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The Relative Perception of Weak Sucrose-Citric 
Acid Mixtures

R. A. M. G R EG SO N  a a n d  P. J. M cCO W EN
Operations Research, J. Lyons &  Co. Ltd., London. England 

(M anuscript received October IS, 1962)

SUM M ARY
T h e  p e rc e p tio n  o f  c h a n g e s  in  th e  re la tiv e  in te n s ity  o f  sw e e tn e ss  a n d  a c id 

ity  w as in v e s tig a te d  w ith  se r ie s  o f  s u c ro se -c itr ic  ac id  m ix tu re s  a t  n e a r - th re s h o ld  
in te n s it ie s — u p  to  2 %  su c ro se  a n d  u p  to  .0 8 8 5 %  c itr ic  a c id . C h a n g e s  in  
c i tr ic  ac id  c o n c e n tra t io n  w ere  g e n e ra lly  p e rc e iv e d  by  s o m e  ta s te rs  to  in c re a se  
sw e e tn e ss  a n d  by o th e r  ta s te rs  to  d e c re a se  sw ee tn ess . S im ila r ly , c h a n g e s  in  
su c ro se  c o n c e n tra t io n  in c re a se d  o r  d e c re a se d  p e rc e iv e d  a c id ity . I t  is su g g e s te d  
th a t  c o n tra d ic t io n s  b e tw e en  th is  a n d  p re v io u s  s tu d ie s  m ig h t b e  d u e  to  d if f e r 
e n c e s  in  p ro c e d u re , w h ich  c o u ld  a f fe c t th e  re la tiv e  p e rc e p tio n  o f  ta s te  in te n 
s itie s . P e rc e p tu a l  p ro c e sse s  p la y  as  g re a t  a p a r t  in  d e te rm in in g  re sp o n s e s  to  
v ery  w eak  ta s te s  as  d o  th e  s tim u li th e m se lv e s . C o n tro ls  a n d  m e a s u re s  o f  
ta s te r s ’ p r io r  re le v a n t b e h a v io r  a r e  s u g g e s te d  to  b e  n ec essa ry  f o r  p r o p e r  in te r 
p re ta t io n  o f  th e i r  re sp o n s e s .

IN T R O D U C T IO N
Recent studies by Kamen et al. (1961 ) 

and Pangborn (1960, 1962), following
Fabian and Blum ( 1943), have cited appar
ently contradictory evidence concerning the 
effects of the presence of citric acid on the 
perceived sweetness of a sucrose-citric acid 
mixture. The citric acid may make the 
mixture more (Kam en et al.. 1961) or less 
( Panghorn, 1960) sweet than a sucrose so
lution of comparable concentration. Pang- 
horn (1962) has given evidence that the 
effect of one component on the perceived 
intensity of the other in a taste mixture 
depends in some consistent hut unexplained 
manner on the method of presentation used : 
the methods of paired comparisons and 
single-stimulus intensity ratings have both 
been employed, yielding different results for 
the stimuli of weaker intensity.

This paper reports an experiment de
signed to investigate some effects that might 
be considered to modify the perception of 
weak sucrose-citric acid mixtures, and thus 
suggest what might be controlled experi- 
mentallv in order to reconcile divergent 
findings. The experiment is concerned 
solelv with near-threshold stimulus intensi- 1

ties. and differences between them. In this 
study, unlike any previous reported work 
of which we are aware, ratings of relative 
intensities on both real and imaginary differ
ences between two stimuli were sought. 
Previous work may therefore be comparable 
with our findings only where the method is 
similar.

T H E O R Y
We wish to try to relate the problem of 

the perception of taste mixtures to prece
dents that have extensive experimental 
support in the literature of perception in 
other senses. To this end we cite, and 
define formally in the context of the per
ception of taste mixtures, two sorts of 
behavior that may arise in responding to 
complex stimuli. These theories are not 
original to this paper but are being advanced 
here in order to derive corollaries that make 
predictions about the perception of taste 
mixtures when such mixtures are compared 
in series.

C ONCORDANT R E S P O N D IN G
( liven a complex stimulus made tip of a 

set of component stimuli each at some 
measurable intensity, and a measure of in
tensity that permits comparison between 
components, such a m ixture may have a 
gestalt quality recognized by a common1 The senior author is now at the University of 

Canterbury. Christchurch, New Zealand.
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name. For example, a mixture of appro
priate intensities of salt, sugar, and tannin 
in water apparently tastes like sherry to 
some judges. If the mixture is perceived 
as a gestalt, then small changes in intensity 
of one component relative to the rest will 
not he noticed, because they will tend to be 
assimilated into the whole pattern of sen
sations by a process called “closure” 
( Koffka, 1935). In formal terms, if «, is 
the intensity of the fth component, and a, 
the intensity of some other yth component, 
then if we take all possible ratios of tbe 
intensities of two components from the 
total number of components ( in the example 
of the imitation sherry, three components 
and three ratios) then the matrix

! I O ia f '  ]|
which is the matrix of all such ratios, re
mains (as perceived) unchanged.

For convenience we will call this "con
cordant" responding. The corollary to this 
theory is that a small increase or decrease 
in concentration of acid added to sucrose 
should respectively increase or decrease per
ceived sweetness provided the previous ex
perience of the taster has led him to have 
an expectation of the balance of relative 
intensities of components appropriate to the 
mixture in question: such an expectation 
may be reinforced by giving tbe mixture a 
name, sav “lemonade" (Carmichael ct a!., 
1932).

C O N T R A S T IN G  R E S P O N D IN G
An alternative theory, after Kelson 

( l l>59), is that the subject has a subjective 
average level of intensity that he uses as a 
reference against which to judge the inten
sity of any other stimulus. The subjective 
average is termed tbe adaptation level 
(A .L .) and is postulated to be tbe geometric 
mean of the different relevant stimuli to 
which the subject has previously been ex
posed. In the case of a taste m ixture fol
lowed by a taste mixture, A.L. is formally

for a m ixture with n components, and on 
this theory a real small change in intensity 
of the ;tb component, which we may write

as 8a„ results in a perceived change in the 
other, actually unchanged, components in 
the opposite direction, which for the j th 
component we may write as —8,, because 
the tasters’ A.L. has been moved by tbe real 
change 8,, and the other components are 
now judged from a new reference level, 
from which they appear less intense. On 
this theory we move the A.L. every time 
we expose the subject to a new different 
mixture. A crucial test of the theory de
mands a quantification of the subjective 
magnitudes of the intensities concerned.

The corollary to this theory assumes that 
subjects can break down tbe gestalt quality 
of the sucrose-citric acid m ixture and ex
perience it as a mixture of two parts. This 
leads to what we will call "contrasting” 
responses; a small increase or decrease in 
concentration of acid added to sucrose 
should respectively decrease or increase per
ceived sweetness, again provided the previ
ous experience of the taster has been such 
that he has formed an A.L. The term “con
trast effect" has been used in a similar sense 
by Kamenetzky (1959) to refer to hedonic 
judgments.

In both the above paradigms tbe effects 
of acid on sucrose and sucrose on acid are 
postulated to be symmetrical.

E X P E R IM E N T
T h e  o b je c t  o f th e  e x p e r im e n t  w a s  to  in v e s tig a te  

w h e th e r  ju d g m e n ts  o f th e  a p p a re n t  d i re c t io n  o f 
in te n s i ty  c h a n g e  o v e r  tw o  su c ce ss iv e  t a s t in g s  o f 
th e  c o n s ta n t- in te n s i ty  c o m p o n e n t o f a  s u c ro se -  
c i t r ic  a c id  m ix tu r e  w e re  c o n c o rd a n t  w ith  o r  
c o n t r a s t in g  to  re a l  c h a n g e s  in  th e  in te n s i ty  o f  th e  
o th e r  c o m p o n e n t p re s e n t, o v e r  th e  sam e  su c ce ss iv e  
ta s t in g s .  T h e  d e s ig n  o f th e  e x p e r im e n t  a ls o  m ad e  
p o ss ib le  re s p o n se s  in d ic a tin g  th a t  n e ith e r  c o n c o rd 
a n t  n o r  c o n t r a s t in g  e f fe c ts  w e re  o c c u r r in g  fo r  
a  g iv e n  t a s te r .  T h e  m ix tu r e s  c h o se n  w e re  ta p -  
w a te r  so lu tio n s  o f s u c ro se  a n d  c i t r ic  a c id . T h r e e  
in te n s i tie s  o f e ach  c o m p o n en t w e re  in v o lv e d  in th e  
e x p e r im e n ta l  d e s ig n  : .1 , =  .0 4 4 0 % , A » =  .0 6 2 5 % , 
a n d  .fa  =  .088 5%  c it r ic  a c id , a n d  .S\ =  .5 % . S s  =  
1 .0 % , a n d  Ss =  2 .0 %  su c ro se . O n ly  fo u r  m ix tu r e s  
o f th e  n in e  p o ss ib le  w e re  em p lo y ed , a =  A; Si, 
b = A ,  S a. c = A , S s , a n d  d  = A s S~. ( T h i s  
n o ta t io n  is  u se d  th ro u g h o u t  th e  ta b le s .)  T h e  
m ix tu r e s  w e re  ta s te d  in  ru n s  o f  five s tim u li,  a n d  
le n g th  o f ru n  w a s  c h o se n  a s  lo n g  e n o u g h  to  e s ta b 
lish  s u b je c tiv e  e x p e c ta n c ie s  b u t  a t  th e  sam e  t im e  
n o t  so  lo n g  a s  to  in d u c e  fa tig u e  o r  lo ss  o f m o t iv a 
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t io n  in  th e  ta s te r .  T lie  d e s ig n  o f  th e  e x p e r im e n t  
w a s  c h o se n  to  re f le c t th e  se q u e n tia l  c h a r a c te r  o f 
m o s t  ta s te  e x p e r ie n c e s , w h ic h  in  th e  n o rm a l  c o n 
su m p tio n  s i tu a tio n  a r c  th e  b a s is  o f c o m p a ra tiv e  
ju d g m e n ts .

T h e r e  a r e  e ig h t  b a s ic  ru n s  o f  five s tim u li ; th e  
c o m p le te  p a ra d ig m  is in c lu d e d  in  T a b le  1. T h e  
ru n s  d e s ig n a te d  E l  to  E 8  c o r re s p o n d  t o :  E l )  a c id  
h e ld  c o n s ta n t  a t  m id d le  in te n s i ty  a n d  su c ro s e  in 
c re a s e d  on  th e  la s t  s tim u lu s , i.e., aaaab: E 2 )  th e  
sam e  w ith  su c ro s e  d e c re a se d  o n  th e  la s t  s tim u lu s , 
i.e., hbhha ; E 3 )  th e  sam e  w ith  s u c ro s e  in c re a se d  
o n  th e  p e n u l t im a te  s t im u lu s  a n d  th e n  d e c re a se d  ; 
i.e., aaaba ; E 4 )  th e  sam e  w ith  su c ro s e  d e c re a se d  
o n  th e  p e n u l t im a te  s t im u lu s  a n d  th e n  in c re a se d , 
i.e .. bbbab : a n d  E 5  to  E 8  ) a ll th e s e  fo u r  p a ra d ig m s

a g a in  b u t  w i th  th e  ro le s  o f c i t r ic  a c id  a n d  s u c ro se  
in te r c h a n g e d : i.e ., w i th  c f o r  a a n d  d f o r  b.

In  th e  n o ta t io n  o f th e  ta b le s  w e  h a v e  u se d  
c a p ita l  le t te r s  to  m e a n  su c ro s e  o r  a c id  in  th e  
c a se  o f m ix tu r e s ,  a n d  s w e e tn e ss  o r  a c id ity  in  th e  
c a se  o f  re s p o n se s  to  th o se  m ix tu r e s ,  n u m b e r  
su ffixes r e f e r  to  c o m p o n e n t in te n s i tie s  a s  c h e m i
c a lly  d e f in e d ; lo w e r -c a s e  le t te r  su ffixes to  m ix 
tu re s  a s  p e rc e iv e d  a n d  r a te d .  F o r  e x a m p le , S 3.1 
is to  be re a d  “ S u c ro s e  a t  leve l Sa p re s e n te d  a f te r  
su c ro s e  a t  leve l S i ,” w h e re a s  A,.b  is to  b e  re a d  
“ th e  a c id ity  o f  m ix tu r e  <7 ju d g e d  r e la t iv e  to  th e  
a c id ity  o f m ix tu r e  b." H e n c e , c o lu m n s  h ead ed , 
say , A'c.c o r  .1 t, t, a r e  c o m p a r is o n s  o f tw o  id en tic a l 
m ix tu r e s  ta s te d  o n e  im m e d ia te ly  a f te r  th e  o th e r .

F o r  e ac h  e x p e r im e n ta l  ru n  th e r e  w a s  a ls o  a  c o r 
re s p o n d in g  c o n tro l  ru n , u s in g  th e  sam e  s tim u lu s

T a b le  1. E a c h  v a lu e  in th e  ta b le  is b a s e d o n  14 re s p o n se s  in th e  sca le  r a n g e + Oj 0 1 Oj V

S tim u li  in v o lv ed  in c o m p a riso n s
1st +  2 n d 2 n d  +  3 rd 3 rd  +  4 th 4 th  +  5th

C o m p a riso n s  in sequ ence
R u n V a ria b le 1st 2n d 3 rd 4 th

E l S t im u lu s ( A 3 S . )  =  a ( A 3 S . ) (A n  S O (A n ) Sna
ju d g m e n t A i.a A . . . A  a. a A b a

ju d g m e n t  m ea n 1.00 0.50 0.36 0.14
ju d g m e n t  s.d. 1.20 1.84 1.76 2.53

E 2 S tim u lu s (A n S .O  =  b (A n  Sn) (A n  Sn) ( A 2) S i .3
ju d g m e n t Ab.b Ab.b Ab.b A a.b

ju d g m e n t  m ean - 0 . 1 4 0.21 - 0 . 7 9 - 0 . 5 7
ju d g m e n t  s.d. 1.30 1.26 1.32 2.58

E 3 S tim u lu s ( A 3 S O  =  a (A n  S O (A n ) Sna (A n ) Sen
ju d g m e n t A . . , A . . . A b a Aa.b

j u d g m e n t m ean 0.57 0.43 0.36 0.43
ju d g m e n t  s.d . 1.18 1.40 2.52 2.44

E 4 S tim u lu s ( A 3 S A  = b (A n  Sn) (A n ) Sen (A n ) Sna
ju d g m e n t Ab.b Ab.b A  a. b Ab.n

ju d g m e n t  m ean 0.36 - 0 . 2 9 - 0 .2 1 1.07
ju d g m e n t  s.d. 1.95 1.58 2.34 1.98

E 5 S tim u lu s ( A , S 3 ) =  c ( A ,  Sn) ( A ,  Sn) (S n ) Ana
ju d g m e n t S e e S c , Sc.C Sd.c

ju d g m e n t  m ean 0.29 0.57 - 0 . 3 6 - 0 . 2 9
ju d g m e n t  s.d. 1.58 1.55 2.12 2.60

E 6 S tim u lu s (A n S 3 ) =  d (A n  Sn) ( An Sn) (S n ) A en
ju d g m e n t Sri .d Sri,, Sd.d Sc.d

ju d g m e n t  m ean - 0 . 4 3 - 0 .7 1 0 - 0 . 5 7
ju d g m e n t  s.d. 2.19 1.62 2.04 2.19

E 7 S tim u lu s (A ,  S 3) — c ( A .  Sn) (S n ) A na (S n ) A en
ju d g m e n t S „ c S e c S„.c Sc.d

ju d g m e n t  m ean - 0 . 0 7 - 0 . 9 3 - 1 . 2 1 0.14
ju d g m e n t  s.d. 1.98 1.49 2.21 2.29

E 8 S tim u lu s (A n S . )  = d (A n Sn) (S n ) Ann (S n ) A na
ju d g m e n t S a d Sd.d S c Sd.c

ju d g m e n t  m ean - 0 .7 1 0 - 0 .7 1 0.21
ju d g m e n t  s.d. 1.44 1.73 1.83 2.24

a T h e  s tim u lu s  c o m p o n e n ts  c o n s ta n t  o v e r  a  g iv e n  c o m p a r is o n  a r e  sh o w n  in  p a re n th e s e s .
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seq u en ce , b u t  th e  c o n t ro l -g ro u p  s u b je c ts  w e re  
a sk e d  to  m a k e  ju d g m e n ts  o f  tb e  c o m p o n e n t th a t  
in fa c t  v a r ie d  on  th e  la s t  o r  la s t tw o  c o m p a r iso n s , 
w h e re a s  th e  e x p e r im e n ta l -g ro u p  s u b je c ts  ju d g e d  
th e  r e la t iv e  in te n s i ty  o f  th e  c o m p o n e n t t h a t  in  
fa c t  s ta y e d  c o n s ta n t  o v e r  th e  s e r ie s . I t  is  n e c e s 
s a r y  fo r  th e  c o n tro ls  to  t a s te  th e  w h o le  s tim u lu s  
s e r ie s  a n d  n o t  ju s t  th e  c o m p a r is o n s  b e tw e e n  ti e 
tw o  a c tu a l ly  d if fe re n t  s tim u li,  b e c a u se  o f t im e -  
e r r o r  e ffec ts  in  th e  s e r ie s  ( B o r a k ,  1 9 2 2 ).

E a c h  s u b je c t  d id  tw o  ru n s  in  seq u en ce , a n d  th e  
ru n s  w e re  p a ire d  in th e  d e s ig n  so  th a t  th e  e ig h t  
ru n  c o m b in a t io n s : £ 1  th e n  £ 3 ,  113 th e n  E l ,  £ 2  
th e n  £ 4 ,  £ 4  th e n  £ 2 .  £ 5  th e n  £ 7 ,  £ 7  th e n  £ 5 ,  
£ 6  th e n  £ 8 ,  a n d  £ 8  th e n  £ 6  o c c u r re d  e q u a lly  
o f te n . T h e  to ta l  n u m b e r  o f  s u b je c ts  w a s  72, 16 
c o n tro ls  a n d  56 e x p e r im e n tá is ,  w h ich  g iv e s  fo u r  
re p lic a t io n s  o f  e ac h  s t im u lu s  ru n  in th e  c o n tro ls  
a n d  fo u r te e n  re p lic a t io n s  o f e ac h  s t im u lu s  ru n  in 
th e  e x p e r im e n tá is .  T h e  s u b je c ts  w e re  fa c to ry  an d  
office s t a f f : b o th  sex es  a n d  a  w id e  a g e  r a n g e  
w e re  re p re s e n te d , a n d  p ro b a b ly  a  f a ir  r a n g e  of 
in te ll ig e n c e  a s  in fe r r e d  f ro m  th e i r  o c c u p a tio n s  an d  
b e h a v io r  in  p re v io u s  e x p e r im e n ts  o f  v a ry in g  c o m 
p le x ity . T h e y  a ls o  v a r ie d  in  th e i r  e x p e r ie n c e  c f  
fo o d - ta s t in g  e x p e r im e n ts ,  b u t  th e  m a jo r i ty  c f  
su ch  e x p e r im e n ts  in w h ich  th e y  h a d  p a r t ic ip a te d  
w e re  n o t  c o n c e rn e d  w ith  p s y c h o p h y s ic a l  re s e a rc h .

T h e  in te n s i tie s  o f th e  s u c ro s e  a n d  c i t r ic  aci 1 
w e re  c h o se n  o n  th e  b a s is  o f p re v io u s  e x p e r im e n ts  
on  a b s o lu te  ta s te  th re s h o ld s ,  som e  re s u lts  o f w h ic h  
a r e  re p o r te d  in  G re g s o n  ( 1 9 6 2 ), a n d  w e re  in te n d e d  
to  r e p re s e n t  2 , 3Jri, a n d  5 jn d  u n it s  a b o v e  a b s o 
lu te  th re s h o ld  e s t im a te s  fo r  th e  p o p u la t io n  o f 
t a s te r s  f ro m  w h ich  th e  72 w e re  d ra w n .

S a m p le s  w e re  m ad e  in c o n c e n tra te d  fo rm  an d  
a llo w e d  to  s ta n d  fo r  a b o u t '/2 h r  a f te r  d i lu tio n  
to  t a s t in g  c o n c e n tra t io n s  on  th e  d a y  o f u se , b u t 
w e re  a lw a y s  u sed  w ith in  a  d a y  o f m a k in g . E a c h  
s u b je c t  s ta r t e d  e ac h  ta s t in g  ru n  w ith  a  ta p - w a te r  
m o u th  r in se . A l l  ta s t in g  w a s  p e r fo rm e d  in d iv id u 
a lly  in  c lo se d  v e n t i la te d  t a s t in g  cu b ic le s , a b o u t
6 - f t .- s id e  cu b es , th e  e x p e r im e n te r  a d m in is te r in g  
s a m p le s  v ia  a  h a tc h w a y  a n d  r o t a r y  tab le . S u b 
je c ts  d id  th e  r u n s  a t  th e i r  o w n  p ace . I l lu m in a 
t io n  w a s  d a y l ig h t  o r  d a y l ig h t  s u p p le m e n te d  by  
a r t i f ic ia l  l ig h t  v ia  “d a y l ig h t"  c o lo r  f ilte r . S tim u li 
w e re  c o lo r le s s  l iq u id s  in  c le a r -g la s s  t u m b le r s ; 
e ach  p o r tio n  w a s  a b o u t 30 cc.

PR O C E D U R E
T h e  sam p le s  w e re  se t  b e fo re  th e  su b je c t ,  a n d  

th e  fo l lo w in g  in s tru c t io n s  g i v e n : “ H e r e  a r e  five 
sam p le s  o f  a  d i lu te d  lem o n  d r in k .  T h e y  v a r y  in  
th e i r  s w e e tn e ss  ( a c id i ty )  a n d  I w a n t  y o u  to  say  
h o w  each  v a r ie s  c o m p a re d  to  th e  on e  y o u  t a s t e r  
b e fo re , u s in g  th is  c a rd ."  ( A  c a rd  w a s  sh o w n , 
b e a r in g  sev en  s ta te m e n ts  a s  fo l lo w s :  m oke  s w e e t

( + 3 ) ,  SLIGHTLY MORE SWEET ( 4 - 2 ) ,  VERY 
SLIGHTLY MORE SWEET ( - f l ) .  THE SAME AS THE 
LAST ( 0 ) ,  VERY SLIGHTLY LESS SWEET ( — 1 ) ,  
SLIGHTLY LESS SWEET ( —2 ) ,  LESS SWEET ( — 3 ) .  
T h e  w o rd  “ s w e e t”  w a s  c h a n g e d  to  “a c id "  w h e re  
re q u ire d . T h e  n u m e ric a l  v a lu e s  in d ic a te d  w e re  
n e v e r  s h o w n  to  su b je c ts , b u t  w e re  u se d  th ro u g h o u t  
a n a ly s is  o f  th e  re s u lt s . )

“ Y ou  w ill  see  t h a t  a  sam p le  w ill  e i th e r  be  m o re  
sw e e t  ( a c id )  o r  less  sw e e t ( a c id )  o r  th e  sam e  
a s  th e  o n e  b e fo re  it. W o u ld  y o u  ta s te  th e  f irs t  
tw o  a n d  s a y  h o w  th e  seco n d  c o m p a re s  w ith  th e  
f irs t.  N o w  w o u ld  y o u  t a s te  th e  th i r d  a n d  sa y  h o w  
it c o m p a re s  w ith  th e  s ec o n d ” ( e tc . ) .

W h e n  th e  c o n tro l  s u b je c ts  w e re  b e in g  u sed  
th e y  a l te rn a te d  w ith  th e  e x p e r im e n ta l  su b je c ts .

R E S U L T S
T h e  m e a n  a n d  s ta n d a rd  d e v ia t io n s  o f th e  r e l a 

t iv e  in te n s i ty  r a t in g s  fo r  e ac h  c o m p a r is o n  o n  e ac h  
e x p e r im e n ta l  ru n  a r e  se t  o u t  in  T a b le  I. I t  w ill  
be  n o tic e d  th a t  th e  m ean  v a lu es  o f a ll c o m p a r is o n s , 
in c lu d in g  th o s e  a s s o c ia te d  w ith  a  c h a n g e  in  th e  
c o m p o n e n t n o t  b e in g  ju d g e d , .4«.»., . ! S e t .  
St.r., a r e  n e a r  to  z e ro , s u g g e s t in g  th a t  n e ith e r  
c o n c o rd a n t  n o r  c o n t r a s t in g  re s p o n se s  w e re  o c c u r 
r in g . T h is  in te rp re ta t io n  m a k e s  th e  a s s u m p tio n  
th a t  m e a n  r a t in g s  a r e  a n  a d e q u a te  m e a s u re  o f 
th e  s i tu a tio n , a n  a s s u m p tio n  t h a t  h a s  b een  m ad e  
in p re v io u s  s tu d ie s . H o w e v e r , e x a m in a tio n  o f 
th e  s ta n d a r d  d e v ia t io n s  o f  th e  r e la t iv e - in te n s i ty  
c o m p a r is o n s  re v e a ls  th a t  th e y  a r e  g r e a te r  fo r  
th o s e  c o m p a r is o n s  in v o lv in g  a  c h a n g e  in  th e  c o m 
p o n e n t n o t  b e in g  ju d g e d  th a n  fo r  th o s e  c o m p a r i 
so n s  in w h ic h  th e  to ta l  m ix tu r e  a c tu a l ly  re m a in e d  
u n c h a n g e d . T h e  a p p lic a t io n  o f  a  te s t  o f  h o m o sce -  
d a s t ic i ty  ( B a r t l e t t .  1934) re v e a ls  th a t  th e  re s u lts  
o f a ll j u d g m e n ts  a r e  h e te ro s c e d a s t ic  ( p < .0 2 ) ,  b u t 
w h e n  th e  tw o  g ro u p s  o f c o m p a r is o n s  a r e  c o n s id 
e re d  s e p a ra te ly  th e y  a r e  b o th  h o m o sc e d a s tic . In  
o th e r  w o r d s  th e  d is tr ib u tio n s  o f  th e  r e la t iv e  
in te n s i ty  r a t in g s  o f  p a ir s  o f  id e n tic a l  s tim u li,  
r e g a rd le s s  o f  w h ic h  c o m p o n e n t is  b e in g  c o m p a re d , 
a r e  s im i la r  w h e re a s  th e  d is tr ib u tio n s  o f  th e  r e la 
tiv e  in te n s i ty  r a t in g s  o f th e  c o n s ta n t  c o m p o n e n t in  
th o se  in s ta n c e s  w h e re  th e  o th e r  c o m p o n e n t v a r ie d ,  
re g a rd le s s  o f  w h ic h  i t  w a s  o r  in  w h ich  d ire c t io n  
it  m o v ed , a r e  a ls o  s im ila r  to  e ach  o th e r  b u t  s ig 
n if ic a n tly  d if fe re n t  f ro m  tb e  fo rm e r  d is tr ib u tio n s .

T a b le  2  s h o w s  th e  fre q u e n c ie s  o f  th e  r a t in g s  fo r  
th e  tw o  ty p e s  o f  c o m p a r is o n . C o m p a r is o n s  o f  id e n 
t ic a l  s t im u lu s  m ix tu r e s  ( T a b le  2 -A )  p ro d u c e  u n i-  
m o d a l d is tr ib u tio n s  w ith  th e  e r r a t ic  e x c e p t io n  o f 
ju d g m e n t  St.t. O n  th e  o th e r  h a n d , c o m p a r is o n s  
in  w h ic h  th e  c o m p o n e n t n o t  b e in g  r a te d  w a s  
c h a n g e d  ( T a b le  2 -B )  re s u lte d  in  b im o d a l d is t r ib u 
t io n s . I f  e i th e r  c o n t r a s t in g  o r  c o n c o rd a n t  r e s p o n d 
in g  w a s  o c c u r r in g  a lo n e , th e n  th e s e  l a t te r  d is tr ib u -
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T a b le  2. P o o le d  f re q u e n c ie s  o f r a t in g s ,  (2 n d  
s t im u lu s  c o m p a re d  w ith  1 st t a s te d  w ith in  a  c o m 
p a r is o n ) ,  o v e r  s im ila r  s t im u lu s  c o m p a r is o n s  f ro m  
e x p e r im e n ta l  ru n s .

A . C o m p a r is o n s  o f id en tic a l s t im u lu s  m ix tu re s ,  
b a sed  on  1st a n d  2nd  c o m p a r iso n s .

Rating scale
Judgment elicited

value An.n Ab. h S...C S»i.«i
+ 3 3 1 4 1
+ 2 16 11 9 11
+  1 12 10 7 6

0 15 17 17 11
- 1 3 6 6 5
- 2 6 6 6 14
- 3 1 5 7 8
I 56 56 56 56

m ean 0.63 0.04 - -0 .04 - 0 . 4 6
s.d. 1.44 1.57 1.75 1.79

B. C o m p a r is o n s  -o f s t im u lu s  m ix tu r e s d if fe r in g
in o n e  c o m p o n e n t o n ly , b a sed  o n  3 rd  a n d  4 th  co m -
p a r is o n s  w h e re a p p ro p r ia te .

Rating scale
Judgment elicited

value Aa. I> Ab. a Se.d
+ 3 11 l i 6 8
+ 2 5 12 4 8
+  1 4 0 7 0

0 1 0 4 2
- 1 2 2 2 3
- 2 7 5 10 8
- 3 12 12 9 13

I 42 42 42 42
m ean - 0 . 1 2 0.21 - -0.38 - 0 . 4 3
s.d. 2.49 2.56 2.15 2.43

tio n s  w o u ld  a ls o  be u n im o d a l w ith  th e  m o d e  
s itu a te d  to w a r d s  on e  o r  o th e r  e x tre m e . In  fa c t 
b o th  e f fe c ts  h a v e  o c c u r re d .  T h e  p o p u la t io n  of 
s u b je c ts  is n o t  re s p o n d in g  in a  h o m o g e n e o u s  m a n 
n e r  a n d  it is fo r  th is  re a s o n  th a t  th e  v a r ia n c e s  
o f  th e  tw o  g ro u p s  a r e  so d if fe re n t.

T h e  d is t r ib u t io n s  o f r a t in g s  m ad e  by  th e  c o n tro l  
g ro u p  a r e  sh o w n  in  T a b le  3. T h e  r e s u lt s  fo r  c o m 
p a r is o n s  o f id e n tic a l  s tim u lu s  m ix tu r e s  a r e  ho - 
m o sc e d a s tic  a n d  so  a r e  th o s e  fo r c o m p a r is o n s  o f 
th e  c o m p o n e n t th a t  v a r ie d ,  b u t  a ll th e  r e s u lt s  fo r 
th e  c o n tro l  g ro u p  w h e n  c o n s id e re d  to g e th e r  a r e  
h e te ro s c e d a s tic . I n  th is  g ro u p , u n lik e  th e  e x p e r i 
m en ta l s u b je c ts , th e re  is m o re  a g re e m e n t  b e tw e e n  
s u b je c ts  w h e n  th e y  a r e  m a k in g  c o m p a r is o n s  o f 
th e  c o m p o n e n t th a t  is in  fa c t  v a ry in g  th a n  w h en  
c o m p a r in g  id e n tic a l  s tim u lu s  m ix tu re s .  T h e s e  
r e s u lt s  in d ic a te  th a t  th e  c h a n g e s  in  c o n c e n tra tio n  
o f  b o th  s t im u lu s  c o m p o n e n ts  a r e  b e in g  a d e q u a te ly  
d e te c te d  b y  th e  s u b je c ts  in  sp ite  o f th e  p re sen ce  
o f th e  o th e r  c o m p o n e n t a n d  in  sp ite  of a n y  re s id u a l

m a s k in g  f ro m  th e  p re v io u s ly  ta s te d  s tim u li in 
th e  se r ie s .

I t  m ig h t  be  a r g u e d  th a t  th e  d is tr ib u tio n s  in  
T a b le  2 -B  a r e  d u e  to  so m e  k in d  o f g u e s s in g  
s t r a t e g y  on  th e  p a r t  o f th e  su b je c ts , t h a t  is, 
s u b je c ts  c a n  d e te c t  som e k in d  o f d i f fe re n c e  w h e n  
th e  c o m p o n e n t o th e r  th a n  th e  o n e  th e y  a r e  c o m 
p a r in g  is c h a n g e d  b u t  a r e  n o t  s u re  a s  to  w h a t  it 
is a n d  c o n se q u e n tly  a llo c a te  th e i r  re s p o n se s  r a n 
d o m ly  (C h e a th a m  1 9 5 2 ). In s p e c tio n  o f T a b le  4 
re v e a ls  th a t  s u b je c ts  a r e  b e in g  m o re  c o n s is te n t  
f ro m  on e  t r ia l  to  th e  n e x t  th a n  w o u ld  be  e x p e c te d  
if th e y  w e re  p ro d u c in g  c o n t r a s t in g  o r  c o n c o rd a n t  
re s p o n se s  b y  ch an ce . T h e  in d e te rm in a te  su b je c ts  
a r e  th o s e  w h o  m a d e  th e  sam e  re s p o n se  to  n o  
s tim u lu s  c h a n g e  a s  th e y  m ad e  to  a  re a l  c h a n g e  
in  on e  o f th e  c o m p o n en ts , a n d  c o n se q u e n tly  c a n 
n o t be c o n s id e re d  a s  e x h ib it in g  e i th e r  ty p e  o f 
b e h a v io r . I f  th e  in d e te rm in a te  re s p o n se s  a r e  
e q u a lly  a llo c a te d  to  th e  fo u r  o th e r  c e lls  th e  v a lu e

T a b le  3. P o o le d  fre q u e n c ie s  o f r a t in g s ,  (2 n d  
s t im u lu s  c o m p a re d  w ith  1st ta s te d  w ith in  a  c o m 
p a r is o n ) ,  o v e r  s im ila r  s tim u lu s  c o m p a r is o n s  f ro m  
c o n tro l  ru n s .

A . C o m p a r is o n s  o f id en tic a l s t im u lu s  m ix tu re s ,  
b a sed  o n  1st a n d  2n d  c o m p a r iso n s .

Rating scale
Judgment elicited

value Sa. a Sb.b Ac.c Ad.d

+ 3 1 l 0 2
+ 2 3 4 2 1
+  1 1 0 0 5

0 7 5 6 2
- 1 2 1 3 3
- 2 i 3 4 2
- 3 i 2 1 i
I 16 16 16 16

m ea n 0.19 - 0 . 1 3  - -0.63 0.19
s.d. 1.51 1.93 1.36 1.71

B. C o m p a r is o n s  of s tim u lu s  m ix tu r e s d if fe r in g
in o n e  c o m p o n e n t o n ly , b a sed  on  3 rd  a n d  4 th  com -
p a r is o n s  w h e re a p p ro p r ia te .

Rating scale
Judgment elicited

value Sa.b Sl>. n Ao.d Ad.o
+ 3 0 10 0 4
+ 2 0 2 0 6
+  1 1 0 l 1

0 0 0 1 0
- 1 0 0 1 0
_ 2 2 0 3 1
- 3 9 0 6 0
I 12 12 12 12

m ea n - 2 . 5 0 + 2 .8 3  - -2.00 +  1.92
s.d. 1.12 0.41 1.29 1.31
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T a b le  4. F re q u e n c y  ta b le  sh o w in g  th e  re la t io n  
b e tw e e n  th e  ty p e s  o f re sp o n se s  m ad e  b y  s u b je c ts  
on  th e  f i r s t  a n d  th e  seco n d  t r ia l  ru n s .

Second trial

F irs t
trial

Concord
ant

Contrast
ing

Indeter
minate I

C o n c o rd a n t 19 3 i 23

C o n tra s t in g 5 17 i 23

In d e te rm in a te 4 1 5 10

I 28 21 7 56

o f  th e  p h i-co e ffic ien t is  0.5, w h ic h  is s ig n if ic an t 
b e y o n d  1 %  level.

T h e  a c tu a l  a m o u n t  o f th e  p e rc e iv e d  c h a n g e s  in 
in te n s i ty  c a n n o t  be  m e a s u re d  in  a b s o lu te  te rm s , 
b e ca u se  th e  a m o u n t  is  r e la t iv e  a n d  a f fe c te d  by 
p re v io u s ly  e n c o u n te re d  c h a n g e s  in  th e  s e r ie s  of 
m ix tu r e s  ta s te d .

T h e  s e r ie s  o f five s tim u li g iv e s  fo u r  c o m p a ra tiv e  
r a t in g s  b e tw e e n  s tim u li, a n d  h e n c e  th r e e  in te rv a ls  
b e tw e e n  r a t in g s .  C h a n g e s  in  r a t in g s  o v e r  th e se  
th re e  in te rv a ls ,  i r re s p e c tiv e  o f th e i r  d i re c t io n , r e 
flec t c h a n g e s  in  th e  p e rc e iv e d  d if fe re n c e s  b e tw e e n  
s tim u li. T a k in g  ru n s  E 1, £ 2 ,  E 5, a n d  E6 a s  one 
g ro u p , f - te s ts  b e tw e e n  th e  th r e e  in te rv a ls  sh o w  
d iffe re n c e s  s ig n if ic a n t  b e y o n d  th e  5%  leve l in  th e  
m ean  m o d u li of c h a n g e s  in  r a t in g s  b e tw e e n  th e  
seco n d  a n d  t h ir d  in te rv a ls ,  h u t  n o t  b e tw e e n  th e  
f irs t  a n d  secon d , a lth o u g h  th e  seco n d  in te rv a l  
sh o w s a  g r e a te r  s h if t  th a n  th e  f irs t,  p ro b a b ly  
f ro m  th e  n e g a tiv e  re ce n c y  e ffec t ( J a r v ik ,  1 9 5 1 ). 
T h is  is  c o n s is te n t  w ith  e x p e c ta t io n s ,  fo r  th e  f irs t  
th r e e  c o m p a r is o n s  a r e  b e tw e e n  id e n tic a l  p a ir s  o f 
s tim u li. F o r  th e  ru n s  E3, £ 4 ,  E l, a n d  £ 8  ( r u n s  
in  w h ich  in te n s i ty  r e v e r s a ls  o c c u r re d )  d iffe re n c e s  
in  m ea n  m o d u li o f s h if ts  b e tw e e n  a ll  th r e e  in te r 
v a ls  a r e  s ig n if ic a n t  b e y o n d  th e  1 %  leve l by  f- te s t .  
T h is  m ea n s  t h a t  a  c o n t r a s t  e ffe c t  is o c c u r r in g  
o v e r  th e  la s t  c o m p a ra t iv e  r a t i n g ;  s u b je c ts  w h o  
d e te c t  a  c h a n g e — in  w h a te v e r  d ire c t io n — b e tw e e n  
th e  th i r d  a n d  fo u r th  s t im u lu s  d e te c t  a  m u c h  b ig g e r  
o p p o s ite  c h a n g e  b e tw e e n  th e  fo u r th  a n d  fifth , a l 
th o u g h  th e  a c tu a l  c h a n g e  is  eq u a l a n d  o p p o s ite  
to  th e  on e  p re c e d in g . T h is  b e h a v io r  is c o n s is te n t  
w i th  th e  A .L . th e o ry , h u t  o n ly  if th e  a c tu a l  d i r e c 
t io n  of th e  c h a n g e s  fo r  h a lf  th e  s u b je c ts  ( th e  
c o n c o rd a n t  s u b je c ts )  is ig n o re d . T h e  p e rc e iv e d  
m a g n itu d e  o f th e  s h if ts  in  s w e e tn e ss  d u e  to  a c id  
c h a n g e s  o r  a c id ity  d u e  to  su c ro s e  c h a n g e s  is  c le a r ly  
in flu en ced  b y  im m e d ia te ly  p re c e d in g  ta s te  e x p e r i 
ence , fo r  th e  p re v io u s  s tim u li s e rv e  a s  su b je c tiv e  
re fe re n c e  p o in ts .

DISCUSSION
The results show that both concordant 

and contrasting responses can occur as 
types of response behavior, so either theory

is excluded as an adequate general descrip
tion of responses over the near-threshold 
range. The effects of changes in one com
ponent of a sucrose-citric acid m ixture on 
changes in the perceived intensity of sensa
tions associated with the other constant 
component are as great, when expressed on 
a rating scale, as the perceived actual 
changes associated with the variable com
ponent itself (compare Tables 2-B and 3-B ). 
On the basis of our results, at least one 
sort of serial comparative judgment can he 
elicited in which acid can make sucrose 
more or less sweet, and sucrose make citric 
acid more or less sh a rp : the two sorts of 
change appear to be associated with two 
separate groups of tasters, so that it is mis
leading to treat all tasters as equivalent, as 
previous workers have done. The evidence 
does not tell us what the two groups of 
tasters a r e ; in similar studies in sensory 
modalities other than taste, comparable di
visions of subjects have been made on per
sonality variables (Eysenck, 1942) and on 
strategies that a subject might adopt 
in ambiguous situations (Yanderplas and 
Blake, 1949; Broadbent, 1958).

If the results of Kamen et a!, held in our 
experiment we would expect to get contrast
ing responses when sucrose concentration 
was increased, but concordant responses 
when acid is increased. If Pangborn’s
(1960) results held, we would expect to get 
contrasting responses throughout. Since 
previous studies use analyses based simply 
on mean responses to stimuli, we cannot 
disentangle all the factors that could account 
for differences between their studies and 
our own, but we question the generality of 
their findings and the validity of their con
clusions over the range of concentrations 
used in our experiment precisely because 
they have neglected variables that are known 
to affect the perception of complex stimuli 
or stimuli encountered in series (George. 
1917; Jarvik, 1951 ; Estes, 1954; Lawrence 
and Laberge, 1956).

It may be argued that we have not been 
entirely fair to the A.L. theory, since Engel 
and Parducci (1961) have revised it and 
put it into a different and more complex 
form to cover the case of a variable stimu
lus judged against a variable background.
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This is an extension of the A T . theory in 
that one component is identified as "figure" 
and the other as “background." This third 
theory might he reconciled with, hut only 
with, the contrasting responses, for if the 
subject picks on the variable component as 
his background, the constant component 
should shift in contrasting fashion, whereas 
if he has picked on the constant component 
as background then prediction is indetermi
nate.

C O N C L U S IO N S
Current psychological theories can he 

employed to predict the occurrence of either 
concordant or contrasting responses, hut 
the fact that we have found both indicates 
that the situation is more complex than can 
be accounted for by either theory taken on 
its own. The conflicting results between 
previous studies and our own can be the 
result of inadequate analysis of results or 
differences between the tasters in their pre
vious experience of similar stimuli, either 
on trial sessions, or as reference stimuli, or 
on early experimental tests as compared with 
later ones.

W e conclude that, in the near-threshold 
range of stimulus intensities, perceptual 
processes are as important as the stimulus 
identities or intensities themselves in deter
mining what subjects will say they can 
taste in a mixture. In order to specify the 
interaction effects of taste m ixture com
ponents we must therefore hold constant, or 
separate out in analysis, the various sources 
of bias such as time-errors or the subjects’ 
selective expectations about what stimulus 
mixtures are to he encountered (Gregson,
1961). Also, if possible, we should screen 
the subjects to determine whether they have 
a predilection to respond in some habitually 
erroneous fashion when complex judgments 
are evoked.

The food technologist needs information 
on the perception of taste mixtures as a 
rational basis for product formulation and 
development. Such information should indi
cate what generality can be claimed for it: 
if potential tasters perceive small changes in 
different ways because they do not consti
tute a homogeneous group of tasters, then 
product changes of the perceived magnitudes

involved in our experiment cannot be ex
pected to lead to consistent changes in 
acceptability.
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SUM M ARY
D a ta  o b ta in e d  w ith  se v e ra l b a n a n a  v a r ie t ie s  show  e x c e lle n t q u a li ta t iv e  a n d  

q u a n t i ta t iv e  c o r r e la t io n s  b e tw e en  th e  d e v e lo p m e n t o f  f lav o r a n d  o d o r  n o te s  
a n d  c h e m ic a l a n a ly s is  fo r  v o la tile s  by  g a s - liq u id  c h ro m a to g ra p h y . T h e  c h a r 
a c te r is t ic  “ b a n a n a - l ik e ”  f la v o r  is  d u e  to  th e  a m y l e s te rs  o f  a c e tic , p ro p io n ic ,  
a n d  b u ty r ic  a c id s . T h e  d is t in c tiv e  “ f r u i ty ”  a n d  “ e s te ry ”  n o te s  a r e  a t t r ib u te d  
to  b u ty l a c e ta te ,  b u ty l b u ty r a te ,  h e x y l a c e ta te , a n d  am y l b u ty r a te .  I t  is 
e v id e n t f r o m  th e s e  s tu d ie s  th a t  d e te rm in a tio n  o f  th e  c h e m ic a l c o m p o s itio n  o f  
th e  v o la tile s  h a s  p e rm i t te d  a m u c h  m o re  p re c is e  c h a ra c te r iz a t io n  o f  f la v o r  
a n d  o d o r  n o te s , a n d ,  c o n v e rse ly , th a t  th e se  f la v o r  p ro f ile s  c o n tr ib u te  g re a tly  
to  in te rp re ta t io n  o f  th e  s ig n if ic a n c e  o f  c h e m ic a l c o n s t i tu e n ts .  T h e  c o r r e la 
tio n s  fo u n d  a lso  s u b s ta n t ia te  th e  p o te n tia l  v a lu e  o f  gas  c h ro m a to g ra p h ic  a n 
a ly s is  fo r  ro u t in e  e v a lu a tio n  o f  b a n a n a  f r u i t  q u a lity . I t  is  a n t ic ip a te d  th a t  
th e  c o m b in e d  u se  o f  th e s e  tw o te c h n iq u e s  w ill e n h a n c e  th e  v a lu e  o f  b o th  
in  th e i r  a p p lic a t io n  to  n u m e ro u s  f lav o r a n d  o d o r  p ro b le m s .

IN T R O D U C T IO N
Modern techniques of flavor evaluation 

have relied heavily upon sensory methods 
designed to eliminate preference judgments. 
Among these methods, the flavor profile 
technique of C a i rn c ro s s  an d  Sjöström 
(1950) has i¡roved both objective and flex
ible in its application to a wide range of 
flavor and odor problems.

The more recent advent of highly sensitive 
instruments for analyzing the volatile com
ponents contributing to flavor and odor has 
given new impetus to research in this field. 
In particular, the technique of gas-liquid 
partition chromatography has provided a 
rapid and discriminating method of analysis.

Previous studies have been reported in 
which many of the volatile constituents of 
the banana fruit have been identified (H ultin 
and Proctor, 1961 : Issenherg and Wick,

* P re s e n te d  a t  th e  2 2 n d  A n n u a l  M e e tin g  o f th e  
I n s t i tu te  o f F o o d  T e c h n o lo g is ts ,  M iam i B each , 
F lo r id a .  J u n e . 1962.

1963: Kleber. 1912; Rothenbach and Eber- 
lein, 1905; Yon Loesecke. 1950). but the 
significance of these compounds in relation 
to the flavor and aroma properties of the 
fruit has not been investigated. The pres
ent study was made to relate the gas chro
matographic patterns of banana volatiles to 
the flavor profiles of the fruit, and to deter
mine the contribution of certain compounds 
to the characteristic banana flavor. A total 
of 55 flavor profiles and 200 chromatographic 
analyses were conducted on several banana 
varieties at successive stages of ripening 
under controlled conditions.

E X P E R IM E N T A L
T h e  v a r ie t ie s  o f b a n a n a  f r u i t  (Musa acuminata) 

u se d  in th is  s tu d y  w e re  se lec ted  a n d  s h ip p e d  by 
D r .  H u g h  T . F re e h a i rn ,  Y in in g  C . D u n la p  L a b o r a 
to r ie s . L a  L im a , H o n d u ra s ,  C . A . U p o n  a r r iv a l  
f ro m  H o n d u ra s ,  a p p ro x im a te ly  10 h a n d s  (b u n c h e s )  
o f  e ac h  v a r ie ty  w e re  p lac ed  in  a  r ip e n in g  c h am b e r 
m a in ta in e d  a t  16 .5 °C  a n d  9 0 %  re la t iv e  h u m id ity . 
E th y le n e  w a s  in tro d u c e d  th ro u g h  a  p o r t  in  th e  
c lo se d  c h a m b e r  to  g iv e  a  c o n c e n tra tio n  o f 0.1 % 
fo r  18 h r .  A t  in te rv a ls  d u r in g  th e  r ip e n in g  p e rio d

1 3 /9  ]
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o f 5 -1 0  d a y s , a d ja c e n t  b a n a n a  f in g e rs  w e re  re m o v e d  
f ro m  d if fe re n t  h a n d s  o f a  g iv e n  v a r ie ty  fo r  c o n 
c u r r e n t  g a s  c h ro m a to g ra p h ic  a n d  f la v o r  p ro file  
a n a ly se s .

G a s -liq u id  c h ro m a to g ra p h y . A  /3 -io n iza tio n  c h r o 
m a to g r a p h  e m p lo y in g  10 m e  o f s tro n t iu m -9 0  in 
th e  d e te c to r  w a s  o p e ra te d  i s o th e rm a lly  a t  a  c o n 
s ta n t  s e n s it iv ity  th ro u g h o u t  t h e  in v e s tig a tio n , 
( ¡ la s s  co lu m n s , 6 f t  lo n g  a n d  'f - i n c h  in o u ts id e  
d ia m e te r , w e re  p a c k e d  w ith  C h ro m o s o rb  \V  ( 80 - 
1 0 0 -m esh ) c o a te d  w ith  5 r c U C O X  p o la r . A rg o n  
w a s  u sed  a s  th e  c a r r i e r  g a s  a t  a  r a te  o f 50 m l/m in ,  
a n d  c o lu m n  te m p e ra tu re s  ra n g e d  f ro m  50 to  70' L.

