
M a y - J u n e  1 9 6 8  

V o l u m e  3 3  : N u m b e r  3

JOURNAL  
of F O O D  SCIENCE

C o n t e n t s  ...........................................................................................................................................................................................................  i v

A b s t r a c t s  : I n  t h i s  I s s u e  ...............................................................................................................................................................  v i

R e s e a r c h  P a p e r s  B e g i n  ................................................................................................................................................................ 2 2 7

Scientific Editor □  Board of Editors
Walter M. Urbain A. W. Anderson John A. Holston

Asst, to Scientific Editor E. F. Binkerd M. A. Joslyn
Mark T. Allen E. J. Briskey Lloyd L. Kempe

Director o f  Publications James W. PenceKarl U. Herz
Production Manager

Jon Day Elsie H. Dawson W. M. Roberts

Business Manager A. E. Denton Dyson Rose
Robert C. Slunder Leroy Dugan George F. Stewart

Publisher S. A. Goldblith Betty M. Watts
Calvert L. Willey Willis A. Gortner Emily L. Wick

©  C o p y r i g h t  1 9 6 8  b y  I n s t i t u t e  o f  F o o d  T e c h n o l o g i s t s .  A l l  r i g h t s  r e s e r v e d .  Jo u r n a l  of F ood 
S cience ( f o r m e r l y  Food Research)  i s  p u b l i s h e d  b i m o n t h l y  b y  I n s t i t u t e  o f  F o o d  T e c h n o l o g i s t s ,  
S u i t e  2 1 2 0 ,  2 2 1  N .  L a S a l l e  S t r e e t ,  C h i c a g o ,  I l l i n o i s  6 0 6 0 1  U S A .  P r i n t e d  i n  t h e  U S A .  S e c o n d  
c l a s s  p o s t a g e  p a i d  a t  C h a m p a i g n ,  111.

M a il in g  I nstructions

A d d r e s s  A L L  c o r r e s p o n d e n c e  a n d  m a n u s c r i p t s  t o  t h e  a p p r o p r i a t e  p e r s o n  a t  
I n s t i t u t e  o f  F o o d  T e c h n o l o g i s t s  
2 2 1  N .  L a S a l l e  S t . ,  C h i c a g o ,  111. 6 0 6 0 1  U S A

Manuscripts: S c i e n t i f i c  E d i t o r
Subscriptions, Change of address, loss claims: S u b s c r i p t i o n  D e p a r t m e n t ,  J o u r n a l  o f  F o o d  S c i e n c e
Orders fo r back issties and 100 or more reprints: P u b l i c a t i o n s  O f f i c e  
Advertising Information, contracts and insertion orders: A d v e r t i s i n g  M a n a g e r

Non-Member Subscriptions— A c c e p t e d  o n l y  o n  a  c a l e n d a r  y e a r  b a s i s — n o  r e f u n d s .  R a t e s  i n c l u d e  
p o s t a g e .  P a y m e n t  m u s t  a c c o m p a n y  o r d e r .  D o m e s t i c — $ 1 2 .2 5  ; C a n a d a  a n d  P a n  A m e r i c a n  
U n i o n — $ 1 3 .2 5  ; a l l  o t h e r  d e s t i n a t i o n s — $ 1 4 .2 5 .

Change of address notice, w i t h  o l d  a d d r e s s  l a b e l ,  i s  r e q u i r e d  4  w e e k s  b e f o r e  i s s u e  d a t e .
Claims for lost copies a r e  a l l o w e d  o n l y  i f  r e c e i v e d  w i t h i n  o n e  m o n t h  a f t e r  p u b l i c a t i o n  ( 3  m o n t h s  

f o r  f o r e i g n  s u b s c r i b e r s ) .
Single copies and available back issues: $ 3 . 0 0  e a c h  ; r e m i t t a n c e  t o  a c c o m p a n y  o r d e r .
Reprints: R e q u e s t  S i n g l e  R e p r i n t s  f r o m  A u t h o r s . P r i c e  s c h e d u l e  f o r  1 0 0  o r  m o r e  r e p r i n t s  

a v a i l a b l e  u p o n  r e q u e s t  f r o m  P u b l i c a t i o n s  O f f i ce .

•  N O  R E S P O N S I B I L I T Y  i s  a s s u m e d  b y  t h e  I n s t i t u t e  o f  F o o d  T e c h n o l o g i s t s  f o r  s t a t e m e n t s  
a n d  o p i n i o n s  e x p r e s s e d  b y  t h e  c o n t r i b u t o r s  t o  i t s  p u b l i c a t i o n s .

•  M A N U S C R I P T S  s h o u l d  c o n f o r m  t o  t h e  s t y l e  u s e d  i n  I F T  j o u r n a l s .  A u t h o r s  s h o u l d  r e q u e s t  
f r o m  t h e  P u b l i c a t i o n s  O f f i c e  t h e  l e a f l e t  “ S t y l e  G u i d e  f o r  R e s e a r c h  P a p e r s . ”  Journal of Food 
Science r e s e r v e s  t h e  p r i v i l e g e  o f  e d i t i n g  m a n u s c r i p t s  t o  m a k e  t h e m  c o n f o r m  w i t h  t h e  a d o p t e d  
s t y l e  o f  t h e  j o u r n a l  o r  r e t u r n i n g  t h e m  t o  a u t h o r s  f o r  r e v i s i o n .  E d i t i n g  c h a n g e s  m a y  b e  r e v i e w e d  
b y  a u t h o r s  b e f o r e  p u b l i c a t i o n .

A N  O F F I C I A L  P U B L I C A T IO N  O F  TH E IN STITUTE O F  F O O D  T E C H N O L O G I S T S

1 9 n .U .  ¿511



M a y - J u n e  1 9 G B  

V o l u m e  3 3  : N u m b e r -  3

JOURNAL 
of FOOD SCIENCE

Contents
Chemical Deterioration of Frozen Bovine Muscle at —4°C..........................  227

A. Awad, W. D. Powrie and O. Fennema

Temperature Acclimation and Its Effects on Porcine Muscle 
Properties in Two Humidity Environments.................................................  235

Jean M. Howe, N. W . Thomas, P. B. Addis and M. D. Judge

Development of an Isotonic-Isometric Rigorometer.................................  239
G. R. Schmidt, R. G. Cassens and E. J. Briskey

Rate of Deterioration of Freeze-Dried Salmon as a
Function of Relative Humidity........................................................................  241

F. Martinez and T. P. Labuza

Cell Disruption in Broiler Breast Muscle Related to Freezing Time.... 248
J. C. Crigler and L. E. Dawson

Peanut Alcohol Dehydrogenase. 1. Isolation and Purification...............  250
H. E. Pattee and H. E. Swaisgood

The Chemical Nature and Precursors of Clarified
Apple Juice Sediment........................................................................................  254

Gestur Johnson, Brendan J. Donnelly and Duane K. Johnson

Gamma Radiation Effects on the Pectic Substances in Citrus Fruits.... 258
A. H. Rouse and R. A. Dennison

Ester Content and Jelly pH Influences on the Grade of Pectins............. 262
Christian J. B. Smit and Edivin F. Bryant

Olfactory Threshold in Relation to Age, Sex or Smoking........................  264
D. Vcnstrom and J. E. Amoore

Quantitative Methods for Anthocyanins. 3. Purification
of Cranberry Anthocyanins...............................................................................  266

Tibor Fuleki and F. J. Francis

IV



Auto-Oxidation of Extractable Color Pigments in Chili Pepper
with Special Reference to Ethoxyquin Treatment...................................... 274

S. L. Chen and Feliks Gutmanis

Flavonoid Compounds in the Strawberry Fruit..........................................  281
Henry Co and P. Markakis

Volatile Components of Pineapple.................................................................  284
R. K. Crevcling, R. M. Silverstein and W. G. Jennings

Studies on the Aroma of Intact Hamlin Oranges...................................... 287
John A. Attaway and M. F. Oberbacher

Volatile Flavor Components from Green Peas (Pisum Sativum).
1. Alcohols in Unblanched Frozen Peas...................................................  290

K. E. Murray, J. Shipton, F. B. Whitfield, B. H. Kennett and G. Stanley

Volatile Compounds from Heated Glucose.................................................  294
R. H. Walter and / .  5". Fagerson

P age Charges for  Research Papers: 
S e e  c o m p le t e  N O T I C E  o n  p. 3 3 7

Comparative Distribution of Volatile Aliphatic Disulfides
Derived from Fresh and Dehydrated Onions...............................................  298

Richard A. Bernhard

Specificity in Thermal Hydrolysis of Triglycerides...................................... 305
C. Buziassy and W. W. Nazvar

Alditol Determination in the Presence of Saccharides...............................  308
Olof Samuelson and Hans Str'omberg

The Acid-Soluble Nucleotides in King Crab Muscle...................................  311
R. W. Porter

Quantitative Determination of Bound Water by NMR............................. 315
R. Toledo, M. P. Steinberg and A. I. Nelson

Freeze-Drying Cake Batter for Microscopic Study...................................... 318
Patricia H. Pohl, Andrea C. Mackey and Barbara L. Cornelia

Histological Development of the Green Bean Pod as Related to 
Culinary Texture. 1. Early Stages of Pod Development..........................  321

R. M. Reeve and M. S. Brozvn

Histological Development of the Green Bean Pod as Related to 
Culinary Texture. 2. Structure and Composition at Edible Maturity.... 326

R. M. Reeve and M. S. Brown

The Nutritive Value of Humanized Milk Food Based on
Buffalo Milk and Fortified with DL-Methionine........................................  331

V. A. Daniel, B. L. M. Desai, S. Venkat Rao, M. Szvaminathan 
and H. A. B. Parpia

Biological Evaluation of Protein Quality of Radiation-Pasteurized 
Haddock, Flounder and Crab............................................................................. 335

Elwood F. Reber, Mark H. Bert, Elisabeth M. Rust and Eric Kuo

V



ABSTRACTS:
I N  T H I S  I S S U E

C H E M IC A L  D E T E R IO R A T IO N  O F  F R O Z E N  B O V I N E  M U S C L E  A T  - 4 ° C .
A .  A W A D ,  W .  D. P O W R I E  & O .  F E N N E M A .  J. Food Sci. 33 ,  2 2 7 - 2 3 5  
( 1 9 6 8 ) — D u r i n g  a n  8 - w e e k  s t o r a g e  p e r i o d  o f  b o v i n e  m u s c l e  a t  —4 ° C ,  t h e  
t o t a l  e x t r a c t a b l e  p r o t e i n  c o n t e n t  d r o p p e d  f r o m  91 t o  5 1 % .  T h is  d e c l i n e ,  
a c c o m p a n i e d  b y  a  d e c r e a s e  in w a t e r - b i n d i n g  c a p a c i t y  o f  m u s c l e ,  w a s  
p r i m a r i l y  c a u s e d  b y  t h e  i n s o l u b i l i z a t i o n  o f  b o t h  s a r c o p l a s m i c  o r o t e i n s  
a n d  a c t o m y o s i n .  T h e  i n c r e a s e  in t h e  f r e e  f a t t y  a c i d  c o n t e n t  f r o m  a b o u t
1 .6  t o  9 . 1 %  o v e r  t h e  8 - w e e k  p e r i o d  m a y  b e  a t t r i b u t e d  t o  p h o s p h o l i p i d  
h y d r o l y s i s .  T h e  TBA n u m b e r  r o s e  p r o g r e s s i v e l y  t h r o u g h o u t  t h e  e n t i r e  
s t o r a g e  p e r i o d  w h i l e  t h e  p e r o x i d e  v a l u e  i n c r e a s e d  t o  a m a x i m u m  in 2 
w e e k s  o f  s t o r a g e  a n d  t h e n  d e c r e a s e d  t o  a c o n s t a n t  v a l u e  o f  7 .

TEM PERATURE A C C L I M A T I O N  A N D  ITS EF FECTS O N  P O R C I N E  M U S C L E  
PR O PE RT IES IN  T W O  H U M ID ITY  E N V I R O N M E N T S .  J E A N  M . H O W E ,
N .  W .  T H O M A S ,  P. B. A D D IS  & M . D. J U D G E .  / .  Food Sci. 33 ,  2 3 5 - 2 3 8  
( 1 9 6 8 ) — E x p o s u r e  t o  a m b i e n t  t e m p e r a t u r e s  o f  3 2  a n d  21 ° C  f o r  a l t e r 
n a t i n g  3 - d a y  p e r i o d s  c a u s e d  r a p i d  p o s t - m o r t e m  g l y c o l y s i s ,  h i g h  p e r c e n t  
l ig h t  r e f l e c t a n c e ,  a n d  i n c r e a s e d  l i g h t  t o  d a r k  f i b e r  r a t i o s  in t h e  l o n g i s s i m u s  
d o r s i  m u s c l e  a s  c o m p a r e d  t o  c o n s t a n t  ( 2 7 ° C )  t e m p e r a t u r e ,  b u t  o n l y  in 
m o d e r a t e  ( 3 8 - 4 2 %  r e l a t i v e )  h u m i d i t y  e n v i r o n m e n t s .  N o  s i g n i f i c a n t  d i f f e r 
e n c e s  w e r e  f o u n d  in la c t ic  d e h y d r o g e n a s e  o r  s u c c i n i c  d e h y d r o g e n a s e  
e n z y m e  a c t iv i t i e s  o f  l o n g i s s i m u s  d o r s i  o r  g l u t e u s  m e d i u s  m u s c l e s .

D E V E L O P M E N T  O F  A N  I S O T O N I C - I S O M E T R I C  R IG O R O M E T E R .  G .  R.
S C H M I D T ,  R. G .  C A S S E N S  & E. J .  BRISKEY. / .  Food Sci. 3 3 ,  2 3 9 - 2 4 1  
( 1 9 6 8 ) — T h e  r i g o r o m e t e r  is a n  e n c l o s e d ,  t e m p e r a t u r e  c o n t r o l l e d ,  e n v i r o n 
m e n t a l  c h a m b e r  d e s i g n e d  s p e c i f i c a l l y  f o r  s t u d i e s  o n  s t r i p s  o f  p a r a l l e l  
m u s c l e  f i b e r s .  T h e  c h a m b e r  wil l a c c o m m o d a t e  s ix  m u s c l e  s t r i p s  o f  v a r y 
i n g  s i z e s  a n d  h a s  a w i d e  a d j u s t m e n t  f o r  d e g r e e  o f  s e n s i t iv i ty .  S m a l l  
c y l i n d e r s  h a v e  a l s o  b e e n  s p e c i a l l y  d e s i g n e d  t o  f a c i l i t a t e  s e p a r a t e  c o n t r o l s  
o f  a q u e o u s  a n d  g a s e o u s  e n v i r o n m e n t s  s u r r o u n d i n g  e a c h  m u s c l e  s t r i p .  T h e  
d e t a i l s  o f  t h e  d e s i g n  a n d  a p p l i c a t i o n  o f  t h i s  r i g o r o m e t e r  a r e  d i s c u s s e d .

RATE O F  D E T E R IO R A T IO N  O F  FREEZE-DRIED S A L M O N  A S  A  F U N C T I O N  
O F  RELATIVE HU M ID ITY . F. M A R T IN E Z  & T. P. LA BUZA. / .  Food Sci, 33 , 
2 4 1 - 2 4 7  ( 1 9 6 8 ) —T h e  r a t e s  o f  s e v e r a l  d e t e r o r a t i v e  r e a c t i o n s ,  i n c l u d i n g  
l ip id  o x i d a t i o n ,  a s t a c e n e  p i g m e n t  lo ss ,  c a r b o n  d i o x i d e  p r o d u c t i o n ,  a n d  
p r o d u c t i o n  o f  n o n - e n z y m a t i c  b r o w n i n g  p i g m e n t s ,  w e r e  s t u d i e d  in f r e e z e -  
d r i e d  s a l m o n  a t  3 7 ° C  a n d  a t  s e v e r a l  r e l a t i v e  h u m i d i t i e s .  Bo th  t h e  r a t e  o f  
t h e  in it ia l p e r o x i d e  m o n o m o l e c u l a r  d e c o m p o s i t i o n  a n d  t h e  p e r o x i d e  v a l u e  
d e c r e a s e d  a s  t h e  w a t e r  c o n t e n t  w a s  i n c r e a s e d .  A s t a c e n e  p i g m e n t  loss  w a s  
r e d u c e d  s i g n i f i c a n t l y  b y  t h e  h i g h e r  m o i s t u r e  c o n t e n t s ;  n o r - e n z y m a t i c  
b r o w n i n g  w a s  i n c r e a s e d .  T h e  s i g n i f i c a n c e  o f  t h e  r e a c t i v i t y  o f  w a t e r  a t  
l o w  m o i s t u r e  c o n t e n t s  w a s  d e m o n s t r a t e d  b y  its e f f e c t  o n  t h e  v a r i o u s  
r e a c t i o n s .

CELL D I S R U P T I O N  IN BROILER BREAST M U S C L E  RELATED T O  F R E E Z IN G  
TIME. J .  C .  CRIGLER & L. E. D A W S O N .  J. Food Sci. 33 ,  2 4 8 - 2 5 0  
( 1 9 6 8 ) —T h e  d e g r e e  o f  ce l l d i s r u p t i o n  w a s  e s t i m a t e d  a f t e r  m e a s u r i n g  t h e  
a m o u n t  o f  d r i p  r e l e a s e d  a n d  b y  t o t a l  s o l i d s ,  n i t r o g e n  a n d  d e o x y r i b o 
n u c l e i c  a c i d  ( D N A )  c o n c e n t r a t i o n  o f  t h e  d r i p .  In g e n e r a l ,  i n c r e a s e d  f r e e z 
in g  t i m e  r e s u l t e d  in g r e a t e r  ce l l  d i s r u p t i o n ;  h o w e v e r ,  s e v e r a l  e x c e p t i o n s  
w e r e  n o t e d .  C e l l  d i s r u p t i o n  w a s  r e l a t i v e l y  s e v e r e  f o r  t i s s u e s  f r o z e n  in 
18  t o  3 5 ,  8 7 ,  a n d  2 5 2  m in ,  a n d  r e l a t i v e l y  lo w  f o r  t i s s u e s  f r o z e n  in 
t i m e s  o f  1 t o  18  m in ,  1 3 2  t o  2 2 5  m in ,  a n d  l o n g e r  t h a n  1 , 0 4 4  m in .  All 
f r o z e n  a n d  t h a w e d  m u s c l e s  h a d  h i g h e r  c o n t e n t s  o f  t o t a l  s o l i d s ,  n i t r o g e n  
a n d  D N A  t h a n  u n f r o z e n  c o n t r o l s .

P E A N U T  A L C O H O L  D E H Y D R O G E N A S E .  1. I s o l a t i o n  a n d  P u r i f i c a t i o n .  H. E.
PATTEE & H. E. S W A I S G O O D .  J. Food Sci. 3 3 ,  2 5 0 - 2 5 3  ( 1 9 6 8 ) — A l c o 
h o l  d e h y d r o g e n a s e  ( a l c o h o l : N A D + o x i d o r e d u c t a s e  EC 1 . 1 . 1 . 1 )  h a s  b e e n  
i s o l a t e d  a n d  p u r i f i e d  f r o m  p e a n u t  k e r n e l s .  T h e  r e s u l t i n g  p r e p a r a t i o n s  e x 
h i b i t e d  a h i g h  d e g r e e  o f  p u r i t y  a s  s h o w n  b y  t h e  c r i t e r i a  o f  u l t r a c e n t r i 
f u g a t i o n  a n d  f r e e  b o u n d a r y  a n d  z o n a l  e l e c t r o p h o r e s i s .  T h e  s i m u l t a n e o u s  
p u r i f i c a t i o n  o f  z i n c  a n d  e n z y m i c  a c t iv i ty  i n d i c a t e s  t h a t  p e a n u t  a l c o h o l  
d e h y d r o g e n a s e  is a z in c  m e t a l l o e n z y m e .

TH E C H E M IC A L  N A T U R E  A N D  P R E C U R S O R S  O F  CLARIFIED APPLE J U I C E  
S E D IM E N T .  G .  J O H N S O N ,  B. J .  D O N N E L L Y  & K. J O H N S O N .  / .  Food 
Sci. 3 3 ,  2 5 4 - 2 5 7  ( 1 9 6 8 ) —C h e m i c a l  a n a l y s i s  o f  s e d i m e n t  f o r m e d  in c l a r i 
f i e d  a p p l e  j u i c e  u p o n  s t o r a g e  s h o w e d  t h a t  it w a s  c o m p o s e d  o f  a p o l y m e r i c  
p h e n o l i c  f r a c t i o n  w i th  w h i c h  a v a r y i n g  a m o u n t  o f  p r o t e i n  w a s  a s s o c i a t e d .  
T h e  v a r i a b l e  n i t r o g e n ,  m i n e r a l  a n d  a sh  c o n t e n t s  o f  d i f f e r e n t  s e d i m e n t s ,  
a n d  t h e  v a r i a b l e  a m i n o  a c i d  c o m p o s i t i o n  o f  t h e  p r o t e i n  f r a c t i o n  in c o n 
ju n c t i o n  w i th  t h e  b e h a v i o r  o f  t h e  s e d i m e n t s  o n  S e p h a d e x  g e l  c o l u m n s  
i n d i c a t e d  t h e  h e t e r o g e n e o u s  n a t u r e  o f  t h i s  m a t e r i a l .  P o l y a m i d e  t h i n - l a y e r  
c h r o m a t o g r a p h y  a n d  c o l o r i m e t r i c  a n a l y s e s  s h o w e d  t h a t  t h e  l e u c o - a n t h o -  
c y a n i d i n s  a n d  c a t e c h i n s  a r e  t h e  m a in  p r e c u r s o r s  o f  t h e  p o l y m e r i c  p h e n o l i c  
c o m p o n e n t  w h i l e  c h l o r o g e n i c  a c i d  a p p e a r s  t o  p l a y  an  i n s i g n i f i c a n t  ' o l e  in 
s e d i m e n t  f o r m a t i o n .

G A M M A  R A D I A T I O N  EFFECTS O N  THE P E CT IC  S U B S T A N C E S  IN  CITRUS 
FRUITS. A.  H.  R O U S E  & R. A .  D E N N I S O N .  J. Food Sci. 3 3 ,  2 5 8 - 2 6 1  
( 1 9 6 8 ) — E x p o s u r e  o f  V a l e n c i a  o r a n g e s  a n d  D u n c a n  g r a p e f r u i t  t o  r a d i a t i o n  
d o s e s  o f  1 5 0  a n d  3 0 0  k r a d  i n c r e a s e d  t h e  w a t e r -  a n d  o x a l a t e - s o l u b l e  
p e c t i n s  a n d  d e c r e a s e d  t h e  p r o t o p e c t i o n  in c o m p o n e n t  p a r t s  o f  t h e  f ru i t s .  
Q u a n t i t i e s  o f  w a t e r - s o l u b l e  p e c t i n  a n d  p r o t o p e c t i n  in t h e  p e e l  a n d  m e m 
b r a n e  w e r e  a f f e c t e d  b y  i n c r e a s e d  d o s a g e s  in b o t h  f r u i t s .  - P e c t i n s  w e r e  
d e g r a d e d  in all  o f  t h e  c o m p o n e n t s  o f  t h e  t r e a t e d  f r u i t s  a n d  t h e  m e t h o x y l  
c o n t e n t s  o f  t h e  p e c t i n s  f r o m  t h e  p e e l  o f  o r a n g e s  a n d  g r a p e f r u i t  d e c r e a s e d .  
P e c t i n e s t e r a s e  (PE) a c t iv i ty  in t h e  p e e l  o f  t h e  c i t r u s  f r u i t s  d e c r e a s e d  w i th  
i n c r e a s e d  d o s a g e ,  w h i l e  t h e  PE in t h e  m e m b r a n e  i n c r e a s e d  w i t h  d o s a g e .
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ES TE R C O N T E N T  A N D  JELLY p H  IN F L U E N C E S  O N  THE G R A D E  O F  
= E C T I N S .  C .  J .  B. S M IT  & E. F. BRYANT. J . F o o d  S c i .  33 ,  2 6 2 - 2 6 4  ( 1 9 6 8 ) -  
A  s e r i e s  o f  p e c t i n  s a m p l e s ,  d e m e t h y l a t e d  u n d e r  m i ld  a c i d  c o n d i t i o n s ,  
s h o w e d  n o  c h a n g e  in m o l e c u l a r  w e i g h t  o r  g a l a c t u r o n i c  a c i d  c o n t e n t  d u r -  
n g  d e m e t h y l a t i o n .  S e t t i n g  t i m e s  i n c r e a s e d  u n t i l  a n  e s t e r  c o n t e n t  o f  5 0 %  

-v a s  r e a c h e d  a n d  a t  l o w e r  e s t e r  l e v e l s  it  d e c r e a s e d  a g a i n .  T h e  m a x i m u m  
e l l y  g ' a d e  o b t a i n e d  w i th  a p a r t i c u l a r  s a m p l e  d e c r e a s e d  a n d  t h e  p H  a t  

w h i c h  th is  m a x i m u m  g r a d e  c o u l d  still  b e  o b t a i n e d  i n c r e a s e d  a s  t h e  e s t e r  
r o n t e m  i n c r e a s e d  a b o v e  ca. 4 5 % .  B e l o w  t h i s  e s t e r  l e v e l ,  t h e  m a x i m u m  
g r a d e  a s  w e l l  a s  t h e  m a x i m u m  p H  a t  w h i c h  th i s  g r a d e  c o u l d  b e  o b t a i n e d  
d e c r e a s e d  w i th  e s t e r  c o n t e n t .

O L F A C T O R Y  T H R E S H O L D  IN  R E L A T IO N  T O  A G E ,  SEX O R  S M O K I N G .
D.  V E N S T R O M  & J .  E. A M O O R E .  / .  F o o d  S c i .  3 3 ,  2 6 4 - 2 6 5  ( 1 9 6 8 ) — 
T h e  in d i v i d u a l  o l f a c t o r y  t h r e s h o l d s  o f  9 7  p e r s o n s  t o w a r d s  18  o d o r a n t s  
h a v e  b e e n  a n a l y z e d  s t a t i s t i c a l ly .  T h e r e  is a  s i g n i f i c a n t  l o g a r i t h m i c  d e t e r i o 
r a t i o n  w i th  a g e ,  t h e  a v e r a g e  loss  o f  s e n s i t i v i t y  b e i n g  5 0 %  in 2 2  y e a r s .  
A n y  i n f l u e n c e  o f  s e x  o r  s m o k i n g  is n e g l  g i b l e .

Q U A N T I T A T I V E  M E T H O D S  F O R  A N T H O C Y A N I N S .  3 .  P u r i f i c a t i o n  o f  
( C r a n b e r r y  A n t h o c y a n i n s .  T. FULEKI & F. J .  F R A N C I S .  / .  F o o d  S c i .  33 ,  
2 6 6 - 2 7 4  ( 1 9 6 8 ) — L e a d  a c e t a t e  p r e c i p i t a t i o n ,  p o l y a m i d e  a n d  io n  e x c h a n g e  
~ es in  c o l u m n  c h r o m a t o g r a p h y  w e r e  e v a l u a t e d  f r o m  a q u a n t i t a t i v e  v i e w -  
o o i n t  - o r  t h e  p u r i f i c a t i o n  o f  a n t h o c y a n i n s  in c r a n b e r r y  j u i c e  c o c k t a i l .  T h e  
B v a l u a t i o n  o f  t h e  v a r i o u s  p u r i f i c a t i o n  m e t h o d s  w a s  b a s e d ,  in o r d e r  o f  
" h e i r  i m p o r t a n c e ,  o n  t h e  r e c o v e r y  o f  i n d i v i d u a l  a n d  to t a l  a n t h o c y a n i n s  
a n d  o n  t h e  c o n c e n t r a t i n g  p o w e r .  A m b e r l i t e  C G - 5 0  io n  e x c h a n g e  re s in  
w a s  t h e  b e s t ,  b u t  b a s i c  l e a d  a c e t a t e  w a s  a l s o  s a t i s f a c t o r y .  P o l y a m i d e  
d i d  n o t  c o n c e n t r a t e  t h e  a n t h o c y a n i n s  a n d  t h e  u s e  o f  n e u t r a l  l e a d  a c e t a t e  
- e s u l t e d  in p o o r  r e c o v e r i e s .

= L A V O N O I D  C O M P O U N D S  IN  THE STRA W BERRY  FRUIT.  H EN R Y  C O  &
A  M A R K A K IS . J . F o o d  S c i .  3 3 ,  2 8 1 - 2 8 3  ( 1 9 6 8 ) — F l a v o n o i d  c o m -  
p o u n c s  o f  t h e  s t r a w b e r r y  f r u i t  w e r e  s t u d i e d  b y  p a p e r  c h r o m a t o g r a p h y ,  
s p e c t r o p h o t o m e t r y ,  a n d  c o l o r  r e a c t i o n s .  C a t e c h i n ,  q u e r c e t i n - 3 - g l u c o s i d e ,  
k a e m p f e r o l - 3 - g l u c o s i d e ,  a n d  l e u c o c y a n i d i n s  o f  v a r y i n g  d e g r e e s  o f  p o l y 
m e r i z a t i o n  w e r e  f o u n d  b e s i d e s  t h e  t w o  a n t h o c y a n i n s ,  p e l a r g o n i d i n - 3 -  
g l u c o s i d e  a n d  c y a n i d i n - 3 - g l u c o s i d e .

A U T O - O X I D A T I O N  O F  EXTRA CTA BLE C O L O R  P I G M E N T S  IN  CHILI PEP
PER W I T H  S P E C A L  REFEREN CE T O  E T H O X Y Q U I N  T R E A T M E N T.  S. L.
C H E N  & F. G U T M A N I S .  J . F o o d  S c i .  3 3 ,  2 7 4 —2 8 0  ( 1 9 6 8 ) — D e t e r i o r a t i o n  
o f  e x t r a c t a b l e  c o l o r  p i g m e n t s  o f  d e h y d r a t e d ,  g r o u n d  ch i l i  p e p p e r s  d u r i n g  
s t o r a g e  w a s  s h o w n  t o  b e  a n  a u t o - o x i d a t i v e  p r e c e s s  h a v i n g  t h e  k in e t i c s  o f  a 
s e c o n d  o r d e r  r e a c t i o n .  C o n s e q u e n t l y ,  t h e  r e a c t i o n  r a t e  c o n s t a n t ,  k„, w a s  
u s e d  t o  e v a l u a t e  t h e  e f f e c t  o f  a n u m b e r  o f  v a r i a b l e s ,  s u c h  a s  m o i s t u r e  
c o n t e n t ,  s t o r a g e  a t m o s p h e r e  a n d  e t h o x v q u i n  t r e a t m e n t .  It a l s o  p r o v i d e d  
a m e a n s  f o r  c o m p a r i n g  t h e  r e l a t i v e  c o l o r  s t a b i l i t y  o f  d i f f e r e n t  p e p p e r  
v a r i e t i e s .

V O LATILE C O M P O N E N T S  O F  P I N E A P P lE. R. K. C R E V E L IN G ,  R M . SIL- 
V ER ST EIN  & W .  G .  J E N N I N G S .  / .  F o o d  S c i. 3 3 ,  2 8 4 - 2 8 7  ( 1 9 6 8 ) —By 
g a s  c h r o m a t o g r a o h i c  r e t e n t i o n s ,  i n f r a r e d  s p e c t r o s c o p y  a n d  w h e r e  a p p l i 
c a b l e ,  m a s s  a n d  n m r  s p e c t r o s c o p y ,  s e v e r a l  a d d i t i o n a l  c o m p o u n d s  h a v e  b e e n  
i d e n t i f i e d  a s  c o m p o n e n t s  o f  p i n e a p p l e  e s s e n c e .  T h e s e  a r e  a c e t o x y a c e t o n e ,  
d i m e t h y l  m a l o n a t e ,  f r a » j - t e t r a h y d r o - a ,  a . 5 - t r i m e t h y l - 5 - v i n y l  f u r f u r y l  a l c o h o l ,  
m e t h y l  c u - ( 4 ? ) - o c t e n o a t e ,  y - b u t y r o l a c t o n e ,  m e t h y l  y S - h y d r o x y b u t y r a t e ,  
m e t h y l  a n d  e t h y l  / 3 - h y d r o x y h e x a n o a t e ,  m e t h y l  a n d  e t h y l  /S - a c e t o x y h e x -  
o n a t e ,  y - o c t a l a c t o n e ,  a n d  S - o c t a l a c t o n e .  P o s s i b l e  b i o g e n i c  p a t h w a y s  t o  
s o m e  o f  t h e s e  c o m p o u n d s  a r e  d i s c u s s e d .

S T U D I E S  O N  THE A R O M A  O F  IN T A C T  H A M L IN  O R A N G E S .  J .  A . A TTA-
vVAY & M . F. OBERBA.CHER. / .  F o o d  S c i .  33 ,  2 8 7 - 2 8 9  ( 1 9 6 8 ) —V o l a t i l e  
. a r o m a t i c  c o m p o u n d s  e m i t t e d  f r o m  o r a n g e s  o n  s t o r a g e  a n d  le ss  v o l a t i l e  
a r o m a  c o m p o u n d s  f r o m  t h e  c u t i c l e  o f  t h e  f r u i t  w e r e  i s o l a t e d  a n d  a n a 
l y z e d .  T h e  v o l a t i l e  a r o m a  o f  t h e  s t o r e d  o r a n g e s  w a s  c o n t r i b u t e d  c h i e f l y  
b y  e t h y l  e s t e r s ,  w h i l e  s e s q u i t e r p e n e  h y d r o c a r b o n s  a p p e a r e d  t o  b e  r e s p o n 
s i b l e  f o r  t h e  p e r s i s t e n t  o d o r  f r o m  t h e  c u t i c l e .

V O L A T IL E  C O M P O U N D S  F R O M  HEA TED  G L U C O S E .  R. H.  W A LTER 8< 
1. S .  F A G E R S O N .  / .  F o o d  S c i .  3 3 ,  2 9 4 - 2 9 7  ( 1 9 6 8 ) —V o l a t i l e s  f r o m  a n h y 

d r o u s  g l u c o s e  h e a t e d  in a i r  a t  2 5 0 ° C  f o r  3 0  m in  w e r e  c o l l e c t e d  in a t r a p  
¡ m a i n t a i n e d  a t  t h e  t e m p e r a t u r e  o f  s o l i d  c a r b o n  d i o x i d e .  A  c o n c e n t r a t e d  
s t h e r  e x t r a c t  o f  t h e  d i s t i l l a t e  w a s  s h o w n  b y  g a s  c h r o m a t o g r a p h y  t o  
c o n t a i n  a t  l e a s t  1 0 0  c o m p o u n d s .  A m o n g  t h o s e  i d e n t i f i e d  a n d  h e r e t o f o r e  
u n r e p o r t e d  f r o m  h e a t e d  g l u c o s e  w e r e  t h e  g a m m a  l a c t o n e  o f  4 - h y d r o x y - 2 -  
p e n t e n o i c  a c i d ,  l - ( 2 ' - f u r y l ) - p r o p a n e - l , 2 - d i o n e  ( a c e t y l f u r o y l ) ,  3 - m e t h y l -  
c y c l o p e n t a n e - 1 , 2 - d i o n e ,  p h e n o l  a n d  m e t h y l f u r o i c  a c i d .

VOLATILE F L A V O R  C O M P O N E N T S  F R O M  G R E E N  P E A S  ( P I S U M  S A T I 
V U M ) .  1.  A l c o h o l s  in U n b l a n c h e d  F r o z e n  P e a s .  K. E. M URRAY, J .  SHIP- 
T O N ,  F. B. W H ITF IEL D ,  B. H.  K E N N E T T  & G .  ST A N L EY . / .  F o o d  S c i. 33 ,  
2 9 0 - 2 9 4  ( 1 9 6 8 ) — P o s i t iv e ly  i d e n t i f i e d  w e r e :  m e t h a n o l ,  e t h a n o l ,  p r o p a n -
1- o l ,  b u t a n - l - o l ,  b u t a n - 2 - o l ,  2 - m e t h y l p r o p a n - l - o l ,  p e n t a n - l - o l ,  p e n t a n - 3 - o l ,
2 -  m e t h y I b u t a n - l - o l ,  3 - m e t h y l b u t a n - l - o l ,  h e x a n - l - o l ,  h e p t a n - l - o l ,  o c t a n - l - o l ,  
p e n - l - e n - 3 - o l ,  c is  a n d  tr a n s  p e n t - 2 - e n - l - o l ,  c is  a n d  tr a n s  h e x - 3 - e n - l - o l ,  
tr a n s  h e p t - 2 - e n - l - o l ,  tr a n s  o c t - 2 - e n - l -o l,  o c t - l - e n - 3 - o l  a n d  c is  n o n - 3 - e n - l - o l .  
T e n t a t i v e  i d e n t i f i c a t i o n  w a s  m a d e  o f  tra n s  h e x - 2 - e n - l - o l ,  c is  a n d  tra n s  
h e p t - 3 - e n - l - o l  a n d  n o n a n - l - o l .

C O M P A R A T I V E  D IS T R IB U T IO N  O F  VO LA TILE A LIP H A T IC  D ISU L FID E S DE
RIV ED F R O M  FRESH A N D  D EH Y D RA TED  O N I O N S .  R IC H A R D  A .  BERN-
H A RD .  / .  F o o d  S c i. 33 ,  2 9 8 - 3 0 4  ( 1 9 6 8 ) — G a s  c h r o m a t o g r a p h i c  d e t e r m i 
n a t i o n  o f  t h e  v o l a t i l e s  f r o m  f r e s h  " S u n s p i c e "  o n i o n s  r e v e a l e d  t h a t  t h e  
p r i n c i p a l  d i s u l f i d e  p r e s e n t  is d i - » - p r o p y l ,  f o l l o w e d  in d e s c e n d i n g  o r d e r  o f  
c o n c e n t r a t i o n  b y  » - p r o p y l  a l ly l ,  m e t h y l - « - p r o p y l ,  m e t h y l  a l ly l ,  d i m e t h y l ,  
a n d  d ia l ly l .  In d e h y d r a t e d  o n i o n s  t h i s  o r d e r  is m a r k e d l y  a l t e r e d .  M e th y l -  
H - p r o p y l  is t h e  p r i n c i p a l  d i s u l f i d e ,  f o l l o w e d  b y  d i m e t h y l ,  m e t h y l  a l ly l ,  
d i - » - p r o p y l ,  » - p r o p y l  a l ly l ,  a n d  d ia l l y l .  Q u a n t i t a t i v e  e s t i m a t e s  o f  t h e  
d i s u l f i d e  c o n t e n t  o f  5 3  l o t s  o f  f r e s h  o n i o n s  w e r e  m a d e  a n d  c o m p a r e d  
w i t h  a n a l y s e s  o f  d e h y d r a t e d  o n i o n s  f r o m  c o m p a r a b l e  l o t  n u m b e r s .  Loss  o f  
t o t a l  v o l a t i l e s  a v e r a g e d  9 8 % ,  w h i l e  loss  o f  d i s u l f i d e s  w a s  g r e a t e r  t h a n  
8 9 % .  T h e  r e l a t i o n s h i p  o f  d i s u l f i d e s  t o  o n i o n  f l a v o r  a n d  a p u n g e n c y  r a n k 
i n g  s y s t e m  b a s e d  o n  t h e s e  a n a l y s e s  a r e  d i s c u s s e d .
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A B ST R A C T S  :
I N  T H I S  I S S U E

S P EC IFICITY  IN THERM AL H Y D RO LY SIS  O F  TRIGLYCERIDES. C .  BUZIASSY
& W .  W .  N A W A R .  J . F o o d  S c i. 33 ,  3 0 4 - 3 0 6  ( 1 9 6 8 ) —T r i g l y c e r i d e  m ix 
t u r e s  w e r e  h e a t e d  in t h e  p r e s e n c e  o f  w a t e r  u n d e r  c o n t r o l l e d  c o n d i t i o n s  
a n d  t h e  r e l e a s e d  f a t t y  a c i d s  q u a n t i t a t i v e l y  a n a l y z e d  b y  g a s  c h r o m a t o g r a 
p h y .  E x p e r i m e n t s  w i th  b o t h  a m i x t u r e  o f  m o n o a c y l - t r i g l y c e r i d e s  a n d  
g l y c e r i d e s  w i t h  e q u i m o l a r  a m o u n t s  o f  r a n d o m l y  d i s t r i b u t e d  f a t t y  a c i d s  
s h o w e d  a p r e f e r e n c e  f o r  t h e  h y d r o l y s i s  o f  t h e  s h o r t e r  c h a i n  a n d  t h e  u n 
s a t u r a t e d  f a t t y  a c i d s .  T h e  C „  C 8, C 12, C 16 a n d  C I8:I f a t t y  a c i d s  w e r e  u s e d  
in t h e  a b o v e  m ix tu r e s .  T r i l a u r in ,  in w h ic h  t h e  f a t t y  a c i d  in t h e  2 - p o s l f i o n  
is l a b e l l e d  w i th  C 14, w a s  s y n t h e s i z e d .  W h e n  t h e  f r e e  a c i d s  r e l e a s e d  b y  
h e a t  w e r e  a n a l y z e d  b y  a c o m b i n a t i o n  g3 S  c h r o m a t o g r a p h - f l o w  c o u n t e r  
d e t e c t o r  s y s t e m ,  n o  e v i d e n c e  f o r  a p o s i t i o n a l  s p e c i f i c i t y  w a s  a p p a r e n t .

A C ID -S O L U B L E  N U C L E O T ID E S  O F  K I N G  CRAB M U S C L E .  R. W .  PORTER.
J . F o o d  S c i. 33 .  3 1 1 —3 1 4  ( 1 9 6 8 ) —T h e  n u c l e o t i d e s  in r e s t e d  k in g  c r a b  
( P a r a l i th o d e s  c a m s c h a tic a )  m u s c l e  w e r e  I d e n t i f i e d  a s  N A D ,  A M P ,  G M P ,  
IMP,  A D P ,  U D P A G ,  U D P G ,  A TP,  G T P ,  a n d  UTP. T w o  a d d i t i o n a l  m i n o r  
n u c l e o t i d e  f r a c t i o n s  a r e  t e n t a t i v e l y  t h o u g h t  t o  c o n t a i n  N A D ;  a t h i r d  r e 
m a i n s  u n i d e n t i f i e d .  N u c l e o t i d e  p r o f i l e s  o f  t h r e e  d i f f e r e n t  l e g  s e c t i o n s  
w e r e  v e r y  s im i la r ,  w i t h  A T P  p r e d o m i n a n t .  T h e  a v e r a g e  t o t a l  n u c l e o t i d e  
c o n t e n t  o f  t h e  t h r e e  s e c t i o n s  w a s  3 . 4 7  ¡jM/g. M u s c l e  f r o m  s e v e r e l y  
e x h a u s t e d  c r a b s  h e l d  f r o z e n  o v e r n i g h t  c o n t a i n e d  0 . 3 5  \xM/g o f  I M T  S i n c e  
k in g  c r a b s  a r e  p r o c e s s e d  f r e s h  a n d  IMP d o e s  n o t  a c c u m u l a t e  t o  a v e r y  
h i g h  le v e l ,  IM P p r o b a b l y  is n o t  i m p o r t a n t  in k in g  c r a b  f l a v o r .

FREE ZE -D RYIN G  C A K E BATTER F O R  M I C R O S C O P I C  STU DY . P. H. PO H L, 
A .  C .  M A C K EY  & B. L. C O R N E L I A .  J . F o o d  S c i. 3 3 ,  3 1 8 - 3 2 0  ( 1 9 6 8 ) -  
A  m e t h o d  is r e p o r t e d  f o r  p r e p a r i n g  c a k e  b a t t e r  f o r  m i c r o s c o p  e s t u d y  
t h r o u g h  f r e e z e - d r y i n g ,  f o l l o w e d  b y  f i x a t i o n  a n d  s t a i n i n g  o f  f a t  w i th  
o s m iu m  t e t r o x i d e ,  i n f i l t r a t io n  w i th  p a r a f f i n ,  a n d  s e c t i o n i n g  o f  t h e  f r e e z e -  
d r i e d  b a t t e r .  M i c r o s c o p i c  e x a m i n a t i o n  r e v e a l s  t h a t  a c a k e  b a t t e r  is an  
e m u l s i o n  o f  f a t  in a n  a e r a t e d  a q u e o u s  p h a s e .  T h e  f a t  p a r t i c l e s  a r e  i r r e g u 
la r ly  " g l o b u l a r "  s h a p e d  d r o p l e t s  d i s p e r s e d  t h r o u g h o u t  t h e  a q u e o u s  
s t a r c h - p r o t e i n  s y s t e m .  In l ik e  m a n n e r ,  t h e  a i r  b u b b l e s  a r e  d i s p e r s e d  in 
t h e  b a t t e r .  T h e y  a r e  n o t  i n c o r p o r a t e d  in t h e  f a t  p a r t i c l e s ,  b u t  a r e  d i s 
t r i b u t e d  t h r o u g h o u t  t h e  a q u e o u s  p h a s e .

ALD ITO L D E T E R M I N A T IO N  IN THE P R E S E N C E  O F  S A C C H A R I D E S .
O .  S A M U E L S O N  & H.  ST RÔ M B ER G . J . F o o d  S c i .  33 ,  3 0 7 - 3 1 0  ( 1 9 6 8 1 -  
A l d i t o l s  a n d  s u g a r s  w e r e  e x t r a c t e d  w i th  w a t e r  f r o m  s w e e t s ,  a n d  a f t e r  
d i l u t i o n  w i th  e t h a n o l  t h e  s o l u t i o n s  w e r e  s u b j e c t e d  t o  p a r t i t i o n  c h r o m a 
t o g r a p h y  o n  i o n - e x c h a n g e  re s in s .  T h e  a l d i t o l s  a n d  m o n o s a c c h a r i d e s  w e r e  
d e t e r m i n e d  a u t o m a t i c a l l y  u s i n g  t h e  p e r i o d a t e  a n d  o r c i n o l  m e t h o d s .

Q U A N T IT A T IV E  D E T E R M I N A T IO N  O F  B O U N D  W A T E R  BY N M R .  R. T O 
L E D O ,  M .  P. S T E IN B E R G  & A .  I. N E L S O N .  / .  F o o d  S c i .  3 3 ,  3 1 5 - 3 1 6 ,  
( 1 9 6 8 ) —T h e  b o u n d  w a t e r  c o n t e n t ,  d e f i n e d  a s  t h a t  w h i c h  r e m a i n e d  liq u id s  
a t  0 ° F  (— 1 8 ° C ) ,  w a s  0 . 2 9  ±  0 .0 1  g  w a t e r  p e r  g  d r y  s o l id  in c a s e  o f  a_ 
w h e a t  f l o u r  d o u g h .  T h is  v a l u e  w a s  i n d e p e n d e n t  o f  t o t a l  m o i s t u r e  c o n t e n t -  
f o r  d o u g h s  o f  t h e  s a m e  f l o u r  w i th  m o i s t u r e  c o n t e n t s  g r e a t e r  t h a n  2 4 . 6 % .  
N M R  s i g n a l s  i n d i c a t e d  t h a t  m o s t  o f  t h i s  w a t e r  r e m a i n e d  l i q u i d  a t  —5 8 ° F  
(—5 0 ° C ) .  Th is  m e t h o d  g i v e s  a d i r e c t  r e a d i n g  o f  b o u n d  w a t e r  a n d  is n o n 
d e s t r u c t i v e  o f  s a m p i e .

H I S T O L O G I C A L  D E V E L O P M E N T  O F  THE G R E E N  B E A N  P O D  A S  RELATED 
T O  C U LIN A R Y  TEXTURE. 1. E a r ly  S t a g e s  o f  P o d  D e v e l o p m e n t .  R. M.
REEVE & M . S. B R O W N .  J. F o o d  S c i. 3 3 ,  3 2 1 - 3 2 6  ( 1 9 6 8 ) - V a s c u l a r  
b u n d l e s  a n d  a s s o c i a t e d  f i b e r s  d i f f e r e n t i a t e  in d o r s a l  a n d  v e n t r a l  s u t u r e  
a r e a s  o f  t h e  p o d s .  C e l l  d i v i s io n s  a r e  f r e q u e n t  in y o u n g  i n n e r  p a r e n c h y m a  
e v e n  a f t e r  d i v i s i o n s  h a v e  c e a s e d  in t h e  o u t e r  p a r e n c h y m a .  All d iv i s io n s ^  
c e a s e  a s  p o d s  a p p r o a c h  e d i b l e  m a t u r i t y  a n d  f u r t h e r  g r o w t h  Is b y  ce l l 
e n l a r g e m e n t .  C o m p o s i t i o n a l  d i f f e r e n c e s  a c c o m p a n y i n g  d i f f e r e n c e s  in r a t e s  
o f  t i s s u e  m a t u r a t i o n  r e l a t e  t o  t e x t u r e  p r o b l e m s .

H I S T O L O G I C A L  D E V E L O P M E N T  O F  THE G R E E N  BEA N  P O D  A S  RELATED 
T O  C U L IN A R Y  TEXTURE. 2 .  S t r u c t u r e  a n d  C o m p o s i t i o n  a t  E d i b l e  M a t u r i t y .
R. M .  REEVE & M . S. B R O W N .  /  F o o d . S c i. 33,  3 2 6 - 3 3 1  ( 1 9 6 8 ) - l n n e r  
p a r e n c h y m a  a n d  f i b e r  s h e a t h  t i s s u e s  a r e  h i s t o l o g i c a l l y  y o u n g e r  t h a n  o u t e r  
p a r e n c h y m a ,  sk in  a n d  f i b r o u s  b u n d l e  t i s s u e s  o f  t h e  p o d  a t  e a r l y  e d i b l e  
m a t u r i t i e s .  G r o w i n g  c o n d i t i o n s ,  v a r i e t y ,  a n d  t e m p e r a t u r e  o f  p o s t h a r v e s t  
s t o r a g e  i n f l u e n c e  ce l l w a l l  c o m p o s i t i o n  a n d  t e x t u r e .  C e l l u l o s i c  c h a n g e s  
d u r i n g  d r y i n g  i n c r e a s e s  t o u g h n e s s .  S u b s t o m a t a l  s p a c e s ,  i n t e r c e l l u l a r  
s p a c e s ,  a n d  s t r u c t u r a l  d i f f e r e n t i a t i o n  o f  e p i d e r m i s  a n d  h y p o d e r m i s  c o n 
t r i b u t e  t o  sk in  s l o u g h i n g ,  w h i c h  is f u r t h e r  i n f l u e n c e d  b y  p e c t i c  c o m p o 
s i t io n .

B I O L O G I C A L  E V A L U A T IO N  O F  P R O T E IN  Q U A LIT Y  O F  R A D I A T I O N -  
PA ST EU R IZ ED  H A D D O C K ,  F L O U N D E R  A N D  CRAB. E. F. REBER, M .  H. 
BERT, E. M . RUST & E. K U O .  J. F o o d  S c i .  33 ,  3 3 5 - 3 3 7  ( 1 9 6 3 ) - T h e  
e f f e c t s  o f  r a d i a t i o n  s u b - s t e r i l i z a t i o n  o r  c o o k i n g  o n  t h e  p r o t e i n  q u a l i t y  o f  
h a d d o c k ,  c r a b ,  a n d  f l o u n d e r  w e r e  e v a l u a t e d  b y  d e t e r m i n i n g  t h e  p r o t e i n  
e f f i c i e n c y  r a t i o  (PER). T h e  PER v a l u e  o f  h a d d o c k  r a d i a t e d  a t  e i t h e r  le v e l  
w a s  s ta t i s t i c a l l y  e q u a l  t o  t h a t  o f  n o n - r a d i a t e d  h a d d o c k .  T h e  PER v a l u e  o f  
c r a b  r a d i a t e d  a t  e i t h e r  l e v e l  w a s  s ta t i s t i c a l l y  e q u a l  t o  n o n - r a d i a t e d  c r a b  
in o n e  r e p l i c a t i o n  a n d  s i g n i f i c a n t l y  h i g h e r  t h a n  n o n - r a d i a t e d  c r a b  in 
a n o t h e r  r e p l i c a t i o n .  T h e  PER v a l u e  o f  f l o u n d e r  r a d i a t e d  a t  t h e  l o w  le v e l  
w a s  s i g n i f i c a n t l y  le ss  t h a n  t h a t  o f  n o n - r a d i a t e d  f l o u n d e r ,  w h e r e a s  t h e  PER 
v a l u e  o f  f l o u n d e r  r a d i a t e d  a t  t h e  h i g h  le v e l  w a s  s ta t i s t i c a l l y  e q u a l  t o  t h a t  
o f  n o n - r a d i a t e d  f l o u n d e r .

THE NUTRITIVE VALUE O F  H U M A N I Z E D  MILK F O O D  BA SED  O N  BUF
FA L O  MILK A N D  FO RTIFIED  W I T H  D L - M E T H I O N I N E .  V. A .  D A N IEL ,
B. L. M .  D E S A I ,  S. V E N K A T  R A O ,  M . S W  A M I N A T H A N  & H.  A .  B. PA RPIA . 
/ .  F o o d  S c i .  3 3 ,  3 3 1 —3 3 4  ( 1 9 6 8 ) —T h e  r e s u l t s  i n d i c a t e  t h a t  h u m a n i z e d — 
m i lk  f o o d  f r o m  b u f f a l o  m ilk  c o n t a i n i n g  a b o u t  1 2 %  f o r  p r o t e i n  a n d  2 0 %  fa t— 
a n d  f o r t i f i e d  w i th  D L - m e t h i o n i n e  wil l b e  s u i t a b l e  f o r  f e e d i n g  i n f a n t s  in 
p l a c e  o f  fu ll  c r e a m  m ilk  p o w d e r  in d e v e l o p i n g  c o u n t r i e s  w h e r e  m i lk  is in 
s h o r t  s u p p l y .  A d o p t i o n  o f  t h e  a b o v e  f o r m u l a  f o r  i n f a n t  m i lk  f o o d  m a n u 
f a c t u r e d  in t h e  c o u n t r y  wil l h e l p  t o  d o u b le  t h e  o u t p u t  o f  i n f a n t  f o o d  f r o m  
t h e  s a m e  q u a n t i t y  o f  b u f f a l o  m ilk  w i t h o u t  a p p r e c i a b l e  i n c r e a s e  in c o s t .

I f  is, •  • I F I S  

w i l l  b r i n g  y o u  t h e

J o u r n a l  o f
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R e a d  d e t a i l s  o n  p a g e  i i ,  t h i s  i s s u e  o f  Journal of F ood Science=

vin



A. AW AD," W . D . PO W R IE  and O. FEN N EM A
Department of Food Science and Industries 

University of Wisconsin, Madison 53706

C h e m i c a l  D e t e r i o r a t i o n  o f  F r o z e n  B o v i n e  M u s c l e  a t  - 4 °  C

S U M M A R Y — D u r i n g  a n  8 - w e e k  s t o r a g e  p e r i o d  o f  b o v i n e  m u s 
c l e  a t  —4 ° C ,  t h e  t o t a l  e x t r a c t a b l e  p r o t e i n  c o n t e n t  d r o p p e d  

f r o m  91  t o  5 1 % .  T h is  d e c l i n e ,  a c c o m p a n i e d  b y  a d e c r e a s e  

in w a t e r - b i n d i n g  c a p a c i t y  o f  m u s c l e ,  w a s  p r i m a r i l y  c a u s e d  b y  

t h e  i n s o l u b i l i z a t i o n  o f  b o t h  s a r c o p l a s m i c  p r o t e i n s  a n d  a c t o -  

m y o s in .  T h e  i n c r e a s e  in t h e  f r e e  f a t t y  a c i d  c o n t e n t  f r o m  

a b o u t  1 .6  t o  9 . 1 %  o v e r  t h e  8 - w e e k  p e r i o d  m a y  b e  a t t r i b u t e d  

t o  p h o s p h o l i p i d  h y d r o ly s i s .  T h e  T B A  n u m b e r  r o s e  p r o g r e s 

s iv e ly  t h r o u g h o u t  t h e  e n t i r e  s t o r a g e  p e r i o d  w h i l e  t h e  p e r o x i d e  
v a l u e  i n c r e a s e d  t o  a m a x i m u m  in 2 w e e k s  o f  s t o r a g e  a n d  t h e n  

d e c r e a s e d  t o  a c o n s t a n t  v a l u e  o f  7 .

INTRODUCTION
D u r i n g  f r e e z i n g  a n d  f r o z e n  s t o r a g e  o f  m u s c l e ,  m i c r o -  

s t r u c t u r a l  a n d  c h e m i c a l  a l t e r a t i o n s  a r e  e v i d e n t  ( C o n n e l l ,  

1 9 6 4 ;  F e n n e m a  e t al., 1 9 6 4 ;  K h a n ,  1 9 6 7 ;  L o v e ,  1 9 6 6 ) .  

I n  g e n e r a l ,  t h e  c o n s e q u e n c e s  o f  t h e s e  c h a n g e s  m a y  b e  

e x u d a t i o n  o f  f l u i d  ( d r i p )  f r o m  t h a w e d  m u s c l e ,  l o s s  o f  

m u s c l e  t e n d e r n e s s  a n d  d e v e l o p m e n t  o f  r a n c i d  o d o r .

W i t h  r e g a r d  t o  f r o z e n  b o v i n e  m u s c l e ,  a  m a j o r  c o n c e r n  

o f  r e s e a r c h e r s  h a s  b e e n  t h e  r e l a t i o n s h i p  o f  f r e e z i n g  c o n 

d i t i o n s  t o  a m o u n t  o f  d r i p .  A c c o r d i n g  t o  C a l l o w  ( 1 9 5 2 ) ,  

C o o k  et al. ( 1 9 2 6 )  a n d  H i n e r  e t al. ( 1 9 4 5 ) ,  t h e  a m o u n t  

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

r a t e  w a s  i n c r e a s e d .  M o r a n  ( 1 9 3 2 )  r e p o r t e d  t h a t  w h e n  

s m a l l  p i e c e s  o f  b o v i n e  m u s c l e  w e r e  f r o z e n  i n  l i q u i d  n i t r o 

g e n ,  o n l y  a  s m a l l  a m o u n t  o f  d r i p  w a s  c o l l e c t e d .  R a m s -  

b o t t o m  et al. ( 1 9 3 9 )  e m p h a s i z e d  t h a t  t h e  f r e e z i n g  r a t e -  

d r i p  r e l a t i o n s h i p  e x i s t e d  o n l y  w h e n  t h e  v o l u m e  o f  b e e f  

w a s  s m a l l  i n  c o m p a r i s o n  w i t h  t h e  c u t  s u r f a c e  a r e a .

T h e  d a t a  o f  M o r a n  et al. ( 1 9 3 2 )  i n d i c a t e d  t h a t  t h e  

a m o u n t  o f  d r i p  f r o m  f r o z e n  b e e f  i n c r e a s e d  a s  t h e  s t o r a g e  

t e m p e r a t u r e  w a s  e l e v a t e d .  O n  t h e  o t h e r  h a n d ,  R a m s -  

b o t t o m  et al. ( 1 9 4 1 )  f o u n d  n o  r e l a t i o n s h i p  b e t w e e n  f r o z e n  

s t o r a g e  t e m p e r a t u r e  a n d  d r i p  f r o m  b e e f .  A c c o r d i n g  t o  

R a m s b o t t o m  e t al. ( 1 9 4 0 ) ,  t h e  a m o u n t  o f  d r i p  f r o m  p r e 

v i o u s l y - f r o z e n  b e e f  s t e a k s  d e c r e a s e d  a s  t h e  p r e f r e e z i n g  

a g i n g  p e r i o d  w a s  e x t e n d e d  u p  t o  3 5  d a y s .  S a i r  et al.
( 1 9 3 8 )  r e a c h e d  a  s i m i l a r  c o n c l u s i o n .  E m p e y  ( 1 9 3 3 ) ,  

S a i r  et al. ( 1 9 3 8 )  a n d  R a m s b o t t o m  et al. ( 1 9 4 0 )  i n d i c a t e d  

t h a t  l i t t l e  o r  n o  d r i p  w a s  e v i d e n t  w h e n  t h e  p H  o f  b e e f  

m u s c l e  w a s  b e t w e e n  6 . 2  a n d  6 . 4 .  H o w e v e r ,  a s  t h e  p H  

d e c r e a s e d ,  t h e  v o l u m e  o f  d r i p  g r a d u a l l y  i n c r e a s e d  t o  a  

m a x i m u m  w h e n  t h e  p H  o f  t h e  m e a t  w a s  a r o u n d  5 .

S o  f a r ,  f e w  s t u d i e s  h a v e  b e e n  d i r e c t e d  t o w a r d s  t h e  

a l t e r a t i o n  o f  p r o t e i n s  a n d  l i p i d s  d u r i n g  t h e  f r e e z i n g  a n d  

s t o r a g e  o f  b o v i n e  m u s c l e .  S i z o v  ( 1 9 5 6 )  f o u n d  t h a t  t h e  

s o l u b i l i t y  o f  t h e  t o t a l  s a l t - s o l u b l e  p r o t e i n s  i n  b o v i n e  m u s c l e  

w a s  d e c r e a s e d  t o  6 0 %  d u r i n g  a  s t o r a g e  p e r i o d  o f  2 2  

d a y s  a t  —  1 4 ° C .  W h e n  b o v i n e  m u s c l e  w a s  s t o r e d  a t  — 2 0 ° C  

f o r  5  w e e k s ,  K r o n m a n  et al. ( 1 9 6 0 )  n o t e d  a  r e d u c t i o n  

i n  t h e  a m o u n t  o f  e x t r a c t a b l e  s a r c o p l a s m i c  p r o t e i n s .

* P o s t d o c t o r a l  r e s e a r c h  a s s o c i a t e .

S m o r o d i n t s e v  ( 1 9 4 3  a , b )  f a i l e d  t o  f i n d  a n y  c h a n g e  i n  

p r o t e i n  s o l u b i l i t y  o v e r  a  2 - m o n t h  p e r i o d  a t  — 8 ° C .  R a m s 

b o t t o m  ( 1 9 4 7 )  r e p o r t e d  a n  i n c r e a s e  i n  b o t h  p e r o x i d e  v a l u e  

a n d  f r e e  f a t t y  a c i d s  i n  f r o z e n  s t o r e d  b e e f  b u t  n o  c h a n g e  

i n  t o t a l  l i p i d  w a s  n o t e d .  G u e r r a n t  e t  a l . ( 1 9 5 3 )  s h o w e d  

a n  i n c r e a s e  i n  p e r o x i d e  v a l u e  a n d  f r e e  f a t t y  a c i d s  o f  b e e f  

s t o r e d  a t  — 1 2 . 2 ,  — 1 7 . 8  a n d  — 2 8 . 9 ° C .

T h e  i n i t i a t i o n  o f  t h i s  p r e l i m i n a r y  s t u d y  w a s  p r o m p t e d  

b y  t h e  l a c k  o f  d e t a i l e d  d a t a  o n  t h e  c h e m i c a l  a l t e r a t i o n s  o f  

f r o z e n  b o v i n e  m u s c l e .  T h e  s t o r a g e  t e m p e r a t u r e  o f  — 4 ° C  

w a s  s e l e c t e d  s o  t h a t  e x t e n s i v e  d e t e r i o r a t i o n  w o u l d  o c c u r  

w i t h i n  a  f e w  m o n t h s .  A c c o r d i n g  t o  R i e d e l  ( 1 9 5 7 ) ,  b e e f  

w i t h  a  m o i s t u r e  c o n t e n t  o f  7 4 %  w o u l d  h a v e  a n  i c e  c o n t e n t  

( b y  w e i g h t )  o f  a b o u t  7 0 %  w i t h  a  s t o r a g e  t e m p e r a t u r e  o f  

— 4 ° C .

MATERIALS AND METHODS
Muscle samples

M u s c l e  s a m p l e s ,  e a c h  w e i g h i n g  a b o u t  2 0 0  g ,  w e r e  c u t  

f r o m  t h e  r o u n d  o f  a  b e e f  c a r c a s s  a f t e r  a  7 - d a y  a g i n g  p e r i o d  

a t  a r o u n d  4 ° C .  M u s c l e  f r o m  o n l y  o n e  a n i m a l  w a s  u s e d  

t o  i n s u r e  c o m p o s i t i o n a l  u n i f o r m i t y  o f  e x p e r i m e n t a l  s a m 

p l e s .  A l l  s a m p l e s  w e r e  d e v o i d  o f  e x t r a m u s c u l a r  a d i p o s e  

t i s s u e .  A f t e r  t h e  s a m p l e s  w e r e  w r a p p e d  i n  S a r a n  f i l m ,  

t h e y  w e r e  f r o z e n  a n d  h e l d  a t  — 4 ° C  f o r  v a r i o u s  p e r i o d s  

u p  t o  8  w e e k s .  Z e r o  f r e e z i n g  t i m e  w a s  c o n s i d e r e d  a s  

a p p r o x i m a t e l y  1 8  h r  o f  m u s c l e  s t o r a g e  a t  — 4 ° C .  A t  l e a s t  

t w o  r a n d o m i z e d  m u s c l e  s a m p l e s  w e r e  u s e d  f o r  e a c h  d e t e r 

m i n a t i o n  a t  o n e  s t o r a g e  t i m e .

Total nitrogen of muscle

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

b y  a  m i c r o - K j e l d a h l  p r o c e d u r e  ( A O A C ,  1 9 6 5 ) .  P r o t e i n  

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

g e n  c o n t e n t  b y  6 . 2 5 .

Protein content in muscle fractions

T h e  a m o u n t  o f  n i t r o g e n  i n  v a r i o u s  p r o t e i n  f r a c t i o n s  o f  

m u s c l e  w a s  d e t e r m i n e d  b y  t h e  b i u r e t  m e t h o d  o f  S n o w

( 1 9 5 0 ) .  A  f a c t o r  o f  6 . 2 5  w a s  u s e d  t o  c o n v e r t  n i t r o g e n  

t o  p r o t e i n  c o n t e n t .

Protein extraction and fractionation
M u s c l e ,  g r o u n d  i n  a  H o b a r t  g r i n d e r  w i t h  a  p l a t e  h a v i n g  

0 . 5  c m  h o l e s ,  w a s  m i x e d  w i t h  p o w d e r e d  C C L  d r y  i c e  

( 2 0  g  o f  g r o u n d  m u s c l e  t o  1 0 0  g  o f  d r y  i c e )  i n  a  W a r i n g  

b l e n d o r  t o  d i s r u p t  e x t e n s i v e l y  t h e  m u s c l e  f i b e r s .  T h i s  d r y  

i c e  p r o c e d u r e  w a s  u s e d  t o  p r e v e n t  p r o t e i n  i n s o l u b i l i z a t i o n  

d u r i n g  t i s s u e  m a c e r a t i o n .  A f t e r  t h a w i n g  a t  2 5 ° C ,  2  g  o f  

m a c e r a t e  w e r e  m i x e d  i n  a  m o r t a r  w i t h  1 0 0  m l  o f  N a  

p h o s p h a t e - K C l  b u f f e r ,  p H  7 . 2 ,  1 . 0 / *  ( 4 ° C ) .  T h e  m u s c l e  

s l u r r y  a t  4 ° C  w a s  a g i t a t e d  f o r  2  h r  w i t h  a  m a g n e t i c  s t i r r i n g
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r o d .  T h e  m i x t u r e  w a s  c e n t r i f u g e d  f o r  2 0  m i n  a t  1 5 0 0  X  G .  

T h e  s u p e r n a t a n t  w a s  u s e d  t o  d e t e r m i n e  t h e  a m o u n t  o f  

t o t a l  e x t r a c t a b l e  p r o t e i n  ( T E P ) .

S o l u b l e  a c t o m y o s i n  i n  t h e  a b o v e - m e n t i o n e d  s u p e r n a t a n t  

w a s  p r e c i p i t a t e d  b y  d i l u t i n g  a n  a l i q u o t  o f  t h e  s u p e r n a t a n t  

w i t h  w a t e r  t o  p r o d u c e  a n  i o n i c  s t r e n g t h  o f  0 . 2 5 .  T h e  m i x 

t u r e ,  a f t e r  s t a n d i n g  f o r  1 6  h r  a t  4 ° C ,  w a s  c e n t r i f u g e d  a t  

2 1 0 0  X  G  f o r  3 0  m i n .  T h e  p r e c i p i t a t e d  p r o t e i n  f r a c t i o n  

w a s  t h e n  w a s h e d  w i t h  d i s t i l l e d  w a t e r  a n d  t h e  m i x t u r e  w a s  

c e n t r i f u g e d  a t  2 1 0 0  X  G  t o  o b t a i n  p u r i f i e d  a c t o m y o s i n .  

T h e  p r e c i p i t a t e d  a c t o m y o s i n  w a s  d i s s o l v e d  i n  1 N  N a O H  

t o  d e t e r m i n e  t h e  n i t r o g e n  c o n t e n t  b y  t h e  b i u r e t  m e t h o d .

S a r c o p l a s m i c  p r o t e i n  w a s  e x t r a c t e d  f r o m  m a c e r a t e d  

m u s c l e  ( d i s r u p t e d  b y  t h e  d r y  i c e  m e t h o d )  w i t h  0 . 0 5  ^  

p h o s p h a t e  b u f f e r  ( p H  7 . 2 ) .  F o r  e a c h  s a m p l e ,  2  g  o f  

m a c e r a t e  w e r e  b l e n d e d  w i t h  1 0 0  m l  o f  p h o s p h a t e  b u f f e r  

i n  a  W a r i n g  b l e n d o r  f o r  3  t o  4  m i n  a n d  t h e  s u s p e n s i o n  

w a s  c e n t r i f u g e d  a t  1 5 0 0  X  G  f o r  2 0  m i n .  T h e  r e s i d u e  w a s  

r e - e x t r a c t e d  t w i c e  w i t h  p h o s p h a t e  b u f f e r .  T h e  a m o u n t  

o f  s a r c o p l a s m i c  p r o t e i n  i n  a n  a l i q u o t  o f  c o m b i n e d  s u p e r 

n a t a n t s  w a s  m e a s u r e d  b y  t h e  b i u r e t  m e t h o d .

Disc electrophoresis of proteins

T h e  d i s c  e l e c t r o p h o r e s i s  t e c h n i q u e ,  d e s c r i b e d  b y  D a v i s

( 1 9 6 4 ) ,  w a s  u s e d  t o  s e p a r a t e  p r o t e i n  f r a c t i o n s  e x t r a c t e d  

f r o m  u n f r o z e n  a n d  f r o z e n  m u s c l e  s a m p l e s .  T h i s  e l e c t r o 

p h o r e t i c  p r o c e d u r e  i n v o l v e d  t h e  s e p a r a t i o n  o f  t h e  p r o t e i n s  

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

p H  8 . 1 .  A  c u r r e n t  o f  5  m a  p e r  t u b e  w a s  a p p l i e d  f o r  a b o u t

1 . 5  h r  w h i l e  t h e  t u b e s  w e r e  h e l d  i n  a  r e f r i g e r a t e d  c a b i n e t  

a t  6 ° C .  I n  e a c h  t u b e ,  0 . 2  m l  o f  l a r g e  p o r e  g e l  w e r e  l a y e r e d  

o n  1 . 8  m l  o f  s m a l l  p o r e  g e l .  A n  a l i q u o t  o f  p r o t e i n  s o l u t i o n  

c o n t a i n i n g  a b o u t  0 . 2  m g  p r o t e i n  w a s  a p p l i e d  o n  t o p  o f  e a c h  

u p p e r  g e l .

A f t e r  c o m p l e t i n g  a n  e l e c t r o p h o r e t i c  r u n ,  t h e  p r o t e i n s  i n  

t h e  p o l y a c r y l a m i d e  g e l  w e r e  s t a i n e d  b y  i m m e r s i n g  t h e  

g e l  i n  1 %  a m i d o  b l a c k  ( S c h w a r z )  d y e .  A f t e r  e l e c t r o -  

p h o r e t i c a l l y  d e s t a i n i n g  e a c h  g e l  i n  7 %  a c e t i c  a c i d ,  t h e  

p r o t e i n  f r a c t i o n s  a p p e a r e d  a s  d a r k  b a n d s .  A  J o y c e  c h r o 

m o s c a n ,  m a d e  b y  t h e  J o y c e - L o e b l  a n d  C o m p a n y ,  L t d . ,  

E n g l a n d ,  w a s  u s e d  t o  m a k e  t r a c i n g s  o f  t h e  p o l y a c r y l a m i d e  

g e l  p a t t e r n s .  A n  i n t e r f e r e n c e  f i l t e r  w i t h  a  m a x i m u m  t r a n s 

m i t t a n c e  a t  6 6 0  m / i  w a s  u s e d .

P r i o r  t o  e l e c t r o p h o r e s i s ,  s a r c o p l a s m i c  p r o t e i n  s o l u t i o n s  

a n d  t h a w  d r i p  w e r e  m i x e d  w i t h  s u c r o s e  t o  p r o d u c e  a  1 5 %  

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

c o n t a i n e d  1 . 5 %  a c r y l a m i d e  a s  r e c o m m e n d e d  b y  D a v i s

( 1 9 6 4 ) .

P r e l i m i n a r y  e x p e r i m e n t s  i n d i c a t e d  t h a t  m y o f i b r i l l a r  p r o 

t e i n s  c o u l d  n o t  b e  s e p a r a t e d  b y  g e l  e l e c t r o p h o r e s i s  w i t h o u t  

a d d i n g  u r e a  t o  t h e  p r o t e i n  s o l u t i o n s  a n d  p o l y a c r y l a m i d e  

g e l .  U r e a  w a s  a d d e d  t o  e a c h  s o l u t i o n ,  c o n t a i n i n g  m y o 

f i b r i l l a r  p r o t e i n s ,  t o  b r i n g  t h e  c o n c e n t r a t i o n  t o  8  M . T h e  

c o n c e n t r a t i o n  o f  u r e a  i n  t h e  a c r y l a m i d e  g e l  s o l u t i o n s  ( 5 %  

a c r y l a m i d e )  w a s  4  M .

Measurement of drip volume

P r i o r  t o  d r i p  e s t i m a t i o n ,  e a c h  m u s c l e  s a m p l e  i n  t h e  

f r o z e n  s t a t e  w a s  g r o u n d  i n  a  H o b a r t  g r i n d e r  w i t h  a  p l a t e  

h a v i n g  o p e n i n g s  o f  0 . 5  c m  i n  d i a m e t e r .  T h e  d r i p  f r o m  

g r o u n d  m u s c l e ,  e i t h e r  t h a w e d  a t  2 5 ° C  o r  c o o k e d  a t  7 0 ° C

f o r  6 0  m i n  i n  a  s p e c i a l  c e n t r i f u g e  t u b e ,  w a s  o b t a i n e d  b y  

t h e  c e n t r i f u g a l  m e t h o d  o f  M i y a u c h i  ( 1 9 6 2 ) .  A l l  s a m p l e s  

w e r e  c e n t r i f u g e d  a t  1 0 0 0  X  G  f o r  1 0  m i n .
Extraction of lipids

L i p i d s  w e r e  e x t r a c t e d  f r o m  u n f r o z e n  o r  t h a w e d  m u s c l e  

b y  t h e  m e t h o d  o f  B l i g h  et al. ( 1 9 5 9 ) .  T h e  c h l o r o f o r m  i n  

t h e  l i p i d  e x t r a c t  w a s  e v a p o r a t e d  u n d e r  v a c u u m  u s i n g  a  

r o t a r y  e v a p o r a t o r  w i t h  a  5 0 0 - m l  f l a s k  i n  a  w a t e r  b a t h  a t  

3 0 ° C .

T h e  t o t a l  l i p i d  c o n t e n t  o f  a  m u s c l e  s a m p l e  w a s  d e t e r 

m i n e d  b y  u s i n g  5 0 - m l  a l i q u o t s  o f  t h e  l i p i d  e x t r a c t .  W h e n  

t h e  c h l o r o f o r m  w a s  r e m o v e d  b y  h o l d i n g  t h e  e x t r a c t  a t  

6 0 ° C  u n d e r  v a c u u m ,  t h e  o i l y  r e s i d u e  w a s  d r i e d  a t  7 0 ° C  f o r  

3  h r  u n d e r  v a c u u m .

Lipid analyses

T o t a l  c h o l e s t e r o l  i n  a l i q u o t s  o f  l i p i d  e x t r a c t s  w a s  d e t e r 

m i n e d  b y  t h e  m e t h o d  o f  T u  et al. ( 1 9 6 7 ) .

P h o s p h o r u s  c o n t e n t  o f  l i p i d  e x t r a c t s  w a s  e s t i m a t e d  b y  

t h e  m e t h o d  o f  M o r r i s o n  ( 1 9 6 4 ) .  T h e  p h o s p h o l i p i d  c o n t e n t  

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

b y  2 5 .

C o n c e n t r a t i o n  o f  f r e e  f a t t y  a c i d s  i n  a n  a l i q u o t  o f  l i p i d  

e x t r a c t  w a s  d e t e r m i n e d  b y  t h e  m e t h o d  o f  M o s i n g e r

( 1 9 6 5 ) .  P a l m i t i c  a c i d  w a s  u s e d  a s  t h e  s t a n d a r d .

T h e  m e t h o d  o f  D y e r  et al. ( 1 9 5 6 )  w a s  u s e d  f o r  t h e  

m e a s u r e m e n t  o f  t h e  p e r o x i d e  v a l u e  o f  m u s c l e  l i p i d .  T h e  

t h i o b a r b i t u r i c  a c i d  ( T B A )  n u m b e r  w a s  d e t e r m i n e d  b y  

t h e  m e t h o d  o f  Y u  et al. ( 1 9 5 7 ) .

Thin layer chromatography

A l i q u o t s  c o n t a i n i n g  a r o u n d  4 0 0  / ¿ g  l i p i d s  i n  c h l o r o f o r m  

w e r e  s p o t t e d  o n  l a y e r s  o f  s i l i c a  g e l  w i t h  1 0 %  C a S 0 4 

( A d s o r b o s i l - 1 ; A p p l i e d  S c i e n c e  L a b o r a t o r i e s )  h a v i n g  a  

t h i c k n e s s  o f  0 . 5  m m .  T h e  c h r o m a t o g r a m s  w e r e  d e v e l o p e d  

w i t h  p e t r o l e u m  e t h e r - e t h e r - a c e t i c  a c i d  ( 9 0 / 1 0 / 1 )  s o l v e n t  

s y s t e m  f o r  t h e  s e p a r a t i o n  o f  t h e  n e u t r a l  l i p i d s .  L i p i d  s p o t s  

w e r e  d e t e c t e d  b y  s p r a y i n g  5 0 %  H 0 S O 4 o n  t h e  p l a t e s  a n d  

h e a t i n g  a t  1 1 0 ° C  f o r  a b o u t  1 h r .

RESULTS AND DISCUSSION
Protein solubility of frozen stored muscle

T h e  s o l u b i l i t y  d a t a  o f  p r o t e i n  f r a c t i o n s  f r o m  u n f r o z e n  

a n d  f r o z e n  s t o r e d  b o v i n e  m u s c l e  a r e  p r e s e n t e d  i n  T a b l e  1 . 

T o t a l  e x t r a c t a b l e  p r o t e i n  ( T E P )  f r o m  u n f r o z e n  b o v i n e  

m u s c l e  w a s  e s t i m a t e d  t o  b e  a b o u t  9 1 % .  R e c e n t l y  M c I n t o s h

T a b l e  1. I n f lu e n c e  o f  f r o z e n  s t o r a g e  a t  — 4 ° C  o n  t h e  s o l u b i l i t y  o f  
p r o t e i n s  i n  b o v in e  m u s c le .

F ro zen Soluble p ro te in  ( % o f to ta l p ro te in )

tim e
(w eeks)

T o ta l ex trac tab le  
p ro te in A ctom yosin

S arcop lasm ic
p ro te in

U n f r o z e n 9 0 .9 9  ( 2 .3 5 )  1 5 1 .6 0  ( 2 .0 4 ) 3 1 .9 6  ( 1 .9 3 )
0 8 5 .4 4  ( 2 .1 2 ) 5 1 .4 0  ( 2 .5 4 ) 2 8 .5 5  ( 1 .6 3 )
1 74 .2 5  ( 3 .0 0 ) 4 3 .0 0  ( 1 .3 7 ) 2 7 .6 8  ( 0 .6 1 )
2 6 2 .1 4  (  2 .2 9 ) 3 0 .1 8  ( 1 .0 7 ) 2 6 .9 2  ( 0 .9 2 )
4 5 9 .3 9  ( 2 .9 5 ) 2 6 .6 6  ( 2 .2 4 ) 2 3 .9 2  ( 1 .1 2 )
5 5 9 .3 4  ( 0 .9 2 ) 2 5 .9 0  ( 0 .7 1 ) 2 0 .2 0  ( 1 .5 3 )
6 5 5 .0 6  ( 2 .3 4 ) 2 2 .5 0  ( 1 .7 8 ) 1 6 .3 9  ( 1 .0 7 )
8 5 0 .8 4  ( 1 .7 8 ) 17 .1 5  ( 1 .5 8 ) 1 2 .8 2  ( 1 .4 2 )

1 M ean  and  s ta n d a rd  dev ia tio n  in b rack e ts .
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( 1 9 6 7 )  r e p o r t e d  a  t o t a l  e x t r a c t a b l e  n i t r o g e n  v a l u e  o f  7 1 %  

f o r  b e e f  m u s c l e  a g e d  f o r  6  d a y s  a t  4 ° C .  A c c o r d i n g  t o  

S a f f l e  et al. ( 1 9 6 4 ) ,  t h e  a v e r a g e  T E P  o f  u n f r o z e n  c o w  a n d  

b u l l  m e a t  w a s  a b o u t  3 8 % .  T h e s e  l o w e r  T E P  v a l u e s  m a y  

b e  a t t r i b u t e d  t o  t h e  s u r f a c e  d e n a t u r a t i o n  a n d  a g g r e g a t i o n  

o f  m u s c l e  p r o t e i n s  d u r i n g  t h e  p r o t e i n  e x t r a c t i o n  p r o c e d u r e .  

P r e l i m i n a r y  e x p e r i m e n t s  i n  t h e  p r e s e n t  s t u d y  i n d i c a t e d  

t h a t  w i t h  m a c e r a t i o n  o f  m u s c l e  a n d  p r o t e i n  e x t r a c t i o n  

w i t h  t h e  p h o s p h a t e  b u f f e r  i n  a  W a r i n g  b l e n d o r ,  t h e  T E P  

v a l u e  f o r  b o v i n e  m u s c l e  w a s  b e t w e e n  4 5  a n d  5 0 % .

B l e n d i n g  g r o u n d  b o v i n e  m u s c l e  w i t h  p o w d e r e d  d r y  i c e  

f o r  t i s s u e  f i b e r  d i s r u p t i o n  o b v i a t e d  t h e  e x t e n s i v e  i n s o l u 

b i l i z a t i o n  o f  t h e  m u s c l e  p r o t e i n s .  A s  r e p o r t e d  i n  T a b l e  1 ,  

t h e  %  T E P  o f  f r o z e n  m u s c l e  b e c a m e  p r o g r e s s i v e l y  l e s s  

a s  s t o r a g e  t i m e  a t  — 4 ° C  i n c r e a s e d .  A t  z e r o  s t o r a g e  t i m e  

( 1 8  h r  i n  t h e  f r e e z e r  a t  — 4 ° C ) ,  a b o u t  8 5 %  o f  t h e  t o t a l  

p r o t e i n  w a s  e x t r a c t a b l e ; a n d  a f t e r  8  w e e k s  o f  s t o r a g e ,  t h e  

T E P  w a s  d o w n  t o  a b o u t  5 1 % .  T h e  %  T E P  d e c l i n e d  m o s t  

r a p i d l y  d u r i n g  t h e  f i r s t  2  w e e k s  o f  f r o z e n  s t o r a g e .

S a f f l e  et al. ( 1 9 6 4 )  r e p o r t e d  t h a t  p r o t e i n  e x t r a c t a b i l i t y  

o f  4 8 - h r  p o s t - r i g o r  b o v i n e  m e a t  d e c r e a s e d  a b o u t  9 %  d u r i n g  

f r o z e n  s t o r a g e  a t  — 3 4 ° C  f o r  2  d a y s .  A c c o r d i n g  t o  K h a n  

et al. ( 1 9 6 3 ) ,  t h e  %  t o t a l  e x t r a c t a b l e  n i t r o g e n  o f  c h i c k e n  

b r e a s t  m u s c l e  s t o r e d  a t  — 4 ° C  d e c r e a s e d  f r o m  a b o u t  8 8  t o  

a p p r o x i m a t e l y  5 6  o v e r  a  5 0 - w e e k  p e r i o d .

I n  t h i s  s t u d y ,  a c t o m y o s i n  h a s  b e e n  c l a s s i f i e d  a s  t h e  m y o 

f i b r i l l a r  p r o t e i n  f r a c t i o n  i n s o l u b l e  i n  K C l - p h o s p h a t e  b u f f e r  

( p H  7 . 2 )  a t  a n  i o n i c  s t r e n g t h  o f  0 . 2 5  ( K h a n ,  1 9 6 2 ) .  A s  

s h o w n  i n  T a b l e  1 ,  t h e  s o l u b l e  a c t o m y o s i n  c o n t e n t  o f  u n 

f r o z e n  b o v i n e  m u s c l e  w a s  e s t i m a t e d  t o  b e  a b o u t  5 2 % .  

A b e r l e  et al. ( 1 9 6 6 )  r e p o r t e d  t h a t  t h e  f i b r i l l a r  p r o t e i n  

n i t r o g e n  e x t r a c t e d  f r o m  b o v i n e  s e m i t e n d i n o s u s  m u s c l e  ( 7  

d a y s  p o s t - m o r t e m )  w a s  a b o u t  5 6 %  o f  t h e  t o t a l  n i t r o g e n .  

