
Chemistry and Function 
of Pectins 

In Chemistry and Function of Pectins; Fishman, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



In Chemistry and Function of Pectins; Fishman, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



ACS S Y M P O S I U M SERIES 310 

Chemistry and Function 
of Pectins 

Marshall L. Fishman, EDITOR 
Agricultural Research Service 

Josep
Campbell Institute for Research and Technology 

Developed from a symposium sponsored by 
the Division of Agricultural and Food Chemistry 

at the 189th Meeting 
of the American Chemical Society, 

Miami Beach, Florida, 
April 28-May 3, 1985 

American Chemical Society, Washington, DC 1986 

In Chemistry and Function of Pectins; Fishman, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



Library of Congress Cataloging-in-Publication Data 

Chemistry and function of pectins. 
(ACS symposium series, ISSN 0097-6156; 310) 

"Developed from a symposium sponsored by the 
Division of Agricultural and Food Chemistry at the 
189th Meeting of the American Chemical Society, 
Miami Beach, Florida, April 28-May 3, 1985." 

Bibliography: p. 
Includes index. 

1. Pectin—Congresses. 

I. Fishman, Marshall L., 1937
Joseph J. , 1939- . III. America
Division of Agricultural and Foo  Chemistry
IV. Series. 

TP248.P4C48 1986 664'.25 86-7983 
ISBN 0-8412-0974-X 

Copyright © 1986 

American Chemical Society 

All Rights Reserved. The appearance of the code at the bottom of the first page of each 
chapter in this volume indicates the copyright owner's consent that reprographic copies of the 
chapter may be made for personal or internal use or for the personal or internal use of specific 
clients. This consent is given on the condition, however, that the copier pay the stated per 
copy fee through the Copyright Clearance Center, Inc., 27 Congress Street, Salem, M A 01970, 
for copying beyond that permitted by Sections 107 or 108 of the U.S. Copyright Law. This 
consent does not extend to copying or transmission by any means—graphic or electronic—for 
any other purpose, such as for general distribution, for advertising or promotional purposes, 
for creating a new collective work, for resale, or for information storage and retrieval systems. 
The copying fee for each chapter is indicated in the code at the bottom of the first page of the 
chapter. 

The citation of trade names and/or names of manufacturers in this publication is not to be 
construed as an endorsement or as approval by ACS of the commercial products or services 
referenced herein; nor should the mere reference herein to any drawing, specification, chemical 
process, or other data be regarded as a license or as a conveyance of any right or permission, 
to the holder, reader, or any other person or corporation, to manufacture, reproduce, use, or 
sell any patented invention or copyrighted work that may in any way be related thereto. 
Registered names, trademarks, etc., used in this publication, even without specific indication 
thereof, are not to be considered unprotected by law. 

PRINTED IN T H E UNITED STATES OF A M E R I C A 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, D.C. 20036 In Chemistry and Function of Pectins; Fishman, M., et al.; 

ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



ACS Symposium Series 
M . Joan Comstock, Series Editor 

Advisory Board 

Harvey W. Blanch 
University of California—Berkeley 

Alan Elzerman 
Clemson University 

John W. Finley 
Nabisco Brands, Inc. 

Marye Anne Fox 
The University of Texas—Austin 

Martin L. Gorbaty 
Exxon Research and Engineering Co. 

Roland F. Hirsch 
U.S. Department of Energy 

Rudolph J. Marcus 
Consultant, Computers & 

Chemistry Research 

Vincent D. McGinniss 
Battelle Columbus Laboratories 

Donald E. Moreland 
USDA, Agricultural Research Service 

J. T. Baker Chemical Company 

James C. Randall 
Exxon Chemical Company 

W. D. Shults 
Oak Ridge National Laboratory 

Geoffrey K. Smith 
Rohm & Haas Co. 

Charles S.Tuesday 
General Motors Research Laboratory 

Douglas B. Walters 
National Institute of 

Environmental Health 

C. Grant Willson 
IBM Research Department 

In Chemistry and Function of Pectins; Fishman, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-read
the supervision of th
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

THE PHYSICAL, BIOCHEMICAL, AND FUNCTIONAL PROPERTIES of pectin 
are of great interest to a diverse cross section of scientists and technologists 
because pectin can be classified as a polyelectrolyte, a complex polysaccha
ride, an important food fiber, a major plant cell wall component, and a 
ubiquitous nutritional factor and gelling agent in foods. An explosion in 
pectin research is evidenced by the more than 200 references cited in 1983 
and 1984. Nevertheless, a
appeared in over 10 years
assemble chapters from leading scientists and technologists in the pectin 
research field to produce a state-of-the-art multidisciplinary book that will 
advance pectin research through a cross fertilization of sound research ideas. 
In any book of this nature, some duplication as well as contradictory 
interpretations of the same phenomena will occur. These problems should 
provide the impetus for new and continued research leading to a better 
understanding of the chemical and functional properties of pectins. 

Although we tried very hard to spread evenly the coverage of every 
aspect of pectin research in this book, unavoidably some areas are not 
covered adequately. We thank the authors for their excellent oral presenta
tions at the symposium and their cooperation in completing the written 
manuscript in a timely manner. We also thank the reviewers for their incisive 
and constructive criticism. We sincerely hope the next book on pectin 
research does not have to wait 10 years to appear in print. 

MARSHALL L. FISHMAN 
Agricultural Research Service 
North Atlantic Area 
Eastern Regional Research Center 
U.S. Department of Agriculture 
Wyndmoor, PA 19118 

JOSEPH J. JEN 
Campbell Institute for Research and Technology 
Campbell Place 
Camden, NJ 08101 

January 1986 
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1 
An Introduction to Pectins: Structure and Properties 

James N. BeMiller 

Department of Chemistry and Biochemistry, Southern Illinois University at Carbondale, 
Carbondale, IL 62901 

Pectin, a polysaccharide, is composed primarily of 
essentially linear polymers of D-galactopyranosyl
uronic acid unit
linkages; the polyme
various degrees with methanol. This regular 
structure is interrupted, however, with 
L-rhamnopyranosyl units and with side chains 
containing other neutral sugars. The polymer chains 
may also be partially acetylated. The most 
important physical property of pectin is its ability 
to form spreadable gels. Gel formation results when 
the polymer chains interact over a portion of their 
length to form a three-dimensional network. This 
aggregation of chains occurs through hydrogen 
bonding, divalent cation crossbridging, and/or 
hydrophobic interactions. 

Terminology 

In 1944, d e f i n i t i o n s f o r pectins were e s t a b l i s h e d by the Committee 
f o r the R e v i s i o n of the Nomenclature of P e c t i c Substances O ) ; but 
sin c e then, terminology has changed somewhat, and modified 
d e f i n i t i o n s have been used. At t h i s time, there are no 
u n i v e r s a l l y agreed upon and accepted d e f i n i t i o n s . The d e f i n i t i o n s 
presented here are those g e n e r a l l y i n current commercial use (2). 

P e c t i c a c i d s are galacturonoglycans [poly(a-D-
g a l a c t o p y r a n o s y l u r o n i c a c i d s ) ] without, or with oTTly a n e g l i g i b l e 
content o f , methyl ester groups. P e c t i c a c i d s may have va r y i n g 
degrees of n e u t r a l i z a t i o n . S a l t s of p e c t i c a c i d s are c a l l e d 
pectates. 

P e c t i n i c a c i d s are galacturonoglycans with v a r i o u s , but 
greater than n e g l i g i b l e , contents of methyl ester groups. 
P e c t i n i c a c i d s may have varying degrees of n e u t r a l i z a t i o n . S a l t s 
of p e c t i n i c acids are c a l l e d p e c t i n a t e s . 

0097-6156/ 86/0310-0002$06.00/0 
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1. B E M I L L E R Pectins: Structure and Properties 3 

P e c t i n s are mixtures of polysaccharides that o r i g i n a t e from 
p l a n t s , c ontain p e c t i n i c a c i d s as major components, are water 
s o l u b l e , and are able t o form gels under s u i t a b l e c o n d i t i o n s (See 
s e c t i o n on P h y s i c a l P r o p e r t i e s ) . 

I n t h i s chapter, as i s f r e q u e n t l y done, the term p e c t i n w i l l 
be used i n a generic sense to designate those water-soluble 
galacturonoglycans of varying methyl ester content and degree of 
n e u t r a l i z a t i o n that are capable of forming gels under s u i t a b l e 
c o n d i t i o n s (See s e c t i o n on P h y s i c a l P r o p e r t i e s ) , i . e . , other 
polysaccharides t h a t may be present i n commercial mixtures w i l l be 
ignored. 

P e c t i n s are subdivided according to t h e i r degree of 
e s t e r i f i c a t i o n (DE), a desi g n a t i o n of the percent of carboxyl 
groups e s t e r i f i e d w i t h methanol. P e c t i n s w i t h DE > 50? are 
high-methoxyl p e c t i n s (HM-pectins); those w i t h DE < 50? are 
low-methoxyl p e c t i n s (LM-pectins)

The degree of amidatio
carboxyl groups i n the
P r o p e r t i e s ) . 

S t r u c t u r e 

For a more d e t a i l e d d i s c u s s i o n of the chemical s t r u c t u r e of 
p e c t i n s , see reference 3. 

P e c t i n , a s t r u c t u r a l , c e l l - w a l l polysaccharide of a l l higher 
p l a n t s , l i k e most other p o l y s a c c h a r i d e s , i s both polymolecular and 
p o l y d i s p e r s e , i . e . , i t i s heterogeneous w i t h respect t o both 
chemical s t r u c t u r e and molecular weight (jjO. From molecule to 
molecule, i n any sample of p e c t i n , both the number and percentage 
of i n d i v i d u a l monomeric u n i t types w i l l vary, and the average 
composition and d i s t r i b u t i o n of molecular weights can vary w i t h 
the source, the c o n d i t i o n s used f o r i s o l a t i o n , and any subsequent 
treatments. Because both parameters determine p h y s i c a l 
p r o p e r t i e s , various f u n c t i o n a l types of p e c t i n can be produced by 
c o n t r o l l i n g the source, i s o l a t i o n procedure, and subsequent 
treatment(s) 

P e c t i n i s p r i m a r i l y a polymer of D-galacturonic a c i d . The 
p r i n c i p a l and key f e a t u r e of a l l p e c t i n molecules i s a l i n e a r 
c h ain of (1+4)-linked a-D-galactopyranosyluronic a c i d u n i t s , 
making i t an a-D-galacturonan [a poly(a-D-galactopyranosyluronic 
a c i d ) or an a-D-galacturonoglycan]. ~" 

I n a l l n a t u r a l p e c t i n s , some of the carboxyl groups are i n 
the methyl ester form. Depending on the i s o l a t i o n c o n d i t i o n s , the 
remaining f r e e c a r b o x y l i c a c i d groups may be p a r t l y or f u l l y 
n e u t r a l i z e d , i . e . , p a r t l y or f u l l y present as sodium, potassium or 
ammonium carboxylate groups. The r a t i o of e s t e r i f i e d 
D-galacturonic a c i d u n i t s t o t o t a l D-galacturonic a c i d u n i t s i s 
"Sailed the degree of e s t e r i f i c a t i o n " " ( D E ) and s t r o n g l y i n f l u e n c e s 
the s o l u b i l i t y , g e l forming a b i l i t y , c o n d i t i o n s r e q u i r e d f o r 
g e l a t i o n , g e l l i n g temperature, and g e l p r o p e r t i e s of the 
prepar a t i o n . 

I n p e c t i n from some sources, some of the u n i t s occur as 0-2 
or 0-3 acetates. Such e s t e r i f i c a t i o n hampers g e l a t i o n , so much so 
that complete i n h i b i t i o n of g e l a t i o n occurs when one out of eight 
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4 C H E M I S T R Y A N D F U N C T I O N O F PECTINS 

D-galactopyranosyluronic a c i d u n i t s are monoesterified w i t h a c e t i c 
a c i d at 0-2 or 0 - 3 . The presence of a c e t y l groups, t h e r e f o r e , 
makes c e r t a i n p o t e n t i a l sources of commercial p e c t i n , e.g., sugar 
beet (5), sunflower, and potato, l e s s d e s i r a b l e . 

N e u t r a l sugars, p r i m a r i l y L-rhamnose, are a l s o present. 
However, there i s disagreement over t h e i r d i s t r i b u t i o n i n the 
l i n e a r chain. One group of workers (6) reported t h a t , i n c i t r u s , 
apple, and sunflower p e c t i n s , L-rhamnopyranosyl u n i t s are more or 
l e s s evenly i n s e r t e d i n t o the galacturonan chain i n the f o l l o w i n g 
manner: 0-a-D-GalpA-(1+2)-0-L-Rhap-(1+4)-0-a-D-GalpA. The 
configuration""of the L-rhamnopyranosyl l i n k a g e " i s unknown, but 
c a l c u l a t i o n s have shown that i t should be beta i n order to provide 
the necessary degree of k i n k i n g i n the s t r u c t u r e (6) (See s e c t i o n 
on P h y s i c a l P r o p e r t i e s ) . 

Another group (7) reported that the L-rhamnopyranosyl u n i t s 
are q u i t e unevenly d i s t r i b u t e d w i t h i n the~galacturonan backbone. 
These workers report (8
regions [poly(a-D-galactopyranosyluroni
" h a i r y " r e g i o n s . " According to them, the l a t t e r regions c o n s i s t of 
rhamnogalacturonan sequences that contain h i g h l y branched 
arabinogalactan s i d e chains and galacturonan sequences w i t h short 
s i d e chains composed of D-xylose. The same may a l s o be true of 
sugar beet p e c t i n (5). 

The data of the former group (9) a l s o i n d i c a t e s t h a t , however 
the L-rhamnopyranosyl u n i t s occur i n the chain, the l e n g t h of the 
polyTa-D-galactopyranosyluronic acid) sequences between 
L-rhamriopyranose i n t e r r u p t i o n s (whether s i n g l e u n i t s or blocks of 
u n i t s ) i s r a t h e r constant and that the sequences are about 25 
u n i t s long i n each p e c t i n ( c i t r u s , apple, sunflower) s t u d i e d . 

The t o t a l content of n e u t r a l sugars v a r i e s w i t h the source, 
the e x t r a c t i o n c o n d i t i o n s , and subsequent treatments. 

F e r u l i c a c i d i s e s t e r i f i e d to the n e u t r a l sugar s i d e chains 
of p e c t i n from spinach (j_0) and sugar beet (5,11). 

Conformation 

Gels are formed when polymer molecules i n t e r a c t over a p o r t i o n of 
t h e i r l e n g t h to form a network that entraps solvent and s o l u t e 
molecules. The j u n c t i o n zones that r e s u l t from these chain 
i n t e r a c t i o n s must be of l i m i t e d s i z e . I f they are too l a r g e , a 
p r e c i p i t a t e , r a t h e r than a g e l , r e s u l t s . The i n s e r t e d 
L-rhamnopyranosyl u n i t s may provide the necessary i r r e g u l a r i t i e s 
T kinks) i n the s t r u c t u r e and l i m i t the s i z e of the j u n c t i o n zones. 
The presence of " h a i r y " regions may a l s o be a f a c t o r that l i m i t s 
the extent of chain a s s o c i a t i o n . As w i l l be discussed f u r t h e r i n 
the s e c t i o n on P h y s i c a l P r o p e r t i e s , j u n c t i o n zones are formed 
between r e g u l a r , unbranched p e c t i n chains when the negative 
charges on the carboxylate groups are removed ( a d d i t i o n of a c i d ) , 
hydration of the molecules i s reduced ( a d d i t i o n of a c o s o l u t e ) , 
and/or polymer chains are bridged by d i v a l e n t cations (calcium 
i ons), 

A n a l y s i s of proton n.m.r. sp e c t r a and mathematical model 
b u i l d i n g suggests that i n d i v i d u a l a-D-galactopyranosyluronic a c i d 
u n i t s have the Ĉ<| conformation (6),~ Sodium and calcium pectates, 
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1. B E M I L L E R Pectins: Structure and Properties 5 

p e c t i c a c i d , and p e c t i n i c a c i d a l l occur i n the s o l i d s t a t e 
( f i b e r s ) as right-handed (3-|) h e l i c e s w i t h a t h r e e - f o l d screw a x i s 
( t r i s a c c h a r i d e repeat) (12-15). In s o l i d p e c t i n i c a c i d , the 
polymer molecules pack so that the chains are p a r a l l e l to each 
other; the pectates pack as corrugated sheets of a n t i p a r a l l e l 
chains 0J4,JJ5). 

I t i s f u r t h e r suggested that j u n c t i o n zones i n p e c t i n i c a c i d 
(HM-pectin plus sucrose) gels are formed by a columnar s t a c k i n g of 
methyl ester groups to form c y l i n d r i c a l hydrophobic areas p a r a l l e l 
to the h e l i x axes. Two models f o r the formation of j u n c t i o n zones 
i n calcium pectate (LM-pectin) gels have been proposed. One 
suggests an aggregation of chains by a c r o s s l i n k i n g of carboxylate 
anions w i t h calcium ions to form a s t r u c t u r e s i m i l a r t o that of 
the corrugated sheets of a n t i p a r a l l e l h e l i c e s (3~6 chains i n an 
average j u n c t i o n zone) found i n s o l i d calcium pectate 0 5 ) . The 
other i s the "egg box" model used to describe the formation of 
calcium a l g i n a t e gels 0_6,V7)
the c l o s e s i m i l a r i t y betwee
pyranosyluronic acid) segments of p e c t i c a c i d and~"(1 -•MJ-linked 
poly(a-L-gulo-pyranosyluronic a c i d ) segments of a l g i n i c a c i d s , 
segments that are m i r r o r images except f o r the c o n f i g u r a t i o n at 
C-3. From c i r c u l a r dichroism and e q u i l i b r i u m d i a l y s i s s t u d i e s , i t 
has been concluded that i n t e r c h a i n a s s o c i a t i o n of hydrated 
p e c t i n i c a c i d molecules, i n the presence of swamping l e v e l s of 
monovalent counterions, i s l i m i t e d t o the formation of dimers of 
chains of 2y h e l i c a l symmetry wit h s p e c i f i c s i t e - b i n d i n g of 
calcium ions along one face of each p a r t i c i p a t i n g chain (18,19; 
see a l s o reference 20) . When C a 2 + i s the s o l e or p r i n c i p a l 
counterion, these dimers f u r t h e r aggregate without rearrangement, 
l e a d i n g to an approximate doubling of the amount of C a 2 + bound 
c o o p e r a t i v e l y (J_8,J_9). Based on a v a i l a b l e i n f o r m a t i o n , the 
U n i l e v e r Research group (J_9) has concluded that d r y i n g of a 
calcium p e c t i n a t e g e l e f f e c t s a polymorphic phase t r a n s i t i o n i n 
which a s s o c i a t e d , r e g u l a r , buckled chains w i t h two-fold symmetry 
("egg box") as found i n L-guluronoglycan chain segments are 
converted i n t o a s s o c i a t e d chains w i t h t h r e e - f o l d symmetry as found 
i n s o l i d s t a t e calcium p e c t i n a t e (12-15). I t should be noted that 
the a x i a l - a x i a l l i n k a g e s i n a chain of aldohexopyranosyl u n i t s 
l i n k e d 1+4 gives a buckled conformation n a t u r a l l y (Figure 1) and 
that the g e l s t r u c t u r e ( s ) i s ( a r e ) as yet not w e l l understood. 

P h y s i c a l P r o p e r t i e s 

P e c t i n s are s o l u b l e i n pure water, but they are i n s o l u b l e i n 
aqueous s o l u t i o n s i n which they would gel at the same temperature 
i f d i s s o l v e d at a higher temperature. Monovalent c a t i o n ( a l k a l i 
metal) s a l t s of p e c t i n i c and p e c t i c a c i d s are u s u a l l y s o l u b l e i n 
water; d i - and t r i v a l e n t c a t i o n s a l t s are weakly s o l u b l e or 
i n s o l u b l e . 

Although p e c t i n s are not employed as t h i c k e n i n g agents, 
p e c t i n s o l u t i o n s e x h i b i t the non-Newtonian, pseudoplastic behavior 
c h a r a c t e r i s t i c of most polysaccharides. As w i t h s o l u b i l i t y , the 
v i s c o s i t y of a p e c t i n s o l u t i o n i s r e l a t e d to the molecular weight, 
DE, and concentration of the preparation and the pH and presence 
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6 C H E M I S T R Y A N D F U N C T I O N O F P E C T I N S 

Figure 1. A l k a l i n e depolymerization of a sequence of a p e c t i n i c 
a c i d of DE 25. 
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1. B E M I L L E R Pectins: Structure and Properties 1 

of counterions i n the s o l u t i o n . For example, a d d i t i o n of 
monovalent c a t i o n s e f f e c t s a r e d u c t i o n i n v i s c o s i t y , the degree of 
which i s greater w i t h decreasing DE. A d d i t i o n of s a l t s of d i - and 
t r i v a l e n t c a t i o n s has an opposite e f f e c t (20). In general, 
v i s c o s i t y , s o l u b i l i t y , and g e l a t i o n are r e l a t e d , i . e . , f a c t o r s 
that increase g e l s t r e n g t h , f o r example, w i l l i ncrease the 
tendency to g e l , decrease s o l u b i l i t y , and increase v i s c o s i t y , and 
v i c e versa. 

These p h y s i c a l p r o p e r t i e s of p e c t i n s are a f u n c t i o n of t h e i r 
s t r u c t u r e which i s that of a l i n e a r polyanion ( p o l y c a r b o x y l a t e ) . 
As such, monovalent c a t i o n s a l t s of pectins are h i g h l y i o n i z e d i n 
s o l u t i o n , and the d i s t r i b u t i o n of i o n i c charges along the molecule 
tends to keep i t i n an extended form by reason of coulombic 
r e p u l s i o n ( 2Λ). Furthermore, t h i s same columbic r e p u l s i o n between 
the carboxylate anions prevents aggregation of the polymer chains. 
(The number of negative charges i s  of course  determined by the 
DE.) In a d d i t i o n , eac
carboxylate group, w i l
monovalent s a l t s of p e c t i n s e x h i b i t s t a b l e v i s c o s i t y because each 
polymer chain i s hydrated, extended, and independent. 

Because the commercial importance of p e c t i n i s predominately 
the r e s u l t of i t s unique a b i l i t y to form spreadable gels i n the 
presence of a dehydrating agent (sugar) at a pH at or near 3 or i n 
the presence of calcium i o n (jams, j e l l i e s , and marmalades made 
from f r u i t j u i c e s or whole f r u i t ) , that i s the property most o f t e n 
s t u d i e d and focused upon. Factors that determine whether g e l a t i o n 
can occur and that i n f l u e n c e g e l c h a r a c t e r i s t i c s are pH, 
concentration of cosolutes (sugars), concentration and type of 
c a t i o n s , temperature, and p e c t i n c o n c e n t r a t i o n . The ways i n which 
these f a c t o r s i n f l u e n c e g e l a t i o n are dependent upon the f o l l o w i n g 
molecular p r o p e r t i e s of the s p e c i f i c p e c t i n : molecular weight 
(Jp, degree of e s t e r i f i c a t i o n (DE), degree of amidation (DA), 
presence of acetate e s t e r s , and heterogeneity. A l l these 
parameters are interdependent. In general, under s i m i l a r 
c o n d i t i o n s , the degree of g e l a t i o n , the g e l l i n g temperature, and 
the g e l s t r e n g t h are g e n e r a l l y p r o p o r t i o n a l to each other and each 
property i s g e n e r a l l y p r o p o r t i o n a l to the molecular weight and 
i n v e r s e l y p r o p o r t i o n a l to the DE. 

As the pH i s lowered, i . e . , as the hydrogen ion concentration 
of the s o l u t i o n i s increased, i o n i z a t i o n of the carboxylate groups 
i s repressed, i . e . , the h i g h l y hydrated carboxylate groups are 
converted i n t o only s l i g h t l y hydrated c a r b o x y l i c a c i d groups. As 
a r e s u l t of l o s i n g some of t h e i r charge, the polysaccharide 
molecules no longer r e p e l each other over t h e i r e n t i r e length; and 
as a r e s u l t of l o s i n g some of the water of h y d r a t i o n , they can 
a s s o c i a t e over a p o r t i o n of t h e i r l e n g t h to form a g e l . Apparent 
pK values (pH at 50% d i s s o c i a t i o n ) vary with the DE of the p e c t i n 
(22); a 65% DE p e c t i n has an apparent pK of 3.55, while a 0ί DE 
p e c t i c a c i d has an apparent pK of 4.10. However, pectins w i t h 
i n c r e a s i n g l y greater degrees of methylation w i l l g e l at somewhat 
higher pH, undoubtedly because they have fewer carboxylate anions 
at any given pH (See l a t e r paragraph). pH a f f e c t s g e l texture 
more than g e l s t r e n g t h . 

In Chemistry and Function of Pectins; Fishman, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



8 CHEMISTRY AND FUNCTION OF PECTINS 

I t i s g e n e r a l l y regarded that gels form when p e c t i n 
molecules, normally s t r o n g l y hydrated by water molecules, l o s e 
some water of hydration owing to competitive h y d r a t i o n of cosolute 
molecules. Reduced hydr a t i o n r e s u l t s i n greater contact between 
p e c t i n chains, forming j u n c t i o n zones ( p r i m a r i l y by means of 
hydrogen bonding) and r e s u l t i n g i n a network of polymer chains 
that entraps water and s o l u t e molecules (^3). In most jams, 
j e l l i e s , and marmalades, the cosolute i s sugar (sucrose). 
HM-pectins w i l l g e l only i n the presence of l a r g e concentrations 
(at l e a s t 55% w/w) of sugar. LM-pectin w i l l g e l i n the absence of 
sugar ( i f a d i v a l e n t c a t i o n i s pres e n t ) , but i n c r e a s i n g the 
s o l u b l e s o l i d s w i l l r a i s e the g e l l i n g temperature and g e l 
s t r e n g t h . 

LM-pectin w i l l g e l only i n the presence of d i v a l e n t c a t i o n s . 
I n c r e a s i n g the concentration of d i v a l e n t c a t i o n s (only calcium i o n 
i s used i n food a p p l i c a t i o n s ) increases the g e l l i n g temperature 
and g e l s t r e n g t h . D i v a l e n
formation of a HM-pecti
carboxylate groups that need to be bridged and because of the 
formation of hydrophobic areas p a r a l l e l to the h e l i x axes by a 
columnar s t a c k i n g of methyl ester groups (15). 

Any system c o n t a i n i n g p e c t i n at p o t e n t i a l g e l l i n g c o n d i t i o n s 
( i . e . , necessary concentration of an appropriate p e c t i n , pH, 
concentration of c o s o l u t e s , and concentration of d i v a l e n t c a t i o n s ) 
must be prepared at a temperature above the g e l l i n g temperature. 
Then, as the hot p e c t i n s o l u t i o n i s cooled, the thermal energy of 
the molecules decreases and t h e i r tendency to form j u n c t i o n zones 
upon c o l l i s i o n i n c r e a s e s . The temperature at which g e l a t i o n 
occurs i s the g e l l i n g temperature. Gels made w i t h LM-pectin form 
r a p i d l y ; those made wi t h HM-pectin form s l o w l y . LM-pectin gels 
are thermoreversible; HM-pectin gels are not. 

The concentration of p e c t i n r e q u i r e d f o r gel formation i s 
i n v e r s e l y r e l a t e d to the concentration of s o l u b l e s o l i d s , f o r i n 
general, i n c r e a s i n g the concentration of c o s o l u t e s , i . e . , 
decreasing the water a c t i v i t y , increases the s i z e and number of 
j u n c t i o n zones. When other f a c t o r s are held constant, i n c r e a s i n g 
the concentration of p e c t i n increases the g e l str e n g t h because i t 
increases the number of j u n c t i o n zones. 

At constant pH, g e l s t r e n g t h of HM-pectin gels increases w i t h 
i n c r e a s i n g DE, as does the r a t e of g e l a t i o n . As the DE of a 
HM-pectin i s lowered, a lower pH i s r e q u i r e d f o r g e l a t i o n . Again, 
t h i s can be explained by the f a c t t h a t , as the DE i s lowered, even 
though the pH r e q u i r e d to produce a given percentage of carboxyl 
groups i n the c a r b o x y l i c a c i d form increases owing to an increase 
i n apparent pK (22), the absolute number of contiguous carboxylate 
groups that must be converted i n t o unionized c a r b o x y l i c a c i d 
groups before chain a s s o c i a t i o n can occur a l s o i n c r e a s e s . Thus, 
as the DE of a HM-pectin i s lowered, a greater and greater 
percentage of carboxylate groups must be converted i n t o f r e e 
c a r b o x y l i c a c i d groups to e f f e c t g e l a t i o n . 

Among the commercial LM-pectins, those w i t h the lowest DE 
values have the highest g e l l i n g temperatures and the greatest 
requirement f o r d i v a l e n t cations ( f o r c r o s s b r i d g i n g ) . 
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Ami dation r e s u l t s i n a higher g e l l i n g temperature and a 
decreased need f o r a d i v a l e n t c a t i o n . 

The d i s t r i b u t i o n of carboxyl/carboxylate groups a l s o a f f e c t s 
g e l a t i o n . P e c t i n s w i t h blocks of methyl ester and carboxyl groups 
(as opposed to a random d i s t r i b u t i o n ) g e n e r a l l y produce weaker 
gels and have a greater requirement f o r d i v a l e n t c a t i o n s . 

Chemical P r o p e r t i e s 

Dissolved p e c t i n s undergo d e e s t e r i f i c a t i o n and depolymerization i n 
aqueous systems. The pH of greatest s t a b i l i t y i s about 4. At pH 
values both above and below 4, d e e s t e r i f i c a t i o n and 
depolymerization occur c o n c u r r e n t l y , w i t h the r a t e of 
d e e s t e r i f i c a t i o n being greater than the r a t e of depolymerization. 
The presence of s o l u t e s , which lowers water a c t i v i t y , reduces the 
r a t e s of both r e a c t i o n s

D e e s t e r i f i c a t i o n occur
mechanisms of e s t e r h y d r o l y s i s
occurs by means of a c i d - c a t a l y z e d h y d r o l y s i s of g l y c o s i d i c bonds 
(24). A c i d - c a t a l y z e d h y d r o l y s i s occurs p r e f e r e n t i a l l y at the 
L-rhamnopyranosyl g l y c o s i d i c bonds. H y d r o l y s i s of these l i n k a g e s 
produces galacturonoglycan chains with a degree of p o l y m e r i z a t i o n 
of about 25 (6,9). Side chains, p a r t i c u l a r l y those c o n t a i n i n g 
L-arabinofuranosyl u n i t s , should a l s o be p r e f e r e n t i a l l y removed by 
"hydrolysis because of the inherent s t a b i l i t y to a c i d - c a t a l y z e d 
h y d r o l y s i s of glycuronosyl g l y c o s i d i c bonds and the inherent 
l a b i l i t y of f u r a n o s y l g l y c o s i d i c bonds (24). However, i f the s i d e 
chains are attached to rhamnogalacturonan sequences (8), i t should 
not be p o s s i b l e t o convert " h a i r y " regions to "smooth" regions by 
treatment w i t h a c i d because the l a b i l i t y of the L-rhamnopyranosyl 
bonds would r e s u l t i n concurrent depolymerization of the main 
chain. 

At pH values of 5-6 p e c t i n s o l u t i o n s are s t a b l e only at room 
temperature. As the temperature i s r a i s e d , p e c t i n chains cleave 
by a b e t a - e l i m i n a t i o n r e a c t i o n (25~39) (Figure 1), a r e a c t i o n 
which i s s t i m u l a t e d by organic anions (40). D e e s t e r i f i c a t i o n of 
p e c t i n proceeds simultaneously with the b e t a - e l i m i n a t i o n 
depolymerization r e a c t i o n , which occurs only at monosaccharide 
u n i t s that are e s t e r i f i e d . At pH values above 6, d e e s t e r i f i c a t i o n 
and depolymerization are r a p i d r e a c t i o n s even at room temperature, 
the r a t e of each r e a c t i o n i n c r e a s i n g with i n c r e a s i n g pH. 

Hydroxyl-group r e a c t i o n s , such as e t h e r i f i c a t i o n , a c e t a l a t i o n 
(4j_), e s t e r i f i c a t i o n (42-51 ), and o x i d a t i o n , can be done i n the 
same manner as they are on other polysaccharides. E s t e r i f i c a t i o n s 
(47) of carboxyl groups and i n t e r a c t i o n s w i t h c a t i o n s , i n c l u d i n g 
p o l y c a t i o n s such as p r o t e i n s below t h e i r i s o e l e c t r i c pH, occur as 
they do with other glycuronoglycans. Reduction of carboxyl groups 
to hydroxyraethyl groups has been done wit h diborane (52, see a l s o 
53) and by borohydride treatment of methyl and hydroxyethyl esters 
(54). Reduction of carboxyl groups which have been a c t i v a t e d w i t h 
a water-soluble carbodiimide should be s t r a i g h t f o r w a r d (55,56). 

When ammonia (57-61) i s used to prepare LM-pectin from 
HM-pectin, some of the methyl carboxylate groups are converted 
i n t o carboxaraide groups, producing "amidated p e c t i n " . The 
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presence of amide groups i n an LM-pectin makes the molecules l e s s 
h y d r o p h i l i c , i n c r e a s i n g t h e i r tendency to form g e l s , and l e s s 
s e n s i t i v e t o calcium i o n s . I n gene r a l , the g e l l i n g temperature 
increases with i n c r e a s i n g DA. P e c t i n amides can a l s o be made by 
r e a c t i o n of pect i n s w i t h primary and secondary alkylamines 
(62-64). 

There are s e v e r a l types of enzymes that act on p e c t i n 
molecules. Those enzymes produced by the higher p l a n t s themselves 
play a s i g n i f i c a n t r o l e i n the processes r e s u l t i n g i n t e x t u r a l 
changes i n f r u i t s and vegetables during r i p e n i n g , storage, and 
processing ( 6 5 - 6 7 ). Fungal enzyme preparations are used by the 
f r u i t j u i c e i n d u s t r y t o improve the c l a r i t y of j u i c e s and the 
y i e l d from p r e s s i n g ( 6 6 - 6 7 ). C o n t r o l of t h e i r a c t i o n i s important 
to the production of p e c t i n . 

P e c t i n e s t e r a s e s c a t a l y z e h y d r o l y s i s of the methyl ester group 
( 6 8 ) . Because many pe c t i n e s t e r a s e s act p r e f e r e n t i a l l y on a methyl 
α-D-galactopyranosyluronat
α-TJ-galactopyranosyluroni
co n t a i n b l o c k s , r a t h e r than a random d i s t r i b u t i o n , of carboxyl 
groups ( 6 8 ) and that are g e n e r a l l y undesirable f o r commercial use. 
Some fungal p e c t i n e s t e r a s e s , however, produce LM-pectins that are 
s i m i l a r to p e c t i n s d e e s t e r i f i e d w i t h a c i d s or bases w i t h respect 
to g e l l i n g a b i l i t y (69) and s e n s i t i v i t y to calcium ions (70). 

Severa l types of lyas e s or tra n s e l i m i n a s e s are known ( 6 8 ) . 
A l l c a t a l y z e depolymerization by a b e t a - e l i m i n a t i o n r e a c t i o n l i k e 
that which occurs during base-catalyzed depolymerization. P e c t i n 
l y a s e s , a l l of which are endo-enzyraes, c a t a l y z e b e t a - e l i m i n a t i o n s 
at e s t e r i f i e d D-galacturonic a c i d u n i t s (See Fig u r e 1) ( 6 8 ) . 
Pectate l y a s e s - c a t a l y z e b e t a - e l i m i n a t i o n s at n o n e s t e r i f i e d 
D-galacturonic a c i d u n i t s . Both exo- and endo-pectate l y a s e s are 
lôiown (68). 

Polygalacturonases depolymerize p e c t i n s by c a t a l y z i n g 
h y d r o l y s i s of g l y c o s i d i c bonds ( 6 8 , 7 J . ). The f a c t that the r a t e of 
depolymerization i s i n v e r s e l y p r o p o r t i o n a l to the DE suggests a 
requirement f o r a n o n e s t e r i f i e d D-galacturonic a c i d u n i t . 
Exo-polygalacturonases r e l e a s e mono- or dis a c c h a r i d e s from 
nonreducing t e r m i n i ; endo-polygalacturonases attack randomly ( 6 8 ) . 
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Analytical Methods for Determining Pectin Composition 

Landis W. Doner 

Agricultural Research Service, North Atlantic Area, Eastern Regional Research Center, 
U.S. Department of Agriculture, Wyndmoor, PA 19118 

Chemical and modern chromatographic methods have been 
applied to the determination of pectin composition and 
structure. The dominant structural featur f pecti
is a linear chai
of which are esterifie  methy  groups
methods (including reactions with carbazole and sub
stituted phenols) and chromatographic methods (GLC and 
HPLC) are available for galacturonic acid determination. 
Methyl ester levels are determined either chemically 
(after oxidation to formaldehyde) or by GLC after pectin 
ester saponification. A variety of neutral sugars are 
present in pectin, mainly rhamnose, galactose, arabinose, 
and xylose. Effective GLC procedures are available for 
their determination, and applicable liquid chromatographic 
methods have been developed. Measurements of less the 
less-common substituents, such as O-acetyl and O-feruloyl 
esters have been achieved by colorimetric and titrimetric 
procedures. Developments in infrared and 13C-NMR spectro
scopy have resulted in these being applied to structural 
analysis in pectin. 

Pectin polysaccharides and the hemicelluloses are matrix components 
i n the c e l l walls of higher plants. Traditionally, these classes 
of carbohydrates have been defined operationally by their presence 
i n fractions obtained by sequential extraction of c e l l walls. 
The pectic substances are extracted with water, dilute acid, or 
with calcium chelating agents, such as EDTA, ammonium oxalate, or 
sodium hexametaphosphate. But c l a s s i f i c a t i o n of polysaccharides 
i s best based on structural components rather than on the method 
used for i t s i s o l a t i o n . According to structure, the pectic 
substances would include galacturonans, rhamnogalacturonans, 
arabinans, galactans, and arabinogalactans which possess a linear 
β-1,4-Ι) -galactan backbone. 

A recent c l a s s i f i c a t i o n (1) describes the pectic polysaccha
rides as those polymers found i n covalent association with galactu-
ronosyl-containing polysaccharides. The hemicelluloses are those 
carbohydrate polymers which are noncovalently associated with 
cellulose. Diverse categories of pectic polysaccharides occur 
not only among plant sources, but among tissues i n a given source. 

This chapter not subject to U.S. copyright. 
Published 1986, American Chemical Society 
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14 CHEMISTRY AND FUNCTION OF PECTINS 

A comprehensive (2) review on the structure of pectin has recently 
been published. Pectin was described as consisting of a branched 
block, i n which the main galacturonan chain i s interrupted by 
rhamnose units. Many of these rhamnoses carry arabinan or galac-
tan chains; the galactan chains are sometimes further substituted 
with arabinan segments. These heavily branched galacturonan 
chains alternate with unbranched blocks i n which rhamnoses are 
rarely present. Methyl esters of galacturonic acid are also 
present as blocks, alternating with sequences of non-esterified 
galacturonic acid. 

This review w i l l describe the analytical methods available 
to determine the structural components of pectin. These features 
determine the important physical, chemical, and biologic a l proper
ti e s of pectin. Included w i l l be discussion of galacturonic acid 
determinations, degree of e s t e r i f i c a t i o n with methyl groups, the 
neutral-sugar composition, and analysis of some less-common 
e n t i t i e s , such as 0-acety

Quantitative Analysis of Galacturonic Acid i n Pectin 

The dominant and unifying structural feature i n pectins i s a 
linear 1^4-a-linked D-galactopyranosyl-uronic acid chain. a-L-Rham-
nosyl residues are inserted at intervals i n the chain, and variable 
proportions of the uronic acid residues are e s t e r i f i e d with 
methanol. Neutral sugars other than rhamnose are present, and 
neutral sugar levels often t o t a l about 20%. The other neutral 
sugars are mainly D-galactose, L-arabinose, and D-xylose, and 
these are l i k e l y to be attached i n branches to the rhamnose 
residues i n the main chain. In a later section, various chromato
graphic approaches for determining the levels of individual 
neutral sugars w i l l be described. 

Chemical Methods. Determinations of galacturonic acid of pectin 
usually includes both the free and e s t e r i f i e d forms, since strongly 
acidic media are employed i n the colorimetric methods. Procedures 
which continue to be used widely are modifications of those 
described early by Dische. One i s based upon reaction with 
cysteine (3) and the other with carbazole (4). One modification 
of the carbazole method, which gave a doubling i n s e n s i t i v i t y , 
along with an increased s t a b i l i t y i n color and greater reproduci
b i l i t y , was reported i n 1962 (5). Inclusion of borate into the 
assay medium was responsible for the enhancement of the method. 
In a l l the colorimetric methods, galacturonic acid i s liberated 
during the assay by hydrolysis of polymeric pectin. An applica
tion of the carbazole method, after extraction of pectin from 
various f r u i t s and vegetables, has been described (6), as has 
been an automated carbazole method for monitoring uronic acid 
levels i n pectin fractions (7). 

A more rapid and somewhat simpler procedure for uronic acid 
determination was described i n 1973 (8). This method i s advan
tageous for determining galacturonic acid i n pectin, as inte r f e r 
ence by neutral sugars i s reduced. This method i s based on the 
color formation which accompanies the addition of m-hydroxybi-
phenyl to heated solutions of uronic acids i n su l f u r i c acid/boric 
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acid. This assay has been applied to the determination of gala-
cturonic acid i n food pectins (9,10), and interference by neutral 
sugars was minimized (9). Another phenol, 3,5-dimethylphenol, 
has been found (11) to be more selective than m-hydroxydiphenyl 
when large amounts of neutral sugars are present i n the sample. 
This method has recently been employed i n studies of the degree 
of methylation of pectin i n plant c e l l walls (12). 

A procedure employing c o l l o i d a l t i t r a t i o n has been used for 
the determination of galacturonic acid i n pectin, and i n d i r e c t l y , 
also for determining the degree of e s t e r i f i c a t i o n (13). Samples 
are t i t r a t e d with poly-N,N-dimethylallylammonium chloride, and a 
di s t i n c t flocculation occurs, the endpoint of which i s determined 
by use of toluidine blue indicator. In a duplicate sample, ester 
methyl groups can be saponified, and t o t a l galacturonic acid 
determined; by difference, the degree of methyl e s t e r i f i c a t i o n i s 
calculated. The quantitation of this c o l l o i d a l t i t r a t i o n method 
is more precise with pectin
In another t i t r i m e t r i c
degree of e s t e r i f i c a t i o n i s determined by copper-binding before 
and after saponification (14). The bound copper i s determined by 
atomic absorption spectrometry. Application of this copper-binding 
approach to the analysis of c e l l - w a l l polysaccharides i n many 
f r u i t s and vegetables has been reported (15). 

Decarboxylation with hydroiodic acid -[16) was the basis for 
a procedure used i n determining uronic acid levels i n dietary 
fiber fractions (17). The carbon dioxide from decarboxylation 
was pu r i f i e d , trapped i n a c e l l containing standard sodium hydro
xide, and conductivity changes were measured using an Ingold 
electrode. 

Studies comparing the dis t r i b u t i o n of free carboxyl groups 
in enzymatically and chemically de-esterified pectins are impor
tant because the gelling behavior of resulting products i s a 
function of the method used. Enzymatically de-esterified pectins 
have a blockwise distribution of non-esterified galacturonic acid 
residues, and gel with calcium at higher degrees of e s t e r i f i c a t i o n 
than do acid de-esterified pectins, which possess a more random 
distr i b u t i o n of free carboxyl groups. Free carboxyl d i s t r i b u t i o n 
has been studied (18) by f i r s t esterifying by reaction with 
ethylene oxide (glycolation), and then treating the sample with a 
mixture of pectin enzymes. The glycolated fragments are unreactive 
toward these enzymes. F i n a l l y , the hydrolysis products are 
separated from the glycolated fragments by ion exchange chromato
graphy, and after deglycolation, chain size i s determined by gel 
f i l t r a t i o n . An application of this approach i n studies of orange-
peel pectin has been reported (19). 

Physical Methods. Infrared (IR), Raman, and nuclear magnetic 
resonance (NMR) spectroscopic methods have been applied to struc
t u r a l analysis of polysaccharides such as pectin. These applica
tions have been reviewed (20), and reference IR spectra of pectic 
substances have been published (21). Quantitative IR has been 
used to estimate acid dissociation constants of polyuronides from 
the ratio of -CCLH to -CÔ - as a function of pH (22). Also, by 
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16 CHEMISTRY AND FUNCTION OF PECTINS 

use of solution IR i n D20, the ratio of -C02H to -C02CH3 (free to 
esterified) groups i n pectins can be determined (23). The ester-
carbonyl stretching band i s observed at 1740 cm 1 and a carboxylate 

-1 1 3 

stretching band at 1650 cm . C-NMR spectroscopy has also been 
useful i n determining relative proportions of free and e s t e r i f i e d 
carboxyl groups i n pectin (24). In this approach, the ratio of 
peak areas at 172.8 ppm (-C02H) i s determined relative to the 
areas either at 171.3 ppm (-C02CH3) or 53.7 ppm (-0CH3). In 

13 
addition, pectin from sugar-beet has been examined by C-NMR, 
and 0-acetyl, carbons-one of the minor constituents galactose and 
arabinose, and carbon-six of rhamnose can be discerned (25). 
Chromatographic Methods. The high levels of galacturonic acid 
(free and esterified) i  pecti  i
of chemical methods whic
tions applied for neutra  sugar ,
i t s levels can be made. The colorimetric procedures are conducted 
i n strongly acidic media, which results i n some loss of galactu
ronic acid by decarboxylation to L-arabinose. Also, a l l uronic 
acids respond to the various colorimetric tests, so for analyzing 
mixtures of uronic acids, gentler hydrolytic steps and far more 
selective assays are needed. To this end, several gas-liquid 
(GLC) and high-performance l i q u i d chromatographic (HPLC) methods 
have been developed for determining galacturonic acid. Some have 
employed specific enzymes for depolymerization as an alternative 
to acid hydrolysis. Combinations of pectic enzymes and acid 
catalysis are required to quantitatively hydrolyze pectin. This 
section w i l l describe applications of modern chromatographic 
methods for determining galacturonic acid i n pectin. For excel
lent and comprehensive descriptions of sugar chromatography i n 
general, review a r t i c l e s on GLC (26) and HPLC (27,28) have been 
published. 

A sensitive GLC procedure for determining galacturonic acid 
i n pectin has been developed (29) from an ea r l i e r described 
method for analyzing uronic acids (30,31). Pectins, after extrac
tion from plant tissues with ammonium oxalate, are depolymerized 
with pectinase. The liberated galacturonic acid i s then reduced 
by sodium borohydride to galactonic acid, which i s converted to 
L-galactono-1,4-lactone. The t r i m e t h y l s i l y l derivative of the 
lactone gives a sharp peak on SE-30 stationary phase, and p e r - t r i -
methylsilyl x y l i t o l i s used as an internal standard. Often, the 
decomposition of monomeric sugars which result from the resistance 
to acid hydrolysis of polysaccharides containing acidic groups 
such as pectin i s overcome by f i r s t reducing the uronic acids to 
neutral sugars. This reduction method (32), which should be 
repeated at least twice for quantitative conversion, i s widely 
used i n polysaccharide structural analysis, and has been applied 
i n a GLC procedure for galacturonic acid (33). After activation 
of pectin carboxyl functions with a water-soluble diimide, reduc
tion with sodium borodeuteride converts the galacturonic acid 
residues to 6,6-dideutero-galactose derivatives. Then, after 
acid hydrolysis, standard gas chromatography-mass spectrometry 
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methods to resolve neutral sugars are applied. The galactose 
(dideutero) which had been generated from galacturonic acid i n 
pectin i s distinguished from galactose (diprotio) naturally 
present i n pectin by mass spectrometry. These GLC methods are 
char a c t e r i s t i c a l l y very sensitive and e f f i c i e n t . 

Liquid chromatographic procedures have been developed more 
recently, and some are quite effective for determining galactu
ronic acid i n pectin. An automated anion-exchange chromatographic 
system (34) allows the separation of individual uronic acids, 
including galacturonic acid. Column effluents were sensitively 
analyzed for uronic acids by post-column reaction with orcinol 
and monitoring at 420 nm. More rapid HPLC approaches have been 
described. By using strong anion-exchange columns, 0.7M acetic 
acid mobile phase, and refractive index detection, galacturonic 
acid was separated from mannuronic and glucuronic acids i n less 
than 15 minutes (35). Similar conditions were employed to separate 
oligogalacturonic acid
used for the same purpos
anion-exchange HPLC also was used, with a mobile-phase consisting 
of boric acid/potassium hydroxide buffer, and post-column fluoro-
metric detection (2-cyanoacetamide), allowing the resolution and 
sensitive detection of four uronic acids, including galacturonic 
acid. Polygalacturonic acid has been subjected to methanolysis 
(reaction with methanolic hydrogen chloride); multiple peaks 
result i n HPLC chromatograms, due to the presence of α,β-mixtures 
of the methyl glycosides (38). Although the procedure i s not 
ideal for quantitation, i t i s useful for qualitative analysis of 
uronic acid composition i n polysaccharides. In a recent report 
(39) polygalacturonic acid was subjected to both acid and polygalac
turonase catalyzed hydrolysis. The hydrolyzates were analyzed by 
HPLC on a cation-exchange column of HPX-87-H+, and galacturonic 
acid was eluted i n 8.5 minutes. The advantages of enzyme over 
acid-catalyzed hydrolysis were apparent. The y i e l d of monomer 
was greater, no monomer degradation products were present, and a 
far lesser quantity of oligogalacturonic acid chains were produced. 

Determination of Methyl, Acetyl, and Feruloyl Substitution i n Pectin 

Pectin consists mainly of polygalacturonate chains, and the 
carboxyl groups are significant determinants of i t s chemical and 
bio l o g i c a l properties. In plant c e l l walls, more than 50% of the 
carboxyl groups are often e s t e r i f i e d with methanol. The degree 
of e s t e r i f i c a t i o n largely determines the ion-exchange, 
water-binding, cross-linking, and hydrogen-bonding capacities of 
pectin. Similarly, properties of pectin i n c e l l walls are some
times modified by low levels of hydroxyl e s t e r i f i c a t i o n with 
acetyl groups. The distribution of acetyl groups i n pectin i s 
unknown, but i n sugar beet, pear, and apricot pectin, acetyl 
levels approach 4%. In addition, a l k a l i - l a b i l e f e r u l i c acid 
groups are found i n ester linkage to pectin; they are believed to 
be carried by arabinose and/or galactose residues on neutral side 
chains. This section w i l l describe recent methods to determine 
pectin substitution with methyl, acetyl, and feruloyl groups. 
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18 CHEMISTRY AND FUNCTION OF PECTINS 

Methyl Esters In Pectin. A t i t r a t i o n method has been reported 
(40), i n which methyl ester levels are calculated from the number 
of equivalents of standard sodium hydroxide required to neuturalize 
the pectin sample before and after saponification. The copper 
t i t r a t i o n procedure described e a r l i e r for determination of galac
turonic acid residues i n pectin (15), i s also used to determine 
methyl ester levels from the increase i n copper-binding after 
hydrolysis of the esters. An accurate and sensitive colorimetric 
method (41) i s rather time-consuming, but several samples can be 
run i n p a r a l l e l . Samples are saponified, the released methanol 
oxidized to formaldehyde, and the formaldehyde determined by 
spectrophometric assay (4l2nm) of i t s condensation product with 
pentane-2,4-dione. 

GLC procedures are widely used for methyl ester determina
tions; after saponification with 0.5N base, methanol i s measured 
by GLC on columns of Poropak Q at 120°C (42), or on Carbowax 1500 
at 125°C (12). In the l a t t e
small samples of isolate
studies on the enzymatic incorporation of methyl groups from 
S -adenosyl-L-methionine into pectin (43), ^C-methyl-labelled 
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substrate was used. The C-methanol, after release from pectin, 
was determined by GLC on Carbowax 300 using a radioactivity 
counting detector. The coupling of analytical pyrolysis to GLC 
has resulted i n the detection of characteristic fragments from 
macromolecules, such as pectin. This topic has been reviewed 
(44), and correlations between degree of methyl e s t e r i f i c a t i o n 
and intensity of some of the peaks have been made (45). 
Acetyl and Feruloyl Esters i n Pectin. A colorimetric method for 
determining degrees of acetylation i n pectins from various sources 
(46), has been shown to be rapid and quite sensitive. Hydroxy-
lamine i s reactive toward both the methyl and acetyl esters i n 
pectin, and f e r r i c ion complexes with the resulting hydroxamic 
acids are red. The pectin complex i s insoluble and removed by 
f i l t r a t i o n ; the intensity at 520nm i n the soluble fraction, 
consisting of the f e r r i c complex with acetohydroxamic acid, i s a 
measure of acetyl content. The accuracy of the method was demon
strated i n determinations of 0-acetyl levels i n standard per-ace-
tylated polysaccharides. Another method (47) involves alkaline 
hydrolysis of the acetyl groups from pectin, followed by d i s t i l 
l a t i o n of acetic acid and i t s t i t r a t i o n with standard base. 

In a study of the structure and functions of feruloylated 
pectins i n primary c e l l walls i n spinach, about one feruloyl 
group was found per sixty sugar residues (48). Ferulic acid was 
determined after alkaline hydrolysis by the Folin-Ciocalteu 
phenol reagent. 

Neutral Sugar Composition of Pectin 

The neutral sugars, with the exception of L-rhamnose, are attached 
exclusively i n sidechains, and include D-galactose, L-arabinose, 
D-xylose, and less frequently, D-glucose, D-mannose, L-fucose, 
2-0-methyl-D-xylose, 2-0-methyl-D-fucose, and D-apoise. Whether 
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the sugars are determined by GLC or HPLC methods, i t i s essential 
that the polysaccharide f i r s t be hydrolyzed to i t s monomeric 
sugars. Acid-catalyzed hydrolytic methods are most often used, 
but the various linkages have different s u s c e p t i b i l i t i e s , as do 
the various sugars when released upon hydrolysis. These problems 
have been discussed, along with a review of the sugar GLC l i t e r a 
ture prior to 1973 (49). I t was stated that "no one method of 
hydrolysis w i l l necessarily cleave every linkage and give each 
component i n quantitative y i e l d . " The Saeman hydrolysis (50), 
which employs 72% s u l f u r i c acid, or 2N t r i f l u o r a c e t i c acid"T51) 
are used most often. When possible, enzymatic approaches i n 
combination with acid hydrolysis are preferred for polysaccharide 
hydrolysis. After hydrolysis, the most widely used methods for 
sugar determination are based on GLC of suitably v o l a t i l e deriva
tives. The derivatives i n which the anomeric center i s eliminated 
so that single peaks result are most effective. 

Single-peak sugar derivative
sugar constituents i n pecti
methyloximes (52), acetylated aldononitriles (53), trimethylsily
lated alditols"T54), and acetylated a l d i t o l s (51). A comprehen
sive review a r t i c l e on GLC of sugars has been published (26). 

In studies of polysaccharides structure, the a l d i t o l acetate 
procedure remains the most widely used GLC procedure. The advent 
of high-resolution glass c a p i l l a r y columns has allowed very 
e f f i c i e n t separations. Recent applications of these columns to 
a l d i t o l acetate separations have been described (55-57). The 
a l d i t o l acetate procedure requires reduction of the sugars with 
sodium borohydride. After removal of boric acid, the sample i s 
acetylated by conventional means. Various polar stationary phases 
have been used i n GLC separation of a l d i t o l acetates, i n both 
packed and c a p i l l a r y columns. A low-polarity phase was used i n a 
report (54) which demonstrated the separation of trimethylsilylated 
a l d i t o l s , and the neutral sugars i n a hemicellulose sample were 
resolved. 

A l i q u i d chromatographic system has been applied i n a study 
of monomer composition i n c e l l - w a l l polysaccharide hydrolyzates 
(58). A strong-base anion-exchange column was eluted with a 
borate buffer step-gradient. Post-column reaction with orcinol 
allowed the sensitive determination of the sugars rhamnose, 
xylose, arabinose, glucose, galactose, and mannose. An improved 
two-step HPLC procedure for t o t a l resolution of the above neutral 
sugars has been published (59). On aminopropyl s i l i c a with 
acetonitrile-water as mobile phase, rhamnose i s separated, but 
the pentoses xylose and arabinose are not well resolved, nor are 
the hexoses glucose, galactose, and mannose. These two multi-
component peaks are collected and re-chromatographed on Aminex 
HPX-87P, a heavy metal cation-exchanger i n the lead form. Total 
resolution of the five monosaccharides results. 
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and Dimensions for Citrus Pectins 

Marshall L. Fishman, L. Pepper, W. C. Damert, J. G. Phillips, and R. A. Barford 

Agricultural Research Service, North Atlantic Area, Eastern Regional Research Center, 
U.S. Department of Agriculture, Wyndmoor, PA 19118 

E-1000 and Ε-linea
sion chromatograph
-mean square (RMS) radii of gyration (Rg) by using a combina
tion of pullulan and dextran standards. By assuming that 
universal calibration applies, to pectins the number-average 
Rg in 0.05M and 0.1M NaCl for a series of pectins with varying 
degrees of esterification in the protonated and sodium forms 
were calculated from chromatograms. This procedure yields 
well-defined Rg averages that can be used readily to cal
culate molecular parameters for comparison with other 
methods. Such comparisons were not feasible when an earlier 
HPSEC method was used. Furthermore, by assuming rod-like 
structure for the pectins, number-average lengths (ln) and 
degree of polymerization (DPn) were calculated from Rgn. 
Importantly, DPn and ln values from HPSEC fell between 
values from end group titration and membrane osmometry 
which is consistent with previous findings that pectin can 
undergo a concentration dependent disaggregation. 

Over the last ten years evidence has accumulated that pectin can 
undergo self disaggregation (1-4). More recently, by size exclusion 
chromatography (SEC) and determination of number-average degrees of 
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polymerization (DPn) from end group t i t r a t i o n s (EGT) (5), we have 
demonstrated se l f disaggregation over the pH range 3.7 - 7.3 for 
citrus pectins with degree of methyl esterfication (DM) between 37 
and 73%. Moreover, by membrane osmometry (0) and EGT we have shown 
that protonated and neutralized pectins form metastable aggregates 
which can be dissociated by heat activation and that these a c t i 
vated pectins undergo concentration dependent disaggregation (6,7). 
Furthermore, EGT gives the D P q of pectin monomer whereas osmometry 
gives the D P r of aggregated pectins. A l l but protonated pectins 
with low DM (35 or 37%) exhibited disaggregation with a steep con
centration dependence. Thus, neutralized pectins and protonated 
pectin with medium and hig
a minimum at about 0.1 g/dl. Furthermore, the osmotic data could 
be extrapolated to 7t/c values obtained from EGT (Figure 1). Similar 
behavior by proteins has been interpreted as that of a nonideal dis
sociating system (8). In the case of the pectins, van't Hoff plots 
appear linear and nonideal above 0.1 g/dl ( i . e . , they have a positive 
slope). In the past, the l^m (τΐ/c) for the linear portion of the 
curve has been used to obtain D P r from membrane osmometry. Here we 
obtain number-average (R ), weight-average U*gW) a n (* z-average 
(R ) RMS of r a d i i gyration from high performance size exclusion 
chromatography (HPSEC). By assuming rod-like structure we obtain 
D P r values from corresponding R^n values. These are compared with 
D P q values from end group analysis and osmometry. 

Experimental 

Materials. Commercial citrus pectins with degree of methyl e s t e r i -
f i c a t i o n (DM) 35, 58-60, and 70 were g i f t s from Bulmers Limited, 
Hereford, England. Two other citrus pectin samples DM 37 and 72-73 
were manufactured by Bulmers but were g i f t s from Drs. E. R. Morris 
and M. J. Gidley at Unilever. The DM 57 citrus pectin was a g i f t 
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24 CHEMISTRY AND FUNCTION OF PECTINS 

from Sunkist Growers, Corona, Ca. One pectin sample was extracted 
from fresh grapefruit peels, according to standard procedure (9). 
I t had a degree of e s t e r i f i c a t i o n of 73 and was labeled 73G. Char
acterization and preparation of samples were as reported previously 
(5) with minor modification. Samples to be neutralized with NaOH 
were dissolved i n 0.01 M phosphate buffer (pH 6.1) containing 0.1 M 
EDTA, t i t r a t e d to pH 7 with 0.1 M NaOH, dialysed against four 
changes of water over 48 nr., centrifuged for 1 hr. at 30,000 χ g 
to remove insoluble matter and then lyophilized. Protonated 
samples were dissolved i n deionized water (Continental Water 
Systems) followed by d i a l y s i s , centrifugation, and l y o p h i l l i z a t i o n 
weight cut off of 12,000
Chemical Co., Piscataway, N.J. The M  values of the dextran stand
ards were as follows: T-500, 5.32 χ 10 5; T-250, 2.53 χ 10 5; T-110, 
1.06 χ 10 5; T-70, 7 χ 10 4; T-40, 4.44 χ 10 4; T-20, 2.23 χ 10 4; T-10, 

3 

9.3 χ 10 . Pullulan standards were from Polymer Laboratories, Inc., 
Amherst, MA. The Mw values of the pullulans were 8.53 χ 10 5, 3.80 χ 
10 5, 1.86 χ 10 5, 1.00 χ 10 5, 4.8 χ 10 4, 2.37 χ 10 4, 1.22 χ 10 4 and 
5.8 χ 10 3. The pullulans had ratios of M̂ /M̂  of 1.14, 1.12, 1.13, 
1.10, 1.09, 1.07, 1.06, and 1.07 respectively. 

HPSEC 

Apparatus, sample preparation and chromatographic conditions were 
as reported previously (5) with the following modifications. High 
performance size exclusion chromatography was performed either on a 
Waters E-1000 μ-Bondagel column (30 χ 0.39 cm I.D.) or an E-linear 
μ-Bondagel column (30 χ 0.39 cm I.D.). Twenty μΐ of a 0.3 mg/ml 
sample were injected. Mobile phase was either 0.05 or 0.1M NaCl. 
The solvent i n the reservior was st i r r e d with a magnetic s t i r r e r 
and the column was wrapped with a soft foam insulator. The chromato-
graph was kept i n a constant temperature room at 23±1°C. Flow rates 
were measured by an a i r bubble injected into a calibrated measuring 
pipette connected to the exit l i n e of the chromatograph (10). The 
pump was set at a nominal flow rate of 0.5 ml/min. Long term flow 
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rates were measured to be within ± 2% of the nominal value. Over 
any 8 hour period, flow rates were precise to ± 0.3%. Generally, 
peak maxima for 3 consecutive runs agreed within 2 seconds. 

Peaks emerging from the size exclusion column were detected 
by refractive index and UV absorbance at 206 nm. Analog signals 
were d i g i t i z e d at a rate of 150 points per minute and i n a remote 
location by a modcomp 7861 minicomputer, equipped with an analog 
input subsystem. 

