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O R A N G E P E E L  C O LO R  E X T R A C T : IT S  U S E  A N D  S T A B IL 
IT Y  IN  C IT R U S  P R O D U C T S . R . E . B E R R Y , 0 .  W . B I S S E T T  &
T . J .  K E W . J .  F o o d  S c i.  36, 3 67 -3 69  (1 9 7 1 )— S to ra g e  s ta b i l i ty  o f  th e  
co lo r w as  te s t e d  a lo n e  a n d  in  v a r io u s  c i t ru s  p ro d u c ts  u s in g  a n  e x t r a c 
tio n  p ro c e s s  w h ich  h a d  b e e n  d e v e lo p e d  fo r  o b ta in in g  a  h ig h ly  co lo re d  
c o n c e n t r a te d  e x tr a c t  f ro m  o ra n g e  p e e l. W h e n  c o n c e n t r a te d  co lo r 
e x tr a c t  w as  a d d e d  to  s in g le -s tre n g th  o ra n g e  ju ic e  in  t in - l in e d  o r  
e n a m e l- l in e d  c a n s  o r  c le a r  g la s s  b o t t le s , co lo r s ta b i l i ty  w as  good  d u r in g  
s to ra g e  a t  35° F ;  e x c e p t fo r  s o m e  fa d in g  in  g la s s -p a c k e d  s a m p le s , no  
n o ta b le  c h a n g e s  in  co lo r w ere  o b s e rv e d  a f te r  10 w k . H o w e v e r, a t  7 0 °F  
a n d  85° F  co lo r c h a n g e s  o c c u rre d , m a in ly  f ro m  d a rk e n in g  d u e  to  
b ro w n in g . T h e s e  s to ra g e  c h a n g e s  w e re  m o re  p re d o m in a n t  in  g lass- 
p a c k e d  ju ic e  a n d  e n a m e l- l in e d  c a n s . C o lo r  in  fro z en  c o n c e n t r a te d  
o ra n g e  ju ic e  r e m a in e d  s ta b le  m o re  t h a n  10 w k , sh o w in g  no  n o ta b le  
c h a n g e  in  co lo r  d u r in g  s to ra g e  a t  — 5 ° F . S to re d  in  th e  c o n c e n t r a te d  
fo rm  th e  co lo r e x t r a c t  r e q u ir e d  p ro te c tio n  fro m  l ig h t  a n d  h e a t .  C o lo r 
w as  s ta b le  fo r  m o re  t h a n  6  m o n th s  w h e n  s to re d  a t  -  5 ° F  in  th e  d a rk .

N U T R IT IV E  V A L U E  O F O PA Q U E-2  C O R N  A N D  IT S  M IX 
T U R E  W IT H  H Y B R ID  CO R N  A N D  W H EA T  F L O U R . J .  E .
D U T R A  d e  O L IV E IR A  & M . L . P E R E I R A  d a  S IL V A . J .  F o o d  S c i.  
36, 370 -3 71  (1 9 7 1 )— A  s tu d y  w as c a r r ie d  o u t  to  e v a lu a te  th e  n u t r i t iv e  
v a lu e  o f  o p a q u e -2  c o m  g ro w n  in  B ra z il  a n d  th e  n u t r i t io n a l  e f fe c ts  o f  i ts  
m ix tu re  w ith  h y b r id  c o m  a n d  w h e a t  f lo u r . T h e s e  s tu d ie s  w e re  c o n 
d u c te d  w ith  r a t s  to  d e te rm in e  th e  g ro w th  r a te ,  fe ed  e f f ic ie n c y  a n d  
p ro te in  e f f ic ie n c y  ra t io . A m in o  a c id  a n a ly s e s  o f  B ra z il ia n  o p a q u e -2  
c o m  c o n f irm e d  i ts  h ig h  ly s in e  c o n te n t  a n d  o th e r  d if f e re n c e s  in  a m in o  
a c id  c o n te n t ;  n u t r i t iv e  v a lu e  w as sh o w n  to  b e  s im i la r  to  th e  A m e r ic a n  
v a r ie ty .  T h e r e  w e re  s m a ll v a r ia t io n s  a m o n g  s a m p le s  o f  o p a q u e -2  c o m  
g ro w n  in  d if f e r e n t  reg io n s  a n d  c ro p  y e a rs ,  b u t  a l l  h a d  h ig h  n u t r i t iv e  
v a lu e . T h e  n u t r i t iv e  v a ju e  o f  th e  h y b r id  c o m  w as  l i t t l e  im p ro v e d  b y  its  
m ix tu re  w ith  th e  h ig h  ly s in e  o p a q u e -2  c o m . B e t te r  re s u l t s  w e re  fo u n d  
w h e n  th e  o p a q u e -2  w as  m ix e d  w ith  th e  w h e a t  f lo u r.

E F F E C T  O F P R O C E S S IN G  M ET H O D  A N D  pH O F  P R E C IP IT A 
T IO N  ON T H E  Y IE L D S  AN D  F U N C T IO N A L  P R O P E R T IE S  O F  
P R O T E IN  IS O L A T E S  FR O M  G L A N D L E S S  C O T T O N S E E D .
J .  T . L A W H O N  & C . M . C A T E R . J .  F o o d  S c i .  36, 3 7 2 -3 7 7  (1 9 7 1 )— 
G la n d le s s  c o tto n s e e d  m e a ls  w e re  p r e p a r e d  u n d e r  c o n tro l le d  c o n d i
tio n s  in  a  p i lo t  p la n t  b y  th re e  d if f e r e n t  p ro c e s s in g  m e th o d s . T h e s e  
m e a ls  a lo n g  w ith  a  g la n d le s s  c o tto n s e e d  m e a l p ro d u c e d  a t  a  c o m m e r 
c ia l o il m il l  w e re  u s e d  a s  s o u rc e  m e a ls  fo r  p ro te in  is o la te s . T w o  p ro te in  
f r a c t io n s  d if f e r in g  in  c o m p o s itio n  a n d  c h a r a c te r i s t ic s  w e re  is o la te d  
fro m  e a c h  ty p e  m e a l  u s in g  a  tw o -s te p , tw o -s o lv e n t is o la t io n  p ro c e d u re  
d e v e lo p e d  a t  th e  U S D A  S o u th e r n  U ti l iz a t io n  R & D  D iv . T h e  e f fe c t  o f  
m e a l p ro c e s s in g  m e th o d  a n d  p H  o f  p re c ip i ta t io n  o n  th e  y ie ld  a n d  
fu n c tio n a l  p ro p e r t ie s  o f  e a c h  is o la te  w as  m e a s u re d .  F u n c t io n a l  p r o p 
e r t ie s  te s t e d  in c lu d e d  w h ip p a b i l i ty ,  h e a t  g e la tio n , s o lu b i l i ty  a n d  fo a m 
in g  p ro p e r t ie s . M e a l p ro c e s s in g  m e th o d  w as  fo u n d  to  s ig n if ic a n tly  a f 
fe c t th e  y ie ld  o f  I s o la te  I ,  th e  m in o r  is o la te . p H  o f  p re c ip i ta t io n  w as  
fo u n d  to  s ig n if ic a n tly  a f fe c t  th e  y ie ld  o f  I s o la te  I I ,  t h e  m a jo r  is o la te . 
T h e  fu n c tio n a l  p ro p e r t ie s  o f  is o la te s  f ro m  m e a ls  p ro c e s s e d  w ith o u t  
h e a t  w e re  s u p e r io r  to  th o s e  o f  is o la te s  f ro m  h e a te d  m e a ls . D a t a  c o l
le c te d  in d ic a te d  th e  n e e d  fo r a  n ew  p ra c t ic e  in  e v a lu a t in g  th e  e x te n t  
o f  d é n a tu r a t io n  o f  c o tto n s e e d  p ro te in  p ro d u c ts .  T h e  p r e s e n t  p r a c 
tic e  o f  d e te rm in in g  n itro g e n  s o lu b il i ty  a t  o n e  p o in t  w a s  sh o w n  to  b e  
in a d e q u a te .

E S T IM A T IN G  FO O D  T E M P E R A T U R E  D U R IN G  V A R IO U S  
P R O C E S S IN G  T R E A T M E N T S . K . H A Y A K A W A . J .  F o o d  S c i.  
36, 3 78 -3 85  (1 9 7 1 )— A p ro c e d u re  w a s  d e v e lo p e d  fo r  p re d ic t in g  th e  
t r a n s i e n t  te m p e r a tu r e  o f  a  s o lid  fo o d  ex p o s e d  to  t im e  v a r i a b le  a m b ie n t  
te m p e r a tu r e s .  D u h a m e l’s th e o re m  w as  a p p l ie d  to  th e  e m p ir ic a l  f o rm u 
la s  u s e d  fo r c a lc u la t in g  th e  t e m p e r a tu r e  o f  a  fo o d  s u b je c te d  to  a  s te p  
c h a n g e  in  i ts  a m b ie n t  t e m p e r a tu r e .  T h e  fo rm u la s  c o n ta in  tw o  c o n 
s ta n ts  f, w h ic h  is  th e  s lo p e  in d e x  o f  a  h e a t in g  o r  c o o lin g  c u rv e  o f  a  fo o d , 
a n d  j ,  w h ic h  is  th e  in te r c e p t  c o e ff ic ie n t o f  th e  h e a t in g  o r  c o o lin g  c u rv e . 
W ith  th e  p ro c e d u re  d e v e lo p e d  t r a n s i e n t  te m p e r a tu r e  c a n  b e  e s t im a te d  
w ith o u t re g a rd  to  th e  g e o m e tr ic  s h a p e  o f  th e  food  p ro v id e d  th e  f  a n d  j 
v a lu e s  a r e  k n o w n . A t a b l e  is  p re s e n te d  to  re d u c e  c o m p u ta t io n s  
in v o lv e d  in  th e  p ro c e d u re . S a m p le  c a lc u la t io n s  a r e  g iv en  fo r  a  fre s h  
o ra n g e , a  f re s h  c a r r o t  a n d  a  c a n n e d  fo o d  p ro d u c t .

M IC R O B IA L  L E T H A L IT Y  D U R IN G  L O G A R IT H M IC  C O O L 
IN G . R . W . D IC K E R S O N , J R .  J .  F o o d  S c i.  36, 3 8 6 -3 8 7  (1 9 7 1 )— B y  
a p p ly in g  th e  n o r m a l  re s t r ic t io n s  o f  th e r m a l  in a c t iv a t io n  e x p e r im e n ts , 
B a l l ’s g e n e ra l e q u a t io n  fo r  le th a l i ty  d u r in g  lo g a r i th m ic  c o o lin g  w as  
r e d u c e d  to  a  fo rm  r e q u ir in g  no  e x p o n e n tia l  in te g r a ls .  T h e  c o m p u ta t io n  
is  b r i e f  w ith in  th e  l im its  o f  tw o  r e s t r ic t io n s , a n d  a c c u ra c y  is  ±  1%  o f  
B a l l’s g e n e ra l e q u a t io n .  T h e  e q u a t io n  is  l im ite d  to  th e r m a l  in a c t iv a t io n  
e x p e r im e n ts  w h e re  th e  m in o r  d im e n s io n  o f  th e  s a m p le  is  le s s  t h a n  15 
m m ; i t  c a n n o t  b e  a p p l ie d  to  c o m m e rc ia l  s te r i l iz a t io n  p ro c e s se s .

P O R E  S IZ E  E F F E C T  IN  T H E  F R E E Z E  D R Y IN G  P R O C E S S . E .
B . S T U A R T  & G . C L O S S E T . J .  F o o d  S c i .  3 6 ,  3 8 8 -3 9 1  (1 9 71 ) 
— E x p e r im e n ts  w e re  c o n d u c te d  to  d e te rm in e  th e  in f lu e n c e  a n d / o r  
e f fe c t o f  th e  s t r u c tu r e  o f  th e  d r ie d  m a te r ia l  i t s e l f  o n  t r a n s p o r t  r a te s . 
D ry in g  r a te s  w e re  m e a s u re d  in  th e  0 .2 -3 .0  m m  H g  p re s s u r e  ra n g e , th e  
u s u a l  o p e ra t in g  ra n g e  o f  c o m m e rc ia l  f re e z e  d r ie r s .  T h e r m a l  c o n d u c t iv 
it ie s  o f  d r ie d  b e e f  a n d  h e a t  a n d  m a s s  t r a n s f e r  w e re  c a lc u la te d  f ro m  
d ry in g  r a te  d a t a  a n d  th e  s t r u c tu r e  o f  th e  f r e e z e -d r ie d  m a te r ia l  w a s  
s tu d ie d  b y  o p t ic a l  m e a n s . A  s im p lif ie d  r e la t io n s h ip  b e tw e e n  th e r m a l  
c o n d u c t iv i ty  a n d  p o re  s t r u c tu r e  w a s  d e r iv e d . D ry in g  r a te s  w e re  r e la te d  
to  b a s ic  t r a n s p o r t  p ro p e r t ie s ,  th e r m a l  c o n d u c t iv i ty  a n d  p o re  s t r u c tu r e .

II



FR O Z E N  F R E N C H -F R IE D  P O T A T O E S . E F F E C T S  O F T H A W 
IN G  A N D  H O LD IN G  B E F O R E  F IN IS H  F R Y IN G  A N D  T H E IR  
N O N R E LA T IO N  T O  S T A R C H  R E T R O G R A D A T IO N . H O R - 
A C E  K . B U R R . J .  F o o d  S c i .  36, 3 9 2 -3 9 4  (1 9 7 1 )— F ro z e n  p a r - f r i e d  
F re n c h - f ry  c u ts  a llo w e d  to  th a w  a n d  h e ld  s e v e ra l  h o u r s  b e fo re  b e in g  
f in is h -f r ie d  lo s t  m o re  w e ig h t (d u e  to  lo ss  o f  m o is tu re )  a n d  a b s o rb e d  
m o re  f a t  t h a n  i f  n o t  h e ld . T h e  y ie ld  o f  f in is h e d  p r o d u c t  d e c re a s e d  
a b o u t  7%  a n d  f a t  u p t a k e  in c r e a s e d  a b o u t  25%  w h e n  p a r - f r i e s  w ere  
h e ld  3 d a y s  a t  5 0°F . S m a l le r  b u t  e c o n o m ic a lly  s ig n if ic a n t  c h a n g e s  
o c c u rre d  in  o n ly  1 -1 /2  h r  a t  th i s  te m p e r a tu r e  o r  in  5 h r  a t  4 0°F . T h e  
r a te  o f  th e  c h a n g e  in  p a r - f r i e s  w h ic h  c a u s e s  lo w er y ie ld s  a n d  g re a te r  
f a t  a b s o rp tio n  in c re a s e s  w ith  in c re a s in g  t e m p e r a tu r e .  T h e  t im e  c o u rs e  
o f  th e  c h a n g e  a t  5 0 °F  is  s im i la r  to  t h a t  o f  s t a r c h  r é t ro g ra d a t io n  in  p a r -  
fr ie s  b u t  th e  r a te  o f  r é t ro g ra d a t io n  d e c re a s e s  w ith  in c re a s in g  te m p e r a 
tu r e ;  th e r e f o re ,  th e s e  a p p e a r  to  b e  u n r e la te d  p h e n o m e n a . T h e r e  is  n o  
c o m b in a tio n  o f  t im e  a n d  te m p e r a tu r e  fo r  f ry in g  p a r - f r i e s  f ro m  th e  
th a w e d  s t a t e  w h ic h  is  e q u iv a le n t  in  a l l  r e s p e c ts  to  a  g iv en  c o m b in a tio n  
fo r  fry in g  th e m  fro m  th e  fro z en  s ta te .

R E V E R S E  O SM O SIS  O F C O T T A G E  C H E E S E  W H EY . 2. In flu 
ence of F low  Conditions. C . P E R I  &  W . L . D U N K L E Y . J .  F o o d  
S c i.  3 6 ,  3 9 5 -3 9 6  (1 9 7 1 )— F lo w  c o n d i t io n s  in  tu b u l a r ,  c e llu lo s e  a c e ta te  
re v e rse  o sm o sis  m e m b ra n e s  w e re  v a r ie d  b y  c h a n g in g  th e  flow  r a te  a n d  
b y  in s e r t in g  tu r b u le n c e  p ro m o te r s  (ro d s  w ith  in te r m i t te n t ly - s p a c e d  
rin g s  c e m e n te d  to  th e m )  in  th e  tu b e s .  I n  g e n e ra l ,  in c r e a s in g  th e  flow  
v e lo c ity  in c re a s e d  th e  p e rm e a t io n  r a te .  T u r b u le n c e  p ro m o te r s  w e re  
m o s t e f fe c tiv e  in  in c re a s in g  p e rm e a t io n  r a te  u n d e r  c o n d i t io n s  th a t ,  in  
th e i r  a b s e n c e , p e r m i t te d  fo u lin g  o f  th e  m e m b r a n e  s u r f a c e  b y  m a c ro s o 
lu te s  fro m  th e  fe ed . W h e n  th e  fe e d  c o n ta in e d  m a c ro s o lu te s , in c re a s in g  
th e  flow  v e lo c ity  o r  u s e  o f  tu r b u le n c e  p ro m o te rs  in c r e a s e d  r e te n t io n  o f  
la c to s e  a n d  p o ta s s iu m . M o d ify in g  th e  flow  c o n d i t io n s  to  in c re a s e  t u r 
b u le n c e  im p ro v e s  p e r f o r m a n c e  o f  re v e rs e  o sm o sis  m e m b r a n e s  b y  
in c re a s in g  b o th  p e rm e a t io n  r a te  a n d  re te n t io n .

F I E L D  P R O C E S S IN G  O F T O M A T O ES . 1. P rocess and Design.
W . G . S C H U L T Z , R . P .  G R A H A M , W . C . R O C K W E L L , J .  L . 
B O M B E N , J .  C . M I E R S  &  J .  R . W A G N E R . J .  F o o d  S c i .  3 6 ,  3 97 -3 99
(1 9 7 1 )— A m o n g  th e  a d v a n ta g e s  o f  p ro c e s s in g  to m a to e s  in  th e  f ie ld , 
c o m p a re d  w ith  p ro c e s s in g  so le ly  a t  a  c a n n e ry ,  a r e  in c r e a s e d  y ie ld  a n d  
r e d u c e d  w a s te . M e c h a n ic a l ly  h a rv e s te d  to m a to e s  w e re  p ro c e s s e d  a t  
5 0 0  l b / h r  th ro u g h  a  m o b i le  f ie ld  u n i t  w ith in  6  h r  a f t e r  h a rv e s t  d u r in g  
th e  1969  s e a s o n . P ro c e s s in g  w ith in  6  h r  f ro m  h a r v e s t  p re v e n te d  a  lo ss  
o f  a b o u t  9 .5 %  o f  th e  r ip e  to m a to e s  t h a t  o c c u r r e d  w h e n  p ro c e s s in g  w a s  
d e la y e d  24 h r .  A n  in c re a s e  o f  4 .3 %  in  s o lid s  re c o v e ry  w as  o b ta in e d  b y  
a c id  t r e a tm e n t  o f  th e  h o t  m a c e r a te ,  b r in g in g  th e  to ta l  in c re a s e  to  
13.8%  fo r  f ie ld  p ro c e s s in g . E i th e r  s in g le  s t r e n g th  o r  c o n c e n t r a te d  
m a te r ia ]  is  s u i ta b le  fo r  b u lk  t r a n s p o r t  to  a  c a n n e r y  fo r  s to ra g e , a d d i 
t io n a l  c o n c e n t ra t io n ,  o r  im m e d ia te  fo rm u la t io n  in to  s a u c e s , c a ts u p  a n d  
o th e r  to m a to  p ro d u c ts .

F IE L D  P R O C E S S IN G  O F  T O M A T O ES . 2. Product Quality and 
Composition. J .  C . M I E R S , J .  R . W A G N E R , M -D . N U T T I N G , W .
G . S C H U L T Z , R . B E C K E R , H . J .  N E U M A N N , W . C . D I E T R I C H  &
D . W . S A N S H U C K . J .  F o o d  S c i .  3 6 ,  4 0 0 -4 0 4  (1 9 7 1 )— T o m a to e s  w e re  
m a c e r a te d ,  h e a te d  b y  s t e a m  in je c t io n  to  s e v e ra l  t e m p e r a tu r e s  f ro m  
1 7 0 -2 4 0 °F  a n d  h e ld  in  a  t r e a tm e n t  p o t  f ro m  0 -4 .6  m in  a t  s e v e ra l  p H  
lev e ls . T r e a te d  m a c e r a te s  w e re  n e u tr a l iz e d  to  t h e  o r ig in a l p H , p u t  
th ro u g h  a  f in is h e r  s c re e n  a n d  p u m p e d  th ro u g h  a  d e a e r a to r  a n d  c h il le r .  
T h e  o p t im u m  p ro c e s s in g  c o n d i t io n s  b a s e d  o n  h ig h e s t  c o n s is te n c y  w ere  
212°F  b re a k in g  t e m p e r a tu r e ,  a n d  a  m a c e r a te  t r e a tm e n t  t im e  o f  3 .3  
m in  a t  p H  2 .7 5 . O p t im u m  c o n d i t io n s  in c r e a s e d  ju ic e  so lid s  y ie ld  4 .3 %  
a n d  co n s is te n c y  b y  9 0 %  fo r  V F -1 4 5  v a r i e ty .  T h e  n e u tr a l iz e d  a c id  
p ro d u c ts  c o u ld  c o n ta in  13%  le s s  to m a to  s o lid s  a n d  s til l  h a v e  a  c o n s is 
te n c y  e q u a l  to  t h a t  o f  th e  p ro d u c ts  e x t r a c te d  a t  n a tu r a l  p H . D ry  w a s te  
so lid s  d e c re a s e d  33%  a n d  to ta l  w e t w a s te  4 7 % . A  d e la y  o f  1 d a y  c a u s e d  
9 .5%  loss in  re c o v e re d  to m a to  ju ic e  so lid s .

D E V IC E  TO  M E A S U R E  E A S E  O F S K IN  R E M O V A L  FR O M  
P E A N U T S . P . C . B A R N E S  J R . ,  C . E . H O L A D A Y  & J .  L . P E A R 
S O N . J .  F o o d  S c i .  3 6 ,  4 05 -4 07  (1 9 7 1 )— A n e w  p ro c e d u re  fo r  
m e a s u r in g  th e  b la n c h a b i l i ty  o f  p e a n u ts  is  d e s c r ib e d . A s im p le  d ev ice , 
m a d e  f ro m  re a d ily  a v a ila b le  m a te r ia l s ,  w ill b la n c h  a  2 5 0 g  s a m p le  in  
2 m in . T e s ts  sh o w ed  t h a t  th e  p ro c e d u re  h a s  a  s ta n d a r d  d e v ia t io n  o f  
le ss  th a n  1% a n d  c o m p a re s  fa v o ra b ly  w ith  tw o  c o m m e rc ia l  b la n c h e r s  
te s te d .

A L T E R N A T E  S T O R A G E  S Y S T E M S  F O R  T H E  P R O D U C T IO N  
O F C A N N ED  B L A C K  R IP E  O L IV E S . J .  W . R A L L S , H . J .  
M A A G D E N B E R G , G . L E M O I N E  &  W . A . M E R C E R . J .  F o o d  S c i .  
3 6 ,  4 0 8 -4 1 2  (1 9 7 1 )— T h e  s to ra g e  o f  f r e s h ly  h a rv e s te d  o liv es  in  s y s te m s  
o th e r  t h a n  th e  t r a d i t io n a l  N a C l b r in e  w as  in v e s t ig a te d  in  a n  a t t e m p t  to  
p ro v id e  a n  a l te rn a t iv e  s to ra g e  s y s te m  w h ic h  w o u ld  re d u c e  th e  p re s e n t  
s a l in e  p o l lu t io n  p o te n t ia l  o f  th e  o liv e  c a n n in g  in d u s t r y .  C h e m ic a l  s a l t s  
u se d  a s  fe r ti l iz e rs  w ere  p a r t ia l ly  s u c c e s s fu l in  h o ld in g  o liv es  fo r  s e v e ra l 
m o n th s  w ith o u t s p o ila g e . T h e  d if f ic u lt ie s  in  c o m p le te ly  re m o v in g  
a m m o n iu m  s a lts  f ro m  th e  o liv es  l im ite d  th e  c o m m e rc ia l  p o te n t ia l  fo r 
th is  ty p e  o f  s to ra g e . F o o d  g ra d e  g ly co ls  c o n ta in in g  b a c te r io s ta t s  c a n  b e  
u se d  to  s to re  o liv es  fo r  p e r io d s  o f  o v e r  6  m o . O liv e s  s u b m e rg e d  in  
p ro p y le n e  g ly c o l-d ie th y l p y r o c a rb o n a te  m ix tu re s  sh o w e d  s e v e re  s h r iv 
e lin g . T h e  m o s t p ro m is in g  s to ra g e  s y s te m  d e v e lo p e d  in  th i s  s tu d y  w as  
a  m ix tu re  o f  w a te r - p r o p y le n e  g ly c o l-b e n z o ic  a c id - p o t a s s iu m -  
s o rb a te - H C l .  B y  u s in g  K O H  in  p la c e  o f  N a O H  fo r  th e  c h e m ic a l  c u r in g  
p re p a r a t io n  s te p s , i t  w as  p o s s ib le  to  p r e p a r e  c a n n e d  o liv es  w ith  e s s e n 
t ia l ly  n o  g e n e ra tio n  o f  l iq u id  w a s te  c o n ta in in g  s o d iu m  io n s .

V A R IA B IL IT Y  O F  IN C R E A S E S  IN  « -A M Y L A S E  A N D  S U G 
A R S  D U R IN G  S T O R A G E  O F  G O L D R U S H  A N D  C E N T E N 
N IA L  S W E E T P O T A T O E S . H . J .  D E O B A L D , V . C . H A S L IN G  &
E . A . C A T A L A N O . J .  F o o d  S c i . ,  3 6 ,  4 1 3 -4 1 5  (1 9 7 0 )— « -a m y la s e , 
g lu co se  a n d  su c ro se  c o n te n ts  w e re  d e te rm in e d  t o  c o m p a re  th e  p o te n t ia l  
p ro c e s s in g  c h a ra c te r is t ic s  o f C e n te n n ia l  a n d  G o ld r u s h  s w e e tp o ta to e s  
h a v in g  s im ila r  s to ra g e  h is to r ie s . T h e  e x te n t  a n d  n a tu r e  o f  th e  in c re a se s  
in  th e s e  c o n s t i tu e n ts  in  b o th  v a r ie t ie s  w e re  a lso  c o m p a re d  t o  re v e a l 
a n y  re la t io n s h ip  b e tw e e n  s u g a r  fo rm a t io n  a n d  a - a m y la s e  a c t i v i ty  d u r 
in g  s to ra g e . T h e  tw o  v a r ie t ie s  d if fe re d  g re a t ly  in  t h e  e x te n t  o f a -  
a m y la s e  in c re a se  a n d  to  a  le s s e r  d e g re e  in  th e  r a t e  o f g lu co se  fo rm a tio n . 
T h e  p a t t e r n  o f « -a m y la s e  in c re a se  w a s  v e ry  e r r a t ic  fo r  a l l  s a m p le s , b u t  
th e  in c re a se  w a s  le s s  fo r  th e  C e n te n n ia l  s a m p le s . G lu c o se  c o n te n t  
in c re a s e d  a t  a  m o re  u n ifo rm  r a te  a n d  w a s  a lso  lo w er in  th e  c o m p a ra b le  
C e n te n n ia l  ro o ts . N o  c o r r e la t io n s  w e re  a p p a r e n t  in  th e  p a t t e r n s  o f th e  
in c re a se s  in  a - a m y la s e  a n d  th o s e  o f  th e  s u g a rs . S u c ro se  c o n te n t  i n 
c re a se d  a t  v a ry in g  r a te s  in  a l l s a m p le s  re a c h in g  a  p la t e a u  o f a b o u t  
20%  (d ry  b a s is )  in  fro m  9 -3 5  d a y s . T h e  e r r a t i c  r ise  in  a - a m y la s e  c o n 
te n t s  in  th e  d if f e re n t  s a m p le s  e m p h a s iz e s  th e  n e e d  fo r  k n o w in g  th e  
a - a m y la s e  c o n te n t  im m e d ia te ly  p r io r  t o  p ro c e s s in g  t o  r e g u la te  th e  
r a t e  o f s ta r c h  c o n v e rs io n  d u r in g  p ro c e s s in g  fo r  f la k e  p ro d u c t io n  to  
e n a b le  b e t t e r  q u a l i ty  c o n tro l .

E F F E C T S  ON T H E  A L K A L O ID  C O N T E N T  O F P O T A T O E S  
GROW N  FR O M  S E E D S  S U B J E C T E D  T O  LO W -D O SE  
GAM M A IR R A D IA T IO N . W . R . S U T T O N , 0 .  P . A G A R W A L A  &
G . M . P IG O T T . J .  F o o d  S c i.  3 6 ,  4 1 6 -4 1 8  (1 9 7 1 )— E ffe c ts  o f  low  d o se  
g a m m a  i r r a d ia t io n  o f  s e e d s  o n  a lk a lo id  c o n te n t ,  p ro x im a te  c o m p o s itio n  
a n d  y ie ld  o f  th e  p o ta to  tu b e r s  w e re  s tu d ie d .  I n c r e a s e  in  y ie ld  w ith  
i r r a d ia t io n  o f  se e d s  w as  in c o n c lu s iv e . C h a n g e s  in  p ro x im a te  c o m p o s i
tio n  o f  R u s s e t  p o ta to e s  g ro w n  f ro m  tu b e r s  i r r a d ia te d  a t  1 ,5 0 0  r a d s  
w ere  fo u n d  to  b e  in s ig n if ic a n t. V a r ie ta l  d if fe re n c e s  in  s o la n in e  c o n te n t  
w ere  m o re  p ro n o u n c e d  t h a n  th o s e  d u e  to  g a m m a  i r r a d ia t io n .  I n  a ll 
c a se s  th e  s o la n in e  c o n te n t  in  p o ta to e s  g ro w n  f ro m  i r r a d ia te d  s e e d s  w as  
fo u n d  to  b e  f a r  b e lo w  th e  to x ic  lev e l fo r  h u m a n  b e in g s .
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E F F E C T  O F P A R T IA L  R E P L A C E M E N T  O F S U C R O S E  B Y  
CO R N  S Y R U P  ON Q U A L IT Y  A N D  S T A B IL IT Y  O F C A N N E D  
A P P L E  S A U C E . H . N . D A O U D  & B . S . L U H . J .  F o o d  S c i.  3 6 ,  419 - 
422  (1 9 7 1 )— A p p le  s a u c e s  w e re  m a d e  fro m  G ra v e n s te in  a p p le s  u n d e r  
n o r m a l  c o m m e rc ia l p ro c e s s in g  c o n d itio n s , u s in g  p u r e  s u c ro se  a n d  
c o m b in a tio n s  o f  s u c ro se  a n d  62  D .E . c o m  s y r u p  a s  s w e e te n e rs . P r o d 
u c ts  w e re  te s t e d  fo r s to ra g e  s ta b i l i ty  a t  6 8  a n d  8 6 ° F . U n d e s ir a b le  
c h e m ic a l  a n d  p h y s ic a l  c h a n g e s  o c c u r re d  ra p id ly  a t  86° F  a s  in d ic a te d  
b y  th e  in c re a s e  o f  h y d ro x y m e th y l fu r f u r a l ,  d a rk e n in g  o f  s e ru m  co lo r, 
d e c re a s e  in  c o n s is te n c y  a n d  in c re a s e d  c a n  c o rro s io n . T h i s  w a s  a c c o m 
p a n ie d  b y  lo w er o rg a n o le p tic  co lo r  a n d  f la v o r  s co re s . I t  a p p e a r e d  t h a t  
th e  q u a l i ty  a n d  s to ra g e  s ta b i l i ty  o f  a p p le  s a u c e  w e re  in f lu e n c e d  m o re  
b y  h ig h e r  s to ra g e  t e m p e r a tu r e s  a n d  lo n g e r  s to ra g e  d u r a t io n  th a n  b y  
th e  ty p e  o f  s w e e te n e rs  u se d  in  m a k in g  th e  a p p le  s a u c e . F o r  a  lo n g e r  
s h e lf  l i fe  a n d  b e t t e r  q u a l i ty  r e te n t io n , c a n n e d  a p p le  s a u c e  s h o u ld  b e  
s to re d  a t  68° F  o r  lo w er. R e s u l ts  o f  th is  in v e s t ig a t io n  in d ic a te  t h a t  c o rn  
s y r u p  c a n  b e  u s e d  to  re p la c e  25%  o f  th e  a d d e d  s u c ro s e  in  p ro c e s s in g  
a p p le  s a u c e .

IN F L U E N C E  O F E M U L S IF IE R  T Y P E  A N D  S O L U B IL IT Y  ON  
T H E  S T A B IL IT Y  O F M IL K  F A T -W A T E R  E M U L S IO N S . J .  B
M IC K L E , W . S M IT H , J .  M . T I E T Z , T . C . T I T U S  & M . J O H N S T O N .
J .  F o o d  S c i.  3 6 ,  4 23 -4 25  (1 9 7 1 )— T h e  p u r p o s e  w as  to  m e a s u re  th e  
a m o u n t  o f  c h a n g e  in  e m u ls io n  s ta b i l i ty  c a u s e d  b y  d if f e r e n t  c h e m ic a l 
ty p e s  o f  e m u ls if ie r s  in  r e la t io n  to  th e  a m o u n t  o f  c h a n g e  c a u s e d  b y  
e m u ls if ie r  H L B . S ev en  e m u ls if ie r s  u s e d  a s  12 d i f f e r e n t  b in a r y  m ix 
tu re s  w e re  e v a lu a te d  in  m o d e l s y s te m s  c o n ta in in g  10, 25 a n d  4 0%  fa t  
in  w a te r . E a c h  e m u ls if ie r  m ix tu re  w as  u s e d  a t  H L B  n u m b e r s  o f  7 , 10 
a n d  13. T h e  e f fe c t o f  c h e m ic a l  ty p e  on  e m u ls io n  s ta b i l i ty  w a s  m in o r  
in  r e la t io n  to  th e  la rg e  c h a n g e s  c a u s e d  b y  th e  f a t  p e rc e n ta g e  in  th e  
m o d e l s y s te m  a n d  th e  H L B  o f  th e  e m u ls if ie r .  A m e th o d  w as  d e v e lo p e d , 
u s in g  g a s - l iq u id  c h ro m a to g ra p h y , to  a c c u ra te ly  m e a s u re  th e  H L B  n u m 
b e rs  o f  th e  e m u ls if ie r s  u s e d  in  th is  w o rk . W ith  th e s e  m e a s u re m e n ts  
i t  w as  le a r n e d  t h a t  a n y  d if fe re n c e s  in  e m u ls io n  s ta b i l i ty  w h ic h  
co u ld  b e  t r a c e d  to  th e  c h e m ic a l  ty p e  o f  e m u ls if ie r  w e re  p ro b a b ly  
c a u s e d  b y  e r ro r s  in  th e  o r ig in a l m e a s u re m e n t  o f  H L B  n u m b e r s .

R E L A T IO N S H IP  B E T W E E N  C O M P O S IT IO N  A N D  S T A B IL 
IT Y  O F S A U S A G E -T Y P E  E M U L S IO N S . G . S . M O R R IS O N , N .
B . W E B B , T . N . B L U M E R , F . J .  IV E Y  & A . H A Q . J .  F o o d  S c i.  3 6 ,  
4 2 6 -4 3 0  (1 9 7 1 )— E v a lu a t io n  o f  e m u ls io n s  p r e p a r e d  f ro m  f r e s h  a n d  
fro z en  m e a t  o v e r  w id e ly  v a ry in g  c o m p o s itio n s  b y  a  s p e c ia l ly  d e v e lo p e d  
la b o ra to ry  te c h n iq u e  re v e a le d  t h a t  le a n  o r  f a t  p e rc e n ta g e s  c o u ld  b e  
a l te r e d  w id e ly  w ith o u t s ig n if ic a n tly  a f fe c t in g  e m u ls io n  s ta b i l i ty .  
H o w ev e r, th e  p e rc e n ta g e  o f  w a te r  w as  c r i t ic a l  to  s ta b i l i ty  fo r  v a r io u s  
c o m p o s itio n s  a n d  te m p e r a tu r e s  o f  m e a t  s to ra g e . F o r  e x a m p le , a t  30%  
f a t  lev e l, th e r e  w as  a  s h a r p  d ro p  in  s ta b i l i ty  a s  th e  a d d e d  w a te r  le v e l 
w as  re d u c e d  b e lo w  16%  fo r  f re s h  b e e f; w h e re a s , a n  e q u iv a le n t  d ro p  in  
s ta b i l i ty  w as  fo u n d  a s  th e  a d d e d  w a te r  w as  re d u c e d  b e lo w  21%  fo r 
fro z en  b e e f . T h e  g e n e ra lly  a c c e p te d  th e o ry  t h a t  e m u ls io n  in s ta b i l i ty  is  
c a u s e d  b y  la c k  o f  s o lu b le  p ro te in  is  n o t  b o r n e  o u t  b y  th e  re s u l t s  o f  th is  
in v e s tig a tio n .

F A T T Y  A C ID  C O M P O S IT IO N  O F L IP ID S  FR O M  B R O IL E R S  
F E D  S T A U R A T E D  A N D  U N S A T U R A T E D  F A T S . G . A . S C H U  
L E R  & E . O . E S S A R Y . J .  F o o d  S c i .  36, 4 3 1 -4 3 4  (1 9 7 1 )— 1T h e  f a t ty  
a c id  c o m p o s itio n  o f  l ip id s  f ro m  b ro i le r - ty p e  c h ic k s  fe d  a  c o rn -s o y b e a n  
ty p e  o f  d ie t  f ro m  1 d a y  to  10 w k  o f  ag e  w a s  d e te r m in e d  b y  g as  c h r o m a 
to g ra p h y  a n d  c o m p a re d  w ith  t h a t  f ro m  b ro ile r s  fe d  th e  s a m e  d ie t  w ith  
e i th e r  8%  s a tu r a te d  f a t  ( ta llo w ) o r  8%  u n s a tu r a te d  f a t  ( s a f f lo w e r  o il) 
s u b s t i tu te d  fo r  a n  e q u a l  w e ig h t o f  c o m . F a t  w a s  e x t r a c te d  f ro m  th e  
ra w  s k in , b r e a s t ,  th ig h , a n d  a b d o m in a l  f a t  a t  b i-w e e k ly  in te rv a ls  f ro m
4 -1 0  w k  o f  ag e  a n d  fro m  th e  co o k e d  t i s s u e  a n d  th e  w a te r  in  w h ic h  th e  
b ro ile r s  w e re  co o k e d  a t  8 a n d  10 w k . T h e  f a t ty  a c id  c o m p o s it io n  o f  
f a t ty  a c id s  in  th e s e  tis s u e s  w as  in f lu e n c e d  b y  th e  d e g re e  o f  u n s a tu r a te d  
f a t ty  a c id s  in  th e  d ie t .  F a t t y  a c id s  f ro m  c o o k e d  t i s s u e s  a n d  c o o k in g  
w a te r  c o n ta in e d  a  la rg e  a m o u n t  o f  1 8 -c a rb o n  u n s a tu r a te d  f a t ty  a c id s . 
P re s e n c e  o f  13- a n d  2 5 -c a rb o n  s a tu r a te d  f a t ty  a c id s  w e re  n o te d  in  th e  
s k in  o f  4 w k -o ld  b ro ile r s . F u t h e r  r e s e a r c h  is  n e e d e d  to  s u b s t a n t i a t e  th is  
f in d in g .

E F F E C T  O F U L T IM A T E  pH U P O N  T H E  W A T E R -H O L D IN G  
C A P A C IT Y  A N D  T E N D E R N E S S  O F M U T T O N . P .  E . B O U
T O N , P .V . H A R R IS  & W . R . S H O R T H O S E . J .  F o o d  S c i .  3 6 ,  4 3 5 -4 3 9
(1 9 7 1 )— P re - s la u g h te r  in je c t io n s  o f  e p in e p h r in e  w e re  u s e d  to  in d u c e  a  
ra n g e  o f  u l t im a te  p H , 5 .6  7 .0 , in  s h e e p  m u sc le s . T h e  w a te r - h o ld in g  
c a p a c i ty  o f  th e  u n c o o k e d  m e a t  w as  c lo se ly  c o r r e la te d  w ith  u l t im a te  
p H . C o o k in g  lo sses , a t  6 5°C , d e c re a s e d  l in e a r ly  w ith  in c r e a s e d  p H . A t 
a  c o o k in g  te m p e r a tu r e  o f  90°C  th e r e  w a s  l i t t l e  c h a n g e  in  co o k in g  lo ss  
u n t i l  th e  p H  o f  th e  ra w  m e a t  re a c h e d  c a . 5 .9  w h e n  lo ss  d e c lin e d  
l in e a r ly  w ith  p H . T h e  a m o u n t  o f  ju ic e  e x p re s s e d  f ro m  th e  c o o k e d  m e a t  
b y  c e n tr i fu g a tio n  in c re a s e d  l in e a r ly  a s  p H  in c re a s e d . T h e r e  w e re  la rg e  
d if fe re n c e s  in  th e  te n d e r n e s s  o f  th e  M . s e m im e m b r a n o s u s  a n d  b ic e p s  
fe m o ris  a s s o c ia te d  w ith  a n  in c re a s e  in  u l t im a te  p H .

E F F E C T S  O F P H Y S IO L O G IC A L  M A T U R IT Y  O F B E E F  A N D  
M A R B L IN G  O F R IB  S T E A K S  ON E A T IN G  Q U A L IT Y . H. L .
N O R R IS , D . L . H A R R IS O N , L . L . A N D E R S O N , B . v o n  W E L C K  &
H . J .  T U M A . J .  F o o d  S c i .  3 6 ,  4 4 0 -4 4 4  (1 9 7 1 )— P a i r e d  r ib  s te a k s  f ro m  
th e  7 th  a n d  8 th  a n d  th e  1 1 th  th o ra c ic  v e r te b ra e  w e re  u s e d  to  s tu d y  th e  
e f fe c ts  o f  th r e e  le v e ls  o f  p h y s io lo g ic a l m a tu r i ty  a n d  tw o  le v e ls  o f  m a r 
b lin g  o n  s e le c te d  m e a s u re m e n ts  o f  b e e f  lo n g is s im u s  d o r s i .  M a tu r i t y  
a n d  m a r b l in g  a f fe c te d  to ta l  m o is tu r e  (P  <  0 .0 0 1 ), h is to lo g ic a l m e a 
s u re m e n t  o f  f a t  in  ra w  m u s c le  ( P  <  0 .0 1 ) , e th e r  e x t r a c t  ( P  <  0 .0 0 1 ) 
a n d  d r ip p in g  lo sses  (7 th  a n d  8 th  th o ra c ic  v e r t e b ra e ,  P  <  0 .0 0 1 ) , b u t  
h a d  l i t t l e  e f fe c t o n  p a la ta b i l i ty  o f  th e  s te a k s . C o r re la t io n  c o e ff ic ie n ts  
fo r  o v e ra l l  a c c e p ta b i l i ty  a n d  h is to lo g ic a l m e a s u re m e n ts  w e re  low . 
T e n d e rn e s s  h a d  m o re  in f lu e n c e  o n  o v e ra l l  a c c e p ta b i l i ty  o f  th e  m e a t  
th a n  f la v o r  o r  ju ic in e s s .

IV



E F F E C T S  O F P H Y S IC A L  A N D  M E C H A N IC A L  T R E A T 
M EN T S  ON T H E  T E N D E R N E S S  O F T H E  B E E F  L O N G IS S I-  
M U S. G . C . S M IT H , T . C . A R A N G O  &  Z. L . C A R P E N T E R . J . Food  
Sci. 36, 4 4 5 -4 4 9  (1 9 7 1 )— 2 80  s te a k s  f ro m  56  b e e f  c a rc a s s e s  w e re  u se d  
to  e v a lu a te  v a r io u s  m e c h a n ic a l  a n d  p h y s ic a l  m e th o d s  fo r  in c re a s in g  
th e  te n d e r n e s s  o f  th e  lo n g is s im u s  m u sc le . C h a n g e s  in  m e th o d  o f  s u s 
p e n s io n , c a rc a s s  in te g r i ty  o r  c h il l in g  p ro c e d u re s  r e s u l te d  in  in c re a s e s  
in  te n d e r n e s s  a p p ro x im a t in g  4 7 .5 %  fo r  s h e a r  fo rc e  a n d  5 3 .6 %  fo r  ta s t e  
p a n e l  ra t in g s . O f th e  m e th o d s  s tu d ie d ,  a  c o m b in a tio n  o f  s u s p e n s io n  v ia  
th e  o b tu r a to r  fo ra m e n , s e v e ra n c e  o f  v e r t e b r a e  in  f iv e  lo c a tio n s , s e v e r 
a n c e  o f  th e  l ig a m e n tu m  n u c h a e  a n d  th e  a t t a c h m e n t  o f  6 8  k g  w e ig h ts  to  
th e  n e c k  g av e  th e  g re a te s t  p o s itiv e  re s p o n s e  in  p a n e l  te n d e r n e s s  r a t 
in g s. H o w ev e r, c h il l in g  th e  c a rc a s s  fo r  th e  f i r s t  1 6 -2 0  h r  p o s t-m o r te m  
in  a  16°C  c o o le r  a p p e a r s  to  e n h a n c e  te n d e r n e s s  b y  2 8 -4 7 %  a n d  w o u ld  
b e  m o s t fe a s ib le  fo r  in d u s tr y  u se .

IN F L U E N C E  O F C O N T R O L L E D  M IC R O B IA L  C U R IN G  ON  
P O R C IN E  M U S C L E . R . J .  B O T H A S T , P . P .  G R A H A M  & R . F . 
K E L L Y . J . Food Sci. 36, 4 5 0 -4 5 3  (1 9 7 1 )— A p re v io u s ly  d e v e lo p e d  
te c h n iq u e  w a s  a d a p te d  to  s tu d y  th e  in f lu e n c e  o f  c e r t a in  m ic ro b io lo g i
ca l p o p u la t io n s  a n d  t h e i r  e f fe c ts  o n  p ro c e s s e d  m e a t .  T h e  te c h n iq u e  
c o n s is te d  o f  a n  in i t ia l  r e d u c t io n  o f  s u r f a c e  b a c te r ia  o n  c o n v e n t io n a lly  
h a n d le d  m u sc le  t i s s u e  v ia  a  h o t  w a te r  d ip , fo llo w ed  b y  p ro c e s s in g  a t  
28°C  in  a  s te r i le  p la s t ic  is o la to r  w h e re  Pediococcus cerevisiae  w as  
in tr o d u c e d  in to  th e  c u r in g  s o lu tio n . T h i s  t r e a tm e n t  w a s  c o m p a re d  to  
re d u c e d  in i t ia l  c o u n t  a n d  c o n v e n t io n a l  s a m p le s . I d e n t i f ic a t io n  o f  th e  
b a c te r ia  in  th e  c u r in g  s o lu tio n  o f  e a c h  t r e a tm e n t  in d ic a te d  t h a t  a  L a c 
tobacillus s p p . w as  p re d o m in a n t  in  th e  re d u c e d  in i t ia l  c o u n t  t r e a t 
m e n t. T h e  in o c u la te d  P ediococcus cerevisiae  w as p re d o m in a n t  in  th e  
re d u c e d  in i t ia l  c o u n t  in o c u la te d  t r e a tm e n t  w h ile  S taphylococcus epi- 
derm id is a n d  F lavobacterium  d iffu su m  w ere  p r e d o m in a n t  in  th e  c o n 
v e n tio n a l  t r e a tm e n t  d e p e n d in g  u p o n  th e  t r i a l .  T e n d e rn e s s  a n d  b a c 
te r ia l  lo a d  w e re  s ig n if ic a n tly  ( P  <  .01 ) in c r e a s e d  b y  t r e a tm e n t  w h ile  
p H  w as  s ig n if ic a n tly  ( P  <  .0 1 ) d e c re a s e d . O x id a tio n  a n d  m u sc le  
co m p o s itio n  w e re  n o t  a f fe c te d  b y  t r e a tm e n t .  S a m p le s  f ro m  a ll  t r e a t 
m e n ts  w e re  a c c e p ta b le  o rg a n o le p tic a l ly .

E F F E C T  O F F R E E Z IN G  A N D  P A C K A G IN G  M ET H O D S  ON  
S U R V IV A L  & B IO C H E M IC A L  A C T IV IT Y  O F S P O IL A G E  
O R G A N ISM S ON C H IC K E N . C . R . R E Y  &  A . A . K R A F T . J . Food  
Sci. 36, 4 5 4 -4 5 8  (1 9 7 1 )— A  s tu d y  w a s  c o n d u c te d  o n  e f fe c ts  o f  free z in g , 
th a w in g , a n d  s u b s e q u e n t  h o ld in g  a t  5°C  o n  s u rv iv a l  o r  g ro w th  a n d  
b io c h e m ic a l a c t iv i ty  o f  a e ro b ic  b a c te r ia  o n  c h ic k e n  p a c k a g e d  w ith  
v a r io u s  m a te r ia l s .  F lu o r e s c e n t  p ig m e n t p ro d u c t io n , p ro te o ly tic  a n d  
lip o ly tic  s p o ila g e  w as  d ir e c t ly  r e la te d  to  th e  a v a i la b i l i ty  o f  o xy gen  
p ro v id e d  b y  th e  p a c k a g in g  p ro c e d u re . B a c te r ia l  n u m b e r s  p a ra l le le d  
in c re a s e s  in  b io c h e m ic a l in d ic e s  o f  d e te r io ra t io n .  F re e z in g  o f  c h ic k e n  
a t  -  29°C  fo r  35  d a y s  fo llo w ed  b y  d e f ro s t in g  a n d  re f r ig e ra te d  s to ra g e  
in c re a s e d  th e  p ro p o r t io n  o f  b io c h e m ic a l ly  a c t iv e  p s y c h ro p h ile s . V a c 
u u m  p a c k a g in g  g e n e ra l ly  l im ite d  a m o u n t  o f  s p o ila g e . T o ta l  a e ro b ic  
b a c te r ia l  c o u n ts  w e re  n o t  g re a tly  in f lu e n c e d  b y  a l t e r n a te  fre e z in g  a n d  
th a w in g .

P O TA TO  F L A V O R  A S  R E L A T E D  TO  C H E M IC A L  C O M P O S I
T IO N . 1. Polyphenols and Ascorbic Acid. N . I .  M O N D Y , C . 
M E T C A L F  & R . L . P L A I S T E D . J. Food Sci. 36, 4 59 -4 61  (1 9 7 1 )— A 
s ig n if ic a n t c o r r e la t io n  w a s  fo u n d  b e tw e e n  p h e n o lic  c o n te n t  a n d  b i t t e r 
n e s s  a n d  a  h ig h ly  s ig n if ic a n t  c o r r e la t io n  b e tw e e n  p h e n o lic  c o n te n t  a n d  
a s tr in g e n c y  in  O n ta r io , P o n t i a c  a n d  K a ta h d in  v a r ie t ie s  o f  p o ta to e s  a s  
w ell a s  in  c lo n es  t h a t  w e re  f ro m  a  p o p u la t io n  o f  h y b r id s  b e tw e e n  v a r i e 
tie s  o f  S o la n u m  tuberosum  s u b s p . tu b ero su m  g ro w n  in  N ew  Y o rk  a n d  
v a r ie t ie s  o f  S o la n u m  tu berosum  s u b s p . a nd igenum  g ro w n  in  P e r u .  N o  
s ig n if ic a n t c o r r e la t io n  w as  fo u n d  b e tw e e n  a s c o rb ic  a c id  c o n te n t  a n d  
p o ta to  flav o r .

P H E N O L IC  CO M P O U N D S IN  R U M . R . T I M M E R , R . te r  
H E I D E , H . J .  W O B B E N  & P .  J .  d e  V A L O IS , J . Food Sci. 36, 4 62 -4 63
(1 9 7 1 )— A s tu d y  w as  m a d e  o f  th e  p h e n o lic  f r a c t io n  o f  a  J a m a i c a  r u m  
c o n ta in in g  7 5%  e th a n o l. I d e n t i f ic a t io n  o f  th e  p h e n o ls  w as  p e r fo rm e d  
b y  c o u p le d  g as  c h ro m a to g ra p h y  a n d  m a s s  s p e c tr o m e try  a n d  f u r t h e r  b y  
in f r a r e d  s p e c tr o m e try  a n d  th in  la y e r  c h ro m a to g ra p h y . P h e n o l, p - 
e th y lp h e n o l , o -c reso l, p -c re s o l , g u a ia c o l, p -e th y lg u a ia c o l  a n d  d ih y -  
d ro e u g e n o l w e re  fo u n d  in  J a m a ic a  r u m  fo r  th e  f i r s t  t im e ;  th e  p re s e n c e  
o f  p -m e th y lg u a ia c o l  a n d  e u g en o l w as  c o n f irm e d .

N IT R O G E N  CO M P O U N D S IN  R U M  A N D  W H IS K E Y . H. J .
W O B B E N , R . T IM M E R , R . t e r  H E I D E  & P .  J .  d e  V A L O IS . J. Food  
Sci. 36, 4 64 -4 65  (1 9 7 1 )— T h e  n itro g e n  c o m p o u n d s  f ro m  a  J a m a ic a  
r u m  a n d  a  S c o tc h  b le n d e d  w h is k e y  w e re  is o la te d  a n d  id e n t i f ie d  b y  g as  
c h ro m a to g ra p h y  a n d  m a s s  s p e c tr o m e try .  I n  b o th  s p ir i ts  w e re  fo u n d : 
p y r id in e ,  a -p ic o lin e , /3 -p ico lin e, th ia z o le , m e th y lp y ra z in e ,  2 ,5 -d im e th -  
y lp y r a z in e , 2 ,6 -d im e th y lp y ra z in e , 2 ,3 -d im e th y lp y r a z in e ,  2 -m e th y l-
6 -e th y lp y ra z in e , 2 -m e th y l- 5 - e th y lp y r a z in e ,  t r im e th y lp y r a z in e  a n d  2,
5 -d im e th y l-3 -e th y lp y ra z in e . 2 -M e th y l- 6 - v in y lp y r a z in e  w a s  d e te c te d  
o n ly  in  ru m . N in e  c o m p o u n d s  in  w h is k e y  a n d  e le v e n  in  r u m  h a v e  n o t 
p re v io u s ly  b e e n  r e p o r te d  a s  c o n s t i tu e n ts  o f  th e s e  d r in k s  o r  fu se l o ils.

C A R O T EN O ID S  IN  J U IC E  O F S H A M O U T I O R A N G E. J .
G R O S S , M . G A B A I &  A . L I F S H I T Z . J . F ood Sci. 36, 4 6 6 -4 7 3  (1 9 71 ) 
— M o re  th a n  50  c a ro te n o id s  w e re  is o la te d  f ro m  th e  ju ic e  o f  S h a m o u ti  
o ra n g e  (C itrus sinensis [L ] O b s .)  u s in g  a  c o m b in a t io n  o f  c o lu m n  a n d  
th in  la y e r  c h ro m a to g ra p h y . I n  a d d i t io n  to  c a ro te n o id s  u s u a l ly  fo u n d  in  
c i t ru s ,  o th e rs  n o t  p re v io u s ly  d e te c te d  in  c o m m o n  o ra n g e  v a r ie t ie s  w ere  
id e n ti f ie d . T h e s e  in c lu d e  7 -c a ro te n e ,  r u b ix a n th in ,  th e  n ew  k e to n e s  
s in ta x a n th in  a n d  i ts  O H -d e r iv a tiv e , a s  w ell a s  lu te in  5 ,6 -m o n o e p o x 
id e . T h e  d io l-p o ly o l f r a c t io n  w a s  m o s t  p r e d o m in a n t  y ie ld in g  a b o u t  
70%  o f  th e  to ta l  c a ro te n o id s . I t  w as  e s ta b l is h e d  t h a t  low  p ig m e n ta t io n  
o f  S h a m o u ti  o ra n g e  ju ic e  is  d u e  to  i t s  lo w  to ta l  c a ro te n o id  c o n te n t  
r a th e r  t h a n  th e  a b s e n c e  o f  c o lo re d  c a ro te n o id s .

M E T A B O L IS M  O F S O L A N IN E  A N D  C H L O R O P H Y L L  IN  
P O T A T O  T U B E R S  A S  A F F E C T E D  B Y  L IG H T  A N D  S P E 
C IF IC  C H E M IC A L S . B . C . P A T I L ,  D . K . S A L U N K H E  &  B . 
S IN G H . J . Food Sci. 36, 4 7 4 -4 7 6  (1 9 7 1 )— C h lo ro p h y l l  a n d  s o la n in e  
s y n th e s e s  a s  in f lu e n c e d  b y  c u lt iv a re , s p e c if ic  g ra v it ie s , l ig h t  in te n s i 
t ie s  a n d  c h e m ic a ls  w e re  s tu d ie d .  W h e n  e x p o s e d  to  100  f t -c  o f  w h i te  
f lu o re s c e n t l ig h t fo r  5  d a y s , tu b e r s  o f  B o u n ty , K e n n e b e c , N o r c h ip  a n d  
R e d  L a s o d a  w e re  m o s t  s e n s i t iv e  to  g re e n in g  a n d  s o la n in e  d e v e lo p m e n t. 
L a C h ip p e r  a n d  P la t t e  tu b e r s  w e re  r e s i s ta n t  to  th e  l ig h t  e f fe c ts . C h lo ro 
p h y ll  s y n th e s is  w as  in v e rs e ly  r e la te d  to  s p e c if ic  g ra v i ty  o f  tu b e r s ,  w h ile  
sp e c if ic  g ra v ity  d id  n o t  a f fe c t  s o la n in e  s y n th e s is . C h lo ro p h y l l  c o n te n ts  
o f  tu b e r s  ex p o s e d  to  5 0  f t - c  a n d  2 0 0  f t - c  w e re  s ig n if ic a n tly  le ss  th a n  
t h a t  o f  tu b e r s  e x p o sed  to  100 f t-c  a n d  150  f t-c  l ig h t  in te n s i t ie s .  T h e  
s o la n in e  s y n th e s is  w as  n o t  in f lu e n c e d  b y  th e  l ig h t  in te n s i t ie s  s tu d ie d . 
C h e m ic a ls  w e re  a p p l ie d  a t  a  c o n c e n t r a t io n  o f  1 0 ,0 0 0  p p m  b y  v a c u u m  
in je c t io n  te c h n iq u e .  E th re l®  a n d  A lar®  w e re  e f fe c tiv e  in  in h ib i t in g  
c h lo ro p h y ll  a n d  s o la n in e  fo rm a t io n .  E th r e l  w as  m o re  e f fe c tiv e  in  
c h e c k in g  th e  c h lo ro p h y ll  fo rm a t io n  a n d  A la r  w a s  m o s t e f fe c tiv e  in  
p re v e n tin g  s o la n in e  fo rm a tio n . M a le ic  h y d ra z id e  M H ® -30  a n d  C y co - 
cel® w ere  in e f fe c tiv e  in  c o n tro ll in g  b o th  c h lo ro p h y ll  a n d  s o la n in e  
fo rm a tio n .
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B A S IS  O F S T A B IL IT Y  O F  A M IN E  S A L T S  O F L IN O L E IC  
A C ID . 1. G enerality  of the Oxidation Protection and Effect of 
P hysical State. S . D . K O C H , A . A . H Y A T T  & D . V . L O P I E K E S . J. 
Food Sci. 36, 4 77 -4 81  (1 9 7 1 )— T h e  m e c h a n is m  a n d  g e n e ra l i ty  o f  th e  
k n o w n  s ta b i l iz a t io n  a g a in s t  a u to x id a t io n  c o n fe r re d  o n  lin o le ic  a c id  b y  
c e r ta in  b a s ic  a m in o  a c id s  w as  in v e s t ig a te d . B a s ic  a m in o  a c id s  w e re  th e  
o n ly  c la s s  o f  c o m p o u n d s  fo u n d  to  c o n fe r  th e  e f fe c t, b u t  2 ,3 -d ia m in o -  
p ro p io n ic  a n d  3 ,6 -d ia m in o h e x a n o ic  a c id s  w e re  n o t  e f fe c tiv e . A  la rg e  
n u m b e r  o f  p h y s ic a l  a n d  c h e m ic a l  o b s e rv a tio n s  w e re  m a d e  a n d  c o r r e 
la te d  b u t  is  h a s  n o t  b e e n  p o s s ib le  to  d ra w  d e ta i le d  c o n c lu s io n s  a b o u t  
th e  m e c h a n is m  o f  s ta b i l iz a t io n ,  n o r  c a n  a  d e ta i le d  s t r u c tu r e  o f  th e  
s ta b il iz e d  c o m p le x  b e  s u g g e s te d . T h e  c a u s e  o f  th e  p h e n o m e n o n  
a p p e a r s  to  b e  c lo se ly  a s s o c ia te d  w ith  th e  p h y s ic a l  a r r a n g e m e n t  o f  th e  
io n s  in  th e  c r y s ta l  la t t ic e .

B A S IS  O F S T A B IL IT Y  O F A M IN E  S A L T S  O F  L IN O L E IC  
A C ID . 2. Structure-Property Correlations on Lysin ium  Lino- 
leate. D . V. L O P I E K E S  & S . D . K O C H . J . Food Sci. 36, 4 82 -4 85
(1 9 7 1 )— T h e  so lid  c o m p o u n d  fo rm e d  b y  t r e a t in g  L -ly s in e  w ith  lin o le ic  
a c id  h a s  b e e n  e x a m in e d  b y  c h e m ic a l  s to ic h io m e try , e l e c tr ic a l  c o n d u c 
t iv i ty , in f r a r e d  a n d  n u c le a r  m a g n e tic  r e s o n a n c e  s p e c tro s c o p y . I t  is  a  
t r u e  e q u im o la r  s a l t  a n d  n o t  m e re ly  a  m ix tu re  o f  th e  tw o  a c id s . T h e  
d ie n e  s y s te m  o f  th e  lin o le ic  a c id  is  n o t  c h a n g e d  f ro m  t h a t  in  th e  fre e  
f a t ty  a c id . C o n d u c tiv i ty  m e a s u re m e n ts  sh o w  t h a t  th e  s a l t  is  a  m o d e r 
a te ly  s tro n g  e le c tro ly te . S a l ts  o f  o th e r  b a s ic  a m in o  a c id s , o rn i th in e  a n d
2 ,4 -d ia m in o b u ty r ic  a c id , w ith  lin o le ic  a n d  o le ic  a c id s  w e re  a lso  e x a m 
in e d  a n d  sh o w e d  s im i la r  e v id e n c e . I n te r p r e t a t io n  o f  th e  d a ta  a n d  th e  
s ig n if ic a n c e  o f  th e  fin d in g s  to  s ta b i l i ty  o f  u n s a tu r a te d  f a t ty  a c id s  a r e  
d isc u ss e d .

E F F E C T  O F S U B S T R A T E  S IZ E  ON T H E  A C T IV IT Y  O F  
TO M A TO  P O L Y G A L A C T U R O N A S E . R . P R E S S E Y  & J .  K . 
A V A N T S . J . F ood Sci. 36, 4 8 6 -4 8 9  (1 9 7 1 )— T h r e e  p o ly  g a l a c tu ro n ic  
a c id  p r e p a r a t io n s  w ith  w id e ly  d if f e r in g  m o le c u la r  w e ig h t d is t r ib u t io n s  
w e re  o b ta in e d  b y  c o n tro lle d  e n z y m a tic  h y d ro ly s is  o f  p e c tic  a c id . A 
s tu d y  o f  th e  a c t io n  o f  to m a to  p o ly g a la c tu ro n a s e  o n  th e  th r e e  p o ly g a la c -  
tu ro n ic  a c id s  a n d  p e c tic  a c id  re v e a le d  t h a t  th e  a c t iv i ty  is  d e p e n d e n t  on  
th e  m o le c u la r  s iz e  o f  th e  s u b s t r a te .  P e c t ic  a c id  w as  h y d ro ly z e d  o p t i 
m a lly  a t  p H  5 , w ith  l i t t l e  a c t iv i ty  b e lo w  p H  4. D e c re a s in g  th e  m o le c u 
l a r  w e ig h t o f  th e  s u b s t r a t e  re s u l te d  in  a  p ro g re ss iv e  s h i f t  o f  th e  p H  
o p t im u m  to  th e  a c id  s id e . F o r  th e  s m a l le s t  s u b s t r a t e ,  th e  a c t iv i ty  
e x te n d e d  to  b e lo w  p H  2. M o n o v a le n t  c a t io n s  e n h a n c e d  th e  a c t iv i ty  a t  
low  p H , a n d  th is  e f fe c t w as  a lso  d e p e n d e n t  o n  th e  m o le c u la r  w e ig h t o f  
th e  s u b s t r a te .  B e lo w  p H  4, p e c tic  a c id  in h ib i te d  7 0%  o f  t h e  h y d ro ly s is  
o f  low  m o le c u la r  w e ig h t s u b s t r a t e s  b y  to m a to  p o ly g a la c tu ro n a s e . T h e  
in c o m p le te  in h ib i t io n  is  a t t r i b u te d  to  th e  p re s e n c e  o f  a  p o ly g a la c tu 
ro n a s e  is o e n z y m e  w h ic h  is n o t  in h ib i te d  b y  h ig h  m o le c u la r  w e ig h t 
p o ly g a la c tu ro n ic  a c id s .

F A C T O R S  A F F E C T IN G  C H LO R O G E N IC , Q U IN IC  A N D  
C A F F E IC  A C ID  L E V E L S  IN  S U N F L O W E R  K E R N E L S .  J .  V.
P O M E N T A  & E . E . B U R N S . J. F ood Sci. 3 6 ,  4 9 0 -4 9 2  (1 9 71 ) 
— L o c a t io n  o f  th e  s e e d  o n  th e  s u n f lo w e r  h e a d  a n d  s to ra g e  t e m p e r a tu r e s  
w ere  r e la te d  to  c h lo ro g e n ic , c a ffe ic , a n d  q u in ic  a c id  le v e ls . K e rn e ls  o f  
f re s h ly  h a rv e s te d  s u n f lo w e r  se e d s  lo c a te d  n e a r  th e  c e n te r  o f  th e  h e a d  
w ere  h ig h e r  in  c h lo ro g e n ic  a c id  th a n  s e e d s  lo c a te d  n e a r  th e  m a rg in . 
T h e  o p p o s ite  w as  o b ta in e d  fo r  th e  c a ffe ic  a c id  c o n te n t ,  a n d  q u in ic  a c id  
d id  n o t  e x h ib i t  a  p o s i t io n a l  e f fe c t. C h lo ro g e n ic  a c id  c o n te n t  d e c re a s e d  
d u r in g  s to ra g e  a t  5 °C , 15° C , a n d  40° C . A f te r  120  d a y s ,  th e  se e d s  
a t ta in e d  s im i la r  le v e ls  o f  c h lo ro g e n ic  a c id . R e la t iv e ly  s m a l l  c h a n g e s  
o c c u rre d  in  th e  c a ffe ic  a n d  q u in ic  a c id  c o n te n t  d u r in g  s to ra g e .

C H E M IC A L  C O M P O S IT IO N  A N D  A M IN O  A C ID  C O N T E N T S  
O F B R A Z IL IA N  B E A N S  (Phaseolus vulgaris). R . M . d e  M O R A E S  
& E . A N G E L U C C I . J . F ood Sci. 3 6 ,  4 9 3 -4 9 4  (1 9 7 1 )— T h e  c h e m ic a l  
c o m p o s itio n  o f  12 v a r ie t ie s  o f  b e a n s  (Phaseolus vulgaris) m o s t  c o m 
m o n ly  fo u n d  o n  B ra z il ia n  m a r k e ts  w as  d e te r m in e d . A v e ra g e  m o is tu r e  
c o n te n t  w as  11% , a s h  3 .5 % , f a t  1% , p ro te in  2 5 % , s t a r c h  4 0 % , c r u d e  
f ib e r  4%  a n d  p e n to s a n s  7 % . M in e ra ls  c o n te n t  in  m g /lO O g  s a m p le  w as : 
p h o s p h a te  1000, iro n  3 .2 , c a lc iu m  4 0  a n d  m a g n e s iu m  210 . E s s e n t ia l  
a m in o  a c id s  c o n te n t  in  m g /g  p ro te in ,  c a lc u la te d  o n  a  d r y  b a s is ,  w as : 
ly s in e  7 2 -1 0 6 , th re o n in e  4 6 -6 1 , v a lin e  2 9 -5 4 , m e th io n in e  3 -1 8 , is o le u 
c in e  2 8 -4 9 , p h e n y la la n in e  3 3 -1 1 8  a n d  t r y p to p h a n e  1 0 3 -1 3 8 . T h e  
p r o d u c t  w as  r ic h  in  ly s in e  a n d  th r e o n in e  a s  c o m p a re d  to  th e  F A O  ta b l e  
fo r  e s s e n tia l  a m in o  a c id s  r e q u ir e d  in  th e  h u m a n  d ie t ;  h o w e v e r , i t  w a s  
p o o r  in  m e th io n in e , iso le u c in e , v a lin e , t r y p to p h a n e  a n d  le u c in e .

IN F L U E N C E  O F S U C R O S E , G L U C O S E  A N D  L A C T O S E  ON  
L O S S  O F W A T E R  FR O M  S O L U T IO N S . K . N . P A T E L  &  T .  A . 
N IC K E R S O N . J. F ood Sci. 36, 4 95 -4 97  (1 9 7 1 )— M o is tu re  lo s s e s  f ro m  
s o lu tio n s  o f  4 0 , 50  a n d  6 0%  la c to s e , s u c ro se , g lu co se , a n d  c o m b in a t io n s  
o f  th e s e  s u g a rs  w e re  d e te rm in e d  a t  80° F  a n d  27 in . v a c u u m . D if f e r 
en c es  in  r a te s  o f  w a te r  lo ss  o f  2 0 -5 0 %  w ere  o b s e rv e d  d e p e n d in g  o n  
ty p e  o f  s u g a r  a n d  c o n c e n t ra t io n . R a t e  o f  w a te r  lo ss  f r o m  s o lu tio n  w as  
in  a s c e n d in g  o rd e r  o f  s u c ro se , la c to s e , g lu co se , a n d  p u r e  w a te r .  I n  
m ix tu re s , th e  r a te  in c re a s e d  w ith  in c re a s e d  p ro p o r t io n  o f  la c to s e  o r  
g lu co se , a n d  d e c re a s e d  w ith  in c re a s e d  p ro p o r t io n  o f  s u c ro s e . I n  a l l  
c a se s , a f te r  la c to s e  c ry s ta l l iz a t io n  o c c u r re d , w a te r  lo ss  f i r s t  in c r e a s e d  
a n d  th e n  d e c re a s e d .

B O U N D  W A T E R  IN  F R U IT  P R O D U C T S  B Y  T H E  F R E E Z IN G  
M ET H O D . J .  H . M O Y , K . C . C H A N  & A . M . D O L L A R . J . Food Sci. 
36, 4 9 8 -4 9 9  (1 9 7 1 )— A n  in s u la te d  h e a t- s in k  c o n ta in in g  F re o n -  
12® (N .B .P .-2 1 .6 ° F )  p ro v id e s  a  re p r o d u c ib le  s y s te m  fo r  m e a s u r e 
m e n t  o f  th e r m a l  p ro p e r t ie s  o f  f r u i t  p ro d u c ts . T h e  d if f e r e n c e  in  th e  
t im e  r e q u ir e d  to  re m o v e  th e  l a t e n t  h e a t  o f  fu s io n  o f  th e  “ e u te c t i c ”  
m ix tu re  in  c o m p a r is o n  w ith  d is t i l le d  w a te r  m e a s u re s  th e  “ b o u n d ” 
w a te r . T h e  3 4 -3 7 %  “ b o u n d ”  w a te r  in  p a p a y a  (v a r . so lo ) p u lp  is  u n a f 
fe c te d  b y  v a ry in g  p H  in  th e  ra n g e  3 .0 -6 .0 . L e ss  th a n  10%  w a te r  is  
b o u n d  in  g u a v a , p a s s io n  f r u i t  a n d  p in e a p p le  ju ic e  p r o d u c t s  w ith  u p  to  
35%  s u c ro s e  a d d e d . T h e r m a l  c o n d u c t iv i ty  o f  th e  s o lid  p h a s e  “ e u te c t i c ”  
m ix tu re  in  th e  5 -5 0 %  s o lu b le  s o lid s  ra n g e  f i ts  t h e  re g re s s io n  Y  =  A B%  
Y  =  (3 .6 9 ) (0 .9 6 ) ' w h e re  x  =  p e rc e n t  to ta l  s o lu b le  s o lid s  a n d  Y = t h e r m a l  
c o n d u c t iv i ty  [ (c a l x  10 3) / ( c m !) ( s e c ) ( ° C /c m ) ] .

H IS T O L O G IC A L  A N D  P H Y S IC A L  C H A N G E S  IN  C A R R O T S  
A S A F F E C T E D  B Y  B L A N C H IN G , C O O K IN G , F R E E Z IN G ,  
F R E E Z E -D R Y IN G  A N D  C O M P R E S S IO N . A . R . R A H M A N , W .
L . H E N N I N G  & D . E . W E S T C O T T . J . F ood Sci. 3 6 ,  5 0 0 -5 0 2  (1 9 7 1 ) 
— T h is  s tu d y  w as  in i t ia t e d  to  d e te rm in e  t h e  e f fe c t  o f  p ro c e s s in g  v a r i 
a b le s  o n  ce ll s t r u c tu r e  a n d  p h y s ic a l  c h a r a c te r i s t ic s  o f  c a r r o t s .  F r e s h  
c a r r o ts  w e re  p e e le d , d ic e d  a n d  s u b je c te d  to  o n e  o f  th e  fo llo w in g  t r e a t 
m e n ts :  b la n c h in g ;  c o o k in g  fo r 10 m in ;  f re e z in g  a t  0 ° F , — 3 0 ° F ; o r
— 320° F ; fre e z e  d ry in g , c o m p re s s in g  a f te r  f re e z e  d r y in g  a t  a p p r o x im a te 

ly  1500  p s i .  C a r ro ts  a t  e a c h  t r e a tm e n t  w e re  te s t e d  fo r  t e x tu r e ,  w a te r  
h o ld in g  c a p a c i ty  a n d  h is to lo g ic a l c h a n g e s . R e s u l ts  in d ic a te  t h a t  a m o n g  
a l l  t r e a tm e n ts ,  f re e z in g  te m p e r a tu r e  is  th e  m o s t  c r i t i c a l  f a c to r  a f fe c t in g  
th e  ce ll s t r u c tu r e  o f  th e  c a r r o ts .  F re e z in g  a t  0 ° F  o r  — 30° F  r e s u l t s  in  
c o n s id e ra b le  d is r u p t io n  o f  th e  c e l lu la r  s t r u c tu r e ,  w h e re a s  i t  w a s  m in i 
m a l a t  — 3 2 0 °F . C a r ro ts  fro z en  a t  — 3 2 0 °F  sh o w e d  f i r m e r  t e x t u r e  a s  
w ell a s  h ig h e r  w a te r  h o ld in g  c a p a c i ty  t h a n  th e  re s t .

VI



P R O T E IN  D E G R A D A T IO N  IN  C H E D D A R  C H E E S E  S L U R 
R IE S . W . J .  H A R P E R , A . C A R M O N A  &  T . K R I S T O F F E R S E N . J. 
Food Sci. 36, 5 0 3 -5 0 6  (1 9 7 1 )— P r e f e r e n t ia l  d e g ra d a t io n  o f  c a s e in s  w as 
n o te d  in  th e  r ip e n in g  o f  C h e d d a r  c u r d  s lu r r ie s ,  w ith  th e  d e g ra d a tio n  
g e n e ra lly  b e in g  in  th e  o rd e r  o f  p a ra -* , fi-, « .-c a se in s . T h e  a d d i t io n  o f  
r e d u c e d  g lu ta th io n e  to  th e  s lu r r y  c a u s e d  a n  im m e d ia te  re le a s e  o f  p e p 
t id e s  fro m  th e  p ro te in  m a s s  a n d  d e c re a s e d  th e  in i t ia l  r a t e  o f  /3-casein  
d e g ra d a tio n . T h e  p e p t id e s  a p p e a r e d  to  b e  p re f e r e n t ia l ly  u t i l iz e d  d u r 
in g  th e  f i r s t  4 d a y s  o f  r ip e n in g ;  th e r e a f te r  r a p id  d e g ra d a t io n  o f  /3 -c a s 
e in  o c c u rre d . I n  q u ie s c e n t  s lu r r ie s ,  a . -c a s e in  d e g ra d a t io n  e x c e e d e d  
t h a t  o f  /3 -casein , w h e re a s  p e r io d ic  a g ita t io n  re v e rs e d  th e  d e g ra d a t io n  
r a te  o f  th e  tw o  c a se in s . T h e  r a te  a n d  e x te n t  o f  c h a r a c te r i s t ic  f la v o r  
d e v e lo p m e n t a p p e a r e d  to  b e  r e la te d  d ir e c t ly  to  /3 -casein  d e g ra d a tio n , 
b u t  n o t  to  c h a n g e s  in  c o n c e n t r a t io n  o f  p a ra -«  o r  « .-c a s e in s .

U L T R A V IO L E T  S P E C T R O P H O T O M E T R IC  D E T E R M IN A 
T IO N  O F P R O T E IN  IN  SO M E FO O D  P R O D U C T S . S. J .  T O M A  
& S . N A K A I. J . F ood Sci. 36, 5 0 7 -5 0 8  (1 9 7 1 )— A  c le a r  s o lu tio n  w as 
o b ta in e d  b y  a d d i t io n  o f  5 0%  s u lfu r ic  a c id  o r  2 N  s o d iu m  h y d ro x id e  
w ith  a n d  w ith o u t 7 -8 M  u re a  d e p e n d in g  o n  s o lu b il i ty  o f  fo o d  p ro d u c ts  
fro m  f lo u r , b e a n , egg a n d  m e a t .  T h e  p ro te in  c o n te n t  w as  c a lc u la te d  
fro m  th e  a b s o r b a n c e  a t  280 , 243  o r  215 n m  o n  a  s p e c tr o p h o to m e te r .  
T h e  c o r r e la t io n  c o e ff ic ie n t b e tw e e n  th e  a b s o r b a n c e  a n d  th e  p ro te in  b y  
K je ld a h l  m e th o d  w as  0 .9 9 , 0 .9 9 , 0 .9 9  a n d  0 .99  w ith  th e  c o e ff ic ie n t o f  
v a r ia b i l i ty  o f  K je ld a h l  p ro te in  fo r a b s o r b a n c e  o f  1 .8 , 4 .1 , 3 .8  a n d  4 .1%  
fo r  b e a n , c o rn e d  b ee f, egg y o lk  a n d  f lo u r , re s p e c tiv e ly .

P R O T E IN S  IN  M E A T  A N D  E G G  P R O D U C T S  D E T E R M IN E D  
B Y  D Y E  B IN D IN G . U . S . A S H W O R T H . J. Food Sci. 36, 5 0 9 -5 1 0  
(1 9 7 1 )— U n d e r  o p t im u m  c o n d i t io n s  A c id  O ra n g e -1 2  w ill b in d  to  th e  
p ro te in s  o f  m e a t  a n d  eggs. T h e  d y e -b in d in g  c a p a c i ty  is  s o m e w h a t 
g re a te r  fo r  th e s e  p ro d u c ts  t h a n  th e  p re v io u s ly  r e p o r te d  v a lu e s  fo r 
w h e a t a n d  m ilk  p ro d u c ts . A  s t a n d a r d  c u rv e  re la t in g  fre e  d y e  c o n c e n t r a 
tio n  to  m g  o f  p ro te in  in  th e  s a m p le  a s  d e te r m in e d  b y  th e  K je ld a h l  
m e th o d  c a n  b e  r e a d ily  p r e p a r e d  fo r  e a c h  ty p e  o f  p ro d u c t .  T h e  m e th o d  
is  r a p id  a n d  u se fu l fo r  c o m p o s itio n  c o n tro l in  g ro u n d  m e a ts , eggs a n d  
p re p a r e d  m ix es . C o o k in g  h a s  l i t t l e  e f fe c t o n  th e  d y e -b in d in g  c a p a c i ty  
b u t  h y d ro ly s is  o f  th e  p ro te in s  to  th e  p ro te o s e -p e p to n e  s ta g e  re d u c e s  
th e  d y e  b o u n d . T h e  c o e ff ic ie n t o f  v a r ia t io n  a v e ra g e d  a b o u t  3%  o f  th e  
p ro te in  c o n te n t  fo r  th e  s a m p le s  o f  m e a t  a n d  eggs te s te d .

E F F E C T  O F M A LA T H IO N  ON N U T R IE N T  C O M P O S IT IO N  
O F E G G S  A N D  F L A V O R  O F M E A T  FR O M  L A Y IN G  H E N S . E .
W . T O E P F E R  & K . M O R G A R E ID G E . J. F ood Sci. 3 6 ,  5 1 1 -5 1 4  
(1 9 7 1 )— M a la th io n  in  th e  fe e d  o f  la y in g  h e n s  d id  n o t  p ro d u c e  a n y  
in d ic a tio n s  o f  a d v e rs e  e f fe c ts  o n  th e  f la v o r  o f  th e  co o k e d  m e a t  o r  o n  
th e  n u t r i e n t  c o m p o s itio n  o f  th e  egg w h ite s  a n d  egg y o lk s .

Q U A N T IT A T IV E  D E T E R M IN A T IO N  O F M E T M Y O G L O B IN  
AN D  T O T A L  P IG M E N T  IN  AN  IN T A C T  M E A T  S A M P L E  
U S IN G  R E F L E C T A N C E  S P E C T R O P H O T O M E T R Y . W. C . 
F R A N K E  &  M . S O L B E R G . J .  Food Sci. 3 6 ,  5 1 5 -5 1 9  (1 9 7 1 )— A  
te c h n iq u e  fo r  d e te rm in in g  th e  r e la t iv e  q u a n t i t i e s  o f  o x y m y o g lo b in , 
m e tm y o g lo b in  a n d  t o t a l  p ig m e n t  c o n c e n t r a t io n  a t  th e  s u r f a c e  o f a n  
in t a c t  m e a t  s a m p le  w a s  d e v e lo p e d . A  B e c k m a n  D K -2  s p e c tr o p h o to m 
e t e r  w i th  a  m o d if ie d  r e f le c ta n c e  a t t a c h m e n t  w a s  u s e d  a n d  s p e c tr a  
w ere  re c o rd e d  o n  th e  R j  sca le . K n o w n  p ro p o r t io n s  o f o x y g e n a te d  a n d  
o x id ized  m e a t  w e re  s im u lta n e o u s ly  e x p o s e d  to  th e  l ig h t  b e a m . A  l in e a r  
r e la t io n  w a s  o b ta in e d  w h e n  A R ^ 6 3 2  w a s  p lo t t e d  a g a in s t  p e rc e n t  m e t 
m y o g lo b in  o r  a g a in s t  t o t a l  p ig m e n t  d e te rm in e d  b y  th e  H o r n s e y  m e th 
o d . O n e  r e a d in g  o f th e  s a m p le  fo llo w e d  b y  o n e  r e a d in g  o f th e  s a m e  
s a m p le  a f te r  o x id a tio n  w ith  K 3 F e ( C N ) 6 p ro v id e s  a  q u a n t i t a t i v e  e v a lu 
a t io n  o f th e  m e tm y o g lo b in  c o n c e n t r a t io n  a n d  th e  t o t a l  h e m e  p ig m e n t  
c o n c e n tra t io n .

M EC H A N IS M  O F B A C T E R IA L  P E N E T R A T IO N  T H R O U G H  
T H E  E G G S  O F  G allus gallus. .2. Effect of Penetration and 
Grow th on Perm eability  of In n er Shell M em brane. E . M .
W E D R A L , D . V . V A D E H R A  & R . C . B A K E R . J. Food Sci. 36, 520- 
522  (1 9 7 1 )— T h e  m e c h a n is m  o f  p e n e tr a t io n  o f  b a c te r ia  in to  th e  eggs o f  
d o m e s tic  fow l (Gallus gallus) w as  in v e s t ig a te d  b y  d e te rm in in g  th e  
c h a n g e s  in  p e rm e a b i l i ty  o f  th e  in n e r  s h e ll  m e m b r a n e  (i .s .m .)  to  
ra d io a c t iv e  a m in o  a c id s  a n d  v ia b le  Sa lm one lla  ty p h im u r iu m  L T 2  
ce lls  a f te r  b a c te r ia  h a d  p e n e t r a te d  th e  i.s .m . I t  w as  fo u n d  t h a t  p e n e 
t r a t io n  a n d  g ro w th  o f  b a c te r ia  in  eggs d id  n o t  c a u s e  a n y  s ig n if ic a n t 
c h a n g e s  in  th e  p e rm e a b i l i ty  o f  th e  i .s .m . fo r  u p  to  8  d a y s  o f  in c u b a 
tio n  a f te r  e x p o s u re  to  sp o ila g e . B a c te r ia ,  h o w e v e r, w e re  fo u n d  to  p e n e 
t r a t e  th e  e x te r io r  s t r u c tu r e s  w ith in  36 h r  a f te r  e x p o s u re . T h e s e  re s u lts  
in d ic a te  t h a t  th e  a c tu a l  p e n e tr a t io n  o f  b a c te r ia  th ro u g h  th e  i.s .m . d oes 
n o t  p e rm a n e n t ly  a l te r  i t s  p e rm e a b i l i ty .

IN T E R P R E T A T IO N  O F N O N LO G  A R IT H M IC  S U R V IV O R  
C U R V E S  O F H E A T E D  B A C T E R IA . W . A . M O A T S , R . D A B B A H  
& V . M . E D W A R D S . J . F ood Sci. 36, 5 2 3 -5 2 6  (1 9 7 1 )— C o m p le x  s u r 
v iv o r  c u rv e s  o f  h e a te d  b a c te r ia  a r e  in te r p r e t e d  to  b e  c o m p o s ite s  o f 
s e v e ra l co n v e x  s u rv iv o r  c u rv e s  t h a t  r e p r e s e n t  p o p u la t io n s  o f  d if f e r e n t  
h e a t  r e s is ta n c e s  in  a  s in g le  c u l tu r e  o f  b a c te r ia .  T h e  v a r i a t io n  in  h e a t  
re s i s ta n c e  a p p e a r s  to  b e  p h y s io lo g ic a l r a th e r  th a n  g e n e tic  s in c e  s u b c u l 
tu re s  o f  h e a t - r e s i s t a n t  c e lls  w ere  n o  m o re  h e a t  r e s i s ta n t  th a n  th e  p a r e n t  
c u l tu r e .  C o m p o s ite  c u rv e s  c a n  a p p e a r  to  b e  n e a r ly  e x p o n e n tia l .  
R e s u l ts  s u p p o r t  a  m u lt ip le - s i te  h y p o th e s is  o f  t h e r m a l  d e a th .  T a i l in g  o f  
s u rv iv o r  c u rv e s , w ith  s m a l l  n u m b e r s  o f  c e lls  s u rv iv in g  e x te n d e d  h e a t 
ing , w as  f r e q u e n t ly  n o te d  w h e n  c u rv e s  w e re  c a r r ie d  th ro u g h  6 - 9  log  
c y c le s . S u c h  ta i l in g  m ig h t b e  o f  p r a c t i c a l  im p o r ta n c e  b e c a u s e  i t  w o u ld  
p r e d ic t  t h a t  s m a ll  n u m b e r s  o f  ce lls  m ig h t s u rv iv e  m u c h  lo n g e r  h e a tin g  
t h a n  w o u ld  b e  p re d ic te d  f ro m  D  v a lu e s  c a lc u la te d  f ro m  c u rv e s  c a r r ie d  
th ro u g h  4 -5  log  cy c les .

P O U L T R Y  P R O D U C T  Q U A L IT Y . 4. Le v e ls  of Carbonyl 
Compounds in F resh , Uncooked Chicken and T u rk e y  Sk in . C .
P .  T H O M A S , P .  S . D I M I C K  & J .  H . M a c N E I L .  J . F ood Sci. 3 6 ,  
5 27 -5 31  (1 9 7 1 )— M a le  a n d  fe m a le  c h ic k e n s  a n d  tu r k e y s  w e re  r a is e d  
o n  s t a n d a r d  d ie ts  to  s e le c te d  ag es  to  s tu d y  th e  in f lu e n c e  o f  ag e , sex , 
a n d  g ro u p  o f  b i r d s  o n  th e  lev e l a n d  c o m p o s itio n  o f  c a rb o n y l  c o m 
p o u n d s . C a rb o n y ls  in v e s t ig a te d  w e re  th e  to ta l  c a rb o n y ls ,  th e  to ta l  
m o n o c a rb o n y l f r a c t io n , a n d  th e  s p e c if ic  a l ip h a t ic  m o n o c a rb o n y l 
c la s se s . D a t a  sh o w ed  h ig h e r  le v e ls  o f  to ta l  c a rb o n y l  a n d  to ta l  m o n o 
c a rb o n y l c o m p o u n d s  in  m a le  tu r k e y s  th a n  in  fe m a le s . T h e  o n ly  
m e th y l  k e to n e  fo u n d  in  a n y  o f  t h e  s a m p le s  w a s  a c e to n e . T h e  m a le  t u r 
k ey s  h a d  a n  in c re a s e  in  a c e to n e  c o n c e n t r a t io n  f ro m  20  w k  to  a  m a x  
a t  24  w k , th e  s a m e  t im e  a t  w h ic h  l ip id  c o m p o s it io n  w as  th e  lo w est. 
D u r in g  th e  s a m e  t im e  th e  fe m a le  tu r k e y  m a in ta in e d  a  re la t iv e ly  
c o n s ta n t  m e th y l  k e to n e  lev e l. A t 30  w k  b o th  sex es  e x h ib i te d  th e  
lo w er c o n c e n t ra t io n  o f  a c e to n e .

Q U A L IT Y  A N D  S T A B IL IT Y  O F  SO M E F R E E Z E - D R IE D  
FO O D S IN  “Z E R O ” O X Y G E N  H E A D S P A C E . S . J .  B IS H O V , A.
S . H E N I C K , J .  W . G I F F E E , I .  T . N i l ,  P .  A . P R E L L  &  M . W O L F . J. 
F ood Sci. 36, 5 3 2 -5 3 5  (1 9 7 1 )— F r e s h  f la v o r  q u a l i ty  w a s  r e ta in e d  in  
f r e e z e - d r ie d  fo o ds  o f  p la n t  a n d  a n im a l  o r ig in  in  “ z e ro ”  o x y g en  h e a d -  
s p a c e , u s in g  a n  a tm o s p h e re  o f  5%  h y d ro g e n  in  n i tro g e n  a n d  p a l l a d iu m  
c a ta ly s t .  F la v o r  q u a l i ty  w as  d e te r m in e d  b y  a  f la v o r  p ro f i le  p a n e l  a n d  a  
te c h n o lo g ic a l p a n e l;  c o n s u m e r  a c c e p ta b i l i ty  b y  r a n d o m ly  s e le c te d  
u n t r a in e d  p a n e ls . F o o d s  p a c k e d  in  th e  “ z e ro ”  o x y g e n  h e a d s p a c e  h a d  
a r o m a  a n d  f la v o r  p ro f ile s  a f te r  s to ra g e  a t  10 0°F  fo r  6  m o n th s  c o m p a r a 
b le  to  th e  o r ig in a l p ro d u c ts .

VII
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FLAVOR ENHANCEMENT OF POTATO PRODUCTS

SUMMARY— The e ffec t o f se le cted  com pounds on flavo r o f various po ta to  products w as stu d ied  by 
sensory pan els. The m inim um  de le cta b le  am ount o f each o f six  com pounds in tour brands o f dehy
drated  m ashed  po ta toes w a s de term ined . The d iffe ren ce  thresholds o f the s ix  com pounds in the  
reconstituted po ta to  products va ried  from  0 .05-3 .1  ppm . O nly 2 -m ethoxy-3-ethylpyrazine (0 .1 - 0 .2  
ppm ) w as e ffe c tive  in increasing the flavo r leve l o f a ll four brands o f deh yd ra ted  po ta toes; it also  
proved  to be e ffe c tive  in increasing the pota to  flavo r leve l o f po ta to  sa la d , deh yd ra ted  sca lloped  
potatoes an d  po ta to  soup . Potato sa la d  sto red  a t 3°C fo r I w k  requ ired  a t least 0 .2  ppm  o f this 
com pound to m aintain  its in itia l flavo r d iffe rence  from  the control sam ple .

INTRODUCTION
FLAVOR of potatoes and potato products has been studied for some time 
(Ryder, 1966; Self, 1967). While considerable progress has been made, much 
remains to be learned about flavor improvement especially in dehydrated mashed potato products. Factors affect
ing off-flavor development in these 
products have been studied and procedures have been devised to monitor and 
control off-flavor development (Buttery et al., 1961; Burton, 1949; Hendel et al., 1951; Boggs et al., 1964). These proce
dures have generally taken advantage of hermetic packaging, inert atmosphere and the addition of antioxidants to improve stability or commercial shelf 
life of the products.This paper is concerned with the possibility of enhancing flavor of potato 
products by constituents which have been identified in raw or cooked potatoes 
and by the use of other compounds possessing unusual flavor characteristics (Seifert et al., 1970). If some of these compounds could increase the natural potato flavor characteristics of the reconstituted products, it is possible that off-flavors developed during storage might not be as readily detectable in the 
presence of these flavor enhancing 
compounds.

MATERIALS & METHODS
M aterials

T h e  m e th o x y  p y ra z in e s  w e re  in c lu d e d  in  
th is  s tu d y  b e c a u s e  o f  t h e i r  u n u s u a l ly  s tro n g  
f lav o rin g  c h a ra c te r is t ic s  in  a d d i t io n  to  th e  
fa c t  t h a t  2 -m e th o x y -3 -e th y lp y ra z in e  h a s  b e e n

te n ta t iv e ly  id e n t i f ie d  in  p o ta to e s  ( B u t te ry  e t  
a l ., 1970).

T h e  o th e r  c o m p o u n d s  w e re  s e le c te d  fro m  
th e  l i s t  o f  id e n ti f ie d  p o ta to  c o n s i tu e n ts  
ro u g h ly  o n  th e  b a s is  o f  th e i r  r e la t iv e  a m o u n ts  
in  ra w  a n d  co o k e d  p o ta to e s .

T h e  c o m p o u n d s  w e re  o b ta in e d  f ro m  re l i 
a b le  c o m m e rc ia l  s o u rc e s  o r  w e re  s y n th e s iz e d  
b y  w e l l-e s ta b lis h e d  p ro c e d u re s . A ll c o m 
p o u n d s  w e re  p u r i f ie d  b y  p r e p a r a t iv e  g as  
l iq u id  c h ro m a to g ra p h y  b e fo re  u se  in  p o ta to  
p ro d u c ts .

T h e  p r in c ip a l  te s t in g  w as  d o n e  o n  d e h y 
d r a t e d  m a s h e d  p o ta to e s . C o m m e rc ia l  c o n 
s u m e r-s iz e  s a m p le s  o f  p o ta to  b u d s , g ra n u le s  
a n d  f la k e s  w ere  u s e d . E a c h  p r o d u c t  w as  
p r e p a r e d  a c c o rd in g  to  m a n u f a c tu r e r ’s  in s t r u c 
t io n s  e x c e p t fo r  a d d i t io n  o f  v a ry in g  a m o u n ts  
o f  th e  c o m p o u n d s  to  b e  te s te d .  S to c k  w a te r  
s o lu tio n s  o f  c o m p o u n d s  w e re  p re p a r e d  
a n d  th e  p r o p e r  a m o u n ts  o f  th e s e  s o lu tio n s  
w ere  a d d e d  to  th e  l iq u id  p o r t io n  o f  th e  m ix 
tu r e  a t  th e  s a m e  t im e  t h a t  th e  d ry  p o ta to e s  
w ere  m ix e d  in . S a m p le s  w ith  a n d  w ith o u t 
a d d i t iv e  w e re  a d ju s te d  to  th e  s a m e  w a te r  
c o n te n t  to  av o id  te x tu r e  d if fe re n c e s .

Sensory Evaluation
A se n so ry  p a n e l  o f  20  t r a in e d  t a s t e r s  w as  

u se d  to  e v a lu a te  th e  f la v o r  e f fe c t o f  th e  v a r 
io u s  a d d it iv e s . T h e  a m o u n t  o f  e a c h  c o m p o u n d  
r e q u ir e d  fo r  d e te c t io n  in  th e  f in is h e d  p o ta to  
p ro d u c t  w as  d e te rm in e d  b y  p lo t t in g  p e r c e n t 
ag e  o f  c o r r e c t  re sp o n s e s  f ro m  th e  tr ia n g le  te s t  
a g a in s t  c o n c e n t r a t io n  o f  e a c h  a d d it iv e . T h e  
th re s h o ld  c o n c e n t ra t io n  o r  d e te c ta b le  a m o u n t  
o f  th e  d if f e r e n t  c o m p o u n d s  w as  t a k e n  a t  th e  
p o in t  w h e re  c o r r e c t  re s p o n s e s  c o r r e s p o n d e d  to  
P  < 0 .0 4 .

A p a ir e d  c o m p a r is o n  t e s t  w a s  u s e d  to  
d e te rm in e  th e  e f fe c t o f  a d d i t iv e  o n  p o ta to  
f lav o r . E a c h  ju d g e  w as  p re s e n te d  w ith  a  p a i r  
o f  s a m p le s  a n d  a s k e d  to  c h e c k  th e  s a m p le  
w ith  m o re  p o ta to  f la v o r . S in c e  th is  w as  a  
t r a in e d  p a n e l ,  th e  te s t  is  c o n s id e re d  a  d if f e r 

en c e  r a th e r  t h a n  a  p re fe re n c e  te s t ,  b u t  i t  is 
re co g n iz ed  t h a t  th e  d e c is io n  o f  s o m e  p a n e l i s t s  
m a y  b e  in f lu e n c e d  b y  t h e i r  p re fe re n c e . F o r  
so m e  o f  th e  c o m p a r is o n s , a  la rg e r  g ro u p  o f  
4 0  u n t r a in e d  s u b je c ts  w e re  a s k e d  to  in d ic a te  
w h ich  s a m p le  in  e a c h  p a i r  h a d  th e  b e s t  p o ta to  
f lav o r . T h e s e  te s t s  w o u ld  b e  e x p e c te d  to  g iv e a  
b e t t e r  in d ic a t io n  o f  p re f e r e n c e  t h a n  d if f e r 
en ce .

A ll te s t s  w e re  c o n d u c te d  in  a  ro o m  
e q u ip p e d  w ith  in d iv id u a l  b o o th s  s u p p l ie d  
w ith  c o n d i t io n e d  o d o r- f re e  a i r  a t  22° ±  1°C 
a n d  5 0%  R .H . T h e  te s t s  w e re  c o n d u c te d  
u n d e r  s u b d u e d  l ig h tin g  to  e l im in a te  a n y  p o s 
s ib le  c o lo r  d if fe re n c e s . E a c h  ju d g e  w as  g iven  
o n e  c o d e d  p a i r  o r  t r ia n g le  p e r  s e ss io n  a n d  a ll 
s a m p le s  w e re  c o m p le te ly  r a n d o m iz e d  to  av o id  
p o s it io n a l  o r  o rd e r  e f fe c ts . S ta t is t ic a l  s ig n if i
c a n c e  o f  th e  r e s u l t s  w e re  d e te rm in e d  f ro m  th e  
T a b le s  o f  t h e  B in o m in a l  P ro b a b i l i ty  D is t r i b u 
tio n  (N a tio n a l  B u r e a u  o f  S ta n d a r d s ,  1950).

RESULTS & DISCUSSION
Dehydrated mashed potatoes

The relation between compound concentration and percentage of correct responses for the various dehydrated mashed potato products is shown in 
Figure 1. As expected, increasing con
centration of the additives caused a progressive increase in percentage correct responses well beyond significant 
detection (P < 0.04). The curves for 
phenylacetaldehyde (I), methional (II), and 2-methoxy-3-methylpyrazine (III) are fairly well clustered together for the four different samples of potato products. This indicates that the compound- product interaction was fairly similar for each of the products. For 2-methoxy-3-isopropylpyrazine (IV), 2-methoxy-
3-ethylpyrazine (V), and oct-l-ene-3-ol (VI), the concentration-response curves 
are widely scattered indicating a marked variation in the detectability of these compounds in different samples of dehydrated mashed potatoes.

The difference thresholds for the six compounds in four samples of reconstituted potato product are shown in Table1. These data clearly show the superior
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PPM PPM

f ig . I — Effect o f com pound concentration on detection  by triang le test (N  =  2 0 ) in dehyd ra ted  
m ashed po ta toes : •  =  "b u d s” ;  0 =  flakes # / ;  w  =  flakes § 2 ; A =  granu les.

effectiveness of the methoxy-pyrazine compounds in changing the flavor of 
buds, granules or flakes. As will be seen later, concentrations of (V) near these levels significantly increased the level of potato flavor in all of these products. On the other hand, the identified constitu
ents (I, 11 and VI) required much larger amounts for detectability and did not appear to improve the potato character of the reconstituted products with the possible exception of methional.

The paired comparison results for the 
six compounds and four potato products are shown in Table 2. It is clear that 2- 
methoxy-3-ethylpyrazine was the only compound tried which consistently gave 
a significant increase in potato flavor to all four of the products tested. In gener
al, this was true for both trained and untrained tasters. As mentioned previously, the trained tasters made decisions largely on the basis of more or less natural potato flavor without

regard to their personal preference, so that their results can be interpreted as indicating increases or decreases in 
potato flavor. While the untrained tasters were also asked to make decisions on the basis of potato flavor, their results 
are more inclined to reflect their personal preferences rather than an actual increase or decrease in potato flavor. In view of these differences in panel compo
sition, it appears that 0.1-0.2 ppm of (V) 
significantly increased potato flavor and that the increase was generally liked by 
the untrained group of judges. The trained panel found no significant potato 
flavor increase in the four potato products as a result of adding (III). In flakes #1, the untrained group considered the 
sample with (III) at 0.04 ppm to be sig
nificantly better than the control, but reversed this decision at 0.08 ppm. None of the other results obtained with this 
compound were significant. Therefore, it does not appear that this compound would be useful for flavor improvement 
of these products. The only significant results obtained with (IV) were in favor of the control sample indicating that this compound detracts from natural potato 
flavor rather than improve it.

The addition of (I) to the four potato 
products caused no significant selection of either sample as having more potato 
flavor. On the other hand, addition of 
(VI) caused significant selection of the control sample as having more potato 
flavor in all four of the products. Thus it is clear that compounds (I), (IV), and 
(VI) serve no useful purpose for the enhancement of potato flavor in these 
products.Methional (II) and other sulfur 
compounds have been reported as vola
tile constituents in cooked potatoes (Gumbmann and Burr, 1964; Ryder, 1966; Self, 1967). Although it has been 
considered of importance in cooked potato flavor, these results indicate that fairly large amounts of (II) failed to significantly increase potato flavor in all 
products except flakes #1. At a level of 3 ppm, the untrained group considered the sample with additive to have more potato flavor. It is interesting to note 
that flakes #1 was the only product of the four tested in which flavor was improved by compounds other than (V). A possible explanation may be asso
ciated with the observation that the control samples of this product were not particularly well liked. Consequently, changes which were not considered significant in other products may have been sufficient in flakes #1 to rate the sample with (II) and (III) as better than 
the control.
Other potato products

In view of the effectiveness of (V) in enhancing the flavor of dehydrated
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Table 7— Difference thresholds o f some pure compounds in various forms o f dehydrated mashed potatoes

P r o d u c t s “
C o m p o u n d P o t a t o  b u d s F la k e s  #  1 F la k e s  # 2 G ra n u le s

p h e n y l-
a c e ta ld e h y d e  ( I ) 0 .3 8 0 .3 5 0 .3 5 0 .3 5
m e th io n a l  ( I I ) 3 .1 2 .0 2 .5 2.1

2 -m e th o x y -
3 -m e th y lp y ra z in e  ( I I I )  

2 -m e th o x y -3 -
0 .0 5 0 0 .0 33 0 .0 5 0 0 .0 67

is o p ro p y lp y ra z in e  (IV ) 
2 -m e th o x y -3 -

0 .0 8 0 0 .0 60 0 .0 5 0 0 .1 23

e th y lp y ra z in e  (V ) 0 .0 9 0 0 .1 2 0 .0 4 0 0 .0 5 0
o c t- 1 -e n e -3 -o l (V I) 1.8 0 .9 1.5 0 .7

“Data represent ppm of compound in each product detectable a t P   ̂ 0.04 by triangle test.

Table 2— Effect o f additives on flavor o f dehydrated mashed potato products

P o t a t o  B u d s  F la k e s  #  1 F la k e s  #  2 G ra n u le s
C o m 
p o u n d

C o n e
(p p m ) N

A d d i
t iv e

C o n 
t r o l“

C o n e
(p p m ) N

A d d i
t i v e

C o n 
t r o l “

C o n e
(p p m ) N

A d d i
t iv e

C o n 
t r o l “

C o n e
(p p m ) N

A d d i
t iv e

C o n 
t r o l“

V 0 .0 50 52* 3 3 ’ 19 0 .0 7 5 20 12 8 0 .0 5 0 20 10 10 0 .0 5 0 20 10 10
V 0 .1 00 60* 36 24 0 .1 2 5 20 15* 5 0 .0 5 0 40* 28* 12 0 .1 0 0 20 12 8
V 0 .2 0 0 40 26* 14 0 .1 5 0 40* 28* 12 0 .1 0 0 20 15* 5 0 .1 50 40* 27* 13

0 .1 0 0 40* 26* 14
I I I 0 .0 20 20 12 8 0 .0 20 20 10 10 0 .0 20 20 10 10 0 .0 20 20 13 7
I I I 0 .0 40 20 13 7 0 .0 4 0 20 13 7 0 .0 40 20 10 10 0 .0 40 20 12 8
I I I 0 .0 40 40* 22 18 0 .0 40 40* 26* 14 0 .0 8 0 20 7 13 0 .0 40 40* 22 18
I I I 0 .0 80 20 10 10 0 .0 80 20 9 11 0 .0 80 20 7 13
IV 0 .0 50 20 9 11 0 .0 2 5 20 10 10 0 .0 2 5 20 10 10 0 .0 50 20 8 12
IV 0 .1 00 20 7 13 0 .0 50 15 7 8 0 .0 5 0 24 12 12 0 .1 0 0 20 6 14
IV 0 .1 5 0 15 0 15* 0 .1 00 20 4 1 6 ’ 0 .1 00 14 4 10 0 .2 0 0 15 4 11
I 0 .0 6 4 20 10 10 0 .0 64 20 10 10 0 .0 64 20 10 10 0 .0 64 20 13 7
I 0 .1 2 8 20 10 10 0 .1 28 20 10 10 0 .1 2 8 20 12 8 0 .1 2 8 20 10 10
I 0 .2 5 6 20 12 8 0 .2 56 20 13 7 0 .2 5 6 20 11 9 0 .2 5 6 20 12 8
I 0 .5 12 20 9 11 0 .512 20 7 13 0 .5 12 20 8 12 0 .5 1 2 20 6 14
V I 1.0 20 8 12 0 .5 20 10 10 0 .5 20 10 10 0 .5 20 8 12
V I 2 .0 20 4 16** 1.0 20 8 12 1.0 20 4 16** 1.0 20 6 14
V I 3 .0 14 1 13*** 3 .0 17 4 13* 2 .0 13 3 10* 3 .0 17 3 14**
I I 3 .0 20 11 9 3 .0 20 13 7 3 .0 20 8 12 3 .0 20 10 10
I I 6 .0 20 12 8 3 .0 40* 29** 11 6 .0 20 14 6 6 .0 20 9 11
I I 10.0 20 6 14 6 .0 20 13 7 10.0 20 6 14 1 0 .0 20 8 12

6 .0 40* 24 16
10.0 20 10 10

“No. of judges indicating which sample had most potato flavor (Paired comparison test). 
^Untrained panel.
*Significant at P ^ 0.05; **Significant at P  ^ 0.01; ***Significant at P  ^ 0.001.

mashed potato products, it seemed use
ful to investigate the flavor enhancing potential of this compound in other 
potato products. The products included potato salad, cream of potato soup, vegetable beef soup and scalloped potatoes. Results of paired comparison tests on these products with and without (V) are shown in Table 3. It is evident that small amounts of (V) were very effective in raising the potato flavor level of the dif
ferent products. Most of the trained panelists also observed that the 
increased potato flavor improved the overall flavor of potato salad, cream of potato soup and scalloped potatoes.

Thus it appears that (V) should be a generally useful compound for enhancing potato flavor in products containing 
potato.

Storage
Effectiveness of (V) during storage of commercially prepared potato salad is shown in Figure 2. It will be noted that the level of (V) which caused a signifi

cant initial increase (0.1 ppm) in potato flavor was not sufficient to maintain the increased flavor level during storage at 3°C. The percentage of the panel that considered the sample with 0.1 ppm of

(V) as having more potato flavor steadily decreased with time.Samples containing 0.2 ppm or more of (V) were selected by 75-90% of the panel as having more potato flavor than the control throughout the 1-wk storage period. Thus it appears that at least 0.2 ppm of (V) is required to maintain the higher level of potato flavor during stor
age at 3°C.Samples containing 0.4 and 1 ppm of (V) were considered to have an undesirably strong flavor by most members of the panel, but samples with 0.1-0.2 ppm of (V) were considered improvements 
over the control samples.
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Table 3— Effect o f 2-methoxy-3- ethylpyrazine (V) on flavor o f some potato containing products

C o n e M o s t  p o t a to  f la v o r  in “
P r o d u c t (p p m ) N C o n tr o l A d d i t iv e

P o t a t o  s a la d  #  1 0 .1 00 20 4 1 6 * ’
P o t a t o  s a la d  #  2 0 .1 00 20 4 1 6 ”
C re a m  o f p o t a to  so u p 0 .0 25 20 4 1 6 ”
C re a m  o f p o t a to  so u p 0 .0 50 20 3 1 7 ”
C re a m  o f p o t a to  so u p 0 .1 00 20 4 1 6 ”
V e g e ta b le  b e e f  s o u p 0 .0 1 5 20 9 11
V e g e ta b le  b ee f s o u p 0 .0 25 20 5 15*
V e g e ta b le  b ee f so u p 0 .0 50 20 5 1 5 ’
V e g e ta b le  b ee f so u p 0 .1 00 20 5 15*
S c a llo p e d  p o ta to e s 0 .1 0 0 20 2 18***

“Paired comparison test. Judges asked to select sample in each pair with most potato flavor. 
*P ^ 0.05; **P ^ 0.01; ***P ^ 0.001.
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ORANGE PEEL COLOR EXTRACT:
ITS USE AND STABILITY IN CITRUS PRODUCTS

SU M M A R Y— Storage stab ility  o f the color w as tested  a lone an d  in various citrus products using an 
extraction process w hich h a d  been  deve lo p ed  tor obta in ing  a  h igh ly  colored concentra ted  extract 
from  orange pee l. W hen concentra ted  color extract w as ad d ed  to s ing le-streng th  o range ju ice  in tin- 
lined or en a m e l-lin ed  cans or clear g lass bo ttles, color stab ility  w as good during sto rage at 3 5 °F ; 
except for som e fad ing  in g la ss-packed  sam p les, no no tab le changes in color w ere  observed  a fter  
10 w k . H ow ever, at 7 0 °F  an d 85° F color changes occurred , m ain ly from  darken ing  due to 
brow ning . These sto rage changes w ere  m ore predom inant in g la ss-packed  ju ice and enam el- 
lined  cans. Color in frozen concentrated o range ju ice  rem ained  sta b le  m ore than 10 w k , sh ow in g  
no notable change in color during sto rage at —5 °F . Stored in the concentra ted  form  the color extract 
required protection from ligh t an d  heat. Color w as sta b le  tor m ore than 6  m onths w hen  sto red  at 
-  5° F in the dark .

INTRODUCTION
IMPORTANCE of color to acceptability of food products has long been recognized. This has been shown especially pertinent in orange juice products by a marketing research report (CECO Marketing Consulting Research, Inc.,1965) which indicated consumers prefer a dark orange color. Following recent 
public concern over the use of synthetic materials, food additives and the safety of foods being consumed by the general public, there is more interest than ever in the use of “natural” food sources.

Methods for extraction of coloring materials from citrus peel, treatment to remove color-interfering substances and flavor-influencing factors, and the incor
poration of these color concentrates into 
citrus products have been described by Ting and Hendrickson (1968) and by Kew and Berry (1970). In the latter study, conducted on a relatively small laboratory scale, yields of color were found to vary depending upon the vari
ety of citrus fruit used as a color source. Color concentrates from different sources also varied somewhat in degrees of redness or yellowness.

In order to be effective commercially, products treated with the color extract 
should be relatively stable. Thus in further development of the previously reported method, studies were made on the use of the color concentrates in commercial citrus products, particularly stability of the color-treated products stored at different temperatures and times. This paper reports these later 
developments.

EXPERIMENTAL
S T A B IL IT Y  d u r in g  s to ra g e  w as  d e te rm in e d  
b o th  o n  p ro d u c ts  to  w h ic h  th e  co lo r e x t r a c t  
h a d  b e e n  a d d e d  a n d  on  th e  c o n c e n t r a te d  co lo r 
e x tr a c ts  a lo n e .

Storage tests on products
C o lo r  e x tr a c ts  f ro m  V a le n c ia  o ra n g e  p ee l 

w ere  c h e c k e d  fo r  s ta b i l i ty  in  c o n c e n t r a te d  
a n d  s in g le -s tre n g th  o ra n g e  ju ic e .  C o n c e n 
t r a te d  co lo r e x tr a c t  p r e p a r e d  a s  d e s c r ib e d  b y  
K ew  a n d  B e r ry  (1 9 7 0 ) w as a d d e d  a t  1 
p a r t / 1000  to  s in g le -s tre n g th  o ra n g e  ju ic e  o r  a t  
4 p a r t s / 1000  to  45° B r ix  c o n c e n t r a te d  o ra n g e  
ju ic e  b y  b le n d in g  th e  co lo r  in to  th e  p ro d u c t  a t  
a b o u t  1 2 0 °F  w ith  g e n tle  s t ir r in g . T h e  co lo r 
b le n d e d  s m o o th ly  in  a  few  m in u te s .  P ro d u c ts  
w ere  th e n  c a n n e d  a n d  s to re d  a s  fo llow s: (A ) 
45° B rix  c o n c e n t r a te  in  t in  c a n s  a t - 5 ° F  a n d  
3 5 °F ; (B ) s in g le  s t r e n g th  in  c le a r  b o t t le s  a t  
3 5 °F  a n d  7 0 ° F ; (C ) s in g le  s tr e n g th  in  t in -  
l in e d  c a n s  a t  3 5 °F  a n d  8 5 ° F ; a n d  (D ) s in g le  
s tr e n g th  in  e n a m e l- l in e d  c a n s  a t  35° F  a n d  85°
F .

E n a m e l- l in e d  c a n s  w e re  in c lu d e d  to  c h e c k  
th e  p o s s ib le  e f fe c t o f  b ro w n in g  d u r in g  h ig h  
te m p e r a tu r e  s to ra g e  a n d  to  a v o id  p o s s ib le  
b le a c h in g  e f fe c ts  o f  t in .  T h e s e  s a m p le s  w ere  
a n a ly z e d  fo r  H u n te r  c i t ru s  y e llo w  (C Y ) a n d  
c i t ru s  re d  (C R ) fa c to r s  u s in g  th e  H u n te r  L a b  
D 4 5  C it ru s  C o lo r im e te r  a t  1 4 -d a y  in te rv a ls  
u s in g  th e  m e th o d s  d e s c r ib e d  b y  K ew  a n d  
B e r ry  (1 9 7 0 ). R a n g e s  a n d  re p r o d u c ib i l i ty  o f  
th is  m e th o d  h a v e  b e e n  d e s c r ib e d  b y  H u g g a r t  
e t  a l . (1 9 6 6 ; 1 96 9 ;) a n d  B a r ro n  e t  a l . (1 9 6 7 ).
Storage studies on concentrated color 
extracts.

S a m p le s  o f  c o n c e n t r a te d  co lo r  e x t r a c t  
p re p a r e d  a s  d e s c r ib e d  a b o v e  w e re  e v a lu a te d  
fo r  s to ra g e  s ta b i l i ty  u s in g  a  C o lo r  E y e  
R e f le c ta n c e  S p e c t ro p h o to m e te r  M o d e l D - l  
( I n s t r u m e n t  D e v e lo p m e n t L a b o ra to r ie s , 
K o llm o rg a n  C o rp o ra tio n , A tt le b o ro , M a s s a 
c h u s e tts ) .  C o n c e n tr a te d  c o lo r  e x t r a c t  w as  
p la c e d  in  s m a ll  v ia ls  u n d e r  n i tro g e n , 0 .15  m l 
o f  c o lo r /v ia l .  A  s t a n d a r d  m e th o d  fo r  r e a d in g  
th e  c o n c e n t r a te d  c o lo r  o n  th e  C o lo r  E y e  
in s t r u m e n t  w as  d e v e lo p e d  a s  fo llow s: c o n te n ts  
o f  th e  v ia l w ere  d i lu te d  to  10  m l w ith  h e x a n e  
a n d  a  4 .25  c m  d ia  d isc  o f  W h a tm a n  N o . 1 f i l 
t e r  p a p e r  w as  s o a k e d  in  th e  v ia l fo r  10 m in . 
T h e  d isc  w as  a i r - d r i e d  fo r 2 m in , p la c e d  in  
th e  in s t r u m e n t  a n d  r e a d  a f te r  1 m in . I n  th e  
in s t ru m e n t ,  th e  d isc  w as  b a c k e d  b y  tw o  la y e rs  
o f  W h a tm a n  f i l te r  p a p e r  a n d  a  w h i te  V itro l ite  
p la te .  A re fe re n c e  w h i te  V it ro l i te  p la te  w as 
in s e r te d  in  th e  o th e r  s id e  o f  th e  in s t r u m e n t  
fo r  c o m p a ra t iv e  re a d in g s .

T h e  C o lo r  E y e  S p e c t ro p h o to m e te r  m e a 
s u re s  t r i s t im u lu s  co lo r  v a lu e s  X , Y  a n d  Z 
w h ich  a r e  a p p ro x im a te ly  d eg ree s  o f  re d n e s s , 
g re e n n e ss , a n d  b lu e n e s s , r e s p e c tiv e ly . B e 
c a u s e  th e r e  w e re  s lig h t v a r ia t io n s  in  i n 
d iv id u a l  re a d in g s  o f  a  g iv en  s a m p le , a  ra n g e  
o f  e x p e r im e n ta l  e r ro r  h a d  to  b e  d e te rm in e d  
b e fo re  e v a lu a tio n  c o u ld  b e  e f fe c tiv e ly  c a r r ie d  
o u t . 3 0  s a m p le s  o f  th e  c o lo r  c o n c e n t r a te  to  b e  
e v a lu a te d  w e re  p r e p a r e d  a s  d e s c r ib e d , a n d  
in d e p e n d e n t  re a d in g s  o f  X , Y  a n d  Z  v a lu e s  
m a d e . R a n g e s  w e re  d e te rm in e d  fo r  e a c h  o f  
th e  th re e  v a lu e s  a s  fo llow s: X  =  1 0 2 .0  — 
100 .5 ; Y  =  9 3 .7  -  9 0 .2 ; Z  =  3 6 .4  -  25 .9 .

S to re d  s a m p le s  o f  co lo r c o n c e n t r a te s  w ere  
th e n  e v a lu a te d  a t  r e g u la r  in te rv a ls  u n t i l  
s co re s  h a d  c h a n g e d  to  a  d e g re e  t h a t  th e  p r o b 
a b i l i ty  o f  t h e i r  b e in g  w ith in  th e  o r ig in a l m e a n  
w as 1% o r  le ss . S a m p le s  o f  c o lo r  c o n c e n t ra te s  
w e re  p la c e d  in  s to ra g e  a n d  e v a lu a te d  p e r io d i
c a lly  a s  fo llow s: c le a r  v ia ls  o f  c o lo r  c o n c e n 
t r a te  p r e p a r e d  a s  a b o v e  w e re  p la c e d  a t  
a m b ie n t  te m p e r a tu r e  (a b o u t  8 0 ° F )  o n  a  la b o r 
a to r y  b e n c h  a b o u t  3 f t  f ro m  f lu o re s c e n t  lig h t 
f ix tu re s . O th e r  s a m p le s  w e re  p la c e d  in  th e  
d a r k  in  a  r e f r ig e ra to r  a t  35° F , a n d  o th e rs  in  a  
f re e z e r  a t  — 5 ° F . T h e  s a m p le s  a t  a m b ie n t  
te m p e r a tu r e  w e re  e v a lu a te d  d a ily  u n t i l  th e r e  
w as a  c o lo r  c h a n g e . T h e n  e v a lu a tio n  o f  40° F  
s to re d  s a m p le s  w as  b e g u n  a n d  th e y  w ere  
e v a lu a te d  a t  4 -w k  in te rv a ls  u n t i l  a  co lo r 
c h a n g e  d e v e lo p e d . T h e n  s a m p le s  s to re d  a t  -  
5 °F  w ere  e v a lu a te d  a t  3 0 -d a y  in te rv a ls  u n t i l  
c h a n g e  d e v e lo p e d .

RESULTS & DISCUSSION
RESULTS of storage studies of color stability in orange juice products are reported in Tables 1-4. Changes in CR and CY values of 45° Brix concentrates with added peel color extract and controls which did not contain added color, stored in tin cans at — 5°F and 35° F, are shown in Table 1. After 10 wk at — 5°F the experimental sample still had notably greater redness and yellowness values than controls although the color advantage had diminished some. After 10 wk at 35° F, which is above the temperature normally suggested for storing concentrated orange juice, the experimental sample had retained an advantage in yellowness, but had decreased in redness compared with the control sample.Changes in color in single-strength orange juice with added color are compared with controls in Tables 2, 3, and 4 for samples stored in glass bottles, tin- lined steel cans and enamel-lined steel cans, respectively. Some browning oc
curred at the higher storage tempera-
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Table 7— Changes in CR and CY values o f 45 ° Brix orange juice concen
trates with added peel color extract and controls, stored in tin cans at —5 °F  
and 35°F

S to ra g e C R C Y
T e m p  ° F T im e  w k C o n tr o l E x p C o n tr o l E x p

- 5 0 3 7 .8 42.3 8 1 .2 8 3 .7
4 37.1 4 1 .4 8 1 .2 8 2 .0
8 37.4 4 1 .0 8 1 .8 8 2 .6

10 3 7 .9 40.4 81.1 8 2 .7
35 0 3 7 .8 42.3 8 1 .2 8 3 .7

4 3 7 .2 39.4 8 0 .4 8 2 .0
8 3 7 .4 36.4 8 1 .8 80.1

10 3 7 .4 3 7 .2 8 0 .3 8 1 .8

Table 2— Changes in CR and CY values o f orange juice samples with added  
peel color extract and controls, stored in glass bottles at 3 5 °F  and 7 0 °F

S to ra g e C R C Y
T e m p  ° F T im e  w k C o n tr o l E x p C o n tr o l E x p

35 0 3 4 .9 3 5 .8 8 0 .5 8 4 .8
4 3 6 .7 3 8 .7 8 0 .8 8 4 .5
8 37.3 38.1 80.1 8 4 .1

10 3 8 .9 3 8 .7 8 0 .2 8 4 .0
70 4 4 1 .4 4 0 .6 79.3 8 2 .6

8 4 6 .7 “ 4 8 .0 “ 7 7 .4 7 9 .3
10 4 3 .7 “ 4 6 .2“ 7 8 .6 8 1 .7

“These samples showed visible signs of browning.

Table 3— Changes in CR and CY values o f orange juice samples with added  
peel color extract and controls, stored in tin cans at 3 5 °F  and 8 5 °F

S to ra g e C R C Y
T e m p  ° F T im e  w k C o n tr o l E x p C o n tr o l E x p

35 0 3 8 .5 3 9 .6 8 1 .9 8 5 .7
4 38.3 3 9 .0 8 1 .3 8 5 .2
8 3 7 .4 3 8 .9 81.1 8 5 .3

10 38.1 3 9 .6 8 1 .2 8 5 .0
85 4 38.4 3 9 .0 8 1 .2 8 5 .2

8 3 7 .7 3 8 .9 8 0 .8 85.3
10 3 8 .2 39.6 8 1 .0 8 5 .0

Table 4— Changes in CR and CY values o f orange juice samples with added  
peel color extract and controls, stored in enamel-lined cans at 3 5 °F  and 8 5 °F

S to ra g e C R C Y
T e m p  ° F T im e  w k C o n tr o l E x p C o n tr o l E x p

35 0 3 9 .2 4 0 .0 8 2 .4 8 5 .6
4 3 8 .5 3 9 .5 8 1 .6 8 4 .7
8 3 7 .8 3 8 .6 8 0 .7 8 4 .6

10 3 8 .5 3 9 .6 8 1 .5 8 4 .7
85 4 4 2 .0 4 3 .4 8 0 .6 8 2 .8

8 3 7 .8 3 8 .6 8 0 .7 8 4 .6
10 4 4 .0 “ 4 4 .6 “ 8 0 .2 8 2 .8

“These samples showed visible signs of browning.

tures both in samples stored in glass and in cans, but this was partially suppressed in samples stored in tin-lined cans, possibly by bleaching action of the tin. In canned samples at 35° F the additional redness and yellowness of experimental samples was retained after 10 wk storage while with bottled juices the experimental samples had reverted in redness to about the CR values of the controls. This may have been an effect of fading due to light through the clear container. With juice in both types of cans (Tables 3 and 4) stored at 35° F, experimental sample CR and CY values were greater than controls to about the same extent after 10 wk storage as they had been initially.
Orange juice color is usually expressed in terms of color scores using standard color tubes and visual comparison under standard conditions (USDA 1963 and 1964). The following equivalents were determined based on studies by Huggart et al. (1969) of relationship between standard color scores and Hunter Citrus Colorimeter values. For the FCOJ and orange juice samples in glass, generally the controls were equivalent to a color score of 37 and experimentáis were 38. Most of the samples in glass at 70°F were outside the color tube ranges due to darkening by browning. The remaining canned orange juice samples rated a color grade equivalent of 38 for controls and 39 for experimentáis.

The wide range of Hunter Colorimeter values included in a given color tube score points up the greater sensitivity of the colorimeter.Several unexpected observations were made at 35° F and 70° F storage of the bottled juice samples; possibly due to browning reaction. As indicated in Table 2, although the CY values maintained about the same differential between experimental and control samples after 
10 wk, the CR values changed considerably. An unexpected observation was the increase in CR values of both samples with storage time, especially at the higher temperature. This was probably 
due to browning reactions occurring in bottled juice at these storage temperatures. Although after 8 wk the experimentáis still showed an increased CR value over controls, both samples appeared visually to have darkened. Similar observances were made on samples stored in enamel-lined cans at 85° F as indicated in Table 4. Again, after 10 wk the experimental samples showed some advantage over controls in CY value but little advantage in CR values. Also, very high CR values were noted in these samples as well as an increase in CR values of both control and experimental with storage time. These samples also appeared slightly darker by visual observation. This tendency was not so notable in juice samples stored in tin-lined steel cans as

shown in Table 3. This might be due to a bleaching action of the tin-lined cans. 
Some advantage with respect to both CY and CR value was shown for the experi- 
mentals as compared to the control samples after 10 wk storage in tin-lined cans at 85° F. The degree of advantage with respect to both values was about the same after 10 wk as it had been initially.Thus, these storage studies indicate the concentrated peel color extract 
imparts a relatively stable color in concentrated orange juice stored at — 5°F and in canned single-strength juice stored at 35° F. For juice samples stored at 70°F or 85°F, darkening of product due to browning appeared to generally overshadow any effects of added color 
with the exception of those samples which were in tin-lined steel cans. Thus, this would be the container of choice for 
color-improved samples of this type if they were expected to encounter temper
atures of 70° F or higher.Because of the nature of the color concentrates, and because the Hunter Citrus Colorimeter was not designed to measure lightness and darkness without correction factors, a more precise specification of the color was required for 
studying their storage stability. The measurement of tristimulus values has been recorded as the most reliable means of specifying a color in absolute terms (Burham et al., 1963; Judd, 1952).
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Table 5— Changes in fristimulus values X, Y and 1

T e m p  ° F T im e  d a y s

T r is t im u lu s  v a lu e s
X

(red n e ss )
Y

(g re en n e ss )
Z

(b lu en ess)
a m b ie n t  8 0 “ 0 100.3 9 3 .0 28.1

3 102.0 9 3 .0 3 3 .0
7 102.7 97.8* 56.7*
9 103.0 99.9* 75.9*

40 16 102 .5 9 4 .0 3 5 .0
49 101 .6 9 3 .3 3 5 .5
85 102.3 9 2 .8 29.7

102 1 0 2 .8 ‘ 96.1* 44.1*
127 103.3* 96.0* 40.0*

- 5 127 102 .4 9 2 .8 36.3
161 102 .6 9 3 .6 3 6 .3
197 102.9* 94.7* 37.0*
220 102 .3 9 3 .4 3 4 .3
243 102 .4 9 3 .4 3 4 .3

“80°F average, range 70-90°F.
‘Probability of these values being outside the range of original values is 

greater than 99%.

Using a reflectance spectrophotometer, the standard tristimulus X, Y and Z 
measurements can be made and these may be interpreted in common visual 
terms as degrees of redness, greenness, and blueness (or darkness), respectively.

The changes in X, Y and Z values of 
concentrated color extracts stored at ambient, refrigerator and freezer tempera
tures are indicated in Table 5. At ambient temperatures, which averaged about 80°F (70° 90°F), samples were beginning to show fading in 3 days and 
at the end of 7 days had reached a point of notable color fading. By the end of 9 
days they were definitely visually faded and were out of the original color value range. At that point evaluations on samples which had been stored in the refrigerator (40° F) were begun. These 
samples remained in the acceptable 
range of values for 85 days but began to be slightly out of range and showed slight fading. By 127 days the samples 
were definitely out of range with respect to all tristimulus values. At that point those samples which had been stored at —5°F were evaluated. They remained 
within range until 197 days. At that point the tristimulus values were slightly out of range but no visible changes were apparent. After 243 days the sample still remained slightly within the original 
ranges. At this point, dilution compari
sons with original values indicated these color concentrates had diminished in “coloring power” by about 20%. That is, 
about 20% additional color was required to achieve a given color score in a standard juice over that which had been required initially. Thus, it appears that these color extracts have suitable stability in juice products, particularly in juice samples stored at 35° F or concen
trates at — 5°F. Those treated products stored in cans have better color stability

than those in bottles. The color extract itself should be stored at -5° F for longterm storage and at 40° F or lower at all 
times. If these precautions on use and storage are observed, the color concentrates and products to which they are added appear to be suitable for commer
cial use.
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NUTRITIVE VALUE OF OPAQUE-2 CORN AND ITS MIXTURE 
WITH HYBRID CORN AND WHEAT FLOUR

SU M M A R Y— A stu dy  w as carried out to eva lu a te  the nu tritive  va lue  o f opaque-2 corn  grow n in 
Brazil an d  the nutritional e ffects o f its m ixtu re w ith  hyb rid  corn an d  w h ea t Hour. These stud ies 
w ere conducted w ith  rats to determ ine the  g row th  ra te , fe ed  effic iency an d  protein  effic iency ratio . 
Am ino acid analyses o f B razilian  opaque-2 corn con firm ed its h igh lysine  content an d  o ther d iffe r- 
ences in am ino acid  con ten t; nu tritive  va lue  w as sh ow n  to be sim ila r to the  Am erican  va rie ty . There  
w ere sm all variations am ong sam ples o f opaque-2 corn g row n  in d iffe ren t reg ions an d  crop yea rs, 
but a ll h a d  high nu tritive va lue . The nu tritive va lu e  o f the  hyb rid  corn w as little  im proved  by its 
m ixture  w ith th e  high  lysine opaaue-2 corn. Better results w e re  foun d  w hen  the opaque-2 w as  
m ixed w ith  the w h ea t flour.

INTRODUCTION
DISCOVERY by Mertz et al. (1964) of a high lysine, high tryptophan com 
widened the possibilities of the utilization of this cereal in the world fight against protein malnutrition. A nutritious com could have beneficial effects on the protein nutrition of a large segment of the world population.We have been interested in the opaque-2 since its introduction in Brazil in 1965 and have therefore compared the amino acid composition and biological value of the American opaque com with Brazilian varieties. We have also been concerned with possible future uses for this cereal. Mixture of opaque com and low lysine cereals such as normal com and wheat have been tested as a pre
liminary step in the production of a more balanced food for animals and humans.

EXPERIMENTAL
A M E R IC A N  o p a q u e -2  w as  p ro v id e d  b y  
M e rtz , a n d  B ra z il ia n  v a r ie t ie s  w e re  m a d e  
a v a ila b le  th ro u g h  th e  A g ro n o m y  S ch o o l o f 
P i r a c ic a b a  (m ix e d  g e n e tic  b a c k g ro u n d )  a n d  
th e  A g ro n o m y  I n s t i tu te  o f  C a m p in a s  (M a y a -  
d e n t  ty p e  o f  c o m  b a c k g ro u n d ) . O th e r  g e n e ra 
tio n s  o f  th e s e  c o rn s  w ere  g ro w n  in  d if f e re n t  
re g io n s  o f  th e  c o u n t ry  a n d  in  s u c c e s s iv e  y e a rs , 
w h ile  h y b r id  c o m  (H M D  7 9 -7 4 ) w as o b ta in e d  
lo c a lly . A  n a tiv e  f lo u ry - ty p e  c o m  c u l t iv a te d  
b y  I n d ia n s  in  B ra z il  w as  a lso  s tu d ie d .

T h e  a m in o  a c id  c o m p o s itio n  o f  th e  A m e r i
c a n  o p a q u e -2 , th e  f i r s t  P i r a c ic a b a  o p a q u e -2  
v a r ie ty , th e  f lo u ry  I n d ia n  v a r ie ty  a n d  th e  
h y b r id  c o m  w ere  d e te rm in e d  w ith  a n  A u to a n -  
a ly z e r  a t  th e  F o o d  T e c h n o lo g y  I n s t i tu te  o f 
C a m p in a s . S ta n d a r d  te c h n iq u e s  w ere  u se d  
th ro u g h o u t.

B io lo g ica l a s s a y s  w ere  c o n d u c te d  w ith  
w e a n lin g  m a le  r a t s  (W is ta r  s t r a in )  fed  th e  
d if f e r e n t  s a m p le s  o f  c o m  fo r  a  4 -w k  p e r io d

1 Associate Professor of Medicine, Chief Nutrition Laboratory.
2 Fellow in Nutrition, SSo Paulo Research Foundation (FAPESP). Present address. School of Animal Husbandry and Agriculture, Jaboticabal, Sao Paulo, Brazil.

(A O A C , 1 965). S ix  r a t s  w ere  ra n d o m ly  a l lo 
c a te d  to  e a c h  g ro u p , in d iv id u a lly  h o u s e d  a n d  
g iv en  a c ce ss  to  food  a n d  w a te r  a d  l ib i tu m . 
T h e s e  r a t s  w ere  w e ig h ed  w ee k ly  a n d  fo o d  
c o n s u m p tio n  w as  d e te rm in e d  tw ic e  a  w ee k . 
T h e  n itro g e n  c o n te n t  o f  th e  d ie t s  w as  e s t im a te d  
b y  th e  K je ld a h l  m e th o d  a n d  to ta l  p ro te in  in 
ta k e  fo r e a c h  a n im a l  w as  c a lc u la te d  a t  th e  e n d  
o f  th e  e x p e r im e n t.

A ll th e  a v a ila b le  c o rn  s a m p le s  a n d  c o m b i
n a tio n s  o f  h y b r id  c o m  a n d  o p a q u e -2  w e re  
b io lo g ic a lly  te s te d . T h e  p ro p o r t io n s  te s te d  
in c lu d e d  2 5% , 5 0%  a n d  75%  o f  th e  p ro te in  o f  
th e  d ie t  fo r e a c h  c o m  (T a b le  1, E x p . I ) .  
W h e a t  f lo u r , o b ta in e d  lo c a lly , w a s  a lso  m ix e d  
w ith  o p a q u e -2  c o m  f lo u r  in  th e  s a m e  p ro p o r 
tio n s  a s  in  th e  p re v io u s  e x p e r im e n t  a n d  th e i r

e f f ic ie n c y  w a s  m e a s u re d  in  t h e  r a t  ( T a b le  1, 
E x p . 2).

T h e  e x p e r im e n ts  h a d  a  c o m p le te ly  r a n 
d o m iz e d  b lo c k  d e s ig n . M u lt ip le  c o m p a r is o n s  
w ere  a n a ly z e d  b y  th e  T u k e y  te s t .  R e s u l ts  
w ere  c o n s id e re d  s ta t is t ic a l ly  s ig n if ic a n t  w h e n  
th e y  w e re  d if f e r e n t  a t  th e  1%  lev e l.

RESULTS & DISCUSSION
AMINO ACID analyses of the first available opaque com in our laboratory showed its high lysine content to be similar to the American sample and above 
the values found in the hybrid and Indian floury corns. These data and 
other amino acid values are shown in Table 2 and confirm previous studies (Mertz, 1968). The only exception was 
the low quantity of tryptophan. Technical difficulties with this estimation could 
be partly responsible for these findings (Bates, 1966).Growth rate of the animals fed the Brazilian variety and American opaque- 2 corns showed similarly high values,

Table 1— Composition of the corn and corn/wheat mixtures

E x p e r im e n t  1— O p a q u e  a n d  h y b r id  c o m
P ro te in  d is t r ib u t io n  % G ra m s  in  th e  d ie t

D ie t O p a q u e -2 H y b r id O p a q u e -2 H y b r id
1 100 0 69 0
2 75 25 52 21
3 50 50 34 43
4 25 l b 17 65
5 0 100 0 87

E x p e r im e n t  2— O p a q u e  a n d  w h e a t  f lo u r
P r o te in  d is t r ib u t io n  % G ra m s  in th e  d ie t

D ie t O p a q u e -2 W h e a t  f lo u r O p a q u e -2 W h e a t  f lo u r
1 100 0 86 0
2 l b 25 65 16
3 50 50 43 33
4 25 75 22 49
5 0 100 0 65

Table 2— Amino acid content o f different corns (mg/100 g corn)

V a r ie ty L y s . T r y . A rg . A sp . G ly . A la . L e u .
O p a q u e -2  U S A  
O p a q u e -2  B ra z il

367 64 525 870 377 672 8 57

(P ira c ic a b a ) 395 62 470 647 445 6 2 6 6 38
H y b r id  c o m 156 54 186 392 237 716 983
F lo w ry  B ra z il ia n  In d ia n s 228 57 363 485 313 835 1094
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Table 3— Nutritive value o f Brazilians opaque-2 corns tested in rats

L in e
B a c k g ro u n d L o c a l g ro w n C ro p  y e a r

P r o te in  
e ffic . r a t io  

P E R

F o o d
effic . r a t io  

F E R
P ira c ic a b a P ir a c ic a b a 1967 2 .35 0 .1 8
M ix e d P ira c ic a b a 1968 2 .63 0 .21

I tu v e r a v a 1969 2 .9 8 0 .21
C a m p in a s C ra v in h o s 1968 2 .0 8 0 .1 8
M a y a R ib . P r e to 1968 2 .1 7 0 .19

S . J o a q u im 1969 2 .34 0 .20
C a m p in a s 1969 2 .5 8 0 .2 1

P u r d u e U S A 1967 2 .3 9 0 .2 0

Table 4— Protein 
opaque-wheat flour

quality o f the mixtures o f opaque-hybrid corn and

W e ig h t F o o d F e e d P r o te in
g a in in ta k e e ff ic ie n c y e ff ic ie n c y

D ie t g g r a t io r a t io
E x p e r im e n t  1— O p a q u e  a n d  h y b r id

1 44 243 0 .1 8 2 .3 5
2 29 217 0 .1 3 1 .79
3 20 175 0 .11 1 .49
4 15 163 0 .0 9 1.22
5 16 154 0 .1 0 1 .28

E x p e r im e n t  2— O p a q u e  a n d  w h e a t
1 57 262 0 .2 2 2 .98
2 55 286 0 .1 9 2 .4 7
3 25 199 0 .1 3 1 .58
4 21 196 0 .1 0 1 .34
5 9 154 0 .0 6 0 .7 9

Fig. I— Curves sh ow in g  a vera ge  w eek ly  ga ins o f 
rats fed  on d iffe ren t corns.

much better than those obtained with the hybrid and Indian floury varieties (Fig. 1). Although the Indian com had higher values for lysine and other amino acids than the hybrid, this did not result 
in a better growth in the rats.The protein efficiency ratio obtained in the samples of the Brazilian opaque-2 
corns grown in different places and years is shown in Table 3. Some variations were found among them, but all values were considered indicative of good nutri
tive value, and the results obtained were quite close to those observed from casein groups.The nutritive value of the mixtures of hybrid and opaque corns did not show a statistically significant improvement over the hybrid com alone, until the amount of opaque reached 75% of the diet protein (Table 4, Exp. 1). On the other hand, all the mixtures of opaque-2 and wheat flour showed statistically 
significant better protein quality than when wheat was the only source of protein in the diet (Table 4, Exp. 2). Considering that lysine is the limiting amino acid of both com and wheat, it was sur

prising that the mixture of each with opaque-2 greatly improved the nutritive value of the latter. This is due, we 
believe, to an improvement in the overall amino acid balance of the wheat-opaque mixture rather than the lysine supplementation alone.

Our findings are important because in countries where there is a lack of good dietary protein there is a possibility of mixing opaque-2 with wheat to make 
bread, rolls and other products with better nutritive quality. Also, in countries where wheat flour is not readily available, the addition of opaque-2 could have importance from an economic point of view.
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EFFECT OF PROCESSING METHOD AND pH OF PRECIPITATION ON THE YIELDS 
AND FUNCTIONAL PROPERTIES OF PROTEIN ISOLATES 

FROM GLANDLESS COTTONSEED

SUMMARY— G land less cottonseed  m eals w ere  p rep a red  under contro lled  conditions in a  p ilot p lan t 
by three d iffe ren t processing m ethods. These m eals a long w ith  a g land less co ttonseed  m eal pro
duced  a t a  com m ercia l o il m ill w e re  u sed  as source m eals for protein  iso la tes. Tw o  protein  fractions 
d ifferin g  in com position an d  characteristics w ere  iso la ted  from  each type  m eal using a  tw o-step , 
tw o-solvent iso lation procedure d eve lo ped  at the USDA Southern U tilization R&D D iv. Y ie lds o f each  
iso la te p rec ip ita ted  a t th ree  d iffe ren t pH  leve ls w e re  de term in ed  on the p ilo t p lan t m eals. Iso la te  
yie ld s from  the  com m ercial m ea l w ere  de term in ed  near the  respective  isoelectric po in ts o f the tw o  
fractions. Functional p roperties including w hippabH ity , heat ge la tion , so lub ility  an d  foam ing proper
ties, w e re  m easured  on all iso la tes. Variation in m easured  va lues due to m ea l processing m ethod  
an d  precip ita tion  pH  w as sta tistica lly  a ssessed  in som e instances. M ea l processing m ethod w as  
foun d  to sign ifican tly  a ffect the y ie ld  o f Iso la te  I, the m inor iso la te. pH  o f precip ita tion  w a s foun d  to 
sign ifican tly  a ffect the y ie ld  o f Iso la te  I I , the m ajor iso la te . A lso , it w as sh ow n  tha t the  pH -solubility  
pro files o f both Iso la tes I an d  II could be a lte red  by changing the pH  at w h ich  they  w ere  precip i
ta ted . The functional p roperties o f isolates from  m eals p rocessed w ithou t heat w ere  superior to 
those o f iso lates from  h ea ted  m eals. D ata collected in d ica ted  the n eed  for a  n e w  practice in eva lu a t
ing the  exten t o f denatu ration  o f cottonseed protein  products. The p resen t p ractice o f determ in ing  
nitrogen so lub ility  at one po int w as sh ow n  to be in adequ ate .

INTRODUCTION
THROUGH THE joint efforts of cotton breeders, oilseed researchers, and many others of related interests, production of glandless cotton is expanding and glandless cottonseed is increasingly being 
evaluated as a potentially important source of food protein. Since the introduction in 1969 of a high protein nut-like product (called Tamunuts) prepared from undefatted glandless cottonseed kernels, major food processors from all parts of the United States and several foreign countries have been investigating glandless cottonseed as a new low-cost source of nut meats (Lawhon et al.,1970). Prior to that time, cottonseed meals, protein concentrates, and protein isolates from glandless cottonseed had already been produced in pilot plants and in commercial processing trials. The meals had been tested in poultry and swine rations and the concentrates and isolates were under investigation for use in human foods.

It has been recognized by cottonseed processors through the years that processing methods affect the nutritional properties of cottonseed protein (Framp- 
ton, 1964). Other investigators have reported that meal processing conditions can affect the quantity of nitrogen that is solubilized in procedures used to isolate protein (Martinez, 1968).

In the work reported here, three glandless cottonseed meals were pre
1 Operated by the Texas Engineering Experiment Station for the Cotton Research Committee of Texas.

pared under controlled conditions in the 
Texas A&M University Oilseed Products Research Center (OPRC) pilot 
plant by three different processing methods. Isolates were prepared from these meals and from a fourth meal produced in glandless cottonseed processing trials at a commercial oil mill.The two-step, two-solvent protein isolation procedure developed at the USDA Southern Utilization R&D Div., 
New Orleans, was employed (Berardi et al., 1969). This procedure separates the protein into two fractions with widely differing chemical and physical properties. Isolate I is composed of low molecu
lar weight, water-soluble proteins with a minimum solubility range of pH 3.8 4.2. It is normally precipitated at pH 4. This is the minor component of the protein, 
comprising roughly one-fourth of the protein isolatable by the procedure. Isolate II is composed of high molecular 
weight, alkali-soluble proteins with a minimum solubility range from pH6.2-7.8. This isolate, the major component, is normally precipitated at pH 7.Isolates I and II from the three pilot plant meals were each precipitated at three different pH levels and the relative yields from each meal were determined. Isolates I and II from the fourth meal 
were each precipitated at a single pH near their respective isoelectric points. Functional properties of the protein, including whipping, gelation, solubility, and foaming properties, were measured and the effect of meal processing and pH 
of precipitation on them statistically assessed in some instances.

EXPERIMENTAL
Cottonseed meal preparation

T h r e e  c o tto n s e e d  m e a ls  w e re  p r e p a r e d  
fro m  W a ts o n  G L -7  g la n d le s s  c o tto n s e e d  u s in g  
O P R C  p ilo t  p la n t  p ro c e s s in g  e q u ip m e n t .  
W h o le  a n d  la rg e  k e rn e l  p a r t ic le s  e x tr e m e ly  
low  in  h u l ls  c o n te n t  w e re  f la k e d  w ith o u t p re -  
t r e a tm e n t  w ith  a  F la k -A ll  m a c h in e .  D i f f e r e n t  
p ro c e s s in g  p ro c e d u re s  w e re  th e n  a p p l ie d  a s  
fo llow s:

M eal 1. U n h e a te d  f la k e s  w e re  d i r e c t -  
e x tr a c te d  w ith  h e x a n e  a t  a m b ie n t  t e m p e r a 
tu r e  in  a  5 5 -g a l b a tc h  e x tr a c to r .  S p e n t  f la k e s  
w ere  d e s o lv e n tiz e d  b y  w a rm  a i r  f lo w in g  
u p w a rd  th ro u g h  a  s ta t io n a r y  b e d .

M eal 2. F la k e s  w e re  p la c e d  in  a  2 2 - in . 
d ia m e te r  s te a m - ja c k e te d  c o o k e r  in  75  lb . 
b a tc h  c h a rg e s . T e m p e r a tu r e  in s id e  th e  c o o k e r  
w as  ra is e d  to  1 8 0 °F  w ith in  10 m in  a n d  w a te r  
a d d e d  to  in c re a s e  th e  f la k e s  m o is tu r e  f ro m  
7 .5%  to  12% . C o o k in g  c o n t in u e d  fo r  a n  a d d i 
t io n a l  20  m in  a s  f la k e s  w e re  a g i t a t e d  b y  a  
re v o lv in g  sw eep . T e m p e r a tu r e s  in s id e  th e  
c o o k e r  w ere  c o n tro lle d  to  a  m a x im u m  o f  225°
F . D is c h a rg e d  f la k e s  w e re  s c re e n e d  to  b r e a k  
u p  c o n g lo m e ra te s  fo rm e d  in  th e  c o o k e r  a n d  to  
coo l b e fo re  e x tr a c t io n .  S p e n t  f la k e s  w e re  
d e s o lv e n tiz e d  b y  in d ir e c t  h e a t  in  a  s te a m -  
ja c k e te d  k e t t le  w h ile  u n d e r  a g i ta t io n .  D e s o l-  
v e n tiz a t io n  te m p e r a tu r e  w as  c o n tro lle d  to  a  
m a x  o f  190° F . R e s id e n c e  t im e  d id  n o t  e x c e e d  
15 m in .

M eal 3. F la k e s  w e re  c o o k e d  a n d  s c re e n e d  
a s  fo r  M e a l 2, th e n  p re p re s s e d  w ith  a  V .D . 
A n d e rso n  m id g e t  “ e x p e lle r”  s c re w  p re s s .  T h e  
p re s s  c a g e  w as  8 - 1 /4  in . lo n g  a n d  1 - 1 /2  in . I .
D . C a p a c i ty  o f  th e  p re s s  w as  9  l b / h r .  P r e p r e s s  
c a k e  w as m a n u a l ly  b ro k e n  in to  p a r t ic le s  le ss  
th a n  1 in . s q u a r e  a n d  e x t r a c te d  a n d  d e s o lv e n 
tiz e d  a s  fo r M e a l 2.

E a c h  m e a l w as  p a s s e d  a t  a  s lo w  r a te  
th ro u g h  a  F i tz p a t r ic k  c o m m in u t in g  m a c h in e  
f i t te d  w ith  a  c o a rs e  s c re e n  to  s h a t t e r  a g g re 
g a te d  p a r t ic le s  a n d  t h e n  s c re e n e d  o v e r  a  20 
m e s h  v ib ra t in g  s c re e n . P r o d u c t s  p a s s in g  
th ro u g h  th e  s c re e n  w e re  u s e d  fo r  p ro te in  is o la 
tio n .

M eal 4. W a tso n  G L -1 6  g la n d le s s  c o t t o n 
seed  w as  p ro c e s s e d  in  a n  e x p e r im e n ta l  r u n  a t  
P ro d u c e rs  C o o p e ra tiv e  O il M ill , O k la h o m a  
C ity  (S m ith ,  1970). C o a rs e  a n d  f in e  k e rn e ls  
w ere  c o n d i t io n e d  in  a  s e v e n -h ig h  s ta c k  
c o o k e r. T e m p e r a tu r e  o f  th e  k e rn e ls  d i s 
c h a rg e d  fro m  th e  c o o k e r  w as  170° F . K e rn e ls  
w ere  f la k e d  to  a  th ic k n e s s  o f  0 .0 1 0 -0 .0 1 2  in . 
w ith  a  B a u e r m e is te r  f la k e r  a n d  h e x a n e -  
e x tr a c te d  in  a  C ro w n  2 5 0 - to n  e x t r a c to r  r u n 
n in g  a t  h a l f  s p e e d . D e s o lv e n t iz a t io n  w a s  in  
a  5 - t r a y  102 in . d ia  C ro w n  D e s o lv e n t iz e r-  
T o a s te r .  A  m a x  t e m p e r a tu r e  o f  150° F  w a s  
u s e d  to  p re v e n t  m e a l d a rk e n in g . S p a rg e  
s te a m  w as  n o t  e m p lo y e d  d u r in g  d e s o lv e n t iz a 
tio n .
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D e s o lv e n tiz e d  f la k e s  w e re  s c re e n e d  o v e r  a  
12 m e s h  s c re e n  a n d  th e  “ th r o u g h ”  f r a c t io n  
tu rb o -m ille d  a n d  r e s c re e n e d  o v e r  a  6 0  m e s h  
sc re en . M e a l 4 is a  p o r t io n  o f  th e  6 0  m e s h  
p ro d u c t .
Experim ental design

A s p l i t-p lo t  d e s ig n  w as  fo llow ed  in  m a k in g  
ra n d o m ly  o rd e re d  p ro te in  is o la t io n  ru n s  
u s in g  th e  th re e  p i lo t  p la n t  m e a ls . M e a l p r o 
ce ss in g  m e th o d s  c o r r e s p o n d e d  to  w h o le -u n i t  
t r e a tm e n ts  in  th e  d e s ig n  a n d  p H  o f  p r e c ip i t a 
tio n  c o r r e s p o n d e d  to  s u b u n i t  t r e a tm e n ts .  I s o 
la te  I  w as  e x tr a c te d  fro m  M e a ls  1 , 2 , a n d  3 
a n d  r a n d o m ly  p r e c ip i ta te d  a t  p H  3, 4 , a n d  5. 
Is o la te  I I  w as  e x tr a c te d  f ro m  e a c h  o f  th e s e  
m ea ls  ( a f te r  I s o la te  I  h a d  b e e n  e x tr a c te d  in  
s te p  o n e  o f  th e  tw o -s te p  p ro c e d u re )  a n d  r a n 
d o m ly  p re c ip i ta te d  a t  p H  6 , 7 , a n d  8 . I s o la te s  
I a n d  I I  w e re  e a c h  p r e c ip i ta te d  a t  o n ly  o n e  
p H  leve l fo r e a c h  ru n , th u s  r e q u ir in g  a  to ta l  o f  
9 ru n s  p e r  re p l ic a t io n . T w o  re p l ic a t io n s  w ere  
m a d e  o f  th e  r u n  s e r ie s .

M e a l 4 w as n o t  in c lu d e d  in  th e  s ta t is t ic a l  
d es ig n  a n d  a n a ly s is . O n ly  tw o  is o la t io n  ru n s  
w ere m a d e  u s in g  M e a l 4. I n  th e s e  r u n s  I s o la te  
I  w as  p re c ip i ta te d  a t  p H  4 a n d  I s o la te  I I  w as  
p re c ip i ta te d  a t  p H  7 .
Protein isolation and drying

I n  e a c h  ru n , 6 .9 5  lb  o f  m e a l  w e re  e x tr a c te d  
b y  c o n tin u o u s  s t i r r in g  fo r  3 0  m in  in  10 g a l o f  
ta p  w a te r  (S te p  I )  a t  25° C . T h e  w a te r  w as  
a d ju s te d  to  p H  6 .5  w ith  I N  HC1. A f te r  s e p a 
r a t in g  th e  s lu r ry  b y  c e n tr i fu g a tio n  in to  l iq u id  
e x tr a c t  ( E x t r a c t  A ) a n d  so lid s  re s id u e  
(R e s id u e ) , I s o la te  I w as  p r e c ip i ta te d  a t  o n e  o f  
th e  te s t  p H  le v e ls  b y  HC1 a d d i t io n  a n d  s e p a r 
a te d  b y  c e n tr ifu g in g . T h e  R e s id u e  w as  re - 
e x tr a c te d  (S te p  I I )  in  10 g a l o f  .0 1 5 N  N a O H  
(a ro u n d  p H  10) a t  2 5 °C  fo r  3 0  m in . T h e  s e c 
o nd  v o lu m e  o f  s lu r ry  w as  th e n  c e n tr i fu g e d  to  
o b ta in  a  se c o n d  e x t r a c t  ( E x t r a c t  B ) a n d  a  
seco n d  re s id u e  (R e s id u e -R ) . I s o la te  I I  w as  
p re c ip i ta te d  fro m  E x t r a c t  B  b y  HC1 a d d i t io n  
a t  th e  p re c ip i ta t io n  p H  le v e l c h o se n . T h e  
s o lid ifie d  is o la te  w as  re c o v e re d  b y  c e n tr i fu g 
ing.

A ll iso la te s  w e re  d ry e d  b y  s p r a y  d ry in g  
a f te r  a d ju s tm e n t  to  n e u t r a l  p H . A n  in le t  a i r  
t e m p e ra tu re  o f  2 7 5 -2 8 0 °  F  a n d  a n  o u t le t  a i r  
t e m p e ra tu re  o f  2 0 0 -2 0 5 °  F  w e re  u se d .

D rie d  is o la te s  ra n g e d  in  co lo r  f ro m  c re a m  
to  lig h t t a n  w ith  I s o la te  I  b e in g  s o m e w h a t 
lig h te r. T h e  iso la te s  w e re  s to re d  a t  3 2 -3 5 °  F  
fo r 2 -3  d a y s , u s u a l ly , w h ile  a w a it in g  d ry in g .
Functional property m easurements

Whipping properties. W h ip p a b i l i ty  
m e a s u re m e n ts  w ere  m a d e  o n  I s o la te s  I  a n d  I I  
a s  follow s:
(a) 3g o f  d r ie d  is o la te  w e re  d is p e rs e d  in  100 

m l o f  c i t r a te - p h o s p h a te  b u f fe r  (p H  7 ).
(b ) T h e  s o lu tio n -s u s p e n s io n  w as  w h ip p e d  fo r 

6  m in  a t  a  s p e e d  fo r h e a v y  b e a t in g  
(M ix m a s te r  s p e e d  9 ).

(c) V isco sity  o f  th e  r e s u lt in g  w h ip  w as m e a 
s u re d  w ith  a  M o d e l L V T -E  B ro o k f ie ld  
V is c o m e te r , u s in g  a  N o . 3 a n d  4  s p in d le  
a t  6 rp m . V o lu m e s  b e fo re  a n d  a f te r  
w h ip p in g  w e re  re c o rd e d  a n d  th e  %  v o l
u m e  in c re a s e  d u e  to  w h ip p in g  c a lc u la te d  
a s  fo llow s:

%  V o l. In c re a s e  =
V ol. a f t e r  w h ip p in g  -  V o l. b e fo re  w h ip p in g  

V o l. b e fo re  w h ip p in g

(d ) 7 5g  o f  s u g a r  w e re  a d d e d  to  w h ip  a n d  
w h ip p in g  re s u m e d  fo r  a n  a d d i t io n a l  2 
m in .

(e ) M e a s u re m e n ts  in  (c ) w e re  r e p e a te d .
Gelation properties. M e a s u re m e n ts  o f

gel s tr e n g th  w e re  m a d e  a t  is o la te  c o n c e n t r a 
t io n s  o f  6 , 8 , a n d  10%  u s in g  a  P re c is io n  U n i 
v e rs a l P e n e t r o m e te r  e q u ip p e d  w ith  a  m in ia 
tu r e  co n e  1 -3 /8  in . d ia  a n d  w e ig h in g  10.8g. 
T h e  w e ig h t o f  th e  s t a n d a r d  te s t  ro d  w ith o u t 
th e  co n e  w as  47 .5g . N o  w e ig h ts  w e re  a d d e d  to  
th e  lo a d in g  b a r .  I n  m e a s u r in g , th e  co n e  w as 
a llo w ed  to  p e n e t r a te  th e  g els  fo r  3  sec  a n d  
th e n  th e  d e p th  o f  p e n e tr a t io n  r e a d  d ir e c t ly  in  
te n th s  o f  m il l im e te r s .

A f te r  s o m e  d e v e lo p m e n ta l  w o rk  a  m e th o d  
w h ic h  y ie ld e d  m e a s u ra b le  g els  f ro m  Is o la te  I I  
w as  d e r iv e d  fo r u se  a s  fo llow s:
(a )  18g o f  d r ie d  is o la te  w e re  s u s p e n d e d  in

146 .6  m l o f  d is t i l le d  w a te r  a n d  m ix ed  
w ell.

(b ) 1 M  c i t r ic  a c id  w as  a d d e d  in  th e  ra t io  o f
0 .8  m l / g  o f  is o la te . T h e  re s u l t in g  s o lu 
t io n -s u s p e n s io n  c o n ta in e d  10%  is o la te  b y  
w e ig h t a n d  w as a t  p H  3 .5 -3 .9 .

(c ) 14 m l o f  d is t i l l e d  w a te r  w e re  a d d e d  to  56g 
o f  th e  s o lu tio n -s u s p e n s io n  to  d i lu te  i t  to  
8%  c o n c e n t ra t io n .

(d ) 28 m l o f  d is t i l le d  w a te r  d i lu te d  42g  o f  th e  
s o lu tio n -s u s p e n s io n  to  g ive a  6%  is o la te  
c o n c e n tra t io n .

(e ) T h e  th r e e  c o n c e n t r a t io n s  w e re  h e a te d  in  
b o ilin g  w a te r  fo r  10  m in  (b e in g  s t i r r e d  
w h ile  h e a tin g ) .

(f) H e a te d  s a m p le s  w ere  co o led  o v e rn ig h t  in  
a  re f r ig e ra to r  a t  40° F .

(g) P e n e t r o m e te r  m e a s u re m e n ts  w e re  m a d e  
th e  fo llo w in g  d a y  a f te r  s a m p le s  h a d  e q u i l 
ib r a te d  to  ro o m  te m p e r a tu r e .

G e ls  w e re  a lso  p r e p a r e d  f ro m  g e la tin  a n d  
m e a s u re d  fo r c o m p a ra t iv e  p u rp o s e s .