T h e  a v e r a g e  f i b r i l l a r  p r o t e i n  N  o f  l o n g i s s i m u s  d o r s i  f r o m  

2 0  a n i m a l s  w a s  c a l c u l a t e d  b y  H e g a r t y  e t al. ( 1 9 6 3 )  a s  

6 2 %  o f  t h e  t o t a l  n i t r o g e n  i n  m u s c l e .

W h e n  b o v i n e  m u s c l e  w a s  f r o z e n  f o r  1 8  h r  ( z e r o  s t o r a g e  

t i m e ) ,  t h e  a c t o m y o s i n  s o l u b i l i t y  w a s  n o t  a l t e r e d  s i g n i f i 

c a n t l y .  H o w e v e r ,  f u r t h e r  f r o z e n  s t o r a g e  o f  m u s c l e  u p  

t o  8  w e e k s  c a u s e d  a  c o n s i d e r a b l e  d e c l i n e  i n  s o l u b l e  a c t o 

m y o s i n .  O v e r  a n  8 - w e e k  f r o z e n  s t o r a g e  p e r i o d ,  t h e  s o l u b l e  

a c t o m y o s i n  c o n t e n t  o f  b o v i n e  m u s c l e  d e c r e a s e d  a b o u t  7 0 % .  

T h e  %  s o l u b l e  a c t o m y o s i n  d e c r e a s e d  m o s t  r a p i d l y  i n  t h e  

f i r s t  2  w e e k s  o f  f r o z e n  s t o r a g e  a s  d i d  t h e  %  T E P .  K h a n  

et al. ( 1 9 6 3 )  f o u n d  t h a t  t h e  a c t o m y o s i n  i n  b o t h  c h i c k e n  

b r e a s t  a n d  l e g  m u s c l e s  d e c r e a s e d  c o n s i d e r a b l y  d u r i n g  f r o 

z e n  s t o r a g e  a t  — 4 ° C  f o r  5 0  w e e k s .

I n  t h i s  s t u d y ,  t h e  s a r c o p l a s m i c  p r o t e i n  f r a c t i o n  o f  b o v i n e  

m u s c l e  c o n s i s t e d  o f  p r o t e i n s  a n d  p e p t i d e s  w h i c h  w e r e  s o l u 

b l e  i n  p h o s p h a t e  b u f f e r  w i t h  a n  i o n i c  s t r e n g t h  o f  0 . 0 5 .  

T a b l e  1 s h o w s  t h a t  t h e  s a r c o p l a s m i c  p r o t e i n  w a s  a b o u t  

3 2 %  o f  t h e  t o t a l  b o v i n e  m u s c l e  p r o t e i n .  T h e  %  s a r c o p l a s 

m i c  p r o t e i n  n i t r o g e n  e x t r a c t e d  f r o m  7 - d a y  p o s t - m o r t e m  

l o n g i s s i m u s  d o r s i  a n d  s e m i t e n d i n o s u s  m u s c l e s  w a s  e s t i 

m a t e d  b y  A b e r l e  et al. ( 1 9 6 6 )  t o  b e  2 3 . 3  a n d  2 0 . 8 ,  r e s p e c 

t i v e l y .  T h e s e  r e s e a r c h e r s  d i d  n o t  d e f i n e  s a r c o p l a s m i c  p r o 

t e i n  n o r  d i d  t h e y  i n d i c a t e  t h e  m e t h o d  o f  f r a c t i o n a t i o n .  

H o w e v e r ,  t h e y  r e p o r t e d  t h a t  t h e  n o n p r o t e i n  n i t r o g e n  v a l 

u e s  f o r  7 - d a y  a g e d  l o n g i s s i m u s  d o r s i  a n d  s e m i t e n d i n o s u s  

m u s c l e s  w e r e  1 4 . 8  a n d  1 4 . 1 % ,  r e s p e c t i v e l y ,  o f  t h e  t o t a l  

n i t r o g e n .

H e g a r t y  et al. ( 1 9 6 3 )  d e f i n e d  s a r c o p l a s m i c  p r o t e i n  n i t r o 

g e n  a s  t h e  n i t r o g e n  e x t r a c t e d  f r o m  m u s c l e  b y  a  l o w  i o n i c  

s t r e n g t h  b u f f e r  ( 0 . 0 5  g.) m i n u s  t h e  n o n p r o t e i n  n i t r o g e n .  

T h e y  r e p o r t e d  t h a t ,  f o r  u n f r o z e n  l o n g i s s i m u s  d o r s i  m u s c l e s  

f r o m  2 0  y e a r l i n g  b u l l s ,  t h e  a v e r a g e  p e r c e n t a g e  s a r c o p l a s 

m i c  p r o t e i n  n i t r o g e n  a n d  p e r c e n t a g e  n o n p r o t e i n  n i t r o g e n  

w e r e  3 1  a n d  6 . 5 ,  r e s p e c t i v e l y .

D a t a  i n  T a b l e  1 i n d i c a t e  t h a t  d u r i n g  f r o z e n  s t o r a g e  o f  

b o v i n e  m u s c l e  f o r  8  w e e k s  a t  —  4 ° C ,  t h e  s a r c o p l a s m i c  p r o 

t e i n  c o n t e n t  d e c r e a s e d  f r o m  a b o u t  2 9  t o  1 3 % .  T h e  s a r c o 

p l a s m i c  p r o t e i n  s o l u b i l i t y  w a s  l o s t  s l o w l y  a n d  p r o g r e s s i v e l y  

t h r o u g h o u t  t h e  e n t i r e  s t o r a g e  p e r i o d .  W i t h  3 - h r  p o s t 

m o r t e m  b o v i n e  m u s c l e ,  K r o n m a n  et al. ( 1 9 6 0 )  f o u n d  t h a t  

t h e  f r e e z i n g  o f  t h e  m u s c l e  c a u s e d  a  c o n s i d e r a b l e  d e c r e a s e  

i n  t h e  a m o u n t  o f  w a t e r - e x t r a c t a b l e  p r o t e i n .

Disc electrophoresis of soluble proteins

T h e  e l e c t r o p h o r e t i c  s e p a r a t i o n  o f  s a r c o p l a s m i c  p r o t e i n s ,  

u s i n g  p o l y a c r y l a m i d e  g e l ,  w a s  u s e d  t o  f o l l o w  t h e  p r o t e i n  

a l t e r a t i o n  d u e  t o  f r o z e n  s t o r a g e  o f  m u s c l e .  F i g .  1 s h o w s  

t h e  e l e c t r o p h o r e t i c  p a t t e r n  a n d  d e n s i t o m e t r i c  t r a c i n g  f o r  

s a r c o p l a s m i c  p r o t e i n  e x t r a c t e d  f r o m  u n f r o z e n  b o v i n e  m u s 

c l e .  F o u r t e e n  d i s t i n c t  d y e - s t a i n e d  b a n d s ,  i n c l u d i n g  a t  l e a s t  

8  m a j o r  d e e p - c o l o r e d  b a n d s ,  w e r e  o b s e r v e d .  A b e r l e  et al.
( 1 9 6 6 ) ,  u s i n g  s t a r c h  g e l  e l e c t r o p h o r e s i s ,  r e p o r t e d  t h a t  1 5  

b a n d s  c o u l d  b e  d e t e c t e d  i n  t h e  e l e c t r o p h o r e t i c  p a t t e r n s  o f  

s a r c o p l a s m i c  p r o t e i n  f r o m  u n a g e d  a n d  a g e d  ( u p  t o  3 3 6  h r )  

b o v i n e  m u s c l e s .  A s  p o s t - m o r t e m  a g i n g  o f  m u s c l e  p r o 

c e e d e d ,  t h e y  f o u n d  t h a t  t h e  b a n d s  b e c a m e  m o r e  d i s c r e t e  

a n d  a  f e w  b a n d s  c h a n g e d  i n  c o l o r  i n t e n s i t y .

D u r i n g  t h e  f r o z e n  s t o r a g e  o f  b o v i n e  m u s c l e ,  s o m e  s a r c o 

p l a s m i c  p r o t e i n s  w e r e  a l t e r e d  t o  s u c h  a n  e x t e n t  t h a t  t h e y  

d i d  n o t  m i g r a t e  d o w n  i n t o  t h e  p o l y a c r y l a m i d e  g e l  d u r i n g  

e l e c t r o p h o r e s i s .  F i g .  2  s h o w s  t h e  e l e c t r o p h o r e t i c  p a t t e r n  

a n d  t r a c i n g  o f  s a r c o p l a s m i c  p r o t e i n  e x t r a c t e d  f r o m  m u s c l e

Fig. 1. Electrophoretic pattern and tracing of sarcoplasmic
protein from unfrozen bovine muscle.
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F ig .  2. E le c tr o p h o r e t ic  p a t te r n  a n d  tr a c in g  o f  sa r c o p la s m ic  p r o  
te in  f r o m  b o v in e  m u s c le  s to r e d  fo r  2 zv e e k s  a t  — 4 °C .

he ld  in  frozen  storage fo r  2 weeks. In  com parison  to  the 
bands show n in  F ig . 1 fo r  u n fro ze n  m uscle, bands 5 and 6 
w ere  absent and the bands 1, 2 and 3 w e re  m uch  less 
in tense in  co lo r. A p p a re n tly , specific  sarcop lasm ic p ro 
te ins  w e re  in s o lu b iliz e d  re a d ily  w ith in  the 2 -w eek storage 
p e rio d  o f m uscle. A s  show n in  F ig . 3, bands 1, 4, 5, 6  and 
10 w e re  m iss ing  fro m  the p a tte rn  fo r  sa rcop lasm ic p ro te in  
f ro m  m uscle s to red  fo r  8 weeks. M o re o ve r, the  c o lo r 
in te ns ities  o f bands 7, 11 and 13 in  F ig . 3 w ere  con s id e r
ab ly  lo w e r th a n  those in  F ig . 2.

Fig. 3. Electrophoretic pattern and tracing of sarcoplasmic pro
tein from bovine muscle stored for 8 weeks at —4°C.

I n  th is  s tud y , u rea  was added to  bov ine  ac to m yo s in  to  
d is ru p t the h ig h -m o le cu la r w e ig h t, heterogeneous com 
p lexes and so lub ilize  the f ib r i l la r  p ro te in s  fo r  e le c tro p h o 
re tic  separa tion . U s in g  u re a -p o lya c ry la m id e  ge l e le c tro 
phoresis , u re a -trea te d  ac tom yos in  f ro m  u n fro z e n  m uscle 
was separated in to  6  d is tin c t bands (F ig .  4 ) .  B ands 
1 and 4  w ere  sta ined s tro n g ly  and thu s  p ro b a b ly  rep resen t 
the  m a jo r  m y o f ib r il la r  p ro te in s  in  the  ac to m yo s in  fra c tio n . 
C e rta in ly  d isc e lec trop ho re tic  analysis show ed th a t u rea- 
trea te d  bov ine  ac tom yos in  p repa red  by the  m e tho d  o f K h a n
(1 9 6 2 ) was heterogeneous.

A c to m y o s in , ex trac te d  fro m  bov ine  m uscle p re v io u s ly  
he ld  in  frozen  storage fo r  2 weeks, separated in to  fo u r  
bands (F ig .  5 ) w ith  bands 2 and 6 be ing  absent. W ith  
m uscle sto red  fo r  8 weeks, the ac tom yos in  was separated 
in to  th ree bands w ith  2, 3 and 6  m iss ing  ( F ig .  6 ) .  T h e  
presence o f the re m a in in g  lig h t-c o lo re d  bands, 1, 4  and  5, 
in d ica te d  th a t the  m a jo r  m y o f ib r il la r  p ro te in s  o f bov ine  
m uscle w ere  n o t com p le te ly  in s o lu b iliz e d  d u r in g  the  fro ze n  
storage o f m uscle fo r  8 weeks.

N e e lin  et al. (1 9 6 4 ) ex tra c te d  m y o f ib r il la r  p ro te in s  f ro m  
m inced  ch icken m uscle by 8 M  u rea so lu tio n  fo r  s ta rch  ge l 
e lec trophoresis . U s in g  a u re a -co n ta in in g  b u ffe r ( p H  7 .5 ) 
fo r  e lec trophoresis , s ix  m y o f ib r il la r  p ro te in  bands and th ree  
bands a ttr ib u te d  to  m vogen p ro te in s  w e re  reso lved. A l l  
o f the  m y o f ib r il la r  p ro te in s  w e re  ne g a tive ly  cha rged  w h ile  
the  m yogen p ro te in s  w ere  charged p o s it iv e ly . F u jim a k i 
e t  al. (1 9 6 5 ) w ere  able to  separate ra b b it ac tom yos in  in to  
fo u r  fra c tio n s  us in g  T E A E  cellu lose ch ro m a to g ra p h y .

Volume and 'protein content of drip

T h e  d e te rm in a tio n  o f the  am o un t o f d r ip  f ro m  bov ine  
m uscle has been used as a m easure o f the  w a te r-b in d in g

F ig .  4. E le c tr o p h o r e t ic  p a t te r n  a n d  tr a c in g  o f  u r e a - t r e a te d  a c to 
m y o s in  f r o m  u n fr o z e n  b o v in e  s k e le ta l  m u s c le .
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l ' ig .  5. E le c tr o p h o r e t ic  p a t te r n  a n d  tra c in g  o j  u r e a - tr e a te d  a c to -  
m y o s in  fr o m  b o v in e  s k e le ta l  m u s c le  s to r e d  fo r  2  zv e e k s  a t —4 °C .

capacity  ( W ie r b ik i  et al., 1957 ). T ab le  2 presents data on 
the  am o un t o f d r ip  ob ta ined  upon  the th a w in g  o f m uscle, 
p re v io u s ly  s to red  up  to  8 weeks a t —4°C . E v e n  w ith  a 
b r ie f fre e z in g  tim e  o f 18 h r  (ze ro  storage t im e ) ,  the  
am o un t o f d r ip  f ro m  thaw ed  m uscle was abou t tw ic e  as 
la rge  as th a t f ro m  u n fro ze n  m uscle. T h u s  fre e z in g  pe r se 
had an in fluence  on the  a m o un t o f d r ip  fro m  bov ine  m uscle. 
A s  storage tim e  progressed up  to  8 weeks, the vo lum e 
o f d r ip  pe r 100 g  o f m uscle increased up  to  24 m l. O b v i
ously , the  w a te r-b in d in g  capac ity  o f bov ine  m uscle was 
reduced cons ide rab ly  d u r in g  the  8 -w eek storage a t — 4°C .

T h e  increase o f d r ip  w ith  in c rea s ing  the  fro ze n  storage 
p e rio d  is in  accord w ith  the  fin d in g s  o f Pearson et al.
(1 9 5 0 ) and W ie rb ik i et a l (1 9 5 7 ) fo r  s to red  bov ine  m uscle. 
T h e  p H  o f the  d r ip  d id  n o t change w ith  the  storage p e rio d  
as show n in  T a b le  2. T h e  p H  o f a ll d r ip  samples ranged 
fro m  5.5 to  5.7.

T h e  loss o f p ro te in s , m o s tly  sarcop lasm ic p ro te in , in  the  
d r ip  o f p re v io u s ly -fro z e n  bov ine  m uscle has been re p o rte d  
by  H o w a rd  et al. (1 9 6 0 ). T h e  p ro te in  con ten t o f d r ip , 
ca lcu la ted as percentage o f to ta l m uscle p ro te in , increased 
fro m  abou t 5.86 fo r  u n fro ze n  m uscle to  17.03 fo r  m uscle

F ig . 6. E le c tr o p h o r e t ic  p a t te r n  a n d  tr a c in g  o f  u r e a - tr e a te d  a c to -  
m y o s in  f r o m  b o v in e  s k e le ta l  m u s c le  s to r e d  fo r  8  zv e e k s  a t —4 °C .

frozen  fo r  8 weeks (T a b le  2 ) .  T h e  g rea test increase in  
the  am o un t o f p ro te in  occu rred  d u r in g  the  f irs t  4  weeks 
o f s to ra g e ; the re a fte r, the  increases w ere  co m p a ra tive ly  
in s ig n ifica n t.

A s  show n in  T ab le  3, the  a m o un t o f cook d r ip  fro m  
u n fro zen  and frozen  m uscle was m uch  h ig h e r tha n  the 
vo lum e  o f th a w  d r ip  fro m  com parab le  samples (T a b le  2 ) .  
T a b le  3 shows th a t upon  fre e z in g  bov ine  m uscle fo r  18 h r  
(ze ro  storage t im e )  the  vo lum e  o f cook d r ip  was tw ice  as 
m uch  as the  cook d r ip  ob ta ined  f ro m  u n fro ze n  m uscle. 
F ro m  0 up  to  8 weeks o f storage, a steady b u t s low  in 
crease o f the  am o un t o f d r ip  was ob ta ined  to  the  e x te n t 
o f abou t 42 m l pe r 100 g  m uscle. T h e  p ro te in  con te n t in  
th a w  d r ip  was m uch h ig h e r tha n  th a t in  cook d r ip  fo r  each 
storage tim e.

T h e  p H  range o f cook d r ip  was s lig h t ly  h ig h e r th a n  th a t 
fo r  th a w  d r ip . T h is  obse rva tion  is in  agreem ent w ith  the 
resu lts  o f H a m m  et al. (1 9 6 0 ) and D eathe rage  et al.
(1 9 6 0 ) . These in ve s tig a to rs  in d ica te d  th a t an increase o f 
the  basic g ro up s  on the p ro te in  m olecu les occu rred  upon  
he a tin g  o f m uscle. T h e  p H  o f cook d r ip  increased fro m
5.8 fo r  u n fro ze n  m uscle to  6.1 fo r  m uscle s to red  fo r  8 
weeks.

W h e n  the c e n trifu g e  d r ip  f ro m  the u n fro z e n  m uscle 
m acerate was sub jected to  p o lya c ry la m id e  ge l e lec tropho-

T a b l e  2 . I n f lu e n c e  o f  f r o z e n  s t o r a g e  a t  — 4 ° C  o n  t h e  t h a w  d r i p  f r o m  b o v in e  m u s c l e .

Frozen
storage

time
(weeks)

Drip
(ml/100 g 

muscle)

Protein in drip
g/100 g
muscle % total protein

pH of drip 
(range)

U n f r o z e n 7 .3  ( 1 .0 )  1 1 .15  ( 0 .1 0 ) 5 .8 6  ( 0 .5 1 ) 5 .5 -5 .6

0 1 5 .9  ( 1 .0 ) 1 .31 ( 0 .2 0 ) 6 .7 2  ( 1 .0 2 ) 5 .5 -5 .6

1 18 .5  ( 1 .1 ) 1 .6 7  ( 0 .0 9 ) 8 .5 0  ( 0 .4 6 ) 5 .5 —5.6

2 19 .5  ( 1 .0 ) 2 .3 8  ( 0 .2 6 ) 1 2 .1 0  ( 1 .3 2 ) 5 .5 - 5 .6

4 2 2 .0  ( 1 .6 ) 3 .2 6  ( 0 .1 3 ) 1 6 .5 8  ( 0 .6 6 ) 5 . 5 - 5 7

5 2 2 .8  ( 1 .0 ) 3 .3 0  ( 0 .3 0 ) 1 6 .80  ( 1 .5 3 ) 5 .5 -5 .6

6 2 3 .5  ( 1 .5 ) 3 .31  ( 0 .3 9 ) 1 6 .8 2  ( 1 .9 8 ) 5 .5 -5 .6

8 2 4 .0  ( 1 .1 ) 3 .3 5  ( 0 .2 4 ) 1 7 .03  ( 1 .2 2 ) 5 .5 - 5 .6

1 Mean and standard deviation in brackets.
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T a b l e  3. I n f lu e n c e  o f  f r o z e n  s t o r a g e  a t  — 4 ° C  o n  th e  c o o k  d r i p  f r o m  b o v in e  m u s c le .

Frozen
storage

time
(weeks)

Cook drip 
(m l/100 g 
muscle)

Protein in cook drip
pH of cook 

drip 
(range)

g/100g
muscle

% of total 
protein

U n f r o z e n 1 6 .4  ( 1 .6 )  1 0 .1 6  ( 0 .0 1 ) 0 .8 0  ( 0 .0 5 ) 5 .8

0 3 4 .8  ( 0 .7 ) 0 .4 4  ( 0 .0 7 ) 2 .1 9  ( 0 .3 6 ) 5 .9

1 3 9 .3  ( 0 .9 ) 0 .S 6  ( 0 .0 6 ) 2 .8 6  ( 0 .3 0 ) 5 .9

2 4 0 .0  ( 0 .4 ) 0 .6 0  ( 0 .0 5 ) 3 .0 8  ( 0 .2 5 ) 5 .8 -5 .9

4 40 .1  ( 0 .8 ) 0 .61  ( 0 .0 4 ) 3 .13  ( 0 .2 0 ) 5 .8 —5.9

S 4 0 .8  ( 1 .0 ) 0 .6 4  ( 0 .0 6 ) 3 .2 7  ( 0 .3 0 ) 5 .8 —6 .0

6 4 1 .3  ( 1 .4 ) 0 .6 9  ( 0 .0 1 ) 3 .51  ( 0 .0 5 ) 5 .8 -6 .0

8 4 1 .9  ( 1 .3 ) 0 .6 7  ( 0 .0 1 ) 3 .4 9  ( 0 .0 5 ) 6 .0 -6 .1

1 M e a n  a n d  s t a n d a r d  d e v ia t i o n  in  b r a c k e t s .

resis, the  re s u lt in g  p a tte rn  (F ig .  7 ) c o n ta in in g  13 bands 
was s im ila r  to  the  e lec tro p h o re tic  p a tte rn  (F ig .  1) fo r  
sarcop lasm ic p ro te in s  ex tra c te d  fro m  u n fro ze n  bov ine  m us
cle. A s  show n in  F ig . 8, the e le c tro p h o re tic  p a tte rn  of 
th a w  d r ip  fro m  8 -w eek frozen  s tored m uscle was devo id  
o f bands 4, 5, 8 and 13, b u t con ta ined  a new  m in o r  band X . 
In  genera l, the  m a jo r  bands in  th is  p a tte rn  w e re  n o t as 
in tense b lue as those in  the p a tte rn  (F ig .  7 )  fo r  d r ip  fro m  
u n fro ze n  m uscle.

Lipid alterations during frozen storage of muscle

T h e  concen tra tions  o f lip id s  f ro m  u n fro ze n  and frozen  
s to red  m uscle are rep o rted  in  T a b le  4. T h e  to ta l l ip id , 
e x tra c te d  w ith  the ch lo ro fo rm -m e th a n o l so lven t system , 
changed -s ligh tly  in  con cen tra tion  ove r the  8 -w eek storage 
pe riod . T h e  con cen tra tion  o f to ta l cho leste ro l in  un fro zen  
bov ine  m uscle was between 62 and 64 m g  per 100 g 
m uscle. T u  r f  al. (1 9 6 7 ) fo u n d  th a t the average to ta l 
cho leste ro l con ten t fo r  5 types o f bov ine  m uscles was abou t

Fig. 7. Electrophoretic pattern and tracing of drip protein from
unfrozen bovine muscle.

58 m g percentage. D u r in g  frozen  storage, no s ig n if ic a n t 
change in  the to ta l cho leste ro l o f the  bov ine  m uscle  was 
ev iden t. A p p a re n tly , cho leste ro l in  bo v in e  m uscle  was 
res is ta n t to  d e te r io ra tio n  d u r in g  fro z e n  storage.

A s  show n in  T a b le  4, p h o sp h o lip id  rep resen ted  abou t 
28%  o f the to ta l l ip id  fro m  u n fro ze n  m uscle. O n  a w e t 
m uscle basis, the  p h o sp h o lip id  con ten t was a p p ro x im a te ly  
1%. H o rn s te in  et al. (1 9 6 1 ) also fo u n d  th a t bo v in e  
m uscle con ta ined  abou t 1% p h o sp ho lip id . A  cons iderab le  
decrease in  the  p h o sp h o lip id  con ten t was ev id e n t as the  
fro ze n  storage tim e  o f m uscle progressed. A  s lig h t decline  
in  the p h o sp h o lip id  con ten t was ev iden t d u r in g  the  f ir s t  
2 weeks o f frozen  storage, then the  p h o sp h o lip id  loss was 
h ig h  betw een the 2nd and 5 th  weeks o f s torage. P ro b a b ly , 
the  d ro p  in  p h o sp h o lip id  con cen tra tion  can be accounted 
fo r  by  the enzym ic  h y d ro ly s is  o f p h o sp h o lip id  d u r in g  the  
fro ze n  storage o f the  m uscle. O lle y  et a l. (1 9 6 0 ) in d ica ted  
th a t h y d ro ly s is  o f ph osp ho lip ids  occu rred  d u r in g  fro ze n

1 2  3 6 7 9 10 X II 12
F ig . 8. E le c tr o p h o r e t ic  p a t te r n  a n d  t r a c in g  o f  t h a w  d r ip  p r o te in  

f r o m  b o v in e  m u s c le  s to red , fo r  8  w e e k s  a t  — 4 ° C .
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T a b l e  4. L i p i d s  f r o m  u n f r o z e n  a n d  f r o z e n  s t o r e d  b o v in e  m u s c le .

Frozen
storage

time
(weeks)

Total lipid Total cholesterol Phospholipid Free fatty acids

g /1 0 0  g
muscle

% of 
total lipid

mg/100 g 
muscle

%  of 
total lipid

mg/100 g 
muscle

%  of 
total lipid

mg/100 g 
muscle

U n f r o z e n 3 .75  ( 0 .1 4 )  1 1 .7 ( 0 ) 6 3  ( 1 ) 2 8 .8  ( 1 .0 ) 1 0 7 9  ( 3 1 ) 1 .6  ( 0 ) 61 ( 2 )
1 3 .61  ( 0 .2 3 ) 1 .8 ( 0 ) 6 4  ( 1 ) 2 8 .3  ( 0 .9 ) 1 0 2 2  ( 3 2 ) 2 .9  ( 0 ) 103  ( 0 )

2 3 .6 0  ( 0 .2 1 ) 1 .8  ( 0 .1 ) 6 3  ( 2 ) 2 7 .8  ( 1 .1 ) 1001 ( 3 8 ) 2 .9  ( 0 ) 1 0 6  ( 0 )

4 3 .6 0  ( 0 .2 1 ) 1 .7 ( 0 ) 6 2  ( 1 ) 2 2 .3  ( 1 .0 ) 8 0 3  ( 3 6 ) 7 .9  ( 0 ) 2 8 4  ( 1 )

5 3 .5 8  ( 0 .1 9 ) 1 .8 ( 0 ) 6 4  ( 1 ) 2 0 .9  ( 1 .3 ) 7 5 2  ( 4 5 ) 8 .5  ( 0 .1 ) 3 0 4  ( 4 )

6 3 .4 8  ( 0 .2 4 ) 1.8 ( 0 ) 6 3  ( 1 ) 1 9 .6  ( 0 .6 ) 6 9 8  ( 2 0 ) 8 .8  ( 0 .3 ) 3 0 8  ( 1 2 )

8 3 .3 8  ( 0 .0 7 ) 1 .8 ( 0 ) 6 2  ( 0 ) 19 .5  ( 0 .5 ) 6 6 3  ( 1 5 ) 9.1  ( 0 .1 ) 3 0 8  ( 5 )

1 M e a n  a n d  s t a n d a r d  d e v ia t i o n  i n  b r a c k e t s .

storage o f cod m uscle w ith  the  fo rm a tio n  o f free  fa tty  
acids and w a te r-so lu b le  decom posed phospho lip ids .

L ip id  f ro m  u n fro z e n  bov ine  m uscle con ta ined  abou t 
1.6%  free  fa t ty  acids ( F F A )  (T a b le  4 ) .  D u r in g  fro ze n  
storage, a m a rke d  increase in  the  F F A  con ten t o f 
fro ze n  m uscle occu rred  betw een the 2n d  and 5 th  weeks 
o f storage. A t  the  8 -w eek storage tim e , the  F F A  con ten t 
o f the  l ip id  reached 9 .1% . These resu lts  in d ica te  a close 
re la tio nsh ip  between the  loss o f p h osp ho lip ids  and the rise  
in  F F A  con ten t o f frozen  s to red  m uscle.

T h e  am oun t o f F F A  o r ig in a t in g  f ro m  ph osp ho lip ids  in  
frozen  bovine m uscle can be estim ated by  us in g  the data in  
T ab le  4. I f  the  average m o lecu la r w e ig h t o f a fa t ty  ac id  
o f m uscle p h o sp h o lip id  is considered to  be 300 (O lle y  
et a l., 1960 ), then  a to ta l o f 600 g  o f F F A  cou ld  be fo rm e d  
fro m  775 g  o f ph osp h o lip id . W ith  100 g  o f frozen  bov ine  
m uscle, the  to ta l possib le  am o un t o f F F A  fro m  decom 
posed p h o s p h o lip id  was estim a ted  to  be 321 m g  b u t o n ly  
247 m g  F F A  accum ula ted d u r in g  the  8 -w eek storage 
pe riod . T h u s  130%  F F A  was ca lcu la ted as the  the o re tica l 
am o un t de rive d  fro m  p h osp ho lip ids  due to  h yd ro lys is . A  
va lue g re a te r th a n  100%  ind ica tes th a t p h o s p h o lip id  was 
b ro ken  d o w n  to  w a te r-so lu b le  phosphate esters by  phos
pholipase C (O lle y  et a l., 1962 ).

T h e  F F A ,  w h ic h  w e re  lib e ra te d  d u r in g  fro ze n  storage, 
m ay have in te ra c te d  w ith  bov ine  m y o f ib r il la r  p ro te in s  to 
ren de r them  inso lub le . D y e r  et al. (1 9 5 6 ) in d ica ted  a 
re la tio n s h ip  betw een fish  “ a c to m yo s in ”  in s o lu b iliz a tio n  and 
F F A  release in  fro ze n  fis h  m uscle. W ith in  recent years, 
m any research stud ies have been d irec ted  to  de te rm in e  the 
v a lid ity  o f the  p o s tu la tio n  th a t F F A -p ro te in  in te ra c tio n s  
are responsib le  fo r  p ro te in  in s o lu b iliz a tio n  in  fro ze n  fish  
(D y e r  et a l., 1961 ; C onne ll, 1964 ; F ennem a et al., 1964; 
Lo ve , 1966).

S evera l in ve s tig a to rs  (C a llo w , 1952 ; D u B o is  et al., 
1940; P r iv e tt ,  1954 ; R a m sbo ttom , 1947) have re p o rte d

T a b l e  S. L i p i d  d e t e r i o r a t i o n  in  f r o z e n  b o v in e  m u s c l e .

Frozen storage 
time 

(weeks)

Peroxide value 
(meq thiosulfate/ 

kg lipid)

TBA number 
(optical density 

range)

U n f r o z e n 3.5  ( 0 .2 )  1 0 .0 2 -0 .0 3

1 1 6 .2  ( 2 .2 ) 0 .0 9 -0 .1 0

2 4 4 .7  ( 3 .2 ) 0 .1 1 -0 .1 2

4 1 3 .2  ( 0 .1 ) 0 .1 3 -0 .1 4

5 7 .8  ( 0 .1 ) 0 .1 8 -0 .1 9

6 7 .2  ( 0 .5 ) 0 .2 5 -0 .2 6

8 7.1  ( 0 ) 0 .2 7

1 Mean and standard deviation in brackets.

th a t o x id a tiv e  d e te r io ra tio n  o f lip id s  occu rred  d u r in g  f r o 
zen storage o f m eat. T h e  p e ro x id e  va lue  ( P V )  and 
th io b a rb itu r ic  ac id  ( T B A )  n u m be r are used o ften  fo r  
n u m e ric a lly  assessing the  degree o f l ip id  a u to x id a tio n .

T h e  P V  and T B A  num bers fo r  l ip id  f ro m  u n fro ze n  and 
frozen  s tored bov ine  m uscle are presen ted in  T a b le  5. T h e  
P V  o f l ip id  fro m  u n fro ze n  m uscle was 3.5, a va lue  in d i
c a tin g  the  presence o f a sm all a m o u n t o f p e ro x id e  in  the  
lip id . W ith in  a 2 -w eek frozen  s torage p e rio d , the  P V  o f 
m uscle l ip id  rose to  44.7 and then, w ith  subsequent storage 
pe riods, the  values d ropped  u n t i l  a cons tan t va lue  o f about 
7 was reached fo r  6 and 8 weeks o f s torage. T h is  r ise  and 
decline  o f P V  fo r  m uscle l ip id  d u r in g  frozen  m uscle s to r
age m ay be exp la ine d  by  a ccu m u la tion  o f hyd ro p e ro x id e s  
in  the  lip id  fra c tio n  and then ( 1 )  subsequent h y d ro p e ro x 
ide decom position  a n d /o r  ( 2 )  h y d ro p e ro x id e  in te ra c tio n  
f i th  m uscle p ro te in s  (D e s a i et a l., 1963 ; N a ry a n  et al.,
1964).

T h e  T B A  nu m be r fo r  lip id  fro m  u n fro ze n  m uscle was 
abou t 0.02 (T a b le  5 ) .  D u r in g  fro ze n  storage o f m uscle, 
the T B A  nu m be r increased up  to  0 .27 fo r  the  8 -w eek 
storage pe riod . T B A  num bers o f slices o f lam b lo ng iss i-

DG — diglyceride, 0  - origin.
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m us do rs i, s to red  at — 18°C , rose f ro m  0.13 (0  days o f 
s to rag e ) to  1.93 fo r  9.5 m on ths o f storage (K e s k in e l e t  al.,
1964).

T h in  la ye r ch ro m a to g ra p h y  ( T L C )  was em ployed to 
fra c tio n a te  the m uscle l ip id  in to  s te ro id  esters (a t so lven t 
f r o n t ) ,  tr ig ly c e r id e s  ( T G ) ,  free  fa t ty  acids ( F F A ) ,  cho 
les te ro l ( C ) ,  and d ig lyce rid es  ( D G )  in  o rd e r to  detect 
any changes in  these l ip id  fra c tio n s  d u r in g  m uscle storage 
a t —4°C . T L C  separa tion  o f lip id s  fro m  m uscle stored 
fo r  0, 4  and 8 weeks are show n in  the  ch ro m a to g ra m  o f 
F ig . 9. T h e  en la rgem ent o f the F F A  spot was ev iden t 
w ith  an increase in  frozen  storage tim e . W it h  l ip id  fro m
8-w eek s to red  m uscle, a sm all spot was p resen t between 
the T G  and F F A  spots. N o  o th e r spot size changes o r 
new  spots w e re  appa ren t in  the ch ro m a tog ram .

CONCLUSIONS
W ith  the know ledge  tha t ex tens ive  p ro te in  and lip id  

a lte ra tio ns  occur in  frozen , s to red  bov ine  m uscle a t —4°C, 
fu r th e r  stud ies shou ld  be designed to  assess cum u la tive  
changes in  frozen  bov ine  m uscle a t s torage tem pera tu res 
com m o n ly  used by  the frozen  food  in d u s try .
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SUMMARY—The effects of temperature and humidity on postmortem and associated muscle properties during growth of "stress susceptible" pigs were evaluated. Exposure to ambient temperatures of 32 and 21 °C for alternating 3-day periods caused rapid post-mortem glycolysis, high percent light reflectance, and increased light to dark fiber ratios in the longissi- mus dorsi muscle as compared to constant (27°C) temperature, but only in moderate (38—42% relative) humidity environments.The above events due to temperature acclimation were masked when the humidity was low (17-23% relative). Humidity effects that were independent of temperature acclimation resulted in high percent light reflectance and high muscle temperature in the post-mortem muscle of pigs reared in low humidity. No significant differences were found in lactic dehydrogenase or succinic dehydrogenase enzyme activities of longissimus dorsi or gluteus medius muscles.
INTRODUCTION

I n  r e c e n t  y e a r s  num erous b iochem ica l aspects o f po s t
m o rte m  changes in  po rc in e  m uscle have been established 
(B r is k e y , 1964 ; B r is k e y  et al., 1966 ). R esearch has been 
focused on the  chem ica l and phys ica l m uscle cha rac te ris tics  
associated w ith  the  deve lopm ent o f the  pale, soft, exu da 
tiv e  ( P S E )  c o n d itio n  (B r is k e y , 19 64 ). T h e  incidence o f 
P S E  m uscle depends on m an y  fac to rs  such as breed 
(S a y re  et a l., 1963a; Judge  et a l., 19 59 ), m u s c u la r ity  ( T o -  
pe l et a l., 1967 ; A d d is  et al., 1 9 6 7 a ), a n te -m ortem  h a n d lin g  
(B r is k e y  et al., 1959 ; S ayre  et a l., 1963b; K a s te nschm id t 
et a l., 1964 ; B r is k e y  et a l., 19 65 ), n u t r i t io n  (B r is k e y  et a l., 
1959, 1960 ; S ayre  et a l., 1963b; L a w r ie , 1966) and others. 
H o w e v e r the  effects o f e n v iro n m e n ta l con d itions  d u r in g  
g ro w th  have n o t been th o ro u g h ly  evaluated.

T hom as et al. (1 9 6 6 ) re p o rte d  th a t lo ng iss im us d o rs i 
m uscle o f p igs  rea red  in  f lu c tu a tin g  tem pe ra tu res  (2 9  and 
18 °C ) was in fe r io r  in  s tru c tu re  to  th a t o f p igs  rea red  in  
29 o r 18°C  constan t tem pe ra tu res  i f  the  re la tiv e  h u m id ity  
was 30% . T h e  f in d in g s  o f A d d is  et al. (1 9 6 7 b ) in d ica ted  
th a t tem pe ra tu re  a cc lim a tio n  in  p igs  in tens ifies  the  c o rre 
la tio n  o f p h ys io log ica l stress responses w ith  p o s t-m o rte m

m uscle p rope rties . H u m id i ty  leve l d u r in g  g ro w th  m ay 
also in fluence  p o s t-m o rte m  events in  l ig h t  o f the  tendency 
fo r  p igs  rea red  in  85%  re la tiv e  h u m id ity  to  have lo n g iss i
m us d o rs i m uscles th a t are s u p e rio r in  c o lo r and gross 
m o rp h o lo g y  (A d d is  et al., 1967a) and lo w e r in  shear res is
tance (T h o m a s  et a l., 1966) th a n  those o f p igs  rea red  in  
30%  re la tiv e  h u m id ity . T h e  above observa tions ind ica te  
th a t the  q u a lity  o f p o rk  m ay be im p ro v e d  o r m ade m ore  
u n ifo rm  b y  use o f co n tro lle d  re a r in g  e n v iro nm en ts  bu t 
the y  do n o t exp la in  the  effects, i f  any, o f such e n v iro n 
m ents on m uscle d iffe re n tia tio n  o r m e tabo lic  capacity.

T h is  in ve s tig a tio n  was conducted to  s tu d y  the  effects o f 
va riou s  com b ina tions o f e n v iro n m e n ta l te m p e ra tu re  and 
h u m id ity  d u r in g  g ro w th  on ce rta in  phys ico -chem ica l p ro p 
e rties o f po rc ine  muscle.

EXPERIMENTAL
Animals and growing environment

F o r ty  “ stress-susceptib le”  (Ju d g e  et a l., 1967) P o lan d  
C h in a  b a rro w s  w e re  ra n d o m ly  a llo tte d  and rea red  in  
p s ych ro m e tric  cham bers u n d e r the  h u m id ity  and tem pe ra 
tu re  con d itions  described in  T a b le  1. T h e  tim e  re q u ire d  
to  change f ro m  one tem pe ra tu re  to  the  o th e r in  the  cham 
bers hous ing  the  g roups  sub jected  to  f lu c tu a tin g  tem pe ra 
tu res  was 30 m in . B o th  h u m id ity  and te m p e ra tu re  w ere  
co n tin u o u s ly  recorded. T h e  re s p ira tio n  ra te  and body 
tem pe ra tu re  o f each an im a l w e re  m easured d a ily  b y  c o u n t
in g  fla n k  m ovem ents and w ith  s tandard ized  re c ta l th e r 
m om eters. T w e n ty - fo u r  h r  p r io r  to  sacrifice, the  tem pe ra 
tu re  was ad ju s te d  to  27 °C  in  bo th  cham bers to  e lim in a te  
im m e d ia te -an te -m ortem  te m p e ra tu re  effects. T h e  an im a ls 
w e re  stunned by  cap tive  b o lt p is to l w i th  m in im a l e x c ite 
m en t p r io r  to  rem ova l f ro m  th e ir  pens.

Post-mortem changes

T h e  in te rn a l tem p e ra tu re  (b im e ta llic  te s tin g  th e rm o m 
e te r accurate to  w ith in  0 .0 05° C ) ,  surface p H  (p ro b e
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T a b l e  1. E x p e r i m e n t a l  g r o u p s ,  e n v i r o n m e n t a l  c o n d i t i o n s  a n d  
w e i g h t  g a i n  o f  p ig s  r e a r e d  in  p s y c h r o m e t r i c  c h a m b e r s .

Group

Ambient
temperature

(•C )

Relative
humidity

( % )
Animals

(no .)
Days
(no .)

Weight
gain4’5
(kg/da)

H f l T v 27 42 8 73 0 .6 9

h , t 2 32, 2 1 3 38 8 73 0 .5 6

H / I \ 2 7 17 12 134 0 .6 0

H 2T 2 32 , 2 1 3 23 12 1 34 0 .5 4

1 D e s i g n a t e s  r e l a t i v e  h u m id i ty .
H i  =  M o d e r a t e  h u m i d i t y  ( 3 8 - 4 2 %  r .h . ,  a v e .  10 g / c u  m  o f  a i r ) .
H 2 =  L o w  h u m i d i t y  ( 1 7 - 2 3 %  r.h., a v e .  5 g / c u  m  o f  a i r ) .

2 D e s i g n a t e s  t e m p e r a t u r e .
3 A l t e r n a t i n g  3 - d a y  p e r i o d s  a t  e a c h  t e m p e r a t u r e .
4 S ig n i f i c a n t  h u m i d i t y  e f f e c t  ( P  <  .0 1 ;  g r o u p s  H tT i  a n d  H i T 2 v s .  

g r o u p s  H 2T i  a n d  H/L).
6 S i g n i f i c a n t  t e m p e r a t u r e  e f f e c t  ( P  <  .01 ; g r o u p s  H 1 T 1 a n d  H 2T i 

v s . g r o u p s  H i T 2 a n d  H 2T 2) .

e lec trode ) and surface reflectance (B au sch  and L o m b  
“ S pectron ic  20 ”  w ith  reflectance a ttach m en t at 525 m p ) 
w e re  observed a t 15-rn in  in te rv a ls  up  to  45 m in  and at 
2 4 -h r p o s t-m o rte m  on fre s h ly  cu t surfaces o f the lo ng iss i- 
m us d o rs i muscles. R eflectance values w e re  ad jus ted , 
us in g  a m agnesium  carbonate b lock  as 100%  reflectance 
reference.

Histochemical observations

Sam ples o f lo ng iss im us d o rs i and g lu teus  m ed ius m uscle 
w e re  c u t in to  cubes (1 0  X  5 X  5 m m ) and placed in  10% 
fo rm a l-c a lc iu m  fo r  18 -24  h r. S ix te e n -m ic ro n  sections w ere  
c u t in  a c ryo s ta t a t —2 0 °C  and sta ined w ith  S udan b lack  B  
(B ee che r et a l., 1965 ). T h e  lig h t  to  d a rk  f ib e r ra tio s  w ere  
de te rm ined  in  9 bund les per sample.

Enzyme assays

W ith in  5 m in  o f the  b e g in n in g  o f exsangu ina tion , 
m uscle samples w e re  ob ta ined  and im m e d ia te ly  frozen  in  
liq u id  n itro g e n . H om ogena tes w e re  p repa red  by  g r in d in g  
frozen  tissues in  2 v o l ( w / v )  o f 0.1 M  phosphate b u ffe r 
p H  7.4 in  an ice -jacke ted  S e rv a ll O m n i M ix e r  fo r  30 m in . 
H om ogena tes w ere  then  c e n trifu g e d  fo r  30 m in  a t 27 .000 X  
G  (2 ° C )  and the  superna tan t flu id s  w ere  assayed fo r  
to ta l la c tic  dehydrogenase ( L D H )  a c tiv ity .

T o ta l la c tic  dehydrogenase a c t iv ity  was de te rm ined  by 
re c o rd in g  the  change in  e x tin c t io n  a t 340 m g  re s u lt in g  
f ro m  the o x id a tio n  o f N A D H  in  p H  7.4 bu ffe red  so lu tion  
c o n ta in in g  8.4 X  10^4M  sod ium  p y ru v a te  (B e rg m e y e r 
et a l., 1963 ). M easurem ents  w e re  made w ith  a ra t io 
re c o rd in g  B eckm an D B  spectropho tom ete r a t 25 °C . O ne 
u n it  o f L D H  was defined as the  am oun t o f enzym e w h ic h  
changes the  absorbance o f N A D H  a t 340 m g  b y  0.0001 in  
1 m in  in  a 3 -m l assay m ix tu re  and a t 2 4 -2 7 °C . P ro te in  
con cen tra tion  o f the  e x tra c t was de te rm in ed  by  a b iu re t 
m ethod  (L a y n e , 1957 ). R esu lts  are re p o rte d  as u n its  
o f L D H  pe r m il l ig ra m  tissue p ro te in .

O ne pe rcen t ( w / v )  hom ogenates o f m uscle in  0 .2 M  
phosphate b u ffe r, p H  7.5, w e re  p repa red  s im ila r ly  to  the 
p ro ced ure  m en tioned  above. T h e  succin ic dehydrogenase 
( S D H )  a c t iv ity  was de te rm ined  acco rd ing  to  the  p roce
du re  described b y  B e a tty  et al. (1 9 6 6 ). T h e  B iu re t  
m e thod  w as also used on the  a liqu o ts  o f these ex trac ts . 
S D H  u n its  w ere  expressed as m g  fo rm aza n  fo rm e d  per 
m g  tissue p ro te in .

Statistical analyses

T h e  data fo r  the 2 x 2  fa c to r ia l trea tm e n ts  w e re  sub
je c te d  to  ana lys is  o f va riance  (P ro g ra m  B M D  0 2 V )  u s in g  
the  I B M  7094 com pu te r. C o rre la tio n  analyses (P ro g ra m  
B M D  0 2 D ) w e re  also conducted.

RESULTS AND DISCUSSION
D a t a  o n  l iv e  w e ig h t  ga in  in d ica ted  th a t lo w  h u m id ity  

(1 7 -2 3 %  r .h .)  o r  f lu c tu a tin g  tem pe ra tu res  (3 2  and 2 1 °C ) 
w ere  d e trim e n ta l to  the  g ro w th  o f the  p igs (T a b le  1) 
and w e re  th e re fo re  en v iro n m e n ta l fac to rs  th a t im posed 
g re a te r stress th a n  m odera te  h u m id ity  (3 8 -4 2 %  r .h .)  o r  
constan t tem pe ra tu re  (2 7 ° C ) .

T h e  en v iro n m e n ta l tem pe ra tu res  in fluenced  body  te m 
pe ra tu res  and re s p ira tio n  rates. W id e  flu c tu a tio n s  o f res 
p ira t io n  rates and body tem pe ra tu res  corresponded w e ll 
w ith  am b ien t tem pera tu res in  the  flu c tu a tin g -te m p e ra tu re  
g roups ( H iT o  and H 2T 2) .

F igs . 1 and 2 il lu s tra te  the  ra tes o f p o s t-m o rte m  p H  
decline and the l ig h t  re flectance respec tive ly  o f m uscle 
fro m  the fo u r  tre a tm e n t g roups. F as te r p H  decline 
( P  <  .01 ) and h ig h e r re flectance values ( P  <  .05 ) w ere  
observed in  g ro u p  H i T 2 as com pared to  H iT j . ;  a t lo w  
h u m id ity  the  effects o f constan t versus a lte rn a tin g  te m 
pe ra tu res  on these p ro p e rtie s  w ere  n o t expressed b u t 
bo th  g ro up s  reared in  lo w  h u m id ity  ( H 2T ;l and H 2T 2)

POST-MORTEM pH DECLINE
* ------ *  CONSTANT (2 7 C,42%R.H.)

F ig .  1. R a te s  o f  p o s t - m o r te m  p H  d e c lin e  o f  p o r c in e  lo n g is s im u s  
d o r s i  m u s c le  f r o m  p ig s  r e a r e d  in  c o n s ta n t  a n d  a l te r n a t in g  t e m p e r a 
tu r e s  a t tiv o  h u m id i ty  le v e ls .



TEMPERATURE ACCLIMATION EFFECTS ON PORCINE MUSCLE— 2 3 7

REFLECTANCE VALUES (525m/x)

0 15 30 45
TIME POST-MORTEM , MIN.

Fig. 2. Post-mortem changes in light reflectance by porcine 
longissimus dorsi muscle from pigs reared in constant and alter
nating temperatures at two humidity levels.

had rates of pH decline and light reflectance values of 
typical PSE muscle (Briskey, 1964; Figs. 1 and 2; Table
2). These results show that the extent of temperature 
acclimation correlated with the rate of pH decline and 
the color of the muscles but the interaction of temperature 
with humidity caused the effects to be masked when the 
humidity was low.
The low humidity environment resulted in higher 

(P < .01) post-mortem muscle temperatures than the 
moderate humidity environment (Fig. 3). Sybesma 
e t  al. (1966) found good correlations (P < .01) between 
pre-slaughter body temperature and post-mortem muscle 
temperature. These authors also showed that environ
mental conditions were contributory to muscle temperature 
and that stress (crowding, improper ventilation) induced

Table 2. Values of F 1 for post-m ortem  changes in porcine lon
gissimus dorsi muscle as influenced by environm ental conditions.

Time post-mortem (min)

02 IS 30 45

pH
H um idity 3 3.4 < 1 < i < i
T em perature  4 1.3 1.6 2.0 3.2
H  x  T < 1 2.1 3.4 7 7 **

L ig h t reflectance
H um idity 3 6 .1* 1.5 5.3* 3.2
T em perature 4 3.6 < 1 2.9 2.5
H  X T < 1 < 1 3.2 4.3*

T em perature

H um idity  3 4.1 7.0* 3.5 12 .8 **
T em perature  4 < 1 1.7 < 1 3.1
H  X T 3.3 3.8 < 1 < 1

1 K.05 “ 1,36 — 4.11; F.oi --1.36 =  7.40 1(See Figs. 1, 2 and 3 for
mean values).

2 Sam ple taken w ithin 5 min of beginning of exsanguination.
3 Ten vs S g  of m oistu re /cu  m of air.
4 C onstant (27°C ) vs fluctuating (32, 21°C ) tem peratures. 
* Statistically  significant a t the 5%  level.

** statistically  significant a t the 1%  level.

TIME POST-MORTEM, min.
Fig. 3. Post-mortem changes in temperature of porcine longissi

mus dorsi muscle from pigs reared in constant and alternating 
temperatures at two humidity levels.

a higher muscle temperature. These relationships and 
other evidences in the present study (i.e. weight gain) 
imply that the stress due to low humidity is as great or 
greater than that of the fluctuating temperature.
Individual muscles of the pig may be classified as light 

or dark, depending on their relative distribution of light 
and dark muscle fibers. Light muscles consist principally 
of large, pale fibers with high glycogen concentration 
(Beatty e t  al., 1963) and high glycolytic enzyme activities 
(Ogata, 1960). Dark muscles contain small, dark fibers 
that have high oxidative enzyme activities (Lawrie, 1966). 
According to Beecher e t  al., (1965) both longissimus 
dorsi and gluteus medius muscles belong to the light 
muscle group containing less than 30% dark fibers (based 
on Sudan Black B staining procedures of Ogata, 1958). 
In this experiment, results were expressed as light to 
dark fiber ratios (Table 3). In the longissimus dorsi, a 
significantly higher (P < .05) ratio was found to result 
from fluctuating temperature as compared to constant 
temperature when the humidity was moderate. It is inter
esting to note that correlations between light to dark fiber 
ratios and pH or light reflectance were high ( — .60, +.64 
respectively; P < .05) in the constant-temperature groups 
and low (+0.07, —.02; P < .05) in the alternating -

Table 3. F iber type and enzyme activities of m uscles from  pigs 
reared  in psychrom etric chambers.

Longissimus dorsi Gluteus medius

Group
Light:dark 
fiber ratio1 LDH 2 SDH3

Light : dark 
fiber ratio SDH3

H iT i 4.2 121.5 2.7
H iT 2 5.4 102.5 3.3
HnTl 4.5 0.43 2.9 1.42
H 2T 2 4.5 0.62 2.7 0.85

1 FfiT i significantly different from  H iT 2 (P  <  .05).
2 U n its /m g  protein.
s g g  fo rm azan/m g protein.
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temperature groups (combined humidity). These rela
tionships are consistent with those reported by Addis e t  al., 
(1967b) between heat stress responses and muscle proper
ties.
Enzyme assays indicated similar activities for LDH

(H]Ti vs H iT2) and for SDH (H2Ti vs H 2To) enzymes. 
Data were not available to compare the effect of humidity 
level on enzyme activity, and the environmental tempera
ture comparisons are inconclusive. However the finding of 
similar LDH enzyme activities in groups of muscles (lon- 
gissimus dorsi) that differed in light to dark fiber ratio 
suggests a need for additional investigation of the relation 
of fiber number and size to metabolic capabilities. It is 
possible that the conditions of the rearing environment 
may exert influences on the differentiation of skeletal 
muscle fibers which are accompanied by other influences 
on fiber mass.
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Development of an Isotonic-Isometric Rigorometer

S U M M A R Y —A m u l t i - u n i t  r i g o r o m e t e r  h a s  b e e n  d e v e l o p e d  t o  

(a) m a k e  it p o s s i b l e  t o  s t u d y  e x t e n s i b i l i t y  ( i s o to n ic )  a n d  
t e n s i o n  ( i s o m e t r i c )  c h a n g e s  in s e v e r a l  m u s c l e s  ( r e d  a n d  w h i t e )  

s i m u l t a n e o u s l y ,  u n d e r  i d e n t i c a l  c o n d i t i o n s ,  (b)  m a k e  it p o s s i b l e  

t o  c o n t r o l  t h e  e n v i r o n m e n t  ( a q u e o u s  o r  g a s e o u s )  a r o u n d  e a c h  

o f  s e v e r a l  m u s c l e  s t r i p s  b e i n g  m o n i t o r e d  s i m u l t a n e o u s l y  a n d  

(c) f a c i l i t a t e  a d d i t i o n a l  b i o c h e m i c a l  s t u d i e s  o f  i s o to n i c  a n d  
i s o m e t r i c  p a r a m e t e r s  o f  f r e s h  a n d / o r  g l y c e r i n a t e d  f i b e r s .  T h e  

r i g o r o m e t e r  is a n  e n c l o s e d ,  t e m p e r a t u r e  c o n t r o l l e d ,  e n v i r o n 

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

six m u s c l e  s t r i p s  o f  v a r y i n g  s i z e s  a n d  h a s  a w i d e  a d j u s t m e n t  
f o r  d e g r e e  o f  s e n s i t iv i ty .  S m a l l  c y l i n d e r s  h a v e  a l s o  b e e n  s p e 

c ia l ly  d e s i g n e d  t o  f a c i l i t a t e  s e p a r a t e  c o n t r o l s  o f  a q u e o u s  

a n d  g a s e o u s  e n v i r o n m e n t s  s u r r o u n d i n g  e a c h  m u s c l e  s t r ip .

This  m u l t i - u n i t  r i g o r o m e t e r  is a f u r t h e r  d e v e l o p m e n t  o f  t h e  
r i g o r o m e t e r  o r i g i n a l l y  d e s c r i b e d  b y  B r i s k ey  et al. ( 1 9 6 2 ) .

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

INTRODUCTION
T h e  o n s e t  a n d  c o m p l e t i o n  of rigor mortis is a funda

mental feature of the complex changes that occur in muscle 
post-mortem (Bate-Smith, 1939). Historically, the devel
opment of rigor mortis has been estimated by observing 
changes in the extensibility of muscle strips (Bate-Smith 
et al., 1949). The period of high and constant extensibility 
has been termed the “delay phase,” whereas the period of 
diminution in extensibility has been termed the “onset 
phase.”

The time course of changes in extensibility has been 
studied in muscle of the rabbit (Bate-Smith, 1939; Bate- 
Smith et al., 1949), horse (Lawrie, 1953), whale (Marsh,
1952), chicken, (de Fremery et al., 1960), ox (Marsh, 
1954; Cassens et al., 1967) and pig (Briskey et al., 1962). 
However, all of the instruments previously described lack 
flexibility in number of samples that can be viewed simul
taneously and are further limited to isotonic measurements.

Although the rigor mortis-associated shortening or ten
sion has received some attention (Jungk et al., 1967; 
Busch et al., 1967) it has not been studied simultaneously 
with measurements of extensibility. The multi-unit rigor
ometer described in this report is a further development of 
the rigorometer originally described by Briskey et al.
(1962). This unit was developed by us and assembled 
patent-free by E  & M Instrument Co., Houston, Texas. 
The rigorometer described in this manuscript was designed 
to (a) make it possible to study extensibility (isotonic) 
and tension (isometric) changes in several muscles (red 
and white) simultaneously, under identical conditions (b) 
make it possible to control the environment (aqueous or 
gaseous) around each of several muscle strips being moni
tored simultaneously and (c) facilitate additional bio

chemical studies of isotonic and isometric parameters of 
fresh and/or glycerinated fibers.

DESCRIPTION OF APPARATUS
T h e  r i g o r o m e t e r  i s  a n  e n c l o s e d , temperature con

trolled, environment chamber designed specifically for 
studies on strips of parallel muscle fibers (Fig. 1). The 
chamber will accommodate 6  muscle strips, up to 8  in. in 
length, with individual lever assemblies for myographic 
measurement (Fig. 2a and b). Isotonic myographs (Fig. 
1 and 2 ) may be attached internally to the lever system and 
can be adjusted for the degree of sensitivity required, while 
the isometric myograph (Fig. 1) may be mounted exter
nally to the chamber and attached to the muscle with a fine 
cable through a specially designed hole. Counter-balancing 
weights may be positioned along the lever assembly as 
required to balance the weight of the muscle strip.

The muscle strips are held at the bottom by an adjust
able rod-and-clamp assembly, which can fix the position 
of the strip (a) for retention in the temperature-controlled 
environmental chamber, (b) for immersion in fluid in the 
specially designed cylinders or (c) for holding in a specific 
liquid and in a particular gaseous environment (Figs. 1 
and 3). The clear plastic panel ends and front of the 
chamber are magnetically held in place and easily removable 
permitting ready access to any of the muscle strips as well 
as observation of the chamber from three sides.

An automatic load lifter (seen in Figs 1 and 2b) insures 
simultaneous raising and lowering of individual weights, 
the cycle for which can be controlled with the cycle selector 
(Fig. 2 a).

Fig. 1. Details of chamber shoiving positions of muscle strip and 
isometric transducer.
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F ig . 2. E n d  of ch a m b e r  sh o w in g  c o m p le te  a s s e m b ly  f o r  one  
m u sc le  s tr ip .  A :  W in d o w  a n d  p a n e l a s s e m b ly . B :  D ia g r a m  of 
co m p o n en ts .

F ig . 3. A  r ig o r o m e te r  s h o w in g  c o m p le te  s y s te m  fo r  re c o rd in g  
iso to n ic  a n d  is o m e tr ic  ch a n g es.

E X A M P L E  OF ISOTONIC AN D  ISOMETRIC RECORDINGS OF MUSCLE POST-MORTEM

F ig . 4. E x a m p le  o f iso to n ic  ( A )  an d  is o m e tr ic  ( B )  r e c o r d in g s  
o f m u sc le  p o s t-m o r te m .

Fig. 3 shows the rigorometer in position for operation 
with a Physiograph 6 , E & M Instrument Recorder. In 
this kind of operation the isotonic and isometric patterns 
may be recorded simultaneously on paper or projected onto 
a screen for general observation. Fig. 4 shows the typical 
kind of isotonic and isometric record obtainable with the 
equipment. The multi-unit feature of this rigorometer will 
facilitate time course studies of changes in the chemical 
constituents of the muscle strips while undergoing isometric 
and isotonic alterations. Chart speeds and amplification are 
variable. Fig. 5 shows a comparison of three widely- 
differing time courses of changes in extensibility.

Since the purpose of this manuscript is to describe the 
design and development of the multi-unit, isotonic, iso
metric rigorometer, it does not warrant any extensive dis
cussion. Instead the authors wish to emphasize the flexi
bilities of this equipment for intensive research and/or 
classroom demonstration.
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Rate of Deterioration of Freeze-Dried Salmon 
as a Function of Relative Humidity

S U M M A R Y —T h e  r a t e s  o f  s e v e r a l  d e t e r i o r a t i v e  r e a c t i o n s ,  i n 
c l u d i n g  l i p id  o x i d a t i o n ,  a s t a c e n e  p i g m e n t  loss ,  c a r b o n  d i o x i d e  

p r o d u c t i o n ,  a n d  p r o d u c t i o n  o f  n o n - e n z y m a t i c  b r o w n i n g  p i g 

m e n t s ,  w e r e  s t u d i e d  in f r e e z e - d r i e d  s a l m o n  a t  3 7 ° C  a n d  a t  

s e v e r a l  r e l a t i v e  h u m i d i t i e s .  R esu l ts  p r e v i o u s l y  o b t a i n e d  in 
c e l l u lo s i c  m o d e l  s y s t e m s  c o n t a i n i n g  m e t h y l  l i n o l e a t e  w e r e  c o n 

f i r m e d  b y  d a t a  o n  o x y g e n  a b s o r p t i o n  a s  a f u n c t i o n  o f  m o i s 

t u r e  c o n t e n t .  B o th  t h e  r a t e  o f  t h e  in i t ia l  p e r o x i d e  m o n o -  
m o l e c u l a r  d e c o m p o s i t i o n  a n d  t h e  p e r o x i d e  v a l u e  d e c r e a s e d  a s  

t h e  w a t e r  c o n t e n t  w a s  i n c r e a s e d .  A s t a c e n e  p i g m e n t  loss  w a s  

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

r e a c t iv i t y  o f  w a t e r  a t  l o w  m o i s t u r e  c o n t e n t s  w a s  d e m o n s t r a t e d  
b y  its e f f e c t  o n  t h e  v a r i o u s  r e a c t i o n s .

INTRODUCTION
F r e e z e -d r y i n g  h a s  b e c o m e  an important process for 

the preservation of foods because the quality of the re
hydrated product is better than that of products prepared 
by conventional dehydration techniques. However, regard
less of the success of the process itself, more investigation 
of the effect of the final moisture content on changes in 
the quality of the product during storage is necessary. 
The quality aspect involves reactions occurring under 
different conditions of time and storage, such as protein 
denaturation, changes in pigments, browning reactions, 
microbial growth, and development of oxidative rancidity. 
This last reaction, lipid oxidation, is one of the most 
important because of the highly porous nature of the 
product, making the lipid more accessible to oxygen, and 
because of the low moisture content, which tends to pro
mote oxidation.

Several studies have been carried out to determine the 
factors affecting the above reactions. The results of storage 
tests on food items, individually and in combinations, were

* P re se n t a d d re s s : U n iv ersid ad  A g ra r ia , L a  M olin a , L im a, P erú .

consistent with the idea that the amount of water adsorbed 
on those systems has a very significant effect (Lea, 1958; 
Notter et al., 1959; Karel et a l., 1964). It has been postu
lated that the calculated monolayer value of moisture 
adsorption defines the region of highest stability for freeze- 
dried food items (Salwin, 1962).

The importance of the monolayer value for model sys
tems undergoing lipid oxidation has been studied by Ma
loney et al. (1966) and Labuza et al. (1966). In their 
work it was found that the water exhibited two effects: 
hydration of some metals that catalyze lipid oxidation, ren
dering them inactive; and formation of hydrogen bonds 
with hydroperoxides produced to cause an extension of the 
monomolecular rate period.

In most studies of food materials, however, the type 
and amount of data taken cannot allow for an analysis 
of the true mechanism of the effect of water on the stability 
of the product. The present work was set up to determine 
the effect of moisture content on the rates of several 
deteriorative reactions in freeze-dried salmon during stor
age at 37°C. Oxidative rancidity, browning discoloration, 
and changes in pigments were studied at several moisture 
contents corresponding to nearly dry, below monolayer, 
and above monolayer coverage of water values. An analy
sis of the data was made to ascertain the true mechanism 
of the effect of water on the stability of the product in view 
of the work done in model systems.

MATERIALS AND METHODS
Preparation of samples

The freshest Pacific sockeye salmon ( O nocorhynchus  
n e rk a )  available was obtained from a wholesale dealer. 
It was frozen at —40°C, sliced into ki-m- slabs, and 
freeze-dried for 60 hr at 60-100 p H g and room tempera
ture in a Vacudyne pilot freeze-dryer. The vacuum was 
broken with pre-purified nitrogen. To eliminate the in
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herent variability of the material itself, the following treat
ment was adopted: 1) Only slices from the middle third 
of the fish body were used. 2) The skin and dark muscle 
were removed from the slices after freeze-drying. 3) The 
muscle near the abdominal cavity was also removed after 
freeze-drying. 4) The blood remaining in the tissue lo
cated adjacent to the backbone was removed.

After freeze-drying, the flesh was mixed thoroughly, and 
the necessary amounts were weighed into reaction flasks. 
Specific flasks and amounts were used for manometric 
studies, lipid extraction, peroxide value, pigment deter
mination, and head-space analysis.

Moisture sorption isotherm. Using the d e s ic c a to r  
method (Stitt, 1958), a sorption isotherm was prepared 
at 37° C. The plot of water activity versus moisture con
tent is presented in Fig. 1. The value at which monolayer 
coverage of water occurs was calculated from the BET 
equation (Adamson, 1960). The monolayer was found 
to occur at a water activity of a =  0.19 and at a moisture 
content of 5% on a dry basis.

Moisture equilibration. The freeze-dried samples were 
equilibrated at relative humidities corresponding to mois
ture contents above and below the water monolayer value. 
Samples were placed into desiccators containing saturated 
salt solutions at <  0.1, 11, 32, and 40% R H , equilibrated 
under vacuum for 4 hr at 37°C, removed by breaking the 
vacuum with air at the proper relative humidity, and 
kept at 37°C for the subsequent study.

Moisture content determinations. To ensure complete

WATER ACTIVITY

Fig. 1. W ater adsorption isotherm, freeze-dried salmon, 37°C.

equilibration, duplicate samples from each desiccator were 
used for moisture determination. This determination was 
made by measuring the equilibrium vapor pressure in the 
manner indicated by Stitt (1958), using the highly sensi
tive manometric system of Karel et al. (1964).

Stability studies
Oxygen absorption. The amount of oxygen absorbed 

by the freeze-dried fish was followed by the standard W ar
burg technique, using triplicate monometers and a thermo
barometer for each relative humidity sample. Standard 
manometric procedures were used for calibration of the 
equipment and calculation of results (Umbreit et al., 
1964). The amount of sample was selected in such a way 
as to maintain a 1:25 ratio of sample volume to head-space 
volume. Results were expressed as microliters oxygen 
per gram lipid.

Correction for the carbon dioxide produced in the system 
was made by assuming that the volume of carbon dioxide 
produced is equal to the absorbed oxygen not detected 
by the manometers. Data from head-space analysis were 
used to obtain a correction for the volume of carbon 
dioxide evolved.

Lipid extraction. Triplicate samples were extracted 
with 60 cc of a chloroform-methanol (3 :1 ) mixture, 
shaken for 1 hr on a rotary shaker, then filtered through 
a Buchner funnel. The solvent was removed on a rotary 
evaporator (50°C, 30 in Hg, 1 hr) and the remaining 
lipid weighed. The average extraction value was used 
for all subsequent calculations. In each case the lipid 
content was approximately 2 0 % of the dry solids’ weight.

Peroxide value. Results were obtained in milliequiva- 
lents oxygen per kilogram lipid by using the AOCS 
method on lipid extracted from fish as above but under 
nitrogen. In order to establish comparisons with oxygen 
absorption data, these units were converted to microliters 
oxygen per gram lipid by multiplying by 1 1 . 2  (the con
version factor).

Head-space analysis. Head-space analysis was used as 
an indication of oxygen absorbed and carbon dioxide 
evolved. Two grams of fish were put into each 50-cc 
Erlenmeyer flask, which was then stoppered with a rubber 
serum cap. Using the procedure described by Karel et al.
(1963), 1 cc of the head space was injected during storage 
into an Aerograph Model A-90 P Gas Chromatograph 
with a thermal conductivity cell.

Peak heights were compared with standards of known 
gas concentration, the results being expressed as percent 
of the head space.

Production of browning pigments. Pigments were mea
sured according to the method presented below (modified 
from Choi et al., 1949).

Two g of dry material were dispersed in distilled water 
(20 cc). A trypsin suspension of 2.5 ml, prepared a few 
minutes before the analysis, was added. After a 1-hr incu
bation at 45 °C, 2 ml of 50% trichloroacetic acid and 0.1 g 
Celite (analytical filter aid) were added. After mixing 
and filtering, the optical density of the filtrate was mea
sured at 420 m/t, setting the enzyme blank at 100% T. The 
readings were made in a Beckman B Spectrophotometer.

Astacene pigment loss. The pigment was extracted by 
the method developed by Bligh et al. (1959). The optical
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density of the chloroform extract of the pigment was 
measured at 475 mg. in a Beckman B Spectrophotometer. 
A reading at 390 m/j. was used as a reference point to 
eliminate differences in the absolute amount of pigment 
extracted (Lusk et al., 1964). The data are reported as 
the ratio of the optical densities at 475 and 390 ni/u (OD 
475/OD 390).

Fatty acid analysis
In order to make comparisons with runs in which a 

model system containing methyl linoleate was used and to 
study certain aspects of reaction kinetics on the basis of 
methyl linoleate alone, the fatty acid composition of the 
freeze-dried material was determined.

Triplicate samples were methylated according to the 
trans-esterification procedure (no. 1) (Jamieson et al.,
1965). The methyl esters were dissolved in hexane and 
then examined on a F & M Model 1609 gas chromato
graph.

Comparison of the retention times of the fatty acid 
methyl esters obtained from the fish lipids with the reten
tion times of fatty acid methyl esters of known concentra
tion obtained from the Hormel Institute and from Applied 
Science Laboratories, Inc., led to identification. Conven
tional procedures were used for peak area measurements.

RESULTS AND DISCUSSION
T h r e e  e x p e r i m e n t s  v a r y i n g  from 250-900 hr were 

carried out on the freeze-dried salmon. As many treat
ments as possible were considered in each test because of 
the inherent variability of the fish (Lovern, 1942; Note- 
varp, 1961). Although the absolute magnitudes of values 
varied between the runs in each case, the trend observed 
was the same. Results are presented from typical values 
observed.

Oxidative deterioration
Oxidative deterioration was evaluated by measurement 

of the oxidation of the lipids, the protein fraction, and the 
destruction of astacene, the pigment responsible for the 
typical red color of fresh salmon. Fig. 2 shows the data, 
corrected for the amount of carbon dioxide produced by 
the sample, for the W arburg oxygen absorption of salmon. 
It can be seen that the major effect of humidification is to 
significantly decrease the over-all rate of oxidation after

T I M E  (HOURS)

Fig. 2. Freese-dried salmon—run No. 2 corrected oxygen absorp
tion. (Lines above points are data corrected for Coi evolution.)

an initial fast phase. The protective effect of water is evi
dent both below the monolayer (11% R H ) and above it 
in all cases. These results are similar to those found by 
Maloney et al. (1966) for cellulosic model systems.

As was observed by Tappel (1956) and by Karel et al.
(1966), oxygen can also be absorbed by proteins. This 
can account for up to 50-80% of the total oxygen absorbed, 
especially at high temperatures. To test for such absorp
tion in the salmon system, in each run samples that had 
been extracted 6  times with CHCl3:M eOH (3 :1 ) were 
also placed in W arburg manometers. Very little absorp
tion was observed. In all cases it was less than 1% of 
that found for the unextracted fish, so that protein oxida
tion was assumed to be negligible.

Oxygen absorption was also determined by head-space 
analysis. It was generally found that less oxygen was 
absorbed with increasing % RH, although the data show 
large deviations from the W arburg data. These discrepan
cies could be due to inhomogeneity of the sample since a 
different sample was used for each point. Similar difficul
ties have been reported by Vilece et al. (1955) and by 
Karel et al. (1966).

The results of peroxide value analyses are presented in 
Fig. 3. The peroxide values varied inversely with the 
amount of water present in the system, showing the pro
tective effect of water.

Comparison of the peroxide value, in microliters of 
oxygen per gram of lipid, with the W arburg oxygen absorp
tion data shows that the peroxide value gives a very poor 
indication of the actual total amount of oxygen absorbed 
by stored foods. This is the opposite of results found in 
a cellulosic model system containing methyl linoleate. 
This model system was prepared in the manner described 
by Maloney et al. (1966).

Oxygen absorption and peroxide value analyses were 
performed by following the methods described in this 
paper; the results are plotted in Fig. 4 and show that the 
correlation between peroxide value and oxygen absorbed 
is very good. Lundberg et al. (1947) studied the bulk 
oxidation of methyl linoleate at various temperatures and 
found a direct correlation between these parameters at 
temperatures near 40°C.

The poor correlation of peroxide value with oxygen 
absorbed in foods could be due to rapid breakdown of the

Fig. 3. Freese-dried salmon— run No. 3 peroxide value.
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TIME (HOURS )
Fig. 4. Relationship oxygen absorption peroxide value in a 

freeze-dried model system containing methyl linoleate.

hydroperoxides due to secondary reactions, significant 
oxygen absorption by components other than lipid (Tappel,
1956), or irreversible chemical bonding of the peroxides 
to other components such as proteins, as found by Tappel
(1955) and by El-Gharbawi et al. (1965).

It can be seen from Fig. 3 that even though the peroxide 
value does not show the total quantitative oxygen absorbed, 
the protective effect of water is readily observed if enough 
determinations are made during the storage period.

The effect of moisture content on the oxidative deterio
ration of astacene is presented in Fig. 5 for run 3. The 
effect is similar to that found for lipid oxidation, with 
values above the monolayer giving almost complete pro
tection. Lusk et al. (1964) discussed the sensitivity of the

Fig. 5. Freese-dried salmon— run No. 3, astacene pigment de
terioration.

Fig. 6. Freeze-dried salmon—run No. 3, browning pigments 
production.

pigment when exposed even to low oxygen partial pres
sure, with stability obtained only in pure nitrogen at 0°F. 
The present results show that complete stability can be 
obtained at 37°C in air by choosing the proper moisture 
content.

Non-enzymatic browning
The extent of non-enzymatic browning deterioration 

was evaluated by determining the relative amounts of pig
ments and carbon dioxide produced during the course of 
the reaction. Because the data were obtained from analyses 
performed on different samples and homogeneity may not 
have been attained during their preparation, the variability 
of the results is large.

Production of brown pigments. The results of determi
nations performed on aqueous extracts of similar quan
tities of freeze-dried material are presented as OD X  100 
versus time in Fig. 6  and 7 for 2-g samples. I t can be seen 
that the rate of production of pigments was a function of 
the amount of water in the material studied, except in the 
case of the dry sample (run 2, Fig. 6 ) where a secondary 
reaction presumably complicated the mechanism. It is 
possible that 2  types of browning took place: one in which 
the residual free reducing sugars present in the freeze- 
dehydrated product participated in reactions with the 
amino groups of the protein and one in which the decom
position products of oxidized lipid probably reacted with 
the amino groups of the protein.

According to Jones (1962) glucose, ribose, and phos-

Fig. 7. Freese-dried salmon— run No. 2, browning pigments pro
duction.
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Fig. 8. Freese-dried salmon—run No. 3, carbon dioxide produc
tion.

phorylated hexoses are the most important compounds 
responsible for sugar-amino reactions in dried fish prod
ucts. The significance of the relative amounts of free 
reducing sugars varies, depending upon many factors in
cluding physiological conditions and processing variables. 
These have been studied extensively by T arr et al. (1965), 
who have shown that moisture definitely controls the rate 
of browning.

The curves obtained for the samples equilibrated at 11, 
32, and 41% RH  in run 3 are characteristic of a non- 
enzymatic browning process taking place in a system 
where the concentration of reducing sugars has become 
limiting after a certain reaction time. Also, it is clear that 
the rates are proportional to the amount of water avail
able for the transport of the reactants in solution. Since 
the rate of oxidation of the samples was very slow at this 
time, the observed browning probably occurred via an 
interaction of free reducing sugars and amino groups of 
the protein.

The faster rate of browning exhibited by the dry sam
ples (Fig. 6 ) can be explained on the basis of the reaction 
of protein end groups with products of oxidation (Lea, 
1958; Toyomizu et al., 1963). These decomposition prod
ucts of oxidized lipids, probably aldehydes and ketones, 
may be responsible for the initiation of non-enzymatic

~ LU
<UJ
-JO

Fig. 9. Freeze-dried salmon—run No. 2, monomolecular rate 
plot.

browning reactions at levels of moisture near dryness 
(T arr et al., 1965).

Results of GLC head-space determinations are pre
sented in Fig. 8  as percent carbon dioxide in head space 
versus time. The data represented in this figure show that 
the evolution of carbon dioxide paralleled the production 
of pigments, indicating that carbon dioxide is produced 
during browning and is probably produced through 
Strecker degradation.

Kinetics of deterioration
Effect of humidification on the rate of lipid oxidation of 

frccze-dried salmon. Examination of the oxygen absorp
tion curves in Fig. 2 indicates that one of the effects of water 
is a reduction of the relative amounts of oxygen absorbed. 
To elucidate the actual mechanism for this protective effect, 
the results were recalculated on the basis of oxidizable 
lipid. I t has been demonstrated (Lundberg, 1962) that 
the rate of oxidation of fatty acids containing less than 18 
carbon atoms and less than 2  double bonds is negligible 
compared to that of linoleic acid.

The results of the fatty acid analysis performed on the 
freeze-dried salmon in this study showed 4.8% linoleic acid 
and 0.17% linolenic acid. Saddler et al. (1966) found 
11.7% linoleic acid and 1% linolenic acid while the USDA
(1963) reported only 1.4% linoleic acid. These differences 
could be due to the various factors mentioned previously. 
It is reasonable to assume that linoleic acid is the main 
fatty acid responsible for the observed oxygen uptake. The 
other fatty acids found were either non-oxidizable or were 
found only in trace amounts.

If every oxygen molecule reacts with 1 molecule of lino
leic acid to yield a linoleic acid hydroperoxide, and if the 
concentration of linoleic acid is large enough to be con
sidered constant throughout the oxidative period, then the 
plot of the square root of the oxygen absorbed per gram 
of linoleic acid versus time will be a straight line whose 
slope is a measurement of the monomolecular rate constant 
(Maloney et al., 1966). A monomolecular rate plot for 
run 2 is presented in Fig. 9.

W ith the model system previously discussed, the reac
tion proceeds by a monomolecular decomposition of the 
hydroperoxides until a value corresponding to approxi
mately 25 (/d O 2 absorbed/g lipid ) 1 / 2  is reached; the 
change in slope obtained afterwards indicates that the 
biomolecular phase of oxidation is taking place with the 
breakpoint increasing with moisture content (Karel et al.,
1967). The data obtained for the salmon demonstrate 
the following 3 points.

Since no upward breakpoint exists, the oxidation of 
the lipids of freeze-dried salmon does not enter into the 
rapid bimolecular decomposition phase. This result is 
reasonable since, in complex materials such as foods, per
oxides formed have less opportunity to reach each other 
and to decompose bimolecularly.

The data do not fit into a straight line very well. The 
reason for this is that the amount of oxidizable lipid (lino
leic) may not be constant throughout the observation 
period; however, it could become limiting after a certain 
reaction time, thus causing the monomolecular rate plot 
to curve downward. The results are based on a lipid 
composition taken from a single fish; because of reasons
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mentioned previously, the true value may vary consider
ably.

Since some browning occurred with increased moisture 
content in the salmon, end products of browning may be 
responsible for the decrease in rate through an anti-oxidant 
mechanism (see review of mechanism by Lea, 1958).

Monomolecular rate constants obtained for the salmon 
and for the model system are compared in Table 1, which 
shows that the effect of moisture was exerted by a lowering 
of the monomolecular rate constants. This indicates the 
possible occurrence of hydrogen bonding of hydroperoxides 
by water, thereby preventing their entering into initiation 
reactions, and of inactivation of metal catalysts by water. 
These results are in agreement with the work of Maloney 
et al. (1966) and Labuza et al. (1966).

Effect of humidification on the rate of astacene deteriora
tion. According to Lusk et al. (1964) the pigment astacene 
is extremely sensitive to oxidation even at very low oxy
gen pressures; therefore, if the concentration of oxygen 
is not limiting, a first-order mechanism can be proposed 
with the rate of the reaction at any instant proportional 
to the concentration of substrate left. Thus,

ln f f o  “  ~ K  e

where Ao is the initial amount of pigment;
A is the amount present at time 0  ;
K is the first-order constant for the reactions; and 
0  is time.

The same analysis has been applied by Falconer et al.
(1964) in a study of the oxidation of carotene in dehy
drated carrot.

The first-order rate plot for the salmon is presented in 
Fig. 10, and the numerical values for the constants ob
tained as a function of different humidification treatments 
are presented in Table 2. From these data it is possible 
to conclude the following:

W ater exerted a marked effect by lowering the rate of 
deterioration of astacene.

The protective effect of moisture was manifested con
tinuously from the multilayer region to the dry state. 
The actual manner by which water protects astacene from 
oxidation cannot be truly elucidated. Since the data nearly 
fit into a straight line, demonstrating that the concentration 
of oxygen is not limiting, the theory proposed by Flalton 
et al. (1937) and by Salwin (1962)—that water forms a 
protective film excluding oxygen from the surface—can
not be of significance. However, there are two mecha
nisms that can be operative in the system studied.

The oxidative reaction is probably affected by metal

T a b le  1. M ono m o lecu lar ra te  con stan ts for freeze-d ried  salm on 
( [0 1  O s/g  l in o le a te ]1/2 per h r ) .

Below Above monolayer
Dry monolayer

Samples <  0.1%  RH — 11% RH —* 32%  RH — 40 % RH

M odel system  1 0.47 0.30
0 .94 0.66
1.23 1.0

Salm on  : R u n  2 0.54 0.38 0.24
R u n 3 0.5 0.5 0.43 0.36

1 D a ta  tak en  from  K a re l e t  a l., 1967.

T a b le  2. A stacen e  pigm ent ra te  co n stan t ( h r '1) .

Dry
< 0 .1 %  RH

Below 
monolayer 
11 % RH

Above monolayer

32%  RH 40%  RH

R u n  2 
R u n  3

1.1 X  10 '3
1.1 X  10 '3

0 .9  X  10 '3 
1.0 X  1 0 '3

0.6 X  10-3 
0.5 X  10-3 0.1 X  10-3

F ig . 10. F r e e s e -d r ie d  sa lm o n — ru n  N o . 2 , a s ta c e n e  d e te r io r a t io n — 
f i r s t - o r d e r  p lo t.

catalysis, and water hydrates metals, thus rendering them 
inactive. Secondly, the reaction may only be pseudo-first 
order over the range of concentrations studied. If the 
reaction obeys a free radical mechanism instead, then, as 
in the case of lipids, the effect of water on the oxidative 
deterioration would be exerted as found previously. In 
the present case the concentration of free radicals may be 
high enough to produce the pseudo-first order dependence.

Effect of humidification on the rate of non-enzymatic 
browning. According to Ellis (1959) the amount of pig
ment formed during non-enzymatic browning reactions is 
directly proportional to the square of time elapsed and to 
the concentration of reactants. Thus,

browning pigment =  K (A ) 2 ( S ) 0 2 

where A is the concentration of amino acid end groups; 
S is the concentration of reducing sugars;
© is the reaction tim e; and 
K  is the rate constant.

In the salmon system the quantity of amino acid end 
groups is large, and the carbonyl compounds produced 
during the oxidation of lipids can accomplish the role of 
sugars (in addition to the free sugars present). There
fore, the equation can be reduced to 

OD 4 2 0  =  K '(Y ) © 2

where OD42o is the concentration of pigment formed and 
Y is the total quantity of reducing substances capable of 
undergoing the reaction.

A plot of the concentration of pigment formed (O D 4 2 o) 
versus the square of the time elapsed will be a straight line 
whose slope is proportional to the rate of the reaction and 
to the concentration of reducing compounds available. This 
plot is presented in Fig. 11 for run 3. A sudden increase 
in the slope is attained during the period when the oxida
tion of the more reactive lipids probably takes place. This 
fact supports the observation made in this study by show-
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Fig. 11. Freeze-dried salmon—run No. 3, browning kinetics.

ing that products of the autoxidation reaction of lipids 
probably interact with the amino groups of the protein to 
form carbon dioxide and browning pigments.

In addition, at the end of the period where the rate of 
lipid oxidation was rapid the sudden rise in browning 
pigments stopped. This could be explained by the dual 
role of oxidation and browning as a function of moisture 
content. The water promoted browning, which produced 
anti-oxidants, thus causing the rapid oxidation period to 
cease.