In  p r e p a r in g  sam p le s  fo r  v a p o r  a n a ly s is , th e  
p ee led  f r u i t  o f a  s in g le  b a n a n a  w a s  s p lit  lo n g i
tu d in a lly . s liced , a n d  p lac ed  in  a  25 0 -m l E r le n m e y e r  
flask . T h e  flask  w a s  th e n  sea le d  w ith  a  ru b b e r  
s e ru m  c ap  a n d  a llo w e d  to  s ta n d  a t  ro o m  te m p e ra 
tu re  fo r  1 h r  p r io r  to  a n a ly s is  o f th e  h e a d  space  
a b o v e  th e  f ru i t .  F o r  e ach  a n a ly s is , a n  a p p ro p r ia te  
v o lu m e  o f th e  v a p o r  (0 .5 -1 0  m l)  w a s  w ith d ra w n  
b y  g a s - t ig h t  s y r in g e  a n d  in tro d u c e d  in to  th e  c h r o 
m a to g ra p h ic  co lu m n .

F la v o r  p ro file  a n a ly s is .  F la v o r  p ro file s  w e re  
d e te rm in e d  b y  a n  e s ta b lis h e d  p ro c e d u re  (C a i rn c ro s s  
a n d  S ju s tr ò m , 19 50 ; C au l, 1957) in  w h ic h  th e  
in d iv id u a l  c o m p o n en ts  o r  n o te s  o f th e  a ro m a  an d  
f lav o r  o f a  g iv e n  p ro d u c t  a r e  d e s c r ib e d  in  sem i- 
q u a n t i ta t iv e  fa sh io n . T h e  f lav o r  p ro file  p a n e l  c o n 
s is ted  o f five m e m b e rs  p re v io u s ly  t r a in e d  in  th e  
e x a m in a tio n  o f b a n a n a s . U s in g  s ta n d a rd iz e d  te c h 
n iq u es . s am p le s  w e re  p re p a re d  h v  p e e lin g  th e  
b a n a n a , re m o v in g  1 in ch  o f th e  f r u i t  f ro m  th e  
b lo sso m  a n d  s te m  en d s , a n d  c u tt in g  th e  r e m a in 
in g  p u lp  lo n g i tu d in a l ly  in to  five p o r tio n s .

E a c h  p a n e l m e m b e r e x a m in e d  a  f re s h ly  c u t  s u r 
face  o f on e  lo n g itu d in a l  s ec tio n  o f  th e  b a n a n a  fo r  
a ro m a  a n d  f la v o r  c h a r a c te r is t ic s ,  a n d  r e c o r d e d ;
1 ) th e  o v e r -a l l  im p re s s io n  o f a ro m a  a n d  flav o r, 
r e f e r r e d  to  a s  a m p li tu d e  a n d  e x p re s s e d  by  a  n u 
m e r ic a l  sca le  r a n g in g  f ro m  v e ry  low , th ro u g h  low . 
m o d e ra te ,  a n d  h i g h ; 2 )  th e  in d iv id u a l  c h a r a c te r  
n o te s  e x p re s s e d  in  d e s c r ip t iv e  te rm s  su ch  a s  sw ee t, 
so u r , a m y l a c e ta te , e tc .;  3 )  th e  in te n s i ty  o r  
s t r e n g th  o f  e ac h  c h a r a c te r  n o te  g ra d e d  on  a  n u 
m e ric a l  sca le  in d ic a tin g  th re s h o ld  o r  j u s t  d e te c t 
ab le . s lig h t, m o d e ra te , a n d  s t r o n g ;  a n d  4 )  th e  
o rd e r  in  w h ich  each  c h a r a c te r  n o te  a p p e a r s  in  
th e  a ro m a  a n d  f lav o r  co m p le x .

In d iv id u a l  e x a m in a tio n  o f th e  f irs t  s am p le  by  
each  m e m b e r w a s  fo llo w ed  by  op en  d isc u s s io n  a n d  
fo rm a tio n  o f c o m p o s ite  a ro m a  a n d  f la v o r  p ro file s . 
A n a ly s is  o f a  seco n d  sam p le  s e rv e d  to  c o n firm  
in it ia l  f in d in g s  a n d  to  re so lv e  m in o r  d iffe re n c e s  
th a t  m ig h t e x is t .  If th e  seco n d  b a n a n a  sam p le  
w a s  s ig n if ic a n tly  d if fe re n t  f ro m  th e  f irs t,  a d d i 
tio n a l  b a n a n a s  w e re  e x am in e d .

P re c is e , d e s c r ip t iv e  te rm in o lo g y  w a s  a g re e d  
up o n , u s in g  specific  ch em ica l c o m p o u n d s  a s  r e f e r 
ence  s ta n d a rd s  w h e n e v e r  p o ss ib le , a l th o u g h  d e 
s c r ip t iv e  te rm s  su ch  a s  “g re e n ,"  “ w o o d y ,”  a n d  
“ e s te r y "  w e re  a ls o  u sed . In  th is  in v e s tig a tio n , 
s ta n d a rd s  w e re  e x a m in e d  u n d ilu te d , o n  b lo t te r  
s tr ip s , a n d  in  a  p re p a re d  fo n d a n t b a se . T h e  n- a n d  
iso -fo rm s  o f th e  c o m p o u n d s  e x a m in e d  w e re  so 
s im ila r  in  f la v o r  a n d  o d o r  th a t  n o  a t te m p t  w a s  
m ad e  to  d is t in g u is h  b e tw e e n  th em .

R E S U L T S  A N D  D IS C U S S IO N
F ig .  1 is  a  c o m p o s i te  c h r o m a to g r a m  o f

10.0  ml 
VAPOR

1- a c e t a l d e h y d e
2 -  METHYL ACETATE
3 -  ETHYL ACETATE,ETHANOL
4 -  2 - PENTANONE
5 -  ISO-BUTYL ACETATE
6 -  ISO-BUTYL ALCOHOL
7- N-BUTYL ACETATE
8 -  N-BUTANOL

9 - ISO-AMYL ACETATE
10-  ISO-AMYL ALCOHOL
11- N-AMYL ACETATE
12-  N-BUTYL BUTYRATE
13-  N-AMYL PROPIONATE
14-  N-HEXYL ACETATE
15-  ISO-AMYL BUTYRATE
16-  HEXANOL
17-  N-AMYL BUTYRATE

4 5  4 0  35  3 0  25  2 0  15
TIME, MIN.

F ig .  1. C o m p o s ite  c h ro m a to g ra m  o f r ip e  b a n a n a  f ru i t  v a p o r . 
P e a k s  1 0 -1 7 :  10.0 m l v a p o r .

10 5 0

P e a k s  1 - 9 :  1.0 m l v a p o r .



McCa r t h y , p a l m e r , s i i  a w , a n d  a n d e r s o x 38 1

the vapor from a ripe fruit. The identifica
tions are based on retention values compared 
with those of pure standards at tempera
tures ranging from 50 to 70 'C  on three dif
ferent column substrates : 5% UCON polar, 
5/c Carbowax 4000, and 5% /},/?'-oxydi- 
propionitrile, all on Chromosorb W , 80-100- 
mesh. W ith the exception of »-amyl pro
pionate and m-butyl butyrate, the presence 
of these compounds in extracts and concen
trates of banana fruit has been reported by 
other investigators ( Hultin and Proctor, 
1961 ; Kleber, 1912 ; Rothenbach and Eber- 
lein, 1905; Von Loesecke, 1950). Issenberg 
and Wick (1963) recently completed a com
prehensive study on the isolation, separation, 
and identification of these compounds.

Table 1 gives typical flavor profiles of two 
varieties of fully yellow banana fruit. Fig. 
2 shows chromatograms of the vapor from 
comparable fruits. The profiles of the 
Gros Michel variety revealed a low flavor 
amplitude and various characteristic notes 
ranging in intensity from threshold to slight 
to moderate. The typical Gros Michel ba
nana flavor was described as "estery" (slight 
to m oderate), with amyl acetate the only 
recognizable ester. The Valery banana fruit, 
in contrast, had a moderate to high ampli

tude, with a more complex “estery” note at 
a moderate to strong intensity. The panel 
described the esters as a combination of 
amyl acetate in moderate amounts, amyl 
propionate and amyl butyrate in threshold 
quantities, and a slight to moderate “fruity" 
note, probably consisting of a butyl ester of 
butyric and /o r valeric acid. O ther esters 
that give a "fruity" impression, such as butyl 
and hexyl acetates and butyl butyrate, are 
probably also reflected in this “fruity" com
plex but could not be specifically recognized. 
The amplitudes of the flavor profiles of the 
Valery fruit reflected a much fuller and 
more interesting flavor than did those of 
the Gros Michel fruit. The flavorful con
stituents were more intense and complex, 
and the presence of a “fruity” complex added 
significantly to the over-all flavor impression 
without loss of banana identity.

Confirming the flavor-panel results, both 
qualitative and quantitative, differences were 
observed in the gas chromatograms, with 
the fruit of low flavor amplitude (Gros 
Michel) having fewer compounds and less 
total volatile material than the fruit of mod
erate to high amplitude (V alery).

Following identification of the volatiles by 
gas chromatography, the flavor panel ex-

T a b le  1. F la v o r  p ro file s  o f r ip e  b a n a n a  f r u i t  v a r ie t ie s .
G ro s  M ich e l V a le ry

A ro m a F la v o r A ro m a F la v o r

A m p litu d e  1 A m p litu d e  1 A m p litu d e  2 A m p litu d e  2 /
S w e e t  f ra g ra n c e S w e e t V/2 S w e e t  f ra g ra n c e S w e e t 2

( e s te r y ) V / S ta rc h y - m e a ly V/2 ( e s te r y ) 2 S o u r V /
S o u r I V S o u r V/2 S o u r I V C re a m y /
S ta rc h y 1 E s te r y V/2 E s te r y 2 E s te r y 2 /
E s te r y V/2 A m y l a c e ta te 1 A m y l a c e ta te V/2 A m y l a c e ta te 2

A m y l a c e ta te 1 G re en 1 F r u i t y  c o m p le x * 1 F r u i t y  co m p le x I V
O th e r  e s te r  ? W o o d y ) ( A m y l b u ty r a te  ? A m y l b u ty r a te X

G re e n 1 D ry in g V/2 E s te ry A m y l p ro p io n a te ) (
W o o d v V B it te r '/2 p u n g e n c y 2 E s te r y
O ilv -c re a m v ) ( O ilv ) ( C re a m y V p u n g e n c y V /

G re en V T o n g u e  s tin g 1
D ry in g 1
B i t te r V

Intensity
) ( — th re s h o ld  

l/ 2— v e ry  s lig h t  
1 — s lig h t
1 y2— s lig h t-m o d e ra te  
2. — m o d e ra te  

- s t r o n g

Amplitude
i ( — v e ry  lo w
1 — low
1 V2— lo w -m o d e ra te
2 — m o d e ra te212— m o d e ra te -h ig h
3 — h ig h

* P ro b a b ly  c o n s is tin g  o f b u ty l  e s te r s  o f b u ty r ic  
a n d / o r  v a le r ic  a c id s  a n d  p o ss ib ly  re f le c t in g  th e  
p re se n c e  o f  o th e r  e s te r s  su ch  a s  b u ty l  an d  h e x y l 
a c e ta te s .
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amined each compound for its predominant 
odor characteristics, and subsequently clas
sified them according to three general sen
sory impressions, as shown in the lower por
tion of Fig. 2. Chromatograms of the Gras 
Michel fruit revealed the presence of those 
compounds responsible for the "banana-like” 
flavor, but showed little or none of the vol
atiles associated with “fruitiness.” The Val
ery fruit, however, c o n ta in e d  substantial 
amounts of the compounds contributing to 
both “banana” and “fruity” impressions. 
Additionally, certain alcohols and carbonyl 
compounds were found to possess “green" 
and “woody” characteristics and are believed 
to contribute in part to these notes. The 
flavor panel found that the “green" note 
was very similar to trans-2-hexenal. a com
pound previously reported in the banana 
fruit by other investigators (H ultin and 
Proctor, 1961 ; Issenberg and Wick, 1963) 
and occasionally observed in the chromato
grams during this study. The compounds 
responsible for other profile notes (sweet, 
sour, starchy, e tc .) were not studied in this 
program : however, the presence of sugars, 
starches, free acids, and other nonvolatile 
compounds undoubtedly contributes to the 
total flavor picture.

The marked variation in production of 
volatiles by the banana fruit during ripening 
has been reported earlier (M cCarthy and 
Palmer, 1962). To confirm and extend the 
results described above, identical studies 
were conducted at successive ripening stages 
as indicated by the peel color of the fruit.

Fruit at the early ripening stage (Fig.
3) showed both a simple gas chromato
graphic pattern and a flavor profile of low 
banana identity (Table 2). The amplitudes 
were very low, and the major notes were 
described as “sour,” “green,” and “woody," 
with only threshold intensity of the typical 
banana flavor. As ripening proceeded, char
acteristic notes of varying intensities were 
observed by the panel. This development of 
flavor was a c c o m p a n ie d  by increasingly 
complex chromatograms. Although precise 
quantitative data are not yet available, in
creases in the concentrations of individual 
components are indicated by increases in 
their chromatographic peak areas at each 
stage of ripening.

In the early stages of flavor development, 
the individual esters were present in low 
concentrations and are described by the fla
vor-profile panel as a general "banana” or 
"estery" impression. As the ester levels in-

GROS MICHEL VALERY
FULL YELLOW FULL YELLOW

9 - ISO-AMYL ACETATE ô -T-BU ^YL ACETATE 2 -M E TH Y L  ACETATE
l l -A M Y L  ACETATE 
13-AM YL PROPIONATE 
15- 17- AMYL BUTYRATE

12- BUTYL BUTYRATE
1 4 - HEXYL ACETATE
15-  17-AMYL BUTYRATE

4 - PENTANONE 
8 -BUTYL ALCOHOL 
I 0 - AMYL ALCOHOL
16-HEXYL ALCOHOL

F ig . 2. \  a p o r  c h ro m a to g ra m s  o f  G ro s  M ic h e l  a n d  V a le ry  b a n a n a  v a r ie t ie s . P e a k s  c o r r e 
sp o n d  to  th o s e  o f  F ig . 1.



McCa r t h y , p a l m e r , s h a w . a n d  a x d e r s o x 3 8 3

4 0  3 5  3 0  2 5  15 10 5  4 5  4 0  3 5  3 0  2 5  15
TIME,MIN. TIME,MIN.

F ig . 3. V a p o r  c h ro m a to g ra m s  o f r ip e n in g  b a n a n a  f ru i t  v a r ie t ie s . T a i l in g  p e ak  fo llo w in g  P e a k  
N o . 4  is  w a te r  v a p o r .

creased, the panel could recognize specific 
esters and describe them as individual notes. 
The intensities of these notes correlated with 
relative concentrations of the esters in the 
fruit vapor. Panel results showed that

"green" and “woody” notes were reduced or 
absent in the ripe fruit, although chromato
graphic analyses showed the continuing 
presence of certain compounds possibly re
lated to these notes. This observation sug-

T a b le  2. D e v e lo p m e n t o f a m p li tu d e  lev e ls  a n d  c h a r a c te r is t ic  f la v o r  n o te s  d u r in g  r ip e n in g
o f b a n a n a  f r u i t  v a r ie t ie s .

G ro s M ich e l V a le ry
Y ellow -

g re en
G re e n

tip s
F u ll

yellow
F lecked  

w /b r o w n
Y ellow -

g re e n
G re e n  

tip s  y
F u ll  
el low

F le c k e d  
w /b ro w n

A m p litu d e H * V. 1 1 1 1 j 2
F la v o r  n o te s

S w e e t 0 V iK . I K l l 2 2
S o u r 2 K 2 I K 1 2 2 1 i
B a n a n a X \ / l 1 i I K 2 ?

A m y l a c e ta te 0 0 l K 'A K 1 i
A m y l

p ro p io n a te ) [) 0 K 0 X I K I K
B u ty l  b u ty r a te 0 1) 0 0 0 0 ) ( K
A m y l b u ty r a te 0 0 0 ) ( ) ( ) ( K 1

G re en 2 111- 1 0 I K I K l 0
W 'ood v 1 I ) ( 0 K 0 0 0

* T h re s h o ld .

RE
CO

RD
ER

 R
ESP

ON
SE



3 8 4 (HRO.MATOGRAFHY AND FLAVOR PROFILES OF BAXANA

gests that the sensory stimuli of the respon
sible compounds may be suppressed by the 
higher concentration of esters.

Correlations between flavor and odor pro
files and chromatographic patterns were con
sistently observed throughout the investiga
tion and have resulted in the more effective 
use of both techniques, individually and in 
combination. Identification of each constitu
ent by chromatography has resulted in more 
precise flavor profiles. The development of 
flavor profiles has made it possible to inter
pret the significance of compounds found 
on the chromatographic patterns. Once the 
relationship of flavor profiles and gas chro
matograms has been established for a given 
product, the gas chromatograph can be used 
more effectively for routine analyses. In the 
present study, the combined use of these 
methods has provided both a definition of 
the characteristic banana flavor and a dis
tinction between “banana" and "fruity" fla
vor impressions.
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Classification of Textural Characteristics

ALI X A SLR MACK A SZCZESXIAK
General Foods Corporation, Technical Center, Tarrytoicn, A'etc York 

( M a n u s c r ip t  re c e iv e d  J u ly  23, 1962)

SUMMARY
Definition o f texture is reviewed, and a system for classification o f textural 

characteristics o f foods is described. The system is based on fundam ental 
rheological principles, and at the same time is suitable for routine use. T ex
tural characteristics are defined and classified into m echanical and geom et
rical qualities as well as those related to the m oisture and fat content o f a 
product. The m echanical characteristics are subdivided into the primary pa
rameters o f hardness, cohesiveness, viscosity, elasticity, and adhesiveness, and 
into the secondary parameters o f brittleness, chewiness, and gum m iness. It 
is pointed out that popular terms used to describe texture often denote degrees 
o f intensity o f these characteristics. The proposed classification lends itself 
to use with both objective and subjective methods o f texture characterization.

IN T R O D U C T IO N
Texture is the least well described of the 

many organoleptic food attributes of concern 
to a food scientist. One should mention, of 
the several reasons that caused this situa
tion. the lack of an adequate bridge between 
theoretical rheology and practical applica
tions. and the fact that most of the work in 
food texture reported to date dealt with a 
specific textural characteristic in a specific 
food product. This led to confusion even 
regarding the definition of texture itself. 
( July in the last few years have some at- 
temnts been made to define texture, and 
these are not devoid of the influence of the 
prevailing trend toward identifying texture 
with just a few characteristics most common 
to a particular food in question. For ex
ample. in discussing the texture of frozen 
peas the food scientist will usually mean 
toughness of the skin : in referring to the 
texture of meat he will usually mean tender
ness versus toughness and chewiness; in de
scribing the texture of canned cherries he 
will mean freedom from cracks and the 
wholeness of the fruit.

One of the most urgent problems in tex
ture technology is the development of a 
rational system and nomenclature for de
scribing and translating textural qualities

a P re s e n te d  a t  th e  2 2 n d  A n n u a l  M e e t in g  o f  th e  
I n s t i tu te  o f  F o o d  T e c h n o lo g is ts ,  M ia m i B e ac h , 
F lo r id a ,  J u n e  10 -14 , 1962.

into precisely defined, measurable properties. 
Foods represent very complex rheological 
systems, and applications of the principles of 
theoretical rheology (Burgers and Scott 
Blair, 1949; Eirich, 1958; Scott Blair, 1949, 
1953: Scott Blair and Reiner. 1957) lead, 
in many cases, to difficult theoretical and 
experimental problems that are too time- 
consuming for applied industrial research. 
This situation is further complicated by the 
fact that, once obtained, rheological descrip
tion of foods must he translated into prac
tical terms. Laboratory and field practice 
has resulted in the creation of a popular 
nomenclature that serves to describe textural 
characteristics in terms of simple words. 
However, this nomenclature has several in
herent problems. In many cases, a number 
of terms are used to describe the same char
acteristic. In other cases, the same term is 
used to describe several characteristics. 
Also, the same word may have different 
meanings to different people.

This study was made to review the defini
tions of texture used by workers in the field, 
and to develop a system of texture nomen
clature that could serve as a bridge between 
fundamental rheological principles and pop
ular nomenclature and lend itself to applied 
research on a vast variety of food products.

D e fin it io n  o f  T e x tu re
W e b s te r 's  d ic t io n a ry  d e fin e s  t e x tu r e  a s  “ th e  

c h a r a c te r is t ic  d is p o s itio n  o r  c o n n e c tio n  o f  th re a d s

i
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in a  w o v en  fa b r ic  o r  th e  d is p o s itio n  o r  m a n n e r  
o f  u n io n  o f th e  p a r t ic le s  o f  a  b o d y  o r  s u b s ta n c e ."

H a ll  a n d  F r y e r  ( 1953) c o n s id e re d  t e x tu r e  a n d  
c o n s is te n c y  a s  c o m p o n e n ts  o f m o u th fe e l. T h e y  d id  
n o t  g iv e  c le a r  d e f in itio n s  o f th e s e  te rm s , b u t s a i d : 
" I t  . . . a p p e a r s  th a t  th e  te r m  texture h a s  com e 
to  m ea n  h o w  h a rd  o r  h o w  s o f t  a s  w e ll a s  h o w  
la rg e  o r  h o w  sm a ll th e  in d iv id u a l  k e rn e ls  in  th e  
m a ss  o f . . . foo d  a c tu a l ly  a r e .  I f  th e  in d iv id u a l 
k e rn e ls  a r e  la rg e  a n d  h a rd ,  th e  t e x tu r e  is sa id  
to  be  g ra in y  o r  g r i t ty .  I f  th e  in d iv id u a l  k e rn e ls  
a r e  sm a ll a n d  so ft, th e  t e x tu r e  is  s a id  t o  be 
sm o o th . Consistency h a s  co m e  to  r e f e r  to  th e  
c o n d itio n  o f th e  in d iv id u a l k e rn e ls  c o h e r in g  to 
g e th e r  a n d  a d h e r in g  to  fo re ig n  s u b s ta n c e s , th a t  
is, th e  s tic k in e ss , g u m m in e s s  o r  v isc o s ity , o f  th e  
. . . fo o d  . . ."

S m ith  (1 9 4 7 ) d is tin g u is h e d  b e tw e e n  te x tu r e  
a n d  c o n s is te n c y  in  a  s im ila r  m a n n e r , a l th o u g h  h is  
d e f in it io n s  a r e  ev en  less  specific . H e  c o n s id e re d  
t e x tu r e  to  he  " th e  r ig id i ty  o f so lid  u n its  o f  fo o d ,"  
a n d  c o n s is te n c y , “ a  c o m b in a tio n  o f th e  s ize  an d  
t e x tu r e  o f th e  so lid  u n its ,  th e  v is c o s ity  o f th e  
flu id , a n d  th e  p ro p o r t io n s  o f so lid s  to  flu id ."  T h e  
te rm  “ te x tu r e "  is  th u s  a p p lie d  to  so lid s  w h ile  
“c o n s is te n c y "  re f e r s  to  a  m ix tu r e  o f f lu id  an d  
so lid  foods.

C o n s is te n c y  is  o f te n  te rm e d  “ b o d y .” D a v is  
( 1937) w r o t e : “ . . . i t  is  p re fe ra b le  to  de fin e  
'b o d y ' a s  th a t  q u a l i ty  w h ich  is p e rc e p tib le  to  
t o u c h ; ‘t e x tu r e ’ a s  th a t  w h ich  is  e v id e n t  to  th e  
ey e , e x c lu d in g  c o lo r . U n d e r  th e  te r m  'b o d y ' a r e  
in c lu d e d  s e v e ra l  f a c to rs  o f w h ich  f i rm n e ss  (v is c o s 
ity  a n d  m o d u lu s ) ,  s p r in g in e s s  ( e la s t i c i ty )  an d  
sm o o th n e ss  (h o m o g e n e ity )  a r e  m o s t im p o r 
ta n t .  . . ."

M a r t in  (1 9 5 5 ) d e fin ed  th e  t e x tu r e  o f  c a n d y  a s  
“ th e  su m  o r  r e s u l ta n t  o f  s e v e ra l  p h y s ic a l  p r o p e r 
t ie s  in c lu d in g  d e n s ity , h a rd n e s s ,  p la s t ic ity  o r  e la s 
t ic ity , a n d  c o n s is te n c y ."  I s h e rw o o d  (1 9 6 0 ) in 
c lu d ed  in th e  t e x tu r e  o f  f r u i t  a n d  v e g e ta b le s  su ch  
c h a r a c te r is t ic s  a s  to u g h n e s s , s tr in g in e s s ,  s lic in g  
q u a lity , a n d  c r isp n e ss .

B a ll et at. (1 9 5 7 ) s tr e s s e d  th e  n eed  fo r  a  g o od  
d e fin it io n  o f  t e x tu re .  In  a n  a t te m p t  to  find a  d e fi
n i tio n  t h a t  c o u ld  b e  u se d  d e p e n d a b ly  in  g ra d in g  
m e a t  f o r  q u a l ity  by  th e  u s u a l  o rg a n o le p t ic  p r o 
c e d u re s , th e y  c o n s tru c te d  tw o  te n ta t iv e  d e f in i t io n s : 
th e  “ s ig h t"  a n d  th e  “ fee l"  d e fin itio n s . T h e  “ s ig h t” 
d e fin itio n  r e a d s :  “ T e x tu r e  o f  m e a t  is th e  m ic ro 
sco p ic  a p p e a ra n c e  o f  m u sc le  t is s u e  f ro m  th e  s ta n d 
p o in t  o f sm o o th n e ss  o r  f in en ess  o f  g r a in  . . .” 
T h e  “ fe e l"  d e fin it io n  is  w o r d e d :  " T h e  t e x tu r e  o f 
c o o k e d  m e a t is  th e  feel o f  sm o o th n e ss  o r  finen ess 
o f th e  m u sc le  t is s u e  in  th e  m o u th ."

T h e s e  d e fin it io n s  p o in t  o u t  tw o  im p o r ta n t  e le 
m e n ts  o f  t e x t u r e : th e  p h y s ic a l s t r u c tu r e  o f  th e  
m a te r ia l  ( i t s  g e o m e try )  a n d  th e  w a y  th e  m a te r ia l

h a n d le s  a n d  fee ls  in  th e  m o u th  ( i t s  m ec h a n ica l 
a n d  s u rf a c e  p r o p e r t i e s ) .

A  r ig o ro u s  d e fin itio n  o f  t e x tu r e  w ill  h a v e  to  
a w a i t  a  b e t te r  u n d e r s ta n d in g  o f th e  b a s ic  p r in c ip le s  
in v o lv e d , e sp e c ia lly  th o se  c o n c e rn e d  w ith  r h e o 
lo g ica l o r  m e c h a n ic a l  p ro p e r t ie s  o f  foo ds. F o r  th e  
p u rp o s e  o f th is  w o rk , t e x tu r e  w a s  c o n s id e re d  a s  
th e  c o m p o s ite  o f th e  s t r u c tu r a l  e le m e n ts  o f food  
a n d  th e  m a n n e r  in  w h ich  it  r e g is te r s  w ith  p h y s io 
lo g ica l sen ses . T h u s ,  th is  d e f in itio n  in c lu d e s  th e  
c o n c e p ts  o f  “ t e x tu r e "  a n d  “ c o n s is te n c y "  ( o r  
“ b o d y " ) a s  d e fin ed  b y  o th e r  w o rk e r s .  T h e  te rm  
" s t r u c tu r a l  e le m e n ts ”  a s  u se d  in th is  d e fin itio n  
r e f e r s  to  th e  m ic ro sc o p ic  a n d  m o le c u la r  s t r u c tu r e s  
a s  w e ll a s  to  th e  m a c ro s c o p ic  s t r u c tu r e  th a t  c an  
he sen sed  v isu a lly . S o u n d  e ffec ts , su c h  a s  th o se  
o c c u r r in g  d u r in g  e a t in g  of p o p c o rn  o r  c e le ry , a re  
re la te d  to  th e  p h y s ic a l c o n s t i tu t io n  o f th e  food 
a n d  sh o u ld  be c o n s id e re d  a s  p a r t  o f th e  o v e r-a ll  
t e x tu r a l  e ffec t.

C la ss if ic a tio n  o f T e x tu r a l  C h a ra c te r is t ic s
A  c o m p ila tio n  o f  te rm s  u se d  in p o p u la r  t e x tu r e  

te rm in o lo g y , a n  a n a ly s is  o f th e i r  m e a n in g s , an d  
th e  d e fin it io n s  o f  rh e o lo g ic a l  c o n c ep ts  s e rv e d  as  
a  b a c k g ro u n d  fo r  th e  d e v e lo p m e n t o f a n  o rg a n iz e d  
sy s te m  fo r  c la ss if ic a tio n  o f t e x tu r a l  c h a r a c te r is t ic s .  
In s tu d y in g  th e  d e fin itio n s  o f te rm s  p o p u la r ly  u sed  
in d e s c r ip t io n  o f  te x tu re ,  o n e  finds th a t  w h e re a s  
som e r e fe r  to  w h a t m ig h t he  c a lle d  “ p r im a r y ” 
c h a r a c te r is t ic s ,  m an y  r e fe r  to  " s e c o n d a ry ” c h a r a c 
te r is t ic s ,  i.e ., th o s e  t h a t  c o u ld  be  a d e q u a te ly  d e 
s c r ib e d  by  tw o  o r  m o re  o f th e  p r im a ry  te rm s . In  
a d d itio n , m an y  p o p u la r  te rm s  a c tu a l ly  d e n o te  
d e g re e s  o f th e  sam e  c h a r a c te r is t ic  a n d  c o u ld  be 
c o n s id e re d  p o in ts  on  a  sca le .

W h e n  te rm s  u s e d  to  d e s c r ib e  t e x tu r e  w e re  c o m 
p iled  a n d  th e i r  d ic t io n a ry  a n d  rh e o lo g ic a l  d e f in i
t io n s  w e re  s tu d ied , i t  b e ca m e  a p p a r e n t  th a t  
t e x tu r a l  c h a r a c te r is t ic s  co u ld  he g ro u p e d  in to  
th r e e  m a in  c l a s s e s :

1) M e c h a n ic a l  c h a r a c te r is t ic s
2) G e o m e tr ic a l  c h a r a c te r is t ic s
3 )  O th e r  c h a r a c te r is t ic s  ( r e f e r r in g  m a in ly  to  

m o is tu re  a n d  fa t  c o n te n t  o f th e  fo o d )
M e c h a n ic a l  c h a r a c te r is t ic s  a r e  m a n ife s te d  by 

th e  re a c tio n  o f th e  fo o d  to  s tr e s s .  T h e y  a re  m e a s 
u re d  o rg a n o le p t ic a l ly  b y  p re s s u re s  e x e r te d  on  th e  
te e th ,  to n g u e , a n d  ro o f  o f  th e  m o u th  d u r in g  
e a t in g . G e o m e tr ic a l  c h a r a c te r is t ic s  r e f e r  to  th e  
a r r a n g e m e n t  o f th e  c o n s t i tu e n ts  o f th e  foo d , an d  
a re  re f le c te d  m a in ly  in  th e  a p p e a ra n c e  o f th e  food  
p ro d u c t. T h e y  a r e  m o s tly  sen sed  v is u a lly . H o w 
e v e r , th e s e  c h a r a c te r is t ic s  a r e  o f te n  su ff ic ien tly  
p ro n o u n c e d  to  p ro d u c e  a n  o ra l  s e n s a tio n  th ro u g h  
th e  sen se  o f  to u c h  a n d  p re s s u re .  In  th e  c a te g o ry  
o f “o th e r  c h a r a c te r is t ic s ” a r e  in c lu d e d  m o u th fe e l
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f a c to r s  t l ia t  c a n n o t be  e a s ily  re so lv e d  on  th e  b a s is  
o f m e c h a n ic a l a n d  g e o m e tr ic a l  p ro p e r tie s .

M e c h a n ic a l  c h a r a c t e r i s t i c s .  T h e  m ec h a n ica l 
c h a r a c te r is t ic s  a r e  p ro b a b ly  th e  m o s t  im p o r ta n t  in 
d e te rm in in g  th e  m a n n e r  in  w h ich  th e  foo d  h a n d le s  
a n d  b e h a v e s  in th e  m o u th . T h e y  c an  be d iv id ed  
in to  th e  fo llo w in g  five b a s ic  p a r a m e te r s :

A  ) Hardness, d e fin ed  a s  th e  fo rc e  n e c e s s a ry  to  
a t t a in  a  g iv e n  d e fo rm a tio n .

B )  Cohesivcncss, d e fin ed  a s  th e  s t r e n g th  o f th e  
in te rn a l  b o n d s  m a k in g  u p  th e  b o d y  o f th e  
p ro d u c t.

C )  I ’iscosily. d e fin ed  a s  th e  r a te  o f flow  p e r 
u n it  fo rce .

D ) Elasticity, d e fin ed  a s  th e  r a te  a t  w h ic h  a 
d e fo rm e d  m a te r ia l  g o es  b a ck  to  its  u n d e 
fo rm e d  c o n d itio n  a f te r  th e  d e fo rm in g  forcé
is re m o v e d .

E )  Adhesiveness, d e fin ed  a s  th e  w o rk  n e c e s s a ry  
to  o v e rc o m e  th e  a t t r a c t iv e  fo rc e s  b e tw e e n  
th e  s u rf a c e  o f th e  foo d  a n d  th e  su rfa c e  of 
o th e r  m a te r ia ls  w ith  w h ich  th e  foo d  com es 
in c o n ta c t  (e .g .,  to n g u e , te e th , p a la te , e tc . )

T h e  f irs t  fo u r  c h a r a c te r is t ic s  a r e  re la te d  to  
fo rce s  o f a t t r a c t io n  a c t in g  b e tw e e n  p a r t ic le s  of 
foo d  a n d  o p p o s in g  d is in te g ra t io n ,  w h e re a s  a d 
h e s iv e n e ss  is  re la te d  to  s u rf a c e  p ro p e r tie s .

In  a d d itio n  to  th e  a b o v e  five p r im a ry  p a ra m e te rs ,  
it a p p e a rs  to  be  d e s ira b le  to  c h a r a c te r iz e  foo d  
t e x tu r e  in  te rm s  o f th re e  a d d itio n a l  s e c o n d a ry  p a 
r a m e te r s  in  o r d e r  to  m a k e  th e  c h a r a c te r iz a t io n  as  
m e a n in g fu l  a s  p o ss ib le  to  in d iv id u a ls  a c c u s to m e d  
to  p o p u la r  te rm in o lo g y , w h ile  a t  th e  sam e  tim e  
k e e p in g  it  in  a g re e m e n t  w ith  b a s ic  rh e o lo g ic a l  
p r in c ip le s . T h e s e  s e c o n d a ry  p a ra m e te r s  a r e :

B - !  ) Brittleness, d e fin ed  as  th e  fo rc e  w ith  w h ich  
th e  m a te r ia l  f ra c tu re s .  I t  is r e la te d  to  th e  
p r im a ry  p a r a m e te r s  o f h a rd n e s s  a n d  c o 
h e s iv en e ss . In  b r i t t le  m a te r ia ls ,  c o h e s iv e n e ss  
is lo w  a n d  h a rd n e s s  c a n  v a r y  f ro m  low  
to  h ig h . B r i t t l e  m a te r ia ls ,  e sp e c ia lly  w h en  
p o s s e s s in g  a  s u b s ta n tia l  d e g re e  o f h a r d 
n e ss , o f te n  p ro d u c e  so u n d  e ffec ts  o n  m a s t i 
c a t io n  (e .g .,  c e le ry , to a s te d  b re a d )

B - 2 )  Chewiness, d e fin ed  a s  th e  e n e rg y  re q u ire d  
to  m a s t ic a te  a  so lid  fo o d  p ro d u c t  to  a  

s ta te  re a d y  f o r  sw a llo w in g . I t  is  re la te d  
to  th e  p r im a ry  p a ra m e te r s  o f  h a rd n e s s ,  
c o h e s iv e n e ss , a n d  e la s t ic i ty .

B - 3 )  Gumminess, d e fin ed  a s  th e  e n e rg y  r e q u ire d  
to  d is in te g ra te  a  sem iso lid  fo o d  p ro d u c t  to  
a  s ta te  re a d y  f o r  sw a llo w in g . I t  is  re la te d  
to  th e  p r im a ry  p a ra m e te r s  o f h a rd n e s s  a n d  
c o h e s iv e n e ss . W i th  s em iso lid  foo d  p r o d 
u c ts , h a rd n e s s  is  low .

G e o m e tr ic a l  c h a r a c te r is t ic s .  G e o m e tr ic a l  c h a r 
a c te r i s t ic s  d o  n o t  len d  th e m s e lv e s  to  c le a r - c u t  d i 

v is io n s . T h e r e  a re , h o w e v e r , tw o  g e n e ra l  g ro u p s  
o f  q u a l i t ie s :  A )  th o s e  re la te d  to  s ize  a n d  sh a p e  of 
th e  p a r tic le s ,  a n d  B )  th o se  re la te d  to  sh a p e  an d  
o r ie n ta t io n .  A  n u m b e r  o f c h a r a c te r is t ic s  in  th e  
f irs t  g ro u p  co u ld  be p lac ed  on  a  h a rd n e s s  sca le .

\ \  h ile  som e o f th e  g e o m e tr ic a l  c h a r a c te r is t ic s  
(e .g ., s m o o th )  r e f e r  to  h o m o g e n eo u s  fo o d  p ro d 
u c ts , m a n y  a re  a p p lic a b le  to  sy s te m s  c o n ta in in g  
m o re  th a n  on e  p h ase . F o r  e x a m p le , “c e l lu la r ” r e 
fe rs  to  a  h ig h ly  o rg a n iz e d  s t r u c tu r e  c o m p o se d  of 
cell w a lls  filled  w ith  a  g a s  (e .g ., e g g -w h ite  fo a m ) 
o r  w ith  a  l iq u id  (e .g ., w a te r m e lo n ) .  T h e  m e c h a n i
cal c h a r a c te r is t ic s  o f  e ach  on e  o f th e  p h ase s  
sh o u ld  be c o n s id e re d  fo r  a  th o ro u g h  t e x tu r e  a n a ly 
sis  o f su ch  a  foo d .

O th e r  c h a r a c te r is t ic s .  T h is  g ro u p  c o m p rise s  
m o u th fe e l  q u a lit ie s  r e la te d  to  th e  p e rc e p tio n  of 
th e  m o is tu re  a n d  fa t  c o n te n t  o f th e  f o o d :

A )  M o is tu re  c o n te n t
B )  F a t  c o n te n t

1 ) O ilin e ss
2 )  G re a s in e ss

T h e s e  q u a lit ie s  m a y  a ls o  be c o n s id e re d  to  be  c o n 
c e rn e d  w ith  th e  lu b r ic a t in g  p ro p e r t ie s  o f th e  p ro d 
u c t. T h e  p o p u la r  te rm s  u se d  to  d e s c r ib e  th e
m o is tu re  c o n te n t  o f a  foo d  re f le c t  n o t  o n ly  th e  
to ta l  a m o u n t  o f m o is tu re  p e rc e iv e d  b u t  i ts  r a te  
a n d  m a n n e r  o f re le a se . W i th  fa t  c o n te n t , th e
to ta l  a m o u n t  o f f a t  a n d  i ts  m e l t in g  p o in t, a s  
re la te d  to  m o u th -c o a tin g  p ro p e r t ie s ,  beco m e  im 
p o r ta n t .  T h e  se c o n d a ry  p a ra m e te r s  o f o ilin e ss  an d  
g re a s in e s s  h a v e  b een  se t up  to  d is t in g u is h  b e tw e en  
th e se  tw o  c h a r a c te r is t ic s .  T h e  s e c o n d a ry  p a ra m 
e te r  o f o ilin e ss  re f e r s  to  th e  in te n s i ty  o f  th e
“ o i ly ” fe e l in g  in  th e  m o u th , w h ic h  m ig h t  be  
re la te d  to  th e  su rfa c e  te n s io n  a n d  c h a n g e s  in
v is c o s ity  o f th e  p ro d u c t  a f fe c te d  by  m o v e m e n ts  o f 
th e  to n g u e . T h e  se c o n d a ry  p a ra m e te r  o f g re a s in e s s  
re f le c ts  th e  so lid ity  a n d  d ifficu lty  o f re m o v a l o f a  
f a t ty  film  c o a t in g  th e  m o u th  c a v ity , b o th  o f w h ich , 
in  tu rn ,  a r e  re la te d  to  th e  m e l tin g  p o in t  o f  th e  
c o m p o n e n t fa t.

P o p u la r  N o m e n c la tu re  a n d  th e  D ev e lo p ed  
C la ss if ic a tio n

T a b le  1 sh o w s th e  re la t io n s  b e tw e e n  th e  p o p u la r  
n o m e n c la tu re  o f foo d  t e x tu r e  a n d  th e  d ev e lo p ed  
c la s s if ic a tio n  o f t e x tu r a l  c h a r a c te r is t ic s .  B e ca u se  
o f th e  la r g e  n u m b e r  o f te rm s  u se d  in  p o p u la r  
te rm in o lo g y , o n ly  th e  m o s t  c h a r a c te r is t ic  o n es  a r e  
in c lu d e d  in  th is  ta b le  to  i l lu s t r a te  th e  p r in c ip le . 
I t  w ill  th u s  be seen  t h a t  th e  te rm s  so ft, f irm , a n d  
h a r d  a re  a c tu a l ly  d e g re e s  o f th e  c h a r a c te r is t ic  o f 
h a rd n e s s ,  a n d  th e  te rm s  c ru m b ly , c ru n c h y , an d  
b r i t t le  a r e  d e g re e s  of th e  c h a r a c te r is t ic  o f b r i t t le 
n e ss . D ry ,  m o is t,  w e t, a n d  w a te ry  a r e  te rm s  d e 
n o tin g  d if fe re n t  lev e ls  o f m o is tu re . N o  p o p u la r
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T a b le  1. R e la tio n s  b e tw e e n  t e x tu r a l  p a ra m e te r s  a n d  p o p u la r  n o m e n c la tu re .
M E C H A N I C A L  C H A R A C T E R I S T I C S  
Primary parameters Secondary
H a rd n e s s
C o h e s iv e n e ss  B r i t t le n e s s

C h e w in e ss
G u m m in ess

V is c o s ity
E la s tic i ty
A d h e s iv e n e ss
G E O M E T R I C A L  C H A R A C T E R I S T I C S  
Class
P a r t i c l e  s iz e  a n d  sh a p e  
P a r t i c l e  sh a p e  a n d  o r ie n ta t io n  
O T H E R  C H A R A C T E R I S T I C S

parameters Popular terms
S o f t-»  F i r m - »  H a r d  
C ru m b ly -» C ru n c h y  —» B rit tle  
T e n d e r - »  C h e w y -» T o u g h  
S h o r t- » M e a Iy -» P a s ty - » G u m m y  
T h in —» V isco u s 
P la s t ic - » E la s t i c  
S t ic k y -» T a c k y -» G o o e y

Examples
G r i t ty ,  G ra in y , C o a rs e , e tc .
F ib ro u s ,  C e llu la r , C ry s ta l l in e ,  e tc .

Popular terms 
D r y  -» M o is t -»  V e t - »  W a te r y  
Oily- 
G re a s y

Primary parameters Secondary parameters
M o is tu re  c o n te n t
F a t  c o n te n t  O ilin e s s

G re a s in e ss

te rm s  a r e  a v a ila b le  to  d e s c r ib e  d i f f e r e n t  d e g re e s  
o f  o il o r  fa t  c o n te n t . T h is  p ro b le m  is  so lv ed  in  
p ra c tic e  b y  a d d in g  q u a l ify in g  w o r d s  su ch  a s  
“ s l ig h tly ,” “ m o d e ra te ly ,” “v e ry ,” e tc ., to  th e  te rm s  
“ o ily ” a n d  “ g re a s y .”  C o m b in a tio n s  o f  s e v e ra l  
p a ra m e te r s  r e s u l t  in  p o p u la r  te rm s  lik e  “ ju ic y ,” 
w h ic h  is  a  c o m b in a tio n  o f th e  g e o m e tr ic a l  c h a r a c 
t e r i s t ic  o f c e l lu la r i ty  a n d  a  h ig h  m o is tu re  c o n ten t.

A d a p ta t io n  to  O b je c tiv e  a n d  S u b je c t iv e  
E v a lu a t io n  o f T e x tu re

The proposed classification of textural 
characteristics lends itself to use with in
strumental (Friedman et al., 1963) and or
ganoleptic (Brandt et al., 1963) methods of 
texture evaluation, and has served as a basis 
for the development of quantitative rating 
scales (Szczesniak et a!.. 1963). Use of the 
same nomenclature for both objective and 
subjective evaluation of texture facilitated 
establishment of a correlation between the 
two methods (ibid ). In addition, experience 
has indicated that the proposed classifica
tion can be used with ordinary laboratory 
panels provided definition of the basic pa
rameters is properly understood.

To determine the adequacy of the devel
oped classification and the relation between 
the individual parameters, quantitative de
scription of the texture of 22 selected food 
products using this system and the standard 
scales (Szczesniak et al., 1963) was sub
jected to scatter-diagram analysis. The re
sults indicated that there was no duplication

between the parameters and that the ratings 
followed the established definitions. A rela
tion was found between hardness and brittle
ness : products noted for brittleness always 
fell on the upper portion of the hardness 
scale. Similarly, an inverse relation was 
found between hardness and moisture con
tent : relatively moist materials fell on the 
lower portion of the hardness scale, whereas 
only low-moisture materials possessed high 
degrees of hardness. The parameters of vis
cosity and brittleness were found to be mu
tually exclusive. This is understandable 
since only solids can have the characteristic 
of brittleness, whereas the characteristic of 
viscosity is limited, in this classification, to 
liquid and semisolid products. Scatter di
agrams of viscosity and brittleness versus 
hardness show that the brittleness scale may 
be a continuation of the viscosity scale. A 
strong positive relation was found between 
gumminess and adhesiveness. This does not 
mean that the two parameters are mutually 
exclusive, but that these two characteristics 
often occur simultaneously. An interesting 
correlation was obtained between gumminess 
and moisture content, and adhesiveness and 
moisture content. In both cases, a high rat
ing on either one of the scales could be ob
tained only with a low rating on the other 
scale. For example, a highly adhesive mate
rial was always rated as being low in mois
ture, whereas products with a low degree of
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adhesiveness could fall on any part of the 
moisture scale. The same situation existed 
when scatter diagrams were prepared for 
the elasticity scale versus the adhesiveness 
and gumminess scales.

C o n c lu d in g  R e m a rk s
A more rigorous evaluation of the pro

posed classification of textural character
istics will have to await the accumulation of 
more data and a more extensive use of the 
system. Xo doubt, slight modification of 
this classification may become necessary as 
problems are encountered in its practical 
use. It is believed, however, that the basic 
concepts described may be a step in the 
direction of supplying the food scientist with 
a rational tool for a scientific description of 
food texture.
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The Texturometer— A New Instrument for 
Objective Texture Measurement

HERMAN H. FRIEDM AN, JAMES E. W HITNEY, and 
ALINA SURMACKA SZCZESNIAK

I Gciicrul Foods Technical Center, Tarrytou-n, Xeze York) 

( M a n u s c r ip t  re c e iv e d  J u ly  23, 1962)

SUMMARY
A new recording instrum ent, the “ texturometer,'" gave good correlation 

between instrumental values and subjective evaluation by a trained texture 
profile panel. It was applied to m easurem ent o f tile m echanical textural 
parameters: hardness, cohesiveness, viscosity, elasticity, adhesiveness, brittle
ness, chewiness, and gum m iness. Subjective definitions o f these parameters 
are interpreted in terms o f physical m easurem ent characterized by the texture 
“ profile.” Exam ples o f representative profiles are included.

IN T R O D U C T IO N
An ever-growing need for a comprehen

sive objective method for characterizing 
food texture led to an investigation of the 
mechanical parameters significant to the 
definition of texture. A thorough analysis 
of the subject resulted in the elimination of 
a vast series of descriptive terms and the 
acceptance of five basic independent me
chanical parameters (hardness, cohesive
ness. adhesiveness, viscosity, and elasticity ) 
and three dependent parameters (brittle
ness, chewiness, and gumminess). The re
sults of that investigation are reported else
where (Szczesniak, 1963a).

With establishment of the basic defini
tions of the textural paramaters. it was 
possible to design an instrumental unit ca
llable of translating the definitions into the 
reality of physical measurement. It is cer
tainly true that an objective method can 
never exclusively replace the sensory evalu
ation of food texture, but it does offer the 
opportunity of recording in an unbiased 
manner the physical condition of a sample 
for future reference. Because of its de
pendence upon the reproducibility of stand
ard reference materials and variable errors, 
the sensory method lacks absolute quality, 
a lack that is characteristic of any procedure 
relying on individual experience.

Our investigation of the literature re
vealed numerous instruments that had been 
used for objective measurement of selected 
textural properties of food products. Among

them were the shear-press (Decker ct a'., 
1957 ; Kramer, 1961), gelometers (Schachat 
and Nacci. 1960; Porette and Rillheimer, 
1956; Braun. 1954; Doeslnirg, 1950; Dor- 
ner, 1955; Fellers and (¡riftiths, 1928; Pin- 
tauro and Lang, 1959), various makes of 
viscometers ( Barthel, 1951; Bauer, 1959; 
Becker and Clemens, 1956; Brunelli and 
Mengozzi, 1951: Cunningham ct aJ., 1953), 
compressimeters (Combs, 1944; Crossland 
and Favor, 1950; Kattan, 1957), consis- 
tometers ( Birdsall, 1946; Bloom, 1938; 
Clardy ct at., 1952; Cohee and (ioodale, 
1939; Eolkin. 1957), and tenderometers 
(Lovegren ct a!.. 1958; Clarke, 1951 ; Cain, 
1951 ; Doesburg, 1954; Kramer, 1948 ; Bohn 
and Baily, 1936; Proctor ct a!., 1955, 
1956a,b; Davison, 1959), to mention just a 
few of the vast number of current instru
ments available for characterizing texture. 
( Ibjective methods of texture measurement 
were recentlv reviewed bv Szczesniak 
(1963b) and Kramer and Twigg (1959). 
The chief shortcoming found in most of the 
instrumentation was a concentration on only 
a small phase of the mechanical properties 
rather than a physical representation of all 
the parameters necessary to the complete 
description of texture. Thus, the shear press 
and the tenderometers measure tenderness 
(or toughness) by recording the force neces
sary to shear the test materials, the gelom
eters measure the firmness and strength of 
gels, the viscosimeters and the consis- 
tometers measure resistance to flow, and

[ 390 ]
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the compressimeters determine hardness by 
measuring resistance to a compressing force. 
Although these instruments have value in 
practical applications when the textural 
quality of the food car. he related to the 
measured property, they fall short when a 
complete picture is desired of the mechanical 
parameters of texture and the way these are 
sensed in the mouth.