Solubility ch aracteristics. N itro g e n  
s o lu b il i ty  w as  d e te rm in e d  a t  e i th e r  5 o r  6 
p o in ts  o n  o n e  r e p l ic a t io n  o f  th e  is o la te s . In  
a d d it io n , n i tro g e n  s o lu b il i t ie s  w e re  m e a s u re d  
o n  3  I s o la te  I  s a m p le s  a n d  a  g la n d le s s  c o t to n 
s e e d  m e a l w h ich  w e re  a v a ila b le  f ro m  o th e r  
in v e s tig a tio n s . T h e s e  3 I s o la te  I  s a m p le s  
la b e le d  is o la te s  A , B  a n d  C  in  F ig u re  I , h a d  
b e e n  p r e p a r e d  u s in g  th e  s a m e  tw o -s te p , tw o- 
s o lv e n t is o la t io n  p ro c e d u re  u se d  in  th is  s tu d y , 
b u t  w e re  d ry e d  b y  th r e e  d if f e r e n t  d ry in g  
te c h n iq u e s  w h ic h  v a r io u s ly  a f fe c te d  th e  s o lu 
b il i ty  c h a r a c te r is t ic s  o f  th e  f in a l p ro d u c t .  T h e  
m e a l is d e s ig n a te d  M e a l D .

S o lu b il i ty  c h a ra c te r is t ic s  w ere  m e a s u re d  
b y  th e  fo llo w in g  m e th o d  ( L y m a n  e t  a l ., 
1953):
a )  l g  o f  d r ie d  is o la te  w as  d is p e rs e d  in  100 m l

o f  w a te r  a l r e a d y  a d ju s te d  to  p H  o f  m e a 
s u re m e n t.

b )  A f te r  s t i r r in g  5 m in , th e  s lu r ry  w as  r e a d 
ju s t e d  to  th e  o r ig in a l p H . A f te r  a n  a d d i 

t io n a l  5 m in  o f  s t i r r in g  t h e  p H  w as 
re c h e c k e d  a n d  a d ju s te d  i f  n e c e s s a ry .

c ) T h e  s lu r ry  w a s  h e a te d  fo r  3 0  m in  in  a
37.5° C  w a te r  b a th  a n d  th e n  s h a k e n  fo r 
30  m in  a t  ro o m  te m p e r a tu r e .

d )  T h e  s lu r r y  w a s  c e n tr i fu g e d  a t  2 0 0 0  r p m
fo r 20  m in , f i l te re d , a n d  a  7 0  m l a l iq u o t  
re m o v e d  fo r  d e te rm in in g  % s o lu b le  N  b y  
s t a n d a r d  p ro c e d u re s  (A .O .C .S ., 1957).

p H  a d ju s tm e n ts  w e re  m a d e  w ith  .0 1 N  
HC1 a n d  .0 1 5 N  N a O H .

Foam ing properties. F o a m in g  c a p a c i ty  
a n d  fo a m in g  s ta b i l i ty  w e re  m e a s u re d  o n  o n e  
r e p l ic a t io n  o f  th e  is o la te s .

Is o la te s  w e re  te s t e d  b y  a d d in g  to  100  m l 
c i t r a te -p h o s p h a te  b u f f e r  (p H  4  fo r  I s o la te  I 
a n d  p H  6  fo r  I s o la te  I I )  th e  a m o u n t  o f  s a m p le  
r e q u ir e d  to  g iv e  0 .3  m g  N / m l  in  th e  m ix tu re . 
5 0  m l o f  th e  r e s u lt in g  s o lu tio n -s u s p e n s io n  
w ere  p ip e t t e d  in to  e a c h  o f  tw o  s to p p e re d  100 
m l g ra d u a te d  c y l in d e r s  a n d  th e  c y lin d e r s  
s h a k e n  in  a  h o r iz o n ta l  p o s itio n  fo r  1 m in  a t  
th e  r a te  o f  2 c y c le s  p e r  sec . T h e  c y lin d e r s  
w ere  th e n  p la c e d  u p r ig h t  a n d  th e  to ta l  v o lu m e  
o f  l iq u id  p lu s  fo a m  in  e a c h  c y l in d e r  r e a d  a n d  
re c o rd e d  in  m l a f t e r  30  sec . T h e  m e a n  v a lu e  
w as t a k e n  a s  th e  fo a m in g  c a p a c i ty  o f  th e  
p ro te in  s o lu tio n .

A f te r  10  m in  a n d  a g a in  a f t e r  2  h r ,  th e  
v o lu m e  o f  fo a m  o n ly , i.e ., t h e  to ta l  v o lu m e  
m in u s  th e  l iq u id ,  m e a s u re d  in  m l, w as  r e 
c o rd e d  fo r  e a c h  c y lin d e r . T h e  m e a n  v a lu e  o f  
th e  v o lu m e s  a f te r  e a c h  t im e  p e r io d  w as  ta k e n  
a s  th e  fo am  s ta b i l i ty .

RESULTS & DISCUSSION
ANALYTICAL DATA on the four source meals before protein extraction are shown in Table 1.Meal 4 differed slightly from the pilot 
plant meals in oil, crude fiber and total gossypol contents. Higher crude fiber and gossypol may have resulted from the inclusion of both coarse and fine kernel particles in the material extracted at the commercial mill. The pilot plant meals were prepared from whole and large kernel particles which were lower in 
hulls content.Table 2 shows the percentages of the total nitrogen present in the meals at the start of the first extraction which were extracted in Step 1 and the percentages of the total nitrogen present in the meals at the start of the first extraction which were precipitated at each of three pH levels to produce Isolate I. Also shown are the percentages of the total nitrogen present in the Residue at the start of the

Table 1— Analytical data on glandless cottonseed meals used for protein isolation

M o is t .  & S o lu b le C ru d e G o s s y p o l
S o u rc e v o la ti le s O il P ro te in p ro te in f ib e r F re e T o ta l
m e a ls % % % % % % %
1 9.2 0 .71 5 4 .56 9 8 .7 2 .0 0 .0 1 0 0 .0 1 0
2 8.1 0 .5 9 5 5 .50 9 3 .9 2 .1 0 .0 0 5 0 .0 1 9
3 4 .7 0 .3 2 5 7 .82 9 5 .6 2.1 0 .0 1 8 0 .0 1 8
4 8 .9 1 .95 55 .31 9 6 .3 3 .0 0 .0 1 9 0 .0 4 8
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s e c o n d  e x t r a c t i o n  w h i c h  w e r e  e x t r a c t e d Table 2—-Nitrogen extracted from source meals in Step 1 and residues in Step II and amounts precipitated

i n  S t e p  I I  a n d  t h e  p e r c e n t a g e s  o f  t h e ai different pH levels

t o t a l  n i t r o g e n  p r e s e n t  i n  t h e  R e s i d u e  a t
A v g  %  o f %  o f  t o t a lt h e  s t a r t  o f  t h e  s e c o n d  e x t r a c t i o n  w h i c h

w e r e  p r e c i p i t a t e d  a t  e a c h  o f  t h r e e  p H to ta l m e a l  N P ro c . p H  o f
l e v e l s  t o  p r o d u c e  I s o l a t e  I I . S o u rc e m e a l N p H  o f p p t  f ro m m e th o d s p p t

T h e  w e i g h t  o f  n i t r o g e n  p r e c i p i t a t e d  in  
e a c h  i n s t a n c e  w a s  o b t a i n e d  b y  t a k i n g  t h e

m e a ls e x t r / r u n p p t E x t r  A % %
I s o la te  I

d i f f e r e n c e  b e t w e e n  t h e  w e i g h t  o f  n i t r o g e n 1 2 7 .0 3 9.1 8 .2 5 .9
i n  s o l u t i o n  i n  t h e  e x t r a c t s  f r o m  S t e p s  I 4 8 .8 5 .7
a n d  I I  a n d  t h e  w e i g h t  o f  n i t r o g e n  i n  s o lu - 5 6 .8 3 .9
t i o n  i n  t h e  s u p e r n a t a n t s  a f t e r  p r e c i p i t a - 2 10.0 3 3 .5 2 .7 5 .9
t i o n  a n d  c e n t r i f u g a t i o n . 4 2 .7 5 .7

A n  a n a l y s i s  o f  v a r i a n c e  w a s  p e r - 5 1 .7 3 .9
f o r m e d  t o  t e s t  t h e  s i g n i f i c a n c e  o f 3 12.4 3 5.2 4 .6 5 .9
o b s e r v e d  d i f f e r e n c e s  i n  a m o u n t s  o f  n i t r o - 4 5 .5 5 .7
g e n  p r e c i p i t a t e d .  V a r i a t i o n  b e t w e e n 5 3.1 3 .9
m e a l s  p r o c e s s e d  b y  d i f f e r e n t  m e t h o d s 4 17.0 4 5 .2 5 .2 5 .2
a n d  b e t w e e n  d i f f e r e n t  p H  o f  p r e c i p i t a -
t i o n  w a s  t e s t e d  f o r  e a c h  t y p e  o f  i s o l a t e . A v g  %  o f %  o f  to ta l
T r e a t m e n t  m e a n s  f o r  t h e  tw o  m a i n to ta l N P ro c . p H  o f
e f f e c t s  a r e  i n c l u d e d  i n  T a b l e  2 . S o u rc e re s id u e  N p H  of p p t  fro m m e th o d s p p t

D i f f e r e n c e s  b e t w e e n  m e a l s ,  i . e . ,  p r o - m e a ls e x t r / r u n p p t E x t r  B % %
c e s s in g  m e t h o d s ,  p r o v e d  t o  b e  s t a t i s t i - I s o la te  I I
c a l l y  s i g n i f i c a n t  a t  t h e  5 %  l e v e l  f o r  I s o - 1 8 3 .5 6 8 1 .5 6 4 .8 6 6 .2
l a t e  I  a n d  d i f f e r e n c e s  b e t w e e n  p H  o f 7 6 5 .0 6 2 .0
p r e c i p i t a t i o n  p r o v e d  t o  b e  s i g n i f i c a n t  f o r 8 4 8 .0 3 1 .3
I s o l a t e  I I .  U s i n g  D u n c a n ’s  m u l t i p l e 2 69.3 6 6 1 .8 49.1 6 6 .2
r a n g e  t e s t  t o  m a k e  c o m p a r i s o n s  a m o n g 7 6 2 .7 6 2 .0
t h e  m e a l  m e a n s  f o r  I s o l a t e  I ,  M e a l  1 w a s 8 2 2 .7 3 1 .3
f o u n d  t o  d i f f e r  s i g n i f i c a n t l y  f r o m  M e a l  2 3 6 2 .0 6 5 5 .3 4 5 .6 6 6 .2
a n d  M e a l  3 .  M e a l  2  d i d  n o t  d i f f e r  s i g n i f i - 7 58.2 6 2 .0
c a n t l y  f r o m  M e a l  3 .  M e a l  4  w a s  n o t 8 2 3 .2 3 1 .3
i n c l u d e d  i n  t h e  s t a t i s t i c a l  d e s ig n  a n d  
a n a l y s i s .

4 77.3 7 6 5 .5 6 5 .5 6 5 .5

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

D u n c a n ’s  r a n g e  t e s t  s h o w e d  y i e l d s  o f  
I s o l a t e  I I  w h e n  p r e c i p i t a t e d  a t  p H  6  d i d  
n o t  d i f f e r  f r o m  y i e l d s  a t  p H  7 .  B u t  n i t r o -
g e n  p r e c i p i t a t e d  a t  p H  6  a n d  p H  7  d i f - Table 3-—Whipping properties o f protein isolates from meals processed by different methods and

f e r e d  f r o m  t h e  y i e l d  o f  p H  8  a t  b o t h  t h e precipitated at different pH  levels

5 %  a n d  t h e  1 %  l e v e l s .
I n t e r a c t i o n  e f f e c t s  p r o v e d  t o  b e  n o n - p H  of S o u rc e V is c o s ity , cp s V o l in c re a s e  o n  w h ip p in g , %

m e a l w / o  s u g a rs i g n i f i c a n t  i n  a l l  i n s t a n c e s .
B e c a u s e  o f  t h e  s i z e  o f  t h e  e x t r a c t i o n s

p p t w /s u g a r w / o  s u g a r w / s u g a r
I s o la te  I

a n d  e q u i p m e n t  u s e d  y i e l d s  o f  I s o l a t e  I 3 1 1460 3260 488 4 2 5
w e r e  s o m e w h a t  lo w e r  t h a n  t h o s e 2 2900 1900 438 350
o b t a i n e d  i n  b e n c h  s c a l e  w o r k .  A s  s h o w n 3 3990 2940 450 4 5 0
i n  T a b l e  2  a p p r o x i m a t e l y  2 - 1 / 2  t i m e s  a s 4 1 1310 3390 500 513
m u c h  n i t r o g e n  w a s  e x t r a c t e d  f r o m  m e a l 2 3470 2230 438 3 6 3
1 a s  f r o m  M e a l  2  o r  3  i n  S t e p  I .  A  h i g h e r 3 3 48 0 2320 438 4 0 0
p e r c e n t a g e  o f  n i t r o g e n  w a s  a l s o  e x t r a c t e d 4 3 29 0 4270 438 4 8 8
f r o m  M e a l  4  t h a n  f r o m  M e a l  2  o r  3 . 5 1 1230 2660 500 538
M e a l  4  r e c e i v e d  a  m i l d e r  h e a t  t r e a t m e n t 2 2 65 0 1460 450 3 2 5
i n  p r o c e s s i n g  t h a n  d i d  M e a l  2  o r  3 . 3 3 28 0 2790 450 3 88

T h e  a v e r a g e  n i t r o g e n  c o n t e n t s  o f  I s o - I s o la te  I I
l a t e s  I  a n d  I I  w e r e  1 3 .1 2 %  a n d  1 5 .7 0 % , 6 1 1610 1430 488 513
r e s p e c t i v e l y . 2 6 18 0 2940 350 175

D a t a  o n  w h i p p i n g  p r o p e r t i e s  o f  I s o - 3 3690 1250 400 225
l a t e s  I  a n d  I I  a r e  p r e s e n t e d  i n  T a b l e  3 . 7 1 2270 4 96 0 438 475

A n  a n a l y s i s  o f  v a r i a n c e  w a s  p e r - 2 5490 830 225 175
f o r m e d  o n  w h i p  v i s c o s i t i e s  m e a s u r e d 3 4110 2490 350 250
a f t e r  w h i p p i n g s  w i t h  s u g a r  a d d e d .  F o r 8

4 3 79 0 2830 425 338
I s o l a t e  I  w h i p  v i s c o s i t i e s  a s s o c i a t e d  w i t h i 6220 2780 488 388
m e a l s  p r o c e s s e d  b y  d i f f e r e n t  m e t h o d s 2 7160 1910 338 263
w e r e  b a r e l y  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e 3 5 14 0 2500 388 288
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5% level. No real difference in Isolate I whip viscosities was found to exist for different pH of precipitation.
For Isolate II neither meals processed by different methods nor different pH of precipitation caused significant viscosity differences.
Interaction effects were not significant in any instance. Volume change data were not statistically analyzed.
As shown in Table 3 the viscosity of Isolate I whips from Meal 1 tended to increase more than two-fold when whipped with sugar added. Isolate I whips from heat-processed meals tended to decrease in viscosity and volume when whipped with sugar added.These viscosity data were obtained on isolates whipped at pH 7 and are suitable for comparative purposes. However, Isolate I from Meal 1 whipped in a buffer at pH 3 had more than twice 

the viscosity of a duplicate sample whipped at pH 7. For Isolate II the viscosity increase going from pH 7 to pH 3 
was on the order of five times, to a viscosity of 25,000 cps.

Measurements made on the heat gelation properties of Isolate II are contained in Table 4.The strengths of gels obtained are reflected by the depth of cone penetration in millimeters. Gels prepared from 
Isolate II from Meal 1 permitted less cone penetration at each of the protein concentrations than gels from Isolate II from either Meals 2 or 3. Isolates 
from precipitation pH 7 generally produced stronger gels than those from pH 
6 or 8 for a given meal. The gels were opaque and heat reversible. Gels of measurable strength were not obtained 
using Isolate I.Gels prepared from gelatin for control purposes, showed essentially the same strength as gels from Meals 1 and 4 isolates precipitated at pH 7. How
ever, gelatin gels were somewhat stronger

Table 4— Strength o f gels from glandless cottonseed protein measured by cone penetration (Isolate II)

p H  o f
p p t

S o u rc e
m e a l

C o n e  o f  p r o te in  I s o la te  I I ,  % p H  o f

6 8 10 so ln .
6 1 2 1 .3  m m 1 7.5  m m 1 1.5  m m 3 .4 9

2 * * 1 7 .4 3 .5 6
3 * * * 3 .6 5

7 1 2 0 .3 11.1 6 .4 3 .4 5
2 2 3 .0 1 7 .0 11.2 3 .56
3 2 3 .0 2 1 .2 20.1 3 .65
4 1 7 .4 1 1 .9 9 .0 3 .5 6

8 1 19.2 13.9 12.9 3 .61
2 ♦ * * 3 .8 7
3 * * ♦ 3 .9 0

‘ Insuffic ien t gel s treng th  fo r m easurem ents.

Fig. 1— N itrogen so lub ility  a t d iffe ren t pH  o f m easurem ent in Iso la te  I d r ied  by  th ree  d iffe ren t m ethods 
an d  in a  gland less co ttonseed  m eal.

than isolate gels precipitated at pH 6 or 8 for all the meals.Figure 1 contrasts the nitrogen solubility characteristics of Isolates A, B, and C and Meal D, over a wide pH range.

Traditionally when the cottonseed processing industry has used nitrogen 
solubility as an indication of the protein quality of cottonseed meals, the nitrogen solubility has been determined at a single point. The solubility of nitrogen in

Fig. 2— Nitrogen so lub ility  o f Iso la te I  sam ples 
precip ita ted at pH  3 from  M eals 1, 2 , an d  3.

Fig . 3— N itrogen so lub ility  o f  Iso la te  I  sam ples 
precip ita ted  a t pH  4 from  M ea ls I ,  2 , an d  3 .

Fig . 4 — N itrogen so lub ility  o f Iso la te  I sam ples 
precip ita ted  at pH  5 from  M eals I ,  2 , an d  3.
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Fig. 5— N itrogen so lub ility  o f Iso la te  II  sam ples 
prec ip ita ted  at pH  6  from  M eals 1, 2 , an d  3.

Fig . 8 — Nitrogen solubility of Iso la tes I an d  II 
prec ip ita ted  at pH  7  from  M e a l 4 .

.02N NaOH (above pH 12) is conventionally determined. The data shown in Figure 1 illustrate the fact that meeds or isolates may give similar results for 
nitrogen solubility at high pH levels and yet give widely varying results at lower pH levels. In Table 1, the protein solubilities of the four meals in .02N NaOH 
were not appreciably different, yet their functional properties were found to dif
fer importantly.Figures 2 through 8 depict the effects of meal processing method and precipitation pH on nitrogen solubilities of one replicate of the isolates prepared in this study.

Solubility characteristics of Isolate I from a particular meal were found to vary with pH of precipitation. This may be observed in Figures 2, 3, and 4.
Figures 5, 6, and 7 pertain to IsolateII. The pH-solubility of Isolate II was also altered when the pH at which it was

Fig . 6 — N itrogen so lub ility  o f Iso la te  II sam ples 
p rec ip ita ted  at pH  7  from  M ea ls 1, 2 , an d  3 .

precipitated was changed. Isolates from 
the unheated meal were more soluble than those from heat-treated meals 
below measurement pH 5 for all pH of precipitation. Nitrogen solubilities in 
excess of 80% were obtained at measurement pH 3 for Isolate II from Meal 1.Figure 8 compares the solubility curves of Isolates I and II from the commercial meal. Again, the nitrogen of 
Isolate II was more than 80% soluble 
measured at pH 3.Data on foaming properties are shown 
in Table 5.Each entry in the table is the average

Fig. 7— N itrogen so lub ility  o f Iso la te  II  sa m p le s  
p rec ip ita ted  at pH  8 from  M ea ls 1, 2 , a n d  3 .

of two points. Notable differences in foam stability are observable for Isolate II from Meal 1 at the different pH of 
precipitation. Foam from Isolate II precipitated at pH 7 and 8 was less stable 
than that obtained from Isolate II precipitated at pH 6. These data were not 
statistically analyzed.Results obtained in this investigation confirm the desirability of minimizing 
tbe use of heat during meal processing and suggest that the end use intended for 
the protein isolates may determine the pH at which they are precipitated. Iso
lates could conceivably be custom made

Table 5— Foaming properties o f glandless cottonseed protein from meals processed by different methods 
and precipitated at different pH levels

p H  o f
p p t

S o u rc e
F o a m in g  

c a p a c i ty ,  m l. 
1 /2  m in .

F o a m  s ta b i l i ty ,  m l.
m e a l 10 m in . 2  h r s .

3 1
I s o la te  I  

76 .5 2 4 .5 1 5 .5
2 72.5 2 1 .5 1 4 .5
3 73.5 2 4 .8 1 8 .5

4 1 8 2 .0 3 2 .0 2 9 .5
2 6 6 .0 11.3 4 .0
3 74.0 2 3 .8 1 5 .0
4 77.5 2 6 .5 1 5 .5

5 1 8 1 .5 3 0 .8 2 4 .0
2 6 4 .0 1 5 .0 1 0 .0
3 70.5 2 1 .0 1 5 .5

6 1
I s o la te  I I  

8 3 .5 3 0 .5 2 9 .0
2 76.5 2 7 .5 2 3 .5
3 6 9 .5 19.5 1 1 .5

7 1 8 7 .0 3 .0 1 .0
2 8 6 .0 3 7 .0 2 3 .0
3 75.5 2 5 .0 2 2 .0
4 73.0 4 .0 2 .5

8 1 8 2 .0 14.5 6 .5
2 5 5 .5 2 .5 2 .0
3 6 3 .5 4 .5 3 .5
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to meet a particular food processor’s 
individual needs.
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ESTIMATING FOOD TEMPERATURES DURING VARIOUS PROCESSING
OR HANDLING TREATMENTS

SUMMARY—A procedure w as deve lo p ed  for p red ic tin g  th e  tran sien t tem pera tu re  o f a  solid food  e x 
p o sed  to tim e va riab le  am bien t tem pera tu res . D uham el's theorem  w a s a p p lied  to the  em pirica l 
fo rm ulas u sed  for ca lcu lating the  tem pera tu re  o f a  food  su b jec ted  to  a  s te p  chan ge in its am bien t 
tem peratu re . The fo rm ulas conta in tw o  con stan ts : t, the  slo pe  in d ex  o f a  h ea tin g  or cooling  curve o f  
a food ; a n d  j ,  the in tercep t coe ffic ien t o f the hea tin g  or cooling cu rve . W ith the  p rocedure  deve lo p ed  
transien t tem pera tu re  can be  estim a ted  w ith ou t reg a rd  to the geom etric  sh a p e  o f the  food  p rov id ed  
the  f  a n d  j  va lues are kn o w n . A  tab le  is p re sen ted  to reduce com putations in vo lved  in the  procedure . 
Sam ple  calcu lations are g iven  tor a  fresh  o ran ge , a  fresh  carrot a n d  a  can n ed  food  product.

a l . ,  1959) re v e a le d  t h a t  t h e  t e m p e r a tu r e  in  
a n y  so lid  s u b je c te d  t o  a  c o n s t a n t  a m b ie n t  
te m p e r a tu r e ,  T „, c a n  b e  r e p r e s e n te d  b y  t h e  
fo llo w in g  e x p re s s io n  (S m ith  e t  a l . ,  1 96 7):

Ta -  T V 1 ►  - f . a t / l ’
Ttt F fT  -  ¿ j  £ a  * 0  A <* A o n  = 1 ( 1)

INTRODUCTION
ACCURATE estimations of temperatures are important in determining proper procedures for processing or handling of food, since temperature plays a great role in determining nutritional and organoleptic quality. Many procedures are available for predicting transient temperatures in solid foods (Ball and Olson, 1957; Charm, 1963; Earle and Fleming, 1967; Gillespy, 1953; Hayakawa, 1969, 
1970; Hayakawa and Ball, 1968, 1969a, 1969b; Hicks, 1951; Kopelman and Pflug, 1968; Pflug et al., 1965; Smith etal., 1967; Stumbo, 1965; Wadsworth 
and Spadaro, 1969). However, these procedures are applicable only when foods have been subjected to one or two constant ambient temperatures, except 
for the procedure presented by Gillespy, 
which is limited to foods whose shape can be approximated by a finite cylinder.

Theoretical formulas are available also for predicting temperatures in solid objects (Arpaci, 1966; Carslaw and Jaeger, 1959; Luikov, 1968). However, these formulas have limited value in predicting food temperatures since the 
conditions imposed during their derivation cannot be satisfied by many foods. Therefore, empirical expressions containing two experimental constants, f 
and j values (Ball, 1923) have been utilized for predicting food temperatures. 
The f and j values represent respectively the slope index and the intercept coefficient for a linear portion of the temperature history curve of a food. A clas
sic on the use of these values was presented by Pflug and his coworkers
(1965). They developed charts for estimating the f and j values for a solid food when its Biot number and thermal dif- fusivity are given. However, use of the charts is limited to geometrically simple bodies. Smith et al (1967) developed a procedure for estimating transient temperatures in foods of irregular shapes. Hayakawa (1970) obtained a set of formulas for estimating temperatures in an

initial curvilinear portion of a temperature history curve.During handling and processing of 
foods ambient temperatures change irregularly with time. Therefore, this study was designed to develop a procedure for predicting food temperatures during various treatments.

EXPERIMENTAL
D e r i v a t i o n  o f  f o r m u l a s

D u h a m e l’s  th e o re m  (C a rs la w  a n d  J a e g e r ,
1959) c a n  b e  u s e d  to  d e r iv e  a n  a n a ly t ic a l  fo r 
m u la  fo r  th e  te m p e r a tu r e  in  a  c o n d u c t iv e  fo o d  
s u b je c te d  t o  t im e  v a r ia b le  a m b ie n t  te m p e r a 
tu re s .  F o r  th i s  d e r iv a t io n  a n y  fo rm u la  fo r  e s 
t im a t in g  th e  te m p e r a tu r e  in  a  so lid  fo o d  s u b 
je c te d  to  a  c o n s t a n t  a m b ie n t  te m p e r a tu r e  c a n  
b e  u s e d . I n  th e  p re s e n t  in v e s t ig a t io n ,  th i s  
th e o re m  w a s  a p p lie d  t o  th e  e x p e r im e n ta l  fo r 
m u la s  d e v e lo p e d  b y  B a l l (1923) a n d  b y  H a y a 
k a w a  (1 9 7 0 ).

A  c a re fu l  a n a ly s is  o f  th e  F o u r ie r ’s  e q u a 
t io n  fo r  t r a n s i e n t  h e a t  c o n d u c t io n  (C a rs la w  e t

V ° F >

W h e n  D u h a m e l’s  th e o re m  is  a p p l ie d  t o  
e q . (1) to g e th e r  w i th  t h e  a s s u m e d  v a r i a b le  
a m b ie n t  te m p e r a tu r e s  (F ig . 1 ), a  c u rv e , r e p 
re s e n t in g  t im e  v a r ia b le  a m b ie n t  te m p e r a tu r e s  
c a n  b e  a p p ro x im a te d  w ith  a  c o m b in a t io n  o f 
s te p  c h a n g e s  b y  d iv id in g  th e  t im e  a x is  in to  
e q u a l  t im e  in te r v a ls ,  A t.

W h e n  D u h a m e l’s th e o re m  is  a p p l ie d  t o  
th e  a p p ro x im a te d  a m b ie n t  t e m p e r a tu r e s ,  e q .
(2) fo r  c a lc u la t in g  th e  fo o d  te m p e r a tu r e ,  
T  ( ° F ) ,  is  o b ta in e d :

T  =  T„ +  (T „ jm -  To) • AU„
+  (T fl2 m — To) * A U .- i  + ................
■ ) (T fl,m — To) * A U n-i + 1 + ................
+  ( T , ( . - l ) m — To) ■ A U 2

+  (Tonm “  To) ’ A U l 
n

= T„ + X  (Toim ^ T„) • AUn-i+1 (2) 
¡ -1

F o r  th e  d e r iv a t io n  o f e q . (2) see  th e  A p 
p e n d ix . A lth o u g h  a ll s y m b o ls  u s e d  a r e  d e f in e d  
in  th e  A p p e n d ix , T a b le  1 w a s  p r e p a r e d  to  
a s s i s t  in  u n d e r s ta n d in g  eq . (2 ).

I n  th is  e q u a t io n ,  AU, (i = 1, 2 ..................... n )
re p r e s e n ts  a  d im e n s io n le ss  t e m p e r a tu r e  d if-

Actual -----
Approximated

Fig . 1— A pproxim ation  o f a c tu a l am bien t tem pera tu res w ith  a  series  
o f step  changes.
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Table 1— Approximation o f time variable am
bient temperature

T r u e
a m b ie n t

te m p
T im e  (m in ) ( ° F )

A p p ro x i
m a te d

a m b ie n t
te m p
(° F )

T im e
in te r v a l

0 T„„ ,
0.5 At Talm [ T „ ,„ 1
1.0 At T.>
1.5 At T„2m £ T„2m 2
2.0 At t „3
2.5 At T 03m > Ta3m 3
3.0 At T„3 ’
3.5 At T .tm l
4.0 At T „( i 1 o4 m 4

(i - 1 )  +  0 .5  A t T„,m £ T„-„ i
i At T„, '

[(n  -  1) +  0.5] At Tanm l Tanm n
n  At T an '

fe ren ce , w h ic h  c a n  b e  c a lc u la te d  fro m  a  d i 
m en s io n le ss  te m p e r a tu r e  h is to r y  c u rv e  o f a  
fo o d  s u b je c te d  to  a  c o n s ta n t  a m b ie n t  te m 
p e ra tu re .  T o  i l lu s t r a t e  th e  e s t im a t io n  o f A U „ 
F ig u re  2 w a s  p re p a r e d . T h e  t im e  ax is  in  th is  
f ig u re  is  d iv id e d  in to  e q u a l  in te rv a ls .  T h e  
d im en s io n le ss  te m p e r a tu r e  d if fe re n c e , A U „ 
fo r  i th  t im e  in te r v a l  c a n  b e  c a lc u la te d  a s  AU, 
= U ì - i  -  U „  T h e  te m p e r a tu r e  d if fe re n c e s  fo r 
o th e r  in te rv a ls  c a n  b e  e s t im a te d  s im ila r ly .

Fig . 2— Estim ation  o f d im ension less tem pera tu re  
difference .

D e v e l o p m e n t  o f  p r o c e d u r e
I n  p re d ic t in g  a  fo o d  te m p e r a tu r e  u s in g  

e q . (2 ), a  p ro p e r  n u m e r ic a l  m a g n i tu d e  fo r  th e  
t im e  in c r e m e n t ,  At, s h o u ld  b e  d e te rm in e d , 
b e c a u se  a n  a c c u m u la t io n  o f ro u n d -o ff  e r ro rs  
c o u p le d  w ith  e r ro rs  f ro m  a p p ro x im a te d  a m 
b ie n t  te m p e r a tu r e s  a r e  r e la te d  c lo se ly  t o  At. 
T r ia l  c a lc u la t io n s  w e re  r u n  u s in g  te m p e r a tu r e  
h is to r y  c u rv e s  fo r  v a r io u s  s a m p le s  o b ta in e d  
e x p e r im e n ta l ly . T h e  s a m p le s  in c lu d e d  fre s h  
a p p le s , c u c u m b e rs , h a m , p e a rs , a n d  to m a to e s . 
I n  a d d i t io n  a  c a n n e d  b e n to n i te  s u s p e n s io n  
a n d  c o m m e rc ia lly  c a n n e d  fo o d s  w e re  u se d . 
E a c h  s a m p le  w a s  e x p o s e d  t o  a  c o n s ta n t  a m 
b ie n t  te m p e r a tu r e  a n d  a lso  t o  t im e  v a r ia b le  
a m b ie n t  te m p e r a tu r e s .  T e m p e r a tu r e s  a t  v a r i 
o u s  lo c a tio n s  in  e a c h  s a m p le  w e re  m o n i to re d  
w i th  c o p p e r  c o n s t a n ta n  th e rm o c o u p le s . F ro m  
th e  d a t a  o b ta in e d  f ro m  e x p o s u re  t o  th e  co n 
s t a n t  a m b ie n t  t e m p e r a tu r e ,  f  a n d  j  v a lu e s  
w e re  e s t im a te d .  F ro m  th e s e  v a lu e s  a n d  e q . (2 ), 
te m p e r a tu r e s  o f e a c h  s a m p le , ex p o s e d  t o  th e  
v a r ia b le  a m b ie n t  te m p e r a tu r e  t r e a tm e n t ,  
w e re  c a lc u la te d . T h e s e  v a lu e s  w e re  c o m p a re d  
w ith  th e  e x p e r im e n ta l  v a lu e s . I n  th e  t r i a l  c a l
c u la t io n s  v a r io u s  n u m e r ic a l  m a g n i tu d e s  fo r  
At w e re  u s e d  in  o rd e r  to  o b ta in  i t s  p ro p e r  
m a g n i tu d e .  A f te r  c a re fu l  a n a ly s is  o f th e  e s t i 
m a te d  a n d  e x p e r im e n ta l  te m p e r a tu r e s ,  th e  fo l
lo w in g  v a lu e  fo r  At, e q . (3), w a s  m o s t  s a t i s 
fa c to ry :

A t =  f / 2 0  (3)

D im e n s io n le s s  te m p e r a tu r e  d iffe re n c e s  AUj 
(i =  1, 2 , . . ., n )  w e re  e s t im a te d  w ith  th e  
fo rm u la s  d e v e lo p e d  b y  B a l l (1 923) a n d  H a y a -  
k a w a  (1 9 7 0 ). B a l l ’s  fo rm u la  w a s  u s e d  t o  e s t i 
m a te  th e  d if fe re n c e s  in  t h e  l in e a r  p o r t io n  o f 
th e  te m p e r a tu r e  h is to r y  c u rv e s  a n d  H a y a -  
k a w a ’s  fo rm u la s  w e re  u s e d  t o  e s t im a te  th o s e  
in  th e  c u rv il in e a r  p o r t io n .  F o r m u la s  fo r  th e  
c u rv il in e a r  p o r t io n ,  w h ic h  w e re  d e r iv e d  p r e 
v io u s ly , a r e  a p p lic a b le  w h e n  0 .4  <  j  <  3 .0 . 
H o w e v e r , s e v e ra l  j  v a lu e s  o b ta in e d  in  th e  
e x p e r im e n ta l  te m p e r a tu r e  h is to r y  c u rv e s  w e re  
le ss  th a n  0 .4  e s p e c ia l ly  w h e n  th e  t e m p e r a tu r e s  
w e re  m e a s u re d  c lo se  t o  th e  s u rfa c e  o f  th e  
s a m p le . T h e re fo re , a  s e t  o f  n ew  e x p e r im e n ta l  
fo rm u la s , w h ic h  c o u ld  b e  a p p l ie d  t o  a n y  j  
v a lu e  in  t h i s  ra n g e , 0 .0 4 5  <  j  <  0 .4  w a s  d e 
v e lo p e d . T h e s e  fo rm u la s  a r e  g iv e n  in  th e  
A p p e n d ix .

G r e a t  c o m p u ta t io n a l  e f fo r t  is  r e q u ir e d  fo r  
c a lc u la t in g  th e  te m p e r a tu r e  d iffe re n c e s , AU,, 
fo r  v a r io u s  t im e  in te rv a ls .  T h e re fo re  th e s e  
te m p e r a tu r e  d if fe re n c e s  w e re  c a lc u la te d  fo r 
v a r io u s  j  v a lu e s  a n d  a lso  fo r  v a r io u s  t im e  in 
te r v a l s  w i th  a n  I B M  360  c o m p u te r .  I n  th is  
c a lc u la t io n , e q . (3) w a s  u se d  to  d e te rm in e  th e  
t im e  in c r e m e n t ,  A t. T a b le  2  sh o w s  a n  a b r id g e d  
t a b u la t io n  fo r  AU:.

B y  u ti l iz in g  T a b le  2 a n d  e q . (2 ), t r a n s i e n t  
t e m p e r a tu r e s  in  a n y  c o n d u c t iv e  fo o d  c a n  b e  
e s t im a te d  w h e n  th e  in i t ia l  t e m p e r a tu r e  d is 
t r ib u t io n  in  th e  fo o d  is  u n i fo rm  a n d  w h e n  th e  
fo o d  is  e x p o s e d  to  t im e  v a r ia b le  a m b ie n t  te m 
p e r a tu r e s  b y  u s in g  th e  fo llo w in g  s e r ie s  o f 
c o m p u ta t io n s .

(1 ) L o c a te  a  p o in t  in  fo o d , a t  w h ic h  t e m 
p e r a tu r e s  s h o u ld  b e  e s t im a te d  d u r in g  e x p o s u re  
to  v a r ia b le  a m b ie n t  te m p e r a tu r e s ,  a n d  th e n  
d e te rm in e  a  te m p e r a tu r e  h is to r y  c u rv e  a t  th i s  
p o in t  w h e n  th e  fo o d  is  s u b je c te d  t o  a  c o n s ta n t  
a m b ie n t  t e m p e r a tu r e .  T h i s  c u rv e  is  o b ta in e d  
b y  p lo t t in g  th e  c o m m o n  lo g s  o f te m p e r a tu r e  
d if fe re n c e s  b e tw e e n  th e  fo o d  a n d  th e  c o n s ta n t

a m b ie n t  te m p e r a tu r e  a g a in s t  h e a t in g  o r  co o l
in g  tim e s .

(2) C a lc u la te  th e  f  a n d  j  v a lu e s  o f th e  
c u rv e  e s t im a te d  in  s te p  (1 ).

(3) D e te rm in e  d im e n s io n le ss  te m p e r a 
tu r e  d iffe re n c e s , A U „ b y  e n te r in g  th e  j  v a lu e  
in to  T a b le  2 . D e te rm in e  a  v a lu e  fo r  a  u n ifo rm  
t im e  in c r e m e n t ,  A t, b y  u s in g  e q . (3 ).

(4) F in d  th e  v a r ia b le  a m b ie n t  te m p e r a 
tu re s ,  T „ > , a t  e a c h  t im e  in te r v a l  s h o w n  b elow .

T im e  0 .5  A t 1 .5  A t 2 .5  A t . . .  .
T e m p . T „ ]m T o2m T „3m . . . .

[ (n  -  1) +  0 .5 ]  A t  
Tanm

(5 ) E s t im a te  th e  fo o d  t e m p e r a tu r e ,  T ,  a t  
e a c h  t im e  in te r v a l  b y  e n te r in g  AU: a n d  T „ im 
in to  eq . (2 ).

T h e  fo llo w in g  c o n d i t io n  m u s t  b e  s a t is f ie d  
in  u t i l iz in g  t h e  p ro p o s e d  p ro c e d u re  s in c e  i t  
w a s  a s s u m e d  in  a p p ly in g  D u h a m e l’s  th e o re m . 
T h e rm o p h y s ic a l  c h a ra c te r is t ic s  fo r  b o th  th e  
s u rf a c e  o f  th e  fo o d  a n d  fo r  th e  h e a t in g  o r  co o l
in g  m e d iu m  d u r in g  e x p o s u re  t o  a  c o n s t a n t  a m 
b ie n t  te m p e r a tu r e  s h o u ld  b e  id e n t ic a l  to  th o s e  
c h a ra c te r is t ic s  o b ta in e d  if  th e  fo o d  is  e x p o sed  
t o  v a r ia b le  a m b ie n t  te m p e r a tu r e s .  T h i s  c o n d i
t io n  c a n  b e  s t a t e d  a s  fo llo w s: T h e  B io t  n u m 
b e r  d u r in g  th e  c o n s ta n t  a m b ie n t  te m p e r a tu r e  
e x p o s u re  s h o u ld  b e  a p p ro x im a te ly  e q u a l  to  
th e  B io t  n u m b e r  d u r in g  th e  v a r ia b le  a m b ie n t  
te m p e r a tu r e  e x p o s u re .
S a m p l e  c a l c u l a t i o n

I n  o rd e r  to  i l lu s t r a t e  th e  a p p l ic a t io n  o f  th e  
c o m p u ta t io n a l  p ro c e d u re  d e s c r ib e d , c a lc u la 
t io n s  o f t e m p e r a tu r e s  in  a  f re s h  o ra n g e , fre s h  
c a r r o t ,  a n d  c a n n e d  c o n d u c t iv e  fo o d  a r e  g iv e n  
b e lo w . T h e s e  fo o d s  w e re  s e le c te d  b e c a u se  th e y  
w e re  ty p ic a l  o f  th e  fo o d s  u s e d  d u r in g  th e s e  
s tu d ie s .

F r e s h  V a l e n c i a  o r a n g e .  I n to  e a c h  of 
V a le n c ia  o ra n g e s , p u r c h a s e d  lo c a lly , w e re  im 
b e d d e d  th r e e  c o p p e r -c o n s ta n ta n  th e rm o c o u p le  
ju n c t io n s .  T h e  lo c a tio n s  o f th e s e  ju n c t io n s  a r e
0 .2 9 5  (a ) , 0 .6 5 3  (b ) , o r  0 .9 2 7  (c ), w h ic h  r e p r e 
s e n t  r a t io s  b e tw e e n  th e  r a d ia l  d is ta n c e s  o f th e  
th e rm o c o u p le  ju n c t io n s  a n d  th e  ra d iu s  o f th e  
o ra n g e . T h e  th e rm o c o u p le s  w e re  m a d e  f ro m  
30  g a u g e  th e rm o c o u p le  w ire  w i th  p a p e r  a n d  
f ib e rg la s s  in s u la t io n .  I n  o rd e r  t o  o b ta in  u n i 
fo rm  te m p e r a tu r e  d is t r ib u t io n s  in  th e  o ra n g e s , 
th e y  w e re  p la c e d  in  a  6 0 ° F  in c u b a to r  fo r  12 h r  
a t  7 0 -8 0 %  r e la t iv e  h u m id i ty .  W h e n  a p p ro x i
m a te ly  u n ifo rm  te m p e r a tu r e  d is t r ib u t io n s  
w e re  m o n i to r e d  th r o u g h  a  r e c o rd in g  p o te n 
t io m e te r ,  th e  s a m p le s  w e re  s u b je c te d  t o  a  c o n 
s t a n t  a m b ie n t  te m p e r a tu r e  t r e a tm e n t  b y  p la c 
in g  th e m  in  a  fo rc e d  a i r  h ig h - lo w  te m p e r a tu r e  
t e s t  c h a m b e r , w h o se  te m p e r a tu r e  w a s  m a in 
t a in e d  a t  37  ° F  a n d  w h o s e  r e la t iv e  h u m id i ty  
w a s  a p p ro x im a te ly  7 0 -8 0 % . T e m p e r a tu r e s  in  
th e  s a m p le s  w e re  m o n i to r e d  b y  th e  re c o rd in g  
p o te n t io m e te r  d u r in g  th is  t r e a tm e n t  in  o rd e r  
t o  d e te rm in e  f  a n d  j  v a lu e s .

W h e n  th e  te m p e r a tu r e  o f  e a c h  s a m p le  b e 
c a m e  a p p ro x im a te ly  e q u a l  t o  th e  a m b ie n t  
t e m p e r a tu r e ,  e a c h  s a m p le  w a s  s u b je c te d  t o  a  
v a r ia b le  a m b ie n t  te m p e r a tu r e  t r e a tm e n t  b y  
m a n u a l ly  re g u la t in g  th e  t e m p e r a tu r e s  in  th e  
t e s t  c h a m b e r . T h e  r e s u l t a n t  a m b ie n t  te m p e r a 
tu r e s  a r e  g iv e n  in  F ig u re  3.

C a lc u la t io n s  fo r  o n ly  lo c a tio n  (c) in  o n e  
o ra n g e  a r e  g iv e n  b e lo w . T h e  d ia m e te r  o f th is  
o ra n g e  w a s  2 .7 5  in . w h e n  m e a s u re d  f ro m  to p  
t o  b o t to m  a n d  3 .1 5  in . w h e n  m e a s u re d  fro m  
s id e  to  s id e .
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Table 2— Dimensionless temperature differences, AU „ for various j values and for various time intervals°
M ultiple 

of At 0.20 0.40
AU, Values for the following j values 

0.60 0.80 1.00 1.20 1.40 1.60
1 0.73894E 00 0.52478E 00 0.19376E 00 0.17118E 00 0.10875E 00 0.17797E-01 0.99085E-02 0.71720E -02
2 0.69736E-01 0.10815E 00 0.14888E 00 0.13595E  00 0.96923E-01 0.51357E-01 0.29089E-01 0.21181E-01
3 0.36881E-01 0.63765E-01 0.11597E 00 0.1091 IE  00 0.86382E-01 0.81312E-01 0.46441E-01 0.34220E-01
4 0.23956E-01 0.44078E-01 0.91456E-01 0.79000E-01 0.76988E-01 0.92386E-01 0.60971E-01 0.45728E-01
5 0.17177E-01 0.32941E-01 0.72946E-01 0.54893E-01 0.68616E-01 0.82339E-01 0.71984E-01 0.55266E -01
6 0.13069E-01 0.25817E-01 0.58786E-01 0.48923E-01 0.61154E-01 0.73385E-01 0.79945E-01 0.62545E-01
7 0.10901E-01 0.21801E-01 0.47826E-01 0.43603E-01 0.54503E-01 0.65404E-01 0.76305E-01 0.67435E-01
8 0.97153E-02 0.19431E-01 0.31516E-01 0.38861E-01 0.48576E-01 0.58292E-01 0.68007E-01 0.69962E-01
9 0.86587E-02 0.17317E-01 0.25976E-01 0.34635E-01 0.43294E-01 0.51952E-01 0.60611E-01 0.68791E-01

10 0.77171E-02 0.15434E-01 0.23151E-01 0.30869E-01 0.38585E-01 0.46303E-01 0.54020E-01 0.61737E-01
11 0.68779E-02 0.13756E-01 0.20634E-01 0.27512E-01 0.34390E-01 0.41267E-01 0.48145E-01 0.55023E-01
12 0.61299E-02 0.12260E-01 0.18390E-01 0.24520E-01 0.30649E-01 0.36779E-01 0.42909E-01 0.49039E-01
13 0.54633E-02 0.10927E-01 0.16390E-01 0.21853E-01 0.27317E-01 0.32780E-01 0.38243E-01 0.43706E-01
14 0.48692E-02 0.97384E-02 0.14608E-01 0.19477E-01 0.24346E-01 0.29215E-01 0.34084E-01 0.38953E-01
15 0.43397E-02 0.86793E-02 0.13019E-01 0.17359E-01 0.21698E-01 0.26038E-01 0.30378E-01 0.34717E-01
16 0.38677E-02 0.77354E-02 0.11603E-01 0.15471E-01 0.19338E-01 0.23206E-01 0.27074E-01 0.30942E -01
17 0.34471E-02 0.68942E-02 0.10341E-01 0.13789E-01 0.17236E-01 0.20683E-01 0.24130E-01 0.27577E-01
18 0.30722E-02 0.61445E-02 0.92168E-02 0.12289E-01 0.15361E-01 0.18434E-01 0.21506E-01 0.24578E-01
19 0.27381E-02 0.54763E-02 0.82144E-02 0.10953E-01 0.13691E-01 0.16429E-01 0.19167E-01 0.21905E-01
20 0.24404E-02 0.48808E-02 0.73211E-02 0.97616E-02 0.12202E-01 0.14642E-01 0.17083E-01 0.19523E-01
21 0.21749E-02 0.43498E-02 0.65248E-02 0.86997E-02 0.10875E-01 0.13050E-01 0.15224E-01 0.17399E-01
22 0.19385E-02 0.38770E-02 0.58155E-02 0.77540E-02 0.96924E-02 0.11631E-01 0.13569E-01 0.15508E-01
23 0.17276E-02 0.34553E-02 0.51830E-02 0.69106E-02 0.86383E-02 0.10366E-01 0.12094E-01 0.13821E-01
24 0.15398E-02 0.30796E-02 0.46193E-02 0.61591E-02 0.76988E-02 0.92387E-02 0.10778E-01 0.12318E -01
25 0.13723E-02 0.27446E-02 0.41170E-02 0.54893E-02 0.68616E-02 0.82339E-02 0.96062E-02 0.10979E-01
26 0.12231E-02 0.24461E-02 0.36692E-02 0.48923E-02 0.61153E-02 0.73383E-02 0.85615E-02 0.97845E -02
27 0.10901E-02 0.21802E-02 0.32702E-02 0.43603E-02 0.54504E-02 0.65405E-02 0.76305E-02 0.87206E -02
28 0.97154E-03 0.19431E-02 0.29146E-02 0.38862E-02 0.48577E-02 0.58292E-02 0.68007E-02 0.77723E-02
29 0.86588E-03 0.17318E-02 0.25976E-02 0.34635E-02 0.43294E-02 0.51953E-02 0.6061 IE-02 0.69270E -02
30 0.77171E-03 0.15434E-02 0.23151E-02 0.30869E-02 0.38586E-02 0.46303E-02 0.54020E-02 0.61737E -02
31 0.68778E-03 0.13756E-02 0.20633E-02 0.27511E-02 0.34389E-02 0.41267E-02 0.48145E-02 0.55022E -02
32 0.61300E-03 0.12260E-02 0.18390E-02 0.24520E-02 0.30650E-02 0.36780E-02 0.42910E-02 0.49040E -02
33 0.54633E-03 0.10927E-02 0.16390E-02 0.21853E-02 0.27317E-02 0.32780E-02 0.38243E-02 0.43707E -02
34 0.48692E-03 0.97385E-03 0.14608E-02 0.19477E-02 0.24346E-02 0.29215E-02 0.34085E-02 0.38954E -02
35 0.43397E-03 0.86793E-03 0.13019E-02 0.17359E-02 0.21698E-02 0.26038E-02 0.30378E-02 0.34717E -02
36 0.38677E-03 0.77353E-03 0.11603E-02 0.15471E-02 0.19338E-02 0.23206E-02 0.27074E-02 0.30941E-02
37 0.34471E-03 0.68942E-03 0.10341E-02 0.13789E-02 0.17236E-02 0.20683E-02 0.24130E-02 0.27577E -02
38 0.30722E-03 0.61445E-03 0.92168E-03 0.12289E-02 0.15361E-02 0.18434E-02 0.21506E-02 0.24578E -02
39 0.27381E-03 0.54763E-03 0.82144E-03 0.10953E-02 0.13691E-02 0.16429E-02 0.19167E-02 0.21905E -02
40 0.24404E-03 0.48808E-03 0.73212E-03 0.97616E-03 0.12202E-02 0.14642E-02 0.17083E-02 0.19523E -02
41 0.21749E-03 0.43498E-03 0.65248E-03 0.86997E-03 0.10875E-02 0.13050E-02 0.15225E-02 0.17399E -02
42 0.19385E-03 0.38770E-03 0.58154E-03 0.77539E-03 0.96924E-03 0.11631E-02 0.13569E-02 0.15508E -02
43 0.17277E-03 0.34553E-03 0.51830E-03 0.69106E-03 0.86383E-03 0.10366E-02 0.12094E-02 0.13821E -02
44 0.15398E-03 0.30795E-03 0.46193E-03 0.61591E-03 0.76989E-03 0.92386E-03 0.10778E-02 0.12318E -02
45 0.13723E-03 0.27447E-03 0.41170E-03 0.54893E-03 0.68616E-03 0.82340E-03 0.96063E-03 0.10979E -02
46 0.12231E-03 0.24461E-03 0.36692E-03 0.48923E-03 0.61153E-03 0.73384E-03 0.85615E-03 0.97845E -03
47 0.10910E-03 0.21801E-03 0.32702E-03 0.43603E-03 0.54504E-03 0.65405E-03 0.76305E-03 0.87206E -03
48 0.97154E-04 0.19431E-03 0.29146E-03 0.38862E-03 0.48577E-03 0.58292E-03 0.68008E-03 0.77723E -03
49 0.86588E-04 0.17318E-03 0.25976E-03 0.34635E-03 0.43294E-03 0.51953E-03 0.60612E-03 0.69270E -03
50 0.77171E-04 0.15434E-03 0.23151E-03 0.30869E-03 0.38586E-03 0.46303E-03 0.54020E-03 0.61737E -03
51 0.68778E-04 0.13756E-03 0.20633E-03 0.2751 IE-03 0.34389E-03 0.41267E-03 0.48145E-03 0.55023E -03
52 0.61300E-04 0.12260E-03 0.18390E-03 0.24520E-03 0.30650E-03 0.36780E-03 0.42909E-03 0.49040E -03
53 0.54633E-04 0.10927E-03 0.16390E-03 0.21853E-03 0.27317E-03 0.32780E-03 0.38243E-03 0.43706E -03
57 0.48692E-04 0.97385E-04 0.14608E-03 0.19477E-03 0.24346E-03 0.29215E-03 0.34085E-03 0.38954E -03
55 0.43397E-04 0.86793E-04 0.13019E-03 0.17359E-03 0.21698E-03 0.26038E-03 0.30378E-03 0.34717E-03
5C 0.38677E-04 0.77353E-04 0.11603E-03 0.15471E-03 0.19338E-03 0.23206E-03 0.27074E-03 0.30941E-03
57 0.34471E-04 0.68943E-04 0.10341E-03 0.13788E-03 0.17236E-03 0.20683E-03 0.24130E-03 0.27577E -03
58 0.30723E-04 0.61445E-04 0.92168E-04 0.12289E-03 0.15361E-03 0.18434E-03 0.21506E-03 0.24578E -03
59 0.27381E-04 0.54763E-04 0.82144E-04 0.10953E-03 0.13691E-03 0.16429E-03 0.19167E-03 0.21905E -03
60 0.24404E-04 0.48808E-04 0.73212E-04 0.97616E-04 0.12202E-03 0.14642E-03 0.17083E-03 0.19523E -03
61 0.21749E-04 0.43499E-04 0.65248E-04 0.86997E-04 0.10875E-03 0.13050E-03 0.15224E-03 0.17399E -03
62 0.19385E-04 0.38770E-04 0.58155E-04 0.77539E-04 0.96924E-04 0.11631E-03 0.13569E-03 0.15508E -03
63 0.17277E-04 0.34553E-04 0.51829E-04 0.69106E-04 0.86383E-04 0.10366E-03 0.12094E-03 0.13821E -03
64 0.15398E-04 0.30795E-04 0.46193E-04 0.61591E-04 0.76988E-04 0.92386E-04 0.10778E-03 0.12318E -03
65 0.13723E-04 0.27446E-04 0.41170E-04 0.54893E-04 0.68616E-04 0.82340E-04 0.96063E-04 0.10979E -03
66 0.12231E-04 0.24461E-04 0.36692E-04 0.48923E-04 0.61153E-04 0.73384E-04 0.85615E-04 0.97845E -04



ESTIMATING FOOD TEMPERATURES— 381

Table 2— Dimensionless temperature differences, AUi for various j  values and for various time intervals° (Continued)

M u ltip le  
o f A t 1 .80 2 .0 0

AUi V a lu e s  fo r  th e  fo llo w in g  j  v a lu e s  
2 .2 0  2 .4 0  2 .6 0 2 .8 0 3 .0 0

1 0 .5 7 5 1 7 E -0 2 0 .4 8 7 0 4 E -0 2 0 .4 2 6 5 8 E -0 2 0 .3 8 2 2 0 E -0 2 0 .3 4 8 2 1 E -0 2 0 .3 2 1 2 9 E -0 2 0 .2 9 9 5 3 E -0 2
2 0 .1 7 0 4 0 E  -01 0 .1 4 4 5 7 E -0 1 0 .1 2 6 7 5 E -0 1 0 .1 1 3 6 8 E -0 1 0 .1 0 3 6 4 E -0 1 0 .9 5 6 9 1 E -0 2 0 .8 9 2 3 9 E -0 2
3 0 .2 7 6 9 9 E -0 1 0 .2 3 5 8 9 E -0 1 0 .2 0 7 4 0 E -0 1 0 .1 8 6 3 6 E -0 1 0 .1 7 0 1 6 E -0 1 0 .1 5 7 2 9 E -0 1 0 .1 4 6 8 2 E -0 1
4 0 .3 7 3 5 6 E -0 1 0 .3 1 9 9 7 E -0 1 0 .2 8 2 4 1 E -0 1 0 .2 5 4 5 0 E -0 1 0 .2 3 2 8 9 E -0 1 0 .2 1 5 6 5 E -0 1 0 .2 01 58 E -0 1
5 0 .4 5 7 0 2 E -0 1 0 .3 9 4 4 4 E -0 1 0 .3 4 9 9 5 E -0 1 0 .3 1 6 5 7 E -0 1 0 .2 9 0 5 4 E -0 1 0 .2 6 9 6 6 E -0 1 0 .2 5 2 5 5 E -0 1
6 0 .5 2 5 0 8 E -0 1 0 .4 5 7 4 4 E -0 1 0 .4 0 8 5 0 E -0 1 0 .3 7 1 3 0 E -0 1 0 .3 4 2 0 1 E -0 1 0 .3 1 8 3 5 E -0 1 0 .2 9 8 8 4 E -0 1
7 0 .5 7 6 3 7 E -0 1 0 .5 0 7 7 8 E -0 1 0 .4 5 6 9 6 E -0 1 0 .4 1 7 7 0 E -0 1 0 .3 8 6 4 3 E -0 1 0 .3 6 0 9 3 E -0 1 0 .3 3 9 7 7 E -0 1
8 0 .6 1 0 4 3 E -0 1 0 .5 4 4 7 8 E -0 1 0 .4 9 4 6 4 E -0 1 0 .4 5 5 1 2 E -0 1 0 .4 2 3 1 7 E -0 1 0 .3 9 6 8 4 E -0 1 0 .3 7 4 7 8 E -0 1
9 0 .6 2 7 7 0 E -0 1 0 .5 6 8 4 1 E -0 1 0 .5 2 1 3 2 E -0 1 0 .4 8 3 2 5 E -0 1 0 .4 5 1 9 0 E -0 1 0 .4 2 5 6 9 E -0 1 0 .4 0 3 5 2 E -0 1

10 0 .6 2 9 3 3 E -0 1 0 .5 7 9 1 7 E -0 1 0 .5 3 7 1 8 E -0 1 0 .5 0 2 0 8 E -0 1 0 .4 7 2 5 0 E -0 1 0 .4 4 7 3 6 E -0 1 0 .4 2 5 8 0 E -0 1
11 0 .6 1 7 1 1 E -0 1 0 .5 7 8 0 7 E -0 1 0 .5 4 2 7 8 E -0 1 0 .5 1 1 9 3 E -0 1 0 .4 8 5 1 5 E -0 1 0 .4 6 1 8 9 E -0 1 0 .4 4 1 6 3 E -0 1
12 0 .5 5 7 0 9 E -0 1 0 .5 6 6 4 2 E -0 1 0 .5 3 8 9 6 E -0 1 0 .5 1 3 3 7 E -0 1 0 .4 9 0 2 3 E -0 1 0 .4 6 9 5 6 E -0 1 0 .4 5 1 1 7 E -0 1
13 0 .4 9 1 7 0 E -0 1 0 .5 4 5 8 2 E -0 1 0 .5 2 6 8 5 E -0 1 0 .5 0 7 1 6 E -0 1 0 .4 8 8 2 8 E -0 1 0 .4 7 0 7 5 E -0 1 0 .4 5 4 7 2 E -0 1
14 0 .4 3 8 2 3 E -0 1 0 .5 1 8 0 1 E -0 1 0 .5 0 7 6 7 E -0 1 0 .4 9 4 2 4 E -0 1 0 .4 8 0 0 2 E -0 1 0 .4 6 6 0 2 E -0 1 0 .4 5 2 7 3 E -0 1
15 0 .3 9 0 5 7 E -0 1 0 .4 3 3 9 7 E -0 1 0 .4 8 2 7 8 E -0 1 0 .4 7 5 6 6 E -0 1 0 .4 6 6 2 7 E -0 1 0 .4 5 6 0 4 E -0 1 0 .4 4 5 7 0 E -0 1
16 0 .3 4 8 0 9 E -0 1 0 .3 8 6 7 7 E -0 1 0 .4 5 3 5 4 E -0 1 0 .4 5 2 5 0 E -0 1 0 .4 4 7 9 1 E -0 1 0 .4 4 1 5 1 E -0 1 0 .4 3 4 2 7 E -0 1
17 0 .3 1 0 2 4 E -0 1 0 .3 4 4 7 1 E -0 1 0 .4 1 2 0 6 E -0 1 0 .4 2 5 8 3 E -0 1 0 .4 2 5 8 4 E -0 1 0 .4 2 3 2 1 E -0 1 0 .4 1 9 0 7 E -0 1
18 0 .2 7 6 5 0 E -0 1 0 .3 0 7 2 2 E -0 1 0 .3 3 7 9 5 E -0 1 0 .3 9 6 7 0 E -0 1 0 .4 0 0 9 6 E -0 1 0 .4 0 1 9 0 E -0 1 0 .4 0 0 7 6 E -0 1
19 0 .2 4 6 4 3 E -0 1 0 .2 7 3 8 1 E -0 1 0 .3 0 1 2 0 E -0 1 0 .3 6 6 0 8 E -0 1 0 .3 7 4 1 2 E -0 1 0 .3 7 8 3 4 E -0 1 0 .3 8 0 0 3 E -0 1
20 0 .2 1 9 6 3 E -0 1 0 .2 4 4 0 4 E -0 1 0 .2 6 8 4 4 E -0 1 0 .3 1 7 7 5 E -0 1 0 .3 4 6 0 9 E -0 1 0 .3 5 3 2 3 E -0 1 0 .3 5 7 4 9 E -0 1
21 0 .1 9 5 7 4 E -0 1 0 .2 1 7 4 9 E -0 1 0 .2 3 9 2 4 E -0 1 0 .2 6 0 9 9 E -0 1 0 .3 1 7 6 1 E -0 1 0 .3 2 7 2 3 E -0 1 0 .3 3 3 7 7 E -0 1
22 0 .1 7 4 4 6 E -0 1 0 .1 9 3 8 5 E -0 1 0 .2 1 3 2 3 E -0 1 0 .2 3 2 6 2 E -0 1 0 .2 8 9 2 5 E -0 1 0 .3 0 0 9 3 E -0 1 0 .3 0 9 4 1 E -0 1
23 0 .1 5 5 4 9 E -0 1 0 .1 7 2 7 7 E -0 1 0 .1 9 0 0 4 E -0 1 0 .2 0 7 3 2 E -0 1 0 .2 3 9 5 3 E -0 1 0 .2 7 4 8 2 E -0 1 0 .2 8 4 8 9 E -0 1
24 0 .1 3 8 5 8 E -0 1 0 .1 5 3 9 8 E -0 1 0 .1 6 9 3 8 E -0 1 0 .1 8 4 7 7 E -0 1 0 .2 0 0 1 7 E -0 1 0 .2 4 9 3 3 E -0 1 0 .2 6 0 6 5 E -0 1
25 0 .1 2 3 5 1 E -0 1 0 .1 3 7 2 3 E -0 1 0 .1 5 0 9 5 E -0 1 0 .1 6 4 6 8 E -0 1 0 .1 7 8 4 0 E -0 1 0 .2 2 4 8 1 E -0 1 0 .2 3 7 0 3 E -0 1
26 0 .1 1 0 0 8 E -0 1 0 .1 2 2 3 1 E -0 1 0 .1 3 4 5 4 E -0 1 0 .1 4 6 7 7 E -0 1 0 .1 5 9 0 0 E -0 1 0 .1 7 7 5 1 E -0 1 0 .2 1 4 3 1 E -0 1
27 0 .9 8 1 0 7 E -0 2 0 .1 0 9 0 1 E -0 1 0 .1 1 9 9 1 E -0 1 0 .1 3 0 8 1 E -0 1 0 .1 4 1 7 1 E -0 1 0 .1 5 2 6 1 E -0 1 0 .1 9 2 7 3 E -0 1
28 0 .8 7 4 3 9 E -0 2 0 .9 7 1 5 4 E -0 2 0 .1 0 6 8 7 E -0 1 0 .1 1 6 5 8 E -0 1 0 .1 2 6 3 0 E -0 1 0 .1 3 6 0 2 E -0 1 0 .1 7 2 4 4 E -0 1
29 0 .7 7 9 2 9 E -0 2 0 .8 6 5 8 8 E -0 2 0 .9 5 2 4 6 E -0 2 0 .1 0 3 9 1 E -0 1 0 .1 1 2 5 6 E -0 1 0 .1 2 1 2 2 E -0 1 0 .1 2 9 8 8 E -0 1
30 0 .6 9 4 5 4 E -0 2 0 .7 7 1 7 1 E -0 2 0 .8 4 8 8 8 E -0 2 0 .9 2 6 0 6 E -0 2 0 .1 0 0 3 2 E -0 1 0 .1 0 8 0 4 E -0 1 0 .1 1 5 7 6 E -0 1
31 0 .6 1 9 0 0 E -0 2 0 .6 8 7 7 8 E -0 2 0 .7 5 6 5 6 E -0 2 0 .8 2 5 3 3 E -0 2 0 .8 9 4 1 2 E -0 2 0 .9 6 2 8 9 E -0 2 0 .1 0 3 1 7 E -0 1
32 0 .5 5 1 7 0 E -0 2 0 .6 1 3 0 0 E -0 2 0 .6 7 4 3 0 E -0 2 0 .7 3 5 5 9 E -0 2 0 .7 9 6 9 0 E -0 2 0 .8 5 8 1 9 E -0 2 0 .9 1 9 4 9 E -0 2
33 0 .4 9 1 7 0 E -0 2 0 .5 4 6 3 3 E -0 2 0 .6 0 0 9 6 E -0 2 0 .6 5 5 6 0 E -0 2 0 .7 1 0 2 3 E -0 2 0 .7 6 4 8 7 E -0 2 0 .8 1 9 5 0 E -0 2
34 0 .4 3 8 2 3 E -0 2 0 .4 8 6 9 2 E -0 2 0 .5 3 5 6 2 E -0 2 0 .5 8 4 3 1 E -0 2 0 .6 3 3 0 0 E -0 2 0 .6 8 1 6 9 E -0 2 0 .7 3 0 3 8 E -0 2
35 0 .3 9 0 5 7 E -0 2 0 .4 3 3 9 7 E -0 2 0 .4 7 7 3 6 E -0 2 0 .5 2 0 7 6 E -0 2 0 .5 6 4 1 6 E -0 2 0 .6 0 7 5 5 E -0 2 0 .6 5 0 9 5 E -0 2
36 0 .3 4 8 0 9 E -0 2 0 .3 8 6 7 7 E -0 2 0 .4 2 5 4 4 E -0 2 0 .4 6 4 1 2 E -0 2 0 .5 0 2 8 0 E -0 2 0 .5 4 1 4 7 E -0 2 0 .5 8 0 1 5 E -0 2
37 0 .3 1 0 2 4 E -0 2 0 .3 4 4 7 1 E -0 2 0 .3 7 9 1 8 E -0 2 0 .4 1 3 6 6 E -0 2 0 .4 4 8 1 3 E -0 2 0 .4 8 2 6 0 E -0 2 0 .5 1 7 0 7 E -0 2
38 0 .2 7 6 5 0 E -0 2 0 .3 0 7 2 2 E -0 2 0 .3 3 7 9 5 E -0 2 0 .3 6 8 6 7 E -0 2 0 .3 9 9 3 9 E -0 2 0 .4 3 0 1 1 E -0 2 0 .4 6 0 8 4 E -0 2
39 0 .2 4 6 4 3 E -0 2 0 .2 7 3 8 2 E -0 2 0 .3 0 1 2 0 E -0 2 0 .3 2 8 5 8 E -0 2 0 .3 5 5 9 6 E -0 2 0 .3 8 3 3 4 E -0 2 0 .4 1 0 7 2 E -0 2
40 0 .2 1 9 6 4 E -0 2 0 .2 4 4 0 4 E -0 2 0 .2 6 8 4 4 E -0 2 0 .2 9 2 8 5 E -0 2 0 .3 1 7 2 5 E -0 2 0 .3 4 1 6 6 E -0 2 0 .3 6 6 0 6 E -0 2
41 0 .1 9 5 7 4 E -0 2 0 .2 1 7 4 9 E -0 2 0 .2 3 9 2 4 E -0 2 0 .2 6 0 9 9 E -0 2 0 .2 8 2 7 4 E -0 2 0 .3 0 4 4 9 E -0 2 0 .3 2 6 2 4 E -0 2
42 0 .1 7 4 4 6 E -0 2 0 .1 9 3 8 5 E -0 2 0 .2 1 3 2 3 E -0 2 0 .2 3 2 6 2 E -0 2 0 .2 5 2 0 0 E -0 2 0 .2 7 1 3 9 E -0 2 0 .2 9 0 7 7 E -0 2
43 0 .1 5 5 4 9 E -0 2 0 .1 7 2 7 7 E -0 2 0 .1 9 0 0 4 E -0 2 0 .2 0 7 3 2 E -0 2 0 .2 2 4 5 9 E -0 2 0 .2 4 1 8 7 E -0 2 0 .2 5 9 1 5 E -0 2
44 0 .1 3 8 5 8 E -0 2 0 .1 5 3 9 8 E -0 2 0 .1 6 9 3 8 E -0 2 0 .1 8 4 7 7 E -0 2 0 .2 0 0 1 7 E -0 2 0 .2 1 5 5 7 E -0 2 0 .2 3 0 9 7 E -0 2
45 0 .1 2 3 5 1 E -0 2 0 .1 3 7 2 3 E -0 2 0 .1 5 0 9 6 E -0 2 0 .1 6 4 6 8 E -0 2 0 .1 7 8 4 0 E -0 2 0 .1 9 2 1 3 E -0 2 0 .2 0 5 8 5 E -0 2
46 0 .1 1 0 0 8 E -0 2 0 .1 2 2 3 1 E -0 2 0 .1 3 4 5 4 E -0 2 0 .1 4 6 7 7 E -0 2 0 .1 5 9 0 0 E -0 2 0 .1 7 1 2 3 E -0 2 0 .1 8 3 4 6 E -0 2
47 0 .9 8 1 0 7 E -0 3 0 .1 0 9 0 1 E -0 2 0 .1 1 9 9 1 E -0 2 0 .1 3 0 8 1 E -0 2 0 .1 4 1 7 1 E -0 2 0 .1 5 2 6 1 E -0 2 0 .1 6 3 5 1 E -0 2
48 0 .8 7 4 3 9 E -0 3 0 .9 7 1 5 4 E -0 3 0 .1 0 6 8 7 E -0 2 0 .1 1 6 5 8 E -0 2 0 .1 2 6 3 0 E -0 2 0 .1 3 6 0 2 E -0 2 0 .1 4 5 7 3 E -0 2
49 0 .7 7 9 2 9 É -0 3 0 .8 6 5 8 8 E -0 3 0 .9 5 2 4 7 E -0 3 0 .1 0 3 9 1 E -0 2 0 .1 1 2 5 6 E -0 2 0 .1 2 1 2 2 E -0 2 0 .1 2 9 8 8 E -0 2
50 0 .6 9 4 5 4 E -0 3 0 .7 7 1 7 1 E -0 3 0 .8 4 8 8 9 E -0 3 0 .9 2 6 0 6 E -0 3 0 .1 0 0 3 2 E -0 2 0 .1 0 8 0 4 E -0 2 0 .1 1 5 7 6 E -0 2
51 0 .6 1 9 0 0 E -0 3 0 .6 8 7 7 8 E -0 3 0 .7 5 6 5 6 E -0 3 0 .8 2 5 3 3 E -0 3 0 .8 9 4 1 IE -0 3 0 .9 6 2 8 9 E -0 3 0 .1 0 3 1 7 E -0 2
52 0 .5 5 1 7 0 E -0 3 0 .6 1 3 0 0 E -0 3 0 .6 7 4 3 0 E -0 3 0 .7 3 5 6 0 E -0 3 0 .7 9 6 9 0 E -0 3 0 .8 5 8 2 0 E -0 3 0 .9 1 9 4 9 E -0 3
53 0 .4 9 1 7 0 E -0 3 0 .5 4 6 3 3 E -0 3 0 .6 0 0 9 7 E -0 3 0 .6 5 5 6 0 E -0 3 0 .7 1 0 2 3 E -0 3 0 .7 6 4 8 7 E -0 3 0 .8 1 9 5 0 E -0 3
54 0 .4 3 8 2 3 E -0 3 0 .4 8 6 9 2 E -0 3 0 .5 3 5 6 1 E -0 3 0 .5 8 4 3 1 E -0 3 0 .6 3 3 0 0 E -0 3 0 .6 8 1 6 9 E -0 3 0 .7 3 0 3 8 E -0 3
55 0 .3 9 0 5 7 E -0 3 0 .4 3 3 9 7 E -0 3 0 .4 7 7 3 7 E -0 3 0 .5 2 0 7 6 E -0 3 0 .5 6 4 1 6 E -0 3 0 .6 0 7 5 5 E -0 3 0 .6 5 0 9 5 E -0 3
56 0 .3 4 8 0 9 E -0 3 0 .3 8 6 7 7 E -0 3 0 .4 2 5 4 4 E -0 3 0 .4 6 4 1 2 E -0 3 0 .5 0 2 8 0 E -0 3 0 .5 4 1 4 7 E -0 3 0 .5 8 0 1 5 E -0 3
57 0 .3 1 0 2 4 E -0 3 0 .3 4 4 7 1 E -0 3 0 .3 7 9 1 8 E -0 3 0 .4 1 3 6 6 E -0 3 0 .4 4 8 1 2 E -0 3 0 .4 8 2 6 0 E -0 3 0 .5 1 7 0 7 E -0 3
58 0 .2 7 6 5 0 E -0 3 0 .3 0 7 2 3 E -0 3 0 .3 3 7 9 5 E -0 3 0 .3 6 8 6 7 E -0 3 0 .3 9 9 3 9 E -0 3 0 .4 3 0 1 1 E -0 3 0 .4 6 0 8 4 E -0 3
59 0 .2 4 6 4 3 E -0 3 0 .2 7 3 8 1 E -0 3 0 .3 0 1 2 0 E -0 3 0 .3 2 8 5 8 E -0 3 0 .3 5 5 9 6 E -0 3 0 .3 8 3 3 4 E -0 3 0 .4 1 0 7 2 E -0 3
60 0 .2 1 9 6 4 E -0 3 0 .2 4 4 0 4 E -0 3 0 .2 6 8 4 4 E -0 3 0 .2 9 2 8 5 E -0 3 0 .3 1 7 2 5 E -0 3 0 .3 4 1 6 6 E -0 3 0 .3 6 6 0 6 E -0 3
61 0 .1 9 5 7 4 E -0 3 0 .2 1 7 4 9 E -0 3 0 .2 3 9 2 4 E -0 3 0 .2 6 0 9 9 E -0 3 0 .2 8 2 7 4 E -0 3 0 .3 0 4 4 9 E -0 3 0 .3 2 6 2 4 E -0 3
62 0 .1 7 4 4 6 E -0 3 0 .1 9 3 8 5 E -0 3 0 .2 1 3 2 3 E -0 3 0 .2 3 2 6 2 E -0 3 0 .2 5 2 0 0 E -0 3 0 .2 7 1 3 9 E -0 3 0 J2 90 7 7E -0 3
63 0 .1 5 5 4 9 E -0 3 0 .1 7 2 7 7 E -0 3 0 .1 9 0 0 4 E -0 3 0 .2 0 7 3 2 E -0 3 0 .2 2 4 5 9 E -0 3 0 .2 4 1 8 7 E -0 3 0 .2 5 9 1 5 E -0 3
64 0 .1 3 8 5 8 E -0 3 0 .1 5 3 9 8 E -0 3 0 .1 6 9 3 7 E -0 3 0 .1 8 4 7 7 E -0 3 0 .2 0 0 1 7 E -0 3 0 .2 1 5 5 7 E -0 3 0 .2 3 0 9 7 E -0 3
65 0 .1 2 3 5 1 E -0 3 0 .1 3 7 2 3 E -0 3 0 .1 5 0 9 6 E -0 3 0 .1 6 4 6 8 E -0 3 0 .1 7 8 4 0 E -0 3 0 .1 9 2 1 2 E -0 3 0 .2 0 5 8 5 E -0 3
66 0 .1 1 0 0 8 E -0 3 0 .1 2 2 3 1 E -0 3 0 .1 3 4 5 4 E -0 3 0 .1 4 6 7 7 E -0 3 0 .1 5 9 0 0 E -0 3 0 .1 7 1 2 3 E -0 3 0 .1 8 3 4 6 E -0 3



382— JOURNAL OF FOOD SCIENCE—Volume 36 (1971)
Table 2— Dimensionless temperature differences, AUj, for various j values and for various time Intervals'1 (Continued)

M u lt ip le  
o f A t 0 .2 0 0 .4 0 0 .6 0

AU, V a lu e s  fo r  t h e  fo llo w in g  j  v a lu e s  
0 .8 0  1 .00 1 .20 1 .40 1 .60

67 0 .1 0 9 0 1 E -0 4 0 .2 1 8 0 2 E -0 4 0 .3 2 7 0 2 E -0 4 0 .4 3 6 0 3 E -0 4 0 .5 4 5 0 4 E -0 4 0 .6 5 4 0 5 E -0 4 0 .7 6 3 0 6 E -0 4 0 .8 7 2 0 6 E -0 4
68 0 .9 7 1 5 3 E -0 5 0 .1 9 4 3 1 E -0 4 0 .2 9 1 4 6 E -0 4 0 .3 8 8 6 2 E -0 4 0 .4 8 5 7 7 E -0 4 0 .5 8 2 9 2 E -0 4 0 .6 8 0 0 8 E -0 4 0 .7 7 7 2 3 E -0 4
69 0 .8 6 5 8 8 E -0 5 0 .1 7 3 1 8 E -0 4 0 .2 5 9 7 6 E -0 4 0 .3 4 6 3 5 E -0 4 0 .4 3 2 9 4 E -0 4 0 .5 1 9 5 3 E -0 4 0 .6 0 6 1 2 E -0 4 0 .6 9 2 7 0 E -0 4
70 0 .7 7 1 7 1 E -0 5 0 .1 5 4 3 4 E -0 4 0 .2 3 1 5 1 E -0 4 0 .3 0 8 6 8 E -0 4 0 .3 8 5 8 5 E -0 4 0 .4 6 3 0 3 E -0 4 0 .5 4 0 2 0 E -0 4 0 .6 1 7 3 7 E -0 4
71 0 .6 8 7 7 8 E -0 5 0 .1 3 7 5 6 E -0 4 0 .2 0 6 3 3 E -0 4 0 .2 7 5 1 1 E -0 4 0 .3 4 3 8 9 E -0 4 0 .4 1 2 6 7 E -0 4 0 .4 8 1 4 5 E -0 4 0 .5 5 0 2 3 E -0 4
72 0 .6 1 3 0 0 E -0 5 0 .1 2 2 6 0 E -0 4 0 .1 8 3 9 0 E -0 4 0 .2 4 5 2 0 E -0 4 0 .3 0 6 5 0 E -0 4 0 .3 6 7 8 0 E -0 4 0 .4 2 9 1 0 E -0 4 0 .4 9 0 4 0 E -0 4
73 0 .5 4 6 3 3 E -0 5 0 .1 0 9 2 7 E -0 4 0 .1 6 3 9 0 E -0 4 0 .2 1 8 5 3 E -0 4 0 .2 7 3 1 7 E -0 4 0 .3 2 7 8 0 E -0 4 0 .3 8 2 4 3 E -0 4 0 .4 3 7 0 7 E -0 4
74 0 .4 8 6 9 2 E -0 5 0 .9 7 3 8 5 E -0 5 0 .1 4 6 0 8 E -0 4 0 .1 9 4 7 7 E -0 4 0 .2 4 3 4 6 E -0 4 0 .2 9 2 1 5 E -0 4 0 .3 4 0 8 5 E -0 4 0 .3 8 9 5 4 E -0 4
75 0 .4 3 3 9 7 E -0 5 0 .8 6 7 9 3 E -0 5 0 .1 3 0 1 9 E -0 4 0 .1 7 3 5 9 E -0 4 0 .2 1 6 9 8 E -0 4 0 .2 6 0 3 8 E -0 4 0 .3 0 3 7 8 E -0 4 0 .3 4 7 1 8 E -0 4
76 0 .3 8 6 7 7 E -0 5 0 .7 7 3 5 3 E -0 5 0 .1 1 6 0 3 E -0 4 0 .1 5 4 7 1 E -0 4 0 .1 9 3 3 8 E -0 4 0 .2 3 2 0 6 E -0 4 0 .2 7 0 7 4 E -0 4 0 .3 0 9 4 1 E -0 4
77 0 .3 4 4 7 1 E -0 5 0 .6 8 9 4 3 E -0 5 0 .1 0 3 4 1 E -0 4 0 .1 3 7 8 8 E -0 4 0 .1 7 2 3 6 E -0 4 0 .2 0 6 8 3 E -0 4 0 .2 4 1 3 0 E -0 4 0 .2 7 5 7 7 E -0 4
78 0 .3 0 7 2 3 E -0 5 0 .6 1 4 4 5 E -0 5 0 .9 2 1 6 7 E -0 5 0 .1 2 2 8 9 E -0 4 0 .1 5 3 6 1 E -0 4 0 .1 8 4 3 4 E -0 4 0 .2 1 5 0 6 E -0 4 0 .2 4 5 7 8 E -0 4
79 0 .2 7 3 8 1 E -0 5 0 .5 4 7 6 3 E -0 5 0 .8 2 1 4 5 E -0 5 0 .1 0 9 5 3 E -0 4 0 .1 3 6 9 1 E -0 4 0 .1 6 4 2 9 E -0 4 0 .1 9 1 6 7 E -0 4 0 .2 1 9 0 5 E -0 4
80 0 .2 4 4 0 4 E -0 5 0 .4 8 8 0 8 E -0 5 0 .7 3 2 1 2 E -0 5 0 .9 7 6 1 6 E -0 5 0 .1 2 2 0 2 E -0 4 0 .1 4 6 4 2 E -0 4 0 .1 7 0 8 3 E -0 4 0 .1 9 5 2 3 E -0 4
81 0 .2 1 7 4 9 E -0 5 0 .4 3 4 9 9 E -0 5 0 .6 5 2 4 8 E -0 5 0 .8 6 9 9 7 E -0 5 0 .1 0 8 7 5 E -0 4 0 .1 3 0 5 0 E -0 4 0 .1 5 2 2 5 E -0 4 0 .1 7 3 9 9 E -0 4
82 0 .1 9 3 8 5 E -0 5 0 .3 8 7 7 0 E -0 5 0 .5 8 1 5 4 E -0 5 0 .7 7 5 3 9 E -0 5 0 .9 6 9 2 4 E -0 5 0 .1 1 6 3 1 E -0 4 0 .1 3 5 6 9 E -0 4 0 .1 5 5 0 8 E -0 4
83 0 .1 7 2 7 7 E -0 5 0 .3 4 5 5 3 E -0 5 0 .5 1 8 3 0 E -0 5 0 .6 9 1 0 6 E -0 5 0 .8 6 3 8 3 E -0 5 0 .1 0 3 6 6 E -0 4 0 .1 2 0 9 4 E -0 4 0 .1 3 8 2 1 E -0 4
84 0 .1 5 3 9 8 E -0 5 0 .3 0 7 9 5 E -0 5 0 .4 6 1 9 3 E -0 5 0 .6 1 5 9 1 E -0 5 0 .7 6 9 8 9 E -0 5 0 .9 2 3 8 6 E -0 5 0 .1 0 7 7 8 E -0 4 0 .1 2 3 1 8 E -0 4
85 0 .1 3 7 2 3 E -0 5 0 .2 7 4 4 7 E -0 5 0 .4 1 1 7 0 E -0 5 0 .5 4 8 9 3 E -0 5 0 .6 8 6 1 6 E -0 5 0 .8 2 3 4 0 E -0 5 0 .9 6 0 6 3 E -0 5 0 .1 0 9 7 9 E -0 4
86 0 .1 2 2 3 1 E -0 5 0 .2 4 4 6 1 E -0 5 0 .3 6 6 9 2 E -0 5 0 .4 8 9 2 3 E -0 5 0 .6 1 1 5 3 E -0 5 0 .7 3 3 8 4 E -0 5 0 .8 5 6 1 4 E -0 5 0 .9 7 8 4 5 E -0 5
87 0 .1 0 9 0 1 E -0 5 0 .2 1 8 0 2 E -0 5 0 .3 2 7 0 2 E -0 5 0 .4 3 6 0 3 E -0 5 0 .5 4 5 0 4 E -0 5 0 .6 5 4 0 5 E -0 5 0 .7 6 3 0 5 E -0 5 0 .8 7 2 0 6 E -0 5
88 0 .9 7 1 5 4 E -0 5 0 .1 9 4 3 1 E -0 5 0 .2 9 1 4 6 E -0 5 0 .3 8 8 6 2 E -0 5 0 .4 8 5 7 7 E -0 5 0 .5 8 2 9 2 E -0 5 0 .6 8 0 0 8 E -0 5 0 .7 7 7 2 3 E -0 5
89 0 .8 6 5 8 8 E -0 6 0 .1 7 3 1 8 E -0 5 0 .2 5 9 7 6 E -0 5 0 .3 4 6 3 5 E -0 5 0 .4 3 2 9 4 E -0 5 0 .5 1 9 5 3 E -0 5 0 .6 0 6 1 1 E -0 5 0 .6 9 2 7 0 E -0 5
90 0 .7 7 1 7 2 E -0 6 0 .1 5 4 3 4 E -0 5 0 .2 3 1 5 2 E -0 5 0 .3 0 8 6 9 E -0 5 0 .3 8 5 8 6 E -0 5 0 .4 6 3 0 3 E -0 5 0 .5 4 0 2 0 E -0 5 0 .6 1 7 3 7 E -0 5
91 0 .6 8 7 7 8 E -0 6 0 .1 3 7 5 6 E -0 5 0 .2 0 6 3 3 E -0 5 0 .2 7 5 U E - 0 5 0 .3 4 3 8 9 E -0 5 0 .4 1 2 6 7 E -0 5 0 .4 8 1 4 5 E -0 5 0 .5 5 0 2 3 E -0 5
92 0 .6 1 3 0 0 E -0 6 0 .1 2 2 6 0 E -0 5 0 .1 8 3 9 0 E -0 5 0 .2 4 5 2 0 E -0 5 0 .3 0 6 5 0 E -0 5 0 .3 6 7 8 0 E -0 5 0 .4 2 9 1 0 E -0 5 0 .4 9 0 4 0 E -0 5
93 0 .5 4 6 3 3 E -0 6 0 .1 0 9 2 7 E -0 5 0 .1 6 3 9 0 E -0 5 0 .2 1 8 5 3 E -0 5 0 .2 7 3 1 7 E -0 5 0 .3 2 7 8 0 E -0 5 0 .3 8 2 4 3 E -0 5 0 .4 3 7 0 7 E -0 5
94 0 .4 8 6 9 2 E -0 6 0 .9 7 3 8 5 E -0 6 0 .1 4 6 0 8 E -0 5 0 .1 9 4 7 7 E -0 5 0 .2 4 3 4 6 E -0 5 0 .2 9 2 1 5 E -0 5 0 .3 4 0 8 5 E -0 5 0 .3 8 9 5 4 E -0 5
95 0 .4 3 3 9 7 E -0 6 0 .8 6 7 9 3 E -0 6 0 .1 3 0 1 9 E -0 5 0 .1 7 3 5 9 E -0 5 0 .2 1 6 9 8 E -0 5 0 .2 6 0 3 8 E -0 5 0 .3 0 3 7 8 E -0 5 0 .3 4 7 1 7 E -0 5
96 0 .3 8 6 7 7 E -0 6 0 .7 7 3 5 3 E -0 6 0 .1 1 6 0 3 E -0 5 0 .1 5 4 7 1 E -0 5 0 .1 9 3 3 8 E -0 5 0 .2 3 2 0 6 E -0 5 0 .2 7 0 7 4 E -0 5 0 .3 0 9 4 1 E -0 5
97 0 .3 4 4 7 1 E -0 6 0 .6 8 9 4 3 E -0 6 0 .1 0 3 4 1 E -0 5 0 .1 3 7 8 9 E -0 5 0 .1 7 2 3 6 E -0 5 0 .2 0 6 8 3 E -0 5 0 .2 4 1 3 0 E -0 5 0 .2 7 5 7 7 E -0 5
9 8 0 .3 0 7 2 3 E -0 6 0 .6 1 4 4 5 E -0 6 0 .9 2 1 6 7 E -0 6 0 .1 2 2 8 9 E -0 5 0 .1 5 3 6 1 E -0 5 0 .1 8 4 3 4 E -0 5 0 .2 1 5 0 6 E -0 5 0 .2 4 5 7 8 E -0 5
99 0 .2 7 3 8 2 E -0 6 0 .5 4 7 6 3 E -0 6 0 .8 2 1 4 5 E -0 6 0 .1 0 9 5 3 E -0 5 0 .1 3 6 9 1 E -0 5 0 .1 6 4 2 9 E -0 5 0 .1 9 1 6 7 E -0 5 0 .2 1 9 0 5 E -0 5

100 0 .2 4 4 0 4 E -0 6 0 .4 8 8 0 8 E -0 6 0 .7 3 2 1 2 E -0 6 0 .9 7 6 1 6 E -0 6 0 .1 2 2 0 2 E -0 5 0 .1 4 6 4 2 E -0 5 0 .1 7 0 8 3 E -0 5 0 .1 9 5 2 3 E -0 5

(1) a n d  (2 ) F r o m  th e  h e a t  p e n e t r a t io n  
d a ta ,  f  =  3 6 .3  ( 1 /6  h r )  a n d  j  =  1 .2 45 4  a r e  o b 
ta in e d . T h i s  u n c o n v e n tio n a l  t im e  u n i t  w a s  
u s e d  s in c e  th e  s t r i p - c h a r t  s p e e d  fo r  th e  r e 
c o rd in g  p o te n t io m e te r  w a s  16 i n . / h r .

(3 ) B y  e n te r in g  th e  j  v a lu e  o b ta in e d  
a b o v e  in  T a b le  2, v a lu e s  fo r  t h e  te m p e r a tu r e  
d iffe re n c e s  a r e  d e te rm in e d  (T a b le  3 ) . N o te  
t h a t  AU, v a lu e s  a r e  re c o rd e d  in  th e  re v e rs e  
o rd e r  in  t h i s  ta b le  s in c e  th e y  a r e  m u lt ip l ie d  
w ith  a m b ie n t  te m p e r a tu r e  d a ta  in  th i s  o rd e r . 
A t is  d e te rm in e d  f ro m  e q . (3) a s  A t = 3 6 .3 /2 0  
=  1 .8 15  (1 /1 6  h r) .

(4 ) T h e  a m b ie n t  te m p e r a tu r e  a t  e a c h  
t im e  in te r v a l  is  o b ta in e d  fro m  re c o rd e d  d a ta  
a n d  th e n  th e  te m p e r a tu r e  o f th e  o ra n g e  a t  th e  
ze ro  t im e  o f v a r ia b le  te m p e r a tu r e  t r e a tm e n t ,  
T„, is  s u b t r a c t e d  fro m  th e  r e s u l t a n t  a m b ie n t  
te m p e r a tu r e s  (T a b le  3 ).

(5) T e m p e ra tu re s  o f th e  o ra n g e  a t  e a c h  
t im e  in te r v a l  w e re  e s t im a te d  f ro m  th e  d a ta  
g iv e n  in  T a b le  3  b y  u s in g  eq . (2 ). F o r  e x a m p le , 
th e  te m p e r a tu r e  a t  th e  1 6 th  t im e  in te r v a l ,
2 9 .0  ( 1 /1 6  h r ) ,  is  e s t im a te d  a s  fo llo w s: T  
=  3 8 .2  +  0 .0 2 4 0 8  x  7 .9  +  0 .0 2 7 0 2  x  16.4
+  0 .0 3 0 3 2  x  16.1 + ....................+  0 .0 4 4 7 0
x  2 7 .3  +  0 .0 1 5 4 3  x  28.1  5 5 .9  ( ° F ) .

T h e  te m p e r a tu r e s  a t  o th e r  in te rv a ls  c a n  be 
e s t im a te d  s im ila r ly . T h e s e  t e m p e r a tu r e s  a r e

g iv e n  in  F ig u re  3  to g e th e r  w i th  t h e  te m p e r -  
tu r e s  d e te rm in e d  e x p e r im e n ta l ly . S a m p le  t e m 
p e r a tu r e s  a t  o th e r  lo c a tio n s  a r e  a lso  sh o w n . A  
d iffe re n c e  o f  le ss  th a n  2 .5 ° F  b e tw e e n  th e  e s t i 
m a te d  a n d  e x p e r im e n ta l  t e m p e r a tu r e s  w as  
fo u n d . S im ila r  r e s u l t s  w e re  o b ta in e d  fo r  th e  
o th e r  o ra n g e s . S e v e ra l  th in g s  c o u ld  c a u s e  th e s e  
d iffe re n c e s  in c lu d in g :

1. A  c h a n g e  in  s u rfa c e  c o n d i t io n .
2 . S lig h t  e r ro rs  in v o lv e d  in  th e  e x p e r i

m e n ta l  fo rm u la s .
3 . T w o  s h a r p  p e a k s  in  th e  a m b ie n t  t e m 

p e r a tu r e  h is to r y  c u rv e .
A m o n g  th e s e  f a c to ra , th e  l a s t  o n e  w o u ld  b e  a  
m a jo r  c a u se  fo r  t h e  o b s e rv e d  d e v ia t io n s .

F r e s h  c a r r o t s .  S im ila r  e x p e r im e n ts  u s in g  
lo c a lly  p u r c h a s e d  c a r r o t s  w e re  c a r r ie d  o u t .  
C o p p e r - c o n s ta n ta n  th e rm o c o u p le s  w e re  p la c e d  
a t  e i th e r  0 .2 1 2 , 0 .5 1 9 , o r  0 .9 1 1 . E a c h  v a lu e  
r e p r e s e n ts  a  r a t io  o f th e  r a d ia l  d is ta n c e  to  th e  
ju n c t io n  a n d  th e  r a d iu s  o f  c a r r o t  m e a s u re d  a t  
th e  c e n te r  o f i t s  le n g th .  R e s u l t s  o b ta in e d  in  
o n ly  o n e  e x p e r im e n t a r e  p re s e n te d .

T h e  fo llo w in g  c o n d i t io n s  w e re  u s e d  t o  
d e te rm in e  f  a n d  j  v a lu e s : T „ =  7 3 .7 ° F , T „ 
=  3 6 .5 ° F , r e la t iv e  h u m id i ty  = 7 0 -8 0 % . A  
th e rm o c o u p le  ju n c t io n  w a s  p la c e d  a t  0 .2 1 2 . 
T h e  c a r r o t  w a s  9 .4 5  in . lo n g  a n d  0 .2 9  in . in  
d ia m e te r ,  w h ic h  w a s  m e a s u re d  a t  t h e  c e n te r

o f i t s  le n g th .  V a lu e s  fo r  f  a n d  j  w e re  1 7 .3  
(1 /1 6  h r )  a n d  1 .1 79  re s p e c tiv e ly .

T h e  te m p e r a tu r e  o f  th e  c a r r o t  w a s  3 6 .2 ° F  
w h e n  a  v a r ia b le  a m b ie n t  t e m p e r a tu r e  t r e a t 
m e n t  w a s  in i t ia t e d .  T h e  a m b ie n t  a n d  s a m p le  
t e m p e r a tu r e s  d u r in g  t h i s  t r e a tm e n t  a r e  s h o w n  
in  F ig u r e  4 . T h e  e s t im a te d  s a m p le  t e m p e r a 
tu r e s  a r e  a lso  sh o w n  in  th e  s a m e  f ig u re . T h e r e  
w a s  c lo se  a g re e m e n t  b e tw e e n  th e  p r e d ic te d  
a n d  e x p e r im e n ta l  te m p e r a tu r e s .  S im ila r  r e 
s u l t s  w e re  o b ta in e d  in  e x p e r im e n ts  fo r  th e  
o th e r  c a r r o ts .

C a n n e d  f o o d .  211 x  4 0 0  c a n s  o f  a  s o lid  
fo o d  w e re  p ro c e s se d  c o m m e rc ia l ly  u s in g  a  
h y d r o s ta t i c  co o k e r . C u r v e  A  in  F ig u r e  5 sh o w s  
th e  h e a t in g  m e d iu m  te m p e r a tu r e s  d u r in g  
p ro c e ss in g ; th e  in i t ia l  a n d  la s t  p o r t io n s  o f  th i s  
c u rv e  r e p r e s e n t  te m p e r a tu r e  c h a n g e s  in  w a t e r  
c o lu m n s . I n  o rd e r  t o  p r e d ic t  te m p e r a tu r e s  a t  
th e  c e n te r  o f th e  p r o d u c t ,  f  a n d  j  v a lu e s  w e re  
e s t im a te d  f ro m  h e a t  p e n e t r a t io n  d a t a  fo r  th e  
s a m e  p r o d u c t ,  w h ic h  h a d  b e e n  p ro c e s s e d  in  a  
2 4 5 ° F  s t i l l  r e to r t :  f  = 4 3 .0  m in  a n d  j  = 1 .5 . 
U s in g  th e s e  e x p e r im e n ta l  c o n s ta n ts ,  t h e  t e m 
p e r a tu r e s  in  th e  s a m p le  w e re  e s t im a te d  (F ig .
5 ). T h e  e x p e r im e n ta l ly  d e te r m in e d  p r o d u c t  
t e m p e r a tu r e s  a r e  sh o w n  in  t h e  s a m e  f ig u re . 
T h e r e  is  fa ir ly  c lo se  a g re e m e n t  b e tw e e n  th e  
p r e d ic te d  a n d  e x p e r im e n ta l  te m p e r a tu r e s  d u r -
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Table 2—Dimensionless temperature differences, AU„ for various j  values and for various time intervals° (Continued)

M u ltip le  
o f A t 1 .80 2 .0 0

AU, V a lu e s  fo r  th e  fo llo w in g  j  v a lu e s  
2 .2 0  2 .4 0  2 .60 2 .80 3 .0 0

67 0 .9 8 1 0 7 E -0 4 0 .1 0 9 0 1 E -0 3 0 .1 1 9 9 1 E -0 3 0 .1 3 0 8 1 E -0 3 0 .1 4 1 7 1 E -0 3 0 .1 5 2 6 1 E -0 3 0 .1 6 3 5 1 E -0 3
68 0 .8 7 4 3 8 E -0 4 0 .9 7 1 5 4 E -0 4 0 .1 0 6 8 7 E -0 3 0 .1 1 6 5 8 E -0 3 0 .1 2 6 3 0 E -0 3 0 .1 3 6 0 1 E -0 3 0 .1 4 5 7 3 E -0 3
69 0 .7 7 9 2 9 E -0 4 0 .8 6 5 8 8 E -0 4 0 .9 5 2 4 7 E -0 4 0 .1 0 3 9 1 E -0 3 0 .1 1 2 5 6 E -0 3 0 .1 2 1 2 2 E -0 3 0 .1 2 9 8 8 E -0 3
70 0 .6 9 4 5 4 E -0 4 0 .7 7 1 7 1 E -0 4 0 .8 4 8 8 8 E -0 4 0 .9 2 6 0 5 E -0 4 0 .1 0 0 3 2 E -0 3 0 .1 0 8 0 4 E -0 3 0 .1 1 5 7 6 E -0 3
71 0 .6 1 9 0 0 E -0 4 0 .6 8 7 7 8 E -04 0 .7 5 6 5 6 E -0 4 0 .8 2 5 3 4 E -0 4 0 .8 9 4 1 2 E -0 4 0 .9 6 2 8 9 E -0 4 0 .1 0 3 1 7 E -0 3
72 0 .5 5 1 7 0 E -0 4 0 .6 1 3 0 0 E -0 4 0 .6 7 4 3 0 E -0 4 0 .7 3 5 6 0 E -0 4 0 .7 9 6 9 0 E -0 4 0 .8 5 8 2 0 E -0 4 0 .9 1 9 4 9 E -0 4
73 0 .4 9 1 7 0 E -0 4 0 .5 4 6 3 3 E -0 4 0 .6 0 0 9 7 E -0 4 0 .6 5 5 6 0 E -0 4 0 .7 1 0 2 3 E -0 4 0 .7 6 4 8 7 E -0 4 0 .8 1 9 5 0 E -0 4
74 0 .4 3 8 2 3 E -0 4 0 .4 8 6 9 2 E -0 4 0 .5 3 5 6 2 E -0 4 0 .5 8 4 3 1 E -0 4 0 .6 3 3 0 0 E -0 4 0 .6 8 1 6 9 E -0 4 0 .7 3 0 3 9 E -0 4
75 0 .3 9 0 5 7 E -0 4 0 .4 3 3 9 7 E -0 4 0 .4 7 7 3 6 E -0 4 0 .5 2 0 7 6 E -0 4 0 .5 6 4 1 6 E -0 4 0 .6 0 7 5 6 E -0 4 0 .6 5 0 9 5 E -0 4
76 0 .3 4 8 0 9 E -0 4 0 .3 8 6 7 7 E -0 4 0 .4 2 5 4 4 E -0 4 0 .4 6 4 1 2 E -0 4 0 .5 0 2 8 0 E -0 4 0 .5 4 1 4 7 E -0 4 0 .5 8 0 1 5 E -0 4
77 0 .3 1 0 2 4 E -0 4 0 .3 4 4 7 1 E -0 4 0 .3 7 9 1 8 E -0 4 0 .4 1 3 6 6 E -0 4 0 .4 4 8 1 3 E -0 4 0 .4 8 2 6 0 E -0 4 0 .5 1 7 0 7 E -0 4
78 0 .2 7 6 5 0 E -0 4 0 .3 0 7 2 2 E -0 4 0 .3 3 7 9 5 E -0 4 0 .3 6 8 6 7 E -0 4 0 .3 9 9 3 9 E -0 4 0 .4 3 0 1 2 E -0 4 0 .4 6 0 8 4 E -0 4
79 0 .2 4 6 4 3 E -0 4 0 .2 7 3 8 1 E -0 4 0 .3 0 1 2 0 E -0 4 0 .3 2 8 5 8 E -0 4 0 .3 5 5 9 6 E -0 4 0 .3 8 3 3 4 E -0 4 0 .4 1 0 7 2 E -0 4
80 0 .2 1 9 6 4 E -0 4 0 .2 4 4 0 4 E -0 4 0 .2 6 8 4 4 E -0 4 0 .2 9 2 8 5 E -0 4 0 .3 1 7 2 5 E -0 4 0 .3 4 1 6 6 E -0 4 0 .3 6 6 0 6 E -0 4
81 0 .1 9 5 7 4 E -0 4 0 .2 1 7 4 9 E -0 4 0 .2 3 9 2 4 E -0 4 0 .2 6 0 9 9 E -0 4 0 .2 8 2 7 4 E -0 4 0 .3 0 4 4 9 E -0 4 0 .3 2 6 2 4 E -0 4
82 0 .1 7 4 4 6 E -0 4 0 .1 9 3 8 5 E -0 4 0 .2 1 3 2 3 E -0 4 0 .2 3 2 6 2 E -0 4 0 .2 5 2 0 0 E -0 4 0 .2 7 1 3 9 E -0 4 0 .2 9 0 7 7 E -0 4
83 0 .1 5 5 4 9 E -0 4 0 .1 7 2 7 7 E -0 4 0 .1 9 0 0 4 E -0 4 0 .2 0 7 3 2 E -0 4 0 .2 2 4 6 0 E -0 4 0 .2 4 1 8 7 E -0 4 0 .2 5 9 1 5 E -0 4
84 0 .1 3 8 5 8 E -0 4 0 .1 5 3 9 8 E -0 4 0 .1 6 9 3 8 E -0 4 0 .1 8 4 7 7 E -0 4 0 .2 0 0 1 7 E -0 4 0 .2 1 5 5 7 E -0 4 0 .2 3 0 9 7 E -0 4
85 0 .1 2 3 5 1 E -0 4 0 .1 3 7 2 3 E -0 4 0 .1 5 0 9 6 E -0 4 0 .1 6 4 6 8 E -0 4 0 .1 7 8 4 0 E -0 4 0 .1 9 2 1 3 E -0 4 0 .2 0 5 8 5 E -0 4
86 0 .1 1 0 0 8 E -0 4 0 .1 2 2 3 1 E -0 4 0 .1 3 4 5 4 E -0 4 0 .1 4 6 7 7 E -0 4 0 .1 5 9 0 0 E -0 4 0 .1 7 1 2 3 E -0 4 0 .1 8 3 4 6 E -0 4
87 0 .9 8 1 0 7 E -0 5 0 .1 0 9 0 1 E -0 4 0 .1 1 9 9 1 E -0 4 0 .1 3 0 8 1 E -0 4 0 .1 4 1 7 1 E -0 4 0 .1 5 2 6 1 E -0 4 0 .1 6 3 5 1 E -0 4
88 0 .8 7 4 3 8 E -0 5 0 .9 7 1 5 4 E -0 5 0 .1 0 6 8 7 E -0 4 0 .1 1 6 5 8 E -0 4 0 .1 2 6 3 0 E -0 4 0 .1 3 6 0 2 E -0 4 0 .1 4 5 7 3 E -0 4
89 0 .7 7 9 2 9 E -0 5 0 .8 6 5 8 8 E -0 5 0 .9 5 2 4 6 E -0 5 0 .1 0 3 9 1 E -0 4 0 .1 1 2 5 6 E -0 4 0 .1 2 1 2 2 E -0 4 0 .1 2 9 8 8 E -0 4
90 0 .6 9 4 5 5 E -0 5 0 .7 7 1 7 2 E -0 5 0 .8 4 8 8 9 E -0 5 0 .9 2 6 0 6 E -0 5 0 .1 0 0 3 2 E -0 4 0 .1 0 8 0 4 E -0 4 0 .1 1 5 7 6 E -0 4
91 0 .6 1 9 0 0 E -0 5 0 .6 8 7 7 8 E -0 5 0 .7 5 6 5 6 E -0 5 0 .8 2 5 3 4 E -0 5 0 .8 9 4 1 1 E -0 5 0 .9 6 2 8 9 E -0 5 0 .1 0 3 1 7 E -0 4
92 0 .5 5 1 7 0 E -0 5 0 .6 1 3 0 0 E -0 5 0 .6 7 4 3 0 E -0 5 0 .7 3 5 6 0 E -0 5 0 .7 9 6 8 9 E -0 5 0 .8 5 8 1 9 E -0 5 0 .9 1 9 4 9 E -0 5
93 0 .4 9 1 7 0 E -0 5 0 .5 4 6 3 3 E -0 5 0 .6 0 0 9 7 E -0 5 0 .6 5 5 6 0 E -0 5 0 .7 1 0 2 3 E -0 5 0 .7 6 4 8 7 E -0 5 0 .8 1 9 5 0 E -0 5
94 0 .4 3 8 2 3 E -0 5 0 .4 8 6 9 2 E -0 5 0 .5 3 5 6 2 E -0 5 0 .5 8 4 3 1 E -0 5 0 .6 3 3 0 0 E -0 5 0 .6 8 1 6 9 E -0 5 0 .7 3 0 3 9 E -0 5
95 0 .3 9 0 5 7 E -0 5 0 .4 3 3 9 7 E -0 5 0 .4 7 7 3 6 E -0 5 0 .5 2 0 7 6 E -0 5 0 .5 6 4 1 6 E -0 5 0 .6 0 7 5 5 E -0 5 0 .6 5 0 9 5 E -0 5
96 0 .3 4 8 0 9 E -0 5 0 .3 8 6 7 7 E -0 5 0 .4 2 5 4 4 E -0 5 0 .4 6 4 1 2 E -0 5 0 .5 0 2 8 0 E -0 5 0 .5 4 1 4 7 E -0 5 0 .5 8 0 1 5 E -0 5
97 0 .3 1 0 2 4 E -0 5 0 .3 4 4 7 1 E -0 5 0 .3 7 9 1 9 E -0 5 0 .4 1 3 6 6 E -0 5 0 .4 4 8 1 3 E -0 5 0 .4 8 2 6 0 E -0 5 0 .5 1 7 0 7 E -0 5
98 0 .2 7 6 5 0 E -0 5 0 .3 0 7 2 3 E -0 5 0 .3 3 7 9 5 E -0 5 0 .3 6 8 6 7 E -0 5 0 .3 9 9 3 9 E -0 5 0 .4 3 0 1 2 E -0 5 0 .4 6 0 8 4 E -0 5
99 0 .2 4 6 4 3 E -0 5 0 .2 7 3 8 1 E -0 5 0 .3 0 1 2 0 E -0 5 0 .3 2 8 5 8 E -0 5 0 .3 5 5 9 6 E -0 5 0 .3 8 3 3 4 E -0 5 0 .4 1 0 7 2 E -0 5

100 0 .2 1 9 6 4 E -0 5 0 .2 4 4 0 4 E -0 5 0 .2 6 8 4 4 E -0 5 0 .2 9 2 8 5 E -0 5 0 .3 1 7 2 5 E -0 5 0 .3 4 1 6 6 E -0 5 0 .3 6 6 0 6 E -0 5
“The last two digits in each value for the temperature difference given in this table represent a power of 10, by which each value should be multiplied in order to 

obtain a correct value. For example: 0.34553E-03 and 0.19376E 00 represents 0.00034553 and 0.19376 respectively. The symbol E is used to differentiate a mantissa 
part from an exponential part in each tabulated value as it is commonly used in computer-output.

in g  th e  e n t i r e  p ro c e s s in g  c y c le  e x c e p t  fo r  th e  
in i t ia l  a n d  la s t  p h a s e s . T h e s e  d iffe re n c e s  c o u ld  
h a v e  re s u lte d  fro m  a  n o n c o n d u c t iv e  m o d e  o f 
h e a t  t r a n s f e r  in  th e  fo o d  a n d  f ro m  s lo w e r h e a t 
in g  o r  co o lin g  r a te s  in  w a t e r  c o lu m n s  in  c o m 
p a r is o n  w ith  th o s e  in  a  s te a m  d o m e .

DISCUSSION & CONCLUSION
DUHAMEL’S theorem has been utilized frequently for deriving analytical formulas for transient temperature distributions in solid objects subjected to 
time variable ambient temperatures. The resultant analytical formulas are both complicated and have limited practical value unless they are simplified. This theorem was applied to experimental formulas for conductive foods by approximating variable ambient temperature by a series of step changes. The resultant formula was used for estimating the transient temperature in the food. In the proposed procedure only 
simple arithmetic computations are necessary and much less effort is required

Table 3— Dimensionless temperature differences and variable ambient temperatures for orange used 
in sample calculation

D im e n s io n le s s
te m p e r a tu r e  d i f f e r e n c e _______________________ A m b ie n t  te m p e r a tu r e

i AU, i AU, t ( V i 6  hr)° T„,„ -  T„(°F) t(K is hr)° T oi„ -  T„(°F)
38 0.00191 19 0.01705 0.9 7.9 35.4 0.6
37 0.00215 18 0.01913 2.7 16.4 37.2 0.5
36 0.00241 17 0.02147 4.5 16.1 39.1 0.5
35 0.00270 16 0.02408 6.9 16.7 40.9 0.5
34 0.00303 15 0.02702 8.2 17.7 42.7 0.6
33 0.00340 14 0.03032 10.0 18.8 44.5 0.5
32 0.00382 13 0.03402 11.8 19.9 45.9 0.3
31 0.00429 12 0.03817 13.6 20.9 48.1 0.3
30 0.00481 11 0.04283 15.4 21.9 49.9 0.3
29 0.00539 10 0.04805 17.3 22.8 51.7 0.3
28 0.00605 9 0.05392 19.1 23.8 53.6 0.3
27 0.00679 8 0.06050 20.9 24.8 55.4 0.3
26 0.00762 7 0.06788 22.7 25.7 57.2 0.3
25 0.00855 6 0.07616 24.5 26.5 59.0 0.3
24 0.00959 5 0.08447 26.3 27.3 60.8 0.3
23 0.01076 4 0.08437 28.1 28.1 62.6 0.3
22 0.01207 3 0.07069 30.0 16.2 64.4 0.3
21 0.01581 2 0.04470 31.8 2.4 66.3 0.3
20 0.01520 1 0.01543 33.6 0.8 68.1 0.3

“The time listed in this table does not represent each time interval. However, it indicates the midpoint
of each interval.
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Fig. 3— Temperatures in an orange during 
a variable ambient temperature treatment. 
Curves labelled as a, b, and e respectively rep
resent the temperatures measured at these 
points in the orange: 0.295, 0.653 and 0.927. 
These three values indicate ratios between 
radial distances to the points and the radius of 
the orange.

in com parison w ith  using the  analy tica l 
form ulas.

G eom etrical shapes for m any foods 
are irregular and  canno t be app rox im at
ed by sim ple shapes such as spheres, 
slabs, or cylinders. Since m ost theo re ti
cal form ulas were developed for geom et
rically sim ple ob jects they  canno t be 
used to  p red ict the  tran sien t tem p era
tu res  of irregularly  shaped foods. T he 
proposed procedure can be used to  p re
d ic t tran sien t tem pera tu res since only 
the  f and  j values m ust be determ ined 
experim entally . These constan ts can be 
easily determ ined w ith  a sim ple h ea t 
transfer experim ent.

T here are several published proce
dures for estim ating  f and  j values for 
various foods (Ball and  Olson, 1957; 
K o p e lm an an d  Pflug, 1968; Pflug e t al., 
1965; and  Sm ith  e t al., 1967). These p ro 
cedures can be u tilized to  determ ine f 
and  j  values w ithou t experim entation  
w henever they  are applicable. T he as
sum ptions im posed during  developm ent 
of the  procedures are as follows: T he 
sam ple food is hom ogeneous and  its 
therm ophysical properties are  constan t. 
M ethods developed by either K opelm an 
or by  Pflug can be used when the  geo
m etric shape of the  food is approxim ated  
by a cylinder, slab, or sphere. For irreg
u larly  shaped foods, the  procedure de
veloped by Sm ith  and  his coworkers can 
be used, although  explicit form ulas for 
estim ating  f and  j values were no t given. 
Expressions for evaluating  these values

CARROT

AMBIENT
EXPERIMENTAL

Fig. 4— Temperatures in a carrot during a vari
able ambient temperature treatment.

can be ob tained  from  o th er form ulas 
given by them . For exam ple, f an d  j va l
ues of a m ass average tem pera tu re  h is
to ry  curve for an irregularly  shaped food 
can be estim ated  by eq. (4) and  (5):

f = l2 (In 10)/(*?«) (4)

j = 0.892 • 1<^0 0388|2/,“,, (5)
T here are a num ber of tem pera tu re  

response ch arts  available in the  lite ra
tu re  (Schneider, 1963) although  m ost of 
them  are geom etrically sim ple objects. 
These charts  can be used to  determ ine 
the  f and  j values w henever assum ptions 
im posed in ob tain ing  these ch arts  are 
satisfied.

In  conclusion the  tran sien t tem pera
tu res  of any  conductive food, which is 
subjected  to tim e variable am bien t tem 
peratu re , can be estim ated  by  the  pro
posed procedure when the  f and  j values 
are available.

NOMENCLATURE
A  C o n s ta n t  w h ic h  c a n  b e  e s t im a te d  b y  

e q . C 2  ( t im e ) .
f  S lo p e  in d e x  o f h e a t in g  o r  co o lin g  c u rv e  

fo r  fo o d . T h i s  c o n s ta n t  is  g e o m e tr ic a l ly  
d e f in e d  a s  fo llo w s: A  f v a lu e  re p r e s e n ts  
a  h e a t in g  o r  co o lin g  t im e  w h ic h  is  r e 
re q u ir e d  fo r  th e  l in e a r  p o r t io n  o f a  
te m p e r a tu r e  h is to r y  c u rv e  t o  p a s s  o n e  
lo g  cy c le . A  p ro c e d u re  fo r  o b ta in in g  
th is  c u rv e  is  d isc u ss e d  in  th e  Develop
ment of procedure ( t im e ) . 

i D u m m y  in te g e r .
j  I n te r c e p t  c o e ff ic ie n t o f  h e a t in g  o r  co o l

in g  c u rv e  fo r  fo o d . T h i s  c o e ff ic ie n t is 
o b ta in e d  b y  d iv id in g  a  re a l  te m p e r a 
tu r e  d if fe re n c e  b e tw e e n  fo o d  a n d  c o n 
s t a n t  a m b ie n t  te m p e r a tu r e  a t  z e ro  t im e  
o f  h e a t in g  o r  co o lin g  w ith  a  p h a n to m  
te m p e r a tu r e  d iffe re n c e  a t  th e  s a m e  
t im e . T h e  l a t t e r  te m p e r a tu r e  d iffe re n c e

Fig. 5— Temperatures in a 211 X  400 con of 
thermally conductive food during a heat pro
cessing. A = temperature of heating medium; 
B — temperature of the food determined 
through an experimentation; C = temperature 
of the food estimated with the proposed pro
cedure.

is  o b ta in e d  b y  e x t r a p o la t in g  th e  l in e a r  
p o r t io n  o f a  te m p e r a tu r e  h is to r y  c u rv e . 
A  p ro c e d u re  fo r  o b ta in in g  t h i s  c u rv e  
is  d isc u ss e d  in  th e  Developm ent of 
procedure.

1 C h a r a c te r i s t i c  d im e n s io n  o f  fo o d
( le n g th ) .

N  C o n s ta n t  w h ic h  c a n  b e  e s t im a te d  b y
eq . (C 2 ).

n  In te g e r .
T  F o o d  te m p e r a tu r e  w h e n  fo o d  is  s u b 

je c te d  to  v a r ia b le  a m b ie n t  t e m p e r a tu r e  
( ° F ) .

T „ A m b ie n t  t e m p e r a tu r e .  T h i s  s y m b o l is  
u s e d  in  a  s te p  a m b ie n t  te m p e r a tu r e  
c h a n g e  t r e a tm e n t  ( ° F ) .

T rp  rri m  rri
a l m >  I a 2 m j  J - o i m j  L ( n - l ) n i )  A a n m

V a r ia b le  a m b ie n t  te m p e r a tu r e s  fo r  1 s t, 
2 n d , i t h ,  (n  -  l ) s t ,  a n d  n t h  t im e  i n t e r 
v a ls  re s p e c tiv e ly  ( ° F ) .

T t A m b ie n t  te m p e r a tu r e .  T h i s  s y m b o l is
u se d  in  F ig u re  1 ( ° F ) .

T„ I n i t i a l  fo o d  te m p e r a tu r e  ( ° F ) .
T ,  F o o d  te m p e r a tu r e  w h e n  i t  is  s u b je c te d

to  a  s te p  a m b ie n t  te m p e r a tu r e  c h a n g e  
t r e a tm e n t  ( ° F ) .  

t  T im e  v a r ia b le  ( t im e ) ,
ti  L e n g th  o f c u rv i l in e a r  p o r t io n  fo r  h e a t 

in g  o r  co o lin g  c u rv e  ( t im e ) .
A t U n ifo rm  t im e  in te r v a l  ( t im e ) .
U  =  (T , -  T „)/(T < , -  T 0). D im e n s io n le s s  

fo o d  te m p e r a tu r e  w h e n  i t  is  s u b je c te d  
to  a  s te p  a m b ie n t  t e m p e r a tu r e  c h a n g e  
t r e a tm e n t .

U„ =  1.
U.,U2, u,-., U„ U.-.-, u„-1+1, U„_2, u„-,, u„

S p e c ific  U  v a lu e s  w h ic h  a r e  re s p e c tiv e -
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ly  d e te rm in e d  a t  th e  e n d s  o f  1 s t, 2 n d , 
(i -  l ) s t ,  i t h ,  (n  -  i ) th ,  (n  -  i +  l ) s t ,  
(n  -  2 )n d , (n  -  l ) s t ,  a n d  n t h  t im e  
in te rv a ls .

A U i, A U 2, A U „ A U b- ( + i , A U ,- i , A U .
R e s p e c t iv e ly  d e f in e d  a s  1 -  U i, U i
-  U 2, U , , -  U i, U , - i  -  U ._ 1+1, u . - ,
-  U „ - 2  a n d  U . - I  -  U„.

a  T h e rm a l  d if f u s iv i ty  o f fo o d  ( le n g th 2/ 
t im e ) .

7 », fi, E x p re ss io n s  w h ic h  c o n ta in  B io t  n u m 
b e r , p h y s ic a l  d im e n s io n  o f  fo o d , a n d  
lo c a tio n  v a r ia b le .

©  = (T , -  T . ) / ( T „  -  T „).
© « , = (T „,„ -  T o ) / ( T .  -  To).
| ,  C o n s ta n t ,  w h ic h  is  d e f in e d  b y  S m ith  

e t a l .  (1 9 6 7 ). T h i s  is  id e n t ic a l  to  M i in  
th e i r  p a p e r .

APPENDIX
D e r i v a t i o n  o f  e q .  (2 )

I n  a p p ly in g  D u h a m e l’s th e o re m , th e  fo l
lo w in g  s o lu tio n  fo r  th e  h e a t  c o n d u c t io n  e q u a 
t io n  is  n e e d e d . T h e  s o lu tio n  w h ic h  s a tis f ie s  
th e s e  c o n d itio n s : in i t ia l  t e m p e r a tu r e  in  th e  
sa m p le  o b je c t  is  ze ro  a n d  i t s  a m b ie n t  te m p e r a 
tu r e  is u n i ty .  B e c a u se  o f th is ,  eq . (1) s h o u ld  
b e  t r a n s f o r m e d  a s  fo llow s:

0 ( t ) T ,  -  T ,  T ,  -  To
T „ -  To “  T „ -  T ,

= 1 = £■  • e-7«ort/l2 ( b l )

T h e  a m b ie n t  te m p e r a tu r e  s h o u ld  a lso  b e  
tr a n s fo rm e d  a s  fo llow s:

© a . = i -  1 , 2 .............n  (b 2 )

D u h a m e l’s th e o re m  c a n  b e  a p p l ie d  to  
eq . ( b l )  in  o rd e r  to  d e r iv e  a  fo rm u la  fo r  e s t i 
m a t in g  th e  s a m p le  te m p e r a tu r e  w h e n  i t  is 
s u b je c te d  to  th e  v a r ia b le  a m b ie n t  te m p e r a 
tu re s ,  eq . (b 2 ). A  fo rm u la  fo r  e s t im a t in g  th e  
fo o d  te m p e ra tu re ,  (T  -  T „ ) / (T o  -  T „), a t  th e  
n th  t im e  in te rv a l  c a n  b e  d e r iv e d  a s  fo llow s:

T  -  T „
To -  T „ : 

* 9 ( t  - 
òt

L  /
i = l  ( i - l ) A t

^ > . d *
© H i  •

= Ë  0 8 , ■ (u  t(n -  i) At]

-  U  [ (n  -  i +  1) A t])  (b3)

F ro m  e q . (b 3 ) , w e  c a n  e a s i ly  so lv e  fo r  T  
a s  fo llow s:

T  = T „ +  ^  (T „ o  -  To) • a U , - i + i (b4)i=l
T h is  is  id e n t ic a l  to  e q . (2 ).
Experim ental formulas

E x p e r im e n ta l  o r  th e o re t ic a l  t e m p e r a tu r e  
h is to r y  c u rv e s  fo r  v a r io u s  c o n d u c t iv e  a n d  
c o n v e c t iv e  fo o d s  w e re  c o lle c te d  f ro m  d a t a  in  
p u b lis h e d  p a p e r s  a n d  a lso  fro m  o u r  o w n  d a ta .  
A f te r  a n a ly z in g  th e  g e o m e tr ic a l  c h a ra c te r is 
t i c s  o f th e s e  c u rv e s , th e  fo llo w in g  e x p e r im e n 
t a l  fo rm u la s  w e re  o b ta in e d  fo r  e s t im a t in g  th e  
t r a n s i e n t  te m p e r a tu r e  in  th e  fo o d  w h e n  j  v a l
u e s  a r e  in  th is  ra n g e ;  0 .0 45  <  j  <  0 .4 .

T  -  T a = ( T 0 -  T a) • 10 w  * ( c l )  
w h e n  s u b s c r ip t  0  <  t  <  ti

N  = (0 .3  -  lo g io j) /0 .3  (c2)

A / f  = 0 .3  (0 .3  -  lo g .o j ) ” * (c3)

t i / f  = 0 .3  (c4)

REFERENCES
Arpaci, VedatS. 1966. “Conduction Heat Transfer.” Addison-Wesley Publishing Company, Reading, 

Mass.Ball, C. Olin. 1923. Thermal process time for canned food. Bulletin of the National Research Council, 7, P a r t i  (37): 1.Ball, C. Olin and Olson, F.C.W. 1957. “Sterilization in Food Technology.” McGraw Hill Book Co., New York.Carslaw, H.S. and Jaeger, J.C. 1959. “Conduction of Heat in Solids.” Oxford University Press, London, England.

Charm, Stanley E. 1963. “The Fundamentals of Food Engineering.” The AVI Publishing Company, Inc., Westport, Conn.Earle, R.L. and Fleming, A.K. 1967. Cooling and freezing of lamb and mutton carcasses. I. Cooling and freezing rates in legs. Food Technol. 21: 79.Gillespy, T.G. 1953. Estimation of sterilizing values of processes as applied to canned foods. II. J. Sci. Food Agric. 4: 553.Hayakawa, Kan-ichi. 1969. A method for estimating the central temperature of canned food during heating or cooling period of heat process. Food 
Technol. 23(11): 1473.Hayakawa, Kan-ichi. 1970. Experimental formulas for accurate estimation of transient temperature of food and their application to thermal process evaluation. Food Technol. 24:1407.Hayakawa, Kan-ichi and Ball, C. Olin. 1968. A note on theoretical cooling curve of a cylindrical can of thermally conductive food. Can. Inst. Food Technol. J., 1(2): 54.Hayakawa, Kan-ichi and Ball, C. Olin. 1969a. A note on theoretical cooling curve of a cylindrical can of thermally conductive food. Can. Inst. Food Technol. J.,2(3): 115.Hayakawa, Kan-ichi and Ball, C. Olin. 1969b. Charts for calculating average temperature of thermally conductive food in a cylindrical can during heat processing. Can. Inst. Food Technol. J . 2(1): 12.Hicks, E.W. 1951. On the evaluation of canning process. Food Technol. 5: 134.Kopelman, I.J. and Pflug, I.J. 1968. The relationship of the surface, mass average and geometric center temperatures in transient conduction heat flow. Food Technol. 22(6): 141.Luikov, A.V. 1968. “Analytical Heat Conduction Theory.” Academic Press, Inc., New York, N.Y.Pflug, I.J., Blaisdell, J.L. and Kopelman, I.J. 1965. Developing temperature time curves for objects that can be approximated by a sphere, infinite plate, or infinite cylinder. ASHRAE Transactions 71: 238.Smith, R.E., Nelson, G.L. and Henrickson, R.L.1967. Application of geometry analysis of anomalous shapes to problems in transient heat transfer. Transaction ASAE 10(2): 236.Schneider, P.J. 1963. “Temperature Response Charts.” John Wiley and Sons, Inc., New York.

Stumbo, C.R. 1965. “Thermobacteriology in Food Processing.” Academic Press, New York.Wadsworth, James I. and Spadaro, James J. 1969. Transient temperature distribution in whole sweet potato. Food Technol. 23: 85.Ms. received 5/26/70; revised 12/2/70; accepted12/9/70.
The author acknowledges Mr. Kevin Sheehy for his assistance in conducting the heat transfer experiments reported in this paper.A paper of the Journal Series, New Jersey Agricultural Experiment Station, Rutgers The State University, Food Science Department, New Brunswick, 

N.J.This work was supported in part by U.S. Public Health Service Grant No. FD-00119-04 from the Food & Drug Administration.



R. W. DICKERSON JR.
Milk & Food Sanitation Research Branch, Div. of Microbiology, Bureau of Foods, 

FDA, PHS, U.S. Dept, of Health, Education, and Welfare, Cincinnati, Ohio 45226

MICROBIAL LETHALITY DURING LOGARITHMIC COOLING

SUMMARY— By applying the normal restrictions of thermal inactivation experiments, Ball's general 
equation for lethality during logarithmic cooling was reduced to a form requiring no exponential 
integrals. The computation is brief within the limits of two restrictions, and accuracy is db I %  of 
Ball's general equation. The equation is limited to thermal inactivation experiments where the 
minor dimension of the sample is less than 15 mm; it cannot be applied to commercial sterilization 
processes.

INTRODUCTION
H E A T  is the  m ost com m on m ethod 
used to  pasteurize or sterilize foods and 
therm al inactivation  experim ents are  of
ten  em ployed to  determ ine the  necessary 
process. U sually, the  m ost h ea t resistan t 
pathogen  is placed in a food sam ple w ith 
a m inor dim ension n o t larger th a n  15 
m m , and  the  sam ple is heated  to  the 
exposure tem pera tu re , held for a specific 
len th  of tim e, cooled, and  tested  for su r
vivors of the  process. Because of the 
small sam ple size, heating  and  cooling is 
rapid , and  m ost of the  lethal effect oc
curs a t  the  exposure tem pera tu re . Al
though  the heating  and  cooling tim es are 
brief, the ir le tha lity  m ust be evaluated .

T he m ost generally used m ethod of 
evaluating  the  le tha lity  of heating  and 
cooling phases is the  graphical m ethod 
of Bigelow (1920). M ore recently , n u 
merical m ethods have been em ployed. 
C om puter techniques have been applied 
to  heating  curves (H erndon e t al., 1968; 
G riffin e t al., 1969), and  H ayakaw a
(1968) described a G aussian integral 
technique th a t  applies to  bo th  heating  
and  cooling curves. F or the  specific con
ditions of logarithm ic heating  and  cool
ing, Ball and  Olson (1957) developed 
tab les and  equations for com puting le
tha lity  of the  process, which have been 
used extensively. T heir tab les for loga
rithm ic cooling are  lim ited, however, to 
the  large food geom etries of the  canning 
industry , where there is a significant 
tim e lag a t  the  beginning of the  cooling 
process. T heir tab les were com puted for 
the  specific condition of j c = 1.41.

In  con trast to  com m ercial steriliza
tion  processes, no significant tim e lag 
occurs w ith  the  small sam ples of therm al 
inac tivation  experim ents (jc = 1 .0), and, 
a lthough the  tab les of B all and  Olson
(1957) are valid  for logarithm ic heating , 
a com putation  for logarithm ic cooling 
will yield a value of le tha lity  greater 
th a n  th a t  of the  ac tu a l cooling process. 
C onsequently , these tables, and  deriva
tions from  them  (Hicks, 1958; Pflug,
1968) cannot be used for com puting le
th a lity  of the  cooling process of m ost 
therm al inactivation  experim ents. H icks

(1958), Pflug (1968) and  Ball and  Olson
(1957) recognized th is  and  lim ited the ir 
tab les to  the  specific condition where j e 
= 1.41. Because of th is  lim itation , S tum - 
bo (1965) developed tab les for logarith 
mic cooling for several d ifferent tim e 
lags (0.4 ^  j c ^  2.0). S tum bo’s tab les 
yield the  to ta l le tha lity  of heating  and  
cooling w ith the  inheren t assum ption 
th a t  the  slope of the  heating  curve 
equals the  slope of the  cooling curve.

T herm al inactivation  experim ents are 
un ique in th a t  the  heating  and  cooling 
phases are separated  by a holding period 
a t  constan t tem pera tu re , and  when w a
te r b a th  techniques are used, the  heating  
and  cooling curves are sim ple logarith 
mic curves. By applying these restric
tions, the  equations for le tha lity  during 
linear and  logarithm ic heating  (Ball and  
Olson, 1957) have been reduced to  forms 
th a t  do no t require the  evaluation  of log
arithm s or exponential in tegrals (D ick
erson, 1969). T he equations yield a sin
gle value for le tha lity , w ithou t the  use of 
tab les or nom ogram s. An equation  has 
also been developed th a t  determ ines the  
relative m agnitude of le tha lity  during 
logarithm ic cooling (D ickerson, 1969;
1970), b u t it  could be used only to  de
term ine when le tha lity  of the  cooling 
process was negligible. M y objective was 
to  develop an  equation  (w ithout expo
nen tia l integrals) for com puting the  
precise le tha lity  of a logarithm ic cooling 
process.

THEORY
L E T H A L I T Y  u n d e r  a  lo g a r i th m ic  co o lin g  
c u rv e  is  g iv e n  b y  (B a ll a n d  O lso n , 1957)

0 .4 3 5  b
/  T , - 1

F t8 V 10 z

¡ > (
T , - T c \
0 .4 3 5  z  J

-  E i  (f  T  -  Tc \ 1
v 0 .4 3 5  z /  J

T ra n s p o s in g  e q u a t io n  (1 ) is  n o t  a  s t r a ig h t 
fo rw a rd  s te p  a n d  th e  r e a d e r  is  r e fe r re d  to  
D ic k e rs o n  (1 970) fo r  a  r e la te d  d isc u ss io n . I n

m a n y  th e r m a l  in a c t iv a t io n  s tu d ie s ,  th e  le th a l  
e f fe c t o f th e  co o lin g  p ro c e s s  is  c o m p u te d  a s  a n  
e q u iv a le n t  t im e , t ,  a t  th e  e x p o s u re  t e m p e r a 
tu r e  a n d  th is  v a lu e  c a n  b e  o b ta in e d  b y  m u l
t ip ly in g  b o th  s id e s  o f e q u a t io n  (1 ) w i th  F t ,'.

W h e n  co o lin g  is  n e a r ly  c o m p le te , T  -  T c is 
sm a ll a n d , b e c a u se  o f th i s  th e  se c o n d  e x p o n e n 
t i a l  in te g r a l  o f  e q u a t io n  (2 ) b e c o m e s  n e g lig i
b le  a n d  m a y  b e  e l im in a te d  a s  fo llo w s . T e m 
p e r a tu r e  d u r in g  lo g a r i th m ic  co o lin g  m a y  b e  
e x p re s se d  a s

T  -  T ,  =  ( T .  -  T c) 10 1 (3)

S in ce  co o lin g  is  n e a r ly  c o m p le te  w h e n  t  = 3 f„  
th e  te m p e r a tu r e  a t  th e  e n d  o f  co o lin g  is  g iv e n  
b y

T  -  T c =  0 .001  (T , -  T c) (4)

a n d  s u b s t i tu t i o n  o f  e q u a t io n  (4 ) in to  (2 ) y ie ld s

t 0 .4 3 5  f, 
T , - T c

10 z

r F i  /'  T ,  -  T c \[ E l  (v 0 .4 3 5  z  /
-  E i /  0 .0 01  (T , -  Tc)

V 0 .4 3 5  z )] (5)

W h e n  (T , -  T , ) / z  is  la rg e , th e  se c o n d  e x p o 
n e n t ia l  in te g r a l  in  e q u a t io n  (5 ) is  n e g lig ib le  in  
c o m p a r is o n  w ith  th e  f i r s t .  T o  t r e a t  t h e  f i r s t  
e x p o n e n tia l  in te g r a l  o f  e q u a t io n  (5 ), i t  is  o b 
s e rv e d  f ro m  ta b le s  o f  e x p o n e n t ia l  in te g r a ls  
(G a u ts c h i  a n d  C a h il l ,  1964) t h a t

1x e - 'E i ( x )  = 1 .00  +  —  (6)x

is  a c c u r a te  t o  w ith in  ± 1 %  w h e n  x  >  8 .3 . T h e  
s t r a ig h t  l in e  o f e q u a t io n  (6) w a s  o b ta in e d  b y  
ta k in g  v a lu e s  o f xe 'E i ( x )  f ro m  th e  ta b le s  o f 
G a u ts c h i  a n d  C a h il l  (1964) a n d  p lo t t i n g  th e m  
v e rs u s  1 /x , fo r  v a lu e s  o f 1 /x  b e tw e e n  0  a n d
0 .3 . S in ce

x  =  (Tc -  T t) / 0 .4 3 5 z  (7)

e q u a t io n  (6) is  v a lid  w h e n  (T , -  T c) / z  >  3 .6 . 
F u r th e rm o re ,  w h e n  (T , -  T , ) / z  >  3 .6 , th e  
se c o n d  e x p o n e n tia l  in te g r a l  o f  e q u a t io n  (5) 
m a y  b e  n e g le c te d , a n d  s u b s t i tu t i n g  e q u a t io n s
(6) a n d  (7) in to  (5) y ie ld s
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t  = 0 .1 9  fc z 
T . - T , [■'00 + 0 .5 8  z  I

T . - T j (8)

E q u a t io n  (8) is  v a lid  to  w i th in  ± 1 %  o f e q u a 
t io n  (2) (F ig . 1) p ro v id e d  th e  co o lin g  p e r io d  is 
e q u a l t o  o r  g r e a te r  th a n  3 h ,  a n d  f u r t h e r  p r o 
v id e d  t h a t

T ,  -  T ,  >  3 .6  z  (9)

I n  th e r m a l  in a c t iv a t io n  e x p e r im e n ts , a  d if f e r 
en ce  o f 12z b e tw e e n  e x p o s u re  te m p e r a tu r e  a n d  
co o lin g  m e d iu m  te m p e r a tu r e  is  ty p ic a l ,  a n d  
e q u a tio n  (8) w ill b e  a p p lic a b le  in  m o s t  ca se s. 
T h e  a p p l ic a b i l i ty  o f e q u a t io n  (8 ) is  e a s i ly  d e 
te rm in e d  fro m  e q u a t io n  (9 ).

EXAMPLE
AT T H E  E N D  of a therm al inac tivation  
experim ent, a m icrobial suspension was 
cooled by plunging it  in to  a refrigerated  
w ater b a th  (5°C) and  holding i t  in the  
bath" for 10 m in. T he h ea t penetra tion  
curve ind icated  th a t  cooling was loga
rithm ic and  th a t  lc = 0.6 m in. T he expo
sure tem pera tu re  was 65°C and  the  z 
value was 6°C. As a first step , the  exam 
ple conditions were tested  to  determ ine 
w hether equation  (8) could be applied. 
In  the  first restriction , cooling tim e m ust 
be equal to  or greater th a n  3 b; therefore, 
cooling tim e was com puted in m ultiples 
of b

cooling tim e = _  16.7 icb 0.6 m m
and the  restriction  was satisfied. In  the  
second restriction  T , -  T c m ust be g rea t
er than  3.6z

65°C -  5°C >  3.6 (6.0°C)
60°C >  21.6°C

therefore, the  application  of equation  
(8) was valid. S ubstitu ting  in to  equation  
(8)

t  = 0 .19(0.6  min) 6°C
65°C -  5°C 

0.58 (6°C) ' 
+  65°C -  5 °C . 

= 0.0120 m in
[ l c

Using equation  (2) (the general equation  
for logarithm ic cooling), t  = 0.0119 m in, 
and  using Bigelow’s graphical m ethod,

CONCLUSIONS
FO R T H E R M A L  inactivation  experi
m ents, where the  m inor dim ension of the  
sam ple is small (less th a n  15 mm ) and  
the  cooling curve is logarithm ic from  the  
s ta r t of cooling, equation  (8) m ay  be 
used to  com pute le tha lity  of th e  cooling

Z

Fig. 1 —Comparison of exact and approximate equations.

process. I t  is only necessary th a t  cooling 
occurs for a tim e equal to  or g reater than  
3b, and  the  difference betw een exposure 
tem pera tu re  and  cooling m edium  tem 
pera tu re  is greater th a n  3.6z. W hen 
these conditions are m et, equation  (8) is 
accurate  to  w ithin ± 1 % of the  result 
from  equation  (2). T he com putation  is 
brief, and  no m athem atical tab les or 
nom ogram s are required.

Because of the  large size of com m er
cial cans of food, and  consequently , an 
initial dev ia tion  from  logarithm ic cool
ing, equation  (8) canno t be applied  to 
com m ercial sterilization processes.

NOMENCLATURE
E  =  l e th a l i ty  in  m u lt ip l ie r s  o f o n e  e q u iv 

a le n t  t r e a tm e n t .

E i  W  =  f  ^  d n
F  = th e r m a l  d e a th  t im e  o f  a  k n o w n  p ro 

ce ss  (m in ) .
F t* = th e r m a l  d e a th  t im e  a t  T* (m in ) , 
fc = s lo p e  o f  h e a t  p e n e t r a t io n  c u rv e  d u r 

in g  lo g a r i th m ic  co o lin g  ( m in ) . 
jc = (To -  T c) / ( T ,  -  T c).
T  = te m p e r a tu r e  (° C ) .
T c = te m p e r a tu r e  o f th e  co o lin g  m e d iu m

(° C ) .
T c = te m p e r a tu r e  o f th e  s a m p le  a t  th e  

s t a r t  o f th e  co o lin g  p ro c e s s  (° C ) .  
Tc is  a lso  th e  e x p o s u re  te m p e r a tu r e .  

To = a r t i f ic ia l  te m p e r a tu r e  (° C )  o b ta in e d  
w h e n  co o lin g  c u rv e  is  e x tr a p o la te d  
to  ze ro  t im e . F o r  lo g a r i th m ic  co o lin g  
o f s m a ll s a m p le s , T „ =  T e.

t  = le th a l  e f fe c t o f th e  co o lin g  p ro cess  
e x p re s se d  a s  a n  e q u iv a le n t  t im e  
(m in )  a t  th e  e x p o s u re  te m p e r a tu r e ,  
Tc.

r  = t im e  (m in ) .
x =  l im it  o f in te g r a t io n  o f  th e  e x p o n e n 

t i a l  in te g ra l .
z  = th e  te m p e r a tu r e  in c re a se  (° C )  t h a t

y ie ld s  a  1 0 -fo ld  r e d u c t io n  in  th e r m a l  
d e a th  t im e .
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PORE SIZE EFFECT IN THE FREEZE DRYING PROCESS

SUMMARY— Experiments were conducted to determine the influence and/or effect of the structure 
of the dried material itself on transport rates. Drying rates were measured in the 0.2-3.0 mm Hg 
pressure range, the usual operating range of commercial freeze driers. Thermal conductivities of 
dried beet and heat and mass transfer were calculated from drying rate data and the structure of 
the freeze-dried material was studied by optical means. A simplified relationship between thermal 
conductivity and pore structure was derived. Results show drying rates were related to basic trans
port properties, thermal conductivity and pore structure.

INTRODUCTION
A L T H O U G H  extensively used for the 
preservation  of biological m aterials, 
freeze dry ing  has had  a slow s ta r t  in the 
food industry . Basically a low pressure 
food dehydration  process, the  advan tage 
of freeze drying over o ther food preser
vation  processes is th a t  very little  
shrinkage, change in tex tu re  and  loss of 
flavor tak es  place. T he draw back how 
ever is the  slowness of the  process and 
n a tu re  of the  equipm ent which m ake it 
a very costly process.

R esearch in the  food industry  and 
chem ical engineering field has been ori
en ted  m ainly tow ard understand ing  the 
tran sp o rt p roperties of the  dried m a te ri
al. A num ber of au tho rs (D yer and  
Sunderland , 1966; H arper, 1962; L am 
b ert and  M arshall, 1962; M assey and  
Sunderland , 1967; Sandall e t al., 1967) 
have stud ied  h ea t and  m ass transfer 
rates, drying ra tes and  general p roper
ties of the  freeze-dried products. H ow 
ever, little  a tten tio n  has been given to 
the  influence of the  s truc tu re  of the 
dried  m aterial itself on tran sp o rt rates. 
Since m ost freeze-dried m aterials are 
consolidated porous solids, the  geom etry 
of the  system  is a very significant factor.

T his paper presents results of an  ex
perim ental s tu d y  of freeze drying of 
beef. T herm al conductiv ities and  h ea t 
and  mass transfer are calculated  from 
dry ing  ra te  d a ta  and  a stu d y  of the  
struc tu re  of the  freeze-dried m aterial is 
perform ed by optical m eans. T he m ajor 
aim  of th is  paper is to  relate  therm al 
conductiv ity  and  the  struc tu re  of the  
dried m aterial, the reby  determ ining the  
influence of the  ind ividual conductiv 
ities of the  solid tissue and  pore space on 
the  overall therm al conductiv ity  which 
controls the  drying rate.

THEORY
T h e r m a l  c o n d u c t iv ity

T he process of freeze drying involves 
a change of phase w ith a m oving surface 
of separation  betw een the two phases. 
As the  ice surface m oves inw ard, a po 
rous layer of dried m aterial gradually

appears, surrounding the  ice phase. T he  
h ea t necessary for sublim ation and  the  
w ater vapor generated  have to  trav e l 
th rough  th is porous layer and  it  is found 
th a t  a t  the  low pressures used, the  ra te  
of drying is m ainly controlled by h ea t 
transfer (H arper, 1962; M assey and  
Sunderland, 1967). In  such a process, 
the  therm al conductiv ity  is the  charac
teristic  tran sp o rt param eter.

In  a gas filled porous solid, such as 
freeze-dried m eat, the  bulk  or effective 
therm al conductiv ity  depends upon  the  
individual conductions of the  gas and  
solid and  on the  geom etry of the  system  
(C arm an, 1956; S trong e t al., 1960). 
Since freeze-dried m eats have a low bulk 
therm al conductiv ity  and  are highly 
porous, the  con tribu tion  of the  gas to  
the  bulk  conductiv ity  is very significant. 
F urtherm ore, since the  therm al conduc
tiv ity  of the  gas and  solid account re
spectively for the  h ea t conduction  in the  
pore space and  solid tissues, it  is of in 
terest to  determ ine w hat frac tion  of the  
m eat surface is pore space. T he therm al 
conductiv ity  of the  gas in th e  pore space 
varies w ith  pressure, since the  m ean free 
p a th  of the  gas increases as the  pressure 
decreases. As the  pressure is reduced, the  
m ean free p a th  becomes significant com 
pared  w ith  the  dim ensions of the  con
fining space—in th a t  case the  pore size 
— and  the  so-called “ tem pera tu re  ju m p ” 
phenom enon occurs (K ennard , 1929).

A t still lower pressures, collisions 
am ong molecules become insignificant 
com pared to  collisions w ith  solid su r
faces and  free molecule conditions p re
vail. M ost comm ercial freeze driers have 
an  operating  pressure range correspond
ing to  the  transition  region betw een slip 
and  free molecule flow.

In  a sam ple of freeze-dried tissue sec
tioned a t  righ t angles to  th e  m uscle fi
ber, it  is possible to  represen t the  m eat 
struc tu re  as a netw ork of fibers and  
pores oriented in a parallel d irection. In  
such a model, h ea t conduction  tak es  
place to  a g reat ex ten t th rough  solid and  
gas in parallel. In  th is  case, equations 
representing the  h ea t conduction  in the  
dried layer m ay be set up as:

Q = Qr +  qP (1 )
Q  = K r A r AT/Az

+  K p Ap AT / Az (2)
where q r, K r  and  A t are respectively  the  
heat conduction, the rm al co n d uc tiv ity  
and  cross sectional area of the  solid m a 
terial or tissue. T he corresponding q u a n 
tities respective to  pore space are qp, 
Kp and  A p. Az is the  w id th  of th e  sam ple, 
and  AT the  tem p era tu re  difference b e 
tw een the  surface of the  sam ple an d  its  
ice phase.

E q ua tio n  (2) can be w ritten  as:
Q = (K rA r  +  KpAp) (AT/Az) (3)

If the  bulk  or overall th e rm al conduc
tiv ity  is defined as:

K„ = (K rA r  +  Kp Ap)/A  (4)
equation  (4) can be expressed as:

K t = [K r (1 — <t>) +  K p <i>] (5)
where <t> is the  frac tion  of to ta l  cross sec
tional area th a t  is pore space. K r  is con
s ta n t, b u t Kp varies w ith  pressure. 

E qua tion  (5) can be rearranged  as:
Kb = K r  + <t> (Kp -  K r) (6)

T his expression shows th a t  K t will be 
d irectly  dependen t upon  pressure an d  
the  pore struc tu re  of the  m aterial.

F urtherm ore, an  expression for the  
therm al conductiv ity  in the  pore space 
can be w ritten  as:

Kp = (K i -  K r ) /0  +  K r  (7)
An experim ental bulk  the rm al conduc
tiv ity  can be determ ined  from  dry ing  
ra te  d a ta . Sandall e t al. (1967) devel
oped the  m odel of a uniform ly re trea tin g  
ice fron t and  re la ted  basic tra n sp o rt 
properties to  ra tes of d ry ing  by  using 
the  following equation :

(Z H ,/2  V/) ( -d x /d fl)
= K j/[K j/h
+  (1 -  x) Z /2 )] (T 0 -  T,) (8)

E qua tion  (8) m ay  be in teg ra ted  an d  
used to  calculate experim ental bu lk  
therm al conductivities:

(1 -  x) = (8V ,K k/Z 2H„) (T„ -  T.)
X  [ 8/ ( 1  -  x)] -  4 K fc/h Z  (9)
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Kj m ay be determ ined from  the  slope of 
a p lo t of (1 -  x), the  frac tion  of w ater 
rem oved, versus 0/(1 — x), th e  ra tio  of 
drying tim e to  fraction  of w ater re
moved.

M asam une an d  Sm ith  (1963) p ro 
posed a m odel in w hich h ea t transfer 
through a solid-gas p a th  in series as well 
as in parallel is considered. T he follow
ing expression for the  bulk  the rm al con
ductiv ity  is obtained:

Ki = <j> K p + 
+  ò(pìCr

(1 - <t>) (1 - 0)
(T /» ,) + (1 -  r)/Kr

( 10)

T his equation  will be used in th is  
paper w ith  the  assum ption  th a t  the  
m ean free p a th  rem ains essentially con
s tan t and  equal to  the  d iam eter of the  
pore, therefore y  = 1.0. I t  is also a rb i
trarily  assum ed th a t  the  areas of con
ta c t betw een gas and  pore are  such th a t  
t2 = 63, and  so 5 = 1 /2 . These assum p

tions have to  be m ade since th is  equa
tion  will be used to  fit d a ta  from the 
lite ra tu re  for w hich y  and  5 are unknow n.

EXPERIMENTAL
M E A T  u s e d  in  th is  e x p e r im e n t w a s  a  c o m 
m e rc ia l  ty p e  b ee f, p a r t  o f th e  s h o u ld e r  m u sc le . 
T h i s  w a s  v e ry  a d e q u a te  fo r  th i s  e x p e r im e n t 
b e c a u s e  o f  i t s  e x c e lle n t c o n n e c te d  f ib ro u s  
s t r u c tu r e  a n d  l i t t l e  a m o u n t  o f  f a t  a n d  c o n 
n e c t iv e  t is s u e s . I n  o rd e r  t o  o b ta in  c o m p a ra b le  
r e s u l t s ,  i t  w a s  d e s ira b le  to  w o rk  w ith  u n i 
fo rm  s a m p le s ; th e re fo re , a l l  s a m p le s  w e re  o f 
th e  s a m e  th ic k n e s s , c o o k e d  b e fo re  fre e z in g  a n d  
c u t  in  s u c h  a  w a y  t h a t  h e a t  a n d  m a s s  t r a n s f e r  
o c c u r re d  in  a  d i r e c t io n  p a ra l le l  to  th e  m u sc le  
f ib e rs . S a m p le s  w e re  s la b s  1 .4 -1 .8  c m  w id e ,
0 .9  c m  th ic k .

I r o n  c o n s ta n ta n  th e rm o c o u p le s  w e re  u se d  
t o  re c o rd  th e  te m p e r a tu r e  c h a n g e s  a t  th e  s u r 
fa c e  a n d  c e n te r  o f th e  s a m p le s . T h e  d ry in g  
r a te s  w e re  m e a s u re d  b y  h a n g in g  a  s a m p le  to  a  
q u a r tz  s p r in g  a n d  re c o rd in g  i t s  ex te n s io n . 
B e c a u se  th e  p re s e n c e  o f th e rm o c o u p le  w ire s  
h a n g in g  f ro m  th e  s a m p le  c o n s id e ra b ly  h a m 

Cathetometer
Drying Apparatus Setup

p e re d  th e  p ro c e d u re , te m p e r a tu r e  re c o rd in g s  
w e re  m a d e  o n  a  re fe re n c e  s a m p le  p la c e d  u n d e r  
th e  s p r in g , a t  th e  c e n te r  o f th e  f la s k . I t  w a s  
fo u n d  t h a t  th i s  p ro c e d u re  d id  n o t  in t r o d u c e  
m o re  t h a n  2 o r  3%  e r ro r . A f te r  in s e r t in g  a  
th e rm o c o u p le  in  th e  c e n te r  o f  th e  re fe re n c e  
s a m p le , b o th  s la b s  w e re  t i g h t l y  w ra p p e d  in  
a lu m in u m  w ra p  a n d  im m e rs e d  in  a  m ix tu re  o f 
a c e to n e  a n d  d r y  ic e . F re e z in g  o c c u rre d  v e ry  
q u ic k ly , w i th in  6 0  sec , a n d  c o u ld  b e  o b s e rv e d  
b y  r e a d in g  th e  th e rm o c o u p le . A f te r  free z in g , 
a  se c o n d  th e rm o c o u p le  w a s  p la c e d  o n  th e  s u r 
fa ce  o f th e  re fe re n c e  s a m p le . A  th in  la y e r  o f 
ce llu lo se  g lu e  w a s  th e n  a p p lie d  o n  th e  e d g e  o f 
th e  s a m p le s  to  a v o id  h e a t  a n d  m a s s  t r a n s f e r  
f ro m  th e  s id e s .

T h e  e x p e r im e n t w a s  d e s ig n e d  t o  p e r fo rm  a  
s e rie s  o f ru n s  a t  d if f e re n t  s e ts  o f te m p e r a tu r e  
a n d  p re s s u re . F o r  t h a t  p u rp o s e , th e  a p p a r a tu s  
i l lu s t r a t e d  in  F ig u re  1 w a s  u se d .

T h e  lo ss  o f w e ig h t  o f th e  s a m p le s  w a s  r e 
c o rd e d  w i th  a  c a th e to m e te r  a t  r e g u la r  t im e  
in te rv a ls .  T h e  c o n s ta n t  o f t h e  s p r in g  w a s  
fo u n d  to  b e  0 .0 9 8 4  g m /m m ; th e  c a th e to m e te r  
p e r m i t te d  re a d in g s  o f ± 0 .5  m m  a n d  w e ig h t  
d iffe re n c e s  co u ld  th e re fo re  b e  re c o rd e d  w ith in
0 .0 05 g .

H e a t  n e c e s s a ry  fo r  d ry in g  t h e  s a m p le s  
w a s  p ro v id e d  b y  a  h e a t in g  t a p e  p la c e d  a r o u n d  
th e  f la s k . H e a t  in p u t  co u ld  b e  c o n tro lle d  w ith  
a  v a r ia b le  t r a n s f o r m e r ,  p e r m i t t in g  a  s a t i s 
f a c to r y  c o n tro l  o f  th e  te m p e r a tu r e  a t  th e  s u r 
fa ce  o f  th e  s a m p le , th e  te m p e r a tu r e  v a r i a t io n  
n o t  e x c e e d in g  ± 3 ° C .  T e m p e r a tu r e s  w e re  re a d  
o n  a  p o te n t io m e te r .  T h e  p re s s u re  o f  th e  s y s 
te m  w a s  re g u la te d  b y  b le e d in g  a i r  in to  th e  
s y s te m  w i th  a  n e e d le  v a lv e .

P h o to m ic ro g r a p h s  o f  s e c t io n s  o f th e  d r ie d  
t i s s u e  w e re  t a k e n  w ith  a  C a r l  Z e iss  m ic ro sc o p e  
in  p o la r iz e d  l ig h t .

RESULTS
F IG U R E  2 shows a typ ical w eight loss 
curve for a sam ple of 0.9 m m  th ick  and  
w ith  grain o rien ta tion  parallel to  the  d i
rection of heat and  m ass transfer. D a ta  
for flask pressure P r , ex ternal tem p era
tu re  T 0 and  to ta l w eight loss W r  are in-

TIME (MINUTES)

Fig. 2—Drying curve for run 5. Surface tempera
ture, 30°C; flask pressure, 2.0 mm Hg; weight 
loss, 1.914g.
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dicated  on the  graphs. I t  can be ob
served th a t  the  dry ing  ra te  is a t  first 
very rap id  and  gradually  slows down. A 
con stan t ice tem pera tu re  is ob tained  
during m ost of the  run , then  rises to 
w ards the  value of the  ex ternal tem p era
ture , ind icating  the  disappearance of the  
ice phase an d  an  end of the  drying.

D rying to  zero m oisture con ten t was 
assum ed. A lthough th is  is n o t com plete
ly correct, i t  was observed, by fu rth er 
drying of the  sam ples, th a t  no m ore th a n
3-4%  error was in troduced  by th a t  as
sum ption.

T able 1 gives h ea t and  mass tra n s 
fer results for several runs; it  can be ob
served th a t  the  drying is largely heat 
transfer controlled. T he therm al con
ductiv ity  of the  freeze-dried m eat was 
calculated  for each sam ple from  d a ta  
ob tained  in the  drying runs. T he values 
ob tained  are given in T ab le  1 and  are 
p lo tted  in Figure 3 as a function  of pres
sure. T he experim ental therm al conduc
tiv ity  was calculated by  using equation
(9), and  plo ts of (1 -  x) vs. 0/(1 -  x) 
were m ade for each run. V f is calculated  
by m easuring the  dim ensions of the  sam 
ple a fte r drying and  is the  volum e of 
food per u n it w eight of w ater. An av er
age value of 0.0223 f t3/ lb  was found for 
the  typ e  of beef used.

Figure 4 is a photom icrograph of 
freeze-dried tissues ob tained  a t  2.0 mm 
H g and  an  external tem pera tu re  of 30 °C. 
T he m agnification is 390. The tissue 
consists of a netw ork of fibers (dark 
areas) and  in terstitia l cavities or pore 
space (clear areas). T he cavities are the  
spaces previously occupied by  ice and  
em ptied  when sublim ation took place. 
T he w idth  of the  cavities, as m easured 
by a ligh t microscope, vary  betw een 3 .0- 
9.0m. A few m easure only 1m, and  a few

Fig. 3— Variation of bulk thermal conductivity 
of freeze-dried beef with pressure.

Table 1 — Thermal conductivity and heat and mass transfer driving forces results

R u n
n o .

P r
F la s k  

p re s s u re  
(m m  H g )

T„
E x te r n a l

te m p
(°C )

T ,
Ic e

te m p
(° C )

P ,
Ic e  

v a p o r  
p re s s u re  
(m m  H g )

(T „ -  T .)
H e a t  

t r a n s f e r  
d r iv in g  

fo rc e  (°C )

(P , -  P r )  
M a s s  

t r a n s f e r  
d r iv in g

fo rc e  (m m  H g )

K  x  10 2 

T h e r m a l  
c o n d u c t iv i ty  
B t u / h r ° F  f t

i 0 . 2 30 - 2 5 .6 0 .4 4 8 5 5 .6 0 .2 4 8 2 .2 8
2 0 .5 30 - 1 9 .4 0 .8 22 4 9 .4 0 .3 2 2 2 .5 3
3 0 .9 30 - 1 6 .1 1 . 1 2 1 46.1 0 . 2 2 1 2 .6 7
4 1.5 30 - 1 1 . 2 1 .769 41.1 0 .2 6 8 2 .8 9
5 2 . 0 30 -  9.1 2 . 1 1 2 39.1 0 . 1 1 2 3 .0
6 3 .0 30 -  4 .7 3 .0 90 3 4 .7 0 .0 9 0 3 .2 0
7 0 . 2 45 - 2 6 .7 0 .401 5 1 .7 0 . 2 0 1 2 .3 8
8 0 .5 45 - 1 8 .3 0 .9 12 6 3 .3 0 .4 1 2 2 . 6 8

9 0 .9 45 - 1 6 .3 1 . 1 0 1 6 1 .3 0 . 2 0 1 2 .7 2
1 0 1.5 45 - 1 1 .7 1 .676 5 6 .7 0 .1 7 6 2 .9 9
1 1 2 . 0 45 -  8 .9 2 .3 49 5 3 .9 0 .1 4 9 3 .0 3
1 2 3 .0 45 -  5.1 2 .9 87 50.1 0 3 .3 2
13 0 . 2 60 - 2 7 .1 0 .3 8 5 87.1 0 .1 8 5 2 .3 0
14 0 .5 60 - 1 9 .6 0 .8 0 6 7 9 .6 0 .3 0 6 2 .41
15 0 .9 60 - 1 5 .9 1 .142 7 5 .9 0 .2 4 2 2 .71
16 1.5 60 - 1 2 . 0 1 .632 7 2 .0 0 .1 3 2 2 .9 8
17 2 . 0 60 -  9 .2 2 .0 93 6 9 .2 0 .0 9 3 3 .2 4
18 3 .0 60 -  4 .4 3 .171 6 4 .4 0 .1 71 3 .3 3

m ay reach 15m- T he average is 6.0p. If 
com pared w ith  the  s truc tu re  of a  norm al 
nonfrozen muscle, as described by  L uyet 
(1962), the  s truc tu re  of the  freeze-dried 
tissue shows very little  shrinkage and  
deform ation. The portion  of the  cross 
section th a t  is pore space was d e te r
m ined for several sam ples by pro jecting  
the  m agnified image on a screen. An av 
erage value of 35% was found to  be pore 
space. I t  is of in terest to  note th a t  no 
appreciable difference in pore size or 
percentage of pore space was found be
tw een tissues freeze dried a t  d ifferent 
pressures, w ithin the  pressure range 
used (0.2-3.0 m m  of H g). Shrinkage and  
deform ation are know n to  occur, how 
ever, when pressures higher th a n  5 mm 
H g are used (Sandall e t al., 1967).

