tial colorim eter and a Color-Eye colorim eter. The JND figures were 1 -2 .5  delta-E  
units calculated by the Adams chromatic value equation. Repeatability figures 
on the instrum ents above were respectively 14 and 14 o f  the JND values for  
spinach and pears. For carrots, the repeatability and JND figures were o f the 
sam e order. Repeatability figures for 4  other colorimeters were lower or ap
proxim ately equal to the JND figures, indicating that several o f the colorim eters 
could be used to determ ine color differences as well as an average visual panel.

INTRODUCTION
Methods of expressing the difference in 

color between 2 food samples in terms of a 
single number have been the subject of con
siderable research in recent years. Histor- 
ically, the color difference has been judged 
visually, but the recent introduction of a 
number of different types of reflection col
orimeters has simplified the problem. Current 
interest in a single number to represent a 
color difference has involved 2 main areas. 
The first is color grading where the color is 
an index of economic worth, as, for example, 
with tomato products, where the redder color 
is associated with better flavor. The second 
is production control, as illustrated by coffee 
or peanut butter, where the manufacturer 
desires to maintain a uniform color.

Control of color in manufacturing proc
esses infers that a set of tolerances be es
tablished for each product. To establish such 
control limits it is desirable that the lower

Contribution 1341, University of M assachusetts 
Agricultural Experiment Station, Amherst, M ass
achusetts.

The research reported was taken from a Ph.D. 
thesis by the senior author, whose present address 
is University of Philippines, Quezon City, Philip
pines.

limits of sensitivity of the human eye for a 
given product be known. It makes little 
sense to attempt to control a process beyond 
the point where the eye could detect a dif
ference under normal viewing conditions.

The measurement of color involves a 3- 
dimensional concept, and most color-dif- 
erence formulae depend on a mathematical 
weighting to reduce 3 coordinates to one 
numerical value. This concept has been well 
developed for fields other than food (Judd, 
1952). Perhaps the best known examples 
in the food field are tomato products. Youn- 
kin (1950) developed weightings for the 
visual differences in hue, chroma, and light
ness without attempting to combine them. 
Others have developed a 2-dimensional con
cept (Smith and Huggins, 1952) and a 3- 
dimensional method (Yeatman et al., 1960) 
of expressing colors of tomato products by 
a single figure. Several other formulas have 
been developed for tomatoes (Kramer, 
1950), apples (Francis, 1952), flour (Croes,
1961), sugar (Deitz, 1956), grapefruit 
(Lime et al., 1956), oils (Pohle and Tierney,
1957), beer (Stone, 1954), and many other 
foodstuffs. The delta-E concept of express
ing color differences as a single figure has 
been used for thickening agents (Kiratsous

[29S ]
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et al, 1962) and high-temperature short-time 
processing studies on spinach (Tan and 
Francis, 1962), but it has not received wide 
acceptance in the food field.

This research reports an attempt to define 
the “just noticeable color difference” (JN D ) 
in terms of a 3-dimensional color-difference 
formula for pureed carrots, spinach, and 
pears, and its relationship to some tri
stimulus instruments that might be used to 
measure it.

M ATERIALS AND METHODS
The pureed carrots, spinach, and pears used in 

this work were commercial baby-food samples 
obtained through the courtesy of the Gerber Co., 
Freemont, M ichigan; H. J. Heinz & Co., P itts
burgh, Pennsylvania; Beech-Nut Baby Foods Div., 
Canajoharie, N. Y., and Libby, McNeill and Libby, 
Blue Island, Illinois.

The visual examinations were performed on un
labeled 200 X 309 S-oz baby-food jars on a stain
less-steel bench under a MacBeth Examolite 
(M acBeth Daylighting Corp., Newburgh, N. Y.) 
mounted 4 ft above the bench. I t  was realized 
that the illumination and surroundings were very 
important in visual judgments, and that this type 
of viewing procedure was not likely to be found 
in a situation where a purchaser was choosing the 
product. The viewing situation was reproducible, 
however, and more or less definable, even though 
it was probably more critical than the usual con
sumer situation.

The instruments used w e re :
1) Color-Eye Colorimeter, Model D (In stru 

ment Development Laboratories, Attleboro, M ass
achusetts). The instrument was operated in the 
normal manner, with a white Vitrolite tile over 
one port and a rectangular cell containing the 
sample over the other port. For carrots and 
spinach, a  cell with a 2 -cm depth of sample was 
used whereas a 4-cm cell was used for pears.

2) Colormaster Differential Colorimeter (E ngi
neering and Equipment Corp., Hatboro, Pennsyl
vania). The instrument was operated with a 
white Vitrolite tile over the reference port for 
carrots and pears. For spinach, a 10x multi
plier was used with a dark-gray tile ( G =  5.52, 
R =  5.49, B =  6.22) for standardization. Circular 
cuvettes of 2 % in. diam. and \ l/ 2 in. depth with 
optical glass bottoms were used with all instru
ments except the Color-Eye.

3) Gardner Color and Color-Difference Meter, 
Manual Model (Gardner Laboratory Inc., Bethes- 
da 14, M aryland). The instrument was set up 
with large-area illumination and a 2-in.-diam. cir

cular opening. Tiles with respective Rd, a, b 
readings of 61.5. —1.9, 23.1; 26.9, —3.9, 33.6; and 
3.7, —14.9, 0.3 were used to standardize the instru
ment for pears, carrots, and spinach. This model is 
obsolete and has been replaced by the automatic 
unit.

4) Hunterlab D 25 Colorimeter (H unterlab 
Associates, B riar Ridge Road, McLean, V irgin ia). 
The instrument was set up with a circular 2-in. 
opening and standardized against a tile with re
spective L, a, and b readings of 19.2, —12.2, 0.2, 
and 71.4, 6.9, 29.1 for spinach and pears.

5) Photovolt Photoelectric Reflection Meter, 
Model 610 (Photovolt Corp., New Y ork 16, 
N. Y .). The instrument was operated by the sup- 
pressed-zero method, using Munsell cards 10 YR 
8/5 and 5 R 3/4  for the light and dark standards.

6 ) Spectronic 20 Color Analyzer (Bausch and 
Lomb Optical Corp., Rochester, N. Y .). This 
instrument -was standardized against the built-in 
standard in the cover of the exposure unit. For 
calculation purposes, the cover was standardized 
against a Vitrolite glass calibrated by the Nat. 
Bureau of Standards against magnesium oxide for 
a Beckman DU  spectrophotometer. A  rubber 
guard was placed over the cuvette on the exposure 
port in such a manner as to cover the top and sides 
of the cuvette completely in order to eliminate 
extraneous light.

All instruments were operated according to the 
manufacturers’ instructions in what was considered 
to be routine fashion without regard to special 
precautions or manipulations which might be ex
pected to  make the instruments more sensitive or 
more reproducible.

D ata from all instruments were converted to 
C.I.E. x, y, Y values referred to MgO as a 
standard.

RESULTS AND DISCUSSION
D eter m in a tio n  o f  “ ju s t  n o ticea b le  co lor  

d iffe ren c es .’ ’ A number of samples of 
carrots were selected by one operator to be 
fairly similar in color. Each group, com
prising 10 samples, was submitted to the 
panel, which was asked to rank the samples 
in order from yellowest to most orange. 
The rankings were analyzed by the method 
of Krum (1955), and one group showed a 
significant break in the rankings. Four 
samples at one end were not significantly 
different, and were designated as the “dark” 
group. The other 6 samples, which were 
similar but different from the first 4, were 
called the “light” group. Each jar was
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Table 1. Color values for two visibly different carrot samples.
Chroma ticity coordinates

Instrum ent D ark group Light group
X y Y X y Y

Color-Eye colorimeter 
Colormaster Differential

0.5323 ‘ 0.4221 13.53 0.5288 0.4270 14.40
Colorimeter 0.5448 0.4164 14.27 0.5381 0.4220 15.50

Gardner C.&C.D. meter 0.5381 0.4104 14.52 0.5313 0.4143 15.31
Photovolt reflection meter 
Spectronic 20 Color

0.4327 0.3899 14.13 0.4681 0.4170 14.95

Analyzer 0.4463 0.3973 15.49 0.4507 0.3993 16.17
“ Each datum represents the 

6 ja rs  for the light group.
average of individual readings on 4 jars for the dark group , and

opened and measured on 5 colorimeters. The 
color values (Table 1) from each instrument 
differed considerably. This was to be ex
pected in view of the possible errors in 
calibration, non-uniform color spacings for 
each color solid, differences in viewing ge
ometry, etc. This in itself is not a serious 
disadvantage in reflection colorimetry, but 
it serves to emphasize the conclusion of 
Little et al. (1958) that if data from several 
types of instruments are to be compared, 
some system of calibration between instru
ments will have to be used.

The color differences between the light 
and dark carrot samples were calculated in 
terms of 5 color-difference equations (Table 
2). All 5 gave different values, which were 
generally but not always in the same order. 
It is apparent that one can obtain a larger 
or smaller color difference merely by choos

ing an appropriate instrument and a method 
of calculation. The various formulas were 
developed for materials other than food, and 
the weightings will probably have to be 
adjusted for use with food products. If this 
proves to be the case, the proper application 
of color-difference formulas to foodstuffs 
will require considerable research to de
velop the appropriate weightings for each 
foodstuff.

The color differences calculated for the 
2 groups of carrots were fairly close to the 
visual threshold, but this was a rather crude 
method of obtaining a JND. A more ac
curate method would be to use samples 
where the color differences could be more 
accurately controlled. This was done by 
selecting samples of different colors and 
blending the two in known proportions. In 
other experiments, samples were blended

Table 2. Color differences between the light and dark carrot samples calculated by five 
methods.

Color-difference units
Color-differencemethod Color-Evecolorimeter

Colormaster'DifferentialColorimeter
GardnerC.&C.D.meter

Photovoltreflectionmeter
Spectronic 20 Color Analyzer

H unter “alpha-beta” 
chromaticity method * 1.74 1.67 2.01 2.78 1.32

Scofield-Hunter m ethodb 1.41 2.85 2.16 5.51 2.97
Adams chromatic value c 2.85 2.92 2.37 6.31 2.25
Davidson-Hanlon charts a 2.8 6.5 5.7 19.4 2.2
Simon-Goodwin charts 6 4.6 6.3 5.5 15.5 4.0

“ Equation 31 in Judd (1952). 
b Equation 32, ibid.
0 Equation 34, ibid. 
a Davidson and Hanlon (1955). 
e Simon and Goodwin (1957).
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Table 3. Effect of dilution on the color of pureed spinach as measured with a Colormaster 

Differential Colorimeter.
Sample % water added

Instrum ent readings Chromaticity coordinates
Delta-E aG R B Y X y

0 8.60 10.25 2.04 8.60 0.4342 0.4424
10 8.81 10.55 2.17 8.88 0.4320 0.4409 0.70
20 9.20 10.92 2.22 9.00 0.4323 0.4419 1.33*
25 9.22 10.92 2.18 9.22 0.4323 0.4419 1.57*
30 9.33 11.07 2.22 9.33 0.4326 0.4430 1.65*
40 9.51 11.28 2.35 9.51 0.4307 0.4405 1.84*
50 9.61 11.34 2.38 9.62 0.4294 0.4413 2.14*
a The delta-E value was calculated as the difference between the diluted and undiluted sample, 

in Adams chromatic value units.* Visual difference significant at the 0.0S level in a triangle test as judged by a panel of 12 
judges.

with water. In both series of experiments, 
the color changes were in all 3 dimensions 
of Munsell hue, value, and chroma.

A typical experiment with pureed spinach 
blended with varying proportions of water 
is illustrated in Table 3. The various blends 
in baby-food jars were submitted to a panel 
for visual judgments using a trianglar dif
ference test. In this way, the delta-E values 
that represented significant visual differences 
could be determined. Table 4 shows JND

data, obtained by blending and dilution foi 
pureed spinach, carrots, and pears expressed 
in delta-E units calculated by the Adams 
chromatic-value equation. The JND dats 
indicate the over-all color difference but dc 
not give any indication of the nature of the 
color change. In order to do this, data from 
experiments 1, 3, 6, 10, 12, and 14 were 
plotted on I.C.I. x, y charts superimposec 
on Munsell hue and chroma lines ( Fig. 1 
and 2). The spinach samples had a re-

Table 4. M agnitude of “just noticeable color differences” for pureed spinach, carrots, and 
pears, in D elta-E (Adams chromatic-value units).