To obtain averaged root-mean-square r a d i i of gyration, p a r t i 
t i o n coefficients (K a y) were transformed point by point to values 
as appropriate integrals were summed. Integrations were by a trape
zoidal algorithm. Transformation
calibration curves: 

K->K ln(Y) = a n + a- Κ (1) 1 av v ' 0 1 av 

ΚΊ<Κ <K0 ln(Y) = b A + b- Κ + b 0 Κ 2 + b Q K 3 (2) 1 av 2 v ' 0 1 av 2 av 3 av 

Κ > K 0 ln(Y) = c n + c A Κ (3) av 2 v J 0 0 av 

Here, Y i s R̂ . With the aid of equations 1-3, the best regression 
li n e i s f i t t e d using values of Y and K a v. The constants a^, a^, c^ 
and CQ are constrained to make the calibration curve and i t s f i r s t 
derivative continuous at and K̂ . The boundaries K^, and are 
chosen to minimize the sum of the residuals squared. The constants, 
bo, b j , b^ and b^ governing that portion of the calibration curve 
with < K a v < was obtained by non linear regression using the 
Gauss Newton algorithm. For E-1000 columns, the calibration curve 
is a cubic polynomial with straight lines at the ends, whereas 
Ε-linear calibration curves are cubic polynomials. 

For the narrow pullulan molecular weight standards, p a r t i t i o n 
coefficient values corresponding to the peak maximum of the d i f f e r 
e n t i a l refractive index trace (ARI) of the chromatogram were corre
lated with the z-average r a d i i of gyration (R ) obtained from 

gz 
the l i t e r a t u r e (11). For each broad dextran standard, integral dis
tribution curves supplied by the manufacturer gave weight percentage 
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values corresponding to M̂ , the weight-average molecular weight of 
the standard. Weight percentages were equated with area percentages 
from the M I trace of the corresponding dextran chromatogram, so 
that K a v on the chromatogram could be correlated with M̂ . By u t i 
l i z i n g a combination of R values from l i g h t scattering and visco-
s i t y measurements (5), R^z values were obtained which correspond to 
the M values for each dextran standard. Thus, for each dextran w 
standard, Κ values could be correlated with R values through Mr . 

av gz w 

Membrane Osmometry 

Number average molecula
ments has been described previously (12). The osmometer c e l l was 
thermostatted at 35± 0.1°C and the solvent was 0.047 M i n NaCl and 
0.003 M i n NaN^. A l l samples were immersed i n b o i l i n g water for 
10 minutes, quenched and stored at 35 0 C for a minimum of 3 days 
prior to s e r i a l d i l u t i o n for osmometry. 

End Group Ti t r a t i o n 

The M q of pectins was determined also by the reaction of sodium 
chlorite with aldehyde end groups. This method was developed for 
polysaccharides (13) and modified s p e c i f i c a l l y for pectins (14). 
The chlorite reaction was allowed to proceed for a minimum of 16 hrs. 
in order to obtain results which were independent of whether end 
group standards were galacturonic acid or rhamnose. 

Results and Discussion 

Calibration of Columns. Figure 2 demonstrates that branched dex-
trans which are r e l a t i v e l y compact and linear pullulans which are 
re l a t i v e l y extended i n solution (11) w i l l co-elute on μ-Bondagel 
columns i f they have the same R . Furthermore, for the broad dex-
tran samples, the p a r t i t i o n coefficient at which M̂  elutes corre
lates well with the RMS radius of gyration from l i g h t scattering. 
Thus, we have demonstrated "Universal calibration" (15) for these 
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CONCENTRATION (g/dl) 

Figure 1. van't Hoff plots demonstrating concentration dependence 
of pectin dissociation. Values at intercept calculated from end 
group t i t r a t i o n s . 

PARTITION COEFFICIENT 

Figure 2. Universial calibration curves for mixture of broad and 
narrow distributions of polysaccharides i n 0.1M NaCl mobile phase. 
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two classes of polysaccharides without fractionating the commer
c i a l l y available and r e l a t i v e l y inexpensive dextran standards (11). 
On the basis of these results, we have assumed that pectins with 
values identical to that of dextran or pullulan standards w i l l 
co-elute. 

Table I contains number- 0*gn), weight-, (R g w)> a n d z-average, 
(R ), r a d i i of gyration. These are defined by equations 4-6 

R = Σ C. / Σ (C./R ·) (*) gn Ί· ι . ι' g i y 

R = Σ C. R . / Σ C  (5) gw . ι g i .

R = Σ C. R2. / Σ C. R (6) gz ± ι g i i ι g i 

Where R ^ i s the radius of gyration of species i and i s i t s con
centration. 

For each DM, R < R < R , which i s the expected order, gn gw gz' r 

Interestingly, for the radius of gyration at peak position (R g p) ό 

(maximum concentration of pectin), R < R < R for Rgp < 135 A 
gn Q gP gw 6 r 

whereas R < R < R for R > 247 A. Typical chromatograms are gw gp gz gp y v 

shown i n Fig. 3. 
As indicated by Table I, pooling data without regard to column 

type, s a l t concentration i n the mobile phase, or pectin form gave 
data with a standard deviation ranging from 3 - 15% of the mean for 
the number-, weight- or Z-average R̂ . In case of the number average 
radius of gyration, the standard deviation ranged from 3.5 - 10%. 
Since, i t was our intention to compare molecular weight and size 
values from SEC with those from end group t i t r a t i o n s , and osmometry, 
(comparisons of log R g n reduced the heterogenity i n variance (16)) 
values were analyzed for variance at the (p^ 0.05) confidence l e v e l . 
Such analysis was used to determine i f R^ values were affected signi
f i c a n t l y by: (1) the concentration of s a l t i n the mobile phase; (2) 
whether the form of the carboxylate ion was hydrogen or sodium; (3) 
the pore size distribution (psd) of the HPSEC columns. No global 
trends were id e n t i f i e d because of interactions between combinations 

In Chemistry and Function of Pectins; Fishman, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



3. FISHMANETAL. Molecular Weight and Dimensions for Citrus Pectins 29 

-1.0 -0.

Figure 3. Typical chromotograms for pectins with 0, 37 and 70% 
methylation esterfication. 

ο Λ 

TABLE I RADIUS OF GYRATION (R , A) FOR PECTINS1 

\ R 
NUMBER-AVERAGE WEIGHT-AVERAGE Z-AVERAGE PEAK P0S. 

0 51.7 + 2.2 65.2 + 4.1 84.5 + 11 53.7 ± 4.22 

35 99.6 + 3.8 144 + 3.0 212 + 7.8 123 ± 11 

37 70.5 + 2.2 105 + 2.9 165 + 12 81.5 ± 8.2 

57 131 + 9.4 207 + 17 309 + 40 258 ± 28 

58-60 124 + 4.3 194 + 4.5 288 + 11 252 ± 33 

70 126 + 6.0 201 + 10 301 + 12 247 ± 35 

72-73â 123 + 12 206 + 11 314 + 12 292 ± 35 

73G 101 + 3.3 149 + 4.0 225 + 15 135 ± 31 

1 DATA AVERAGED OVER MOBILE PHASE CONCENTRATION (0.05M & 0.1M 
NaCl), OVER FORM (ACID & NEUTRALIZED) AND OVER COLUMN (E-1000 
AND E-LINEAR) 24 DETERMINATIONS. 

2 STANDARD DEVIATION OF POOLED DATA AS IN (1). 
3 DATA FOR E-1000 COLUMN ONLY (12 DETERMINATIONS). 
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of mobile phase concentration, carboxylate counter ion and column 
psd. In another approach, at constant degree of methylation, R g n 

values were separated at the (P^ 0.05) confidence l e v e l through 
differences i n their logs by the Bonferroni LSD method (17). Thus 
within any horizontal row i n Table I I , means not followed by the 
same l e t t e r were s i g n i f i c a n t l y different at the (p <.05) confidence 
l e v e l . At constant column type and sa l t concentration only 1/3 of 
the comparisons i n Table II gave s i g n i f i c a n t d i f f e r e n c e s i n R with 
carboxylate counter ion (e.g. Na against H). Comparisons revealed 
that differences due to carboxylate counter ion were equally divided 
between the two column types. Generally at each DM, values of R Q 

for the E-1000 columns tende
g

over column type, s a l t concentration i n the mobile phase and counter 
ion form ( i . e . the value of R g Q i n Table I ) . Multiple letters i n d i 
cate multiple overlap i n means for the Ε-linear columns, R g n values 
at each DM tended to be higher then R values for E-1000 columns i f 

g n 

s a l t mobile phase concentration was 0.05 M whereas R values tended 
gn 

to be lower than E-1000 values of R i f NaCl i n the mobile phase 
gn 

was 0.1 M. If one assumes a rod-like model for pectin i t i s readily 
shown (12) that the degree of polymerization DP i s related to R g 

by equation 7. R g = DP χ h / VÎ2 (7) 

Here h i s the v i r t u a l bond length, the length of a monomer unit pro
jected along the χ axis, provided the pectin rod i s p a r a l l e l to that 
axis. I f one replaced DP with the ratio of polymer molecular weight 
M to monomer residue weight, M q , equation 8 i s obtained. 

R g = Μ χ h / VÏ2 χ M Q (8) 

Substituting equation 8 into equation 4, yields equation 9. 

R = (h / VÏ2 x Μ ) (Σ c. / Σ (c. / M . ) (9) 
i i 
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R = h x M / V Ï 2 x M (10) gn η ο 

Fi n a l l y 

R G N = h χ D P Q / VÏ2 ( Π ) 

Similar equations could be derived for weight- and Z-average mole
cular weights respectively. According to equation 11, molecules 
with Μ β have a r a d i i of gyration equal to R G R . This result cannot 
be generalized to macromolecules which are not rod-like (18). 

A test of equation
ratio R / B P ^ . Accordin
meter for rods should be dependent on h. I f we take the li t e r a t u r e 

ο 
value (19), of 5 A for pectin, the theoretical characteristic para
meters for pectins would be 1.44. In Table I I I , we have c a l c u l a t e d 
characteristic parameters (CP) from the ratio of R G Q from SEC and 
D P q from end group t i t r a t i o n . Values for R G Q were pooled data from 
the two type columns with 0.05 M NaCl i n the mobile phase. Char
a c t e r i s t i c parameter values for protonated and Na forms of the car
boxylate were not pooled. Interestingly i n a l l cases but the grape
f r u i t pectin, CP exceeds the theortical value of 1.44. Values i n 
Table I I I may exceed 1.44 because R G Q from SEC i s that of aggregated 
pectins whereas DPn from end group t i t r a t i o n s i s "monomeric" pectin. 
At constant DM, i n a l l but one case i n Table I I I , differences i n 
characteristic parameter between the sodium and protonated forms are 
10% or less. 

From equation 11 and R G N from size exclusion chromatography 
(SEC), i t i s possible to calculate the DP n of the backbone residues 
i n pectin. The results of these calculation appear i n Table IV under 
the heading SEC-1. Since pectins contain about 22% neutral sugars 
side chains, dividing the DP n values under SEC-1 by 0.78 yields the 
DPn values for the entire pectin molecule. The results of those 
calculations appear under the heading SEC-2 i n Table IV. Values of 
gn w e r e °°tained by combining data from the two type of columns and 

the two pectin forms. Here, 0.05 M NaCl was the mobile phase. For 
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TABLE III CHARACTERISTIC PARAMETERS FROM NUMBER AVERAGE1 

DM H NA+ 

0 1.8 2.0 

35 1.9 2.1 

37 2.3 2.3 

57 2.2 2.2 

58-60 1.9 2.1 

70 

72,73 1.8 2.3 

73G 1.2 1.2 

1 POOLED DATA FROM ELMB & E-1000 COLUMNS, SOLVENT 0.05M NaCl 

TABLE IV. NUMBER-AVERAGE DEGREE OF POLYMERIZATION (D P q) OF PECTINS 

^METHOD 
EGT1 SEC-12 SEC-22 OSMOMETRY 

0 30 40 40 51 3 

35 51 72 92 1263 

37 33 52 67 94 3 

57 66 102 131 170 

58-60 66 90 116 171 

70 68 93 119 174 

72,73 60 86 111 190 

73G 85 71 91 - -

1 END GROUP TITRATION. 
2 SIZE EXCLUSION CHROMATOGRAPHY. 
3 NEUTRALIZED PECTINS. REMAINING DATA IS A COMBINATION OF Na & H 
FORMS. 
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comparison, we have included values of D P ^ from end group t i t r a t i o n s 
(EGT) and osmometry (0) for these same pectins. As i n the cases of 
the SEC values, except where noted, D P r for Na and protonated forms 
were combined. The data of Table IV reveal that DP (EGT) < DP — η η 
(SEC) < D P N (0). The order of D P F L values could be predicted from 
Fig 1, since the concentration at which pectin was measured i n 
SEC was intermediate between 0 and 0.1 g/dl. We note that the osmo
metry data was measured at 35°C whereas the SEC was obtained at 
23°C. Thus, i f we assume that pectin aggregates primarily through 
hydrogen bonds, we could expect that pectin D P R values from osmo
metry at 230C would be even larger then those measured at 35°C

The l i n e a r i t y of th
figure 1) may indicate that above this c r i t i c a l concentration, the 
"monomeric" pectin concentration i s p r a c t i c a l l y constant whereas 
i t changes with t o t a l polysaccharide concentration below the c r i t 
i c a l concentration. Ionic detergents behave i n this fashion. 

Since the product of D P q and h i s the number average length, 
l n , equation 11 permits a calculation of Ï q by dividing R G N from 
SEC by VÎ2- In the case of osmometry, as indicated by figure 1, 
taking the l^m (7t/c) of the linear portion of the curve gives the 
aggregated molecular weight of pectin. Thus, i f one multiplies a 
corrected D P r by (h), then a maximum value of Ï ( i . e . ϊ β for end 
to end aggregation) w i l l be obtained. Corrected D P N i s obtained 
by multiplying D P q by 0.78, the mole fraction of galacturonate i n 
the polysaccharide backbone. For D P ^ from end group t i t r a t i o n , 
multiplying D P q by 0.78 w i l l give the length of monomer residues 
in the backbone. 

Comparison of number average lengths obtained from end group 
t i t r a t i o n , Ï q (EGT), and from size exclusion chromatography Ï q (SEC) 
(Table V) revealed that pectin length decreased, with decreasing con
centration presumably due to disaggregation. Furthermore, the maxi
mum length by osmometry i s consistent with the concentration-
dependent disaggregation. 

In summary, we have demonstrated that by u t i l i z i n g SEC and a 
variation of the universal calibration p r i n c i p l e , one can measure 
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TABLE V NUMBER AVERAGE LENGTH (A) FOR PECTINS 

\METHOD 
DM^v. In (EGT) In (SEC) In (0) 

0 150 200 255 
35 199 360 491 
37 129 260 367 
57 258 510 663 

58-60 258 450 667 
70 265 465 679 

72,73 234 430 741 
73G 332 355 -
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quantitatively, the radius of gyration of pectin i n solution. Fur
thermore, by assuming simple rod-like structure one can obtain mole
cular dimensions and weights. S t a t i s t i c a l analysis of the data 
revealed that short term precision was about 3% whereas long term 
precision was about 10%. This discrepancy i s probably due to small 
changes i n retention time induced by mechanisms other than size 
exclusion. Within a precision of ±10%, differences due to counter 
ion, s a l t concentration i n the mobile phase or pore size d i s t r i b u 
tion of the column packing are marginal. In the long term, somewhat 
better precision i s obtained with the E-1000 columns than with 
Ε-linear columns. 

Comparison of molecula
the various techniques revealed their magnitude to be i n the order 
end group t i t r a t i o n < size exclusion chromatography < osmometry. 
These results are consistant with the hypothesis that pectin can 
undergo a concentration-dependent disaggregation. Interestingly, an 
activation step such as b r i e f l y heating i s necessary to observe dis
aggregation i n the case of osmometry whereas i n the case of size 
exclusion chromatography shear forces within the column appear to 
perform the same function. 
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Structural Studies of Apple Pectins 
with Pectolytic Enzymes 

J. A. de Vries1, A. G. J. Voragen, F. M . Rombouts, and W. Pilnik 

Department of Food Science, Agricultural University, De Dreijen 12, 
6703 BC Wageningen, The Netherlands 

Apple pectic substance
esterified galacturoni
composed of arabinose, galactose and xylose. Degradation 
with purified pectolytic enzymes shows that the side 
chains are present in blocks ("hairy regions"). Enzymic 
and chemical degradation of the hairy regions reveals 
that they consist of arabinogalactan side chains and 
short xylose side chains. It can be concluded that apple 
pectic substances are constructed of homogalacturonan, 
xylogalacturonan and rhamnogalacturonan regions with 
side chains of arabinogalactan. About 95% of the uronic 
acid residues is present in the homogalacturonan regions. 
The arabinogalactans are highly branched. HPLC analysis 
of enzymic degradation products suggests that the 
methoxyl groups of the uronic acid residues are randomly 
distributed. 

There i s consensus about the ba s i c f i n e s t r ucture of p e c t i n molecules. 
Everyone agrees with the idea of an a-1,4-D-galacturonan with few 
a-1,2 bound L-rhamnose residues i n the main chain, the galacturonan 
being p a r t l y e s t e r i f i e d with methanol and p a r t l y a c e t y l a t e d . The main 
chain f u r t h e r c a r r i e s c o v a l e n t l y attached n e u t r a l sugars as side 
groups and/or as side chains which may be sub s t i t u t e d with a c e t y l and 
phenols, many of these side chains being bound to L-rhamnose. There 
i s also agreement that a p e c t i n preparation c o n s i s t s of a mixture of 
various molecules. Many of them are a r t i f a c t s i n the case of ext r a c 
t i o n with c e l l w a l l modifying reagents. S t r u c t u r a l features a l s o 
depend on o r i g i n and degree of ripeness of the plant source. These 
views have been obtained and substantiated over 30 years. Much work 
was done on degradation, work up of oligomeric fragments followed by 
determination of str u c t u r e with c l a s s i c a l methods and r e c e n t l y by GC 
and GC/MS a f t e r chemical m o d i f i c a t i o n (reduction) and d e r i v a t i o n . 

1Current address: The Copenhagen Pectin Factory, Ltd., DK-4623 Lille Skensved, 
Denmark. 

0097-6156/ 86/0310-0038506.00/0 
© 1986 American Chemical Society 
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At present, a number of questions remain open. There i s the s p e c i f i c 
question on the structure of the often branched side chains and the 
more general question on whether s t r u c t u r a l features are i n t r a - or 
intermolecular phenomena. Do the molecules of a p e c t i n preparation 
have smooth and h a i r y regions or i s there a mixture of pure galac-
turonan molecules and galacturonan molecules with many side chains? 
How i s the i n t e r - and intramolecular d i s t r i b u t i o n of methoxylated and 
f r e e carboxyl groups? 

The a v a i l a b i l i t y of pure p e c t o l y t i c enzymes with known s p e c i f i c i 
ty plus chromatography techniques provides the p o s s i b i l i t y f o r r e l a 
t i v e l y simple experiments to answer some of these questions. 

In recent years we have used these p o s s i b i l i t i e s i n our studies 
on the s t r u c t u r a l features of apple p e c t i c substances (1-6). This 
work i s reviewed here and complemented with r e s u l t s of other i n v e s t i 
gators. For d e t a i l e d d e s c r i p t i o n s of experimental work the reader i s 
r e f e r r e d to (1-4). The apple pectins studied were extracted from 
Golden D e l i c i o u s apples a
l e s s than 50% of the p e c t i
(AIS) prepared from peeled and cored apples could be extracted under 
the mild conditions used. The amounts of p e c t i n i n the various ex
t r a c t s are i n d i c a t e d i n F i g . 1. 

Neutral Sugar D i s t r i b u t i o n 

To e s t a b l i s h the d i s t r i b u t i o n of the n e u t r a l sugars among the p e c t i n 
molecules we (J_) f r a c t i o n a t e d the four p e c t i n extracts on DEAE-
c e l l u l o s e . F i g . 2 shows a t y p i c a l e l u t i o n p r o f i l e obtained with a 
l i n e a r gradient of 5-500 mM Na-phosphate bu f f e r s of pH 5.1 f o r the 
c o l d - b u f f e r extract of r i p e apple AIS. The p e c t i c m a t e r i a l was found 
to elute as one t a i l i n g peak. About 10% of the p e c t i n d i d not bind to 
the column and could only be f r a c t i o n a t e d a f t e r p a r t i a l c o ld a l k a l i 
s a p o n i f i c a t i o n . A small percentage was retained on the column and 
could only be eluted with 0.01 M NaOH. The p e c t i n containing f r a c 
t i o n s from each extract were c o l l e c t e d i n 10 pools, each pool con
t a i n i n g 10% of the anhydrogalacturonic a c i d (AUA) a p p l i e d to the 
column ( F i g . 2). In t o t a l 48 pools were obtained f o r the four ex
t r a c t s , t h i s includes the p e c t i n f r a c t i o n s which d i d not bind to the 
column and the ones that had to be eluted with a l k a l i . The n e u t r a l 
sugar content i n each pool was estimated and c a l c u l a t e d as moles 
ne u t r a l sugar residues per mole of galacturonosyl residues. I t was 
found to vary between 0.04 to 1.7 moles/mole AUA, pools with r a t i o ' s 
of 0.15, 0.24 and 0.53 were p r e v a i l i n g . By arranging the pools i n 
ascending order of moles n e u t r a l sugars per mole AUA and p l o t t i n g the 
AUA content of pools with a c e r t a i n r a t i o i n % of AUA present i n a l l 
pools cumulatively against the r a t i o , a cumulative n e u t r a l sugar 
d i s t r i b u t i o n curve was constructed. Numerical d i f f e r e n t i a t i o n of t h i s 
curve r e s u l t s i n the n e u t r a l sugar d i s t r i b u t i o n curve as shown i n 
F i g . 3 f o r extracts of r i p e and unripe apples. These curves suggest 
that i n p e c t i n a discontinuous rather than a continuous d i s t r i b u t i o n 
of the n e u t r a l sugars i s present. F i v e types of pectins (A to E) are 
i n d i c a t e d by the n e u t r a l sugar d i s t r i b u t i o n curves. The n e u t r a l sugar 
contents of the pectins of types B, C, D and Ε have r a t i o ' s of 
1:1.7:3.7:10. Cold b u f f e r extracts were found to contain mainly 
pectins of type A, Β and C, i n r i p e apples also type Ε was present. 
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CAIS ) 
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Figure 1. Ex t r a c t i o n of p e c t i n f r a c t i o n s of AIS of apples 
(peeled and cored). 

AUA 

Figure 2. Fractionation of the pectin from the cold buffer 
extract of the ripe apple AIS on DEAE-cellulose. AUA, 
anhydrouronic acid, mg/ml; Ve, elution volume, ml. The 
numbers i n the figure indicate the neutral sugar residue 
content of the fractions, expressed as moles of neutral sugar 
residues/mole of galacturonate residues. (Reproduced with 
permission from reference 1. Copyright 1981 Carbohydrate 
Polymer). 
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Hot b u f f e r extracts contained mainly types B, C and D, oxalate ex
t r a c t s types A, B, C and D and i n a c i d extracts types C, D and Ε 
dominated. 

Ion-exchange chromatography has been s u c c e s s f u l l y applied by 
various i n v e s t i g a t o r s to f r a c t i o n a t e pectins (7, 8, 9). The f r a c 
t i o n a t i o n i s mainly based on the degree of e s t e r i f i c a t i o n of pectins 
(10). However, i t i s l i k e l y that c o v a l e n t l y l i n k e d n e u t r a l sugars 
and the molecular weight of the p e c t i n also a f f e c t the e l u t i o n pro
f i l e ( J J ) . To v e r i f y , i f the p o s s i b l e i n t e r a c t i o n s between degree of 
e s t e r i f i c a t i o n , molecular weight and n e u t r a l sugar content i n t e r 
fered i n the DEAE-cellulose f r a c t i o n a t i o n , pools were f u r t h e r f r a c 
tionated by gel f i l t r a t i o n and rechromatographed on DEAE-cellulose. 
The existence of the d i f f e r e n t types of p e c t i n molecules was con
firmed. 

Important a d d i t i o n a l information on the f i n e structure was ob
tained by subjecting i s o l a t e d pectins to enzymic degradation by pure 
p e c t i n lyase or pectate
gel f i l t r a t i o n chromatograph
f o r a p e c t i n f r a c t i o n i s o l a t e d from cold b u f f e r extract of AIS from 
r i p e apples with 4% of the g l y c o s i d i c linkages s p l i t by pectate 
lyase i s shown i n F i g . 4. F r a c t i o n s were c o l l e c t e d i n 4 pools as i n 
d i c a t e d , the degree of e s t e r i f i c a t i o n and n e u t r a l sugar composition 
were e s t a b l i s h e d and are given i n the f i g u r e . Pool α was found to 
contain only 5% of the g a l a c t u r o n i c a c i d residues but contained 90% 
of the n e u t r a l sugar residues. The p e c t i n i n t h i s pool was h i g h l y 
e s t e r i f i e d . F r a c t i o n s (3, γ and 6 had a high AUA content and a low 
l e v e l of n e u t r a l sugars. The degree of e s t e r i f i c a t i o n of the p e c t i n 
fragments i n these pools v a r i e d between 50 and 81%. S i m i l a r observa
t i o n s were made f o r other i s o l a t e d pectins degraded with p e c t i n 
lyase or pectate l y a s e . From these r e s u l t s i t wae concluded that a l 
most a l l n e u t r a l sugar residues are l i n k e d to r e l a t i v e l y short seg
ments of the rhamnogalacturonan backbone ('Tiairy" regions) leaving 
large parts of the rhamnogalacturonan backbone unsubstituted 
("smooth" r e g i o n s ) . Evidence f o r the conception of p e c t i n as con
s i s t i n g of "smooth" and " h a i r y " regions has also been produced by 
other i n v e s t i g a t o r s (7, 12, 13) and t h i s conception i s also i n agree
ment with the existence of f i v e types of pectins i n d i c a t e d by the 
n e u t r a l sugar d i s t r i b u t i o n curve. This can be v i s u a l i z e d by the 
simple model of pectins of type A to Ε shown i n F i g . 5. Type Β was 
found to be the dominant p e c t i n type i n the e x t r a c t s , type A and Ε 
can be considered to be degraded p e c t i n s . 

Table I shows the n e u t r a l sugar composition as estimated f o r 
p e c t i n types A to Ε from r i p e apples expressed as moles sugar per 
mole arabinose. For the pectins from unripe apples s i m i l a r r e s u l t s 
were obtained. I t can be seen that the n e u t r a l sugar composition f o r 
a l l p e c t i n types i s f a i r l y constant with the exception of galactose. 
The same i s true f o r pools α to δ of F i g . 4; here galactose i s prac
t i c a l l y only present i n pool a. From these r e s u l t s the conclusion 
was derived that w i t h i n the n e u t r a l sugar side chain blocks a r e 
peating pattern i s present. 

I s o l a t e d " h a i r y " region f r a c t i o n s were found to be rather r e s i s 
tant against degradation by p e c t i c enzymes. Endo -3-1,4-galactanase 
could r e l e a s e arabinogalactans and oligomeric galactose from h a i r y 
region f r a c t i o n s . They could a l s o be p a r t i a l l y degraded when 
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A B C D Ε 

moles neutral sugar/mole AUA 

Figure 3 . Neutra
extracted from rip
represents 100$ of the AUA present i n the four extracts. 
( — ) Unripe apples; ( ) ripe apples. (Reproduced with 
permission from reference 1. Copyright 1981 Carbohydrate 
Polymer). 

AUA(mg/ml) 
0 6-, 

α β Ύ δ 
Degree of e s t e r i f i c a t i o n (%) 95 81 75 50 
% of AUA 7 31 54 8 
N e u t r a l sugar c o n t e n t 
(moles/mole of g a l a c t u r o n i c 

a c i d r e s i d u e s ) 1 .33 .03 .02 .01 
moles rhamnose/mole a r a b i n o s e .08 .06 .10 .05 
moles xylose/mole a r a b i n o s e .09 .09 .10 .07 
moles g a l a c t o s e / m o l e a r a b i n o s e .87 .71 3.0 6.1 
moles g l u c o s e / m o l e a r a b i n o s e .10 .06 .10 .09 

Figure 4. Gel f i l t r a t i o n of a pectate lyase degraded p e c t i n . 
AUA = anhydro-uronic a c i d content, Ve = e l u t i o n volume, the 
eluent was water. 
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type A type Ε 

i — I - H I-

type Β type C type D 

Figure 5. Model of th
li n e s : rhamnogalacturona
Black areas: blocks of neutral sugar side chains. (Reproduced 
with permission from reference 2. Copyright 1982 Carbohydrate 
Polymer). 

Table I. Neutral sugar composition of pectins extracted from 
r i p e and unripe apples (AIS). The c a p i t a l s A-E r e f e r to F i g . 2. 
The n e u t r a l sugar composition i s expressed as moles sugar per 
mole arabinose. The values are averages of those f o r pec t i n s 
with about the same n e u t r a l sugar content i n the four e x t r a c t s . 
Mannose was absent i n a l l cases (1). 

r i p e 

A Β C D Ε on average 

rhamnose 0.15 0.07 0.08 0.07 0.09 0.09 
xylose 0.09 0.10 0.09 0.08 0.08 0.09 
galactose 1.42 0.80 0.69 0.38 0.29 
glucose 0.17 0.13 0.12 0.12 0.03 0.10 

sugar content 0.08 0.15 0.24 0.54 1.42 
(moles/mole gal.A.) 

Source: Reproduced with permission from reference 1. 
Copyright 1981 Carbohydrate Polymer. 
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subjected to 3-elimination at pH 6, 100°C f o r 2 hours i n 0.05 M so
dium phosphate b u f f e r . F i g . 6 shows the g e l f i l t r a t i o n p r o f i l e s of 
h a i r y region f r a c t i o n s before and a f t e r 3-elimination and the sugar 
composition of degraded p e c t i n f r a c t i o n s . A high proportion of xylose 
residues was present i n the lower molecular weight f r a c t i o n s and t h i s 
provides evidence f o r the presence of xylogalacturonan regions a l s o 
reported by other i n v e s t i g a t o r s (12, 14). 

D i s t r i b u t i o n of Methoxylated and Free Carboxyl Groups 

We have already seen that the degree of e s t e r i f i c a t i o n of the " h a i r y " 
regions i s almost 100%. The homogalacturonan regions have an aver
age degree of e s t e r i f i c a t i o n of about 70%. The d i s t r i b u t i o n of the 
methoxylated and f r e e carboxyl groups was, however, unknown. The 
intermolecular d i s t r i b u t i o n was e s t a b l i s h e d by estimating the degree 
of e s t e r i f i c a t i o n i n the many f r a c t i o n s obtained by extensive f r a c 
t i o n a t i o n of many p e c t i
c e l l u l o s e chromatography
where the amounts of f r a c t i o n s with a c e r t a i n degree of e s t e r i f i c a -
t i o n (expressed i n proportion of t o t a l AUA present i n a l l f r a c t i o n s ) 
are p l o t t e d versus degree of e s t e r i f i c a t i o n (DE). I t can be seen that 
almost a l l f r a c t i o n s were found to have a DE of about 70-80%. Minor 
amounts of p e c t i n are present i n f r a c t i o n s with a DE of 50% and i n 
f r a c t i o n s with a DE of about 95%. 

Information about the intramolecular d i s t r i b u t i o n was derived 
from studies of the oligomeric, p a r t i a l l y e s t e r i f i e d galacturonides 
obtained by extensive degradation of p e c t i n f r a c t i o n s by pectate 
lyase and p e c t i n lyase. The oligomers were f r a c t i o n a t e d by HPLC using 
an amino-bonded s i l i c a column (15). In F i g . 8 the chromatograms f o r 
pectins with 8% of the g l y c o s i d i c linkages s p l i t by p e c t i n lyase and 
f o r pectins with 7% of the g l y c o s i d i c linkages s p l i t by pectate lyase 
are shown. The p a r t i a l l y e s t e r i f i e d galacturonides are separated 
according to the number of free carboxyl groups and not according to 
chain length. Peaks a, b and c represent o l i g o g a l a c t u r o n i d e s with 
zero, one and two f r e e carboxyl groups. The oligomer composition of a 
peak could be e s t a b l i s h e d by c o l d a l k a l i s a p o n i f i c a t i o n of the 
methylated galacturonides i n the pooled f r a c t i o n s . F i g . 9 shows the 
d i s t r i b u t i o n of the degree of polymerization of the methyloligo-
galacturonides containing one f r e e carboxyl group (peak b) obtained 
from a n a t i v e p e c t i n and a l s o the d i s t r i b u t i o n found f o r peak b of 
t r a n s - e s t e r i f i e d p e c t i n with the same DE as the n a t i v e p e c t i n . This 
t r a n s - e s t e r i f i e d p e c t i n was obtained by e s t e r i f i c a t i o n of the n a t i v e 
p e c t i n f r a c t i o n to a DE of about 95% and subsequent s a p o n i f i c a t i o n i n 
the c o l d with a c a l c u l a t e d amount of 0,1 M potassium hydroxide to the 
o r i g i n a l DE of the native p e c t i n . This procedure i s supposed to give 
pectins with a random d i s t r i b u t i o n p a t t e r n of the methylester groups 
i n contrast to s a p o n i f i c a t i o n with c i t r u s pectinesterase which i s 
supposed to give a blockwise d i s t r i b u t i o n (16, 17). The d i s t r i b u t i o n 
patterns obtained showed only small d i f f e r e n c e s , suggesting that the 
n a t i v e d i s t r i b u t i o n and the modified d i s t r i b u t i o n are s i m i l a r . This 
could be f u r t h e r substantiated by t h e o r e t i c a l considerations based on 
assumptions concerning the mode of a c t i o n of the enzymes (number of 
adjacent e s t e r i f i e d galacturonide residues necessary f o r bond s p l i t 
t ing) and the intramolecular d i s t r i b u t i o n of methoxyl groups (DE, 
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Figure 6. Gel f i l t r a t i o n of apple pectin "hairy" regions after 
β-elimination on Sephacryl S-300. (Reproduced with permission 
from reference 3. Copyright 1983 Carbohydrate Polymers). 
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Figure 7. Occurrence of pectins with a c e r t a i n degree of 
e s t e r i f i c a t i o n i n p e c t i n e x t r a c t s of apple AIS. 
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Figure 8. High-pressure l i q u i d chromatograms of pectin 
fractions degraded with pectin lyase (a) and pectate lyase (b) 
to degradation l i m i t s , respectively, of 18> and 7%. (Reproduced 
with permission from reference 4. Copyright 1983 Carbohydrate 
Polymer). 
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Figure 9. Distribution of the degree of polymerization of 
methyloligogalacturonides containing one free carboxyl group 
obtained from a native and from a transesterified pectin. 
Methyloligogalacturonides were completely deesterified (in 
a l k a l i ) and the degree of polymerization of oligogalacturonides 
was determined by HPLC. (Reproduced with permission from 
reference 4. Copyright 1983 Carbohydrate Polymer). 
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i n f i n i t e chain length and random d i s t r i b u t i o n ) . With help of s t a t i s 
t i c s the frequencies of occurrence of c e r t a i n sequences i n a p e c t i n 
molecule and the occurrence of methyloligogalacturonides w i t h zero, 
one e t c . f r e e carboxyl groups can be c a l c u l a t e d . The d i f f e r e n c e s be
tween c a l c u l a t e d and experimental data were found to be r e l a t i v e l y 
s m a l l . 

The e f f e c t of d i f f e r e n t i n t r a m o l e c u l a r d i s t r i b u t i o n s of methoxy
l a t e d and fr e e carboxyl groups on the d i s t r i b u t i o n of the degree of 
po l y m e r i z a t i o n of o l i g o g a l a c t u r o n i d e s i n enzymatic d i g e s t s of p e c t i n s 
i s i l l u s t r a t e d i n F i g . 10. These data were obtained by sap o n i f y i n g 
95% e s t e r i f i e d p e c t i n to 60% e s t e r i f i c a t i o n w i t h c i t r u s p e c t i n e s t e -
rase (PE, sapo n i f i e d ) or w i t h a l k a l i ( a l k a l i s a p o n i f i e d ) and de
grading r e s p e c t i v e l y 12% and 8% of the g l y c o s i d i c linkages of the two 
pec t i n s w i t h pectate l y a s e . The d i g e s t s were s a p o n i f i e d and analyzed 
f o r o l i g o g a l a c t u r o n i d e composition by HPLC. In the PE s a p o n i f i e d pec
t i n d i g e s t the lower o l i g o g a l a c t u r o n i d e s were present i n l a r g e r 
amounts. This i s due t
d e - e s t e r i f i e d r e g i o n s . Thes
d i s t r i b u t i o n . 

Conclusion 

Chromatographic techniques i n combination w i t h pure enzymes have been 
used s u c c e s s f u l l y as t o o l s i n the e l u c i d a t i o n of the f i n e s t r u c t u r e 
of apple p e c t i n s . Apple p e c t i n s were found to c o n s i s t of " h a i r y 1 1 

r e g i o n s , having a backbone of rhamnogalacturonan c a r r y i n g arabino
galactan side chains and xylogalacturonan and "smooth" r e g i o n s , the 
l a t t e r being homogalacturonans w i t h a degree of e s t e r i f i c a t i o n of 
70-80%. The in t r a m o l e c u l a r d i s t r i b u t i o n of the methoxyl groups could 
not be d i s t i n g u i s h e d from a random d i s t r i b u t i o n . 

Future research e f f o r t s should be d i r e c t e d to the problem of 
p o s s i b l e connections between these s t r u c t u r a l f e atures of p e c t i n and 
i t s p r o p e r t i e s as g e l l i n g agent and as d i e t a r y f i b r e . 

Figure 10. D i s t r i b u t i o n of the degree of po l y m e r i z a t i o n of 
pectate l y a s e degraded p e c t i n s w i t h d i f f e r e n t d i s t r i b u t i o n s of 
methyl groups. The d i g e s t s were completely d e e s t e r i f i e d ( i n 
a l k a l i ) and the degree of po l y m e r i z a t i o n of o l i g o g a l a c t u r o n i d e s 
was determined by HPLC. (Reproduced with permission from 
reference 4. Copyright 1983 Carbohydrate Polymer). 
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Sugar Beet Pectins: Chemical Structure and Gelation 
through Oxidative Coupling 

F. M . Rombouts1 and J. F. Thibault2 

1Department of Food Science, Agricultural University, De Dreijen 12, 
6703 BC Wageningen, The Netherlands 

2Laboratoire de Biochimie et Technologie des Glucides, Institut National de la Recherche 
Agronomique, rue de la Géraudière, 44072 Nantes, France 

Pectins were
sequential extractio
and alkali. They were found to be fairly low 
molecular mass products with a high degree of 
acetylation and a relatively high neutral sugar 
content. Neutral sugars were determined and 
their location in "hairy fragments" of the 
pectin molécules was studied by enzymic and 
chemical degradation experiments. Acetyl ester 
groups are bound to the anhydrogalacturonide 
backbone mainly. Feruloyl ester groups appear 
to be linked to the neutral sugar side chains. 
These can be used in the formation of cross-links 
with hydrogen peroxide and peroxidase or with 
ammonium persulfate. The products obtained are 
either pectin solutions with increased intrinsic 
viscosity or pectin gels. Cross-linked pectins 
isolated from these gels have an extremely high 
water-absorbing capacity. 

Beet pulp i s the residue l e f t from ground sugar beet after sugar 
extraction. In i t s dried form i t i s available a l l year round at 
rel a t i v e l y low prices. Some 25% of i t s dry weight consists of an-
hydrogalacturonic acid and i t i s therefore a potentially r i c h 
source of pectin (1). However, several attempts i n the past to com
mercialise sugar-beet pectins have f a i l e d , due to the poor ge l l i n g 
properties of the pectins, compared to those from citrus and apple. 
These poor gelling properties are attributable to the presence of 
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50 CHEMISTRY AND FUNCTION OF PECTINS 

acetylester groups mainly, and further to the r e l a t i v e l y small size 
of the beet pectin molecules (2). 

Our recent studies on sugar-beet pectins have revealed some new 
features, which may increase their usefulness, and possibly lead to 
some new applications. 

Experimental methods 

Materials. Pressed sugar-beet pulp, preserved i n four volumes of 
ethanol was obtained from a sugar factory at Eppeville, France. En-
dopolygalacturonase was purified from a preparation from Aspergil
lus niger, as described by Thibault and Mercier (3). Endopectate 
lyase was obtained from Pseudomonas fluorescens (4). Endopectin 
lyase (type 2) was isolated from a preparation of A. niger (5). 
Pectinesterase was purified from an A. niger preparation according 
to Baron et a l (6). Exo a(1^5) arabinanase and endo β(1-4) galac-
tanase were also purifie
Horse radish peroxidas
Chem. Comp., St. Louis, Mo. USA. 

Extraction and p u r i f i c a t i o n . An alcohol-insoluble residue was pre
pared from sugar-beet pulp. Products successively extracted from 
this material were: water-soluble pectin (WSP), oxalate-soluble 
pectin (OXP), acid-soluble pectin (HP) and alkali-soluble pectin 
(OHP). Extractions were done according to the procedure described 
by Barbier and Thibault (7). The pectins were pur i f i e d by chromato
graphy at pH 4.8 on Whatman DEAE-cellulose DE 52 under the conditi
ons described by Barbier and Thibault (7). As the alkali-soluble 
pectin binds i r r e v e r s i b l y to this column, this fraction was puri
fied by precipitation with CuSO^ and extensive washing of the pre
c i p i t a t e . Cupric ions were subsequently removed by di a l y s i s against 
Na^EDTA at pH 4.8. 

Analytical methods. The anhydrogalacturonic acid content and neu
t r a l sugar content (expressed as anhydro-arabinose) of pectins were 
determined automatically by the m-hydroxydiphenyl method (8) and 
the orcinol method (9) respectively. In the l a t t e r method correc
tions were made for interference from anhydrogalacturonic acid. 
Neutral sugar residues i n pectins were determined by gas-liquid 
chromatography of the alditolacetates (10) prepared from the sugars 
after hydrolysis with 2 M tr i f l u o r o - a c e t i c acid during 1.5 h at 
120°C. Methylester groups were determined according to Wood and 
Siddiqui (11). 0-acetyl groups were liberated from pectins by hy
drolysis with 0.1 M sodium hydroxide for 1 h at room temperature. 
After neutralisation, acetic acid was determined by gas-liquid 
chromatography with formic acid-saturated nitrogen as carrier gas 
(12). Feruloylester groups were estimated spectrophotometrically at 
375 nm, using freshly prepared pectin solutions i n 0.1 M glycine-
sodium hydroxide buffer, pH 10. The feruloylester content was c a l 
culated using a molar extinction coefficient of 31600 (13). Poly
phenols were estimated with the Folin-Ciocalteu reagent without 
copper treatment (14), using f e r u l i c acid as standard. I n t r i n s i c 
v i s c o s i t i e s and viscosity-average molecular weights of pectins were 
determined with the method of Owens et a l (15). 
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Chromatography. Purified pectins and their degradation products 
were studied by gel-permeation chromatography on Sepharose CL-2B or 
Sepharose CL-6B (Pharmacia), under conditions as described by Bar-
bier and Thibault (7). High-performance size exclusion chromato
graphy was done with a series of Biogel TSK columns types 6000, 
5000, 4000 and 3000 PW (Bio-Rad Labs., Richmond, Ca., USA). The 
solvent was 0.1 M sodium sulfate i n sodium acetate, pH 3.7, ionic 
strength 0.34 (16). 

Degradation studies. Degradation l i m i t s by endopolygalacturonase 
and by β-elimination were determined as described by Thibault (17) 
and by endopectate lyase as described by Rombouts et a l (4). For 
pectin lyase the reaction conditions were 0.25 (w/v) pectin, 0.01 M 
sodium phosphate buffer, pH 5.2 and 0.52 U/ml of pectin lyase, 
30°C, 24 h. The pectin lyase reaction was monitored by measuring 
A235 ^ o f a l i < l u o t s , diluted t h i r t y f o l d with 0.1 Ν hydrochloric 
acia and the degradatio
extinction coefficien

Alkaline deesterification of pectins was done by di a l y s i s of 
pectin solutions (4 mg/ml) against 0.05 Ν sodium hydroxide at 2°C 
for 6 h. 

Conditions for enzymatic demethylation were 0.4% (w/v) pectin, 
0.1 M sodium acetate buffer, pH 4.5 and 5.7 U/ml of pectinesterase, 
30°C, 24 h. Inactivation of enzymes was done by heating of the 
reaction mixtures for 5 min i n a bo i l i n g water bath. The reaction 
conditions for exoarabanase and endogalactanase were 0.75% (w/v) 
pectin, 0.05 M sodium phosphate buffer pH 6 and 7 U/ml of exoara
banase and 0.66 U/ml of endogalactanase, 30°C, 24 h. The reactions 
were monitored by measuring increase i n reducing groups with the 
method of Nelson-Somogyi (19). 

Crosslinking and gelation. To sugar-beet pectin solutions of va
rying concentrations between 0.25 and 3% (w/v) i n 0.1 M sodium 
phosphate buffer pH 6.0 were added (per ml of pectin solution): 10 
microlitres of peroxidase solution of a concentration of 1 mg of 
enzyme per ml and, after mixing, 0.1 ml of 0.1 M hydrogen peroxide 
solution. At higher pectin concentrations (£1.0% w/v) gelation oc
curred immediately upon mixing while at lower pectin concentrations 
vi s c o s i t y increased. Pectin gels or solutions with increased v i s 
cosity were also obtained by treatment with 0.01 M ammonium persul-
fate, at 25°C for up to 15 h (measured by reduced specific visco
s i t y ) . 

Results and discussion 

The yields of crude pectins, as well as their anhydrogalacturonic 
acid content are given i n Table I. This Table shows that about one 
thir d of the alcohol-insoluble residue can be solubilised as crude 
pectins, but the anhydrogalacturonide content of these pectins i s 
very low. Most of the pectins are extracted with acid and subse
quently with a l k a l i . Even after these extractions not a l l of the 
pectin i s solubilised from the alcohol-insoluble residue: i t s an
hydrogalacturonic acid content i s s t i l l some 5%. 

Pu r i f i c a t i o n and composition. The p u r i f i c a t i o n of these pectins, 
carried out as described i n "Experimental Methods11 results i n an 
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Table I. Pectins extracted from sugar-beet pulp 

Pectin fraction Yield 

(% w/w) 

Anhydrogal. 
acid content 
(% w/w) 

Water-soluble (WSP) 2.2 31 
Oxalate-soluble (OXP) 0.5 50 
Acid-soluble (HP) 20 36 
Alkali-soluble (OHP) 11 41 
Pectin extracted 33.7 

appreciable increase i n anhydrogalacturonic acid content (Table 
I I ) . Neutral sugar residues present i n a l l four pectins are ara
binose and galactose mainl d furthe  rhamnose  fucose  xylose
mannose and glucose. Tota
24.3%, i n different pectin y hig  compare
to pectins from apple pomace and citrus wastes (20). Degrees of 
methylation are comparable to those of certain types of commercial 
pectins (from apples and citrus) which, unlike these pectins, con
tai n few or no acetylester groups. The weight percentage values i n 
Table II do not add up to 100% as the pu r i f i e d pectins s t i l l con
tai n some protein, unbound polyphenols and sodium counterions. Vis
cosity-average molecular masses are low, as compared to those of 
pectins from apple, citrus f r u i t s or cherries, which are i n the or
der of 70000 to 90000 (20,7). 

Gel-permeation chromatograms (Figure 1) of purified pectins on 
Sepharose CL-2B (WSP, HP, OHP) and CL-6B (OXP) show a f a i r l y conti
nuous variation of the distribution of neutral sugars over the pec
t i n molecules of varying molecular mass, except for OHP, which appa
rently consists of two different populations of molecules: high mo
lecular mass pectin r i c h i n neutral sugars and low molecular mass 
pectin with a low neutral sugar content. As w i l l be clear from de
gradation studies, this p a r t i t i o n points towards breakdown of the 
pectin molecules during alkaline extraction. 
Table I I . Composition and properties of purified pectins from 

sugar-beet pulp. 
WSP OXP HP OHP 

Anhydrogalacturonic acid 54. .4 77.9 65. .1 54. .9 
Neutral sugars 16. .5 5.7 18. .9 24. .3 

Rhamnose + fructose 0. .89 0.86 2. .25 3. .17 
Arabinose 8. .44 1.85 9. .97 12. .49 
Xylose 0. .14 0.16 0. .17 0. .23 
Mannose 0. .18 0.14 0. .12 
Galactose 6. .46 2.43 5. .93 8. .09 
Glucose 0. .39 0.21 0. .44 0. .31 

Feruloylester groups 0. .10 0.04 0. .48 0. .57 
Methylester groups 7. .24 8.19 7. .09 0. .72 
Acetylester groups 5. .71 4.04 7. .53 0. ,54 
Viscosity-average M.W. 47700 15400 42800 36400 
Numbers are given as % (w/w), except M.W. 
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Table I I I . Degradation l i m i t s of sugar-beet pectins before and 
after alkaline deesterification. 

Pretreatment and Pectins 
mode of degradation mode of degradation 

WSP OXP HP OHP 

No-pretreatment 
7.2 a ) β-elimination 7.2 a ) 4.9 4. 6 

pectin lyase 8.6 4.3 4. 1 
polygalacturonase 1.2 3.7 1. 7 26.9 
pectate lyase 1.0 4.8 1. 3 23.7 

Alkaline deesterification 
polygalacturonase 37.5 36.7 30. 8 29.3 
pectate lyase 33.4 34.5 31. 0 26.4 

a) Percentage of galacturonid
Degradation studies. I y
tuents, notably neutral sugar side chains along the rhamnogalactu-
ronan backbone of the pectins, degradation studies were done by 
β-elimination (heating at 80°C and pH 6.8 for up to 6 h) and with 
various enzymes before and after alkaline demethylation and deace-
ty l a t i o n . Table I I I summarizes the degradation l i m i t s obtained with 
the various methods. β-Elimination and pectin lyase degradation are 
known to require methylesterified anhydrogalacturonide residues. 
The degrees of methylesterif ication of WSP, OXP, HP and OHP were 
76%, 60%, 62% and 7,5%, respectively. I t i s obvious that both 
break-down mechanisms were strongly promoted with pectins with 
higher degrees of methylesterification. 

The inverse was true for degradation with endopolygalacturonase 
and pectate lyase. I t has been shown by Rexovâ-Benkova et a l . (21) 
that acetylester groups at C-2 and C-3 of anhydrogalacturonic acid 
residues decrease the extent of degradation by lowering the a f f i n i 
ty of endopolygalacturonase for i t s substrate through blocking of 
binding s i t e s . In this case a further l i m i t a t i o n of the degree of 
degradation through acetylation i s also observed. The degrees of 
acet y l e s t e r i f i c a t i o n (expressed as moles per 100 moles of anhydro
galacturonide residues) are 31%, 16%, 35% and 4%, for WSP, OXP, HP 
and OHP, respectively. Although the degrees of methylesterification 
of OXP and HP are quite similar, the degradation l i m i t s of these 
two pectins towards endopolygalacturonase and pectate lyase are 
quite different, and probably r e f l e c t the difference i n acetyles
t e r i f ication. Alkali-soluble pectin (OHP) i s largely de-esterified 
during extraction which explains the high degrees of degradation 
with polygalacturonase and pectate lyase. 

Methylester groups and acetylester groups are both completely 
removed by alkaline deesterification. That i s why the degradation 
l i m i t s for polygalacturonase and pectate lyase are raised to the 
values shown i n Table I I I . Higher degradation l i m i t s for polygalac-
turonates are reported i n l i t e r a t u r e , both for endopolygalacturo
nase and endopectate lyase. Rexovâ-Benkova et a l . (21) found 38%, 
for pectate from citrus pectin degraded by an Aspergillus niger 
endopolygalacturonase. Rombouts et a l . (4) found pectate from apple 
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pectin to be degradated to a l i m i t of 35% by the endopectate lyase 
used i n this study. I t i s l i k e l y that the differences i n degrada
tion l i m i t s of the alkali-demethoxylated and -deacetylated pectates 
re f l e c t the number of neutral sugar side chains attached to the 
pectins. Although WSP has a much higher neutral sugar content than 
OXP, the alka l i - d e e s t e r i f i e d products are degraded to p r a c t i c a l l y 
the same extent. This can be explained i f indeed the ratio of side 
chains per unit of chain length i n both pectins were simular; those 
i n WSP would then on average be four times as long as those i n OXP 
(compare Tables II and I I I ) . 

Gel-permeation chromatograms of the digests obtained i n various 
degradation experiments reveal a general trend towards separation 
of the products into several peaks, i n those cases where the de
grees of degradation are s u f f i c i e n t l y high. The products of so
dium-hydroxide deesterified, pectate-lyase degraded pectins are 
shown i n Fig. 2. With WSP, HP and OHP, the peaks near the void 
volume (K =0-0.5) represen
i n neutraîVsugar residue
nide residues. In contrast, the peaks i n a l l pectin digests which 
elute towards the included volume (K =l),are small products ( o l i -
gogalacturonide fragments) with a very low neutral-sugar content. 
The oligogalacturonide fragments account for 80%, 87%, 84% and 66% 
of t o t a l anhydrogalacturonide present i n WSP, OXP, HP and OHP d i 
gests, respectively. Intermediary sized fragments, also r e l a t i v e l y 
r i c h i n neutral sugar residues are present i n a l l four pectin d i 
gests (0.7<K <0.9). 

These data confirm what i s known already for certain other pec
t i n s , e.g. from apples (20) and cherry f r u i t s (17), that the neu
t r a l sugar side chains attached to the rhamnogalacturonan backbone 
occur i n blocks, the so-called "hairy fragments", leaving large 
parts of the main chain unsubstituted ("smooth fragments"). 

The size of the hairy fragments of alk a l i - d e e s t e r i f i e d pectins 
can be estimated by determining reducing groups with the Nelson-
Somogyi method. Those of OHP with Κ ^0.5. (Fig. 2) for instance, 
are composed of an average of ten anhydrogalacturonide residues, 
and up to forty neutral sugar residues (molecular mass about 7500). 
As these enzyme-resistant fragments w i l l carry a minimum of three 
or four neutral-sugar side chains, the average size of these would 
be at least ten to thirteen residues. 

A study of the neutral sugar dis t r i b u t i o n i n the large (K ^0.5), 
intermediate (K =0.7-0.9) and small (Κ v^0.9) hairy fragments re
vealed that araDinose and galactose accumulate i n the large and i n 
termediate fragments, rhamnose and xylose i n the intermediate and 
small fragments, and fucose and mannose i n the small fragments, but 
a l l sugars are present i n a l l fragments. 
Location of acetylester groups. As shown i n Table II beet pectins 
contain 31%, 16%, 35% and 4% acetylester groups expressed as moles 
per mole of anhydrogalacturonide times 100%, for WSP, OXP, HP and 
OHP, respectively. There i s , however, no s o l i d evidence about the 
location of these acetylgroups: on the rhamnogalacturonan backbone 
or rather on the neutral sugar side chains (1). This problem can be 
studied through enzymatic degradation, and analysis of products. 

Fig. 3 shows a gel-permeation chromatogram of a degraded pectin 
which has undergone sequential treatment with pectin methylesterase 
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Fig. 1 Gel-permeation chromatograms of pur i f i e d pectins on 
Sepharose CL-2B (WSP, HP, OHP) and CL-6B (OXP). Anhydroga
lacturonide residues (0), neutral sugar residues (•). 

Fig. 2 Gel-permeation chromatograms of sodium-hydroxide de
e s t e r i f ied, pectate-lyase degraded sugar-beet pectins. Anhy
drogalacturonide residues (0), neutral sugar residues (•). 
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and polygalacturonase. I t appears that the oligogalacturonic acids, 
which represent 92% of t o t a l anhydrogalacturonide and only 9% of 
neutral sugar residues, carry 75% of the acetylester groups. In 
addition, exoarabinanase and endogalactanase from Aspergillus niger 
can liberate some 50% of the neutral sugar residues, which carry 
only 8% of the acetyl groups. The conclusion seems j u s t i f i e d the
refore that at least 80 to 90% of the acetyl groups i n beet pectin 
are linked to C-2 and/or C-3 positions of the galacturonide residues. 
Presence and location of feruloylester groups. Solutions of sugar 
beet pectins turn yellow i n alkaline medium. There i s a bathochro-
mic s h i f t of a double absorption peak at 300 and 325 nm towards a 
single peak at 375 nm which causes this yellow coloration at pH 10. 
Also, sugar beet pectins, even when carefully p u r i f i e d as described 
i n "Experimental Methods", react p o s i t i v e l y i n the F o l i n test. 
Figure 4 shows an endopectate lyase digest of a l k a l i - d e e s t e r i f i e d 
pectin chromatographed  Sepharos  CL-6B  Th  elutio  p r o f i l
shows the usual separatio
turonides, r i c h i n neutra  suga y fragments"
small oligogalacturonides, with few neutral sugar residues atta
ched. Both fractions react po s i t i v e l y i n the Folin-test, but, as 
judged from the elution p r o f i l e , the Folin-positive material pre
sent i n the peak around Κ =1 i s not bound to the oligogalacturo
nides. However, chromatography of the "hairy fragments" on DEAE-
Sepharose CL-6B confirms that Folin-positive material i s bound to 
these pectin fragments. The absorption spectra at pH 4.8 and 10, as 
well as HPTLC-analysis of hydrolysis products of "hairy fragments" 
have shown that f e r u l i c acid residues are ester-linked to the 
"hairy fragments" of sugar-beet pectins. These results are i n 
agreement with recent work of Fry (22) who found feruloylester 
groups linked to araban and galactan side chains of pectin from 
spinach. This structural feature seems to be restricted to pectin 
from certain species i n the Caryophyllales (Centrospermae) (23) ; 
indeed we have not found feruloylester groups i n pectins from other 
plant sources such as potato, apple, c i t r u s , apricots or cherries. 

With the aid of the molar absorptivity value of 31600 at pH 10, 
as given by Fry (13), we have determined the feruloylester content 
of the four pectins. These are quite different (Table I ) . Acid-so
luble and alkali-soluble pectins contain many more feruloylester 
groups: on average one such group per pectin molecule. I t i s temp
ting to presume a relationship between feruloylester content and 
ease of extraction of the pectins, but this requires further study. 
Gelation through oxidative coupling. I t has been known for some 
time that f e r u l i c acid, tyrosine and isotyrosine substituents bound 
to biopolymers may be involved i n the formation of crosslinks i n 
the presence of hydrogen peroxide and peroxidase (24). For instan
ce, i n the case of wheat flour pentosans containing glycoproteins 
whose carbohydrate moiety carries feruloylester groups, formation 
of d i f e r u l i c acid crosslinks results i n gel formation. Following up 
on these observations by Geissmann and Neukom (25) we have succee
ded i n crosslinking and producing gels from sugar-beet pectin by 
using peroxidase and hydrogen peroxide according to the reaction 
shown i n Fig. 5. 

Gel formation also occurs with ammonium persulfate, but not with 
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Fig. 3 Gel-permeation chromatogram of acid-soluble sugar-
beet pectin degraded with endopolygalacturonase after pec-
tinesterase demethoxylation. 

Fig. 4 Gel-permeation chromatogram of an endopectate-lyase 
digest of alk a l i - d e e s t e r i f i e d sugar-beet pectin. 
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Table IV. Effect of enzymic crosslinking on i n t r i n s i c v i scosity 
and molecular mass of sugar-beet pectin. 

Concentration of pectin I n t r i n s i c Molecular 
at crosslinking viscosity mass 
(8/1) (cm3/g) 

not crosslinked 248 46 000 
6 435 70 000 
9 468 73 900 

15 461 73 000 

other oxidation agents, such as permanganate, ch l o r i t e , periodate, 
or hydrogen peroxide alone. 

Properties of products  Depending on the concentration of the reac-
tants, the crosslinkin
increased molecular mas
ties (26). In Table IV the effect of crosslinking with peroxide and 
peroxidase on apparent molecular mass of the pectin i s shown. In 
this case equimolar amounts of hydrogen peroxide and feruloylester 
groups were present i n the reaction mixtures. High-performance size 
exclusion chromatograms of such pectins show a growing peak of mate
r i a l with increased molecular mass, as the crosslinking i s more i n 
tense. Striking increases i n reduced vi s c o s i t y values can also be 
obtained with persulfate. As with the hydrogen peroxide/peroxidase 
system, gels are obtained when the pectin concentration i s increa
sed above a certain value. Pectin gels obtained by crosslinking 
with hydrogen peroxide/peroxidase as described i n "Experimental 
Methods" are shown i n Fig. 6. 

The crosslinked pectin from such gels can be isolated by s o l 
vent-drying. The product thus obtained has a remarkable water ab
sorbing capacity. Depending on i t s form (H or Na) and the ionic 
strength of the aqueous solution one gram of the product may absorb 
50 to 160 ml of water. 

Outlook 

Pectins are t r a d i t i o n a l l y used as gelling and thickening agents i n 
a rather wide range of applications (27). For these purposes pec
tins from apple pomace and citrus wastes have proven to be superior 
to those from sugar-beet pulp. In this paper we have reported the 
presence of feruloylester substituents i n beet pectins, and the 
p o s s i b i l i t i e s for enzymatic and chemical crosslinking through these 
substituents. This process may lead either to increased apparent 
molecular mass of soluble pectins, or to gel formation. In addition 
to the acid-sugar-pectin gel and the calcium-pectate gel, this i s a 
thi r d way of producing gels which i s exclusive for pectins from 
sugar beet. The crosslinked pectins from these gels, isolated by 
solvent-drying have an extremely high water-absorbing capacity. We 
feel that this property especially should lead to some new applica
tions e.g. as a cloud s t a b i l i s e r i n drinks, or as water absorbing 
agent i n sanitary products. 
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Fig. 5 Crosslinking reaction for sugar-beet pectins (modi
fie d from 25). 

Fig. 6 Gels from acid-soluble sugar-beet pectin, obtained 
by crosslinking with hydrogen peroxide and peroxidase. The 
gels are 22 ml each and contain 0.9%, 1.8% and 2.7% pectin, 
from l e f t to right. No sugar, acid or calcium salts were 
used. 
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Interactions of Counteroins with Pectins Studied 
by Potentiometry and Circular Dichroism 

J. F. Thibault1 and M . Rinaudo 

Centre de Recherches sur les Macromolécules Végétales, B.P. 68, 38402 Saint Martin 
D'heres Cedex, France 

The aim of this study was to investigate the binding of 
counterions in dilut  salt-fre  solution f pectin
with different level
The influence o  charg  paramete
tribution pattern of carboxyl groups on the interaction 
polyanion-counterion (sodium or calcium) were studied 
by the determination of calcium and sodium activity 
coefficients which were compared to theoretical values. 
Very low values of calcium activity coefficients (0.085) 
were obtained for the most charged pectin-sample. 
These results were completed by circular dichroism 
spectroscopy in order to have local informations on 
the conformational changes during the neutralization 
of pectinic acids with sodium or calcium hydroxides. 
The results suggest that three different conformations 
exist for the low-methoxyl pectins in acidic form, 
sodium and calcium forms. 