Fig. 4—Photomicrograph /390X) of freeze-dried 
tissues obtained at 2.0 mm Hg and an external 
temperature of 30°C. Tissue consists of a net
work of fibers (dark areas) and interstitial cav
ities or pore space ( clear areas).

R infre t (1962) and  L uye t (1962) re 
ported  th a t  the  ra te  of in itia l freezing 
p lays a fundam ental role in th e  s tru c 
tu re  of the  freeze-dried m aterial, and  
actually  determ ines w h at th e  pore s tru c 
tures will be. I t  is in teresting  to  com 
pare the  freezing ra te  and  pore size o b 
ta ined  in th is  work w ith  L u y e t’s results. 
T able 2 shows they  are in general ag ree
m ent. T he therm al conduc tiv ity  of the  
gas in the  pore space w as calcu lated  
using equation  (7). K r  can be tak en  as 
the  zero pressure value of th e  the rm al 
conductiv ity  and  by  in te rpo la tion  was 
found to  be 0.0220 B tu /f t° F . R esu lts  
for K p are p lo tted  in F igure 5.

M assey and  Sunderland  (1967) m ea
sured the  therm al conduc tiv ity  during  
freeze drying of beef a t  pressures rang-

Table 2— Size o f cavities in muscle tissue frozen 
at various rates

T h ic k n e s s  o f
p iec e  o f
tis s u e
(m m ) 2 “ 2 “ 2 “ 1 0 0 ‘ 9C

T e m p  of 
co o lin g  
b a th  (°C ) - 1 5 0 - 5 0 - 2 0 - 2 9 - 7 6

D u r a t io n  o f 
free z in g  
(sec) 1 /4 3 /4 8 2 h r  5 0 -6 0

W id th  o f 
c a v it ie s  
(m ic ro n s) 2 5 1 0 150 6

“D ata from Luyet (1962).
6Data supplied by QmF&CI to Luyet. 
cData obtained in this work.
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Fig. 5— Variation of pore thermal conductivity 
with pressure.

ing betw een 0.3-3 .0  m m  H g. T heir p lo t 
of therm al conductiv ity  as a function  of 
pressure shows an  increase of conductiv 
ity  w ith increasing pressure, and  the  
shape of the  curve is sim ilar to  th a t  ob
tained  in th is  work. H ow ever, th e ir v a l
ues for therm al conductiv ities are  h igh
er, resulting in an  upw ard  shift of the ir 
curve. A possible explanation  for th is 
result is th a t  the ir sam ples were slow 
frozen (they used a dom estic refriger
ator) and  therefore, as shown by L uyet 
(1962), a large porosity  m ust have re 
sulted, which would cause the  higher 
overall therm al conductiv ity . M assey 
and Sunderland (1967) do n o t report 
porosity d a ta  and  fu rth er com parison 
w ith the  results ob tained  in th is  work is 
no t possible.

H arper (1962) calculated  the  bulk  
therm al conductiv ity  of beef by using 
kinetic relationships from  the  results of 
Pollard and  P resen t (1948) on self d if
fusion in capillary tubes. H is resu lts are 
p lo tted  in Figure 6 (curve C) and  are in 
good agreem ent w ith  those ob tained  in 
th is  work (curve D ). W hen H arp e r’s 
d a ta  are fitted  w ith  equation  (6), a d is
crepancy w ith  his experim ental results 
is apparen t, as can be seen from  Figure 6 
(curve A). H arp er reported  pore sizes in 
the  range of 50-150/1, and  a porosity  of 
64%. T he large dim ensions of the  pores 
ten d  to  indicate  slow freezing rates, as 
indicated by L u y e t’s results. T he shift 
between curves C and  D is to  be expect
ed, since a m ore porous sam ple will have 
a higher bu lk  therm al conductiv ity . T he 
discrepancy betw een H arp e r’s experi
m ental d a ta  (curve C) and  th e  results 
ob tained  by fitting  them  w ith  equation
(6) (curve A) can be explained as follows:

1. Because of the  wide difference in

Fig. 6—Comparison of theoretical and experi
mental thermal conductivity of freeze-dried 
beef.

the  dim ensions of the  pore space be
tween those ob tained  in th is  work (6/i) 
and  H arp er’s (50-150/i), i t  is to  be ex
pected th a t, because of m ean free p a th  
effect, the  therm al conductiv ity  of the  
gas in the  pores will no t be the  same in 
bo th  cases. C urve A was ob ta ined  by 
using the  pore therm al conductiv ity  ob
ta ined  in equation  (6), w hich assum es 
no variation  in m ean free p a th  w ith  pore 
w idth .

2 . Slow frozen m aterials undergo 
s truc tu ra l dam ages th a t  a lte r the  origi
nal ordered struc tu re  of the  m eat. H eat 
conduction then  tak es  place through  
solid and  gas in series as well as in p a ra l
lel. For such a m odel equation  (6) clear
ly does no t app ly . T h is assum ption  is 
confirm ed by fitting  H arp e r’s d a ta  w ith  
a model developed by M asam une and 
Sm ith  (1963) th a t  takes in to  account 
h ea t conduction in series; th e  results 
are p lo tted  in F igure 6 (curve B) and  
show a closer fit w ith  H arp e r’s d a ta .

T he sim plified m odel developed in 
th is  work can be of use in the  design of 
freeze drying of m aterials th a t  have re 
ta ined  m uch of th e ir original oriented  
s truc tu re  and  have pore w idths in the
1—15m range. T he original s truc tu re  of 
the  m ateria l can be preserved by using 
rap id  ra tes of freezing, the reby  m aking 
it  possible to  p red ic t the  porosity . T he 
design of such a process can then  be 
w orked ou t by relating  h ea t in p u t to 
therm al conductiv ity , the rm al conduc
tiv ity  to  porosity  and  pressure, and  po
rosity  and  pore size to  the  ra te  of freez
ing.

NOMENCLATURE
C  =  S p e c ific  h e a t
D p =  P o re  d ia m e te r
h  = E x te r n a l  h e a t  t r a n s f e r  c o e ffic ie n t
H , = L a t e n t  h e a t  o f s u b lim a tio n  o f ice 
K  = T h e r m a l  c o n d u c t iv i ty
K» =  B u lk  th e r m a l  c o n d u c t iv i ty
L„ = E f fe c t iv e  m e a n  free  p a th  o f  g as  
P r  =  T o t a l  f la s k  p re s s u re  
q  = H e a t  flux
T  = T e m p e r a tu r e
V / = V o lu m e  o f  fo o d  o c c u p ie d  b y  u n i t  

w e ig h t  o f w a te r ,  in i t ia l ly  
X  =  F r a c t io n  o f  in i t ia l  w a te r  s t i l l  p r e s e n t  

in  s a m p le
Z  = T h ic k n e s s  o f  s la b  b e in g  d r ie d  
Az =  T h ic k n e s s  o f d r ie d  la y e r  
A W  t  = A m o u n t  o f  m o is tu r e  s u b lim e d  in  o n e  

ru n
Greek Letters
e  = T im e  s in c e  s t a r t  o f d ry in g  
<t> = P o r o s i ty
7 = Lj/Dp
Ô =  €3 /  (f2 +  «3)
<2 = A re a  f r a c t io n  fo r  m e c h a n is m  o f h e a t  

t r a n s f e r  th r o u g h  so lid -g a s  in  s e rie s  
€3 = A re a  f r a c t io n  fo r  m e c h a n is m  o f h e a t  

t r a n s f e r  th r o u g h  s o lid  p h a s e
Subscripts
t  = T is su e  
p = P o re
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FROZEN FRENCH-FRIED POTATOES. Effects of Thawing and Holding 
Before Finish Frying and Their Nonrelation 

to Starch Rétrogradation

SUMMARY—Frozen par-fried French-fry cuts allowed to thaw and held several hours before being 
finish-fried lost more weight (due to loss of moisture) and absorbed more fat than if not held. The 
yield of finished product decreased about 7%  and fat uptake increased about 25% when par-fries 
were held for 3 days at 50°F. Smaller but economically significant changes occurred in only 1-1 / 2 hr 
at this temperature or in 5 hr at 40°F. The rate of the change in par-fries which causes lower yields 
and greater fat absorption increases with increasing temperature. The time course of the change at 
50°F is similar to that of starch rétrogradation in par-fries but the rate of rétrogradation decreases 
with increasing temperature; therefore, these appear to be unrelated phenomena. There is no 
combination of time and temperature for frying par-fries from the thawed state which is equivalent 
in all respects to a given combination for frying them from the frozen state.

INTRODUCTION
A FEW  YEARS AGO a group a t the 
W estern Regional Research Laboratory 
studied the effects of thawing frozen 
French-fried potatoes (par-fries) and 
holding them  for various tim es a t 35°, 
45° and  55°F before finish-frying (Boyle 
et al., 1964; Reeve et al., 1968a,b; M ich- 
ener et al., 1968). They found th a t 
organoleptically detectable changes in 
flavor and texture did not occur until 
after 20, 8, and 4 days a t these tem pera
tures, respectively. U nder these condi
tions the p late counts of aerobic bacteria 
on the par-fries had  risen to about 108/g. 
They also found th a t the sam ples held in 
the thawed state lost more m oisture and 
absorbed more fat during finish-frying 
than  did control sam ples fried after 
being allowed to thaw  for only an  hour. 
In  another paper, N otter et al. (1967) 
reported th a t oil absorption was m axi
mal in sam ples held 9 h r or longer at 
55°F. P o tter (1954) studied the rétrogra
dation (progressive loss of solubility) of 
starch  in partia lly-dried  potato cells and 
from his data  one might estim ate th a t in 
potatoes a t the m oisture content of par- 
fries (ca. 70%) rétrogradation would be 
essentially complete in roughly 9 h r a t 
55°F. On th is basis we speculated tha t 
the increase in oil absorbing tendency 
might be related to rétrogradation of 
gelled starch  in the  par-fries.

T he purpose of the present study was 
to learn  in more detail the effects of tim e 
and tem perature of holding par-fries in 
the thaw ed condition on the  loss of water 
and up take of fat during finish-frying, 
and on rétrogradation of the  starch  in 
par-fries.

MATERIALS & METHODS
A S IN G L E  L O T  o f  c o m m e rc ia l ly  fro zen  
s t r a ig h t - c u t  F r e n c h - f r ie d  R u s s e t  B u r b a n k  
p o ta to e s  w as  u se d . T h e  s t r ip s  h a d  b e e n  c u t

7 /1 6  in . s q u a r e ,  b la n c h e d  fo r 8 .7  m in  in  w a te r  
a t  1 60 °-1 6 5 °F , d ip p e d  fo r 1 5 -2 0  sec  in  1° B rix  
s o lu tio n  o f  g lu co se  a n d  te t r a s o d iu m  p y ro p h o s 
p h a te  a t  175°F , a n d  p a r - f r i e d  5 3  sec  in  o il a t  
365 °F . F re e z in g  in  a  b la s t  tu n n e l  r e q u ir e d
10.5  m in  a t  — 18°F . A ll s t r ip s  w e re  h a n d  
s o r te d  to  e l im in a te  th o s e  s h o r te r  t h a n  2 -5 /8  
in . E a c h  s a m p le  fo r  f ry in g  c o n s is te d  o f  40  
s t r ip s  a n d  w e ig h ed  a n  a v e ra g e  o f  336g. T h e  
s t r ip s  w ere  a r r a n g e d  in  a  s in g le  la y e r  on  a n  8  

in . X  10 in . a lu m in u m  p la te , c o v e re d  w ith  a 
s h e e t  o f  3 -m il p la s t ic  a n d  e q u i l ib r a te d  a t  
— 2 0°F . T h a w in g  w as  a c c o m p lis h e d  b y  p la c 
in g  th e  s a m p le  in  a  2 -m il p o ly e th y le n e  b a g  
w e ig h te d  a t  th e  b o t to m  a n d  s u b m e rg in g  i t  in  a  
s t i r r e d  5 0 -g a l t a n k  o f  w a te r  a t  7 0 °F  fo r 
e x a c tly  5  m in . I t  h a d  b e e n  d e te rm in e d  p r e 
v io u s ly  t h a t  th is  w as  j u s t  s u f f ic ie n t  t im e  to  
th a w  a l l  s t r ip s  to  th e i r  c e n te r s . T h e  s a m p le  
w as th e n  t r a n s f e r r e d  to  c r u s h e d  ic e  (3 2 °F ) o r 
to  w a te r  a t  40° o r  50°F  to  b r in g  i t  q u ic k ly  to  
th e  d e s ire d  h o ld in g  t e m p e r a tu r e .  T h e  32°F  
s a m p le s  w e re  le f t  in  c r u s h e d  ice  a n d  th e  o th e r  
s a m p le s  w e re  t r a n s f e r r e d  to  c h a m b e r s  m a in 
t a in e d  a t  40° o r  5 0 °F  ±  1° fo r  th e  d e s ire d  h o ld 
in g  t im e  o f  1.5, 5 o r  72  h r .  T h e  s a m p le s  w ere  
f r ie d  in  v e g e ta b le  o il a t  375 °F  fo r  2 .25  m in . 
T h e  “ ze ro  t im e ”  s a m p le s  w e re  th a w e d  as  
d e s c r ib e d  a b o v e  a n d  im m e d ia te ly  f r ie d .

T h e  f in is h - f r ie d  s a m p le s  w e re  d r a in e d  fo r 
1 m in  a n d  fro z en  in  p o w d e re d  d r y  ic e . T h e y  
a n d  th e  p a r - f ry  c o n tro ls  w e re  th e n  w e ig h ed , 
f r e e z e -d r ie d , w e ig h ed  a g a in , g ro u n d , a n d  
a n a ly z e d . M o is tu re  c o n te n t  w as  d e te rm in e d  
b y  d ry in g  u n d e r  v a c u u m  a t  70°C  fo r  40  h r . 
C ru d e  f a t  w a s  d e te rm in e d  b y  S o x h le t e x t r a c 
t io n  w ith  a n h y d ro u s  d ie th y l  e th e r  fo r  16 h r . 
T h e  e n t i r e  e x p e r im e n t  w as  r u n  in  q u a d r u p l i 
c a te .

F o r  th e  s ta r c h  ré tro g ra d a t io n  s tu d y  fro z en  
p a r - f r ie s  w e re  g ro u n d  w ith  d r y  ic e  in  a  h o u s e 
h o ld  b le n d e r .  A f te r  e v a p o ra tio n  o f  th e  C O 2 

a b o u t  2 g  o f  th e  p o w d e r  w a s  p a c k e d  in to  1 2 -m l 
c o n ic a l c e n tr i fu g e  tu b e s  p re c o o le d  to  - 2 0 ° F .  
T h a w in g  w as  a c c o m p lis h e d  b y  s u s p e n d in g  
d u p l ic a te  tu b e s  in  s t i r r e d  w a te r  a t  70°F  fo r  3 
m in , a  t im e  j u s t  s u f f ic ie n t  to  p e r m i t  th a w in g  
o f  th e  e n t i r e  m a s s . T h e  tu b e s  w e re  th e n  t r a n s 
fe r re d  to  c r u s h e d  ice  o r  to  w a te r  a t  40° o r 
50°F . A f te r  10  m in  e q u i l ib r a t io n ,  th e  40° a n d  
50°F  s a m p le s  w e re  t r a n s f e r r e d  to  a i r  c h a m b e r s  
a t  th e  s a m e  te m p e r a tu r e s .  A t th e  e n d  o f  th e

d e s ire d  h o ld in g  t im e , th e  s a m p le s  w e re  
re fro z e n  b y  p la c in g  th e  tu b e s  in  p o w d e re d  d ry  
ice . S u b s e q u e n t ly ,  a l l  s a m p le s  w e re  fre e z e -  
d r ie d  a n d  th e n  la rg e ly  d e f a t t e d  b y  le a c h in g  
w ith  p e tro le u m  e th e r ,  c e n tr i fu g in g , a n d  
d e c a n tin g  th r e e  t im e s . T h e  s a m p le s  w e re  
f re e d  o f  s o lv e n t in  a i r  a n d  th e n  u n d e r  v a c 
u u m . T o  m e a s u re  th e  e x te n t  o f  s ta r c h  r e tro -  
g ra d a t io n  a p p ro x im a te ly  O .lg  o f  th e  p o w d e r  
w as w e ig h ed  a n d  b le n d e d  fo r  6 0  sec  w ith  2 0 0 0  

t im e s  its  w e ig h t o f  w a te r . 1 0  m l o f  th e  s u s p e n 
s io n  w as  c e n tr i fu g e d  fo r  5 m in  a t  250 0g . A  1 .0  
m l a l iq u o t  o f  th e  s u p e r n a ta n t  w as  m ix e d  w ith  
10 m l o f  d i lu te  L u g o l’s  s o lu tio n  (0 .1 0 g  L  a n d
0 .2 0g  K I  p e r  l i te r )  a n d  th e  a b s o r b a n c e  m e a 
s u re d  a t  605  n m .

RESULTS & DISCUSSIONS
FIG U R E  1 shows the  effect of tim e and  
tem perature of holding the  thaw ed par- 
fries on the yield of finish-fried product. 
A substantial loss in yield occurs in as 
little as 1-1/2 h r a t 50°F or 5 h r a t  40°F. 
This is long before any organoleptically 
detectable change occurs (M ichener et 
al., 1968). The m axim um  loss in yield, 
after 72 h r a t 50°F, is such th a t 7% more 
par-fries are required  for a given size 
serving than  if they were fried im m edi
ately after being thaw ed. The change 
tha t causes the lower yield has the  d irect 
rate-tem perature relationship com m on 
to nearly all chem ical reactions, i.e., the  
rate increases with increasing tem p era 
ture.

From  Figure 2 it is apparen t th a t the 
decrease in yield with increasing holding 
tim e is due to increased loss of w ater 
during finish-frying.

Actually, in absolute term s the 
increased loss of m oisture was greater 
than  the loss in yield, the difference 
being m ade up by increased fat absorp 
tion, as shown in Figure 3.

Despite the considerable dispersion 
among replicate m easurem ents, the re  is 
a clear tendency tow ard increased fat 
uptake with increased tim e of holding in 
the thawed state. The m axim um  
increase am ounts to about 25% greater 
uptake than  in the “zero tim e” sam ples. 
In  two prelim inary  experim ents not 
described here, m axim um  increases in 
fat uptake were 28% and  37%. Increases 
of th is m agnitude would be economically 
significant to the restau ran t owner b u t 
are far sm aller than  the  two- to th ree 
fold increases reported by Reeve e t al.
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Fig. I— Effect of time and temperature of holding par-fried potatoes on 
the yield of product finish-fried 2.25 min at 375 F. Bar represents 
plus/ minus one standard error of mean; time scale is arbitrary.

Fig. 2— Effect of time and temperature of holding par-fried potatoes on 
the loss of moisture when finish-tried 2.25 min at 375F. Bar represents 
plus/minus one standard error of mean; time scale is arbitrary.

(1968 a,b). However the ir holding tem 
peratures and tim es were somewhat 
greater than  those reported here.

Results of the  rétrogradation study 
are given in Figure 4. T he tim e course of 
rétrogradation a t 50°F is quite sim ilar to 
tha t of declining yield and increasing 
moisture loss shown in Figures 1 and  2. 
This, of course, was the  reason th a t we 
originally hypothesized th a t they might 
be causally related (N otter et al., 1967).

However, Figure 4 shows the well-estab
lished inverse rate-tem perature relation
ship characteristic of rétrogradation of 
starches. At 32°F rétrogradation pro
ceeds m uch faster than  the change which 
causes increased m oisture loss and 
decreased yield. The basic natu re  of tha t 
change rem ains unknown.

The recom m ended practice in the  use 
of frozen par-fries is to hold them  at 0°F 
or below and to finish-fry them  from  the

frozen sta te; therefore, it seem ed desir
able to include such controls in these 
experim ents. In  the  rétrogradation 
experim ent two sets of controls were 
used, one thaw ed in w ater for 3 m in and 
im m ediately refrozen and  the  other not 
thaw ed before being freeze-dried. They 
gave the sam e absorbances and hence 
showed no difference in degree of rétro
gradation.

However, there was a fundam ental 
difficulty in providing a frozen control 
for the  frying study. I t  is obvious th a t if 
one finish-fries two sam ples for the same 
length of tim e, one from  the  thaw ed state

Fig. 3—Effect of time and temperature of holding par-fried potatoes on 
fat absorption when finish-fried 2.25 min at 375°F. Bar represents 
plus/minus one standard error of mean; time scale is arbitrary.

Fig. 4—Effect of time and temperature of holding ground par-fried pota
toes on rétrogradation of their gelled starch as measured by loss of solu
bility in water.
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TEMPERATURE DISTRIBUTIONS DURING FRYING

INITIAL TEMPERATURE 3rF

INITIAL TEMPERATURE 0°F

Fig. 5— Successive temperature distribution across the thickness of a par-fried potato strip during 
finish-frying. A-D, strip initially thawed at 32°F; E-H, strip initially at 0°F. Calculated by methods in 
Carslaw and Jaeger (1959) assuming all ice in strip melts at 32°F.

at say 32°P and the other from the 
frozen sta te  a t 0°F, the second will 
receive a less effective cook. P a rt of its 
cooking will be used up in m elting the 
ice and  in bringing the  solids and water 
up to a m ean tem perature of 32°F. W hat 
is needed is to find an “equivalent cook
ing tim e,” i.e., equivalent to the 2.25 min 
used for frying the thaw ed samples. One 
could fry to equal surface color, to equal 
interior texture, or to equal final center 
tem perature, for exam ple, bu t these 
“equivalent” frying tim es would all be 
different. Figure 5 illustrates the way 
heat penetrates par-fry  strips during 
finish-frying. I t  is significant th a t the 
surface tem perature rises to the boiling 
point of w ater alm ost im m ediately 
whether the strip  sta rts  out a t 32° or 0°F. 
However, interior tem peratures in the 
la tter case lag behind those in the for
mer, largely because of the need to sup
ply the la ten t heat of fusion of ice. Visi
ble browning is probably confined to the 
outer 0.01 in. or so; fat uptake occurs in, 
say, the outer 0.03-0.04 in.; m oisture is 
lost to a somewhat deeper level; and the 
texture changes associated with cooking 
go to the center. For this reason there is 
no one tim e of frying from the frozen 
state which is in all ways equivalent to a 
given tim e of cooking from the thawed 
state. Consequently, controls fried from 
the frozen state were not included in the 
experiment.

If  the effects shown in Figures 1-3 are 
not caused by rétrogradation of starch, 
what is the cause? T he following is a 
possible explanation. D uring par-frying 
about 1/4  or more of the m oisture in a 
potato strip  will be driven off, prim arily  
from the surface layers. I f  the  strip  is 
im m ediately frozen, the nonuniform  
distribution of m oisture will be “ frozen 
in.” On subsequent thawing there will be 
a progressive diffusion of m oisture from 
the center toward the surface and this 
diffusion will show a direct rate-tem per
ature relationship. D uring finish-frying a 
strip  with a relatively uniform  m oisture 
distribution would probably lose mois
ture faster than  one in which the mois

ture was concentrated tow ard the center. 
I t  is also plausible th a t a greater loss of 
m oisture would create more voids and 
perm it a greater absorption of oil.
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REVERSE OSMOSIS OF COTTAGE CHEESE WHEY 
2. Influence of Flow Conditions

SUMMARY—Flow conditions in tubular, cellulose-acetate reverse osmosis membranes were varied 
by changing the How rate and by inserting turbulence promoters ( rods with intermittently-spaced 
rings cemented to them) in the tubes. In general, increasing the How velocity increased the permea
tion rate. Turbulence promoters were most effective in increasing permeation rate under conditions 
that, in their absence, permitted fouling of the membrane surface by macrosolutes from the feed. 
When the feed contained macrosolutes, increasing the flow velocity or use of turbulence promoters 
increased retention of lactose and potassium. Modifying the flow conditions to increase turbulence 
improves performance of reverse osmosis membranes by increasing both permeation rate and reten
tion.

INTRODUCTION
PART 1 of this study reported the  influ 
ence of composition of the feed on the 
perform ance of cellulose acetate reverse 
osmosis m em branes using varied operat
ing pressures bu t constant flow condi
tions (Peri and Dunkley, 1971). In  the 
present study flow conditions were v a r
ied by changing the flow rate and  by 
inserting turbulence prom oters into the 
tubular m em branes.

Thom as and W atson (1968) studied 
the influence of turbulence prom oters 
positioned away from the m em brane 
surface on perform ance of dynam ically 
formed reverse osmosis m em branes. 
Selection of the  turbulence prom oters 
was based on an earlier study of effects 
of the devices on forced convection heat 
transfer (Thom as, 1967). The turbulence 
promoters increased perm eation rates 
10-50%, and also increased retention, 
particularly a t the lowest Reynolds 
numbers.

EQUIPMENT & METHODS
R E V E R S E  O S M O S IS  m e m b ra n e s ,  a p p a r a tu s  
a n d  m e th o d s  w e re  d e s c r ib e d  p re v io u s ly  (P e r i  
a n d  D u n k le y , 1 97 1). I n  p a r t  o f  th e  e x p e r i 
m e n ts , tu rb u le n c e  p ro m o te rs  (T h o m a s , 1967) 
w ere  m o u n te d  in  th e  tu b e s .  T h e y  w e re  0 .8 0  
c m  d ia  p lex ig la s  ro d s  w ith  1 .03  c m  O .D . rin g s
0 .15  c m  w id e  c e m e n te d  to  th e m , w ith  a l t e r 
n a te  sp a c in g s  o f  1 .75  a n d  10.9  c m  (c e n te r - to -  
c e n te r ) .  S e le c te d  flow  ra te s  w e re  o b ta in e d  b y  
v a ry in g  th e  s e t t in g  o f  t h e  v a r ia b le  s p e e d  d r iv e  
a n d  th e  n u m b e r  o f  tu b e s  c o n n e c te d  in  p a ra l le l  
in  th e  m a n ifo ld . F o r  m o s t  e x p e r im e n ts , th e  
o p e ra t in g  p r e s s u re  w as  2 8 .2  k g / c m 2 (4 0 0  p s i)  
fo r th e  ty p e  A  m e m b ra n e s  a n d  3 5 .2  k g / c m 2 

(5 0 0  p s i)  fo r  th e  B  m e m b ra n e s .

RESULTS & DISCUSSION 
Flow conditions

Flow conditions are specified by giv
ing m ean velocities and indicating

'On leave from Instituto di Industrie Agrarie, 
Università di Perugia, Perugia, Italy.

w hether turbulence prom oters were 
present. W hen the tubes contained tu r 
bulence prom oters, flow of the circu lat
ing feed was through annuli with con
stan t outside diam eters, bu t with their 
inside diam eters varied by rings 
cem ented to rods m ounted concentri
cally in the tubes. The turbulence pro
moters increased flow velocity a t a given 
volum etric flow ra te  because of the fluid 
they displaced in the tubes, and 
increased turbulence because of the 
increased velocity and the varied flow 
channels created  by the rings cem ented 
to the central rods.

Calculated Reynolds num bers for the 
flow conditions included in the  study 
ranged from about 300-3000. I t  is uncer
tain  when the flow was turbu len t. T u r
bulent flow could be expected a t values 
of Reynolds num ber below th a t gener
ally accepted as the  critical value. The 
design of the turbulence prom oters 
favored tu rbu len t flow at low m ean 
velocities. Even without turbulence 
prom oters in the tubes, a constriction at 
the entrance probably caused turbu len t 
flow through a t least p a rt of the  tube 
when the calculated Reynolds num ber 
would indicate lam inar flow.
Permeation rates

In  general, changes in perm eation 
rates during runs with varied flow condi
tions were sim ilar to those reported p re
viously for experim ents with stand ard 
ized flow velocity (Peri and  Dunkley,
1971). T he perm eation rates were essen
tially  constant during runs w ith lactose 
solution and sim ulated u ltrafiltra te , bu t 
decreased during runs with whey and 
deproteinized whey. W ith turbulence 
prom oters and especially a t the higher 
flow velocities, flux leveled off to an 
essentially constant perm eation rate 
w ithin the first 3 hr, bu t w ithout tu rb u 
lence prom oters flux was still decreasing 
a t the end of 3-hr runs.

In  experim ents with whey protein 
solution as feed, the perm eation rates

decreased during runs without tu rb u 
lence prom oters and, a t low flow velocity 
(11  cm /sec), with turbulence prom oters. 
In  contrast, with turbulence prom oters 
and a t high flow velocity (54 cm /sec), 
the perm eation ra te  rem ained constant 
a t a relatively high value (4.7-5.0 
m l/cm 2 sec X 104 for m em brane A).

In  general, perm eation rates 
increased with increases in m ean flow 
velocity (Fig. 1). For m em brane A w ith
out turbulence prom oters and  with whey 
as feed, however, increasing the velocity 
had little  influence on perm eation rate. 
A pparently, even the  highest velocity 
used had little  effect in reducing concen
tration  polarization and  fouling.

The turbulence prom oters increased 
the perm eation rates for both m em 
branes with whey as feed, and for 
m em brane A with deproteinized whey. 
In  contrast, they did  not increase flux 
with m em brane B and  deproteinized 
whey as feed, or with m em brane A and 
sim ulated u ltrafiltra te  as feed. Thus, the 
effect of the  turbulence prom oters was

Fig. 1—Influence of moan How velocity on 
permeation rate at end of runs for membranes 
A and B. Abbreviations: W, whey; DW, depro
teinized whey; SU, simulated ultrafiltrate; TP, 
with turbulence promoters. Temperature of feed, 
15-16°C. Respective available driving forces for 
membrane A with W, DW and SU as feed were 
22.7, 22.9 and 24.3 atm, and for membrane B 
with W and DW as feed, 27.6 and 27.5 atm. 
(For conversion, 1 ml/ cm2, sec =  2.12 X 
10'gfd, gallons per square foot per day).
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Fig. 2— Influence of mean How velocity on 
retention of lactose for membranes A and B 
with selected feeds. (Abbreviations and operat
ing conditions as tor Fig. 1.)

greater with operating conditions th a t 
were conducive to concentration polari
zation and fouling.
Retention

For m em brane A, retention of lactose 
increased with increasing flow velocity 
(Fig. 2). Also, turbulence prom oters 
increased retention over th a t obtained at 
corresponding m ean velocities without 
turbulence prom oters, especially with 
whey as feed. For m em brane B, because 
of its high intrinsic retentivity for lac
tose, changing the  flow conditions had 
less effect on retention than  for m em 
brane A. Effects of changing flow condi
tions on retention of calcium  were sim i
la r to those with lactose.

Retention of potassium  also increased 
with flow velocity (Fig. 3). For m em 
brane A, retention was higher and tu r 
bulence prom oters had a greater influ
ence with deproteinized whey as feed 
than  with whey or sim ulated u ltrafil
trate. For m em brane B, turbulence 
prom oters had  a m arked influence on 
retention with whey as feed, bu t not with 
deproteinized whey.

T he data  for retention of lactose in 
sim ulated u ltrafiltra te  (Fig. 2, m em 
brane A) indicate the influence of flow 
conditions on concentration polarization. 
Increasing turbulence by increasing flow 
velocity and  by inserting turbulence 
prom oters reduces concentration polari
zation and thereby increases retention. 
The intrinsic retentivity  of m em brane A 
for potassium  (Fig. 3) was so low tha t 
little concentration polarization could 
occur. Therefore, with sim ulated u ltra 
filtrate, changing the flow conditions had 
much less effect on retention of potas
sium (Fig. 3) than  of lactose (Fig. 2).

The composition of the  feed influ
enced the effects of changing flow condi-

Fig. 3— Influence of mean flow velocity on 
retention of potassium for membranes A and B 
with selected feeds. (Abbreviations and operat
ing conditions as for Fig. 1.)

tions on retention of lactose. The 
increased retention of lactose in whey 
and deproteinized whey, com pared with 
sim ulated u ltrafiltra te  (Fig. 2), m ay be 
explained on the basis of pore plugging 
and the form ation on the m em brane of a 
layer of gel or cake (Peri and D unkley,
1971).

Explanation of the  apparently  anom 
alous data  for retention of potassium  is 
more complex than  for lactose. For 
m em brane A, retention of potassium  in 
sim ulated u ltrafiltra te  is interm ediate 
between th a t in whey and deproteinized 
whey.

In  interpreting  the  results in Figure 3, 
we visualize th a t for m em brane A, the 
operating conditions using turbulence 
prom oters with deproteinized whey as 
feed gave the highest retention of potas
sium because macromolecules from the 
feed plugged pores and form ed a th in  
fouling layer which increased retentivity 
bu t did not contribute seriously to 
m icrosolute concentration polarization. 
W ith sim ulated u ltrafiltra te  as feed, 
retention was lower because m acrom ole
cules were not available. W ith whey as 
feed, protein fouled the  m em brane and 
aggravated m icrosolute concentration 
polarization. In  the  absence of tu rb u 
lence prom oters, there was less tu rb u 
lence a t the  m em brane surface and 
therefore more concentration polariza
tion of both macrosolutes and  microsol
utes.

For m em brane B, turbulence prom ot
ers had  little  effect on retention of potas
sium  in deproteinized whey, bu t a 
m arked effect on retention in whey (Fig.
3). W ith whey as feed, the increase in tu r 
bulence caused by the turbulence pro
moters decreased accum ulation of 
protein a t the m em brane surface and 
thereby reduced m icrosolute concentra

tion polarization in the layer of gel or 
cake.

In  processing complex feeds such as 
whey, m icrosolute concentration po lari
zation is always detrim ental, b u t m acro
solute concentration polarization can 
have beneficial effects, depending on 
objectives of the process. In  processing 
whey, objectives include concentration 
a t m inim um  cost and  fractionation  to 
modify product composition. W ith some 
operating conditions, m acrosolute con
centration polarization (fouling) 
increases retention bu t decreases p e r
meation rate. For exam ple, when p ro 
cessing sim ulated u ltrafiltra te , depro 
teinized whey and  whey using m em 
brane A operated with com parable flow 
velocity and available driving force, 
retentions of lactose for the three feeds 
were, respectively, 83.5, 93.2 and  93.2%, 
bu t corresponding perm eation rates were
39.7, 25.5 and 8.8 m l/cm 2 sec X 104. 
Thus, m acrosolutes in deproteinized 
whey increased retention m arkedly  w ith 
only a 35% decrease in perm eation rate. 
W ith whey, the sam e increase in re ten 
tion was accom panied by 78% reduction 
in perm eation rate. Fortunately , process
ing conditions can be selected to take  
advantage of controlled m acrosolute 
concentration polarization. W hen tu rb u 
lence prom oters were inserted into 
m em brane A and the  equipm ent was 
operated with com parable flow velocity 
and available driving force, retention  of 
lactose in whey increased from
93.2-94.6%, and  perm eation rate  
increased from 8.8-27.8 m l/cm 2 sec X
104. Thus, the turbulence prom oters 
caused a three-fold increase in perm ea
tion rate, accom panied by a sm all 
increase in retention.

M acrosolutes in the feed can either 
increase or decrease retention of m icro
solutes, depending on operating condi
tions. Our results indicate th a t when 
macromolecules are present, increasing 
turbulence by increasing the flow veloc
ity and especially by using tu rbu lence 
promoters, increases the perm eation  ra te  
without sacrificing the im provem ent in 
retention a ttribu tab le  to the m acrom ole
cules.
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FIELD PROCESSING OF TOMATOES. 1. Process and Design

SUMMARY—Among the advantages of processing tomatoes in the field, compared with processing 
solely at a cannery, are increased yield and reduced waste. Mechanically harvested tomatoes were 
processed at 500 lb/hr through a mobile field unit within 6 hr after harvest during the 1969 sea
son. Processing within 6 hr from harvest prevented a loss of about 9.5%  of the ripe tomatoes that 
occurred when processing was delayed 74 hr. An increase of 4.3%  in solids recovery was obtained 
by acid treatment of the hot macerate, bringing the total increase to 13.8% for field processing. 
Either the single strength or concentrated material is suitable tor bulk transport to a cannery tor 
storage, additional concentration, or immediate formulation into sauces, catsup and other tomato 
products.

INTRODUCTION
CALIFORNIA produces 6 billion 
pounds of processing tom atoes per year, 
or about 70% of U .S. production (Anon., 
1970b; USDA, 1969); th is generates 
about 400 million pounds of wet, solid 
waste, and 5 billion gallons of waste 
w ater per year (W ater Resource Engi
neers, 1965; NCA, 1965). In  California, 
most canneries are located near urban 
centers; because of the ir seasonal opera
tion and high level of waste production, 
they find it difficult to dispose of this 
waste by using the m unicipal system. 
Some canneries are required to provide 
secondary and  even tertiary  waste tre a t
m ent processes th a t add substantially  to 
the  processing cost.

In  California, hand  picking of tom a
toes has given way to m echanical h a r
vesting (NCA, 1966). Handling, washing 
and  sorting operations have therefore 
been modified (M ay et al., 1970; M ercer 
and  Olson, 1969; O’Brien et al., 1968). 
M echanical harvesting is relatively 
nonselective com pared with hand  pick
ing, so tha t green tom atoes are picked 
and  are a sizeable waste m aterial 
(Lipton and U ota, 1968). M echanical 
harvesting then has aggravated the waste 
disposal problem and  decreased harvest 
yields below the potential. Even though 
p lan t breeding research has developed 
p lants tha t produce tom atoes with tough 
skins and firm shapes, the rough h an 
dling during m echanical harvesting still 
causes significant damage. T ransporta
tion to the cannery in 1000-lb bins fur
the r aggravates the problem . Once 
damaged, the tom ato deteriorates 
because of microbiological and enzy
m atic actions. T his causes a 10-20% loss 
in tom ato solids during the usual 24-hr 
interval between harvest and  factory 
processing, including an allowance for 
hauling and m old losses (M ercer and 
Olson, 1969). This dam aged fru it ends 
u p  largely as waste a t the u rban  cannery 
and  is a direct yield loss.

I f  tomatoes were processed into a 
stable m acerate or juice in the  field and

the m acerate or juice transported  in 
bulk to the cannery, the waste load a t 
the m unicipal system  would be reduced 
and the  process yield increased. In  add i
tion, processing the tom atoes in the field 
provides an area for disposing of pro
cessing waste w ater by using it for irriga
tion either on unharvested tom atoes or 
other crops.

This report describes a project under
taken to explore the production of 
tom ato juice and  m acerate near the 
harvesting area ra ther than  a t an urban 
cannery. Processing was integrated, from 
harvesting the tom atoes to the  produc
tion of juice and concentrate as in 
commercial packing. D uring the 1969 
tom ato harvesting season, a mobile pro
cessing pilot p lant was operated a t a site 
adjacent to the fields in a typical no rth 
ern California tom ato growing area. The 
objectives were to provide inform ation 
on overall yields, waste disposal and 
production during quick post-harvest 
processing. In  addition, the stability  of 
the juice in bulk transport from the  field 
processing site to our laboratory in 
Albany, Calif, was m easured. At the 
Albany laboratory, the juice was vac
uum  concentrated and further evalu
ated.

EXPERIMENTAL
Processing unit design

T h e  m o b ile  p i lo t  p la n t  w as  d e s ig n e d  to  
p ro c e s s  5 0 0  lb  o f  to m a to e s  p e r  h o u r  a t  a  
s te a d y , c o n tin u o u s  flow . T h e  fo llo w in g  s te p s  
w ere  p e r fo rm e d  b y  th is  u n i t :  ( 1 ) p re p a r a t io n  
o f  to m a to e s — w a s h in g  a n d  s o r t in g ; ( 2 ) h o t  
b r e a k — fo r r a p id  e n z y m e  d e s tru c t io n ;  (3 ) a c id  
t r e a tm e n t— a n  o p t io n a l  s te p  to  in c re a s e  
to m a to  so lid s  e x tr a c t io n  a n d  c o n s is te n c y ; (4 ) 
f in ish  p u lp in g — to  s e p a r a te  to m a to  ju ic e  fro m  
th e  s eed s , s k in s  a n d  f ib e r ; a n d  (5 ) d e a e ra t io n  
a n d  co o lin g — to  s ta b il iz e  th e  ju ic e  fo r h o ld in g  
a n d  t r a n s p o r t in g .

I t  is  g e n e ra lly  c o n s id e re d  t h a t  h ig h - f lu id  
s h e a r  a n d  h o ld in g  to m a to  m a te r ia l  a t  e le v a te d  
te m p e r a tu r e s  c h a n g e s  i ts  te x tu r e ,  c o n s is te n c y , 
co lo r a n d  f la v o r  (H a n d  e t  a l ., 1955; M a rs h  e t 
a l ., 1968; W a g n e r  e t  a l . ,  1 96 9). T h e re fo re , in  
th e  d e s ig n , h o ld in g  t im e  a s  w ell a s  a g ita t io n ,

p re s s u re  t r a n s i t io n s ,  a n d  th e  s te a m  in je c t io n  
v e lo c ity  w e re  h e ld  to  a  m in im u m . 1 0  m in  
e la p s e d  b e tw e e n  m il lin g  o f  to m a to e s  a n d  co o l
in g  o f  ju ic e  to  th e  f in a l s h ip p in g  t e m p e r a tu r e .  
T h e  t im e  c o u ld  h a v e  b e e n  re d u c e d  f u r th e r ,  
b u t  i t  w as  fe l t  t h a t  s u c h  re d u c t io n  w o u ld  n o t  
a p p re c ia b ly  im p ro v e  th e  p ro d u c t  a n d  w o u ld  
n o t  b e  c o m m e rc ia l ly  fe a s ib le . W ith  th e  s m a ll 
flow  ra te  o f  5 00  lb  o f  to m a to e s  p e r  h o u r  (1 
g p m  o f  m a c e r a te ) ,  i t  w as  m o re  im p o r ta n t  to  
s im u la te  th e  p ro c e s s  th a n  to  u se  p ro to ty p e  
e q u ip m e n t. T r u e  p ro to ty p e  e q u ip m e n t  w o u ld  
r e q u ir e  im p ra c t ic a l  s m a ll  p ip e  a n d  e q u ip m e n t  
s ize  to  a c h ie v e  th e  p ro p e r  flow  v e lo c itie s  a n d  
c o n d itio n s .

T h e  p ro c e s s in g  u n i t  c o n s is te d  o f  th re e  
t r a i l e r s .  A n  8  X  30  f t  c o v e re d  t r a i l e r  c o n 
ta in e d  th e  b a s ic , p e r m a n e n t ly  m o u n te d  p r o 
ce ss  e q u ip m e n t .  S te a m  w as  s u p p l ie d  fro m  a 
s e lf -c o n ta in e d  b o i le r  m o u n te d  o n  a  7 X 10 f t  
t r a i l e r .  A n  8  X  16 f t  t r a i l e r  h o u s e d  a n  a i r -  
c o n d i tio n e d  a n a ly t ic a l  la b o ra to ry .  T h e s e  t r a i l 
e r s  h a d  in te rc o n n e c t in g  e le c tr ic a l ,  w a te r , a n d  
s te a m  s u p p l ie s . T h e  e n t i r e  u n i t  c o u ld  b e  s e t 
u p  w ith in  6  h r  a f t e r  i t s  a r r iv a l  a t  th e  fie ld  
lo c a tio n .

F ig u re  1 is  a  s c h e m a t ic  d ia g ra m  o f  th e  
e q u ip m e n t  la y o u t. T o m a to  b in s  w e re  lo a d e d  
o n to  th e  d u m p  ra c k  b y  a  fo rk  l i f t .  T o m a to e s  
w ere  w a s h e d  i n a 6 X 3 X 3 f t  t a n k  a n d  e le 
v a te d  f ro m  th e  w a s h  t a n k  th ro u g h  a  w a te r  
s p ra y  a n d  o n to  a n  o p e n  m e s h  in s p e c tio n  b e lt .

A f te r  in s p e c tio n  a n d  m a n u a l  s o r t in g , th e  
to m a to e s  w e re  m a c e r a te d  b y  a  m il l  e q u ip p e d  
w ith  a n  8 -in . d ia m e te r  b o w l, a  1600  r p m  im 
p e lle r , a n d  a  1 /2 - in .  ro u n d -h o le  s c re e n . F ro m  
th e  m il l , t h e  to m a to  m a c e r a te  d ro p p e d  in to  
th e  in ta k e  o f  a  p o s itiv e  d is p la c e m e n t  p u m p  
w h ic h  w as  th e  p r im e  p r o d u c t  f lo w -ra te  c o n 
t ro l le r .  T h e  in le t  o f  th e  p u m p  h a d  a n  o v e rflo w  
o u t le t  so  t h a t  th e  p u m p  in le t  w as  f lo o d e d , b u t  
ex c ess  to m a to  m a c e r a te  c o u ld  n o t  co llec t. 
T h is  in s u re d  a  k n o w n , c o n s ta n t  t im e  b e tw e e n  
m a c e r a t in g  a n d  h e a tin g .

H o t-b re a k  h e a t in g  w a s  a c c o m p lis h e d  w ith  
a  lo w -v e lo c ity  in je c t io n  a n d  c o n ta c t  o f  s te a m  
a n d  m a c e r a te , fo llo w ed  b y  a  m e c h a n ic a l  
m ix in g  (F ig . 2 ). L o w -v e lo c ity  c o n ta c t ,  w ith  
s u b s e q u e n t  m e c h a n ic a l  m ix in g , h a s  b e e n  u se d  
b y  o th e rs  (D ie tz , 196 0 ; M a r s h  e t  a l ., 1 96 6). A 
h ig h  v e lo c ity  in je c t io n  in  th e  c r i t ic a l  v e lo c ity  
ra n g e  c a n  b e  u s e d  to  b o th  h e a t  a n d  m ix  
(B ro w n  e t  a l ., 1 95 1 ; M o rg a n  a n d  C a r lso n , 
1960; W a s s e rm a n  a n d  L a z a r , 1 95 3), b u t  th is  
c a u se s  h ig h  s h e a r  w h ic h  a l te r s  te x tu r e  a n d  
c o n s is te n c y . I n  th e  s te a m  in je c t io n  s y s te m  
d es ig n e d  fo r  th i s  w o rk , th e  s te a m  flo w ed  in to  
a  h e a tin g  te e  a t  a b o u t  100 fp s . T o m a to  m a c e r 
a te  flow ed  f ro m  th e  fe ed  p u m p  th ro u g h  a  
c h e c k  v a lv e  a t  a b o u t  1 .6  fp s . T h e  h e a t in g  te e  
w as a  s t a n d a r d  1 - 1 / 2 - in . s a n i ta r y  te e , c lo se ly  
c o u p le d  to  th e  fe e d  p u m p  a n d  m ix e r . T h e  
m ix e r  w as  a  s a n i ta r y ,  4 -in . c e n tr i fu g a l  p u m p  
in  w h ic h  th e  m a c e r a te  f lo w ed  c o u n te r  to  th e  
n o rm a l p u m p in g  d ire c t io n . A th e rm o c o u p le  
w as in s ta l le d  a t  th e  m ix e r  o u t le t .  H o t b re a k  
te m p e r a tu r e  w as  c o n tro lle d  b y  a  th re e -m o d e  
e le c tro n ic  re c o rd in g  c o n tro lle r  w h ic h  s e n t  a
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p n e u m a tic  o u tp u t  to  th e  s te a m -m o d u la t in g  
v a lv e .

T h e  s te a m  in je c t io n  s y s te m  w as  h e ld  a t  5 
p s ig  a b o v e  th e  s a tu r a t io n  v a p o r  p r e s s u re  o f  
th e  w a te r  in  th e  h e a te d  m a c e r a te  b y  m e a n s  o f 
a  p n e u m a tic a l ly  lo a d e d  b a c k -p re s s u re  v a lv e . 
F ro m  th is  b a c k -p re s s u re  v a lv e , th e  m a c e r a te  
flow ed  ta n g e n t ia l ly  in to  a  v a p o r  s e p a ra to r .

F ro m  th e  v a p o r  s e p a r a to r ,  th e  m a c e r a te  
e n te re d  e i th e r  th e  o p t io n a l  a c id - t r e a tm e n t  
se c tio n  o r  w e n t to  th e  f in is h  p u lp e r .  T h i s  a c id -  
t r e a tm e n t  se c tio n  c o n s is te d  o f  th r e e  t a n k s  fo r 
a c id if ic a t io n , h o ld , a n d  n e u tr a l iz a t io n ;  a c id  
a n d  c a u s t ic  re se rv o irs ;  a n d  tw o  p H  re c o rd in g  
c o n tro lle rs . T h e  a c id if ic a t io n  a n d  n e u t r a l iz a 
tio n  t a n k s  e a c h  h e ld  1  gal o f  m a c e r a te  fo r a n  
a v e ra g e  re s id e n c e  t im e  o f  1 m in . B o th  t a n k s  
h a d  th e r m a l ly  c o m p e n s a te d  p H  p ro b e s , a n  
a g ita to r  a n d  a  th e r m o m e te r .  T h e  h o ld in g  t a n k  
h a d  a n  a g i ta to r  a n d  o u t le t  ta p s  c o rre s p o n d in g  
to  0 , 1.2, 3 .3  a n d  4 .6  m in  a v e ra g e  m a c e r a te  
re s id e n c e  t im e . T h e  p H  c o n tro lle r s  h a d  
p n e u m a tic  o u tp u ts  to  c o n tro l v a lv e s  fo r  m o d 
u la t in g  th e  g ra v ity  flow  o f  a c id  a n d  c a u s t ic  to  
th e i r  re s p e c tiv e  ta n k s .

F in is h  p u lp in g  w as  d o n e  w ith  a  6 -in . 
d ia m e te r  p a d d le  f in is h e r  h a v in g  a  0 .0 2 7 -in . 
s c re e n  a n d  a  1400  r p m  p a d d le  s p e e d . T h e  
f in ish  p u lp in g , l ik e  th e  m il lin g , w as  o p e ra te d  
a t  c o n s ta n t  c o n d itio n s  th ro u g h o u t  th e s e  t r ia l s .  
O th e r  s c ie n t is ts  h a v e  r e p o r te d  o n  th e s e  o p e r a 
t io n s  (H a n d  e t a l ., 1955).

T h e  p ro d u c t  w as  co o led  in  tw o  s tag es . 
F ir s t ,  i t  w as  v a c u u m  d e a e ra te d  a n d  f la s h  
co o led  to  9 5°F . T h e  v a c u u m  w as  p ro v id e d  b y  
a  m e c h a n ic a l  v a c u u m  p u m p  p re c e d e d  b y  a  
sh e ll a n d  tu b e  w a te r - v a p o r  c o n d e n s e r . T h e  
seco n d  s ta g e  o f  co o lin g  w as a c c o m p lis h e d  in  a  
tu b u l a r  h e a t  e x c h a n g e r  h a v in g  a  3 0 -7 5 °F  
co o lin g  ra n g e .

E le c tr ic i ty  w as  b ro u g h t  to  th e  p ro c e s s  
t r a i l e r  a n d  d is t r ib u te d  th ro u g h  a  c e n tr a l  
p o w e r p a n e l . L ow  p re s s u re  w ell w a te r  w as  
s u p p l ie d  to  th e  p ro c e s s  t r a i l e r  w h e re  i t  w as  
f i l te re d  a n d  p re s s u r iz e d  to  5 0  p s ig  w ith  a  
b o o s te r  p u m p . T h e  s te a m  g e n e ra to r  p ro d u c e d  
u p  to  4 50  lb  o f  s te a m  p e r  h o u r  a t  9 0  p s ig . T h is  
g e n e ra to r  w as  s e lf -c o n ta in e d  a n d  o il- f ire d ; i t  
h a d  a  w a te r  s o f te n e r  a n d  a  c h e m ic a l a d d it iv e  
s y s te m  to  co n tro l b o i le r  w a te r  q u a l i ty .  I n s t r u 
m e n t  a i r  w as  s u p p l ie d  b y  a  6 0  p s ig  c o m p re s 
so r. W a s te  w a te r  w as  c o lle c te d  in  a  c e n tr a l  
d ra in  u n d e r  th e  t r a i l e r  a n d  p ip e d  to  a  s e t t l in g  
p o n d .
Operating conditions

T o m a to e s  w ere  m e c h a n ic a lly  h a rv e s te d  in  
th e  m o rn in g  o f  e a c h  d a y  o f  th e  t r ia l s ,  lo a d e d

in to  1 0 0 0 -lb  b in s , a n d  t r u c k e d  5 m i to  th e  
p ro cess  e q u ip m e n t  s ite . H e re , th e  f ie ld - ru n  
to m a to e s  w ere  ro u g h  w a s h e d  a n d  f lo ta t io n  
g ra d e d  ( a t  a  c o m m e rc ia l  c e n tr a l  s o r t in g  s t a 
t io n )  to  re m o v e  f ie ld  d e b r is  a n d  g re e n  to m a 
to e s  b e fo re  b e in g  re -b in n e d .

E a c h  p ro c e s s  r u n  la s te d  a b o u t  4 h r  a n d  
r e q u ir e d  2 - 3  b in s  o f  to m a to e s . I n  m o s t ru n s , 
th e  V F -1 4 5  v a r ie ty  w a s  p ro c e s se d  a s  i t  is  th e  
p re d o m in a n t  p ro c e s s in g  to m a to  in  C a lifo rn ia . 
S o m e  to m a to e s  o f  th e  S a n  M a rz a n o  N a p o li 
v a r ie ty  w e re  a lso  p ro c e s se d , s in c e  th is  v a r ie ty  
is  im p o r ta n t  in  th e  p ro d u c t io n  o f  to m a to  
p a s te . F o r  e x a m in in g  th e  e f fe c ts  o f  h o ld in g  
to m a to e s  in  b in s  fo r 24  h r ,  a  d o u b le  q u a n t i ty  
w as  o b ta in e d  a n d  h a l f  w ere  h e ld  fo r  p ro c e s s 
in g  th e  fo llo w in g  d a y .

F in is h  w a s h in g  a n d  s o r t in g  w as  d o n e  on  
th e  p ro c e s s  t r a i l e r .  T h e  to m a to e s  w ere  
d u m p e d  fro m  th e  f ie ld  b in  in to  th e  w ash  ta n k  
w h e re  th e y  w e re  a g i ta te d  fo r a n  a v e ra g e  o f  1 0  

m in  b e fo re  s p ra y  r in s in g  a n d  e le v a t in g  to  th e  
in s p e c tio n  b e lt .  S o r t in g  re m o v e d  g ree n  o r 
m o ld in g  to m a to e s  a n d  a n y  r e m a in in g  f ie ld  
d e b r is . T o m a to  s te m s  w ere  n o t  d is c a r d e d , n o r  
w ere  s p l i t  to m a to e s  t h a t  w ere  o th e rw ise  
so u n d .

W ith in  15 sec  a f te r  th e  to m a to e s  w ere  
b ro k e n  in  th e  m il l , s te a m  in je c t io n  h a d  in a c t i 
v a te d  th e  e n z y m e s . B y  te s t in g  h o t -b re a k  
t e m p e r a tu r e s  b e tw e e n  1 7 0 -2 4 0 °F , i t  w as  
fo u n d  t h a t  2 1 0 -2 1 2 °F  g av e  o p t im u m  e n z y m e  
d e a c tiv a tio n  a n d  p ro d u c t  c o n s is te n c y .

T h e  a c id  t r e a tm e n t  e x tr a c ts  p e c tin  fro m  
th e  s eed s , f ib e r  a n d  s k in  t h a t  w o u ld  o th e rw ise  
e n d  u p  a s  f in is h e r  p u lp in g  w as te . I t  is  a n  
o p tio n a l s te p  a n d  h a s  b e e n  d e s c r ib e d  b y  o th 
e rs  (M ie rs  e t a l ., 1970; W a g n e r  e t  a l . ,  1968; 
W a g n e r  e t  a l ., 1 969). I t  c o n s is ts  o f  th re e  
s te p s — a c id if ic a t io n , h o ld in g  a n d  n e u t r a l iz a 
tio n  a t  a  te m p e r a tu r e  o f  195°F . S e v e ra l  h o ld 
in g  t im e s  a n d  a c id if ic a t io n  le v e ls  w e re  e v a lu 
a te d .  A  p H  o f  2 .75  a n d  a  h o ld in g  t im e  o f  3 .3  
m in  w ere  o p t im u m  fo r  m a x im u m  c o n s is te n c y  
a n d  y ie ld . T h e  n e u tr a l iz a t io n  s te p  w as  p e r 
fo rm e d  e i th e r  im m e d ia te ly  a f te r  th e  m a c e r a te  
le f t  th e  a c id - t r e a tm e n t  h o ld in g  t a n k  o r  co u ld  
h a v e  b e e n  d o n e  a f te r  t r a n s p o r t in g  th e  ju ic e  to  
o u r  la b o ra to ry  in  A lb a n y  fo r c o n c e n tra t io n . 
A c id if ic a t io n  w as  d o n e  w ith  h y d ro c h lo r ic  
a c id ; a t  p H  2 .7 5 , i t  r e q u ir e d  a p p ro x im a te ly
0 .5  g a l o f  1 2 N  a c id  p e r  100 g a l o f  to m a to  
m a c e r a te .  T h e  m a c e r a te  w as  a lw a y s  b ro u g h t

Fig. 2—Hot break diagram.

b a c k  to  th e  f r e s h  to m a to  p H  o f  4 .3  ± 0 . 1  w ith  
a  50%  s o lu tio n  o f  s o d iu m  h y d ro x id e ;  t h i s  s te p  
c o n s u m e d  0 .3 3  g a l o f  c a u s t ic  p e r  100  g a llo n s  
o f  to m a to .

T h e  w a s te s  f ro m  s o r t in g  a n d  f in is h  p u lp in g  
w ere  c o lle c te d  a n d  w e ig h ed . S a m p le s  o f  to m a 
to e s , m a c e r a te ,  a n d  ju ic e  w e re  t a k e n  a t  v a r 
io u s  p o in ts  a lo n g  th e  p ro c e s s  lin e : ( 1 ) b e fo re  
d u m p in g ; (2 ) a f t e r  m il lin g ; (3 ) a f t e r  h e a tin g ;
(4 ) a f te r  a c id if ic a t io n ;  (5 ) a f te r  n e u t r a l i z a 
t io n ; a n d  (6 ) a f te r  co o lin g . T h e s e  s a m p le s  
w ere  th e n  a n a ly z e d  in  th e  f ie ld  la b o r a to r y .

A f te r  e a c h  d a y ’s r u n ,  th e  p ro c e s s  e q u ip 
m e n t  w as  c le a n e d  w ith  h o t  w a te r  a n d  d e te r 
g e n t, fo llo w ed  b y  a  w a te r  r in s e . F o llo w in g  th e  
r in s e , a  5 0  p p m  c h lo r in e  s o lu tio n  w as  r u n  in to  
th e  e q u ip m e n t  a n d  le f t  o v e rn ig h t . B efo re  
s ta r t in g  th e  n e x t  d a y ’s  o p e ra t io n ,  t h e  e q u ip 
m e n t  w as  th o ro u g h ly  f lu s h e d  w ith  h o t  w a te r .

DISCUSSION
IN  COM M ERCIAL field-processing 
operations, there should be a perm anent 
installation, as in a central sorting
washing operation. The functions of a 
field receiving station, S ta te  Tom ato 
Inspection, central sorter, and  a process
ing line probably should be merged. 
Capacity would be 100 tons of tom atoes 
per hour, or more. All the equipm ent 
needed is now com m ercially available. 
The decision to apply  a field-processing 
operation is largely an  economic one. 
Thorough consideration should be given 
to the effects on associated tom ato  prod
ucts, such as peeled tom atoes, if  these 
were needed. I f  used, the  acid trea tm en t 
would best be handled by a first-in-first- 
out system  using in-line m ixers and  acid 
injection. A holding line (tubing) could 
provide the necessary tim e lag following 
acidification of the tom ato macerate. 
N eutralization of the acid, finish pulp
ing, and vacuum  concentration can be 
done either a t the  field site or the can
nery.

Field processing of tom atoes helps to 
reduce the tim e when the  tom ato is in a 
perishable, fresh state. Tom ato ju ice can
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either be held tem porarily  for a day or 
two a t reduced tem perature or pH , or 
sterilized and held asceptically for sev
eral years. Results of these tria ls indi
cate tha t single-strength tom ato juice a t 
36°F, pH 4.3, will be stable 4-6 days; 
juice a t 36°F, pH  2.75, will be stable 
somewhat longer. Ju ice a t 60°F, pH  4.3, 
will be stable 5-20 hr; a t pH  2.75, for 
24-48 hr. Ju ice a t 85°F, pH  4.3, will be 
stable less than  6-10 hr; a t pH  2.75, 
about 24 hr. Field processing could 
include concentration, sterilization and 
asceptic packing. C urrently  tom ato paste 
is stored in bulk  tanks holding 20,000 gal 
or more. I t  can be transported  in tank  
trucks or railroad cars of sim ilar size 
(Anon., 1961; Anon., 1970a; Dixon et al.,
1963).

In  these tria ls, processing tom atoes 
within 6 h r  of harvest increased the yield 
of tom ato solids 9.5% over th a t obtained 
when processing was delayed 24 hr. In  
addition to a tom ato solids loss, th is 24- 
h r delay allows mold growth and loss of 
fresh tom ato flavor.

Acid trea tm en t reduced the wet waste 
coming out of the finish pul per by 47% 
and in addition produced a juice of 
thicker consistency. This 36% solids-loss 
reduction (dry basis) increases the  yield 
of tom ato solids by 4.3% of the total 
tomatoes processed. W hen th is ex trac
tion increase (4.3) is com bined with the
6-hr field-processing increase (9.5), an 
overall solids yield increase of 13.8% is 
obtained. D etails on th is yield increase, 
and inform ation on consistency, serum  
viscosity, v itam in retention, and color 
are described in P a r t  2 of this paper 
(Miers et al., 1971).

The National Canners Association 
(Berkeley, Calif.) took sam ples through
out the process line for microbiological 
checks. These tests were m ade during 
regular experim ental runs and  further 
checked during continuous 6-hr runs, to 
determine the nature  of the microbial 
flora and whether there was a bacterial 
build-up during processing. At the  start, 
the wash tan k  was inoculated with bac
teria by introducing field d irt into the 
tank. Results indicate th a t the clean-up 
procedure and the hot-break heating 
were sufficient to pasteurize the  tom ato 
m acerate and prevent bacterial build-up 
in the process line. The pasteurized 
product, without fu rther treatm en t, was 
used for the tim e-tem perature, holding- 
stability checks.

The wash w ater contained an average 
of 1000 ppm  of tom ato solids for all runs 
(ranging from 120 to 2000 ppm ). This 
average is equivalent to 8 lb of COD 
(chemical oxygen dem and) per ton of 
tom atoes processed. Assuming tha t the 
tom ato soluble solids are sugars and 
acids, a COD of approxim ately 1100 
ppm  was in the waste wash water; this 
am ount can easily be disposed of when 
used as irrigation water. The COD was 
probably lower than  tha t of a com m er
cial operation since the tom atos pro
cessed 6 h r after harvest were always in 
good condition (com pared to those held 
24 hr). Pre-washing a t the central sorting 
station and the relatively short runs (4-6 
hr) also contributed to the low wash- 
w ater solids. Significantly though, when 
tom atoes were held 24 hr, the soluble 
solids in the wash w ater doubled.

T he solid waste, such as cull tom a
toes, can be pu t back on the tom ato field 
and plowed in during the post-harvest 
cultivation norm ally done a few days 
after harvest. This waste norm ally has 
too high a w ater content to d ry  economi
cally for anim al feed. The finish pulping 
waste contains about 20% protein and 
can be used as an anim al feed supple
ment. In term s of dehydration cost to 
produce anim al feed, this waste is 60% 
water if only a hot break is used, but 
only 52% w ater if both the hot break and 
acid treatm en t are used. The acid 
extracted waste is drier and would 
require about 16% less dehydration fuel.
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FIELD PROCESSING OF TOMATOES 
2. Product Quality and Composition

SUMMARY—Mechanically harvested tomatoes were macerated, heated by steam injection to sev
eral constant temperatures from 170-240°F and held in a treatment pot from 0-4.6 min at pH lev
els (adjusted with cone. HCI) ranging from natural down to pH 2.0. Treated macerates were neu
tralized to original pH with cone NaOH, put through a finisher screen and pumped through a deaer
ator and chiller. The optimum processing conditions based on highest consistency (efHux-pipet flow 
time) in seven series of samples were 212°F breaking temperature and a macerate treatment time 
of 3.3 min at pH 2.75. With the optimum conditions, juice solids yield from VF-145 tomatoes was 
4.3% greater and consistency 90% higher than from the natural pH juke. The neutralized acid 
products could contain 13% less tomato solids and still have a consistency equal to that of the 
products extracted at natural pH. Dry waste decreased 33% and total wet waste 47% . A 1-day 
delay before processing caused 9.5% loss in recovered juice solids. Ascorbic acid, reflectance and 
lycopene data showed no trends due to acid extraction. Water soluble color increased slightly in the 
acid extractions.

INTRODUCTION
T H E  IN CR EA SIN G  problem s of land, 
air and  w ater pollution in the last decade 
have affected m any segments of the food 
industry including tom ato processing 
p lants. W aste disposal for m any tom ato 
processors has become increasingly more 
difficult and expensive; as a conse
quence, some processing plants have 
relocated away from centers of high 
population density.

T he im portance of these problem s in 
food processing has encouraged govern
m ental research agencies, university 
laboratories and trade  associations to 
investigate and develop bette r ways of 
waste disposal (G raham  et al., 1969; 
M ercer and Olson, 1967; California 
State W ater Resources Control Board,
1968). Processing close to the growing 
area where the waste could be conve
niently returned to the soil or used for 
livestock feed should help to sim plify the 
problem . At the same tim e, the tom a
toes, subjected to less transportation  
damage, would be m uch fresher when 
processed, thereby increasing yield con
siderably (M ercer and Olson, 1967).

Increased juice yields and less fin
isher wastes were also found in earlier 
laboratory experim ents from using a 
very rapid  hot break a t 200°F and  acid 
extraction; consistency increases were 
several fold over natural extraction 
(M iers et al., 1967; W agner et al., 1968). 
I f  these benefits were significantly large 
in p lan t scale processing, low pH extrac
tion could be used not only to increase 
consistency and solids, bu t also to 
decrease the waste disposal problem .

W ith the  above ideas in m ind, our 
research objectives were to find the 
optim um  pH, breaking tem peratures 
and m acerate holding tim e to give the

highest juice consistency possible and 
the highest yield of tom ato solids with 
the least am ount of loss due to leaching, 
finishing, and culls.

To study the aspects of field process
ing, this laboratory designed and bu ilt a 
mobile pilot p lan t a t A lbany which was 
operated a t Dixon, Calif, during the 
1969 tom ato season (Schultz et al.,
1971). This m anuscrip t presents the  data  
from the pilot p lan t experim ents and 
discusses their im portance to the 
tom ato industry.

EXPERIMENTAL
R aw  tomato sampling

V in e  r ip e n e d  to m a to e s  w e re  m e c h a n ic a lly  
h a rv e s te d  e a r ly  in  th e  m o rn in g , w a s h e d  a n d  
s o r te d  in  a  c o m m e rc ia l  w a s h e r  a n d  d e liv e re d  
to  th e  fie ld  p i lo t  p la n t .  A  b u c k e t  o f  to m a to e s  
w as s e le c te d  a t  r a n d o m  fro m  e a c h  o f  th e  3  6  

b in s  to  b e  u se d  in  t h a t  d a y ’s p ro c e ss in g . F o u r  
to m a to e s  w ere  p ic k e d  a t  ra n d o m  c o n s e c u 
tiv e ly  fro m  e a c h  b u c k e t  a n d  a  o n e - q u a r te r  
se c t io n  w as  c u t  f ro m  e a c h  to m a to . E a c h  
q u a r te r  w as  p u t  in to  o n e  o f  fo u r  2 - l i te r  b e a k 
e rs . T h is  q u a r te r in g  a n d  d is t r ib u t io n  p ro c e 
d u r e  w as  re p e a te d  u n t i l  fo u r  e q u iv a le n t  1 -k g  
s a m p le s  o f  to m a to  q u a r te r s  (4 5 -5 3 )  w ere  
o b ta in e d .

T h e  p o te n tia l  c o n s is te n c ie s  o f  th e  a b o v e  
s u b s a m p le s  w ere  d e te rm in e d  in  th e  m a n n e r  
o u t l in e d  b y  M ie rs  e t  a l . (1 9 6 7 ) a f t e r  e x t r a c 
tio n  w ith  15 m l o f  c o n c e n t r a te d  H C I. T h e s e  
e x tr a c ts  w e re  a lso  a n a ly z e d  a s  o u t l in e d  in  a  
s u b s e q u e n t  se c tio n .
Sam ples from the pilot plant

T h e  to m a to e s  w e re  w a s h e d , s p ra y - r in s e d  
a n d  th e  cu lls  re m o v e d . T h e y  w e re  th e n  
m a c e r a te d  a t  5 0 0  l b / h r ,  h e a te d  to  se le c te d  
t e m p e r a tu r e s  (1 7 0- 2 4 0 °F ) b y  s te a m  in je c t io n , 
h e ld  in  a  t r e a tm e n t  c h a m b e r  fo r  se le c te d  
t im e s  (0 -4 .6  m in )  a t  v a r io u s  p H  le v e ls  
(a d ju s te d  w ith  co n e . H C I) fro m  n a tu r a l  d o w n  
to  p H  2 .0 , n e u tra l iz e d  i f  n e c e s s a ry  w ith  co n e

N a O H  to  th e  o r ig in a l p H , f in is h e d , d e a e r a te d  
a n d  ch il le d .

T h e  t im e  b e tw e e n  c h a n g in g  a  p ro c e s s in g  
c o n d itio n  a n d  th e  c o m p le te  r e p la c e m e n t  o f 
m a c e r a te  a n d  ju ic e  in  th e  l in e  w as  1 2 -1 4  m in . 
T h e re fo re , no  s a m p le s  w e re  c o lle c te d  u n t i l  th e  
c o n tro l re c o rd e r s  h a d  sh o w n  a  s te a d y  s t a t e  fo r  
a t  le a s t  20  m in . S a m p le s  in c lu d e d  o v e rflo w  
m a c e r a te  (fe e d  in  e x c ess  o f  th e  5 0 0  l b / h r  
p u m p  c a p a c i ty ) ,  h o t  m a c e r a te  f ro m  th e  t r e a t 
m e n t  c h a m b e r ,  f in i s h e r  w a s te  a n d  d e a e r a te d  
ju ic e ,  c h il le d  o r  u n c h i l le d . S a m p le s  t a k e n  
w e re  r e p r e s e n ta t iv e  o f  4 0 -9 0 0  lb  o f  to m a to e s .

F o u r  2 -d a y  y ie ld  r u n s  w e re  m a d e  to  s tu d y  
e f fe c ts  o f  1 -d a y  d e la y  in  p ro c e s s in g  a n d  o f  
t r e a t in g  th e  m a c e r a te  a t  n a tu r a l  p H  o r  p H  
2 .75  (± 0 .1 )  fo r 3 .3  m in . 8 -1 2  b in s  w e re  
o b ta in e d , u s in g  4 - 6  b in s  e a c h  d a y . T o m a to e s  
w e re  m a c e r a te d  a n d  h e a te d  to  2 1 2 °F  in  a l l  
y ie ld  ru n s . L e a c h in g  lo sses  d u e  to  w a s h in g  
w e re  d e te rm in e d  fro m  s a m p le s  o f  w a s h  w a te r  
ta k e n  n e a r  th e  b e g in n in g , a t  th e  m id d le  a n d  
n e a r  th e  e n d  o f  e a c h  s a m p lin g  p e r io d . T o ta l  
w e ig h ts  o f  ju ic e s , f in i s h e r  w a s te s , w a s h  w a te r  
a n d  c u ll  to m a to e s  fro m  th e  y ie ld  r u n s  w e re  
d e te rm in e d .

S a m p le s  w e re  s e a le d  in  e n a m e le d  211  X 
304  c a n s  o r  in  f r u i t  j a r s  a n d  h e ld  a t  34  o r  0°F  
u n t i l  u se d . I n  th e  y ie ld  r u n s  a t  l e a s t  1 d o z  
e n a m e le d  211 X 304  c a n s  o f  e a c h  ju ic e  w e re  
s e a le d , h e a te d  35 m in  in  b o i lin g  w a te r  a n d  
co o led  in  ic e  w a te r .

I n  tw o  y ie ld  ru n s ,  2 d o z  p la in  b o d y  211  X 
414  c a n s  o f  e a c h  n a tu r a l  a n d  n e u t r a l iz e d  a c id  
ju ic e  w ere  s e a le d  a n d  h e a te d  a s  a b o v e . T h e  
r e m a in d e r  o f  th e s e  ju ic e s  w a s  c o n c e n t r a te d  
3 4 fo ld  u n d e r  re d u c e d  p r e s s u r e  a t  a  p r o d u c t  
te m p e r a tu r e  o f  100°F . T h e  c o n c e n t r a te s  w e re  
s e a le d  in  211 X  3 04  e n a m e le d  c a n s , h e a te d  35 
m in  in  b o ilin g  w a te r  a n d  c o o led  in  t a p  w a te r .

N o n s te r i le  ju ic e , n e u tr a l iz e d - a c id  ju ic e  
a n d  ju ic e  a t  p H  2 .7 5  w e re  s to re d  a t  8 5 , 6 0  a n d  
36°F . S a m p le s  w e re  c h e c k e d  a t  in te r v a ls  fo r  
c h a n g e s  in  c o n s is te n c y  a n d  d e v e lo p m e n t  o f  
o ff-o d o rs .
Laboratory  analyses

C o n s is te n c ie s  o f  th e  ju ic e s  w e re  m e a s u re d  
a t  25° ±  0 .1°C  u s u a l ly  b y  th e  e f f lu x -p ip e t  
d e s c r ib e d  b y  W a g n e r  a n d  M e irs  (1 9 6 7 ), b u t  in  
c a se s  o f  v e ry  h ig h  c o n s is te n c y , s im i la r  p ip e ts  
h a v in g  s l ig h t ly  la rg e r  I .D . t ip s  w e re  u se d . 
C o n s is te n c ie s  w e re  d e te r m in e d  o n  fo u r  c o n 
s e c u tiv e  d i lu t io n s  (b y  w e ig h t)  o f  th e  n in e  
p a ir s  o f  n a tu r a l  a n d  n e u tr a l iz e d  a c id  ju ic e  
fro m  th e  y ie ld  rim s . S im i la r  m e a s u re m e n ts  
w ere  m a d e  o n  c o n s e c u tiv e  d i lu t io n s  o f  th e  
ju ic e s  p r e p a r e d  b y  th e  p o te n t ia l  c o n s is te n c y  
p ro c e d u re .

T h e  c o n s is te n c ie s  o f  th e  c o n c e n t r a te s  
(d u p l ic a te  c a n s )  a n d  s e v e ra l  c o n s e c u tiv e  d i l u 
tio n s  o f  e a c h  w e re  d e te rm in e d  in  a  B o s tw ic k  
c o n s is to m e te r  a t  25°C . T w o  o r  m o re  re a d in g s  
o f  th e  flow  (c m ) a t  3 0  sec  w e re  re c o rd e d .

L ev e ls  o f  p H  w ere  d e te r m in e d  w ith  a
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g la s s -e le c tro d e  p H  m e te r . T o ta l  so lid s  w ere  
m e a s u re d  b y  th e  A O A C  p ro c e d u re  (1 9 6 0 ). 
T o ta l n i tro g e n  in  f in is h e r  w a s te s  w as  d e te r 
m in e d  b y  th e  A O A C  K je ld a h l  p ro c e d u re  
(1 9 60 ).

S o d iu m  c h lo r id e  c o n te n t  o f  th e  s a m p le s  
w as d e te rm in e d  b y  d i lu t in g  2 0 g  to  1 0 0  m l 
w ith  10%  a c e t ic  a c id  in  0 .1 N  H N 0 3, f i l te r in g  
a n d  m e a s u r in g  C l- io n  c o n te n t  in  a n  A m in co - 
C o tlo ve  c h lo r id e  t i t r a to r .  T h e  a d d e d  N a C l 
w as fo u n d  b y  d if fe re n c e .

F e , C r, N i a n d  C u  c o n te n ts  w e re  d e te r 
m in e d  b y  w e t a s h in g  in  co n e  H 2S 0 4 a n d  co n e  
H N 0 3 a n d  a n a ly z in g  b y  a to m ic  a b s o rp tio n  
s p e c tro p h o to m e try .

A sc o rb ic  a c id  c o n te n t  w as  d e te rm in e d  b y  
b le n d in g  5 0 -1 0 0 g  o f  ju ic e  w ith  0 .5 %  o x a lic  
a c id  (5 m l / g  o f  ju ic e ) , a d d in g  2%  b y  w e ig h t o f  
a n a ly t ic a l  C e lite , s t i r r in g  1  m in , a n d  f i l te r in g  
th ro u g h  m e d iu m  s p e e d  p a p e r .  A sc o rb ic  a c id  
in  th e  f i l t r a te  w as  m e a s u re d  w ith  in d o p h e n o l 
d y e  a t  5 2 0  m ^ , u s in g  a  1 .9  c m  p a th  in  a  
B a u sc h  a n d  L o m b  S p e c tro n ic  20  b y  th e  p r o 
c e d u re  o f  L o e ff le r  a n d  P o n t in g  (1 9 4 2 ).

W a te r  s o lu b le  co lo r  in  th e  to m a to  ju ic e s  
a n d  c o n c e n t ra te s  w as  d e te rm in e d  b y  e i th e r  
o n e  o r  b o th  o f  tw o  p ro c e d u re s . F i r s t  
p ro c e d u re — th e  o p t ic a l  d e n s i ty  o f  th e  f i l te re d
0.5%  o x a lic  a c id  e x t r a c t  u s e d  in  th e  a n a ly s e s  
fo r a s c o rb ic  a c id  w as  d e te rm in e d  in  a  B a u s c h  
a n d  L o m b  S p e c tro n ic  2 0  a t  4 20  a n d  667  m /i. 
T h e  lo n g e r w a v e le n g th  w as  u se d  a s  a  b la n k  
fo r c lo u d in e s s  o r  o th e r  co lo r a n d  th e  v a lu e  
o b ta in e d  w as  s u b s t r a c te d  f ro m  th e  4 2 0  m ^  
re a d in g  to  g ive th e  O .D . o f  th e  w a te r  s o lu b le  
co lo r. S e c o n d  p ro c e d u re — 5 0 g  o f  ju ic e  w as  
b le n d e d  3 m in  a t  m o d e ra te  s p e e d  w ith  5 0  m l 
o f  a  0 .3 M  c i t r a te  b u f f e r  p H  4 .5 . A f te r  a d d in g  
2 .5g  a n a ly t ic a l  C e lite , a n d  b le n d in g  1  m in , th e  
e x tr a c t  w as  f i l te re d  th ro u g h  S S  6 04  p a p e r ;  th e  
f i rs t  10 m l w a s  d is c a r d e d . T h e  O .D . w as  
d e te rm in e d  in  th e  s a m e  m a n n e r  a s  o u t l in e d  
fo r th e  f i r s t  p ro c e d u re . T h e  co lo r re f le c ta n c e  
w as d e te rm in e d  w ith  a  H u n te r  C o lo r  D if f e r 
en ce  M e te r  ( J u d d ,  1 95 2). L y c o p e n e  c o n te n t  
w as d e te rm in e d  b y  th e  p ro c e d u re  o f  W o n g  
a n d  B o h a r t  (1 9 57 ) b u t  th e  a d d i t io n  o f  th e  
C e lite  a n d  f i l t r a t io n  w as  o m itte d .

RESULTS & DISCUSSION
Optimum pH level

W hen the average consistency (flow 
time) of sam ples (m acerated a t 200°F 
and treated  3.3 min) from two runs was 
plotted against extraction pH  level, a 
very significant increase in consistency 
a t pH levels between 2.5-3.0 was evident 
(Fig. 1). This corroborates previous 
laboratory experim ents with the drop-in 
procedure described by W agner et al.
(1968).

As the pH  was decreased from n a tu 
ral to 3.0 or lower, wet waste decreased 
to about one half the weight of the n a tu 
ral pH  waste. T he dry solids content in 
one experim ent increased from
41.6 50.0% at pH  3.0 and  rem ained 
there for lower pH levels. The skin color 
in the waste changed progressively from 
pale reddish yellow to pale yellow; seeds 
became cleaner and w hiter as the  pH 
was lowered.

Based on the above data, m acerates

Fig. I— Effect of extraction pH upon neutral
ized acid juke consistency from two runs; break
ing temperature 200°F, macerate treatment 
time 3.3 min.

were trea ted  at pH  2.75 for the rem ain
ing experiments.
Optimum breaking temperature

When the  average consistency of 
sam ples treated  a t pH  2.75 for 3.3 min 
was plotted against several breaking 
tem peratures, the highest consistency 
occurred a t 212°F breaking tem perature 
for one experim ent (Fig. 2). The slight 
increase in consistency in the second 
experim ent a t 240°F was not considered 
sufficient com pensation for the added 
risk of therm al damage to product qual
ity (M iers et al., 1970; K ram er and El- 
K attan , 1953) as shown by the first 
experim ent (Fig. 2). Therefore 212°F was 
selected as the breaking tem perature for 
the rem aining runs.

W et wastes tended to decrease one- 
quarter to one-half in weight. They 
becam e 2-4%  drier as the tem perature 
increased from 170 200°F above which 
the percent solids rem ained fairly con
stant. The color of the waste appeared 
less red and more yellow as tem perature 
increased.
Optimum treatment time

W hen tom atoes were m acerated at 
212°F and  treated  a t pH  2.75 for differ
ent tim e periods, m axim um  consistency 
was obtained a t 3.3 m in (Fig. 3). This 
closely approxim ated the tim e indicated 
by previous laboratory experiments. No 
changes in juice color or waste charac
teristics could be detected due to tre a t
m ent time.
Yield of solids

Using optim um  conditions (212°F and 
pH 2.75 for 3.3 min) acid extraction

Fig. 2— Effect of breaking temperature upon 
neutralized acid juice consistency from two 
runs; macerate treatment time 3.3 min, pH 
2.75.

increased recovery of juice solids by 
4.3% (Table 1) from the VF-145 tom a
toes. Application of th is m ethod would 
have increased the 1967 com bined yields 
of catsup, paste, puree, and sauce by 
more than  3,000,000 cases (USDA,
1969).

Delay of one day in processing caused 
alm ost 10% solids loss from the VF-145 
juices due to a 75% increase in leaching 
losses and 6% loss of tom ato solids from 
moldy and spoiled tom atoes. The losses 
in the Napoli San M arzano variety were 
considerably less even though they had 
been held one day when first processed. 
This variety is exceptionally firm  and 
consequently not subject to as m uch loss 
as the VF-145 variety.

MACERATE HOLDING TIME (MINUTES)

Fig. 3— Effect of macerate treatment time upon 
neutralized acid juice consistency from two 
runs; breaking temperature 212°F and pH 2.75.
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Table 1— Effect o f pH and delay on processing yields and losses

N o .
ru n s

P ro c e s s in g
p H

D a y s
d e la y

%  Y ie ld “ %  L o ss  o f so lid s “
J u ic e
so lid s

F in is h e r
w a s te

W a s h
H 20 C u lls

V F - 1 4 5
6 N a tu r a l — 8 1 .9 1 0 . 0 5 .2 2 .9
6 A cid — 8 5 .4 6 .7 4 .8 3.1
A d u e  to  a c id  e x tr a c t io n +  4.3* 1 CO CO

3 N a tu r a l 0 8 6 .4 1 0 . 2 3 .4 0
3 N a tu r a l 1 7 7 .5 9 .7 6 .9 5 .9
A d u e  to  d e la y -1 0 .3 * + 1 0 3 '

3 A cid 0 8 9 .3 6 .9 3 .8 0
3 A c id 1 8 1 .5 6 .5 5 .7 6 .3
A d u e  to  d e la y -  8.7* +  5 0 '
A v g  A d u e  to  d e la y  a l l  ru n s -  9.5* +  75;

N a p o l i  S a n  M a r z a n o
2 N a tu r a l — 8 5 .7 8 .7 1.0 4 .7
2 A cid — 9 1 .6 5 .0 0 .9 2 .5
A d u e  to  a c id  e x tr a c t io n +  6.9* - 4 3 '

1 N a tu r a l 1 8 6 .4 9.1 1.0 3 .5
1 N a tu r a l 2 8 4 .9 8 . 2 0 .9 6 . 0

A d u e  to  d e la y -  1.7* -  1 0 ' +  7 1 '
1 A cid 1 9 3 .5 5.0 0 . 6 1.0
1 A cid 2 8 9 .8 5.1 1 . 2 4 .0
A d u e  to  d e la y -  4.1* + 1 0 0 ' + 3 0 0 /
A v g  A d u e  to  d e la y  a l l ru n s -  2.9* +  31* +  1 2 2 *

“Based on total tomato solids in juice, finisher waste, wash water and culls. Applies to  all percentages 
except those with other footnotes.

6Based on % juice solids at natural pH.
“Based on % waste a t natural pH. 
dBased on % of all first day runs.
'Based on % leaching loss in H20  of 1st day run.
'Based on % loss culls of 1st day run.
*Based on total % obtained a t both pH levels on 1st day.

The acid extracted waste was drier 
(48.4% solids) than  the  n atura l pH  waste 
(40.0% solids). T hus the  disposal p rob
lem would be cut by  alm ost one-half. 
The dried product would contain about 
25% protein—considerably more than  in 
waste from natu ra l pH  extraction. 
Tom ato waste has been found satisfac
tory when fed to swine (Hays, 1919), 
dairy cows (Tom have, 1931), steers 
(Chapm an, et al., 1958), and  chickens 
(Am m erm an et al., 1965).
Consistency gains

Acid extraction increased consistency
1- to 2-fold (Table 3). The question 
arises as to w hat total benefit is derived 
from the  increased solids and consis
tency of the  neutralized acid tom ato 
products? A m easure of this benefit was 
obtained by diluting the  neutralized acid 
juice to the  sam e consistency as the  orig
inal natural juice (Fig. 4). From  these 
curves the percent solids difference 
between the original and the dilu ted  
neutralized acid juice having the sam e 
consistency as the  original natura l juice 
was determ ined. Table 3 shows results 
from two typical runs along w ith the  
average of seven runs using VF-145 and  
two runs using Napoli San M arzano. T he 
total benefit due to acid extraction is 
quite high, averaging 13.6% for all nine 
runs. This is the percentage by which the  
original weight of a neutralized acid 
juice can be dilu ted  and still have a

Statistical analyses of variance were 
m ade on the arc sine square root tran s
form ation of the percentages. The 4.3% 
increase in juice solids due to extraction 
a t 2.75 pH was significant a t the 0.05 
level. The loss of alm ost 10% in juice 
solids due to a one day delay in process
ing was significant a t the  0.05 level. The 
33% decrease in finisher waste was sig
nificant a t the 0.005 level.

Our losses did not include tran spo rta 
tion damage which can be as m uch as 
47% (M ercer and Olson 1967). T here
fore, relocation of the first steps of pro
cessing near the growing areas would 
probably be even more advantageous 
than  our figures indicate.

Acid extraction reduced the  wet 
weight of the finisher waste by 47% 
(Table 2 ) and the dry weight by 35%.

Table 3— Tomato solids and consistencies o f 
natural, neutralized acid, and diluted neutralized 
acid ¡uices

J u ic e
%  %  A 

S o lid s  S o lid s “

C o n s is 
t e n c y

sec
V F - 1 4 5
N a tu r a l 5 .16 38
N e u t .  a c id 5 .2 9  j| 15 .5 77
D ii . n e u t .  a c id 4 .5 8  ! 38
N a tu r a l 5 .43 42
N e u t .  a c id 5 .51  i|  1 0 . 6

6 8

D ii. n e u t .  a c id 4 .9 8  1 42
A v g  7  r u n s
N a tu r a l 5 .5 0 51
N e u t .  a c id 5 .6 3  i|  13.1 98
D ii .  n e u t .  a c id 4 .9 9  1 51

N a p o l i  S a n  M a r z a n o
N a tu r a l  5 .3 6 52
N e u t .  a c id 5 .71  ||  16.8 176
D ii .  n e u t .  a c id 4 .8 9  1 52
N a tu r a l 5 .4 5 57
N e u t .  a c id 5 .4 0  i|  13 .9 155
D ii . n e u t .  a c id 4 .7 4  1 57

A v g  2  r u n s
N a tu r a l 5 .4 0 54
N e u t .  a c id 5 .5 5  |t 15 .3 166
D ii . n e u t .  a c id 4 .81  1 54
“Based on diluted neutralized acid juice.

Table 2— Effect o f extraction pH on finisher waste composition

F in is h e r  w a s te  %  P r o te in
E x t r a c t io n  l b / t o n  %  A d d e d  s a l t

R u n p H o f ju ic e %  S o lid s“ fro m  process* W e t D r y
1 N a tu r a l 28.8 4 3 .0 0 9 .9 2 3 .0

A cid 17.5 4 9 .9 0 .2 4 12.7 2 5 .5
2 N a tu r a l 32.7 4 3 .0 0 8 .9 2 0 .7

A cid 17.0 50.2 0 .2 6 12.9 2 5 .7
3 N a tu r a l — 4 1.6 0 8 .9 2 1 .4

A cid — 5 0.0 0 .2 6 12.7 2 5 .4
A v g  9  ru n s

N a tu r a l 3 1 .6 4 0 .0
A cid 16.8 4 8 .4

%  A 4 7 ' 2 0 '
“Percent dry solids in wet waste. 
6Dry basis.
“Based on averages for natural runs.
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Fig. 4— The difference in percent solids between original and diluted 
neutralized acid juice having same consistency as original natural juke; 
-----natural juices;----- neutralized acid jukes. Fig. 5— Tomato solids in original or diluted concentrates vs. Bostwkk 

Hows. -  -—from V F - 14 5 's ;- - - - from Napoli San Marzanos; (  )  and A , 
made at natural pH; •  and Jb. acid treated.

consistency equivalent to th a t of the 
natural pH  juice.

The retention of the  total benefit due 
to increased consistency in concentrates 
was substantiated  by plotting Bostwick 
flows (cm) against tom ato solids in sev
eral consecutive dilutions of na tu ra l and 
neutralized acid paste (Fig. 5). One pair 
was from VF-145 and  the  second pair 
from Napoli San M arzano. From  the 
curves the concentration differences 
between the  natural and  the  neutralized 
acid paste were determ ined a t seven 
Bostwick flow rates ranging from 2-14 
cm. The average percent difference a t 
seven flow rates show an over-all benefit 
of 13.0% for both varieties (Table 4). 
Such benefits from  dilution would be of 
significant economic value to rem anufac
turers. The use of tom ato pastes often 
depends in p a rt upon the  consistency 
given by tom ato solids to the form ula
tions.

The total benfit from dilution of pilot 
plant neutralized acid juices and  concen
trates is quite good. However, th is bene
fit would have been m uch higher if  the 
consistency of these juices had  been as 
high as indicated by the  potential consis
tency determ ined in the  laboratory. In  
eight comparisons (Table 5) the  consis
tency of the  pilot p lan t neutralized acid 
juice averaged 30% less than  the  labora
tory juice d iluted to equivalent tom ato 
solids.

Results in Table 6 do not show any 
trends in ascorbic acid, lycopene, and 
H unter Color Difference M eter reflect-

Table 4— Percent tomato solids in natural and neutralized acid concentrates having equivalent Bostwick 
flows

V F -1 4 5 N a p o l i  S a n  M a rz a n o

B o s tw ic k  flow %  S o lid s % %  S o lid s %
c m /3 0  sec p H  4 .3 “ p H  2 .7 5 “ D ifferen ce* p H  4 .3 “ p H  2 .7 5 “ D ifferen ce*

4 1 6 .8  14.7 14.3 14.7 13.3 1 0 .5
1 2 1 0 .5  9 .3 13.4 9 .3 8 . 1 1 4 .8

T o ta l  ra n g e
u s e d 9 .6 -1 9 .9  8 .4 -1 7 .2 1 2 .6 -1 6 .3 8 .3 -1 7 .2 7 .4 -1 5 .9 7 .9 -1 4 .8

A v g  fro m
7 flow  r a te s 13.9 1 2 . 1

“Extraction pH .
Based on % solids in neutralized acid concentrates.

Table 5— Comparison o f consistencies

C o n s is te n c y  a t  s a m e
U n d ilu te d  la b  ju ic e %  o f  so lid s

P i lo t  p la n t
P o t e n t ia l n e u t .  a c id D i lu te d %  D iff .

E x p t  %  T o m a to  c o n s is te n c y %  T o m a to ju ic e la b  ju ic e ( a - b )  1 0 0

n o . so lid s (sec) so lid s a b b
1  6 . 1 1 359 5 .63 138 213 - 3 5
2 5 .95 230 5 .83 140 2 1 0 - 3 3
3 6 .57 478 6 .1 8 2 1 1 330 - 3 6
4  6 .81 416 6 .32 198 233 - 1 5
5 5 .47 172 5 .11 79 105 - 2 5
6  5 .9 5 175 5 .54 78 116 - 3 3
7 6 .0 8 123 5 .53 123 169 - 2 7
8  7 .20 566 6 .9 5 281 4 16 - 3 2

A v g = - 3 0
s 7
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Table 6— Comparison o f natural and neuiralized-acid juices

A sc o rb ic  a c id  
m g / 1 0 0 g H C D M ‘ M e ta ls

s h o r t“
c a n s

ta l l “
c a n s

L y c o p e n e
m g / 1 0 0 g

re f le c ta n c e
a / b

s o lu b le  
co lo r  O .D . '

p g /  g  o f to m a to  so lid s  
F e  C r  N i  C u

9 / 8 / 6 9  N a t 6 .3 — 9 .8 1 .85 0 . 1 2 84 1 . 2 15 14
N e u t - a c i d 7 .6 — 9 .7 1 . 8 6 0 .1 8 382 9 .7 16 15
9 / 1 5 / 6 9  N a t 8 .4 2 1 .3 1 0 . 2 1 .79 0 .0 8 74 1.7 1 2 14
N e u t - a c i d 9 .5 19.7 1 0 . 2 1 .80 0 .14 65 6 .7 13 15
9 /2 5 / 6 9  N a t 8 . 6 — 1 1 . 0 1 . 8 6 0 . 1 1 145 1.5 1 1 1 2

N e u t- a c id 8 . 2 — 1 0 . 8 1 . 8 6 0 .17 128 1.3 16 13
9 /3 0 / 6 9  N a t 13.0 2 0 . 0 12.4 2 . 0 2 0 . 1 1 80 1 . 1 1 2 13
N e u t- a c id 14.2 2 1 . 0 12.5 2 .0 5 0 .1 5 55 1.3 16 1 2

“Short cans 211 x  304 fully enameled; tall cans 211 x  414 plain body, enameled ends. 
bHunter Color Difference Meter. 
eOptical Density.

Table 7-—Stability o f juices at three holding temperatures

T y p e  of ju ic e
N a tu r a l N e u tr a l i z e d  a c id A c id  (p H  =  2 .75)

S a m p le
co d e

H o ld in g  
te m p  ° F

N o  off- 
o d o r O ff-o d o r

N o  off- 
o d o r O ff-o d o r

N o  off-
o d o r  O ff-o d o r

A 36 4  d a — 4  d a — 4  d a  —
A 60 4 .5  h r S lig h t  a t  

2 0  h r
5 .5  h r S lig h t  a t  

2 2  h r
2 2  h r  —

A 85 6  h r S lig h t  a t  
9  h r

1 2  h r S tro n g  
s o u r  
27  h r

24 h r  —

B 36 6  d a — 6  d a — 6  d a  —
B 60 2 4  h r S tro n g  

48  h r
2 1  h r S tro n g  

4 8  h r
48  h r  —

B 85 1 0  h r S o u r , g a ssy  
23 h r

1 0  h r S o u r  o d o r  
23  h r

2 6  h r

ance due to acid extraction. In  two 
experim ents juice was canned in both 
short and tall cans. A m uch greater 
retention of ascorbic acid was found in 
the tall cans. W ater soluble color (optical 
density) increased some, and erratic 
results in Fe, Cr, and N i occurred in 
neutralized acid juices. The very large 
increase in Fe in the  9 /8 /6 9  neutralized 
acid sam ple is probably an artifact since 
all others contained m uch less Fe.

T he juices p repared  near the  growing 
areas could be hauled  to a central p lant 
for fu rther processing. The juices cannot 
be held a t a tem perature high enough to 
keep it sterile because such a tem pera

ture would lower the consistency (M iers 
et al., 1970). However, the holding s ta 
bility would be increased considerably 
(Table 7) if the juice is cooled to 36°F or 
if the juice acidity is a t the extraction 
pH of 2.75.

The preceding results show tha t 
excellent juices can be prepared a t 2.75 
pH with 4% 7% increase in yield of 
tom ato solids, 1 - to 2 -fold increase in 
consistency, and 47% decrease in wet 
finisher waste. In  addition fresher fruit 
could be processed, losses due to tran s
portation damage decreased and  prepro
cessing delays shortened, all increasing 
yield of tom ato solids. The juices could

then be hauled to a central p lan t for 
fu rther processing without loss of q u a l
ity.
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DEVICE TO M EASURE EASE OF SKIN REMOVAL FROM PEANUTS

SUMMARY—A new procedure for measuring the ease of skin removal from peanuts is described. A 
simple device was constructed from readily available materials and will blanch a 25Og sample in 2 
min. A series of tests showed that the procedure has excellent precision and compares favorably 
with two commercial dry-blanching operations.

INTRODUCTION
BLANCHING (skin removal) is a m ajor 
step in processing peanuts for edible end 
uses (Anon., 1940). A high quality  pea
nut bu tter should be as free as possible 
of skins and skin particles. Both skins 
and germs im part a b itte r taste  to pea
nut bu tter (Willich et al., 1952); skins 
also give peanut bu tte r poor color and 
texture. Peanuts which have a low 
blanchability or poor blanching proper
ties may m ake several passes through 
the blancher. In  extrem e cases, when the 
skins cannot be removed, the peanuts 
are often diverted to oil stock. This can 
mean an economic loss to the processor.

The most im portant m ethods of skin 
removal are dry blanching, spin b lanch
ing, water blanching and  alkali b lanch
ing (D ieckert and M orris, 1958; Lawler, 
1961; Reeve, 1962). D ry blanching 
removes both skin and germ, while the 
other m ethods remove only the skins 
(Woodroof, 1966). Varietal differences, 
m aturity  and  curing are among the fac
tors which affect the ease of skin 
removal.

This paper presents a sim ple m ethod 
for m easuring the ease of skin removal 
from peanuts. A pneum atic sam ple 
blancher was developed for m aking the 
test. I t  is sim ple in design and  con
structed of readily available m aterials.

in . I .P .S .)  is  s o ld e re d  in s id e  th e  s p o u t  o f  th e  
lo w er fu n n e l . T h e  n o z z le  is  c o n n e c te d  to  a  
s o u rc e  o f  c o m p re s s e d  a i r  w ith  a  s ta t ic  p re s s u re  
o f  5 0  lb .

T o  d e te rm in e  th e  b la n c h a b i l i ty  o f  a  lo t 
o f  p e a n u ts ,  h e a t  a  2 50 g  s a m p le  u n ifo rm ly  a t  
a p p ro x im a te ly  400° F  fo r 2 5 -3 0  m in . T h e  
te m p e r a tu r e  is  n o t  c r i t ic a l .  W illic h  e t  a l.,
(1 9 5 2 ) sh o w ed  t h a t  u n ifo rm  b la n c h in g  is 
in d e p e n d e n t  o f  th e  d e g re e  o f  h e a tin g . P la c e

VACUUM EXHAUST EXIT

Fig. 1—Pneumatic peanut sample blancher.

th e  p e a n u ts  in  th e  lo w er r e t a in e r  s c re e n  a n d  
s e t  th e  to p  fu n n e l  in  p la c e . T u r n  o n  th e  
v a c u u m  c le a n e r , a n d  a f te r  a  s e a l  h a s  b e e n  
e s ta b l is h e d  b e tw e e n  t h e  u p p e r  a n d  lo w er 
fu n n e ls , t u r n  o n  th e  c o m p re s s e d  a i r .  T h e

Fig. 2— Sample blancher completely assembled 
showing vacuum cleaner attached.

APPARATUS & PROCEDURE
T H E  O U T E R  P A R T  o f  th e  b la n c h e r  is  m a d e  
o f  tw o  g aso lin e  fu n n e ls  (N o . 2 F -1 2 3 , G e n e ra l  
M e ta lw a re  C o m p a n y , M in n e a p o lis ,  M in n .) .  
A s c h e m a tic  d ia g ra m  o f  th e  b la n c h e r  is  
sho w n  in  F ig . 1. A fu n n e l- s h a p e d  r e ta in e r  
sc re en  m a d e  fro m  1 / 8 -in . h a rd w a r e  c lo th  w ith  
a  I - in .  s h e e t  m e ta l  f la n g e  a t  th e  to p  is  p la c e d  
in s id e  th e  lo w er fu n n e l to  h o ld  th e  p e a n u ts .  
T h e  u p p e r  fu n n e l  h a s  a  p ie c e  o f  1 / 8 -in . h a r d 
w are  c lo th  s o ld e re d  c o m p le te ly  a c ro ss  th e  
in s id e . T h is  h a rd w a r e  c lo th  s e rv e s  a s  th e  
u p p e r  r e ta in e r  s c re e n . A  s m a ll  h a n d - ty p e  
v a c u u m  c le a n e r  (S e a rs -R o e b u c k  M o d e l 
208 -6 15 1 ) is  c o n n e c te d  to  th e  u p p e r  fu n n e l 
(F ig . 2 ). T h e  v a c u u m  is  r e q u ir e d  to  re m o v e  
lo o se s k in s  a n d  d u s t  a n d  to  m a in ta in  a  t ig h t  
sea l b e tw e e n  th e  u p p e r  a n d  lo w er fu n n e ls  
d u r in g  b la n c h in g . F o a m  r u b b e r  g a s k e ts  a r e  
c e m e n te d  to  th e  r im  o f  th e  u p p e r  fu n n e l  a n d  
u n d e rn e a th  th e  f lan g e  o f  th e  lo w er r e ta in e r  
sc re en  to  fo rm  th e  sea l. A n  a i r  n o zz le  (W . H . 
C u r t in  C o m p a n y  s t r a ig h t  fo rm , s e r r a te d ,  3 /8

Table 1— Blanchability tests o f 3 varieties o f dry roasted peanuts

S p a n is h R u n n e r F lo r ig ia n t
I n i t ia l
s a m p le
w e ig h t

(g)

P ic k - o u t
w e ig h t

(g)

B la n c h 
a b i l i ty

(% )

I n i t i a l
s a m p le
w e ig h t

(g)

P ic k - o u t
w e ig h t

(g)

B la n c h 
a b i l i ty

(% )

I n i t i a l
s a m p le
w e ig h t

(g)

P ic k - o u t  B la n c h -  
w e ig h t  a b i l i ty  

(g ) (% )
250 1 0 96.0 250 34 8 6 .5 250 9 9 6 .5
250 1 0 9 6 .0 250 36 8 5 .5 250 13 9 4 .5
250 1 1 9 6 .0 250 34 8 6 .5 250 8 9 7 .0
250 13 9 4 .5 250 37 8 5 .0 250 6 9 7 .5
250 1 0 9 6 .0 250 32 8 7 .5 250 6 9 7 .5
250 1 2 9 5 .0 250 37 8 5 .0 250 1 1 9 6 .0
250 9 9 6 .5 250 40 8 4 .0 250 7 9 7 .0
250 1 0 9 6 .0 250 34 8 6 .5 250 1 0 9 6 .0
250 1 1 9 6 .0 250 34 8 6 .5 250 6 9 7 .5
250 15 9 4 .0 250 37 8 5 .0 2 5 0 4 9 8 .0

S a m p le  M e a n 9 5 .6% 8 5 .8% 9 6 .7 5 %
S ta n d a r d  D e v ia t io n  0 .7 6 8 % 1.004% 0 .9 81 %
C o e ff ic ie n t o f

V a r ia b i l i ty 0 .8 0 % 1.17% 1 .0 1 %
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p e a n u ts  im m e d ia te ly  s t a r t  a  tu m b lin g  m o tio n , 
r u b b in g  a g a in s t  th e  r e ta in e r  s c re e n s . T h is  
a c t io n , to g e th e r  w ith  th e  s t r ip p in g  a c tio n  o f  
th e  a i r  j e t ,  re m o v e s  th e  s k in s . A f te r  2 m in , 
tu r n  o f f  th e  c o m p re s s e d  a i r  a n d  th e n  th e  
v a c u u m  c le a n e r . D u m p  th e  p e a n u ts  f ro m  th e  
lo w e r r e t a in e r  s c re e n  o n  to  a  w h i te  e n a m e le d  
p a n  to  f a c i l i ta te  d e te c t io n  o f  u n b la n c h e d  
p a r t ic le s .  S h a k e  th e  p a n  g e n tly  b a c k  a n d  
fo r th  s e v e ra l  t im e s  to  t u r n  th e  p e a n u t  h a lv e s  
o v e r  so  t h a t  th e  f l a t  s id e  is  fa c in g  d o w n . P ic k  
o u t  a l l  p e a n u ts  w h ic h  h a v e  v is ib le  p ie c e s  o f  
s k in  re m a in in g  o n  th e  k e rn e ls  a n d  w eigh . 
C a lc u la te  th e  b la n c h a b i l i ty  a s  fo llow s:

% b la n c h a b i l i ty  =  (A -B ) /A  (1 0 0)
A =  in i t ia l  w e ig h t o f  s a m p le
B  =  w e ig h t o f  u n b la n c h e d  p ic k o u ts

RESULTS & DISCUSSION
A SE R IE S of tests were m ade to test the 
precision of the blanchability  method. 
Approxim ately 3500g of each of the 
m ajor peanut types (Spanish, R unner 
and Virginia) were thoroughly blended 
and uniform ly heated  under the same 
conditions as m entioned above. Ten 250g 
sam ples were weighed from each 3500g 
lot and  blanched in the  pneum atic sam 
ple blancher. R esults of these tests are 
given in Table 1. As shown in the  table 
the standard  deviations were ±  0.981%, 
±  1.005% and ±  0.768% for Florigiant, 
R unner, and Spanish peanuts, respec
tively. The coefficient of variability  for 
each of the tests indicates a high degree 
of precision.

Two additional series of tests were 
run to compare the pneum atic sam ple 
blancher with two comm ercial dry 
blanchers, since dry  blanching is the 
most widely accepted m ethod of skin 
removal from peanuts. Only the F lori
giant and the  Spanish types were used in 
tests with b lancher No. 1, and in tests 
with blancher No. 2 a m ixture of R unner 
and Spanish types (2:1) were used since 
these were the peanut types the two 
comm ercial blanchers were processing at 
the tim e. The peanu t sam ples in each 
case were obtained from the commercial 
processor im m ediately before the  pea
nuts entered the blancher and  im m edi
ately after the  peanuts left the blancher. 
The peanuts had been heated previously 
to about 300° F  a t the comm ercial 
blancher No. 1. T he unblanched samples 
were blanched on the pneum atic sam ple 
blancher as described above. The results 
are given in Table 2. The m ean weight of 
the blanched sam ples from the  pneu
m atic sam ple b lancher was 239g for the 
Florigiant and 236g for the Spanish. 
These sam e weights were then  used for 
each sam ple of Florigiant and Spanish 
peanuts from the com m ercial blancher 
No. 1 in order th a t the blanchability  test 
for the sam ple b lancher and the com
mercial blancher would be on the same 
weight basis. Each individual sam ple 
from the com m ercially blanched peanuts

Table 2— Comparison o f the pneumatic sample blancher with commercial dry blancher No. 7

V a r ie ty

P n e u m a t ic  s a m p le  b la n c h e r C o m m e rc ia l  b la n c h e r
I n i t i a l
s a m p le
w e ig h t

(g)

W e ig h t
a f te r

b la n c h
(g)

P ic k - o u t
w e ig h t

(g)

B la n c h 
a b i l i ty

(% )

W e ig h t
a f t e r

b la n c h
(g)

P ic k - o u t
w e ig h t

(g)

B la n c h 
a b i l i ty

(% )
F lo r ig ia n t 250 239 5 9 8 .0 239 2 0 9 2 .0

250 239 3 9 9 .0 239 2 0 9 2 .0
250 239 6 9 7 .5 239 16 9 3 .5
250 240 5 9 8 .0 239 14 9 4 .5
250 239 5 9 8 .0 239 16 9 3 .5
250 240 3 9 9 .0 2 3 9 15 9 4 .0
250 240 5 9 8 .0 239 16 9 3 .5
250 239 9 9 6 .5 239 18 9 3 .0
250 239 6 9 7 .5 239 17 9 3 .0
2 5 0 239 3 9 9 .0 2 3 9 13 9 5 .0

S a m p le  M e a n 9 8 .05 % 9 3 .4 %
S ta n d a r d  D e v ia t io n 0 .7 5 6 % 0 .9 1 6 %
C o e f f ic ie n t  o f V a r ia b i l i ty 0 .7 7 % 0 .9 8 %

S p a n is h 250 236 17 9 3 .0 236 35 8 6 . 0

250 235 16 9 3 .5 236 27 8 9 .0
250 235 16 9 3 .5 2 36 29 8 8 .5
250 236 15 9 4 .0 236 31 8 7 .5
250 235 15 9 4 .0 236 26 8 9 .5
250 237 16 9 3 .5 236 27 8 9 .0
250 236 16 9 3 .5 236 26 8 9 .5
250 236 17 9 3 .0 236 30 8 8 . 0

250 235 15 9 4 .0 236 34 8 6 .5
250 236 16 9 3 .5 236 29 8 8 .5

S a m p le  M e a n 9 3 .55 % 8 8 .2 %
S ta n d a r d  D e v ia t io n 0 .3 5 0 % 1 .1 44 %
C o e ff ic ie n t o f  V a r ia b i l i ty 0 .37% 1 .2 9%

Table 3— Comparison o f the pneumatic sample blancher with commercial dry blancher No. 2

P n e u m a t ic  s a m p le  b la n c h e r C o m m e rc ia l b la n c h e r
I n i t ia l
s a m p le
w e ig h t

V a r ie ty  (g)

W e ig h t
a f te r

b la n c h e d
(g)

P ic k - o u t
w e ig h t

(g)

B la n c h 
a b i l i ty

(% )

W e ig h t
a f t e r

b la n c h e d
(g)

P ic k - o u t
w e ig h t

(g)

B la n c h 
a b i l i ty

(% )
R u n n e r  +
S p a n is h  250 225 2 2 9 1 .0 224 40 8 4 .0

(2 :1 ) 250 223 2 1 9 1 .5 224 44 8 2 .5
250 223 25 9 0 .0 224 49 8 0 .5
250 224 23 9 1 .0 224 39 8 4 .5
2 50 224 2 0 9 2 .0 224 42 8 3 .0
250 223 19 9 2 .5 224 40 8 4 .0
250 224 2 1 9 1 .5 224 45 8 2 .0
250 224 26 8 9 .5 224 40 8 4 .0
250 224 27 8 9 .0 224 42 8 3 .0
250 226 23 9 1 .0 224 47 8 1 .0

S a m p le  M e a n  
S ta n d a r d  D e v ia t io n  
C o e ff ic ie n t  o f  V a r ia b i l i ty

9 1 .0 %
1.044%
1.140%

8 3 .0 %
1 .0 3 9 %
1 .2 5%

was picked out by hand  in the  same 
m anner as those from the sam ple 
blancher. The results show th a t both 
varieties had a higher blanchability  in 
the sam ple blancher than  they did  in the 
commercial blancher. The sam e proce

dure was followed in the  tests on sam ples 
from the com m ercial d ry  b lancher No. 2. 
Peanuts had  been previously heated  to 
about 400° F. The results are given in 
Table 3. As in the case of the  first 
commercial blancher, the  sam ple



EASE OF SKIN REMOVAL FROM PEANUTS—407
blancher showed a higher percent of skin 
removal. This relationship will vary with 
the type and efficiency of the com m er
cial blanching operations, bu t a few in i
tial comparisons should provide the 
necessary correction factors. The sam ple 
blancher also has a lower standard  
deviation and coefficient of variation 
than  both comm ercial blanchers used in 
these tests. W ith this sim ple procedure 
the blanchability  of a lot of peanuts can

be easily and  rapidly  determ ined before 
purchasing or processing.
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ALTERNATE STORAGE SYSTEMS FOR THE PRODUCTION OF 
CANNED BLACK RIPE OLIVES

SUMMARY— The storage of freshly harvested olives in systems other than the traditional sodium 
chloride brine was investigated in an attempt to provide an alternative storage system which 
would reduce the present saline pollution potential of the olive canning industry. Chemical salts 
used as fertilizers were partially successful in holding olives for several months without spoilage. 
Ammonium nitrate brines could be used for periods up to 15 wk; however, it was difficult to 
remove the salt completely during preparation for canning. Brines containing ammonium sulfate 
( with the pH controlled by the addition of H2SO<) held olives for 6 mo. The difficulties in completely 
removing ammonium sulfate from the olives limited the commercial potential for this type of stor
age. Food grade glycols containing bacteriostats can be used to store olives for periods of over 6 mo. 
Olives submerged in propylene glycol-diethyl pyrocarbonate mixtures showed severe shriveling. The 
recovery from shriveling on subsequent preparation was satisfactory only for the smaller-sized 
olives. A similar result was obtained for olives stored in a mixture of glycerol-benzoic acid-sorbic 
acid. The most promising storage system developed in this study was a mixture of water-propylene 
glycol-benzoic acid-potassium sorbate-HCl. By using KOH in place of NaOH for the chemical curing 
preparation steps, it was possible to prepare canned olives with essentially no generation of liquid 
waste containing sodium ions.

INTRODUCTION
TH E  FOOD processing industry is now 
entering a critical stage in its growth and 
developm ent due to the problem s asso
ciated with environm ental pollution. The 
parallel increases in population, food 
production and urban developm ent have 
created a situation which dem ands more 
efficient waste m anagem ent. One of the 
more promising approaches to pollu- 
tional abatem ent in food processing 
operations is the m odification of estab
lished practices to accom plish a reduc
tion in, or the  more economic disposal of, 
the by-product waste m aterials pro
duced. This paper describes some |exr 
ploratory work designed to provide a 
reduction in potential environm ental 
pollution by evaluating the effect on final 
product quality of radical changes in the 
traditional production methods for 
canned, black, ripe olives.

A considerable portion of the annual 
crop of olives harvested in California 
d in ing the past decade (27-66,000 tons) 
are stored for as m uch as 12 mo in
8-12% NaCl solutions. After storage, the 
olives are treated  with several changes of
0.5-2% solutions of NaOH, aera ted  to 
develop the  black color, washed, and 
canned in NaCl brine. These operations 
result in liquid wastes of high sodium, 
chloride and sulfate (after pH  ad just
m ent with H 2SO4 ion content. The d is
posal of these brines is an increasingly 
difficult problem  as requirem ents 
enforced by regulatory agencies become 
more stringent.

In  recent years, the brine has been 
retained in ponds for gradual discharge 
into sewage trea tm en t p lants, or for solar 
evaporation; trucked to coastal process

ing plants where salty  receiving waters 
can be used; or the  storage and  process
ing brines reused. All of these disposal 
m ethods are tem porary  expedients for 
most of the olive canneries due to eco
nomic or regulatory considerations.

T he reuse of by-product liquids is a 
logical and  useful route to pollution 
abatem ent, bu t it is not uniform ly suc
cessful in the present sta te  of technology. 
A comm ercial scale tes t of the use of 
activated carbon trea tm en t to recondi
tion storage and processing brines prior 
to reuse (Popper, et al., 1967) is now 
underway; this approach holds consider
able prom ise in alleviating saline pollu- 
tional problem s with m inim um  changes 
in production technology.

T here is no certain ty  th a t any of the 
above m entioned disposal and reuse 
m ethods will provide a complete solution 
to the  saline pollutional problem s of the 
olive canning industry. Every promising 
alternative solution should be exam ined 
in enough detail to provide satisfactory 
input for m anagem ent decisions. The 
alternative approach described in this 
paper is th a t of substitu ting  reusable 
glycol bacteriostat system s, solutions of 
chem ical fertilizer salts, or acidified 
w ater glycol m ixtures for the conven
tional NaCl brines.

MATERIALS & METHODS
General

T h e  o liv es  u s e d  in  th e  s to ra g e  e x p e r im e n ts  
w e re  o b ta in e d  f ro m  th e  s iz in g  b e l t s  a t  re c e iv 
in g  s ta t io n s  o r  c a n n e r ie s  d u r in g  1 9 6 5 -1 9 6 7 . 
T h e  o liv es  w e re  t r a n s p o r te d  to  th e  la b o ra to ry  
a n d  p u t  in to  p re v io u s ly  p r e p a r e d  s to ra g e  s y s 
te m s . T h e  o liv es  g e n e ra l ly  w ere  p la c e d  in  
s to ra g e  w ith in  24  h r  a f te r  p ic k in g . T h e  M is 

s io n , M a n z a n il lo  a n d  S e v il la n o  v a r ie t ie s  w e re  
u se d  in  m e d iu m , la rg e  a n d  c o lo ssa l s ize s . 
T h e re  w as n o  a t t e m p t  to  g e t a  h ig h ly  u n i fo rm  
m a tu r i ty  s a m p le ;  o n ly  p u r p le -c o lo r e d  o liv e s  
w ere  d is c a rd e d .

T h e  N a C l u s e d  fo r  o liv e  s to ra g e  w a s  k i ln  
d r ie d  s o la r  p o n d  s a l t .  T h e  N a C l u s e d  in  c a n 
n in g  b r in e  w as  v a c u u m  c a n n e r s  g ra d e . T h e  
N a O H  a n d  K O H  u s e d  w as  r e a g e n t g ra d e ,  a s  
w ere  th e  a m m o n iu m  n i t r a t e  a n d  a m m o n iu m  
s u lf a te  s a l t s  u se d . T h e  g ly ce ro l, p ro p y le n e  
g ly co l, b en zo ic  a c id , p o ta s s iu m  s o rb a te ,  s o rb ic  
a c id , d ie th y l  p y r o c a rb o n a te  a n d  HC1 u s e d  
w ere  a ll fo o d  g ra d e  (A n o n ., 1 966).

T h e  o liv es  w e re  s to r e d  in  3 2 -ga l c a p a c i ty  
p o ly e th y le n e  p a i l s  w ith  lid s . T h e  m a jo r i ty  o f  
th e  s a m p le s  w e re  s to re d  in s id e  a  b u i ld in g . 
T h e  o liv es  w e re  s u b m e rg e d  in  th e  s to ra g e  
l iq u id  b y  re d w o o d  d is k s  o f  d i f f e r e n t  d ia m e te r  
w h ich  co u ld  b e  w ed g ed  a g a in s t  th e  s id e s  o f  
th e  p a ils  a t  d if f e r e n t  h e ig h ts . T h e  o liv e s  w e re  
p re p a r e d  fo r c a n n in g  a f te r  s to ra g e  in  p la s t ic  
p a ils  o r  in  2 0  gal s ta in le s s  s te e l ta n k s .

T h e  p r e p a r a t io n  o f  th e  o liv es  to o k  7 d a y s  
o f  s o a k in g , t r e a tm e n t ,  a e ra t io n  a n d  w a s h in g . 
G e n e ra lly , th e  s to re d  o liv es  w e re  s o a k e d  in  
th re e  c h a n g e s  o f  f re s h  w a te r  ( 1 0  g a l fo r  e a c h  
5 0  lb  o f  o liv e s  on  a  f re s h  w e ig h t b a s is )  o v e r  a  
p e r io d  o f  2 d a y s . T h e  r in s e d  o liv e s  w e re  
t r e a te d  w ith  a  1 .5%  s o lu tio n  o f  N a O H  o r  
K O H  u n t i l  th e  a v e ra g e  d e p th  o f  p e n e tr a t io n  
o f  b a s e  w as  1 / 1 6 - 1 /8  in . A f te r  r in s in g  a n d  
a e ra t io n  w ith  s ta in le s s  s te e l s p a rg in g  tu b e s ,  
th e  o liv es  w e re  t r e a te d  fo r  a b o u t  16  h r  w ith  a
0 .7 5%  s o lu tio n  N a O H  o r  K O H . T h e  o liv e s  
w ere  th e n  w a s h e d  a n d  a e r a te d  to  re m o v e  
ex cess  a lk a l i  a n d  to  d e v e lo p  c o lo r. T h e  o liv e s  
w ere  s o a k e d  o v e rn ig h t in  a  w a te r  s o lu tio n  (5 
gal v o l) o f  18 oz o f  N a C l a n d  16g o f  f e r ro u s  
g lu c o n a te  fo r e a c h  5 lb  o f  o liv es .

T h e  o liv es  w e re  p a c k e d  b y  h a n d  in to  301 
X  411 c a n s  a n d  a  h o t  b r in e  (c o n ta in in g  6 - 3 /4  
lb  o f  N a C l in  e a c h  30  g a l o f  w a te r )  w a s  a d d e d ;  
th e  c a n s  w ere  c lo s e d  a n d  r e to r te d  fo r  47  m in  
a t  2 52 °F , w a te r  co o led  in  th e  s til l  r e to r t ,  d r ie d ,  
a n d  th e n  s to re d  o n  s h e lv e s  a t  a m b ie n t  t e m 
p e r a tu r e  (5 5 -8 5 °F ).

O lives  in  s to ra g e  w e re  s a m p le d  p e r io d i 
c a lly  a n d  a n a ly z e d  fo r  ju ic e  p H , t i t r a t a b l e  
a c id ity  a n d  re d u c in g  s u g a r s  (u s in g  A m e s  
C o m p a n y  R e d u c in g  S u g a r  T e s t  K i t ,  N o . X A  
6 5 1 1 .) T h e  le v e l o f  a m m o n iu m  s a l t s  in  o liv es  
w as d e te rm in e d  b y  s te a m  d is t i l l a t io n  o f  a n  
o liv e  s lu r ry  ( a f te r  th e  a d d i t io n  o f  s t ro n g  
N a O H  s o lu tio n )  a n d  th e  a m m o n ia  c o lle c te d  
t i t r a t e d  w ith  s t a n d a r d  a c id . T h e  s u l f a te  c o n 
te n t  o f  th e  o liv es  w as  d e te r m in e d  b y  a  g ra v i
m e t r ic  m e th o d  a s  b a r iu m  s u lf a te  u s in g  th e  
s lu r r ie d  s a m p le s  a f te r  s te a m  d is t i l l a t io n .  B o i l
in g  w ith  N a O H  s o lu tio n s  w as  fo u n d  n e c e s s a r y  
fo r good  f i l t r a t io n  o f  th e  o liv e  f le s h  f r o m  th e  
d isso lv e d  s o d iu m  s u lf a te .
Glycol storage of olives

M e d iu m  M is s io n  o liv es  (5 0  lb )  w e re  s to r e d  
in  5 g a l o f  p ro p y le n e  g ly co l w h ic h  c o n ta in e d
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Table 1 Storage conditions for Manzanillo olives in ammonium sulfate 
brines

Pail number

D a te
7“

°S , p H
9

° S , p H
1 1

°S , p H
13

° S ,p H
15

° S , p H
16

°S , p H
1 0-12-67 2 2 , 6 .5 4 0 , 6 . 8 — — _ _
10-15-67 3 0 , — 4 0 , 5 .5 3 5 , — 3 7 , - 3 7 , - 4 0 , 5 .5
10-18-67 2 8 , - 3 8 , — 3 6 , — 3 5 , — 3 3 , 4 .8 3 7 , 4 .8
10-21-67 3 0 , 3 .8 3 6 , 4 .8 4 0 ,4 .9 4 0 , 4 .8 4 1 , — 4 4 , —
10-24-67 3 4 , 3 .6 4 6 ,4 .1 4 0 ,4 .2 3 9 , 3 .9 4 5 , 4 .0 4 7 , 4 .1
10-27-67 3 8 , 3 .5 4 4 , 4 .1 4 7 , 4 .2 4 6 , 3 .9 5 0 , 3 .9 5 3 , 4 .0
11-1-67 4 2 , 3 .8 4 8 , 4 .2 5 0 , 4 .3 5 0 , 4 .0 5 3 , 4 .1 5 5 , 4 .2
11-8-67 3 9 ,3 .8 4 6 , 3 .7 4 6 , 4 .2 4 6 , 4 .2 4 9 , 4 .2 5 1 , 4 .3
11-15-67 4 1 ,3 .8 4 3 , 3 .7 5 0 , 4 .3 4 8 , 4 .0 5 1 ,4 .1 53, 4 .2
11-23-67 4 1 ,3 .8 4 2 , 3 .7 4 8 , 4 .1 4 7 , 4 .0 5 1 , 4.1 5 2 , 4 .2
1 1-27-67 — D k — — — —

12-6-67 3 9 , 3 .8 — 4 4 , 3 .7 D D D
12-20-67 3 9 , 3 .8 — 4 5 , 3 .7 — — —

1-3-68 4 2 , 3 .7 — 4 5 ,3 .6 — — —

1 - 1 0 - 6 8 4 3 , 3 .9 — 4 6 , 3 .8 — — —

1 -24-68 — — D — — —

2 -9 -68 D — — — — _
“10-gal brine volume. 
‘D = discarded.

12.5 ml o f diethyl pyrocarbonate. T hese olives 
showed a moderate degree of shrivel after a 
storage period o f 6 mo. Olives soaked in three 
10 gal changes o f water over 2 days showed a 
marked reduction in the degree o f shrivel.

Two pails were each charged with 5 gal of
U .S .P . propylene glycol, 12.5 m l o f diethyl 
pyrocarbonate and 50 lb o f colossal Sevillano  
olives. The olives becam e badly shriveled  
after 2 wk of storage. The propylene glycol- 
stored olives were carried through the stan
dard process after 2 mo o f storage.

Two pails were charged with 5 gal of
U .S .P . glycerol, 23.8g o f benzoic acid and 
23.8g o f sorbic acid. The pails were each 
charged with 50 lb o f colossal Sevillano olives.

After 2 -1 /2  mo o f storage, the olives in 
glycerol were badly shriveled (the shriveling 
took place within the first 2 wk o f storage). 
The two 50-lb lots were com bined and pro
cessed. The olives were put through a needle- 
board supplied through the courtesy o f a local 
olive canner. The needling was done in one 
pass just before the final soaking in brine and 
ferrous gluconate solution.
Ammonium sa lt storage

In the preliminary studies on alternate 
salts, the sam e brine concentration in degrees 
salometer was used for the test brine and 
NaCl control brine. The brines were originally 
16° salometer from the addition o f 3 lb 9 oz of 
NaCl and 4 lb  7 oz o f am m onium  sulfate, 
respectively, in 10 gal o f water.

The final concentration of brine after the 
build-up was adjusted to 32°S by the addition  
of 10 lb o f ammonium sulfate and 7 lb 7 oz of 
NaCl, respectively, to each type of storage 
pail.

Three pails were prepared which con
tained 12°S am m onium  nitrate brine (5 lb of 
reagent grade am m onium  nitrate in 10 gal of 
water). 100 lb  o f colossal Sevillano olives were 
added to each pail.

Several sam ples of large M anzanillo olives 
were put down in am m onium  sulfate brines of 
concentrations o f 24-56°S. The length of stor
age before onset o f spoilage and other brine 
characteristics are tabulated in Table 1.

The storage capabilities o f ammonium  
sulfate brines acidified with sulfuric acid are 
summarized in T able 2.
Processing of ammonium salt stored  
olives

Colossal Sevillano olives stored in am m on
ium nitrate brine for 3 mo were put through a 
standard wash out and process. A parallel run 
was carried out on olives stored in NaCl brine 
for 3 mo.

The first sign of any difference in the 
olives from the two different types of brine 
was seen in the first lye cure.

After 2 hr in 1.5% NaOH solution, the 
olives from am m onium  nitrate brine devel
oped a strong odor o f ammonia. After 5 hr of 
exposure to the 1.5% NaOH solution, the 
olives from NaCl storage had a normal 
1 /1 6 -1 /8  in. penetration by the base. After 
the sam e tim e, the olives from ammonium  
nitrate storage had no penetration by the lye.

After the second lye cure (0.75%) and 
aeration, the olives from the ammonium  
nitrate storage were yellow-green in color.

After canning, the olives from the am m o
nium nitrate storage had a light color. Of 
more serious consequence was the fact that 
the flesh had the consistency o f a heavy pu

ree. It was obvious that a radical change in 
processing would be required to produce a 
satisfactory product from olives stored in 
ammonium nitrate brine.
Modified processing to remove 
ammonium salts

An attem pt was made to determine if  the 
salt content o f the olives stored in am m onium  
nitrate brines could be lowered by modified  
processing. Four 25-lb batches o f ammonium  
nitrate-stored olives were taken after 14 wk of 
storage. They were subjected to the following 
treatm ent (all water volumes used were 5 
gal):

1. Two hot water rinses each day;
2. Seven changes o f boiling water each 

day;
3. Norm al cold water soak, followed by 

4.5% NaOH curing; and
4. 2 min live steam  blanch, then two 

changes o f hot water each day.
The am m onium  nitrate content was m ea

sured three tim es a day for each of the four 
treatm ent sam ples.

Through the courtesy o f a commercial 
olive canning com pany, 100 lb o f olives stored 
in acidified am m onium  sulfate brine were 
made available for study.

T he storage history o f the olives was

Table 2— Storage of Manzanillo olives in acidified ammonium sulfate 
brines

D ate

Pail number
8

°S, pH
10

°S ,p H
12

°S, pH
14

°S, pH
10-12-67 22, 6.9 22, 4.0 22, 3.7 22, 3.7
10-15-67 30, 4.1 21, 3.8 30, 3.9 33, 3.9
10-18-67 31, 3.3 3 1 ,3 .3 32, 3.4 3 1 ,3 .5
10-21-67 31, 3.7 38, 3.8 36, 3.7 39, 3.9
10-24-67 33, 3.4 37, 3.4 42, 3.4 37, 3.3
10-27-67 37, 3.4 44, 3.5 48, 3.5 46, 3.4
11-1-67 41, 3.6 48, 3.7 52, 3.7 50, 3.6
11-8-67 39, 3.4 44, 3.6 48, 3.6 46, 3.8
11-15-67 40, 3.7 42, 3.5 51, 3.5 47, 3.4
11-23-67 40, 3.6 41, 3.4 49, 3.6 47, 3.5
12-6-67 38, 3.6 39, 3.4 47, 3.6 44, 3.5
12-20-67 39, 3.8 40, 3.5 47, 3.7 45, 3.8
1-3-68 41, 3.6 4 2 ,3 .5 47, 3.8 45, 3.8
1-10-68 42, 3.7 42, 3.6 48, 3.7 45, 3.7
1-12-68 — D° — D
1-24-68 — — D —

3-8-68 D — — —
“D = discarded.
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d e s c r ib e d  as  fo llow s b y  th e  p ro d u c t io n  m a n 
a g e r  o f  th e  c o m p a n y .

“ L a rg e  s iz e  S e v il la n o  o liv es  w e re  p u t  d o w n  
o n  O c to b e r  14, 196 6 , in  a  b r in e  m a d e  fro m  
a m m o n iu m  s u lf a te  (F e r t i l iz e r  g ra d e )  to  a  12° 
s a lo m e te r  re a d in g  a n d  a  p H  o f  3 .2 . T h e  p H  
w as  r e a c h e d  b y  a d d in g  e q u a l  v o lu m e s  o f  80%  
la c t ic  a c id  a n d  80%  a c e tic  a c id .

“ O n  O c to b e r  15, w h e n  th e  t a n k  w as  fi l le d  
w ith  o liv es  a n d  c o v e re d , s u f f ic ie n t  a m m o n iu m  
s u lf a te  w as  a d d e d  to  b r in g  th e  b r in e  to  a  
s a lo m e te r  r e a d in g  o f  18°. T h e  s a lo m e te r  r e a d 
in g  w as m a in ta in e d  a t  1 6 -1 7 °  b y  s ix  a d d i t io n s  
o f  a m m o n iu m  s u lf a te .

“ T h r e e  a d d it io n s  o f  la c t ic - a c e tic  a c id  
m ix tu re  w e re  m a d e  to  c o n tro l th e  p H  a t  4 .0  o r 
le ss .

“ O n  F e b r u a r y  5 , 1967 , th e  t a n k  (w h ic h  
c o n ta in e d  a b o u t  1900  lb  o f  o liv es) w as  o p e n e d  
a n d  s o m e  o liv es  re m o v e d . T h e  o liv es  w ere  
m o re  s h r iv e lle d  t h a n  th o s e  fro m  a n  e q u a l  
s a lo m e te r  v a lu e  s o d iu m  c h lo r id e  b r in e . S o m e  
o f  th e  o liv es  w ere  y e llo w ish  a r o u n d  th e  s te m  
e n d  a n d  w e re  a  l i t t l e  m o re  te n d e r  t h a n  th e  
r e m a in d e r  o f  th e  o liv es . O n  p ro c e ss in g , i t  w as  
fo u n d  t h a t  th e  o liv es  to o k  s tro n g e r  ly e  a n d  
lo n g e r  t im e s  to  g e t p e n e tr a t io n .  T h e r e  w as  a  
s tro n g  o d o r  o f  a m m o n ia  d u r in g  th e  ly e  t r e a t 
m e n t.

“ T h e  o liv es  d e v e lo p e d  a  d e s ira b le  co lo r, 
b u t  th e  f la v o r  w as  p oo r.

“ O n  M a y  19, 1967, a d d i t io n a l  o liv e s  w ere  
re m o v e d  fro m  th e  s to ra g e . T h e  co lo r  w as 
good. S o m e  w ere  s h r iv e lle d  a n d  th e  f r a c t io n  o f  
s o ft s te m  e n d  o liv es  w as  a b o u t  th e  s a m e  a s  in  
F e b r u a r y .  T h e  b r in e  w as a  b r ig h te r  ye llow - 
g ree n  th a n  c o m p a ra b le  s o d iu m  c h lo r id e  s to r 
ag e  b r in e .  T h e r e  w as a  g rey  p e ll ic le  o n  th e  
s u r f a c e  o f  th e  a m m o n iu m  s u lf a te  s to ra g e  
ta n k ;  n o n e  o f  th e s e  w as  fo u n d  o n  a n y  o f  th e  
s o d iu m  c h lo r id e  s to ra g e  v a ts  a t  th i s  t im e .”

T h e  S ev il la n o  o liv es  re c e iv e d  fro m  th e  
c o m m e rc ia l s o u rc e  w e re  n o t  f ro m  a  h ig h  
a m m o n iu m  s u lf a te  c o n c e n t ra t io n  s to ra g e . 
H o w e v e r, th e s e  o liv es  d id  re p r e s e n t  m a te r ia l  
w h ich  co u ld  b e  u se d  to  s tu d y  th e  e f fe c t o f  
d if f e r e n t  p r e p a r a t io n  s ta g e s  o n  th e  r e d u c t io n  
o f  s u lf a te  leve l.

T h e  S e v il la n o  o liv es  w ere  h a n d - s o r te d  to  
s e le c t tw o  2 5 -lb  p o r tio n s  o f  f i rm  a n d  u n i 
fo rm ly  co lo re d  o liv es . T h e  tw o  p o r t io n s  o f  
o liv es  w e re  in d iv id u a l ly  s o a k e d  in  2 .5  g a l o f  
fre s h  w a te r  fo r  6  h r  a n d  th e  s o a k in g  re p e a te d  
fo r 16 h r .

O n e  2 5 - lb  p o r t io n  o f  th e  s o a k e d  o liv es  w as 
a e ra te d  in  2 .5  g a l o f  w a te r  c o n ta in in g  14 oz o f 
p o ta s s iu m  c a rb o n a te .  A f te r  5 h r ,  th e  s u s p e n 
s io n  sh o w ed  c o n s id e ra b le  fo am in g , b u t  n o  
o d o r o f  a m m o n ia . A f te r  6  h r  o f  a e ra t io n ,  th e  
s u s p e n s io n  h a d  a  p H  o f  11 .15 . W h e n  th e  
a n a ly s is  o f  a  s a m p le  o f  th e  o liv es  f ro m  th e  
a e ra t io n  in  th e  p o ta s s iu m  c a rb o n a te  s o lu tio n  
sh o w ed  o n ly  a  s lig h t re d u c t io n  in  th e  a m m o 
n iu m  s u lf a te  leve l (see  F ig . 1) w o rk  o n  th is  
s a m p le  w as d is c o n tin u e d .

T h e  se c o n d  2 5 -lb  p o r t io n  o f  S e v il la n o  
o liv es  w as s u s p e n d e d  in  2 .5  g a l o f  2%  K O H  
s o lu tio n  (p H  =  13.8) fo r  7 h r .  A f te r  2 h r , 
th e r e  w as  n o  m e a s u ra b le  a lk a l i  p e n e tr a t io n ,  
b u t  a  s tro n g  a m m o n ia  o d o r h a d  d e v e lo p e d . 
T h e  s a m e  o b s e rv a tio n  w as  m a d e  a f te r  4 a n d  5 
h r . A f te r  5 h r ,  th e  p H  o f  th e  s o a k in g  s o lu tio n  
h a d  d ro p p e d  to  11.8 . A f te r  6  h r ,  a  f r e s h  2 .5  gal 
p o r tio n  o f  2%  K O H  s o lu tio n  w as  a d d e d  to  th e  
d ra in e d  o liv es . A f te r  a  f u r th e r  p e r io d  o f  1 h r ,  
2 0 % o f  o liv es  s a m p le s  sh o w ed  a lk a li  p e n e t r a 
t io n . A f te r  a  to ta l  a lk a li  c o n ta c t  t im e  o f  11.8

Table 3— Storage o f olives in salt-free acidified  
water systems

D a te
A m t 1 2 N  H C 1 

a d d e d , m l
p H

1A I B
11-27-67 0 3.3 4 .5
11-27-67 5 2 .9 —

1 0 — 4 .0
2 0 — 2.7

11-28-67 0 2 . 6 2 .5
12-6-67 — 2 .9 2.7
12-15-67 — 3.1 3 .0
12-26-67 1 0 3 .4 —

1 0 — 3 .4
1 -3-68 — 3.2 3.1
1 - 1 1 - 6 8 1 0 3 .4 —

1 0 — 3.3
1-24-68 0 3.1 3 .0
1-31-68 0 3 .2 3.1
2 - 8 - 6 8 0 3 .4 3 .4
3 -1 5-68 0 3 .4 3 .4
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h r ,  a ll th e  o liv es  sh o w ed  1 / 1 6 - 1 /8  in . a lk a l i  
p e n e tr a t io n .  A t th is  s ta g e , th e  o liv es  w ere  
r in s e d  w ith  2 .5  g a l p o r t io n s  o f  w a te r  a n d  a e r 
a te d  fo r  11 h r  in  2 .5  g a l o f  w a te r .

A  se c o n d  ly e  c u re  fo r  5  h r  w ith  2%  K O H  
s o lu tio n  g av e  c o m p le te  p e n e tr a t io n  o f  a lk a l i  to  
th e  p i t .  T h is  c u r in g  w as  a c c o m p a n ie d  b y  a  
s tro n g  o d o r  o f  a m m o n ia  a n d  th e  f in a l p H  w as
13.2 . T h e  o liv e s  w ere  n o t  c a n n e d  d u e  to  th e i r  
s o f t t e x tu r e  a t  th e  f in a l s ta g e  o f  p re p a r a t io n .
Acidified w ater storage

L a rg e  M a n z a n il lo  o liv es  w h ic h  h a d  b e e n  
s to re d  in  N a C l b r in e  fo r  43  d a y s  w e re  w a s h e d  
f re e  o f  s a l t  b y  s o a k in g  a n d  r in s in g  w ith  f re s h  
w a te r . T h e  o liv es  w e re  d iv id e d  in to  tw o  2 5 -lb  
p o r t io n s . O n e  p o r t io n  w as p u t  in to  a  p a il  
c o n ta in in g  a  s o lu tio n  o f  40g  o f  b e n zo ic  a c id  
a n d  5  g a l o f  h o t  w a te r  (1A ). T h e  se c o n d  p o r-

Table 4— Flavor evaluation o f medium Mission 
olives stored 6 mo in propylene glycol and NaCl 
solutions

G ly co l v s . N a C l  C o n tr o l
T r ia n g le  p re s e n ta t io n :

4 1 /6 4  C o r re c t  ju d g m e n ts  
(S ig n if ic a n t a t  th e  0 .1 %  lev e l)  

P re fe re n c e : 29 fo r  C o n tr o l ;  12 fo r  G ly c o l

tio n  w as  p la c e d  in  a  p a i l  c o n ta in in g  2 0 g  o f  
b en zo ic  a c id  a n d  27g  o f  p o ta s s iu m  s o rb a te  in  
5 gal o f  h o t  w a te r  ( I B ) .  T h e  s to ra g e  s o lu tio n s  
w ere  a llo w e d  to  coo l to  ro o m  te m p e r a tu r e  
b e fo re  lO g o f  p ro p y le n e  g ly co l a n d  th e  o liv es  
w ere  a d d e d  to  e a c h  p a il .  T h e  p H  o f  th e  s t o r 
age s o lu tio n s  w as  c o n tro lle d  b y  a d d i t io n  o f  
h y d ro c h lo r ic  a c id ;  th e  s c h e d u le  o f  a d d i t io n  
a n d  th e  r e s u lt in g  p H  a r e  ta b u la te d  in  T a b le  3.

RESULTS & DISCUSSION
T H E  FIN A L canned product from the 
storage of colossal Sevillano olives in 
glycerol containing benzoic and  sorbic 
acids was inferior in taste  and  ap p ear
ance to the control sam ple from  olives 
stored in NaCl brine. The olives were 
wrinkled or showed crease lines on the 
skin of those olives which had  filled out 
during processing. The olives had  a 
stringy interior texture and  a b land  fla
vor. The final canned product from 
colossal Sevillano olives stored in propy
lene glycol containing diethyl pyrocar- 
bonate consisted of badly shriveled 
olives of poor texture and inferior flavor.

Both the salt storage control and  the  
propylene glycol-diethyl pyrocarbonate 
stored olives were soft in texture, poor in 
color and inferior to com m ercial sam ples 
in flavor. T he olives from the stabilized

Table 5— Measurements on stored colossal Sevillano olives

D a te
B rin e  

te m p  °C
B rin e

p H

B rin e  t i t r a t a b l e  
a c id i ty

g / l a c t i c  a c id / 1 0 0  m l

A m m o n iu m  
n i t r a t e  c o n te n t

%

R e d u c in g
s u g a r s

%
9-2 8-66
(R a w )

(Ju ic e )
4 .95 0 .83 0 1 0  ± 2

10-24-66
( N i t r a te ) 19.3 4 .08 1.67 1.5 0 .4
10-24-66
(C h lo rid e ) 2 0 .5 4 .00 0 .3 1 0 0 . 2

1 1 -2 2 - 6 6

( N i t r a te ) 19.2 4 .0 7 1 . 6 8 4 .99 0 . 6

1 1 -2 2 - 6 6

(C h lo rid e ) 2 3 .0 4 .0 0 0 .4 47 0 . 2

1-3-67
( N i t r a te ) 14.0 3 .7 9 1.70 6 .76 0 . 2

1-3-67
(C h lo rid e ) 14.0 3 .73 0 .77 0 . 2 0 . 2

1-26-67
( N i t r a te ) 13.2 2 .72 1.90 6 .1 6 0 . 2

1-26-67
(C h lo rid e ) 13.0 3 .6 9 0 .8 3 — 0 .0 0 5
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Fig. 1—Reduction in ammonium nitrate level in colossal Sevillano olives. Fig. 2— Ammonium sulfate levels in olives at various stages of prepara

tion for canning.

glycol storage system s had  good appear
ance; there was no evidence for the sh ri
vel which had occurred during storage. 
The taste panel evaluation of these 
samples is sum m arized in Table 4.

The m easurem ents m ade on sam ples 
of olives stored in am m onium  n itrate  
solutions are sum m arized in Table 5. 
The olives stored in am m onium  n itrate  
brine were sound and firm  after a period 
of 3 mo; they com pared favorably in 
appearance with the control sam ple 
stored in NaCl brine. Some tim e 
between 3-3-1 /2  mo of storage, the 
am monium n itra te  brined olives started  
to spoil rapidly. The olives becam e very 
soft, with wrinkles and a shrunken stem 
end. M easurem ents on M ission olives 
stored in am m onium  sulfate solution are 
summ arized in Table 6.

Figure 1 illustrates the results of var

ious preparation  treatm en ts on the 
removal of am m onium  n itra te  from the 
olives; the only effective m ethod found 
to reduce the level was to use rather 
strong NaOH solutions.

These experim ents dem onstrate tha t 
it is possible to store and  process olives 
without the  use of sodium compounds 
until the final stage of preparation. The 
poor quality  of the  final product could 
be im proved by optimizing raw fruit 
m aturity , washing procedures and  curing 
conditions for th is radically new storage 
system.

T he storage of olives in glycol- 
bacteriostats system s could be con
sidered a last resort possibility for 
smaller-sized olives and  would require 
extensive developm ent work before high 
quality  olives could be produced.

The results of the  analysis of olives

Table 6— Measurements on stored medium Mission olives

D a te
B r in e  

te m p  °C
B rin e

p H

B rin e  t i t r a t a b l e  
a c id i ty

g / l a c t i c  a c id / 1 0 0  m l

A m m onium  
s u l f a te  c o n te n t

%

R e d u c in g
s u g a rs

%
11-7-66 — 4 .5 8 0 .1 1 5 0 3
(R a w ) (Ju ice ) (J u ic e )
12-9-66
(C h lo rid e ) 17.8 4 .7 0 0 .39 0 1.5
(S u lfa te ) 19.5 3 .5 3 1.85 6 .97 0 . 2

1-10-67
(C h lo rid e ) 18.6 5 .22 0 .4 5 0 0 . 8

(S u lfa te ) 19.2 4 .1 0 1 .58 4 .6 2 0 . 1

stored in acidified am m onium  sulfate 
solutions after various stages of p rep ara
tion are sum m arized in Figure 2. These 
results show th a t washing of the olives 
with w ater before or after the alkali 
treatm en t does not lower the sulfate 
content. T he only m ajor reduction in 
sulfate level results from the treatm en t 
of the olives with alkali. I t  would be 
necessary to trea t am m onium  salt-stored 
olives w ith alkali of sufficient concentra
tion and  for enough tim es to reduce the 
alternate salt level to a point where it 
will not influence flavor. Only by the 
essentially complete removal of the 
am m onium  sulfate from  the olives would 
it be possible to produce olives of com 
mercial quality.

Sam ples of olives canned after storage 
in acidified am m onium  sulfate solutions 
were supplied for evaluation by an olive 
canner. T he cans of olives exhibited 
norm al head space vacuum , brine pH , 
texture and  color. The flavor of the 
olives was evaluated by five experienced 
tasters from the  laboratory staff. These 
tasters found the olives to have no 
im m ediate flavor of any kind, bu t an 
unpleasant after-taste. T he am m onium  
sulfate content of these canned olives 
was found to be 0.16%.

The results of the  experim ents on 
am m onium  sulfate brine storage show 
tha t even a t high concentrations, spoil
age of the olives can occur after periods 
as short as 55 days. The longest storage 
period of 104 days would not provide a
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Table 7— Analysis o f olive storage stystems

T o ta l  C h lo r id e
a c id i ty  B O D  c o n te n t  

S y s te m  p H  (% ) (p p m ) (% )
S o d iu m  c h lo r id e

b r in e  4 .1  0 .12
P ro p y le n e  

g ly co l 
W a te r  
B en zo ic  a c id  
H y d ro c h lo r ic  

a c id  3 .4  0 .1 6
P ro p y le n e  

g ly co l 
W a te r  
B en zo ic  a c id  
P o ta s s iu m  

s o rb a te  
H y d ro c h lo r ic

a c id  3 .5  0 .1 5

1 1 ,270

10 ,486

10,594

8.1

1.4

1.4

long enough period for commercial 
application. T he use of H 2SO4 acidifica
tion d id  extend the  storage period, bu t 
did not provide a system  which held 
prom ise for the consistent 6 mo storage 
required as a m inim um  period for 
comm ercial utilization.

T he olives canned after about 6 mo of 
storage in the  w ater-propylene 
glycol-benzoic acid-potassium  sorbate- 
hydrochloric acid system  were of the 
sam e general quality  as those from stor
age in conventional NaCl brine. The 
saline pollutional potential of th is new 
storage system  was 1 /6  of th a t of the 
conventional system . The results of 
analysis of brines after about 6 mo of 
olive storage are tabu la ted  in Table 7.

Of all the novel storage system s 
explored in th is  study, the  water 
propylene glycol-benzoic acid-potassium

sorbate-hydrochloride acid system  a p 
peared to offer the best alternative to 
conventional practice. Although the 
use of th is system does not com pletely 
elim inate the problem  of chloride 
ion in waste discharges, the  m uch 
lower level would reduce the d ifficul
ties in meeting discharge require
ments.
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VARIABILITY OF INCREASES IN «-AMYLASE AND SUGARS DURING STORAGE 
OF GOLDRUSH AND CENTENNIAL SWEETPOTATOES

SUMMARY—Analyses for sugars and a-amylase were performed during 65 days' storage on five 
shipments of Goldrush and Centennial sweetpotatoes. Since shipments were harvested at 2 wk 
intervals, each represented the conditions existing at harvest time. Half the roots of each variety 
from every shipment were cured before being placed in storage and the effects of these treatments 
investigated. The patterns of a-amylase increases were so widely divergent in the various ship
ments that recognizable differences between the varieties in each shipment were overshadowed. 
Curing retarded a-amylase synthesis during subsequent storage. Glucose increases were quite 
consistent for each of the shipments, with the exception of the shipment that was wet and muddy 
when received. The Goldrush variety developed about twice as much g/ucose over the storage 
period, but curing had little, if any, influence on glucose synthesis. Sucrose development was 
apparently independent of the condition of the roots, varietal differences, or curing and reached 
a relatively constant level after 17 days. There were no obvious relationships between the increase 
in glucose, sucrose or a-amylase for either variety during the 65 day storage period.

INTRODUCTION
M A N U F A C T U R E R S  of sw eetpotato  
flakes who are p rim arily  concerned w ith 
canning operations prefer to  process 
roots as soon afte r harvesting  as pos
sible. However, for the  fresh m arket, the  
roots are often cured then  stored as long 
as 6 mo. F lakes are m ade from  bo th  
sources.

In  the production  of precooked de
hydrated  sw eetpotato  flakes, bo th  com 
m ercially and  in the  p ilo t p la n t, d iffer
ences in processing characteristics of 
apparen tly  com parable lots of sweet- 
pototoes are frequently  observed. Also 
roots analyzed 24 h r or less a fte r h a r
vesting and  again a fte r subsequent cu r
ing and  storage do no t consistently  show 
the  same a-am ylase and  sugar contents.

The increase in these constituen ts in 
Goldrush sweetpotatoes during storage 
and evidence for the  lack of consistency 
in this rate of increase has been reported 
by Deobald et al. (1968; 1969) and Ike- 
miya and Deobald (1966). M ethods for 
utilizing and  controlling the activity of 
th is  enzyme in sw eetpotatoes for the 
production  of precooked dehydrated  
sw eetpotato  flakes have been described 
by  H oover (1967) and  D eobald e t al.
(1968). H oover (1967) introduced  the 
“ enzyme ac tiv a tio n ” m ethod which 
m akes possible the  u tilization , to the  
fullest ex ten t, of the  very low level of 
sta rch  sp litting  enzym es in freshly h a r
vested roots. D eobald e t al. (1968) ad 
vocated controlling the  ac tiv ity  of the  
enzym e by altering  processing variables 
b o th  when the  enzym e con ten t was in 
excess of requirem ent as well as when 
m inim al for adequate  sta rch  conversion.

T he present paper is a repo rt of ex
perim ents designed to  show w hether any 
relationship exists betw een the  degree

and  n a tu re  of the  increases in these con
stitu en ts  and  if possible to  postu la te  a 
m echanism  for sugar form ation relating  
these changes. Such inform ation should 
be of value to  processors in providing a 
technical basis for control of sugar for
m ation resulting  in a m ore uniform  
product.

T he new er C entennial varie ty  now 
predom inates in b o th  the  fresh m arket 
and  in processing p lan ts. These presen t 
studies were, therefore, also designed to  
com pare increases in sugars and  a- 
am ylase ac tiv ity  characteristic  of C en
tennia l w ith  G oldrush to  ascertain  any  
sim ilarities or differences.

MATERIALS & METHODS
G o ld ru s h  a n d  C e n te n n ia l  v a r ie t ie s  o f 

s w e e tp o ta to e s  g ro w n  in  th e  v ic in i ty  o f  S t .  
F ra n c is v il le , L a . ,  w e re  d e liv e re d  t o  th e  la b o 
r a to r y  w ith in  24  h r  a f t e r  h a rv e s t in g  a t  2 -w k  
in te rv a ls  d u r in g  S e p te m b e r  a n d  O c to b e r  1968. 
U p o n  a r r iv a l  o f e a c h  s h ip m e n t  c o n s is t in g  o f 
6  c r a te s  o f e a c h  v a r i e ty ,  3  c r a te s  o f  e a c h  w e re  
re m o v e d  t o  a  c a b in e t  fo r  c u r in g  a t  3 2 ° C  a n d  
85%  R H  a n d  2 /2 c r a te s  w e re  p la c e d  in  a  
1 6 °C  s to r a g e  ro o m .

T h e  re m a in in g  1 /2  c r a te -s iz e  s a m p le s  
w e re  w a s h e d , h a n d  p e e le d  a n d  g ro u n d  in  a  
F i tz p a t r ic k  C o m m in u tin g  M a c h in e  M o d e l D  
u s in g  0 .0 6 2 5  in . ro u n d -h o le  s c re en . T h e  r e 
s u l t a n t  p u re e  w a s  u se d  fo r  a - a m y la s e  a c t iv i ty  
d e te rm in a t io n s  in  th e  f i r s t  s h ip m e n t  a n d  s im 
i l a r  p u re e s  f ro m  s u b s e q u e n t  s h ip m e n ts  w ere  
u se d  fo r  d e te rm in a t io n s  o f s u g a r s  a s  w e ll a s  
fo r  a - a m y la s e  v a lu e s .

J u ic e  e q u iv a le n t  t o  3 0%  o f  th e  w e ig h t  o f a  
p u r e e  a l iq u o t  w a s  o b ta in e d  b y  m e a n s  o f  a  
C a r v e r  P re s s . T h e  ju ic e  w a s  c e n tr i fu g e d  a t  
2500  rp rn  fo r  10 m in  a n d  th e  s u p e r n a ta n t  
a n a ly z e d  fo r  a m y la s e  a c t i v i ty  b y  th e  p ro c e 
d u r e  o u t l in e d  b y  I k e m iy a  a n d  D e o b a ld  (1 9 66 ). 
T h e  r e s u lt s  a r e  r e p o r te d  a s  s w e e tp o ta to  d ex - 
t r in iz in g  u n i t s  (S D U ).

T h e  a l iq u o t  o f p u r e e  u s e d  fo r  s u g a r  a n a ly 
ses  w a s  w e ig h e d  in to  9 5%  E T O H  a n d  b ro u g h t

to  v o lu m e  so  t h a t  th e  s o lu tio n  w a s  8 0 %  w ith  
r e s p e c t  to  E T O H . A f te r  th e  a lc o h o lic  s o lu tio n  
e q u i l ib r a te d  fo r  a t  le a s t  5 d a y s , i t  w a s  f i l te re d  
a n d  a n a ly z e d  fo r  g lu co se , s u c ro se  a n d  m a l to s e  
b y  a  m e th o d  r e p o r te d  b y  H o o v e r  a n d  H a r m o n
(1967) a n d  D e o b a ld  e t  a l .  (1 9 6 9 ). M o is tu re  
d e te rm in a t io n s  w e re  m a d e  o n  a l l  ra w  g ro u n d  
p u re e s  a n d  th e  s u g a r  a n a ly s e s  c a lc u la te d  a s  
p e rc e n t  o f  t o t a l  d r y  so lid s . O n  th e  9 th  d a y  
a f t e r  a r r iv a l ,  1 / 2  c r a te s  o f th e  c u re d  a n d  u n 
c u re d  s a m p le s  o f  b o th  v a r ie t ie s  w e re  a n a ly z e d  
a g a in  fo r  a - a m y la s e  a n d  s u g a r s  a s  d e s c rib e d  
a b o v e . O n  th e  1 0 th  d a y  th e  r e m a in in g  2'/¡ 
c r a te s  o f  e a c h  v a r i e ty  o f s w e e tp o ta to e s  w e re  
re m o v e d  fro m  th e  c u r in g  c a b in e t  a n d  p la c e d  
in  th e  1 6 °C  s to r a g e  ro o m . S im ila r  h a lf  c r a te s  
o f ro o ts  w e re  a n a ly z e d  in  th e  s a m e  m a n n e r  o n  
th e  1 7 th , 3 5 th  a n d  6 5 th  d a y  a f t e r  h a rv e s t in g .

RESULTS & DISCUSSION 
Alpha-amylase

All sam ples analyzed w ith in  24-30 h r 
a fte r harvesting  conta ined  less than
0.5 SD U . F or G oldrush roots the  initial 
values were 0.15, 0.21, 0.40, 0.43 and
0.05, respectively for the  five shipm ents. 
C om parable values for C entennial vari
eties were 0.09, 0.10, 0.29, 0.18 and 
<0 .03 . T he wide variations from  less 
th a n  0.03-0.43 will resu lt in w ide d if
ferences in processing characteristics. 
T he  range of these a-am ylase values for 
bo th  varieties span the  0.20 SD U  level 
below w hich i t  is alm ost im possible to  
a tta in  adequate  sta rch  conversion using 
the  “ enzym e ac tiv a tio n ” procedure for 
flake production  w ithou t the  add ition  of 
supplem ental am ylolytic enzym e (D eo
bald  e t al., 1968).

T he average a-am ylase values during 
storage of the  five sh ipm ents for each 
v arie ty , cured an d  uncured , are shown 
in Figure 1. I t  is ev ident from  the  figure 
and  verified by sta tis tica l analysis th a t  
there  are significant differences (5% 
level) due to  curing and  varie ty . The 
post digging tre a tm en t resulted  in sig
n ificantly  (5% level) lower levels of the  
enzym e during the  65-day storage peri
od. G oldrush had  higher enzym e levels 
a t  all storage tim e periods.

W hen all sh ipm ents were com pared 
the  results of the  a-am ylase determ ina
tions for a  given varie ty , w hether cured 
or uncured , showed a very large coeffi
cient of varia tion—ab o u t 50% for each 
of the  storage-tim e intervals.

T his wide divergence of the  different 
sh ipm ents is shown in Figures 2 and  3 to  
em phasize the  unpred ic tab ility  of a- 
am ylase con ten t of any  sw eetpotato
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DAYS AFTER HARVEST

Fig. 1—Average increases in a-amylase during 
storage of cured and uncured Goldrush and 
Centennial sweetpotatoes.

Fig. 2—Increases in a-amylase in the 5 ship
ments of Centennial sweetpotatoes during 
storage ( without curing).

DAYS AFTER HARVEST

Fig. 3—Increases in a-amylase in the 5 ship
ments of Centennial sweetpotatoes during 
curing and subsequent storage.

sam ple based on the  d a ta  averaged in 
Figure 1. Knowledge of the  variety , 
trea tm en t and  tim e in storage w ould be 
a very poor criterion of po ten tia l p ro 
cessing characteristics of a given lot of 
roots. S ta tistica l analysis for each vari
e ty -trea tm en t com bination indicates 
th a t  there is a significant difference be
tw een the  various diggings (5% level). 
However, the  dates of digging could no t 
be related  to  any  sequential difference 
in the a-am ylase developm ent and  no 
o ther d a ta  are available concerning the 
environm ent a t  the tim e of digging. 
T hus, even if the  exact d a te  of digging 
were know n, the  degree of variab ility  
w ould still be large—m aking it doubtfu l 
th a t  one could p red ict effectively the 
enzym e level w ithou t ac tual m easure
m ent.

One of the  reasons for the  increase in 
sw eetpotato  storage s tab ility  caused by 
curing m ay be related  to  th is inhibition  
of a-am ylase synthesis. T he d a ta  show 
th a t  the  effect of curing is probably  in 
fluenced by the  environm ental condi
tions when the roots were harvested  
since bo th  varieties in every w ay reacted  
sim ilarly.

S u g a r s
D ata  presented  in T ab le  1 show the 

sucrose and  glucose con ten ts of cured 
and  uncured roots from shipm ents 2, 3, 
4 and  5. Glucose increases in b o th  cured 
and  uncured roots during storage were 
approxim ately  twice as g reat in Gold- 
rush as in C entennial sw eetpotatoes for 
any  given shipm ent. T his difference,

therefore, m ay  be the  only one exclu
sively varie ty  related .

Glucose values were qu ite  consistent 
for each variety  except in sh ipm ent 2 
which was w et and  m uddy on arrival

and  possibly chilled. Glucose values in 
sh ipm ent 2 were generally higher, and  
th is  increased synthesis of glucose in 
bo th  varieties during  storage deserves 
fu rther s tudy .