Ju s t noticeable color Range of color differencesdifference presented to panel
Colormaster ColormasterExperim entno. Color-Eyecolorimeter Differentialcolorimeter Color-Eyecolorimeter DifferentialColorimeter

Spinach
1. Blending <1.15 <0.73 1.15 to 2.72 0.73 to 1.69
2. Blending < 2.22 <2.45 2.20 to 4.20 2.45 to 3.69
3. Dilution 2.21 to 2.77 0.70 to 1.33 2.21 to 3.61 0.70 to 2.14
4. Dilution approx. 1.19 approx. 0.63 0.61 to 1.41 0.59 to 1.55
5. Dilution 0.83 to 1.33 0.40 to 1.22 0.83 to 2.32 0.40 to 1.80

Carrots
6 . Blending 0.79 to 1.15 0.45 to 1.15 0.79 to 1.65 0.45 to 1.81
7. Blending <2.69 <0.69 2.69 to 4.06 0.69 to 2.31
8 . Blending <1.69 <0 .64 0.68 to 2.57 0.64 to 1.81
9. Dilution 1.81 to 2.54 1.33 to 1.67 1.04 to 4.75 0.59 to 3.33

10. Dilution 2.19 to 2.97 approx. 1.21 1.50 to 8.82 0.80 to 4.07
Pears

11. Blending >1.23 >1.30 0.79 to 1.23 1.11 to 1.30
12. Blending approx. 0.5 approx. 0.5 0.53 to 2.02 0.11 to 1.40
13. Blending >2 .08 >1.25 1.49 to 2.08 0.93 to 1.25
14. Dilution 1.10 to 2.44 1.12 to 1.99 1.10 to 5.73 0.60 to 3.38
15. Dilution 1.44 to 1.71 0.81 to 0.83 1.44 to 5.33 0.81 to 3.58
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flectance range of 5.8-10.2 as measured with 
the Colormaster; therefore, a Munsell chart 
at value 3 corresponding to 6.55% reflectance 
was chosen. The carrot and pear samples 
had respective reflectance ranges of 12.2-
15.9 and 21.4-23.8; therefore, Munsell value 
4 was chosen for the carrots and 5 for the 
pears. Data from the other 9 experiments, 
being similar, were not reproduced here.

The blending and dilution experiments 
were set up in the hope that the color 
changes would be much larger in one of 
the three color attributes. This was partially 
true since in the spinach blending experi
ments the range of color differences indicated 
in Table 4 clustered about an area within

Fig. 1. Color data for spinach samples expressed 
in I.C.I. x, y coordinates superimposed on Munsell 
constant-hue and -chroma lines. The solid dots 
indicate samples not visually different from the 0% 
sample at the 5% level of significance. The hollow dots represent visually different samples. A ) In ter
mediate colors obtained by blending 2 samples as 
measured with a Color-Eye (Expt. No. 1, Table 
4) ; B ) intermediate colors obtained by blending as 
measured with a Colorimeter (Expt. No. 1) ; 
C) intermediate colors obtained by diluting a 
sample of spinach with water as measured with a 
Color-Eye (Expt. No. 3) ; D ) intermediate colors 
obtained by dilution as measured with a Color- 
master (Expt. No. 3).

Fig. 2. Color data obtained with a Colormastei 
for carrot and pear samples expressed in I.C.I. 
x, y coordinates superimposed on Munsell con
stant-hue and -chroma lines. The solid dots in
dicate samples not visually different from the 
0% sample at the 5% level of significance. The 
hollow dots represent visually different samples. 
A ) Intermediate colors obtained by blending 2 samples of carrots. (Expt. No. 6) ; B ) inter
mediate colors obtained by diluting a sample of 
carrots with water (Expt. No. 10) ; C) inter
mediate colors obtained by blending 2 samples of 
pears (Expt. No. 12) ; D ) intermediate colors 
obtained by diluting a sample of pears with water 
(Expt. No. 14).

a radius of 0.5 delta hue and 0.05 delta 
chroma (Fig. 1). Delta hue and delta 
chroma were used to designate the distance 
from the standard sample to the blends in a 
direction perpendicular to the constant-hue 
and constant-chroma lines. For the dilution 
experiments with spinach, the delta-hue and 
delta-chroma changes were respectively as 
much as 2 and 0.2 units. Small changes in 
chroma were to be expected with such dark 
samples. The JND values for the blended 
spinach samples were below 1.15 delta-E 
units as measured with the Color-Eye, and 
0.73 units for the Colormaster. The dilu
tion studies showed that the JND was be
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tween 0.83 and 2.77 for the Color-Eye and 
0.40 to 1.22 units for the Colormaster.

With the range of color differences in
dicated for carrots in Table 4, the blended 
samples showed a range of 0.6 delta-hue 
units and 0.2 delta-chroma units. The di
luted samples indicated respective delta-hue 
and -chroma figures of approximately 0.8 
and 0.4. The JND values for the blended 
carrots were 0.79-1.15 for the Color-Eye 
and 0.45-1.15 for the Colormaster. For the 
diluted samples the values were 1.81-2.97 
and 1.33-1.67 for the two instruments.

The experiments with pears pointed out 
the well known differences in sensitivity of 
the human eye to changes in hue or lightness. 
In Expt. 11 of Table 4, a light sample was 
mixed with a dark standard, and in the re
sultant blends the changes were mainly in 
the lightness attribute, since the delta-hue 
and delta-chroma figures were of the order 
of 0.1 unit. In this case the JND was larger 
than 1.23 for the Color-Eye and 1.30 for 
the Colormaster. In Expt. 12, the sample 
used to mix with the standard was slightly 
brownish and the resultant blends had delta- 
hue differences of 1.5 units. With these 
blends the JND was approximately 0.5 unit 
for both instruments. For the diluted sam
ples the JND values were 1.10-2.44 for the 
Color-Eye and 0.81-1.99 for the Color- 
master.

The above experiments to determine the 
JND values for spinach, carrots, and pears 
were carried out under conditions for fairly 
good discrimination of color differences. 
Such factors as large field illumination, good

level of illumination, binocular vision, and 
smooth surfaces were all present. The JND 
values determined under these conditions 
were approximately 1-2.5 delta-E units. 
Consequently, it is probably safe to assume 
that color differences of this order for 
pureed spinach, carrots, and pears will be 
imperceptible under ordinary conditions of 
merchandising.

D e te r m in a tio n  o f in s tr u m e n t r e p e a ta b il
i ty .  If we assume that the JND is approx
imately 1-2 Adams chromatic-value units 
for pureed spinach, carrots, and pears, it is 
of importance to determine how the repeat
ability of the colorimeters compares to this 
figure.

The repeatability studies were conducted 
on 30 samples of carrots and 10 each for 
spinach and pears. All samples were meas
ured in duplicate on each instrument by 
each of 2 operators in the same time se
quence in order to minimize drift and sample 
change problems. Each instrument was 
turned on at least 2 hr before use and re
standardized ever}' 3 hr. The delta-E values 
were calculated between duplicate readings 
on each sample.

Table 5 shows the delta-E values for re
peatability for 6 instruments using carrots, 
spinach, and pears. The delta-E values for 
carrots were of the same order of magnitude 
as the ] ND values, whereas the respective 
values for spinach and pears were approx
imately and JJ that of the JND.

A method of determining repeatability on 
samples of baby food that have obviously 
been removed from the container is open

Table 5. Instrum ent repeatability in color measurement of pureed food.
Delta-E (Adams chromatic-value units)

Product Color-Eyecolorimeter
ColormasterDifferentialColorimeter

GardnerC.&C.D.meter
H unterp 25colorimeter

Photovoltreflectionmeter
Spectronic 20 Color Analyzer

Carrots 
Lot No. 1 1.45a 2.67 1.15 2.09 1.17
Lot No. 2 1.61 1.51 2.05 1.61 1.27
Lot No. 3 2.08 2.02 2.06 1.93 1.28

Spinach 0.75 0.33 0.82 0.68
Pears 0.31 0.29 0.34 0.43

Each datum represents an average obtained from 20 values of delta-E, calculated as the difference between duplicate readings for each of 2 operators.
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Table 6. Changes in color of pureed 
food during measurement.

Time(minutes)
Delta-E (Adams chromatic-value units)

Carrots Spinach Pears
30 0.03 * 0.74 0.40
60 0.18 0.40 0.40
90 0.53 0.52 0.31

120 0.65 0.47 0.31
150 0.65 0.59 0.23
180 0.67 0.75 0.34
Av. 0.50 0.58 0.33
“ Each datum represents an average of 4 delta-E 

values calculated from data obtained with a Color- 
master Differential Colorimeter calibrated before 
each reading. The delta-E value was calculated as 
the difference between the initial reading and that 
at the indicated time.

to the objection that the food sample may 
change during measurement. Little et al.
(1958) reported that mixtures of carrot and 
pea puree showed a change in color after 
the container was opened. This was inves
tigated for the carrot, spinach, and pear sam
ples used in this work by measuring the 
color at definite intervals after opening 
(Table 6). There was little if any indication 
of a color change during the 3-hr period.

The repeatability values in Table 5 have 
several sources of variance. One is the nor
mal variability associated with the mechanics 
of measurement, another is the possible 
color change of the product, and a third 
could be instrument drift during measure

ment. The second one was apparently very 
small in this work. The third source was 
tested with Munsell cards in the expectation 
that the product color change with time 
would be eliminated (Table 7). The values 
for the Color-Eye and the Colormaster were 
of the same order of magnitude as those re
ported in Table 6, and for spinach and pears 
in Table 5. The other instruments showed 
greater drift, but this could be reduced by 
more frequent standardization. For the 
Color-Eye and the Colormaster, the over-all 
repeatability cannot be reduced by adjust
ments for sample change or instrument drift, 
at least with spinach and pears. The rea
son for the higher repeatability figures for 
carrots is not apparent at present.

The use of a colorimeter to obtain JND 
values for pureed spinach and pears is prob
ably justified because the repeatability of 
at least 2 instruments was lower than the 
JND values. For carrots, the 2 are of the 
same order of magnitude; therefore there 
is little to be gained in attempting to de
termine JND values in this manner more 
accurately than those in Table 5. The plots 
in Fig. 1 and 2 suggest a scatter diagram 
in several instances, which indicates that 
the order of differences under investigation 
is close to the repeatability of the instru
ments. It is apparent that a more accurate 
method of measuring color differences would 
be desirable if one wishes to determine JND 
values more accurately.

Table 7. Instrum ent drift during measurement.
Delta-E a (Adams chromatic-value units)

M inutesafte rcalibration Color-Eyecolorimeter
ColormasterDifferentialColorimeter

GardnerC.&C.D.meter
Photovoltreflectionmeter

Spectronic 20 Color Analyzer
Run No. 1

30 0.60 0.36 1.18 2.67 0.10
60 0.60 0.30 1.15 4.33 0.85
90 0.71 0.30 0.71 7.05 4.53

120 0.59 0.52 3.73 3.37 1.56
150 0.68 0.36 2.04 3.38 3.65
180 0.74 0.52 3.78 3.45 2.35
Av. 0.65 0.39 2.28 4.04 2.17

Run No. 2
180 0.63 0.50 6.01 2.90 2.50
* D elta-E  was calculated as the difference between the initial reading and that at the stated 

time interval on a  Munsell card (10 YR 5/10, 6473). All instruments had been turned on for 
at least 2 hr before measurement.
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It may be concluded that several of the 

colorimeters tested in this work could be 
used to detect color differences in pureed 
spinach, carrots, and pears at least as well 
as an average visual panel. This does not 
mean to imply that a highly trained panel 
operating under ideal conditions could not 
do a much better job of judging color 
differences.
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Data accumulated in the literature indi
cate that tenderness of meat depends on 
changes that occur during the development 
of rigor, perhaps more than on any other 
factor. De Fremery and Pool (1960), in
vestigating the biochemical changes in chick
en muscle related to rigor, showed that 
treatments that increase the rate of ATP 
breakdown in the muscle produce less tender 
meat. The interpretation was that quick 
ATP loss produces a more rapid onset of 
rigor. The more rapid the onset of rigor, 
the tougher the meat. The reason for this 
phenomenon was not explained. The bio
chemical changes associated with the resolu
tion of rigor and their contribution to tender
ness of meat upon continuous aging are 
relatively unknown. There is no general 
agreement among workers on the nature of 
the changes that occur during the resolution 
of rigor and prolonged aging. None of the 
chemical reactions that, prima facie, could be 
associated with tenderness upon continuous 
aging, such as proteolysis, changes in the 
connective tissue, dissolution of actomyosin, 
and increased hydration of proteins, have 
been proved conclusively.