At the initiation of the investigation, an 
instrumental unit called the denture tender- 
ometer. built and used by the Food Tech
nology Laboratory of the Massachusetts 
Institute of Technology (Proctor et al., 
1956a,b), came to our attention because of 
its potential applicability to the over-all 
measurement of the mechanical parameters 
of texture. It was designed to simulate the 
masticatory action of the human mouth, 
using a mechanical device called a Hanau 
articulator. It was made up of a drive 
motor to activate the upper jaw of the 
articulator. A pair of sensitive strain gauges 
in the driving arm of the upper jaw trans
mitted the response of the chewing action to 
an amplifier unit, which in turn fed the 
signal to a cathode-ray oscilloscope. The 
force-penetration relationship was then pho
tographed with a Polaroid camera. In addi
tion to the driving system and recording 
facilities, the chewing terminus consisted of 
a set of plastic dentures secured to the jaws 
of the unit. These were constructed to 
simulate a buccal cavity, complete with 
simulated gums and cheeks, to aid in main
taining the position of the food sample be
tween the teeth during mastication.

It was felt that the M.I.T. tenderometer 
most closely approximated the requirements 
of a good instrument for measuring the 
mechanical properties of texture. As a 
result, the M.I.T. instrument was used as a 
basic prototype for the construction of a 
modified texture-measuring unit, called 
"texturometer,” which would meet our re
quirements and eliminate some of the basic 
difficulties encountered with the tender
ometer.

DESCRIPTION OF THE TEXTUROMETER
The significant modifications of the 

M.I.T. prototype were: 1) substitution of 
a strip-chart recorder for the oscilloscope;

2) replacement of the dentures by a plunger 
and plate; 3) removal of the strain-gauge 
sensing unit from the articulator arm and 
repositioning on the plate support a rm ;
4) provision for several chewing speeds; 
and 5) construction of a viscosity attach
ment.

It was felt that a fast-recording strip- 
chart unit, such as a Leeds and Northrup 
Speedomax Model G, *4-second pen speed 
recorder, chart speed 60 in. per minute, 
was preferable to an oscilloscope because it 
permits a presentation of any number of 
individual chews in place of the single re
cording available with the oscilloscopic unit.

Difficulty was experienced in maintaining 
samples on the teeth, because of slipping 
during mastication. As a result, it was felt 
that the dentures should be replaced with a 
plunger and plate to simulate their function. 
Plungers of various sizes were constructed, 
depending upon the characteristics of the 
samples to be evaluated. In place of the 
lower jaw, a platform was substituted on 
which could he mounted cups varying in 
size and shape.

It was found that the position of the 
sensing element on the activating arm of the 
upper jaw was a poor one because of the 
disturbing effects on the force-penetration 
relationship produced by inertia of the arm 
movement. Consequently, the strain-gauge 
unit was repositioned on the stationary arm 
of the sample plate, thus eliminating the 
spurious effects mentioned above. In place 
of the single speed available on the older 
unit, provision was made for changing the 
articulation rate by introduction of a system 
of two sets of tooth gears to permit any of 
four speeds. A standard speed of 42 bites 
per minute gave reproducible results.

The texturometer comprises four basic 
units: a Hanau articulator, including motor, 
variable-pulley drive, and strain-gauge sens
ing plate: a fast-response pen recorder; a 
v a riab le -v o ltag e  power supply; and a 
Wheatstone bridge circuit with balancing 
potentiometer for zero adjustment of the 
strain-gauge circuit. Plungers have been 
constructed in five sizes and made up of 
three different materials. The sizes vary 
from 54 inch to 2 inches in diameter. All 
plungers are 1 inch in height. The materials
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used are Lucite, aluminum, and brass. For 
larger plungers it is preferable to use Lu
cite. because of tbe excessive weight of the 
metal plungers.

Fig. 1 is a front view of the text ironieter. 
showing the 1 lanau articulator and tbe strip- 
chart recorder, big. 2 is a side view of the 
articulator, including the driving arm. gear 
train, and drive motor, all mounted rigidly 
on a composition hase. The sample cell and 
plunger are also shown.

The instrument is standardized by po
sitioning the articulator arm for a clearance 
cf '/$ inch between plunger and sample

stage at the point of maximum drive. A 
standard sponge-rubber sample. '/2 inch in 
height, is maintained for standardization of 
the bridge circuit and voltage input. The 
standard is referred to at intervals during a 
day's run of samples to ascertain continued 
standardization of the instrument. All sam
ples are made up wherever possible to a 
height of ' /  inch and an area at least that 
of the plunger base. If other sample heights 
are used, corrections have to he made, as 
explained below in the interpretation section.

To provide for measurement of viscosity, 
a modified cup was constructed with strain- 
gauge sensing elements mounted on a fixed 
baffle arm (see Fig. 3). Tbe cup fits easily

F ig .  3. V is c o m e te r  a t ta c h m e n t,  in c lu d in g  cup  
a n d  p ad d le .

into position on the lower platform, and 
the sensing element can he connected to the 
electrical bridge circuit in place of tbe 
strain-gauge element normallv used. A Lu
cite paddle has been substituted for the con
ventional plunger, mounted on a small 
motor, which rotates tbe paddle at a constant 
torque (see Fig. 4).

INTERPRETATION OF THE RECORDED 
CURVES

The recorded force-distance relations rep
resent an integral picture of the textural 
characteristics of the product sample under 
test, and may thus be called texture “pro-

F ig . 1. T e x tu r o m e te r — f ro n t  v iew .

F ig .  2. A r t ic u la to r  a n d  d r iv e  m o to r— s h o w in g  
sam p le  cell a n d  p lu n g e r .
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F ig . 4. V is c o m e te r  a t ta c h m e n t,  w ith  cu p  r e 
m o v ed  to  sh o w  L u c ite  p a d d le . I n  th e  fo re g ro u n d , 
re p re s e n ta t iv e  p lu n g e rs  a r e  d isp lay e d .

files." Their interpretation depends upon 
the adaptation of the previously developed 
definitions ( Szczesniak, 1962a) of the me
chanical parameters of texture to the con
ditions of measurement by the texturometer. 
The mathematical formulation of each of the 
parameters has been developed after careful 
experimentation and consideration of the 
important dependent variables.

Fig. 5 illustrates a typical texture-profile 
curve obtained on the instrument, indicating 
the methods of measuring the mechanical 
parameters as discussed below. Brittleness 
is not shown, since brittleness and adhesive
ness are never encountered in the same food 
product. The curve should he read from

4£C O H E S IV E N E S S  = —------A|
ELA S T IC IT Y  ■  C -  B

C -T IM E  CONSTANT FOR CLAY

A T Y PIC A L TEXTUROM ETER CURVE

F ig . 5. A  ty p ica l te x tu ro m e te r  cu rve .

right to left, with peak A i being the first 
chew, and peak A 2 the second chew.

Hardness is measured from the profile as 
the height of the first chew. Since the height 
of each sample is standardized to 1 1 inch 
and the plunger-travel fixed to reach within 
Zx inch of the plate, this measurement is 
consistent with our definition of hardness. 
All hardness values are normalized to a 
one-volt input by the following method:

height of first peakhardness = ----------r —:------------volts input
Should the sample have a depth of less than 
1 inch, extra slices are added to make up 
the standard height.

Colicsiveness is measured as a ratio of the 
area, in arbitrary units, under the second 
peak and the area under the first peak 
A->/A1 in Fig. 5, Since this parameter 
is measured as a ratio of two areas, the 
input voltage is not critical. However, the 
voltage used for measurement should be 
sufficient to keep the peak heights within 
the confines of the recorder paper. The area 
under each peak is the integral of force over 
a distance, and therefore represents the 
work done in each chew. This value is a 
direct function of the work needed to over
come the internal bonds of the material.

If the food sample exhibits adhesiveness, 
it is necessary to coat the material with 
talcum powder before recording the cohe- 
siveness profile, because of the distortion 
created by the negative adhesiveness peak. 
Sample size is preferably kept at ’ f-inch 
height.

lilasticity is measured as the difference 
between the distance B, measured from the 
initial sample contact to the contact on the 
second chew, and the distance C, the same 
measurement made on a completely inelastic 
standard material such as clay. With our 
instrument, the value of C is 68.5. Prefer
able sample height for this parameter meas
urement is 1 inch.

Plasticity = C — B
Adhesiveness is measured as the area, in 

arbitrary instrumental units, A s, of the neg
ative peak beneath the base line of the pro
file. and represents the work necessary to 
pull the plunger from the sample. Adhesive
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ness measurements are made on samples of 
_%-inch height and input of 5 volts.

I11 addition to the independent mechanical 
parameters, we have defined three suh- 
parameters as functions of the independent 
variables described alcove.

Brittleness is easily characterized by the 
multipeak shape of the first chew, and is 
measured as the height of the first signifi
cant break in the peak. Conditions for mak
ing this measurement are the same as for 
hardness; samples are of V-inch height and 
corrected to an input of 1 volt.

Chewiness is expressed mathematically as 
the product of hardness, cohesiveness, and 
elasticity.

Gunnniness is expressed as the product 
of hardness and cohesiveness. The result is 
multiplied hy 100 to eliminate decimals.

Viscosity measurement is confined to flu
ids and recorded as a series of sinusoidal 
curves (Fig. 6), using the viscosity attach
ment (paddle and cup) as shown in Figs. 
3 and 4.

RELATIVE VISCOSITY

L IG H T  CREAM

M A P L E  S Y R U P

F ig . 6. R e la t iv e  v isc o s ity .

F'ig. 7 presents a few representative tex
ture profiles of food materials. White cake 
without crust produces an objective picture 
of low cohesiveness with low hardness. The 
adhesiveness parameter is quite apparent in 
the profile of lemon chiffon pudding, indi
cated by the negative peak below the base 
line. Bran flakes are characterized hv hard
ness and brittleness. The profile of drv clog 
food illustrates a high degree of brittleness, 
as indicated by the sharp breaks in the peaks 
of both the first and second chews.

TEXTUROMETER CURVES FOR SELECTED FOOD PRODUCTS

F ig . 7. T e x tu r o m e te r  c u rv e s  fo r  se lec ted  foo d  
p ro d u c ts .

PRECISION OF MEASUREMENTS
The instrumental error inherent in tex

turometer measurements is small. The fol
lowing coefficients of variation were found 
using a piece of hard foam rubber as the 
test material : hardness 0.045%, cohesive
ness 2.64%, elasticity 1.27%, and chewiness 
2.98%. Hard foam rubber was selected be
cause of its uniformity and because it did 
not disintegrate under the test conditions.

Variability greater than that indicated 
above can he attributed to the heterogeneitv 
of the tested materials. Since most foods 
vary significantly in textural characteristics 
from sample to sample and even within a 
sample, replicate measurements show greater 
spreads. Mean coefficients of variation cal
culated for different food products were as 
follows: hardness 16.1%, cohesiveness 
11.8%, elasticity 11.2%. adhesiveness 22.5%, 
chewiness 22.1%, and gumminess 6.6%. 
The exact coefficient of variation of anv 

parameter depended on the tvpe of food 
product under analysis.

DISCUSSION
Measurements made on the texturometer 

are reported in arbitrary instrumental units 
that can be converted into cgs units by the 
use of standard references. Since reference 
materials are used to calibrate the instru
ment. absolute values are not necessary. A 
strip of foam rubber weather stripping was 
found suitable for calibration.

Foods that change in texture with mois
ture content are evaluated after equilibration
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to reach the required moisture value. The 
objective texture measurement of cold, drv 
cereals does not correlate well with the sub
jective panel evaluation. However, the addi
tion of moisture to the cereal results in 
excellent agreement between instrumental 
hardness measurement and the subjective 
rating. Similar difficulty is experienced in 
the case of marshmallows, where discrep
ancy exists with respect to the parameter 
of adhesiveness. Sensory evaluation indi
cates that the center of the marshmallow is 
not adhesive, while texturometer curves 
clearly show the negative adhesiveness peak. 
Placing a few drops of water on the surface 
of the marshmallow eliminates the adhesive
ness peak and results in a perfect agree
ment with the panel. We are currently con
sidering further modification of the tex
turometer to provide for intermittent svn- 
thetic saliva injection to simulate the salivary 
action during mastication.

In addition, we have been studying the 
inclusion of a temperature-control unit for 
the texturometer. When temperature is 
found to he a factor in the measurement of 
textural properties of foods, instrumental 
profiles are made at a range of temperature 
levels. Parameter values vary with tempera
ture in foods such as hard and soft cheeses 
and chocolate products, where melting oc
curs naturally in the mouth during masti
cation. In this way, a more complete pic
ture can he obtained of the textural charac
teristics.

The translation of mechanical pressure 
into electrical impulse by way of paired 
strain-gauge units depends upon a slight 
movement of the arm supporting the sample 
platform. As a result, a corrective error 
is introduced in calculating sample penetra
tion. This is inherent in the nature of strain- 
gauge operation. It has also been found 
that, after long use. the strain-gauges require 
replacement because of wear and tear pro
duced by continuous mechanical action of 
the articulator. We have investigated means 
of monitoring pressure changes that are 
more stable and can provide the same kind 
of sensitivity found in strain-gauge circuits. 
We recently encountered a new technique 
( for co n tin u o u sly  measuring pressure 
changes ) in the form of a series of pressure-

sensitive paints, which respond by altering 
internal resistance to electrical flow.

Texturometer characterization of the me
chanical parameters of texture of selected 
food products correlated well with subjective 
evaluation by a trained texture-profile panel. 
These data are reported elsewhere (Szczes- 
niak ct al., 1963). The good correlation 
indicates that the texturometer is able to 
measure the same type and intensity of me
chanical characteristics of texture as are 
perceived in the mouth.

In addition to mechanical parameters, 
foods also have geometrical (fibrousness, 
graininess, grittiness, etc.) and lubricating 
(dryness, juiciness, oiliness. etc.) qualities 
(Szczesniak, 1963a). Geometrical charac
teristics can be detected with the texturom
eter only inasmuch as they contribute to the 
heterogeneity of the product in terms of its 
mechanical properties. Xo controlled meth
ods of measuring these geometrical proper
ties on the texturometer have been worked 
out. Application of the instrument to juici
ness measurements will be the subject of a 
sej )a ra t e communication.
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SUMMARY
Standard rating scales o f hardness, brittleness, chewiness, gum m iness, vis

cosity, and adhesiveness were established for quantitative evaluation o f food  
texture. The scales cover the entire intensity range found in food products 
and may be expanded at any desired point for greater precision in a narrower 
range. Each point on the scale is represented by a food product selected on 
the basis o f availability, fam iliarity, constancy o f textural characteristics, and 
other criteria. Using the developed scales, correlation was good between sen
sory and instrumental (texturom eter and viscosim eter) evaluations o f texture.

INTRODUCTION
Most reported work on sensory evalu

ation of food texture has used an arbitrary 
scoring- system and has been limited to one 
product or one class of products. The meas
ured textural characteristics were restricted 
to those believed most important for the food 
in question. Thus, Bockian et al. (1958) and 
Deatherage and Garnatz (1952) reported 
on subjective determination of meat tender
ness, Lowe and Stewart (1947) on evalu
ation of poultry meat, and Longree and 
Fenton (1950) on the toughness and stringi
ness of kale. Bliss et al. (1953) compared 
scoring methods for mealiness of potatoes. 
Cover described a paired-eating method as 
a tool for subjective testing of tenderness 
in meat (1936) and a method of scoring 
for three components of beef steak tender
ness (1959). These components were soft
ness, friability of muscle fibers, and tender
ness of connective tissue. Hopkins (1950) 
attempted to quantify subjective appraisals 
of texture, and of other food attributes. He 
differentiated between the intensity of un
desirable characteristics and the intensity or

P re se n te d  a t  th e  22nd A n n u a l M e etin g  of th e  
In s t i tu te  of F o o d  T ec h n o lo g is ts , M iam i B each, 
F lo r id a , Ju n e  10-14, 1962.

absence of desirable characteristics. The re
port by Raffensperger et al. (1956) on the 
structured toughness-tenderness scale for 
grading beef is one of the few attempts at a 
logical development of sensory texture
rating-scale formats.

The present work was done to develop 
standard rating scales based on the proposed 
classification of textural characteristics 
(Szczesniak, 1963) in order to provide a 
defined quantitative method of evaluation of 
the mechanical parameters of texture. The 
desirability of rating scales in organoleptic 
evaluation of foods has been pointed out by 
Sheppard (1953, 1955). It was intended to 
have the scales encompass the entire range 
of intensity of textural characteristics rather 
than a selected few. Another objective was 
to select specific examples for each point on 
the scale so that proper reference standards 
could be available and the degree of inten
sity of a given textural parameter in an ‘‘un
known" product could be illustrated in 
terms of a known product. This would also 
eliminate the problem of drifting discussed 
by Tarver and Schenck (1958). A third 
objective was to use the developed standard 
scales in seeking a correlation between or
ganoleptic and instrumental methods of 
texture evaluation.

t 397 ]
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T E C H N I Q U E
C rite r ia  fo r  se lec tion  o f s ta n d a rd s  fo r  th e  scale 

p o in ts . S ev era l c r ite r ia  w ere  used  in  se lec ting  
re fe ren ce  s ta n d a rd s  fo r th e  in d iv idu a l p o in ts  on 
th e  scales. T h e  m o st im p o rta n t co n sid e ra tio n  w as 
th a t  th e  se lected  food item s possess th e  d esired  
in ten s ity  of th e  te x tu ra l  c h a ra c te r is tic  an d  th a t  
th is  c h a ra c te r is tic  n o t be o v e rsh ad o w ed  by o th e r 
te x tu ra l  p a ra m e te rs , i.e., i t  is an  o u ts ta n d in g  
p ro p e rty  of th e  selected  food an d  is easy  to  p e r
ceive o rg an o lep tic a lly . O th e r  im p o rta n t c r ite r ia  
w ere  th e  av a ila b ility , co n s ta n t q u a lity , an d  g en era l 
fam ilia rity  of th e  foods. S p ec ia lty  item s an d  la b o 
ra to ry  p re p a ra tio n s  w ere  av o id ed  a s  m uch  as  p o s
sible, an d  a tte m p ts  w ere  m ad e  to  se lec t w ell-k n o w n  
com m ercia l p ro d u c ts . T h e  co m m erc ia l b ran d s  
w ere  se lected  solely  on th e  basis  o f th e  d esired  
in ten s ity  o f th e  p a r t ic u la r  c h a ra c te r is tic  a n d  its  
re p ro d u c ib ility  fro m  b atch  to  b atch . In  add ition , 
th e  chosen foods had  to  m eet th e  re q u ire m e n ts  of 
m in im um  h an d lin g  n ec essa ry  to  re a d y  th e  p ro d u c t 
fo r ev a lua tion , an d  m in im u m  ch an g e  in te x tu ra l  
ch a ra c te r is tic s  fro m  sm all te m p e ra tu re  v a ria tio n s . 
W e  avo ided  fresh  f ru i ts  an d  v eg e tab les , w hose 
te x tu re  v a r ie s  g re a tly  w ith  v a r ie ty , d e g re e  of m a 
tu r i ty , an d  o th e r  fa c to rs , an d  item s th a t  re q u ire  
cooking , bak in g , etc. F oo d s th a t  d id  n o t m eet one 
o r  m o re  of th e  above re q u irem e n ts  w ere  selected  
only  w hen  se riou s  d ifficulties w ere  en co u n tered  in 
finding a  p ro d u c t th a t  w ould  m eet all of th e  above 
re q u irem e n ts .

J u d g in g  th e  p ro sp ec tiv e  s ta n d a rd s  fo r  te x tu r a l  
c h a ra c te r is tic s . T h e  p ro sp ec tiv e  re fe ren ce  foods 
w ere  s tan d ard iz ed  as  to  size an d  te m p e ra tu re . 
T h e y  w ere  th en  ev a lua ted  by 9 panel m em b ers  
tra in e d  in flavor p ro file  m etho d s an d  th u s  possess
ing  an  an a ly tic a l ap p ro ac h  to o rg an o lep tic  e v a lu 

a tio n  o f food a ttr ib u te s . T h e  p anel w as  also  
th o ro u g h ly  fa m ilia r  w ith  th e  defin itio n s  o f te x tu ra l  
p a ra m e te rs  developed  e a r l ie r  ( S zczesn iak , 1963). 
Ju d g in g  w as done ind iv idu a lly , fo llow ed  by a 
ro u n d -ta b le  d iscu ssion  to  a r r iv e  a t  an  a v e ra g e  
ra tin g  an d  to  c la r ify  an y  p ossib le la rg e  d isc re p a n 
cies o r  m isu n d ers ta n d in g s  of d efin itions. T h e  p ro s 
pec tive  re fe re n c e  m a te r ia ls  w ere  firs t ju d g e d  sem i- 
q u a n tita tiv e ly  an d  ra n k ed  in th e  o rd e r  of in c re a s 
in g  in te n s ity  of th e  p a r t ic u la r  te x tu ra l  p a ra m e te r  
u n d er co n sid e ra tio n . T h e  d is tan ces  betw een  th e  
m a te r ia ls  w ere  th en  ev a lua ted , an d  p ro d u c ts  th a t 
show ed  equal in te n s ity  d iffe rences  fro m  th e ir  
n e ig h b o rs  on each  side w ere  se lected  fo r th e  final 
scale. T h u s , th e  developed  scales a re  c h a ra c te riz e d  
by eq u iv a le n t d is tan ce s  fro m  p o in t to  p oint. A n  
ex cep tio n  is  th e  chew iness scale, w h e re  it h as  n o t 
y e t been possib le to  select foods sho w in g  eq u iv a 
len t d iffe rences  in th e  c h a ra c te r is tic  of chew iness.

R E S U L T S
D ev elo p m en t o f ra t in g  scales. Hardness scale. 

H a rd n e s s  is ju d g e d  o rg a n o lep tic a lly  a s  th e  fo rce  
re q u ired  to  p e n e tra te  a  sub stan ce  w ith  m o la r tee th . 
T h e  ev a lu a tio n  is  re s tr ic te d  to  so lids an d  som e 
sem iso lid s because  h um an  p ercep tio n  o f h a rd n ess  
is lim ited  to  sam ples th a t  can be confined  betw een  
th e  tee th .

N in e  po in ts  w ere  selected  to  re p re se n t th e  scale 
of h a rd n ess . T h e se  a re  show n in T a b le  1, to 
g e th e r  w ith  in fo rm atio n  on sam ple  size an d  th e  
te m p e ra tu re  of th e  p ro d u c t a t  ev a lu a tio n .

Brittleness scale. B rittle n e ss  is ju d g e d  o rg a n o 
lep tica lly  a s  th e  ease o r  fo rce  w ith  w hich  a  sa m 
ple crum b les, c rac k s , o r  sh a tte rs . I t  is a  seco n d ary  
p a ra m e te r, en com p assing  th e  p r im a ry  p a ra m e te rs  
of h a rd n e ss  an d  cohesiveness.

T ab le  1. S ta n d a rd  h a rd n ess  scale.
Panelrating Product Brand or type M anufacturer Samplesize Temp.

l C re am  cheese P h ila d e lp h ia K ra f t  F oo d s K>" 4 5 -5 5 °F
2 E g g  w h ite hard-cookeel 

5 m in
•A" tip room

3 F ra n k fu r te r s la rg e , uncooked , 
sk in less

M ogen  D av id  
K o sh er M eat 
P ro d u c ts  C orp.

54" 5 0 -6 5 °F

4 C heese yellow , A m erican , 
p as teu rize d  
p rocess

K ra f t  F oo d s A" 50-65 ° F

5 O lives ex q u is ite  g ian t 
size, stuffed

C re sc a  Co. 1 olive 5 0 -6 5 °F

6 P ea n u ts cock ta il ty p e  in 
v acuu m  tin

P la n te rs  P e a n u ts 1 n u t room

7 C a rro ts uncooked , fresh 1/ " ro o m
8 P e a n u t b r it tle candy  p a rt K ra f t  Foods ro o m
9 R ock  candy D ry d e n  & P a lm e r ro o m
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T a b le  2. S ta n d a rd  b rit tle n e ss  scale.
Panelrating Product Brand or type M anufacturer Samplesize Temp.

l C o rn  muffin F in a s t F ir s t  N a tio n a l 'A” room
S to re s

2 A n g e l puffs d ie te tic , h ea ted S te lla  D 'O ro 1 puff room
fo r 5 m in. a t B iscu it Co.
190°F

3 G ra h a m  c ra c k e rs N ab isco N a tio n a l %  c rac k e r ro o m
B iscu it Co.

4 M elba to as t in side piece D ev o n sh eer room
M elb a  C orp.

5 J a n  H a z e l cookies K eebler A" ro o m
B iscu it Co.

6 G in g e r snaps N ab isco N a tio n a l A " room
B iscu it Co.

7 P e a n u t b r it tle candy  p a r t K ra f t  F oo d s A " ro o m

T h e  sev en -p o in t scale of b rittle n e ss  is show n  in Gumminess scale. G um m iness is a  seco n dary
T ab le  2. I t  w ill be n o ticed  th a t  p ro d u c ts  a t  th e p a ra m e te r  an d  is th e  p ro d u c t of ;a low  d e g re e  of
lo w er end of th e  scale a r e  so ft and. a re  p o p u la rly h a rd n ess  an d  a h ig h  d eg ree  of cohesiveness. I t
d escribed  as  “c ru m b ly ,” w h e re as  th o se  a t  th e  u p p er re fe rs  to  sem isolid  m a te r ia ls , and , o rg an o lep tic a lly ,
end of th e  scale a re  h a rd  an d  a re  p o p u la rly  kno w n it can  be best d escrib ed  as  a  denseness th a t  p e rs is ts
as  “b r it t le .” th ro u g h o u t m astica tio n .

Cheu'iness scale. C hew iness w as ra te d  o rg an o - T h e  five-point g um m in ess  scale is sho w n  in
lep tica lly  in  te rm s  of th e  len g th  of tim e in seconds 
re q u ired  to  m as tica te  a  sam ple  a t  th e  ra te  of one 
chew  p e r second in  o rd e r  to  redu ce it  to  th e  co n 
s istency  sa tis fa c to ry  fo r sw a llo w in g . S im ila r ly  to  
b rittle n e ss , chew iness is a  seco n d ary  p a ra m e te r. I t  
encom passes th e  p r im a ry  p a ra m e te rs  of h ard n ess , 
cohesiveness, an d  elas tic ity .

T h e  sev en -p o in t chew iness scale a p p e a rs  in 
T a b le  3. I t  inc ludes p ro d u c ts  th a t  w ou ld  p o p u 
la r ly  be ca lled  ten d er , chew y  an d  tough .

T a b le  4. I t  w ill be n o ticed  th a t  p o in ts  on  th is  
scale a re  re p resen te d  by la b o ra to ry  sam ples ra th e r  
th a n  co m m ercia l food p ro du c ts. T h e  re aso n  is 
th a t  th e  p anel w as unab le to  find su itab le  ex am p les  
a m o n g  th e  av a ila b le  food p ro du c ts. E a s ily  p re 
p a re d  flou r pastes  of v a rio u s  f lo u r- to -w a te r  ra tio s  
p ro v ided  a  u n ifo rm  series  of re fe ren ce  po in ts  
p ossess in g  th e  re q u ired  in te n s ity  of th e  stud ied  
c h a ra c te ris tic . T h e  pastes  w ere  m ade by m ix in g , 
e.g., 40 g  of a ll-p u rp o se  flou r w ith  60 m l ro o m - 
te m p e ra tu re  ta p  w a te r  to  ob ta in  a 4 0 %  flou r p aste .

T a b le  3. S ta n d a rd  chew iness scale.

Productrating
Av. no. of chews Product Brand or type M anufacturer Samplesize Temp.

l 10.3 R ye b read fresh , cen te r 
cu t

P e c h te r  B ak in g  
Co.

A" ro o m

2 17.1 F ra n k fu r te r la rg e , uncooked  
sk in less

M ogen  D av id  
K o sh er M e at 
P ro d u c ts  C orp.

A " 5 0 -7 0 °F

3 25.0 G um  dro ps C huckle F re d  \Y . A m en d  
Co.

A " ro o m

4 31.8 S teak ro u nd , \A" th ick , 
b ro iled  on each 
side fo r 10 m in.

yi"  sq u are 140-185°F

5 33.6 B la ck  C ro w s 
candy

M aso n  C andy  
C orp.

1 piece room

6 37.3 P e a n u t chew s W h itm a n  Co. 1 piece room
7 56.7 T o o ts ie  ro lls m id g e t size S w ee ts  Co. of 

A m erica
1 piece room
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T a b le  4. S ta n d a rd  g un n n in ess  scale.
Panelrating Product Brand or type M anufacturer Samplesize Temp.

i 40%  flou r p aste G old M edal G en eral M ills 1 tbs. room
2 45 %  flou r p aste G old  M edal G en eral M ills 1 tbs. ro o m
3 5 0 r 7 flou r p aste G old  M edal G en eral M ills 1 tbs. ro o m
4 5 5%  flou r p aste G old  M edal G en eral M ills 1 tbs. room
5 6 0 %  flou r paste G old  M edal G en era l M ills 1 tbs. room

Adhesiveness scale. O rg an o lep tica lly , ad h es iv e
ness is ju d g e d  as  th e  fo rc e  re q u ire d  to  rem ove the 
m a te r ia l th a t  ad h ere s  to  th e  m o u th  (g e n e ra lly  to  
th e  p a la te )  d u r in g  n o rm al ea ting .

F iv e  p ro d u c ts  w ere  chosen  to  re p re se n t th e  scale 
of ad h esiv en ess, w hich  a p p e a rs  in  T a b le  5.

Viscosity scale. V isco s ity  is p erceived  o rg a n o 
lep tica lly  as  th e  fo rc e  re q u ired  to  d ra w  a  liqu id  
fro m  a spoon o ver th e  tongue.

T h e  e ig h t-p o in t v isco sity  scale a p p e a rs  in  T ab le6.
C o rre la tio n  w ith  o b jec tiv e  m ea su re m en ts . F ig s . 

1 -6  show  th e  c o rre la tio n  b etw een  p anel an d  ob 
jec tiv e  e v a lu a tio n s  on th e  developed  s ta n d a rd  
scales. F oo d s selected  to  re p re se n t th e  ind iv idu a l 
po in ts  on th e  scales of h a rd n ess , b rittle n e ss , ch e w i
ness, g um m iness, an d  ad h esiv en ess  w ere  ev a lua ted  
o b jec tiv e ly  on th e  te x tu ro m e te r  w ith  tech n iqu es  
described  by F rie d m a n  ct a!. (1 9 6 3 ). E x a m p les  on 
th e  v isco sity  scale w ere  te s ted  o b jec tiv e ly  w ith  a 
H A T  B ro ok fie ld  V isco sim e te r a t  100 rp m  an d  
7 5°F . I t  w as reco g n ized  th a t  th e  p anel m easu red  
lin ear-flo w  v isco sity  w h e re as  th e  in s tru m e n t m eas
u re d  ro ta ry -f lo w  v iscosity . H o w e v e r, no lin ear- 
flow v isco sim e te r, w h ich  w ou ld  cover th e  en tire  
ra n g e  o f v isco sity  re p resen te d  by th e  selected  
s ta n d a rd s , w as  av a ilab le . T h e  B ostw ick  V isco s
im e te r w as  found  u n su itab le  because  of excessively  
fa s t o r  excessiv ely  slow  flow  a t  th e  e x tre m e s  o f th e  
scale. Speeds of 20, 50, an d  100 rp m  an d  te m p e ra 
tu re s  of 45, 75, an d  100° F  w ere  in v es tig a ted  w ith  
th e  B ro ok fie ld  v isco sim e te r, an d  100 rp m  an d  7 5 °F  
w ere  found  to g ive th e  b est c o rre la tio n  w ith  sen 

so ry  ev a lua tion . I t  sho u ld  be n o ted  (T a b le  6 ) th a t  
th e  panel ev a lu a ted  th e  s ta n d a rd s  on th e  v isco sity  
scale a t  45-55 °F , bu t th e  foods u n d o u b ted ly  u n d e r
w en t som e in c rea se  in  te m p e ra tu re  as  th ey  w ere  
sucked  in to  th e  m outh .

A s  show n  in F ig s . 1-6, c o rre la tio n  is v ery  good  
betw een  panel an d  o b jec tiv e  e v a lu a tio n s  on th e  
developed  s ta n d a rd  scales. H a rd n e s s  an d  b r i t t le 
ness show ed a  cu rv ilin e a r re la tio n  b etw een  th e  
in s tru m e n t an d  th e  panel w hen  th e  d a ta  w ere  
p lo tted  on re c ta n g u la r  g ra p h  p ap er. V isco sity  
ex h ib ite d  th e  sam e re la tio n  w h en  th e  d a ta , co n 
v e rte d  to  cen tipo ises, w ere  p lo tte d  on sem ilog  
p ap er. T h e  o th e r p a ra m e te rs  sho w ed  s tra ig h t  lines 
w hen  p lo tte d  on e ith e r re c ta n g u la r  (c h e w in ess  an d  
ad h es iv en ess) o r sem ilog  (g u m m in e ss ) p ap er. 
T h e se  c o rre la tio n s  in d ica te  th a t  th e  p an el w as w ell 
ab le to  d is tin g u ish  betw een  th e  in d iv idu a l m ec h a n i
cal p a ra m e te rs  of te x tu re  an d  ju d g e  th em  q u a n 
ti ta t iv e ly . T h e y  a lso  in d ica te  th a t  th e  o b jec tiv e  
m etho d s used, especia lly  th e  te x tu ro m e te r , w ere  
ab le to  m ea su re  th e  sam e in te n s ity  of te x tu ra l  
c h a ra c te r is tic s  as  p erceived  o rg an o lep tic a lly . I t  
shou ld  be k e p t in m ind, h ow ever, th a t  th e  s ta n d a rd s  
on th e  scales w ere  ca re fu lly  se lected  fo r th e  ab 
sence of o v e rsh a d o w in g  c h a ra c te ris tic s , w h ich  fa 
c ilita ted  th e ir  sen so ry  ev a lu a tio n  an d  u nd ou b ted ly  
c o n trib u te d  to  th e  good  co rre la tio n .

DISCUSSION
The classification of textural characteris

tics developed by Szczesniak (1963) in
cluded the mechanical parameters of co-

T a b le  5. S ta n d a rd  ad h esiv en ess  scale.
Panelrating Product Brand or type M anufacturer Samplesize Temp.

i H y d ro g e n a te d  
v eg e tab le  oil

C risco P ro c te r  & G am ble 
Co.

34 tsp 4 5 -5 5 °F

2 B u tte rm ilk  
b iscu it dou gh

P illsb u ry  M ills %  b iscu it 4 5 -5 5 °F

3 C ream  cheese P h ila d e lp h ia K ra f t  F oo d s 34 tsp 4 5 -5 5 °F
4 M a rsh m allo w

topping
F lu ff D u rk e e -M o w e r %  tsp 4 5 -5 5 °F

5 P e a n u t b u tte r S k ippy ,
sm ooth

B es t Foods 34 tsp 45-55 ° F
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T a b ic  6. S ta n d a rd  v isco sity  scale.

Panelrating Product Brand or type M anufacturer Samplesize Temp.
l W a te r sp rin g C ry s ta l S p r in g  

Co.
E  tsp ro o m

2 L ig h t c ream S ea lte s t S e a lte s t F oo d s E  tsp 4 5 -5 5 °F
3 H e a v y  c ream S ea lte s t S e a lte s t F oo d s E  tsp 4 5 -5 5 °F
4 E v a p o ra te d

m ilk
C a rn a tio n  Co. E  tsp 4 5 -5 5 °F

5 M aple  sy ru p P re m ie r
100%

F ra n c is  H . 
L e g g e tt & Co.

E  tsp 4 5 -5 5 °F

6 C ho co la te
sy ru p

H e rsh e y
C ho co la te
C orp.

E  tsp 4 5 -5 5 °F

7 M ix tu re  :
E  cup 
m ay o nn aise  

an d

H e ilm a n 's B est F o o d s E  tsp

2 tbs. h eavy  
c ream

S e a lte s t S e a lte s t F o o d s 2 tbs 45-55° F

8 C ondensed
m ilk

M a g n o lia
sw eetened

B orden  F o o d s E  tsp 4 5 -5 5 °F

te x tu ro m e te r  on  th e  h a rd n e ss  scale.

hesiveness and elasticity, in addition to the 
parameters quantified by the presently de
scribed scales. Organoleptically, both co- 
hesiveness and elasticity were difficult to 
perceive as such. Elasticity was the most

F ig . 2. C o rre la tio n  b etw een  th e  p anel a n d  th e  
te x tu ro m e te r  on th e  b rittle n e ss  scale.

difficult parameter to evaluate in the mouth, 
because of the sharp edges and relative in
sensitivity of the teeth. Because of this, it 
was not possible to construct standard scales 
for these two primary parameters, and their 
evaluation is included in the ratings for the 
secondary mechanical parameters.

The described scales offer a basis for 
quantitative organoleptic texture evaluation 
in a rational and relatively complete man-
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F ig . 3. C o rre la tio n  b etw een  th e  p an el a n d  th e  
te x tu ro m e te r  on  th e  ch ew iness  scale.

F ig . 4. C o rre la tio n  betw een  th e  p an el an d  th e  
te x tu ro m e te r  on  th e  g um m in ess  scale.

tier. The resulting set of numbers gives a 
texture "profile." Because they encompass 
the entire range of parameter intensities 
encountered in food products, the scales lend 
themselves to expansion at any desired 
point to allow for greater precision in a 
narrower range. Such expansion should he

F'ig. S. C o rre la tio n  betw een  th e  p an el an d  th e  
te x tu ro m e te r  on  th e  adh esiv en ess  scale.

F ig . 6. C o rre la tio n  b etw een  th e  panel a n d  th e  
B ro ok fie ld  v isc o sim e te r on th e  v isco sity  scale.

•done by placing additional standard exam
ples between the points defining the range of 
interest. The scales are composed of well 
defined, available, reasonably unchangeable 
standards. They are easy to use with highly 
trained or ordinary laboratory panels pro
vided the definition of the basic concepts 
involved is well understood.
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Texture Profile Method
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( M a n u sc rip t rece ived  J u ly  23, 1962 )
SUMMARY

A texture profile method was developed that uses the A. D. Little flavor 
profile method as a m odel. A texture profile is defined as the organoleptic 
analysis o f the texture com plex o f a food in terms o f its m echanical, geom et
rical, fat, and m oisture characteristics, the degree o f each present, and the 
order in which they appear from first hite through com plete mastication. The 
texture profile analysis requires a panel o f judges with prior knowledge o f  
the texture classification system, use o f standard rating scales, and proper 
panel procedures with regard to the m echanics o f testing and sample control.

IN T R O D U C T IO N
Development of a comprehensive sensory 

method for evaluating food textures is, by 
necessity, dependent upon a rational and 
well-defined system for classifying texture. 
The literature on sensory methods of tex
ture evaluation contains fragmented infor
mation on definitions of texture, panel 
techniques, standardization of testing condi
tions, and correlation with instrumental 
measurements.

Deatherage and Gernatz (1952) reported 
poor correlation of sensory measurements 
of meat tenderness with the Warner-Brat- 
zler shear machine. Apparently, the panel 
was not evaluating the same property as 
the instrument. Cover (1936) described a 
sensory method for evaluating the tender
ness of two comparable samples of meat.

Boggs and Hanson (1949) and Raffens- 
perger et al. (1956) pointed up the lack of 
organized knowledge in this field.

With few exceptions, there is a notable 
lack of information on the interrelations of 
several texture properties in a given food. 
Such an attempt was made by Cover (1959) 
to assess the influence of softness on the 
tenderness of rare steaks and. more recently, 
by Cover ct al. ( 1962a,b,c) to explain the 
tenderness of beef in terms of six compo
nents. In addition, little has been done to 
assess the mechanics of panel evaluation so 
as to arrive at a measurement of a given 
textural characteristic. A recent paper by 
Harrington and Pearson (1961) discusses 
chew count as a measurement of tenderness 
of pork loins.

Work by Szczesniak (1963) and Szczes-
f

mak ct al. (1963) on classifying textural 
characteristics and the development of rating 
scales contributed a logical and well-defined 
basis upon which to build a comprehensh e 
sensory method for evaluating texture of a 
given food product. This classification of 
textural characteristics included three main 
types: mechanical properties, geometrical 
properties, and those relating to fat and 
moisture content. Since most foods are com
posed of varying degrees of these main 
groups of textural characteristics, it was 
necessary to design a sensory procedure 
whereby the entire texture of a food product 
could be assessed from first hite through 
complete mastication.

The flavor profile method described bv 
Cairncross and Sjostrom (1950) was used 
as a model in developing the texture profile 
technique.

E X P E R I M E N T A L
M e c h a n ic a l  c h a r a c te r i s t ic s  o f  t e x tu r e .  E v a lu a 

tion  o f th e  m echan ica l c h a ra c te r is tic s  o f te x tu re  
is  b o th  q u a lita tiv e  an d  q u a n tita tiv e . T h e se  p a 
ra m e te rs  a r e  ev a lu a ted  w ith  s ta n d a rd  ra tin g  scales 
developed  by S zczesn iak  ct al. (1 9 6 3 ). T h e  scales 
co v er th e  e n tire  ra n g e  of in te n s ity  of th e  p a r t ic u la r  
te x tu ra l  c h a ra c te r is tic  en c o u n te red  in food p ro d 
ucts . T h ey  lend th em se lves  to  ex p an sio n  in se lec
ted  a re a s  to  a llo w  fo r  a  m o re  p rec ise  d escrip tio n  
o f d iffe ren ces  b etw een  closely  re la te d  sam ples.

E a c h  p o in t on  th e  scale is re p re se n te d  by a  
se lected  ex a m p le , w h ich  m ak es i t  p ossib le  to  a s 
sign  a  n u m e ric a l ra tin g  to  an  "u n k n o w n "  by co m 
p a rin g  it  to  a  k no w n  p ro du c t.

G e o m e tr ic a l  c h a r a c te r is t ic s  o f  t e x tu r e .  E v a lu a 
tion  o f th e  g eo m etric a l c h a ra c te r is tic s  of te x tu re  
is q u a lita tiv e  an d  sem i-q u an tita tiv e . T h e se  c h a ra c 
te r is tic s  a r e  re la te d  to  th e  size, shape , an d  a r ra n g e -

404 ]
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T ab le  1. G eo m etrica l c h a ra c te r is tic s  o f te x tu re .
A. Characteristics relating toparticle size and shape Reference

B. Characteristics relating toshape and orientation Reference
P o w d e ry co n fec tio n e r 's  su g a r flaky boiled  h addock
C ha lk y ra w  p o ta to , to o th  p ow d er fibrous base of a sp a ra g u s  shoot, 

b re a s t of ch icken
G ra in y F a r in a , C ream  of W h e a t pulpy o ran g e  sections
G ritty p e a r s ton e cells, sand ce llu la r ra w  ap p les, w h ite  cake
C oarse cooked o atm eal a e ra te d ch iffon  pie filling, 

m ilk  shake
L um py co tta g e  cheese pu ffv puffed  rice, c ream  puffs
B eady ta p io c a  pud d ing c ry s ta llin e g ra n u la te d  su g ar

m cn t o f p a rtic le s  w ith in  a  food. T h e y  a re  ev a lu 
a ted  as  to  th e  ty p e an d  a m o u n t p resen t.

T ab le  1 lis ts  th ese  ch a ra c te r is tic s , w ith  a p p ro 
p ria te  ex am p les  fo r re fe ren ce . C h a ra c te r is tic s  
re la tin g  to  p a rtic le  size an d  s\aape a re  p erceived  
o rg a n o lep tic a lly  as  d isc re te  p a r tic le s  re la tiv e ly  
h a rd e r  th a n  th e  s u rro u n d in g  m ed ium  o r th e  c a r 
rie r . T h is  g ro u p  can  be scaled  in th e  sam e m an n er 
as  th e  m echan ica l ch a ra c te r is tic s . F o r  exam ple , 
ch a lk y , g r it ty , g ra in y , an d  co a rse  co m p rise  a  scale 
of in c rea sin g  p a rtic le  size.

C h a ra c te r is tic s  re la tin g  to  shape an d  o rie n ta tio n  
re p re se n t h ig h ly  o rg an ize d  s tru c tu re s  of d iffe re n t 
g eo m etrica l a r ra n g e m e n ts  w ith in  each  p ro du ct. 
A  puffy  te x tu r e  is an  o rg a n iz a tio n  of h a rd  o r 
firm  o u te r shells  filled w ith  la rg e , o ften  uneven, 
a i r  pockets. T h e se  a re  u su a lly  fo rm ed  th ro u g h  
ap p lica tio n  of h e a t an d  ex p an sio n  of th e  m a te r ia l 
fo rm in g  th e  shell (e .g . c rea m  puffs, puffed  r ic e ) . 
A n  a e ra te d  te x tu re  is a  n e tw o rk  of re la tiv e ly  
sm all, even cells filled w ith  a i r  an d  su rro u n d e d  
by usu ally , b u t n o t a lw ay s, so ft cell w alls. T h is  
type o f a  te x tu re  is u su a lly  fo rm e d  by in co rp o 
ra tin g  a i r  th ro u g h  w h ip p in g  o r b ea tin g  in to  a

m edium  capab le  of film fo rm a tio n  (e .g . m a rsh 
m allow s. m e r in g u e ) . S om etim es, a s  in  case  of 
cakes, th e  g aseo us co m p on en ts  a r e  fo rm ed  inside 
th e  s tru c tu re  an d  ex p an d ed  in volum e by m eans of 
ap p lied  h eat.

O rd e r  o f  a p p e a ra n c e .  A  sy s tem a tic  m eans of 
re co rd in g  a ll th e  te x tu re  c h a ra c te r is tic s  of a  g iven  
food w as developed  fro m  th e  “o rd e r  of ap p ea ran ce "  
p rin c ip le  of th e  flavor profile  m etho d  d escribed  by 
C a irn c ro ss  an d  S jo s tro m  (1 9 5 0 ).

U n lik e  flavor, w h ere  th e  o rd e r  of ap p e a ra n c e  of 
n o tes  can n o t be an tic ip a ted , te x tu re  fo llow s a 
defin ite  p a tte rn  re g a rd in g  th e  o rd e r  in  w h ich  
c h a ra c te r is tic s  a rc  p erceived . T h e se  can  be sub 
d iv ided  in to  firs t-b ite , m a s tica to ry , a n d  re s id u a l 
phases.

T h e  firs t-b ite , o r  in itia l p hase  encom passes th e  
m echan ica l c h a ra c te r is tic s  of h a rd n ess , b rittle n e ss , 
an d  v iscosit} ' an d  an y  g eo m etric a l ch a ra c te r is tic s  
o bserved  in itia lly .

T h e  second, o r m a s tica to ry , p hase  encom passes 
th e  m echan ica l c h a ra c te r is tic s  of gum m iness, 
chew iness, an d  adh esiv en ess  an d  an y  g eo m etr ic a l 
ch a ra c te r is tic s  o bserved  d u r in g  chew ing .

T a b le  2. P ro c e d u re  fo r ev a lu a tin g  te x tu re .
Initial (p e rce iv ed  on firs t b ite )

M echan ical
\

G eo m etrica l
/  . I. \h a rd n ess  v isco sitv  b rittle n e ss any , dep en d ing  upon  p ro d u c t s tru c tu re

Masticatory
(p e rce iv ed  d u r in g  ch e w in g )

\
M echan ical G eo m etrica l

. /  I. \ .g um m in ess  ch ew iness  ad h esiv en ess any , depending  upon p ro d u c t s tru c tu re
Residual

(c h a n g e s  m ad e d u r in g  m a s tic a tio n )
/  !ra te  of b rea k d o w n  ty p e of b rea k d o w n  m o is tu re  ab so rp tio n m o u th c o a tin g
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T h e  th ird , o r  re sid u a l, p hase  encom passes 
ch ang es induced  in  m echan ica l an d  g eo m etrica l 
ch a ra c te r is tic s  th ro u g h o u t m as tica tio n .

T a b le  2 show s th e  p ro ced u re  u sed  in  ev a lu a tin g  
th e  d iffe re n t te x tu ra l  c h a ra c te r is tic s  w ith  re sp ec t 
to  th e ir  ap p earan ce .

M o is tu re  a n d  i a t  c o n ten t. S ince th e  c h a ra c te r 
istics of m o is tu re  an d  fa t co n ten t a re  m u ltid im e n 
sional, it is im p ra c tica l to  se t up  scales th a t  cover 
th e  e n tire  ra n g e  of th ese  c h a ra c te r is tic s  in  food 
p ro d u c ts . T h e  c h a ra c te r is tic  of fa t co n ten t can  be 
ev a lu a ted  n o t only  fo r d eg ree  p re se n t b u t also  
in  te rm s  of o th e r  ch a ra c te r is tic s , such as  m eltin g  
tim e, g eo m etric a l p ro p e rtie s , m o u th  co a tin g , etc. 
T h e re fo re  a  scale is c o n s tru c te d  fo r th e  p a r tic u la r  
p ro d u c t in  question .