Table 1— Variations in the increase of glucose and sucrose during storage o f Goldrush and Centennial
sweetpotatoes

C u re d U n c u re d
G lu c o se “ S u c ro se “ G lu c o se “ S u c ro s e “

D a y s  a f te r  
h a r v e s t

C e n te n 
n ia l

G o ld -
ru s h

C e n te n 
n ia l

G o ld -
ru s h

C e n te n 
n ia l

G o ld -
ru s h

C e n te n 
n ia l

G o ld -
ru s h

S h ip m e n t  2
1 1 . 1 1 . 1 9 .8 1 2 . 0 1 . 1 1 . 1 9 .8 1 2 . 0

9 1.4 2 . 8 16.9 14.8 2 . 0 2 .5 14.6 1 6 .7
17 1 . 2 4 .6 18.8 18.1 1 . 6 5.3 17.7 17.1
35 2 . 0 4 .9 2 2 . 1 2 5 .3 2.9 9 .6 2 0 . 2 2 5 .9
65 4 .2 7 .4 2 3 .8 18.8 4 .0 9 .5 2 1 . 2 2 0 . 0

S h ip m e n t  3
1 0 .9 1 . 6 9 .6 11.5 0 .9 1 . 6 9 .6 11.5
9 3 .6 5 .0 17.3 14.9 1.7 2 . 6 16.4 16.6

17 2 . 0 5 .6 17.3 18.1 5 .3 6 . 0 15.6 19.2
35 1 . 2 5 .3 18.7 19.6 2 .5 5 .8 18.7 2 0 .3
65 2 .3 5.1 17.6 19.3 2 .5 5 .0 2 0 . 8 2 2 . 2

S h ip m e n t  4
1 1.5 1.7 13.8 1 1 . 6 1.5 1.7 13.8 1 1 . 6

9 0 .9 3 .7 16.0 16.5 0 .7 3 .0 18.1 16.1
17 1.4 3 .7 19.0 19.5 1 . 1 4.2 18.6 18.1
35 1.5 4.1 2 0 . 0 19.5 2 . 1 5 .8 19.4 14.6
65 2 .5 5 .2 19.6 18.4 2 . 6 5 .7 2 0 . 8 1 8 .0

S h ip m e n t  5
1 0 . 8 0 .7 1 0 . 6 11.7 0 . 8 0 .7 1 0 . 6 11.7
9 0 .9 3 .3 15.1 16.3 0 . 8 2 .9 16.3 16.1

17 1 . 1 2 . 1 16.1 16.2 1 . 2 5 .5 16.4 15.3
35 1 . 2 3 .4 17.2 17.8 1.5 6 . 8 18.4 17.4
65 1 . 6 2 .4 18.0 17.3 2 . 2 5.1 1 7 .8 16.3

“Percent dry basis.
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The d a ta  on sucrose show alm ost no 
differences a ttr ib u ta b le  to  varie ty  and  
all samples a tta in ed  ab o u t 20% sucrose 
by the 65th day. I t  m ay be no tew orthy , 
however, th a t  though  some roo ts a t 
tained nearly  m axim um  sucrose con ten t 
a fte r 9 days, m ost of the  o th er sam ples 
did  no t show near m axim um  values un til 
the  17th day, ind icating  the  adv isab ility  
of retaining roots for a t  least 17 days to 
a tta in  m axim um  sweet flavor. T he m al
tose data  were om itted  from  T ab le  1 
because the  values were extrem ely low 
(m ost less th a n  1.0%), did n o t increase 
during storage, and  did no t show any  
correlation w ith  the  o ther variables 
investigated.

Generally there  were no obvious rela
tionships betw een the  p a tte rn  of in 
creases in any of the  th ree  constituen ts 
reported in the  d a ta , a-am ylase values 
differed so widely in the  various sh ip

m ents th a t  bo th  the  effect of curing and 
of varie ta l differences were overshad
owed. However, the  g reat differences in 
a-am ylase in itia lly  and  during  storage 
call a tten tio n  again to  the  need for de
term ination  of a-am ylase im m ediately 
prior to  processing, if the  degree of 
sta rch  conversion is essential in the  p ro 
cessing technique. Sucrose showed little  
variation  betw een sh ipm ents or vari
eties. Glucose values ap p aren tly  reflect 
the  storage trea tm en t of the  roots a t 
harvest and  the  varietal differences, b u t 
were no t influenced by curing. Based on 
d a ta  presented , C entennial roots should 
have processing characteristics sim ilar 
to  G oldrush.
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EFFECTS ON THE ALKALOID CONTENT OF POTATOES GROW N  
FROM SEEDS SUBJECTED TO LOW-DOSE 

GAM M A IRRADIATION

SUMMARY— Effects of low dose gamma irradiation of seeds on alkaloid content, proximate compo
sition and yield of the potato tubers were studied. Increase in yield with irradiation of seeds was 
inconclusive. Changes in proximate composition of Russet potatoes grown from tubers irradiated at 
1£00 rads were found to be insignificant. Varietal differences in solanine content were more pro
nounced than those due to gamma irradiation. In all cases the solanine content in potatoes grown 
from irradiated seeds was found to be far below the toxic level for human beings.

INTRODUCTION
EVER SINCE the discovery of X-rays 
by Roentgen in 1895, research work has 
been reported claiming radiation in
duced stimulation in plants. However, there is general disagreement on this 
phenomenon, owing to the lack of research confirmation.

In numberous experiments small 
doses of ionizing radiation have given 
small but significant stimulation of seed germination, such as earlier flowering 
development and faster growth of seed crop plants. Owing to many controlling 
factors involved, these effects are inconsistent and often nonreproducible from 
one experiment to another. The quality, quantity, and duration of radiation, the 
physiological and biological conditions of 
seeds at the time of radiation, storage 
conditions before and after the irradia
tion, varieties and species of seeds, and such growing conditions as nutrition, 
temperature, and light are some of the 
probable variables involved in determi
nation of optimal dose for seed stimulation.

Very little work has been reported on 
the effects of radiation on product composition, particularly alkaloid con
tent and wholesomeness of tubers grown from irradiated seeds. An increased number of tubers but a decrease in average weights was reported in some of the 
early experiments (Heiken, 1960; Herr- 
man and Raths, 1958; Johnson, 1928). However, many research workers (Sparrow and Christensen, 1950; Fish- 
nich et al., 1961; Batygin and Skalinova, 1962; Suss, 1966) reported increases in 
both the number and average weight of the potatoes irradiated just after the sprouts appeared.

In general, better germination and 
stimulation of growth, and in some cases 
even an increase in yield, were observed 
by many others (Sparrow and Christensen, 1950; Smalik et al., 1962; Roze,

‘Present address: 119 Nirvana Road, Brighton Beach, Durban, South Africa.

1963; Spragye and Lenz, 1929; Abra
mova et al., 1966; Avakyam et al., 1965, 
1966; Lure et al., 1966; Berezina et al., 1962; Kuzin and Kasymov, 1963; Sere- 
brenikov, 1960, 1965), the dose of radia
tion varying with varieties of the pota
toes and growing conditions. Grechush- 
nikov and Serebrenikov (1962; 1966) 
and Grechushnikov et al. (1964) observed 
that a dose of 150-500 rads hastened 
ripening of tubers, increased the number 
of eyes sprouted and the photosynthesis 
rate, while a dose of 1,000 rads sup
ported the growth and development of 
plants. By the end of the vegetation period, sugar content decreased and 
protein nitrogen was low, while total 
nitrogen content was higher than in the 
controls.

The alkaloid poison solanine is pres
ent in potatoes and is potentially toxic to the consumer. The dose considered toxic 
for human beings is 20-25 mg per lOOg 
(Wilson, 1959). The following symptoms 
were noted during the medical examina
tion of an individual poisoned by solan
ine from whole potatoes baked in the 
jackets: abdominal pain and diarrhea 8 
hr later, with complete recovery after 24 hr.

An assay of the batch of potatoes from which this meal was prepared showed 50 mg of solanine per lOOg. Norma] potatoes contain 2-10 mgs per 
lOOg, although in certain potatoes as 
much as 55-100 mg per lOOg has been 
found. The outer layers of the tubers, including the skin, are richer in solanine 
than the inner layers. Furthermore, 
unripe tubers have a higher proportion of solanine than mature ones, and small 
tubers contain more than larger ones (Bomer and Mattis, 1924).

Potato sprouts contain about 400 mg 
solanine per lOOg (Arutiunyan, 1940), 
and the limited amount of data indicates 
that the development of sprouts from potatoes stored in the dark is accompanied by a decrease in the solanine con
tent of the outer parts of the tubers. The 
amount of solanine in sprouted seed

potatoes varies with the variety, and free 
solanidine occurs in the sprouts of some 
but not all varieties (Clemo et al., 1936).

Studies on the chemistry of solanine 
have centered mainly on its molecular 
structure. It has been established that 
solanine is a glycoalkaloid with emperi- 
cal formula C 4 5 H 7 3 N O 15 . It consists of a  

trisaccharide moiety linked to one mole
cule of its aglucon, solanidine, as follows:
C6H „04 -  O -  CeH.oO, -  O -  C6H10O4 -  O

C 2 7 H 4 2 N

On acid hydrolysis, solanine yields 
the aglycone, solanidine ( C 2 7 H 4 3 N O ) ,  

and one molecule each of rhamose 
(CeH^Os), galactose (CeH^Oe) and glu
cose (C6Hi20 6).Intensive investigation during World 
War II led to a modification of Pfank- 
uch’s (1937) analytical method (Rooke 
et al., 1943). Dabbs and Hilton (1953) developed a shorter method for extrac
tion and analytical determination of 
solanine. Baker et id. (1955) further improved the method which, with only 
slight modification, was chosen for this investigation.

For potatoes, results are reported as “total solanine” defined as solanine 
including solanidine.

The present research was carried out 
to investigate the effect of low-dose stimulation of seed potatoes and the 
effect on proximate composition and 
alkaloid content.

MATERIALS & METHODS
T O  S T U D Y  r a d ia t io n  e f fe c ts  o n  p ro d u c t  
y ie ld  f ro m  i r r a d ia te d  s e e d , fo u r  v a r i e t ie s  o f  
p o a to e s  w e re  g ro w n  th ro u g h  tw o  g e n e ra t io n s . 
S e e d  fo r  th e  f i r s t  g e n e ra t io n  re c e iv e d  a  d o s e  o f  
1500  r a d s  a n d  T a b le  1 sh o w s  th e  t r e a tm e n t  
re c e iv e d  b y  th e  s e e d  fo r  th e  s e c o n d  g e n e ra 
t io n . T h e  M a r k  I I  fo o d  i r r a d ia to r  lo c a te d  in  
th e  I n s t i tu te  fo r  F o o d  S c ie n c e  a n d  T e c h n o lo 
gy, C o lleg e  o f  F is h e r ie s , U n iv e rs i ty  o f  W a s h 
in g to n  w as  u s e d  in  th is  w o rk . T h e  s o u rc e  is  a  
d o u b le  p la q u e  o f  C o b a lt  6 0 , a p p ro x im a te ly
3 9 ,0 0 0  c u r ie s , lo c a te d  in  a  p oo l o f  w a te r  11 f t  
in  d e p th .  T h e  d o se  w as  m e a s u r e d  b y  th e  
F r ic k e  d o s im e te r  m e th o d  a s  d e s c r ib e d  in  
A S T M  D  167 1-63 . T h e  l im ite d  s iz e  o f  th e  
p o ta to e s  m a d e  i t  p o s s ib le  to  o b ta in  th e  ra tio  
o f  m a x im u m  to  m in im u m  d o se  o f  a b o u t  1 .15. 
O n ly  th e  m a x im u m  d o ses  a r e  r e p o r te d  in  th e  
re s u lts .  P o ta to e s  u se d  in  th e s e  e x p e r im e n ts  
w e re  g ro w n  a t  th e  W a s h in g to n  S ta te  D e p a r t -
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Table 2— Effect o f irradiating seeds on yield o f potatoes grown from them

V a r ie ty T r e a tm e n t

N o . o f 
tu b e r s  

p e r  p la n t

T o t a l  y ie ld  
p e r  p la n t  

(g)

A v g  w t  o f  
tu b e r  p e r  
p la n t  (g)

N e t t e d  G em C C 8 1 09 5 .07 136 .88
CT.ooo 16 1 071 .95 67 .00
T 1500 C 5° 0 1 1 6 .6 5 23 .33
T 1500 T 1500 12 1068 .44 89 .04

K e n n e b e c C C 8 1 609 .54 2 0 .12
CTiooo 18 2 7 9 6 .7 6 1 55 .38
T 1500 C 4 385 .41 9 6 .3 5
T 1500 T 1500 5 3 88 .52 7 7 .70

W h ite  R o se C C 12 2 2 6 5 .2 9 1 88 .77
CTiooo 12 7 54 .1 6 6 2 .8 5
T 1500 C 26 2 43 6 .83 9 3 .7 2
T 1500 T 1500 10 1 14 5 .66 1 14 .57

N o rg o ld C C 11 5 52 .1 7 5 0 .2 0
CTiooo 6“ 3 6 4 .5 2 6 0 .7 5
T 1500 C 20 9 5 4 .4 0 4 7 .72
T 1500 T 1500 5 2 10 .3 7 4 2 .07

Table 1— 
planting

-Treatment o f seed tubers prior to

T r e a tm e n t
T r e a tm e n t F i r s t S ec o n d

C o d e G e n e r a tio n G e n e r a t io n
C C C o n tr o l ,  n o  ir - C o n tr o l ,  n o  ir -

r a d ia t io n  p r io r r a d i a t io n  p r io r
t o  p la n t in g to  p la n t in g

C  TlOOO C o n tr o l ,  n o  ir - 1 ,0 00  r a d s
r a d ia t io n  p r io r p r io r  to
to  p la n t in g p la n t in g

T 1500 C 1 ,5 00  r a d s  p r io r C o n tr o l ,  n o  ir -
to  p la n t in g r a d i a t io n  p r io r  

t o  p la n t in g
T 1500 TlOOO 1 ,5 0 0  r a d s  p r io r 1 ,0 00  ra d s

to  p la n t in g p r io r  to  
p la n t in g

m e n t o f  A g r ic u l tu re  E x p e r im e n ta l  S ta t io n ,  
B e llin g h a m , W a sh in g to n .
Calibration o f  standard  cu rve for  
colorim etric determ ination  o f  so lan in e

U sin g  p u r i f ie d  s o la n in e  d is s o lv e d  in  1%  
H 2 SO 4 , a  s t a n d a r d  s o lu tio n  c o n ta in in g  1 mg 
so la n in e  p e r  1 m l w as  p r e p a r e d .  A liq u o ts  o f  
th e  s t a n d a r d  s o lu tio n  w e re  a d d e d  to  10 m l 
v o lu m e tr ic  f la s k s , fo llo w ed  b y  5  m l co n e  
H 2S O t o v e r a  p e r io d  o f  3 m in  2 .5  m l 1%  fo r 
m a ld e h y d e  o v e r a  p e r io d  o f  2 m in , a n d  
b ro u g h t to  v o lu m e  w ith  1%  H 2S O t . I f  e i th e r  
th e  co n e  H 2S O 4, o r  1%  fo rm a ld e h y d e  s o lu tio n  
w as a d d e d  to o  ra p id ly ,  th e  in te n s i ty  o f  c o lo r  
w as  r e d u c e d  g re a tly . A  b la n k  w a s  p re p a r e d  
c o n ta in in g  2 .5  m l 1%  H 2S O 4 , 5 .0  m l co n e  
H 2S O 4 , a n d  2 .5  m l 1%  fo rm a ld e h y d e .

T h e  re la t io n s h ip  w as  o b ta in e d  b y  p lo tt in g  
th e  c o n c e n tra t io n  o f  s o la n in e  a g a in s t  a b s o r b 
a n c e , u s in g  a  H ita c h i  P e r k in - E lm e r  139 U V - 
V IS  s p e c tro p h o to m e te r .
E xtraction o f  so lan ine

F o u r  p o ta to e s  w ere  t a k e n  f ro m  e a c h  t r e a t 
m e n t a n d  g ro u n d  in  a  W a r in g  B le n d o r  fo r  1 
m in . A p o r t io n  o f  th e  g ro u n d  s a m p le  w as 
w e ig h ed  d ire c t ly  in to  a n  e x tr a c t io n  th im b le  
(50g  fo r tu b e r s  a n d  5g  fo r  s p ro u ts ) ,  a n d  
p la c e d  in  a  S o x h le t  E x t r a c to r .  T o  th e  S o x h le t 
f la sk , 100 m l a lc o h o l (9 5 %  e th a n o l a n d  5%  
m e th a n o l)  a n d  3 m l o f  g la c ia l a c e t ic  a c id  w e re  
a d d e d . T h e  e x tr a c t io n  w as  c a r r ie d  o n  fo r  16 
h r .  T h e  a lc o h o lic  e x t r a c t  w as  e v a p o ra te d  in  a  
150 m l b e a k e r  to  a  v o lu m e  o f  1-3 m l, to  w h ic h  
5 m l o f  5%  s u lf u r ic  a c id  s o lu tio n  w a s  a d d e d . 
T h e  s u s p e n s io n  w as  f i l te re d  th ro u g h  N o . 4 
f i l te r  p a p e r  in to  a  15 m l ta p e r e d  c e n tr i fu g e  
tu b e  a n d  a  f u r t h e r  5  m l o f  5 %  s u lf u r ic  a c id  
s o lu tio n  w as  u s e d  fo r  w a s h in g  th e  b e a k e r  a n d  
f i l te r  p a p e r . T h e  f i l t r a te  w as  n e u tr a l iz e d  b y  
th e  a d d it io n  o f  co n e  a m m o n iu m  h y d ro x id e , 
a n d  a  fu r th e r  10  o r  m o re  d ro p s  o f  a m m o n iu m  
h y d ro x id e  w as a d d e d  u n t i l  a  p H  o f  a t  le a s t  9 .4  
w as  o b ta in e d . T h e  s o lu tio n  c o n ta in in g  p re c ip 
i t a te d  s o la n in e  w as  th e n  h e a te d  in  a  w a te r  
b a th  a t  80°C  to  f lo c c u la te  th e  s o la n in e  a n d  
k e p t  o v e rn ig h t a t  4°C . T h e  fo llo w in g  d a y  th e  
s u s p e n s io n  w as  c e n tr i fu g e d , th e  s u p e r n a ta n t  
so lu tio n  d is c a rd e d , a n d  th e  re s id u e  w a s h e d  
w ith  10 m l o f  1% a m m o n iu m  h y d ro x id e  s o lu 
t io n . A f te r  c e n tr ifu g in g , th e  s u p e r n a ta n t  s o lu 
t io n  w as d is c a rd e d , a n d  th e  re s id u e  d isso lv e d  
in  1%  s u lfu r ic  a c id , t r a n s f e r r e d  a n d  b ro u g h t

“Infected with leaf roll; hence adverse effect on yield.

to  v o lu m e  in  a  25  m l v o lu m e tr ic  f la s k . F ro m  a 
s u i ta b le  a l iq u o t  (a p p ro x  2 .5  m l fo r tu b e r  
e x tr a c ts  a n d  0 .5  m l fo r  s p ro u t  e x tr a c ts ) ,  th e  
c o lo r im e tr ic  d e te rm in a t io n  o f  s o la n in e  w as 
m a d e .

RESULTS & DISCUSSION
TABLE 2 gives the number of tubers, 
yield, and average weight of tubers per 
plant for the four varieties and four 
treatments of each variety. All varieties 
did not exhibit similar results, so no 
definite conclusions could be made. In 
general, it was evident that irradiation 
effected an increase in the number but a decrease in the average weight of the 
tubers, with corresponding decrease in 
the yield in some cases and an increase 
in others.Table 3 shows there was no signifi
cant change in proximate composition of 
Russet potatoes grown from tubers irra
diated with 1,500 rads.Table 4 gives results obtained for 
solanine content of the potato tubers. 
For the varietal differences, the data

Table 3— Proximate composition o f raw , whole 
potato tubers (Russet)

A n a ly s is

O rig in a l 
m a te r ia l ,  %

C a lc u la te d  o n  
d r y  so lid s , %

N o n -
ir ra -

d ia te d
I r r a 

d ia te d

N o n -
ir ra -

d ia te d
I r r a 

d ia te d
M o is tu re 79.4 80.3 — —
F a t 0 .1 0.1 0 .5 0 .5
F ib e r 0 .6 0 .5 2 .9 2 .5
A sh 1.1 0 .9 5 .4 4.6
P ro te in 2 .8 2.5 13.6 12.7
C a r b o h y d r a te s 16.0 15.7 77.7 7 9 .7

show that White Rose and Norgold vari
eties have a consistently higher alkaloid content than Netted Gem and Kennebec 
varieties. Generally, varietal differences are more pronounced than the effects 
between different treatments. The two 
varieties (White Rose and Norgold) appeared to be sensitive to irradiation, 
causing a net increase in solanine con
tent with irradiation either in the first generation, second generation, or both. 
The effect of irradiation was carried over to the next generation. However, the 
other two varieties showed a decrease in 
solanine content of potato tubers with irradiation of the potato seeds, with one 
exception.

Table 4— Effect o f gamma rays on solanine con
tent o f potato tubers grown from irradiated seed

V a r ie ty

T r e a t 
m e n t
( ra d s )

T o ta l
so lid s

(% )

T o t a l  s o la n in e  
(m g /1 0 0 g )

C a lc  o n
O rig in a l d ry  
m a te r ia l  so lid s

N e t t e d C C 19.9 5 .4 6 2 7 .44
G e m C  TlOOO 17.6 3 .9 0 2 2 .16

T 1500 C 1 7 .0 5 .0 4 2 9 .65
T 1500 TlOOO 12.0 3 .2 8 2 7 .33

K e n n e - C C 17.4 5 .0 4 2 8 .96
b ec C  TlOOO 16.4 3 .3 6 2 0 .49

T 1500 C 13.8 3 .1 8 2 3 .04
T 1500 TlOOO 16.8 4 .4 6 2 6 .55

W h ite C C 18.4 8 .1 0 4 4 .02
R o se C  TlOOO 21.1 10 .02 4 7 .4 9

T 1500 C 16.5 9 .8 8 5 9 .88
T 1500 TlOOO 17.6 10 .00 5 6 .82

N o r- C C 17.4 7 .44 4 2 .7 6
g o ld C  TlOOO 15.6 8 .2 8 5 3 .08

T*1500 C 17.6 7 .8 6 4 4 .66
T 1500 TlOOO 16.9 8 .0 0 4 7 .34
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CONCLUSIONS
IRRADIATION of potato seed tubers 
was found to give better germination and 
stimulated growth rate.No definite conclusions as to the 
increase in yield with irradiation of seeds 
could be made for an experiment of this 
magnitude.There did not appear to be any signif
icant change in proximate composition 
of Russet potatoes grown from tubers irradiated at 1,500 rads.

There was a definite but insignificant increase in solanine content present in 
potatoes grown from irradiated seeds. 
Different varieties gave more pronounced effects than did the irradiation 
of seed.

In all instances the solanine content in potatoes grown from irradiated seed 
was found to be far below the toxic level for human beings.
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EFFECT OF PARTIAL REPLACEMENT OF SUCROSE BY CORN SYRUP 
ON QUALITY AND STABILITY OF CANNED APPLE SAUCE

SUMMARY—Apple sauces were made from Gravenstein apples under normal commercial process
ing conditions, using pure sucrose and combinations of sucrose and 62 D.E. corn syrup as sweeteners. 
Products were tested for storage stability at 68 and 86°F. Undesirable chemical and physical 
changes occurred rapidly at 86° F as indicated by the increase of hydroxymethyl furfural, darkening 
of serum color, decrease in consistency and increased can corrosion. This was accompanied by lower 
organoleptic color and flavor scores. It appeared that the quality and storage stability of apple 
sauce were influenced more by higher storage temperatures and longer storage duration than by 
the type of sweeteners used in making the apple sauce. For a longer shelf life and better quality 
retention, canned apple sauce should be stored at 68°F or lower. Results of this investigation indi
cate that corn syrup can be used to replace 25% of the added sucrose in processing apple sauce.

INTRODUCTION
QUALITY of canned apple sauce has 
been shown to be affected by the vari
etal characteristics and stage of maturity of the fresh apples and also by post
harvest storage conditions (LaBelle et al., 
1960, 1961; Smock and Neubert, 1950; 
Wiley and Toldby, 1960). Allen and Torp- 
en (1950) studied the effect of storage at 
32° F on the quality of Gravenstein ap
ples. The flavor of canned apple sauce 
can be improved by fortification with ap
ple essence and citric acid (Buck, et al., 1955; Dyrden and Hills, 1957). The 
effects of packaging procedure on con
tainer performance were reported by 
Kohn and Fix (1956). Storage changes in 
apple sauce packed in baby food jars 
were investigated by Livingston et al.
(1954). Luh and Kamber (1963) investi
gated the chemical and color changes in 
canned apple sauce during storage at 
different temperatures.

This paper reports the effect of par
tial replacement of sucrose with 62 D.E. 
corn syrup and post-canning storage on 
the chemical, physical and organoleptic properties of canned apple sauce made 
from Gravenstein apples.

MATERIALS & METHODS
Apple Sauce

G ra v e n s te in  a p p le s  t h a t  p a s s e d  C a l ifo rn ia  
g ra d in g  s ta n d a r d s  w e re  u s e d  in  m a k in g  a p p le  
s a u c e  in  a  c o m m e rc ia l  p la n t  in  S e b a s ta p o l , 
C a lifo rn ia . T h e  a p p le s  w e re  p a s s e d  th ro u g h  a  
ro lle r  g ra d e r  to  re m o v e  s m a ll  f r u i ts ,  w a s h e d  
w ith  w a te r , p e e le d  a n d  c o re d  in  a  m a c h in e  
a n d  d u m p e d  in to  a  f lu m e  c o n ta in in g  1 .5%  
N a C l so lu tio n . T h e  p r o d u c t  w as  s o r te d , 
t r im m e d , s lic e d  w ith  a  m e c h a n ic a l  c u t t e r ,  a n d  
d is c h a rg e d  d ir e c t ly  in to  a  c o n tin u o u s  s ta in le s s  
s te e l th e rm o s c re w  c o o k e r  w h e re  i t  w as  h e a te d  
r a p id ly  to  210° F  a n d  h e ld  th e r e  fo r  3 m in . 
T h e  co o k e d  a p p le s  w e re  d is c h a rg e d  d ire c t ly  
in to  a  L a n g s e n k a m p  p u lp e r  w ith  a  0 .0 6 0 -in  
s c re e n  a n d  o p e ra t in g  a t  1000  rp m . T h e  a p p le  
p u lp  w as p u m p e d  in to  a  h o ld in g  t a n k  w h e re  
w a te r  a n d  sw e e te n e rs  w e re  a d d e d  to  a d ju s t

th e  s o lu b le  so lid s  to  21° B rix  a t  6 8 ° F . T h e  
a p p le  s a u c e  w as  p u m p e d  th ro u g h  a  s ta in le s s  
s te e l tu b u l a r  h e a t  e x c h a n g e r  to  re a c h  195 °F , 
a n d  th e n  fi l le d  h o t  in to  N o . 303  c a n s  (303  X 
4 06 ) m a d e  o f  d i f f e re n t ia l  e le c tro ly tic  t in p la te  
(1 0 0 /2 5 ) . T h e  c a n s  w ere  s e a le d  h o t  w ith  
s te a m  in je c t io n , in v e r te d , h e a te d  5 m in  in  a  
s te a m  b o x , a n d  th e n  co o led  in  w a te r  to  1 1 0 °F  
fo r 25  m in . 48 c a n s  o f  e a c h  s a m p le  w ere  
s to re d  a t  6 8  a n d  8 6 ° F  re s p e c tiv e ly  fo r  s t a b i l 
ity  s tu d ie s .
S w eeten er

T h e  ty p e s  o f  sw e e te n e rs  u se d  w ere  (a ) 
s u c ro se  a lo n e ; (b )  75%  s u c ro s e  +  25%  c o m  
s y ru p  (62  d e x tro s e  e q u iv a le n t) ;  a n d  (c) 50%  
s u c ro se  +  50%  c o rn  s y r u p  (62  D .E .)  o n  so lid  
b a s is . T h e  c h e m ic a l  a n a ly s e s  o f  th e  62  D .E . 
c o m  s y ru p  w e re  a s  fo llow s: 44° B a u m e  a t  100° 
F , 16 .3%  m o is tu re , 0 .3%  a s h  a n d  6 2%  D .E . 
T h e  d is t r ib u t io n  o f  c a rb o h y d r a te s  w e re  35 .0%  
m o n o s a c c h a r id e , 2 8 .0%  d is a c c h a r id e , 13 .5%  
t r i s a c c h a r id e ,  a n d  23 .3%  h ig h e r  s a c c h a r id e s , 
a l l  o n  th e  d ry  b a s is .
Soluble solids

A Z e is s -O p to n  r e f r a c to m e te r  w as  u s e d  to  
d e te rm in e  th e  s o lu b le  so lid s  c o n te n t  o f  th e  
s a m p le s  a t  6 8 ° F .
T itratab le acidity

A B e c k m a n  M o d e l K  a u to m a t ic  t i t r a t o r  
w as  u se d . lO g o f  a p p le  s a u c e  w as  m ix e d  w ith  
150 m l o f  d is t i l le d  w a te r  a n d  th e n  t i t r a t e d  
w ith  0 .1 N  s o d iu m  h y d ro x id e  s o lu tio n  to  p H
8 .0 . R e s u l ts  a r e  r e p o r te d  a s  p e rc e n t  m a lic  
a c id .
pH

T h e  p H  o f  th e  c a n n e d  a p p le  s a u c e  s a m p le  
w as m e a s u re d  w ith  a  C o m in g  R e s e a rc h  
M o d e l p H  m e te r .
G ardner color d ifferen ce m eter

T h e  co lo r o f  a p p le  s a u c e  w as  m e a s u re d  
w ith  a  G a r d n e r  a u to m a t ic  c o lo r  d if f e re n c e  
m e te r . A  l ig h t y e llo w  p o r c e la in  p la te  (L Y I)  
w ith  R d  =  6 0 .7 , a  =  - 2 . 1 ,  a n d  b  =  + 2 2 .3  
w as  u se d  a s  a  re fe re n c e .
H ydroxym ethyl furfural (HMF)

T h e  re so rc in o l c o lo r im e tr ic  m e th o d  
d e s c r ib e d  b y  L u h  e t  a l . (1 9 58 ) w as u se d  fo r 
d e te rm in in g  H M F  in  th e  a p p le  s a u c e . T h e

re s u lts  a r e  r e p o r te d  a s  p a r t s  H M F  p e r  m il lio n  
p a r t s  a p p le  s a u c e .
C onsistency

A B o s tw ic k  c o n s is to m e te r  w as  u se d  to  
m e a s u re  th e  c o n s is te n c y  o f  a p p le  s a u c e  a t  6 8 °
F . R e s u l ts  a r e  r e p o r te d  a s  c m / 30  sec.
Serum  color

T h e  p h o to e le c tr ic  c o lo r im e tr ic  m e th o d  
d e s c r ib e d  b y  L u h  e t  a l . (1 9 5 8 ) a n d  L u h  a n d  
K a m b e r  (1 9 6 3 ) w as  u se d .
Can corrosion

R e s id u a l  t in  in  th e  in n e r  lin in g  o f  th e  c a n  
w as  d e te rm in e d  b y  th e  e le c tro ly tic  t i n - s t r ip 
p in g  m e th o d  d e s c r ib e d  b y  K u n z e  a n d  W ille y  
(1 9 5 2 ). A  4 -sq  in . c i r c u la r  d isc  w a s  c u t  fro m  
th e  c a n  b o d y . T h e  t in  w a s  a n o d ic a lly  re m o v e d  
fro m  th e  s te e l p la te  in  I N  HC1 w ith  th e  e le c 
tr ic  c u r r e n t  m a in ta in e d  a t  2 5 0  m il l ia m p e re s . 
T h e  v o lta g e  c h a n g e s , w h ic h  d e v e lo p e d  
b e tw e e n  a  re fe re n c e  s i lv e r  e le c tro d e  a s  c a th 
o d e  a n d  th e  t in  p la te  s p e c im e n  a s  a n o d e , w ere  
t r a n s m i t te d  to  a  H o n e y w e ll E le c tr o n ic k  19 la b  
re c o rd e r  w h ic h  p lo t te d  a  t im e -p o te n t i a l  c u rv e  
w ith  tw o  e n d  p o in ts . T h e  f i r s t  sh o w ed  th e  e n d  
o f  th e  fre e  t i n  re m o v a l a n d  th e  se c o n d  th e  e n d  
o f  th e  a l lo y e d  t i n  re m o v a l. B y  c o m p u t in g  b o th  
e n d  p o in ts , th e  to ta l  r e s id u a l  t i n  w as  d e te r 
m in e d . A  n o r m a l  c a n  w as  r u n  s im u l ta n e o u s ly  
a s  a  c o n tro l. R e s u l ts  a r e  e x p re s s e d  a s  w e ig h t 
p e rc e n t  o f  t in  re te n t io n .
O rganoleptic evalu ation

F la v o r  a n d  c o lo r  o f  th e  a p p le  s a u c e  s a m 
p le s  w ere  e v a lu a te d  b y  a  p a n e l  o f  1 2  p e rs o n s  
o n  a  h e d o n ic  s c a le  o f  1 to  10; e x c e lle n t, 9 -1 0 ; 
good, 7 -8 ; f a ir ,  5 -6 ; p o o r , 3 -4 ; v e ry  p o o r, 1-2. 
A  M a c B e th  s t a n d a r d  l ig h t  s o u rc e  (6800° K ) 
w as u s e d  fo r  e v a lu a tio n  o f  th e  co lo r.
Amino acids

T h e  m o d if ie d  n in h y d r in  m e th o d , a s  
d e s c r ib e d  b y  S p a c k m a n  e t  a l . (1 9 5 8 ) a n d  L u h  
a n d  K a n u jo s o  (1 9 6 7 ) a d a p te d  fo r  th e  a u to a n 
a ly z e r  w as  u se d . A n  a p p le  s a u c e  s a m p le  m a d e  
w ith  s u c ro se  a s  s w e e te n e r  a n d  a n o th e r  w ith  
75%  s u c ro se  a n d  25%  c o m  s y r u p  so lid s  (62
D .E .)  w e re  s to r e d  a t  6 8 ° a n d  8 6 ° F  re s p e c 
t iv e ly  fo r  12 m o n th s  p r io r  to  a n a ly s is . lOOg o f  
s a m p le  w as  m ix e d  w ith  100  m l o f  w a te r . T h e  
m ix tu re  w as  s h a k e n  fo r  30  m in  a n d  th e n  c e n 
t r ifu g e d  fo r  30  m in . T h e  s u p e r n a ta n t  l iq u id  
w as f i l te re d . 5 0  m l o f  th e  f i l t r a t e  w as  p a s s e d  
th ro u g h  a n  io n -e x c h a n g e  c o lu m n , p a c k e d  w ith  
D ow ex  5 0 W -X 4  io n  e x c h a n g e  r e s in  in  h y d ro 
gen  fo rm  (3 0  m l v o lu m e ).

T h e  c o lu m n  w as w a s h e d  w ith  a b o u t  150 
m l o f  w a te r  a n d  th e n  e lu te d  w ith  2 0 0  m l o f  
2N  N H 4O H . T h e  e lu a te  w as  e v a p o ra te d  a lm o s t  
to  d ry n e s s  in  a  f la s h  e v a p o ra to r . T h e  re s id u e  
w as d is s o lv e d  w ith  a c id if ie d  w a te r , p H  1 .4 . 
T h e  s o lu tio n  w as  t r a n s f e r r e d  to  a  5 0 -m l 
v o lu m e tr ic  f la s k  a n d  d i lu te d  to  v o lu m e  w ith  
a c id if ie d  w a te r . T h e  s o lu tio n  w as  f i l te re d
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th ro u g h  a  H e rc u le s  s te r i l iz in g  f i l te r  s h e e t,  
ty p e  S T , s iz e  D I E  3 6 . A 0 .5 -m l a l iq u o t  o f  th e  
f i l t r a te  w as  u s e d  fo r  a m in o  a c id  d e te r m in a 
t io n  in  th e  a u to a n a ly z e r .

T h e  a r e a  u n d e r  th e  p e a k  fo r e a c h  a m in o  
a c id  w a s  c a lc u la te d  f ro m  th e  re c o rd in g  s t r ip  
c h a r t  b y  th e  h e ig h t  X w id th  m e th o d  o f  
S p a c k m a n  e t  a l . (1 9 58 ).

A n o th e r  re c o rd in g  s t r ip  c h a r t  ( s ta n d a r d )  
w as  p ro d u c e d  b y  u s in g  a  m ix tu re  o f  k n o w n  
a m in o  a c id s  o f  k n o w n  c o n c e n t ra t io n  (2 .5  iim  
o f  a m in o  a c id /m l ) .  T h e  h e ig h t  a n d  w id th  
w e re  a lso  c a lc u la te d  fo r  e a c h  a m in o  a c id . T h e  
c a lc u la t io n s  w e re  m a d e  o n  a n  IB M  m o d e l 
7 04 4  c o m p u te r .

RESULTS
Soluble solids and pH value

The soluble solids content of the 
apple sauce ranged from 20.8-21.0° Brix 
at 68°F, and the pH values 3.18-3.38 
(Table 1). The samples with com syrup 
replacements were slightly lower in pH value. When the product was stored at 
68° F for 12 months, a decrease in pH value of 0.1 unit was observed. Storage 
of the canned products at 86° F for 12 
months resulted in a decrease in pH 
value of 0.13 units. The titratable acidity

of Sample A (sweetened with sucrose 
only) was 0.53% as malic acid at the 
beginning of the storage period, that of 
Sample B (25% com syrup solids replacement for sucrose) was 0.54%, and 
that of Sample C (50% com syrup solids 
replacement for sucrose) was 0.56%. The 
titratable acidity of the products stored 
at 86° F increased gradually in 12 
months by 0.015-0.020% which may 
result from slow chemical degradation of 
the apple constituents.
Gardner color difference meter readings

Table 2 shows the Gardner color dif
ference meter readings of the apple 
sauces stored at 68° and 86° F respec
tively. The Rd value decreased more 
rapidly at 86° F than at 68° F. Samples of higher Rd values were lighter in color. 
The samples with com syrup replacement for sucrose were higher in Rd val
ues. The Gardner “a” value increased 
gradually as the storage time at 86° F 
lengthened. It changed progressively 
from —5.8 to +0.4 in Sample A (sucrose 
as sweetener) stored at 86° F. Similar

Table 1— Soluble solids and pH value o f canned apple sauce

S a m p le
S w e e te n e r

ty p e

S to ra g e
t im e ,

m o n th s

S to re d  a t  68 o p S to re d  a t  86'o p

S o lu b le  
so lid s , 
° B r ix  

a t  6 8 ° F p H

S o lu b le  
so lid s , 
° B r ix  

a t  6 8 °  F p H
A S u c ro se  o n ly 0 2 1 .0 3 .3 8 2 1 .0 3 .3 8

4 2 0 .8 3 .3 0 2 1 .0 3 .3 0
8 2 1 .0 3 .3 0 2 1 .0 3 .2 2

12 2 1 .0 3 .2 8 2 1 .0 3 .2 5
B 75%  S u c ro se 0 2 1 .0 3 .3 5 2 1 .0 3 .3 5

25%  C o m 4 2 0.9 3 .2 9 2 1 .0 3 .2 8
s y ru p  so lid s 8 2 1 .0 3 .2 8 2 1 .0 3 .2 0

12 2 1 .0 3 .2 5 2 1 .0 3 .22
C 50%  S u c ro se 0 2 1 .0 3 .31 2 1 .0 3 .31

50%  C o m 4 2 1 .0 3 .2 8 2 1 .0 3 .2 5
s y ru p  so lid s 8 2 1 .0 3 .2 5 2 1 .0 3 .2 0

12 2 1 .0 3 .22 2 1 .0 3 .1 8

Table 2— Effect o f storage temperature on Gardner color difference meter readings o f canned apple 
sauce

S to ra g e G a r d n e r  co lo r  d if fe re n c e  m e te r  re a d in g s  
6 8 ° F  8 6 ° F

S a m p le S w e e te n e r m o n th s R d a b R d a b
A S u c ro se  o n ly 0 2 2 .7 - 5 . 8 + 1 4 .0 2 2 .7 - 5 . 8 + 1 4 .0

4 2 2 .3 - 6 . 2 +  13.1 2 0 .0 - 4 . 2 + 1 3 .1
8 2 1 .2 - 4 . 9 + 1 3 .4 16.1 + 0 .4 + 1 3 .3

B 75%  S u c ro se 0 2 7 .5 - 5 . 4 +  14.4 2 7 .5 - 5 . 4 + 1 4 .4
25%  C o m 4 24.1 - 6 .1 + 1 3 .7 2 0 .3 - 4 . 2 +  12.5

s y r u p  so lid s 8 22.1 - 4 . 9 +  13.0 1 6 .7 + 0 .6 + 1 3 .1
C 50%  S u c ro se 0 3 0 .0 - 5 . 4 +  15.0 3 0 .0 - 5 . 4 + 1 5 .0

5 0%  C o m 4 25.4 - 6 .1 +  13.8 2 1 .3 - 4 . 5 + 1 2 .7
s y ru p  so lid s 8 2 2 .6 - 5 .1 +  12.5 17.3 + 0 .7 + 1 3 .0

Fig. I—Formation of hydroxy methyl furfural in 
canned apple sauces stored at 66° F.

changes were observed in Samples B and
C.
Hydroxymethyl furfural (HMF)

HMF was not present in the samples 
stored at 68° F for 12 months. Storage of 
the product at 86° F resulted in gradual 
increase in HMF content (Fig. 1). After 
storage at 86° F for 12 months, the sam
ple with com syrup solids replacement 
(1:1) was higher in HMF content than 
the sample sweetened with sucrose 
alone. Partial replacement of sucrose by com syrup did not result in HMF forma
tion in the canned apple sauce when stored at 68° F.
Consistency

A Bostwick consistometer was used to 
evaluate the change in consistency dur
ing post-canning storage of apple sauce. 
Figure 2 shows the importance of storage 
temperature on consistency. Poor consistency was shown by a higher Bostwick 
reading. The samples stored at 68° F 
were heavier in consistency than those 
stored at 86° F. Since consistency is a quality factor in grading apple sauce, it 
is advisable to store the product at 68° F or lower.
Serum color

The serum color test is a useful crite
rion for storage changes in canned foods. 
When the canned product receives excessive heat treatment during processing or 
is stored at a high temperature for an 
extended period, the serum of the prod
uct darkens. Figure 3 shows the effect of 
storage at 68 and 86° F on serum color of 
apple sauce. There was practically no difference in serum color between the 
samples stored at 68° F. The type of 
sweetener appears to have no significant effect on serum color darkening. Storage 
temperature appears to be an important 
factor influencing the stability of the canned product. Darkening of the serum 
color occurred as the storage duration at 
86° F was lengthened.
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fig■ 2—Effect of storage on consistency of 
canned apple sauces varying in sweetener 
types.

fig. 3— Effect of storage on serum color of 
canned apple sauces varying in sweetener 
types.

fig. 4—Effect of storage on corrosiveness of 
canned apple sauces.

Can corrosion
Figure 4 shows the effect of storage 

temperature on tin retention as mea
sured by the electrolytic tin-stripping method. Faster detinning was observed 
in the cans stored at 86° F than at 68° F.

In the present investigation, there was no significant difference in percent tin 
retention between cans differing in 
sweetener types. The shelf life of canned 
apple sauce can be shortened if the post
canning storage temperature is raised. It 
is advisable to store canned apple sauce 
at 68° F or lower for better storage stabil
ity.
Organoleptic evaluation

The effect of partial replacement of 
sucrose by 62 D.E. com syrup on the 
organoleptic quality of canned apple sauce is shown in Table 3.

The visual color score of the canned product was affected by storage temper
ature. Storage at 86° F resulted in a gradual lowering of the visual color 
score. The products stored at 68° F were more stable in color. Samples B and C, 
which were sweetened with a mixture of 
sucrose and com syrup, were slightly 
ligher in color as compared with that 
sweetened with sucrose alone (Sample
A).

The flavor score of the canned product decreased when stored at 86° F. Both 
the color and flavor scores of canned apple sauce were influenced more by 
storage temperature and duration than 
by the type of sweetener used.
Amino acids

The effect of storage at 68 and 86° F 
for 12 months on free amino acids in 
canned apple sauces is shown in Table 4. Generally speaking, with the exception of aspartic acid, some decrease in quan
tity of free amino acids occurred when 
the product was stored at 86° F as com
pared with that at 68° F.

DISCUSSION
ORDINARILY, the soluble solids con
tent of canned apple sauce varies from 
19-21%. To evaluate the effect of sweet
ener types on the flavor acceptance, it is 
necessary to have the samples at com
parable solids level. The three samples 
used in this investigation were reasonably 
uniform in soluble solids readings. Thus 
the flavor acceptance data obtained 
may be attributed to the difference in 
quality of the sweeteners.The titratable acidity of the apple sauce stored at 86° F increased gradually in 12 months by 0.015-0.020%. The 
increase in acidity resulting from storage 
at 86° F was small as compared with that 
resulting from the differences in ripeness 
level and varietal characteristics of the 
apple. Sometimes it is desirable to combine different varieties of apples for

sauce manufacture so that the resulting product is well balanced in acidity and 
flavor quality.

The Gardner color difference meter is 
useful to determine color changes in 
canned apple sauce. When browning 
reaction occurs in the product, the Rd 
value decreases, and the “a” value 
increases. The values correlated well with visual color score.

It is generally known that furfural will be formed when hexoses are heated in an acid solution. When canned apple 
sauce is stored at higher temperatures, 
HMF is formed from hexoses and 
amino-carbonyl reactions. The HMF test 
may be used as a criterion for storage 
changes in canned apple sauce. There was no HMF formation in the sample 
stored at 68° F for 12 months. The changes in flavor and color score of the

Table 3— Effect o f partial corn syrup solids replacement for sucrose on organoleptic score of canned 
apple sauces stored at 68 and 86° f

S to ra g e A v e ra g e A v e ra g e
t im e , v is u a l  co lo r  s co re f la v o r  sco re

S a m p le S w e e te n e r m o n th s 6 8 ° F 8 6 ° F 6 8 ° F 8 6 °  F
A S u c ro se  o n ly 0 7.5 7 .5 8 .8 8 .8

4 7 .4 4 .4 8 .0 6 .3
8 8 .0 3 .5 8 .2 5 .0

12 7 .8 3 .3 8 .7 4 .8
B 75%  S u c ro se 0 8 .3 8 .3 8 .5 8 .5

25%  C o rn 4 8 .3 5 .3 8 .0 6 .1
s y ru p  so lid s 8 8 .6 3 .9 7 .6 4 .7

12 7 .7 3 .4 7 .7 4 .7
C 50%  S u c ro se 0 9.1 9 .1 8 .0 8 .0

50%  C o m 4 9.1 5 .6 7 .6 5 .9
s y r u p  so lid s 8 8 .9 4 .1 7 .2 4 .7

12 7 .7 2 .9 8 .0 4 .6
L .S .D . a t  9 5%  p ro b a b i l i ty  lev e l:

0  4  m o 8 m o 12 m o
C o lo r 0 .0 8  1.04 0 .9 8 1.42
F la v o r 0 .6 7  1.63 1 .38 1.36
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Table 4— Amino acids in canned apple sauce

A m in o  a c id s “

R e te n t io n
t im e ,
m in .

(A ) S u c ro se  a s  s w e e te n e r
(B ) 25%  S u c ro se  +  7 5%  62  D .E .  

c o m  s y r u p  a s  s w e e te n e r
S to re d  a t  68° F S to re d  a t  86  ° F S to re d  a t  6 8 ° F S to re d  a t  8 6  ° F

n m o le /100g n m o le /  100g n m o le /100g n m o le /  100g
A s p a r t ic  a c id 180 5 1 .60 6 7 .6 0 3 6 .4 0 4 8 .8 0
T h re o n in e 206 6 5 .60 3 8 .4 0 4 3 .20 2 6 .4 0
S e r in e 213 2 2 .80 16 .40 16.00 1 4 .80
G lu ta m ic  a c id 247 2 9 .60 9 .60 3 1 .20 1 1 .2 0
G ly c in e 342 4 .40 3 .2 0 2 .80 3 .2 0
A la n in e 368 2 1 .20 18 .00 2 3 .20 6 .0 0
V a lin e 476 2 .40 T ra c e 1 .60 T r a c e
E th a n o la m in e 834 10.00 9 .6 0 8 .4 0 7 .2 0
O rn ith in e 963 1 .60 4 .40 2 .4 0 1 .60
L y s in e 1004 0 .8 0 1.60 0 .4 0 T r a c e
T r y p to p h a n e 1026 2 0 .00 17 .60 1 9 .60 18 .80

“There were trace amounts of: methionine sulfoxide (retention time 162 min.), methionine (572 min.), isoleucine (632 min.), leucine (655 min.), tyrosine (713 min.), 
phenylalanine (738 min.), histidine (1053 min.), and arginine (1248 min.) present in the samples.

product stored at 86° F appear to be in 
parallel with formation of HMF from 
hexoses and amino-carbonyl reactions. 
Although the effect of HMF on the fla
vor acceptance of apple sauce is not 
known, the presence of this compound in the product may be used as an indicator 
for deteriorative changes.

The decrease in consistency of apple sauce stored at 86° F might be attributed 
to the conversion of protopectin in the 
cell walls to water-soluble pectin. This 
reaction results from acid catalysis or thermal degradation. Storage of the 
product at 68° F or lower would inhibit 
or retard such changes. The results 
obtained here confirm those reported by Luh and Kamber (1963) who observed 
that consistency of canned apple sauce 
was lowered when stored at 86° F and 98° F but not at 68° F.

The serum color test appears to be useful for evaluating post-canning stor
age changes caused by high storage temperature. It may be used concur
rently with the Gardner color difference 
meter and the HMF test to give objective criteria for quality changes. Formation 
of water-soluble pigments in the product is an indication of improper storage or processing. The effect of storage temperature on internal can corrosion has been 
reported by Luh and Sioud (1966). They reported that higher storage temperature 
caused faster corrosion of the tin coating 
and the formation of hydrogen gas in the head space of canned pear puree. The results obtained here on apple sauce showed a similar phenomenon as that in

pear puree. For better storage stability, the product should be stored at 68° F or 
lower. The humidity in the warehouse should also be controlled so that external 
corrosion of the cans would also be elim
inated. Dissolution of tin and iron into the product during post-canning storage 
would cause undesirable metallic off flavor. It may also cause darkening of 
the product due to the reaction of iron with tannins. This phenomenon would 
be more evident when the can is opened.

Free amino acids appear to be involved in quality degradation in 
canned apple sauce. Storage at 86° F or 
higher temperatures results in gradual 
decrease in free amino acids accompanied by quality deterioration.

Apple sauce is one of the important 
dessert items. It has been popular in the 
United States and European countries because of its attractive flavor and 
aroma. Results obtained here indicated 
that com syrup of 62 dextrose equivalent 
can be used to replace 25% of the suc
rose in making apple sauce. When 50% 
of the sucrose was replaced by 62 D.E. com syrup solids, there appears to have been some lowering of flavor score. An important factor influencing the color and flavor of the canned product was the storage temperature. Storage at 68° F or 
lower appears to be advisable for better quality retention.
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TYPE AND SOLUBILITY ON THE 
FAT-WATER EMULSIONS

INFLUENCE OF EMULSIFIER 
STABILITY OF MILK

SUMMARY— The purpose was to measure the amount of change in emulsion stability caused by 
different chemical types of emulsifiers in relation to the amount of change caused by emulsifier HLB. 
Seven emulsifiers used as 12 different binary mixtures were evaluated in model systems containing 
10, 25 and 40% fat in water. Each emulsifier mixture was used at HLB numbers of 7, 10 and 13. 
The effect of chemical type on emulsion stability was minor in relation to the large changes caused 
by the fat percentage in the model system and the HLB of the emulsifier. A method was developed, 
using gas-liquid chromatography, to more accurately measure the HLB numbers of the emulsifiers 
used in this work. With these measurements it was learned that none of the differences in emulsion 
stability could be traced to the chemical type of emulsifier.

INTRODUCTION
USE OF emulsifiers to improve the 
physical characteristics of many food products is well known. The literature 
(as reviewed by Becher, 1965) indicated 
that one consideration when selecting 
an emulsifier was its relative fat-water solubility. More recently Titus et al.(1968) showed that maximum emulsion 
stability resulted when the fat-water 
solubility of the emulsifier was matched 
with the fat-to-water ratio of the food emulsion in which the emulsifier was to 
be used. These authors also presented 
data to be used in determining the 
proper fat-water solubility and the amount of emulsifier needed for foods 
containing various percentages of fat and 
water.One method of expressing fat-water 
solubility is termed hydrophile-lipophile 
balance (HLB). Griffin (1949) defined 
this number as the ration of the weight of the water soluble (hydrophilic) portion of the emulsifier molecule to the 
weight of the fat soluble (lipophilic) portion. Becher (1965) reviewed the techniques of measuring HLB and the 
most precise of these involves gas-liquid 
chromatography (GLC) using the emul
sifier whose HLB is to be measured 
as the liquid phase of the GLC column (Becher and Birkmeier, 1964).

According to Becher (1965) HLB numbers are algebraically additive. This involves the assumption of a “straight- line relationship” between HLB numbers of any two emulsifiers and all con- 
binations thereof. However, it is not known whether this assumption is valid; since deviations from linearity have been 
observed in some cases. Becher (1965) also summarized the data of Griffin showing that certain pairs of emulsifiers 
(with different chemical compositions) result in more stable emulsions than do other pairs of emulsifiers—at the same 
HLB numbers.It seems logical to assume that the 
chemical composition of an emulsifier

would determine the relative water-fat 
solubility of the compound; i.e. it’s HLB. 
If this were true, any differences in emulsion stability attributed to differences in the chemical composition of the 
emulsifier, must in fact be caused 
by inaccurate measurements of HLB 
numbers. Since HLB numbers were 
thought to be similar in the work of Grif
fin (1949), the different stabilities must have been due to nonlinearity of HLB 
numbers as suggested by Becher (1965) 
or an inaccuracy in measuring these 
numbers. However, the possibility exists 
that the chemical composition of an 
emulsifier does influence the effective
ness of that compound through some 
attribute whose effect is not usually 
measured; e.g. the size or shape of the 
molecule. At present, there is insuffi
cient quantitative data on the effects of 
different chemical types of emulsifiers so 
that one is unable to determine whether chemical composition as such affects 
emulsion stability in addition to HLB 
values.The purpose of this study was to 
measure the effectiveness of different 
chemical types of emulsifiers under 
conditions where HLB numbers were 
precisely measured and controlled to 
relate the magnitude of changes in emul
sion stability associated with chemical 
types to the size of the changes caused by HLB number.

EXPERIMENTAL
S E V E N  E M U L S I F I E R S  f ro m  v a r io u s  
c o m m e rc ia l so u rc e s  w e re  c h o se n  to  re p r e s e n t  
d i f f e r e n t  ty p e s  o f  n o n io n ic  e m u ls ify in g  ag e n ts . 
T h e  H L B  n u m b e r s  o f  th e s e  c o m p o u n d s  w ere  
a p p ro x im a te d  u s in g  th e  w a te r - s o lu b i l i ty  
m e th o d  o f  G r if f in  (1 9 4 9 ) a s  s u m m a r iz e d  b y  
A tla s  C h e m ic a l  I n d u s t r i e s  (1 9 6 2 ). F o u r  o f  th e  
e m u ls if ie r s  h a d  H L B  n u m b e r s  b e lo w  7 a n d  
th re e  h a d  n u m b e r s  a b o v e  13. T h e s e  sev en  
c o m p o u n d s  w e re  u s e d  in  12 c o m b in a tio n s  o f  
tw o , w ith  e a c h  c o m b in a tio n  c o n ta in in g  a n  
e m u ls if ie r  w ith  a  low  H L B  n u m b e r  a n d  o n e  
w ith  a  h ig h  H L B . T h e s e  e m u ls if ie r s  w ere  
c o m b in e d  in  r a t io s  s u c h  t h a t  e a c h  o f  th e  12

c o m b in a tio n s  re s u l te d  in  th r e e  e m u ls if ie r  
m ix tu re s  w ith  H L B  n u m b e r s  o f  7 , 10, a n d  13, 
o r  a  to ta l  o f  36  b in a r y  e m u ls if ie r  m ix tu re s  a s  
sh o w n  in  T a b le  1. T h e s e  36 e m u ls if ie r s  w ere  
a d d e d  to  th e  th r e e  d if f e r e n t  w a te r - f a t  s y s te m s  
a t  th e  r a te  o f  0 .2 5% . T h e  a n h y d ro u s  m ilk  f a t  
u se d  in  th is  w o rk  w as  o b ta in e d  f ro m  a  s in g le  
s o u rc e  to  e n s u re  a  u n ifo rm  s u p p ly . 
(A n h y d ro u s  b u t te r f a t ,  9 9 .9 %  fa t ,  w ith  a  t i t r a 
t io n  o f  <  0 .1  m e q /m l  a c id ity  c a lc u la te d  as  
la c t ic  w as  o b ta in e d  f ro m  O d e ll C o n c ess io n  
S p e c ia l t ie s  C o ., C a ld w e ll, I d a h o  8 3 6 0 5 .)  T h is  
f a t  p lu s  o n e  o f  th e  12 e m u ls if ie r  m ix tu re s  a n d  
d is t i l le d  w a te r  w e re  w e ig h ed  a n d  c o m b in e d  to  
m a k e  f a t - w a te r  s y s te m s  c o n ta in in g  10, 25 a n d  
4 0%  fa t.

T h e  s ta b i l i ty  o f  th e s e  e m u ls if ie d  w a t e r - f a t  
s y s te m s  w as  e v a lu a te d  u s in g  a  te c h n iq u e  
p re v io u s ly  d e s c r ib e d  b y  T i tu s  e t  a l . (1 9 6 8 ). 
T h is  in v o lv e d  h o m o g e n iz in g  th e  e m u ls if ie d  
f a t - w a te r  s y s te m s , th e n  s a m p lin g  th e  e m u l
s io n  im m e d ia te ly . A f te r  q u ie s c e n t  in c u b a t io n  
in  te s t  tu b e s  a t  37°C  fo r  6 h r ,  a  s e c o n d  s a m p le  
r e p r e s e n tin g  th e  b o t to m  h a l f  o f  th e  e m u ls io n  
w as o b ta in e d . T h e  f a t  w as  e x tr a c te d  w ith  
e th e r  a n d  w e ig h ed , th e n  th e  tw o  f a t  p e r c e n t 
ag e  m e a s u re m e n ts  w e re  u se d  to  c a lc u la te  a  
“ s ta b i l i ty  in d e x .”  T h i s  “ in d e x ”  w as  c a lc u 
la te d  b y  d iv id in g  th e  % f a t  in  th e  6 - h r  s a m p le  
b y  th e  %  fa t  in  th e  in i t ia l  s a m p le  a n d  r e p r e 
s e n te d  th e  r e la t iv e  c h a n g e  in  s ta b i l i ty  o f  th e  
in i t ia l  e m u ls io n  d u r in g  in c u b a t io n .  A  s ta b i l i ty  
in d e x  o f  5 0  in d ic a te d  t h a t  50%  o f  th e  e m u l
s io n  h a d  s e p a r a te d  d u r in g  in c u b a tio n .

T h e  v a r i a b i l i ty  o f  d a ta  f ro m  th e  a b o v e  
t r ia l s ,  a s  in d ic a te d  b y  th e  s iz e  o f  th e  e r ro r  
te r m s  in  th e  s ta t is t ic a l  a n a ly s is , sh o w e d  t h a t  a  
m o re  p re c is e  m e th o d  o f  m e a s u r in g  H L B  
n u m b e r s  w a s  d e s ira b le . F o r  th is ,  th e  G L C  
p ro c e d u re  s im i la r  to  t h a t  d e s c r ib e d  b y  B e c h e r  
a n d  B ir k m e ie r  (1 9 6 4 ) w a s  m o d if ie d  fo r  u se  in  
th is  w o rk  a s  fo llow s: A  V a r ia n  A e ro g ra p h  
m o d e l 6 0 0  G L C  in s t r u m e n t  w ith  a  h y d ro g e n  
f la m e  d e te c to r  w a s  u s e d  w ith  c o lu m n  te m p e r 
a tu r e  s e t  u p  a t  90°C  ±  0 .5°C . T h e  re c o rd e r  
c h a r t  s p e e d  w as  s e t  a t  1 i n . / m in  so  r e te n t io n  
t im e s  c o u ld  b e  o b ta in e d  b y  d ir e c t  m e a s u r e 
m e n t  o f  d is ta n c e s  o n  th e  c h a r t  p a p e r .  P r io r  to  
ru n n in g  e a c h  s a m p le  th e  c a r r i e r  g a s  (n it ro g e n )  
flow  r a te  w as  a d ju s te d  so  e th y l  e th e r  w as  e lu t 
e d  e x a c tly  1 .4  m in . a f te r  in je c t io n . T h e  6 -f t  
c o lu m n s  u se d  in  th is  w o rk  1 /8  in . O .D . c o p p e r  
tu b in g . T h e  s u p p o r t  w as  C h ro m o s o rb  G  (6 0 - 
70  m e s h )  a n d  th is  w as  c o a te d  w ith  5 %  b y  
w e ig h t o f  th e  e m u ls i f ie r  b e in g  m e a s u re d . 
A f te r  in je c t in g  a  v a r i e ty  o f  c o m p o u n d s , a lc o 
h o ls  w e re  c h o se n  a s  th e  c la s s  o f  c o m p o u n d s  
m o s t u se fu l a s  te s t  s u b s ta n c e s .  I s o a m y l a lc o 
h o l w as  s e le c te d  b e c a u s e  i ts  r e te n t io n  t im e  
w as lo n g  en o u g h  to  a d e q u a te ly  m e a s u re  s m a ll 
d if fe re n c e s  in  e m u ls i f ie r  H L B .

RESULTS & DISCUSSION
STABILITY INDICES reported in 
Table 1 indicate that the fat-water sys-
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Table 1— Stability indices o f milk fat-water emulsions“ with different fat levels and different types of 
emulsifiers‘ at selected HLB numbers

Table 2— Analyses 
stability indices

o f variance o f emulsion

10%  F a t 2 5%  F a t 4 0 %  F a t M e a n  s q u a r e s
H L B H L B H L B S o u rc e H L B  10 &  13 o n ly

E m u ls i f ie r 7 10 13 7 10 13 7 10 13 P r in c ip a l  v a r ia b le s
19 4fíñ°

1. S p a n  6 0 “-T w e e n  60J 35 42 52 49 59 81 80 77 93 H L B 4 ,1 3 9 “
2. S p a n  6 0 -L 4 4 “ 45 51 57 66 69 80 89 91 93 E m u ls if ie r  ty p e 189“
3. S p a n 6 0 - F 6 8 ' 33 37 47 56 62 73 79 73 89 W ith in  e m u ls if ie r s
4 . M a rv ic  a c id '-T w e e n  60 18 33 48 17 66 73 61 72 92 1, 2 , 3 v s  o th e r s ' 3
5. M a rv ic  a c id -L 4 4 32 41 55 29 79 85 54 89 96 4 , 5 , 6 v s  o th e rs 46
6. M a rv ic  a c id -F 6 8 23 33 47 17 61 69 49 83 91 7, 8 , 9  v s  o th e r s 56
7. M y v e ro F -T w e e n  60 38 43 57 54 66 71 69 74 95 10, 11, 12 v s  o th e r s 1
8. M y v e ro l-L 4 4 51 52 54 64 71 79 79 86 91 1, 4 , 7, 10 v s  o th e r s 2 2 6 ‘
9 . M y v e ro l-F 6 8 47 45 53 59 62 77 81 81 91 2, 5 , 8 , 11 v s  o th e r s 1 ,7 55 “

10. D re w la te ' 1 0 -T w e e n  60 33 35 57 28 65 72 72 78 94 3, 6 , 9 , 12 v s  o th e r s 7 22 “
11. D r e w la te  1 0 -L 4 4 13 47 56 6 77 77 61 88 94 I n te r a c t io n s
12. D r e w la te  1 0 -F 6 8 15 36 48 12 63 71 14 83 92 F a t  x  H L B 25

“Averages of duplicate data.
‘Emulsifiers added a t the rate of 0.25%.
“Span 60: Sorbitan monostearate, Atlas Chemical Co.

Tween 60: Polyoxyethylene sorbitan monostearate, Atlas Chemical Co.
“Pluronic L44: Mol. wt. 2200, 40% polyoxyethylene groups, Wyandotte Chemical Co. 
'Pluronic F68: Mol. wt. 8350, 80% polyoxyethylene groups, Wyandotte Chemical Co. 
‘Marvin acid: Lactylic stearate, Durkees Famous Foods.
'My verni 18-00: Glycerol monostearate, Distillation Products Inc.
‘Drewlate 10: Propolene glycol monostearate, Drew Chemical Co.

F a t  X E m u l.
H L B  X E m u l .
F a t  X H L B  x  E m u l .  

D u p l ic a te s

30
44
25
34

“P < 0.01.
*P < 0.05.
“The numbers 1, 2, 3 etc. refer to the number of 

the emulsifier mixtures listed in Table 1.

terns emulsified with HLB 7 emulsifiers 
were very unstable. The water and fat phases of these systems often separated 
immediately after homogenization and 
before the initial sample could be 
obtained. Thus, it often was impossible 
to obtain representative samples of the system and the data obtained from such 
samples were of questionable value. 
Representative samples could be ob
tained from the other systems which 
contained emulsifiers with HLB numbers of 10 or 13 and the data from these appeared to be valid.

EMULSIFIER COMBINATIONS

Fig■ I— Stability indices of milk fat-water systems containing 10, 25 
and 40%  fat with 0.25%  of 12 different emulsifier mixtures at HLB 10.

by individual compounds, none of the 
four lipophilic emulsifiers (HLB numbers of 3.7-4.4) had an effect on emul
sion stability that was statistically differ
ent (P < 0.05) from the effects of the other three compounds (See Table 2: 1, 
2, 3, vs others, etc.). However, the influ
ence of the different hydrophilic emulsifiers (HLB 13.6-14.7) on emulsion sta
bility was statistically significant (P <
0.05). The relative size of the mean 
square values for these comparisons 
indicated that these differences were 
largely caused by the emulsifier mixtures 
containing Pluronic L-44 (numbers 2, 5, 
8 and 11) which were much more stable than the mixtures containing the other 
two hydrophilic emulsifiers. These differences can be seen in Figure 1 where 
the stability indices are graphed for the 
systems containing the HLB 10 emulsifier mixtures.

Fig. 2— HLB values of single emulsifiers (from Table 3) vs GLC retention 
times of isoamyl alcohol.

Statistical analysis of the data from 
the HLB 10 and 13 systems (Table 2) 
showed that the principal variables (fat, 
HLB and emulsifier) all were associated 
with statistically significant differences 
(P < 0.01) in emulsion stability. The relative size of the mean square values 
for these variables, indicated that influ
ence of fat content in emulsion stability 
was almost five times greater than the 
influence of emulsifier HLB, and about 22 times greater than the effect of emulsifier type.

When these emulsifiers were grouped
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Table 3— Retention times o f isoamyl alcohol on 
GLC columns coated with selected emulsifiers

S in g le  em u ls if ie rs  
o f k n o w n  H L B °

H L B  R e te n t io n  t im e 1 
(m fg ) (m in )

S p a n  85 1.8 8 .7
S p a n  65 2.1 8 .9
S p a n  80 4 .3 10.3
S p a n  60 4.7 10.3
S p a n  40 6 .7 10.9
S p a n  20 8 .6 11.3
T w e e n  61 9 .6 12.0
T w e e n  81 10.0 12.1
T w e e n  85 11.0 11.8
T w e e n  60 14.9 13.2
T w e e n  80 15.0 13.2
T w e e n  40 15.6 13.5
T w e e n  20 16.7 13.8

M ix tu re s  o f  S p a n  6 0  a n d  T w e e n  60
5 .0 10.5
6 .0 10.7
7.0 11.0
8 .0 11.4
9 .0 11.7

10.0 12.0
11.0 12.2
12.0 12.6
13.0 12.9
14.0 13.2

“HLB values for single emulsifiers were those 
furnished by the manufacturer. For mixtures, HLB 
values were calculated algebraically assuming a 
straight-line relationship between HLB numbers and 
emulsifier weights (Atlas Chemical Industries, 1962).

*GLC columns were 6 ft copper tubing of 1/8" 
O.D., packed with 60-70 mesh Chromosorb G which 
was coated with 5%  of the emulsifier to be measured. 
Retention times of isoamyl alcohol were measured at 
a chart speed of 1 in./min and a column temperature 
of 90°C ±0.5°.

This experiment shown in Table 1 
gave no indication of why one emulsifier 
should cause greater stability in a fat- 
water system than did the other emulsi
fier. One possible explanation was that 
the water solubility technique used to

Table 4— Emulsifier HLB measurements by water- 
solubility and GLC techniques

E m u ls if ie r
H L B

H 20 G L C
S p a n  60 4 .7 “ 4 .2
D re w la te 5 .0 4 .0
M a rv ic  a c id 5 .2 3 .7
M y v e ro l  1800 5 .2 4 .4
P lu ro n ic  L -4 4 13.2 13.6
P lu ro n ic  F -6 8 14.5 13.6
T w e e n  60 1 4 .9“ 14.7

“HLB numbers of Span 60 and Tween 60 were 
provided by the manufacturer, and these corre
sponded to measurements made by the water solubil
ity technique. HLB numbers of the other emulsifiers 
were measured with the water solubility technique 
only.

measure HLB numbers for the single 
emulsifiers, was not precise enough and thus the HLB numbers of the mixtures 
used in the experiment were not accur
ate. To check this, the HLB numbers of all emulsifiers and mixtures used in this 
experiment were measured with the GLC technique described previously. To 
begin, retention times of emulsifiers with 
known HLB numbers were measured 
(Table 3). When plotted against HLB 
values, these retention times formed a 
straight line (Fig. 2). Using this as a 
“standard curve,” the HLB numbers of 
the emulsifiers used in this work were 
determined (Table 4). These data show 
that the HLB numbers determined by GLC for Drewlate, Marvic acid, Myverol 
and Span 60 were lower than those 
obtained by the water solubility technique. The GLC value for Pluronic L-44 
was higher than the corresponding water 
solubility value. However, the GLC 
value for Pluronic F-68 was lower and 
the value obtained for Tween 60 was 
about the same.

If one assumes the GLC measure
ments were correct, then the HLB 
numbers of binary mixtures were not 10 
or 13 as had been calculated on the 
bases of the water solubility measure
ments of single emulsifiers. Instead, all the mixtures with a calculated HLB value of 10 were 0.1-1.1 units lower than 
expected. The mixtures numbered 1, 3, 
4, 6, 7, 9, 10 and 12 were 0.3-0.8 HLB 
units less than the calculated value of 13 
and the mixtures numbered 2, 5, 8 and 11 were 0.2 more than the expected HLB 
value of 13 and 0.5-1.0 units higher than 
the value of the mixtures with which 
they were being compared (Table 5).

This work and that of Titas et al.
(1968) have shown that HLB differences of 1.0 or more will cause significant dif
ferences in emulsion stability. Thus, the 
fact that HLB values for mixtures 2, 5, 8 and 11 were often as much as 1.0 HLB 
unit higher than the HLB numbers of 
the mixtures with which they were being 
compared probably accounts for most, if not all, of the differences attributed to the chemical type of emulsifier in this work.

The stability indices used in this work 
are only relative values and give only an 
abstract indication of an emulsifier’s performance. One should remember that 
all of these values could have been increased, or decreased, by changing the 
length of the incubation time in the test 
procedure. However, these stability values do give a relative indication of which emulsifier system will give maxi
mum performance under commercial 
conditions. This has been demonstrated 
by Titus et al. (1968) when similar data were used to pick the best emulsifier 
system for cakes. After baking, the cake 
volumes showed that these abstract sta
bility indices were suitable to use in predicting which emulsifier system 
would give maximum performance under practical conditions.
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Table 5— Calculated HLB values o f emulsifier mixtures using GLC and 
water-solubility measurements o f single emulsifiers°

C a lc u la te d  H L B
E m u ls if ie r  m ix tu r e 1 H 20 G L C H 20 G L C

1. S p a n  6 0 -T w e e n  60 13 12.7 10 9 .7
2. S p a n  6 0 -L 4 4 13 13.2 10 9 .9
3. S p a n  6 0 -F 6 8 13 12.4 10 9 .4
4. M a rv ic  a c id -T w e e n  60 13 12.5 10 9 .1
5. M a rv ic  a c id -L 4 4 13 13.2 10 9 .5
6. M a rv ic  a c id -F 6 8 13 12.2 10 8 .9
7. M y v e ro l-T w e e n  60 13 12.7 10 9 .5
8. M y v e ro l-L 4 4 13 13.2 10 9 .8
9. M y v e ro l-F 6 8 13 12.3 10 9 .3

10. D re w la te -T w e e n  60 13 12.6 10 9 .4
11. D re w la te -L 4 4 13 13.2 10 9 .7
12. D re w la te -F 6 8 13 12.2 10 9 .1

“HLB measurements from Table 3. 
^Emulsifier mixtures as described in Table 1.
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RELATIONSHIP BETWEEN COM POSITION AND STABILITY 
OF SAUSAGE-TYPE EMULSIONS

SUMMARY—A laboratory technique for the preparation of small batches of sausage emulsion was 
developed for a comparative study of the effectiveness of fresh and frozen beef in achieving emul
sion stability. The technique consisted of three bask steps: (1) low speed chopping and blending of 
ingredients at —2° to +2°C ; (2) low speed blending with the gradual addition of soybean oil at 2° 

8 C; and (3) high speed chopping to a temperature of I5°-I6°C. The preparation and evaluation 
of emulsions with widely varying compositions revealed that the lean and fat percentages could be 
varied over wide ranges without significantly affecting emulsion stability, but the range for per
centage of water was narrow and critkal to stability. The relative stability tor fresh and frozen lean 
was influenced by the amount of added water. For example, at 30% fat level, there was a sharp 
drop in stability as the added wafer was reduced below 16% for fresh beef; whereas, an equiva
lent drop in stability was found as the added water was reduced below 21%  for frozen beef. The 
theory is proposed that emulsion instability is highly dependent upon the level of added water 
based on results of this investigation.

a d d e d  a t  a  lev e l o f  3%  o f  th e  w e ig h t o f  le a n  
a n d  w a te r , b u t  w as  n o t  in c lu d e d  in  t h e  c o m 
p o s it io n a l  c a lc u la t io n .

I n  o rd e r  to  c o m p e n s a te  fo r  d i f f e r in g  m o is 
tu r e  le v e ls  in  th e  m e a t  s a m p le s ,  th e  a m o u n t  o f  
le a n  w as e x p re s s e d  a s  m u s c le  t i s s u e  (M T ) , 
w h ich  w as  d e f in e d  a s  4 X  th e  d ry  w e ig h t o f  
fa t- f re e  le a n . T h i s  d e f in i t io n  w as  n e c e s s a ry  
s in c e  le a n  d o e s  n o t  h a v e  a  s p e c if ic  c o m p o s i
tio n . T h e  v a lu e  o f  fo u r  w as  c h o se n  a s  a  
m e c h a n ic a l  m e a n s  o f  m a in ta in in g  a  c o n s ta n t ,  
b a s e d  u p o n  th e  p re s e n t  in d u s t r y  p ra c t ic e .  
T h u s ,  p e rc e n ta g e  m u s c le  t i s s u e  (%  M T )  in  th e  
e m u ls io n  w as  e x p re s s e d  as :

INTRODUCTION
A MAJOR PROBLEM in comminuted sausage production is the tendency of fat droplets to coalesce during thermal 
processing. The problem is greater when 
frozen meat is substituted for fresh meat. However, recognition of the fact 
that this commercial product is essen
tially an emulsion has resulted in the 
application of emulsion principles in explaining the problem of fat separation. 
Photomicrographs (Hansen, 1960) have 
revealed that the colloidal-sized fat 
globules are surrounded by a protein film. The role of protein as the emulsify
ing agent has been confirmed recently by 
electron microscopy (Borchert et al.,1967). In recognition of the important 
role of protein in emulsion formation, 
much work has been done to evaluate the effectiveness of various proteins and 
protein-containing products (Swift et al., 
1961; Hegarty et al., 1963; Saffle and 
Galbreath, 1964; Trautman, 1964; Borton et al., 1968; Maurer et al., 1969; Ivey et al., 1971).

Saffle and Galbreath (1964) found that pre-rigor beef contains a much 
higher fraction of salt-soluble protein than 48 hr post-mortem beef. Recently, Acton and Saffle (1969) demonstrated that the use of pre-rigor meat produces 
stable emulsions at a much higher fat level than 48 hr post-rigor meat. These 
results appear to support the theory that 
salt-soluble protein is largely responsible for emulsion stability. However, previous work in this laboratory (Ivey et al.,1971) suggested that water levels may 
play a much more important role in emulsion stability than has heretofore been recognized.

‘Current address: Department of Chemistry, Northern Arizona University, Flagstaff, Ariz. 
86001.

The purpose of this investigation was 
to develop a method of preparing small 
amounts of sausage-type emulsions with 
laboratory equipment to determine the 
effect of water level on the stability of sausage-type emulsions prepared with fresh and frozen meats.

EXPERIMENTAL
Sam pling procedure

S a m p le s  o f  b e e f  m u s c le  ( s e m im e m b ra 
n o s u s )  w e re  ta k e n  fro m  u t i l i ty  g ra d e  cow s 
3 d a y s  p o s t-m o r te m , t r im m e d  fre e  o f  s u r f a c e  
f a t  a n d  c o n n e c tiv e  t is s u e ;  g ro u n d  o n ce  
th ro u g h  a  3 /8 - in .  p la t e  a n d  th o ro u g h ly  m ix e d . 
T r e a tm e n t  lo ts  (400g) w ere  p la c e d  in  
m o is tu re  p ro o f  p la s t ic  b a g s  a n d  th e  s a m p le s  
s to re d  a t  2°C  (f re s h  s to ra g e )  fo r  u se  w ith in  3 
d a y s  o r  a t  — 27°C  (f ro ze n  s to ra g e )  fo r  1 2 -2 6  
d a y s . T h e  fro z en  s a m p le s  w ere  th a w e d  a t  2°C 
fo r  48  h r  im m e d ia te ly  b e fo re  u se . O n th e  d a y  
o f  u se , f re s h  o r  fro z en  a n d  th a w e d  t r e a tm e n t  
lo ts  w e re  re g ro u n d  th re e  t im e s , u s in g  a  c h il le d  
(2°C ) g r in d e r  w ith  a  3 / 1 6 -in . p la te ,  w ith  th o r 
o ug h  m ix in g  a n d  in c o rp o ra t io n  o f  a n y  d r ip  
a c c u m u la t io n . A n  e le c tro m e tr ic  p H  d e te r m i
n a t io n  w as  m a d e  o n  a  s lu r ry  a n d  m o is tu re , f a t  
a n d  p ro te in  w ere  d e te rm in e d  fo r  e a c h  s a m p le  
a s  d e s c r ib e d  in  th e  A O A C  (1 9 65 ).
Form ula ca lcu lations

I n  o rd e r  to  m a in ta in  c o n s ta n t  te m p e r a tu r e  
a n d  g r in d in g  c o n d itio n s , a l l  e m u ls io n s  w ere  
m a d e  to  a  to ta l  w e ig h t o f  160g, p lu s  th e  w e ig h t 
o f  th e  N a C l, s in c e  i t  w as  n o t  a  p a r t  o f  th e  
c o m p o s itio n a l c a lc u la t io n s . T h e  d e s ire d  
w e ig h ts  o f  le a n , o il a n d  a d d e d  w a te r  w ere  
d e te rm in e d  a s  fo llow s:

W e ig h t (g) _  jgQ  _  (w t le a n  a d d e d  +  %
a d d e d  w a te r  f a t  d e s ire d  x 1.6)

( 1)

I f  th e  w e ig h t o f  a d d e d  w a te r  w as  le ss  th a n  
40g , i t  w as  a d d e d  in  th e  fo rm  o f  ice  w h ich  h a d  
b e e n  s to re d  a t  — 20°C . I f  th e  w e ig h t o f  a d d e d  
w a te r  w as  40g  o r  m o re , th e  f i r s t  40g  w as 
a d d e d  a s  ic e  a t  0°C  w ith  th e  r e m a in d e r  a d d e d  
in  th e  fo rm  o f  l iq u id  w a te r  a t  0°C . N a C l w as

%  M T  =
w t le a n  x 4  [100 -  (%  m o is tu r e  +  %  f a t ] 

to ta l  w t  o f  e m u ls io n

I n  o rd e r  to  c o m p e n s a te  fo r  d i f f e r in g  f a t  
le v e ls  in  th e  m e a t  s a m p le s , th e  to ta l  a m o u n t  
o f  f a t  p re s e n t  w as  e x p re s s e d  a s  to ta l  l ip id  
(T L ) , w h ich  w as  d e f in e d  a s  th e  s u m  o f  th e  
w e ig h t o f  a d d e d  s o y b e a n  o il a n d  th e  w e ig h t o f  
f a t  o c c u rr in g  n a tu r a l ly  in  th e  m e a t .  T h u s ,  
p e rc e n ta g e  o f  to ta l  l ip id  (%  T L )  in  th e  e m u l 
s io n  w as  e x p re s s e d  as:

%  T L  =

[(w t s o y b e a n  o il) +  (w t le a n  x %  fa t )  
t o t a l  w t  o f  e m u ls io n  

X  100 (3)

T h e  te r m  a d d e d  w a te r  (A W ) w a s  d e f in e d  
a s  w a te r  in  th e  e m u ls io n  e x c lu s iv e  o f  M T  
f r a c tio n . S in c e  th e  e m u ls io n  w a s  c a lc u la te d  
e x c lu s iv e  o f  a d d e d  s a l t ,  i t  w as  c o n s id e re d  a s  a  
th re e -c o m p o n e n t s y s te m  a n d  p e rc e n ta g e  
a d d e d  w a te r  (%  A W ) w as  e x p re s s e d  a s :

%  A W  = 100 -  (%  M T  +  %  T L )  (4)

W h e n  a  h ig h - fa t  e m u ls io n  (%  T L  d e s ire d )  
w as  to  b e  p r e p a r e d ,  a  lo w -fa t (3 0 %  T L  lo w - 
fa t)  e m u ls io n  w as  p r e p a r e d  f i r s t  a n d  a  c a lc u 
la te d  w e ig h t re m o v e d  a n d  r e p la c e d  b y  a n  
e q u a l w e ig h t o f  c h il le d  s o y b e a n  o il. T h e  
a m o u n t o f  lo w -fa t e m u ls io n  to  b e  re m o v e d  
w as  d e te rm in e d  b y  th e  fo llo w in g  e q u a tio n :

W t  re m o v e d  =
/  % T L , — % T h , ,  )., \  
V 100 -  %  T L , ) 160g (5)

T h e  r e s u lt in g  lo w e r p e rc e n ta g e  o f  m u s c le  
t i s s u e  (%  M T /,„ai) a n d  o f  a d d e d  w a te r  (%  
A W /¡„a i) w e re  c a lc u la te d  a s  fo llow s:

%  M T f i n a l =
%  M T l„ w fa ,  ^ , g  r e m o v e d  \  

160g  )

%  A W  f in a l  =
%  A W , no, f a t  ^

,  g  r e m o v e d  \  
160g  J
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Fig. I— Schematic diagram of the conductivity cell used to measure elec
trical conductivity of sausage-type emulsions.

Em ulsion preparation
P r e p a r a t io n  o f  e m u ls io n s  w as  a c c o m 

p lis h e d  in  th r e e  s te p s .
S tep  1. T h e  s p e c if ie d  a m o u n t  o f  le a n  t i s 

su e  w as a d d e d  to  a  c h il le d  (1°C ) 2 0 0  m l s t a i n 
le ss  s te e l O m n i-m ix e r  c u p , th e  c a lc u la te d  
a m o u n ts  o f  ice , w a te r  a n d  s a l t  a d d e d , a n d  th e  
in g re d ie n ts  b le n d e d  w ith  a  c o u n te r  ro ta t in g  
m ix e r  (B ro o k f ie ld )  m o d if ie d  b y  s h a rp e n in g  
th e  le a d in g  ed g e  o f  th e  b la d e s . T h e  m ix e r  w as 
s ta r te d  s low ly  b y  u s in g  a  rh e o s ta t  to  p re v e n t  
s p a tte r in g . T h e  o p e ra t io n  w as  p e r f o r m e d  b y  
m a in ta in in g  th e  c u p  in  a n  ic e  b a th .  I n  o rd e r  
to  b r in g  a l l  o f  th e  s a m p le  in  c o n ta c t  w ith  th e  
b la d e s , th e  c u p  w as re p e a te d ly  r a is e d  a n d  
lo w ered  so  t h a t  th e  b la d e s  co u ld  en g ag e  th e  
e n ti re  m a s s , th e  s a m p le  b e in g  f re e d  f ro m  th e  
s id e s  o f  th e  c u p  w ith  th e  s te m  o f  a  m e ta l 
th e rm o m e te r . S p e e d  a n d  d u r a t io n  o f  th e  s t i r 
r in g  w ere  l im ite d  b y  te m p e r a tu r e  w h ic h  w as  
n o t a llo w ed  to  e x c eed  2°C . S te p  1 w as  t e r m i 
n a te d  a s  so o n  a s  a  s m o o th  b le n d  w as  
o b ta in e d .

Step  2. T h e  p ro c e d u re s  w e re  s im ila r  to  
S te p  1, e x c e p t t h a t  h ig h e r  s t i r r e r  s p e e d s  a n d  
te m p e r a tu r e s  w ere  p e r m i t te d .  T h e  r a te  o f  
ch o p p in g  w as c o n tro lle d  b y  n o t  a llo w in g  th e  
t e m p e r a tu r e  to  e x c eed  8°C . T h e  d e s ire d  
w e ig h t o f  c h il le d  s o y b e a n  oil w as  a d d e d  in  15g 
p o r tio n s , te m p e r a tu r e  c o n tro l b e in g  m a in 
ta in e d  b y  s t i r r in g  w ith  a  m e ta l  th e r m o m e te r  
u n t il  re co o led  to  4°C  b e fo re  e a c h  a d d i t io n  o f  
o il.

I n  th e  c a se  o f  h ig h - fa t  e m u ls io n s  (> 3 5 %  
T L ) , a f te r  th e  c o m p le t io n  o f  th e  lo w -fa t e m u l
s io n  p r e p a r a t io n ,  th e  c a lc u la te d  w e ig h t o f  
e m u ls io n  (E q  5) w as  re m o v e d  a n d  a n  e q u a l 
w e ig h t o f  c h il le d  o il (1°C ) w as  a d d e d  in  th e  
s a m e  s te p w is e  s e q u e n c e . T h e  s a m e  t e m p e r a 
tu re ,  s p e e d  a n d  q u a n t i ty  o f  o il w ere  m a in 
ta in e d .

Step  3. I n  o rd e r  to  s im u la te  a  c o m m e rc ia l  
s a u sa g e  e m u ls i ta to r ,  th e  e m u ls io n s  w e re  s u b 
je c te d  to  f u r th e r  c o m m in u tio n  u s in g  th e  
O m n i-m ix e r  w ith  th e  ro to r -k n if e  b la d e  a s s e m 
b ly  d e s ig n e d  fo r  th e  2 0 0  m l c u p  a n d  s u s 
p e n d e d  in  a n  ic e  b a th .  T h ro u g h  p re l im in a r y  
e x p e r im e n ta t io n , th e  d e g re e  o f  co o lin g  a n d  
t im e  o f  c h o p p in g  w as  s e le c te d  t h a t  w o u ld  
m o s t e f fe c tiv e ly  g iv e  th e  d e s ire d  f in a l te m p e r 
a tu r e  (1 5 -1 6 °C ) w ith in  th e  d e s ire d  t im e  in te r 
v a l (5 0 -7 0  sec ) . U s in g  m a x im u m  s p e e d  o n  th e  
O m n i-m ix e r , in te r m i t t e n t  c h o p p in g  w as  u se d  
so  t h a t  th e  te m p e r a tu r e  w o u ld  g ra d u a l ly  a n d  
u n ifo rm ly  in c re a s e . A  m a x im u m  o f  fiv e  c h o p 
p in g  in te rv a ls  w as  u s e d  a n d , in  th e  c a s e  o f  
th ic k  e m u ls io n s , th e  e m u ls io n  w as  re p a c k e d  
in  th e  c u p  to  m a in ta in  m e c h a n ic a l  c o n ta c t  
w ith  th e  b la d e s . I t  w as  fo u n d  t h a t  th e  th ic k e r  
th e  e m u ls io n , th e  m o re  r a p id  w a s  th e  te m p e r 
a tu r e  rise . C o o lin g  w as  n o t  d o n e  b e tw e e n  s t i r 
r in g  in te rv a ls  so  t h a t  th e  te m p e r a tu r e  rise  
co u ld  b e  k e p t  u n ifo rm .

E lectrical conductivity
E le c tr ic a l  c o n d u c t iv i ty  o f  th e  e m u ls io n s  

w as d e te rm in e d  in  a  s p e c ia l ly  d e s ig n e d  c o n 
d u c tiv i ty  ce ll a s  i l lu s t r a t e d  in  F ig u re  1. T h e  
ce ll w as  p r e p a r e d  b y  c u t t in g  th e  b o t to m  e n d  
fro m  a  c le a r , th in -w a ll  p la s t ic  c e n tr i fu g e  tu b e ,  
re s u lt in g  in  a  c e ll 25  m m  (d ia m e te r )  a n d  50 
m m  ( le n g th ) . E a c h  e n d  w as  f i t te d  w ith  a  N o. 
5 r u b b e r  s to p p e r  d r i l le d  to  a c c o m m o d a te  a  
s ize  D , d ry  ce ll b a t t e r y  c a rb o n  ro d  a n d  p la c e d  
so  a s  to  b e  th e  s p e c if ie d  d is ta n c e  a p a r t .  T h e  
c a rb o n  e le c tro d e s  w e re  p ro je c te d  12 m m  in to  
th e  ce ll. C o p p e r  le a d  w ire s  w e re  a t ta c h e d  to

th e  o u te r  e n d s  o f  th e  e le c tro d e s  a n d  a t ta c h e d  
to  a  s t a n d a r d  c o n d u c t iv i ty  b r id g e . O n e  o f  th e  
r u b b e r  s to p p e rs  w as  f i t te d  w ith  a  p la s t ic  o v e r
flow  tu b e  so t h a t  e n t r a p p e d  a i r  c o u ld  b e  e l im 
in a te d . T h e  ce ll c o n s ta n t  w as  d e te rm in e d  to  
b e  0 .64  u s in g  a  KC1 s o lu tio n  o f  k n o w n  c o n 
d u c tiv i ty .

R e s is ta n c e  r e a d in g  in  o h m s , R , w as  t a k e n  
w h e n  th e  te m p e r a tu r e  o f  th e  e m u ls io n  w as  18

Table 1— Physical properties rating system for 
sausage emulsions heated by the Townsend cook 
stability test

F a c to r s
R a t in g

sco re
R es ilien ce

G o o d 8
F a i r 6
P o o r 4
V e ry  p o o r 2
N o n e 0

F irm n e s s
F irm 8
S lig h tly  f irm 6
S o f t 4
V e ry  s o ft 2
M u sh y 0

B in d in g
G o o d 8
F a i r 6
P o o r 4
V e ry  p o o r 2
N o n e 0

±  1°C. C o n d u c tiv i ty  in  m il l im h o s /c m  (or) w as 
c a lc u la te d :

<r = (1 0 0 0 /R )  x 0 .64  

Cooked sta b ility
T h e  s ta b i l i ty  o f  th e  e m u ls io n s  w as  d e te r 

m in e d  b y  th e  m e th o d  o f  T o w n se n d  e t  a l.
(1 9 6 8 ), m o d if ie d  b y  u s in g  d u p l ic a te  28  X  102 
m m  c e n tr i fu g e  tu b e s  w ith  3 0 .0 g  o f  e m u ls io n . 
T h e  tu b e s  w e re  t ig h tly  c o v e re d  a n d  h e a te d  fo r 
30  m in  in  a  w a te r  b a th  a t  70°C . A n y  re s u lt in g  
l iq u id  w as  d e c a n te d  in to  a  g ra d u a te d  c y l in d e r  
a n d  th e  w a te r  a n d  oil v o lu m e s  re c o rd e d  s e p a 
ra te ly .  T h e  r e m a in in g  s o lid  w as  w e ig h ed  a n d  
co o k  s ta b i l i ty  (C S ) re c o rd e d  a s  th e  p e rc e n ta g e  
o f  th e  e m u ls io n  re m a in in g  in  th e  s o lid  s ta te .
P h ysica l p roperties

A t r a in e d  p a n e l , u s in g  s u b je c tiv e  a n a ly s e s , 
r a te d  th e  p h y s ic a l  p ro p e r t ie s  o f  th e  e m u ls io n s  
a s  fo llow s: (1 ) re s i lie n c e , th e  a b i l i ty  to  r e tu r n  
q u ic k ly  to  o r ig in a l s h a p e  a f te r  p re s s in g ; (2 ) 
f i rm n e s s , r e s i s ta n c e  to  p re s s in g ; a n d  (3 ) b in d 
ing , re s is ta n c e  to  te a r in g . T h e s e  p ro p e r t ie s  
w e re  r a te d  o n  a  d e s c r ip t iv e  s c a le  u s in g  
n u m e r ic a l  v a lu e s  o f  ze ro  to  e ig h t a s  sh o w n  in  
T a b le  1.

T h e  s c o re s  fo r  th e  th r e e  p ro p e r t ie s  w ere  
a d d e d  to  o b ta in  a  to ta l  p o s s ib le  r a t in g  o f  24 . A 
r a t in g  o f  19 o r  h ig h e r  w as  c o n s id e re d  to  b e  a  
s a t is fa c to ry  em u ls io n .

RESULTS & DISCUSSION
Effects of sample variation

Proximate analyses of semimembra
nosus samples from four animals are shown in Table 2.

Table 2— Proximate composition, pH , and storage time o f beef muscles 
(semimembranosus) used for sausage emulsion preparation

B eef
m u sc le
s a m p le

n o .

C o o le r  
s to ra g e  t im e  
(p o s t-m o r te m  

a g e ), 
d a y s

F re e z e r
s to ra g e

t im e ,
d a y s “ p H

C o m p o s it io n , %
M o is tu re P r o te in F a t

1 7 -9 1 8 -2 0 5 .51 7 3 .5 2 1 .64 3 .7 0
2 3 -5 1 4 -2 6 5 .52 7 1 .9 2 2 .2 8 7 .24
3 3 -5 1 2 -1 4 5 .50 7 5 .5 2 2 .55 1.02
4 2 -5 — 5 .50 73.2 2 5 .08 1 .09
“The freezer storage time is in addition to the post-mortem age and a 48-hr 

thaw time a t 2°C. Freezer storage studies were not conducted on sample num
ber 4.
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Fig. 2— Electrical conductivity (mmhos/em) at 1000 Hz. of emulsions 
having various compositions when prepared from fresh and frozen 
meat.

Fig. 3—Limiting boundary (score 19) for satisfactory physical properties 
of emulsions having various compositions when prepared from fresh 
and frozen meat.

Although significant differences were present in individual fat and moisture 
percentages of the four samples, effects of these differences were virtually eliminated by correcting emulsion composi
tions, as previously described. The vari
ations in storage time of the samples within either the fresh or frozen lots did 
not significantly influence the results of 
subsequent treatments. The pH of the 
beef muscle did not differ substantially 
from the pH range (5.4-5.85) for 48 hr post-mortem beef as reported by Saffle 
and Galbreath (1964). The range differ
ence in pH among the four samples was only 0.02 unit. Therefore, any differ
ences in emulsion properties could not 
be attributed to pH. Since there was no 
reason to expect significant differences in treatment results among the individ
ual samples, all results for individual samples were pooled and treated statisti
cally as one group.

Emulsion composition
The points in Figure 2 represent the 

compositions of all emulsions prepared. Percent total lipid (TL) is represented 
by the perpendicular distance from the 
base of the triangle to the intersecting point; percent muscle tissue (MT) by the 
perpendicular distance from the left leg 
of the triangle to the intersecting point; 
and the percent added water (AW) by the perpendicular distance from the 
right leg of the triangle to the intersect

ing point. In this manner, the sum of % 
TL, % MT, and % AW is always 100%.

Conductivity as a criterion of emulsion stability
The number located at each point in 

Figure 2 represents conductivity of the 
emulsion in millimhos per centimeter. 
There are two noteworthy features of 
these data. First, as one proceeds up the composition diagram toward higher total 
lipid, conductance decreases. This trend 
is due to an increase in the virtually 
nonconducting fat phase, thereby reduc
ing the effective cross-sectional area of 
the aqueous phase, upon which conduc
tivity depends. The second and more significant feature involves points of the composition region of low water which 
are relatively close to the right leg of the 
triangle. Cook stability data revealed in 
this region four fresh compositions (reading down, conductivities of 8.5, 6.7,
11.6, and 11.7) and three frozen compo
sitions (reading down, conductivities of3.9, 6.2, and 9.2) which had broken as 
shown by significant oil pouroffs. Figure 
2 shows that these emulsions had significantly lower conductivities than the 
corresponding emulsion immediately to the left. This marked decrease in con
ductivity upon inversion confirms pre
vious work by Webb et al. (1970) in this 
laboratory, which suggested the potential 
value of electrical conductivity as a guide to emulsion stability.

Physical properties and emulsion composition
Figure 3 shows the limiting boundaries for fresh meat (solid curve) and 

frozen meat (broken curve) inside of 
which lie all scores of 19 or higher for the 
physical property evaluations. In com
paring the emulsion compositions illus
trated in Figure 2 with scores obtained 
in physical property evaluation (Fig. 3), 
it was observed that satisfactory scores 
(>19) were restricted to a relatively narrow region of the composition dia
gram. It is evident that the minimum percentage of added water (% AW) that 
can be tolerated in a satisfactory emul
sion is represented by that portion of the 
curve running approximately parallel to the right leg of the triangle. It may be 
seen that the minimum % AW lies between 11% and 16% for fresh meat, 
and between 16% and 21% for frozen 
meat. These values were 16% and 21% for fresh and frozen meat, respectively, 
at 30% total lipid level. These results 
indicate that the use of frozen meat in sausage emulsions increases the mini
mum water requirement for satisfactory 
physical properties. Although the above 
evaluations were made on cooked emulsions, a limited number were observed to be markedly different in physical prop
erties from the majority. The emulsions 
of this limited number had, in common, 
abnormally low viscosities, abnormally 
low conductivities and appreciable oil accumulation for the Townsend test. It
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50 4 0  30 20 10 0
ADDED WATER,%

Fig. 4—Effect of added water on cook stability. 
Muscle tissue level constant at 43%.

was evident that all of these emulsions 
had broken at varying degrees of inten
sity. Emulsions within this group were 
those occurring close to the right leg of the triangle and the same as those 
described as having a low conductivity.
Cook stability and emulsion  composition

Of the three evaluations performed on 
the emulsions, the Townsend cook sta
bility test appeared to give the most 
definitive results over a wide range of 
compositions. For this reason, the relationship between cook stability and 
composition was examined in more 
detail by keeping one component con
stant and plotting cook stability against 
one of the other components. This was 
done by selecting five or six each of constant MT, TL, and AW lines, which pass 
through or close to a number of fresh or frozen meat emulsion composition 
points, as illustrated in Figure 2. Cook 
stabilities along each of the constant MT lines or constant TL lines were plotted 
against % AW; while the cook stabilities 
along each of the constant AW lines were plotted against % TL. In this way, 17 
constant component curves were con
structed from each of the fresh and 
frozen meat data at compositions shown in Figure 2. In cases where the emulsion composition was slightly off the constant 
component line, cook stability was corrected by multiplying the distance from the line to the point (i.e., the difference

ADDED WATER , %
Fig. 5— Effect of added water on cook stability. 
Total lipid constant at 27%.

in percentage) by the slope of another 
nearby constant component line. These corrections were small and ranged from0.5%-2.0%.

Constant component curves are pre
sented as examples for fresh meat emul
sions at constant MT, TL, and AW in 
Figures 4, 5 and 6, respectively. These three curves are presented because they 
were the closest to commercial sausage composition.

Most of the curves rise to cross the

TOTAL LIPID
Fig. 6— Effect of total lipid on cook stability. 
Added water constant at 19%.

90% cook stability line, but subse
quently fall again below the 90% cook 
stability line. Thus, most curves yielded 
two 90% intercepts, with the distance 
between them representing the composition range over which stable emulsions can be produced.

The 90% intercepts from all fresh and frozen constant component curves are plotted on one triangular graph, as 
shown in Figure 7. It may be clearly 
seen by comparing the dashed curve

o

Fig. 7— Limiting boundary for cook stability (90% ) of emulsions having 
various compositions when prepared from fresh and frozen meat.
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with the solid curve that the area of 90% or greater cooked stability is greatly 
reduced by frozen storage. It may also 
be seen from the slopes of the curves in 
Figures 4 and 5 that the region of maxi
mum stability is very close to the right hand boundaries of the points in Figure 
7. Since both of these boundaries change 
strikingly less with respect to % AW 
than with respect to either % MT or % TL, the significant effect of frozen stor
age is an increase in moisture require
ment of about 5% AW for the mainte
nance of emulsion stability.
Role of water in emulsion stability

It is obvious that one component in 
the emulsion cannot be varied without 
affecting at least one of the other two. 
For example, if one has a fresh meat 
emulsion containing 40% MT, 40% TL, 
and 20% AW, in order to increase MT to 50% one can either reduce TL to 30%, or 
reduce AW to 10%. On the basis of this 
investigation, reducing %TL to 30% can 
be done without introducing instability, 
but reducing % AW will cause the emul
sion to break. It is evident that % MT and % TL can be varied over wide ranges as long as an increase in one is compen
sated by a decrease in the other. Since % 
AW cannot be similarly varied over a 
wide range, it was concluded by the investigators that of the three components in an emulsion, the added water 
level is by far the most critical in maintaining emulsion stability. This view is 
substantiated by the rather sharp maxima obtained for the curves in Fig
ures 4 and 5 where water was a variable; as opposed to the lack of a maximum in 
Figure 6, where water was held constant.

While it may be true that in commercial operations, the stability of an emul
sion is improved by increasing the salt- 
soluble protein level, it is possible that this benefit is not entirely explained by 
the addition of protein per sec. Accord

ing to the results of this investigation, the addition of protein could be deleter
ious to emulsion stability. These results are supported by a basic theory relative 
to the denaturation in some systems. 
(Mahler and Cordes, 1966). This theory 
indicates that the denaturation of the protein, under selected situations, allows 
sufficient unfolding of the molecular 
chain to increase the stability of the system. Thus, in a relatively dilute sys
tem, such as those sausage-type emul
sions having higher levels of added 
water, greater stability is obtained. In the more dilute system, protein-to-pro- 
tein intermolecular reaction would be 
minimized but in a more concentrated 
system it would be increased, thereby 
reducing the effectiveness of the protein 
molecule to react with the oil droplets to 
stabilize the system. Certainly, the model system evaluated in this investi
gation is less complex than that found in 
commercial sausage emulsions. The use 
of one type of protein source and soybean oil for this study, rather than a 
variety of protein sources and animal 
fats, presents a different situation than 
presently used by the industry. Howev
er, the authors believe that this study is indicative of the potential for utilizing 
selected protein fractions more effec
tively in the stabilization of sausage 
emulsions. The selection of certain types of meat could have an enhancing effect 
by either using more efficient protein, or 
of actually increasing the amount of water which would be inherent in the 
selected meat. In any case, the work 
herein described leads to the conclusion 
that the fundamental solution to emul
sion instability, at commercial fat levels, lies either in removing some of the pro
tein from the oil-water interface, or in 
substituting a more efficient protein for 
a less efficient protein. If this theory 
proves to be correct for commercial operations, the practice of merely adding

more protein to the interface to obtain 
greater stability could be eliminated. It 
is evident that further research will be 
needed to develop this theory into prac
tice.
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FATTY ACID COM POSITION OF LIPIDS FROM BROILERS 
FED SATURATED AND UNSATURATED FATS

SUMMARY— The effect of feeding saturated fat (tallow) and unsaturated fat (safflower oil) to 
broilers on the change in fatty acid composition of lipids deposited in broiler tissues at 4, 6, 8, and 
10 wk of age was determined. Fatty acids from raw and cooked skin, excluding that on the neck 
and third wing joint, breast meat, thigh meat, and abdominal fat were identified by using gas 
liquid chromatography. Fatty acids from water in which carcasses were cooked were also identified. 
The degree of unsaturation of fatty acids in these tissues was influenced by the degree of unsatur
ated fatty acids in the diet and tended to assume the fatty acid composition of the diet. In some 
cases, however, the higher levels of certain fatty acids in depot fat was not present in broilers fed 
the higher levels in the diet. Fatty acids in the larger amounts in all broiler tissues were palmitic, 
stearic, oleic, and linoleic but varied in amount among the different age broilers fed the same ration 
as well as different rations. In most cases there tended to be an inverse relationship between oleic 
and linoleic acids in the tissues. Lipids from cooked tissues contained a larger amount of 18-carbon 
unsaturated fatty acids than the other fatty acids combined. Fatty acids collected from cooking 
water were similar to those in cooked tissues. The presence of 13- and 25-carbon chain fatty acids 
noted in tissues of 4 wk-old broilers suggests a difference in the metabolism of fat in different age 
birds. Father research is needed to substantiate this finding.

INTRODUCTION
AN INCREASING percentage of tur
keys and broilers in the United States is 
being marketed in the form of further 
processed convenience foods. With the 
advent of mechanical deboning 
machines, this trend in marketing shows 
evidence of continued expansion and 
emphasizes the importance of studying 
factors which might influence carcass 
composition and other tissue characteristics.

Most of the research during the past 
three decades concerned with the storage 
of fat in poultry carcasses was conducted 
using laying hens or broiler chickens of 
one age with little attention directed 
towards deposition of fat in broilers of 
different ages.

65% of the fatty acids present in the 
body fat of hens were reported to be 
unsaturated (Hilditch et al., 1934). 
Marion and Woodroof (1963) isolated 20 
carbon chain fatty acids containing five 
double bonds from skin and adipose fat 
and 24 carbon chain acids containing six 
double bonds from thighs and breast 
meat.The addition of 5% com oil in the diet 
of mature birds resulted in higher levels 
of linolenic acid and lower levels of 
palmitoleic and oleic acids (Marion and 
Edwards, 1963).Since carcass fat influences the 
acceptability and shelf life of poultry 
meat products, it is important to know the amount of fat deposited in the car
cass and how its composition might

'Present address: Extension Food ScienceDepartment, Cooperative Extension Service, Uni
versity of Georgia, Athens, Ga. 30601.

change as broilers approach marketable 
age.

The purpose of this study was to 
determine the influence of feeding satu
rated fat (tallow) and unsaturated fat 
(safflower oil) in rations on the possible 
change in fatty acids composition of 
lipids deposited in broilers at bi-weekly 
intervals at 4, 6, 8, and 10 wk of age. The 
amount of fatty acids left in the tissues 
after broilers were simmered as well as 
the amount of fatty acids removed from 
the tissues and left in the water in which 
broilers were cooked were also investi
gated.

Table 1— Ingredients and fatty acid composition 
o f experimental rations

In g re d ie n ts

C o n 
tro l
(lbs)

B ee f
T a llo w

(lbs)

S a f 
flo w er

O il
(lbs)

G ro u n d  y e llo w  c o m 5 5.99 3 9 .99 3 9 .99
S o y b e a n  o il m e a l,

45%  c ru d e  p ro te in 2 2 .00 3 0 .0 0 3 0 .00
B le a c h e d  b ee f ta llo w 0 .00 8 .0 0 0 .00
S a ff lo w e r oil 0 .00 0 .00 8 .00
O th e r  in g re d ie n ts “ 22 .01 22.01 22 .01
T o ta l 100 .00 100 .00 1 00 .00

“Other ingredients and amounts (in lb) fed in 
each ration are as follows: wheat flour middlings 5.0; 
corn gluten meal 2.0; menhaden fish meal 5.0; meat 
scraps (52% crude protein) 2.0; alfalfa meal (17% 
crude protein) 3.0; dried whey 1.5; ground limestone 
1.3; deflourinated rock phosphate 0.8; iodized salt 
0.4; trace mineral concentrate (8% manganese, 3% 
zinc, 24% min calcium) 0.5; vitamin premix # 7  
(1.5 mg vitamin BJ2 and 2g chloretetracycline per lb) 
0.5; and antioxidant (25% butylated hydroxy tolu
ene) 0.01.

EXPERIMENTAL
300  D A Y -O J.D  m a le  b ro i le r - ty p e  c h ic k s  w ere  
fed  th re e  d ie ts  f ro m  d a y -o ld  to  10  w k  o f  age. 
O n e  r a t io n  c o n ta in e d  8%  b e e f  ta llo w , a n o th e r  
8%  s a ff lo w e r o il, a n d  th e  th i r d  d ie t ,  th e  C o n 
tro l ,  n o  a d d e d  fa t ,  T a b le  1.

T h e  f a t ty  a c id  c o m p o s itio n  o f  th e  ta llo w  
a n d  s a ff lo w e r o il u s e d  in  th e  r a t io n s  is  sh o w n  
in  T a b le  2 . S a ff lo w e r o il c o n ta in e d  8 9%  u n s a t 
u ra te d  f a t ty  a c id s  o f  w h ic h  7 6%  c o n ta in e d  
tw o  o r  m o re  d o u b le  b o n d s . B e e f  ta l lo w  c o n 
ta in e d  5 1%  u n s a tu r a te d  f a t ty  a c id s , w ith  le ss  
t h a n  4%  c o n ta in in g  tw o  o r  m o re  d o u b le  
b o n d s .

C h ic k s  w e re  ra is e d  in  b a t t e r y  b ro o d e rs , 
h o u se d  in  a  te m p e r a tu r e  c o n tro lle d  b ro o d e r  
h o u se  a n d  s u p p l ie d  fe e d  a n d  w a te r  a d  l i b i 
tu m . T e n  b ro ile r s  f ro m  e a c h  t r e a tm e n t  w ere  
se le c te d  a t  r a n d o m  a n d  p ro c e s s e d  a t  b i 
w ee k ly  in te rv a ls  f ro m  4 -1 0  w k  age .

U n c o o k e d  s k in , e x c lu d in g  t h a t  o n  th e  n e c k  
a n d  th i r d  w in g  jo in t ,  m u s c le  t i s s u e  f ro m  th e  
b re a s ts  a n d  th ig h s , a n d  th e  a b d o m in a l  fa t  
f ro m  fiv e  o f  th e  c a rc a s s e s  w e re  re m o v e d , 
g ro u n d  s e p a ra te ly ,  fre e z e  d r ie d ,  a n d  th e  f a t ty  
a c id s  e x tr a c te d .  T h e  o th e r  f iv e  c a rc a s s e s  in  
e a c h  t r e a tm e n t  w ere  la b e le d  a n d  co o k e d  a t  
180°F  fo r 1 h r  in  5  g a l o f  w a te r  in  a  s te a m  
ja c k e t  k e tt le . T h e  f a t  in  th e  co o k e d  tis s u e s  
w as  re m o v e d , g ro u n d , f r e e z e -d r ie d , a n d  
e x tr a c te d  a s  d o n e  w ith  th e  ra w  tis s u e s . F a t  in  
th e  c o o k in g  w a te r  w as  s e p a r a te d  b y  p h y s ic a l 
m e a n s  in  a  s e p a r a to r y  f la s k  a n d  p r e p a r e d  fo r 
a n a ly s is  b y  g as  l iq u id  c h ro m a to g ra p h y .

L ip id  s a m p le s  w e re  e s te r if ie d  a n d  a n a 
ly ze d  b y  g a s  c h ro m a to g ra p h y  b y  th e  m e th o d s  
o f  M e tc a lf e  e t  a l. (1 9 6 6 ) a n d  W ijn g a a rd e n  
(1 9 67 ). T h e  fo llo w in g  s te p s  w e re  u s e d  in  e s te r 
if ic a tio n :

1. A p p ro x im a te ly  150  m g  o f  f a t ty  m a te r ia l  
w as  p la c e d  in  a  5 0  m l v o lu m e tr ic  f la s k .

Table 2— Fatty acid composition o f dietary fats

C h a in  le n g th  
a n d  n u m b e r  o f 
d o u b le  b o n d s F a t t y  a c id

B ee f
ta l lo w

S a f
f lo w e r

oil
8 :0 C a p ry lic 0 .2 0 .0

10:0 C a p r ic 0 .1 0 .0
12:0 L a u r ie 0 .1 0 .0
14:0 M y r is t ic 2 .3 0.1
14:1 M y r is to le ic 0 .7 0 .0
16:0 P a lm it ic 2 7 .4 8 .2
16:1 P a lm ito le ic 3 .4 0.1
18:0 S te a r ic 17.9 2.7
18:1 O le ic 4 3 .0 12.5
18:2 L in o le ic 2 .7 74.7
18:3 L in o le n ic 0 .6 1.4

M isc e lla n e o u s 1.6 0.3
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2. 4 m l o f  0 .5 N  m e th a n o lic  N a O H  w as 
a d d e d  to  th e  m ix tu re .

3. T h e  m ix tu re  w a s  h e a te d  fo r 2 -5  m in  o n  a  
s te a m  b a th  u n t i l  th e  f a t  g lo b u le s  w e n t in to  
s o lu tio n .

4. 5 m l o f  B F i m e th a n o l w as  a d d e d  to  th e  
f la s k  a n d  th e  m ix tu re  b o ile d  fo r  2 m in .

5 . 5 m l o f  d is t i l l e d  h e x a n e  w as  a d d e d  to  th e  
f la s k  a n d  th e  m ix tu re  b o ile d  fo r  1 m in .

6 . E n o u g h  s a tu r a te d  s o d iu m  c h lo r id e  s o lu 
t io n  w as a d d e d  to  b r in g  th e  l iq u id  leve l 
in to  th e  n e c k  o f  th e  f la sk .

7 . T h e  u p p e r  la y e r  (h e x a n e )  w a s  p ip e t te d  
in to  a  g la s s - s to p p e re d  c e n tr i fu g e  tu b e .

8 . T h e  v o lu m e  w as  a d ju s te d  to  0 .5  m l b y  th e  
a d d i t io n  o f  h e x a n e  o r  th e  e v a p o ra tio n  o f  
ex cess  h e x a n e  u n d e r  a  s t r e a m  o f  n itro g e n  
gas.

9 . A  p in c h  o f  a n h y d ro u s  s o d iu m  s u lf a te  w as 
a d d e d  to  b in d  tr a c e s  o f  w a te r .

10. B e tw e e n  0 .1 -0 .6  p I o f  th is  s o lu tio n  w as 
in je c te d  d ire c t ly  in to  th e  gas  c h ro m a to 
g ra p h ic  c o lu m n .
T h e  f a t ty  a c id s  fo u n d  in  th e  t is s u e  s a m p le s  

w ere  id e n t i f ie d  b y  u s in g  k n o w n  c o n c e n t r a 
tio n s  o f  k n o w n  f a t ty  a c id s  o b ta in e d  fro m  
H o rm e l I n s t i tu te  (A u s tin , M in n .)  a n d  S u p le c o  
In c . (B e lle fo n te , P a . )  T h e s e  f a t ty  a c id s  w ere  
a lso  id e n ti f ie d  b y  a  c o m m e rc ia l la b o ra to ry  
w h ic h  f u r th e r  le n d s  c r e d ib i l i ty  to  th e  c o rr e c t  
d e te c t io n  o f  th e s e  a c id s . T h e  re te n t io n  t im e  
fo r  e a c h  f a t ty  a c id  w as c o m p a re d  w ith  a

k n o w n  s ta n d a r d  s in c e  i t  is k n o w n  t h a t  u n d e r  
th e  s a m e  p a r a m e te r s  f a t ty  a c id s  h a v e  d i f f e r 
e n t  re te n t io n  t im e s  b u t  e a c h  f a t ty  a c id  h a s  i t s  
o w n  r e p e a ta b le  r e te n t io n  t im e . R e la t iv e  p e r 
c e n ta g e s  o f  th e  f a t ty  a c id s  in  th e  t i s s u e  w e re  
c a lc u la te d  b y  u s in g  in te g r a to r  c o u n ts  a d ju s te d  
to  a  s t a n d a r d  a t te n u a t io n .

A to ta l  o f  6 60  c h ro m a to g ra p h s  w e re  m a d e  
b y  f r a c t io n in g  th e  f a t ty  a c id  m e th y la te s  w ith  
a n  F  a n d  M  m o d e l 4 0 0  g a s  l iq u id  c h ro m a to 
g ra p h  e q u ip p e d  w ith  a  h y d ro g e n  f la m e  d e te c 
to r . A lu m in u m  c o lu m n s  (9 -1 /2  f t  X  1 /4  in ) 
p a c k e d  w ith  15%  b y  w e ig h t o f  d ie th y le n e  
g lyco l s u c c in a te  (D E G S )  o n  6 0 -8 0  m e s h  
c h ro m s o rb  W  w ere  u s e d  a t  a n  is o th e rm a l  o v en  
te m p e r a tu r e  o f  222°C  fo r  th e  f i r s t  tw o  m o n th s  
o f  a n a ly s is . I t  w as  fo u n d , h o w e v e r, t h a t  th e  
D E G S  c o lu m n  b ro k e  d o w n  ra p id ly  a t  th i s  
te m p e r a tu r e .  T h e re fo re , in  s u b s e q u e n t  a n a ly 
s is  a  g lass  c o lu m n  (5 -1 /2  f t  X  1 /4 - in )  p a c k e d  
w ith  15%  D E G S  o n  6 0 -8 0  m e s h  c h ro m s o rb  W  
w as u s e d  a t  a n  is o th e rm a l o v e n  te m p e r a tu r e  
o f  190°C .

O th e r  p a r a m e te r s  u s e d  in  th e  G L C  a n a ly 
s is  w e re  p re p u r i f ie d  n itro g e n  g a s  a s  a  c a r r ie r  
g as  a t  5 0  m l /m in ,  h y d ro g e n  a n d  b re a th in g  a i r  
a t  40  m l /m in  to  m a in ta in  th e  h y d ro g e n  f la m e , 
a n d  a  f la s h  h e a te r  a t  200°C  fo r  q u ic k  v a p o r i 
z a t io n  o f  th e  in je c te d  m ix tu re .

T h e  m e th y l  e s te r  p e a k s  w e re  a lso  id e n t i 
f ie d  b y  p ro g ra m m e d  te m p e r a tu r e  a n a ly s is  
a n d  b y  th e  u se  o f  c o lu m n  p a c k in g s  to  c h a n g e

th e  o rd e r  o f  p e a k  a p p e a r a n c e  (3 %  C C  G ra d e  
S E -3 0  on  8 0 -1 0 0  c h ro m s o rb  W H  w h ic h  
re v e rs e s  th e  a p p e a r a n c e  o f  u n s a tu r a te d  
m e m b e rs  o f  a  c a rb o n  s e r ie s ) .

RESULTS & DISCUSSION
THE FATTY acid composition of lipids 
from raw and cooked skin, breast and 
thigh tissues from birds fed the Control 
ration, and the rations containing tallow 
and safflower oil are presented in Table 
3. The fatty acids eluted from the di
ethylene glycol succinate column in the 
larger quantities and in carbon chains 13 
and 25 are listed in the order of their 
emergence from the column.

Fatty acids of 13- and 25-carbon 
chains from raw skin tissue of 4 wk-old 
broilers were detected in our laboratory 
as well as in a commercial laboratory. 
To the authors’ knowledge, this is the 
first study to show the presence of these 
fatty acids in the skin of 4 wk-old birds. 
Since carbon 13 fatty acid was prevelant 
only in 4 wk-old broilers and work in 
literature concerned with fatty acids in 
broilers has been conducted primarily 
with 8 wk-old birds, there was little

Table 3— Fatty acid composition o f lipids from the skin, breast muscles and thigh muscles from broilers fed tallow (T), safflower oil (S .O .) and the Control (C) diet 
(Avg 5 broilers)

R a w C o o k e d
A ge 4  w k  A g e  6  w k  A g e  8  w k  A g e  10 w k  A g e  8  w k  A g e  10 w k

F a t t y C T S .O . C T S .O . C T S .O . C T S .O . C T S .O . C T S .O .
A c id “ % % % % % % % % % % % % % % % % % %
S k in
13:0 o.T 0 .0 0.1 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
16:0 2 6 .6 2 5 .0 16.6 2 9 .0 15.0 2 0 .5 26.3 17.1 17.0 2 8 .3 18.5 14.7 2 1 .0 1 7 .9 18.9 2 4 .5 2 0 .5 2 4 .3
16:1 2 .9 4.1 3 .4 6 .8 5 .7 5 .3 7 .3 5 .0 4 .9 4 .1 5 .3 3 .3 6 .6 8.1 1.4 7 .4 5 .5 0 .0
1 8:0 4 .6 4 .8 5 .4 7 .0 7 .5 11.1 6 .3 8 .8 8 .9 4 .2 7 .8 5 .8 6 .3 10.4 6 .9 7 .6 8 .5 3 .5
18:1 3 5 .2 48.2 2 2 .7 3 3 .9 3 1 .9 2 4 .6 3 6 .0 3 0 .4 2 7 .4 3 6 .4 3 7 .4 2 4 .3 3 1 .2 2 9 .8 2 6 .3 3 7 .2 4 1 .0 3 8 .4
18:2 2 0 .8 14.1 25.1 2 3 .5 34.2 2 9 .8 18.6 2 8 .8 3 4 .8 19.2 2 0 .3 4 8 .9 2 0 .7 22.1 36.1 20.1 2 0 .0 18.5
1 8:3 2 .9 0 .0 0 .2 0.1 1.1 0 .8 0 .4 0 .9 0 .4 0 .2 0 .0 0 .0 4 .9 0 .0 2 .3 0 .1 0 .0 1.1
2 5 :0 0 .4 0 .0 1.5 0 .0 0 .0 0 .2 0 .0 0 .0 0 .0 0 .2 0 .0 0 .0 0 .1 0.1 0 .0 0 .0 0 .0 1.1

B r e a s t  M u sc le s
1 3 :0 0 .0 0.1 1.1 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
16:0 26.1 2 3 .4 16.4 24.3 20.1 18.4 27.3 2 2 .0 16.1 2 0 .8 2 0 .8 18.3 21.3 16.8 18.6 3 6 .5 19.3 1 8 .6
16:1 3 .0 5.4 4 .2 6 .6 2.1 4 .9 6 .7 6 .9 3.1 9 .1 5 .8 2 .8 7.6 7.5 5 .4 5 .5 5 .5 7.5
1 8:0 8 .8 9 .8 8 .0 8.1 8 .0 9.1 5 .0 10.4 7.3 6 .5 9 .2 7 .5 8 .9 10.8 8 .9 5 .4 10.4 6 .3
18:1 37.7 4 2 .9 2 2 .9 3 1 .6 3 1 .5 3 0 .2 3 9 .0 3 2 .4 2 6 .0 3 2 .9 4 1 .7 2 7 .3 3 4 .4 3 0 .2 3 2 .4 3 9 .8 3 4 .3 3 6 .1
1 8:2 20.1 15.6 3 9 .8 2 3 .7 2 6 .9 2 8 .7 19.2 17.4 4 4 .0 1 8 .5 18.3 4 0 .7 18.6 2 4 .6 2 6 .6 18.4 2 4 .5 19.2
1 8:3 0.1 0 .0 0 .5 0 .1 0 .0 0 .2 0 .2 0 .7 0 .3 0 .0 0 .0 0 .5 1.1 0 .0 0.1 0 .0 0 .0 0 .9
2 5 :0 0 .0 0 .5 0 .6 0 .5 0.1 0 .4 0 .0 0 .0 0 .0 0 .5 0 .0 0 .0 0 .0 0.1 0.1 0 .0 0 .0 0 .3

T h ig h  M u sc le s
1 3 :0 0.1 0 .2 0 .4 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
16:0 24.1 20.1 2 1 .9 2 3 .5 18.1 17.6 2 4 .7 19.0 18.2 2 3 .6 2 0 .3 13.6 23.1 16.6 17.5 26.1 2 0 .9 1 7 .0
16:1 7 .5 7 .6 1.8 5 .9 5 .6 5 .3 8.1 8 .9 3.1 8 .5 5 .8 2 .6 8 .1 8 .3 3 .4 7.0 5.1 3 .1
1 8:0 7.4 6 .9 5.3 7 .8 8 .5 9.1 6 .4 9 .2 8 .2 4.1 8 .6 6 .0 6 .7 11.0 8 .2 6 .2 9 .8 9 .2
18:1 3 2 .9 3 8 .9 2 2 .8 3 4 .2 3 1 .0 3 3 .5 40.1 3 1 .8 2 9 .7 3 7 .0 3 9 .7 2 2 .5 3 2 .8 3 0 .5 28.1 4 0 .0 4 0 .9 2 1 .8
18:2 19.6 16.5 2 4 .6 23.1 2 3 .9 2 7 .3 17.9 2 0 .8 3 4 .0 18.5 20.1 4 3 .8 19.2 2 1 .8 3 2 .6 18.0 19.7 44.4
18:3 0 .0 0.1 0 .0 0.1 0 .5 0.3 0 .6 0 .0 0.1 0 .0 0 .0 0 .2 3 .7 0 .0 0 .0 0 .0 0 .0 0 .0
2 5 :0 0 .6 0 .4 0.4 0 .4 0 .2 0 .0 0 .0 0 .2 0 .0 0 .4 0 .0 0 .0 0.1 0.1 0 .3 0 .0 0 .0 0 .0

“Carbon chain length: number of double bonds.
‘Values rounded off to one decimal place. Standard evaluations were not calculated unless retention time of the fatty  acid in four or more samples matched the retention time of the standard. Carbons 12-26 were isolated and identified but most of them in small amounts are not included.
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Table 4— Fatty acid composition o f lipids from abdominal fat and fat in water after cooking (Avg 5 broilers)

R a w
A g e  4  w k A g e  6  w k A ge 8  w k A ge 10 w k

F a t t y C* rp6 S .O .k C T S .O . C T S .O . C T S .O .
A c id “ % % % % % % % % % % % %
13:0 0 .2 0 .2 0 .2 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
16:0 2 5 .2 2 6 .4 19.3 24.1 19.1 19.8 23.3 16.4 18.9 2 5 .5 2 1 .7 15.0
16:1 4 .8 0 .0 0 .0 7 .5 3 .3 3 .3 8 .0 3.1 1.1 8.1 4.3 4 .7
16:2 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 1.5 0 .0 0 .0 2 .3
18:0 5 .4 3 .8 2 .7 6 .8 5 .2 8 .5 5.7 5 .8 7 .0 6.3 6 .5 18.6
18:1 3 6 .8 3 9 .2 25.1 3 3 .9 3 3 .2 2 7 .9 3 7 .7 4 3 .6 2 8 .9 3 3 .8 4 1 .5 11.9
18:2 17.1 15.5 3 8 .5 2 2 .4 3 1 .3 2 8 .2 22.1 19.8 3 5 .5 16.8 18.4 4 1 .0
18:3 2 .5 0 .0 0 .0 0.1 0 .7 1 .0 0 .8 0 .0 0.4 0 .0 0 .0 0 .0
2 5 :0 0 .2 1 .8 0 .1 0 .3 0 .3 0 .0 0 .0 0 .0 0 .0 0 .2 0 .0 0.1
F a t  f ro m  C o o k in g  W a te r
16:0 3 2 .8 2 5 .6 18.9 2 6 .0 14.3 2 6 .7
16:1 0 .0 0 .0 0 .0 7 .7 2 .3 7 .1
16:2 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
18:0 N o t  o b ta in e d  f ro m  4  a n d  6  w k -o ld  b ro ile rs . 3 .4 4 .9 5.2 6 .5 6 .0 0 .4
18:1 3 8 .6 3 9 .2 29.3 3 6 .9 19.8 10.0
18:2 19.2 2 1 .3 3 4 .4 19.4 4 7 .8 4 9 .8
18:3 0 .0 0 .0 0 .4 0.1 2 .9 0 .0
25:0 0 .7 0 .4 0 .6 0 .0 0 .0 0 .0

“Carbon chain length: number of double bonds.
6C = control; T  = tallow; S.O. = safflower oil. 
cSee footnote b Table 3.

chance of detecting these acids by pre
vious research workers.

Even though the source of 13-carbon 
fatty acid is not known there are several 
plausible explanations for its origin. 
Tridecanoic acid may be an intermedi
ate in the fatty acid metabolism of 
young birds or it might be the beta oxi
dation product of the 15-carbon fatty 
acid petadecanoic acid.

Pentacosanoic acid, 25:0-carbon, was 
found in larger amounts in broiler skins 
than tridecanoic acid but was present 
more often in tissues in older broilers. 
Both pentacosanoic and tridecanoic acids may have been synthesized in the 
tissues of broilers or they may have had 
their origin in the egg. There is also the 
possibility that minute amounts of these 
fatty acids were present in the fishery 
products added to rations.

The fate of these two acids could be 
determined by feeding radioactive 
labeled carbon in fats added in rations and subsequently determining their 
presence in fatty acids of depot fat. It is 
possible that the peaks interpreted as13- and 15-carbon fatty acids could have 
been caused by lipid compounds not 
recognized or by the fractionation of longer chain fatty acids. Further study is 
needed to substantiate the source of 
these compounds.

Lipids from raw skin of broilers fed 
the different diets contained the same 
fatty acids but the amounts varied 
slightly among weeks. The safflower oil 
fed birds contained the lowest amount of 
18 carbon fatty acids (approx. 53%) at 4

wk of age but the highest (approx. 79%) 
at 10 wk. The total percentage of the 18- 
carbon fatty acids in the other two diets 
were similar for the different periods. 
Linolenic acid was higher at 4 wk in 
broilers fed the Control diet as compared 
to broilers fed safflower oil and tallow. 
Palmitic acid (16:0) was highest each 
week in the skin of Control fed birds. 
The reason for this phenomenon is diffi
cult to explain since the amount of this 
acid was much higher in the diet containing tallow, Table 2, and would be 
expected to be deposited in smaller 
amounts in the Control diet which con
tained no added fat. Apparently the 
broilers were able to synthesize this acid 
as needed but the unanswered question is why birds fed lower amounts of this acid 
would deposit higher amounts of it in the skin than those on feed containing fat 
with the higher of this fatty acid. The 
level of palmitoleic acid (16:1) in skin 
lipids varied in amounts among weeks 
and treatments.

In lipids from breast muscles the 
three acids in the largest amounts were palmitic, oleic and linoleic. Palmitic acid 
was highest in birds fed the Control diet. 
Birds fed safflower oil contained the 
lowest amount of palmitic acid which 
was consistent in amounts among weeks. The total amount of oleic and linoleic acid in the Control fed birds was similar 
among weeks but fluctuated in broilers 
fed tallow and safflower oil. The reason 
for these differences is not understood since the beef tallow ration contained 
much higher amounts of both acids than

the other two rations. Linolenic acid was 
noted in small amounts in the different 
age broilers. Also noted was small 
amounts of 13- and 25-carbon chain 
fatty acids.

Lipids in thigh muscle contained 
about the same amounts of palmitic, 
oleic and linolenic acids as those in 
breast muscles. Palmitoleic acid (16:1) was deposited in smaller amounts in 
thighs from broilers fed safflower oil 
than in the other two diets. The amount 
of oleic acid in thighs of birds fed the same ration varied among weeks. Since 
the amount of this acid deposited in 
lipids did not consistently increase or 
decrease with the age of the bird, it is 
difficult to make a logical explanation as to the reason for the bi-weekly variations 
noted.

The cooked tissues often contained 
smaller quantities of the different fatty 
acids than was noted in the raw tissues. This did not hold true, however, with 
linolenic acid which was in larger quantities in the cooked tissue than in raw 
tissue. Chang and Watts (1952) also reported a substantial increase in the 
linolenic acid content of cooked chicken 
meat. This phenomenon has not been noted in ground pork, bacon, ham, beef 
roasts, leg of lamb, or lamb chops but was destroyed in these meats by cooking. These workers reported that cooking 
caused an increase in the 18:3 carbon 
fatty acid in chickens. It was also shown that linolenic acid varied from 20-30% 
in chicken and turkey fat but only 1-2% 
in beef and lamb fat. The higher levels



434—JOURNAL OF FOOD SCIENCE— Volume 36 (1971)

of linolenic acid in cooked tissues may 
be explained on the basis that the oxida
tion of unsaturated fatty acids may 
cause an additional double bond to 
appear in the acids during alkali isomer
ization.

The fatty acid composition of ab
dominal fat from broilers fed the three diets is presented in Table 4. It may be 
noted that the 13-carbon chain fatty acid 
was present in abdominal fat of 4 wk-old 
broilers. Carbon 25-chain fatty acid was 
found in varying amounts in fat from 
different age broilers. Palmitic acid levels varied each week in fat from birds 
fed all three rations and was higher in 
broilers fed the Control ration. The tal
low diet contained the highest level of 
palmitic acid and yet palmitic acid was 
the lowest in the abdominal fat of birds 
fed this diet in two of the five periods. 
The reason for this result is not known.

There appeared to be an inverse rela
tionship between the amount of oleic and linoleic acids in the abdominal fat. 
Broilers fed safflower oil contained a 
higher level of linoleic acid in the 
abdominal fat than broilers fed the other 
two rations. Birds fed the Control diet and the diet containing tallow showed 
higher levels of oleic acid than did broil
ers fed safflower oil. This would be

expected in broilers fed tallow because of 
the level of this acid in the ration. The 
amount of 18:3 fatty acid in the abdomi
nal fat was relatively small and varied 
among weeks and treatments.

Fatty acids in lipids recovered from 
cooking water at 8 and 10 wk were simi
lar to those in the tissues cooked in water.

The data presented in this study 
further demonstrate a marked similarity 
among the fatty acids in lipids from 
poultry tissues of different age birds. 
These results are in agreement with 
those of Cruickshank (1934) who showed 
a great similarity in fatty acids among 
different poultry tissues. However, 
Marion and Woodroof (1963) reported a 
difference in fatty acid composition of 
poultry tissues. These workers stated 
that appreciable quantities of 22- and 
24-carbon fatty acids were detected in 
breast tissues (6.9%) in the Control 
group, while smaller quantities (6.7%) 
were generally found in thigh tissues of 
the Control group.

The amount of a particular fatty acid 
included in the ration was not neces
sarily deposited in the same relative 
amounts in different areas in broilers. In 
many cases, the fatty acid found in the 
largest amounts in lipids from different

tissues of broilers was not present in the 
largest amount in the ration. Lipids from 
broilers fed the Control ration had a 
higher level of palmitic acid than did 
lipids from birds fed tallow or safflower 
oil. A logical reason for this observation is not known.

REFERENCES
Chang, I.C.L. and Watts, B.M. 1952. The fatty acid content of meat and poultry before and after cooking. J. Am. Oil Chem. Soc. 29: 334. Cruickshank, E.M. 1934. Studies in fat metabolism in the fowl. I. The composition of the egg fat and depot fat of the fowl as affected by the ingestion of large amounts of different fats. Biochem. J. 28: 965.Hilditch, T.P., Jones, E.C. and Rhead, A.J. 1934.The body fats of the hen. Biochem. J. 28: 786. Marion, J.E. and Edwards, H.M. Jr. 1963. Effect of age on the response of chickens to dietary protein and fat. J. Nutrition 79: 53.Marion, J.E. and Woodroof, J.G. 1963. The fatty acid composition of breast, thigh, and skin tissues of chicken broilers as influenced by dietary fats. Poultry Sci. 42: 1202.Metcalfe, L.D., Schmitz, A.A. and Pelka, R. Jr. 1966. Rapid preparation of fatty acid esters from lipids for gas chromatographic analysis. Anal/ Chem. 38: 514.Wijngaarden, D.V. 1967. Modified rapid preparation of fatty acid esters from lipids for gas chromatographic analysis. Anal. Chem. 39: 848.Ms. received 5/21/70; revised 10/15/70; accepted 11/16/70.

Portion of a dissertation submitted by G. A. Schuler in partial fulfillment of the requirements for the degree, Doctor of Philosophy in Animal Science (Food Science and Technology), Virginia Polytechnic Institute and State University.



P. E. BOUTON, P. V. HARRIS and W. R. SHORT HOSE 
CSIRO Division of Food Preservation—Meat Research Laboratory

P.O. Box 12, Cannon Hill, Brisbane, Queensland, Australia 4170

EFFECT OF ULTIMATE pH UPON THE WATER-HOLDING CAPACITY  
AND TENDERNESS OF MUTTON

SUMMARY— Ultimate pH values in the musculature of sheep ranging from S.6-7.0 have been 
obtained by using pre-slaughter injections of epinephrine. A high speed centrifugal method was 
used to measure the water-holding capacity of raw M. semitendinosus (ST), semimembranosus 
(SM) and biceps temoris (BF). Results showed a high correlation with ultimate pH. Cooking losses 
and the amounts of centr'Hugally expressed juice were determined for the SM and BF cooked for 1 
hr at either 65°C or 90°C. Cooking losses at 65°C decreased linearly with increasing pH while the 
losses at 90°C showed little change up to a raw meat pH of ca. 5.9, then decreased linearly with in
creasing pH. The amount of juke centrifugally expressed from the cooked meat, which has a high 
positive correlations with organoleptk juiciness, increased linearly with pH. Tenderness of the cooked 
SM and BF muscles was measured using a Warner-Bratzler shearing device and an Instron Universal 
Testing Machine: both gave high objective-subjective correlations. Instron measurements have high 
negative linear correlations with ultimate pH for both the 65 °C and 90°C cooked samples. Hardness 
of these muscles, cooked at 65°C or 90°C, decreased approximately three-fold as ultimate pH in
creased from S.6-6.9. Results obtained using the Warner-Bratzler device showed linear regressions 
with a significant quadratic component for one muscle at both 65°C and 90°C.

INTRODUCTION
WATER-HOLDING capacity (WHC) of raw and cooked meat has been related to 
such important organoleptic properties 
as juiciness and tenderness (Hamm,
1960). Change in WHC of muscle homo
genates has been shown (Hamm, 1958a, 
b; 1959) to be closely related to pH, and 
to be a sensitive indication of variations 
in the charges and structure of muscle 
proteins. The pH of these homogenates was adjusted by the addition of acid or 
alkali (Grau et al., 1953). It has often 
been assumed that these results with 
meat homogenates were directly applica
ble to intact meat samples.

Winkler (1939) obtained a range of 
pH values in whole meat samples by 
injecting lactic acid or ammonia and 
produced changes in tenderness although these solutions were probably not evenly 
distributed through the meat.

Pre-slaughter stress or drug admini
stration has been used (Bouton et al.,
1957) to vary ultimate pH. Other work
ers have relied on normal variation in pH and investigated the relationship 
between pH and meat properties.

Lewis et al., (1967a, b) stressed cattle before slaughter to produce an increase 
in ultimate pH but their results were 
equivocal. Penny et al. (1963) and de 
Fremery (1963) induced high ultimate 
pH by pre-slaughter injection of epine
phrine and/or iodoacetate and found 
that meats with a high pH were more 
tender and juicy than those with a low 
pH.

There have been few studies of the variation in the properties of meats over 
a wide range of ultimate pH. Although

Mackey et al. (1952) used pork with a 
pH range of 5.57-6.39, they found no 
relationship between pH and tenderness, 
probably because only five animals were 
used. Bouton et al. (1957) reported a 
curvilinear relationship between the 
ultimate pH of beef (range 5.55-6.48 but 
with very few readings above 5.8) and 
sensory toughness; peak toughness 
occurred in meat with a pH of about 6.0. 
From the results available, it has been 
difficult to determine the precise rela
tionships between pH and meat proper
ties. Often only a limited pH range had been studied or samples were unevenly distributed within the range. Frequently, 
only contrasts were made between meats 
of high and low pH.In this present investigation drugs 
were administered to sheep before 
slaughter to produce muscles with a wide 
range of ultimate pH values (5.6-7.0) in an attempt to investigate the relation
ship between pH and WHC of the raw 
meat. The effects of pH on moisture 
losses and on the tenderness of samples 
cooked at 65°C and 90°C were also determined. Tenderness was assessed using 
two methods, viz, the Warner-Bratzler 
shear and a penetrometer method involv
ing an Instron Universal Testing Ma
chine (Instron Ltd., Bucks., England).

MATERIALS & METHODS
A nim als and p re -slau g h ter  treatm en ts

T h e  16 s h e e p  u s e d  w e re  M e rin o  X  w e th e rs ,
3 - 4 - 1 /2  y e a r s  o ld , m e a n  liv e w e ig h t 4 5 .2  ±  0.7 
K g. T h e y  w e re  p e n n e d  in d iv id u a lly  a n d  fed  
a l f a l f a  h a y  a n d  a  c o m m e rc ia l s h e e p  c o n c e n 
t r a te ,  15%  p ro te in , fo r  8  w k  p r io r  to  s la u g h te r .

T o  p ro d u c e  m u s c le s  w ith  a  h ig h  u l t im a te  
p H , s u b c u ta n e o u s  in je c t io n s  o f  1 :1 0 0 0  o r  1: 
5 0 0  (w /v )  a d r e n a l in e  c h lo r id e  w e re  u se d , 
u s u a l ly  a d m in is te r e d  in  tw o  d o ses , a n d  in  
so m e  c a se s  s u p p le m e n te d  b y  a n  in tr a v e n o u s  
in je c t io n  s h o r t ly  b e fo re  s la u g h te r .  T h e  to ta l  
a m o u n t  o f  a d re n a l in e  g iv en  s u b c u ta n e o u s ly  
in  th e  tw o  in je c t io n s  v a r i e d  fro m  6 -3 0  m g. 
T h e  f i r s t  d o se  w as  g iv en  2 3 - 1 /2 - 2 9  h r  b e fo re  
s la u g h te r . T h e  in te rv a l  b e tw e e n  th e  seco n d  
d o se  a n d  s la u g h te r  v a r ie d  f ro m  5 2 -3 7 5  m in .

T o  p ro d u c e  m u s c le s  w ith  a  lo w -n o rm a l p H  
“ M y a n e s in ”  (B .D .H . L td . ,  L o n d o n )  [3 -(2 - 
m e th y lp h e n o x y ) p r o p a n e - l :2 -d io l]  w as a d m in 
is te re d  e i th e r  in t r a v e n o u s ly  [5 0  o r  65  m l o f  a  
2%  s u s p e n s io n , in  0 .9%  ( w /v )  N a C l]  a s  o n e  
d o se  im m e d ia te ly  p r io r  to  s tu n n in g  o r  o ra l ly  
a s  tw o  d o se s  o f  1 .5 a n d  2 .0  g, g iv en  28 h r  a n d  
4 h r  p r io r  to  s tu n n in g  th e  a n im a l  in  i ts  ow n 
p en .

A n im a ls  w e re  b le d  im m e d ia te ly  a f te r  
s tu n n in g  w ith  a  c a p t iv e - b o l t  p is to l . I n  th e  
c a se  o f  a n im a ls  s tu n n e d  in  th e i r  p e n s  th e  t im e  
b e tw e e n  s tu n n in g  a n d  b le e d in g  v a r ie d  f r o m
1 -1 -1 /2  m in . T h e  a n im a ls  w e re  d re s s e d  a n d  
th e n  c h il le d  a t  1°C fo r  72 h r .
M easurem ent o f pH

p H  o f  w h o le  o r  c o m m in u te d ,  ra w  o r 
co o k e d  m e a ts  w as  m e a s u re d  d ir e c t ly  o n  th e  
m e a t  u s in g  a n  IL 1 7 5  m e te r  ( I n s t r u m e n ta t io n  
L a b o r a to ry  In c . ,  B o s to n , M a s s .)  w ith  a  p ro b e -  
ty p e  c o m b in e d  e le c tro d e . T e n  p H  re a d in g s  
w ere  m a d e  o n  e a c h  s a m p le  a n d  th e  m e a n  o f  
th e s e  u se d . M e a t  te m p e r a tu r e  w as  a p p ro x i
m a te ly  20°C  w h e n  p H  d e te rm in a t io n s  w ere  
m a d e . T h e  p H  m e a s u re d  fo r  th e  ra w  m e a t  
w as th e  u l t im a te  o r  m in im u m  p H , t a k e n  a f te r  
th e  c a rc a s e s  h a d  b e e n  h e ld  fo r  3 d a y s  a t  
1-2°C.
M easurem ent o f  WHC

M a n y  m e th o d s  fo r  m e a s u r in g  W H C  h a v e  
b e e n  d e s c r ib e d  in  th e  l i te r a tu r e .  M o h le r  a n d  
K ie rm e ie r  (1 9 5 3 ) u s e d  s e d im e n ta t io n  w h ile  
o th e rs , in c lu d in g  M a r s h  (1 9 5 2 ), W ie rb ic k i  
a n d  D e a th e ra g e  (1 9 5 8 ), H a m m  (1 9 5 8 b ) , 
P e n n y  e t  a l . (1 9 6 3 ) a n d  M il le r  e t  a l . (1 9 6 8 ), 
h a v e  u s e d  c e n tr i fu g a tio n .  T h e  m o s t c o m 
m o n ly  u se d  m e th o d s  s e e m  to  b e  m o d if ic a tio n s  
o f  th e  p re s s  m e th o d  o f  G r a u  e t  a l . (1 9 5 3 ) a n d  
G ra u  a n d  H a m m  (1 9 5 3 , 1 95 7). A ll m e th o d s  
a t te m p te d  to  t a k e  m e a t  s a m p le s , g e n e ra lly  
h o m o g e n ize d , th ro u g h  a r b i t r a r i ly  d e f in e d  
t r e a tm e n ts  a n d  m e a s u re  re la t iv e  c h a n g e s  
b e tw e e n  th e  v a r io u s  s a m p le s .

T h e  m e th o d  u s e d  h e re  w as  a  m o d if ic a t io n  
o f  th e  h ig h  s p e e d  c e n tr i fu g a tio n  m e th o d  o f  
A k ro y d  (p r iv a te  c o m m u n ic a t io n ) , in  w h ich  
e i th e r  w ho le  o r  m in c e d  m e a t  s a m p le s  w e ig h 
in g  3 -4 g  w e re  c e n tr i fu g e d  a t  1 2 0 ,0 0 0 -1 9 0 ,0 0 0  
X  G  fo r  3 0 -6 0  m in . S a m p le s  w e re  p la c e d  in  

p o ly p ro p y le n e  tu b e s  a n d  w e re  s p u n  w ith o u t 
a d d e d  w a te r . T h e s e  s a m p le s  w e re  w e ig h ed  
b e fo re  c e n tr i fu g in g  a n d  a g a in  a f te r  d e c a n t in g
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th e  c e n tr i fu g a lly  e x p re s s e d  ju ic e . T h is  m e th o d  
w as c o n s id e re d  to  h a v e  d is t in c t  a d v a n ta g e s  
o v e r  a l l p re v io u s ly  r e p o r te d  m e th o d s  s in c e ,
(a )  i t  c o u ld  b e  u s e d  fo r  b o th  ra w  a n d  co o k e d  
s a m p le s ;  (b ) i t  c o u ld  g iv e ju ic e  s u i ta b le  fo r 
f u r th e r  a n a ly s is ;  (c ) i t  g av e  c o e ff ic ie n ts  o f  
v a r ia t io n  o f  b e t t e r  t h a n  5 % ; a n d  (d ) a l th o u g h  
th e  c o n d i t io n s  w e re  a r b i t r a r i ly  s e t, th e y  w ere  
e a s i ly  r e p ro d u c ib le .

I n  th e  p r e s e n t  s tu d y  a c c u ra te ly  w e ig h ed  
m e a t  s a m p le s  1 -1 /2  2-1 /2 g  w e re  c e n tr i fu g e d  
in  a  B e c k m a n  S p in c o  P r e p a r a t iv e  C e n tr ifu g e  
(S p in co  D iv is io n  o f  B e c k m a n  I n s t r u m e n ts  
In c . ,  P a lo  A lto , C a lif .)  M o d e l L  a t  1 00 ,000  X 
G  (3 6 ,0 0 0  rp m )  fo r  6 0  m in . C e llu lo se  n i t r a te  
tu b e s  w e re  u se d . T h e s e  tu b e s  h a d  e i th e r  to  b e  
fille d  w ith  m e a t  c o m p le te ly  o r  to p p e d  w ith  
d is t i l le d  w a te r  to  p re v e n t  c o lla p se . I t  w as  n o t 
p o s s ib le  to  d e te rm in e  a c c u ra te ly  th e  so lid s  
c o n te n t  o f  e x p re s s e d  ju ic e  ( E J )  w h e n  w a te r  
h a d  b e e n  a d d e d .

A f te r  c e n tr i fu g in g , th e  ra w  o r  co o k e d  m e a t  
s a m p le s  w e re  re m o v e d  f ro m  th e  tu b e s  w ith  
fo rc e p s , c a re fu lly  d r ie d  w ith  t i s s u e s  a n d  th e n  
re w e ig h ed  to  d e te rm in e  l iq u id  lo ss . F o u r  to  s ix  
r e p l ic a te s  w ere  c e n tr i fu g e d  fo r e a c h  s a m p le  
a n d  w ith  o r  w ith o u t a d d i t io n s  o f  w a te r , th e  
c o e ff ic ie n t o f  v a r ia t io n  w as  a p p ro x im a te ly  
5% .

T o ta l  m o is tu re  c o n te n t  o f  th e  ra w  s a m p le s  
w as d e te rm in e d  b y  m e a s u r in g  th e  w e ig h t lo ss 
a f te r  h e a t in g  in  a n  o v e n  a t  100°C  fo r 1 8 -2 4  h r . 
F a t  c o n te n t  w a s  d e te rm in e d  b y  th e  A O A C  
(1 9 60 ) m e th o d . E x p re s s e d  ju ic e  fro m  th e  ra w  
o r  co o k e d  m e a t  s a m p le s  w a s  d e f in e d  a s  th e  
lo ss in  w e ig h t a f t e r  c e n tr i fu g in g  e x p re s s e d  a s  
a  p e rc e n ta g e  o f  th e  in i t ia l  w e ig h t o f  th e  
u n c o o k e d  s a m p le . T o ta l  ju ic e  lo ss  ( T J L ) ,  
e x p re s s e d  a s  a  p e rc e n ta g e , w as  d e f in e d  a s  th e  
s u m  o f  th is  e x p re s s e d  ju ic e  a n d  th e  p e rc e n 
ta g e  c o o k in g  o r  d r ip  lo ss . W a te r -h o ld in g  
c a p a c i ty  w as  d e f in e d  a s  th e  f r a c t io n  o f  th e  
to ta l  m o is tu r e  c o n te n t  (T W ) r e m a in in g  a f te r  
d e d u c tin g  th e  to ta l  ju ic e  lo ss , v iz,

W H O  =  (T W  -  T J L ) / T W  =  1 -  ( T J L / T W )

F o r  ra w  m e a t  w h e re  th e r e  h a d  b e e n  no  d r ip  o r  
c o o k in g  lo ss th is  e x p re s s io n  s im p lif ie d  to  g ive:

W H O  =  1 -  ( E J /T W )

A c o r re c tio n  fo r  f a t  c o n te n t  w as  m a d e  so 
t h a t  th e  to ta l  m o is tu r e  c o n te n t  a n d  to ta l  ju ic e  
lo ss  w e re  e x p re s s e d  o n  a  f a t- f re e  b a s is . N o  
c o r re c tio n s  w e re  m a d e  fo r  th e  a c tu a l  so lid s  
c o n te n ts  o f  th e  c e n tr i fu g a lly  e x p re s s e d  ju ic e  
o r  o f  t h e  “ c o o k in g ”  ju ic e . M e a s u re m e n ts  h a v e  
in d ic a te d  t h a t  th e  fo rm e r  w a s  a b o u t  10%  
w h ile  th e  l a t t e r  w as  a b o u t  4 % . I t  w as  a s s u m e d  
t h a t  th e s e  v a lu e s  w o u ld  n o t  v a ry  g re a tly  o v e r 
th e  p H  ra n g e  s tu d ie d  a n d  t h a t  th e  a b s e n c e  o f  
s u c h  c o rre c tio n s  w o u ld  n o t  a l te r  a n y  t r e n d s  
w ith  p H .

O bjective a ssessm en t o f  ten d ern ess
T h e  te n d e r n e s s  o f  th e  m e a t  s a m p le s  w as 

d e te rm in e d  b y  u s in g  a  m o d if ic a t io n  o f  th e  
W a m e r - B r a tz le r  ty p e  s h e a r in g  d ev ice  
(B ra tz le r , 1 932), a n d  a  ta b le  m o d e l T M -M  
In s t ro n  U n iv e rs a l  T e s t in g  m a c h in e .

C o o k ed  m e a t  s a m p le s  u s e d  in  th e  W a m e r -  
B ra tz le r  d e v ic e  h a d  a  r e c ta n g u la r  c ro s s - s e c 
t io n  0 .66  c m  X  1.5 c m . T h e y  w e re  c u t  so  t h a t  
th e  k n ife  b la d e  o f  th e  d e v ic e  c u t  a c ro ss  th e  
f ib e rs  a t  r ig h t  a n g le s . A t le a s t  s ix  d e te r m in a 
t io n s  w e re  m a d e  o n  e a c h  s a m p le  a n d  th e
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Fig. 1— The water-holding capacity of several ovine muscles expressed 
as a function of the ultimate pH of the raw meat.

m e a n  o f  th e  p e a k  s h e a r  fo rc e s  u s e d  a s  a n  
e s t im a te  o f  te n d e rn e s s .

W ith  th e  In s t ro n  m a c h in e , a  0 .6 3  c m  
d ia m e te r  f la t - e n d e d  p lu n g e r  w as  d r iv e n  v e r t i 
c a lly  8 0%  o f  th e  w ay  th ro u g h  a  1 .30  ±  0 .01  
c m  th ic k  s a m p le  o f  th e  co o k e d  m e a t. T h e  
m e a t  s a m p le s  w ere  c u t  a n d  p re s e n te d  so  t h a t  
th e  f ib e rs  w ere  p e r p e n d ic u la r  to  th e  d ire c t io n  
o f  p lu n g e r  p e n e tr a t io n .  T h e  p lu n g e r  w as  
d r iv e n  in to  th e  m e a t  tw ic e  a t  e a c h  lo c a tio n  
a n d  th e  w o rk  a n d  fo rce  p e n e t r a t io n  c u rv e  fo r 
e a c h  c y c le  re c o rd e d . S ix  to  te n  s i te s  w e re  u se d  
w ith in  e a c h  s a m p le . T h e  p a r a m e te r s  d e te r 
m in e d  w ere  s im i la r  to  th o s e  d e f in e d  b y  F r ie d 
m a n  e t  a l . (1 9 6 3 ), a n d  in v o lv e d  “ h a r d n e s s ”  o r  
th e  fo rc e  r e q u ir e d  to  a c h ie v e  th e  f i r s t  p e n e t r a 
tio n  a n d  “ c o h e s iv e n e s s ”  o r  th e  ra t io  o f  th e  
w o rk  d o n e  d u r in g  th e  se c o n d  p e n e tr a t io n  to  
t h a t  p e r fo rm e d  o n  th e  f i r s t .  A s e c o n d a ry  
p a r a m e te r ,  “ c h e w in e s s ” , w as  d e f in e d  a s  th e  
p ro d u c t  o f  “ h a r d n e s s ”  a n d  “ c o h e s iv e n e s s ” . 
T h e  c o e ff ic ie n ts  o f  v a r ia t io n  fo r  th e  th re e  
p a ra m e te r s ,  h a rd n e s s ,  co h e s iv e n e s s  a n d  c h e w 
in ess , w ere  a b o u t  8 , 8 a n d  14%  re sp e c tiv e ly . 
T h e  l a t t e r  w as  a p p ro x im a te ly  e q u iv a le n t  to  
t h a t  o b ta in e d  u s in g  th e  W a m e r - B r a tz le r  
d ev ice .

Sam ple preparation  and cooking  
m ethods

B efo re  u se , c a rc a s e s  w e re  c h il le d  a t  1°C 
fo r  3 d a y s  a f te r  d e a th .  S a m p le s  w e ig h in g  
a b o u t  130g  w ere  c u t  f ro m  th e  m id d le  s e c 
t io n  o f  b o th  th e  S M  a n d  B F , w e ig h ed  a n d  
p la c e d  in  p o ly e th y le n e  b ag s . T h e s e  p o ly e th 
y le n e  b a g s  w e re  t ig h te n e d  a r o u n d  th e  s a m p le s  
u s in g  c l ip s  a n d  th e  s a m p le s  w ere  th e n  c o m 
p le te ly  im m e rs e d  in  w a te r  b a th s  a t  65  ±  
,5°C  o r  9 0  ±  ,5 'C  fo r 1 h r .  A s th e  s a m p le s  
w ere  o f  a p p ro x im a te ly  e q u a l  w e ig h t th e  t im e  
t a k e n  fo r th e  in te rn a l  te m p e r a tu r e  o f  a n y  in 
d iv id u a l  s a m p le  to  re a c h  th e  te m p e r a tu r e  o f  
th e  b a th  w as  c o n s id e re d  to  b e  s e n s ib ly  c o n 
s ta n t .  A f te r  co o k in g , th e y  w e re  re m o v e d  a n d  
co o led  in  co ld  r u n n in g  w a te r  s ti l l  in  t h e i r  e x u d 
e d  ju ic e . T h e  co o k e d  s a m p le s  w e re  th e n  c a r e 
fu lly  d r ie d  w ith  tis s u e s  to  re m o v e  ex cess  s u r 
fa ce  m o is tu re  a n d  re -w e ig h e d  to  d e te rm in e  
co o k in g  lo sses . C o o k in g  lo sses  w e re  d e te r m in 
e d  o n  w h o le  s a m p le s  o f  th e  S M  a n d  B F  a t  65°C  
a n d  90°C . T h e  p H  o f  th e  co o k e d  m u sc le s  w as

d e te rm in e d  o n  th e s e  co o k e d  s a m p le s . T h e  S T  
w as u se d  o n ly  in  th e  ra w  s ta te .

RESULTS & DISCUSSION
Ultim ate pH

The ranges of ultimate pH values 
produced in the three muscles were 
5.60-7.0 for the ST; 5.60 6.55 for the 
SM; and 5.65-6.60 for the BF. Myanesin 
treatments did not result in muscles 
having ultimate pH values of less than
5.6.
M oisture m easurem ents

R aw meat.The WHC of whole or 
minced raw samples from the 3 muscles 
was determined and plotted as a func
tion of pH (Fig. 1). When the results for 
all three muscles were combined the 
WHC was significantly correlated (P <0.001) with pH for whole (r =  0.80) and 
minced samples (r =  0.88). The minced 
samples retained significantly less mois
ture than the intact or whole samples (P 
< 0.001). The ST had a significantly 
greater WHC (P < 0.01) than the other 
two muscles

The difference in WHC between 
intact and minced samples was expected 
since considerable structural damage 
occurs during the mincing process. However the reason for the difference in 
WHC between the muscles over very 
similar pH ranges was less obvious. 
Hamm (1960) reported differences in 
pH-hydration curves for different mus
cle homogenates when their pH was 
adjusted with acid or alkali; however, 
the present work has shown that there 
may have been WHC differences which were characteristic of different muscles. 
Bouton et al. (1957) have shown differ
ences in drip losses which were charac
teristic of different muscles.

Cooked meat.The moisture losses, 
measured as a percentage of the raw
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Fig. 2— The cocking losses of the M. biceps femoris (X) and M. semi
membranosus (O) after cooking for 1 hr at 90°C and 65°C as a function 
of the ultimate pH of the raw meat.
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Fig. 3— The cooking losses of the M. biceps femoris (X) and M. semi
membranosus (O) after cooking for 1 hr at 90°C and 65°C as a function 
of the pH of the cooked meat.

weight, were determined for the BF and 
SM muscles cooked at 65°C and 90°C for 1 hr. The relationship between the pH of 
the meat both before and after cooking, 
and these cooking losses were plotted in 
Figures 2 and 3.

Cooking losses at 90°C were sensibly 
constant with increasing pH of the raw 
meat at 42-43% until a pH of about 5.9 
was reached when it decreased linearly 
to approximately 31% at pH 6.8. Cook
ing losses at 65°C decreased linearly as 
raw pH increased. The relationships between cooking loss and cooked pH 
were very similar to those obtained for 
the cooking loss and raw pH except that the curves were displaced because of the 
rise in pH produced during the cooking 
process. The increase in pH with cooking 
changes from about 0.4 units when the 
pH of the uncooked meat was 5.6 to 
nearly zero when the pH of the raw meat 
was 7.0. This increase apparently represents changes of protein charge (Hamm 
et al., 1960). The decrease in cooking 
loss, at 90°C, occurred at a pH, after 
cooking, of about 6.1-6.2.These results agreed with WHC 
results of Hamm and Deatherage (1960). Their results showed a steady linear 
increase with increasing pH, in the WHC 
of beef homogenates cooked at 60°C. In the present experiment there was a linear decrease, with increasing pH, in 
cooking loss at 65°C. Hamm and Death
erage (1960) did not use temperatures 
above 80°C. When their 80°C results were compared with the 90°C results 
reported here there were obvious simi
larities, with a difference in minimal WHC which occurred at pH 6.0-6.1 at 
80°C instead of 6.1-6.2, at 90°C. If cook
ing losses paralleled changes in WHC, than a minimum WHC and maximum 
cooking loss would be expected at pH of 
the cooked meat of about 6.1-6.2. The

results of Hamm and Deatherage (1960) 
showed there was very little change in 
WHC as the pH of the meat after cook
ing varied from 5.8 6.1 but a relatively 
sharp change from 6.1-7.0. These results 
were in agreement with Hamm’s results 
on muscle homogenates.