In an attempt to further the understanding 
of the factors that contribute to changes in 
tenderness of meat during aging, the effects 
of certain oxidizing and reducing aging 
media on tenderness of excised chicken mus
cles were investigated. The results and the 
suggested mechanisms involved are reported 
here.

Part I. The pectoralis major muscles of 
six adult chickens were used. After slaughter 
and evisceration, the pectoralis major mus
cles were removed, and each muscle of a 
pair (left or right) was put into a different 
flask containing the appropriate aging me
dium : water, 0.2M  potassium iodate, or 
0.2M  sodium hydrosulfite. The flasks were

a Scientific paper No. 2163, W ashington A gri
cultural Experiment Station, Pullman. Project 
ISIS.

stored 18 hr. at 1°C and at room tem
perature for an additional 2 hr. The muscles 
were wrapped with aluminum foil and cooked 
80 min in boiling water. Rectangular sec
tions (1 cm2 cross-section) were then cut 
parallel to the muscle fibers, and shear 
force measurements taken with a modified 
Warner-Bratzler shear apparatus (Spencer 
et. al., 1962).

Highly significant differences ( P < 0.005) 
were observed between muscles which were 
aged in iodate or water (Table 1) and be
tween muscles aged in iodate or hydro
sulfite (Table 2). The iodate caused the 
muscles to be considerably tougher. Non
significant differences were observed be
tween hydrosulfite and water treatments 
under the conditions of this experiment 
(Table 3).

The results obtained indicated that certain 
oxidation reactions may play an important 
role in chicken meat tenderization during 
post-mortem aging. Redox agents acting in 
the aging media are important factors in 
post-m ortem  tenderization. Dodge and 
Stadelman (1959), studying the effect of 
the aging media on tenderness, found dif
ferences in tenderness scores between car
casses aged in water and carcasses aged in 
air to be highly significant. The adverse 
changes in the tenderness of the muscles 
found in that study can be attributed to 
air oxidation rather than dehydration.

The oxidation effect of iodate and other 
oxidizing agents on the labile sulfhydryl 
groups (-S H ) of cysteine, glutathione, and 
thioglycolate to form nonlabile disulfide 
bonds ( —S—S—) with a small amount of 
sulfinates (-S 2 H ) and sulfonates (-S O 3H ) 
has been demonstrated by Hird and Yates
(1961). The results of the experiments pre
sented here suggest a similar oxidative re
action by iodate on the protein of chicken 
muscles. These reactions and similar oxida
tion reactions that occur during the early 
stages of aging may affect:

1 303 ]



3 0 4 TENDERNESS OF EXCISED CHICKEN MUSCLE
Table 1. Effects of potassium iodate aging medium versus water aging medium on tenderness 

of pectoralis m ajor of chickens.
Shear force

No. Mean Pooled
T  rial T  reatm ent of cuts Variance (lb /cm  2) t

1 Potassium iodate 10 2.78 6.83
5.10a

W ater 10 2.19 3.04

2 Potassium iodate 12 7.04 6.13
3.87a

W ater 12 0.58 2.88
a P  <  0.005.

Table 2. Effect of potassium iodate aging medium versus sodium hydrosulfite aging medium
on tenderness of pectoralis m ajor muscles of chickens.

Shear force
No. Mean Pooled

T rial Treatm ent of cuts Variance (lb /cm  2) t
1 Potassium iodate 12 3.33 9.31

7.69a
Sodium hydrosulfite 12 1.08 4.44

2 Potassium iodate 14 6.81 7.54
4.14“

Sodium hydrosulfite 14 0.47 4.43
* P  <  0.005.

Table 3. Effect of sodium hydrosulfite aging medium versus water aging medium on tender-
ness of pectoralis m ajor muscles of chickens.

Shear force

Trial Treatm ent No.of cuts Variance Mean (lb/cm 2) Pooledt
l Sodium hydrosulfite 12 7.65 7.46

1.39“
W ater 12 2.11 8.77

2 Sodium hydrosulfite 12 1.99 3.82
0.45*

W ater 12 1.61 3.56
P >  0.05.
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Table 4. Effect of sodium sulfite versus water treatm ent on tenderness of pectoralis major 
muscles of chickens.

Shear force

Trial T  reatm ent No. of cuts Variance Mean (Ib/cm  2) Pooledt
1 Sodium sulfite 10 0.17 1.19

W ater 10 0.29 4.05
12.7 a

2 Sodium Sulfite 10 0.08 0.68
W ater 10 0.72 2.60

6.4 a

3 Sodium sulfite 10 0.14 1.55
W ater 10 1.06 7.04

45.0 a

a P  <  o.oos.

1) The sulfhydryl groups of adjacent pro
tein molecules, oxidizing them to produce 
intermolecular disulfide bonds;

2) The sulfhydryl groups of the same 
molecule, producing intramolecular disulfide 
bonds;

3) The sulfhydryl groups, oxidizing them 
to the sulfinic and sulfonic acids, thus pre
venting possible formation of disulfide bonds 
(this to a much lesser extent).

Part II. In this experiment excision of 
the muscles was delayed for 2 hr after 
slaughter, at which time the birds were ob
viously in rigor. One muscle of a pair was 
put into a flask containing 0.2M  sodium 
sulfite and the other in water, and aged 6 
hr at room temperature. The muscles were 
wrapped with aluminum foil, cooked 65 min 
in boiling water, and tenderness measure
ments taken.

Highly significant differences ( P <  0.005) 
were observed between the forces required 
to shear muscles treated with sodium sulfite 
and those treated with water. The sodium 
sulfite-treated muscles were more tender 
(Table 4). The ability of the sulfites to 
cleave disulfide bonds has been demonstrated 
by several investigators (Cecil and McPhee,
1959). The probable action of sodium sul
fite on meat protein was to reduce the di
sulfide bonds. The sulfhydryls thus formed 
were then reoxidized so that the final prod
ucts were the S-sulfonates.

RSSR +  SO= ^  RS- +  RSSCff 

--------(O )--------
The results suggest that the changes in 

tenderness of poultry meat during the reso
lution of rigor and continuous aging may 
be due to cleavage or reorientation of inter
molecular and/or intramolecular disulfide 
bonds. Such cleavage of disulfide bonds in 
the aging meat may be caused by redox 
enzyme systems originating naturally with
in the meat. The probable end products of 
the reaction are sulfonates ( - S 0 3H ), with 
a small amount of sulfinates ( - S 0 2H ) due 
to disulfide-sulfhydryl exchange.
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DIRECT GAS CHROMATOGRAPHY OF M ILK VAPORS

W. G. JENNINGS, S. VILJHALM SSON, a n d  W. L. DUNIvLEY
Department of Food Science and Technology, University of California

This is a report of the successful direct 
application of gas chromatography to milk 
vapors. The apparatus, constructed with the 
help and advice of Drs. J. W. Corse and 
R. Teranishi, was similar to that described 
by Buttery and Teranishi (1961) and uti
lized a McWilliam-Dewar circuit (1958). 
The chromatograms shown in this report 
were run on 1% Apiezon N on 80—100-mesh 
Chromosorb W at 35°C. The carrier gas, 
high-purity water-pumped nitrogen, was 
bubbled through a water-filled scrubbing 
tube before being conducted to the instru
ment. It was found that results were quite 
satisfactory, even when dissimilar packings 
were used in the two columns. In the work- 
reported here, the reference column was 
packed with 1% LAC 728 on 60-80-mesh 
chromosorb W. Since injections can be 
made on either column, relegating the other 
to the role of a reference column, this offers 
the advantage of immediate availability of 
different substrates.

Because the extreme sensitivity of this 
apparatus readily detects contaminants in 
laboratory air, it was found necessary to 
sample in a free air space out of doors. 
Syringes and glassware were given periodic 
vacuum-oven treatments. A 125-cc Erlen- 
meyer flask was completely filled with milk 
to be tested and about half the milk decanted 
outside. The flask was stoppered and heated 
1 hr at 80 °C, and a 1-cc gas sample was 
withdrawn through the stopper for analysis. 
As discussed below, the compounds gener
ated by subjecting milk to this heat treat
ment are evidently not detected by flame 
ionization. Application of this procedure to 
redistilled water resulted in peaks whose 
relative retentions agreed with those of 1 
and 2; no other discernible peaks were ap
parent. Consequently, the relative heights 
of peaks 1 and 2 are of doubtful significance.

Several determinations were made on each 
of the samples shown in the accompanying 
figures. The figures are representative, and 
reproducibility was good, including results

from separate sampling procedures on dif
ferent aliquots of the same milk.

Fig. 1 reproduces a chromatogram from 
raw mixed herd milk, and Fig. 2 from the 
same milk after pasteurization and homog
enization. The similarity of the curves dem
onstrates that the results are highly repro
ducible, and that they are not influenced 
by pasteurization and homogenization with 
conventional H TST equipment. Fig. 4 is a 
curve for pasteurized homogenized milk pro
duced by the same herd one day later. The 
differences illustrate day-to-day variations 
related to the milk supply. The chromato
gram of the copper-oxidized sample (Fig. 3) 
is characterized not only by differences in

Fig. 1. Chromatogram of 1-cc vapor sample of raw mixed herd milk.
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Fig. 3. Chromatogram of 1-cc vapor sample of 
copper-catalyzed oxidized milk.
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Fig. 6. Chromatogram of 1-cc vapor sample of 
milk exposed to fluorescent light for 6 hr.

Fig. 4. Chromatogram of 1-cc vapor sample of 
pasteurized homogenized milk. Control from light 
exposure experiments.

Fig. 7. Chromatogram of 1-cc vapor sample of 
milk exposed to germicidal lamps.

Fig. 5. Chromatogram of 1-cc vapor sample of 
milk exposed to fluorescent light for 1 hr.

Fig. 8. Chromatogram of 1-cc vapor sample of
rancid milk.
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the more volatile fraction but by the ap
pearance of at least 3 slower-moving (and 
probably higher-boiling) components. Figs. 
4 to 7 are for the same milk subjected to 
different light exposures, in order of increas
ing severity. The volatile components cor
respond to those in copper-oxidized milk. 
Relative amounts, however, differed con
siderably (note the peak sizes, peaks 1 to 
8 and 14 being larger, and peak 10 smaller 
in the copper-oxidized milk). Peaks 9, 12, 
and 13 were about the same size in both 
cases.

With the Apiezon column it was not pos
sible to demonstrate differences due to hy
drolytic rancidity (Fig. 8), although three 
separate judges agreed the milk possessed 
a strong rancid flavor. Under the conditions 
used to obtain these chromatograms, butyric 
acid has an exceedingly long retention time. 
It is probable that a second column, contain
ing an acidic substrate, would be of more 
use in the detection of rancidity. This is 
being investigated.

Fig. 9 illustrates the appearance of a new 
peak, designated 0, a marked increase in 
peak 7, and to a lesser degree peak 9, in 
milks possessing an alfalfa feed flavor.

Wynn e t al. (1960) reported acetone, 
acetaldehyde, and methyl sulfide to be con
stituents of the volatile fraction of mixed 
herd milk. The retentions of peaks 3, 9, 
and 10 respectively agree with those of 
acetaldehyde, methyl sulfide, and acetone. 
Other components were not identified, but 
will be investigated.