M o is tu re  co n ten t can  be ev a lu a te d  n o t only  fo r 
th e  d eg ree  of m o is tu re  p re se n t b u t a lso  fo r th e  
ra te  a t  w hich  it  is re leased . A scale of m o is tu re  
is co n stru c te d  fo r a  p a r t ic u la r  p ro d u c t ty p e  so 
th a t  th e  re fe ren ce  po in ts  fu n c tion  in  th e  sam e 
m an n er as  th e  p ro d u c t u n d e r ex a m in a tio n . In  
m eats, th e  ra te  a t  w h ich  m o is tu re  is re leased  a p 
p ea rs  to  be m o re  im p o rta n t th a n  th e  am o u n t 
p resen t. C on v ersely , in  cak e th e  am o u n t of m o is
tu re  p re se n t is m o re  im p o rta n t th a n  th e  ra te  a t 
w hich  it  is re leased .

P a n e l  se le c t io n . A  panel of 6 -9  tech n ica l people 
a re  chosen  on th e  basis  of in te re s t an d  a v a ila b ility . 
P re v io u s  ex p erien ce  in  sen so ry  ev a lu a tio n s  is 
helpfu l, th o u g h  n o t re q u ired .

T h e  p anel u sed  in th e  w o rk  re p o rte d  h ere in  
w as com posed  of n ine tech n ica l em ployees of th e  
G en era l F oo d s T ec h n ic a l C e n te r w ho  h a d  been 
tra in e d  in th e  A . D . L itt le  flav o r p ro file  m ethod  
an d  w ho  had , on th e  a v e rag e , fo u r y e a rs  of e x p e ri

ence in  d esc rib in g  food p ro d u c ts  a c co rd in g  to  the 
flavor p ro file  m ethod .

P a n e l  t r a i n in g .  T h e  firs t p hase  of panel tr a in in g  
is a  s tu d y  o f th e  classifica tion  of te x tu ra l  c h a ra c 
te r is tic s  developed  by S zczesn iak  (1 9 6 3 ). T h e  
p anel is th en  p resen ted  w ith  th e  o rg an o lep tic  defi
n ition s  of th e  m echan ica l c h a ra c te r is tic s  on  te x 
tu re , viz., h a rd n ess , b rittle n e ss , v isco sity , g u m m i
ness, chew iness, an d  adhesiv en ess. S e v era l w eeks 
a re  devoted  to  s tu d y in g  each  of th ese  c h a ra c te r is 
tics  th ro u g h  re p e titiv e  ev a lu a tio n s  of th e  selected  
ex am p les  th a t  c o n s titu te  th e  po in ts  on  th e  s ta n d a rd  
ra tin g  scales.

T h e  second  phase of tra in in g  co n sists  o f ev a lu 
a tin g  a  w ide selection  of foods o th e r  th a n  th o se  
th a t  re p re se n t p o in ts  on th e  s ta n d a rd  ra tin g  scales. 
T h is  p hase  p ro v id es  a  good  o p p o rtu n ity  fo r e v a lu 
a tio n  of th e  re lia b ili ty  of th e  panel.

T h e  th ird  p hase  is a  s tu d y  of g eo m etric a l c h a r 
ac te ris tic s . T h e  p anel is p resen te d  w ith  a  lis t of 
th e  g eo m etr ic a l c h a ra c te r is tic s  an d  w ith  ex am p les  
of foods th a t  d e m o n s tra te  th em  (T a b le  1 ) . T h e  
p anel is re q u ire d  to  ev a lu a te  one o r m o re  o th e r  
foods c o n ta in in g  th ese  c h a ra c te ris tic s .

U p  to  th is  po in t, th e  p an e l’s m ain  co n cern  is 
to  acq u ire  a  th o ro u g h  u n d e rs ta n d in g  of th e  v a rio u s  
asp ec ts  of te x tu re  an d  to  develop  re lia b le  sk ills  
in  re co g n iz in g  an d  id en tify in g  d eg ree s  o f each  
c h a ra c te ris tic .

T h e  final p hase  of th e  p ro g ra m  co n sis ts  of 
d ra w in g  up a  com plete  p ro file  of sev era l p ro d u c ts , 
fo llow in g  th e  p resc r ib ed  m etho d  as  to  p ro ced u re s  
re g a rd in g  m echan ics an d  o rd e r  of percep tion .

P a n e l  te c h n iq u e .  In  a p p ro ac h in g  a  com plete  te x 
tu re  an a ly s is  of a  food, a  p anel spends a t  leas t 
one p re lim in a ry  session  in e v a u la tin g  v a rio u s

T ab le  3. T e x tu re  p ro files o f tw o  d ry  flake cereals .
Cereal X Cereal Y

Initial
A . M ech an ica l ch a ra c te r is tic s

B rittle n e ss  (1 -7  scale) 2.7 3.3
B. G eo m etrica l ch a ra c te r is tic s H a r d  clum ps of g r its A  few  sm all g r i ts

Masticatory N o  obv ious o r im p o rta n t m echan ica l o r g e o m e tr i
ca l c h a ra c te ris tic s

Residual
A . R ate  an d  ty p e of b rea k d o w n B re ak d o w n  is v e ry  slow  

an d  u neven. T h e  b r it tle  
p o r t i o n  b re a k s  dow n 
qu ick ly  w h ile  th e  g r i t ty  
clum ps ta k e  lo n g e r an d  
b rea k  dow n  fu r th e r  in to  
i n d i v i d u a l  g r i t s  a n d  
m ealy  p a rtic le s

B re ak d o w n  is m o d e ra te ly  
slow  an d  u neven. T h e  
b r it t le  p hase  b re a k s  dow n  
qu ick ly  w hile  th e  g r i ts  
ta k e  lo n g e r an d  b re a k  
dow n  in to  sm all m ea ly  
p a rtic le s

B. M o is tu re  ab so rp tio n A b so rb s  sa liv a  slow ly  
an d  uneven ly  d ue  to  g r its

A b so rb s  sa liva  q u ick ly
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sam ples of th e  food type. T h is  helps o r ie n t th em  
to  th e  m ag n itu d e  of d iffe rence  th a t  e x is ts  am o n g  
th e  sam p les  a n d  a llo w s fo r ex p a n d in g  scale po in ts  
w h e re  n ecessary .

N e x t, th e  p anel es tab lish es  s ta n d a rd  p ro ced u re s  
fo r ev a lu a tio n  a s  to  size an d  te m p e ra tu re  of th e  
p ro d u c t in q uestion . T h e  a p p ro p r ia te  re fe ren ce  
sam ples a r e  p resen te d  fo r each  c h a ra c te r is tic . P a r 
tic u la r  a t te n tio n  is p aid  to  fo llow in g  th e  s ta n d a rd  
p ro ced u re s  re g a rd in g  size, te m p e ra tu re , an d  m e
ch an ics  of p e rc e iv in g  fo r each of th e  selected  e x 
am ples. E a c h  p an e lis t ev a lu a te s  th e  te s t sam ples 
ind ep en den tly . A  p anel m o d e ra to r  re c o rd s  th e  end 
find ings an d  leads d iscu ssion s  to  re so lv e  d isa g re e -

A P P L I C A T I O N  A N D  IL L U S T R A T I O N S  O F  
T E X T U R E  P R O F I L E S

T a b le s  3, 4, 5, and  6 show  te x tu re  p ro files of 
ce real, rice , w h ipp ed  to p p ing , an d  chem ically  
leavened  b iscu its .

T h e  sam ples il lu s tra te  th e  d iffe re n t te x tu ra l  
c h a ra c te r is tic s  th a t  a re  a p p ro p r ia te  to  each  p ro d u c t-  
type, as  w ell as  d iffe rences  betw een  sam ples in 
each  p ro d u c t-ty p e .

W ith  th e  tw o  cereals , th e  a p p ro p r ia te  m echan ica l 
p a ra m e te r  is b rittle n e ss . C erea l Y  w as  m o re  
b r i t t le  th a n  cereal A’. N o  im p o rta n t m echan ica l o r

ments or misunderstandings. The session is re
peated if discrepancies are too large.

T a b le  4. T e x tu re  p ro file  of tw o  rice  sam ples.
Rice R Rice Q

Initial
A . M ech an ical c h a ra c te r is tic s

H a rd n e s s  (1 -9  sca le ) 2.3 2.7
B. G eo m etrica l c h a ra c te r is tic s N  one N on e

Masticatory
A . M ech an ica l c h a ra c te r is tic s

C hew in ess  (1 -7  scale) 1.3 (1 2  sec.) 1.7 (15 .0  sec.)
B. G eo m etrica l c h a ra c te r is tic s T w o  p hase  system — o u t

side p hase  slim y  and  
s o f t ; in side p hase  g e la t
in o us an d  ru b bery .

S lig h tly  m ealy

Residual
R a te  an d  ty p e  of b reak d o w n T y p e  o f b rea k d o w n  is E v en  an d  slow  b re a k -

uneven  due to  h e te ro - dow n . K e rn e l te x tu re  is
geneous s tru c tu re . R a te u n ifo rm , s lig h tly  m ealy .
of b rea k d o w n  is fa ir ly  
ra p id  because  of re la 
tive ly  low' h a rd n ess  and  
chew iness

an d  d ry  a f te r  b reak d o w n .

T a b le  5. T e x tu re  p ro file  o f tw o  w h ipp ed  top p ing s.
Topping A Topping B

Initial
A . M ech an ical ch a ra c te r is tic s

V isco sity  (1 -8  sca le ) 5.2 5.2
B. G eo m etric a l c h a ra c te r is tic s M o d e ra te  ae ra tio n V e ry  low , if an y , a e ra tio n

Masticatory N one N on e

Residual
A . R a te  an d  ty p e o f b reak d o w n B re a k s  dow n  even ly  in to  

th in  liquid
B re ak s  dow n  slow ly  an d  
u n e v e n l y  i n t o  v iscous 
liquid

B. C o a tin g  p ro p e rtie s T h in , c rea m -lik e  m outh  
co a tin g  : v e ry  cool m o u th - 
feel

F a tty  an d  lin g e rin g  m outh  
c o a tin g ; s l i g h t l y  w arm  
m outhfeel
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g eo m etr ic a l c h a ra c te r is tic s  w ere  o b serv ed  d u rin g  
m as tica tio n . D iffe ren ces  in  ra te  o f b reak d o w n  
w ere  fo u nd  betw een  th e  s a m p le s : ce real X  b ro k e  
dow n  m o re  slow ly  th a n  ce re a l V (T a b le  3 ) .

T h e  tw o  rice sam ples d iffe re d  in  th e  d eg ree  of 
h a rd n ess . R ice  Q w as s lig h tly  h a rd e r  th a n  rice  A'. 
D u r in g  m as tica tio n , rice  Q w as s lig h tly  m o re  
chew y  th an  rice  A'. In  ad d ition , d iffe ren ces  in 
g eo m etric a l c h a ra c te r is tic s  w e re  no ted . R ice A' 
w as d escribed  as  h a v in g  a  slim y  an d  soft o u te r-  
p hase  an d  a  g e la tin o u s  an d  ru b b e ry  in n e r-p h ase , 
w h e re as  rice  Q w as h om ogeneous an d  s lig h tly  
m ealy . T h e se  d iffe rences  in g eo m etr ic a l c h a ra c 
te r is tic s  re su lted  in d iffe rences  in  th e  ra te  and  
ty p e of b rea k d o w n  (T a b le  4 ) .

T h e  w hipped  to p p in g s  w ere  s im ila r  in v iscosity , 
bo th  ra te d  a t  5.2. D iffe ren ces  w ere  found, h o w 
ev er, in th e  g eo m etr ic a l c h a ra c te r is tic  of ae ra tio n . 
S am p le  A  w as m o d e ra te ly  a e ra te d  w h e re a s  B 
h ad  v e ry  low , if an y , a e ra tio n . R a te  an d  ty p e 
of b rea k d o w n  w e re  d iffe re n t fo r  each  sam ple. 
S am p le  A  b ro k e  dow n  even ly  in to  a  th in  l iq u id ; 
sam ple B b ro k e  dow n  u neven ly  an d  slow ly  in to  
a  v iscous liquid . M o u th  c o a tin g  p ro p e rtie s  also  
d iffe re n tia te d  th e  sam ples. S am p le  A w as d e 
scribed  as  h a v in g  a  th in , c rea m -lik e  m o uth  c o a t
ing, w h e re as  B h ad  a  fa tty  an d  lin g e rin g  m outh  
co a tin g . S en sa tio n s  of co o lness an d  w a rm th  w ere  
no ted  in th e  sam ples. T h e se  d iffe rences  w ere  n o t 
re la te d  to  v a ria tio n  in  phy sica l te m p e ra tu re , b u t 
ra th e r  to  th e  c o a tin g  p ro p e rtie s  (T a b le  5 ) .

T ab le  6 il lu s tra te s  th e  effect of p ro cessin g  and  
s to ra g e  on q u a lita tiv e  an d  q u a n tita tiv e  asp ec ts  of 
te x tu re , w ith  b iscu its  u sed  a s  an  exam ple . O n  
b ak in g , th e  b iscu it d o u g h  lo st g um m in ess  and  
ad h esiv en ess, a p p a re n t on m astica tio n , ac q u ired  
firm n ess  (a s  show n  by th e  in c rea se d  ra t in g  fo r 
h a rd n e s s ) , in creased  in ch ew iness  an d  d ecreased  
in m o istness , an d  assu m ed  a  d iffe re n t se t of g eo 
m etric a l c h a ra c te r is tic s  an d  a  d iffe re n t type of 
b rea k d o w n  in  th e  m o u th . F re e z in g  a t  — 1 0°F  fo r 
72 h r  re su lte d  in ab o u t a  10%  in c rea se  in firm 
ness, redu ced  m oistness , an d  slow ed  sa liva  a b so rp 
tion . A s  w as  to  be ex p ec ted , h o ld in g  th e  b iscu its  
a t  ro o m  te m p e ra tu re  fo r 72 h r  cau sed  a  d ra s tic  
in crease  in  h a rd n ess  (a lm o s t 1 0 0 % ) an d  th e  a p 
p ea ran ce  of a  fa ir ly  h ig h  in te n s ity  of th e  p a ra m 
e te r  o f b rittle n e ss . In  a d d itio n , th e  s to red  sam ple 
show ed  a  v e ry  low  d eg ree  o f m o is tu re  an d  to ta lly  
d iffe re n t g eo m etr ic a l an d  b rea k d o w n  c h a ra c te r is 
tics. I t  is in te re s tin g  to  n o te  th a t  gum m iness, an  
im p o rta n t c h a ra c te r is tic  of ra w  d ou gh  perceived  
a t  a  h ig h  in te n s ity  d u r in g  th e  m a s tic a to ry  s tag e , 
w as a lm o st to ta lly  d es tro y e d  by b ak in g , being  
n o ticed  in b isc u its  only  d u r in g  th e  re s id u a l s tag e  
an d  only  a t  a  v e ry  low  in te n s ity . I t  w as  to ta lly  
d es tro y e d  by fu r th e r  firm in g  up an d  d ry in g  o u t 
on s to ra g e  a t  ro o m  te m p e ra tu re .

U S E F U L N E S S  O F  T H E  T E X T U R E  
P R O F I L E  M E T H O D

T h e  te x tu re  p ro file  m etho d  is o ffe red  as  a  m eans 
of h e lp in g  th e  food re se a rc h e r  o b ta in  d esc rip tiv e  
an d  q u a n tita tiv e  sen so ry  d a ta  on  th e  te x tu ra l  c h a r 
a c te r is tic s  of food p ro d u c ts . T h e  ad v a n ta g e s  of 
th is  m etho d  lie in :  1) its  flex ib ility  of ap p lic a tio n  
to  an y  food p ro d u c t o r te x tu ra l  c h a ra c te r is tic , an d  
2 ) its  o b jec tiv ity  th ro u g h  rig id ly  defined  po in ts  
of re fe ren ce  an d  n o m e n c la tu re . T h e  lim ita tio n s  of 
th e  m etho d  a re  re la te d  to  th e  d e g re e  of p ro fic iency  
of th e  pan els  ap p ly in g  th e  m ethod .

R E F E R E N C E S
B oggs, M . M ., an d  H . L . H an so n . 1949. A n a ly sis  

o f foods by sen so ry  d iffe rence  te s ts . Advances 
in Food Research 2, 220.

C a irn c ro ss , S. E .. an d  L . B. S jo s tro m . 1950. 
F la v o r  p ro files— a  new  a p p ro ac h  to  flavor 
p rob lem s. Food Techno!. 4, 308.

C over, S . 1936. A  new  su b je c tiv e  m etho d  o f te s t
in g  te n d ern e ss  in  m ea t— th e p a ire d  ea tin g  
m ethod . Food Research 1, 287.

C over, S . 1959. S c o rin g  fo r th re e  co m p on en ts  of 
te n d ern e ss  to  c h a ra c te r iz e  d iffe ren ces  am o n g  
beef s teak s . Food Research 24, 564.

C ov er, S., S . J . R itch ey , an d  R . L . H o s te tle r .
1962a. T e n d e rn e s s  of B eef. I. T h e  co n nec
tiv e -tissu e  co m p on en t of te n d ern e ss . J. Food 
Sci. 27, 469.

C over, S., S. J . R itch ey , an d  R . L . H o s te tle r .
1962b. T en d e rn ess  of B eef. I I .  Ju ic in ess  and
th e  so ftness  com ponen ts of te n d ern e ss . J . Food 
Sci. 27, 476.

C over, S., S. J . R itch ey , an d  R. L . H o s te tle r .
1962c. T e n d e rn e ss  of B eef. I I I .  T h e  m usc le- 
fiber co m ponen ts of te n d ern e ss . / .  Food Sci. 
27, 483.

D e a th e ra g e , F . E ., an d  G. G ern a tz . 1952. A  com 
p a ra tiv e  s tu d y  of te n d ern e ss  d e te rm in a tio n  by 
sen so ry  panel an d  by  sh e a r s tre n g th  m e a su re 
m en ts. Food Technol. 6, 260.

H a r r in g to n , G., an d  A . M . P e a rso n . 1961. C hew  
co u n t as  a  m ea su re  of te n d ern e ss  of p o rk  lo ins 
w ith  v a rio u s  d eg ree s  of m arb lin g . J. Food 
Sci. 27, 106.

R a ffe n sp e rg e r, E . L ., D . R . P e ry a m , an d  K . R. 
W o o d . 1956. D ev e lop m en t o f a  scale fo r 
g ra d in g  to u g h n e ss -ten d e rn ess  in  beef. Food 
Technol. 10. 627.

S zczesn iak , A . S. 1963. C lass ifica tio n  o f te x tu ra l  
c h a ra c te r is tic s . J. Food Sci. 28, 385. 

S zczesn iak , A . S., M . A . B ra n d t, an d  H . F rie d m a n . 
1963. D ev e lop m en t of s ta n d a rd  ra tin g  scales 
fo r m echan ica l p a ra m e te rs  of te x tu re  and  
c o rre la tio n  b etw een  th e  o b jec tiv e  an d  the 
sen so ry  m etho d s of te x tu re  ev a lua tion . / .  Food 
Sci. 28, 397.



Objective Measurements of Food Texture3
ALINA SURMACKA SZCZESNIAK

Technical Center, General Foods Corporation, Tarrytorcn. Xeze York 

(M a n u s c r ip t  rece iv ed  S ep tem b er 5, 1962)

There are many reasons for the food 
scientist to he concerned with food texture 
and to want to describe it in terms of 
numbers. The principal reason is to meet 
consumer acceptability by proper quality 
control of present products and by assessing 
advantages and disadvantages of new manu
facturing processes and new foodstuffs. 
The second reason is to develop theoretical 
generalizations and hypotheses, e.g., corre
lation between chemical composition or 
chemical modifications of components and 
the resulting texture (Scott Blair, 1960). 
Because of the problems involved in organo
leptic evaluations of food attributes, food 
scientists are constantly searching for reli
able and accurate objective measurements.

Objective methods of texture measure
ment may be divided, after Scott Blair
(1958), into three main categories: funda
mental, empirical, and imitative.

The devices that have been used in meas
uring different aspects of food texture are 
much too numerous to he considered in a 
short space, so this review is limited to a 
few selected examples of typical devices 
that come under the three classifications 
above. Knowledge on physical measure
ments of food texture, with special reference 
to fruit and vegetable products, was re
viewed by Kramer and Twigg (1959).

F U N D A M E N T A L  T E S T S
Fundamental tests measure fundamental 

rheological properties, such as viscosities 
and elastic moduli. Rheology is defined as 
“the science of deformation and flow of 
matter.” Since matter starts to be deformed 
or to flow only when it is acted on by 
forces, rheology is mainly concerned with 
forces, deformation, and time, the last being

a P re se n te d  a t  tlie  E a s te rn  E x p e r im e n t S ta tio n  
C o lla b o ra to rs ' C onference on D ec iduous F ru its , 
O c to b er 17-18, 1961, a t  th e  E a s te rn  U tiliz a tio n  
R esea rch  an d  D ev elop m en t L a b o ra to ry , P h i la d e l
phia, P a .

introduced in measuring rates of changes 
of forces and deformations.

The fundamental tests relate the nature 
of the tested product to the two basic rheo
logical prototypes: a dashpot for a New
tonian liquid and a metal spring for a 
Hookean solid. Since foodstuffs are very 
complex, one ends up with a model of 
dashpots and springs linked in series and/or 
in parallel. The former allows for partially 
recoverable deformations, and the latter ac
counts for delayed elastic effects. To com
plicate the picture further, one often finds it 
necessary to introduce elements representing 
the static frictions that must he overcome 
before a deformation takes place, and ele
ments representing mechanisms, such as 
vibrations or temperature, that must he 
put in action in order to relax the pressure 
of stretched spring-like units.

Thus, from a rheological standpoint, a 
complex system may be described by means 
of numbers of viscosities (for springs). 
elastic moduli (for dashpots), and by the 
ratios of these, termed "relaxation times." 
Static frictional terms are occasionally used. 
Often it is not sufficient to obtain a few 
definite values of these constants, but rather 
one must measure continuous “spectra" 
under various conditions of time, tempera
ture, and stress.

Examples of fundamental tests are vector 
tests, which consist of compressing or 
stretching pieces of material under con
trolled conditions and calculating viscosities, 
moduli, and relaxation times from deforma
tion curves. Many materials (e.g., dough 
and butter) exhibit the property of work- 
hardening, and it is important that the tests 
he performed with different stresses and 
that conditions of tests he carefully defined.

Since most foodstuffs do not have simple 
rheological properties that are independent 
of stress and strain conditions, and since 
rheological properties, once measured and 
defined, are not meaningful in a practical

[ 4 1 0 ]



SZCZESNIAK 411
sense unless related to functional properties, 
fundamental tests serve the greatest value to 
the food technologist by providing bases for 
tbe development of more meaningful em
pirical tests.

E M P I R I C A L  T E S T S
Empirical tests measure parameters, often 

poorly defined, that practical experience in
dicates to be related to textural quality. 
Used for empirical tests are penetrometers, 
compressors, consistometers, shear meas
ures, and other devices.
P e n e t ro m e te r s

Perhaps the most common instruments 
are penetrometers. They are used to deter
mine : the rigidity of gels, the force required 
to penetrate materials such as fruits, and 
the consistency of a material as measured by 
resistance to sinking or by total depth of 
penetration following impact.

An example of a penetrometer used for 
testing the rigidity of gels is the well-known 
Bloom gelometer (Bloom, 1925), a standard 
instrument for measuring the gelling power 
of edible gelatin. With this device, the 
rigidity of the gel is measured as the weight 
of lead shot required to push a standard 
plunger 4 mm deep into the gel. The Bou
cher jelly tester uses a somewhat similar 
principle, hut a hollow plunger 13 mm in 
diameter is used instead of a pointed one. 
the depression made is 5 mm instead of 
4 mm, and water is used to give the weight 
instead of lead shot.

Xacci and Schachat (1960) modified the 
Bloom gelometer with a transistor relay in 
order to increase sensitivity and precision 
bv preventing excessive pitting on the con
tacts. The transistor relay in the electrical 
circuit reduced the current to 1/5000 of the 
amount that would normally flow across the 
contacts.

A well-known device for testing the ma
turity of fruits and some vegetables is a 
fruit pressure tester that determines firmness 
by reading the force necessary for the 
plunger to penetrate the sample to a given 
distance (Magness and Taylor 1925). 
Fruit pressure testers and their practical ap
plications were reviewed in 1941 by M. II. 
Haller. The various pressure testers avail
able vary in precision and accuracy, and

F ig . 1. B loom  g elo m eter.

usually require special calibration for use 
with different types and varieties of samples.

The ASTM grease penetrometer is a 
similar device hut measures firmness in 
terms of the depth to which a metal cone 
sinks into the surface of the sample under 
defined conditions. The cone, of a standard 
size and shape, is attached to a shaft, and the 
two are released by a stop in front of the 
gauge. The gauge registers the distance the 
cone and shaft penetrate the sample, which 
is placed directly under it. The weight of 
the cone and shaft mav he varied (Rich, 
1' >42).

The consistency of mayonnaise and of 
similar products may be determined objec
tively with the “plumit,” invented by Kil
gore and first described in 1931. The meas
urement is very simple. The plumit is
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F ig . 2. A S T M  g re a se  p en e tro m e te r (c o u rte sy  
of P re c is io n  S cien tific  C o .) .

dropped from a fixed height into a jar of 
mayonnaise, and the depth of penetration 
is read off a scale on the plumit. Plumits 
are usually made of aluminum, and are 13 
cm long and weigh 14.5 g. The weight may 
be adjusted with a lead shot in the point. 
Plumits of different sizes appropriate to the 
range of consistency exhibited by a partic
ular product may he constructed.

Before the introduction of the “plumit," 
plummets of different shapes were used to 
measure the consistency of mayonnaise, re
cording either the force required for pene
tration or the time required for a given 
penetration.
C o m p re sso rs

These instruments determine hardness or 
firmness of materials by measuring resist
ance to a compressing force. In this cate
gory is the Delaware jelly tester, a well- 
known instrument consisting of an inverted 
and clamped glass syringe. Air pressure is 
applied at the tip forcing out the plunger

To
-9
-8-
-7-
-6
-5
-4
-3 -
-2
-I-

which compresses the specimen cut in the 
shape of a cylinder. The flow of air is so 
adjusted that the pressure on the plunger 
increases almost linearly with time. The 
Delaware jelly tester has been used for 
measuring the firmness of many foods other 
than jellies. Among its numerous applica
tions is the adaptation by Whittenberger
(1951) to measuring the firmness of cooked 
apple tissues and to other products such as 
white potatoes, carrots, beets, and other 
fleshy plant tissues.

The Brinell hardness tester, used for 
metals and alloys, has been adopted to meas
uring the hardness of foods. An example is 
the instrument devised by Lovegren ct al. 
( 1958) for measuring the hardness of fats 
and waxes. A round steel ball with a diam
eter of 0.1250-0.500 inches is pressed with 
a force of 0.2-6 kg into the surface being- 
tested. The hardness index is calculated 
from a formula relating weight on the ball, 
the diameter of the ball, and the diameter of 
the impression. The index is relatively inde
pendent of test conditions within certain 
ranges.

A similar device has been used for meas
uring firmness of cheese. Caffyn and Baron 
( 1947), at the National Institute for Re
search in Dairying, at the University of
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Reading, England, devised a ball compressor 
consisting of a metal hemisphere to which 
is applied a certain load by means of a 
series of lever arms. The deformation in 
the cheese is measured on a dial gauge 
before and after the removal of the load. 
Total deformation indicates firmness of the 
sample, and the difference between the two 
readings denotes the degree of the elastic 
recovery. The application of this device to 
the description of a number of commercial 
cheeses has been discussed by Cox and 
Baron (1955).

The Baker compressimeter for testing 
the firmness of bread (Am. Assoc, of 
Cereal Chemists 1947) is a standard Cereal 
Laboratory Method. The apparatus con
sists of a plunger that depresses a slice of 
bread by rotation of a small drum actuated 
slowly and uniformly by a motor and shaft 
beneath the bed of the apparatus. The 
amount of stress and the corresponding 
strain or depression of the plunger can be 
read off simultaneously.from two scales.

An earlier apparatus for measuring bread 
softness was devised by Platt (1930). It is 
listed in the Cereal Laboratory Methods as 
the balance-type compressimeter since it 
consists of a large balance with a plunger

F ig . 4. B all c o m p resso r (B a ro n , 1952). ( P h o to 
g ra p h  supplied  by D r. G. W . S c o tt B l a i r ; r e p ro 
duced  by p erm iss io n  of D r. B a ro n .)

F ig . 5 . B a k e r co m p ressim e te r (c o u rte sy  of 
B a k e r P ro c e ss  C o .) .I
fastened to the underside of one of the pans. 
The bread to be tested is placed on a plat
form immediately beneath the plunger, and 
the plunger is allowed to touch the upper 
surface of the bread. Weights are then ap
plied for a specified time, and the amount of 
compression is measured with a pointer. 
Platt’s apparatus differs from the Baker 
compressimeter in that it uses a fixed 
weight acting for a fixed time.

Considerable literature is available on 
the compression method for measuring 
bread softness. Detailed studies have been 
made of the effect of bread slice thickness, 
amount of stress applied, rate of deforma
tion, etc. (Platt and Powers 1940).

A compression type of apparatus for 
measuring the force-deformation character
istics of gel systems, termed the gel charac
terization apparatus (GCA) was constructed 
at the General Foods Technical Center 
(MacAllister and Reichenwallner 1959). 
It consists of a transducer mounted for 
reciprocal movement at a constant rate and 
driven by an electric motor. Another syn
chronized motor moves the chart drive of 
the Brown recorder. The transducer con
sists of four strain gauges connected to form 
a bridge. Plungers of different types may 
be firmly attached to the transducer. When 
the plunger moves downward with the 
transducer and meets the resistance of the 
test surface, the bridge becomes unbalanced 
and activates the recording pen on the 
slide wire, which then moves to rebalance 
the bridge. The degree of this imbalance
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F ig . 6. T h e  gel c h a ra c te r iz a tio n  ap p a ra tu s  
(G C A ) .

can then be read from a calibrated chart 
in terms of grains of force. A series of 
time-delay relays and microswitches is used 
to make possible a completely automatic 
cycle of forward and reverse motions, thus 
tracing out a hysteresis loop. The depth of 
plunger travel reversal is controlled by an 
adjustable lower-limit microswitch. The 
instrument is designed for a maximum load 
of 200 g. It is calibrated by detaching the 
transducer from its mount, reversing it, and 
placing known weights on the plunger. The 
deflection on the chart should correspond 
to the applied weight.

The GCA is a very valuable instrument 
in measuring certain characteristics of 
starches, gelatin, pectin, alginate, etc. The 
obtained curves are characteristic of the gel 
type tested and provide a permanent record 
of the measurement. In addition to rigidity, 
values for gel strength and cohesiveness can 
be read off the curves.

C o n s is to m e te rs
Liquids and semisolids are tested with 

consistometers. Such consistency-testing in
struments have been reviewed bv Rich 
(1942).

Typical of this class of measuring device 
is the Bloom consistometer, which indicates 
the relative pressure necessary to force the 
product through an opening in the end of 
a plunger (Bloom 1938). As modified by 
Clardy et al. (1952) the instrument consists 
of a barrel, a displacement gauge, and a 
plunger. The plunger is made of a support
ing yoke with a small cylinder at one end. 
The inside of the cylinder has the shape 
of a frustum of a cone so that deformation 
is caused as the sample passes through it. 
A spring in the barrel is connected to the 
displacement gauge. The instrument may 
be applied by hand or may be motor- 
driven.

The Bostwick consistometer is listed in 
the laboratory methods of the National 
Canners' Association as an official test for 
the consistency of catsup. The instrument 
measures the maximum distance a given 
amount of catsup travels at 20°C down a

F ig . 7. M odified  B loom  co n sis to m eter (c o u rte sy  
of W . D. P oh le , S w ift an d  C o .) .
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trough when released from a container 
(Townsend. 1956a).

Of the large number of viscosimeters used 
in the food industry, probably typical of this 
class are the MacMichael and Brookfield 
viscosimeters. The MacMichael viscosim
eter consists of a cup and an inner cylinder 
suspended from a wire. The test material is 
placed in the cup, and the inner cylinder is 
immersed in it. The cup is rotated, and the 
torsional force in the wire required to hold 
the inner cylinder stationary is taken as the 
measure of the consistency of the test ma
terial. The Brookfield viscosimeter uses the 
reverse situation. The container holding the 
test material is held stationary and a spindle 
is rotated inside it. Such spindles may have 
a variety of shapes and sizes, depending on 
the characteristics of the test material. 
Since most food substances are non-New
tonian in character, the rotating speed under 
which the measurements are made should 
be specified in reporting the viscosity.
S h e a r in g  d e v ice s

These instruments are used to measure 
the textural characteristic of “tenderness” in 
meats, fish, vegetables, etc., by recording the 
force needed to shear the test material.

The Warner-Bratzler apparatus consists 
of a 1-mm-thick blade equipped with a hole 
in which is placed a core of meat. The 
blade is led through a narrow slit between 
two shear bars. The force may he applied 
either to the blade or to the shear bars. The 
force builds up to a maximum, which is 
taken as the measure of toughness. The 
fracture is sudden and complete (Bratzler, 
1932).

Reports in the literature do not agree as 
to the correlation with tenderness values 
judged organoleptically, and a number of 
modifications in the instrument have been 
suggested. Hurwich and Tischer (1954) 
concluded that the slope of the shear-force- 
vs.-time curve is a better criterion of tender
ness than the maximum shear force. They 
recommended that the instrument be re
designed to lower the inherent experimental 
error.

A pea tenderometer developed by the 
American Can Company (Martin ct al.. 
1938) directly determines the relative ten

GAUGE

fU <s>
/

BLADE SAMPLE

F ig . 8. W a rn e r - B r a tz le r  a p p a ra tu s  ( S ale, I9 6 0 ) . 
( R ep ro d u ced  by  p erm iss io n  of th e  S o c ie ty  of 
C hem ical In d u s try .)

derness of peas and other products by 
measuring the force required to shear them 
through a standard grid. The apparatus 
consists of two grids through which the 
product is sheared, motive power for mov
ing one grid with respect to the other at 
a constant rate, and a pendulum mechanism 
for measuring the force exerted in the 
shearing operation. The commercial model 
is completely automatic in cleaning itself 
and stopping after each measurement. The 
shortcomings of the instrument are difficul
ties in calibration and the fact that only an 
average value is given for products like peas.

Similar in principle to the pea tender
ometer is the shear press developed and 
used extensively in Prof. Kramer’s labora
tory at the University of Maryland. A new 
model, which culminated a five year research 
program sponsored by the government and 
several food processors has recently been 
developed and is available commercially 
(Kramer and Backinger. 1959). The in
strument consists of shear bars that pass 
through a box having a corresponding
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F ig . 9. P e a  te n d e ro m e te r (c o u rte sy  o f F M C  
C orp . ).

number of slots. The sample is laid across 
the slots in the box. the shear bars are 
driven through it. and the force used is 
recorded. The new unit is equipped with 
a proving ring dynamometer to which the 
test cells are attached directly, thus elim
inating frictional error since the resistance 
of the test material to shearing or compres
sion is transferred directly to the measuring 
system.

The apparatus has been made more versa
tile by equipping it with three standard cells. 
One is similar in design to the pea tender
ometer and simulates the compression and 
shearing action of the teeth. Another cell 
simulates cutting action and is suitable for 
the measurement of the fibrousness of prod
ucts. The third test cell simulates the 
sensory reaction to juiciness and is similar 
in design to the succulometer (see below). 
The instrument is adaptable to textural 
measurements of a number of different 
products, including meats, sea food, vege
tables, and fruits.

F ig . 10. S h e a r  p ress  (c o u rte sy  of F o o d  S cience  
C orp . ) .

The advantage of the shear press over 
the Warner-Bratzler apparatus is that it 
reduces sampling error by taking a larger 
sample. Both methods are dependent on 
the sharpness or dullness of the blades.
M isc e lla n e o u s

Other instruments are available that can
not be placed in the above categories hut 
should he mentioned :

The succulometer measures juiciness of 
the food as the volume of the liquid ex
pressed from a known weight of material 
at a given pressure at a given time. Such 
an instrument was first described by Kramer 
and Smith in 1946. A good agreement was 
found with moisture, alcohol-insoluble sol
ids, and maturity ratings. Turning the 
handle of a screw-rod displaces a heavy oil. 
which pushes a piston and plunger against 
the sample, building up enough pressure 
to force out the juice. Other workers in 
the field have used the Carver press, which 
is very similar in principle.

The food mincer has been used in char
acterizing the texture of meat by measuring 
its resistance to grinding ( Miyada and 
Tappel, 1956). It consists of an electric 
mixer equipped with a grinder and fitted 
with an ammeter. The work required to 
grind a given amount of material to a given 
particle size is taken as a measure of 
toughness. The method has recently fallen 
into disrepute because of poor correlations 
with organoleptic evaluation.

The fiberometer, similar in principle to 
the shear press, is used with fibrous prod
ucts like asparagus. The instrument, devel-



SZCZESXIAK 4 1 7

oped by Wilder (in 1947. for the National 
Canners’ Association) consists of a sup
porting block of a parabolic shape with 
vertical slots 0.039-0.42 inches wide through 
which the cutting wire is passed to press 
at right angles against the asparagus. The 
standard cutting device weighs 3 lb. The 
length of asparagus that can be cut with 
that weight pressing on the wires is taken 
as a measure of fibrousness. The shorter 
the length, the tougher and more fibrous 
the sample (Townsend. 1956b).

IM IT A T IV E  TESTS
Imitative methods of measurement imi

tate the conditions to which the material is 
subjected in practice.

Butter spreaders belong to the category 
of imitative devices. The literature describes 
several machines that imitate the action of 
spreading butter on bread. Most recent is 
probably the one designed by Prentice
(1956) at the National Institute for Re
search in Dairying, at the University of 
Reading. England. It is actually a screw 
extruder in which a cube of butter is ex
truded and sheared by a knife edge at 
standard loads and speeds. The amount of 
shear is measured to indicate spreadahility. 
Unfortunately, the correlation with organo
leptic scores is only fair. One possible rea
son is that the spreading in the instrument 
is done on an artifically roughened surface, 
which is different from the bread surface.

Similarly to the butter spreader, the 
Brabender farinograph measures the han
dling properties of a material, in this case 
dough, rather than its mouthfeel. and gives 
a picture of the gluten properties of a 
flour. It uses the dynamometer as the 
measuring device, and registers the torque 
of a given quantity of dough under a con
tinued kneading and stretching abuse until 
the dough is fully broken down. Stability 
and fermentation tolerance can be deter
mined.

Another device used for studying the 
textural properties of dough is the alveo- 
graph. in which a sheet of dough is sub
jected to air pressure, forming a large 
bubble. The internal pressure and volume 
of the bubble can be recorded until it 
hursts. Taken as a measure of the strength

Fig. 11. Brabender farinograph.

of the flour is the area under the curve 
representing the work done in forming and 
bursting the bubble.

The Brabender amylograph measures the 
viscosity behavior of pastes when subjected 
to heating and cooling. It is used with 
flours, starches and other heat-thickening 
materials and was originally designed for 
the purpose of estimating the a-amylose 
activity of flours. Although it imitates the 
effect of cooking or baking, the amylograph 
is similar in principle to a viscosimeter. It 
consists of a cup surrounded by an air 
hath for temperature control. The cup, 
which holds the sample, is revolved at a 
constant speed. The viscosity is measured 
by the torque impressed on the measuring 
unit which consists of a disc with several 
short rods extending into the sample. The 
temperature is raised at a constant rate. 
The viscosity may also be measured during 
the cooling cycle.

The Yolodkevich bite tenderometer at
tempts to imitate the action of teeth on the 
food. First described in 1938, it has been 
used and modified by a number of workers. 
It records the force of biting on a piece of 
food as a function of the resulting deforma
tion and determines the total energy utilized 
for this deformation. Two wedges with 
rounded points substitute for teeth. The 
lower wedge is fixed on a frame, and the
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Fig. 12. Brabender amylograph.
upper one can be moved down with a 
lever, thus squeezing a sample put between 
tbe wedges. Sale (1960) modified this ap
paratus in his laboratory by using wedges 
rounded to a radius of curvature that is 
easy to reproduce and does not easily wear 
out of shape. The force on the wedges is 
gradually increased and recorded, together 
with their penetration until the wedges 
meet. The force is applied bv drawing a 
steel ball along a beam that carries one 
wedge. The force is measured mechanically 
on a recording drum coupled to the appa
ratus so that the horizontal deflection of 
the recording pen is proportional to the 
force of crushing, and the vertical move
ment of the drum is proportional to the 
distance between the crushing surfaces. 
The resulting plot can be correlated with 
the structural properties of the tested food. 
Later refinement in the original apparatus 
enabled separate evaluations of crushing 
and shearing forces.

Probably the best adaptation of Volod- 
kevich's apparatus is the denture tender- 
ometer, designed to simulate the denture 
surfaces and motions of mastication in the 
mouth (Proctor cl al., 1955, 1956a,b). 
Mastication consists of the process of biting 
and chewing the food between the teeth by

4 5*

/

Fig. 13. Volodkevich bite tenderometer (Sale, 1960). ( Reproduced by permission of the Society of Chemical Industry.)
moving the lower jaw with respect to the 
upper jaw. The tongue, cheeks, and lips 
help to control and direct the food between 
tbe teeth; saliva helps soften and disinte
grate the food, and acts as a lubricant 
besides carrying digestive enzymes. Tbe 
denture tenderometer. designed at the 
Massachusetts Institute of Technology, uti
lizes a complete set of human dentures in 
a mechanical chewing arrangement, with 
provisions for variation of the motions. A 
drive motor moves the upper jaw of the 
articulator. The impulse sent to the arnpli-

Fig. 14. Denture tenderometer ( courtesy of Prof. S. Goklblith, Massachusetts Institute of T echnology. )
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fier by the strain gauge fitted on the arm 
connected to the upper jaw is fed into a 
cathode-ray oscilloscope. Traces on the face 
of the cathode-ray tube are photographed 
with a Polaroid Land camera. Plastic den
tures are fastened securely to the articula
tor with simulated cheeks, lips, and tongue 
built up from a resilient plastic material to 
keep the food between the teeth during the 
measurement. In contrast to actual chew
ing, the upper jaw of the apparatus moves 
relative to the lower jaw. This, however, 
is said not to detract from the validity of 
measurement. The apparatus has been used 
successfully in measuring tenderness and 
some other textural parameters of a variety 
of foods including fruits, vegetables, meats, 
eggs, and candies. Its electronic modifica
tion was adapted to the tenderness measure
ment of individual peas, thus giving infor
mation on the distribution of maturity of 
peas in a lot (Davison et al, 1959).

The M IT denture tenderometer offers the 
great advantage of measuring a spectrum of 
textural parameters rather than one isolated 
characteristic. It served as the prototype 
for the texturometer currently used at the 
Technical Center of General Foods Cor
poration (Friedman et at., 1962). There, 
dentures are replaced with a plunger, the

big. 15. Texturometer.

sensing element is moved from the articu
lator arm to the sample area in order to 
eliminate gravity effects, and the oscillo
scope is replaced with a j/j-second strip- 
chart recorder. The last allows for easy- 
recording of any desired number of con
secutive chews, and the curves obtained 
represent a permanent record of the textural 
spectrum of the test material. Textural 
parameters (Szczesniak, 1962) of hardness, 
cohesiveness, elasticity, brittleness, and ad
hesiveness can be read off the recorded 
curves and the parameters of chewiness 
and gumminess can be calculated. With 
proper modifications, the instrument may 
also be used to measure viscosity. Instru
ment values appear to be well correlated 
(Szczesniak ci at., 1962) with organoleptic 
evaluations by a trained texture-profile 
panel (Brandt ct at.. 1962).

The large variety of instruments that 
have been devised for objective measure
ments of food texture indicates the food 
scientist’s determination to find adequate 
means of describing texture in terms of 
reproducible numbers. This search still 
continues, since a perfect instrument has 
not been constructed yet. The latest trend 
from empirical to imitative tests holds the 
promise of providing a better understanding 
of the textural properties of foods as actu
ally perceived by human senses. Continued 
efforts in this area will ultimately provide 
the food industry with an objective tool for 
describing textural qualities accurately and 
reliably, correlating with the so-far irre
placeable judge of food quality, the human 
senses.
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SUMMARY
T h e r e  w e re  n o  s ig n if ic a n t  d i f f e r e n c e s  in  c o n s u m e r  p r e f e r e n c e s  b e tw e e n  

d i f f e r e n t  le v e ls  o f  s a l t  ( f r o m  1 .5  to  3 % )  in  h a m s ,  b u t  th e r e  w as a  s ig n if ic a n t  
d i f f e r e n c e  in  p r e f e r e n c e  b e tw e e n  le v e ls  o f  s u g a r .  H a m s  h a v in g  2 %  s u g a r  w e re  
p r e f e r r e d  s ig n if ic a n t ly  o v e r  h a m s  c o n ta i n i n g  n o  s u g a r .  1 %  s u g a r ,  a n d  3 %  
s u g a r .  T h e r e  w e re  n o  s ig n i f ic a n t  p r e f e r e n c e s  in  th e  in te r a c t io n s  b e tw e e n  sa lt  
a n d  s u g a r  le v e ls . P r e f e r e n c e s  f o r  n e i t h e r  s a l t  n o r  s u g a r  w e re  l i n e a r .  I t  a p 
p e a r s  th a t  th e  b a la n c e d  la t t i c e  d e s ig n  is a n  e f f ic ie n t m o d e l  th a t  m a v  b e  u  s e d  
to  g u id e  th e  p r e s e n ta t io n  o f  a  la r g e  n u m b e r  o f  t r e a tm e n ts  to  m e m b e r s  o f  la rg e -  
s c a le  c o n s u m e r  p a n e ls .

PURPOSE
Tests in the Michigan State University 

Food Science I )epartment with a seven- 
member trained taste panel ( I ’earson ct al.. 
1962: Goembel. 1962) showed a clear-cut 
preference for ground hams cured with ap
proximately 1.1 -2 C( of sugar compared to 
hams containing no sugar. These tests were 
later repeated with a consumer panel using 
hams cured with salt alone and hams cured 
with salt plus 2c'r sugar. The consumer 
panel also significantly preferred the hams 
containing sugar. The present study was 
designed to determine the response of 
“typical" consumers to ham cured with 
various levels of salt and sugar and to try 
to determine the most preferred level of 
salt and sugar.

TH E PANEL
The Michigan State University Consumer Pref

erence Panel was used tor this study. This 
panel was designed to determine preferences of 
consumers with annual incomes ranging from 
?4,UOO to 310.000, of ages 30 to 45, and with 12-13 
years of formal education. The panel was chosen 
without regard to ability to differentiate qualities 
of products.

“Journal Article Number 3051 Michigan Agri
cultural Experiment Station, East Lansing, Michi
gan. The financial assistance of The Sugar 
Research Foundation, 52 Wall St.. New York, 
is acknowledged.

b Department of Agricultural Economics.
'■ Department of Food Science.

This panel was initiated in 1956 to establish 
consumer preferences among grades, varieties, 
sizes, color, and processing techniques for agri
cultural products. Since its initiation, the panel 
has met 4-5 times a year at Wayne State U niver
sity. in Detroit, Michigan. Consumers for the panel 
were selected at random from listings in the 
Detroit telephone directory.

Consumers ranked several different types of 
products at eac t panel meeting. Immediately 
prior to the panel session the groups of con
sumers were given instructions concerning the 
different series of items to be ranked. Each 
panelist was also assigned a number at this time. 
The products were displayed on tables in a large 
room, and 10-20 consumers at a time proceeded 
independently to rank the samples within the 
room. When an individual consumer completed 
ranking of the products, the forms were checked 
to make sure that he had ranked all of the prod
ucts within each series.

The consumers were not told the purpose of 
any specific test. In the case of the various levels 
of salt-and-sugar-cured ham, the consumers were 
only told that there were four samples of ham 
to he ranked according to their preference.

The panel members were asked to rank the 
samples in order of preference but were not 
asked to explain the reasons for their preferences. 
The respondents could, however, make voluntary 
written comments.

EX PER IM EN TA L PROCEDURE
Paired hams were removed front carcasses of 

pigs weighing between 180 and 220 lb live weight. 
The arteries on the hams were dissected out and 
tied with string before the carcasses were cut in
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order to be sure that a brine could be pumped 
through the arteries. A total of 64 hams were 
used for this study. The hams were then ran
domized into 16 different treatments as follows:
Treatment Salt Sugar Treatment Salt Sugar

1 1.5% 0% 9 2.5%, 0%2 1.5% 1% 10 2.5%, 1 %
3 1.5%. 2% 11 2.5%, 2%
4 1.5% 3% 12 2.5% 3%
5 2.0% 0% 13 3.0%, 0%,
6 2.0% 1% 14 3.0%, 1%
7 2.0% 2% 15 3.0% 2%
8 2.0% 3% 16 3.0%, 3%

Presentation to the panel made use of a 4 X 4 
balanced lattice design (Cochran and Cox, 1950) 
so that each of the 16 different treatments was 
compared to each of the other treatments an 
e(|ual number of times. In this design there were 
20 possible combinations of the 16 treatments, 
compared four at a time.

The balanced lattice design was chosen because 
preferences for the 16 types of ham had to be 
compared. This design is most efficient in this 
respect since it allows one to compare preferences 
for ham containing 16 different levels of salt and 
sugar with a minimum of panel members. The 
balanced lattice design was also chosen because 
it has the advantage of being an organized method 
of presenting the 16 types of ham to the large- 
scale panel.