The i n t e r a c t i o n s of pectins with mono- or di v a l e n t counterions are 
of a great importance i n many f i e l d s . I t i s well-known that these 
p o l y e l e c t r o l y t e s play an important r o l e as na t u r a l ion-exchangers 
i n p l a n t physiology, phytopathology, n u t r i t i o n (1-2) and t h e i r a b i l i 
ty to form gels with calcium ions i s widely used by food technolo
g i s t s (3). 

The strong cooperative (4) calcium binding o f low-methoxyl 
pect i n s may be explained by the stereochemical feature of the 1,4-
li n k e d monomeric u n i t s (5) leading to the formation of polar c a v i t i e s 
which can be occupied by calcium ions, as well as by the chemical 
s t r u c t u r e of the polymer which can be i d e a l i z e d by the j u x t a p o s i t i o n 
of "hairy regions" where the ne u t r a l sugar side-chains are concentra
ted and of "smooth" regions of unsubstituted homogalacturonans (6,7). 

Rees and co-workers (5,8,9) studied the calcium binding mainly 
by e q u i l i b r i u m d i a l y s i s and c i r c u l a r dichroism on g e l s . The i n t e r -

1 Current address: Laboratoire de Biochimie et Technologie des Glucides, Institut National 
de la Recherche Agronomique, rue de la Géraudière, 44072 Nantes, France. 

0097-6156/86/0310-0061 $06.00/0 
© 1986 American Chemical Society 
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actions between calcium counterions and carboxyl groups were d e s c r i 
bed by the "egg-box" model and a two stages process was postulated : 
an i n i t i a l d i merization and subsequent aggregation of these preformed 
"egg-boxes". The intermolecular binding was confirmed by Kohn and 
Luknar (10) and by Ravanat and Rinaudo (11) by measuring calcium 
a c t i v i t y c o e f f i c i e n t s on calcium pectate s o l u t i o n s . 

Our aim was to i n v e s t i g a t e the binding of counterions i n d i l u t e 
s a l t - f r e e s o l u t i o n s of pectins with d i f f e r e n t l e v e l s and patterns of 
e s t e r i f i c a t i o n . We used methods such as potentiometry and c i r c u l a r 
dichroism i n order to obtain both general and l o c a l informations on 
the conformational s t a t e s of the polymer depending on i t s i o n i c 
form. 

M a t e r i a l and Methods 

Pe c t i n samples 

The s t a r t i n g p e c t i n was
from Unipectine, Redon, France). I t was p u r i f i e d by p r e c i p i t a t i o n 
with cupric ions (12). A p e c t i n sample with a high degree of e s t e r i -
f i c a t i o n was a l s o used i n t h i s study (13). 

A l k a l i n e d e e s t e r i f i c a t i o n 

Preparations of p e c t i n with various degrees of e s t e r i f i c a t i o n were 
obtained by p a r t i a l a l k a l i n e s a p o n i f i c a t i o n . Aqueous s o l u t i o n s of 
the i n i t i a l p e c t i n were cooled at 2°C i n an i c e - s a l t bath and the 
pH was adjusted to 7 with NaOH 0.1N. Then amounts of sodium hydroxide 
corresponding to the amount of methoxyl groups that should be saponi
f i e d were added. A f t e r two days at 2°C, the pH of the s o l u t i o n was 
brought to 4.5 with HC1 IN. Pectins were then p r e c i p i t a t e d with 
80% ethanol, extensively washed with 60% ethanol and d r i e d under 
vacuum at a temperature l e s s than 40°C. 

Enzymic d e e s t e r i f i c a t i o n 

A pectinesterase (E.C.3.1.1.11) from orange peel was purchased from 
Sigma. P e c t i n was d i s s o l v e d i n a 4 χ 10~ M citrate-phosphate b u f f e r 
at pH 6 containing 0.1M NaCl. The amount of enzyme and the r e a c t i o n 
time, at 30°C, were chosen i n order to obtain the desired degree 
of e s t e r i f i c a t i o n . The r e a c t i o n was stopped by b r i n g i n g the pH value 
down to 4.5 and the enzyme was i n a c t i v a t e d by heating at 100°C the 
r e a c t i o n mixture f o r 10 min. The samples were recovered as above. 

C h a r a c t e r i z a t i o n of the samples 

The g a l a c t u r o n i c a c i d content as well as the degree of e s t e r i f i c a t i o n 
(DE) were measured by conductimetry and the n e u t r a l sugar content was 
determined by gas chromatography, as described elsewhere (14,15). 
Light s c a t t e r i n g experiments were c a r r i e d out f o r an angle of 90° 
at 25.0 ± 0.1°C on p e c t i n s o l u t i o n s a f t e r f i l t r a t i o n through 0.45μπι 
M i l l i p o r e f i l t e r s . 
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Potentiometry 

The calcium and sodium a c t i v i t y c o e f f i c i e n t s were determined at 
25.0 ± 0.1°C with an Orion electrode (model 92-32) and a Radiometer 
electrode (model G502 Na), r e s p e c t i v e l y . A saturated calomel e l e c t r o 
de was used as the reference. C a l i b r a t i o n curves were obtained using 
CaCl or NaCl s o l u t i o n s before and a f t e r each measurement. The CaCl^ 
and NaCl concentrations were measured by potentiometric determina
t i o n s of the c h l o r i d e s with s i l v e r n i t r a t e and with a s i l v e r e l e c 
trode. 

C i r c u l a r dichroism 

A Dichro V spectropolarimeter (Jobin-Yvon, France) was used at 
25°C. Solutions of pectins containing 1 mequiv of carboxyl groups/1 
were put i n a 1 mm pathlength c e l l . An i n t e g r a t i o n time of 0.2 sec 
was used and 10-15 scan
The d i f f e r e n t i a l e x t i n c t i o
equiv .1. 

Other methods 

The a c i d i c form of the p e c t i n ( p e c t i n i c acids) were obtained by 
p e r c o l a t i o n through a strong H + exchanger column (Amberlite IRN 77). 
S a l t s (pectinates) of these p e c t i n i c acids were obtained by exact 
n e u t r a l i z a t i o n with the desired carbonate-free hydroxide. 

Results and d i s c u s s i o n 

C h a r a c t e r i s t i c s of the samples 

The i n i t i a l p e c t i n was p r e c i p i t a t e d by cupric ions i n order to remove 
the n e u t r a l polysaccharides which are not l i n k e d to the p e c t i c back
bone. Ion-exchange chromatography on DEAE-Sepharose CL-6B showed 
that only 0.5% of the i n i t i a l m aterial was not bound to the g e l , 
i n d i c a t i n g a p u r i t y of 99.5%. The p u r i f i e d pectins have a galacturo-
n i c a c i d content of 78.5%, a n e u t r a l sugar content of ^10% and a 
degree of e s t e r i f i c a t i o n of 72.1%. 

Samples of pectins with varying degrees of e s t e r i f i c a t i o n (0-
60%) were obtained from t h i s preparation by d e e s t e r i f i c a t i o n with 
a l k a l i and with enzyme. The main c h a r a c t e r i s t i c s of these samples 
are i n d i c a t e d i n Table I. I t i s l i k e l y that the a c t i o n of a l k a l i 
leads to p e c t i c molecules i n which free and methyl e s t e r i f i e d carbo-
x y l i c acids are randomly d i s t r i b u t e d (16). The temperature was chosen 
i n order to minimize chain-cleavage by 3 - e l i m i n a t i o n (17) and i n t r i n 
s i c v i s c o s i t y measurements of the samples (sodium form i n 0.1 M 
NaCl) showed that the degradation was minimal (15). 

Other pectins with degree of e s t e r i f i c a t i o n of about 10, 30 
and 40% (Table I) were obtained by enzymic d e e s t e r i f i c a t i o n of the 
i n i t i a l preparation. An orange pectinesterase was used and the pH 
of the r e a c t i o n was 6 i n order to avoid concurrent base-catalyzed 
s a p o n i f i c a t i o n . The a c t i o n of plant pectinesterase i s known (16-18) 
to r e s u l t i n a blockwise arrangement of free carboxyl groups i n 
the p e c t i c molecules. The enzymic preparation does not contain depo-
lymerase a c t i v i t i e s as shown by the constancy of the i n t r i n s i c 
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v i s c o s i t y values. Since the s t a r t i n g sample was 72% e s t e r i f i e d , 
i t i s l i k e l y that a f t e r the enzymic d e e s t e r i f i c a t i o n , the samples 
contain some amounts of randomly d i s t r i b u t e d carboxyl groups. They 
are considered nevertheless as representative of a blockwise d i s t r i 
bution. 

The charge parameter λ i s a l s o i n d i c a t e d i n the Table I. This 
fundamental parameter (19) governs the behavior of the p o l y e l e c t r o -
l y t e polymers. I t s value i s given at 25°C by : 

e 2 

λ = bDkT X ( 1 " D E / 1 0 0 ) = 1.61 (1 - DE/100) (1) 

where e i s the e l e c t r o n charge, kT the ι Boltzmann term , b the length 
of the monomeric u n i t and D the d i e l e c t r i c constant o f the solvent. 
The b value was taken as 4. 35 A (20). The c a l c u l a t i o n of λ neglects 
the small content ( < 1%, w/w) of L-Rhamnose which i s present i n 
the polygalacturonate backbone

Table I.

DE a AG b 

A l k a l i - d e e s t e r i f i e d samples 

1 < 2 91.4 >1.578 
2 9.7 90.7 1.454 
3 21.4 84.6 1.265 
4 27.3 83.6 1.170 
5 38.1 80.7 0.997 
6 48.3 81.3 0.832 
7 58.2 79.1 0.673 
8 72.1 78.5 0.451 
9 83.0 75.4 0.274 

Enzyme-deesterified samples 
10 10.1 87.1 1.447 
11 27.7 80.2 1.164 
12 39.7 80.1 0.971 

degree of e s t e r i f i c a t i o n 
anhydrogalacturonic a c i d content 
s t r u c t u r a l charge parameter 

Counterion a c t i v i t y c o e f f i c i e n t s 

The sodium and calcium a c t i v i t y c o e f f i c i e n t s were determined by 
s p e c i f i c electrodes, i n d i l u t e s a l t - f r e e s o l u t i o n s (c < 10~~ equiv/]) 
of sodium and calcium p e c t i n a t e s . Results were compared to those 
c a l c u l a t e d from Manning's theory (21). This model i s proposed f o r 
i n f i n i t e l y d i l u t e s o l u t i o n s of r o d l i k e p o l y e l e c t r o l y t e s and the 
a c t i v i t y c o e f f i c i e n t s are d i r e c t l y imposed by the charge parameter : 

γ = e ~ | z | x | 2 \ z \ \ 4 1 (2) 
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γ = e~/2 ( Ι ζ Ι λ Γ 1 | ζ | λ > 1 (3) 

where ζ i s the valence of the counterion. 
Samples with a random d i s t r i b u t i o n of carboxyl groups are cha

r a c t e r i z e d by experimental values which are decreasing with decrea
s i n g DE, i . e . with i n c r e a s i n g charge parameter (1^5). This behavior 
i s s i m i l a r to that observed f o r other p o l y e l e c t r o l y t e s (22,23). 
Experimental sodium a c t i v i t y c o e f f i c i e n t s are i n good agreement with 
the t h e o r e t i c a l ones, except f o r samples with low DE which are cha
r a c t e r i z e d by higher values than predicted (15). Values of calcium 
pectate (sample 1) and f o r calcium s a l t s of samples 7 and 8 (DE = 
58.2 and 72.1 r e s p e c t i v e l y ) are close to those reported by Ravanat and 
Rinaudo (11) and by Rinaudo and Milas (22) f o r pectins with s i m i l a r 
DE. A continuous decrease of the calcium a c t i v i t y c o e f f i c i e n t s was 
obtained whereas Kohn and Luknar (4) observed a sudden drop of the 
calcium a c t i v i t y c o e f f i c i e n
f o r pectinates with DE lowe
mental values are clos  experimental/ 
t h e o r e t i c a l calcium a c t i v i t y c o e f f i c i e n t i s p l o t t e d versus the DE 
(Figure 1), a t r a n s i t i o n i s evidenced as t h i s r a t i o decreases below 
a DE of 50%. Values of calcium a c t i v i t y c o e f f i c i e n t obtained f o r 
the polymers with lowest DE are very low. These values suggest s p e c i 
f i c i n t e r a c t i o n s of the p e c t i c molecules with calcium ions. The 
f a c t that the calcium a c t i v i t y c o e f f i c i e n t i s about h a l f of the 
t h e o r e t i c a l value suggests that the calcium pectate behaves roughly 
as a p o l y e l e c t r o l y t e with a doubled charge pjensity, and may be a s c r i 
bed to an intermolecular binding of the Ca ions to carboxyl groups 
of two macromolecules leading to the formation οξ dimers, even i n 
very d i l u t e s o l u t i o n s (range tested 5.10"" < c < 10~ equiv/1).. 

The influence of the pattern of e s t e r i % i c a t i o n on the binding 
of calcium ions i s c l e a r l y shown i n Figure 1. The enzyme-deesterified 
pectins are c h a r a c t e r i z e d by low values of calcium a c t i v i t y c o e f f i 
c i e n t s close to those of calcium pectate (sample 1) due to the presen
ce i n these samples of contiguous not methylated g a l a c t u r o n i c acids 
(9,10), i n agreement with results reported by Kohn et a l . (18). 

The changes i n s c a t t e r e d l i g h t have been recorded (15) during 
the n e u t r a l i z a t i o n of some samples. The n e u t r a l i z a t i o n o^ highly 
e s t e r i f i e d pectins by potassium or calcium hydroxides does not induce 
any important change i n scattered l i g h t , as i s the case during the 
n e u t r a l i z a t i o n by potassium hydroxide of the most charged samples. 
In contrast, the n e u t r a l i z a t i o n with calcium hydroxide of the samples 
with the highest charge density leads to an increase i n scattered 
l i g h t . These changes may be explained by an increase i n apparent 
molecular weight, confirming the hypothesis of an a s s o c i a t i o n of 
chains induced by calcium counterions. 

Influence of the polymer concentration on calcium a c t i v i t y c o e f f i c i e n t 

In a d d i t i o n , the dependence of calcium a c t i v i t y c o e f f i c i e n t s upon 
the calcium pectinate concentration has been i n v e s t i g a t e d . Solutions 
of p e c t i n i c acids of d i f f e r e n t concentrations were prepared, neutra
l i z e d by calcium hydroxide and the r e s u l t i n g calcium s a l t s were 
analyzed by potentiometry f o r the calcium a c t i v i t y c o e f f i c i e n t . 
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Samples with a DE higher than 50% have constant calcium a c t i v i t y 
c o e f f i c i e n t s over the concentration range tested (0.8 - 3 χ 10 
equiv/1). In contrast, pectins with lower DE are c h a r a c t e r i z e d by 
a calcium activity c o e f f i c i e n t which i s decreasing above a concen
t r a t i o n of 10~ equiv/1. Furthermore, the concentration i n calcium 
pectinates has a profound i n f l u e n c e on the calcium a c t i v i t y c o e f f i 
c i e n t f o r samples with the lowest DE or f o r enzyme-deesterified 
pectins since the calcium a c t i v i t y c o e f f i c i e n t decreases to zero. 
With higher concentration i n p e c t i n s , (c > 3 χ 10 equiv/1), a 
g e l a t i o n process can be observed. P 

These r e s u l t s show that the calcium ions seem to i n t e r a c t l a r g e 
l y with the polymer and can be explained by a multichain aggregate 
formation i . e . an a s s o c i a t i o n of dimers leading to an increase of 
the apparent charge parameter. 

These r e s u l t s are i n disagreement with those obtained by Κσητί-, 
and Luknar (4) who observed a constant calcium a c t i v i t y c o e f f i c i e n t 
(as determined by t h e i r
concentration, but the
most concentrated s o l u t i o n . 

C i r c u l a r dichroism measurements 

In order to complete the r e s u l t s obtained by potentiometry, c i r c u l a r 
dichroism measurements were c a r r i e d out. P e c t i c molecules e x h i b i t 
a p o s i t i v e Cotton effect corresponding to a η IT * t r a n s i t i o n of the 
carboxyl groups (5). The o p t i c a l a c t i v i t y of the carboxyl chromophore 
i s determined by the environment and hence i t should be a f f e c t e d 
by conformational changes due to i n t r a - or intermolecular interactions. 

The e f f e c t of l e v e l and pattern of e s t e r i f i c a t i o n , of the degree 
of n e u t r a l i z a t i o n and of the nature of the counterion, on the c i r c u 
l a r ^ dichroism curves were studied on d i l u t e s o l u t i o n containing 
10 equiv/1 of free carboxyl groups i n order to avoid g e l a t i o n i n 
presence of calcium ions. 

+ Values ^of x
m a x f o r the p e c t i n samples i n three i o n i c forms 

(Η , Na , Ca ) are shown i n Figure 2. The a c i d i c forms are characte
r i z e d by a constant λ value (at 210 nm), whatever i s the DE and 
the d i s t r i b u t i o n p a t t e r n of the free carboxyl groups. For the sodium 
form of the polymers, the λ value decreases from 208 nm to 203 nm 
as the charge density of the p o l y e l e c t r o l y t e increases with a t r a n s i 
t i o n f o r a DE about 40% with no i n f l u e n c e of the d i s t r i b u t i o n pattern 
of the free carboxyl groups. The values of λ f o r calcium p e c t i n a 
tes decrease from 205 nm with a broad t r a n s i t i o n and a constant 
value of 193 nm i s obtained when the DE i s l e s s than 20%. The i n f l u 
ence of the pattern of e s t e r i f i c a t i o n i s c l e a r l y shown by the f a c t 
that the increase i n λ value occurs f o r higher DE f o r enzyme-
d e e s t e r i f i e d p e c t i n s . These r e s u l t s are not i n agreement with those 
obtained by Kohn and S t i c z a y (23) who observed that the p o s i t i o n 
of the absorption band was s h i f t e d only w i t h i n a 2 nm range i f the 
i o n i c form changes from potassium to calcium. 

I t can be concluded from these r e s u l t s that a l l the pectins 
i n a c i d i c form have only one conformational state whatever are the 
l e v e l and pattern o f e s t e r i f i c a t i o n . In contrast, the sodium and 
calcium s a l t s of p e c t i n i c acids are c h a r a c t e r i z e d by a conformational 
t r a n s i t i o n which i s s t a b i l i z e d i f the DE i s lower than 20-30%. 
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Figure 1. V a r i a t i o n s of the r a t i o experimental/theoretical values 
of calcium ( • , • ) and sodium ( · , Ο ) a c t i v i t y c o e f f i c i e n t s with 
the degree of e s t e r i f i c a t i o n o f a l k a l i - ( •• ) and enzyme-
d e e s t e r i f i e d ( ) p e c t i n s . 
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Figure 2. V a r i a t i o n s of the λ values f o r c i r c u l a r dichroism 
spectra on a c i d i c ( · , Ο ) , s'o^ium ( • , • ) and calcium form 
( A , Δ ) of pectins d e e s t e r i f i e d by a l k a l i ( · , • , A ) and by 
enzyme ( Ο , • , A ) . 
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The evolution of the c i r c u l a r dichroism curves during the neu
t r a l i z a t i o n of the p e c t i n i c acids by sodium and calcium hydroxides 
were therefore followed i n order to obtain more informations on 
the conformational changes. The n e u t r a l i z a t i o n of sample 5 (a p e c t i n 
with a DE of 40% with a s t a t i s t i c a l d i s t r i b u t i o n of the free carboxyl 
groups), e i t h e r with sodium or calcium hydroxides leads to a regular 
decrease both i n λ and i n d i f f e r e n t i a l e x t i n c t i o n c o e f f i c i e n t 
(Δ ε) which p r o g r e s s i v e l y reach values f o r pure sodium and calcium 
forms, r e s p e c t i v e l y . This i s e n t i r e l y c onsistent with a simple i o n i 
z a t i o n process and a l l the curves pass through the i s o d i c h r o i c point 
at about 200 nm. 

When a p e c t i c a c i d (sample 1 ; DE < 2%) i s n e u t r a l i z e d by sodium 
hydroxide (Figure 3), a decrease both i n λ and i n d i f f e r e n t i a l 
e x t i n c t i o n c o e f f i c i e n t i s a l s o observed w i i n a X a n i s o d i c h r o i c point 
at 200 nm. In contrast, the behavior of t h i s sample during the neu
t r a l i z a t i o n with calcium hydroxide i s quite d i f f e r e n t since a sudden 
drop i n the d i f f e r e n t i a
when the degree of n e u t r a l i z a t i o
a peak at a wavelength tending to 193 nm i s i n c r e a s i n g . Apparently 
one i s o d i c h r o i c point i s als o observed at about 200 nm. The great 
decrease i n i n t e n s i t y at 210 nm i n the s o l u t i o n of calcium pectate 
suggests a strong and s p e c i f i c i n t e r a c t i o n of calcium ions to the 
carboxyl chromophores. The Figure 4 shows the value of the d i f f e 
r e n t i a l e x t i n c t i o n c o e f f i c i e n t at 210 nm as a f u n c t i o n of the degree 
of n e u t r a l i z a t i o n by sodium and calcium hydroxides. 

For a degree of n e u t r a l i z a t i o n up to 0.4, no d i f f e r e n c e s can be 
observed between the sodium and calcium forms, suggesting that c a l 
cium ions are bound as are bound the sodium ions and that only i s o l a 
ted p e c t i c molecules e x i s t . A t r a n s i t i o n with calcium ions occurs 
f o r higher values of the degree of n e u t r a l i z a t i o n and the decrease 
i n i n t e n s i t y may be a t t r i b u t e d to intermolecular linkages leading 
to the formation of dimers (11). 

S i m i l a r curves can be obtained f o r other samples and a g e n e r a l i 
z a t i o n was t r i e d . The a c i d i c form of the pectins was taken as a 
reference since i t was shown that only one conformation e x i s t s whate
ver i s the l e v e l and pattern of e s t e r i f i c a t i o n . In an other hand 
the degree of n e u t r a l i z a t i o n was s u b s t i t u t e d by the e f f e c t i v e charge 
parameter (α χ λ ) by n e g l e c t i n g the a u t o d i s s o c i a t i o n of the poly-
a c i d . A master curve can therefore be drawn where a l l the experimen
t a l points f a l l (Figure 5) and where the t r a n s i t i o n f o r the calcium 
pectinates occur f o r values of the charge parameter higher than 
0.6. I t must be pointed out that the e s t e r i f i c a t i o n pattern has 
no i n f l u e n c e i n these c o n d i t i o n s . 

Conclusion 

In t h i s work, pectins with d i f f e r e n t l e v e l s and patterns (random 
or blockwise) of e s t e r i f i c a t i o n were cha r a c t e r i z e d and studied i n 
s a l t - f r e e s o l u t i o n s by potentiometry and c i r c u l a r dichroism. 

Concerning the measurements of ion a c t i v i t y c o e f f i c i e n t , an 
acceptable agreement was found between sodium experimental and theo
r e t i c a l values i n contrast with values obtained with calcium ions. 
Pectins with a random d i s t r i b u t i o n of free carboxyl groups are cha
r a c t e r i z e d by a degree of binding of calcium which increases with 
i n c r e a s i n g charge parameter whereas the degree of binding of calcium 
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Figure 4. Dependence of the d i f f e r e n t i a l c o e f f i c i e n t ( Δ ε) at 
210 nm with the degree of n e u t r a l i z a t i o n of sample 1 with 
sodium (O) and calcium ( # ) hydroxides. 
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charge parameter , C^A 

Figure 5. Dependence of the r a t i o d i f f e r e n t i a l e x t i n c t i o n 
c o e f f i c i e n t / d i f f e r e n t i a l e x t i n c t i o n c o e f f i c i e n t of the p e c t i n i c 
acids with the e f f e c t i v e charge parameter ( α

 N
 λ ) · T n e numbers 

r e f e r to the samples (Cf. Table I ) . 
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by enzyme-deesterified pectins i s roughly independent of the 
degree of e s t e r i f i c a t i o n . The very low values of calcium a c t i v i t y 
c o e f f i c i e n t when the DE i s l e s s than 40% were explained by a 
dimerization process, even i n very d i l u t e s o l u t i o n s , which can lead 
to aggregation and g e l a t i o n when the polymer concentration i s 
increased. 

The c i r c u l a r dichroism measurements were performed i n order to 
complete these r e s u l t s . I t was concluded that only one conformation 
state characterizes our samples i n a c i d i c form, whatever i s the DE 
and the e s t e r i f i c a t i o n pattern. N e u t r a l i z a t i o n with sodium and 
calcium hydroxides induces conformational t r a n s i t i o n s . I t was 
demonstrated that the e f f e c t i v e charge parameter governs the 
i n t e r a c t i o n : with calcium ions f o r values lower than 0.6, calcium 
counterions are not t i g h l y bound suggesting only intramolecular 
i n t e r a c t i o n s such as i n the presence of sodium ions whereas a 
higher charge parameter value leads to the formation of intermolecu-
l a r linkages and to
thermodynamic data. 

From these r e s u l t s i t i s not p o s s i b l e to conclude d e f i n i t i v e l y 
on the number of conformational states which e x i s t depending 
on the i o n i c form. The r e s u l t s suggest that three conformations 
e x i s t , one i n a c i d i c form, perhaps corresponding to a h e l i x with a 
three f o l d symetry, one i n sodium form and another i n calcium 
form which may be reasonably described by a h e l i x with a two f o l d 
symetry. In an other hand, only one i s o d i c h r o i c point was observed 
and t h i s r e s u l t may r u l e out the p o s s i b i l i t y of three conformations. 
The l i t e r a t u r e i s al s o c o n t r a d i c t o r y (24-26) i n t h i s respect and 
fu r t h e r work must be c a r r i e d out. 
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7 
Ionic Effects on the Conformation, Equilibrium, 
Properties, and Rheology of Pectate in Aqueous 
Solutions and Gels 
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Trieste, Piazzale Europa 1, I-34127 Trieste, Italy 

The effect o  th  conformational-aggrega
tional propertie
solution brough y  spe
ci f ic ions (H+, Ca2+, Cu2+) was studied 
by osmometric, microcalorimetric, dilato-
metric, and rheological methods. Evidence 
is provided for the intramolecular nature 
of the pH induced conformational transit
ion. The addition of divalent ions brings 
about at the same time a conformational 
change of the chain of pectate and chain
-chain association. 

The study of the interaction of pectate (and i t s par
t i a l l y e s t e r i f i e d "derivatives", pectins) with s p e c i f i c 
ions i n aqueous solutions i s of fundamental importance to 
understand the properties of their solutions and gels at 
the molecular l e v e l . Indeed, pectate aqueous solutions i n 
the presence of ions have been subjected to many inve
stigations (1-5). However, only in a few cases has the 
"course" of the interaction been followed over a wide 
range of the ion to polymer molar r a t i o , R. The scrutiny 
of such a dependence for thermodynamic functions l i k e Δ Η 
has allowed us to disclose an intramolecular coopera
tive conformational tr a n s i t i o n of pectate upon changing 
pH (5). Other properties investigated were consistent 
with the above interpretation. It was also suggested 
that the intramolecular conformational t r a n s i t i o n was a 
prerequisite for the further aggregation of chain mo
lecules occurring in the g e l l i n g conditions at low pH. 
Direct evidence from molecular weight measurements w i l l 
be provided here i n favor of such a tran s i t i o n . 

Among the other parameters able to induce similar 
macroscopic effects, the addition of divalent cations i s 
par t i c u l a r l y effective. Literature data are in almost 
complete agreement with the view that an aggregation of 
chains induced by ions i s responsible for the gel forma-
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tion (1,4). The currently accepted model envisages ions 
bridging p a r a l l e l chains to form a linear array which i s 
supposed to be the junction matrix for the gel network 
( 6 ) . This largely adopted model has eluded to direct 
thermodynamic confirmation because the formation of gel 
has been a serious limitation to the reproducibility of 
measurements. On the other hand, an analysis of the 
thermodynamic properties i s necessary i n order to ascer
tain whether the polymeric conformational "state" has 
been subjected to changes or not. 

The results presented here on pectate solutions 
containing calcium or copper ions bring interesting e v i 
dence for an anomalous behavior of pectate properties i n 
the range of ion to polymer r a t i o below that correspon
ding to the massive phase separation. The p o s s i b i l i t y 
that a conformational change proceeds along with the 
interaction with divalen
in comparison with th
mational t r a n s i t i o n . 

In addition, the development of the gel phase was 
followed by studying the rheological behavior of a com
plex calcium-pectate system. 

pH-induced Conformational Transition 

On the basis of direct microcalorimetric results of 
enthalpy changes of dissociation and of d i l u t i o n , we 
have proposed that by changing pH from about 3 to about 
7 the pectate chain undergoes an intramolecular coopera
tive conformational tr a n s i t i o n i n very d i l u t e solution 
( 5 ) . Although nothing could be said about the actual 
geometry of the conformational states involved, that 
finding was substantiated by additional viscometric and 
(chiro)optical evidence ( 5 ) . Pectic acid has a known ten
dency to give r i s e to chain-chain aggregation, especial
ly so at low pH values. Therefore i t was highly desirable 
to obtain dir e c t evidence from molecular weight mea
surements for the intramolecular character of such a 
tra n s i t i o n , by identifying a proper range of experi
mental conditions and using a suitable technique. 

Membrane osmometry has been recently shown to be 
useful in studying the behavior of pectate in dil u t e 
solution (7). The results of osmotic pressure measure
ments obtained in the g/L polymer concentration range 
are reported in Figure 1. They have been obtained in 0.1 
M ionic strength at 27°C at pH = 3 . 5 and pH = 6 . 5 , i . e . 
for pH values corresponding to the two conformations. No 
problem was found as to the reproducibility of measure
ments on solutions previously equilibrated by d i a l y s i s . 
Although the points obtained at low pH are aligned on a 
line of negative slope (possibly indicating a poor poly
mer-solvent interaction). s t i l l the extrapolated value of 
the reduced osmotic pressure to zero polymer concentra
tion i s the same for both sets of data points. This i s 
a clear-cut evidence that the conformational t r a n s i t i o n 
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that takes place in d i l u t e solution i s an intramolecular 
process; further aggregational phenomena w i l l depend on 
increases i n polymer and/or H+ ion concentration, chan
ges in temperature and ionic strength. The second v i r i a l 
c o e f f i c i e n t of the reduced osmotic pressure plot of pec
tate changes from positive to negative on passing from 
neutral tô ac i d i c conditions, i . e . from the charged to 
the uncharged form. This finding could be in agreement 
with the marked decrease of the empirical S m i d s r 0 d ' s Β 
parameter of s t i f f n e s s upon decreasing the charge densi
ty of pectate, indicating a notable s t i f f e n i n g of the 
chain (8). Recent calculations would indicate that the 
value of the radius of gyration of pectate in 0.08 M 
phosphate buffer passes from 60 A at pH 7 .3 to 77 A at 
pH 3 . 7 , i n agreement with the picture of a elongated 
conformation prevailing in acidic conditions despite the 
dramatic reduction o

Energetics (thermodynamics) of interaction with divalent 
ions 
Pectate i s known to interact very strongly with several 
divalent ions, although the concept of "binding" may 
change among different authors, to include different 
modes of interaction. Nevertheless, our present i n v e s t i 
gation seems to confirm such an established picture. 

From equilibrium d i a l y s i s experiments ( 9 ) , the 
amount of calcium "bound" to the polymer was taken equal 
to the difference between the concentration of ion in the 
polymeric phase and that in the polymer-free solution. 
In the range 0 < R < 0 . 3 . an average value of 84 t 4 % 
of Ca2+ ions i s "bound" to the pectate chains in aqueous 
0 .1 M NaC104.. In turn, from a previous investigation of 
this.laboratory ( 1 0 , 1 1 ) , the percentage of copper ions 
bound under the same conditions has been estimated to be 
larger than 99 %. This l a t t e r value includes both the 
fr a c t i o n of ions strongly interacting with the electro
s t a t i c f i e l d generated by the macroion and the f r a c t i o n 
( i f any) of ions s p e c i f i c a l l y bound on geometrically 
favorable sites (12) . 

A general result of the e l e c t r o s t a t i c interactions 
between counterions and polyelectrolytes (including s i t e 
binding) i s the large positive volume change due to the 
release of e l e c t r o s t r i c t e d water molecules from the s o l -
vated groups into the bulk of the solution (desolvation). 
In Figure 2 i s reported the volume change of a pectate 
solution upon addition of divalent cations (corrected 
for d i l u t i o n e f f e c t s ) . The effect i s largely ascribable 
to changes of solvation of the carboxylate groups and of 
the interacting counterions. 

On a microscopic leve l the interaction process must 
involve the desolvation of ionic species (free ions and 
polymeric carboxylate) in order to approximate the groups 
to each other. The whole process i s , therefore, charac
terized by a large and positive entropy change which 
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0 0.5 1.0 1.5 2.0 2.5 

Figure 1. Dependence of the reduced osmotic pressure 
on the polymer concentration, Cp , of sodium pectate in 
0.1 M ionic strength at 27°C: ( O ) pH 6.5; ( · ) pH 3.5. 

ι 1 1 r 

0 0.1 0.2 0.3 0.4 0.5 
R 

Figure 2. Dependence of the corrected volume change of 
mixing sodium pectate with Cu2+ ( O ) and with Ca2+ (φ) 
in 0.05 M aqueous NaClOq. at 25°C. R i s the ion-to-
polymer repeating unit molar r a t i o . 
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provides for the favorable driving force. From the en-
thalpic side, such an interaction does not give an exo
thermic enthalpy change because the strong endothermicity 
of the desolvation step proper i s usually not counterba
lanced by other favorable contributions a r i s i n g from 
ionic and dipolar interactions. Such a behavior i s 
experimentally provided both by low molecular weight 
systems and by other polycarboxylates interacting i n a 
hicrhly s p e c i f i c mode with different divalent ions ( 15-
18) . 

The enthalpy data for the mixing of a pectate solu
tion with divalent cations (Ca2+ or Cu 2+), in aqueous 
solution at 25°C, are reported in Figure 3. It i s 
worthwhile to note the negative value of the enthalpy 
of interaction of the pectate with both ions, although 
the shape of the curves appears to be di f f e r e n t  The 
data reported in Figur
enthalpy, i.e. they ar
ges due to the d i l u t i o n of both the polymer and the d i 
valent ion. Therefore, they represent the true tempera
ture co e f f i c i e n t of the free energy of the interaction 
process involving the solvated polymeric chain and the 
ions. In the same figure the enthalpy of interaction 
with protons and with Na+ ions i s also reported, for 
comparison purposes. 

The general behavior of the enthalpy contribution 
in a process involving the interaction between charged 
species i s a positive"(endothermic) enthalpy change, as 
experimentally found for Na+ ions (Figure 3). This 
experimental evidence i s substantiated by theoretical 
approaches based on polyelectrolyte theories (13)· * n 

some cases strong chelation may result in an enhanced 
endothermic enthalpy change, as discussed above about 
desolvation. Deviations towards exothermicity have a l 
ways been reported and in a l l cases ascribed to the pre
sence of ion-induced conformational transitions, which 
may (e.g. Cs*-carrageenan) (14) or may not (see the curve 
of H+ of Figure 3 corresponding to the pH-induced tran
s i t i o n of pectate) be accompanied by chain aggregation. 

In the case of mixing pectate with copper ions, the 
exothermic enthalpy of interaction i s absolutely unique 
in this class of compounds. In fac t , a l l known polyurona-
tes (15, 19), as well the monomeric galacturonate molecu
le (20), have a positive enthalpy of interaction, i r r e 
spective of the stereochemistry of the sugar residue(s) 
and of the a b i l i t y of gel formation. Most important, a 
positve enthalpy has been found also for the system cop-
per-polyguluronate (19), that is the polymer which has a 
behavior very similar to polygalacturonate and d i f f e r s 
from the l a t t e r only for the stereochemistry of C(3). It 
is therefore mandatory to ascribe the reported exothermic 
behavior of pectate with Ca 2 + and Cu2+ ions to the very 
sp e c i f i c change of conformation of the polygalacturonate 
chain. 
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Figure 3. Dependence of the corrected enthalpy of mi
xing (see text) sodium pectate with different counter-
ions in 0.05 M aqueous NaClU4 at 25 °C. R Me+ and R Me*+ 
denote the ion-to-polymer repeating unit molar ratio 
for monovalent and divalent ions, respectively. 
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Structural properties 

Circular dichroism spectra of pectate in the presen
ce of calcium and copper ions have been recorded as a 
function of the molar r a t i o R (sample case spectra are 
reported in arbitrary units in Figure 4d) . The speci
f i c changes of e l l i p t i c i t y at different wavelengths are 
reported in Figure 4, a-c. They represent the develop
ment of the perturbation induced by Ca2+ and Cu 2 + ions 
on the electronic n->n f*and Tr->n*transitions of the car-
boxylate neighbor to dissymmetric centers (a and b) and 
the onset of an extrinsic c h i r a l charge-transfer band 
involving the Cu2+ ion (c), respectively. The degree of 
l i n e a r i t y of the CD changes and the enthalpy changes 
for the Cu2+ t i t r a t i o n are pretty similar, l i k e l y i n d i 
cating a common ori g i n for the two phenomena. In the 
case of Ca2+, a sl i g h
of the two functions
needs to be gained before a safe explanation can be i n 
ferred therefrom; for example, one might propose that 
the perturbation occurs at lo c a l l e v e l only, or that 
progressive binding of calcium occurs onto an already 
ordered conformation of pectate induced by very l i t t l e 
amount of calcium ions. 

Speculation on the nature of the ordered confor
mation induced by Ca2+ ions can hardly be made, not even 
in relation to that prevailing at low pH. Conformational 
calculations have been carried out in our laboratory on 
1-^4 galacturonans (21), by using standard theoretical 
procedures already described in the l i t e r a t u r e (22). From 
these calculations the allowed conformational space i s 
located in a single region of the E(psi-phi) diagram. 
Even more interesting i s the fact that the pitch of the 
regular conformations generated by a given set of p s i -
phi values changes very s l i g h t l y within the allowed ran
ge of conformations (from a minimum of 4.32 to a maximum 
of 4.54 A/monomer). Of course, the s t a b i l i t y of each 
h e l i c a l conformation i s subjected to possible intramole
cular hydrogen bonds and intermolecular solvation ener
gies , in addition to the entropie de s t a b i l i z a t i o n due to 
the existence of several allowed conformations ( s t a t i 
s t i c a l fluctuation). 

Aggregation of pectate 

The aggregation of pectate in the presence of copper 
and calcium ions has been repeatedly reported and i s 
commonly used as a method for the quantitative p r e c i p i 
tation of the polymer. The actual d i s t r i b u t i o n of the 
precipitate and the increase of the apparent molecular 
weight has been studied as function of R by means of 
sedimentation and membrane osmometry, respectively. 

The curves reported in Figure 5 show the depen
dence of the amount of precipitate (as mass percentage) 
upon the addition of divalent ions. The effectiveness of 
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1 0 

Figure 4. Dependence on R of the s p e c i f i c change in e l -
l i p t i c i t y of sodium pectate in 0.05 M aqueous NaCIO* 
at 25°C: a, Cu 2 + λ = 200 nm; b, Ca 2 + λ = 210 nm; c, 
Cu2+ λ = 235 nm. d: sample-case CD spectra of sodium 
pectate in the absence (2) and in the presence of Cu 2 + 
( 1 ) , R = 0.24, and of Ca 2 + (3), R = 0.29, respectively. 
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Figure 5. Weight percentage of pectate precipitated 
from a 0.05 Maqueous NaClO^ solution upon increasing 
addition of divalent ions. 
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copper ions i s more than three times larger than that of 
calcium ions, in the same conditions of temperature 
(22°C) and ionic strengh (0.05 M NaC104 ). Indeed, the 
actual amount of precipitate i s almost zero up to a va
lue of R = 0.15, for both calcium and copper, and sud
denly increases with a sigmoidal dependence, very cha
r a c t e r i s t i c of an all-or-none process, p a r t i c u l a r l y in 
the case of copper. 

Osmometric experiments have been carried out as 
function of polymer concentration (Cp) and of R, in the 
presence of 0.1 M NaCIO . This ionic strength was re
quested in order to minimize the Donnan effe c t , which 
otherwise could seriously infirm the significance of 
the results. The molecular weight of the polymer (Figu
re 6) increases by a factor two for copper and almost 
four for calcium, before any v i s i b l e precipitate could 
be detected. Apart fro
a direct determinatio
te on increasing the f r a c t i o n of bound ions per repea
ting unit ( r ) , the results of Figure 6 show that, for a 
given amount of bound ions, the r e l a t i v e increase of Mn 

i s larger for calcium than for copper. This could stem 
from a higher tendency of copper ions to give r i s e to 
long, linear stretches of bound species between two pec
tate chains, while calcium ions might be able to form 
shorter but more evenly dispersed junctions, with more 
effective branching a b i l i t y . Provided a d e f i n i t e corre
la t i o n w i l l be proved between the extent of chain-chain 
association within a junction and the strength of the 
resulting gel (23), then some recent rheological results 
showing that Cu 2+/pectate gels are stronger than 
Ca 2+/pectate gels (24) could well f i n d a molecular 
counterpart in the present Mrt data. _ 

It should be noted that the values of the Μη , re
ported in the Figure 6, are calculated from the redu
ced osmotic pressure extrapolated to zero polymer con
centration, whereas a l l the other results reported in 
this work have been obtained at f i n i t e polymer concen
tration and therefore may include terms a r i s i n g from the 
concentration dependence of the investigated property. 

Rheolocrv of mixed H+/Ca2+ pectate gels 

At the beginning of an investigation on the rheology of 
pectate gels, we were faced with the problem of finding 
suitable measuring conditions to determine v i s c o e l a s t i c 
parameters of such systems by using a rotating Couette 
type rheometer. The most effective way of preparing a 
gel in the measuring compartment turned out to be that 
developed by Toft and described in details in another 
Chapter of this book (25). B r i e f l y , an amount of D-glu-
cono-5-lactone i s added to a neutral solution containing 
pectate and CaEDTA. The number of moles of lactone i s 
four times as large as that of the repeating units of 
pectate. The slow hydrolysis of the lactone homogeneou-
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Figure 6. Dependence on the molar fr a c t i o n of hound d i 
valent ions, r, of the apparent number-average molecu
lar weight at r, Mn , re l a t i v e to Rn determined in the 
absence of divalent ions. ( · ) Ca z + , ( O ) Cu 2 + . Solvent 
0.1 M aqueous NaC104, Τ = 25°C. 
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sly lowers the pH of the system, thereby determining a 
uniform release of Ca2+ ions and the formation of a mi
xed H+/Ca2+ gel. It was possible to follow the time 
course of the reaction by using the rheometer in the 
o s c i l l a t i n g mode. The measuring bob was allowed to 
o s c i l l a t e at fixed frequency (0.05 Hz) and with constant 
amplitude (20°) and the t signal was recorded as a fun
ction of time ( i . e . angle). The graphical result was a 
Lissaious figure, each of which was recorded in a period 
of time which i s one or two orders of magnitude shorter 
than the to t a l time course of the reaction (Figure 7, a-
c). The Lissaious figures have been subjected to Fourier 
analysis, which showed that only the harmonics up to the 
third were s i g n i f i c a n t . Each harmonic (corresponding to 
a complex vi s c o s i t y was in turn separated into the 
viscous and into the e l a s t i c components, r\' , i and i\" , i 
respectively. The onse
about 35 min by a rapi
i t s components, although the viscous one i s dominant 
(Figure 7, r i g h t ) . The thir d harmonic, r\*,3 , which an 
analysis reported elsewere (24) shows to be of largely 
e l a s t i c nature, slowly increases and after about 70 min 
becomes larger than η." ,1 . This could indicate that the 
alb e i t small o s c i l l a t i n g movement imposed on the gel 
determines the formation of (at least) two levels of 
structure, the second one possibly related to a reshuf
f l i n g of the chains to aquire a better degree of chain-
chain interaction. Work is in progress to test the ef
fect of the many experimental variables of the rheologi-
cal behavior of mixed pectate gels, and in particular to 
gain information on the separate enthalpic and entropie 
contributions to the e l a s t i c i t y from the analysis of 
temperature dependence of the determined e l a s t i c moduli. 

Experimental 

Sodium pectate was obtained by p u r i f i c a t i o n and succes
sive neutralization with NaOH of a sample of pectic acid 
purchased from Sigma Chemical Co. (Catalogue No. P-3889, 
sold as polygalacturonic acid). P u r i f i c a t i o n and prepa
ration of the solutions have been previously reported 
(5). A l l cations were used in the form of perchlorates. 
Preparation and p u r i f i c a t i o n of copper perchlorate have 
been reported (10). 

Experimental methods and data elaboration of the 
calorimetric, volumetric, and spectroscopic experiments 
have been reported (5, 15). In the phase equilibrium 
experiments (precipitation) the determination of the 
polymer concentration was made by polarimetric measure
ment on the supernatant, after centrifugation at 3000 
rpm for 30 min of the solutions which had been e q u i l i 
brated for 24 h. 

Osmometric measurements were carried out using a 
Melabs Mod. CSM-2 membrane osmometer following standard 
procedures. Details of the instrumentation and on the 
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procedure of data analysis for the rheoloçrical measure
ments are given elsewhere (24). 
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Lecrend of Symbols 

Ο molar polymer concentration 
number average molecular weight 

R ion to polymer mola
r f r a c t i o n of boun
Β Smidsrod's parameter of st i f f n e s s 
p s i , phi conformational angles at glycosidic oxygen in 

oc -D-galacturonosyl-1,4-oC-D-gaiacturonic acid dimer 
E(psi-phi) t o t a l conformational energy of Q C -D-galactu

ronosyl-1 , - D - g a l a c t u r o n i c acid dimer 
r\ * , i complex v i s c o s i t y , i - t h harmonic 
i \ ' , i viscous component of the complex v i s c o s i t y , i - t h 

harmonic 
r\ " , i e l a s t i c component of the complex v i s c o s i t y , i - t h 

harmonic 

Literature Cited 

1. Kohn, R. Pure Appl. Chem. 1975, 42, 371. 
2. Kohn, R.; Luknar, O. Collect. Czech. Chem. Commun. 

1977, 42, 731. 
3. Rinaudo. M.; Ravanat. G.; Vincedon, M. Makromol. 

Chem. 1980, 181, 1059. 
4. Rees, D. A. Pure Appl. Chem. 1981, 53, 1. 
5. Cesàro, Α.; Ciana, Α.; Delben, F . ; Manzini, G.; 

Paoletti, S. Biopolvmers 1982, 21, 431. 
6. Grant, G. T.; Morris, E. R.; Rees, D. Α.; Smith, 

P. J . C.; Thorn, D. FEBS Letters 1973, 32, 195. 
7. Fishman. M. L.; Pepper, L . ; Barford, R. Α.; J. 

Polymer Sci.,Polymer Phys. Ed. 1984, 22, 899. 
8. Smidsrød, O.; Haug, A. Biopolymers 1971, 10, 1213. 
9. Civitarese, G. Tesi di Laurea in Chimica, Univer-

sità di Trieste, Trieste, Italy. 
10. Manzini, G.; Cesàro, Α.; Delben, F . ; Paoletti, S.; 

Reisenhofer, Ε. Bipelectrochemistry and Bioener-
getics 1984, 12, 443. 

11. Reisenhofer, E . ; Cesàro, Α.; Delben. F . ; Manzini, 
G.; Paoletti, S. Bioelectrochemistry and Bioener-
getics 1984, 12, 455. 

12. Reid, D. S. In "Developments in Ionic Polymers -
1"; Wilson, A. D.; Prosser, H. J., Eds.; Applied 
Science Publishers: London, 1983; p. 269. 

In Chemistry and Function of Pectins; Fishman, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



7. PAOLETTI ET AL. Ionic Effects on Pectate 87 

13. Paoletti, S.; Cesàro, Α.; Delben, F . ; Crescenzi, 
V.; Rizzo, R. In "Microdomains in Polymer Solu
tions"; Dubin, P., Ed.; Plenum Press: New York, 
(in press). 

14. Paoletti, S.; Delben, F . ; Cesàro, Α.; Grasdalen, H. 
Macromolecules 1985, 18, 0000. 

15. Paoletti, S.; Cesàro Α.; Ciana, Α.; Delben, F . ; 
Manzini, G.; Crescenzi, V. In "Solution Properties 
of Polysaccharides"; Brant, D. Α., Ed.; ACS SYMPO
SIUM SERIES No. 150, American Chemical Society: 
Washington, D.C., 981; pp. 379-386. 

16. Crescenzi, V.; Delben, F . ; Paoletti, S.; Skerjanc, 
J . J.Phys.Chem. 1974, 78, 607. 

17. Delben, F . ; Paoletti, S. J.Phys.Chem. 1974, 78, 
1486. 

18. Paoletti, S.; Delben  F . ; Crescenzi  V  J.Phys
Chem. 1976, 80

19. Cesàro, Α.; Paoletti
V.; Rizzo, R.; Dentini, M. Gazz.Chim.Ital. 1982, 
112, 115. 

20. Aruga, R. Bull.Chem.Soc.Jpn. 1981, 54, 1233. 
21. Di Grazia, L. Tesi di Laurea in Chimica, Università 

di Trieste, Trieste, Italy. 
22. Brant, D.A. Quart.Rev.Biophys. 1976, 9, 527. 
23. Andresen, I .L. ; Smidsrød, O. Cabohydr.Res. 1977, 

58, 271. 
24. Lapasin, R.; Zanetti, F . ; Paoletti, S.; Cesàro, Α.; 

Delben, F. Manuscript in preparation. 
25. Toft, K.; Grasdalen, H.; Smidsrød, O. In this vo

lume. 

RECEIVED November 19, 1985 

In Chemistry and Function of Pectins; Fishman, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



8 

Pectin Internal Gel Strength: Theory, Measurement, 
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The single largest use of pectin is in the manufacture 
of jelly. Abou
commercial pecti
products. The consumer's acceptance, organoleptic 
properties, and quality of a jelly are largely 
dependent on the internal gel strength formed by 
pectin. Most of this pectin is high methoxyl and its 
gel structure is primarily stabilized by hydrogen 
bonding and hydropholic interactions. The strength of 
the gel is affected by the pH of the product, the 
pectin's methoxyl content, and molecular weight. 

This review discusses the above factors and the 
instrumentation used to measure the internal strength 
of high methoxyl pectin gels. These are categorized 
into instruments which are nondestructive of the gel 
and measures its elastic properties or destructive 
type instruments which exceed the gel's strength. 
Examples and advantages of each type of instrument are 
presented. It is hoped this review will be helpful to 
jelly and pectin manufacturers who are currently 
evaluating instruments to measure internal gel 
strength. 

P e c t i n i s a group d e s i g n a t i o n f o r c o l l o i d a l p o l y g a l a c t u r o n i c a c i d s , 
the chemistry of which has been discussed i n previous chapters. 
Most p l a n t s c o n t a i n p e c t i n i n the i n t e r c e l l u l a r l a y e r between the 
primary c e l l w a l l s of a d j o i n i n g c e l l s . S i x to seven m i l l i o n kg of 
p u r i f i e d p e c t i n are produced annu a l l y , more than h a l f of which i s 
extracted from c i t r u s peel Of t h i s amount, 80 to 90% i s used 
i n the manufacture of j e l l i e s , jams, and s i m i l a r products (2^). In 
t h i s chapter, j e l l y w i l l be used to denote the product formed from 
p e c t i n , sugar, and a c i d under s p e c i f i c c o n d i t i o n s . Gel w i l l mean a 
s i m i l a r p h y s i c a l s t a t e but not the commercial product ( 3 ) . 

In manufacturing f r u i t j e l l i e s , p e c t i n i s u s u a l l y added to 
augment the p e c t i n n a t u r a l l y o c c u r r i n g i n the f r u i t j u i c e i n order 
to achieve the d e s i r e d firmness or consistency of the j e l l y . J e l l y 
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8. CRANDALL AND WICKER Pectin Internal Gel Strength 89 

i s made from not l e s s than 45 parts by weight of f r u i t j u i c e with 55 
parts sugar f o r a t o t a l of not l e s s than 65% soluble s o l i d s . Jams 
and marmalades are s i m i l a r to j e l l i e s but u t i l i z e the whole f r u i t , 
f r u i t pieces, or pieces of c i t r u s peel (4, _5). A U.S. Grade A j e l l y 
must not score l e s s than 90 points on a 100 point s c a l e where 
consistency, c o l o r , and f l a v o r of the g e l represent 40, 20, and 40 
points, r e s p e c t i v e l y . 

A good consistency means "the j e l l y has a tender to s l i g h t l y 
f i r m texture and r e t a i n s a compact shape without excessive syneresis 
(weeping)" (4_). The l e v e l s of p e c t i n use range from 0.1 to 1.0% i n 
the f i n a l j e l l y or jam and are c r i t i c a l to i t s success (6). 
There are several good review a r t i c l e s which cover other uses of 
p e c t i n and contain formulas and p r a c t i c a l information (_5, 7_y 8-18). 

Commercial pectins are g e n e r a l l y recognized as safe (GRAS) food 
ingredients under FDA regulations (19) and are c l a s s i f i e d i n t o two 
main categories according to t h e i r degree of methylation (DM)· Low 
methoxyl (LM) pectins hav
the presence of d i v a l e n
type of p e c t i n i s the high methoxyl (HM) p e c t i n with DM values 
ranging from 50 to 80% (7_> 20). HM pectins w i l l form gels i n the 
presence of sugar and a c i d and are f u r t h e r divided i n t o broad 
categories of rapid set p e c t i n s , 75 to 72% DM, which g e l i n 20 to 70 
sec; medium set p e c t i n s , 71 to 68% DM, which g e l i n 100 to 150 sec; 
and slow set p e c t i n s , 66 to 62% DM, which g e l i n 180 to 250 sec 
(Table I) ( 8 ) . 

Table I. Categories of High Methoxyl Pectin ( C i t r u s ) with 
Approximate Degree of Methylation, Setting Times, and Temperatures 

Setting Setting 
Degree of time temperature 

methylation (sec) (°C) 

U l t r a r a p i d >75 — — 
Rapid set 75 - 72 20 - 70 97 - 95 
Medium set 71 - 68 100 - 150 92 - 87 
Slow set 66 - 62 180 - 250 83 - 72 

Reference (8) 

This review w i l l discuss the needs of the j e l l y manufacturer to 
measure g e l strength, the theory of g e l formation, f a c t o r s a f f e c t i n g 
gel strength, and instrumentation used to measure g e l strength. 

J e l l y Manufacturer's Needs. During the f i r s t h a l f of t h i s century, 
there was no uniform method to measure the a b i l i t y of p e c t i n to form 
a g e l . Consequently, j e l l y manufacturers had to constantly adjust 
the amount of p e c t i n used per batch of j e l l y with l i t t l e assurance 
that the appearance and texture of the f i n i s h e d product would be of 
a high q u a l i t y . A f t e r the adoption of the I n s t i t u t e of Food 
Technologist's (IFT-SAG) method i n 1959, a l l pectins were 
standardized on t h e i r a b i l i t y to form a g e l . This method has been 
used by p e c t i n and j e l l y manufacturers f o r more than 25 years. The 
d e t a i l s are discussed l a t e r i n t h i s chapter. Although the IFT-SAG 
method has been the p e c t i n grading standard, i t has some 
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d e f i c i e n c i e s i n measuring i n t e r n a l g e l strength. So, manufacturers 
are looking f o r a supplemental method f o r p e c t i n evaluation which 
would c o r r e l a t e w e l l with s p r e a d a b i l i t y , be i n close agreement with 
commercial p r a c t i c e , and give reproducible r e s u l t s . The equipment 
should be durable, operator independent, and inexpensive. I d e a l l y , 
the p e c t i n should be added to the j e l l y t e s t batch, as i n commercial 
operations, so i t w i l l be i n contact with the a c i d and sugar during 
the l a s t phase of cooking. If the te s t were r e l a t i v e l y r a p i d , i t 
could provide r e a l time feedback f o r c o n t r o l of the next batch of 
j e l l y . F i n a l l y , the t e s t method should r e l a t e to the consumer's 
perception of texture, be i n accordance with the theory of g e l 
formation, and be based on fundamental t e s t p r i n c i p l e s . 

Theory of Gel Formation. It i s important to understand the forces 
that s t a b i l i z e a p e c t i n g e l st r u c t u r e and the mechanisms of p e c t i n 
g e l a t i o n before examining the instruments used to measure i n t e r n a l 
g e l strength. Pectin wa
c o l l o i d a l p o l y g a l a c t u r o n i
of methyl e s t e r groups and having c a p a b i l i t i e s of forming gels with 
sugar and a c i d . P e c t i n i c acids are composed p r i m a r i l y of α 1,4 
li n k e d D-galacturonic a c i d u n i t s . In pl a n t s , p e c t i n i s thought of 
as a mixture of s t r u c t u r a l , carbohydrate molecules with a 
generalized rather than s p e c i f i c composition. Pectins have a 
l o c a l i z e d d i s t r i b u t i o n of c o v a l e n t l y attached n e u t r a l sugars forming 
h a i r y and smooth regions (21). 

Rees (22) proposed four l e v e l s of str u c t u r e f o r polysaccharides 
l i k e p e c t i n . Primary s t r u c t u r e r e f e r s to the nature and mode of 
linkage of the component g a l a c t u r o n i c a c i d s . In p e c t i n , 
poly-D-galacturonate forms a regular, buckled, two-fold conformation 
(23) except where a kink i s formed by the i n s e r t i o n of L-rhamnose or 
another sugar. Secondary s t r u c t u r e r e f e r s to the pyranose r i n g 
shapes. Nelson (20) reviewed the evidence that the 4-C-l 
conformation i s favored due to minimization of the s t e r i c r e p u l s i o n 
between a x i a l s u b s t i t u e n t s . The r e s t r i c t i v e r o t a t i o n a l angles 
(anomeric carbon one to pendent oxygen) and (carbon four to 
pendent oxygen) determine the o v e r a l l conformation of the 
polysaccharide chain. T e r t i a r y s t r u c t u r e of p e c t i n i s the s p e c i f i c , 
r i g i d r o d - l i k e geometry which i s favored by noncovalent 
i n t e r a c t i o n s , r i g i d secondary s t r u c t u r e , e f f i c i e n t packing, and i s 
i n h i b i t e d by l o s s of conformational energy, hydration, 
intermolecular e l e c t r o s t a t i c r e p u l s i o n , and s t r u c t u r a l 
i r r e g u l a r i t i e s . T e r t i a r y s t r u c t u r e s may remain i n t a c t even a f t e r 
hydration i n s o l u t i o n or i n a g e l network. Quaternary st r u c t u r e i s 
the i n t e r a c t i o n of s p e c i f i c , r i g i d u n i t s of t e r t i a r y s t r u c t u r e to 
form a higher l e v e l of or g a n i z a t i o n (22). 

Studies on the forces that s t a b i l i z e the p e c t i n g e l network have 
contributed to our understanding of the mechanism of g e l a t i o n . 
Owens and Maclay (24) reported that hydrogen bonding between 
hydroxyls of p e c t i n , water, and sugar was promoted by a decrease i n 
pH, due to a decrease i n intermolecular, e l e c t r o s t a t i c r e p u l s i o n . 
In a d d i t i o n , weak van der Waals forces between methyl e s t e r groups 
contribute to the s t a b i l i z a t i o n of the g e l network (24). McCready 
and Owens (25) and Morris et a l . (26) proposed that ester groups 
make a p o s i t i v e c o n t r i b u t i o n to i n t e r c h a i n a s s o c i a t i o n . Morris et 
a l . (26) observed a decrease i n g e l strength of 72% ester p e c t i n 
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gels i n the presence of 8M urea and proposed that the g e l network i s 
s t a b i l i z e d by noncovalent f o r c e s analogous to forces s t a b i l i z i n g 
t e r t i a r y s t r u c t u r e i n p r o t e i n s . 

Doesburg (27) discussed the phenomenon of g e l a t i o n and defined 
g e l s as two-phase systems w i t h a discontinuous phase of s o l i d 
m a t e r i a l which r e s t r i c t s a f i n e l y dispersed or continuous aqueous 
phase. Nelson (20) proposed a g e l model i n which the p e c t i n 
molecules were random ribbons i n the s o l state,- progressing to l e s s 
random ribbons of lower water a c t i v i t y i n the second s t a t e , and were 
a g e l i n the t h i r d s t a t e where most of the p e c t i n chains were 
inv o l v e d i n some type of chain s t a c k i n g . In a HM p e c t i n g e l , a c i d , 
sugar, water, and p e c t i n i n t e r a c t to form a g e l . At lower pH values 
near pH 3, e l e c t r o s t a t i c r e p u l s i o n i s minimized due to the greater 
number of nonionized carboxyl groups which enhance the p r o b a b i l i t y 
of noncovalent a t t r a c t i o n among the methoxyl, a l c o h o l , and carboxyl 
groups (24). The f u n c t i o n of sugar has been l e s s c l e a r  I t has 
been suggested that the
promotes hydrogen bondin
Rees (30) suggested that sugar c o n t r o l l e d the water a c t i v i t y . 

Further progress towards understanding the i n t e r r e l a t i o n s h i p of 
sugar, a c i d , water, and HM p e c t i n has been made by Oakenfull and 
Scott (31). They proposed that hydrophobic i n t e r a c t i o n s are 
e s s e n t i a l to g e l formation i n HM p e c t i n . However, the c o n t r i b u t i o n 
of hydrogen bonding to the standard f r e e energy of formation i s 
n e a r l y twice that of hydrophobic i n t e r a c t i o n s and hydrogen bonding 
alone was not s u f f i c i e n t to overcome the entropy b a r r i e r to g e l a t i o n 
from the l o s s of d i s o r d e r (31). Even though sucrose increased 
hydrophobic i n t e r a c t i o n s by 67% (32), other p o l y o l s , such as 
s o r b i t o l were more e f f i c i e n t at s t a b i l i z i n g hydrophobic i n t e r a c t i o n s 
than sucrose (32). They f u r t h e r reported that the formation of 
j u n c t i o n zones from 18 to 250 g a l a c t u r o n i c a c i d u n i t s i n l e n g t h , 
between two p e c t i n molecules, s t a b i l i z e d the p e c t i n g e l network (32, 
33). The l e n g t h of the j u n c t i o n zone depends on the hydrophobic 
i n t e r a c t i o n s , which depend on the con c e n t r a t i o n of sugar or p o l y o l 
and on the DM value of p e c t i n (31). 

Consideration of the g e l formation f o r Ui p e c t i n s has been 
purposely omitted because of space l i m i t a t i o n s . References h e l p f u l 
i n understanding the formation of LM g e l s are 2> 23, 27, 34, 35. 