The total juice loss, cooking loss and 
expressed juice for SM cooked at 65°C 
and 90°C have been plotted (Fig. 4) as a 
function of the cooked meat’s pH. Linear 
regressions were calculated for all three 
parameters at both temperatures, and 
all were very highly significant (P <
0.001) except for the EJ from meat 
cooked at 65°C. Cooking and total juice 
losses decreased linearly with pH while 
the EJ increased.

In earlier unpublished work by Har
ris et al. (private communication) using 
meat of pH 5.5-5.8, it was shown that 
cooking loss over a range of about 20 
to nearly 50% had a highly significant

(P < 0.001) negative linear correlation (r =  0.95) with organoleptic juiciness. A 
similar correlation (although positive) 
was obtained for the centrifugally ex
pressed juice. The results shown on Fig
ures 2, 3, and 4 indicate that juiciness 
should increase with increasing pH. This 
evidence obviously does not support the suggestion of Bouton et al. (1957) that 
there was a minimum juiciness at a raw pH of about 6.0. The greater WHC of the 
higher pH meat was reflected in 
decreased total juice loss and cooking 
loss.
Changes in pH due to cooking

Since pH of the cooked meat relates 
to the WHC of cooked muscle, the changes (A pH) in pH occurring during 
cooking at 65°C and 90°C for 1 hr have 
been determined as a function of ulti
mate pH of the raw meat. At 65°C a 
highly significant (P < 0.001) correlation
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Fig. 4— The total moisture losses from M. semimembranosus cooked at 
90°C and 65°C for 1 hr versus the pH of the cooked meat.
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Fig. 5—A comparison of the results obtained from the Warner-Bratzler 
shear and Instron measurements for M. biceps femoris (X) and M. 
semimembranosus (O) cooked at 65°C and 90°C for 1 hr.

(r =  —0.81) was obtained and a linear regression equation fitted ApH =  1.120 
— 0.153 p H ravv-

This gave an estimated ApH of 0.26 at pH 5.60 which decreased to 0.04 at 
pH 7.03. Similarly for the 90°C samples 
a correlation coefficient of -0 .87 (P <
0.001) was obtained giving a ApH of 0.41 
at pH 5.60 and 0.08 at pH 7.03, ApH =  
1.684 — 0.227 pH raw A raw meat pH of 
5.40 would give a cooked meat pH of 
about 5.65 at 65°C and of 5.86 at 90°C 
assuming that the linear regressions hold 
in that region.
Objective measurements of tenderness

Objective measurements of tender
ness or toughness taken with the Instron 
have previously been correlated, Harris 
et al. (private communication) with 
results from taste panels. In these com
parisons a much simplified version of 
the texture profile method of Brandt et 
al. (1963) was used to assess the meat 
texture. The panel members were asked 
to score their initial and residual impres
sion of texture using a linear or non- 
structured scaling system in which only 
the upper and lower limits of tenderness 
or juiciness were defined. Instron “hard
ness” was highly correlated r =  0.88 (P
< 0.001) with initial impression while 
“chewiness” correlated well r =  0.90 (P
< 0.001) with residual impression. Correlations of 0.8-0.9 have also been 
obtained using a more conventional structured scaling system.

In this laboratory both instruments 
have been correlated with a taste panel 
using a hedonic scale giving highly sig
nificant (P < 0.001) linear correlations 
of 0.80 0.82 with the Warner-Bratzler 
shear values and 0.86 with the Instron. 
In the present investigations results from

the two instruments were correlated, see 
Figure 5. The correlation at 65°C for 
both muscles was less than 0.5 but 0.86 
for the 90°C samples. The poor corre
lation at 65°C was probably due to some 
difficulty in cutting these comparatively 
wet and easily deformed samples to the 
precise dimensions.

The results for the Warner-Bratzler 
shear and Instron methods have been 
plotted in Figures 6 and 7 as a function 
of ultimate pH of the raw meat. Both 
“hardness” and “chewiness” gave very 
similar results and only the “hardness” 
results have been shown. The samples 
cooked at 65°C gave highly significant (P 
< 0.001) linear negative regressions for 
both muscles for the Instron method but 
the Warner-Bratzler method gave a sig
nificant (P < 0.05) quadratic relation
ship with a peak at about pH 6.0 for

the SM and a significant (P < 0.01) linear regression for the BF. When both 
muscles were grouped together, only 
linear regressions were significant.

The samples cooked at 90°C gave 
similar results; highly significant (P <0.001) linear regressions for both mus
cles on the Instron and, for the SM only, 
on the Warner-Bratzler. Results from 
the BF showed a significant (P < 0.05) quadratic relationship between pH and 
shear force with a peak toughness at 
about pH =  6.0. Again when results 
from the muscles cooked at 90°C were 
grouped together, only linear regression 
was significant (P < 0.001).

There was strong evidence for 
increasing tenderness as the pH 
increased from 6 to 7. There was some 
evidence, from Warner-Bratzler shear 
force values only, of a peak toughness at
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Fig. 6—Objective measurements for M. semimembranosus and M. 
biceps femoris cooked at 65°C for 1 hr plotted against the ultimate pH 
of the raw meat.
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Fig. 7—Objective measurements for M. semimembranosus and M. 
biceps femoris cooked at 90°C for 7 hr plotted against the values of the 
ultimate pH of the raw meat.
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about pH 6. This evidence was equivocal 
as it occurred in different muscles at 
different cooking temperatures.

In a recent unpublished experiment 
with beef, we found that “hardness” and 
Wamer-Bratzler shear force varied cur- 
vilinearly with pH, in the range pH 5.6 
to 6.5, and that the beef was toughest at 
about pH 6. There is other evidence that 
a peak in sensory toughness occurs at a 
pH of 6 in beef (Bouton et al., 1957), and 
mutton (Bouton and Shorthose, 1969). 
Winkler (1939) altered the pH of meats 
with injections of lactic acid or ammon
ia, and found a maximum toughness at 
pH 5.0-6.0. Mackey et al. (1952) used 
five pigs, pH range 5.57-6.39, and found 
no apparent relationship between pH 
and shearing strength.

Kelley et al. (1966), and Kelly (1969), 
working with fish have found a very 
significant positive, linear, relationship 
between ultimate pH and tenderness 
which is in agreement with the results of 
the present work on mutton. The ulti
mate pH of fish in their experiments 
varied from 6.3-7.1, with a few excep
tional readings near 6.1. Many workers 
including Penny et al. (1963, 1964); 
Lewis et al (1967a, b); Judge et al.
(1960); and Kauffman et al. (1964) have 
shown tenderness differences when 
comparing high with low ultimate pH 
meats. Penny et al. (1963, 1964) found 
that meat with a high pH was tender and 
juicy.

CONCLUSIONS
THESE results showed that pH values 
of 5.6-7.0 could be obtained in sheep 
muscles by the use of pre-slaughter 
injections. Cooking losses at 65°C 
decreased linearly with increasing raw or 
cooked pH over the whole pH range 
while the cooking losses at 90°C showed 
little change until at a pH of about 5.9 
(uncooked meat) or about 6.2 (cooked 
meat) they decreased linearly with 
increasing pH. These results paralleled 
the changes in WHC for cooked muscle 
homogenates as shown by Hamm and 
Deatherage (1960). Juiciness, assessed 
by the measurement of cooking loss and

by centrifugally expressed juice, gener
ally increased with increasing pH.

Objective measurements of tender
ness using two dissimilar methods have 
shown that a three-fold increase in tend
erness was associated with increases in 
ultimate pH from about 5.9-7.0. Evi
dence for a peak toughness for meat with 
a raw pH of 5.9 was not clearly demon
strated. This could have been due to the 
failure to obtain any meat having a pH 
of less than 5.6. The remarkable corre
spondence of tenderness changes with 
cooking losses and WHC indicated that 
large differences in tenderness below pH 
5.9 would be unlikely. A pH of 5.4 for 
the raw meat would give a pH for the 
cooked meat of about 5.8.The decrease 
in the WHC of cooked muscle homogen
ates (Hamm and Deatherage, 1960) 
from 5.8 to the minimum at about 6.2 
was much less pronounced than the 
increase from 6.2-7.0. Animal to animal 
variation could well have proved to be 
too great to permit the toughness peak at 
a raw pH of 5.9 to be unequivocally 
established.
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EFFECTS OF PHYSIOLOGICAL MATURITY OF BEEF AND 
MARBLING OF RIB STEAKS ON EATING QUALITY

SUMMARY—Selected characteristics of beef rib steaks representing three physiological maturity 
levels and two marbling levels were investigated. Paired steaks at the 11th thoracic vertebra were 
used to obtain cooking time and losses, palatability scores, Warner-Bratzler shear values, and 
selected histological data. In addition, steaks from the left 7th and right 8th thoracic vertebrae posi
tions were used to measure cooking time and losses, Warner-Bratzler shear values, waterholding 
capacity, pH, color-difference, and total moisture. Ether extract was obtained for raw longissimus 
dorsi at the 12th thoracic vertebra. Maturity and marbling affected total moisture (P < 0.001), 
quantity of fat in raw muscle (histological measurement, P < 0.01), ether extract (P < 0.001), and 
dripping losses (7th and 8th thoracic vertebrae P < 0.001). Other factors were not affected signifi
cantly. Maturity and marbling, at levels represented, had little effect on palatability of the steaks, 
although generally, measurements for fat content were higher and those for moisture lower at the 
higher marbling level. Most correlation coefficients for overall acceptability and histological mea
surements were low. Tenderness had more influence on the overall acceptability of the meat than 
flavor or juiciness. Moderate to high relationships occurred between cooking time and both initial 
weight of steaks and cooking losses. Generally, waterholding capacity was not related to pH, total 
moisture, or cooking losses. Correlation coefficients for pH vs. shear value and pH vs. color-difference 
were low.

INTRODUCTION
TRADITIONALLY, the beef grading 
system of the U.S. Department of Agri
culture (USDA) has emphasized matu
rity and marbling of beef carcasses. 
However, changes in feeding manage
ment and animal breeding, increasingly 
important to characteristics related to 
the quality of beef, may point to overem
phasis of maturity and marbling 
(Lawrie, 1966). Research with conflict
ing results on the effect of maturity and marbling on the quality of beef (Blumer, 
1963; Gilpin et al., 1965) were in agree
ment with revised specifications for a reduced number of marbling levels and 
less emphasis on maturity in the Prime, 
Choice, Good, and Standard Grades 
(USDA, 1965).

Most studies found in the literature 
based maturity on chronological age of 
the animal. Information is needed on the 
effect of maturity and marbling when maturity is based on physiological age,
i.e. size, shape, and ossification of the 
bones and cartilages and color and tex
ture of the lean, as specified in the USDA standards (USDA, 1965).

This study, part of a larger investiga
tion at Kansas State University (KSU), 
used steaks from two positions in beef 
ribs to measure the effects of three levels 
of physiological maturity and two levels of marbling at each maturity level on properties related to the cooking and 
eating quality of the steaks.

EXPERIMENTAL METHODS
2 - IN . R I B  S T E A K S  fro m  60  b e e f  c a rc a s s e -  
(2 4 1 -4 3 8  kg) re p r e s e n t in g  th r e e  le v e ls  o f

p h y s io lo g ic a l m a tu r i ty  (y o u th fu l ,  A -  A ”; 
in te rm e d ia te ,  A +  B  —; a p p ro a c h in g  m a x i
m u m  m a tu r i ty  p e r m i t te d  fo r  U .S . G oo d , B° 
B + ) ,  c o r r e s p o n d in g  to  th e  a p p ro x im a te  c h ro 
n o lo g ic a l ag es  o f  1 2 -1 8 , 1 8 -3 0 , a n d  3 0 -3 8  m o 
w ere  u se d . T w o  m a r b l in g  le v e ls  (s m a l l ,  m o d 
e r a te )  w e re  re p r e s e n te d  e q u a lly  w ith in  e a c h  
m a tu r i ty  g ro u p  (U S D A , 1965). W h o le s a le  r ib  
c u ts  w e re  s e le c te d  b y  tw o  m e a t  s c ie n t is ts  a n d  
w e re  t a k e n  to  th e  M e a t  P ro c e s s in g  L a b o r a to ry  
a t  K S U , w h e re  p a ir e d  s te a k s  a t  th e  1 1 th  th o 
ra c ic  v e r te b ra  (1 1 T ) a n d  s te a k s  a t  th e  le f t  7 th  
th o ra c ic  v e r t e b r a  a n d  r ig h t  8 th  th o ra c ic  v e r te 
b r a  (7 -8 T )  w e re  c u t ,  w ra p p e d  in  la m in a te d  
f re e z e r  p a p e r ,  fro z en  a t  — 20°F  a n d  s to re d  a t  
— 20°F  u n t i l  u s e d . B e tw e e n  3 -5  m o  a f te r  
p ro c e ss in g , s te a k s  fro m  th e  1 1T  p o s itio n  w ere  
c o o k e d ; th o s e  f ro m  th e  7 - 8 T  p o s itio n  w ere  
co o k e d  b e tw e e n  9 -1 2  m o  a f te r  p ro cess in g .

C o o k in g  t im e  a n d  lo sses  a n d  W a rn e r -  
B ra tz le r  s h e a r  v a lu e s  w e re  o b ta in e d  fo r  s te a k s  
fro m  b o th  th e  7 - 8 T  a n d  1 1 T  p o s itio n s ; p a l a t 
a b i l i ty  a n d  h is to lo g ic a l c h a ra c te r is t ic s  o f  lo n 
g is s im u s  d o rs i (L D )  m u s c le  w e re  m e a s u re d  a t  
th e  U T  p o s itio n ; a n d  to ta l  m o is tu re , w a te r 
h o ld in g  c a p a c i ty  (W H C ), p H , a n d  G a r d n e r  
c o lo r-d if fe re n c e  v a lu e s  w e re  d e te rm in e d  fo r 
L D  a t  th e  7 - 8 T  p o s itio n . D a t a  fo r  s te a k s  fro m  
e a c h  p o s itio n  w ere  a n a ly z e d  s e p a ra te ly .  E th e r  
e x t r a c t  w as  m e a s u re d  o n  ra w  L D  a t  th e  1 2 th  
th o ra c ic  v e r te b ra .

P r io r  to  e a c h  co o k in g  p e r io d  fo u r  s te a k s  
w ere  d e fro s te d  4  h r  a t  ro o m  te m p e r a tu r e  
(7 8 °F ) a n d  th e n  20  h r  in  a  re f r ig e ra to r  (4 0 °F ). 
S te a k s  w ere  co o k e d  a t  4 00 °F  b y  a  m o d if ie d  
b ro ilin g  m e th o d  (H a y  e t  a l ., 1953) to  a n  e n d  
p o in t  te m p e r a tu r e  o f  70°C . T h e  d e s ig n  fo r 
c o o k in g  a n d  e v a lu a tio n  c o n s is te d  o f  30  p e r i 
o d s  fo r  s te a k s  f ro m  e a c h  o f  th e  tw o  p o s itio n s  
in  th e  r ib s ; fo u r  s te a k s ,  r a n d o m iz e d  b y  p a ir s , 
w e re  co o k e d  a n d  e v a lu a te d  a t  e a c h  p e rio d .
Cooking tim e and lo sses

T o ta l  c o o k in g  t im e , in  m in  a n d  in  m in / l b ,  
w as  d e te rm in e d . P e r c e n ta g e  to ta l ,  v o la ti le , 
a n d  d r ip p in g  c o o k in g  lo sses  w ere  c a lc u la te d .

P alatab ility  scores
1 /2 - in  c u b e s  o f  co o k e d  L D  m u s c le  w ere  

s e le c te d  a t  r a n d o m  b y  a  la b o r a to r y  p a n e l  o f  
1 0 -1 4  m e m b e rs , w h o  e v a lu a te d  th e  m u s c le  o n  
a  7 -p o in t  s c a le  fo r  f la v o r , ju ic in e s s ,  t e n d e r 
n ess , a n d  o v e ra l l  a c c e p ta b i l i ty .  F la v o r  a n d  
o v e ra ll a c c e p ta b i l i ty  w e re  s c o re d  o n  a  d e s i r a 
b il i ty  s c a le  a n d  te n d e r n e s s  a n d  ju ic in e s s  o n  
a n  in te n s i ty  s c a le : a  s c o re  o f  s e v e n  r e p r e 
s e n te d  e x tr e m e ly  d e s ira b le  o r  in te n s e  c h a r a c 
te r is tic s .

W arner-B ratzler sh ea r  v a lu es
W a r n e r - B r a tz le r  s h e a r  v a lu e s  (2 5 -lb  

d y n a m o m e te r )  w e re  m e a s u re d  o n  th r e e  c o re s  
( 1 /2 - in  d ia  fro m  th e  la te r a l  p o s itio n  in  t h e  L D  
o f  a l l  s te a k s  a n d  o n  th r e e  co re s  f ro m  th e  
m e d ia l  p o s itio n  in  th e  L D  o f  e a c h  s te a k  f ro m  
th e  7 - 8 T  p o s itio n . T w o  s h e a r s  w e re  m a d e  on  
e a c h  co re .

H istological va lu es
F o r  e a c h  m a tu r i ty - m a r b l in g  le v e l, s a m p le s  

o f  L D  m u sc le  (5  ra w , 5 c o o k e d ; e a c h  a p p ro x  5 
X  3 .75  X  1 .25 c m ) w e re  w ra p p e d  in  p la s t ic  
b ag s , fro z en  ( -  2 0°F ) a n d  s to r e d  ( — 2 0 °F ) fo r  
8 -1 2  w k . S p e c im e n s  (a p p ro x  1.5 X  1 .0  X  0 .5  
cm ) c u t  f ro m  e a c h  s a m p le  w e re  s e c t io n e d  
8 - 1 0 m th ic k  w ith  a  c r y o s ta t  m ic ro to m e ; fiv e  
se c tio n s  fro m  e a c h  s p e c im e n  w ere  m o u n te d  on  
s lid e s  a n d  s ta in e d  w ith  S u d a n  IV  a n d  H a r r i s  
h e m a to x y lin . E a c h  m e m b e r  o f  a  th r e e - m e m 
b e r  p a n e l  u se d  a n  o c u la r  m ic ro m e te r  a n d  a  
m a g n if ic a tio n  o f  4 3 0 X  to  m e a s u re  th e  w id th  
o f  th re e  f ib e rs , s e le c te d  a t  r a n d o m , f ro m  e a c h  
se c tio n . T h is  p ro c e d u re  p ro v id e d  fo r  th e  
m e a s u re m e n t  o f  75  ra w  a n d  75  co o k e d  f ib e rs  
p e r  p a n e l  m e m b e r  a n d  225  ra w  a n d  225  
co o k e d  f ib e rs  fo r  e a c h  o f  th e  s ix  m a tu r i ty -  
m a r b l in g  le v e ls . P a n e l  m e m b e r s  a lso  u s e d  a  7 -  
p o in t  s c a le  to  e s t im a te  th e  q u a n t i ty  a n d  d i s 
t r ib u t io n  o f  f a t  a t  a  m a g n if ic a t io n  o f  100  X .

O ne p e rs o n  u s e d  a  B a u s c h  a n d  L o m b  
m ic ro p ro je c to r  to  o b ta in  a n  o b je c t iv e  m e a 
s u re m e n t  o f  th e  q u a n t i ty  a n d  d is t r ib u t io n  o f  
f a t  (m ic ro p ro je c to r  f a t  v a lu e )  in  ra w  a n d  
co o k e d  L D . E a c h  s e c t io n  w as  p ro je c te d  o n  
g ra p h  p a p e r  w ith  2 0  X  2 0  s q u a r e s  to  th e  in c h . 
E a c h  s q u a r e  re p r e s e n te d  0.1 m m  o n  t h e  s e c 
tio n  a s  m e a s u re d  b y  fo c u s in g  a  L o v in s  M ic ro -  
S lid e  F ie ld  F in d e r  o n  th e  g ra p h  p a p e r .  A  d i s 
ta n c e  b e tw e e n  th e  s lid e  a n d  th e  g ra p h  p a p e r  
o f  2 3 - 3 /8  in  g av e  a  m a g n if ic a t io n  o f  16.1  X . 
T h e  a r e a  o f  f a t  p ro je c te d  in  3 ,0 0 0  s q u a r e s  o n  
th e  g ra p h  p a p e r  w as  c o lo re d  o n  th e  p a p e r .  
T h e  co lo re d  s q u a r e s  w e re  c o u n te d  to  o b ta in  
th e  a r e a  o f  f a t  p e r  3 00  s q  m m  o f  th e  s e c tio n .

Total m oisture
P e r c e n ta g e  to ta l  m o is tu r e  in  c o o k e d  L D  

w as d e te rm in e d  w ith  th e  C . W . B r a b e n d e r  
s e m i-a u to m a tic  m o is tu r e  te s t e r .  D u p l i c a te  
lOg s a m p le s  o f  g ro u n d  m u s c le  w e re  s u b je c te d  
to  a  te m p e r a tu r e  o f  121°C  fo r  6 0  m in .
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W aterholding capacity
W H C  o f  th e  co o k e d  m u s c le  w as  d e te r 

m in e d  a s  r e p o r te d  b y  M il le r  a n d  H a r r is o n  
(1 9 6 5 ). T h e  ra t io  o f  th e  a r e a  o f  p re s s e d  m u s 
c le  to  th e  a r e a  o f  e x p re s s e d  l iq u id  o n  f i l te r  
p a p e r  o n  w h ic h  th e  s a m p le  w as  p re s s e d  w as 
d e s ig n a te d  th e  e x p re s s ib le - l iq u id  in d e x . V a l
u e s  fo r  W H C  w ere  o b ta in e d  b y  s u b t r a c t in g  
th e  e x p re s s ib le  l iq u id  in d e x  f ro m  1.0 , w h ich  
a r b i t r a r i ly  w as  ch o se n  a s  th e  m a x im u m  
e x p re s s ib le - l iq u id  in d e x . F o r  e a c h  s te a k  a t  th e
7 - 8 T  p o s itio n , th r e e  W H C  v a lu e s  w ere  
o b ta in e d  on s a m p le s  ta k e n  a t  ra n d o m  fro m  
m e d ia l a n d  la te r a l  p o s itio n s  in  th e  L D  m u s 
cle.
pH

H o m o g e n a te s  o f  5g  o f  c o o k e d , g ro u n d  L D  
fro m  e a c h  s te a k  a n d  5 0  m l o f  d is t i l le d  w a te r  
w ere  u se d  to  m e a s u re  p H . T w o  m e a s u re m e n ts  
w ere  m a d e  o n  e a c h  h o m o g e n a te .
C olor-difference

D u p lic a te  m e a s u re m e n ts  o f  R d  ( r e f le c 
ta n c e ) ,  a - |-  ( r e d n e s s ) , a n d  b +  (y e llo w 
n ess) w ere  m e a s u re d  w ith  a  G a r d n e r  C o lo r 
D if fe re n c e  M e te r  o n  25g  o f  g ro u n d  L D  
p a c k e d  in  a  G a r d n e r  g la s s  ce ll. T h e  in s t r u 
m e n t  w as  s ta n d a r d iz e d  u s in g  a  s a t in  fin ish  
c e ra m ic  t i le  w ith  c a lc u la te d  v a lu e s  o f: R d , 
15 .53 ; a + , 9 . 3 3 ;  b + ,  13.10.

RESULTS & DISCUSSION
THERE WERE NO significant differ
ences for any of the measurements that 
were attributable to side of the carcass. 
Therefore, data for left and right sides of 
the carcass were pooled and analyzed as 
for a completely randomized design. 
Also, Covington et al. (1970) found that 
shear force and chemical and histologi
cal characteristics of LD at the 9th and 
12th thoracic vertebrae in the same 60 
ribs used in this study did not differ be
tween sides of the carcass.

Other similarities and differences 
between the work of Covington et al.
(1970) and the study reported here are 
given throughout the discussion. Data in 
these two papers point out some varia
tions in results that may be obtained for 
similar work done in two or more labora
tories and variations among positions 
relatively near to each other within the 
same carcass.
Initial weight

The initial weight of steaks assigned 
to the maturity-marbling levels did not 
vary significantly (Table 1).
Cooking time and losses

Cooking time, both total min and 
min/lb, and total and volatile cooking 
losses were not affected significantly by 
maturity and marbling level. However, 
at the 7-8T position, percentage drip
ping losses were affected (P < 0.001) by 
maturity and marbling levels (Table 1).Comparison of dripping and volatile 
losses for steaks at the 7-8T and U T  
positions indicated these differences

Table 1—Means, standard deviations“ and F~values for initial weight, cooking time, and cooking losses 
o f beef rib steaks as influenced by maturity and marbling

M a tu r i t y  a n d  m a r b l in g  le v e ls
A p p ro a c h in g

Y o u th fu l  I n te r m e d ia te  m a t u r i t y
M e a s u re m e n t t i o n ‘ S m a ll M o d e ra te S m a ll M o d e ra te S m a ll M o d e ra te F -v a lu e

I n i t i a l  w e ig h t, 1 1 T 680 731 714 725 746 738 1.23 n s
(g) (8 4 .9 ) (1 0 4 .4 ) (1 1 8 .4 ) (5 1 .5 ) (9 2 .0 ) (1 0 0 .7 )

7 - 8 T 538 .7 5 1 2 .6 5 7 3 .4 5 4 8 .0 5 8 6 .4 5 8 4 .7 2 .04  n s
(100 .4) (52 .0 ) (1 1 1 .9 ) (1 0 6 .3 ) (6 7 .9 ) (95 .5 )

C o o k in g  t im e , 1 1 T 6 1.2 6 1 .9 6 1 .8 6 4 .5 6 4 .9 6 3 .6 0 .9 0  n s
to t a l  m in (8 .3 ) (8 .0 ) (6 .4 ) (5 .2 ) (7 .8 ) (7 .6 )

7 - 8 T 5 1 .7 5 1 .4 5 1 .0 54.2 56.1 5 5 .4 1 .60  n s
(9 .1 ) (5 .9 ) (7 .0 ) (8 .2 ) (8 .6 ) (8 .2 )

M in / l b 1 1 T 41.1 3 8 .9 4 0 .2 4 0 .4 3 9 .9 3 9 .5 0 .4 8  n s
(5 .9 ) (3 .1 ) (6 .6 ) (3 .1 ) (4 .5 ) (4 .4 )

7 - 8 T 4 4 .5 4 5 .6 4 1 .5 4 6 .1 4 2 .5 4 3 .5 1 .83  n s
(4 .9 ) (4 .4 ) (5 .9 ) (8 .0 ) (6 .0 ) (5 .5 )

C o o k in g  lo sses, 1 1 T 2 3.7 2 4 .6 2 3 .2 2 4 .8 2 5 .4 2 5 .1 1 .16  n s
to ta l ,  % (5 .3 ) (2 .5 ) (4 .3 ) (2 .1 ) (3 .0 ) (2 .8 )

7 - 8 T 2 3 .4 2 4 .5 23.1 2 3 .6 2 3 .5 2 4 .3 0 .9 5  n s
(2 .0 ) (3 .4 ) (2 .0 ) (2 .5 ) (2 .8 ) (2 .7 )

V o la tile , % 1 1 T 15.3 15.5 14.6 16.1 17.0 1 5 .4 1 .52  n s
(4 .9 ) (2 .3 ) (3 .6 ) (1 .8 ) (1-6) (1 .9 )

7 - 8 T 18.1 17.4 18.2 1 7 .5 18.1 17.3 0 .7 0  n s
(1 .9 ) (2 .2 ) (1 .8 ) (2-4) (2 .0 ) (2 .1 )

D r ip p in g , % 1 1 T 8 .3 9.1 8 .6 8 .7 8 .4 9.7 1 .30  n s
(1 .5 ) (2 .1 ) (1-8) (2 .1 ) (2 .2 ) (2 .0 )

7 - 8 T 5.2 6 .9 4 .6 5 .8 5 .1 6 .8 7 .04***
(1 .4 ) (1-7) (1-2) (1-8) (1-6) (1 .9 )

“Values in parentheses are standard deviations from the mean.
'7 8T, steaks a t 7th and 8th thoracic vertebrae; 11T, steaks a t 11th thoracic vertebra, 
ns, not significant.
***, significant a t the 0.1% level.

(Table 1): dripping losses were consistently higher (P < 0.001) for steaks from 
the region of the 11th thoracic vertebra; 
volatile losses were consistently higher (P < 0.001) for steaks from the region of 
the 7th and 8th thoracic vertebrae. Since 
dripping losses are primarily lipid and 
volatile losses primarily moisture, the 
data may indicate that the marbling, or 
lipid content, was different at the two 
locations in the LD.

Palatability scores and Warner- Bratzler shear values
Panel scores for tenderness, juiciness, flavor, and overall acceptability and Wamer-Bratzler shear values were not 

affected significantly by level of maturity or marbling (Table 2). However, for 
flavor, orthogonal comparisons indicated 
a significant (F =  4.43, P < 0.05) inter
action between maturity and marbling. 
At both levels of marbling, steaks from 
carcasses in the youthful group scored 
slightly higher in flavor than steaks with a moderate amount of marbling in the 
intermediate group and those with a small amount of marbling in the group 
approaching maturity. The differences

(0.2-0.3 point) between mean flavor 
scores for those groups of steaks are too 
small to be of practical importance.

Covington et al. (1970) found that 
shear force of cooked LD at the 9th 
thoracic vertebra was not affected signif
icantly by maturity, but was lower (P<
0.05) for the moderate than for the small level of marbling. Other workers 
(Wellington and Stouffer, 1959; Walter 
et al., 1965; Goll et al., 1965) found that 
shear force of beef LD was not affected 
by marbling. Field et al. (1966) reported 
that when marbling was held constant, maturity (chronological age) had no effect on shear force.

Shear values were consistently higher (P < 0.001) at the 7-8T lateral position than at the 11T lateral position. For the
7-8T position, at any one level of matur
ity and marbling the difference in mean shear force between medial and lateral positions was never greater than 0.3 lb. 
When all levels of maturity and marbling were considered, the greatest difference was 0.9 lb (Table 2). Covington et al. (1970) reported that at the 9th thoracic vertebra lateral shear cores 
were less tender (P< 0.05) than central 
or medial cores.
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Table 2— Means, standard deviations° and F-values for palatability scores and shear values o f beef 
Iongissimus dorsi as influenced by maturity and marbling

M a tu r i t y  a n d  m a r b l in g  le v e ls
A p p ro a c h in g

M e a s u re m e n t
Y  o u th f u l I n te r m e d ia te m a t u r i t y

S m a ll M o d e ra te S m a ll M o d e ra te S m a ll M o d e ra te F -v a lu e
P a l a ta b i l i t y ,  sco res

7 -1 , (1 1 T )‘
T e n d e rn e s s 5 .4 5 .9 5 .8 5 .6 5 .7 5 .8 1.14 n s

(0 .9 ) (0 .4 ) (0 .4 ) (0 .4 ) (0 .3 ) (0 .5 )
J u ic in e s s 6 .0 5 .9 6 .0 5 .6 5 .8 5 .9 0 .9 6  n s

(0 .3 ) (0 .4 ) (0 .5 ) (1 .4 ) (0 .4 ) (0 .6 )
F la v o r 5 .8 5 .8 5 .8 5 .5 5 .6 5 .8 1 .19  n s

(0 .3 ) (0 .3 ) (0 .3 ) 0 . 3 ) (0 .3 ) (0 .4 )
O v e r a l l 5 .6 5 .7 5 .8 5 .4 5 .4 5 .8 0 .7 8  n s

a c c e p ta b i l i ty (0 .6 ) (0 .3 ) (0 .4 ) (1-3) (0 .3 ) (0 .5 )
S h e a r  v a lu e ,

l b /  'A -in  co re
la te r a l  (1 1 T ) 5 .6 5 .2 5 .7 5 .3 5.3 5 .5 0 .5 7  n s

(1 .6 ) (0 .8 ) (1-4) (0 .9 ) (0 .9 ) (1 .2 )
( 7 - 8 T ) ‘ 7 .7 7 .0 7 .7 7.1 7 .3 7 .0 1 .17  n s

(1 .8 ) (1 .0 ) (1 .5 ) (1 .4 ) (0 .9 ) (1 .4 )
m e d ia l  (7 -8 T ) 7.9 6 .9 7 .9 6 .9 7 .3 7 .3 2 .2 9  n s

(1 .4 ) (1 .0 ) (1 .6 ) (1 .6 ) (0 .9 ) (1 .5 )
"Values in parentheses are standard deviations from the mean.
*7-8T, steaks at the 7th and 8th thoracic vertebrae; 1XT, steaks at the 11th thoracic vertebra.

Table 3—Means, standard deviations° and F-values for histological measurements and ether extract 
o f beef longissimus dorsi as influenced by maturity and marbling

M a tu r i t y  a n d  m a r b l in g  le v e ls
A p p ro a c h in g

Y  o u th f u l  I n te r m e d ia te  m a t u r i t y
M e a s u re m e n t S m a ll M o d e ra te S m a ll M o d e ra te S m a ll M o d e ra te F -v a lu e

F ib e r  w id th ,  p
R a w 3 8.4 3 9 .9 4 3 .2 3 9 .2 3 8 .9 4 1 .8 1 .83  n s

(6 .1 ) (3 .5 ) (3 .3 ) (5 .1 ) (4 .4 ) (3 .4 )
C o o k ed 3 5 .5 3 8 .8 3 6 .9 3 8 .6 38.1 38.1 0 .71  n s

F a t  q u a n t i ty ,
(7 -1  =  la rg e  to
n o n e)

R a w 3.1 4.3 3 .2 3 .9 3 .7 3 .9 3 .6 7* *
(0 .7) (0 .7 ) (0 .5 ) (0 .8 ) (0 .8 ) (0 .7 )

C o o k ed 4 .8 4 .8 4 .5 4 .8 4 .7 5 .2 0 .5 3  n s
(1 .1 ) (1 .2 ) (1 .1 ) (0 .8 ) (1 .1 ) (0 .6 )

F a t  d is t r ib u t io n ,
(7 -1  = la rg e
d r o p le ts  to  c lo u d y
a g g re g a te )

R a w 4 .8 5.5 5.1 5.6 5.2 5 .5 1 .3 6  n s
(0 .8 ) (0 .7 ) (0 .8 ) (0 .6 ) (0 .9 ) (0 .6 )

C o o k ed 4 .6 4 .9 4 .6 4 .6 4 .9 4 .8 0 .2 1  n s
(0 .9 ) (1 .0 ) (0 .9 ) (0 .6 ) (1 .1 ) (1 .0 )

M ic ro p r o je c to r  f a t
value*

R a w 5 1.0 73.3 3 5 .6 125.1 70.1 8 3 .3 1.61 n s
(41 .0) (37 .8 ) (18 .6 ) (165 .3) (44 .4 ) (48 .7 )

C o o k ed 72.7 122 .6 6 4 .8 9 9 .8 147 .4 122 .7 1 .30  n s
(54 .4) (124 .7) (34 .8 ) (59 .3 ) (143 .6) (5 6 .1 )

E th e r  e x t r a c t ,  % 16.5 2 2 .2 17.5 2 1 .7 17.3 2 4 .2 17.34***
(2 .8) (4 .2 ) (1-7) (3 .3 ) (2 .7 ) (4 .8 )

“Values in parentheses are standard deviations from the mean. 
‘Area of fat per 300 sq mm of muscle section (16.IX). 
ns, not significant.
**, significant at the 1% level.
***, significant at the 0.1% level.

Histological and ether extract values
Analysis of variance indicated that 

LD fiber width at the 11T position was 
not affected significantly by maturity 
and marbling (Table 3). However, ortho
gonal comparisons indicated that small 
and moderate levels of marbling exhib
ited different trends. With a small 
degree of marbling, tissue from the inter
mediate maturity level had wider fibers 
than that from the young or approaching 
maturity levels. With moderate mar
bling, tissue from the intermediate 
maturity level had narrower fibers than 
tissue from either the youthful or 
approaching maturity levels.

Covington et al. (1970) reported 
increased (P < 0.05) fiber “diameter” 
with increased maturity for samples at 
the 9th thoracic vertebra, but no significant differences in fiber “diameter” 
between the two marbling levels. They 
separated the fibers in a Waring Blendor 
with the blades reversed, then measured 
fiber “diameter” at a magnification of 
100X. In the study reported here fiber 
“width” was measured on fibers in longi
tudinal sections of muscle tissue. Differ
ences between the two studies relative to 
the effect of maturity on fiber “diame
ter” or “width” may be accounted for 
partly by method of measurement.

Generally, analysis of variance indi
cated that both panel estimates and 
microprojector fat values for quantity 
and distribution of fat did not vary sig
nificantly among maturity and marbling 
levels. The exception was for quantity of 
fat in raw tissue (Table 3). Moreover, 
orthogonal comparisons of panel esti
mates for quantity of fat in raw tissue 
also indicated a significant (F =  12.60, 
P< 0.001) effect of maturity and mar
bling and a significant (F =  4.40, P <
0.05) interaction between maturity and 
marbling. Raw tissue from youthful and 
intermediate maturity groups contained 
more fat at the moderate than at the 
small level of marbling, whereas for the 
group approaching maturity there was little difference in the quantity of fat in 
raw tissue representing the two marbling 
levels. Moreover, orthogonal compari
sons indicated that panel scores for fat 
distribution in raw tissue were affected 
significantly (F =  5.33, P < 0.05) by 
marbling level; tissue representing the 
moderate level contained the larger fat 
droplets. Similarly orthogonal compari
sons pointed out a significant (F =  4.44, P < 0.05) effect of marbling on micro- 
projector fat values. Moderately mar
bled tissue had more fat per 300 sq mm 
than tissue with a small degree of marbling.

Both analysis of variance (Table 3) 
and orthogonal comparisons (F =80.05, 
P < 0.001) indicated that ether extract
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Table 4—Means, standard deviations“ and F-values for total moisture, waterholding capacity, pH , and 
color-difference of beef longissimus dorsi as influenced by maturity and marbling

M a tu r i t y  a n d  m a rb l in g  le v e ls
A p p ro a c h in g

Y o u th fu l  I n te r m e d ia te  m a t u r i ty
M e a s u re m e n t S m a ll M o d e ra te S m a ll M o d e ra te S m a ll M o d e ra te F -v a lu e

T o ta l  m o is tu r e , % 6 2 .6 61.1 6 2 .5 6 0 .0 6 2 .6 5 9 .6 9 .45***
(1-7) (2 .1 ) (2 .0 ) (2 .1 ) (2 .0 ) (2 .1 )

W H C * 0 .6 2 0 .6 0 0 .5 5 0 .6 0 0 .61 0 .5 9 2 .1 3  n s
(0 .07 ) (0 .07 ) (0 .09 ) (0 .07 ) (0 .0 7 ) (0 .06 )

p H 5 .83 5 .77 5 .7 9 5 .8 4 5 .8 0 5 .82 1 .04  n s
(0 .09 ) (0 .1 6 ) (1 .11 ) (0 .08 ) (0 .1 7 ) (0 .08 )

C o lo r -d iffe re n c e
R d  (re f le c ta n c e ) 2 0 .9 2 0 .5 2 0 .0 19.6 19.8 19.8 1 .84  n s

(1 .6 ) (1 .9 ) (2 .0 ) (1-7) (1 .2 ) (1 .3 )
a +  (red n e ss ) 11.1 10.0 10.4 9 .8 11.4 10.5 1 .80  n s

(1 .7 ) (2 .6 ) (1 .8 ) (1 .7 ) (2 .3 ) (2 .3 )
b +  (y e llo w n e ss) 11.0 11.0 11.1 10.7 11.1 11.0 1 .36  n s

(0 .5 ) (0 .7 ) (0 .7 ) (0 .7 ) (0 .4 ) (0 .5 )
“Values in parentheses are standard deviations from the mean. 
‘WHC, waterholding capacity (1.0 -  expressible liquid index), 
ns, not significant.
***, significant a t the 0.1% level.

differed significantly among maturity 
and marbling levels and that the differ
ences were attributed to the two levels of 
marbling. Tissue in the moderate mar
bling level had slightly more ether 
extract than that in the small marbling 
level (Table 3). Covington et al. (1970) 
suggested that as maturity increased the 
proportion of ether extractable material 
was not visibly increased.

Comparison of histological data for 
raw and cooked tissue indicated that raw 
tissue tended to have wider fibers, less 
fat, and slightly larger droplets of fat 
than cooked tissue.
Total moisture

Total moisture was affected (P <
0.001) by level of maturity and marbling. As would be expected, total mois
ture decreased (P < 0.05) with increased 
marbling. In moderately marbled mus
cle, total moisture tended to decrease 
with increased maturity, and the differ
ence between youthful and approaching 
maturity was significant (P < 0.05). In 
muscle with a small amount of marbling, 
total moisture was consistent for all 
three levels of maturity (Table 4). 
Trends reported by Covington et al.
(1970) for the moisture content of LD at 
the 12th thoracic vertebra were similar to those reported in this paper.
WHC, pH, color-difference

WHC, pH, and all color-difference 
factors (reflectance, redness, yellowness) 
were not affected significantly by level of 
maturity and marbling. However, the trend was toward slightly decreased 
reflectance (darker color) with increased 
maturity. Moreover, a +  values 
decreased (less red color) slightly with 
increased marbling (Table 5.).
Relationships between selected measurements

Correlation coefficients for selected 
paired variates within each of the six 
treatment combinations are given in 
Table 5. A wide range of r-values was 
noted for most of the relationships 
reported.

Apparently, tenderness generally had 
more influence on the overall acceptability of the meat than flavor or juiciness. 
Correlation coefficients were high (r =
0.80 or above) for tenderness vs. overall 
acceptability of samples with a small 
degree of marbling at youthful maturity, 
and with moderate marbling for the 
intermediate and mature groups. For 
both flavor and juiciness vs. overall 
acceptability, coefficients were high only for moderate marbling in the 
mature group. However, there were 
moderate (r between 0.40-0.79) relationships between those paired variates for 
all treatments except for moderate 
marbling in the youthful group (both

flavor and juiciness) and for small 
marbling in the mature group (juici
ness).

Moderate negative relationships were 
indicated between tenderness scores and 
Wamer-Bratzler shear values for three

maturity-marbling groups, and between 
tenderness scores and fiber width of 
cooked muscle for one group. Also, for 
cooked muscle, moderate to high rela
tionships were noted between quantity 
and distribution of fat for all except two

Table 5— Correlation coefficients for selected paired variates on the basis o f maturity and marbling

M a tu r i t y  a n d  m a r b l in g  le v e ls

Y o u th fu l I n te r m e d ia te
A p p ro a c h in g

m a t u r i t y
P a i r e d  v a r i a t e s S m a ll M o d e ra te S m a ll M o d e ra te S m a ll M o d e ra te

O v e ra ll  a c c e p ta b i l i ty  vs.° 
F la v o r 0 .7 3* 0 .05 0 .7 6* * 0 .51 0 .5 8 0 .83**
J u ic in e s s 0 .6 6* - 0 .0 7 0 .41 0 .6 2 0 .3 4 0 .80**
T e n d e rn e s s 0 .97*** 0 .2 5 0 .5 4 0 .8 8* ** 0 .62 0 .8 0* *

T e n d e rn e s s  s co re  vs.°  
W a m e r - B r a tz le r  

s h e a r  v a lu e - 0 .6 5 * 0 .1 8 0 .1 7 - 0 .4 1 - 0 .0 4 - 0 .7 7 * *
F ib e r  w id th ,  

c o o k e d  m u sc le - 0 .7 3 * - 0 .0 1 - 0 .2 5 - 0 .1 9 0 .0 0 0 .31
F a t  q u a n t i ty ,  c o o k e d  m u sc le  vs.° 

F a t  d is t r ib u t io n ,  
co o k e d  m u sc le 0 .4 8 0 .8 6* * 0 .3 7 0 .6 4* 0 .7 5* 0 .1 8

M ic ro p r o je c to r  f a t ,  
co o k e d  m u sc le 0 .76* 0 .77** 0 .61 0 .83** 0 .70* 0 .2 5

E th e r  e x t r a c t ,  ra w  m u sc le  v s .“ 
F a t  q u a n t i ty ,  ra w  m u sc le 0 .02 - 0 .7 4 * - 0 .0 5 0 .01 0 .6 2 0 .5 9
F a t  q u a n t i ty ,  

c o o k e d  m u sc le 0 .84** 0 .8 1* * 0 .1 9 0 .2 8 0 .2 8 0 .6 9*
I n i t i a l  w e ig h t  v s. co o k in g  t im e  

1 1 th  th o ra c ic  v e r t e b r a “ 0 .63 0 .9 2* ** 0 .52 0 .1 7 0 .6 0 0 .7 4*
7 th  a n d  8 th  th o ra c ic  

v e rteb ra e* 0 .82** 0 .6 5* * 0 .7 4* * 0 .6 4* * 0 .70* 0 .82**
“D/F --- 8; r-value required for a significant relationship: P < 0.05, 0.632; P  < 0.01, 0.765; P  < 0.001, 

0.872.
‘D/F = 18; r-value required fo ra significant relationship: P  < 0.05,0.444; P  < 0.01, 0.562.
* ,P  = 0.05.
**,P =0.01.
* * * ,P  = 0.001.
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groups, and between quantity of fat and 
microproejctor fat values for all but one 
group. Better relationships were 
observed between ether extract of raw 
muscle and quantity of fat in cooked 
than in raw muscle. At the 7th and 8th 
thoracic vertebrae, relationships between 
initial weight of the steaks and total 
cooking time were moderate to high for 
all maturity-marbling groups, and for all 
but one group at the 11th thoracic vertebra.

Relationships among measurements 
for waterholding capacity, total mois
ture, total cooking losses, and pH are not 
reported in Table 5, but, in general, they 
were low (r between 0.0-0.39). Also, rela
tionships between pH and shear value or 
color-difference factors were poor.
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EFFECTS OF PHYSICAL AND M ECHANICAL TREATMENTS ON THE 
TENDERNESS OF THE BEEF LONGISSIMUS

SUMMARY—280 steaks from 56 beef carcasses were evaluated to determine the effects of different 
mechanical and physical methods tor increasing the tenderness of the longissimus muscle. Changes 
in method of suspension, carcass integrity or chilling procedures resulted in increases in tenderness 
of approximately 47.5%  for shear force and 53.6%  for taste panel ratings. Experiment 2 
(suspension from the achilles tendon, severance between vertebrae in 5 locations, severance of the 
ligamentum nuchae and the attachment of 68 kg weights) resulted in a 15% increase in tender
ness as evaluated by both shear force values and the taste panel ratings. Experiment 3 (suspension 
via the obturator foramen, severance of the vertebrae in 5 different locations, severance of the 
ligamentum nuchae and the attachment of 68 kg weights to the neck) gave the greatest positive 
response in taste panel tenderness ratings (53.6% ). Experiments 3, 4, 5 and 6 had the disadvan
tage of resulting in irregularly shaped carcasses, which could present problems in fabrication. The 
assumption that increases in carcass length are necessary to achieve a positive response in the 
tenderness of the longissimus appears unjustified, since post-mortem chilling at elevated tempera
tures (16°C) increased tenderness 47%  with no appreciable change in carcass length. It was con
cluded from this study that the degree of post-mortem muscle contraction which occurs during the 
development of rigor mortis is a primary factor influencing the ultimate tenderness of beef. The 
degree of such contraction is related to the temperature at which the carcass is stored during the 
initial period of cooling. Chilling the carcass in a 16°C cooler during the first 16 hr post-mortem 
resulted in a 40.2% increase (P < .05) in ratings of longissimus tenderness and a 47.5% decrease 
(P < .01) in shear force requirement, yet involved no additional labor expense nor any irregularity 
in carcass form. Of the methods studied, the procedure involved in experiments 8 and 9 (chilling the 
carcasses for the first 16-20 hr in a cooler at 16°C) appears to be the most practical for industrial 
utilization.

INTRODUCTION
DURING the development of rigor 
mortis, muscles change physically from 
the highly extensible, elastic state characteristic of the freshly killed animal to 
that of the inextensible or rigid condition 
characteristic of full rigor. Locker (1960) 
observed that a gradual shortening of 
sarcomeres accompanied the change in 
extensability which occurs during onset 
of rigor.

The contraction or shortening of 
unrestrained muscles during the onset of 
rigor mortis is a well established phe
nomenon that is highly dependent upon 
the temperature during the onset of the 
death-stiffening process (Locker and 
Hagyard, 1963; Marsh and Leet, 1966; Marsh et id., 1968). Excision, restraint, 
tension or stretching and their effects on the contractile state of muscle fibers are highly associated with meat tenderness 
(Locker, 1960; Herring et al., 1965a,b; 
Marsh and Leet, 1966; Howard and Judge, 1968; Ramsbottom and Stran- 
dine, 1949; Partmann, 1963; Buck and Black, 1967; Weideman et al., 1967; 
Herring et al., 1967).Gillis and Henrickson (1967) and 
Reddy and Henrickson (1967) reported that as excised muscles shortened there was a decrease in sarcomere length and

1 Present address: Veterinary College, Universi
dad Nacional, Bogota, Colombia.

an increase in fiber diameter. When 
tension is maintained during the devel
opment of rigor mortis, rigor kinks or 
contracture nodes are often found in 
localized areas along some muscle fibers 
(Gillis and Henrickson, 1967). Tuma et al. (1962) and Herring et al. (1965b) 
reported decreases in beef tenderness as muscle fiber diameter increased.

Locker (1959) observed that various bovine muscles enter rigor mortis in 
differing states of contraction which are 
undoubtedly related to the tension pres
ent in the muscles of the suspended carcass. The extent of rigor-induced 
shortening of muscles in a carcass 
depends on the physical restrictions 
imposed by their attachments to the skeleton (Hostetler et al., 1970). Changes 
in carcass position during the onset of rigor mortis have been observed to pro
duce pronounced effects on sarcomere 
length, muscle fiber diameter and tend
erness (Eisenhut et al., 1965; Herring et 
al., 1965b; Hostetler et al., 1970). Her
ring et al. (1967) concluded that, from the standpoint of ultimate tenderness, it 
was more important to prevent postmortem shortening of muscles than to 
ensure maximum stretching.The present study was designed to 
investigate physical or mechanical methods for increasing the tenderness of 
the beef longissimus muscle. Changes in 
method of suspension, carcass or skeletal

integrity and temperature during chilling were studied in relation to their effects in the prevention of muscle short
ening and/or on the subsequent tenderness of the beef longissimus.

EXPERIMENTAL
N I N E  T R IA L S  (T a b le  1) w e re  c o n d u c te d  
u s in g  2 80  m u s c le  s a m p le s  f ro m  56  c a rc a s se s . 
A  d e s c r ip t io n  o f  th e  a n im a ls  in  e a c h  in d iv id 
u a l t r e a tm e n t  is  p re s e n te d  in  T a b le  2. L e f t  
a n d  r ig h t  s id e s  w e re  a l lo t te d  to  t r e a tm e n ts  a t  
r a n d o m  a n d  e a c h  c a rc a s s  w as  s to re d  a f te r  
t r e a tm e n t  in  a  2 °C  c o o le r  u n t i l  f a b r ic a t io n  7 
d a y s  p o s t-m o r te m .
Body len g th  m easu rem en ts

M e a s u re s  o f  b o d y  le n g th  w e re  t a k e n  fro m  
th e  a n te r io r  b o r d e r  o f  th e  s y m p h y s is  p u b is  to  
th e  a n te r io r  b o r d e r  o f  th e  f i r s t  r ib  fo r  e a c h  
s id e  in  e x p e r im e n ts  1, 2 , 3 , 4 , 5 , 7 , 8  a n d  9 . 
F o r  e x p e r im e n t  6 , m e a s u re s  o f  c a rc a s s  le n g th  
w e re  t a k e n  f ro m  th e  c a u d a l  ed g e  o f  t h e  d o rsa l 
s p in o u s  p ro c e s s  o f  th e  6 th  lu m b a r  v e r t e b r a  to  
th e  c r a n ia l  ed g e  o f  th e  s u p e r io r  s p in o u s  p r o 
ce ss  o f  th e  1 s t th o ra c ic  v e r te b ra .  T h e s e  m e a 
s u re s  w e re  t a k e n  im m e d ia te ly  p o s t- s la u g h te r , 
a f te r  th e  t r e a tm e n ts  w e re  in i t ia t e d  a n d  a t  th e  
e n d  o f  th e  t r i a l  ( im m e d ia te ly  b e fo re  th e  c a r 
c a sse s  w e re  p ro c e s s e d ) .
S ev era n ce  trea tm en ts

I n  e x p e r im e n ts  1, 2 , 3 a n d  5 , in d iv id u a l  
c u ts  w e re  m a d e  b e tw e e n  c e r t a in  v e r te b ra e  
w h ic h  s e v e re d  th e  in te r v e r t e b r a l  f ib ro -c a r t i -  
la g e s  a n d  th e  v e n tr a l  a n d  d o r s a l  lo n g i tu d in a l  
l ig a m e n ts . T h e s e  c u ts  w e re  m a d e  b e tw e e n  th e  
6 th  a n d  7 th  c e rv ic a l;  5 th  a n d  6 th , 9 th  a n d  
1 0 th , 1 2 th  a n d  1 3 th  th o ra c ic ;  a n d  th e  4 th  a n d  
5 th  lu m b a r  v e r te b ra e .  I n  e x p e r im e n ts  1, 2 
a n d  3 , th e  fu n ic u la r  p a r t  o f  th e  l ig a m e n tu m  
n u c h a e  w as  s e v e re d  a t  th e  a n te r io r  e n d , p o s 
te r io r  to  th e  d o r s a l  s p in o u s  p ro c e s s  o f  t h e  f i r s t  
c e rv ic a l v e r te b ra ,  a n d  th e  la m e l la r  p o r t io n s  
w e re  f re e d  f ro m  th e i r  a t ta c h m e n ts  to  th e  c e r 
v ic a l s p in e s .
W eighted load  treatm en ts

I n  e x p e r im e n ts  2 , 3 a n d  5 , w e ig h t lo a d s  o f 
68  k g  w e re  a t ta c h e d  to  th e  n e c k  (3 rd  to  6 th  
c e rv ic a l v e r te b ra e )  fo r  48  h r  in  a n  a t t e m p t  to  
m a in ta in  c a rc a s s  le n g th  d u r in g  p e r io d s  o f 
s u b s e q u e n t  s to ra g e  in  th e  h o ld in g  co o le r 
(2°C ).
Body cu rvatu re trea tm en ts

O n e  s id e  o f  e a c h  c a rc a s s  in  e x p e r im e n t  6 
w as b e n t  b y  u se  o f  tw o  s m a ll  h o o k s , o n e  o f 
w h ic h  w as  a t t a c h e d  to  th e  a c h ille s  te n d o n  a n d  
th e  o th e r  a t ta c h e d  to  e i th e r  th e  a n te r io r  
b o r d e r  o f  th e  s te r n u m  o r  th e  4 th  c e rv ic a l v e r 
t e b r a .  T e n s io n  w as  a c h ie v e d  b y  c o n n e c t in g  
th e  tw o  h o o k s  w ith  a  w ire  to  e f fe c t la te r a l  
c u r v a tu r e  a lo n g  th e  v e r te b ra l  c o lu m n .
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Table I— Description of the treatments employed

1 I H o ld in g  c o n d i t io n sN u m b e r  A t t a c h m e n t  ------------° ------------------

E x p
of

c a rc a s se s S id e
M e th o d  o f 
s u s p e n s io n

S e v e ra n c e
t r e a tm e n t s “

o f  w e ig h ts  
t o  t h e  n e c k

B o d y
c u r v a tu r e

T e m p
°C

T im e
h r

1 18 c o n tro l ac h ilie»  te n d o n n o n e n o n e n o n e 2 168
t r e a te d ac h ilie»  te n d o n A B n o n e n o n e 2 168

2 3 c o n tro l a c h ille s  te n d o n n o n e n o n e n o n e 2 168
t r e a te d a c h ille s  te n d o n A B 6 8  k g n o n e 2 168

3 8 c o n tro l a c h ille s  te n d o n n o n e n o n e n o n e 2 168
t r e a te d o b t u r a to r  fo ra m e n A B 6 8  k g n o n e 2 168

4 4 c o n tro l a c h ille s  te n d o n n o n e n o n e n o n e 2 168
t r e a te d b n o n e n o n e n o n e 2 168

5 4 c o n tro l“ o b t u r a to r  fo ra m e n n o n e n o n e n o n e 2 168
t r e a te d o b t u r a to r  fo ra m e n A 6 8  k g n o n e 2 168

6 4 c o n tro l a c h ille s  te n d o n n o n e n o n e n o n e 2 168
t r e a te d a c h ille s  te n d o n n o n e n o n e d 2 168

7 5 c o n tro l a c h ille s  te n d o n n o n e n o n e n o n e 2 168
t r e a te d a c h ille s  te n d o n n o n e n o n e n o n e 16 8“

8 5 c o n tro l a c h ille s  te n d o n n o n e n o n e n o n e 2 168
t r e a te d a c h ille s  te n d o n n o n e n o n e n o n e 16 16“

9 5 c o n tro l a c h ille s  te n d o n n o n e n o n e n o n e 2 168
t r e a te d a c h ille s  te n d o n n o n e n o n e n o n e 16 20“

“A = intervertebral severance between the 6th to 7th cervical; 5th to 6th, 9th to 10th, 12th to 13th thoracic; and 4th to 5th lumbar vertebrae. B = severance of the 
funicular and lamellar portions of the ligamentum nuchae.

‘During the first 24 hr the carcass was suspended via the obturator foramen. The carcass was resuspended via the achilles tendon for the remainder of the 168 hr 
storage period.

‘Both sides of each carcass in experiment 5 were suspended via the obturator foramen and thus the paired side would not be considered a control in the untreated 
sense.

■“Body curvature was achieved by inducing tension from the achilles tendon to either the anterior border of the sternum or to the fourth cervical vertebra.
'Individual sides were stored in a 16°C cooler for 8,16 or 20 hr and subsequently stored in the 2°C cooler for 160,152 or 148 hr, respectively.

Table 2— Allocation o f animals to the individual experiments

E x p e r im e n t n
A ge a t  

s la u g h te r
S ex

c o n d itio n
1 18 1 0 -1 4  m o s te e rs
2 3 1 0 -1 4  m o s te e rs
3 8 3 0 -4 2  m o s te e rs
4 4 1 2 -1 8  m o 2 s te e rs

U n k n o w n " 1 cow
1 2 -1 8  m o 1 h e ife r

5 4 1 2 -1 8  m o s te e rs
6 4 U n k n o w n * s te e rs
7 5 1 2 -1 8  m o s te e rs
8 5 1 2 -1 8  m o s te e rs
9 5 1 2 -1 8  m o s te e rs

“Subjective estimates of the degree of bone ossification suggested that this 
animal was 5 yr of age or older a t time of slaughter.

‘Slaughter steers obtained from a livestock show which were subjectively 
evaluated as being less than 18 mo of age a t time of slaughter.

Suspension  treatm en ts
T w o  m e th o d s  w ere  c o m p a re d  in  e x p e r i 

m e n ts  3  a n d  4 ; s u s p e n s io n  fro m  th e  a c h ille s  
te n d o n  (n o rm a l m e th o d )  v s. s u p p o r t  v ia  th e  
o b tu r a to r  fo ra m e n  (in  th e  m a n n e r  p re v io u s ly  
d e s c r ib e d  b y  H o s te t le r  e t  a l . ,  1 97 0). B o th  
s id e s  o f  e a c h  c a rc a s s  in  e x p e r im e n t  5 w ere  
s u s p e n d e d  v ia  th e  o b tu r a to r  fo ra m e n .
T em perature treatm ent

In  e x p e r im e n ts  7 , 8 a n d  9 , o n e  s id e  o f  e a c h  
c a rc a s s  w as  p la c e d  in  a  2 °C  c o o le r  a n d  th e  
o p p o s ite  s id e  o f  e a c h  c a rc a s s  w as  p la c e d  in  a  
co o le r m a in ta in e d  a t  16° C . F o llo w in g  8 , 16 o r  
20  h r  o f  s to ra g e  (p o s t-m o r te m )  in  th e  16° C  
c o o le r  th e s e  s id e s  w e re  p la c e d  in  th e  2 °C

c o o le r  fo r  th e  r e m a in d e r  o f  th e  ag in g  p e r io d  
(1 6 8  h r ) .
T en d ern ess d eterm inations

I n  e x p e r im e n ts  1, 2 a n d  3 , in d iv id u a l  
s te a k s  (3 .8  c m  th ic k )  fro m  th e  n e c k  (6 th  c e r 
v ic a l) , c h u c k  (5 th  th o ra c ic ) , r ib  (1 2 th  t h o r a 
c ic ) a n d  lo in  (4 th  lu m b a r )  re g io n s  w ere  
re m o v e d , p a c k a g e d , fro z en  a t  —18° C  a n d  
s to re d  fo r a  p e r io d  o f  1 0 -2 5  d a y s . F o r  e x p e r i 
m e n ts  4  th ro u g h  9 , a  3 .8  c m  s te a k  w as  
re m o v e d  fro m  th e  r ib  (1 2 th  th o ra c ic )  a r e a , 
p a c k a g e d , fro z en  a t  — 18° C  a n d  s to re d  fo r  a  
p e r io d  o f  1 0 -2 5  d a y s .  T h e  s te a k s  w e re  
re m o v e d  f ro m  fro z en  s to ra g e , th a w e d  a t  ro o m  
te m p e r a tu r e  (2 3 °C ) a n d  b ro ile d  a t  1 77 °C  to

a n  in te rn a l  te m p e r a tu r e  o f  7 5 °C . In d iv id u a l  
s a m p le s  (1 .2 7  c m  X  2 .54  c m ) o f  e a c h  s te a k  
w ere  p re s e n te d  to  a  t r a in e d  fo u r -m e m b e r  
p a n e l fo r  te n d e r n e s s  e v a lu a tio n s . S a m p le s  
w ere  e v a lu a te d  b y  u s e  o f  a  9 -p o in t  h e d o n ic  
s c a le  ra n g in g  f ro m  9 (v e ry  te n d e r )  to  1 (v e ry  
to u g h ). C o re  s a m p le s  (1 .27  c m ) fo r  s h e a r  fo rce  
d e te rm in a t io n  w ere  re m o v e d  p a ra l le l  to  th e  
o r ie n ta t io n  o f  th e  m u s c le  f ib e rs  a f t e r  th e  
s te a k s  h a d  re a c h e d  ro o m  te m p e r a tu r e  (2 3 °C ).
Sarcom ere length  determ inations

U n f ix e d  s a m p le s  o f  lo n g is s im u s  w e re  
b le n d e d  fo r  40  sec  in  co ld  (4 °C ) 0 .2 5 M  s u c 
ro se  s o lu tio n  u s in g  a  V ir tis  h o m o g e n iz e r . T h e  
s u s p e n s io n  o f  m u s c le  f ib e rs  w as  e x a m in e d  
d ire c t ly  in  a  p h a s e  c o n t r a s t  m ic ro sc o p e  (1 0 X  
o c u la r , 1 00X  o b je c tiv e ) . S a r c o m e re  le n g th  
w as  d e te rm in e d  b y  u se  o f  a  f i la r  m ic ro m e te r  
a n d  v a lu e s  a r e  r e p o r te d  a s  th e  a v e ra g e  le n g th  
o f  250  s a rc o m e re s  fro m  e a c h  m u sc le .
S tatistica l treatm ent

M e a n s , s ta n d a r d  d e v ia t io n s  a n d  c o e ff i
c ie n ts  o f  v a r ia t io n  w e re  c o m p u te d  fo r  e a c h  o f 
th e  v a r ia b le s  s tu d ie d .  T h e  p a i r e d  t  d i s t r i b u 
tio n  a n a ly s is  w as  e m p lo y e d  to  t e s t  fo r  s ig n if i 
c a n c e  o f  d if fe re n c e s  b e tw e e n  m e a n  v a lu e s  (L i, 
1957).

RESULTS & DISCUSSION
MEANS, standard deviations and coeffi
cients of variation for shear force values, 
tenderness ratings and sarcomere lengths for the 18 steer carcasses in experiment 
1 are presented in Table 3. Sides which were treated by severance of the vertebral column and ligamentum nuchae 
provided steaks that were significantly
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lower in shear force requirements for 
longissimus samples from the neck (P < .01), chuck (P < .05) and loin (P < .01) 
areas. Tenderness ratings were significantly higher (P < .05) for chuck steaks 
from the treated sides. These findings 
are in general agreement with those of 
Herring et al. (1965a, b), Tuma et al. 
(1962), Gillis and Henrickson (1967), 
Howard and Judge (1968) and Hostetler et al. (1970).

Severance of the vertebrae and liga- 
mentum nuchae in experiment 1 
resulted in increased carcass lengths 
(Table 4) immediately after the treat
ment and this increase was partially 
maintained during subsequent storage. 
While an increase (P < .01) in sarcomere 
length was observed at the 12th thoracic area (Table 3), the effect was not mani
fested via increases in the tenderness of 
corresponding rib steaks. Marsh and 
Leet (1966) postulated that cold shorten
ing occurs in muscles which remain 
attached to the skeleton. The carcasses

Table 3— Means, standard deviations (S.D .) and coefficients o f variation (C .V .) for shear force values,
panel tenderness ratings and sarcomere lengths at different locations from the 
Experiment 1

Longissimus muscle in

T r a i t L o c a t io n “
M e a n S .D . C .V .

Ck T ‘ C T c T
S h e a r n ec k 4 .9 6 ' 4 .0 7 ' 1 .00 0 .8 2 2 0 .1 5 2 0 .08
fo rce c h u c k 4 .7 6 “ 4 .1 0 “ 1 .36 1.21 2 8 .5 5 2 9 .59
(kg) r ib 4 .5 8 4 .38 2 .06 1.84 4 4 .97 4 2 .13

lo in 4 .51" 3 .7 5 “ 1.33 0 .8 9 2 9 .5 7 2 3 .77
T a s te n ec k 4 .52 4 .18 0 .9 7 1 .46 2 1 .43 3 4 .88
p a n e l c h u c k 6 .0 1 ' 7 .1 9 ' 1 .72 1 .13 28 .61 1 5 .70
s c o re s ' r ib 5 .4 9 5 .96 1.57 1 .60 2 8 .67 2 6 .8 2

lo in 6 .13 6 .14 1 .64 1 .75 2 6 .72 2 8 .5 0
S a rc o m e re
le n g th
to r ib 1 .8 3 ' 2 .0 9 ' 0 .1 7 0 .1 5 9 .1 9 7 .24

"Neck steaks were removed from the 6th cervical region; chuck steaks from the 5th thoracic region; rib 
steaks from the 12th thoracic region and loin steaks from the 4th lumbar region.

bC = control or untreated side; T  = treated side. The treatment consisted of severance of the vertebrae at 
five locations and severance of the funicular and lamellar portions of the ligamentum nuchae.

'Hedonic ratings based on a 9-point scale (9 = very tender).
“Values bearing the same superscript differ significantly (P < .05).
"Values bearing the same superscript differ significantly (P < .01).

in experiment 1 were subjected to cold 
shock upon exposure to cooler temperatures of 2°C prior to and during the 
onset of rigor mortis. Tenderness

Table 4— Mean values for body length resulting from the treatment imposed upon the carcasses in each 
experiment

A v e ra g e  c a rc a s s  le n g th  (m )°
i n c r e a s e s  m a y  h a v e  o c c u r r e d  i n  s p e c i f i c  
c a r c a s s  l o c a t i o n s  ( e .g .  c h u c k ,  T a b l e  3 )  
b e c a u s e  s t e a k s  f r o m  t h a t  r e g i o n  w e r e  
o b t a i n e d  a d j a c e n t  t o  a r e a s  s t r e t c h e d  
e x t e n s iv e l y  b y  t h e  s e v e r a n c e  p r o c e d u r e ;  
w h i le  c o ld  s h o r t e n i n g  m a y  h a v e  o c c u r r e d

W a rm  c a rc a s se s C h ille d  c a rc a s se s

E x p e r im e n t

B e fo re
t r e a t 
m e n t

A f te r
t r e a t 
m e n t

A f te r
s to ra g e

D if fe re n c e
(m )

C h a n g e
(% )

1 1.15 1.17 1 .16 0 .01 0 .8 6
i n  t h o s e  a r e a s  b e t w e e n  t h e  s e v e r e d  v e r t e - 2 1.17 1.23 1.23 0 .0 6 5 .12
b r a e .  T h e  l a c k  o f  u n i f o r m i t y  i n  t h e  e f f e c t 3 1.16 1 .30 1 .29 0 .1 3 11.20
o f  s h o r t e n i n g  a l o n g  t h e  l o n g  a x i s  o f  t h e 4 1.14 1.23 1.23 0 .0 9 7 .89
lo n g i s s im u s  w o u ld  r e s u l t  i n  r e l a t i v e l y 5 1.15 1.22 1.22 0 .0 7 6 .08
m i n o r  c h a n g e s  i n  c a r c a s s  l e n g t h . 6 ‘ 1 .03 1.14 1.13 0 .1 0 9 .7 0

M e a n s ,  s t a n d a r d  d e v i a t i o n s  a n d  c o e f - 7 1.21 1.21 1 .19 - 0 .0 2 - 1 .6 5
f i c i e n t s  o f  v a r i a t i o n  f o r  s h e a r  f o r c e  v a l - 8 1.10 1.09 1 .09 - 0 .0 1 - 0 .9 1
u e s ,  t e n d e r n e s s  r a t i n g s  a n d  s a r c o m e r e 9 1 .19 1.20 1.20 0 .01 0 .83
lengths for experiment 2 are presented in 
Table 5. Weights (68 kg) were attached 
to the neck in an attempt to maintain 
the increase in body length which resulted from vertebral severance treat-

“Measures of carcass length (with the exception of those in experiment 6) were taken from the anterior 
border of the symphysis pubis to the anterior border of the first rib.

‘Measures of carcass length were taken from the caudal edge of the dorsal spinous process of the 6th 
lumbar vertebra to the cranial edge of the superior spinous process of the 1st thoracic vertebra.

ments, and to prevent decreases in car
cass length resulting from cold shorten
ing when the carcasses were exposed to 
low temperatures (2°C) post-slaughter. 
The attachment of 68 kg weights to the 
neck (prior to rigor mortis) effectively 
maintained the increased body lengths gained via severance (Table 4), during 
the period of cooler storage.

Nonsignificant decreases in shear force requirement for steaks from the 
neck, chuck and rib regions and 
increases in tenderness ratings for steaks from the neck and rib were observed. 
The lack of significant differences for all 
values except the tenderness rating of 
the chuck steak (P < .05) is attributed in 
part to the size of the sample observed (n 
=  3).

Results of experiment 3 are presented in Table 6. Significant reductions in 
shear force requirement were observed

Table 5—Means, standard deviations (S.D .) and coefficients o f variation (C .V .) for shear force values, 
tenderness ratings and sarcomere lengths at different locations in the longissimus muscle for Experiment 2

M e a n S .D . C .V .
T r a i t L o c a t io n “ c ‘ T* C T C T

S h e a r n e c k 4 .84 3 .2 5 2 .0 6 0 .7 6 4 2 .6 8 2 3 .53
fo rce c h u c k 6 .00 4 .05 2 .07 0 .1 5 3 4 .4 7 3 .6 0
(kg) r ib 3 .70 3 .13 1 .07 0 .7 6 2 8 .93 2 4 .3 8

lo in 3 .70 3 .72 0 .5 4 1 .68 14.61 4 5 .1 5
T a s te n e c k 4 .42 5.71 0 .8 0 1 .74 1 8 .20 3 0 .4 7
p a n e l c h u c k 5 .1 7 “ 7 .0 8 “ 1.01 0 .3 8 1 9 .56 5 .3 9
s c o re s ' r ib 6 .92 8 .00 1.61 0 .5 0 2 3 .24 6 .2 5

S a rc o m e re
le n g th

lo in 6 .33 6 .0 8 1 .38 1.04 2 1 .74 17.11

(m) r ib 1 .86 1.96 0 .1 0 0 .1 5 5 .23 7 .6 5
“Neck steaks were removed from the 6th to 7th cervical region; chuck steaks from the 5th to  6th thoracic 

region; rib steaks from the 12th to 13th thoracic region and loin steaks from the 4th to 5th lumbar region.
6C = control or untreated side; T  = treated side. The treatment consisted of severance between vertebrae 

in 5 locations, severance of the ligamentum nuchae and the attachment of 68 kg weights to the neck. 
cHedonic ratings based on a 9-point scale (9 = very tender). 
dValues bearing the same superscript differ significantly (P < .05).
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for steaks from the treated side in the 
neck (P < .01), chuck (P < .01) and loin (P < .01) regions. Taste panel ratings for tenderness were significantly higher for steaks from the treated side in the rib (P < .01) and loin (P < .01) regions. Car
casses treated in this manner exhibited the highest percent increase in body length (Table 4) observed in this study 
and significant (P < .01) differences were observed in sarcomere length. The11.2% increase in carcass length appears to be sufficient to significantly affect sarcomere lengths. The treated sides 
exhibited some degree of longissimus elongation and as a result produced steaks with low shear force values and high tenderness ratings. These results are in. agreement with the previous reports of Herring et al. (1965a, b), 
Tuma et al. (1962), Gillis and Henrick- son (1967) and Hostetler et al. (1970).

In experiment 4, one side from each of the four beef carcasses was suspended

via the obturator foramen in the manner previously described by Hostetler et al.(1970). Carcasses were suspended in this manner for 24 hr post-slaughter, where
upon they were resuspended by the achilles tendon for the remainder of the 
168 hr aging period. This procedure was followed to determine its effectiveness in increasing the tenderness of the longissimus when suspension time via the obturator foramen was reduced. It was of further interest to ascertain the extent to which carcasses would return to that shape or form characteristic of carcasses 
suspended by the achilles tendon. No significant differences were observed for shear force values, tenderness ratings or 
sarcomere lengths (Table 7). After an aging period of 7 days, carcasses supported during the onset of rigor mortis by the obturator foramen and subsequently resuspended by the achilles 
tendon did not regain the shape characteristic of those carcasses which were

supported in the normal manner for the 
entire storage period.Experiment 5 was conducted using carcasses from four steers, 12-18 months of age at slaughter. This experiment was 
designed to determine the relationship between tenderness and changes in the manner of carcass suspension (Hostetler 
et al., 1970) and to determine whether further increases in carcass length and/or tenderness could accrue from severance between vertebrae plus weighted loads attached to the neck 
(Table 4). No significant differences in shear force values, tenderness ratings or sarcomere lengths were observed (Table
7).

Experiment 6 was conducted using carcasses from four steers, 12-18 months of age at slaughter. Body curvature was achieved by the use of tension applied upon a wire connecting the fore and rear 
portions of the side to effect lateral deformation of the vertebral column. No 
significant differences were observed for any of the traits studied (Table 7). Body curvature treatments may elongate fibers in some areas of the longissimus, while other areas either shorten or do not 
stretch enough to significantly affect tenderness in that location. The carcasses treated in this manner were irreg
ular in form, undesirably shaped and would not be acceptable commercially.In experiments 7, 8 and 9, three groups of 5 steers each, 12-18 months of age, were used to study the effects of cold shortening (Marsh et al., 1968) on 
changes in beef tenderness. One side from each carcass was stored in a 16° C cooler for 8, 16 or 20 hr and at 2°C for the remainder of the 168 hr aging period. The untreated sides were held in a 2°C cooler for the entire storage period. No 
significant differences were found in experiment 7 (Table 8) while carcasses stored 16 hr at 16°C (experiment 8) had 
significantly lower shear force values (P< .01) and higher tenderness ratings (P
< .05). Shear force requirements were significantly lower (P < .01) for the treated sides in experiment 9. The standard deviations and coefficients of variation were quite high in experiment 9 for shear force and tenderness ratings, which may explain partially the lack of a significant difference between control and treated sides for taste panel tenderness.

Interestingly, total body length was not increased by storing the treated carcasses at elevated cooler temperatures in either experiment 7 or 8. Signifi
cant differences in tenderness were not associated with increases in body length, thus changes in body length may not be a desirable index of the contractile state of the sarcomeres. Locker and Hagyard(1963) and Cassens and Newbold (1967) have demonstrated that exposure to low

Table 6— Means, stan dard  deviations (S .D .) and coefficien ts o f varia tion (C .V .) fo r  shear fo rce values, 
tenderness ratings and  sarcomere lengths at d ifferen t locations in the longissim us muscle fo r Experim ent 3

Mean S.D . C.V.
Trait L ocation“ c ‘ rjift C T C T

Shear neck 7.31d 5.12d 0.93 0.51 12.67 9.87
force chuck 6.23“ 3.60' 1.02 0.46 16.38 12.90
(kg) rib 5.60 5.06 1.80 1.42 32.10 28.04

loin 5.70“ 4.33' 0.64 0.66 11.15 15.37
T aste neck 2.45 2.50 0.56 0.64 22.75 25.63
panel chuck 5.66 5.97 1.18 0.90 20.86 15.09
scores' rib 4.16“ 6.39' 0.91 0.55 21.79 8.58
Sarcomere
length

loin 4.56“ 6.57' 1.16 0.73 25.49 11.09

M rib 1.82“ 2.19' 0.22 0.15 12.03 6.75
“Neck steaks were removed from the 6th to 7th cervical region; chuck steaks from the 5th to 6th thoracic 

region; rib  steaks from the 12th to 13th thoracic region and loin steaks from the 4th to 5th lumbar region.
‘C = control or untreated side; T  = treated side. The treatment consisted of hanging the carcass by the 

obturator foramen, severance between vertebrae at 5 locations, severance of the ligamentum nuchae and the 
attachment of 66 kg weights to the neck.

“Hedonic ratings based on a 9-point scale (9 = very tender).
'Values bearing the same superscript d iffer significantly (P < .01).

Table  7— M e a n s, s ta n d a rd  deviations (S .D .) and  coefficien ts o f  varia tion  (C .V .) fo r  shear fo rce va lues, 
tenderness ra tings and  sarcom ere lengths fo r the longissim us muscle from Experim ents 4 , 5  and  6

Trait Experiment Location“
M ean S.D . C.V.

C‘ rpi C T C T
Shear 4 rib 3.76 3.22 0.94 0.53 25.08 16.34
force 5 rib 3.91 3.77 1.25 0.83 32.07 21.97
(kg) 6 rib 3.73 3.11 0.46 0.80 12.41 25.63
T aste 4 rib 5.69 6.63 1.36 1.38 23.91 20.78
panel 5 rib 5.94 6.38 1.34 0.66 22.64 10.38
scores' 6 rib 5.25 6.31 0.94 1.03 17.82 16.29
Sarcomere 4 rib 2.01 2.05 0.17 0.11 8.50 5.50
length 5 rib 2.36 2.34 0.36 0.55 15.45 23.76

6 rib 1.78 2.03 0.29 0.09 16.50 4.53
“R ib steaks derived from the 12th to 13th thoracic vertebrae region.
6C = control or untreated side; T  = treated side.
cHedonic ratings based on a 9-point scale (9 = very tender).
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Table 8— Means, sta n d a rd  deviations (S .D .)  a n d  coefficien ts o f  varia tion  (C .V .) fo r shear fo rce  values, 
tenderness ratings and  sarcomere lengths fo r  the longissim us muscle from Experim ents 7, 8 and  9

Trait Experiment L ocation“
Mean S .D . C.V.

C‘ T* C T C T
Shear 7 rib 5.63 5.38 1.30 1.83 23.14 34.14
force 8 rib 6.23' 3.27' 1.09 0.93 17.53 28.62
(kg) 9 rib 3.13" 2.54'' 1.86 0.70 49.94 27.61
Taste 7 rib 5.95 5.80 1.35 1.16 22.70 20.00
panel 8 rib 4. IO" 5.75" 0.52 0.73 12.64 12.68
scores' 9 rib 4.73 6.06 2.53 1.80 53.48 29.72
Sarcomere 7 rib 1.87 1.84 0.35 0.12 1.87 6.54
length 8 rib 1.96 1.89 0.56 0.13 28.67 7.06
(8) 9 rib 1.83 1.93 0.09 0.19 4.75 9.85

“Rib steaks derived from the 12th thoracic vertebra region.
- control or untreated side; T  = treated side. The treated carcasses were chilled for the firs t 8, 16 or 

20 hr at a temperature of 16°C and at 2°C for the remainder of the 168 hr aging period.
'Hedonic ratings based on a 9-point scale (9 = very tender).
‘'Values bearing the same superscript d iffer significantly (P < .05).
“Values bearing the same superscript d iffer significantly (P <  .01).

Table 9— A sum m ary o f the effects o f  each treatm ent on changes in shear fo rce values a n d  tenderness 
ratings o f rib steaks

Difference Difference
(control (treated
minus minus

Exp

treated) 
shear force, 

kg

Decrease in 
shear force 
value (%)“

Level
of

probability

control)
tenderness

rating*

Increase in 
tenderness 
rating (%)'

Level
of

probability
1 0.20 4.4 n .s / 0.47 8.6 P  <  .15
2 0.57 15.4 P  <  .10 1.08 15.6 P  <  .15
3 0.54 9.6 P  <  .25 2.23 53.6 P  <  .01
4 0.54 14.4 P  <  .10 0.94 16.5 P  <  .25
5 0.14 3.6 n.s. 0.44 7.4 P  <  .25
6 0.62 16.6 P <  .10 1.06 20.2 P <  .10
7 0.25 4.4 n.s. -0 .1 5 - 2 .5 n.s.
8 2.96 47.5 P  <  .01 1.65 40.2 P <  .05
9 1.19 31.9 P <  .05 1.33 28.1 P <  .10

“Percent decrease computed as control minus treated divided by control. 
‘Hedonic ratings based on a 9-point scale (9 = very tender).
'Percent increase computed as treated minus control divided by control. 
’ Values were not significant at P < .25.

temperatures (0-16° C) is necessary for cold shortening. The discontinuity in the enzymatic properties of myosin ATPase that occurs at 16° C may reflect a change in the shape of the active site on the myosin molecule at this temperature (Szent-Gyorgyi, 1951) thereby resulting in the formation of fewer bonds between actin and myosin filaments during rigor. Unless muscles are either subjected to blast freezer temperatures while on the carcass or are excised and exposed to 0° -2°C temperatures, cold shortening is not likely to occur in the longissimus. Restraint of the longissimus is removed during the suspension of the carcass by the achilles tendon. Also, perhaps some factor such as proteolysis may be playing a role in tenderization during the time the carcass is held at 16° C for

16-20 hr and the cathepsins may be activated at the lower pH and higher temperature. It is apparent from these 
results that increases in carcass length do not necessarily result in elevated tenderness levels; nor is increased carcass length necessary for attaining significant improvement in longissimus tend
erness.A summary of the effects of each treatment on changes in shear force values and tenderness ratings of rib steaks is presented in Table 9. Chilling carcasses at 16° C for the initial 16 or 20 hr post-mortem yielded the greatest response in reducing shear force requirements (experiments 8 and 9, P < .01 and P < .05, respectively). Suspension via the obturator foramen, severance of the vertebrae in five locations, severance of

the ligamentum nuchae and the attachment of 68 kg to the neck (experiment 3) 
gave the greatest positive response (P < .01) in tenderness ratings. However, chilling at elevated temperatures for 16 hr post-slaughter (experiment 8) significantly enhanced tenderness (P < .05) yet required no change in carcass integrity or manner of suspension.
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INFLUENCE OF CONTROLLED MICROBIAL 
CURING ON PORCINE MUSCLE

SUMMARY—A previously developed technique was adapted to study the influence of certain micro
biological populations and their effects on processed meat. The technique consisted of an initial 
reduction of surface bacteria on conventionally handled muscle tissue via a hot water dip, followed 
by processing at 28°C in a sterile plastic isolator where Pediococcus cerevisiae was introduced into 
the curing solution. This treatment was compared to reduced initial count and conventional samples. 
Identification of the bacteria in the curing solution of each treatment indicated that a Lactobacillus 
spp. was predominant in the reduced initial count treatment. The inoculated Pediococcus cerevisiae 
was predominant in the reduced initial count inoculated treatment while Staphylococcus epkfermidis 
and Flavobacterium diffusum were predominant in the conventional treatment depending upon the 
trial. Tenderness and bacterial load were significantly (P < .01) increased by treatment while 
pH was significantly (P < .01) decreased. Oxidation and muscle composition were not affected by 
treatment. Samples from all treatments were acceptable organoleptically.

INTRODUCTION
CONSIDERABLE RESEARCH concerning the influence of microorganisms on meat products has involved primarily mixed cultures and their spoilage of the product. Little work has been done using bacteria in the development of new, safe and appealing meat products which have acceptable keeping qualities. Use of 
bacteria in foods as starter cultures pro
vides a possible means of controlling certain types of spoilage as well as food poisoning hazards (Niven, 1952). In addition, the usefulness of microorganisms as flavor enhancers greatly overshadows their economic importance as spoilage bacteria. Therefore, if the meat scientist is going to control and use bacteria, the effects of microorganisms on 
foods must be studied. In this connection, Ockerman et al. (1964) and Bothast et al. (1968) have developed surgical and 
dip techniques, respectively, for obtaining undenatured muscle tissue with a 
low bacterial count. These techniques furnish the meat scientist with a new tool to study the influence of bacteria (pure or mixed cultures) on meat products. Consequently, this research was designed to further develop a technique 
to study the influence of bacteria on meat.

Pediococcus cerevisiae (reduced initial count inoculated treatment), an accepted starter culture (Deibel et al.,1961) was used in the pickle curing of pork loins. In addition, the predominant microorganisms of conventional and reduced initial count treatments were studied to determine their influence on the product.
EXPERIMENTAL

PO RCINE longissim us dorsi was selected as 
the m uscle tissue for this experiment. Two 1-

yr-old sows were slaughtered in the M eat 
Laboratory, V .P .I., according to the proce
dure outlined by Cole (1951). A third sow— 
sim ilar size and age— was slaughtered by 
a commercial establishm ent. The loins from 
the first carcass were removed according to 
the methods outlined at the Fourth Recipro
cal M eat Conference (Cole, 1951), and the 
longissimus dorsi m uscles were cut to yield  
three 20-cm sections for Trial I. Each section  
was then randomly assigned to one of the 
three treatm ents—reduced initial count
(RIC), reduced initial count inoculated  
(R IC I), and conventional (C). Trials II and 
III were conducted sim ilarly, using loins from  
carcass #2 in Trial II and loins from carcass 
#3 in Trial III.

T he RICI treatm ent was designed to serve 
as an indicator o f the success o f the dip tech
nique being developed, i.e., does the tech
nique allow an inoculated organism to pre
dominate and its influence on a m eat product 
to be studied? In this particular research, 
Pediococcus cerevisiae  was inoculated into 
the curing solution to take advantage o f any 
beneficial properties it might impart to the 
product. T he RIC treatm ent was designed to 
produce low bacterial loads on m eat so that a 
direct comparison could be made between  
this treatm ent and the RICI treatm ent. The 
conventional treatm ent functioned as the 
control. T his treatm ent was “conventional” in 
the sense that loins were cured by a process 
(temperature, tim e, technique, etc.) sim ilar to 
the one used by meat processors today.

The sections assigned to the RIC treat
ment were processed in a plastic isolator 
according to the procedures described by 
Bothast et al. (1968) and Graner et al. (1969), 
with slight m odifications. Once the loin sec
tions were in the isolator, they were put into a 
large beaker and 2.2 1 o f curing solution were 
added. The curing solution contained 4% 
sodium chloride, 5% dextrose, and 0.3% o f a 
12/1  (dry weight) nitrate to nitrite m ixture. 
The meat was allowed to cure in the isolator 
for 7 days at 28°C. Filtered air circulated in 
the isolator at sill tim es over the solution cov
ered samples.

T he RICI treatm ent was essentially the

same as the RIC treatm ent except that 1.12g 
of Pediococcus cerevisiae  (ACCEL starter 
culture produced by M erck and Co., Inc.) 
were included per 2.2 1 o f curing solution.

T he conventional treatm ent consisted o f a
7-day cure at 4°C without inoculation or san i
tary treatment. T he loin sections assigned to 
this treatm ent were submerged in a large 
beaker containing 2.2 1 o f brine. T his solution  
consisted o f the sam e ingredients as the other 
two treatm ents but was m ixed m anually and 
not autoclaved.

When the curing was com pleted for the 
three treatm ents, sam ples were evaluated for 
bacteria; pH; oxidation of fat; taste d if
ferences; tenderness; composition; and color. 
Uniform 10 ml curing solution sam ples were 
obtained aseptically from each treatm ent. A 
standard plate count was made, according 
to the procedure recommended by the Am eri
can Public Health Association (1966), on 1 ml 
aliquots o f these 10 ml sam ples, using tryp- 
tone glucose extract (TGE) agar (D ifco) incu
bated at 30° C for 48 hr. T he viable bacterial 
load was determined. Three representative 
colonies for each treatm ent were picked from  
TGE plates that were countable (between 30 
and 300 colonies) and inoculated on brain  
heart infusion agar (D ifco) and A PT  broth 
(D ifco). Identification procedures according  
to Breed et al. (1957) were then used to iden
tify the respective organisms. The pH was 
determined on uniform 25-ml curing solution  
sam ples from each treatm ent.

The loin sections were removed from their 
respective solutions and approxim ately 200g 
sam ples were obtained from the end of each  
section. These sam ples were wrapped in 
aluminum foil and refrigerated over night. 
The next day lOg subcutaneous fat sam ples  
were obtained from the 200g sam ples and 
oxidation was measured by TBA (2-thiobar- 
bituric acid) values, according to the proce
dure o f Tarladgis et al. (1960). The remainder 
of the 200g sam ples were rewrapped and 
frozen. W hen all three trials were com pleted, 
these sam ples were thawed at room tem pera
ture and analyzed for moisture, fat and pro
tein according to the procedures described by
A.O.A.C. (1965).

T he remaining loin sections (those left 
after removal o f a 200g sam ple) were subjec
tively evaluated for quality o f color and then  
cooked in a 177° C oven to an internal tem per
ature o f 73°C. Sections from each treatm ent 
were sliced (3.1 mm  thickness) and 25 mm  
diameter discs were made. T hese discs were 
then adm inistered in a triangle taste test 
(Amerine et al., 1965) to a panel o f five 
members. The taste panel m em bers were 
trained by several practice sessions prior to 
the actual test. The m eat was warm when  
served. The panel was offered all possible 
triangle comparisons—with the three treat
m ents—in duplicate at each testing ses-
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Table 1— S ta n d a rd  p la ie  count p e r  m illilter
o f  curing solutiona

Treatm ent
reduced

reduced initial
initial count

Trial count inoculated conventional
I 7.68 7.36 3.20

II 7.72 7.48 4.08
III 8.08 6.64 3.56

X 7.83 7.16 3.61**
“Counts are expressed in logarithms.
** Means significantly different (P <  .Of).

sion. In addition, 25 cm diam eter cores were 
obtained from the cooked sections and evalu
ated for tenderness by the W am er-Bratzler 
shear.

Statistical analysis o f all data was con
ducted according to Li (1964).

RESULTS & DISCUSSION
Viable bacteria

Table 1 shows the results of standard plate counts on each curing solution. These data agree with counts determined by the Petroff-Hauser counting chamber. The curing solution of the con
ventional treatment was significantly 
(P < .01) lower in bacteria than solutions of the other two treatments. This lower level of the conventional treatment can be attributed to the 4° C curing temperature. At 4°C the metabolic processes of 
most microorganisms are restricted and 
in 7 days very little microbial growth will occur. No significant difference existed in the bacterial level of the RIC

and RICI solutions. The physical and 
chemical environment of the RIC and 
RICI treatments appeared to be excellent for certain microbial growth and development.
Isolation and identification of the predominant bacteria

Table 2 shows the predominant microorganisms found in the curing solutions and the morphological and physiological properties upon which identification is based. Representative colonies 
from all three trials for the RIC treatment yielded Lactobacillus spp. No dif
ferentiation of the species in the genus Lactobacillus was made because of the inadequacy of comparative information.

Several investigators (Niven, 1951, 1952; Jensen, 1954; Deibel and Niven, 1958, 1959; Frazier, 1958) have reported 
that lactobacilli are the most common bacterial contaminants in fermented foods and commercial curing solutions. The importance of these organisms has 
been stressed in the development of a pleasant “tangy” flavor, establishment of reducing conditions for proper color 
formation, and in green discoloration. Leistner (1960) studied the microbiology of ham curing and found Lactobacillus in 70% of the pumping brines and 95% of the cover brines examined. Therefore, it was not surprising that Lactobacillus 
spp. predominated in the RIC brine. Certain species of this genus are heat tolerant; thus, this property may 
account for their survival of the hot water dip and subsequent growth in the curing solution.Pediococcus cerevisiae was the predominant organism isolated from repre
sentative colonies of RICI solutions for

all trials, as would be expected since it 
was inoculated as a starter culture 
(ACCEL) in the curing solution.In addition to Pediococcus cerevisiae 
being found in RICI brine, a species of Lactobacillus was also isolated from the 
RICI brine in Trial I, and only in TrialI. This organism appeared to be the same as the one found in the RIC brine for all three trials.Isolates from the representative colo
nies of the conventional treatment for Trials I and II yielded Staphylococcus epidermidis while Flavobacterium dif- fusum was isolated from the representa
tive colonies of Trial III. Leistner (1960) found Staphylococcus in 5% of ham pumping brines and 10% of ham cover brines. Graham (1970) found coagulase negative Staphylococcus aureus preva
lent in dry-cured hams. Breed et al.(1957) reported that Staphylococcus 
epidermidis are very salt tolerant, growing vigorously in media containing 10% 
sodium chloride and are aerobic to facultatively anaerobic. They are normally found on the skin and mucous membranes of man and other animals and in a variety of food products. Therefore, since the ingredients were mixed by 
hand, it was not unusual to find Staphylococcus epidermidis in the conventional solution. Leistner (1960) found Flavobacterium in 10% of ham pumping 
brines and in 15% of ham curing brines. Breed et al. (1957) stated that this organism was aerobic to facultatively anaerobic and normally found in soil, fresh and sea water. Thus, again it was not surprising to find this organism in the conventional solution. However, it was unusual that Flavobacterium dif- fusum did not show up in the first two

Table 2— Isolation and  identification o f the predom inant bacte ria  found in the curing solution

M orphological and Physiological Properties
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Table 3— Final pH  o f the curing solutions 

T r e a tm e n t

T r ia l

re d u c e d
in i t ia l
c o u n t

re d u c e d
in i t ia l
c o u n t

in o c u la te d c o n v e n t io n a l
I 4 .6 4 .6 5 .8

I I 4 .9 4 .7 5 .6
I I I 4 .9 4 .9 5 .7

X 4 .8 4 .7 5 .7 “
“ Means significantly different (P < .01).

lower fat oxidation observed in this 
research was the result of the loin sections being submerged throughout the curing process and by the short duration (7 days) of the process. It appears that the microorganisms involved in this study were not increasing oxidation, but 
on the contrary may be establishing 
reducing conditions (Leistner, 1960) and thereby inhibiting oxidation.
Composition of longissimus dorsi

The composition of porcine longissimus dorsi muscle was not significantly different between treatments.

Tenderness
When Wamer-Bratzler shear values 

were combined over trials (Table 4), a 
significant difference (P < .01) existed between cores within treatments and 
between the treatments. RIC and RICI treated samples required significantly less force to shear a 2.5 cm diameter core 
than conventional samples. A significant difference (P < .05) was found between 
trials. Trial I was less tender than either Trial II or III. This difference may be 
explained by animal variation.An explanation of why the RIC and 
RICI samples were more tender than

trials. Slaughtering was conducted at a different location in Trial III and this 
may account for the different predominating flora.
Final pH of the curing solutions

Acidity of the curing brine was 
affected by treatment as expected and shown in Table 3. The pH of the conventional solution was significantly higher (P < .01) than the pH of either RIC or RICI solutions. However, no difference in pH existed between the RIC or RICI solutions. These results are generally 
correlated with the counts given in Table 1, i.e., as the number of organisms increases so does acid production; conse
quently, the pH was lower for both the RIC and RICI treatments. Also, the 
predominant organisms (Lactobacillus and Pediococcus) in these treatments are extremely active acid formers. From previous work (Niven, 1952), it is assumed that the major acid formed was lactic but no determination of acid products was made. Nevertheless, the organism of the RIC and RICI treatments were at a similar stage of acid production. The pH range (4.6-4.9) 
attained in the RIC and RICI solutions agreed with the values of 4.5-4.8 
reported by Everson et al. (1969) and Mills and Wilson (1958). The pH range 
of the conventional solutions (5.6-5.8) appeared to be similar to the ultimate pH reported by Lawrie (1966). Bacteria did not appear to influence, measurably, the pH of the conventional solution due to both the level and type of organism present.
Oxidation of fat

Oxidation of fat was not significantly affected by any of the experimental treatments as measured by 2-thiobarbi- turic acid (TBA) values. The peracetic acid (used to sterilize the isolator), the 28° C curing temperature, and the hot water dip did not appear to increase oxidation. This is contrary to earlier work reported by Bothast et al. (1968) where the peracetic acid and hot water dip increased oxidation. Perhaps the

Table 4 — W arner-Bra izler shear values com b ined  over tria lsa

re d u c e d re d u c e d  in i t ia l
in i t ia l  c o u n t c o u n t  in o c u la te d c o n v e n t io n a l

T r ia l1 C o re  1 C o re  2 C o re  1 C o re  2 C o re  1 C o re  2 X*
I 6 .6 10.6 12.2 9 .0 10.2 1 3 .8 10 .4*

I I 6 .4 4 .5 5 .8 4 .7 10.1 9 .9 6 .9
I I I 5 .2 8 .0 4 .9 5 .0 9 .4 12.5 7 .5

X , 6 .1 “ 7 .7 7 .6 6 .2 “ 9 .9 “ 12.1
X , 6 .9 6 .9 1 1 .0 “

“Values are expressed as pounds necessary to shear a 2.5 cm diameter core. 
6X C—Core mean; X*— T ria l mean; Xi— Treatment mean.
*Mean significantly different (P <  .05).
** Means significantly different (P <  .01).

Table  5—-Treatment d ifferen ce  a n d  p re fe rence  as determ ined by  triangle tests

R e d u c e d  in i t ia l  c o u n t  s a m p le s  v s
re d u c e d  in i t ia l  c o u n t  in o c u la te d  s a m p le s

N o . o f N o . o f %
ju d g m e n ts c o r r e c t  ju d g m e n ts a c c u ra c y

T r ia l  I 20 13 65
T r ia l  I I 20 12 60
T r ia l  I I I 20 6 30

T o ta l 60 31 52
P re fe re n c e  o f  c o r r e c t  ju d g m e n ts “ R = 1 8 , 1 = 9 , O 1 =  4

C o n v e n t io n a l  s a m p le s  v s
re d u c e d  in i t i a l  c o u n t  s a m p le s

N o . o f N o . o f %
ju d g m e n ts c o r r e c t  ju d g m e n ts a c c u ra c y

T r ia l  I 20 8 40
T r ia l  I I 20 16 80
T r ia l  I I I 20 13 65

T o ta l 60 37 62
P re fe re n c e  o f  c o r r e c t  ju d g m e n ts “ R  = 19, C  =  10, O 1 =  8

R e d u c e d  in i t ia l  c o u n t  in o c u la te d  s a m p le s  v s
c o n v e n t io n a l  s a m p le s

N o . o f N o . o f %
ju d g m e n ts c o r r e c t  ju d g m e n ts a c c u ra c y

T r ia l  I 20 14 70
T r ia l  I I 20 12 60
T r ia l  I I I 20 12 60

T o ta l 6 0 38 63
P re fe re n c e  o f  c o r r e c t  ju d g m e n ts “ I  = 14, C  =  18, O 1 =  6

°R, I, and C represent the three treatments— reduced in itia l count, reduced in itia l count inoculated and 
conventional, respectively, 

indicates no preference.
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conventional samples probably lies in the activity of proteolytic enzymes within the muscle. Sharp (1963) has 
shown that these enzymes are more active at higher temperatures and lower pH’s. Since these treatments were con
ducted at 28° C and a pH of 4.7 was attained, it is reasonable to suspect meat 
proteolytic enzymes as the cause of this increased tenderness. However, bacterial effects cannot be ruled out completely. Certain genera of bacteria (Proteus, Clostridium, Pseudomonas, etc.) manu
facture and excrete proteolytic enzymes that might also tenderize muscle. Consequently, tenderization may result from 
combined bacterial-proteolytic enzyme action. Nevertheless, the predominant organisms identified in these treatments are not known for their proteolytic activity. Also, the samples did not have rank 
odors which are associated with proteolysis.
Triangle taste test for acceptability

Triangle taste test data showed 
extreme variation between and within individuals from trial to trial and within trials. Therefore, no statistical analysis 
was made on these data but some overall comparisons were made as shown in Table 5. Generally, it can be concluded 
that the taste panel results agree with the tenderness and acidity results previously presented. The RIC and RICI samples are similar, while the conven
tional samples differ. Preferences of the 
panel on correct judgments showed that RIC samples were favored over RICI and conventional samples, and conven
tional samples were slightly preferred over RICI samples. Nevertheless, sizeable preference for, or dissatisfaction

with, any of the treatments was not shown.
Cured color

A subjective evaluation for color 
development of all loin sections showed the cured red color to be more uniform, deeper, brighter and more desirable after 7 days in the RIC and RICI loins than in the conventional loins. Perhaps the higher curing temperature of the first two treatments accounted for this, but it 
is also likely that bacteria, via establishing reducing conditions (Greenwood et al., 1940; and Lawrie, 1966) are responsible for this enhanced color.

This work demonstrates that meat can be processed at room temperature with the production of a wholesome product. Although, the technique described may be too involved for pres
ent commercial use, further application 
may alter processing as we know it today. Additionally, this research introduces alternatives for studying the microbial influences (beneficial or harmful) on processed meats.
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EFFECT OF FREEZING AND PACKAGIN G METHODS ON  
SURVIVAL AND BIOCHEMICAL ACTIVITY OF 

SPOILAGE ORGANISM S ON CHICKEN

SUMMARY—A study was conducted to determine effects of freezing, thawing, and subsequent 
holding at about 5°C on survival or growth of aerobic bacteria on chicken packaged with various 
materials. Production of fluorescent pigment, and extracellular proteinase and lipase activities were 
used as indices of the ability of the organisms to produce spoilage. Growth of bacteria was deter
mined by colony counts. Assays tor proteolysis were made by means of a dye binding method; lipol- 
ysis of chicken fat was determined by titration of free fatty acids. Fluorescent pigment formation 
was evaluated by means of a photoHuorometer. The influence of availability of oxygen on proteolyt
ic and lipolytic spoilage of poultry was studied after chicken was packaged with materials having 
high or low oxygen permeability and by vacuum packaging. Fluorescent pigment production, pro
teolytic and lipolytic spoilage of chicken stored at 5°C was directly related to the availability of 
oxygen provided by the packaging procedure. Bacterial numbers paralleled increases in biochemical 
indices of deterioration. Freezing of chicken at — 29°C for 35 days followed by defrosting and refrig
erated storage increased the proportion of biochemically active psychrophiles on the surface of the 
meat. Vacuum packaging generally limited amount of spoilage as measured by the criteria speci
fied. When samples were analyzed after alternate freezing and thawing, total aerobic bacterial 
counts were only slightly different from those on chicken frozen continuously for 22-25 days.

INTRODUCTION
FREEZING of poultry and the use of this preservation method in connection with potential centralized packaging in the U.S.A. has stimulated much interest in effects of freezing and packaging methods on shelf life. However, at low temperatures, psychrophilic bacteria may survive and eventually grow sufficiently to cause spoilage. Of the psychrophiles, Pseudomonas species are the most important spoilage organisms of poultry (Ayres et al., 1950; Walker and Ayres, 1956; Barnes and Shrimpton, 1959; Nagel et al., 1960; and Ayres, 1960). These bacteria are usually strongly lipolytic and/or proteolytic (Witter, 1961) and these deteriorative actions may contribute to alteration of flavor. A water soluble fluorescent pig
ment, pyoverdine, is also produced by some species of Pseudomonas (Turfreijer, 1941), and may indicate spoilage of the poultry. High bacterial counts are associated with off-odor and slime formation on poultry. However, as Witter (1961) emphasized, even low levels of contamination with biochemically active psychrophiles may result in poor keeping quality of foods stored at low temperatures.The influence of packaging materials on bacterial populations and shelf life of poultry was reviewed by Ayres (1966). Since typical spoilage organisms are highly aerobic, the permeability of 
materials to oxygen and the effect of exclusion of air on growth and biochemical activity of the bacteria were factors considered in the present study. In addition, the effects of freezing and subse

quent refrigerated storage after thawing were investigated in relation to growth and certain metabolic functions of bacteria associated with spoilage of poultry.
MATERIALS & METHODS

C H IC K E N  W IN G S  w ere  p u r c h a s e d  a t  a  
re ta i l  s to re  on  th e  d a y  th e  p o u l t ry  w as  d e liv 
e re d  to  th e  s to re , a n d  p a c k a g e d  a n d  s to re d  
u n d e r  c o n d itio n s  sh o w n  in  T a b le  1.

L ip o ly t ic  a n d  p ro te o ly tic  a c t iv i ty , a n d  
f lu o re s c e n t p ig m e n t p ro d u c t io n  w e re  p r o p e r 

tie s  s e le c te d  a s  in d e x e s  o f  m e ta b o l ic  a c t iv i ty  
re la te d  to  sp o ilag e .

A “ w ash  a n d  r in s e ”  m e th o d  w as u se d  to  
e x tr a c t  e x t r a c e l lu la r  p ro te o ly tic  a n d  l ip o ly tic  
en z y m e s , a n d  th e  f lu o re s c e n t  p ig m e n t, p y o 
v e rd in e , l ib e ra te d  o n  th e  s u r f a c e  o f  th e  w in gs  
b y  th e  o rg a n ism s  p ro d u c in g  s p o ila g e . W in g s  
w ere  p la c e d  in d iv id u a l ly  in  p o ly e th y le n e  b ag s  
c o n ta in in g  5 0  m l o f  0 .0 1 M  p h o s p h a te  b u f f e r  
a t  p H  7 , a n d  w a s h e d  b y  m a n u a l ly  s h a k in g  th e  
b ag s , in  a c c o rd a n c e  w ith  p ro c e d u re s  su g g e s te d  
b y  th e  A m e r ic a n  P u b l ic  H e a l th  A ss o c ia tio n
(1 9 66 ). T h e  l iq u id  d ra in e d  fro m  th e  b ag s , th e  
“ w a s h  w a te r ,”  w as  c e n tr i fu g e d  fo r  30  m in  a t
9 ,0 0 0  r p m  (1 0 ,3 0 0  R .C .F . X  G ) a t  5°C  to  a id  
in  s e p a ra t io n  o f  in s o lu b le  m a te r ia l .  L ow  
te m p e r a tu r e  fa c i l i ta te d  s o lid i f ic a t io n  o f  l ip id  
m a te r ia l  a n d  a lso  r e ta r d e d  a c t iv i ty  o f 
e x tr a c te d  e n z y m e s . T h e  s u p e r n a ta n t  l iq u id  
w as f i l te re d  tw ice  th ro u g h  g la s s  w ool to  s e p a 
r a te  low  d e n s i ty  in s o lu b le  m a te r ia l  in  th e  
u p p e r  la y e r .

T h e  f lu o re sc e n c e  in te n s i ty  o f  th e  s u p e r n a 
t a n t  w as  m e a s u re d  w ith  a  C o le m a n  M o d e l C 
p h o to f lu o ro m e te r  (C o le m a n  I n s t r u m e n ts ,  
In c . ,  M a y w o o d , 111.) e q u ip p e d  w ith  B , a n d  P C 2 
f i l te rs . 6  p p m  o f  f lu o re sc e in  w as  u s e d  a s  s t a n 
d a rd .  P ro c e d u re s  w e re  s im i la r  to  th o s e  
d e s c r ib e d  b y  K r a f t  a n d  A y re s  (1 9 6 4 ).

T h e  w a s h  w a te r  w as  d ia ly z e d  in  0 .0 1 M  
p h o s p h a te  b u f fe r  a t  p H  7 .0  fo r  s ta b i l iz in g  th e  
p H  o f  th e  e x t r a c t  d u r in g  p a r t ia l  p u r i f ic a t io n

Table I-— Packaging , freezin g , and  sto rage conditions fo r chicken

P a c k a g in g
m a te r ia l

O x y g en  
p e rm e a b il i ty  

c c /1 0 0  s q  i n . /  
24  h r  a t  1 a tm

P a c k a g in g
c o n d i tio n s

S to ra g e
c o n d i t io n s

1 9 5 -L S A D 100 A tm o s p h e r ic F ro z e n  a t  —2 9 ° C
c e llo p h a n e “ (8 0 -9 0 %  R .H .)  

2 5 °C
fo r  35  d a y s , 
th a w e d  a t  5 ° C  
fo r  5 d a y s ,  o r  
s to r e d  a t  5 ° C  
w i th o u t  fre e z in g

M a ra f le x  7 F ‘ 0 -0 .0 3 A tm o s p h e r ic
(p o ly e s te r /A l (90%  R .H .) o r  v a c u u m
fo il /
p o ly e th y le n e )

3 8 °C (2 8 .5  in . H g )

P o ly e th y le n e ' a p p ro x . 350 A tm o s p h e r ic A l te r n a te  freez-
(0 .0 0 2 5  in .) (0%  R .H .)  

2 5 °C
in g  a t  - 2 9 ° C  
a n d  th a w in g , o r  
c o n tin u o u s ly  
f ro z e n  fo r  2 2 -2 5  
d a y s

“E. I.  DuPont de Nemours & Co., W ilm ington, Del.
‘American Can Co., Neenah, Wise.
'Freez-Pak, Milwaukee, Wise. Oxygen permeability calculated from data 

given by Landrock and Proctor, 1952.
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Table 3— Test measurements and  variab ility  from chicken a fte r  freezin g , thaw ing and  re fr ige ra ted  
sto rage

D a y s  s to re d S ta n d a r d S ta n d a r d C o e ff ic ie n t
O b s e rv a tio n s a t  5 °C M e a n d e v ia t io n e r ro r o f v a r i a t io n

N u m b e r s  o f b a c te r ia  
p e r  c m 2 x 1000

T o ta l  a e ro b e s 0 4 .3 7 .5 2 .4 1.7
3 1 70 ,000 6 0 ,00 0 19,100 0 .3 5
6 1 ,0 00 ,0 00 5 3 0 ,0 0 0 1 70 ,000 0 .52

P r o te o ly t ic 0 1.1 2.1 0 ,7 1 .9
b a c te r ia 3 5 1 ,000 2 9 ,00 0 9 ,0 0 0 0 .5 6

6 5 30 ,0 00 3 8 0 ,0 0 0 1 2 ,000 0 .7 2
L ip o ly t ic 0 0 .4 0 .2 0.1 0 .5 0

b a c te r ia 3 7 2 ,00 0 3 9 ,00 0 12 ,000 0 .5 5
6 7 90 ,000 4 5 0 ,0 0 0 1 40 ,0 00 0 .57

F lu o re s c e n t 0 0.2 0 .3 0 .1 1.2
b a c te r ia 3 3 3 ,00 0 17 ,000 5 ,5 00 0 .52

6 3 10 ,0 00 2 6 0 ,0 0 0 8 3 ,0 0 0 0 .8 3
P ro te o ly s is 0 — — — —

in d ex es 3 0 .0 4 0 .0 2 0 .01 0 .5 4
6 0 .2 4 0 .0 7 0 .02 0 .32

M l o f 0 .01  N  a c id 0 0 .07 0 .1 0 0 .03 1.39
re le a s e d  b y 3 0 .97 0 .4 3 0 .1 4 0 .4 5
e n z y m a tic  h y d ro ly s is  
o f f a t

6 4 .12 2 .5 6 0.81 0 .6 2

P h o to f lu o ro m e te r 0 3 .9 0 0 .9 0 0 .3 0 0 .2 3
re a d in g s  o f 3 10.30 2 .0 0 0 .6 0 0 .2 0
w a s h  w a te r 6 3 4 .10 1 7 .30 5 .50 0 .5 0

a t  2°C . T e s ts  fo r  p ro te o ly tic  a n d  lip o ly tic  
a c tiv i tie s  w e re  th e n  p e r fo rm e d .

P ro te o ly s is  w as  e s t im a te d  s p e c tro p h o to -  
m e tr ic a l ly  b y  th e  d y e -b in d in g  m e th o d  
d e s c r ib e d  b y  H a m m o n d  e t  a l . (1 9 6 6 ). 2 m l o f 
s a m p le  a n d  1 m l o f  s te r i le  s k im  m ilk  w ere  
in c u b a te d  fo r  6  h r  a t  35°C . T h e  o p t im u m  t im e  
fo r  re a c tio n  o f  e n z y m e  a n d  s u b s t r a t e  w as 
d e te rm in e d  to  b e  6  h r ,  a s  m e a s u re d  b y  p lo t 
t in g  p ro te o ly s is  in d e x e s  a g a in s t  t im e . A c c o rd 
in g  to  th is  m e th o d , th e  p ro te o ly s is  in d e x , 
m o d if ie d  fo r  o u r  e x p e r im e n ta l  p ro c e d u re s , 
w as c a lc u la te d  a s  A s /(0 .8 8 3  X A d y e ) , w h e re  
A s =  a b s o rb a n c y  o f  s a m p le , A  d y e  =  a b s o r 
b a n c y  o f  d y e  b e fo re  in c u b a t io n ,  a n d  0 .8 8 3  is 
th e  c o rr e c tio n  fo r  d i lu t io n  (1 5 /1 8 ) .  A n  
in c re a s e  in  th e  in d e x  in d ic a te s  in c re a s e d  p r o 
te o ly tic  a c t iv i ty .

L ip o ly s is  w as  e v a lu a te d  b y  t i t r a t io n  o f  free  
fa t ty  a c id s  re le a s e d  fro m  c h ic k e n  fa t .  F o r  th is  
te s t ,  th e  d ia ly z e d  w a s h  w a te r  w as  a n a ly z e d  fo r 
e n z y m e  a c tiv i ty  w ith  c h ic k e n  f a t  a s  s u b s t r a te ,  
in  a c c o rd a n c e  w ith  th e  m e th o d  o f  R e y  e t  a l.
(1 9 69 ). 4 m l o f  s a m p le  w e re  e m p lo y e d  fo r 
e a c h  te s t .  S a m p le s  w e re  s h a k e n  o n  a  g y ra to ry  
s h a k e r  a t  a b o u t  2 50  rp m  d u r in g  th e  12 h r  
in c u b a tio n  p e r io d . T h i s  p e r io d  w as  p re v io u s ly  
sh o w n  to  g iv e o p t im a l re s u lts  fo r  en z y m e - 
s u b s t r a te  re a c tio n , a n d  so  i t  w as  u se d  in  s u b 
s e q u e n t a n a ly s e s .

B a c te r io lo g ic a l a n a ly s e s  o f  th e  c h ic k e n  
w ere  p e r fo rm e d  u s in g  m e d ia  a n d  m e th o d s  
l is te d  in  T a b le  2.

I n  o rd e r  to  te s t  th e  r e l ia b i l i ty  o f  t h e  m e th 
o ds  u se d , 15 c h ic k e n  w in g s  w e re  a n a ly z e d  
p r io r  to  th e  f re e z in g  a n d  s to ra g e  te s t s  
d e s c r ib e d . T h e  c h ic k e n  w a s  p a c k a g e d  in  
a lu m in u m  foil a n d  s to re d  a t  - 2 9 ° C  fo r 21 
d a y s . T h e  w in g s  w e re  th e n  th a w e d  a t  5°C , 
p a c k a g e d  in  p o ly e th y le n e  b a g s  a n d  s to re d  in  a  
d is p la y  c a se  a t  5°C . S a m p le s  w e re  a n a ly z e d  a t  
in te rv a ls  fo r 6  d a y s , a n d  s ta t is t ic a l  a n a ly s is  o f 
v a r ia b i l i ty  o f  th e  a s s a y s  w as p e rfo rm e d .

F o r  th e  s tu d y  o f  e f fe c ts  o f  a l t e r n a te  f re e z 
in g  a n d  th a w in g , w in gs  w e re  p a c k a g e d  in  
p o ly e th y le n e  b ag s , fro z en  a t  -  29”C  a n d  
th a w e d  fo r 24  h r  a t  5°C  o n c e , tw ic e , o r  th re e  
t im e s  a f te r  11, 16 a n d  22 -25  d a y s  o f  s to ra g e  
re sp e c tiv e ly . A f te r  th a w in g  a t  th e  t im e  in te r 
v a ls  s p e c if ie d , a l l  c o m p a n io n  s a m p le s  w ere  
re p la c e d  in to  th e  f re e z e r  fo r  s u b s e q u e n t  a n a l 
y se s  a s  in d ic a te d .  C o n tro l s a m p le s  w e re  k e p t  
fro zen  c o n tin u o u s ly  fo r  2 2 -2 5  d a y s . T e s ts  on  
th e s e  s a m p le s  in c lu d e d  o n ly  to ta l  a e ro b ic  
b a c te r ia ]  c o u n ts  a n d  c o u n ts  o f  f lu o re sc in g  
b a c te r ia .

A ll d e te rm in a t io n s  w e re  m a d e  w ith  t r ip l i 
c a te  s a m p le s .

RESULTS & DISCUSSION
BACTERIAL COUNTS, fluorescent pigment production, and measurements 
of proteolytic and lipolytic activity from the chicken examined for evaluation of test methods are presented in Table 3, along with analyses of variability. Considerable variation existed among samples analyzed during the storage period. The greatest variability occurred prior to 
storage of the chicken in the refrigerated display case. These differences, at least partly, reflected differences in initial 
loads of bacteria after freezing and thaw

ing. However, it may be noted that all measurements of spoilage increased during holding. Information on the limits of variability of bacterial counts and 
biochemical activity of spoilage organisms was desirable for estimating reliability of the procedures. Such information is also of value for other studies of a 
similar nature. Deteriorative changes were pronounced after bacterial populations reached high levels on the poultry meat. Biochemical criteria of spoilage paralleled increases in total aerobes, lipolytic, proteolytic and fluorescent bacteria. It should be recognized that lipolytic and proteolytic activity as 
measurements of spoilage are relative. 
No comparisons were made between these chemical determinations and flavor evaluation, nor was any attempt 
made to assign values for these measurements to bacterial counts or onset of off- odor and slime. This approach would be an interesting study and might be worthy of further investigation.

Table 4 and Figures 1 and 2 compare the effect of frozen storage and subsequent refrigerated holding after thawing with that of continuous refrigeration at 5°C for 5 days. Chicken was packaged in accordance with methods described previously. Packaging materials and method of packaging (atmospheric vs. vacuum) produced distinct differences in numbers and types of bacteria recovered from the chicken, even when the variability previously determined was taken into account. When LSAD

Table  2— M e d ia  and  m ethods fo r enum eration o f  bacte ria

O rg a n is m
ty p e s M e d iu m M e th o d , in c u b a t io n

T o ta l  a e ro b ic T r y p t ic a s e  so y  a g a r  (B B L ) S w a b  o f 10 c m 2 o f s u r-
b a c te r ia fa c e ,“ p o u r  p la te ,  1 5 °C , 

5  d a y s
F lu o re s c in g M e d iu m  B  (K in g  e t  a l ., S w a b -s u rfa c e  p la t in g ,

b a c te r ia 1954) 1 5 ° C , 6  d a y s
L ip o ly t ic N ile  b lu e  s u lf a te  m e d iu m S w a b -p la t in g  a s  d e-

b a c te r ia (G o ld m a n  a n d  R a y m a n , s c r ib e d  b y  A lfo rd  a n d
1952) w i th  c h ic k e n  f a t S te in le  (1 966) 1 5 °C , 21
s u b s t r a te d a y s

P ro te o ly t ic M e d iu m  o f S m ith  a n d S w a b -s u rfa c e  p la t in g ,
b a c te r ia G o o d n e r  (1958) 1 5 °C , 4  d a y s
“Swab technique described by Ayres et al., 1956.
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Tab le 4— Effe c t o f packag in g  m ateria ls a n d  m ethods on sp o ila g e  o f  fresh  
and  p reviously frozen and  thaw ed  chicken sto red  fo r 5 days at 5 ° C

P a c k a g in g  p ro c e d u re
V a c u u m -

A tm o s p h e r ic  p re s s u re p a c k

O b s e rv a tio n s
S to ra g e
m e th o d

L S A D
c e llo p h a n e M a ra f le x M a ra f le x

N o . o f b a c te r ia  
p e r  c m 2 
x 10 ,000  
T o ta l F .R .“ 1 10 ,000 1 00 ,000 1 1 ,000

a e ro b e s F .D .k 3 7 2 ,0 0 0 3 1 ,5 0 0 2 4 ,70 0
P ro te o ly t ic F .R . 6 3 ,0 0 0 5 4 ,00 0 7 ,0 00

b a c te r ia F .D . 2 38 ,0 00 2 4 ,0 0 0 1 0 ,000
L ip o ly t ic F .R . 5 4 ,0 0 0 4 3 ,0 0 0 7 ,6 00

b a c te r ia F .D . 2 32 ,0 00 2 6 ,0 0 0 7 ,7 00
F lu o re s c e n t F .R . 6 ,0 0 0 1 1 ,000 400

b a c te r ia F .D . 5 8 ,0 0 0 5 ,0 0 0 5 ,0 0 0
“Freshly refrigerated (freshly cut chicken wings packaged and stored for 5 

days at 5°C).
‘Frozen-defrosted (freshly cut chicken wings packaged, frozen for 35 days 

at -29°C , defrosted and stored for 5 days a t 5°C).

cellophane was used as the packaging material, values for all criteria of spoilage were markedly increased by freezing and frozen storage before holding at low 
temperature above freezing. Although 
total aerobic counts did not differ great-

ly, frozen-defrosted poultry meat stored at 5°C showed higher proportions as well 
as actual numbers, of proteolytic, lipolytic, and fluorescent bacteria than those observed when the chicken was not previously frozen. Earlier work (Rey et al.,

1969) demonstrated that survival of 
psychrophiles in pure culture stored in the frozen state was proportional to the metabolic activity of the culture. On frozen poultry, the most metabolically active psychrophiles would be expected to survive better than less active organ
isms. After thawing of the meat, the surviving active bacteria would be able to grow at refrigeration temperatures 
with fewer competing organisms than those present on fresh chicken that had 
not been frozen. The permeability of LSAD cellophane ensured sufficient 
oxygen for the active survivors to grow to high numbers and to perform their metabolic functions. By all criteria given 
in Table 4 and Figures 1 and 2, with the environmental conditions provided by the highly permeable cellophane film, spoilage was more pronounced with 
frozen-defrosted poultry than with the fresh product on refrigerated storage.

Contrary to the results obtained for chicken packaged with LSAD cellophane, when Maraflex film was used at 
atmospheric pressure, bacterial growth was more extensive on fresh chicken after refrigeration than on frozen defrosted poultry. However, increased 
percentages of proteolytic, lipolytic and fluorescent bacteria present on the meat previously held in the frozen condition

1' ' IFRESH. REFRIGERATED 
^ ■ ■ f r o z e n -d efr o s ted , REFRIGERATED

PROTEOLYTIC UPOLYTIC FLUORESCENT

80 ■

Z

AIR VACUUM AIR VACUUM AIR VACUUM

fig . 1— Effect of freezing, packaging materials and methods on percent 
of spoilage organisms recovered from chicken stored for 5 days at 5°C.

I"  ~ l FRESH, REFRIGERATED 
■ ■  FROZEN-DEFROSTED, REFRIGERATED

AIR VACUUM AIR VACUUM AIR VACUUM

fig. 2— Effect of freezing, packaging materials and methods on bio
chemical indexes of spoilage of chicken stored for 5 days at 5°C.
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indicated that freezing caused the same type of modification of the bacterial flora as it did when LSAD cellophane 
was used (Fig. 1). The most metaboli- cally active organisms survived to a greater extent after freezing than did less 
active bacteria. The oxygen available in the Maraflex packages was probably depleted at a more rapid rate with the frozen-defrosted chicken during subse
quent refrigerated storage than it was with freshly refrigerated chicken, due to the higher proportion of biochemically active psychrophiles. More rapid exhaustion of oxygen possibly limited growth on the frozen-defrosted meat. Conversely, the microflora of the fresh samples, being composed of a greater 
percentage of less active organisms, was able to multiply to greater numbers while consuming the oxygen available in 
the package at a slower rate. Reduction of oxygen tension in the packages of previously frozen chicken apparently affected enzyme activity of lipolytic bacteria as well as growth of these organisms, but did not greatly influence proteolytic activity. Morihara (1963) 
observed that low oxidation-reduction potentials did not influence activity of the protease of Pseudomonas that he studied. A similar situation may have existed during growth of psychrophiles 
on samples packaged with the low oxygen-permeable Maraflex laminate in the present work.

Bacterial growth was only slightly greater on frozen-defrosted than on freshly refrigerated poultry when oxygen 
was excluded from the environment by packaging with Maraflex film under a vacuum (Table 4). Except for fluores
cent bacteria, differences were not great. The percentages of different types of bacteria were also modified by frozen holding, but the trends were opposite to those described for the previous packaging methods. The combined effects of freezing, thawing, and exclusion of oxygen resulted in lowering the proportions 
of proteolytic and lipolytic bacteria of the total aerobic microflora. These organisms may have had an increase in nutritional requirements. The morphology of colonies on agar plates inoculated with organisms recovered from the chicken is worthy of mention as an effect of lack of oxygen in the packages. 
Although the plates were incubated in air, samples packaged in Maraflex under vacuum yielded only minute punctiform colonies, suggestive of nonlethal injury. Also, the flora was apparently composed of a smaller proportion of aerobic spoilage organisms with high biochemical activity than observed when chicken was packaged with either material at atmospheric pressure. Upadhyay and Stokes(1961) observed that elimination of oxygen decreased both rate and extent of

growth of facultative psychrophiles, indicating nonlethal metabolic injury. Straka and Stokes (1959) reported that nonlethal metabolic injury caused an increase in nutritional requirements of psychrophilic bacteria. However, for vacuum-packaged samples, the observation that the actual counts on frozen- defrosted poultry were at least as great, 
and sometimes slightly higher, than on freshly refrigerated chicken may be explained by the action described by 
Mossel and Ingram (1955). They stated that free fluids rich in nutrients are withdrawn from tissues by freezing, favoring microbial development on 
foods. Nonproteolytic and nonlipolytic bacteria injured by lack of oxygen may have been provided with readily available nutrients on frozen defrosted meat. These organisms were apparently able to 
multiply to form a greater proportion of the total aerobic flora, since the more biochemically active psychrophiles suffered from impairment of enzyme production or activity.

Greater populations of fluorescent bacteria, both in numbers and percentage of total aerobes, developed on frozen- defrosted samples than on meat that was 
not frozen before refrigerated storage 
when Maraflex was used with vacuum packaging (Table 4 and Fig. 1). Photo- fluorometer readings, although differing 
only slightly, indicated the same trend (Fig. 2). Again, availability of nutrients after freezing and thawing may have reduced the need for pyoverdine as an 
accessory respiratory pigment. The pigment that was not utilized in respiration of the cells was secreted onto the skin surfaces of the chicken. Under reduced oxygen pressure, with comparatively little withdrawal of chicken tissue fluids on unfrozen meat, the organisms used pyoverdine in their metabolism to a 
greater extent. The fluorescent pigment, therefore, was secreted only sparingly on the chicken.

Regardless of whether the poultry was frozen before refrigerated storage or not, vacuum packaging with the highly impermeable Maraflex film resulted in reduction in numbers and activity of spoilage organisms when compared with other methods.Sulzbacher (1952) used pure culture inocula with ground meat stuffed in test tubes and determined growth of the organisms in the refrigerated or frozen defrosted meat. He concluded that frozen meat was no more perishable after thawing than was fresh meat. Results of his work with meat in test tubes were similar to the present findings for counts of total aerobes on chicken packaged with Maraflex film in an atmosphere of air. Sulzbacher made no determinations of proteolytic or lipolytic organisms. However, in an earlier

investigation Sulzbacher (1950) observed 
an increase in lipase-producing bacteria on pork after frozen storage for 12 wk. Kitchell and Ingram (1956) attempted to repeat Sulzbacher’s work with a pure culture of Pseudomonas multistriata inoculated on fresh horse meat and pig muscle and on similar meat subsequently frozen. The inocula were added “in numbers sufficiently large to make negligible the contribution of the miscellaneous natural flora to the total 
counts.” No differences in the storage life of the meats were observed. As stated by Kitchell and Ingram “none of these effects of freezing (generation time, duration of lag phase) on the growth of P. multistriata were at all comparable to those observed by Sulzbacher in his apparently similar tests.”It should be emphasized that, unlike 
the present study, the natural flora of the meat was overcome by a pure culture inoculum in the work of Kitchell and Ingram (1956). Also, in contrast to the present work, no investigation was made of proteolytic or lipolytic spoilage organisms, or of such activity as determined by chemical analyses.

Consideration must be given to earlier observations made in this laboratory 
(Rey et al., 1969) that psychrophilic Pseudomonas may differ considerably in 
their metabolic spoilage activity; this may partly explain the discrepancy reported by Kitchell and Ingram (1956) between some of their results and those of Sulzbacher (1952). When selected 
pure cultures are used as inocula at levels which form a major portion of the microflora, differences may be expected when compared with spoilage caused by naturally occurring contaminants present in their usual populations. As shown in our study, total counts alone are not as indicative of spoilage as are numbers 
and proportions of proteolytic and lipolytic bacteria or lipolysis and proteolysis caused by such bacteria. As mentioned earlier, the most metabolically active 
spoilage organisms may be expected to survive freezing to a greater extent than less active psychrophiles. The survivors subsequently could cause deterioration of poultry meat after thawing; such activity might be enhanced because fewer competing bacteria would be present than on unfrozen chicken (Rey et al.,
1969).In other work in our laboratory, the effects of alternate freezing and thawing were compared with continuous frozen storage and a single thaw. Counts of total aerobes were within the limits of variation observed and did not differ greatly during frozen holding when the poultry was thawed once, twice, or three times as compared with prolonged frozen storage for the entire interval. Total aerobes were only slightly greater after the
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chicken was frozen and thawed two or three times than after a single freezing and thawing period for either 11 or22-25 days. These data suggest that psychrophilic populations are not stimulated in growth to any appreciable degree by practices permitting thawing to occur with subsequent re-freezing. Fluorescent bacteria did not change appreciably in numbers by alternate freezing and thawing of the chicken.From these studies, it may be stated that there is no simple relation between packaging procedures, frozen storage and spoilage of packaged chicken. However, if centralized packaging of frozen poultry is to be successful, consideration must be given to the oxygen permeability of the packaging material; films that allow free exchange of oxygen should be avoided when poultry is held under frozen conditions prior to refriger
ation during normal marketing periods.

CONCLUSIONS
THE FOLLOWING conclusions were derived: (1) frozen storage causes a change in the microflora of poultry meat 
which results in an increase in proportion of biochemically active psychro- philes; (2) freezing of poultry meat prior to refrigerated storage enhances development of spoilage if packaging films highly permeable to oxygen are used; (3) a packaging film impermeable to oxygen reduces growth and proteolytic and lipo
lytic activities of psychrophilic bacteria on poultry; this effect is increased by vacuum packaging; and (4) uncooked

poultry may be frozen and thawed several times without an appreciable increase in aerobic bacteria over that resulting from continuous frozen storage.
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POTATO FLAVOR AS RELATED TO CHEMICAL COMPOSITION 
1. Polyphenols and Ascorbic Acid

SUMMARY—A study was made on the relationship of flavor of potatoes to their phenolic and ascor
bic acid content. Material for the study was from two main sources: ( I ) clones that are hybrids 
between varieties of Solanum tuberosum subsp. tuberosum grown in New York and varieties of 
Solanum tuberosum subsp. andigenum grown in Peru: (2) established commercial American varie
ties such as Ontario, Pontiac, and Katahdin. bitterness and astringency were selected as the charac
ter notes most related to phenolic content. A significant correlation was found between phenolic 
content and bitterness and a highly significant correlation between phenolic content and astrin
gency. No significant correlation was found between ascorbic acid content and flavor.

INTRODUCTION
POTATOES are produced in every state and are harvested every month of the year in the United States. With a yield per acre greater than most crops its sustaining power depends primarily on its acceptability. A variety of high quality should have acceptable qualities of flavor, texture and color when cooked. In 
this paper we deal largely with the flavor aspect of potato quality.The word “flavor” has been reserved 
to mean the overall sensation resulting from the impact of food on the chemical sense receptors in the nose, mouth and throat. Taste is perceived in the mouth by taste buds and odor is detected by olfactory epithelium in the nose and is 
called odor when the volatile molecules producing the sensation are inhaled directly through the nose. When the odorous molecules pass from the mouth 
to the nose, via the inner passages, during the eating process then the complex sensation of taste and odor is called flavor.

Attempts to relate flavor of substances to their chemical composition are not new, but the subject is a complex one for the palate is very sensitive to what seems to the chemist to be only minor variations in structure. The gener- lizations that inorganic salts are salty, sugars sweet, acids sour, and alkaloids bitter are not always reliable and help very little in predicting the taste of the multitude of compounds that do not fall into one of these categories. By focusing

on a series of closely related substances 
it is possible to perceive relations between their taste and the presence or absence of certain structural features (Horwitz, 1964).

As early as 1926 Salaman (1926) suggested that the strength of potato flavor was a varietal characteristic, whereas Rathsack (1935) believed that the strength of the potato flavor was related to the mineral content of the soil, especially the ratio of potassium to nitrogen. Kroner (1944) suggested that an 
inferior taste resulted when excess sugar 
accumulated in the badly-stored tubers, and Hilton (1951) attributed bitterness to solanine. Kroner and Wegner (1942) analyzed an ether extract of steam-volatile constituents of potatoes and detected an oil-containing pentanol, esters, fatty 
acids and a high-boiling sulfur compound. Wegner (1949) suggested that a 
phenolic compound was also present in the oil extracted from potatoes in this way.Self et al. (1963a, b) and Gumbmann and Burr (1964) identified some of the sulfur compounds in the volatiles of cooked potato and found that methane- 
thiol and dimethyl disulfide together constituted 90% of the total sulfide. These workers studied four different varieties of potatoes during cooking and concluded that the varieties differed noticeably in the content of volatiles.

It is also possible that nonvolatile compounds such as phenols also contribute to flavor. Phenolic compounds are

important constituents related to taste and enzymatic darkening in several different foods (Swain, 1962). Differences in relative astringency of fruits such as peaches and persimmons have been shown to be directly related to differences in tannin or phenolic content (Guadagni and Nimmo, 1953). Blake and Davidson (1941) classified a number of different peach varieties according 
to tannin content and found some of these so high in tannin that they were regarded as relatively unpalatable. The 
phenolic content of potatoes is relatively high, particularly in the periderm and cortex areas (Mondy et al., 1959).

Since potato varieties are known to differ widely in their phenolic content and also in their flavor, work was undertaken in our laboratory to determine the relationship of phenolic content to certain flavor characteristics.

MATERIALS & METHOD
Source o f  m a te r ia l

P o ta to e s  fo r  th e  s tu d y  w e re  s e le c te d  fro m  
tw o  m a in  s o u rc e s : (1 ) c lo n e s  t h a t  a r e  h y b r id s  
b e tw e e n  v a r ie t ie s  o f  S o l a n u m  t u b e r o s u m  
s u b s p . t u b e r o s u m  g ro w n  in  N ew  Y o rk  a n d  
v a r ie t ie s  o f  S o l a n u m  tu b e r o s u m  s u b s p . a n d i 
g e n u m  g ro w n  in  P e r u ;  a n d  (2 ) e s ta b l is h e d  
c o m m e rc ia l A m e r ic a n  v a r ie t ie s  s u c h  as  
O n ta r io , P o n t ia c ,  a n d  K a ta h d in .  C lo n e s  w ere  
ch o se n  s in c e  i t  w as  a s s u m e d  th e y  w o u ld  h a v e  
c o n s id e ra b le  g e n e tic  d iv e rs i ty  a n d  o ffe r 
o p p o r tu n i ty  fo r  s e le c t io n  o f  a  ra n g e  o f  e x p re s 
s io n  o f  p h e n o ls  a n d  f la v o r . T h e  v a r ie t ie s  
se le c te d  h a v e  b e e n  u s e d  in  o u r  la b o ra to ry  fo r 
s e v e ra l y e a rs  b e c u u s e  o f  t h e i r  d iv e rs i ty  o f  
p h e n o lic  c o n te n t  a n d  t h e i r  d i f f e r e n t  te n d e n 
c ies  to w a r d  e n z y m a tic  d a rk e n in g .

D u r in g  th e  f i r s t  y e a r  o f  th e  s tu d y , 50  
c lo n es  w e re  a n a ly z e d  fo r  to ta l  p h e n o lic  c o n 
te n t  a n d  g ro u p e d  in to  “ h ig h ”  a n d  “ lo w ”  c a te 
g o ries  a c c o rd in g  to  th e i r  r e la t iv e  p h e n o lic  
c o n te n t . F o u r  c lo n e s  f ro m  e a c h  o f  th e s e  
g ro u p s  w e re  s e le c te d  to  b e  g ro w n  a n d  u se d  fo r 
th e  se c o n d  y e a r  o f  th e  s tu d y . T h o s e  re la tiv e ly
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CLONES - PHENOLS 0  —■

A B C D E F G H

Fig. 1—Phenolic content of cortex tissue of fresh 
and cooked clones.

h ig h  in  p h e n o lic  c o n te n t  w ere  la b e le d  A -D  
a n d  th o s e  lo w er d e s ig n a te d  b y  th e  le t te r s  
E H .

T h e  c lo n e s  w ere  g ro w n  b y  th e  D e p a r tm e n t  
o f  P la n t  B re e d in g  in  e x p e r im e n ta l  p lo ts  n e a r  
th e  I t h a c a  a r e a .  T h e  th r e e  v a r ie t ie s  w ere  
g ro w n  a t  th e  C o rn e ll  R e s e a rc h  F a r m  in  R iv e r-  
h e a d , L o n g  I s la n d . T h e  v a r ie t ie s , a s  w ell a s  
th e  c lo n es , w e re  h a rv e s te d  20  w k  a f te r  p l a n t 
in g  a n d  s to re d  a t  40° C  u n t i l  a n a ly z e d  fo r 
p h e n o lic  c o n te n t  a n d  e v a lu a te d  fo r  f lav o r .

P h e n o lic  c o n te n t  w as  d e te rm in e d  u s in g  th e  
m e th o d  o f  R o s e n b la t t  a n d  P e lu s o  (1 941) 
w h ic h  u se s  ta n n ic  a c id  a s  th e  s ta n d a r d .  F o u r  
tu b e r s  o f  e a c h  g ro u p  w e re  s e le c te d  a t  r a n d o m  
fo r  e a c h  e x t r a c t  a n d  d u p l ic a te  e x tr a c ts  w ere  
m a d e  fo r  e a c h  g ro u p  u s e d  in  th e  p h e n o l a n a l 
y se s . C o r te x  t i s s u e  a n d  th e  p e r id e m  w ere  
s a m p le d  fro m  b u d  to  s te m  e n d  o f  th e  tu b e r .  A 
50g  s a m p le  w as  b le n d e d  w ith  150  m l o f  95%  
e th a n o l fo r 5 m in . T h e  to ta l  e x t r a c t  w as  
m e a s u re d , f i l te re d , a n d  35 m l o f  th e  f i l t r a te  
u se d  fo r  p h e n o l d e te rm in a t io n s .  S in c e  th is  
m e th o d  is  n o t  s p e c if ic  fo r p h e n o ls  b u t  a lso  
in c lu d e s  a s c o rb ic  a c id , c o r r e c tio n s  w e re  m a d e  
fo r  a s c o rb ic  a c id . P o ta to  t is s u e  w as  e x tr a c te d  
w ith  m e ta -p h o s p h o r ic  a c id  a n d  a n a ly z e d  fo r 
a s c o rb ic  a c id  b y  th e  in d o p h e n o l d y e  m e th o d  
(N e lso n  a n d  S o m e rs , 1945) s im u lta n e o u s ly  
w ith  th e  a n a ly s e s  fo r  p h e n o ls . C o r re c tio n s  
w e re  m a d e  fo r a s c o rb ic  ac id .
F la v o r  e va lu a tio n

W h o le , u n p e e le d  tu b e r s  s e le c te d  a t  r a n d o m  
fro m  e a c h  g ro u p  w e re  b o ile d  fo r  4 0  m in  in  a  
3 .5%  N a C l s o lu tio n . T h e  co o k e d  p o ta to e s  
w ere  d ra in e d , co o led  to  ro o m  te m p e r a tu r e ,  th e  
p ee ls  re m o v e d  a n d  th e  c o r te x  a r e a  s e p a ra te d  
fro m  th e  p i th ,  m a s h e d , a n d  s e rv e d  to  a  p a n e l 
o f  t r a in e d  ju d g e s .

P r e l im in a r y  s tu d ie s  w e re  m a d e  to  d e te r 
m in e  i f  p h e n o lic  c o n te n t  a f fe c te d  f lav o r . 
F la v o r  w as  f i r s t  e v a lu a te d  u s in g  th e  F la v o r  
P ro f i le  m e th o d  w h ich  a t te m p ts  to  a n a ly z e  a n d  
d e fin e  f lav o r . D u r in g  th e  p r e l im in a r y  te s t in g , 
a g re e m e n t w as  r e a c h e d  t h a t  th e  c h a r a c te r  
n o te s , “ b i t t e r n e s s ”  a n d  “ a s t r in g e n c y ” , w ere  
th e  o n e s  m o s t c lo se ly  r e la te d  to  p h e n o lic  c o n 
te n t .  A s tr in g e n c y  is  g e n e ra lly  a s s o c ia te d  w ith  
th e  p u c k e r in g  s e n s a tio n  c a u s e d  b y  ta s t in g  
u n r ip e  f ru i ts  a n d  b i t te rn e s s  is  a s s o c ia te d  w ith  
th e  s e n s a tio n  o b s e rv e d  o n  th e  b a c k  o f  th e  
to n g u e  a n d  th r o a t .  T h e s e  c h a r a c te r  n o te s  w ere  
th e n  s e le c te d  a s  th e  o n e s  to  b e  e v a lu a te d  in  
th e  s tu d y . T h e  in te n s i ty  o f  e a c h  c h a r a c te r

CIONES E3
A stringency

Fig. 2—Flavor scores for astringency. Clones are 
arranged in order of their decreasing phenolic 
content. Scale for astringency: 1-extremely
weak to 7-extremely pronounced.

n o te  w as  r a te d  b y  a  p a n e l  o f  s ix  t r a in e d  
ju d g e s  u s in g  a  s e v e n -p o in t  s c a le . T h e  s c a le  
ra n g e d  fro m  1 (e x tre m e ly  w e a k ) to  7 
(e x tre m e ly  p ro n o u n c e d )  in  in te n s i ty .  T h e  
ju d g e s  w e re  s e le c te d  f ro m  a  g ro u p  o f  g ra d u a te  
s tu d e n ts ,  f a c u lty , a n d  te c h n ic ia n s  in  th e  
D e p a r tm e n t  o f  F o o d  a n d  N u t r i t io n  a n d  w ere  
s e le c te d  o n  th e  b a s is  o f  t h e i r  s e n s i t iv i ty  to  th e  
c h a r a c te r  n o te s  to  b e  s tu d ie d .
P re p a ra tio n  o f  th in - la y e r  
ch ro m atog ram s

T h e  a lc o h o lic  e x t r a c t  p r e p a r e d  fo r to ta l  
p h e n o lic  a n a ly s e s  w e re  u s e d  fo r  th e  th in - l a y e r  
c h ro m a to g ra m s . A c t iv a te d  E a s tm a n  c h r o m a 
to g ra m  p la te s  w e re  u s e d . T h e  s ta n d a r d s ,  ch lo - 
ro g en ic  a c id  a n d  c a ffe ic  a c id , a s  w ell a s  th e  
p o ta to  e x tr a c ts  w e re  s p o t te d  u s in g  a  10 X 
m ic ro -p ip e tte , a n d  th e  c h ro m a to g ra m s  w ere  
d e v e lo p e d  fo r  6  h r  a n d  th e n  v iew e d  u n d e r  
u l tr a v io le t  lig h t. T h e  d e v e lo p in g  s o lv e n t  u se d  
w as  a  m ix tu re  1 0 :2 :8  o f  n -b u ta n o h g la c ia l  
a c e t ic  a c id :d is t i l le d  w a te r .

RESULTS & DISCUSSION  
Studies with clones

The clones were very irregular in shape, often had unusual bluish or pur
ple markings, deep eyes, and frequently a large and highly irregular cortex.Phenols. The eight clones studied during the second year of the experiment were analyzed in the fresh state for 
phenolic content and arranged in the order of their decreasing phenolic content (Fig. 1). Each clone was assigned a 
letter A through H. There was no significant variation in the phenolic content between replicate samples of the clones.Cooking of the clones resulted in a decreased phenolic content as shown in Figure 1. The greatest decrease occurred in those clones of highest phenolic content, and with the exception of clone C, the cooked clones remained in the same sequence with respect to phenolic content as the fresh clones. The “high” clones showed an average loss of 21% in phenolic content during cooking, where-
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Fig. 3—Flavor scores for bitterness. Clones are 
arranged in order of their decreasing phenolic 
content. Scale for bitterness: 1-extremely weak 
to 7-extremely pronounced.

as, the “low” clones exhibited only an 11% loss, but the latter continued to 
have a much lower phenolic content than the “high” group.Flavor. The cooked clones were submitted to a panel of trained judges 
who scored them for the character notes of astringency and bitterness (Fig. 2, 3). 
Phenolic content was positively correlated with both bitterness and astrin
gency. The correlation coefficient for bitterness was 0.72 and was significant; 
that for astringency was 0.82 and was highly significant. The judges frequently described a lingering, burning sensation in the throat following the sampling of 
certain potatoes. The specific phenols involved in flavor have not been eluci
dated, but we are presently attempting 
to study these. Chlorogenic acid is one of the chief phenols found in potatoes and 
upon hydrolysis yields caffeic and quinic acids both of which are insoluble in cold water but more readily soluble in hot water. Chlorogenic acid is located largely in the periderm and cortex areas and is 
hydrolyzed during the cooking of the tuber (Fig. 4).

Factors related to bitterness in citrus 
fruits have been studied extensively (Horowitz, 1964). Some of the basic 
chemical structures have been elucidated, and the aglycones of all the bitter 
compounds were found to be nonplanar, whereas, in each of the tasteless flavon- oids which one might expect to be bitter, the aglycone portion of the molecule was highly conjugated and planar in shape. 
Studies of this nature need to be done with potatoes.Ascorbic acid. The clones that were 
higher in phenolic content also tended to be higher in ascorbic acid (Fig. 5). The same trends were observed following cooking, but there was great variation 
within samples and the differences were not significant. The judges were unable to distinguish differences in flavor due to differences in ascorbic acid content.
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Fig. 4— Chromatogram of cortex tissue of fresh and cooked clones. 
Caf-cafteic acid; I-fresh; 2-clone A cooked; 3-clone B fresh; 4-clone B 
cooked; S-clone G fresh; 6-clone G cooked; 7-clone H fresh; 8-clone H 
cooked; Chl-chlorogenic acid.

Studies with varieties
Results of studies on the three varieties are given in Figure 6. The Ontario 

variety was the highest in phenolic content, Pontiac the lowest, and Katahdin was intermediate. These differences were highly significant. The same trends were observed in the varieties following 
cooking, although the phenolic content in 
each was markedly lowered by cooking.

Earlier work in our laboratory had 
shown that the Ontario variety was 
most susceptible to darkening or “black 
spot”, whereas Pontiac was the least 
and Katahdin was intermediate. Darkening was positively correlated with 
phenolic content.

Flavor scores for astringency and 
bitterness showed a significant positive correlation with phenolic content.

Fig. 5—Ascorbic acid content of cortex tissue of 
clones.

Comparison of clones with varieties
Comparison of the studies with these particular varieties to those with clones showed that generally the clones were lower in phenolic content and scored lower in both astringency and bitterness than the varieties.
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PHENOLIC COMPOUNDS IN RUM

SUMMARY—A study was made of the phenolic fraction of a Jamaica rum containing 75% ethanol. 
Identification of the phenols was performed by coupled gas chromatography and mass spectrometry 
and further by infrared spectrometry and thin layer chromatography. Phenol, p-ethylphenol, o-cre- 
sol, p-cresol, guaiacol, p-ethylguaiacol and dihydroeugenol were found in Jamaica rum for the first 
time; the presence of p-methylguaiacol and eugenol was confirmed.

INTRODUCTION
DATA about the composition of the 
phenolic fraction of rum have scarcely been reported in the literature. Raghun- atha Rao (1943) isolated salicylic acid from the fusel oil of cane molasses. Maarse and ten Noever de Brauw
(1966) examined Jamaica rum and identified the phenols eugenol and 4-methyl- guaiacol. Other investigators identified phenolic acids and aldehydes in cognac and whiskey stored in oak barrels for a number of years. It is assumed these are formed by alcoholysis of the lignin in the wood (Otsuka et al., 1965). Therefore it is very likely these compounds also occur in rum which is stored the same way.

This papeT deals with the analysis of the volatile phenolic substances isolated from Jamaica rum.

EXPERIMENTAL
Iso la tio n  o f  the  phenolic fra c tio n  fro m  
rum

2 l i t e r  o f  r u m  w as  b ro u g h t  to  p H  13, w ith  a  
4%  s o d iu m h y d ro x id e  s o lu tio n  a n d  th e  v o lu m e  
o f  th e  m ix tu re  w as re d u c e d  to  a p p ro x im a te ly  
100 m l in  a  r o ta ry  v a c u u m  e v a p o ra to r  o n  a  
w a te r  b a th  a t  a b o u t  50°C . T h e  re s id u e  w as 
e x tr a c te d  w ith  m e th y le n e  c h lo r id e  (5  X  15 
m l)  to  re m o v e  th e  n o n a c id  (p h e n o lic )  s u b 
s ta n c e s ;  th e  e m u ls io n s  w e re  b ro k e n  d o w n  b y  
c e n tr i fu g a tio n . T h e  a q u e o u s  la y e r  w as  
b ro u g h t to  p H  10 b y  m e a n s  o f  c a rb o n  d i 
o x id e . A t th is  p H , th e  p h e n o lic  a c id s  a r e  n o t  
y e t  in  th e  free  s ta te .

T h e  l ib e ra te d  p h e n o lic  c o m p o u n d s  w ere  
th e n  e x tr a c te d  w ith  m e th y le n e  c h lo r id e  (5  X 
15 m l) . A f te r  d ry in g  o v e r  a n h y d ro u s  N a 2S O ,, 
th e  e x t r a c t  w a s  c o n c e n t r a te d  b y  d is t i l l a t io n  
u n d e r  a tm o s p h e r ic  p re s s u re  (u s in g  a  V ig reu x  
c o lu m n )  u n t i l  a  re s id u e  o f  a b o u t  1 m l r e 
m a in e d .

In  o rd e r  to  o b ta in  m o re  m a te r ia l  fo r  id e n 
t i f ic a t io n  b a s e d  o n  in f r a r e d  s p e c tr o m e try  a n d  
th in  la y e r  c h ro m a to g ra p h y , th e  p h e n o lic  f r a c 
tio n  w as a lso  is o la te d  f ro m  r u m  e x tr a c t .
P re p a ra tio n  o f ru m  e x tra c t

100 l i te r  o f  d i lu te d  ru m  (15%  a lc o h o l)  w as 
e x tr a c te d  w ith  p e n t a n e / e t h e r  (2 :1 ) fo r 24  h r  
in  a  m o d if ie d  K u ts c h e r - S te u d e l  e x tr a c t io n  
a p p a r a tu s .  T h e  r u m  w as  d i lu te d  in  o rd e r  to  
o b ta in  a  m in im u m  a m o u n t  o f  a lco h o l in  th e  
e x tr a c t .  A f te r  d ry in g  o v e r  N a 2SO<, th e  s o lv e n t

w as  re m o v e d  fro m  th e  e x t r a c t  b y  c a re fu l  d is 
t i l la t io n  th ro u g h  a  V ig re u x  co lu m n .
Is o la tio n  o f  the  phenolic  fra c tio n  fro m  
ru m  e x tra c t

2 0  m l o f ru m  e x t r a c t  o b ta in e d  f ro m  100 
l i te r  o f  d i lu te d  r u m  w as  e x tr a c te d  w ith  a n  
a q u e o u s  s o lu tio n  o f  N a O H  (p H  13) to  is o la te  
th e  a c id  a n d  p h e n o lic  c o m p o u n d s . T h e  n e u 
t r a l s  w e re  re m o v e d  fro m  th e  a q u e o u s  la y e r  b y  
e x tr a c t io n  w ith  m e th y le n e  c h lo r id e  (5  X  15 
m l) a n d  f in a lly  th e  p ro c e d u re  m e n tio n e d  
b e fo re  w as  a p p lie d .

S e p ara tion  and id e n tif ic a tio n

O p tim a l c o n d i t io n s  fo r  g a s  c h ro m a to 
g ra p h ic  s e p a ra t io n  o f  th e  p h e n o lic  f r a c t io n  
f ro m  r u m  w ere  d e te rm in e d  o n  a  B e c k e r  
in s t r u m e n t  (D e lf t , T h e  N e th e r la n d s )  e q u ip 
p e d  w ith  tw o  f la m e  io n iz a tio n  d e te c to r s . 
T w o  c o lu m n s  w ere  e m p lo y e d  o f  1 /8  in . o .d . 
s ta in le s s  s te e l a n d  2 m  in  le n g th . T h e  f i r s t  w as  
p a c k e d  w ith  C a rb o w a x  2 0 M  (5%  b y  w t) on  
s ila n iz e d  E m b a c e l  (6 0 -8 0 )  m e s h ) . T h e  seco n d  
c o lu m n  w as p a c k e d  w ith  A p ie z o n -L  (20%  b y  
w t) o n  th e  s a m e  s u p p o r t .  T h e  o th e r  o p e ra t in g  
p a r a m e te r s  w ere  a s  fo llow s:

In je c t io n  p o r t  te m p e r a tu r e  230°C
C o lu m n  te m p e r a tu r e  150°C
C a r r ie r  g as  flow  (N 2) 9  m l /m in
H y d ro g e n  flow  30  m l /m in
A ir f lo w  300  m l /m in

U s in g  th e  a b o v e  m e n tio n e d  o p e ra t in g  
c o n d itio n s  (e x c e p t th e  ty p e  a n d  a m o u n t  o f  
c a r r ie r  g a s ), a  s a m p le  o f  th e  p h e n o lic  f r a c t io n  
is o la te d  fro m  r u m  w as  a n a ly z e d  on  a  V a r ia n  
A e ro g ra p h  M o d e l 1220  g as  c h ro m a to g ra p h .

T h e  e f f lu e n t  o f  th e  c o lu m n  w as  a d m i t t e d  v ia  a  
W a ts o n -B ie m a n n  m o le c u la r  s e p a r a to r  to  th e  
in le t o f  a  s in g le  fo c u s in g  90° m a g n e tic  f ie ld  
m a s s  s p e c tr o m e te r  (V a r ia n -M A T , C H  5, 
B re m e n , G e rm a n y ) .

I n  p la c e  o f  N 2 a s  c a r r i e r  g as , h e l iu m , 
w h ic h  is  n o t  io n iz e d  in  t h e  io n iz a tio n  c h a m b e r  
w o rk in g  a t  20  eV , w as u s e d . T h e  to ta l  io n iz a 
tio n  c u r r e n t  o b ta in e d  fro m  th is  c h a m b e r  is 
re c o rd e d  a s  a  g as  c h ro m a to g ra m . T h e  m a s s  
s p e c tr a  a r e  o b ta in e d  f ro m  th e  m a te r ia l  e n te r 
in g  th e  o th e r  io n iz a tio n  c h a m b e r  w o rk in g  a t  
70  eV .

S a m p le s  fo r  f u r t h e r  id e n t i f ic a t io n  b y  th in  
la y e r  c h ro m a to g ra p h y  a n d  in f r a r e d  s p e c t r o 
m e try  w e re  o b ta in e d  b y  p r e p a r a t iv e  gas 
c h ro m a to g ra p h y  o f  th e  p h e n o lic  f r a c t io n  is o 
la te d  f ro m  ru m  e x tr a c t .  T h e  s e p a r a t io n  w as 
c a r r ie d  o u t  o n  a  F & M  M o d e l 1520  g a s  c h r o 
m a to g ra p h  e q u ip p e d  w ith  a  th e r m a l  c o n d u c 
t iv i ty  d e te c to r  u s in g  a  1 /4  in . o .d . s ta in le s s  
s te e l c o lu m n , 2 m  lo n g , f i l le d  w ith  d ie th y le n e -  
g ly c o lsu c c in a te  (2 0 %  b y  w t) o n  E m b a c e l  s u p 
p o r t  (6 0 -8 0  m e s h ) . T h e  c a r r ie r  g as  ( H 2) flow  
w as  75 m l /m in  a n d  th e  o v e n  t e m p e r a tu r e  w as 
p ro g ra m m e d  fro m  1 2 0 -2 0 0 °C  a t  a  r a te  o f  2° 
C /m in .  T h e  e m e rg in g  c o m p o u n d s  w e re  c o l
le c te d .

T h in  la y e r  c h ro m a to g ra p h y  w as  c a r r ie d  
o u t  a c c o rd in g  to  th e  m e th o d  d e s c r ib e d  b y  
K lo u w e n  a n d  t e r  H e id e  (1 9 6 2 ). T h e  c o lle c te d  
p h e n o ls  w e re  s p lo tte d  o n  S il ic a  G el G  p la te s  
(M e rc k )  u s in g  c h lo ro fo rm , h e x a n e - a c e t ic  
a c id  (9 5 :5  v /v )  a n d  h e x a n e - p y r id in e  (9 5 :5  
v /v )  a s  d ev e lo p in g  s o lv e n ts . T h e  T L C -  
c h a m b e r  w as l in e d  w ith  f i l te r  p a p e r  a n d  
a l lo w e d  to  e q u i l ib r a te  w ith  th e  d e v e lo p in g  
so lv e n ts  fo r  30  m in  to  a c h ie v e  c o m p le te  
s a tu ra t io n .

RESULTS AND DISCUSSION
FIGURE 1 shows a gas chromatogram of the phenolic fraction isolated from

Pig. I— Gas chromatogram of the phenolic fraction of rum. Column, 2m X  1/8 in. o.d., packed 
with 5%  Carbowax 20M on silanized Embacel (60-80 mesh); temperature 150°C.
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Table 1— Phenolic com pounds identified  in rum_______________________________________________  of reference samples. In most cases the
P e a k
n o . C o m p o u n d

R e la t iv e  
r e te n t io n  t im e “

M e th o d  o f id e n tif ic a t io n * i d e n t i f i c a t i o n  w a s  f u r t h e r  c o n f i r m e d  b y  
i n f r a r e d  s p e c t r o m e t r y  a n d  t h i n  l a y e r  
c h r o m a t o g r a p h y .  T a b l e  1 s u m m a r i z e sG L C M S T L C I R R e f .c

3 G u a ia c o l 0 .52 + + _ + _ t h e  p h e n o l i c  c o m p o u n d s  f o u n d ,  t h e i r
4 p - M e th y  lg u a ia c o l 0 .7 5 + + + + + r e l a t i v e  r e t e n t i o n  t i m e s  a n d  t h e  t e c h -
5 P h e n o l 0 .84 + + + + _ n i q u e s  u s e d  f o r  t h e i r  i d e n t i f i c a t i o n .

o -C re so l 0 .8 4 + + — _ S e v e n  p h e n o l i c  c o m p o u n d s  h a v e  n o t
6 p -E th y lg u a ia c o l 1 .00 + + + + — b e e n  r e p o r t e d  p r e v i o u s l y  a s  o c c u r r i n g  i n
7 p -C re so l 1 .13 + + + + — r u m  o r  f u s e l  o i l s .
8 D ih y d ro e u g e n o l 1.34 + + - + -

9 E u g e n o l 1.64 + + + + +
p -E th y lp h e n o l 1.64 + + - + - REFERENCES

ap-EthylguaiacoI = 1.00; gas chromatographic conditions are those mentioned in Figure 1. 
‘Identified by means of GLC, MS, TLC and I R  (+  = yes, -  = no).
'Previously mentioned in the literature ( + « yes, -  = no).

Jamaica rum and recorded on the Becker gas chromatograph using Car- bowax 20M as stationary phase. Subse
quent analysis by GLC on Apiezon-L 
showed that peaks 5 and 9 consist of two components. Peak 1 had a mass spectrum identical with that of 2- 
methyl-5-acetylfuran, but no agreement with GLC retention time could be obtained. Work is in progress to identify

this component. Peak 2 was identified by means of GLC and MS as dimethyl- sulfoxide, a polar compound, which was evidently not removed from the aqueous phase by extraction with methylene chloride.
All the other compounds present appeared to be phenolic. They were identified by comparison of GLC retention times and mass spectra with those

Klouwen, M .H. and ter Heide, R. 1962. Dünn
schichtchromatographie auf dem Gebiet 
ätherischer öle. Pari. und Kosmetik 43:195. 

Maarse, H. and ten Noever de Brauw, M.C. 1966. 
The analysis of volatile components o f Jamaica 
rum. J. Food Sei. 31: 951.