Each of the 160 panel members received a 
sample of four treatments at each of the two 
tables from which ham was being served. The 
samples were tested independently. A randomized 
design was drawn up so that the respondent's 
previously assigned number was used to determine 
the combination of samples he was to taste. The 
design was such that no participant tasted the 
same four samples at both tables. This was done 
by using the 20 possible combinations of treat
ments in a randomized 4 x 4  balanced lattice 
design in a consecutive manner at the first table 
(combination 1 was given to Xo. 1 panelist, com
bination 2 was given to Xo. 2 panelist, ...........  ,
and combination 20 was given to the Xo. 20 
panelist). At the second table, combination 20 
was given to the Xo. 1 panelist, combination 19
to the Xo. 2 panelist, ............. , and combination
1 was given to the Xo. 20 panelist. This design 
was repeated 8 times for the 160 consumers.

The samples were presented to consumers four 
at'a time on coded paper plates. The samples were 
coded by symbols to prevent the possible influence 
of ranking association by use of letters or num
bers. The four symbols used at the first table 
were %, ( ), *, and Sc. The symbols used at the

second table were ik. ( ), %, and # .  The treat
ments were rotated so that each treatment was 
placed by each symbol an equal number of times. 
The position that each symbol occupied on the 
paper plate was also rotated, so that each symbol 
appeared in each of the four positions on the 
plate an equal number of times.

The panelists were asked to rank the four 
samples in the order of their preference, using 
1 for the sample most preferred, 2 for the sample 
second-most preferred, 3 for the sample third- 
most preferred, and 4 for the sample least pre
ferred.

STATISTICAL ANALYSIS OF RESULTS
Statistical analysis of the results included analy

sis of variance and the Duncan (1955 1 Studentized 
Range test, together with comparisons with pre
vious work on the triangle-test method of com
paring samples.

An analysis of variance computation revealed 
that the total sums of squares equals 129,706 — 
the correction term of 128,000, which is 1706.

The treatment sums of squares =  1200 )2 -f- 
(187)2 +  ( 179)" +  (212)" +  (206 D +  (214) = 
+  (171)'-' +  (209)2 +  < 210)- +  (200)2 +  (197)2 
4- (202)2 + (2 1 0)2 +  (201 )2 + (1 9 5)2 +  (207)2 =  
642,196/5 =  128.439.2, which, minus the correction 
term of 128,000, equals 439.2. Where 200 is the 
sum of the rankings for treatment, 187 is the 
sum of the rankings for treatment 2, , . . and 207 
is the sum of the rankings for treatment 16.

The sums of squares for the sugar treatments 
' +  8022 +  7422 +  830-) /20 =  128,247.2,

from which the correction term of 128,000 is sub
tracted, giving 247,2 as the sum of squares, where 
826 is the sum of rankings for all treatments con
taining 0(4 sugar, 802 is the sum for all treatments 
containing 1% sugar, 742 is the sum of the rank
ings for all treatments containing l r , sugar, and 
830 is the sum for all treatments containing 3% 
sugar.

The sum of squares for salt =  (7782 +  8002 +  
8092' +  8132)/20 =  128,036.7, from which the 
correction of term of 128,000 is subtracted, giving
36.7 as the salt sums of squares. The 778 is the 
sum of all rankings for the treatment containing 
1.5% salt, 800 is the sum of all rankings for all 
treatments containing 2.0% salt, 809 is the sum 
of all rankings for all treatments containing 2.5% 
salt. and 813 is the sum of all rankings for all 
treatments containing 3.0% salt.

The analysis of variance is summarized in 
Table 1.

The hypothesis tested by the analysis of vari
ance is that the treatments (different percentages 
of salt, sugar, and any interaction between them)
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Table 1. Analysis of variance of a 4 X  4 balanced lattice design to determine consumer preferences among hams prepared with four levels of sugar and four levels of salt.
Source of variation D egrees of f reedom Sum s of squares Meansquare

Needed F
F .05 .01

Total 79 1706
Treatments 15 439.2 29.29 1.48 1.83 2.34

Sugar 3 247.2 82.40 4.16** 2.75 4.10
Salt 3 36.7 12.23 .62 2.75 4.10
Sugar x  salt 9 155.3 17.25 .87 2.02 2.70

Error 64 1266.8 19.79
** Significant at the 1% level.

have no effect on consumer preferences for 
ham. Although the hypothesis cannot be rejected 
for salt level and the interaction of salt and 
sugar levels, there was a significant difference 
in the preferences for different levels of sugar. 
The difference was significant at the 1% level. 
The hypothesis that the percent of sugar has no 
effect on consumer preferences for ham was re
jected. The odds were greater than 99 to 1 that 
the agreement in preferences between sugar levels 
was not due to chance alone. Tests for linearity 
of the salt and sugar treatments were nonsig
nificant.

The analysis of variance may be regarded as a 
preliminary test since it shows only that the two 
means with the widest range differ significantly. 
In this case, the 2% sugar level was significantly 
preferred over the 3% sugar level. To draw 
more precise conclusions, it must he determined 
whether there are other significant differences 
among the means of the sugar treatment.

The Duncan Studentized Range test was used 
to determine the significance for the preferences 
of ham cured among the four different sugar 
levels. The sum of the rankings for ham cured 
with the four percentages of sugar were: 826 
for O'/'r sugar, 802 for 1% sugar, 742 for 2% 
sugar, and 830 for 3'/, sugar. The greater the 
preference the smaller the rank score. The de
sign was replicated 20 times, so the respective 
means were: 41.3, 40.1, 37.1, and 41.5. Differences 
were tested for significance at both the 1 and 
5% levels.

RESULTS
The results show that the panelists preferred 

ham containing 2% sugar over any other level

tested. The result is significant at the 5% level. 
Ham containing 2% sugar was significantly pre
ferred (at the 1 % level) over ham containing 
0 and 3% sugar, but was not different from ham 
containing 1% sugar.

These findings are supported by results ob
tained from previous work in this laboratory 
using the triangle method of comparing samples 
as outlined by Roessler ct al. (1948 and 1955). 
In that test there was a significant difference 
between hams cured with salt alone and hams 
cured with salt plus 2% sugar. The preference 
for ham containing 2r/c sugar was significant 
at the 1% level. That is, presentation to 
the panel was arranged so that each person 
received three samples, two the same and one 
different. They were then asked to identify the 
different samples. After they identified the differ
ent sample, they were then asked to indicate 
which sample they preferred—the like or unlike 
sample. Results from this earlier work showed 
that 69 of 125 panel members could discern the 
difference between the paired and different sam
ples. Thus, the panel showed the ability to discern 
differences in treatment. The difference was sig
nificant at the 1 % level. Of the 69 panelists able 
to distinguish differences, 47 preferred the hams 
containing sugar. This difference in preference 
was statistically significant at the 1% level.

In this study, only 55% of the panelists were 
able to recognize the paired and unpaired samples. 
Of those members of the panel able to distinguish 
between samples, approximately two-thirds pre
ferred the hams containing 2% sugar. Even 
though there was a statistically significant differ
ence in preference favoring the hams containing

Table 2. Consumer preferences among sugar differences in ham at the 1% level of 
significance.
Treatment: 2% sugar 1% sugar 0% sugar 3% sugarMeans: 37.1____________ 40.1 41.3 41.5

Note: Any two means not underscored by the same line are significantly different. Any two means underscored by the same line are not significantly different.The smaller the mean the higher the preference.
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Table 3. Consumer preferences among sugar differences in ham at the 5 0  level of significance.
Treatment: 2 0  sugar IO  sugar OO sugar 3' istigarMeans: 37.1 -10.1 41.3 41 5

sugar, some 45 people out of every 100 could 
not tell the difference between samples. Further
more. of the 55 people in every 100 who were 
able to discern differences, 18 preferred the hams 
containing no sugar. Thus, some 18r 7 of the 
panel preferred the hams containing no sugar 
and an additional 45'1 had no preference, indi
cating that some 63'4 of the panel would he as 
well or better satisfied with hams containing no 
added sugar. On the other hand, some 73r i of 
the panel were as well or better satisfied with the 
hams containing 2 0  sugar. The difference in 
preferences was surprisingly small when exam
ined in this manner. As pointed out by Mrak 
ct al. (1959) and Baker ct al. (1961), some con
sumers arc very sensitive to differences and others 
are very insensitive. This ham study showed that 
some 450 could not detect differences due to 
sugar or its absence and were quite insensitive to 
this treatment. Although the statistical treatment 
favored the hams containing sugar, a more insensi
tive panel might not have discerned any difference. 
( )n the other hand, a more sensitive group might 
have shown an even more pronounced preference 
for the hams containing 2'/ sugar.

DISCUSSION
The similar results obtained with both 

methods of testing indicate that the bal
anced lattice design can adequately reflect 
differences in preferences. The advantage 
of this method of presentation is that it 
allows one to compare preferences for a 
large number of treatments from a mini
mum number of panel members. This is 
especially important if one is comparing a 
large number of treatments. In such cases 
the use of paired comparisons or triangle 
tests would recpiire a large number of re
spondents. In this example, use of the 
paired comparison method would require 
120 respondents if each of the 16 different 
kinds of ham were to be compared with 
each other once and if each respondent 
made only one comparison. Therefore, it 
would have taken 1.920 panelists to com
pare each of the 16 different kinds of ham 
with each other 16) times. By using the 
4 x 4  balanced lattice design, only 20

panel members were required to compare 
each of the If) kinds of ham with each 
other one time. By each panel member 
making two comparisons of four samples 
each. 16)0 panel members compared each of 
the 16 different kinds of ham with each 
other 16) times, and significant differences 
in preferences were obtained.

Statistical significance may not always 
parallel the relative economic importance 
of differences in preference. Nevertheless, 
results show that a larger segment of the 
panel preferred the ham containing 2% 
sugar. The fact that some consumers pre
ferred the other levels of sugar or none 
points out the variability in individual taste 
preferences.
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SUMMARY

Q u a n t i t a t iv e  e x a m i n a t i o n  o f  c h ic k e n  m u s c le  p r o te i n s  s h o w e d  th a t  p r o 
te in  e x t r a r t a b i l i t y  in  b o th  b r e a s t  a n d  le g  m u s c le  d e c re a s e d  d u r in g  f r o z e n  
s to r a g e  b e c a u s e  o f  lo ss  o f  s o lu b i l i ty  o f  a c to m y o s in  f r a c t io n .  T h i s  d e c re a s e  
a c c o m p a n ie d  a  d e c re a s e  in  th e  s u l f h y d r y l - g r o u p  c o n te n t  o f  m u s c le s  a n d  lo ss  
in  m y o s in - a d e n o s in e t r ip h o s p h a ta s e  a c t iv i ty .  T h e  s t r o m a - p r o te in  f r a c t io n  r e 
m a in e d  u n a f f e c t e d ,  a n d  th e  s a r c o p la s m ic - p r o te in  f r a c t io n  d e c re a s e d  o n ly  a f t e r  
lo n g  s to r a g e .  I n  th e  n o n - p r o te in - n i t r o g e n  f r a c t io n ,  th e  a m o u n t  o f  f r e e  a m in o  
a c id s  a n d  o t h e r  p ro te in - b r e a k d o w n  p r o d u c t s  in c r e a s e d  a s  a  r e s u l t  o f  p ro te o ly s i s .  
T h e  r a t e  o f  th e s e  c h a n g e s  d e p e n d e d  d i r e c t ly  o n  s to r a g e  t e m p e r a tu r e  a n d  t im e .
I t  is  s u g g e s te d  t h a t  c h ic k e n  m u s c le s  in  f r o z e n  s to r a g e  u n d e r g o  p ro te o ly s i s  
a n d  th a t  th e  m y o f ib r i l l a r - p r o te in  f r a c t io n  is  d e n a tu r e d .

INTRODUCTION
Chicken meat has been shown to lose 

flavor and juiciness and become "dry" in 
texture during frozen storage (Gutschmidt, 
1959: Partmann. 1959: Stewart et al.. 1945 ; 
Stewart and Lowe, 1948). The rate at 
which these changes occurred was markedly 
dependent on storage temperature, although 
other factors, such as rate of freezing and 
post-storage conditions (H arsh aw  ct al.. 
1941; Kondrup and Boldt, 1960; Lowe, 
1948; Poole ct al.. 1959: Stewart ct al.. 
1943). were also important. The effect of 
storage conditions on the quality of poultry 
meat has been studied extensively, but there 
are few reports on the biochemical changes 
resulting from frozen storage. In the pres
ent investigation the proteins of breast and 
leg muscle were examined for biochemical 
changes during storage at —18, —10. and 
—4"C. The object was to study the nature 
and extent of biochemical damage to the 
proteins during 100 weeks of storage. A 
preliminarv report has been given (Khan, 
1962a).

EX PER IM EN TA L
Breast and leg muscles were analyzed for total 

extractable, myofibrillar (actomyosin and myosin), 
sarcoplasmic, and stroma proteins, and non-pro
tein-nitrogenous materials. The changes in these 
fractions during frozen storage were studied quan-

* Contribution from the Division of Applied 
Biology. National Research Council. Ottawa 2, 
Canada. Issued as N.K.C. No. 7491.
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titatively. Also determined were the myosin- 
adenosine-triphosphatase activity, protein-break
down products, and sulfhydryl-group content of 
muscles.

M aterials and procedure. Tests were made with 
meat from 10-week-old chickens from a single 
flock, slaughtered in accordance with good com
mercial practice, cooled, and held 24 hr in air 
at O'C. Birds were cut into halves, and each 
half was packed :n a Cry-O-Yac bag ( Stewart 
and Lowe, 1948) and frozen in an air blast 
(300-500 fpm) at —30°C. To obviate the effect 
of bird-to-bird variability, comparisons were made 
between left and right halves of one bird, one half 
stored at —80°C as control sample and the other 
half at the test temperature ( — 18 or — 10°C) 
for the same length of time. Some experiments 
were also made at — 4°C.

Extraction and fractionation. Meat was thawed 
for 2 hr in running water at 18-22°C. Preparation 
of sample and extraction and fractionation tech
nique found suitable for the routine analysis of 
chicken muscle proteins have been described 
( Khan. 1962b). In brief, breast and leg muscles 
were extracted with KCl-borate buffer at pH 7.5 
and at ionic strength (T/2) 1.0, and fractionated 
into myofibrillar (actomyosin, myosin), sarcoplas
mic, and stroma proteins and non-protein-nitrog- 
enous materials. The non-dialyzahle-nitrogen frac
tion soluble at T/2 = 0.50 and insoluble at 
I'/2 =  0.08 is reported as myofibrillar-protein 
fraction, and that soluble at T/2 =  0.50 and in
soluble at r /2  =  0.25 as actomyosin fraction.

Myosin-adenosinetriphosphatase (A T Pase) ac
tivity. The myosin-ATPase activity was deter
mined in the actomyosin fraction. This fraction 
was washed with KCl-borate buffer. pH 7.5, 
T/2 =  0.25, and dissolved in KCl-borate buffer.
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r /2  =  1.0. The final concentrations of the react
ants were: ATP (disodium salt. Pabst), 2.5 X 
10 3A/ : calcium chloride. 5 X 10 'M/ : potassium 
chloride. 10 '.1/; sodium barbitone, 15 X 10 M/; 
actomyosin fraction, 0.15-0.20 mg of protein nitro
gen in the test solution (volume 4 ml). The reac
tion was allowed to proceed at pH 7.8-8.4 for 
10 min at 35°C, then stopped by the addition of 
trichloroacetic acid, and the reaction mixture cen
trifuged. A suitable aliquot of the supernatant 
was taken for the determination of free phosphate 
(Allen. 1940). The activity is expressed as gg 
of phosphorus released/mg of soluble nitrogen/min.

Sulfhydryl-group content. Su If by d ry  1-group 
content of muscles was estimated by a method 
similar to that of Coleby ft ill. (1961). Minced 
sample (5 g) was weighed accurately, homoge
nized with sodium chloride (3 g) and metapbos- 
phoric acid (2.25%, 10 ml), and made to 20 ml 
with metaphosphoric acid solution. The mixture 
was shaken, left for 10 min, and filtered (What
man Xo. 40 paper). These operations were per
formed at 0°C. One to four ml of filtrate la 
solution containing 2.25% metaphosphoric acid 
and 1.5% sodium chloride was used to make 4 ml 
volume, in case the filtrate sample was less than 
4 m l) was placed in a cuvette located in a photo
electric colorimeter (Coleman Junior) and al
lowed to react with 4% sodium nitroprusside 
(1 ml) and 1.5.12 sodium carbonate-0.033-1/ sodium 
cyanide (2 m l). The mixture was stirred and 
absorption at 500 mg measured within 30 sec. 
Results are reported as equivalents of glutathione.

Proteolysis. Protein-breakdown products were 
estimated in the non-protein-nitrogen fraction 
colorimetrically, both by Folin-Ciocalteu reagent 
( Folin and Ciocalteu, 1927, Bradley and Bailey, 
1940) and by ninhydrin method (Rosen, 1957), 
and were expressed as L-tyrosine equivalents.

RESULTS
Protein solubility in potassium chloride-borate 

buffer (pH 7.5 and ionic strength 1.0) decreased 
with storage time and temperature in both breast 
and leg muscle (Fig. 1). Although the results 
showed a considerable variability between birds, 
in most experiments the protein extractability 
differed noticeably between the two halves of one 
bird stored at two different temperatures for the 
same length of time. At — 80°C. protein solubility 
did not change appreciably in breast muscle hut 
decreased slightly in leg muscles (8(4 in 95 
weeks). The results of quantitative fractionation 
of breast and leg muscle (Table 1 ) show that 
the loss of protein extractability appears as a 
decrease in the actomyosin fraction content of 
the extract. The changes in the amount of my
osin fraction were not significant. The amount

STORAGE TIME, WEEKS

Fig. 1. Solubility of chicken muscle proteins in KCl-borate buffer (pH 7.5, T/2 =  1.0). • ,  breast muscles stored at — 18°C; O. breast muscles stored at —10°C: ▲ . leg muscles stored at —18'C; A. leg muscles stored at —10eC.

of sarcoplasmic fraction decreased after pro
longed storage—for example, in 50 weeks at 
—1°C in breast muscle and in 95 weeks at —10°C 
in both breast and leg muscles. The amount of 
stroma nitrogen (5% and 19% of the total nitro
gen in breast and leg muscle, respectively) re
mained unaffected.

The myosin-ATPase activity of the actomyosin 
fraction decreased in both breast and leg muscles 
with storage time and was related to storage 
temperature (Fig. 2). These results show that 
during frozen storage the actomyosin fraction 
loses its ATPasc activity before losing its solu
bility characteristics. The ATPasc activity of the 
control samples varied from 140 to 225 units in 
breast muscles, and from 140 to 180 units in leg 
muscles.

The sulfhydryl-group content of chicken breast 
and leg muscles decreased with storage tempera
ture and time (big. 3). The sulfhydryl-group 
content (expressed as mg of glutathione/g of 
meat) of the control samples varied from 0.162 
to 0.196 in breast muscles, and from 0.292 to 
0.316 in leg muscles.

Folin-Ciocalteu-reagent-positive materials (tyro
sine complexes, phenols, tryptophane, sulfhydryl 
compounds including H-S and other reducing 
agents) (Bradley and Bailey, 1940) and ninhy- 
drin-positive materials increased with storage 
time and with increase of storage temperature as 
compared with the control sample stored at — 80° C 
(Figs. 4, 5). As a result of bird-to-bird variabil
ity, in control samples the amount of Folin- 
Ciocalteu-reagent-positive materials (expressed as 
mg of tyrosine, 100 g of m eat) varied from 26.3 
to 31.3 in breast muscles and from 17.5 to 26.2
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Table 1. Effect of frozen storage at different temperatures on chicken breast and leg muscle protein fractions.
E xtractable  g Nitrogen/1<I() g muscle

Kind of muscle
Storage time ( weeks )

Storagetemp.r e i
nitrogen iS/< of total n itrogen ) M yofibrillar Actomyosin Sarcoplasmic Xon-protein

Breast 50 -8 0 83.0 1.34 1.28 1.20 0.56
-1 8 83.0 1.33 1.29 1.24 0.58
-1 0 71.4 0.85 0.83 1.10 0.60
-  4 56.2 0.59 0.56 0.96 0.68

Leg -8 0 72.4 1.42 0.93 0.60 0.43
-1 8 65.5 1.10 0.73 0.58 0.43
-1 0 52.7 0.72 0.23 0.57 0.45
-  4 44.6 0.32 0.11 0.60 0.48

Breast 80 -8 0 85.6 1.51 1.35 1.01 0.52
-1 8 76.8 1.12 0.90 0.91 0.53
-1 0 67.9 0.71 0.68 0.96 0.56

Leg -8 0 67.3 1.02 0.60 0.69 0.33
-1 8 58.1 0.69 0.46 0.71 0.35
-1 0 50.9 0.57 0.35 0.68 0.36

Breast 95 -8 0 85.2 1.45 1.37 1.11 0.52
-1 8 80.0 1.30 0.92 1.01 0.55
-1 0 52.9 0.65 0.43 0.78 0.58

Leg -8 0 64.4 0.92 0.63 0.63 0.33
-1 8 58.4 0.82 0.50 0.62 0.37
-1 0 50.8 0.78 0.47 0.49 0.40

STORAGE TIME, WEEKS
Fig. 2. Effect of storage at —18 and — 10CC on mvosin-adenosinetriphosphatase activity of ac- tomvosin fraction.

in leg muscles, and the ninhydrin-positive ma
terials (expressed as g of tyrosine/100 g of 
meat) varied from 3.37 to 0.94 in breast muscles 
and from 0.40 to 1.04 in leg muscles. The results 
show that during frozen storage the increase in 
the non-protein-nitrogen fraction was mainly due 
to the accumulation of ninhydrin-positive nitrogen. 
However, the ninhydrin-positive nitrogen (calcu
lated on the basis of nitrogen present as tyrosine) 
constituted only about 5 to 109£ of the total non- 
protein nitrogen in breast muscle and about 10 
to 20r'r of the total non-protein nitrogen in leg 
muscle.

DISCUSSION
The results indicate that during frozen 

storage the chicken muscle proteins become 
less extractable, and that the rate of loss of 
protein extractability increases with storage 
temperature and time. Similar results have 
been reported for cod muscle proteins (Con
nell, 1960; Love, 1962), and it appears that 
the phenomenon of “denaturation” with the 
loss of solubility is common to fish and 
chicken muscles. Some workers have tried 
to correlate protein “denaturation” with 
toughness development in fish muscle ( Love, 
1962 ) and with change in water-holding ca
pacity of beef m uscle (Deatherage and
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STORAGE TIME, WEEKS
Fig. 3. Effect of storage at —18 and — 10°C 

on sulfhydryl-group content.

Hamm, 1960), but similar correlations have 
not been attempted for chicken muscles. The 
results derived from the present work show 
that the loss of extractability could be ac
counted for by a decrease in the actomyosin 
fraction. The concomitant loss of sulf
hydryl-group content and solubility of chick
en muscle proteins suggests that the destruc
tion of sulfhdryl group can be used as an 
index of protein damage during frozen stor
age.

It has been postulated (Blum. 1960; Gre- 
ville and Tapley, 1960; Perry, 1961) that 
myosin contains two types of sulfhydryl 
groups, that one type is concerned in the 
ATPase activity and the other type in the 
combination with actin. The loss of myosin- 
ATPase activity without increase in the 
myosin fraction suggests that the sulfhydryl 
groups of the myosin concerned in the 
ATPase are affected during frozen storage 
more extensively than those concerned in 
the formation of actomyosin. Since a rela
tion between ATPase activity and water
holding capacity of muscles has been shown 
in beef ( Hunt and Matheson, 1958 ; Lawrie

et ai. 1961), it appears that a similar rela
tion holds for chicken muscles. Dénatura
tion of the actomyosin with loss of ATPase 
activity has also been shown during freeze 
drying of beef and fish muscles (Hunt and 
Matheson, 1958).

Muscle proteases have been reported to 
have pH optima of 4 and 7 and temperature 
optima at 37°C (Bandack-Yuri and Rose, 
1961 ; Slinwinski ct al.. 1959), whereas the 
pH of the muscle varies from 5 to 7 (Bate- 
Smith. 1948). It was expected, therefore, 
that the activity of these enzymes in our 
experiments should he retarded by both 
storage temperature and pH. However, 
proteolysis occurred in both breast and leg 
muscle at —18, —10, and —4°C. Beef con
tains a protease active at freezing tempera
tures (Ball, 1938), and it is possible that 
a similar enzyme system is present in 
chicken muscles. These results, however, do 
not elucidate the nature of proteolytic 
changes and their contribution to the 
changes studied.

These results indicate that chicken muscle 
proteins undergo both dénaturation and 
proteolysis during frozen storage. The de
crease in ATPase activity and protein solu-

STORAGE TIME, WEEKS
Fig. 4. Accumulation of Folin-Ciocalteu-reagent- positive materials in chicken muscle during storage 

at — 1, —10, and —18°C.
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STORAGE TIME, WEEKS
Fig. 5. Accumulation of ninhydrin-positive ma

terials in chicken muscle during storage at —4, 
- 1 0 ,  and — 18°C.

bility appears to be caused bv a stepwise 
dénaturation of actomyosin. Since muscles 
studied in these tests were frozen and 
thawed under identical conditions and no 
bacterial multiplication was noted during 
storage at these temperatures, it is plausible 
to conclude that the biochemical changes 
discussed in this paper are governed by 
temperature and time of storage.
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S U M M A R Y
E q u a t io n s  h a v e  b e e n  d e v e lo p e d  f o r  e a lc u la t io n  o f  th e  to ta l  q u a n t i ty  o f  

p ig m e n ts  c o n s i s t in g  o f  c h lo r o p h y l l  a a n d  i ts  d e r iv a t iv e s  ( c h l o r o p h y l l id e  « . 
p h e o p h y t in  a, a n d  p h e o p h o r b id e  a )  a n d  o f  c h lo r o p h y l l  h a n d  i ts  d e r iv a t iv e s  
( c h l o r o p h y l l id e  fc. p h e o p h y t i n  b. a n d  p h e o p h o r b id e  fc) in  a  m ix tu r e  o f  th e s e  
p ig m e n ts  in  d ie th y l  e t h e r .  C a lc u la t io n s  a r e  b a s e d  o n  c o n v e rs io n  o f  th e  c h lo r o 
p h y ll s  a n d  c h lo r o p h y l l id e s  in to  th e  p h e o p h y t in s  a n d  p h e o p h o r b id e s .  r e s p e c 
tiv e ly . b y  th e  a d d i t io n  o f  h y d r o c h lo r i c  a c id  a n d  r e a d in g  a b s o r b a n c e s  a t  tw o  
w a v e le n g th s .  A f t e r  r e m o v a l  o f  c h lo r o p h y l l id e s  a a n d  6  a n d  p h e o p h o r b id e s  a 
a n d  b f r o m  th e  d ie th y l  e t h e r  s o lu t io n  o f  th e  p ig m e n t  m ix tu r e  by  O.OliV K O H . 
th e  q u a n t i ty  o f  e a c h  o f  th e  e ig h t  c o m p o n e n ts  l i s te d  a b o v e  is  e s t im a te d  by  in 
d ic a te d  e x p e r i m e n ta l  a n d  m a th e m a t ic a l  p r o c e d u r e s .

The chlorophylls are magnesium complex 
salts of the phorbins and exist as esters of 
phytyl alcohol. Chlorophyllase, an enzyme 
commonly found in green plant tissue, can 
hydrolyze phytyl alcohol from the chloro
phylls. forming chlorophyllides. The chloro
phylls and the chlorophyllides in the pres
ence of even dilute acid readily undergo loss 
of the magnesium, respectively forming 
pheophytins and pheophorbides. The chloro
phyllides are visually similar to the chloro
phylls, and the pheophorbides are visually 
similar to the pheophytins. Willstatter and 
Stoll (1928) report that chlorophyllase will 
also split phytyl alcohol from the pheophy
tins, forming pheophorbides.

Comar and Zscheile (1942) described a 
method for the estimation of chlorophylls a 
and b from the spectral curves of these 
pigments in diethyl ether. Vernon (1960), 
by similar procedures, estimated the concen
tration of each of four components, the chlo
rophylls a and b and the pheophytins a and 
b. in mixtures of these pigments in 80% 
acetone. Jones et al. (1962) developed pro-

* Contribution from the Dept, of Food Science,
X. C. Agricultural Experiment Station. Raleigh, 
X. C. Published with the approval of the Director 
of Research as Paper 1551 of the Journal Series. 

b Dept, of Chemistry.
‘ Dept, of Food Science.

cedures for dete_mination of the pheophor
bides a and b as well as the chlorophylls a 
and b and the pheophytins a and b in diethyl 
ether. A need has been recognized for a 
procedure permitting quantitative estimation 
of the concentration of chlorophyllides.

Recent studies on chlorophyll changes 
during the brining of cucumbers, demon
strating that pheophorbides are the principal 
d e riv a tiv es  formed (Jones ct al.. 1961,
1962), suggest that the brining treatment 
favors chlorophyllase activity following dé
naturation of chloroplastin of green tissue 
by salt similar to that induced by the action 
of hot water on plant tissue as reported by 
Weast and Mackinney ( 1940). If such were 
the case, then chlorophyllides should be 
formed in measurable quantities in green 
tissue brined under conditions of acidity low 
enough to avoid replacement of the mag
nesium atom of the chlorophyll molecule 
with hvdrogen atoms. The studies described 
herein were made to test this conclusion.

M A T E R IA L S  A N D  M E T H O D S
The plant material used, small whole pickling - 

cucumbers, selected because of the rather extensive 
study of pigment changes in this tissue by the 
authors, was brined according to the method out
lined for Lot A material by Joncs et al. (1962). 
Pigment analyses were made essentially as de
scribed by Jones et al. (1962) with modification 
indicated schematically in Fig. 1.

[ « I  1
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Fig. 1. Scheme for pigment separation. Prepared sample extracted with acetone: extract transfer
red to diethyl ether.

The plant tissue was extracted by blending a 
suitable weight in such volume of acetone that 
the equilibrium concentration was about 80%. The 
pigments were then transferred to diethyl ether 
( Mallinckrodt Ether Anhydrous, Analytical Re
agent A C S), designated as ether Solution no. 1, 
and absorbance was measured at 660 and 642.5 my, 
the respective absorption maxima of chlorophyll a 
and chlorophyll b. E ther Solution no. 2 was pre
pared by the addition of one drop of concentrated 
hydrochloric acid to 25 or 50 ml of ether Solution 
1 to convert chlorophylls and chlorophyllides to 
pheophytins and pheophorbides, respectively. Gran
ular anhydrous Xa-SOt ( Mallinckrodt Analytical 
A CS) was also added, to clarify and dry the 
solution. Ether Solution 2 was allowed to stand 
for 2 hr in the dark at room temperature. Its 
absorbance was then measured at 666.5 and 653 my, 
the respective absorption maxima of pheophytin a 
and pheophytin l\

A suitable aliquot of ether Solution 1 was also 
extracted with 0.01.Y K O H  until all the chloro
phyllides and pheophorbides were removed from 
the ether solution. This extract, designated as 
aqueous Solution Xo. 1. was discarded. The chloro
phylls and pheophytins remained in the ether 
solution (ether Solution no. 3 ), which was sub
sequently washed five times with 5% Xa5S()4
solution, dried with granular anhydrous Xa-SOi, 
and made to a suitable volume. The absorbance 
of ether Solution 3 was measured at 660 and
642.5 mu. Ether Solution 4 was prepared by the

addition of one drop of concentrated hydrochloric 
acid to 25 ml of ether Solution 3 to convert chloro
phylls to pheophytins. Granular anhydrous Xa-jSOi 
was also added, to clarify and dry the solution. 
Ether Solution 4 was allowed to stand for 2 hr 
in the dark at room temperature. Its absorbance 
was measured at 666.5 and 653 nty.

All absorbances were determined with a Beck
man DK-2 spectrophotometer. The maximum ab
sorption of ether Solution 2 in the red region of 
the spectrum was assumed to be 666.5 my. Correc
tions at other wavelengths were obtained from 
a wavelength calibration curve based on the 
666.5-my adjustment. This procedure was adopted 
to correct for instrument variation in wavelength 
setting, as suggested in Official Methods of Analy
sis (AOA C, 1960) for selection of the 660-my 
peak point for pure chlorophylls in diethyl ether.

CALCULATIONS
Equations were developed for calculating the 

concentration of each pigment in a mixture of 
chlorophylls, chlorophyllides, pheophytins, and 
pheophorbides from their absorbances in diethyl 
ether solutions at certain wavelengths. A brief 
discussion of the symbols used and of the origin 
of the formulas is in order. The pigment fractions 
chlorophylls a and b, chlorophyllides a and b, 
pheophytins a and b, and pheophorbides a and b, 
are respectively designated by the symbols C„. C\. 
Cdt, Cdb, P  y a. P\b, Po„, and Pob. In the equations 
that follow for the chlorophylls and their dériva-
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tives, the concentration of each pigment was calcu
lated in micromoles per liter of diethyl ether solu
tion read, because 1/t.l/ of chlorophyll is equivalent 
to 1/i.U of chlorophyllide, pheophytin, or pheo- 
phorbide.

Following the reasoning of Jones et al. (1962), 
as a working hypothesis, the assumptions are made 
that the coefficients for the two pheophytins do not 
differ materially from their respective pheophor- 
bides, and that the same applies also to chlorophylls 
a and b and their chlorophyllides. The error in 
such assumptions is systematic, and probably does 
not exceed 5 9c. Table 1 summarizes a survey 
of published coefficient values for chlorophylls a and 
b and their derivatives.

The following millimolar absorption coefficients of 
Zscheile and Comar (1941 ) were used in deriving 
Equations 9 and 10 :

Chlorophyll a, 91.1 at 660 m/i and 14.6 at
642.5 m/t

Chlorophyll b, 4.08 at 660 m/t and 52.2 at
642.5 m/t

Pheophytin a, 56.6 at 660 m/t and 5.05 at
642.5 m/t

Pheophytin b, 17.7 at 660 m/t and 11.7 at
642.5 m/t

The same coefficients were used in deriving Eqs. 
7 and 8. based on the assumption discussed previ
ously.

The following millimolar absorption coefficients 
of Holt and Jacobs (1954) were used in deriving 
Eqs. 3 and 4 :

Ethylpheophorbide a, 51.4 at 666.5 m/t and
16.1 at 653 mu

Ethylpheophorbide b, 5.75 at 666.5 m/t and
33.2 at 653 m/t

The same coefficients were used in deriving 
Eqs. 1 and 2, based on the assumption discussed 
previously.

The sum total of chlorophylls, pheophytins, 
chlorophyllides, and pheophorbides may be esti
mated by Eqs. 1 and 2 from absorbances of ether 
Solution 2, which contains pheophytins and pheo
phorbides only, the chlorophylls and the chloro
phyllides having been respectively converted to 
pheophytins and pheophorbides by the addition of 
hydrochloric acid, as indicated earlier.

Table 1. Absorption maxima and millimolar absorption coefficients of the chlorophylls 
and their derivatives.

Chlorophyll 
o r derivative Solvent

W ave length, mn, maximum
M illim olarabsorptioncoefficient

Chlorophyll u Diethyl ether 662. 90.2 a
Chlorophyll a Diethyl ether 661. 91.1 "
Chlorophyll a Diethyl ether 660. 91.1 c
Ethylchlorophyllide a Diethyl ether 660. 89.3 d
Methylchlorophillide a Dioxane 660. 100.0 "
Pheophytin a Diethyl ether 667. 55.5 *
Pheophytin a Diethyl ether 667. 56.6 "
Pheophytin a Diethyl ether 666.5 52.4 "
Ethylpheophorbide a Diethyl ether 666.7 51.4"
Pheophorbide a 1% Pyridine in 662.5 48.9 '

Methylpheophorbide a
diethyl ether 
Dioxane 666.0 52.8 “

Chlorophyll h Diethyl ether 644. 56.3 ■
Chlorophyll b Diethyl ether 642.5 58.5 "
Chlorophyll b Diethyl ether 642.5 52.2 "
Ethylchlorophyllide b Diethyl ether 640.5 53.3 J
Pheophytin b Diethyl ether 655. 37.3 "
Pheophytin b Diethyl ether 655. 37.0 "
Pheophytin b Diethyl ether 653. 33.2 c
Ethylpheophorbide b Diethyl ether 653. 33.2 "
Pheophorbide b 5 % Pyridine in 650.9 31.8 '

Methylpheophorbide b
diethyl ether 
Dioxane 652.5 30.6 11

a Smith and Benitez, 1955 
b Davidson, 1954 
c Zscheile and Comar, 1941 d Holt and Jacobs, 1954

" Stern and Wenderlein, 
'  Hagcnhach et a i, 1936 
11 Stern and Wenderlein, 
" Stern and Wenderlein,

1936
1935a
1935b
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Py„ M P o J  =  20.57.-W..-. — 3.56.-W (ether 
Solution 2) [1]

I ’y t  +  P o J  — 31.85.W  — 9.98.-W.r, (ether 
Solution 2) [2]

where
P y J  =  Ca -f  / ’.v«; P o J  =  Cd„ +  Po„;
P y J  =  Ct, +  7’Vi.; and / ’oi./ =  CVo +  Poi

The sum total of chlorophylls and pheophytins 
may be estimated by Eqs. 3 and 4 from absorbances 
of ether Solution 4, which contains pheophytins 
only, the chlorophylls having been converted to 
pheophytins by the addition of hydrochloric acid.

P y J  =  20 .57.-W 5 — 3.56.1 .as (ether
Solution 4) [3]

P y J  --  31.85.-W — 9.98. W.» (ether 
Solution 4) [4]

The sum total of chlorophyllides and pheophor- 
bides is obtained by difference, as follows:

P o J  =  value Etp 1 — value Eq. 3 [5]
P o J  =  value Eq. 2 — value Eq. 4 [6 ]

The total quantity of the chlorophylls and the 
chlorophyllides may be estimated by Eqs. 7 and 8 
as follow s:

Cda + C„ =  17.33.4»». +  5.83/1 ««.5 -  
0.664 ( P y J  + P o J )  -  0.375 (P y J  +
P o J ) 17]

Cd„ +  Ct =  23.32.4«42.5 -  4.086.4*« +
0.0318 ( P y J  +  P o J )  -  0.2005
(P y J  T  P o J )  [8 ]

The values for . W  and .-W.s are taken from the 
spectral curve for ether Solution 1. The values for

P y J  +  P o J  and P y J  +  P o J  are those calculated 
for ether Solution 2 by Eqs. 1 and 2.

The quantities of chlorophylls a and b in a m ix
ture of the chlorophylls and their derivatives may 
be estimated by Eqs. 9 and 10 by substituting 
absorbances of ether Solution 3 and inserting 
values obtained for P y J  and P y J  in Eqs. 3 and 4, 
respectively.

Cn =  17.33.4,»», -  5.83.4«,... 5 -  0.664Py«f -  
0.375PyJ [9]

Ci =  23 .32 .4 £)2.j -  4.086.4060 +  0.0318P y J  -  
0.2005P y J  [10]

The quantities of chlorophyllides a and b are 
estimated by differences in values from Eqs. 7 
and 9 and from 8 and 10, respectively.

Cda =  value Eq. 7 — value Eq. 9 [11]
Cdi =  value Eq. 8  — value Eq. 10 [12]
Similarly, the values for P yc, P\'b. Poa, and Poi, 

are estimated by differences as indicated below :
l ‘ya =  value Eq. 3 — value Eq. 9 [13]
P yi =  value Eq. 4 — value Eq. 10 [14]
Poa =  value Eq. 5 — value Eq. 11 [15]
P m  =  value Eq. 6  — value Eq. 12 [16]

R E S U L T S  A N D  D IS C U S S IO N
Table 2 shows the concentrations of chlo

rophylls or of various chlorophyll derivatives 
during the brining period, and standard 
errors of individual determinations.

These data indicate that the equations de
veloped are applicable for estimation of the 
chlorophylls, chlorophyllides, pheophytins, 
and pheophorbides of plant tissue in the

Table 2. Pigment values expressed as micromoles per 100 grams in fresh and brined 
cucumbers, as related to duration of brining treatment. Values are means of triplicated samples.

Chlorophylls and chlorophyll derivatives
Time days in brine

Chlorophyll a Ca
Chlorophyll b Cb

Chloro- phyllide aCd:.
Chloro- phyllide bCdb

Pheo- phytin aPy.
Pheo- phytin bPyb

Pheo- phorbide a Poa
Pheo- phorbide b Pob pH of brine

0 5.80 2.91 0.00 0.00 0.00 0.00 0.00 0.00 5.9
1 3.58 2.51 0.62 0.15 1.18 -0 .05 0.39 0.05 5.82 1.84 1.74 0.15 0.51 1.19 0.18 2.74 0.41 5.9
3 1.21 1.34 -0.17 0.51 0.64 -0.06 3.82 0.87 5.9
4 0.91 1.12 0.21 0.67 0.77 0.01 3.70 0.85 5.3
5 0.59 0.86 0.27 0.76 0.87 0.14 4.18 1.02 5.1
6 0.34 0.58 0.26 0.46 0.90 0.26 4.06 1.33 4.6
7 0.09 0.25 0.17 0.38 1.25 0.57 4.86 1.84 4.1
8 0.00 0.00 0.00 0.00 1.19 0.63 5.20 2.29 3.9
9 0.00 0.00 0.0c 0.00 1.15 0.58 5.42 2.56 3.8

16 0.00 0.00 0.00 0.00 1.43 0.76 5.19 2.31 3.6
42 0.00 0.00 0.00 0.00 1.36 0.64 4.95 2.41 3.6

S E  = 0.14 0.10 0.10 0.10 0.10 0.10 0.41 0.17
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absence of interfering chlorophyll deriva
tives, such as metal complexes and allomer- 
ized compounds. The purity of the pigments 
was checked by the phase test ( W'illstatter 
and Stoll, 1928), hydrochloric acid number 
(W’illstatter and Stoll, 1928), column chro
matography, and metal analyses. The phase 
test for allomerized products, was negative. 
Allomerization is prevented in acid media 
(W'illstatter and Stoll, 1928). Plant tissues 
are commonly slightly to strongly acid. Pig
ment extracts were analyzed for magnesium, 
copper, zinc, and iron. Results were nega
tive for all metals except magnesium, which 
was present until the chlorophylls and the 
chlorophyllides were completely converted.

Fig. 2 presents the pigment changes that 
took place during the brining process. To 
clarify the method of calculation of the points 
on the different curves the following ex
ample is given for the estimation of pheo- 
phorbides from data in Table 2 for the 
seventh day.

Poa -I- Pob
Ca +  C„ +Cda + Cd|, +  Pva +  Pyb +
--------------- X 100 =  % pheophorbidesPoa +  Pob
or

4.86 + 1.84
0.09 + 0.25 + 0.17 + 0.38 + 1.25 + 0.57 +
4.86+1.84 x  100 = 71.2%

F ig . 2. M ole p e rc en ta g e s  o f ch lo ro p h y lls  a  an d  
b, ch lo ro p hy llides  a  a n d  b, p h e o p h y tin s  a  an d  b, 
an d  p heop h orb id es  a  an d  b in  b rin ed  cu cum b ers.

Conversion of chlorophylls to chlorophyl
lides and to pheophytins and conversion of 
chlorophyllides to pheophorbides began im
mediately after the brining operation was 
started. The chlorophyllides, though never 
present in high concentration, were found 
in measurable quantities for the first seven 
days, during which time chlorophylls were 
also present. Acidity of the brine in which 
the cucumbers were preserved, as indicated 
by the pH curve in Fig. 2, increased rapidly 
from the third through the seventh days be
cause of a naturally occurring acid fer
mentation. The resulting acidity was re
sponsible for conversion of chlorophylls and 
chlorophyllides to th e ir  magnesium-free 
counterparts.

The rapid rate of pheophorbide formation 
is evidence of high chlorophyllase activity in 
the cucumber tissue under the condition of 
the experiment and, furthermore, is evidence 
of the ease with which the magnesium of 
the chlorophylls and the chlorophyllides may 
be replaced by hydrogen in a brine medium 
near the pH value of 6.0.
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Influence of Blanching or Brining Treatments on the 
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SUMMARY
G re e n  v e g e ta b le  t i s s u e  w as a n a ly z e d  f o r  c h lo r o p h y l l  a n d  c h lo r o p h y l l  

d e r iv a t iv e s  b e f o r e  a n d  a f t e r  s u b je c t in g  th e  t i s s u e  to  d i f f e r e n t i a l  b la n c h in g  
t r e a tm e n t s  r e p r e s e n ta t iv e  o f  th o s e  u s e d  in  c o m m e r c ia l  fo o d  p ro c e s s in g ,  a n d  
to  a  b r in in g  t r e a t m e n t .  T h e  p l a n t  m a t e r i a l  s tu d ie d  w a s  o k r a ,  s n a p b e a n s ,  
t u r n i p  g r e e n s ,  a n d  p ic k l in g  c u c u m b e r s .  B la n c h in g  a t  1 8 0 CF  p r o m o te d  th e  
r a p i d  f o r m a t io n  o f  c h lo r o p h y l l id e s  a n d  p h e o p h o r b id e s  in  c e r t a in  t i s s u e  in  
a d d i t io n  to  p h e o p h y t i n s ,  w h ic h  w e re  fo r m e d  in  a l l  b l a n c h in g  s tu d ie s .

The conversion of chlorophyll to pheo- 
phytin during the processing of green plant 
tissue by canning, dehydration, freezing, and 
brining has been reported by many investi
gators. The rate and extent of such change 
has been studied by Mackinney and Weast 
(1940), Dietrich (1958), Dietrich ct al. 
(1957, 1959), Sweeney and Martin (1958,
1961). and others. W east and Mackinney 
(1940) demonstrated that when some green 
plant tissue was subjected to the action of 
hot water, chlorophyllase activity was 
marked. Jones ct al. (1961) reported that 
during the brining of cucumbers for pickling 
the chlorophylls are converted to the pheo
phorbides as well as to the pheophytins.

Jones et al. (1962) and White ct al.
(1963) outlined methods for quantitatively 
estimating pheophorbides and chlorophyl
lides, end products of chlorophyllase activ
ity. These methods provide a measure of 
chlorophyllase action. It has seemed de
sirable to investigate the use of these pro
cedures for studying the influence of blanch
ing techniques on chlorophyll pigment 
change in green tissue of several vegetables. 
The effect of blanching and brining treat
ments on the nature and speed of chloro
phyll change in cucumber tissue was also 
studied.

* C o n tr ib u tio n  fro m  th e  D ep t, o f F o o d  Science, 
X . C. A g r ic u l tu ra l E x p e r im e n t S ta tio n , R ale ig h , 
X . C. P u b lish ed  w ith  th e  ap p ro v a l o f th e  D ire c to r  
o f R esea rch  a s  P a p e r  1550 o f th e  J o u rn a l S eries . 

11 D e p a r tm e n t of F o o d  Science.
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M A T E R IA L S  A N D  M E T H O D S
T h e  p lan t m a te r ia ls  u sed  w ere  snapbeans, o k ra , 

an d  tu rn ip  g re e n s  fro m  th e  re ta il m a rk e t, and 
sm all p ick ling  cu cum b ers  re ce n tly  h a rv es te d . C u
cu m b ers  w ere  included  because  of d em o n s tra te d  
ch lo ro p h y llase  a c tiv ity  p rev io u sly  cited . P ig m en t 
an a ly ses  w ere  m ac e  ac c o rd in g  to  th e  m etho d  of 
W h ite  et al. (1963 .

F if ty -g ra m  q u a n titie s  of snapb eans an d  o k ra  
an d  10-g q u a n titie s  o f tu rn ip  g re e n s  w e re  b lanched  
in  d u p lica te  an d  an a ly z ed  fo r  p ig m en t co n ten t. 
B la n c h in g  tre a tm e n ts  of v eg etab le  tissue , a p p ro x i
m a tin g  th o se  used  in com m ercia l c a n n in g  and  
free z in g  p re se rv a tio n , w ere  co n du cted  hy sub 
m e rg in g  p rep a red , w eigh ed  p o rtio n s  o f tissu e  fo r 
4 m in  in w a te r  a t  e i th e r 180 o r 2 1 2 °F , fo llow ed  
by im m ed ia te  coo ling  fo r 4 m in  in ru n n in g  cold 
w a te r. D up lica ted  lo ts  of 10 sm all w ho le cu cum 
b ers  an d  of slices 54-inch th ic k  fro m  10 sm all 
cu cum b ers  w e re  b lanched  by th e  p ro ced u re  used  
fo r th e  o th e r v eg e tab les  an d  w ere  an a ly zed  fo r 
p ig m en t co n ten t as  d escribed  by W h ite  ct al.
(1 9 6 3 ).

U n b lan ch ed  cu cum b ers  w ere  b rin ed  as  o u tlined  
fo r  L o t A  sam p les  by  Jo n e s  ct al. (1 9 6 2 ). P ig 
m en t an a ly ses  w ere  conducted  in tr ip lic a te . L o ts  
of cu cum b ers, a s  w ho le  f ru i t  an d  as  slices, re ce iv 
in g  th e  d iffe re n tia l b lan ch in g  tre a tm e n ts , w ere  
b rin ed  s ep a ra te ly  fo r  9 d ay s  in  ap p ro x im a te ly  
700-g q u a n titie s  in 7.5(4 N aC l so lu tion . P ig m en t 
an a ly ses  w ere  m ad e in dup lica te .

R E S U L T S  A N D  D IS C U S S IO N  ,
Table 1 gives data from differential 

blanching treatments with okra, turnip 
greens, and snapbeans. Chlorophyllides and 
pheophorbides were formed in appreciable 
quantities in okra and turnip greens as a 
result of the 180°F treatment. The greater
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T a b le  1. P ig m e n t v a lu es  ex p re sse d  as %  of to ta l on  a  m o le b asis, in  u n b lan cb ed  an d  
b lan ch ed  lo ts  of o k ra , tu rn ip  g ree n s , an d  snapbeans.