The mechanism of ion formation in the 
hydrogen flame is not well understood, but 
apparently demands a carbon-containing 
molecule. Because no qualitative differ
ences could be detected between cold and hot 
sampling procedures, even on raw milk, it 
appears that the major products of this heat 
treatment are inorganic substances, such 
as IToS, which are not detected by flame 
ionization.

Ultrasensitive flame ionization with use 
of a water-saturated carrier gas, perhaps 
modified to include a variety of substrates, 
permits rapid qualitative and quantitative 
determination of milk flavors. Because di
agnosis of a flavor defect is a prerequisite 
to searching out and correcting the condi-

Fig. 9. Chromatogram of 1-cc vapor sample of alfalfa-feed-flavor milk.
tions causing that defect, this approach has 
a great practical potential. A combination 
of flavor defects sometimes baffles even 
trained judges, but an analysis of this type 
should establish just what defects are con
tributors in any given case.

These techniques should also allow evalu
ation of various off-flavor removal devices, 
such as vacuum pasteurizers. This labora
tory is currently engaged in applying these 
methods to such a study.
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SUMMARY
The concentrations o f 27  trace elem ents were determ ined in  four m eats: 

beef, pork, ham , and chicken. Because the concentrations o f m ost o f these 
elem ents were expected to be very sm all, the extrem ely sensitive m ethod o f  
neutron activation analysis was used in  this study. Qualitative analyses were 
perform ed for 8 o f the elem ents, and the concentrations o f 19 elem ents were 
determ ined quantitatively. The quantitatively m easured concentrations varied 
from  —0.1%  for phosphorus to ~ 1 0 “5 ppm  for cerium . Most data are 
estim ated to be accurate to ± 1 0 % . The results dem onstrate the applicability  
o f  this analytical m ethod to determ ination o f the inorganic constituents in  
foods and related substances at a constant level o f accuracy throughout the 
concentration ranges o f practical interest.

INTRODUCTION
A comprehensive program has been initi

ated to characterize the elemental constitu
ents in bulk samples of four meats: beef, 
pork, ham, and chicken. In the first phase 
of this study, activation analysis has been 
applied to the determination of 27 trace 
elements in these meats. The analytical data 
demonstrate the applicability of this analyti
cal method to determination of the inorganic 
constituents in foods at a constant level 
of accuracy throughout the concentration 
ranges of practical interest.

Many elements normally present as trace 
constituents in foods are necessary to the 
maintenance of life and health. For example, 
calcium and phosphorus are the main com
ponents of bone; sodium, potassium, and 
chlorine help maintain the osmotic pressure 
of body liquids; and a number of elements, 
such as iron and manganese, activate hor
mones. Other elements, such as cobalt, are 
components of vitamins or other substances 
essential to a balanced diet.

The recognition of the importance of trace 
elements in nutrition has led to increasingly 
stringent requirements for sensitivity and 
specificity in food analysis. Several analyti-

cal methods, such as emission spectroscopy, 
flame spectrophotometry, colorimetry, am- 
perometric titrations, and activation analysis, 
are generally useful for trace-element analy
sis. A comparison of these methods (Meinke,
1955) shows that activation analysis has the 
best sensitivity for a majority of the ele
ments. Activation analysis has been used for 
the determination of specific elements in ani
mal tissue and vegetation (Bowen, 1956, 
1959a,b; Gibbons, 1958; Goette, 1955; H ar
rison, 1955 ; Kruger, 1962 ; Smales, 1952 ; 
Smith, 1959). The demonstrated versatility 
of activation analysis and its intrinsic sensi
tivity for most elements led to its choice for 
this application.

Activation analysis has been defined 
(Koch, 1960) as a method of determining 
the concentration of an element in a matrix 
by measuring the characteristic radiations 
emitted by a radioactive nuclide resulting 
from a specific nuclear reaction in the trace 
element. This radioactive reaction product, 
or activation product, possesses a unique 
combination of physical, chemical, and nu
clear properties that provides the necessary 
specificity for its identification and measure
ment.

The general method of neutron activation 
analysis involves irradiation of the samples

[ 309]
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to be analyzed in a neutron flux, such as is 
found in a nuclear reactor, to produce the 
desired activation products in sufficient quan
tity for accurate measurement. After irradi
ation, the samples are analyzed for the radio
isotopes formed in each element of interest. 
This analysis involves chemical separation 
and purification of the activation product 
and determination of its disintegration rate 
by measurement of its characteristic beta or 
gamma radiations.

During the irradiation, neutrons are ab
sorbed by nuclei of some of the atoms in the 
sample, producing different nuclei. The neu
tron absorption is accompanied by emission 
of a second nuclear particle or a quantum 
of electromagnetic radiation. The most com
mon reaction involving reactor neutrons is 
the (n, y) reaction in which the neutron is 
absorbed in the nucleus, followed by emis
sion of a high-energy gamma ray. This re
action produces an isotope of the same ele
ment as the reactant atom. The product iso
tope is often radioactive. Hence, it is 
termed an “activation product.”

The production (Koch, 1960) of an acti
vation product proceeds ideally according to 
equation 1 :

D (t)  =  4>na(l — e“xt) [1]
where D (t)  = th e  rate of decay of the 

radioactive species in the 
sample after irradiation 
time, t, disintegrations 
per second;

<p = the neutron flux, neu- 
trons/cmr-sec

n =  the number of atoms of 
the target isotope in the 
irradiation sample ; 

a =  the activation cross-sec
tion, cm2/atom ;

À =  the decay constant of the 
nuclide, sec“1 ; and 

t =  the irradiation time, sec.
Low-energy or thermal neutrons induce 

the (n, y) reaction primarily. However, 
higher-energy, or fast, neutrons are also 
present in reactors. The net effect of the 
interactions of these neutrons may be the 
transmutation of an atom of one element to 
an atom of a different element, since charged

particles such as protons or alpha particles 
may be produced in these reactions. Thus, 
if an (n, p) reaction, in which a proton is 
produced, occurs in an atom having atomic 
number Z, an isotope of the element Z-l is 
produced.

Activation analyses are usually performed 
by a comparative method. In this method, 
comparator samples containing known quan
tities of the trace elements to be determined, 
are irradiated and analyzed concurrently 
with the matrix sample. The concentration 
of a trace element in the matrix is then 
calculated using equation 2:

mJD ( t ) 8

where ms and mc are the respective masses 
of the trace element in the matrix sample 
and comparator, and D ( t) s and D ( t)c are 
the respective disintegration rates of the acti
vation product.

The performance of a neutron activation 
analysis requires a set of six operations 
(Koch, 1960) : 1) the selection of an appro
priate neutron-induced activation reaction;
2 ) the specification of comparator samples ;
3 ) the choice of a suitable irradiation facility ;
4) the preparation of the samples for irradi
ation ; and 5) the irradiation and 6) the post
irradiation analyses. Consideration was given 
to the requirements imposed by each of these 
operations in delineating the scheme of analy
sis used in this work. A description of these 
considerations and of their application in this 
program is presented.

S e le c tio n  o f a c tiv a t io n  rea ction s. The 
first operation in performing activation anal
ysis is the selection of the optimum activa
tion reaction. This selection involves an 
evaluation of : 1 ) the suitability of the activa
tion product, including the feasibility of per
forming the post-irradiation assays ; and 2 ) 
the extent to which interfering reactions in 
the matrix may produce or consume the acti
vation product to be assayed. Since alterna
tive neutron activation reactions provide 
analytical sensitivity sufficient for most ap
plications, sensitivity is seldom an important 
factor in this selection.

The basic requirement for a useful activa
tion product is that it be radioactive, with
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a half-life long enough to permit the post
irradiation measurements. The minimum 
useful half-life is dependent primarily on the 
complexity of the chemical separations. In 
special cases where direct measurement of 
the activation product can be made in the 
sample, a half-life of the order of minutes 
may be acceptable.

Activation products that are gases or may 
be present in volatile forms should be 
avoided. If such species must be used, pre
cautions are required to prevent their release 
from the sample during irradiation or as a 
result of chemical processing.

An interfering reaction has been defined 
(Koch, 1960) as a nuclear reaction in a con
stituent of the matrix, other than a stable 
isotope of the trace element to be deter
mined, that produces or consumes the activa
tion product to be measured. An interfering 
reaction may significantly affect the meas
ured quantity of the activation product and 
produce an erroneous result. There are sev
eral possible sources of interference, but 
only two general types warranted serious 
consideration in this work.

The first type of interference involves 
nuclear reactions resulting in the produc
tion of charged particles. For example, if the 
trace element having atomic number Z is 
to be determined, interference may result 
from an (n,p) reaction with element Z +  1 
or from an (n, a) reaction with element 
Z +  2, either of which produces the desired 
activation product. The effective cross-sec
tions for the (n, p) and (n, a ) reactions 
are generally several orders of magnitude 
less than those for the (n, y) reactions. 
Therefore, this interference is usually very 
small if the two elements have similar con
centrations. It may be important, however, 
if the trace element is present only in excep
tionally small concentrations.

The second type of interference involves 
the production of the desired activation prod
uct by neutron-induced fission reactions, 
primarily in uranium. During the fission 
process, the uranium nucleus is split into two 
fragments, producing radioactive isotopes of 
the entire spectrum of elements from zinc to 
terbium. Since many of the useful activation 
products of these elements are also fission 
products, this type of interference is poten

tially widespread. Uranium may interfere 
with the determination of many of these 
elements, even when it is present in only 
trace concentrations.

Since the concentrations of many of the 
elements in the meats to be analyzed in this 
investigation were expected to be very small, 
special attention was directed to avoiding or 
compensating for potential interfering reac
tions. For some elements, alternative iso
topes are available for which interference 
does not occur. For example, the 65-day 
Sr85 and 11.6-dav Ba131 isotopes were chosen 
for use in analysis for strontium and barium, 
rather than the 54-day Sr89 and 85-min 
Ba139, because the latter two isotopes are 
formed in uranium fission.

For some of the elements of interest, inter
fering reactions could not be avoided. There
fore, data were required to determine the 
extent of the interference and to correct for 
it. The necessary data are obtained by analy
sis for the sought activation product in a 
comparator sample of the interfering ele
ment, and by determination of the interfering 
element in the matrix. The quantity of the 
activation product in the matrix that is due 
to the interfering reaction is then calculated 
using equation 2.

An important example of this type of in
terference occurs in analysis for phosphorus 
and sulfur. The pertinent section of the 
Chart of the Nuclides (Stehn and Clancy,
1956), presented in Fig. 1, shows the several 
possible neutron-induced reactions in these 
elements and the modes of interference with 
sulfur and phosphorus analyses. From Fig. 
1 it is seen that (n, y) reactions in chlorine 
yield the 3 X 105-year Cl36 and the 37-min 
Cl38, and the (n, p) reaction in Cl35 yields

Fig. 1. Chlorine, sulfur, and phosphorus activation.
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Table 1. D ata for activation products and interfering reactions.

Element Activationproduct Radiationmeasured Interferingreaction
Phosphorus 14.2-d P ” 1.707 Mev ß~ S32(n, p ), Cl36(n, a)
Sulfur 87-d S35 0.1617 Mev ß~ Cl35(n, p)
Chlorine 3.0 X 105-y c r 0.714 Mev ß~ None
Scandium 83.9-d Sc“ 0.885 Mev 7 T i« (n ,p )
Iron 45.1—d Fe59 1.098 Mev 7 Co58(n, p)
Cobalt 5.24-y Co60 1.1728 Mev 7 N i80(n, p)
Zinc 245-d Zn85 1.119 Mev 7 None
Selenium 127-d Se75 0.402 Mev 7 None
Rubidium 18.66-d Rb88 1.079 Mev 7 S r80(n, p)
Strontium 64-d S r85 0.513 Mev 7 None
Zirconium 65-d Zr95 0.723, 0.756 Mev 7 U, Th fission
Ruthenium 39.8-d Ru™ Multiple ß~ U, Th fission
Palladium 17—d Pd103 Multiple 7 Cd100(n, a)
Indium 49-d In114" 0.190 Mev 7 None
Tin 119—d Sn113 0.393 Mev 7 Sb123(n, p)
T  ellurium 104-d Te“ " 0.158 Mev 7 None
Cesium 2.07-y Cs131 0.796 Mev 7 Ba13i (n, p)
Barium 11.5—d Ba131 0.214 Mev 7 None
Cerium 32.5-d Ce411 Multiple 7 P r141(n, p) 

U, Th fission
Hafnium 70-d H f175 0.089 Mev 7 None
Iridium 74.4-d I r 192 Multiple /3~ P t192(n, p)
Platinum 4.3-d p̂ .l93ra 0.136 Mev 7 None
Uranium-238 2.346-d Np239 Multiple ß~ None
Uranium-235 12 .8~d Ba149 Multiple /3“( La119) None

Table 2. Data for comparator samples.