CONCLUSIONS
I n  t h e  storage of d e hydr ated  food the equilibrium 

relative humidity of the final product will largely deter
mine the storage life of a food. In a product such as salmon 
a balance must be achieved among the various deteriora
tive reactions in order to predict the maximum storage 
life. Since it has been shown that, even below the mono- 
layer, water exerts a distinct effect, the use of the mono- 
layer value as the optimum condition may not be desirable. 
In this study it was found that at 32% RH  the salmon 
showed the best over-all stability. This is in excess of 
the monolayer and far in excess of the recommended 2% 
moisture content maximum for most dehydrated foods.
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SUMMARY—Cell disruption, resulting from different freezing 
times, was evaluated by studying the composition and amount 
of  drip obtained from broiler breast  muscles after  freezing 
and thawing. The d egree  of cell disruption was estimated after 
measuring the amount of drip released and by total solids, 
nitrogen and deoxyribonucleic acid (DNA) concentration of 
the drip. Initial drip release was noted approximately 5Vi hr 
af ter the frozen meat was placed in a refr igerator at 16°C , 
and collections were  made through the 18th hr. D egree of 
cell disruption was not uniformly related to changes in freez
ing times of 0 .5  to 1 ,494  min. In general, increased freezing 
time resulted in greater cell disruption; however, several 
exceptions were  noted. Cell disruption was relatively severe 
for tissues frozen in 18 to 35 ,  8 7 ,  and 2 5 2  min, and relatively 
low for tissues frozen in times of 1 to 18 min, 132 to 2 2 5  min, 
and longer than 1 ,044  min. All frozen and thawed muscles 
had higher contents of total solids, nitrogen and DNA than 
unfrozen controls.

IN T R O D U C T IO N
P o u l t r y  m e a t s  are commonly frozen to preserve qual

ity during distribution or holding prior to sale and/or 
consumption. Poultry meats are prepared for freezing as 
whole carcasses, cut-up pieces or boneless products. There 
has been a definite increase in the preparation and utiliza
tion of the latter for boneless rolls, poultry pot pies and 
similar type products.

After poultry meat, especially that processed as cut-up 
or ready-to-cook, has been frozen and thawed, some fluid 
exudes from the products and collects as drip. Koonz et al. 
( 1939a,b), Callow (1952), Empey et al. (1954), Love 
(1955a) and Wladyka (1965) reported that amount of 
drip released was influenced by freezing time. Disruption 
of cells of frozen fish were reported in detail by Love 
( 1955a,b; 1958a,b,c). He measured the DNA in the fluid 
expressed from fish fillets on the assumption that it would 
appear only when the muscle fibers had been burst open 
and the amount of DNA would provide an index of cell 
damage. The cell damage (disruption) has been consid
ered to be the result of either one or both of the following: 
(a) denaturing of cellular protein by the concentration of 
salts during freezing (Callow 1952, 1955), or (b) cell 
disruption by the formation of ice crystals (Koonz et al., 
1939a).

This study was conducted to evaluate the influence of 
freezing rate on cell disruption in poultry tissues as mea
sured by amount and composition of drip.

MA TERIALS  A N D  M E T H O D S
Processing of broilers

Nine-week-old broilers were slaughtered, scalded in a 
Rotomatic scalder and picked in a Cyclomatic rubber-

M i c h i g a n  A g r i c u l t u r a l  E x p e r i m e n t  S t a t i o n  N u m b e r  4 1 4 6 .

fingered picker. After processing, the carcasses were 
washed and placed in slush ice for 8  hours. At the end 
of the chilling period, the carcasses were removed from the 
slush ice and the breast muscles (Pectoralis major and 
minor muscles) were carefully removed from the carcasses 
and each breast packed individually in a 6  X 10-in. Cryo- 
vac bag.

Freezing
Variation in freezing times was accomplished by use of 

liquid nitrogen, dry ice and acetone, freezers at different 
temperatures and varying amounts of insulation around 
the muscles. Freezing time is defined as the time elapsed 
during which the temperature of the meat changed from 
0 to —5°C. Temperature was measured with a Honeywell- 
Brown automatic recording potentiometer with attached 
thermocouples. The thermocouples were inserted through 
small openings in the Cryovac bags and positioned in the 
center of the largest two muscles in each sample. After the 
samples passed through the temperature range of 0  to 
— 5°C, they were stored for 1 to 3 weeks at — 18°C until 
thawed for drip collection and analysis.

Drip collection
All samples were thawed at 16°C for 18 hr, and drip 

was collected in a saturated atmosphere using a method 
similar to that reported by Pearson et al. (1959). After 
the packaging material was removed from the frozen meat 
samples, they were suspended above a funnel by a clamp 
with the anterior end of the muscle down. A few drops 
of chloroform were put into the graduated cylinder to 
reduce microbial spoilage of the drip. Thawing time (time 
from —5 to 0°C) was 230 min, and the first drip was 
released after 330 min. At the end of the thawing period, 
the meat samples were reweighed, pH readings of drip 
and meat taken, and the drip measured to the nearest 0 . 1  

ml. The drip was stored at —23°C prior to evaluation.
Drip rate was calculated after measuring the amount of 

drip released at the end of 540, 660, 900 and 1,080 min. 
Preliminary studies indicated that these particular time 
periods, except the last, resulted in sufficient drip for 
analyses.

Method of analysis
Ten ml of diluted drip (5 ml drip +  20 ml water) was 

pipetted into a tared evaporating dish to which an equal 
volume of 95% ethanol was added and dried to a constant 
weight in a drying oven (100 ±  2°C). Difference between 
wet and dry weights was reported as total solids.

All nitrogen determinations were made using the micro- 
Kjeldahl method as outlined by the American Instrument 
Company (1961).
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T a b l e  1. E f f e c t  o f  f r e e z i n g  t i m e  o n  r a t e  a n d  p e r c e n t a g e  o f  d r i p  
r e l e a s e d  f r o m  b r o i l e r  b r e a s t  m e a t  d u r i n g  t h a w i n g .

F r e e z in g  
t im e s  (m in )

T h a w in g  t im e  p e r io d s  ( h r )
T o ta l
d r ipS V z -9 1 9 -1 1 1 1 -1 5 1 5 -1 8

P e r c e n t  o f
P e r c e n t  o f  to ta l  d r ip  r e le a s e d  p e r  h r 2 f ro z e n  w t

2 1 1 .4 1 4 .9 S.3 3.1 4 .6
291 12.0 1 6 .9 4 .4 2 .3 7.3

186 9 10 .7 17 .0 5 .3 2.5 7 .7
A v e . 11 .4 16.3 5 .0 2.6

1 F i r s t  d r i p  r e l e a s e d  a f t e r  5 3 4  h r  a t  1 6 ° C .
2 D u p l i c a t e  s a m p l e s  e a c h  t h a w i n g  t i m e  p e r i o d  a n d  t w o  r e p l i c a t e  

s a m p l e s  o f  f o u r  b i r d s  f o r  e a c h  f r e e z i n g  t r e a t m e n t .

DNA

DNA was extracted from the drip samples using the 
procedure suggested by Ogur et al. (1950). A blue color 
was developed by the reaction of the diphenylamine reagent 
with deoxyribose according to the procedure of Burton
(1956). Absorbency of the diphenylamine-deoxyribose 
mixture was read at 600 m/x on a Beckman DB Spectro
photometer and recorded. These readings were used to 
quantify the DNA concentration from a standard curve.

RESULTS A N D  DISCUSSION
Table 1 shows the percentage of the total drip collected 

per hr during each period from samples that had been 
frozen at times of 2, 291, and 1,869 min. Freezing time 
had little effect on the average percent drip released per hr.

Average pH values varied from 5.6 to 6.0. Although no 
significant correlation coefficients were found between pH 
and the amount of drip among treatments, the pH of the 
drip decreased slightly from samples collected at each 
successive thawing period. This decrease in pH could be 
due to increased mobility of organic acids at higher tem
peratures or to a change in the charge on the protein 
(W hitaker, 1959).

Cell damage was evaluated by determining the amount 
of drip released and the concentration of the total nitrogen, 
total solids, and deoxyribonucleic acid (D N A ) in the drip 
from samples frozen at 17 different rates. Percentage 
drip and total solids in that drip collected from meat which 
had been frozen in different times are shown in Fig. 1. 
Meat frozen in 87, 252 and 1,042 min resulted in maximum

Fig. 1. Effect of freezing time on percentage drip and total 
solids released from chicken muscles.

0.1 3
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Fig. 2. Effect of freezing time on amounts of nitrogen and D N A  
released from  chicken muscle.

drip and maximum total solids in that drip. This indicates 
maximum cell rupture (Ramsbottom et al., 1939, and 
Dyer ct al., 1956) increased solubility in salt solution or 
a solvent effect by a high salt concentration without actual 
cell rupture (Callow, 1952, 1955). These data indicate a 
direct relationship between percentage of drip and total 
solids released per 1 0 0  g of tissue.

A direct relationship between total nitrogen and DNA 
in the drip was also apparent as indicated by Fig. 2. Maxi
mum cell damage thus was indicated at three freezing 
times, 87, 252, and 1,042 min by drip release, total solids, 
total nitrogen, and DNA in the drip. These results are 
in essential agreement with the results reported by Love 
(1955a, 1958a,b) after studying frozen fish muscles.

The increased amount of nitrogen released at approxi
mately the above three freezing times could be the result 
of either release of intracellular fluids which accounts for 
most of the nitrogen present in drip as suggested by 
Seagram (1958), or by the presence of cell fragments 
which were the result of ice particles breaking the cell 
walls.

A tendency for increased cell damage was shown with a 
freezing time of 0.5 min (Figs. 1 and 2). The results for 
total solids and nitrogen per ml of drip indicated that when 
the tissue was frozen in liquid nitrogen, the total nitrogen 
and total solids per ml was only exceeded in tissue frozen 
in times longer than 1,000 min. All frozen and thawed 
muscles had higher contents of total solids, nitrogen and 
DNA than unfrozen controls as shown by hatched area 
in Figs. 1 and 2.

The decrease in destruction of the tissue with freezing 
times in excess of those causing Peak C was believed to 
be the result of the fibers forming clumps with very slow 
freezing. Thus, the fibers in the middle of the clumps were 
protected from ice damage by the surrounding fibers. The 
larger fiber clumps, formed during increased freezing 
times, protected the inner fibers from damage.

The occurrence and dominance of the extensive cell 
damage occurring at Peak C seemed to be of considerable 
importance. Peak C was believed to be the result of a 
severe solvent effect on the cell walls by the resulting con
centrated salt solutions. The fiber clumping suggested 
by Love (1955a) for very long freezing rates was not 
sufficient to offer protection of enough individual fibers, 
allowing considerable protein denaturation. The protein
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dénaturation reduces the ability of the proteins to reabsorb 
the fluid, increasing the amount of drip resulting in exces
sive leaching of the tissue materials.
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P e a n u t  A l c o h o l  D e h y d r o g e n a s e .  1. I s o l a t i o n  a n d  P u r i f i c a t i o n

SUMMARY—Alcohol d ehydrogenase (alcohol:NAD+ oxidoreduc- 
tase EC 1 .1 .1 .1 )  has been isolated and purified from peanut 
kernels. The resulting preparations exhibited a high d egree  
of purity as shown by the criteria of  ultracentrifugation and 
free  boundary and zonal electrophoresis. The simultaneous 
purification of zinc and enzymatic activity indicates that p ea 
nut alcohol d ehydrogenase is a zinc metalloenzyme.

IN T R O D U C T IO N
A l c o h o l  d e h y d r o g e n a s e  (alcohol :NAD+ oxidoreduc- 

tase, EC 1.1.1.1) is widespread in nature, occurring in 
animal tissue, plants, and microorganisms (Sund et al.,
1963). The enzyme has been purified and crystallized 
from liver (Dalziel, 1958) and yeast (Racker, 1950; 
Hayes et al., 1954) and the enzymatic properties have been 
extensively investigated. However, alcohol dehydrogenase 
obtained from higher plants has not been highly purified 
or characterized.

Davison (1949) reported alcohol dehydrogenase activity 
to be widely distributed in the seeds of higher plants and 
noted that the activity changed throughout the life cycle of 
peas. Stafford et al. (1953) reported an alcohol dehy
drogenase in wheat germ extracts that catalyzed the re-

a U .  S .  D e p a r t m e n t  o f  A g r i c u l t u r e ,  A R S ,  M Q R D .  
b D e p a r t m e n t  o f  F o o d  S c ie n c e .

duction of both N A D P+ and NADh Suzuki (1966) 
reported the isolation and partial purification of alcohol 
dehydrogenase from pea seedlings.

Pattee et al. (1965) reported that ethanol is a major 
constituent of the volatiles from peanut kernels cured at 
55°C, but not of those cured at 22°C and postulated that 
it was one of the major contributors to the off-flavor of 
high-temperature-cured peanuts. Thus development of a 
method of purification of alcohol dehydrogenase from 
peanut kernels was important so that the properties of this 
enzyme could be investigated and its relationship to the 
ethanol content of the peanut kernels evaluated.

The present communication reports a method for the 
isolation and purification of alcohol dehydrogenase from 
peanut kernels; several criteria indicate that the prepara
tion is homogeneous.

E X P E R IM E N T A L
Materials

Peanut kernels (Arachis hypogea var. N.C. 2) were 
from intact peanut pods cured at 22 °C to 10 percent 
moisture (wet weight basis) and stored at 1 0 °C until 
used.

Sephadex G-150 was purchased from Pharmacia Fine 
Chemicals, Inc., Piscataway, New Jersey. Diethylamino-
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ethyl (D E A E ) cellulose, with 0.61 mg of basic groups 
per g, was obtained from Bio-Rad Laboratories. A special 
enzyme-grade ammonium sulfate with a low content of 
metal ion impurities was purchased from Mann Research 
Laboratories. The coenzymes NAD+, NAD H and N A D P+ 
were obtained from Calbiochem. All other chemicals 
were analytical grade reagents and were used without 
further purification.

Method of assay
Activity of the enzyme was assayed by a method similar 

to that described by Racker (1950). The final 3-ml 
volume assay mixture contained 0.1 M  ethanol, 0.5 mM  
NAD+, and 0.01M sodium pyrophosphate buffer (pH  8.5), 
in addition to the enzyme. The reaction was initiated by 
adding 0.1 ml of enzyme solution to 2.9 ml of the other 
components. The rate of NAD+ reduction was determined 
by following the production of NAD H as indicated by 
the appearance of the characteristic absorption band at 
340 m/¿. Absorbance was monitored with a Beckman DU 
spectrophotometer a fitted with a Gilford Adaptor for digi
tal readout. Readings 15 and 45 sec after the reaction was 
initiated were used to calculate the rate of absorbance 
change.

One unit of enzymatic activity was defined as the 
amount of enzyme resulting in the production of one /¿mole 
of NADH per min under the conditions of the assay. The 
molar absorbance coefficient of NAD H was taken as 6.22 
X  106 cm2 per mole at 340 m/t (Horecker et al., 1948).

Protein determination
Protein concentration was determined by the method of 

Lowry et al. (1951), with crystalline bovine plasma al
bumin (Sigma Chemical Co.) as a reference standard.

Electrophoresis
Free-boundary electrophoresis was performed at ice- 

bath temperatures using a Perkin-Elmer Model 38A 
Electrophoresis Apparatus. Experiments were conducted 
in both 2-ml and 6 -ml Tiselius-type cells. Diffusate from 
dialysis of the protein solution was used in the buffer 
compartments.

Cellulose acetate strips were used as the support medium 
for the zonal electrophoresis. Electrophoresis was per
formed in a Gelman Rapid Electrophoresis Apparatus 
using a current of 1 mA per strip. The strips were stained 
with Amido Black 10B for detection of protein, and alcohol 
dehydrogenase activity on the strip was determined by the 
procedure of McKinley-McKee et al. (1965). Following 
electrophoresis the strips were dipped into 60 ml of 0.06M  
sodium pyrophosphate buffer (pH  8 .6 ), containing 30 /¿I 
of ethanol, 12 mg of NAD+, 2 mg of phenazine metho- 
sulfate, and 20 mg of nitro-blue tetrazolium. The strips 
were incubated at 37°C in a closed box with an open 
beaker of the reaction mixture (to keep the strips moist) 
until the purple formazan bands were clearly visible.

Sedimentation experiments were performed in a Beck
man Spinco Model E Analytical Ultracentrifuge. Two 
solutions were centrifuged simultaneously in Kel-F cen
terpieces with a positive wedge window in one cell per
mitting the schlieren diagram of each cell to be photo
graphed on Metallographic plates.

Zinc analysis
Zinc was determined by atomic absorption spectropho

tometry according to the method of Fuwa et al. (1964). 
Aliquots were taken at various stages of purification and 
zinc was analyzed directly with a Perkin-Elmer Model 303 
Atomic Absorption Spectrophotometer.

RESULTS
Enzyme purification

All operations were at room temperature (22°-25°C) 
unless otherwise specified. Peanut kernel acetone powder 
was prepared by homogenizing the kernels in 5 volumes of 
acetone with a W aring blender for 1 min at —15°C. The 
homogenate was filtered and the resulting powder was 
re-extracted 4 times each with 5 volumes of cold acetone. 
The powder was then extracted twice with 5 volumes of 
cold diethyl ether. The ether was removed by filtering 
through a Buchner funnel. The powder was dried 
thoroughly after the final ether extraction and stored at 
— 10°C until use. When ether extraction was omitted in 
preliminary trials, contamination by lipid materials seri
ously encumbered further purification.

The acetone powder was extratced with 20 volumes of 
O .IM  sodium phosphate buffer (pH  7.5) for 1 hr at
22-25°C with continuous stirring. The mixture was cen
trifuged for 10 min at 12,000 X  g and 0°C and the super
natant was filtered through W hatman #1 filter paper to 
remove floating particles. Further extractions of the resi
due failed to yield additional enzyme activity. The super
natant was heated rapidly to 55 °C and maintained at that 
temperature for 15 min in a constant-temperature bath. 
After cooling, the mixture was centrifuged for 15 min at
35,000 X  g and 0°C. To the clear supernatant 22.1 g of 
ammonium sulfate was added per 1 0 0  ml of solution. 
After standing for 30 min at 0°C the mixture was cen
trifuged as in the previous step and the inactive precipitate 
was discarded. To each 100 ml of supernatant was added 
an additional 14.9 g of ammonium sulfate. After standing 
for 1 hr at 0°C, the mixture was again centrifuged and 
the supernatant discarded.

The precipitate was redissolved in 10 ml of 0.1 M  phos
phate buffer (pH  7.5) and 3 g of washed D EA E cellulose, 
suspended in 10 ml of the same buffer, was added. The 
resulting suspension was mixed thoroughly and allowed

Fig. 1. Elution profile of peanut alcohol dehydrogenase from the 
second Sephadex G-150 column. Column 45 X  1-5 cm; load, 65 mg 
of protein in 5 ml 0.1 M  phosphate buffer (pH  7.5). E luent: 0.05M 
phosphate, pH  7.5. Rate of flow, 0.5 m l per min. Volume per tube, 
2.0 ml. Temperature 22° C.
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T a b l e  1. T y p i c a l  p u r i f i c a t i o n  c h a r t  f o r  p e a n u t  a lc o h o l  d e h y d r o g e n a s e .

V o lu m e
F r a c t io n  (m l)

P r o te in  
(m g /m l)

T o ta l
u n i t s

S p . A c t. 
( u n i t s / m g  
p r o t e in ) 1

R ec o v ery
%

Z in c  
g - a to m s /  

M o le  p ro te in

C r u d e  e x t r a c t 4 0 0 9 .75 491 0.12 100 0 .15

H e a t  t r e a t e d 385 8 .8 0 4 0 9 0.12 8 3 0 .1 8

A m m o n iu m  s u l f a t e  p r e c i p i t a t e
( 3 7 - 6 0 %  s a t u r a t i o n ) 125 4 .63 187 0 .3 2 3 8 0 .5 8

D E A E - c e l l u l o s e  e lu a t e 85 4 .8 8 162 0 .3 9 33 0 .65

A c t i v e  f r a c t i o n  f r o m  S e p h a d e x  

G -1 5 0  ( f i r s t  e l u t i o n  

p r e c i p i t a t e d  f r o m  7 0 %

( N H W S O O 21 1 .33 46 1.65 9 1 .50

“ P e a k ”  tu b e 2 1.15 5 2 .1 7 1

1 A  u n i t  is  d e f in e d  a s  a  m i c r o m o le  N A D H  f o r m e d  p e r  m in u te .

to stand for 5 min. The solution was filtered through 
Whatman #1 filter paper and the residue washed with 5 ml 
of 0.1 M  phosphate buffer, pH 7.5. The filtrate was applied 
to a column of G-150 Sephadex, 45 X  1.5 cm. The 
Sephadex was allowed to swell in water for at least 48 hr 
before column preparation. The columns were prepared 
(Andrews, 1964) and allowed to equilibrate with 0.054/ 
phosphate buffer, pH 7.5, for 4 hr at 22-25°C. Using 
0.54/ phosphate as the eluting buffer, 2 ml fractions were 
collected and the eluent monitored at 280 m/c. The frac
tions containing enzyme activity were combined and the 
protein precipitated with ammonium sulfate, 39 g per 
100 ml. The mixture was allowed to stand for 30 min and 
then centrifuged for 15 min at 35,000 X  g and 0°C. The 
precipitate was dissolved in 5 ml of 0.1 M  phosphate buffer, 
pH 7.5, and applied to a fresh column of Sephadex G-150, 
eluting as before.

The profile of a typical second elution from G-150 
Sephadex is shown in Fig. 1. The position of enzymatic 
activity is also indicated. Two protein “peaks” other than 
that due to active enzyme are distinctly visible. Whether 
these represent inactive enzyme or contaminating proteins 
is not known. The greatest increase in specific activity 
occurred as a result of the first elution from Sephadex 
(Table 1). The data in Table 1 also indicate an 18-fold

Fig. 2. Free-boundary electrophoresis of peanut alcohol dehydro
genase. Schlieren photograph of the ascending boundary taken after 
14,100 sec at a field strength of 7.4 volts cm"1. The buffer zvas 
01M phosphate (pH  7.31), which had been dialyzed against the 
protein solution.

purification was obtained when contamination from in
active protein is minimized by selecting the 2 -ml fraction 
with the highest concentration of protein and activity 
from the second Sephadex column.

The zinc content at various levels of purification is also 
shown in Table 1. Comparison of the increasing levels of 
zinc with corresponding increased specific activity con
clusively shows that zinc and enzymatic activity are 
purified simultaneously. Furthermore, the data indicate a 
1 0 -fold purification of the zinc content as compared to a
14-fold increase in specific activity at a comparable level 
of purification.

Purity also was examined by various physical methods. 
Free-boundary electrophoresis demonstrated the protein 
to be essentially homogeneous with respect to charge. As 
shown in Fig. 2 a single boundary was observed with 
some skewing on the trailing edge. The electrophoretic 
mobility at pH 7.31 was calculated to be —0.68 X  10^’ 
cm2 v_1sec_1.

Only one band was observed following electrophoresis 
in cellulose acetate strips. The results for two prepara
tions of the enzyme subjected to electrophoresis at pH
7.52 are presented in Fig. 3. The position of the protein

Fig. 3. Cellulose acetate zone electrophorctograms of peanut 
alcohol dehydrogenase. The protein was subjected to electrophore
sis in  phosphate buffer (pH  7.52, 0.05 T /2 ) fo r 60 min using a cur
rent of 1mA per strip and a potential of c a .  190 V. S trips A  and C 
are protein stains from two independent isolations; B and D  are 
the corresponding actiznty stains.
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and activity bands conclusively identifies the activity with 
the purified protein.

An illustration of the results obtained by sedimentation 
velocity ultracentrifugation using two different protein 
concentrations is given in Fig. 4. A single boundary was 
observed for both cases, demonstrating the size homo
geneity of the preparation. The curvature at the top and 
bottom of the solution columns is due to a redistribution 
of the high concentrations of buffer salts.

DISCUSSION

A c o n s id e r a b l e  d e g r e e  of purification of alcohol de
hydrogenase from peanut kernels was achieved. Com
parison of electrophoretic and ultracentrifugal data sug
gests that the degree of purity is comparable to that ob-

Fig. 4. Velocity sedimentation of peanut alcohol dehydrogenase. 
Schliercn photograph of the sedimenting boundaries after 72 min 
at a ro tor speed of 59/80 rpm and a temperature of 19°C. The 
upper curve represents the pattern for a protein concentration of 
7.3 m g/m l and the lower curve that fo r a concentration of 14.6 
mg/ml. The buffer was 0.1 M  phosphate, 0.4M NaCI, 0.01 M  cys
teine, and 0.001 M  mercaptoethanol (pH  6.60).

tained for yeast and liver alcohol dehydrogenase (Sund 
et al., 1963).

Alcohol dehydrogenase from higher plant sources has 
not been greatly purified. Stafford et al. (1953) reported 
some characteristics of a crude extract from wheat germ. 
Alcohol dehydrogenase has recently been isolated and 
characterized from pea seedlings by Suzuki (1966). Un
fortunately no criteria for purity were presented. The 
specific activities reported indicate that the purification 
was less than two-fold. The method of isolation by Suzuki
(1966) was similar to that reported in this communication. 
Our results suggest that a similar degree of purification 
was obtained at a comparable step in the isolation pro
cedure.

The concomitant purification of zinc and enzyme activity 
indicates that the second Sephadex column yielded a zinc 
content of 1.5 g-atoms per 112,000 g of protein. Since 
increased specific activity was obtained for the 2 -ml frac
tion containing the highest concentration of protein and 
activity, the true zinc content might be greater than this 
value.

Swaisgood et al. (1968) have investigated some of the 
physical and chemical properties of peanut alcohol dehy
drogenase. The development of a method for obtaining 
alcohol dehydrogenase from a higher plant has thus pro
vided a new source of this enzyme.
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SUMMARY—Although considerable work has been done on 
the sediment sometimes formed in clarified apple  juice upon 
storage, the sediment itself has not been completely  charac
terized as to its chemical composition and the precursors in
volved. The fact that the sediment yielded phloroglucinol 
and protocatechuic acid upon alkali fusion and amino acids 
upon acid hydrolysis indicated that the sediment was a poly
meric phenolic-protein complex.  The variable nitrogen, min
eral and ash contents of dif ferent sediments and the variable 
amino acid composition of the protein fraction in conjunction 
with the behavior of the sediments on Sephad ex gel columns 
indicated the heterogeneous nature of this material. Poly
amide thin-layer chromatography and colorimetric analyses 
have shown that leucoanthocyanidins and catechins are the 
main precursors of the polymeric phenolic component. Chlo- 
rogenic  acid appears to play an insignificant role in sediment 
formation. The amino acid composition was determined by 
the use of an amino acid analyzer and the mineral content 
was estimated, quantitatively, by means of an atomic absorp
tion spectrophotometer .

IN T R O D U C T IO N

C l o u d i n g  f o l l o w e d  b y  s e d i m e n t  f o r m a t i o n  some
times occurs during storage of clarified apple juice. The 
nature of this problem was discussed in detail by Neubert 
et al. (1944) whose investigations included work on the 
chemical nature of the sediment. They concluded that the 
sediment was probably a phlobaphene, a substance derived 
by heating condensed tannins with dilute acid. Qualitative 
chemical tests performed by them showed the absence of 
nitrogen, sulfur, halides and phosphates. Qualitative analy
sis of the ash showed the presence of iron and copper but 
no calcium.

As early as 1908, Kelhofer reported on the chemical 
nature of sediment formed in fermented pear juice. He 
concluded that the sediment contained protein, pectin and 
oxidized tannins.

In recent years, there has been a vast improvement in 
techniques and instrumentation that can be applied to a 
problem of this kind. The work we are reporting here will 
be limited to the chemical characterization of the sediment 
and the precursors involved in its formation. The problem 
of clouding and sediment formation is not strictly confined 
to clarified apple juice but exists in both the wine and 
beer industries.

Since the work of Neubert et al, (1944), no further 
work has been done to elucidate the chemical nature of the 
apple juice sediment. However, Letzig et al. (1963) 
investigated the nature of the sediment from “cloudy 
pressed apple juice” and concluded that the cloudy sub
stances were a heterogeneous complex consisting of pro
tein, polyphenolic matter, fragments of cell wall and nu
cleus and other ingredients. This would not be the same 
as the sediment formed in clarified apple juice.

E X P E R IM E N T A L
Source and isolation of sediment

Sediments were obtained from various sources; some 
from juices purchased on the retail market, others by 
storing various commercial juices at a temperature of 90 
to 100°F for 3 to 11 months. The sediment was isolated 
by centrifugation of the juice using a Sharpies centrifuge 
(Type T-41-24-8R) at approximately 40,000 rpm. The 
sediment was then removed and washed and again centri
fuged at 10,000 rpm using a Serval angle centrifuge. This 
washing procedure was repeated twice.

Potassium hydroxide fusion
A 25 mg sample of sediment was added to 2 g of molten 

potassium hydroxide (ca. 300°C) and allowed to react at 
this temperature for 5 min. The cooled mass was dissolved 
in 5 ml of water and then acidified with cone. HC1. The 
resulting solution was extracted with 2  2 0 -rnl portions of 
diethyl ether. The combined ether extracts were concen
trated to dryness under reduced pressure in a rotary 
evaporator. The residue was dissolved in 2 ml of 80% 
ethanol. The phenolic compounds were separated by poly
amide thin-layer chromatography using 2 0 0  by 2 0 0  mm 
glass plates. Two solvent systems were used: (1) ethyl 
acetate-methanol-formic acid-water (70 :30 :10 :10) and
(2) ethanol-water-acetic acid (5 0 :5 0 :5 ). The phenolic 
compounds were detected by spraying the plates with diazo- 
tized sulfanilic acid.

C, H, N and ash analyses
The carbon, hydrogen, nitrogen (Kjeldahl) and ash con

tents of the sediments were determined by a commercial 
laboratory. (Galbraith Laboratories, Inc., K n o x v ille , 
T enn .).

Separation of polyphenols in apple juice by thin-layer 
chromatography

One hundred ml of apple juice containing 5 g NaCl 
were extracted with 3 successive 35-ml portions of n-buta- 
nol. The butanol extracts were combined and evaporated 
to dryness under reduced pressure in a rotary evaporator. 
The residue was dissolved in 10 ml of 80% ethanol. The 
polyphenols were separated by two-dimensional polyamide 
(W oelm) thin-layer chromatography. After applying 20

of the ethanol solution, the chromatographs were devel
oped by two solvent systems, ( 1 ) ethyl acetate-methanol- 
formic acid-water (70 :30:10:10) and (2) ethanol-water- 
acetic acid (5 0 :5 0 :5 ). The polyphenols were detected by 
spraying the plates with diazotized sulfanilic acid, a gen
erally suitable reagent for phenolics. The direct recognition 
of leucoanthocyanidins involved the use of toluene-sulfonic 
acid-reagent after the method of Roux (1957).
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Mineral analyses
Twenty-five mg samples of the sediments were prepared 

for Cu, Ca, Mg, Fe and K analyses by digesting for 30 
min with 5 ml of 70% HC104 -conc. H^SO-rConc. H N O 3 - 
2% Na2 M o0 4 -2H20  in the ratio 3.5 :1 :15 :1. After diges
tion, the solutions were diluted 50 times with a 1.11% 
lanthanum solution (as lanthanum oxide) containing 1 % 
H 0 SO 4 . The above solution was analyzed using a Perkin- 
Elmer 303 Atomic Absorption Spectrophotometer.

Amino acid analyses of sediments
Fifty mg samples of the dried sediments were heated 

under reflux with 10 ml of 6 N  HC1 for 24 hr, cooled and 
filtered through Whatman No. 1 filter paper. The filtrates 
were concentrated to dryness under reduced pressure in a 
rotary evaporator. The residue was dissolved i'n 5 ml of 
water and concentrated to dryness as above. This process 
was repeated three times. The residue was taken up with 
the proper buffer and then the amino acids were deter
mined using a Beckman model 120B or a Technicon amino 
acid analyzer.

Fractionation of sediment by gel filtration
Twenty-five mg of sediment was dissolved in 4 ml of 

0.UV NaOH. The solution was adjusted to pH 7.0 with 
cone HC1 and centrifuged to remove any slight amount of 
insoluble material. The sample was then passed through 
a Sephadex G-25 chromatographic column (2.5 X 45 cm) 
and eluted with deionized water at a flow rate of 60 ml per 
hr. The eluted fractions were collected, lyophilized and 
weighed. The excluded fraction from this column was 
passed through G-50 and the excluded fraction thus ob
tained was passed through G-75. Other samples of a sedi
ment were eluted through G-100 and G-200 separately.

Analysis of juice
The total polyphenols were determined by the method 

as modified by Rosenblatt et al. (1941) and the leuco- 
anthocyanidins by the method of Swain et al. (1959).

RESULTS A N D  DISCUSSION
Chemical nature of sediment

The results obtained at least partly substantiated the 
work of Neubert et al (1944). They concluded that the 
sediment was a rather inert substance, the properties of 
which resembled those of phlobaphene, a polymeric phenolic 
material. Our results showed that the sediment was at 
least partly phenolic in nature. The fact that the sediment 
particles in a water suspension turned blackish upon the 
addition of ferric chloride solution and turned more reddish 
brown upon heating with a mineral acid was an indication 
of the phenolic nature of the material. Furthermore, upon 
KOH fusion, two phenolic compounds were readily de
tected using polyamide thin-layer chromatography. The 
compounds were identified as protocatechuic acid and 
phloroglucinol. They had the same Rf values and gave the 
same color reactions with diazotized sulfanilic acid as the 
known compounds. The conspicuous absence or the low 
level of leucoanthocyanidins (proanthocyanins) and the 
catechins in commercially processed clarified juice sug
gested that these compounds were the precursors of the 
polymeric phenolic fraction of the sediment.

T a b le  1. C hanges in total  polyphenols and leucoanthocyanidins 
during processing of apple juice.

S a m p le
d e s c r ip t io n

F o lin -D e n is *  
m g 2/ 100 m l ju ic e

L e u c o a n th o c y a n id in s  
O .D .3 (5 1 5  m fi

F r e s h  ju ice  4 1 2 0 .7 0.2756
R e g u la r  ju ice  from  press 46.3 0.0223
R e g u la r  final product 41.5 0.0304

1 A f te r  R osen bla t t  et al. ( 1 9 4 1 ) .
2 d -catechin (anh yd ro u s)  used as standard.
3 O ptica l  density— E v ely n  colorimeter.
4 Ju ic e  prepared w ith no enzym ic ox id ation  from  a  sample of 

apples used in the processing.

Results of analyses of the changes in total polyphenols 
and in leucoanthocyanidins during different stages of 
processing showed that practically all of the losses in these 
compounds occurred during milling and pressing and were 
due to enzymic oxidation. The analyses of the juice from 
the press and of the final product are given in Table 1. 
Thin-layer chromatograms as shown in Figs. 1 and 2 
clearly indicate that the largest losses occurred in the 
leucoanthocyanidins and the catechin fractions. In Fig. 1 
the leucoanthocyanidins are in the area designated as 
number 1 and the catechins (d-catechin and 1-epicatechin) 
as number 2. Spot 3 is chlorogenic acid and spots 4 and 5 
were identified as phloretin glycosides by previously de
veloped methods (Johnson et al., 1963). Spot 4 is phlo
rizin and spot 5 is xylosylglucoside of phloretin.

From these results it would appear that the leucoantho
cyanidins and the catechins are the principal precursors 
of the polymeric phenolic material formed during the mill
ing and pressing stage. The polymeric material remaining 
after the clarification step not only contributes to the color 
of the apple juice but probably is the immediate precursor 
of the phenolic fraction of the sediment, which could form 
during storage under certain conditions.

Although chlorogenic acid is one of the principal poly-

(m)s

(A # )  4

( + )  1

Fig. 1. Thin-layer chromatogram of n-butanol extract of fresh- 
apple juice prepared w ithout oxidation. (1) leucoanthocyanidins; 
(2) catechins; (3) chlorogenic acid; (4) ph lorizin ; (S) xylosyl
glucoside of phloretin.
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Fig. 2. Thin-layer chromatogram of n-butanol extract of apple 
juice from the press.

phenols occurring in apples, it is doubtful that it makes a 
contribution to sediment formation. This conclusion is 
based on the fact that chlorogenic acid is retained better 
in the final product juice than the leucoanthocyanidins and 
catechins and the fact that after hydrolysis of the sediment 
with 6 N  HC1 only traces of quinic acid were detected by 
paper chromatography as described by W right et al.
(1960).

Neubert et al. (1944) reported a negative qualitative 
nitrogen test using Prussian Blue reaction following so
dium fusion. This nitrogen test was found to give only a 
slightly positive test for some sediments and a definite 
test for others. However, paper chromatography of all 
H C 1 hydrolyzed sediments showed the presence of amino 
acids. This indicated that protein was associated with 
the polymeric phenolic fraction in some form of a polymeric 
phenolic-protein complex.

The heterogeneity of this complex became obvious upon 
analysis of various sediments for carbon, hydrogen, nitro
gen and ash. The results, as shown in Table 2, reveal a 
large variation in both nitrogen and ash content.

Amino acid analysis
Not only was the protein content variable, but the amino 

acid composition varied with the different sediments 
(Table 3). Sediments 1 and 2 are both from juices 
clarified with gelatin. Sediment 3 was clarified with nylon 
— 6 6  powder (Polypenco). It was reasoned that since all 
the protein in this particular sediment had to come from 
apple protein, it was possible that in the other two sedi
ments at least part of the protein could have come from 
residual gelatin. However, a comparison of the amino 
acid composition of the different sediments did not seem 
to support this hypothesis.
Fractionation of sediment by Sephadex gels

The results of fractionation of three sediments on three 
different Sephadex gels are illustrated in Table 4. The 
results obtained for two of the sediments were quite simi
lar, but in the case of sediment from Brand A a greater

T a b le  2. A n aly ses  of apple ju ic e  sediments.

S a m p le
d e s c r ip t io n

S e d im e n t 
m g / 1 % c %  H %  N %  A sh

B r a n d  A  
Sedim en t present 
when received 12 52.01 5.08 3.07 4.94

B r a n d  A  
N o  sediment 
when received ; 
held 4  months 
at  9 0 ° F 69 51.40 4.55 1.39 7.45

B ra n d  B
Sediment present 
when received ; 
held additional 
5 months at  70°  F 14 47.27 4.82 3.22 9.97

B ra n d  B  
N o  sediment 
when received ; 
held S months 
at 9 0 ° F 17 46.52 5.00 2.99 9.16

B ra n d  B  
N o  sediment 
when received ; 
held 9 months 
at  1 0 0 ° F 10 54.02 5.14 2.43 4.18

B ra n d  C 
N o  sediment 
when received ; 
held 3y2 months 
at  9 0 ° F 17 47.28 4.63 3.16 11.38

B ra n d  C 
N o  sediment 
when received ; 
held 9  months 
at  1 0 0 ° F 9 51.19 5.05 4.90 5.38

B ra n d  D 
N o sediment 
when received ; 
held 9 months 
at  1 0 0 ° F 70 55.53 5.01 1.10 1.80

portion was excluded by Sephadex G-75. The fraction, 
which was completely excluded from G-25, was redissolved 
in water and eluted through G-50 and the excluded fraction 
from this column was then eluted through G-75. The 
percentage of each fraction excluded by the various gels 
is given in Table 4. Of the fractions excluded by G-25, as 
low as 28 and as high as 70% were excluded by G-50. 
Thus this fraction had a molecular weight greater than
10,000. As low as 32% of this fraction (M W  greater than
10,000) and as high as 78% had a molecular weight 
greater than 50,000. Tied with this fraction is also some 
material with a molecular weight range of 5,000 to 10,000 
as was evidenced by the diffused material on the Sephadex 
G-50 column.

Sediment from Brand A was also eluted through G-100 
and G-200 separately. Approximately 28% was excluded 
by G-100 indicating that this portion had a molecular 
weight greater than 100,000. Only a trace of material was 
excluded by G-200 showing that practically none of the 
sediment had a molecular weight greater than 2 0 0 ,0 0 0 .
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T a b l e  3 . A m i n o  a c i d  c o m p o s i t i o n  o f s e d im e n t  p r o t e i n .

Amino Acid

Sediment 1 (Brand A )1 Sediment 2 (Brand C)1 Sediment 3 (Brand C)2
/¿moles/ 
mg sed.

/¿moles/ 
mg protein

/¿moles/ 
mg sed.

/¿moles/ 
mg protein

/¿moles/ 
mg sed.

/¿moles/ 
mg protein

L y s in e 0 .0 0 7 0 .0 8 0 0 .0 1 6 0 .0 8 3 0 .0 0 6 0 .0 5 0
H i s t i d i n e 0 .0 0 3 0 .0 3 4 0 .0 0 2 0 .0 1 0 0 .0 1 2 0 .101
A r g i n i n e 0 .0 0 4 0 .0 4 6 0 .0 0 9 0 .0 4 7 0 .0 0 8 0 .0 6 7
A s p a r t i c  A c id 0 .0 2 3 0 .2 6 4 0 .0 3 4 0 .1 7 6 0 .0 3 9 0 .3 3 0
T h r e o n i n e 0 .0 1 2 0 .1 3 8 0 .0 1 7 0 .0 8 8 0 .0 2 5 0 .2 1 1
S e r i n e 0 .0 1 6 0 .1 8 4 0 .0 2 4 0 .1 2 5 0 .0 2 7 0 .2 2 8
G l u t a m i c  A c id 0 .0 3 2 0 .9 4 5 0 .0 2 8 0 .1 4 5 0 .0 3 7 0 .3 1 3
P r o l i n e 0 .0 1 2 0 .1 3 8 0 .0 5 3 0 .2 7 5 0 .0 2 7 0 .2 2 8
G ly c in e 0 .0 3 9 0 .4 4 9 0 .0 8 3 0 .431 0 .0 6 6 0 .5 5 8
A l a n i n e 0 .0 1 6 0 .1 8 4 0 .0 3 7 0 .1 9 2 0 .0 3 4 0 .2 8 7
H a l f  C y s t i n e 0 .0 0 7 0 .0 8 0 0 .0 0 5 0 .025 0 .0 1 4 0 .1 1 8
V a l i n e 0 .0 1 0 0 .1 1 5 0 .0 0 9 0 .0 4 7 0 .0 1 9 0 .1 6 0
M e th i o n in e 0.001 0.011 t r a c e t r a c e 0.001 0 .0 8 5
I s o l e u c i n e 0 .0 0 8 0 .0 9 3 0 .0 0 5 0 .025 0 .0 1 2 0 .1 0 1
L e u c in e 0.011 0 .1 2 6 0 .0 0 8 0 .041 0 .0 1 7 0 .1 4 4
T y r o s i n e 0 .0 0 4 0 .0 4 2 0.001 0 .0 0 5 0 .0 0 6 0 .0 5 0
P h e n y l a l a n i n e 0 .0 0 4 0 .051 0 .0 0 3 0 .0 1 5 0 .0 0 8 0 .0 6 7

1 C la r i f i e d  w i t h  g e l a t i n
2 C la r i f i e d  w i t h  n y lo n

T a b l e  4 . F r a c t i o n a t i o n o f  s e d i m e n t  b y S e p h a d e x  g e l  f i l t r a t i o n .

Sample Gel % Excluded

B r a n d  A  

S e d im e n t G -2 5 62
F r a c t i o n  e x c l u d e d  
f r o m  G -2 5 G -5 0 70
F r a c t i o n  e x c l u d e d  

f r o m  G -5 0 G -7 5 78

B r a n d  C  

S e d im e n t G -2 5 57
F r a c t i o n  e x c l u d e d  
f r o m  G -2 5 G -5 0 2 7
F r a c t i o n  e x c l u d e d  

f r o m  G -5 0 G -7 5 38

B r a n d  D  

S e d im e n t G -2 5 6 8

F r a c t i o n  e x c l u d e d  

f r o m  G -2 5 G -5 0 28

F r a c t i o n  e x c l u d e d  

f r o m  G -5 0 G -7 5 3 2

Mineral composition

A na lyses o f several sedim ents fo r  Ca, Cu, Fe, M g  and K  
by  a tom ic  abso rp tion  spe c tro p h o to m e tric  m ethods showed 
a w id e  v a r ia t io n  as in d ica te d  b y  the  resu lts  show n in  
T ab le  5. N e u b e rt et al. (1 9 4 4 ) re p o rte d  a nega tive  q u a li
ta tiv e  test fo r  ca lc ium , b u t the  above test in d ica ted  the 
presence o f v a ria b le  am oun ts  o f th is  e lem ent. T h e  excluded  
fra c tio n  fro m  Sephadex G -25 was fo u n d  to  be h ig h e r than

the o r ig in a l sed im ent in  a ll the  e lem ents de te rm ined  
a lth o u g h  the ash con ten t was lo w e r. H e re  aga in  the 
v a r ia b il i ty  in  the m in e ra l com p os ition  is in d ic a tiv e  o f the  
heterogeneous cha rac te r o f the  sedim ents.
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Ca
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K
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B r a n d  C 6 0 0 3 ,0 0 0 1 ,8 0 0 500 150

B r a n d  B 4 0 ,0 0 0 2 ,0 0 0 1 ,3 0 0 1 ,3 0 0 300
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SUMMARY—Exposure of citrus fruits to gamma radiation at 
doses of 150 and 300 krad increased the water- and oxalate- 
soluble pectins and decreased the protopectin in component 
parts of Valencia oranges and Duncan grapefruit. The quan
tities of water-soluble pectin and protopectin in the peel 
and membrane were affected the most by irradiation. Degra
dation of the pectins as measured by jelly grade increased 
in all components of the irradiated fruits. The greatest de
crease in jelly grade occurred in the March samples when 
the Brix/acid ratio was least. Methoxyl contents of the 
pectins from the peel of oranges and grapefruit decreased, 
while this characteristic decreased only slightly in pectins 
from the membrane of irradiated fruits. Pectinesterase ac
tivity in the peel of both oranges and grapefruit decreased 
with increased dosages, while the activity in the membrane 
of both fruits increased.

INTRODUCTION
E x p e r im e n t a l l y , oranges a n d  g r ap efr u it  have been 

gam m a and e le c tro n ica lly  ir ra d ia te d  p r im a r i ly  to  t r y  
to  reduce decay inc idence as a means o f e x te n d in g  th e ir  
she lf life . H o w e v e r, undes irab le  s ide-effects o f ra d ia tio n  
resu lts  in  so ften ing  o f the  peel tissue. G rie rso n  et al.
(1 9 6 5 ) trea te d  V a le n c ia  oranges and M a rs h  g ra p e fru it  
w ith  dosages ra n g in g  fro m  0 to  450 k ilo ra d  ( k ra d )  and 
re p o rte d  severe peel in ju r y  and considerab le dam age to 
the  f r u it .  D e nn ison  et a l. (1 9 6 6 ) sta ted th a t c itru s  f ru its  
exam ined  showed ir ra d ia tio n - in d u c e d  peel in ju r y  and the 
in ju r y  was g re a te r as the ra d ia tio n  doses increased o r as 
the storage tem pe ra tu re  and d u ra tio n  o f tim e  increased.

T h e  firm ness  o f so ften ing  o f c itru s  peel depends upon  
the chem ica l state o f the  pectic  substances in  the  f r u i t  
tissues. D u r in g  the m a tu ra tio n  a n d /o r  r ip e n in g  o f m any 
f ru its ,  the  pec tic  substances o f the  m id d le  la m e lla  undergo  
chem ica l changes w h ic h  cause the so ften ing  o f the  tissues 
(K e r te s z  19 51 ). R ouse et a l. (1 9 6 2 a ) re p o rte d  the 
changes o f pectic  substances in  V a le n c ia  oranges d u r in g  
th e ir  m a tu ra tio n  cycle in  w h ic h  p ro to p e c tin  decreased and 
w a te r-so lu b le  pectin  and pectates increased w ith  ripeness 
o f the f r u it .

S evera l in ve s tig a to rs  (M c A rd le  e t a l., 1956 ; K e rte sz  
et a l., 1964 ; S om ogy i e t a l., 1964 ; M assey, J r .  et a l., 1964) 
observed n o t o n ly  the changes in  the pec tin  fra c tio n s , b u t 
also the  de po lym e riza tio n  o f the  pectins in  ir ra d ia te d  f ru its  
and vegetables. T h e ir  m e thod  fo r  m ea su rin g  pec tin  degra
d a tio n  was by  th e  loss o f v isco s ity . K e rte sz  et al. (1 9 5 6 ) 
and W a h b a  et a l. (1 9 6 3 ) sub jected aqueous pec tin  so lu 
tion s  to  io n iz in g  ra d ia tio n s  a t va rio u s  dosages to  de te rm ine  
the d e g ra da tio n  o f the  pe c tin  b y  the  decrease in  v iscos ities . 

V a le n c ia  oranges and D u nca n  g ra p e fru it  exposed to  150

and 300 k ra d  increased the w a te r-so lu b le  pectins in  the 
ex tra c te d  ju ices  fro m  60 to  488%  (R o u se  et a l. 19 6 6 ). 
Juices fro m  such ir ra d ia te d  oranges a fte r s torage fo r  3 
weeks a t 4 0 °F  u s u a lly  had g re a te r am oun ts  o f w a te r-  
so lub le  pectin .

T h e  p resen t s tud y  was u n de rta ken  to  de te rm in e  the 
q u a n tita tiv e  changes o f the  pectic  fra c tio n s  and the  p e c tin 
esterase a c t iv ity  in  the  com ponent p a rts  o f gam m a ir r a d i
a ted V a le n c ia  oranges and D u ncan  g ra p e fru it .  A ls o , the 
effects o f ir ra d ia t io n  upon  the cha rac te ris tics  o f the  pectins  
(such  as je l ly  grade, m e th o x y l con ten t, and je l ly  u n its )  
e x tra c te d  fro m  the f r u i t  com ponents w ere  eva luated.

EXPERIMENTAL PROCEDURES
Preparation of samples

V a le n c ia  oranges and D u ncan  g ra p e fru it  w e re  harvested 
fro m  E x p e r im e n t S ta tio n  p lo ts  and hand-w ashed the day 
be fore ir ra d ia t io n . O rang e  sam ples w e re  ir ra d ia te d  M a rc h  
15, A p r i l  19, and M a y  24, 1966. G ra p e fru it  samples w ere  
ir ra d ia te d  M a rc h  15 and M a y  24, 1966.

T h e  f ru its  w ere  ir ra d ia te d  in  the M a rk  I I I  cob a lt-6 0  
F ood  I r ra d ia to r  located a t the  U n iv e rs ity  o f F lo r id a , 
G a inesv ille . Dose rates fo r  th is  u n it  w ere  3 k ra d /m in  fo r  
the  side ce ll and 5.2 k ra d /m in  fo r  the  cen te r cell. Sam ples 
w ere  placed in to  the  cham ber and lo w e re d  in to  the  pool 
fo r  a p e rio d  o f tim e  ca lcu la ted to  g ive  the  re q u ire d  dosage 
fo r  the p a r tic u la r  trea tm e n t. C o n tro lle d  tem p e ra tu re  in  the  
cham ber was 55 °F , w ith  a con tinu ou s  f lo w  o f a ir  a t 20 
li te rs /m in  d u r in g  the ir ra d ia t io n  pe riod . T h e  doses w e re  0 
( c o n tro l) ,  150, and 300 k rad .

T w e n ty  oranges and 10 g ra p e fru it  o f trea te d  and u n 
trea ted  f ru its  w ere  used in  p re p a rin g  the  sam ples o f com 
ponent pa rts . Peel, m em brane, pressed ju ic e  sacs, and 
seeds w e re  separated b y  hand  and in d iv id u a lly  c o m m in u te d  
in  an O s te rize r.

P rocedures in  p re p a rin g  the com ponent p a rts  fo r  p e c tin 
esterase ( P E )  a c t iv ity  and fo r  a lco h o l- in so lu b le  so lids 
( A I S )  w ere  as described by  R ouse et a l. (1 9 6 2 a ).

Methods of analysis

Pectinesterase a c t iv ity  was m easured essen tia lly  b y  the 
m ethod  o f M a c D o n n e ll e t al. (1 9 4 5 ) as m o d ifie d  b y  R ouse 
et al. (1 9 5 5 ). U n its  o f a c t iv ity  a re  expressed by  the  sym bo l 
( P E u ) / g ,  w h ic h  represents the  m illie q u iv a le n ts  o f ester 
h y d ro ly z e d  pe r m in  per g  o f d ry  tissues. T hese  u n its  are 
m u ltip lie d  by  1,000 fo r  easy in te rp re ta tio n .

Changes in  the  3 -pectic  fra c tio n s  w e re  d e te rm in e d  by 
p rog ress ive  e x tra c tio n s  w ith  d is ti lle d  w a te r, 0 .5 %  a m m o
n iu m  oxa la te , and 0.05 N  sod ium  h y d ro x id e , and  each o f
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F ig .  1. E f f e c t s  of  g a m m a  r a d ia t io n  on th e p e c t ic  f r a c t io n s  in  
c o m p o n e n t  p a r t s  of  V a le n c ia  o ra n g es .  E a c h  bar  r e p r e s e n t s  the  
a v e r a g e  va lu e  o f  3 sa m p le s .  P  =  p e e l ; M  — m e m b r a n e ; J S  
juice sacs.

these fra c tio n s  was ana lyzed fo r  a n h vd ro b a la c tu ro n ic  acid 
( A G A )  as p re v io u s ly  described by  R ouse et al. (1 9 6 2 a ). 
T h e  A G A  is re p o rte d  as percentage o f pe c tin  on a d ry -  
w e ig h t basis (F ig s . 1, 2 ) .

Pectins used fo r  d e te rm in in g  je l ly  grades and o th e r 
cha racte ris tics  w e re  ex tra c te d  fro m  the p re pa red  A IS  o f 
peel, m em brane, and ju ic e  sacs w ith  d is tille d  w a te r and 
“ Z e o -K a rb "  H  at 90 °C  fo r  1 h r  (R ouse  et al. 1962b).

Y ie ld  o f pec tin  is based upon  the am o un t o f a lcoho l p re 
c ip ita te  ob ta ined  fro m  the  A IS  o f the com ponent and the 
p u r ity  o f the p re c ip ita te  was de te rm in ed  as percentage o f 
A G A  (R ouse  et al., 1955 ).

J e lly  g rade o f the pec tin  was de te rm in ed  by  m easuring  
the je l ly  s tre n g th  o f s tandard  65%  solub le  so lids je llie s  
w ith  the D e law a re  J e lly -S tre n g th  T e s te r (B a k e r, 1938; 
B a ke r et al., 1948 ).

M e th o x y l con tents o f the pectins w ere  de te rm in ed  by the 
procedure  o f O w ens et al, (1 9 5 2 ) . D a ta  fo r  m e th o x y l con 
ten ts w ere  ca lcu la ted on an A G A  basis.

J e lly  u n its  is the re s u lt in g  fig u re  w hen y ie ld  o f pectin

F ig .  2. E f f e c t s  of  g a m m a  ra d ia t io n  on th e p ec t ic  f r a c t io n s  in 
c o m p o n e n t  p a r t s  of  D u n c a n  g r a p e f r u i t .  E a c h  b a r  r e p r e s e n t s  the  
a v e r a g e  va lu e  of 2  s a m p le s .  P  =  p e e l ;  M  — m e m b r a n e  ; J S  — 
ju ice  sacs.

is m u lt ip lie d  by je l ly  grade. I t  ind ica tes the  a m o un t o f 
sugar th a t can be ge lled  by one u n it  o f ra w  m a te ria l 
(M y e rs  ct al,. 1931.)

RESULTS AND DISCUSSION
Pectic fractions

T h e  f ir s t  e x p e rim e n t revealed the effects o f ir ra d ia tio n  
on the q u a n tity  o f w a te r-, a m m o n iu m  oxa la te -, and sod ium  
h y d ro x id e -s o lu b le  pectic  fra c tio n s  in  peel, m em brane, and 
ju ic e  sacs o f bo th  the con tro ls  and o f the trea te d  V a lenc ia  
oranges and D u ncan  g ra p e fru it  (F ig s . 1, 2 ) .  T h e  bar 
g raphs  represent the average values o f each pectic  fra c tio n  
fro m  s im ila r  com ponents o f the 3 orange samples and of 
the  2 g ra p e fru it  samples. T h e  w a te r-  and oxa la te -so lub le  
pectins in  the  orange com ponents (F ig .  1) increased w hen 
the  f r u i t  was ir ra d ia te d  a t 150 and 300 k ra d , b u t the sod ium  
h y d ro x id e  fra c tio n  (p ro to p e c tin )  decreased w ith  s im ila r  
dosages o f ir ra d ia tio n . A ls o , the  w a te r-so lu b le  pectins in 
creased as the dosage was increased, w h ile  the  p ro to p e c tin  
decreased w ith  increased dosage. T h e  3 -pectic  fra c tio n s  
in  the  pressed ju ic e  sacs e x h ib ite d  the least change.

T h e  pectic  fra c tio n s  in  the  com ponent p a rts  o f ir ra d ia te d  
D u nca n  g ra p e fru it  (F ig .  2 )  show  s im ila r  changes to 
V a le n c ia  oranges in  the  q u a n tity  o f pectins w h en  g rape 
f r u i t  w e re  ir ra d ia te d . W a te r-s o lu b le  pec tin  and p ro to 
pectin  fro m  the m em brane o f bo th  oranges and g ra p e fru it  
w e re  effected the m ost by ir ra d ia tio n . A c c e le ra tio n  o f the 
pectic changes by ra d ia tio n  resu lted  in  m ore  ra p id  so ften ing  
o f the f r u i t  than  th a t w h ic h  n o rm a lly  occurs d u r in g  the 
m a tu ra tio n  cycle.

D a ta  on the 3 -pectic  fra c tio n s  in  the seeds o f oranges 
and g ra p fru it  are n o t presented, b u t the y  revealed th a t 
o n ly  the w a te r-so lu b le  fra c tio n  increased, w ith  o n ly  a m in o r 
decrease in  bo th  the oxa la te  fra c tio n  and p ro to p e c tin .

Characteristics of pectins
S u ffic ie n t qu an titie s  o f pectins w ere  e x tra c te d  fro m  the 

p repa red  A IS  o f the  com ponent p a rts  o f oranges and 
g ra p e fru it  to  de te rm ine  ir ra d ia t io n  effects upon  je l ly  grades 
and  m e th o x y l contents. J e lly  grade m easurem ents w ere  
used to  eva luate the d e p o lym e riza tio n  o f the  pe c tin  m o le 
cule. J e lly  grades o f pectins w ere  d e fin ite ly  lo w e re d  in  the 
com ponent pa rts  o f trea te d  f ru its  w h en  com pared  to  the 
c o n tro ls  (u n ir ra d ia te d  f r u i t )  and in  m ost instances, grades 
decreased w ith  increased dosages (T a b le s  1, 2, 3 ) .  T h is  
fu r th e r  in d ica ted  th a t ra d ia tio n , b y  acce le ra ting  the  de
g ra d in g  o f the  pectin , caused f r u i t  so ften ing  s im ila r  to  th a t 
w h ic h  takes place d u r in g  the n o rm a l m a tu ra tio n  cycle. T h e  
g reatest decrease in  the je l ly  grades o f the pectins was 
fo u n d  in  the peel and m em brane o f b o th  oranges and g rape 
f r u i t  w hen the B r ix /a c id  ra t io  o f the ju ices  was least. T h is  
occu rred  in  the samples p icked  in  M a rc h .

These resu lts  (T a b le s  1, 2, 3 )  seem to  be som ew hat 
s im ila r  to  those o f K e rte sz  et al. (1 9 5 6 ) , w h o  showed th a t 
sugars acted as p ro te c tan ts  aga inst ra d ia tio n  w h en  added 
to  pe c tin  so lu tio ns  w h ic h  w ere  ir ra d ia te d . T h e ir  data 
w o u ld  ind ica te  th a t the  m ore  m a tu re  the f r u i t  the  less 
effect o f ir ra d ia t io n  on pe c tin  grade. T in g  et al. (1 9 6 1 ) 
re p o rte d  th a t to ta l sugars in  orange and g ra p e fru it  peel 
increased w ith  m a tu r ity  o f the f r u it .
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M e th o x y  1 con tents o f pectins ex tra c te d  fro m  the peel o f 
oranges and g ra p e fru it  ir ra d ia te d  a t 150 and 300 k ra d  
u su a lly  decreased w ith  dosage (T a b le  1 ), w h ile  pectins 
ex tra c te d  f ro m  the m em branes o f these f ru its  ind ica ted  
o n ly  s lig h t decrease in  the  m e th y l ester (T a b le  2 )  as 
com pared to  the  pec tin  fro m  u n irra d ia te d  f r u it .  Pectins 
f ro m  ju ic e  sacs showed no de fin ite  p a tte rn  in  th e ir  m e th - 
o x y l con tents (T a b le  3 ) .  K e rte sz  et al. (1 9 5 6 ) ir ra d ia te d  
d ry  pectins  and pec tin  so lu tions, b u t fo u n d  no s ig n ifica n t 
change in  the m e th y l ester contents. H o w e v e r, th e ir  h ig h 
est dosage was 233.7 k ra d .

T h e  m e th o x y l con tents o f the  pectins w ere  ca lcu la ted on 
the basis o f A G A  w h ic h  ranged fro m  74.7 to  89 .4%  in  the 
com ponents o f oranges and 79.0 to  96 .0%  in  the  com po
nents o f g ra p e fru it .  R a d ia tio n  dosages d id  n o t effect the 
p u r ity  o f the  a lcoho l p re c ip ita tes  as A G A . P ectins fro m

the m em brane a lw ays con ta ined  the  h ighes t A G A  and 
fro m  the ju ic e  sacs the  lo w es t A G A .

J e lly  u n its  v a rie d  w ith  the  g rade  o f the  pe c tin  and w e re  
h ig h e r in  b o th  the  peel and m em brane th a n  th a t in  the  
ju ic e  sacs o f u n irra d ia te d  f r u it .  Ju ice  sacs o f oranges 
sam pled 3 /1 5  and 5 /2 4 , w h ic h  rece ived 150 k ra d , con ta ined  
s lig h t ly  g re a te r je l ly  u n its  tha n  those fro m  the c o n tro l f r u i t  
because o f the  increased y ie ld  o f pectin .

Pectinesterase a c t iv ity  in  the  peel o f ir ra d ia te d  oranges 
and g ra p e fru it  decreased, w h ile  i t  increased in  the m em 
brane w ith  dosage (T a b le  4 ) .  A t  the  15 0 -k ra d  dose, the 
P E  a c t iv ity  dcreased in  the  ju ic e  sacs o f bo th  oranges and 
g ra p e fru it  and then increased a t the  300 dosage. T h is  same 
be hav io r again was e xh ib ite d  in  the seeds fro m  g ra p e fru it ,  
b u t seeds fro m  oranges increased in  P E  a c t iv ity  w ith  
dosage.

T a b l e  1. E f f e c t s  o f  g a m m a  r a d i a t i o n  o n  t h e  c h a r a c t e r i s t i c s  o f  p e c t in s  e x t r a c t e d  f r o m  t h e  p e e l  o f  c i t r u s  f r u i t s .

Date of 
treatment

Doses of 
irradiation

Valencia oranges Duncan grapefruit
Yield
(%)

Jelly
grade

Jelly
units

Methoxyl 
content ( %)

Yield
( % )

Jelly
grade

Jelly
units

Methoxyl 
content ( °/c )

3 / 1 5 / 6 6 0  ( c o n t r o l ) 2 2 .4 3 3 7 .6 7 5 .6 11 .13 2 3 .5 3 0 2 .3 7 1 .0 11 .0 5

1 5 0  k r a d 2 4 .6 2 5 6 .4 63.1 10 .15 2 3 .4 2 5 2 .9 5 9 .2 9 .9 9

3 0 0  k r a d 2 7 .5 2 2 2 .6 6 1 .2 9 .91 2 5 .4 2 3 7 .2 6 0 .0 9 .8 4

4 / 1 9 / 6 6 0  ( c o n t r o l ) 2 3 .0 2 5 2 .4 58.1 10 .73

1 5 0  k r a d 24 .1 2 3 1 .3 5 5 .7 10 .29

3 0 0  k r a d 2 2 .8 2 1 8 .8 4 9 .9 10 .33

5 / 2 4 / 6 6 0  ( c o n t r o l ) 2 3 .5 26 2 .1 6 1 .6 11 .0 6 23 .5 2 8 5 .7 6 7 .1 1 1 .3 6
1 50  k r a d 2 4 .2 24 8 .1 6 0 .0 10 .4 7 2 4 .4 2 7 6 .6 6 7 .5 10 .3 0
3 0 0  k r a d 2 5 .7 2 3 4 .6 6 0 .3 9 .9 9 25.1 2 5 8 .4 6 4 .9 9 .9 0

T a b l e  2. E f f e c t s  o f  g a m m a  r a d i a t i o n o n  t h e  c h a r a c t e r i s t i c s  o f  p e c t in s  e x t r a c t e d  f r o m  t h e  m e m b r a n e  o f  c i t r u s  f r u i t s .

Date of 
treatment

Valencia oranges Duncan grapefruit
Doses of 

irradiation
Yield
( % )

Jelly
grade

Jelly
units

Methoxyl 
control ( % )

Yield
(%)

Jelly
grade

Jelly
units

Methoxyl 
control (%)

3 / 1 5 / 6 6 0  ( c o n t r o l ) 3 2 .4 3 6 9 .3 11 9 .7 12 .23 3 6 .4 39 1 .5 142.5 1 2 .0 0
1 50  k r a d 3 0 .9 2 9 9 .5 9 2 .5 11 .50 36.1 329 .1 1 1 8 .8 1 1 .4 6
3 0 0  k r a d 3 2 .9 2 8 6 .3 9 4 .2 11 .9 7 3 7 .0 2 8 1 .4 104.1 1 1 .3 7

4 / 1 9 / 6 6 0  ( c o n t r o l ) 2 9 .4 366 .1 10 7 .6 11 .9 7

150  k r a d 3 1 .9 3 3 3 .3 10 6 .3 11 .5 8

3 0 0  k r a d 3 3 .8 3 1 1 .0 105 .1 1 1 .6 9

5 / 2 4 / 6 6 0 ( c o n t r o l ) 3 4 .0 3 2 1 .0 109.1 11 .7 0 3 2 .5 3 4 5 .7 1 1 2 .3 11 .5 6
150  k r a d 35 .5 2 7 6 .6 9 8 .2 11 .4 9 3 3 .6 329.1 1 1 0 .6 11 .0 6
3 0 0  k r a d 3 6 .9 2 5 7 .9 9 5 .2 1 1 .1 4 3 3 .9 312 .5 10 5 .9 11 .2 2

T a b l e  3. E f f e c t s  o f  g a m m a  r a d i a t i o n o n  t h e  c h a r a c t e r i s t i c s  o f  p e c t in s e x t r a c t e d  f r o m t h e  j u i c e s a c s  o f c i t r u s  f r u i t s .

Date of 
treatment

Doses of 
irradiation

Valencia oranges Duncan grapefruit
Yield
(%)

Jelly
grade

Jelly
units

Methoxyl 
content ( % )

Yield
( % )

Jelly
grade

Jelly
units

Methoxyl 
content ( % )

3 / 1 5 / 6 6 0  ( c o n t r o l ) 19 .2 2 2 7 .3 4 3 .6 11 .1 8 19 .6 18 5 .2 3 6 .3 1 1 .0 7
150  k r a d 2 0 .3 2 1 9 .6 4 4 .6 11 .5 2 2 1 .8 150 .3 3 2 .8 10 .95
3 0 0  k r a d 19 .2 194 .0 3 7 .2 11 .6 0 21 .1 15 4 .4 3 2 .6 1 1 .0 8

4 / 1 9 / 6 6 0 ( c o n t r o l ) 19 .8 285 .1 5 6 .4 1 1 .5 8
150  k r a d 19.5 2 5 0 .0 4 8 .8 11 .41
3 0 0  k r a d 2 0 .0 2 2 2 .2 4 4 .0 1 1 .1 4

5 / 2 4 / 6 6 0  ( c o n t r o l ) 1 5 .6 2 3 3 .8 36 .5 12 .5 4 2 0 .8 2 8 2 .6 5 8 .8 10 .9 3
150 k r a d 1 7 .2 218 .1 37 .5 11 .7 0 2 1 .4 2 5 4 .9 5 4 .5 1 0 .5 4
3 0 0  k r a d 1 5 .9 2 2 5 .3 3 5 .8 11.51 22 .1 2 5 5 .9 5 6 .6 1 1 .0 8
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T a b l e  4 . E f f e c t s  o f  g a m m a  r a d i a t i o n  in  t h e  p e c t i n e s t e r a s e  a c t i v i t y 1 in  t h e  c o m p o n e n t  p a r t s  
o f  c i t r u s  f r u i t s .

Component
parts

Valencia oranges2 Duncan grapefruit3
Control 150 krad 300 krad Control 150 krad 300 krad

P e e l 52 .5 3 5 .2 3 7 .2 51 .1 4 3 .3 4 1 .5

M e m b r a n e 82 .1 10 0 .8 1 4 2 .6 4 7 .3 5 0 .5 6 2 .8

J u i c e  s a c s 2 9 4 .7 2 7 8 .7 3 3 7 .3 2 1 3 .9 1 8 1 .6 1 9 9 .9

S e e d s 2 .5 3.1 3 .6 3 .9 3.1 4 .3

1 U n i t s  p e r  g  o f  d r y  t i s s u e  X  103.
2 A v e r a g e  o f  3 s a m p le s .
“ A v e r a g e  o f  2  s a m p le s .

S om ogy i et a l. (1 9 6 4 ) fo u n d  th a t P E  in  che rries  in 
creased in  a c t iv ity  im m e d ia te ly  a fte r dosages o f 200 and 
500 k ra d , and 4  days a fte r  ir ra d ia t io n  had a reduced 
a c tiv ity . T h e ir  resu lts  cou ld  in d ica te  severa l poss ib ilities . 
F irs t ,  the  sk in  o f che rries , re ce iv in g  the  fu l l  exposu re  o f 
ra d ia tio n , cou ld  have a c tu a lly  decreased in  P E  a c tiv ity , 
w h ile  th a t in  the  fleshy p a r t  o f the che rries  increased. Sec
on d ly , the  ne t re s u lt o f ra d ia tio n  on P E  a c t iv ity  o f the 
w ho le  p itte d  che rries , in  w h ic h  the flesh was the  m a jo r  
p a r t o f the  f r u it ,  cou ld  have had g re a te r a c t iv ity  ac tu a lly  
re s u lt in g  in  an o ve ra ll increase in  P E  a c tiv ity . S im ila r ly ,  i f  
a com posite  w ere  made o f the  com ponent p a rts  o f oranges, 
the  ne t re s u lt w o u ld  be an increase in  a c t iv ity  as the  dosage 
was increased up  to  300 k ra d .
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SUMMARY—A series of samples with percent esterification 
ranging from 73.7 to 28.6 was prepared under acid condi
tions at room temperature from lemon peel pectin that had 
been precipitated with aluminum. Molecular weight, as de
termined by viscosity in 1% Calgon, and galacturonic acid 
content remained unaltered during déméthylation while equiv
alent weight decreased. Setting time increased until an ester 
content of around 50% was reached. At lower ester values 
setting time decreased again.

Maximum jelly grades were obtained at an ester content 
of ca. 45%. However, at this ester level the pH at which a 
high jelly grade was obtained was very low and the grade 
decreased very rapidly as the jelly pH was increased to values 
above pH 2.2. The maximum grade obtained with a particu
lar sample decreased and the pH at which this maximum 
grade could still be obtained increased as the ester content 
was increased above ca. 45%. Below this ester level, the 
maximum grade as well as the maximum pH at which this 
grade could be obtained decreased with ester content.

INTRODUCTION
C o m m e r c ia l l y - pro duced  p e c t in s  are used p r im a r ily  

to  m ake je llie s  and jam s. F o r  th is  reason, th e y  are stan
da rd ized  w ith  respect to  th e ir  a b ili ty  to  fo rm  a sa tis fa c to ry  
je lly .  F a c to rs  th a t in fluence  g e l- fo rm in g  a b il i ty  are conse
q u e n tly  o f g re a t im p o rtan ce  to  bo th  the  p ro du ce r and user 
o f pectin . A p a r t  f ro m  the fac to rs  in v o lv in g  gel m a k in g  and 
gel te s tin g  procedures, cha rac te ris tics  o f the pec tin  its e lf 
such as source, m o lecu la r w e ig h t and degree o f es te rifica 
t io n  have an im p o rta n t in fluence  on the  firm ness  and te x 
tu re  o f a ja m  o r  je lly .

T h e  re la tio n s h ip  between the degree o f es te rifica tio n  of 
pe c tin  and ge l q u a lity  has been in ves tig a ted  by  several 
w o rk e rs  in  the  past, such as B a ke r et al. (1 9 4 1 ) and in  
m ore  recent years by D o esb u rg  ( 1950) and P iln ik  (1 9 6 4 ), 
w h o  pub lished  de ta iled  data on apple pectins. Such s tu d 
ies w ere  u s u a lly  conducted w ith  spec ia lly  selected samples, 
w h ic h  d iffe re d  in , am ong o th e r th in gs , ester con ten t. A l 
te rn a tiv e ly , samples w e re  p repa red  by  m é th y la tio n  o r dé
m é th y la tio n  o f pec tin  w ith o u t d ire c t evidence th a t m olec
u la r  w e ig h ts  d id  n o t change in  the process.

T h e  p resen t s tud y  re p o rts  data on a series o f c itru s  pec
tin s  p repa red  fro m  the same s ta r t in g  m a te ria l. These sam 
ples d iffe re d  o n ly  w ith  respect to  the  ester con ten t and 
w ere  s im ila r  w i th  re g a rd  to  m o lecu la r w e ig h t and the p res
ence o f ba llas t m ate ria ls .

EXPERIMENTAL
Preparation of samples

A  sam ple o f 15 k g  pressed a lu m in u m  p re c ip ita te d  pectin , 
p repa red  fro m  lem on  peel, was shredded and le ft o v e rn ig h t 
in  75 %  isop ropano l to  ha rden . T h e  a lcoho l was d ra ined  
o ff  and the pectin  was passed th ro u g h  a g r in d e r  w ith  a 
screen h a v in g  open ings o f abou t 0.1 in . A  f irs t  sam ple o f 
750 g  was taken  a t th is  stage. T h is  m a te ria l was washed 
w ith  5%  HC1 in  6 0 %  iso p ro pan o l and res idu a l ac id  was

rem oved  w ith  6 0 %  isopropano l. I t  w as then washed w ith  
h ig h  p ro o f iso p ro pan o l and d rie d  in  a ir.

T h e  re m a in d e r o f the g ro u n d  pe c tin  (7 .7  k g )  was sus
pended in  15 1 6 0 %  iso p ro pan o l c o n ta in in g  10%  HC 1 and 
s t ir re d  fo r  30 m in  to  rem ove a lu m in u m . I t  w as the n  f i l 
te red  o ff and washed w ith  a fu r th e r  3 1 6 0 %  iso p ropano l. 
T h e  washed m a te ria l was added to  a m ix tu re  o f 9 .6 1 iso 
p ro pa no l, 5 1 H 20  and 1.4 1 cone. H C 1, and s t ir r in g  w ith  
a m echan ica l s t ir re r  was s tarted . N in e  samples o f ca. 700 g 
d ra in ed  pec tin  w ere  taken  p e r io d ic a lly  ove r 10 days. These 
w ere  washed w ith  6 0 %  iso p ro pan o l u n t i l  free o f ch lo rides , 
then f in a lly  rin sed  w ith  h ig h  p ro o f iso p ro pan o l and a ir  
d ried .

A f te r  d ry in g  the  ash con ten t was de te rm in ed  to  check 
degree o f a lu m in u m  rem ova l d u r in g  acid  tre a tm e n t. T h e  
ash con ten t was in  a ll cases be low  0 .1 % , in d ic a tin g  sa tis 
fa c to ry  w ash ing . T h e  samples w e re  the n  bu ffe red  by  d e te r
m in in g  the percentage free  c a rb o x y l g ro up s  p resen t and 
us ing  h a lf the am oun t o f N a 2C 0 3 necessary to  g ive  fu l l  
n e u tra liz a tio n  o f the pectin . T h e  N a 2C 0 3 was d isso lved 
in  320 m l H 20 ; 480 m l isop ropano l was then added and 
the pec tin  suspended in  th is  so lu tio n . T h is  was le ft  fo r  an 
h o u r w ith  occasional s t ir r in g  before f ilt ra t io n ,  w a sh in g  
w ith  isop ropano l and d ry in g  in  a ir.

Analytical procedures

M o is tu re , ash, pe rcen t m e th o x y l, degree o f e s te rifica tio n , 
pe rcen t g a la c tu ro n ic  acid, e q u iva le n t w e ig h t, m o lecu la r 
w e ig h t, je l ly  g rade and se ttin g  tim e  w ere  de te rm in ed  as 
described by  S m it ct al. (1 9 6 7 ). V is c o s ity  was de te rm in ed  
us ing  an O s tw a ld -C a nno n -F en ske  v iscos im ete r. I n  o rd e r 
to  de te rm ine  the in fluence  o f je l ly  p H  on je l ly  grade, f iv e - 
glass batches o f je l ly  w ere  u su a lly  made. T h e  je l ly  was 
po u re d  in to  glasses c o n ta in in g  v a ry in g  am ounts o f 5N  
ta r ta r ic  ac id  so lu tio n . T h ro u g h o u t, so lub le  so lids w ere  c o r 
rected to  65° B r ix  and a ll je llie s  h a v in g  a sag ou ts ide  o f 
the  22-26% ] range w ere  discarded. T o  m ake com parisons 
easier, a ll g rade values w ere  expressed on an ash- and 
m o is tu re -fre e  basis.

RESULTS AND DISCUSSION
D e t a il e d  a n a l y s e s  o f the  sam ples are g iven  in  T a b le  1. 

A s  the pe rcen t es te rifica tio n  decreased the se ttin g  tim e  in 
creased u n t il an ester va lue o f abou t 50 %  was reached. 
H e re a fte r, se ttin g  tim e  decreased aga in  v e ry  m a rk e d ly . 
T h is  agrees c lose ly  w ith  the suggestion o f D o esb u rg  e t  al.
(1 9 6 0 ) th a t m a x im u m  se ttin g  tim es occu r a t abou t 5 0 %  
es te rifica tion . G a la c tu ro n ic  acid  con ten t rem a ined  re la 
t iv e ly  cons tan t d u r in g  dees te rifica tion . T h e re  was a m a rk e d  
increase in  v isco s ity  at lo w  ester levels (sam p les 8—10). 
A t  these lo w  ester levels the p H  and the a m o u n t o f b u ffe r 
used have a v e ry  b ig  in fluence  on v isco s ity  (K e r te s z , 1951) 
and the data ob ta ined  are thus n o t o f m uch  s ign ificance .

M o le c u la r w e igh ts , de te rm ined  b y  v isco s ity , rem a ine d
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T a b l e  1. A n a l y s e s  o f  p r e p a r e d  p e c t in s .

No.
Acid 
treat

ment (hr)
pH (1%

sol)
cP Vis
cosity

%
Mois
ture

%
Ash

%
Ester

V
OCHu1

%
Gal.
acid1

Eqv.
wt1

Mol.
wt.

%- 1000
Set
time
(sec)

i 0 3.66 40.7 9.8 2.8 73.7 10.4 87.8 838 152 39
2 14 3.64 38.1 9.0 2.9 67.3 9.3 86.3 687 150 167
3 22 3.81 38.4 10.1 3.2 65.9 8.9 84.9 661 153 211
4 39 3.87 38.1 9.9 3.8 61.9 8.5 85.5 595 154 290
S 64 3.90 38.1 10.7 4.3 56.1 7.6 84.0 527 158 400
6 88 3.87 36.5 11.4 4.5 51.2 7.2 87.9 452 156 460
7 135 3.91 47.2 11.7 5.1 43.7 6.1 87.0 396 157 440
8 183 3.98 124.1 11.6 5.9 36.1 5.1 88.3 344 161 390
9 201 4.09 90.1 13.2 6.3 32.6 4.7 88.8 324 152 320

10 229 4.10 194.8 12.7 6.9 28.6 4.1 89.5 304 153 150

1 V a l u e s  e x p r e s s e d  o n  a n  a s h -  a n d  m o i s t u r e - f r e e  b a s is .

re la tiv e ly  constan t d u r in g  de es te rifica tion  and i t  was con
c luded  th a t no s ig n if ic a n t d e p o lym e riza tio n  had occu rred  
un d e r the con d itions  used.

T h e  ash- and m o is tu re -fre e  grades ob ta ined  a t d iffe re n t 
p H  values fo r  some o f the  pectins are g iven  in  F ig . 1.

F ig .  1. R e la t io n s h ip  b e tw e e n  j e l l y  g r a d e  a n d  p H .

T h e  s ta rt in g  m a te ria l (sam p le  1) w ith  an ester con ten t o f 
73 .7%  had a s lig h t ly  h ig h e r g rade  tha n  th a t o f the f irs t  
tw o  re ta rd e d  samples (2  and 3 ) a t p H  va lues be low  2.5. 
T h e  f irs t  th ree  samples w ith  an ester con ten t o f 73.7% , 
67 .3%  and 65 .9%  respec tive ly  showed l i t t le  change in  
g rade  a t p H  values be low  3 and o n ly  s ta rted  lo s in g  grade 
ra p id ly  above p H  3.0. A s  the  ester con ten t decreased fu r 
th e r f ro m  one sam ple to  the  n e x t the  g rade  a t lo w  p H  
values increased w h ile  the p H  a t w h ic h  m a x im u m  grades 
w ere  ob ta ined decreased.

T h e  h ighest grade was ob ta ined  a t p H  2.2 w ith  a pectin  
h a v in g  an ester con ten t o f 4 3 .7 % . H o w e v e r, th is  sample 
los t grade v e ry  ra p id ly  as the  je l ly  p H  was increased to  
h ig h e r levels. W ith  a fu r th e r  decrease in  ester con ten t the 
m a x im u m  grade ob ta ined  s ta rted  decreasing again w h ile  
the  p H  a t w h ic h  th is  m a x im u m  grade cou ld  be ob ta ined 
decreased s t ill fu r th e r .  A  je l ly  cou ld  be m ade w ith  sample 
10 (2 8 .6 %  e s te r) a t p H  2.14, b u t i t  was n o t possib le to  
ob ta in  sa tis fa c to ry  je llie s  w h en  the p H  was increased above 
th is  po in t.

B y  e x tra p o la tio n  o f the curves show n in  F ig . 1, the  re 
la tio n s h ip  between je l ly  g rade  and p H  a t d iffe re n t ester 
levels cou ld  be calcula ted. These data are g ive n  in  T a b le  2. 
T h is  in fo rm a tio n  agrees w e ll w i th  the  fin d in g s  o f Does- 
b u rg  ( 1950 ), w h o  show ed th a t je llie s  p repa red  a t p H  2 .1 -
2.3 fro m  samples dem ethy la ted  to  values a ro u n d  50%  ester 
con ten t gave h ig h e r grades tha n  those p repa red  f ro m  sam
ples w ith  a h ig h e r ester con tent. T h e re  is also good agree
m en t w ith  P iln ik  (1 9 6 4 ) , w h o  showed th a t o p tim u m  
grades are ob ta ined  a t p H  values a ro u n d  2 .2 -2 .4  and ester 
values be low  5 5 % . I t  is p ro b a b ly  safe to  assume th a t the 
genera l re la tio n s h ip  between ester con ten t, g rade  and 
je l ly  p H  th a t have been developed in  th is  re p o r t w i l l  ho ld  
tru e  i f  o th e r fac to rs  in flu e n c in g  grade, such as m o lecu la r 
w e ig h t, the  presence o f cations, o r  enzym e action , do no t 
en te r as variab les.

T a b l e  2 . T h e  r e l a t i o n s h i p  b e tw e e n  j e l l y  g r a d e 1 a n d  p H  a t  v a r i o u s  m e t h o x y l  le v e ls .

pH 10.0 9.5 9.0 8.5
% OCH1 

8.0 7.5 7.0 6.5 6.0 5.5 5.0

3.0 259 258 258 248 227 209 189 158
2.8 261 258 259 259 257 252 241 227 210
2.6 262 259 259 270 282 288 283 272 254 220 175
2.4 263 259 260 273 288 298 305 305 293 265 236
2.2 263 260 261 274 291 302 311 317 319 313 297

1 V a lu e s  e x p r e s s e d  o n  a n  a s h -  a n d  m o i s t u r e - f r e e  b a s is .
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O l f a c t o r y  T h r e s h o l d  in  R e l a t i o n  t o  A g e ,  S e x  o r  S m o k i n g

SUMMARY—The Individual olfactory thresholds of 97 persons 
toward 18 odorants were analyzed statistically. There is a 
significant logarithmic deterioration with age, the average 
loss of sensitivity being 50% in 22 years. Any influence of 
sex or smoking Is negligible.

INTRODUCTION
A m o o re  e t  a l . ( 1967) re ce n tly  com ple ted an extensive  

series o f m easurem ents o f in d iv id u a l hum an  o lfa c to ry  
th resho lds. T h e  o r ig in a l o b je c tive  o f the exp e rim e n ts  was 
the  id e n tific a tio n  o f a “ p r im a ry  o d o r”  by  the s tud y  o f 
specific anosm ia (A m o o re , 1967 ). H o w e v e r, the  data w ere  
fu r th e r  analyzed fo r  any system atic  d iffe rences in  o lfa c to ry  
s e n s it iv ity  am ong va riou s  subgroups o f the  po pu la tio n . 
C o ns id e rin g  th a t the  m easurem ents in c lu d e d  18 odoran ts  
and w e re  app lied  to  97 n o rm a l sub jects, th is  su rve y  is 
be lieved to  be m ore  com prehensive  tha n  any e a rlie r s tudy 
o f these questions.