Otsuka, K ., Im ai, S. and Morinaga, K . 1965. Studies 
on the mechanism of aging of d istilled liquors. 
Part I I .  D istribution o f phenolic compounds in 
aged distilled liquors. Agr. Biol. Chem. 29:27. 

Raghunatha Rao, Y .K . 1943. The higher-boiling 
components of fusel oil. J. Sei. & Ind. Res. 
(India) 1:196. [Chem. Abstr. (1944) 38: 2127.]
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NITROGEN COMPOUNDS IN RUM AND WHISKEY

SUMMARY— The nitrogen compounds from a Jamaica rum and a Scotch blended whiskey were 
isolated and identified by gas chromatography and mass spectrometry. In both spirits were found: 
pyridine, a-picoline, 0 -pkoline, thiazole, methylpyrazine, 2,5-dimethylpyrazine, 2,6-dimethylpyra- 
zine, 2,3-dimethylpyraiine, 2-methyl-6-ethylpyrazine, 2-methyl-5-ethylpyrazine, trimethylpyrazine 
and 2,5-dimethyl-3-ethylpyrazine. 2-Methyl-6-vinylpyrazine was detected only in rum. Nine com
pounds in whiskey and eleven in rum have not previously been reported as constituents of these 
drinks or fusel oils.

INTRODUCTION
ONLY A FEW data on basic compounds of whiskey and rum have been reported 
in the literature. Chapman and Hatch(1929) analysed the nitrogen compounds 
of a fusel oil from molasses and identified trimethylpyrazine, tetramethyl- 
pyrazine and possibly a diethylpyrazine. The last-mentioned pyrazine, probably2,5-substituted, and pyridine were also 
isolated from the fusel oil of beet molasses by Taira (1936). A review of approximately 400 compounds identified in whiskey and some other beverages produced by yeast fermentation was given by Kahn (1969); concerning the nitrogen compounds in whiskey, pyridine, trimethylamine, 2,5-dimethylpi- perazine, 2,5-dimethylpyrazine, tetra- methylpyrazine and trimethylpyrazine were mentioned.This paper presents the results of an investigation into the basic fractions isolated from a Scotch whiskey and Jamaica rum.

EXPERIMENTAL
Is o la tio n  o f the  basic fra c tio n s

T o  3  l i te r s  o f  r u m  a n d  6 l i te r s  o f  w h isk e y  
4 N  h y d ro c h lo r ic  a c id  w as  a d d e d  to  p H  1. T h e

v o lu m e  o f  th e  a c id if ie d  m ix tu re s  w as  r e d u c e d  
to  a p p ro x im a te ly  100  m l in  a  r o ta ry  v a c u u m  
e v a p o ra to r  o n  a  w a te r  b a th  a t  a b o u t  50°C . 
T h e  re s id u e s  w e re  e x tr a c te d  w ith  m e th y le n e  
c h lo r id e  (5 x  15 m l)  to  re m o v e  th e  n o n b a s ic  
m a te r ia l ;  th e  e m u ls io n s  w e re  b ro k e n  d o w n  b y  
c e n tr i fu g a tio n .

T h e  a q u e o u s  la y e rs  w e re  m a d e  a lk a l in e  
w ith  N a O H , a n d  th e  l ib e r a te d  n itro g e n  c o m 
p o u n d s  w ere  s u b s e q u e n t ly  e x t r a c te d  w ith  
m e th y le n e  c h lo r id e  (5  x  15 m l) . A f te r  d ry in g  
o v e r a n h y d ro u s  N a 2SO< th e  s o lu tio n s  w e re  
c o n c e n t r a te d  b y  c a re fu l  d is t i l l a t io n  th ro u g h  a  
V ig re u x  c o lu m n  u n t i l  a  r e s id u e  o f  a b o u t  1 m l 
re m a in e d .
Id e n tif ic a tio n

G a s  c h ro m a to g ra p h ic  a n a ly s e s  o f  th e  b a s ic  
f r a c t io n s  w e re  c a r r ie d  o u t  u s in g  a  B e c k e r  
in s t r u m e n t  (D e lf t ,  T h e  N e th e r la n d s )  e q u ip 
p e d  w ith  a  h y d ro g e n  f la m e  d e te c to r  a n d  
f i t te d  w ith  a  1 /8  in . o .d . s ta in le s s  s te e l c o lu m n  
2 m  in  le n g th  a n d  p a c k e d  w ith  C a rb o w a x  
2 0 M  (20%  b y  w t) o n  E m b a c e l  s u p p o r t  (6 0 -8 0  
m e s h ) . T h e  o th e r  o p e ra t in g  c o n d i t io n s  w e re  a s  
fo llow s:

In je c t io n  p o r t  te m p e r a tu r e  230°C
C o lu m n  te m p e r a tu r e  100"C
C a r r ie r  g a s  flow  (N-¿) 9  m l / m in
H y d ro g e n  flow  3 0  m l /m in
A ir  flow  3 0 0  m l / m in

I n  o rd e r  to  o b ta in  c o m p a ra b le  gas  c h r o m a 
to g ra m s , th e  s a m e  o p e ra t in g  p a r a m e te r s  
w ith  r e s p e c t  to  d im e n s io n s , te m p e r a tu r e  a n d

p a c k in g  o f  th e  c o lu m n  w ere  a p p l ie d  to  a  
V a r ia n  A e ro g ra p h  M o d e l 1 22 0  g as  c h r o m a to 
g ra p h . I n s te a d  o f  n i tro g e n  a s  c a r r i e r  g as, 
h e l iu m  w as u s e d  b e c a u s e  th e  e f f lu e n t  f ro m  
th e  c o lu m n  w a s  a d m i t te d  v ia  a  W a ts o n -  
B ie m a n n  m o le c u la r  s p e a r a to r  to  th e  in le t  o f  
a  s in g le  fo c u s in g  90° m a g n e tic  s e c to r  f ie ld  
m a s s  s p e c tr o m e te r  (V a r ia n -M A T , C H  5, 
B re m e n , G e r m a n y ) .  T h e  to ta l  io n iz a tio n  c u r 
r e n t  o b ta in e d  f ro m  th e  io n iz a tio n  c h a m b e r  
w o rk in g  a t  2 0  eV  (H e  is  n o t  io n iz e d )  is  r e 
c o rd e d  a s  a  g as  c h ro m a to g ra m . T h e  m a s s  
s p e c tr a  a r e  o b ta in e d  f ro m  th e  m a te r ia l  e n t e r 
in g  th e  o th e r  io n iz a tio n  c h a m b e r  o p e ra t in g  
a t  7 0  eV . S u f f ic ie n t  a m o u n ts  o f  p u r e  m a te r ia l  
c o u ld  n o t  b e  t r a p p e d  f ro m  th e  b a s ic  e x 
t r a c ts  fo r IR -  o r  N M R  a n a ly s e s  b e c a u s e  o f  
th e  v e ry  lo w  c o n c e n t r a t io n s  ( p p m - p p b  ra n g e )  
o f  th e  n i tro g e n  c o m p o u n d s  in  th e s e  s p ir i ts .

RESULTS & DISCUSSION
FIGURES 1 and 2 show chromatograms of the basic fractions of rum and whiskey, respectively, recorded on the Becker gas chromatograph. The mass 
spectra of some components (peaks 1, 2, 7 and 12 in rum and 1, 7, 12 and 18 in whiskey) were too weak or insufficiently 
separated to allow interpretation. Some other components in rum and whiskey (peaks 17, 22 and 23) appeared to be nonbasic material i.e. furfural, dime- thylsulphoxide and 5-methylfurfural, respectively. Water-solubility accounts for the presence of these compounds in the basic fractions.

The same applies to the peaks 21 and 24 in rum and whiskey. However, the structures of these nonbasic compounds could not be elucidated due to a lack of

Fig. I—Gas chromatogram of the basic fraction of rum. Column, 2m X 1/8 in. o.d., packed with 20% Carbowax 20M on Embacel (60-80 mesh); tempera- 
ture J00°C.
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Fig. 2—Gas chromatogram of the basic traction of whiskey. Operating conditions ct. Figure 1.

Table I — N itrogen com pounds identified  in rum a n d  whiskey

R u m  W h is k e y
R e la t iv e  M e th o d  o f  M e th o d  o f

P e a k  r e te n t io n  id e n t i f ic a t io n  id e n t i f ic a t io n
n o . C o m p o u n d tim e" G L C M S R e f . ' G L C M S R e f .'

3 P y r id in e 0 .51 + - + + + +
4 a -P ic o lin e 0 .5 7 + - - + + -

5 T h ia z o le 0 .6 8 + + - + + -

6 M e th y lp y ra z in e 0 .7 3 + + - + + -

8 0 -P ic o lin e 0 .8 7 + - - + + -

9 2 ,5 -D im e th y lp y ra z in e 1 .00 + + - + + +
10 2 ,6 -D im e th y lp y ra z in e 1.02 + + - + + -

11 2 ,3 -D im e th y lp y ra z in e 1 .14 + + - + + -

13 2- M e th y l- 6 - e th y lp y r a z in e 1 .40 + + - + - -

14 2 -M e th y l- 5 - e th y lp y r a z in e 1.43 + + - + - -
15 T r im e th y lp y ra z in e 1 .53 + + + + + +
16 2 ,5 -D im e th y l-3 -e th y lp y ra z in e 1 .90 + + - + + -
19 2 -M e th y l-6 -v in y lp y ra z in e 2 .3 9 + + -

°2,5-dimethylpyrazine = 1.00; gas chromatographic conditions are those mentioned in  Figure 1. 
id e n tifie d  by means of GLC and MS (+  = yes; -  = no).
'Previously mentioned in the literature (+  = yes; — = no).

reference mass spectra. Peak 20 in both spirits appeared to be an amylpyrazine; the substitution pattern could not be determined.

The components identified by gas chromatography and mass spectrometry are listed in Table 1. Although identification by GLC alone usually is not con

sidered strict proof, we feel that in this case the occurrence of pyridine, a- and d-picoline in rum and of 2-methyl-6- ethylpyrazine and 2-methyl-5-ethyl- 
pyrazine in whiskey is highly probable, supported by the similarity of the gas chromatograms of the basic fractions of both spirits.So far it has not been possible to elucidate the structure of peak 25 in rum (Fig. 1). Nine components in whiskey and eleven components in rum have not been previously reported as constitutents 
of the spirits or of fusel oils.
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CAROTENOIDS IN JUICE OF SHAMOUTI ORANGE

SUMMARY—More than SO carotenoids were isolated from the juice of Shamouti orange (Citrus 
sinensis [L] Osh.) using a combination of column and thin layer chromatography. In addition to 
carotenoids usually found in citrus, others not previously detected in common orange varieties 
were identified. These include Y-carotene, rubixanthin, the new ketones sinthaxanthin and its OH- 
der'rvative, as well as lutein 5,6-monoepoxide. The diol-polyol fraction was most predominant yield
ing about 70% of the total carotenoids. It was established that low pigmentation of Shamouti 
orange juke is due to its low total carotenoid content rather than the absence of colored carotenoids.

INTRODUCTION
CAROTENOIDS of citrus fruit (pulp and peel) have been the subject of many investigations (Khan and Mackinney, 1953; Curl and Bailey, 1957 a, c; Curl, 1962a, b, 1965; Yokoyama and Vander- 
cook, 1967; Yokoyama and White, 1967). Some varieties have been studied and characterized in detail, including Valencia (Citrus sinensis) and Washington Navel by Curl and Bailey (1954, 1955, 1956, 1957b, 1961); and Sinton citrange- quat by Yokoyama and White (1965, 1966 a, b, c) and Yokoyama et al.
(1965).Shamouti orange (Citrus sinensis [L] 
Osb.); the principal variety cultivated in Israel, has not previously been studied systematically. Only the peel was investigated recently (Eilati et al., 1969; Gross and Lifshitz, 1970). The total 
carotenoid content of Shamouti juice is only 6-10 ppm versus 15-20 ppm of other more pigmented orange varieties.The aim of this work was to investi
gate the nature of carotenoids present in Shamouti juice and to determine whether its light pigmentation is due to a low concentration of total carotenoids or 
to qualitative differences among the carotenoids per se.

EXPERIMENTAL
Juice

T h e  ju ic e  w as  o b ta in e d  d u r in g  th e  m id  
a n d  la te  se a s o n  ( J a n u a r y - M a r c h ) ,  w h e n  th e  
f r u i t  is in  i ts  h ig h ly  p ig m e n te d  s ta te .  J u ic e  
w as o b ta in e d  e i th e r  b y  h a n d  p re s s in g  o f 
c o m m e rc ia l ly  a v a ila b le  o ran g es  o r  c o lle c te d  
fro m  th e  p re s s in g  m a c h in e s  o f  c i t r u s  p ro c e s s 
in g  fa c to r ie s . A ll o p e ra t io n s  w e re  c a r r ie d  o u t 
in  s u b d u e d  lig h t. T h e  ju ic e  w as  e x a m in e d  
im m e d ia te ly  o r  s to re d  a t  — 18°C u n t i l  u sed .
E x tra c tio n

T h e  ju ic e  w as  h o m o g e n ize d  fo r 1 m in  in  a n  
U l t r a - T u r r a x  h o m o g e n iz e r  (T y p . T P  1 8 /2 N  
J a n k e  & K u n k e l w ith  1 vo l o f  p e tro le u m -  
e th e r  (P E )  a n d  3 vol o f  is o p ro p a n o l in  th e  
p re s e n c e  o f  a  s m a ll  a m o u n t  o f  a s c o rb ic  a c id . 
T h e  m ix tu re  w a s  th e n  d i lu te d  w ith  a n  e q u a l 
v o lu m e  o f  d ie th y l  e th e r ,  a n d  s u f f ic ie n t  s a tu 
r a te d  N a C l s o lu tio n  w as  a d d e d  to  fo rm  tw o  
la y e rs . T h e  u p p e r  P E - d i e th y l  e th e r  la y e r

c o n ta in e d  a ll th e  c a ro te n o id s . T h is  u p p e r  
la y e r  w as  w a s h e d  w ith  d is t i l le d  w a te r  u n t i l  
f re e  o f  a lco h o l (H ig b y , 1 961).
S ap on ifica tio n  o f e x tra c ts  and rem o va l 
o f  s te ro ls

S a p o n if ic a t io n  w as  c a r r ie d  o u t  in  th e  co ld . 
T h e  e th e r  la y e r  w as  c o m b in e d  w ith  a n  e q u a l 
v o lu m e  o f  10%  K O H -e th a n o l, c o v e re d  w ith  
n itro g e n , a n d  k e p t  o v e rn ig h t a t  ro o m  te m p e r 
a tu r e .  T h e  m ix tu re  w as  th e n  w a s h e d  fre e  o f 
a lk a li ,  d r ie d  b y  a d d in g  a b s o lu te  e th a n o l a n d  
e v a p o ra te d  in  v ac u o . T h e  n o n s a p o n if ia b le  
m a t t e r  w as  d is s o lv e d  in  a  m in im u m  v o lu m e  o f  
h o t  m e th a n o l a n d  k e p t  a t  — 4°C  o v e r  n ig h t . 
T h e  p r e c ip i ta te d  s te ro ls  w ere  re m o v e d  
b y  f i l t r a t io n . A f te r  e v a p o ra tio n  o f  th e  m e th 
an o l u n d e r  r e d u c e d  p re s s u re , th e  re s id u e  
w as d isso lv e d  in  so m e  d ro p s  o f  a c e to n e  to  
w h ich  a  m in im u m  v o lu m e  o f  p e tro le u m  
e th e r  w as  th e n  a d d e d .
C h rom ato g rap hy

T h e  c h ro m a to g ra p h ic  s e p a ra t io n  o f  th e  
p ig m e n ts  w as  c a r r ie d  o u t  u s in g  c o lu m n  c h r o 
m a to g ra p h y  fo llow ed  b y  th in  la y e r  c h ro m a 
to g ra p h y  (T L C ). T h e  c o lu m n  c h ro m a to g ra p h y  
re s u lte d  in  a  p re l im in a r y  f r a c t io n a tio n  
in to  h y d ro c a rb o n s , m o n o ls , d io ls  a n d  p o ly o ls . 
E a c h  f r a c t io n  w as th e n  f u r th e r  a n a ly z e d  
b y  T L C . T h is  m e th o d  e n a b le d  u s  to  s e p a ra te  
a  g re a t  m a n y  d if f e r e n t  c o m p o u n d s  a n d  to  
d e te c t  th o s e  c o m p o u n d s  p re s e n t  in  o n ly  
tr a c e  a m o u n ts .

Colum n ch ro m a to g ra p h y . A m ix tu re  o f  
M g O -H y flo  S u p e r  C e l (1 :1  b y  w e ig h t)  w as  
u se d  fo r c o lu m n  c h ro m a to g ra p h y  (S e a s o rb
4 3 -M a g n e s ia  F M C  W e s t V aco  a n d  H y flo  
S u p e r  C e l J o h n s  M a n v ille ) . T h e  c o lu m n  w as 
d e v e lo p e d  s te p w is e  w ith  in c re a s in g  a m o u n ts  
o f  a c e to n e  in  P E .

T h e  f i r s t  f r a c t io n , o f  c a ro te n e s  o r  h y d r o 
c a rb o n s , w as  e lu te d  w ith  P E  a n d  2 -5 %  
a c e to n e  in  P E . T h e  e lu t io n  o f  th e  f lu o re s c e n t 
f r a c t io n  w as  fo llow ed  b y  i l lu m in a t in g  fo r 
s h o r t  p e r io d s  w ith  a  U V  la m p . T h e  o x y g e n 
a te d  c a ro te n e s  w e re  e lu te d  w ith  5 -1 0 %  a c e 
to n e  in  P E .

T h e  se c o n d  f r a c t io n , o f  m o n o ls , w as  e lu te d  
w ith  10%  a c e to n e  in  P E  a n d  d iv id e d  in to  tw o  
s u b f ra c t io n s . T h e  le ss  p o la r  y e llo w  zo n e  c o n 
ta in e d  O H -a - c a ro te n e  a s  th e  m a in  p ig m e n t, 
a n d  th e  m o re  p o la r  o ra n g e  zo n e , c ry p to x a n -  
th in  a s  th e  m a in  p ig m e n t.

T h e  th i r d  f r a c t io n , o f  d io ls  a n d  p o ly o ls , 
w as  e lu te d  w ith  e th a n o l - P E  (1 :1 ). O w ing  to  
th e  c o m p le x ity  o f  th is  f r a c t io n  a  fu r th e r  
r e c h ro m a to g ra p h y  on  th e  s a m e  a d s o r b e n t  w as 
p e r fo rm e d . T h is  t im e  th e  c o lu m n  w as  d e v e l

o p e d  w ith  a  m ix tu re  o f  10%  a c e to n e  in  P E  
a n d  e th a n o l (9 7 :3 ) . T h r e e  to  fo u r  s u b f ra c t io n s  
w ere  th u s  o b ta in e d , th e  f i r s t  b y  e lu t io n  a n d  
th e  o th e rs  b y  m e c h a n ic a lly  c u t t in g  th e  c o l
u m n  a n d  d is so lv in g  e a c h  zo n e  in  d ie th y l  
e th e r - e th a n o l.

T LC . A ll a d s o r b e n ts  w e re  a c t iv a te d  b e fo re  
u se . T h e  p ig m e n t e x t r a c t  w as  a p p lie d  a s  a  
l in e  a n d  s in c e  n o  R / v a lu e s  w e re  d e te rm in e d , 
th e  c h ro m a to g ra p h y  w as  c o n t in u e d  u n t i l  th e  
b e s t  s e p a ra t io n  w as o b ta in e d .

F o r  th e  s e p a ra t io n  o f  th e  f i r s t  f r a c t io n , 
c a lc iu m  h y d ro x id e - s i l ic a  gel G  (6 :1 ) w a s  u se d  
a s  th e  a d s o r b e n t  a n d  th e  s o lv e n t  s y s te m  c o n 
s is te d  o f  l ig h t p e tr o le u m -b e n z e n e  (9 8 :2 ) 
(B o llig e r, 1 965). F o r  th e  s e p a ra t io n  o f  a  ( i - 
c a ro te n e  is o m e r  o f  th i s  f r a c t io n  th e  b e s t 
a d s o r b e n t  w as  a  m ix tu re  o f  C a (O H )2-M g O  
(1 :1 ) d e v e lo p e d  w ith  P E  (C a (O H )i fo r  c h r o m a 
to g ra p h y  R ie d e l-D e H a e n  A G ). T h e  o x id iz e d  
c a ro te n e s  w e re  a n a ly z e d  o n  a lu m in iu m  o x id e  
G  (a cc . to  S ta h l ,  fo r  T L C , E . M e rc k )  w ith  3%  
a c e to n e  in  P E  a s  th e  s o lv e n t  s y s te m .

T h is  s a m e  a d s o r b e n t  w as  u se d  fo r  th e  
s e p a ra t io n  o f  th e  se c o n d  f r a c t io n  (m o n o ls ) ;  
th e  s o lv e n t s y s te m  w as  5%  a c e to n e  in  P E .

S ilic a  gel G  (a cc . to  S ta h l ,  E . M e rc k )  w as  
u se d  a s  th e  a d s o r b e n t  fo r th e  c h ro m a to g ra p h y  
o f  th e  th i r d  fra c t io n . T h e  s o lv e n t  s y s te m s  
w ere , a c c o rd in g  to  th e  p o la r i ty  o f  th e  p ig 
m e n ts :  20%  a c e to n e  in  P E ;  P E - e t h y l
a c e ta te - i s o p r o p y l  a lco h o l 9 5 :1 0 :5 ; m e th y le n e  
c h lo r id e -e th y l  a c e ta te  (8 0 :2 0 ) (B o llig e r,
1 965); a n d  a c e to n e  40%  in  P E  (B o n d , 1967). 
C o m p o u n d s  w e re  id e n ti f ie d  o n  th in  la y e r  
c h ro m a to g ra m s  b y  c o -c h ro m a to g ra p h y  w ith  
k n o w n  s a m p le s , w h e re  p o ss ib le .
Id e n tific a tio n  o f  p igm ents

Id e n t i f ic a t io n  o f  th e  p ig m e n ts  a n d  c o lo r 
le ss  p o ly e n e s  w as  m a d e  o n  th e  b a s is  o f  th e i r  
c h ro m a to g ra p h ic  a n d  s p e c tro p h o to m e tr ic  
p ro p e r t ie s . F o r  so m e  fu n c tio n a l  g ro u p s , 
k n o w n  c h e m ic a l te s t s  w e re  u se d .

T h e  a b s o rp tio n  s p e c tr u m  o f  e a c h  c h r o m a - 
to g ra p h ic a lly  p u r e  p ig m e n t w a s  re c o rd e d  in  a  
B e c k m a n  D B  S p e c t ro p h o to m e te r  fro m  
2 2 0 -5 5 0  n m  a n d  c o m p a re d  w ith  v a lu e s  fro m  
th e  l i te r a tu r e  (D a v ie s , 1965).
C hem ica l Tests

C a rb o n y l-re d u c tio n  tes t. T h e  r e d u c t io n  
te s t  fo r th e  c a rb o n y l g ro u p  w as  c a r r ie d  o u t  a t  
ro o m  te m p e r a tu r e  b y  a d d in g  a  few  c r y s ta ls  o f  
s o d iu m  b o ro h y d r id e  to  th e  c a ro te n o id  p ig 
m e n t  d isso lv e d  in  95%  e th a n o l. T h e  s o lu tio n  
w as k e p t  u n d e r  N 2 a n d  s h a k e n  o c c a s io n a lly . 
A f te r  30  m in , i t  w as  e x tr a c te d  w ith  e th e r  a n d  
w a s h e d  s e v e ra l t im e s  w ith  w a te r . A  h y p so -  
c h ro m ic  s h if t  in  th e  a b s o rp tio n  m a x im a  is 
in d ic a tiv e  fo r th e  p re s e n c e  o f  a  c a rb o n y l  
g ro u p  (C r itc h le y  e t  a l ., 1 958).

Epoxide  test. I s o m e r iz a t io n  o f  th e  5 ,6 - 
ep o x id e  in to  th e  5 ,8 -e p o x id e  w as  s tu d ie d  b y  
o b s e rv in g  th e  m a g n itu d e  o f  th e  s p e c tr a l  s h if t  
a f te r  a d d i t io n  o f  h y d ro c h lo r ic  a c id . T h e  s p e c 
t r u m  w as re c o rd e d  b e fo re , a n d  3 m in  a f te r  th e  
a d d it io n  o f  3 d ro p s  o f  0 .1 N  HC1 to  th e  c a r o 
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te n o id  s o lu tio n  in  a  1 c m  ce ll . A  s h i f t  o f  a b o u t  
20  n m  to  th e  s h o r te r  w a v e le n g th s  in d ic a te s  
th e  p re s e n c e  o f  a  m o n o e p o x y  g ro u p , w h ile  a  
s h if t  o f  a p p ro x im a te ly  4 0  n m  is  in d ic a tiv e  o f  a  
d iep o x y  (D a v ie s , 1 96 5). T h e  c o lo r  o f  t h e  r e a c 
tio n  m ix tu re , b e in g  a lso  c h a ra c te r is t ic ,  w as  
n o te d . A  r a p id  e p o x id e  te s t  w as  to  e x p o se  th e  
c h ro m a to g ra m  to  HC1 g as  fo r a  few  m in u te s . 
T h e  e p o x id e  zo n es  b e c a m e  g re e n , g re e n ish  
b lu e  w h ile  th o s e  o f  fu ra n o id  o x id e s  t u r n e d  in k  
b lu e .
Q u a n tita tiv e  D e te rm in a tio n

T h e  m e th o d  d e s c r ib e d  b y  D a v ie s  (1 9 65 ) 
w as  u s e d  fo r  th e  q u a n t i ta t iv e  d e te rm in a t io n  
o f  th e  c a ro te n o id s . T h e  o p t ic a l  d e n s i ty  o f  a  
k n o w n  v o lu m e  o f  c a ro te n o id  s o lu tio n  w as  re a d  
in  th e  s p e c tr o p h o to m e te r  a t  4 5 0  n m  u s in g  th e  
e x tin c tio n  c o e ff ic ie n t o f  2 50 0  o f  P -c a ro te n e . 
T h e  re s u lts  r e p o r te d  a r e  e x p re s s e d  a s  ^ - c a r o 
te n e . P h y to e n e , p h y to f lu e n e  a n d  (  c a ro te n e  
w ere  re a d  a t  th e  w a v e le n g th  o f  m a x im a l 
a b s o rp tio n  a n d  th e i r  r e p o r te d  e x tin c tio n  c o e f
f ic ie n ts  u se d  in  th e  c a lc u la t io n s . P ig m e n ts  
p re s e n t  in  v e ry  s m a ll  q u a n t i t i e s  w e re  n o t  
d e te rm in e d  s e p a ra te ly .

RESULTS & DISCUSSION
TABLE 1 represents the qualitative analyses of the carotenoids in Shamouti 
juice presented in order of increasing adsorption affinity on the several adsorbents used for column and thin-layer chromatography.
Fraction I—hydrocarbons

Phytoene was detected in the first petroleum ether eluates from the column 
chromatograms. Phytofluene moved down the column along with a blue fluorescent zone that might be a terpene derivative from the essential oils. However, these two could be separated by eluting the column with 2% acetone in 
PE. With this solvent, the green fluorescent phytofluene band is eluted, while 
the blue band remains on the column close to the a-carotene zone. Phytofluene could not be separated into two isomers 
as reported by Koe and Zechmeister(1953) in tomatoes, although purification 
on TLC according to Williams et al.,(1967) was attempted. The first colored 
carotenoid, a -carotene, had identical spectral and chromatographic properties as a-carotene isolated from carrots. p- 
Carotene was identical with the synthetic pigment obtained from Hoffmann La Roche. One of its cis-isomers, neo /ï- carotene, could be separated from {"- carotene both by column and TLC 
chromatography. This compound appears above f-carotene on the column. {-Carotene was easy to identify owing to its light yellow color and its very characteristic spectrum with a pronounced fine structure. Besides this main pigment another more polar f-carotene-like pigment could be separated both by column chromatography and by TLC on Ca(OH)2-Silica gel G (6:1) developed 
with light petroleum-benzene (98:2).

This pigment has exactly the same absorption maxima as {"-carotene but is 
similar chromatographic ally to the 
recently discovered unsymmetrical pigment 7,8,11,12-tetrahydrolycopene which was isolated from the bacterium Rhodospirillum rubrum by Davies
(1970). This new pigment has its main peak at 397.5 nm.y-Carotene was identical with y-car- otene isolated from carrots. Its presence 
has not previously been noted in other 
common orange varieties, nor in lemons, but it is mentioned as being a constitu- tent of Sinton citrangequat (Yokoyama and White, 1966c).

Between the hydrocarbon and the monol fractions two oxygenated carotenes, minor components, could be identified.
Mutatochrome (/3-carotene, 5,8-epox

ide) was detected on TLC using alumina developed with 5% acetone in PE. It 
appears as a very faint lemon yellow zone and yields an intense blue color 
with the epoxide test. It was the only epoxide derivative of P -carotene that could be detected. It has been mentioned 
as a constituent of lemons but has not been detected in other orange varieties. The second oxygenated carotenoid of the intermediate fraction is an apoderiva- 
tive, |S-apo-10'-carotenal. Upon co- chromatography it could not be separated from the synthetic sample 
(Hoffmann La Roche) and could be reduced with sodium borohydride. After reduction, fine structure appeared in the spectrum but its maxima were at somewhat longer wavelengths than those of the synthetic pigment.
Fraction II—monols

This fraction contains two princi
pal monols; hydroxy-a-carotene that 
appeared as a single pigment and cryp- toxanthin that could be separated into a 
set of isomers.In the hydroxy-a-carotene subfraction, the major pigment was preceded by traces of the monoepoxide. OH-a-caro- 
tene was identical to that isolated from Navel oranges (Curl, 1956). In the same fraction a poly-cis derivative of cryptox- 
anthin was present that was also found by Curl (1956) in Valencia orange. Its cis peak is very flat as mentioned by Zechmeister (1962). This pigment has a 
pronounced yellow-orange color while the OH-a-carotene is pure yellow.The second monol subfraction was dominated by cryptoxanthin. It was compared and found identical with cryptoxanthin isolated from alfalfa. Cryptoxanthin could be resolved into an isomeric set some of which had a pronounced cis- peak. In this subfraction an uncommon 
monol, rubixanthin, (3-OH-7-carotene) was detected. This pigment has an orange-red tint. Like 7-carotene it did

not undergo reduction and its epoxide 
test was negative. Although known to occur in fruits of Rosa rubiginosa (Arpin 
and Liaaen-Jensen, 1969), it has not 
previously been reported in oranges, only in lemons (Curl, 1962b).
Fraction III—diols and polyols

Due to the complexity of this last fraction is was rechromatographed on MgO-Hyflo Super Cel and subdivided 
into three main fractions, as described in the experimental section.The first subfraction had lutein as the 
major pigment. The least polar pigment of this subfraction is cryptoflavin, the 
furanoid oxide of cryptoxanthin, easily 
recognizable by its lemon-yellow color and blue epoxide test. It was followed by cryptoxanthin-5,6,5',8'-diepoxide, 
which on HC1 treatment gave both reactions for the two epoxide groups i.e., a 20 nm hypsochromic shift for the epoxygroup and a blue color for the furanoid 
oxide. In some samples it was followed by a pigment with exactly the same spectrum but which did not react in the HC1 test. The main pigment of this 
subfraction, lutein, was separated by TLC from a pigment which was luteinlike chemically but which had clearly different Rf and absorption spectrum. 
This lutein-like pigment was not however, characterized further. The lutein 
which was isolated in this manner proved identical with lutein extracted from alfalfa. In addition to the normal trans-lutein, another compound cis- 
lutein was isolated, which showed the characteristic “cis” peak at 330 nm. 
This was followed by isolutein (lutein5,6-epoxide), which gave the characteristic monoepoxy shift of about 20 nm in HC1. It has not been mentioned pre
viously as a constituent of citrus, probably because of the difficulty in separa
ting it from lutein.

The next pigment that followed was violaxanthin, the 5,6,5'6'-diepoxide of 
zeaxanthin. It has the same spectrum as violaxanthin from grapefruit (Yokoyama 
and White, 1967), but the maxima are 3 nm shorter than those reported by Kar- rer and Jucker (1950). It could not be separated from violaxanthin isolated 
from spinach. Its epoxide test is characteristic for two-epoxy groups, that is, a shift of about 37-40 nm and a greenish- blue color. Sometimes its cis-isomer appeared in the zeaxanthin fraction, 
following antheraxanthin.According to its polarity, violaxanthin should follow zeaxanthin chromato- graphically; however, an inversion in its adsorption affinity was observed. A similar inversion of violaxanthins’ adsorption affinity on a MgO-Hyflo Super Cel column is reported by Jungalwala and Cama (1962), who studied the carotenoids in the Delonix regia flower. They



468—JOURNAL OF FOOD SCIENCE— Volume 36 (1971 )

Table I — C haracterization  o f carotenoids from Sham outi o range juice

T L C
E p o x id e  te s t  

(H C 1 t r e a tm e n t )
C a r b o n y l  t e s t  

A b s  m a x

Id e n t i f ic a t io n
A b s  m a x “ 

(n m )
M g O -H y f lo  
S u p e r  C el A d s o rb e n t

S o lv e n t
s y s te m C o lo r

H y p s o c h ro m ic  
s h if t  (n m )

a f t e r  r e d u c t io n  
w ith  N a B H i

F r a c t io n  I — h y d ro c a rb o n s
P h y to e n e
P h y to f iu e n e

272 , 283 , 298  
327 , 348 , 367

P E
P E

— I I
« -C a r o te n e 4 2 0 , 443 , 470 A c . 2 -5 %  in  P E C a  (O H ) 2-S ilic a  g e l G  

(6 :1 )
P E -B e n z e n e

(9 8 :2 )
— — —

^ -C a ro te n e 425 , 450 , 475 A c . 2 -5 %  in  P E C a ( O H ) 2-S ilic a  gel G  
(6 :1 )

P E - B e n z e n e
(9 8 :2 )

— — —

("-C aro tene 3 7 8 , 400 , 425 A c. 2 -5 %  in  P E C a  (O H ) 2-S ilic a  gel G  
(6 :1 )

P E - B e n z e n e
(9 8 :2 )

— — —

neo-/S- C a r o te n e 4 2 2 , 444 , 470 A c . 2 -5 %  in  P E C a ( O H ) 2-M g O  (1 :1 ) P E — — —
f-C a ro te n e - l ik e 3 7 8 , 4 0 0 ,4 2 4 A c . 5 -1 0 %  in  P E A lu m in u m  o x id e  G P E — — —
7 -C a ro te n e 4 2 8 , 456 , 485 A c. 5 -1 0 %  in  P E A lu m in u m  o x id e  G P E — — —

I n te r m e d ia te
M u ta to c h ro m e 404 , 425 , 450 A c . 5 -1 0 %  in  P E A lu m in u m  o x id e  G A c. 2%  in  P E B lu e — —
/S -A p o -lO '-ca ro ten a l 4 3 5 , (465) A c. 5 -1 0 %  in  P E A lu m in u m  o x id e  G A c . 2 %  in  P E — — 3 9 0 , 4 1 0 , 432

F r a c t i o n  I I A — m o n o ls  
O H - a - C a r o te n e  5 ,6 -

e p o x id e 418 , 440 , 468 A c. 10%  in  P E A lu m in u m  o x id e  G A c . 5 %  in  P E G re e n + —

O H -a - C a ro te n e 418 , 444 , 473 A c. 10%  in  P E A lu m in u m  o x id e  G A c . 5 %  in  P E — — —

p o ly - c is -C ry p to x a n th in  a 4 1 8 , 443 , 472 A c . 10%  in  P E A lu m in u m  o x id e  G A c . 5%  in  P E — — —
p o ly - c is -C ry p to x a n th in  b 4 1 9 , 4 4 2 , 472 A c. 10%  in  P E A lu m in u m  o x id e  G A c . 5%  in  P E — — -

F r a c t io n  I I B — m o n o ls
R u b ix a n th in 4 3 5 , 4 6 0 , 488 A c. 10%  in  P E A lu m in u m  o x id e  G A c. 5 %  in  P E — — —

O H - a - C a ro te n e  5 ,8 -
e p o x id e 4 2 0 , 443 , 472 A c . 10%  in  P E A lu m in u m  o x id e  G A c . 5 %  in  P E B lu e + —

S in ta x a n th in (4 2 8 ) , 447 , 
(473)

A c. 10%  in  P E A lu m in u m  o x id e  G A c . 5 %  in  P E — — 395 , 4 2 1 , 450

c is - C r y p to x a n th in 3 3 3 , 420 , 
444 , 472

A c. 10%  in  P E A lu m in u m  o x id e  G A c. 5%  in  P E — — —

C r y p to x a n th in  a 4 2 5 , 450 , 475 A c. 10%  in  P E A lu m in u m  o x id e  G A c. 5 %  in  P E — — —
C r y p to x a n th in  b 424 , 450 , 475 A c. 10%  in  P E A lu m in u m  o x id e  G A c. 5 %  in  P E — — —

C ry p to x a n th in - l ik e  a 4 2 4 , 448 , 475 A c. 10%  in  P E A lu m in u m  o x id e  G A c . 5%  in  P E — — —

C r y p to x a n th in - l ik e  b 4 2 3 , 448 , 473 A c. 10%  in  P E A lu m in u m  o x id e  G A c. 5 %  in  P E — — —
C is -c r y p to x a n th in -h k e 3 3 5 , 425 , 

448 , 475
A c. 10%  in  P E A lu m in u m  o x id e  G A c . 5%  in  P E — — —

F r a c t io n  I I I A — d io ls
C ry p to f la v in 4 0 1 , 425 , 448 A c. 10%  in  P E  

+  E tO H  (9 7 :3 )
S ilic a  g e l G P E - E t h y l  

a c e ta te -  
i s o p ro p y l  
a lc o h o l 
(9 5 :1 0 :5 ) a n d  
A c . 2 0%  in  P E

B lu e +

C r y p to x a n th in  5 ,6 ,5 ',8 '-
d ie p o x id e 397 , 418 , 443 Ac. 10%  in  P E  

+  E tO H  (9 7 :3 )
S ilic a  g e l G P E - E t h y l

a c e ta te -
is o p ro p y l
a lc o h o l
(9 5 :1 0 :5 )
A c . 20%  in  P E

B lu e 20

U n k n o w n  4 1 8 3 9 7 , 418 , 445 A c . 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  gel G P E - E t h y l  
a c e ta te -  
is o p ro p y l  
a lco h o l 
(9 5 :1 0 :5 )  a n d  
A c. 2 0%  in  P E

L u te in - l ik e 418 , 442 , 470 A c. 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  g e l G P E - E t h y l  
a c e ta te -  
i s o p ro p y l  
a lc o h o l 
(9 5 :1 0 :5 )  a n d  
A c. 2 0%  in  P E

“Phytoene and phytofiuene determined in hexane; carotenoids from Fractions I and II in petroleum ether; from Fraction III in ethanol.
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Table 1— Characterization o f ca ro ten o ids from  Sham outi o range ju ice (Continued)

I d e n t i f ic a t io n
A b s  m a x “ 

(n m )

E lu e n t  f ro m  
M g O -H y f lo  
S u p e r  C e l

T L C

A d s o rb e n t

E p o x id e  t e s t  
(H C 1 t r e a tm e n t )

S o lv e n t  H y p s o c h ro m ic  
s y s te m  C o lo r  s h i f t  (n m )

C a r b o n y l  t e s t
A b s  m a x  

a f t e r  re d u c t io n  
w i th  N a B H ,

L u te in 4 2 2 , 4 4 5 , 473 A c. 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  gel G P E - E t h y l  
a c e ta te -  
is o p ro p y l  
a lco h o l 
(9 5 :1 0 :5 ) a n d  
A c. 20%  in  P E

c is -L u te in 3 3 0 , 420 , 
4 4 3 , 472

A c . 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  g e l G P E - E t h y l  —  
a c e ta te -  
is o p ro p y l 
a lc o h o l 
(9 5 :1 0 :5 ) a n d  
A c. 20%  in  P E

Is o lu te in 4 1 8 , 4 4 2 , 470 A c . 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  g e l G P E - E t h y l  G re e n -
a c e ta te -  b lu e
Is o p ro p y l
a lco h o l
(9 5 :1 0 :5 ) a n d
A c. 20%  in  P E

18

c is - Iso lu te in 332 , 416 , 
4 4 0 ,4 6 8

A c . 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  gel G P E - E t h y l  G re e n -
a c e ta te -  b lu e
I s o p ro p y l
a lc o h o l
(9 5 :1 0 :5 ) a n d
A c. 20%  in  P E

15

V io la x a n th in  

F ra c t io n  I I IB -d io ls

4 1 6 , 438 , 467 A c . 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  gel G P E - E t h y l  G re e n -
a c e ta te -  b lu e
Is o p ro p y l
a lc o h o l
(9 5 :1 0 :5 ) a n d
A c. 20%  in  P E

38

U n k n o w n  455 430 , 4 5 5 , 490 A c. 10%  in  P E  
+  E tO H  (97 :3 )

S ilic a  gel G P E - E th y l  A ce- G re e n -  
ta te - I s o p r o p y l  ish  
a lc o h o l 
(9 5 :1 0 :5 ) a n d  
C H 2C12- E th y l  
a c e ta te  
(8 0 :2 0 )

C h r y s a n th e m a x a n th in 4 0 0 ,4 2 3 , 450 A c . 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  gel G P E - E t h y l  A ce- B lu e  
ta te - I s o p ro p y l  
a lc o h o l 
(9 5 :1 0 :5 ) a n d  
C H 2C12-E th y l  
a c e ta te  
(8 0 :2 0 )

+

U n k n o w n  420 3 9 5 , 4 2 0 , 444 A c . 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  g e l G P E - E t h y l  A ce- G re e n  
ta te - I s o p r o p y l  
a lco h o l 
(9 5 :1 0 :5 ) a n d  
C H 2C12- E th y l  
a c e ta te  
(8 0 :2 0 )

15

C i t r a u r in 450 A c. 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  gel G P E - E t h y l  A ce- —  
ta te - I s o p r o p y l  
a lc o h o l 
(9 5 :1 0 :5 ) a n d  
C H 2C12- E th y l  
a c e ta te  
(80 :20)

4 0 2 , 4 2 5 ,4 4 9

“Phytoene and phytofluene determined in hexane; carotenoids from Fractions I and II in petroleum ether; from Fraction III in ethanol.
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Table 1— C haracterization  o f ca rotenoids from Sham outi o range ju ice (Continued)

Id e n t i f ic a t io n
A b s  m a x “ 

(n m )

E lu e n t  f ro m  
M g O -H y f lo  

S u p e r  C el

T L C

A d s o rb e n t

E p o x id e  t e s t  
(H C 1 t r e a tm e n t )

S o lv e n t  H y p s o c h ro m ic  
s y s te m  C o lo r  s h i f t  (n m )

C a r b o n y l  te s t
A b s  m a x  

a f t e r  r e d u c t io n  
w i th  N a B H 4

O H -S in ta x a n th in  a (4 2 6 ), 447 , 
(475)

A c. 10%  in  P E  
+  E tO H  (97 :3 )

S ilic a  g e l G P E - E t h y l  A ce- —  
ta te - I s o p r o p y l  
a lc o h o l 
(9 5 :1 0 :5 ) a n d  
C H 2C12- E th y l  
a c e ta te  
(8 0 :2 0 )

4 0 0 , 4 2 3 , 446

O H -S in ta x a n th in  b (4 2 3 ), 445, 
(475)

A c. 10%  in  P E  
+  E tO H  (97 :3 )

S ilic a  g e l G P E - E t h y l  A ce- —  
ta te - I s o p r o p y l  
a lc o h o l 
(9 5 :1 0 :5 ) a n d  
C H 2C12- E th y l  
a c e ta te  
(8 0 :2 0 )

4 0 0 , 4 2 0 , 4 4 5

Z e a x a n th in 423 , 451 , 478 A c. 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  gel G P E - E t h y l  A ce- —  
ta te - I s o p r o p y l  
a lc o h o l 
(9 5 :1 0 :5 ) a n d  
C H 2C12- E th y l  
a c e ta te  
(8 0 :2 0 )

A n th e r a x a n th in 418 , 445 , 470 A c. 10%  in  P E  
+  E tO H  (97 :3 )

S ilic a  gel G P E - E t h y l  A ce- G re e n  
ta te - I s o p ro p y l  
a lc o h o l 
(9 5 :1 0 :5 ) a n d  
C H 2C l2- E th y l  
a c e ta te  
(8 0 :2 0 )

16

c is - A n th e ra x a n th in 330 , 418 , 
4 4 2 ,4 7 0

A c. 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  gel G P E - E t h y l  A ce- G re e n  
ta te - I s o p r o p y l  
a lc o h o l 
(9 5 :1 0 :5 ) a n d  
C H 2C12- E th y ]  
a c e ta te  
(8 0 :2 0 )

20

L u te o x a n th in  a 400 , 424 , 448 A c . 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  gel G P E - E t h y l  A ce- B lu e  
ta te - I s o p r o p y l  
a lc o h o l 
(9 5 :1 0 :5 ) a n d  
C H 2C12- E th y l  
a c e ta te  
(8 0 :2 0 )

22

L u te o x a n th in  b  

F ra c t io n  I I I C — p o ly o ls

393 , 420 , 443 A c. 10%  in  P E  
+  E tO H  (97 :3 )

S ilic a  g e l G P E - E t h y l  A ce- B lu e  
ta te - I s o p r o p y l  
a lc o h o l 
(9 5 :1 0 :5 ) a n d  
C H 2C I2- E th y l  
a c e ta te  
(8 0 :2 0 )

20

U n k n o w n  408 408 A c. 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  g e l G P E - E t h y l  —  
a c e ta te -  
i s o p ro p y l  
a lco h o l 
(9 5 :1 0 :5 ) a n d  
A c. 4 0%  in  P E

3 3 7 , 354 , 3 7 4

U n k n o w n  426 400 , 426 , 448 A c . 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  gel G P E - E t h y l  —  
a c e ta te -  
is o p ro p y l  
a lc o h o l 
(9 5 :1 0 :5 ) a n d  
A c. 4 0%  in  P E

“Phytoene and phytofluene determined in hexane; carotenoids from Fractions I and II in petroleum ether; from Fraction III in ethanol.
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Table 1— C haracterization o f carotenoids from Sham outi o range ju ice (Continued)

Id e n t i f ic a t io n
A b s  m a x ” 

(n m )

E lu e n t  fro m  
M g O -H y f lo  
S u p e r  C e l

T L C

A d s o rb e n t

E p o x id e  t e s t  
(H C 1 t r e a tm e n t )

S o lv e n t  H y p s o c h ro m ic  
s y s te m  C o lo r  s h if t  (n m )

C a r b o n y l  t e s t
A b s  m a x  

a f t e r  re d u c t io n  
w i th  N a B H (

C a rb o n y l 422 422 A c. 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  gel G P E - E t h y l  —  
a c e ta te -  
is o p ro p y l 
a lco h o l 
(9 5 :1 0 :5 ) a n d  
A c. 4 0%  in  P E

3 7 2 , 3 9 4 , 418

M u ta to x a n th in 404 , 426 , 452 A c. 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  g e l G P E - E t h y l  B lu e
a c e ta te -
is o p ro p y l
a lco h o l
(9 5 :1 0 :5 ) a n d
A c. 4 0%  in  P E

c i s - M u ta to x a n th in 310 , 400 , 
424 , 452

A c. 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  g e l G P E - E t h y l  B lu e
a c e ta te -
is o p ro p y l
a lco h o l
(9 5 :1 0 :5 ) a n d
A c. 4 0%  in  P E

L u te o x a n th in - l ik e 394 , 418 , 444 A c. 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  g e l G P E - E t h y l  B lu e  
a c e ta te -  
is o p ro p y l 
a lc o h o l 
(9 5 :1 0 :5 ) a n d  
A c. 4 0%  in  P E

20

c is -L u te o x a n th in - l ik e 310 , 394 , 
416 , 443

A c. 10%  in  P E  
+  E tO H  (97 :3 )

S ilic a  gel G P E - E t h y l  B lu e
a c e ta te -
is o p ro p y l
a lc o h o l
(9 5 :1 0 :5 ) a n d
A c. 4 0 %  in  P E

18

A u ro x a n th in 376 , 398 , 417 A c. 10%  in  P E  
+  E tO H  (97 :3 )

S ilic a  g e l G P E - E t h y l  B lu e
a c e ta te -
is o p ro p y l
a lc o h o l
(9 5 :1 0 :5 ) a n d
A c. 40%  in  P E

T ro ll ic h ro m e  a 400 , 423 , 450 A c. 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  gel G P E - E t h y l  B lu e
a c e ta te -
is o p ro p y l
a lc o h o l
(9 5 :1 0 :5 ) a n d
A c . 4 0%  in  P E

T ro llic h ro m e  b 396 , 420 , 448 A c . 10%  in  P E  
+  E tO H  (97 :3 )

S ilic a  gel G P E - E t h y l  B lu e
a c e ta te -
is o p ro p y l
a lc o h o l
(9 5 :1 0 :5 ) a n d
A c. 4 0%  in  P E

T ro l l ix a n th in 396 , 420 , 
4 4 7 ,4 7 0

A c . 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  g e l G P E - E t h y l  G re e n
a c e ta te -
is o p ro p y l
a lc o h o l
(9 5 :1 0 :5 ) a n d
A c . 4 0 %  in  P E

N e o x a n th in 416 , 437 , 464 A c . 10%  in  P E  
+  E tO H  (97 :3 )

S ilic a  g e l G P E - E t h y l  G re e n
a c e ta te -
is o p ro p y l
a lc o h o l
(9 5 :1 0 :5 ) a n d
A c . 4 0 %  in  P E

18

aPhytoene and phytofluene determined in hexane; carotenoids from Fractions I and II in petroleum ether; from Fraction III in ethanol.
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Table 1— C haracterization  o f ca ro ten o ids from  Sham outi o ra n g e  ju ice (Continued)

E lu e n t  fro m T L C
E p o x id e  t e s t  

(H C 1 t r e a tm e n t )
C a r b o n y l  t e s t

I d e n t i f ic a t io n
A b s  m a x “ 

(n m )
M g O -H y f lo  
S u p e r  C el A d s o rb e n t

S o lv e n t
s y s te m C o lo r

H y p s o c h ro m ic  
s h i f t  (n m )

a f t e r  re d u c t io n  
w i th  N a B H ,

T ro ll ix a n th in - l ik e 422 , 448 , 474 A c. 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  g e l G P E - E t h y l  
a c e ta te -  
is o p ro p y l  
a lco h o l 
(9 5 :1 0 :5 ) a n d  
A c. 4 0%  in  P E

B lu e -
g ree n

N e o x a n th in - l ik e 4 1 2 , 438 , 463 A c . 10%  in  P E  
+  E tO H  (9 7 :3 )

S ilic a  gel G P E - E t h y l  
a c e ta te -  
is o p ro p y l  
a lco h o l 
(9 5 :1 0 :5 ) a n d  
A c . 4 0%  in  P E

G re e n 20

“Phytoene and phytofluene determined in hexane; carotenoids from Fractions I and I I  in petroleum ether; from Fraction I I I  in ethanol.

mentioned that on MgO-celite, xantho- phylls with epoxy groups are less strongly adsorbed than the correspond
ing xanthophylls.The second diol fraction is the zeax- anthin fraction and its epoxides. Two developing solvents for TLC were used 
for separating the pigments in this sub
fraction: PE-ethyl acetate -isopropylal- cohol (95:10:5) and methylene chloride- ethyl acetate (80:20).

The least polar pigment of this frac
tion is chrysanthemaxanthin (lutein-5,8- epoxide) which has the same spectrum as given in the literature and the characteristics of a furanoid oxide. It has not been mentioned by other authors as a component of citrus. The next pigment was citraurin, found also in the peels of 
this variety (Gross and Lifshitz, 1970). Zeaxanthin was preceded by the hydroxyl derivative of the recently discovered sintaxanthin. It could be separated into two isomers, the more polar one having its maxima 2 nm shorter than the less polar. They had the same 
characteristics as described by Yoko- yama and White (1966c). Previous methods used could not separate citraurin from zeaxanthin so that OH-sintaxan- thin which is located between these two, could not be detected.

Zeaxanthin was identical with an authentic sample from Hoffmann La Roche. Zeaxanthin was followed by the trans and cis isomers of antheraxanthin, the monoepoxide derivative of zeaxanthin. Antheraxanthin was identical with spinach antheraxanthin, although its spectrum was 2 nm shorter. The last 
pigment of this fraction is luteoxanthin, the 5,6,5'8'-diepoxide of zeaxanthin which gave the characteristic reactions of the epoxide groups.

The last fraction—the most polar—is the fraction containing the polyols, that is three hydroxy derivatives. Because

of the difficulty encountered in separating the components of this fraction, an additional solvent system was used 
for TLC. This solvent system consisted of 40% acetone in PE.The first pigment, having a yellow- lemon color had an unusually broad spectrum at a very short wavelength, and could be reduced. Since this com
pound was present in only trace quantities it was not further investigated. The 
second pigment, a minor constituent, was very difficult to characterize, being very unstable. It has a violet color that becomes brown rapidly. The reduction 
test was not clear, the pigment being rapidly destroyed.

The next pigment had the broad spectrum of a carbonyl derivative and could 
be reduced. The epoxide test gave an intense blue color. Being very similar to 
Curls’ pigment detected in Valencia 
peels it was tentatively identified as violaxanthal, the apo-derivative of vio- laxanthin with a terminal aldehydic 
carbonyl (Curl, 1967).

In this fraction, the monofuranoid and difuranoid of zeaxanthin could be separated. The two isomers of mutatox- anthin, the monofuranoid, as well as the two isomers of auroxanthin, the difuranoid, were isolated. Also present in this 
fraction, although in much greater quantity, was a luteoxanthin-like pigment. The triol (3,3',6'-OH) derivatives of a- carotene appeared in inverse order of their polarity. The furanoid, trolli- chrome, appeared first, followed by the epoxide trollixanthin. The triol derivative of /9-carotene isolated was neoxan- 
thin (3,3',5'-trihydroxy-6'7'-dehydro-5,6-epoxy-/S-carotene). The triol deriva
tives of a-carotene reacted only slightly with HC1, even when the concentration was increased to 34%, as also noted pre
viously (Eugster and Karrer, 1957). In contrast to the other triols, neoxanthin

gave a positive epoxide test; two isomeric forms were identified.The quantitative composition of the carotenoids is given in Table 2. The total 
content of carotenoids was about 6-7 fig/ ml of juice. Toward the end of the season it reached almost 10 fig/ml. As 
shown, the approximate composition is 
about 25% hydrocarbons plus monols, 
and 75% diols plus polyols and their epoxides.The uncolored pigments phytoene and phytofluene were found in approximately the same percentages as those 
reported in Navel orange. In lemon, 
these two pigments make up about 20% of the total carotenoids. Their amount decreases at the end of the season.

In the hydrocarbon fraction there is about 4 times more /3-carotene than 
a-carotene, but it is exceeded by f - carotene, which biogenetically is their 
precursor. In Navel orange there is 
about 15 times more f-carotene than ,/3 -carotene and in Valencia 5 times more.

In the monol fraction, cryptoxanthin is the major pigment, there being about 14 times more cryptoxanthin than OH- a-carotene. At the beginning of the season the amount was only half of that.
In the lutein fraction, lutein predominates. Also present in relatively high amounts is the monoepoxide. Vio- laxanthin is present in a relatively 

small quantity in comparison with 
Navel orange where it represents 45% of the total carotenoids. At the beginning of the season violaxanthin was present in a greater quantity, representing 12% of the total.

In the next diol subfraction zeaxanthin and its epoxide predominate. The 
two isomers of antheraxanthin were analyzed together. Luteoxanthin is found in about half the quantity of antheraxanthin, and both increase at the end of the season. A very high quantity of
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Table 2— Q uantitative com position  
enoids from Sham outi o range juice

(Percent o f  tota l carotenoids)a

o f carot-

P h y to e n e 1 5 .7
P hy to fluene* ’ 2 .4
F ra c t io n  I  T o ta l 3 .0 0

a -C a ro te n e 0 .3 6
/8 -C a ro ten e 1 .24
f - C a ro te n e k 1 .40

I n te r m e d ia te  a n d  F r a c t io n  I I A  T o ta l 1 .60
M u ta to c h ro m e 0 .02
/8-A po-1 0 ' - c a ro te n a l 0 .03
O H -a - C a ro te n e 0 .5 0
p o l i-c is -C ry p to x a n th in 1 .05

F ra c t io n  I I B  T o ta l 15 .00
R u b ix a n th in 0 .0 5
S in ta x a n th in 0 .0 7
c is - C r y p to x a n th in 2 .00
C ry p to x a n th in 12 .88

F r a c t io n  I I I A  T o ta l 13.0
C ry p to f la v in 0 .7
C r y p to x a n th in  d ie p o x id e 0 .1
L u te in 5.2
I s o lu te in 4 .0
V io la x a n th in 3 .0

F ra c t io n  I I I B  T o ta l 2 0 .0
C h r y s a n th e m a x a n th in 0 .07
C it r a u r in 0 .11
O H -S in ta x a n th in 2 .48
Z e a x a n th in 6 .2
A n th e ra x a n th in 6 .83
L u te o x a n th in 3 .9 8

F r a c t io n  I I I C  T o ta l 3 9 .3
P ig m e n t  426 0 .3 9
C a r b o n y l 422 0 .7 8
M u ta to x a n th in 15.13
L u te o x a n th in - l ik e 6 .92
A u ro x a n th in 0 .5 8
T ro ll ic h ro m e 1.46
T ro l l ix a n th in 9 .64
N e o x a n th in 3 .97
“Expressed as /3-carotene.
Phytoene, phytofluene and f-carotene were read

at the wavelengths of maximal absorption using their 
reported extinction coefficients.

luteoxanthin, about 30%, was found at the beginning of the season. Perhaps as a 
result of the higher acidity, violaxanthin is partially isomerized to the furanoid

oxide. Present in noticable amounts is the newly detected hydroxy ketone 3- OH-sintaxanthin. Citaurin, that was 
easily detectable in peels, appeared in lower amounts in juice. In the last fraction, which is very rich in the midseason, mutatoxanthin and the luteoxanthin-like 
pigment appear in large amounts. A relatively small amount of auroxanthin was also detected. In Navel orange pulp 
it does not appear. The triols derivatives of a-carotene, especially trollixanthin, were present in much higher amounts than neoxanthin, the $-carotene allenic triol derivative.

With the new methods utilized it has been shown that a large number of colored pigments are present in Shamouti 
orange juice. It may be concluded, therefore, that the light color of Shamouti juice is due to the low, total concentration of carotenoids, rather than the absence of any specific colored pigments.
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METABOLISM OF SOLANINE AND CHLOROPHYLL IN POTATO TUBERS 
AS AFFECTED BY LIGHT AND SPECIFIC CHEMICALS

SUMMARY— Chlorophyll and solanine syntheses as affected by cultivars, specific gravities, light 
intensities, and chemicals were studied in potato fSolanum tuberosum, L.) tubers. When exposed to 
100 ft-c of white fluorescent light for 5 days, tubers of Bounty, Kennebec, Norchip and Red Lasoda 
were most sensitive to greening and solanine development. LaChipper and Platte tubers were 
resistant to the light effects. Chlorophyll synthesis was inversely related to specific gravity of tubers, 
while specific gravity did not affect solanine synthesis. The chlorophyll content of tubers exposed to 
50 ft-c and 200 ft-c was significantly less than that of tubers exposed to 100 ft-c and 150 ft-c light 
intensities. The solanine synthesis was not influenced by the light intensities studied. Chemicals 
were applied at a concentration of 10,000 ppm by vacuum injection technique. Ethrel® and Alar® 
were effective in inhibiting chlorophyll and solanine formation. Ethrel was more effective in retard
ing the chlorophyll formation and alar was most effective in preventing solanine formation. Maleic 
hydroxide MH®-30 and Cyocel® were ineffective in controlling both chlorophyll and solanine 
formation.

INTRODUCTION
The common white potato (Solarium tuberosum, L.) turns green when exposed to light. This greening is associa ted  with bitterness and off-flavor. The synthesis of chlorophyll is responsible for greening; while the bitter taste is due to the presence of solanine, a toxic alkaloid (Hilton, 1951). In recent years, this problem has become more serious because of the technological developments in handling, transportation, and merchandising of potatoes.Chlorophyll and solanine develop in the periderm and cortical parenchyma layers of the tuber (Larson, 1949). Often, the same factors, such as light intensity and quality, storage duration, and age of tubers, influence the synthesis of both compounds (Hardenburg, 1964). The 
processes of chlorophyll and solanine syntheses are, however, independent of each other (Conner, 1937).

These investigations were undertaken to study the variations in the chlorophyll and solanine contents among cultivars, as related to specific gravities and light intensities. The chemical control of the synthesis of these two compounds was attempted.

MATERIALS & METHODS
P la n t m a te r ia l

E le v e n  p o ta to  c u l t iv a rs  w e re  p la n te d  in  
s a n d y  lo a m  so il on  M a y  7 , 1969 , a t  th e  U ta h  
S ta te  U n iv e rs i ty  fa rm , F a r m in g to n , U ta h .  A 
to ta l  o f  177 lb  o f  n i tro g e n  a n d  147 lb  o f  p h o s 
p h a te  p e r  a c re  w e re  a p p lie d  a n d  th e  c ro p  w as 
ir r ig a te d  w h e n  n e e d e d . T h e  tu b e r s  w ere  h a r 
v e s te d  o n  S e p te m b e r  30, 1969 , a n d  t r a n s 
p o r te d  to  th e  la b o ra to r ie s  a t  L o g an . T h e se  
w ere  th e n  c le a n e d , s e le c te d  fo r u n i fo rm ity  o f  
s ize  (U .S . N o . 1), c la s s if ie d  on  th e  b a s is  o f  
sp e c if ic  g ra v ity  a c c o rd in g  to  th e  b r in e  f lo ta 
tio n  m e th o d  (C la rk  e t  a l ., 1940; S a lu n k h e  e t

a l., 1 95 3), a n d  s to re d  a t  4 0°F . F o r  o th e r  se r ie s  
o f  e x p e r im e n ts , p o ta to e s  w ere  p ro c u re d  fro m  
lo ca l m a r k e ts .
L ig h t

L ig h t w as  o b ta in e d  f ro m  tw o  b a n k s  o f 
f lu o re s c e n t tu b e s  8  f t  lo n g  ( I T T F 9 6 T 1 2 /c w  
cool w h ite ) . T h e  l ig h t  in te n s i ty  w as  m e a s u re d  
in  fo o t-c a n d le s  w ith  W e s to n  i l lu m in a tio n  
m e te r , M o d e l 603  N o . 610 . T h e  tu b e r s  w ere  
e x p o se d  to  l ig h t a t  70°F  a n d  8 0 -9 0 %  re la t iv e  
h u m id i ty .
Chem icals

C h e m ic a ls  w e re  o b ta in e d  a s  fo llow s: Alar® 
(s u c c in a m ic  a c id , 2 ,2 -d im e th y lh y d ra z id e )  
fro m  u n iR o y a l  C h e m ic a l , D iv is io n  o f  u n i-  
R o y a l In c . ,  B e th a n y , C o n n .;  C ycocel®  (2- 
c h lo ro e th y l t r im e th y la m m o n iu m  c h lo r id e )  
fro m  A m e r ic a n  C y a n a m id  C o ., A g r ic u l tu ra l  
D iv is io n , P r in c e to n , N .J . ;  E th re l®  (2 -c h lo ro e - 
th y lp h o s p h o n ic  a c id )  f ro m  A m e r ic a n  P r o d 
u c ts , I n c . ,  A g r ic u l tu ra l  C h e m ic a l D iv is io n , 
A m b le r , P a . ;  m a le ic  h y d ra z id e  (1 ,2 -d ih y d ro -  
p y r id a z in e -3 ,6 -d io n e )  M H ® -30  fro m  U n i te d  
S ta te s  R u b b e r ,  N a u g a tu c k  C h e m ic a l  D iv i
s io n , N a u g a tu c k , C o n n .;  a n d  s o la n in e  fro m
K . a n d  K . L a b o r a to r ie s  In c . ,  P la in v ie w ,
N .Y .
C hem ica l ap p lica tio n

T h e  s o lu tio n s  o f  th e  c h e m ic a ls  w e re  p r e 
p a re d  in  d is t i l le d  w a te r  a t  c o n c e n t ra t io n s  o f
1 0 ,000  p p m . T h e  tu b e r s  w ere  t r e a te d  b y  
v a c u u m  in je c t io n  te c h n iq u e . T h e  s o lu tio n s  
w ere  p la c e d  in  d e s ic c a to r s  a n d  th e  tu b e r s  
d ip p e d  in  th e  so lu tio n s . A ir  w as  d ra w n  o f f  b y  
a  s u c tio n  p u m p  fo r  4 m in . T h e  tu b e r s  w ere  
th e n  a llo w ed  to  s o a k  in  th e  s o lu tio n s  fo r  30 
m in . C o n tro l tu b e r s  w ere  s im ila r ly  t r e a te d  b y  
u s in g  d is t i l le d  w a te r .
A n a ly tic a l m ethods

T h e  A O A C  (1 9 6 5 ) m e th o d  fo r c h lo ro p h y ll 
a n a ly s is  w as  u se d  w ith  m o d if ic a t io n s  fo r 
p o ta to  tu b e r s .  P o ta to  p e e ls  ra n g in g  in  th ic k 
n e s s  fro m  1 .5 -2 .0  m m  w ere  u n ifo rm ly  
re m o v e d  b y  a  h a n d  p e e le r . C h lo ro p h y ll 
e x tr a c t io n  w as  m a d e  fro m  50g  o f  p ee l w ith  
to ta l  v o lu m e  o f  3 50  m l o f  8 5%  a c e to n e  a n d  
120 m l o f  e th e r  fo r  s e p a ra t io n .  T h e  c h lo ro 

p h y l l - e th e r  la y e r  w as  re m o v e d , d r ie d  o v e r 
a n h y d ro u s  s o d iu m  s u lf a te ,  m a d e  to  100  m l 
v o lu m e , a n d  th e n  u se d  fo r  o p t ic a l  d e n s i ty  
re a d in g s  a t  6 60  m //. T h e  m e th o d  fo r s o la n in e  
e x tr a c t io n  a n d  d e te rm in a t io n  w as t h a t  o f  G u ll 
a n d  Is e n b e rg  (1 9 6 0 ). A re g re s s io n  c u rv e  w as 
c o n s tru c te d  w ith  k n o w n  c o n c e n t r a t io n s  o f  
p u re  so la n in e . T h e  o p tic a l d e n s i ty  w a s  m e a 
s u re d  a t  565  m p . T h e  re s u lts  fo r  b o th  c h lo ro 
p h y ll a n d  s o la n in e  w e re  e x p re s s e d  a s  m il l i 
g ra m s  p e r  lOOg o f  fre s h  p ee l.
S ta tis tic a l ana lys is

A ll e x p e r im e n ts  w e re  a r r a n g e d  in  a  c o m 
p le te ly  r a n d o m iz e d  b lo c k  d e s ig n . T h r e e  r e p l i 
c a tio n s  w e re  u s e d  w ith  e a c h  t r e a tm e n t  r a n 
d o m iz e d  w ith in  a  r e p l ic a t io n . A n a ly s is  o f 
v a r ia n c e  w as  m a d e  a n d  th e  m e a n s  w e re  
c o m p a re d  a c c o rd in g  to  le a s t  s ig n if ic a n t  d i f f e r 
en c e  (L S D ) p ro c e d u re  (S te e l a n d  T o r r ie ,
1960).

RESULTS & DISCUSSION
Cultivars

Table 1 indicates that the cultivars differed significantly in chlorophyll and solanine formation. The results are in conformity with those of Gull and Isenberg (1960) and Akeley et al. (1962), which showed that greening potential is a cultivar characteristic.
Specific gravities

Chlorophyll development in tubers was inversely related to their specific gravity (Fig. 1). Solanine synthesis was,

Table 1— C hlorophyll and solanine contents o f  
11 cultivars exp o sed  to white fluorescent light at 
100 ft-c fo r a p e rio d  o f  5 days during M a rch -A p ril , 
1970

C h lo ro p h y l l S o la n in e
C u l t iv a r ( m g /100 g o f fre s h  p ee l)

B o u n ty 2 .431 7 0 .30
C a s c a d e 0 .9 66 6 5 .6 9
K e n n e b e c 2 .2 28 9 6 .4 0
L a C h ip p e r 0 .691 4 4 .81
L a R o u g e 1 .175 7 3 .0 6
N o rc h ip 1 .395 7 9 .2 0
P la t t e 0 .7 20 5 5 .8 6
R e d  L a s o d a 1 .566 6 9 .9 9
R u s s e t  B u r b a n k 2 .0 83 6 9 .0 7
S h u rc h ip 1 .808 4 4 .5 0
S io u x 1 .247 5 8 .9 3
L S D  0.01 

0 .05
0 .1 9
0 .12

10 .88
7 .13
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Specific Gravity

F/g 1— Chlorophyll and solanine contents in 
relation to specific gravity of Kennebec potato 
tubers exposed to 100 ft-c of light. (Data 
expressed on fresh weight basis.)

50 100 150 200
Light Intensity (foot-candles]

Fig. 2—Chlorophyll and solanine contents of 
Kennebec potato tubers exposed to tour light 
intensities. (Data expressed on fresh weight 
basis.)

Cycocel Ethrel Alar Maleic hydrazide

Fig. 3—Chlorophyll and solanine contents of 
Kennebec potato tubers subjected to chemical 
treatments (a solution of 10,000 ppm of Cyco
cel, Ethrel, Alar or maleic hydrazide by vacuum 
infiltration technique) and exposed to 100 ft-c 
of white fluorescent light during December, 
1969.

however, not dependent on specific gravity of tubers. Data analysis showed that the chlorophyll content of tubers with specific gravities of 1.1 and above was significantly less as compared to tubers 
of lower (1.06-1.08 and 1.08-1.10) specific gravities. Howard et al. (1957) observed that the apical end of potato tubers appeared greener than the stem end. The apical end of the tuber had a lower specific gravity as compared to the basal end (Thiessen, 1947). The imma
ture potato tubers are often subject to greening (Hardenburg, 1964), and it is known that the maturity of potato tubers had a good relation to specific gravity (Salunkhe et al., 1954; Talburt and Smith, 1959).

Light intensities
The effect of four light intensities on chlorophyll and solanine formation of potato tubers that were stored for nearly 6 months after harvest is illustrated in Figure 2. Maximum greening was observed at 100 ft-c. More chlorophyll formed at 100 and 150 ft-c than at 50 and 200 ft-c. There were no significant differences between 100 and 150 ft-c. 

Generally, chlorophyll formation increased with increased light intensity up to 100 ft-c, slowly and steadily declined up to 150 ft-c, and sharply declined at 200 ft-c. Possibly, the higher and more intense light may have degraded the chlorophyll already formed.
Gull and Isenberg (1960) subjected Kennebec, Cherokee, and Katahdin potatoes to 25, 50, 75 and 100 ft-c for 5

days. They reported that more greening occured at 50 ft-c than at 25 ft-c, but found no increase in the amount of greening at intensities above 50 ft-c. 
Yamaguchi et al. (1960) tested light 
intensities from 10-135 ft-c on White Rose potatoes and found increasing quantities of chlorophyll as the intensity was increased. The efficiency of light in causing greening was lower at higher light intensities, which was attributed to the lower rate of protochlorophyll formation or to a light filtering effect from the chlorophyll already present. Liljemark and Widoff (1960) studied the effect of increasing light intensities on chlorophyll development from 15-360 ft-c. 
They observed the increase in chlorophyll content with increase in light intensity and further noted that the chlorophyll content appeared to rise in proportion to the logarithm of light 
intensity values in lux.The differences in the solanine content after exposure to the four light intensities were not significant (Fig. 2). Gull and Isenberg (1960) and Liljemark and Widoff (1960) also found higher solanine contents in potato tubers stored at lower temperatures for a period of about 5 months. This initial rise in solanine content was attributed to bud activity and sprout growth (Gull and Isenberg, 1960). However, in our experiments, no sprout growth was observed. The results obtained in this experiment which were in conformity with those already reported warrant the conclusion that solanine synthesis occurred in the potato tubers stored at lower tempera

tures and increased gradually during the storage period.
Chemicals

Table 2 and Fig. 3 show that Ethrel and Alar were significantly effective in inhibiting chlorophyll and solanine synthesis. Ethrel was most effective in controlling the chlorophyll formation, and the least solanine was formed after the Alar treatment. There were, however, no significant differences between these two treatments. Maleic hydrazide and Cycocel were observed to be ineffective to control both chlorophyll and 
solanine formations. The tubers treated with Cycocel appeared greener as compared to other treatments and control. Schwimmer and Weston (1958) also reported maleic hydrazide to be ineffective in controlling postharvest greening.

Table 2 — Chlorophyll and solanine contents o f  
Kennebec po ta to  tubers sub jected  to chem ical trea t

ments a n d  exp o sed  to 100 ft-c o f  white fluorescent 
light fo r  a p e r io d  o f  5 days during D ecem ber, 1969

C h lo ro p h y l l S o la n in e
C h e m ic a l ( m g /100 g  o f fre s h  p ee l)

A la r 0 .941 5 8 .63
C y c o ce l 2 .0 77 8 2 .37
E th r e l 0 .5 24 6 2 .52
M a le ic  h y d ra z id e 1 .738 8 4 .22
C o n tro l 2 .0 73 8 6 .06
L S D  0.01 0 .48 18 .99

0 .0 5 0 .31 12 .19
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According to Conner (1937), the processes of chlorophyll and solanine syntheses are independent. Gull and Isen- 
berg (1960) confirmed the findings of Conner. They noted, however, that greened potatoes contain more solanine 
than ungreened. Guseva et al. (1960) showed the utilization of acetate and mevalonate for the biosynthesis of sola- nine in potato sprouts. Studies of Den
nis et al. (1965) and Ryugo and Sachs(1969) revealed that Alar depressed the 
incorporation of mevalonic acid into isoprenoids. Perhaps Alar inhibits the synthesis of solanine by inhibiting conversion of mevalonic acid into isopre- noid moiety of solanine.
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BASIS OF STABILITY OF AMINE SALTS OF LINOLEIC ACID
1. Generality of the Oxidation Protection and 

Effect of Physical State

SUMMARY— The mechanism and generality of the known stabilization against autoxidation con- 
ferred on linolek acid by certain basic amino acids, such as lysine and arginine, was investigated. 
Basic amino acids were the only class of compounds found to confer the effect. However, the small
est bask amino acid, 2,3-diaminopropionic acid, was not effective, nor was a (3, w-diamino acid, 
3,6-diaminohexanok acid, although a simple isomer of lysine. The stabilization was observed only 
in the solid phase. Inclusion of sodium chloride in the solid matrix was deleterious to the effect. A 
large number of physical and chemical observations were made and correlated but it has not been 
possible to draw detailed conclusions about the mechanism of stabilization, nor can a detailed struc
ture of the stabilized complex be suggested. The cause of the phenomenon appears to be closely 
associated with the physkal arrangement of the ions in the crystal lattice.

INTRODUCTION
SALTS of basic amino acids and linoleic acid were described by Chang and Moyer (1960) and Chang and Linn(1964). They reported that the salts were 
far more resistant to becoming rancid by autoxidation than the linoleic acid. No synergism with phenolic additives was involved. At the beginning of this work it 
was thought that these salts might find important use if meats and other foods containing unsaturated fatty acid derivatives could be protected against autoxi
dation by means of edible additives.For convenience throughout these two papers, the 1:1 compound of lysine and 
linoleic acid is called lysinium linoleate, and referred to as a salt, without the intention of prejudicing the evaluation of data on the structure of the compound or 
the mechanism of the effect.The generality of the oxidation protection phenomenon was studied thor
oughly with the Warburg apparatus and 
a variety of natural and synthetic basic 
amino acids, simple amino acids, monoamines, diamines, and derivatives of lysine with linoleic acid. Other unsaturated acids and derivatives of them were examined in the Warburg apparatus 
with lysine. This apparatus was also used to study the effect of physical state on the autoxidation of linoleic acid and lysinium linoleate, and the effect on the latter of contamination with trace metals or with sodium chloride.

EXPERIMENTAL
S A L T  C O M P L E X E S  w ere  p r e p a r e d  b y  th e  
m e th o d  o f  C h a n g  a n d  M o y e r  (1 9 6 0 ). A n  a lc o 

‘To whom inquiries should be directed. Present 
address: Horizons Research, Inc., Cleveland, Ohio 
44122.

2Present address: Division of Research Grants,
National Institutes of Health, Bethesda, Md. 20014.

“Present address: G illette Toiletries Co., Boston,
Mass. 02106.

h o lic  s o lu tio n  o f  th e  b a s ic  a m in o  a c id  w as 
t r e a te d  w ith  a n  e q u im o la r  a lc o h o lic  s o lu tio n  
o f  lin o le ic  a c id  o r  o th e r  f a t ty  a c id  to  g iv e a  
95  9 8%  y ie ld  o f  w h ite  so lid . T h e  s o lid  w as 
w a s h e d  th o ro u g h ly  w ith  a n h y d ro u s  e th e r  a n d  
d r ie d  in  v ac u o .

T h e  s ta b il iz in g  e f fe c t o f  th e  s a l t s  w as  
in v e s t ig a te d  in  c o m p a r is o n  to  th e  fre e  f a t ty  
a c id  b y  o x id a tio n  e x p e r im e n ts  c a r r ie d  o u t  on  
a  “ P re c is io n ” 2 0 -u n it  W a rb u rg  m a n o m e tr ic o n  
u s in g  c o n v e n t io n a l p ro c e d u re s  (U m b r e i t  e t  
a l ., 1 949). O x id a tio n s  w e re  c o n d u c te d  on  
s a m p le s  c o n ta in in g  9 0  m g  o f  f a t ty  a c id  o r  th e  
e q u iv a le n t  a m o u n t  o f  s a l t .  T h e  d im e n s io n s  o f  
th e  m a n o m e te rs  l im ite d  th e  to ta l  o xy gen  
u p ta k e  to  3 0 0 /» lite rs  (1 .3  X  10 5m o le ) . T h u s ,  
th e  W a rb u rg  r e a d in g  re p r e s e n ts  a  ra t io  o f  
m o les  o f  o xy gen  c o n s u m e d  to  m o le s  o f  c o m 
p o u n d  c h a rg e d  o f  0 .0 6 . A  le v e lin g  o f f  o f  o x y 
gen  u p ta k e  b e lo w  3 0 0  /» liters  in d ic a te d  a  s t a 
b le  s y s te m .

I n f r a r e d  s tu d ie s  w e re  c a r r ie d  o u t  o n  a ll 
r e a c tio n  p ro d u c ts , u s in g  a  P e r k in - E lm e r  
I n f r a c o r d  M o d e l 137 S p e c tro p h o to m e te r . 
C o m p a r is o n  o f  th e  s p e c t r a  o f  th e  f re e  b a s e s  
w ith  th o s e  o f  th e  s a l t s  sh o w ed  a  c o m p le te  
a b s e n c e  o f  th e  N - H  b a n d  a t  3 /»m in  th e  s p e c 
t r a  o f  th e  s a l t s .  C o m p a r is o n  o f  t h e  s p e c tr a  o f  
th e  f a t ty  a c id s  w ith  th o s e  o f  th e  s a l t s  sh o w ed  
th e  d is a p p e a ra n c e  o f  th e  5.8-/»m  c a rb o n y l 
a b s o rp tio n  b a n d  f ro m  th e  s p e c tr u m  o f  th e  
f a t ty  ac id .

U n le s s  s p e c if ie d , a l l  r e a c tio n  s tu d ie s  w e re  
c a r r ie d  o u t  a t  25°C . T h e  v a r io u s  a m in o  a c id s  
w ere  p u r c h a s e d  f ro m  S ig m a  C h e m ic a l  C o ., 
C a l ifo rn ia  C o rp . fo r B io c h e m ic a l R e s e a rc h , 
a n d  N u tr i t io n a l  B io c h e m ic a ls  ^ a r p .  T h e  lin o l-  
e la id ic  a c id  a n d  d e riv a tiv e :*  w ere p u r c h a s e d  
fro m  th e  H o rm e l I n s t i tu te ,  w h ile  o th e r  f a t ty  
a c id s  c a m e  fro m  S ig m a  C h e m ic a l  C o . A ll 
m a te r ia l s  w e re  o f  th e  h ig h e s t  p u r i ty  c o m m e r 
c ia l ly  a v a ila b le .

RESULTS & DISCUSSION
Generality of the oxidation protection effect

The oxidation of various basic amino acid-linoleic acid complexes is summarized in Table 1. The table lists the time required for an oxygen uptake of 300*

/»liters, which gives an index of degree of inhibition of autoxidation.A solution of linoleic acid in aqueous ethanol oxidized in 27 hr or less. 
Although not shown in the table, the same rapid oxidation took place when 
solutions of the fatty acid in butanol or Nujol were studied. Furthermore, it was 
found that 20% and 50% mulls of lysinium linoleate in linoleic acid autoxi- 
dized rapidly, as did various mulls of 
linoleic acid with lysine/2,4-diaminobu- 
tyric acid, lysinium oleate, and lysinium 
stearate. These experiments emphasized that oxidation stability is associated with the dry salts and that the phenomenon 
does not extend to the protection of 
greater-than-stoichiometric ratios of linoleic acid to basic amino acids.

The simple analogs of lysine studied 
were ornithine, 2,4-diaminobutyric acid, and 2,3-diaminopropionic acid. Ornithine and 2,4-diaminobutyric acid were found to behave like lysine and to protect linoleic acid from autoxidation. However, although 2,3-diaminopropionic 
acid, the smallest basic amino acid, formed a salt when reacted with linoleic acid, it did not retard the autoxidation at all. It was thus clear that the chain 
length, and presumably stereochemical 
fit, of the amino acid were important factors affecting oxidation protection 
ability.

In connection with the possibility that the effect being studied is a solid-state phenomenon, it is of interest that the salts of linoleic acid with basic amino acids were always solids. Full protection against autoxidation was obtained only with basic amino acids. Salts of linoleic acid with other compounds tested were not solid. However, the fact that the salts with 2,3-diaminopropionic and 3,6-dia- 
minohexanoic acids are solids, and yet oxidize, shows that the solid state alone is not the basis for the stability.One basic amino acid, arginine, was examined for salt formation and oxidation protective ability in both the d - and L-forms. No difference was found.To ascertain whether free amino groups were necessary for the protective ability of a basic amino acid, N,N,N',N' 
-tetramethyllysine was synthesized (Bowman and Stroud, 1950) and reacted 
with linoleic acid. The product was not a
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Table 1— W arburg  ox ida tions, basic amino 
acid s . Time requ ired  fo r uptake o f 300  p liters o f  
o xyg en ; charge equiva lent to 90 mg o f linoleic a c id ; 
tem perature 2 5 ° C

N a m e
U p ta k e  
t im e , h r

L y s in iu m  lin o le a te 1 4 4 0 ° '
2 ,3 -D ia m in o p ro p io n ic  a c id /  

lin o le ic  a c id 24
2 ,4 -D ia m in o b u ty r ic  a c id /  

lin o le ic  a c id 3 3 0 “ '
O rn ith in iu m  lin o le a te 791“ '
L -A rg in in iu m  lin o le a te 5 5 2 “ '
D -A rg in in iu m  lin o le a te 552°-e
3 ,6 -D ia m in o h e x a n o ic  a c id /  

lin o le ic  a c id 456
Ni- B e n z o y lly s in e /lin o le ic  a c id 24
N ,N ,N ' . /V '-T e tr a m e th y l ly s in e  /  

lin o le ic  a c id 120
L in o le ic  a c id  +  a q u e o u s  e th a n o l 1 8 - < 2 4
L y s in iu m  lin o le a te  +  a q u e o u s  

e th a n o l < 1 7 - < 2 4
L y s in iu m  l in o le a te  (0 .1 3g)

+  30%  a q u e o u s  e th a n o l < 2 0
L y n s in iu m  lin o le a te  (0 .13g) 

+  0 .5 g  w a te r 288
L y s in iu m  lin o le a te  (0 .13g) 

+  l g  w a te r 264
L y s in iu m  lin o le a te  (0 .13g)

+  lg  w a te r  +  O.OOlg E D T A 384
50%  M u ll o f ly s in iu m  lin o le a te  

a n d  lin o le ic  a c id 3 0 -  < 4 8
20%  M u ll o f ly s in iu m  lin o le a te  

+  lin o le ic  a c id 2 0 -1 2 4
50%  M u ll o f ly s in e  free  b a se  

+  lin o le ic  a c id 598
20%  M u ll o f ly s in e  free  b ase  

+  lin o le ic  a c id 1 0 0 -2 4 0
5 0%  M u ll o f 2 ,4 -d ia m in o b u ty r ic  

a c id  l in o le a te  +  lin o le ic  a c id 2 6 4 ° ‘
2 0%  M u ll o f 2 ,4 -d ia m in o b u ty r ic  

a c id  lin o le a te  +  lin o le ic  a c id 1 6 8 -2 1 6
D e u te r a t e d  ly s in iu m  lin o le a te 528
L y s in iu m  lin o le a te  fre e z e -d r ie d 960
L y s in iu m  lin o le a te  +  c o p p e r  

a c e ta te 1032“’4
L in o le ic  a c id /b u ty l a m in e /  

L -n o rleu c in e < 7 2
L in o le ic  a c id /b u ty l a m in e /  

g ly c in e 456
"Deliberately terminated. ‘Slight oxidation. cNo oxidation at all.

normal salt and the material oxidized rapidly.One basic amino acid without an a - amino group was examined for salt formation and oxidation inhibition of linoleic acid: 3,6-diaminohexanoic acid, NH2CH2CH2CH2CHCH2COOH. The
n h 2compound was lysine in which the a- amino group has simply been moved to the /5 -position. The compound was synthesized (van Tamelen and Smissman, 1953; Sheehan et al., 1952; Pelizzoni and

Jommi, 1959) and reacted with linoleic 
acid to give a solid salt that was normal as judged by the infrared spectrum. It 
was slightly impure, showing some absorption attributed to — OH or — NH. 
Warburg experiments showed that the 
salt did not offer total inhibition of autoxidation; the salt gradually oxidized, absorbing 300 /¿liters of oxygen in 19 days. This acid, which did not protect, was the only /? ,a>-diamino acid tested.

The rate of autoxidation of deuter- ated lysinium linoleate was also measured. The samples oxidized, although 
very slowly. The method of preparation differed from the usual procedure for lysinium linoleate in that freeze drying 
was involved. This caused a change in physical appearance. Since changes in physical state caused changes in oxida
tion behavior (described below), a sample of freeze-dried lysinium linoleate was tested as a control. The protonated freeze-dried sample did resist autooxidation. This leads to the conclusion that deuteration had a real effect. In the absence of corroborating experi
ments, however, we perfer to regard this result as an artifact.In order to form a lysinium linoleate analog in which the lysine skeleton had 
been broken, linoleic acid was com- plexed with butylamine in the presence of glycine to give lysinium linoleate in which the lysine skeleton was broken 
along the carbon chain:

H2N-CH,CH2CH2CH3 I CH2COOH
In h 2

(butylamine) | (glycine)
This combination did not show the protective effect, but was only slowly autox- idized (456 hr for 300 /¿liter oxygen uptake). On the other hand, linoleic acid complexed with butylamine and norleu- cine showed no such inhibition.

When amino acids are used as synergists with phenolic antioxidants, the effect is usually ascribed to chelation of prooxidative metal traces (Marcuse,
1962). To evaluate this mechanism a study was made of lysinium linoleate deliberately contaminated with a copper prooxidant. Cupric acetate, 0.2 mg, was dissolved in 1000 ml of methanol. A 100- ml portion of this solution was added to0.3g of lysinium linoleate dissolved in 10 ml of methanol. The reaction mixture was 
evaporated to dryness and the recovered solid subjected to oxidation experiments. It was found that the stability of the salt had been retained. The infrared spectrum of the lysinium linoleate was unchanged by the addition of the copper acetate.

Related to these experiments was a Warburg experiment with linoleic acid

and ethylenediaminetetraacetic acid 
(EDTA). This was found not to protect linoleic acid from autoxidation. Salt formation could not occur as EDTA has four carboxyl groups but only two basic 
nitrogen atoms and so probably exists as a dizwitterion with two free carboxyl 
groups. However, if trace metals had been responsible for initiating oxidation, the EDTA would effectively have 
removed them from solution and so protected the linoleic acid. That this did not occur further demonstrated the 
inapplicability of this trace-metal 
hypothesis.

In order to study the generality of the autoxidation inhibition effects, salts and mixtures of linoleic acid with a variety of lysine analogs other than basic amino acids were prepared for Warburg oxida
tion studies. The analogs were derived from lysine by systematically varying the chain length and the presence or absence of each of the functional groups. The data collected showed that compounds that were not basic amino acids did not protect linoleic acid from autoxidation. In some cases, the materials prepared for Warburg experiments were shown to be salts by infrared spectroscopy; in other cases, they were physical mixtures or solutions. Some of the materials were solids, while others were liquids. Physical state, salt formation, and behavior in the Warburg apparatus could not be correlated. The Warburg experiments on these lysine analogs are 
summarized in Table 2.Modification of lysine by elimination 
of the carboxyl group and one amino group leaves a straight chain primary amine. The simple primary amines investigated gave liquid complexes with linoleic acid. Infrared spectra showed that the primary amine stretching frequency at 3 /¿m was replaced by the RHN3 + band and the 5.8 /¿m carbonyl absorption band replaced by the vibration associated with the carboxylate 
anion. Since these simple alkylammo- nium linoleates were all liquids, the experiments did not answer the key question of whether the inhibition of 
autoxidation was due to the solid physical state or to a chemical effect peculiar to basic amino acids. An attempt was made to find an alkylammonium linoleate that was itself a solid, but none was found. Salts of higher molecular weight amines were viscous liquids. Although they did not fully protect linoleic acid from autoxidation, such amines did decrease the rate of autoxidation; the magnitude of this effect apparently increased with the molecular weight of the amine and the viscosity of the salt.

Ammonium linoleate itself was prepared and subjected to Warburg oxida
tion and it was found to autoxidize very rapidly.
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Table 2— W arburg  ox id a tion s , lysine ana logs other than basic am ino acid s . A ve ra g e  time requ ired  fo r up take o f 300  pliters o f  o xy g e n ; ch a rge equiva lent to 
90  mg o f linoleic a c id ; tem perature 2 5 ° C

Salt or A v g  u p t a k e
N a m e  a n d  s t r u c tu r e  o f c o m p o u n d  m ix e d  w i th  lin o le ic  a c id P h y s ic a l  s t a t e m ix tu re t im e , h r

t-A m in o c a p ro ic  a c id N H 2( C H 2) 4C H 2C O O H sem i-so lid M < 2 4
L -N o rleu c in e C H 3( C H 2) 3C H C O O H

n h 2
sem i-so lid M < 4 8

V a le r ic  a c id C H 3(C H 2) 3C O O H liq u id M < 4 8
A d ip ic  a c id H O O C ( C H 2) 4C O O H sem i-so lid M < 3 6
G lu ta m ic  a c id H O O C ( C H 2) 2C H C O O H

n h 2
sem i-so lid S < 2 4

H e p ta d e c y la m in e C ,7H 35 N H 2 sem i-so lid S < 2 4 0
D o d e c y  la m in e c , 2h 25n h 2 l iq u id s 240
B u ty la m in e c 4h 9n h 2 l iq u id s 72
P u tre s c in e N H 2( C H 2) 4N H 2 v isc o u s  liq u id s 576
C a d a v e r in e N H 2(C H 2) 5N H 2 (1 m o le) v isc o u s  liq u id s 792
C a d a v e r in e N H 2(C H 2) 5N H 2 ( 1 /2  m o le ) v isc o u s  liq u id s 552
1 ,6 -H e x a n e d ia m in e N H 2(C H 2) 6N H 2 v isc o u s  liq u id s 600
1 ,1 2 -D ia m in o d e c a n e N H 2(C H 2) ioN H 2 v isc o u s  liq u id s 360

P ip e ra z in e H N ^ ____ ^ N H v isc o u s  liq u id s 336

A m m o n ia n h 3 v isc o u s  liq u id s 28
E th y le n e d ia m in e -

te t r a a c e t ic
h o o c c h 2 c h 2c o o h

\  /
sem i-so lid M < 2 4

a c id

E th y le n e d ia m in e  
D ie th y le n e tr ia m in e  
L y s in e  h y d ro c h lo r id e

1 ,4 -D ia zab ic y c lo -
[2 .2 .2 ]o c ta n e

3 -A za b icy c lo -
[3 .2 .2 ]n o n a n e

N C H 2C H 2N/ \
h o o c c h 2 c h 2c o o h
N H 2( C H 2) 2N H 2 
N H 2(C H 2) 2N H ( C H 2) 2N H 2 
f  N H 2( C H 2) 4C H C O O HI

n h 2
H C 1

N

6 -

l iq u id S 24
liq u id S 144
sem i-so lid M 24

liq u id M 48

liq u id M 48

Modification of lysine by elimination 
of only the carboxyl group leaves a diamine. The simple straight chain diamines formed normal salts with an equimolar amount of linoleic acid. These 
salts were liquids of varying viscosities. The infrared spectra of preparations of linoleic acid with the diamines again showed the disappearance of the 5.8 pm carbonyl absorption of linoleic acid and its replacement by the vibration associated with the carboxylate anion. The 
free — NH2 bands were complemented by — NH3+ bands showing that salt- formation had occurred. It was not possible to determine whether the products consisted of all monoamine-monosalt or a mixture of disalt and unchaged diamine. Thin layer chromatography was attempted to settle this point in the case of cadaverine, but the results were inconclusive. This variable was obviated in the case of cadaverine by also preparing the salt with two molar equivalents 
of linoleic acid. It was found that autoxi-

dation proceeded at the same slow rate for the 1:2 salt as for the 1:1 salt. This is of interest because after 1:2 salt-forma
tion has taken place, each NH3+ group of the diamine is associated with a linoleate COO “ and there are no functional groups left to interact with the unsaturated region. These salts with diamines did not fully protect linoleic acid from autoxidation, but exhibited the same retardation phenomenon as the simple amines, the effect again being most noticeable with higher molecular weight diamines. The weights of the samples used in the Warburg experiments were chosen to allow for the molecular weight of the amine so that the same amount of linoleic acid was present in each case. Thus, the retardation effect is real and not caused by dilution. However, the effect could be associated with the increase in viscosity of the salt with increase in molecular weight observed with both the monoamines and dia
mines.

The structural modification made by elininating one or both amino functions 
gives rise to simple amino acids and carboxylic acids, respectively. Salts were not formed with linoleic acid and no protection at all against autoxidation was found. The infrared spectra in these cases were essentially the sums of the spectra of the components.All of these experiments suggested that salt formation was essential for protection and that it was the linoleate ion that was protected. That these conditions were necessary but not sufficient was emphasized by the fact that calcium linoleate autoxidized rapidly in the Warburg apparatus.These premises were confirmed by studying the autoxidation of mixtures of lysine with linoleyl alcohol, methyl lino- leate and trilinolein. In each case, autoxidation was very rapid; the lysine clearly did not protect. The infrared spectra of these mixtures showed that salt-forma
tion did not occur.
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A mixture of lysine hydrochloride and 
linoleic acid also autoxidized rapidly. The spectrum of the preparation was the 
sum of the spectra of the components. 
Similar observations were found for a 
mixture of N.-benzoyllysine and linoleic 
acid. These two experiments confirmed 
the need for an unionized amino group 
in the protective agent.

Lysine was also studied with oleic and 
stearic acids. These acids were found to oxidize at much slower rates than lino
leic acid, so the question of whether or 
not they are stabilized as lysinium salts 
is less meaingful. Protection of these two 
acids is of less practical interest than 
protection of linoleic acid. They were not protected from autoxidation by the lys
ine.Oxidation results with all linoleic acid 
analogs are accumulated in Table 3.

Pure linolelaidic acid, the trans,trans isomer of linoleic acid, was found to 
oxidize quite rapidly, although not as 
fast as its stereoisomer, cis.cis-linoleic 
acid. It formed a normal salt with lysine, 
and the salt was resistant to autoxida
tion. Thus, the stereochemical configura
tion of the carboxylic acid surprisingly does not seem to be a factor in the phe
nomenon.

Effect of the physical state
As mentioned above, although lysin

ium linoleate did not oxidize in Nujol 
mulls, when dissolved in aqueous 
ethanol there was no inhibition of autox
idation. The inhibitory effect was also 
considerably reduced when the salt was 
in aqueous solution. These experiments 
are summarized in Table 1.

Lysinium linoleate was found to be insoluble in anhydrous ethanol and in 
polar nonhydroxylic solvents such as 
dimethyl sulfoxide, dimethylformamide, 
methylene chloride, the sulfolanes, and 
glymes: solvents which might have
placed the salt in the liquid phase with
out breaking up the complex. If such a 
nonhydroxylic solvent had been found, 
experiments would have been run on the 
solutions to check the apparent need for 
close association of the ions for inhibi
tion of oxidation.

The part played in the inhibition of 
autoxidation by the solid state was investigated by running oxidation stud
ies of linoleic acid at —9 and -12°C, 
just above and below the freezing point 
of linoleic acid, and comparing with ly
sinium linoleate at the same tempera
tures. The results of the experiments,

summarized in Table 4, showed that the 
solid state alone was not the cause of the 
inhibition of autoxidation of linoleic 
acid. The induction period was prolonged 
the lower the temperature, but once oxi-

Table 4 — W arburg  oxida tions at various tem

pera tu re s , lysine and  lysinium lino leate. Time re

qu ired  fo r uptake o f 300  pliters o f  o xyg en ; charge  
equivalent to  90 mg o f  linoleic a cid

S y s te m
A v g  u p t a k e  

t im e , h r
L in o le ic  a c id  a t  3 7 °C 24

24
L y s in iu m  lin o le a te  a t  3 7 °C 72“
L in o le ic  a c id  a t  2 5 °C 48

48
L y s in iu m  l in o le a te  a t  2 5 °C 1336“

3 9 1 “
L in o le ic  a c id  a t  - 9 ° C 144

240
L y s in iu m  l in o le a te  a t  - 9 ° C 168“

3 1 2 “
L in o le ic  a c id  a t  1 2 °C 384

408
L y s in iu m  l in o le a te  a t  - 1 2 ° C 3 8 4 “

4 8 0 “
“N o  o x id a tio n ;  d e l ib e ra te ly  te r m in a te d .

Table 3— W arburg  oxida tions o f  lysine with linoleic a c id  deriva tives. Time requ ired  fo r up take o f  3 00  p liters o f  oxyg en ;  charge equiva lent to 90  mg o f linoleic 
a c id ; tem perature 2 5 ° C

S a l t  (S ) o r A v g  u p t a k e
N a m e  a n d  s t r u c tu r e  o f c o m p o u n d  m ix e d  w ith  ly s in e P h y s ic a l  s t a t e m ix tu re  (M ) t im e ,  h r

L in o le y l a lc o h o l C 5H „C H  = CHCH2CH = C H (C H 2),C H 2OH v isc o u s  liq u id M < 7 2
M e th y l  l in o le a te C 5H „C H = C H C H 2CH=CH (CH 2),CO O CH3 v isc o u s  l iq u id M 120
T r il in o le in C H 2 0 0 C (C H 2),C H = C H C H 2C H = C H C 5H 1i

CHOOC(CH2),CH  = c h c h 2c h  = c h c 5h „  

!dH 2OOC(CH2)7C H = c h c h 2c h = c h c 5h „

v isc o u s  liq u id M 52

(1 m o le )
T r i l in o le in C H 2OOC(CH2)7C H = C H C H 2CH = C H C 5H i, v isc o u s  l iq u id M 48

CHOOC (CH2)7CH  = C H C H 2CH = C H C 5H „

C H 2OOC (CH2) ,C H = CHCH2CH = CHC5H11
(1 /3  m o le )

O le ic  a c id C H 3(CH2),CH  =  CH (CH 2),COOH so lid S 791
S te a r ic  a c id C H ,(C H 2)16COOH so lid S 7 9 1 “ “
O le ic  a c id  (n o  ly s in e ) l iq u id — 7 9 2 “ '
S te a r ic  a c id  (n o  ly s in e ) so lid — 7 9 2 “ c
50%  M u ll  o f ly s in iu m  o le a te  +  lin o le ic  a c id liq u id - 5 76 “ i

2 0%  M u ll o f  ly s in iu m  o le a te  +  lin o le ic  a c id liq u id — 120

50%  M u ll o f ly s in iu m  s te a r a te  +  lin o le ic  a c id liq u id — < 6 8

2 0%  M u ll  o f ly s in iu m  s te a r a te  +  lin o le ic  a c id liq u id — 28

L in o le la id ic  a c id irons, trans-CsHuCH = C H C H 2CH  =C H (C H 2)7COOH so lid s 1416“

L in o le la id ic  a c id  (n o  ly s in e ) liq u id — 168
“D e lib e ra te ly  te rm in a ted . 
‘S ligh t ox idation .
'N o  o x id atio n  a t  all.
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dation began, it continued in the charac
teristic manner of uninhibited linoleic 
acid.The hypothesis that it was the lino- 
leate ion in a specific crystalline matrix 
whose autoxidation was inhibited was 
tested by studying the autoxidation of lysinium linoleate prepared in the pres
ence of sodium chloride by several 
routes. When equimolar amounts of 
lysinium linoleate and sodium chloride 
were ground together in the solid state, 
the product was as completely resistant 
to oxidation as if the sodium chloride 
were not present. But, when this mixture was prepared by evaporating a solution containing lysinium linoleate and 
sodium chloride, the product was no longer completely resistant. Oxidation 
occurred, although it was very slow. This 
slow oxidation was also observed when 
lysinium linoleate was dispersed in 
potassium bromide and pressed at
20,000 psi into a pellet in the manner used for infrared spectroscopy. (It 
should be noted that this last experiment 
did not bear on the validity of the infrared work on lysinium linoleate, for 
those spectra were taken in Nujol mulls, 
a state in which the oxidation inhibition 
phenomenon had been shown to be 
retained.) The infrared spectrum of ly
sinium linoleate-sodium chloride ground dry was identical to that of lysinium 
lineolate in a Nujol mull or potassium 
bromide pellet. However, the spectrum 
of the evaporation co-solution, although 
grossly similar, differed in several 
details characteristic of a change of 
state. These results suggested that when the crystal lattice of lysinium linoleate 
was altered by the inclusion of foreign 
ions, the autoxidation inhibition phe
nomenon was damaged.

The effect was even more pronounced when lysinium linoleate-sodium chloride 
was prepared from equimolar amounts 
of sodium linoleate and lysine hydrochloride, either ground together or 
recovered by evaporation of their co
solution. The oxidation rates were then 
comparatively fast. The infrared spectra 
differed in several details from that of lysinium linoleate prepared in the usual 
manner, again suggesting a change of 
state.The Warburg oxidation results for 
this series are shown in Table 5.

CONCLUSIONS
EXPERIMENTS to delineate the gener
ality of the effect showed that com
pounds that were not basic amino acids did not protect linoleic acid from autoxi-

Table 5 — W arburg  ox ida tions , e ffe ct o f  sodium ch lo ride . Time requ ired  fo r up take o f 300  p liters of 
oxygen ; charge equivalent to 90  mg of linoleic a c id ; tem perature 2 5 ° C

A v g
P h y s ic a l u p ta k e

M ix tu re s t a t e t im e , h r
L y s in iu m  lin o le a te  a n d  s o d iu m  c h lo rid e so lid 576

(f ro m  so lu tio n )
L y s in iu m  lin o le a te  a n d  s o d iu m  c h lo rid e so lid 6 9 6 “

(so lid  m ix )
S o d iu m  lin o le a te  a n d  ly s in e  h y d ro c h lo r id e so lid 2 3 6

(fro m  so lu tio n )
S o d iu m  lin o le a te  a n d  ly s in e  h y d ro c h lo r id e s o lid 216

(so lid  m ix )
K B r  p e lle t  o f ly s in iu m  lin o le a te so lid 720
(C o n tro l)  L y s in iu m  lin o le a te so lid 888°

“N o  ox idation ; de libera te ly  te rm in a ted .

dation. Some amines and diamines 
formed salts with linoleic acid that were 
found to decrease the rate of autoxida
tion, but these did not provide the total 
protection provided by the lysine com
pound. This result might have been a 
viscosity effect.All the salts with basic amino acids 
were solids. Two were found that did not 
show the oxidation-inhibition effect as 
claimed in the patent: 2,3-diaminopro- pionic acid, the smallest basic amino 
acid possible; and 3,6-diaminohexanoic 
acid, the only basic amino acid tested 
that was not a^o-diamino. The only basic 
amino acids available commercially or 
much studied are the a,w-diamino exam
ples which apparently give the effect.It was thus clear that the chain length and stereochemical fit were of some 
importance, although it it important in 
this context that lysine was found to 
protect linolelaidic acid, the trans,trans- 
isomer of linoleic acid, which has a 
totally different shape from cis,cis-lino- 
leic acid.It seemed possible that the effect was specifically associated with the solid 
state, the rigid crystalline lattice of lysinium linoleate acting as a barrier to the diffusion of oxygen and oxidized inter
mediates and to the propagation of chain 
reactions. The fact that simple solid salts 
such as ammonium linoleate and frozen 
solid linoleic acid both oxidized showed that the solid state alone was not sufficient to cause inhibition. Thus ionization 
and solid state are both necessary but neither is sufficient to explain the oxidation inhibition effect.

A series of experiments in which sodium chloride was used to contami
nate lysinium linoleate on a mole-to- 
mole basis showed that the more inti

mately foreign ions were included in the crystal lattice of lysinium linoleate, the 
greater was the damage to the autoxida- 
tion-inhibition phenomenon.In summary, the following minimum 
requirements were found for the inhibi
tion of autoxidation of linoleic acid by a 
basic amino acid: (a) Salt formation 
must occur, for it is the linoleate ion that 
is protected; (b) The salt must be solid 
and dry; (c) The ions in the solid state must be closely associated; and (d) There must be an undefined stereochem
ical fit (which cannot be met by 2,3- 
diaminopropionic or 3,6-diaminohexan
oic acids).
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BASIS OF STABILITY OF AMINE SALTS OF LINOLEIC ACID 
2. Structure-Property Correlations on Lysinium Linoleate

SUMMARY— The solid compound formed by treating L-lysine with linoleic acid has been examined 
by chemical stoichiometry, electrical conductivity, infrared and nuclear magnetic resonance spec
troscopy. The compound has been shown to be a true equimolar salt. Evidence from nmr and ir 
spectroscopy shows that the diene system of the linoleic acid is not changed from that in the free 
fatty acid. Conductivity measurements show that the salt is a moderately strong electrolyte. Salts 
of other basic amino acids, ornithine and 2,4-diaminobutyric acid, with linoleic and oleic acids were 
also examined and showed similar evidence. Interpretation of the data and the significance of the 
findings to stability of amino acid salts of unsaturated fatty acids are discussed.

lysinium linoleate + CaCl2 —* 
calcium linoleate + lysine • HC1

INTRODUCTION
SALTS of basic amino acids and linoleic 
acid are described by Chang and Moyer(1960) and Chang and Linn (1964). The 
inhibition of autoxidation of the linoleic 
acid component of the salts was dis
cussed in the first paper of this series (Koch et al., 1971). The present study 
was undertaken to investigate the inter
action of amino acids with fatty acids. It 
was hoped that the structural studies of 
lysinium linoleate would provide infor
mation on the mechanism of the oxidation protection effect of basic amino 
acids on unsaturated fatty acids.

EXPERIMENTAL
A M IN O  A C ID S  u s e d  w e re  o b ta in e d  fro m  
S ig m a  C h e m ic a l C o . in  h ig h e s t  p u r i ty  a v a i l 
a b le . L in o le ic  a n d  lin o le n ic  a c id s  o f  9 9%  p u r i 
t y  w e re  p u r c h a s e d  f ro m  H o rm e l I n s t i tu te ,  
a n d  o le ic  a c id , 99%  p u r i ty ,  w a s  p ro c u re d  fro m  
N u t r i t io n a l  B io c h e m ic a ls  C o rp . T h e  s a l t s  
w e re  p re p a r e d  b y  th e  m e th o d  of C h a n g  a n d  
M o y e r  (1 9 60 ).

N u c le a r  m a g n e tic  re s o n a n c e  s p e c tr a  w e re  
d e te rm in e d  o n  a  V a r ia n  M o d e l A -6 0  in s t r u 
m e n t ,  re fe r re d  to  t e t r a m e th y ls i la n e  in  a  co n 
c e n tr ic  tu b e  s y s te m . S a m p le s  w e re  r a n  a s  5 -  
10%  s o lu tio n s  in  d e u te ro c h lo ro fo rm , d e u te r i 
u m  o x id e  a n d  p y r id in e , a n d  d e u te r iu m  o x id e  
a n d  m e th a n o l, a t  a  w id e  sw e ep  w id th  o f 
500  cp s .

E le c tr ic a l  c o n d u c t iv i ty  w a s  d e te rm in e d  on  
a n  I n d u s t r i a l  I n s t r u m e n ts  In c . c o n d u c t iv i ty  
b r id g e , m o d e l R C -1 6 B 2 , a t  1000 cp s.

RESULTS & DISCUSSION  
Stoichiometry

The salts were made by the interaction of equimolar quantities of the two ingredients. To confirm the stoichiom
etry quantitatively, lysinium linoleate was treated with calcium chloride:

‘P re sen t address: G ille tte  T o ile tries  Co., B oston, 
M ass. 02106

2T o  w hom  inquiries should  be d irec ted . P re sen t 
add ress: H orizons R esearch , In c ., 23800 M ercan tile  
R o a d , C leveland , Ohio 44122.

To 0.005 mole of lysinium linoleate dissolved in water was added with stir
ring an equivalent amount of calcium 
chloride also dissolved in water. The 
white precipitate was filtered off and dried. Calculated for calcium linoleate: 
1.4980g; found: 1.4944g. The infrared 
spectrum of the calcium linoleate ob
tained in this manner agreed with the 
spectrum for calcium linoleate made 
directly from calcium hydroxide and linoleic acid.

The identity and purity of the precipitated calcium linoleate was confirmed by ashing. Ash, calculated for 
CaO: 9.3%; found: 9.8%

The filtrate from the reaction mix
ture was evaporated to dryness and con
stant weight to give a white solid. Cal
culated for lysine monohydrochloride:
0.9135g; found: 0.9110g. Melting point 
after recrystallization 234-235°C; re
ported (Rice, 1949), 235-236°C. When mixed with an authentic sample of ly
sine monohydrochloride there was no melting point depression. Infrared spec
trum was identical with authentic lysine 
monohydrochloride. Monopicrate, yel
low needles mp 264-266°C; reported (Greenstein and Winitz, 1961), 266°C.
Electrical conductivity

Conductance at infinite dilution of lysinium linoleate. For the strong 
electrolytes sodium chloride, sodium linoleate, and lysine hydrochloride, the 
equivalent conductance is seen to be a linear function of the square root of the 
concentration, Figure 1. Lysinium linoleate also gave a straight-line plot, in
dicating that it, too, was dissociated in solution and behaved as a strong elec
trolyte. Extrapolation of these lines to infinite dilution gave accurate values of 
A o .

The equivalent conductances in 90% methanol of all the salts examined, Fig

ure 1, were lower than for strong elec
trolytes in water (Glasstone, 1942).

The equivalent conductance of lysinium linoleate was calculated from:
Ao(LysHCl) + Ao (NaLin)

(60.5) + (63.5)
-  A» (NaCl) = A0 (LysLin)
-  (87) = (37)

The calculated A o  is 3 7  ohms-1 cm2; 
the extrapolated experimental value for lysinium linoleate is 3 9  ohm s'1 cm2. 
This is considered very good agreement 
and confirmation of the normal behavior 
of lysinium linoleate as a strong elec
trolyte in solution.Degree of dissociation of lysinium linoleate. The degree of dissociation of lysinium linoleate in 90% meth
anol was calculated from the equivalent 
conductance and found to be 0.897 at
0.001N. Comparison with typical values 
in water (Glasstone, 1942) and with the 
experimental values in 90% methanol of0.851 for sodium chloride, 0.902 for ly
sine hydrochloride, and 0.859 for sodium 
linoleate, shows that lysinium linoleate 
behaves as a uni-univalent electrolyte.

The ionization constant was calcu
lated for lysinium linoleate from the 
degree of dissociation at several concen-

Square Root of Concentration, VM

Fig. I—Equivalent conductance in 90%  meth
anol as a function of the square root of concen
tration for lysinium linoleate and related 
compounds.
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Table I — Reconstructed 6 .0 -6 .8  fim region fo r lysinium linoleate

A b s o rp tio n  c o n tr ib u t io n ,  a b s o r p t io n  u n i t s  
1 6 1 0 -1 6 3 5  c m “ 1 1560  c m “ 1 1510  c m  1 1580  c m  *

L in o le a te 0 .0 1 7 0 .3 3  0 .0 3 4  0 .3 4

0 .0 5 6  0 .3 5  0 .0 5 2 5

trations. The activity coefficient was 
neglected and the degree of dissociation 
assumed to be equal to the conductance 
ratio. The results showed that in 90% 
methanol lysine hydrochloride, sodium 
chloride, and sodium linoleate had pK 
values of about 2, and the value for ly
sinium linoleate was 2 to 2.5. In water, 
values of pK of 2-3 are usually considered to show a moderately strong elec
trolyte, 5 weak, 9 very weak, and 12 
extremely weak. Thus, lysinium linole
ate was shown to be a moderately strong 
electrolyte of the uni-univalent type.Conductivity of lysinium linoleate analogs. Omithinium linoleate,
3-amino-3-carboxypropylammoniumlin- 
oleate, lysinium oleate, and omithinium oleate were made by the same pro
cedure (Chang and Moyer, 1960); Chang and Linn, 1964).

All conducted a current in solution. 
For the linoleates a straight-line plot 
was obtained when equivalent conduc
tance was plotted against the square 
root of concentration, indicative of a strong electrolyte. The oleates, however, 
gave steep curves typical of a weak 
electrolyte.
Infrared spectrum of lysinium linoleate

Gross structural features. The
decreases in vibration frequencies which 
result from the formation of a charge- transfer complex involving increase in 
bond lengths are not observed in the 
infrared spectrum of Nujol mull prepa
rations of lysinium linoleate. Neither are 
new, strong infrared bands correspond
ing to a complex. Thus it appears (An
drews and Keefer, 1964) that if charge 
transfer plays any role at all it is limited 
to a very weak interaction with relative
ly little distortion of the bonds.

Comparison of the N-H stretching 
vibration region in the spectrum of ly
sine free base with lysinium linoleate

io n
L y s in e 0 .2 69

m o n o h y d ro -
c h lo rid e

S u m , 0 .2 86
c a lc u la te d

L y s in iu m 0 .2 4
lin o le a te ,
o b s e rv e d

(Fig. 2) showed a complete absence of 
this band at 3 #»m in the latter. It was 
concluded from these observations that 
the free amine was no longer present after reaction with linoleic acid.

A comparison of the spectrum of lin
oleic acid with that of lysinium linoleate 
(Fig. 2) showed the disappearance of the
5.8 /im carbonyl absorption band in the 
latter. This indicated formation of the 
carboxylate anion.

The 6.0-6.8 ¿tin region of lysinium 
linoleate was reconstructed from the 
absorption intensities of lysine monohydrochloride and calcium linoleate, as 
indicated in Table 1. This table shows 
that the spectrum of lysinium linoleate 
is a composite of that of the lysinium ion 
and the linoleate ion. Small deviations 
from perfect additivity were to be ex
pected because of displacement of bands 
by hydrogen-bonding, physical state, 
and other masking effects. The correla
tion is considered satisfactory.Double-bond region. The infrared 
spectrum of lysinium linoleate in a KBr 
pellet or a Nujol mull showed a shoulder 
at the expected frequency of a double 
bond stretch at 3020 cm-1. Because of

0 .3 8 6  0 .3 8 4  0 .3 92 5

0 .31  0 .3 8  0 .3 9

the interfering absorption of the NH3+ 
ion, it was not possible to state definite
ly that unsaturation was present. The 
1660 cm"1 vibration associated with 
C=C was also lost in the C = 0  vibra
tions. The out-of-plane CH of the cis- olefin was very weak and thus of little 
value in detecting unsaturation.

In order to eliminate the interfering 
N H i absorption between 3300 and 2600 
cm-1, the lysinium linoleate was deu- 
terated, converting NH to ND.

The deuteration was carried out as 
follows: approximately 100 mg of lysini
um linoleate was added to 2 ml of deu
terium oxide in a stoppered vial. After 
gentle heating and shaking for an hour, 
the salt dissolved in the deuterium oxide. The solution was frozen in liquid air 
and the deuterium oxide and water were 
removed by freeze drying for 4 hr. The 
deuterated lysinium linoleate was ob
tained as a fluffy white solid.

Successful deuteration caused a shift of the NH stretch from 3300-2630 cm“1 
to 2500-2000 cm“1 for the ND stretch. When most of the interfering NH ab
sorptions were removed, only the CH 
stretching vibration showed in this re
gion. By running the infrared spectrum of deuterated lysinium linoleate in a 
Kel-F mull (no CH present), the pres
ence of aliphatic CH as well as olefinic 
CH at 3020 cm 1 was seen. This is summarized in Table 2 which shows that un- 
saturation was present in deuterated lysinium linoleate.

Sinclair et al. (1952) have shown that in the C-H stretching region the band 
at 3020 cm 1 increases with the number of cis-double bonds present, while the relative intensity of the methylene cis- 
double bond peak at 2920 cm“1 dimin
ishes. If d A is the optical density at 3020 cm“1, and ds at 2920 cm“1, then a 
plot of djj/lds -  d*) against the number of double bonds is approximately linear 
for oleic, linoleic, and linolenic acids, 
which contain one, two, and three cis double bonds, respectively. Curves sim
ilar to the one for cis-unsaturated acidsFig. 2.—Infrared spectra of L-lysinium linoleate (Nujol mull), solid line; L-lysine (Nujol mull), dotted 

line; and linoleic acid (liquid film), dashed line.
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Table 2 — In fra red  assignm ents Table 3 — In fra red  abso rban ce m easurem ents, doub le  bonds

D e u te r a t e d  ly s in iu m  l in o le a te N u m b e r
L y s in iu m  lin o le a te  (K B r) (K e l-F  m u ll) A b s o rb a n c e  a t A b s o rb a n c e  a t o f

3 0 1 9  cm  1 2 91 9  c m  1 d „ d o u b leF re q u e n c y , 
c m  1 A s s ig n m e n t

F re q u e n c y ,
c m -1 A s s ig n m e n t C o m p o u n d (d „) (d*) d a  — d/t b o n d s

3 3 0 0 -2 6 3 0 n h 3+ 2 5 0 0 -2 0 0 0 N D 3+ D e u te r a te d 0 .0 6 5 0 .7 8 9 1 .09 1
3020 C H  = 3020 C H  = ly s in iu m
2120 NHa+ 1550“ N D 3+ o le a te
1563 N H 3+ d e f ., C O O 1589 a n d / o r  1560 

1170
C O O  

N D 3+ d e f.
D e u te r a te d

ly s in iu m
0 .1 65 1.111 1.17 2

lin o le a te
“E stim a ted . D e u te r a te d 0 .1 2 4 0 .6 6 0 1 .23 3

ly s in iu m
lin o le n a te

Table 4 — Assignm ent o f peaks from nuclear m agnetic resonance spectrum  Table 5— Assignm ent o f  peaks from  nuclear

o f linoleic a c id , 12%  in CDCIs m agnetic resonance spectrum  o f L-lysine monohy-

C H 3(C H 2) 3C H 2C H  = C H C H 2C H  
f  e  c  a  a b a  

c h e m ic a l s h if t ,  p p m

= C H C H 2( C H 2)5C H 2C O O H  
a  c  e  d  g 

a s s ig n m e n t

droch lo ride , 12%  in D20

- O O C C H ( N H 3+
a

) ( C H 2) 3C H 2N H 2 H C 1 
c b

11 .18 g c h e m ic a l s h if t ,  p p m a s s ig n m e n t
5 .5 0 -5 .2 5 a 5 .30 re s id u a l  w a t e r  in  D 20 ;
2 .9 -2 .6 b a ls o  a l l  la b i le  p ro to n s ,
2 .5 -1 .8 c a n d  d i.e .,  H C 1, N H 2, - C O O H
1 .7 -1 .1 e 4 .4 -4 .1 a
0 .88 f 3 .7 -3 .4 b

2 .7 -1 .7  C

Tab le 6 — Assignm ent o f p ea k s in the d iene system  from  nu c lea r m agnetic reso nan ce spectrum  o f  
L-lysinium lin o lea te , 14 .5%  in M eO H

C H 3(C H 2) 3C H 2C H = C H C H 2C H = C H C H 2( C H 2) 5C H 2C O O H  • N H 2C H 2( C H 2) 3C H ( N H 3+ )C O O  ■  
c a a b a a c  d

c h e m ic a l s h if t ,  p p m  a s s ig n m e n t
5 .5 -5 .2

2 .7
2 .4 -1 .8 5

a
b

c  a n d  d

were established for the methyl esters of 
these acids, and for their deuterated 
lysine salts. By this extrapolation, it was 
shown that there was no anomaly in the 
number of double bonds in solid lysini
um linoleate.Deuteration of the salts was carried 
out as described earlier and appeared to 
be about 80% complete as indicated by 
the infrared and nuclear magnetic reso
nance spectra. Contamination by for
eign acids (including trans-stereoisomers) 
was found to be negligible by thin layer 
chromatography. If there had been ap
preciable quantities of trans-isomers, a 
correction would have been necessary because the optical density of the 3020 cm-1 band is weaker for trans-olefins than that for cis-olefins. The infrared 
spectra of deuterated lysine salts were run as hexachloro-1,3-butadiene mulls 
on the high resolution double grating Perkin-Elmer 421 instrument with a resolution of 0.3 cm-1 at 2200 cm-1, 
sufficient sensitivity for the problem. 
The absorbance (optical density) mea
surements were made by the base line technique. The results are summarized in Table 3.
Nuclear magnetic resonance spectroscopy

It was readily possible to obtain nmr spectra of lysinium linoleate in solution.

Useful solvents were 5-10% solutions in 
deuterochloroform, deuterium oxide-pyridine, and deuterium oxide-methanol. Interpretation and assignment of peaks 
from the nmr spectra of linoleic acid, 
L-lysine hydrochloride, and L-lysinium linoleate are shown in Tables 4-6.

The most interesting conclusion that 
may be drawn from these data is that 
there is no change in the environment of any of the protons of the diene system 
of linoleic acid observable in solutions of lysinium linoleate. This is shown in the 5.25-5.50 ppm region.

The nmr spectra further substantiate 
the infrared data since the carboxylic proton of the linoleic acid is no longer 
observed in lysinium linoleate (11.18 
ppm) region.

CONCLUSIONS
CHEMICAL ANALYSES of lysinium 
linoleate verified that the product is a 1:1 compound from which the compo
nents could be recovered unchanged. 
Conductivity experiments show that lysinium linoleate is a true ionized salt 
displaying the properties of a uni-univalent strong electrolyte. Infrared and 
nmr spectra show that the entire diene system of linoleic acid is unchanged 
after salt formation.

The carboxylic acid group of the fat
ty acid may form a salt with one of the 
amine groups of the basic amino acid, 
leaving the other amino group available to affect the double bond area of the 
fatty acid. If the latter interaction is a
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charge-transfer complex, it is a very 
weak one involving only partial dona
tion of electrons and little bond distortion.

Attack by oxygen or free radicals on 
the «-methylene group of the linoleate is prevented by a mechanism which still 
cannot be explained. Although ioniza
tion and solid state are both necessary, 
neither by itself is sufficient to explain 
the oxidation inhibition. It would ap
pear that the protective effect is specif
ically associated with the solid state.

The rigid crystalline lattice of lysini- 
um linoleate could act as barrier to the diffusion of oxygen and oxidizer inter
mediates, and to the propagation of 
chain reactions. On the other hand, studies of the oxidation in solution

(Koch et al., 1971) suggest that the salt complex also prolongs the induction 
period and retards the rate of autoxida- 
tion. Therefore, one might speculate 
that initially the solid complex physically prevents oxygen from entering into 
reaction. After the oxygen succeeds in 
attacking the organic substrate, the oxi
dation would be terminated by a mechanism in which the basic amino acid acts 
as an oxygen scavenger or a free radical 
chain terminator.
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EFFECT OF SUBSTRATE SIZE ON THE ACTIVITY 
OF TOMATO POLYGALACTURONASE

SUMMARY— Three polygalacturonic acid preparations with widely differing molecular weight distri
butions were obtained by controlled enzym atic hydrolysis of pectic acid. A study of th e  action of 
tomato polygalacturonase on the polygalacturonic acids and pectic acid revealed that the activity is 
dependent on the molecular size of the substrate. Pectic acid was hydrolyzed optimally at pH 5, 
with little activity below pH 4. Decreasing the molecular weight of the substrate resulted in a pro
gressive shift of the pH optimum to the acid side. For the smallest substrate, the activity extended to 
below pH 2. Monovalent cations enhanced the activity at low pH, and this effect was also depen
dent on the molecular weight of the substrate. Below pH 4, pectic acid inhibited 70% of the hydrol
ysis of low molecular w eight substrates by tomato polygalacturonase. The incomplete inhibition is 
attributed to the presence of a polygalacturonase isoenzyme which is not inhibited by high molecu
lar weight polygalacturonic acids.

INTRODUCTION
EARLY STUDIES on tomato polygalac
turonase indicated that it may be an endo-polygalacturonase with a specific
ity for large substrate molecules 
(McColloch and Kertesz, 1948). It 
caused the disappearance of fractions 
precipitable as calcium pectate at much 
lower reducing values than fungal polygalacturonase. Hydrolysis of pectic acid 
proceeded only to what appeared to be 
partial degradation, and galacturonic 
acid could not be detected as a product. With the advent of paper chromatogra
phy, other workers (Roelofsen, 1953; 
McCready et al., 1955) demonstrated 
that galacturonic acid is formed by the action of tomato polygalacturonase on pectic acid. They found, however, that

the rate of monomer formation is much 
slower than that by fungal polygalactu
ronase. This has been confirmed by the 
observation that oligogalacturonides are 
hydrolyzed very slowly by the tomato 
enzyme (Luh et al., 1956). Evidence has 
also been presented which points to poly
galacturonase isoenzymes in tomatoes, 
with possible differences in substrate 
size specificities. For example, the pH 
optimum for pectic acid hydrolysis is at
4.5 (McColloch and Kertesz, 1948), but 
Patel and Phaff (1960a, b) observed an 
additional peak of activity at pH 2.5 for 
the hydrolysis of acid-soluble polygalacturonic acid (D.P. 14).

It is clear that the molecular weight of the substrate is an important factor in 
studies on tomato polygalacturonase. We

have conducted studies on the action of 
this enzyme on substrates with a wide 
range in molecular weights. The results 
suggest the existence of polygalactu
ronase isoenzymes in tomatoes, one of which functions in the degradation of 
large substrate molecules.

EXPERIMENTAL
M aterials

S o d iu m  p o ly p e c ta te , b o v in e  s e ru m  a l b u 
m in , egg a lb u m in , c y to c h ro m e  c, a n d  p u r i f ie d  
fu n g a l p e c tin a s e  w ere  p u r c h a s e d  f ro m  S ig m a  
C h e m ic a l C o m p a n y , S t .  L o u is , M is s o u r i .  
S e p h a d e x  G -7 5  a n d  G -1 0 0  a n d  th e  s t a n d a r d  
d e x tr a n s  w e re  o b ta in e d  fro m  P h a r m a c ia  F in e  
C h e m ic a ls , In c . ,  P is c a ta w a y , N e w  J e r s e y .  
B io -G e l A -5 0 m  w as a  p ro d u c t  o f  B io -R a d  
L a b o ra to r ie s , R ic h m o n d , C a l ifo rn ia .
M ethods

P olyga lactu ro n ase  a ssa y . T h e  s t a n 
d a r d  r e a c tio n  m ix tu re  c o n ta in e d  1 m l o f  1%  
s u b s t r a te  a d ju s te d  to  th e  p r o p e r  p H  a n d  0 .95  
m l o f  0 .6 3 M  N a C l. A f te r  in c u b a t io n  a t  37° C 
fo r  10 m in , 0 .05  m l o f  e n z y m e  s o lu tio n  w as 
a d d e d  a n d  in c u b a tio n  w as  c o n t in u e d  fo r  15 
m in . A  h e a te d  e n z y m e  b la n k  w as  r u n  w ith  
e a c h  s a m p le . T h e  re a c tio n  w as s to p p e d  b y  
p la c in g  in  a  b o ilin g  w a te r  b a th  fo r  2 m in .  A 
m l o f  th e  s o lu tio n  w as  th e n  a n a ly z e d  fo r 
re d u c in g  g ro u p s  b y  th e  c o lo r im e tr ic  m e th o d  o f  
N e lso n  (A sh w e ll, 1 95 7), u s in g  g a la c tu ro n ic  
a c id  a s  th e  s ta n d a r d .

A  u n i t  o f  a c t iv i ty  is  d e f in e d  a s  t h a t  
a m o u n t  w h ich  c a ta ly z e s  th e  l ib e ra t io n  o f  1 
Mmole o f  re d u c in g  g r o u p s /15 m in  f ro m  th e  
s u b s t r a te  p e c tic  a c id  a t  p H  4 .5 . S p e c if ic  a c t i v 
ity  is  e x p re s se d  in  u n i t s / m g  p ro te in . P r o te in  
w as  m e a s u re d  b y  th e  m e th o d  o f  L o w ry  e t  a l. 
(1 9 5 1 ), u s in g  b o v in e  s e ru m  a lb u m in  a s  th e  
s ta n d a r d .

E n z y m e  a c t iv i ty  w as  l in e a r  w ith  r e s p e c t  to  
b o th  e n z y m e  c o n c e n t ra t io n  a n d  in c u b a t io n  
t im e  (F ig . 1).

Iso lation  o f tom ato p o ly ga lac tu 
ronase. T h e  e n z y m e  w as  is o la te d  b y  a  m o d i
f ic a tio n  o f  th e  m e th o d  o f  P a te l  a n d  P h a f f  
(1 9 6 0 a ) . F irm  r ip e  R u tg e r s  to m a to e s  w ere  
b le n d e d  w ith  a n  e q u a l  a m o u n t  o f  1M  N a C l 
c o n ta in in g  0 .2 %  s o d iu m  b is u lf i te  in  a  V irT is  
h o m o g e n iz e r  fo r  5 m in  a t  5 °C . T h e  h o m o g e n 
a te  w as  c e n tr i fu g e d  a t  8 0 0 0 X g  fo r  2 0  m in  a n d  
th e  re s id u e  w as  d is c a r d e d . A  p o r t io n  o f  th e  
s u p e r n a ta n t  w as  d ia ly z e d  a g a in s t  0 .2 M  N a C l 
a n d  a n a ly z e d  fo r  p ro te in  a n d  p o ly g a la c tu 
ro n a s e . T h e  to ta l  p ro te in  c o n te n t  o f  th e  c r u d e  
e x tr a c t  w as  171 m g , a n d  th e  s p e c if ic  a c t iv i ty  
o f  p o ly g a la c tu ro n a s e  w as  19. T h e  r e m a in d e r  
o f  th e  s u p e r n a ta n t  w as  a d ju s te d  to  p H  5 a n d  
so lid  a m m o n iu m  s u lf a te  w as  a d d e d  to  5 0 %  o f  
s a tu r a t io n .  T h e  p r e c ip i ta te  w a s  re m o v e d  b y  
c e n tr i fu g a tio n , a n d  th e  a m m o n iu m  s u lf a te  
c o n c e n t ra t io n  in  th e  s u p e r n a ta n t  w as

Fig. 1—Linearity of polygalacturonase activity with incubation time (A ) and protein concentration 
(B). Conditions of the experiment were standard using pectic acid as the substrate at pH 4.5.
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Fig. 2—Determination of the molecular weights of PGA II and PGA III by gel filtration. A 2.5 X 95  
cm column of Sephadex G-75 was washed with 0 .0IM  sodium phosphate, pH 7. Each of the poly- 
galacturonic acids (2 mg) was applied in a vol of 2 ml and their elution with 0.01 M phosphate, pH 
7, was followed by measuring the anhydrogalacturonic acid content of each fraction according to 
the method of Rouse and Atkins (1955). 10 mg of each standard dissolved in 2 ml of buffer were 
applied and their elution was followed by the anthrone method (Ashwell, 1957). The traction size 
was 5 ml. 0--------- 0 =  PGA II; t ----------•  =  PGA III. M 0 , 7-20, and T-40 =  standard dextrans.

in c re a s e d  to  8 0%  o f  s a tu r a t io n .  T h e  s m a ll  
a m o u n t  o f  p r e c ip i ta te  t h a t  fo rm e d  w as  c o l
le c te d  b y  c e n tr i fu g a tio n , d is s o lv e d  in  32 m l o f
0 .2 M  N a C l, a n d  d ia ly z e d  a g a in s t  0 .2 M  N a C l 
o v e rn ig h t a t  3 °C . T h is  f r a c t io n  c o n ta in e d  46 
m g  o f  p ro te in  a n d  th e  s p e c if ic  a c t iv i ty  o f  th e  
p o ly g a la c tu ro n a s e  w as  5 2 . T h is  r e p r e s e n ts  a
2 .7 -fo ld  p u r i f ic a t io n  w ith  73%  re c o v e ry .

T h e  e n z y m e  r e m a in e d  s o lu b le  a n d  w as 
s ta b le  a t  3 °C  fo r  a t  le a s t  a  m o n th .

P urification  o f  pectic acid. A  1%  s o lu 
tio n  o f  s o d iu m  p o ly p e c ta te  w a s  p r e p a r e d  a n d  
a d ju s te d  to  p H  5 . T w o  v o lu m e s  o f  9 5%  
e th a n o l w e re  a d d e d , a n d  th e  g e la t in o u s  p r e 
c ip i ta te  w as  c o lle c te d  on  M ir a c lo th ,  sq u e e z e d  
d ry , a n d  re d is s o lv e d  in  th e  o r ig in a l v o lu m e  o f 
w a te r . T h e  p e c tic  a c id  w as  r e p r e c ip i ta te d  tw o  
m o re  t im e s  a n d  th e n  d r ie d  b y  h o m o g e n iz in g  
w ith  9 5%  e th a n o l a n d  f in a lly  w ith  a c e to n e . 
T h e  y ie ld  w as  u s u a l ly  a b o u t  4 5% .

P reparation  o f  polygalacturon ic acid
I (PGA I). 20g  o f  s o d iu m  p o ly p e c ta te  w ere  
d isso lv ed  in  21 o f  w a te r , a n d  th e  p H  w as 
a d ju s te d  to  5 . T h e  s o lu tio n  w as  w a rm e d  to  35° 
C , a n d  20  m g  o f  fu n g a l p e c tin a s e  d iss o lv e d  in  
10 m l o f  0 .2 M  N a C l w as  a d d e d . H e a t  w as  
a p p lie d  im m e d ia te ly  to  th e  v ig o ro u s ly  s t i r r e d  
s a m p le  so t h a t  i t  re a c h e d  th e  b o i lin g  p o in t  in  
a b o u t  15 m in . A f te r  co o lin g  to  25° C , th e  s o lu 
tio n  w as f i l te re d  a n d  a d ju s te d  to  p H  2 w ith  
HC1. T h e  p re c ip i ta te  w as  c o lle c te d  b y  c e n t r i 
fu g a tio n , d isso lv e d  in  5 0 0  m l o f  w a te r  a t  p H  6, 
a n d  th e  p re c ip i ta t io n  a t  p H  2 w as  r e p e a te d .  
T h e  p ro d u c t  w as  c o lle c te d  a n d  d r ie d  b y  
h o m o g e n iz in g  w ith  e th a n o l a n d  a c e to n e . T h e  
y ie ld  w as 7g.

Preparation  o f  polygalacturon ic acid
II (PGA II). 21 o f  1%  s o d iu m  p o ly p e c ta te  
a d ju s te d  to  p H  5  a n d  w a rm e d  to  35° C  w as 
t r e a te d  w ith  100 m g  o f  fu n g a l p e c tin a s e  d is 
so lv ed  in  10 m l o f  0 .2 M  N a C l. T h e  s o lu tio n  
w as h e a te d  to  b o ilin g  in  a b o u t  15 m in . A f te r  
co o lin g  to  25° C , th e  p H  w as  a d ju s te d  w ith  
HC1 to  2 a n d  th e  s m a ll  a m o u n t  o f  p re c ip i ta te  
t h a t  fo rm e d  w as  re m o v e d  b y  f i l t r a t io n .  T h e  
f i l t r a te  w as  s to re d  a t  2 °C  fo r  48  h r , d u r in g  
w h ich  t im e  a  f in e  p re c ip i ta te  fo rm e d . T h is  
p re c ip i ta te  w as  c o lle c te d  b y  c e n tr i fu g a tio n  
a n d  d r ie d  b y  w a s h in g  w ith  a c e to n e . T h e  
y ie ld  w as l . l g .

P reparation  o f  polygalacturon ic acid
III (PGA III). T h e  s u p e r n a ta n t  o b ta in e d  
a f te r  th e  re m o v a l o f  P G A  I I  w as  t r e a te d  w ith  
20g  C a C l2.2 H 20  a n d  th e n  a d ju s te d  to  p H  5. 
T h e  c a lc iu m  p o ly g a la c tu ro n a s e  w as  c o lle c te d  
a n d  d isso lv e d  in  4 00  m l w a te r  b y  lo w er in g  th e  
p H  to  2. T h e  s o lu tio n  w as  d e io n iz e d  w ith  
D ow ex  5 0  ( H +  ). 2 vol o f  e th a n o l w e re  th e n  
a d d e d  to  p re c ip i ta te  th e  p o ly g a la c tu ro n ic  
a c id s , w h ic h  w e re  c o lle c te d  b y  c e n tr i fu g a tio n  
a n d  d r ie d  b y  w a s h in g  w ith  a c e to n e . T h e  y ie ld  
w as a b o u t  6g.

RESULTS
Chromatography of tomato polygalacturonase on Sephadex G-100

When tomato polygalacturonase was 
filtered through Sephadex G-100, a sin
gle peak of activity was observed and it 
coincided with the only protein peak. 
This technique therefore was not an 
effective purification step, but it pro
vided a method for determining the

molecular weight of the enzyme which had not been reported previously.
5 ml of purified polygalacturonase was applied to a 2.5 X 95 cm column of Sephadex G-100. The column was equili

brated and eluted with 0.2M sodium 
acetate, pH 4.5. The elution volumes for 
the proteins of known molecular weights, 
cytochrome c (13,000), egg albumin
(45.000) , and bovine serum albumin
(70.000) , were 360 ml, 282 ml, and 243 ml, respectively. The elution volume for 
polygalacturonase was 280 ml which corresponds to a molecular weight of 
43,600, calculated according to the method of Whitaker (1963).
Properties of the polygalacturonic acids

A summary of some of the properties 
of the three polygalacturonic acids and 
pectic acid is presented in Table I. The molecular weights were determined by gel filtration chromatography at pH 7. Because of the wide range of molecular 
weights involved, all four samples could 
not be resolved on any one single gel. 
Sephadex G-75 was found to be suitable

Table 1— Sum m ary o f som e o f the p roperties o f  
pectic a c id  and po lyga lactu ron ic acids

P e c tic P G A P G A  P G A
A cid I I I I I I

A v g  m o l w t >  1 ,0 00 ,0 00 1 10 ,000 9000 3200
h r

R e d u c in g
12.6 1.2 0 .1 8 0 .0 7

g ro u p s ,
/¿m oles
/ g ‘ 16 39 150 390

A G A
c o n te n t ,
% c 77 93 93 97

“D eterm in ed  a t  30°C w ith  a n  O stw ald  v iscom 
ete r.

fcD eterm in ed  b y  th e  a rsen o m o ly b d a te  m eth o d  of 
N elson (Ashwell, 1957)

'A n h y d ro g a lac tu ro n ic  acid  c o n te n t, de te rm in ed  
accord ing  to  th e  m eth o d  of R ouse  a n d  A tk in s (1955).

for both PGA II and PGA III (Fig. 2). Using the elution_volumes for stachyose, 
Dextran T-10 (M„ =  10,300), Dextran T-20 ( M , =  22,300), and Dextran T-40 
(M . =  41,800), the elution peak for PGA III corresponds to a molecular 
weight of 3200. The extremes of molecu-
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Fig. 3— Effect of substrate molecular weight on 
the pH optimum for tomato polygalacturonase, 
t  = standard assay procedure; 0 =  standard 
assay in the absence of NaCI.

lar weights in PGA III are 1400 and
12.000. The peak for PGA II corre
sponds to a molecular weight of 9000, 
with a range from 3400-35,000.The molecular weights of PGA I and 
pectic acid were estimated by chromatography on a 2.5 X 80 cm column of 
Bio-Gel A-50m. By comparison with the 
elution volumes for Dextrans T-70 ( M„ =  67,500), T-110 (M„ =  100,500), T- 
150 (ML =  147,000), T-250 (M„ =
240,000), and T-500 (M„ =  495,000), 
the peak of the elution pattern for PGA I 
corresponded to a molecular weight of
110.000. The range in molecular weights 
in this preparation was from 50,000 to 
approximately 1,000,000. The elution 
curve for pectic acid was very broad, 
with a moderate peak at the upper exclusion limit for the gel. The smallest component in pectic acid had a molecular weight of about 100,000, and the 
average molecular weight was greater than 1,000.000.

The anhydrogalacturonic acid content of pectic acid was somewhat low but approached the theoretical value for the 
polygalacturonic acids. The reducing values for PGA II and PGA III were in 
agreement with the molecular weight results. In contrast, the numbers of reducing groups in PGA I and pectic 
acid were found to be considerably 
higher than would be expected on the 
basis of their molecular weights. Kertesz 
(1951) has pointed out the difficulty of 
measuring the reducing power of pectic 
substances and questioned the reliability

Fig. 4—Effects of salts on the hydrolysis of PGA 
I by tomato polygalacturonase at pH 3.5. 0 =  
NaCI; □  =  NaNO,; X =  CsCI; •  =  KCI.

of the determinations. The results 
obtained by different procedures have 
been highly variable and much higher 
than would be expected for a linear 
molecule. It has been suggested that high 
reducing values are evidence for branching in the pectin molecule (Kertesz,
1951), although physical measurements 
indicate elongated molecules.
Effect of substrate size on the pH optimum

In the absence of salts, tomato poly
galacturonase hydrolyzed pectic acid 
most rapidly at pH 5, with little activity 
below pH 4 (Fig. 3). Decreasing the 
molecular weight of the substrate pro
gressively shifted the activity to the acid 
side. The rate of hydrolysis at pH 5 was more than two times higher for PGA I 
than for pectic acid. The hydrolysis of 
PGA I was maximal at pH 4.5 and the 
activity decreased sharply to zero at pH
3.5. The activity extended to below pH 3 
for the substrate PGA II, with a peak at 
about pH 4.3. Reducing the molecular 
weight of the substrate to that of PGA 
III increased the range of activity to pH1.5. The activity of the tomato enzyme acting on PGA III was characterized by one peak at about pH 4.2 with a broad 
shoulder extending to below pH 2.

The addition of NaCI to the reaction 
mixture activated the hydrolysis of the 
substrates by tomato polygalacturonase (Fig. 3). This activation was most pro
nounced at low pH and was dependent 
on the molecular size of the substrate. Thus, the hydrolysis of pectic acid increased sharply at pH 4.5 in the pres
ence of 0.3M NaCI but the activity was 
not extended below pH 3.5. The hydrol
ysis of PGA I shifted to below pH 3, and 
the hydrolysis of PGA II shifted to below pH 2.5. The solubility of PGA II 
did not allow studies at lower pH. The 
hydrolysis of PGA III was activated by

Fig. 5—Effects of pectic acid and PGA I on the 
hydrolysis of PGA II by tomato polygalactu
ronase at pH 3.0 and 3.5. The standard assay 
was used except the incubation period was 
increased to 30 min and NaCI was left out. 0 
pectic acid; •  =  PGA I.

NaCI over the pH range 2.5 4, but in
hibition occurred below 2.5. The result 
is a broad peak of activity for this sub
strate in the presence of NaCI.

The effect of salt concentration on the 
hydrolysis of PGA I was studied at pH
3.5 (Fig. 4). Activation of polygalactu
ronase by NaCI was low at concentra
tions below 0.1M, but it increased 
sharply to a maximum at about 0.3M. 
Similar results were obtained for CsCI 
except that the maximum activation was lower. KCI was much less effective than 
NaCI and CsCI. The maximum activation obtained with NaNOn was equal to 
that with NaCI, but the nitrate was more 
effective at low concentrations. CaCl2 and MgCL did not activate the reaction over the range 0.25-4 mM, and higher 
concentrations of the divalent cations precipitated the substrate.
Inhibition by high molecular weight substrates

The inability of tomato polygalactu
ronase to hydrolyze high molecular 
weight substrates at low pH suggested 
that these substrates inhibit the enzyme. This was confirmed by studying the 
hydrolysis of combinations of low and high molecular weight substrates. The 
effects of pectic acid and PGA I on the 
rate of hydrolysis of PGA II are shown in Fig. 5. As indicated earlier, PGA II 
was hydrolyzed by tomato polygalactu-
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ronase as low as pH 3. Only 50 Mg pectic 
acid per ml inhibited 70% of the reaction 
at pH 3. About four times as much PGA 
I was required to achieve the same inhi
bition. Higher levels of both inhibitors 
did not increase the inhibition. Pectic 
acid and PGA I were less effective at pH3.5 than at pH 3 and, as at pH 3, the 
maximum inhibition did not exceed 70%.

Similar results were obtained for the hydrolysis of PGA III at pH 2.5 and 3.0. 
Pectic acid was about four times as 
effective as PGA I, and about 30% of the 
reaction was not inhibited.

DISCUSSION
PECTIC ACID is usually selected as the 
substrate for measuring polygalactu
ronase activity because this enzyme 
appears to be specific for the deesterified 
polymer (Jansen and McDonnel, 1945). It is prepared by enzymatic or mild 
alkaline deesterification of pectin so that 
the colloidal properties are retained. 
Pectic acid forms highly viscous solu
tions which tend to gel on acidification 
and addition of salts or solvents such as 
acetone and ethanol. This presents problems in purification and handling of the 
substrate at high concentrations, espe
cially at low pH. Another factor that has 
been overlooked is the possibility of 
inhibition of the enzyme by the acidic 
macromolecular substrate. Pectic acid 
gels are effective adsorbents for yeast 
(Phaff and Demain, 1956) and tomato (Patel and Phaff, 1960a) polygalactu
ronases. Lineweaver and Ballou (1945) 
have demonstrated that pectic acid 
markedly inhibits pectinesterase on the 
acid side of its pH optimum.Our results indicate that tomato poly
galacturonase activity is reduced at low 
pH by pectic acid and high molecular 
weight polygalacturonic acids. The lower 
pH limit for hydrolysis by this enzyme 
is dependent on the molecular size of the

substrate. By decreasing the molecular 
weight of pectic acid to 3200, the range 
of activity was extended from pH 4 to 
below pH 2. Furthermore, this change 
occurs progressively as the molecular 
size of the substrate decreases.There are at least two explanations 
for the shift in polygalacturonase activity to the acid side with decreasing sub
strate molecular weight. Either tomato 
polygalacturonase is inhibited at low pH 
by large substrates, or it consists of 
isoenzymes which are substrate size 
specific. The activation by monovalent 
cations of hydrolysis at low pH indicates 
a reversal or prevention of substrate 
inhibition. Because relatively high levels of salts are required for activation, this 
effect may be due to weakening of elec
trostatic interaction between the acidic macromolecular substrates and the 
ammonium groups of the enzyme. By 
studying the hydrolysis of low molecular 
weight substrates in the presence of pec
tic acid, we have established that the 
tomato enzyme is inhibited by pectic 
acid. The inhibition is partial, however, 
and 30% of the activity at pH 3 and 3.5 
is not inhibited even by excesses of pectic 
acid.The significant amount of residual activity in the presence of pectic acid 
suggests that tomato polygalacturonase 
may consist of at least two isoenzymes. 
Both enzymes hydrolyze small sub
strates but one is inhibited by pectic 
acid at low pH. Because pectic acid' is 
not degraded at low pH indicates that only one enzyme functions on large sub
strates. This enzyme is inhibited by its substrates at low pH although inhibition 
can be partially prevented by monova
lent cations.Evidence for polygalacturonase isoen
zymes in tomatoes has been presented by other workers. McColloch and Ker- 
tesz (1948) found that about 15% of the 
activity in tomatoes was stable to heating in boiling water. McColloch (1948)

separated two enzymes by moving 
boundary electrophoresis. Patel and 
Phaff (1960b) postulated the presence of 
at least two polygalacturonases in tomatoes on the basis of double pH optima 
for the hydrolysis of oligogalacturonides, but they did not try to separate the different components.
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FACTORS AFFECTING CHLOROGENIC, QUINIC AND 
CAFFEIC ACID LEVELS IN SUNFLOWER KERNELS

SUMMARY— Location of the seed on the sunflower head and storage temperatures were related to 
chlorogenic, caffek, and quinic acid levels. Kernels of freshly harvested sunflower seeds located near 
the center of the head were higher in chlorogenic acid than seeds located near the margin. The 
opposite w as obtained for the caffek acid content, and quinic acid did not exhibit a positional 
effect. Chlorogenic acid content decreased during storage at 5°C, 1S°C, and 40° C for 120 days; 
seeds attained the same levels of chlorogenic acid but varied slightly among treatments. Relatively 
small changes occurred in the caffek and quinic acids content during storage.

INTRODUCTION
SUNFLOWER SEEDS are an impor
tant commercial source of edible oils and animal feeds. The meal resulting from 
the oil extraction process is a valuable 
source of proteins, but its use in the human diet is limited by the presence of 
chlorogenic acid. This phenol darkens upon oxidation and can impair the 
acceptability of sunflower products.

Although chlorogenic acid is an 
important factor in the discoloration of 
the meal, other factors such as particles 
of hulls, pH, oxidizing agents, and cook
ing conditions are also concerned with the discoloration.

Chlorogenic acid functions as part of 
the oxidase system in the plants (Hanson 
and Zucker, 1963). Removal of chloro
genic acid with organic solvents has been 
attempted but without practical success 
(Smith, 1958). The most efficient solvent was 70% ethanol.

Chlorogenic and quinic acids have been isolated from the kernel of sun
flower seeds by column chromatography 
and identified by paper chromatogra
phy. The level of both acids in the kernel 
and hull of sunflower seed, the conver
sion of chlorogenic acid into quinic acid 
at temperatures of 100“ C and 135° C, and resynthesis of chlorogenic acid during cold storage of the meal have been 
reported (Milic et al., 1968).

Acid hydrolysis of chlorogenic acid 
results in caffeic acid. This acid is also 
present in the sunflower kernel. In the study reported here, the concentration of 
chlorogenic, quinic and caffeic acid was 
investigated at different locations on the head and at storage temperatures of 5°C, 15“ C and 40“ C.

MATERIALS & METHODS
F R E S H L Y  H A R V E S T E D  su n f lo w e r  h e a d s  o f  
th e  K ra s n o d a r e ts  v a r ie ty  g ro w n  in  C o llege  
S ta t io n , T e x a s  w ere  u se d . T e n  h e a d s  w ere

se le c te d  fo r  h o m o g e n e o u s  a p p e a ra n c e  a n d  
fre e d o m  fro m  in s e c t  d a m a g e . T h e  se e d s  s a m 
p le d  w ere  lo c a te d  w ith in  2 in . o f  th e  c e n te r  o f 
th e  h e a d . T h e y  w e re  c o lle c te d  a n d  k e p t  s e p a r 
a te d  fro m  s u b s e q u e n t  se e d s  c o lle c te d  fro m  th e  
s a m e  h e a d s  b u t  lo c a te d  2 in . f ro m  th e  c e n te r  
to  th e  m a rg in . T h e  tw o  lo ts  o f  seed s  w ere  
e q u a lly  d iv id e d  fo r  s to ra g e  t r e a tm e n ts  a t  5 °C , 
15° C  a n d  40° C  fo r p e r io d s  o f  0 , 6 0 , 90  a n d  
120 d a y s .

S u n flo w e rs  r e p r e s e n ta t iv e  o f  c o m m e rc ia l 
ty p e s  g ro w n  in  v a r io u s  p a r t s  o f  th e  U .S .A . 
w e re  c h o se n  to  d e te rm in e  th e  re la t io n s h ip  
b e tw e e n  to ta l  s u g a r  c o n te n t  a n d  th e  le v e ls  o f  
c h lo ro g en ic  a c id  in  s u n f lo w e r  k e rn e ls . T h e  
su n flo w e rs  w ere  g ro w n  in  C o llege  S ta t io n  as  
p a r t  o f  th e  1968  re g io n a l su n f lo w e r  y ie ld  te s t .  
T h e  m a te r ia l  w as  fu m ig a te d  a n d  s to re d  a t  
ro o m  te m p e r a tu r e  p r io r  to  a n a ly s is . T h r e e  
re p l ic a te  p lo ts  o f  e a c h  ty p e  w ere  u s e d  fo r th e  
d e te rm in a tio n s .

A t th e  e n d  o f  e a c h  s to ra g e  t r e a tm e n t ,  th e  
seed s  w e re  d e h u l le d  b y  v io le n t a g ita t io n  b y  
m e a n s  o f  a  j e t  o f  c o m p re s s e d  a i r  in  a  s p e c ia l 
c o n ta in e r  (F ig . 1). A 12-oz B a ll r e f r ig e ra to r  
a n d  f re e z e r  j a r  w as  c o v e re d  a t  th e  to p  w ith  
tw o  la y e rs  o f  16 m e s h  w ire  s c re e n  a n d  a  0 .5  
c m  d ia  p ip e  w as in s e r te d  1 c m  in  a  s m a ll h o le  
a t  th e  ed g e  o f  th e  w ire  s c re e n .

5 0  l b / i n .2 o f  a i r  w as  a p p l ie d  fo r  30  sec  to  1 
m in  d e p e n d in g  o n  th e  s ize  a n d  v a r ie ty  o f  th e

Fig. I—Apparatus developed for dehulling sun
flower seeds.

s a m p le  b e in g  d e h u l le d .  1 5 -20g  o f  e a c h  s a m p le  
w ere  d e h u l le d  fo llo w ed  b y  s e p a r a t io n  o f  k e r 
n e ls  a n d  h u l ls  in  a n  a i r  s t r e a m . T h is  m e th o d  
d e c o r t ic a te d  th e  s e e d s  q u ic k ly  w ith  a  m in i 
m u m  d a m a g e  to  th e  k e rn e ls .

K e rn e ls  w ere  g ro u n d  in  a  W a r in g  B le n d o r  
fo r a p p ro x im a te ly  20  sec  to  p a s s  a  4 0  m e s h  
s c re en . T h e y  w e re  o v e n  d r ie d  a t  7 5 °C  fo r  6  h r  
a n d  e x tr a c te d  w ith  p e tr o le u m  e th e r  fo r  18  h r  
in  a  S o x h le t a p p a r a tu s .  2g  o f  th e  f a t - f r e e  r e s i 
d u e  w e re  e x tr a c te d  fo r  14 h r  w ith  8 0%  e th a n o l 
in  a  S o x h le t a n d  th e  e x t r a c t  v o lu m e  w as  
r e d u c e d  to  50  m l in  v a c u o  a t  40° C .

Chlorogenic acid
100  la m b d a  o f  th e  e th a n o l e x t r a c t  w as  

s p o tte d  o n  W h a tm a n  N o . 1 c h ro m a to g ra p h y  
p a p e r  2 .5  c m  a b o v e  th e  b o t to m  a n d  o v e r  a  
le n g th  o f  4  c m  a n d  a  m a x im u m  w id th  o f  1 c m . 
T h e  c h ro m a to g ra m  w as  d e v e lo p e d  fo r  5 h r  o r  
u n t i l  th e  s o lv e n t f r o n t  m o v e d  14.5  c m . B e s t 
re s u lts  w e re  o b ta in e d  in  s m a ll  c h a m b e r s  
w ith o u t e q u i l ib r a t io n  p e r io d s . T h e  s o lv e n t  
w as  b u ta n o l :a c e t ic  a c id rw a te r  (4 :1 :5 ) .

T w o  f lu o re s c e n t  s p o ts  a p p e a re d :  o n e , w ith  
a n  R f  v a lu e  o f  0 .6 0  a n d  b lu is h  c o lo r  u n d e r  
U V  lig h t, w as  id e n ti f ie d  a s  c h lo ro g e n ic  a c id . 
T h e  s p o t w as  re m o v e d  a n d  q u a n t i ta t iv e ly  
a n a ly z e d  b y  a  m o d if ic a t io n  o f  th e  H o e p fn e r  
re a g e n t (H o e p fn e r , 1 93 2). T h e  p a p e r  w as  
t r e a te d  w ith  1 m l o f  w a te r  a n d  4 m l o f  a  1:1 
m ix tu re  o f  f re s h ly  p r e p a r e d  5 %  a c e t ic  a c id  
a n d  0 .5%  s o d iu m  n i t r i te ;  th e n  i t  w a s  s h a k e n  
a n d  th o ro u g h ly  c e n tr i fu g e d  a t  2 0 0 0  r p m  fo r  4 
m in . A b s o rp tio n  w as m e a s u re d  w ith  a  B e c k 
m a n  D B  s p e c tr o p h o to m e te r  a t  5 2 0  mM A b s o r 
b a n c y  w as  c o m p a re d  w ith  a  s t a n d a r d  c u rv e  
m a d e  o f  a  c o n c e n t ra t io n  s e r ie s  a n d  fo u n d  to  
b e  l in e a r  o v e r th e  ra n g e  o f  0 .1 0 -1 .0 0  M mol.

Quinic acid
2 -K e to -3 -d e o x y -D -a ra b o -h e p to n ic  a c id  7 -p  

s y n th e ta s e  (K D H P )  h a s  a  s im i la r  m o le c u la r  
s t r u c tu r e  to  t h a t  o f  q u in ic  a c id . T h e  m e th o d  
fo r  d e te rm in a t io n  o f  K D H P  ( S ir in iv a s a n  a n d  
S p r in s o n , 1959) w as  a d a p te d  to  q u in ic  a c id . 1 
m l o f  th e  e th a n o l e x t r a c t  w as  t r e a te d  w ith  1 
m l o f  0 .2 5 N  H IO , in  0 .1 2 5 N  H 2S O ( , s h a k e n  
th o ro u g h ly , a n d  le t  s ta n d  fo r  15 m in . T h e  
ex c ess  p e r io d a te  w as  re m o v e d  w ith  2 m l o f  2%  
s o lu tio n  o f  s o d iu m  a r s e n i te  in  0 .5 N  H C L  a n d  
s h a k e n  u n t i l  io d in e  v a p o rs  ev o lv ed . A f te r  2 
m in , 2 m l o f  0 .6 %  s o lu tio n  o f  2 - th io -b a r b i -  
tu r i c  a c id  w as  a d d e d . T h e  s a m p le  w a s  s h a k e n  
a n d  p la c e d  in  a  w a rm  b a th  fo r  4 0  m in . T h e  
p in k - c o lo re d  s o lu tio n  w as  d i lu te d  to  10 m l 
w ith  a c e to n e  a n d  c e n tr i fu g e d  fo r  3  m in  a t  
2000  rp m . T h e  a b s o rb a n c y  w as  m e a s u re d  a t  
5 5 0  m p  a n d  c o m p a re d  w ith  a  c u rv e  o f  a  c o n 
c e n tra t io n  s e r ie s  fo u n d  to  b e  l in e a r  o v e r  th e  
ra n g e  o f  0 .1 0  0 .6 4  Mmol o f  q u in ic  a c id .
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Fig. 2—Effects of temperature and storage on 
the levels of chlorogenic acid, expressed as per 
cent dry weight. (A) Seed located near the 
center of the head; (B) Seed located near the 
margin of the head.

Caffeic acid
T h e  s eco n d  s p o t  o n  th e  c h lo ro g en ic  a c id  

c h ro m a to g ra p h  w as  id e n ti f ie d  a s  c a ffe ic  a c id . 
I t  h a d  a n  R /  v a lu e  o f  0 .7 8  a n d  a  g re e n ish  
co lo r u n d e r  U V  lig h t. C a f fe ic  a c id  w as 
e x tr a c te d  b y  th e  s a m e  p ro c e d u re  a s  fo r  c h lo 
ro g en ic  a c id  a n d  th e  a b s o r b a n c y  m e a s u re d  a t  
360  m p . T h e  a b s o rb a n c y  w a s  c o m p a re d  w ith  a  
c o n c e n tra t io n  s e r ie s  t h a t  w a s  fo u n d  to  b e  
l in e a r  o v e r  th e  ra n g e  o f  0 .1 0 -1 .0 0  p m o l.
Total su gars

1 m l o f  th e  e th a n o l e x t r a c t  w as  d i lu te d  to  
100 m l w ith  w a te r  a n d  to ta l  s u g a rs  d e te r 
m in e d  b y  th e  p h e n o l- s u lfu r ic  a c id  m e th o d  
(D u b o is  e t  a l ., 1 95 6). G lu c o se  s ta n d a r d s  w ere  
u s e d  to  p re p a r e  a  s t a n d a r d  c u rv e  fo r  m e a s u r 
in g  th e  to ta l  s u g a r  p e r  m g  o f  d ry  su n f lo w e r  
k e rn e l .