Factors A f f e c t i n g I n t e r n a l Gel Strength 

Several of the f a c t o r s that a f f e c t g e l st r e n g t h w i l l be discussed 
such as pH, molecular weight, type of p e c t i n , and c o n d i t i o n s used to 
t e s t the g e l . The m a j o r i t y of p e c t i n i s used i n the manufacture of 
j e l l i e s and jams, so t h i s review w i l l focus on HM p e c t i n s . J e l l y 
grade i s defined as the number of grams of sugar wi t h which one gram 
of p e c t i n w i l l form a 65% s o l u b l e s o l i d s g e l of s p e c i f i e d s t r e n g t h 
under s u i t a b l e a c i d c o n d i t i o n s ( 3 ) . O l l i v e r (36) pointed out two 
omissions i n t h i s d e f i n i t i o n . F i r s t , no reference i s made to a 
standard g e l strength f o r the " s e t " of the j e l l y . Second, from the 
d e f i n i t i o n , the amount of sugar i s the v a r i a b l e ; however, i n 
p r a c t i c e , the sugar concentration i s held constant at 65% s o l u b l e 
s o l i d s ; t h e r e f o r e , i t i s the amount of p e c t i n that i s v a r i e d . 
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P e c t i n . The heterogeneity of p e c t i n i s d i f f i c u l t to c o n t r o l during 
manufacture, not well c h a r a c t e r i z e d , and influences g e l strength i n 
commercial j e l l y batches. Pectin i s a n a t u r a l l y o c curring 
polysaccharide which i s mainly extracted from c i t r u s peel and apple 
pomace. Researchers have reported on d i f f e r e n c e s among the y i e l d 
and j e l l y grade of pectins from various c i t r u s c u l t i v a r s (37, 38), 
between f r e s h and dry c i t r u s peel (39), and i n pectin e x t r a c t i o n 
conditions (40, 41). Furthermore, there are d i f f e r e n c e s among apple 
s t a r t i n g materials (27, 42) and d i f f e r e n c e s between the r e s u l t a n t 
pectins made from c i t r u s and apple (43). 

In a d d i t i o n to n a t u r a l v a r i a t i o n i n commercially prepared 
pe c t i n s , the DM of p e c t i n i n f l u e n c e s i n t e r n a l g e l strength. The 
s e n s i t i v i t y of p e c t i n to d i v a l e n t cations and the mechanism of g e l 
formation i s influenced by the DM value. Furthermore, j e l l y grade 
can be increased by decreasing the DM value by s a p o n i f i c a t i o n . 
Doesburg and Grevers (44) showed that the j e l l y grade was 25% higher 
i n a 53% DM p e c t i n than
s t a r t i n g m a t e r i a l . Wile
low DM p e c t i n with a high molecular weight (MW) which produces a g e l 
with an extremely high rupture strength. A d d i t i o n a l v a r i a b i l i t y 
e x i s t s because DM values are heterogeneous among p e c t i n s . Walter 
and Sherman (46) found that at a s p e c i f i c DM value, the p h y s i c a l 
properties of a HM p e c t i n are influenced by the d i s p e r s i o n and 
l o c a t i o n of free carboxyls. Another HM p e c t i n with a s i m i l a r DM, 
but d i f f e r e n t d i s t r i b u t i o n of unmethoxylated carboxyls, possessed 
d i f f e r e n t p h y s i c a l c h a r a c t e r i s t i c s . 

The DM i n t e r a c t s with g e l pH to determine the maximum g e l 
strength measurement. In the t y p i c a l curve shown i n Figure 1, the 
optimum firmness occurs at higher pH values f o r higher DM pectins 
<Z» *!>· 

Molecular Weight. Swenson et a l . (48) determined that instruments 
used to measure the breaking strength of p e c t i n gels assign a higher 
grade to h i g h l y polymerized, higher MW pectins than do instruments 
measuring e l a s t i c i t y . Christensen (49) supported t h i s by showing 
that the r e l a t i o n s h i p between breaking strength and sag was not 
constant but depended on the MW of the p e c t i n . Pectins whose 
molecular weights were near 135,000 were graded equally by these two 
methods. When the MW was greater than 135,000, the d e s t r u c t i v e 
measurements graded the pectins higher. M i t c h e l l and Blanshard (50) 
wrote p e c t i n gels have e i t h e r short and very s t i f f or longer and 
more f l e x i b l e chains. The e l a s t i c i t y modulus i s influenced 
p r i m a r i l y by the short s t i f f chains and i s independent of p e c t i n MW 
above a minimum. Breaking strength i s influenced p r i m a r i l y by the 
longer, more f l e x i b l e chains which are l a r g e l y MW dependent and 
remain cross l i n k e d a f t e r the short s t i f f chains have ruptured. 
M i t c h e l l (51, 52) a l s o found measurements of the apparent e l a s t i c 
modulus at short times ( l i k e the Ridgelimeter reading) to be 
independent of MW, above a c e r t a i n l i m i t i n g value. Thus, a p e c t i n 
with a high Ridgelimeter grade would be expected to have a greater 
number of short s t i f f chains and a higher cross l i n k d ensity. This 
property may be c o n t r o l l e d to a c e r t a i n extent by p e c t i n 
manufacturers and should be s e l e c t e d f o r by p e c t i n users f o r 
products needing a high e l a s t i c i t y c h a r a c t e r i s t i c . 
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DEGREE OF METHYLATION 

I I I I I I 
10 3.2 3.4 3.6 3.8 40 

GEL pH 

Figure 1. Relationship among g e l strength, degree of methylation 
and g e l pH ( E h r l i c h , 7). 
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J e l l y pH. Another f a c t o r which i n f l u e n c e s the i n t e r n a l g e l strength 
i s the j e l l y pH. In the l a b o r a t o r y , O l l i v e r (53) found pH 
d i f f e r e n c e s between 2.82 and 3.12 could cause a v a r i a t i o n i n j e l l y 
grade of about 30%. The i n t e r a c t i o n s between j e l l y pH and g e l 
strength i s shown i n Figure 1. Acids are used to c o n t r o l the pH 
w i t h i n the g e l l i n g range. The optimium pH i s about 3.1 and 3.4 f o r 
slow set HM p e c t i n s and r a p i d set p e c t i n s , r e s p e c t i v e l y (47). 

J e l l y Test Conditions. Other f a c t o r s a f f e c t i n g the i n t e r n a l g e l 
s t r e n g t h are the rate and d u r a t i o n of b o i l i n g a t e s t j e l l y , stage of 
a c i d a d d i t i o n , r a t e of c o o l i n g , time of aging, type of sugar used 
(53, 54), and the use of b u f f e r s a l t s or s y n t h e t i c f r u i t j u i c e s 
r a t h e r than water (43). 

I I I . Instrumentation 

Several good reviews hav
measure p e c t i n ' s g e l s t r e n g t h
(49), Beltman and P i l n i k (55), M i t c h e l l (51_, 52), and Sherman (56). 
Both M i t c h e l l (51) and Sherman (56) have concise Tables which l i s t 
about 20 instruments and giv e types of measurements which can be 
made. Table I I g i v e s examples of instruments used to evaluate p e c t i n 
gels which w i l l be covered i n t h i s review. 

I d e a l l y , instrumentation t o measure the i n t e r n a l g e l s t r e n g t h of 
a p e c t i n g e l should emulate the perception of g e l s t r u c t u r e by the 
consumer. This perception of g e l s t r u c t u r e by the consumer i s an 
i n t e r a c t i o n of s i g h t , t a s t e , and t e x t u r e . V i s u a l observations are 
combined wit h the sensation of touch when a j e l l y i s cut from a j a r 
and spread. In the mouth, the g e l i s compressed, f r a c t u r e d , and the 
ruptured parts s l i d e past each other (56). Most polysaccharide g e l s 
are composed of d i f f e r e n t t e x t u r a l p r o f i l e s . Therefore, when a 
s e r i e s of gels i s ranked, the order can vary g r e a t l y depending on 
the weight the consumer places on each i n d i v i d u a l a t t r i b u t e (57). A 
sensory e v a l u a t i o n r a t i n g s c a l e has been developed f o r s e v e r a l g e l 
texture a t t r i b u t e s (58). Models have a l s o been developed to r e l a t e 
s p r e a d a b i l i t y as being the i n v e r s e of the force (shear s t r e s s ) 
exerted on the surface of a k n i f e (59). Given that consumers use a 
wide range of e v a l u a t i o n methods to determine the tex t u r e of a g e l , 
i t i s extremely d i f f i c u l t to r e l a t e a l l of the perceived t e x t u r a l 
c h a r a c t e r i s t i c s to a s i n g l e instrument. 

Sherman (56) and M i t c h e l l (51_) have pointed out that d e s p i t e the 
vast range of t e x t u r a l - i n s t r u m e n t s , s a t i s f a c t o r y instruments are not 
yet a v a i l a b l e to measure a l l t e x t u r a l p r o p e r t i e s . The e l a s t i c 
modulus i s defined as the r a t i o of s t r e s s to s t r a i n . Stress i s the 
force per u n i t area producing the change i n shape and s t r a i n i s the 
change i n shape or change i n lengh per u n i t length of the sample 
(3 ) . I f the s t r a i n (displacement) i s s m a l l , i t i s e s s e n t i a l l y 
l i n e a r to s t r e s s ( a p p l i e d f o r c e ) and the g e l w i l l resume i t s 
o r i g i n a l shape a f t e r the fo r c e i s removed. The e l a s t i c l i m i t of the 
ge l i s the l a r g e s t amount of deformation that an e l a s t i c body can 
experience and s t i l l r e g a i n i t s o r i g i n a l shape a f t e r removing the 
fo r c e . 

Creep compliance i s s i m i l a r t o e l a s t i c i t y except a constant 
force ( s t r e s s ) i s a p p l i e d to the g e l and the deformation ( s t r a i n ) i s 
followed over time. A l t e r n a t i v e l y , s t r e s s r e l a x a t i o n can be used 
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Table I I . Examples of instruments used to examine p e c t i n gels 

Type of 
instrument 

Stress applied 
to g e l 

Parameter 
measured 

P r i c e 
range 

I. Non-destructive 

A. IFT-SAG force of g r a v i t y 

B. Wageningen sag force of g r a v i t y 

C. F.I.R.A. 

D. Concentric 
c y l i n d e r s 

E. P a r a l l e l 
p l ates 

F. Dynamic 

torquing blade 
immersed i l 

torquing 
corrugated 
c y l i n d e r s 

s l i d i n g 
corrugated 
plates 

o s c i l l a t o r 

inexpensive 

inexpensive 

inexpensive 

percent sag 

amount of 
sag magnified 
10 f o l d 

amount of 
wate  t  mak

constant inexpensive 
s t r e s s / s t r a i n to 
creep compliance expensive 
s t r e s s r e l a x a t i o n 

s t r a i n inexpensive 
creep compliance to 

expensive 

change i n 
v e l o c i t y of 
waves 

inexpensive 
to 

expensive 

I I . Destructive 

A. Finger 

B. Tarr-Baker 

C. Luers-
Lochmuller 

D. H e r b s t r e i t h -
Pektinometer 

E. Instron 

pressure between 
thumb and 
f o r e f i n g e r 

syringe p i s t o n 
pressing on 
gel's surface 

p u l l i n g f i g u r e 
from a g e l 

p u l l i n g f i g u r e 
from a g e l 

f i x t u r e s used 
e i t h e r 
compression or 
tension mode 

i n 

r e l a t i v e force 
to break g e l 

r e l a t i v e 
amount of heavy 
l i q u i d to 
rupture g e l 

weight to 
rupture g e l 

force to 
rupture g e l 

force 
peak height 

inexpensive 

inexpensive 

inexpensive 

moderately 
expensive 

expensive 

References (51, 56) 
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where a constant s t r a i n i s a p p l i e d and the s t r e s s required to 
maintain a constant s t r a i n over time i s measured. A d d i t i o n a l 
background i s found i n reports by M i t c h e l l (52, 60). 

Nondestructive vs. Destructive Tests. The p e c t i n grade depends 
somewhat on the e v a l u a t i o n method (6J_). Gel strength 
instrumentation may be nondestructive which measures the e l a s t i c 
properties of a g e l , or d e s t r u c t i v e which measures the i n e l a s t i c or 
breaking strength of a g e l . A major p e c t i n producer unsu c c e s s f u l l y 
t r i e d s e v eral instruments and methods f o r more than 20 years to 
measure both e l a s t i c i t y and rupture strength with a s i n g l e t e s t 
(62). 

Nondestructive t e s t s have c e r t a i n advantages i n c l u d i n g the 
a b i l i t y to measure the e l a s t i c i t y of the g e l on products such as 
j e l l i e s containing p a r t i c u l a t e s . Nondestructive t e s t s can be used 
to blend raw pectins to a consistent j e l l y grade. Also , some 
reports have found nondestructiv
and more r e l i a b l e (63).
deformations outside the l i n e a r region of a s t r e s s vs. s t r a i n curve 
are more d i f f i c u l t to i n t e r p r e t and more d i f f i c u l t to measure than 
small deformations because rupture occurs at a defect i n the g e l and 
large deformations are not as reproducible. 

Conversely, d e s t r u c t i v e t e s t s have advantages over 
nondestructive t e s t s because they are c l o s e r to a consumer's 
perception of spreading a j e l l y . The force required to rupture a 
g e l c o r r e l a t e d best with g e l strength assessed i n the mouth (57). 
Kuiper (64) reported that nondestructive measurements c o r r e l a t e d 
well with the Ridgelimeter reading, whereas d e s t r u c t i v e measurements 
co r r e l a t e d better with sensory analyses. 

Nondestructive Tests 
IFT-SAG. In the IFT-SAG method, a standardized amount of sugar 

i s cooked with a t e s t amount of p e c t i n . The mixture i s poured i n t o 
a 7.94 cm height j e l l y glass which contains an excess of a c i d and 
allowed to g e l f o r 18 to 24 hours. The j e l l y i s demolded and the 
amount of sag under the force of g r a v i t y i s measured with a s p e c i a l 
micrometer c a l l e d a Ridgelimeter. 

The advantages of the IFT-SAG method have been presented 
(62-65). The method e s t a b l i s h e s test conditions f o r reproducibly 
measuring j e l l y firmness. At a pH near 2.2, minimal e f f e c t of pH on 
ge l strength i s observed (36). The e f f e c t s of temperature and aging 
are a l s o n e g l i g i b l e at t h i s pH (36, 5θ, 62). The IFT-SAG method 
uses simple and inexpensive lab equipment. It i s p r e c i s e , 
reproducible, and subject to minimal operator e r r o r . This method i s 
the standard on which comparisons of p r i c e of pectins and 
p r e d i c t i o n s of the j e l l y i n g c a p a b i l i t i e s have been made. Thus, raw 
p e c t i n can be cut to a 150 grade or a mixture of pectins of known 
j e l l y grades can be c a l c u l a t e d . 

The IFT-SAG method d i d not win unanimous support at i t s 
i n c e p t i o n because t e s t conditions do not stimulate how pectins are 
used i n commercial p r a c t i c e . The t e s t pH of 2.2 i s ten times more 
acid than the commercial j e l l y pH of 3.2 and i s well below the 
maximum g e l strength pH (_7, 36, 53, 62)· The test i s based on a 
water j e l l y which does not account f o r the n a t u r a l l y o c c u r r i n g 
buffers and s a l t s i n f r u i t j u i c e . The low g r a v i t y compression rate 
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of the IFT-SAG t e s t does not adequately p r e d i c t the g e l performance 
under a c t u a l use or other high compression rates (56)* The t e s t 
requires 18 to 24 hours so i t i s not u s e f u l i n r e a l time 
m o d i f i c a t i o n during j e l l y manufacture. F i n a l l y , t h i s method of 
evaluation underestimates the j e l l y grade of high molecular weight, 
h i g h l y polymerized p e c t i n (49). 

Wageningen Sag. Doesburg (66) developed a procedure i n which 
sugar-acid gels were cast i n t o a two piece c y l i n d e r . The g e l was 
cut i n h a l f and the sag of the g e l was measured by a p i n attached to 
a p i v i t o l pointer and a s c a l e . This arrangement am p l i f i e d the amount 
of sag ten times. A good c o r r e l a t i o n between the organoleptic 
q u a l i t y of high sugar gels was found with the Wageningen sag 
measurements· 

B.A.R.—F.I.R.A. J e l l y Tester  This instrument's measurements 
are based on a fundamenta
measured by the torque o
i s applied by water flowing i n t o a bucket and a measurement i s made 
on the amount of water needed to produce a 30° turn of the 
blade—which i s within the e l a s t i c l i m i t s of the g e l 03, 67). 
Modifications have been made on t h i s instrument using an e l e c t r i c 
motor connected to a t o r s i o n wire to turn the blade. Wires with 
known t o r s i o n a l moments are used as standards. Studies have shown a 
strong c o r r e l a t i o n between Ridgelimeter and F.I.R.A. grading. Other 
researchers have modified t h i s j e l l y t e s t e r to measure a 15° turn 
( e l a s t i c i t y ) , followed by measurement of the breaking strength of 
gels and have found good c o r r e l a t i o n to sensory evaluations (55). 

Concentric Cylinder Instruments. Saverborn (68) developed an 
instrument that requires the p e c t i n mixture be poured between two 
concentric, corrugated c y l i n d e r s and allowed to s e t . The inner 
c y l i n d e r i s twisted by a t o r s i o n wire and the extent of t o r s i o n 
caused i n the g e l i s measured. The corrugations prevent slippage of 
the g e l . Kertesz (3) c i t e s t h i s as one of the f i n e s t instruments 
devised f o r j e l l y strength measurements. 

Other instruments which use concentric c y l i n d e r s include those 
described i n (69-72) and were reviewed by M i t c h e l l (51). These 
instruments can be used f o r fundamental measurements on gels l i k e 
creep compliance, s t r e s s r e l a x a t i o n , and r i g i d i t y modulus. 

P a r a l l e l P l a t e . Plashchina et a l . (73) studied the creep of HM 
p e c t i n gels placed between two corrugated p a r a l l e l p l a t e s . Creep 
compliance curves were obtained f o r 0.5 to 2.5% p e c t i n at 
temperatures from 25 to 55°C. Reversible and i r r e v e r s i b l e s t r a i n 
components were separated. Pectin macromolecules were characterized 
as being very s t i f f and only a s l i g h t decrease i n entropy was 
required to form a p e c t i n g e l (73). M i t c h e l l and Blanshard (50) 
used an automated p a r a l l e l p l a t e viscoelastometer to study the creep 
compliance on low methoxyl p e c t i n s . The value of these experiments 
was that a continuous response was obtained from the g e l rather than 
a s i n g l e point measurement. 

Dynamic Te s t i n g . Gels can be characterized by dynamic t e s t i n 
which an o s c i l l a t o r y s t r e s s i s applied to the g e l and the phase 
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angle of the s t r a i n measured. Most g e l s show a phase d i f f e r e n c e 
l e s s than 90° out of phase wit h the imposed s t r e s s . Gross (74) and 
Gross et a l . (75) reviewed dynamic t e s t i n g and used i t to study the 
textures of LM p e c t i n g e l s . They determined the dynamic modulus and 
phase angles and found that at 100 HZ, the g e l s that appeared to be 
the most f i r m were the weakest at 200 HZ. However, they found some 
good c o r r e l a t i o n s between some of the dynamic t e s t s and sensory 
e v a l u a t i o n s . 

D e s t r u c t i v e Tests 
Finger Test. The f i r s t d e s t r u c t i v e t e s t s on a p e c t i n g e l were 

performed by squeezing a s l i c e of j e l l y between the thumb and 
f o r e f i n g e r u n t i l the g e l broke. This was made i n t o a f o r m a l i z e d 
j e l l y e v a l u a t i o n t e s t c a l l e d the Finger Test. When the a n a l y s t s had 
adequate experience, the r e s u l t s were reproducible and d i f f e r e n c e s 
of 5% or greater between the t e s t j e l l y and a 'standard' j e l l y could 
be detected ( 3 ) . Aside
a 'standard' j e l l y must
p e c t i n which i s kept r e f r i g e r a t e d to minimize changes i n the 
standard. The c h a r a c t e r i s t i c s of the 'standard' j e l l y are not 
s p e c i f i e d (49). 

Tarr-Baker. The Tarr-Baker (Delaware J e l l y Strength Tester) i s 
based on the work of Tarr (76), Baker (77), and Baker and Woodmansee 
(78). A f o r c e i s a p p l i e d to the g e l ' s surface by a syringe p i s t o n 
powered by compressed a i r . Measurements can be i n f l u e n c e d by a 
' s k i n ' on the j e l l y ' s surface or uneven a p p l i c a t i o n of pressure ( 3 ) . 
Swenson et a l . (48) modified the Tarr-Baker apparatus to produce a 
balance-plunger type instrument. Although they found a l i n e a r 
s t r e s s - s t r a i n region w i t h i n the e l a s t i c l i m i t s of the g e l ; they a l s o 
found e l a s t i c i t y was somewhat dependent on the rate of l o a d i n g . 
Their instrument was capable of s e v e r a l e l a s t i c and breaking t e s t s 
on one g e l . There was l e s s than a 2% e r r o r between the true and 
assumed grades using breaking s t r e n g t h . Christensen (49) determined 
a r a t i o between a modified 'sag' grade to the breaking strength as 
measured by the Tarr-Baker apparatus f o r 22 p e c t i n s of varying MW. 
The breaking/sag r a t i o ranged from 1.38 to 0.85, but heat or enzyme 
treatment f u r t h e r reduced the r a t i o to 0.39. The r e l a t i o n s h i p 
between sag grade and breaking s t r e n g t h was reported to be dependent 
on the MW of p e c t i n (49). Doesburg (66) showed lower pH values (2.0 
to 2.3) caused short s e t t i n g times and reduced the i n t e r n a l g e l 
s t r e n g t h compared to pH 3.1 as measured by the Tarr-Baker 
instrument. He d i d not observe a good c o r r e l a t i o n of o r g a n o l e p t i c 
q u a l i t y to Tarr-Baker measurements. 

Luers-Lochmuller Pektinometer. The Pektinometer was developed 
i n Germany (79) and measures the amount of force necessary to p u l l a 
metal f i g u r e out a f t e r being cast i n s i d e a p e c t i n g e l . A hot j e l l y 
i s poured i n t o a s p e c i a l container w i t h corrugated s i d e s c o n t a i n i n g 
the metal f i g u r e . The corrugated sides prevent slippage of the g e l 
as the amount of force necessary to break the g e l i s measured. 
Steinhauser et a l . (80) used the Luers-Pektinometer i n h i s 
comparison of four methods f o r determining g e l s t r e n g t h and found 
the r e p r o d u c i b i l i t y was l i n e a r . Uhlenbrock (81) adopted t h i s 
instrument to determine the breaking s t r e n g t h of sugar-acid g e l s . 
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The breaking s t r e n g t h v a r i e d from 500 to 600 g and the c o e f f i c i e n t 
of v a r i a t i o n was 1 to 2%. 

Herbstreith-Pektinometer. Luers-Lochmuller 1s method has been 
f u r t h e r r e f i n e d i n the Herbstreith-Pektinometer which uses a 
s p e c i a l l y designed c l e a r , corrugated cup and p l a s t i c f i g u r e . One 
hundred grams of the p e c t i n mixture from a l a b o r a t o r y or commercial 
batch i s poured i n t o the cup w i t h a s e l f c e n t e r i n g f i g u r e . The g e l 
i s held f o r 2 hours at 20°C. The cup i s locked i n place and a hook 
i s attached to the c e n t r a l f i g u r e . An e l e c t r i c motor p u l l s up on 
the f i g u r e r u p t u r i n g the g e l and the peak force r e q u i r e d i s measured 
on a 1 kg s t r a i n gauge. The f i n a l value i s p r i n t e d out i n 
Pektinometer u n i t s . 

I n s t r o n . The Instron U n i v e r s a l Testing Machine can be used i n 
compression and t e n s i o n experiments where the force on a load c e l l 
i s measured while movin
In e v a l u a t i n g g e l s t r u c t u r e
b r i t t l e n e s s , hardness, and e l a s t i c i t y can be q u a n t i t a t i v e l y measured 
and r e l a t e d to sensory a t t r i b u t e s such as chewiness and gumminess. 
Sherman (56) found sample dimension and cross head speed a f f e c t 
these readings. Gels were not l i n e a r i n t h e i r force-compression 
behavior. Slow cross head speeds can lead to s t r e s s r e l a x a t i o n , so 
from low compression t e s t r a t e s , i t was impossible to p r e d i c t how a 
g e l would behave at high compression r a t e s as i n the mouth. 

Oakenfull and Scott (32) used an Instron to measure apparent 
shear moduli and rupture s t r e n g t h s . Although no s a t i s f a c t o r y theory 
could be proposed to r e l a t e rupture s t r e n g t h and d i s r u p t i o n of 
i n t e r m o l e c u l a r f o r c e s , they d i d f i n d that hydrophobic i n t e r a c t i o n s 
play a r o l e i n g e l formation. M i t c h e l l (52) reviews s e v e r a l 
i n v e s t i g a t i o n s using Instron measurements on s e v e r a l types of g e l s . 
Gels were t e s t e d i n compression and the apparent modulus was 
c a l c u l a t e d from the i n i t i a l slope of the curve and the rupture 
strength was c a l c u l a t e d from the peak f o r c e . 

Conclusions 

This review p o i n t s out why a p e c t i n g e l ' s i n t e r n a l s t r e n g t h 
measurements are important. Some of the important q u a l i t i e s f o r 
t e s t methods and instrumentation to measure i n t e r n a l s t r e n g t h are 
given. I t a l s o r e l a t e s the current theory of the formation of a HM 
p e c t i n g e l and the f a c t o r s a f f e c t i n g g e l s t r e n g t h . There are two 
general c a t e g o r i e s of instrumentation—nondestructive and 
d e s t r u c t i v e . Examples and advantages of each category are a l s o 
g i v e n . 

I n t e r n a l g e l strength measurements are c u r r e n t l y under review. 
In the next few years, new methods and m o d i f i c a t i o n s of e x i s t i n g 
techniques and instrumentation w i l l be developed. These t e s t s w i l l 
more f u l l y c h a r a c t e r i z e the p r a c t i c a l aspects of a p e c t i n ' s i n t e r n a l 
g e l s t r e n g t h . 
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Characterization of Pectins 
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2Grindsted Products A/S, Brabrand, Denmark 

Breaking strengt
have shown that differen
SAG will differ significantly in breaking strength 
depending on the peel source. 

Direct correlations exist between the viscosity 
of a pectin solution and the breaking strength value. 
The use of breaking strength values as a means of 
grading pectin is proposed. 

More than 50% of the world's p e c t i n production i s used i n making 
j e l l i e s , jams, marmalades and confectionery products, and the 
a b i l i t y of the p e c t i n to form j e l l i e s and gels i s therefore a most 
important property. Consequently i t i s the j e l l y forming a b i l i t y 
o f p e c t i n expressed as the J e l l y Grade which determines the 
commercial value of p e c t i n s . 

The j e l l y grade has been determined f o r more than 30 years by 
the IFT SAG Method and commercial p e c t i n s are today standardized 
according to t h i s method. Commercial p e c t i n s are u s u a l l y 
standardized to 150 j e l l y grade or US SAG. When one a n a l y t i c a l 
method plays such an important r o l e , i t i s re l e v a n t to assure that 
the r e s u l t s from t h i s t e s t r e a l l y give the best p o s s i b l e 
information regarding the use value of that p a r t i c u l a r p e c t i n and 
due c r e d i t i s given to d i f f e r e n c e s a r i s i n g i n pe c t i n s of d i f f e r e n t 
o r i g i n . Also, one would expect that the r e s u l t s are i n d i c a t i v e of 
the f i n a l c h a r a c t e r i s t i c s of the product containin g p e c t i n . 

New methods have been developed f o r texture a n a l y s i s of jams 
and j e l l i e s . These i n d i c a t e that the SAG t e s t i s u n r e l i a b l e f o r 
p r e d i c t i n g the e f f e c t of p e c t i n on the f i n a l product. Is the SAG 
method the p e c t i n a n a l y s i s f o r the future, or should i t be 
complemented by other analyses to give a more complete p i c t u r e of 
any pectin? 

J e l l y Grade/SAG Method 

I t was r e a l i z e d very e a r l y that j e l l y grade i s of outstanding 
importance to the p e c t i n producer and user a l i k e (1). Nevertheless 
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i t took a number of years to determine a common method that would 
give the best p o s s i b l e c h a r a c t e r i z a t i o n of t h i s very important 
f u n c t i o n of p e c t i n s . In 1926 j e l l y grade was defined f o r the f i r s t 
time by Wilson (2). We define j e l l y grade as the amount of sugar 
that w i l l j e l l i f y one p a r t of p e c t i n under c e r t a i n p r e s c r i b e d 
conditions to a standard firmness. 

A f t e r many years of d i s c u s s i o n over the standard j e l l y f o r the 
j e l l y grade determination, work on a standard method was undertaken 
by a committee of the IFT. The committee worked f o r s e v e r a l years 
on p e c t i n s t a n d a r d i z a t i o n . They s e l e c t e d the Exchange Ridgelimeter 
as the standard instrument to measure j e l l y SAG because i t was 
compact, inexpensive, easy to use, and i t also gave reproducible 
r e s u l t s . 

J e l l i e s f o r the t e s t s are prepared i n s p e c i a l c o n i c a l glasses 
of d efined dimensions and with sideboards. A f t e r a 24 hour s e t t i n g 
time the sideboards are removed, a cleancut surface i s made, and 
the j e l l y turned on t
micrometer screw mounte
measures the SAG or the c o l l a p s e of the j e l l y . 

Probably the pH of the t e s t j e l l y was discussed most by the 
Committee. Most jams and j e l l i e s are produced i n the pH range of 
3.0-3.2. Unfortunately t e s t r e s u l t s at these pH values are more 
e r r a t i c . Furthermore, at pH 3.0-3.2, the strength of the j e l l i e s 
increased more upon standing than j e l l i e s having a pH below 3.0. 
Moreover, soon there was strong evidence that the " a c i d i n the 
g l a s s " procedure at pH below 3.0 would give more r e l i a b l e r e s u l t s 
i n a shorter time than the same procedure at higher pH values. An 
agreement was reached on a pH of 2.3-2.4. The method, designated 
Method 5-54, was published i n 1959 (3). 

P a r a l l e l to the work i n the U.S., researchers i n England a l s o 
were working on a method to grade p e c t i n . Simultaneously a method 
was published which s p e c i f i e d soluble s o l i d s i n the t e s t j e l l y of 
70.5% and a pH of 3.10 (4). 

In s p i t e of the work done i n England, the IFT SAG Method 
(sometimes c a l l e d US SAG) over the years has become the most widely 
accepted method f o r the grading of commercial p e c t i n a l l over the 
world. 

Present Status of the SAG Method 

From the beginning the IFT Committee r e a l i z e d that t h e i r SAG Method 
was a compromise between c o n f l i c t i n g i n t e r e s t s . Furthermore the 
Committee r e a l i z e d that no one t e s t could measure a l l parameters of 
p e c t i n performance i n a j e l l y . 

There are s e v e r a l negative aspects or shortcomings of the SAG 
t e s t . The j e l l y used f o r the SAG t e s t i s not r e p r e s e n t a t i v e of a 
j e l l y as the consumer receives i t , and t h i s i s p a r t i c u l a r l y true 
with regard to the very low pH, at which the SAG t e s t i s performed. 

An experiment was conducted i n which the pH of SAG j e l l i e s was 
v a r i e d . The o b j e c t i v e was to determine the e f f e c t pH has on SAG 
grade. J e l l i e s were prepared at pH's between 2.3 and 3.1. The pH 
was v a r i e d by changing the amount of t a r t a r i c a c i d used. P e c t i n 
dosage was h e l d constant at .433g. For comparative purposes two 
d i f f e r e n t p e c t i n s were used, one which i s known to be a pure lime 
p e e l c i t r u s p e c t i n , and another c i t r u s p e c t i n with mixed pe e l 
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o r i g i n . As shown i n Figure 1, a sharp drop i n the SAG value i s 
observed as the pH i s increased. As the pH approaches 3.1, the SAG 
value as measured by the Ridgelimeter drops o f f d r a m a t i c a l l y and 
ev e n t u a l l y a pH i s reached where the t e s t j e l l i e s become so s o f t 
that i t i s impossible to obtain a SAG value u s i n g the 
Ridgelimeter. Strangely, the t e s t f o r grading the product f a i l s to 
r e g i s t e r or to grade as conditions approach those of a c t u a l usage. 
Figure 1 a l s o shows that two p e c t i n s , which have s i m i l a r SAG values 
at pH 2.3, w i l l grade quite d i f f e r e n t l y as the pH i s increased. 

As the j e l l y sags, the micrometer screw i s used to measure the 
e l a s t i c i t y of the j e l l y . However, the consumer would much p r e f e r a 
spreadable j e l l y , and i s c e r t a i n l y not i n t e r e s t e d i n an e l a s t i c 
j e l l y . Or expressed i n other words, the SAG t e s t does not give a 
very good expression of the j e l l y c h a r a c t e r i s t i c s as d e s i r e d by the 
consumer. 

Furthermore the SAG t e s t cannot be made on a commercial 
production j e l l y as i
shown by Figure 1, the p
SAG value has no meaning. 

From di s u s s i o n s with j e l l y , jam, and marmalade producers i n 
d i f f e r e n t p arts of the world, i t was learned that shortcomings of 
the SAG t e s t with regard to f i n a l product c h a r a c t e r i s t i c s , induced 
jam and j e l l y producers to develop other methods to determine the 
dosage of a p a r t i c u l a r p e c t i n r e q u i r e d to o b t a i n a s a t i s f a c t o r y 
end-product (5). 

Instrumental Methods 

The Ridgelimeter used f o r the IFT SAG Method i s e x c e l l e n t from the 
p o i n t of s i m p l i c i t y and s t u r d i n e s s . Other methods, however, have 
been developed with a higher degree of s o p h i s t i c a t i o n , but at the 
same time, they are als o more complicated and subject to mechanical 
e r r o r s . 

The f i r s t instrument was developed by Luers i n Germany as 
e a r l y as 1927 and i t i s the s o - c a l l e d Pectinometer ( F i g . 2) (.6) . 

The e a r l y v e r s i o n of the Luers/Lochmuller Pectinometer was 
based on a s p e c i a l corrugated sample cup. A p l a t e i s placed at the 
bottom of the cup before the j e l l y i s poured. A f t e r a l l o w i n g the 
j e l l y to set f o r a standard amount of time, weights are p l a c e d on 
the pan to withdraw the p l a t e from the j e l l y . The Pectinometer 
measures the weight necessary to break the j e l l y with the bottom 
p l a t e . This instrument has gone through s e v e r a l stages of 
development, and i s today represented by a s o p h i s t i c a t e d e l e c t r o n i c 
v e r s i o n which was developed by the German company, H e r b s t r e i t h , and 
i s c a l l e d the H e r b s t r e i t h Pectinometer (Figure 3). 

The b a s i c p r i n c i p l e of operation i s s t i l l the same. The 
instrument c o n s i s t s of a corrugated sample cup with an open p l a s t i c 
i n s e r t placed a short distance over the bottom o f the sample cup. 
The p l a s t i c i n s e r t i s p u l l e d out of the j e l l y by means of a motor 
and a p u l l e y , on which i s mounted a load c e l l . Loads are 
r e g i s t e r e d on a d i g i t a l d i s p l a y . At the end of a t e s t c y c l e the 
peak value i n Breaking Strength Units w i l l be p r i n t e d out 
automatically. 

I n c r e a s i n g l y , t h i s instrument i s gaining p o p u l a r i t y as the 
b a s i s of a f a s t and r e l i a b l e method f o r measuring Breaking Strength 
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Figure 3. The Herbstreith Pectinometer. 
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of p e c t i n s . The pH of the t e s t j e l l y i s 3.05 and i s obtained by 
using a b u f f e r e d p e c t i n s o l u t i o n . Measurements are made a f t e r only 
two hours of s e t t i n g , which makes i t one of the quickest methods 
a v a i l a b l e . This method i s also recommended f o r use on samples 
s t r a i g h t o f f the production l i n e . As f a r as i s known, t h i s i s the 
only t e s t method which measures Breaking Strength from i n s i d e the 
j e l l y and thereby eliminates any problems with s k i n formation on 
the surface of the t e s t j e l l y . 

In recent years various t e s t instruments have been developed 
to measure texture of a number of food products. Some of these 
instruments also have been used to t e s t j e l l i e s . One of these i s 
the Voland Stevens Texture Analyzer ( F i g . 4). 

The instrument i s programmed to lower a plunger i n t o a g e l at 
a s p e c i f i c speed and to a s p e c i f i c depth. A load c e l l measures 
r e s i s t a n c e which can be obtained from a d i g i t a l d i s p l a y or a 
connected recorder. 

When the instrumen
of 0.5 mm/sec. and a penetratio
Figure 5 i s obtained. The p e n e t r a t i o n i s chosen to exceed the 
e l a s t i c l i m i t of the j e l l y . Above the e l a s t i c l i m i t a sharp 
increase i n the force or the load i s seen u n t i l the j e l l y breaks, 
and then a sharp drop-off i s observed followed by some compression 
e f f e c t s . 

Comparison of Various Methods f o r P e c t i n Grading 

L i m i t a t i o n s of the IFT SAG method with respect to pH have been 
demonstrated. S i m i l a r l i m i t a t i o n s have been reported by other 
l a b o r a t o r i e s (7). Since the H e r b s t r e i t h Pectinometer and the 
Voland Stevens Texture Analyser have been developed r e c e n t l y , i t 
could be of i n t e r e s t to see how the j e l l y c h a r a c t e r i s t i c s measured 
by these instruments correspond to the o f f i c i a l r e s u l t s as 
expressed by IFT SAG. 

Standard apple j e l l i e s were prepared having a s o l u b l e s o l i d s 
of 65% and a pH of 3.15. Five commercial c i t r u s p e c t i n s 
standardized to 150° SAG were used i n the study. P e c t i n dosage 
was v a r i e d between 0.1% and 0.5%. The r e s u l t i n g j e l l i e s were t e s t e d 
f o r Breaking Strength or i n t e r n a l strength on the Voland Stevens 
Tester. The r e s u l t s are shown i n Figure 6. 

I n t e r n a l strength was p l o t t e d against p e c t i n dosage. Four of 
the p e c t i n s are r e l a t i v e l y c l o s e together whereas one i s at a 
co n s t a n t l y higher l e v e l . At a p e c t i n dosage of 0.35%, which would 
be considered f a i r l y normal i n the industry, an i n t e r n a l strength 
of approximately 55 g. i s obtained which could be considered as an 
average value as t h i s i s g r o s s l y the value represented by four of 
the f i v e p ectins i n the t e s t . For p e c t i n No. 1 an i n t e r n a l 
strength equal to the other four p e c t i n s i s obtained with a dosage 
of only 0.27-0.28%. By the SAG t e s t , a l l f i v e p e c t i n s were judged 
to be of the same q u a l i t y . Four of the pe c t i n s i n the t e s t were 
commercial c i t r u s p e c t i n s of mixed p e e l o r i g i n , whereas sample No. 
1 with the c o n s t a n t l y higher i n t e r n a l strength readings i s a p e c t i n 
known to have been made from pure lime pee l s . 

These s u r p r i s i n g r e s u l t s on f i v e p e c t i n s which were supposed 
to be equal l e d to f u r t h e r t e s t i n g where other p e c t i n samples were 
te s t e d using the Pectinometer i n a d d i t i o n to the Voland Stevens 
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Figure 4 - The Voland Stevens Texture Analyzer 

Recording of Internal Strength 
Measurements on Pectin with the — g 

Stevens Texture Analyser 

Figure 5 - I n t e r n a l Strength Curves Obtained with Voland Stevens 
Texture Analyzer 
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Tester. Several t e s t s were conducted at the Food R. A. i n England 
(8) u s i n g four d i f f e r e n t commercial p e c t i n samples, of which three 
are c i t r u s p e c t i n s of mixed pee l o r i g i n and one sample i s a pure 
lime p e c t i n . 

The f i r s t t e s t was made on a Stevens Texture Analyser using a 
plunger s l i g h t l y d i f f e r e n t from the one used i n our l a b o r a t o r i e s , 
but a l s o made on an apple j e l l y with p e c t i n dosages ranging from 
0.1% to 0.5%. The break load l e v e l i s s l i g h t l y d i f f e r e n t from 
those obtained i n our l a b o r a t o r i e s , but the trend i s the same. Once 
more, 150° SAG p e c t i n s , supposedly of the same strength, when 
measured by a Texture Analyser under usage conditions appear to be 
s i g n i f i c a n t l y d i f f e r e n t ( F i g . 7). The degree of methoxylation (DM) 
f o r a l l four p e c t i n s was 6 5 + 2 . 

The same t e s t was repeated using the H e r b s t r e i t h Pectinometer. 
The same p e c t i n s , j e l l y composition, and p e c t i n doages were used. 
The pectinometer gives Breaking Strengths at a t o t a l l y d i f f e r e n t 
l e v e l from those obtaine
again a marked d i f f e r e n c
observed ( F i g 8). 

Even i n the very e a r l y days of the commercial p e c t i n industry, 
molecular weight of the p e c t i n molecule was b e l i e v e d to p l a y an 
important p a r t i n the g e l formation, and i n p a r t i c u l a r i n the g e l 
strength. As e a r l y as 1953 one of the major p e c t i n producers (£) 
s t a t e d that the r e l a t i o n s h i p between SAG Grade Value and Breaking 
Strength Value of p e c t i n i s not constant, but depends on the 
molecular weight of the p e c t i n . I t was f u r t h e r s t a t e d that i t 
would be impossible to a l t e r the e x i s t i n g methods of grade 
determination so that the SAG method would give r e s u l t s which would 
co i n c i d e with Breaking Strength values. 

An i n v e s t i g a t i o n was conducted to determine to what extent the 
d i f f e r e n c e s observed between the four 150° SAG p e c t i n s used i n 
the breaking strength study could be a t t r i b u t e d to d i f f e r e n c e s i n 
molecular weight. 

Gel Permeation Chromatography studies were conducted by the 
Food R. A. on the four pectins used i n the Breaking Strength 
study. Using the r e s u l t s of d u p l i c a t e runs f o r the four samples, 
the d i s t r i b u t i o n c o e f f i c i e n t s (K) were c a l c u l a t e d f o r each run 
g i v i n g the f o l l o w i n g r e s u l t s : 

RESULTS FROM GPC 

Sample 

CP MP SS200 
CP 7384 
CP 7978 
CP 5725 

Κ value 

0.31, 0.29 
0.36, 0.38 
0.40, 0.42 
0.45, 0.45 

While i t was not p o s s i b l e to determine a c t u a l molecular weights 
from t h i s GPC method at the time of t e s t i n g , i t i s p o s s i b l e to make 
the f o l l o w i n g assumptions: 

The Κ values are i n v e r s e l y r e l a t e d to average molecular 
weight, and the r e s u l t s suggest that sample CP MP SS 200 has a 
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Figure 6 - I n t e r n a l Strength vs. P e c t i n Dosage Using the Voland 
Stevens Texture Analyzer 

Figure 7 - I n t e r n a l Strength vs. P e c t i n Dosage Using the Voland 
Stevens Texture Analyzer 
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Added pectin (%) 

Figure 8 - I n t e r n a l Strength vs. P e c t i n Dosage Using the 
H e r b s t r e i t h Pectinometer 
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s i g n i f i c a n t l y higher average molecular weight than the other 
samples. 

The four p e c t i n samples used f o r the GPC were f u r t h e r 
i n v e s t i g a t e d by the North East Wales I n s t i t u t e (10), using a 
d i f f e r e n t technique, which i s s i z e e x c l u s i o n chromatography, to 
give an index of the r e l a t i v e molecular weights and the molecular 
weight d i s t r i b u t i o n s of these samples. 

The e l u t i o n p r o f i l e s f o r the four samples are shown i n Figure 
9. In each case the broad peak represents the uronic a c i d , which 
corresponds to the p e c t i n being elut e d . The higher molecular 
weight samples w i l l have peaks near VO. On the side of the curves 
we have the r e s u l t i n g weight average molecular weight, MW, and 
number average molecular weight, H^. The range f o r the weight 
average molecular weight i s from 65,000 up to 150,000, which i s a 
range confirming the r e s u l t s from the GPC method. In the middle 
row we have the indexed values of MW. 

The r e s u l t s from th
studies together with
measured i n our l a b o r a t o r i e s have c l e a r l y demonstrated that on a 
constant and co n s i s t e n t b a s i s c i t r u s p e c t i n s d e r i v e d only from lime 
peels have a molecular weight superior to c i t r u s p e c t i n s of normal 
mixed peel o r i g i n . A c i t r u s p e c t i n of mixed pe e l o r i g i n can 
c o n s i s t of any pr o p o r t i o n of peels from orange, grape f r u i t , lemon, 
and lime. 

The d i f f e r e n c e s that were observed i n breaking strength or 
i n t e r n a l strength between the four p e c t i n samples, a l l of which had 
a 150 SAG and a degree of methoxylation (DM) of 65, can be 
a t t r i b u t e d to d i f f e r e n c e s i n molecular weight. Most i n v e s t i g a t i o n s 
so f a r have worked on slow set pe c t i n s , which on the U. S. market 
i s by f a r the most widely used p e c t i n type. 

However, i f we look at a wide range of p e c t i n types s t a r t i n g 
with an extra slow set p e c t i n with a low degree of methoxylation 
and progress through the various intermediate types up to a r a p i d 
set p e c t i n with a high degree of methoxylation, a sharp increase i n 
breaking strength i s observed ( F i g . 10). 

V i s c o s i t y values of the same pe c t i n s a l s o were measured where 
the values represent s c a l e u n i t s of a Haake Viscosimeter on a two 
SAG p e c t i n s o l u t i o n . Also here we see a l i n e a r r e l a t i o n s h i p 
between DM value and v i s c o s i t y . V i s c o s i t y measurements are made on 
s o l u t i o n s which are considerably e a s i e r to make than t e s t j e l l i e s , 
and when working under w e l l defined conditions we have found that 
v i s c o s i m e t r y i s a great advantage when studying p e c t i n s . Working 
with v i s c o s i m e t r y we have the added advantage of having a method 
with d i r e c t i n f l u e n c e from d i f f e r e n c e s i n molecular weights. 

A good c o r r e l a t i o n between breaking strength and two SAG 
v i s c o s i t y was found. A r e g r e s s i o n c o f f i c i e n t of 0.90 was obtained. 
With b e t t e r s t a n d a r d i z a t i o n of the cooking procedure, we expect 
t e s t j e l l i e s to give an even higher c o r r e l a t i o n between breaking 
strength and v i s c o s i t y . 

We conclude that p e c t i n molecular weight i s p r o p o r t i o n a l to 
degree of methoxylation i n that a r a p i d set p e c t i n with a high 
degree of methoxylation w i l l require the most gentle type of 
e x t r a c t i o n whereas lower l e v e l s of methoxylation are exposed to 
more adverse e x t r a c t i o n c o n d i t i o n s . In demethoxylating the p e c t i n 
molecule, the p e c t i n molecule i s also degraded to a c e r t a i n degree 
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Figure 9 - E l u t i o n P r o f i l e s from Size E x c l u s i o n Chromatography 
Studies of Pectins 
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Figure 10 - Breaking Strength of P e c t i n J e l l i e s and V i s c o s i t y of 
Pe c t i n Solutions Prepared with Pectins of Varying Degrees of 
Methoxylation 
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r e s u l t i n g i n a decreasing molecular weight. We t h e o r i z e that the 
c o r r e l a t i o n between breaking strength and v i s c o s i t y at a s p e c i f i c 
degree of methoxylation i s the r e s u l t of the molecular weight of 
the p e c t i n . 

At the time of the i n t r o d u c t i o n of the SAG method around 1950, 
apple pe c t i n s played an important p a r t of the o v e r - a l l p e c t i n 
consumption i n the United States, and at the time i t was asked 
whether the SAG method would be f a i r to apple p e c t i n s , which o f t e n 
gave a stronger j e l l y than a corresponding c i t r u s p e c t i n . Since 
then the p e c t i n market has changed, and today the predominant type 
on the U.S. market i s c i t r u s p e c t i n , which also has been the b a s i s 
f o r t h i s present study, although a d i f f e r e n t i a t i o n has been made 
between c i t r u s p e c t i n of mixed peel o r i g i n and c i t r u s p e c t i n based 
on lime peels only. However, high q u a l i t y apple pe c t i n s are s t i l l 
being produced and are used around the world. 

A v a i l a b l e data i n d i c a t e s that by c a r e f u l processing i t i s 
p o s s i b l e to produce appl
s i m i l a r to that of lime
pectinometer i n i t s present form has been developed by an apple 
p e c t i n producer. 

Conclusion 

The SAG method f o r j e l l y grade determination has served everyone 
concerned with p e c t i n f o r more than 30 years, but we b e l i e v e that 
we may have come to the time when aspects other than j e l l y grade 
are taken i n t o c o n s i d e r a t i o n when evaluating p e c t i n s . Everything 
i s becoming more and more consumer oriented, and i t would therefore 
be a l o g i c a l consequence that the f i n a l c h a r a c t e r i s t i c s of the jam 
as the consumer receives i t are taken i n t o c o n s i d e r a t i o n i n p e c t i n 
grading. One of the most important c h a r a c t e r i s t i c s of a consumer 
j e l l y i s s p r e a d a b i l i t y which e s s e n t i a l l y i s a rupture of the j e l l y , 
and t h i s i s one very important c h a r a c t e r i s t i c that the SAG t e s t 
w i l l not describe, whereas the s p r e a d a b i l i t y can be expressed to a 
c e r t a i n extent through the use of i n t e r n a l strength or breaking 
strength. 

We have demonstrated that p e c t i n s of d i f f e r e n t o r i g i n w i l l 
d i f f e r i n breaking strength and thereby give j e l l i e s of d i f f e r i n g 
firmness. 

However today, the determination of breaking strength has 
reached a high degree of accuracy and can be q u a n t i t a t i v e . Thus, 
p e c t i n s can be standardized to a constant i n t e r n a l strength or 
breaking strength, as i s done today with the SAG method. I t would 
be t e c h n i c a l l y p o s s i b l e to produce commercial pec t i n s with 
standardized i n t e r n a l strength of the same l e v e l from one batch to 
the next. This s t a n d a r d i z a t i o n to i n t e r n a l strength can e i t h e r be 
made on a b a s i s where the present SAG value i s forgotten, or a 
commercial p e c t i n could be standardized to 150° SAG as w e l l as to 
a w e l l defined i n t e r n a l strength value. 

The most advanced j e l l y and jam companies have f o r s e v e r a l 
years been working with methods whereby they determine the i n t e r n a l 
strength of each i n d i v i d u a l p e c t i n l o t i n order to adjust the 
dosage accordingly. This to us demonstrates the need f o r the 
p e c t i n industry to standardize to constant i n t e r n a l strength so 
that the j e l l y and jam maker can be assured of a constant and equal 
p e c t i n dosage from one p e c t i n l o t to the next. 
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Synergistic Gelation of Alginates and Pectins 

Knut Toft1, Hans Grasdalen2, and Olav Smidsrød2 

1Protan A/S, P.O. Box 420, N-3001 Drammen, Norway 
2Institute of Marine Biochemistry, The Norwegian Institute of Technology, University of 
Trondheim, N-7034 Trondheim-NTH, Norway 

Mixtures of alginate and high methoxy pec
tins formed thermoreversibl  gel  belo
pH 3.8 withou
that D-glucono-deltalacton  (GDL)
a slow acidifier in the cold. The gelling oc
curred at conditions where neither alginate nor 
the high methoxy pectin gelled alone. The 
strength and melting points of these synergis
tic gels increase with decreasing pH and in
creasing content of L-guluronic acid res i 
dues in the alginates. The gelling effect was 
correlated to the sequential distribution of 
the two monomers, D-mannuronic (M) and L - g u l -
uronic acid (G) residues, in the alginate 
chain. The results indicated that "blocks" of 
at least four contiguous G-units were neces
sary for gelling to occur. The results were 
discussed in view of existing molecular theo
ries for synergistic gelation. 

In a search for thermoreversible g e l l i n g systems that 
could be used in low-sugar, low-calorie jams and j e l l i e s , 
Toft discovered that mixtures of high methoxy pectins and 
alginates with a high content of ^-guluronic acid 
residues formed gels under conditions where neither 
alginate nor pectins gelled alone ( J J .These warm-setting 
gels were formed below pH 3.8, and could be made with a 
sugar content as low as 20%. Later Toft reported (2̂ ) 
that thermoreversible gels could be formed without any 
requirement for sugar, by using D-glucono-deltalactone 
(GDL) in the cold as a slow a c i d i f i e r . Since the number 
of gel forming polysaccharides allowed for use in the 
food and pharmaceutical industries i s limited, the 
discovery of new synergistic g e l l i n g systems may have 
potential commercial value, as have the well-known 
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synergistic interactions of certain galactomannans with 
xanthan, agar and kappa-carrageenan (_3) · Since our 
molecular understanding of synergistic gel-formation i s 
very limited ( , the pectin-alginate system offers an 
opportunity to get a general insight into the mechanism 
of synergistic gelation. This was the object of Thorn et 
a l . , who used c i r c u l a r dicroism spectroscopy to study the 
warm setting alginate-pectin gels ( 5» ) . They proposed a 
model for the junction zones in the mixed gels in which 
"blocks" of e s t e r i f i e d α - g-galacturonic acid residues in 
the pectin chain interacted with "blocks" of 
α-^-guluronic acid residues in the alginate chain. This 
interaction could occur when the uronic acids were mainly 
in their protonated form, and was s t e r i c a l l y favoured 
because both types of "blocks" contain glycosidic 
linkages between axial substituents ( 0 - 1 and 0 - 4 ) thereby 
giving the same se
s i m i l a r i l y ordered chai
we use alginate of different monomer sequence to test 
this idea. Alginates may now be characterized by both 
diad and triad-frequencies, due to the development of 
powerful NMR-methods ( 6 ^ 7 ) which offer the opportunity to 
study the sequence requirements in the alginate chain for 
the interaction with pectin to occur. For lack of 
similar methods for studying the distribution of methoxy 
groups along the pectin chain, only one pectin sample 
with a high degree of methoxylation ( 7 0 % ) i s used. 
Although one paper has recently been published dealing 
with cold setting alginate-pectin gels ($_), i t i s 
necessary here to include some results on the effect of 
pH and calcium ions, and on varying alginate-pectin 
ratios, before alginates of different sequences are 
tested. 

MATERIALS AND METHODS 

Only one sample of pectin was used throughout this study, 
a commercial sample provided by Grindsted Products A/S 
and labelled Mexpectin RS 4 0 0 . The degree of methylation 
of the carboxylgroups as measured by the supplier, was 
7 0 % . No information about the sequence of the ester 
groups or the content of neutral sugar was obtained, but 
according to the supplier the pectin had been produced 
from limes (Citrus a u r a n t i f o l i a ) . 

Seven different alginate samples were used. Some 
were supplied by Protan A/S, Drammen, Norway, and others 
were prepared in the laboratory by standard procedures 
(9^) . They a l l had a weight average degree of polymeri
zation above 5 0 0 , the lower l i m i t at which chain length 
affects gel strength in calcium alginate gels (J_0 ) . They 
were analyzed for their f r a c t i o n a l content of L-guluronic 
acid, ( F G ) , and g-mannuronic acid, ( F M = 1 - F Q ) , and their 
fractions of the four diads, Fj^ r FGG' FMGf a n d FGM b y 
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the NMR-method of Grasdalen et a l . (JM_) . F ^ , F etc. are 
the weight fractions of the sequence MM, GG etc. such 
that F + F + F + F = 1.The G-centered triads were 
measured according to the method of Grasdalen (2) . There 
are eight possible triads in a linear binary hetero-
polysaccharide with weight fractions F ^ j ^ M̂MG e t C e s u c ^ 

ι»ψ. % κ ; ρ ® ί ; Β > t F«G-d%M

+=F(eG: 
Data for the seven alginate samples are summarized in 
Table 1. 
Preparation of gels 

Pectin-alginate solutions were prepared by dissolving 
1.65 g of the polymer mixture s l i g h t l y moistened with 5 
ml ethanol in 125 ml d i s t i l l e d water  Appropriate 
amounts of GDL were
and, after complete
25 ml of alginate-pectin solution. A portion of these 
solutions was poured into c y l i n d r i c a l perspex tubes, 
covered with d i a l y s i s membranes at both ends (J_2) and 
allowed to gel. C y l i n d r i c a l pellets of gels with a 
height of 15 mm and a diameter of 14 mm were then 
obtained. The remaining portions of the solutions were 
allowed to gel in the beakers, and used for measurements 
of pH. 

Determination of mechanical properties of gels 

The gels were tested in a Stevens^LFRA Texture Analyzer. 
The modulus of r i g i d i t y , E,Pa(N/m ), was calculated from 
the load causing compression of one or two millimeters, 
in which range the stress-strain curve was linear. The 
breaking load (in grams) was also determinecl. The 
standard error i s both types of measurements was - 10%. 
Melting points were determined by heating the gels in a 
thermostat at a rate of 0.5 °C per min. Several small 
glass spheres (diameter ~3 mm) were placed on the surface 
of the gels, and the melting point was taken as the 
temperature â t which the spheres started to sink. The 
accuracy was - 5°C. 

RESULTS AND DISCUSSION 

For warm-setting pectin-alginate gels Toft reported (J_) 
that calcium levels above 5 mM, weakened the gels. In 
those experiments, the calcium was present in the water 
before the pectins and alginates were dissolved. In 
similar experiments with gels prepared by the GDL-method, 
we also found that the gels weakened when the calcium 
concentration was 4 mM or higher. It was observed, 
however, that during the preparation of the 
pectin-alginate solution prior to mixing with GDL, the 
solutions contained small islands of gels (microgel). It 
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TABLE 1. Characteristics of alginate samples. 

Type of alginate 
F 

PROTANAL LF 250 
Laminaria hyperborea, 
stipe 

0. 70 0.19 0. 11 0 .59 0.55 0. 04 0. 07 

PROTANAL LF 120 DL, 
Laminaria hyperborea, 
whole plant + leaf 

0. 57 0.28 0. 14 0 .43 0.39 0. 04 0. 10 

Lab.prep, from 
Laminaria hyperborea 
leaf 

0. 50 0.32 0. 18 0 .32 0.26 0. 06 0. 12 

Lab.prep, from 
Laminaria d i g i t a t a , 
leaf 

0. 43 0.41 0. 16 0 .27 0.22 0. 05 0. 11 

PROTANAL LF 200 MA 
Ascophyllum nodosum + 0. 
Laminaria hyperb, leaf 

41 0.41 0. 18 0 .23 0.18 0. 05 0. 13 

Lab.prep, from 
Ascophyllum nodosum 
lower part 

0. 43 0.34 0. 23 0 .20 0.12 0. 08 0. 15 

Lab.prep, from 
Ascophyllum nodosum 
f r u i t i n g bodies 

0. 02 0 0 
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was therefore possible that the limited s o l u b i l i t y of 
alginate in the calcium-containing water caused the 
diminished reaction with pectin, and that calcium was not 
antagonistic per se to the formation of mixed 
pectin-alginate gels. To test t h i s idea, some gels were 
made with calcium-free water in the standard way, and 
thereafter soaked in calcium chloride solutions of 
different strength. The introduction of calcium ions in 
this way increased the gel strength compared to the 
calcium-free gels. In fact, some gels more than t r i p l e d 
in strength as measured by the breaking load, and they 
even regained the o r i g i n a l form after compression above 
the breaking load. This was obviously an interesting new 
way of preparing mixed acid-calcium pectin-alginate gels, 
but no further studies were performed. In the rest of 
th i s work only calcium-free systems are considered. 

Alginate sample
70 and 40% L-guluroni
test the effect of varying the concentration of GDL in 
this system. The weight r a t i o between alginate and pectin 
was kept 1:1 in the series. The results (Fig.1) c l e a r l y 
demonstrate that increasing amounts of GDL increase the 
gel strength as measured by the modulus of r i g i d i t y . In 
Fig.2 the same results are plotted against the pH in the 
gels. The curves are drawn to zero around pH 3.8, the 
upper l i m i t of pH at which self-supporting gels were 
formed. Since the pK values of the three uronic acid 
residues in alginate pectin are between 3.4 and 3.7, 
the results indicate that the polyuronides have to be 
partly protonated for gelation to occur. The results of 
the breaking load measurements on the same gels are given 
in Fig.3. The data are q u a l i t a t i v e l y very similar to the 
results in Fig.1 and 2, and show that the breaking load 
and modulus vary in a highly correlated manner. 

In a similar series of experiments the melting points 
of the gels were measured. The results (Fig.4) show that 
the melting point also increases in a systematic manner 
with increasing concentration of GDL in the system. The 
results Figs.1-4 a l l demonstrate that the s t a b i l i t y of 
the gels, whether characterized by the modulus, the 
breaking load or the melting temperature, i s higher for 
the alginate with the higher fraction of ^-guluronic acid 
residues. This points to a key role of ^-guluronic acid 
residues in developing the network in harmony with 
e a r l i e r suggestions (J5 ). Before pursuing this point 
further, some data on varying the pectin alginate r a t i o 
w i l l be given. 

The weight r a t i o between alginate and pectin was 
varied in steps between 0.1 and 0.9. Since the buffer 
capacity of the non-esterified alginate i s higher than 
that of the pectin sample, a series of GDL-concentrations 
in the range from 0.7 to 1.8 g/100 ml was used for each 
polymer mixture, giving different pH-values in gels. This 
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Figure 1. Modulus of r i g i d i t y , E, for different concen
tration of D-glucono-delta-lactone, GDL. Total polymer 
concentration i s 1.2% (w/v) in a 1:1 mixture of Mexpec-
t i n RS 400 and the two alginates shown on the curves. 
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F i g u r e 2. 
the g e l s . 

The d a t a from F i g . 1 p l o t t e d a g a i n s t pH of 
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F i g u r e 3. B r e a k i n g l o a d s f o r d i f f e r e n t c o n c e n t r a t i o n s 
of GDL and the r e s u l t a n t pH's of the g e l s . T o t a l p o l y 
mer c o n c e n t r a t i o n i s 1.2% (w/v) i n 1:1 m i x t u r e s of 
p e c t i n and the two a l g i n a t e s shown on the c u r v e s . 
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1 1 1 Γ 

Figure 4. Melting point for different concentrations of 
GDL. Total polymer concentration i s 1.2%(w/v) in 1:1 
mixtures of pectin and the two alginates shown on the 
curves. 
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allowed interpolation or extrapolation of the gel 
strength to a single pH value of 3.1 for comparison. Only 
the alginate sample No.1 was used in this study. The 
results for the moduli and the breaking loads are given 
in Figs.5 and 6, respectively. Both sets of data 
indicate maximum gel strength at ratios of alginate to 
pectin of 1 to 1. Since the alginate sample contains 70% 
^-guluronic acid and the pectin 70% methyl ester groups, 
these results are in harmony with the gel l i n g mechanism 
discussed e a r l i e r , although not representing any 
independent evidence. 