METHODS
A  d e t a il e d  d e s c r ip t io n  o f the  e xp e rim e n ta l p rocedure  

is fo u n d  in  A m o o re  et al. (1 9 6 8 ) . T h e  odoran ts  (a l l  r ig o r 
ou s ly  p u r if ie d )  w ere  the  ten  n o rm a l fa t ty  acids fro m  fo rm ic  
to  cap ric  ; is o b u ty r ic  acid  ; iso va le ric , a -m e th y lb u ty r ic  and 
tr im e th y la c e tic  acids ; isocap ro ic  acid  ; is o b u ty l a lcoho l, iso 
b u ty ra ld é h y d e  and is o b u ty l iso bu ty ra te . T h e  odo ran ts  w ere  
presen ted in  aqueous d ilu t io n  a t co n tro lle d  p H , in  s top 
pered flasks. A t  each d i lu t io n  the  sub je c t had to  d is tin g u is h  
the  tw o  odorous flasks f ro m  th ree  odorless c o n tro ls  (2 /5  
te s t; chance leve l o f success 1 in  1 0 ). T h e  d i lu t io n  scale 
consisted o f b in a ry  steps (successive ly  h a lv in g  the concen
t ra t io n  of  o d o ra n t) .

T h e  sub jects w e re  pe rsonne l o f th is  la b o ra to ry . T w o  
p re lim in a ry  screening tests w e re  app lied  (A m o o re  et al.,
19 68 ), to  e lim in a te  an y  genera l anosmies, p a r tia l anosmies, 
and persons spec ifica lly  anosm ie to  is o b u ty r ic  acid  and its  
congeners. These tests w e re  n o t severe, re s u lt in g  in  the 
re je c tio n  o f o n ly  abou t 4%  o f the people tested. T h e  fin a l 
w o rk in g  panel consis ted o f the  f irs t  97 persons w h o  passed 
the tests ; the y  w e re  considered to  have a n o rm a l sense 
o f sm ell fo r  the  p resen t purpose.

T h e  u n its  o f m easurem ent and c a lcu la tio n  w e re  b in a ry  
d ilu t io n  steps th ro u g h o u t ( lo g 2 sca le ). F o r  each sub
d iv is io n  o f th e  panel, and each od o ra n t, w e ca lcu la ted  the 
g ro u p  m ean o lfa c to ry  th resh o ld , s tandard  d e v ia tio n  ( S D ) ,  
s tandard  e r ro r  o f the  m ean ( S E M ) ,  and the p ro b a b ility  P  
o f any observed d iffe rence  between sub d iv is io ns  by  S tu 
de n t’ s t test. V a lues  fo r  P  >  0.05 w e re  rega rded  as in s ig 
n ifica n t. T h e  “ re la tive  o lfa c to ry  s e n s it iv ity ”  fo r  each sub
je c t was also ca lcu la ted ; th a t is, h is  in d iv id u a l s e n s it iv ity  
to w a rd s  a g iven  o d o ra n t com pared w ith  the m ean th re sh o ld  
fo r  the  w h o le  panel, w h ic h  was set at zero. H is  re la tive  
s e n s it iv ity  was the n  averaged a lge b ra ica lly  ove r a ll 18 
odorants.

RESULTS
Age

T h e  pane l con ta ined  35 persons u n d e r 40 years o f age 
and 62 o ve r 40. T h e  you ng e r g ro u p  in v a r ia b ly  ach ieved 
a lo w e r th re sh o ld  th a n  the  o lde r g ro u p , and fo r  15 o f the 
18 odo ran ts  the d iffe rences w e re  s ig n if ic a n t at the  leve l 
P  =  0.05 o r less. T h e  m ean d iffe rence  in  th resh o ld , a v e r
aged ove r a l l 18 odoran ts , was 1.15 steps in  fa v o r o f the 
you ng e r subjects.

T h e  effect o f age on the average re la tiv e  s e n s it iv ity  
is show n as a scatter d iag ram  in  F ig . 1. D esp ite  
the m arke d  in te rs u b je c t v a r ia t io n , the  genera l lo g a r ith m ic  
decline in  s e n s it iv ity  w ith  age is apparen t, ove r the  tested 
range o f 20 to  70 years. T h e  reg ress ion  lin e  has a slope 
o f — 0.046 logo step per yea r (S E  o f es tim a te  1.01 s te p ), 
w h ic h  corresponds w ith  a 50%  loss o f s e n s it iv ity  in  22 
years. T h e  c o rre la tio n  coe ffic ien t is — 0.47, and w ith  97 
sub jects the  tre n d  is h ig h ly  s ig n if ic a n t ( P  <  0 .0 0 1 ). H o w 
ever, i t  shou ld  be rea lized  th a t l i t t le  m ore  tha n  20%  o f the  
to ta l va rian ce  in  in d iv id u a l o lfa c to ry  s e n s it iv ity  can be 
accounted fo r  as a fu n c tio n  o f age.

Sex

T h e  d is tr ib u tio n  o f m en and w om en was 48 :49. F o r  o n ly  
one o f the odo ra n ts  d id  a s ig n if ic a n t d iffe rence  in  o lfa c to ry  
s e n s it iv ity  appear between the sexes. T h e  m ean d iffe re nce  
in  th resh o ld , a lge b ra ica lly  averaged ove r a ll 18 od o ra n ts
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T a b l e  1. L o s s  o f  s e n s o r y  a c u i t y  w i t h  a g e .  V a lu e s  in  i t a l i c s  a r e  r e c a l c u l a t e d  b y  th e  p r e s e n t  a u t h o r s  f r o m  d a t a  
o r  g r a p h s  i n  o r i g i n a l  r e f e r e n c e s .

Sense
Rate of deterioration

50%  loss 
(years) Referencemeasurement logio per year logo per year

S i g h t  ( n i g h t  v i s i o n ) i n t e n s i t y  ( / ¿ L a m b e r t ) 0 .0 2 3 0.076 13 M c F a r l a n d  e t  al. ( 1 9 5 5 )
S o u n d  ( 1 2 5 - 5 0 0  c p s ) p o w e r  % W a t t ) 0.020 0.066 15 H i n c h c l i f f e  ( 1 9 5 9 )
S m e l l  ( 1 8  o d o r a n t s ) c o n c e n t r a t i o n  ( p p m ) 0 .0 1 3 9 0 .0 4 6 22 ( T h i s  w o r k )
T a s t e  ( s u g a r  &  s a l t ) c o n c e n t r a t i o n  (  %  ) 0 .0 1 0 5 0.035 29 H i n c h c l i f f e  ( 1 9 5 8 )
T o u c h  ( c o r n e a l ) w e i g h t  ( m g ) 0 .0050 0.017 60 B o b e r g - A n s  (1 9 5 6 )

A g e  (years)
F ig .  1. E f f e c t  o f  a g e  on  o l f a c to r y  s e n s i t i v i t y .  T h e  r e s u l t s  w e r e  

o b ta in ed  f o r  97  o b s e r v e r s  t e s te d  iv i th  1 8  o d o r o u s  c o m p o u n d s .  T h e  
s lo p e  o f  th e  r e g r e s s i o n  line i s  —0.046 lo g t  s t e p  p e r  y ea r .

and correc ted  fo r  age d iffe re n tia l,  was ju s t  0.23 step in  
fa v o r o f the  w om en.

Smoking

T h e re  w ere  18 tobacco users in  the  g ro u p . S ig n ific a n t 
d iffe rences w e re  no ted fo r  o n ly  tw o  odoran ts . T h e  m ean 
th re sh o ld  d iffe rence  (co rre c te d  fo r  age) was m e re ly  0.19 
step in  fa v o r o f the  nonsm okers.

DISCUSSION
E v id e n t l y  fo r  t h e s e  o d o r a n ts  the  in fluence  o f sex 

o r  sm ok ing  is n e g lig ib le , and can be ig n o re d  fo r  m ost 
p ra c tica l purposes. H o w e v e r, the  d e te r io ra tio n  o f the sense 
o f sm ell w i th  advanc ing  years appears to  be rea l. T h e  
observed decrease in  o lfa c to ry  a c u ity  w ith  age con firm s  
the conclusions o f th ree  e a r lie r  stud ies, w h ic h  em p loyed 
seria l d ilu t io n s  o f odo ran ts  in  m in e ra l o il. F o rd yce  (1 9 6 1 ) 
and Joyn er (1 9 6 3 ) tested pheno l, and  K im b re ll et al.
(1 9 6 3 ) used w -bu tano l and isoam yl acetate. P resu m ab ly  
on account o f inconsis tencies in  th e ir  resu lts , none o f these 
au thors  a ttem pted  to  ca lcu la te  an actua l ra te  fo r  the  decline

in  s e n s it iv ity  w ith  age.
F o rdyce  (1 9 6 1 ) fo u n d  no effect o f c iga re tte  sm ok ing  

b u t a possib le decrease in  a cu ity  am ong p ipe -sm okers , 
whereas Joyn e r (1 9 6 3 ) no ted  a s ig n if ic a n t decrease am ong 
sm okers. C o nce rn in g  the sex o f the  sub ject, S chne ider 
et al. (1 9 5 5 ) , us ing  a ir  d i lu t io n  o f c it ra l in  a w a lk - in  
o lfa c to r iu m , fo u n d  a s ig n if ic a n tly  h ig h e r o lfa c to ry  sensi
t iv i t y  am ong w om en. T h e  p resen t w o rk  suggests th a t any 
s lig h t advan tage e x h ib ite d  by  non-sm okers  and b y  w om en 
is so sm all th a t i t  cou ld  become s ig n ifica n t o n ly  in  a v e ry  
la rge  series o f tests.

H in c h c lif fe  (1 9 5 8 ) dem onstra ted  th a t the  a cu ity  o f the 
sense o f taste like w ise  declines lo g a r ith m ic a lly  w ith  age. 
T h e  ra te  o f d e te r io ra tio n , w h ic h  was the same fo r  bo th  
sucrose and sod ium  ch lo rid e , w o rk e d  o u t a t 0.0105 lo g i0 
step per year. O n  reca lcu la tio n , th is  corresponds w ith  a 
50%  loss o f taste s e n s it iv ity  in  29 years, w h ic h  m ay be 
com pared w ith  the 22 years fo r  50%  loss o f sm e ll sensi
t iv ity .  T h is  genera l decline in  the  senses o f taste and sm ell 
w ith  age cou ld  be re leva n t to  dom estic  and in s titu t io n a l 
preferences and com p la in ts  re g a rd in g  foo d  flavo rs .

I- Iin c h c liffe  (1 9 6 2 ) po in te d  o u t th a t d e te r io ra tio n  w ith  
age applies q u a lita t iv e ly  to  a ll the  specia l senses, ap a rt 
f ro m  sm ell fo r  w h ic h  no da ta  w ere  then  ava ilab le . I t  is 
now  possib le to  com ple te H in c h c lif fe ’s co m p ila tio n , and 
assemble the  data q u a n tita tiv e ly  fo r  com parison  (T a b le  1 ). 
T h e  lo g a r ith m ic  rates o f d e te r io ra tio n  are expressed in  
those phys ica l u n its  w ith  w h ic h  the  th re sh o ld  s t im u li are 
c o n v e n tio n a lly  m easured. I t  is appa ren t th a t the  sense o f 
sm ell occupies an in te rm e d ia te  p o s it io n  w ith in  a w id e  
range o f sensory d u ra b ilitie s . T h e  actua l n u m e rica l values 
m ay be o f in te re s t fo r  psychophysics and g e ron to log y .
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3 .  P u r i f i c a t i o n  o f  C r a n b e r r y  A n t h o c y a n i n s

SUMMARY—The evaluation ot the various purification methods 
was based, in the order of their importance, on the recovery 
of individual and total anthocyanins and on the concentrating 
power. Amberlite CG-50 ion exchange resin was the best, 
but basic lead acetate was also satisfactory. Polyamide did 
not concentrate the anthocyanins and the use of neutral lead 
acetate resulted in poor recoveries.

IN T R O D U C T IO N

Separation of the individual anthocyanins (I 
Acys) is necessary before the quantity of each antho- 
cyanin (Acy) can be determined. W ith fresh or frozen 
berries, the crude pigment extract may be separated with
out any purification. However, with products containing 
appreciable amounts of added sugar such as cranberry 
juice cocktail (C rJ) and sauce, the separation is not fea
sible without preliminary purification to remove or reduce 
the sugar content and concentrate the anthocyanins 
(Acys).

Various methods are described in the literature, such 
as solvent extraction; lead, mercury, and zinc acetate pre
cipitations ; polyamide and ion exchange resin and cellulose 
columns, for the preliminary purification of Acys present 
in solutions containing high concentrations of sugar. 
Since none of these methods was previously used for 
quantitative analysis of individual pigments, it was neces
sary to evaluate them from this viewpoint. This paper 
evaluates quantitatively the three most frequently used 
Acy purification methods, namely lead acetate precipita
tion, polyamide and ion exchange resin columns for the 
purification of Cr Acys.

In the method developed for the quantitative deter
mination of I Acys (Fuleki ct al., 1968b) the total 
anthocyanin (T  Acy) content was measured directly on 
the CrJ. The ratio of I Acys was determined after they 
were separated chromatographically. The purification 
treatment was carried out prior to the chromatographic 
separation. For this reason, the loss of Acys during puri
fication would not result in an error as long as the ratio 
of individual pigments remains unchanged. Consequently, 
this paper is concerned with the various purification 
methods primarily on the basis of I Acy recovery.

LITERATURE RE V IE W
Precipitation with lead acetate

The precipitation of Acys as lead salts is the oldest 
method used for the separation of Acys from the other

“ Present address : Horticultural Products Laboratory, Horticul
tural Research Institute of Ontario, Vineland Station, Ontario, 
Canada.

plant constituents (Deibner et al., 1963) and is still fre
quently used for the preliminary purification and concen
tration of Acys. Various salts or pseudosalts of bivalent 
lead have been used for the precipitation of Acys. An 
aqueous or alcoholic solution of neutral (normal) lead 
acetate, PlVCoHsCHA is used most frequently. Solutions 
of the more basic lead subacetate (basic lead acetate) 
P b(C 2 H 3 Oo)2 -2 P b (O H ) 2 are also commonly used. Other 
lead compounds such as lead nitrate (Braconnot, 1807) 
and lead hydroxide (Roach, 1958) have also been em
ployed.

Anthocyanins are not the only group of compounds 
present in plant extracts which are able to form slightly 
soluble lead salts. Compounds possessing a free carboxyl 
(organic, phenolic, fatty and amino acids and proteins) 
or other nucleophilic groups, such as a phenolic hydroxyl 
group (flavonoids, tannins, etc.), are also precipitated by- 
lead acetate. Since lead acetate will precipitate numerous 
other plant constituents as well as Acy, this method is not 
suitable for the absolute purification of Acy. Nevertheless, 
it is well suited for the preliminary purification of Acys 
present in aqueous or alcoholic plant extracts, because the 
most troublesome and plentiful impurities, the sugars, are 
not precipitated by this reagent.

In addition to the preliminary purification, this method 
transfers the Acy from an aqueous to an alcoholic solvent. 
The Acy is concentrated by using a minimum amount of 
alcohol and either hydrochloric or sulfuric acid to liberate 
the pigments from their lead salts. The precipitated lead 
salt formed upon the addition of the acid is removed from 
the Acy solution by centrifuging. Acetic acid is not used 
for the liberation of Acys from their lead salts because 
the resulting lead acetate is slightly soluble in alcohol 
and very soluble in water. The presence of lead acetate 
in the Acy solution would interfere with the further analy
sis of the sample.

The reaction between lead and Acys is not well under
stood. In contrast with the more stable, highly soluble, 
aluminum and ferrous iron chelates where covalent bonds 
are involved between the metal and the o-dihydroxyl 
group, the chemical bond between the heavy metal cation 
and the nucleophilic hydroxyl group is essentially of ionic 
nature. Due to the amphoteric character of Acy, the reac
tion between the Pb++ and Acy is pH-dependent.

Several authors (Stasunas, 1955 ; Geissman, 1955 ; Hay- 
ashi, 1962) attributed greater precipitating power to basic 
than to neutral lead acetate. Since the optimum pH for 
the precipitate formation is different for the various I 
Acys, some fractionation can be accomplished by adjust
ment of the pH (Thompson, 1959).
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According to Geissman (1955) and Hayashi (1962), 
the presence of adjacent free hydroxyl groups in the Acy 
molecule is favorable for the formation of insoluble lead 
salts. Consequently, glycosides of cyanidin, delphinidin 
and petunidin are precipitated at a lower pH than that of 
pelargonidin, peonidin or malvidin. This indicates that 
the phenolic hydroxyl group of Acys containing a free 
o-hydroxyl group is more acidic than those lacking such 
an end-group. This difference in reactivity between 
Acys is utilized for identification purposes by using lead 
acetate as chromogenic reagent (Fuleki et al., 1967).

In grape juice and wine analysis, methods employing 
fractional precipitation of Acys using either basic lead 
acetate following the neutral lead acetate precipitation or 
neutral lead acetate with pH adjustments are widely used.

Considering the instability of Acys in alkaline media, 
it is unwise to increase the pH to a high level or to use 
basic lead acetate. According to Sengewald (1961) lead 
acetate might cause some degradation of Acy, particularly 
in a media which is not highly acidic. Onslow (1925) 
noted that lead acetate precipitation presents the same 
hazard as the use of alkali. According to W illstatter et al. 
(1913) the degradation of Acy in this case is due to 
excess of the alkaline reagent or to long exposure. 
Stasunas (1955), however, found that the average error 
in recovery of synthetic anthocyanidins added to red 
wines was only 4% (range 1.45-15.4) after basic lead 
acetate treatment.

Sengewald (1961) reported 92.5% recovery of hybrid 
red wine Acys after using neutral lead acetate and am
monia to precipitate the pigments. Somers (1966) found 
that malvidin-3-glucoside and the acylated pigments were 
only partially precipitated from grapes by neutral lead 
acetate and peonidin-3-glucoside not at all. Some loss 
of the more labile acylated pigments occurred when the 
precipitation was carried out with basic lead acetate ( Som
ers, 1966) or in a slightly basic media (Ribereau-Gayon, 
1959). Storage of the pigments in their lead complex 
form resulted in complete loss of acylated anthocyanins 
(Somers, 1966).

Deibner et al. (1963) studied the lead acetate precipi
tation methods using red wines and solutions of pure 
malvin, peonin and oenin. They found that the addition 
of basic lead acetate alone or with subsequent pH  adjust
ment was insufficient to precipitate the Acys completely. 
The adjustment of the pH with ammonia to 10.2-10.4 
prior to the addition of lead acetate, resulted in an Acy- 
free supernatant which was considered as a sign of com
plete precipitation. These authors also evaluated the Offi
cial German Method for the detection of hybrid character 
in wines employing fractional precipitation with neutral 
lead acetate followed by pH  adjustment. Their results 
showed that neither the fractionation nor the precipitation 
was complete. The authors indicated that not only quan
titative but qualitative changes in Acy composition can 
occur as the result of lead acetate precipitation.

Polyamide column chromatography

In comparison with other flavonoids, relatively little 
use has been made of this new adsorbent in Acy analysis. 
Chandler et al. (1959) found that Acys and anthocyani

dins were only slightly retained on polyamide columns, 
being readily eluted by the usual Acy solvents with suffi
cient acid to prevent fading of the pigments. The Acys 
were successfully separated from the other flavonoid com
pounds which were firmly retained and from polymeric 
material which was completely retained. Polyamide has 
been used for the preliminary purification of blackcur
rant (Chandler et al.., 1962) and cranberry (Zapsalis 
et al., 1965) Acys. Gallop (1965) found polyvinylpyr
rolidone preferable to polyamide for the purification of 
Acy solutions. Polyvinylpyrrolidone was also used with 
Acys by Blundstone et al. (1966).

Ion exchange resin column chromatography

According tc Seikel (1962) it was Ice et al. (1951) 
who first suggested the use of ion exchange resins (Am- 
berlite CG-50) for the preliminary purification of Acys. All 
flavonoids except chalcones (Bate-Smith et al., 1953) are 
absorbed from aqueous solutions by the resin (Amberlite 
IRC-50). Most of the water-soluble organic and inor
ganic impurities can be removed by exhaustive washing 
with water. Glycosides can be eluted with aqueous alcohol 
and the aglycons with 95% alcohol.

The mechanism of adsorption is not clearly understood. 
Boardman (1957) indicated that the various types of 
cation exchange resins behave differently. Ionic aromatic 
substances may be strongly adsorbed on polystyrene but 
may show lower adsorption on ionized polymethacrylic 
acid resins or on cellulose ion exchangers. The car
boxylic groups on polyacrylic acid resins will be un
changed below pH 5.5 and may bind polar substances by 
polar binding. This is really adsorption chromatography 
on ion exchange resins.

Various type of resins (Amberlite CG-50, IRC-50, 
IR-120, Dowex 50, 50W  and Zeocarb 215) have been 
used for preliminary purification of Acys, but there is 
very little information on the quantitative recovery of 
Acys from ion exchange columns. According to Kaz- 
mierczak (1966) the Acys from various berry juices 
were completely absorbed on Amberlite IRC-50, IR-120 
and Dowex 50 columns. The Acy was readily eluted 
with 95% ethanol from the Amberlite IRC-50 column, 
but only with difficulty from the other two resins. How
ever, some authors (Parkinson, 1954; Endo, 1958; Saka- 
mura et al., 1961; Gromeck et al., 1964) noted that a 
colored (usually orange or brownish) effluent occurred 
upon washing the Acys absorbed on the column with 
water.

Methods other than those evaluated here, such as 
mercury and zinc acetate precipitation (Biol et al., 1963), 
solvent extraction (Nebesky et al., 1949), cellulose column 
chromatography (Daravingas et al., 1965)', electropho
resis (Markakis, 1960) and thin-layer chromatography 
were or could also be used for the preliminary purifica
tion of Acys.

M A T E R IA L  A N D  M E T H O D S

The “Ocean Spray” brand CrJ used was obtained in
1 -pint bottles from the manufacturer (Ocean Spray Cran
berries Inc., Hanson, Mass.)
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Unsweetened Cr juice (Cr juice in the following) was 
obtained by pressing the thawed berries on a Carver Model 
K Laboratory Press (F. S. Carver Inc., Summit, N .J.) at
10,000 psi pressure. The cranberries (C r) used ( Vac- 
cinium macrocarpon Ait., var. Howes) were grown at the 
University of Massachusetts Agricultural Experiment Sta
tion, Wareham, Mass., and stored at 0°F until used.

Evaluation of the total anthocyanin recovery

The purification treatment was carried out with accu
rately measured volumes of CrJ as described later. The 
T  Acy was determined on the following fractions:

1. Untreated CrJ.
2. Aqueous eluate or filtrate containing sugar and some 

Acy.
3. Partially purified Acys (Crude Acys).
The T  Acy determination was carried out on the CrJ 

and on the aqueous fraction using either the pH differential 
or the single pH method developed for CrJ (Fuleki et al., 
1968b). In some cases, the Degradation Index (D I) was 
also calculated (Fuleki et al., 1968b). The T Acy in the 
Crude Acy was determined using the method developed 
for Cr extract (Fuleki et al., 1968a).

Evaluation of the recovery of individual anthocyanins

Since the CrJ could not be chromatographed directly, the 
comparison on I Acy composition between treated and 
untreated samples was made using Cr juice. Both the 
Crude Acy and the untreated Cr juice were chromato
graphed and the percent composition of individual Acys 
determined (Fuleki et al., 1968c). The pigment composi
tion of the purified juice was compared to that of the 
original using the “t test” for the statistical analysis of the 
data.

Precipitation with lead acetate

Basic lead acetate. A saturated aqueous solution of pH
8.4 was used. Since basic lead acetate was employed in 
most of the experiments, the following text will refer to 
this reagent as lead acetate except where neutral lead 
acetate was specified.

Neutral lead acetate. A saturated aqueous solution of 
pH 5.7 was used.

5% HCl in methanol. Cone. HCl-methanol (15:85).
Procedure for lead acetate. The procedure developed 

for the purification of Cr Acys was as follows: A sufficient 
amount of lead acetate solution was added dropwise, with 
vigorous stirring, to the CrJ or Cr juice, to precipitate the 
Acy. The juice turned to a green slurry when the reaction 
was complete. The pH was adjusted to 7.0-7.1 with the 
dropwise addition of approximately 0.5 N  NaOH, accom
panied with vigorous stirring of the slurry with a magnetic 
stirrer. The precipitate was filtered with suction on a 
medium porosity fritted glass funnel with a thin layer of 
filter aid (Hyflow Supercel, Johns-Manville Corp., New 
York, N. Y .). The precipitate was washed with distilled 
water and finally with acetone.

The loss of Acy in the filtrate was detected by adding a 
few drops of approximately 2 N  HCl to the bottom of 
the beaker in which the filtrate was collected before start
ing the filtration. The appearance of a pink color indicated 
that Acys were present in the filtrate. The precipitate was

transferred to a centrifuge tube, in which the Acys recon
verted with 5% HCl in methanol, and the supernatant 
containing the Crude Acys was separated from the PbCL 
crystals by centrifuging.

Difficulty was experienced in measuring the pH of the 
precipitate. The sticky precipitate poisoned the electrodes 
rapidly so the response became very sluggish. Indicators 
could not be used because the dyes reacted with the free 
lead acetate. To prevent poisoning, the electrodes were 
washed after every measurement with approximately 2 N  
HCl, followed by generous rinsing with distilled water. 
The electrodes were stored overnight in the HCl solution 
in order to dissolve any adsorbed lead salt.

Polyamide column chromatography

Procedure for polyamide. The preparation of Ultramid,
B.M. (Badische Anilin und Soda Fabrik, Ludwigshafen, 
Germany) polyamide powder for use as absorbent was 
essentially the same as described by Chandler et al. (1962). 
The prepared absorbent was slurried into all glass chroma
tography columns (300 X 10 or 400 X 20 mm) and 
washed with water. The CrJ or juice was absorbed on the 
top of the column and the sugar was eluted with water. 
The Acy was eluted from the polyamide with either 
ethanol—0.5 N  HCl (1 :1) or the upper layer of 1-buta- 
nol-TV HCl ( 1 :1). Although the latter eluant gave a more 
compact band, the ethanolic eluant was used more fre
quently because the resulting ethanolic Crude Acy solution 
was handled more conveniently in subsequent analysis.

Polyvinylpyrrolidone ( Polyclar AT ; General Aniline and 
Film Corp., New York, N. Y.) columns were prepared 
as described by Gallop (1965). The CrJ was absorbed on 
the column and the sugar was washed down with 0.25 N  
HCl. The Acy was eluted with 0.1% HCl in 80% methanol 
(Blundstone et al., 1966).

Evaluation of total anthocyanin recovery. The general 
procedure was followed with a few modifications. Large 
size columns (400 X 20 mm) packed about % full with 
polyamide were used. The O.D. of the collected fractions 
diluted with the pH 1.0 and 4.5 buffers was measured at 
the wavelength of maximum absorption, namely at 510 nm 
for Cr and cherry and 500 nm for strawberry.

Ion exchange resin column chromatography

Selection of the ion exchange resin. A  simple batch 
process was used for the screening of the following resins : 
Amberlite CG-50 and IR-4B (Rohm & Haas Co., Phila., 
Pa.), Rexyn 102 (Fisher Sci. Co., Fair Lawn, N. Y .), 
Bio-Rad AG-50 (Bio-Rad L a b o ra to r ie s ,  Richmond, 
Calif.), Zeo-Karb, Permutit Q and H-70 (Perm utit Co., 
New York, N. Y .).

Procedure for anthocyanin purification. The Amberlite 
CG-50, a weakly acidic cation exchange resin of 100-200 
mesh, was hydrated by soaking the resin in water and 
occasionally decanting the silky supernatant in order to 
remove the undersize particles. All glass 300 X 10 mm 
chromatography columns equipped with fritted glass filters 
were used. To prevent small resin particles from passing 
through the filter, a polyvinyl chloride (Polyvie) filter disc 
(Millipore Filter Corp., Bedford, Mass.) was fitted on 
top of the glass filter. A sufficient amount of resin slurry 
was poured into the glass column to form a 15-18 cm
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column after the resin settled. Ten ml CrJ or 5 ml Cr juice 
were adsorbed on the drained column. The sugar was 
washed down with 7 ml of distilled water and Acys were 
eluted with 20-25 ml of 0.25% cone. HC1 in methanol 
which was added to the column in small increments. The 
dense part of the Acy band eluted with methanol was col
lected (Crude Acys) for the determination of the ratio of 
individual Acys by chromatographic analysis (Fuleki et al., 
1968c).

Establishment of the elution profile. The standard pro
cedure was used. The only exception was that the aqueous 
as well as the methanolic eluates were collected as small 
fractions. To follow the elution of sugar, the concentration 
of soluble solids in the aqueous fractions was measured 
with an Abbe-type refractometer. The aqueous fractions 
were diluted with pH 1.0 buffer, while the methanolic 
eluate was diluted with E tOH-1.5A  HC1 (85 :15) and the 
T Acy content was measured using the single pH methods.

Although degraded pigment occurred in the aqueous 
fractions, the pH  differential method could not be applied 
because of the small volume of the fractions. To account 
for the degraded pigment, a correction factor was estab
lished by collecting the aqueous eluate from 5 columns run 
at the same time and from the same original sample as 
that used for the profile analysis. The Acy content from 
the 5 eluates was determined using the pH differential 
method.

Using the same data, but considering only the O.D. 
reading obtained at pH 1.0, the Acy content was calculated 
using the single pH method. The pH differential method 
gave 0.174 mg Acy, whereas the single pH method indi
cated 0.277 mg Acy content for the aqueous eluate origi
nating from 50 ml CrJ. It was assumed that the same 
relationship would apply for the aliquots obtained for the 
elution profile; therefore a correction factor could be estab
lished the same way as the DI was determined by dividing 
the result of the single pH method with that of the pH 
differential method, namely 0.277/0.174 =  1.59. Conse
quently the Acy readings in the aqueous fractions obtained 
for the elution profile using the single pH method were 
corrected by dividing them by 1.59.

RESULTS A N D  DISCUSSION
Precipitation w ith lead acetate

Establishment of operating parameters. Neutral lead 
acetate was first used but it did not precipitate the Acys 
completely and also the proportions of the I Acys were 
changed considerably. Chromatographic analysis of the 
fractions precipitated with neutral and subsequently with 
lead acetate revealed that the fraction precipitated with 
neutral lead acetate was enriched in cyanins while the 
proportion of peonidin glycosides increased in the super
natant. This showed that neutral lead acetate was unsuit
able for quantitative purposes and further work was 
carried out using basic lead acetate as precipitant.

To determine the optimum pH, 2 ml of lead acetate 
were added to*25-ml aliquots of CrJ and adjusted with 
0.5 N  NaOH to various pH  levels. The standard pro
cedure was followed except that an aqueous, instead of a 
methanolic, solution of HC1 was used for recovery.

The results in Table 1 indicated that the optimum pH

occurred at or slightly above 7.0. The T  Acy recovered in 
the filtrate was measured in some cases and is presented 
in parentheses after the percent T  Acy recovery in the 
major fraction. By subtracting the sum of the recoveries 
in the two fractions from 1 0 0 , the percent loss was 
obtained.

Since the reconversion of Acy was carried out in an 
aqueous medium and the thoroughly washed lead chloride 
crystals were perfectly white, the Acy loss could not be 
explained by irreversible absorption of Acy on the PbClo 
crystals. Since the loss increased considerably over pH
1 0 .0 , possibly the loss was due to alkaline destruction of 
the Acy. Also, in the pH range between 6.9 and 10.0 the 
filtrate did not appear to contain any Acy, but the loss 
of Acy was considerable (10.4% at pH 9.7). This shows 
the limited value of a negative test on the filtrate or super
natant which is frequently claimed to be the sign of a 
complete recovery (Deibner et al.. 1963).

The addition of lead acetate neutralized the acids and 
this increased the pH of the CrJ considerably (2 ml lead 
acetate added tc 25 ml CrJ increased the pH  from 2.8 to
5.9). This increase of pH was not high enough to insure 
complete precipitation of the A cys; therefore addition of 
dilute alkali was necessary. The order of addition of the 
lead acetate (before or after the pH adjustment) had a 
definite influence on the reaction. Higher recoveries 
(Table 1) were obtained by adjusting the pH  after lead 
acetate addition. Consequently, this order of addition was 
adopted for the standard procedure.

It was difficult to specify the exact amount of lead 
acetate which should be added to a 25 ml CrJ sample. The 
lead ion reacts not only with the compounds present in the 
CrJ but also has a tendency to polymerize as the pH 
increases (Mattock, 1954). To avoid this phenomenon, 
which apparently occurred as a local excess built up, the 
CrJ was stirred vigorously with a magnetic stirrer, while 
adding the lead acetate. Under such conditions, 2 ml of 
saturated lead acetate solution were more than sufficient 
to precipitate all the Acy in a 25-ml CrJ sample, as indi
cated by the color of the resultant slurry.

Filtration of the precipitate, instead of the customary 
centrifuging, was found to be a better method. The sugar 
could be completely removed by washing the precipitate 
on the filter and the filtrate also appeared clearer than the 
supernatant. To prevent clogging, a thin layer of filter-aid 
was deposited on the fritted glass filter of the Hirsch type 
funnel.

Some Acy was retained on the lead chloride crystals 
when the reconversion was carried out in an alcoholic 
medium. An effort was made to correct for this by 
replacing the hydrochloric acid with sulfuric acid. How
ever, more Acy was absorbed on the lead sulfate than on 
the chloride with both alcoholic and aqueous media. Lead 
chloride is fairly soluble and the sulfate is barely soluble 
in water. This suggests that the PbCU crystals appeared 
free of Acy after washing with aqueous HC1, because 
the water dissolved the surface layer with the absorbed 
Acy.

The crystals appeared pink in all other cases, because of 
the low solubility of PbClo in methanolic and PbSCL in 
both media. Since it was desirable to recover the Crude
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Table 1. Recovery of total anthocyanin after basic lead acetate purification of cranberry 
juice cocktail at different pH levels.

Experiment No.
Treatment 1 2 3 4 5

nig/ 1 0 0  ml
T Acy 1 5.05 5.86 5.96 4.81 4.76

ml

CrJ 1 0 .0 2 0 . 0 2 0 . 0 25.0 25.0
Lead acetate 0.25 1 .0 1.5 2 . 0 2 . 0

Adjusted pH 2 Recovery c/ 39
5.9 89.0(9.0)
6 .0 85.0(+)
6 . 2 89.3 ( 3.8++)
6.5 89.0(4.0) 98.0 ( +  ) 90.7 ( 1.8+)
6 .8 95.0 ( +  )
6.9 99.3 ( — ) 93.3 ( 1.1-)
7.0 99.5 ( —) 92.5 ( 0.6-)
7.1
7.2 8 6 . 0  ( +  +  ) 88.0(3.0)

95.6 (—)

7.3 8 6 .6 ( +  +  ) 95.7 ( —) 95.4 ( — )
7.4 8 6 . 6  ( +  +  ) 90.0(2.0) 97.9 ( — )
7.5 94.0 ( — ) 93.7 (—)
7.7 91-5 ( — )
8 .0 97.5 ( - )

' 8.7 91.5 ( — )
9.7 8 8 . 6  ( 1 .0 - )

10.9 68.2 ( 8.3+ +  )
1 1 .2 53.1(15.0++)

1The T Acy determinations were carried out using the pH differential method in No. 1, 4, 
S and the single pH method in No. 2, 3 experiments.

2 The results are underlined in cases where the dilute alkali used for the pH adjustment 
was added prior to the addition of lead acetate. The pH values listed give the final pH of the 
slurry measured after the addition of dilute alkaline and/or lead acetate.

3 The values in parentheses give the Acy % recovery in the filtrate. The results of the 
visual estimation of Acy content are given as follows: +  =  trace; +  +  =  fair amount; 
— =  none.

Acy in an alcoholic solution for chromatographic analysis, 
the methanolic medium was retained for the reconversion 
of Acy from the precipitate. The lead chloride crystals 
were separated from the Acy by centrifuging, because 
some lead chloride passed through even the fine porosity 
glass filter.

Total anthocyanin recovery. The results in Table 1 
show that excellent recoveries could be obtained with lead 
acetate following the developed procedure but some unex
plainable variation also occurred.

Recovery of individual antliocyanins. Data for 15 un
treated and 6  samples of each of the treatments are pre
sented in Table 2. There was no significant difference at 
the 5% level for any of the major Cr Acys, and the agree
ment between the treated and untreated samples was good.

Since methanol was selected as medium for the recon
version of Acy, it was important, to determine whether the 
loss due to irreversible absorption on the lead chloride 
crystals occurred at the same rate for all four pigments. 
To explore this question, the precipitate was divided and 
one part of it was reconverted in an aqueous and the other 
in the standard methanolic medium. The excellent agree
ment between the two treatments (Table 2) indicated that 
it was quite safe to use methanolic HC1 for the reconver
sion of Acy.

Purification profile

Filtrate. It contained practically all the sugars; there
fore, the method effectively purified the Acys of CrJ for 
chromatographic analysis. If the conditions were not con
trolled carefully, some Acy was lost in this fraction.

Crude Acy. The fraction obtained by reconverting the 
precipitate contained not only the Acys but a large number 
of other compounds present in the CrJ as well. The 
presence of degraded Acy in this fraction can be quite 
troublesome, particularly when the determinations are 
carried out on old samples containing a large proportion 
of degraded pigment. The DI was calculated for this frac
tion in cases where the pH differential method was used, 
and it was found to be the same as that determined for the 
untreated CrJ sample. This and chromatographic analysis 
of the Crude Acy showed the presence of degraded pig
ments in this fraction.

Anthocyanin retained on the lead chloride. W hen an 
alcoholic medium was employed for recovery, some Acy 
was irreversibly absorbed on the crystals, but the I Acy 
composition did not change as the result of this loss.

Degraded Acy. If any anthocyanidins were present in 
the samples, they would be degraded in the alkaline 
medium. Some anthocyanin may have been lost due to 
alkaline degradation.
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Table 2. Effect of lead acetate treatment on the individual anthocyanin composition of 
cranberry juice.

Pigment1

Untreated2

Lead acetate treated3

Reconverted in MeOH Reconverted in water
P4% % P % P

Pn-3-Ar 18.8 ±  0.37 18.2 ±  0.65 0.42 17.9 ±  0.28 >0.05 >0.62
Cy-3-Ar 19.2 ±  0.48 18.0 ±  0.52 0.09 18.4 ±  0.51 0.16 >0.48
Pn-3-Ga 38.3 ±  0.47 39.0 ±  0.67 >0.37 39.5 ±  0.69 >0.13 >0.55
Cy-3-Ga 23.7 ±  0.51 24.8 ±  0.78 >0.23 24.2 ±  0.38 >0.42 0.42

1 Cy =  cyanidin, Pn =  peonidin, Ga =  galactoside, Ar =  arabinoside.
2 Mean values of IS identical samples with the standard deviation of the mean.
3 Mean values of 6  identical samples for each treatment with the standard deviation of the

mean.
* Probability of observing a greater difference between duplicate samples than that found 

between the methanol and water media used in the reconversion of anthocyanins.

Polyamide column chromatography

Evaluation of total anthocyanin recovery. Fairly good 
Acy recoveries of Acys could be obtained with Cr juice 
(Table 3). The major shortcoming of the polyamide 
treatment was that the Acy diffused on the column. The 
result of this was a rather dilute Crude Acy solution. An 
additional disadvantage of this absorbent was that the 
elution was slow. Purification on polyvinylpyrrolidone 
column was also slow and the purified Acy solution was 
dilute.

The general profile of Acy elution from polyamide col
umns is shown in Table 3. Some pigment was lost for 
chromatography, as with the ion exchange treatment in the 
aqueous washings. However, the pattern of Acy loss was 
different. Visual observation revealed that the Acy loss 
did not occur as a peak but at a steady rate and it continued 
as long as the column was washed with water. The low 
value of the DI indicated that most of the Acy in the 
aqueous fraction was non-degraded pigment. The DI for 
the other fractions showed that while the first ethanolic 
fraction was almost completely free of degraded pigment, 
the second one contained a large proportion. Visual exami
nation of the eluted column showed that a reddish-brown 
fraction, which was apparently degraded Acy, was retained 
in diffused form on the column.

Chandler et al. (1959) indicated that a firmly absorbed 
polymeric material would prevent the repeated use of this 
absorbent. The polyamide treatment gave similar elution 
profiles with CrJ, strawberry and sweet cherry juices. 
Since polyamide treatment produced a very dilute purified 
Acy solution, which was unsuitable for chromatography, 
use of this absorbent was discontinued.

Ion exchange resin column chromatography

Establishment of operating parameters. Amberlite CG- 
50 and Rexyn 102 were the only resins among those tried 
which permitted the complete desorption of Acy when 
eluted with 95% E tO H  (Fuleki, 1967). Since the Amber
lite CG-50 resin showed somewhat better performance than 
the Rexyn 102, this resin was selected for further experi
mentation. The sample applied on the column had to be 
large enough to give about 1 to 2 ml Crude Acy solution. 
Ten ml fresh CrJ or 5 ml fresh Cr juice were adequate and 
a 1 X 15 cm hydrated resin column gave ample capacity 
to absorb the Acy present in the sample. To elute the 
sugar, it was necessary to wash the column with a mini-

Table 3. Recovery of total anthocyanin after polyamide purifica
tion of cranberry juice.

Fraction ml T Acy 
mg

Recovery
%

Degradationindex
Cranberry 300

Aqueous eluate 243 0.33 1.9 1.09
Ethanolic eluate (1) 176 15.63 89.0 1.04
Ethanolic eluate (2) 150 0.28 1 .6 2 .1 1

Total 569 16.24 92.5
Original juice 300 17.56 1 0 0 . 0 1 .2 0

mum of 7 ml water after the CrJ was absorbed on the 
column.

The behavior of the Acys on the ion exchange resin 
indicated that these pigments were absorbed on the resin 
primarily by non-ionic forces. The effective pH range of 
the resin was pH 5 to 14, while the pH of the CrJ was 2.8. 
Furthermore, the resin also absorbs flavonoids (Seikel,
1962) which, unlike the Acys, lack the positive charged 
form (oxonium ion) that could be responsible for the 
ionic absorption on a cation exchange resin. It appears that 
hydrogen bonding and van der Waals forces rather than 
ion exchange reactions are involved in the absorption of 
these substances on Amberlite CG-50 resin. It is probable 
that the unusual macroreticular physical structure of the 
Amberlite CG-50 resin (Kunin, 1964) was partially re
sponsible for its favorable performance characteristics.

The absorption took place from an aqueous medium and 
the Acy could be readily eluted from the column with 
ethanol, methanol and acetone in which the Acy was solu
ble, but not with diethylether. Elution with acetone was 
too slow. W ater in the ethanol caused tailing. Alcohol 
without acid caused a red to violet color change on the 
column, indicating the possibility of degradation via the 
quinoidal form. Based on the above considerations, 0.25% 
cone. Id Cl in anhydrous methanol was selected as the 
eluting solvent. The addition of the eluting solvent in small 
increments, particularly at the beginning of the elution 
helped to reduce the diffusion of the band. Approximately 
25 ml of solvent were required to elute the Acy from the 
column.

Elution profile. To evaluate the effectiveness of the de
veloped procedure, an elution profile was established by 
measuring the soluble solids and Acy contents of successive 
aliquots eluted from the column ( Fig. 1). The procedure
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F ig . 1. E lu tio n  of so lu b le  s o l id s  ( □ )  a n d  a n th o c y a n in s  (M ) p r e s 
e n t in  c r a n b e r r y  ju ic e  c o c k ta il  f r o m  a  15 .5  X 1-0 cm  A m b e r l i te  
C G -5 0  ion  ex ch a n g e  re s in  co lu m n . ( T h e  m e th a n o lic  e lu a n t zvas  
a d d e d  a f te r  c o lle c tin g  15.9 m l e lu a te . T h e  f ir s t  f ra c tio n  in  w h ic h  
m e th a n o l iv a s  d e te c te d  o c c u r re d  a f te r  26.5 m l w a s  e lu te d .)

effectively separated the Acy from the sugar. The Acy 
was eluted from the column as a narrow band in front 
of the methanolic phase as the water was replaced from 
the column by the alcohol. The treatment gave a highly 
concentrated methanolic Acy solution.

The elution profile shows that a small amount of Acy 
occurred in the aqueous fractions. It was interesting to 
note that a small peak in Acy content occurred in the same 
aliquots which had the highest concentration of soluble 
solids. On a few columns, a larger volume of water 
(20 ml) was used for the elution of sugars. In these cases, 
no Acy could be detected in the last 5 ml of the aqueous 
phase.

A third colored fraction occurred when old CrJ or juice 
was applied on the column. The highly polymerized Acy 
degradation products which were apparently insoluble in 
water or alcohol remained on the top of the column and 
appeared in the form of a reddish-brown band. This 
demonstrated that the ion exchange treatment purified the 
Acys not only from the sugars but from the highly poly
merized degradation products as well.

Total anthocyanin recovery. Further information was 
obtained on the loss of Acy in the aqueous fraction by 
determining the T Acy recovery in the aqueous and metha
nolic eluate using the pH differential method. The mean 
of the results obtained on triplicate samples of CrJ showed 
that 12.4 and 89.0% of the T Acy was recovered in the 
aqueous and methanolic eluate respectively. This indicated 
that no Acy was retained on the column.

Kazmierczak (1966) claimed that the Acys from various 
berry juices were completely absorbed on the Amberlite 
IRC-50 (chemically similar to CG-50) ion exchange col
umn while the other juice components including the red- 
brown Acy decomposition products passed through the

column. The chromatographically pure Acy could be 
readily eluted with 95% ethanol. The above author, in 
cooperation with other researchers (Lempka et al., 1966), 
developed a T  Acy determination method for stored juices 
based on the removal of Acy degradation products on an 
ion exchange column, prior to the absorptiometric measure
ment.

Contrary to Kazmierczak’s findings, the results pre
sented here show that some nondecomposed Acy was pres
ent in the aqueous eluate. This indicated that an error was 
introduced when only the alcohol-eluted fraction was used 
for T Acy determination. The fact that a larger than the 
original proportion of the water-soluble Acy decomposition 
products was present in the aqueous eluate was demon
strated by comparing the DI of the aqueous and methanolic 
eluates. The DI was approximately 1.03 for the untreated 
CrJ, 1.1 for the methanolic and 1.5 for the aqueous eluates. 
The large difference between the methanolic and aqueous 
eluates showed that a considerable portion of the soluble 
colored decomposition products was eluted with water.

To obtain further information, the water-eluted colored 
fraction was passed repeatedly through freshly prepared 
ion exchange columns. Visual observation showed that a 
fraction of the Acy from the aqueous eluate was always 
retained on the column, but most of the colored material 
passed through the column. This also demonstrated that 
intact Acy was present in the aqueous eluate even after 
repeated passage through ion exchange columns. This con
clusion was supported by paper chromatographic data 
which showed the presence of all major Cr Acys in the 
aqueous eluate.

It should be mentioned here that not all the juice con
stituents, other than the Acys, were eluted in the aqueous 
washings as claimed by Kazmierczak (1966). The chro
matograms of ion exchange treated CrJ and juice viewed 
under UV light or treated with aluminium chloride consis
tently showed the presence of phenolic acids and flavonoids 
as well. This is not surprising since the same ion exchange 
procedure used for Acy is also used for the purification of 
flavonoids (Seikel, 1962).

Recovery of individual anthocyanins. The percent con
tribution of each Acy was averaged from 8  and 10 chro
matographic applications for the untreated and ion ex
change treated juice respectively. Each of the treated 
samples was obtained from a separate column. There 
was no significant difference in the individual Acy compo
sition of treated and untreated Cr juice (Table 4 ). The 
difference was greatest for the two galactosides which

Table 4. The effect of ion exchange treatment on the individual 
anthocyanin composition of cranberry juice.1

Pigment2
Untreated

%
T reated 

% P
Pn-3-Ar 18.7 ±  0.42 18.9 ±  1.02 >0.84
Cy-3-Ar 18.2 ±  0.60 18.4 ±  0.39 >0.76
Pn-3-Ga 39.4 ±  0.50 40.5 ±  0.30 0.06
Cy-3-Ga 23.7 ±  0.29 2 2 . 2  ±  0 . 8 6 >0.09
1 The results are based on 8  and 10 determinations carried out 

on the same lot of Cr juice, for the untreated and ion exchange 
treated samples respectively.

2 Cy == cyanidin, Pn =  peonidin, Ga =  galactoside, Ar =  
arabinoside.
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Table 5. Performance characteristics of the anthocyanin purification methods.
Performance
characteristic Basiclead acetate Polyamide Ion exchange

Recovery of Acy
Total Acy 92-98% 92% 89%
Individual Acy good good good

Purification profile
Aqueous fraction none to some some some
Crude Acy concentrated diluted concentrated
Retained Acy very little some none
Destroyed Acy none to some none none

Purity of crude Acy
Sugars none none none
Degraded Acy all some traces
Flavonoids present present present
Phenolic acids present present present

were present in the greatest quantities. Considering the 
limitations of the I Acy determination method (Fuleki et 
al., 1968c) the probability of real differences between the 
treated and untreated samples was sufficiently low even 
for these pigments. On the basis of this information, the 
ion exchange treatment was accepted as a reliable purifica
tion method for Cr Acys.

Recommended procedure

The aim of the purification method was to obtain a 
concentrated alcoholic Acy solution, free of sugar and 
preferably of degraded pigment as well, without altering 
the original individual Acy composition of the sample. 
The methods included in the experiments (Table 5) ac
complished these aims to a varying degree.

Polyamide was rejected because it gave a more dilute 
Acy solution than the original CrJ. Both the developed 
lead acetate and ion exchange method could be used for 
the purification of Cr Acy prior to the determination of 
the ratio of I Acys. These treatments effectively removed 
the sugar without changing the percent I Acy composition 
of the sample. The purified Acy was in the form of a 
concentrated alcoholic solution which was well suited for 
further analysis. Nevertheless, the ion exchange method 
was favored over lead acetate precipitation because of 
better performance characteristics in ease of handling, 
consistency of results and purity of the treated Acy.

The Acy purification methods recommended for CrJ 
can be applied for other fruit products as well. However, 
before either the ion exchange or the lead acetate method 
is used for such a purpose it is necessary to determine 
whether any change in the ratio of the particular combi
nation of I Acys occurs as an undesirable side-effect of 
the treatment. This danger exists particularly when 
acylated pigments are present and the lead acetate pre
cipitation method is used.
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A u t o - O x i d a t i o n  o f  E x t r a c t a b l e  C o l o r  P i g m e n t s  in  C h i l i  P e p p e r  w i t h

S p e c i a l  R e f e r e n c e  t o  E t h o x y q u i n  T r e a t m e n t

SUMMARY—Deterioration of extractable color pigments in 
dehydrated, ground chili peppers during storage was shown 
to be an auto-oxidative process having the kinetics of a 
second order reaction. Consequently, the reaction rate con
stant, k„, was used to evaluate the effect of a number of 
variables, such as moisture content, storage atmosphere and 
ethoxyquin treatment. In an oxygen-containing atmosphere, 
the rate constants for color deterioration varied with moisture 
content. The k2 value was 2 to 3 times higher at 4 to 5% 
moisture content than at 8 to 9%. Treatment with 100 ppm 
ethoxyquin afforded both substantial protection against color 
deterioration and an improvement of the surface color of the 
paprika in storage. Such treatment was most effective in low- 
moisture chili peppers. The color stability of several varieties 
was compared under controlled conditions. Some varieties 
were found to be more stable than others.

I N T R O D U C T IO N
T he major color pigments of chili pepper (Capsicum 

annum) are the carotenoids capsanthin, capsorubin, beta- 
carotene, zeaxanthin and cryptoxanthin (Cholnoky, 1939). 
Other minor pigments, such as crytocapsin, lutein epoxide,

antheraxanthin, violaxanthin and mutatoxanthin, have also 
been identified (Cholnoky et al., 1955). The pigments 
may be extracted from dehydrated, ground chili peppers 
with solvents, such as acetone, ethyl alcohol, isopropyl 
alcohol, and determined spectrophotometrically (Schuster 
et al., 1954; Moster et al., 1952, 1957; Anon., 1960). Al
though the method is not specified for individual pigments, 
it provides a quantitative measure of the total concentra
tion of pigments, which reflects the quality of chili pepper. 
This method is readily applicable to the study of deteriora
tion of these pigments during processing and storage. In 
processing, deterioration of the extractable color pigments 
in chili peppers is affected by variables, such as drying 
temperature (Lease et al., 1962) and drying rate. During 
storage, moisture content, atmosphere and temperature 
are critical factors (Lease et al., 1956a).

This paper reports findings on the deterioration of these 
pigments during storage and its curtailment by ethoxyquin 
treatment. The relative color stability of several chili 
varieties was also compared.
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MATERIALS AND METHODS
Preparation of ground chili pepper

F u lly - r ip e n e d  c h il i pepper pods w e re  harvested , cleaned 
and sliced in to  pieces abou t 1 -2  cm  in  w id th . T h e y  w ere  
d r ie d  to  5 to  6 % m o is tu re , e ith e r in  a la b o ra to ry , fo rced - 
a ir  t ra y  d r ie r  a t a cons tan t te m p e ra tu re  o f 65 °C , o r in  a 
com m erc ia l tu n n e l-d r ie r . T h e  dehyd ra ted  pepper w as then 
g ro u n d  in  a p u lv e r iz in g  m il l  to  pass s tandard  screens o f 
d iffe re n t sieve openings.

Assay of extractable pigments
O n  a d ry  so lids basis, 1.25 g  o f g ro u n d  c h il i peppers 

w ere  e x tra c te d  w ith  25 m l o f acetone in  a s toppered 2 5 0 -m l 
E r le n m e y e r flask  fo r  3.5 h r  a t ro o m  te m p e ra tu re  on a 
B u r re ll  w r is t-a c tio n  shaker. T h e  s lu r ry  was f ilte re d  by 
g ra v ity  and the res idue w ashed w ith  acetone to  ob ta in  a 
f in a l vo lu m e  o f 25 m l. A  1 :5 0  d ilu t io n  o f the  e x tra c t was 
used fo r  m easurem ent o f op tica l absorbance a t 470 m g ,  
aga inst an acetone b lan k .

Regulation of moisture content during storage
Since m o is tu re  con ten t affects the  c o lo r s ta b ility  o f c h ili 

pepper, i t  m u s t be co n tro lle d . T h is  w as accom plished by 
e q u ilib ra t in g  the  samples ove r d iffe re n t sa tu ra ted  sa lt so lu 
tions. S ince the  e q u ilib r iu m  re la tiv e  h u m id it ie s  o f these 
so lu tions  (see T a b le  3 )  ranged fro m  32 to  75% , several 
m o is tu re  levels in  the  e q u ilib ra te d  peppers cou ld  be ob 
ta ined .

Determination of moisture content in chili pepper
A n  accu ra te ly -w e igh ed  g ro u n d  c h il i sam ple (a p p ro x i

m a te ly  2  g )  was d r ie d  in  a w e ig h in g  pan fo r  18 h r  in  a 
vacuum  oven (3 4  m m  m e rc u ry )  a t 8 0 °C. M o is tu re  con
te n t w as ca lcu la ted f ro m  the w e ig h t loss. R esu lts  o f th is  
m e thod  are in  good ag reem ent w ith  those o f the  benzene 
d is t i lla t io n  m ethod.

EXPERIMENTAL RESULTS
Kinetics of color deterioration in chili pepper

T h e  ra te  o f c o lo r d e te r io ra tio n  in  c h i l i pepper is re la ted  
to  the  con cen tra tion  o f e x tra c ta b le  c o lo r p igm ents . T h e  
k in e tics  o f th is  rea c tion  a re  illu s tra te d  be low  w ith  data 
fro m  a ty p ic a l e xp e rim e n t. I n  th is  case, the  g ro u n d  sam ple 
( C h il i  V a r ie ty  N o . 1, 40 -m esh ) was sto red  in  darkness at 
4 0 °C  fo r  12 m on ths . T h e  m o is tu re  con ten t o f th is  sam ple 
was m a in ta in e d  a t 4 .0  to  4 .7%  b y  e q u ilib ra t in g  i t  ove r a 
sa tu ra ted  MgCL> so lu tio n . T h e  s torage cham ber was 
opened d a ily  fo r  5 m in  to  re p le n ish  the  a tm osphe ric  o x y 
gen. T h e  c o lo r d e te r io ra tio n  cu rve  fo r  th is  sam ple is 
show n in  F ig . 1.

T h e  cu rve  shows th a t the  h a lf- life  p e rio d , t1/2, o f th is  
reaction  is fa r  f ro m  constant. F o r  exam ple , the  f irs t  h a lf-  
li fe  p e rio d  ( f ro m  E 470 =  0.500 to  0 .2 5 0 ) can be estim ated 
f ro m  th is  g ra p h  as o n ly  1.4 m on ths . B u t,  the  second 
h a lf- life  p e rio d  ( f ro m  E 470 =  0.250 to  0 .1 2 5 ) increases 
to  abou t 3 .0 m on th s  (1 .4  to  4 .4  m o n th s ) ,  and the  th ir d  
h a lf- life  p e rio d  fu r th e r  increases to  5.5 m on ths. W h e n  the 
L o g  E 470 va lues are p lo tte d  aga ins t s torage tim e , a n o n 
lin e a r re la tio n s h ip  is ob ta ined . T h is  ind ica tes th a t the 
c o lo r d e te r io ra tio n  process o f c h ili peppers is n o t a s im ple 
f irs t  o rd e r reac tion .

S T O R A G E  T I M E ,  M O N T H
Fig. 1. Color deterioration curve of chili pepper during storage: 

extractable color content vs. storage time. Successive half-life 
periods, t i/2, are estimated from this graph to be 1.4, 3.0 and 5.5 
months, respectively. (See text).

T h is  same set o f da ta w as used fo r  p lo t t in g  the  rec ip roca l 
o f c o lo r p ig m e n t con cen tra tion  (I/E470) vs. s torage tim e , 
as show n in  F ig . 2. I n  th is  case, a s tra ig h t lin e  is ob ta ined , 
sh o w in g  th a t the  o v e r-a ll k in e tic s  o f c o lo r d e te r io ra tio n  
fo llo w  the  course o f a second-orde r reac tion . T h e  ca lcu
la ted  rea c tion  ra te  constants, k2, fo r  the  1 2 -m o n th  storage 
p e rio d  are show n in  T a b le  1 .

I t  is  appa ren t th a t these k2 va lues are reasonab ly  con
s tan t (ra n g e  fro m  1.31 to  1 .51) th ro u g h o u t th e  e n tire
12 -m on th  storage pe rio d . I t  is  also show n  in  T a b le  2  th a t 
the  observed h a lf- life  pe riods, as estim a ted  f ro m  th e  c o lo r 
d e te r io ra tio n  c u rve  in  F ig . 1, a re  equa l to  the  rec ip roca ls  
o f the  respective  k2.a  va lue , w h e re  a is  th e  in it ia l c o lo r 
p ig m e n t con cen tra tion . A l l  these resu lts  p ro v e  th a t the 
ra te  o f c o lo r d e te r io ra tio n  in  c h i l i  pepper is p ro p o r tio n a l 
to  the  square o f the  e x is tin g  c o lo r p ig m e n t con cen tra tion , 
as fo l lo w s :

T h e re fo re , the  second-orde r rea c tio n  ra te  constant, k2, 
shou ld  be used to  eva luate  the  effect o f d iffe re n t fac to rs  
on c o lo r d e te r io ra tio n  o r  the  c o lo r s ta b ility  o f v a rio u s  c h ili 
samples.



2 7 6 — JOURNAL OF FOOD SCIENCE— Volume 33 (1968)

S T O R A G E  T I M E ,  M O N T H
Fig. 2. A second-order reaction plot of color deterioration in 

chili pepper: reciprocal of extractable color content vs. storage time.

Effect of moisture content on color deterioration
T h e  ra te  o f c o lo r d e te r io ra tio n  in  c h il i pepper is affected 

b y  its  m o is tu re  con tent. F o r  th is  reason, the  m o is tu re  
leve l o f the  peppers m us t be he ld  cons tan t d u r in g  storage. 
T h is  w as accom plished by  e q u ilib ra t in g  the  samples, d u r in g  
storage, o ve r v a rio u s  sa tu ra ted  sa lt so lu tions , such as 
M g C l2, K 2CO3, N a B r,  N a-ace ta te  and N a C l. T h e  e q u i
l ib r iu m  re la tiv e  h u m id it ie s  o f these so lu tio ns  range  fro m  
32 to  75%  ( W in k  and Sears, 1 9 5 0 ), g iv in g  e q u ilib r iu m

T a b l e  1. C a l c u l a t i o n  o f  s e c o n d - o r d e r  r e a c t i o n  r a t e  c o n s t a n t s  f o r  
c o l o r  d e t e r i o r a t i o n  i n  c h i l i  p e p p e r .

Storage 
time, t 

(month)
Extractable 
color content 

(E470 mfl)

Reciprocal of 
extractable color 

content 
(l/E*ro xafi)

Second order 
reaction 

rate constant1 
( «

0 0.500 2.00
1 0.285 3.51 1.51
2 0.217 4.61 1.31
6 0.097 10.30 1.38

12 0.052 19.20 1.43

A v e r a g e 1.41

1 X
1 R a t e  c o n s t a n t ,  k 2 =  - -  • ------- —  .

t  a ( a — x )
w h e r e ,  a =  i n i t i a l  e x t r a c t a b l e  c o l o r  c o n t e n t ;

(a — x)  =  e x i s t i n g  c o l o r  c o n t e n t  a t  t im e  t; 
x  =  d e c r e a s e  i n  c o l o r  c o n t e n t  d u r i n g  t im e  t ; 
t =  s t o r a g e  t i m e  in  m o n th .

T a b l e  2 . C a l c u l a t i o n  o f  h a l f - l i f e  p e r io d ,  t i / 2, f r o m  t h e  s e c o n d -  
o r d e r  r e a c t i o n  r a t e  c o n s t a n t ,  kt.

Starting
extractable color 

content,1 
(E470)

Observed 1 
half-life 

period, ¿1/2 (k2 * a)2

Calculated 
half-life 
period, 

(l/lc2 • a)3

0.500 1.4 0.705 1.42
0.250 3.0 0.352 2.84
0.125 5.5 0.175 5.67
0.0625

1 E s t i m a t e d  f r o m  F i g .  1.
2 kt — 1 .41 , t h e  a v e r a g e  s e c o n d - o r d e r  r e a c t i o n  r a t e  c o n s t a n t  

( T a b l e  1 ) .

3 F o r  a  s e c o n d - o r d e r  r e a c t i o n ,  w h e r e  -----  =  k 2 ( a  —  x ) 2 w e
d t

h a v e ,  u p o n  i n t e g r a t i n g  t h i s  e q u a t io n ,  -----------------=  k 2 • t  -(--------- . T h u s ,
( a  —  x )  a

a  s t r a i g h t  l in e  i s  o b t a in e d ,  w h e n  t h e  r e c i p r o c a l  o f  c o l o r  c o n t e n t  ( i . e .  t  1
---------------- )  is  p l o t t e d  a g a i n s t  t h e  s t o r a g e  t im e ,  t ( F i g .  2 ) .  A t  t h e

( a  — x )
h a l f - l i f e  p o in t ,  w h e r e  x  i s  e q u a l  t o  ( a / 2 ) ,  t h i s  e q u a t i o n  m a y  b e  
w r i t t e n  a s :

-------?--------=  k 2 • t  +  —  o r ,
a  a

( a - - )2 1
t,/2  = ------------

k 2 • a

m oistu res in  c h ili samples o f 4 to  24%  (T a b le  3 ) .
I n  an e x p e rim e n t in v e s tig a tin g  the  e ffect o f m o is tu re  

con ten t, c h il i sam ples o f d iffe re n t m o is tu re  con tents w e re  
s to red  a t 4 0 °C fo r  12 m on ths  in  darkness. A i r  a tm osphere  
was rep len ished  da ily . T h e  con cen tra tion  o f ex tra c ta b le  
c o lo r p igm en ts  was de te rm in ed  a fte r 1 , 2 , 6 and 12  m on ths. 
T h e  second-orde r rea c tion  ra te  constants w e re  ca lcu la ted 
f ro m  these de te rm in a tio n s  (see fo o tn o te  to  T a b le  1 ) . D a ta  
are show n in  T a b le  4.

I n  the  case o f V a r ie ty  N o . 1, the  c o lo r d e te r io ra tio n  
ra te  constant, k2, fo r  the  4 to  5 % -m o is tu re  sam ple ( i.e . 
ove r M g C l2 s o lu t io n ) was abou t tw ic e  th a t fo r  a 7.5 to  
9 .3%  sam ple ( i.e . ove r K 2C O 3 s o lu t io n ) .  F o r  V a r ie ty  
N o . 2, the  co rre spo nd ing  d iffe rence  fo r  the  k2 va lues be
tw een m o is tu re  leve ls was th re e -fo ld . M o is tu re  levels 
lr 'g h e r th a n  8  to  9%  showed no fu r th e r  advan tage f ro m  
a co lo r s ta b ility  s tandpo in t.

Effect of storage atmosphere
A lth o u g h  h ig h e r m o is tu re  con tents re ta rd e d  c o lo r de

te r io ra t io n  in  an a ir  a tm osphere, th e y  had no effect in

T a b l e  3 . M o i s t u r e  c o n t e n t  o f  c h i l i  p e p p e r  i n  e q u i l i b r i u m  w i t h  
d i f f e r e n t  s a t u r a t e d  s a l t  s o lu t io n s  a t  4 0 ° C .

Equilibrium
relative

humidity
(%)

Equilibrium moisture content 
of chili pepper1

Salt solution
Variety No. 1 

(%)
Variety No. 2 

(%)
M g C l 2 3 1 .7 4.5 5.5
K 2C 0 3 43 .1 9.3 10.6
N a B r 5 2 .8 10.2 11.9
N a - a c e t a t e 66.7 12.1 13 .5
N a C l 7 5 .0 2 3 .3 2 4 .4

1 A f t e r  o n e - m o n t h  s t o r a g e .
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T a b l e  4 . E f f e c t  
c h i l i  p e p p e r .

o f  m o i s t u r e  c o n te n t o n c o l o r  d e t e r i o r a t i o n  in

Second-order reaction  ra te
M o istu re constant for

P ep p e r con ten t color d e te r io ra tio n 2
v a r ie ty 1 (% > (£*)

N o .  1 3 .9 -  4 .7 1 .430

7 .5 -  9 .3 0 .6 8 2

9 .1 -1 0 .2 0 .5 8 5

12 .0 - 12.1 0 .7 3 5

2 3 .3 -2 4 .4 0 .5 9 0

N o .  2 4 .5 -  5 .5 0 .7 6 9

8 .0 - 10.6 0 .2 4 5

9 .2 - 1 1 .9 0 .301

1 3 .1 -1 3 .5 0 .1 7 8

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

1 I n i t i a l  c o l o r  c o n t e n t  : V a r i e t y  N o .  1, E « o  :=  .5 0 0 ;  V a r i e t y  N o .  2 ,
E 470 —  .845 .

2 C a l c u l a t e d  f r o m 1 2 - m o n t h  s t o r a g e  d a t a ,  e x c e p t  f o r  2 3  t o  2 4 %
m o i s t u r e  r a n g e  ( 2 - m o n t h  s t o r a g e  d a t a ) .

T a b l e  5 . E f f e c t o f  m o i s t u r e  c o n t e n t  o n c o lo r  s t a b i l i t y  u n d e r
d i f f e r e n t  s t o r a g e  a t m o s p h e r e s .

M o is tu re  con ten t
--------- R esidua l color

S to rage In i t ia l F in a l c o n te n t2
a tm o sp h ere1 ( % ) ( % ) ( E 470)

O x y g e n 5.1 4 .9 0 .2 5 6

N i t r o g e n 5.1 5 .1 0 .5 6 0

O x y g e n 9 .8 9.5 0 .3 8 6

N i t r o g e n 9 .8 9 .6 0 .551

O x y g e n 13.1 12.8 0 .3 2 6

N i t r o g e n 13.1 1 2 .4 0 .5 4 9

1 A f t e r  e q u i l i b r a t i n g  t o  d i f f e r e n t  m o i s t u r e  l e v e l s ,  a l l  s a m p le s  
( V a r i e t y  N o .  2 )  w e r e  s t o r e d  a t  r o o m  t e m p e r a t u r e  u n d e r  d i f f u s e d  
l i g h t  f o r  95  d a y s .

“ T h e  i n i t i a l  e x t r a c t a b l e  c o l o r  c o n t e n t  w a s  0 .6 5 0 .

n itro g e n  a tm osphere (T a b le  5 ) .  T h e re fo re , the  p ro te c tive  
effect o f h ig h e r m o is tu re  con tents  m us t be in d ire c t, e.g., 
im pedes oxyg e n  pe ne tra tion , o r  accelerates d e s tru c tio n  o f 
free  rad ica ls  ( O ’ M e a ra  and S haw , 19 5 7 ), etc.

C o lo r p igm en ts  d e te rio ra te d  m uch  fas te r in  an o xyg en - 
c o n ta in in g  atm osphere, irre sp e c tive  o f o th e r s torage con 
d itio n s . T h is  is show n  by  data in  T a b le  6, w h ic h  is se lf- 
exp la n a to ry . I t  was also show n th a t, in  a ir  a tm osphere, 
au toc laved c h il i sam ples w e re  no m ore  stab le tha n  th e ir  
respective c o n tro ls  (T a b le  7 ) .  A l l  these data show  th a t 
co lo r d e te r io ra tio n  in  c h ili pepper is due to  spontaneous

a u to -o x id a tio n , n o t enzym e-ca ta lyzed o x id a tio n , o f its  c o lo r 
p igm ents .

Effect of ethoxyquin treatment
Since c o lo r d e te r io ra tio n  was oxygen-dependent, the 

e ffect o f a n tio x id a n t tre a tm e n t was in ves tiga ted . S evera l 
a n ti-o x id a n ts  w e re  eva luated. E th o x y q u in , d ip h e n y l-p - 
pheny lene -d iam ine  ( D P P D )  w e re  fo u n d  to  be q u ite  
e ffec tive . B u ty la te d  h y d ro x y a n is o le  ( B H A ) ,  t r ih y d ro x y -  
bu ty ro ph en one  ( T H B P )  w e re  less e ffe c tiv e ; n o rd ih y d ro -  
g u a ia re tic  acid  ( N D G A )  and tocophe ro ls  w e re  ine ffec tive . 
F o r  e th o x y q u in  tre a tm e n t, a ca lcu la ted  am o un t o f e th o x y - 
qu in /benzene  s o lu tio n  was sprayed  on to  the  g ro u n d  
c h il i peppers in  a ro ta t in g  d ru m . T h e  so lven t was evapo
ra ted  and the trea te d  samples w ere  e q u ilib ra te d  to  specified 
m o is tu re  leve ls w ith  v a rio u s  sa tu ra ted  so lu tions . T h e y  
w e re  then  s to red  in  darkness a t 4 0 °C  fo r  12 m on th s  ( a ir  
a tm osphere  rep len ished  d a ily ) .  R es idua l c o lo r con tents 
w e re  de te rm in ed  a t 1-, 2 -, 6-, and 12 -m on th  in te rva ls . 
S econd -o rde r rea c tion  ra te  constants w e re  ca lcu la ted  as 
p re v io u s ly  described.

C o m p a ra tive  data in  T a b le  8  show  th a t the  ra te  con 
stants, k 2, p ro g re ss ive ly  decrease w ith  in c rea s ing  e th o x y 
q u in  levels. T h e re fo re , the  p ro te c tiv e  effect o f e th o x y q u in  
is p ro p o rtio n a l to  its  con cen tra tion . H o w e v e r, e th o x y q u in  
tre a tm e n t is m ore  e ffec tive  in  lo w -m o is tu re  c h il i peppers. 
F o r  exam ple , in  V a r ie ty  N o . 1 (4  to  5%  m o is tu re ) ,  the  
k t fo r  the  un tre a te d  c o n tro l is  1.43, b u t the  k 2 fo r  the 
trea te d  sam ple (1 ,000  pp m  o f e th o x y q u in )  is o n ly  0.187, 
abou t 13%  o f the  c o n tro l va lue . A f te r  12 -m on th  storage,

T a b l e  7 . C o lo r  s t a b i l i t y  o f  a u t o c l a v e d  c h i l i  p e p p e r  ( V a r i e t y  
N o .  1 ) .

T re a tm e n t1

M oistu re
con ten t

(%)
R esidua l color 

c o n te n t2 
(E 470)

N o n e  ( c o n t r o l ) 4 . 9 .1 2 5
A u t o c l a v e d 4 . 6 .055
N o n e  ( c o n t r o l ) 7.1 .2 0 7
A u t o c l a v e d 7.1 .1 5 0
N o n e  ( c o n t r o l ) 9.1 .1 9 8
A u t o c l a v e d 8.5 .1 7 4

'A u t o c l a v e d  f o r  15 m in  a t  15 lb  p r e s s u r e .  A f t e r  b e i n g  e q u i l i 
b r a t e d  t o  d i f f e r e n t  m o i s t u r e  l e v e l s ,  a l l  s a m p l e s  w e r e  s t o r e d  a t  4 0 °  C  
in  d a r k n e s s  u n d e r  a  d a i ly  r e p l e n i s h e d  a i r  a t m o s p h e r e  f o r  9 0  d a y s .

2 T h e  i n i t i a l  e x t r a c t a b l e  c o l o r  c o n t e n t  f o r  t h e  f i r s t  e x p e r i m e n t  
w a s  0 .4 5 2  a n d  t h a t  f o r  t h e  s e c o n d  a n d  t h i r d  e x p e r i m e n t ,  0 .4 0 0 .

T a b l e  6 . E f f e c t  o f  s t o r a g e  a t m o s p h e r e  o n  c o l o r  d e t e r i o r a t i o n  o f  c h i l i  p e p p e r .

Storage
tim e
(day)

Storage
atmosphere1

Storage
temp.
(°C) Light

Moisture
content

( % )

Residual color 
content2 

(E470)

220 O x y g e n 40 D a r k n e s s 5.1 .018
A i r 40 D a r k n e s s 4.8 .032
N i t r o g e n 40 D a r k n e s s 5.3 .771

72 O x y g e n 25 D a r k n e s s 11.0 .505
N i t r o g e n 25 D a r k n e s s 10.0 .740

72 O x y g e n 25 D if f u s e d 10.1 .405
N i t r o g e n 25 D if f u s e d 10.2 .708

' 2 0  g  o f  g r o u n d  c h i l i  p e p p e r  ( V a r i e t y  N o .  2 )  w a s  s t o r e d  in  a  1 2 5 -m l E r l e n m e y e r  f la s k ,  
w h i c h  w a s  f i t t e d  w i t h  a  r u b b e r  s t o p p e r  w i t h  t w o  g a s - e x c h a n g e  o u t l e t s .  T h e  f l a s k  w a s  f lu s h e d  
w i t h  e i t h e r  o x y g e n ,  a i r  o r  n i t r o g e n  f o r  a  f e w  m i n u t e s  b e f o r e  t h e  o u t l e t s  w e r e  c lo s e d  w i t h  
s c r e w  c la m p s .

2 T h e  i n i t i a l  e x t r a c t a b l e  c o l o r  c o n t e n t  f o r  t h e  f i r s t  e x p e r i m e n t  w a s  0 .8 4 5  a n d  t h a t  f o r  
t h e  s e c o n d  a n d  t h i r d  e x p e r i m e n t  w a s  0 .8 0 0 .
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T a b l e  8 . E f f e c t  o f  e th o x y q u i n  t r e a t m e n t  o n  c o l o r  d e t e r i o r a t i o n  in  c h i l i  p e p p e r  w i t h  d i f f e r e n t  
m o i s t u r e  c o n te n t s .

P e p p e r
v a rie ty

E tho x y q u in
tre a tm e n t

(ppm )

M oistu re
con ten t

(%)

Second-order 
d e te rio ra tio n  
ra te  con stan t

(fcO

R esidua l color 
con ten t 

a t  12 m o n th s1 
( E 470)

N o .  1 N o n e 3 .9 -  4 . 7 1 .4 3 0 0 .0 5 2

25 4 .0 -  5.1 0 .7 9 5 0 .0 8 6
5 0 4 .2-  5.3 0 .6 1 4 0 .1 0 7

100 4 .2 -  4.8 0 .4 7 4 0 .1 3 0
1 0 0 0 4 .1-  5.0 0 .1 8 7 0 .2 3 5

N o n e 7 .5 -  9 .3 0 .6 8 2 0 .0 9 8

25 7 .6 -  8 .2 0 .7 5 5 0 .0 9 1

50 7 .5 -  7 .9 0 .5 8 9 0 .1 1 0

1 00 7.(5- 9 .4 0 .3 3 4 0 .1 6 5

100 0 7 .2 -  9 .3 0 .1 5 6 0 .2 5 7

N o n e 9 .1 -1 0 .2 0 .5 8 5 0 .1 1 2

25 9 .1 -  9 .7 0 .5 9 0 0 .1 1 0

5 0 9 .5 -1 0 .8 0 .571 0 .131

100 9 .3 -1 0 .3 0 .3 4 4 0 .1 6 3

1 0 0 0 9 .2 -  9 .9 0 .1 5 9 0 .2 5 5

N o .  2 N o n e 4 .5 -  5 .5 0 .7 6 9 0 .0 9 6

100 4 . 9 -  5 .6 0 .2 8 8 0 .2 1 5

100 0 4 .8 -  5 .2 0 .1 3 2 0 .3 6 0

N o n e 8 .0 -1 0 .6 0 .245 0 .2 4 3

1 00 8 .4 -1 0 .5 0 .1 6 2 0 .3 2 0

10 0 0 8 .1 -1 0 .1 0 .0 9 7 0 .4 2 5

N o n e 9 .2 -1 1 .9 0 .3 0 9 0 .2 0 8

100 9 .4 -1 1 .7 0 .1 5 4 0 .3 3 1

10 0 0 9 .1 -1 0 .8 0 .0 9 7 0 .4 2 5

‘R e s i d u a l e x t r a c t a b l e  c o lo r  c o n t e n t  m a y a l s o  b e  c a l c u l a t e d  f r o m  t h e  k> v a lu e s  a s  f o l l o w s :1
( a  — x )  = ------------------------1

k 2' t  -|-------
a

w h e r e  (a —  x)  i s  t h e  r e s i d u a l  c o lo r  c o n t e n t  a t  t =  12  m o n t h s ; t h e  i n i t i a l  c o lo r  c o n t e n t ,  a, 
i s  0 .5 0 0  f o r  V a r i e t y  N o .  1 a n d  0 .8 4 5  f o r  V a r i e t y  N o .  2.

the  res idu a l c o lo r con ten t o f the  trea te d  sam ple is 5 tim es 
g re a te r tha n  th a t o f the  c o n tro l ( i.e . E 470 =  0.235 vs. 
E470 =  0 .0 5 2 ). T h e  d iffe rence  in  c o lo r d e te r io ra tio n  be
tw ee n  trea te d  and  u n tre a te d  samples d im in ishes  w ith  in 
creasing m o is tu re  levels.

T h e  p ro te c tiv e  e ffect o f e th o x y q u in  on  c o lo r d e te r io ra 
t io n  is  also re flec ted  b y  the  im p ro v e m e n t o f surface co lo r 
o f p a p r ik a  d u r in g  storage. F o r  instance, in  the  case o f 
p a p rik a  ir ra d ia te d  w ith  u ltra v io le t  l ig h t  d u r in g  storage, the 
surface c o lo r o f an e th o x y q u in -tre a te d  sam ple (a b o u t 100  
p p m ) was fo u n d  m ore  red d ish  th a n  the  c o n tro l (S ta h l,
19 66 ). Som e o f these data, ob ta ined  w ith  a H u n te r  C o lo r

D iffe re n ce  M e te r, are presen ted in  T a b le  9. A s  the  e xp o 
sure tim e  increases, the  surface c o lo r becomes lig h te r ,  w i th  
decreasing redness b u t in c rea s ing  ye llow ness. H o w e v e r, 
in  the  e th o x y q u in -tre a te d  sam ple, the  ra t io  o f redness / 
ye llow ness is h ig h e r th a n  the  c o n tro l.

T o  apprec ia te  the  e x te n t o f v is u a l change in  the  surface 
c o lo r o f these samples, the  H u n te r  read ings, L ,  a, b, w e re  
converted , acco rd ing  to  the  estab lished fo rm u la s  ( H u n te r ,
19 58 ), to  the  C .I .E . t r is t im u lu s  va lues, X ,  Y ,  Z . T h e  
la tte r  va lues, in  tu rn , w e re  tra n s fo rm e d  in to  the  m ore  
fa m il ia r  M u n s e ll no ta tion s  (N e w h a ll et al., 19 4 3 ). T h e  
M u n s e ll no ta tion s  (H u e , V a lu e /C h ro m a )  fo r  the  z e ro -tim e

T a b l e  9. E f f e c t  o f  e t h o x y q u i n t r e a t m e n t o n  s u r f a c e  c o lo r o f  p a p r i k a . 1

E x p o su re
tim e

(w eek)

S u rfa c e  co lo r2

U n tre a te d  contro l E th o x y q u in -trea ted  sam ple *

L a b a / b 3 L a b a / b 3

0 2 7 .4 2 4 .8 1 4 .6 1 .70 2 5 .4 2 5 .5 1 3 .4 1 .90
4 2 9 .9 2 2 .4 15.1 1 .48 2 7 .3 2 4 .7 1 3 .9 1 .78
8 3 3 .3 17 .3 15 .7 1 .10 2 9 .8 2 1 .2 14 .5 1 .46

16 3 6 .7 13.1 1 6 .9 0 .7 8 3 3 .7 1 6 .9 1 6 .2 1 .0 4
2 0 3 7 .5 12.1 16 .9 0 .7 2 3 4 .6 1 5 .6 16 .4 0 .95

1 C o u r t e s y  D r .  W i l l i a m  H .  S t a h l ,  M c C o r m i c k  &  C o .,  I n c .
2 L — m e a s u r e s  l i g h t n e s s  a n d  v a r i e s  f r o m  1 0 0  f o r  p e r f e c t  w h i t e  t o  z e r o  f o r  b l a c k ; 

a — m e a s u r e s  r e d n e s s  w h e n  p o s i t i v e  ;
b — m e a s u r e s  y e l lo w n e s s  w h e n  p o s i t i v e ;

3 — r a t i o  o f  ( r e d n e s s / y e l l o w n e s s ) .
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T a b l e  10 . C o lo r  d e t e r i o r a t i o n  in  d i f f e r e n t  c h i l i  p e p p e r  v a r i e t i e s .

P e p p e r
v a rie ty

M o istu re
con ten t

( % )

In i t ia l  color 
con ten t 

(EiTo)

D e te r io ra tio n  
ra te  c o n stan t 

(kz)

R esidua l co lor 
con ten t 

a t  6 m o n th s1 
(E470)

A 4 . 5 -  4 .7 .9 1 0 1 .4 2 9 .103
B 4 .2 -  4 .5 .7 2 0 1 .8 4 4 .0 8 0
C 5 .7 -  6 .0 .8 8 0 2 .0 8 5 .0 7 3
D 4 .7 -  4 .8 1 .135 0 .4 1 3 .2 9 7
E 4 .1 -  4 .7 1 .7 4 2 0 .8 6 4 .173
F 4 .2 -  4 .8 1 .4 1 2 0 .4 9 1 .273
G 4 .1 -  4 .4 1 .1 4 2 0 .7 1 5 .193
A 6 .9 -  7.1 .910 0 .6 6 4 .1 9 6
B 6 .5 -  7 .0 .7 2 0 0 .6 1 2 .1 9 7
C 7 .8 -  9 .2 .8 8 0 0 .6 9 4 .1 8 8
D 7 .2 -  7 .8 1 .135 0 .1 4 0 .5 8 0
E 7 .4 -  7 .9 1 .7 4 2 0 .4 1 5 .325
F 7 .1 -  8.1 1 .4 1 2 0 .3 4 6 .3 5 8
G 7 .3 -  7 .7 1 .1 4 2 0 .4 0 8 .3 0 0
A 7 .3 -  8 .5 .910 0 .3 8 0 .295
B 7 .2 -  7 .8 .7 2 0 0 .4 3 3 .2 5 0
C 9 .8 -1 0 .0 .880 0 .4 1 9 .273
D 8 .3 -  8 .8 1 .135 0 .0 9 1 .700
E 8 .0 -  8 .7 1 .7 4 2 0 .2 8 6 .435
F 7 .7 -  8 .4 1 .4 1 2 0 .2 3 0 .4 7 8
G 7 .9 -  8 .0 1 .1 4 2 0 .2 8 0 .3 9 0

1 R e s i d u a l  e x t r a c t a b l e  c o l o r  c o n t e n t  m a y  a l s o  b e  c a l c u l a t e d  f r o m  
kt v a lu e s — s e e  f o o t n o t e  o f  T a b l e  8.

samples w e re : “ 0 .92 Y R ,  3 .2 /8 .1 ”  fo r  the  un tre a ted , and 
“ 0.50 Y R ,  3 .0 /8 .1 ”  fo r  the  e th o x y q u in -tre a te d  sam ple. A t  
the  end o f 20 weeks, the  co rre sp o n d in g  no ta tio n s  w e re : 
“ 6.0 Y R ,  4 .3 /5 .9 ”  and  “ 4.2 Y R ,  4 .0 /6 .3 ,”  fo r  the  un tre a te d  
and trea te d  sam ple, respective ly . These da ta  showed th a t 
the  e th o x y q u in -tre a te d  sam ple was m ore  red d ish  in  hue, 
h ig h e r in  ch rom a (i.e . spec trum  p u r i t y )  and s lig h t ly  d a rke r 
th a n  the  u n tre a te d  co n tro l.