Trace Primary Secondary Typical wt. of element in prim.element comparator comparator comp, (mg)
Phosphorus MgoP.O, S, NaCl 2.8
Sulfur S NaCl 23
Chlorine NaCl 10.4
Scandium S c (N 0 3) 3 Ti 0.001
Iron Fe A1—0.1% Co alloy 9.8
Cobalt A1—0.1% Co alloy Ni 0.01
Zinc Zn 11
Selenium Se 1.0
Rubidium RbCl Sr(N O s).. 1.0
Strontium Sr(NOa)-" 20
Zirconium ZrOINOo)» • 2H»0 10.3
Indium In Sn 0.12
Tin Sn Sb 22
Tellurium Te 10
Cesium CsNOa B a(N O s): 0.08
Barium B a(N O s). 11
Hafnium Hf 0.12
Uranium-235 Enriched U 0.01
Uranium-238 Natural U3Os 1.0
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87-day S35. The latter nuclide is also formed 
by the (n, y) reaction in S34. Since the only 
other (n, y) activation reaction in sulfur 
yields the very short-lived S37, measurement 
of S35 is required for neutron activation 
analysis for sulfur in meat ash.

Similarly, the only (n, y) activation prod
uct in phosphorus is 14.2-day P32, which is 
also produced by the (n, p) reaction in S32. 
Therefore, the mutual interference of these 
elements is unavoidable, and an experimental 
study was required to determine the extent 
of the interference. This problem is discussed 
in detail in Appendix I.

A review of the above criteria for the 
nineteen elements to be analyzed quantita
tively led to selection of the activation prod
ucts shown in column 2 of Table 1. Column 
3 of the table presents the radiation that was 
measured, and column 4 shows the potential 
interference for the respective elements.

Selection of comparators. Comparator 
samples are required for each trace element 
to be determined. If interfering reactions 
may occur, secondary comparators, contain
ing the interfering element, are also utilized. 
In each case, the comparators are prepared 
from known amounts of the respective ele
ments or of their compounds. If a compound 
is used, it must exhibit stoichiometric and 
radiolytic stability. In addition, care must 
be taken to avoid local neutron flux disturb
ances by comparators for elements having 
large cross-sections for neutron absorption.

Table 2 summarizes the chemical form and 
typical weights of the comparator samples 
used in this program. The weights were 
chosen to limit the attenuation of the neutron 
flux by the sample to 1 %.

EX PE R IM E N T A L  PROGRAM
Sampling and sample preparation. Since the 

bulk meat samples were to be representative of 
portions consumed by humans, all bones, cartilage, 
glands, and other inedible m atter were removed. 
To obtain statistically significant samples, each 
meat was ground through a 54-1-in. plate, followed 
by a second grinding through a bs-T -in . plate. 
The meat was then mixed by machine into a 
homogeneous mass, packaged, and kept frozen until 
used.

W eighed portions of the homogenized meats 
were ashed to concentrate the inorganic constitu
ents into samples convenient for irradiation. The

samples were partially ashed by slow combustion 
in large stainless-steel vessels and then ignited 
in large porcelain crucibles at 800° C. In removing 
the partially ashed residues from the steel vessels, 
care was taken to avoid their contamination with 
traces of metal. The ratios of ash to bulk weights 
varied from approximately 0.5% to 2%, as shown 
in Table 3.

Table 3. W eights of bulk and ashed meats.

Food Bulk wt (kg) Ashed wt(g) Percent ash
Chicken 11.55 71.2 0.62
Beef 11.47 69.9 0.70
Pork 11.41 52.0 0.46
Ham 11.10 220.6 2.0

Samples of the ashed meats and comparators 
were then prepared and packaged for irradiation. 
Two-gram  portions of each ash were packed in 
aluminum-foil cylinders. These cylinders were 
tightly crimped and sealed in quartz ampoules.

Three prim ary comparator samples were pre
pared for each element, along with secondary 
comparators for their respective interfering ele
ments. The comparators were also doubly-con
tained in aluminum foil and quartz. The quartz 
ampoules were inserted in an aluminum cylinder 
for irradiation in the Brookhaven Graphite Reactor.

Analytical procedures. Two irradiation experi
ments were performed. Samples from the first 
irradiation were used for qualitative analysis for 
some rare earths and platinum metals. Quantita
tive determinations of 19 additional elements were 
made on samples from the second irradiation.

After each irradiation, the ash and comparator 
samples were dissolved. Aliquots of the solutions 
were taken for radiochemical separation and puri
fication of the respective activation products, and 
for measurement of their radiations.

The ash samples were normally dissolved in 
boiling aqua regia. Any insoluble residue was 
dissolved with hydrofluoric acid. Metallic com
parators were dissolved in an appropriate acid. 
Closed systems were used to dissolve comparators 
for volatile elements and ash samples in which 
chlorine analyses were to be performed.

Known aliquots of each solution were taken for 
the specific elemental analyses. Since only tracer 
quantities of the activation products are produced 
in such irradiations, known quantities of each ele
ment were added to the respective aliquots to 
serve as carriers. The carriers facilitate chemical 
separations and also indicate the fractional re
covery, or chemical yield, at the completion of the 
purification procedure, upon analysis by conven
tional techniques.
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Each activation product was identified by meas

urement of its half-life and the energies of its 
beta or gamma radiations. The energies of gamma 
radiations were measured with a flat 3 x3-in. 
N a l(T l)  crystal and a 256-channel pulse-height 
analyzer. End-window, methane-flow proportional 
counters were used to measure beta radiations. 
Beta energies were derived from aluminum ab
sorption curves. As an additional check of sample 
purity, the decay of each sample was followed 
for several half-lives, when possible, to verify the 
half-life.

The procedures for the qualitative analyses in
volved group separations of the rare earths and 
platinum metals, followed by separations within 
each group. The separations of the platinum 
metals were based on the system described by 
Noyes and Bray (1943). The rare earths were 
separated into the yttrium  and lanthanum groups 
by successive extractions of the yttrium  group 
into tributyl phosphate. Many of the quantita
tive analysis procedures were modifications of 
standard radiochemistry procedures (Kleinberg, 
1958; Meinke, 1949). For some elements, essen
tially new procedures were developed.

EXPERIMENTAL RESULTS
Qualitative analyses. The presence of several 

platinum metals and of several rare earths in 
meat ash was established by qualitative neutron 
activation analysis.

The radionuclides 40-day RuW3, 17-day Pd1™, 
74-day Ir192, and 3.4-day P t193'" were identified by 
the energies of their beta or gamma radiations 
and their half-lives. Estim ates were made of the 
order of magnitude of the concentrations of these 
elements in each food sample. The values, which 
range from ~  10™ to 10™ ppm in the bulk meats, 
are shown in Table 4.

Certain rare earth elements were identified from 
sequential gamma spectrum analyses of the y ttri
um and lanthanum groups. Typical gamma spectra

of the yttrium  fraction from the beef ash sample are 
presented in Fig. 2. Spectrum A was taken ap
proximately two months after the irradiation, and 
spectrum B was taken after an additional two- 
month decay. Spectra are essentially the same 
for the yttrium  fractions from the other meat ash 
samples. The most prominent photopeaks appear 
in channels 89, 110, and 200. These peaks corres
pond to gamma energies of 0.88 Mev, 1.12 Mev, 
and 2.0 Mev, and arise from the decay of 85-day 
Sc48. Although scandium follows yttrium  group 
chemistry, its rather high concentration in these 
samples was unexpected. Therefore, a  quantitative 
analysis for scandium was performed in a  subse
quent irradiation.

Because of the comparatively large amount of 
scandium activity in these spectra, the sensitivity 
for the detection of other constituents was de
creased substantially. However, it was possible 
to identify photopeaks due to the 84-Kev photon 
of 129-day Tm™ and to several photons of 32-day 
Yb169 and 6.8-day Lum .

Gamma spectra for the lanthanum fraction from 
the beef ash sample are presented in Fig. 3. These 
spectra were taken at the same time as those for 
the yttrium  fraction. Spectra for the other ash 
samples were nearly identical. The most prom
inent photopeaks, corresponding to photon energies 
of 0.120 Mev, 0.34 Mev, 0.86 Mev, and 1.09 Mev, 
indicate the presence of 13-year Eu132 and 16-year 
Eu1“4. There is also some evidence for a 20-Kev 
photon, which may indicate the presence of 80-year 
Sm151.

Estimates were made of the concentrations of 
these rare earth elements in each meat. The 
values, as shown in Table 4, are of the order of 
10™ to 10™ ppm.

Quantitative analyses. The concentrations of 19 
elements in each meat ash were determined in 
samples from the second irradiation. The analyti
cal data are shown in Table 5, along with the 
concentrations in the bulk meats, which were cal-

Table 4. Concentrations (ppm) of trace elements in meat (qualitative analyses).
Chicken Beef Pork HamTraceelement Ash Bulk Ash Bulk Ash Bulk Ash Bulk

Ruthenium 0.1 6 X 10 4 0.1 7 X 10™ 10™ 5 X 10-4 0.1 2 X 10™
Palladium 0.1 6 X 10™ 0.1 7 X 10-4 0.1 5 X 10™ 0.1 2 X 10™
Iridium 10-™ 6 X 10-a 10-3 7 X 10™ 10™ 5 X 10™ 10™ 2 X 10™
Platinum 0.1 6 X 10™ 0.1 7 X 10-4 0.1 5 X 10™ 0.1 2 X 10™
Ytterbium 10-2 6 X 10™ 10™ 7 X 10™ 10™ 5 X 10™ 10™ 2 X 10™Thulium 10™ 6 X 10™ 10™ 7 X 10™ 10™ 5 X 10™ 10™ 2 X 10™Lutetium 10-2 6 X 10™ 10-2 7 X 10™ 10™ 5 X 10™ 10™ 2 X 10™
Europium 10-2 6 X 10-5 10™ 7 X 10™ 10™ 5 X 10™ 10™ 2 X 10™
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Fig. 2. Gamma spectra for yttrium  group in irradiated beef ash.
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culated from the ratios of ash to bulk weights 
given in Table 3. Definitive values were obtained 
for all of the elements listed except zirconium 
and sulfur.

Zirconium was determined in a purified mixture 
of zirconium and hafnium by gamma spectrometry 
techniques. However, the hafnium photo-peaks 
in the spectrum were sufficiently predominant to 
mask those of Zr95. The values of the upper limits 
for zirconium concentrations were calculated from 
estimates of the minimum quantity of Zr95 that 
could be detected in the presence of the hafnium 
activity in each sample. The limiting values for 
zirconium concentrations are large relative to the 
observed hafnium concentrations because the cross- 
section of zirconium for therm al neutron activation 
is much smaller than that of hafnium. If more 
definitive data for zirconium concentrations had 
been desired, specific chemical separations could 
have been performed to permit measurement of the 
radioactivity due to zirconium.

The special problems associated with the deter
mination of phosphorus and sulfur are discussed in 
detail in Appendix I. The very large upper limits 
for the concentrations of sulfur are indicative of 
the serious interference due to the Cl3!(n ,p )S 35 
reaction in chlorine. The reported value of the 
upper limit is the sulfur concentration, which 
corresponds to the minimum quantity of sulfur- 
produced S35 that is detectable in the presence of 
the chlorine-produced S35 in each sample. For 
chicken, pork, and beef, the total S35 found was 
identical, within experimental error, to the chlo
rine-produced S35. In  the case of ham ash, the 
minimum detectable quantity of sulfur was unrealis
tically high. Therefore, for each case, it is con
cluded that chlorine interference precludes deter
mination of sulfur in these samples by neutron 
activation analysis.