Before presenting the results for different 
alginates, some basic features of the monomer sequence in 
alginates have to be discussed. In a series of papers, 
Haug, Larsen, Painter and Smidsrod (for an excellent 
review see T. Painter (V3)) showed that alginates were 
not physical mixture
polyguluronic acid, tha
repeating unit, and that their monomer sequence could not 
be described by a random (Bernoullian) d i s t r i b u t i o n of 
residues along the chain. Fractionation of partly 
hydrolyzed alginates suggested a block-wise d i s t r i b u t i o n 
of monomer residues with blocks of homopolymeric sequence 
of both types ("MM-blocks" and "GG-blocks") and blocks 
enriched in alternating sequences. Attempts were also 
made to describe the sequence with Markow chain 
s t a t i s t i c s of different order, i ^ e . , with the probability 
of finding a certain monomer next to another depending on 
the nature of the preceeding units. With such a 
complicated sequence, a population of alginate chains i s 
not f u l l y characterized by measurement of the average 
composition (F and F ) only. 

To i l l u s t r a t e tnis point further,we may consider 
three different types of alginates with well-defined 
structures, a l l having F =0.5, and calculate the diad and 
t r i a d frequencies F ™ and F.^. for each. The f i r s t 
example i s an alginate witn a s t r i c t l y alternating 
structure. In this case, F = F ^ . = 0. At the other 
extreme i s an alginate witn i n f i n i t e l y long blocks of 
M-units and G-units, which i s s t a t i s t i c a l l y not different 
from a physical mixture of the two homopolymers. In this 
c a s e ' FMG = 0' a n d FMM = FMMM = 0 · 5 · T h e t h i r d example i s 
a Bernoullian d i s t r i b u t i o n . Here the monomer i s 
completely randomly distributed, which means that the 
probability of finding (and hence the fract i o n a l content 
of) a given diad or t r i a d i s just the product of the 
probability of finding their constituent-monomers. Thus, 
in our example, F==F *F =0.25 and F M M =F M*F M'F M = 0.125. 
We see from thes¥ e x i l e s that a¥^fna^es M with widely 
different monomer sequence (and physical properties) may 
have the same average chemical composition. Since 
alginates in general do not follow any of the s t a t i s t i c a l 
rules of the three examples above, they have to be 
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Figure 5. Modulus of r i g i d i t y , E, for different mixing 
ratios of pectin and alginate (Sample No.1). Total 
polymer concentration i s 1.2% (w/v) and the pH i s 3.1. 
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Figure 6. Breaking load for different mixing ratios of 
pectin and alginate. The gels are the same as in Fig.5. 
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c h a r a c t e r i z e d by as many measured d i a d f t r i a d and h i g h e r 
o r d e r f r e q u e n c i e s as p o s s i b l e . 

In a s e r i e s of papers G r a s d a l e n e t a l . (.6*2' J J _ / 1 4 ) 
showed t h a t the f o u r d i a d f r e q u e n c i e s f F ^ , FMG' FGM a n d 

PGG ) a n d t h e e i g h t t r i a d
 F R E < 3 U E N C I E S

 ( FMMG f MMGf -, MGM/ 
FGMM' FMGG/ FGGM' FGMG a n d FGGG) c o u l d b e measured W l « l 
d i r r e r e n t TSiMR-^techniques. Sucn measurements have, on the 
one hand, made i t p o s s i b l e t o t e s t what type of 
s t a t i s t i c s b e s t e x p l a i n t he sequence i n d i f f e r e n t 
a l g i n a t e samples, and, on the o t h e r , t o c a l c u l a t e t h e 
average l e n g t h of the d i f f e r e n t b l o c k s i n a l g i n a t e s . 

In the p r e s e n t work, where ^ - g u l u r o n i c a c i d r e s i d u e s 
o b v i o u s l y p l a y a dominant r o l e i n the i n t e r a c t i o n w i t h 
p e c t i n , the a l g i n a t e s have been c h a r a c t e r i z e d w i t h o n l y 
the f o u r G-centered t r i a d s i n a d d i t i o n t o d i a d 
f r e q u e n c i e s . These v a l u e s a l l o w _the c a l c u l a t i o n of t he 
average b l o c k l e n g t
a l l the G-u n i t s l y i n
l e n g t h of G-blocks l o n g e r than one u n i t , N

G > < | f
 m a Y a l s o 

be c a l c u l a t e d ( 6> ) : 

FGGG + FGGM + FMGG F G - FMGM 
NG> 1 

FGGM FGGM 

In Table 2 are g i v e n t he r e s u l t s of g e l s t r e n g t h 
measurements of 1 : 1 m i x t u r e s of a l g i n a t e and p e c t i n a t pH 
2 . 9 . J u s t some r e l e v a n t s t r u c t u r a l c h a r a c t e r i s t i c s of 
the a l g i n a t e s , namely F^, F ^ , F„„„ and N_ v 1 are g i v e n i n 
the T a b l e . G G G G G G G > 1 

The g e n e r a l tendency shown by the data i n Table 2 i s 
t h a t i n c r e a s i n g t h e f r a c t i o n of L - g u l u r o n i c a c i d r e s i d u e s 
r e s u l t s i n i n c r e a s i n g t he g e l s t r e n g t h . However, t h e r e 
are c l e a r l y e x c e p t i o n s t o t h i s g e n e r a l r u l e . The samples 
4 , 5 and 6 have almost i d e n t i c a l F - v a l u e s , but o n l y two 
of them ( 4 and 5 ) g i v e a g e l of measurable g e l s t r e n g t h . 
T h i s i s most p r o b a b l y , caused by the lower v a l u e s of F , 
and, i n p a r t i c u l a r , F of sample No.6 . T h i s sample 
must o b v i o u s l y c o n t a i n Tew and s h o r t "GG-blocks" compared 
t o the o t h e r two samples of s i m i l a r average c o m p o s i t i o n . 

The d a t a f o r the modulus measurements a re p l o t t e d 
a g a i n s t F , FQ and F i n F i g . 7 . These p l o t s c l e a r l y 
i n d i c a t e t h a t the c o r r e l a t i o n w i t h F f î G G i s the b e s t , 
p o i n t i n g t o the importance of the "Gu^blocks" i n the 
i n t e r a c t i o n w i t h p e c t i n . 

I n F i g . 8 the same g e l s t r e n g t h data a r e p l o t t e d 
a g a i n s t the average l e n g t h s of the "GG-blocks", N

G > 1 - T n e 

f i g u r e i n d i c a t e s t h a t t h e average number o f G- u n i t s i n 
the b l o c k s must exceed 4 f o r the i n t e r a c t i o n w i t h 
p e c t i n t o oc c u r . One must, of co u r s e , remember t h a t N p 

i s an average v a l u e , and t h a t t he d i s t r i b u t i o n of b l o c k 
l e n g t h s i s p r o b a b l y broad i n a l l a l g i n a t e samples. I n 
the p h y s i c a l s i t u a t i o n i t may w e l l be t h a t m a i n l y t h e 
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TABLE 2. Gel strengt
tions o
t i n RS400 at pH 2.9. Total polymer con
centration i s 1.2% (v/w). 

FG F 
GG 

F 
GGG 

NG>1 
Breaking 
load (g) Ex10 4,Pa 

0.70 0.59 0.55 15.8 1000 4.85 

0.57 0.43 0.39 1 1.8 830 3.9 

0.50 0.32 0.26 6.3 460 3.0 

0.53 0.27 0.22 6.4 230 2.5 

0.41 0.23 0.18 5.6 250 1.9 

0.43 0.20 0.12 3.5 0 0 

0.02 0 0 2 0 0 
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1 1 • 1 ' 1 1 r 

0 8 

Figure 7. Modulus of r i g i d i t y against F ç / and 
for different alginate samples. Total polymer concen
tration i s 1.2% (w/v) in 1:1 mixtures of pectin 
and alginates. 

ExKT 4 

Average b lock lenght, N G (» 1} 

Figure 8. Data from Fig.7 plotted against average block 
length of G-units excluding the singlet G-units, N Q > 1 . 
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t a i l of the dis t r i b u t i o n with higher block lengths than 4 
takes part in the interaction with pectin. However, the 
importance of the "GG-blocks" for the interaction to 
occur i s evident. 

The data in this paper taken together give f u l l 
support to the idea of Thorn et a l . referred to e a r l i e r , 
that f u l l y or partly protonated^GG-blocks" may interact 
with e s t e r i f i e d pectin chains giving junctions in the gel 
network. To exclude the p o s s i b i l i t y that non-esterified 
pectin chains take part in the interaction, some studies 
with pectin samples better characterized with respect to 
the distribution of methoxy groups should be carried out. 
The details of the interaction are not known, but since 
the chains of α-Q-galacturonic acid and of a-L-guluronic 
acid are mirror images, apart from the configuration 
around C-3, there should be a number of regularly spaced 
atomic groups along
for a strong, cooperative
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Contro l o f Pectin Synthesis and Deposition 
during Plant Cel l Wall Growth 

D. H. Northcote 

Department of Biochemistry, University of Cambridge, Cambridge, CB2 1QW England 

The assembly of the cell wall outside the protoplasts 
is controlled at 3 levels: a) at the synthase systems 
which use the nucleosid  diphosphat  donor  b) 
at the operation
of material into  syste )
regulation of the directed movement and fusion of 
vesicles derived from the endomembranes. Pectin is 
deposited in the wall during primary growth only. The 
nucleoside diphosphate sugars for pectin synthesis 
arise by epimerases from the corresponding nucleotides 
of the glucose series. The epimerases are active 
during secondary growth so that little control is 
exerted at these steps. Assembly of pectin occurs in 
the Golgi apparatus by synthases which probably do not 
use lipid intermediates. These synthases are controlled 
and are shut down during secondary growth. The sugar 
nucleotides are specifically transported into the Golgi 
cisternae and regulation can occur at these sites. 
Vesicles, containing pectin, are moved to the plasma
-membrane probably directed by microtubules. Fusion of 
these vesicles with the cell membrane is partly 
controlled by the level of Ca2+ at the points of fusion. 

Pectin is a mixture of complex polymers (1-3). These are formed 
during primary wall formation while the cell wall is expanding in 
surface area. At these early stages of growth the pectin polymers 
contribute in a major way to the texture of the wall especially to its 
ability to expand and stretch. The wall is much more a fluid 
structure at this time and water is an extremely important 
constituent. The primary wall when the matrix is non-lignified can be 
considered as a fluid plastic structure so that any load applied to 
the wall is transmitted to the microfibrils by the viscous drag of the 
plastic deformation of the matrix. This can alter very much with the 
composition and physical state of the matrix materials, especially 
with that of the pectin complex (3). 

The pectin polymers are constituents of the cell plate during 
cell division and they are the first set of polysaccharides to be 

0097-6156/86/0310-0134$06.00/0 
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secreted by p r o t o p l a s t s d u r i n g the formation of a new w a l l (4,5). 
The composition of the p e c t i n polymers can be a l t e r e d by the a p p l i 
c a t i o n of p l a n t growth f a c t o r s (6). The texture of f r u i t and the 
r i p e n i n g process depends upon the a l t e r a t i o n of the p e c t i n components 
of the c e l l w a l l s of f r u i t t i s s u e . I t i s apparent that the p e c t i n 
polymers are a v a r i a b l e and important f e a t u r e of the young, growing 
w a l l . 

Numerous slimes and mucilages secreted by p l a n t c e l l s have 
chemical compositions which are r e l a t e d to the p e c t i n s (polymers 
c o n t a i n i n g arabinose, galactose and g a l a c t u r o n i c a c i d ) and these 
m a t e r i a l s are formed to l u b r i c a t e such organs as roots and to r e t a i n 
water w i t h i n a g e l s t r u c t u r e to keep the organs moist at the v a r i o u s 
stages of growth of the p l a n t (7,8). 

The formation of p e c t i n and i t s assembly f o r f i n a l export across 
the plasmamembrane w i l l be considered here as a production l i n e to 
i n d i c a t e the v a r i o u s l i m i t i n g steps which are c o n t r o l l e d to monitor 
i t s production. The v a r i o u
w i l l be described separatel
assessed. The channels which operate f o r production and movement of 
the polymers w i t h i n the cytoplasm and endomembrane system of the 
c e l l s are:- Channel 1. Production and movement of n u c l e o t i d e sugar 
donors. Channel 2. Synthesis and compartmentalization of the p e c t i n 
polymers w i t h i n the endomembrane system. Channel 3. Movement of 
v e s i c l e s and f u s i o n w i t h the plasmamembrane f o r assembly and depos
i t i o n w i t h i n the w a l l . 

During f r u i t r i p e n i n g the p e c t i n i s degraded and t h i s i s a l s o a 
c o n t r o l l e d process brought about by the i n d u c t i o n of degradation 
enzymes such as polygalacturonase (9). Degradation or turnover may 
go on to a l i m i t e d extent i n the normal growing and t h i c k e n i n g w a l l 
during d i f f e r e n t i a t i o n . However, there i s evidence that the p e c t i n 
m a t e r i a l once deposited i n the w a l l remains there (10) so that the 
main c o n t r o l s of the amount present during d i f f e r e n t i a t i o n are those 
which operate f o r i t s synthesis and d e p o s i t i o n . 

Channel 1. Production and Movement of Nucleotide Sugar Donors 

The n u c l e o t i d e sugar donors are formed outside the endomembrane system 
i n the c y t o s o l . Those f o r p e c t i n a r i s e by epimerase r e a c t i o n s from 
the corresponding n u c l e o t i d e sugar compounds of the glucose s e r i e s , 
Figure 1. The epimerases are a c t i v e throughout growth. Thus the 
p o t e n t i a l f o r the production of UDPGal, UDPGalAc and UDPAra, which 
are the donors of the p e c t i c m a t e r i a l , i s present even during 
secondary t h i c k e n i n g when no p e c t i n i s deposited i n the w a l l (11,12). 
The epimerase r e a c t i o n s are t h e r e f o r e not s i t e s at which c o n t r o l of 
the polysaccharide synthesis i s exerted. 

The n u c l e o t i d e sugar compounds are h y d r o p h i l i c and i t i s 
necessary to t r a n s f e r them to the s i t e s of the synthases w i t h i n the 
endomembrane system. Their t r a n s p o r t across the membrane i s an obvious 
c o n t r o l p o i n t . Not only i s the r a t e of polysaccharide synthesis 
c o n t r o l l e d by t h i s mechanism but i n a d d i t i o n the q u a l i t a t i v e nature of 
the polymer found i n the membrane compartment may be determined. Thus 
although the synthases may be present i n a p a r t i c u l a r p a r t of the 
membrane system e.g. endoplasmic r e t i c u l u m , the assembly of the p o l y 
saccharide does not occur at t h i s l e v e l i f the n u c l e o t i d e sugar cannot 
enter the lumen of the compartment (13). The main assembly of the 
polysaccharides occurs at the G o l g i apparatus, Figure 1. 
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Epinerases 
active throughout growth 
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Figure 1. Epimerase r e a c t i o n s for the formation of nuc leo t ide 
sugar donors. 
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The assembly of the p e c t i c p o l y s a c c h a r i d e s , l i k e most of the 
c e l l w a l l p o l y s a c c h a r i d e s , w i t h the p o s s i b l e exception of c e l l u l o s e , 
appears to take place by t r a n s f e r of the g l y c o s y l group from the 
nucleotide-sugar compound to the growing polymer without the necess
i t y f o r a d o l i c h o l phosphate intermediate acceptor. This has conse
quences f o r the mechanism of the method of t r a n s p o r t of the sugars 
across the membrane. For the assembly of the sugar p o r t i o n of N-
l i n k e d g l y c o p r o t e i n s which occurs i n the endoplasmic r e t i c u l u m , 
i s o p r e n o i d phosphates act as intermediate acceptors and s e v e r a l 
mechanisms of t r a n s p o r t i n v o l v i n g these l i p i d sugar compounds have 
been suggested (14). I t i s a l s o c l e a r that when the g l y c o s y l a t i o n s 
occur w i t h i n the G o l g i apparatus these methods of t r a n s p o r t are not 
i n v o l v e d and d i r e c t entry of the nucleotide-sugar compounds by 
s p e c i f i c t r a n s p o r t e r s may take place (15). 

Channel 2. Synthesis and Compartmentalization of the P e c t i n Polymers 
w i t h i n the Endomembrane

The synthases or t r a n s g l y c o l y s e s which w i l l t r a n s f e r the g a l a c t o s e , 
g a l a c t u r o n i c a c i d and arabinose to the p e c t i c polymers are the 
p r i n c i p a l enzymic p o i n t s at which c o n t r o l i s maintained f o r the 
synthesis of the p e c t i n (13^, 16-20). The a c t i v i t y of these enzymes 
decreases during secondary t h i c k e n i n g of the w a l l when p e c t i n depo
s i t i o n ceases. By the c a r e f u l use of i n h i b i t o r s of t r a n s c r i p t i o n and 
t r a n s l a t i o n and by the use of a monoclonal antibody i t was shown that 
the changes i n a c t i v i t y of enzymes were c o r r e l a t e d w i t h changes i n 
the amount of enzyme p r o t e i n present at the membrane (19,21). Thus 
t h i s c o n t r o l i s operated at the l e v e l of the genome and the 
changes i n the c e l l w a l l are p a r t of a developmental process. 

One of the main c o n t r o l p o i n t s of polysaccharide s y n t h e s i s , 
t h e r e f o r e , i s the amount and consequently the a c t i v i t y of the t r a n s -
g l y c o s y l a s e s or synthases which operates f o r the p a r t i c u l a r n u c l e o t i d e 
sugar at the lumen of the membrane. However there i s a f u r t h e r 
c o m p l i c a t i o n which a r i s e s w i t h complex polymers such as those i n 
p e c t i n . These are heteropolymers e.g., the rhamnogalacturonan, the 
arabinogalactan and the rhamnogalacturonan-arabinogalactan. There 
are a l s o some, l i k e the arabinogalactan which are h i g h l y branched 
polysaccharides (3,22) and, i n a d d i t i o n , minor sugars such as fucose 
and x y l o s e occur i n these complex polys a c c h a r i d e s . I f the sugars are 
added d i r e c t l y to the growing polymer one at a time, then the 
synthesis of the main chains may depend to some extent on the i n c o r 
p o r a t i o n at v a r i o u s stages of a d i f f e r e n t sugar or branch p o i n t so 
that the a c t i v i t y of the t r a n s g l y c o s y l a s e forming the chain i s main
ta i n e d . A l t e r n a t i v e l y smaller subunits of the main polymer may be 
preformed on intermediate c a r r i e r s , such a l i p i d or p r o t e i n , and then 
incorporated as b l o c k s i n t o the polymer (23). This method of synthesis 
would resemble that f o r the formation of some gl y c o p r o t e i n s i n animals 
and b a c t e r i a . I t would r e s u l t i n a c e r t a i n amount of r e g u l a r i t y i n 
the chemical composition of the polysaccharide that i s formed and i t 
would introduce secondary stages at which c o n t r o l of the assembly 
could be exerted. 

In a d d i t i o n to the c o n t r o l of the amount of synthase which 
defines the t o t a l a c t i v i t y of the enzyme, the a c t i v i t y of some syn
thases are modulated by the energy statu s of the c e l l since they are 
i n h i b i t e d by l e v e l s of nucleoside mono and diphosphates (17). 
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As the polysaccharide i s being formed i t must be t r a n s f e r r e d to 
p a r t i c u l a r p a rts of the membrane system and f i n a l l y packaged f o r 
export to d e f i n i t e regions of the periphery of the c e l l , F igure 1. 
Very l i t t l e i s known about the c o n t r o l of t h i s important p a r t of the 
assembly system. Some ideas f o r the mechanisms of the s o r t i n g and 
t r a n s p o r t processes may be obtained from the l i m i t e d evidence known 
f o r the synthesis and export of some gl y c o p r o t e i n s from the G o l g i 
apparatus and t h e i r c a r r i a g e between the endoplasmic r e t i c u l u m and 
G o l g i apparatus. I t has been shown f o r instance that the c i s t e r n a e 
of the G o l g i apparatus can be d i v i d e d i n t o c i s , medial and trans 
regions and that d i f f e r e n t transglycosylases are l o c a t e d at d i f f e r e n t 
regions (24,25). I t has a l s o been shown f o r a few polymers that 
during t h e i r packaging and export from one membrane compartment to 
another, they are separated from others by sequestering them to 
p a r t i c u l a r regions or c i s t e r n a e . This i s done by the p r o v i s i o n of 
s p e c i f i c r e c o g n i t i o n markers on the polymer such as removal of the 
terminal glucose u n i t s t
from endoplasmic r e t i c u l u
6-phosphate at the non-reducing end of the o l i g o s a c c h a r i 4 e ( f o r t r a n s 
port from G o l g i apparatus to lysosome) (14,25-29). The enzymic 
r e a c t i o n s which enable the marker to be developed upon the o l i g o -
saccharidge of the g l y c o p r o t e i n do however recognise the p r o t e i n 
p o r t i o n of the polymer i n a d d i t i o n to the o l i g o s a c c h a r i d e . In t h i s 
way, f o r example, d i s t i n c t i o n s can be made between g l y c o p r o t e i n s that 
c a r r y mannose sin c e only some of these w i l l be transported to the 
lysosome. 

Channel 3. Movement of V e s i c l e s and Fusion w i t h the Plasmamembrane 
f o r Assembly and D e p o s i t i o n w i t h i n the Wall 

V e s i c l e s c o n t a i n i n g the p e c t i n polysaccharide a r i s e from the G o l g i 
apparatus. The membranes of the c i s t e r n a e of the G o l g i apparatus, 
where d i s p e r s a l occurs, become modified so that the membranes of the 
s e c r e t o r y v e s i c l e s resemble, both i n t h e i r chemical composition and 
u l t r a s t r u c t u r a l appearance, the plasmamembrane. The v e s i c l e s are 
transported to s p e c i f i c areas of the c e l l surface when the c e l l i s 
expanding i n surface area. In some c e l l s i t can be seen that v e s i c l e 
f u s i o n depends upon a c h a r a c t e r i s t i c d i s t r i b u t i o n of p r o t e i n p a r t i c l e s 
w i t h i n the membrane (30,32). There i s thus an e l a b o r a t i o n of the 
membranes both chemically and by u l t r a s t r u c t u r a l changes so that 
f u s i o n i s p o s s i b l e at the r e q u i r e d s i t e . The v e s i c l e s produced from 
the membrane system may be d i r e c t e d , i n p a r t , to p a r t i c u l a r c e l l 
surfaces by microtubules. Although t h i s i s not so apparent at the 
e a r l y stages of growth, when p e c t i n i s being deposited i n the w a l l , 
as i t i s during secondary w a l l formation. During the development of 
xylem elements, f o r i n s t a n c e , when a s p i r a l or r e t i c u l a t e secondary 
w a l l i s formed, the microtubules are d i s t r i b u t e d j u s t under the 
plasmamembrane at the s i t e s of secondary t h i c k e n i n g (33,34). However 
at t h i s stage no p e c t i n i s being accumulated i n the w a l l and the 
d i s t r i b u t i o n of the microtubules r e f l e c t s the a d d i t i o n s of hemi-
c e l l u l o s e and c e l l u l o s e w i t h i n the t h i c k e n i n g . During the formation 
of the primary w a l l the microtubules are d i s t r i b u t e d j u s t under the 
plasmamembrane but they are not so obviously l o c a l i z e d . They occur 
i n groups of three or four randomly d i s t r i b u t e d i n a c i r c u l a r or 
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helical arrangement around the cell. It may be that the pectin is 
deposited fairly evenly over the wall at this time. 

Pectin-like material is secreted from suspension tissue culture 
cells of sycamore and the rate of secretion of these polysaccharides 
can be measured using radioactive arabinose which is incorporated 
into arabinogalactans. The addition of Ca 2 + increased the steady 
state rate of secretion within seconds. The stimulation was brought 
about by an action on the normal mechanism of cell-wall polysacch
aride export from the cytoplasm. It seemed therefore that the fusion 
of the vesicles with the plasmamembrane was a rate-limiting step and 
is probably a control point. The action of the Ca 2 + was to increase 
the rate of fusion at the cell membrane so that there was an 
immediate increase in the amount of polysaccharide secreted (35). 
The control could be established if at any one time there was at the 
membrane more vesicles than those that were fusing. However in order 
to sustain the increase in secretion it would be necessary to transmit 
the signal back to the syntheti
Golgi apparatus so that
would produce the requisite number of vesicles containing the poly
saccharides necessary to maintain the new rate of fusion and secretion. 
The turnover of the Golgi apparatus can be very fast in plant cells 
and times of 5-40 minutes have been calculated (36). In vitro 
experiments which involved isolation of membrane fractions from maize-
root cells also showed that Ca^+ was necessary for membrane fusion 
(37). Analysis of the membranes indicated that the Ca 2 + dependence 
involved membrane proteins and one of these was a Ca and Mg^+-
dependent ATPase (38). 

Once deposited in the wall the pectin may undergo further chem
ical modification by transglycosylases which join particular polymers 
such as the arabinogalactans to polygalacturonans (39,40). Even ester 
linkages with diferulic acid may occur to give bridges between 
different polysaccharides of the wall (41). It is well known that 
Ca 2 + form ionic bonds between the acidic groups of the pectin poly
mers. However, regardless of the presence of these intermolecular 
covalent and ionic bonds, in the primary wall when it is unlignified, 
the main cohesion between the constituents must be the hydrogen 
bonding that allows a flexibility to the structure of the wall which 
depends on its most variable feature the water content especially in 
its relationship to pectin (3). When lignification occurs during 
secondary thickening the polysaccharides become enclosed in a cross-
linked polymer cage and bridges between the polysaccharides and the 
phenylpropanoid radicals are formed. The wall thus develops great 
tensile strength because of the microfibrils and it becomes a rigid 
structure because of the lignified matrix in which the hydrophobic 
lignin has replaced the water. The pectin at this time represents 
only a minor constituent of the wall and contributes very little to 
its texture or properties. 

Literature Cited 

1. Ericson, M.C.; Elbein, A.D. In "Biosynthesis of cell wall poly
saccharides and glycoproteins"; Preiss, J. Ed. Academic Press: 
New York, 1980; vol. 3, Chap. 16; p. 589-616. 

2. Dey, P.M.; Brinson, K. Advanc. Carb. Chem. Biochem. 1984, 42, 
265-382. 

In Chemistry and Function of Pectins; Fishman, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



140 chemistry and function of pectins 

3. Northcote, D.H. Ann. Rev. Pl. Physiol. 1972, 23, 113-132. 
4. Northcote, D.H. In "The synthesis, Assembly and turnover of Cell 

Surface Components"; Poste, G.; Nicolson, G.L., Eds.; North-
Holland: Amsterdam, 1977; Chap. 10; p. 717-739. 

5. Hanke, D.E.; Northcote, D.H. J. Cell Sci. 1974, 14, 29-50. 
6. Rubery, P.H.; Northcote, D.H. Biochim. Biophys. Acta 1971, 222, 

95-108. 
7. Wright, K.; Northcote, D.H. Biochem. J. 1974, 139, 525-534. 
8. Gould, J.; Northcote, D.H. In "Bacterial Adhesion: Mechanisms and 

Physiological Significance"; Fletch, M.M.; Savage, D.W.; Eds.; 
Plenum Press: New York, 1985; Chap. 5; p. 89-109. 

9. Grierson, D.; Slater, Α.; Spiers, J.; Tucker, G.A. Planta 1985, 
163, 263-271. 

10. Thornber, J.; Northcote, D.H. Biochem. J. 1961, 81, 455-464. 
11. Dalessandro, G.; Northcote, D.H. Biochem. J. 1977, 162, 267-279. 
12. Dalessandro, G.; Northcote, D.H. Biochem. J. 1977, 162, 281-288. 
13. Bolwell, G.P.; Northcote
14. Kornfeld, R.; Kornfeld
15. Dixon, W.T.; Northcote, D.H. In "Developments in Cell Biology: 

Secretory processes"; Deane, R.T.; Stahl, P. Eds.; Butterworths: 
London, 1985, p. 77-98. 

16. Dalessandro, G.; Northcote, D.H. Planta 1981, 151, 53-60. 
17. Dalessandro, G.; Northcote, D.H. Planta 1981, 151, 61-67. 
18. Bolwell, G.P.; Northcote, D.H. Planta 1981, 152, 225-233. 
19. Bolwell, G.P.; Northcote, D.H. Biochem. J. 1983, 210, 509-515. 
20. Bolwell, G.P.: Northcote, D.H. Phytochem. 1985, 24, 699-702. 
21. Bolwell, G.P.; Northcote, D.H. Planta 1985, 162, 139-146. 
22. McNeil, M.; Darvill, A.G.; Fry, S.C.; Albersheim, P. Ann. Rev. 

Biochem. 1984, 53, 625-663. 
23. Northcote, D.H. Phil. Trans. Roy. Soc. Β 1982, 300, 195-2o6. 
24. Roth, J.; Berger, E.G. J. Cell Biol. 1982, 93, 223-229. 
25. Dunphy, W.G.; Brands, R.; Rothman, J.E. Cell 1985, 40, 463-472. 
26. Lodish, H.F.; Kong, N. J. Cell Biol. 1984, 98, 1720-1729. 
27. Kornfeld, S.; Reitman, M.L.; Varki, Α.; Goldberg, D.; Gabel, C.A. 

In "Membrane Recycling"; Evered, D.; Collins, G.M. Eds.; Pitman: 
London, 1982, p. 138-156. 

28. Shepherd, V.; Schlesinger, P.; Stahl, P. Current Topics in 
Membranes and Transport 1983, 1, 317-338. 

29. Sly, W.S.; Fischer, H.D. J. Cell Biochem. 1982, 18, 67-85. 
30. Satir, B.; Schooley, C.; Satir, P. J. Cell Biochem, 1973, 56, 

153-156. 
31. Burwen, S.J.; Satir, B.H. J. Cell Biol. 1977, 73, 660-671. 
32. Da Silva, P.P.; Nogueira, L. J. Cell Biol. 1977, 73, 161-181. 
33. Wooding, F.B.P.: Northcote, D.H. J. Cell. Biol. 1964, 23, 327-337. 
34. Pickett-Heaps, J.D.; Northcote, D.H. J. Exptl. Bot. 1966, 17, 

20-26. 
35. Morris, M.R.; Northcote, D.H. Biochem. J. 1977, 166, 603-618. 
36. Robinson, D.G.; Kristen, N. Int. Rev. Cytol. 1982, 7, 89-127. 
37. Baydoun, E.A.H.; Northcote, D.H. J. Cell Sci. 1980, 45, 169-186. 
38. Baydoun, E.A.H.; Northcote, D.H. Biochem. J. 1981, 193, 781-792. 
39. Stoddart, R.W.; Northcote, D.H. Biochem. J. 1967, 105, 45-59. 
40. Rubery, P.H.; Northcote, D.H. Biochim. Biophys. Acta 1970, 222, 

95-108. 

41. Fry, S.C. Planta 1983, 157, 111-123. 

Received December 12, 1985 

In Chemistry and Function of Pectins; Fishman, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



12 

Comparative Analysis of Pectins from Pericarp and 
Locular Gel in Developing Tomato Fruit 

Donald J. Huber and James H. Lee 

Vegetable Crops Department, Institute of Food and Agricultural Sciences, University of 
Florida, Gainesville, FL 32611 

Pectins from tomat  pericar d locula l
examined to ascertai
polysaccharides  change  accompany 
development of the respective tissue types. Ripening 
of pericarp was marked by increased quantities and 
depolymerization of soluble pectins. Soluble pectins 
from ripe fruit exhibited a lower degree of 
esterification, a lower average molecular size and a 
decreased neutral sugar content compared to pectins 
from unripe fruit. Pectins from gel showed little 
evidence of depolymerization during the active period 
of gel autolysis, consistent with the observation that 
only trace levels of endo-D-galacturonanase were found 
in this tissue. Degree of esterification of gel 
pectins was high and showed no change during 
development. Gel pectins were rich in arabinose, 
galactose, and xylose, all of which decreased during 
early gel formation. 

The ripening of many fruit types includes as a major event 
extensive modifications in texture, often attributed to the action 
of specific cell-wall hydrolases, notably the D-galacturonanases 
(1,2). The temporal relationship between softening, pectin 
solubilization and depolymerization, and the appearance of 
endo-D-galacturonanase (EDG, E.C. 3.2.1.15) activity together 
strongly underscore the dominant role of these enzymes (3-11). 

It is becoming increasingly evident that processes other than 
those involving EDG are operative in the cell-wall metabolism of 
ripening fruit. The cell-wall neutral sugars galactose and/or 
arabinose decrease during ripening of many fruit types (8,12-14) 
including rm tomato fruit (15,16), which has no EDG (17,18). In a 
species survey, Gross and Sams (19) reported losses of cell-wall 
galactose and arabinose during ripening in fourteen of seventeen 
fruit types examined. In both tomato (11) and strawberry fruit 
(20), ripening was accompanied by decreases in the molecular size 
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of h e m i c e l l u l o s e s and the absence of EDG i n s t rawberry (20-22) 
i n d i c a t e s t h a t the a l t e r e d a l k a l i - s o l u b l e polymers d i d not a r i s e as 
an i n d i r e c t r e s u l t o f p e c t i n d e g r a d a t i o n . Of equal i n t e r e s t i n 
s t rawberry f r u i t was the o b s e r v a t i o n t h a t l e v e l s of s o l u b l e p e c t i n s 
i n c r e a s e d i n the apparent absence of EDG. S o l u b l e p e c t i n s showed 
no ev idence of t h e p r o g r e s s i v e d e p o l y m e r i z a t i o n e x h i b i t e d by 
s o l u b l e p e c t i n s from tomato (U_), watermelon (23) and peach ( 4 ) , 
a l l of which c o n t a i n EDG. In a d d i t i o n t o s t r a w b e r r y , plum (2T), 
hot pepper (25) and muskmelon ( 3 , 2 6 ) represent o t h e r f r u i t s which 
show i n c r e a s e d l e v e l s of s o l u b l e p e c t i n s d u r i n g r i p e n i n g y e t 
a p p a r e n t l y c o n t a i n no EDG. I t i s apparent from t h e s e s t u d i e s t h a t 
i n c r e a s e d p e c t i n s o l u b i l i z a t i o n d u r i n g r i p e n i n g i s not i n i t s e l f 
s u f f i c i e n t ev idence f o r i n f e r r i n g t h a t EDG i s r e s p o n s i b l e . 

Tomato f r u i t appeared t o r e p r e s e n t a unique system f o r 
i n v e s t i g a t i n g p o s s i b l e v a r i a b i l i t y i n the f u n c t i o n s o f p e c t i n s i n 
t e x t u r e m o d i f i c a t i o n s . F i r s t l y , the tomato f r u i t i s composed o f 
d i s t i n c t t i s s u e t y p e s , i n c l u d i n
e x h i b i t markedly d i f f e r e n
gel develops p r i o r t o r i p e n i n g o f p e r i c a r p and e v e n t u a l l y , toward 
the t e r m i n a l stage of r i p e n i n g , e x h i b i t s an almost l i q u i d n a t u r e . 
This developmental s c e n a r i o i s i n some r e s p e c t s s i m i l a r t o the 
e t h y l e n e - i n d u c e d macerat ion o f watermelon f r u i t ( 2 7 ) , a process 
i n v o l v i n g g r e a t l y i n c r e a s e d l e v e l s of EDG and e x t e n s i v e 
s o l u b i l i z a t i o n and d e p o l y m e r i z a t i o n of p e c t i n s ( 2 3 ) . In c o n t r a s t , 
tomato l o c u l a r gel has been r e p o r t e d t o c o n t a i n l i t t l e (b) or no 
EDG a c t i v i t y ( 2 8 ) . The o b j e c t i v e of t h i s study was t o examine some 
of the s t r u c t u r a l f e a t u r e s of p e c t i n s from tomato p e r i c a r p and g e l , 
and t o r e l a t e t h i s i n f o r m a t i o n t o the t e x t u r a l c h a r a c t e r i s t i c s of 
these t i s s u e s . 

M a t e r i a l s and Methods 

P l a n t M a t e r i a l . Tomato ( L y c o p e r s i c o n e s c u l e n t u m , M i l l , var Sunny) 
f r u i t were harvested from p l a n t s grown at the IFAS H o r t i c u l t u r a l 
Farm near G a i n e s v i l l e , FL. F r u i t were s e l e c t e d a t f i v e stages o f 
development: immature green (undeveloped f r u i t , gel t i s s u e f i r m ) , 
mature-green (gel f o r m a t i o n i n i t i a t e d ) , t u r n i n g , pink and r i p e 
( r e d ) . F r u i t were s u r f a c e s t e r i l i z e d w i t h 0.05% N a - h y p o c h l o r i t e 
and r i n s e d . F r u i t were q u a r t e r e d , the p e r i c a r p and l o c u l a r gel 
s e p a r a t e d , and both s t o r e d a t - 2 0 ° C . 

P r e p a r a t i o n o f E t h a n o l - I n s o l u b l e S o l i d s . P e r i c a r p o r gel (100 g) 
w h i l e f r o z e n was p l a c e d i n 400 ml c o l d ( 4 ° C ) ethanol and p a r t i a l l y 
thawed. The t i s s u e was homogenized i n a S o r v a l l Omnimixer f o r 1 
min and then r e f l u x e d at 84°C f o r 30 min t o i n a c t i v a t e p e c t i n 
h y d r o l a s e a c t i v i t y . This t e c h n i q u e i s e f f e c t i v e a t i n a c t i v a t i n g 
w a l l - b o u n d p e c t i n - h y d r o l y z i n g a c t i v i t y (29) and r e s u l t s i n no 
apparent changes i n the c h a r a c t e r i s t i c s of p e c t i n s ( 3 0 ) . A f t e r 
r e f l u x i n g , the suspension was r i n s e d through M i r a c l o t f i and washed, 
i n s u c c e s s i o n , w i t h 80% ethanol ( 1 1 ) , 80% acetone ( 1 1 ) , and 100% 
acetone ( 1 1 ) . The r e s u l t i n g powders were a i r - d r i e d at 40°C and 
s t o r e d covered a t room t e m p e r a t u r e . 
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Measurement of Total and S o l u b l e P e c t i n s . Total p e c t i n s i n 
e t h a n o l - i n s o l u b l e powders were measured u s i n g the procedure 
d e s c r i b e d by Ahmed and L a b a v i t c h ( 3 1 ) . P e c t i n s were assayed 
c o l o r i m e t r i c a l l y u s i n g the method "67 Blumenkrantz and Asboe-Hansen 
( 3 2 ) . For measurement o f s o l u b l e p e c t i n s , 20 mg e t h a n o l - i n s o l u b l e 
powder were p l a c e d i n 7 ml of e i t h e r d i s t i l l e d water o r Na-acetate 
b u f f e r (40 mM, pH 5.0) c o n t a i n i n g 20 mM EDTA and i n c u b a t e d w i t h 
shaking at room temperature f o r 6 h r . A l i q u o t s ( 0 . 5 ml) were 
f i l t e r e d through g l a s s f i b e r f i l t e r s and analyzed f o r s o l u b l e 
p e c t i n s . 

Gel F i l t r a t i o n and Ion-Exchange Chromatography. P e c t i n s f o r gel 
f i l t r a t i o n and ion-exchange chromatography were s o l u b l i z e d from 
powders u s i n g the Na-acetate-EDTA b u f f e r a t room t e m p e r a t u r e . Th is 
e x t r a c t i o n procedure was found t o maximize the y i e l d o f p e c t i n s 
( r e l a t i v e t o water e x t r a c t i o n s ) and produced no apparent 
m o d i f i c a t i o n s i n p e c t i
two v a r i a b l e s o f major concer
gel f i l t r a t i o n and ion-exchange chromatography o f p e c t i n s have been 
d e s c r i b e d ( 2 0 ) . 

Neutral Sugar A n a l y s i s . A n a l y s e s o f n e u t r a l sugars a s s o c i a t e d w i t h 
tomato p e c t i n s were performed u s i n g polymers recovered from 
ion-exchange p r o f i l e s . G r a d i e n t f r a c t i o n s were combined, 
c o n c e n t r a t e d t o a volume of 10 ml and d i a l y z e d ( S p e c t r a p o r 2,000) 
a g a i n s t d i s t i l l e d hLO f o r 36 hr at 4 ° C . Samples were a i r - d r i e d 
under a stream of f i l t e r e d a i r , hydrolyzed and a c e t y l a t e d ( 3 3 ) , and 
examined u s i n g gas chromatography on a column of GP 3% SP-23T0 
(Supelco) at 2 2 5 ° C . Neutral sugar a n a l y s e s were performed on 
p e c t i n s prepared from t h r e e s e p a r a t e tomato f r u i t i s o l a t e s . 

Percent E s t e r i f i c a t i o n . E t h a n o l - i n s o l u b l e powder (200 mg) was 
suspended i n 10 ml 0 . 5 N NaOH c o n t a i n i n g ethanol as i n t e r n a l 
s t a n d a r d . A f t e r 1 h r , the s u s p e n s i o n s were f i l t e r e d , d i s t i l l e d 
under vacuum u n t i l 5 ml were c o l l e c t e d , and the d i s t i l l a t e analyzed 
f o r methanol u s i n g gas chromatography on a column o f Super Q 
( A l l t e c h ) operated at 1 6 0 ° C . 

H e m i c e l l u l o s e E x t r a c t i o n and A n a l y s i s . H e m i c e l l u l o s e s were 
prepared from a - a m y l a s e - t r e a t e d e t h a n o l - i n s o l u b l e powders i n the 
manner p r e v i o u s l y d e s c r i b e d ( 1 1 ) . Approximately 4 mg h e m i c e l l u l o s e 
i n 2 ml N a - c i t r a t e - p h o s p h a t e b u f f e r were f r a c t i o n a t e d on a column 
( 1 . 5 cm x 60 cm) of U l t r o g e l AcA 34 e l u t e d w i t h N a - c i t r a t e -
phosphate b u f f e r (20mM, pH 5.5) c o n t a i n i n g 50 mM NaCl ( 1 1 ) . 
F r a c t i o n s of 0 . 5 ml were a n a l y z e d f o r t o t a l sugar u s i n g the 
p h e n o l - s u l f u r i c a c i d procedure ( 3 4 ) , and f o r x y l o g l u c a n u s i n g 
Kooiman's i o d i n e s t a i n i n g t e c h n i q u e (35) as d e s c r i b e d by N i s h i t a n i 
and Masuda ( 3 6 ) . 

Enzyme A s s a y s . Endo-D-galacturonanase a c t i v i t y i n tomato p e r i c a r p 
and gel was e x t r a c t e d and assayed as p r e v i o u s l y d e s c r i b e d f o r 
p e r i c a r p t i s s u e ( 1 1 ) . P r o t e i n was measured u s i n g t h e method of 
B r a d f o r d (37J employing bovine serum albumin as s t a n d a r d . 
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R e s u l t s 

I n i t i a l experiments employing aqueous (water or b u f f e r ) e x t r a c t i o n 
procedures f o r p r e p a r i n g w a l l i s o l a t e s from tomato p e r i c a r p and gel 
d i s c l o s e d t h a t s i g n i f i c a n t q u a n t i t i e s o f p e c t i n s were l o s t d u r i n g 
washing of c e l l w a l l . This problem was most s e r i o u s i n p e r i c a r p 
at advanced stages of r i p e n i n g and w i t h gel a t a l l developmental 
stages examined. For t h i s r e a s o n , e t h a n o l - i n s o l u b l e powders were 
used as s t a r t i n g m a t e r i a l f o r a l l p e c t i n a n a l y s e s . As another 
advantage, i n a c t i v a t i o n of endogenous enzymes which remain bound 
and a u t o l y t i c a l l y a c t i v e i n c e l l - w a l l i s o l a t e s (29) i s more r e a d i l y 
accompl ished i n ethanol homogenates. Heat t reatment of aqueous 
e x t r a c t s promotes g - e l i m i n a t i v e d e g r a d a t i o n o f p e c t i n s ( 3 8 ) , 
whereas we have noted no apparent e f f e c t of b o i l i n g 80% ethanol on 
the s o l u b i l i t y , m o l e c u l a r s i z e or n e u t r a l sugar c o n t e n t of p e c t i n s 
s o l u b i l i z e d from powders so prepared ( 3 0 ) . 

A n a l y s i s o f t o t a l p e c t i n
of i n c r e a s i n g p e c t i n (on
p e r i c a r p (Table I ) . P e r i c a r p l e v e l s g r e a t l y exceeded those i n 

Table I. T o t a l and S o l u b l e (Acetate-EDTA B u f f e r ) P e c t i n s i n 
Ethanol Powders from Tomato P e r i c a r p and G e l . Average of 
3 r e p l i c a t i o n s . Numbers i n parentheses represent t o t a l 

p e c t i n s expressed on t i s s u e f r e s h weight b a s i s . 

P e r i c a r p Gel 
Stage of Total S o l u b l e Total S o l u b l e 
development , 

y g . mg powder" _ 1 

( y g . mg f r e s h wgt" ) 
Immature green 258.7 ( 6 . 9 ) 6175 143?8 ( 2 . 7 ) 5 0 
Mature green 298.1 ( 6 . 9 ) 9 1 . 9 168.2 (1.8) 145.6 
Turning 310.9 ( 5 . 7 ) 105.7 196.4 (1.7) 117.0 
Pink 328.4 (5.6) 192.2 188.5 (1.8) 122.8 
Ripe 334.6 ( 6 . 1 ) 2 0 1 . 3 211.1 (2.2) 164.9 

gel at a l l s tages of development. I t should be noted t h a t a l l 
subsequent a n a l y s e s are performed u s i n g only those p e c t i n s 
s o l u b i l i z e d from powders by acetate-EDTA b u f f e r . In p e r i c a r p , the 
q u a n t i t y of p e c t i n s s o l u b i l i z e d as a percentage of t o t a l p e c t i n s 
ranged from 24% at the immature-stage t o 60% at the r i p e s t a g e . In 
g e l , g r e a t e r than 60% of the t o t a l p e c t i n s were r e a d i l y s o l u b l e i n 
b u f f e r and were n e a r l y e q u a l l y s o l u b l e i n water a lone (not shown). 
This l a t t e r o b s e r v a t i o n underscores the importance of a v o i d i n g 
aqueous procedures when p r e p a r i n g i s o l a t e s of s t r u c t u r a l 
p o l y s a c c h a r i d e s from g e l . P r i o r t o chromatography, e x t r a c t s 
c o n t a i n i n g s o l u b l e p e c t i n s were c e n t r i f u g e d and f i l t e r e d through 
g l a s s f i b e r f i l t e r s . I n c l u d i n g t h e s e steps d i d not a f f e c t p e c t i n 
l e v e l s and g r e a t l y improved column performance and l o n g e v i t y i n 
terms of both f l o w r a t e and e l u t i o n c h a r a c t e r i s t i c s . I t i s 
understood t h a t the b e h a v i o r of p o l y s a c c h a r i d e s , p a r t i c u l a r l y the 
a n i o n i c p e c t i n s , on s i z e e x c l u s i o n g e l s should be i n t e r p r e t e d w i t h 
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c a u t i o n . The known tendency of the p e c t i n s t o form i n t e r m o l e c u l a r 
a g g r e g a t e s , v i a hydrogen, i o n i c and/or hydrophobic i n t e r a c t i o n s 
( 3 9 - 4 3 ) , i s one p o t e n t i a l problem. Furthermore, the extreme 
s t r u c t u r a l d i v e r s i t y of the p e c t i n s (44) and consequent ly the 
v a r i a b l e c o n f o r m a t i o n a l f e a t u r e s of these polymers (45) a l s o 
i m p a i r s the assignment of a c c u r a t e m o l e c u l a r s i z e i n f o r m a t i o n . For 
these r e a s o n s , the gel f i l t r a t i o n data presented are c o n s i d e r e d 
o n l y i n terms of how e l u t i o n b e h a v i o r d i f f e r s between t i s s u e types 
and d u r i n g f r u i t development. 

Gel f i l t r a t i o n p r o f i l e s o f p e c t i n s from gel and p e r i c a r p from 
f r u i t at s e l e c t e d stages of development are shown i n F i g u r e 1. In 
undeveloped f r u i t , s o l u b l e p e c t i n s from both gel and p e r i c a r p were 
excluded from U l t r o g e l AcA 3 4 . L i t t l e change was observed i n gel 
p e c t i n s throughout development whereas p e c t i n s from p e r i c a r p 
e x h i b i t e d a c l e a r t r e n d of d e p o l y m e r i z a t i o n . The d i f f e r e n t i a l 
f r a c t i o n a t i o n p a t t e r n s were g e n e r a l l y c o n s i s t e n t w i t h the r e l a t i v e 
l e v e l s of EDG a c t i v i t y foun

Table I I . Endo-D-Galacturonanase A c t i v i t y i n P e r i c a r p and Gel 

Endo-D-Galacturonanase A c t i v i t y ~T 
(u9 r e d u c i n g equiv . mg p r o t e i n " . hr" ) 

Stage of development P e r i c a r p Gel 
Mature green 0.18 O T 2 
Turning 2.36 0.12 
Pink 6.70 0.24 
Ripe 8 . 2 3 0.32 

Gel t i s s u e c o n t a i n e d o n l y t r a c e l e v e l s of EDG a c t i v i t y . The 
f a c t t h a t e x t r a c t s from t h r e e s e p a r a t e l o t s of f r u i t e x h i b i t e d 
s i m i l a r a c t i v i t y i s an i n d i c a t i o n t h a t the presence o f the enzyme 
i n gel was not a consequence of h a n d l i n g - i n d u c e d c o n t a m i n a t i o n from 
p e r i c a r p t i s s u e . Evidence f o r jm s i t u a c t i o n o f the enzyme was 
apparent when gel p e c t i n s were examined on U l t r o g e l AcA 2 2 , a 
f i l t r a t i o n m a t r i x w i t h a broader f r a c t i o n a t i o n range than t h a t of 
U l t r o g e l AcA 34 ( F i g u r e 2 ) . On AcA 2 2 , p e c t i n s from gel showed 
evidence o f d e p o l y m e r i z a t i o n , a l b e i t l e s s e x t e n s i v e and f i r s t 
apparent much l a t e r i n f r u i t development ( r i p e stage) than t h a t 
a f f e c t i n g p e r i c a r p p e c t i n s . 

Ion-Exchange Chromatography. S o l u b l e p e c t i n s from gel and p e r i c a r p 
showed markedly d i f f e r e n t e l u t i o n behavio r on DEAE-Sephadex, 
al though w i t h i n each t i s s u e type l i t t l e change i n e l u t i o n p a t t e r n 
was e v i d e n t d u r i n g development ( F i g u r e 3 ) . P e c t i n s from gel e l u t e d 
i n a range of the g r a d i e n t c o r r e s p o n d i n g t o a c o n c e n t r a t i o n of 200 
mM NaCl whereas those from p e r i c a r p e l u t e d at h i g h e r 
c o n c e n t r a t i o n s , averaging about 500 mM. These o b s e r v a t i o n s were 
c o n s i s t e n t w i t h the range of v a l u e s of from 70-80% o b t a i n e d f o r 
percent e s t e r i f i c a t i o n of gel p e c t i n s . P e r i c a r p p e c t i n s showed a 
lower percent e s t e r i f i c a t i o n , t h e degree of which decreased 
p r o g r e s s i v e l y d u r i n g development from a high of 40% at the 
mature-green stage t o 25% at t h e r i p e s t a g e . 
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Figure 1. U l t r o g e l AcA 34 p r o f i l e s of p e c t i n s from tomato g e l 
(A) and p e r i c a r p (B). Tissues were prepared from mature green 
(top l e f t ) , pink (top r i g h t ) , and red (bottom) f r u i t . F r a c t i o n s 
were analyzed f o r a c i d sugars (A q ). 
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0.8L 

Fraction No. 

F i g u r e 2 . U l t r o g e l AcA 22 p r o f i l e s o f gel p e c t i n s from tomato 
f r u i t at mature-green (A) and r i p e (B) stage of development. A c i d 
sugars ( A 5 2 Q ) . 
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Neutral Sugar A n a l y s i s . F i g u r e 4 i l l u s t r a t e s the t r e n d of n e u t r a l 
sugar changes i n s o l u b l e p e c t i n s from p e r i c a r p and g e l . Total 
n e u t r a l sugars were c o n s i d e r a b l y h i g h e r i n g e l , a c c o u n t i n g f o r 
n e a r l y 40% (mole r a t i o b a s i s ) o f t h e p e c t i n . In p e r i c a r p p e c t i n s , 
n e u t r a l sugars never exceeded 12-13%. The q u a n t i t a t i v e t r e n d i n 
n e u t r a l sugar l e v e l s i n gel and p e r i c a r p p e c t i n s were t e m p o r a l l y 
d i s t i n c t , w i t h gel l e v e l s d e c r e a s i n g n e a r l y 62% d u r i n g the 
t r a n s i t i o n from immature-green t o mature-green, the most a c t i v e 
p e r i o d of gel f o r m a t i o n . This decrease was due t o l o s s e s i n 
g a l a c t o s e (64%), a r a b i n o s e (53%) and x y l o s e (62%) ( F i g u r e 4 C ) . Of 
p a r t i c u l a r i n t e r e s t r e g a r d i n g t h e gel p e c t i n s was the presence of 
high a b s o l u t e q u a n t i t i e s of x y l o s e , which at 10% exceeded the 
l e v e l s o f a r a b i n o s e (8%). L i t t l e change i n n e u t r a l sugar content 
occ ur re d beyond the mature-green s t a g e . Total n e u t r a l sugars of 
p e r i c a r p p e c t i n s changed l i t t l e or i n c r e a s e d s l i g h t l y through the 
mature-green stage and decreased 25% d u r i n g r i p e n i n g . F i g u r e 4 B 
i l l u s t r a t e s t h a t the n e u t r a
p e c t i n was a r e f l e c t i o n o
l e s s e r e x t e n t a r a b i n o s e (13%). 

H e m i c e l l u l o s e A n a l y s e s . H e m i c e l l u l o s e s (4N a l k a l i - s o l u b l e ) from 
both gel and p e r i c a r p e x h i b i t e d a t r e n d of d e c r e a s i n g 
h i g h - m o l e c u l a r - w e i g h t polymers and i n c r e a s i n g q u a n t i t i e s of 
l o w - m o l e c u l a r - s i z e polymers ( F i g u r e 5 ) . The p r o f i l e s shown 
represent h e m i c e l l u l o s e s from mature-green and r i p e f r u i t ; however 
examinat ion of f r u i t at i n t e r m e d i a t e stages of r i p e n i n g d i s c l o s e d 
t h a t the change was g r a d u a l . Polymers from t i s s u e s from immature 
f r u i t resembled those d e r i v e d from mature-green f r u i t . The 
m o l e c u l a r weight s h i f t was accompanied by a change i n the e l u t i o n 
behavior of x y l o g l u c a n , as i n d i c a t e d by the Kooiman's 
i o d i n e - s t a i n i n g t e s t . 

D i s c u s s i o n 

I t has f o r some t ime been e v i d e n t t h a t f r u i t s o f t e n i n g can not i n 
a l l cases be a t t r i b u t e d s o l e l y t o the a c t i o n of endo-D-
galacturonanase (EDG). In some f r u i t s , i n c l u d i n g muskmelon ( 3 , 2 6 ) , 
plum ( 2 4 ) , and strawberry ( 2 0 - 2 2 ) , s o f t e n i n g o c c u r s i n the apparent 
absence o f t h i s enzyme. Apple f r u i t c o n t a i n e x o - D - g a l a c t u r o n a n a s e 
( 4 6 ) ; however i t seems u n l i k e l y t h a t t h i s enzyme i s r e s p o n s i b l e f o r 
tRe s o l u b i l i z a t i o n of p o l y m e r i c p e c t i n d u r i n g r i p e n i n g . Even i n 
f r u i t s known t o c o n t a i n EDG, w a l l changes a p p a r e n t l y u n r e l a t e d t o 
EDG a c t i o n have been observed d u r i n g r i p e n i n g and s o f t e n i n g . In 
some cases ( d i s c u s s e d below) the p a r t i c i p a t i o n of w a l l polymers 
o t h e r than p e c t i n s has been i m p l i c a t e d . This study addressed 
p o t e n t i a l v a r i a b i l i t y i n the c o n t r i b u t i o n of p e c t i n s i n p a r t i c u l a r 
t o t e x t u r e changes i n tomato p e r i c a r p and l o c u l a r t i s s u e ( g e l ) . 
The r e s u l t s demonstrate t h a t t h e changes a f f e c t i n g p e c t i n s i n these 
t i s s u e s are q u a n t i t a t i v e l y , q u a l i t a t i v e l y , and t e m p o r a l l y d i s t i n c t . 
In s t u d i e s w i t h tomato p e r i c a r p and o t h e r f r u i t t y p e s , p e c t i n 
changes, p a r t i c u l a r l y i n c r e a s e d s o l u b i l i t y and/or d e p o l y m e r i z a t i o n , 
have been shown t o be t e m p o r a l l y a s s o c i a t e d w i t h i n c r e a s e d EDG 
a c t i v i t y and w i t h r i p e n i n g i n general ( 3 - 1 1 ) . T h i s i s not the case 
w i t h tomato g e l . This t i s s u e undergoes dramatic anatomical changes 
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F i g u r e 4 . A, Total n e u t r a l sugar l e v e l s o f s o l u b l e p e c t i n s 
d e r i v e d from tomato f r u i t at the immature green ( I G ) , 
mature-green (MG), and r i p e (R) s tage of development. L e f t 
o r d i n a t e , g e l ; R i g h t o r d i n a t e , p e r i c a r p . B and C. I n d i v i d u a l 
n e u t r a l sugars from p e r i c a r p and gel p e c t i n s . Gal ( g a l a c t o s e ) , 
Xyl ( x y l o s e ) , Ara ( a r a b i n o s e ) . 
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F i g u r e 5 . U l t r o g e l AcA 34 p r o f i l e s of h e m i c e l l u l o s e s from 
p e r i c a r p ( l e f t ) and gel from f r u i t a t mature-green (A) and r i p e 
(B) stage of development. Total sugars ( A 4 g o ) , x y l o g l u c a n 
( A b s 6 4 Q ) . 
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d u r i n g i n i t i a l gel f o r m a t i o n , due i n p a r t t o enlargement and 
e x t e n s i v e t h i n n i n g of the w a l l s of c e l l s formed d u r i n g the p e r i o d 
s h o r t l y f o l l o w i n g p o l l e n a t i o n ( 4 7 , 4 8 ) . This d i f f e r e n t i a t i v e event 
occurs p r i o r t o v i s i b l e s i g n s of gel r i p e n i n g , such as the 
appearance of l y c o p e n e , which o c c u r s f o l l o w i n g i n i t i a l gel 
development but p r i o r t o r i p e n i n g of p e r i c a r p . L e v e l s of s o l u b l e 
p e c t i n i n gel were high throughout development, a l t h o u g h a 
s i g n i f i c a n t i n c r e a s e i n s o l u b l e p e c t i n s occur re d d u r i n g the 
t r a n s i t i o n of f r u i t t o mature g r e e n , the i n i t i a l p e r i o d of gel 
development. Beyond the mature-green s t a g e , l e v e l s of s o l u b l e 
p e c t i n s remained high but showed no c o n s i s t e n t p a t t e r n and were not 
w e l l c o r r e l a t e d w i t h a c t i v i t y of gel EDG. As r e p o r t e d f o r tomato 
( p e r i c a r p ) and o t h e r f r u i t t y p e s , i n c r e a s e s i n s o l u b l e p e c t i n s i n 
p e r i c a r p c l o s e l y p a r a l l e l e d EDG a c t i v i t y . The seemingly high l e v e l 
of s o l u b l e p e c t i n s i n immature (24%) and mature p e r i c a r p (30%) i s 
e x p l a i n e d by t h e f a c t t h a t c h e l a t o r (EDTA) was i n c l u d e d i n p e c t i n 
e x t r a c t i o n m e d i a . 

Gel F i l t r a t i o n o f Tomato P e c t i n s . Gel f i l t r a t i o n of p e c t i n s from 
'Sunny' p e r i c a r p revealed a t r e n d of d e p o l y m e r i z a t i o n s i m i l a r t o 
but l e s s e x t e n s i v e than t h a t r e p o r t e d f o r 'Rutgers' tomato f r u i t 
( 1 1 ) . The d i f f e r e n c e i s l i k e l y due t o the i n h e r e n t f i r m e r t e x t u r e 
ancT lower EDG a c t i v i t y of the c u l t i v a r 'Sunny' ( 3 0 , 4 9 ) . Other 
i n v e s t i g a t o r s have reported lower l e v e l s of s o l u b l e p e c t i n s and/or 
EDG a c t i v i t y i n f i r m e r t i s s u e s or c u l t i v a r s of a g iven f r u i t type 
( 2 8 , 5 0 , 5 1 ) . Although the c u l t i v a r s 'Sunny' and 'Rutgers' d i f f e r i n 
l e v e l s of s o l u b l e p e c t i n s , examinat ion of these polymers on B i o - G e l 
P-10 r e v e a l e d an o v e r a l l s i m i l a r i t y i n m o l e c u l a r s i z e (data not 
shown). P o s s i b l y , a b s o l u t e l e v e l s o f EDG i n f l u e n c e the q u a n t i t y of 
r a t h e r than the extent t o which p e c t i n s are d e p o l y m e r i z e d . In g e l , 
p e c t i n d e p o l y m e r i z a t i o n was l e s s e x t e n s i v e and not apparent u n t i l 
l a t e i n development, a f t e r the t r a n s i t i o n of f r u i t from immature t o 
mature g r e e n . Although gel i s w e l l developed i n mature-green 
f r u i t , the c o n s i s t e n c y of t h i s t i s s u e c o n t i n u e s t o change i n the 
p e r i o d d u r i n g which p e r i c a r p t i s s u e r i p e n s , thus p o s s i b l y the t r a c e 
l e v e l s of EDG a c t i v i t y are o p e r a t i v e d u r i n g the t e r m i n a l stages of 
gel development. The p o t e n t i a l i n f l u e n c e of degree o f 
e s t e r i f i c a t i o n on the i n t e r m o l e c u l a r a s s o c i a t i o n s of p e c t i n s i s 
w e l l a p p r e c i a t e d ( 4 0 , 4 1 , 5 2 ) . However, a r o l e f o r t h i s v a r i a b l e i n 
gel f o r m a t i o n would appear u n l i k e l y s i n c e e s t e r i f i c a t i o n of t o t a l 
p e c t i n s showed no s i g n i f i c a n t change throughout development. The 
high degree of e s t e r i f i c a t i o n of gel p e c t i n s c l e a r l y i d e n t i f i e s 
them as "high methoxyl p e c t i n s " ( 4 2 ) , and the o v e r a l l c o n s i s t e n c y 
of gel i s undoubtedly l a r g e l y due t o the i n f l u e n c e of these 
polymers. The high e s t e r i f i c a t i o n o f these p o l y m e r s , i n a d d i t i o n 
t o the low l e v e l s of EDG might e x p l a i n the more r e s t r i c t e d 
d e p o l y m e r i z a t i o n of gel p e c t i n s ( 5 3 , 5 4 ) . Percent e s t e r i f i c a t i o n 
decreased i n p e c t i n s from p e r i c a r p p r o v i d i n g evidence t h a t 
p e c t i n m e t h y l e s t e r a s e was o p e r a t i v e ( 5 4 ) . 