Color deterioration in different pepper varieties
I t  has been no ted  th a t the  c o lo r s ta b ility  in  c h il i peppers 

v a rie d  f ro m  ba tch  to  batch. Som e o f these d iffe rences m ig h t 
be due to  v a r ia tio n s  in  process ing  c o n d itio n s  such as d ry in g  
tem pe ra tu re , d ry in g  ra te  and o thers . N everthe less, v a r ie ta l 
d iffe rence  co u ld  n o t be ig no red . T h e re fo re , the  c o lo r sta
b ilit ie s  o f seven va rie tie s  w e re  com pared. F u lly -r ip e n e d , 
sh rive lle d  pods w e re  ha rvested , cleaned, s liced and d rie d  
to  5 to  6%  m o is tu re  con ten t a t 65 °C , u n d e r id e n tic a l con 
d itio n s  in  a la b o ra to ry  fo rc e d -a ir  t ra y  d r ie r . T h e  dehy
d ra te d  c h ili slices w ere  the n  g ro u n d  and  sieved th ro u g h  
d iffe re n t screens, e q u ilib ra te d  to  specified m o is tu re  con tents 
and s to red  in  darkness a t 4 0 °C  in  an a ir  a tm osphere  ( r e 
p len ished d a ily )  fo r  6  m on ths. A liq u o ts  o f these sam ples 
w e re  p e r io d ic a lly  rem oved  fo r  de te rm in a tio n s  o f res idu a l 
c o lo r con tents. T h e  d e te r io ra tio n  ra te  constants, k z, w e re  
ca lcu la ted  fo r  com parison . T h e  resu lts  are sum m arized  in  
T a b le  10.

These  da ta  show  th a t V a r ie ty  D  has the  h ighes t c o lo r 
s ta b ility , since its  va lues are the  lo w e s t a t a ll th ree  m o is 
tu re  levels. B y  the  same toke n , V a r ie ty  F  ra n ks  second, 
fo llo w e d  b y  V a r ie t ie s  G  and  E . V a r ie t ie s  A ,  B , and  C 
w ere  the  least stable. Such a ra n k in g  is cons is ten t fo r  a ll 
th ree  m o is tu re  levels.

DISCUSSION
D a ta  on c o lo r d e te r io ra tio n  in  c h il i peppers showed th a t 

the o ve ra ll k in e tics  o f the  process fo llo w e d  the course 
o f a second-orde r reaction . T h is  f in d in g  revealed l i t t le  
abou t the  m echan ism  o f the  com p le x  reac tion , b u t i t  p ro 
v id e d  a means to com pare d iffe re n t samples and trea tm ents .

P re v io u s  in ve s tig a to rs  used “ pe rcen t o f o r ig in a l co lo r 
lo s t o r  re ta in e d ’ ’ fo r  co m p a rin g  the  s ta b ility  o f d iffe re n t 
c h il i samples o r  the  e ffect o f d iffe re n t trea tm e n ts  (V a n  
B la r ic o m  and M a r t in ,  1951 ; Lease and Lease, 1956a, 
1956b, 19 62 ). T h o u g h  n o t e x p lic it ly  stated, th e y  ta c it ly  
assumed the  c o lo r d e te r io ra tio n  process to  be a f irs t -o rd e r  
reaction . F o r  a f irs t -o rd e r  reaction , the  fra c tio n a l tim e  
p e rio d  ( t im e  re q u ire d  to  decompose a de fin ite  f ra c t io n  o f 
re a c ta n t) a n d /o r  the  fra c tio n a l ( o r  p e rce n t) loss o f reac
ta n t pe r u n it  tim e  w o u ld  be constant. H o w e v e r, th is  is n o t 
tru e  fo r  the  c o lo r d e te r io ra tio n  in  c h ili peppers, as show n 
by  the  da ta  in  T a b le  1 and F ig . 1. H e re , the  pe rcen t o f 
o r ig in a l c o lo r lo s t d u r in g  the f ir s t  m o n th  o f s torage is 
43 .0%  [i.e . ( .5 0 0 —.285) / .5 0 0 ] .

D u r in g  the  second m o n th  o f storage, the  pe rcen t o f c o lo r 
lo s t d rops to  23 .8% , [i.e . ( .2 8 5 - .2 1 8 ) / .2 8 5 ] . B y  the  th ir d  
m on th , the  va lue  is fu r th e r  reduced to  19.8%  [i.e . (.215— 
.174) / .2 1 5 ] . O b v io u s ly , the  pe rcen t o f o r ig in a l c o lo r los t 
pe r m o n th  is n o t constant. T h e re fo re , no s ing le  va lu e  is 
t r u ly  rep resen ta tive  o f the  o v e ra ll c o lo r s ta b ility  o f th is  
p a r tic u la r  sam ple. O n  the  o th e r hand , the  second o rd e r 
rea c tion  ra te -cons tan t, k g, is con s tan t th ro u g h o u t the  e n tire  
s torage p e rio d , regard less o f w h e th e r i t  is  ca lcu la ted  f ro m
1-, 2 -, 6-, o r  12 -m on th  storage da ta  (T a b le  1 ) .  I t  is, th e re 
fo re , appa ren t th a t o n ly  the  ra te  constan t, kg, n o t the  
pe rcen t o f o r ig in a l c o lo r lo s t o r  re ta ined , shou ld  be used 
in  co m p a rin g  the  e ffect o f d iffe re n t trea tm e n ts  o r the  re la 
t iv e  c o lo r s ta b ility  o f d iffe re n t c h il i samples.

A lth o u g h  the effect o f m o is tu re  con ten t on  c o lo r d e te rio 
ra t io n  in  c h ili peppers is recogn ized  in  the  trade , no syste
m a tic  in v e s tig a tio n  has been pub lished . Lease and Lease 
(1 9 6 5 a ) com pared  the  c o lo r s ta b ility  o f d iffe re n t peppers 
w ith  d iffe re n t m o is tu re  con ten ts  and  d iffe re n t in i t ia l  c o lo r 
contents. D u e  to  the  c o n fo u n d in g  o f these th re e  va riab les  
(pe pp e r v a r ie ty , m o is tu re  con ten t and in it ia l c o lo r con
te n t ) ,  the  da ta  revealed l i t t le  abou t the  e ffect o f m o is tu re  
con ten t on  c o lo r s ta b ility .

I n  exp e rim e n ts  on the  effect o f m o is tu re  con ten t, n o t 
o n ly  a w id e  range  o f m o is tu re  leve ls shou ld  be eva luated, 
b u t the  storage a tm osphere  m u s t be considered, since m o is 
tu re  effect is ev ide n t o n ly  in  the  presence o f oxyg e n -co n 
ta in in g  atm osphere. N o  e ffect is  observed fo r  n itro g e n  
atm osphere. M is le a d in g  resu lts  w i l l  be ob ta ined  in  e x p e r i
m en ts  w h ere  c h il i sam ples are s to red  in  closed con ta iners , 
due to  g ra d u a l de p le tion  o f oxyg e n  in  a ir  atm osphere.

E v id en ce  has been presen ted to  estab lish  th e  au to - 
o x id a tiv e  n a tu re  o f the  c o lo r-d e te r io ra tio n  process in  c h ili 
pepper. T h e  sh e lf- life  o f v a rio u s  c h i l i p ro d u c ts  m ay be 
im p ro v e d  b y  the  exc lus ion  o f oxyg e n  atm osphere. H o w 
ever, the  in c o rp o ra tio n  o f a n tio x id a n ts  in to  these p roduc ts  
is a m ore  p ra c tica l approach. S eve ra l a n tio x id a n ts  have 
been eva luated. T h e ir  re la tiv e  effectiveness is in  genera l 
agreem ent w ith  pub lished  fin d in g s  (V a n  B la r ic o m  and 
M a r t in ,  1951 ; Lease and Lease, 19 56b). T h e  p ro te c tive
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effect of ethoxyquin was systematically investigated. It was 
found to be most effective at low-moisture contents. At 
100 ppm, the maximum level approved by the Food and 
Drug Administration (Anon., 1965), the ethoxyquin treat
ment afforded both substantial protection against auto- 
oxidative deterioration of the color pigments and an im
provement of the surface color of paprika. No adverse 
effect on flavor was noted.
A comparison of the color deterioration rate constant, 

k 2, for seven chili varieties showed some were more stable 
than others. The cause for such variation may be due to 
compositional differences in carotenoid mixtures, levels of 
naturally-occurring antioxidants, or other factors. This is 
currently under investigation.

REFERENCES
A n o n y m o u s .  1 9 6 0 . O f f i c ia l  a n a l y t i c a l  m e t h o d s  o f  t h e  A m e r i c a n  

S p ic e  T r a d e  A s s o c i a t i o n .  N e w  Y o r k .
A n o n y m o u s .  19 6 5 . F e d e r a l R e g is te r  30, 1 3 8 2 5 .
C h o ln o k y ,  L .  v . 19 3 9 . U b e r  d ie  q u a n t i t a t i v e  B e s t i m m u n g  d e r  

F a r b s t o f f k o m p o n e n t e n  im  G e w u r z p a p r i k a .  Z . U n tc rsu c h . L e b -  
en sm . 78, 157.

C h o ln o k y ,  L .  v .,  G y o r g y f y ,  K .,  N a g y ,  E . ,  a n d  P a n c z e l ,  M .  1955 . 
C a r o t e n o i d  p ig m e n t s .  I .  P i g m e n t s  o f  r e d  p e p p e r .  A c ta  C h im . 
A c a d . S c i. H u n g . 6, 143.

H u n t e r ,  R .  S .  19 5 8 . P h o t o e l e c t r i c  c o lo r  d i f f e r e n c e  m e t e r .  J . O p t.  
S o c . A m e r .  48, 9 8 5 .

L e a s e ,  J .  G . a n d  L e a s e ,  E .  J .  1 9 5 6 a . F a c t o r s  a f f e c t i n g  t h e  r e t e n 
t i o n  o f  r e d  c o l o r  i n  p e p p e r s .  F o o d  T ech n o l. 10, 3 68 .

L e a s e ,  J .  G . a n d  L e a s e ,  E .  J .  1 9 5 6 b . E f f e c t  o f  f a t - s o l u b l e  a n t i 
o x i d a n t s  o n  t h e  s t a b i l i t y  o f  r e d  c o lo r  o f  p e p p e r s .  F o o d  T e c h n o l.
10, 4 0 3 .

L e a s e ,  J .  G . a n d  L e a s e ,  E .  J .  1 9 6 2 . E f f e c t  o f  d r y i n g  c o n d i t i o n s  o n  
i n i t i a l  c o lo r ,  c o l o r  r e t e n t i o n  a n d  p u n g e n c y  o f  r e d  p e p p e r .  F o o d  
T ech n o l. 1 6 ( 1 1 ) ,  104.

M o s t e r ,  J .  B .  a n d  P r a t e r ,  N .  A .  19 5 2 . C o l o r  o f  c a p s i c u m  s p ic e s .
I .  M e a s u r e m e n t  o f  e x t r a c t a b l e  c o lo r .  F o o d  T e c h n o l. 6, 4 5 9 . 

M o s t e r ,  J .  B .  a n d  P r a t e r ,  N .  A .  1 9 57 . C o lo r  o f  c a p s i c u m  s p ic e s .
11. E x t r a c t i o n  o f  c o lo r .  F o o d  T ech n o l. 11, 146 .

N e w h a l l ,  S .  M .,  N i c k e r s o n ,  D .  a n d  J u d d ,  D .  B . 19 4 3 . F i n a l  r e p o r t  
o n  t h e  O .S .A .  s u b c o m m i t t e e  o n  t h e  s p a c i n g  o f  M u n s e l l  c o lo r s .  
/ .  O p t. S o c . A m e r .  3 3 , 3 8 5 .

O ’M e a r a ,  J .  P .  a n d  S h a w ,  T .  M .  19 5 7 . D e t e c t i o n  o f  f r e e  r a d i c a l s  
i n  i r r a d i a t e d  f o o d  c o n s t i t u e n t s  b y  e l e c t r o n  p a r a m a g n e t i c  r e s o 
n a n c e .  F o o d  T ech n o l. 11, 132.

S c h u s t e r ,  H .  V .  a n d  L o c k h a r t ,  E .  E .  19 5 4 . D e v e l o p m e n t  a n d  
a p p l i c a t i o n  o f  o b j e c t i v e  m e th o d s  f o r  q u a l i t y  e v a l u a t i o n  o f  
s p ic e s .  I .  C o l o r - g r a d i n g  o f  c a p s i c u m s .  F o o d  R e s e a r c h  19, 4 7 2 . 

S t a h l ,  W .  19 6 6 . U n p u b l i s h e d .

V a n  B la r i c o m ,  L .  O .  a n d  M a r t i n ,  J .  A . 1 9 5 1 . R e t a r d i n g  t h e  lo s s  
o f  r e d  c o l o r  i n  c a y e n n e  p e p p e r  w i t h  o i l  a n t i o x i d a n t s .  F o o d  
T ech n o l. 5, 3 3 7 .

W i n k ,  W .  A .  a n d  S e a r s ,  G . E .  19 5 0 . I n s t r u m e n t  s t u d i e s  L V I I .  
E q u i l i b r i u m  r e l a t i v e  h u m i d i t i e s  a b o v e  s a t u r a t e d  s a l t  s o lu t i o n s  
a t  v a r i o u s  t e m p e r a t u r e s .  T a p p i  3 3 ( 9 ) ,  9 6 a .

M s .  a c c e p te d  2 / 2 2 / 6 8 .

T h e  a u t h o r s  t h a n k  D r .  W i l l i a m  S t a h l  o f  M c C o r m i c k  &  C o .,  I n c .  
f o r  h i s  p e r m i s s i o n  t o  q u o te  h i s  u n p u b l i s h e d  d a t a .  T h e y  a l s o  g r a t e 
f u l l y  a c k n o w l e d g e  c o o p e r a t i o n  o f  M e s s r s .  W .  A .  N i c h o l s o n ,  C . A .  
T a y l o r ,  J .  A .  H e r n a n d e z ,  R .  G . P h i l l i p s  a n d  E .  J .  C o o p e r .



HENRY CO ‘ and P. MARKAKIS
D e p a r tm e n t  o f  F o o d  S c ien ce , M ic h ig a n  S ta te  U n iv e r s ity

E a s t L a n s in g , M ic h ig a n

F l a v o n o i d  C o m p o u n d s  in  t h e  S t r a w b e r r y  F r u it

SUMMARY—The flavonoid compounds of the strawberry fruit were studied by paper chromatography, spectrophotometry and color reactions. Catechin, quercetin-3-glucoside, kaemp- ferol-3-glucoside and leucocyanidins of varying degrees of polymerization were found besides the two anthocyanins, pelargonidin-3-glucoside and cyanidin-3-glucoside.When the leucocyanidins were fractionated into water and methanol insoluble, ethyl acetate-soluble and water-soluble fractions, the latter fraction, generally representing glycosylated leucoanthocyanidins, was found to be the largest of the three in both ripe and unripe strawberries.
INTRODUCTION

So m e  fla v o n o id  com pounds  of the strawberry plant 
have already been reported. Pelargonidin-3-glucoside and 
cyanidin-3-glucoside have been identified in the straw
berry fruit. (Sondheimer e t a l., 1948; Lukton e t  al., 
1955.) Kaempferol and quercetin were also identified in 
the fruit of the strawberry by Williams e t al. (1952). 
Kaempferol, quercetin and leucoanthocyanin have been 
detected in the leaves of the cultivated strawberry, (Bate- 
Smith e t a l., 1954) and in strawberry leaf disks maintained 
on sucrose solution (Creasy e t  a l., 1964).
While studying the biosynthesis of anthocyanins in the 

strawberry fruit (Co and Markakis, 1966), it was deemed 
desirable to better characterize their flavonoid constitu
ents. The identification of some of these flavonoid com
pounds is reported here.

EXPERIMENTAL METHODS
Materials
Strawberry fruits of the variety Midway grown in a 

greenhouse were used. The unripe strawberries were 
picked at the green-white stage and the ripe ones when 
they were red and firm.
Extraction of flavonoid compounds
The strawberries were extracted four times with boiling 

80% methanol. The residue was saved for the determina
tion of the methanol and water insoluble fraction of leuco- 
anthocyanins. The extracts were combined and the meth
anol was evaporated under vacuum in a rotating flash 
evaporator thermostated at 38° C. The residual aqueous 
solution was first washed five times with petroleum ether 
(b.p. 30 to 60) to remove chlorophyll, carotenoids and 
waxy material and then extracted eight times with ethyl 
acetate. The combined ethyl acetate extracts were dried 
with anhydrous sodium sulfate, filtered and concentrated 
to a small volume. The remaining aqueous solution was 
saved for the determination of the water soluble leuco- 
anthocyanins.

“ P r e s e n t  a d d r e s s :  T .  J .  L i p t o n  C o m p a n y ,  E n g l e w o o d ,  N e w  
J e r s e y .

Paper chromatography
The ethyl acetate extract was chromatographed descend- 

ingly in two dimensions on Whatman No. 1 paper using 
n-butanol-acetic acid-water (6:1:2 v/v/v) (BAW) as 
the first solvent for 15 hr and then 2% acetic acid as the 
second solvent for 3.5 hr.
Examination of the paper chromatograms
The air-dried chromatograms were observed under visi

ble and UV lights, before and after fuming with ammonia 
vapors. UV light of two different wavelengths was used, 
254 and 366 rr./t. The observation under UV light was 
repeated after spraying the chromatogram with 5% AICI3 
in ethanol.
Another chromatogram was sprayed with 0.5% FeCl.3 

+ 0.5% K 3Fe(CN) 6 in aqueous solution. All phenolic 
compounds give blue spots with this reagent. A perma
nent record was obtained by dipping the sprayed chromato
gram in 2 N  HC1 solution followed by thorough washing 
in distilled water (Barton e t al. 1952).
Other sprays used were: (a) 15% Na2C03 followed 

by diazotized sulfanilic acid; (b) p-toluene sulfonic acid 
in ethanol; and (c) a mixture of 4 volumes of saturated 
ethanolic solution of vanillin to one volume of concentrated 
HC1.
Purification of the compounds
The spots containing the compounds were cut from the 

two-dimensional chromatograms, eluted with 90% metha
nol and concentrated under reduced pressure. Each con
centrate was purified by paper chromatography four times 
using BAW, 2% acetic acid, water and 15% acetic acid, 
successively, as developing solvents. After each separation, 
the spot was eluted with 90% methanol and concentrated 
in vacuo.
Conversion of leucocyanidins to cyanidins
A portion of the purified compounds from spots L-l, 

L-2, L-3, L-4 and L-5 were each transferred to a test tube, 
0.6 N  FfCl in n-butanol was added, and the tube was 
placed in a boiling water bath for 40 min.
The red pigments which appeared from this treatment 

were purified twice by descending paper chromatography 
using Forestai solvent (acetic acid-concentrated HC1- 
water, 30:3:10, v/v/v) the first time and n-butanol-2 N  
FI Cl (1:1, v/v) the second time.
The concentration of leucocyanidins in the ethyl acetate, 

aqueous and alcohol insoluble portions was determined 
by the method of Swain and Hillis (1959).
Acid hydrolysis of flavonols
A portion of the purified substances from spot K or Q 

was hydrolyzed in 2 N  HC1 for 20 min in a boiling water
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bath. The aglycon was extracted with ethyl acetate and 
chromatographed twice using Forestal and BAW as de
veloping solvents.
The aqueous fraction was concentrated and co-chromato- 

graphed descendingly with authentic glucose, galactose and 
rhamnose using two different solvent systems: BAW and 
ethyl acetate-acetic acid-water (3:1:3).
Absorption spectra
The UV and visible absorption spectra of the purified 

compounds and their acid-hydrolyzed products in methanol 
were obtained with a Bausch and Lomb Spectronic 505 
recording spectrophotometer. The spectra were also ob
tained after addition of AICI3 and NaOAc + H 3BO3 
(Jurd, 1962).

RESULTS AND DISCUSSION
A drawing of the two-dimensional paper chromatogram 

of the ethyl acetate of the strawberry fruit is shown in 
Fig. 1. All spots were colored with the FeCl3 • K3Fe 
(CN) 6 reagent, except spots 1, 2, 3 and 4. These four 
spots fluoresced under UV light and were useful in locat
ing other phenolic compounds on the unsprayed paper.
Identification of some of the flavonoid compounds
1. L e u c o c y a n id in s

The UV spectra of the compounds eluted from spots 
L-l, L-2, L-3, L-4 and L-5 showed one peak at 280 mu 
in absolute methanol. No shift of this peak was detected 
upon addition of AICI3.
When the eluates were heated in 0.6 N  butanolic F1C1 

in a boiling water bath, a red pigment was produced. This
S O L V E N T  2

a c e ta te  e x t r a c t  o f  s t r a w b e r r ie s .  I d e n tif ic a tio n :  L - l ,  L -2 , L -3 , L -4  
a n d  L -5 ,  le u c o c y a n id in s ; Q , q u e r c e tin -3 -g lu c o s id e ;  K ,  k a c m p fe r o l-  
3 -g ln c o s id e  ;  C , c a te c h in ;  1 , 2 , 3  a n d  4 , u n id en tif ied .

placed the compounds in the class of leucoanthocyanins. 
The red compounds were first compared paper chromato- 
graphically with cyanidin and pelargonidin using the 
Forestal irrigation solvent; all displayed the same Rf 
value as cyanidin, 0.47. They were then co-chromato- 
graphed with cyanidin employing two solvents: the Fores
tal solvent and the n-butanol-2 N  NCI solvent; in both 
cases the unknown spots coincided with cyanidin; the Rf 
values were 0.47 and 0.73 for the respective solvents.
The visible absorption spectra of all red pigments in 

95% ethanol showed a 545 m g peak which was shifted to 
a longer wavelength upon addition of AICI3, an indication 
of the presence of an o-dihydroxyl group (Geissman e t a l.,
1953). The red pigments had the same spectral character
istics as cyanidin (Harborne, 1958). Therefore, spots 
L-l to L-5 must be leucocyanidins. Their differential 
migration upon paper chromatography may indicate differ
ent degrees of polymerization. Govindarajan and Mathew
(1963) reported a similar observation on the leucoantho- 
cyanidins of Arecanut.
Conventionally (Clark-Lewis, 1965), leucoanthocyan- 

idins are classified as: (a) those that are insoluble in water 
and lower alcohols, (b) those readily soluble in water and 
not extracted by ethyl acetate and (c) those extractible 
from aqueous solution by ethyl acetate. When this frac
tionation was applied to the leucocyanidins of the straw
berry fruit and the concentration of the derived cyanidin 
was estimated photometrically, the results of Table 1 were 
obtained.
The differences between unripe and ripe strawberries 

regarding concentration of all types of these chromogens 
are rather small. It is interesting, however, that the water- 
soluble fraction, broadly representing glycosylated leuco- 
anthocyanidins, is the largest of the three fractions.
2. F la v o n o ls

Spots K and Q fluoresced yellow under 366 ni/¿ UV 
light after exposure to NH 3 fumes, indicating that they 
might be flavonols. The fluorescent compounds were 
eluted, purified, acid-hydrolyzed, and the aglycons were 
paper-chromatographed. With the Forestal solvent the 
aglycon of compound Q had an Rf = 0.42 which was 
identical with that of quercetin; the aglycon of K displayed 
the Rf value of kaempferol, 0.58. Their Rf values in BAW 
were also the same with those of kaempferol, Rf = 0.83, 
and quercetin, R£ = 0.64. Co-chromatography with quer
cetin and kaempferol resulted in one spot for each case. 
The chromatographic data were corroborated by spectral 
findings. Known quercetin and kaempferol exhibited the 
same absorption peaks with the aglycons of spots Q and K. 
The wavelengths of these peaks along with the absorption

Table 1. Fractionation of the leucocyanidins of unripe and ripe 
strawberries. (Concentration as mg of cyanidin per 100 g fresh 
fruit.)

F  rac tion

Concentration 
Unripe Ripe

W a t e r  a n d  n i e t h a n o l  i n s o lu b le 22 20
W a t e r  s o lu b le 29 32
E t h y l  a c e t a t e  e x t r a c t i b l e 16 21
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maxima of the unhydrolyzed compounds are shown in 
Table 2.
Only glucose was found in the aqueous portion of the 

acid hydrolysates (Table 3).
The absorption peaks of the unhydrolyzed spots K and 

Q were in agreement with reported data (Jurd, 1962). 
When A1C13 was added, a bathochromic shift was observed 
in both compounds. This shows that the 5-OH or 3-OH 
is free. When NaOAc was added, a bathochromic shift 
was also observed which shows that the 7-OH is free. 
When NaOAc + H 3BO3 was added, the long wavelength 
peak of Q showed a shift from 360 to 377 m/x indicating 
the presence of o-dihydroxyl group. The fact that spots K 
and Q remained dark under UV light (366 m/x) shows 
that the 3-OH is not free.
The Rf values of the glucosides of quercetin and kaemp- 

ferol in BAW were 0.44 and 0.49, respectively, and in 
2% acetic acid 0.21, 0.30, respectively. These values were 
identical with those of quercetin-3-glucoside and kaemp- 
ferol-3-glucoside and were verified by co-chromatography.

Table 2. A bsorption peaks of s traw b erry  flavonols in m ethanol, 
before and afte r addition of A lC h, N aO A c and N aO A c +  H 3B 0 3.

max (m/t)
Aglycon of compounds Compounds

Solvent Q K Q K

M ethanol 257,371 267,367 258,360 268,352
M ethanol +  A1C13 272,426 270,431 267,418 270,428
M ethanol +  N aO A c 275,395 275,388 272,395 275,380
M ethanol +  N aO A c 

-J- H 3B O 3 260,389 267,368 261,377 267,352

Table 3. R t values of the  sugar moieties of s traw berry  flavonols.

Ethyl acetate—acetic n-Butanol—acetic
Samples acid—water (3:1:3) acid—water (6:1:2)

Acid hydrolysate of spot K 0.15 0.22
Acid hydrolysate of spot Q 0.15 0.22
Glucose 0.15 0.23
Galactose 0.13 0.21
Rhamnose 0.32 0.44

3. C a te c h in

Spot C appeared dark under UV light of short wave
length (254 m/x) and showed blue fluorescence under UV 
light of long wavelength (366 m/x), after exposure to NH3 
fumes. When co-chromatographed with known catechin 
one spot appeared with the Rf of 0.39 in distilled water. 
When the paper chromatogram was sprayed with the 
FeCl3-K3Fe (CN)6 reagent, spot C became blue. When a 
separate chromatogram was sprayed with the vanillin-HCl 
reagent, the spot turned red. Both of these color reactions 
are given by catechin.
The identity of the spot C was further confirmed by its 

absorption spectrum in the UV region. The maximum 
absorption peak in ethanol appeared at 280 m/x.
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R. K. CREVELING,* R. M. SILVERSTEIN 6 and W. G. JENNINGS”

SUMMARY—By gas chromatographic retentions, infrared spec
troscopy and where applicable, mass and nmr spectroscopy, 
several additional compounds have been identified as com
ponents of pineaapple essence. These are acetoxyacetone, 
dimethyl malonate, irani-tetrahydro-a,a,5-trimethyl-5-vinyl fur- 
furyl al cohol ,  methyl m-(4?)-octenoate, y-butyrolactone, 
methyl /3-hydroxybutyrate, methyl and ethyl y8-hydroxyhexano- 
ate, methyl and ethyl /3-acetoxyhexanoate, y-ocfalactone, and
S-octalactone. Possible biogenetic pathways to some of these 
compounds are discussed.

INTRODUCTION
B ecause  it  possesses bo th  a s trong , ch a ra c te ris tic  

a rom a and considerab le  econom ic s ign ificance , p ineapp le 
has been s tud ied  ex tens ive ly . T h is  has resu lted  in  the  iso 
la tio n  and chem ica l cha ra c te riza tio n  o f a v a r ie ty  o f com 
pounds fro m  p ineapp le essence (H a a g e n -S m it et al., 1945 ; 
G a w le r, 1962 ; C onne ll, 1964 ; R o d in  et a l., 1965 ; S ilv e r-  
s te in  et a l., 1965 ; R o d in  et a l., 19 66 ). T h e  p resen t w o rk  
extends o u r kno w le dg e  o f p ineapp le  com pos ition , and 
d ra w s  on th is  and p re v io us  kno w le dg e  to  suggest possible 
b iogene tic  pa thw ays  fo r  the p ro d u c tio n  o f some o f these 
m a te ria ls .

METHODS AND PROCEDURE
E t h e r  extracts  of p in e a p p l e , A n a n a s  co m o su s  ( L . )  

M e rr .  v a r. S m oo th  Cayenne, w e re  p repa red  fro m  fre s h ly  
ha rvested  f ru its  by  the  P ineapp le  Research In s t itu te  o f 
H a w a ii (R o d in  et a l., 19 65 ). S ince these ex tra c ts  con
ta in ed  considerab le am oun ts  o f n o n -v o la tile  m a te ria l, they 
w e re  d is tille d  in  fo u r  steps a t pressures fro m  a tm ospheric  
to  20/dHg, d u r in g  w h ic h  the  p o t tem p e ra tu re  was never 
a llow ed  to  exceed 50°C . A  P o d b ie ln ia k  co lu m n  was used 
fo r  the  a tm osphe ric  d is tilla tio n . A  w a te r a s p ira to r and a 
s ing le  stage o il vacuum  pu m p  w ere  used fo r  subsequent 
d is tilla tio n s .

T h e  d is tilla te  was condensed w ith  traps  cooled w ith  w e t 
ice and d ry  ice -a lco h o l; a ll connections w e re  T e flo n  and 
glass. F in a lly ,  a c o ld -fin g e r m o lecu la r s t i l l  was used to 
recove r some o f the  less v o la t ile  com ponents fro m  the po t 
residue. I n  a ll cases, d ry  ice -a lcoho l traps  w e re  used sub
sequent to  the  co lle c tio n  tra p s  to  p re ven t c o n ta m in a tio n  
f ro m  the  p u m p in g  appara tus. T h e  d is tilla te s  w e re  com 
bined, d r ie d  ove r a n hyd rous  M g S 0 4, and m ost o f the  e ther 
was rem oved  w ith  the P o d b ie ln ia k  co lum n.

P re lim in a ry  gas ch ro m a to g ra p h ic  fra c tio n a tio n  o f the 
d is ti lla te  u t il iz e d  an A e ro g ra p h  A u to p re p  c o n ta in in g  an 
18 -ft X % -in . stain less steel co lu m n  packed w ith  10% 
T r ito n  X -3 0 5  on 60 to  80 mesh H M D S  trea te d  Gas C h rom
Q . T h e  u n it  had a f lo w  ra te  o f 47  c c /m in  and was p ro 
g ram m ed fro m  60 to  2 0 5 °C ; o n ly  those fra c tio n s  whose

‘ D epartm ent of Food Science and Technology, U niversity  of 
California, Davis.

b S tanford  Research Institu te, M enlo P ark , California.

V o l a t i l e  C o m p o n e n t s  o f  P i n e a p p l e

re ten tion s  exceeded th a t o f acetic ac id  w e re  co llec ted  fo r  
th is  s tudy . These 16 fra c tio n s  w e re  rech rom a to g rap he d  a t 
a f lo w  ra te  o f 6  c c /m in  on 5 0 0 -ft X 0 .0 3 -in . open tu b u la r  
co lum ns coated w ith  S F 9 6 (5 0 )  (a d m ix e d  w ith  5%  Ig e p a l 
C O -8 8 0 ), o r  C a rb o w a x  2 0 M . These la tte r  separa tions 
w e re  p e rfo rm e d  a t v a rio u s  iso th e rm a l con d itions . F ra c 
tions  w ere  co llected in  12-in ., th in -w a ll glass c a p illa ry  
tu b in g , in se rted  in  the  e x it  p o r t  o f the  c h ro m a to g ra p h . A  
seal and a head g ra d ie n t w e re  p ro v id e d  by  t ig h t ly  w ra p p in g  
a sm all t r ia n g le  o f a lu m in u m  fo i l  a ro u n d  the  in se rte d  end 
o f the  tube.

In fra re d  spectra w e re  ob ta ined  on a B eckm a n  IR - 8  
in fra re d  spec tropho tom e te r by e lu t in g  the  condensed m a 
te r ia l f ro m  the c o lle c tin g  tube w ith  0 .6 -0 .8  /d m ethy lene  
ch lo rid e , and s lo w ly  de po s iting  the so lu tio n  on to  a sod ium  
ch lo rid e  sandw ich  type  cell. T h e  m e thy lene  c h lo r id e  ra p 
id ly  evaporated, le av in g  a th in  f ilm . W h e n  enough m a te ria l 
was ava ilab le , and gas c h ro m a to g ra p h ic  re te n tio n s  and 
in fra re d  spectroscopy y ie lde d  inconc lus ive  resu lts , samples 
w e re  sub jected to  mass (C E C 2 1 -1 0 3 C ) and nuc lea r m ag 
ne tic  resonance spe c tro m e try  ( V a r ia n  H A - 1 0 0 ). T h e  
spectra l and re te n tio n  data on the  iso la ted  com pounds are 
g ive n  in  F igs . 1 -12.

T h e  au th e n tic  com pounds used fo r  ch ro m a to g ra p h ic  
and in fra re d  com parisons w e re  ob ta ined  as fo l lo w s : ace
toxyace tone  was purchased f ro m  A ld r ic h  C hem ica l Co., 
M ilw a u k e e , W is e . ; d im e th y l m alonate  and y -b u ty ro la c to n e  
w e re  purchased f ro m  K  &  K  L a b o ra to r ie s , P la in v ie w ,
N . Y . ; tn m y -te tra h y d ro -a ,a ,5 - tr im e th y l-5 -v in y l f u r fu r y l  a l
coho l was p repa red  b y  D r .  C. S. T a n g , U n iv e rs ity  o f C a li-

WAVELENGTH IN MICRONS

Fig. 1. Compound 21A. Acetoxyacetone.
GLC re ten tion : Triton X-305, 131°, 39 min; SF-96(50), 106°, 

19 min.
M ass spectrum  (diagnostic peaks): 116(P), 74 (P ~ C H t= C = 0 ) , 

73 (P—CPIsC—O). 43 (CHsC = 0 ). A prominent peak at m/e 86 
may be accounted for as follows:

- O  =  C H t
C H , C - C  C H s

: 0 -  O
+

N M R  spectrum  (y, C C I J :  7.95 (2 peaks almost coincident, 6 pro
tons, C H s C — O and C H s C O O ) ,  5.58 (singlet, 2 pro ton s ,  
C O O C F U C — O ) .
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WAVELENGTH IN MICRONS

W AVENUM BER C M "1

Fig. 2. Compound 22A. Methyl fi-hydroxybutyrate.
G L C  r e t e n t i o n :  Triton X-305, 134°, 41 min; SF-96 (50), 105°, 

19.3 min.
M a s s  s p e c t r u m  (diagnostic peaks): 118 (P, very weak) 117 

( P - H ) ,  103 (P -C H s),  100 (P—HtO). 87 (P -O C H ,) ,  85 
(P - C H , and HiO), 74 (CH,COOCH,  +  H), 69 ( - H . 0  and 
OCH,), 59 (P-COOCH ,).

W AVELENGTH IN MICRONS

Fig. 6. Compound 28A. y-Butyrolactone.
G L C  r e t e n t i o n :  Triton X-305, 150°, 50 min; SF-96(50), 132°, 

17.5 min.

WAVELENGTH IN MICRONS

Fig. 3. Compound 23A. Dimethylmalonate.
G L C  r e t e n t i o n :  Triton X-305, 137°, 42 min; SF-96(50), 121°, 18.3 

min.

W A/ELENGTH IN MICRONS

2.5 3 4  5 5 6 7  8 9 10 12 14 16

Fig. 4. Compound 23D. t r a n s  Tetrahydro-a,aJ)-trimethyl-5-vinyl
T 'U Y n tw l  n l r n h n l

G L C  r e t e n t i o n :  Triton X-305, 137°, 42 min; SF-96(50), 121°, 
26.2 min.

W AÆ LENGTH IN MICRONS

Fig. 5. Compound 23F. Methyl cis-(4f)-octenoate.
G L C  r e t e n t i o n :  Triton X-305, 137°, 42 min; SF-96(50), 121°, 28.8 

min.
M ass sp e c tru m  (diagnostic peaks): 156 (P ) ,  125 ( P —O C H ,) , 124

( P - C H , O H ) ,  97 ( P - C O O C H , ) .

W AVELENGTH IN MICRONS

Fig. 7. Compound 29A. Methyl fl-hydroxyhexanoate.
G L C  r e t e n t i o n :  Triton X-305, 152°, 51 min; SF-96(50), 126°, 

22.3 min.
M a s s  s p e c t r u m  (diagnostic peaks) : 146 (P, very weak), 145 (P — H), 

128 (P—H.O), 115 (P -O C H ,) ,  113 ( P - H .O  and CH,), 103 
(P-CH,CH,CH,), 97 (P—HiO and OCH,).

N M R  s p e c t r u m  (y, CCI,): 9.07 (distorted triplet, 3 protons, CH, 
CH,), 8.58 (multiplet, 4 protons CH,CH,CH,), ~ 7 .7 (overlapping 
pattern, 2 non-identical protons, C*— CH,— C—O, near center 
of asymmetry), 7.35 (slightly broadened singlet, 1 proton, OH) 
6.38 (singlet, 3 protons, ÔCH,), 6.15 (multiplet, 1 proton, 
CHOH).

WAVELENGTH IN MICRONS

F ig .  8. C o m p o u n d  3 0 B . E t h y l  f j - h y d r o x y h e x a n o a te .
G L C  r e t e n t i o n :  Triton X-305, 155°, 54 min; SF-96(50), 127°, 27.0 
m in .
M a s s  s p e c t r u m  (diagnostic peaks): 160 (P, very weak), 159 

( P - H ) ,  142 (P—HtO) 131 (P—CH,CH,), 117 (P-CH .C H .-  
CHt), 115 (P-O CH ,CH ,),  97 ( P - H .O  and CH.CH.O), 88 
(CH,COOCH,CH, +  H), 73 (COOCH,CH, and CH,CH,CH,- 
CHOH), 72, (7 3 -H ) ,  71 (73-H ,) ,  55 (CH,CH,CH,CHOH-  
HtO).
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F ig .  9. C o m p o u n d  3 1 E . M e th y l  p - a c e to x y h e x a n o a te .
G L C  r e t e n t i o n :  T r i to n  X - 3 0 5 , 1 5 6 ° , 55  m i n ;  S F - 9 6 ( 5 0 ) ,  1 3 3 ° , 25.7  

m in .
M a s s  s p e c t r u m  (d ia g n o s t ic  p e a k s ) :  1 88  (P, n o t  o b s e r v e d ) ,  157  

(P - O C H „, w e a k ) ,  145  ( P - C H ,C = 0 ,  a n d  P -C H ,C H tCH,), 
1 28  (P—CHsCOOH) ,  97  ( P - C H sCOOH a n d  OCH,), 74  
(CHiCOOCHs +  H).

N M R  s p e c t r u m  ( y ,  C C U ): 9 .10  ( d i s to r te d  t r ip le t ,  3  p r o to n s ,  
C H i C H , ) /  ~ 8 .3 0  — 8 .85  ( m u l t ip le t ,  4 p r o to n s , C H .C H , ) ,  8 .19  
( s in g le t ,  3  p r o to n s , C H s C O O ) ,  7 .5 8  ( d o u b le t ,  2  p r o to n s , C H ,-  
C O O ) ,  6 .42  ( s in g le t ,  3  p r o to n s , C O O C H ,) , 4 .95  ( q u in te t ,  1 p r o 
to n , C H ,C O O C H ) .

W AVELENGTH IN MICRONS

F ig .  10 . C o m p o u n d  3 3 B . E th y l  p - a c e to x y h e x a n o a te .
G L C  r e t e n t i o n :  T r i to n  X -3 0 5 ,  1 6 0 ° , 5 8  m in ;  S F - 9 6 ( 5 0 ) ,  1 3 8 ° , 

31 .0  m in .
M a s s  s p e c t r u m  ( d ia g n o s t ic  p e a k s ) :  202 ( P ,  v e r y  w e a k ) ,  160 

( P  -  C H i= C = 0 ) ,  159 ( P  -  C H ,C =0 a n d  P  -  CH,CH,CH,), 
1 5 7  ( p  _  OCHsCHs), 142 ( P  -  CH,COOH), 97 ( P  -  OCH,-  
CH,  a n d  CH,COOH) , 88  (CH,COOCH,CH,) , 73 (COOCH,- 
CHS), 43(CHSC =  O a n d  CH,CH,CH,).

WAVELENGTH IN MICRONS

F ig  11 . C o m p o u n d  3 7 B . y -O c ta la c to n e .
G L C  r e t e n t i o n :  T r i to n  X -3 0 5 ,  1 9 0 ° , 71 m in ;  S F - 9 6 ( 5 0 ) ,  1 6 0 ° ,  

22 .0  m in .

WAVELENGTH IN MICRONS

F ig .  12 . C o m p o u n d  3 7C . 8 -O c ta la c to n e .
G L C  r e t e n t i o n :  T r i to n  X -3 0 5 ,  1 9 0 ° , 71 m i n ;  S F - 9 6 ( 5 0 ) ,  1 6 0 ° , 

2 3 .3  m in .

fo rn ia , D a v is ; y -  and S-octalactones w e re  sup p lied  b y  
D r .  R . E . W ro ls ta d , O re g o n  S ta te  U n iv e rs i ty ;  the  m e th y l 
/J -h y d ro x y - and ace toxyhexanoates w e re  syn thesized b y  
pub lished  m ethods (S h r in e r ,  1942 ).

RESULTS AND DISCUSSION
F igures  1-1 2  report the  com pounds iso la ted  and  id e n ti

fied  in  th is  in ve s tig a tio n . T h e re  w e re  a t least f iv e  o th e r 
fra c tio n s  h a v in g  in fra re d  spectra  v e ry  s im ila r  to  those o f 
the /8 -h y d ro x y - and ace toxyhexanoate  esters and m e th y l 
/3 -h yd ro xyb u ty ra te , suggesting  th a t a series o f re la ted  
com pounds m ay be present. H e in z  et al. (1 9 6 6 ) id e n tifie d  
m e th y l /6 -hyd roxyoctanoa te  as a co n s titu e n t o f B a r t le t t  
pear, and pos tu la ted  i t  m ig h t arise  th ro u g h  a /8 -o x id a tio n  
cycle d u r in g  f r u i t  r ip e n in g . T h is  p o s s ib ility  w as sup po rte d  
b y  an abundance o f u n sa tu ra te d  fa t ty  acid  esters th a t co u ld  
also be f it te d  in to  the  cycle. C om pounds o f the  la tte r  
type  do n o t appear to  be ab undan t in  p ineapp le , b u t 
/8 -h yd ro xy  acid  m oie ties co u ld  also arise f ro m  fa t ty  ac id  
synthesis. A lth o u g h  the  odors  o f the  iso la ted  /8 -h y d ro x y  
esters are ra th e r repu ls ive , th e ir  in te ns ities  suggest th a t 
these esters are im p o rta n t to  p ineapp le  arom a. T h e  m e th y l 
and e th y l /8 -h y d ro x y  hexanoates have also been fo u n d  in  
V a le n c ia  orange ju ic e  b y  S ch u ltz  et a l., 1964.

T e tra h y d ro -a ,a ,5 - tr im e th y l-5 -v in y l f u r fu r y l  a lcoho l, h a v 
in g  the  tra n s  c o n fig u ra tio n  w i th  respect to  the  r in g , has 
been iso la ted  f ro m  grapes (S tevens  et a l., 1966) and a p r i
cots (T a n g  and Jenn ings, 1967 ). I n  each o f these cases, 
lin a lo o l was also fo u n d  and po s tu la te d  to  be the  p re cu rso r. 
So fa r, lin a lo o l has n o t been iso la ted  f ro m  p ineapp le . T h e  
octa lactones e x h ib it  the  c o co n u t-like  a rom a ty p ic a l o f m any 
o th e r lactones. R e la tiv e ly  la rge  am oun ts  o f y -  and 8-lac- 
tones have been fo u n d  in  peaches (J e n n in g s  et a l., 1964) 
and ap rico ts  (T a n g  et a l., 19 67 ). T h e  d i- (4 ? ) -o c te n o a te  
m o ie ty  is p ro b a b ly  associated w ith  the  octa lactones.

M e n tio n  has been made th a t m any com pounds iso la ted  
f ro m  f ru its  have the same m o ie ties  as the  in te rm ed ia tes  in  
estab lished ca tabo lic  and anobo lic  fa t ty  acid  pa thw ays  o f 
o th e r o rgan ism s (C o n n  et a l., 19 66 ). A lth o u g h  the r ip e n 
in g  o f f r u i t  has been the sub je c t o f m uch  research, l i t t le  
a tte n tio n , aside f ro m  ethylene, has been p a id  to  th e  ro le  
v o la t ile  con s tituen ts  p la y  in  the  in te rm e d ia te  m e tabo lism  
a t th is  p e rio d  o f the f r u i t ’s life .
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SUMMARY—Two approaches were used in a study of com
pounds contributing to the aroma of Hamlin oranges, which 
had been carefully handled to prevent release of peel oil. 
Volatile aromatic compounds emitted from the oranges on 
storage, and less volatile aroma compounds present on the 
cuticle of the fruit were isolated and analyzed. The volatile 
aroma of the stored oranges seemed to be contributed by 
ethyl esters, particularly ethyl butyrate, while sesquiterpene 
hydrocarbons appeared to be responsible for the persistent 
odor from the cuticle of fresh oranges. Volatile compounds 
definitely identified include ethyl acetate, ethanol, ethyl bu
tyrate, limonene, ethyl caproate and ethyl caprylate. The ses
quiterpene hydrocarbons on the cuticle consisted chiefly of 
valencene, with lesser amounts of elemene, caryophyllene, 
farnesene, humulene and cadinene.

INTRODUCTION
A lt h o u g h  t h e  l it e r a t u r e  p ro v id e s  re p o rts  o f research 

on the id e n tific a tio n  o f the  con s titu e n ts  o f orange peel o il 
and the  v o la t ile  a rom a com pounds associated w ith  orange 
ju ic e  (K irc h n e r  et a l., 1957 ; W o lfo rd  et a l., 1963 ; A tta w a y  
et a l., 1964) v e ry  l i t t le  has been done on the  id e n tific a tio n  
o f com pounds responsib le  fo r  the  a rom a o f in ta c t oranges 
w here  released peel o i l is  n o t a fa c to r. P ro b a b ly  the  reason 
fo r  th is  om iss ion  lies in  the  fa c t th a t in ta c t oranges possess 
o n ly  a s lig h t a rom a w h e n  con tras ted  w ith  such h ig h ly  
a ro m a tic  f r u its  as apples and  pears.

T h is  research re p o rts  the  resu lts  o f tw o  approaches 
to w a rd  the  id e n tific a tio n  o f o range a rom a based on  d if fe r 
en t observa tions. F ir s t ,  i t  has been no ted  th a t w h en  boxes 
o f s to red  H a m lin  oranges w e re  opened fo r  e xa m in a tion , 
a pleasant, f r u i t y  a rom a was present. T h is  was p a r t ic u la r ly  
tru e  w h en  samples o f th is  e a r ly -m a tu r in g  v a r ie ty  w e re  
p icked  w h en  fu l ly  m a tu re . F ro m  th is  i t  was concluded th a t 
vo la tile , a ro m a tic  com pounds w e re  e m itte d  f ro m  the  o r 
anges d u r in g  storage and tra p p e d  w ith in  the  boxes so th a t 
a detectable con cen tra tion  accum ulated. A c c o rd in g ly ,  the

f ir s t  approach in v o lv e d  tra p p in g  these e m itte d  v o la tile s  by  
passing d ry  a ir  ove r s to red  f r u i t  fo r  a p e rio d  o f several 
days so th a t the  com pounds p ro d u c in g  the  f r u i t y  a rom a 
cou ld  be sw ept o u t and  co llec ted  on ac tiva ted  charcoa l.

T h e  second obse rva tion  w as th a t clean, fresh  oranges 
possess a cha ra c te ris tic  o d o r q u ite  d iffe re n t f ro m  the  f r u i t y  
a rom a produced  b y  the  com pounds em itte d  on lo n g  storage. 
I t  was fu r th e r  no ted  th a t th is  is a v e ry  pe rs is ten t od o r 
th a t can be detected on the  hands fo r  up  to  an h o u r o r  m ore 
a fte r  h a n d lin g  the  oranges. T h is  in d ica te d  the  presence o f 
re la t iv e ly  h ig h -b o ilin g  com pounds o f lo w  v o la t i l i ty .  C on
sequently , the  second approach in v o lv e d  w a sh in g  o f o r 
anges in  so lven t to  rem ove and concen tra te  these com 
pounds.

EXPERIMENTAL
Study of em itted  volatiles

P r e p a r a t io n  o f fru it . T h e  f r u i t  was ha nd -p icke d  us ing  
c lippe rs  and  hand led  g e n tly  to  p re v e n t s k in  ru p tu re  and 
subsequent release o f peel o il. T h e  stem  ends w ere  
pa in te d  w ith  a 5%  aqueous s o lu tio n  o f th io u re a  to  re ta rd  
decay.

C o lle c t io n  o f e m itte d  co m p o u n d s . V o la t i le  a rom a com 
pounds e m itte d  by  the  oranges w e re  co llec ted  on ac tiva ted  
charcoa l. I n  a ty p ic a l ru n , du p lica te  sam ples o f 70 f r u i t  
(a p p ro x im a te ly  9 k g )  w e re  placed in  5 -g a llo n  g lass ja rs  
f it te d  w ith  in le t and o u tle t tubes and s to red  a t 7 0 °F . A i r  
f ro m  a com pressed a ir  c y lin d e r was b ro u g h t th ro u g h  a 
d ry in g  to w e r c o n ta in in g  a c tiva ted  charcoa l, a d ry in g  tube 
c o n ta in in g  d r ie r ite  (a n h y d ro u s  C a S 0 4) ,  and  then  c irc u 
la te d  th ro u g h  each ja r  a t a ra te  o f 15 -20  m l/m in .  T h e  ja rs  
w e re  connected in  pa ra lle l, and the  o u tle t o f each was f it te d  
w ith  2 U -tu b e s  in  series packed w ith  20 g  ac tiva ted  coco
n u t cha rcoa l (F is h e r  S c ie n tific  Co., 6 -1 4  m esh ) p e r tube. 
T h e  a ir  f lo w  was m a in ta in e d  fo r  12 days, a fte r  w h ic h  the
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charcoal from all 4 traps was combined and extracted for 
3 days with diethyl ether (Baker Analyzed Reagent) in a 
Soxlet extractor. The ether was removed by slow evapora
tion using a Rinco rotary evaporator (Rinco Instruments, 
Inc., Greenville, 111.) and aspirator vacuum. About ml 
of ether-rich material remained, which had a fruity odor 
strongly reminiscent of ethyl butyrate.

Gas chromatographic analysis. Gas liquid chromato
graphic analysis (GLC) was carried out on two different 
column phases of opposite polarity using an F & M Model 
810 dual-column, temperature-programmed in stru m en t  
with flame ionization detection. The polar column, desig
nated column A, was 50 ft X pi-in. and contained 5% 
Carbowax 20 M on 60-80 mesh Gas Chrom Z. The non
polar column, designated column B, consisted of 5% 
Apiezon L  plus Igepal CO-710 (20 parts Apiezon— 1 part 
Igepal) on 60-80 mesh Gas Chrom Z.

The chromatogram in Fig. 1 was prepared using column
A. Aroma volatiles in ether (0.5 microliter) were injected 
into the instrument with the column temperature at 70° C. 
The temperature was held at 70°C for 10 min and then 
programmed to 180°C at a rate of 4°C/min. The attenu
ation was 102 X 4 to bring out small peaks, but was in
creased to as high as 102 X 64 to keep the major aroma 
volatile peaks on scale.

The chromatogram in Fig. 2 was prepared using column
B. Again, 0.5 g\ of aroma volatiles were injected onto the 
column at 70°C and the program rate was 4°C/min fol
lowing an initial hold period of 10 min. However, in this 
case the attenuation was held at 102 X 32 for the entire 
chromatogram.

M ass spectral analysis. Mass spectra were prepared 
using a Perkin-Elmer Hitachi mass spectrometer coupled 
directly to the gas chromatograph.

Study of aroma com pounds present on cuticle of fresh oranges

Preparation of fruit. The fruit for this study were also 
carefully hand-clipped. Each of 160 fruit used was washed

F ig . 1 . G a s c h r o m a to g r a m  o f  e m it te d  v o la t i le s  o b ta in e d  u sin g  
p o la r  co lu m n . C o m p o u n d s  c o r re s p o n d in g  to  n u m b e rs  a r e  a s  f o l 
lo w s :  1 . e th y l  a c e ta te , 2. e th a n o l, 3. u n k n o w n  o f  m .w . 114 , 4. e th y l  
b u ty r a te ,  5 .( - \ - ) - l im o n e n e , 6. e th y l  c a p ro a te , an d  7. e th y l  c a p r y la te .  
C o m p o u n d s  c o r re s p o n d in g  to  le t te r s  a re  a s f o l lo w s :  A .  e th y l  f o r 
m a te , B . e th y l  p ro p io n a te , C . e th y l  is o v a le r a te , D .  e th y l  v a le r a te ,  
an d  E . e th y l  h e p to a te .

F ig . 2. G a s  c h ro m a to g r a m  o f  e m it te d  v o la t i le s  o b ta in e d  u sin g  
n o n -p o la r  co lu m n . C o m p o u n d s  c o r re s p o n d in g  to  th e  n u m b e r s  an d  
le t t e r s  a re  th e  sa m e  a s  in  F ig . 1.

gently with a laboratory detergent, dried with cheesecloth, 
and allowed to stand for 24 hr to replenish aroma com
pounds lost during washing.

Extraction and concentration of volatiles. Two liters of 
methylene chloride (Matheson, Coleman, and Bell) was 
placed in a large beaker, and each fruit was dipped in the 
solvent using a pair of laboratory tongs. Great care was 
taken in handling the fruit to insure that the peel was not 
scraped or cut with the resultant release of peel oil. The 
methylene chloride was then filtered through Whatman 
# 1  paper to remove scale insects and other solid particles 
that had escaped the detergent wash, following which it 
was concentrated on a rotary evaporator. About a milli
liter of methylene chloride-rich solution remained, which 
possessed a strong odor of fresh oranges.

Gas chromatographic analysis. GLC was carried out 
on an F & M Model 500 dual-column, temperature- 
programmed gas chromatograph with thermal conductivity 
detection. The column was 12 ft X )4 in of 20% Carbo
wax 20M on 60-80 mesh GasChrom P. Ten microliters 
of solution was injected on the column at 70°C following 
which it was programmed to 200° at 4°/m in. It was held 
at 200° until all the components had emerged. The chro
matogram is shown in Fig. 3.

To clean and concentrate the sesquiterpene material,
15—40 g\ collecting runs were made on the same column. 
The resulting sesquiterpene fraction was rechromato
graphed on the F  & M Model 810 gas chromatograph

F ig . 3. G a s  c h r o m a to g r a m  o f m e th y le n e  c h lo r id e  s o lu t io n  ob 
ta in ed  b y  d ip p in g  fre s h  o ra n g es .
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F ig . 4. G a s  c h r o m a to g r a m  o f  s e sq u ite rp e n e  cu t f r o m  c u tic le  of 
fresh  o ra n g es . C o m p o u n d s  c o r re s p o n d in g  to  th e  n u m b e rs  a re  as 
fo l lo w s :  1 . b e ta -e le m e n e , 2. b e ta -c a r y o p h y lle n e , 3. fa rn esen e , 4. h u -  
m u le n e ,.5 . C u H it, 6. v a le n c e n e , an d  7. d e lta -ca d in e n e .

using column A  as described previously. The chromato
gram is shown in Fig. 4.

RESULTS AND DISCUSSION
Study of em itted  volatiles

The ether extract from the activated charcoal was found 
to contain 7 major components, which were identified by 
gas liquid chromatography on 2  column phases and by 
mass spectrometry. These are numbered 1-7 in order of 
their emergence from GLC column A as shown in Fig. I. 
The major peak going off scale near the beginning of this 
chromatogram is the solvent, diethyl ether. The major 
numbered compounds are 1 ) ethyl acetate, 2 ) ethanol,
3) an unidentified compound of molecular weight 114,
4) ethyl butyrate, 5) ( +  ) — limonene, 6 ) ethyl caproate, 
and 7) ethyl caprylate. The relative quantities of each 
may be estimated from the attenuation values shown by 
the small numbers preceeded by x. The presence of etha
nol may be due to microorganism activity over the long 
period of the experiment, while limonene must originate 
in the peel oil. The ethyl esters are probably responsible 
for the fruity aroma, which was originally described as 
reminiscent of ethyl butyrate. The molecular weight 114 
material appeared from it’s mass spectrum to be a ketone; 
however, it could also be an ester.

In addition, several minor peaks of the chromatograms 
coincided with other ethyl esters. These are shown on the 
chromatograms by letters, but their identification is un
certain because they were not present in a sufficiently large 
concentration for mass spectrometric verification. The

compounds in question are A ) ethyl formate, B ) ethyl 
propionate, C) ethyl isovalerate, D ) ethyl valerate, and 
E ) ethyl heptoate.

When the chromatographic analyses were carried out 
at higher temperatures and over longer time periods, it 
was found that ionol, commonly known as butylated hy
droxy toluene (B H T ), eluted from the column. It was 
positively identified by its mass spectrum. To determine 
if this compound was an artifact, a sample of the ether used 
in the extraction was evaporated to dryness, but no BH T  
was found. A large quantity of the coconut charcoal was 
then extracted and the extract analyzed, but, again, no 
B H T  was found, indicating the possibility that B H T  may 
be a natural constituent of oranges. However, this should 
be investigated further.

Study of aroma com pounds p resen t on cuticle of fresh oranges

The methylene chloride extract was found to consist 
almost entirely of sesquiterpene hydrocarbons, although 
the monoterpene, sabinene, was identified as a trace con
stituent of the forerun. The predominant sesquiterpene 
was valencene, peak 6  of Fig. 4, which was estimated to 
contribute over 90% of this fraction. Five other sesqui
terpenes were tentatively identified as beta-elemene, beta- 
caryophyllene, farnesene, humulene, and delta-cardinene, 
peak numbers 1, 2, 3, 4, and 7 respectively. These com
pounds appear to be major contributors to the character
istic odor of fresh oranges.
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1. A l c o h o l s  in  U n b l a n c h e d  F r o z e n  P e a s

SUMMARY—The volatile alcohols of unblanched frozen green 
peas w ere separated  from the total volatiles by chromatog
raphy on silica gel at 0°C  and examined by combined gas 
chromatography-mass spectrom etry and where possible by 
infra-red spectroscopy. Thirteen saturated and nine unsatu- 
rated alcohols were positively identified: methanol, ethanol, 
propan-l-ol, butan-l-ol, butan-2-ol, 2-m ethylpropan-l-ol, pen- 
tan-l-ol, pentan-3-ol, 2-methylbutan-l-ol, 3-m ethylbutan-l-ol, 
hexan-l-ol, heptan-l-ol, octan-l-ol, pent-l-en-3-ol, c is  and 
tra n s  pent-2-en-l-ol, c is  and tr a n s  hex-3-en-l-ol, tr a n s  hept- 
2-en-l-ol, tr a n s  oct-2-en-l-ol, oct-l-en-3-ol and c is  non-3-en- 
l-ol. Several other alcohols were also present and, of these, 
tr a n s  hex-2-en-l-ol, c is  and tra n s  hept-3-en-l-ol and nonan- 
l-o! w ere tentatively identified.

The interconnecting system between gas chromatograph 
and mass spectrom eter permitted the collection, for IR analy
sis, of material from the identical gas chromatographic peak 
on which the mass spectrum was obtained.

INTRODUCTION
C o m m e r c i a l l y  p r o d u c e d  frozen green peas often pos

sess a “haylike” off-flavor. This is associated with a char
acteristic odor which strongly suggests that the off-flavor 
is due to volatile compounds. However, as yet, no evidence 
has been produced to indicate the organoleptically signifi
cant compounds, although a number of constituents of pea 
volatiles has been identified (Ralls, 1960; Bengtsson et al., 
1964; Ralls et al., 1965; Whitfield et al., 1966). Investiga
tions in this laboratory are being directed to determine the 
nature of the normal and “off” pea flavor.

It is well recognized that, despite the sophisticated 
instrumental techniques now available, a full understand
ing of any volatile food flavor is not easily achieved. The 
experimental procedures to accomplish this may be con
veniently divided into three inter-dependent stages:

(a) the isolation and concentration of the volatile com
plex free from artifacts and contaminants,

(b) the separation and identification of the volatile con
stituents, and

(c) the assessment of the organoleptic significance of 
the constituents, both individually and collectively.

As both Stewart (1963) and Burr (1964) have empha
sized, the identification of food volatile constituents is of 
limited value unless followed by a conclusive organoleptic 
evaluation. This, however, cannot be effectively under
taken unless the identification of constituents has been 
thorough, and this is contingent on having sufficient 
amounts of volatile flavor concentrates for the identifica
tion of the minor constituents.

The low level of volatiles present in peas has primarily

dictated the choice of techniques for identification of con
stituents. It was apparent at the outset of this work that 
if the amount of raw material to be extracted was to be kept 
within practical limits, then, for the majority of com
pounds, identification would depend largely on mass spec
tral evidence.

Combined gas chromatography-mass spectrometry (GC- 
M S) clearly offers the best means of recording the mass 
spectra of minimal size samples. However, often the 
quality of spectra obtained is impaired b y :

(a) incomplete resolution of components, thus giving 
mixed spectra,

(b) distortion of the spectrum due to the inevitable 
rapid change in concentration which occurs during 
the scan, and/or

(c) interference from the background spectrum caused 
by phase bleed from the column.

The measures taken in the current work to minimize or 
eliminate these deficiencies are described.

The volatile content of peas increases rapidly during the 
interval between mechanical harvesting (vining) and en
zyme inactivation by blanching in boiling water (Shipton 
et al., 1968). However, blanching, while markedly re
ducing the concentration of volatiles in the peas, does not 
change their qualitative composition as judged by gas 
chromatograms (Whitfield et al., 1967). Therefore, un
blanched peas, which had been held for some hours at 
ambient temperature before freezing, were used in the de
velopment of extraction techniques and for the initial 
studies on pea flavor. The identification of the volatile 
constituents of unblanched peas will facilitate the investiga
tion of fresh and blanched peas, in which the volatiles 
occur at much lower concentrations.

EXPERIMENTAL PROCEDURES
G r e e n  p e a s  {Pisum  sativum, variety “Edgell Freezer”) 

grown at Richmond, N .S.W ., were harvested, vined, 
washed and frozen. The delay period between harvesting 
and freezing varied from 4 to 6  hr with different batches. 
The frozen peas were stored ( 6 - 8  months) at — 17.8°C.

Isolation of volatile flavor concentrate

The frozen peas, in batches of 6  kg, were rapidly minced 
into a 1 0 -1  round bottom flask and the volatile material 
distilled through cold (0°C ) reflux condensers for 5 hr 
at 8  mm pressure, the distillate being collected in a liquid 
air-cooled trap (Whitfield et al., 1967). The flask was 
warmed by a water bath at 20°C and in the course of the 
distillation the temperature of the continuously stirred
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puree rose from —18 to 15°C. The distillate, after thawing, 
was saturated with analytical grade sodium chloride and 
stored at 0°C. Sixty kg of peas yielded 600 ml of distillate.

The distillate was then fractionated by a previously 
described procedure (Shipton et al., 1966) to separate the 
large excess of ethanol from the less volatile components. 
Gas chromatographic examination indicated that the eth- 
anolic fraction also contained small amounts of methanol 
and other lower boiling compounds. The less volatile 
fraction was isolated, essentially water-free, as an oil 
(0.5 ml) which contained a relatively small proportion of 
ethanol. It had an aroma similar to, but much more intense 
than, that of the freshly minced frozen peas.

Class separation of the  alcohols

A preliminary examination of the oil by GC-MS showed 
the presence of small amounts of Cio -  C15 paraffinic 
hydrocarbons which detracted from the clarity of the 
spectra of those alcohols from which they were incompletely 
resolved. Accordingly, the alcohols as a class were sepa
rated from the less polar constituents by liquid chromatog
raphy on silica gel at 0°C. The technique used (Murray 
et al., 1968) was designed to handle small amounts (5-50  
mg) of volatile flavor concentrates.

The separated alcohol fraction showed the presence of 
many unsaturated alcohols. These were generally at a 
lower concentration than the saturated alcohols and in 
some cases incompletely resolved from them. To obtain 
better resolution of the unsaturated alcohols, the alcohol 
fraction was further fractionated by liquid chromatography 
on silver nitrate-silica gel (Murray et al., 1967). The 
resulting fractions, when subjected to GC-MS, gave satis
factory resolution of all the alcoholic constituents with the 
exception of 2 - and 3-methylbutan-l-ols.

Gas chrom atography

A flame ionization detector was used. Details of the 
columns (stainless steel), their operating conditions and 
their respective uses follow :
Column A .

67 ft, 0.107 in I.D.
3.75% F F A P  (Varian Aerograph) on 60-70 mesh non

acid washed Chromosorb G.
Isothermal 130°C.
1 0  ml/min helium.
Used for preliminary examination of all alcohol frac

tions and for coupling to the mass spectrometer to 
obtain spectra of components with retention times up 
to that of octan-l-ol.

Column B.
5 ft, 0.092 in I.D.
4.75% F F A P  on 100-120 mesh non-acid washed Chro

mosorb G.
Isothermal 110°C.
8  ml/min helium.
Coupled to the mass spectrometer to examine compo

nents with retention times exceeding that of heptan-
l-ol.

Column C.
18 ft, 0.065 in I.D.
5% Carbowax 200 on Aeropak 30.

Isothermal 60°C.
1 0  ml/min helium.
Used to resolve 2- and 3-methylbutan-l-ols (Singer,

1966) from the mixed peak collected from effluent of 
Column A. The phase bleed was too great to permit 
connection to the mass spectrometer.

Mass spectrom etry

The mass spectrometer, an A T L A S CH4 (Fried Krupp, 
Germany) was fitted with a double ion source (Brunnée 
et al., 1963). One chamber of this source, operated at 
70 eV, projects the ion beam into the analyzer tube to 
produce the mass spectrum, while the other chamber, 
operated at 20 eV to avoid ionizing helium, monitors the 
total ion current. The double ion-source was modified in 
in the following respects:
(a) the flexible connection between the source and the 

total ion current preamplifier was replaced by a rigid 
connection to reduce the noise level, and

(b) a suppressor electrode operated at —85 V was in
stalled adjacent to the total ion current collector elec
trode to minimize the undesirable effect of secondary 
electrons emitted from the collector electrode. This 
electron emission, influenced by the changing mag
netic field, had caused variations in the total ion 
current during scanning.

Considerable tailing of polar compounds, particularly 
alcohols, occurred in the original A T L A S GC-MS system. 
This was attributed to adsorption on the stainless steel 
connecting valves and tubing. It was especially evident 
after “baking out”. The problem was overcome by pro
viding a direct connection between the gas chromato
graphic column and the ion source. (It is understood that 
a comparable modification has been incorporated by Fried 
Krupp in recent CF14 instruments.) Part (Tube B, Fig. 1) 
of this connection forms the capillary leak of the mass 
spectrometer and was constructed from 15 in. of stainless 
steel tube (0.0225 in. bore) into which was inserted the 
same length of stainless steel wire (0.0220 in .). One end 
of the leak tube passes through the ion source hood and 
projects into the ion source inlet block while the other end 
is located in the gas chromatographic column effluent. The 
leak tube is supported within a 0.25 in O.D. stainless steel 
tube, which is electrically heated. When operated at 140- 
180°C, approximately 0.5 ml/min of column effluent passed 
to the ion source. No adsorption by this capillary connec
tion has been observed and no blockage, due to phase bleed, 
has occurred.

The column effluent is first divided by a splitter located 
in the gas chromatographic oven, about 30% passing to a 
flame ionization detector. A s indicated in Fig. 1, the re
mainder passes over the end of the mass spectrometer leak 
tube B at point A where 0.5 ml/min is withdrawn. The 
residual effluent then flows through the narrow annulus 
between the leak tube and tube C and through tube E to 
the exit port F. This long pathway between the leak 
location and atmosphere was found necessary to eliminate 
back diffusion of air into the mass spectrometer. For 
operation of the mass spectrometer without the gas chro
matograph, the leak tube is sealed off by screwed plugs 
at A and F and by pumping to fore vacuum via valve G.
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This avoids the need for a valve directly in the line from 
the gas chromatograph.

The surplus effluent may be collected at F, thus provid
ing material for further examination by other techniques. 
This procedure has the merit that it enables the retention 
value, mass spectrum and IR spectrum to be obtained on 
material from the identical gas chromatographic peak.

The mass spectra were ratio-recorded (Brunnee et al.,
1963) using a simple system devised by Kennett (1967). 
Ratio recording involves registering the individual mass 
ion currents as ratios of the total ion current, thus elimi
nating the spectral distortion caused by the changes in 
concentration which occur during the scanning of a gas 
chromatographic peak. Ratio recording also allows the use 
of slower scan rates, thereby increasing the overall sensi
tivity and accuracy. A scan rate of 6 sec per mass octave 
was employed. Spectra were recorded on a 7-channel 
recording oscillograph ( “Ultralette,” ABEM , Stockholm). 
The ion source temperature was 250°C.

Little or no interference to the spectra was caused by 
phase bleed from the columns. This was attributed to the 
low bleed rate from the well-conditioned F F A P  columns 
operated at moderate temperatures, coupled with the fact 
that individual constituents, for the most part, had been 
concentrated by the chromatographic fractionation of the 
flavor extracts.

Infra-red spectra

Samples of most of the alcohols introduced to the mass 
spectrometer were condensed from the effluent at exit port
F. IR spectra were recorded either as a film or in solution 
depending on the sample size, this being previously judged 
from peak dimensions.

For examination as a film, the constituent was con
densed in a glass melting point tube ( 9  cm X 1 mm, drawn 
down to about 0.2 mm at the outlet), attached by Teflon 
tubing at F and cooled by powdered carbon dioxide. The 
tube was then sealed by a fine flame at both ends and the 
condensate centrifuged into the tip. The broad end and 
then the extreme tip were cut off. The liquid sample was 
transferred by capillary action to the center of a rock salt 
plate (15 mm square) on which the film was contained

within an area 4 mm X 1 mm isolated by an etched groove. 
The cell was completed by an aluminum foil washer (0.008 
mm) to control film thickness, an unetched rock salt plate 
and an aluminum mask containing an aperture which 
aligned with the film area. The cell was lightly clamped 
in a stainless-steel holder which fitted a refractory beam 
condenser (R IIC ). This simple laboratory-constructed 
cell was found suitable for liquids boiling above about 80°C  
and gave satisfactory spectra with samples as small as
0.025 tA.

Constituents of smaller volume than above were con
densed in hypodermic needles according to the technique of 
Edwards et al. (1965), but using finer needles (22 gauge) 
as suggested by Edwards (1966, personal communication). 
With ends square cut, these needles snugly fitted the 
tapered filling hole of the RIIC MC3 microscope cell and 
it was thus possible to wash the condensate directly into the 
cell with 1—1.5 ¡A of carbon tetrachloride. The technique 
has given variable recoveries but nevertheless has enabled 
sensible information about the stronger absorption bands 
to be obtained from a few micrograms.

R eference com pounds and spectra

The majority of alcohols were obtained from commercial 
supply houses and a few from other laboratories. The 
trans C5, C7 and Cg alk-2-en-l-ols were synthesized. The 
IR  and mass spectra of the reference alcohols were re
corded after resolution on Columns A  or B, using the same 
conditions as were employed for the pea alcohols. Where 
possible, their authenticity was verified by comparison of 
their mass spectra with A PI and A ST M  reference spectra 
and with published spectra (Cornu et al., 1966; Honkanen 
et al., 1963).

RESULTS
T w e n t y - t w o  a l c o h o l s  have been identified (Table 1). 

Positive identification was based primarily on the matching 
of their mass spectra with those of authentic compounds. 
In all cases this was supported by the agreement of gas 
chromatographic retention values.

The IR spectral evidence is summarized in Table 1. 
Only in a few cases were the spectra too weak to yield 
worthwhile information. Even where fragmentary spectra 
were obtained they still provided the essential evidence for 
the presence of strongly absorbing groups, e.g., hydroxyl, 
methyl and methylene C-H bonds, vinyl and trans unsatu
ration. This last named permitted conclusive differentation 
of the cis and trans isomers of the alk-2-en-l-ols and the 
alk-3-en-l-ols, which, although adequately resolved on 
polar columns, have mass spectra too alike to allow confi
dent distinction (Honkanen ct al., 1963). The absence of 
trans absorption is indirectly indicative of a cis isomer.

The 2- and 3-methylbutan-l-ols were not resolved on 
F F A P  but their mixed mass spectra clearly indicated their 
presence in a ratio 1 :2. Confirmation of their presence and 
relative concentration was provided by their complete reso
lution on Carbowax 200.

On the basis of weak mass spectra or spectra from in
completely resolved peaks, several additional alcohols have 
been tentatively identified. These include trans hex-2-en-
l-ol, cis and trans hept-3-en-l-ol and nonan-l-ol. In addi-
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T a b l e  1. A lc o h o l s  id e n t i f i e d  in  u n b l a n c h e d  g r e e n  p e a s .

M .S . E v id en c e 2 I .R . E v idence

G .C . ren ten tion  
tim e on 
F F A P  

re la tive  to 
hexan -l-o l

A pprox, 
am ount 
re la tive  

to  h ex an -l-o l3

M e t h a n o l 1 + — 0 .2 6 1000
E t h a n o l 1 + — 0 .2 7 13 0 0 0
P r o p a n - 1 - o l 1 + C o m p le te  s p e c t r u m 0 .3 4 0 .2
B u t a n - l - o l 1 + P r i m a r y  O H ,  C H a, C H 2 0 .4 6 0 .0 2
P e n t a n - l - o l 1 + P r i m a r y  O H ,  C H 3, C H 2 0 .6 7 2
H e x a n - l - o l 1 + C o m p le te  s p e c t r u m 1.00 100
H e p t a n - l - o l + P r i m a r y  O H ,  C H 3, C H 2 1 .53 0.5
O c t a n - l - o l + P r i m a r y  O H ,  C H 3, C H 2 2 .4 0 0 .3
2 - M e t h y l p r o p a n - l - o l 1 + P r i m a r y  O H ,  i s o p r o p y l ,  C H 3, C H 2 0 .39 0 .0 8
2 -  M e t h y l b u t a n - l - o l 1 ^
3 -  M e t h y l b u t a n - l - o l 1 J

M ix e d

S p e c t r a
P r i m a r y  O H ,  i s o p r o p y l ,  C H 3, C H 2 0 .5 8

2

4
B u t a n - 2 - o l + S p e c t r u m  to o  w e a k 0 .25
P e n t a n - 3 - o l + S p e c t r u m  to o  w e a k 0 .41

P e n t - l - e n - 3 - o l + C o m p le te  s p e c t r u m 0 .4 9 1
O c t - l - e n - 3 - o l + O H ,  v in y l 1.53

Cis P e n t - 2 - e n - l - o l + I s o l a t e d — C H = C H —  ( 3 0 1 0 ) ,  n o  trans u n s a tn . 0 .8 7

Trans P e n t - 2 - e n - l - o l + S p e c t r u m  to o  w e a k 0 .8 4

Cis H e x - 3 - e n - l - o l 1 + C o m p le t e  s p e c t r u m 1.18 17
Trans H e x - 3 - e n - l - o l + P r i m a r y  O H ,  trans u n s a t n . 1 .04

Trans H e p t - 2 - e n - l - o l + O H ,  trans u n s a tn . 2 .0 0 0 .4
Trans O c t - 2 - e n - l - o l + O H ,  trans u n s a tn . 3 .15 0 .2
Cis N o n - 3 - e n - l - o l + P r i m a r y  O H ,  i s o l a t e d — C H  =  C H — ,

n o  trans u n s a tn . 4 .0 0 0 .2

1 P r e v i o u s l y  id e n t i f i e d  b y  R a l l s  et al. ( 1 9 6 5 )  in  t h e  v o l a t i l e s  f r o m  a  c o m m e r c i a l  b l a n c h e r .  H e x - 3 - e n - l - o l  id e n t i f i e d  
b y  t h e m  is  p r e s u m e d  to  h a v e  b e e n  cis.

2 +  d e n o te s  t h a t  t h e  m a s s  s p e c t r u m  c lo s e ly  m a tc h e d  t h a t  o f  a n  a u t h e n t i c  s p e c im e n .
3 C a l c u l a t e d  f r o m  p e a k  a r e a s  f r o m  c h r o m a t o g r a m s  o f  t h e  o i ly  c o n c e n t r a t e .  M e t h a n o l  a n d  e t h a n o l  v a lu e s  w e r e  e s t i 

m a t e d  f r o m  c h r o m a t o g r a m s  o f  t h e  u n c o n c e n t r a t e d  d i s t i l l a t e .  W h e r e  n o t  s p e c i f i e d ,  a m o u n t s  w e r e  s m a l l  b u t  n o  e s t i m a t e  w a s  
p o s s ib le .

tion trace amounts of three octenols are indicated, their 
short retention values suggesting that they are branched- 
chain.

DISCUSSION
As i n d i c a t e d  i n  t a b l e  1 , ten of the 22 alcohols identified 

in this investigation were found by Ralls et al. (1965) in 
the vapor above peas in a commercial blancher. The re
mainder have not been reported previously as constitu
ents of green peas.

An interesting feature of the present work is the identifi
cation of nine unsaturated alcohols of which only one has 
been previously found in peas. Several others are also 
present but, as yet, these have not been isolated in amounts 
sufficient for complete identification. Among the latter 
is trans hex-2 -en-l-ol, which occurs widely in plant tissue 
and was expected to be one of the more abundant alcohols 
in green peas.

Hex-3-en-l-ol has long been recognized as a strong 
source of green leaf odor (Moncrieff, 1951) and oct-l-en-3- 
ol has been shown by Stark et al. (1964) to produce a 
'“mushroom” odor in dairy products. The unsaturated alco
hols may thus play an important role in pea flavor. To 
assess this possibility, the C5 to C9 cis and trans isomers of 
the alk-3-en-l-ols and the alk-2-en-l-ols are being synthe
sized.

No comparable evidence has been reported for the or
ganoleptic importance of the saturated alcohols and it seems 
unlikely that ethanol and methanol, despite their abun

dance, would contribute notably to the flavor of peas. 
However, the higher molecular weight saturated alcohols, 
some of which occur in significant amounts, e.g., hexan- 
1 -ol, could have some influence on flavor.

The relative concentrations of the alcohols in the extracts 
(Table 1), although probably indicative, cannot be re
garded as an accurate guide to their relative concentrations 
in the raw material, as no reliable evidence has been ob
tained on the efficiency of extraction of the individual com
ponents.

Since the present investigations have been confined to 
unblanched peas it is uncertain whether the identified alco
hols are products of abnormal metabolism subsequent to 
harvesting or whether they occur as normal constituents. 
Therefore, before investigating the significance of the alco
hols to pea flavor, the identification of the nonalcoholic 
volatiles in unblanched peas will be completed, together 
with a study of the volatiles of fresh peas.
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a t  2 5 0 ° C  f o r  3 0  m in  w e r e  c o l le c te d  in a t r a p  m a in ta in e d  a t  

t h e  t e m p e r a t u r e  o f  s o lid  c a r b o n  d io x id e .  A  c o n c e n t r a t e d  
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IN T R O D U C T IO N
A number of publications have recently appeared on 

the application of gas chromatography to the analysis of 
volatile products from the thermal decomposition of carbo
hydrates and closely related substances: Bailey et al.
(1962),Bryce et al. (1963), Doerr et al. (1966), Fiddler 
et al. (1966), Gianturco et al. (1963, 1964), Greenwood 
et al. (1961), Graham (1966), Heyns et al. (1966a), 
Sugisawa (1966), and Tai et al. (1964). These studies 
indicate the presence of a wide variety of compounds, but 
generally only the low boiling classes have received major 
attention. Compounds of intermediate volatility have not 
been as extensively studied despite some indication that 
they may be more important contributors to flavor.
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file Compounds from Heated Glucose

materials previously studied, it was felt that heating glu
cose itself in an isolated system would give valuable infor
mation on the origin of the volatile flavor compounds.

Among the variables that may affect the composition of 
volatiles from glucose are heating time, temperature, and 
the presence of oxygen. On the basis of achieving an ade
quate collection of volatiles in a reasonable time, a tem
perature roughly intermediate between 150°C (Sugisawa,
1966) and 300°C (Heyns et al., 1966a) and a heating 
period of 30 min were chosen. The heating was carried 
out in atmospheres of both air and nitrogen.

E X PE R IM EN TA L
Heating and distillation

Two g of anhydrous glucose (Baker analyzed reagent) 
were placed in a 50 ml (T 45/50) thre-neck distillation 
flask in which a coarse capillary and a thermometer were 
fixed by means o: Teflon adapters (Fig. 1). A side-arm 
of the flask led into a trap which was surrounded by dry 
crushed ice. The system was connected to a water aspi
rator or to a cylinder of “pre-purified grade” N, to obtain 
either the air or N atmosphere over the heated glucose. 
Heat was provided by an electric heating mantle which 
was thermostatted by a Jelrus automatic controller (manu
factured by the Jelrus Co., Inc., New York, N. Y.) to 
maintain an internal flask temperature of approximately 
250°C. The total distillation time was 30 min.
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Fig. 1. Distillation system for the collection of volatiles.

Extraction and concentration
The frozen distillate, usually less than 1 ml, was diluted 

to about 3 ml with distilled water, transferred to a 150 X 
16 mm test tube, enough anhydrous Na2 S 0 4 added to 
saturate the solution, and extracted with an equal volume 
of redistilled, anhydrous ether. The ether phase was then 
pipetted into a 5 ml beaker, and the ether slowly evapo
rated under a stream of N to about one-third the original 
volume, after which, it was transferred with a pipet to 
a 3 ml conical bottom, glass-stoppered centrifuge tube for 
further evaporation under N. The final concentration was 
arbitrary, but evaporation was terminated when there was 
a noticeable increase in viscosity of the ether extract. The 
final volume was about 0.5 ml. This concentrate had a 
refrigerated storage life of 7-10 days at 3°C, after which, 
it tended to form a precipitate. Stability could be increased 
somewhat by redilution with anhydrous ether prior to 
storage.

W hen it was desired to eliminate the masking effect of 
the ether solvent on compounds of very short retention 
times during subsequent gas chromatography, the undi
luted distillate was transferred directly to the centrifuge 
tube and diluted with 2.0-2.5 ml of a saturated Na2 S 0 4 

solution, then centrifuged at 4000 rpm until an oily, brown 
ring separated at the surface- From this layer, 0.5 ¡A

samples were withdrawn for direct injection into the gas 
chromatograph-mass spectrometer unit.

Analysis
One to five micro-liter samples of the concentrated ether 

extract were taken for gas chromatography. Mass spectra 
were obtained, using a coupled gas chromatograph 
(Perkin-Elmer Model 226)—mass spectrometer (Hitachi- 
Perkin-Elmer Model RM U-6 A) unit with a capillary 
column, 200 ft long, 0.02 in. ID, and coated with a mixture 
of diethyleneglycolsuccinate and H 3 P 0 4 (2% ). The col
umn effluent was split with equal portions being directed 
to the flame ionization detector, and to the mass spectrom
eter, the latter via a Watson-iBemann, helium separator 
(W atson et al., 1965). The operating parameters were 
as follows:

Gas chromatograph: 
flow rate

program

injection block 
temperature 

Mass spectrometer: 
inlet temperature 
ion source pressure 
ion source temperature 
acceleration voltage 
target current 
electron multiplier 

voltage 
scan speed 
exit slit

Helium carrier gas 
at 15 ml/min. 

30°C for 5 min, then 
2°C/min to 160°C 
275°C

200°C
4 X 10"6  mm 
250°C
2.5 Kv 
60uA
2.5 Kv

12 sec.(m /e 12-400) 
0.15 mm

Trapping for infrared analysis was attempted by the 
method of Edwards et al. (1965), from a Perkin-Elmer 
810 gas chromatograph with a 6  ft long, j/R-in. OD column 
packed with 1 0 % polypropyleneglycol on 60/80-mesh 
Chromosorb W. The outlet temperature was kept at 
250°C, and the injection block temperature at 275°C- The 
column was held at 65°C for 5 min, and then ballistically 
programmed to 200° C where it remained until completion 
of the analysis. Twenty % of the carrier gas, N was di
verted to the flame ionization detector, and 80% to the 
outlet.

The presence of formaldehyde and C 0 2 was established 
in separate experiments by bubbling the sweep gas from 
the heated glucose into a solution of 1 % chromotropic 
acid in concentrated H 2 S 0 4 (Frisell et al., 1958) and 
0.05% B a(O H ) 2  solution respectively. The development 
of a purple color in the former and a precipitate in the 
latter was taken as evidence of the presence of these 
compounds.