Chlorophylls and  chlorophyll derivatives

Vegetables
Chlorophyll a

Ca
Chlorophyll bCu

Chlorophyllide a 
Cda

Chlorophyllide b Cdi.
Pheo- phytin  a 
Pya

Pheo- phy tin  b Pyb
Pheophorbide a Poa

Pheophorbide b POH
O k ra

U n b lan ch ed 53.3 27.2 0.0 0.0 15.1 4.4 0.0 0.0
B lanched , 180° F 22.1 14.4 26.5 12.1 13.4 0.5 7.5 3.5
B lanched , 212° F 48.2 25.8 1.3 1.2 18.3 4.2 0.4 0.5

T u rn ip  g ree n s
U n b lan ch ed 62.7 28.1 0.0 0.0 8.6 0.7 0.0 0.0
B lanched , 180°F 51.2 24.8 4.3 0.7 13.0 - 0 . 2 0.3 5.9
B lanched , 2 12°F 60.5 27.6 0.0 0.0 12.1 - 0 . 2 0.0 0.0

S napb ean s
U nb lanch ed 49.4 25.2 0.0 0.0 17.7 7.7 0.0 0.0
B lanched , 180°F 40.3 24.8 0.0 0.0 27.8 7.1 0.0 0.0
B lanched , 2 12 °F 36.7 23.9 0.0 0.0 29.1 10.2 0.0 0.0

conversion of chlorophyll to magnesium- 
free derivatives in okra than in turnip 
greens may have been due to greater chloro- 
phyllase concentration in okra tissue or to 
slower heat inactivation of chlorophvllase 
in the thick tissue of okra pods than in the 
thin leaf tissue of turnip greens. Mackinney 
and Weast (1940) reported chlorophyllase 
activity at a maximum of 75°C, a tempera
ture somewhat lower than that used in this 
study.

The 212°F blanching treatments appar
ently inactivated chlorophyllase in the okra 
and turnip greens tissue, as evidenced by 
formation of little or no chlorophyllide or 
pheophorbide. From this study it appears

that the snapbeans were devoid of chloro
phyllase. This observation is in agreement 
with findings of Mackinney and Weast 
(1940).

Table 2 gives data on pigment changes 
induced in whole and sliced cucumbers by 
blanching and brining treatments. The 
blanching treatments at 180°F were respon
sible for formation of relatively large quan
tities of cblorophyllides and appreciable 
quantities of pheophorbides, as shown by 
the values for the unbrined lots blanched at 
180°F. Blanching cucumbers at 212°F 
favored some chlorophyllase activity, as 
shown by presence of small amounts of 
cblorophyllides and pheophorbides in such

T a b le  2. P ig m e n t valu es  ex p re sse d  as  c/o  of to ta l on  a  m ole b asis, in  u n b rin e d  an d  b rin ed  
cu cum b er tissu e  fo llow in g  b lan ch in g  tre a tm e n ts .

Chlorophylls and  chlorophyll derivatives

T reatm ents
Chlorophyll a

Ca
Chlorophyll b

Cb
Chloro- Chloro- Pheo- phyllide aphyllide b phytin a 

Cda Cdb Pya
Pheo-phytin
Pyb

Pheo- b phorbide Poa
Pheo- a phorbide Pob

U n b rin e d
U nb lanch ed , w hole 50.7 30.0 0.0 0.0 14.8 4.5 0.0 0.0
B lanched , w hole , 180° F 14.9 10.1 26.4 16.7 8.0 3.7 21.0 - 0 . 7
B lanched , sliced , 180° F 15.6 11.1 23.2 14.6 9.1 1.5 18.9 5.9
B lanched , w hole , 2 12 °F 34.2 23.6 5.8 3.3 21.5 0.5 4.7 6.5
B lanched , sliced , 2 12°F 36.7 25.7 3.6 1.3 26.3 1.1 - 1 . 4 6.7

B rin e d
U nb lanch ed , w ho le 0.0 0.0 0.0 0.0 11.8 6.0 55.8 26.4
B lanched , w hole , 180°F 0.0 0.0 0.0 0.0 16.6 5.4 54.8 23.4
B lanched , sliced, 180°F 0.0 0.0 0.0 0.0 16.4 5.6 52.1 25.9
B lanched , w hole , 212° F 0.0 0.0 0.0 0.0 46.3 24.3 19.1 10.2
B lanched , sliced, 2 12°F 0.0 0.0 0.0 0.0 51.4 25.6 16.0 7.0
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blanched unbrined lots. The accumulation 
of 23-29% pheophorbides in the brined 
lots blanched at 212°F showed that inactiva
tion of chlorophyllase was not complete. 
Evidence is presented that blanching treat
ments are in many cases responsible for the 
formation of the chlorophyllides and pheo
phorbides as well as pheophytins. Pheo
phorbides may in fact represent a greater 
portion of the converted chlorophyll than 
pheophytins in certain plant tissue receiving 
blanching treatment.
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Reaction of Sugar Alcohols with the Anthrone Reagent
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SUMMARY
U n d e r  a p p r o p r i a t e  c o n d i t io n s  o f  a c id  c o n c e n t r a t io n ,  h e a t in g  t im e  a n d  te m 

p e r a t u r e  o f  h e a t in g ,  th e  s u g a r  a lc o h o ls  r e a c t  w ith  th e  a n t h r o n e  r e a g e n t  in  a 
q u a n t i t a t iv e  m a n n e r .  S u i ta b le  c o n d i t io n s  f o r  r e p r o d u c ib le  q u a n t i t a t iv e  r e s u l t s  
a r e :  0 .1 5 %  a n t h r o n e  in  c o n c e n t r a t e d  s u l f u r i c  a c id  a n d  a  h e a t in g  t im e  o f  6 0  
m in  a t  9 9 ° C  ( in  a b o i l in g - w a te r  h a t h ) .  C o lo r  m e a s u r e m e n t  s h o u ld  b e  m a d e  
3 0  m in u te s  a f t e r  c o o l in g  th e  r e a c t io n  tu b e s  in  a n  ic e  w a te r  b a th ,  s in c e  th e  i n 
te n s i ty  o f  th e  c o lo rs  in c r e a s e d  w ith  t im e .  O f  th e  v a r io u s  s u g a r  a lc o h o ls  te s te d , 
th e  o r d e r  o f  r e a c t iv i ty  i s :  G ly c e ro l >  s o rb i to l  >  m a n n i to l  >  d u lc i to l  >  e r y th r i -  
to l >  a r a b i t o l  >  r ib i to l  >  x y l i to l .  A b s o rp t io n  m a x im a  o c c u r r e d  a t  7 2 0  m g  
f o r  m a n n i to l ,  s o r b i to l ,  a n d  d u lc i to l ,  a n d  a t  7 4 0  m g  f o r  e r v t h r i to l .  G ly c e ro l
a n d  th e  o t h e r  s u g a r  a lc o h o ls  e x h ib i te d

Since its introduction for the determina
tion of carbohydrates (Dreywood, 1946). 
anthrone in sulfuric acid has been used to 
determine various sugars (Gimberteau. 
1960; Helbert and Brown. 1955; Roe.
1955) , polysaccharides (Helbert and Brown. 
1957; McCready et al., 1950: Roe. 1954- 
1955 ; Scott and Melvin, 1953 ; Seifter ct al..
1950), uronic acids (Helbert and Brown.
1956) , and rutin (Sakagami and Shiraishi,
1960). Although the sugar alcohols are very 
prevalent (Gortner and Gortner, 1949; 
Merck and Co., 1960) and may he present 
in many of the materials analyzed for sugars 
and other carbohydrates, little attention has 
been paid to the reaction of this class of 
compounds with the anthrone reagent. Mor
ris (1948) claimed that the sugar alcohols 
produced no color with the anthrone reagent, 
and Koehler (1952) reported a negative re
action with sorbitol. However, Schütz 
(1938) reported on the detection and de
termination of glycerol with this reagent. 
Many food and pharmaceutical products 
(Merck and Co., 1960 ; Atlas Chemical In
dustries, 1962) and dietetic foods (Genest 
and Chapman, 1962), contain glycerol, sor
bitol, mannitol, and possibly dulcitol. The 
sugar alcohols are also gaining academic im
portance (Kinoshita et al., 1962), and the 
Spans and Tweens, widely used emulsifiers 
and stabilizers, contain sorbitan, the dehy
drated form of sorbitol.

“ Present address: Senior Scientific Officer,
Scientific Research Council, P. O. Box 502, Kings
ton, Jamaica, W est Indies.

n o  s h a r p  a b s o r p t io n  m a x im a .

While investigating optimum conditions 
for the determination of food gums (hydro- 
colloids) with the anthrone reagent 
(Graham, 1962) it was noted that several 
cf the sugar alcohols produced color if the 
mixtures were heated for 30 min or more. 
Since information is scant on the interaction 
of the sugar alcohols with the anthrone 
reagent, a thorough investigation was 
deemed profitable. Preliminary experiments 
indicated that, for production of appreciable 
color and for quantitative determination, 
the critical factors were the concentration of 
acid in the anthrone reagent, the time and 
temperature of heating, and the time of 
measurement of the resulting color after its 
development. This article reports on these 
conditions. Glycerol, ethylene glycol, and 
methyl alcohol were included, in keeping 
with the classification of Carr and Krantz
(1945).

EX PER IM EN TA L
Reagents. Table 1 lists the sugar alcohols and 

related compounds used. They were all obtained 
from the Nutritional Biochemicals Corporation. 
Cleveland, Ohio. Sulfuric acid was reagent grade, 
95-98%, sp. gravity 1.8407-1.8437. Anthrone re
agent was, unless otherwise stated, a solution 
containing 0.15 g of anthrone per 100 ml of con
centrated sulfuric acid. The reagent was prepared 
daily and never used if older than 24 hr. It was 
precooled for at least 4 hr before addition to the 
tubes containing the sugar alcohols.

Equipment. The equipment used was volumetric 
pipettes, Coleman Universal spectrophotometer, 
model 14, 40-ml ground-glass-stoppered test tubes, 
and a constant-temperature water bath or oil bath.

General procedure. One ml containing 1-10 mg
[ 4 4 0  ]
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Table 1. Characteristics of the reaction of sugar alcohols with concentrated H 2S 0 4 and 
with the anthrone reagent (0.15% anthrone in concentrated H 2S O ,; mixtures heated for 60 minutes in a boiling bath).

Sugar alcohol (or other compound added)

Sugar alcohol or other compound heated in :
Concentrated H2SO1 Anthrone reagent

Colorproduced a Max. Colorproduced Max.
Sorbitol Y 410 R-B 720(500-520)6
Mannitol Y 410 R-B 720(500-520)-
Dulcitol Y-B 420 R-B 720(500-520)-
Erythritol Y 410 R-B 740(500-520)-
D-arabitol Y 410 Y-G (500-520)-
Xylitol Y 410 Y-G (500-520)-
Ribitol Y 410 B-G (500-520)-
Glycerol Y 410 O (500-520)-
Inositol NC None Y-G None
Methyl alcohol NC None R (500-520)-
Ethylene glycol NC None R (500-520)-

“ B =  brown ; O =  orange ; R =  red ; Y =  yellow ; NC =  no color. 
b Slowly descending arm  or sensitive area of color measurement.

of each sugar alcohol was placed into Pvrex 
ground-glass-stoppered test tubes, and the tubes 
were placed in the freezer for 6-12 hr. Nine ml 
of the cold anthrone reagent was added with the 
tubes immersed in an ice-water bath. The tubes 
were then heated 1 hr in a boiling-water bath, 
cooled 15 min in an ice-water bath, and then al
lowed to stand 30 min at room temperature. The 
intensity of the colors developed was then meas
ured against a reagent blank, at the appropriate 
wavelength of maximum absorption with the spec
trophotometer.
Establishm ent of wavelength of maximum absorp
tion of the colors developed.

The wavelength of maximum absorption of the 
colors developed was ascertained by treating the 
hydrocolloid-anthrone mixtures according to the 
general procedure. The colors developed were 
measured against sulfuric acid over the wave
length range of 350-800 mg. A plot of the optical 
density as a function of wavelength over the wave
length range employed established the wavelength 
of maximum absorption.

Since several factors are critical for the develop
ment of color in the interaction of the sugar alco
hols with the anthrone reagent, these were investi
gated. All measurements were made at 500 m/i, 
and color development was achieved as described 
under the general procedure. To assess the influ
ence of tem perature of heating on color develop
ment, 1-10 mg of the particular sugar alcohol was 
used. Information on the variation of color in
tensity with heating time was gained by heating 
mixtures of sugar alcohols and the anthrone re
agent at 99°C (boiling-water bath) for varying

periods. The influence of the concentration of 
sulfuric acid was assessed by heating mixtures of 
the sugar alcohols and anthrone reagent contain
ing various levels of sulfuric acid for 60 min in 
a boiling-water bath. The influence of the concen
tration of anthrone was determined by varying the 
anthrone concentration between 0-0.5% (w /v ).
The influence of aging was determined by measur
ing the colors developed after time elapses of 0-96 
hr. The results are summarized in Table 2.
Quantitative response of the sugar alcohols with 
the anthrone reagent.

A fter the influence of the several variables was 
established, the quantitative nature of the inter
action was investigated. For this, increasing quan
tities of the sugar alcohols were heated with the 
anthrone reagent according to the general pro
cedure, and the intensities of the colors developed 
were measured against a reagent blank at 500 m /j.. 
The results are summarized in Fig. 2.

D IS C U S S IO N
Sorbitol and mannitol are usually deter

mined after their oxidation in alkaline solu
tion with periodate to produce formaldehyde, 
which is then measured by reaction with 
chromotophic acid to give a red or wine 
color with an absorption maximum at 570. 
m/i (Snell et al., 1961). The development 
of a quantitative procedure using the an
throne reagent offers the possibility of using 
a single reagent for the determination of 
these alcohols and carbohydrates when they 
are separated from mixtures. Methods have
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Table 2. Influence of variables on color development in the interaction of the sugar 
alcohols with anthrone reagent.

R angeinvestigated
L im its for reproducibility V alue or condition selectedV ariable M aximum M inimum

Temperature of heating (°C ) 60-99 95 99
Time of heating (min) 
Concentration of sulfuric acid in

0-90 60 60

anthrone reagent 70 to
(%  w /v )

Concentration of an-
concentrated 95 concentrated

throne in concen
trated sulfuric acid (%  w /v ) 0.1-0.5 0.5 0.10 0.15

Aging time (hr) 0-96 1.0 0.5 0.5

been proposed for the separation of these 
alcohols (Genest and Chapman, 1962; Jones 
and Wall, 1960; Moore et al., 1960). Since 
the absorption maximum for the sugars and 
most other polysaccharides is at 620 m/x, 
interference by small amounts of sugars 
would be minimal, and becomes even less 
because extended heating of the sugar- or 
carbohydrate-anthrone mixture destroys the 
color (Helbert and Brown, 1955 ; Graham, 
1962 ). Uronic acids and their polymers 
(Helbert and Brown, 1956, 1957) and algi
nates (Graham, 1962) will interfere since 
they produce a red color that absorbs maxi
mally at around 540 m/r and this color is 
intensified by prolonged heating.

Fig. 2 shows that glycerol, sorbitol, manni
tol, and dulcitol are the most reactive of the 
sugar alcohols with the anthrone reagent. 
The red color developed by methyl alcohol, 
glycerol, and erythritol is understandable in 
view of the red color obtained with acrolein 
and formaldehyde by Newkom and Hui
(1959) and by acetone, pyruvic acid, py
ruvic aldehyde, and lactic acid as reported 
by Shetlar (1952).

As with the sugars, chain length seems 
important insofar as color production is con
cerned since the hexitols, mannitol, and sor
bitol were highly reactive whereas the peni- 
tols were much less reactive. The higher 
"reactivity of erythritol than of the pentitols 
indicates that configuration may also play 
an important role in reactivity (Sattler and 
Zerban, 1948).

The spans (which contain sorbitan, the 
dehydrated form of sorbitol) reacted with 
the anthrone reagent. Spans 20 and 60 pro

duced the typical sorbitol 720-ni/u, peak, but 
Tween 80 did not, because of interfering 
substances in the commercial sample. The 
temperature at which the reaction mixture 
is heated has a great influence on the final 
optical density of the color developed. The 
color produced is very little at 70°C, some
what more at 85 °C, and considerable at 
99°C (boiling-water bath). Up to a period 
of 60 min, no definite time of heating was 
established for the maximum production of 
color. However, as the time of heating in
creased, color density also increased, and 
for convenience, a heating time of 60 min 
at 99°C was selected.

Beyond a concentration of 0.1%, the level 
of anthrone in the reagent has little influ
ence on the optical density of the color de
veloped. Although no definite optimum 
was established between the levels of 0.05- 
1.0% used, for convenience, a level of 
0.15% was chosen. The anthrone-sugar 
alcohol color increases in intensity with age. 
a phenomenon resembling that noted for the 
uronic acids (Helbert and Brown, 1956). 
In the anthrone-concentrated sulfuric acid 
reagent, sorbitol, mannitol, and dulcitol ex
hibited a distinct absorption maximum at 
720 m¡j.. For erythritol this absorption maxi
mum was at 740 m^. Glycerol and the other 
sugar alcohols showed no distinct absorp
tion maximum over the wavelength range of 
350-800 m/t. Between 450 and 510 m 
glycerol, sorbitol, mannitol, and dulcitol ex
hibited a slow descending arm in their 
absorption spectra. On the other hand, the 
spectrum of the reagent blank descends 
more drastically within this range ( Fig. 1).
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Wavelength (n*i) Wavelength (n̂)
Fig. 1. Absorption spectra of the colors produced by sugar alcohols when heated with the 

anthrone reagent. I =  dulcitol heated 60 min in anthrone in cone. H 2SOt : II =  ervthritol heated 
60 min in anthrone in cone. H jS O ,; III  =  Span 20 heated 60 min in anthrone in cone. FFSCh; 
IV  = sorbitol heated 60 min in anthrone in cone. H-SCh; V =  glycerol heated 60 min in 
anthrone in cone. H ?SO i; YI = ribitol heated 60 min in anthrone in cone. H»SOi; V II =  man
nitol heated 60 min in anthrone in cone. H sSCh: V III =  mannitol heated 60 min in anthrone in 
70'1 Hi-SOi; IX =  reagent blank.

Absorption measurements ( against a reagent 
blank) were much higher at 500 m^ than at 
720 ni/i (or 740 m/j. for ervthritol). There
fore. these measurements (500 m/r) were 
used in establishing the standard curves 
shown in Fig. 2.

l’he acid concentration of the anthrone 
reagent profoundly influences the intensity 
of the color developed. As the acid concen
tration increased, the optical density of the 
resulting color also increased. Acid concen
tration also influences the absorption spec-

Fig. 2. Quantitative response of the sugar alcohols to the anthrone test for carbohydrates. 
I =  glycerol; II  =  dulcitol; I I I  =  sorbitol; IV  =  m annitol; V  = e rv th rito l; VI =  rib ito l; V II -  
n-arabitol; V III =  xy lito l; IX  =  inositol.
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trum. The peak at 720 (740 for erythri-
tol) is quite apparent in anthrone-concen- 
trated sulfuric acid, but when the acid con
centration was reduced to 85 % or less the 
absorption peak was either diminished or 
completely eliminated.

Several of the sugar alcohols, if allowed 
to react with H 2S 0 4 in the absence of an- 
throne, yielded some color. However, when 
anthrone was added, the chromogenic re
sponse was enhanced in most cases, result
ing in increased sensitivity. The charac
teristics of the colors produced in both cases 
are summarized in Table 1.

In the reaction of carbohydrates with the 
anthrone reagent, color production has been 
attributed to the formation of furfural or 
some derivative thereof. For the formation 
of a furfural derivative it has been postulated 
that there must be a possibility of dehydra
tion in the 2,3 position (Sattler and Zerban, 
1950). Although sorbitol has been classi
fied as non-reactive, because of its failure 
to give the typical green color (Koehler, 
1952), the strong absorption of the alcohols 
used here in the region of 500-520 m/x and 
peaks in the region of 720-740 mg indicates 
that interaction does occur between the 
sugar alcohols and the anthrone reagent 
provided conditions are optimum. Negative 
results obtained by previous workers can 
perhaps be attributed to failure to obtain the 
classical green color or, alternately, to the 
treatment of the sugar alcohols under condi
tions that are optimum for the sugars and 
other carbohydrates. The drastic influence 
of acid concentration, heating time, and tem
perature of heating points to the possibility 
of negative results if less severe conditions 
of treatment were employed. The sub
stance (s) responsible for color formation 
cannot yet be described unequivocally. 
Quite likely, some degradation product(s) 
might have contributed to the final picture 
of the absorption spectra. The strong ab
sorption in the region of 500-520 mg. is 
somewhat comparable to the anthrone-uronic 
acid interaction, where absorption maximum 
occurs at 540-550 mg.
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SU M M A R Y
G as c h r o m a t o g r a p h y  o f fe r s  th e  fo o d  c h e m is t  a n  u n p a r a l l e l e d  te c h n iq u e  

f o r  s e p a r a t io n  a n d  i s o la t io n  o f  t h e  c o m p o n e n ts  o f  c o m p le x  v o la t i le  m ix tu r e s .  
U n f o r tu n a te ly ,  th e  p r o b l e m  o f  c o m p o u n d  id e n t i f i c a t io n  s t i l l  r e m a i n s .  O f t e n ,  
th e  a v a i la b le  q u a n t i ty  o f  a n  is o la te d  p u r e  c o m p o u n d  m a y  n o t  e x c e e d  o n e  o r  tw o  
m i l l ig r a m s .  C o n v e n t io n a l  o r g a n ic  a n a ly t ic a l  t e c h n iq u e s  a r e  s e ld o m  a d e q u a t e  
f o r  id e n t i f i c a t io n  o f  s u c h  s m a l l  s a m p le s .  A n  e m p i r ic a l  e x a m in a t io n  o f  i n f r a r e d ,  
u l t r a v io le t ,  m a s s ,  a n d  n u c le a r  m a g n e t i c  r e s o n a n c e  (N M R ) s p e c t r a  p e r m i t s  th e  
s o lu t io n  o f  a  g r a t i f y in g  n u m b e r  o f  id e n t i f i c a t io n  p r o b le m s .

T h e  a p p l ic a t io n  o f  m a s s  s p e c t r o m e t r y  to  th e  id e n t i f i c a t io n  o f  o rg a n ic  
c o m p o u n d s  is  d is c u s s e d  b r ie f ly .  T w o  s e ts  o f  s p e c t r a  a r e  t r a n s l a te d  in to  o r 
g a n ic  s t r u c t u r e s  a s  e x a m p le s  o f  th e  m e th o d o lo g y .

( ¡as chromatography has not been an un
mixed blessing to the organic analytical 
chemist in industry. On the one hand, it is 
a fantastically effective tool for isolation; 
on the other hand, it affords practically no 
help in identification, and has the further 
characteristic of being most effective with 
small samples. Thus, the analytical journals, 
especially those concerned with food tech
nology. contain numerous papers whose 
climax consists of the presentation of a 
gas chromatogram. Simple molecules such 
as acetone or acetaldehyde, whose presence 
can be predicted, may he “identified” by 
comparison of retention volumes. In most 
cases, however, identification of these com
pounds contributes little or nothing to the 
characterization of flavor. Having graphi
cally demonstrated the complexity of his 
sample, and the probable presence of a few- 
simple compounds, the investigator comes 
to an abrupt halt. What does he do with 
a milligram of a pure, unknown compound 
that he has been able to isolate from the 
effluent of the chromatograph? Certainly 
the classical training, valuable though it is 
for teaching organic chemistry per sc. is 
inadequate for the task at hand.

In an earlier paper (Silverstein and Bas- 
sler, 1962), we pointed out the deficiencies 
of academic training in qualitative orgaire 
analysis, and we presented our experience 
in developing and teaching at San Jose State

College and the University of San Fran
cisco a one-unit course entitled “Spectro
métrie Identification of ( Organic Com
pounds.” A book (Silverstein and Bassler,
1963) bearing the same title has evolved 
from the material gathered for this course 
and from work carried out in these labora
tories.

The organic chemist in industry is no 
stranger to instrumental analysis, but rela
tively few- chemists seem to have recognized 
the potential of a combination of four tech
niques : mass, infrared, nuclear magnetic 
resonance (N M R), and ultraviolet spec
trometry. He is quite familiar with infrared 
and ultraviolet spectrometry, and generally 
has this rugged, simple, and inexpensive in
strumentation available. He also recognizes 
the utility of nuclear magnetic resonance 
spectrometry, and is acquainted—at least 
through the literature—with empirical inter
pretation of NMR spectra. The mass spec
trometer, however, has been largely ignored 
by the organic chemist concerned with com
pound identification : certainly the cost and 
complexity of a high-resolution instrument 
have been deterrents. And yet. as we shall 
show, it is undoubtedly the most powerful 
tool of the four we use.

In a large number of cases, a completely 
unknown compound can be identified from 
mass, infrared, and ultraviolet spectra ob
tained on a tenth of a milligram or less of
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a sample. If a milligram sample is available, 
the unique data afforded by an XMR spec
trum can be obtained. These data extend 
the range of identification manyfold. All of 
the sample may be recovered except the 
tenth of a milligram or less lost in the mass 
spectrometer.

We shall assume that the reader has ade
quate familiarity with infrared, ultraviolet, 
and NMR spectrometry, and we shall pre
sent only a brief discussion of the applica
tion of mass spectrometry to compound iden
tification. A list is appended of general ref
erences to mass, infrared, ultraviolet, and 
NMR spectrometry. Two sets of spectra— 
a set consisting of the four kinds of spectra 
under discussion—will then he interpreted. 
Each spectrum of a set is examined for 
indications of specific structural character
istics. Confirmation is then sought in the 
other spectra. Since complementary infor
mation is available from each spectrum, a 
detailed analysis of a spectrum is seldom 
necessary. Even a modest level of sophisti
cation in each of the four areas of spec
trometry will permit solution of a gratifying 
number of identification problems. This 
methodology can obviously he extended 
from identification of rather simple com
pounds. about which little or no information 
is available, to elucidation of structural de
tails of complex molecules about which quite 
a bit is known.

M A S S  S P E C T R O M E T R Y
A  sm all sam ple o f th e  com pound  ( sev era l m illi

g ra m s  to  less th a n  0.1 m illig ra m ) is in tro d u c ed  
in to  th e  in le t system  o f th e  m ass  sp e c tro m e te r, 
w h e re  it v o la tilizes  a t  v e ry  low  p ressu re . A  p o r
tio n  of th e  g aseo us sam p le  is m ete red  in to  th e  
io n iz in g  ch a m b e r, w h e re  it  is b om b arded  by  a 
s tre a m  o f e lec tro n s . T h e  p o s itiv e  ion fra g m e n ts  
re su lt in g  fro m  th e  b o m b ard m e n t a r e  sep a ra te d  
ac c o rd in g  to  th e ir  m a s s /c h a rg e  ra tio . T h e  d a m 
ag e  in flic ted  upo n  th e  m olecules is re co rd ed  a s  a 
sp e c tru m  of th e  positive  ion fra g m e n t m asses and  
th e ir  re la tiv e  abundance .

A n  e lec tro n  b eam  of 9 to  15 ev  w ill p ro du ce 
a  m o lecu la r ra d ica l ion, so -called  p a re n t ion, by 
rem o v al of a  s ing le  e lec tro n  fro m  th e  m olecule. 
R eco g n itio n  of th e  p a re n t ion is e x tre m e ly  im p o r
ta n t  since its  m ass  is th e  m o lec u la r w e ig h t o f th e  
com pound . T h is  is an  e x a c t m o lec u la r w eig h t, n o t 
th e  a p p ro x im a te  m o lec u la r w e ig h t o b ta in ed  by 
p ro ced u re s  m o st freq u e n tly  em ployed  by th e  o r 

g an ic  chem ist. In  th e  sp e c tru m  o f a  p u re  com 
pound, th e  p a re n t ion peak  w ill u su a lly  be the 
peak  w ith  th e  h ig h e s t m /e  value, w ith  th e  ex c ep 
tion  o f p eaks a r is in g  fro m  p a re n t ions co n ta in in g  
h ea v ie r iso topes.

A s th e  p o ten tia l of th e  b o m b ard in g  e lec tro n  
s tre a m  is in creased  beyond  th a t  n ec essa ry  fo r 
p ro d u c in g  a  p a re n t ion, ad d itio n a l ion fra g m e n ts  
re su lt. T h e  m o st ab u n d a n t peak  in th e  spec trum  
is d es ig n a ted  th e  "b ase"  peak  an d  is a ss ig n ed  a 
v a lu e  o f 100% . T h e  ab u n d an ces  of a ll o th e r  p eaks 
a re  ex p resse d  a s  p e rc en ta g e s  o f th e  “base"  peak.

In  a  s e p a ra te  tab le , h eaded  “iso to p e  ab u nd an ces,"  
th e  p a re n t peak  is a ss ig n ed  a  v a lu e  o f 100%  and  
th e  ab u nd an ces  o f th e  iso tope p eaks a r e  re p o rte d  
in p e rc en t re la tiv e  to  th e  p a re n t peak . T h e  iso tope 
p eaks a re  d es ig n a ted  P +  1 (p a re n t-p lu s -o n e ) , 
P -f  2 (p a re n t-p lu s - tw o ) , etc.

T h e  iso top e p eaks re su lt fro m  p a re n t ions co n 
ta in in g  iso topes h ea v ie r th a n  th e  iso top es  of lo w est 
m ass. F o r  ex am p le , th e  P -(- 1 peak  re flec ts  th e  
ab ility  of th e  m ass sp e c tro m e te r to  d is tin g u ish  
betw een  a  m o lecule c o n ta in in g  only  C s a to m s 
an d  one co n ta in in g  a  C 13 a tom . T h e  co n trib u tio n  
of an  S"' a to m  w ill be re flec ted  in th e  ab u nd an ce 
o f th e  I’ +  2 peak.

In  o u r  d iscu ssion  o f th e  d e te rm in a tio n  o f s tru c 
tu re  w e h av e lim ited  o u rse lv es  to  com pounds co n 
ta in in g  C, H , O , N , S, Cl, an d  B r. T a b le  1 lists  
th e  p rin c ip a l iso topes of th ese  elem en ts  an d  th e ir  
ab u n d an ces  re la tiv e  to  th e  iso top e of lo w es t m ass.

A n  e x a m in a tio n  of th e  ta b le  w ill m ak e  it  a p p a r
en t th a t  th e  P 1 peak  of a  com pound  co n ta in in g  
a  sing le  ca rb o n  a to m  should  be a b o u t 1.1%  of 
th e  p a re n t peak. T h is  v a lu e  becom es ab o u t 2 .2%  
w hen  th e  com pound  co n ta ins  2 ca rb o n  a to m s, etc. 
T h e  P -(- 2  peak  of a  com pound  c o n ta in in g  a 
s ing le S a to m  should  be a b o u t 4 .4 % , w ith  a  c o n tr i
bu tio n  of 0 .78%  to  th e  P 4- 1 peak  a r is in g  from  
th e  S 33 iso tope. T h e  p resen ce  of a  s ing le ch lo rin e  
o r b ro m in e  a to m  w ill be ev id en t fro m  th e  la rg e  
v alu e  o f th e  P +  2 peak . T h e  p resen ce  o f a d d i
tion al a to m s of ch lo rin e  o r  b ro m in e  w ill re su lt 
in  p eaks a t  P -f- 4, P +  6, etc., d ep en d ing  on 
th e  n u m b er of ch lo rin e  o r b ro m in e  a to m s p resen t.

T a b le  1. P r in c ip a l s tab le  iso topes an d  re la tiv e  
ab u nd an ces.

Isotopes P ercen t of isotope of lowest mass
e 3 l . i
H - 0.015
O '- 0.2
X '3 0.37
S 33 0.78
S 3' 4.4
c r 32.5
B r" 98.0
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T h e  firs t step  in  o u r  p ro ced u re  lo r  d e te rm in in g  
th e  s tru c tu re  of a  com pound  is to  u tilize  the 
iso tope ab u nd an ce  d a ta  to  estab lish  an  em p irica l 
fo rm u la . P o ssib le  co m b in a tion s  of C, H , N , and  
O th a t  cou ld  acco u n t fo r m asses  up th ro u g h  250 
h av e been tab u la te d  by B ey n on  (1 9 6 0 ). H is  tab ic  
also  lists  th e  ca lcu la ted  P -\- 1 an d  P +  2 v alues 
fo r th e  v a rio u s  a llo w ab le  co m b in a tion s  of these 
atom s. S ince th e  B eynon  tab le  does n o t include 
S, Cl, o r  B r a to m s, th e  w e ig h ts  of th ese  a tom s 
m u st be su b tra c ted  fro m  th e  m o lec u la r w e ig h t 
b efo re  u sin g  th e  tab le  to  e s tab lish  possib le em 
p irica l fo rm u la s  of th e  re m ain in g  p o rtio n  of the 
m olecule. T h e  final se lec tion  of a  s ing le em p irica l 
fo rm u la , fro m  sev era l a l lo w ab le  fo rm u las, m ay  
h av e  to  be m ade on th e  basis  of d a ta  fro m  th e  
o th e r  sp ec tra .

T h e  “n itro g e n  ru le "  o ften  a llo w s us to  reduce 
th e  n u m b er of p ossib le  em p irica l fo rm u las. T h e  
“n itro g e n  ru le ” s ta te s  th a t  an  o dd -n um b ered  
m o lec u la r w e ig h t p e rm its  only  an  odd n u m b er of 
n itro g e n  a tom s, and  an  ev en -n u m bered  m o lecu lar 
w e ig h t p e rm its  only  an  even n u m b er of n itro g e n  
a to m s (in c lu d in g  z e ro ) .

W e  a re  n o t a lw ay s  successfu l in e s ta b lish in g  
an  em p irica l fo rm u la  since th e  p a re n t peak  m ay  
he so sm all th a t  th e  / ’ 4- 1 an d  P -\- 2 v a lu es  a re  
und e tec tab le . In  th is  even t, w e m u st be satisfied  
w ith  th e  m o lec u la r w eig h t. In  som e cases, th e  
p a re n t peak  m ay  be a b s e n t ; w e th en  re ly  upon 
th e  fra g m e n ta tio n  p a tte rn  a n d  th e  o th e r  sp e c tra  to  
e s tab lish  th e  m o lecu la r w eig h t. I f  th is  ap p ro ach  
fa ils , w e m ay  h av e to  re s o r t  to  th e  p re p a ra tio n  
of a  d eriv a tiv e , o r  to  som e o th e r  m etho d  of ob 
ta in in g  th e  m o lec u la r w eigh t.

T h e  fra g m e n ta tio n  p a tte rn  dep ic ts  th e  a r ra n g e 
m en t of a to m s in th e  m olecule. S om e g en era l 
ru le s  h av e  been fo rm u la te d  to  a id  in  th e  p red ic 
tion  of p ro m in e n t fra g m e n ta tio n  peaks. T h ese  
ru le s  can  be su m m arized  brie fly  as  fo llow s.

1 ) C leav ag e is fa v o re d  a t  b ran ch e d  carb on  
atom s.

2 ) A ro m a tic  com pounds g e n e ra lly  g ive a  la rg e r  
p a re n t peak  th a n  do a lip h a tic  com pounds.

3 ) D ou b le  bonds fa v o r a lly lic  c leavage.
4 ) S a tu ra te d  rin g s  lose side ch a ins  a t  th e  

a - c a rb o n ; specia l case of b ran ch in g .
5 ) In  a lk y l-su b s ti tu te d  a ro m a tic  com pounds, 

c leav ag e  is m o st p ro bab le  a t  th e  bond b e ta  to  th e  
rin g .

6 ) A  h e te ro a to m  w ill induce c leavage a t  th e  
bond  b eta  to  it.

In  a d d itio n , a  fa ir  am o u n t of w o rk  has  been 
p u b lish ed  in d ica tin g  th e  g en era l f ra g m e n ta tio n  
p a tte rn s  to  be ex p ec ted  fo r v a rio u s  classes  of 
com pounds. F o r  ex am p le , p r im a ry  alco ho ls  e x 
h ib it a  p ro m in e n t p eak  (fre q u e n tly  th e  b ase  p ea k )

a t  n i /e  =  31 a r is in g  from  th e  C I I / ) H 1 fra g m e n t. 
T h e  in te rp re ta tio n  of f ra g m e n ta tio n  p a tte rn s  is 
freq u e n tly  co m p lica ted  by th e  a p p ea ran ce  of p eaks 
due to  re a rra n g e m e n ts . T h e se  re a rra n g e m e n ts  u su 
a lly  involve cleavage accom pan ied  by th e  tr a n s fe r  
of h y d ro g en  a tom s.

A p p lica tio n  of es tab lish ed  ru les, an d  re fe ren ce  
to  f ra g m e n ta tio n  p a tte rn s  fo r com pound  classes, 
fo rm  th e  basis  fo r in te rp re ta tio n  of m ass  sp e c tra l 
d a ta .

E X A M P L E S
T h e  firs t se t of sp e c tra  ap p e a r as  F ig . 1. T h e  

firs t s tep  in th e  tra n s la tio n  of th e  sp e c tra  in to  a  
m o lec u la r s tru c tu re  is to  es ta b lish  an  em p irica l 
fo rm u la . T h e  p a re n t p eak  in th e  m ass  sp e c tru m  
is 206 ; th u s  th e  m o lecu la r w e ig h t is 206. W e  
lis t possib ilities  u n d er th a t  m o lec u la r w eig h t. 
C on s id e ra tio n  of th e  P 2 p eak  b rin g s  us up 
sh o rt. O bv io u sly , w e a re  no  lo n g e r d ea lin g  w ith  
com pounds c o n ta in in g  only  C, H , O , an d  N . T h e  
P +  2 peak  is to o  sm all fo r  a  c h lo rin e  o r a  
b ro m in e  a to m  an d  to o  la rg e  fo r a  su lfu r a tom . 
B u t it w ill acco m m o da te  tw o  su lfu r a to m s v ery  
nicely.

W e  s u b tra c t th e  m ass  o f tw o  su lfu r a to m s from  
206 an d  g e t 142, w h ich  is th e  w e ig h t of th e  re s t  
of th e  m olecule. W e  now  com pile th e  lis t of 
possib ilities  fro m  B ey n on ’s ta b le  u n d er 142, u s in g  
th e  P -J- 1 peak  (a n d , o f co u rse , th e  fa c t th a t  142 
is an  even n u m b e r)  to  n a rro w  th e  possib le em 
p irica l fo rm u la s . T h e  P -f- 1 peak  becom es 12.5 
m inus 2 X 0.78, w hich  g ives 10.9; th is  rem oves 
th e  co n trib u tio n  of th e  tw o  S '13 a tom s.

F o rm u la  P +  1 
C ,„H„() 10.94
C„.H,.2 11.16
C nH w  12.05

T h e  in fra re d  an d  th e  N M R  sp e c tra  convey  a  
s tro n g  im p ressio n  th a t  w e a re  d ea lin g  w ith  an  
a lip h a tic  com pound . T h e  u ltra v io le t sp e c tru m  is 
no t especially  in fo rm ativ e . T h e  in fra re d  g ives 
no ev idence fo r th e  p resen ce of an  o x y g e n  a t o m ; 
in fact, it is r a th e r  fe a tu re le ss  sav e  fo r  th e  s tro n g  
a lip h a tic  C — H  s tre tc h in g  ban ds a t  2915-2841 cm "1 
(3 .43 -3 .52  g ) ,  th e  C H - an d  C H a b en d ing  v ib ra tio n  
a t 1464 cm "1 (6.83 g ) ,  an d  th e  tw in  p eaks a t  1381 
an d  1364 e n r 1 (7.24 an d  7.33 g ) ,  w h ich  w e m ay  
o ften  asso c ia te  w ith  chain  b ran ch in g .

A lth o u g h  C uH io is a  possib le em p irica l fo rm u la , 
w e can  find no  su p p o rt fo r  u n sa tu ra te d  ch a ra c te r . 
W e  find no ev idence fo r th e  p resen ce of o x y gen , 
so w e w ri te  C it.H ~ S = as  o u r em p irica l fo rm u la .

T h e  b ase  peak, m ass 43, in th e  m ass  sp e c tru m  
allo w s us  to  w rite  C H ;,C H =C H = o r C H aC H C H s. 
W e  choose th e  la t te r  fo r sev era l reaso n s. A  base 
p eak  is m o re  likely  to  re su lt fro m  c leav ag e  a t  a 
b ran ch . T h e  la rg e  d ou b le t in  th e  N M R  spec trum
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42 4. 87 4.
43 100. 101 5.
44 4. 102 4.
45 6. 103 3.
47 5. 136 11.
57 3. 206 25.90
59 4. 207 3.24
69 7. 208 2.48

Isotope Abundances 
m/ e ^ of P
206 (P) 1 0 0 .
207 (P+l) 12.5
208 (P+2) 9.6

ULTRAVIOLET DATA
x EtOH 

max. log e max.
248 2.55
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is familiar as the methyl protons of an isopropyl 
group. \Ye also associated a pair of peaks in the 
infrared spectrum with chain branching.

W e note a slightly distorted triplet in the NM R 
spectrum centered on 5 2.65, r  7.35. This repre
sents two protons (possibly CHr) if we assign 
six protons to the large methyl doublet. A sulfur 
atom adjacent to the methylene group would ac
count for its downfield shift.

If we examine the multiplet in the NM R spec
trum centered at about 5 1.55, r  8.45, we can 
pick out a triplet whose component peaks have 
the same spacing as those of the triplet further 
downfield. However, the integration shows that 
the multiplet contains three protons. It cannot be 
a methyl group because that would have produced 
a quartet rather than a triplet a t the downfield 
position. It must then be another methylene and 
contain the CH group whose proton is responsible 
for producing the large doublet upfield. The ex
traneous peaks in and around the triplet at 5 1.55, 
t  8.45, must then belong to the CH proton. We 
now have enough information to write 

CH:;
\ CH—CH=—CH.—
/CHs

Since this is exactly one-half of the required 
weight of the alkyl portion, we may exercise a 
modicum of chemical sense and write the full 
structure 

CHn
\ CH—CHs—CH.—S—S—
/CH:,

CH3
/CH..—CH:—CH
\ CH:,

Diisoamyl disulfide
The fragmentation pattern, although complex, 

bears this structure out. The large peak at 71 
represents cleavage a to the sulfur with retention 
of the charge on the alkyl fragment. The peak 
at 136 results from the same cleavage, with shift 
of a hydrogen atom to the sulfur-containing frag
ment, which retains the charge.

W e have not rigorously proved that the two 
sulfur atoms are contiguous, although the u ltra
violet spectrum supports the disulfide structure. 
But it would be difficult to write another structure 
to fit the spectra. W e could carry out reductive 
cleavage and obtain conclusive spectral data on 
the resulting mercaptan.

Consideration of an additional set of spectra, 
Fig. 2. will serve to point up other aspects of the 
procedure. The parent ion peak (mass 131) of

this compound was very small. The P  +  1 and 
P  fi- 2 peaks were too small for accurate meas
urement of intensity, and we cannot arrive at an 
empirical formula.

The molecular weight calls for an odd number 
of nitrogen atom s; let us begin with a single 
nitrogen atom. In the absence of evidence for 
primary or secondary amines, nitriles, amides, 
nitro compounds, or heteroaromatic compounds, 
we shall assume we may be dealing with a 
tertiary amine. There is no evidence for unsatura
tion on aromaticity in any of the spectra.

The infrared spectrum shows a strong carbonyl 
band at 1748 cm“1 (5.72 /u.) and a typical broad 
strong C—O—C band at about 1235 cm“1 (8.10 /i). 
This combination is evidence for the presence of 
an acetate group. As supporting evidence there is 
a prominent mass 43 (CH r—C =  Q) in the mass 
spectrum, and a singlet at 5 1.95, r  8.05, in the 
XM R spectrum, which we may attribute to the 
CHr. of the acetate group.

The NM R spectrum shows two triplets of equal 
areas with the same spacings. W e are justified 
in writing —CHr—CHr— and in placing the more 
deshielded methylene group on the oxygen of the 
acetate g roup ; thus,

O
II—C H 2—C H ^ O —C—CH s.

W e have postulated the presence of a tertiary 
amine group. The molecular weight allows for 
C2H 0N. The singlet at S 2.20, r  7.80, in the NMR, 
with double the area of the acetate CH:, group, 
permits us to write 

CH,
\ N—
/CH3

W e can now write the complete structure
CHr. O

\ N—CH,— CH,— O—C—CH:
/CHr,
2-dimethylaminoethyl acetate

There are other possible lines of observation 
and reasoning we could have followed. The base 
peak, mass 58, is a characteristic amine fragmen
tation peak, which results from cleavage of the 
bond beta to the nitrogen atom. This, together 
with consideration of the other spectra, would 
have led us directly to the fragment

CHr,
\ N—CH-
/CHr
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Fig. 2. Data for 2-dimethylaminoethyl acetate.



4 5 2 ORGANIC ANALYSIS OF SMALL SAMPLES

ACKNOWLEDGMENT
The authors are indebted to the Perkin-Elm er 

Corporation and to Stanford Research Institute 
for financial support, to Varian Associates for the 
N M R spectra, and to their colleagues at SR I for 
the other spectra and for numerous helpful dis
cussions.

REFERENCES
Beynon, J. H. 1960. “Mass Spectrometry and Its 

Application to Organic Chemistry.” Elsevier 
Publishing Co., Amsterdam.

Silverstein, R. M., and G. C. Bassler. 1962.
Spectrometric identification of organic com
pounds. J. Chcm, Educ. 39, 546.

Silverstein, R. M., and G. C. Bassler. 1963.
“Spectrometric Identification of Organic Com
pounds.” John Wiley and Sons, Inc., New 
York.

BIBLIOGRAPHY
Infrared Spectrometry
Bellamy, L. J. 1958. “The Infra-red Spectra of 

Complex Organic Molecules,” 2nd ed. John 
Wiley and Sons, Inc., New York.

Cross, A. D. 1960. “Introduction to Practical 
Infra-red Spectroscopy,” Butterworths Scien
tific Publications, London.

Jones, R. N., and C. Sandorfy. 1956. “The Appli
cation of Infra-red and Raman Spectrometry 
to the Elucidation of Molecular Structure," 
in “Technique of Organic Chemistry,” edited 
by A. W eissberger, Volume 9, Interscience 
Publishers, New York. pp. 247-580.

Nuclear Magnetic Resonance Spectrometry 
Jackman, L. M. 1959. “Applications of Nuclear 

Magnetic Resonance Spectroscopy in Organic 
Chemistry,” Pergamon Press, New York. 

Richter, H. L., 1957. Nuclear magnetic resonance. 
/ .  Chcm. Educ. 34, 618.

Roberts, J. D., 1959. “Nuclear Magnetic Reso
nance Applications to Organic Chemistry." 
M cGraw-Hill Book Co., Inc., New York.

Roberts, J. D., 1961. Nuclear magnetic resonance 
spectroscopy. J . Chcm. Educ. 38, 581.

Ultraviolet Spectrometry
Gillam, A. E., and E. S. Stern. 1957. “An In tro

duction to Electronic Absorption Spectros
copy in Organic Chemistry.” Edward Arnold 
(Publishers), Ltd., London.

Duncan, A. B. F., and F. A. Matsen. 1956. Elec
tronic spectra in the visible and ultraviolet. 
In  “Technique of Organic Chemistry.” (A. 
W eissberger, ed.). Volume 9. pp. 581-706. 
Interscience Publishers, New York.

Jaffé, H. H., and Milton Orchin. 1962. “Theory 
and Applications of LTtraviolet Spectroscopy.” 
John Wiley and Sons, Inc., New York.

Mass Spectrometry
Beynon, J. H. 1960. “Mass Spectrometry and Its 

Applications to Organic Chemistry.” Elsevier 
Publishing Co., Amsterdam.

Biemann, K. 1962a. “Mass Spectrometry, Appli
cations to Organic Chemistry.” M cGraw-Hill 
Book Co., New York.

Biemann, K. 1962b. The application of mass spec
trom etry in organic chemistry : Determina
tion of the structure of natural products. 
Angeie. Chem., internat, edit., 1, 98.

Eitel, E. L., T. L. Prosser, and G. W. Young, 
1957. The use of mass spectrometry in o r
ganic analysis. J. Chcm. Educ. 34, 72.

McLafferty, F. W. 1962. “Mass Spectrometry,” 
in “Determination of Organic Structures by 
Physical Methods.” (F . C. Nachod and 
W . D. Phillips, eds.). Volume 2. Chapt. 2. 
Academic Press, New York.
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SUMMARY

D ata are  p resen ted  on the  iron  contents o f stem  an d  bud  end , w hole an d  
depro te in ized , ex tracts  o f 41 sam ples o f po ta toes rep resen tin g  various degrees 
o f d isco lo ra tion . T he stem  end generally  con ta ined  m ore iro n  th an  the  bud  
end. S tatistical analysis o f all sam ples trea ted  as one group  revealed  a h igh ly  
sign ifican t co rre la tio n  (1 %  level) betw een increasing  iro n  co n ten t an d  in 
creasing degree o f after-cooking  disco lo ra tion . O f the two types o f iron  stud ied , 
“ free  iro n ”  an d  “ p ro te in  iro n ,”  the  p ro te in  iro n  gave th e  h ig h e r degree of 
co rre la tion  w ith b lacken ing .

T he h igh ly  sign ifican t co rre la tion  betw een iro n  values an d  degree o f dis
co lora tion  was lost in  ab ou t h a lf  the  cases when subgroups of the  sam ples 
were fo rm ed  accord ing  to location  grow n, crop year, an d  variety.

T he da ta  revealed  th a t the  percen tage o f to ta l iron  associated w ith the 
p ro te in  is h ig h e r in  the  stem  end o f the  po ta to . Also, the  stem -end p ro te in  
contained  considerab ly  m ore  iro n  th a n  the  bud-end  p ro te in . T he d ifference 
in iron  co n ten t betw een stem -end p ro te in  and  bud-end p ro te in  showed a h igh ly  
s ign ifican t co rre la tion  (1 %  level) w ith tendency  to b lacken .