The r a t h e r l i m i t e d and d e l a y e d d e p o l y m e r i z a t i o n o f gel p e c t i n 
and the constancy of e s t e r i f i c a t i o n i n d i c a t e s t h a t the i n i t i a l 
p e r i o d of gel f o r m a t i o n i n v o l v e s a mechanism o t h e r than the c l a s s i c 
PME-*-D-galacturonanase s c e n a r i o . 
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Neutral Sugar Changes. N e u t r a l sugars are known t o e x i s t as 
s t r u c t u r a l components of p e c t i n s ( 4 4 , 5 5 , 5 6 ) . A r a b i n o s e and 
g a l a c t o s e comprise the predominant n e u t r a l s u g a r s , present as s i d e 
c h a i n s of v a r i a b l e l e n g t h , a l o n g w i t h minor q u a n t i t i e s of o t h e r , 
sometimes r a r e sugars o r d e r i v a t i v e s . The p r e c i s e s t r u c t u r a l and 
p o s i t i o n a l c h a r a c t e r i s t i c s of t h e s e n e u t r a l s u g a r s , a l o n g w i t h the 
q u a n t i t y and d i s t r i b u t i o n of the i n t r a c h a i n sugar rhamnose, w i l l 
c l e a r l y i n f l u e n c e the c o n f o r m a t i o n a l f e a t u r e s of the polymers ( 4 5 ) . 
There i s a l s o evidence t h a t branches may be nonrandomly d i s t r i b u t e d 
r e s u l t i n g i n t h e s t r u c t u r a l d i s t i n c t i o n between ' h a i r y ' and 
'smooth* r e g i o n s ( 5 7 , 5 8 ) . A common f e a t u r e of the p e c t i n s from gel 
and p e r i c a r p was the decrease i n c o v a l e n t l y a s s o c i a t e d n e u t r a l 
s u g a r s . These decreases were t e m p o r a l l y d i s t i n c t , o c c u r r i n g f i r s t 
i n gel and i n v o l v i n g n e a r l y a 60% decrease i n t o t a l n e u t r a l sugar 
which i n i t i a l l y c o n s t i t u t e d 40% of the p e c t i n (mole b a s i s ) . This 
decrease o c c u r r e d d u r i n g the i n i t i a l p e r i o d of gel format ion w i t h 
l i t t l e f u r t h e r change d u r i n
t r e n d s observed i n a r a b i n o s
reported f o r o t h e r f r u i t , a l t h o u g h the mechanism o f t h e i r removal 
and the n a t u r e of the parent polymers are i n many i n s t a n c e s 
unknown. As Ahmed and L a b a v i t c h (8) have s t a t e d , c o m p o s i t i o n a l 
a n a l y s e s of t o t a l c e l l w a l l o f f e r s l i t t l e i n f o r m a t i o n r e g a r d i n g the 
nature o f the parent polymer(s) i n v o l v e d . 

Ahmed and L a b a v i t c h (8) demonstrated f o r r i p e n i n g ' B a r t l e t t ' 
pear f r u i t t h a t the decrease i n c e l l w a l l a r a b i n o s e was l a r g e l y 
e x p l a i n e d by t h e endo-D-galacturonanase-mediated r e l e a s e of 
a r a b i n o s e p r e s e n t as a s t r u c t u r a l component o f p e c t i n s . Knee (12) 
a t t r i b u t e d decreases i n p e c t i n - a s s o c i a t e d a r a b i n o s e and g a l a c t o s e 
i n r i p e n i n g a p p l e t o the a c t i o n of g - g a l a c t o s i d a s e and 
a - a r a b i n o s i d a s e . S i m i l a r enzymes were i m p l i c a t e d i n the 
p r o p o r t i o n a l l o s s of c e l l w a l l a r a b i n o s e and g a l a c t o s e from an 
" a c i d - s o l u b l e h e m i c e l l u l o s e " i n r i p e n i n g Japanese pear ( 1 4 ) . 
Composit ional data i n d i c a t e d t h a t t h i s f r a c t i o n c o n s i s t e d l a r g e l y 
of p e c t i n . Boothy (24) r e p o r t e d no change i n the p r o p o r t i o n a l 
c o m p o s i t i o n of neutraT sugars a s s o c i a t e d w i t h p e c t i n s i n r i p e n i n g 
plum. Examining a s o l u b l e p e c t i n f r a c t i o n i s o l a t e d from tomato 
p e r i c a r p c e l l w a l l , Gross (16) found t h a t g a l a c t o s e l e v e l s 
decreased w h i l e arabinose i n c r e a s e d d u r i n g the t r a n s i t i o n from 
t u r n i n g t o r i p e . However, h i s n e u t r a l sugar data were expressed i n 
terms of p r o p o r t i o n a l c o m p o s i t i o n , thus the i n c r e a s e i n a r a b i n o s e 
p o s s i b l y r e f l e c t e d , i n p a r t , t h e l a r g e decrease i n g a l a c t o s e . Even 
s o , Gross' d a t a and those p r e s e n t e d here are not d i r e c t l y 
comparable. His s t u d i e s were performed u s i n g aqueously ( b u f f e r ) 
prepared c e l l w a l l s , which i n tomato show reduced l e v e l s of p e c t i n 
d u r i n g r i p e n i n g ( 1 5 ) , presumably due t o the g e n e r a t i o n of f r e e l y 
s o l u b l e p e c t i n s by EDG. E t h a n o l - i n s o l u b l e powders, w h i l e not 
c o n s t i t u t i n g a homogeneous c e l l w a l l p r e p a r a t i o n ( 5 9 ) , r e t a i n the 
m a j o r i t y of e n z y m i c a l l y generated p e c t i n s and a l l o w assessments of 
n e u t r a l sugar changes o c c u r r i n g independent ly o f major l o s s e s i n 
p e c t i n s . In the present s t u d y , a b s o l u t e l e v e l s of a r a b i n o s e 
a s s o c i a t e d w i t h p e r i c a r p s o l u b l e p e c t i n s a c t u a l l y decreased (13%). 
The marked decrease i n a r a b i n o s e (50%) i n gel p e c t i n s p r o v i d e s 
f u r t h e r ev idence f o r a mechanism of a r a b i n o s e removal independent 
of EDG a c t i o n and of p r o p o r t i o n a l l o s s e s i n o t h e r n e u t r a l s u g a r s . 
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In tomato pericarp, the loss of pectin-associated galactose 
appears to occur via at least two mechanisms. One involves the 
EDG-mediated release of a galactan-rich pectin, as demonstrated by 
Pressey (60). Pressey has also shown that a $-galactosidase from 
ripe fruit will depolymerize this galactan in vitro (61), 
representing an EDG-independent means of galactose loss. Gross 
(16) has recently shown that galactose loss in ripening tomato 
fruit may involve another, presumably non-pectin galactose polymer 
present as a component of a-cellulose. In addition to the presence 
of both arabinose and galactose in gel pectins, xylose levels were 
unusually high (nearly 10%) and showed a loss concomitant with the 
loss of arabinose and galactose. Cell wall xylose levels are 
generally reported not to change during fruit ripening, although 
Gross (29) reported for apricot that xylose was the major cell-wall 
neutral sugar lost during ripening. 

Hemicellulose Changes. Th
alkali-soluble polymers
for 'Rutgers' tomato fruit (11). Since 'Rutgers' and 'Sunny' 
represent cultivars differing significantly in firmness and texture 
changes during ripening, the overall similarity in hemicellulose 
changes indicates that firmness differences are not, in this 
instance, explained by variation in the behavior of hemicelluloses. 
Levels of EDG and/or calcium appear to be of more importance as 
determinants of firmness and texture changes (50,51). It is 
evident from the present study that hemicelluloses from gel exhibit 
a similar shift toward lower-molecular-size polymers. These 
changes were not evident until after the initial period of gel 
formation, indicating that if these polymers participate in gel 
formation, then their role is restricted to the latter stages of 
development. Hemicellulose changes in tomato pericarp occur 
gradually during ripening, simultaneous with the appearance of EDG 
activity and pectin degradation products (Jl). However, similar 
changes observed in ripening strawberry fruit (2£), which contain 
no EDG, and in tomato gel, which has low levels of the enzyme 
provide additional evidence that the modifications in 
alkali-soluble polymers are the consequence of reactions or 
processes unrelated to pectin depolymerization. 

These studies demonstrate the diverse nature of the role of 
pectins in the texture changes of ripening tomato fruit. The 
inverse relationship between EDG activity and the extent of 
softening in gel and pericarp emphasize that EDG does not play a 
major role in the early, dramatic period of gel formation. The 
marked losses in pectin neutral sugars, including xylose, occurred 
simultaneously with initial gel formation although the mechanism 
and function of these losses in this tissue remain unknown. 
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Polygalacturonases in Higher Plants 

Russell Pressey 
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Polygalacturonas  (PG) i  widel  distributed i
higher plants
is ripe tomat
contain two forms of the enzyme (PG I and PG II) 
which differ markedly in molecular size and 
stability to heat. A protein (PG converter) has 
been isolated from tomatoes that reacts with 
PG II to form PG I. PG II can be recovered by 
treating PG I with mild alkali (pH 11). Both 
tomato enzymes are endo-PG's. Some fruits that 
soften markedly during ripening such as pears 
and freestone peaches contain not only endo-PG 
but also exo-PG. Other fruits such as apples 
and clingstone peaches contain only exo-PG, 
consistent with slow softening characteristics. 
Low levels of exo-PG are found in many 
vegetative and storage tissues. 

Pectin occurs in most plant materials but is particularly high in 
young and fruit tissues. It is an important constituent of the 
cell wall where it may be involved in interlinking of other 
structural polysaccharides and proteins (I) . Pectin is also the 
major component of the middle lamella which has led to the 
classical view that it is an intercellular adhesive. 

Pectin appears to vary greatly in composition from source to 
source and even from the same plant at different stages of growth. 
A serious problem in characterization of pectin is that the native 
polysaccharide is essentially insoluble and solubilization can be 
accomplished only by degradation. Other polysaccharides are 
solubilized along with pectin and separation is difficult. Thus 
the pectin that is isolated is partly degraded, quite heterogeneous 
in term8 of molecular size, and may contain contaminating neutral 
polysaccharides. Nevertheless, it is known that pectin is 
basically a linear o -̂l ,4-galacturonan in which at least some of 
the carboxyl groups are esterified with methanol. Variable amounts 
of neutral sugars are usually associated with the galacturonan (2). 

The galacturonan chain is interrupted by «C-1,2-linked 
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rhamno8e residues, but the amount of rhamnose in pectin is highly 
variable from source to source. For example, the pectin from 
suspension cultured sycamore cells contains nearly ten times more 
rhamnose than the pectin from apple f r u i t (2., 3.) . Two other 
neutral sugars, arabinose and galactose, are also covalently bonded 
to the galacturonan. These sugars occur as side chains of 
<-l,5-arabinan and (3-1,4-galactan (1., 3., 4., 5.). It has been 
proposed that branching of the galacturonan chain is more prevalent 
in the pectin from c e l l walls than that from the middle lamella (6., 
1). 

Two classes of enzymes degrade the <* -1,4-galacturonan in 
p e c t i n . L ya 8 e 8 o r t r a n s e l i m i n a s e s c l e a v e t h e 

-1,4-galacturonosidic bond by a trans elimination of the proton 
on carbon 5 of galacturonic acid with the oxygen of the glycosidic 
bond (8.) . This cleavage produces an unsaturated bond between 
carbon atoms 4 and 5 of the galacturonic acid residue at the 
nonreducing end of the
for e s t e r i f i e d galacturonans
galacturonans (9.) . The end-product of lyase action is an 
unsaturated monomer that rearranges to the 2-keto-uronic acid (10)• 
Lyases appear to be common in microorganisms, but Albersheim and 
K i l l i a s (11) r e p o r t e d a transeliminase in an extract of pea 
seedlings• 

The galacturonan chains in pectin are also cleaved by poly
pi-1,4-galacturonide glycanohydrolase, EC 3.2.1.15, which i s 
usually referred to as polygalacturonase (PG). This enzyme is 
produced by m i c r o o r g a n i s m s a l o n g w i t h l y a s e s , but 
polygalacturonases also occur in higher plants. In contrast to the 
lyases, polygalacturonases are s p e c i f i c f o r d e - e s t e r i f i e d 
galacturonans, i.e. polygalacturonic acid. The rate and extent of 
hydrolysis by polygalacturonase are functions of the degree of 
de-esterif i c a t i o n of pectin (12) . It has been suggested that at 
l e a s t two adjacent f r e e c a r b o x y l groups are necessary for 
polygalacturonase action to occur (12). This requirement for 
de-ester i f i c a t i o n suggests that pectin hydrolysis in plants may be 
controlled by the enzyme pectinesterase. However, evidence has not 
been provided that pectinesterase is a controlling factor in f r u i t 
softening. For example, tomatoes c o n t a i n a high l e v e l of 
pectinesterase but the a c t i v i t y does not appear to be related to 
tomato softening (13). 

Polygalacturonase Assay. Polygalacturonase can be measured by the 
change in viscosity of pectate in an Ostwald or similar viscometer. 
This i s a very sensitive assay for random-cleaving enzymes. 
However, methods that measure the increase in reducing end groups 
during hydrolysis of polygalacturonates are more convenient and are 
applicable for both endo- and exo-enzymes. Several colorimetric 
methods have been used (.14.* UL» Lk) D U t 1 p r e f e r the 
arsenomolybdate method (17) • Commercially available pectate of 
c i t r u s o r i g i n is a suitable substrate for the assay. I have 
prepared three fractions of polygalacturonates of lower molecular 
weights by controlled enzymatic hydrolysis of pectate Q 8 ) . More 
extensive hydrolysis of pectate produced oligogalacturonides with a 
degree of polymerization from two to seven which were separated on 
DEAE-Sephadex A-50 (19). Substrates such as these with a wide 
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range of molecular weights are u s e f u l f o r c h a r a c t e r i z i n g 
polygalacturonases• 

Polygalacturonase in Tomatoes. PG in higher plants was f i r s t found 
i n ripe tomato f r u i t (20) which remains the richest plant source of 
this enzyme. PG in tomatoes has received considerable attention, 
especially i n recent years, i n r e l a t i o n to tomato ripening and 
softening. Although i t has been assumed that green tomatoes do not 
contain PG activity, I recently detected a very low level of exo-PG 
in green f r u i t ( 2 1 ) . Nevertheless, i t is well known that endo-PG 
appears at the onset of tomato ripening and increases sharply 
during ripening ( 2 2 ) . The l e v e l of endo-PG in ripe tomatoes is 
about 6 0 0 times higher than that of exo-PG in green f r u i t . 
Numerous studies have established that the f r u i t from firm tomato 
c u l t i v a r s has less PG activity than that from soft cultivars ( 2 3 . 
2 4 . 2 5 ) . The non-ripening tomato mutants nor and r i n do not 
develop PG a c t i v i t y ( 2 6
and Alcobaca i n whic
develop very low levels of PG (27., 28) . Thus i t is generally 
accepted that PG has an important ro l e in the ripening and 
softening of tomatoes. 

In early work on tomato PG, McColloch and Kertesz (29) found 
that most of the a c t i v i t y in crude extracts of ripe tomatoes was 
destroyed by heating at r e l a t i v e l y low temperatures, while the 
remainder survived heating to 90° C. This suggested the presence 
of two enzymes in tomatoes. In 1 9 7 3 , we separated the two enzymes 
by chromatography on DEAE-Sephadex A - 5 0 (30) . The enzymes have 
been designated PG I and PG II i n the order of their elution off 
the column. Separation of the PG isoenzymes can be achieved by gel 
f i l t r a t i o n (Figure 1) and by HPLC on a strong cation exchanger 
( 3 1 ) . 

Tomato PG I and PG II are s i m i l a r in many respects. Both 
enzyme8 are endo-PG's although PG II is more effective in reducing 
the v i s c o s i t y of pectate ( 3 0 ) . Their pH optima are near 4 . 5 , and 
both enzyme8 exhibit broad peaks of activity extending from pH 1.5 
to 5 . 5 when hydrolyzing short-chained substrates ( 3 0 ) . They are 
basic glycoproteins with pH's of 8.6 and 9 . 4 for PG I and PG II, 
respectively ( 3 2 ) . Antibodies raised against PG II react also with 
PG I ( 3 2 ) . The same polypeptide is obtained when PG I and PG II 
are denatured i n SDS solutions ( 3 ^ , 3 6 ) . However, the enzymes 
d i f f e r markedly in molecular size and s t a b i l i t y to heat. The 
molecular weights, as determined by gel f i l t r a t i o n s are 100,000 and 
4 4 , 0 0 0 f o r PG I and PG I I , respectively ( 3 0 , 3 2 ) . PG II is 
inactivated after 5 min at 6 5 ° C but PG I is inactivated only after 
5 min at 90<>C (30) . 

The evidence that PG I reacts with the antibody raised against 
PG II and that both enzymes y i e l d the same polypeptide i n SDS 
solutions indicates a common feature in the enzymes. Tucker and 
Grierson ( 3 3 ) proposed that PG I is a dimer of PG II which is 
consistent with the approximately 2-fold difference in molecular 
weights of the enzymes. In a study undertaken to v e r i f y the 
monomer-dimer r e l a t i o n s h i p , I did not observe formation of PG I 
from purified PG II at various conditions of enzyme concentration, 
pH, and i o n i c s t r e n g t h . However, I discovered that PG I is 
converted to PG II at a l k a l i n e c o n d i t i o n s ( 3 4 ) . This was 
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Figure 1. S e p a r a t i o n of tomato PG I and PG I I by 
chromatography on Sephadex G-100. Reproduced with 
permission from Reference 31. 
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demonstrated by diluting a solution of purified PG I with an equal 
volume of 0.2 M glycine, pH 11, and incubating at 37° C for 1 hr. 
The pH of the solution was then lowered to 5 with acetic acid. 
There was no loss of polygalacturonase activity after the treatment 
of pH 11, but 81% of the act i v i t y was sensitive to heating for 5 
min. at 6 5 ° C. The solution was then analyzed for PG I and PG II 
by column chromatography on Sephadex G-100. A small peak 
corresponding to PG I was obtained but most of the activity was in 
the PG II peak. 

The conversion of PG I to PG II does not occur at neutral and 
acid conditions. At pH 5 , heating solutions of PG I at 100° C for 
7 min. resulted in complete loss of PG activity. However, I found 
that the heated s o l u t i o n of PG I contained a component that 
produced PG I on ad d i t i o n to p u r i f i e d PG I I . Because t h i s 
component converts one isoenzyme to the other, i t was named PG 
converter. It can be assayed by measuring the quantity of PG I 
formed from PG II an
determined as the residua
by various chromatographic methods. A unit of PG converter has 
been defined as the amount that converts 1 unit of PG II to PG I. 

PG converter has been h i g h l y p u r i f i e d a c c o r d i n g to the 
following procedure (34). Ripe tomatoes were extracted f i r s t with 
0 . 5 M NaCl at pH 5 . 5 to remove most of the PG II and other soluble 
components. The insoluble fraction was then extracted with 1.2 M 
NaCl at pH 6 . The extract was concentrated by u l t r a f i l t r a t i o n , 
adjusted to pH 5 , and heated 7 min. at 100° C to inactivate the 
polygalacturonases. The PG converter i n the heated solution was 
then purified by chromatography on Sephacryl S-200 and Polyanion SI 
and by chromatofocusing on a Mono P column. A 28-fold increase i n 
the s p e c i f i c a c t i v i t y of the converter was achieved with an 81% 
recovery of total activity (Table I ) . 

Table I. Summary of the purification of tomato PG converter. 

Step Volume Protein Activity Specific 
Activity 

ml mg unit 8 units/mg 

1.2 M NaCl extract 25 172 - -
7 min at 100 °C 23 156 3670 24 
Sephacryl S-200 10 21 3420 163 
Polyanion SI 6 9.6 3180 346 
Chromatofocusing 5 4.4 2960 673 

Source: Reproduced with permiss ion from reference 3^. Copyright 
1984 FEBS. 

Chromatofocusing of the purified PG converter yielded a single 
peak of protein corresponding to converter activity. Elution of 
the converter off the column at pH 5.1 indicates a weakly a c i d i c 
molecule. The converter gave positive reactions with biuret and 
Folin-Ciocalteu reagents but not with Coomassie blue G-250 reagent. 
The absence of a reaction with Coomassie blue probably explains why 
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the converter was not found along with the PG II polypeptide in SDS 
solutions of PG I (32) . The converter was stable to heating at 
100° C when the pH was between 2 and 9. It was also quite stable 
in 0.1 M HC1, but i t was very sensitive to alkaline conditions with 
a complete loss of a c t i v i t y in 0.1 M NaOH at 24° C and in pH 11 
solutions at 100° C. The converter was susceptible to proteases, 
with complete inactivation by pronase and papain. A low amount of 
carbohydrate was present in the purified converter. The properties 
of the PG converter are thus c o n s i s t e n t w i t h t h a t of a 
glycoprotein. 

The converter does not affect the activity of PG II when they 
react. The only changes in the enzyme on binding to the converter 
appear to be a larger molecular size and a greater resistance to 
i n a c t i v a t i o n by heat. The i n t e r a c t i o n occurs r a p i d l y and 
irreversibly at physiological pH (34) . As w i l l be shown below, the 
converter i s found in green tomato fr u i t well before PG activity 
can be detected. Wha
glycoprotein that appear
role is to immobilize the enzyme in the c e l l wall and thus regulate 
i t s action. Morgens et a l . (35) recently obtained evidence that PG 
may indeed be sequestered in tomato f r u i t . 

PG is usually extracted from tomatoes with 1 M NaCl at pH 6 
after washing the c e l l wall fraction with water at the endogenous 
pH (30., 36.) . Because of the importance of detecting PG when i t 
f i r s t appears in relation to other aspects of the ripening process, 
I recently conducted a detailed study on the s o l u b i l i t y of the 
enzyme (37) . The PG was p r a c t i c a l l y insoluble in water at pH 3 
(Figure 2) . This allows washing of the c e l l wall fraction at pH 3 
with water to remove the soluble components including the reducing 
sugars which i n t e r f e r e in the PG assay. Samples of washed c e l l 
walls were then extracted with water at pH's lower and higher than 
3. The highest amount of PG activity was solubilized at pH 6 and 
higher (Figure 2), and the amount extracted was about 80% of that 
extracted by 1.2 M NaCl at pH 6. Analysis of the pH 6.5 water 
extract showed that i t contained 46% PG I and 54% PG I I . The 
s o l u b i l i t y of PG increased also as the pH of the c e l l walls in 
water was lowered below 3 (Figure 2) . The amount extracted was 
highest at pH 1.8 although i t was considerably less than that 
extracted at pH 6. The PG a c t i v i t y extracted at pH 1.8 was due 
exclusively to PG II. 

The effects of salts on the solubility of tomato PG was found 
to be highly dependent on the pH of the extraction solution. At pH 
1.8, the s o l u b i l i t y of PG increased with i n c r e a s i n g NaCl 
concentration to a maximum at about 0 .4 M NaCl (Figure 3). Only 
PG II was extracted at pH 1.8 by NaCl solutions as high as 0.1 M. 
As the salt concentration was increased further, PG I appeared and 
increased at the expense of PG II. The results can be explained by 
the involvement of PG converter i n the formation of PG I. 
Apparently the converter is insoluble in NaCl at low concentrations 
at pH 1.8 and thus is not available to react with soluble PG I I . 
However, the converter is solubilized from the c e l l wall fraction 
at higher concentrations of NaCl and as i t i s s o l u b i l i z e d , the 
converter reacts with PG II to yield PG I. 

At pH 6, the addition of NaCl to the extraction s o l u t i o n 
decreased the solubility of total PG, PG II, and e s p e c i a l l y that of 
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pH 

Figure 2. E f f e c t o f pH on t h e e x t r a c t i o n o f 
polygalacturonase from the c e l l wall f r a c t i o n of 
tomato. Reproduced with the permission of 
Reference 37 • 
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Figure 3. E f f e c t of NaCl c o n c e n t r a t i o n on the e x t r a c t i o n of 
tomato polygalacturonases at pH 1.8. o, t o t a l PG; 
• , PG I ; x, PG I I . Reproduced w i t h the permission 
of Reference 37. 
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PG I , t o m i n i m a a t about 0 . 1 5 M NaCl ( F i g u r e 4 ) . A p o s s i b l e 
e x p l a n a t i o n f o r the lower recovery of PG a c t i v i t y i n v o l v e s the r o l e 
of p e c t i n e s t e r a s e (PE) which accompanied PG i n these e x t r a c t s . The 
high l e v e l of PE i n the s a l t e x t r a c t s p l u s the enhancement o f PE 
a c t i v i t y by the ca t i o n s leads to r a p i d d e - e s t e r i f i c a t i o n of p e c t i n 
i n the c e l l w a l l f r a c t i o n . The n e g a t i v e l y charged p e c t a t e s t h e n 
a d s o r b t h e c a t i o n i c PG's and thus remove them from s o l u t i o n . 
E x t r a c t i o n of c e l l w a l l f r a c t i o n at pH 6 w i t h NaCl s o l u t i o n s h i g h e r 
t h a n 0 . 1 5 M i n c r e a s e d the y i e l d s of t o t a l PG a c t i v i t y and PG I to 
maxima at about 1.2 M NaCl (Figure 4 ) . However, the highest amount 
o f PG I I was o b t a i n e d w i t h 0 . 5 M N a C l . T h i s a g a i n i n d i c a t e s 
d i f f e r e n c e s i n s o l u b i l i t i e s of PG I I and PG c o n v e r t e r i n r e l a t i o n 
t o NaCl c o n c e n t r a t i o n . The amount of t o t a l PG a c t i v i t y e x t r a c t e d 
by 1.2 M NaCl was r e l a t i v e l y independent of pH over the range o f 2 
t o 9 . The y i e l d of PG decreased only when the pH was lowered to 1, 
w h i c h may r e f l e c t i n s t a b i l i t y o f t h e enzyme a t h i g h l y a c i d 
c o n d i t i o n s . 

A n other c o n s i d e r a t i o
i s the method f o r c o n c e n t r a t i n g the a c t i v i t y i n crude e x t r a c t s . 
The method t h a t i s commonly used i s p r e c i p i t a t i o n w i t h ammonium 
s u l f a t e followed by d i a l y s i s of the r e - d i s s o l v e d p r o t e i n a g a i n s t 
d i l u t e NaCl o r even water ( 3 0 . 3 6 . 38) . A study was conducted to 
dete r m i n e the recovery of PG a c t i v i t y by t h i s method compared w i t h 
u l t r a f i l t r a t i o n . An e x t r a c t of a washed c e l l w a l l f r a c t i o n was 
p r e p a r e d i n 1.0 M NaCl a t pH 6 . O n e - t h i r d of the e x t r a c t was 
u l t r a f i l t e r e d t o 20 ml and d i a l y z e d a g a i n s t 1.0 M N a C l . The 
r e m a i n i n g t w o - t h i r d s of the e x t r a c t was t r e a t e d w i t h ammonium 
s u l f a t e at 75% of s a t u r a t i o n . The p r e c i p i t a t e was d i s s o l v e d i n 40 
ml o f 1 . 0 M N a C l , and a l i q u o t s of the s o l u t i o n were d i a l y z e d 
against 0 .15 M and 1.0 M NaCl. R e l a t i v e to the PG a c t i v i t y i n the 
u l t r a f i l t r a t e , o n l y 43% and 78% of the a c t i v i t y was recovered i n 
the ammonium s u l f a t e f r a c t i o n s d i a l y z e d a g a i n s t 0 . 1 5 M and 1.0 M 
N a C l , r e s p e c t i v e l y . The much lower a c t i v i t y i n the f r a c t i o n 
d i a l y z e d against 0 .15 M NaCl was due p r i m a r i l y to the l o s s of PG I . 
These r e s u l t s e x p l a i n the low l e v e l s of PG I reported by Tucker et 
a l . ( 3 6 . ) . T h e i r p r o c e d u r e f o r p r e p a r i n g e x t r a c t s i n c l u d e d 
p r e c i p i t a t i o n w i t h ammonium s u l f a t e followed by d i a l y s i s against 
0.15 M NaCl. They found that o n l y about 10% of the a c t i v i t y was 
due to PG I i n e x t r a c t s of the f r u i t of two c u l t i v a r s of tomatoes. 

I have used the methodology d e s c r i b e d above t o s t u d y t h e 
changes i n PG I , PG I I , and PG converter i n r i p e n i n g tomatoes (39) * 
F r u i t were s e l e c t e d a t s i x stages of r i p e n e s s . The f r u i t softened 
markedly d u r i n g r i p e n i n g and the l e v e l of w a t e r - s o l u b l e p e c t i n 
i n c r e a s e d s h a r p l y . PG a c t i v i t y was f i r s t detected i n e x t r a c t s of 
f r u i t a t the t u r n i n g stage, i n agreement w i t h e a r l i e r r e p o r t s ( 2 3 . 
3 2 . 2 6 ) . PG I was the o n l y enzyme p r e s e n t i n t h e s e e x t r a c t s . 
PG I I was f i r s t found i n e x t r a c t s of f r u i t at the pink stage. On 
f u r t h e r r i p e n i n g , both enzymes increased markedly but PG I remained 
t h e m a j o r isoenzyme even at the o v e r - r i p e s t a g e . T h i s i s i n 
c o n t r a s t w i t h the r e s u l t s of Tucker et a l . (36) mentioned above and 
a l s o w i t h those of M o s h r e f i and Luh (38) that PG I was absent i n 
e x t r a c t s of r i p e tomatoes. The low r e c o v e r y of PG I i n both of 
these studies may be a t t r i b u t e d t o p r e c i p i t a t i o n o f PG I d u r i n g 
d i a l y s i s of the e x t r a c t s against 0 . 1 5 M NaCl ( 3 7 ) . 

Whereas the p o l y g a l a c t u r o n a s e s appeared a f t e r r i p e n i n g of 
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NaCl CONCENTRATION (M) 

Figure 4, E f f e c t of NaCl c o n c e n t r a t i o n on the e x t r a c t i o n of 
tomato polygalacturonase at pH 6. o, t o t a l PG; •, 
PG I ; x, PG I I . Reproduced w i t h the permission of 
Reference 37• 
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tomatoes began, PG converter was present in the fr u i t at the green 
stage. The level of PG converter remained low through the breaker 
stage and then increased with ripening. The presence of the 
converter in unripe tomatoes raises the p o s s i b i l i t y that PG I may 
be formed during extraction of ripening f r u i t . As PG II appears in 
the f r u i t , during the preparation of extracts the enzyme reacts 
with the excess of converter to form PG I. Thus free PG II is not 
found in the extracts u n t i l the enzyme exceeds the l e v e l of the 
converter. 

Polygalacturonases i n Peaches. Freestone peaches soften markedly 
during ripening, resulting in the characteristic juicy texture of 
peaches. Accompanying peach softening is a conversion of insoluble 
pectin to water-soluble forms (Figure 5 ) . The solubilization of 
pectin suggest8 that degradation of pectin occurs, but PG a c t i v i t y 
was not detected i n peaches in early studies (40) • The reason i t 
was not detected i s tha
much lower than that in
i t is necessary to use very long assay incubation period (41) or to 
concentrate the enzyme by u l t r a f i l t r a t i o n (42) to measure i t . But 
as i n tomatoes, PG a c t i v i t y appears in peaches near the onset of 
ripening and then increases sharply during ripening (Figure 5 ) . 

The PG a c t i v i t y i n ripe freestone peaches i s due to two 
enzymes ( 4 2 ) . In contrast to tomatoes which contain two endo-PG's, 
peaches contain an endo-PG but also an exo-PG ( 4 2 ) . The peach 
enzyme8 can be separated by chromatography on a Sephadex G-100 
column. The endo-PG has a pH optimum near 4 and is very e f f e c t i v e 
i n s o l u b i l i z i n g pectin from peach c e l l walls. The discovery of 
exo-PG in peaches represented the f i r s t time that this enzyme was 
found i n f r u i t t i s s u e . The exo-PG has a pH optimum near 5 .5 and 
requires C a 2 + for activity with an optimum concentration of 0 . 4 mM. 
It removes monomer units from the nonreducing ends of the substrate 
molecules. This enzyme does not s o l u b i l i z e the pectin from 
isolated peach c e l l walls. 

Ripening c l i n g s t o n e (non-melting flesh) peaches soften 
considerably less than do freestone peaches. They also retain more 
insoluble pectin, suggesting that less pectin degradation occurs. 
An examination of a number of cultivars of peaches (43) showed that 
a l l ripe freestone peaches contain approximately equal levels of 
endo-PG and exo-PG whereas clingstone peaches contain a high l e v e l 
of exo-PG but zero or very low endo-PG (Table II) . The absence of 
the endoenzyme in clingstone peaches i s consistent with the low 
s o l u b i l i z a t i o n of pectin and retention of fruit firmness in these 
peaches. Thus the markedly different textural c h a r a c t e r i s t i c s of 
the two types of peaches are accounted for by the difference in 
polygalacturonase composition. 

Polygalacturonases in Other F r u i t s . It has long been known that 
ripe pears contain a low level of PG ( 4 4 ) . Yamaki and Matsuda (45) 
found that PG a c t i v i t y was present in pears during the c e l l 
division stage and that i t decreased during the enlargement stage 
before i t increased markedly during ripening. We have extracted 
the PG activity from ripe D'Anjou pears and separated i t into two 
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Figure 5. Changes i n f r u i t f i r m n e s s , p o l y g a l a c t u r o n a s e , 
water-soluble and t o t a l p e c t i n i n peaches d u r i n g 
p o s t h a r v e s t r i p e n i n g ( 4 1 ) • Reproduced w i t h the 
p e r m i s s i o n o f R e f e r e n c e 41_. C o p y r i g h t 1971, 
I n s t i t u t e of Food Tech n o l o g i s t s . 
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Table II, Polygalacturonase activity in ultrafiltered extracts of 
peaches. 

Stone Endo Exo 
Variety freeness units/ml 

Baby Gold 6 cling 0 . 2 3 . 0 
Mountain Gold cling 0 . 2 2.6 
Suncling cling 0 . 2 4 . 2 
Fay Elberta free 4 . 6 4 . 8 
Sullivan Elberta free 4 . 0 3 . 8 

peaks by chromatography on Sephadex G-100 (Figure 6 ) . The enzyme 
in the f i r s t peak was ver
pectate and thus is a
optimum of 5 . 5 , required C a 2 + for activity, and i t s mode of action 
was consistent with that of an exo-PG (46.) . The exo-PG was the 
major PG in these pears. 

Another f r u i t that contains both endo-PG and exo-PG is papaya 
( 4 7 ) . PG activity has also been found in ripe avocados ( 4 8 ) , dates 
( 4 9 ) , and mangoes (50) , but these enzymes were not characterized 
for their modes of action. Bartley (51) extracted a low level of 
PG activity from ripe apples which he identified as an exo-PG. The 
apple enzyme degraded cortical c e l l walls releasing low molecular 
weight uronic acid residues and polyuronide. Immature cucumbers 
contain PG activity that increases during growth of the fr u i t ( 5 2 ) . 
The enzyme is an exo-PG but differs from other exo-enzymes in that 
i t is readily soluble in water and i t exhibits the highest rate of 
reaction with pectate, the largest substrate. McFeeters et a l . 
( 5 3 ) have isolated and characterized an endo-PG from ripe cucumber 
f r u i t . 

Polygalacturonases in Other Plant Tissues. PG activity is usually 
a s s o c i a t e d with ripe f r u i t tissues and, as we have seen, the 
activity can be due to an endo-PG, exo-PG, or to both enzymes. 
However, I have already mentioned the occurrence of PG activity in 
unripe tomatoes (21) , pears (45) , and cucumbers (52) . The enzymes 
i n green tomatoes and cucumbers have been characterized as 
exo-PG's. 

Exo-PG has also been reported to be present in carrot roots 
( 5 4 ) and c i t r u s leaf explants (55) . It occurred to me that this 
enzyme may be widely d i s t r i b u t e d i n higher p l a n t s and an 
examination of various tissues showed this to be true ( 5 6 ) . 

PG has been found i n seedlings of various plants including 
beans, corn, oats, and peas (Table III). In oat c o l e o p t i l e s , the 
a c t i v i t y was highest near the growing tip and i t decreased markedly 
as the distance from the t i p i n c r e a s e d . S i m i l a r l y i n pea 
seedlings, PG a c t i v i t y was highest in the plumules and hook, but 
the activity was quite high in the 1 cm section below the hook and 
c o n s i d e r a b l y lower i n lower s e c t i o n s of the epi c o t y l ( 5 7 . ) . 
However, PG was also found i n stem and leaf tissues from these 
plants. 
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Figure 6. S e p a r a t i o n of pear p o l y g a l a c t u r o n a s e s by 
chromatography on Sephadex G-100. 
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The PG i n oat seedlings has been p a r t i a l l y p u r i f i e d and 
characterized (56) . The molecular weight of oat PG was 6 3 , 0 0 0 , as 
determined by gel f i l t r a t i o n . The enzyme was optimally active 
between pH 5 . 0 and 5 . 5 in the absence and presence of added C a 2 + 

( F i g u r e 7 ) . The purified enzyme had low activity which was further 
reduced by EDTA and c i t r a t e . C a 2 + stimulated the enzyme, with an 
optimum concentration of 0 . 4 mM that produced a 7-fold increase i n 
reaction rate over the control. Higher concentrations of C a 2 + were 
i n h i b i t o r y , and the i n h i b i t i o n was g r e a t e s t f o r the l a r g e s t 
s u b s t r a t e , suggesting that the e f f e c t i s due to substrate 
i n s o l u b i l i z a t i o n rather than to actual inhibition of the enzyme. 
vmax a n d Km were d e t e r m i n e d f o r o a t PG a c t i n g on 
oligogalacturonides, polygalacturonates and pectate (Table IV). 
The highest reaction rates were obtained with moderately long 
substrates, but the enzyme had the highest a f f i n i t y for pectate, 
the l a r g e s t substrate  It was established that oat PG is an 
exo-enzyme that remove
the substrate molecule

Table III. Polygalacturonase activity in a variety of 
plant tissues. 

Tissue Polygalacturonase pH optimum Activation by 
0. 6 mM Ca2+ 

units/g X 
Red Kidney bean hypocotyls 0.52 5 - 5 . 5 65 
Blue Lake bean pods 0 . 3 4 5 160 
Seneca Chief corn seedling 0 . 5 4 5 - 5 . 5 43 
Seneca Chief corn plants 0 . 6 2 5 - 5 . 5 86 
Alaska pea seedling 0 . 2 4 4 . 5 - 5 100 
Swiss Chard stalks 0.21 5 - 5 . 5 44 
Pokeweed stems 0.17 5 - 5 . 5 — 

Better Boy tomato stems 0 . 1 8 5 . 5 84 
Butterbar squash stalks 0 . 1 0 4 . 5 — 

Asparagus shoots 0 . 7 2 5 . 5 66 
Turnip roots 0 . 4 2 4 . 5 - 5 64 
Red beet roots 0 . 3 0 5 — 

The PG in pea seedlings has also been determined to be an 
exo-hydrolase ( 5 7 ) . Based on small effects on the viscosity of 
pectate and on a c t i v a t i o n by Ca2 + , the PG's in the other sources 
lis t e d in Table IV appear to be exo-PG's. Endo-PG a c t i v i t y appears 
to be extremely low or absent i n vegetative and storage tissue. 
Other workers have found exo-PG in potato tubers ( 5 8 ) and i n 
suspension cultures of a liverwort (59) . 
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Figure 7. E f f e c t of pH on the a c t i v i t y of oat seedling 
polygalacturonase. 0 °, in the absence of 
added C a + + ; • •, in the presence of 0.4 
mM Ca + + . Reproduced with the permission of 
Reference 56. Copyright 1977, American Society of 
Plant Physiologists. 
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Table IV. Kinetic parameters of the hydrolysis of galacturonans by 
oat polygalacturonase. 

Substrate Km Maximum Velocity 

juM Relative 
Digalacturonate 290 0.2 
Trigalacturonate 210 0.6 
Tetragalacturonate 180 1.7 
Pentagalacturonate 160 1.9 
Reduced Pentagalacturonate 130 2.0 
Hexagalacturonate 140 2.3 
PGA III 74 3.0 
Reduced PGA III 68 2.9 
PGA II 46 3.8 
Reduced PGA II 48 4.1 
PGA I 
Pectate 
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Paramagnetic Ion S p i n - S p i n Coupl ing 
as Direct Evidence for Cooperative Ion Binding 
to Higher Plant Cell Walls 

Peter L. Irwin, Michael D. Sevilla1, James J. Shieh, and Carla L. Stoudt 

Agricultural Research Service, Eastern Regional Research Center, U.S. Department of 
Agriculture, Philadelphia, PA 19118 

Electron spin resonanc
periments were performed to estimate Mn2+ and Cu2+ near 
neighbor distances, thereby determining if carboxylate
-divalent cation complexes potentiate ion association at 
adjacent sites on cell wall polyuronides. Distances were 
estimated to be 12 and 14Å for Cu2+ and Mn2+, respec
tively. At the maximal bound ion concentration, the 
lattice constant {K} was ca. 2.5 indicating that 
approximately 6 paramagnetic ion near neighbor spin-spin 
interactions occur per dipole in the nearly-filled 
lattice. Competitive ion exchange with Ca2+ was found to 
reduce the Mn2+ spin-spin line broadening at similar total 
bound [Mn2+]; this could only be observed if Ca2+ competes 
with Mn2+ at adjacent sites. These data offer strong 
support for the sequential-cooperative ion binding 
mechanism. 

Polyuronides are a major component of the primary cell wall and 
middle lamella of higher plant cortical tissues (1, 2). These 
polymers are efficient cation exchangers (3, 4) and, thus, can 
affect ion activity, transmembrane potential and electrolyte 
flux (5). In addition, the divalent salts of pectic substances 

1Current address: Department of Chemistry, Oakland University, Rochester, MI 48063. 
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appear to play some structural role i n adjacent c e l l 
wall-to-wall adhesion (6-9) as well as exert st e r i c control over 
the a c t i v i t y of certain hydrolytic enzymes (7, 8). 

Solution studies on the binding behavior of polygalactu-
ronate and polyguluronate (10-16) indicate that a molecular size 
dependent cooperative ion binding takes place (12, 13). Some 
authors (11, 15) have proposed that these acidic polymers bind 
divalent cations i n electronegative cavities between chains l i k e 
"eggs i n an egg box". L i t t l e information has been available with 
regard to the ion binding mechanism or the polyuronide-cation 
aggregate structure i n s o l i d matrices (3-5, 17). 

In this paper we w i l
19) which supports the concept that carboxylate group-divalent 
cation complexes potentiate ion association at adjacent binding 
sites (the sequential binding mechanism, 18). We w i l l also 
present evidence that the cation-polyuronide aggregate structure 
i s similar to the model proposed for polyuronides i n solution 
(11), that polymer blocks exist i n three dimensional l a t t i c e s 
low i n methyl ester content and that subtle conformational 
changes can be observed with this ESR technique (19). This 
method could prove useful i n the elucidation of the structural 
mechanisms of certain developmental changes i n plant tissues 
(e.g., ripening, abscission, extensive growth, etc.; 6-9, 19). 

Materials and Methods 

Intact c o r t i c a l tissues of Malus pumila {cv. Golden Delicious} 
f r u i t were used throughout these experiments. Tissue f i x a t i o n 
and determination of free {e.g., nonmethylated} uronic acid 
concentrations were described previously (18). 

For the ESR experiments, intact tissues {lxlx4mm} were 
equilibrated at pH 5 i n water for 15 min. and decanted; this 
procedure was repeated thrice. About 10-40 mg dry weight of 
c e l l wall complex was used for each treatment combination. 
Samples were equilibrated {22±2°} i n 10 ml of various 
concentrations of Mn 2 + (18, 19), Mn 2 + with C a 2 + (18) or Cu 2 + 
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(19). After ca. 24 hrs., the solutions were decanted and tissue 
specimens washed thrice i n {pH 7} water, allowing 15 min. 
equilibration i n each wash. After an additional 1 hr. soak, 
this washing procedure was repeated. Samples were dehydrated 
with ethanol and c r i t i c a l point dried as described previously 
(18, 20). Some samples were rehydrated i n a saturated water 
vapor chamber (19) at 160 torr and 22°C. A l l samples were 
immediately loaded and sealed i n 3x120 mm quartz ESR tubes. 
After each experiment, the samples were removed, washed i n 
methanol, vacuum dried at 35°C, weighed, and dry-ashed for 

2+ 2+ 
atomic absorption spectrophotometri

2+ 
and/or Cu using standard procedures (18, 19). 2+ 2+ 2+ Mn and Cu ESR spectral parameters, Mn linewidths 
{AHj^j (H)/dH]max^ a n (* dimer-only nearest neighbor distance 
parameter {d} calculations were as previously described (18, 
19). A l l experiments i n this report were run at near l i q u i d ^ 
temperatures {-176 to -180°C} to avoid certain relaxation time 

2+ 
phenomena which can be problematic (19). Cu linewidths were 
calculated d i r e c t l y from the f i r s t derivative gj^component (19) 
as the difference i n f i e l d strength {G} between the maximum and 
minimum amplitude. This empirical measure of linewidth was 
found to be d i r e c t l y porportional to the true linewidth as 
determined by an anisotropic simulation routine (21); this 
simulation showed that the true linewidth {AHr , t / „ n , , „ ! 

1 [dI(H)/dH]max, 
Figure 3} was equal to the empirical measure, described above, 
divided by 1.17 (19). 
Results and Discussion 

2+ 
The results i n Figure 1 demonstrate that c e l l wall bound Mn i s 
associated with an acid t i t r a t a b l e s i t e ; similar results have 

2+ 
been obtained with Ca . Polyuronides are the most l i k e l y ion 
binding species since they are the predominant anionic component 
(2, 20) i n these tissues. 

From the standpoint of the ESR experiment, i o n i c a l l y bound 
paramagnetic ions can be treated as fixed points which interact 
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1 5 10 15 
FRACTION NUMBER (15ml) 

2+ 
Figure 1. Ti t r a t i o n of Mn off intact c e l l wall matrices 
under mildly acidic conditions. Reproduced with permission 
from Ref. 18. Copyright 1984, Biochimica et Biophysica Acta. 
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only through their couplings with each other (22). Thus, any 
i t h spin i n the midst of other paramagnetic transition ions 
bound within a s o l i d matrix, such as these c e l l wall matrices, 
has a t o t a l spin interaction p r o f i l e equal to the sum of the 
spin-spin and exchange interactions (22). In this summation, the 
series converges to a value which depends only on those dipoles 
i n the v i c i n i t y of each i t h spin and, thus, i s the same for a l l 
the dipoles of the same type i n the l a t t i c e . Of these terms, 
spin-spin interactions cause li n e broadening (23) and are 
proportional to the inverse cube of the distance between q 
interacting spins (1/r 22-26) as described by the square 

root of the second momen  (  ; , , )
l i n e : 
<Av 2> 1 / 2 = { 3 / 5 . g 4 p V 2 . S [ S + l ] . I . l / r 6

i j } 1 / 2 ; (1; units i n Hz) 

whereupon g, (3 and h have their usual values and S represents 
2+ 

the t o t a l electron spin of the ion {S=5/2 for Mn and 1/2 for 
2+ 

Cu }. In nonmagnetic insulators (28), linewidths and -shapes 
agree with basic Van Vleck theory (23). However, as 
paramagnetic ions approach one another (r< 5-10 A; 25) the 
linewidths are affected by exchange coupling (29). While 

2 
<Av >!s are independent of the exchange term (2J..S.'S. = 2J..S.S.cosO, where J . , i s the "exchange integral" 

I J I j I J I j ' I J 5 6 

and 0 i s the angle formed between the i t h - j t h spins and the 
magnetic f i e l d ; 22, 30) the lineshapes no longer remain 
Gaussian, become mixed (27) and line narrowing results (23, 29, 
31, 32). Figures 2 and 3 i l l u s t r a t e that, relative to the 
spin-spin interactions, we have l i t t l e exchange since the 
linewidths of the bound dipoles only broaden as the 
concentration increases. 

2 
We (18) have simplified the <Av > relationship by making 

use of the fact that, for a Gaussian l i n e , the linewidth i s 
2 1/2 

2<Av > 1 . In this relationship 
^[dlOO/dHjmax = 28690.GA 3.{S[S+l ] } 1 / 2 . K/d 3; (2; units i n G) 
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2oA> 

01 i i i i — 
0 5 10 15 20 

MOLES Mn2*/g x I0"5 

2+ 
Figure 2. C e l l wall bound Mn concentration dependency of 
linewidth ^[^(uj/dHjmax^' <^i-'-ute l i m i t nearest neighbor 
distance parameters {d assuming K=l} and l a t t i c e constants {K } . 
Open symbols represent hydrated samples, closed sumbols 
represent dry samples. Squares and c i r c l e s represent the 
results of two independent experiments. The d values used to 

o 

calculate K were 13.72 and 16.3A for dry and hydrated tissues, 
respectively. Reproduced with permission from Ref. 19. 
Copyright 1985, Biochimica et Biophysica Acta. 
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_ 20 

"° 10 

0 

160 

^ 5 0 

6 8 10 
MOLES Cu /g x I0"5 

2+ Figure 3. Cu linewidth {A H J ^ J (H)/dH]max^ a n d ̂ ^^-ute l i m i t 

nearest neighbor distance parameters' dependency {d assuming K 
2+ 

1} on c e l l wall bound Cu at -180 C. A l l samples were 
dehydrated. The dilute l i m i t AH, dI(H)/dH]max intercept {dotted 
line} i s ca. 56 G. Reproduced with permission from Ref. 19. 
Copyright 1985, Biochimica et Biophysica Acta. 
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&&KiATfv\/jui i s the incremental change i n linewidth relative LdI(HJ/dHJmax 2 ° 2 + 

to a dilute glassy matrix containing Mn or Cu ; d i s the 
nearest neighbor distance parameter. The l a t t i c e constant {K} 
depends upon the arrangement of the ions i n the l a t t i c e and i s 
unity for a 2-spin system, 1.42 for a linear array of spins and 
about 2.85 for a f i l l e d cubic l a t t i c e (18). We can closely 
approximate the dimer-only d values {when K=l} from the 
extrapolated zero concentration-AH^-j-^^^j^^^ intercept for 
Mn 2 + {Figure 2} and Cu 2 + {Figure 3}; this calculation provides 
the most rel i a b l e results when u t i l i z i n g Van Vleck theory (23). 
Using this approach, the dimer-only d values were calculated 
{equation 2} to be ca

2+ 
and Mn , respectively. This small difference i n d could be due 

2+ 
to the fact that Cu , unlike other transition ions such as 

2+ 
Mn , loses a portion of i t s sh e l l of hydration upon binding 
(33, 34) which causes these ions to have an almost covalent 
character probably resulting from a more compact l a t t i c e 
structure (19). These distances (12x the intrachain carboxylate 
spacing; 15, 35) are observed at very low bound ion concentra
tions and argue for a special form of cooperative ion binding 
which we have refered to as sequential (18). This mechanism i s 
also suggested by the r e l a t i v e l y small change i n d, after the 

2+ 2+ 
i n i t i a l rapid increase, as the l a t t i c e f i l l s with Mn or Cu . 
The r e l a t i v e l y small increase i n d as the binding sites 
gradually f i l l i s l i k e l y due to a change i n the number of near 

~ 2 
neighbors ( ~ K ; 19, 26). Figure 2A shows calculated K values 
assuming a constant d. If the sequential ion binding model i s 
true, K should approach zero only at low concentrations {e.g., 
ca. 10 ^ moles/g} where a significant portion of the i t h dipoles 
experience no interactions with neighboring spins. Figure 2A 

2+ 
clearly demonstrates this feature. From the K-[Mn or 

2+ Cu ], , relationship we calculate that the K value i s ca. bound m a x 

2.5. We can u t i l i z e K m a x to closely approximately the number 
of nearest neighbors even for samples having an extended array 
because of the decreased weighting of distant interactions. The 
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2 
values for K indicate that the average number of near max & 

spin-spin interactions per i t h spin i s ca. 6 and i s evidence for 
an egg box-like divalent cation-polyuronide aggregate structure 
(10, H, 16, 36, 37) of the n e a r l y - f i l l e d l a t t i c e . The large 2 also argues for the existance of pockets or regions of 
K max 
nonmethylated polymer existing contiguously i n the c e l l 

2 
wall/middle lamella matrix (19) since K i s larger than 

— max 
expected for a highly methylated pectic polysaccharide matrix 
(20). Upon equilibrium hydration {Figure 2B and C, open 

o 
symbols} the dimer-only distance parameter increases about 2A 
{10G decrease i n AH[dI(H)/dH]ma
This change i s not l i k e l y to be due to the hydration of the 
transition ions alone because bound divalent cations, such as 
2+ 

Mn , have a rather significant aquoshell even i n the dehydrated 
state (19). This observation, i n conjunction with other data 
(19), indicate that the higher order structure of c e l l wall 
polyuronides changes as a function of temperature, degree of 
hydration and polymer size. 

Lastly, i f the sequential ion binding hypothesis i s true, 
competitive exchange with a nonparamagnetic ion should reverse 

2+ 
the broadening effect. We find that the Mn spin-spin l i n e 
broadening effect i s largely lost when c e l l wall material i s 

2+ 2+ 
exchanged with both Mn and Ca {Figures 4 and 5} while 

2+ 
keeping the t o t a l bound Mn constant. For example, both f i r s t 
derivative spectra i n Figure 4 are obtained from wall material 2+ -5 having equivalent levels of bound Mn {ca. 4 x 10 moles/g}; 
however, spectrum B i s qua l i t a t i v e l y similar to those obtained 2+ 0 

from dilute Mn glycerol/water solutions at - 176 C. The small 
hyperfine lines seen i n the least broadened spectrum {B} are due 
to the effect of the crystal f i e l d (38) on the Zeeman levels. 
Spectra with q u a l i t a t i v e l y identical crystal f i e l d s p l i t t i n g s 2+ ° were obtained from dilute Mn glasses at - 176 C and are 
evidence that the crystal f i e l d contribution to lineshape i s 
effectively the same i n both cases. We have also found that the 2+ 2+ Mn line broadening, which results from Mn near neighbor 
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(AT/ZiAj) 100 
A 3 | \ 

(AT/ZiAj) 100 

J — H r. A 
\ A

T 

Figure 4. F i r s t derivative ESR spectra of c e l l wall absorbed 
2+ 2+ Mn as a function of bound Ca . The sample represented i n 

-5 2+ 
spectrum A has ca. 4 x 10 moles Mn /g dry weight {X^n2+ = 
1}; the sample represented i n B has an equivalent le v e l of 
paramagnetic ion but X â2+=0.7. Inset spectrum: I l l u s t r a t i o n 
of the empirical l i n e broadening factor, LBF = {A^/IjA^lOO. 
Reproduced with permission from Ref. 18. Copyright 1984, 
Biochimica et Biophysica Acta. 
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Figure 5. Changes i n linewidth as measured by the lin e 
broadening factor {LBF, triangles} and calculated paramagnetic 
ion nearest neighbor distance parameters {d, circles} as a 

2+ 
function of X^l*. The fraction of sites f i l l e d by Mn are 
approximately the same (22.4±1.5%) for each sample though the 
LBF values vary between 64 and 30; thus, the change i n l i n e 
broadening can only be associated with a competitive binding 
effect. Reproduced with permission from Ref. 18. Copyright 
1984, Biochimica et Biophysica Acta. 
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spin-spin interactions, is reduced greatly as the mole fraction 
2+ 

of [Ca ]bound {Xr 2+, Figure 5} increases at the same total 
2+ 

bound [Mn ]. The linear relationship observed between d and 
X 2+ 

Ca is expected if a lattice consists of a uniform sequential 
array of bound ions (39). These data also indicate that the 2+ 2+ binding of Ca to cell wall polyuronides is similar to Mn 
Conclusions 
From these studies (18, Ij)) we conclude that certain divalent 
cations bind to the cell wall polyuronides in a spatially 
sequential fashion. This form of association can be thought of 
as a special case of cooperativ
initial cation lowers the potential energy for binding only at 
nearby sites {e.g., l-2x the intrachain carboxylate distance}. 
This type of ion binding is implied by the proposed egg box 
structure (11) and is supported by these data (18, 19). Our 
results also indicate that a large proportion of pectic 
substances exist contiguously in three dimensional lattices low 
in methyl ester content and that the relative positions of the 

o 
point dipoles increases ca. 2-3A upon hydration, probably under 
the influence of alterations in the conformation of the 
polyanionic ligand. Other data (19) indicate that 
hydration-induced changes {Figure 2} in the apparent relative 

2+ 
position of bound Mn is at least partially controlled by the 
polymer1s structure. 
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Softening of C o o k e d Snap Beans and Other Vegetables 
in Relation to Pectins and Salts 

Jerome P. Van Buren 

Department of Food Science and Technology, Cornell University, Geneva, NY 14456 

The use of monovalent salt solutions as cooking media 
caused a greater softening than when vegetables were 
cooked in distille
by leaching befor
additional softening with salts was the result of two 
separate actions. One action, associated with the 
solubilization of part of the tissue Ca++, took place 
when the salt was used either before or after cooking. 
The other action, requiring the presence of salt during 
cooking, was associated with the appearance of higher 
liquor pectin concentrations. A blanch temperature of 
71°C resulted in snap beans that softened more slowly 
when cooked in distilled water and had a slower rate of 
salt-induced softening than was the case with snap 
beans blanched at 90°C. 

Two concepts have dominated the interpretation and design of research 
concerned with the softening of vegetables during heat processing. 
One idea has been the association of pectin depolymerization and 
solubilization with the loss of firmness (JJ • The other idea deals 
with the ability of Ca*4* to increase firmness and tissue adhesiveness 
in cooked tissues (£, 3). In well cooked non-fibrous vegetables the 
firmness is determined largely by the strength of intercellular 
adhesion localized at the middle lamella. Variations in firmness 
that are produced in such tissues can be considered the result of 
reactions and interactions that take place with the pectins and other 
components of this restricted region. 

Softening of fruits and vegetables during heating appears to 
occur through two different pectin degrading reactions depending on 
the pH of the tissue. Doesburg (Jj has proposed a useful generaliza
tion that softening below pH 4 is consistent with an acid catalyzed 
cleavage of the cell wall polysaccharides, while at pH levels over 5, 
the normal conditions for vegetables, softening is consistent with a 
pectin depolymerization reaction that has the characteristics of a 
8 -elimination reaction catalyzed by hydroxyl ions (JL) and inhibited 
by demethoxylation of pectins . 

0097-6156/ 86/0310-0190506.00/0 
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A large body of research indicates that Ca functions largely 
through i t s interaction with pectin+|£, £, £.) . Removal of a part of 
the pectin limits the ab i l i t y of Ca + to restore firmness to original 
levels i n tissues like potatoes (jl), while extraction of Ca with 
chelating agents results i n the solubilization of a large part of the 
c e l l wall pectin. 

Many studies have demonstrated that the addition of monovalent s a l t s 
to vegetable tissues before cooking r e s u l t s i n a softer cooked 
product. Some of the e a r l i e r work was done with potatoes. 
Investigations by Davis and LeTourneau MO) f Table I, using higher 
cooked potato weight as an index of higher cohesiveness, showed a 
decreased cohesiveness when NaCl and KC1 were used. The cooked 
potato weight, measured af t e r draining on a sieve  was lower when 
monovalent s a l t s wer
increased cohesiveness.
to compression f or potatoes cooked with monovalent salt. Peas also 
respond to NaCl (12., H ) , giving a softer texture when higher con
centrations of s a l t were added before the s t e r i l i z a t i o n process, 
Table I I . Sterling (Ji) found that carrots were softer when cooked 
with monovalent s a l t s or when higher pH levels were used. Similar 
results were found by Mattson (15) using dried peas as the test 
material. 

Table I. Effect of salts on the cohesiveness of cooked potatoes 

Cohesiveness, 
Salt i n cooking solution cooked potato weight units 

NaCl 0.008 M 85 
KC1 0.008 M 87 
KC1 0.512 M 10 
CaCl 2 0.008 M 120 

D i s t i l l e d water 101 

Cooked for 24 min at 100 UC. From Ref (1£L). 

Table II. Effect of NaCl on canned pea firmness 

Pea 
variety 

Shear Dress values. lb 
Pea 

variety 0 
$ NaCl i n brine 

1 2 3 

Alaska 245 222 201 197 
Alaska 236 220 203 175 
Perfection 229 

O U " -

244 221 202 

Cooked for 30 min at 240 UF.~ From Ref (11). 
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The major c a t i o n present i n f r u i t s and v e g e t a b l e s i s K + . I t s 
c o n c e n t r a t i o n c a n be a f f e c t e d by e n v i r o n m e n t a l f a c t o r s , p r i n c i p a l l y 
the amount of a v a i l a b l e K i n the s o i l s o r r o o t media CUD. D i f f e r e n t 
a p p l i c a t i o n s o f K r e s u l t e d i n more than a t w o - f o l d d i f f e r e n c e i n snap 
bean pod K ( J l ) , Table I I I . Higher pod K l e v e l s were a s s o c i a t e d w i t h 
s o f t e r b e a n s when m e a s u r e d a f t e r a s t a n d a r d c a n n i n g p r o c e d u r e . 
F i r m n e s s v a l u e s i n t h i s t a b l e and i n T a b l e s I V - V 1 and i n F i g u r e s 1 
and 2 were o b t a i n e d as k g f o r c e r e s i s t a n c e t o compression i n a back 
e x t r u s i o n c e l l ( 1 7 ) . 

Table I I I . E f f e c t s o f K f e r t i l i z a t i o n on the f i r m n e s s o f canned 
snap beans grown i n sand c u l t u r e 

F e r t i l i z a t i o n 
w i t h K 
meq/1 

B l a n c h 
t reatmen

Canned 
bean f i r m n e s s 

Jit 

F r e s h Can 

0 . 3 82 u C / 2 min 59 0.45 
None 41 0.98 0.56 

6 . 0 82 °C/2 min 42 1.21 
None 33 2 . 6 0 1.17 

Canning heat treatment was at 115 C f o r 20 min. Source: 
Reproduced with permission from reference 17. Copyright 1982 
I n s t i t u t e of Food Technologists. 

Table IV . E f f e c t o f l e a c h i n g and NaCl on snap bean f i r m n e s s 

Treatment 
F i rmness L i q u o r C a , 

Beans Can media k g f o r c e ug/ml 

Leached D i s t i l l e d water 53 42 
Leached 0.145 M NaCl 38 63 
Not l e a c h e d D i s t i l l e d water 43 79 
Not l e a c h e d 0.145 M NaCl 34 90 

Leachings were a f t e r blanching and overnight i n d i s t i l l e d water 
at 2 °C. Snap beans cooked 20 min at 115 °C. Source: 
Reproduced with permission from reference 18. Copyright 1983 
I n s t i t u t e of Food Technologists. 