RESULTS & DISCUSSION
INITIAL ANALYSIS of freshly har
vested sunflower seed of the Krasnodar- 
ets variety revealed that the seed located 
within 2 in. of the center of the sun
flower head contained about twice as 
much chlorogenic acid as the seeds located 2 in. from the center to the mar
gin of the sunflower head (Fig. 2). A 
possible explanation may be physiologi
cal state of maturity. Sunflower seed 
located toward the margin of the head reach physiological maturity first (M. L. 
Kinman, 1969, personal communica
tion). As a consequence, biological activ
ity such as respiration and enzyme activ
ity would be less. Dramatic changes in phenolic composition occur during plant 
development and some phenolic com
pounds are synthetized for only a brief period during a particular stage of 
growth (Zucker et al., 1967). For exam-

DAYS

Fig. 3— Effects of temperature and storage on 
the levels of quinic acid, expressed as per cent 
dry weight. (A) Seed located near the center of 
the head; (B) Seed located near the margin of 
the head.

pie, it has been shown that the concen
tration of chlorogenic acid at the tip of 
the tobacco leaf was greater than at the 
base, and this corresponded to the con
centration of substances synthesized in situ such as proteins and chlorophyll 
(Zucker and Ahrens, 1958). This same 
postulate could apply to sunflower seeds. 
The initial content of quinic acid was the 
same for seeds located near the margin and those located toward the center of 
the head (Fig. 3). Initial content of caf
feic acid was higher for seeds located 
toward the margin than for seeds located 
toward the center of the sunflower head 
(Fig. 4).

Storage of the seed at 5°C, 15° C and 
40° C for 60 days caused a decrease in 
chlorogenic acid; this decrease was more 
pronounced in the seeds located toward 
the center of the head (Fig. 2). After 120 
days of storage, the content of chloro
genic acid was similar for seeds that 
received the same heat treatment. 
However, differences were found 
between storage heat treatments. The 
highest level was in the seeds treated at 
40°C; next was 15°C; and the lowest was 
for seeds kept below 5° C.Values for quinic acid (Fig. 3) 
increased after storage at 5°C, 15° C and 
40° C. Leveling off occurred among the 
seeds that received the same heat treat
ment after storage for 120 days. The 
highest concentration was obtained for 
seeds treated at 5°C; next was 15° C; and 
the lowest was found at 40° C.The values for caffeic acid (Fig. 4) 
decreased after storage at 5°C, 15° C and 
40° C for 60 days but increased to the 
same level among seeds that received the

.420
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Fig. 4—Effects of temperature and storage on 
the levels of caffek acid, expressed as per cent 
dry weight. (A) Seed located near the center of 
the head; (B) Seed located near the margin of 
the head.

same heat treatment after storage for 
120 days. The highest concentration was obtained for seeds treated at 40° C, then 
5°C, and the lowest at 15°C. Seeds that 
received the same heat treatment had 
similar concentrations of caffeic acid.

Synthesis of chlorogenic acid during 
cold storage of potatoes has been 
reported. Glucose, fructose and sacchar
ose accumulate during cold storage of potatoes and are very effective sub
strates for chlorogenic acid synthesis 
(Zucker and Levy, 1959). L-Phenylalan- 
ine with quinic acid was also found to be 
an effective substrate for chlorogenic 
acid synthesis (Hanson and Zucker,
1963).

It was reported (Milic et al., 1968) 
that a small decrease in chlorogenic acid 
was associated with a small increase in 
quinic acid in sunflower kernels which 
had been heat-treated for 5 hr at 70° C. 
This was followed by a reversal upon 
storage at 20° C. This treatment appar
ently did not damage the mechanism of 
chlorogenic acid synthesis from the 
lower degradation complexes of polysaccharides and proteins resulting from the 
heat treatment.Analysis of variance of the total sugar 
and chlorogenic acid levels of the sunflower kernels among the 10 varieties 
analyzed revealed significant differences 
at the 99% levels of confidence (Table
1). There were no significant differences among replicate samples. A positive 
correlation coefficient was obtained 
between total sugar content and the levels of chlorogenic acid. This may suggest 
the influence of sugar molecules in the 
synthesis of chlorogenic acid.



492—JOURNAL OF FOOD SCIENCE— Volume 36 (1971)

Table 1— Total su g a r content a n d  ch lorogenic

acid  in sun flow er kernels

S u n flo w e r
v a r ie t ie s

T o ta l  s u g a r s “ 
(%  D ry  W t)

C h lo ro g e n ic
a c id “

(%  D ry  W t)
T 56002 4.91 1.68
P -2 1  m s  X  H A  60 4 .98 1.53
V a lley 4 .26 1.51
P e re d o v ik 4 .99 1.41
V N 1 1 M K  8931 5 .25 1.58
K r a s n o d a r e ts 4.41 1.14
M in g re n 4.91 1.47
A rro w h e a d 4 .69 1 .28
G re y s tr ip e 6 .28 2 .22
M a n c h u r ia n 5 .94 1.62

“T he correlation coefficient (r) for sugar con ten t
and chlorogenic acid was 0.511 and the p robability
(P) was 0.004.

A possible explanation for the
changes occurring in the levels of chloro-

genic, caffeic, and quinic acids before 
and after heat treatments would be the 
selective induction and repression of 
enzymes by temperature, time, light, 
substrate availability, or a combination 
of these factors in phenolic biosynthesis 
(Zucker et al., 1967). It can be postulated that immediately after harvesting 
a breakdown in chlorogenic acid 
occurred until a steady state was 
reached. The effect of inducers and 
repressors such as heat, carbohydrates 
or enzymes regulated the activity of the 
phenolic biosynthesis.
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CHEMICAL COMPOSITION AND AMINO ACID CONTENTS 
OF BRAZILIAN BEANS (Phaseolus vulgaris)

SUMMARY— The chemical composition of 12 varieties of beans (Phaseolus vulgaris) was deter
mined. Varieties most commonly found on Brazilian markets were chosen for this work. The aver
age moisture content was 11%, ash 3.5% , fat 1%, protein 25%, starch 40% , crude fiber 4%  and 
pentonsans 7%. The content of minerals in mg/ lOOg sample was: phosphate 1000, iron 3.2, cal
cium 40 and magnesium 210. The content of essential amino acids in mg/g protein, calculated on a 
dry basis, was: lysine 7 2 -1 0 6, threonine 46-61, valine 29-54, methionine 3-18, isoleucine 28-49, 
phenylalanine 33-118 and tryptophane 103-138. The product was rich in lysine and threonine as 
compared to the FA0  table for essential amino acids require in the human diet. It was poor in 
methionine, isoleucine, valine, tryptophane and leucine.

INTRODUCTION
BEANS are one of the main components in the everyday dishes in Brazil. Due to 
the low cost, their use is greatest among 
the rural population and labor classes. 
Since protein content is relatively high, 
beans are one of the main protein 
sources for these people.

In Latin America, a few studies on the chemical composition of some varie
ties of beans were carried out in several

M a n u a l ,  1 96 5). T h e  a m in o  a c id  c o n te n ts  a r e  
r e p o r te d  on  a  d r ie d  p ro te in  b a s is .

RESULTS & DISCUSSION
CHEMICAL composition of the 12 vari
eties of beans is shown in Table 1. Mois
ture content was about 11% and ash 
content about 3.5%. The content of fat 
was about 1% on the average, but ranged 
from 0.4% in the variety “roxao” to

2.0% in the variety “roxinho.” The high
est level of sugar was observed in the 
variety “pintado” with 8.6% and the lowest in “carioca” with 5.3%. The aver
age was about 6.5%. Starch content averaged 40%, ranging from 34% in 
“chumbinho opaco” to 44% in “cario
ca.” The amount of pentosans was about 
7% in most of the varieties, but “preto 
G -l” and “chumbinho opaco” had about 
13%. Fiber content ranged from 
3.5%-5.0%. Protein content was about 
25%, ranging from 21%-28%. These 
results indicate that beans are a relatively good source of protein and carbo
hydrates; they contain a relatively small 
amount of fat and a moderate amount of fiber.

Table 2 shows the amount or iron, 
calcium, magnesium and phosphate in

countries, and the results were summarized by INCAP-ICNND (1961). How
ever, this report did not show the content 
of the essential amino acids in the samples. Similar work was carried out in 
Guatemala and Chile with a few local 
varieties in which the content of the 
essential amino acids was also consid
ered (Bressani et al. 1961).The purpose of our work is to report 
the chemical composition and amino 
acid content of 12 varieties of beans grown in Brazil. Varieties most com
monly found in Brazilian markets were 
chosen for this work.

MATERIAL & METHODS
B E A N  S A M P L E S  u s e d  in  th is  w o rk  w ere  
fu rn is h e d  b y  th e  I n s t i tu to  A g ro n o m ico  do  
E s ta d o  d e  S äo  P a u lo ,  C a m p in a s .  W h o le  b e a n s  
w ere  in i t ia l ly  g ro u n d  a n d  p a s s e d  th ro u g h  20- 
m e s h  s iev es .

T h e  c o n te n ts  o f  m o is tu re , a s h , p h o s p h a te , 
c a lc iu m , iro n  a n d  m a g n e s iu m  w ere  d e te r m in 
e d  b y  m e th o d s  d e s c r ib e d  b y  A O A C  (1 9 6 5 ). F a t  
c o n te n t  w as  d e te rm in e d  b y  W e ib u ll S to ld t ’s 
m e th o d ; s ta r c h  b y  E w e rs ’ m e th o d  m o d if ie d  
b y  H a d o m  a n d  D o e v e la a r ;  to ta l  s u g a r  c o n te n t  
b y  M u n s o n  W a lk e r ’s  m e th o d ; f ib e r  b y  th e  
m e th o d  o f  S c h a r r e r  a n d  K ü r s c h n e r ;  p e n to 
s a n s  b y  th e  m e th o d  o f  P e te r ,  T h a le r  a n d  
T ä u fe l .  A ll o f  th e s e  m e th o d s , e x c e p t th o s e  o f 
A O A C , w e re  d e s c r ib e d  b y  D ie m a ir  (1 9 6 3 ).

T h e  c o n te n t  o f  th e  a m in o  a c id s  w as  d e te r 
m in e d  b y  u se  o f  th e  B e c k m a n  m o d e l 120C  
a u to m a t ic  a m in o  a c id  a n a ly z e r . G ro u n d  b e a n s  
w ere  h y d ro ly s e d  fo r  2 h r  a t  110°C  in  6 N  HC1 
a c c o rd in g  to  th e  p ro c e d u re  o u t l in e d  in  th e  
in s t ru c t io n  m a n u a l  w h ic h  a c c o m p a n ie d  th e  
a m in o  a c id  a n a ly z e r  (B e c k m a n  In s t ru c t io n

Table 1— Chem ical com position o f  12 varieties o f  beans  (P . vu lgaris) grow n in Brazil

V a r ie t ie s
M o is tu re

%
P ro te in

%
A sh

%
F a t

%
S ta r c h

%

T o ta l
s u g a rs

%

C ru d e
f ib e r

%
P e n to s a n s

%
B ico  d e  O u ro 10.7 2 1 .9 3 .30 0 .77 4 3 .6 5 .77 4 .9 3 5 .85
J a lo 11.2 2 4 .8 3 .2 0 0 .8 6 4 0 .8 5.61 4 .52 5 .68
G o ia n o  p rec o c e 10.5 28.3 3 .4 6 0 .9 3 3 4 .8 6 .57 4 .2 5 6 .33
M u la tin h o 11.3 2 3 .2 3 .5 8 1.67 4 0 .2 6 .0 6 4 .7 6 7 .12
R ic o  23 11.3 2 3 .9 3 .7 5 1 .72 3 7 .9 5 .20 4 .81 6 .35
P r e to  G - l 11.7 2 1 .5 3 .54 0 .4 8 3 5 .4 6 .4 0 4 .3 2 12.7
P in ta d o 10.7 22.3 3 .23 1.25 3 7 .9 8 .6 7 4 .2 9 7 .62
C h u m b in h o  o p a co 10.4 2 4 .3 3 .7 9 1 .19 3 4 .0 6 .32 4 .1 7 12.3
R o s in h a  G -2 11.1 2 4 .6 3 .61 0 .82 3 8 .5 6 .4 6 4 .7 8 7 .16
R o x a o 11.1 2 3 .5 3 .3 9 0 .3 5 39.1 6 .83 5 .0 9 7 .75
R o x in h o 11.4 2 1 .6 4 .04 1 .99 4 3 .6 5 .45 4 .0 8 7 .37
C a r io c a 10.6 2 2 .6 3 .52 1 .44 4 4 .7 5 .34 3 .52 7.21

Table 2— M in era l contents (m g/IO O g) o f 12 varieties o f  beans (Phaseolus 
vu lgaris) grow n in Brazil

V a r ie t ie s I r o n P h o s p h a te C a lc iu m M a g n e s iu m
B ic o  d e  o u ro 2 .96 1009 78.1 2 3 3 .2
J a lo 4 .25 1009 4 1 .4 2 0 8 .8
G o ia n o  p re c o c e 5 .7 6 920 4 3 .0 199 .0
M u la t in h o 3 .51 855 3 1 .6 2 4 4 .4
R ic o  23 3 .85 1110 5 2 .3 183 .7
P r e to  G - l 3 .51 1009 2 6 .8 2 3 7 .0
P in ta d o 3 .0 6 874 50.1 177 .5
C h u m b in h o  o p aco 3 .22 1343 3 0 .3 184 .6
R o s in h a  G -2 2 .96 1263 3 2 .2 2 3 4 .8
R o x a o 3 .36 1006 3 5 .7 2 1 5 .4
R o x in h o 2 .76 1410 5 0 .5 171 .5
C a r io c a 3 .44 1183 3 2 .8 2 1 9 .5
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Table 3— Am ino acid  com position (m g/g p rotein )" o f  12 varieties o f  beans  (P . vu lgaris) grow n in Brazil

A m in o
a c id s

B ic o  d e  
O u ro J a lo

G o ia n o
P re c o c e

M u la -
t in h o

R ic o
23

P r e to
G - l P in ta d o

C h u m b in h o
O p a co R o s in h a R o x â o R o x in h o C a r io c a

L ysine* 8 3 .7 9 3 .3 8 7 .5 106.1 82.0 78.1 7 8 .6 106.2 8 6 .9 8 7 .5 8 5 .4 72.4
H is t id in e 3 0 .4 31.2 3 0 .0 4 1 .2 3 7 .4 3 3 .6 39.1 45.1 3 9 .6 3 8 .2 4 2 .6 3 3 .6
A m m o n ia 3 3 .5 3 8 .4 2 6 .6 4 2 .7 3 6 .6 37.1 3 0 .3 4 7 .0 3 6 .6 3 4 .6 36.1 3 2 .8
A rg in in e 6 6 .5 7 8 .2 5 9 .3 9 8 .1 8 0 .0 6 5 .8 5 4 .8 89.1 7 9 .5 8 7 .9 7 7 .2 7 8 .2
A s p a r t ic  a c id 126 .9 119.4 120.7 1 33 .6 127 .7 108.4 120 .4 151 .5 134.7 133 .4 125 .7 1 4 3 .0
T h reo n in e * 54.1 59.1 52.1 55.1 5 2 .0 4 6 .2 5 0 .9 6 1 .6 58.1 5 2 .7 5 1 .8 5 1 .7
S e r in e 6 7 .0 6 2 .6 5 7 .6 6 0 .8 6 9 .8 4 9 .7 6 4 .8 76.4 7 1 .7 6 6 .6 6 4 .8 6 3 .9
G lu ta m ic  a c id 162 .8 1 51 .0 129 .2 1 59 .3 173 .0 139 .9 1 61 .9 195.1 172 .0 179 .9 166 .2 158 .8
P ro lin e 4 5 .4 42.3 3 0 .7 3 9 .4 4 8 .0 4 6 .2 4 5 .8 5 2 .0 5 4 .3 5 1 .0 4 9 .9 4 7 .3
G ly c in e 47.2 48.7 3 8 .9 5 3 .0 4 6 .5 2 8 .8 4 4 .6 5 2 .4 48.1 4 8 .6 5 1 .3 4 6 .2
A la n in e 5 6 .8 4 3 .3 4 0 .4 38.1 49.4 3 4 .2 5 3 .5 5 9 .4 5 6 .0 5 7 .8 5 6 .4 5 4 .4
H a lf -c y s t in e 6 3 .6 36.1 3 3 .2 39.1 4 3 .6 25.7 16.9 4 4 .0 5 5 .5 5 2 .8 4 6 .4 9 .8
V aline* 5 1 .6 43.1 3 7 .0 4 7 .0 3 8 .0 2 9 .7 4 3 .4 4 9 .0 5 4 .4 5 1 .2 4 8 .8 50.1
M eth io n in e * 18.6 8 .6 7.5 10.9 9.1 13.9 8 .5 8 .3 10.5 8 .5 9 .8 3 .5
Iso leucine* 4 4 .9 4 9 .2 3 8 .6 4 9 .0 4 3 .9 2 8 .6 4 2 .5 4 9 .8 4 6 .3 4 7 .7 4 4 .0 32.1
L e u c in e 8 0 .0 77.0 6 1 .4 8 3 .3 77.8 4 7 .4 77.2 8 8 .8 8 2 .0 8 3 .0 7 6 .0 7 3 .5
T y ro s in e 3 5 .9 24.7 2 3 .7 3 0 .9 3 0 .0 18.1 26.1 32.1 3 6 .0 3 7 .7 2 8 .6 28.1
P h e n y la la n in e * 5 6 .0 46.2 3 3 .4 68.1 5 2 .9 3 7 .8 118.1 65.1 6 0 .8 5 9 .5 6 1 .5 5 5 .9
T ry p to p h a n e * 138.0 116.3 103.3 119.1 115.4 127 .7 135 .7 130.2 124.0 110.2 100.1 129 .2

“N itro g en  x  6.25. 
‘E ssen tia l am ino  acids.

the bean samples which averaged 3.2, 
40, 210, and lOOOmg/lOOg, respectively. 
As a vegetable food, beans are rich in iron, calcium, magnesium and phosphate.

Table 3 shows the amino acid content of beans expressed in mg/g of protein 
calculated on a dry weight basis. These 
results indicate that some of the Brazilian beans (P h a se o lu s  v u lg a r is )  contain 
more lysine than rice beans and cowpea (Bressani et al., 1961). Thus they could 
supplement the lysine deficiency in corn protein when both products are used in 
the diet. Beans are also rich in threon
ine, but the content of methionine, iso

leucine, valine, tryptophane and leucine 
is less than the amino acid requirement 
in foods according to the FAO table for 
essential amino acids in the diet (FAO,
1968). Methionine is the most deficient amino acid, but it could be supple
mented by the use of com, since corn protein is rich in methionine.
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INFLUENCE OF SUCROSE, GLUCOSE AND LACTOSE 
ON LOSS OF WATER FROM SOLUTIONS

SUMMARY—Moisture losses from solution of 40, 50, and 60%  lactose, sucrose, glucose, and combi
nations of these sugars were determined at 80°F and 27 in. vacuum. Differences in rate of water 
loss of 20-50%  were observed depending on type of sugar and concentration. Rate of water loss 
from solution was in ascending order of sucrose, lactose, glucose, and pure water. In mixtures, the 
rate increased with increased proportion of lactose or glucose, and decreased with increased 
proportion of sucrose. In all cases, after lactose crystallization occurred, the water loss first 
increased and then decreased.

INTRODUCTION
THE UNIQUE physical-chemical prop
erties of lactose are being used to advan
tage in an ever-increasing number of 
food products. Lactose is present in 
foods in combinations with sucrose, glucose, and other sugars. Thus, in most 
confectionery products, the vapor pres
sure is principally governed by the con
centration and nature of the sugar pres
ent, and the vapor pressure in the food 
in relation to that of the surrounding 
atmosphere determines whether mois
ture is lost or gained. The moisture level 
in the food will also determine where the 
equilibrium shift between a-lactose and /3-lactose will occur. It is desirable to 
know the relative humidity at which 
sugar or sugar mixtures must be main
tained for water content to remain con
stant, or the point below which the rela
tive humidity must be held to avoid the undesirable effects caused by moisture 
adsorption.

The studies of Whittier and Gould
(1930) were limited to vapor pressures of 
saturated solutions of sucrose, glucose, 
galactose and lactose. Those of Money and Bom (1951) were limited to sucrose, 
levulose, invert sugar, glucose, and a 
mixture of invert sugar and sucrose. There were no data available in the liter
ature on the mixtures of lactose with glucose and sucrose at lower and higher 
concentrations of these sugars at room 
temperature (80° F); hence the present study analyzed the influence of sucrose and glucose on the vapor pressure of 
lactose solutions. Sucrose, lactose, and 
glucose were selected to represent different chemical types of sugars with vary
ing degree of solubility.

EXPERIMENTAL
R E L A T IV E  v a p o r  p re s s u re  c a n  b e  d e te r 
m in e d  d ire c t ly  w ith  a p p a r a tu s  d e v e lo p e d  b y  
G ro v e r  (1940) in  R e s e a rc h  A s s o c ia tio n ’s 
L a b o ra to ry  o r  b y  th e  m e th o d  o f  L a n d r o c k

a n d  P ro c to r  (1 9 5 1 ). A lte rn a t iv e ly , v a p o r  p r e s 
s u re  c a n  b e  c a lc u la te d  b y  th e  fo rm u la  o f 
M o n e y  a n d  B o rn  (1 9 51 ) o r  b y  G ro v e r ’s (1947) 
m e th o d . H o w e v e r, in  th is  s tu d y , a ll d a ta  a r e  
e x p re s se d  in  te rm s  o f  lo ss  o f  w a te r  w ith  t im e  
fo r  la c to s e  s o lu tio n , s u c ro se  s o lu tio n , g lu co se  
s o lu tio n , m ix tu re s  o f  th e s e  s u g a rs  in  s o lu tio n  
a t  d i f f e r e n t  c o n c e n t ra t io n s , a n d  d is t il le d  
w a te r  u n d e r  id e n tic a l  c o n d itio n s .

W a te r  lo ss  f ro m  s u c ro se , la c to s e , g lu co se , 
a n d  m ix tu re s  o f th e s e  s o lu tio n s  w ere  d e te r 
m in e d  w ith  a  M o jo n n ie r  m ilk  te s te r ,  m o d e l D , 
w h ich  is o p e ra te d  e le c tr ic a l ly , h a s  th e r m o 
s ta t ic  c o n tro l o f  o v e n s , a n d  in c lu d e s  a c c e ss o 
r ie s  fo r h e a tin g , co o lin g , a n d  v a c u u m  c o n tro l. 
A  27 in . v a c u u m  a t  80° F  w as  u s e d  th ro u g h o u t 
th e  e x p e r im e n t.

Fig. I— Vapor pressure of lactose, sucrose, and 
a mixture of lactose-sucrose having 40%  total

T h e  U .S .P .  r e g u la r  g ra d e  « - la c to s e  
h y d r a te ,  g lu co se , a n d  s u c ro s e  u s e d  w e re  p r o 
v id e d  b y  c o m m e rc ia l  s o u rc e s . T h e  d e s ire d  
a m o u n t  o f  s u g a r s  a n d  d is t i l le d  w a te r  w ere  
w e ig h ed  d ire c t ly  in to  a  f la s k  o n  a n  a n a ly t ic a l  
b a la n c e  to  m a k e  lOOg o f  s o lu tio n . T h u s ,  c o n 
c e n t r a t io n  o f  la c to s e , s u c ro se , g lu co se  a n d  
m ix tu re s  o f  th e s e  s u g a rs  w e re  p r e p a r e d  as  
sh o w n  in  F ig u re s  1 to  4 . T h e  s o lu tio n s  w ere  
h e a te d  in  a  w a te r  b a th  to  6 0 -7 5 °  C , u n t i l  th e  
su g a rs  d isso lv e d , in  a  c lo s e d  f la s k . R e a c h in g  
a - la c to s e  a n d  0 - la c to se  e q u i l ib r iu m  re q u ir e d  
lo n g  p e r io d s  o f  co o lin g  a t  ro o m  te m p e r a tu r e .  
T o ta l  so lid s  o f  th e  s u g a r  s o lu tio n s  w e re  m e a 
s u re d  a t  68° F  u s in g  a n  A b b e  r e f ra c to m e te r ,  
w h ich  w as  m u c h  s im p le r , b u t  w h ic h  g av e  
re s u lts  c o m p a ra b le  to  p o la r im e tr ic  o r  d ry in g  
m e th o d s .

S a m p le s  f ro m  a b o v e  p r e p a r e d  s u g a rs  s o lu 
tio n s  w e re  w e ig h ed  in to  f la t - b o t to m e d , a lu m i 
n u m  d is h e s  3 in . d ia  a n d  1 in . h ig h . T h e

Fig. 2 —Rate of water loss from solutions of 
lactose, sucrose and a mixture of lactose-sucrose 
having 40, SO and 60%  total solids at 80°F and 
in 27 in. vacuum.

’C u rre n t add ress: N o rth  A m erican  L ab ., Inc ., 
Ind ianapo lis , In d ian a .

solids of 80'°F and 27 in. vacuum.
Gram- Gram- Gram-

Gram- Gram- Gram- Curve sucrose lactose water

Curve sucrose lactose water — A —A — 10.0050 30.0050 60.0160

10.0050 30.0050 60.0160 30.0010 10.0010 60.0120

3 0.0010 10.0010 60.0120 15.0000 25.0090 60.0160

—A —A — 25.0070 15.0060 60.0102 —0 —0 — 25.0070 15.0060 60.0102
—o —o — 20.0050 20.0050 60.0000 — A — A  — 40.0020 10.0010 50.0220

40.0080 _ 60.0090 —0 —0 — 40.0070 20.0040 39.9980

— A  — A— 
— 0 — 0 — Distilled

Water

40.0050 60.0030 1 
1 

■ •1 
1 

■ •1 
1

60.0000
Distilled

Water

40.0030
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a m o u n t  o f  w a te r  p e r  s a m p le  w as  c o n s ta n t;  
th e re fo re , s a m p le  s ize  v a r i e d  w ith  m o is tu re  
c o n te n t . H e n c e , fo r  e x a m p le , to  h a v e  3g to ta l  
w a te r  i t  is  e s s e n t ia l  to  t a k e  5g  o f  s a m p le  h a v 
in g  4 0%  to ta l  s o lid s  o r  7 .5 g  o f  s a m p le  h a v in g  
60%  to ta l  so lid s . A ll w e ig h ed  s a m p le s  w ere  
t r a n s f e r r e d  to  a  v a c u u m  o v en  a t  80° F  a n d  27 
in . v a c u u m ; th e  in i t ia l  t im e  w as  n o te d  fro m  
th is  p o in t .  T h e  w e ig h ts  o f  a lu m in u m  d ish e s  
w ith  s a m p le s  w e re  t a k e n  a t  r e g u la r  h o u r ly  
in te rv a ls  fo r  a t  le a s t  10  h r . A n y  te n d e n c y  
to w a rd  c ry s ta l l iz a t io n  d u r in g  th e  p ro c e s s  w as  
a lso  o b s e rv e d .

RESULTS & DISCUSSION
FIGURES 1 to 4 show the rate of mois
ture loss from the various sugars solu
tions. The amount of water loss in a

regular interval is given in terms of the 
available water originally present in a 
sample. Figure 1 shows the rate of water 
loss from lactose, sucrose, and a mixture 
of lactose-sucrose solutions having 40% total solids at 80° F temperature and 27 
in. vacuum, whereas, Figure 2 shows the 
rate of water loss from lactose, sucrose, 
and a mixture of lactose-sucrose solutions having 40%, 50%, and 60% total 
solids under identical condition. Similar
ly, Figure 3 shows the rate of water loss 
from lactose, sucrose, glucose, and mix
tures of glucose-lactose, and glucose- sucrose solutions having 40% total solids 
at 80° F temperature and 27 in. vacuum, 
whereas, Figure 4 shows the rate of

water loss from lactose, sucrose, glucose, 
and mixtures of glucose-sucrose and 
glucose-lactose solutions having 40% and 
60% total solids under identical condi
tions.Whittier and Gould (1930) found that 
the vapor pressure of saturated solutions 
of sugars at 25° C increased in the order 
of sucrose, glucose, galactose, and lac
tose; hence lactose solutions were less 
likely to adsorb moisture. Money and Bom (1951) reported an empirical for
mula relating the equilibrium humidity 
value with the molar concentration of 
sucrose, levulose, invert sugar, glucose 
and mixtures of sucrose-invert sugar. 
Grover (1947) observed wide variation in

Fig. 3—Kate of water loss from solutions of lactose, sucrose, glucose and 
mixtures of glucose-lactose and glucose-sucrose having 40%  total solids 
at 80°F and 27 in. vacuum.

Curve
Gram-
glucose

Gram-
sucrose

Gram-
lactose

Gram-
water

— A — A — 40.0020 — — 60.0073
— 4 0.0000 — 60.0000

—0 —0 — — — 4 0 .00 00 60.0000
—0 —0 — 20.0035 20.0010 — 60.0734
— A — A — 20.0020 — 20.0014 60.0203
— • — • — 10.0020 30.0000 — 60.0000

10.0010 — 30.0030 60.0170
— A --- A ---- 30.0040 70.0030 — 60.0030

30.0005 — 10.0005 60.0050
Distilled

Water

Fig. 4 —Rate of water loss from solutions of lactose, sucrose, glucose and 
mixtures of glucose-sucrose and glucose-lactose having 40%  and 60%  
total solids at 80°F and 27 in. vacuum.
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vapor pressure between different classes 
of confectioneries. The present study (Fig. 1 to 4) for sucrose, lactose, glucose 
and mixtures of these sugars in solutions 
at various concentrations indicates that:

(1) Rate of water loss from individual sugar solutions and pure water was in 
ascending order of sucrose solution, lac
tose solution, glucose solution and pure water.

(2) As the percentage of total solids increased, the rate of water loss decreased.
(3) In mixtures of sucrose-lactose, 

glucose-lactose and glucose-sucrose with 
the same total solids, the rate of moisture loss varied only slightly.

(4) As the relative proportion of lac
tose or glucose increased in mixtures of 
sugars, the rate of water loss increased.

(5) Rate of water loss was higher in 
mixtures of lactose with other sugars and lower in mixtures of sucrose with other sugar.

(6) After crystallization of lactose, the 
rate of water loss increased temporarily and then decreased.

Lactose is naturally present in most 
milk products, while sucrose is added for 
sweetness or preservation purposes. In 
some foods, sucrose and lactose are 
essentially supersaturated, and only 
their high viscosity prevents crystalliza
tion. In this way, once a surface film of 
moisture has been absorbed, crystalliza
tion can proceed and the product is said 
to have “grained.” A consequence of graining is an increase in relative vapor 
pressure. Similarly, in some foods, a 
solution of lactose in equilibrium with 
solid lactose at storage temperature contains a-lactose and -lactose in the 
equilibrium ratio with the solution satu
rated with alpha but unsaturated with 
respect to beta. If water is evaporated from such a solution, «-lactose will 
commence to crystallize, and this pro
cess will continue until the solution is no 
longer supersaturated with «-lactose. 
The separation of « -lactose upsets the 
alpha-beta equilibrium, and the net change of beta to alpha continues until the normal ratio is attained again. The 
formation of «-lactose in this process

increases the amount of alpha lactose 
that must crystallize before solubility 
equilibrium is reached. These factors 
continue to interplay until both types of 
equilibria are attained simultaneously 
(Whittier and Gould, 1930).
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BOUND WATER IN FRUIT PRODUCTS BY THE FREEZING METHOD

SUMMARY—An insulated heat-sink containing Freon-12® (N.B.P. -  21.6°F) provides a reproducible 
system for measurement of thermal properties of fruit products. The difference in time required to 
remove the latent heat of fusion of the "eutectic" mixture in comparison with distilled water 
measures the "bound" water. The 34-37%  "bound" water in papaya (var. solo) pulp is unaffected 
by varying pH in the range 3.0-6.0. Less than 10% water is bound in guava, passion fruit and 
pineapple juice products with up to 35%  sucrose added. Thermal conductivity of the solid phase 
"eutectic" mixture in the 5 -50%  soluble solids range fits the regression Y = ABX, Y = (3.69) (0.96)1 
where x = percent total soluble solids (T5S) and Y = thermal conductivity (cal X  103/(cm2) (sec) 
(°C/cm) ). The relationship of freezing point to T5S values as 1.10 +  0.64 (T55) in the test system 
is significant (p < 0.01) in the range 5 -50%  T5S. The time for fusion (Bw) of sucrose/water in the 
range 5 -50%  TSS fits the regression: log dw = [ 0 .8 3 2 5 ) (-0 .0 1 6 5 ) (TS5) or f)w = (0.984) 
(0.164)tss sec. Addition of solutes such as sucrose will inhibit gelation without affecting "bound" 
water values. Pectin gel structures apparently are dependent on secondary bonding and indepen
dent of "bound" water per se.

INTRODUCTION
IN PAPAYA, as in many fruits, texture 
of the intact fruit, referred to as firmness, depends on the water-structural relationships such as the selectivity of 
cell membranes for solutes and upon in- termolecular water binding. Pectins nor
mally present in fruits immobilize water 
in complex gel structures. Changes in 
pectins through action of pectinesterase or through changing concentrations of 
solutes can modify the structural rela
tionships of water and thus the texture of pectin gels.

Behavior of intermolecular water can 
provide further insight into the structur
al stability of moisture in whole fruit and in fruit products. A portion of the 
water which forms intermolecular bonds with pectins and other structural ele
ments behaves as ice over a wide range 
of temperatures. This water having a 
close affinity to structural elements and 
which remains essentially unfrozen until temperatures are below -20°C  is de
fined by Kuprianoff (1960) as “bound” water. The remaining “free” water, 
which may be relatively mobile within the structure of the gel, behaves as ordinary water acting as a solvent for so
lutes and freezing with removal of the latent heat of fusion at or near normal 
temperatures for ice formation. Studies of the responses of fruit gels to various treatments or storage conditions require 
a simple reproducible technique for estimation of the relative proportions of “bound” and “free” water.Calorimetric or dilatometric methods 
measure the “bound” water indirectly by determining the heat lost by a prod
uct in cooling to less than 0°F (-18°C ). 
Using these techniques Mannheim et al.(1957) found that water in bread is not

completely frozen until below -70°F; Wedemeyer and Dollar (1964) deter
mined the relative importance of 
“bound” water in free radical reactions 
induced by exposure of model systems to ionizing radiation using the calorimetric technique.

The objective of the present study 
was to determine the proportion of 
“bound” water in fruit products and 
interactions of natural colloids with 
added solutes. Measurement of freezing rates and time for removal of heat of 
fusion under reproducible conditions 
was chosen as the method for objective 
measurement of relative proportions of “free” and “bound” water in hydrocolloid systems.

MATERIALS & METHODS
Sam ple preparation

F u l ly  r ip e n e d  w h o le  p a p a y a s  w e re  c u t  in to  
q u a r te r s  a n d  seed s  a n d  e x tr a n e o u s  m a te r ia l s  
re m o v e d . F le sh  w a s  re m o v e d  fro m  th e  sk in , 
d ic e d  in to  c o n v e n ie n t  s iz e d  p iec e s  a n d  b le n d e d  
fo r  2 m in . A ll p u lp  s a m p le s  w e re  f re s h ly  p r e 
p a re d  fo r  e a c h  se rie s .

T h e  m o d e l s y s te m  w a s  p re p a r e d  b y  d is 
s o lv in g  0 .8 %  c i t r u s  p e c t in  (a  lo w  m e th o x y l 
p e c t in ,  M a th e s o n , C o le m a n  & B e l l) ,  8%  g lu 
co se  (d e x tro s e , a n h y d ro u s ,  U S P , M e rc k )  in
0 .1 5 %  (w /w )  c i tr ic  a c id  (a n y d ro u s , re a g e n t) .  
p H  w a s  a d ju s te d  a s  re q u ir e d  b y  a d d in g  e i th e r  
H C 1 o r  N a O H . A d d it iv e s  s u c h  a s  g u m  T ra g a -  
c a n th  (U S P  T y p e  L , M e e r  C o rp .)  a n d  s y n 
th e t ic  s ilic a  (m ic ro n -s iz e d , S y lo id  224 , W . R . 
G ra c e )  w e re  a d d e d  t o  th e  m o d e l s y s te m  o f 
p e c tin -g lu c o s e -c itr ic  a c id  t o  s tu d y  th e  in te r 
a c t io n  b e tw e e n  v a r io u s  h y d ro c o llo id s . A ll th e  
s a m p le s  in  th e  m o d e l s y s te m  w ere  a lso  b le n d e d  
fo r  2 m in .

G u a v a , p a s s io n  f r u i t  a n d  p in e a p p le  w e re  
c h o p p e d  a n d  p a s se d  th r o u g h  a  p u lp e r  f i t te d  
w ith  a  0 .0 33  in . s c re e n  a n d  a  f in is h e r  w i th  a
0 .0 2 0  in . s c re en . T h e  r e s u l t a n t  f r u i t  p ro d u c t  
w a s  p a s te u r iz e d  (1 9 0 -2 0 0 ° F , 1 m in )  a n d  f r o 

zen  a t  0 ° F  in  N o . 2  (307  x  4 09 ) o r  N o . 10 
(603 x  700) c a n s . T h e  ju ic e  p r o d u c t  w a s  
th a w e d  w h e n  n e e d e d .
E xperim ental m ethod

F re e z in g  c u rv e s  fo r  th e  m ix tu re s  w e re  d e 
te rm in e d  b y  im m e rs in g  a  s a m p le  c o n ta in e r  in  
liq u id  F re o n -12® (D u  P o n t  d ic h lo ro d if lu o ro -  
m e th a n e ,  N .B .P .  - 2 1 .6 ° F )  c o n ta in e d  in  a  
w id e -m o u th  (7 -in . d ia m e te r )  D e w a r  f la s k . T h i s  
s y s te m  p ro v id e s  fo r  a  re p ro d u c ib le  r a t e  o f  h e a t  
re m o v a l . A  150g  s a m p le  in  a  6 -o z c a n  (2 0 2  x  
314  s ize  o r  5 .0 8  cm  x  8 .2 5  cm ) w a s  f i t t e d  w ith  
a  c o p p e r -c o n s ta n ta n  th e rm o c o u p le  p ro b e  lo 
c a te d  a t  g e o m e tr ic  c e n te r  o f th e  l iq u id  v o lu m e . 
T h e  th e rm o c o u p le  w a s  c o n n e c te d  t o  a n  e le c 
tro n ic , a u to m a t ic  c o ld - ju n c t io n  c o m p e n s a tin g ,
6 -p o in t  H o n e y w e ll re c o rd e r , c a l ib r a te d  a t  
- 2 1 .6 ° F  w i th  F re o n -1 2  a n d  a t  3 2 ° F  w i th  a n  
ic e - w a te r  m ix tu re .  T h e  c a n , c o v e re d  w ith  
a lu m in u m  fo il, w a s  lo w e re d  in to  th e  D e w a r  
fla s k  u n t i l  1 /2  in . w a s  ex p o s e d  a b o v e  th e  
F re o n -1 2  lev e l. C o o lin g  a n d  fre e z in g  w a s  m o n 
ito r e d  u n t i l  t h e  s a m p le  te m p e r a tu r e  w a s  le ss  
t h a n  - 1 0 ° F .
C alculation o f “bound” w a ter

T h e  e la p se d  t im e  fo r  p h a s e  c h a n g e  d e p e n d s  
o n  l a t e n t  h e a t  o f fu s io n  o f  th e  “ e u te c t i c ”  m ix 
tu r e  a d ja c e n t  to  th e  th e r m o c o u p le ,  th e r m a l  
c o n d u c t iv i ty  o f th e  c o n c e n tr ic  f ro z e n  p o r t io n ,  
th e  th e r m a l  g r a d ie n t  in  th e  s y s te m  a n d  h e a t  
re m o v a l fro m  th e  c o n ta in e r  s u rfa c e . T h e  t im e  
to  c o m p le te  th e  p h a s e  c h a n g e  is  in  th e  ra n g e  
1 0 -1 5  m in  w h ic h  fo r  a n y  g iv e n  s a m p le  m ix tu r e  
is  r e p ro d u c ib le  to  ± 0 .0 5 ° F .

T h e  th e r m a l  c o n d u c t iv i ty  o f  th e  s o lid  
p h a s e  o f r e p r e s e n ta t iv e  f r u i t - s u g a r  m ix tu re s  
is  d e te rm in e d  fro m  th e  p o s t- f re e z in g  r a t e  o f 
te m p e r a tu r e  c h a n g e  a s s u m in g  v a lu e s  fo r  s p e 
cific  h e a t  fo r  s o lu b le  so lid s  (0 .3 ) a n d  ice  (0 .4 9 ). 
T h e rm a l  c o n d u c t iv i ty  (k ) v a lu e s  o f f ro z e n  
m ix tu re s  w e re  d e te rm in e d  fo r  s o lu b le  so lid s  
v a lu e s  in  th e  ra n g e  5 -5 0 %  ( w /v )  o n  th e  b a s is  
o f  th e  e q u a t io n  (C h a r m , 1 963):

T h e r m a l  c o n d u c t iv i ty  k  = k«,,= 0.398 PCp
~  [ ( 1 / r 2) +  (0 .4 2 7 /h 2)] f
= 2 .9 09 3  (p  C p / f )  c a l / ( c m 2) (sec) ( ° C /c m )

w h e re
p  = d e n s i ty  g /c m 3
C p  = sp e c if ic  h e a t  =  [0 .3  (T s s )  +  0 .4 9  (100- 

T S S )]  .01
T S S  = to ta l  so lu b le  so lid s  in  g / 100 m l 
r  = ra d iu s  o f c o n ta in e r  =  2 .5 4  cm  
h  = h a lf -h e ig h t  o f c o n ta in e r  (c o in c id e s  

w ith  th e rm o c o u p le  ju n c t io n )  = 4 .1 2  c m  
f  = th e  t im e  in  se c o n d s  fo r  lo g  [ (T m  -  T )  /  

(T „  -  T 0)[ t o  c h a n g e  o n e  lo g  c y c le  
T m  = te m p e r a tu r e  o f c o o lin g  m e d iu m  -  

(F re o n -1 2  =  - 3 0 .1 ° C )
T  =  te m p e r a tu r e  o f th e  s o lid  p h a s e  (° C )  a t  

t im e  o f m e a s u re m e n t
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T „ = in i t ia l  t e m p e r a tu r e  ( ° C )  o f s o lid  p h a s e
T h e  fo llo w in g  e x p re s s io n s  su m m a r iz e  th e  

v a r io u s  re la t io n s h ip s  o f o b s e rv e d  v a lu e s  to  
to t a l  s o lu b le  so lid  v a lu e s .

1. p =  0 .9901  +  0 .0 0 4 7 5  (T S S )
2. C p  =  [0 .3  (T S S ) +  0 .4 9  (1 0 0  -  (T S S )]

.01
3. lo g  f  = 2 .4 57 7  +  0 .0 1 6 6  (T S S )
4. lo g k „ .  = ( - 2 .4 3 3 4 )  +  ( - 0 .0 1 6 7 )  (T S S ) 

(o r) k„, = (3 .6 9  x  1 0 ~ 3) (0 .9 6 )™ '
5. F re e z in g  p o in t  = 1 .10  +  0 .1 6 4  (T S S )

°C
6. T im e  fo r  fu s io n  ( s u c ro s e /w a te r )  (#„) sec 

lo g # »  = ( - 0 .8 3 2 5 )  +  ( - 0 .0 1 6 5 )  (T S S )
T h e  re g re ss io n  (Y  = A ET) o f th e  th e r m a l  co n 
d u c t iv i ty  f i t te d  b y  th e  m e th o d  o f le a s t  s q u a re s  
is  k  =  (3 .6 9 ) (0 .9 6 )TSS w h e re  k  = th e r m a l  c o n 
d u c t iv i ty  (ca l x  1 0 ~ 3/ ( c m 2) (sec) ( ° C / c m ) ). 
T h e  c o r r e la t io n  c o e ff ic ie n t ( r  =  0 .9 5 ) is  h ig h ly  
s ig n if ic a n t  (p  <  .0 1 ). S ta n d a r d  e r r o r  o f th e  
e s t im a te  is  1 .25  x  10 3 c a l / ( c m 2) (sec) ( ° C /  
c m ).

“ B o u n d ”  w a te r  w a s  d e te rm in e d  fo r  th e  
s a m p le  b y  c o m p a r iso n  w i th  v a lu e s  o b ta in e d  
fo r  d is t il le d  w a t e r  u s in g  th e  s a m e  s y s te m .

T h e  c a lc u la t io n  is  b a s e d  o n  th e  N a g a o k a  
e t  a l. (1955) m o d if ic a t io n  o f th e  P la n k  fo rm u 
la . “ B o u n d ”  w a te r  is  a s s u m e d  to  e x h ib i t  th e  
s a m e  th e r m a l  c o n d u c t iv i ty  a n d  sp e c if ic  h e a t  
a s  ice . F u s io n  t im e  (#) is  th e  e la p s e d  t im e  fo r 
p h a s e  c h a n g e  a s  d e te rm in e d  b y  t h e  in te r c e p ts  
o f th e  co o lin g  c u rv e s  fo r  l iq u id  a n d  so lid  
p h a se s  w ith  th e  p o r t io n  o f  th e  fre e z in g  c u rv e  
r e p re s e n tin g  re m o v a l o f  th e  h e a t  o f  fu s io n  o f 
th e  “ e u te c t ic ”  m ix tu re .

T h e  p ro p o r t io n  o f  “ b o u n d ”  w a te r  to  to ta l  
m o is tu re  is  c a lc u la te d  a c c o rd in g  t o  th e  e x 
p re ss io n :

W #„ k „ , = (W  -  B ) #,„ k,„
B  = (W #,„ k,„ -  W #„ k » „ )/(# „  k,„) 

B /W  = 1 -  (#„ k „ ./# „  k,„)

W h e re  W  = m a s s  o f f ree  w a te r ;  B  = m a s s  
o f  “ b o u n d ”  w a te r ;  #„ = fu s io n  t im e  o f w a te r ;  
#„ = fu s io n  t im e  fo r  “ e u te c t ic ” ; k „ . =  th e r m a l  
c o n d u c t iv i ty  o f ice  in  th e  te m p e r a tu r e  ra n g e  
fo r  p h a s e  c h a n g e  o f th e  “ e u te c t ic ”  m ix tu re ;  
a n d  k,„ = th e r m a l  c o n d u c t iv i ty  o f  “ e u te c t ic ”  
m ix tu re  a s  d e te rm in e d  fro m  th e  re g re s s io n  
e q u a tio n .

RESULTS & DISCUSSION
THE SOLUBLE solids content of fruits 
and vegetables is normally less than 
20%. These products maintain firmness for reasonable post harvest periods at 
lower temperatures when evaporation is 
restricted. Cellular integrity is appar
ently an important factor in this firmness and once injured the fruit undergoes rapid softening. Pulping of papaya 
results in rapid gelation. This gelation is 
inhibited by increasing the soluble solids 
by addition of 13% sucrose (Chang et al.1965). Reduced pH and addition of di
valent ions will enhance gelation in pec
tin gels.The present study has demonstrated 
that water is bound by fruit products and pectin gels in the range 3-48% (Ta
bles 1, 2 and 3). The water bound by fruit nectar and juice products, with the 
exception of papaya, is less than 10%

Table  7— A p p a ren t "b o u n d "  w ater o f  tro p ica l fruit products

F r u i t

J u ic e
b a s e

%

S u c ro se
a d d e d

%

S o lu b le
so lid s

%

“ E u t e c t i c ”
zo n e

o p

“ B o u n d ”
w a te r

%
G u a v a 100 — 7 3 1 -2 6 5

80 20 25 2 7 -2 2 5
60 40 44 2 2 -1 8 5

P a s s io n  f r u i t 100 — 17 2 8 -2 3 3
90 10 26 2 6 -2 1 4
65 35 47 1 5 -1 3 4

P in e a p p le 100 — 12.5 2 7 -2 4 7
85 15 26 2 6 -2 3 7
65 35 43 1 9 -1 6 6

Table 2 — A p p a ren t "b o u n d " w ater fruit prod-

ucts e ffects o f  pH

M o d e l
P e c t in /G lu c o s e /  
0 .8 %  8%  

C it r ic  A c id P a p a y a
0 .1 5 % P u re e

P e r c e n t  “ B o u n d ”  W a te r “ B o u n d ”
C a C l2 a d d e d w a te r

p H N o n e  0 .0 4 % %
3 .0 42 58 —

4 .0 29 49 34
5 .0 18 47 37
6 .0 5 9 35

and unaffected by added sucrose solids 
(Table 1).Papaya pulp is unique in that water 
binding is 34-37% and is not affected significantly by varying pH in the range
3.0-6.0 (Table 2). The water bound by a 
pectin, sucrose, citric acid model in
creases as the pH decreases (Table 2). 
The pectin model does not gel until the 
pH is 5.0 or less.While addition of CaCL (0.04%) to 
the pectin model system increases the 
water binding to that observed for papaya, there is no significant change in the pH effect on gelation. This observation 
suggests that formation of a gel struc
ture apparently is independent of 
“bound” water.Gum tragacanth actively binds water 
and the binding activity is related to 
concentration in the range 0.2-0.8% gum without forming a gel (Table 3). Papaya pulp and pectin form gels which 
bind nearly 50% of the total water in the 
system. Addition of gums to papaya and pectin gels does not affect the total amount of “bound” water, but weakens 
or completely inhibits gel formation.The data indicate that water binding 
activity of solutes or sols generally do 
not relate directly to gel formation. Addition of sucrose or hydrocolloids does 
not affect “bound” water values as measured by the freezing method but com
petes for space in the “free” water 
volume. This gel weakening effect of

Table 3 -—Effects o f  gum tragacanth on appar-

rent "boun d ' ' w ater in fruit p roducts

“ B o u n d  w a te r  (P e rc e n t )
A d d e d
g um * O n ly M o d e l P a p a y a

% g u m * s y s te m * * p u re e
0 — 0 34
0 .2 17 13 36
0 .4 30 17 36
0 .6 39 19 39
0 .8 48 24 41

*Gum trag acan th .
**P ectin , 0 .8 % /G lucose, 8 % /C itric  ac id , 0.15% .

increasing solute concentrations or addition of hydrocolloids suggests that the 
secondary structure within the “free” 
water volume is the primary force responsible for increased viscosity gels.

These secondary bonds essential to 
gel structure presumably forming within the “free” water volume in pectin sys
tems are not measured by the freezing 
method. Measurement of “bound” wa
ter by the freezing method provides an 
easy, rapid and objective measure of the 
“free” water volume aiding in the improvement of techniques for controlled 
formation and analysis of gels.
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HISTOLOGICAL AND PHYSICAL CHANGES IN CARROTS AS 
AFFECTED BY BLANCHING, COOKING, FREEZING, 

FREEZE DRYING AND COMPRESSION

SUMMARY— The effect of processing variables on the cell structure and physical characteristics of 
carrots were determined. The phloem portion of fresh carrots was subjected to one of the following 
treatments: blanching; cooking for 10 min; freezing at 0°F, — 30°F or — 320°F; freeze drying, com
pressing after freeze drying at approximately 1500 psi. Carrots at each treatment were tested for: 
(1) texture by means of the Allo-Kramer Shear Press; (2) water holding capacity by centrifuging at 
500, 1000, 1500, 2000 and 2500 rpm; (3) histological changes by microscope observation of the 
tissue structure. Results indicate that among all treatments, freezing temperature is the most critical 
factor affecting the cell structure of the carrots. Freezing at 0°F or —30°F results in considerable 
disruption of the cellular structure, whereas it was minimal at —320° F. Carrots frozen at —320°F 
showed firmer texture as well as higher water holding capacity than the rest. Significant correlation 
coefficient was established between the shear press values and percent weight loss measured by 
centrifugation. This suggests that the latter may be used as an objective test for measuring textural 
changes in processed carrots and perhaps other foods.

INTRODUCTION
FREEZE-DRIED vegetables, due to 
their porous structure, rehydrate at a faster rate than the air-dried ones. 
However, due to blanching and freezing 
prior to freeze drying, their texture after 
rehydration as measured by mechanical 
means is adversely affected. Therefore, 
rehydrated products possess less firm 
texture than their fresh counterparts. 
The physical properties that reflect the 
turgidity depend largely upon the struc
tural arrangement and chemical compo
sition of the cell walls. Two theories exist regarding the physical effect of cooking 
on the structure of cell walls in plant 
tissues. The claim is made that the sof
tening of tissues is due primarily to the easy separation of the cell walls and, 
secondarily, to the loss of rigidity in the 
individual cell walls (Sterling, 1955). Since the intercellular cement is generally conceded to be composed in most 
part of pectic substances (Anderson, 1935; Bonner, 1936; Jolyn and Phaff, 
1947), any agent or process which breaks down those substances can obviously bring about cell separation. Kertesz 
(1951) indicated that heat can cause the breakdown of pectic substances. Sterling and Bettelheim (1955) demonstrated the 
separation of intact cells in cooked pota
toes. This was confirmed by Reeve and Leinbach (1953) in their studies on apples. However, commercially freeze- 
dried foods are not only heat treated (blanched) but also frozen at tempera
tures ranging from 0 to — 30° F before 
they are dehydrated. This indicates that 
further changes to the cells due to freezing may be expected. These changes 
most often manifest themselves as the loss of characteristic texture, a cracking 
of the brittle frozen food, and drippage

of cell constituents. The source of damage to frozen fruits and other plant tis
sues is not clear. The rate of freezing is 
recognized as a critical factor in tissue 
damage. Under conventional conditions the slow freezing of fruit and other mul
ticellular structures is often harmful 
(Fennema and Powrie, 1964).

Very little work has been done on the 
effect of compression on the physical 
characteristics and cell structure of 
plant products. Rahman et al. (1969) 
indicated that freeze-dried spinach, carrots, and green beans compressed 
under 500-2000 psi show no significant 
difference from their uncompressed 
counterpart upon rehydration.

METHODS & MATERIALS
F R E S H  m a tu r e  c a r r o ts  o f  th e  I m p e r a to r  
v a r ie ty  w ere  w a s h e d  a n d  p e e le d . T h e y  w ere  
th e n  d e c o r t ic a te d  to  s e p a r a te  th e  x y le m  tis s u e  
fro m  th e  p h lo e m  p o r t io n  w h ic h  w as  u se d  in  
th e s e  s tu d ie s . T h e  p h lo e m  p o r t io n  w as  d ic e d  
to  3 /8  X  3 /8  X  1 /8  in . T h e  d ic e d  c a r r o ts  
w e re  d iv id e d  in to  8 lo ts . E a c h  lo t re c e iv e d  
o n ly  o n e  o f  th e  fo llow in g  t r e a tm e n ts ,  a n d  a ll 
t r e a tm e n ts  w ere  r e p l ic a te d :
1. R a w  (n o  t r e a tm e n t )
2. B la n c h e d  3 m in  in  b o ilin g  w a te r
3. C o o k ed  10 m in  in  b o ilin g  w a te r
4 . F ro z e n  a t  0 °F
5. F ro z e n  a t  - 3 0 ° F  (b la s t  freez in g )
6 . F ro z e n  a t  — 3 2 0 °F  ( l iq u id  n i tro g e n  im m e r 

s io n ) fo r c o m p a r is o n
7. F ro z e n  a t  0 ° F , — 30° F  o r  — 3 2 0 °F  a n d  th e n  

free ze  d r ie d  a t  p la te n  te m p e r a tu r e  o f  120° F  
to  a  f in a l m o is tu re  c o n te n t  o f  le ss  t h a n  2% .

8 . F re e z e  d r ie d  a s  a b o v e  a n d  th e n  c o m 
p re s s e d  b y  s u b je c tin g  to  liv e  s te a m  fo r 5 
m in , c o m p re s s in g  a p p ro x im a te ly  10(g) 
o f  c a r r o ts  in to  b a r s  a p p ro x im a te ly  3 X 1  
X 1 /2  in  a n d  th e n  r e d r ie d  to  a p p ro x i
m a te ly  2%  m o is tu re .
T h e  c a r r o ts  w e re  p re p a r e d  fo r  te s t in g  as  

fo llow s: th e  fro z en  c a r r o ts  w e re  th a w e d  a n d

Fig. 1—Diagram of a centrifuge cup fitted with 
perforated inner cup for determining water 
holding capacity in carrots by means of centrifu
gation.

th e  f r e e z e -d r ie d  a n d  fre e z e -d r ie d  c o m p re s s e d  
c a r r o ts  w e re  r e h y d r a te d  b y  b o ilin g  in  w a te r  
fo r  1 m in , s o a k in g  fo r  a n o th e r  m in u te  a n d  
th e n  d ra in in g  fo r 3 m in .
W ater holding capacity

W H C  w as m e a s u re d  b y  p la c in g  th e  c a r 
ro t  d ice  in  a  s m a ll  c o n ic a l s h a p e  s c re e n , t h a t  
f i ts  sn u g ly  in s id e  a  c e n tr i fu g e  c u p  (F ig . 1), 
a n d  th e n  c e n tr i fu g in g  fo r 10 m in  a t  5 0 0 , 1000, 
1500, 2 0 0 0  a n d  2500  rp m  re s p e c tiv e ly . T h e  
l iq u id  e x tr a c te d  fro m  th e  c a r r o ts  in to  th e  
c e n tr i fu g e  c u p  w as  w e ig h ed  a n d  th e  w e ig h t 
loss o f  th e  c a r r o t  c a lc u la te d .
T exture

T e x tu re  w as  m e a s u re d  b y  th e  A llo -K ra m e r  
S h e a r  P re s s  u s in g  th e  5 0 0 0 -p o u n d  r in g  w ith  
30  sec  d o w n s tro k e .
H istological stu d ies

C a r ro t  d ic e  w e re  f ix e d  in  F A A  ( F o rm a l in -  
A ce tic  a c id -A lc o h o l)  a n d  th e n  d e h y d r a te d  
w ith  a  s e r ie s  o f  s o lu tio n s  o f  e th a n o l a n d  
b u ta n o l .  T h e y  w e re  th e n  e m b e d d e d  in  p a r a f 
f in , c u t  to  1 0 -1 2  m ic ro n  r ib b o n s , m o u n te d  on  
s lid e s , a n d  s ta in e d  w ith  H e m a to x y lin  a n d  
S a f ra n in .  S e v e ra l s lid e s  fo r  e a c h  t r e a tm e n t  
w e re  p re p a r e d .  M ic ro sc o p ic  e x a m in a t io n s  
w ere  m a d e  on  th e s e  s lid e s  a n d  p h o to m ic ro 
g ra p h s  w ere  ta k e n  o n  r e p r e s e n ta t iv e  s lid e s .

RESULTS & DISCUSSION
EFFECTS of blanching, cooking, freez
ing, freeze drying and compression on the 
water holding capacity of carrots, as
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fig. 2— Weight loss in carrots as affected by 
processing variables and measured by centrifu
gation.

- 3 0 " F X-----X

CENTR IFU G E SPEED IN RPM

Fig. 3— Weight loss in carrots as affected by 
freezing temperature and determined by centri
fugation.

Fig. 4— Texture of carrots as affected by pro
cessing variables and measured by the Allo- 
Kramer shear press.

reflected by the weight loss upon centri
fugation, are shown in Figure 2.

Weight loss in carrots at 5 centrifugal speeds ranging from 500-2500 rpm 
occurred in increasing order upon the 
following treatments: (1) fresh (no treat
ment); (2) water blanching; (3) cooking 
for 10 min; (4) freezing raw carrots at
— 30° F and then thawing; (5) freeze dry
ing and then rehydrating; and (6) freeze- drying compression and then rehydrat
ing. This indicates that freezing the raw carrots resulted in a greater weight loss 
than heating alone. Upon compressing 
the freeze-dried carrots at 1500 psi and 
then rehydrating, the weight loss was 
only slightly higher than the uncom
pressed freeze-dried carrots.

Weight loss resulting from centrifuga
tion was least on carrots frozen at-  320° F, followed by freezing at 0° F 
and at -  30° F, respectively (Fig. 3). 
Therefore, freezing temperature appears 
to be the major factor affecting the 
weight loss of the carrots.The texture of raw carrots softened 
under all treatments. Degree of softening increased from blanching to cooking, to 
freezing and thawing, to freeze drying 
and rehydration. When the freeze-dried carrots were compressed under 1500 psi and then rehydrated, the texture was 
slightly softer than the uncompressed 
ones.Correlation coefficient values of 0.6,0.7, 0.8 and 0.9 of weight loss upon cen
trifugation to shear press were estab
lished for each respective centrifuge speed upon centrifugation at 500, 1000, 
1500, 2000 and 2500 rpm for fresh, 
blanched, cooked, frozen, freeze dried and compressed carrots. Carrots frozen 
at —320° F possessed firmer texture as indicated by higher shear press readings 
than the ones frozen at higher tempera-

Fig. 5—Cross sections of phloem region of carrots os affected by the following treatments: (A) fresh, 
no treatment; (B) blanched; (C) cooked for 10 min; (D) frozen at 0°F; (E) freeze dried and rehy
drated; (F) freeze dried, compressed and rehydrated. (All figures X 60)

Fig. 6— Cross section of phloem region of carrots as affected by freezing temperature: (A) frozen at 
0°F and thawed; (BJ frozen at -3 0 °F  and thawed; (C) frozen at -3 2 0 °F  and thawed. (All figures 
X 6 0 )
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Fig. 7—Cross section of phloem region of carrots as affected by freezing temperature, freeze drying 
and compression: (A) frozen at 0°F, freeze dried and rehydrated; (B) frozen at 0°F, freeze dried, 
compressed and rehydrated; (C) frozen at — 30 F, freeze dried and rehydrated; (D) frozen at —30° 
F, freeze dried, compressed and rehydrated; (E) frozen at — 320° F, freeze dried and rehydrated; (F) 
frozen at —320°F, freeze dried, compressed and rehydrated. (All figures X60)

tures regardless of the treatments (Fig.
4). This softening in texture accompa
nied by increasing centrifuging weight 
loss upon blanching, cooking, freezing, 
freeze drying and compression as compared with raw carrots, suggests definite changes in the cells.

Figure 5 shows physical changes in 
the tissue as indicated by cell separation and the disruption of cell walls during 
freezing, freeze drying and compression. 
However, no tissue disruption is apparent in blanched or cooked carrots. This suggests that physiological and chemical

rather than physical changes may have 
occurred which caused the softness of 
the tissues and weight loss upon centrifugation. Finkle (1970) suggested that 
loss in cell viability is caused by a 
breakdown in selectivity of cellular 
membranes.

Figure 6 shows that freezing temperature was a major factor in causing cell 
disruption. Carrots frozen at —320° F 
showed the least cell disruption followed by 0°F and -30°F .

Figure 7 shows that compressed 
freeze-dried carrots exhibit a slight increase in cell disruption over the 
freeze-dried ones regardless of the freez
ing temperature. Since a significant 
correlation coefficient was established 
between the shear press values and per
cent weight loss measured by centrifugation, the latter may be used as an objec
tive test for measuring textural changes in some processed foods.

REFERENCES
A nderson, D .B . 1935. T h e  s tru c tu re  o f  th e  w alls o f 

th e  h igher p lan ts . Bot. R ev. 1:52.
B onner, J .  1936. T h e  ch em is try  a n d  physio logy of 

th e  pectins. Bot. Rev. 2: 475.
F en n em a , 0 .  an d  Pow rie , W .D . 1964. F u n d a m e n ta ls  

o f lo w -tem pera tu re  food p rese rv a tio n . Adv. Fd. 
R es. 13:219.

F ink le , B .J . 1970. T h e  b io ch em is try  o f fru its  an d  
th e ir  p roduc ts: facto rs in th e  freezing p re se rv a 
tio n  of fru its . (U n p u b lish e d  rep o rt.)  U S D A , 
A R S, A lbany , C alifo rn ia .

Jo ly n , M .A . an d  P h a ff, H .J . 1947. R ecen t ad v an ces 
in  th e  c h em istry  o f  pectic  su b stan ces . W allen 
ste in  L ab . C om m unic . 10: 39.

K ertesz , Z .I. 1951. “ T h e  P ec tic  S u b s tan c es .” i n te r 
science P u b l., Inc ., New Y ork , N .Y .

R ah m an , A .R ., Schafer, G ., T ay lo r, G .R . a n d  W est- 
co tt, D .E . 1969. S tud ies on reversib le  co m p res
sion of d e h y d ra ted  vegetables. T ech . R e p o rt 70- 
36-6. F L , U S  A rm y  N a tic k  L ab o ra to ries , N a tick , 
M ass.

R eeve, R .M . a n d  L ein b ach , L .R . 1953. H istological 
investigations o f tex tu re  in  app les. 1. C om posi
tio n  a n d  influence  o f  h e a t on s tru c tu re . Food 
R esearch  18: 592.

S terling , C. 1955. E ffec t o f m o is tu re  a n d  high te m 
p e ra tu re s  on  cell w alls in  p la n t  tissues. Food 
T echnol. 20: 474.

S terling , C. and  B ette lh iem , F.A . 1955. F ac to rs  a sso 
c ia ted  w ith  po tato  tex tu re . I I I .  P h y sica l a t t r i 
b u tes  a n d  general conclusions. Food R esearch  
20: 130.

M s received 6 /2 7 /7 0 ;  revised  1 1 /4 /7 0 ; accep ted
1 1 /1 7 /7 0 .



W. J. HARPER, AMANDA CARMONA' and T. KRI5TOFFERSEN 
Department of Dairy Technology, Ohio Agricultural Rlt D Center, Columbus, Ohio

PROTEIN DEGRADATION IN CHEDDAR CHEESE SLURRIES

SUMMARY—Preferential degradation of caseins was noted in the ripening of Cheddar curd slurries, 
with the degradation generally being in the order of para-n, f i - ,  a , -caseins. The addition of reduced 
glutathione to the slurry caused an immediate release of peptides from the protein mass and de
creased the initial rate of fi-casein degradation. The peptides appeared to be preferentially utilized 
during the first 4 days of ripening; thereafter rapid degradation of fi-casein occurred. In quiescent 
slurries, a , -casein degradation exceeded that of fi-casein, whereas periodic agitation reversed 
the degradation rate of the two caseins. The rate and extent of characteristic flavor development 
appeared to be related directly to fi-casein degradation, but not to changes in concentration of 
para-K or a , -caseins.

INTRODUCTION
THE RECENTLY DEVELOPED 
cheese slurry system of Kristoffersen 
et al. (1967) provides a means for study
ing cheese ripening processes in a matter 
of days rather than in months or years. 
These workers found that Cheddar curd 
slurries developed full, characteristic 
flavor within 5-7 days when stored at 
30°C, and that the addition of gluta
thione to the slurry system resulted in a 
faster and more uniform flavor develop
ment. It was noted that when gluta
thione was added to the slurry, the rate 
of protein degradation was increased. 
The present study was conducted to de
termine the effect of starter culture, glu
tathione and the degree of agitation of 
the slurry during incubation on flavor 
development, casein hydrolysis and pep
tide formation.

EXPERIMENTAL
C urd  m a n u fa c tu rin g

T h e  C h e d d a r  ch eese  c u rd  w a s  m a n u fa c 
tu r e d  fro m  p a s te u r iz e d  G ra d e  A  q u a l i ty  m ilk  
u t il iz in g  d if f e re n t  s t a r t e r  c u ltu re s . T h e  c u rd  
w a s  m a n u fa c tu re d  b y  s ta n d a r d  m e th o d s  a n d  
h e ld  w ith o u t  p re s s in g  in  th e  s a l te d  fo rm  o v e r 
n ig h t  a t  ro o m  te m p e ra tu re .

T h e  fo llo w in g  c u l tu r e s  w e re  u se d  fo r  c u rd  
m a n u fa c tu r in g :  (a ) S tre p to c o c c u s  c re m o r is  Ci,3;
(b ) c o m m e rc ia l b u t te r m i lk  C u l tu r e  A ; a n d
(c) a  g e n e ra l p u rp o s e  ch eese  C u l tu r e  B .
C urd s lu rrie s

S lu rr ie s  w e re  p re p a r e d  fro m  2 4 -h r  o ld  c u rd  
e s s e n tia lly  b y  th e  m e th o d  o f K r is to f f e r s e n  
e t  a l . (1967) b y  b le n d in g  5 00 g  o f c u rd  w ith  
250  m l o f 5 .2 %  s te r i le  N a C l  s o lu tio n . W h e n  
u se d , g lu ta th io n e  (100  p p m ) w a s  a d d e d  a t  th e  
t im e  of s lu r ry  p r e p a r a t io n .  T h e  s lu r r ie s  w ere  
s to re d  a t  3 0 °C  fo r  7 d a y s , b e in g  s a m p le d  fo r 
f la v o r  a n d  c h e m ic a l a n a ly s e s  a t  sp e c if ied  in 
te rv a ls . F o r  a n a ly s is , 20g  o f s lu r ry  w a s  r e 
m o v e d  a s e p tic a l ly  a n d  s to re d  a t  - 2 0 ° C .  N o r 
m a lly  th e  c u rd  w a s  a g i t a t e d  fo r 2 m in  o n  a  
d a ily  b as is .

'P re se n t address: B acterio logical In s t i tu te , S a n 
tiag o , Chile.

Acetone p re p a ra tio n  o f s lu r ry  p ro te in s

T h e  c h a n g e s  in  th e  p ro te in  f r a c t io n s  o f  th e  
ch e ese  s lu r r ie s  w e re  d e te rm in e d  o n  a c e to n e -  
p o w d e r  sa m p le s . T h e  th a w e d  s lu r ry  w as  
b le n d e d  w ith  d is t i l le d  w a te r  (1 :2  v /v )  a n d  
tr a n s f e r r e d  to  a  M in i-M ill  s te e l c u p , c o n ta in 
in g  20  m l e a c h  o f  0 .0 5 M  p o ta s s iu m  p h o s p h a te  
b u t t e r  (p H  7) a n d  0 .1 %  e th y le n e d ia m in e  
te t r a - a c e t ic  a c id , a n d  m a in ta in e d  a t  4 ° C . T h e  
M in i-M ill  w a s  o p e ra te d  a t  2 2 ,5 0 0  r p m  u s in g , 
in  s e q u e n c e , a  r o t a to r  s e t t in g  o f  120 fo r 
10  m in  a n d  10 fo r  25  m in . T h e  s lu r ry  w as 
c e n tr i fu g e d  (1 0 ,0 00  rp m  fo r  10 m in )  a n d  th e  
s u p e m a te n t  f i l te re d  (W h a tm a n  N o . 1 f i l te r  
p a p e r ) .  T h e  f i l t r a t e  w a s  c o m b in e d  w i th  150 m l 
o f  a c e to n e  a n d  20g  o f d is s o lv e d  d r y  ic e , a l 
lo w ed  to  s ta n d  u n d is tu rb e d  fo r  15 m in  a n d  th e  
p ro te in  re m o v e d  b y  s u c tio n  f i l t r a t io n  ( W h a t 
m a n  N o . 42  f i l te r  p a p e r ) .  T h e  re s u l t in g  a c e 
to n e  p o w d e r  w a s  th e n  w a s h e d  s u c cess iv e ly  
w i th  a c e to n e  (50  m l) a n d  d ie th y l  e t h e r  (50  m l) . 
T ra c e s  o f  a c e to n e  a n d  e th e r  w e re  re m o v e d  b y  
v a c u u m  d e s ic c a tio n  o v e r  C a C h . T h e  p ro te in  
p r e p a r a t io n  w a s  s to r e d  a t  - 2 0 ° C  in  a  sc rew - 
c a p  g lass  b o t t le ,  w h ic h  w a s  p la c e d  in  a  s ea led  
c o n ta in e r  w i th  C a C l2.

T h e  p ro te in  c o n te n t  o f  t h e  a c e to n e  p o w d e r  
w a s  d e te rm in e d  b y  th e  F o l in  C io c a lte a u  p h e 
n o l m e th o d  a s  m o d if ie d  b y  L o w ry  e t  a l .
(1 9 51 ).

P o lya c ry la m id e  d isc  ge l e lec trophoresis  
(PAG )

E s s e n t ia l ly ,  th e  m e th o d  d e v e lo p e d  b y  
O m s te in  a n d  D a v is  (1959) w a s  u se d  to  d e 
te rm in e  c h a n g e s  in  th e  in d iv id u a l  c a se in s  
d u r in g  r ip e n in g . T h e  gel w a s  fo rm e d  in  a  g lass  
tu b e  5 .5  x  50 m m . T h e  gel w a s  p re p a r e d  in  
tw o  s e c tio n s  c o m p o s e d  o f (a ) 7 .5 %  p o ly a c ry l
a m id e , a n d  (b ) 60  jd  o f  a  s o lu tio n  c o n ta in in g
0 .6 0 -0 .7 0  m g  o f a c e to n e  p o w d e r  in  100 pi o f
0 .0 5 M  p H  7 .0  p h o s p h a te  b u f fe r  c o n ta in in g
0 .1 %  2 -m e rc a p to  e th a n o l  a n d  250  pi o f la rg e  
p o re  gel (3 .5 %  P A G ) .

T h e  e le c tro p h o re tic  s e p a r a t io n  w a s  co n 
d u c te d  a t  4 °C  fo r  45  m in  u s in g  a  c o n s ta n t  
c u r r e n t  o f  3 m il l ia m p s  p e r  tu b e .

A f te r  e le c tro p h o re s is , th e  g e ls  w e re  p la c e d  
in  0 .1 %  A m id o  B la c k  s ta in in g  s o lu tio n  fo r
2 -2 4  h r ,  c le a re d  b y  im m e rs io n  in  7%  a c e t ic  
a c id  fo r  24 h r , a n d  a n a ly z e d  w i th  a  P h o to v o l t  
D e n s ic o rd  R e c o rd in g  D e n s i to m e te r  a t  525  m u . 
T h e  a r e a  o f  th e  p e a k s  w a s  d e te rm in e d  b y  a  
G e lm a n  p la n im e te r .  S ta n d a r d  s o lu tio n s  o f 
p u re  a ,-c a s e in  a n d  /3-casein w e re  a n a ly z e d  in  
th e  s a m e  m a n n e r  fo r  c o m p a riso n .

G el f i l t ra t io n

F o r  gel f i l t r a t io n ,  th e  m e th o d  o f  L in d q v is t  
(1 962) w as  u ti l iz e d . A  1 .85  x  25  cm  g la s s  c o l
u m n  w a s  p a c k e d  w ith  S e p h a d e x  G -2 5 . O n e  m l 
o f a  w a te r  e x t r a c t  o f th e  ch e ese  s lu r ry  w a s  
p a s s e d  th ro u g h  t h i s  m e d iu m  u ti l iz in g  0 .1 N  
N H 4O H  a s  th e  e lu a n t .  T h e  r e s u lt in g  e lu a te  
w as  a n a ly z e d  b y  a  U V  d e n s i to m e te r  a t  280  m u .

RESULTS
Sephadex gel n itration

The effect of glutathione and starter 
cultures on the relative amounts of wa
ter soluble proteins and peptides was 
determined by means of Sephadex G-25 gel filtration immediately after the slur
ries were prepared.

The results in Figure 1 show that regardless of the starter culture, the GSH- treated slurries contained less high mo
lecular weight soluble protein material 
and more small molecular weight pep
tides than the control slurries. The elu
tion patterns of the three control slurries 
were generally similar irrespective of the 
starter culture used, whereas in the 
GSH-treated slurries, the relative con
centration of peptide components varied as a function of the starter culture.

Fig. 1—Culture and GSH effects on Sephadex 
G-25 elution patterns of freshly made Cheddar 
curd slurries. (Flow rate was 20 ml/hr; Optical 
density (OD) determined at 280 mu; V is void 
volume.)
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The differences in the elution pat
terns of the freshly-made control and 
GSH-treated slurries suggest that there is an initial dissociation of preformed 
peptides by the action of GSH on the cheese protein.
Protein  changes

Attention was directed next to the 
changes in cheese proteins during stor
age of slurries at 30°C as revealed by polyacrylamide electrophoresis, with particular attention to the changes in 
para-*, a and /8-caseins. Curds made with S. cremoris Ci3 and Culture B were utilized for slurry preparation in this phase of study. Water-extractable, ace- tone-precipitable protein specimens were 
prepared from the cheese slurries at 0 , 2 , 
4 and 6 days of age. Exploratory trials had revealed that the protein changes which occurred between 0 - 1  day and between 2-3 days of ripening were in
significant.The data in Table 1 are averages of three trials. Identical trends were noted in all three trials with variations between trials being less than 1%. The amount of water-extractable, acetone- precipitable protein in the curd slurries generally increased with storage time. The control slurries containing Culture B exhibited higher soluble protein values and slightly greater overall changes than those containing S. cremoris C 13. However, when GSH was added, the rate and extent of proteolysis was increased for the S. cremoris Cm slurries in comparison with the control, whereas solubilization of proteins was retarded 
for Culture B slurries during the early stages of storage.The water-extractable, acetone-pre- cipitable protein preparations were subjected to PAG electrophoresis. The concentrations of the protein fraction were determined by calculating the percentage of each protein as a function of the total area. The values were corrected for

Table 1— W ater so lub le ,  acetone p réc ip itab le  
protein s in C hed d a r curd slurries with and without 
a d d e d  glutathione

A ge
(d ay s ) C u l tu re

W a te r  s o lu b le  
p ro te in  (g /m l)°

C o n - G S H - 
t r o l  t r e a te d

0 S .  c re m o r is  C i3 384 422
2 S .  c re m o r is  C n 434 596
4 S .  c re m o r is  C 13 447 630
6 S .  c re m o r is  C i3 540 714
0 C u l tu r e  B 520 423
2 C u l tu r e  B 660 473
4 C u l tu r e  B 708 825
6 C u l tu r e  B 720 714
“A verage of th ree  tria ls.

Fig. 2—Percentage degradation of various ca
seins in control slurry during 6 days of incuba
tion; (starter culture was S. cremoris C 1 3 ).

the differences in the concentrations of the total water-soluble, acetone-precip- 
itable material.Four major protein fractions, para-x, a,-casein, /8-casein, and a proteose fraction were present in all samples (Fig. 2). 
The decrease in the concentrations of caseins during 6 days of ripening are shown for the control slurry made withS. cremoris Ci3. All three casein fractions were degraded during ripening with from approximately 15%-80% of native protein remaining after 6 days. The degradation of para« casein was most extensive and a,-casein exhibited the least change. The presence of added GSH affected the 8-casein fraction only (Fig. 3). Without added GSH 8-casein was degraded at a relatively uniform rate during the storage period. In comparison, the addition of GSH resulted in a slower rate of 8-casein degradation during the 
first 4 days of storage which was followed by a rapid and more extensive disappearance of 8-casein.The rate of flavor intensity and defects of the various slurries during ripening are shown in Table 2. Similar results 
were obtained for slurries made with both starter cultures. Characteristic Cheddar flavor occurred after 2-4 days of storage, with GSH enhancing the rate and extent of characteristic flavor development. After 6 days, the intensity of characteristic flavor in the GSH- treated slurries was about three times that of the controls.To determine the possible reason for the effect of added GSH on 8-casein degradation during ripening of the slurries, a comparison was made of the rate of degradation of the soluble protein

Fig. 3—Percentage degradation of various ca
seins in GSH-treated slurries during 6 days of 
incubation; (starter culture was S. cremoris
C13).

fraction which was eluted with the void volume during Sephadex gel filtration of 
the water-extractable protein and that of 8 -casein in the acetone powders, with results being presented for S. cremoris C i3 slurries in Figure 4. Similar results 
were obtained for slurries made with both Culture A and B and S. cremoris C i3. For the control slurry, the rate of degradation of soluble protein and the degradation of 8 -casein were similar and 
relatively low. For the GSH-treated 
slurry, the rate of soluble protein degradation was very rapid during the first 4 days of ripening, whereas 8-casein was 
not degraded rapidly until after 4 days of storage. The degradation of soluble protein after 4 days was about 85%, and only slight additional degradation oc-

Table 2 — Flavor characteristics o f  contro l a n d  
G SH -trea ted  C hed d a r cu rd  slurries m ade with d if

ferent starter cultures

A ges
d a y s

C o n tr o l G S H - t r e a t e d
C F ° D e fe c t C F “ D e f e c t

0 0
S .  c re m o r is  C i3 

n o n e 0 n o n e
2 0 n o n e 1 n o n e
4 1 n o n e 1 n o n e
6 2 n o n e 5 n o n e

0 0
C u ltu r e  B  

n o n e 0 n o n e
2 0 n o n e 0 n o n e
4 0 si. u n c le a n 1 si. f e rm e n te d
6 1 u n c le a n 3 si. f e rm e n te d

“C h arac te ris tic  C h e d d ar flav o r in te n s ity : 0 a b 
sen t; 1 -2  very  sligh t; 3 -4  s lig h t; 5 -6  d efin ite ; 7 -8  
p ronounced .
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fig. 4—Comparison of 0-casein degradation 
and Sephadex 6 -2 5  separated soluble protein 
degradation in control and GSH-treated slurries; 
(starter culture was S. cremoris C\.\).

curred during the last 2 days of storage. 
The rapid increase in /3-casein degrada
tion after 4 days of storage may be re
lated to the decrease in the concentra
tion of soluble protein. Assuming that 
the protein materials are utilized by 
the microorganisms of the slurry sys
tem, the results suggest that the mate
rials dissociated from the curd proteins 
initially by the GSH are utilized more 
readily by the microorganisms than 0 - casein, and that the protease attacks 
/3-casein preferentially after the soluble 
protein fraction has been utilized.
Effect of agitation on protein degradation

Since agitation of the slurry during 
the ripening process has been shown to

fig. 5 —A comparison of a , -casein degradation 
and flavor development in Cheddar cheese slur
ry systems.

affect flavor development (Kristoffer- sen, 1967), attention was directed to the 
protein changes in relation to the degree 
of agitation of the cheese slurries made from curd manufactured with S .  crem o r
is  Cu and Culture B. Protein analyses 
were made of agitated and quiescent 
GSH-treated slurries. Table 3 presents 
the flavor intensities, the concentrations of peptide, «,-casein and /J-casein, and 
the percent loss in a ,- and /3-casein dur
ing the ripening process. For both cul
tures, the flavor intensity of the slurries 
was improved by daily agitation, with 
maximum flavor being obtained with 
agitation for the first 4 days of incuba
tion in the case of S . crem o ris  Ci3 slurry 
and with agitation for the entire fermentation period in the case of the Cul
ture B slurry. For the S .  c rem o ris  Ci3 
slurry, the concentration of peptide increased slightly with increased agitation, 
whereas in the other slurry the agitation 
had no apparent effect on the peptide 
concentration. In both slurries, agitation

fig. 6—Comparison of 0-casein degradation and 
flavor development in Cheddar cheese slurries.

changed the relative rate of disappear
ance of the two caseins. With S. c rem o ris  
C 13, the degradation of «.-casein de
creased and that of /8-casein increased 
with increasing agitation. For the Cul
ture B slurry, increased agitation re
sulted in an increase in the rate of 0 - casein degradation, but had only a slight 
effect on the degradation of «,-casin. 
These results suggest that the selective 
degradation of the two major caseins is 
controlled by both the culture and the fermentation conditions.
Flavor-casein degradation relationships

In order to more clearly demonstrate 
the relationship between flavor develop
ment and casein degradation in the slurries, the flavor intensities and the per
centages of a,- and /3-casein degradation 
were compared for 22 lots of 4-day and older slurries. Generally no relationship 
was found between a.-casein degradation and the development of characteris
tic flavor (Figure 5), whereas /3-casein 
degradation and characteristic flavor 
development were directly related (Fig
ure 6).

DISCUSSION
KRISTOFFERSEN et al. (1967) have 
previously reported that one of the effects of added GSH is an increase in the rate of proteolysis in Cheddar curd slur
ries. The results of the present study suggest that GSH may have more than 
one role in respect to the degradation of 
proteins in such slurries.The first effect of GSH appears to be the disaggregation of protein-bound 
peptides. Since rennet is known to break 
«-casein into several peptide components

Table 3— Effect o f  ag ita tion  on the flavor intensity a n d  the p ro tein  changes o f  C h ed d a r cu rd  slurries 
with a d d e d  G SH

S ta r t e r
c u l tu r e

A ge of 
s lu r ry  
(d ay s )

M g/750 Mg a c e to n e  p o w d e r6 %  L o ss
A g i ta t io n C F ° P e p t id e a ,-c a s e in /3-casein a .-c a s e in /3-casein

S . c re m o r is  C u — 0 0 25 187 207 0 0
n o n e 7 5 103 70 124 51 40

D a i ly  fo r  
4 d a y s

7 8 109 109 112 21 54

D a i ly  fo r  
7 d a y s

7 7 140 120 49 13 76

C u l tu re  B — 0 0 30 167 200 0 0
n o n e 7 3 308 112 170 33 15

D a i ly  fo r  
4 d a y s

7 4 310 84 161 50 20

D a i ly  fo r 
7 d a y s

7 7 308 98 35 42 73

“See fo o tno te  T ab le  2.
'C a lcu la ted  from  p o lyacry lam id e  gel e lec trophore tic  p a tte rn s  of p ro te in s. A verage  of tw o  tria ls .
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which follow the curd mass (Lindqvist 
and Storgards, 1959), it seems possible 
that GSH might free these peptides from casein. If this were true, then the ready 
availability of such peptides might re
sult in a preferential degradation during 
the slurry ripening and thus account for 
the more rapid proteolysis which occur in GSH-treated systems in comparison 
with the untreated system. The poly
acrylamide gel patterns of the proteins 
appear to confirm this, because the para-zc-casein fraction disappeared more 
rapidly than either the a ,- or the /3- 
casein fractions.

The second role of GSH appears to 
be associated with the rapid increase in the rate of degradation of /3-casein in 
cheese slurries after 4 days of ripening. 
The GSH-released peptides appear to 
stimulate the production of protease which selectively degrades the peptides 
and soluble protein components. Upon 
depletion of these materials, the activity 
of the protease apparently is directed to the 8-casein.

Previous investigations, using con
ventional cheese, have not agreed concerning the relative rate of degradation

of caseins during the ripening process. 
Lindqvist and Storgards (1959) suggested that 8-casein is degraded more 
rapidly than «„-casein, whereas Mela- 
chouris and Tuckey (1966) found no dif
ference in the rate of degradation of the two caseins. Ney et al. (1966) found dif
ferent results at different temperatures 
of ripening, with degradation of only 
a„-casein at refrigeration temperatures. 
In the experiments with agitation herein 
reported, the relative amount of a„- casein and /3-casein degradation varied 
as a function of both the agitation and 
the starter culture used. When «,-casein degradation was greater than /3-casein 
degradation, a relatively low intensity 
of characteristic flavor developed. Also, 
it was shown that the extent of 8-casein degradation in general was related di
rectly to the intensity of characteristic flavor of aged slurries.

The fact that there appears to be a 
relationship between flavor formation 
and /8-casein degradation, along with a 
preference of microbial enzymes for 8- casein (Lindqvist, 1962), suggest that 
the initial degradation products of /S- 
casein (i.e., peptides and amino acids)

may be specifically involved in further 
changes that are related to flavor de
velopment.
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ULTRAVIOLET SPECTROPHOTOMETRIC DETERMINATION 
OF PROTEIN IN SOME FOOD PRODUCTS

SUMMARY— The specirophotometric method of estimating the protein content of whole milk at 
wavelength 280 nm (Nakai and Le, 1970) was modifed tor corned beef, flour, bean and egg yolk. 
A clear solution was obtained by adding 50%  sulfuric acid or 2N sodium hydroxide with and with
out 7-8M urea depending on solubility of the food products. The protein content was calculated from 
the absorbance at 280, 243 or 215 nm on a spectrophotometer. The correlation coefficient between 
the absorbance and the protein by Kjeldahl method was 0.99, 0.99, 0.99 and 0.99 with the coeffi
cient of variability of Kjeldahl protein for absorbance of 1.8, 4.1, 3.8 and 4.1% tor bean, corned 
beef, egg yolk and flour, respectively.

INTRODUCTION
ULTRAVIOLET absorption spectropho
tometry has been widely used as a simple method for determining protein in 
biological materials (Webster, 1970). 
However, the complexity of food prod
ucts and interferences derived from 
compounds other than protein in foods 
present difficulties in the utilization of 
this technique. Recently the above tech
nique was employed in this laboratory 
for protein determination in whole milk 
and an application of this method for 
other food products was suggested 
(Nakai and Le, 1970).

In this paper a simple method for 
determination of protein in flour, bean, 
rice, egg and meat products is proposed. 
Urea, 7M, in 50% sulfuric acid was used 
to dissociate and dissolve all protein, 
carbohydrate and fat to give a com
pletely clear solution for flour. In the 
case of rice, bean and egg clear solutions 
were obtained by adding excess 50% 
sulfuric acid. Sodium hydroxide, 2N, 
containing 8M urea was employed for 
dissolving meat products after preparing a uniform meat suspension with 0.1M 
citric acid (Ashworth, 1970).

EXPERIMENTAL
R e a g e n ts  a n d  m a te r ia ls

R e a g e n t g ra d e  c h e m ic a ls  w e re  u s e d  fo r 
p re p a r in g  th e  fo llow ing : 0 .1 M  c i tr ic  a c id , 8 M  
u re a  in  2 N  s o d iu m  h y d ro x id e , 10%  a n d  50%  
s u lfu r ic  a c id  (v /v ) ,  7 M  u re a  in  50%  s u lfu r ic  
a c id .

S p e c tro p h o to m e te r , U n ic a m  S P  8 0 0  a n d  
B e c k m a n  D B  w ere  u se d  fo r  m e a s u r in g  
a b s o rb a n c e s .
P r o c e d u r e s

F lo u r . T o  40  m g  o f  f lo u r  p a s s e d  th ro u g h  a  
2 0 0 -m e sh  s c re e n  w as a d d e d  0 .2  m l o f  w a te r  
w h ile  m ix in g , fo llow ed  b y  20  m l o f  7 M  u re a  in  
50%  s u lfu r ic  a c id  a n d  m ix e d  a g a in . A 2 .5  m l 
p o r tio n  w as  d i lu te d  m o re  w ith  5 m l o f  50%  
s u lfu r ic  a c id  a n d  th e  a b s o rb a n c e  r e a d  a t  215 
n m  w ith  a  1 -cm  ce ll a g a in s t  a  re a g e n t  b la n k .

B ea n . T o  50  m g  o f  a  2 0 0  m e s h -p a s s e d  
s a m p le  w as  a d d e d  1 m l o f  10%  s u lfu r ic  a c id  
a n d  m ix e d  g en tly . T h e  m ix tu re  w as  d i lu te d

w ith  3 3 .3  m l o f  5 0%  s u lfu r ic  a c id  a n d  m ix e d  
fo r  a n o th e r  5 m in . T h e  a b s o r b a n c e  w as  m e a 
s u re d  a t  280  n m .

E g g  y o lk . A w h o le  egg y o lk  w as  d i lu te d  
w ith  2 5 0  m l o f  w a te r  a n d  m ix e d  th o ro u g h ly . A
0 .2  m l p o r tio n  o f  th i s  s o lu tio n  in  a  te s t  tu b e  
w as d i lu te d  w ith  5 m l o f  5 0%  s u lfu r ic  a c id  
a n d  th e  a b s o rb a n c e  m e a s u re d  a t  2 80  n m  
w ith in  15 m in  a f t e r  d ilu tio n .

C o rn ed  b e e f .  M ix e d  m e a t, 15g, w as 
b le n d e d  w ith  2 50  m l o f  0 .1 M  c i t r ic  a c id  in  a  
W a rin g  B le n d o r  fo r  2 to  3 m in . T o  a  p o r t io n  
o f  0 .5 g  in  a  te s t  tu b e  w as  a d d e d  9 .5  m l o f  8 M  
u r e a  in  2 N  s o d iu m  h y d ro x id e , s h a k e n , c e n t r i 
fu g ed  a t  5 0 0 0  r p m  fo r  7 m in  to  s e p a r a te  th e  
f a t  a n d  th e  a b s o r b a n c e  m e a s u re d  a t  2 4 3  n m .

RESULTS & DISCUSSION
Dissolution of samples

Solubilization of different food sam
ples were tried until complete dissolution was obtained without adverse color 
development and with reasonable stabil
ity of the absorbance.

For flour 50% sulfuric acid alone was 
unable to dissolve the sample until 7M urea was added to the sulfuric acid. Increasing the concentration of acid did 
not improve dissolution and rather 
yielded a brown color. On the other hand 
the 50% sulfuric acid alone was able to 
dissolve and dissociate the bean and egg 
yolk. Two steps were necessary for dis
solving meat products which are the 
uniform suspension preparation and the dissolution to make clear solutions. Among 0.1M citric acid, 0.2M acetic 
acid and 0.1N sodium hydroxide, 0.1M citric acid was the best solvent to obtain 
a uniform suspension of meat. For the dissolution, this suspension was diluted 
with 8M urea in 2N sodium hydroxide 
whereas the 50% sulfuric acid caused a 
continuous increase of the absorbance with time. Lower concentration of urea 
and sodium hydroxide alone were not 
effective for dissolving meat suspension. Centrifugation was applied for meat 
after dissolution to remove the fatty 
substances which cause turbidity and

interfere with absorbance reading. The 
lipid materials in egg yolk also have 
some effect on the absorbance. After 15 
min following the addition of sulfuric 
acid to the egg yolk the absorbance 
started increasing. This is due to turbid
ity development caused by the lipid 
materials and the centrifugation was not 
able to separate these lipids after devel
opment of turbidity unless petroleum ether was added. A modification of this 
method by adding petroleum ether is 
recommended if a more stable absorbance was required.
Wavelength

The wavelength of 200-220 nm was recommended for protein determination 
(Wrigley and Webster, 1968) because of 
high and uniform sensitivity of absorb
ance for proteins of different origins. 
And for this reason we tried to use this 
region for protein measurement; howev
er, the relationship between absorbance 
and Kjeldahl protein values was not 
linear due to the shifting of the peak 
with increasing concentrations of protein except flour. In the case of corned beef 
there was no peak at the 220 nm region but at the 243 nm.
Comparison with the Kjeldahl method

Samples of various concentrations 
were prepared for (a) five different 
commercial brands of corned beef; (b)

Fig. 1— Comparison with Kjeldahl values for 
protein in corned beef.
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P R O TE IN  7,

Fig. 2— Comparison with Kjeldahl values for 
protein in beans.

three different commercial flours; (c) 
five egg yolks; and (d) five different 
commercial beans of two varieties: 
cowpeas and kidney beans. The absorb
ances by the present method were plot
ted against the proteins analyzed by the Kjeldahl method for corned beef, bean, 
flour and egg yolk, Figures 1, 2, 3 and 4. 
The correlation coefficient between the 
two methods, the standard error of esti
mate and the regression equation for 
each food product are shown in Table 1.

It was possible to apply this method to other foods. Adding the same solvents 
used for flour and egg yolk to rice and 
egg white, respectively, resulted in com
pletely clear solutions. The method used 
for corned beef could be used for fresh 
beef, lamb and pork when the standard 
curve for calculation of protein for each 
meat was drawn separately.

Fig. 3— Comparison with Kjeldahl values for Fig. 4—Comparison with Kjeldahl values for 
protein in Hour. protein in egg yolk.

Table 1— The correlation coefficient between the absorbance and Kjeldahl protein, the standout error 
of estimate and the regression equation for each food product.

F o o d  p ro d u c t
C o r re la t io n
c o e ff ic ie n t

S ta n d a r d  e r ro r  
o f e s t im a te R e g re s s io n  e q u a t i o n “

C o rn e d  b ee f 0 .9 9 0 .7 9 y  = 1 7 .2 3 x  +  1 .0 25
B e a n 0 .9 9 0 .24 y  =  33.78X  +  0 .0 6 5
F lo u r 0 .9 9 0 .3 0 y  =  8 .5 3 x  -  0 .4 4 0
E g g  y o lk 0 .9 9 0 .3 9 y  = ( 7 3 8 .5 /w t(g )  o f 

y o lk ) x  -  0 .1 0 3
°y is K je ld ah l p ro te in  (N  x  fac to r); th e  fa c to r used for bean , m e a t a n d  egg yo lk  w as 6 .25 an d  for flo u r 5.7; 

x is th e  abso rbance  a t  w ave leng th  described in th e  te x t  for each  sam ple.
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PROTEINS IN MEAT AND EGG PRODUCTS DETERMINED BY DYE BINDING

SUMMARY—Under optimum conditions Acid Orange-12 will bind to the proteins of meat and eggs. 
The dye-binding capacity is somewhat greater for these products than the previously reported val
ues for wheat and milk products. A standard curve relating free dye concentration to mg of protein 
in the sample as determined by the Kjeldahl method can be readily prepared for each type of prod
uct. The method is rapid and useful for composition control in ground meats, eggs and prepared 
mixes. Cooking has little effect on the dye-binding capacity but hydrolysis of the proteins to the 
proteose-peptone stage reduces the dye bound. The coefficient of variation averaged about 3%  of 
the protein content for the samples of meal and eggs tested.

INTRODUCTION
RAPID M ETHODS for composition control in the food processing industry 
have become important to assure uniform day-to-day quality in large volume 
operations. Consumer protection is 
involved also as more interest in certain 
nutrients such as protein is stressed. 
This laboratory was one of the first to 
apply dye binding to the determination of protein in milk and dairy products 
(Ashworth et al. 1960; Ashworth, 1966). 
Modified procedures have now been 
tested for several other food products 
including meat and eggs.

Dye-binding methods depend upon 
the reaction between certain dyes and 
the intact proteins of foods to form insol
uble complexes. These can be removed 
by filtration and the free dye concentra
tion measured colorimetrically. The dye 
bound is determined by difference and 
the dye-binding capacity (DBC) calcu
lated as mg dye bound per mg of protein. 
Once the DBC is known for the condi
tions of the test, the protein content in 
unknown samples can be determined 
from the dye bound. Previous work has 
shown, however, that DBC increases 
with free dye concentration (Ashworth 
and Chaudry, 1962).

EXPERIMENTAL
C I T R I C  A C ID , 0 .1 M , w as u se d  to  e m u ls ify  
th e  m e a t  a n d  egg p ro te in s  o n  th e  a c id  s id e  o f  
th e i r  iso -e lec tric  p o in ts  to  f a c i l i ta te  b in d in g  o f 
th e  a c id  d y e . P u r e  A c id  O ra n g e -1 2  d y e  w as 
s e c u re d  f ro m  U d y  A n a ly z e r  C o ., B o u ld e r , 
C o lo rad o  (S h e rb o n  1 96 7). T h e  d y e  re a g e n t 
w as  p re p a r e d  b y  d isso lv in g  1 .300g  o f  th e  d y e  
in  th e  b u f fe r  d e s c r ib e d  b y  S h e rb o n  (1 9 67 ) 
a n d  d ilu t in g  to  o n e  l i te r .  T h e  a b s o rb a n c y  
in d e x  o f  th e  d y e  is 5 9 .0  a t  0 .475  m ic ro n s .

A f te r  c o n s id e ra b le  p re l im in a r y  w o rk  th e  
fo llow in g  p ro c e d u re  w as  e s ta b l is h e d  a s  r o u 
tin e .
1. W eigh  s a m p le  to  c o n ta in  a b o u t  4g p r o 

te in . M e a s u re  0 .1 M  c i tr ic  a c id  in  250  m l 
v o lu m e tr ic  f la s k . B le n d  th e  m ix tu re  in  
W a rin g  B le n d o r  fo r  2 -3  m in . A ssu m e  
to ta l  w e ig h t is  250g  +  w e ig h t o f  s a m p le .

2 . W eigh  4 a l iq u o ts  o f  th e  d i lu te d  s a m p le  to
O.Olg ( to p  lo a d in g  b a la n c e )  in to  5 0  m l

p o ly c a rb o n a te  c e n tr i fu g e  tu b e s .  T h e s e  
s a m p le s  s h o u ld  b e  in  th e  ra n g e  o f  2 -4 g . 
A f te r  re c o rd in g  w e ig h t a d ju s t  to ta l  w e ig h t 
to  5 g  w ith  w a te r . T h is  c a n  b e  d o n e  v o lu - 
m e tr ic a l ly  w ith  a  g r a d u a te d  p ip e t.  
A ss u m e  to ta l  v o lu m e , a f te r  a d d in g  2 5 .0  
m l d y e  re a g e n t, a s  3 0 .0  m l. A f te r  a d d in g  
d y e  re a g e n t, s to p p e r  a n d  s h a k e  v ig o r
o u sly .

3. A llow  30  m in  o r  lo n g e r  fo r  d y e  to  re a c t  
w ith  p ro te in  b in d in g  s i te s  a n d  fo r  a g g re 
g a tio n  o f  th e  c o m p le x  to  o c c u r .

4. I f  m ix tu re  s ti l l  a p p e a r s  c lo u d y , c e n tr i fu g e  
a n d  f i l te r ;  o th e rw is e  j u s t  f i l te r  th ro u g h  11 
c m  S  & S  N o . 597  p a p e r  o r  i t s  e q u iv a le n t .

5 . D e te rm in e  fre e  d y e  c o n c e n t ra t io n  fro m  
a b s o r b a n c e  a t  0 .4 7 5  m ic ro n s  in  a  s p e c ia l 
f lo w -th ru  c u v e tte  w ith  a p p ro x im a te ly
0 .75  m m  lig h t  p a th  (A sh w o rth  e t  a l. 
1960).

6. R e a d  m g  o f  p ro te in  f ro m  s ta n d a r d  c u rv e  
r e la t in g  d y e  c o n c e n t ra t io n  to  m g  p ro te in  
a s  d e te rm in e d  b y  th e  K je ld a h l  m e th o d  
(N  X  6 .2 5 ). C a lc u la te  m g  o f  p ro te in  p e r  
g ra m  o f  b le n d e d  s a m p le  u se d . A v e ra g e  a ll 
a l iq u o ts  fa llin g  in  th e  m id d le  ra n g e  o f  th e  
s t a n d a r d  c u rv e  (0 .3 -0 .6  m g  f r e e  d y e  p e r  
m l) . S e e  F ig . 1. C a lc u la te  a v e ra g e  m g  
p ro te in  p e r  g  o f  b le n d e d  s a m p le .

7 . F ro m  k n o w n  d ilu t io n  o f  w e ig h ed  s a m p le s  
w ith  2 50  m l o f  c i t r ic  a c id , c a lc u la te  p r o 
te in  p e rc e n ta g e  in  o r ig in a l s a m p le .

8 . S ta n d a r d  c u rv e  m u s t  b e  p r e p a r e d  fro m  
m e a t  o f  a p p ro x im a te ly  th e  s a m e  c o m p o 
s itio n  a s  th e  u n k n o w n .

RESULTS
WHEN THE FINAL volume of dye +  
sample was held constant, a linear relationship between Kjeldahl protein and free or excess dye concentration could be 
shown (Fig. 1). The useful range of free dye concentration was 0.3 0.6 mg/ ml, 
where a straight line relation was found 
with protein content. For routine compo
sition control this standard curve is the most practical. One should emphasize 
that the amount of reagent dye added 
must be held constant as well as the 
final volume.A commercial sample of sausage 
containing 12.5% protein by the Kjeldahl method (63% fat) was extracted 
with acetone to yield a product contain
ing 30.3% protein. Both the original and

extracted samples were weighed and 
blended with citric acid. Aliquots of the 
blended samples were then prepared in a 
range allowing a dye:protein (D/P) ratio 
in the original mixture ranging from0. 6-1.0 mg dye added per mg of protein 
in the sample. The relation between free 
dye concentration remaining and the 
dye-binding capacities is shown in Fig. 2. 
The curve shows that the proteins of meat products do not react stoiciometri- cally with the dye. As the D /P  ratio 
increases the dye-binding capacity also 
increases. Milk proteins have been shown to react in a similar way 
(Ashworth and Chaudry, 1962). The free 
dye concentration must be used to find 
the proper value of the dye-binding 
capacity before this value can be used to 
convert dye bound to mg protein in an 
unknown meat sample. In the D /P  ratio range of 0.64-0.92 dye bound could be 
used as a measure of protein content. The D /P  ratio for Amido Black is even 
more critical (Moss and Kielsmeier,
1967).Proteins vary in their capacity to 
react with dyes as brought out in Table1. The average DBC values were read 
from curves like the one shown in Fig. 2. Values w e re  taken at 0.4 and 0.6 mg free 
dye per ml for comparison. The hemo
globin was a commercial powder pre-

Fig. I—A standard curve relating free dye con
centration to total protein in the sample mea
sured for dye binding. 25.0 X 1.3 mg AO-12 
dye added. Final volume, 28 ml.
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Table 1— Dye bind ing capacities o f  m eat and  egg  products at tw o levels o f  free  dye  concentration

D B C  a t  f ree  d y e  c o n c e n t r a t io n s

N o . o f 
s a m p le s “

0 .4  m g /m l  
D B C  
M e a n S D

0 .6  m g /m l  
D B C
M e a n  S D

E g g  y o lk 4 0 .44 .003 .4 8 .006
E g g  w h ite 7 0 .3 9 .004 0 .41 .009
W h o le  egg 6 0 .41 .010 0 .4 4 .015
S a u sa g e 5 0 .42 .013 0 .4 5 .016
C h ic k e n  l iv e r 4 0 .3 6 .012 0 .3 9 .0105
C h ic k e n  lu n c h  m e a t 9 0 .4 2 .015 0 .4 5 .017
C h ic k e n  m e a t 6 0 .4 6 .015 0 .4 8 .016
G ro u n d  b ee f 9 0 .43 .007 0 .4 4 .017
F r a n k f u r te r s 4 0 .41 .016 0 .4 3 .024
B ee f liv e r 8 0 .42 .018 0 .4 4 .022
G e la tin  (c a lfsk in ) 9 0 .31 .021 0 .3 5 .011
P ro te o s e -p e p to n e 3 0 .0 9 .03 .145 .020
H e m ig lo b in 6 0 .5 6 .019 0 .5 8 .026

“E ach  sam ple represents a curve prepared as shown in F igure 2 for a t  least 8 aliquots run on th e  same
b lended  sam ple.

pared for an enzyme substrate from 
bovine blood. The high DBC for this 
product and its ready availability in a 
stable form suggests its use as a standard for checking the dye-binding procedure.Ground beef was heated in an oven 
allowing the melted fat to drain away from the patties at temperatures up to 
160° C for 40 min with no effect on DBC. 
A loss of about 7% in the DBC was found when the patty was cooked at 250° 
C for 40 min and had lost 60% of its 
original weight. These results indicate that normal cooking has very little effect on the DBC

Pork bound the dye to the same 
extent as beef. Break-down products of 
meat, such as gelatin and the proteose-peptone fraction, bind less dye 
than the intact proteins. Previous work 
(Ashworth 1966) showed that milk fat 
had no effect on the DBC of milk proteins. Beef and pork fat were without 
effect on the DBC of meat proteins. The standard deviations shown in Table 1 
vary with the product tested. The greatest variation occurs for those proteins which bind less dye as measured by the

DBC such as gelatin and the pro
teose peptone fraction. When the co
efficient of variation was calculated, the meat and egg products showed mean 
values of 2.7% at a free dye concentration of 0.4 mg/ml and 3.3% at 0.6 mg/ml.

Chicken meat had a higher DBC than 
pork or beef but there was no significant 
difference between light and dark meat. 
Skin and liver proteins bound less dye. 
Cooked chicken luncheon meat and raw 
comminuted chicken meat from a 
mechanical deboner bound less dye than 
isolated muscle tissue. Egg yolk proteins bound more dye than egg white proteins. 
Coagulated egg white bound the same 
amount of dye as the raw white but there 
was a mechanical problem of dye pene
tration in the hard cooked white.

The dye-binding procedure is suitable for the determination of protein in mix
tures of animal products. For example, 
when whole eggs and milk were mixed in the proportion commonly used for egg 
custards the dye-binding capacity was intermediate between that found for whole egg (0.41) and that found for milk

Free Dye Concentration

Fig. 2— The relation between dye-binding 
capacity and free dye concentration expressed 
as mg/ml. D/P is the ratio of dye to protein 
before binding had occurred.

proteins (0.34). The egg content of mayonnaise can be estimated from the 
protein content found from dye-binding 
data again showing that fats and oils do 
not interfere. Preliminary data with 
cooked cereal products containing eggs 
(noodles) caused turbidity problems 
after filtration of the dye protein com
plex. Prevention of this problem is re
ceiving attention at the present time.
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EFFECT OF MALATHION ON NUTRIENT COMPOSITION OF 
EGGS AND FLAVOR OF MEAT FROM LAYING HENS

SUMMARY— Malathion in the feed of laying hens did not produce any indications of adverse effects 
on the flavor of the cooked meat or on the nutrient composition of the egg whites and egg yolks.

INTRODUCTION
FOR THE CONTROL of poultry lice or 
mites, malathion has been used as 3% in 
roost paint, a 1% spray of emulsified 
concentrate or wettable powder for use 
on the coop or environment, or a 4-5% 
dust directly on the birds USDA, 1968. 
Dermal LD50 was in excess of 4,444 
mg/kg (rats) and orally 1,375 for males 
and 1,000 for females, indicating a very 
low toxicity. Malathion fed to hens was 
slow to accumulate in the tissues accord
ing to March et al. 1956. 2-3% was ex
creted unchanged and 97-98% was 
excreted as ionic water-soluble metabol
ites. The study reported here was not 
intended for toxicological purposes or for 
tissue accumulation of residues but for 
the determination of any effects on eat
ing quality of the meat and on nutrient 
composition of eggs. No similar informa
tion had been previously reported on 
malathion. In order to control dosage 
levels, malathion was incorporated into 
the feed at levels determined by prelimi
nary studies.

MATERIALS & METHODS
M anagem ent o f pullets

A p re m ix  w as  p r e p a r e d  b y  g ra d u a lly  
m ix in g  s u f f ic ie n t  te c h n ic a l  g ra d e  m a la th io n  
(a s s a y , 9 6 .0 % ) in to  th e  c o m m e rc ia l  m a s h  to  
y ie ld  a  leve l o f  1 .0%  o f  th e  p e s t ic id e . T h is  
p re m ix  w as s to re d  in  p o ly e th y le n e - l in e d  f ib e r  
d ru m s  u n d e r  re f r ig e ra t io n . T h e  p re m ix  w as 
th e n  d i lu te d  w ith  fre s h  m a s h , a s  n e e d e d , to  
y ie ld  th e  tw o  te s t  le v e ls ; 1 :1 0  a n d  1 :1 0 0  fo r 
th e  1000  a n d  100 p p m  d ie ts , re s p e c tiv e ly . T h e  
fe ed in g  d i lu t io n s  w ere  p r e p a r e d  f re s h  a t  in te r 
v a ls  o f  n o t  m o re  t h a n  2 w k . S a m p le s  re m o v e d  
fro m  th e  fe e d  h o p p e rs  a f t e r  2 w k  a n a ly z e d  
90%  o r  b e t t e r  o f  th e  e x p e c te d  m a la th io n  c o n 
te n t .

F o u r  h u n d r e d  2 1 - w k -o ld  s in g le  c o m b  
w h ite  le g h o rn  p u l le t s  w e re  d is t r ib u te d  in to  12 
flo o r p e n s  fu rn is h e d  w ith  4 in . o f  f re s h  
c h o p p e d  c o m  co b  l i t t e r  o v e r  c o n c re te  a n d  
e q u ip p e d  w ith  s e l f  fe e d e rs  a n d  w a te r in g  
d ev ice s . A m p le  s u p p l ie s  o f  c o m m e rc ia l  la y in g  
m a s h  w ere  a v a ila b le  a d  l ib i tu m . L ig h tin g , 
c o n tro lle d  b y  a u to m a t ic  c lo c k s , w as  m a in 
ta in e d  a t  o p t im u m  le v e ls  fo r 1 4 h r /d a y .  T h e  
p u l le ts  w ere  th e n  c u lle d  a n d  r a n d o m iz e d  
a m o n g  th e  12 p e n s  so  t h a t  a v e ra g e  b o d y  
w e ig h t p e r  p e n  w as  a s  u n ifo rm  a s  p o ss ib le ,

'F ood  and  D ru g  R esearch  L ab o ra to ries  Inc ., 
M aspe th , N .Y . 11378

w ith  30  b ird s  p e r  p e n  fo r  th e  te s t  g ro u p s  a n d  
25 o r  26  p e r  p e n  fo r  th e  c o n tro l g ro u p s . T e s t  
p e n s  1, 5 a n d  9  w ere  a s s ig n e d  to  100 p p m  
lev e l o f  m a la th io n  a n d  p e n s  3, 7 a n d  11 to  
1000  p p m  lev e l. P e n s  2 , 4, 6 , 8 , 10 a n d  12 
c o n tin u e d  to  re c e iv e  th e  b a s a l  ra t io n .

O n  th e  la s t  d a y  o f  th e  2 n d , 4 th , 6 th  a n d  
8 th  w k  fo llo w in g  in i t ia t io n  o f  th e  te s t  fe ed in g , 
6  b ird s  p e r  p e n  fro m  th e  te s t  g ro u p s  a n d  5 p e r  
p e n  f ro m  th e  c o n tro ls  w ere  s e le c te d  a t  r a n d o m  
a n d  s la u g h te re d  a t  a  lo ca l p o u l t ry  d re s s in g  
e s ta b l is h m e n t .  T h e  w h o le  e v is c e ra te d  c a rc a s s 
es , to  w h ich  th e  liv e rs  h a d  b e e n  r e tu rn e d  
w ra p p e d  in  p a r c h m e n t  p a p e r ,  w e re  c h il le d  in  
s lu s h  ice  fo r  4  h r  a n d  th e n  in d iv id u a lly  
b ag g e d  in  h e a t - s h r u n k  f ilm .

O n e -h a lf  o f  th e  c a rc a s s e s  f ro m  e a c h  t r e a t 
m e n t  w ere  t r a n s f e r r e d  to  th e  A n a ly tic a l  
L a b o r a to ry  w h e re  th e y  w e re  s to re d  in  d e e p  
f re e z e rs  ( - 5 ° )  u n t i l  n e e d e d . T h e  re m a in in g  
b ird s  w e re  s e n t  to  th e  ta s t e  p a n e l  k itc h e n . 
H a l f  o f  th e s e  w e re  fro z en  fo r  th e  6 -m o n th  
s to ra g e  te s t  a n d  h a l f  w e re  p r e p a r e d  fo r  im m e 
d ia te  e v a lu a tio n  b y  th e  p a n e l.

D u r in g  th e  c o u rs e  o f  th e  8 -w k  fe ed in g  
p e r io d , th e  e n t i r e  egg p ro d u c t io n  fro m  th e  
f lo ck  w as  c o lle c te d . A f te r  re c o rd in g  n u m b e r  
a n d  w e ig h t, th e  eggs w e re  b ro k e n  o u t  a n d  th e  
w h i te  a n d  y o lk  s e p a ra te d .  E a c h  f r a c t io n  w as 
th e n  p o o le d  b y  p e n  o v e r  e a c h  2 -w k  p e r io d  in  
la rg e  p o ly e th y le n e  w id e - m o u th  b o t t le s  k e p t  in  
a  d e e p  fre e z e r . S u b s e q u e n t ly ,  th e  egg m a g m a s  
w e re  th a w e d  b rie f ly , th o ro u g h ly  m ix e d , a n d  
a p p r o p r ia te  a l iq u o ts  fo r a n a ly s e s  w ere  fro z en  
in  d ry  ice .

Cooking procedures for ta ste  panel
A s d e s c r ib e d  in  th e  p re c e d in g  s e c tio n , th e  

p la n  fo r  f la v o r  e v a lu a tio n  c o v e re d  fo u r  c o n 
tr o l le d  v a r ia b le s , i .e ., f re s h ly  c o o k e d  v s. 
r e w a rm e d  m e a t  fro m  n ew ly  d re s s e d  b ird s  a n d  
f re s h ly  co o k e d  v s. r e w a rm e d  m e a t  f ro m  c a r 
c a ss e s  w h ic h  h a d  b e e n  s to re d  in  a  f re e z e r  fo r  6 
m o n th s . S e p a r a te  e v a lu a tio n s  w e re  a lso  
r e q u ir e d  o n  b i r d s  d re s s e d  a f te r  e a c h  b iw e e k ly  
fe e d in g  p e r io d  a n d  a t  b o th  le v e ls  o f  m a la th io n  
feed in g . T h u s ,  in  a l l , 32  s i t t in g s  o f  th e  ta s t e  
p a n e l  w e re  em p lo y e d .

A  u n ifo rm  c o o k in g  p ro c e d u re  w as  a d o p te d  
in  p re p a r in g  th e  ta s t e  s a m p le s  fo r  e a c h  s i t t in g  
o f  th e  p a n e l . T h e  f re s h  o r  th a w e d  c a rc a s s e s  
w e re  w a s h e d  u n d e r  th e  t a p ,  p a t t e d  d ry  w ith  
p a p e r  to w elin g , l ig h tly  s a l t e d  (5 g /b i r d ) ,  
t r u s s e d ,  a n d  p la c e d  o n  a  t r iv i t  in  a  la rg e , o p e n  
ro a s t in g  p a n . T h e  p a n s  w e re  c o v e re d  w ith  a  
d o u b le  th ic k n e s s  o f  h e a v y -g a u g e  a lu m in u m  
fo il m o ld e d  to  th e  p a n  r im . A  m e a t  th e r m o m 
e te r  w as  in s e r te d  th ro u g h  th e  fo il in to  th e  
b r e a s t  m u sc le  o f  o n e  b i r d  n e a r  th e  c e n te r  o f  
th e  p a n . T h e  p a n s  w e re  th e n  p la c e d  in  a n  
e le c tr ic  o v en  w h o se  th e r m o s ta t  w as  s e t  to  
m a in ta in  a  te m p e r a tu r e  o f  3 50°F  (c a l ib ra te d

b y  th e rm o c o u p le ) . W h e n  th e  m e a t  th e r m o m e 
t e r  re a c h e d  a  r e a d in g  o f  175°F , th e  fo il c o v e r  
w as  re m o v e d  a n d  th e  c o o k in g  c o m p le te d  to  a n  
in te rn ed  te m p e r a tu r e  o f  185°F .

I m m e d ia te ly  o n  re m o v a l f ro m  th e  o v en , 
th e  tw o  s id e s  o f  th e  b r e a s t  w e re  re m o v e d  a n d  
s e p a ra te d ,  a s  w e re  th e  tw o  th ig h s . A f te r  
d e b o n in g  th e  th ig h s , b o th  th e  w h ite  a n d  d a r k  
m e a t  (s k in  re m o v e d )  f ro m  o n e  s id e  o f  th e  b ird  
w as s lic e d  a c ro ss  th e  g ra in  w ith  a n  e le c tr ic  
c a rv in g  k n ife  to  y ie ld  a p p ro x im a te ly  1-oz 
se rv in g  p iec e s . T h e  m e a t  f ro m  th e  o th e r  s id e  
o f  th e  b ird  w as  w ra p p e d  in  n ew  a lu m in u m  foil 
a n d  p la c e d  in  a  re f r ig e ra to r  m a in ta in e d  a t  
3 7 -4 3 °F .
T aste  panel procedure

S lic e d  m e a t  p o r t io n s  w e re  d is t r ib u te d  to  
s m a ll s e rv in g  d is h e s  in  a c c o rd a n c e  w ith  a  
p re - s e le c te d  p a t t e r n  c o n fo rm in g  to  th e  r e 
q u i r e m e n ts  o f  th e  tr ia n g le  te s t .  T h e  o rd e r  o f  
p o r t io n s  f ro m  te s t  a n d  c o n tro l  b i r d s  w as  r a n 
d o m iz e d  w ith  re s p e c t  to  th e  s ix  p o s s ib le  c o m 
b in a tio n s  fo r  e a c h  ju d g e  a n d  p re s e n te d  a s  th e  
le f t , c e n te r , a n d  r ig h t  s a m p le s , tw o  o f  w h ich  
w ere  a lw a y s  id e n t ic a l  ( i .e ., f ro m  th e  s a m e  
t r e a tm e n t ) .

T h e  ju d g e s  w e re  r e q u ir e d  to  t a s t e  th e  
s a m p le s  in  th e  s a m e  o rd e r  ( le f t  to  r ig h t)  a t  
e a c h  s i t t in g  a n d  to  m a r k  o n  a  s c o re  c a r d  t h a t  
w h ic h  w as ju d g e d  to  b e  th e  o d d  s a m p le . “ N o  
d if f e re n c e ”  s co re s  w e re  n o t  p e r m i t te d .  S in ce  
th e  o d d  s a m p le  m ig h t a p p e a r  in  a n y  o f  th e  
th re e  p o s itio n s  a n d  i ts  p o s itio n  w o u ld  c h a n g e  
fro m  s i t t in g  to  s i t t in g , th e  ju d g e s  w ere  
r e q u ir e d  to  g u ess  e v e n  i f  n o  p e rc e p t ib le  d i f f e r 
en c e  w as  d e te c te d .

T h e  p a n e l  o f  18 ju d g e s  s a t  tw ic e  o n  e a c h  
te s t in g  d a y  in  th r e e  g ro u p s  o f  s ix . E a c h  ju d g e  
w as a s s ig n e d  to  a n  e n c lo s e d  a i r  c o n d i t io n e d  
c u b ic le  w ith o u t c o n ta c t  w ith  fe llo w  ju d g e s . I n  
th e  m o rn in g  se ss io n  (f ro m  11 a .m . to  n o o n ) 
m e a t  f ro m  th e  c o n tro ls  w as  c o m p a re d  w ith  
t h a t  o f  th e  low  te s t  fe e d in g  le v e l; in  th e  a f t e r 
n o o n  s e ss io n  (3  to  4 p .m .) ,  c o n tro l m e a t  w as  
c o m p a re d  w ith  t h a t  f ro m  th e  h ig h  te s t  fe ed in g  
lev e l. T h is  s a m e  p a t t e r n  w as  r e p e a te d  tw o  
d a y s  l a te r  w h e n  s a m p le s  w h ic h  h a d  b e e n  
re w a rm e d  a f te r  48  h r  in  th e  r e f r ig e ra to r  w ere  
c o m p a re d . T h e  m e a t  w as  re h e a te d  fo r  30  m in  
in  a n  o v en  a t  3 50°F .

ANALYTICAL PROCEDURES
P roxim ate com position

T h e  a n a ly s e s  c o n d u c te d  in c lu d e d  to ta l  
so lid s , fa t ,  p ro te in  a n d  a s h . C a r b o h y d r a te  w as  
d e te rm in e d  b y  d if f e re n c e . T o ta l  so lid s  w ere  
a n a ly z e d  u s in g  th e  m e th o d s  o f  A O A C  (1 9 6 5 ). 
F a t ,  to ta l  n i tro g e n  a n d  a s h  w e re  d e te rm in e d  
u s in g  m e th o d s  f ro m  th e  s a m e  s o u rc e . T o ta l  
n itro g e n  x  6 .2 5  w a s  t a k e n  a s  th e  p ro te in  c o n 
te n t .
F atty  acid distribution

F a t ty  a c id  d is t r ib u t io n  in  th e  g ly c e r id e s  
a n d  p h o s p h o l ip id s  w e re  d e te rm in e d  u s in g  g as
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c h ro m a to g ra p h y  o f  th e  re s p e c tiv e  m e th y la te d  
l ip id  f r a c t io n s  s e p a r a te d  b y  low  te m p e r a tu r e  
f r a c t io n a tio n  a n d  th in  la y e r  c h ro m a to g ra p h y . 
A n  a p p ro x im a te ly  lg  s a m p le  o f  egg y o lk  w as  
e x tr a c te d  w ith  25 m l o f  a  1:1 m ix tu re  o f  a b s o 
lu te  e th a n o l a n d  c h lo ro fo rm . T h e  s a m p le  w as  
f i l te re d , d iv id e d  in to  tw o  p o r t io n s  a n d  e a c h  
p o r t io n  w as  e v a p o ra te d  to  d ry n e s s  u n d e r  a  
s t r e a m  o f  n itro g e n .

T h e  re s id u e  fro m  th e  f i r s t  p o r t io n  w as 
ta k e n  u p  in  2 0  m l o f  a c e to n e  a n d  th e  re s u lt in g  
s o lu tio n  p la c e d  in  a  fre e z e r . T h is  l a t t e r  t r e a t 
m e n t  w as  d e s ig n e d  to  p re c ip i ta te  th e  p h o s 
p h o lip id s . T h e  s o lu tio n  w as  f i l te re d  k e e p in g  
th e  e n t i r e  o p e ra t io n  in  th e  co ld . T h e  re s id u e  
o n  th e  f i l te r  w as  re d is s o lv e d  in  c h lo ro fo rm , 
ta k e n  to  d ry n e s s , t a k e n  u p  a g a in  in  a c e to n e , 
a llo w ed  to  p re c ip i ta te  in  th e  co ld  a n d  r e f i l 
te re d . T h e  c o m b in e d  f i l t r a te s  w e re  t a k e n  to  
d ry n e s s  a n d  re d is s o lv e d  in  1  m l o f  a c e to n e . 
T h is  f r a c t io n  c o n ta in e d  p r im a r i ly  th e  t r ig ly 
c e r id e s  a n d  th e  c h o le s te ro l.

T h in  la y e r  c h ro m a to g ra p h y  w as  u se d  to  
f u r th e r  p u r i fy  e a c h  f r a c t io n . A liq u o ts  o f  th e  
a c e to n e  s o lu tio n  fro m  a b o v e  w ere  s t r e a k e d  on 
th in  la y e r  p la te s  o f  S ilic a  G el G  (2 m m ) a n d  
d e v e lo p e d  u s in g  p ro p a n o l:  a m m o n ia  (3 :1 ) 
u n t i l  t h e  s o lv e n t  f r o n t  re a c h e d  h a l f  th e  d is 
ta n c e  u p  th e  p la te .  T h e  p la te  w as  d r ie d  a n d  
fu r th e r  d e v e lo p e d  u s in g  c h lo ro fo rrm b e n z e n e  
( 2 : 1 ) u n t i l  th e  s o lv e n t f r o n t  r e a c h e d  a  p o in t  
a b o u t  1 / 2  in . f ro m  th e  to p  o f  th e  p la te .

A  t r ia l  p la te  w as  r u n  a t  f i r s t  to  a s s is t  in  
lo c a tin g  th e  p o s i t i o i  o f  th e  l ip id  fr a c t io n s . 
T h e  t r ia l  p la t e  w as  s p ra y e d  w ith  d ic h lo r-  
f lu o re sc e in  in  a lc o h o l, p u t  in  a  t a n k  fi l le d  w ith  
io d in e  v a p o rs , re m o v e d , s p ra y e d  w ith  s u lfu r ic  
a c id :c h ro m ic  a c id  ( 1 : 1 ) a n d  p la c e d  in  a n  
o v e n . T h e  s p o ts  in  th e  lo w er p o r tio n  o f  th e  
p la te  w ere  th e  p h o s p h o l ip id s ;  ch o le s te ro l in  
th e  c e n te r ;  a n d  n e a r  th e  to p , g ly ce r id e s . 
N o rm a l ly  th e r e  w as  v e ry  l i t t l e  e v id e n c e  o f 
p h o s p h o l ip id s  o n  th e s e  p la te s .

T h e  p o r t io n  o f  th e  a c tu a l  te s t  p la te s  c o n 
ta in in g  th e  g ly c e r id e s  w as s c ra p e d  o ff, d i s 
so lv e d  in  a b s o lu te  a lc o h o l, a n d  f i l te re d . A few  
m l o f  60%  a q u e o u s  K O H  w as  a d d e d  a n d  th e  
m ix tu re  re f lu x e d  fo r 30  m in  to  s a p o n ify  th e  
fa t ty  a c id s . T h e  m e th y l  e s te rs  o f  th e  f a t ty  
a c id s  w ere  p r e p a r e d  u s in g  A O C S  (1 964) 
m e th o d s  a n d  a n  a l iq u o t  w as  in je c te d  in to  a 
g as  c h ro m a to g ra p h  fo llo w in g  th e  p ro c e d u re  in  
th e  s a m e  m a n u a l .  T h e  f a t ty  a c id  d is t r ib u t io n s  
o f  th e  g ly c e r id e s  w e re  c a lc u la te d  u s in g  th e  
p e a k  a re a s  on  th e  r e s u lt in g  c h ro m a to g ra m s .

T h e  re s id u e  fro m  th e  f i l t r a t io n  o f  th e  co ld  
a c e to n e  s o lu tio n  a b o v e  w as  d is s o lv e d  in  c h lo 
ro fo rm , t a k e n  to  d ry n e s s  a n d  re d is s o lv e d  in  1  

m l o f  c h lo ro fo rm .
A liq u o ts  o f  th i s  s o lu tio n  w e re  s p o t te d  on 

th in  la y e r  p la te s , s u b je c te d  to  th e  s a m e  d e v e l
o p m e n t b u t ,  th i s  t im e , th e  lo w er p ro tio n  o f  th e  
p la te  w as  s c ra p e d  o ff. T h e  s c ra p in g s  w ere  
e x tr a c te d  a s  d e s c r ib e d  ab o v e , s a p o n ife d , d e - 
r iv a tiz e d  a n d  in je c te d  in to  th e  g as  c h ro m a to 
g ra p h . T h e  f a t ty  a c id  d is t r ib u t io n s  o f  th e  
p h o s p h o l ip id s  w ere  c a lc u la te d  u s in g  th e  p e a k  
a re a s  o f  th e s e  c h ro m a tg ra m s .
C holeste ro l

T h e  se c o n d  p o r tio n  o f  th e  o r ig in a l a lc o h o l- 
c h lo ro fo rm  e x tr a c t  o f  th e  eggs w as u s e d  fo r 
th e  c h o le s te ro l d e te rm in a t io n .  A  w e ig h ed  p o r 
tio n  o f  th is  to ta l  l ip id  re s id u e  w as  d isso lv ed  
a n d  th e  ch o le s te ro l c o n te n t  d e te rm in e d  u s in g  
a n  A u to a n a ly z e r  p ro c e d u re  w h ic h  is a  m o d if i
c a t io n  o f  th e  m e th o d  o f  S p e r r y  a n d  W e b b  
(1 9 50 ) fo r  to ta l  c h o le s te ro l. T h e  c h o le s te ro l

c o n te n t  o f  th e  egg y o lk  w as  c a lc u la te d  u s in g  
th e  to ta l  l ip id  c o n te n t  o f  th e  eggs a n d  th e  
ch o le s te ro l c o n te n t  fo u n d  in  th e  to ta l  l ip id s .
Amino acids

T h e  a m in o  a c id  d is t r ib u t io n  in  b o th  w h ite s  
a n d  y o lk s  w as  d e te rm in e d  u s in g  th e  p ro c e 
d u re  o f  M o o re  e t a l . (1 9 5 8 ). T h e  re s u lts  w ere  
re p o r te d  o n  a n  N  =  16%  b a s is .
C arotene

C a ro te n e  w as  d e te rm in e d  u s in g  th e  o ffic ia l 
m e th o d s  o f  A O A C  (1 9 6 5 ).

RESULTS
Physical observations

Body weights, average weekly feed 
consumption, egg production, and effi
ciency of feed utilization for egg produc
tion were not affected by dosage level of 
malathion and there was no evidence of 
toxicity or adverse effects in the treated 
birds. At the 1000 ppm level of mala
thion in the feed, residues were found in 
raw livers after 8  wk, but only in 
amounts of 0.11 to 0.14 ppm which are 
well below the tolerance of 4 ppm 
(USDA, 1968). Malathion residues in 
cooked chicken livers were less than 0 . 1  
ppm in control as well as those from hens treated over the entire 8 -wk period. 
This was also true of the cooked chicken 
fat and raw and cooked chicken muscle, 
light and dark meat.
F lavor evaluations

Table 1 summarizes that data from 
the flavor evaluations for high and low 
levels of the pesticide in the feed for 
freshly cooked and rewarmed meat. 
Using a panel of 18 judges, it is obvious

Table 1— Summary of total correct identifica
tions by flavor panel out of 18 treated samples

P e r io d ,  w ee k s  
2 4 6 8

T r e a tm e n t
(N u m b e r  c o r r e c t  
id e n ti f ic a t io n s ) A v g

N o t  s to re d  
1 0 0  p p m  

F re s h 7 8 9 3 6 . 8

R e w a rm 9 3 7 7 6 .5
1 0 0 0  p p m  

F re s h 9 7 7 9 8 . 0

R e w a rm 7 10 5 1 0 8 . 0

S to re d  6  m o  
1 0 0  p p m  

F re s h 7 5 5 9 6 .5
R e w a rm 5 5 5 6 5 .3

1 0 0 0  p p m  
F re s h 10 5 9 7 7 .8
R e w a rm 8  4 7 6 6 .3

G r a n d  A v e ra g e 6 .9

that one would expect about 6  correct 
identifications in each trial if there were actually no difference between samples. 
On the other hand, Chi-square statistics 
indicate that if as many as 1 0  out of 18 
judgements are correct, there is a proba
bility of 0.95 that a real difference 
between samples was detectable. It is 
obvious that there was no correlation 
with the length of time during which 
malathion was fed to the birds. There 
was a slight, but not significant indica
tion that more correct identifications 
were achieved when the birds received

Table 2— Proximate composition of egg whites and egg yolks

E g g  w h i te  t e s t  g ro u p  E g g  y o lk  t e s t  g ro u p
C o n s t i t u e n t

g / 1 0 0 g W e e k C o n tr o l
L o w
le v e l

H ig h
le v e l C o n tr o l

L o w
le v e l

H ig h
le v e l

T o ta l  so lid s 2 10.5 1 1 . 2 1 0 . 8 5 3 .4 5 6 .2 5 4 .7
4 13.4 13.8 13.5 52.7 5 2 .4 5 2 .2
6 12.5 13.6 13.4 5 3 .2 5 3 .5 5 2 .6
8 1 1 . 6 1 0 . 8 9.9 5 4 .8 5 4 .8 5 4 .9

F a t 2 0 .0 4 0 .0 3 0 .0 7 3 3 .6 3 4 .4 3 4 .6
4 0 .1 5 0 .1 4 0 .13 3 3 .5 3 2 .8 3 3 .4
6 0 .1 8 0 .1 9 0 .1 8 3 4 .8 3 4 .4 34.1
8 0 .04 0 .04 0 .0 5 3 4 .7 3 5 .8 3 5 .3

P ro te in 2 9.1 9.3 1 0 . 6 16.9 16.4 16.4
(N  x  6 .25) 4 11.3 11.4 11.4 16.4 16.6 16.6

6 1 1 . 8 11.4 1 2 . 6 16.6 16.6 16.4
8 1 0 .9 9.4 1 0 . 0 16.8 16.7 16.6

A sh 2 0 .0 6 0 .64 0 . 6 6 1 . 8 1 . 8 1 . 6

4 0 .7 8 0 .94 0 .91 1 . 8 1 . 8 1.7
6 0 .54 0 . 6 6 0 . 6 6 1 . 8 1 . 8 1 . 6

8 0 .7 0 0 .64 0 .7 4 1 . 6 1.7 1.7
C a r b o h y d r a te 2 0 .80 1 . 2 0 .0 1 . 1 3 .2 3.1
(b y  d iffe re n c e ) 4 1 . 2 0 1 . 2 1 . 1 0 .9 1 . 2 0 .4

6 0 . 2 0 1.3 0 .0 0 .0 0 .7 0 .5
8 0 .0 0 .7 0 .0 1.7 0 . 6 1.3
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Table 3—-Fatty acid distribution in glycerides of egg yolks Table 4—-Fatty acid distribution in phospholipids of egg yolks

T e s t  g ro u p

W e e k

T e s t  g ro u p

W e ek

P a t t y  a c id
2 4  6  

( P e r  c e n t)
8

F a t t y  a c id
2 4 6  

( P e r  c e n t)
8

C o n tro l M y r is t ic 1 . 2 0 .9 0 0 .8 0 0 .6 0 C o n tro l M y r is t ic 0 . 2 0 0 .3 0 .3 3 0 .4 5
P a lm it i c 2 6 .8 2 2 . 2 2 4 .3 23.4 P a lm it i c 34.4 3 7 .4 3 2 .6 3 2 .2
P a lm ito le ic 2 .3 2 . 8 4 .7 2 . 6 P a lm ito le ic --- ° — 1 . 6 1 . 8

S te a r ic 5 .0 4 .6 3 .0 3 .6 S te a r ic 19.0 16.6 17.3 18.0
O le ic 5 3 .3 52.2 5 1 .6 5 3 .8 O le ic 2 8 .8 2 9 .4 3 2 .6 3 1 .2
L in o le ic 1 1 . 8 14.3 16.5 15.9 L in o le ic 15.7 13.9 13.9 14.8

L ow  leve l M y r is t ic 0 .65 0 .83 1.0 0 .6 0 A ra c h id o n ic 2 . 8 2 .4 1 . 2 2 .4
P a lm it i c 2 6 .5 2 0 .4 2 4 .5 2 3 .0 L o w  leve l M y r is t ic 0 .1 6 0 .15 0 .1 0 .1
P a lm ito le ic 2 . 8 2 . 8 3 .6 2 .9 P a lm it ic 3 5 .2 3 7 .2 3 2 .9 3 1 .8
S te a r ic 4 .4 4.2 3 .8 3.2 P a lm ito le ic 0 . 6 — 1 . 8 1 . 2

O leic 51.1 5 4 .4 5 3 .3 5 5 .9 S te a r ic 2 0 . 2 16.7 17.7 18.8
L in o le ic 14.7 17.2 13.4 14.5 O le ic 2 6 .0 2 9 .7 3 1 .0 3 1 .6

H ig h  le v e l M y r is t ic 0 .3 6 0 .6 0 0 .3 6 0 .4 0 L in o le ic 14.9 13.2 14.5 14.0
P a lm it i c 2 5 .3 2 1 . 2 24.0 2 4 .3 A ra c h id o n ic 3 .3 3 .0 2 . 0 2 . 6

P a lm ito le ic 2 .7 3 .0 3 .8 2 . 8 H ig h  le v e l M y r is t ic 0 .15 0 .25 0 .1 5 0 .2 5
S te a r ic 4 .6 4 .2 3 .7 2 .9 P a lm it ic 3 2 .2 37.1 3 0 .2 3 3 .6
O le ic 52.2 5 4 .3 5 5 .3 56.2 P a lm ito le ic 1 . 6 — 1.4 0 .9 3
L in o le ic 14.6 16.5 13.6 13.2 S te a r ic 2 0 . 0 16.2 2 0 . 2 2 0 . 8

O leic 3 1 .2 3 0 .6 3 1 .0 2 9 .2
L in o le ic 13.4 13.4 14.8 13.6
A ra c h id o n ic 2 . 6 2 . 6 2 . 2 1 .7

1 0 0 0  ppm as compared with only 1 0 0  
ppm. The grand average of the correct 
scores was 6.90 which supports the null 
hypothesis, i.e., the feeding of malathion 
to laying hens had no effect on the flavor 
of the meat.
Nutrient composition

The proximate compositions of the 
egg whites and yolks (Table 2) exhibited 
by variance analysis no significant dif
ferences between the control and low 
and high feeding level groups. In addi
tion, the values compared favorably with 
published average compositions of eggs. More important is the fact that no signif
icant differences were noted between the 
control and test groups.The fatty acid distribution in the 
glycerides of the yolks (Table 3) 
remained the same in all groups 
throughout the entire test. The same was 
true of the fatty acids in the phospholi
pids of the yolks (Table 4). Whereas the 
treatment had no effect on the relative 
cholesterol level of the yolks, there was a 
small increase in all groups after the fourth week of feeding (compare Table5). It was concluded that there was no 
adverse effect upon the yolk lipids when 
laying hens are exposed to as much as 
1 0 0 0  ppm of malathion in their diet.

The essential amino acid distribution 
in the proteins of the egg white and of the egg yolk (Table 6 ) were unchanged 
in all groups throughout the entire test. On the basis of no significant change in 
any of the essential amino acids it must be concluded that there was no effect 
upon the protein quality of the eggs when malathion comprises up to 1 0 0 0  
ppm of the diet.

°—Not detected.

The results of the carotene analyses 
are given in Table 7. Initial analyses of 
the egg yolks showed no significant 
amounts of preformed vitamin A present. As a result no further vitamin A 
analyses were conducted. There were 
some differences in the carotene values after the 4th wk. These consisted of 
apparent increases in the carotene level 
of the eggs from the test groups, particu-

Table 5— Cholesterol content of egg yolks

T e s t  g ro u p

W e ek
C o n tr o l L o w  le v e l 

( P e r  c e n t)
H ig h  le v e l

2 1.3 1.3 1.4
4 1.9 1.4 1 . 1

6 1.5 1 . 6 1 . 8

8 1.4 1 . 6 1 . 6

Table 6— Amino acid distribution in proteins of egg whites and egg yolks

A m in o  a c id s  
(g /lO O g  p ro te in )

E g g  w h i te  p ro te in E g g  y o lk  p ro te in

C o n tro l
M a la th io n

L o w  le v e l H ig h  lev e l C o n tr o l
M a la th io n

L o w  le v e l H ig h  le v e l
A s p a r t ic 7 .3 7.3 7 .8 7 .8 8 .4 9 .5
T h re o n in e 4.1 4.6 4 .4 5 .0 5 .5 5 .8
S e r in e 6 .4 7.0 7 .0 7 .3 7 .4 7 .6
G lu ta m ic 12.9 13.2 1 3 .4 10.7 1 1 . 0 11.4
P ro lin e 3 .7 3 .4 3 .7 4 .3 4 .6 4 .7
G ly c in e 3 .6 3 .6 3 .7 2 .9 2 .9 2 .9
A la n in e 6 . 8 6.7 6 . 0 4 .9 5 .0 5 .3
V a lin e 7.2 7.2 7 .4 5.2 5 .4 5.1
C y s tin e 2 .9 3.1 3 .2 2 .5 2 . 1 2 . 0

M e th io n in e 4 .2 4.2 4.1 2.3 2 .3 2 . 2

Is o le u c in e 5.8 5 .8 5 .6 5.1 5 .2 5 .2
L e u c in e 8.7 8 . 8 8 . 6 8 .4 8 . 8 9 .0
T y ro s in e 4.3 4 .5 4 .6 4 .4 4 .3 4 .5
P h e n y la la n in e 6 .5 6 . 6 6 .7 4 .6 4 .5 4 .1
L y s in e 7 .6 7 .6 7.7 7 .4 7.4 7 .7
H is t id in e 2 .5 2 . 6 2 . 6 2 .5 2 .4 2 .5
A rg in in e 6.3 6 .3 6 .4 7 .3 7 .3 7 .4
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Table 7— Carotene content of egg yolks°

T e s t  g ro u p

W e ek
C o n tr o l L o w  le v e l

m g/100g
H ig h  lev e l

2 3 3 .8 2 8 .5 3 0 .5
4 34.6 3 6 .9 3 6 .4
6 37.1 4 6 .3 42.5
8 3 3 .7 5 2 .2 4 2 .9

“Average of triplicate analyses.

It was concluded that if the level of 
feed contamination likely to be encoun
tered in normal poultry management, 
where malathion is used as a dust for parasite control reached 1 0 0  ppm, there 
would be no adverse effect on the eating 
quality of the meat or the nutrient composition of the eggs. It was further 
concluded that this lack of adverse 
effects was also true for a dosage level up to 1 0 0 0  ppm.

larly the low level (100 ppm) group. In 
any event, the changes noted do not 
imply a deterioration of the nutritional 
value of the eggs from the test groups.
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QUANTITATIVE DETERMINATION OF METMYOGLOBIN AND 
TOTAL PIGMENT IN AN INTACT MEAT SAMPLE 

USING REFLECTANCE SPECTROPHOTOMETRY

SUMMARY—A technique for determining the relative quantities of oxymyoglobin, metmyoglobin 
and total pigment concentration at the surface of an intact meat sample was developed. A Beck
man DK-2 spectrophotometer with reflectance attachment was used and spectra were recorded on 
the Ra scale. The sample port of the spectrophotometer was modified so that a uniform and high 
intensity light beam measuring 0.5 x  0.6 cm reached the surface being evaluated. A sample holder 
was constructed so that known proportions of oxygenated and oxidized meat could be exposed to 
the light beam. A family of curves representing varying known amounts of metmyoglobin and 
oxymyoglobin were obtained. The height of the peak at 632 nm (&Ra6 3i ) was directly related to 
the amount of metmyoglobin at the surface of the meat sample. For 100% oxymyoglobin, ARah:<2 

was at a  minimum and equal to Ra7mi. For 100%  metmyoglobin, ARa632 was at a maximum and 
the height of the response depended upon the amount of total pigment present. A linear relation 
was obtained when ARa632 was plotted against percent metmyoglobin or against total pigment 
determined by the Hornsey (1956) method. The method requires making two readings of the meat 
samples at a single wave length. One reading of the sample followed by one reading of the same 
sample after oxidation with K3Fe(CN)6 provides a quantitative evaluation of the metmyoglobin 
concentration and the total heme pigment concentration. The accuracy of the method may be im
proved by making multiple readings.

INTRODUCTION
THE CONSUMER considers the bright red color of oxymyoglobin in fresh meat 
desirable, while the brown color of met- 
myoglobin is considered undesirable. 
The interactions between the environment and the myoglobin-metmyoglobin 
reaction in post-mortem animal tissue 
are not completely characterized. An 
accurate and precise technique for de
termining the relative quantities of oxy
myoglobin, metmyoglobin, and total 
pigment concentration at the surface of 
an intact meat sample is required in or
der to evaluate the influence of the en
vironment upon a meat system.

Mangel (1951), Butler et al. (1953) 
and Broumand et al. (1958) developed 
spectrophotometric methods for deter
mining the states of myoglobin con
tained in extracts of meat surfaces. The 
extraction process is a source of consid
erable error in these methods.

Reflectance spectrophotometry eliminates the need for extraction and allows the pigment to be evaluated in its nat
ural environment, the muscle. Qualitative evaluation of metmyoglobin in 
muscle using reflectance spectrophotom
etry was reported by Pirko and Ayres
(1957) and Naughton et al. (1958). Dean and Ball (1960) developed a quantita
tive method for measuring meat pig
ments based upon the absorbancy ratio 
method of Broumand et al. (1958), but using reflectance measurement of meat 
surfaces. This technique used K /S  ratios 
(Judd and Wyszecki 1963) to adjust 
for sample thickness and scatter. Snyder

(1965) attempted unsuccessfully to ad
just for nonlinear responses of % re
flectance measurements by measuring 
reflectance on the absorbance scale 
( R a ) .  Adjustment of all spectra to a 
value of Ra equal to 1.0 at 525 nm ef
fectively removed scatter due to non
myoglobin related factors (Snyder 1965). 
Snyder (1965) noted that as stored beef 
color changed there were large responses at 632 nm.

Stewart et al. (1965) used reflectance spectrophotometry to determine total 
pigment and percent metmyoglobin. 
Total pigment was determined by con
verting the reflectance response from 
meat samples at 525 nm to K /S values 
which were linearly related to total pig
ment, as determined by the Hornsey 
method (Hornsey, 1956). Metmyoglo- bin was determined from the ratio K /S  
572 nm /K /S 525 nm. Limiting values 
for the ratio were established for meat 
containing 0 % and 1 0 0 % metmyoglobin 
and a linear relationship was assumed 
for intermediate values.Snyder and Armstrong (1967) re
ported the relative merits of Ra spectra versus K /S ratios when using a model 
system. They found a linear relationship 
between the K /S ratios at the isobestic myoglobin-oxymyoglobin wavelengths 
of 571 nm and 505 nm and the concentration of metmyoglobin and oxymyo
globin in nonfat dry milk using adjust
ment of all spectra to Ra = 1.0 at 525nm. This model system tended to confirm the assumption of Stewart et al. 
(1965) regarding linearity between 0

and 100% metmyoglobin. If the myo
globin-nonfat dry milk model system is 
truly representative of a meat system, 
then the percent myoglobin derivative 
can be determined by using the K /S  ratio at 571 nm.

The specific objectives of this study 
were: to develop an improved method for determining total pigment and the 
relative amounts of oxymyoglobin and 
metmyoglobin present at the surface of 
beef samples by reflectance spectro
photometry and to develop a means for evaluating the precision and accuracy 
of the method developed through the 
presentation of meat samples containing 
known proportions of metmyoglobin 
and oxymyoglobin to the reflectance spectrophotometer.

MATERIALS & METHODS
T O T A L  R E F L E C T A N C E  m e a s u r e m e n ts  
w e re  m a d e  u s in g  a  B e c k m a n  D K -2  s p e c tr o 
p h o to m e te r  w i th  r e f le c ta n c e  a t t a c h m e n t .  
T h e  s t a n d a r d  re fe re n c e  m a te r ia l  w a s  M g O . 
(S c a n n in g  t im e  2 ; s c a le  e x p a n s io n  2 x ;  t im e  
c o n s ta n t  0 .2 ; ra n g e  0 .5 -1 .5 ;  s e n s i t iv i ty  20 .)

T h e  s a m p le  p o r t s  o n  th e  r e f le c ta n c e  a t 
ta c h m e n ts  w e re  m o d if ie d  so  t h a t  q u a n t i t a t iv e  
w o rk  c o u ld  b e  c a r r ie d  o u t .  T h e  s ize  a n d  p o s i
t io n  o f th e  l ig h t  b e a m  w e re  d e te rm in e d  b y  
p la c in g  a  p iec e  o f p a p e r  o v e r  t h e  s a m p le  p o r t  
a n d  t r a c in g  th e  l ig h t  b e a m . T h e  s ize  o f th e  
l ig h t  b e a m  w a s  0 .9  c m  x 0 .7  c m . T h e  in te n s e  
p o r t io n  o f  th e  l ig h t  b e a m  w a s  d is p la c e d  fro m  
th e  c e n te r  o f th e  s a m p le  p o r t .  T h e  b r ig h tn e s s  
o f th e  in te n s e  b e a m  w a s  n o t  a s  g re a t  to w a r d  
th e  ed g es  a s  i t  w a s  in  th e  c e n te r .  I n  o rd e r  to  
g e t  a  b e a m  o f k n o w n  s ize  a n d  u n i fo rm  in te n 
s i ty ,  a  h o le  (0 .6  c m  x 0 .5  cm ) w a s  c u t  in  a  
p iec e  o f b la c k  c o n s t ru c t io n  p a p e r  fo rm in g  a  
sh ie ld , w h ic h  w a s  t h e n  p o s it io n e d  o v e r  a  s a m 
p le  p o r t  so  t h a t  th e  in te n s e  p a r t  o f th e  l ig h t  
b e a m  p a s s e d  th r o u g h  i t .  T h e  s a m p le  p o r t  w a s  
c o v e re d  w i th  M -m y la r  p o ly e th y le n e  to  p r e 
v e n t  m e a t  d r ip p in g s  f ro m  e n te r in g  th e  i n te 
g ra t in g  s p h e re . T h e  M -m y la r  p o ly e th y le n e  
f i lm  e x h ib i te d  n o  m e a s u ra b le  a b s o r p t io n  of 
l ig h t  b e tw e e n  4 0 0  n m  a n d  750  n m .

T h e  m e a t  s a m p le s  w e re  o b ta in e d  fro m  
s e v e ra l so u rc e s . U S D A  C h o ic e  to p  ro u n d s  
w e re  o b ta in e d  f ro m  a  lo ca l p a c k in g  p la n t  
w h ile  o th e r  c u ts  o f b e e f  a n d  p o r k  w e re  p u r 
c h a se d  fro m  lo c a l s u p e r m a rk e ts .  S a m p le s  
u s e d  to  r e p r e s e n t  1 0 0 %  m e tm y o g lo b in  a t  th e  
s u rfa c e  w e re  p a in te d  w i th  1 %  K 3 F e ( C N ) 6, 
c o v e re d  w i th  s a r a n ,  a n d  a l lo w e d  t o  s t a n d  a t  
le a s t  8  h r  a t  3 2 ° F . S a m p le s  re p r e s e n t in g  100%  
o x y m y o g lo b in  w e re  f re s h  c u t  a n d  a l lo w e d  to  
b lo o m  in  a i r  a t  3 2 ° F  fo r  1 -2  h r  b e fo re  m e a -
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s u re m e n ts  w e re  m a d e . A ll m e a t  s a m p le s  w e re  
c u t  p e rp e n d ic u la r  t o  th e  fib e rs .

T o  d e te r m in e  t o t a l  p ig m e n t c o n c e n t r a 
t i o n ,  b e e f  a n d  p o r k  s a m p le  s u rfa c e s  w e re  f i r s t  
c o n v e r te d  t o  100% m e tm y o g lo b in . T h e  R a 
s p e c tr u m  o f  th e  s a m p le  w a s  re c o rd e d , a f t e r  
w h ic h  t h e  t o t a l  p ig m e n t  c o n c e n t r a t io n  w as  
d e te r m in e d  a c c o rd in g  to  th e  m e th o d  o f H o r n 
se y  (1 9 5 6 ). D u r in g  p r e p a r a t io n  o f  s a m p le s  
fo r  to ta l  p ig m e n t a n a ly s is  (H o rn s e y , 1956) 
so m e  e x tr a c ts ,  e s p e c ia l ly  p o r k ,  w e re  c lo u d y  
e v e n  a f te r  f i l t r a t io n .  T h e s e  e x t r a c ts  w e re  
p la c e d  in  a n  a c e to n e - d r y  ice b a th  fo r  a b o u t  
2  m in  a n d  r e f i l te re d , th u s  p ro v id in g  a  c le a r  
s o lu tio n .

A  s a m p le  h o ld e r  (F ig . 1 ), w h ic h  a l lo w e d  
v a r io u s  p ro p o r t io n s  o f  o x y m y o g lo b in  a n d  
m e tm y o g lo b in  t o  b e  ex p o s e d  t o  th e  l ig h t  
b e a m , w a s  c o n s t ru c te d .  T h e  s a m p le  h o ld e r  
c o n s is te d  o f  a  p iec e  o f  th in  s h e e t  m e ta l  4  in . 
x 2 in . w i th  a  2 in . x 1 in . h o le  c u t  in  th e  c e n 
t e r  t o  a llo w  p a s s a g e  o f  th e  l ig h t  b e a m . A lu 
m in u m  g u id e  b a r s  w h ic h  w e re  s lo t te d  to  a c 
c o m m o d a te  a  r a z o r  b la d e , w e re  m o u n te d  o n  
e i th e r  s id e  o f  th e  h o le . T h e  s h e e t  m e ta l  w a s  
f a s te n e d  to  a  m e c h a n ic a l  m ic ro sc o p e  s ta g e , 
w h ic h  w a s  m o u n te d  o n  th e  s p e c tr o p h o to m e te r  
so  t h a t  th e  s h e e t  m e ta l  w a s  f lu s h  w ith  th e  
s a m p le  p o r t .  T h e  s a m p le  h o ld e r  w a s  m o v a b le  
v e r t ic a l ly .

A  ra z o r  b la d e  w a s  u s e d  t o  is o la te  2 -in . 
c u b e s  o f  o x y m y o g lo b in  a n d  m e tm y o g lo b in  
f ro m  o n e  a n o th e r  w i th  a  m in im u m  s e p a r a t io n  
d is ta n c e .  T h e  c u b e s  w e re  f a s te n e d  to  th e  
r a z o r  b la d e  w i th  a  r u b b e r  b a n d .

A  s c a le  o f  0 .1  c m  d iv is io n s  w a s  m o u n te d  
o n  t h e  m ic ro sc o p e  s ta g e  n e x t  t o  a  f ix e d  p o in t  
c o r r e s p o n d in g  t o  th e  b o t to m  o f  th e  l ig h t  
b e a m . W h e n  th e  o x y m y o g lo b in  a n d  m e tm y o 
g lo b in  s a m p le s  w e re  p la c e d  a g a in s t  th e  r a z o r  
b la d e  b e tw e e n  th e  a lu m in u m  g u id e  b a r s ,  i t  
w a s  p o s s ib le  t o  e x p o s e  v a r io u s  p r o p o r t io n s  o f 
e a c h  t o  th e  l ig h t  b e a m  s im u l ta n e o u s ly .  E a c h  
d iv is io n  o n  th e  s c a le  w a s  e q u a l  t o  1 /6  th e  
a r e a  o f th e  l ig h t  b e a m .

A  s p e c t r u m  w a s  r u n  w i th  100%  m e tm y o 
g lo b in  a n d  100%  o x y m y o g lo b in  in  th e  l ig h t  
b e a m . I n te r m e d ia te  v a lu e s  w e re  o b ta in e d  b y  
ex p o s in g  1 /6  (1 6 .7 % ) m e tm y o g lo b in , 5 / 6

(8 3 .3 % ) o x y m y o g lo b in ; 2 / 6  (3 3 .3 % ) m e tm y o 
g lo b in , 4 / 6  (6 6 .7 % ) o x y m y o g lo b in ; 3 / 6
(5 0 .0 % ) m e tm y o g lo b in , 3 / 6  (5 0 .0 % ) o x y m y o 
g lo b in ; 4 / 6  (6 6 .7 % ) m e tm y o g lo b in , 2 /6
(3 3 .3 % ) o x y m y o g lo b in ; 5 / 6  (8 3 .3 % ) m e tm y o 
g lo b in , 1 /6  (1 6 .7 % ) o x y m y o g lo b in  t o  th e  
l ig h t  b e a m .

The spectra were obtained by recording 
reflectance on the absorbance scale (Ra val
ues) without setting the instrument to 0 and 
100%  transmission. Each scan was started at 
750  nm, and each sample was adjusted to the 
same starting point with the 100% adjusting 
control of the spectrophotometer.

I n  o rd e r  to  m e a s u re  th e  a m o u n t  o f  m e t 
m y o g lo b in  p re s e n t  in  a  s a m p le , a R am:  w a s  
u s e d . a R a632 is  d e f in e d  a s  th e  h e ig h t  o f  th e  
6 3 2  n m  p e a k  m e a s u re d  fro m  th e  7 50  n m  s t a r t 
in g  p o in t  t o  th e  to p  o f  th e  p e a k , a s  i l lu s t r a t e d  
in  F ig u r e  3.

I n  r e la te d  e x p e r im e n ts  o x y m y o g lo b in  a n d  
w h i te  f a t  w e re  u se d  to  e x p o se  v a r io u s  p ro 
p o r t io n s  o f o x y m y o g lo b in  t o  t h e  l ig h t  b e a m . 
T h e  s a m e  w a s  d o n e  w i th  m e tm y o g lo b in  a n d  
f a t .  S p e c t r a  w e re  o b ta in e d  a s  p re v io u s ly  
d e s c r ib e d .

T o  t e s t  th e  v a l id i ty  o f  th e  l in e a r  r e la t io n 
s h ip  b e tw e e n  th e  r a t io  K / S  5 7 2 / K / S  5 2 5  a n d  
m e tm y o g lo b in  c o n c e n t r a t io n  in  a  s a m p le  a s  
p ro p o s e d  b y  S te w a r t  e t  a l . (1965) a n d  S n y d e r  
a n d  A rm s tro n g  (1 9 6 7 ), th e  s p e c tr o p h o to m e te r  
w a s  c a l ib r a te d  to  0  a n d  100%  tr a n s m is s io n  
( r a n g e  0 -1 0 0 %  T )  u s in g  m a g n e s iu m  o x id e  
w i th o u t  th e  sh ie ld . T h e  s h ie ld  w a s  p o s it io n e d  
o v e r  th e  l ig h t  b e a m  o f  th e  s a m p le  p o r t ,  t h e  
p re v io u s ly  d e s c r ib e d  s a m p le  h o ld e r  w a s  p u t  
in to  p la c e , a n d  s p e c tr a  w e re  o b ta in e d  u s in g  
v a r io u s  k n o w n  p ro p o r t io n s  o f  o x y m y o g lo b in  
a n d  m e tm y o g lo b in  f ro m  e ig h t  d i f f e r e n t  s a m 
p le s  o f a  s in g le  to p  ro u n d . T h e  in s t r u m e n t  
r a n g e  w a s  s e t  a t  0 .5 -1 .5  o n  th e  a b s o rb a n c e  
s c a le . F ro m  th e  d a t a  o b ta in e d  t h e  fo llo w in g  
w e re  p lo t te d  a g a in s t  th e  p r o p o r t io n  o f  m e t 
m y o g lo b in  e x p o sed : R a572, RA632, R a572/ R a52S, 
R a632/Ra626, K / S  5 7 2 , K / S  6 3 2 , K / S  5 7 2 /  
K / S  525 , K / S  6 3 2 / K / S  525 .

F o u r  d if f e r e n t  s a m p le s  f ro m  o n e  to p  
ro u n d  w e re  u se d  to  c o m p a re  t h e  re sp o n s e s  
f ro m  th e  s h ie ld e d  a n d  u n s h ie ld e d  l ig h t  b e a m .

Fig. 1—Modified sample port of spetlrorefletiomeier with sample 
holder.

T h e  in s t r u m e n t  w a s  c a l ib r a te d  t o  0  a n d  100%  
T  w i th  m a g n e s iu m  o x id e  a n d  s a m p le s  fre s h ly  
b lo o m e d  to  g iv e  100%  o x y m y o g lo b in  w ere  
u s e d  t o  o b t a in  s h ie ld e d  a n d  u n s h ie ld e d  sp e c 
t r a .  T h e  s a m p le s  w e re  t h e n  t r e a t e d  w ith  
K s  F e ( C N ) 6 t o  o b t a in  in te r m e d ia te  v a lu e s  b e 
tw e e n  0  a n d  100%  m e tm y o g lo b in . S p e c t ra  
b o th  s h ie ld e d  a n d  u n s h ie ld e d , w e re  o b ta in e d  
a t  th e  s a m e  in te r v a ls  a s  th e  o x id a tio n  p ro 
g re s se d  t o  100%  m e tm y o g lo b in .