In general, the value of the sulfur concentration 
is a prerequisite to determination of phosphorus, 
to permit estimation of the effects due to the 
reaction S32(n ,p )P 32. However, the observed phos
phorus concentrations and the concentrations of 
P 32 in the sulfur comparators were used to esti
mate the sulfur concentration that would have been 
required to introduce a 10% error in each phos
phorus analysis. The estimated sulfur concen
tration was 63% in ham ash and over 100% for 
the other ashes. Therefore, the maximum error 
introduced in the phosphorus analyses by neglect
ing the effects of sulfur interference was of the 
order of a few percent.

The interference due to fast neutron-induced 
reactions in analysis for other elements was also 
determined. However, for all experimentally de
termined elements, correction factors were neg

ligibly small. Therefore, no significant errors were 
introduced by these effects.

In general, precisions of replicate determinations 
of elemental concentrations were maintained to 
better than ± 5 % . On the basis of these precisions 
and of the evaluation of possible consistent errors 
in sample preparation and analysis, it is estimated 
that the values of the concentrations of most of 
the trace elements were determined with an ac
curacy of ±10% . All results in Table S are judged 
to have this accuracy except where larger errors 
are given.

DISCUSSION
The analyses yielded definite values for 

the concentrations of seventeen of the ele
ments. Their concentrations in the bulk 
meats ranged from values of ~  1,000 ppm, 
for phosphorus, to ~ l(T e ppm, for cerium. 
Interferences precluded the determination 
of the concentrations of two elements, sul
fur and zirconium. Therefore, maximum 
values for their concentrations, based on 
the limits of sensitivity of the methods em
ployed, are reported.

Qualitative neutron activation analyses 
resulted in detection of four platinum metals 
and four rare earth elements. Estimated 
values for the concentrations of these ele
ments range from ~ 1 0 -3 ppm to ~ 10-6 
ppm in the bulk meats.

The reported concentrations for chlorine 
in the ash samples are considered accurate 
to ±10% . However, calculation of chlo
rine concentrations in the bulk meats from 
the ash analyses is not deemed valid, be
cause of possible loss of chlorine through 
volatilization during the ashing operation. 
Direct analysis of the bulk meat for chlo
rine is probably required to determine its 
fractional loss, if any, during ashing. There
fore, no value is reported for chlorine con
centration in the bulk meats.

The extent to which the concentration 
of an individual element is constant in the 
four meats is indicated by equation 3:

maximum observed concentration 
of an element in a meatA c = — ----------- --------------------------- :------  [3]minimum observed concentrationof an element in a meat

The distribution of the elements for vary
ing values of Ac is summarized in Table
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Table 6. Variations of elemental concentrations 

in ashed and bulk meat.
Concentrationvariation(Ac)

Number of elements
Ashed meat Bulk meat

A c <  2 2 6
2 <  A c <  4 2 3
4 < A c < 8 9 S
8 <  A c 4 2

Total 17“ 16“
“ Chlorine data for ash only.

6. The values of the respective concentra
tions of a majority of the elements in the 
four meats were constant within a factor 
of eight. Furthermore, the concentrations 
of 9 elements were consistent within a fac
tor of four in the bulk meats, and in the 
ash samples the range of 13 elemental con
centrations is greater than a factor of four. 
These variations seem to indicate that the 
concentrations of the majority of these ele
ments in these meat samples are related to 
the organic content of the samples and do 
not maintain a constant relationship with 
the principal inorganic constituents.

In view of the significant variations in 
elemental concentrations observed in dif
ferent samples of the same food (Winton 
and Winton, 1949), it does not appear 
valid to assume that the concentration data 
for these samples typify the four meats. 
However, the results may be indicative of 
the order of magnitude of the concentration 
of each element.

A P PE N D IX
Activation Analysis for Phosphorus and Sulfur
Neutron activation analysis for phosphorus, us

ing the activation reaction P:u (n, 7 ) P'12, is com
plicated by the possible interference of sulfur and / 
or chlorine in the m atrix sample from the reactions 
S32(n, p f P 32 and C P (n , a) P33 as indicated in Fig. 
1. Similarly, activation analysis for sulfur, using 
the reaction S'" (n, 7 ) S33, is subject to interference 
from the reaction C P (n , p) S35. Since 14.2-day 
P 33 is the only neutron activation product available 
for phosphorus, and 87-day S33 is the only sulfur 
activation product with a  half-life of useful mag
nitude for many applications, neutron activation 
analysis techniques for these two elements must 
take into account the need for corrections in the 
analytical data for the effects of the interfering 
elements.

Since the total quantity of S35 produced during 
the irradiation of the m atrix is the sum of the con
tributions from the S:"(n , 7 )S 35 and Cl35(n, p ) S35 
reactions, it is necessary to differentiate between 
the S3r' produced by these two reactions. This can 
be accomplished by measuring the total S33 content 
of the m atrix and the S35 produced from the chlo
rine in the matrix. The S35 produced from the 
sulfur in the m atrix is the difference between these 
two quantities.

To make these measurements, the concentration 
of chlorine in the m atrix must be determined by 
some method. Activation analysis, using the re
action Cl35 (n, 7 ) Cl30, was the method chosen for 
this program.

In a similar manner, in phosphorus analyses, the 
total quantity of P 33 must be determined along 
with the quantities produced by the S3! (n, p ) P 33 
and the Clœ(n, a ) P 33 reactions. The amount of 
P 33 due to activation of phosphorus is the balance 
remaining after subtraction of the contributions of 
the two interfering reactions from the total P 33 
found. Therefore, the concentrations of both sulfur 
and chlorine must be known in order to compute 
the concentration of phosphorus. The methods 
used for these determinations are detailed below.

Table 7. Method of analysis for sulfur.
Data required Experim ental operation

1. Cl concentration in ash (gg C l/g  ash) la Determine Cl3" in ash
lb Determine Cl3“ in Cl comparator
lc Calculate Cl concentration

2. S35 production from Cl (dpm Sx /fig  Cl) 2a Determine S35 in Cl comparator
3. S33 production from Cl in ash 3a Calculate: item (2) X item (1)

(dpm S36 (C l) /g  ash)
4. Total S35 production in ash (dpm Sæ/g  ash) 4a Determine S3S in ash
5. S3S production from S in ash 5a Calculate: item (4) -  item (3)

(dpm S35 ( S ) /g  ash)
6. S33 production from S (dpm SW gg S) 6a Determine S33 in sulfur comparator
7. S concentration in ash (/xg S /g  ash) 7a Calculate: item (5) -H item ( 6 )
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Table 8 . Method of analysis for phosphorus.
D ata required Experim ental operations

1. Cl concentration in ash (/¿g C l/g  ash) la See operation no. lc, Table 7
2 . S concentration in ash (/¿g S /g  ash) 2a See operation no. 7a, Table 7
3. P 33 production from Cl (dpm P 33/Vg Cl) 3a Determine P 33 in Cl comparator
4. P 33 production from Cl in ash 4a Calculate : item (3) X item (1)

(dpm P 33 ( C l) /g  ash)
5. P33 production from S (dpm P33/>g  S) 5a Determine P33 in S comparator
6 . P 33 production from S in ash 6a Calculate : item (5) X item (2)

(dpm P 33( S ) /g  ash)
7. Total P 33 production in ash (dpm P 32/ g  ash) 7a Determine P 32 in ash
8 . P 33 production from P  in ash 8a Calculate : item (7) — [item ( 6 )

(dpm P 33( P ) / g  ash) -|- item (4 )]
9. P 33 production from P (dpm P 33/jug P ) 9a Determine P 33 in P  comparator

10. P  concentration in ash (gg  P /g  ash) 10a Calculate : item (8 ) -f- item (9)

SULFUR ANALYSES centrations that are too large. However, it
Sulfur analyses require the irradiation of com

parator samples for both sulfur and chlorine along 
with the ash samples. The data required and the 
method of obtaining them are shown in Table 7.

If the ratio of the concentration of chlorine to 
sulfur in the ash is relatively large, the calculation 
performed in Operation No. 5a in Table 7 may 
result in a  small difference term  of two large 
numbers. The smallest statistically significant value 
of this difference represents the minimum quantity 
of sulfur-produced S ^/g ram  ash that is detectable 
in the sample. In this case, the calculation in 
Operation No. 7a yields a value for the upper 
limit of the sulfur concentration in the ash.

PHOSPHORUS ANALYSES
The analysis for phosphorus requires that com

parators for sulfur and chlorine be irradiated along 
with the m atrix and the phosphorus comparators. 
The data required and the corresponding exper
imental operations are shown in Table 8 .

The extent to which sulfur or chlorine may in
terfere in the phosphorus analysis is a function 
of the relative concentrations of the three elements. 
If the concentration of either sulfur or chlorine 
is much higher than that of phosphorus, the dif
ference term  in Operation No. 8a may be less 
than the statistical error of the other terms. In 
this case, analysis for phosphorus would be pre
cluded. The limit of sensitivity for a given sample 
would then be determined in a  manner analogous 
to that described for sulfur.

A special type of interference due to a second- 
order neutron reaction may also interfere in anal
yses for phosphorus. If large quantities of silicon 
are present, the reaction (Stehn and Clancy, 1956) 
Si30(n, 7 ) Si31 j3" P 31(n, y ) P 32 may enhance the pro
duction of P 33 and yield apparent phosphorus con-

shown (K ruger and Gruverman, 1962) that this 
reaction was not im portant in samples containing 
very high silicon concentrations that were irra 
diated under similar conditions at the Brookhaven 
Graphite Reactor. Therefore, it is estimated that 
this effect was unimportant in these samples.
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( M a n u s c r ip t  re c e iv e d  J a n u a r y  11, 1962)

SUMMARY
Five fractions o f parenchym atous cells o f the cotyledon o f the peanut were 

isolated by hom ogenization and differential centrifugation from  nonaqueous 
m edia. These are two protein-rich fractions (on e o f which appears to be aleu- 
rone gra in s), starch grains, a fines material, and cell wall fragm ents. In addi
tion, a fraction com posed largely o f vascular tissue o f the cotyledon was isolated. 
The nitrogen o f the cell is concentrated in the two protein-rich fractions, phytin  
in  the aleurone grains, sucrose m ostly in the fines fraction and to a lesser ex
tent in the starch granules, and ribonucleic acid in the fines fraction. The pro
teins in  both protein-rich fractions appear to be the sam e as judged by chro
m atography and zone electrophoresis.

The proteins of seeds have been studied 
generally as fractions of extracts of the 
entire kernel of specific tissue (Brohult 
and Sandegren, 1954; Danielson, 1956). 
Since the m ajor globulins of dicotyledons 
have no demonstrable biological activity, 
they have usually been classified as reserve 
proteins (Danielson, 1956; Steward and 
Thompson, 1954) and are presently char
acterized by physicochemical methods. The 
fractionation of these globulins is compli
cated by the possibility that the mixing 
during tissue homogenization in aqueous 
solutions prior to extraction might produce

1 P r e l im in a r y  r e p o r t s  o n  p a r t  o f th is  w o r k  w e re  
p re s e n te d  a t  th e  A n n u a l  M e e tin g , A m e r ic a n  A s 
so c ia tio n  f o r  th e  A d v a n c e m e n t  o f  S c ien ce , W a s h 
in g to n , D . C ,  D e c e m b e r  1958, a n d  a t  th e  4 4 th  
A n n u a l  M e e tin g , F e d e r a t io n  o f A m e r ic a n  S o c ie tie s  
fo r  E x p e r im e n ta l  B io lo g y , C h ic ag o , I l l in o is , A p r i l  
1960.

6 P r e s e n t  a d d re s s  : D e p a r tm e n t  o f B io c h e m is try  
a n d  N u tr i t io n ,  T e x a s  A . & M . C o lleg e , C o lleg e  
S ta t io n ,  T e x a s .

c P r e s e n t  a d d re s s  : %  R o c k e td y n e , In c ., C a n o g a  
P a r k ,  C a lifo rn ia .

d O n e  o f th e  la b o ra to r ie s  o f th e  S o u th e rn  U t i l i 
z a t io n  R e s e a rc h  a n d  D e v e lo p m e n t  D iv is io n , A g r i 
c u l tu ra l  R e s e a rc h  S e rv ic e , U . S . D e p a r tm e n t  of 
A g r ic u l tu re .

artifacts caused by protein-protein inter
action or by protein interaction with other 
constituents. One way of obtaining more 
information about the proteins would be 
to fractionate the tissue before protein ex
traction to simplify the source of protein.