S i n c e h i g h e r t i s s u e s a l t s caused s o f t e n i n g , i t was o f i n t e r e s t 
t o see i f t h e r e m o v a l o f s a l t s p r i o r t o the c a n n i n g p r o c e s s would 
r e s u l t i n f i r m e r beans ( 1 8 ) . S a l t s were removed by l e a c h i n g b l a n c h e d 
b e a n s o v e r n i g h t i n d i s t i l l e d w a t e r . A f t e r c a n n i n g , the f i r m n e s s o f 
the l e a c h e d beans was h i g h e r than f o r t h o s e n o t l e a c h e d , T a b l e I V . 
The u s e o f NaCl i n the c a n n i n g media l e d t o s o f t e r cooked beans than 
when the c a n n i n g media was d i s t i l l e d w a t e r . 

S i n c e the f i r m n e s s o f heat t r e a t e d v e g e t a b l e s c a n be i n f l u e n c e d by 
b o t h t h e e x t e n t o f p e c t i n d e p o l y m e r i z a t i o n and p e c t i n i n t e r a c t i o n 
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501 1

NaCl CONCENTRATION IN SOAK SOLUTION, MOLARITY 

F i g u r e 1• The e f f e c t o f s o a k i n g c a n n e d s n a p b e a n s i n N a C l 
s o l u t i o n s o n t h e r e l a t i v e f i r m n e s s o f t h e s o a k e d b e a n s . 
R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f 1 9 . C o p y r i g h t 1 9 8 4 , 
' I n s t i t u t e o f Food T e c h n o l o g i s t s ' * 

DISTILLED 
WATER 
C O O K . 

N O 
AFTER C O O K 

SOAK 

KCI, 
0.13M, 
SOAK 

C o C U 

0.044M, 
SOAK 

KCI, HEXAMETA-
0.UM, PHOSPHATE, 
THEN 0.002M, 

C o C » 2 / SOAK 
0.044M 
SOAKS 

Figure 2. The e f f e c t o f s o a k i n g c a n n e d s n a p b e a n s i n K C I , 
C a C l , o r Na h e x a m e t a p h o s p h a t e s o l u t i o n s on t h e i r f i r m n e s s . 
R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f 1 9 . C o p y r i g h t 1 9 8 4 , 
' I n s t i t u t e of Food T e c h n o l o g i s t s ' , 
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with Ca , both these mechanisms could have been involved to produce 
the firmness e f f e c t s seen with monovalent salts present during the 
cooking. This possibility was tested i n experiments where salts were 
added either before (salt cook) or after (salt soak) canning, Table V 
(18.)• Snap beans canned without NaCl were firmer, and t h e i r can 
liquor had l e s s soluble pectin and C a + + , than was seen for beans 
where NaCl was present during canning. When beans, previously canned 
without added salts, were soaked for an extended period i n their own 
can liquor augmented with NaCl the r e s u l t i n g soaked beans had an 
intermediate firmness and liquor Ca + + concentration between those of 
samples cooked with and without NaCl. No change was seen i n the 
liq u o r pectin concentration from that seen when the snap beans had 
been cooked without NaCl. 

Table V. Effect of NaCl  added before or after cooking

Treatments Firmness Liquor Ca Liquor pectin 
Cooking media After retort kg force jig/ml mg/ml 

NaCl, 0.20 M Held i n can 23 94 2.6 
liquor 

D i s t i l l e d Held i n can 42 49 2.1 
water liquor 

D i s t i l l e d Held i n can 30 86 2.1 
water liquor plus a 

NaCl to give 
0.20 M NaCl 

^ S o l i d s a l t s were d i s s o l v e d i n l i q u o r decanted from opened cans, 
then the l i q o u r was returned to the beans. Beans were then held 3 
days at 1 °C with o c c a s i o n a l g e n t l e mixing p r i o r to tex t u r e 
measurement and l i q u o r sampling. Source: Reproduced with permission 
from reference 18. Copyright 1983 I n s t i t u t e of Food Technologists. 

It appears that the presence of monovalent s a l t during cooking 
enhanced both pectin s o l u b i l i z a t i o n and C a + + displacement into the 
liquor, and that the use of the same concentration of s a l t a f t e r 
cooking i n d i s t i l l e d water displaced Câ "1* but did not increase the 
liquor pectin concentration. Salt-enhanced pectin s o l u b i l i z a t i o n 
required cooking, but enhanced C a + + displacement took place apart 
from cooking. Both consequences of the presence of s a l t s were as
sociated with decreased canned bean firmness. 

The effects of adding salts after cooking 

The above r e s u l t s showed that two salt effects on firmness could be 
separated from each other. The influence on firmness of the Ca 
displacement action could be measured by determining the relative 
firmness, compared to unsoaked beans given a normalized value of 100, 
when cooked snap beans were equilibrated with a monovalent salt 
solution (19.) by soaking at 1°C for 3 days. As the concentration of 
NaCl i n the soak solution was increased, Figure 1, the pod firmness 
decreased. But even at rather high concentrations of NaCl the 
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firmness of the beans was s t i l l appreciable. The loss i n firmness 
was mirrored i n increased soluble Ca , Figure 3. After soaking i n 1 
M NaCl about 25% of the original pod Ca remained bound to the pod 
tissue; this may represent strongly bound C a + + that makes a par
ticularly effective contribution to pod firmness. 

The displacement effect of KCI in decreasing firmness of snap 
beans cooked earlier i n d i s t i l l e d water can be seen i n the bar chart 
of Figure 2. Bars not surmounted by the same l e t t e r s were s i g 
n i f i c a n t l y d i f f e r e n t at the P<0.05 l e v e l . The soakings i n the 
indicated solutions were for 3 days at 1°C. Here the effect of CaCl 
addition i n increasing firmness i s also shown. Pods that had been 
softened by KCI had much of their firmness restored by a subsequent 
CaCl solution soak. The e f f e c t of Na hexametaphosphate was to 
decrease the firmness to about 25% of that for the o r i g i n a l canned 
beans. This material i s an effective chelator of Ca and i t s use 
results i n the solubilization of a large part of the pod pectin. 

Addition of salts befor

The action of s a l t s added before cooking, separate from the C a + + 

displacement e f f e c t , can be obtained as the difference i n values 
between pods cooked i n salt solution and those cooked i n d i s t i l l e d 
water, then soaked i n salt solution. This number, after division by 
the value for pods cooked i n d i s t i l l e d water and m u l t i p l i c a t i o n by 
100, g i v e s a normalized, dimensionless measure of s a l t e f f e c t s 
e l i c i t e d by cooking (20). For softening, there i s obtained a B s a l t 
cook softening effect", and, for the solubilization of pectin, there 
i s obtained a "salt cook pectin s o l u b i l i z i n g e f f e c t " . The r e s u l t s 
given i n Table V can be calculated to show a s a l t cook softening 
effect of 17 and a salt cook pectin solubilizing effect of 24. 

Table VI. Comparison of two blanch and cook time treatments 
that give cooked beans of similar firmness 

Blanch temperature 71UC 90UC 
Cook time, minutes at 115 °C 40 5 
Firmness, kg force, d. w. cook 53 48 
Salt cook softening effect, 20 19 

0.2 M NaCl 
Liquor pectin, d. w. cook, 2.6 2.8 

mg/g 
Salt cook pectin solubilizing 77 55 

effect. 0.2 M NaCl 
From Ref (20). 

The cook dependent salt effects were examined i n beans receiving 
d i f f e r e n t blanch treatments which modified cooking behavior through 
differences i n the degree of enzymatic demethoxylation (21 > 22) • The 
higher temperature blanch led to l e s s pectin demethoxylation. 
Various combinations of cooking time and temperature were used. 
There was a slight depression of several tenths of a pH unit cause by 
the presence of NaCl during cooking, but t h i s pH depression had no 
s i g n i f i c a n t relation to the salt cook effects.A convenient manner of 
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80 -

i i i i 

0.25 0.50 0.75 1.0 
NaCl CONCENTRATION IN SOAK SOLUTION, MOLARITY 

Figure 3- The e f f e c t of soaking canned snap beans i n NaCl 
s o l u t i o n s on the % of the pod calcium solubilized by the soak. 
Reproduced with permission from Ref 19. C o p y r i g h t 1984, 
•Institute of Food Technologists', 
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making comparisons between treatments that affect the softening rate 
i s to compare canned products that have si m i l a r firmness values. 
This reduces the uncertainties i n assessing the significance of 
firmness differences. The comparison given i n Table VI (20) snogs 
that 40 minutes cooking time was required for beans blanched at 71 C 
to reach a firmness similar to that obtained after 5 minutes cooking 
for beans blanched at 90°C. Therefore, the softening reaction(s) i n 
beans that had received the lower temperature blanch were con
siderably slower than i n the case of beans that had received the high 
temperature blanch. The salt cook softening effect was the same for 
both blanch treatments, indicating that the rate of the reaction(s) 
giving r i s e to the s a l t cook softening effect was affected by the 
blanch treatments i n a similar manner as for the rate of softening i n 
the d i s t i l l e d water cook. 

Both treatments had s i m i l a r concentrations of liquor pectin 
a f t e r the indicated cooking times  This i s consistent with other 
findings that the extent
to the degree of softenin

When longer cooking times were employed the s a l t cook e f f e c t s 
became smaller (20); the values for firmness and liquor pectin ob
tained for beans cooked with s a l t came close to those for beans 
cooked i n d i s t i l l e d water and subsequently soaked i n salt solution. 
This suggested that the salt present during cooking was acting on the 
same type or f r a c t i o n of pod pectin as was being solubilized during 
the d i s t i l l e d water cook. It i s quite possible that the s a l t cook 
softening and pectin s o l u b i l i z i n g effects are measures of the same 
reaction i n cooking tissue. 

This study also showed that CaCl had a softening effect masked 
by the commonly seen firming action or Ca**, Table I and Ref ( ± 9 . ) . 
When bean pods, cooked earlier in either CaCl solution or d i s t i l l e d 
water, were soaked i n the same type of s a l t s olution i n order to 
create s i m i l a r cooked pod s a l t concentrations the beans cooked i n 
d i s t i l l e d water had significantly firmer texture. 

Discussion 

The a b i l i t y of monovalent s a l t s to increase softness apart from 
heating may be related to Ca*"*" displacement (21). Ca firms tissues 
i n the absence of any heating, although i t s action i s most e a s i l y 
seen i n tissues that have lost their turgor (24). Addition of Ca 
increases the firmness of potato tissues while i t s removal softens 
them (2) . Digestion of tissue pectin by pectolytic enzymes results 
in the s o l u b i l i z a t i o n of Ca** (25). It appears that Ca has an 
important role i n s t a b i l i z i n g and enhancing the association between 
pectin polymer chains that i s necessary for binding tissue c e l l s 
together and for tissue firmness. 

Interactions between pectins and Ca** can consist of both i o n i c 
i n t e r a c t i o n s and coordination bonds. Ionic interactions involve 
negative groups on the pectin and are related to the degree of 
methoxylation (26). Pectin oxygen atoms interact with unfilled Ca 
orbitals to give coordination bonding and may r e s u l t i n configura
t i o n s such as the vegg box 1 structure proposed for Ca -pectin 
complexes by Rees and Welsh (21) • The presence of carbonyl groups on 
the pectin enhances coordination (28). The action of the monovalent 
c a t i o n s may be to compete w i t h Ca** f o r i o n i c a n d / o r 
coordinate bonding to the pectins. 
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The enhancement of tissue softening and pectin solubilization 
during heating caused by the presence of salts may be associated with 
3-elimination pectin depolymerization (£, £9.). However, there is 
very l i t t le direct evidence for this mechanism in intact tissues 
outside of some careful observations by Keijbets (3£) . Other 
analytical evidence is indirect and obtained from reactions carried 
out on purified vegetable tissue fractions (31, 32). Some workers 
have not seen evidence of significant 3-elimination (33) and sug
gested that other mechanisms may have more important roles. The 
difficulties in detecting or dismissing 3-elimination of pectin in 
heated whole vegetable tissues arise from the lack of specificity for 
the analytical methods combined with the presence of interfering 
materials in whole tissue extracts (30). 

Despite these difficulties in measurement there is considerable 
indirect support for the 3-elimination hypothesis. Conditions that 
increase the rate of 3 -elimination in model systems also increase 
the rate of softening durin
(32.9 3A) and higher methoxylatio
softening. 

The participation of 3-elimination in the salt cook effects is 
suggested by the indications that the same reaction(s) responsible 
for softening during cooking in distilled water is involved in 
producing the salt cook softening effect (20). Model system studies 
(31) have shown that salts enhance the rate of 3 -elimination at pH 
values close to 6.0, especially when present at molar concentrations 
the same or higher than the molar concentrations of uronide residues. 
Also suggestive is that demethoxylation by the use of a low tempera
ture blanch slowed the rate of softening and pectin solubilization 
due to the salt cook effect (20). 

However, the comparatively small salt cook softening effect 
brought about by Ca + (20.) was not consistent with work on model 
systems (31) which showed Ca"1"* to be very effective in enhancing 3 -
elimination. Further research is needed to establish the relative 
importance of 3-elimination as a mechanism for vegetable tissue 
softening during cooking. 

In conclusion, there exists a significant interplay between 
salts and pectins in determining the firmness of cooked vegetables. 
At least two phenomena are involved in this, an interaction between 
monovalent salts and Ca + + affecting pectin matrix adhesive charac
terist ics , and an enhancement by salts of softening and pectin 
solubilizing reactions associated with the heating process. These 
phenomena might be utilized in controlling the textural properties of 
cooked and canned vegetables. 
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Effects o f Freezing and Frozen Storage 
o n the Characteristics of Pectin Extracted 
from Cel l Walls 

D. S. Reid, J. M. Carr, T. Sajjaanantakul, and J. M. Labavitch 

Department of Food Science and Technology, University of California, Davis, 
Davis, CA 95616 

The effect of freezing and frozen storage on the 
texture of green beans peaches and strawberries has 
been assessed. The textural changes result from more 
than solely turgor pressure loss. The pectic 
component of the cell wall complex has been extracted 
and characterized as a function of the freezing 
method and frozen storage conditions. Changes in 
this pectic fraction could account for some of the 
textural alteration observed. 

Texture is an important attribute of the eating quality of fruits 
and vegetables. An important aspect of texture is firmness. 
Texture or firmness result from a variety of contributions. Amongst 
these contributions are the turgor of an intact cell, and the 
strength of individual cell walls. It has often been remarked that 
a major textural consequence of freezing and frozen storage on 
fruits and vegetables is a loss of tissue firmness. Whilst it is 
known that freezing causes severe damage to the membranes of cells, 
and is therefore responsible for a loss of turgor, it is less clear 
whether there is a contribution to loss of firmness from the cell 
wall component. It should be remembered here that the softening of 
tissues during ripening has been shown to be largely a result of 
changes in the cell wall. In particular, it has been demonstrated 
that there is a correlation between the pectic component of cell 
walls, and the tissue firmness. In the study described here we wish 
to investigate whether some of the softening of plant tissues which 
accompanies freezing and frozen storage is related to changes in the 
cell wall, in particular whether there are related changes in the 
pectic fraction of the cell wall. This requires that we in some way 
assess texture, and that we also quantify and characterize the 
pectic materials of the tissue. 

Experimental Procedures 

In order to assess texture, we have employed a back extrusion cell 
accessory on an Instron Universal Testing Machine. The cell, 
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i l l u s t r a t e d i n f i g u r e 1, i s modified from a design described by 
Bourne and Moyer(1968). The I n s t r o n cross-head i s moved at 100 
mm/min. A sample of m a t e r i a l , contained i n the cup, i s compressed 
as the plunger comes down. At l e n g t h , the m a t e r i a l extrudes back 
through the annulus between plunger and cup w a l l . A t y p i c a l f o r c e -
distance curve i s shown. The r i s e r e f l e c t s the compression, and the 
plateau of the back e x t r u s i o n . We use the plateau f o r c e as a 
measure of firmness. Ten r e p l i c a t e measurements are performed. 
R e p e a t a b i l i t y i s b e t t e r than 4 J . 

In order to q u a n t i f y and c h a r a c t e r i z e the p e c t i n component of 
the c e l l , we must use some procedure to prepare a s t a b l e c e l l w a l l 
f r a c t i o n , and then f o l l o w some predetermined e x t r a c t i o n scheme which 
allows f o r the s e p a r a t i o n of p e c t i c m a t e r i a l s of d i f f e r e n t 
c h a r a c t e r i s t i c s . The o v e r a l l amount of p e c t i n i n any s i t u a t i o n i s 
then determined by assaying f o r u r o n i c a c i d s . The e x t r a c t i o n s of 
the p e c t i c f r a c t i o n s need not be exhaustive  but must be repeatable
since we wish to f o l l o w
f r a c t i o n s consequent upo
sepa r a t i o n procedures we have employed are as f o l l o w s . We have 
chosen a l c o h o l i c e x t r a c t i o n of macerated thawed t i s s u e as a method 
f o r the p r e p a r a t i o n of a c e l l w a l l m a t e r i a l which w i l l be s t a b l e , 
and s u i t e d to storage p r i o r to f u r t h e r assay. C e l l w a l l m a t e r i a l 
was prepared according to a method modified from that of Ahmed and 
Labavitch (1977) by adding washing steps using chloroform/ methanol 
and acetone. A flow chart of the procedure i s shown i n f i g u r e 2. 
The wash steps were included as we found that m a t e r i a l e x t r a c t e d 
using only a l c o h o l tended to form a g l a s s y , i n t r a c t i b l e m a t e r i a l on 
d r y i n g . This was p a r t i c u l a r l y true of s t r a w b e r r i e s . The m a t e r i a l 
f o r e x t r a c t i o n g e n e r a l l y has been drained during the thawing 
procedure, and i t i s t h i s drained, thawed m a t e r i a l which i s 
macerated. The drained l i q u i d i s c o l l e c t e d s e p a r a t e l y , and 
i d e n t i f i e d as d r i p . 

The e x t r a c t i o n of p e c t i c f r a c t i o n s from the c e l l w a l l m a t e r i a l 
f o l l o w s the t r a d i t i o n a l l o g i c . F i r s t a water s o l u b l e f r a c t i o n i s 
prepared. This i s obtained by t a k i n g lOOmg of c e l l w a l l m a t e r i a l 
and shaking i t v i g o r o u s l y w i t h 20ml of water. A f t e r standing f o r 5 
minutes, the supernatant f l u i d i s separated by c e n t r i f u g e , and the 
s o l i d m a t e r i a l i s t r e a t e d w i t h more water. The treatment i s 
performed four times, and the supernatant f l u i d s combined as the 
water - s o l u b l e p e c t i c f r a c t i o n (WSP). The r e s i d u a l s o l i d i s then 
used to prepare the c h e l a t o r s o l u b l e f r a c t i o n (CSP). A s i m i l a r 
procedure i s used to that already d e s c r i b e d , excepting that the 
solvent i s 0.1M EDTA i n 0.1M T r i s , pH7. A f i n a l f r a c t i o n , (HSP), i s 
prepared by s u b j e c t i n g the residue of step 2 to d i l u t e sodium 
hydroxide as s o l v e n t . Again, four stage e x t r a c t i o n i s performed. 
I t should be noted that these procedures do not e x t r a c t a l l the 
m a t e r i a l of the c e l l w a l l p r e p a r a t i o n which contains u r o n i c a c i d 
r e s i d u e s . The residue of step 3 i s found s t i l l to c o n t a i n u r o n i c 
a c i d . This can only be brought i n t o s o l u t i o n by using more extreme 
methods f o r s o l u b i l i z a t i o n . R e p l i c a t e e x t r a c t i o n s are performed. 

The m a t e r i a l s obtained are analysed f o r p e c t i n content by 
u r o n i c a c i d assay. The method of Blumenkrantz and Asboe-Hansen 
(1973) i s employed. Further c h a r a c t e r i z a t i o n of the p e c t i c m a t e r i a l 
i n c l u d e d assay f o r n e u t r a l sugar composition by the a l d i t o l acetate 
method of Albersheim et a l (1967), which e n t a i l s d e r i v i t i z a t i o n , and 
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Figure 1. The back extrusion c e l l . 
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AIS P r e p a r a t i o n / P u r i f i c a t i o n 

Ethanol: Chloroform-Methanol: Acetone Procedure 

1. Wash and t r i m raw m a t e r i a l . 

2. Weight 100 g raw m a t e r i a l and place i n Waring blender w i t h 400 
mis 70% ethanol. 

3. Homogenize f o r 1 minute. 

4. Transfer s l u r r y to 50 ml round-bottom c e n t r i f u g e tubes and cap. 

5. Centrifuge at 19,000 x g (12,500 rpm, ss-34 r o t o r ) f o r 10 
minutes. 

I 
6. Discard supernatant and t r a n s f e r p e l l e t e d m a t e r i a l to a course 

s i n t e r e d g l a s s f u n n e l . 

I 
7. Breakup p e l l e t e d m a t e r i a l u s i ng a metal s p a t u l a . 

8. Wash wi t h 2 x 100 ml volumes 70% ethanol ( a p p l y i n g vacuum a f t e r 
thorough mixing of the s o l i d s and s o l v e n t ) . 

I 
9. Wash w i t h 3 x 100 ml volumes chloroform-methanol (1:1 v / v ) . 

4 
10. Wash wi t h 3 x 100 ml volumes acetone. 

\ 
11. A i r dry r e s i d u e . 

Figure 2. Flow chart of e x t r a c t i o n procedure. 
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determination of the acetylated neutral sugars, in our case by 
capillary GC. In some cases, the extracts were separated further 
using column chromatography, the column containing DEAE sephadex, 
and elution being by an ionic gradient. Some samples were then 
subjected to gel f i l t r a t i o n on a 1.1 x 60cm Biogel P100 column, in a 
40mM Acetate, 40 mM EDTA, 50 mM NaCl buffer, pH 6.5, in order to 
estimate their approximate molecular weight profiles. 

Materials 

In order to study the effect of freezing on texture, and texturally 
related parameters, we have chosen three tissue systems. Green 
beans, strawberries and peaches. Green beens were of the Gallatin 
variety. Peaches were of the variety Halford. Two varieties of 
strawberry were studied, Aiko and Pajaro. A l l were obtained as 
fresh material, and processed in our pilot plant. Blanching, where 
required, u t i l i z e d a stea
freezer with an air blas
frozen unwrapped in a single layer on open mesh trays. Immediately 
after freezing they were sealed into bags for storage. Slow 
freezing was in s t i l l air in a cold room. In this case the 
materials were sealed into bags prior to freezing. 

Results 

Texture is an important attribute of the three tissues chosen for 
study. Since blanching is an appropriate pretreatment to freezing 
in some cases, we might f i r s t ask the question " What is the effect 
of blanching on texture?" As blanching is a partial cooking process, 
not surprisingly, tissue softening occurs. We have taken samples of 
green beans and blanched them for increasing times at 100 C. Not 
surprisingly, measurement of the back extrusion force shows 
increasing softening with blanch time. At the same time, the blanch 
liquor has been assayed for pectin content, determined as uronic 
acid residues. The pectin released from the tissue as a consequence 
of blanching has been computed. Figure 3 shows the relationship 
between texture and released pectin. Clearly, the loss in texture 
is accompanied by a release of pectin. Another factor in the 
softening, of course, is the loss in turgor which accompanies the 
thermal destruction of the integrity of the c e l l membranes. What 
happens i f we freeze the green beans? 

As can be seen from figures 4 and 5, the result of freezing is 
a reduction in back extrusion force, whether the unfrozen material 
be blanched or not. The greatest reduction in back extrusion force 
as a consequence of freezing is seen for unblanched tissue, and 
presumably reflects in large measure the loss in turgor. However, 
loss of turgor is not the sole cause of the reduction in back 
extrusion force. Consider...blanching, too, destroys turgor, and 
yet the reduction in back extrusion force as compared to fresh 
tissue is greater for unblanched, frozen tissue than for blanched, 
unfrozen tissue. Also, there is a reduction in back extrusion force 
in blanched tissue due to subsequent freezing and thawing. This 
reduction is more marked, relative to the i n i t i a l back extrusion 
force of the blanched tissue, for the more extensive blanches. 
Since i t is unlikely that the turgor contribution can account for 
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Figure 3. Relationship between texture and pectin release 
during blanching. 
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Figure 4. Effect of blanching and freezing on texture. UF 
refers to tissue which is not frozen after the blanch treatment, 
F/T to tissue which has undergone a freeze—thaw cycle after the 
blanch treatment. 
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t h i s o b s e r v a t i o n , i t would appear that t h i s l o s s i n firmness i s due 
to the c e l l w a l l c o n t r i b u t i o n . F u r t h e r , there i s a continued 
decrease i n t i s s u e firmness as a consequence of extended fro z e n 
storage. I t i s ther e f o r e appropriate to f o l l o w the changes which 
take place i n c e l l w a l l components as a f u n c t i o n of f r e e z i n g and 
froze n storage, and t r y to c o r r e l a t e these w i t h observations 
r e l a t i n g to t e x t u r e , t i s s u e s t r u c t u r e , e t c . As already i n d i c a t e d , 
we have chosen to focus on the p e c t i c f r a c t i o n , s i n c e i t i s amenable 
to e x t r a c t i o n and f r a c t i o n a t i o n by reasonably simple methods. EDTA 
was chosen as c h e l a t o r i n part because we wished to perform our 
e x t r a c t i o n s under as mi l d c o n d i t i o n s as p o s s i b l e , i e at room 
temperature, and c l o s e to n e u t r a l i t y , i n order to minimize chemical 
change i n the p e c t i c f r a c t i o n s during t h e i r e x t r a c t i o n . As can be 
seen from f i g u r e 6, the e x t r a c t i o n e f f i c i e n c y of other commonly used 
c h e l a t o r s appears to be l e s s than that of EDTA. This observation i s 
discussed f u r t h e r by Reid and Carr (paper i n preparation) and i n 
Carr(1984). 

Our r e s u l t s are bes
consider the p e c t i c composition of the unprocessed raw m a t e r i a l . 
Then we should consider the changes which take place i n the gross 
f r a c t i o n s as a consequence of processing and storage. To do t h i s we 
need only to determine the amounts of p e c t i n i n each f r a c t i o n . 
A f t e r t h i s we should consider whether there have been any 
compositional changes i n the p e c t i n . This i s best determined by 
using column techniques to f r a c t i o n a t e the three c a t e g o r i e s of 
p e c t i c m a t e r i a l , and a l s o by f u r t h e r a n a l y s i n g the p e c t i n s . I f any 
changes are ta k i n g place as a consequence of processing, we would 
expect to see them r e f l e c t e d i n at l e a s t some of these r e s u l t s . 

Table 1 summarizes the data r e l a t i n g to the ur o n i c a c i d content 
of i n d i v i d u a l p e c t i c f r a c t i o n s from the three t i s s u e s both before 
and a f t e r processing. The data f o r the p e c t i c f r a c t i o n s from 
unfrozen t i s s u e i n c l u d e an assay f o r the ur o n i c a c i d content of the 
r e s i d u a l m a t e r i a l a f t e r the e x t r a c t i o n of the three s o l u b l e 
f r a c t i o n s i n order to confirm that we can account f o r a l l the ur o n i c 
a c i d r e s i d u e s . The t o t a l u r o n i c a c i d content of the o r i g i n a l c e l l 
w a l l m a t e r i a l i n a l l cases defines 100%. As t a b l e 1 shows, the 
d i s t r i b u t i o n s of p e c t i c f r a c t i o n s from the three t i s s u e s are very 
d i f f e r e n t . A l s o , the r e s i d u a l u r o n i c a c i d content of the ex t r a c t e d 
c e l l w a l l m a t e r i a l v a r i e s f o r these t i s s u e s . However, the r e s i d u a l 
assay i n d i c a t e s that we are accounting f o r most of the ur o n i c a c i d 
c o n t a i n i n g m a t e r i a l . The f r a c t i o n a t i o n procedure e x t r a c t s about 90% 
of the a v a i l a b l e u r o n i c a c i d i n Pajaro strawberry c e l l w a l l 
p r e p a r a t i o n , yet Aiko has an e x t r a c t i o n of 70%. Only about 50% of 
the u r o n i c a c i d i n green bean c e l l w a l l p r e p a r a t i o n i s e x t r a c t e d . 
The e x t r a c t i o n e f f i c i e n c y f o r peaches increases during storage, 
suggesting that there i s some change t a k i n g p l a c e . 

Figure 7 i l l u s t r a t e s the change i n uronide content of the 
f r a c t i o n s obtained from the c e l l w a l l m a t e r i a l as a f u n c t i o n of the 
storage time at -20 C f o r the strawberry v a r i e t y , A i k o . I t i s c l e a r 
that the major change i s i n the ur o n i c a c i d content of the water 
s o l u b l e f r a c t i o n . This might be expected, i f u r o n i c a c i d c o n t a i n i n g 
w a l l components are c o n s t i t u e n t s of the m a t e r i a l l o s t as d r i p . In 
ta b l e l a we compare the c e l l w a l l f r a c t i o n s obtained by homogenizing 
thawed t i s s u e , from which the d r i p has been l o s t , and froz e n t i s s u e , 
which has l o s t no m a t e r i a l . There i s a l o s s of uronide i n the 
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40 r 

BLANCH TIME (minutes) 

Figure 5. Texture l o s s due to f r e e z i n g post blanch, c a l c u l a t e d 
as the r a t i o of the l o s s i n back e x t r u s i o n f o r c e consequent upon 
f r e e z i n g to the back ex t r u s i o n force a f t e r blanching but p r i o r 
to f r e e z i n g . 

I Neutral Aqueous 

10 -

I 2 3 
WATER 
SOLUBLE 
PECTIN 

TOTAL (UG) 
• Sodium EDTA 1980 ±30 

EH Ammonium Oxalate I500±30 
[%] Sodium Hexametaphosphate.... 1610 ± 30 

CALCIUM 
PECTATE 

Figure 6. E x t r a c t i o n 
i n AIS. 

performance of d i f f e r e n t chelators at pH7 
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TABLE 1 
(a) Strawberry b l a s t f r o z e n -20 C storage 

( v a r i e t y Aiko) 
unfrozen 1 week 10 mo 10 mo(*) 

WSP 48.6 44.5% 31.2% 47.2% 
CSP 14.1 15.4 17.4 14.8 
HSP 9.5 9.8 12.6 10.1 
Sum 72.2 69.7 61.2 72.1 

(*) AIS prepared d i r e c t l
l o s s o c c u r i n g , u n l i k e r e g u l a r p r e p a r a t i o n . 

(b) Strawberry slow f r o z e n -12 C storage 
( v a r i e t y Pajaro) 

unfrozen 1 day 4 month 
WSP 44.63% 46.98% 47.17% 
CSP 24.80 19.48 18.43 
HSP 24.05 23.83 21.86 
Sum 93.48 89.79 87.46 
RESIDUAL 15 

(c) Peach unblanched -20 C storage 

unfrozen 1 day 4 month 
WSP 23.56% 26.28% 23.74% 
CSP 8.86 9.27 11.82 
HSP 36.09 40.52 52.68 
Sum 68.51 76.07 88.24 
RESIDUAL 22 

(d) Green bean 2m blanch slow f r o z e n -12 C storage 

unfrozen 1 month 
WSP 8.81% 8.32% 
CSP 19.33 22.31 
HSP 21.33 18.85 
Sum 49.48 49.48 
RESIDUAL 36 
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thawed t i s s u e . Table 2 shows an a n a l y s i s of c e l l w a l l uronide from 
thawed t i s s u e , together w i t h the uronide assayed i n the d r i p 
c o l l e c t e d during the thaw. Soluble uronide i s indeed l o s t i n the 
d r i p , l e a v i n g the c e l l w a l l m a t e r i a l depleted of m a t e r i a l which 
would otherwise be included i n the water s o l u b l e f r a c t i o n . 

Figure 8 shows that there i s a continuous l o s s of t e x t u r e i n 
s t r a w b e r r i e s during f r o z e n storage. This i s p a r a l l e d by the l o s s of 
s o l u b l e p e c t i n . I t s t i l l remains to be determined whether, and i n 
what manner, the p e c t i n of the three f r a c t i o n s i s changing i n 
c h a r a c t e r . Given that the most dramatic l o s s i n p e c t i c component of 
s t r a w b e r r i e s i s i n the WSP, f i g u r e 7, we have f u r t h e r c h a r a c t e r i z e d 
t h i s f r a c t i o n by s u b j e c t i n g i t to f r a c t i o n a t i o n using a DEAE 
sephadex column e l u t e d by an i n c r e a s i n g i o n i c g r a d i e n t . An amount 
of s o l u t i o n c o n t a i n i n g about 7mg u r o n i c a c i d i s placed on the 
column, and e l u t e d i n i t i a l l y w i t h 0.1M phosphate b u f f e r , pH6.9. 
Once no more u r o n i c a c i d m a t e r i a l i s found to e l u t e  the gradient i s 
s t a r t e d , the f i n a l eluan
remaining u r o n i c a c i d o
f a s h i o n . As can be seen from f i g u r e s 9-11 there i s a change i n the 
e l u t i o n c h a r a c t e r i s t i c of the WSP m a t e r i a l as a f u n c t i o n of storage 
time. We consider i n p a r t i c u l a r the column bound m a t e r i a l , that 
which does not e l u t e u n t i l the i o n i c gradient i s a p p l i e d . These 
e l u t i o n patterns are seen i n f i g u r e s 9b, 10b and l i b . The o r i g i n a l 
e l u t i o n patterns f o r the column bound m a t e r i a l show two peaks, at 
about 0.3 to 0.4 M i o n i c s t r e n g t h and at about 0.6M i o n i c 
s t r e n g t h . As a r e s u l t of storage, the second peak decreases i n 
s i z e , w h i l s t the i n i t i a l peak remains unchanged. The f r a c t i o n l o s t 
i s the more a c i d i c m a t e r i a l , and probably represents the primary 
rhamno-galacturonan backbone, as i n d i c a t e d by the s i g n i f i c a n t l y 
higher p r o p o r t i o n of rhamnose found i n DEAE column bound m a t e r i a l s 
( t a b l e 3 ) . Recent observations i n d i c a t e that t h i s rhamnose-rich 
uronide m a t e r i a l i s more s l o w l y e x t r a c t e d from the AIS by water than 
i s the m a t e r i a l which e l u t e s i n the v o i d volume of the DEAE 
column. To throw f u r t h e r l i g h t on the changes i n t h i s f r a c t i o n , we 
have performed g e l f i l t r a t i o n analyses to o b t a i n p r e l i m i n a r y 
i n d i c a t i o n s of molecular weights. WSP m a t e r i a l s c o l l e c t e d from 
unfrozen, lday f r o z e n and 4.5month f r o z e n strawberry samples a l l 
voided a P100 column, i n d i c a t i n g molecular weights i n excess of 
100,000, based on e l u t i o n of g l o b u l a r p r o t e i n s of known s i z e . 
I n t e r e s t i n g l y , m a t e r i a l p r e c i p i t a t e d from the d r i p l o s s f r a c t i o n 
w i t h ethanol a l s o d i s p l a y e d a major hig h molecular weight peak, w i t h 
i n a d d i t i o n about 20% of the t o t a l uronide c o n t a i n i n g m a t e r i a l 
e l u t i n g w i t h the t o t a l l y i n c l u d e d volume of the column. This would 
correspond to a molecular weight around 10,000. The p e c t i c m a t e r i a l 
i n the d r i p i s a s i g n i f i c a n t part of the p e c t i n l o s t from the c e l l 
w a l l i n long term storage ( t a b l e 2 ) . Since, during f r o z e n storage, 
the d r i p l o s s i n c r e a s e s , the nature of the uronide i n the d r i p , and 
i t s change w i t h time of storage, warrants f u r t h e r study. I t would 
be u s e f u l to know how the proportions of the high and low molecular 
weight f r a c t i o n s vary w i t h time of storage. 

Conclusions 

Texture i s a f f e c t e d by f r e e z i n g i n ways over and above the e f f e c t of 
f r e e z i n g on t u r g o r . This suggests that there i s a c l e a r 
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S T O R A G E T I M E , W E E K S 

Figure 7. Uronide content of AIS f r a c t i o n s of Aiko s t r a w b e r r i e s 
a f t e r d i f f e r e n t f r o z e n storage times. WSF represents water 
s o l u b l e f r a c t i o n , CSF c h e l a t o r s o l u b l e f r a c t i o n and HSF a l k a l i 
s o l u b l e f r a c i o n . 

Table 2 
Strawberry d r i p a n a l y s i s 

Y i e l d of uronide from lOOg of f r e s h b e r r y , f r o z e n s t o r e d at -20 C 
f o r 9mo, then thawed f o r 90 minutes at room temperature. 

Berry Drip 
T o t a l f r e s h wt 78.4 21.7 
ug uronide/ ug AIS 0.218 0.106 
Uronide i n f r a c t i o n (g) 0.417 0.040 
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Figure 8 . Texture loss i n frozen storage of strawberries. 
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a 300 n3.0 

20 40 60 80 
ELUENT VOLUME (ml) 

100 120 

Figure 9. DEAE f r a c t i o n a t i o n of WSP from unfrozen 
s t r a w b e r r i e s . 
(a) complete f r a c t i o n a t i o n p r o f i l e 
(b) e l u t i o n of column bound m a t e r i a l 
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ELUENT VOLUME (ml) 

PHOSPHATE GRADIENT (ml) 

Figure 10. DEAE fractionation of WSP from 1 day frozen 
strawberries. 
(a) complete fractionation profile 
(b) elution of column bound material 
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Figure 11. DEAE f r a c t i o n a t i o n of WSP from 4.5 month froz e n 
s t r a w b e r r i e s . 
(a) complete f r a c t i o n a t i o n p r o f i l e 
(b) e l u t i o n of column bound m a t e r i a l 
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contribution to texture from the cell wall material, a conclusion 
supported by abundant material following the changes in cell wall 
pectins during fruit ripening. Pectin is also an important 
contributer to the texture of tissues which have been frozen. 
Changes are seen in the pectic material as a consequence of freezing 
and frozen storage. 

In strawberries, the WSP fraction, which we assume to be the 
fraction most loosely associated with the cell wall, shows the most 
dramatic change. There is a decrease in amount, paralleling a 
decrease in firmness. The compositional studies of the fraction 
suggest that the changes include some associated with the pectin 
rhamno-galacturonan backbone. The chemical change in the backbone 
is not yet clearly defined. Changes in the sugar distribution and 
in the uronic acid to neutral sugar ratios are not in evidence as we 
analyse the deae bound fractions from fruits at progressively longer 
storage. The molecular weight remains above the cut-off for a P100 
column. 

Further studies ar
of changes in the degree of methyl esterification of the 
fractions. The composition of the other fractions is being 
determined. The uronide fraction of drip is being analysed. The 
effect of adding calcium, which should interact with pectin, to 
strawberries prior to freezing them is also being assessed. Initial 
data indicate that calcium alters the relative amount of pectin 
extractable into the different fractions, and also alters the back 
extrusion force, and the nature of the time dependence of texture on 
frozen storage. 
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Pectin Methylation Changes and Calc ium Ion Effects 
on the Texture of Fresh, Fermented, and Acidified 
Cucumbers 

Roger F. McFeeters 

Agricultural Research Service, U.S. Department of Agriculture, and Department of Food 
Science, North Carolina Agricultural Research Service, North Carolina State University, 
Raleigh, NC 27695 

The commercial use of calcium ion in cucumber pickle 
products has stimulate
the mechanisms b
texture. Recent results suggest that a high level 
of pectin methylation has little effect upon the 
ability of calcium to maintain the firmness of 
acidified cucumber tissue, while in fermented 
cucumbers maintenance of a minimum degree of 
methylation may be important to firmness retention. 
Efforts are being made to measure calcium binding 
characteristics in cucumber tissue and to obtain 
estimates of the effectiveness of calcium ion in 
inhibiting tissue degradation by pectolytic enzymes. 

The ability of calcium ions to act as a firming agent in processed 
fruits and vegetables has been the subject of many studies over 
the years (1). Among the commodities in which calcium has been 
observed to cause firming are: snap beans (2), tomatoes (3), apples 
(4), carrots (5), apricots (6), and jalapeno peppers (7). Cucumbers 
are commercially preserved by fermentation (processed pickles), 
acidification and pasteurization (fresh-pack pickles) and 
refrigeration of mildly acidified fruit (refrigerated dills). 
Calcium ion has been found to be effective as a firming agent 
in all three types of products. It is now being used in most 
commercial cucumber pickle products. Investigations of the 
structure of cucumber cell walls and the interaction of calcium 
with the cell walls have followed the practical application of 
calcium. 

There have been major advances in our understanding of the 
structure of plant cell walls over the past 15 years (8). However, 
it has not proven to be an easy task to explain specific textural 
changes which occur during ripening or processing of fruits and 
vegetables in terms of changes in the structures of cell wall 
polymers (9). This is perhaps not surprising since the detailed 
structures of cell wall polymers are proving to be very complex 

This chapter not subject to U.S. copyright. 
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(8). There a l so appears to be great v a r i a b i l i t y i n the d i s t r i b u t i o n 
of po lysacchar ides i n d i f f e r e n t f r u i t s and vegetables (10). 

Recent ly , e f f o r t s have been d i r e c t e d toward t r y i n g to e x p l a i n 
and u l t i m a t e l y c o n t r o l the t e x t u r a l changes that occur i n cucumbers 
dur ing process ing and s torage . Cucumbers have not been an except ion 
i n that i t i s d i f f i c u l t to see c l e a r r e l a t i o n s h i p s between 
s t r u c t u r a l changes i n the c e l l w a l l and texture e f f e c t s i n the 
t i s s u e . Despi te the d i f f i c u l t i e s which are encountered, the 
cucumber has s e v e r a l c h a r a c t e r i s t i c s which make i t a good model 
to i n v e s t i g a t e t e x t u r e / c e l l w a l l s t r u c t u r a l r e l a t i o n s h i p s . The 
cucumber mesocarp i s a large p r o p o r t i o n of the t o t a l f r u i t t i s s u e , 
and i t can be i s o l a t e d i n q u a n t i t y without great d i f f i c u l t y . The 
mesocarp t i s s u e i s r e l a t i v e l y uniform i n s t r u c t u r e and contains 
l i t t l e s t a r c h to i n t e r f e r e wi th the a n a l y s i s of c e l l w a l l 
po lysacchar ides (11). A simple texture t e s t has been devised which 
can be used with smal l p ieces of cucumber t i s s u e and which r e l a t e s 
w e l l wi th human percept io
can be obtained for experimenta
year i n a wide range of s i z e s . 

T h i s paper w i l l g ive a b r i e f background on t e x t u r a l i n v e s t i 
gat ions of cucumbers and cucumber products . Recent work on the 
s t r u c t u r e of cucumber c e l l w a l l s and i n i t i a l e f f o r t s to determine 
t e x t u r e / s t r u c t u r e r e l a t i o n s h i p s w i l l then be reviewed. 

Cucumbers can be softened enzymat i ca l ly by fungal 
po lyga lac turonases . They a l s o conta in n a t u r a l p e c t o l y t i c enzymes, 
though the c o n d i t i o n s i n which these enzymes c o n t r i b u t e to f r u i t 
so f ten ing have not been determined. F i n a l l y , so f ten ing occurs 
s lowly dur ing storage of both pas teur i zed and fermented cucumbers, 
where po lyga lacturonases have been i n a c t i v a t e d to nondetectable 
l e v e l s . The mechanism(s) of t h i s pos t -proces s ing sof ten ing has 
not been determined. 

B e l l and coworkers i n the 1950's i n v e s t i g a t e d the sof ten ing 
of cucumbers i n commercial fermentat ions (13, 1_4, 15, 16) . They 
found that so f ten ing of smal l s i z e cucumbers was caused p r i m a r i l y 
by the presence of po lygalacturonases i n the fermentat ion b r i n e s , 
which degraded p e c t i c substances i n the f r u i t . These sof ten ing 
enzymes were p r i m a r i l y of fungal o r i g i n and were present on the 
cucumber f r u i t s and f lowers when they were put i n t o fermentat ion 
tanks . Lampi et a l . (17) attempted to measure changes i n the p e c t i c 
substances of cucumbers dur ing fermentat ion , but were unable to 
show any cons i s t en t p a t t e r n of changes wi th the techniques 
a v a i l a b l e to them. 

The use of ca lc ium as a f i rming agent f o r cucumber products 
began i n the 1960's wi th commercial t r i a l s conducted over s evera l 
y e a r s . I t was found that a d d i t i o n of 0.1% C a C l 2 to pas teur i zed 
cucumber products r e s u l t e d i n a s i g n i f i c a n t improvement i n the 
r e t e n t i o n of a f i r m texture dur ing storage (18). T h i s l e d to 
commercial use of C a C l 2 i n these p i c k l e products . Fleming et a l . 
(19) found that 0.1% C a C l 2 a l s o helped prevent f irmness losses 
i n fermented cucumber s l i c e s and i n smal l whole cucumbers at low 
NaCl concentra t ions . P a r t i c u l a r l y important to the use of ca lc ium 
i n commercial cucumber fermentations was the f i n d i n g by Buescher 
and coworkers (20, 21) that at C a C l 2 concentrat ions up to 1%, 
whole cucumbers remained f i r m even when fungal po lygalacturonases 
were i n t e n t i o n a l l y added to the fermenting cucumbers (Table 1 ) . 
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Table 1. Cucumber Firmness 30 Days A f t e r the Beginning of 
Fermentation as Inf luence

Fro

P i c k l e Firmness 
Treatment (kg) 

2% NaCl 

C o n t r o l 7.9C 
0.1 M C a C l 2 9.6AB 
Polygalacturonase 2 .3E 
0.1 M C a C l 2 + Polygalacturonase 8.9BC 

5% NaCl 

C o n t r o l 8.0C 
0.1 M C a C l 2 10.OA 
Polygalacturonase 5.8D 
0.1 M CaCl + Polygalacturonase 10.OA 

Mean f irmness of 18 p i c k l e s . Values wi th the same l e t t e r s are 
not s i g n i f i c a n t l y d i f f e r e n t . 
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High ca lc ium concentrat ions were a l s o found to prevent breakdown 
of the l o c u l a r t i s s u e of l arge cucumbers dur ing fermentat ion (22), 
presumably by prevent ing the degradat ion of p e c t i n by cucumber 
po lyga lacturonase (23). 

These observat ions have l e d to e f f o r t s to develop a be t t er 
understanding of the s t r u c t u r e of cucumber c e l l wa l l s and the 
r o l e that ca lc ium ions p lay i n improving t ex ture . The cucumber 
c e l l w a l l conta ins about 30% c e l l u l o s e (10), 15% p e c t i n (24), 
and n o n c e l l u l o s i c n e u t r a l sugars (10, 25, 26) . Other than g lucose , 
which i s present p r i m a r i l y i n c e l l u l o s e , ga lactose and xylose 
are the most abundant n e u t r a l sugars i n the c e l l w a l l . The degree 
of p e c t i n methy la t ion i n cucumbers has been reported to be 65% 
i n a Japanese f r e s h market c u l t i v a r (27) and 57% i n 4 cm diameter 
p i c k l i n g cucumbers (28). P r e l i m i n a r y evidence from t h i s l a b o r a t o r y 
i n d i c a t e s that p e c t i n methy la t ion may increase d u r i n g development 
of the cucumber f r u i t . 

Demethylation of p e c t i
observed i n c e l l w a l l s t r u c t u r e
f r e s h cucumbers (_27, 29) and dur ing fermentat ion (25) . B e l l et 
a l . (30) showed that cucumber p l a n t s conta in pec t ines t erase i n 
a l l par t s of the p l a n t , i n c l u d i n g the f r u i t . As p a r t of a s e r i e s 
of s tud ies of c h i l l i n g i n j u r y i n cucumber f r u i t s , Fukushima and 
Yamazaki (29) found that a decrease i n hot , w a t e r - s o l u b l e , h igh 
methy la t ion p e c t i n and an increase i n hot , w a t e r - i n s o l u b l e , low 
methy la t ion p e c t i n occurred when f r u i t were s tored at 0 or 5 C . 
They suggested that demethylat ion of the p e c t i n by pec t inmethy l -
es terase r e s u l t e d i n a more r i g i d c e l l w a l l s t r u c t u r e , and that 
t h i s d e e s t e r i f i c a t i o n may be a common c h a r a c t e r i s t i c of c h i l l i n g -
s e n s i t i v e p l a n t s (29). 

Tang and McFeeters (25) i n v e s t i g a t e d changes i n the c e l l 
w a l l s of cucumber mesocarp t i s s u e when cucumbers were fermented 
i n 6% N a C l , a procedure s i m i l a r to commercial fermentat ions . F i g u r e 
1 shows that only smal l changes i n the n o n c e l l u l o s i c n e u t r a l sugars 
occurred dur ing the experiment. The t o t a l p e c t i c substances showed 
l i t t l e change dur ing fermentat ion and s torage . The s i z e of the 
p e c t i n molecules i n the major p e c t i n f r a c t i o n s a l s o showed almost 
no change. The average degree of p o l y m e r i z a t i o n of the major p e c t i n 
f r a c t i o n ( a c i d - s o l u b l e pect in) i s o l a t e d from f r e s h cucumbers was 
est imated to be 402 r e s i d u e s . A f t e r fermentat ion , the degree of 
p o l y m e r i z a t i o n of the EDTA-so luble f r a c t i o n , which was the major 
p e c t i n f r a c t i o n a f t e r fermentat ion , was 403 a f t e r 3 months and 
d e c l i n e d s l i g h t l y to 365 a f t e r 6 months. The major change observed 
was a l a r g e decrease i n the a c i d - s o l u b l e p e c t i n f r a c t i o n dur ing 
the fermentat ion p e r i o d and an increase i n the EDTA-soluble p e c t i n 
dur ing the same p e r i o d (Figure 2 ) . The a c i d - s o l u b l e p e c t i n had 
a degree of e s t e r i f i c a t i o n of 62%, whi le the EDTA-soluble m a t e r i a l 
had a degree of e s t e r i f i c a t i o n too low to measure. These r e s u l t s 
i n d i c a t e d that p e c t i n d e e s t e r i f i c a t i o n was the major change to 
occur i n the c e l l w a l l dur ing fermentat ion . There were no 
s u b s t a n t i a l changes i n the c e l l w a l l composit ion from 1 to 6 months 
a f t e r b r i n i n g , even though there was n e a r l y a 30% d e c l i n e i n t i s s u e 
f irmness when C a C l ^ was not added to the f r u i t . Thus, a s i t u a t i o n 
was observed i n which a s u b s t a n t i a l change i n texture occurred 
i n cucumber f r u i t without an obvious change i n the s t r u c t u r e of 
the c e l l w a l l . 
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Figure 1. Changes i n c e l l w a l l n e u t r a l sugar content during 
b r i n i n g and storage of cucumbers. 
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Figure 2 . Changes i n p e c t i n f r a c t i o n s dur ing fermentat ion 
and storage of cucumbers. 

In Chemistry and Function of Pectins; Fishman, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



17. McFEETERS Methylation Changes and Calcium Ion Effects 223 

McFeeters et a l . (28) r e c e n t l y i n v e s t i g a t e d the e f f e c t s of 
p e c t i n methylat ion i n nonfermented cucumber t i s s u e when the degree 
of methylat ion was v a r i e d between 12 and 50%. Hudson and Buescher 
(31) have s tud ied the e f f e c t of methylat ion on texture when the 
degree of e s t e r i f i c a t i o n was i n the range of 6 to 18%. McFeeters 
et a l . (28) were able to vary the degree of methylat ion by 
b lanch ing cucumber s l i c e s at d i f f e r e n t temperatures. Heating the 
s l i c e s at 66 C or l e s s caused l i t t l e or no i n a c t i v a t i o n of 
pec t ines t erase present i n the t i s s u e (30) . During storage i n pH 
3 .7 , 2.0% NaCl b r i n e , the p e c t i n was ex tens ive ly demethylated 
i n these t i s s u e s (Figure 3 ) . When s l i c e s were heated at 81 C , 
pec t ines t erase was i n a c t i v a t e d . However, dur ing s torage , p a r t i a l 
r e a c t i v a t i o n of the enzyme o c c u r r e d . The r e s u l t was an intermediate 
l e v e l of methy la t ion . F i n a l l y , i f cucumber t i s s u e was heated i n 
b o i l i n g water, only s l i g h t r e a c t i v a t i o n of pec t ines terase a c t i v i t y 
occurred and the degree of methy la t ion remained near 50%. 

The e f f e c t of changin
the f irmness of cucumbe
6-month storage p e r i o d . When the s l i c e s were s tored a f t e r b lanching 
i n a b r i n e which contained 10 mM ca lc ium i o n , there were some 
texture d i f f e r e n c e s , but the d i f f e r e n c e s observed were not very 
l a r g e . The f i rmes t texture was obtained when the t i s s u e was 
blanched at intermediate temperatures, i . e . 66 and 81 C . S l i c e s 
blanched at 99 C were l e s s f i r m than the other treatments . However, 
much of the observed d i f f e r e n c e could be a t t r i b u t e d to d i f f e r e n c e s 
i n the t i s s u e f irmness immediately a f t e r b l a n c h i n g , before the 
t i s s u e was exposed to b r i n e s o l u t i o n s . The rates of f irmness l o s s 
dur ing the 6-month storage p e r i o d were s i m i l a r , regard les s of 
the degree of p e c t i n methy la t ion . 

When the ca lc ium concentra t ion was v a r i e d i n s l i c e s blanched 
at 54, 66, and 81 C , there was a very c l e a r increase i n f irmness 
r e t e n t i o n as the ca lc ium concentra t ion increased (Figure 4 ) . 
However, the p a t t e r n of f irmness changes was the same, regard le s s 
of b lanch temperature. Thus, the r e s u l t s of these s tudies d i d 
not show any d i r e c t r e l a t i o n s h i p between p e c t i n methylat ion and 
f irmness changes. Calc ium i o n was e f f e c t i v e i n prevent ing f irmness 
l o s s dur ing s torage , regard le s s of the degree of p e c t i n 
methy la t ion . Studies of ca lc ium ion b ind ing by po lypectate have 
shown that b locks of at l e a s t 14 consecut ive demethylated carboxy l 
groups on adjacent po lyga lacturonan molecules are r e q u i r e d f o r 
cooperat ive c r o s s - l i n k i n g to form an "eggbox" type s t r u c t u r e (32, 
33). The f a c t that ca lc ium i s e f f e c t i v e i n prevent ing so f t en ing , 
even at h igh degrees of p e c t i n methy la t ion , suggests that other 
types of p o l y s a c c h a r i d e / c a l c i u m i n t e r a c t i o n s may be invo lved i n 
the cucumber t i s s u e . Calc ium i o n has been shown to form 
c r y s t a l l i z a b l e c o o r d i n a t i o n complexes wi th many mono- and 
d i s a c c h a r i d e s (34, _35) . Cook and Bugg (35̂ ) have speculated upon 
the p o s s i b l e importance of ca l c ium/ga lac tose i n t e r a c t i o n s i n bone 
t i s s u e . I t may be u s e f u l to cons ider whether such i n t e r a c t i o n s 
occur i n p l a n t c e l l w a l l s . 

Hudson and Buescher (31) have found a r e l a t i o n s h i p between 
cucumber t i s s u e f irmness and the degree of methylat ion of the 
mesocarp t i s s u e . When the p e c t i n methylat ion was l e s s than 13%, 
the firmness of the t i s s u e d e c l i n e d as the degree of methylat ion 
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F i g u r e 3. E f f e c t of b lanch temperature on changes i n p e c t i n 
methylat ion of the cucumber c e l l w a l l dur ing s torage . 
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decreased. They suggest that t h i s may be caused by a change i n 
the conformation of the p e c t i n molecules at very low e s t e r i f i c a t i o n 
s i m i l a r to that reported by Leeper and D u l l (36) f o r p e c t i n 
s o l u t i o n s . However, because i t was necessary to compare treatments 
wi th and without ca lc ium ions present , the texture d i f f e r e n c e s 
observed may have been caused by f a c t o r s other than d i f f e r e n c e s 
i n the degree of methy la t ion . 

S ince we are i n t e r e s t e d i n t r y i n g to be t t er understand the 
i n t e r a c t i o n of metal ions wi th the cucumber c e l l w a l l , i t was 
of i n t e r e s t to develop a technique to determine the extent and 
a f f i n i t y of i o n b i n d i n g i n cucumber t i s s u e . Since i t i s g e n e r a l l y 
thought that ca lc ium i s bound to p l a n t t i s s u e s by i n t e r a c t i n g 
wi th the free carboxy l groups present i n p e c t i n , an e f f o r t has 
been made to r e l a t e ca lc ium bound i n cucumber mesocarp t i s s u e 
to the concentra t ion of the f ree carboxy l groups of p e c t i n . 

P ieces of mesocarp t i s s u e were i s o l a t e d from cucumbers and 
p laced i n a b r i n e to g iv
a c e t i c a c i d , 200 ppm SO
t r a t i o n s of ca lc ium i o n from 1 to 16 mM. A f t e r e q u i l i b r a t i o n , 
the degree of p e c t i n methylat ion i n the mesocarp t i s s u e was 
measured (24) and the concentra t ion of f ree carboxy l groups i n 
the t i s s u e c a l c u l a t e d . The c o n c e n t r a t i o n of ca lc ium bound by the 
t i s s u e was c a l c u l a t e d as the d i f f e r e n c e i n ca lc ium concentra t ion 
between the mesocarp t i s s u e and b r i n e s o l u t i o n as determined by 
a c o l o r i m e t r i c procedure (37, 38). These data were used to 
cons truc t a Scatchard p l o t to analyze both the moles of ca lc ium 
bound per carboxy l group i n the t i s s u e and the a f f i n i t y of ca lc ium 
b i n d i n g . 

F i g u r e 5 shows an example of the a n a l y s i s of such a b ind ing 
experiment. The i n t e r c e p t on the X - a x i s gave a r a t i o of 0.43 
ca lc ium ions bound per free carboxy l group i n the t i s s u e . I f each 
d i v a l e n t ca lc ium i o n were b i n d i n g to two p e c t i n carboxy l groups, 
a r a t i o of 0.5 would be expected. A n a l y s i s of the s lope of the 
Scatchard curve , gave an a f f i n i t y constant of 888 f o r ca lc ium 
b i n d i n g . Kohn (32) determined ca lc ium b ind ing constants as a 
f u n c t i o n of the degree of p e c t i n e s t e r i f i c a t i o n f o r p e c t i n 
s o l u t i o n s at n e u t r a l pH. S t a b i l i t y constants v a r i e d from <100 
f o r h i g h l y methylated p e c t i n to n e a r l y 10,000 wi th very low degrees 
of methy la t ion . The degree of e s t e r i f i c a t i o n expected for p e c t i n 
wi th a b i n d i n g constant of 888 i s 38% based upon h i s da ta . Table 
2 shows that the e s t e r i f i c a t i o n of the mesocarp samples v a r i e d 
wi th ca lc ium c o n c e n t r a t i o n , but the p r e d i c t e d degree of e s t e r i f i 
c a t i o n was w i t h i n the observed range. These r e s u l t s suggest that 
t h i s may be a u s e f u l approach to the a n a l y s i s of i o n b i n d i n g i n 
i n t a c t t i s s u e s under c o n d i t i o n s s i m i l a r to those found i n fermented 
and a c i d i f i e d vegetable products . A d d i t i o n a l data need to be 
obtained to determine whether a d e t a i l e d a n a l y s i s of b ind ing of 
ca lc ium and other ions i n cucumber mesocarp t i s s u e can he lp provide 
an understanding of the t e x t u r a l changes that occur i n processed 
cucumbers. 

The development of commercial a p p l i c a t i o n s of ca lc ium a d d i t i o n 
to improve the t e x t u r a l q u a l i t i e s of fermented and a c i d i f i e d 
cucumber products has s t imulated e f f o r t s to understand the 
mechanisms by which t h i s i o n a f f e c t s the texture of cucumber 
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C C A * + BOUND ] / C C O O H GROUPS] 

F i g u r e 5. Scatchard p l o t of ca lc ium b ind ing to the free 
carboxy l groups of p e c t i n i n a c i d i f i e d cucumber mesocarp 
t i s s u e . 

Table 2. Degree of P e c t i n M e t h y l a t i o n i n Cucumber Mesocarp T i s sue 
A f t e r E q u i l i b r a t i o n With Calc ium Ions 

Added [Ca ] Degree of P e c t i n Methy la t ion 
(mM) (%) 

0 42.3 
1.8 33.1 
4.6 27.4 
8.8 27.5 

16.1 25.4 
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tissue. Procedures have been developed to measure the firmness 
of mesocarp tissue (12) and to measure pectin methylation in small 
samples of cell walls (24). Methods to quantitatively analyze 
ion binding by cucumber tissue are being developed. Techniques 
to analyze the neutral polysaccharides to plant cell walls are 
being used to determine changes in the neutral sugars of the wall 
during processing procedures (39) . A number of interesting 
observations have been made concerning the effects of calcium 
ion and pectin methylation on the texture of cucumber tissue, 
but the structural basis for the textural effects remain to be 
explained. 
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Enzymic Lysis of Pectic Substances in Cel l Walls: 
Some Implications for Fruit Juice Technology 

A. G. J. Voragen, H. A. Schols, H. A. I. Siliha1, and W. Pilnik 

Department of Food Science, Agricultural University, De Dreyen 12, 
6703 BC Wageningen, The Netherlands 

Detailed knowledge f th  rol f variou  polysaccha
ride degrading enzyme
the chemical natur  fragment
improvement of enzyme applications in fruit and vege
table processing and development of new applications 
with balanced enzyme formulations. This is demonstrated 
for apple juice production and cloud stabilization in 
apricot nectar. The enzyme systems effective in the 
solubilization of apple and apricot cell wall pectin are 
identified and their role in technological applications 
are discussed. Possible implications of solubilized 
fragments on product quality (color, haze formation) are 
indicated. 

Fruit juices are obtained from fruit pulps by mechanical separation 
(pressing, sieving, centrifuging) of cell liquid from cell wall 
fragments. For clear juices they are further clarified, for cloudy 
or pulpy juices only coarse and unedible particles are removed 
(1,2). The tissues of the edible parts of fruits and vegetables 
consist of parenchymatic cells which have a middle lamella consis
ting mainly of pectins, a primary wall which is a firm gel of pec
tin, cellulose, hemi-cellulose and some protein and sometimes a se
condary wall in which cellulose and hemi-cellulose prevail (3,4). 
Technologically the pectic substances play the greatest role. They 
account for 0.5 to 4% of the weight of fresh material. When tissue 
is crushed this high molecular substance partly becomes water solu
ble and gives a high viscosity to the liquid phase and can form a 
protective colloid for cell fragments. Partly they remain in the 
pulp particles bound to cellulose fibrils by side chains of hemi-

1Current address: Food Science Department, Zagazig University, Zagazig, Egypt. 
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cellulose where they help to bind water. Pectins are complex hete-
ropolysaccharides with a backbone of a-1,4 bound galacturonic 
acids. Some of the uronic acid groups are es t e r i f i e d with methanol. 
In another contribution to this symposium structural features of 
pectins are discussed i n more d e t a i l (5)• 

Pectin esterases (E.C. 3.1.1.11), endo-polygalacturonases 
(E.C. 3.2.1.15) and endo-pectin lyases (E.C. 4.2.2.10) are by far 
the most relevant pectic enzymes in f r u i t processing. Pectin este
rases de-esterify pectins producing methanol and pectic acid. Endo-
polygalacturonase and endo-pectin lyase are both depolymerases 
which s p l i t the glycosidic linkages i n their preferred substrates 
either by hydrolysis (polygalacturonase) or by trans-elimination 
(pectin lyase). Endo-polygalacturonases hydrolyse low es t e r i f i e d 
pectins i n a more or less random fashion. Endo-pectin lyases are 
the only depolymerases specific for highly e s t e r i f i e d pectins which 
they degrade more or less at random. The combined action of pec-
tin-esterase and polygalacturonas
methoxyl pectins. Pecti
Rombouts and P i l n i k (6). 