T h e  fo llo w in g  v a lu e s  w e re  c a lc u la te d  fro m  
th e  s h ie ld e d  a n d  u n s h ie ld e d  s p e c tr a  a n d  w ere  
p lo t te d  a g a in s t  %  m e tm y o g lo b in  d e te rm in e d
b y  A R a632, R a572, R a632, R a572/Ra525, R a632/
R a525, K / S  5 7 2 , K / S  6 3 2 , K / S  5 7 2 / K / S  525 
a n d  K / S  6 3 2 / K / S  525 .

RESULTS & DISCUSSION
WHEN aRa VALUES for samples of beef and pork, which had been converted to 1 0 0 % metmyoglobin at the surface, 
were correlated with total pigment as 
determined by the Hornsey method (Hornsey, 1956), a linear relationship 
resulted. The various levels of total pigment concentration were obtained by using pork loin (low level), beef rib eye 
(intermediate level), and beef round 
(high level).Figure 2 shows the regression line 
and 95% confidence intervals obtained when the reflectance and total pigment data were statistically analyzed. Each 
point represents a different piece of meat 
subjected to chemical and spectrophoto- metric analysis. The regression line had 
a coefficient of correlation of 0.99. The regression line passes through the origin 
by definition, since in the absence of

A  1*633

Fig. 2 .—Relationship between pigment concen
tration measured by extraction and by reflec
tance spectrophotometry plotted as ARa632. 
Equation for the line is mg pigment/g meat =
29.86 (ARa632). ( I- regression line; ----------
95%  confidence interval for one reading of each
sam ple;______ 95%  confidence interval for five
readings of each sample).
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reduced myoglobin AR4 6 3 2  measures only pigment in the metmyoglobin form. 
If no metmyoglobin is present, AR^ 632 
equals zero and therefore total pigment 
measured as metmyoglobin must equal 
zero. The equation for the regression line 
is y = 1148.35x, where y = ppm of he- 
matin and x = AR̂ 632.

In order to predict total pigment 
concentration from AR* values, a set of 
95% confidence intervals for the mean 
of 1-5 observations were constructed about the regression line. (See Fig. 2). 
It is evident that as more observations 
are made, the error decreases.

To obtain pigment concentration in 
mg pigment/g meat, ppm hematin is 
multiplied by 0.026. This factor is cal
culated by dividing the molecular weight 
of myoglobin ( ~  17,000) by the molec
ular weight of hematin (656) x 103.

Some of the variance in the correla
tion of total pigment with AR4  values 
may be attributed to differing amounts 
of fat and connective tissue at the surface and in the underlying tissue. ARa 
values evaluate only the surface com
position, while total pigment by the 
Hornsey method combines surface and 
underlying tissue.

It is important that a sample which is 
homogeneous be chosen if the pigment 
concentration of the lean meat is to be 
determined. The reduced exposure size 
of the sample port contributes to sample 
uniformity.The height of the 632 nm peak is a 
function of the light energy reaching the

sample. Variations in the size of the ex
posure port, light source age and other factors which affect the amount of total 
light energy reaching the sample port 
will alter the response. It is therefore 
important to calibrate the modified port spectrophotometer and correlate the re
sults with pigment extraction data 
(Hornsey 1956) to establish a standard 
curve. Since linearity has been established only one point is needed.

Figure 3 shows the spectra obtained 
when various proportions of oxidized 
meat (metmyoglobin) and fat were ex
posed to the modified light beam of the spectrophotometer. The aRa value at 
632 nm increased as the proportion of metmyoglobin exposed to the light beam 
increased. At 425 nm severe nonlinearity 
was evident between 0% and 16.7% met
myoglobin. Similar nonlinearities exist 
at other wavelengths.

Figure 4 represents the spectra obtained by exposing various proportions 
of oxygenated meat (oxymyoglobin) 
and fat to the modified light beam. The 
R/i value at 632 nm remained constant, 
regardless of the amount of oxymyoglobin exposed to the light beam. There
fore, in a fresh meat system where all of 
the pigment at the surface is either in 
the oxygenated or oxidized state, and no reduced myoglobin is present due to 
microbial deterioration or oxygen restriction, any change in response at 632 
nm must be due to the presence of met
myoglobin. Under the conditions of the measuring technique, no other wave

length offered this response.
Figure 5 illustrates a typical family 

of curves obtained when various pro
portions of oxygenated and oxidized 
meat, prepared from a single beef round 
were exposed to the modified light beam. 
These curves represent the sum of the 
previously presented Figures 3 and 4 and further illustrate the absence of true linearity at other wavelengths 
across the entire visible spectrum.Figure 6  presents the % AR* values 
obtained when various proportions of 
oxygenated and oxidized meat were exposed to the modified light beam. 
Each point on the curve represents a 
response obtained from the exposure 
of the indicated proportion of freshly bloomed and fully oxidized meat taken 
from the same beef top round. Data 
from 15 separate experiments are repre
sented. A single point in some cases rep
resents two or more identical results. The data in Figure 6  are from eight dif
ferent top rounds. Numerous additional data have been collected confirming 
this slope which is approximately equal 
to 1.0. It was not possible to obtain du
plicate results on a single sample because the oxymyoglobin began to oxi
dize during exposure to the light beam 
of the spectrophotometer at room tem
perature. All data were converted to 
percentage values (% aR a) s o  that they 
could be pooled. This was necessary to nullify the effect of varying total pig
ment concentration from sample to sample. This was done by subtracting

0.7 ■

400 450 500  550  632 700 750
WAVELENGTH Cum)

Fig. 3—Spectra obtained when various proportions of oxidized meat 
( metmyoglobin-Mb*) and beef fat were exposed to the spectroreflec- 
tometer. (Curve A -  100%  M b *; B = 83.3%  Mb , 16.7% fat; C = 
66.7%  M b*, 33.3%  fat; D = 50.0%  Mb+, 50.0%  fat; E = 33.3%  M b+, 
66.7%  fat; F = 16.7% Mb* , 83.3%  fat; G = 100% fat.)

Fig. 4— Spectra obtained when various proportions of oxygenated meat 
(oxymyoglobin-Mb02) and beef fat were exposed to the spectroreflec- 
tometer. (Curve A = 100% MbO2; 8 - 60%  MbO2, 40%  fat; C = 30%  
MbQ2, 70% fat; D = 100% fat.)
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WAVELENGTH Cnm)

Fig. 5— Spectra obtained when various proportions of oxygenated meat 
(oxymyoglobin-Mb02) and oxidized meat (metmyoglobin-Mb ) were 
exposed to the spectroreflectometer. (Curve A = 100% M b ';  B = 
83.3% Mb+, 16.7% M b02; C = 66.7%  M b+, 33.3%  M b02; D = 50.0%  
Mf>+, 50.0%  M b02; E = 33.3% Mb+, 66.6%  M b02; F = 16.7% Mb+, 
83.3%  MbQ2; G = 100% MbQ2.)

Fig. 6.—Relationship between %  A R a  values at 
632 nm (defined in equation 2) and the percent 
oxygenated meat (oxymyoglobin—M b O ) ana 
the percent oxidized meat ( metmyoglobin—  
M b¥) presented to the spectroreflectometer

regression line;______ 95%  confidence
interval tor one reading of each sam ple;______
95% confidence interval for five readings of 
each sample).

the reading from the Ra scale for 100% 
oxymyoglobin which is equal to the ar
bitrarily selected Ra value at 750 nm, 
from all Ra readings to get ARa632 values and then dividing these values by the 
ARa632 value for 100% metmyoglobin.

i A R a =
R ________________

R A 632(100% Jf»+  ) — R a 7
A632(Af 0 +  Mb02 ) —  AVa 750

x 100

A R A632(JiAT + Mb02)
A R a 632(M6+ ) x 100

The regression line and 95% confi
dence intervals obtained when the % 
A R a values were statistically analyzed are presented in Figure 6. The equation for the line is y = 0.9821x where y = % aRa632 and x = proportion of metmyoglobin exposed to the light beam. Re
gression analysis showed that the regression line had a coefficient of correlation of 0.99.

In order to predict the percentage of 
metmyoglobin present at the surface of an intact sample, a set of 95% confidence intervals for the mean of one and 
five observations were constructed about 
the regression line. In order to use this figure it is necessary to convert R a or 
A R a values to % A R a values as previously described.

The validity of using K /S 572/K /S  
525, R a 572/ R a 525 or a R a 632 as a measure of the percent oxymyoglobin and met

myoglobin in a meat sample can only be 
tested by exposing a meat sample con
taining known proportions of each pig
ment to the spectroreflectometer. The 
modified sample port previously de
scribed is a necessity in this type of ex
periment because the light beam is ex
tremely difficult to center and the geometry of a light beam composed of 
a rectangular intense portion and a cir
cular diffuse portion make it impossible 
to expose known pigment or sample 
portions accurately.

Table 1 summarizes the responses 
obtained when various parameters were plotted against known proportions of 
oxygenated and oxidized meat exposed to the shielded light beam.The coefficients of correlation and 
the qualitative evaluations of linearity show the use of K /S ratios did not im
prove the results and that aR acm deviated least from linearity when the shielded light beam was used.

It appears that the use of ARa632 system precludes the need for correction 
due to scatter. The factors involved in 
the scattering coefficient include the wavelength of the incident light, the 
particle size of the material being exposed, and the total light reaching the 
sample.

The aRa632 system reduces scatter to an apparently insignificant level. The

Table 1— The degree of linearity of selected 
spectral parameters obtained from the exposure 
of known proportions of oxygenated and oxidized 
meat to a shielded light beam in a Beckman DK-2 
spectroreflectometer

P a r a m e te r

D e g re e  o f l i n e a r i ty

Q u a l i ta t iv e
C o r re la t io n
c o e ff ic ie n t

K / S  572 p o o r  t o  fa i r “
Ri4572 p o o r  t o  fa ir
K / S  632 n o n e 4
R.A632 n o n e
K / S  5 7 2 /K /S  525 v e ry  g o o d ' 0 .9 4
Ri4572/Ri4525 v e ry  g oo d 0 .9 5
K / S  6 3 2 /K / S  525 n o n e
R a 632/R/4525 n o n e
ARy4632 v e ry  g o o d 0 .9 6

aA  distinct change in slope a t the low or high end 
of the curve.

6A reversal of slope direction.
‘Slight deviations around the line connecting 0 to 

100% metmyoglobin.

long wavelength (632 nm) with its rela
tively low energy minimizes scatter. 
Since the black shield absorbs the lower intensity light, the total light reaching 
the sample is reduced and the total scattering is also reduced. The particle size 
is kept relatively constant due to the 
presentation of all samples with the
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muscle fibers parallel to the light beam thus equalizing the scatter due to this 
component. Although the scatter will vary with change in absorbance, the variation is minimal in this system of 
high coefficient of absorbance (K) and 
low coefficient of scatter (S).

The meat system is therefore quite different from the low K and high S system using nonfat milk as a base (Snyder1965). The nonfat milk system would 1 
probably make the need for scatter coefficient correction essential.When freshly oxygenated meat was 
treated with K3Fe(CN)6 and spectra with the shielded light beam were recorded at intervals as the oxidation progressed from 0 to 100% metmyoglobin, 
the results for the parameters listed in Table 1 were similar to those reported for the known pigment proportion stud
ies. The % AR/1632 was used as a measure of the metmyoglobin concentration in 
these comparisons. The unshielded light beam also produced reasonably linear responses but with slightly increased deviations from the line. K /S 572/K/S 
525 data appeared slightly more linear 
than the R .4 5 7 2 /R .4 5 2 5  data in this case. 
This may be the result of the slightly increased scattering coefficient introduced by the increased total light reaching the 
sample.The wide range of K/S 572/K/S 525 values reported in the literature for 100% oxymyoglobin and 100% metmyoglobin make it necessary to know both of these values for each piece of meat if an accurate determination of an intermediate metmyoglobin content is to be made. When ¿R « 3! is used a partially 
oxidized meat sample can be accurately evaluated for its metmyoglobin content since the only data needed to establish a standard curve for that piece of meat is the 100% metmyoglobin value.

For the proposed method to be valid, it must be assumed that a piece of fresh meat exposed to oxygen will have all of its pigment in the oxymyoglobin form. 
The dissociation equilibrium constant 
for oxymyoglobin (2.1 x 10“6) (Gibson and Roughton, 1955) shows that the equilibrium oxymyoglobin — _ myo
globin + oxygen lies far to the left and

therefore it may be assumed that the pigment is either in the oxymyoglobin 
or metmyoglobin form, as long as no 
external reducing substances are present. The samples were covered with 
M-mylar polyethylene during the spec- trophotometric analysis. Since the analysis was accomplished almost immediately after the contact between the film 
and the meat was made, little or no re
duced myoglobin should be formed.The concentration of oxymyoglobin 
and metmyoglobin may be measured at 632 nm because the AR4 value for oxymyoglobin at 632 nm is at a minimum and the AR3 value for metmyoglobin is at a maximum.

The method described overcomes some of the difficulties presented in the studies by previous workers (Dean and Ball, 1960; Snyder, 1965; Stewart et al.,1965) as long as the same sample area is presented to the light beam of the spectrophotometer before and after oxidation and that the evaluation takes place prior to the reduction of pigment by microbial action.

CONCLUSIONS
THE METHOD described can be used to determine the relative concentration of metmyoglobin and the total pigment concentration at the surface of meat samples. Only one point (100% metmyoglobin) is needed to establish a standard curve for % metmyoglobin when AR̂ 632 is used. The results obtained with the 
model system used are equivalent to those which would be obtained with a sample having metmyoglobin and oxy
myoglobin homogeneously dispersed, since the light reflected from the model system was integrated in the integrating sphere of the spectrophotometer.This method eliminates the need to make readings at two different wavelengths and then to compute and compare the K/S ratios or to adjust all data 
to a uniform point at 525 nm. In addition, it is not necessary to standardize the instrument before each run, because the values obtained are all relative to 
10 0 % metmyoglobin and are not abso
lute values as they must be when K/S

ratios are used. ARa632 values eliminate the need for K/S ratios which were essential when points intermediate to 0 
and 100% metmyoglobin were based upon high scatter coefficient model systems instead of meat.A linear relationship exists at 632 nm between the AR  ̂values and the concentration of metmyoglobin and oxymyoglobin present at the sample surface. A linear relationship also exists at 632 nm between the total pigment concentration and the AR  ̂ value for 100% metmyoglobin.
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MECHANISM OF BACTERIAL PENETRATION THROUGH THE EGGS 
OF Gallus gallus. 2. Effect of Penetration and Growth 

on Permeability of Inner Shell Membrane

SU M M A R Y — The m echanism  o f penetra tion  o f bacteria  into the eggs o f dom estic fo w l (Gallus g a l
lus) w as in vestiga ted  by determ in ing the changes in perm eab ility  o f the  inner shell m em branes 
( i .s .m .)  to radioactive am ino acids an d  v iab le  Salmonella typhimurium  LT2 cells a fte r bacteria  had  
pen etra ted  the i.s .m . It w as foun d that penetra tion  an d  grow th  o f bacteria  in eggs d id  not cause 
any sign ificant changes in the perm eab ility  o f the i.s .m . tor up to 8 days o f incubation a fte r  expos- 
su re to spoilage. Bacteria , h o w eve r, w e re  foun d to pen etra te  the exte rio r structures w ith in  36 hr 
after exposure. These results ind ica te that the actua l penetra tion  o f bacteria  through the i.s .m . does 
not perm anently  alter its perm eab ility .

INTRODUCTION
THE MECHANISM of penetration of 
bacteria into the eggs of domestic fowl (Gallus gallus) has been of interest to food scientists, poultry biologists and microbiologists for several years. Numerous research workers (Elliott, 
1954; Kraft et al., 1958; Lorenz et al.,1952) have demonstrated that the egg shell membranes are more important barriers to bacterial infection of eggs 
than the shell. The inner shell membrane (i.s.m.) in particular has been 
shown to offer the greatest resistance to bacteria (Garibaldi and Stokes, 1958; Lifshitz et al., 1964; Trussel and Florian,
1957). It has been suggested by several workers (Brown et al., 1965; Lifshitz et al., 1964; Lorenz et al., 1952) that bacterial penetration into the egg is 
mediated by a digestive enzymatic process. Part 1 of this study investigated the effect of enzymes on the permeability of 
the inner shell membranes (Wedral et al., 1970). It was observed that most of 
the enzymes did not produce any change in the permeability of the membranes as determined by radioactive lysine and penetration of Salmonella typhimurium. 
The present study was undertaken to determine if bacterial penetration and eventual spoilage of eggs actually causes a permanent change in the i.s.m. in regard to its permeability or ability to act as a barrier to bacteria. The permeability changes in the i.s.m. as affected 
by bacterial infection and spoilage were investigated by studying diffusion of uniformly labelled C14 lysine and penetration of viable Salmonella typhimurium LT2 using model systems.

MATERIALS & METHODS
E ggs

2 -d a y  o ld  eggs fro m  a  s in g le  s t r a in  o f  
W h ite  L e g h o rn s  f ro m  th e  C o rn e ll  U n iv e rs i ty  
p o u lt ry  fa rm  w ere  u se d . T h e  eggs w ere  
w a s h e d  in  a  c o m m e rc ia l im m e rs io n  ty p e

w a s h e r  w ith  a  s a n i t iz e r  d e te rg e n t  fo r 5 m in  
a n d  r in s e d  w ith  w a te r  a t  40°C  to  re m o v e  a n y  
ex cess  d e te rg e n t.
T est organism s

S a lm o n e l la  t y p h i m u r i u m  L T 2  a n d  P s e u 
d o m o n a s  a e r u g in o s a  w e re  u se d  a s  th e  te s t  
o rg a n is m s  fo r  p e n e tr a t io n  a n d  sp o ila g e  s t u d 
ies. T h e  P . a e r u g in o s a  c u l tu r e  w as  is o la te d  in  
th is  la b o ra to ry  fro m  s p o ile d  eggs, a n d  its  
id e n t i ty  w as  c o n f irm e d  u s in g  c u l tu r a l  a n d  
b io c h e m ic a l c h a ra c te r is t ic s  in c lu d in g  g ro w th  
a t  42°C . T h e  o rg a n is m s  w e re  g ro w n  in  
n u t r i e n t  b ro th  (5 g  p e p to n e , 3g  b e e f  e x t r a c t / 1 
w a te r )  fo r  24  h r .  S . t y p h i m u r i u m  w as  g row n  
a t  37°C  a n d  P . a e r u g in o s a  a t  32°C . A f te r  24  h r  
o f  in c u b a t io n ,  th e  p o s tu la t io n s  w e re  a p p ro x i
m a te ly  2 -5  X  107/m l .
E xposure o f eg g s  to bacteria

T h e  b ro th  c u l tu r e  w as d i lu te d  1 :1 00  w ith  
s te r i le  d is t i l le d  w a te r  (15°C ) a n d  th e  w a s h e d  
eggs a t  a p p ro x im a te ly  40°C  w ere  d ip p e d  in  
c o n ta m in a te d  w a te r  fo r 5 m in . T h e  eggs w ere  
re m o v e d  a n d  p la c e d  o n  s te r i le  f la ts  to  d ry . 
T h e  c o n tro l  eggs w e re  d ip p e d  s im ila r ly  in  
s te r i le  d is t i l le d  w a te r . T h e  a r t i f ic ia l ly  c o n 
ta m in a te d  eggs a n d  c o n tro l eggs w e re  in c u 
b a te d  a t  ro o m  te m p e r a tu r e  (25°C ) fo r a  m ax  
o f  15 d a y s .
M icrobial exam ination

T h e  p e n e tr a b i l i ty  o f  S . t y p h i m u r i u m  a n d  
P . a e r u g in o s a  in to  th e  in te r io r  o f  th e  egg w as 
d e te rm in e d  b y  a s e p tic a l ly  b re a k in g  th e  eggs, 
1, 2 , 3 , 6 , 12, 18, 24  a n d  36 h r  a f te r  e x p o s u re  
to  in fe c t io n  a c c o rd in g  to  th e  p ro c e d u re  o f  
W illia m s  e t  a l . (1 9 6 8 ). T h e  egg c o n te n ts  w ere  
t r a n s f e r r e d  in to  s te r i le  n u t r i e n t  b ro th  a n d  
in c u b a te d  a t  37°C  fo r  24 h r .  T h e  b ro th  w as 
th e n  te s te d  fo r  P s e u d o m o n a s  a n d  S a lm o n e l la .  
P s e u d o m o n a s  w as  te s te d  b y  i t s  a b i l i ty  to  
p ro d u c e  c h a ra c te r is t ic  p ig m e n ts  (B re e d  e t  a l ., 
1 95 7). V ia b le  ce ll c o u n ts  w e re  d e te rm in e d  
u s in g  n u t r i e n t  a g a r . T h e  p la te s  w ere  in c u 
b a te d  a t  32=C fo r  48  h r . S a lm o n e l la  w as  te s te d  
a n d  e n u m e r a te d  b y  A O A C  (1 9 67 ) p ro c e d u re s .
Isolation  o f  inner sh ell m em brane

I n  o rd e r  to  s tu d y  th e  c h a n g e s  in  p e rm e 
a b i l i ty  o f  th e  in n e r  sh e ll  m e m b ra n e  fo llow in g  
in fe c t io n  a n d  in c u b a tio n , m o d e l s y s te m s  w ere  
u se d . T h e  in n e r  sh e ll m e m b ra n e  fro m  th e  
in fe c te d  eggs w as  v e ry  c a re fu l ly  re m o v e d  b y  a

te c h n iq u e  s im i la r  to  t h a t  r e p o r te d  b y  L ifs h i tz  
e t  a l . (1 9 6 4 ). T h e  is o la te d  m e m b ra n e s  w e re  
te s te d  fo r b re a k s  a n d  h a n d le d  v e ry  c a re fu lly  
to  av o id  a n y  s tre s s  o n  th e  s t r u c tu r e .

D eterm ination  o f p erm eability  o f  the
i.s.m . to rad ioactive am ino acids

T h e  in n e r  sh e ll m e m b ra n e s  fro m  a r t i f i -  
c a lly  in fe c te d  eggs a f te r  2 , 4 , 6 , 8 , 10 a n d  15 
d a y s  o f  in c u b a tio n  a t  25°C  w ere  re m o v e d  a n d  
te s te d  fo r th e  r a te  o f  p e rm e a b i l i ty  o f  r a d io a c 
tiv e  a m in o  a c id s . T h e  e x p e r im e n ta l  a p p a r a tu s  
u se d  fo r p e rm e a b i l i ty  s tu d ie s  is  sh o w n  in  
F ig u re  1. T h e  s o c k e t p o r t io n  o f  th e  a p p a r a tu s  
c o n ta in e d  72 m l o f  p h o s p h a te  b u f f e r  p H  7 .0  
(40  e g  K H 2P 0 4 /m l )  a n d  u n ifo rm ly  la b e lle d  
C 14 ly s in e  (4  p c / \ ) .  T o  p re v e n t  b a c te r ia l  
g ro w th  th e  b u f fe r  a lso  c o n ta in e d  3 30  m g /1  o f  
e a c h  o f  th e  fo llow ing : p e n ic i l l in  G . s t r e p to m y 
c in  s u lf a te , c h lo ro te tra c y c l in e  a n d  a u re o m y -  
c in . (P r e l im in a r y  e x p e r im e n ta t io n  sh o w e d  
th a t  th e s e  a n t ib io t ic s  d id  n o t  a f fe c t  i.s .m . 
p e rm e a b i l i ty ) .  T h e  o p e n in g  o f  th e  b a ll  p o r t io n

Fig. I — Experim enta l appa ratu s for the de term i
nation o f perm eab ility  o f the inner she ll m em 
brane.
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o f  th e  jo in t  w as  c o v e re d  w ith  th e  te s t  m e m 
b ra n e s  a n d  th e s e  w e re  p la c e d  on  th e  s o c k e t 
m a k in g  s u re  t h a t  n o  a i r  b u b b le s  o r  b re a k s  in  
th e  m e m b ra n e s  o c c u rre d . T h e  jo in ts  w ere  
c la m p e d  in  p la c e  w ith  a  #35  s p r in g  c la m p . 10 
m l o f  a  s te r i le  s o lu tio n  o f  40  p g /  m l K H 2P O 4 a t  
p H  7 .0 , th e  d i lu e n t ,  w as  p la c e d  a b o v e  th e  
m e m b ra n e . S a m p lin g  w as  a c c o m p lis h e d  b y  
d ra w in g  0 .5  m l o f  th e  s o lu tio n  f ro m  th e  to p  o f 
th e  i.s .m . a t  100  m in  in te rv a ls  u p  to  a  m a x  o f 
7 00  m in . T h e  s a m p le s  w e re  p la c e d  in  b o ttle s  
c o n ta in in g  10 m l o f  B ra y ’s S c in t i l la t io n  F lu id  
a n d  c o u n te d  in  a  N u c le a r  C h ica g o  w ell 
c o u n te r  m o d e l 6 80 4  (D 5 5  p ro b e  w ith  le a d  
sh ie ld )  c o n n e c te d  to  a  N u c le a r  C h ica g o  161 A 
B in a ry  S c a le D T h is  w as  c o m p a re d  w ith  a  0.5 
m l p o r tio n  o f  th e  o r ig in a l u n ifo rm ly  la b e lle d  
C 14 ly s in e  so lu tio n . C o r re c tio n s  w ere  a lso  
m a d e  fo r  n o r m a l  e n v iro n m e n ta l  ra d ia t io n . 
A fte r  s a m p lin g , 0 .5  m l o f  b u f f e r  w as  u se d  to  
re p la c e  th e  w ith d ra w n  s a m p le . T h e  c o u n t  w as 
a d ju s te d  fo r  ra d ia t io n  lo ss d u e  to  th e  c o n s ta n t  
d i lu t io n  o f  ra d io a c t iv i ty .

A t th e  e n d  o f  e a c h  p e rm e a b i l i ty  s tu d y , 
p la te  c o u n ts  w ere  m a d e  o f  th e  s o lu tio n s  a b o v e  
a n d  b e lo w  th e  m e m b ra n e .  I f  c o n ta m in a t io n  
w as fo u n d , re s u lts  w ere  d is re g a rd e d .

T h e  p e rm e a b i l i ty  s tu d ie s  w e re  a lso  d o n e  
u s in g  u n ifo rm ly  la b e lle d  C 11 g ly c in e  a n d  C 14 
a s p a r t ic  a c id . T h e  re s u l t s  o f  th e s e  e x p e r i 
m e n ts  w ere  s im ila r  to  th o s e  o b s e rv e d  w ith  C 14 
ly s in e .
D eterm ination  o f  pen etrab ility  by 
bacteria

A n  a p p a r a tu s  s im i la r  to  t h a t  in  F ig u re  1 
w as u se d . S te r i l iz e d  p y re x  b a l l  a n d  s o c k e t 
jo in ts  (12  m m  I .D . a n d  28  m m  O .D .) w ere  
u se d . S e lf  a n n e a lin g  th in  r u b b e r  s to p p e rs  
w ere  p la c e d  in  th e  b o t to m  o f  th e  s o c k e t p o r 
tio n  a n d  th e n  th e  s o c k e t w as  fi l le d  w ith  s te r i le
0 .9%  N a C l. T h e  i .s .m . is o la te d  fro m  eggs 
w h ich  w e re  a r t i f ic ia l ly  in fe c te d  a n d  in c u b a te d  
fo r  0 , 4 , 8  a n d  15 d a y s  a t  25°C  w ere  p la c e d  
o v e r th e  b a ll  p o r tio n  a n d  th e  jo in ts  w e re  th e n  
c la m p e d  in to  p la c e  w ith  # 28  c la m p s . 10 m l o f  
a  s u s p e n s io n  o f  S . t y p h i m u r i u m  L T 2  (2  X 
107/m l )  in  0 .9%  N a C l w as th e n  p la c e d  ab o v e  
th e  i.s .m . T h e  s o lu tio n  d id  n o t  c o n ta in  a n y  
a n tib io t ic s . T h e  s y s te m  w as c lo sed  b y  c o v e r
in g  w ith  p a ra f i lm . T h e  p e n e tr a t io n  o f  te s t  
o rg a n ism s  w as  te s t e d  b y  d ra w in g  0 .2  m l 
s a m p le s  a s e p tic a l ly  u s in g  a  s te r i le  n e e d le  a n d  
sy rin g e  a t  0 , 3 , 6 , 9 , 12, 18, 24  a n d  36 h r . T h e  
s a m e  q u a n t i ty  o f  s a m p le  w as re p la c e d  b y  
s te r i le  0 .9%  N a C l. T h e  0 .2  m l s a m p le  w as 
p la c e d  in to  10 m l o f  n u t r i e n t  b ro th  a n d  in c u 
b a te d  24 h r  a t  37°C . T h e  n u t r i e n t  b r o th  s a m 
p le s  w ere  te s te d  fo r S a lm o n e l la  b y  th e  s t a n 
d a r d  A O A C  m e th o d s  (1 9 6 7 ).
S tatistica l an a lysis

T h e  d a ta  o n  th e  p e rm e a b i l i ty  o f  a m in o  
a c id s  a n d  b a c te r ia  th ro u g h  th e  i .s .m . w as 
a n a ly z e d  a t  e a c h  s a m p lin g  p e r io d  a n d  c o m 
p a re d  to  th e  co n tro ls . T h e  a n a ly s is  o f  v a r ia n c e  
p ro c e d u re  o f  S te e l a n d  T o r r ie  (1 9 62 ) w as u se d  
to  s ta t is t ic a l ly  a n a ly z e  th e  d a t a  a n d  th e  s ig 
n if ic a n c e  o f  d if fe re n c e s  b e tw e e n  t r e a tm e n ts  
a n d  c o n tro ls  w ere  te s te d .

RESULTS & DISCUSSION
THE RATE of penetration of S. typhi
murium and P. aeruginosa into the egg contents was studied and the results are summarized in Table 1. It was observed

Table 1— Rale of penetration of Salmonella 
typhimurium and Pseudomonas aeruginosa into 
egg interior after exposure to bacterial challenge“
T im e  e la p se d  T e s t  o rg a n is m
a f te r  e x p o s u re  S .  t y p h i m u r iu m  P .  a e ru g in o sa  

(h r)  (N u m b e r  p o s it iv e  o u t  o f 48)
0 0 0
1 0 1
2 3 4
3 9 11
6 19 19

12 22 22
18 25 29
24 39 42
36 47 48

“Bacterial challenge was 3 X  105/ml.

that the penetration patterns for the two organisms were very similar. At 36 hr after exposure to infection, almost 100% eggs showed the presence of viable penetrating bacteria. The organisms could be detected as early as 2 hr after exposure to infection indicating that penetration of the organism into the egg is a fairly rapid process. However, the eventual growth and spoilage take a longer period of incubation. These results are in agreement with previous work done on hatching eggs by Williams et al. (1968).Results of studies on the effect of penetration and eventual spoilage on the permeability of the inner shell membrane are shown in Figure 2 and Table2. Data in Figure 2 were obtained when the spoilage organism was S. typhimurium; data in Table 2 are representative of P. aeruginosa. It was observed that 
incubation of eggs up to 8 days after infection did not produce any significant change in the permeability of C'4 lysine through isolated i.s.m. as compared to the controls. The number of organisms in the albumen after 8 days of incubation at 25°C was approximately 3 X 105/ml; however, longer periods of incu-

TIME (mlnulesl

Fig. 2— C hanges in the perm eab ility  o f the  
inner shell m em brane from  eggs fo llow ing  
bacterial exposure and incubation a t 25°C .

bation showed a significant change in the 
permeability of i.s.m. and the permeability data after 15 days of incubation was statistically significant at the 0.01 probability level. The number of bacteria had increased to 5 X 106/ml at 10 days and 8 X 108/ml at 15 days. The organisms were retested (AOAC, 1967) and found to be Salmonella positive. These results indicate that penetration of bacteria (Table 1) through the egg exteriors does not cause any significant changes in the permeability of the inner 
shell membrane (Fig. 2) as the penetration is almost complete by 36 hr and permeability changes do not take place until 10 days of incubation. However, 
the increase in permeability at 10 and 15 days of incubation may be due to growth and metabolism of bacteria on the inner shell membrane. It has been shown by Stokes and Osborne (1956) and Lifshitz et al., (1965) that the bacteria can utilize the shell membrane material for growth. The data shown in Figure 2 and Table 2 were obtained with C14 lysine; however,

Table 2— Rate of penetration of C14 lysine through the isolated inner shell membrane (i.s.m.) from eggs 
exposed to Pseudomonas aeruginosa and incubated at 25°C for a max of 15 days

In c u b a t io n  
t im e  p o s t S a m p lin g  t im e  (m in )

T e s t  o rg a n ism s
in fe c tio n

(d ay s)
100 200 300  4 0 0  500 

( c o u n ts  p e r  p la te )
600 700

P .  a e ru g in o sa 2 128 179 225 290 352 396 444
4 134 182 230 300 355 400 450
6 139 181 235 288 342 390 438
8 130 185 240 335 399 461 503

10* 175 218 300 370 425 477 532
15** 190 260 330 400 465 520 566

N o n e “ 150 188 245 3 18 381 437 492
“A v e ra g e  c o n tro l  c o u n ts  fo r  a l l  in c u b a t io n  t im e  p e r io d s . 
* P  <  0 .05 .
* * P  <  0 .0 1 .
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Table 3— Effect of length of incubation after exposure to infection on the penetration of Salmonella through the isolated inner shell membrane in a model system

T e s t  o r a n is m  In c u b a t io n  S a lm o n e l la  p e n e t r a t io n  th r o u g h  i .s .m . is o la te d  f ro m  e x p o sed  a n d  c o n tro l  eg g s
e U d g foTSm t im e  p o s t"  ___________________________________________________S a m p lin g  t im e  (h r)________________________________
in fe c t io n  of 

eg g s
in fe c tio n

(d ay s )
0 3 6 9  12 

%  p o s i t iv e  fo r  S a lm o n e lla “
18 24 36

S a lm o n e lla 0 0 .0 0 0 .0 0 6 .2 5 2 5 .00 4 3 .75 7 5 .00 1 00 .0 0 1 00 .0 0
t y p h im u r iu m 4 0 .0 0 6 .2 5 6 .2 5 18 .75 5 0 .00 6 2 .5 0 1 00 .0 0 1 00 .0 0

8 0 .0 0 2 5 .00 3 7 .50 5 6 .25 7 5 .00 1 00 .0 0 1 00 .00 1 00 .0 0
15 0 .0 0 5 0 .00 6 8 .75 8 1 .2 5 100 .00 1 00 .00 1 00 .00 1 00 .00

P s e u d o m o n a s 0 0 .0 0 0 .0 0 6 .2 5 18 .75 4 3 .75 6 2 .5 0 1 00 .0 0 1 00 .0 0
a e ru g in o sa 4 0 .0 0 0 .0 0 6 .2 5 18.75 5 0 .00 6 2 .5 0 9 3 .7 5 1 00 .0 0

8 0 .0 0 2 5 .00 3 7 .50 5 6 .25 7 5 .00 1 00 .00 1 00 .00 1 00 .0 0
15 0 .0 0 4 3 .75 5 6 .25 8 1 .25 100 .00 1 00 .00 1 00 .00 1 00 .0 0

N o n e  (c o n tro l) 0 0 .0 0 0 .0 0 3 1 .25 4 3 .75 5 0 .00 7 5 .00 1 00 .0 0 1 00 .00
4 0 .0 0 0 .0 0 3 1 .25 4 3 .75 6 2 .50 7 5 .00 9 3 .75 1 00 .0 0
8 0 .0 0 0 .0 0 3 7 .50 5 0 .00 7 5 .00 8 1 .2 5 9 3 .7 5 1 00 .0 0

15 0 .0 0 2 5 .00 4 3 .75 5 6 .25 7 5 .00 8 7 .5 0 1 00 .00 1 00 .0 0
“16 i.s.m. were used for each treatment tested; bacterial challenge (2 x  107/ml).

C14 glycine and C14 aspartic acid were also used to confirm that the penetration patterns were not unique for C14 lysine. Results in these cases were very similar.The penetration studies were extended to include bacteria which represent a more natural system and the results are shown in Table 3. The inner shell membranes from eggs after 0, 4, 8 and 15 days of infection were removed and used to study the penetration of S. typhimurium. The infected membranes did not facilitate the penetration of S. typhimurium for up to 8 days after inoculation; however, when the membranes were removed from eggs which 
were inoculated and incubated for 8 to 15 days, it appeared that S. typhimu- rium could penetrate these membranes more rapidly than control membranes or membranes from eggs infected and 
incubated for 8 days. These data were statistically significant at the 0.05 probability level. This would strengthen the

hypothesis that penetration of bacteria through the membranes (which occurs within 36 hr) does not enhance the permeability of i.s.m.; however, their growth and metabolism does bring about changes in the membranes such that the permeability is increased.
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INTERPRETATION OF NONLOGARITHMIC SURVIVOR CURVES
OF HEATED BACTERIA

SUMMAKY— Com plex su rv ivor curves o f h ea ted  bacteria  are in terp reted  to be com posites o f severa l 
convex su rv ivor curves tha t rep resent popu lations o f d iffe ren t heat resistances in a  sin g le  cu lture of 
bacteria . The variation  in hea t resistance appears to be physio logica l ra ther than genetic since  
subcu ltures o f heat-resistan t cells w ere  no m ore hea t resistant than the pa ren t cu lture . Com posite  
curves can appear to be nearly  expon en tia l. Resu lts support a m ultip le-site  hypothesis o f therm al 
death . Ta iling o f su rv ivor curves, w ith  sm all num bers o f cells su rv iv in g  e x ten d ed  hea tin g , w as fre
quen tly  no ted  w hen  curves w e re  carried through 6 - 9  log cycles. Such ta iling m ight be o f practica l 
im portance because it w ou ld  predict tha t sm all num bers o f cells m ight su rv ive  much longer heating  
than w ou ld  be pred ic ted  from  D-values ca lcu la ted  from  curves carried through 4 -5  log cycles.

INTRODUCTION
IT IS WELL documented that a plot of log survivors vs. time for bacteria heated at constant temperature may give a straight line (logarithmic death rate) or various types of concave or convex curves (Hansen and Riemann, 1963; 
Schmidt, 1957; Vas and Proszt, 1957). 
Various explanations have been advanced for the shape of experimental survivor curves. The logarithmic death rates have been attributed to inactivation of a single molecule or gene per cell (Charm, 1958; Chick, 1930; Rahn, 1929; 
Rahn, 1945; Stumbo, 1965) in a homogeneous population. Clark (1933) objected strongly to the monomolecular theory 
stating that “its application leads to conclusions that are so absurd that they are difficult to discuss.” Chick (1930), Rahn (1929), Charm (1958), and others arguing in support of the monomolecular theory, showed that an extremely skew distribution of heat resistance in the population must be assumed to explain exponential survivor curves solely on the 
basis of differences in heat resistance in the population. They further argue that 
a skew distribution is contrary to what is known in other instances of biological variation, Chick (1930), however 
explains deviations from exponential 
curves by assuming variations in heat resistance. Rahn (1929) explained curves with an initial lag in death rate by assuming that more than one molecule per cell was inactivated in these cases but assumed a homogeneous population. Withell (1942) argued that observed survivor curves could be explained by assuming that heat resistance of the bacterial population followed a log normal distribution, a distribution known to occur in biological systems. Vas and Proszt (1957) have calculated several hypothetical curves on the assumption of log normal distributions with various mean heat resistances and 
standard deviations. Their curves resem

ble some experimental survivor curves. Jordan and Jacobs (1944) were the first to point out that a strictly log normal distribution cannot result in an exponen
tial decline in viable cells. Stumbo 
(1965) attributes deviations from exponential death rates to clumping, either before heating in the case of lags in death rate, or flocculation during heating 
which would cause apparent death rates to fall more rapidly initially than would be expected from the exponential curve.

The interpretation of survivor curves is of considerable importance from both a theoretical and a practical standpoint. Theories of thermal death of bacteria must be compatible with all valid exper
imental observations. At the same time, one must be prepared to deal with all types of experimental survival of bacteria in practical sterilization problems.In the present paper, we will consider the interpretation of some typical examples of more complex nonexponential survivor curves selected from a large number of experimental curves which we have prepared in our laboratory.

EXPERIMENTAL
B acteria l cu ltures

T h e  fo llow in g  b a c te r ia l  c u l tu r e s  w ere  u se d : 
Salmonella anatum  (A T C C  9 2 7 0 ) ; Salmonella 
sentfenberg (7 7 5 W ); Streptococcus faecalis 
(f ro m  D r .  A . J .  M e rc u r i ) ;  a n d  Escherichia 
coli (A T C C  26).
P reparation  o f culture

A ll c u l tu r e s  w e re  c a r r ie d  o n  T ry p t ic a s e  
S o y  A g a r (T S A ) s la n ts ,  th e n  p a s s e d  o n c e  in  
T ry p t ic a s e  S o y  B ro th  (T S B ) b e fo re  b e in g  
in o c u la te d  in  T S B  fo r  th e  in d ic a te d  le n g th  o f  
t im e  a t  35°C . A f te r  in c u b a tio n , th e y  w ere  
c e n tr i fu g e d , w a s h e d  tw ic e  w ith  0 .1 M  p h o s 
p h a te  b u f fe r , (p H  7 .0 ) a n d  r e s u s p e n d e d  in  th e  
h e a tin g  m e d iu m  u se d .
H eating procedure

F o r  e x p e r im e n ts  1 -4  (F ig u re s  1 -4 ) , h e a tin g  
w as d o n e  in  s e a le d  1- o r  5 -m l s te r i le  a m p u le s  
c o m p le te ly  im m e rs e d  in  a  th e r m o s ta te d  

(± 0 .0 1 ° )  h o t  w a te r  b a th .  H e a tin g  t im e  w as d e 

te r m in e d  w ith  a  T h e r m is to r  th e r m o m e te r  
(Y e llo w  S p r in g s  I n s t r u m e n t  C o .) w ith  a  t h e r 
m o c o u p le  s e a le d  in  a n  id e n tic a l  a m p u le  
im m e rs e d  in  th e  w a te r  b a th .  H e a tin g  t im e  
w as  re c o rd e d  f ro m  th e  t im e  th e  c o n te n ts  o f  
th e  a m p u le  re a c h e d  5° b e lo w  th e  h o ld in g  
te m p e r a tu r e  w h ic h  g av e  a  re a s o n a b le  c o r r e c 
tio n  fo r  c o m e -u p  a n d  co o lin g  t im e . A m p u le s  
w ere  re m o v e d  a t  in te rv a ls  a n d  im m e d ia te ly  
co o led  in  a n  ic e  w a te r  b a th .

F o r  e x p e r im e n t 5 (F ig . 5 ), 300  m l o f  h e a t 
in g  m e d iu m  w ere  p la c e d  in  a  s te r i le  3 -n e c k e d  
ro u n d  b o t to m  f la s k  w ith  a  m a g n e tic  s t i r r e r  
a n d  th e r m o m e te r .  T h e  f la s k  w as  co m p le te ly  
im m e rs e d  e x c e p t  fo r  th e  n e c k s  in  th e  th e r m o 
s ta te d  h e a tin g  b a th  a n d  h e ld  w ith  s t ir r in g  
u n t i l  th e  te m p e r a tu r e s  in  th e  f la s k  a n d  h e a t 
in g  b a th  w e re  th e  s a m e . F o r  th e  e x p e r im e n t, 5 
m l o f  a  c o n c e n t r a te d  s u s p e n s io n  o f  th e  
w a s h e d  b a c te r ia  w e re  in je c te d  in to  th e  3 00  m l 
o f  h e a t in g  m e d iu m . S a m p le s  w e re  re m o v e d  
a s e p tic a l ly  w ith  a  p ip e t t e  a t  in te rv a ls  a n d  
co o led  im m e d ia te ly  in  a  s te r i le  c a p p e d  te s t  
tu b e  in  a n  ic e  b a th .  E x p e r im e n t  6  (F ig . 6 ) w as 
c a r r ie d  o u t  in  a n  id e n t ic a l  m a n n e r  a n d  s u c 
ce ss iv e  5 m l p o r t io n s  o f  a  w a s h e d  s u s p e n s io n  
o f  E. coli w ere  a d d e d  a n  h o u r  a p a r t .

T e m p e r a tu r e s  f ro m  5 5 °C -6 2 .5 °C  w ere  u se d  
a s  in d ic a te d .
Enum eration o f  su rvivors

T h e  co o led  a m p u le s  w e re  o p e n e d  a n d  
a p p r o p r ia te  d i lu t io n s  in  0 .1 %  p e p to n e  w a te r  
w ere  p o u r  p la te d  in  t r ip l ic a te  o n  th e  in d ic a te d  
a g a r . P la te s  w e re  r e a d  a f te r  in c u b a t io n  fo r  48 
h r  a t  35°C . M a c C o n k e y  a g a r  (B B L ) a n d /o r  
T r y p t ic a s e  S o y  A g a r (B B L ) w e re  u s e d  fo r  th e  
Salmonella t e s te d ;  T S A  (B B L ) a n d / o r  M - 
E n te ro c o c c u s  A g a r (D ifco ) w e re  u s e d  fo r  S. 
faecalis; a n d  T S A  fo r  E. coli. R e s u l ts  a r e  
r e p o r te d  a s  th e  a v e ra g e  o f  th e  th r e e  p la te s  p e r  
d i lu t io n .

RESULTS & DISCUSSION
FIGURE 1 shows survivor curves at 55° C of Salmonella anatum grown in trypticase soy broth at 35°C for 18, 24, and 36 hr and heated in the growth medium. Both the shape of the survivor curves and the overall heat resistance change with age of the culture. This effect of age of the culture was first observed by Reichenbach (1911) (data redrawn by Rahn, 1930) who found that the shape of survivor curves changed from concave at 5 hr to logarithmic or convex at 18-24 hr with "Bad. paratyphosum.” The 18 hr culture gives a convex curve with the beginning of a tail. Moats (1971) has shown that convex curves, ignoring the tail, can be explained on the assumption that the bacterial population is homogeneous with regard to heat resistance and
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Fig. J— Survivor curves o f Sa lm onella  anatum  
illustrating variation o f heat resistance w ith  the  
age o f the culture. Cultures g row n  a t 35°C for 
18, 24 , an d  36 hr in tryp licase  soy broth (T S B ) , 
h eated  at 5S°C  d irectly in 1 -ml sea led  am pules, 
and p la ted  on tryp licase  soy ag ar for counting  
a fter heating .

that death occurs from inactivation of some fraction of multiple critical sites, a model first proposed by Rahn (1929). The 24 hr curve is similar but has a hump in the middle. This curve can be interpreted as a complex or two convex survivor curves representing two populations differing slightly in heat resistance with a third population represented in the beginning of the tail. The 36-hr cul
ture is more heat resistant and again shows a hump in the middle. All of these curves could be interpreted as being logarithmic by crediting any deviation from linearity to experimental error as is often done.Figure 2 shows results with S t r e p to 
co ccu s  fa e c a lis  heated at 60°C in neutral phosphate buffer. This curve shows clearly the complex of two convex survi
vor curves with a heat resistant tail and could not be reasonably interpreted as logarithmic.

Figure 3 shows another set of results with a culture of S . fa e c a lis  heated at 
62.5°C in which a small (1 in 106) very heat-resistant population was present. Two plating media were used: one selective (M-Enterococcus Agar) and one nonselective (TSA). Differences were noted between the two agars in recovery of the heat-sensitive populations but not in recovery of the heat-resistant cells. No survivors were detected on either type agar plate after 60 min heating, but, when the heated bacteria were inoculated in trypticase soy broth and incubated for 24 and 48 hr at 35°C, “recovered” bacteria were detected even after 80 min at 62.5°C. A more extreme sample of tailing is shown in Figure 4 with E sc h e r ic h ia  co li. The bulk of the population was killed in less than 4 min. A few survivors were unaffected by heating even after 80 min at 62.5°C.

TI ME ( MI N. )

Fig . 2— A com plex su rv ivor curve representing  
three distinct popu lations o f cells o f d iffe ring  
heat resistance. Streptococcus faecalis g row n 24 
hr at 35°C  in trypticase  soy broth (T S B ), 
w a sh ed , hea ted  at 60°C  in 0 .1  N  pH  7 .0  phos
ph a te  bu ffe r in sea led  I-m l am pu les, and  
p la ted  on tryp licase  soy agar (T S A ).

Another example of drastic tailing of a survivor curve of S a lm o n e lla  s e n f te n -  
b e rg  775W heated at 60°C is shown in Figure 5. Differences of recovery between a selective agar (MacConkey’s) 
and a nonselective agar (TSA) were 
conspicuous.Changes in overall heat resistance of a culture, depending on the age, indicate that differences in heat resistance of bacterial cells in a homogeneous culture 
are determined physiologically. The shapes of the curves also change with the age of the culture, suggesting that the relative proportion of cells of different 
heat resistances also changes. Our experimental data in Figure 5 show a smooth 
concave curve over most of the range

TIME (MIN.)

Fig. 4 — An extrem e sam p le  o f ta iling . Escheri
chia coli g row n 24 hr at 35°C in tryp ticase soy  
broth , h ea ted  at 6 2 .5 °C in 0. IN  pH 7 .0  phos
ph a te  bu tter in 1 -ml sea led  am pu les, and  
p la ted  on trypticase  soy agar (T S A ). A fte r an 
in itia l reduction o f count o f 6  log cycles in 2 .7  
m in, no further kill occurred until a fte r 60  min 
heating an d survivors w ere  still foun d a fte r 80  
min w hen  the experim ent w as term inated .

Fig. 3— Tailing o f a su rv ivor curve , Streptococcus 
faecalis, g row n 24 hr at 35°C in tryp ticase soy  
broth , w a sh ed  an d  h ea ted  at 6 2 .5 °C  in 0. IN  pH  
7 .0  phosphate bu tter in sea led  1-ml am pu les. 
A liquots from  each am pu le w ere  p la ted  on M- 
Enterococcus A gar ( M E A ) an d  tryp ticase  soy  
agar (T S A ). D ifferences in counts w e re  foun d  
be tw een  the tw o  agars tor the hea t-sen sitive  
portion o f the popu lation  bu t not in the  heat- 
resistant tail.

indicating some sort of regular distribution (i.e., normal, log normal, etc.) of heat resistance in that part of the population. However, as previously discussed, 
the curves in Figures 1 and 2 suggest the presence of two or three discrete 
populations of different heat resistances, rather than a continuum of different 
heat resistances, with no indication of any regular pattern of distribution. The 
abrupt breaks in curves in Figures 3 and 4 also show the occurrence of discrete very heat resistant populations which 
cannot be explained by assuming any orderly distribution of heat resistance. Bacteria in the stationary phase some-

Fig. 5 — D ifferences in su rv iva l o f Sa lm onella  
sen ften berg  a fte r heating  a t 60°C  using a  se lec
tive and nonselective m edium . The curves both  
sh ow  sign ificant ta iling . Cu lture g row n  24  hr at 
35°C . A  concentrated suspension  o f w a sh ed  
cells w as in jected into p reh e a ted  0. IN  pH  7 .0  
phosphate bu tter. A liquo ts w ere  p la ted  on tryp
ticase soy agar (T S A ) an d  M acC onkey 's agar 
( M A )  to enum era te  survivors.
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times give simple convex survivor curves 
and these have been interpreted as indi
cating a population homogeneous with 
regard to heat resistance (Moats, 1971). On the other hand, curves calculated by Vas and Proszt (1957) for various log 
normal distributions resemble some 
experimental survivor curves encoun
tered. Thus, experimental evidence indi
cates that the heat resistance of a geneti
cally homogeneous bacterial population 
may follow a regular distribution, an 
irregular distribution or may be homoge
neous, depending on physiological factors which are not readily controlled.

Stumbo (1965) has explained devia
tions from the “logarithmic law” solely 
on the basis of clumping. Convex curves 
with an initial lag in death rate are 
explained on the assumption that the 
population is clumped at the start of 
heating. Clumps of two or more cells 
would produce a colony as long as one 
cell in the clump is viable. Riemann 
(Hansen and Riemann, 1963) found that clumping was the factor primarily 
responsible for the initial flat portion of 
a curve of S tr e p to c o c c u s  fa e c iu m  heated 
in milk since it was almost competely 
eliminated by treatment of the suspension in a Waring Blendor prior to heat
ing. Stumbo (1965) also suggests that 
concave curves (a rapid initial death rate 
which falls off with time) result from 
flocculation of bacteria during heating. 
According to this hypothesis, the rapid 
initial reduction in counts results from bacteria aggregating into clumps rather 
than from actual death of the bacteria. 
To explain observed curves on this basis, 
formation of clumps would have to be rapid and the clumps would have to be 
sufficiently stable that they would not be broken up during normal dilution proce
dures for counting. We have observed 
microscopically the behavior of E . c o li  
heated in neutral phosphate buffer (said 
by Stumbo to flavor flocculation) and ob
served little evidence of clumping. Fur
ther, such slight flocculation as occurred 
was completely dispersed by normal di
lution techniques. Such slight floccula
tion might cause erratic counts at low 
levels of survival, however, and this was observed. Moats (1961), in a study of direct microscopic counting procedures, found no decrease in clump counts after 
heating several types of bacteria in milk 
while a decrease would be expected if 
significant flocculation occurred. There is, therefore, no evidence that floccula
tion during heating affects the shape of survivor curves and variation in heat 
resistance remains the only acceptable explanation of concave survivor curves.

Alderton et al. (1964) reported experiments which purported to show adapta
tion of spores to heat in response to heat treatment. However, they used B a c illu s  
m e g a te r iu m  spores sensitized to heat by

removal of calcium ions. Since incuba
tion of the spores at lower temperatures in the presence of calcium ions also 
restored heat resistance, the increase in heat resistance noted during heating 
would appear to result from uptake of 
calcium by the spores and cannot be 
considered a true heat-induced adapta
tion. The question of whether bacteria 
can acquire increased heat resistance as 
an adaptive response to heat therefore 
remains open. While such an effect 
cannot be completely ruled out, there is 
no evidence to support this hypothesis.

The occurrence of very heat resistant 
tails in survivor curves has been occa
sionally reported by other workers. 
Jordan et al., (1947) found that a small fraction of a population of E . c o li heated 
in nutrient medium at 49°C and 53°C 
survived “indefinitely.” Farmiloe et al.,(1954) observed that the decimal reduc
tion time of spores of B a c illu s  s u b ti lu s  
heated in pH 6.5 phosphate buffer at 
100°C increased from 1 min initially to about 1 hr at the end of the experi
ment. Vas and Proszt (1957) observed very heat resistant tails in populations of 
B a c illu s  ce re u s  spores. Migaki and 
McCulloch (1949) found small abnor
mally resistant populations in several 
types of bacteria treated with surface 
active agents. In our experiments and in 
those of Vas and Proszt (1957) and 
Migaki and McCulloch (1949), subcul
tures of organisms surviving in the 
resistant tails were no more resistant than the original populations, indicating 
that the resistant populations are not resistant mutants or, if they are, the 
mutations are very unstable. Since we heated bacteria in sealed ampules com
pletely immersed in a water bath, it is 
difficult to see how any could have 
escaped the full effects of the heat. It is

Fig. 6— Effect of heat-killed bacteria on survival 
of a fresh suspension of bacteria. Successive 
portions of a washed suspension of E. coli were 
added to preheated tryptkase soy broth held at 
60°C with stirring. Solid line, first addition; 
dashed line, second addition 60 min after the 
first.

possible that high concentrations of 
vegetative bacteria or spores may somehow have a protective effect.

An experiment was conducted to 
determine if bacteria killed by heat protected the few survivors. A washed 
suspension of E . c o li was divided into two portions. One portion was injected 
into preheated TSB at 60°C and the 
survivors determined at intervals. After heating for an hour, the second portion 
of the suspension was added and sur
vival again determined. The results (Fig.
6) show that the dead bacteria in the 
heating menstruum have no protective 
effect and in fact slightly increase the 
death rate of the fresh suspension. Therefore, tailing of survivor curves 
cannot be explained on the basis of a protective effect of the heat-killed cells.

The abnormally resistant cells occur at a level of 1 in 106-108 which is the 
same as found by the other investigators 
who observed extreme tailing. Vas and 
Proszt (1957) point out that the beginnings of flat heat resistant tails have been reported by many investigators, 
but they have failed to continue their experiments long enough to determine 
how resistant the few survivors were. 
Furthermore, investigators starting with 
low initial populations or carrying survi
vor curves through only 4 or 5 log cycles, 
as is frequently done, would completely 
miss such small heat resistant popula
tions. The limited evidence available suggests that the occurrence of small 
numbers of very heat resistant cells may be a normal characteristic of bacterial 
populations. Such resistant cells could 
be of great importance in situations where total destruction of a bacterial 
population is desired. They would be of 
less importance where a reduction in bacterial load by a factor of 106 is satis
factory.

The idea that thermal death of bac
teria is exponential has remained attrac
tive to bacteriologists and remains the basis of thermal process calculations used for food processing (Ball and Olson, 
1955; Schmidt, 1957; Stumbo, 1965).

The theoretical basis for assuming 
that thermal death of bacteria is loga
rithmic is based on two assumptions: (1) Populations of single strains of bacteria are homogeneous with regard to heat resistance; and (2) Thermal death of bacteria is unimolecular, that is to say that death occurs from inactivation of a 
single molecule or critical site per cell.Experimental evidence indicates that assumption (1) is seldom true and that assumption (2) is incompatible with 
evidence of sublethal injury (Ball and Olson, 1955; Moats, 1971). Therefore, there is no theoretical basis for the common practice of assuming that survi
vor curves are logarithmic and crediting any deviation from linearity to experi-



526—JOURNAL OF FOOD SCIENCE— Volume 36 (1971)

mental error. In fact, published curves 
which are interpreted as logarithmic are 
seldom very precisely so and sometimes 
deviate considerably from linearity when 
experimental points are connected. 
Experimental curves which are nearly 
logarithmic probably result from a for
tuitous mixture of cells of different heat resistances.

Figure 5 shows a clear example of the 
differences in number of survivors 
observed when a heated culture is plated 
on two different media. Differences in 
plate counts of several log cycles are observed. If death occurred from inacti
vation of a single-site per cell, the cells 
should be either dead or alive and the 
counts on the two agars should be the 
same. If death occurs from inactivation 
of some fraction of multiple critical sites, difference in counts on two agars can 
readily be explained on the assumption 
that the cells can survive and repair 
greater injury (i.e., more critical sites inactivated) on one medium than the other.

If thermal death of bacteria is not 
truly logarithmic, decimal reduction 
times (D-values) are meaningless (Vas and Proszt, 1957). Although authors 
such as Rahn (1945) and Schmidt (1957) 
have argued that the assumption that 
thermal death is logarithmic is conve
nient in comparing survival at different temperatures or survival of different bacteria under the same conditions, it is evident that the same end could be 
accomplished by the use of thermal 
death point measurements or F-values, 
that is to say, direct measurement of

times required for a given probability of 
kill at a given temperature. This would 
give valid comparisons without introduc
ing unwarranted assumptions as to the 
logarithmicity of the death rate. Ott et 
al. (1961) have pointed out the advan
tages of such an approach and found F- 
values were more reproducible than D- 
values. At the same time, allowance 
should be made for variability in heat 
resistance of the same culture manipu
lated in the same manner (Olson et al., 
1952) and the possibility of resuscitation of heat shocked bacteria (Dabbah et al.,
1969). It is evident from the examples 
shown in Figures 3, 4, and 5 that extra
polation of D-values, determined from 
survivor curves carried through 4 or 5 
log cycles, to higher probabilities of kill 
could be seriously misleading.
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POULTRY PRODUCT QUALITY. 4. Levels of Carbonyl Compounds 
in Fresh, Uncooked Chicken and Turkey Skin

SUMMARY— The complex nature of poultry flavor prevents any single, complete characterization of 
its source. The contribution of the sulfur compounds to the flavor of the meat has received attention 
and recently the carbonyl-related off-flavor development in further processed products has become 
a problem. In order to determine the carbonyl compounds available in raw poultry skin, the hexane 
soluble extract of ground skin was reacted with DNPhydrazine. The derivatives formed were frac
tionated by column and thin layer chromatography and quantified spectrophotometrically. Male 
and female chickens and turkeys were raised on standard diets to selected ages to study the influ
ence of age, sex and group of birds on the level and composition of carbonyl compounds. The partic
ular carbonyls investigated were the total carbonyls, the total monocarbonyl fraction and the specific 
aliphatic monocarbonyl classes. Data showed higher levels of total carbonyl and total monocarbonyl 
compounds in male turkeys than in females until both were quite mature. Within the chicken sam
ples, there was no appreciable difference due to either sex or age. The only methyl ketone found in 
any of the samples was acetone. The male turkeys had an increase in acetone concentration from 
20 wk to a max at 24 wk, the same time at which lipid composition was the lowest. During the 
same time the female turkey maintained a relatively constant methyl ketone level. At 30 wk both 
sexes exhibited the lower concentration of acetone. Chicken skin data consistently displayed low 
acetone concentrations similar to that of the female turkeys.

INTRODUCTION
THE FLAVOR of poultry has been one 
of many flavors studied. General causes of flavor development of precursors of 
flavor in poultry have been studied 
(Dawson, 1968; Pippen, 1967; Minor et 
al. 1965; Mecchi et al. 1964; Lineweaver and Pippen, 1961; Ballance, 1961; Pip- 
pen and Nonaka, 1960; Pippen et al. 
1954; Klose et al. 1952; Bouthilet, 1951; 
Crocker, 1948; Asmundson et al. 1938) 
but not resolved. The sources of poul
try flavor were recently reviewed by 
Thomas et al. (1971).

Our particular interest was in the off- flavor development in further processed 
products using poultry skin. Chicken 
skin has been used satisfactorily in fur
ther processed products in forming 
emulsions and providing a chicken fla
vor (Baker et al. 1968; Baker and Dar- 
fler; 1967). Attempts have been made to 
utilize turkey skin in various further 
processed products, since the skin repre
sents 5% or more of the weight of the 
bird (MacNeil and Buss, 1968). Unfortunately the off-flavors which develop 
have made such products difficult.

The aliphatic monocarbonyl com
pounds, namely methyl ketones, alkan- 
als, 2-enals and 2,4-dienals, are known 
to influence the ultimate flavor of heat
ed, stored dairy products (Kinsella et al.1967). Previous work in our laboratory 
involved the aliphatic monocarbonyls in 
off-flavor development in cooked, stored 
turkey skin (Dimick and MacNeil, 1970). 
After cooking, the oil was pressed from the skin and the two fractions analyzed 
separately. The oil was expected to 
develop high levels of carbonyls, but

actually was more stable than the resi
due. The saturated aldehydes were not evident in these samples but both 2- 
enals and 2,4-dienals as well as the meth
yl ketones were definitely present and 
could be measured. The methyl ketone 
fraction was further separated by thin layer chromatography and found to 
contain ketones of odd carbon chain 
length from 3 through 13. Carbonyl 
analyses of stored samples showed striking increases in the quantities of unsat
urated aldehydes in the residue frac
tion. Concurrent organoleptic analyses 
revealed the development of objection
able flavors as these chemical changes 
took place in the skin residue of 29-31 wk old turkeys. Whether the monocar
bonyls, namely the methyl ketones, were 
present in the raw skin or were formed 
only during the cooking process was 
unknown from this first study. The 
cooked chicken oil and residue had lower 
concentrations of carbonyls and did not 
develop the potent off-flavors. Carbonyl 
differences in the raw skin of turkeys and chickens might account for differences in off-flavor development between 
the groups of birds. Age and sex were additional factors whose influence as 
related to carbonyls had not been inves
tigated but could be important.

This study was undertaken to deter
mine the concentration of carbonyls in raw skin of chickens (G a llu s  d o m e s tic u s )  and turkeys (M e le a g r is  g a llo p a v o )  which 
might account for differences in off- 
flavor development between the groups 
of birds.Specifically the purposes of this study were (a) to determine the concentration

of carbonyl compounds, including total 
carbonyls, total monocarbonyls and 
specific aliphatic monocarbonyl classes 
present in the fresh raw skin of chickens 
and turkeys; and (b) to determine the influence of age and sex on the concen
tration of these carbonyl fractions. The 
results should help determine the reason 
for the difference in off-flavor develop
ment in products using the skin of the 
two groups of birds. This should contrib
ute to the development of either new processing methods or birds with skin 
characteristics which will remain accep
table during processing and subsequent storage.

The carbonyl compounds were ana
lyzed as their 2, 4-dinitrophenyl (DNP) 
hydrazone derivatives and quantified 
spectrophotometrically. Individual class
es of aliphatic monocarbonyls were separated by thin layer chromatography.

EXPERIMENTAL
S e le c t io n  a n d  p r e p a r a t io n  o f  th e  b ir d s

C h ic k e n s  a n d  tu r k e y s  w e re  h a tc h e d  a n d  
ra is e d  in  th e  p o u l t ry  fa c i l i t ie s  o f  T h e  P e n n s y l 
v a n ia  S ta te  U n iv e rs i ty . T h e  c h ic k e n s  w e re  a n  
I n d ia n  R iv e r  b ro i le r  c ro s s  a n d  th e  tu rk e y s  
w ere  a  la rg e  w h i te  s t r a in ,  d e v e lo p e d  a n d  
m a in ta in e d  b y  th e  P o u l t r y  S c ie n c e  D e p a r t 
m e n t. T h e  t u r k e y  r a t io n  c o n s is te d  o f  a  s t a n 
d a r d  c o m m e rc ia l s t a r t e r ,  g ro w er, f in is h e r  
p ro g ra m  (T h o m a s , 1 97 0). T h e  b r o i le r  ra t io n  
c o n s is te d  o f  c o m  (5 4 % ), w h e a t  (5 % ), o a ts  
(5 % ), a l f a l f a  m e a l  (2 .5 % ), s o y b e a n  m e a l 
(1 7 .5 % ), f ish  m e a l (5 .0 % ), m e a t  s c r a p  (5 .0 % ), 
d r ie d  w h ey  (2 .5 % ), y e a s t  (2 .5 % ), l im e s to n e  
(0 .5 % ), m in e r a l  s u p p le m e n t  m ix  (0 .2 8 % ) a n d  
v i ta m in  m ix  (0 .2 1 % ) w ith  a n t io x id a n t  a d d e d . 
B ird s  w e re  r a is e d  to  th re e  ag es, s e le c te d  to  
re p r e s e n t  th o s e  y o u n g e r  t h a n  u s u a l  m a r k e t  
age, ty p ic a l  m a r k e t  ag e , a n d  a n  ag e  b e y o n d  
t h a t  a t  w h ich  b ird s  a r e  u s u a l ly  s la u g h te re d  
fo r m a r k e t .  S p e c if ic a l ly  th e s e  ag es  w e re  8 , 10, 
12 w k  fo r c h ic k e n s  a n d  20, 24 , a n d  30  w k  fo r 
tu rk e y s .  O n  e a c h  d e s ig n a te d  d a y , 10  c h ic k e n s  
a n d  5 tu r k e y s  o f  e a c h  sex  w e re  s e le c te d  fro m  
flo ck s  o f  a p p ro x im a te ly  2 0 0  b ro ile r s  a n d  fro m  
tw o  p e n s  e a c h  c o n ta in in g  30  tu r k e y s  o f  b o th  
sex es . A ll b i rd s  w e re  v is ib ly  h e a l th y  a t  th e  
t im e  o f  se le c t io n .

T h e  b ird s  w e re  s la u g h te re d  b y  se v e r in g  th e  
ju g u la r  v e in , b le d , s c a ld e d  in  85°C  w a te r , 
m a c h in e  p ic k e d , p in fe a th e r s  re m o v e d  a n d  
s in g e d . T h e  m a in  b o d y  s k in  w as  im m e d ia te ly  
re m o v e d , le a v in g  th e  s k in  o n  th e  legs a n d  
w in gs  o f  e a c h  b ird .  T h e  b o d y  s k in  w as  a ir-  
b la s t  fro z en  fo r  10  m in  a t  — 35°C  fo r  e a s ie r  
h a n d l in g . T im e  e la p s e d  b e tw e e n  s la u g h te r  a n d  
free z in g  w as  a p p ro x im a te ly  45  m in  fo r  c h ic k 
en s  a n d  30  m in  fo r tu rk e y s .  T h e  s k in  w as  c u t
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in to  s m a ll  p ie c e s  a n d  g ro u n d  tw ic e  in  a  H o b 
a r t  m e a t  g r in d e r  e q u ip p e d  w ith  a  1 / 8 -in  
p la te . A  r e p r e s e n ta t iv e  s a m p le  o f  th e  g ro u n d  
s k in  w as re m o v e d  fo r a n a ly s is  w h ic h  w as  
b eg u n  w ith in  30 m in  a f te r  g r in d in g .
E xtraction  o f lipids for Carbonyl 
an a lysis

A  50g  p o r t io n  o f  th e  g ro u n d  s k in  w as 
h o m o g e n ize d  in  p u r e  h e x a n e  fo r h e x a n e -  
e x t r a c ta b le  l ip id  d e te rm in a t io n .  H e x a n e , 
re n d e re d  c a rb o n y l free  a c c o rd in g  to  S c h w a r tz  
a n d  P a r k s  (1 9 6 1 ) w as  u se d  fo r e x tr a c t io n  o f  
th e  c a rb o n y ls . T h e  t i s s u e  w as  h o m o g e n iz e d  in  
a  W a rin g  B le n d o r  in  150 m l p u r e  h e x a n e  fo r 
15 m in  a t  a  rh e o s ta t  s e t t in g  o f  40 . T h e  e x t r a c t  
w as  d e c a n te d  a n d  f i l te re d  th ro u g h  W h a tm a n  
N o. 1 f i l te r  p a p e r .  T h e  b le n d e r  j a r  w as  r in s e d  
w ith  1 0 0  m l p u r e  h e x a n e  a n d  th e  h o m o g e n a te  
w as b le n d e d  a n  a d d i t io n a l  5 m in . T h e  e n ti re  
m ix tu re  w as  th e n  a d d e d  to  th e  f i l t r a t io n  s y s 
te m . W h e n  m o s t o f  th e  f i l t r a te  h a d  p a s se d  
th ro u g h  th e  f i l te r ,  a  f in a l 50  m l p u r e  h e x a n e  
w as  r in s e d  th ro u g h  th e  re s id u e  in  th e  f i l te r . 
T h e  f i l t r a te  w as  c o lle c te d  fo r  re a c tio n  w ith  
D N P h y d r a z in e .
E fficiency o f  h ex an e extraction  
procedure

A n o th e r  p o r t io n  o f  f re s h , ra w , g ro u n d  sk in  
w as  h o m o g e n ize d  e x a c tly  a s  d e s c r ib e d  a b o v e  
a f te r  w h ich  th e  f i l t r a te  w as  d r ie d  u n d e r  v a c 
u u m  a n d  w e ig h ed  to  d e te rm in e  th e  q u a n t i ty  
o f  h e x a n e - e x tr a c ta b le  l ip id  p re s e n t . A  th i r d  
5 0 g  p o r t io n  o f  g ro u n d  s k in  w as  h o m o g e n ize d  
in  c h lo ro fo rm -m e th a n o l ( 2 : 1 , v /v )  fo r to ta l  
l ip id  e x tr a c t io n , u s in g  th e  m e th o d  o f  F o lc h  e t 
a l . (1 9 5 7 ). T h e  to ta l  l ip id  p h a s e  w as  d r ie d  
u n d e r  v a c u u m  a n d  w e ig h ed  to  d e te rm in e  to ta l  
l ip id  c o n te n t . A ll e x tr a c t io n s  d e s c r ib e d  a b o v e  
w ere  c a r r ie d  o u t  in  t r ip l ic a te  fo r ag e , sex , a n d  
g ro u p  o f  b ird s .
A n alysis o f  carbonyls as their  
D N Ph ydrazones

T h e  t r ip l ic a te  s a m p le s  u se d  fo r  c a rb o n y l 
a n a ly s e s  w ere  t r e a te d  a c c o rd in g  to  th e  p ro c e 
d u r e  u se d  b y  D im ic k  a n d  M a c N e il  (1 9 70 ) fo r 
co o k e d  s to r e d  p o u l t ry  s k in  s a m p le s , a  m o d if i
c a t io n  o f  th e  m e th o d s  d e s c r ib e d  b y  S c h w a r tz  
e t  a l . (1 9 6 2 ). E a c h  s a m p le  w as t r a n s f e r r e d  
q u a n t i ta t iv e ly  o n to  a  re a c tio n  c o lu m n  ( 2 . 8  

m m  I .D . x  2 1 .2  m m ) co m p o s e d  o f  a n a ly t ic a l  
C e lite  (F is h e r  S c ie n tif ic  C o .) im p re g n a te d  
w ith  D H P h y d r a z in e ,  p h o s p h o r ic  a c id  a n d  
w a te r  (S c h w a r tz  a n d  P a r k s ,  1 961). T h e  c a r 
b o n y ls  p re s e n t  w e re  c o n v e r te d  to  t h e i r  re s p e c 
tiv e  D N P h y d r a z o n e s  fo r  q u a l i t a t iv e  id e n t i f i 
c a t io n  a n d  q u a n t i f ic a t io n  b y  s p e c tro p h o to -  
m e t r ic  p ro c e d u re s . T h e  e lu a te  w as  c o lle c te d  
a n d  th e  c o lu m n  r in s e d  w ith  2 0 0  m l p u r e  
h e x a n e  to  in s u re  th e  c o m p le te  re m o v a l o f  a ll 
th e  c a rb o n y ls  a n d  l ip id . T h e  e lu a te  w as 
b ro u g h t to  k n o w n  v o lu m e  in  a  v o lu m e tr ic  
f la s k  a n d  q u a n t i f ie d  u s in g  a  B e c k m a n  D B - 
G  s p e c tro p h o to m e te r . T h e  D N P h y d r a z o n e  
c o n c e n t ra t io n  w as  d e te rm in e d  b y  r e a d in g  th e  
a b s o rb a n c e  o f  th e  s o lu tio n  c o m p a re d  to  p u r e  
h e x a n e  a t  350  m  ji a n d  c o n v e r t in g  to  n m ol 
u s in g  A m =  2 2 ,5 0 0  ( J o n e s  e t  a l . 1 95 6). T h e s e  
d a t a  w ere  re fe r r e d  to  a s  to ta l  c a rb o n y l c o n 
c e n tr a t io n  a n d  e x p re s s e d  a s  Mmol p e r  lO g 
h e x a n e - e x tr a c ta b le  lip id .
R em oval o f the lipid from  
D N Ph ydrazones

L ip id  m a te r ia l  w as  re m o v e d  f ro m  th e  
D N P h y d r a z o n e s  b y  p a s s in g  th e  e lu a te  fro m

th e  re a c tio n  c o lu m n  th ro u g h  a  m a g n e s ia  
c o lu m n  (1 4  m m  I .D . X  3 7 0  m m ) c o n ta in in g  
20g C e l ite  5 4 5 -S e a S o rb  43  (1 :1 , w /w )  
(D im ic k  a n d  W a lk e r , 1 968). T h e  C e l i te  h a d  
b e e n  a c t iv a te d  a t  150°C  fo r  24  h r .  B o th  th e  
C e lite  545  a n d  th e  S e a  S o rb  43  w e re  o b ta in e d  
fro m  F is h e r  S c ie n tif ic  C o . T h e  l ip id  w as 
re m o v e d  b y  p e rc o la t in g  w ith  p u r e  h e x a n e  
a f te r  w h ic h  th e  a b s o rb e d  c a rb o n y l  D N P h y 
d ra z o n e s  w ere  e lu te d  w ith  140 m l c h lo ro fo rm - 
n i t r o m e th a n e  (3 :1 , v /v ) .  T h e  e lu a te  w as  
e v a p o ra te d  on  a  s te a m  b a th  to  a p p ro x im a te ly  
1 0  m l a n d  s to re d  u n t i l  f u r t h e r  a n a ly s is .
D N Ph ydrazone c la ss  sep aration

T h e  m o n o c a rb o n y l d e r iv a tiv e s  w e re  f r a c 
t io n a te d  in to  th e i r  re s p e c tiv e  c la s se s  on  a  lOg 
C e l ite  5 4 5 -S e a S o rb  43  (1 :1 , w /w )  c o lu m n  (14  
m m  I .D . X  370  m m ) b y  m e a n s  o f  s e le c t iv e  
e lu t in g  so lv e n ts  in  100  m l q u a n t i t ie s .  T h e  
m o n o c a rb o n y l f r a c t io n  w as in v e s t ig a te d  m o re  
th o ro u g h ly  b e c a u s e  o f  th e  f la v o r  p o te n t ia l  o f  
th e s e  c o m p o u n d s . W h e n  th e  m o n o c a rb o n y l 
f r a c t io n , d iss o lv e d  in  p u r e  h e x a n e , h a d  p e rc o 
la te d  in to  th e  c o lu m n , e lu t io n  w as  b e g u n  w ith  
c h lo ro fo rm -p u re  h e x a n e  (2 0 :8 0 , v /v ) .  T h e  
e lu e n ts  w h ic h  fo llow ed  c o n ta in e d  in c re a s in g  
p ro p o r t io n s  o f  c h lo ro fo rm : 4 0 :6 0 , 6 0 :4 0 , 8 0 :2 0  
a n d  f in a lly  150 m l c h lo ro fo rm . B y  th e  t im e  
th e  la s t  s o lv e n t h a d  p e rc o la te d  th ro u g h  th e  
c o lu m n , no  v is ib le  c a rb o n y l d e r iv a tiv e  b a n d s  
re m a in e d  o r  co u ld  b e  e lu te d  w ith  m e th a n o l. 
E lu a te  w as  c o lle c te d  u s in g  a n  L K B  a u to m a t ic  
re c o rd in g  f r a c t io n  c o lle c to r  (L K B -P ro d u k te ,  
S to c k h o lm , S w e d e n ).

T h e  c o n te n ts  o f  th e  c o lle c to r  tu b e s  e x h ib i t 
in g  d is t in c t  co lo r a n d / o r  re c o rd in g  a b s o r p t io n  
o n  th e  s p e c tr a l  c h a r t  w e re  c h e c k e d  s p e c tro -  
p h o to m e tr ic a l ly  to  d e te rm in e  th e  c la s s  o f  
m o n o c a rb o n y ls  p re s e n t . T h e  a b s o r b a n c e  
m a x im a  a r e  g iv en  in  T a b le  1. T u b e s  w ith  th e  
s a m e  a b s o r b a n c e  m a x im u m  w ere  g ro u p e d  
a n d  th e  c o n te n ts  p o o le d , t a k e n  to  d ry n e s s  o n  a  
s te a m  b a th ,  b ro u g h t to  k n o w n  v o lu m e  in  
v o lu m e tr ic  f la s k s  a n d  q u a n t i f i e d  in  c h lo ro 
fo rm .
Identification  by thin la y er  
chrom atography

T h e  m e th y l  k e to n e  c la s s  w a s  f u r t h e r  f r a c 
t io n a te d  u s in g  th in  la y e r  c h ro m a to g ra p h y  on  
K ie s e lg u h r  G  (E . M e rc k  A g, D is t r ib u te d  b y  
B r in k m a n n  I n s t r u m e n ts ,  In c . ,  G r e a t  N e c k , 
N .Y .)  p la te s  d e v e lo p e d  in  m e th y lc y c lo h e x a n e  
(B a d in g s  a n d  W a ss in g , 1 96 3). T h e  8  X  8  in  
g lass  p la te s  w e re  s p r e a d  w ith  a  s lu r r y  o f  8 g

Table ?— Spectrophotometric constants for 
DNPhydrazone derivatives in selected carbonyl 
fractions found in poultry skin

C a r b o n y l
f r a c t io n

A b s o rp 
t iv i ty "

W a v e le n g th , 
m |i m a x  

a d s o r p t io n
T o ta l  c a rb o n y l 
T o ta l

2 2 ,50 0 3 5 0 ‘

m o n o c a rb o n y l 2 2 ,5 0 0 3 6 5 '
M e th y l  k e to n e 2 2 ,50 0 3 6 5 '
2 -e n a ls 2 7 ,50 0 3 7 3 '
2 ,4 -d ie n a ls 3 7 ,50 0 3 9 0 '

°Am values from Jones, et al. 1956. 
‘In hexane.
Tn chloroform.

C a rb o w a x  4 00  (A p p lie d  S c ie n c e  L a b o r a to r ie s ,  
In c . ,  S ta te  C o llege , P a . ,  15g K ie s e lg u h r  G  a n d  
30  m l d is t i l le d  w a te r , to  0 .2 5  m m  th ic k n e s s . 
P la te s  w e re  a i r  d r ie d  fo r  2 h r ,  h e a te d  fo r  30  
m in  a t  100°C  a n d  s to re d  in  a  d e s ic c a to r  o v e r 
c a lc iu m  s u lf a te . P la te s  w e re  a c t iv a te d  fo r  20  
m in  a t  100°C  im m e d ia te ly  b e fo re  u se . T h e  
m e th y l  k e to n e  f r a c t io n , d is s o lv e d  in  h e x a n e , 
w as  s p o tte d  o n  th e  p la te s  a n d  d e v e lo p e d  in  
a p p ro x im a te ly  1 h r . K n o w n  2 , 4 - D N P h y d r a -  
zo n es  o f  m e th y l  k e to n e s  o f  c h a in  le n g th s  fro m  
C 3 to  C 15  a n d  s a m p le s  o f  th e  c o o k e d  tu r k e y  
s k in  m e th y l  k e to n e  f r a c t io n  w e re  r u n  o n  th e  
s a m e  p la te s  a s  s ta n d a r d s .
S ta tistica l a n a lyses

D a ta  w ere  a n a ly z e d  b y  th r e e  f a c to r  a n a ly 
s is  o f  v a r ia n c e  to  d e te rm in e  th e  in te r a c t io n  o f  
th e  sex , ag e  a n d  g ro u p  o n  c a rb o n y l  c o n te n t  o f  
th e  s k in . T h e  e f fe c t o f  in d iv id u a l  fa c to r s  a n d  
in te r a c t io n s  a m o n g  fa c to r s  w e re  d e te rm in e d .

C o r re la t io n  c o e ff ic ie n ts  b e tw e e n  th e  th re e  
c a rb o n y l v a lu e s  w e re  c a lc u la te d  to  d e te rm in e  
w h e th e r  c h a n g e s  in  c o n c e n t r a t io n  w e re  c o r r e 
la te d .

RESULTS & DISCUSSION  
Lipid analysis

Lipid content of the skin for all ages, 
sexes and groups of birds is shown in 
Table 2. The point of particular interest 
was the decreased quantity of lipid in 
the turkeys at 24 wk. At 20 wk, for 
example, male turkey skin contained 
about 35.8% hexane-extractable lipid 
compared to 55.6% in the females. At 24 
wk the hexane extractable lipid content 
had declined to 22% and 44% for males 
and females respectively. 6 wk later the 
hexane-extractable lipid content of both 
had increased beyond the 20 wk level to

Table 2— Quantities“ of lipid extracted by two 
processes from 50g poultry skin

T o ta l
L ip id

H e x a n e -  
e x t r a c ta b le  

L ip id  
g /5 0 g  s k in

C h ic k e n
M a le

8  w k 18.2 16.2
1 0  w k 19.2 12.9
1 2  w k 2 2 .4 16.0

F e m a le
8  w k 2 1 . 8 15.0

1 0  w k 2 4 .6 16.6
1 2  w k 2 3 .2 19.4

T u r k e y
M a le

2 0  w k 19.8 17.4
24  w k 13.4 1 1 . 0

3 0  w k 3 7 .9 2 1 .7
F  e m a le

2 0  w k 2 8 .0 2 7 .8
2 4  w k 2 6 .8 2 2 . 0

30  w k 3 6 .7 2 9 .0
“Mean of triplicate samples which were within

one standard deviation.
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43.4% for males and 58% for female tur
keys. This pattern was observed in the 
Folch extraction of total lipids as well as 
in the hexane extraction. The diet of the 
birds beyond 8 wk contained a minimum 
of 3.5% fat. This lipid level is designed 
commercially to cause poultry to develop 
a pleasing fat layer under the skin, 
commonly known as finish. The total lip
id data indicate that the male turkeys 
were not continuously laying down fat 
but instead actually had a decreased 
quantity of lipid under the skin at 24 
wk, a typical market age. Although the 
decrease was minimal in the total lipids 
of female turkeys, again there was a 
noticeable decline in the hexane extract- 
able lipid. The lipid composition re
quires more extensive study, but the 
decrease in both total lipids and hexane- 
extractable lipids demonstrated in 
this study is unique.

Male turkeys at 24 wk had a desir
able appearance and finish. The ques
tion arises as to the reason for the dis
parity in apparent and real lipid con
tent. Perhaps this physical characteristic 
at 24 wk is due to factors other than 
lipid content. The skin of turkeys frozen 
slowly appears thin and transparent, 
revealing an undesirable, bluish muscle 
tissue below (MacNeil, 1970, Private 
communication). The skin of fast frozen 
birds, in contrast, develops an opaque 
characteristic due to rapid freezing of 
intercellular water which alters the 
index of refraction. It is not impossible 
to suspect that a physical condition at 24 
wk causes the less fat bird to appear 
well-finished. This area needs more 
investigation.
Total carbonyl and monocarbonyl concentration in chickens and turkeys

Total carbonyls and monocarbonyls 
from chicken skin were quantified as 
their DNPhydrazone derivatives. Mean 
values are shown in Table 3 as ^mol/10g 
hexane-extractable lipid from chicken. 
Standard deviations were computed for 
all data. Each of the triplicate values

was within one standard deviation of the 
mean for the data.

Decreasing total carbonyl concentra
tion with increasing age was apparent 
for both sexes except in the 8-wk old 
male birds whose total carbonyl content 
of 46.5 fimol/10g lipid was less than the
49.2 /imol in 10-wk old males. By 12 wk, 
however, both had continued their 
decline, reaching about 36 Mmol/lOg lipid.

The monocarbonyl data exhibited a 
uniform decline in concentration with 
age. As with total carbonyl compounds, 
the female chicken had a higher concen
tration of monocarbonyl compounds at 
both 8 and 10 wk but at the age of 12 wk 
the skin of the male birds contained 3.6 
Mmol/10g lipid compared to 2.9 Mmol in 
the skin of female birds.

The difference between the total 
carbonyl content and the monocarbonyl 
concentrations represents the ketoglycer- 
ide fraction and the dicarbonyl com
pounds as well as perhaps other cur
rently unstudied compounds. The role of the dicarbonyl fraction in flavor has 
received little attention because of the 
difficulty in eluting and quantifying 
them. Thin layer chromatographic sys
tems were developed by Cobb (1964) for 
separation of DNPosazones of dicarbon
yls, but Ronkainen (1967) reported 
interference from the DNPhydrazine 
when he attempted to isolate DNPhy- 
drazones of dicarbonyls. The dicarbonyls could be active in Strecker degrad- 
tion but this mechanism has not been shown in poultry (Pippen, 1967). 
Attempts were made to characterize the ketoglyceride fraction. Although no spe
cific components could be separated, the 
presence of two types of ketoglycerides 
was definitely indicated and has not 
previously been noted.

The concentrations of DNPhydrazone 
derivatives of turkey total carbonyl and monocarbonyl compounds are shown in 
Table 3. Distinct sex differences were observed in both fractions. Both male 
and female turkeys showed increasing 
concentrations of total carbonyls from

Table 3— Concentration“ of total carbonyl and total monocarbonyl derivatives present in male and 
female poultry skin at three ages

C h ic k e n s
A g e  in w k

T u r k e y s

8 10 12 20 24 30
S ex M m o l/1 0 g  h e x a n e - e x tr a c ta b le  lip id

T o ta l  c a rb o n y l
M a le 4 6 .5 4 9 .2 3 8 .8 2 63 .4 3 97 .5 50.0
F  e m a le

T o ta l  m o n o c a rb o n y l
6 5 .3 5 5 .2 33.1 3 0 .4 48.6 6 9 .3

M a le 9 .9 4 .9 3 .6 111 .9 312 .2 5 .4
F e m a le 10.3 5 .9 2 .9 2 .6 11.6 3 .2
“Mean of triplicate samples which were within one standard deviation.

20-24 wk of age but males increased 
from 263 Minol/lOg lipid to nearly 400 
Mmol contrasted with increases from 
30-50 Mmol for females. The female 
turkeys showed a continued increase in 
total carbonyl content to 69 Mmol/10g 
lipid. The males conversely decreased to 
a total carbonyl concentration of 50 Mmol/10g lipid by 30 wk.

The male turkey monocarbonyl con
centration followed the same pattern, 
rising from 112 Mmol at 20 wk to 312 
Mmol by 24 wk and then dropping to 5.4 
Minol/10g lipid at 30 wk of age. The 
female turkeys also increased in mono
carbonyl concentration from 2.6-11.6 
Mmol/10g lipid at 20 and 24 wk respec
tively. At 30 wk, however, the monocar
bonyl concentration decreased to 3.2 
Mmol/10g lipid rather than increasing as 
had the total carbonyl concentration.

As with the chicken skin, the car
bonyl compounds present in turkey skin 
may contribute to both desirable and 
undesirable flavor characteristics. Dim- 
ick and MacNeil (1970) found levels of 
total carbonyl and monocarbonyl compounds in cooked chicken skin residue to 
be at least three times as great as the 
levels shown in Table 3 for raw skin. 
Cooking caused some increase in total 
carbonyl concentration but much more 
markedly increased the monocarbonyl 
levels in skin residue to a level at which 
the flavor of the residue was rated unac
ceptable by a trained taste panel (Dimick and MacNeil, 1970; MacNeil 
and Dimick, 1970). The high levels of 
monocarbonyls in the 20- and 24-wk old 
male turkeys may result in a higher flavor potential as compared to the 
female turkey and chickens of both 
sexes.
Separation of monocarbonyl classes

When the monocarbonyls were frac
tionated, only the methyl ketone class 
appeared in the samples of raw skin, 
regardless of age, sex or group of bird. 
Only one band was apparent on the 
magnesia column and only one absorb
ance maximum was recorded by the 
LKB fraction collector. Repeated determinations on the spectrophotometer 
revealed no fractions with absorbance maxima other than at 365 m mui chloro
form, indicating that methyl ketones were predominantly present. No alkan- 
als were detected, as had been the case with cooked, stored skin (Dimick and 
MacNeil, 1970) but also absent were the
2-enals and 2, 4-dienal classes.The methyl ketone derivatives were then spotted on Kieselguhr thin layer 
plates with standard derivatives of 
known carbon chain lengths from C 3 - C 1 5  

and derivatives of the methyl ketone fraction of cooked poultry skin samples,
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mmsm Table 4- 
derivatives in 
ages

—Concentration° of methyl ketoneb 
male and female poultry skin at three

M a le s F e m a le s
M m o l/1 0 g  h e x a n e -

G ro u p e x t r a c ta b le  l ip id
C h ic k e n s  

A g e  (w k)
8 2 .8 1 .2

10 1.1 0 .9
12 0 .6 1.1

T u r k e y s  
A g e  (w k)

20 110.1 2 .0
24 182 .2 4 .3
30 2 .9 2 .7

“Mean of triplicate samples which were within 
one standard deviation.

6Acetone.

A B C D E F G  A H A

Fig. 1— Thin layer chromatographic separation of the DNPhydrazone 
methyl ketones from fresh chicken and turkey skin. A =  acetone; B = 
chicken skin (8 wk); C = chicken skin (10 wk); D =  chicken skin (12 wk), 
£ =  turkey skin (20 wk); F = turkey skin (24 wk); G =  turkey skin 
(30 wk); H — mixture of known DNPhydrazones (C 3 through Cn ).

which were known to contain odd num
bered chain lengths from C 3 - C 1 3 .  Even when concentrated spots of unknown 
derivatives were applied, the only 
methyl ketone present after development 
of the chromatogram was acetone (Fig. 
1 ). To confirm that the only methyl 
ketone derivative present was the 
DNPhydrazone of acetone, melting points were determined on recrystallized samples of the methyl ketone fraction, according to the method of Shriner et al.
(1956). The melting point of 126°C confirmed the exclusive presence of acetone in the methyl ketone fraction.

Acetone contamination in the solvents could cause high levels of acetone to 
appear erroneously. To eliminate this 
possibility, both benzene and hexane 
were rendered carbonyl-free, as outlined by Schwartz and Parks (1961). Also, 
samples of the solvents were monitored along with the poultry skin samples and 
no important contamination was shown. 
Total carbonyl values for the solvents were within a range of 2-5 Mmol/400 ml 
solvent when percolated through the

reaction column and only about 0.1-0.2 
for monocarbonyl contamination.Between groups, had the various 
methyl ketones appeared in the mono
carbonyl fraction or had classes besides 
methyl ketone been present, the inter
relationships among these components would have been of particular concern. 
However, since the monocarbonyl frac
tion was found to be composed only of the methyl ketone acetone for both 
groups of birds, the influence of age and sex on the concentration of the carbonyl 
fractions became the primary emphasis of this study.

The differences in the methyl ketone 
concentrations for chickens of both sexes and all three ages were minor and in the 
range of 0.6-1.2 /¿mol/lOg lipid, except 
for the youngest males. These data are 
shown in Table 4. The 8-wk old male 
chickens had a methyl ketone concentration of 2.8 /imol/10g lipid which was 
more than two standard deviations greater than the mean of the other data. 
This high level of methyl ketone could 
indicate that these birds were undergo
ing some physiological development or

change which caused a greater concen
tration of acetone than was typical of 
female chickens or more mature males.

Age produced significant variations in 
the methyl ketone concentration in tur
key skin. An increased concentration of 
acetone from 20-24 wk was seen in both 
sexes. The quantity of acetone doubled 
in the females and increased by 70% in 
the males; however, at 24 wk the concen
tration in the males was 182.2 fimol/10g 
lipid compared to 4.3 Mmol in the same 
amount of female tissue. By 30 wk of age 
acetone in the skin of both males and 
females had dropped to similar low lev
els. These were 2.9 Mmol/10g lipid for 
males and 2.7 Mmol for female turkeys.

The sex differences were particularly 
striking in the turkeys. The level of ace
tone in the female turkeys was not high 
at any age although there was an in
crease in acetone content at 24 wk. In 
male turkeys the acetone level was signi
ficantly higher than that of the females 
at both 20 and 24 wk. Only by 30 wk were 
the levels similar regardless of sex.

Analysis of variance for total carbon
yls, monocarbonyls, and methyl ketones indicated that each variable (age, sex, and group, i.e. chicken or turkey) was 
significant at the 1% level as was the interaction among the factors.
Relationship between flavor and age

More complete data are needed to 
determine the specific sources of poultry 
flavor. This study has shown that defi
nite differences exist between the carbonyl levels of chicken and turkey skin. Age is a factor which influences the 
concentration of carbonyl levels. The 
high concentration of all carbonyl classes in 24-wk old male turkey skin probably 
contributes to the off-flavor development when this skin is used in further pro
cessed products. The decrease in total
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carbonyl and total monocarbonyl con
tent at 30 wk may indicate a physiological maturation which eliminates the 
characteristic high carbonyl concentra
tions. While carbonyl compounds are a 
part of off-flavor development, their 
entire contribution to flavor may not be 
detrimental. However, if the processor 
were to use turkey skin, the selection of 
a more mature bird or the use of the skin 
of the females only would appear advisa
ble for these products. On the other 
hand, if more were known about the 
cause of these high levels of carbonyls, birds could be bred, fed and/or slaugh
tered so that the off-flavors were mini
mized or possibly never developed.

In some foods the development of 
flavor during aging is important for a 
high quality product. Fruits and vegeta
bles usually develop their best flavor 
when they have been allowed to ripen before harvesting. Particularly interest
ing is the contrast between the flavor of 
veal and that of mature beef in which 
age definitely influences the flavor. 
Perhaps the desirable old-fashioned 
flavor reportedly missing from today’s 
birds could be parallel. Since this study 
was conducted, broilers are being slaugh
tered earlier to provide the size pieces 
desired by the ready-to-eat and heat- 
and-eat chicken establishments. If inter
polations were to be made, the 6-7 wk 
old bird now common for this use may 
yield a flavor response quite different 
than birds slaughtered at later ages.

At the moment only speculation on 
the source of the acetone is possible. 
Radioactive tracers may be useful in elucidating the sources of the carbonyl 
compounds or their synthetic pathways. 
Presently it can be said that acetone is 
available in fresh skin of both chickens 
and turkeys. Sex and age are influential 
in regulating the specific level but par

ticularly high concentrations are availa
ble in skin of maturing male turkeys. 
Once the causes of this carbonyl devel
opment are known, the interaction of 
these compounds with other flavor 
sources will bear consideration.
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QUALITY AND STABILITY OF SOME FREEZE-DRIED FOODS IN 
'ZERO" OXYGEN HEADSPACE

SUMMARY—Excellent retention of fresh flavor quality in a series of freeze-dried foods of plant and 
animal origin was achieved in "zero" oxygen headspace, using an atmosphere of 5%  hydrogen in 
nitrogen with a palladium catalyst. Freeze-dried, precooked carrots, sweet potatoes, green beans, 
peas, spinach, white potatoes, peaches, apricots, chicken, pork, beef, beef stew, chicken stew and 
shrimp were investigated for oxygen uptake, flavor quality and some for consumer acceptability. 
The rate of oxygen uptake during storage was greater in the animal products than in the plant 
products studied. For oxygen-sensitive products such as carrots and sweet potatoes, loss of quality 
was observed in packs with headspace containing as little as 0.5%  oxygen within I month at 100°F 
reflected in the lower scores g'tven by a technological panel. A flavor profile panel reported that 
all the foods packed with 5% hydrogen in nitrogen with palladium catalyst had aroma and flavor 
amplitudes after storage at 100°F for 6 months comparable to the original products. Randomly 
selected untrained consumer test panels preferred the foods packed in "zero" oxygen to those 
in 2%  oxygen after brief storage at 100°F. This preference persisted throughout the test year.

INTRODUCTION
DETERIORATION of initial quality in freeze-dried foods has long been attrib
uted to reactions with headspace oxygen. Harper and Tappel (1957) found im
proved stability in nitrogen packs. The 
relationship between headspace oxygen, 
residual moisture, time and temperature 
of storage and deterioration was describ
ed by Thompson et al. (1962). That oxy
gen was most critical in initiating deterioration was reported by Roth et al. 
(1965) and by Bishov and Henick (1962). 
Even items which absorb oxygen very 
slowly, such as freeze-dried stews, be
come unacceptable in time if enough oxygen is available (Tuomy et al., 1968).

Oxygen sensitive dehydrated food items have been packaged with “inert 
gas” headspace, usually achieved by 
nitrogen flushing or by vacuum closing. 
Residual oxygen not greater than 2% is a 
customary standard and has been 
adopted in military specifications (US Army Natick Lab., 1967). The present 
study was designed to answer the ques
tion, what improvement in quality could be achieved in freeze-dried oxygen sensitive foods if they were processed 
and stored in the total absence of oxygen? The recently developed method 
of gas displacement described by Hu 
and Breyer (1970) can achieve residual 
oxygen of the order of 0.1%. More effective still is the technique of removing 
traces of oxygen by reaction with hydro
gen on a palladium catalyst described by 
Abbot et al. (1961) and employed by Tamsma et al. (1960) to increase the 
shelf life of whole milk. In the headspace 
of a package filled with 5% hydrogen in 
nitrogen (a nonflammable, nonexplosive mixture), residual oxygen quickly falls 
below 0.001%. This technique, which achieves “zero” oxygen, was applied to

freeze-dried carrots and cooked beef 
with great success (A. F. Mabrouck,
D. F. McMorran and J. K. Jarboe, Per
sonal Communication). It was used in 
this study to compare quality retention 
during storage with that in 2% oxygen 
packs.

EXPERIMENTAL
M aterials

P lan t products. I n c lu d e d  c a r r o ts ,  s p i 
n a c h , sw e e t p o ta to e s , g ree n  p e a s , g ree n  b e a n s ,

RAW .  C O O K I N G
P REPARA BL A N C H IN G

TIO N . . . )  (V E G l
C L E A N IN G Y  BLAST

DIC IN G F R E E Z IN G

w h ite  p o ta to e s , a p r ic o ts  a n d  p e a c h e s ;  p e e le d  
a n d  d ic e d  ( i f  s u i ta b le ) ;  b la n c h e d  (e x c e p t 
f ru i ts )  in  w a te r  a t  212 °F  fo r  5 m in , b la s t  
fro z en  a t  -  30°F  a n d  fre e z e -d r ie d  in  g la s s  to  a  
f in a l m o is tu r e  c o n te n t  o f  c a . 1 .5% .

Anim al products. In c lu d e d  p o r k  lo in , 
b e e f  ( lo n g is im u s  d o r s i) ,  c h ic k e n  d a r k  m e a t ,  
c h ic k e n  w h ite  m e a t  a n d  s h r im p ;  c o o k e d , 
d ic e d  (e x c e p t  s h r im p ) ;  b la s t  fro z en  a t  - 3 0 ° F  
a n d  f r e e z e -d r ie d  in  g la s s  to  a  f in a l m o is tu r e  
c o n te n t  c a . 2 .0% .

G ases
G a s e s  w ere  a n a ly t ic a l  g ra d e  n itro g e n ;  

o x y g en , 2%  v / v  in  n itro g e n ;  a n d  h y d ro g e n , 
5%  v / v  in  n i tro g e n . C a ta ly s t  w as  p a l l a d iu m , 
p o w d e re d  m e ta l ,  0 .5%  w /w  on  k a o lin  a s  p e l 
le ts .

Equipm ent
U s e d  a  la b o ra to ry  f r e e z e -d r ie r  w ith  s t a i n 

less s te e l c o n d e n s e r , co o led  w ith  so lid  C 0 2 in  
a lco h o l a n d  m a n ifo ld  h o ld in g  s ix  3 L , r .b . 
f la sk s . D ry in g  p ro c e e d e d  a t  2 x 10 2 T o r r .  
G lo v e  box , 9 0  X 65  X  70  c m , u s in g  a  b a llo o n  
to  a s s i s t  in  e x p e ll in g  th e  a tm o s p h e re ,  w as  
o p e ra te d  a t  a  p o s itiv e  p r e s s u re  o f  0 .3  T o r r  
w ith  th e  s e le c te d  g as  a tm o s p h e re .  S e e  flow  
d ia g ra m , F ig u re  1.

'UMP

Fig. 1 - 
foods.

-Flow diagram for "zero O ," pack process of freeze-dried
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Fig. 2—Oxygen uptake of some freeze—dried meat items.

P ack agin g
V a c u u m  in  e a c h  f r e e z e -d r ie r  f la s k  w as 

b ro k e n  in d iv id u a lly  w ith  n i tro g e n  g a s  a t  a  
s lig h tly  p o s itiv e  p re s s u re . T h e  f la s k s  w e re  
s to p p e re d  tig h tly  a n d  in tr o d u c e d  th ro u g h  th e  
a i r  lo ck  in to  th e  g love box , w h ic h  h a d  a n  
a tm o s p h e re  o f  5%  h y d ro g e n  in  n i tro g e n . T h e  
c o n te n ts  o f  a l l  f la s k s  w e re  b le n d e d  to g e th e r  
a n d  th e n  f i l le d  in to  3 00  X  3 04  c a n s . P a l la d iu m  
c a ta ly s t ,  2 5 0  m g  (3 -4  p e lle ts ) ,  w ra p p e d  in  a  
t is s u e , w as  a d d e d  to  1 /2  o f  th e  c a n s , w h ic h  
w ere  th e n  c o v e re d  a n d  s e a le d  w ith  a  p o r ta b le  
m a c h in e  a l re a d y  in  th e  g lo ve  b o x . G lo v e  b o x  
a tm o s p h e re  w as th e n  d is p la c e d  a n d  re p la c e d  
b y  2%  o x y gen  in  n itro g e n . T h e  re m a in in g  
c a n s  w ere  c o v e re d  a n d  s e a le d . A f te r  re m o v a l 
f ro m  th e  g love b o x  b o th  e n d s  o f  a l l c a n s  w ere  
d ip p e d  in  m o lte n  p a r a f f in  w ax , a  t r e a tm e n t  
fo u n d  n e c e ss a ry  to  p re v e n t  g as  le a k a g e  
th ro u g h  th e  d o u b le  s e a m  s e a l . A ll c a n s  w ere  
s to re d  a t  100°F .
H eadspace gas an a lysis

R e s id u a l  o x y gen  w as  d e te rm in e d  b y  th e  
gas c h ro m a to g ra p h ic  m e th o d  o f  B ish o v  a n d  
H e n ic k  (1 9 6 6 ). S a m p lin g  w as a c h ie v e d  w ith  a  
c a n - l id  p ie rc in g  n e e d le  o n  a  g a s  t ig h t  s y r in g e ; 
th e  s a m p lin g  a r e a  o n  th e  c a n  l id  w as  f i r s t  
c o v e re d  w ith  a  s e l f - a d h e s iv e  ta p e  o f  
c lo s e d -c e ll  p o ly u re th a n e  fo am .
P anel testin g

T h re e  d if f e r e n t  p a n e ls  w e re  u s e d  to  e v a lu 
a te  s to re d  s a m p le s :

(1 ) A  f la v o r  p ro f ile  p a n e l  e s ta b l is h e d  
a c c o rd in g  to  S jo s tro m  a n d  C a u l (1 9 6 3 ) c o n 
s is t in g  o f  6  ju d g e s  w ho  r e p o r te d  o v e ra l l  a r o m a  
a n d  f la v o r  a m p li tu d e s  a n d  d e f in e d  sp e c if ic  
f la v o r  n o te s  to g e th e r  w ith  th e i r  in te n s i t ie s  
a n d  th e  o rd e r  p e rc e iv e d . T h e  s c a le  u s e d  b y  
th is  p a n e l  w as  0 -  3 b y  h a l f - s te p s .

(2 ) A te c h n o lo g ic a l p a n e l  o f  12 se le c te d  
a n d  t r a in e d  ju d g e s  w ho  r e p o r te d  n o rm a tiv e  
ju d g m e n ts  o n  co lo r, f la v o r , a n d  o d o r  on  a
9 -p o in t  s c a le  (P e ry a m  a n d  S h a p iro , 1955).

(3 ) C o n s u m e r  p a n e ls  o f  30  ju d g e s  r a n 
d o m ly  s e le c te d  fo r  e a c h  se ss io n  w h o  r e p o r te d  
th e i r  p re fe re n c e  o n  a  9 -p o in t  s c a le  (P ilg r im  
a n d  P e r y a m , 1 958). A ll fo o d  i te m s  w ere  f r e s h 
ly  r e h y d r a te d  a n d  s e rv e d  w a rm .

RESULTS & DISCUSSION  
Oxygen uptake

Most rapid uptake of oxygen was 
observed in the meat items, decreasing 
from beef to chicken white meat (Fig. 2). 
Most of the available oxygen was con
sumed in from 1-4 wk. The vegetable 
items took up oxygen chiefly as a func
tion of pigment content (Fig. 3). Those 
with a high carotene content (sweet potatoes, spinach and carrots) underwent a 
fairly rapid uptake during the first 15- 
40 wk, and had consumed all available 
oxygen at the end of 1 year. Lesser pig
mented vegetables with a lower lipid con
tent (green beans and potatoes) showed a 
slow, steady uptake, which may have been complete at the end of 1 year. The 
two fruit items, peaches and apricots (Fig. 4) displayed a very slow uptake, 
using only 30% to 50% of available 
oxygen during the first year. It will be

seen later that flavor changes were quite 
well correlated with rate and amount of 
oxygen consumed.
Flavor profile panel

This panel evaluated 13 freeze-dried 
foods for aroma and flavor. They 
reported both pleasant and unpleasant 
notes. Initially, pleasant notes were 
dominant, but during storage in the 
oxygen containing packages, unpleasant 
notes developed. Amplitude, which may 
be correlated with overall quality, is a

STORAGE TIME— WEEKS

Fig. 3— Oxygen uptake of some freeze—dried 
vegetables.

useful indicator of this change. Figure 5 
shows flavor amplitude of these foods 
after 1 year at 100°F. In all cases, the 
items stored in “zero” oxygen retained 
more of the desirable notes than those 
packed under 2% oxygen. The extent of 
difference between the two amplitudes was generally related to oxygen uptake.

The panel also recorded specific fla
vor notes. Table 1, in which the foods are 
arranged in decreasing order of stability, 
summarizes the first appearance of a 
significant unpleasant note in the 2% oxygen packs, and the overall descrip
tion at the end of 1 year (6 months for 
green beans and peaches, 8 months for 
pork) in the “zero” oxygen packs. In all cases, the “zero” oxygen items were 
fresh-like, whereas those in 2% oxygen had undergone significant deterioration 
in from 1 week for the carrots to 8 
months for the white potatoes.

Fig. 4—Oxygen uptake of freeze—dried
peaches and apricots.
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Table 1— Influence 
evaluation

of oxygen on flavor of freeze-dried foods stored at 7 00° F; flavor profile panel

F i r s t  d e te c t io n  of 
f la v o r  c h a n g e s  (m o)

F la v o r  d e s c r ip t io n  a t  t im e  of 
f i r s t  d e te c ta b le  c h a n g e

F o o d 2 .0 % “ Z e ro ” 2 .0 % “ Z e ro ”
W h ite  p o t a to  d ice 8 12 si. o x id iz e d fre s h , to a s te d
G re e n  p e a s 6 12 si. o x id ized fre s h  g re e n  p e a
G re e n  b e a n s 5 12 o x id iz e d p le a s a n t ,  ja s m in e
S p in a c h 3 /4 12 s ta le

w a s h e d  o u t
fre sh  t a s t in g

S w . p o t a to  d ice 1 /2 12 v io le t
io n o n e

p le a s a n t  
sw . p o t a to

C a r r o t  d ice 1 /2 12 o x id ized
io n o n e

fre sh  f la v o r  
o d o r

P e a c h e s , s lic ed 1 6 h a y lik e  
w a s h e d  o u t

p e a c h y ,g o o d

A p r ic o t  s lices 3 12 h a y lik e  
w a s h e d  o u t

a p r ic o ty ,  g o o d

C h ic k e n  w h i te  m e a t  
(cu b es)

5 12 w a s h e d  o u t  
ta s t e le s s  b u t  
n o t  ra n c id

fre s h  c h ic k e n  
t a s t e

C h ic k e n  d a r k  m e a t  
(cu b es)

2 12 ra n c id
s ta le

fre s h  c h ic k e n  
t a s t e

P o r k  (c u b es ) 2 8 s ta le f re s h , g oo d  
f la v o r

B ee f (cu b es) 1 6 ra n c id  
w a s h e d  o u t

g o o d  b e e f  t a s t e

Technological panel
Freeze-dried carrots were packed 

under four initial levels of headspace 
oxygen: (1) “zero” oxygen—hydrogen and catalyst; (2) 0.5% oxygen—vacuum 
closing; (3) 1% oxygen—triple nitrogen 
flush; and (4) 2.2% oxygen—mixed gases (02 +  N2).

Storage was at 100°F and lasted for 1 
year. Summarized results of this study 
are shown in Figure 6. The general

increase in attribute scores at the end of 
12 months (as compared to those at 6 
months) can be explained only as a 
probably unconcious change in standard 
on the part of the panel. The data were 
subjected to analyses of variance, and results for each quality attribute will be 
considered separately.Color. No significant changes occurred during 12 months’ storage in the 
carrot samples in “zero” and 0.5% oxy

gen. Under 1% oxygen, fading was observ
ed at 2 months, and at 3 months rated 
significantly lower than both “zero” and
0.5% oxygen. In the sample packed at 
2% oxygen, fading and bleaching was 
observed at 2 months and rated consis
tently lower than all other samples 
throughout the study.Odor. Storage for 12 months at 100°F 
had no significant effect on the odor of 
samples packed at “zero” and 0.5% 
oxygen. Although no significant differ
ences were measurable between these 
two samples, some panelists noted 
a moderate level of oxidized carotene odor (/3-ionone) in the 0.5% pack after 9 
and 12 months. Samples packed at 1% 
oxygen became signficantly poorer than 
those at “zero” oxygen after 2 months 
and remained so throughout the study. 
Under 2% oxygen headspace, significant 
changes had occurred within 2 wk of 
storage, at which time the odor score was 
below fair (4.7). Comments of oxidized 
carotene odor were also made. After 2 
months of storage there was no signifi
cant difference between the 1% and 2% 
oxygen packs, both of which were rated 
below fair.Flavor. No significant changes in 
flavor occurred during 12 months’ stor
age in the samples packed under “zero” 
and 0.5% oxygen. Differences from the 
“zero” oxygen pack were significant after 2 months under 1% and after 2 wk 
under 2% oxygen. These differences 
persisted throughout the study. The relationship between flavor score and initial 
oxygen content of the headspace is seen in Figure 7.
Consumer panel

Randomly selected consumer panels 
rated freeze-dried carrots packed under 
“zero”, 1% and 2% oxygen, stored at 
100°F. Results are shown in Figure 8. 
Evidently, even the very brief holding

tiff- 5—Profile panel flavor amplitudes of freeze—dried foods in 
"zero" 0> and 2 .0 %  O 2 for 1 year at / OO F.

Fig. 6— effect of oxygen on storage quality of freeze-dried carrots; a 
technological panel evaluation.
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HEADSPACE 0¿ %

Fig. 7— Relation of flavor scores and initial 
oxygen levels of freeze-dried carrots in stor
age at 100°F.

STORAGE MONTHS AT 1 0 0 °F

Fig. 9—Consumer panel preference scores of 
freeze-dried beef.

time, ca. 5 days, before the test caused a 
significant decline in the scores of the 
carrots packed under 1% and 2% oxygen. These lower scores persisted throughout 
the storage period.Another oxygen sensitive item evalu
ated was the freeze dried beef chunks. 
The “zero” oxygen pack of this product 
was preferred to beef chunks packed in 2% oxygen at each monthly withdrawal 
period, although all ratings of flavor 
declined over 6 months (Fig. 9).

STORAGE MONTHS AT 100* F

Fig. 8— Consumer panel preference scores of 
freeze-dried carrots.

Fig. 10—Consumer panel preference scores 
of freeze-dried chicken stew.

Chicken stew, a composite freeze- 
dried item containing carrots, was 
also rated by the consumer panel. The 
panel showed a distinct preference for chicken stew under “zero” oxygen as 
compared to 2% (Fig. 10), which was 
retained throughout the storage period at 100°F. Analyses of variance of mean 
score values of the chicken stews evaluated by the consumer panel indicated a 
significant preference for the “zero” 
oxygen pack.

CONCLUSIONS
IN THESE studies the value of very low 
oxygen in preserving the fresh odor and 
flavor quality of freeze-dried food has 
been confirmed. Every food item studied 
benefited by “zero” oxygen packing; 
those known to be susceptible to oxida
tion retaining acceptable fresh-like fla
vor long after those in other packs had failed.
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A Research Note
OCCURRENCE OF 6-PENTYL-a-PYRONE IN PEACH ESSENCE

IN A PREVIOUS study, Sevenants 
and Jennings (1966) isolated and identified a number of components in a steam 
distillate of the Red Globe variety of 
freestone peaches. One compound ex
hibited an infrared spectrum character
istic of an a-pyrone (e.g. split C = O ab
sorptions at 1740 and 1725 c m '1, pro
nounced C = C stretching bands at 1635 and 1553 cm"1; Nakanishi, 1962). Be
yond establishing that its ultraviolet 
absorption was quite broad (250-340 
nm) and relatively nondescriptive, and 
that hydrogenation produced an ali-

‘Present address: Procter and Gamble, Winton Hill Technical Center, 6071 Center Hill Ave., Cincinnati, Ohio 45224.

phatic carboxyllic acid as the only prod
uct, the authors were unable to further 
characterize this compound.

Recently Nobuhara (1969) synthesized a series of unsaturated lactones. 
The infrared spectrum of his 6-pentyl-a- 
pyrone appeared to match precisely that of our unknown pyrone. A sample of the 
authentic compound was chromato
graphed under the same conditions, and 
exhibited Kovats Indices of 1430 on 
OV101, and 2124 on Carbowax 20M 
columns, values which agree with those 
for the unknown compound. The infra
red spectrum of the pyrone, isolated 
from the gas chromatograph, was the 
same as that of the compound from peach. Accordingly, we are confident 
that the unknown pyrone isolated from

peach is 6-pentyl-a-pyrone. Nobuhara(1969) reported that the substance ex
hibited a “butter or butter cake” aroma; several of our co-workers, familiar with 
aroma evaluation, have described the 
aroma as “coconut-like,” or “lactonic.”
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A Research Note
ASCORBIC ACID CONTENT OF THE DEVELOPING TOMATO FRUIT

INTRODUCTION
PREVIOUS REPORTS on the relation
ship between stage of maturity and the 
ascorbic acid c o n te n t  o f  tomatoes are 
conflicting. Genetic, environmental and 
methodology factors may be responsible 
for the discrepancies. Clow and Marlatt 
(1930) and Jones and Nelson (1930) 
found by bioassay that the ascorbic acid 
content of tomatoes increased as the 
fruit matured. Maclinn et al. (1944) 
concluded that the stage of maturity had no effect on the ascorbic acid concentra
tion. Hamner et al. (1945) reported a 
small but continuing increase in ascorbic 
acid content through the overmature 
stage, while Lo Coco (1945) found a 
rather large (88%) increase up to the 
red-mature stage with a subsequent 
decrease as the fruit overmatured. Fryer 
et al. (1954) detected a definite rise in 
ascorbic acid content as the fruit devel
oped from mature-green to mature-red, 
the increase (30%) being twice as large 
in the field-grown as in the greenhouse- 
grown tomatoes.

The objective of the present study 
was twofold: to reexplore the relation
ship between ascorbic acid content and 
maturity by defining the latter as time 
from anthesis and not merely on the 
basis of color, and to compare under

similar growth conditions several current 
cultivars regarding this relationship. 
With the introduction of new varieties it 
is generally necessary to reevaluate the 
nutritional qualities of food commodities.

METHODS & MATERIALS
S E E D S  o f  fo u r  to m a to  c u l t iv a r s ,  F ire b a ll ,  
N ew  Y o rk e r , ( s u p p lie d  b y  H a r r i s  S e e d  C o.) 
a n d  V F -1 3 L  a n d  V F -1 4 5 B  ( s u p p lie d  b y  
F e r ry -M o rs e  S e e d  C o .) , w e re  so w n  in  f la ts .  O n  
J u n e  2, 1970, 2 - in  s e e d lin g s  w e re  t r a n s p la te d  
o n  th e  M ic h ig a n  S ta te  U n iv e rs i ty  H o r t ic u l
tu r a l  F a r m . A p p ro x im a te ly  5 0  p la n ts  w ere  
g ro w n  fo r e a c h  c u l t iv a r .  A n th e s is  w as  a t  its  
m a x im u m  o n  J u ly  15 fo r  F ir e b a l l  a n d  N ew  
Y o rk e r  a n d  J u ly  31 fo r  th e  V F -1 3 L  a n d  V F - 
145B . B lo sso m s w h ic h  a p p e a r e d  b e fo re  o r 
a f te r  th o s e  d a te s  w e re  re m o v e d . L a te  b lo s 
so m s  w ere  le f t  o n  th e  v in e s  b u t  th e  f r u i ts  
d e v e lo p e d  f ro m  th e m  w e re  e a s i ly  d is t in 
g u ish e d  a n d  w e re  n o t  in c lu d e d  in  th e  s tu d y .

T h e  f i r s t  s a m p lin g  o f  f r u i ts  b e g a n  2 w k  
a f te r  a n th e s is . S u b s e q u e n t ly ,  s a m p le s  w ere  
o b ta in e d  w ee k ly  u p  to  9  w k  a f te r  a n th e s is . A t 
le a s t  o n e  f r u i t  w as  p ic k e d  f ro m  a t  le a s t  te n  
p la n ts  a t  r a n d o m  fo r  e a c h  c u l t iv a r ,  a t  e a c h  
s a m p lin g  d a te . T h e  f r u i ts  w e re  w e ig h ed , th e i r  
a v e ra g e  co lo r a s se ss e d  v is u a lly  a n d  o n e  r a d ia l  
s e c t io n  c o r r e s p o n d in g  to  1 /8  o r  1 /4  o f  th e  
f ru i t ,  d e p e n d in g  o n  s ize , w as  re m o v e d . T h e  
se c tio n s  w e re  p la c e d  in  a  W a r in g  B le n d o r ,

co v e re d  w ith  m e ta p h o s p h o r ic  a c id - a c e t ic  a c id  
s ta b il iz in g  m ix tu re  a n d  b le n d e d  fo r  3 m in  a t  
h ig h  s p e e d . N itro g e n  g a s  w as  in tr o d u c e d  to  
th e  h e a d  s p a c e  o f  th e  b le n d e r  j a r  d u r in g  
b le n d in g . T h e  s lu r r y  w as  f i l te re d  a n d  th re e  
a l iq u o ts  o f  f i l t r a te ,  5 o r  10 m l e a c h , w ere  
t i t r a t e d  a c c o rd in g  to  th e  A O A C  (1 965) 
m e th o d .

RESULTS & DISCUSSION
RESULTS of the ascorbic acid determi
nation along with the data on color and 
average fruit weight are shown in Table
1. A definite trend is discernible in the 
biosynthesis of ascorbic acid in the 
developing tomato fruit. In all four culti
vars the ascorbic acid content decreased slightly after the second week from 
anthesis, reached a maximum at the 
fifth or sixth week and again decreased 
thereafter. All cultivars tested exhibited 
the highest ascorbic acid concentration 
at the stage just before full red color 
development, or full maturation on the 
vine. From the previous reports on the 
relationship between ascorbic acid con
tent and maturity the results of Lo Coco 
(1945) are in closest agreement with the present findings. New Yorker is an early 
cultivar while VF-13L and VF-145B are 
late under Michigan growth conditions. 
VF-13L also appears to be a little less 
rich in ascorbic acid than the other three 
cultivars.

Table 7—Ascorbic acid content (mg/IOOg fruit), color, and average fruit weight (g) of four tomato 
cultivars harvested at various periods from anthesis

„  W e e k s  f ro m  a n th e s is
c u l t iv a r 2 3 4 5 6 7 8 9

A sc . A . 10.7 7 .6 10.9 20.7 14.6 10.1 — —
N e w  Y o rk e r C o lo r" g r g r g r-y e l y e l- re d re d re d -o m — —

A v g  w t. 33.4 57.2 102 .5 145.7 159 .9 167 .6 — —

A sc . A . 13.6 7.9 11.0 17.9 2 2 .6 1 5 .2 13.6 —

F ire b a ll C olor" g r gr g r g r-re d y e l- re d re d re d -o m —
A v g  w t . 3 7 .3 8 8 .5 108.1 152 .6 169 .0 170 .0 165.4 —

A sc . A . 14.7 10.5 11.3 14.3 17.1 15.6 12.8 12.2
V F -1 3 L C olo r" g r g r g r g r-y e l y e l- re d re d re d -o m re d -o m

A v g  w t. 17.2 32.2 51.0 5 7 .6 7 0 .4 8 0 .2 8 4 .6 8 3 .7

A sc . A . 10.1 7.1 9.7 19.1 2 0 .5 15.2 13.6 12.1
V F -1 4 5 B C olor" g r gr g r g r-y e l y e l- re d re d re d -o m re d -o m

A v g  w t. 19.9 3 7 .8 72.9 8 6 .4 105 .3 115 .3 112 .6 121 .7
“Color: gr = green; yel = yellow; om = overmature.

REFERENCES
AOAC. 1965. “Methods of Analysis.” Assoc, of Off. Analytical Chem., Washington, D.C.Clow, B. and Marlatt, A.L. 1930. Studies in vitamin C in fresh and canned tomatoes. J . Agr. Res. 40: 767.Fryer, H.C., Ascham, L., Cardwell, A.B., Frazier, J.C. and Willis, W.W., 1954. Relation between stage of maturity and ascorbic acid content of tomatoes. Proc. Am. Soc. Hort. Sci. 64: 365.Hamner, K.C., Bernstein, L. and Maynard, L.A., 1945. Effect of light intensity, daylength, temperature, and other environmental factors on the ascorbic acid content of tomatoes. J . Nutrition 29: 85.Jones, D.B. and Nelson, E.M., 1930. Vitamin content of ethylene-treated and untreated tomatoes. Am. J. Pubi. Health. 20: 387.Lo Coco, G. 1945. Composition of northern California tomatoes. Food Res. 10: 114.Maclinn, W.A., Fellers, C.R., and Buck, R.E., 1936. Tomato variety and strain differences in ascorbic acid (vitamin C) content. Proc. Am. Soc. Hort. Sci. 34: 543.Ms received 11/22/70; accepted 12/14/70.

The authors appreciate Prof. S. Honma’s assistance. Journal Article No. 5297 by the Michigan Agriculture Experiment Station.

Volume 36 (1971)—JOURNAL OF FOOD SCIENCE— 537



W. Y. COBB
North Carolina Department of Agriculture, Raleigh, N.C. 27611

and H. E. SWAISGOOD
Department of Food Science, North Carolina State University, Raleigh, N.C. 27607

A Research Note
ROASTED PEANUT FLAVOR AND ITS RELATION 

TO GROWTH ENVIRONMENT

INTRODUCTION
RECENTLY, it has been shown that the 
unique flavor and aroma of roasted peanuts is due primarily to the interac
tion of reducing sugars and amino acids 
at high temperatures (Mason and Waller, 1964; Newell et al., 1967). During the 
1968 peanut-growing season we were 
presented with samples of the same 
selection which had been grown in different soil types under varying moisture 
conditions. Peanut samples from two of 
the locations were found to differ widely in flavor upon roasting as judged by an 
expert flavor panel. The following is a 
presentation of amino acid and sugar 
composition of the samples, the correlation with roasted flavor quality and the 
growth environment.

EXPERIMENTAL
S A M P L E S  w ere  g ro w n  u n d e r  a c c e p te d  c u l 
tu r a l  c o n d itio n s  o n  se le c te d  te s t  lo c a tio n s  in  
V irg in ia  a n d  N o r th  C a ro l in a . M a tu r i t y  a t  
h a rv e s t  w as  e s t im a te d  b y  in s p e c tio n  o f  th e  
p e r ic a rp  in te r io r  a n d  oil co lo r (E m e ry  a n d  
G u p to n , 1968; H o lle y  a n d  Y o u n g , 1963). F o l 

lo w in g  c u r in g , o n ly  m e d iu m  a n d  e x tr a - la rg e  
s ize  g ra d e s  (W o o d ro o f, 1966) w e re  u s e d  fo r 
f la v o r  p a n e l  a n d  c h e m ic a l  e v a lu a tio n . T h e  
n u m e r ic a l  f la v o r  s co re s  w e re  g e n e ra te d  fro m  
re s u lts  o f  th e  f la v o r  p a n e l  a t  C o m  P ro d u c ts  
C o m p a n y , A la m e d a , C a lif . , b y  t h e i r  “ C L E R ” 
te c h n iq u e .  I n  th is  e v a lu a tio n  h ig h e r  s co re s  
(m a x im u m  100) in d ic a te  b e t t e r  o v e ra ll 
r o a s te d  f lav o r . A  f la v o r  s co re  o f  40  is  c o n s id 
e re d  a s  th e  lo w er b o r d e r l in e  fo r  u se  in  p e a n u t  
b u t te r .

S u g a rs  a n d  fre e  a m in o  a c id s  w e re  
e x tr a c te d  a n d  p u r i f ie d  in  a  m a n n e r  s im i la r  to  
t h a t  d e s c r ib e d  b y  N ew e ll e t  a l . (1 9 6 7 ). A m in o  
a c id s  w ere  a s s a y e d  w ith  a  B e c k m a n  M o d e l 
116 A m in o  A c id  A n a ly z e r  u s in g  th e  s t a n d a r d
4 -h r  h y d ro ly s a te  m e th o d  (B e c k m a n  I n s t r u c 
tio n  M a n u a l ) .  U R -3 0  (a c id ic s  a n d  n e u tra ls )  
a n d  P A -3 5  (b a s ic s )  re s in s  w ere  e m p lo y e d . 
S ily le th e r s  o f  s u g a rs  w e re  a n a ly z e d  b y  gas- 
l iq u id  c h ro m a to g ra p h y  u s in g  5%  S E -5 2  as 
s ta t io n a r y  p h a se .

RESULTS & DISCUSSION
TABLE 1 lists agronomic and flavor 
score data of samples from experimental 
selection 15714, a cultivar of Virginia- 
type peanuts. The samples from the Chowan, N.C. location, grown on a fine,

well-drained sandy soil were judged to 
possess considerably better roasted fla
vor than the samples from the Nanse- 
mond (Va.) location. In contrast, sam
ples from the latter site, a fine sandy 
loam of heavier composition than that at 
Chowan, gave higher projected yields of 
peanuts. The rainfall at Chowan in 1968 
was extremely low, showing a negative deviation of over 12 in. from the 36-yr 
mean during the months of July through 
September. Only a portion of normal peg 
formation occurred, but those pegs 
which were set were placed in the ground 
within a short time; thus, the resultant 
peanuts matured at approximately the 
same time. Harvest Date I (9/20) was 
judged to be moderately mature, while the second date (10/4) was satisfactory 
and possibly overmature, as the projected yield and flavor score dropped. 
The Nansemond location experienced 
adequate rainfall during July, thus 
allowing pegs to be set over several 
weeks. Subsequent rainfall was very low. 
These peanuts were thus not uniform in 
maturing, and were consequently judged 
as immature at the first harvest date

Table 1— Agronomic data and flavor evaluation of experimental selection 15714 (1968 season)

S a m p le
H a r v e s t

d a te
Y ie ld  

( lb /a c re ) M a tu r i t y “
C L E R
sco re Q u a l i ty  c o m m e n ts S oil ty p e

1968
R a in fa l l

(in .)

D e v ia t io n  
f ro m  3 6 -y r  
m e a n  ( in .)

C h o w a n  (N .C .)
1 s t H a r v e s t 9 /2 0 2423 M o d e ra te 74 G e n e ra l  f la v o r  q u a l i ty
(C l) g o o d , n u t  te x tu r e  c r is p

a n d  g o o d ; s a t i s f a c to r y N o rfo lk  f in e  s a n d , J u ly  2 .9 5 - 3 .8 9
fo r  p r o d u c t  u se d e e p  P h a s e , w ell- A u g . 0 .9 0 - 5 .3 8

2 n d  H a r v e s t 1 0 /4 2268 S a t is f a c to ry 66 V e ry  l i t t l e  o ff - f la v o r ; d ra in e d , d r ie s  o u t S e p t .  1 .69 - 3 .0 6
(C I I ) “ lo w  p e a n u t  f l a v o r ;” f a ir ly  ra p id ly

b o rd e r l in e  “ g oo d
p e a n u t  f l a v o r ”

N a n s e m o n d  (V a .)
1 s t H a r v e s t 9 /2 8 3769 I m m a tu r e ___ b “ L o w  p e a n u t  f l a v o r ;”
(N I ) b o rd e r l in e  “ low  le v e l W o o d s to w n  fin e

o ff - f la v o r” s a n d y  lo a m , fa ir ly J u ly  7 .77 + 1 .6 2
2 n d  H a r v e s t 1 0 /1 1 3763 S a t is f a c to ry 42 G e n e ra lly  “ lo w  p e a n u t w e ll-d ra in e d , h e a v ie r  A u g . 1.69 - 4 .4 8
( N i l ) f l a v o r ;”  b o rd e r l in e th a n  C h o w a n , b e t t e r  S e p t .  2 .45 - 2 .0 1

“ low  le v e l o f f - f la v o r ;” w a te r -h o ld in g
n o t  re c o m m e n d e d  fo r c a p a c i ty
p r o d u c t  u se

“Based on optical density of cold-pressed oil a t 450 nm and color of interior surface of pericarp. 
'’Flavor evaluation discontinued due to exceptionally poor quality.
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Table 2— Concentrations of sugarsa appearing 
in extracts from experimental selection 15714 (1968 
season)

S am p le F ru c to s e G lu co se In o s ito l S u c ro se
C l 0 .6 8 0 .28 6 .75 70.3
C I I 2 .88 0 .3 3 0 .4 9 137 .0
N I 1.70 0 .94 0 .87 4 8 .7
N i l 7 .49 6 .87 1.54 174 .0

Vm/g fat-free meal.

(9/28). At the second date the samples 
were characterized as “satisfactorily” 
mature. No flavor score was given the 
peanuts from the first harvest date due 
to their exceptionally poor roasted flavor 
quality; samples from the second har
vest date were given a CLER score of only 42.

Sugar concentrations are listed in 
Table 2. As expected, sucrose was the 
major saccharide. Fructose and glucose 
concentrations did not exceed 7.5 Mm/g meal. Inositol ranged from 0.5-6.75 
Mm/g meal. NI, the sample of poorest 
roasted quality had a sucrose content of 
less than 50 M/g; Cl, the sample of high
est quality exhibited slightly over 70 
Mm/g meal. Concentrations of sucrose 
increased between harvest dates, with 
N il containing slightly less than 175 
Mm/g. meal. The overall levels of sugars 
were considerably lower than found by 
Mason et al. (1969) and Holley and 
Hammonds (1968). Sucrose hydrolysis 
has been noted to furnish the reducing 
sugar components for roasted flavor 
development (Mason et al., 1969). By virtue of the low flavor: high sucrose 
content of N il, the flavor potential in 
these samples must rest primarily else
where.

Higher concentrations of certain 
amino acids have been correlated with 
“typical” roasted flavor (Newell et al.,
1967). These included aspartic acid, 
asparagine, glutamine, glutamic acid, 
phenylalanine and histidine. It was not 
possible to resolve asparagine and glu
tamine from serine and threonine using 
the UR-30 resin and the 4-hr hydroly-

Table 3— Amino acid composition“ of samples 
from experimental selection 15714 (1968 season)

C o m p o u n d C l C I I N I N i l
L y s in e 0 .8 8 0 .6 4 0 .92 T r
H is t id in e 2 .00 0 .5 7 1.40 T r
A rg in in e 4 .31 2 .70 1.16 0 .58
T r y p to p h a n 1.32 4 .4 3 0 .7 4 0 .3 5
A s p a r t ic  a c id 4 .95 3 .0 9 3 .16 0 .8 6
T h r e o n in e  ] 
S e r in e  '/ 4 .77 2 .8 0 3.21 1 .60G lu ta m in e  1 
A sp a ra g in e  ’ 
G lu ta m ic  a c id

1
9 .97 6 .12 5 .04 1.99

P ro lin e 2 .39 3 .8 0 0 .7 3 T r
G ly c in e 1.91 0 .72 0 .8 0 0 .31
A la n in e 3 .15 1 .36 1.14 0 .7 5
H a l f  C y s tin e T r T r T r —
V alin e 2 .27 0 .6 5 T r T r
M e th io n in e T r T r T r T r
Is o le u c in e 0 .62 T r 0 .07 T r
L e u c in e 1.40 T r T r T r
T y ro s in e 0 .5 4 T r T r T r
P h e n y la la n in e 2 .46 0 .8 8 0 .81 T r

Vm /g fat-free meal.

sate technique. An attempt at such by quantitation of aspartic and glutamic 
acids before and after hydrolysis of puri
fied extracts was not successful, possibly due to presence of peptide material. The 
four acids are thus expressed as a sum total. Sample Cl had a generally higher 
concentration of all amino acids, but 
particularly of histidine, aspartic acid, 
glutamic acid and phenylalanine. The higher concentrations of glutamic acid in 
Cl and CII are of particular interest in 
that this compound is the most heavily- destroyed amino acid during roasting 
(Mason et al., 1969). The concentration of phenylalanine, the precursor of the 
very significant “bouquet” compound 
phenylacetaldehyde, is particularly high 
in Cl. Mason et al. (1969) noted at least 
two peptides which were hydrolyzed 
during roasting and most likely served as 
amino acid pools for roasted flavor 
development reactions. The level of these peptides present was positively 
correlated with the level of phenylalan
ine. While peptides were not studied

herein, the higher concentrations of 
phenylalanine in samples Cl and CII 
would suggest the more abundant pres
ence of these flavor-precursor pep
tides. The effect of soil type and mois
ture is difficult to predict in a study of 
this brevity. Such would result from 
extensively-planned plot studies. It 
should be mentioned, however, that 
yields in 1969 were again significantly higher at Nansemond (NI-3937 lb/acre, 
NII-4463, CI-3148, CII-2622). The fla
vor scores for these samples were NI-59, 
N il-59; C l-68, CII-71. Rainfall at both 
locations was somewhat above the total for the 36-yr mean. Thus, the effect of 
location appears in evidence.

These data are presented to empha
size that the food chemist and plant breeder may, in working together under 
optimum growing conditions, select a high-yielding, high-flavor potential vari
ety. In the end, however, environmental 
conditions such as weather and soil type 
at the planting site may be the primary 
determinants of year-to-year quality, rather than genetics.
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A Research Note
CARBON-14 CONCENTRATIONS IN RECENT WINES AND SPIRITS

INTRODUCTION
THIS NOTE represents the results of 
carbon-14 analyses of wines and spirits 
and describes a possible application of 
these data. The naturally-occurring 
radioactive isotope carbon-14 (radio
carbon) enters all living plant and 
animal life through photosynthetic activ
ity and the food cycle. The hypothesis was therefore entertained that the con
centration of the isotope in wines and 
spirits should be closely related to the mean atmospheric level during the 
growth period of the original plant, i.e. 
grape, barley. The assumptions required 
by this hypothesis are (1) that plant 
growth involves rapid uptake of primar
ily atmospheric carbon and (2) that 
manufacturing processes do not intro
duce any significant source of noncon- 
temporaneous carbon. The validity of these assumptions was tested through 
radiocarbon analyses of post-1950 Scot
tish malt whiskies and various vintage 
wines of accurately known age and ori
gin. Close cooperation with manufactur
ers ensured that samples were derived 
from single year’s plant crops and that 
only authentic specimens were analyzed.

MATERIALS & METHODS
S IN C E  1950  a tm o s p h e r ic  c a rb o n -1 4  le v e ls  in  
th e  n o r th e rn  h e m is p h e re  h a v e  b e e n  d ire c t ly  
m e a s u re d  a n d  sh o w n  to  fo llow  th e  i r r e g u la r  
p ro f ile  o f  th e  so lid  l in e  p lo t in  F ig u re  1 
(B ro e c k e r  a n d  W a lto n )  1959; B ro e c k e r  a n d  
O lson , 1960; N y d a l  1963 , 1 96 8). T h e  v a r i a b i l 
i ty  o f  p o s t-1 9 5 5  a tm o s p h e r ic  c a rb o n -1 4  le v e ls  
is  d u e  to  s p o ra d ic  re le a s e  o f  la rg e  q u a n t i t ie s ,  
a b o u t 1 0 "  a to m s , o f  a r t i f ic ia l  c a rb o n -1 4  fro m  
n u c le a r  w ea p o n  te s ts .  I n  th e  fig u re , c a rb o n -1 4  
a c tiv i t ie s  a r e  e x p re s s e d  a s  th e  p e rc e n ta g e  
d e v ia t io n  f ro m  th e  n a tu r a l  le v e l w h ic h  is 
th e re fo re  re p r e s e n te d  a s  z e ro  o n  th is  s c a le . 
A tm o s p h e r ic  c o n c e n t ra t io n s  sh o w n  fo r  e a c h  
y e a r  a r e  a v e ra g e d  o v e r th e  p la n t  “ g ro w th ” 
p e r io d  ( s p r in g  to  s u m m e r )  a n d  th e  c o r r e 
s p o n d in g  “ w in te r”  p e r io d  w ith  b r a c k e ts  in d i 
c a t in g  th e  o v e ra l l  a c t iv i ty  ra n g e  d u r in g  th e  
g ro w th  s e a s o n . S in c e  w ith  few  e x c e p tio n s , th e  
ex cess  c a rb o n -1 4  c o n c e n t ra t io n  in  th e  a tm o 
s p h e r e  w as d if f e r e n t  fo r  e v e ry  y e a r ,  a n a ly s e s  
o f  w in es  a n d  s p ir i ts  p e r m i t te d  a  re l ia b le  
a s s e s s m e n t o f  th e s e  m a te r ia l s  a s  s h o r t - te rm  
in d ic a to rs  o f  a tm o s p h e r ic  le v e ls  o f  th e  iso to p e .

T h e  “ b o x e s ” sh o w n  in  th e  p lo t  re p r e s e n t  
th e  ra d io c a rb o n  le v e ls  in  th e  n u c le a r  e r a  
s a m p le s  s u c h  t h a t  th e i r  o rd in a te s  re p r e s e n t  
th e  s t a n d a r d  d e v ia t io n s  a s s o c ia te d  w ith  th e  
m e a s u re m e n ts . T h e  r a d io c a r b o n  a n a ly t ic a l  
te c h n iq u e s  b a s e d  on  m e th o d s  o r ig in a lly  o u t 

l in e d  b y  L ib b y  (1 9 5 5 ) a n d  A rn o ld  (1 9 5 4 ), a r e  
d e s c r ib e d  in  fu ll e lse w h e re  (B a x te r  1969; 
B a x te r  e t  a l ., 1969). A b o u t 4 0  m l o f  e a c h  
s a m p le  w as  d is t i l le d  to  10  m l o f  a lc o h o l /w a te r  
m ix  to  re m o v e  co lo rin g  m a t te r  p r io r  to  s t a n 
d a r d  c o n v e rs io n  to  m e th a n e  a n d  g as  p r o p o r 
t io n a l  c o u n t in g  fo r a t  le a s t  2 0 ,0 0 0  c o u n ts  in  a 
0 .5  l i te r  d e te c to r . A n u m b e r  o f  d a t a  p o in ts

d e r iv e d  fro m  a n a ly s e s  b y  L ’O ra n g e  a n d  
Z im e n  (1 9 68 ) a r e  in c lu d e d  in  th e  fig u re . 
E x c e l le n t  a g re e m e n t is  o b s e rv e d  b e tw e e n  
a tm o s p h e r ic  a n d  s a m p le  c a rb o n -1 4  le v e ls . 
In d e e d  fo r s e v e ra l p r e l im in a r y  w h isk e y  s a m 
p les , a n a ly s e s  w e re  c o m p le te d  w ith o u t p r io r  
k n o w led g e  o f  th e  s a m p le  ag es  (W a lto n  e t  a l ., 
1967). B y  f i t t in g  e a c h  s a m p le  c a rb o n -1 4

fig. 1— Correlation between carbon-14 concentrations in atmospheric 
samples and those in whiskies and wines.

fig. 2— Natural atmospheric carbon-14 concentrations ( 1890-1950).
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a c tiv i ty  o n to  th e  a tm o s p h e r ic  p lo t  to  a t t a in  
b e s t a g re e m e n t a  p ro b a b le  y e a r  o f  b a r le y  
g ro w th  w as  a l lo c a te d . I n  a l l  c a se s  th e  c a rb o n -  
14 ag e  a g re e d  w ith  th e  t r u e  age . T h e  e x p e r i 
m e n ta l  d a ta  th e r e f o re  c o n f irm  t h a t  m a l t  
w h isk ie s  a n d  v in ta g e  w in es  a r e  a c c u ra te  
m e a s u re s  o f  a tm o s p h e r ic  c a rb o n -1 4  le v e ls  a n d  
t h a t  s a m p le s  o f  u n k n o w n  ag e  f ro m  th e  
n u c le a r  e r a  m a y  b e  d a te d  u s in g  th is  c o r r e la 
tio n . F o r  s a m p le s  o f  c e r t a in  c o n se c u tiv e  
g ro w th  y e a rs , h o w e v e r, e.g. 1956  a n d  1957 , a 
u n iq u e  ag e  a s s ig n m e n t is  d i f f ic u lt  a s  a tm o 
s p h e r ic  c a rb o n -1 4  le v e ls  d id  n o t  c h a n g e  s ig n if i
c a n t ly  d u r in g  th e s e  y e a rs . O n e  s a m p le  o f  
in te r e s t  (s a m p le  X  in  F ig . 1) w as  a  b le n d  o f  
p re d o m in a n t ly  th r e e  in d iv id u a l  w h isk ie s : 
s o m e  1939, s o m e  1951 b u t  m a in ly  1955. T h a t  
th is  s a m p le  w as  a t t r i b u te d  a  1955  g ro w th  y e a r  
im p lie s  t h a t  th e  m e th o d  is s u f f ic ie n tly  s e n s i
tiv e  to  d e te c t  th e  m a jo r  c o m p o n e n t o f  b le n d e d  
s p ir i ts  o f  c e r ta in  co m p o s itio n s .

T h e  c o r r e la t io n  b e tw e e n  a tm o s p h e r ic  a n d  
a lco h o l c a rb o n -1 4  a c tiv i t ie s  p e r m i t te d  th e  u se  
o f  th e s e  s a m p le  ty p e s  to  m e a s u re  a tm o s p h e r ic  
c a rb o n -1 4  le v e ls  d u r in g  th e  u n s tu d ie d  p e r io d  
1 8 9 0 -1 9 5 0 . B y  a n a ly s e s  o f  a  la rg e  n u m b e r  o f 
F re n c h  a n d  P o r tu g u e s e  w in es  a n d  S c o tt is h  
w h isk ie s  a n d  c o rr e c tio n  o f  c a rb o n -1 4  a c t iv i 
tie s  fo r ra d io a c t iv e  d e c a y  a n d  c o n ta m in a t io n  
b y  in d u s tr ia l  fo ss il fu e l d i lu t io n , th e  n a tu r a l  
c a rb o n -1 4  p ro f ile  fo r  th is  p e r io d  w as o b ta in e d

(F ig . 2). A h ig h ly  s ig n if ic a n t  f lu c tu a t io n  o f  
a tm o s p h e r ic  c a rb o n -1 4  c o n c e n t r a t io n s  w as 
o b s e rv e d  in  d i r e c t  a n t ic o r r e la t io n  w ith  s o la r  
a c t iv i ty . T h u s  a n a ly s e s  o f  w in es  a n d  s p ir i ts  o f  
a c c u ra te ly  k n o w n  ag e  h a v e  e n a b le d  d e te c t io n  
o f  a n  e f fe c t w h ich  h a s  p ro v e d  to  b e  o f  im p o r 
ta n c e  b o th  to  a  g e o p h y s ic a l /m e te o ro lo g ic a l  
u n d e r s ta n d in g  o f  th e  d y n a m ic  c a rb o n  c y c le  
a n d  a lso  to  th e  ra d io c a rb o n  d a t in g  m e th o d  
u se d  in  a rc h a e o lo g y . T h e  d e ta i l s  o f  th e s e  
im p lic a t io n s  a r e  d is c u s s e d  e lse w h e re  (B a x te r
1969).

CONCLUSIONS
IN CONCLUSION one markedly anoma
lous result should be mentioned: A sup
posedly 1918 wine sample had a carbon- 
14 content greater than 90% above the 
known 1918 atmospheric level and typi
cal of 1963 activities. Since sample con
centration to this degree was not feasible 
it seems likely that the discrepancy was the result of mistaken identity of the 
sample. This example further illustrates 
the value of carbon-14 analysis as a 
dating technique and underlines its

application to the detection of illicit 
blenders and manufacturers.
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A Research Note
CHEMICALLY DEFINED LIQUID MEDIUM FOR THE GROWTH 

AND SPORULATION OF Bacillus stearothermophilus 
1518 ROUGH VARIANT

INTRODUCTION
SO FAR, only complex liquid and solid 
media have been reported for sporula- 
tion of B a c illu s  s te a r o th e r m o p h ilu s  
(Long and Williams, 1960; Downey, 
1962; Kim and Naylor, 1966; Yao and 
Walker, 1967; Thompson and Thames, 1967; Hill and Fields, 1967). Therefore, 
an attempt was made to develop a chem
ically defined liquid medium which 
could support germination, vegetative growth and sporulation of B . s te a r o th e r 
m o p h ilu s  1518 rough variant.

MATERIALS & METHODS
O rganism

B . s t e a r o th e r m o p h i lu s  1518  ro u g h  v a r i a n t  
w as  s u p p l ie d  b y  th e  U S D A , W a sh in g to n , D .C . 
a n d  m a in ta in e d  o n  n u t r ie n t  a g a r  s la n ts .
M edium

T h e  co m p o s itio n  o f  th e  m e d iu m  (V- 
m e d iu m )  is  a s  fo llow s: O .lg  g lu co se , 0 .0 1 0 5 g  
L -a rg in in e  H C 1, 0 .0 0 4 5 g  L -h is tid in e , 0 .0 1 9 2 g  
L -leuc in e , 0 .0 1 4 g  D L -isoleucine , 0 .0 0 6 g  L- 
m e th io n in e , 0 .0 1 4 4 g  L -v alin e , 0 .2 3 8 g  L -glu- 
ta m ic  a c id  m o n o so d iu m  s a l t ,  0 .2 9 2 g  L -lysine 
H C 1, 0 .0 0 0 0 5 g  F e S 0 4 ■ 7 H 20 ,  0 .0 0 0 5 g  C u S 0 4 
■ 5 H 20 ,  0 .0 0 5 g  M n S O  • H 20 ,  0 .0 0 0 5 g  Z nS O  
- 7 H 20 ,  0 .0 2 g  M g S 0 4 • 7 H 20 ,  0 .2 g  ( N H 4) 2S 0 4, 
0 .0 0 8 g  C a C l2 • 2 H 20 ,  0 .0 5 g  K 2H P 0 4, 15 Mg 
th ia m in e  H C 1, 150 pg n ic o tin ic  a c id , a n d  1 ng 
b io t in  in  100 m l o f d is t i l le d  w a te r  ( f in a l c o n 
c e n t r a t io n ) .

S to c k  s o lu tio n s  o f  s o d iu m  g lu ta m a te ,  g lu 
co se , p h o s p h a te ,  C a C l2, a m in o  a c id s  a n d  
v i ta m in s  w e re  s te r i l iz e d  s e p a ra te ly  a t  15 lb  
p re s s u re  fo r 15 m in  a n d  s to re d  a s e p tic a l ly  a t  
low  te m p e r a tu r e .  T h e  s to c k  m in e r a l  so lu tio n  
w as d i lu te d  1 :1 00  w ith  d is t i l le d  w a te r , a f te r  
m a k in g  a llo w a n c e s  fo r th e  s u b s e q u e n t  a d d i 
t io n  o f  in g re d ie n ts , a n d  a u to c la v e d . T o  th is  
s te r i le  m in e r a l  m ix tu re , 1 m l o f  e a c h  o f  th e  
s to c k  n u t r i e n t  s o lu tio n s  w as a d d e d  to  g iv e  100 
m l o f  th e  m e d iu m . T h e  v o lu m e  o f  th e  m e d iu m  
in  th e  f la s k  w as  k e p t  a t  10%  o f  th e  to ta l  
v o lu m e  o f  th e  f la s k . T h e  f in a l p H  o f  th e  
m e d iu m  w as 6 .75  w ith o u t a d ju s tm e n t .  
Cultivation o f th e organism

T h e  a c tiv e  c u l tu r e  te c h n iq u e  o f  C o llie r  
(1 9 57 ) a n d  H a lv o rs o n  (1 9 57 ) w as  u se d  w ith  
s u i ta b le  m o d if ic a tio n s . T o  9  m l o f  m e d iu m  
w as  a d d e d  1 m l o f  s p o re  s u s p e n s io n  (1 0 6/m l )  
h e a t  sh o c k e d  a t  110 °C  fo r  10  m in . T h is  
s t a r t e r  c u l tu r e  w as  in c u b a te d  a t  60° C  ±  1° in  
a  re c ip ro c a tin g  w a t e r - b a th  s h a k e r  w ith  155 
s t ro k e s  p e r  m in . A f te r  g oo d  g ro w th , a s  e v i
d e n c e d  b y  a  s ig n if ic a n t  lo w erin g  o f  th e  p H , a  
10%  t r a n s f e r  w as  m a d e  in to  f r e s h  m e d iu m .

R o u tin e ly  3 s u c h  t r a n s f e r s  w e re  m a d e  in to  
fre s h  m e d iu m  ( M a s te r  c u l tu r e ) .  T h e  f i r s t  
t r a n s f e r  w as  m a d e  a f t e r  8  h r  a n d  s u b s e q u e n t  
t r a n s f e r s  a f te r  e v e ry  2 h r  in c u b a tio n . T h e  
t im e  o f  th e  la s t  t r a n s f e r  w as  ta k e n  a s  z e ro  h r .

A t p e r io d ic  in te rv a ls  th e  fo llo w in g  d e te r 
m in a t io n s  w ere  m a d e  o n  a l iq u o ts  o f  th e  m a s 
t e r  c u l tu r e :  o p t ic a l  d e n s i ty  (S p e c tro n ic -  
2 0 -4 4 0  m p ); p H — M e tro h m  A G  (S w iss) 
p H  m e te r ;  a n d  e x te n t  o f  s p o ru la t io n  b y  e x 
a m in in g  s a m p le s  e i th e r  s ta in e d  b y  a q u e o u s  
c ry s ta l  v io le t o r  b y  u s in g  W ir tz ’s  te c h n iq u e  
a s  m o d if ie d  b y  B a r th o lo m e w  a n d  M it tw e r , 
(1 9 5 0 ).

A t th e  e n d  o f  t h e  e x p e r im e n t, th e  fo llow in g  
d e te rm in a t io n s  w e re  a lso  m a d e  o n  th e  m a s te r  
c u ltu re . T o ta l  v ia b le  c e l l s /m l  (T V C -s p o re s  
a n d  v e g e ta tiv e  ce lls )  w e re  m a d e  b y  p la t in g  
a p p r o p r ia te  d i lu t io n s  in  n u t r i e n t  a g a r . O c ty l 
s ta b le  c e l l s /m l  (O S C - to ta l  s p o re s )  w ere  
o b ta in e d  b y  t r e a t in g  a  1 :1 00  d ilu t io n  o f  c u l 
tu r e  w ith  o c ty l a lco h o l (0 .0 5  m l / 10 m l) fo r  15 
m in  w ith  v ig o ro u s  s h a k in g  'a t  5 m in  in te rv a l ,  
th e n  p la t in g  a p p r o p r ia te  d i lu t io n s  o n  n u t r i e n t  
a g a r . H e a t  s ta b le  c e l l s /m l  ( H S C - h e a t  s ta b le  
s p o re s  o n ly ) w e re  o b ta in e d  b y  h e a t in g  th e  
a p p r o p r ia te  d i lu t io n  s a m p le  a t  110 °C  fo r  10 
m in  p r io r  to  p la t in g . T h e  p la te s  w e re  in c u 
b a te d  a t  60° C  fo r  2 4 -3 6  h r  a n d  th e  co lo n ies  
c o u n te d .

RESULTS & DISCUSSION
IN THE MEDIUM consisting of minerals of modified G-medium

(Gollakota and Halvorson, 1960), argi
nine, histidine, leucine, isoleucine, meth
ionine, valine, biotin, nicotinic acid and 
thiamine, growth was good but sporula
tion was poor (10-20%) (O’Brien and 
Campbell, 1957). Addition of glutamate 
increased the sporulation to about 
80-90%. However, active culture could 
not be built up in either of the above 
media. They supported rapid germina
tion and good vegetative growth of the 
starter culture, but growth was slowed 
down when transfers were made into 
fresh media. This suggested a require
ment of some substance for growth. 
When autoclaved spore extract was 
added to the above media, active cul
tures could be obtained in the normal 
way. Lysine was found to be a satisfac
tory substitute for the autoclaved spore 
extract.

Although 55° C was reported as opti
mum for the growth of this organism, in our experience when the organism was 
grown at 55° C, the timings for the first 
and subsequent transfers were 10 and 3 
hr respectively. Also sporulation took 
more than 30 hr for completion. In an 
effort to reduce the time needed for 
completion of sporulation, higher tem
peratures of incubation were tried.

Table 1— Growth and sporulation of B. stearothermophilus 1518 in V-medium

A g e  of 
c u l tu r e

in  h r pH O.D. S lid e  s tu d ie s
0 .0 0 6 .85 0 .1 6 V e g e ta t iv e  ce lls  in  c h a in s  o f tw o  ce lls.
1 .00 6 .5 5 0 .42 —

1.30 6 .35 0 .52 —

2 .00 5.5 0 .8 0 —

2 .15 5.2 0 .9 5 —

2 .30 5.1 0 .9 5 —

3 .00 5.2 1 .092 —

3 .15 5 .3 5 1 .05 V e g e ta t iv e  ce lls  in  c h a in s  o f 2 - 4  ce lls.
6 .00 7.1 1 .15 V e g e ta t iv e  ce lls  in  c h a in s  o f  2 ce lls  a n d  b u lg in g  s t a r t s  a t  e a c h  e n d
7 .00 7 .40 1 .28 C le a r  e n d o s p o re s  s t a r t  a p p e a r in g .
8 .00 7.9 1.5 —

2 0 .00 8 .3 2 .0 6 0 -7 0 %  en d o s p o re s .
3 0 -4 0 %  fre e  sp o re s .

2 4 .00 8 .4 2 .0 9 0 -9 5 %  free  s p o re s .
P la te  c o u n ts T V C /m l 1 .24  x 10s

a f t e r  24 h r O S C /m l 1 .29  x 108
H S C /m l 1 .28  x 108
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Incubation at 60° C considerably 
speeded up growth and sporulation with
out any adverse effect on maximum 
growth. Hence the organism was rou
tinely incubated at 60° C.

The growth characteristics of the 
master culture are given in Table 1. The 
pH steadily fell reaching a minimum 
about 2-1/2 hr; it then started to rise, reaching neutrality by the 6th hr. The 
pH after 24 hr of incubation was 8.4.

The O.D. rose steadily till 2-1/2 hr. 
After remaining nearly stationary for 1 
hr, the O.D. started to rise sharply again 
and almost doubled itself by the end of 
the experiment.

Granulation and bulging of one end of 
the cells could be seen after the 6th hr of incubation and endospores started to

appear by the 7th hr. Sporulation was 
completed by the 24th hr.
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A RECOMMENDATION BY THE 
IFT Committee on Sensory Evaluation

AUTHOR GUIDELINES 
for IFT Research Papers Reporting

SENSORY
EVALUATION

DATA
□  THESE GUIDELINES have been prepared fo r use by 
persons w riting research articles which include sensory 
evaluation data. While they may be helpful to authors 
preparing papers concerned with new methods (sensory or 
sta tis tica l), i t  is recognized th a t these authors may w ant 
to report the ir work in g reater detail than suggested by 
these guidelines.

The value of these guidelines is fourfold: (1) They will 
make preparation by the author easier in th a t he would 
have a checklist as a guide; (2) they will facilitate the 
review of a technical m anuscript prior to its acceptance 
for publication; (3) the likelihood of changes by the author 
would be lessened; and (4) they could lead to consideration 
of the checklist factors in the planning of the experiment.

The I F T  S ty le  G uide fo r R esearch  P apers* provides in
structions for the preparation of research papers sub
m itted for publication. In line with the Style Guide speci
fications, “Sensory Evaluation” procedures should be the 
“Experim ental” section of the paper.

The IFT  Style Guide specifies th a t the author should 
“provide sufficient detail of the method and equipment to 
allow the work to be repeated.” Methods for which there 
are adequate references need not be described in detail in 
the paper, hu t the proper references should he cited.

I t  is recommended th a t the following guidelines he used 
as a check on content—ra th er than as a specific form at.

a Food Technology 21: 483-486; revised 1970. Copies of Revised Style Guide available from: Director of Publications, Institute of Food Technologists, Suite 2120, 221 N . LaSalle St., Chicago, IL 60601 USA.b 1964. Sensory testing guide for panel evaluation of foods and beverages. IFT* Committee on Sensory Evaluation. Food Technology 18(8): 25-43.

— GUIDELINES—
Checklist for Content

M E T H O D  U S E D  F O R  S E N S O R Y  E V A L U A T IO N ”

1— Single sample
2— Paired comparison
3— Duo-trio
4— Triangle
5— Rank order
6—  Scalar difference from  control
7—  Scalar scoring
8— Scalar hedonic
9— Descriptive analysis

10— Sensitivity
11— Other (specify)

P A N E L
1— Type

(a) Source (in house, recruited from  outside organi
zation)

(b) Consumer
(c) Experienced (degree and type)

2—  Selection criteria (physiological acuity, product 
usage, etc.)

3— Composition (age, sex)
4— Changes in panel members (if any)

M A T E R IA L  E V A L U A T E D
1— Preparation

(a) Boiling, baking, broiling, opening fresh con
tainer, etc.

(b) C arrier (if used)
2— Presentation

(a) Coding
(b) Serving order (randomized/nonrandomized)
(c) Sample size
(d) Tem perature and method of control
(e ) Sample container and utensils used
( f )  Time of day
(g) Special instructions to panelists
(h) Special conditions (time interval, mouth rinsing, 

use of crackers or o ther m aterials, samples swal
lowed or expectorated, etc.)

S T A T IS T IC A L  D E S IG N
1— Type of experiment (Randomized block, Latin square, 

Factorial, Confounded, Split plot, Incomplete block, 
or other)

2— Replications
E N V IR O N M E N T A L  C O N D IT IO N S

(Booth, store, home, bus, isolated, presence or absence 
of distractions, tem perature, lighting control, special 
conditions)

D A T A  A N A L Y S IS
1— State how reported data were derived from  actual 

responses (assignm ent of numerical scores to ra ting  
scale points, proportion of choice in paired compari
son, average ranks, etc.)

2— Identify type of analysis used and degree to which 
underlying assumptions are met
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