RESULTS A N D  DISCUSSION
O n  the basis of comparative gas chromatography, 

there was no evidence that the heating atmosphere sig
nificantly influenced the composition of the collected 
volatiles.

Since primary emphasis in this study was placed on 
compounds of intermediate volatility, no special attempt
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T a b l e  1. C o m p o u n d s  i d e n t i f i e d  in  t h e  v o l a t i l e  f r a c t i o n  o f  h e a t e d  g lu c o s e .

G .C . No. Com pounds

t M ethod 
o f iden tifica tion

I .R . G .C . M .S . R em arks

C 0 2 S e e  e x p e r i m e n t a l

F o r m a l d e h y d e S e e  e x p e r i m e n t a l
1 F u r a n H— b + +
2 2 - M e t h y l f u r a n + + + +
2 B u t a d io n e  ( D i a c e t y l ) + + + +
4 A c e t i c  a c id + + + +
6 2 - n - P r o p y l f u r a n + H e y n s  et al. ( 1 9 6 6 b )

8 F u r f u r a l  ( 2 - f u r a l d e h v d e ) + +  + + + +
9 2 - A c e t y l f u r a n + + + +

12 3 - F u r a l d e h y d e + H e y n s  et al. ( 1 9 6 6 b )

15 5 - M e t h y l - 2 - f u r a l d e h y d e 4 — b + +
16 5 - M e t h y l - 2 - a c e t y l f u r a n +
24 4 - F l y d r o x y - 2 - p e n t e n o i c  a c id ,

g a m m a  l a c to n e + + + +
27 1 - ( 2 ' - f u r y l )  - p r o p a n e - 1,2 - d io n e

( a c e t y l f u r o y l ) + + + +
29 3 - M e th y l c y c l o p e n t a n e - l ,2 - d i o n e + + + +
31 P h e n o l + + + +
42 M e t h y l f u r o i c  a c i d  ( o n e  o f  v a r i o u s B y  m a s s  s p e c t r u m

p o s i t i o n a l  i s o m e r s . ) i n t e r p r e t a t i o n  o n ly

++ A g r e e m e n t  w i t h  a u t h e n t i c  c o m p o u n d s .  
* M a s s  s p e c t r a l  d a t a  o n ly .

was made to conserve the more volatile components during 
distillation. Many of these have recently been reported by 
Qua et al. (1964), Heyns et al. (1966a), and Sugisawa
(1966).

At least 100 compounds were recovered by the method 
of distillation and concentration employed, as shown by 
a typical gas chromatogram (Fig. 2). Table 1 lists the 
compounds identified and their method of identification.

Identifications were made by first obtaining mass spectra 
of the eluting peaks to ascertain probable structures which 
were subsequently confirmed or rejected on the basis of 
comparison with mass spectra of authentic samples. Con
firmation of a specific structure was then determined by 
comparison of gas chromatographic retention times with 
authentic samples.

Except for furfural, attempts to obtain useful infrared 
spectra from the packed column were unsuccessful, pos
sibly because of the low concentrations involved, and the 
low efficiency of recovery from the injected sample.

Of the compounds identified, the gamma lactone of
4-hydroxy-2-pentenoic acid 1 - ( 2'-furyl) -propane-1,2-dione 
,acetylfuroyl), 3-methylcyclopentane-l,2-dione, phenol and 
methylfuroic acid are not heretofore known to have been 
reported as arising from heated glucose. The mass spectra 
of these compounds are presented in Fig. 3.

The existence of phenol as a volatile compound from 
heated glucose is observed with special interest, due to its 
known toxic properties. The presence of the gamma lac
tone of 4-hydroxy-2-pentenoic acid is noteworthy, because 
of the implication of unsaturated gamma lactones in anti-
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5-Methyl-2-Acetylfuran

F ig . 3. M a s s  s p e c tr a  o f  so m e  co m p o u n d s  o f  in te r m e d ia te  v o la t i l i ty  
id en tified  in  the d is t i l la te  o f g lu c o se  h e a te d  a t  250° C  fo r  30  m in .

biosis (Oxford 1945). Also, an enolic isomer of 3-methyl- 
cyclopentane-1 ,2 -dione is reported as being used to impart 
a maple flavor and as a flavor potentiator by Filipic et al.
(1965) .

The mechanism of formation of 4-, 5-, and 6 -carbon 
furan structures from monosaccharides has already been 
proposed Newth (1951), Anet (1964), and Byrne et al.
(1966) , but the presence of 7-carbon furan compounds 
in the volatiles from heated glucose (propylfuran, methyl - 
acelytfuran and l - ( 2 '-furyl)-propane-1 ,2 -dione leads to the 
suspicion that secondary reactions of primary decompo
sition products also influence the vapor phase composition. 
For example, acetic acid and furfural could conceivably 
react to form l-(2 '-furyl)-propane-1,2-dione. In previous 
works, this compound was obtained only as an oxidative 
product of 2,furylacetone (Cosgrove et al., 1952) and one 
component of coffee volatiles (Gianturco et al., 1964). 
Such a compound, however, could also originate from a 
polymer fragmentation process.

A common source of benzenoid and alicyclic com
pounds is the pyrolysis of carbonaceous matter (bitumi
nous coal) at very high temperatures ( 1000-3000°C), in 
the absence of air. The presence of phenol and 3-methyl- 
cyclopentane-1, 2-dione at 250°C may therefore indicate a 
common reaction path, but the details of the mechanism 
of formation of these structures from heated glucose has 
yet to be elucidated.

Most of the compounds identified have a unique, mild 
aroma none of which could be described as that of caramel. 
It may therefore be that the caramel aroma itself arises 
from the mixture of volatiles present.
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p o u n d s .  T e tra h e d r o n  20, 2 9 5 1 -2 9 6 1 .

G r a h a m ,  J .  F .  19 6 6 . I d e n t i f i c a t i o n  o f  5 - m e t h y l f u r f u r a l  in  c i g a 
r e t t e  s m o k e .  C h em . In d . 46, 1924—19 2 5 .

G r e e n w o o d ,  C . T . ,  K n o x ,  J .  H .  a n d  M i ln e ,  E .  1 9 6 1 . A n a l y s i s  o f  
t h e  t h e r m a l  d e c o m p o s i t i o n  p r o d u c t s  o f  c a r b o h y d r a t e s  b y  g a s  
c h r o m a t o g r a p h y .  C h em . In d . 19 6 1 . 1 8 7 8 -1 8 7 9 .

H e y n s ,  K .,  S tu t e ,  R . a n d  P a u l s e n ,  H .  1 9 6 6 a . B r a u n u n g s r e a k t i o n e n  
u n d  f r a g m e n t i e r u n g e n  v o n  k o h l e n h y d r a t e n .  C a r b o h y d r a te  R e 
se a rch  2, 1 3 2 -1 4 9 .

H e y n s ,  K .,  S t u t e ,  R . a n d  S c h a r m a n n ,  H .  1 9 6 6 b . M a s s e n s p e k t r o -  
m e t r i s c h e  u n te r s u c h u n g e n .  X I I I .  D i e  m a s s e n s p e k t r e n  v o n  
f u r a n e n .  T e tr a h e d r o n  22, 2 2 2 3 -2 2 3 5 .

N e w t h ,  F .  H .  19 5 1 . T h e  f o r m a t i o n  o f  f u r a n  c o m p o u n d s  f r o m  
h e x o s e s .  I n  “ A d v a n .  C a r b o h y d r a t e  C h e m . 6 .” e d . H u d s o n ,  
C . S .  a n d  C a n t o r ,  S .  M . p p .  8 3 -1 0 6 .  A c a d e m ic  P r e s s ,  N e w  
Y o r k .

O x f o r d ,  A .  E .  1945 . T h e  c h e m i s t r y  o f  a n t i b i o t i c  s u b s t a n c e s  o t h e r  
t h a n  p e n ic i l l in .  I n  “ A n .  R e v .  B io c h e m .”  e d .  L u c k ,  J .  M . 
p . 7 6 5 . A n n .  R e v . ,  I n c . ,  S t a n f o r d  U . ,  C a l i f o r n i a .

Q u a ,  A .  Y . a n d  F a g e r s o n ,  I .  S .  19 6 4 . E v o l u t i o n  o f  v o l a t i l e s  f r o m  
h e a t e d  c o r n  h y d r o l y s a t e s .  P r e s e n t e d  a t  t h e  2 4 th  A n n u a l  M e e t 
in g  o f  t h e  I n s t i t u t e  o f  F o o d  T e c h n o l o g i s t s ,  W a s h i n g t o n ,  D .C .

S u g i s a w a ,  H .  19 6 6 . T h e  t h e r m a l  d e g r a d a t i o n  o f  s u g a r s .  I I .  T h e  
v o l a t i l e  d e c o m p o s i t i o n  p r o d u c t s  o f  g l u c o s e  c a r a m e l .  / .  F o o d  
S c i. 31, 3 8 1 -3 8 5 .

T a i ,  H . ,  P o w e r s ,  R .  M . a n d  P r o t z m a n ,  T .  F .  1 9 6 4 . D e t e r m i n a t i o n  
o f  h y d r o x y m e t h y l  g r o u p  i n  h y d r o x y e t h y l  s t a r c h  b y  p y r o l y s i s -  
g a s  c h r o m a t o g r a p h y  te c h n iq u e .  A n a l.  C h em . 36, 1 0 8 -1 1 0 .

W a t s o n ,  J .  T .  a n d  B ie m a n n ,  K .  1 9 6 5 . D i r e c t  r e c o r d i n g  o f  h ig h  
r e s o l u t i o n  m a s s  s p e c t r a  o f  g a s  c h r o m a t o g r a p h i c  e f f lu e n ts .  A n a l.  
C h em . 37, 8 4 4 -8 5 1 .

M s .  a c c e p te d  2 / 1 4 / 6 8 .

T h e  a u t h o r s  a r e  i n d e b te d  t o  M r .  H e n r y  A . B o n d a r o v i c h  o f  t h e
F u n d a m e n t a l  R e s e a r c h  D e p a r t m e n t ,  T h e  C o c a - C o l a  C o m p a n y ,  f o r
h i s  i n v a lu a b le  a s s i s t a n c e  in  t h e  i n t e r p r e t a t i o n  o f  m a s s  s p e c t r a .

T h e  a u t h o r s  a l s o  w i s h  to  t h a n k  D r .  W .  H .  M c F a d d e n  o f  t h e
W e s t e r n  R e g i o n a l  L a b o r a t o r y  o f  t h e  U n i t e d  S t a t e s  D e p a r t m e n t  o f
A g r i c u l t u r e  f o r  h i s  c o m m e n ts  o n  t h e  m a s s  s p e c t r u m  o f  4 - h y d r o x y -
2 - p e n te n o ic  a c id ,  g a m m a  l a c to n e .
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D e p a r t m e n t  o f  F o o d  S c i e n c e  a n d  T e c h n o l o g y ,  U n i v e r s i t y  o f  C a l i f o r n i a ,  D a v i s ,  C a l i f o r n i a  9 5 6 1 6

Comparative Distribution of Volatile Aliphatic Disulfides 
Derived from Fresh and Dehydrated Onions

S U M M A R Y —G a s  c h r o m a to g r a p h ic  d e te r m in a t io n  o f  t h e  v o l a 

t i le s  f ro m  f r e s h  " S u n s p i c e "  o n io n s  r e v e a l e d  th a t  t h e  p r in c ip a l  

d is u l f id e  p r e s e n t  is d i - i i - p ro p y l ,  f o l lo w e d  in d e s c e n d in g  o r d e r  
o f  c o n c e n t r a t io n  b y  n - p r o p y l  a lly l ,  m e th y l- i i - p ro p y l ,  m e th y l 

a lly l,  d im e th y l ,  a n d  d ia l ly l .  In d e h y d r a t e d  o n io n s  th is  o r d e r  

is m a r k e d ly  a l t e r e d .  M e th y l - j i -p ro p y l  is t h e  p r in c ip a l  d is u l

f i d e ,  f o l lo w e d  b y  d im e th y l ,  m e th y l a lly l ,  d i - n - p r o p y l ,  j i - p ro p y l  

a lly l ,  a n d  d ia lly l .  Q u a n t i t a t iv e  e s t im a te s  o f  t h e  d i s u l f id e  c o n 
t e n t  o f  5 3  lo ts  o f  f r e s h  o n io n s  w e r e  m a d e  a n d  c o m p a r e d  

w ith  a n a ly s e s  o f  d e h y d r a t e d  o n io n s  f ro m  c o m p a r a b le  lo t 

n u m b e r s .  Loss o f  m e a s u r e d  v o la t i le s  a v e r a g e d  9 8 % , w h i le  loss 
o f  d is u l f id e s  w a s  g r e a t e r  th a n  8 9 % . T h e  r e la t io n s h ip  o f  d i 

s u l f id e s  to  o n io n  f la v o r  a n d  a p u n g e n c y  r a n k in g  s y s te m  b a s e d  

o n  t h e s e  a n a ly s e s  a r e  d is c u s s e d .

IN T R O D U C T IO N

O n  p a s s i n g  a n y  f o o d  processing plant, even the casual 
observer can detect strong characteristic product odors. 
These odors, whether they come from an onion processing 
plant, bakery, or coffee roaster, can often be noticed 10 to 
20  miles away depending upon prevailing winds and cli
matic conditions.

This study was initiated to determine the nature, and to 
establish the quantity, of volatile losses during the process
ing and dehydration of onions. An attempt was also made 
to relate the volatile losses through processing to the aroma 
and flavor of fresh and dehydrated onions.

Although the measured total disulfide differences be
tween fresh and dehydrated onions was greater than 89%, 
it is quite obvious that dehydrated onions are sufficiently 
full-flavored that they are now used in place of raw onions 
by most food processors.

Loss of components from onions on heating or drying 
has been studied extensively by a number of researchers. 
Titov et a!. (1964) established that on termination of sub
limation drying of onions, ascorbic acid content was re
duced by 50% ; and that during heat drying, ascorbic acid 
destruction was even greater. Copeman et al. (1947) re
ported that only small losses of nitrogen and sulfur occur 
because of volatilization during drying. They came to this 
conclusion by measuring the total sulfur and nitrogen con
tent of the onions before and after dehydration.

Studying chemical changes in onions produced by boil
ing, Yamanishi and Orioka (1955) determined the quan
tity of «-propyl allyl disulfide lost. They concluded that 
while «-propyl allyl disulfide is lost on boiling, the quan
tity of w-propanthiol increases. The suggestion was ad
vanced that w-propanthiol and di-«-propyl disulfide are 
produced from w-propyl allyl disulfide during this process. 
Taste tests made by these authors revealed that w-propan- 
thiol is some 50 to 70 times as sweet as sucrose. Thus they 
concluded that the sweet taste developed in boiled onions

was due, at least in part, to the development of the thiol.
Unpublished work by Haagen-Smit indicated that after 

“a few minutes” little or no aroma could be detected 
coming from onions in a drying oven, the conclusion being 
that there was little volatile loss actually associated with 
the act of drying (Stephenson, 1949).

Analysis of onion flavor is complicated by the fact, as 
stated by Stephenson (1949), that, “Onions available in 
any locality throughout the calendar year may vary as 
much as 300 to 400% in flavor and solids.” Koliman
(1952) also pointed out that variations in chemical compo
sition as great as 7-fold may occur when comparing top and 
bottom or right and left halves of a single onion bulb.

Indeed one must conclude that analysis of flavor and 
aroma, whether it be from fresh, boiled, or dried onions, 
is extremely complex. Certainly many aspects of it are 
not now well understood.

E X P E R IM E N T A L

Apparatus
The gas chromatographic equipment used in this study 

was an Aerograph model 600-C H I-F I equipped with 
flame ionization detection. All columns were constructed 
of f/$ in o.d. stainless steel tubing. Columns were 10 ft in 
length, packed with a mixture of 5% (w /w ) Carbowax 
20M on acid-washed firebrick 100/120 mesh. Column tem
perature was maintained at 90°, injector temperature at 
145°, and detector temperature at 90°. Nitrogen was used 
as the carrier gas and the flow rate was 25 ml/min. H y
drogen flow rate was also 25 m l/m in ; air flow rate was 
300 ml/min. For readout, a 1-mv potentiometric recorder 
equipped with a variable span input attenuator was em
ployed. For the analyses of fresh onions, a span of 5 mv 
and a chart speed of 20 in./hr was used. Since the quanti
ties of volatiles from dried onions were substantially less 
than those from the fresh, a span of 2 mv was used, and 
the chart speed increased to 40 in ./hr to achieve greater 
accuracy in the integration of the smaller peaks. For area 
counts, these span and chart speed differences were nor
malized so areas for both fresh and dehydrated onions are 
reported in the same units and under the same parameters 
of operation.

Samples
Fresh onion samples were obtained from the experi

mental test plots. These onions were Allium cepa of the 
group belonging to the common onion and the cultivar 
“Sunspice,” a strain of Improved Southport W hite Globe. 
They were grown in various parts of California and har
vested at different dates during the year of 1966.
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Procedures

Preparation of onions for drying was in conformity with 
commercial practice. Dehydration of samples was accom
plished using a Despatch gas-electric drying oven (Des
patch Oven Co., Minneapolis, Minn., Style V-29). Drying 
temperature was 130 to 135°F and the onions were dried 
to 5 to 5y2% moisture content. Soluble solids were deter
mined using a hand refractometer calibrated in percent 
solids.

Fresh and dried onion samples were examined chromato- 
graphically as follows: Fresh samples were sliced and 
chopped using a razor blade (Saghir et al., 1964). Ten g 
of chopped tissue were placed in a 30-ml screw-capped 
glass vial. Prior to introducing the sample, a small hole 
was drilled in the cap and a circular Teflon septum placed 
inside the cap. Samples could be withdrawn from the vial 
through the septum without loss of vapor. The vial was 
held at 40° in a thermostatically controlled circulating air 
oven for 30 min before withdrawal of 1.0 ml of vapor for 
analysis. The 30-min incubation period is necessary for 
the maximum development of the disulfides examined, and 
this aspect is discussed fully by Saghir et al. (1964).

Dehydrated samples were examined in much the same 
fashion except that no chopping was necessary. Dried 
material was crushed to commercial flake size. Nine g 
of dried onions were placed in a 30-ml vial and 5 ml of 
distilled water added. The cap was screwed in place and 
the contents shaken to achieve mixing and start rehydra
tion. The samples were incubated for the usual 30 min 
at 40° prior to chromatographic examination.

Fig. 1. Gas chromatogram of vapor of fresh A . cep a  L .; “ Sun- 
s p i c e S e e  text fo r conditions of operation. A —dimethyl disulfide; 
B— methyl-n-propyl disulfide; C—methyl a lly l disulfide; D — di-n- 
propyl disulfide; E — n-propyl a lly l disulfide; and F —  dially l disul
fide.

Fig. 2. Gas chromatogram of vapor of dried A . cepa L., '‘Sun- 
spice.”  See text fo r conditions of operation. A —dimethyl disulfide; 
B— methyl-n-propyl disulfide; C— methyl a lly l disulfide; D — di-n- 
propyl disulfide; E — n-propyl a lly l disulfide; and F —dially l 
disulfide.

The ratio of 9 g of dried sample to 5 ml of water was 
arrived at by an empirical approach. Various rehydration 
ratios were tried, and this ratio gave the greatest produc
tion of volatiles.

Identification of the disulfides was accomplished as de
scribed previously (Saghir et al., 1964).

RESULTS A N D  DISCUSSION

The chromatograms of vapors of fresh “ Sunspice” onion 
(Fig. 1) and of dried “ Sunspice” onion (Fig. 2) are 
typical of those obtained from all of the onions analyzed. 
These chromatograms indicate the size of the peaks ob
tained with 1 ml of vapor, the position of the various 
disulfides, and the presence of unidentified peaks.

The amounts of disulfides present in the samples of 
vapor have been estimated from chromatograms by mea
surement of peak areas (Table 1). The values are ex
pressed as a percent of the total area of all disulfide peaks 
identified on each chromatogram. W ith sample number 
501, for example, assuming that the six peaks include most 
of the disulfide components of the vapor, di-n-propyl disul
fide constitutes slightly over half of the total area of disul
fides in the vapor. These data then present a measure of 
the relative amounts of these compounds present in each 
sample.

The actual areas under the disulfide peaks are presented 
in Table 2. These data permit comparison of the amounts 
of disulfides between various samples and the changes in 
disulfide concentration after drying.

Lot numbers were assigned on the basis of breeding
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T a b l e  1. A r e a s  o f  p e a k s  1 r e p r e s e n t i n g  d i s u l f id e s  in  f r e s h  a n d  d r i e d  o n io n  s a m p le s  a s  p e r c e n t a g e  o f  t o t a l  d i s u l f i d e s  m e a s u r e d .

L ot
No.

Me2S2 M eP rS o M eA lSa P r 2S 2 P rA IS s AleS» F re s h  
% Soluble 

solidsF resh D ried F resh D ried F  resh D ried F resh D ried F resh D ried F resh D ried

SOI 2 34 12 22 7 10 59 6 20 10 b 2 18 1 7 .6

6 2 9 3 37 11 32 6 16 66 9 14 4 b 2 1 8 .0

6 3 3 2 33 10 33 9 16 63 6 16 10 b 2 1 3 .9

6 8 9 b 48 5 24 4 13 68 7 23 5 b 3 1 6 .2

701 2 41 10 31 5 16 71 7 12 5 b b 1 5 .7

773 4 29 8 46 5 13 6 4 12 19 b b b 1 0 .7

1035 b 2 6 2 41 5 13 74 3 19 11 b 6 8.8
10 3 7 b 3 4 4 43 6 12 8 0 11 10 b b b 10.1
1053 b 33 9 3 9 9 15 65 6 17 6 b 1 1 7 .0

1343 1 48 9 2 7 6 16 6 2 9 22 b b b 1 6 .0

1345 1 32 8 39 13 18 71 11 7 b b b 1 4 .4

1361 2 41 12 33 5 19 6 9 2 12 3 b 2 1 4 .8

13 6 3 b 43 7 36 6 14 74 7 13 b b b 1 3 .0

13 6 8 b 27 7 4 4 5 29 72 b 16 b b b 1 6 .2

1431 b 43 5 31 8 15 77 4 10 4 b 3 1 3 .4

143 3 b 38 6 31 8 14 70 12 16 3 b 2 1 5 .0

2 0 5 7 2 26 10 4 8 3 12 71 14 14 b b b 1 3 .6

2 0 7 7 b 19 6 52 5 9 76 20 13 b b b 1 4 .2

2 1 1 7 b 46 4 31 9 13 68 5 19 3 b 2 1 4 .2

2 1 3 9 3 3 2 6 43 4 19 68 6 19 b b b 1 4 .7

2 3 2 7 b 32 5 43 3 13 85 12 7 b b b 1 6 .2

2 3 6 5 b 43 8 31 7 13 6 7 10 18 4 b b 16 .4

2 3 9 9 b 4 8 10 2 9 5 14 6 2 5 23 4 b b 1 5 .3

24 2 5 b 4 2 7 34 5 14 78 10 10 b b b 1 6 .4

2 4 5 9 2 35 23 38 3 22 59 5 13 b b b 1 8 .2

259 5 b 40 6 34 8 12 74 9 12 5 b b 1 7 .3

2 6 6 7 b 2 7 5 58 4 8 67 7 2 4 b b b 1 5 .8

3001 b 36 7 41 4 14 8 0 9 9 b b b 16 .2

3 0 0 2 4 30 5 49 2 12 8 4 9 5 b b b 1 4 .8

3 0 0 3 b 23 4 44 5 18 88 15 3 b b b 1 6 .6

3 0 0 4 b 25 6 4 0 3 23 87 12 4 b b b 1 7 .2

3 0 0 6 5 29 9 4 4 4 13 7 7 14 5 b b b 1 2 .4

3 0 0 7 3 32 9 43 4 17 76 8 8 b b b 1 4 .6

3 0 0 8 2 33 10 32 3 17 75 18 10 b b b 1 5 .8

3 0 0 9 b 33 4 40 5 17 86 8 5 b b 2 18 .0

3 0 1 0 b 34 5 43 8 13 8 0 11 6 b 1 b 18 .5

3 0 1 2 b 2 7 6 45 b 16 77 12 17 b b b 1 7 .2

301 3 b 2 6 14 4 8 5 14 66 12 15 b b b 1 9 .2

3 0 1 4 b 28 8 37 4 12 79 23 9 b b b 1 4 .8

3015 b 25 8 39 6 17 78 19 8 b b b 1 7 .8

3 0 1 6 b 28 2 4 4 1 16 92 12 5 b b b 15 .8

3 0 1 7 b 20 8 40 2 17 77 20 13 b b 3 16 .2
3 0 1 8 3 33 6 43 4 14 77 10 10 b b b 16 .3
3 0 1 9 b 30 6 4 6 2 16 85 8 7 b b b 17 .8
3021 b 37 4 40 6 12 8 4 6 6 2 b 3 13.5
3 0 3 4 2 36 8 46 3 18 72 b 15 b b b 1 8 .6
3035 4 22 5 45 6 18 76 15 9 b b b 17 .8
3051 b 23 9 36 3 15 65 8 23 12 b 6 19 .6
3 0 5 4 b 26 13 38 4 14 70 9 13 8 b 5 15 .3
3 0 5 9 b 26 6 37 7 13 75 12 12 8 b 4 1 8 .8
3 0 8 0 4 35 21 40 4 16 63 9 8 b b b 1 4 .8
3081 4 33 6 5 0 1 12 74 5 15 b b b 1 8 .4
62 6 5 5 52 8 24 3 15 79 2 5 2 b 5 11.1

1 A s s u m i n g  p e a k  a r e a s  a r e  t r i a n g u l a r ,  a r e a  =  h e i g h t  X  w i d t h  o f  b a s e / 2 .  W h e r e  p e a k s  a r e  a t t e n u a t e d ,  a r e a  is  m u l t i p l i e d  b y  a t t e n u a t i o n  f a c t o r
2 N o t  d e te c t a b l e .
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T a b l e  2 . C h r o m a t o g r a p h i c  p e a k  a r e a s  ’ o f  d i s u l f id e s  f r o m  f r e s h  a n d  d r i e d  o n io n  s a m p le s .

Me»S» M ePrS-j M eA lS s P r= S 5 P rA lS s  A PS» T o ta l a rea

No. F resh D ried F resh D ried F resh D ried F resh D ried F resh D ried F resh D ried F resh D ried

501 7 40 925 373 5 585 2000 2 80 17795 146 6025 281 b 2 4 8 7 3 0 ,2 9 5 2 ,7 0 4

6 2 9 885 8 5 2 3 7 3 5 7 26 2 1 3 0 3 6 4 2 1 8 0 0 196 4 5 7 0 98 b 3 9 3 2 ,9 6 0 2 ,2 7 5

6 33 420 4 0 6 2 2 8 0 4 18 203 5 200 14695 73 3725 131 b 2 7 2 3 ,1 5 5 1 ,255

6 89 b 9 5 7 9 6 0 4 70 795 2 5 7 12 3 7 0 145 40 5 5 95 b 50 1 8 ,1 8 0 1 ,9 7 4

701 515 825 315 5 5 9 8 13 9 0 3 10 2 1 2 9 0 130 3545 90 b b 2 9 ,8 9 5 1 ,9 5 3

7 73 151 0 4 7 4 2 8 0 0 760 17 7 0 2 0 4 2 1 3 5 0 200 6 3 9 0 b b b 3 3 ,8 2 0 1 ,6 3 8

1035 b 441 6 5 0 6 7 2 1335 220 2 1 4 2 0 55 5385 185 b 102 2 8 ,9 7 0 1 ,675

1037 b 8 4 8 14 5 0 1088 2 1 9 0 3 20 3 0 6 7 5 2 7 2 3 8 8 0 b b b 3 8 ,1 9 5 2 ,5 2 8

1053 b 541 2 3 4 5 6 3 4 2 5 4 0 2 4 3 17995 90 4 6 2 0 1 04 b 21 2 7 ,5 0 0 1 ,633

1343 315 6 8 0 287 5 3 82 1 9 6 0 2 3 0 1 9 5 0 0 128 7005 b b b 3 1 ,6 5 5 1 ,4 2 0

1345 8 9 0 6 8 0 4 3 2 5 8 3 6 7 4 3 0 3 9 6 40 6 8 5 2 4 0 4295 b b b 5 7 ,6 2 5 2 ,1 5 2

1361 8 5 0 4 0 9 4 9 7 5 3 3 7 2010 193 2 7 5 5 0 23 499 0 33 b 23 4 0 ,3 7 5 1 ,0 1 8

1363 b 137 6 1880 115 2 1645 4 4 8 2 0 8 4 0 2 56 3505 b b b 2 7 ,8 7 0 3 ,2 3 2

1368 b 6 0 8 1570 10 0 8 10 8 0 6 7 2 16435 b 3545 b b b 2 2 ,6 3 0 2 ,2 8 8

1431 b 7 2 8 1450 5 1 7 216 5 2 60 2 1 4 6 0 68 2835 73 b 46 2 7 ,9 1 0 1 ,692

1433 b 115 0 156 0 9 2 2 1955 425 17 5 8 0 355 3 8 8 0 103 b 53 2 4 ,9 7 5 3 ,0 0 8

2 0 5 7 990 792 5895 1424 18 0 0 3 68 3 9 7 4 0 4 0 8 8 1 3 0 b b b 5 6 ,5 5 5 2,992
2 0 7 7 b 456 2 3 1 0 12 6 4 2 1 8 0 2 16 30 0 9 5 4 8 8 52 2 5 b b b 3 9 ,8 1 0 2 ,4 2 4

2 1 1 7 b 865 875 595 207 5 2 39 15 3 7 0 98 4 2 6 0 51 b 45 2 2 ,5 8 0 1 ,893

2 1 3 9 1210 5 2 0 2 4 1 0 7 2 4 1620 3 24 2 4 9 2 0 104 698 5 b b b 3 7 ,1 4 5 1 ,6 7 2

2 3 2 7 b 3 5 8 386 5 486 2 8 8 0 151 7 0 7 0 0 125 616 5 b b b 8 3 ,6 1 0 1,120
236 5 b 9 0 2 1785 661 1625 2 6 6 15025 201 40 2 5 90 b b 2 2 ,4 6 0 2,110
2 3 9 9 b 1236 2 8 8 5 746 143 0 353 18065 139 6 9 4 0 102 b b 2 9 ,3 2 0 2 ,5 7 6

24 2 5 b 752 3 0 1 0 608 2 2 7 0 2 5 2 3 2 3 1 0 174 4 1 5 0 b b b 4 1 ,7 4 0 1 ,7 8 6

2 4 5 9 9 10 1110 1 2 2 3 0 1212 1615 6 8 4 3 1 8 8 0 150 695 5 b b b 5 3 ,5 9 0 3 ,1 4 6

2595 b 843 1590 705 2 0 8 0 235 18585 194 2 9 6 0 105 b b 2 5 ,2 1 5 2 ,0 8 2

2 6 6 7 b 5 1 8 1720 111 4 14 2 0 163 2 3 8 2 0 139 858 5 b b b 3 5 ,5 4 5 1 ,9 3 4

3001 b 6 5 0 2 9 3 0 742 1645 2 52 36 0 2 5 174 4 1 5 0 b b b 4 4 ,7 5 0 1 ,8 1 8

3 0 0 2 2 4 6 0 752 2 9 6 0 120 4 1215 2 8 8 4 6 6 5 0 2 3 2 282 5 b b b 5 6 ,1 1 0 2 ,4 7 6

30 0 3 b 421 3 7 3 0 821 416 5 3 42 7 6 1 6 0 2 8 0 2 2 9 0 b b b 8 6 ,3 4 5 1 ,864

3 0 0 4 b 6 2 4 45 3 5 1019 2 3 1 0 581 6 0 4 9 0 3 02 3 0 3 0 b b b 7 0 ,3 6 5 2 ,5 2 6

3 0 0 6 203 5 7 2 7 3 6 3 0 1121 167 0 325 3 1 4 4 0 3 63 2 0 6 0 b b b 4 0 ,8 3 5 2 ,5 3 6

3 0 0 7 2010 5 8 8 7275 782 284 5 312 6 1 3 2 0 144 6 4 8 0 b b b 7 9 ,8 8 0 1 ,8 2 6

3 0 0 8 1165 8 9 6 6 0 4 5 8 7 2 1730 4 3 2 4 4 9 2 0 4 8 8 6 1 9 0 b b b 6 0 ,0 5 0 2,688
30 0 9 b 5 4 6 2 8 6 0 6 6 4 402 5 280 6 5 3 7 0 124 412 5 b b 3 4 7 6 ,3 8 0 1 ,648

3 0 1 0 b 7 52 3 3 3 0 9 4 0 468 5 2 8 0 4 9 8 2 0 2 3 2 36 6 5 b 545 b 6 2 ,0 4 5 2 ,2 0 4

3 0 1 2 b 5 0 2 5 35 8 2 4 b 2 9 4 6 8 6 0 222 1545 b b b 8 ,9 4 0 1 ,842

3 0 1 3 b 3 0 0 4 7 0 5 5 7 4 1695 172 2 1 8 4 5 144 4 8 9 0 b b b 3 3 ,1 3 5 1 ,190

3 0 1 4 b 3 78 3605 5 0 8 1755 168 34 5 0 5 3 12 372 0 b b b 4 3 ,5 8 5 1 ,366

3015 b 6 76 21 9 5 106 2 1585 4 6 2 2 1 8 5 0 5 0 4 2110 b b b 2 7 ,7 4 0 2 ,7 0 4

3 0 1 6 b 3 96 103 0 6 2 2 4 8 0 2 2 8 3 8 3 7 5 176 201 5 b b b 4 1 ,9 0 0 1 ,422

3 0 1 7 b 5 36 35 4 5 105 0 905 441 36 3 5 5 5 22 613 5 b b 89 4 6 ,9 4 0 2 ,6 3 8

3 0 1 8 1465 6 1 2 2 6 1 0 8 0 0 2 0 8 0 2 6 4 3 6 2 7 5 192 472 5 b b b 4 7 ,1 5 5 1,868

3 0 1 9 b 5 56 3185 8 3 6 1200 2 8 4 4 5 4 6 5 152 3 8 6 0 b b b 5 3 ,7 1 0 1 ,8 2 8

3021 b 4 8 6 1290 5 2 9 1975 153 2 8 3 1 0 73 2100 2 3 b 36 3 3 ,6 7 5 1 ,3 0 0

3 0 3 4 8 2 0 6 2 0 2 8 7 5 8 0 0 1090 3 08 2 4 7 1 5 b 5305 b b b 3 4 ,8 0 5 1 ,7 2 8

3035 1835 5 96 26 8 5 1222 3 0 3 0 501 3 8 8 0 0 421 4 4 7 5 b b b 5 0 ,8 2 5 2 ,7 4 0

3051 b 2 68 3 3 8 0 4 2 4 1110 180 2 4 2 2 0 98 8 7 4 0 143 b 76 3 7 ,4 5 0 1 ,189

3 0 5 4 b 4 6 6 5 0 6 0 6 8 0 1495 2 5 2 2 7 2 8 5 160 5 1 2 0 152 b 73 3 8 ,9 6 0 1 ,7 8 8

30 5 9 b 5 3 0 3 0 9 0 7 6 2 3415 255 38 0 9 5 251 63 4 5 166 b 74 5 0 ,9 4 5 2 ,0 3 8

3 0 8 0 2 2 7 0 7 70 12010 9 0 6 2 0 7 0 354 36 2 2 5 212 4 6 4 0 b b b 5 7 ,2 1 5 2 ,2 4 2

3081 2 3 5 0 9 13 3 4 5 0 143 0 600 3 2 4 4 1 0 4 0 133 8 6 8 5 b b b 5 6 ,4 8 5 2 ,8 0 0

6265 161 0 120 4 2 8 6 0 5 5 0 915 3 50 2 7 3 2 0 4 0 181 0 50 b 119 3 4 ,5 1 5 2 ,3 1 3

1 E x p r e s s e d  i n  m m 2.
2 N o t  d e te c t a b l e .
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lines and hybrids (a cross between two or more breeding 
lines). Samples with the same lot number were grown 
in various parts of California, but came from the same seed 
lot. There are 53 lots presented in this study. Four repli
cate samples of each fresh onion lot and four of each dried 
onion lot were examined chromatographically.

The precision of the integration was limited by the fact 
that we were unable to measure accurately peak widths to 
better than ±  0.2 mm. Thus for example, on narrow peaks 
of 2  mm, reproducibility is ±  1 0 % in estimation of base 
width. All of the peaks examined in this study had mini
mum base widths of 6  mm or more. Thus the precision 
of integration was approximately ±  3%. Since no two on
ion bulbs are precisely alike as to component concentration, 
reproducibility between bulb samples of the same lot num
ber varied on the average ± 5 % , but some few varied as 
much as ±  15%. The author chose the median of the four 
replicates (because of the small population) as being sta
tistically most meaningful.

In order to verify that the dehydrated samples were 
comparable to commercially dried samples, 50 samples of 
commercial “ Sunspice” dehydrated onion were examined 
chromatographically using the procedures outlined above. 
These samples gave chromatograms similar to those ob
tained from the samples prepared for this study.

Little is known about onion flavor, although investiga
tions have been in progress since the late nineteenth cen
tury (Semmler, 1892). Members of the genus Allium— 
onions, garlic, leek, chive, etc.—possess strong, character
istic aromas and flavors not found in other vegetables. A 
remarkable property of this genus is that most members 
have no odor unless the plant tissue is cut or otherwise 
damaged in some fashion. Stoll ct al. (1951) found that 
these characteristic volatiles are absent from intact tissues, 
and the volatiles are enzymatically produced when injury 
occurs.

Substrates for the production of these volatiles are 
known as alliins and are derivatives of the amino acid, 
cysteine. The alliins give rise through several reactions 
to the sulfur-containing volatiles. A typical alliin, S-allyl 
cysteine, sulfoxide, on treatment with the enzyme allinase 
yields an allicin, in this instance, diallyl thiosulfinate. 
Allicin, unlike the odorless alliin, is volatile and has a 
pleasant garlic-like odor. It is unstable, however, and allyl 
disulfide is produced as one of its breakdown products. 
Other alliins containing methyl and propyl radicals have 
been isolated, and these can then give rise to a number 
of disulfides (Virtanen et al., 1959).

I t has been advanced by several authors (Saghir et al.,
1964) that the allicins are responsible for the odors of 
freshly cut alliums, and that similar, but perhaps less- 
pleasant-smelling disulfides and trisulfides derived from 
various allicins also play an important role in Allium  
flavor. How rapidly the allicins break down in freshly 
prepared onions is still not know n; thus the disulfides can 
conceivably contribute to odor and flavor too. This might 
be especially true in cooked or dehydrated onions. Even if 
the disulfides revealed by gas chromatography are artifacts 
of analysis, they are clearly related to onion aroma and 
flavor.

It should be noted that other factors such as sugars, total

solids, crispness, and the lachrymator may have profound 
effects in the eating quality of onions too, depending 
especially on how the onions are used.

Six volatile aliphatic disulfides are known to be present 
in onions. They are: dimethyl disulfide (M e2 S2) ; di-w- 
propyl disulfide (P r 2 S2) ; d ia lly l disulfide (A12 S2) : 
methyl-w-propyl disulfide (M ePrS2) : methyl allyl disulfide 
(M eAlS2) ; and w-propyl allyl disulfide (P rA lS 2) (Saghir 
et a l . ,  1964; Jacobsen et a!..  1964; Bernhard, 1966). V ir
tanen (private communication, 1967) has indicated that
1-propene analogs of the disulfides exist in some A l l i u m ,  

but to date the author has found no evidence of these 
compounds in the onions examined in this study.

Dimethyl disulfide has a strong cabbage-like odor ; while 
di-w-propyl disulfide has the aroma typically associated 
with onions. Diallyl disulfide has a definite garlic-like 
aroma. The mixed disulfides have odors intermediate be
tween those of the three symmetrical disulfides. The allyl 
and propyl radicals appear to dominate the aroma of the 
methyl component, and the author has noted that onions 
with a high percentage of methyl disulfide do not neces
sarily smell like cabbage. The methyl component can only 
be detected if it forms a very large portion (> 8 0 % ) of all 
of the disulfides present.

It is difficult to make accurate estimates of the kind and 
amount of allicins in chopped onions since they are partici
pating in reactions that convert them to the more stable 
disulfides. The disulfides lend themselves to rapid qualita
tive and quantitative analyses by gas chromatography 
(Saghir et a l . ,  1964). Thus the author chose to examine 
the disulfides of onions and follow changes in kind and 
amount during processing. In this way also an index of 
aroma and flavor can be followed from the fresh to the 
dehydrated product.

The preponderant disulfide in fresh onions is w-propyl 
(Table 1). Its concentration exceeds those of all the others 
by a wide margin and undoubtedly determines to a con
siderable extent the character of the flavor and aroma of 
the fresh onion. w-Propyl allyl, methyl-w-propyl, methyl 
allyl, dimethyl, and diallyl disulfides follow in descending 
order of relative percentage. In dehydrated onions this 
order is changed quite markedly, methyl-w-propyl disulfide 
being present in greatest amounts. This is followed by di
methyl, methyl allyl, di-w-propyl, w-propyl allyl, and diallyl 
disulfides. On this basis alone one could expect a marked 
change in the flavor of the two onion forms. Fresh “ Sun
spice” onions have a rich, pungent aroma with slight over
tones of garlic flavor; they have strong lachrymatory 
properties. The dehydrated onions show reduced lachrym
atory effects, and have an aroma reminiscent of a mixture 
of di-w-propyl disulfide and a cabbage-like note. In some 
samples there were traces of a grass-like odor. Regardless 
of personal descriptions, weak and unreliable as they un
doubtedly are, there are noticeable differences in both the 
flavors and aromas of fresh and dried onions of the same 
cultivar.

It may also be observed in Table 1 that the relative per
centages show considerable variation from lot to lot. Data 
from the 2 1 2  determinations of disulfide content of fresh 
onions were fed into a computer programmed to present 
correlation information (Program ; BMD02D, correlation
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with transgeneration). Results indicated that there was 
a high degree of correlation between di-w- propyl disulfide 
concentration and total disulfide concentration (correla
tion =  0.9628). This seems fairly obvious from looking at 
the data (Table 2).

There was also correlation between methyl-w-propyl 
disulfide and di-w-propyl disulfide (correlation =  0.6331) 
and between w-propyl allyl disulfide and di-w-propyl di
sulfide (correlation =  —0.7927).

These correlations suggested an interesting possibility; 
is there any correlation between the objective method of 
measuring disulfide distribution and the subjective meth
ods of measuring onion pungency? From a commercial 
onion dehydration corporation, the author obtained “Sun- 
spice” onions that were in the organization’s opinion well- 
defined examples of strong, medium, and mild onions. 
These samples were examined chromatographically as 
above. These fresh onions could be grouped into three 
broad classes : ( 1 ) those with a high content of di-w-propyl 
disulfide and 5 to 9% of both methyl-w-propyl and w-propyl 
allyl disulfide; ( 2 ) those with a low amount of di-w-propyl 
disulfide and 1 0  to 16% methyl-w-propyl and w-propyl allyl 
disulfides; and (3) those with an intermediate amount of 
di-w-propyl disulfide and a concentration of methyl-w- 
propyl disulfide equal to one-half that of the w-propyl allyl 
disulfide, the latter two in the range of 5 to 10%. Correla
tion for this small group was 1 .0 0 0 .

When this knowledge was applied to the samples pre
sented in Table 1, it was determined that each of the lot 
numbers could be classified as strong, medium, or mild 
according to this scheme. Thus for example lot number 
501 would be ranked as a medium strength onion. Lot 
number 2327 would rank as a typical strong onion, and 
lot number 2595 would rank as a weak onion. Such an 
approach brings some order to Table 1.

It will be noted that soluble solids are also reported in 
Table 1. The author was unable to find any correlation 
between soluble solids content of fresh onions and any of 
the information obtained on the disulfides both as to kind 
and amount.

Examination of the genetic lines of all onion lots in this 
study likewise revealed no correlation between similar lines 
and disulfide distribution.

Total solids as determined by the vacuum oven method 
revealed no correlation with disulfide content.

The pungency ranking system outlined above was ap
plied to the dried samples, lout no obvious correlation was 
forthcoming. It is apparent that the relatively large differ
ences between the various disulfide concentrations noted 
in the fresh samples (that is, the three group classifica
tion system) are not as well defined in the dried samples.

It was most difficult to obtain unequivocal subjective 
rankings of onion pungency. Even the word pungency has 
different meanings to various persons. To some, pungency 
is the eye irritating effect of the lachrym ator; to others 
it is the chemotatic response of tongue burning or mouth 
irritation. Perhaps it is a combination of both effects or 
much more. Most assuredly the method outlined above 
needs additional refinement. We have initiated further 
investigations on this aspect of the program.

Table 2 allows one to estimate the concentrations of each

of the disulfides within each lot and to compare the relative 
amounts of disulfides lost during dehydration (loss may 
also be interpreted as failure to produce the disulfides due 
to heat inactivation of the enzyme responsible for their 
production). Table 2 also permits comparison of concen
trations between different lots.

Using the pungency ranking system described above, 
the author compared the total concentration of disulfides 
of each lot of fresh onions with its pungency ranking. The 
median value of total disulfide concentration for strong 
onions was 54,910 mm2, moderate onions 33,820 mm2, and 
mild onions 27,910 mm2. This appears to indicate a corre
lation between the total concentration of the disulfides of 
fresh onion and this form of pungency ranking.

Median values for pungent, moderate, and mild dehy
drated onions were as follows : 2 , 1 1 0  mm2, 1,821 mm2, and
2,037 mm2. A suitable relationship appears to be marred 
by lack of meaningful subjective standards.

The quantity of disulfides lost in the transition from fresh 
tissue to dehydrated tissue may be estimated in several 
different fashions. (I t should be noted that the data pre
sented in Table 2 have not been corrected for sample size 
differences. Recall that 10 g fresh wt of onious were used 
to obtain the data listed under the headings “fresh,” while 
9 g of dehydrated onions plus 5 ml of water were used 
to obtain the data listed under “dried.” )

Comparison can be made on a sample weight to weight 
basis, a total solids basis, on a drying ratio basis, or by 
a host of other means. The author found little agreement 
among various factions of the food processing industry as 
to just how this comparison should be made. Each indi
vidual contacted seemed to prefer his own or some facets 
of several methods.

The author finally chose to use the drying ratio method 
for comparison since there was least controversy concern
ing its use.

W hat is an appropriate drying ratio ? Here again there 
was considerable difference of opinion. The author finally 
settled upon a compromise of 8 :1 , i.e., 8  g of fresh tissue 
yields 1 g of dehydrated tissue. This figure is generally 
accepted in the onion industry as being a reasonable one. 
Thus a 10-g fresh weight sample would be equivalent to 
a 1.25-g sample of dried material. Since 9 g of dried ma
terial were examined in this study, areas reported for a
9-g dried sample should be divided by a factor of 7.2. Since 
the reader may not find this means of comparison accept
able or useful for his purposes, data are presented in 
Table 2 simply as obtained under the experimental con
ditions noted.

Using an 8:1 drying ratio and the factor of 7.2, one can 
calculate the loss of volatile disulfides for samples quite 
readily. For example lot number 501 shows an 83% loss 
of dimethyl disulfide, 98% loss of methyl-w-propyl disulfide, 
98% loss of methyl allyl disulfide, 99.9% loss of di-w-propyl 
disulfide, and a 99.4% loss of w-propyl allyl disulfide. 
There was a gain of 0.22% for diallyl disulfide. This gain 
seems to be atypical as compared to the other samples. 
Samples from lot number 3008 showed an 89% loss of 
dimethyl, a 98% loss of methyl-w-propyl, a 97% loss of 
methyl allyl, a 99.8% loss of di-w-propyl, and approxi
mately a 100% loss of w-propyl allyl disulfides. Here
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there was no detectable change in the amount of diallyl 
disulfide produced on dehydration.

Examination of all samples showed that total disulfide 
loss on dehydration ranged as high as 99.70% (lot number 
3003) with all losses greater than 89%.

Measured loss of all volatiles (including disulfides) was 
estimated to average about 98% also.

I t is interesting to speculate as to why one notes an 
increase in diallyl disulfide in some dehydrated onion sam
ples. This could arise through ionic displacement by mer- 
captide io n :

R S- +  R 'SSR ' R SSR ' +  R'S~
1L RS-
R SSR  +  R'S-

Fava et al. (1957) have shown the importance of this dis
placement even under mild conditions. Methyl, «-propyl, 
and allyl mercaptans have been reported in various Allium  
species (Wahlroos et al., 1965).

This production could also reflect the increased thermal 
stability of the compound thus indicating that diallyl disul
fide is more stable than many of the other disulfides in 
onions. The precise reason remains unknown.

The molar concentration of the volatile disulfides were 
calculated and they range from ICE8 M  for the di-«-propyl 
disulfide in fresh onion samples to about ICE1 2  M  for 
diallyl disulfide in the dried samples. Diallyl disulfide can 
quite possibly be present at levels below 10~ 12 M, but the 
sensitivity of the flame ionization detector is insufficient 
at these levels of concentration to detect it.

The most surprising facts disclosed by this study seem, 
first, to be the great loss of total volatile compounds and 
especially the volatile disulfides on dehydration and second, 
the rather complete realignment of the relative composition 
of all volatiles and again especially the disulfides on dehy
dration.

On first consideration, these figures may seem exces
sively large, but one must bear in mind that they reflect 
loss in volatile compounds only. Even with such losses, 
there is still a sufficient concentration of volatile compo
nents remaining in the dehydrated product to be readily 
detected by the human nose.

There is no real conflict between Copeman’s findings 
and the author’s. The quantities lost as reported in this 
study and the apparent lack of loss as reported by Cope- 
man et al. (1947) is a matter that is easily resolved. The

losses reported herein are only large in a relative sense. 
In absolute terms their total amount is undoubtedly far 
less than could be analyzed accurately by procedures avail
able to researchers in 1947.

It now seems reasonable to assert that the major loss 
of volatiles takes place during the slicing or chopping 
operation just prior to drying. Indeed, this is reinforced 
by the observations of Haagen-Smit (Stephenson, 1949).

This analysis does not pretend to estimate the quan
tities of non-volatile flavor materials remaining in the 
sample. It is extremely difficult to estimate just how much 
of these materials is originally present in fresh onion 
tissue and equally difficult to estimate how much remains 
after completion of drying. There is no question that some 
flavor is lost and some changes occur, but one cannot deny 
that dehydrated onions do have excellent flavor capacity.
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SUMMARY-S amples of triglycerides and triglyceride mix
tures were heated in the presence of water under controlled 
conditions and the released fatty adds quantitatively analyzed 
by gas chromatography. Experiments with both a mixture of 
monoacyl-triglycerldes and glycerides with equimolar amounts 
of randomly distributed fatty acids showed a preference for 
the hydrolysis of the shorter chain and the unsaturated fatty 
acids. The C4, Cs, C ,̂ CI6 and C18;1 fatty acids were used in 
the above mixtures. A trilaurin, in which the fatty acid in the 
2-position is labelled with C1*, was synthesized. When the 
free acids released by heat were analyzed by a combination 
gas chromatographic-radioactivity detector system, no evi
dence for a positional specificity was apparent.

IN T R O D U C T I O N
W hen fats are subjected to heat in the presence of 

moisture, hydrolysis of the ester bonds occurs, resulting 
in the liberation of free fatty acids. Several years ago, 
Lascary (1945, 1949) established that the reaction is 
essentially homogeneous and takes place within the oil 
phase rather than in the water-glyceride interface. Mills 
et al. (1949) concluded that the hydrolysis proceeds in a 
stepwise manner through diglycerides to monoglycerides 
to glycerol. Very little evidence, however, has been pre
sented as to whether thermal hydrolysis involved any 
specificity with regard to the nature of the acid (fatty acid 
specificity) or to its location on the glyceride molecule 
(positional specificity).

Sahasrabudhe et al. (1964) heated corn oil for 2 days at 
200°C in an open air oven, without addition of water, and 
concluded that there is a slightly higher susceptibility to 
deacylation in the primary positions. On the other hand 
when Crossley and co-workers (1962) heated pure 2-oleo- 
dipalmitin they observed the formation of free oleic and 
palmitic acids in the same ratio as that in the unheated 
glyceride (i.e., 1 :2 ). Endres et al. (1962), in a study on 
thermal oxidation of synthetic triglycerides, reported that 
the hydrolysis occurred irrespective of the type and posi
tion of the fatty acid. Kintner et al. (1965) reported that 
the free fatty acid composition of milk, regardless of treat
ment, is comparable to the fatty acid composition of milk 
glycerides.

More recently, a communication from our laboratory 
reported the results of a study in which samples of corn 
oil, cottonseed oil and lard were heated at 2 0 0 °C in the 
presence of moisture (Noble et al., 1967). Although a 
preference for the hydrolysis of the shorter chain and 
unsaturated acids was observed, it was noted that data 
obtained from natural fats represent overall net effects in 
which more than one factor may be involved.

The object of the present study was to investigate 
specificity in thermal hydrolysis using simple model sys-

* P r e s e n t  a d d r e s s : K e l l o g g  C o .,  B a t t l e  C r e e k ,  M ic h i g a n .

terns containing specific fatty acids in specific glyceride 
positions.

E X PE R IM EN TA L
Materials

Caprylic acid, lauroyl chloride, palmitoyl chloride, tri- 
caprylin, trilaurin, tripalmitin (all 99% pure) and oleoyl 
chloride and triolein (95% pure) were purchased from 
Hormel Institute, Austin, Minnesota; trilaurin (99% ) 
was purchased from Lachat Chemicals, Chicago Heights, 
Illinois; butyroyl chloride and tributyrin (reagent grade) 
from Fisher Scientific and lauroyl chloride 1-14C from 
Nuclear Research Chemicals, Orlando, Florida. Capryloyl 
chloride and labelled trilaurin were synthesized in the 
laboratory. All triglycerides were further purified before 
use by repeated crystallization. In some cases gentle swirl
ing of triglyceride solutions in ether with 5% N aH C 0 3 

was necessary to reduce the initial free fatty acid content. 
After purification, the triglycerides contained less than 1 % 
free fatty acids and no other impurities, as determined by 
gas chromatography. In addition, no mono- or diglycerides 
could be detected by thin layer chromatography.

Gas-liquid chromatography (GLC)
The methyl esters were analyzed on an F&M Model 

609 flame ionization gas chromatograph equipped with a 
15-ft %-inch diethelyne glycol succinate column. Peak 
areas were measured by means of a planimeter. When 
the system was tested with the quantitative methyl ester 
standard mixtures H-103 and K-108, supplied by Applied 
Science Laboratories, State College, Pennsylvania, the 
results agreed with the stated composition data with a 
relative error less than 5%. Reference mixtures were 
used frequently in order to insure adequate qualitative 
and quantitative performance of the column. Throughout 
this study, quantitative analysis was accomplished by the 
addition of appropriate internal standards to the samples 
before methylation and the use of correction factors for 
individual acids, as outlined in detail by Bills et al. (1963).

Analysis of fatty acids
To determine the total fatty acid composition (T F A ), 

the glycerides containing the internal standards were re
fluxed with dry 10% HCl-methanol and the methyl esters 
recovered in petroleum ether as described by Stoffel et al.
(1959). Factors relating the peak areas of individual 
esters to that of the internal standard were established 
from the analysis of a quantitative mixture of pure mono
acyl-triglycerides. The total fatty acid content (i.e., free 
and esterified) of palmitic acid in a triglyceride sample, 
for example, was calculated as follows:
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P e a k  a r e a  o f  i n t e r n a l  s t a n d a r d

Heptadecanoic and tridecanoic acids were used as the 
internal standards.

The free fatty acid (F F A ) analysis was carried out 
according to the method described by Flornstein et al.
(1960), in which the free acids are adsorbed and methyl
ated on a basic resin. Factors for each acid were similarly 
established from the analysis of a quantitative mixture of 
pure free fatty acids. Thus, two correction factors were 
used for each fatty acid; one for determination of the total 
acid present, by the method of Stoffel, and the other for 
analysis of the free acid, by the method of Hornstein.

To minimize the loss of short-chain fatty acid methyl 
esters during their recovery from the interesterification 
medium, the procedure of Bills et al. (1963), in which 
ethyl chloride is used in place of petroleum ether and the 
solvent evaporation is carried out with partial refluxing, 
was followed. However, some modifications were made to 
raise the efficiency of the method and allow for simul
taneous processing of eight samples.

Simultaneous “gas chromatographic-radioactive counting” analysis
A combination system was used in which an F&M 

Model 810 flame ionization gas chromatograph was at
tached to a Nuclear Chicago “Biospan” Model 4998 gas 
radiochromatography counter. An internal 4 pi gas flow 
proportional detector measured radioactivity directly in 
the chromatograph effluent. The capacity of the detector 
chamber was 8 6  ml. The combination system was equipped 
with a two channel strip chart recorder.

Thermal hydrolysis
The triglyceride samples, each approximately 100 mg, 

were placed in 2 -ml vials and the appropriate amount of 
COo-free water added. The tubes were then closed under 
a nitrogen atmosphere with tight screw caps lined with 
silicone rubber septa and heated in an open air oven. After 
heat treatment, the vials were removed from the oven, 
cooled at 5°C and their contents analyzed. The percentage 
hydrolysis of the individual fatty acids was calculated 
from the formula (using palmitic acid as an example) :

%  h y d r o ly s i s  
o f  Ci» a c i d

[  W t  o f  f r e e  C „  1  _  [  W t  o f  f r e e  C*, 1  
L a f t e r  h e a t i n g  J  L b e f o r e  h e a t i n g  J
------------------------------------------------------------------------------- X  100
I”  W t  o f  t o t a l  C m "1 T  W t  o f  f r e e  Cm 1  
L in  t r i g l y c e r i d e  J — L b e f o r e  h e a t i n g  J

RESULTS A N D  DISCUSSION

T he following conditions were selected as the pa
rameters of hydrolysis: a water concentration of 1 0 0 % 
(w /w ), a temperature of 200°C and a heating period of
2.5 hr unless otherwise specified. These conditions resulted 
in an appropriate level of hydrolysis (10-30% ) ; a level 
not too low for repeatable and accurate measurement and 
not high enough to cause loss of specificity. In addition, 
it was found that under these conditions no randomization 
or reesterification could be detected (Noble et al., 1967).

Fatty acid specificity in thermal hydrolysis
In order to study fatty acid specificity, any possibility 

of positional preference in thermal hydrolysis must be 
eliminated. For this purpose two approaches were fol
lowed. First the hydrolysis of equimolar mixtures of 
monoacyl-triglycerides was studied. In the second ap
proach, triglycerides with equimolar amounts of ran
domly distributed fatty acids were employed. In both 
experiments the fatty acids selected were butyric, caprylic, 
lauric, palmitic and oleic acids.

The wide range of volatility and gas chromatographic 
retention time of these fatty acids made it desirable to 
divide their triglycerides into two groups, each prepared, 
heated and analyzed separately. One group contained the 
glycerides of butyric, caprylic and lauric acids; the other 
contained lauric, palmitic and oleic acids. Lauric acid 
served as a link to correlate the results of the two groups.

Hydrolysis of equimolar mixtures of monoacyl-triglycerides
Equimolar amounts of the triglycerides were mixed, 

melted and several aliquots assayed for FFA  and TFA . 
One hundred mg portions (12 aliquots) were then trans
ferred into vials, the appropriate amount of water added 
and the samples heated. The heat-hydrolyzed fatty acids 
were quantitatively analyzed. This experiment was re
peated 1 2  times and the significance of difference in 
“percent hydrolysis” was determined by the student “t ” 
test for paired data.

From the results summarized in Table 1, a progressive 
preference of hydrolysis in favor of the shorter chain fatty 
acids is apparent. If this pattern is extrapolated to the 
Cis saturated acid, it is expected that its hydrolysis rate 
would be lower than that of the 16-carbon fatty acid. 
However, the hydrolysis rate of oleic acid falls between 
that of the saturated acids with 12 and 16 carbons. U n
saturation appears to raise the rate of hydrolysis.

Hydrolysis of triglycerides with randomly distributed fatty acids
The glycerides were synthesized according to a modi

fication of the procedure described by Hartman (1957). 
An equimolar mixture of fatty acid chlorides sufficient to 
esterify one primary position on the glycerol present was 
reacted. The resulting product, after standing overnight,

T a b l e  1. H y d r o l y s i s  o f  e q u i m o l a r  m i x t u r e s  o f  m o n o a c y l - t r i g l y c 
e r id e s  h e a t e d  a t  2 0 °  C  f o r  2 .5  h r .

Acid No. of trials % Hydrolysis1

Standard Error of the Mean
T r i g l y c e r i d e  m i x t u r e  A

4 : 0 11 4 6 .9  Ìl ** 2 .3 5

8 : 0 11 2 9 .6  J 0 .9 5

1 2 .0 11 2 7 .5  j
L **

0 .95

T r i g l y c e r i d e  m i x t u r e  B

1 2 : 0 12 2 0 .5  ]\ ** 0 .9 3

16:0 12 1 7 .8  j 1 .1 2

18:1 12 1 8 .0  || N .S . 0 .8 5

’ C a l c u l a t e d  a c c o r d i n g  t o  e q u a t i o n  s h o w n  in  t e x t .
** D i f f e r e n c e  b e tw e e n  t h e  t w o  m e a n s  i n c lu d e d  in  b r a c k e t ,  s i g 

n i f i c a n t  b e y o n d  t h e  1 %  le v e l .
N .S .  N o t  s ig n i f i c a n t .
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T a b l e  2 . T h e r m a l  h y d r o l y s i s  o f  t r i g l y c e r i d e s  w i t h  e q u i m o l a r  
q u a n t i t i e s  o f  f a t t y  a c i d s  r a n d o m l y  d i s t r i b u t e d .

Acid Sfo. of trials % Hydrolysis1

Standard Error of the Mean
T r i g l y c e r i d e s  A

4 : 0 12 54.2 ** 1 .36

8 : 0 12 3 1 .6 0 .5 8

1 2 : 0 12 2 7 .2
**

0 .8 4

T r i g l y c e r i d e s  B

1 2 : 0 12 18 .0 ** 0 .5 0

1 6 : 0 12 1 2 .0 0 .2 4

1 8 :1 12 16 .6
• * *

0 .31

1 C a l c u l a t e d  a c c o r d i n g  t o  e q u a t io n  s h o w n  in  t e x t .
* *  D i f f e r e n c e  b e tw e e n  t h e  tw o  m e a n s  i n c lu d e d  in  b r a c k e t ,  s i g 

n i f i c a n t  b e y o n d  t h e  1 %  le v e l .

showed no presence of diglycerides. The monoglycerides 
were then esterified with a second equimolar mixture of 
fatty acid chlorides to form the 1,3 diglycerides, which 
were also allowed to stand overnight. The final step was 
the esterification of the secondary position with a slight 
excess of the equimolar fatty acid chloride mixture. Total 
fatty acid and free acid contents of the synthesized tri
glycerides were then determined and the random distribu
tion of the fatty acids was confirmed by lipase hydrolysis. 
Enzymatic digestion was carried out essentially as de
scribed by Tattrie and co-workers (1958).

Twelve aliquots of the synthesized product were then 
heated and analyzed as described above. The results are 
shown in Table 2. The progressive preference for the 
hydrolysis of the shorter chain fatty acids is again ap
parent. The hydrolysis rate of the unsaturated 18-carbon 
fatty acid also fell between those of the 1 2 - and 16-carbon 
saturated acids, showing a possible preferential hydrolysis 
of the unsaturated acid.

The fatty acid specificity observed in this study is 
probably due to the greater accessibility of water to the 
ester bond in case of the shorter and unsaturated acids. 
The results presented here on triglycerides are in agree
ment with the earlier observations of Noble et al. (1967) 
on natural fats.

Data in Tables 1 and 2 show that the C 1 2  acid was 
hydrolyzed to a greater extent when heated in the presence 
of shorter chains than when in the presence of longer 
chain acids. This is probably due to the more hydrophilic 
nature of glycerides containing shorter chain acids and the 
consequently greater solubility of water in the glyceride 
mixture. In  addition, since shorter chain acids are liber
ated more rapidly, the free fatty acid content of the system 
will be higher and this in turn increases the rate of the 
hydrolysis reaction (Lascaray, 1952).

Positional specificity in thermal hydrolysis
To determine whether the position of the fatty acid on 

the glyceride molecule has an effect on the rate of its 
thermal hydrolysis, a monoacyl-triglyceride, trilaurin, was

T a b l e  3. T h e r m a l  h y d r o l y s i s  o f  C 14- l a b e l l e d  t r i l a u r i n .

No. of Samples Mean
P e r c e n t  h y d r o l y s i s  o f  C 12 a c id 14 9 .5 3  ±  0 .7 8
R e l .  a c t i v i t y  o f  T F A  b e f o r e  h e a t i n g 8 2 .3 8  ±  0 .1 2
R e l .  a c t i v i t y  o f  t h e r m a l l y

h y d r o l y z e d  F F A 14 2 .3 4  ±  0 .1 3

synthesized with the fatty acid on the 2 -position labelled 
with C14. First the 1,3-dilaurin was prepared, repeatedly 
crystallized and then reacted with labelled lauroyl chloride. 
The final product was recovered with a yield of 60% 
and did not show any detectable contamination of free 
acid, mono- or diglycerides when examined by TLC. 
When an aliquot of the labelled glyceride was subjected to 
approximately 1 0 % hydrolysis by lipase, only a trace of 
activity could be detected in the free acids confirming that 
the label was essentially in the 2 -position.

The fatty acids and their activity were measured by 
means of a combination “gas chromatograph-flow counter,” 
which provides simultaneous measurement of fatty acids 
and their radioactivity. A value representing the “ relative 
activity” of the fatty acid was obtained by dividing the 
area of the radioactivity peak by that of its corresponding 
GLC peak.

Fourteen aliquots of the labelled trilaurin were sep
arately heated and analyzed. As shown in Table 3, there 
was no significant difference between the relative activity 
values of the acids released by heat and those of the total 
fatty acids before heating. Under the experimental con
ditions used here, no positional specificity could be detected.
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SUMMARY—Alditols and sugars were extracted with water 
from sweets, and after dilution with ethanol the solutions 
were subjected to partition chromatography on ion-exchange 
resins. The alditols and monosaccharides were determined 
automatically using the periodate and orcinol methods.

I N T R O D U C T IO N
P artition chromatography on ion exchange resins 

in aqueous ethanol is a useful method for the analysis of 
complicated mixtures of sugars (Arwidi et al., 1965 ; Lars- 
son et al., 1965). Recently, sugar alcohols have been sepa
rated by the same technique and determined both in the 
presence and absence of sugars (Samuelson et al., 1966). 
no applications of this technique for practical analyses have 
been studied previously.

Sugar alcohols, mainly glucitol (sorbitol), are added 
to various dietetic foods during their manufacture, and a 
number of methods for their determination have been pub
lished (Genset et al., 1962, Adcock, 1957).

This paper describes a chromatographic method suitable 
for the determination of glucitol, mannitol and other aldi
tols in foods. Several sugars can be determined in the 
same run.

EX P E R IM E N T A L
As in  previous work, most of the separations were 

made on a strongly basic anion exchanger in the sulfate 
form [Technicon T5 C; 7 to 11 g (Larsson et al., 1966)]. 
As a check of identity of the alditols, runs were also 
made with a cation exchange resin in its potassium form 
[Dowex 50 W  X-8 , 14-17 g].

The chromatographic separations were made with the 
same type of equipment as described previously, and the 
working conditions were similar to those employed in 
earlier work on alditol separations. Experimental details 
are given in the legends under the chromatograms.

The analyses of the eluates were made automatically 
by connecting the outlet of the ion exchange column 
directly to a monitor for colorimetric analysis. Both sugar 
alcohols and sugars were determined by the periodate 
method (Samuelson et al., 1966). The sugars were also 
determined in a separate channel using the orcinol method 
(Arwidi et al., 1965), which gives no response with sugar 
alcohols. The analyses were made in a Technicon Auto- 
Analyzer.

The samples investigated were a dietetic chocolate and 
a toffee, both of commercial origin. A laboratory-made 
toffee also was analyzed. The water extracts obtained 
from the samples were centrifuged and absolute ethanol 
added to obtain an ethanol concentration (w /w ) of 84%. 
The samples were then allowed to stand in a refrigerator 
for 24 hr to complete the precipitation of insoluble ma
terial. An aliquot of the clear supernatant solution was

withdrawn with a micropipet and a sample containing 
about 250 fig of the main alditol (glucitol ) was applied to 
the chromatographic, column.

RESULTS A N D  DISCUSSION
T he chromatogram recorded with the periodate 

method in a run with the extract from a dietetic chocolate 
on an anion exchanger in its sulfate form is given in Fig. 1. 
The main chromatographic band denoted by G-l had a peak 
elution volume corresponding to that of glucitol. The 
minor band (M -l) had a position in good agreement with 
that obtained with an authentic sample of mannitol. A 
trace amount of some unknown solute was recorded imme
diately after the main band. Very small amounts of 
unknown solutes were recorded at low peak elution vol
umes. The peak positions indicated that these peaks con
tained solutes with relatively few hydroxyl groups.

No monosaccharides or disaccharides were recorded in 
the second channel of the monitor in which the analysis 
was made by the orcinol method. This means that the 
total concentration of monosaccharides and disaccharides 
was less than 0.5%.

The identities of glucitol and mannitol were confirmed 
by a run on a cation exchange resin in its potassium form. 
W ith this resin the order of elution of these alditols is 
reversed.

Chromatograms from runs on the anion exchanger were 
used for quantitative determinations of the alditols. The 
areas under the elution curves were determined as usual 
(Moore et al., 1958) and compared with those obtained in 
calibration runs with known amounts of authentic sub
stances. The sample was found to contain 38.7% glucitol

Fig. 1. Chromatogram of chocolate. Loading: 0.82 mg. Resin: 
T5C, sulfate form, 7-11 fi. Resin bed: 2.6 X 875 mm. Flow rate: 
2.8 ml cm' * min'. Temperature: 75°C. Eluant: 86% ethanol w/w. 
Analysis: neutral periodate.
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Fig. 2. Chromatogram of toffee with arabinitol (0.12 mg) as internal standard. Loading: 
5.22 mg. Other variables as in Fig. 1.

and 0.8% mannitol. In repeated runs the deviations in the 
glucitol determinations were ±  0 .8 % from the mean or less. 
The maximum deviation in the mannitol determinations 
was less than 0.02%. In the runs used for the mannitol de
terminations, larger samples were added to the chromato
graphic column allowing the glucitol peak to run off scale. 
The values found agreed well with the analysis given by 
the manufacturer (39.2% hexahydric alcohol).

The toffee which, according to the manufacturer, con
tained glucitol and starch sirup as main sweetening agents 
gave a more complicated pattern. The chromatogram re
corded in the periodate channel from a run on an anion 
exchange column is given in Fig. 2.

Arabinitol (A-l) was added as an internal standard in 
this run. In agreement with the data given by the manu
facturer, a significant band with the position of glucitol 
was recorded (denoted by G-l). The front exhibited a 
shoulder indicating the presence of some overlapping com
pound with a peak elution volume slightly lower than that 
of glucitol. Fructose (F r)  is known to appear at this 
position as was confirmed by model experiments on the 
same column. By increasing the column length to 1,130 
mm and the ethanol concentration to 96%, two peaks were 
obtained but the curves still overlapped slightly. Another 
main peak with the position of glucose (Gl) was recorded 
as well as a minor peak the position of which agreed with 
that of mannitol (M -l). The minor compounds which 
were recorded at very low peak elution volumes had posi
tions typical for solutes containing a lower number of 
hydroxyl groups. No attempt was made to identify these.

Disaccharides and higher saccharides were eluted after 
glucose but these bands were not investigated further. In 
the orcinol channel the peaks with positions corresponding 
to glucose, fructose and higher saccharides were recorded. 
As expected, no peaks were recorded at the positions cor
responding to those of glucitol and mannitol, which give 
no color reaction with this reagent.

In a separate run the periodate oxidation was made at 
pH 1 instead of pH  7.5. Under these conditions, glucose 
and other aldohexoses give only a weak response, whereas

alditols give approximately the same response at both 
pH-values, Periodate oxidation at low pH is used to ad
vantage in analysis of solutions containing aldoses with 
peak positions very close to those of the alditols present 
in the sample. Unfortunately, fructose gives a strong 
response also in this medium and the choice of a low pH 
does not facilitate the quantitative determination of gluci
tol in the presence of fructose. On the other hand, chro
matograms recorded under these conditions are useful for 
identification purposes. The chromatogram of the water 
extract from the toffee confirmed the presence of glucitol, 
mannitol, fructose and glucose. A final confirmation was 
obtained in a chromatographic run on a cation exchanger 
in the potassium form.

In the quantitative analysis of this sample, glucose and 
fructose were determined as usual from the chromatogram 
recorded in the orcinol channel in runs on the anion ex
changer. Mannitol, which is well separated from other 
solutes on the anion exchanger, was determined from the 
elution curve recorded in the periodate channel. The area 
corresponding to the sum of sorbitol and fructose was 
determined from the same chromatogram and compared 
with calibration runs with solutions containing the same 
amount of fructose as determined in the orcinol channel 
plus varying amounts of glucitol.

The analysis gave the following resu lts: glucitol 4.1 ±  
0 .1 %; mannitol 0 . 2  ±  0 .0 1 %; fructose 1 . 6  ±  0 .1 %; glu
cose 7.2 ±  0.2%. The hexitol determinations were in 
agreement with the value given by the manufacturer (4.3% 
hexahydric alcohol). The sugar composition was not 
known and since the accuracy of the ion exchange method 
has been well established in previous work no determina
tions with other methods were made.

The laboratory-made toffee was prepared by mixing 
20 g of a technical glucitol solution containing 58.9% 
glucitol and 3.1% mannitol with 180 g “toffee-base” (free 
from sugar alcohol). The sample was analyzed both by 
the anion-exchange and the cation-exchange methods. A 
chromatogram from a run on a cation exchange column 
is reproduced in Fig. 3. The bands corresponding to
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Fig. 3. Chromatogram of synthetic toffee. Loading: 3.12 mg. 
Resin: Dowex 50 W -X 8, potassium form, 14-17 fi. Resin bed: 
2.6 X  1310 mm. Flow rate: 5.6 ml cm~! min1. Temperature: 
75°C. Eluant: 80%  ethanol w /w . Analysis: neutral periodate.

mannitol (M -l) and glucitol (G-l) had the same positions 
as in runs with authentic samples and appeared before the 
sugars, which were not separated from each other under 
these working conditions. The fast moving compounds 
which appeared before mannitol were recorded with the 
technical glucitol solution as well and with the exception 
of the sugar band the chromatogram was identical with 
that obtained with this solution.

The results of the quantitative determinations of man
nitol, glucitol and glucose are given in Table 1. The sugar

T a b l e  1. A n a l y s i s  o f  s y n t h e t i c  to f f e e .

Found, %

Added, % Anion exchange Cation exchange
M a n n i t o l 0 .31 0 .3 0 0 .3 0
G lu c i to l 5 .9 6.0 6.1
G lu c o s e 4 .9 4 .9

alcohols were determined by the periodate, and glucose 
by the orcinol, method. Glucose was only determined in 
the run on the anion exchanger since serious overlapping 
with disaccharides occurred on the chromatogram from 
the cation exchanger. As shown in the run on the anion 
exchange column, fructose was not present in the sample. 
It is seen that good agreement was obtained between the 
amounts added and those found analytically.
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U . S . B u r e a u  o f  C o m m e r c ia l  F is h e r ie s , K e tc h ik a n ,  A la s k a

T h e  A c i d - S o l u b l e  N u c l e o t i d e s  i n  K i n g  C r a b  M u s c l e

SU M M A R Y—N u cleo tides in rested k ing  crab muscle w ere iden
tified  as N A D , A M P, G M P, IMP, A D P , U D P A G , U D P G , A TP, 
G T P  and UTP. O f  three additional minor nucleotide fractions, 
two are tentatively thought to contain N A D ; the third remains 
unidentified. The nucleotide pro files of three d ifferent leg 
sections were' ve ry  sim ilar, with A TP  the predom inant nucleo
tide. A ve ra g e  total nucleotide content of these three sections 
was 3 .4 7  ¡lM / g. M uscle from  severely exhausted crabs held 
frozen  overnight contained 0.35 ¡ ¡M / g  of IMP. Since king 
crabs are processed fresh and IMP does not accum ulate to a 
ve ry  high level, IMP p ro b a b ly  does not p lay an important 
role in k ing  crab flavor.

INTRODUCTION
T h e  w e l l  e s ta b lis h e d  ro le  o f nucleotides as f la v o r 

enhancers has been rev iew e d  rece n tly  (K u n in a k a  et a l., 
1964; K u n in a k a , 19 66 ). C ons iderab le  da ta  e x is t on  n u 
cleotides in  f ish  (Jones et a l., 1960 ; T a r r  e t  a l., 1962 ; 
K obayash i, 19 66 ), in  s h r im p  ( T a r r  et a l., 19 6 5 ), and in  
several o th e r species o f m a rin e  in ve rte b ra te s  (N a k a jim a  
et a l., 1961, A ra i,  19 66 ).

T h e  ra te  o f nu c leo tide  de g rada tion , p a r t ic u la r ly  IM P ,  
in  v a rio u s  species o f fish  h e ld  in  ice o r  in  fro ze n  storage 
has been the  sub jec t o f severa l in ves tig a tion s . T h e  im p o r
tance o f I M P  in  fish  f la v o r  is in d ica ted  b y  the  use o f its  
de g rada tion  to  h y p o x a n th in e  as an in d e x  o f the  loss o f 
q u a lity  in  fish  s to red  in  ice (Jones e t a l., 1964 ; S p in e lli 
et al., 1964 ).

T e ra s a k i et al. (1 9 6 5 ) s tud ied  the  nucleotides in  m eat 
fro m  chickens, p igs, sheep, and horses and fo u n d  th a t 
m a x im u m  I M P  con ten t v a r ie d  w ith  species and m e thod  o f 
s laugh te r. D a n n e rt et al. (1 9 6 7 ) re p o rte d  a v a r ia t io n  in  
I M P  con ten t am ong species o f m eat an im a ls  b u t no d if fe r 
ence in  I M P  con ten t am ong p o rk  muscles. E x c e p t fo r  the 
m uscle a long  the  la te ra l line , S p in e lli (1 9 6 7 ) fo u n d  no 
d iffe rence  in  I M P  and h y p o x a n th in e  con ten t fro m  d iffe re n t 
loca tions w ith in  the  h a lib u t.

A r a i  (1 9 6 6 ) fo llo w e d  the  de g ra da tio n  o f A M P ,  IM P ,  
adenosine, and  inos ine  in  c rude  e x tra c ts  o f m uscle fro m  
va riou s  m arine  inve rteb ra tes . H e  concluded the  m a jo r  
pa th w a y  o f A T P  de g ra da tio n  in  m a rin e  inve rteb ra tes  
proceeds as fo llo w s : A T P —» A D P —» A M P —» adeno
sine-»» inos ine—» h yp o x a n th in e . H e  also no ted  a sm all 
degree o f aden y lic  ac id  deam inase a c t iv ity  in  the  c ru s ta 
ceans b u t n o t in  the  o th e r in ve rteb ra tes .

U n lik e  re d  m eat and fish  w h ic h  n o rm a lly  have a storage 
p e rio d  w h ile  ra w , k in g  crabs are cooked w ith in  15 to  20 
m in  a fte r  the y  w ere  bu tchered . T h e re fo re , the  b u ild u p  and 
subsequent b re a kd o w n  o f I M P  n o rm a lly  observed in  red  
m eat and fish  d u r in g  p o s t-m o rte m  storage w o u ld  n o t ap
pear to  have an o p p o r tu n ity  to  proceed in  k in g  crab.

a P resen t a d d re ss : C entral R esearch D epartm ent, A nheuser-
Busch, Inc., St. Louis, Mo.

T h e  ob je c tives  o f th is  s tu d y  w e re : ( 1 )  to  id e n tify  the  
nuc leotides in  rested k in g  crab m usc le ; ( 2 )  to  de te rm ine  
the  nuc leo tide  p ro file  on d iffe re n t sections o f the  c ra b ; and
( 3 )  to  m easure the  e x te n t o f I M P  accu m u la tion  in  the  
muscles o f exhausted crab.

MATERIALS AND METHODS
Samples and extraction

K in g  crabs are k e p t a live  in  tanks  supp lied  w ith  fresh  
sea w a te r be fore  processing. F o r  exp e rim e n ts  a t K e tc h i
kan , A la ska , m ale k in g  crabs (6  to  8  lb .)  w e re  shipped 
a live  by  a ir  f ro m  S eldov ia , A la s k a , and placed in  a liv e - 
h o ld in g  tan k . T h e  crabs w e re  a llow ed  to  res t fo r  a t least 
24 h r  be fore  use.

Sam ples fo r  nuc leo tide  id e n tific a tio n  w ere  ob ta ined  by  
k i l l in g  the  crab and im m e d ia te ly  re m o v in g  the  ra w  m eat 
f ro m  the she ll and p la c in g  i t  in  a beaker he ld  in  an ice 
ba th. T h e  tissue was g ro u n d  once th ro u g h  % - in .  p la te  in  
a p re -c h ille d  g r in d e r  and q u ic k ly  m ix e d  to  g ive  a u n ifo rm  
sample. F if ty -g ra m  samples w e re  im m ersed  in  2 vo lum es 
o f c h ille d  0.6 N  p e rc h lo r ic  acid  and hom ogenized fo r  2 m in .

A f te r  f i l t ra t io n  u n d e r suction , the  p u lp  was washed 
tw ice  w ith  a sm a ll vo lu m e  o f 0 .6  N  p e rc h lo r ic  acid. A l l  o f 
these ope ra tions  w ere  done in  a co ld  ro o m  (0  to  4 ° C ) .  
T h e  f i lt ra te  was ad ju s te d  to  p H  6.5 to  6 .8  w ith  10%  K O H  
and a llow ed  to  stand a t — 10°C  u n t i l  ice -c rys ta ls  s ta rted  
to  appear. T h e  in so lu b le  po tass ium  ch lo ra te  was rem oved 
by  f i l t ra t io n  and the  c lear so lu tio ns  w e re  sto red  a t — 50° C 
u n t il analyzed.

T w o  crabs w e re  used fo r  m ea su rin g  the  nu c le o tide  p ro 
f ile  in  d iffe re n t sections o f the  an im a l. A f te r  the y  w ere  
a llow ed  to  res t fo r  24 h o u rs  in  the  h o ld in g  ta n k , the  crabs 
w e re  bu tchered, and the m eat rem oved  fro m  the shell. T h e  
m eat f ro m  the fo llo w in g  sections o f the  crab w as com bined 
fo r  a n a lys is : ( 1 )  bo th  c laws, ( 2 )  m erus section o f a ll 6 
w a lk in g  legs, and ( 3 )  p ropus  section o f a ll 6  w a lk in g  legs.

N u c le o tid e  ex tra c ts  w e re  p repa red  b y  p la c in g  samples 
f ro m  the th ree  sections in  separate b lenders and s im u l
taneous ly  im m e rs in g  in  p e rc h lo r ic  acid. S im u ltaneous 
tre a tm e n t p re ven te d  any d iffe rence  due to  enzym atic  
changes, w h ic h  cou ld  occur i f  the  sections w e re  ex tra c te d  
sequentia lly .

S ix  m ale k in g  crabs (6  to  8 lb )  w e re  used to  m easure 
the  I M P  accu m u la ting  in  the  m uscles o f exhausted crab. 
T h e y  w e re  sub jected  to  the  usua l com m e rc ia l h a n d lin g  
be fore  th e y  w e re  bu tchered . T h e y  w e re  take n  f ro m  the 
h o ld in g  tan ks  and p ile d  on th e ir  backs in  a c a r t  fo r  tra n s 
fe r  to  the  b u tc h e rin g  sta tion .

A b o u t 1 h r  elapsed between rem o va l fro m  the  ta n k  and 
b u tch e rin g . D u r in g  th is  t im e  the  crabs c o n tin u a lly  s tru g 
g led  to  r ig h t  them selves. A t  th is  p o in t, care was taken  to  
sam ple exhausted crabs th a t w e re  s t i l l  a live . T h e y  w ere
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q u ic k ly  bu tche re d  and a llow ed  to  d ra in  free  o f b lood  fo r  
10 m in . T h e  m eat was the n  fro ze n  in  the  she ll and he ld 
o v e rn ig h t a t — 29°C . A f te r  rem o va l f ro m  the she ll the 
m eat was e x tra c te d  w ith  p e rc h lo r ic  acid  and the acid 
e x tra c ts  fro z e n  a t —37°C . T h e y  w e re  packed in  d ry  ice, 
and sh ipped to  K e tc h ik a n  w here  the y  w ere  he ld  a t — 50°C  
fo r  analysis.