Woodroof and Leahy (1940) observed 
that the settlings from freshly made peanut 
oil contain aleurone gains, starch grains, 
and some fragments of cell wall, thus in
dicating that these structures survive grind
ing in oil. This fact suggested that sub- 
cellular fractionation might be achieved by 
a variant of the technique of Behrens 
(1938) and others (Allfrey, 1959) involv
ing homogenization and differential cen
trifugation in nonaqueous media.

A technique is presented for isolating 
several fractions of peanut cotyledons: two 
protein-rich fractions, starch grains, vas
cular tissue, cell wall fragments, and a 
fines fraction.

METHODS
I s o l a t io n  o f  s u b c e l lu la r  f r a c t io n s .  F ie ld -c u re d  

N C -2  v a r ie ty  ( la rg e - s e e d e d  V i r g in ia  ty p e )  p e a 
n u ts  w e re  s to re d  a t  4 ° C  fo r  p e r io d s  u p  to  o n e  y e a r .  
A  5 0 0 -g  sam p le  o f  c o ty le d o n s , r e p r e s e n t in g  a b o u t  
250  g  o f t r ig ly c e r id e - f r e e  m a te r ia l ,  w a s  h o m o g 
e n iz e d  in  a n  O m n i- M ix e r  (n o  e n d o r s e m e n t  im 
p l ie d ) ,  s e t  in  a n  ice  b a th , a n d  h o m o g e n iz e d  fo r

1 321 ]
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4  m in  in  1 L  o f re f in e d  c o tto n s e e d  o il. A f t e r  th e  
th ic k  b re i  w a s  d e c a n te d , th e  r e s id u e  w a s  h o m o g 
e n iz e d  in  1 L  o f c o tto n s e e d  o il a s  b e fo re . T h is  
p ro c e s s  w a s  re p e a te d  u n ti l  m o s t  o f th e  ce lls  of 
th e  p a re n c h y m a  w e re  b ro k e n . T h e  c o m b in ed  
h o m o g e n a te s  w e re  c e n t r i fu g e d  a t  1100 X G  fo r  
2.5 m in u te s ; th e  r e s id u e  w a s  sc ru b b e d  se v e ra l  
t im e s  b y  h o m o g e n iz a tio n  a n d  c e n tr i fu g a tio n .  T h is  
r e s id u e  w a s  f u r th e r  f r a c t io n a te d  b y  re s u s p e n s io n  
a n d  c e n t r i fu g a tio n  in  m e d ia  of v a r io u s  d e n s itie s  
a c c o rd in g  to  th e  sch em e  s h o w n  in  F ig .  1. A d ju s t 
m e n ts  in  d e n s i ty  w e re  m a d e  w ith  A C S - g r a d e  
c a rb o n  t e t r a c h l o r i d e ; th e  v a r io u s  f r a c t io n s  w e re  
f re e d  o f lip id  b y  e x tr a c t io n  w ith  c a rb o n  t e t r a 
c h lo r id e , th e  la s t  t r a c e s  o f w h ic h  w e re  re m o v e d  
b y  v a c u u m  a t  ro o m  te m p e ra tu re .

Analyses. N itr o g e n  w a s  d e te rm in e d  b y  m ic ro -  
K je ld a h l  ( S te y e rm a r k ,  1 9 5 1 ), p h o s p h o ru s  b y  th e  
te c h n iq u e  o f C h en  ct al. ( 1 9 5 6 ) ,  m o is tu re  b y  th e  
m e th o d  o f th e  A O  A C  (1 9 5 5 ) ,  s ta r c h  p o la r i-  
m e tr ic a l ly  a c c o rd in g  to  th e  m e th o d  of C le n d e n n in g  
(1 9 4 5 ) ,  a n d  p h y tin  a c c o rd in g  to  th e  te c h n iq u e

o f P o n s  ct al. ( 1 9 5 3 ) .  R e s u l ts  a r e  r e p o r te d  as  
th e  a v e r a g e  o f d u p lic a te  d e te rm in a t io n s  o n  th r e e  
d if f e r e n t  p r e p a r a t io n s  o f e ac h  s u b c e llu la r  f ra c t io n .

S u c ro s e  w a s  d e te rm in e d  b y  th e  a n th r o n e  te c h 
n iq u e  o n  p u r if ie d  h o t  8 0 %  e th a n o l  e x t r a c ts  ( S n e l l  
a n d  S n e ll , 1953) a n d  id en tif ie d  b y  p a r t i t io n  c h r o 
m a to g r a p h y  o n  2 %  s ilic ic  a c id  p a p e r  p r e p a re d  
a c c o rd in g  to  th e  m e th o d s  o f D ie c k e r t  et al. (1 9 5 8 ) 
a n d  D ie c k e r t  a n d  R e is e r  (1 9 5 6 ) .  A s  a  f u r th e r  
ch eck , th e  s u g a r  c o n c e n tra te  f ro m  th e  fines m a 
te r i a l  w a s  e x a m in e d  b y  c e llu lo se  p a p e r  c h r o 
m a to g r a p h y  (B lo c k  ct al., 1 9 5 5 ).

R ib o n u c le ic  a c id  d e te rm in a t io n s  w e re  m a d e  by  
tw o  m e th o d s : f irs t,  b y  a b s o rp tio n  o f l ig h t  a t
260 m /t o f a  c o ld  p e rc h lo r ic  a c id  e x t r a c t  p re p a re d  
b y  th e  m e th o d  of O g u r  a n d  R o se n  (1 9 5 0 ) ,  a n d  
secon d , b y  a b s o rp tio n  o f l ig h t  a t  260 m,u o f a n  
e x t r a c t  p r e p a re d  b y  a  m o d if ic a tio n  o f th e  te c h 
n iq u e  o f K i r b y  (1 9 5 6 ) .  T h e  fo r m e r  te c h n iq u e  
w a s  s a t is f a c to r y  o n ly  fo r  th e  r e t ic u la te  f ra c t io n .  
T h e  l a t te r  sy s te m  g a v e  m o re  s a t is f a c to r y  r e s u lt s  
fo r  th e  o th e r  f ra c t io n s ,  a n d  a g re e d  s a t is f a c to r i ly

H o m o g e n a te
1100 X  G 
2.5 m in  

C o tto n s e e d  oil

S P

C o tto n s e e d  oil P -  1.450

12,500 X G 
15 m in

20 ,000 X G  D is c a rd e d
15 m in

C o tto n se e d
oil F in e s

f r a c t io n

D is c a rd e d  p =  1.500]

D is c a rd e d S ta r c h  g ra in s

F ig .  1. S c h e m e  f o r  f r a c t io n a t io n  o f p e a n u t  c o ty le d o n s . S , s u p e r n a ta n t ;  P ,  p r e c ip i ta te ;  e a c h  step  
c o n s is ts  o f c e n t r i fu g a t io n  a f te r  a d ju s t in g  d e n s i ty ;  u n le s s  o th e rw is e  n o te d , a ll  c e n tr i fu g a tio n s  w e re  fo r  
15 m in  a t  2600 X  G.
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w ith  th e  r e s u l t s  b y  th e  O g u r  a n d  R o s e n  te c h n iq u e  
f o r  th e  r e t ic u la te  m a te r ia l .

T h e  m o d if ied  te c h n iq u e  o f  K i r b y  w a s  c a r r ie d  
o u t  a s  f o l lo w s : a  1 0 0 -m g  s a m p le  o f th e  m a te r ia l  
to  b e  a n a ly z e d  w a s  m ix e d  th o ro u g h ly  in  a  co n ica l 
c e n tr i fu g e  tu b e  w i th  S m l o f 0 .2M  p h o s p h a te  
b u ffe r , p H  6.8. T o  th e  r e s u l t in g  m ix tu r e  w a s  
a d d e d  5 m l o f 9 :  10 p h e n o l-w a te r .  T h e  tw o  p h a se s  
t h a t  fo rm e d  w e re  m ix e d  th o ro u g h ly  a n d  s e p a ra te d  
b y  c e n tr i fu g a tio n .  A  3 -m l p o r t io n  o f th e  u p p e r  
a q u e o u s  p h a s e  w a s  p ip e tte d  in to  a  c le an  c e n t r i 
fu g e  tu b e , a n d  th e  p h e n o l w a s  re m o v e d  b y  r e p e a te d  
e x tr a c t io n s  w i th  e th y l  e th e r .  R e s id u a l  e th e r  w a s  
e v a p o ra te d  u n d e r  a  s tr e a m  o f  a i r  a t  ro o m  te m 
p e ra tu re .  R ib o n u c le ic  a c id  w a s  p re c ip i ta te d  f ro m  
s o lu tio n  w ith  2  v o lu m e s  o f e th a n o l  a n d  c o lle c te d  
b y  c e n tr i fu g a tio n .  A f t e r  th e  s u p e r n a ta n t  l iq u id  
w a s  d e c a n te d  c a re fu l ly  so  a s  n o t  to  lo se  a n y  of 
th e  p re c ip i ta te ,  th e  r e s id u e  w a s  d is so lv e d  in  a  
s u ita b le  v o lu m e  o f  w a te r  a n d  r e a d  in  th e  s p e c t ro 
p h o to m e te r  a t  2 6 0  m/x. A n  E p o f  9800  ( O g u r  
a n d  R o sen , 19 50) a n d  a  p h o s p h o ru s  c o n te n t  of 
1 0 %  w e re  a s s u m e d  f o r  th e  r ib o n u c le ic  a c id  of 
p e an u ts .

A n a ly s is  f o r  d e s o x y r ib o n u c le ic  a c id  w a s  b y  tw o  
in d e p e n d e n t t e c h n iq u e s : d e te c t io n  o f n u c le i b y
c o u n te r s ta in in g  o s m iu m -f ix e d  sec tio n s  w ith  a c e to -  
o rc e in  s ta in  ( K u r n ic k  a n d  R is , 1 9 4 8 ), a n d  d ire c t  
a s s a y  b y  th e  m e th o d  o f  C e r io t t i  (1 9 5 2 ) .

C a lc iu m , m a g n e s iu m , a n d  p o ta s s iu m  w e re  d e te r 
m in e d  b y  f lam e  p h o to m e try  w ith  a  B e c k m a n  D U  
s p e c tro p h o to m e te r  (B i l ls  et al., 19 49 ; K u e m m e l 
a n d  K a r l ,  1 9 5 4 ). S a m p le s  o f  th e  s u b c e llu la r  
p a r t ic le s  (1 0 0  m g )  w e re  t r e a te d  w i th  1 m l o f 
1 5 .4 4 / n i t r i c  a c id  a n d  p la c e d  in  a  p re -a s h in g  
a ss e m b ly  m a d e  a c c o rd in g  to  T h ie r s  (1 9 5 7 ) .  T h e  
a s h in g  w a s  c o m p le te d  in  a  m uffle  fu r n a c e  a t  
45 0°C .

RESULTS
Visual observations. I n t a c t  c e lls  a n d  e a c h  o f 

th e  f r a c t io n s  w e re  c h a r a c te r iz e d  in  a  p re l im in a ry  
w a y  b y  l ig h t  a n d  e le c tro n  m ic ro sc o p y . T h e  s to r 
a g e  p a re n c h y m a  c e lls  a r e  p a c k e d  w i th  re la t iv e ly  
la r g e  p a r t ic le s .  T h e r e  is  a  c e n t r a l ly  lo c a te d  n u 

c leu s , n u m e ro u s  a le u ro n e  g r a in s  a n d  t r a n s lu c e n t  
sp h e re s , a n d  s c a t te r e d  s ta r c h  g ra in s .  T h e  cell 
w a ll  a n d  s ta r c h  g r a in s  sh o w  a  c h a r a c te r is t ic  
b i re f r in g e n c e  b e tw e e n  c ro s s e d  p o la r iz e r s .  I n t e r 
c e l lu la r  sp a ce s  a r e  p ro m in e n t.