INTRODUCTION AND LITERATURE 
REVIEW

The after-cooking discoloration problem 
in potatoes, and its importance, have been 
reported (Yanovsky, 1955; H unter et al., 
1957; Heisler et al., 1962). I t  is now gen
erally accepted that the discoloration is due 
to the formation of a dark-colored complex 
of ferric iron and an orthodihydric phenol, 
probably chlorogenic acid, since this is the 
m ajor compound of this class in the potato 
(Juul, 1949; Kiermeier and Rickerl, 1955a). 
Many investigators have attempted to reduce 
or eliminate after-cooking blackening with 
metal-chelating agents (Hawkins et al., 1959; 
Hunsader and Hanning, 1958; Greig and 
Smith, 1955, 1960; Smith and Davis, 1962). 
The iron-chlorogenic acid theory of black
ening is supported by the success of some of 
those experiments. Published analytical data

* Presented at the 23rd annual meeting of the 
Institute of Food Technologists, Detroit, Michigan, 
May 26-29, 1963.

on iron content, however, are contradictory. 
Robison (1941), working with an acidic 
extract, found that iron content and after
cooking discoloration were correlated in 
tubers drawn from the same sample but not 
in tubers drawn from different samples. 
M uneta (1959) analyzed an aqueous ex
tract of cooked potato, and found correlation 
between iron content and blackening. Other 
workers (Tottingham , 1939; Juul, 1949) 
found little or no correlation between these 
two factors. These apparent contradictions 
are explained by the presence of modifying 
factors such as pH , citric acid, and phos
phoric acid. Hughes and Swain (1962b) 
studied the effect of citric, orthophosphoric. 
and malic acids, and of pH  on the color of 
various phenol-iron complexes and concluded 
that citric acid was the most important of 
these factors in reducing the intensity of 
color of the chlorogenic acid-iron complex. 
They also correlated blackening with the 
ratio of citric acid to chlorogenic acid: the

1 453 ]
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lower the citric acid content the more in
tense the blackening. This result is sup
ported by potassium data of Heisler ct a!.
(1962) in which a correlation was estab
lished between low potassium content and 
tendency to blacken, since it is reasonable 
to assume that potassium content would be 
directly proportional to citrate content.

Thus, it can be seen that the iron-chloro- 
genic acid theory is fairly well established, 
in an attempt to establish iron further as a 
prime factor in the blackening mechanism, 
we have determined the iron content of the 
stem and bud ends of a large number of 
samples representing a wide range of dis
coloration, and made a statistical study of 
the data. An important consideration in 
the following treatment of the data is the 
separation of the total iron into “free iron" 
and "protein iron."

METHODS
Potatoes. The 41 samples of potatoes used 

were sent to us as blackening samples from various 
parts of the country over a three-year period. 
Most were received from Wisconsin (19) and 
Michigan (15), with the remainder coming from 
Pennsylvania (3 ), Maine (3 ), and Long Island 
(1).

Experimental details for obtaining the sample 
and determining the degree of discoloration were 
as presented previously (H eisler c l ah , 1962). 
For convenience, a brief outline is given here.

Potato sampling. Longitudinal plugs were 
taken from the stem- and bud-end sections of 
thoroughly washed and scrubbed potatoes with 
a no. 15 cork borer. The plugs were cut to a 
length of approximately in. and then cut in 
half lengthwise. One half was used for the iron 
determination, and the other for measurement of 
degree of discoloration by a reflectance test. T ie  
half-cylinders used for the iron determination 
were adjusted in length so that 26 pieces totaled
100.00 g. Those used for the reflectance measure
ment were adjusted to total 65.00 g.

Determination of discoloration. Taken as the 
measure of discoloration was the reflectance ob
tained from a smooth surface (under glass) of 
cooked mashed potato. The reflectance attachment 
to the Beckman model B spectrophotometer (no 
endorsement implied) was used with MgCOa as 
standard. In this study, “degree of discoloration” 
was arbitrarily  taken as ( R b  -  R s ) / R s ,  where 
R b is the reflectance of mash from the bud end, 
and R s  represents that for the stem end. The 
more discoloration in the potato, the greater the

difference between R b and R s  and the lower the 
value of Rs- Thus, these factors reinforce each 
other to amplify the value for degree of discolor
ation, making the system more sensitive in differ
entiating samples.

Preparation of extracts. The 100.00-g sample 
of potato tissue (26 half plugs from stem or bud 
end) was ground for 2 min in 300 ml of iron- 
free water in a W aring blender (no endorsement 
implied). The slurry was filtered through W hat
man no. 12 paper, the filtrate collected, and the 
volume measured. Half of it was bottled and 
set aside. This is referred to herein as “whole 
extract.” The other half was immersed 5 min 
in a boiling-water bath to coagulate the protein, 
and then filtered, while hot, through W hatman 
no. 12 paper. Loss of vapor during heating and 
filtering was kept to a minimum by stoppering 
the flask with a ground-glass stopper and by 
covering the funnel with a watch glass. The 
filtrate, containing about 1% solids, was labeled 
“deproteinized extract.” The iron contents of 
both the whole and deproteinized extract were 
determined.

The resulting samples of whole and deproteinized 
extracts, though prepared by the same procedure, 
varied slightly in solids content because of differ
ences inherent in the various lots of potatoes. 
The exact solids content of each extract was 
determined by loss of weight after drying. Iron 
was determined as the quantity present in the 
whole or deproteinized extract, but it can be 
related, percentagewise, to the fresh potato weight 
or to the solids content of the juice.

Although it is recognized that the above pro
cedure is not an exhaustive extraction it was 
believed sufficient for the purpose of determining 
differences in the iron content of various samples 
and between the stem and bud ends of the same 
sample.

Iron determination. The method of Collins and 
Diehl (1959) for determining iron in urine was 
used. This method uses the very sensitive iron 
reagent, 4,7-diphenvl-l,10-phenanthroline (batho- 
phenanthroline), a wet digestion with perchloric 
acid, and an extraction of the colored complex 
with nitrobenzene. As little as 2 ml of the 1% 
solids extract can be used. The conditions for 
the wet digestion had to be changed somewhat 
from those outlined by Collins and Diehl to 
accommodate the potato sample.

Two to 6 ml of the whole or deproteinized 
extract, the amount depending on the concentra
tion of iron expected, was transferred to a 30-ml 
Kjeldahl flask. The volume was made up to 
6 ml with iron-free water, and 1.25 ml concen
trated H N O 3 and 0.50 ml of 70% perchloric acid 
were added. The mixture was digested at low'
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heat until the appearance of white (perchloric) 
fumes; then it was heated for 10 more min and 
cooled. The sides of the flask were washed with 
iron-free water, then heat was applied (to  boil
ing) to dissolve the precipitate and remove Ch. 
Contents of the flask were then transferred while 
still hot to a 125-ml separatory funnel, using 
about 8 ml of iron-free wash water. Two ml 
of 10% X F bO H -H C l (aqueous solution, iron- 
free) and 5 ml of bathophenanthroline (0.0013/ 
in 50% ethanol, iron-free) were added. A piece 
of congo-red indicator paper was placed in the 
funnel, and XH^OH (iron-free) was added drop- 
wise until the paper turned red. Five ml of 
buffer (-1.1/ XaAc-4.1/ H A c) and 4 ml nitroben
zene were pipetted into the funnel and shaken 
vigorously. The nitrobenzene layer (lower) was 
collected in a 10-ml volumetric flask. Extraction 
was continued with 2 more portions (2 ml each) 
of nitrobenzene, and volume was made to mark 
with absolute ethanol. The colored solution was 
transferred to a spectrophotometer tube and read 
at 538 m/tt. Iron content was obtained from a 
standard curve made using 2-6 ml of a standard 
ferrous iron solution (1.00 /¿g/ml).

RESULTS AND DISCUSSION
Forty-one samples, representing a wide 

range of after-cooking discoloration, were 
analyzed for iron content. The stem- and 
bud-end samples of whole and deproteinized 
extracts were studied. Table 1 lists the sam
ples in order of decreasing degree of dis
coloration, giving the iron content of the 
whole extract (total Fe) and the deprotein
ized extract (free F e), and, by difference, 
the protein Fe. The stem end generally con
tains more iron than the bud end. For ex
ample, the stem end is higher in 37 of the 
41 samples of whole extract, and in 36 of 
the samples when considering the protein 
iron. W ith the deproteinized extract, how
ever, there is no clear-cut differentiation of 
stem and hud ends in iron content. Since 
the blackening occurs only at the stem end, 
the above facts indicate that the protein iron 
is more likely involved in the after-cooking 
blackening than the free iron.

Another interesting aspect of the data is 
that the range of values is greater for the 
stem end than for the hud end, i.e., there is 
more variation in the stem-end iron content 
between samples. This fact is illustrated in 
Table 2.

Since only the stem end blackens, the bud

Table 2. Range of iron values (^g /m l).
Stem Bud

Total Fe 0.33-3.03 0.32-1.49
Free Fe 0.05-1.84 0.13-1.01
Protein Fe 0.24-1.83 0.13-0.87

end of each sample can he considered a con
trol and the iron value for the difference be
tween the two should be related to the ten
dency to blacken. For this reason this value 
is included in Table 1.

A statistical study was made of the iron 
data in Table 1 by the linear regression 
method, and an analysis of variance test de
termined that the relation of degree of dis
coloration to iron content was highly sig
nificant (1%  level ) in 7 of the 9 cases 
tested. Table 3 summarizes the results.

Table 3. Summary of statistical study.
“ F ”  values

Stem Bud
Stem minus 

bud

Total Fe 20.5** 7.4** 17.8**
Free Fe 13.9** 10.5** 3.9
Protein Fe 9.6** 0.04 12.7**
Fe assoc, with 

protein 1.4 1.7 < 1
Protein 3.0 1.6 2.0
Fe content 

of protein 2.6 2.3 77**
** Significant at 1% level.

Again, considering the fact that the stem end 
blackens and the hud end does not, correla
tion of tendency to blacken should be ob
tained with stem-end and stem-end minus 
bud-end iron values. This situation exists 
for the protein iron. I t is not surprising, 
however, that this ideal relation is not ob
tained in every case, since, as stated in the 
introduction, other factors are involved in 
the blackening mechanism.

The significant correlation between iron 
values and degree of discoloration was lost 
in some cases when subgroups of the sam
ples were formed according to location 
grown, crop year, and variety. Table 4 sum
marizes the results of this statistical analy
sis of the subgroups. This same situation 
was encountered when studying the potas
sium data (Heisler et al., 1962) and raised
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Table 4. Statistical analysis of subgroups.
Correlation of stem end total Fe 

values with discoloration

Subgroups Xot significant Significant

Crop year
1959 X
1960 X
1961 X

Location Grown
Wisconsin X
Michigan X

Variety
Antigo X “
Red LaSoda X*
Early Gem x -
Ontario X
Katahdin X
Kennebec X
Huron X '
Merrimac X “
a By observation ( not enough samples to war

rant a statistical analysis).

a question regarding the validity of the sig
nificance found between discoloration and 
iron content for the data considered as a 
whole. However, when the complexity of 
the blackening mechanism is considered, it 
is not surprising that significant correlation 
is not obtained in every case. Hughes and 
Swain (1962a) stated that the relative im
portance of any one factor probably varies 
even from potato to potato.

An interesting fact brought out by the 
data was the relatively large percentage of 
iron associated with the protein. Imme
diately the question a rose : Is the iron pre
cipitated as a part of the protein molecule 
or simply removed by occlusion along with 
the protein? Levitt and Todd (1952) re
ported that as much as one-third of the total 
iron was associated with the protein, and 
their data indicated that the iron was chem
ically bound to the protein. Dialysis experi
ments at our laboratory also point to a 
chemical combination of the iron and the 
protein. The percentage of total iron asso
ciated with the protein is listed in Table 1. 
It is readily seen that the percentage of iron 
associated with the protein is considerably 
higher in the stem end than in the bud end. 
This is true in 33 of the 41 samples. In an 
attempt to find correlation between degree 
of blackening and the percentage of iron

associated with the protein, a linear regres
sion was fitted to the data. An analysis of 
variance test, however, determined that this 
relationship was not significant (see Table
3).

Since such a large percentage of the iron 
is associated with the protein it was thought 
advisable to study the protein values. A 
rough estimation of the amount of protein 
present was obtained by taking the difference 
in the soluble solids content of the extract 
before and after precipitation of the protein. 
The protein values obtained in this manner 
are listed in Table 1. There was no sig
nificant difference in the protein contents of 
the stem and bud ends, and a statistical study 
of the data showed no significant correlation 
with blackening (see Table 3 ). Going a 
step farther, the percentage of iron based on 
protein was calculated (Table 1). These 
data demonstrate that the stem-end protein 
contains a considerably higher percentage of 
iron than the bud-end protein. This is true 
in 35 of the 41 samples. A statistical study 
of the data showed no significant correlation 
with tendency to blacken when considering 
the stem- or lnid-end values. 1 lowever. a 
highly significant correlation (1%  level ) 
was obtained with the stem-end minus hud- 
end difference values (see Table 3).
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SUMMARY
T he role o f enzym es as agents fo r the resto ra tion  o f fre sh  food flavor in 

processed foods is em bodied in the “ flavorese”  concept o f Hewitt p i a l. (1 9 5 6 ) . 
T he ex perim en ta l validity o f th is concept has been tested by ad d ing  a vegetable 
enzym e frac tion  to food p rep a red  from  the sam e o r phylogenetieally  related  
vegetable. T he flavor o f the  enzym e-treated  processed food ap p ro ach ed  tha t 
o f the fresh  vegetable bu t was not identical with it. In  genera l, add ition  of 
enzym e tended to over-em phasize certa in  notes o f the  n a tu ra l flavor. O dor 
changes were m ore readily detected  than  changes in taste. Both the qualita tive 
and  quan tita tiv e  aspects o f the flavor changes were affected by the processing 
o f the vegetables, by the m ethod  and source o f enzym e p rep a ra tio n , an d  by 
the conditions u n d e r which the  a lte ra tions  in flavor occurred . T hese results 
are  discussed in ligh t o f the enzym ology und erly ing  the flavor changes.

INTRODUCTION
A c c o r d in g  t o  H e w i t t  ct al. ( 1 9 5 6 ) ,  h e a t 

in g  s te p s  in  fo o d  p r o c e s s in g  c a u s e  lo s s  o f  
n a t u r a l  f la v o r  via  e v a p o r a t i o n  o f  v o la t i le  
f la v o r  c o m p o n e n ts .  T h e s e  s t e p s  a ls o  d e s t r o y  
th e  e n z y m e s  ( f l a v o r e s e )  o f  t h e  f o o d  s o u r c e ,  
w h ic h  n o r m a l ly  c o n v e r t  n o n - v o la t i l e  f la v o r  
p r e c u r s o r s  t o  v o la t i le  f la v o r  s u b s ta n c e s .  I t  is  
a s s u m e d  th a t  t h e  f la v o r  p r e c u r s o r s  s u r v iv e  
p r o c e s s in g .  T h e  f la v o r s  o f  a  w id e  v a r ie tv  
o f  h e a t - p r o c e s s e d  fo o d s  a r e  r e p o r t e d  to  h e  
im p r o v e d  a n d  r e s to r e d  to  th o s e  o f  t h e  r a w  
c o m m o d i t ie s  b y  a d d i t i o n  o f  a p p r o p r i a t e  e n 
z y m e  p r e p a r a t i o n s  i K o n ig s b a c h e r  ct al..
1 9 5 9 ) .  T h e  e n z y m e  s h o u ld  b e  p r e p a r e d  
f ro m  th e  s a m e  c o m m o d i ty  a s  th e  p r o c e s s e d  
fo o d  o r  a  r e la te d  c o m m o d ity .

W e u r m a n  ( 1 9 6 1 )  f o u n d  t h a t  th e  o d o r  
a n d  g a s - l ic p iid  c h r o m a to g r a p h ic  p a t t e r n  o f 
th e  v o la t i le s  o f  p r o c e s s e d  r a s p b e r r y  w e re  
a l t e r e d  b y  th e  a d d i t i o n  o f  a n  “ e n z y m e "  
p r e p a r a t i o n  f ro m  r a s p b e r r i e s .  O n e  o r  m o r e  
o f  t h e  c h a r a c t e r i s t i c  p e a k s  o f  t h e  a l t e r e d  
c h r o m a to g r a m  a ls o  a p p e a r e d  b y  a d d i t i o n  o f

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

Reference to a company or product does not 
imply recommendation to the exclusion of others.

e n z y m e s  f ro m  s o u r c e s  o th e r  th a n  r a s p b e r 
r ie s .  H o w e v e r ,  t h i s  t r e a t m e n t  w i th  f o r e ig n  
e n z y m e s  d id  n o t  r e s t o r e  fu ll  r a s p b e r r y  f la v o r ,  
l l u l t i n  a n d  I ’r o c t o r  ( 1 9 6 2 )  d e s c r ib e d  p r o 
d u c t io n  o f  f r e s h  b a n a n a  a r o m a  f r o m  h e a t -  
p r o c e s s e d  b a n a n a  p u r e e  t r e a t e d  w i th  a  p r o 
te in  p r e p a r a t i o n  f ro m  f r e s h  b a n a n a s .  T h e y  
r e p o r t  t h a t  t h e  r a t e  o f  f la v o r  p r o d u c t io n  
c o u ld  b e  in c r e a s e d  b y  a d d i t io n  o f  p y ru v ic -  
a c id ,  v a l in e  o r  o le ic  a c id , w h ic h  th e y  t e r m e d  
" b a n a n a  a r o m a  p r e c u r s o r s ."

I h e  p r e s e n t  p a p e r  r e p o r t s  e x p e r im e n t s  to  
te s t  s o m e  a s p e c t s  o f  th e  " f l a v o r e s e "  c o n c e p t  
a s  a p p l ie d  to  p r o c e s s e d  v e g e ta b le s .  T h e  
e x p e r im e n t s  w e r e  d e s ig n e d  to  a s c e r t a i n : 
w h e th e r  th e  a d d i t i o n  o f  e n z y m e  p r e p a r a 
t io n s  d o e s  in d e e d  a l t e r  f la v o r  ; to  w h a t  e x 
t e n t  t h e s e  d e v e lo p e d  f la v o r s  r e s e m b le  th o s e  
o f  th e  n a t u r a l  u n p r o c e s s e d  v e g e t a b l e s : th e  
e f f e c ts  o f  s o u r c e s  a n d  m e th o d s  o f  e n z y m e  
p r e p a r a t i o n s  u p o n  th e  f la v o r  a l t e r a t i o n s ; 
th e  e n z y m o lo g ic a l  b a s is  f o r  th e  d e v ia t io n  
o f t h e  a l t e r e d  f la v o r  f r o m  t h a t  o f  th e  f r e s h  
v e g e t a b l e s ; a n d  th e  e f f e c t  o n  f la v o r  o f  th e  
s u r v iv a l  o f  e n z y m e  b u t  n o t  o f  p r e c u r s o r .

M ATERIALS AND METHODS
Sources of precursors. The following processed 

vegetables, employed as sources of precursors 
(substrates), were obtained at local m arkets: 
cabbage, blanched, dehydrated: carrots, blanched, 
dehydrated; peas, pureed, canned (baby food);

I 460 1
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tomato juice, canned; pole string beans, canned; 
broccoli, blanched, frozen ; onions, canned. The 
following vegetables, used as sources of pre
cursors, were prepared in the laboratory: cab
bage, unblanched, dehydrated; horseradish, steam 
blanched and dehydrated at 150°F; horseradish, 
unblanched, dehydrated; horseradish, unblanched, 
treated with sulfur dioxide, and dehydrated. T o
mato substrate was prepared according to a pro
cedure similar to that of Hewitt cl al. (I960). 
Four hundred g of fresh tomatoes were heated 
10 min in an autoclave without pressure, cooled, 
and then blended with 10 ml of water. The result
ing slurry was filtered by suction on a Buchner 
funnel through 8 layers of cheesecloth. To the 
filtrate was added 100 mg of charcoal (N orite A) 
plus 2 g of Celite, and the slurry was refiltered 
to yield tomato substrate solution with very little 
odor and a slightly acid taste. Onion precursor 
was a homogenate of onions boiled by means of 
ultrahigh frequency radiation (Schwimmer and 
Weston, 1961). Sinigrin was a commercial sam
ple (Light and Company, London) recrystallized 
twice from 90% ethanol to yield sinigrin hydrate 
(mp =  124-126°C).

P reparation of enzymes. M ustard enzyme was 
prepared by a previously published method 
(Schwimmer, 1961). Briefly, defatted mustard 
powder was extracted with water, and the frac
tion of the resulting extract precipitating between 
30 and 70% acetone was dialyzed and lyophilized.

The onion enzyme and the enzyme from A lb is z ia  
lophanta  were the same as used in previous studies 
( Schwimmer c l al., 1960; Schwimmer and Kjaer, 
1950).

Cabbage mitochondrial fractions were prepared 
by blending 320 g of cabbage leaf with 125 ml 
of cold 0.5.1/ sucrose for 2 min in a chilled blender 
operated at 80 V. The homogenate was centri
fuged at 3000 X G for 5 min at 5°C. The 
supernatant was recentrifuged at 18,000 X G for 
20 min. The residue from the recentrifugation 
was resuspended in 100 ml of cold 0.5.1/ sucrose 
ar.d recentrifuged to yield 5-10 ml of washed 
mitochondria. The supernatant and washings were 
dialyzed against cold distilled water for 48 hr 
and then lyophilized.

The enzyme preparations from string beans, 
peas, broccoli, carrots, and tomatoes were prepared 
according to the procedures of Hew itt c t al. 
(I960). The procedure, except for peas, consisted 
of comminution of the fresh vegetable in a blender 
to yield extracts from which the protein fractions 
were precipitated with cold acetone. The precipi
tates, after washing with acetone and drying in 
va cuo , were used as sources of flavor-generating 
enzymes. Pea enzyme preparation was essentially 
the residue from successive treatm ents with cold

acetone and «-butanol. Yields of the enzyme 
preparations are summarized in Table 1.

Table 1. Enzyme preparations for flavor regeneration.
Sources of enzyme Yield per 100 g of source

Yellow mustard seed powder 2.0 g
Cabbage mitochondria 1.5-3.0 ml
Cabbage supernatant 0.23 g
Carrots b i gString beans 2.3 g
Peas 7 g
Broccoli 0.83 g
Tomatoes 0.24 g
Onion 0.20 g

Flavor regeneration. Small groups of 5-10 or 
more trained individuals with extensive-experience 
in organoleptic appraisal of processed vegetables 
served as judges of flavor alterations. For each 
test, each individual separately judged three 
samples in the following order. The first sample 
consisted of processed vegetable to which water 
was added. The second sample was processed 
vegetable to which was added a water suspension 
of enzyme preparation. The third sample was 
a water suspension of the enzyme preparation. The 
first two samples each containing processed vege
table did not differ in appearance. In most cases 
duplicate tests were conducted each at a different 
time. The judges were asked if they could detect 
differences in flavor (odor and/or taste), whether 
the differences were distinct, and to describe the 
distinct differences. At the levels of enzyme 
used, the “enzyme-only" controls did not con
tribute to the flavors.

In some instances, a fourth sample consisting of 
processed vegetable plus suspension of enzyme 
previously heated in a water bath for 10 min was 
evaluated. In no instance did the regenerated 
flavor of this fourth sample differ from that of 
the first sample, that is, the precursor material 
without enzyme. Hence, the flavor changes were 
not associated with heat-stable substances present 
in the enzyme preparations.

Table 2 summarizes the amounts of material 
used and the conditions of the experiments. The 
results are summarized in Table 3.

RESULTS AND DISCUSSION 
Cabbage. Several experiments were con

ducted in which dehydrated cabbage was 
incubated with enzymes from various 
sources. The greatest alteration in flavor 
was observed when blanched dehydrated
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Table 2. Conditions for flavor regeneration.
EnzymePrecursor ------------------------------------------------------------------------  Amount H2O Time Flavor5Source Process Amount Source (mg) (ml) Ratio3 (min) Temp. change

Cabbage Blanched & 
dehydrated 5 g Mustard 10 35 90 10-15 Ambient + + +

Cabbage Blanched & 
dehydrated 5 g

Cabbage
mitochondria 400 35 2-4 30 Ambient + +

Cabbage Blanched & 
dehydrated 3 g

Cabbage
supernatant 40 35 3 30 Ambient + +

Cabbage Blanched & 
dehydrated S g Onion 10 35 10 2-10 Ambient

(Sinigrin) 10 mg Unblanched 5000 25 60 Ambient +

H orse
radish

Blanched & 
dehydrated S g

dehydrated
cabbage

M ustard 10 30 85 30-120 95° F +
H orse

radish
Unblanched,
dehydrated s g M ustard 10 30 85 5-120 Ambient

H orse
radish

Dehydrated 
plus SO» 5 g Mustard 10 30 85 5-120 Ambient + + +

Broccoli Blanched
frozen 50 g Broccoli 25 0 33 60-120 Ambient

Peas Canned
pureed 50 g Peas 200 5 18 110 9S°F H—bd-

Beans Canned
sliced 75 g Beans 50 25 35 90 98° F + + +Carrots Blanched,
dehydrated 5 g Carrots 50 25 20 90 98° F + +T omatoes 

Tomatoes

Heated
fresh
Canned
juice 50 ml

T  omatoes 

Tomatoes 25 0 5 60-120 86° F + +T omatoes 

Onions

Canned
whole
Boiled 50 g

T omatoes 
Onions 10 0 10 30-60 Ambient

+ +
+

* R atio : equivalent amount of fresh vegetable used as precursor divided by equivalent 
weight of fresh vegetable corresponding to amount of enzyme used.

b ( +  ) represents a distinct alteration in flavor as judged by a m ajority of panel members. 
For more detailed description of changes see “Results.”

cabbage was rehydrated with a solution of 
mustard enzyme. All panel members agreed 
that the flavor of the enzyme-rehydrated 
product was closer to that of fresh cabbage 
than was the flavor of the water-rehydrated 
control. The flavor of the enzyme-treated 
cabbage was described a s : mustard, horse
radish, lachrymatory, or pungent.

The flavor of the enzyme-rehydrated 
product was undoubtedly dominated by 
Aothiocyanate derivatives produced as a 
result of the action of the myrosinase on 
sinigrin and other thiohydroximyl gluco- 
sides present in cabbage (K jaer, 1958; 
Gmelin and Virtanen, 1961; Mackay and

Hewitt, 1959). In this relatively simple 
system consisting of cabbage and mustard 
enzyme (m yrosinase), the nature of the 
flavor could conceivably be influenced by 
the conditions of rehydration. Gmelin and 
Virtanen (1961) found that thiocyanate ion 
and 3-indolylmethyl alcohol, as well as 
Aothiocyanate derivatives, occur in cabbage. 
In the presence of ascorbic acid, IT2S and 
organic nitriles may form as the result of 
the action of the myrosinase (Schwimmer, 
1960, 1961; Ettlinger et al., 1961).

Mitochondria and mitochondrial super
natant fractions of fresh cabbage as enzyme 
sources also produced an wothiocyanate-like
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Table 3. Summary of description of enzyme-induced flavor changes.
Precursor Enzyme .No. of judge:Sa

Source Process Source A B c - r lavor difference between enzyme- 
treated and control sample

Cabbage Blanched &  

dehydrated M ustard 20 20 20 Rb—mustard—horseradish}-—
Cabbage Blanched &  

dehydrated
Cabbage
mitochondria 6 6 6

lachrymatory 

Most like fresh cabbage
Cabbage Blanched & 

dehydrated
Cabbage
supernatant 10 10 10 R—mustard—horseradish

Cabbage Blanched &  

dehydrated Onion 8 8 8 Pungent—oniony
< Sinigrin)

Unblanched de
hydrated cabbage 7 7 7 R—mustard—horseradish

Horseradish Blanched & 
dehydrated Mustard 6 6 6 Slightly pungent

Horseradish Unblanched
dehydrated Mustard 5 5 5 R— extremely pungent'

Horseradish Dehvdrated
+ s o = Mustard 7 7 7 R— extremely pungent—

Broccoli Blanched
frozen Broccoli 5 3 1

lachrymatory

R—sweeter— more pungent
Peas Canned

pureed Peas 8 8 8 R— grassy—stronger
Beans Canned

sliced Beans 6 ? 4 R— grassy—peppery—oily
Carrots Blanched

dehydrated Carrots 8 8 6 R—sweeter—caramelized
Tomatoes Heated

fresh Tomatoes 7 6 3 Less like tomato—rancid
Tomatoes Canned

juice Tomatoes 5 5 5 R—viney—acetone-alcohol
Tomatoes Canned

whole Tomatoes 5 5 5 R—viney
Onions Boiled Onions 6 6 6 R—mild onions

“ A is the number of participants; B, the number who detected a difference; and C, the 
number who detected a distinct difference between enzyme-treated and control vegetable 
samples.

b R signifies “more like raw vegetable“ or “more natural."
'  Extremely pungent with or without added enzyme.

flavor, according to all members of the panel. 
However, the mitochondria-treated dehy
drated cabbage was judged to taste more 
like fresh cabbage than that treated with 
either mitochondrial supernatant or with 
mustard enzyme. W hen both mitochondria 
and mitochondrial supernatant were used to
gether, a new flavor (described as boiled 
chestnut, nutty, more like cooked cabbage, 
or cabbage heart ) was detected by all mem
bers of the panel. Since much of the flavor 
of cooked cabbage is due to dimethyl sulfide 
obtained by heating methyl methionine sul
fonium ion (M cRorie et al., 1954), it is

suggested that each of these cell fractions 
contained components of an enzyme system 
capable of decomposing this flavor precursor.

Addition of onion enzyme solution to 
blanched dehydrated cabbage also created 
a distinct flavor difference. A unique, 
slightly choking, lachrymatory sensation, 
reminiscent in odor of at least some aspect 
of freshly sliced onion, was noted. This 
effect completely disappeared after 20 min. 
This odor most probably arose from the 
action of onion enzyme on the ( +  ) — S- 
methyl-L-cysteine sulfoxide present in the 
cabbage (Synge and Wood, 1956).
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Unblanched dehydrated cabbage rehy
drated with mustard enzyme smelled and 
tasted the same as that which was rehy
drated with water. When sinigrin, the pre
cursor to alivi ¡.s'othiocyanate, was added 
to unblanched dehydrated cabbage, the 
typical wothiocyanate odor was readily de
tectable, and was not distinguishable from 
the odor obtained by adding mustard en
zyme to blanched, dehydrated cabbage. Ap
parently the naturally occurring thiohy- 
droximyl glucoside precursors (Kjaer, 
1958; Gmelin and Yirtanen, 1961) were 
acted upon by the enzyme during processing 
of the cabbage so that the flavor precursors 
and the resulting volatile flavor constituents, 
but not the enzyme, were lost during 
processing.

Horseradish. There was unanimity of 
opinion concerning the following results. 
On rehydration, blanched, dehydrated 
horseradish powder lacked completely the 
typical ivothiocyanate-like, lachrymatory 
character of freshly prepared horseradish. 
Its odor was characterized by the panel 
as “cooked turnips” or “crushed green 
leaves,” and the taste as “bitter and leafy.” 
Addition of mustard enzyme regenerated 
the typical horseradish flavor, but at a low- 
level of intensity as compared with fresh 
horseradish, even several hours after rehy
dration.

Unblanched, dehydrated horseradish de
veloped the typical odor and taste of the 
fresh vegetable within minutes of rehydra
tion. whether or not enzyme w-as added. 
How-ever, the rehydrated material w-as quite 
discolored, probably from the action of the 
endogenous polyphenol oxidase system.

Unblanched dehydrated horseradish pre
treated with S( )2 did not develop an iso- 
thiocyanate flavor in the first hour after 
rehydration. After two hours a slight pun
gency could he detected. Overnight the 
rehydrated product became distinctly pun
gent but not lachrymatory. This delay in 
development of flavor may be somewhat 
more complicated than a simple inhibition 
of the horseradish enzyme by S 0 2 since 
Nagashima and Uchiyama (1959) report 
no inhibition of the corresponding mustard 
enzyme (myrosinase) by 0.0L1/ NaHSO.i.

By contrast, addition of mustard enzyme

to this same rehydrated product resulted 
in an extremely pungent odor within a 
minute of addition of the enzyme. Thus, 
the advantage of having an undiscolored 
product achieved by the addition of S 0 2 
is nullified by the loss of strength of the 
product. The addition of enzyme over
comes this disadvantage to yield a rehy
drated horseradish that is high in quality 
from the standpoint of both color and 
flavor.

Broccoli. A majority of the panel mem
bers could detect taste and odor differences 
between broccoli before and after treatment 
with broccoli enzyme. Only 1 detected a 
distinct taste difference, and two a distinct 
odor difference. The difference was de
scribed as “more like raw broccoli,” 
“grassy.”

Peas. All of the members of the panel 
agreed that the enzyme-treated pureed can
ned peas tasted and smelled more like raw- 
peas than did the canned peas alone. After 
10 months’ storage at 10°F, the pea enzyme 
preparation did not, when added to canned 
peas, yield as desirable a flavor as when 
fresh enzyme preparation w-as added.

String beans. Nearly all of the panel 
members detected a distinct difference in 
odor and flavor between enzyme-treated and 
control beans. The former were described 
as “raw,” “grassy,” and “hay-like.”

When incubation of string bean enzyme 
with string beans was carried out in vacuo 
(in a Thunberg tube), the panel agreed 
that the resulting odor was distinctly w-eaker 
than that of a similar sample incubated in 
air. After introducing air into the evacu
ated Thunberg tube containing the enzyme- 
treated string beans, an odor equivalent in 
strength to that in the unevacuated tube 
developed within 1 hr.

Carrots. When carrots w-ere rehydrated 
in the presence of carrot enzyme, all mem
bers of the panel detected a difference in 
odor as compared with odor of carrots re
hydrated without enzyme. Most considered 
it a distinct difference. The odor was de
scribed as "more carrot-like,” “sweeter,” 
and “caramelized.” Most members of the 
panel detected a difference in taste, but 
less than half considered the difference to 
he distinct.



SCHWIMMER 4 6 5

Onions. When onion enzyme was added 
to autoclaved fresh onion, a distinct onion
like odor developed as judged by all mem
bers of the panel. However, a lachrymatory 
effect, typical of freshly comminuted onion, 
was not detected. The enzyme-induced 
change in odor of canned onions was remi
niscent of the odor of sauerkraut. Xo 
effect of the enzyme was observed with 
bottled cocktail onions as substrate, even 
after the highly acid product was neutral
ized. Onion-like odor was produced from 
autoclaved onion to which was added a 
small amount of a preparation of the 
L-cysteine C-.S'-lyase of Albizcia lophcinta 
(Schwimmer and Kjaer, 1960).

Tomatoes. Addition of tomato enzyme 
to canned whole tomatoes or tomato juice 
imparted a new odor and taste as judged 
by all panel members. This odor was de
scribed as "more like fresh tomato,” “viney,” 
“acetone-alcohol.” However, when tomato 
enzyme was added to laboratory-prepared 
tomato substrate, a distinct alteration of 
taste was detected by only a few members 
of the panel, who described it as “less 
tomato-like” or "more rancid.”

Table 3 summarizes the judgments re
lating to over-all flavor alteration of the 
processed vegetables.

The apparent improvement in quality of 
processed vegetables by the addition of a 
source of enzyme poses something of a 
paradox in view of the traditional concept 
that all enzymes must be destroyed to main
tain quality and prolong shelf life in the 
processed product (Joslyn, 1949; Jansen 
and Balls, 1951). It is suggested that the 
relatively short-term action of the enzymes 
required to regenerate flavor results in com
pounds that differ qualitatively from those 
that arise when the enzymes act on sub
strates in the commodity itself over ex
tended periods of storage. Thus, storage at 
0° might alter the kinetics of production of 
flavor substances (cf. Lineweaver, 1939; 
Schwimmer ct ai, 1955) to yield a variety 
of undesirable flavor-bearing products. Fur
ther differences in flavor might arise from 
the relatively volative nature of the desirable 
flavor components which would disappear 
during prolonged storage periods. This 
would result in preferential accumulation

of less volatile components contributing to 
off-flavor.

When a preparation of pea, bean, or 
tomato enzyme that had been stored for 
long periods (six months to one year) at 
10°F was added to the corresponding 
processed vegetable, the flavor produced 
was inferior and less desirable than that 
produced when the same enzyme prepara
tion was fresh. Apparently the enzyme sys
tems involved in desirable flavorable pro
duction are less stable than those which 
give rise to deleterious flavors. Huitín and 
Proctor (1962) observed enhanced flavor 
deterioration in banana purees after pro
longed incubation with banana enzyme and 
precursors although after short incubation 
periods, the same conditions produced a 
desirable fresh banana aroma. In peas, 
these differences could also be ascribed to 
a difference in enzyme preparation. Lee 
and Wagenknecht (1958) found that the 
addition to blanched peas of water-soluble, 
partially purified preparations of lipoxidase, 
peroxidase, catalase, or lipase from peas 
resulted in the production of off-flavors 
following prolonged storage at low temper
ature. The pea enzyme preparations used 
by Hewitt et a!. (I960) and by this author 
consisted of the water-insoluble fraction of 
peas.
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SUMMARY
Seventy-eight carcasses o f pigs, 4—4 2  m on ths o ld , provided loins o f varied 

in tram u scu la r fa t  con ten t. D eveloped ex p erim en ta l m ethods ind icated  th a t 
the  fixation  tim e and  the  s ta in ing  processes o f the  longissim us dorsi m uscle 
were d ep en d en t upon  its s tru c tu re  and  chem ical p ro pertie s. W ith  an  increase 
in m ax im um  m uscle fiber d iam eter, th e re  was a decrease in the  taste-panel 
tenderness scores on  th e  cooked longissim us dorsi m uscles. T here  were no 
s ign ifican t re la tions betw een ten derness m easu rem en ts  an d  to tal am o un t of 
connective tissue; how ever, the  coarseness o f the  collagenic connective tissue 
s trands  was inversely re la ted  to the  ten derness o f the longissim us dorsi m uscle.

INTRODUCTION
Brady (1937) found a low correlation 

between shear values and the diameter of 
muscle fibers in aged muscle. This was in 
agreement with Beard (1924), who con
cluded that the inherent properties of the 
endomysium contributed more to tender
ness than size of the fiber. The occurrence 
of fat in the muscle fibers of beef was 
reported by Bell (1909, 1910, 1911). Col
lagen and elastin, w hich-are the principal 
proteins of connective tissue, were contribu
tors to differences in tenderness between 
beef cuts as reported by Mitchell ct al. 
(1927, 1928). H iner ct al. (1955), Notting
ham (1956), and Doty and Pierce (1961) 
indicated the collagen content was not sig
nificantly related to tenderness.
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Texas.

d Present address: Department of Animal Sci
ence, University of Illinois, Urbana, Illinois.
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This experiment was conducted to study 
the possible relations between microscopic 
observations and ultimate consumer accepta
bility of the longissimus dorsi muscle of 
pork. The relations and interrelations of 
muscle fiber and bundle size, collagenic and 
elastic connective tissue coarseness, fat dis
tribution, chronological age of the animal, 
and organoleptic properties of the muscle 
are discussed. This work is an attempt to 
elucidate and extend histological knowledge 
of porcine musculature.

E X PER IM EN TA L METHODS
Longissimus dorsi muscle samples from 78 

carcasses varying in age and intramuscular fat 
content were studied histologically. Photographic 
standards representing five different loin marbling 
scores were used in categorizing the samples, 
with the V  score representing samples with abun
dant marbling. Five age groups were represented: 
4-4% months, 6-7 months, 9-11 months, and 
packer sows of 15-18 months and 36-42 months.

Samples of the longissimus dorsi muscle from 
the left loin opposite the 7th rib were removed 
24 hours after slaughter and transferred immedi
ately to each of three different fixatives, 10% 
formalin, 1.5% picric acid, and 1% osmic acid. 
The picric acid was considered superior to the 
formalin for fixation of muscle tissue for study 
of muscle fibers and collagen fibers because of 
a lower degree of distortion and shrinkage of the 
muscle tissue. The picric acid was a more rapid

[ 467 ]
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fixative. However, the reaction time was quite 
critical and varied with the structure of the 
muscle. Muscle pH was found to be a satisfactory 
guide for determining fixation time. All samples 
with a pH of over 5.80 were left in the picric 
acid fixative for 8 hr, while those samples with 
a pH range below 5.80 were removed from the 
fixative after 6 hr. Longer fixation times and 
longer reaction times in the collagenic connective 
tissue stain were required for the samples from 
the groups of 15-18 and 3 6 - 4 2  months.

Osmic acid was used as the fixative for the 
samples in the microscopic study of the quantity 
of intramuscular adipose tissue. After fixation, 
all samples were dehydrated and placed in paraffin 
blocks for slicing with the rotary microtome into 
sections six microns thick. The longitudinal and 
cross sections from the samples fixed in formalin 
and picric acid were stained by the procedure of 
M cFarlane (1944). These samples were used 
for the study of the connective tissue and muscle 
fiber diameter.

A calibrated diaphragm was used to measure 
the diameter ( in m icrons) of five of the largest 
muscle fibers in each of five randomly selected 
microscopic fields. The mean of these 25 values 
was recorded as the maximum muscle fiber diam
eter. Since fibers overlap each other, this proce
dure provided data that possibly represented the

maximum diameter of the fibers or the diameters 
of the largest fibers in the sample. The muscle 
bundle size was subjectively scored on the basis 
of 1 to 5 through the use of photomicrographic 
standards. The thickness of collagenic and elastic 
connective tissue strands and the total amount 
of adipose tissue were also subjectively scored on 
a 5-point scale, with 1 representing small fibers 
or small amounts of adipose tissue.

Right loins from the 78 carcasses were prepared 
for taste panel and subsequent objective evalua
tions of palatability characteristics, while the 
center section (9th through 13th rib) of the left 
loin was utilized for proximate analysis. Taste- 
panel scores of flavor, juiciness, and tenderness 
were based on a 6-point hedonic scale (1 being 
least tender) and were compared to the histological 
observations of the longissimus dorsi muscle. The 
W arner-Bratzler shear and denture tenderometer 
were utilized as reported by Carpenter (1961).

RESULTS
The means and standard deviations for m axi

mum muscle fiber diameter are presented in 
Table 1. The fibers ranged in diameter from 
30 to 86 n, and, although the measurement of 
muscle-fiber size was rather subjective in nature, 
the standard deviations were small. I t  should be 
re-emphasized that the largest muscle fiber cross

Table
longissimus

1. Means and standard deviations of maximum fiber diameter of 
dorsi muscle.

the porcine

Marbling score a No. of carcasses
Chronological age (months)

4- 4 y2 6-7 9-11 15-18 36-42
i 13 30.0" 44.7 62.0 69.0 72.3

( < o . i r (1.2) ( ... ) (0.8) (1.5)
i i 10 32.5 44.0 61.5 68.0 76.3

(0.5) ( . . . ) (2.5) (1.0) (1.3)
h i 17 33.9 47.5 63.3 72.0 81.5

(1.1) (1.5) (3.4) ( ... ) (1.1 )
IY 25 36.0 42.3 64.6 70.0 84.0

(2.5) (0.8) (3.1) ( . . . ) (0.6)
V 13 37.5 46.5 64.8 70.0 86.0

(1.1) (2.5) (2.3) (1.0) ( )

A ge (m on ths) No. of carcasses Means S td . (lev.
4— 11 _> 25 3 4 .9 ( 2 .7 )
6 - 7 12 4 4 .6 ( 2 .4 )
9 -1 1 15 6 3 .8 ( 3 .0 )

1 5 -1 8 9 6 9 .4 ( 1 . 4 )
3 6 - 4 2 17 7 9 .4 ( 5 . 0 )

" Xumber V marbling score represented samples containing abundant amounts of visible intramuscular fat.
b Maximum fiber diameter in microns. 
c Standard deviations of maximum fiber diameter.
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sections were selected for measurement; there
fore, it must be kept in mind that these data were 
reported as maximum fiber diameters. Analysis 
of variance of these data showed that the older 
animals produced larger maximum muscle-fiber 
diameters. There also tended to be an increase 
in fiber diameter with an increase in intramuscular 
fat content.

Simple correlations were computed to measure 
the relation of muscle fiber diameter with the 
other histological observations and some measure
ments of palatability (Table 2).

Table 3 shows the frequency of microscopic 
detection of elastic connective tissue fibers in the 
longissimus dorsi muscle samples. Elastic tissue 
was not detected in any of the carcasses in the 
4-4j/j-month or 6-7-month groups. Only 20.5% 
of the carcasses in the study yielded microscopic 
sections in which elastic connective tissue fibers 
could be differentiated. Table 4 gives the means 
for the collagenic tissue coarseness and the total

Table 2. Simple correlations of maximum muscle 
fiber diameter with other pork quality measure
ments.
Fiber diameter r

Thickness of connective tissue 79**
Bundle size .36**
Shear ( ra w )“ -.20
Shear (cooked) .23*
Denture tenderometer ( ra w )“ -.38**
Denture tenderometer ( cooked ) .45**
Tenderness (taste panel)b -.48**
% fat (moisture-free basis) .24
Age (days) .84**
Juiciness (taste panel) -.20
“ Higher shear and denture tenderometer values 

indicate less tender samples." Based on 6-point hedonic scale with 6 repre
senting most tender samples.

* P  <  0.05.
** P  <  0.01.n =  78 pork carcasses.

Table 3. Frequency of detection of elastic con
nective tissue in porcine loin muscle.

Age (months) No. of carcasses c/( of total
4- 4 'A (2 5 )“ 0” 0
6-  7 ( 12) 0 0
9-11 (15) 3 3.8

15-18 ( 9) 4 5.1
36-42 (17) 9 11.5

Total, over -all study (78) 16 20.5
“ Total carcasses studied in each age group. b Number of carcasses in which elastic connective 

tissue was found in the longissimus dorsi muscle 
tissue.

Table 4. Means of total amount and coarseness 
of collagenic connective tissue in pork muscle.

Age (months) Total amount Coarseness
4- 4)4 2.3 a 1.4“
6-  7 2.3 2.7
9-11 2.2 3.1

15-18 2.1 3.3
36-42 2.2 4.0

“ Subjective scores, ranging 1 to 5, with 1 repre
senting small amounts or thin connective tissue strands.

amount of collagenic connective tissue. The older 
carcasses contained significantly (<0.05) thicker 
or coarser collagenic connective tissue strands. 
Statistically, there was no difference in the total 
amount of collagenic connective tissue among the 
five age groups, which agrees with the chemical 
analysis of connective tissue as reported by Kauff
man c t at. (1963) in another phase of this research.

Examination of similar data consisting of mean 
values of coarseness of collagenic connective tis
sue for the various marbling scores indicated that, 
with an increase in intramuscular fat, there was 
a  significant decrease in the coarseness of the 
connective tissue. This was possibly due to sepa
ration of collagen fibers by the formation of fat 
cells, thus forming a looser network.

Table 5 presents simple correlation coefficients 
between certain pork quality characteristics and 
connective tissue scores, muscle bundle size and 
adipose tissue scores. Coarseness of the collagenic 
connective tissue and the chronological age of 
the animal were highly correlated. Significant 
negative correlations were also obtained between 
coarseness of collagenic connective tissue and the 
tenderness and flavor of the loin samples. No 
significant relations were observed between total 
amount of collagenic connective tissue and the 
palatability factors. Muscle bundle size, because 
of its relation with the amount of fat, was posi
tively correlated with juiciness. W ith an increase 
in the subjective score for the amount of fat, 
there was a significant increase in juiciness, 
flavor, and tenderness.

Muscle bundle size increased with an increase 
in amount of microscopic fat and marbling score. 
Intrafiber fat was also observed by use of the 
osmic acid fixative. This intrafiber fat was not 
considered to be true adipose tissue, since cell 
walls could not be detected. The microscopic 
evaluation of the adipose tissue showed that with 
an increase in fatness, fat appears to infiltrate the 
connective tissue, thus establishing a partial ex
planation for the increase in tenderness associated 
with an increase in the marbling score (Carpenter, 
1961 ).
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Table 5. Simple correlations of histological observations with certain pork quality 
characteristics.

Collagenic connective tissue Musclebundlesize
Amount

offatCoarseness Total amount
O') O') O') O')

Total amount of
collagenic tissue - . 1 2

Muscle bundle size .25* .02

Amount of fat .03 .15 .67**

Shear ( ra w )“ — .24* .06 .09 .12

Shear (cooked) .22 .01 - .2 3 * _44**

Denture tenderometer
( ra w )“ — .45** .04 - . 1 6 - . 1 6

Denture tenderometer
( cooked) - .3 0 * * - .1 5 - . 1 7 - .3 7 * *

Flavor (panel)1’ - .3 1 * * .12 .14 .38**

T enderness ( panel ) 11 J oo -X- •X- .05 .19 .42**

Juiciness ( panel ) b - . 0 4 .17 .39** .48**

% fat (M FB ) .15 .09 .56** .65**

Age (days) .66** - . 0 5 .26* - . 0 8

* Higher shear and denture tenderometer values indicate less tender samples.
" Based on 6-point hedonic scale with 6 representing most desirable tenderness, flavor 

and juiciness characteristics.
* P  <  0.05.

* * P < 0 .0 1 .

DISCUSSION
Xo significant relations were found be

tween tenderness measurements and the 
total amount of connective tissue, especially 
when the variation of intramuscular fat was 
held constant in the regression analyses. 
The coarseness of the collagenic connective 
tissue strands was related to tenderness. 
However, the relation was quite low when 
the age and percentage of fat were held 
constant. These results are in partial agree
ment with those of Mitchell et al. (1928), 
hut in disagreement with their conclusion 
that elastic connective tissue content was 
not associated with age of the animal. The 
observations as to the total amount of col
lagenic connective tissue are in agreement 
with those of Batterman et al. (1952), 
Herschberger et al. (1951), Bourne (1956), 
and Wilson et al. (1954), but in disagree
ment with those of Miller and Kastelic
(1956), Nottingham (1956), and Bate- 
Smith (1942).