Column chrom atography

Sam ples re p rese n ting  10 to  16 g o f c rab m eat w ere  
placed on 1.0 X 28 .0  cm  co lum ns o f D o w e x  1 x 8  ( F o r 
m a te ) 200 to  400 mesh. T h e  co lum ns w ere  washed w ith  
w a te r u n t i l  the  co lum n  e ffluen t was free  o f m a te ria l ab
so rb ing  a t 260 m /t. T h e  nucleotides w ere  e lu ted  acco rd ing  
to  the  p ro ced ure  o f Jones et a l. (1 9 6 0 ) except th a t 0.5 N  
fo rm ic  ac id  (6 0 0  m l)  and 2.0 N  fo rm ic  acid  (3 2 0  m l)  
w e re  sub s titu ted , in  th a t o rd e r, fo r  the 2.0 N  fo rm ic  acid 
(4 7 0  m l)  in  the  o r ig in a l p rocedure . T h e  co lum ns w ere  
ru n  in  a co ld  ro o m  a t 0 to  4 °C . T h e  e ffluen t fro m  the c o l
um ns was c o n tin u o u s ly  m o n ito re d  a t 260 m/x w ith  a V a n 
g u a rd  m ode l 1056 A  U V  m o n ito r. F ra c tio n s  com m on to  
the  in d iv id u a l peaks w ere  poo led and then  freeze -d ried  fo r  
fu r th e r  analysis.

Thin-layer chrom atography

P o lye thy lene im ine -ce llu lo se  an ion  exchange th in - la y e r 
p lates 0.5 m m  th ic k  w ere  p repa red  a cco rd ing  to  R a nd e ra th
(1 9 6 3 ) ,  u s in g  M N 3 0 0  ce llu lose po w d e r (B r in k m a n n  I n 
s tru m e n t Co., W e s tb u ry , N e w  Y o r k ) ,  and P o ly m in  p 
(5 0 %  aqueous so lu tio n  o f P o lye thy lene im ine , C hem irad  
C o rp ., E a s t B ru n s w ic k , N e w  Je rs e y ). T h e  p la tes w ere  
d r ie d  o v e rn ig h t a t ro o m  tem pe ra tu re , covered, and stored 
in  a re fr ig e ra to r  u n t i l  used. G ood re s o lu tio n  was ob ta ined 
o n ly  a fte r  the  p la tes had been sto red  fo r  abou t 48 h r  in  
the  re fr ig e ra to r .

A p p ro x im a te ly  10~3 /¿moles o f k n o w n  (S ig m a  C h em i
cal Co., S t. L o u is , M is s o u r i)  and u n k n o w n  nucleotides 
f ro m  m in o r  U V  abso rb ing  peaks w ere  spo tted  on the 
plates. A f te r  spo ttin g , the  plates w ere  desalted in  an
h yd ro u s  m e tha no l fo r  10 to  12 m in  (R a n d e ra th , 1964) 
and d rie d  u n d e r a cool stream  o f a ir  p r io r  to  deve lopm ent 
in  L iC l.  T h e  con cen tra tion  o f L iC l  v a rie d  w ith  the  nuc leo
tides c h ro m a to g ra p h e d : N A D  and nucleoside m onophos
phate  (0 .20  M ) ,  u r id in e  d iphosphate  sugars (0 .25 M ) ,  
nucleoside d iphosphates (1 .0  M ) , and nucleoside tr ip h o s 
phate (1 .5  M ) . A f te r  deve lopm ent the pla tes w e re  d ipped 
in  0 .003%  fluo resce in  so lu tio n  to  increase the  con tra s t and 
w e re  d r ie d  p r io r  to  exa m in a tio n  u n d e r sho rtw ave  U V  
lig h t  (M in e ra lig h t ,  M o d e l R -5 1 ) .

Spectrophotom etric exam ination

T h e  com bined fra c tio n s  fro m  each peak w e re  concen
tra te d  b y  fre e z e -d ry in g  and the spectra  o f each peak w ere  
de te rm ined  in  0.01 N  HC 1 and 0.002 N  N a O H . T h e  U V  
spectra, 2 5 0 /2 6 0  and 2 8 0 /2 6 0  m /t absorb ing  ra tio s  w ere  
com pared w ith  lite ra tu re  values (A n o n ., 19 56 ). T h e  ab
s o rp tio n  peaks w ere  q u a n tita tiv e ly  eva luated, us in g  p u b 
lished  m o la r e x tin c t io n  coeffic ien ts (D o ro u g h  et a l., 1954; 
B o c k  et al., 1956 ).

Chemical analysis

In o rg a n ic  phosphate was de te rm ined  by  the  m ethod  o f 
R o cks te in  et al. (1 9 5 1 ), a fte r the samples w e re  digested

fo r  la b ile  o r  to ta l phosphorus acco rd ing  to  H u r lb u r t  et al.
(1 9 5 4 ). R ibose was de te rm ined  by  the  p ro ced ure  described 
b y  H u r lb u r t  et al. (1 9 5 4 ), us in g  A M P  as a standard . 
Peaks suspected o f c o n ta in in g  hexoseam ines w e re  assayed 
us ing  the  p -d im e th y lam inob en za ld eh yde  rea c tio n  (A s h -  
w e ll, 19 57 ), and peaks suspected o f c o n ta in in g  sugars 
w ere  checked by  the  an th ron e  test (S c o tt  et a l., 1953 ).

RESULTS AND DISCUSSION
Nucleotide identification

A  ty p ic a l e lu tio n  p a tte rn  o f nucleotides f ro m  rested k in g  
crab m uscle is presented in  F ig u re  1. A  su m m a ry  o f the  
id e n tific a tio n  da ta  fo r  the  v a rio u s  peaks is presen ted in  
T a b le  1. Peaks 1, 2, and 3 w ere  a ll fo u n d  to  con ta in  N A D  
as in d ica ted  by  th in - la y e r  ch ro m a to g ra p h y . T h e  ab so rp 
t io n  spectra  o f P eak 1 showed a b ro ad  re g io n  o f s tro n g  
a b so rp tion  between 250 and 275 m /t b u t d id  n o t show  a 
d is tin c t m a x im u m  o r m in im u m  ab so rp tio n  w a ve le n g th  at 
e ith e r acid  o r a lka line  p H .

O ccas iona lly , a spot co rre spo nd ing  to  C M P  w o u ld  ap 
pear w hen la rge  am oun ts  o f m a te ria l f ro m  P eak 1 w ere  
ch ro m atog raph ed  on th in - la y e r  p lates. T h e  a b so rp tio n  
spectra  o f P eak 2 showed s tro n g  ab so rp tio n  betw een 245 
and 260 m /t w ith  no c le a rly  de fined m a x im u m  o r m in i
m um . P eak 5 was g e n e ra lly  fo u n d  in  sm a ll q u a n tity  and 
was u n id e n tif ie d . S lig h tly  la rg e r am oun ts  w e re  observed 
in  crabs th a t had been u n d e r stress.

R ibose and phosphate analyses w e re  possib le o n ly  on a 
few  w e ll-sepa ra ted  fra c tio n s  th a t o ccu rred  in  fa ir  q u a n ti
ties. S ug a r phosphates and in o rg a n ic  phosphate w e re  
fo u n d  to  e lu te  in  the same reg io n  as I M P  and in te rfe re d  
w ith  the  phosphate and ribose  analyses on th is  peak.

T h e  presence o f N -a ce tyg lucosam ine  in  P eak 9  was 
c o n firm e d  by  the pa ra -d im e thy lam in ob en za ld eh yde  test. 
T h is  peak ra n  equ iva le n t to  k n o w n  U D P A G  on th in - la y e r  
ch rom atog ram s. P eak 10 gave a p o s it iv e  response to  the  
an th ron e  test and ra n  eq u iva le n t to  k n o w n  U D P G  on th in -  
la ye r ch rom atog ram s. Peaks 12 and 13 w e re  id e n tifie d  as 
G T P  and U T P  respective ly . T h in - la y e r  ch ro m a to g ra p h y  
showed th a t each was s lig h t ly  con tam in a ted  by  the  o the r.

T h e  presence o f the m ono- and d i-phosphate  com pounds

F ig . 1.— S e p a r a t io n  o f  a c id -so lu b le  n u c le o t id e s  f r o m  16  g  o f  
k in g  cra b  m u s c le  o n  D o w e x  1 - X 8  ( F o r m a te ) .  D e ta i l s  o f  c h r o m a to 
g ra p h ic  .c o n d itio n s  a re  in  th e  t e x t .  1 —  N A D  p lu s  a  c o n ta m in a n t ;  
2 =  N A D  p lu s  a  c o n ta m in a n t;  3  =  N A D ;  4 =  A M P ;  5  =  u n 
k n o w n ;  6 =  G M P ;  7 =  I M P ;  8  = A D P ;  9 =  U D P A G  ■ 10  =  
U D P G ;  11 =  A T P ;  12  =  G T P ; 1 3  =  U T P .
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Table 1. Sum m ary of da ta  on nucleotide peaks separated by column chrom atography.

Fraction Nucleotide

pH 2.0 pH 11.0 Ratios @ 
pH 2.0

TLC
Ribose 

M/M Base

PO 4
M/M BaseMax

Ma
Min 
M ii

Max 
M fL

Min 
M n 250/260 280/260 : Labile Total

l * N A D 1 ** ** ** ** ** Yes ** ** **
2 . * N A D  1 ** ** ** ** ** ** Yes ** ** **
3 N A D 261 234 260 233 Yes .64 0 1.65
4 A M P 257 231 259 228 .85 .30 Yes .99 0 1.05
5 Unident. No
6 G M P 257 230 258 232 .93 .60 Yes .92 0 1.18
7 IM P 250 226 253 232 1.35 .34 Y'es ** ** **
8 ' A D P 257 230 259 230 .82 .30 Yes .93 .70 1.88
9 U D P A G 262 234 260 238 .85 .46 Yes ** ** **

10 U D P G 261 232 259 244 .86 .47 Yes ** ** **
11 A T P 257 232 259 227 .84 .25 Yes .89 2.10 3.10
12 G T P 255 230 258 231 .99 .73 Yes ** ** **
13 U T P 261 233 261 242 .83 .42 Yes ** ** **

* T entative  identification based on thin-layer chrom atography. 
** U nable to determine.

1 =  contam inant.

w hen the tr i-p h o sp h a te  com pounds w e re  developed on 
th in - la y e r  ch ro m atog ram s, suggests th a t b re akd ow n  o f the 
tr i-phospha tes  had occu rred  d u r in g  concen tra tion .

T h e  nucleotides fo u n d  in  k in g  crab m uscle are s im ila r  
to  those observed in  rested cod by  Tones et al. ( I9 6 0 ) -  
I n  a d d itio n  to  those observed in  k in g  crab, the y  fo u n d  
v e ry  sm all am oun ts  o f o th e r nuc leo tide  con s tituen ts  
( T P N ,  G D P , C T P , U D P  and U D P G A ) .  I n  the present 
s tudy , the  d i-phosphates o f guanosine and u r id in e  w ere  
n o t fo u n d  as such, p ro b a b ly  because th e y  w e re  e lu ted  in  
in d is tin g u ish a b le  am oun ts  w ith  la rg e r fra c tio n s . T h e  m ono
phosphate o f u r id in e  was n o t fou nd , and o n ly  sm all 
am ounts o f G M P  w e re  observed, p ro b a b ly  fo r  the  same 
reason. T h e  presence o f a ll o f these com pounds is im p lie d  
by  the  fac t th a t G T P  and U T P  w ere  fo u n d  in  rested 
muscle.

Nucleotide con ten t in d ifferen t crab sections

A  su m m a ry  o f the  nu c le o tide  con ten t o f the m erus, 
p ropus, and c la w  sections f ro m  rested k in g  crab is p re 
sented in  T a b le  2. In  a ll th re e  sections, A T P  was the 
p re d o m in a n t nu c le o tide  presen t. T h e  m erus and c la w  sec
tion s  had n e a rly  the same nuc leo tide  con ten t o f 3.77 and
3.55 iu M /g  respective ly . T h e  p ropus  section con ta ined  
som ew hat less to ta l nu c le o tide  (3 .1 0  ¡ i M / g ) .  T h is  sm a lle r 
am oun t is p ro b a b ly  due to  the  fa c t th a t th is  section is

Table 2. Nucleotide content of muscle tissue from  leg sections 
of k ing crabs.

Nucleotide Merus Propus Claws

N A D 0.21
\ iM / g  w et w eight tissue 

0.09 0.18

A M P 0.08 0.06 0.12
G M P 0.04 0.02 0.03
IM P 0.06 0.06 0.04
A D P 0.37 0.17 0.43
U D P A G trace 0.04 0.07
U D P G trace 0.03 0.05
A T P 3.01 2.63 2.63
G T P trace trace trace
U T P trace trace trace

T otal 3.77 3.10 3.55

c h a ra c te r is tic a lly  f la tte r  tha n  are the m erus o r the  c law  
and con ta ins a la rg e r p ro p o r tio n  o f connective  tissue and 
sk in . V e ry  l i t t le  I M P  was fo u n d  in  any o f the  th ree  sec
tion s  s tud ied  in  rested crab. In  each section, the  I M P  
leve l was less than  0.10 p M / g .  T h e  to ta l nuc leo tide  in  the 
th ree  sections averaged 3.47 ¡j-M / g  and is con s ide rab ly  less 
than  th a t re p o rte d  fo r  m ost o th e r species.

A ra i (1 9 6 6 ) re p o rte d  a to ta l nu c leo tide  con ten t of
5.57 f iM / g  in  the leg m uscle o f an o the r species P a r a -  
lith o d e s  b re v ip e s . H o w e v e r, he also fo u n d  I M P  in  the 
sm allest con cen tra tion  (0 .1 6  f i M / g ) ,  and A T P  in  the 
h ighes t con cen tra tion  (3 .51 yuM /g ) am ong the  nuc leo 
tides m easured. T h e  d iffe rence  in  to ta l nuc leotides fo u n d  
by  A r a i (1 9 6 6 ) in  P a r a lit h o d e s  b r e v ip e s  and th a t fou nd  
in  P a r a lit h o d e s  cam tsch a tica  he re  co u ld  have been a t t r ib 
u ted  to  the m o lt stage o f the  crabs a t the  tim e  o f sam p ling  
as w e ll as species d ifferences.

Nucleotides in exhausted crabs

A n  accu m u la tion  o f I M P  has been observed in  exercised 
fish  m uscle (Jones et a l., 1960 ; G u a rd ia  et a l., 1965 ). 
S ince i t  has been show n th a t m a x im u m  fla v o r  is re 
la ted  to  m a x im u m  I M P  con ten t in  m eat (T e ra s k i et a l.,
1 9 6 5 ), w e hypo thes ized  th a t e x trem e  fa tig u e  m ig h t re s u lt 
in  an accu m u la tion  o f I M P  and an im p ro v e m e n t in  the 
f la v o r o f k in g  crab. T h e  nuc leo tide  con ten t o f m uscle  fro m  
severe ly exhausted k in g  crab is show n in  T a b le  3.

Table 3. N ucleotide content of exhausted crab.
Nucleotide /iM/g wet weight

N A D .07
A M P .91
G M P .11
IM P .35
A D P .20
U D P A G trace
U D P G trace
A T P
G T P
U T P

T otal 1-64



3.14— JOURNAL OF FOOD SCIENCE— Volume 33 (1968)

T h e  A T P  was com p le te ly  depleted as expected, and o n ly  
a sm a ll a m o un t o f A D P  was observed (0 .20  g -M /g ). 
T h e  la rge s t s ing le  nu c le o tide  poo l w as in  the  fo rm  o f A M P  
(0.91 g M / g ) .  These resu lts  in d ica te  th a t I M P  accum u
la tes o n ly  to  a l im ite d  degree d u r in g  severe an te -m ortem  
e xh au s tion  o f k in g  crab (.35  g M / g ) .  A lth o u g h  the po s t
m o rte m  d e g ra da tio n  o f nucleotides in  k in g  crab w as n o t 
in c lu d e d  in  th is  s tudy, i t  is  assum ed to  be u n im p o rta n t due 
to  the  s h o rt tim e  lapse betw een b u tc h e rin g  and cook ing  
u n d e r com m e rc ia l con d itions . T h e  a u th o r feels th a t the re  
is l i t t le  lik e lih o o d  th a t I M P  p lays a s ig n if ic a n t ro le  in  the  
f la v o r o f k in g  crab.

ABBREVIATIONS USED
NAD—nicotineamide adenine dinucleotide 
AM P—adenosine S'-monophosphate 
ADP—adenosine S'-diphosphate 
A TP—adenosine S'-triphosphate 
GMP—guanosine S'-monophosphate 
GDP—guanosine S'-diphosphate 
GTP—guanosine 5'-triphosphate 
UDP—uridine S'-diphosphate 

U DPG—uridine 5'-diphosphate glucose 
UDPAG— uridine S'-diphosphate N-acetylglucoseamine 
UDPGA—uridine S'-diphosphate glucuronic acid 

U T P —uridine S'-triphosphate 
T P N—triphosphopyridine nucleotide 
CMP—cytidine S'-monophosphate 
CTP—cytidine S'-triphosphate 
IM P—inosine S'-monophosphate
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Q u a n t i t a t i v e  D e t e r m i n a t i o n  o f  B o u n d  W a t e r  B y  N M R

SU M M A R Y—A  N u cle a r M agnetic Resonance (NM R) instrument 
was used to measure the am ount of liquid  water in a com plex 
co llo id a l system over a broad  tem perature range. The bound 
w ater content, defin ed  as that w hich rem ained liq u id  at 0 °F  
( —1 8 °C ), was 0 .29  ±  0.01 g  w ater per g d ry  so lid  in case 
of a w heat flo ur dou gh. This va lue w as independent of total 
moisture content for dou ghs of the same flour with moisture 
contents greater than 2 4 .6 % . NM R signa ls indicated that 
most of this w ater rem ained liquid  at —5 8 °F  (—5 0 °C ) . This 
method g ives a d irect rea d in g of bound w ater and is non
destructive of sam ple.

INTRODUCTION
Sc ie n t is t s  h a v e  n o t  agreed upon  a d e fin it io n  o f 

“ bound w a te r”  because the re  is no s tan da rd  m e thod  fo r  
its  d e te rm in a tio n  (K u p r ia n o ff ,  19 58 ). T h is  te rm  is gene r
a lly  taken  to  in d ica te  w a te r th a t is  so c lose ly  u n ite d  w ith  
o th e r com pounds in  the  system  th a t its  p ro p e rtie s  are 
d iffe re n t f ro m  the  re m a in d e r o r  “ free  w a te r .”  L i t t le  in 
fo rm a tio n  is ava ilab le  on the  re la t io n  o f bound  w a te r to  
foo d  q u a lity  because the e s tim a tio n  m ethods are n o t o n ly  
d if f ic u lt  and tim e  con sum ing  b u t also o f p o o r accuracy.

A c c o rd in g  to  M e ry m a n  (1 9 6 6 ) , “ C u rre n t usage in  c ry o 
b io lo g y  loose ly defines bound  w a te r as th a t w h ic h  does no t 
freeze.”  M a z u r  (1 9 6 6 ) concluded th a t the  u n fro ze n  w a te r 
in  cells is w a te r bound  to  c e llu la r  solids. K u p r ia n o ff
(1 9 5 8 ) concluded th a t the  m ost re lia b le  m e thod  to  date 
fo r  d e te rm in a tio n  o f bound  w a te r is to  m easure the  w a te r 
th a t pers is ts  in  the  liq u id  phase a t lo w  tem pe ra tu res. T h is  
can be done b y  c a lo r im e tr ic  o r  d ila to m e tr ic  m ethods in 
d ire c tly , i.e., the heat lo s t by  a p ro d u c t in  co o lin g  to  0 ° F  
( — 1 8 °C ) ind ica tes the  a m o un t o f ice p resen t so th a t the 
u n fro ze n  o r  bound w a te r m u s t be ob ta ined  b y  d iffe rence 
fro m  the to ta l w a te r.

T h e re  is l i t t le  d o u b t th a t b iochem ica l system s con ta in  
l iq u id  w a te r a t sub -fre ez ing  tem pera tu res. P ich e l (1 9 6 5 ) 
fo u n d  th a t a considerab le  p o r t io n  o f the  w a te r in  egg 
w h ites  rem a ins liq u id  a t lo w  tem pe ra tu res  and the am oun t 
o f th is  bound  w a te r decreases w ith  de na tu ra tio n . M a n n 
he im  et al. (1 9 5 7 ) u s in g  a c a lo r im e tr ic  m e thod  fo u n d  th a t 
w a te r in  b read  is n o t com p le te ly  frozen  u n t i l  be low  —7 0 °F  
( —5 7 °C ). G rosse (1 9 6 6 ) observed th a t soap bubb les re 
m a ined  e lastic  a t tem pe ra tu re s  d o w n  to  —2 2 °F  ( — 3 0 °C ).

N u c le a r M a g n e tic  Resonance ( N M R )  has been used 
fo r  th e  q u a n tita tiv e  d e te rm in a tio n  o f w a te r d ispersed in  
so lids  ( M i l le r  et a l., 1963 ; C onw ay et a l., 19 57 ). N M R  
m easures the  to ta l n u m be r o f hyd ro g e n  atom s present. 
F low eve r, h y d ro g e n  atom s o f so lids, because th e ir  m o lec
u la r  m o tio n  is  re s tr ic te d , e x h ib it  b ro ad  resonance lines 
w h ile  hyd ro g e n  atom s o f liq u id s  g ive  sharp  peaks (D y e r ,
1965 ). Because o f th is  la rge  d is p a r ity , i t  is  possib le to  
a d ju s t the N M R  in s tru m e n t to  cons ide r o n ly  the  s igna l 
com ing  f ro m  liq u id  (w a te r )  and ig n o re  th a t f ro m  so lid  
(ice , p ro te in , e tc .) (V a r ia n  A ssociates, 19 6 6 ). T h u s ,

Sussm an et a l. (1 9 6 6 ) used h ig h  re s o lu tio n  N M R  to  de
te rm in e  the q u a n tity  o f l iq u id  w a te r in  cod m uscle a t te m 
pe ra tu res  as lo w  as —5 0 °F  ( — 4 5 ° C ) .

EXPERIMENTAL
T h e  present  w o r k  was done w ith  a P A -7  W id e -L in e  

N M R  Process A n a ly z e r  (V a r ia n  Associates, In c ., P a lo  
A lto ,  C a lifo rn ia )  equipped w ith  an in te g ra to r  V -4 2 2 1 , a 
V -4 5 4 0  va ria b le  te m p e ra tu re  c o n tro lle r  and a P A -7  2 -m l 
va ria b le  te m pe ra tu re  probe.

A  lo w  p ro te in  (6 .7 % ) f lo u r  ob ta ined  by  con ven tiona l 
m il l in g  o f so ft red  w in te r  w h ea t fo llo w e d  by  a ir  c lass ifica
t io n  was used. I ts  m o is tu re  con ten t was abou t 10% . T h is  
was increased to  v a rio u s  leve ls b y  coo lin g  the  f lo u r  to  0 ° F  
( — 18°C ) ,  ad d in g  a w e ighed  a m o un t o f f in e ly  crushed 
ice, b le n d in g  in  a p recoo led os te rize r fo r  2 m in , tra n s fe r
r in g  to  a sealed b o ttle  and a llo w in g  to  w a rm  to  roo m  
tem pe ra tu re . F o r  dough o f h ig h  m o is tu re  con ten t w ith  a 
consistency a llo w in g  easy m ix in g , w a te r was s im p ly  added 
to  the  f lo u r  and the  m ix tu re  ag ita ted  u n t i l  hom ogene ity  
was achieved. B o th  m ethods gave the same resu lts .

F ig . 1 shows the sam ple tube assem bly. T h e  ou te r 
tube, 10.75 m m  I D  X 117 m m , was f it te d  w ith  a glass 
in s e rt tube  10 m m  O D  X  3 cm  and a c a p illa ry  tube  as 
show n. T h e  f lo u r  o r dough sam ple was placed in  the 
in s e rt tube and  the  sam ple tube was assem bled ; the  e n tire  
assem bly was w e ighed  on an a n a ly tic a l balance be fore  and
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MOISTURE CONTENT, DRY BASIS, 
gm HzO /gm DRY MATTER

F ig . 2. C a lib r a tio n  c u r v e  s h o w in g  th e  m o is tu r e  
c o n te n t  o f  w h e a t  f lo u r  a n d  i t s  d o u g h  a s  m e a s u r e d  
b y  a w id e - l in e  N A I R  s p e c tr o m e te r .

a fte r th is  to  ob ta in  exac t sam ple w e ig h t, abou t 2 g. A l l  
samples w e re  the n  frozen . W h e n  the in s tru m e n t was 
ava ilab le , a g ive n  sam ple w as b ro u g h t to  roo m  tem pe ra 
tu re  and the  sam ple tube placed in  the  in s tru m e n t. N M R  
read ings w ere  then  taken  a fte r successive exposu re  to  
lo w e r tem pera tu res.

W h e n  the  sam ple was placed in  the tem pe ra tu re - 
co n tro lle d  probe o f the  in s tru m e n t, a copper-constan tan  
the rm ocoup le  was in se rted  in to  the  c a p illa ry  tube  to  m ea
sure sam ple tem pe ra tu re  to  ± 0 .5 ° F  ( ± 0 .3 ° C ) .  T h e  th e r 
m ocoup le was rem oved eve ry  t im e  an N M R  sweep was 
m ade and the n  rep laced u n t il the n e x t te m p e ra tu re  e q u i
l ib r iu m  had been a tta ined . T h is  obv ia ted  e lec trica l in te r 
ference b y  the  the rm ocoup le  m eta l w ith o u t d is tu rb in g  the  
sample.

M o is tu re  con ten t o f samples u n d e r 30%  was de te rm ined  
by  the  A O A C  vacuum  oven m e tho d  (1 9 5 5 ). D e te rm in a 
tion s  a t h ig h e r m o is tu re  con tents w e re  m ade by  l ig h t ly  
p ress ing  abou t 10 g  o f sam ple in  a fo ld ed  8 -in . square o f 
f i l te r  paper and d ry in g  to  cons tan t w e ig h t in  a vacuum  
oven a t 27 in . H g  and 100°C  (M a n n h e im  et a l., 1957 ).

RESULTS AND DISCUSSION
F ig . 2 show s a  c a l ib r a t io n  curve o f N M R  s igna l as 

a fu n c tio n  o f m o is tu re  con ten t o f the  sam ple a t ro o m  te m 
pe ra tu re . T h e  o rd in a te  was ca lcu la ted by  d iv id in g  the  
N M R  signa ls ob ta ined  by  the  w e ig h t o f d ry  m a tte r in 
the  sam ple. T h e  ca lcu la ted regression line  in  F ig . 2 in te r 
cepted the  abscissa a t 0 .04 g  w a te r p e r g  d ry  m a tte r, w h ic h

m eans th a t a f lo u r  sample w ith  a m o is tu re  con ten t o f 
3 .48%  shou ld  g ive  a zero N M R  rea d ing  a t the  in s tru m e n t 
s e n s it iv ity  used. A  sample freeze d rie d  to  3 .2%  d id  show  
a zero read ing .

In  d e te rm in in g  the  e ffect o f sam ple te m p e ra tu re  on 
N M R  read ing , tw o  sweeps w ere  m ade a fte r the  te m p e ra 
tu re  rem a ined  cons tan t fo r  abou t 5 m in  and the  average 
o f these tw o  read ings was ca lcu la ted. T h e  lin e  w id th  o f 
the  s igna ls was a p p ro x im a te ly  one gauss. N o  s ig n if ic a n t 
change in  the  line  w id th  o f the  s igna ls w as observed w ith  
decreasing tem pe ra tu re s  do w n  to  —5 8 °F  ( — 5 0 ° C ) .  Suss- 
m an et al. (1 9 6 6 ) fo u n d  an increase in  line  w id th  w ith  de
crease in  tem p e ra tu re  f ro m  0 °C  to  —20°C .

F ig . 3 shows the s igna l ob ta ined  expressed as average 
in te g ra to r  rea do u t d iv id e d  b y  the  w e ig h t o f d ry  m a tte r 
present. A t  tem pe ra tu res  above the  fre e z in g  p o in t, no 
change in  N M R  s igna l cou ld  be observed w ith  a change 
in  tem pe ra tu re . A t  2 8 °F  ( —2 ° C ) ,  a v e ry  sharp  b reak  
o c c u rre d ; the N M R  s igna l fo r  each sam ple decreased to  
a lo w  value.

A s  the  tem p e ra tu re  was fu r th e r  dcreased the  N M R  
readout fo r  a ll the samples fe ll on the  same g e n tly  s lo p in g  
curve . T h u s , f lo u r  samples o f d iffe re n t m o is tu re  con ten t 
(F ig .  3 )  showed the same am o un t o f liq u id  w a te r a t a
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b y  a  w id e - l in e  N M R  s p e c tr o m e te r .
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g iven  sub -fre ez ing  tem pe ra tu re . I t  was th e re fo re  con 
c luded th a t the  a m o un t o f w a te r bo un d  b y  a g ive n  w e ig h t 
o f d ry  m a tte r is independent o f to ta l m o is tu re  con tent.

A n o th e r  in te re s tin g  fea tu re  o f F ig . 3 is the cu rve  fo r  
f lo u r  w ith  24 .6%  w a te r (b ro k e n  l in e ) .  T h is  sample was 
in a d v e rte n tly  h y d ra te d  to  the  m o is tu re  leve l a t w h ic h  the 
sharp b reak  in  the  cu rve  was obta ined . I t  i t  assum ed th a t 
no ice nu c le a tion  occu rred  a t th is  p o in t. T h u s , c ry s ta ll iz a 
t io n  o f bound w a te r was p re ven te d  (s u p e rc o o lin g ) u n t il a 
tem pe ra tu re  o f — 1 0 °F  ( —2 3 °C ) was reached. T h e  same 
tre n d  can be seen fo r  samples w ith  15.47%  and 10.02%  
m o is tu re . P ich e l (1 9 6 5 ) observed the  same phenom enon 
in  the  fre e z in g  o f egg w h ite s ; the  w a te r con ten t be low  
w h ic h  no ice fo rm a tio n  occu rred  was 29% .

A  s tro n g  liq u id  w a te r s igna l, abou t R) th a t a t 2 8 °F  
( —2 ° C ) ,  was s t i l l  observed a t —58° ( — 5 0 °C ) , the  low est 
tem pe ra tu re  reached d u r in g  th is  exp e rim e n t. E x tra p o la 
t io n  o f the cu rve  to  zero s igna l shows th a t the s igna l w o u ld  
be expected to  van ish  a t abou t —8 5 °F  ( —6 5 ° C ) .  S im ila r  
e x tra p o la tio n  o f the  ice cu rve  fo r  b read  (M a n n h e im  et a l.,
1957) also show ed - 8 5 ° F  ( - 6 5 ° C ) .

Bound w ater con ten t

O b v io u s ly , n o t a ll the  bound  w a te r is he ld  w ith  an equal 
fo rce  since the re  is a g ra d u a l decrease in  liq u id  w a te r as 
the  tem p e ra tu re  is lo w ered . T h e re fo re , an y  tem p e ra tu re  in  
th is  range m ay be chosen fo r  the  N M R  re a d in g  b u t i t  m u s t 
be specified in  th e  d e fin itio n . T h e  bound  w a te r con ten t 
m ay be defined as the  w a te r equ iva le n t to  the  N M R  s igna l 
(c a lib ra tio n  c u rv e ) a tO ° F  ( — 1 8 °C ). I t  m ig h t be po in te d  
o u t th a t th e  cu rve  (F ig .  3 )  was s t i l l  q u ite  f la t a t 0 ° F  
( — 18 °C ) ; the range f ro m  +  5 ° F  ( - 1 5 ° C )  to  - 5 ° F  
( — 2 0 °C ) corresponded to  0 .30 to  0 .28 ± 0 .0 1  g  w a te r 
pe r g  d ry  m a tte r so n e ith e r choice o f te m pe ra tu re  n o r 
te m pe ra tu re  c o n tro l are re a lly  c ruc ia l.

T h e  average N M R  re a d in g  a t 0 ° F  ( — 1 8 °C ) fo r  the  
samples w ith  m o is tu re  con tents  above 24 .6%  was 5.27 
w ith  a s tan da rd  de v ia tio n  o f 0 .29 u n its . T h is  co rresponded 
to  a bound w a te r con ten t o f 0 .29 ±  0.01 g  w a te r pe r g

d ry  m a tte r. A  va lue  o f 0.286 was ob ta ined  fo r  dough 
(1 0 .1 %  p ro te in  f lo u r )  by V a i l et a l. (1 9 4 0 ) , w h o  used the 
fre e z in g  p o in t depression technique.

T h is  use o f N M R  is proposed as a new  m ethod  fo r  m ea
s u r in g  bound w a te r. T h e  g re a t d isadvantage is cost o f 
b u y in g  and m a in ta in in g  the  in s tru m e n ta tio n . O th e rw ise  
the  m e thod  is accurate, ra p id  and no n d e s tru c tive  o f sample. 
F u rth e rm o re , in  con tra s t to  a ll o th e r q u a n tita tiv e  m ethods, 
the  N M R  signa l g ives a d ire c t rea d ing  o f bound  w a te r.
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F r e e z e - D r y i n g  C a k e  B a t t e r  f o r  M i c r o s c o p i c  S t u d y

SU M M A R Y—A  method is reported for p re p aring  cake batter 
fo r m icroscopic study through the technique of free ze -d ry in g , 
fo llow ed by fixation  and staining of the fat with osmium 
tetroxide, infiltration with paraffin , and sectioning of the 
freeze-dried  batter. M icroscopic exam ination reveals that a 
cake batter is an emulsion of fat in an aerated aqueous 
phase. The fat particles are irre g u la rly  " g lo b u la r"  shaped 
drop lets d ispersed throughout the aqueous starch-protein 
system. In like m anner, the air bubbles are d ispersed in the 
batter. They are not incorporated in the fat particles, but 
are instead d istributed throughout the aqueous phase.

INTRODUCTION
T h is  p a p e r  r e p o r t s  a  m e th o d  w h e r e b y  c a k e  b a t t e r  m a y  

b e  p r e p a r e d  fo r  m ic ro sc o p ic  s tu d y  t h r o u g h  th e  te c h n iq u e  of 
f r e e z e - d r y in g ,  fo l lo w e d  b y  f ix a t io n  o f  th e  f a t ,  in f i l t r a t io n  
w i th  p a ra f f in , a n d  s e c t io n in g  o f th e  f r e e z e - d r ie d  b a t t e r  fo r  
study.

T h e  m ost co m m o n ly  used p rocedure  in  p re p a rin g  a 
b a tte r fo r  m icroscop ic  s tud y  is th a t o f com press ing  and 
spread ing  a d ro p  betw een a m icroscope slide and cover 
glass. F o r  la ck  o f o th e r m ethods ava ilab le , the  possib le 
phys ica l changes b ro u g h t abou t by  the  p re p a ra tio n  o f such 
a “ sm ear”  have o f necessity been ig no red . T h e  m ost ob 
v io u s  flaw s  in  th is  m e tho d  are in a b il i ty  to  c o n tro l the 
degree o f com pression, danger o f cove r glass s id e -s lipp ing , 
thu s  d is to r t in g  the  s tru c tu ra l fea tu res o f the  ba tte r, and the 
ac tio n  o f surface fo rces im posed b y  com pression between 
glass surfaces.

T h e  search fo r  m ethods o th e r th a n  the  “ sm ear”  is i l lu s 
tra te d  b y  the  re p o rts  o f B u rh a n s  et al. (1 9 4 2 ) and S and- 
s ted t et a l (1 9 5 4 ) . These stud ies on bread dough 
a ttem p te d  to  e lim in a te  doub ts in h e re n t in  the  “ sm ear”  
techn ique  and to  g a in  a d d itio n a l in fo rm a tio n .

R e la tio nsh ip s  betw een the m ic roscop ic  s tru c tu re  o f b a t
te rs  and doughs and the  q u a lity  o f the  re s u lt in g  baked 
p ro d u c t have been in d ica ted  in  stud ies such as those o f 
C a r lin  (1 9 4 4 ) , Jooste et a l. (1 9 5 2 ) , and H u n t  e t  al.
(1 9 5 5 ) . T h e  q u a lity  o f the  baked p ro d u c t has u su a lly  
been assessed on its  vo lum e , g ra in , and taste pane l re 
sponse.

T h e  f lu id ity  and p la s tic ity  o f ba tte rs  and doughs pose 
p rob lem s in  de v is in g  w ays to  s tud y  s tru c tu re . N o  tru e  
c e llu la r  s tru c tu re  ex is ts , such as th a t fo u n d  in  p la n t and 
an im a l tissues. S tru c tu ra l re la tio n sh ip s  am ong in g re d ie n ts  
are ach ieved th ro u g h  m a n ip u la tio n , d u r in g  w h ic h  process 
h y d ro p h ilic  in g re d ie n ts  absorb w a te r, fa t  is  d is tr ib u te d , 
a ir  is in co rp o ra te d , and o th e r changes take place. T h e  
s tru c tu re  is o ften  fra g ile  and tra n s ie n t, sub je c t especia lly 
to  fac to rs  th a t a lte r surface forces, such as tim e , tem pe ra 
tu re , and  ag ita tio n .

F a s t fre e z in g  and d e h y d ra tio n  w h ile  in  the  fro ze n  state 
has p ro v e d  to  be a sa tis fa c to ry  m e thod  fo r  f ix in g  the  s tru c 

tu ra l e lem ents o f ba tte r. H is to lo g ic a l fre e z e -d ry in g  a llow s  
the  d e h yd ra tio n  o f tissues w ith o u t su b je c tin g  them  to  
con tact w ith  d e h y d ra tin g  flu id s . I t  is based u p on  the 
phys ica l phenom enon o f s u b lim a tio n  w h e re b y  ice in  the  
tissue passes d ire c t ly  fro m  the so lid  to  the  v a p o r state. I n  
m ost cases the  so lu te  rem a ins  even ly  d ispersed as the  
frozen  so lven t sublim es. A s  sta ted b y  F lo s d o r f  (1 9 4 9 ) 
the  res idue is  po rous and occupies essen tia lly  the  same 
space as in  the o r ig in a l m a te ria l.

PROCEDURE
C a k e  b a t t e r  w a s  f r o z e n  r a p id l y  to  im m o b iliz e  the  

s tru c tu ra l elem ents and was m a in ta in e d  a t lo w  tem pe ra 
tu res  d u r in g  rem o va l o f m ost o f the  w a te r. F o llo w in g  
rem o va l o f w a te r, f ix in g  and s ta in in g  o f fa t  w as accom 
p lishe d  b y  e xp os ing  the  b a tte r to  the  vap ors  o f osm ium  
te tro x id e  (O s O U  (G ra y , 19 5 4 ). T h e  heavy osm ium  is 
adsorbed b y  the  fa t, thu s  p ro te c tin g  i t  f ro m  be ing  d isso lved 
b y  its  usua l so lvents (Jooste , 1 9 5 1 ). F ix a t io n  is accom 
pan ied b y  b ro w n  to  b lack  s ta in in g  o f fa t ty  cons tituen ts . 
O th e r  o rg a n ic  m a te ria ls  are also affected b y  osm ic acid, b u t 
d a rk  s ta in in g  appears to  be ty p ic a l o f fa ts  (B a h r ,  1954 ).

W h e n  the  b a tte r was dehyd ra ted  and th e  fa t f ix e d , i t  
was possib le to  in f i lt ra te  w ith  p a ra ffin  and p repa re  sections 
fo r  m ic roscop ic  s tudy .

T echnique for freeze-drying

F re e z e -d ry in g  was c a rr ie d  o u t us ing  a h is to lo g ica l freeze 
d ry in g  appara tus (M o d e l fc -11 , S c ie n tific  S upp lies  C o r
p o ra tio n , C am bridge , M a s s .) . T h is  equ ipm en t consisted 
o f a h o r iz o n ta l glass m a n ifo ld  w ith  g ro u n d  glass connec
tions  fo r  tw o  ly o p h il tubes and a condensor tra p . E ach  
ly o p h il tube can h o ld  a p e rfo ra te d  m e ta l cassette assem bly 
w h ic h  segregates up  to  ten  tissue samples. A  boat con 
ta in in g  a chem ica l desiccant was in se rted  th ro u g h  a 
g ro u n d  glass connection  near the  condensor tra p . C o n 
nected to  the  system  was a h ig h  vacuum  pu m p  to  d ra w  
m o is tu re  to  the  tra p  w h ic h  was packed in  d ry  ice and 
acetone.

E a ch  ly o p h il tube  was set in  a D e w a r flask  and co rked  
te m p o ra r ily  to  m in im iz e  m o is tu re  condensa tion . T o  the  
D e w ars  w e re  added a la ye r o f crushed  ice, 200 g  o f d ry  
ice, a d d itio n a l crushed ice su ffic ie n t to  f i l l  the  D e w a r, and 
70 m l sa tu ra ted  s o lu tio n  o f ca lc ium  c h lo r id e  (F ig .  1 ) .

A  m in u te  d ro p  o f cake b a tte r was fro ze n  in  a bed o f 
crushed  d ry  ice. Sam ples a p p ro x im a te ly  one m illim e te r  in  
d iam e te r w e re  ch ipped  f ro m  the  fro ze n  b a tte r and tra n s 
fe rre d  d ire c t ly  to  coded cassettes, also a t d ry  ice tem pe ra 
tu re . T h e  cassettes w e re  placed in  ho lde rs  w h ic h  w e re  the n  
lo w e re d  in to  the  p repa red  ly o p h il tubes. T h e  ly o p h il 
tubes w e re  aga in  corked. W h e n  a ll samples had  been p re 
pa red  in  th is  m anner, the  ly o p h il tubes in  the  D e w a r flasks
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F ig . 1 . E q u ip m e n t  u s e d  f o r  f r e e z e - d r y in g .

w ere  attached to  the  m a n ifo ld  o f the  fre e z e -d ry in g  appa
ra tu s  and the  system  was evacuated.

T h e  d e h yd ra tio n  process w as tim e d  fro m  one h o u r a fte r 
the  pu m p  was tu rn e d  o n ; th is  a llow ed  the pressure to  be
come established betw een 0.01 and 0.001 m m  m e rcu ry . 
D e h y d ra tio n  was c a rr ie d  o u t fo r  48 h r  u n d e r vacuum , 
s ta rt in g  a t the  tem p e ra tu re  o f d ry  ice ( — 7 2 °C ) . A  v e ry  
g ra d u a l rise  in  te m p e ra tu re  occu rred  u n t i l  the  tem pe ra 
tu re  o f the  ly o p h il flasks was 0 °C .

T h e  cassette assem blies w e re  tra n s fe rre d  to  a ja r  con 
ta in in g  ca lc ium  su lfa te  to  p re v e n t m o is tu re  f ro m  condens
in g  on them . T h e  assem blies w e re  the n  lo w e re d  in to  a 
glass w e ig h in g  ja r  w h ic h  con ta ined  0.5 g  o f osm ium  te tro x -  
ide crys ta ls . T h e  cove red  ja r  w as re fr ig e ra te d  a t 6 °C  fo r  
24  h r , the n  w as le ft  a t ro o m  te m p e ra tu re  fo r  2 h r. D u r in g  
th is  in te rv a l the  fa t w as f ix e d  b y  the  osm ium  te tro x id e , 
thus  im m o b iliz in g  i t  and p ro te c tin g  i t  f ro m  be ing  d isso lved 
in  subsequent steps o f the  procedure . I n  a d d itio n  to  be ing  
fix e d  d u r in g  exposu re  to  osm ium  te tro x id e  vapors, the  fa t 
was s ta ined b lack. T h is  m ade i t  possib le to  c le a rly  d is t in 
gu ish  the  fa t p a rtic le s  w h en  sections o f th e  b a tte r w ere  
v ie w ed  u n d e r the  m icroscope.

A t  th is  p o in t the  sam ples w e re  rem oved  fro m  the cas
settes and w e re  tra n s fe rre d  to  v ia ls  c o n ta in in g  m elted 
p a ra ffin  (F is h e r ’s tissuem at, m e ltin g  range  6 0 c to  6 3 °C ) 
and te r t ia ry  b u ty l a lcoho l in  a ra t io  o f 1 :2. T h e  v ia ls  w ere  
placed u n d e r 15 in . H g  vacuum  a t 63 °C  and w e re  a llow ed  
to  re m a in  o v e rn ig h t. T h e  samples w e re  tra n s fe rre d  to 
v ia ls  h a lf- f i l le d  w ith  fre s h  pa ra ffin , a th in  la ye r o f pa ra ffin  
was p o u re d  ove r them , and th e y  w e re  re tu rn e d  to  the 
vacuum  oven, w h e re  in f i l t r a t io n  was co n tinu ed  a t the 
same te m p e ra tu re  and the  same pressure . P a ra ffin  changes 
w ere  m ade a fte r  2 h r  and th ree  tim es th e re a fte r a t h o u r ly  
in te rva ls . O ne h o u r a fte r  the fin a l p a ra ffin  change the 
samples w e re  em bedded in  fre sh  p a ra ffin  in  a p las tic  tra y  
such as is used fo r  m a k in g  m in ia tu re  ice cubes o f J4-in. 
square. T h is  w as re tu rn e d  to  the  vacuum  oven fo r  ano the r 
hour.

A f te r  the  tra y  had been cooled a t freeze r tem pe ra tu re  
( — 18° C ) ,  the  p a ra ffin  s u rro u n d in g  each sam ple was 
tr im m e d  u n t i l  i t  cou ld  be in se rted  d ire c t ly  in to  the  b lock  
h o ld e r o f a ro ta ry  m ic ro to m e . Sections 15 / i th ic k  w ere
cut. I f  b r ittle ne ss  caused the  sections to  c rum b le , the  cu t 
surface o f the  dehyd ra ted , f ix e d  b a tte r sam ple was pa in ted  
w ith  a 5%  so lu tio n  o f g ly c e r in  in  70%  a lcoho l o r  4%  
fo rm a lin  so lu tio n , any excess was rem oved b y  b lo tt in g , and 
sec tion ing  was resum ed. T w o  d rops  o f H a u p t ’ s adhesive 
w ere  sm eared on each slide, the  sections w e re  tra n s fe rre d  
to  these slides, and enough 4%  fo rm a lin  w as d ropped  on to  
the  s lide  surface to  cause the sections to  floa t. T h e  slides 
w e re  then  w a rm e d  at 4 2 °C  fo r  3 o r 4  m in . E xcess fo rm a lin  
was rem oved b y  to u ch in g  a tissue to  the edge o f the  slide. 
T h e  slides w e re  le ft on the  w a rm in g  p la te  to  d ry  o ve rn ig h t.

T h e  p a ra ffin  w as rem oved  b y  im m e rs in g  the  slides fo r  
5 m in  in  a co p lin  ja r  f il le d  w ith  xy lene , fo llo w e d  b y  im 
m ers ion  in  a second ja r  o f x y le n e  fo r  5 m in , o r  lo n g e r i f  
necessary to  rem ove the  pa ra ffin . T h e  b o tto m  o f each 
slide was d rie d  w ith  a tissue, and the  s lide  w as re tu rn e d  
to  the w a rm in g  p la te  u n t il a ll the  xy le n e  had evaporated. 
C o ve r glasses w ere  m ou n ted  w ith  balsam .

RESULTS AND DISCUSSION
W h e n  p r e p a r e d  by the fre e z e -d ry in g  techn ique , a cake 

b a tte r is seen to  be an em u ls ion  o f fa t  in  an aerated aque
ous phase. T h e  fa t pa rtic le s  are ir re g u la r ly  “ g lo b u la r”  
shaped d ro p le ts  o f v a rio u s  sizes d ispersed th ro u g h o u t the 
aqueous s ta rc h -p ro te in  system . I n  lik e  m anne r the  a ir  
bubbles are d ispersed in  the  ba tte r. T h e y  are n o t in c o r
p o ra ted  in  the  fa t pa rtic le s , b u t are instead d is tr ib u te d  
th ro u g h o u t the aqueous phase (F ig .  2 ) .

T h is  type  o f s tru c tu re  was dem onstra ted  repea ted ly  fo r  
ba tte rs  m ade w ith  m any d iffe re n t househo ld  sho rten ings.

T h e  concept he ld  fo r  so lo n g  in  w h ic h  a ir  bubbles are 
s u rro u n d e d  b y  fa t, poses d if f ic u lty  in  env isag ing  th e  m ove
m en t o f w a te r v a p o r and carbon  d io x id e  gas th ro u g h  the 
fa t b a r r ie r  to  the enclosed a ir  bubbles, o r  the  coalescence 
o f a ir  bubbles a t roo m  te m p e ra tu re  as no ted  b y  H a n d le - 
m an (1 9 6 1 ) . I n  con tras t, the  d is tr ib u tio n  o f se m i-g lo b u la r 
p a rtic le s  o f fa t  d is tin c t f ro m  the  a ir  bubb les w h ic h  are d is 
persed th ro u g h o u t the  aqueous phase, w o u ld  enable m o is 
tu re  and carbon  d io x id e  to  m ig ra te  re a d ily  to  the  a ir  
bubbles.

E x c e p t fo r  sponge type  cakes, the  presence o f fa t  o r 
e m u ls ifie r o r  bo th  appears to  be necessary fo r  the  re te n tio n  
o f a ir  th a t is  in c o rp o ra te d  d u r in g  m ix in g . V a la ss i (1 9 5 6 ) 
dem onstra ted  th a t w hen no fa t  o r  e m u ls ifie r was present, 
the in c o rp o ra te d  a ir  bubbles coalesced ra p id ly  and fo rm e d  
la rg e r bubbles. T h e  vo lu m e  o f cakes baked f ro m  these 
ba tte rs  was sm all, in d ic a tin g  a loss o f a ir  f ro m  the  ba tte rs. 
W h e n  fa t was added, the  v isco s ity  o f the ba tte rs  increased 
and ae ra tio n  was m uch im p ro ve d . W h e n  e m u ls if ie r o r 
e m u ls ifie r p lus  fa t was added, ae ra tio n  o f the  b a tte rs  was 
g re a tly  increased. I n  he r s tudy, ae ra tio n  o f ba tte rs  was 
least w hen fa t  and e m u ls ifie r w e re  o m itte d  f ro m  the  fo r 
m u la , as ju d g e d  b y  specific g ra v ity  o f the  ba tte rs , in te r 
m ed ia te  w h en  fa t was used, and g rea test w h en  e m u ls ifie r 
was added to  the  fo rm u la .

I n  h is  d iscussion o f the  m echanics o f the  leaven ing  
process, B a ile y  (1 9 4 5 ) says th a t i t  appears th a t pockets
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F ig . 2. P h o to m ic r o g r a p h  o f  c a k e  h a t te r  m a d e  iv i th  a c o m m o n  
h o u s e h o ld  s h o r te n in g . F a t  i s  s ta in e d  b la c k ;  a ir  b u b b le s  a re  c le a r ;  
a q u e o u s  p h a se  is la c y  in  a p p ea ra n ce  a n d  s ta r c h  g r a in s  m a y  be 
c le a r ly  se en .

o f gas ten d  to  fo rm  a t the  po in ts  w h e re  the re  are pa rtic les  
o f fa t. T h e  deve lopm ent o f a gas pocket req u ire s  a c leav
age o f the  dough mass, and i t  is reasonable to  assume th a t 
cleavage w i l l  m ost re a d ily  occur a long  the  fa t boundaries.

F o llo w in g  B a ile y ’ s idea, i t  m ay be pos tu la ted  th a t d u r in g  
m ix in g , a ir  is in c o rp o ra te d  and tra p p e d  a t cleavage planes 
o c c u rr in g  a t the  a q ue ou s /fa t in te r fa c e ; o r, as aerated fa t

is em u ls ifie d  in  the  aqueous phase, the  a ir  is  fo rce d  o u t
w a rd  to  the  aq ue ou s /fa t in te rface .

CONCLUSIONS
R eports i n  t h e  l it e r a t u r e  suggest th a t cake b a tte rs  

are o i l in  w a te r em ulsions, b u t the  evidence has been 
in d ire c t. E le c tr ic a l c o n d u c tiv ity  stud ies and  c o m p a tib ility  
o f o il o r  w a te r-so lu b le  dyes w ith  the  b a tte r have con 
tr ib u te d  m ost c o n firm a tio n  to  th is  the o ry . I t  has never 
been dem onstra ted  v is u a lly . T h e  fre e z e -d ry  m e tho d  in  
w h ic h  b a tte r s tru c tu re  is im m o b iliz e d  and f ix e d  fo r  s tu d y  
m akes i t  possib le to  con c lu s ive ly  dem onstra te  the  o i l in  
w a te r s tru c tu re  o f cake ba tte r.

T h e  p r im a ry  s tru c tu re  is an aerated m a tr ix  o f h y d ro 
p h ilic  con s tituen ts  in  w h ic h  fa t pa rtic le s  are d ispersed.
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T e x tu re .  1. E a r ly  S ta g e s  o f  P o d  D e v e lo p m e n t

SUMMARY—The basic pattern of tisue origins is well estab
lished in the bean pod when the unopened flower bud is less 
than 3.0 mm long. An outer epidermis (protoderm) with many 
hair-like outgrowths forms the outermost tissue of the young 
pod. A subjacent layer one cell deep forms a hypodermis. 
Inwardly, a zone 8 to 10 cells deep  of enlarging and vacuo
lating cells forms the young outer parenchyma of the growing 
pod. Within the innermost half of this zone, the meristematic 
stage of vascular tissues (procambium) is differentiated.

An inner epidermis (protoderm) and an ill-defined hyoo- 
dermis line the pod cavity. The young inner epidermis is 
continuous with the outer epidermis of the young seed 
(ovule). Cell divisions in the inner epidermis and its hypo- 
dermal layer initiate an inner parenchyma and fiber sheath, 
respectively, approximately at the end of flowering. The inner 
parenchyma becomes extensive in early post-floral stages. At 
the same time, the initials of the fiber sheath become sharply 
differentiated by cell elongation at a 45° angle to pod 
length, and assume the characteristics of young fiber cells 
(sclereids).

Cell divisions cease first in the outer parenchyma, and most 
post-floral growth of this tissue is by cell enlargem ent. Cell 
divisions persist through early post-floral growth in the inner 
parenchyma, young fiber sheath, procambial tissues and outer 
epidermis. These differences in origin and rates of early 
developm ent of pod tissues foreshadow marked differentia
tion and structural specializations that are significant to 
textural qualities at culinary maturities.

INTRODUCTION
A lt h o u g h  t h e  c u l in a r y  q u a l it ie s  o f green beans 

have been w e ll in ves tig a ted  f ro m  the  v ie w p o in t o f process
ing , re la t iv e ly  l i t t le  a tte n tio n  has been accorded th e  re la 
tion sh ips  o f tissue s tru c tu re  to  te x tu re  prob lem s. A p p a r 
e n tly  th is  has been due to  the  p a u c ity  o f in fo rm a tio n  con
ce rn in g  the  deve lopm enta l sequence and d iffe re n tia tio n  o f 
the v a rio u s  pod tissues. N e a r ly  a ll pub lished  bo tan ica l 
l ite ra tu re  on the  deve lopm ent o f the  legum e pod  has em 
phasized the  m o rp h o lo g ica l in te rp re ta tio n  and eva lu a tion  
o f the  legum e as a f r u i t  s tru c tu re  (E sa u , 1965 ; H a y w a rd , 
1938 ). I n  such stud ies the  deve lopm ent o f the  vascu la r 
bund les, o r  co n d u c tin g  system , has been described in  de ta il.

V e ry  l i t t le  pu b lishe d  in fo rm a tio n  ex is ts  as to  o r ig in s  
and deve lopm ent o f the  so ft, pa renchym a tissues c o n s ti
tu t in g  m ost o f the  ed ib le  pod. Such in fo rm a tio n  shou ld  
be use fu l in  u n d e rs ta n d in g  the  v a rio u s  k in d s  o f tissue 
damage th a t o fte n  re s u lt w h e n  green beans are frozen  
(B ro w n , 1967 ; W o lfo rd  et a l., 1965) o r  are o th e rw ise  
processed.

T h e  tim e  and e x te n t o f deve lopm ent o f the  vascu la r 
bund les and o th e r f ib ro u s  tissues in  the  pod  like w ise  are 
s ig n if ic a n t to  the c u lin a ry  te x tu ra l q u a litie s  o f green beans.

T h e  cell w a lls  o f the  fib ro u s  tissues th ic k e n  g re a tly  and 
become lig n if ie d  on m a tu r ity ,  fo rm in g  the  to u g h  s tr in g s  
and the  pape ry  laye r. A lth o u g h  these tou gh , f ib ro u s  tissues 
have been m in im iz e d  in  deve lopm ent o f “ s tr in g le ss ”  v a r i
eties (C u rre n ce , 1930; K o o im a n , 1931 ; S ta rk  et a l., 
19 42 ), th e ir  com p os ition  and tim e  o f m a tu ra tio n  v a ry  ac
c o rd in g  to  v a r ie ty  and e n v iro n m e n t (K a ld y ,  1966 ; S in g h  
et a l., 19 66 ). I n  a d d itio n , changes induced  by  po s t-h a rve s t 
tem pe ra tu res  and p rocessing tre a tm e n ts  suggest need fo r  
fu r th e r  con s id e ra tio n  o f the  s tru c tu ra l d is tin c tio n s  between 
tissues w ith in  the pods (K a c z m a rz y k  et al., 1963 ; W a ta d a  
et a l., 1966a,b).

E v e n  the  ce ll w a lls  o f so ft, pa renchym atous  vegetab le 
tissues tend  to  toughen  w h en  p reserved  b y  d e h y d ra tio n  
because o f increased ce llu los ic  c ry s ta ll in i ty  ( S h im azu  et a l., 
1965 ; S te r lin g  et a l., 1 9 6 1 ). Such to u g h e n in g  can be p ro 
nounced in  f ib ro u s  tissues because th e y  are c h a ra c te r is ti
c a lly  sm a ll-ce lled  and consequently  co n ta in  a g re a te r 
a m o un t o f ce llu los ic  w a ll m a te ria l pe r u n it  vo lu m e  o f tissue 
th a n  does the  so ft, la rge -ce lled  pa renchym a.

T h e re  is l i t t le  h is to lo g ica l in fo rm a tio n  com p a rin g  the  
deve lopm ent o f these v a rio u s  tissues. F o r  exam ple , the 
de sc rip tions  o f S ta rk  et al. (1 9 4 2 ) o f th e  fib e r sheath do 
n o t in c lud e  the con com ita n t deve lopm ent o f the  soft, p a re n 
chym a tissues. S uch in fo rm a tio n  shou ld  a id  in  u n d e r
s tan d in g  the  re la tio n s h ip  o f tissue o rg a n iz a tio n  to  v a rio u s  
te x tu ra l defects in  processed beans. Because these tissues 
arise  a t d iffe re n t tim es d u r in g  pod  g ro w th , i t  is  fu r th e r  
p e rtin e n t to  cons ider th e ir  f u l l  course o f deve lopm ent. T h is  
f irs t  re p o r t  describes the  o r ig in s  and e a rly  g ro w th  o f pod 
tissues, be g in n in g  w ith  th e ir  d iffe re n tia tio n  in  the  bean 
flo w e r. T h is  approach also p e rm its  some s im p lif ic a tio n  o f 
c o n flic t in g  te rm in o lo g y  o ften  ap p lied  to  bean pod tissues. A  
second paper w i l l  com pare tissue cha rac te ris tics  w ith in  
pods a t c u lin a ry  m a tu r it ie s  w ith  p a r t ic u la r  re ference to  
te x tu re  p rob lem s.

MATERIALS AND METHODS
P ods r e pr ese n tin g  a l l  stages o f deve lopm ent, f ro m  

those in  f lo ra l buds to  the  onset o f d ry in g  and  rip e n in g , 
w e re  co llected f ro m  severa l com m on v a rie tie s  o f beans, 
in c lu d in g  C a lifo rn ia  sm a ll w h ite , C a lifo rn ia  red , and  p in to  
in  a d d itio n  to  “ s tr ing le ss ”  va rie tie s  o f b o th  ro u n d - and 
fla t-shape  pods. F lo ra l samples and q u a rte r- in c h - lo n g  
pieces o f y o u n g  pods w e re  k il le d  and f ix e d  24 h r  e ith e r in  
an aqueous c h ro m iu m  tr io x id e , acetic acid  and  fo rm a ld e 
hyde  s o lu tio n  ( C R A F )  o r  in  fo rm a lin  and acetic acid  in  
60%  e th y l a lcoho l ( F A E ) .  T hese w e re  then  dehyd ra ted , 
in f i lt ra te d  and em bedded in  p a ra ffin  b y  s tan da rd  proce
dures. Som e o f those k il le d  in  the  aqueous reagent w ere
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em bedded e ith e r in  C a rbo w ax , acco rd ing  to  the  m ethod  
o f R io p e l et al. (1 9 6 2 ) , o r  in  a m ix tu re  o f C a rb o w a x  and 
a p o ly v in y l acetate res in , b y  the  m e thod  o f R e id  et al.
(1 9 6 6 ) .

S ections w e re  c u t s e r ia lly  f ro m  em bedded sam ples w ith  
a ro ta ry  m ic ro to m e  a t th icknesses o f 7  to  15 pc, depend ing 
on ce ll size and  pod  age. M o u n tin g  and pe rm an en t s ta in in g  
was accom plished fo r  p a ra ffin  em bedded sections b y  an 
adap tive  schedule to  s u it m a tu r ity  con d itions , us in g  D e la - 
f ie ld ’ s h e m a to x y lin , sa fra n in  and fas t g reen (R eeve , 19 48 ). 
Sections f ro m  C arbow ax-em bedded sam ples w e re  sta ined 
w ith  a D e la fie ld ’s h e m a to x y lin  so lu tio n . Som e h a lf-g ro w n  
and o ld e r pods w e re  sectioned in  the  fre sh  c o n d itio n  at 
ab ou t 30 /x w ith  a s lid in g  m ic ro to m e . These w e re  sta ined 
w ith  a d ilu te  aqueous s o lu tio n  ( <  0 .1 % ) o f m ethy lene 
b lue  fo r  exa m in a tion .

RESULTS
Origin of the  pod

Som e con s id e ra tio n  o f the  o r ig in  o f the  bean pod serves 
to  c la r ify  te rm s  app lied  to  d iffe re n t tissues and  s tru c tu ra l 
fea tu res. T h e  bean pod  begins as an open crescentic  p r i-  
m o rd iu m  g ro w in g  u p w a rd  f ro m  the  g ro w in g  p o in t, o r  f lo ra l 
apex, w h ic h  produces the  flo w e r. T h is  e a rly  fo rm a tio n  
is s im ila r  to  th a t o f o th e r legum inous  pods (G oebe l, 1887; 
G ua rd , 1931 ; N e w m an , 19 36 ). T h e  open p r im o rd iu m  
soon closes, fro m  basal p o r tio n  u p w a rd , fo rm in g  a con- 
du p lica te  carpel.

O vu les  (y o u n g  seeds) develop in  separate row s  a long 
tw o  placentae o f th e  o v a ria n  p o r t io n  o f the  carpel. M o r 
p h o lo g ica lly , the  condup lica te  carpe l represents a leaf 
fo ld e d  a long  its  m id r ib , w ith  its  m a rg in s  fused and w ith  the 
tw o  halves o f its  up pe r surface fa c in g  and fo rm in g  the 
in n e r ca rpe l surface (B a ile y  et a l., 19 51 ). T h u s , the  in n e r 
ep id e rm is  o f the  pod  represents th e  upper, o r  v e n tra l, ep i
de rm is  o f the  leaf, and the  o u te r ep ide rm is  o f the  pod

F ig . 1. C r o s s -s e c t io n  o f  b ean  p o d  a t e d ib le  m a tu r i t y  s h o w in g  
e x t e n t  o f  in n e r  p a r e n c h y m a  a t  s i te  o f  a  se e d  a t ta c h m e n t , X 6; 
db — d o r s a l  b u n d le , eh — -o u ter e p id e r m is  a n d  h y p o d e r m ic , f s — fib e r  
s h e a th , ip — in n e r  p a r e n c h y m a , o— o v u le  o r  y o u n g  se ed , op — o u te r  
p a r e n c h y m a , v b — v e n tr a l  b u n d le s .

represents the  lo w e r, o r  do rsa l, ep ide rm is  o f the  leaf. T h e  
ep iderm ises o f b o th  carpe l and  leaf are thu s  con tinu ou s . 
I t  is also a p p ro p ria te  to  fu r th e r  de fine the  pod  edges on 
w h ic h  the  ovu les arise  as the  v e n tra l su tu re , each edge 
possessing a v e n tra l vascu la r bund le . T h e  oppos ite  o r  
m id r ib  side o f the  pod is like w ise  cons idered  to  be do rsa l 
and  the  m a in  vascu la r bu nd le  the re  is the  d o rsa l bu nd le  
(B a ile y  et a l., 1951 ; W ood cock , 19 34 ).

D e sp ite  these s im ila r itie s , d iffe rences in  the  pods o f com 
m on  legum es become ev ide n t d u r in g  the  course o f th e ir  
developm ent. F o r  exam ple, the  w a ll o f the  pea pod  rem a ins 
th in  by  com parison  w ith  the  fle sh y  green bean pod. T h is  
d iffe rence , as described la te r, is  due in  p a r t  to  a p ro lo n g a 
t io n  o f the  ce ll d iv is io n  phase o f g ro w th  a lon g  the  in n e r 
surface o f the  v e ry  you ng  bean pod. T h e  same s o rt o f 
g ro w th  g ives rise  to  the  in n e r pod  tissue  o f th e  lim a  bean, 
o ften  re fe rre d  to  b y  the  tra d e  as “ ice”  and  used as a c r i 
te r io n  o f ha rves t m a tu r ity  fo r  some va rie tie s  o f lim a  beans. 
I n  the  green bean pod th is  g ro w th  phase g ives  ris e  to  th e  
soft, tra n s lu ce n t tissue c o m p ris in g  the  in n e r p o r t io n  o f the  
pod  a t p r im e  m a tu r i ty  fo r  processing (F ig .  1 ) .  T h e  h is to 
genesis o f th is  tissue and its  d iffe re n tia tio n  f ro m  o th e r pod  
tissues w i l l  be described f irs t.

Floral stages of growth

T h e  basic p a tte rn  o f tissue deve lopm ent in  bean pods is 
c le a rly  ev ide n t in  f lo w e r buds severa l days be fore  actua l 
f lo w e rin g . F ig . 2 illu s tra te s  th is  degree o f tissue o rg a n iza 
t io n  in  cross-sectiona l v ie w  at abou t the  tim e  the  unopened 
petals have fo rm e d  a bu lbous s tru c tu re  abou t 2.5 to  3.0 m m  
long . T h e  o u te r ep ide rm is , o r  do rsa l p ro to d e rm , o f the  
carpe l th a t fo rm s  the  y o u n g  pod  is  w e ll de fined and 
possesses m any ep ide rm a l h a ir  o u tg ro w th s . E a r ly  d if fe r 
e n tia tio n  o f the  o u te r pa renchym a zone o f the  y o u n g  pod 
is ev ide n t b y  the  degree o f ce ll en la rgem e n t and m ore  
p ronounced  vacu o la tio n  o f its  cells. A n  in n e r pa renchym a 
zone has n o t y e t been fo rm ed .

T h e  im m e d ia te  sub -ep ide rm a l la ye r be tw een o u te r p a r 
enchym a and the  y o u n g  o u te r e p id e rm is  is de finab le  by  
ce llu la r cha rac te ris tics  and p o s itio n  (F ig .  3 ) .  I n  a d d itio n , 
i t  can be seen th a t the  cells o f the  in n e rm o s t la ye r ( F ig .  2 
and 3 )  appear n e a rly  iso d ia m e tr ic  in  cross-section  and 
th e ir  con tents  are dense b y  com parison  w ith  those o f the  
yo u n g  o u te r pa renchym a. T h is  in n e rm o s t la y e r is the 
in n e r p ro to d e rm  and respresents the  m e ris te m a tic  phase 
o f the  up pe r o r v e n tra l ep id e rm is  o f a leaf. A t  the  base 
o f F ig . 2 i t  can be seen th a t the  o u te r and in n e r p ro to d e rm  
o f the  v e ry  y o u n g  carpe l ( o r  p o d ) are con tinu ou s , fu s in g  
a long  the v e n tra l su tu re  on each side o f w h ic h  the  ovules 
a re  borne.

C e lls  im m e d ia te ly  in te r io r  fro m  the  in n e r p ro to d e rm  
are o f s im ila r  appearance, b u t fo rm  a less de fined la ye r 
(F ig .  3 ) .  T h e y  rep resen t a m e ris te m a tic  phase o f an 
in n e r o r v e n tra l hyp od e rm is . I n  a d d itio n , e a rly  p rocam - 
b ia l phases in  the  deve lopm ent o f la te ra l vascu la r bund les 
o f the  pod are ev ide n t in  the  in n e r reg ions  o f the  yo u n g  
o u te r pa renchym a. V e n tra l and do rsa l c a rp e lla ry  vascu la r 
bund les c o n ta in in g  a fe w  p ro to x y le m  elem ents a lso are 
p resen t in  the  s u tu re  and m id r ib  areas, re sp e c tive ly  (F ig .
2 ) ,  in  a c o m p a ra tiv e ly  advanced stage o f d iffe re n tia tio n . 
A l l  o f the  vascu la r tissues o f the pod w a lls  arise  w ith in
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F ig .  2 -5 . S e c t io n s  s h o w in g  e a r ly  f lo r a l  s ta g e s  in  c a r p e l d e v e lo p 
m e n t .  ( 2 )  C a r p e l f r o m  y o u n g  p o d  ca. 2 .5 -3 .0  m m  lo n g , X 102. 
(3 )  C a rp e l w a l l  a t  h ig h e r  m a g n if ic a t io n , s a m e  a g e , X 273 . N o te  
e n la r g e m e n t  a n d  v a c u o la t io n  o f  o u te r  p a r e n c h y m a  c e l ls ;  d v b — 
d o r s a l  v a s c u la r  b u n d le , h—h y p o d e r m is ,  ip d — in n e r  p r o to d e r m  ( o r  
e p id e r m is ) ,  o—o v u le , op— o u te r  p a r e n c h y m a , op d — o u te r  p r o to 
d e r m , p c l— p r o c a m b iu m  o f  la te r a l  b u n d le s ;  v b — v e n tr a l  v a s c u la r  
b u n d le s , v s — v e n tr a l  s u tu r e . ( 4 )  I n n e r  p o r t io n  o f  w a l l  o f  c a r p e l  
o f s a m e  a g e  X 407. N o te  n u c le a r  d iv is io n  “d ” in  th e  in n e r  
p r o to d e r m  a n d  u n d e r ly in g  ce lls . ( 5 )  I n n e r  p o r t io n  o f  w a l l  o f  
y o u n g  c a r p e l a t  t im e  o f  f lo w e r in g , X 407. N o t e  n u c le a r  d iv is io n s  
“d ”. i n  in i t ia ls  o f  th e  f ib e r  s h e a th  a n d  in n e r  p a r e n c h y m a , a lso  th e  
d e m a r k a t io n  b e tw e e n  th e s e  tis s u e s .

the  you ng  o u te r pa renchym a d u r in g  f lo ra l and e a rly  po s t
f lo ra l g ro w th . V a s c u la r bund les are neve r developed in  the  
in n e r pa renchym a zone.

A  v e ry  active  phase o f g ro w th  b y  ce ll d iv is io n  is in i t i 
ated in  the  in n e r p ro to d e rm  and the  sub jacen t hyp o d e rm a l 
la ye r w h en  the  f lo w e r bu d  is s t i l l  q u ite  sm all. T h is  is 
show n (F ig .  4 )  b y  nuc lea r d iv is io n s  in  the  yo u n g  pod 
o f a f lo w e r bu d  abou t 4  o r  5 m m  in  le ng th . D e riv a tiv e s  
f ro m  these d iv is io n s  e ve n tu a lly  fo rm  the  fib e r sheath and 
the  in n e r parenchym a. S h o r t ly  a fte r  the  flo w e r has 
opened and the yo u n g  pod, exc lus ive  o f its  s ty la r  p o rtio n , 
is  abou t 5 m m  long , b o th  the  in n e r p ro to d e rm  and its  
sub jacen t hyp o d e rm  have become m u ltila y e re d  (F ig .  5 ) 
by  ce ll d iv is io n s  in  p lanes p a ra lle l to  the  in n e r surface.

These  d iv is io n s  occu r a t a g re a te r ra te  in  the  d e riv a 
tives o f the  in n e r p ro to d e rm  tha n  in  the hyp o d e rm a l 
de riva tives . Som e d iv is io n s  p e rp e n d icu la r to  the  in n e r 
surface add ce lls to  a llo w  fo r  c irc u m fe re n tia l g ro w th  in  
b o th  layers. S im ila r  d iv is io n s  also c o n trib u te  to  g ro w th  
o f the  o u te r p ro to d e rm . I n  the  m eantim e , considerab le  
ce ll en la rgem ent and  occasional d iv is io n  occurs in  the

y o u n g  o u te r pa renchym a tissue. B y  the  end o f f lo w e r in g  
the  y o u n g  pod has m ore  th a n  doub led  in  cross-sectional 
d im ens ions ove r the  f irs t  stage described here (com pare  
F ig . 2, X 1 0 2 , w ith  F ig . 6, X 6 8 ) .

Post-floral growth

F u r th e r  d iffe re n tia tio n  betw een d e riva tive s  o f the  in ne r 
p ro to d e rm  and hyp od e rm  la ye rs  takes place ra p id ly . A s  
show n in  F ig . 5 and 6, h yp o d e rm a l d e riva tive s  ten d  to  
e longate in  d ire c tio n s  c irc u m fe re n tia l to  the  yo u n g  pod, 
even in  la te f lo ra l stages o f g ro w th . B y  the  tim e  the yo u n g  
pod, e x c lu d in g  its  s ty la r  p a rt, is  abou t 10 m m  lo n g  the

F ig s . 6 -1 0 . S ta g e s  in  e a r ly  p o s t - f lo r a l  d e v e lo p m e n t  o f  y o u n g  
c a r p e ls . ( 6 )  C r o s s -s e c t io n  o f  y o u n g  c a r p e l a t  s i te  o f  o v u le  a t ta c h 
m e n t  a n d  a t  e n d  o f  f lo w e r in g  X 6 8 . N o t e  th e  e a r ly  d i f fe r e n t ia t io n  
o f  f ib e r  s h e a th  ( f s )  a n d  in n e r  p a r e n c h y m a  ( ip )  in i t ia ls .  D a r k  
a re a s  j u s t  in s id e  th e  y o u n g  f ib e r  s h e a th  a re  o u te r  p a r e n c h y m a  
c e lls  r ic h  in  p h lo b o p h e n e s  (c o n d e n s e d  ta n n in s ) .  ( 7 )  V e r y  s l ig h t ly  
o ld e r  s ta g e  th a n  in  ( 6 )  a n d  s h o w in g  a n  in n e r  p o r t io n  o f  th e  y o u n g  
c a r p e l w a ll , X 203. d— n u c le a r  d iv is io n  in  s u r fa c e  ce ll o f  in n e r  
p a r e n c h y m a , f s — y o u n g  f ib e r  s h e a th , p c i— p r o c a m b iu m  o f  la te ra l  
b u n d le s . ( 8 -1 0 )  C r o s s -s e c t io n a l  v i e w s  o f  in n e r  p o r t io n s  o f  a  
y o u n g  c a rp e l w i t h  p o d  a b o u t  2  c m  lo n g , X 203. d — n u c le a r  d iv i 
s io n , f s — y o u n g  f ib e r  s h e a th , (8 )  N e a r  d is ta l  ( s t y la r )  en d  o f  ca rp e l  
c a v i ty ,  s h o w in g  c lo s u r e  o f  in n e r  p a r e n c h y m a . ( 9 )  J u s t  b e y o n d  s i te  
o f  o v u le  a t ta c h m e n t ,  n e a r in g  c lo s u r e  o f  o v u le  o r  s e e d  c a v i ty :  n o te  
e lo n g a tio n  o f  f ib e r  s h e a th  in i t ia ls .  (1 0 )  N e a r  s i te  o f  o v u le ;  n o te  
t ie r in g  o f  in n e r  p a r e n c h y m a  in it ia ls .
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hyp o d e rm a l d e riva tive s  are d is t in c t ly  e longate and n a rro w  
b y  com parison  w ith  the  de riva tive s  f ro m  the  in n e r p ro to 
de rm . C e lls  o f the  la tte r  con tinue  to  d iv id e  in  planes bo th  
p e rp e n d icu la r to  and p a ra lle l w i th  the  in n e r surface o f 
the  pod  c a v ity  (F ig .  7 ) .

Som e o f the  e a rly -fo rm e d  de riva tives  f ro m  the  in n e r 
h yp od e rm is  appear to  c o n trib u te  to  pa renchym atous 
tissue be tw en th is  la ye r and the la te ra l p ro vascu la r 
bund les in  the  o u te r parenchym a. H o w e v e r, m ost o f 
the  en su ing  ce ll d iv is io n  and e lon ga tio n  in  hyp od e rm a l 
de riva tives  appear to  occu r in  planes s lig h t ly  ob lique  
to  the  in n e r surface o f the  pod. T h u s , th e ir  ap 
pearance in  sectiona l v ie w  va ries  a t d iffe re n t cross- 
sectiona l leve ls in  the  y o u n g  pod  (F ig .  7 -1 0 ) .  These 
d e riva tive s  are yo u n g  sclereids th a t la te r become the fib e r 
sheath separa ting  the  o u te r fro m  the  in n e r pa renchym a 
tissues o f the  pod as show n in  F ig . 1 (c f. S ta rk  et al., 
1942 ). D e r iv a tiv e s  fro m  the in n e r p ro to d e rm  are m ore 
ex te n s ive ly  developed between the ovu les and a t the d is ta l 
and basal ends o f th e  pod c a v ity  tha n  in  the pod w a ll 
areas opposite  the  ovu les (F ig .  7 -1 0 ) .

W ith in  re la t iv e ly  few  days a fte r  f lo w e rin g , e longation  
o f f ib e r sheath in it ia ls  is p ronounced  and appears to  be at 
abou t a 45° angle to  the  pod basis. B y  the  tim e  the you ng  
pod is f ro m  2 to  3 m m  w ide , the  fib e r sheath in it ia ls  
average abou t 10 o r 12 in  w id th  and 50 to  100 g. o r 
m ore  in  le n g th  (F ig .  1 1 ). “ T ra n s it io n ”  cells, sho w in g  
cha rac te ris tics  be tw een the  fib e r sheath cells and the pa ren 
chym a, occu r on e ith e r side o f the  y o u n g  fib e r sheath. 
M o s t o f these tra n s it io n  fo rm s  are s lig h t ly  e longated. 
T h e y  are m ost ab undan t on the  o u te r pa renchym a side 
(F ig .  1 1 ).

O th e r c lose ly  associated cells o f a m ore  parenchym atous 
n a tu re  are s lig h t ly  e longated a t r ig h t  angles to  the  fib e r 
sheath cells. S ta rk  et a l. (1 9 4 2 ) have described the fib e r 
sheath as “ in n e r m esocarp”  and state th a t the  cells are 
o rien te d  le n g th w ise  “ a t an ob lique  angle to  the  le n g th  
o f the pod, p o in tin g  in  the  d ire c tio n  o f the  s ty la r  end fro m  
the do rsa l su tu re  . . . cu rved , fo llo w in g  the  c u rv a tu re  of 
the  carpe l fro m  s u tu re  to  su tu re .”  O bse rva tions  in  the 
presen t stud ies c o n firm  th is .

W h e n  the  yo u n g  po d  is abou t 2.5 m m  w ide , o r about
3.5 m m  in  d o rs i-v e n tra l d im ens ion , cross-sectiona l v iew s 
show  the  in n e r pa renchym a to  consis t o f 10 o r  m ore  fa ir ly  
re g u la r tie rs  o f cells in  the  pod sides opposite  the  ovules 
(F ig .  1 2 ). A t  th is  stage the in n e r pa renchym a is m ore 
extens ive  th a n  o u te r, e a rlie r-d iffe re n tia te d  parenchym a. 
T h e  in n e r surface o f the  in n e r pa renchym a consists o f 
sm a ll cells, and the  yo u n g  fib e r sheath cells fo rm  a d is tin c t 
bo u n d a ry  o f v e ry  n a rro w  cells abou t 3 o r 4 deep between 
the in n e r and o u te r pa renchym a tissues.

Som e ce ll d iv is io n s  con tinu e  to  take place in  the  you ng  
in n e r pa renchym a fo r  a s h o rt t im e  w h ile  ce ll en la rgem ent 
proceeds. B y  the  tim e  the  yo u n g  pod  is abou t 5 m m  w ide , 
o r 6 m m  in  d o rs i-v e n tra l d im ens ion , the  in n e r pa renchym a 
m ay be 30 to  40 o r  m o re  cells deep and the tie r in g , due 
to ce ll d iv is io n s  p a ra lle l to  the  in n e r surface, is no longer 
obv ious  (F ig .  1 4 ). I n  areas betw een you ng  seeds, the 
in n e r pa renchym a has undergone even m ore  extens ive  
g ro w th  and the in n e r surface ce lls e ith e r fo rm  a m u tu a l 
b o u n d a ry  betw een halves o f the pod, o r  become fused in

F ig . 1 1 -1 4 , (1 1 ) .  S e c t io n  f r o m  C a r b o w a x - e m b e d d e d  sa m p le  
c u t ta n g e n t ia l ly  to  y o u n g  p o d  s u r fa c e  a n d  th r o u g h  y o u n g ,  e lo n 
g a t in g  f ib e r  s h e a th  ce lls , X 102. Y o u n g  p o d  ca. 3 .0  m m  z v id e ;  
f s — fib e r  s h e a th  in it ia ls , op— o u te r  p a r e n c h y m a ;  n o te  s o m e  y o u n g  
o u te r  p a r e n c h y m a  ce lls  a p p e a r  e lo n g a te d  a t  r i g h t  a n g le s  to  f ib e r  
s h e a th  in it ia ls . (1 2 )  C r o s s -s e c t io n  f r o m  y o u n g  p o d  a b o u t 3 .0  m m  
w id e  e m b e d d e d  in  C a r b o w a x  a n d  s h o w in g  e x t e n t  o f  in n e r  a n d  
o u te r  p a r e n c h y m a , X 34. f s — fib e r  s h e a th , h —h y p o d e r m is ,  ip — 
in n e r  p a r e n c h y m a , lb— la te r a l b u n d le s , o—o v u le , oe— o u te r  e p i
d e r m is ,  op — o u te r  p a r e n c h y m a . (1 3 -1 4 )  C r o s s -s e c t io n s  f r o m  y o u n g  
p o d  a b o u t 5 m m . zv ide e m b e d d e d  in  C a r b o iv a x . (1 3 )  X 20  a t  s i te  
o f o v u le  a t ta c h m e n t .  (1 4 )  X 2 7 ;  b e tw e e n  o vu le s .

the  m ore  d is ta l reg ions o f the y o u n g  pod  ( F ig .  1 4 ). 
F u r th e r  g ro w th  beyond th is  stage appears to  be e n tire ly  
due to  ce ll en la rgem en t except fo r  occasional ce ll d iv is io n s  
in  the  o u te r ep ide rm is  and in  the  y o u n g  vascu la r bund les. 
T h e  yo u n g  pod by  th is  tim e  m ay be abou t 5 cm  in  le ng th , 
depend ing upon  v a r ie ty  and e n v iro n m e n ta l con d itions  
in flu e n c in g  its  g ro w th  ra te.

DISCUSSION
T h is  is  be lie v e d  to be the f irs t  de ta iled  accoun t o f the  

o r ig in s  and e a rly  deve lopm ent o f the  m a jo r  tissue zones 
o f the  green bean pod. E a r l ie r  pu b lica tio n s  have de
scribed the  deve lopm ent and o rg a n iz a tio n  o f the  vascu la r 
bund les in  legum es, bo th  in  re la tio n  to  ca rpe l e vo lu tio n  
(B a ile y  et a l., 1951 ; E sau , 1965 ; and W ood cock , 1935) 
and  in  re la tio n  to  “ s tr in g in e ss ”  o f the  green bean po d  
(Joosten, 1927 ; K o o im a n , 19 31 ). A  b r ie f, com p ara tive  
s tud y  o f the  deve lopm ent o f the  fib e r sheath in  several 
va rie tie s  also has been pub lished  (S ta rk  et a l., 1 9 4 2 ). T h e  
o r ig in s  and d iffe re n tia tio n  o f the  so fte r, pa renchym atous  
tissues and specia lized sk in  tissues have rece ived l i t t le
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a tte n tio n  in  m odern  p la n t anatom y. Such tissues com prise  
the b u lk  o f th e  bean pod  a t ed ib le  m a tu r ity .  T h e y  d iffe r  
in  com pos ition  as w e ll as in  w a ll s tru c tu re  and m o rp h o l
ogy, and these d is tin g u is h in g  fea tu res fu r th e r  re la te  to  the 
te x tu re  defects encountered in  processing. Because o f 
d iffe re n t tim es o f o r ig in  and ra tes o f m a tu ra tio n , these 
tissues also respond d iffe re n t ly  to  e n v iro n m e n ta l fac to rs  
a ffec ting  th e ir  deve lopm ent (K a ld y ,  1966 ; S in gh  et a l.,
1966).

In  a d d itio n  to  the basic p a tte rn  o f tissue o rg a n iza tio n  
w e ll established be fore  flo w e rin g , e a rly  d iffe re n tia tio n  o f 
the o u te r pa renchym a cells b y  en la rgem en t and vacuo la - 
t io n  a t o r  be fore f lo w e r in g  establishes th is  tissue as h is to 
lo g ic a lly  o lde r tha n  the  o th e r pod tissues, in  w h ic h  g ro w th  
by ce ll d iv is io n  con tinues  fo r  a m uch lo ng e r tim e . These 
e a rly  d is tin c tio n s  in it ia te  the  la te r ce ll d iffe re n tia tio n  and 
specia liza tions th a t are p ronounced  by  the  tim e  the pod 
reaches ed ib le  m a tu r ity .