E le c t r o n  m ic ro g ra p h s  o f s e c tio n s  o f  in ta c t  ce lls  
d isc lo se  a  th re e -d im e n s io n a l  n e tw o r k  p e rv a d in g  
th e  sp ace  b e tw e e n  th e  p a r t ic le s .  T h is  r e t ic u la te  
s t r u c tu r e  is  jo in e d  to  th e  ce ll w a ll  a n d  a p p e a rs  
to  s u r r o u n d  th e  o th e r  b o d ie s .

T h e  tw o  p ro te in - r ic h  f r a c t io n s  a n d  th e  s ta r c h -  
g r a in  f r a c t io n  w e re  c o m p o se d  o f s p h e re s  r a n g in g  
in  d ia m e te r  f ro m  1 to  10 /x. P r o te in - r ic h  f r a c t io n  
1 w a s  c o m p o se d  o f t r a n s lu c e n t  s p h e re s  t h a t  
sh o w ed  n o  b ire f r in g e n c e  a n d  n o  in c lu s io n s . T h e  
s p h e re s  o f f r a c t io n  2 c o n ta in e d  on e  o r  m o re  s p h e r i 
c a l in c lu s io n s  (g lo b o id s )  ; th e s e  p a r t ic le s  c o r r e s 
p o n d e d  to  th e  c la s s ic a l  d e s c r ip t io n  o f a le u ro n e  
g r a in s  ( E s a u ,  19 60 ; G u ill ie rm o n d , 1 9 4 1 ; M o tt ie r ,  
1 9 2 1 ). T h e  s ta r c h  g r a in s  s h o w e d  c h a r a c te r is t ic  
b i re f r in g e n c e  b e tw e e n  c ro s s e d  p o la r iz e rs .

W h e n  e x a m in e d  b y  l ig h t  m ic ro s c o p y  th e  fines 
f r a c t io n  s h o w e d  fe w  c o n ta m in a t in g  s p h e r ic a l  p a r 
t ic le s . P r e l im in a r y  e x a m in a tio n  b y  e le c tro n  m ic ro s 
co p y  s u g g e s ts  t h a t  th is  f r a c t io n  w a s  co m p o sed  
o f  f r a g m e n ts  o f a  n e tw o rk , p re s u m a b ly  th e  n e t 
w o r k  o b s e rv e d  in  th e  in ta c t  cells .

T h e  v a s c u la r - t i s s u e  f r a c t io n  c o n ta in e d  re la t iv e ly  
la r g e  p iec es  c o m p o se d  o f  th e  ty p ic a l  th ic k -w a lle d ,  
re la t iv e ly  u n d a m a g e d , c e lls  o f th e  v a s c u la r  t is su e . 
I t  w a s  n e t  c o m p le te ly  f re e  o f  c o m p o n e n ts  o f th e  
p a re n c h y m a . T h e  cell w a ll  f r a c t io n  w a s  re la t iv e ly  
f r e e  o f p ro te in - r ic h  b o d ie s  a n d  n u c le i, b u t  c o n 
ta in e d  a  fe w  s ta r c h  g ra in s .

Yield and composition of fractions. T h e  n i tro g e n  
o f  th e  p e a n u t  c o ty le d o n  w a s  c o n c e n tr a te d  in  th e  
tw o  p ro te in - r ic h  f r a c t io n s  ( T a b le  1 ) .  T h a t  th is  
n i t ro g e n  is  l a rg e ly  p ro te in  n i t r o g e n  w a s  c o n 
f irm e d  b y  i ts  b e in g  n o n d ia ly z a b le  a n d  y ie ld in g  
a m in o  a c id s  ( a s  d e te rm in e d  b y  p a p e r  c h ro m a to g 
r a p h y )  o n  a c id  h y d ro ly s is .  N o  s u b s ta n tia l  p o r t io n  
o f  th is  n i t ro g e n  c o u ld  b e  a c c o u n te d  f o r  a s  n u c le ic  
a c id , w h ic h  w a s  in  lo w  c o n c e n tra t io n  in  th e s e  
f r a c t io n s .  S o m e  o f th e  n i t r o g e n  o f th e  s ta rc h

T a b le  1. C o m p o s itio n  o f s u b c e llu la r  f ra c t io n s .

Fraction Yield(%) Moisture
(% )

N
(% )

P
(% )

Starch
(% )

Sucrose
(% )

Phytic acid%
P r o te in - r ic h  f r a c t io n  1 
P r o te in - r ic h  f r a c t io n  2

6.6 9.0 13.3 0.32 0 4.3 0.5

(a le u ro n e  g r a in s ) 11.6 9.7 11.4 1.87 0 9.5 5.7
S ta r c h  g ra in s 3.1 7.9 1.5 0.31 55 17.7 0.5
F in e s  m a te r ia l 2.0 8.0 6.7 0.71 0 36.0 0.01
C e ll w a ll 1.8 12.9 2.7 0.09 0 2.8 0.01
V a s c u la r  t is s u e 6.0 10.4 7.7 0.78 13.1 0.01
L ip id - f r e e  c o ty le d o n s 10.0 9.0 0.90 8 9.9 1.7
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g r a in s  a n d  ce ll w a ll  f r a c t io n s  m ig h t  h a v e  b een  
a s s o c ia te d  w i th  c o n ta m in a t in g  p ro te in - r ic h  p a r 
t ic le s , th e  l a s t  t r a c e s  o f w h ic h  a r e  d ifficu lt to  
re m o v e .

P h y t in  is  k n o w n  to  b e  o n e  o f th e  m a jo r  fo rm s  
o f p h o s p h o ru s  in  th e  p e a n u t. P r o te in - r ic h  f r a c 
t io n  2 ( a le u ro n e  g r a in s )  c o n ta in e d  th e  h ig h e s t  
c o n c e n tra t io n  o f p h o s p h o ru s ,  a n d  th e  b u lk  o f  th is  
w a s  p h y tic  a c id  ( T a b le  1 ) .  A n  a p p re c ia b le  p o r 
t io n  o f th e  p h o s p h o ru s  o f th e  o th e r  f r a c t io n s  c o u ld  
b e  a c c o u n te d  f o r  a s  p h y tin  p h o s p h o ru s  a r is in g  
f ro m  c o n ta m in a t io n  w i th  f r a c t io n  2. A n d  th is  
m a y  a ls o  b e  t r u e  f o r  e v en  th e  lo w  p h o s p h o ru s  
c o n te n t  o f  th e  ce ll w a ll .  T h e  a le u ro n e  g r a in s  w e re  
h ig h e s t  in  p o ta s s iu m  a n d  m a g n e s iu m  c o n te n t  
( T a b le  2 )  ; p re s u m a b ly  so m e  o f  th is  is  b o u n d  
w i th  p h y tic  a c id  a s  m ix e d  p o ta s s iu m  a n d  m a g 
n e s iu m  sa lts .

T a b le  2. D is t r ib u t io n  o f so m e  m e ta ls  in  su b - 
c e l lu la r  f ra c t io n s .

Fraction Ash
(% )

Ca
(% )

K
(% )

Mg
(% )

P r o te in - r ic h  f r a c t io n  1 
P r o te in - r ic h  f r a c t io n  2

4.68 0.03 1.38 0.09

( a le u ro n e  g r a in s ) 11.07 0.04 2.78 0.73
S ta r c h  g ra in s 2.63 0.01 0.63 0.09
F in e s  m a te r ia l 3.37 0.01 0.97 0.06
C e ll w a ll 2 .87 0.35 0.54 0.34
L ip id - f r e e  c o ty le d o n s 6.44 0.06 1.66 0.38

S u c ro s e  h a d  a  s t r ik in g  in t r a c e l lu la r  d is t r ib u 
tio n . T h e  fines f r a c t io n  c o n ta in e d  3 6 %  su c ro se . 
T h e  su c ro s e  c o n te n t  o f  th e  a le u ro n e  g r a in s  w a s  
a b o u t  tw ic e  t h a t  in  p ro te in - r ic h  f r a c t io n  1, b u t 
o n ly  a b o u t  o n e - fo u r th  th a t  in  th e  fin es  f ra c t io n .  
S ta r c h  g r a in s  c o n ta in e d  17 %  su c ro se . T h e  cell 
w a lls  c o n ta in e d  o n ly  2 .8 % , a n d  th is  m a y  h a v e  
b een  a ss o c ia te d  w ith  c o n ta m in a t in g  fin es  m a te r ia l .

N u c le ic  a c id  w a s  lo c a liz e d  in  th e  fin es  f r a c t io n  
( T a b le  3 )  ; th e  u l t r a v io le t  s p e c tru m  c o n firm ed  
th a t  th e  a b s o rp tio n  a t  260 mu w a s  o f n u c le o tid e s . 
D e s o x y r ib o n u c le ic  a c id  w a s  n o t  p re s e n t  in  th is  
f r a c t i o n ; i t  c o u ld  n o t  be  fo u n d  b y  c h em ica l a n a l 
y s is  a n d  n o  n u c le i c o u ld  be  d e te c te d  b y  s ta in in g . 
M o s t  o f th e  n u c le o tid e  m a te r ia l  o f th is  f r a c t io n  
w a s  a c id - in s o lu b le  a s  in d ic a te d  b y  r ib o n u c le ic  a c id  
a n a ly s is  b y  th e  m e th o d  o f O g u r  a n d  R o s e n  (1 9 5 0 ) .  
T h e  l a t te r  g a v e  a n  e s t im a te  o f 5 .1 % , c o m p a re d  
w i th  2 %  f ro m  th e  m o d ified  K irb y  te c h n iq u e .

I t  seem s lik e ly  t h a t  th e  r ib o n u c le ic  a c id  v a lu e s  
f o r  th e  o th e r  f r a c t io n s  a r e  s o m e w h a t  to o  h ig h  
s in ce  th e  r a t io s  of l ig h t  a b s o rp tio n  a t  2 6 0 -2 8 0  
a n d  2 6 0 -2 4 0  mg, a r e  s ig n if ic a n tly  lo w e r  th a n  w o u ld  
be  e x p e c te d  o n  th e  b a s is  o f r e s u lt s  w i th  r ib o n u c le ic  
a c id  f ro m  th e  fines f r a c t io n  a n d  f ro m  y e a s t .

DISCUSSION
Protein, starch, phytic acid, sucrose, and 

R N A  are clearly concentrated by fractiona
tion in a nonaqueous medium. Calcium 
is concentrated in the cell walls ; potassium 
and magnesium are concentrated in the 
aleurone grains. This procedure may be 
used profitably to isolate constituents that 
are in low concentration in the entire 
tissue but that can be concentrated con
siderably prior to isolation. Such a prior, 
nonaqueous concentration might avoid 
changes resulting from general mixing of 
the seed constituents, and even the produc
tion of artifacts. T hirty percent of the 
original m ixture was recovered in the rel
atively clean fractions.

The two fractions highest in protein differ 
from each other in density, metal content, 
and content of phytic acid. However, chro
matography on D E A E  cellulose by the 
method of Dechary et al. (1961) and zone 
electrophoresis by the method described by 
Evans et al. (1962) indicate that the pro
teins in these two fractions are the same, 
and that these two fractions represent the 
m ajor sources of protein from the cotyledon. 
The concentration of phytic acid in one 
fraction (aleurone grains) provides the op
portunity to investigate the interactions 
between phytic acid and the seed proteins.
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Fraction %RNA
260 11 
240

260 a 
280

P r o te in - r ic h  f r a c t io n  1 
P r o te in - r ic h  f r a c t io n  2

0.11 1.61 0-52

(a le u ro n e  g r a in s ) 0.29 1.31 1.69
S ta r c h  g ra in s 0.18 1.81 1.82
F in e s  m a te r ia l 1.91 2.27 2.05
C ell w a ll 0.05 1.97 1.94
V a s c u la r  t is s u e 0.50 1.78 1.90
L ip id - f re e -c o ty le d o n s 0.32 1.70 1.81
Y e a s t  R N A 2.23

a R a t io  o f o p tic a l  d e n s i ty  a t  th e  w a v e le n g th  
in d ic a te d .
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