Adipose tissue cells were found within 
connective tissue strands, between muscle 
bundles, and within muscle bundles. Also, 
fat droplets were observed within muscle 
fibers, regardless of the loin marbling score.

This was in agreement with the observa
tions of Bell (1909, 1910, 1911), but did 
not substantiate the work of Robertson and 
Baker (1933). It seems reasonable to as
sume that marbling, which has infiltrated 
the connective tissue, may aid in the ultimate 
alteration of the collagen during cookery. 
In addition, those fats present in the muscle 
fibers may serve to “lubricate” the fibers 
and fibrils and, in so doing, enhance the 
juiciness and tenderness of the cooked 
product.

The diameter of the muscle fibers in
creased with age and was positively associ
ated with the thickness of the connective 
tissue and bundle size. The relation between 
percent fat and fiber diameter was positive 
but not statistically significant. These data 
are in agreement with those of Hammond 
(1932), Robertson and Baker (1933), 
H iner et al. (1953), and Tunta et al.
(1962) from work with ovine and bovine 
muscles. The correlation coefficient between 
fiber diameter and the raw shear and den
ture tenderometer values (Table 2) may 
be explained by the fact that the j j-inch 
cores, taken from the muscles of those 
carcasses that had smaller muscle fibers,
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contained more fibers in the core. There
fore, more of the sarcolemma and endomy- 
sial connective tissue was present, resulting 
in a less tender product. Opposite results 
with the cooked samples may he explained 
either by the selective alteration and sub
sequent tendering of the connective tissue 
in the cooked samples or by a major de
crease in tenderness due to dénaturation of 
the fibrillar proteins.

Multiple correlation analyses indicated 
44% of the variation in taste-panel tender
ness score was accounted for by the com
bination of the histological observations 
(maximum fiber diameter, amount of fat, 
and thickness of connective tissue). There
fore, it is obvious that other characteristics 
of pork muscle, some of which must be 
chemical in nature, also contribute to the 
degree of pork tenderness.
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SUMMARY
P ho sphory lase activities were studied in rela tion  to p re-slaugh ter trea tm en t, 

post-m ortem  glycolysis, and  u ltim a te  characteristics of po rcin e longissim us 
dorsi. T o ta l phosphory lase  activity was no t affected by p re-slaugh ter tre a t
m en t an d  did no t ap p ea r to be associated w ith post-m ortem  m uscle glycolytic 
ra te  o r u ltim a te  m uscle characteristics. T he H am psh ire  m uscles w hich had 
h igh  m uscle glycogen levels im m ediately  post-m ortem  also possessed especially 
h igh  levels o f to ta l ph o sp h o ry lase ; however, when all breeds were considered, 
the w ith in b reed  co rre la tions fo r  these two facto rs were no t significan t 
(p  0 .0 5 ) . Insuffic ien t know ledge exists on the rela tio n  o f the tim e course o f 
pho sphory lase ac tivation  and glycolytic ra te  in post-m ortem  m uscle. Never
theless, ex tracts o f po rc ine  m uscle a t 10 m in  post-m ortem  generally  showed 
the pho sp hory lase  to be in the b  fo rm .

Short-term  excitem ent and exercise im m ediately  p rio r  to slaugh ter caused 
a rap id  post-m ortem  glycolysis, ind icated  by a rap id  pH  decline an d  decrease 
o f co lor in tensity  in  the m uscle. This rap id  glycolysis resu lted  in m uscle with 
in fe rio r  w ater-b ind ing  p rop ertie s  and  low color an d  tex tu re  scores. Long- an d  
short-term  sucrose feed ing  elevated the glycogen level o f the m uscle a t s laugh
ter, w hich u ltim ate ly  resu lted  in m uscle th a t was slightly soft and pale. F asting  
70 h r  p rio r  to s lau g h te r low ered the  in itia l glycogen co n ten t o f the  m uscle 
and also slowed pH  decline and  color change d u rin g  post-m ortem  glycolysis. 
C orre lation  betw een pH  values and  the u ltim a te  co lor and w ater-b inding p ro p 
erties o f the  m uscle were significan t soon a fte r  death , declin ing  th e reafte r.

INTRODUCTION
Unless the glycogen content is essentially 

depleted at slaughter the rate of glycogen 
breakdown post-mortem has a greater influ
ence on the properties of muscle than the 
total amount of glycogen present at the time 
of death ( Brisker and Wismer-Pedersen,
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1961). Sayre ct al. (1963a) reported data 
on porcine muscle glycogen structure to 
support the hypothesis of Lawrie ct al. 
(1659) that a decreased rate of anaerobic 
glycolysis, may be due, in part, to an altera
tion in the molecular structure of the muscle 
glycogen. Those workers ( Sayre ct al., 
1963a) also demonstrated that sucrose feed
ing tended to lengthen the external chains 
of the muscle glycogen stores. Briskey and 
Lawrie (1961) also reported that glycogen 
samples isolated from different muscles at 
pre-rigor and post-rigor periods were broken 
down at unequal rates by phosphorylase. 
Conversely, in a study of six muscles, 
Wismer-Pedersen (1959) implied that rate 
of glycolysis was very highly related to total 
phosphorylase activity. It has been shown 
that muscle glycogen stores can be influ
enced by ante-mortem sucrose feeding

[ 472 ]



SAYRE, BRISKEY, AND HOEKSTRA 4 7 3

(Briskey et al., 1960), fasting (Sayre et al.,
1961), exhaustive exercise (Briskey et al.,
1959), and excitement ( W ismer-Pedersen,
1959).

An investigation was made of: a) the re
lation of phosphorylase activity to rate 
of anaerobic glycolysis ; and b) the influence 
of long- and short-term  sucrose feeding, 
fasting, and excitement on muscle glycogen 
stores, phosphorylase activity, rate of an
aerobic glycolysis, and certain associated 
physical properties of chilled (24 h r) por
cine muscle.

E X PER IM EN TA L
Three pigs from each of the Hampshire, Chester 

W hite, and Poland China breeds were randomly 
assigned to each of four treatments, making nine 
replicates per treatment. Lot I was fed a 14% 
protein, 50% sucrose ration (Briskey e t al., 1960) 
for two weeks and was not fasted prior to slaugh
ter. Lots II, III , and IV  were fed a 14% protein 
basal ration with corn as the principal source of 
carbohydrate. Lot I I  was fasted 56 hr and sub
sequently fed a 50% sucrose ration for 12 hr 
prior to slaughter. Lot I I I  was fed the same as 
Lot II  but was subjected to 15 min of excitement 
and exercise immediately prior to slaughter. The 
excitement and exercise consisted of placing the 
animal on an animal exerciser (Finner c t al., 
1958) and subjecting it to electric shocks and 
canvas “slappers.” These conditions were em
ployed in an attempt to simulate conditions often 
encountered as animals are driven to slaughter. 
Lot IV  was fasted 70 hr prior to slaughter. As 
the animals were exsanguinated, samples were 
taken from the longissimus dorsi and processed 
or frozen in dry ice within 10 min of death. 
Additional samples of the longissimus dorsi were 
removed from the carcasses at various intervals 
during the post-mortem chilling period.

A t slaughter the activities of phosphorylase a 
and total phosphorylase were determined on an 
extract of the longissimus dorsi by the method 
of Illingworth and Cori (1953) as modified by 
Krebs and Fischer (1955). pH values were ob
tained 0, 1, 3, 6, and 24 hr post-mortem by 
placing a glass electrode and calomel reference 
electrode directly on the freshly cut cross-sectional 
surface of the muscle fibers. Objective color 
measurements were made at 0, 3, and 24 hr with 
a Bausch and Lomb “Spectronic 20” spectropho
tometer with reflectance attachment. The color 
reflectance values (485 npi) are reported as per
cent reflectance based on a magnesium carbonate 
block as a standard for 100% reflectance.

Chilled longissimus dorsi and gluteus medius 
were given color scores according to the subjective 
rating of very light to dark on a four-point scale 
as described by Sayre c t al. (1961). The chilled 
longissimus dorsi was also scored subjectively for 
texture on a four-point scale (1, very soft; 2, 
slightly soft; 3, norm al; 4, firm and dry).

W ater-binding capacity of the longissimus dorsi 
(24 h r) , measured by the filter-paper absorption 
technique of Grau and Hamm (1953) as modified 
by Briskey et al. (1959), is expressed as the ratio 
of total area to meat area. Thus, a larger ratio 
indicates an increase in the “watery” condition 
of the muscle or a decrease in its water-binding 
capacity. The buffer capacity (pH  5.2-4.S) of 
10 g of muscle contained in a 10% homogenate 
was determined at 3 and 24 hr by titration with 
standard acid. Buffer capacity values are expressed 
as 10~5 equivalents per pH unit per g of fresh 
tissue.

Samples obtained at 0, 1, and 24 hr were sealed 
in evacuated plastic bags and frozen in a dry 
ice-acetone bath for later determination of glycogen 
by the method of Dubois et al. (1956). Ground 
and mixed muscle samples were analyzed for total 
moisture by measuring the weight loss after dry
ing for 24 hr at 100°C. E ther extract was deter
mined as the weight loss resulting from 24 hr of 
continuous Soxhlet extraction with diethyl ether. 
Fat-free, dry tissue was determined by difference.

RESULTS
The experimental treatments had no effect on 

total phosphorylase activities of muscle extracts 
(Fig. 1) and total phosphorylase activity was 
not significantly associated with fresh muscle 
glycogen level within breeds, or with rate of pH 
decline, or other ultimate physical properties irre
spective of breed. In general, the phosphorylase 
activity of the muscle extracts was in the inactive 
form at 10 min post-mortem. Further studies,

UNITS
Fig. 1. Influence of treatm ent on total phos

phorylase activity in the longissimus dorsi.Explanation of Fig. 1. U nits/m l of extract: 
One enzyme unit liberates 1.0 ,umole of phosphate 
per 0.2 ml of reaction m ixture in 10 min under 
the specified conditions of Illingworth and Cori
(1953). 1------1 represents standard error of the
mean.
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however, are being conducted to determine tire 
state of phosphorylase in porcine muscle at the 
time of exsanguination. The glycogen concentra
tions in the longissimus dorsi are illustrated in 
Fig. 2. Pigs fed sucrose (Lots I and I I)  had

% OF DRY FAT FREE TISSUE
Fig. 2. Influence of treatm ent on glycogen 

level and rate of glycolysis in the longissimus 
dorsi.|------1 represents standard error of the mean.

higher 0 hr glycogen levels than fasted pigs (Lot 
IV ). Sucrose feeding for 12 hr prior to slaughter 
resulted in muscle glycogen levels nearly equaling 
those found when sucrose was fed for two weeks. 
Lots II and I II  were treated identically except 
that Lot III  was given excitement and exercise 
immediately prior to slaughter. Although non
significant at the 5 %  level of probability, the 
glycogen content of the longissimus dorsi tended 
to be lower in Lot I II  at the time of slaughter. 
The muscles from the pigs in Lot I II  also evi
denced a faster and more extensive glycolysis.

Excitement and exercise caused the 0 hr pH 
to be significantly(p 0.05) lower in Lot III  than 
in Lots I and IV, and also resulted in a pH 
value significantly (p 0.05) lower than in Lot IV  
at 1 hr (Fig. 3). Lot IV  retained the highest

Fig. 3. Influence of treatm ent on rate of post
mortem pH decline in the longissimus dorsi.

|------1 represents standard error of the mean

pH at 24 hr, and Lot I the lowest, reflecting the 
respective quantities of glycogen broken down. 

Light reflectance from the muscle surface

Fig. 4. Influence of treatm ent on the rate of 
post-mortem color change in the longissimus dorsi. 

|------1 represents standard error of the mean.

I Fig. 4) was uniform at 0 hr regardless of 
treatment, illustrating the general uniformity of 
muscle appearance at slaughter. A t 3 hr, however, 
the longissimus dorsi muscle was significantly 
(p 0.05) lighter in Lot III  (excited and exercised) 
than in the other three lots, which were still 
similar. After 24 hr, Lots I and II were inter
mediate between Lots I I I  and IV, neither of which 
had changed appreciably after 3 hr.

Although some of the differences between means 
presented in Table 1 were not statistically sig
nificant (p 0.05), the water-binding capacity- 
tended to be lowest in Lot I I I  as evidenced by 
the higher ratio of total area to muscle film area 
but was similar in the other three lots. Fasting 
was effective in maintaining desirable texture 
and color in the longissimus dorsi and gluteus 
medius, whereas excitement and exercise caused 
a pale, soft muscle condition. The pigs from the 
two sugar-fed lots possessed muscles that were 
slightly pale and soft in final appearance. Buffer 
capacity was similar in all lots and exhibited no 
consistent change between 3 and 24 hr post
mortem.

Simple correlations, including all breeds and 
treatments, are shown in Table 2. Initial glycogen 
level in the muscle apparently was not associated 
with the initial rate of post-mortem glycogen 
breakdown but was significantly (p 0.01) corre
lated with the pH of the muscle at 3 and 24 hr. 
The subjective color score and the expressible- 
water ratio were closely associated with early pH 
values but exhibited a decreasing relation with 
later pH values, thus indicating the importance 
of rate of post-mortem glycolysis in establishing 
these characteristics.

DISCUSSION
A study of muscle phosphorylase was 

undertaken to determine if there was any 
association between this enzyme and the 
rate of post-mortem glycolysis. Phosphory- 
lase, which catalyzes the first reaction in
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Table 1. Effects of treatm ent on some post-mortem characteristics of the longissimus dorsi.
Treatment*

Characteristics
Lot I50%sucrose

Lot 11 Fasted and fed50%sucrose
Lot III As II but excited and exercised Lot IV Fasted

Expressible- 
water ratio '' X 2.8 2.8 3.2 2.7

*x 0.1 0.2 0.1 0.2
T exture score' 
(longissimus dorsi) X 2.4 2.3 1.8 2.7

■ x 0.2 0.2 0.3 0.2
Color score d X 2.4 2.6 2.1 2.9*
(longissimus dorsi)

sxr 0.3 0.3 0.2 0.1
Color score d X 1.8 2.1 1.7 3.1*
(gluteus medius)

■ x 0.3 0.3 0.2 0.3
Buffer e capacity X 4.50 4.75 4.50 3.25

3 hr r sx 0.25 0.50 0.75 0.25
Buffer l' capacity X 4.50 5.00 4.25 4.75

24 h r ' 9x" 0.25 0.25 0.25 0.25
“ Nine pigs/treatm ent. 
b Ratio of total area/m uscle film.
c Expressed on a four-point scale (1, very soft; 4, firm and dry).
11 Expressed on a four-point scale (1, very light; 4, dark).
'  Expressed as 10-5 equivalents/pH /g of fresh tissue.1 Time post-mortem.
* Significantly different (p <  .05) from the underlined observations.

Table 2. C orrelations" between certain physical and chemical characteristics of the 
longissimus dorsi.

Physical or pH Expressi-chemical -----------------------------------------------------------------------------------------  ble-watercharacteristic 1) h r1' 1 hr 3 hr 24 hr ratio
pH 1 hr 
pH 3 hr 
pH 24 hr 
Expressihle- 

water ratio 1

0.69**
0.29
0.14

— .44**

0.40*
0.29

— .57**

0.43** 

— .36* —  , i i
Longissimus dorsi 

color scored 0.57** 0.65** 0.38* 0.16 —.64**
Glycogen," 

0 hr 0.25 0.26 __ 42** — .43** —.16
a Simple correlations over all treatments. b Time post-mortem.
'  Ratio of total area/m uscle film area.
d Expressed on a four-point scale (1, very light; 4, dark). 
6 Expressed as percent of dry, fat-free tissue.
* p <  .05, r .32.

** p <  .01, r .41.

degradation of glycogen to lactic acid, was 
of interest because the conversion of inactive 
phosphorylase b to active phosphorylase a 
is stimulated by epinephrine (Sutherland,
1951). Epinephrine secretion, resulting 
from excitement (H edrick ct al.. 1957) or 
subcutaneous epinephrine injection (Sodal

and Sarcione, 1959) has been shown to 
reduce muscle glycogen levels markedly.

The lack of phosphorylase a activity ob
served in muscle extracts is in agreement 
with the finding of Krebs and Fischer 
(1955) that extracts of resting muscle con
tain primarily phosphorylase b. The muscle



4 7 6 PORK MUSCLE PHOSPHORYI.ASE A M ) POST-MORTEM GLYCOLYSIS

of animals receiving excitement and exer
cise treatment was presumably not resting 
muscle. However, no effect of treatm ent on 
occurrence of phosphorvlase a was observed 
in muscle extracts 10 min post-mortem. 
Nevertheless, the animals receiving excite
ment and exercise possessed muscles with 
lower glycogen and pH  at the time of death. 
These two criteria of muscle status would 
imply, if phosphorylase a were a rate limit
ing factor, that phosphorylase might be acti
vated as a result of stress which would 
account for faster ante-mortem glycogen 
breakdown and lower initial post-mortem 
glycogen and pH. It seems pertinent, how
ever, that these procedures, which were 
thoroughly substantiated by detecting ex
pected amounts of phosphorylase a and b 
(Krebs and Fischer, 1955) in rabbit muscle 
revealed very little phosphorylase a in por
cine muscle extracts 10 min post-mortem. 
It is entirely possible that pigs vary in sensi
tivity to the phosphorylase b— a conversion 
as was found in mice strains by Lyon and 
Porter (1963). Nevertheless, further work 
is being conducted to determine the phos
phorylase state in living porcine muscle as 
well as at various post-mortem periods.

Cori (1945) pointed out that the A M P 
(adenosine 5'-monophosphate) concentra
tion in the muscles of live animals is insuffi
cient to allow appreciable conversion of 
glycogen to glucose-1-phosphate by catalysis 
of phosphorylase b. However, Stetten and 
Stetten (1958) postulated that conditions 
of severe muscle work or anaerobiosis may 
elevate A M P  concentrations sufficiently to 
render phosphorylase b an active enzyme. 
Therefore, it is conceivable that phosphory
lase b could function in glycogen breakdown 
under post-mortem anaerobic conditions. 
Sayre ct al. (1963b) have shown that the 
muscle of a strain of Hampshire pigs con
tained approximately twice as much total 
phosphorylase and two to three times as 
much glycogen as the muscle of a strain of 
Poland China pigs. Regardless of the 
higher total phosphorylase activity and 
glycogen level of the Hampshire pigs, the 
Poland China muscle showed an especially 
faster rate of glycolysis immediately post
mortem. This is in disagreement with the 
report of W ismer-Pedersen (1959) who

showed total phosphorylase activity to be 
faster in pigs which had a low pH 45 min 
post-mortem. I t should be pointed out, 
however, that W ismer-Pedersen (1959) 
used glycogen disappearance in a muscle 
homogenate as a measure of phosphorylase 
activity. In  the present study total phos
phorylase activity was not implicated as a 
regulator of post-mortem glycolytic rate. 
Likewise, total activity was not altered by 
the nutritional variables studied or by short
term  excitement and exercise. However, it 
is important to point out that our present 
knowledge of the time course of phos
phorylase activation and that of glycolysis 
under different conditions is insufficient 
( Quillary and Mommaerts. 1962).

The results from long- and short-term 
sugar feeding were similar. The water
binding capacity, color, and texture of 
muscle at 24 hr were somewhat inferior for 
pigs receiving sugar than for pigs fasted 
70 hr prior to slaughter. This agrees with 
results of Briskey ct al. (1959).

Short-term excitement and exercise re
sulted in muscle with inferior water-binding, 
color and texture properties. Animals re
ceiving this treatm ent were hot and respir
ing rapidly at slaughter. The brief strenu
ous exercise may have caused some glycogen 
breakdown and lactic acid accumulation in 
the muscle prior to slaughter. Ludvigsen
(1957) postulated that the vasconstrictor 
effect of epinephrine prevents lactic acid 
produced in the muscle under stress condi
tions from entering the general circulation. 
The results of this experiment could be 
interpreted to correspond with this theory 
since the initial muscle pH value of the 
excited and exercised lot was considerably 
lower than observed in the other three lots. 
The pH  of the excited and exercised lot 
remained lowest through the early stages of 
glycolysis, resulting in rapid color change 
and development of pale, soft, watery muscle. 
However, the rate of pH decline through 
the first 6 hr post-mortem as indicated by 
the slope of the curve ( Fig. 3) was not 
greatly different from that for the other 
lots.

Since the initial pH  values were not 
measured until approximately 10 min post
mortem, another interpretation of the re
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suits could he that a very rapid rate of 
glycolysis occurred for a short period im
mediately after death, resulting in the low 
pH  at 10 min. This interpretation corre
sponds more closely with the conclusions of 
W ismer-Pedersen (1959) that fright and 
shock prior to slaughter are more detri
mental to post-mortem muscle characteris
tics than mere exercise.

The similarity in buffer capacity in differ
ent lots indicates that buffer capacity was 
not a m ajor factor influencing differences 
observed between treatments and are in 
agreement with the work of Bendall and 
W ismer-Pedersen (1962). Also, within- 
treatm ent correlations failed to show an 
association of buffer capacity with the ulti
mate characteristics of the muscle.
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of the More Volatile Components
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(M anuscript received April 5, 1963)

SUMMARY
An oil with a ch aracte ris tic  straw berry  arom a was ob ta ined  fro m  the  con

densa te  fro m  the  jam -m ak ing  process. P rog ram m ed-tem pera tu re  capillary  gas- 
liqu id  ch rom ato g raphy  (PTCG LC ) showed the  oil to be a very com plex m a te
rial o f m ore  th an  150 com ponents. A fast-scan m ass spectrom eter was used 
to  analyze the  m a teria l as it was elu ted  fro m  the  PTCGLC eq u ipm en t, and 
som e o f the m ore volatile com pounds iden tified  a re  rep o rted .

A systematic investigation of volatiles 
from various fruits has been in progress 
for some time at the W estern Regional Re
search Laboratory, Albany, California. It 
became evident from early GLC work that 
intensive effort would have to be made to 
refine the methods. The preliminary efforts 
were toward developing methods of separa
tion and analysis of very small quantities of 
the volatiles for complexity or purity (B u t
tery and Teranishi, 1961; Teranishi et al.. 
1960, 1962). W ith the development of 
PTCGLC. it is now possible to analyze a 
small amount of an oil consisting of many 
constituents. W ith the great fractionation 
power of the capillary columns, fractions 
isolated can be analyzed for purity. W ith 
the application of infrared ( IR ) , nuclear 
magnetic resonance (N M R ), and mass 
spectrometry (M S ), the assignment of 
molecular structure can be made with more 
certainty with smaller samples than with 
the relatively large amounts necessary when 
these physical methods are not available. 
W ith application of the fast-scan mass spec
trometer to monitor directly the material 
fractionated by the capillary GLC (AIcFad- 
den ct al.. 1963), not only retention times 
but also molecular weights and fragmenta
tion patterns can be obtained with sub
microgram quantities. This capillary GLC- 
mass spectrometry (Cap-M S) method has 
proved to he very effective in the investiga

tion of strawberry oil, and some of the 
results obtained are reported in this paper.

The volatiles from strawberries have been 
studied for several decades (Bidmead and 
W elti, 1960; Coppens and Hoejenbos, 1939; 
Corse and Dimick, 1958; Dimick and Ma- 
kower, 1956; McGlumphy, 1951; Seidel 
ct al., 1958; W inter, 1958; W inter et a!.,
1962). A large list of components has been 
compiled, and the complexity of the straw
berry oil has been demonstrated (Teranishi 
ct al., 1960). Obtaining enough of this oil 
for separation and isolation of each constitu
ent is a formidable task. Coupled with the 
difficulty of processing ton quantities of 
fresh strawberries is the fact that the fresh 
strawberry changes to a less desirable ma
terial in a m atter of minutes (W inter, 
1958). Elegant equipment for isolation of 
the volatiles from strawberries and rasp
berries with minimum deterioration of 
qualitv was reported bv W inter ct al.
(1962).

To approach the study of the fresh straw
berry aroma, GLC methods were developed 
so that the vapors from a single strawberry 
fruit could be analyzed directly (Teranishi 
and Buttery. 1962) without time-consuming 
extraction or concentration steps. This 
method of direct vapor analysis by GLC 
has been given the name "aromagram.” 
Though this method is useful for following 
rapid changes, definite characterization of
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the constituents requires some properties 
other than mere GLC retention times. To 
obtain such data, more than the nanogram 
or microgram quantities sufficient for the 
sensitive hydrogen flame ionization detec
tors must be isolated. Therefore, our com
position work is on the more stable com
ponents. W ork on the unstable fresh aroma 
constituents will be done when it is experi
mentally possible.

EX PER IM EN TA L
Ten tons of condensate from strawberry jam 

pot stills was flash-heated with steam injection 
to remove about 10% of the solution (Brown c t al., 
1951; M organ and Carlson, 1960), and this evap
orated material was fractionated at atmospheric 
pressure with a packed distillation column of 
about 10 theoretical plates. In this manner the 
volatiles were concentrated to 200 lb of an aqueous 
solution. This material was further concentrated 
by distillation through a 40-plate Oldershaw col
umn (Dimick and Simon, 1952) to 25 lb of 
condensate high in alcohol content. A continuous 
liquid-liquid extraction with isopentane separated 
the neutral organic material from the aqueous- 
alcohol solution, and the isopentane was removed 
through a 10-plate Oldershaw column to minimize 
entrainment loss. No attempt was made to free 
the resulting oil completely of the isopentane to 
avoid further loss and heat damage. The yield 
from 10 tons of the original condensate was about 
50 ml of the isopentane solution. This material 
had a strong strawberry aroma.

The chromatographic equipment necessary for 
the PTC G LC  has been described by Teranishi 
c t al. (I960). The combination of the capillary 
GLC with the fast-scan mass spectrometer has 
been reported by McFadden and Teranishi (1963) 
and McFadden ct al. (1963).

In this technique, Cap-MS, one-half to one- 
quarter of the effluent from the capillary column 
enters the mass spectrometer without an inter
mediate detector. An auxiliary vacuum pump is 
used to control the amount of effluent entering 
and thus helps maintain a suitable vacuum level 
in the mass spectrometer. A component in the 
effluent is detected by observing the mass spectral 
output on an oscilloscope; and, in addition, the 
ionization occurring at rr./e 15 from C H j (m /e  is 
the mass to charge ratio) is used to obtain a con
current chromatogram ( Selke c t al.. 1961). A l
though this is not a good quantitative method of 
obtaining a chromatographic record and is very 
insensitive for some compounds, it can be carried 
out without modification of the Bendix Time-of- 
Flight Mass Spectrometer, Model 12, used in this

work. W hen a compound is eluted from the 
capillary column, the complete mass spectral pat
tern is recorded at a scan rate of m /e 24 to m /e 
200 in 6 sec.

Because the exit pressure of the capillary GLC 
column is essentially zero, the inlet pressure must 
be reduced by about 15 lb. P rior to a complete 
run, this pressure is adjusted so that the “front" 
of the sample emerges at the same time as that 
obtained with the column connected to Sr-90 
argon or hydrogen flame ionization detectors. In 
this fashion the retention times observed using 
the ionization at m /e 15 match those observed 
under normal conditions (Fig. 2).

Of the acetals studied, 1,1-diethoxy methane, 
1,1-dimethoxyethane, and 1,1-diethoxyethane were 
commercially available materials. The larger and 
mixed acetals were synthesized in our laboratory. 
The esters used in this study were commercially 
available. All compounds were purified by pre
parative GLC and were checked for purity by 
capillary GLC.

RESULTS AND DISCUSSION
A PTCG LC chromatogram of the straw 

berry oil is shown in Fig. 1. Because of the 
complexity of the chromatogram, it has been 
divided into 4 zones— A, B, C, and D. 
Fig. 2 shows zone A compared with the 
recording of the intensity of the m /e 15 
ionization obtained with the capillary col
umn connected to the mass spectrometer. 
The GLC peak numbers are given above 
the Sruo argon ionization responses, and the 
mass spectral chart numbers are given be
low the m /e 15 intensities. Although there 
are response differences between the two 
types of detectors, correlation between the 
GLC peaks and mass spectral charts can be 
obtained. Thus, the assignments of the mo
lecular structures to materials represented by 
the GLC peaks can be made by interpreta
tion of the MS fragmentation patterns and 
by comparisons of retention times with those 
of pure, known compounds.

During the Cap-MS analysis, 32 mass 
spectrograms were obtained in zone A. To 
illustrate the quality of these data, the type 
of information available, and the methods of 
interpretation, four of these are shown in
Fig. 3.

Fig. 3 presents mass spectral charts 14, 
15, 17, and 18. (N o additional information 
was obtained from chart 16, since it was 
essentially background, so it is omitted.)
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Fig. 1. Chromatogram of strawberry oil. Sr”" argon detector. Program med-tem perature 
capillary column, 200 ft, 0.01 inch I.D., coated with Tween-20.

Chart 17 was obtained for the most abun
dant species of the oil (M S attenuation, 
X 100) and serves to illustrate interpreta
tion methods. Thus, the fragment peak at 
nt/e 103 indicates the possible existence of 
two ether- or alcohol-tvpe oxygens and 
five “ saturated’' carbons ; the fragment peak 
at m /e 73 indicates the possibility of one 
such oxygen and four carbons (although a 
carbonyl oxygen is not ruled out a priori) : 
and the m /e 45 peak indicates a possible 
OCoHgT group. Such fragments suggest 
a possible acetal, and comparison of chart 
17 with the mass spectrum of 1,1 -diethoxy- 
ethane (Friedel and Sharkey, 1956) gave 
satisfactory agreement except at m /e 46 and 
31. These latter suggested that ethanol also 
might be present. The presence of both 
was confirmed by GLC retention time,
1,1-diethoxyethane composing about 70% 
of the total material in this peak.

Chart 14 also showed (in different ratios 
front chart 17) ion peaks at m /e 103, 73, 
and 45, but in addition showed significant 
ion peaks at m /e 89, 61, and 59. The struc
tures assigned to these peaks are shown in 
Fig. 3, and these indicate that the material 
is 1,1-methoxyethoxyethane, a mixed acetal. 
The mass spectrum of this compound had 
not been previously catalogued, but the data 
obtained from a sample synthesized in this 
laboratory gave complete agreement with 
the data of chart 14. Again, the retention 
time confirmed the chromatographic posi
tion.

In a similar fashion the other mass spec
tral patterns were interpreted. Chart 15 
showed a base peak (defined as the most 
abundant ion peak in the spectrum) at m /e 
43 and a rearrangement ion peak at m /e 61. 
These are characteristic of acetates, and the 
parent ion observed at m /e 88 indicates it
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GC PEAK

Fig. 2. Chromatogram of strawberry oil. Zone 
A. Comparison of Sr'"’ argon detector with m /e 
IS responses.

117 73 45 31
Chart 18 Attn. X 10

Fig. 3. Mass spectral charts.

to be ethyl acetate. This suggestion was 
confirmed by comparison with tabulated 
spectra and by GLC retention time.

The small chromatographic peak 14, ob
served at the base of the large 1,1-diethoxy- 
ethane peak 13 in Fig. 2, was identified

from MS chart 18. It is noted that only a 
small residual of 1,1-diethoxyethane was 
recorded (attentuation of chart 18 is l/10 th  
that of chart 17). It is also noted that the 
separation of peak 14 from peak 13 is much 
better with the capillary column connected 
to the mass spectrometer. The mass peaks 
at m /e 102, 87, 71, 59, 43, and 41 were 
in the ratios corresponding to methyl iso
butyrate, and the GLC retention time con
firmed this identification.

The other mass spectral charts of zone A 
were similarly interpreted, and the results 
are summarized in Table 1. Both MS iden
tification and GLC confirmation were ob
tained for all the compounds listed. The 
sources of the mass spectra used for com
parisons are also given.

The compounds identified in zone A are 
obviously the more volatile components in 
strawberry oil. The hydrocarbons and di
ethyl ether are probably from the solvents 
used and are of little significance in aroma 
chemistry. It is of interest, however, 
to find methyl and ethyl acetate, ethyl 
propionate, methyl and ethyl isobutyrate, 
and methyl w-butyrate in this oil. It is of 
even greater interest that, with the Cap-MS 
method, 1,1-dimethoxymethane, 1,1-dimeth- 
oxyethane, 1,1-methoxyethoxy ethane, and
1,1-diethoxyethane have been separated and 
identified. Although it is known that acetals 
have a wide range of odors (Moncriefif, 
1951), not very many have been reported 
in the volatiles from natural products. It 
was therefore surprising to find 1,1-di
ethoxyethane as one of the most abundant 
components of our strawberry oil.

MS data of compounds in zones B, C, and 
D indicate the presence of higher-molecular- 
weight acetals, alcohols, aldehydes, and es
ters, and these compounds will be undoubt
edly even more interesting as to their con
tributions to the aroma. Compounds such 
as benzaldehyde, ethyl benzoate, benzyl ace
tate, and methyl and ethyl cinnamates were 
readily identifiable. However, positive iden
tification of others is understandably more 
difficult because of the many possible iso
mers in the branched aliphatic compound 
series. These molecular structure identifica
tions and GLC peak assignments will be 
reported later.
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Table 1. Compounds in zone A.
( ¡ IX  peak num ber Compound Reference

i. isopentane Am. Petroleum Inst. MS Catalog
2 mcthylpcntane Am. Petroleum Inst. MS Catalog
5. diethyl ether Am. Petroleum Inst. MS Catalog
4. //-hexane Am. Petroleum Inst. MS Catalog
5. acetaldehyde Am. Petroleum Inst. MS Catalog
6. mcthylcvclopentane Am. Petroleum Inst. MS Catalog

2-methyl-1 -pelitene
7. cyclohexane Am. Petroleum Inst. MS Catalog
8. acetone Am. Petroleum Inst. MS Catalog
9. 1,1 -dimethoxymethane Friedel and Sharkey, 1956

1,1 -dimethoxyethane
10. methyl acetate Sharkey cl a l.. 1959
11. 1,1-methoxyethoxyetl ane This work
12. ethyl acetate Sharkey e t a l.. 1959
13. 1,1 -diethoxy ethane Friedel and Sharkey, 1956
14. methyl isobutyrate Sharkey et a l.. 1959
15. 3-methyl-2-butanone Sharkey et a l.. 1956
16. benzene Am. Petroleum Inst. MS Catalog
17. 1,1 -ethoxy propoxyethane This work
18. unknown ( essentially

background)
19. ethyl propionate Sharkey cl a l.. 1956
20. ethyl isobutyrate This work
21. methyl »-butyrate This work
22. unknown ( acetal ? )
25. unknown ( trace of a

sulfur compound)
24. unknown ( acetal ? )
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The Volatile Flavor Substances of Celery
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SUMMARY
The isolation and identification o f the volatile com pounds o f celery are 

described. Non-linear temperature-programmed gas chromatography was found  
to give resolution superior to that o f either isotherm al operation or linear 
temperature program m ing. The identification o f 24  compounds from  celery  
is reported. Of the 38 com pounds thus far identified from  celery distillates, 
the follow ing six com pounds are primarily responsible for the characteristic 
flavor and aroma o f celery: 3-isobutylidene-3a,4-dihydrophthalide; 3-isoval-
idene-3a,4-dihydrophthalide; 3-isobutylidene phthalide; 3-isovalidene phthal- 
ide; cis-3-hexen-l-yl pyruvate; and diacetvl. The phthalide derivatives are 
also im plicated in  the occurrence o f certain celery off-flavors reported in the 
literature.

INTRODUCTION
The composition of the flavor of celery 

has not previously received intensive investi
gation, although celery is used in cooking 
and in processing primarily for its unique 
and characteristic flavor. Guenther (1950) 
listed what was known of the composition 
of the essential oil of celery seed. He cited 
sedanonic anhydride ( 3-butylidene-3a,4,5,6- 
tetrahydrophthalide ) and sedanolide (3-hu- 
tylidene 5,6,7,7a-tetrahydrophthalide) as the 
primary flavor constituents. The character 
of the flavor and aroma of the stem por
tion of the celery plant is different, how
ever, from that of the seed. In  a preliminary 
report, the present authors (Gold and W il
son, 1961 ) described collection of the vola
tile substances from celery. These volatile 
materials were divided, by differential 
cold-trapping, into relatively high-boiling 
and relatively low-boiling fractions, and the 
analysis of the acidic portion of the high- 
boiling fraction was discussed. A separate 
paper (Gold and Wilson, 1963) described 
the structural elucidation of four new

a A laboratory of the Southern Utilization Re
search and Development Division, Agricultural 
Research Service, U. S. Department of Agricul
ture.

Mention of brand names is for identification 
only and does not imply recommendation by the 
U. S. Department of Agriculture.

phthalide derivatives from the neutral por
tion. The present paper describes the com
pletion of the analysis of the high-boiling 
fraction and the analysis of the relatively 
low-boiling materials. The characteristic 
flavor of celery has been found to be due 
to six of the compounds identified.

EXPERIMENTAL
Celery juice was prepared and distilled in pilot- 

plant equipment, and the distillate fractions were 
taken to the laboratory for examination by chemi
cal and physical means.

Preparation and distillation of juice. Details 
of preparation and distillation of the celery juice 
have been reported (Gold and Wilson, 1961). 
About 5,000 kg of fresh celery was used, yielding 
4130 kg of juice, which was distilled in a modified 
continuous pilot-plant essence recovery unit (M or
gan ct a!., 1953). In this unit, the juice was flash 
vaporized under vacuum, the condensate given a 
second flash vaporization, and the liquid remaining 
after this second stage was fractionally distilled. 
Fractions were collected in the following portions 
of the apparatus: 1) column-bottom (material
continuously withdrawn as it accumulated in the 
fractional distillation boiling pot) ; 2) chilled-water 
trap ; 3) ice trap ; 4) salt and ice trap ; 5) dry-ice 
t r a p ; 6) liquid nitrogen trap. All compounds 
found in traps 2, 3, and 4 were also found in either 
the column-bottom fraction or the dry-ice trap.

Gas chromatography. The analytical gas chro
matographic equipment consisted of a Perkin- 
Elmer 154-D Vapor Fractom eter combined with 
a Beckman Therm otrac temperature programmer.

[ 4 8 4 ]
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The Perkin-Elm er exhaust was modified to come 
straight out of the bottom to prevent condensation 
of high-boiling materials in the line. The follow
ing columns were used: A ) 0.01-inch by 150-foot 
capillary column, coated with polypropylene glycol; 
B ) hs-'nch by 16-foot column, containing 0 .25%  
Silicone 200 on glass m icrobeads; C) 3/16-inch by 
10-foot column containing 0.25% Silicone 200 
on glass microbeads; D) kt-inch by 16-foot col
umn, containing 0.25% Silicone 200 on glass micro
beads. Columns A, B, and C were used with a 
flame ionization detector, and Column D with a 
thermistor detector.

The preparative gas chromatographic equip
ment, constructed in the laboratory, consisted of 
eight k^-inch by 2-foot columns, connected in 
series and encased in a 4-inch-diameter galvanized 
sheet-metal tube. The tube was wrapped with 
asbestos-insulated heating wire, and placed inside 
a 6-inch-diameter tube. A ir was circulated up 
through the column compartment and down 
through the outer concentric chamber, thereby 
reducing tem perature gradients. Insulation was 
provided by 1-inch-thick pipe lagging, and tempera
ture was controlled by a Wheelco model 292 con
trolling pyrometer. A four-filament diffusion-type 
detector was used, provided with a separate, inde
pendently heated compartment. The j^-inch by 
16-foot column was filled with 25% silicone 200 
on Gas-Chrom P.

Retention times were corrected for column 
hold-up before log retention-time plots were con
structed. W hen the flame ionization detector was 
used, column hold-up time was estimated by the 
procedure of Gold (1962). The use of retention 
time to substantiate identifications was considered 
valid only when the retention time of the unknown 
matched with that of known material within the 
readability of the chart (0.03 min.).

Infrared measurements. Infrared spectra were 
taken with either a Perkin-Elm er 137 Infracord 
or a Beckman IR-7 Infrared Spectrophotometer.

Analysis of the liquid nitrogen trap fraction. 
The liquid nitrogen trap constituted a relatively 
simple system, comprising four compounds. These 
were separated by gas-liquid chromatography 
(G LC), using the preparative column at 110°C. 
Infrared spectra were taken on the collected 
compounds.

Analysis of the dry-ice trap fraction. Contents 
of the dry-ice trap consisted of 25 compounds, as 
determined by temperature-programmed GLC (col
umn B ). Xo acids, aldehydes, or phenolic com
pounds were found. Prelim inary information was 
obtained by application of the log retention 
time plots of Evans ct al. (1962). Information 
was obtained on alcohols and esters by the tech

niques of “subtractive” gas chromatography, as 
follow s:

A lc o h o ls . A 10-/d portion was treated with p- 
phenylazobenzoyl chloride (Woolfolk, c t a l., 1955) 
to remove alcohols. Chromatograms of the alco
hol-free mixture were compared with those of the 
original material (columns A and C ).

The mixture of />-phenylazobenzoates was sapon
ified (Van Etten, 1951), the reaction mixture 
acidified with hydrochloric acid, and the alcohols 
extracted with approximately 50 /d of carbon di
sulfide. The azo linkage of the reagent split dur
ing saponification, giving analine and /»-amino 
benzoic acid. The use of hydrochloric acid as 
the acidifying agent caused the precipitation of 
these compounds as the hydrochlorides, and pre
vented their carry-over into the carbon disulfide. 
The carbon disulfide extract was examined by 
infrared spectrometry and by GLC.

E ste rs . A 10-id portion was saponified by the 
microsaponification technique cited above. Chro
matograms were compared with those of the orig
inal material, as described above.

The acids formed were removed with aq. sodium 
bicarbonate, and the bicarbonate solution acidified, 
extracted with 35 /d of carbon disulfide, and ex
amined by GLC.

In order to reduce the complexity of the gas- 
chromatograms obtained from this fraction, thereby 
simplifying their interpretation and facilitating the 
collection of individual compounds, the remaining 
fraction was chromatographed on silica-gel be
fore attempting fractionation by GLC. Maximum 
separation on the silica-gel column was achieved 
by grading the eluent polarity. The sequence of 
solvents used w a s : hexane-methylene chloride; 
methylene chloride; methylene chloride-acetoni
trile ; acetonitrile. The eluted fractions were sep
arated by GLC on the preparative column, and 
infrared spectra taken on the individual com
pounds.

Analysis of the neutral fraction from the col
umn-bottoms. Analysis of the acidic fractions of 
the column-bottoms has been reported (Gold and 
Wilson, 1961).

The neutral fraction, which was in ether solu
tion, was concentrated in  vacuo  to 30 ml and 
treated with G irard-T reagent (G irard and Sande- 
lusco, 1936; Hunter and Struck, 1962; Stanley 
c t al., 1961; Teitelbaum, 1958). Aldehydes were 
regenerated by the method of formaldehyde ex
change. After separation of the aldehydes from 
the reaction mixture, ketones were recovered by 
acid regeneration. Compounds in each case were 
purified by GLC (column D ). Fractions were 
collected directly in Connecticut Instrument Co. 
type "D ” cavity cells, and infrared spectra taken.

The ketone- and aldehyde-free neutral fraction
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was taken up in ether, concentrated to 30 nil, and 
chromatographed on silica-gel, as described for 
the dry-ice trap. The eluted fractions were sub
mitted to GLC (column D ), and infrared spectra 
were taken on the collected compounds.

Flavor evaluations. The contributions of indi
vidual fractions and compounds to the overall 
flavor of celery were evaluated by a group of five 
to seven members of the laboratory staff.

RESULTS AND DISCUSSION
W hen it was necessary to examine com

plicated mixtures directly by GLC, the tech
nique of programming the temperature non- 
linearly was found to give resolution supe
rior to that of isothermal operation or of 
linear temperature programming. This is 
demonstrated by a comparison of the iso
thermal, linear temperature-programmed 
and non-linear temperature-programmed 
chromatography of a mixture of normal al
cohols (Fig. 1).

Compounds identified from celery are

listed in Table 1. In most cases, identifica
tion is based upon comparison of both GLC 
retention times and infrared spectra with 
those of commercially available compounds.

Exceptions are as follows : Cis-3-hexen- 
1-yl pyruvate was identified by comparing 
its infrared spectrum with that of the syn
thetically prepared ester ( W eisberger and 
Kibler, 1955), comparison of the infrared 
spectrum of the saponified m ixture with 
that of a m ixture of cis-3-hexen-l-ol and 
pyruvic acid, and by retention times of the 
parent compound and the saponification 
products. Ozonolysis, followed by reduction 
of the ozonide with Raney nickel, gave pro
pionaldéhyde. thus confirming that the 
double bond is in the 3 position.

The identifications of ethyl isovalerate, 
carvyl acetate, and neryl acetate were based 
upon the retention times of the parent com
pounds and of the saponification products.

tem perature linearly programmed, according to the superimposed line ; C ) temperature non- linearly programmed, according to the superimposed curve.
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Table 1. Volatile substances from celery.
A ld e h y d e s E s te rs A  Icohols
formaldehyde (6) ethyl isovalerate ( 5 ) iso-amyl alcohol ( 5 )
acetaldehyde ( 6 ) cis-3-hexen-l-yl pyruvate ( 5 ) hexanol ( 2,3,5 )
propionaldéhyde (6) decyl acetate ( 5 ) heptanol ( 1,2,3,5 )*
hexanal ( 1 ) linalyl acetate ( 5 )
heptanal (1,4) terpinyl acetate ( 5 ) A c id s
octanal (1 ,4)“ geranyl acetate ( 5 ) n-valeric ( 1 ) “
undecanal (1 ) citronellyl acetate ( 5 ) iso-butyric ( 1 ) "
dodecanal (1,4) neryl acetate ( 5 ) pyruvic ( 1 ) "
neral ( 1 ) “ carvyl acetate ( 5 )
citronellal ( 1 ) terpinyl propionate ( 4,5 ) P h e n o l

geranyl butyrate ( 4,5 ) 
benzoyl benzoate ( 1 )

guiacol ( 1 ) “

H yd ro c a rb o n s P h th a lid e s
d-limonene ( 5 ) “ 3-isobutylidene-3a,4-dihydrophthalide (1,2,3)'’
myreene ( 5 ) “ 3-isovalidene-3a,4-dihydrophthalide ( 1,2,3)b
K e to n e s 3-isobutylidcne phthalide ( 1,2,3 ) ''
carvone ( 5 ) 3-isovalidene phthalide ( 1,2,3)''
diacetyl (6) sedanonic anhydride ( 1 ) “

(1) column-bottoms; (2) chilled-water trap ; (3) ice trap ; (4) salt-ice trap : (5) dry-ice 
trap ; (6) liquid nitrogen trap : a) Gold and Wilson, 1961; b) Gold and Wilson, 1963.

In addition to the compounds listed in 
Table 1, valeraldehyde, nonanal, geranial, 
and the C-3, C-4. C-8, C-9, C-10. C - ll .  and 
C-12 normal alcohols were indicated by 
functional group determination and by GLC 
retention time. Sufficient quantities of these 
materials were not available for detailed 
study. An additional compound gave, upon 
saponification, acetic acid and an unidentified 
branched-chain alcohol. The alcohol reten
tion time coincided with that predicted for 
2-methylhexanol by a log retention-time plot 
for 2-methyl alkanols, and the ester reten
tion time approximately coincided with that 
predicted for 2-methylhexanyl acetate by a 
log retention-time plot for acetates of the 
2-methyl alkanols (predicted, 12.0 m in; ob
served, 12.4 m in).

Contribution of compounds to flavor and 
aroma. Many of the compounds listed in 
Table 1 are normally considered rather mal
odorous. Their odors, however, become less 
objectionable, and even pleasant, when di
lution is sufficiently high (Gold and Wilson, 
1961). While most of the compounds listed 
probably make some contribution to the 
over-all flavor and aroma of celery, six are 
of primary importance : the 3-isobutvlidene- 
3a,4- and 3-isovalidene-3a,4-dihydrophthal- 
ides, the 3-isolnitylidene and 3-isovalidene

phthalides, cis-3-hexen-l-yl pyruvate, and 
diacetyl.

Early in this work, it was noted that the 
column-bottoms exhibited a strong charac
teristic celery odor. The principal odor con
stituents of this fraction were the four 
phthalide derivatives listed above. They 
were isolated in the ratio of 6:3:1 :1. It has 
been found (Berlingozzi, 1927; Kariyone 
and Shimizu, 1953) that a celery-like odor 
is generally characteristic of synthetically 
prepared 3-alkvlidene phthalides and hydro- 
phthalides. The presently reported com
pounds exhibit a readily detectable celerv 
aroma in concentrations as low as 0.1 ppm 
in water. Such solutions are characterized 
by a mild bitterness, and an occasionally- 
noted burning sensation. W hen tasted in 
neat form, the dihydrophthalides exhibited 
the intense burning-numbing sensation de
scribed by Pan (1960), the isobutylidene 
compound being more intense than the iso- 
validene. Examination of the infrared spec
trum presented by Pan for a burning-numb
ing fraction from celery, showed it to be 
similar to the spectrum presented by the 
present authors (Gold and Wilson 1963) 
for the isoalkylidene dihydrophthalides.

Notwithstanding the characteristic celery- 
odor of the column-bottoms fraction, addi-
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tion of this material to tomato juice did not 
reproduce the flavor of tomato-celery juice 
blends unless material from the dry-ice and 
liquid-nitrogen traps was included. As in
dicated above, the principal odor constituent 
of the dry-ice trap was cis-3-hexen-l-yl py
ruvate, and that of the liquid-nitrogen trap 
was diacetyl. W hen 2 of the following 
mixture was added to 100 ml of tomato 
juice, a strong celery flavor and aroma 
were imparted : 3-isobutylidene-3a,4-dihy-
drophthalide (26 parts) ; 3-isovalidene-3a,4- 
dihydrophthalide (13 p a r ts ) ; cis-3-hexen-l- 
yl pyruvate (4 parts) ; diacetyl (1 part). 
The contribution of the aromatic phthalides 
could not be assessed, because of insufficient 
material.
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