T h e  o r ig in  o f the  in n e r pa renchym a fro m  the in n e r 
p ro to d e rm  o f the carpe l b y  ce ll d iv is io n  is in  un ique  con
tra s t to  the e a rly  d iffe re n tia tio n  o f the o u te r parenchym a. 
O r ig in  o f the fib e r sheath fro m  ce ll d iv is io n s  in  the  cells 
im m e d ia te ly  sub jacen t to  the in n e r p ro to d e rm , and th e ir  
subsequent d iffe re n tia tio n  by  c e llu la r  e longa tion , are lik e 
w ise un ique  deve lopm enta l fea tures. T h is  sequence o f 
deve lopm ent appears to  d if fe r  fro m  observa tions o f S ta rk  
et al. (1 9 4 2 ) w h o  fo llo w e d  pod deve lopm ent o n ly  fro m  
anthesis on w a rd . T h e y  state th a t the  fib e r sheath, o r 
“ in n e r m esocarp d iffe re n tia te s  fro m  p a r e n c h y m a to u s  
tissues.

“ T h e  v a r ie ty  B o u n t ifu l e xh ib its , a t the  date o f anthesis, 
a s ing le -ce lled  layer, separate and d is tin c t f ro m  the tissue 
on e ith e r side, w h ic h  is the  in it ia l o f the  in n e r m esocarp. 
G ia n t S trin g le ss  G reen P od , at the date o f anthesis, shows 
no such p ro m in e n t separa tion  o f tissues, and a ll cells are 
pa renchym atous and o f the  same size.”  O n  the c o n tra ry , 
i t  is ev iden t f ro m  p re -an thes is  stages in  p resen t stud ies 
th a t the  basic p a tte rn  o f the  tissue o r ig in s  in  the  pod is 
w e ll established w hen the f lo w e r buds a re  q u ite  sm all.

C e ll size d iffe rence  betw een the  y o u n g  o u te r pa renchym a 
and o th e r tissues in  the  carpe l w e re  like w ise  ev ide n t before 
anthesis in  a ll v a r ie tie s  s tud ied . A lth o u g h  S ta rk  et al. 
a p pa ren tly  described a la te r stage tha n  th a t o f in it ia t io n  
o f in n e r pa renchym a and fib e r sheath, i t  is possib le some 
va rie tie s  m ay d if fe r  as to  t im e  o f in it ia t io n  o f these tissues, 
o r the  d iffe rence  m ay  re la te  to  g ro w in g  con d itions .

E n la rg e m e n t and vacu o la tion  o f the  o u te r pa renchym a 
cells c h a ra c te r is tic a lly  occu rred  v e ry  e a rly  in  a ll va rie tie s  
and d iffe re d  o n ly  as to  ex te n t, u s u a lly  be ing  s lig h t ly  m ore 
advanced in  f la t th a n  in  ro u n d  pods, and in  d ry  seed 
va rie tie s  tha n  in  o thers. In it ia t io n  o f the  fib e r sheath by 
d iv is io n  o f cells sub jacen t to  the  in n e r p ro to d e rm  was 
cha rac te ris tic , and d iffe rences betw een va rie tie s  w ere  
m a in ly  in  the ra tes o f th e ir  subsequent g ro w th  by  cell 
e longation . T h is  v a r ia t io n  also cou ld  be in fluenced  by 
g ro w in g  con d itions . T h e  m a jo r  d is tin c t io n  between v a r i
eties w ith  respect to  the  in n e r pa renchym a was in  the 
g re a te r e x te n t o f its  deve lopm ent in  “ s tr ing le ss ”  ed ib le  
pod va rie tie s  tha n  in  those u s u a lly  g ro w n  fo r  d ry  beans, 
and also the  m ore  extens ive  deve lopm ent o f th is  tissue 
in  rou nd -pod de d  th a n  in  f la t-po dd ed  va rie tie s .

A  con fus ion  o f te rm in o lo g y  ex is ts  in  m uch  o f the  li te r -  
tu re  on pod ana tom y to  w h ic h  food  scientists m ust re fe r. 
S im p lif ic a tio n  o f th is  te rm in o lo g y  is possib le b y  e lim in a t
in g  te rm s  used fo r  sub m orp ho log ica l d iv is io n s  o f the  carpel 
o r  pod w a ll. F o r  exam ple, on  the  basis o f tissue h is to 
genesis, the in n e r pa renchym a, a r is in g  fro m  the in ne r 
p ro to d e rm , cou ld  be de fined as a m u ltip le  ep iderm is  
fo rm in g  the endocarp o f the  pod. W in to n  et al. (1 9 3 5 ) 
cons ider th is  an in n e r m esocarp w ith o u t re g a rd  to  its  
o r ig in . T h e  fib e r sheath, how ever, seems reasonab ly  de
finab le  as an in n e r m esocarp, in  agreem ent w ith  S ta rk  
et al. (1 9 4 2 )— o r s im p ly  as m esocarp, i f  taken  toge the r 
w ith  the  o u te r parenchym a. S ta rk  et al. cons ide r the 
o u te r pa renchym a and o u te r ep id e rm is  to  be exocarp .

In  a s tr ic te r  m o rp h o lo g ica l sense, the  te rm  exocarp  is 
u s u a lly  app lied  to  the  o u te r ep ide rm is , in  keep ing  w ith  
the  te rm  endocarp fo r  in n e r e p id e rm is  (S te r lin g , 1953). 
H o w e v e r, these d is tin c tio n s  are m ore  a r t if ic ia l tha n  n a tu ra l 
and th e ir  h o m o logy  breaks do w n  w hen app lied  to  o th e r 
fru its .  F o r  these reasons, the in c lu s ive  te rm  pe rica rp  
seems best to  use fo r  a ll tissues c o m p ris in g  the  carpe l o r  
f r u i t  w a ll (E sa u , 19 65 ). I n  the  bean po d  th is  inc ludes a ll 
tissue fro m  o u te r e p id e rm is  to  the  c a v ity  lin in g  (F ig .  1 ). 
O ne m ay  then  ap p ly  the  a p p ro p ria te  de sc rip tive  te rm s fo r  
the  specia lized ce ll types th a t become d iffe re n tia te d  w ith in  
the  p e rica rp  d u r in g  g ro w th  and m a tu ra tio n .
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H is to lo g ic a l  D e v e lo p m e n t  o f  th e  G r e e n  B e a n  P o d  a s  R e la te d  to  

C u l in a r y  T e x tu re .  2 . S t r u c tu r e  a n d  C o m p o s it io n  a t  E d ib le  M a t u r i t y

SUMMARY—The different tissues of the green pod exhibit a 
wide range in cellular structure and composition at edible ma
turities. Large substomatal spaces and intercellular spaces in 
outer parenchyma and thick-walled hypodermis contribute to 
cell separation or sloughing when the beans are cooked. Cells 
of the outer parenchyma contain numerous starch granules, 
are thicker walled than the inner parenchyma cells, and usu
ally are not torn as a result of freezing. Cells of the inner 
parenchyma are thin-wailed and form a compact, succulent 
tissue with only minute intercellular spaces. Slow rates of 
freezing result in radial cracks often extending into the young 
fiber sheath lying between the inner and outer parenchyma 
zones. With more rapid freezing small cracks sometimes 
appear only in close association with the immature fiber sheath 
cells.

Prolonged immersion freezing usually results in radial 
splitting throughout all tissues without respect to differences 
in structure and composition. In pods overly mature for culi
nary use wall thickening and lignification of sheath sclereids 
and sclereid caps contribute to toughness and stringiness. 
O ther histological aspects of texture qualities involve growth 
environment and postharvest conditions.

INTRODUCTION
T h e  o r ig in s  a n d  e a r ly  d e v e lo p m e n t  o f pod tissues 

w e re  described in  P a r t 1 o f th is  s tu d y  and i t  was em pha
sized th a t the  basic p a tte rn  o f tissue d iffe re n tia tio n  is v e ry  
w e ll established in  v e ry  e a rly  stages o f f lo w e r bu d  deve lop
m en t (R eeve  et al., 1 9 6 8 ). I n  b r ie f, the  in n e r so ft pa ren 
chym a o f the  pod arises fro m  the in n e r ep id e rm is  o r  p ro 
to d e rm  by  ce ll d iv is io n  be fore  the  f lo w e r has opened. A t  
the  same tim e , the  fib e r sheath o f o v e r-m a tu re  pods arises 
f ro m  cells im m e d ia te ly  sub jacen t to  the  you ng  in n e r ep i
de rm is . C e lls  o f the  o u te r pa renchym a tissues o f the  pod,

a lrea dy  e n la rg in g  and becom ing  no ticea b ly  vacu o la te  
be fore  f lo w e rin g , have v ir tu a lly  ceased to  d iv id e  a t tim e  
o f f lo w e r open ing  o r s h o rtly  th e re a fte r. These d iffe rences 
in  tim es o f o r ig in  and subsequent ra tes o f tissue m a tu ra 
t io n  re n d e r the  pod susceptib le to  e n v iro n m e n ta l fa c to rs  
th a t in fluence  com pos ition , fib e r con ten t, and c u lin a ry  
q u a lity  a t ed ib le  m a tu r i ty  (K a ld y ,  1966 ; W a ta d a  et a l., 
1966a,b). T h e  m a in  fea tu res o f these la te r  d iffe rences in  
s tru c tu re  and com p os ition  o f the  v a rio u s  tissues a re  de
scribed in  the  p resen t com m u n ica tion , w ith  specia l re fe r 
ence to  fre e z in g  dam age and o th e r te x tu ra l qua lities .

MATERIALS AND METHODS
H isto lo g ic al  p r ep ar a tio n  of s a m p le s  b y  the  p a ra ffin  

and C a rb o w a x  techniques w e re  as p re v io u s ly  described 
(R eeve  et a l., 1968 ). I n  a d d itio n  some sections w e re  
cu t d ire c t ly  fro m  fresh , m a tu r in g  pods, us in g  a s lid in g  
m ic ro tom e. H is to ch e m ica l tests w e re  m ade p r in c ip a lly  
upon  fresh  sections. These in c lud ed  the  p h lo ro g lu c in o l-  
h y d ro c h lo r ic  acid  and the c h lo r in e -s u lf ite  m ethods fo r  
lig n in  (Jensen, 1962 ), B ia l ’s o rc in o l m e thod  fo r  pentosans 
(R eeve , 1946a), and the fe r r ic  h y d ro x a m a te  rea c tion  fo r  
es te rified  pectins (G ee et a l., 1959 ; Reeve, 19 59 ). P re p a 
ra tio n  o f sections fro m  samples re p re se n tin g  d iffe re n t 
fre e z in g  trea tm e n ts  was as p re v io u s ly  described (B ro w n , 
1967 ; W o lfo rd  and B ro w n , 1965).

RESULTS
Inner and outer parenchyma

F ig . 1 illu s tra te s  the  deve lopm ent o f a pod  a t e a rly  
ed ib le  m a tu r ity ,  o r  abou t 8 m m  in  w id th . T h e  ce lls o f 
the  o u te r ep id e rm a l and hyp o d e rm a l laye rs  a re  m ore
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F ig . 1 - 6 .  T i s s u e s  o f  b ea n  f o d  a t  ed ib le  m a tu r i t ie s .  ( 1 )  C r o ss -  
s e c t io n , X 2 5 ;  p o d  8  c m  zv id e , m e d iu m  m a t u r i t y ; f s — fib e r  s h e a th ,  
h —h y p o d e r m is ,  ip — in n e r  p a r e n th y m a , lb — la te r a l b u n d le , oe— -o u ter  
e p id e r m is ,  op— o u te r  p a r e n c h y m a . ( 2 )  C r o s s -s e c t io n  f r o m  C a r b o -  
w a x -e m b e d d e d  sa m p le  a b o u t  m e d iu m  m a tu r i t y  s h o w in g  p a p illa te  
c e lls  o f  in n e r  s u r fa c e  a n d  th e ir  in te r lo c k in g  a s  o c c u r r in g  a t  th e  
e n d s  o f  th e  p o d  c a v i ty  a n d  d o r s a l ly  n e a r  th e  se e d  c a v it ie s , X 68. 
( 3 )  T a n g e n t ia l  s e c t io n  th r o u g h  la te r a l b u n d le  a re a  o f  o u te r  p a r e n 
c h y m a  in  p o d  o f  m e d iu m  m a tu r i t y ,  X 1 5 0 ;  p  —  zv a ll p i ts ,  s  — 
s ta r c h , x  — x y l e m  o f  la te r a l  b u n d le . ( 4 )  T a n g e n t ia l  s e c tio n  
th r o u g h  la r g e r  o u te r  p a r e n c h y m a  c e lls  s h o w in g  w a l l  p i t s  ( p )  in  
s e c tio n a l a n d  s u r fa c e  v ie w s ,  X  102. N o t e  p r o to p la s m ic  s t r a n d s  
( p s )  n e a r  a  p i t ;  s  — s ta r c h . (5 )  T a n g e n t ia l  s e c t io n  th r o u g h  f ib e r  
s h e a th  s c le r e id s  o f  a  p o d  a t  o r  n e a r  en d  o f  ed ib le  m a tu r i t y ,  X 407 . 
N o te  b o r d e r e d  p i t s  ( p )  o f  th ic k e n e d  zva lls , c r y s ta ls  ( c )  a n d  ta p e r e d  
e n d s  o f  s c le r e id s . ( 6 )  T a n g e n t ia l  s e c t io n  th r o u g h  tr a n s i t io n  ce ll 
a re a  o f  f ib e r  s h e a th , X 203. N o te  c r y s ta ls  ( c )  a n d  b lu n t  e n d s  o f  
cells .

h e a v ily  stained, because o f th e ir  th ic k e r w a lls , tha n  the 
u n d e r ly in g  pa renchym a tissue. A  w id e  range in  ce ll size 
and  shape is ev ide n t in  the o u te r pa renchym a w ith  m uch 
sm a lle r ce lls o c c u rr in g  im m e d ia te ly  beneath the h y p o 
de rm is  and also m ore  e x te n s ive ly  in  the  area in  w h ic h  the 
la tte r  vascu la r bund les o f the  pod  develop.

T h e  cells o f the  in n e r pa renchym a tend  to  he m ore 
u n ifo rm  in  size and shape, fo rm in g  a m ore  com pact tissue 
th a n  the  cells o f the  o u te r parenchym a. I n  some pods the  
in n e r pa renchym a cells are on the  average sm a lle r tha n  
those o f the  o u te r p a re n ch ym a ; in  o th e r pods, they tend

to  be la rg e r. These diffe rences in  ce ll size w ith in  a v a r ie ty  
p ro b a b ly  re fle c t d iffe rences in  g ro w in g  con d itions  a t the 
tim e  o f g ro w th  by  ce ll en la rgem ent. In te rc e llu la r  spaces 
are u n ifo rm ly  v e ry  m in u te  in  the  in n e r parenchym a. T h e  
cells l in in g  the  pod c a v ity  are m o re  v a ria b le  in  shape and 
do n o t fo rm  a d iscre te  laye r. I n  th e ir  n a tu ra l cond itions, 
as seen b o th  in  fre sh  sections and those cu t f ro m  C arbo- 
w ax-em bedded sam ples, m an y  o f these in n e rm o s t ce lls are 
p a p illa te  a t sites opposite  the  seeds. W h e re  opposite  sides 
o f the  pod  m eet, these p a p illa te  cells are in te r lo c k in g , o r 
appear to  be fused (F ig .  2 ) .

C h lo ro p la s ts  are presen t in  the  o u te r pa renchym a, ap
p e a rin g  v e ry  e a rly  in  pod deve lopm ent, and occu r m ost 
a b u n d a n tly  in  the  o u te r and m id d le  reg ions o f th is  zone. 
T h e  in n e r parenchym a, u s u a lly  la c k in g  in  green p igm e n t, 
con ta ins no obv ious  ch lo rop las ts . I n  some va rie tie s  a 
fa in t g reen p ig m e n ta tio n  occurs and a p p a re n tly  ru d im e n 
ta ry  ch lo rop las ts  are present.

V e ry  sm a ll rou nd ed  and som etim es a n g u la r s ta rch  g ra n 
ules are abundant, p a r t ic u la r ly  in  the  m id d le  and in n e r
m ost ce lls o f the  ou te r pa renchym a (F ig .  3 and 4 ) .  These 
appear as the  pod undergoes ra p id  e lon ga tio n  be fore h a r
vest m a tu r ity  is reached. T h e y  are nu m ero us  d u r in g  
ed ib le  m a tu r ity  stages and  some are presen t as the  pod 
begins to  rip en . W in to n  et al. (1 9 3 5 ) cons ider starch 
g ranu les  to  be tra n s is to ry .

A lth o u g h  s ta rch  m ay disappear in  the r ip e n in g  process, 
the  g ra nu les  w ere  a lw ays  fo u n d  in  the  presen t s tu d y  to 
be ab undan t d u r in g  ed ib le  m a tu r i ty  stages o f pod  deve lop
m ent. I t  is reasonable th a t the  am o un t o f s ta rch  present 
va ries  m a in ly  acco rd ing  to  the  co n d itio n s  th a t in fluence  
p h o to syn th e tic  rates. A  fe w  v e ry  sm a ll s ta rch  g ranu les  
w e re  observed in  the  in n e r pa renchym a cells o f some pods, 
b u t s ta rch  storage does n o t appear to  be c h a ra c te ris tic  o f 
th is  zone.

T h e  o u te r and in n e r pa renchym a ce lls also d if fe r  in  
degree o f ce ll w a ll deve lopm ent. A s  re p o rte d  e a rlie r 
(R eeve  et a l., 1968) the  o u te r pa renchym a is w e ll d if fe r 
en tia ted  b y  ce ll en la rgem ent and v a cu o la tio n  d u r in g  f lo ra l 
stages before the  in n e r pa renchym a has been in it ia te d . 
T h u s , a t ed ib le  m a tu r ity ,  the  o u te r pa renchym a m ay  be 
considered h is to lo g ic a lly  m o re  m a tu re  th a n  the in n e r 
pa renchym a. T h e  ce ll w a lls  o f the  o u te r pa renchym a are 
th ic k e r  and sta in  m o re  in tense ly  w ith  D e la fie ld ’s tha n  
those o f the  in n e r parenchym a.

P r im a ry  p it  fie lds  are p ronounced  and ab undan t in  the 
m a lls  o f the  o u te r pa renchym a ce lls (F ig .  3 and 4 ) .  These 
are v e ry  th in , m in u te , ova l areas in  the  p r im a ry  w a lls  o f 
p la n t ce lls th ro u g h  w h ic h  p ro to p la sm ic  s trands (p lasm o- 
desm ata) connect the  p ro to p las ts  o f a d ja cen t ce lls th ro u g h  
a v e ry  th in  ne t o f ce llu los ic  m ic ro fib r ils  (E s a u , 1965 ). 
P r im a ry  p i t  fie lds  also are p resen t in  the  w a lls  o f the 
in n e r pa renchym a cells b u t are less d is tin c t in  sta ined 
sections because the w a lls  o f these ce lls are th in n e r  than  
those o f the  o u te r pa renchym a. I n  a d d itio n , the  com pound 
m id d le  la m e lla r reg ions o f the  w a lls  o f the  o u te r pa ren 
chym a g ive  a m o re  in tense fe r r ic  h y d ro x y m a te  c o lo r reac
t io n  fo r  pections th a n  do those o f the  in n e r parenchym a.

Fiber sheath  and vascular bundles

I n  a ll pods o f yo u n g  ed ib le  m a tu r i ty  exam ined , the 
yo u n g  sclere ids o f the  fib e r sheath had n o t ye t developed
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any extens ive  secondary w a ll th icke n in g . I n  the younger 
o f these pods the  w a lls  o f the  fib e r sheath sclereids w ere  
a c tu a lly  th in n e r  th a n  those o f pa renchym a tissues on e ith e r 
side. S econdary w a ll th ic k e n in g  o f the  sclere ids was n o t 
c le a rly  ev iden t u n t i l  the  pods w ere  in  la te r stages o f ed ib le  
m a tu r ity .  C h a ra c te ris tic  w a ll th ic k e n in g  was c le a rly  e v i
de n t w hen the  pods w ere  o v e r ly  m a tu re  and ju s t  beg in 
n in g  to  toughen (F ig .  5 ) .

T h e  secondary w a lls  o f these sclereids possess x-shaped 
bo rde red  p its . T h is  fo rm  o f p it  consists o f a n a rro w , le n 
t ic u la r  gap in  the  w a ll o f one sc le re id  o rien te d  a t an angle 
to  a s im ila r  gap in  the w e ll o f the  ad ja cen t sc le re id  (E sau ,
19 65 ). A t  m a tu r ity  these fib e r sheath sclereids, u su a lly  
w ith  tapered ends, range fro m  15 to  30 in  w id th  and 
300 to  500 g  o r  m ore  in  le ng th . A s  p re v io u s ly  rep o rted  
(R eeve  et a l., 1968 ), they are o rien te d  le ng th w ise  and 
d o rs i-v e n tra lly  to  the pod a t abou t a 45° angle. T h is  
o r ie n ta tio n  is a p p ro x im a te ly  a t r ig h t  angles to  th a t o f the 
e longated hyp o d e rm a l cells, to  be described la te r.

A ssoc ia ted  w ith  the  fib e r sheath sc lere ids is an asso rt
m en t o f s h o rte r e longated tra n s it io n  cells th a t range up to  
50 g  in  w id th  and fro m  100 to  200 g  in  le n g th  and are 
o rien te d  pa ra lle l w ith  the  sclereids. These have b lu n t to  
s lig h t ly  tapered ends and th e ir  secondary w a lls  possess 
bo rde red  p its  m a tch in g  those o f the sclereids. M a n y  con
ta in  c rys ta ls  (F ig .  6 ) .  These tra n s it io n  fo rm s  are m ost 
h ig h ly  developed on the  o u te r pa renchym a side o f the  fib e r 
sheath w here  the y  e x h ib it  a w id e  range  in  size and shape. 
D e ve lo pm e n t o f t ra n s it io n  fo rm s  is m uch  less pronounced  
on the  in n e r pa renchym a side o f the  fib e r sheath.

T h e  fib e r sheath w as less developed, w ith  respect to  pod 
size, in  those va rie tie s  b re d  fo r  c u lin a ry  use as green 
beans th a n  in  those g ro w n  fo r  d ry  seed. T h is  w o u ld  in d i
cate a p ro lo n g a tio n  o f the  m ore  succu lent stages o f g ro w th  
in  the fo rm e r, w ith  a co m p a ra tive ly  m ore  extens ive  
deve lopm ent o f the  so fte r pa renchym a tissue. W h e n  fu l ly  
developed, the  w a lls  o f the  fib e r sheath sclere ids o f bo th  
types o f beans gave p o s itive  reactions to  lig n in  and pen to 
san tests.

S ta rk  et al. (1 9 4 2 ) , us ing  the  p h lo ro g lu c in o l tes t fo r  
b o th  lig n in  and hem ice llu loses, re p o rte d  p o s itive  reaction  
fo r  xy la n -a ra b a n  hem ice llu lose b u t nega tive  fo r  lig n in . 
T h is  m ethod , how ever, m ay n o t be as selective as those 
used here bcause i t  depends on heat tre a tm e n t to  d is 
t in g u is h  hem ice llu lose fro m  lig n in . I n  p resen t studies, 
o n ly  fa in t  lig n in  reactions w e re  ob ta ined  in  the  w a lls  o f 
f ib e r sheath sclereids o f pods ap p ro ach ing  c u lin a ry  o v e r
m a tu r ity ,  b u t p o s itive  pentosan tests w e re  obta ined . Sec
o n d a ry  w a ll th ic k e n in g  had o n ly  begun in  these.

S clere ids also fo rm  d is tin c tiv e  caps ove r bo th  the  dorsa l 
and v e n tra l vascu la r bund les o f the  pod (F ig .  7 and 8 ) .  
T h e y  are less ex te n s ive ly  developed in  the  pods o f va rie tie s  
selected fo r  “ s tring lessness.”  Joosten (1 9 2 7 ), C u rrence  
(1 9 3 0 ), and o thers  have described these tissues in  de ta il 
w ith  re ference to  in he ritance  o f s tring iness. T h e  m a tu re  
w a lls  o f these sclereids respond p o s it iv e ly  to  bo th  lig n in  
and pentosan tests. S econdary w a ll th ic k e n in g  in  the 
x y le m  elem ents o f the  vascu la r bund les are like w ise  l ig n i-  
fied  b u t y ie ld  o n ly  fa in t  reactions fo r  pentosans.

M u c h  sm a lle r, b ra n ch in g  and anastom osing  vascu la r 
bund les are p resen t in  the o u te r pa renchym a o f the pod

F ig . 7 -1 1 . T i s s u e s  o f  bean p o d  a p p r o x im a te ly  a t  e n d  o f  e d ib le  
m a tu r i ty .  (7  a n d  8 )  C r o s s -s e c t io n s  o f  d o r s a l  a n d  v e n t r a l  b u n d le  
a re a s , r e s p e c t iv e ly ,  s h o w in g  b u n d le  ca p s  (b e )  a n d  x y l e m  ( x )  o f  
v a s c u la r  b u n d le s , X 41. (9 )  C r o s s -s e c t io n  o f  o u te r  e p id e r m is  a n d  
h y p o d e r m is  o f  p o d , X 1 3 6 ;  c — c u tic le  r id g e s  — g u a r d  c e lls  o f 
s to m a ta , h  — h y p o d e r m is , i — in te r c e l lu la r  sp a c e s  in  o u te r  p a r e n 
c h y m a , sc  ■— s u b s to m a l  c a v i ty .  (1 0 )  T a n g e n t ia l  s e c t io n  th r o u g h  
o u te r  e p id e r m is  a n d  c u tic le , X 1 0 5 ;  c — c u tic le  r id g e s ,  g  — g u a r d  
c e lls  o f  s to m a ta . (1 1 )  T a n g e n t ia l  s e c t io n  th r o u g h  h y p o d e r m is  o f  
s a m e  p o d , X 6 8 ;  h  — h y p o d e r m a l  c e lls  ( n o te  h e a v i ly  s ta in e d  
p r im a r y  a n d  l ig h t ly  s ta in e d  s e c o n d a r y  iv a l l s ) ,  oe — o u te r  e p id e r m is .

w a lls . These arise by  b ra n ch in g  f ro m  the do rsa l bund le  
and o th e r vascu la r bund les in  the  pedice l, o r  stem  o f the  
pod  (W o o d c o c k , 1934 ). T h e  w a lls  o f th e ir  x y le m  elem ents 
are lig n ifie d . S c le rifie d  bu nd le  caps a re  n o t n o rm a lly  
associated w ith  these la te ra l pod bundles.

O uter epiderm is and hypodermis

T h e  o u te r ep id e rm is  and h yp od e rm is  have been the  
source o f re c u r r in g  te x tu re  defects in  bo th  canned and 
frozen  green beans. O n  occasion the y  s lough to  a m a rke d  
degree and p resen t a ragged appearance (K a c z m a rz y k  
et a l., 1963 ; S is tru n k , 1965 ; S is tru n k  ct a l., 1960 ; S tro h -  
m a ie r, 1956 ; V a n  B u re n  et a l., 1960 ). T h e  basis fo r  a 
s lo ug h in g  o f these tissues is appa ren t w hen th e ir  s tru c tu re  
and com p os ition  are considered.
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T h e  o u te r ep ide rm is  o f the pod a t ed ib le  m a tu ritie s  
possesses num erous s tom ata  w ith  ex tens ive  sub -s tom ata l 
in te rc e llu la r  spaces. A  c h a ra c te r is tic a lly  r id g e d  o r  f u r 
row ed  cu tic le  also is p resen t (F ig .  9 ) .  I n  ta n gen tia l v iew s, 
the ep ide rm a l cells are p r is m a tic  in  shape. Such sections 
th ro u g h  th e ir  o u te r c u tic u la r  areas also show  th a t the 
cu tic le  ridges rad ia te  fro m  the  stom ata  (F ig .  10 ). These 
cu tic le  ridges are ir re g u la r ly  a rra ng ed  ove r ep ide rm a l 
cells m ore  d is ta n t f ro m  the stom ata.

T h e  u n d e r ly in g  h yp o d e rm a l cells, appearing  ir re g u la r  in  
shape and size in  pod cross-sections (F ig .  9 ) ,  have e lon 
gate o r  le n tic u la r shapes, as seen in  sections ta n g e n tia l to 
the pod surface (F ig .  1 1 ). T h e y  are o rien te d  d o rs i-  
v e n tra lly  a t abou t a 45° angle to  pod le n g th  and a t an 
opposing angle to  the  f ib e r sheath sclereids. T h e ir  cell 
w a lls  th icke n  d u r in g  ed ib le  m a tu r ity  stages o f pod g ro w th  
and a re  g re a tly  th ickened  w hen the pods are o v e r ly  m a 
tu re . Im m e d ia te ly  u n d e r ly in g  these cells are sm a ll o u te r 
pa renchym a cells (com pare  F ig . 1 and 11 ).

In te rc e llu la r  spaces are num erous and ir re g u la r  in  shape 
and size in  th is  s k in  area, p roceed ing  fro m  the  la rg e r 
substom ata l spaces to  the  sm a lle r, o ften  in te rco n n e c tin g  
spaces in  the  o u te r pa renchym a. O v e ra ll, th is  com prises 
a s tru c tu ra lly  w eak area a t c u lin a ry  m a tu r itie s  because o f 
the d iffe re n t c e llu la r  o r ie n ta tio n s , num erous in te rc e llu la r  
spaces, and com p os ition  o f ce ll w a lls  and th e ir  m id d le  
lam ellae.

T h e  w a lls  and m id d le  lam ellae  o f the h yp od e rm a l and 
c lose ly associated cells g ive  s tro n g ly  p o s itive  h is tochem ica l 
reactions fo r  pectins and hem ice llu loses. T h e  th ic k  secon
d a ry  w a lls  o f the  h yp od e rm a l cells are v e ry  hem ice llu los ic  
in  test reaction . T h e y  are s tro n g ly  d iffe re n tia te d  fro m  the 
p r im a ry  p o r tio n  o f the  ce ll w a ll b y  s ta in in g  p ro p e rtie s  and 
appear v e ry  s im ila r  to  the w a lls  o f some ge la tinous  fibe rs 
in  w h ic h  e ith e r a special c o n d itio n  o f the ce llu lose o r  an 
abundance o f ce rta in  hem ice llu loses is be lieved responsib le  
fo r  th e ir  ge la tinous, hyg roscop ic  p ro p e rtie s  (E sa u , 1965). 
I t  w o u ld  appear th a t the tw is t in g  dehiscence o f the  pod 
va lves as the  r ip e  pod opens is co n tro lle d  by  the o r ie n ta tio n  
and w a ll s tru c tu re  o f the  hyp od e rm a l and fib e r sheath 
cells.

Freezing damage

F re e z in g  dam age is in ve rse ly  re la ted  to  the  speed o f 
fre e z in g  (B ro w n , 1967) and, in  a d d itio n , the  p a tte rn  o f 
damage is  re la ted  to  d iffe rences in  the  s tru c tu re  and com 
p o s itio n  o f the  v a rio u s  tissues o f the  bean pod. I n  a ll pods 
fro z e n  s lo w ly  enough to  cause v is ib le  dam age, the re  was 
dam age to  the  ce ll w a lls  o f the  sm a lle r in n e r pa renchym a 
cells c lose ly  associated w ith  the  fib e r sheath (F ig .  1 2 ). 
D am age u s u a lly  appeared as ra d ia l tea rs  e x te n d in g  
th ro u g h  severa l la ye rs  o f these cells. W ith  an even s low er 
fre e z in g  ra te , o th e r cells o f the  in n e r pa renchym a also w ere  
to rn  and  ra d ia lly  o rie n te d  gaps w ere  m ore  extens ive  
(F ig .  13 ).

C e ll w a ll b reakage was less extens ive  in  the  o u te r 
parenchym a, w h ic h , as p re v io us  m en tioned , possess th ic k e r 
w a lls  tha n  the  in n e r parenchym a. M o s t o f the  tissue 
damage in  the  o u te r pa renchym a was a separa tion  o f cells 
f ro m  each o th e r a long  th e ir  m id d le  lam ellae , the  w a lls  
re m a in in g  la rg e ly  in ta c t (F ig .  1 4 ). C e ll separa tion  also

Dig.  12 16. S e c t i o n s  i l l u s t r a t i n g  e x t e n t  o f  f r e e z i n g  d a m a g e  w i t h  
d i f f e r e n t  f r e e z in g  t r e a tm e n t s .  ( 1 2 )  D a m a g e  to  in n e r  p a r e n c h y m a  
n ea r  f ib e r  sh ea th .  ( 1 3 )  D a m a g e  to  a l l  p o r t i o n s  of  in n e r  p a r e n 
ch y m a .  ( 1 5 )  C r a c k in g  ca u se d  b y  p r o l o n g e d  im m e r s i o n  in  liqu id  
n i t r o g e n .  ( 1 6 )  S l o u g h i n g  o f  e p id e r m is  a n d  h y p o d e r m is .

occu rred  to  a lesser e x te n t in  the  o u te r tissues between 
the h yp od e rm is  and the  ep iderm is , o r  be tw een the  h y p o 
de rm is  and the  o u te r parenchym a. T h is  type  o f tissue 
s lo u g h in g  is show n in  F ig . 16. B o th  types o f ce ll separa
t io n  increased w ith  s lo w e r freez ing .

F re e z in g  by  im m e rs io n  in  l iq u id  n itro g e n  p re ven te d  the 
deve lopm ent o f any o f thes fo rm s  o f tissue dam age. P ro 
longed im m e rs ion , how ever, caused cracks th a t e ith e r 
separated the pod a long  the do rsa l and v e n tra l su tu res, o r 
b roke  th ro u g h  a ll pod tissues regard less o f th e ir  s tru c tu re  
and com p os ition  (F ig .  15 ).

D IS C U S S IO N

T h e  h is to lo g ica l o r ig in s , deve lopm en t and  m a tu ra tio n  
o f the  d iffe re n t tissues o f the  g reen  bean po d  serve to  
e x p la in  the  w id e  range  w ith in  w h ic h  specia lized tissue 
s tru c tu re  and com p os ition  m ay v a r io u s ly  in flue nce  te x tu ra l 
p rob lem s encountered in  processing. S im ila r  in te r re la t io n 
ships betw een special tissue co n d itio n s  and  te x tu re  have 
been encountered in  o th e r processed f ru its  and vegetables 
(P o w e rs  et a l., 1958 ; Reeve, 1964a,b, 1947, 1953, 1959, 
1965 ; Reeve et a l., 1959, 1966 ; S te r lin g , 1955 ; and S te r
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l in g  et a l., 1 9 6 1 ). T e x tu ra l p rob lem s encountered in  green 
beans have cen tered in  th ree  m a jo r  a reas: ( 1 )  s lo ug h in g  
o f the  sk ins  in  cooked, canned and fro ze n  p ro d u c ts ; ( 2 )  
s tr in g in e ss  a n d /o r  toughness due to  o v e r -m a tu r ity  of 
f ib ro u s  tissues ; and ( 3 )  loss o f crispness due to  the  
in flue nce  o f o ve r-b la n ch in g  and d iffe re n t fre e z in g  tre a t
m ents.

S k in  s lo u g h in g  has rece ived some a tte n tio n  as a te x tu re  
defect in  cooked and canned p ro du c ts . S tro h m a ie r (1 9 5 6 ) 
and K a c z m a rz y k  e t al. (1 9 6 3 ) have il lu s tra te d  th a t s lough
in g  in vo lve s  separa tion  o f the  o u te r ep id e rm is  separa te ly 
o r  in  com b in a tion  w ith  its  u n d e r ly in g  hyp od e rm is . These 
sk in  tissues are a s tru c tu ra lly  w eak area w ith  respect to  
processing a t ed ib le  m a tu ritie s . S ubstom ata l spaces beneath 
the  ep ide rm is  and o th e r in te rc e llu la r  spaces are abundant. 
O th e r s ig n if ic a n t s tru c tu ra l fea tu res are the  m arke d  d if fe r 
ences in  ce ll size, shape and c e llu la r  o r ie n ta tio n  o f the 
e longated hyp o d e rm a l cells w ith  respect to  the  o u te r ep i
de rm is  and the u n d e r ly in g  o u te r pa renchym a tissues.

T h e  h ig h  pe c tin  and o th e r p o ly u ro n id e  o r  hem ice llu los ic  
com p os ition  o f the sk in  area, and o f the  hyg roscop ic , ap
p a re n tly  ge la tinous  n a tu re  o f the  hyp o d e rm a l ce ll w a lls  
in  p a r tic u la r , are com p os itiona l fea tu res th a t appear to  
have be a ring  upon  s u s c e p tib ility  to  s lo u g h in g  in  pods o f 
ed ib le  m a tu ritie s . A t  such stages o f deve lopm ent these 
tissues have n o t as y e t developed the r ig id i ty  o f s tru c tu re  
and com p os ition  ch a ra c te ris tic  o f the  rip en ed  pod. K a c z 
m a rz y k  et a l. (1 9 6 3 ) ; S is tru n k  (1 9 6 5 ) ; and V a n  B u re n  
et al. (1960 , 1962) have re la ted  s k in  s lo u g h in g  to  pectic  
com p o s itio n  o f the  ce ll w a lls  and fo u n d  ca lc ium  tre a tm e n t 
e ffec tive  in  re d u c in g  s lo ug h in g  u n d e r c e rta in  cond itions .

I n  a d d itio n  to  the  p ro b lem  o f s k in  s lo ug h in g , i t  has been 
w e ll dem onstra ted  th a t the  d iffe re n t tissues in  the  ed ib le  
green pod  e x h ib it  d iffe re n t p a tte rn s  o f fre e z in g  damage 
acco rd ing  to  fre e z in g  tre a tm e n t (B ro w n , 1966 ; Lee  et a l., 
1946 ; Reeve et a l., 1966 ; W o lfo rd  et a l., 1 9 6 5 ). Le e  et al.
(1 9 4 6 ) eva luated the  gross appearance, p a la ta b il ity  and 
v ita m in  con ten t o f fro ze n  green beans, b u t d id  n o t com pare 
te x tu ra l q u a litie s  o r  e x te n t o f s tru c tu ra l dam age in  d if fe r 
en t tissue areas w ith  respect to  fre e z in g  rates.

W ith  a ir-b la s t fre e z in g  a t — 10°F , b o th  in d iv id u a lly  
q u ic k  fro ze n  and package frozen  green beans have been 
fo u n d  to  be excessive ly  dam aged in  b o th  the  in n e r and 
o u te r pa renchym a tissue zones, w ith  sk in  s lo u g h in g  p ro 
nounced in  the  la t t e r ; b u t w ith  com ple te fre e z in g  in  liq u id  
n itro g e n , a ll tissues rem a ine d  in ta c t ( W o lfo r d  et al.,
19 65 ). O th e r  e x p e rim e n ta l stud ies on fre e z in g  damage 
in  fro ze n  beans have dem onstra ted  p o s itive  re la tio n  o f even 
m in o r  s tru c tu ra l dam age to  te x tu re  eva lu a tion  by  a sensory 
appra isa l panel (B ro w n , 19 67 ). O fte n  th is  m in o r  damage 
m ay occu r o n ly  in  the  areas betw een the yo u n g  bund le  
sheath cells and the in n e r a n d /o r  o u te r pa renchym a tissues 
o f the  pod.

T h e  c ra c k in g  th a t occurs d u r in g  p ro lo n g e d  liq u id  n i t r o 
gen fre e z in g  is fre q u e n tly  a ttr ib u te d  to  the  change in  the 
vo lum e  o f w a te r as i t  approaches the  fre e z in g  p o in t. B e 
cause i t  happens o n ly  a fte r p ro lo n g e d  im m e rs io n  in  l iq u id  
n itro g e n , and because the  breaks do n o t fo llo w  cell w a lls  
o r  tissue d iffe re n tia tio n , i t  is appa ren t th a t the  bean pod 
is in  essen tia lly  a s ing le  so lid  phase a t the  tim e  o f c rack ing . 
T h is  fo rm  o f dam age p ro b a b ly  is a re s u lt o f v e ry  ra p id

b u t n o n -u n ifo rm  c o n tra c tio n  as the pod is cooled fo llo w in g  
th e  con ve rs ion  o f w a te r to  ice.

T h e  re la t io n  o f s tring in ess  and fib rousness to  te x tu ra l 
q u a lity  is la rg e ly  a m a tte r o f the  com p ara tive  m a tu r it ie s  o f 
do rsa l and v e n tra l bund les w ith  th e ir  associated sc le re id  
caps, and o f the  sclereids o f the  fib e r sheath. I n  a d d itio n  
to  v a r ie ta l d iffe rences in  string lessness and  lo w  fib e r con 
te n t a t ed ib le  m a tu r itie s , g ro w in g  co n d itio n s  are k n o w n  
to  in fluence  the e x te n t o f ce ll w a ll deve lopm ent and rates 
o f m a tu ra tio n  in  these tissues (K a ld y ,  1966 ; S in g h  et a l.,
1966 ). Changes in  ce llu los ic  c ry s ta ll in ity ,  as a re s u lt o f 
de hyd ra tio n , in fluences te x tu re  in  re c o n s titu te d  vegetables 
(S te r lin g  e t a l., 1961 ).

In  green beans such changes in  ce llu lose are a p t to  be 
m ore  p ronounced  in  the  fib ro u s  tissues th a n  in  the  s o fte r 
pa renchym a because o f the  sm a lle r cells and g re a te r 
a m o un t o f ce ll w a ll substance pe r u n it  vo lu m e  in  the  
fo rm e r. T h e  tem p e ra tu re  o f pos tha rves t s torage has ra th e r  
p ronounced  effects on com p os ition  and c u lin a ry  q u a lity . 
H ig h e r  tem pe ra tu res  ( ca . 3 0 °C ) re s u lt in  ga ins in  c e llu 
lose and w a te r-so lu b le  pectin , and also increase the  te n 
dency to  s lough (S is tru n k , 19 65 ). C h ill in g  te m p e ra tu re  
(5 ° C )  reduces the  she lf life  and im p a irs  c u lin a ry  qu a litie s , 
b u t the effects v a ry  w ith  v a r ie ty  (W a ta d a  et a l., 1966a ,b ).

I t  is  obv ious th a t the re  are m any causes and  sources o f 
te x tu re  im p a irm e n t o f g reen beans. A l l ,  ho w e ver, re la te  
to  com pos itiona l, p h ys io log ica l and s tru c tu ra l c h a ra c te r
is tics  o f the  pod  tissues. A  kno w le dg e  o f the  deve lop
m en ta l h is to lo g y  o f th  pod shou ld  a id  in  d is tin g u is h in g  
the  n a tu re  and  source o f m any o f these p rob lem s o f q u a lity  
im p a irm e n t.
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SUMMARY—The nutritive value of infant foods (p repared  
from buffalo milk) containing 10%, 12.5% and 15% protein 
and fortified with DL-methionine has been studied in experi
ments with albino rats. The mean weekly growth rate of rats 
receiving milk food II (10% protein and 20% fat) and fortified 
with DL-methionine was of the same order as those obtained 
with milk foods containing 12.5%, 15%, 22% and 26% protein. 
Milk food II containing 10% protein (not fortified with DL- 
methionine) prom oted significantly less growth than the same 
food fortified with DL-methionine and other milk foods con
taining 12.5% to 28% protein.

The protein efficiency ratio of the milk food fortified with 
DL-methionine (4.0) was significantly higher than that (3.3) 
of the unfortified milk food at 10% level of protein in the 
diet. The results indicate that humanized milk food from 
buffalo milk containing about 12.0% protein and 20% fat and 
fortified with DL-methionine will be suitable for feeding infants 
in place of full cream milk powder in developing countries 
where milk is in short supply. Adoption of the above formula 
for infant milk food manufactured in the country will help to 
d o u b le  the output of infant food from the same quantity of 
buffalo milk without appreciable increase in cost.

I N T R O D U C T I O N
D r ie d  m i l k  foods used fo r  feed ing  in fa n ts  m ay  be 

class ified as fo llo w s : ( 1 )  w h o le  ( fu ll-c re a m ) m ilk  p o w d e r;
( 2 )  m ilk  po w d e r w ith  reduced fa t  con ten t (h a lf-c re a m  
m ilk  p o w d e r) ; and ( 3 )  w h o le  m ilk  p o w d e r w ith  the  p ro 
p o rtio n s  o f p ro te in  and fa t  a lte red  to  resem ble th a t o f d r ie d  
hum an  m ilk  (h u m a n ize d  m ilk  fo o d s ). H u m a n  m ilk  con
ta ins  abou t 10% p ro te in  and 26%  fa t  on  a d ry  basis. T h e  
m ilk  foods com m o n ly  used fo r  feed ing  in fa n ts , how ever, 
have w id e ly  v a ry in g  p ro te in  (1 0 -2 8 % )  and fa t  ( 8 -2 6 % )  
contents. A m o n g  the  d r ie d  in fa n t foods, hu m an ized  m ilk  
foods con ta in  abou t 1 0 -1 2 %  p ro te in  and 26%  fa t, s im ila r  
to  th a t o f d r ie d  hum an m ilk  (M e y e r , 19 60 ). S tud ies c a r
r ie d  o u t b y  several w o rk e rs  have show n  th a t m od ifie d  
co w ’s m ilk  c o n ta in in g  abou t 1.1 to  2 .0%  p ro te in  p rom otes 
n e a rly  the  same g ro w th  ra te  in  in fa n ts  as hum an  m ilk  
( A itk e n  et a l ,  1960 ; M e lla n d e r et a l., 1959 ; Barness et a l., 
1957 ; O m ans et a l., 19 61 ).

I t  w o u ld  appear fro m  the resu lts  o f these stud ies th a t a 
p ro te in  con ten t o f 10 to  12%  in  d r ie d  co w ’s m ilk  fo rm u la
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m ay be adequate fo r  p ro m o tin g  n o rm a l g ro w th  o f in fa n ts . 
I t  shou ld  be no ted, how ever, th a t hum an m ilk  p ro te in  
con ta ins la rg e r am ounts o f s u lp h u r am ino  acids tha n  co w ’s 
m ilk  p ro te in s  ( O r r  et al., 1957) and the N P U  o f hum an  
m ilk  p ro te in s  (8 7 )  is h ig h e r tha n  th a t (7 5 )  o f c o w ’s 
m ilk  p ro te in s  ( P la t t  et a l., 1961 ; V e n k a t R ao et a l., 1963 ). 
I t  has been show n by some w o rk e rs  th a t the  p ro te in  
e ffic iency ra t io  ( P E R )  o f co w ’s m ilk  p ro te in s  can be 
increased by  sup p lem en ta tion  w ith  the  l im it in g  am ino  
acid  m e th ion ine  ( H e n r y  et a l., 19 53 ). T h e  ob je c tives  o f 
the p resen t s tu d y  w e re  to  assess by  exp e rim e n ts  w ith  
a lb in o  ra ts  ( 1 )  the effect o f sup p lem en ta tion  w ith  m e th io 
n ine  on the  p ro te in  e ffic iency ra t io  o f bu ffa lo  m ilk  p ro te in s  
and ( 2 )  the  n u tr i t iv e  va lue  o f d rie d  m ilk  foods fro m  
bu ffa lo  m ilk  c o n ta in in g  10, 12.5 and 15.0%  p ro te in s  and 
20%  fa t and fo r t if ie d  w ith  D L -m e th io n in e .

M A T E R IA L S  A N D  M E T H O D S
T h e  s p r a y -d r ie d  w h o l e - m i l k  p o w d e r  used in  th is  

s tud y  was m an u fac tu re d  fro m  b u ffa lo  m ilk  b y  the  K a ira  
D is tr ic t  C o -op e ra tive  M i lk  P ro d u c e r’s U n io n , A n a n d . 
M a lto -d e x tr in  was supp lied  by  the R aptakos  B re tt ,  B o m 
bay. B u ffa lo  ghee (c la r if ie d  b u tte r  fa t )  and cane sugar 
w ere ob ta ined  fro m  the loca l m a rke t.

Infant milk foods
In fa n t  m ilk  foods co n ta in in g  v a ry in g  leve ls o f p ro te in  

w ere  p repa red  by b le n d in g  in  a m echan ica l m ix e r  d iffe re n t 
qu an titie s  o f w h o le  m ilk  po w d e r, ghee (c la r if ie d  b u tte r  
f a t ) ,  cane sugar and m a lto -d e x tr in  as in d ica ted  in  T a b le  1. 
T h e  d iffe re n t foods w ere  fo r t if ie d  w ith  ca lc ium  phosphate , 
fe r r ic  am m o n iu m  c itra te  and v ita m in  p re m ix  to  m a in ta in  
the  same con ten t o f essentia l m in e ra ls  and v ita m in s  in  a ll 
the  foods. T h e  chem ica l com p os ition  o f the  d iffe re n t foods 
as de te rm in ed  by  A O A C  m ethods (1 9 5 5 ) is g ive n  in  
T a b le  2. A  p a r t o f the in fa n t foods c o n ta in in g  10, 12.5 
and 15% p ro te in  was fo r t if ie d  w ith  D L -m e th io n in e  to  
ra ise the  s u lp h u r am ino  acid  con ten t to  4 .4 g /1 6 g N , i.e., 
to  the  same leve l as in  hum an  m ilk  p ro te in s . T h e  essen
t ia l am ino  acid  com p os ition  o f the p ro te in s  o f b u ffa lo  m ilk  
de te rm in ed  by  m ic ro b io lo g ica l m ethods (B a r to n -W r ig h t ,
1952) as com pared w ith  those o f c o w ’s and hu m an  m ilk s  
is g ive n  in  T a b le  3.

Animal experiments
E x p e rim e n ts  w e re  conducted on a lb in o  ra ts  to  d e te r

m ine  ( 1 )  the  p ro te in  e ffic iency ra t io  o f d r ie d  b u ffa lo  m ilk  
and bu ffa lo  m ilk  casein fo r t if ie d  w ith  D L -m e th io n in e  and
( 2 )  the  o v e ra ll g ro w th  p ro m o tin g  va lue  o f in fa n t foods

Table 1. Composition of d ifferent infant m ilk foods based on buffalo milk.

Milk food

Full- 
fat milk 
powder 

(g)

Ghee 
(clarified 

butter fat) 
(g)

'Tri-
calcium

phosphate
(g)

Ferric-
ammonium

citrate
(mg)

Cane
sugar

(g)

Malto-
dextrin

(g)

Vitamin
premix

(g)1

M ilk food I—corresponding to full 
cream  m ilk powder (cow ’s)

M ilk food I I —hum anized milk food
100

(10%  protein)
M ilk food I I I —hum anized m ilk food

35.7 10 1.8 35 27.5 23.2 1.8

(12.5%  protein) 44.6 7.5 1.5 35 24.4 20.5 1.5
M ilk food IV — (containing 15% 

pro tein)
M ilk food V — (corresponding to IS I

53.6 5.0 1.2 35 21.4 17.6 1.2

standards) 78.6 0.6 35 9.4 10.8 0.6

1 3 g of vitam in prem ix contained the same am ounts of B -vitam ins present in 100 g of whole milk powder.

Table 2. Chemical composition of different m ilk foods (values per 100 g ) .

Milk foods
Nutrients I II III IV V

M oisture (g ) 2.6 2.4 2.5 2.5 2.6
F a t (g ) 26.1 20.1 20.2 20.3 20.2
P ro te in  (N  X 6.25 g) 28.2 10.2 12.7 15.1 22.2
A sh (g ) 6.1 4.1 4.3 4.5 5.4
C arbohydrates (by diff) (g ) 37.0 63.2 60.3 57.6 49.6
Calcium (g ) 1.22 1.18 1.20 1.17 1.24
Phosphorus (g ) 0.85 0.83 0.91 0.94 0.96
Iro n  (m g) 6.2 6.3 6.4 6.1 6.2
Thiam ine (m g) 0.32 0.35 0.36 0.34 0.35
Riboflavin (m g) 0.72 0.73 0.70 0.72 0.75
N iacin (m g) 0.82 0.85 0.91 0.87 0.88
V itam in C (m g) 14.2 14.3 14.8 14.3 14.5
V itam in A  (I .U .) 1560 1610 1510 1620 1560
V itam in D  (I .U .) 400 400 400 400 400
Calorific value (K C al) 496 475 484 474 469
P ro te in  (g /100K C al) 5.7 2.2 2.6 3.2 4.8
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Table 3. E ssential am ino acid composition of the proteins of 
buffalo milk, cow’s m ilk and hum an m ilk (g /1 6 g N ).

Amino acid Buffalo Cow1 Human1

Isoleucine 6.6 6.4 6.4
Leucine 9.3 9.9 8.9
Lysine 7.6 7.8 6.3
Phenylalanine 5.1 4.9 4.6
Tyrosine 5.0 5.1 5.5
Cystine 1.1 0.9 2.1
M ethionine 2.5 2.4 2.2
T o ta l sulphur amino acids 3.6 3.3 4.3
Threonine 4.5 4.6 4.6
T ryptophan 1.4 1.4 1.6
Valine 6.8 6.9 6.6

'R e f :  F A O  (1965) P ro te in  Requirem ents Rep. No. 37.

( w i th  and w ith o u t added D L -m e th io n in e )  based on bu ffa lo  
m ilk .

Protein efficiency ratio (PER)
T h e  P E R  o f the  p ro te in s  o f d r ie d  b u ffa lo  m ilk  and 

bu ffa lo  m ilk  casein ( w i th  and w ith o u t added D L -m e th io 
n in e ) was de te rm in ed  b y  the  m e thod  o f O sborne  et al.
(1 9 1 9 ). T h e  d ie ts  con ta ined  10%  p ro te in  ( N  X 6 .2 5 ). 
T h e  com pos ition  o f the d ie ts  was s im ila r  to  th a t described 
by S h u rp a le ka r et al. (1 9 6 4 ) . M a le  a lb in o  ra ts  (21 days 
o ld  and 7 ra ts  pe r g ro u p )  w e re  a llo tte d  to  d iffe re n t g roups  
by a ran dom ized  b lo ck  design. T h e  an im a ls  w e re  housed 
in  in d iv id u a l cages w ith  ra ised  w ire -m e sh  bo ttom s. T h e  
diets w e re  m ix e d  w ith  tw ice  the  a m o un t o f w a te r and 
fed to  the  an im a ls. R ecords o f the d a ily  foo d  in ta ke  and 
w e ek ly  increase in  body  w e ig h t o f the  an im a ls  w e re  m a in 
ta ined . T h e  e x p e rim e n t lasted fo r  a p e rio d  o f 4  weeks. 
T h e  resu lts  are g iven  in  T a b le  4.

Overall nutritive value of infant milk foods
T h e  o v e ra ll n u t r i t iv e  va lue  o f the  d iffe re n t in fa n t m ilk  

foods was de te rm in ed  b y  the  ra t g ro w th  m e tho d  described 
by  S h u rp a le ka r et a l. (1 9 6 3 ) . Y o u n g  m ale a lb in o  ra ts  
(2 8  days o ld  and 8  ra ts  pe r g ro u p )  w e re  a llo tte d  to  
d iffe re n t g roups  by  a ran do m ized  b lo ck  design. T h e  a n i
m als w e re  housed in  in d iv id u a l cages w ith  ra ised m e ta l- 
screen bo ttom s. T h e  m ilk  foods w e re  m ix e d  w ith  tw ice  
the w e ig h t o f w a te r and fed  to  the  an im a ls. R ecords o f 
d a ily  fo o d  in ta ke  and w e e k ly  ga in  in  body  w e ig h t o f 
an im a ls  w e re  m a in ta ined .

Table 4. E ffect of supplementation of buffalo milk and buffalo 
m ilk casein with D L-m ethionine on the protein efficiency ratio. 
(M ean  values of 7 male ra ts per g ro u p ; experim ent duration, 4 
w eek s).

Diets
Protein 

intake 
(g/4 weeks)

Gain in 
weight 
(g/day)

PER (at 10% 
protein 
level)

Buffalo milk 24.75 2.93 3.31
Buffalo milk -f- 

DL-m ethionine 30.06 4.30 4.00
Casein (from  buffalo 

m ilk) 22.10 2.37 3.26
Casein +  

DL-m ethionine 24.45 3.43 3.93
S tandard  e rro r 

of the mean ± 0 .1 3  (18 df) ±  0.08 (18 df)

A t  the  end o f the  e xp e rim e n ta l p e rio d  o f 8 weeks, 
he m og lob in  and red  b lood  ce ll coun ts  w ere  de te rm ined  
in  b lood  d ra w n  fro m  the ta i l  ve ins acco rd ing  to  K o ru la  
et a l. (1 9 6 0 ). T h e  an im a ls  w e re  anesthetized w ith  e th y l 
e th e r and the  liv e r  was rem oved fo r  d e te rm in a tio n  o f fa t 
and h is to lo g ica l s tru c tu re . F a t was de te rm ined  acco rd ing  
to  K o ru la  et al. (1 9 6 0 ) and the h is to lo g ica l s tru c tu re  
acco rd ing  to  T a s k e r et a l. (1 9 6 2 ) . T h e  resu lts  are g iven  
in  T a b le  5.

R E S U L T S
Protein efficiency ratio (Table 4)

F o r t if ie d  bu ffa lo  m ilk  w ith  D L -m e th io n in e  b ro u g h t 
abou t a m a rke d  increase in  the  P E R  fro m  3.2 to  4.0. 
A  s im ila r  im p ro v e m e n t in  the  P E R  o f bu ffa lo  m ilk  casein 
was observed as a re s u lt o f fo r t if ic a t io n .

Growth rate
N o  s ig n if ic a n t d iffe rences w e re  observed in  the  mean 

w e e k ly  g ro w th  rates o f ra ts  fed on in fa n t foods I  (2 8 %  
p ro te in ) ,  in fa n t food  I I  (1 0 %  p ro te in )  fo r t if ie d  w ith  
D L -m e th io n in e , in fa n t food  I I I  (1 2 .5 %  p ro te in ) ,  in fa n t 
food  I V  (1 5 %  p ro te in )  and in fa n t fo o d  V  (2 2 .0 %  p ro 
te in )  . In fa n t  foo d  I I  c o n ta in in g  10%  p ro te in  (n o t  fo r t if ie d  
w ith  D L -m e th io n in e ) ,  how ever, p ro m o te d  s ig n if ic a n tly  
less g ro w th  tha n  the o th e r in fa n t foods.

Blood composition
T h e re  w e re  no s ig n if ic a n t d iffe rences in  the  hem og lob in  

and R B C  cou n t o f the  b lood  o f ra ts  fed  on the  d iffe re n t 
in fa n t m ilk  foods.

Table 5. G row th ra te , R B C  and hemoglobin of young albino ra ts  fed on infant foods of varying protein levels w ith o r w ithout 
D L-m ethionine supplementation. (M ean  values for 8 male ra ts  per g ro u p ; experim ent duration, 8 w eeks).

Blood composition
Composition of liver

Diets
Protein

%

Initial
weight

(g)

Gain in 
weight 
(g/week)

Hemoglobin 
(g/100 ml 

blood)

RBC
( 1 0 ° /c u  mm 

blood)
Fresh 

weight (g)
Moisture

%
Fat
%

1. W hole milk powder ( I F  I ) 28.2 55.9 20.44 13.9 4.78 7.6 70.7 3.46
2. In fan t food I I  ( I F ) 10.2 55.6 16.45 13.6 4.58 6.8 68.9 5.61
3. In fan t food I I  +  D L-m eth. 10.3 55.4 20.89 13.8 4.65 7.6 69.8 3.75

4. In fan t food I I I 12.7 55.8 22.75 13.7 4.62 8.1 70.2 3.40
5. In fan t food I I I  +  D L-m eth. 12.8 55.8 22.75 13.7 4.68 8.0 70.0 3.33

6. In fan t food IV 15.1 55.1 22.58 14.0 4.82 8.0 70.9 3.24

7. In fan t food IV  +  D L-m eth. 15.2 55.5 23.83 14.1 4.90 8.1 69.6 3.24

8. Infant food V 22.2 55.5 22.17 14.2 4.96 8.2 69.8 3.10

Standard e rro r of the mean (49 df) ±  0.89 ±  0.2 ±0.08 ±  0.4 ±0 .07
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Liver composition

T h e  m ean l iv e r  fa t  con tents o f ra ts  fed  on in fa n t fo o d  I I  
fo r t if ie d  w ith  D L -m e th io n in e  and o f those fed  on in fa n t 
foods I ,  I I I ,  I Y  and V  w e re  w ith in  n o rm a l lim its . T h e  
m ean fa t  con ten t o f liv e rs  o f ra ts  fed  on in fa n t food  I I  
c o n ta in in g  10%  p ro te in , how ever, was s ig n if ic a n tly  h ig h e r 
th a n  th a t o f liv e rs  o f ra ts  fed  on o th e r in fa n t foods. I t  is 
o f in te re s t to  note th a t fo r t if ic a t io n  o f in fa n t food  I I  w ith  
D L -m e th io n in e  reduced the  liv e r  fa t  con tent.

Histological structure of liver
T h e  liv e rs  o f an im a ls re ce iv in g  in fa n t foo d  I I  co n ta in in g  

10% p ro te in  showed a m ild  genera lized fa t ty  in f i lt ra t io n  
th a t was co rrec ted  by  fo r t if ic a t io n  w ith  D L -m e th io n in e . 
T h e  liv e rs  o f an im a ls  fed  on in fa n t foods I ,  I I I ,  I V  and V  
and in fa n t foo d  fo r t if ie d  w ith  D L -m e th io n in e  w e re  qu ite  
no rm a l.

D IS C U S S IO N
T h e  r e s u l t s  o b t a in e d  show th a t an in fa n t foo d  con

ta in in g  10 to  12.5%  p ro te in  and fo r t if ie d  w ith  D L -  
m e th io n in e  p rom otes v e ry  good g ro w th  in  y o u n g  a lb ino  
ra ts  co m p a rin g  w e ll w ith  th a t p roduced  b y  fu l l - fa t  m ilk  
p o w d e r (2 8 %  p ro te in  and 26%  fa t )  and a p ro p r ie to ry  
in fa n t foo d  c o n ta in in g  abou t 22%  p ro te in  and 18%  fa t 
a cco rd ing  to  I .S . I .  s tandards ( I .S . I . ,  1 9 6 0 ). D a ta  re 
g a rd in g  the  re la tiv e  qu a n titie s  and cost o f bu ffa lo  m ilk  
and o th e r m a te ria ls  re q u ire d  fo r  the  p ro d u c tio n  o f 1 k g  
o f in fa n t foo d  ( I .S . I .  s ta n d a rd ) and in fa n t food  (h u m a n 
ize d ) c o n ta in in g  12.0%  p ro te in  and 20%  fa t  are g ive n  in  
T a b le  6. F o r  the  p ro d u c tio n  o f 1 k g  o f in fa n t foo d  con
ta in in g  22%  p ro te in  and 18%  fa t abou t 5.5 k g  o f fu l l- fa t  
bu ffa lo  m ilk  and 0.25 kg  o f cane sugar w i l l  be req u ire d . 
A b o u t 200 g  b u tte r  fa t w i l l  be ob ta ined  as a b y -p ro d u c t.

O n  the  o th e r hand , 3 k g  o f fu l l - fa t  b u ffa lo  m ilk  (7-5%  
fa t, 4 .0  p ro te in  and 17.0%  to ta l so lid s ) m ix e d  w ith  0.5 k g  
o f m a lto -d e x tr in  w i l l  y ie ld  1 k g  o f in fa n t m ilk  food  
co n ta in in g  12.0%  p ro te in  and 20%  fa t. Such a foo d  can

Table 6. R elative .cost of raw  m aterials for the production of 
infant food containing 12% and 22%  protein from  buffalo milk.

Items

Infant food 
(22% protein and 

18% fat-ISI 
standard)

Infant food 
(12% protein and 20 % 

fat (humanized)

R aw  m a te ria ls :
Buffalo m ilk (k g ) 
Cane sugar or

5.5 3.0

M alto-dex trin  (k g ) 0.25 0.5
DL-m ethionine (g ) 

Final p ro d u c ts :
1.5

B u tte rfa t (g ) 200
In fan t food (k g ) 

C o s t:
1 1

R aw  m aterials (R upees) 
B u tte rfat (by product)

6.0 4.1

(R upees)
Cost of raw  m aterials per

2.0

kg  infant food (R upees) 4.0 4.1

be fo r t if ie d  w ith  v ita m in s  and m in e ra ls  and D L -m e th io n in e  
a t a lo w  cost. A d o p t io n  o f the a b o v e  fo r m u la  fo r  in fa n t  
m ilk  fo o d  w i l l  h e lp  to d o u b le  the o u tp u t o f in fa n t  fo o d  fr o m  
the sa m e q u a n tity  o f b u ffa lo  m ilk  w ith o u t  a p p re c ia b le  in 
crea se  in  cost. I n  v ie w  o f the  sho rtage  in  m ilk  p ro d u c tio n  
in  In d ia , the re  is an u rg e n t need fo r  the a d o p tio n  o f a 
rev ised s tan da rd  o f 12.0%  p ro te in  and 20 %  fa t fo r t if ie d  
w ith  D L -m e th io n in e  fo r  the  in fa n t foods m an u fa c tu re d  
in  the co u n try .
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B io lo g ic a l  E v a lu a t io n  o f  P ro te in  Q u a l i t y  o f  

R a d ia t io n - P a s te u r iz e d  H a d d o c k ,  F lo u n d e r  a n d  C r a b

SUMMARY—The effects of radiation sub-sterilization or heat- 
treatm ent on the protein quality of haddock, crab and floun
der were evaluated by determining the protein efficiency 
ratio (PER). The PER value of haddock radiated at either 
level was statistically equal to that of non-radiated haddock.
The PER value of crab radiated at either level was statisti
cally equal to non-radiated crab in one replication and sig
nificantly higher than non-radiated crab in another replication.
The PER value of flounder radiated at the low level was sig
nificantly less than that of non-radiated flounder, whereas 
the PER value of flounder radiated at the high level was sta
tistically equal to that of non-radiated flounder. Low PER 
values were obtained for heat-treated marine products and 
these values were significantly lower than those for all other 
marine product treatments investigated. The protein quality 
of haddock, crab and flounder was not significantly changed 
as a result of radiation pasteurization.

I N T R O D U C T I O N

S t u d ie s  h a v e  b e e n  s u p p o r te d  by  the  O ffice  o f the  
U .S . S u rg eo n  G enera l and b y  the  Q u a rte rm a s te r Corps 
o f the  U .S . A r m y  on foods rad ia te d  a t s te r iliz a t io n  leve ls 
o f 3 o r 6 m egarads. T h e  resu lts  o f these stud ies have show n 
th a t ra d ia tio n -s te r iliz e d  foods are w holesom e and con ta in  
no to x ic  fac to rs . T h e  loss o f n u trie n ts  is o f the same m ag
n itu d e  as th a t encountered in  th e rm a l s te r iliz a tio n . I t  is 
recogn ized th a t the  loss o f n u tr ie n ts  caused b y  ra d ia tio n  
tre a tm e n t m ig h t be decreased i f  a lo w e r dose o f ra d ia tio n  
(1 m egarad o r less) adequate to  pasteurize  foods is used 
(R e b e r et a l., 1966 ).

V a r io u s  resu lts  have been re p o rte d  by  w o rk e rs  (B o rg -  
s trom  et a l., 1962 ; R a nd  et a l., 1960) us in g  d iffe re n t 
m ethods o f d e te rm in in g  the  effects o f h e a t-tre a tm e n t on 
the n u tr i t iv e  va lue  o f f ish  p ro du c ts . I n  m ost cases, che m i
cal analyses showed no appreciab le  decrease in  the  essentia l 
am ino  acid  con ten t o f processed (canned, fro ze n  o r b o ile d ) 
f ish  p ro du c ts , w hereas b io lo g ica l assays showed a s lig h t 
decrease in  the  essentia l am ino  acid con ten t o f hea t-trea ted  
fish  p ro du c ts . D e h y d ra tio n  caused no detectable im p a ir 
m en t o f haddock p ro te in  d ig e s tib il ity . S un - and a ir -d r ie d  
fish  and fre sh  fish  p ro m o te d  the same g ro w th  in  ra ts  
(B o rg s tro m  et a l., 19 62 ). A c c o rd in g  to  D e  G ro o t (1 9 6 3 ), 
freeze -d e h yd ra tio n  caused n e g lig ib le  change in  the  p ro te in  
q u a lity  o f cooked fish  meal.

T h is  is a re p o r t on the  b io lo g ica l d e te rm in a tio n  o f the 
p ro te in  qu a litie s  o f ra d ia tio n -p a s te u rize d , hea t-trea ted  and 
no n -ra d ia te d  haddock, f lo u n d e r and crab.

M A T E R IA L S  A N D  M E T H O D S

T h e  f o l l o w in g  m a r in e  pr o d uc ts  w e re  used in  th is  
w o r k :  h a d d o c k  (M e la n o g r a m m u s  a e g le fin u s ) , flo u n d e r 
( L im a n d a  fe r r u g in e a ) , and crab  ( C a n c e r  m a g is te r ) .

T h e  haddock and flo u n d e r came fro m  the A t la n t ic  
O cean and the crab fro m  the  P ac ific . T h e  sup p ly  o f 
each o f these m a rin e  p ro du c ts , packed in  N o . 10 cans, 
was d iv id e d  in to  4  equal p o rtio n s . T h e  f ir s t  p o r tio n  
was hea t-trea ted  fo r  4 JYj h r  a t 116°C  and then  s to red  at 
am b ie n t tem p e ra tu re  u n t il sh ipped fo r  freeze -de hyd ra tion . 
T h e  second p o r tio n  was frozen  im m e d ia te ly  and sto red  in  
a freeze r a t 0 -2 ° C  u n t il sh ipped fo r  fre e z e -d e h y d ra tio n ; 
th is  p o rtio n  served as the n o n -ra d ia te d  c o n tro l. T h e  th ird  
p o r t io n  was rad ia te d  a t a lo w  p a s te u riza tio n  leve l. T h e  
fo u r th  p o r tio n  was rad ia te d  a t a h ig h  pa s te u riza tio n  level. 
These 2 p o rtio n s  w e re  s to red  fo r  30 days a t 0 -2 °C .

T h e  m a rin e  p ro du c ts  w ere  rad ia te d  w ith  C o-60 gam m a 
rays. T h e  ra d ia tio n  doses used fo r  the  lo w  o r h ig h  pas
te u riz a tio n  levels fo r  f lo u n d e r w e re  0.3 and 0.6 m egarads, 
and fo r  haddock and crab w ere  0.2 and  0.4 m egarads.

T h e  thaw ed  m arine  p ro du c ts , in c lu d in g  th e ir  ju ices, 
w e re  freeze -dehyd ra ted  as fo l lo w s : E ach  p ro d u c t was 
loaded on to  oven tra y s  to  a dep th  o f 1—4 cm , fro ze n  a t 
—3 0 ° C, and then  q u ic k ly  tra n s fe rre d  to  a d e h yd ra tio n  
cham ber. T h e  cham ber was evacuated im m e d ia te ly , and 
d e h y d ra tio n  was con tinu ed  a t a p ressure  n o t exceed ing
1.5 m m  o f m e rc u ry . W h e n  th is  p ressure  was obta ined , 
the tem pe ra tu re  o f the  w a te r e n te r in g  the  p la tens was 
ra ised  to  3 8 °C  and m a in ta ined  a t th a t te m p e ra tu re  fo r  
22 h r. T h e  m a rin e  p ro d u c ts  became essen tia lly  d ry . T h e n  
the p la ten  tem pe ra tu re  was lo w e re d  to  ro o m  tem pe ra tu re , 
and m a in ta ined  the re  fo r  7 2  h r . A i r  w as a d m itte d  to  the  
d e h y d ra tio n  cham ber u n t il a tm osphe ric  p ressure  was 
reached. T h e  m arine  p ro du c ts  w e re  rem oved fro m  the 
cham ber and placed in  N o . 2.5 cans. T h e  cans and th e ir  
con tents w ere  tw ice  evacuated and flushed  w ith  n itro g e n  
to  lo w e r the  oxyg en  con ten t o f the head space gas to  less 
tha n  2 % . T h e  cans w e re  sealed u n d e r n itro g e n .

T h e  p ro te in  q u a lity  o f the freeze -de hyd ra ted  m arine  
p ro d u c ts  was de te rm in ed  acco rd ing  to  the o ffic ia l m e thod  
o f b io lo g ica l eva lua tion  o f p ro te in  q u a lity  ( H o r w itz ,  1960 ). 
T h e  resu lts  o f the  p ro x im a te  analyses o f the  freeze -dehy
d ra te d  p ro d u c ts  are show n in  T a b le  1. T h e re  was no fib e r 
presen t in  any o f the  samples.

T h e  e xp e rim e n ta l d ie ts  con ta ined  10%  p ro te in  ( N  X
6 .2 5 ) , and w ere  stored a t — 15°C . A liq u o ts  o f the  r e f r ig 
era ted diets w e re  rem oved fro m  storage im m e d ia te ly  p r io r  
to  o ffe r in g  them  to  m ale a lb in o  ra ts  o f the H o ltz m a n  s tra in , 
w h ic h  had been weaned a t n o t less tha n  21 days and no t 
m ore  tha n  28 days. T h e  ra ts  w e re  assembled in to  g roups 
o f 10 each, rep lica ted  tw ic e  fo r  each trea tm e n t.

I n  the  assay o f each m arine  p ro d u c t, a g ro u p  o f ra ts  fed 
A n im a l N u tr i t io n  R esearch C o un c il ( A N R C )  reference 
casein served as c o n tro l g roups. T h ro u g h o u t the  28 -day
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Table 1. T he proxim ate analyses (% )  
m arine products.

of the freeze-dehydrated

Protein Fat Moisture Ash

Haddock
H eat-trea ted , non-radiated 91.0 1.70 2.33 5.32
Raw, non-radiated 89.8 1.77 3.12 5.83
Raw, rad ia ted  (0.2 m egarad) 90.0 1.55 3.48 5.86
Raw, radiated (0.4 m egarad) 89.6 1.45 2.87 6.30

Crab
H eat-trea ted , non-radiated 78.3 3.58 2.53 13.4
Raw, non-radiated 75.0 2.48 3.64 15.7
Raw, radiated  (0.2 m egarad) 78 5 2.52 3.87 13.8
Raw, radiated (0.4 m egarad) 78.5 3.01 3.48 13.3

Flounder
H eat-treated , non-radiated 92.6 3.82 1.86 7.30
Raw, non-radiated 84.5 3.04 3.02 6.82
Raw, radiated (0.3 m egarad) 92.1 3.23 2.54 7.56
Raw, radiated  (0.6 m egarad) 90.3 3.80 3.03 7.46

assay pe riod , each ra t was kep t in  an in d iv id u a l cage in  an 
a ir-c o n d itio n e d  room  and was p ro v id e d  w ith  a p p ro p ria te  
assay d ie t and w a te r a d  lib itu m . T h e  body  w e ig h t o f each 
ra t was reco rded  at the s ta rt o f the  assay p e rio d  and at
7-day in te rva ls . Q u a n tita t iv e  m easurem ents o f the  d iets 
o ffe re d  to  the  ra ts  and the sp ille d  and re fused d ie t w e re  
made a t in te rv a ls  o f 7 days. T o ta l w e ig h t ga in  and p ro te in  
in ta ke  d u r in g  the  28 -day  p e rio d  w ere  ca lcu la ted fo r  each 
ra t and, in  tu rn , the  averages fo r  each g ro up .

P ro te in  e ffic iency ra t io  ( P E R ) ,  nam ely  the  body  w e ig h t 
ga in  d iv id e d  b y  the  p ro te in  in take , fo r  each ra t and the 
average fo r  each g ro u p  w e re  ca lcu la ted. T h e  ra t io  o f the 
P E R  fo r  each m a rin e  p ro d u c t to  the  P E R  fo r  the A N R C  
casein was ca lcu la ted. T h e  p ro te in  q u a lity  o f the sample 
is re p o rte d  as the above ra t io  X 100.

A n  ana lys is  o f va riance  o f the  P E R  values, ra th e r  than  
the p ro te in  q u a lity  values, was c a rr ie d  o u t ; thus, the in 
fo rm a tio n  and degrees o f freedom  con ta ined  in  the P E R  
values fo r  A N R C  casein w e re  u tiliz e d , and the e ffic iency 
o f the  e xp e rim e n t was m ax im ized . T h e  s ta tis tica l s ig n if
icance o f d iffe rences between tre a tm e n t means fo r  P E R  
values was app lied  to  the  co rre spo nd ing  diffe rences be
tw een tre a tm e n t means fo r  p ro te in  q u a lity  values.

R E S U L T S  A N D  D IS C U S S IO N

A c c o r d in g  to  the least s ig n if ic a n t d iffe rences ( L S D )  
show n un de r T a b le  2, the  p ro te in  q u a lity  values o f 113, 
119 and 118 fo r  no n -ra d ia te d  haddock, haddock rad ia ted

Table 2. T h e  mean P E R  and protein quality values for haddock.

Casein
Non-

radiated
0.2

megarad
0.4

mega rad
Heat-

treated

Rep. 1 2.97 3.39 3.82 3.41 2.50
Rep. 2 3.00 3.30 3.27 3.61 2.61
M e a n 1 2.98 3.38 3.54 3.51 2.55
P ro te in  quality 100 113 119 118 86

1 T he variance for trea tm en t X replication and for replication 
are  hom ogeneous to the e rro r variance, but the variance for trea t
m ents is significantly ( P < 0 .0 1 )  large. S tandard  e rro r of tre a t
m ent mean P E R  value =  0.090. L east significant difference (L S D ) 
between treatm ent mean P E R  values: 0.272 ( P  =  0.05) and 0.359 
( P  =  0.01) for tw o-tailed  t ;  0.228 ( P  =  0.05) and 0.324 (P  =  
0.01) fo r one-tailed t.

Table 3. T he P E R 1 and protein quality values for crab.

Casein
Non-

radiated
0.2

mega rads
0.4

mega rads
Heat-

treated

Rep. 1 2.97 2.83 3.66 3.29 0.95
Rep. 2 3.00 3.70 3.78 3.32 1.96
Rep. 1 100 95 123 111 32
Rep. 2 100 123 126 111 65

1 T he variance for treatm ent X replication interaction, for tre a t
ments, and for replications are  significantly ( P  <  0.01) large. 
S tandard  e rro r of group mean P E R  value =  0.161. L S D  between 
group mean P E R  values: 0.452 (P  =  0.05) and 0.599 ( P  =  0.01) 
for tw o-tailed t ;  0.378 ( P  =  0.05) and 0.546 ( P  =  0.01) for one- 
tailed t.

at the  0.2 m egarad leve l, and haddock ra d ia te d  a t the  0.4 
m egarad level, respective ly , are s ta t is t ic a lly  equal. These 
resu lts  are in  agreem ent w ith  the fin d in g s  o f B ro o k e  et al. 
(1966  ) in  w h ic h  the  am ino  acid con ten t o f haddock fille ts  
rad ia te d  a t 0.15, 0.25 o r 2.5 m egarads was n o t changed as 
com pared to  n o n -ra d ia te d  con tro ls .

T a b le  3 shows the g ro u p  mean P E R  va lues ob ta ined  fo r  
c rab and the co rre spo nd ing  p ro te in  q u a lity  va lues. T h e  
A N R C  reference casein c o n tro l in  the  haddock assay also 
served as the c o n tro l in  the crab assay. Because the  v a r i
ance fo r  the tre a tm e n t X re p lic a tio n  in te ra c tio n  is s ig n if 
ic a n tly  ( P < 0 .0 1 )  la rge , o n ly  g ro u p  m ean P E R  values 
w ith in  the  same re p lic a tio n  shou ld  be com pared. A c c o rd 
in g  to  the  L S D  values show n u n d e r T a b le  3, in  re p lic a tio n  
1 the  p ro te in  qua lities  o f c rab ra d ia te d  a t the  0.2 o r 0.4 
m egarad leve l are s ta t is t ic a lly  equal, and are s ig n if ic a n tly  
( P < 0 .0 5 )  h ig h e r th a n  the p ro te in  q u a lity  o f n o n -ra d ia te d  
crab. In  re p lic a tio n  2, the p ro te in  q u a lity  o f c rab rad ia te d  
a t the 0.2 m egarad leve l is s ta tis tic a lly  equal to  th a t o f no n - 
rad ia te d  crab, and is ju s t  s ig n if ic a n tly  ( P  =  0 .0 5 ) h ig h e r 
th a n  th a t o f c rab rad ia te d  a t the 0 .4  m egarad  leve l.

These resu lts  co rrespond to  p re v io us  fin d in g s  w h e re  the 
s u p e rio r P E R  values o f fish  as com pared to  casein w e re  
a ttr ib u te d  to  the abundance o f lys ine  e x is tin g  in  fish  tissues 
(M o r r is o n  e t a l., 1960; B o rg s tro m  et a l., 19 6 2 ). R a d ia 
t io n  at e ith e r level d id  n o t s ig n if ic a n tly  change the  p ro te in  
q u a lity  o f haddock o r crab except in  re p lic a tio n  1 w here  
the P E R  va lue fo r  c rab rad ia te d  a t e ith e r leve l was s ig 
n if ic a n tly  h ig h e r th a t th a t o f n o n -ra d ia te d  crab.

T a b le  4  shows the g ro u p  mean P E R  va lues ob ta ined  fo r  
f lo u n d e r and the p ro te in  q u a lity  values co rre sp o n d in g  to  
the  tre a tm e n t m ean P E R  values. A c c o rd in g  to  the  L S D  
values show n u n d e r T a b le  4 the  p ro te in  q u a lity  o f f lo u n d e r 
rad ia te d  at the 0.3 m egarad leve l is  s ig n if ic a n tly  ( P < 0 . 0 1 )

Table 4. T he mean P E R  and protein quality values for flounder.

Casein
Non-

radiated
0.3

megarads
0.6

megarads
Heat-

treated

Rep. 1 3.02 3.93 3.62 3.73 2.51
Rep. 2 3.32 4.07 3.74 4.10 2.78
M ean 1 3.17 4.00 3.68 3.92 2.64
M ean protein 

quality 100 126 116 123 83

1 T he variance for the treatm ent X replication is hom ogeneous to 
the e rro r variance, and the variances for treatm ents and for rep li
cations are  significantly ( P < 0 .0 1 )  large. S tandard  e rro r of t re a t
m ent mean P E R  value =  0.065. L S D  between trea tm en t P E R  
values: 0.170 ( P  =  0.05) and 0.224 ( P  =  0.01) for tw o-tailed  t ;  
0.142 ( P  =  0.05) and 0.202 ( P  =  0.01) for one-tailed t.
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lower than that of non-radiated flounder; the protein qual
ity of flounder radiated at the 0.6 megarad level was statis
tically equal to that of non-radiated flounder.

The heat-treated portion of each marine product had a 
protein quality significantly (P < 0 .0 1 )  less than the non- 
radiated portion. The protein quality of 86 for heat- 
treated haddock was significantly (P  <  0.01) lower than 
the value of 113 for non-radiated haddock. The low PER  
values for the heat-treated samples provides a striking con
trast between them and raw or radiated samples. The 
growth of rats fed the heat-treated products was remark
ably poor. Obviously, the proteins were damaged or the 
digestibility of the proteins was decreased by heating the 
product in No. 10 cans for 4 j/) hr at 116°C. There are 
several workers who state that carefully-controlled pro
cessing does not alter the nutritive value of fish; also that 
raw shellfish protein was more digestible than the cooked 
form (Borgstrom e t  a i,  1962).
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NOTICE

P a g e  C h a r g e s  f o r  P u b l i c a t i o n  o f  
R e s e a r c h  P a p e r s

□  Publication costs and publication pressures have 
increased a t  a fa s t ra te  over the p as t few  years. The 
resu lt is problems for all publishers, including the 
Institu te  of Food Technologists. An example of pub
lication pressure is the considerably higher ra te  of 
receipt of research m anuscripts fo r F o o d  T e ch n o lo g y  
compared w ith the ra te  of publication in the journal. 
One solution to this problem is the publication of 
special or supplem ental issues a t  g rea t expense to 
the Institu te.

A t the October 1967 Executive Committee meeting, 
the Subcommittee on Publications recognized and 
acknowledged the problem posed by increased costs 
and pressures, and discussed the m a tte r a t  length. 
The Executive Committee then voted unanimously— 
as a financial expedient—to establish a page charge 
fo r research articles of $30 per page printed in either 
F oo d  T e ch n o lo g y  or the J o u rn a l o f F oo d  Science.
□  The page charge will be effective fo r research 
m anuscripts received afte r A pril 1, 1968. The page 
charge is subject to adjustm ent by the Executive 
Committee upon recommendation of the Subcommit
tee on Finance a fte r  suitable experience has been 
gained.

T h e  page charge  S H A L L  N O T  c o n s titu te  a b a r to  the  
acceptance o f research  p a p e rs  fo r  p u b lic a t io n  because 
an  a u th o r  is unab le  to  p a y  th e  charge.
□  I t  is the view of the Executive Committee th a t the
page charge is a m a tte r of policy in effective adm in
istra tion  of the journals, so long as the page charge 
is norm al fo r other sim ilar journals, i t  is imposed a t  
a reasonable level, i t  provides fo r hardship cases so 
th a t i t  is not a ba rrie r to publication, and i t  is neces
sary  and defensible fo r financial reasons. A t the re 
quest of the Executive Committee, concurrence of 
the Council Policy Committee was obtained. This 
publication is to serve as notice th a t the $30 charge 
per printed page will become effective fo r research 
m anuscripts received a fte r  A pril 1, 1968. •
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