P i l n i k et a l (7) have noted that the combined action of pecti-
nases and C-l (1,4-p-D-glucan cellobiohydrolase, E.C. 3.2.1.91) en
riched cellulases are able to almost completely liquefy pulped 
f r u i t s and vegetables. For the actual dissolution of the c r i s t a l -
l i n e cellulose f i b r i l s the C-l enzyme i s necessary which s p l i t s off 
cellobiose from the non-reducing end of the 1,4-p-D-glucan and 
which needs some C-x (1,4-p-D-glucan-glucanohydrolase, E.C. 3.2.1.4) 
to create such points of attack. Preparations r i c h i n C-l a c t i v i t y 
are usually obtained from Trichoderma spp. (8). 

The extent and mode of bioconversions of pectic substances i n 
s i t u , their s o l u b i l i z a t i o n and depolymerization effect consistency, 
cloud behaviour, pressing characteristics, juice release, soluble 
solids, c l a r i f i c a t i o n , haze formation and browning potential. We 
have been studying plant c e l l wall degradation with pure and well 
characterized enzymes and from the results of these studies we are 
now able to better define the various stages i n c e l l wall degrada
tion and to understand implications for f r u i t processing. This w i l l 
be demonstrated i n apple juice production and s t a b i l i z a t i o n of apri
cot nectar. 

Apple juice 
In processing of apples exogenous mould enzymes, mainly pectinases 
are frequently used. They are added to extracted j u i c e , to f a c i l i 
tate f i l t r a t i o n and prevent gel l i n g i n concentrated juice or they 
are added to the pulp to improve press y i e l d , or added together 
with cellulase preparations to liquefy the pulp. (2). Information 
about the contribution of the various polysaccharide degrading 
enzymes i n the degradation of apple c e l l walls has been obtained by 
detailed studies of degradation of apple c e l l wall preparations 
with pure enzymes (9,10,11) and by closely monitoring the chemical 
changes taking place i n apple pulp and apple juice during proces
sing (12). Our increased knowledge of the polysaccharide composi
tion and structure of f r u i t c e l l walls (13-17) and their changes 
during ripening and storage (18-20) contributes also to the under
standing of the processes. Table I shows the sugar composition of 
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the alcohol insoluble solids (AIS) prepared from apple c o r t i c a l 
tissue and canned apricots and the composition of their pectin and 
hemi-cellulose fractions. These data i l l u s t r a t e the differences i n 
c e l l wall composition of these f r u i t s . Apricot c e l l walls were 
found to contain more anhydrogalacturonic acid (AGA) but less glu
cose than apple c e l l walls. The pectin fraction extracted from apri
cot c e l l walls was almost twice as large as the apple pectin frac
tion. For the cellulose content (data not shown) the reverse was 
the case. The hemi-cellulose fractions showed large differences i n 
sugar composition, p a r t i c u l a r l y i n arabinose, mannose and galactose 
content. 

Table I 
Sugar composition of AIS prepared from apples and canned apricots 
and of the pectin and hemicellulose fraction prepared from AIS (su
gar composition expressed as mole % )

Preparations Composit  sugar
% AIS Rha/fuc Arab Xyl Man Gal Glc AGA 

AIS: 
apple 2 13 6 2 7 42 28 
apricot 2 16 5 3 6 32 35 

Pectin: 
apple 27. 2 1 23 2 - 4 1 68 
apricot 52 2 20 1 - 4 1 73 

Hemicellulose: 
apple 16. .9 4 34 19 12 17 30 9 
apricot 14. .7 5 8 21 1 9 21 11 

Ref: Voragen et a l , (15) S i l i h a , (11). 
Some results of the studies on the enzymatic degradation of 

apple c e l l wall preparations are summarized i n Table II and I I I . 
They show the amounts of sugars released from apple AIS by pure pec
t i c , c e l l u l o l y t i c and hemi-cellulolytic enzymes. From the pectic 
enzymes the combination of pectinesterase and endo-polygalacturona-
se (PE + PG) were found to release the largest amounts of neutral 
sugars and galacturonides followed by PL. PG alone released substan
t i a l l y less sugars. From these results i t can be derived that degra
dation of highly e s t e r i f i e d pectin (PE + PG, PL) coincides with an 
increased release of pectin associated sugars l i k e arabinose, galac
tose and rhamnose. 

C-l, an 1-4-p-D-glucan cellobiolydrolase enriched cellulase prepara
tion released i n particular glucose and xylose (as cellobiose and 
xyloglucan fragments) and only minor amounts of galacturonides. A 
synergistic action was observed for the combination C-l and PE + PG, 
overall 80% of a l l composite sugars of the c e l l walls were released 
resulting i n the almost complete liquefaction of pulp p a r t i c l e s . 
Endo-1,5-a-L-arabanase and endo-1,4-p-D-galactanase were found to 
release mainly galactose and arabinose containing fragments. Galac-
tanase however was also able to release 33% of the pectic material. 
The combination of arabanase and galactanase showed a cummulative 
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Table II 
Amounts of neutral sugars and galacturonides released from apple 
AIS by pure enzymes. Amounts expressed i n % of or i g i n a l amounts 
present, corrected for control. 

Enzyme Neutral sugars released AGA re- Tot.sug. 
treatment leased released 

Rha/ Arab Gal Man Xyl Glc Total 
fuc 

PE (citrus) — -- 0.1 
PG 4 9 5 -- 4 -- 3 21 8 
PL 19 39 27 -- 20 4 17 57 28 
PE+PG 25 52 34 -- 13 -- 18 75 33 
CI 9 3 
Cl+PE+PG 58 89 

Ref: (Voragen et a l , (9). 

Table I I I 
Amounts of neutral sugars and galacturonides released from apple 
AIS by pure enzymes. Amounts expressed i n % of or i g i n a l amounts 
present, corrected for control. 

Enzyme Neutral sugars released AGA re- Tot.sug. 
treatment leased released 

Rha/ Arab Gal Man Xyl Glc Total 
fuc 

PE+PG 25 52 34 -- 13 — 18 75 33 
Endo-Arab. 3 34 10 -- 10 -- 8 
Endo-Gal 11 18 33 - 6 — 11 33 18 
Arab+Gal 11 38 31 - 6 — 15 36 22 
PE+PG+ 
Arab+Gal 59 56 89 -- 24 11 36 73 48 

Ref: Voragen et a l . , (9,10) 

effect. The combination of PE + PG with both arabanase and galacta-
nase showed an increased release of a l l neutral sugars, but not to 
the extent as observed for the combination with C-l. 

Chemical characteristics of pulp residues and juices obtained by 
pressing of enzyme treated and non-enzyme treated pulp and by centri-
fugation of liquefied pulp i n laboratory scale experiments are summa
rized i n Fig. 1. Pulp residues were analysed for AIS content, pec
t i n content and cellulose content, from the juices the anhydrogalac-
turonic acid content was estimated before and after d i a l y s i s . The 
differences between these values represent oligomeric pectin frag
ments consisting of less than ca. 6 sugar units. The data show that 
pulp enzyming results i n about 50% reduction of pectin i n the press 
cake. A further reduction i n pectin content and i n addition a consi
derable reduction i n AIS and cellulose content takes place during 
liquefaction. The polymeric, oligomeric and monomeric sugars i n the 
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Figure 1. Changes i n juice and pulp as a result of enzyme treat
ment of apple pulp. 
Ref: Kolkman (12) 
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juices were further fractionated by g e l f i l t r a t i o n chromatography on 
Biogel P-2. Fig. 2 shows the elution p r o f i l e for press juice obtain
ed from enzyme treated pulp. Mono - and oligalacturonic acid were 
isolated from the large excess of glucose, fructose and saccharose 
by ion-exchange chromatography as outlined i n Fig. 2. I t can be 
seen that the solubilized pectic material occurs mainly as monome-
r i c and oligomeric galacturonides. From the absorbance at 232 nm 
measured for the oligogalacturonides i t was derived that they are 
p a r t i a l l y present i n the unsaturated form. In a l l juices about 5% 
of the dimers and trimers were present i n the unsaturated form, for 
tetramer this was 20-25%. They are t y p i c a l reaction products of PL 
action. Preliminary studies have shown that oligogalacturonides and 
particular unsaturated oligogalacturonides are very reactive precur
sors for browning reactions (unpublished results). Table IV shows 
the overall galacturonide content estimated for d i f f e r e n t l y proces
sed juices, the release of soluble pectic polymers and oligomers 
was found to increase strongl
ment of juice with bentonit
content. 

Table IV 
Uronide content of apple juices (12°C Brix) estimated according 
to Kintner and van Buren (29) 

Method of preparation Uronide content 

* After c l a r i f i c a t i o n with bentonite and gelatine 
Ref: Kolkman, (12). 

The polysaccharides i n the juice were isolated by u l t r a f i l t r a 
t ion i n a tubelar system (PCI) equiped with a BX3 polysulfonmembra-
ne (Mw cutoff 60,000 Dalton). The retentate and permeate fraction 
were then dialysed, centrifuged and freeze-dried. Fig. 3 shows a 
flow sheet of this process for liquefaction juice. From this juice 
ca. 0.3% of fresh apple weight was obtained as retentate fraction 
and ca. 0.1% as permeate fraction. Table V shows the sugar and glyc-
osidic-linkage composition of the retentate fraction. The presence 
of an a-1,5-arabinan with single unit or short arabinose containing 
side chains at C-2 and C-3 i s evident (16,21). These arabinans are 
probably linked to C-4 of rhamnose which i n turn i s 1,2 linked i n 
the rhamnogalacturonan backbone. This backbone further carries 
single unit and larger xylose containing side chains. Also the pre
sence of 1,4 and 1,3/1,6 linked-galactan i s indicated. The galactu
ronan was methylated for 42% and surprisingly a degree of acetyla-
tion of 60% was estimated (based on anhydrogalacturonic acid con
tent) . The retentate fraction was resistent to further degradation 
by pectic enzymes. With an arabinofuranosidase 80% of the arabinose 
could be removed, endo-p-l,4-D galactanase was able to release some 
oligomeric galactose. The retentate fraction obviously represents 
hairy regions from pectin molecules (21). 

mg/ml 
Pressing 
Water extraction 
Pulp enzyming and pressing 
Enzymic liquefaction 

0.58 
1.31 
2.51 (1.6)* 
4.32 
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Figure 2. Analysis of oligomeric galacturonides by g e l f i l t r a -
t ion chromatography and ion-exchange chromatography. 
Sample: apple juice from enzyme treated pulp. 
Ref: Kolkman (12). 
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Table V 
Sugar and glycosidic linkage composition of u l t r a f i l t r a t i o n 
retentate. 

Sugar composition Glycosidic linkage composition 
(as mole %) (as mole %) 

Rhamnose 5.6 1,2,4-Rhap 100 
Arabinose 55.1 T-Araf 25 

1,2-Araf 1 
1,3-Araf 8 
1,5-Araf 47 
1,3,5-Araf 11 
1,2,5-Araf 3 
1,2,3,5-Araf 5 

Xylose 

1,2-Xylp 3 
Galactose 9.9 T-Galp 45 

1,3-Galp 19 
1,4-Galp 14 
1,6-Galp 4 
1,2,4-Galp 4 
1,3,6-Galp 14 

Galacturonic 
acid 20.9 1,4-GalpA * 80 

1,3,4-GalpA* 20 

* Determined after carboxyl reduction. 
G e l f i l t r a t i o n chromatography of the retentate fraction of lique

faction juice gave 2 overlapping peaks with similar uronide content 
and neutral sugar composition when buffer was used as eluent (Fig. 
4b). However with water as eluent the negatively charged pectic poly
mers appeared i n the void volume because they are excluded from 
the p a r t i c l e matrix due to their charge (22). A galacturonide free, 
almost pure arabinan representing 7% of the retentate eluted i n the 
included volume (Fig. 4a). Table VI shows the glycosyl linkage com
position of this arabinan fraction and of haze isolated from apple 
juice concentrate. In the retentate arabinan 15.7% of the arabinosyl 
units are branched, i n haze arabinan this i s only 4%. Haze arabinan 
has been ide n t i f i e d as an almost l i n e a i r a-1,5-L-arabinan (10,23). 
Native arabinans are described as highly branched (13,14,16). Table 
VII summarizes the degree of branching estimated for arabinans i n 
apple c e l l wall fractions and i n fractions isolated from apple j u i 
ces. From these data i t i s obvious that during enzyme treatment ara-
binofuranosidases commonly present i n commercial pectinase prepara
tions reduce the degree of branching and increase the chance for 
chain association resulting i n haze formation. Several p o s s i b i l i 
t ies can be suggested for avoiding haze problems. Enzyme manufactu
rers can try to avoid the presence of arabinofuranosidase i n their 
pectinase preparations or they can add an arabanase enzyme complex 
which degrades the branched arabinans completely. We are presently 
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Figure 3. Scheme for the preparation of u l t r a f i l t r a t i o n permeate 
and retentate fractions from apple liquefaction juice. 

neutral sugar 
AiiA. 

sephacryl S 500 ( 60x1.2 cm) 
sample:+10 mg UF retentate 
eluent: a) water 

elution volume (ml) 

Figure 4. G e l f i l t r a t i o n chromatography of the u l t r a f i l t r a t i o n re
tentate from apple liquefaction juice and sugar composition of 
fractions i n mol %. 
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Table VI 
Glycosidic linkage composition for arabinosyl residues i n 
arabinan fraction of u l t r a f i l t r a t i o n retentate and i n haze. 

Arabinosyl residue Occurrence glycosyl linkage type i n % 

U.F. Retentate Haze 
Arabinan 

T-Araf 11.4 4.2 
T-Arap 0.2 0.2 
1,2-Araf 0.4 
1,3-Araf 6.6 2.3 
1.5-Araf 65.7 88.4 
1,3,5-Araf 9.4 3 
1,2,5-Araf 3.4 1 
1,2,3,5-Araf 2.

Table VII 
Degree of branching (branched arabinosyl units i n % of t o t a l 
arabinosyl units) of arabinan fractions isolated from apple 
c e l l walls and apple juice. 

Apple c e l l wall Degree of branching 

Pectin fractions 36.5-49* 
Hemi-cellulose fraction 30 

Apple juice 
U.F. retentate (liquefaction) 19 
Arabinan fraction retentate 15.7 
Haze 4 

* (de Vries et a l , 21). 

studying a powerful arabinan degrading enzyme preparation produced 
by a fungus and kindly supplied by Gist Brocades (Delft, The Nether
lands). Following largely i s o l a t i o n procedures as described by K a j i 
(30) we are able to isolate 3 enzymes active on branched (ex sugar 
beets) and l i n e a i r (haze and u l t r a f i l t r a t i o n retentate) arabinan 
( f i g . 5). Two of them are arabinofuranosidases because of their ac
t i v i t y on p-nitrophenylarabinofuranoside; type I i s able to degrade 
oligomers and i s only s l i g h t l y active on branched arabinan. Type II 
readily debranches sugar beet arabinan and i n addition i t can also 
s p l i t arabinose from the a-1,5-arabinan backbone starting from the 
non-reducing end. So type II can degrade branched arabinans comple
tely on i t s own. The t h i r d enzyme i s an endo-a-1,5-arabanase which 
i s only active on l i n e a i r arabinan, i t can degrade haze and u l t r a 
f i l t r a t i o n retentate. Only i n the presence of arabinofuranosidase 
a c t i v i t y i t can completely degrade branched arabinan. 

Emperical studies have shown that Pectinase preparations with a 
high a c t i v i t y on high e s t e r i f i e d pectin were most effective i n i n 
creasing juice yields (24,25). We understand now that such enzyme 
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Figure 5. Points of attack of arabinan degrading enzymes. 
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formulations are able to s o l u b i l i z e the c e l l wall pectin very effec
t i v e l y and to d r a s t i c a l l y reduce the water holding capacity of the 
pulp. As a result juice release i s f a c i l i t a t e d . Galactanase might 
also play a role i n this process. Over-enzyming w i l l deteriorate 
the pressing characteristics of the pulp. The liquefaction process 
i s a new way of making f r u i t juices based on the almost complete 
so l u b i l i z a t i o n of a l l structural components of the c e l l wall by a 
combination of pectinases and C-l r i c h cellulases. High juice 
yields with increased soluble s o l i d contents have been obtained on 
an i n d u s t r i a l scale. The increased AGA content i n juices obtained 
by enzyme treatment and the released highly branched, arabinan r i c h 
pectin fragments and arabinan fragments i n the liquefaction process 
make these juices more l i a b l e to color changes and haze formation. 
Addition of arabanases to the enzyme mix or u l t r a f i l t r a t i o n of the 
juice w i l l solve the haze problem. Apricot c e l l walls form a d i f f e 
rent substrate for polysaccharide degrading enzymes. Studies on 
their enzymic degration hav
Pectinase preparations fo

Apricot nectar 
F r u i t nectars are beverages having a high content of f r u i t ingre
dients, sugars and sometimes acid. Depending on the f r u i t charac
t e r i s t i c s , cloudy (apricots, mango) or clear nectars (black cur
rent, sour cherry, passion f r u i t ) are made. An important quality 
factor of cloudy nectars i s their cloud s t a b i l i t y . Pectic enzymes 
have been used b e n e f i c i a l l y for s t a b i l i z i n g cloudy nectars (26,27). 
When apricot nectar i s made by mixing f i n e l l y screened pulp with 
water, sugar and acid but without s t a b i l i z i n g agents the particles 
tend to settle and even form quite strong gels with a clear superna
tant. S i l i h a and P i l n i k (11) have shown that this can be avoided by 
the action of specific pectolytic enzymes. Table VIII summerizes 
the effects of various pure and technical enzyme preparations on 
cloud s t a b i l i t y of apricot nectars. These nectars were prepared as 
outlined i n Fig. 6. Exo-arabanase (arabinofuranosidase II of Fig. 5) 
shows no effect, pure endo-polygalacturonase (PG) and commercial 
enzymes containing mainly PG have no effect on s t a b i l i t y , they pre
vent gelling. PG with added fungal PE or PG + exo-arabanase, or 
pure pectin lyase (PL) or wide spectrum technical enzymes s t a b i l i z e 
the cloud, prevent gelling and break the c e l l walls. Analysis of 
the sugars released from the cloud particles by pure enzymes and 
their combinations showed that the cloud s t a b i l i z i n g enzymes were 
pa r t i c u l a r l y able to release galacturonides, arabinose and rhamnose 
from apricot c e l l walls i n levels higher than found for apple c e l l 
walls (Table IX). Wide spectrum pectinase was the most effective, 
followed by PL, PG + fungal PE and PG + exo-arabanase. The addition 
of citrus PE to PG did not result i n the release of more galacturo
nides. Exo-arabanase alone released almost exclusively arabinose, 
i n combination with PG i t enhanced release of neutral sugars and 
galacturonides. This indicates that the removal of pectic arabinan 
side chains permits PG to release more pectin fragments. 

The pectic material i n apricot puree has been isolated by sequen
t i a l extraction with water, oxalate, dilute HC1 and dilute a l k a l i . 
I t was established that the acid soluble fraction constituted 39% 
of the t o t a l galacturonides, 59% of t o t a l arabinose and 31% of to
t a l rhamnose. By ion-exchange chromatography i t was shown that the 
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Figure 6. Scheme for the preparation of apricot nectar. 
Ref: S i l i h a (11). 
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neutral sugars were covalently linked to the pectic material (11). 
This makes this pectin fraction a good model substrate to study the 
action of the pure enzymes. Digests obtained by incubating this frac
tion with the various enzymes were chromatographed over Sephacryl 
S-300. The elution patterns i n Fig. 7 show that PG can only partly 
breakdown this fraction whereas the other systems which do s t a b i l i 
ze the nectar are able to achieve good to complete degradation. Ob
viously methoxyl groups and arabinan side chains protect the pectin 
molecules against PG action. I f on or the other or both are removed 
or i f pectin lyase i s used which i s not impeded by these groups the 
arabinogalacturonan i s broken down and s t a b i l i t y of the nectar i s 
achieved. The arabinan r i c h pectin i s an important c e l l wall compo
nent which must be degraded to achieve cloud s t a b i l i t y . Microscopic 
examination has revealed that i n the stable nectar systems the c e l l 
walls were desintegrated, density measurements showed that the spe
c i f i c density of the cloud particles was decreased and rheological 
measurements showed tha
y i e l d stress of the nectars

Table VIII 
Effect of pure and technical enzyme preparations on cloud s t a b i l i t y 
of apricot nectars. 

Gel prevented Stable cloud C e l l walls 

Commercial PG + _ thinner 
Pure PG + - thinner 
Pure PG+PE + + broken 
Pure PG+Arab + + broken 
Pure PL + + broken 
PX + + broken 
PX = Wide Spectrum pectinase 

Table IX 
Amounts of neutral sugars and galacturonides released from 
apricot puree by pure enzymes. Amounts expressed i n % of 
or i g i n a l amounts present, corrected for control. 

Enzyme Neutral sugars released AGA re-Tot.sug. 
treatment leased released 

Rha/ Arab Gal Man Xyl Glc Total 
fuc 

PG 46 57 22 15 81 33 
PG+PE(C) 44 57 25 15 81 34 
PG+PE(F) 60 74 31 6 6 23 91 42 
PL 61 70 29 6 19 89 38 
Exo-Arab — 62 6 4 6 
Exo-Arab 
+PG 58 81 34 5 7 4 23 86 40 
PX 69 82 37 11 15 6 26 92 44 

Ref: S i l i h a , (11). C = Isolated from Citrus f r u i t ; 
F = Fungal o r i g i n ; PX = Wide Spectrum pectinase 
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Based on the results presented here and results published by 
other scientists (2. 28) one can distinguish various stages i n the 
enzymic degradation of parenchymal c e l l walls. In Table X these 
stages are described by the changes i n the c e l l walls, the enzyme 
systems which bring about these changes and the technological ef
fects obtained. Further examination of the mode of action of c e l l 
wall degrading enzymes, of the c e l l wall structure and i t s physi
co-chemical changes effected by enzymic action and of the chemical 
nature of the poly- and oligosaccharides solubilized can improve 
the application of enzymes i n f r u i t and vegetable processing and 
enhance the development of new applications with specific enzyme 
formulations. 

pg AGA/ml (—) 

pg AGA/ml (—) 
p| sugars/ml (—) 

ug AGA/ml (—) 
pg sugars/ml (—) 

la) 

0 10 20 30 40 50 
elution volumelml) 

pg AGA/ml (—) 
pg sugarVml (—) 

10 20 30 AO 50 
elution volumelml) 

elû on votumelml̂  10 20 30 40 50 
elution volumetnl) 

pg AGA /ml (—) 
ug sugara/ml (—) 

pg AGA/ml (—) 
pg sugars/ml (—) 
600! 

PG*Exo-arabinase 

20 30 40 50 
elution volume{ml) 

20 30 40 50 
elution volumelml) 

Figure 7. G e l f i l t r a t i o n chromatography of the HC1 soluble pec
t i n fraction, degraded by various enzyme systems on a Sephacryl 
S-300 column (68x1.05 cm), eluent 0.05 M phosphate buffer pH7. 
Ref: S i l i h a (11). 
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Table X 
Stages i n enzymic c e l l wall degradation 
Technol.effects Changes i n c e l l walls 

Firming: 

Softening: 

Maceration: 

Desintegration: 
. juice release 

Liquefaction: 

Saccharification: 

Saponification of c e l l wall 
pecti
Limitate
wall pectin 
Limited degradation middle 
lamella pectin 
organized t i s s u e ^ c e l l 
suspension 
Sol u b i l i z a t i o n c e l l wall 
pectins and associated 

cloud s t a b i l i z a t i o n arabinans/galactans, c e l l 
wall fragmentation 
Solub i l i z a t i o n of a l l c e l l 
wall polysaccharides 
Degradation of solubilized 
PS fragments to mono
saccharides 

Active enzyme(s) 

PE (+Ca + + ) 

PG or PL 

PG+PE, and/or PL 
+ hemicellulases 
(arabanases, 
galactanases) 
C+PE+PG and/or PL 

Hemicellulases 
Oligomerases 
Exo-carbohydrases 
Glycosidases 

Cloudy juices: 
. cloud (de)stabili-

zation 
. c l a r i f i c a t i o n 

Saponification soluble/ 
insoluble pectin 
Depolymerization soluble 
+ insoluble pectin 
r| reduction 

( i n h i b i t , native) 
PE 
PE+PG, PL 

* PE : Pectinesterase 
PG : Polygalacturonase 
PL : Pectin lyase 
PAL : Pectic acid lyase 
C : Cellulase 
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Effects of Pectin on H u m a n Metabolism 

Kay Behall and Sheldon Reiser 
Carbohydrate Nutrition Laboratory, Agricultural Research Service, Beltsville Human 
Nutrition Research Center, U.S. Department of Agriculture, Beltsville, MD 20705 

Recommendations have been made to include more fiber 
in the average U.S. diet. Pectin has been shown to 
lower blood cholesterol levels and the low density 
lipoprotein cholesterol fractio  withou  changin
levels of high densit
glycerides. Pecti  appear g 
the postprandial rise in glucose in normal, obese and 
diabetic individuals when it is consumed with a meal 
or glucose tolerance test. The potentially detrimental 
effect of decreased mineral absorption in the presence 
of some high fiber diets has not been reported to occur 
with pectin consumption. It would appear that consump
tion of pectin in foods or as a supplement by hypercho
lesterolemic, diabetic or obese individuals should 
be of metabolic benefit without adverse mineral loss 
in the stool. 

During the past few years there has been a great increase in inter
est in the type and amount of fiber in foods and the role of the 
various fibers that are consumed on human health. Part of the 
increased interest is due to the reported association of low fiber 
diets with diverticular disease of the colon, cancer of the colon 
and other diseases of the gastrointestinal tract (1,2), ischemic 
heart disease (3) and diabetes (4). 

Two major approaches have been used to study the effects of 
fiber on humans: 1) to replace low-fiber foods with higher fiber 
foods and 2) to add refined fibers to self-selected or controlled 
diets. High pectin foods or refined pectin have been fed to man 
and animals alone or in combination with other fiber sources to 
investigate the effect of pectin on metabolic parameters. 

Table I shows the pectin content of some foods, primarily 
fruits, and vegetables, as determined analytically (5). Pectin 
content of a single food source varies depending on several factors 
including analytical methodology, variety, maturity, harvest season, 
and cooking method. Citrus fruits, relatively high in pectin and 
low in calories, are commonly used as food sources of pectin. 

This chapter not subject to U.S. copyright. 
Published 1986, American Chemical Society 
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Table I. Pectin and Unavailable Carbohydrate Content of F r u i t s , Nuts, 
and Vegetables 

Dry Pectin Unavailable 
matter Ca Pectate Carbazol carbohydrate 

Fresh weight of edible portion (%) 
Fruit 

Apple 15.9 0.78 0.45 1.7 
Apricot 13.4 1.00 0.70 2.1 
Banana 29.3 0.94 3.4 
Blackberry 18.0 0.94 0.30 7.3 
Blueberry 16.8 0.30 
Cherry 18.5 0.39 0.36 1.7 
Fig 15.4 1.11 2.5 
Grape 19.3 0.19 0.20 0.4 
Grapefruit 9.3 3.90 0.6 
Lemon 14.8 2.90 5.2 
Loganberry 15.0 0.59 6.2 
Orange 13.9 
Peach 13.8 
Pear 17.0 0.49 0.46 2.5 
Pineapple 15.7 0.09 1.2 
Plum 15.9 0.44 0.59 2.1 
Raspberry 16.8 0.97 0.34 7.4 
Rhubarb 5.8 0.44 0.34 2.6 
Strawberry 11.1 0.75 0.50 2.2 
Watermelon 7.4 0.18 

its 
Peanut 95.5 5.98 8.1 
Walnut 76.5 5.80 5.2 

ige table 
Asparagus 7.6 0.22 1.5 
Avocado 7.8 2.86 
Bean 8.4 0.70 0.55 3.0 
Beet 12.9 0.91 0.42 3.1 
Broccoli 9.2 0.49 4.2 
Brussels Sprou t 9.2 0.78 4.8 
Cabbage, red 10.3 0.53 3.4 
Carrot 10.2 2.00 0.96 2.9 
Cauliflower 10.9 0.38 1.5 
Cucumber 3.6 0.16 0.17 0.4 
Eggplant 6.6 0.47 2.5 
Garlic 38.7 1.11 
Kohlrabi 9.7 0.38 
Lettuce 4.8 0.34 1.4 
Okra 11.1 1.53 
Onion 7.2 0.35 0.44 1.3 
Pea 21.5 0.34 5.2 
Pea, with pod 0.57 
Pepper, green 16.6 0.09 
Potato 24.2 0.83 0.34 2.1 
Pumpkin 5.3 1.24 0.20 0.5 
Radish 6.7 0.45 1.0 
Rutabaga 13.0 0.80 
Soybean 90.0 3.45 
Spinach 14.9 0.33 6.3 
Sweet potato 28.0 0.78 2.1 
Tomato 6.6 0.20 0.30 1.5 
Turnip 6.7 0.29 2.8 
Yam 26.5 0.62 

Source: Reproduced with permission from reference 5. Copyright 1979 
Raven Press. 
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Apples, plums and peaches c o n t a i n a h i g h l y methylated (95, 93 and 
89% of t o t a l p e c t i n , r e s p e c t i v e l y ) form of p e c t i n (f>). 

During the more than two decades that p e c t i n research has been 
c a r r i e d out, two areas of i n v e s t i g a t i o n w i t h p o t e n t i a l b e n e f i t to 
human h e a l t h have been i n l i p i d metabolism (Table I I ) and carbohy
drate metabolism (Table I I I ) . P e c t i n has been shown to decrease 
serum c h o l e s t e r o l i n humans (6-11) as w e l l as other animal species 
(10). High l e v e l s of serum c h o l e s t e r o l are g e n e r a l l y considered 
to be a r i s k f a c t o r a s s o c i a t e d w i t h ischemic heart disease (11-13). 
Consumption of p e c t i n to reduce c h o l e s t e r o l l e v e l s i n the blood 
might be expected to reduce the incidence of heart disease espe
c i a l l y when serum c h o l e s t e r o l i s elev a t e d . 

L i p i d E f f e c t s 

The e f f e c t of p e c t i n as par t of a c o n t r o l l e d d i e t has been reported
Keys et a l (6) were abl
normal men a 5% decreas
3 weeks. The p e c t i n was incorporated i n t o a b i s c u i t as part of 
the d i e t . Kay and Tr u s w e l l (_7) observed decreases i n serum c h o l e s 
t e r o l , ranging from 5 to 26% (averaging 13%), i n four male and f i v e 
female subjects fed a c o n t r o l l e d d i e t c o n t a i n i n g 15 g of p e c t i n 
incorporated i n t o a f r u i t g e l f o r 3 weeks. Jenkins and coworkers 
(8) a l s o observed a 13% average decrease i n serum c h o l e s t e r o l i n 
f i v e men fed 30 g of p e c t i n as part of a c o n t r o l l e d d i e t f o r 3 
weeks. T r i g l y c e r i d e s and hig h d e n s i t y l i p o p r o t e i n (HDL) ch o l e s 
t e r o l d i d not change s i g n i f i c a n t l y i n t h i s study. I n c l u s i o n of 
21 g of apple or 20 g of c a r r o t s as the f i b e r source i n a d i e t 
a l s o decreased c h o l e s t e r o l although the change was not considered 
s i g n i f i c a n t . 

Stasse-Wolthuis et a l (9) fed 62 s u b j e c t s , 40 men and 22 women, 
a c o n t r o l l e d low f i b e r d i e t f o r 2h weeks followed by e i t h e r a high 
f r u i t and vegetable d i e t , 37 g of bran, or 28 g of c i t r u s p e c t i n 
f o r 5 weeks. P e c t i n was incorporated i n t o a dessert made from 
f r u i t j u i c e s and b u t t e r m i l k . Serum c h o l e s t e r o l decreased s i g n i f i 
c a n t l y i n the 15 subjects who consumed the p e c t i n d i e t , decreased 
s l i g h t l y i n the f r u i t and vegetable group and increased i n the 
high bran group. High d e n s i t y l i p o p r o t e i n c h o l e s t e r o l d i d not 
change s i g n i f i c a n t l y i n any of the groups. Ch a l l e n et a l (14) 
fed s i x males a c o n t r o l l e d d i e t c o n t a i n i n g 36 g of p e c t i n per day 
f o r 3 weeks. C h o l e s t e r o l decreased an average of 10% i n t h e i r 
subjects while other blood parameters studied i n c l u d i n g p l a t e l e t 
aggregation and haemostasis d i d not change. Challen concluded 
that the e f f e c t of p e c t i n on heart disease was probably not achieved 
through changes i n p l a t e l e t aggregation or haemostasis but through 
some other mechanism. 

Raymond et a l Q5) fed a c o n t r o l l e d formula d i e t c o n t a i n i n g 
2 g p e c t i n , 14 g c e l l u l o s e , 39 g h e m i c e l l u l o s e and 5 g l i g n i n to 
s i x subjects f o r 4 weeks. No s i g n i f i c a n t change i n serum c h o l e s 
t e r o l was observed w i t h the formula d i e t w i t h or without c h o l e s t e r o l 
present i n the d i e t . 

The e f f e c t of adding p e c t i n to s e l f - s e l e c t e d d i e t has a l s o 
been s t u d i e d . As w i t h the c o n t r o l l e d d i e t s t u d i e s , v a r i o u s amounts 
of p e c t i n have been added to the s e l f - s e l e c t e d d i e t s . 

Palmer and Dixon (16) fed a capsule c o n t a i n i n g 2 to 10 g of 
p e c t i n per day f o r 4 weeks to 16 males w i t h normal to high serum 

In Chemistry and Function of Pectins; Fishman, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



19. BEHALL AND REISER Effects of Pectin on Human Metabolism 251 

c h o l e s t e r o l l e v e l s . When 6 g more of p e c t i n per day was f e d , a 
s i g n i f i c a n t decrease i n c h o l e s t e r o l averaging 6% was observed. 
Jenkins et a l (_17) fed 36 g of p e c t i n per day i n water to 12 men 
consuming s e l f - s e l e c t e d d i e t f o r 4 weeks. C h o l e s t e r o l decreased 
12% a f t e r p e c t i n i n c o n t r a s t to 16% w i t h guar gum and no s i g n i f i 
cant change w i t h wheat bran. 

Durrington and coworkers (18) fed 12 g p e c t i n per day i n j u i c e 
to 12 men f o r 3 weeks. Serum c h o l e s t e r o l and apo-& c h o l e s t e r o l 
s i g n i f i c a n t l y decreased, averaging 8% f o r the group, whil e t r i g l y 
c e r i d e s and very low d e n s i t y l i p o p r o t e i n s (VLDL) d i d not change 
s i g n i f i c a n t l y . Judd and T r u s w e l l (19) added 15 g of low methoxyl 
p e c t i n or h i g h methoxyl p e c t i n i n j e l l y to the s e l f - s e l e c t e d d i e t 
of f i v e h e a l t h y men and f i v e h e a l t h y women. Subjects were given 
a copy of the f i r s t 3 weeks of recorded d i e t and asked to consume 
as c l o s e as p o s s i b l e the same d i e t f o r the second 3 weeks. Choles
t e r o l decreased 16% i n response to low methoxyl p e c t i n and 18% 
a f t e r high methoxyl p e c t i n  Serum c h o l e s t e r o l reductions produced 
by adding p e c t i n to s e l f - s e l e c t e
et a l (29) and Lagley an
observed no change i n serum c h o l e s t e r o l . 

Sable-Amples et a l (23) added 2 to 3 apples per day ( c o n t a i n i n g 
2 to 3 g p e c t i n ) f o r 4 weeks to s e l f - s e l e c t e d d i e t s and reported a 
s i g n i f i c a n t decrease i n c h o l e s t e r o l , s i g n i f i c a n t decrease i n low 
d e n s i t y l i p o p r o t e i n s (LDL) and an increase i n HDL c h o l e s t e r o l and 
HDL r a t i o . Mahalko et a l (24) added apple powder which contained 
approximately 2.5 to 6 g p e c t i n per day to d i e t s of n o n - i n s u l i n -
dependent d i a b e t i c s and reported e i t h e r no change or some increase 
i n serum c h o l e s t e r o l . Sable-Amples suggested that the decreases 
they observed may be r e l a t e d to the presence of v i t a m i n C or some 
other component i n the apples a c t i n g s y n e r g i s t i c l y and making the 
p e c t i n more e f f e c t i v e than powdered apple p e c t i n alone. 

The e f f e c t of p e c t i n has a l s o been studied i n some hypercholes-
terolemic s u b j e c t s . G i n t e r et a l (25) fed 15 g p e c t i n w i t h 450 
mg v i t a m i n C f o r 6 weeks to 10 men and 11 women. Serum c h o l e s t e r o l 
decreased 9% i n m i l d l y hypercholesterolemic and 19% i n severely 
hypercholesterolemic s u b j e c t s . HDL c h o l e s t e r o l remained unchanged 
while changes i n t r i g l y c e r i d e l e v e l s v a r i e d . Nakamura et a l (26) 
observed decreases i n t o t a l c h o l e s t e r o l i n 12 m i l d l y hypercholes
terolemic subjects fed 9 g p e c t i n per day f o r 2 weeks s i m i l a r to 
those reported by G i n t e r . In c o n t r a s t Delbarre et a l (27) observed 
no change i n serum c h o l e s t e r o l l e v e l s i n 10 h y p e r l i p i d e m i c subjects 
fed a hypolipemic d i e t w t i h or without 6 g of p e c t i n . 

Schwardt et a l (28) compared r e s u l t s a f t e r a s e l f - s e l e c t e d 
d i e t alone, wi t h cholestyramine added and w i t h cholestyramine and 
12 g apple p e c t i n added f o r 12 weeks. Compared to the subjects 
s e l f - s e l e c t e d d i e t alone, the a d d i t i o n of p e c t i n plus cholestyramine 
decreased c h o l e s t e r o l 31% and LDL l e v e l s 35%, while the a d d i t i o n 
of only cholestyramine decreased c h o l e s t e r o l 19% and LDL l e v e l s 
22%. Neither the HDL r a t i o nor t r i g l y c e r i d e s changed s i g n i f i c a n t l y 
from the prestudy l e v e l s . 

Increased e x c r e t i o n of c h o l e s t e r o l i s thought to be the mechan
ism f o r reducing serum c h o l e s t e r o l . Several i n v e s t i g a t o r s have 
reported increased f e c a l f a t (7,19), s t e r o l s (7,9,19,26) or b i l e 
a c i d s (7,9, 29,30). Kay and T r u s w e l l (7) reported s i g n i f i c a n t 
increases i n f e c a l f a t e x c r e t i o n , averaging 44%; f e c a l c h o l e s t e r o l , 
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19. BEHALL AND REISER Effects of Pectin on Human Metabolism 257 

17%; and f e c a l b i l e a c i d s , 33%, compared to c o n t r o l l e v e l s . Stasse-
Wolthuis et a l (9) reported s i g n i f i c a n t increases i n n e u t r a l s t e r 
oids and b i l e a c i d s i n male but not i n female subjects a f t e r p e c t i n 
consumption. Cummings et a l (29) reported s i g n i f i c a n t l y greater 
e x c r e t i o n of f a t t y acids (80%) and b i l e a c i d s (35%) when f i v e h e a l 
thy men consumed f o r 6 weeks 36 g of p e c t i n per day incorporated 
i n t o a c o n t r o l l e d d i e t compared to e x c r e t i o n during the c o n t r o l 
p e r i o d . Ross and Leklem (30) fed e i g h t men a c o n t r o l l e d d i e t with 
or without 15 g c i t r u s p e c t i n f o r three 21 day periods i n a double 
crossover design. Mean 7 a-dehydrozylase a c t i v i t y was increased 
35%, mean n e u t r a l s t e r o i d c o n c e n t r a t i o n 8%, and t o t a l e x c r e t i o n 
of a c i d s t e r o i d s 11%, when the p e c t i n - c o n t a i n i n g d i e t was fed. 
Judd and Tr u s w e l l (19) observed no d i f f e r e n c e i n l i p i d response 
between the high and low methoxyl p e c t i n and suggested that the 
a b i l i t y of p e c t i n to lower c h o l e s t e r o l l i e s i n i t s g e l l i n g proper
t i e s . Binding of b i l e a c i d s or c h o l e s t e r o l to p e c t i n has been 
reported i n animal s t u d i e
t e r o l and l i p i d s f o r absorption

In v i t r o s t u d i e s have suggested some chemical i n t e r a c t i o n s 
i n c l u d i n g e l e c t r o s t a t i c and hydrogen bonding between i n t e s t i n a l 
l i p i d s and p e c t i n . Baig and Cerda (31) i n v e s t i g a t e d human serum 
l i p o p r o t e i n and g r a p e f r u i t p e c t i n i n t e r a c t i o n s r e p o r t i n g a s p e c i f i c 
i n t e r a c t i o n between p e c t i n and low d e n s i t y l i p o p r o t e i n s . T h e i r 
r e s u l t s i n d i c a t e d that the i n t e r a c t i o n was of an e l e c t r o s t a t i c 
nature. F a l k and Nagyvary (32) i n an i n v i t r o e q u i l i b r i u m d i a l y s i s 
study observed b i n d i n g of p e c t i n and l i p i d microemulsions and mi
c e l l e s of low charge d e n s i t y . T h e i r r e s u l t s suggested a hydrogen 
bonding between the p e c t i n c a r b o x y l i c moieties and l i p i d s which 
under optimum c o n d i t i o n s would r e s u l t i n b i n d i n g four times i t s 
weight i n l i p i d s . The mechanism involved i n the a c t i o n of p e c t i n 
reducing serum c h o l e s t e r o l or c h o l e s t e r o l absorption i s not c l e a r 
at t h i s time. Chemical b i n d i n g as w e l l as entrapment due to the 
viscous nature of p e c t i n may both play a r o l e i n reducing l i p i d , 
c h o l e s t e r o l , or b i l e a c i d a v a i l a b i l i t y f o r absorption thereby 
decreasing serum c h o l e s t e r o l l e v e l s . 

Glycemic E f f e c t s 

U n l i k e the experiments r e p o r t i n g the e f f e c t of p e c t i n on serum 
l i p i d s , most s t u d i e s i n v e s t i g a t i n g the e f f e c t of p e c t i n on glucose 
metabolism have been c a r r i e d out i n response to a meal or o r a l 
glucose t o l e r a n c e t e s t w i t h and without p e c t i n (33-44), r a t h e r 
than a f t e r adaptation to a p e c t i n - f r e e or p e c t i n - c o n t a i n i n g d i e t . 
Studies r e p o r t i n g the e f f e c t s of c o n t r o l l e d d i e t a r y intake of p e c t i n 
on glucose or i n s u l i n are l i m i t e d (24,44,45). Most of the s t u d i e s 
i n v e s t i g a t i n g the e f f e c t of p e c t i n on glucose and i n s u l i n have 
been c a r r i e d out w i t h d i a b e t i c s u b j e c t s , e i t h e r i n s u l i n dependent 
(ID) or n o n - i n s u l i n dependent (NID) d i a b e t i c s (38-43,45). D i a b e t i c s 
may b e n e f i t i f e i t h e r long-term consumption of p e c t i n decreases 
blood glucose, or a f f e c t s the amount of i n s u l i n r e q u i r e d to c o n t r o l 
blood glucose l e v e l s by d i e t a r y means. 

Jenkins et a l (33) fed a meal i n c l u d i n g 10 g of p e c t i n to 13 
normal glycemic s u b j e c t s . Compared to the c o n t r o l meal without 
the p e c t i n present the glucose response curve was s i g n i f i c a n t l y 
lower at 15 minutes a f t e r the load and lower, although not 
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s i g n i f i c a n t l y , at the 30 through 90 minute p o r t i o n of the response 
curve. When guar gum was added to the meal i n a d d i t i o n to the 
p e c t i n the response curve was s i g n i f i c a n t l y reduced at 15 and 30 
minutes w i t h the r e s t of the curve decreased but not s i g n i f i c a n t l y 
compared to the c o n t r o l . I n s u l i n was s i m i l a r l y decreased i n com
pa r i s o n to the c o n t r o l meal at 15 through 45 minutes w i t h p e c t i n 
and at 15 through 90 minutes wi t h p e c t i n and the guar. L e v i t t 
et a l (34) fed a mixed meal w i t h and without 5 g of p e c t i n and 
5 g of guar gum to 12 normal subjects and reported s i g n i f i c a n t 
decreases i n glucose at 15 and 30 minutes and glucagon response 
at 180 to 240 minutes i n comparison to the c o n t r o l . Glucose and 
glucagon a l s o tended to decrease i n comparison to c o n t r o l l e v e l s 
over the remainder of the response curve while no changes i n 
i n s u l i n or g a s t r i c i n h i b i t o r y polypeptide response were observed. 

Holt et a l (35) and Gold et a l (36) both gave o r a l glucose 
to l e r a n c e t e s t s to normal glycemic s u b j e c t s . Holt and coworkers 
reported s i g n i f i c a n t decrease
sponse l e v e l s at 30 an
while Gold and coworkers observed no s i g n i f i c a n t d i f f e r e n c e s w i t h 
10 g of p e c t i n added. Gold et a l (36) d i d observe s i g n i f i c a n t 
decreases i n glucose at 60 and 90 minutes when the 10 g of p e c t i n 
was consumed w i t h a meal. Neither H o l t nor Gold reported a s i g n i 
f i c a n t change i n i n s u l i n l e v e l s between the p e c t i n - c o n t a i n i n g and 
c o n t r o l d i e t . 

B o l t o n et a l (37) compared glucose and i n s u l i n responses to 
oranges compared to depectinated orange j u i c e , each c o n t a i n i n g 
equivalent amounts of monosaccharides. Glucose response a f t e r 
oranges was not s i g n i f i c a n t l y d i f f e r e n t from that a f t e r orange 
j u i c e u n t i l 105 minutes a f t e r the load dose. Subjects had l e s s 
hypoglycemia and i n s u l i n l e v e l s were s i g n i f i c a n t l y lower i n r e 
sponse to oranges than to orange j u i c e . Labayle et a l (38) r e 
ported that when three hypoglycemic p a t i e n t s consumed 5 g of p e c t i n 
w i t h each meal, hypoglycemia was averted. 

Schwartz et a l (46) c a r r i e d out one of the few feeding s t u d i e s 
i n c l u d i n g p e c t i n as the f i b e r source. The c o n t r o l l e d d i e t was 
fed f o r 2 weeks w i t h and without 20 g of p e c t i n per day to seven 
normal glycemic s u b j e c t s . No s i g n i f i c a n t change i n glucose response 
was observed compared to the d i e t without p e c t i n but g a s t r i c empty
ing time was s i g n i f i c a n t l y increased w i t h p e c t i n . G a s t r i c surgery 
p a t i e n t s a l s o showed a s i g n i f i c a n t increase i n g a s t r i c emptying 
time when given 10 to 20 g of p e c t i n w i t h a glucose load dose 
(38,39). 

D i a b e t i c s when tested w i t h 7 to 10 g of p e c t i n present i n a 
meal or o r a l glucose toler a n c e t e s t g e n e r a l l y responded w i t h lower 
serum glucose l e v e l s than when they were given the c o n t r o l meal 
or tolerance t e s t without p e c t i n . Jenkins et a l (40) fed 10 g 
of p e c t i n w i t h 16 g of guar gum i n a meal to eigh t NID d i a b e t i c s 
and three ID d i a b e t i c s . Both groups had s i g n i f i c a n t l y lower serum 
glucose response wi t h p e c t i n present, at 30 through 90 minutes 
i n the NID and at 30 through 120 minutes i n the ID d i a b e t i c s . 
I n s u l i n response i n the NID d i a b e t i c s was a l s o s i g n i f i c a n t l y de
creased from c o n t r o l response l e v e l s a t 30 through 120 minutes. 
When Jenkins et a l (41^) fed 14.5 g p e c t i n w i t h simple sugars i n 
an o r a l t o l e r a n c e t e s t to e i g h t NID d i a b e t i c s , no s i g n i f i c a n t d i f 
ferences from c o n t r o l l e v e l s i n e i t h e r the glucose or i n s u l i n 
response curves were observed. 
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Monnier et a l (42) and Will i a m s et a l (43) reported s i g n i f i c a n t 
decreases i n the serum glucose response curves of t h e i r NID diabe
t i c s from the c o n t r o l l e v e l s when p e c t i n was present at 30 and 
60 minutes and 60 minutes, r e s p e c t i v e l y , w i t h some n o n - s i g n i f i c a n t 
decrease during the r e s t of the curve. I n s u l i n was not s i g n i f i 
c a n t l y decreased i n e i t h e r experiment although W i l l i a m s d i d report 
some delay i n mean response. L e v i t t et a l (34) reported the inges
t i o n of the mixed meal w i t h and without p e c t i n and guar gum by 
NID d i a b e t i c s s i g n i f i c a n t l y improved glucose tolerance without 
s i g n i f i c a n t changes i n i n s u l i n , glucagon or g a s t r i c i n h i b i t o r y 
polypeptide when autonomic neuropathy was not present. However, 
when autonomic neuropathy was present i n the d i a b e t i c s glucose 
tolerance was not improved; i n s u l i n and g a s t r i c i n h i b i t o r y p o l y 
peptide responses remained unchanged but glucagon l e v e l s were 
decreased. 

Vaaler et a l (44) and Poynard et a l (45) fed 15 and 7 g of 
p e c t i n , r e s p e c t i v e l y , t
reported s i g n i f i c a n t decrease
compared to the meal without p e c t i n . Vaaler observed the s i g n i f i 
cant decrease 15 through 90 minutes a f t e r the meal while Poynard 
reported decreases at 60 through 90 minutes. Poynard et a l (45) 
al s o measured i n s u l i n , and reported mean i n s u l i n d e l i v e r y was s i g n i 
f i c a n t l y decreased, averaging 35% decrease over 180 minutes, when 
p e c t i n was included compared to the c o n t r o l . 

Kanter et a l (47) fed a meal w i t h and without p e c t i n to s e v e r a l 
groups of subjects a f t e r they had been fed a c o n t r o l l e d d i e t w i t h 
and without 10 g of p e c t i n and 16 g of guar gum f o r 3 days preceding 
the t e s t meal. The f i v e normal, s i x obese (130% i d e a l mean weight), 
f i v e l a t e n t d i a b e t i c s and s i x overt d i a b e t i c s a l l showed some de
crease i n peak glucose response a f t e r the i n c l u s i o n of the gums 
i n the d i e t and meal. Normal subjects responded l e a s t to the pre
sence of the gums, a l l decreases being n o n - s i g n i f i c a n t , while the 
overt d i a b e t i c s had the gr e a t e s t response to the meal. Obese and 
d i a b e t i c subjects had s i g n i f i c a n t decreases i n serum glucose, the 
obese at 30 and 60 minutes a f t e r the meal and the d i a b e t i c s at 
0 through 90 minutes a f t e r the meal with the gums. I n s u l i n response 
to the i n c l u s i o n of p e c t i n w i t h guar gum i n the d i e t and meal f o l 
lowed the same pa t t e r n as the serum glucose w i t h the greatest de
crease i n the d i a b e t i c subjects and the l e a s t change i n the normal 
su b j e c t s . Normal subjects had s i g n i f i c a n t lowering of i n s u l i n 
response at 45 to 90 minutes a f t e r the meal c o n t a i n i n g p e c t i n , 
obese subjects at 15 to 120 minutes; l a t e n t d i a b e t i c s , 15 to 60 
minutes; and overt d i a b e t i c s 45 to 120 minutes compared to the 
response when p e c t i n was not included i n the meal. Mahalko et a l 
(24) reported no s i g n i f i c a n t change i n serum glucose response to 
a low f i b e r formula f o l l o w i n g d i e t s c o n t a i n i n g a low f i b e r white 
bread ( c o n t r o l ) , 26 g or 52 g of the apple powder of dehydrated 
powdered apples as the p e c t i n source. One subj e c t , who consumed 
both l e v e l s o f powdered apple, d i d respond wi t h s i g n i f i c a n t de
creases i n serum glucose. Mahalko suggested that t h i s subject 
might be part of a subpopulation of persons wi t h NID diabetes that 
responds to t h i s f i b e r source. Gardner et a l (48) were unable 
to f i n d s i g n i f i c a n t changes i n hemoglobin A ^ o r g l y c o s y l a t e d serum 
p r o t e i n i n 17 ID d i a b e t i c s fed 5 g of p e c t i n with each meal and 
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at bedtime w i t h t h e i r s e l f - s e l e c t e d d i e t f o r 3 months. The authors 
f e l t these two parameters should have decreased s i n c e most st u d i e s 
report a decreased glucose response to a t o l e r a n c e t e s t when p e c t i n 
was present. 

M i n e r a l B i o a v a i l a b i l i t y 

The e f f e c t of p e c t i n consumption on mineral balance has not been 
e x t e n s i v e l y s t u d i e d . Cummings et a l (29) fed f i v e normal men a 
c o n t r o l l e d d i e t f o r 3 weeks followed by the c o n t r o l l e d d i e t supple
mented w i t h 36 g of p e c t i n . Calcium e x c r e t i o n was not s i g n i f i c a n t 
l y d i f f e r e n t between the two d i e t periods and a l l subjects were i n 
calcium balance during the c o n t r o l and p e c t i n supplemented p e r i o d . 
Stasse-Wolthuis et a l (9) a f t e r 5 weeks of feeding 15 g of p e c t i n 
to t h e i r subjects d i d not observe any s i g n i f i c a n t change i n calcium, 
magnesium, sodium, or potassium e x c r e t i o n compared to l e v e l s a f t e r 
the c o n t r o l d i e t . Sandber
15 g of p e c t i n a day i
3 days of p e c t i n supplementation and 3 days of c o n t r o l d i e t . A f t e r 
the p e c t i n was consumed there was increased e x c r e t i o n of sodium, 
potassium, and i r o n while calcium, magnesium and z i n c were not 
s i g n i f i c a n t l y changed from c o n t r o l l e v e l s . Apparent i r o n balance 
was s i g n i f i c a n t l y decreased. Monnier et a l (51) reported i r o n 
a bsorption s i g n i f i c a n t l y decreased i n e i g h t p a t i e n t s w i t h i d i o p a t h i c 
hemochromatosis a f t e r a load dose of i r o n w i t h 9 g of p e c t i n per 
meter squared of body surface compared to r e t e n t i o n of the load 
without p e c t i n present. In v i t r o (51) p e c t i n was found to have 
a high b i n d i n g a c t i v i t y f o r i r o n averaging 83 to 92% at v a r y i n g 
pH's. 

L e i et a l (52) fed nine normal s u b j e c t s , seven women and two 
men, a c o n t r o l l e d d i e t f o r 3 weeks with and without 15 g of p e c t i n 
per day. The l a s t 6 days of each period were used f o r sample c o l 
l e c t i o n . No s i g n i f i c a n t d i f f e r e n c e s were observed i n e x c r e t i o n or 
apparent i r o n , z i n c , or copper balance between the c o n t r o l or p e c t i n 
supplemented d i e t s . Baig et a l (52) fed r a t s f o r 40 days one of 
four d i e t s , low or^adequate i r o n d i e t s w i t h or without 2% p e c t i n . 
A load dose of Fe w i t h or without p e c t i n was given to the r a t s 
by gavage. The r a t s fed the low i r o n d i e t s absorbed more i r o n 
than those on the adequate d i e t s r e q a r d l e s s of the presence or 
absence of p e c t i n i n the d i e t or load dose. Drews et a l (53) fed 
adolescent boys a c o n t r o l l e d d i e t w i t h and without i s o l a t e d f i b e r s 
f o r 4 days each. Consumption of 14.2 g of p e c t i n had no e f f e c t 
on the e x c r e t i o n or apparent balance of z i n c , copper or magnesium. 

A d d i t i o n a l research needs to be c a r r i e d out on mineral r e t e n 
t i o n when p e c t i n i s present i n the d i e t . Iron showed both decreased 
absorption and no s i g n i f i c a n t d i f f e r e n c e s from the c o n t r o l . In 
general the longer s t u d i e s showed l e s s d i f f e r e n c e s i n i r o n r e t e n t i o n 
from c o n t r o l l e v e l s than d i d the load dose or very short s t u d i e s . 
Other minerals studied d i d not s i g n i f i c a n t l y change when p e c t i n 
was present i n the s t u d i e s reported. 

Vitamin B i o a v a i l a b i l i t y 

Scant data are a v a i l a b l e on i n t e r a c t i o n s between p e c t i n and v i t a m i n 
u t i l i z a t i o n . G i n t e r et a l (25) added 450 mg of v i t a m i n C per day 
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to the 15 g of p e c t i n fed to hypercholesterolemic s u b j e c t s . They 
reported a s i g n i f i c a n t r e d u c t i o n i n serum c h o l e s t e r o l , a greater 
r e d u c t i o n than a n t i c i p a t e d on the b a s i s of the amount of p e c t i n 
added. The greater r e d u c t i o n i n c h o l e s t e r o l l e v e l s was a t t r i b u t e d 
to s y n e r g i s t i c a c t i o n between the v i t a m i n C and the p e c t i n . They 
hypothesized that v i t a m i n C acted to st i m u l a t e the production of 
7-a-hydroxycholesterol which subsequently increased b i l e a c i d pro
d u c t i o n . P e c t i n i n turn increased c h o l e s t e r o l and b i l e a c i d ex
c r e t i o n by b i n d i n g or entrapment. 

K e l t z et a l (54) i n v e s t i g a t e d v i t a m i n C u r i n a r y e x c r e t i o n i n 
r e l a t i o n to feeding 14.2 g of p e c t i n per day with and without z i n c 
supplementation. Vitamin C e x c r e t i o n decreased w i t h p e c t i n present 
i n the d i e t w i t h or without the z i n c supplement. Increased u t i l i 
z a t i o n of v i t a m i n C or decreased absorption or a combination of 
these f a c t o r s was suggested as re s p o n s i b l e f o r changing the 
v i t a m i n C a v a i l a b l e f o r e x c r e t i o n

Rat s t u d i e s by C u l l e
t i o n of methylmalonic a c i
p e c t i n . The authors suggested that p e c t i n i n t e r f e r e d with 
r e c y c l i n g p o s s i b l y by s t i m u l a t i n g m i c r o b i a l a c t i v i t y i n c r e a s i n g 
the B^2 requirement when p e c t i n was being degraded and thereby 
decreasing the B ^ a v a i l a b i l i t y f o r r e a b s o r p t i o n . However, the 
a d d i t i o n of p e c t i n to the d i e t s of r a t s or chick s has not been 
found to have d e l e t e r i o u s e f f e c t s on the b i o a v a i l a b i l i t y o f p y r i -
doxine (52), f o l i c a c i d (58) or Vitamin A or 8-carotene (59). 
A d d i t i o n a l research with animals and u l t i m a t e l y w i t h man on the 
e f f e c t s of p e c t i n consumption on v i t a m i n u t i l i z a t i o n and a v a i l 
a b i l i t y i s needed. Too l i t t l e research has been c a r r i e d out to 
provide a d e f i n i t i v e answer of the e f f e c t s of p e c t i n consumption 
over a long period of time. 

E f f e c t and Fate of P e c t i n i n the G a s t r o i n t e s t i n a l Tract 

P e c t i n appears to be b e t t e r t o l e r a t e d when i t i s included i n the 
d i e t as a food source or completely hydrated i n a food product 
(7) than when given as a powder mixed w i t h water, j u i c e or the 
s u b j e c t s 1 own food (IS). Subjects complained of the t a s t e , gummy 
f e e l , and the s t i c k i n e s s i n mouth and on teeth when powered p e c t i n 
was given w h i l e food sources, even those formulated by the research
e r s , were w e l l accepted. Some side a f f e c t s noted by some subjects 
i n human st u d i e s included r e c t a l f l a t u l e n c e , f l a t u l e n c e , abdominal 
d i s t e n t i o n and abdominal cramps. 

In c o n t r a s t w i t h some other f i b e r sources such as wheat bran 
no s i g n i f i c a n t decrease i n mean t r a n s i t times has been reported 
by most researchers (7,9,18,29,30) i n v e s t i g a t i n g the e f f e c t of 
p e c t i n on bowel f u n c t i o n or mine r a l b i o a v a i l a b i l i t y . Only one 
study (15) reported a s i g n i f i c a n t decrease i n t r a n s i t time from 
a s t a r t i n g time averaging 63 hours. No s i g n i f i c a n t d i f f e r e n c e 
i n t r a n s i t time between high and low methoxyl p e c t i n s was observed 
by Judd and Tru s w e l l (19). 

Both increased frequency of d e f e c a t i o n (7) and change i n s t o o l 
number (9,29) have been reported when p e c t i n was added to the d i e t 
of human s u b j e c t s . S i g n i f i c a n t increases i n f e c a l wet or dry weight 
have been reported by some i n v e s t i g a t o r s (7,15,18,29) and no s i g n i 
f i c a n t changes i n f e c a l weight by others (9,30,59,60). 
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Most of the p e c t i n consumed appears to be digested by normal 
human subjects (29,61,62). P e c t i n recovered i n the feces has 
ranged from 0 to 25% (61,62). Most of the d i g e s t i o n (up to 80%) 
occurs i n the large i n t e s t i n e with up to 40% o c c u r r i n g i n the small 
i n t e s t i n e (61,63). I t has been suggested that p e c t i n added to 
the d i e t i s digested by increased b a c t e r i a l a c t i o n (29,61). 

Increased methane hydrogen, carbon d i o x i d e and f l a t u s volume 
have been reported with p e c t i n consumption compared to a f i b e r 
f r e e d i e t (64). Increases i n f e c a l content of f a t t y acids (80%), 
n i t r o g e n (47%), b i l e acids (35%) and t o t a l s o l i d s (28%) compared 
to c o n t r o l l e v e l s (29) were thought to be due to increased bac
t e r i a l and i n t e s t i n a l c e l l mass. The degree of p e c t i n d i g e s t i o n 
and c e l l u l a r e x c r e t i o n would a f f e c t s t o o l bulk and dry f e c a l weight 
r e s u l t i n g i n the wide range reported i n s t o o l weight changes. 

Conclusion 

D i e t s c o n t a i n i n g p e c t i
to be b e t t e r t o l e r a t e  greate
when powder or capsules were consumed. The consumption of p e c t i n 
by normal and hypercholesterolemic i n d i v i d u a l s has been reported 
i n most studies to lower blood c h o l e s t e r o l l e v e l s without changing 
t r i g l y c e r i d e or HDL l e v e l s . The greatest decreases i n blood c h o l e s 
t e r o l were reported i n hypercholesterolemic s u b j e c t s . Low-fat 
d i e t s and d i e t s supplemented w i t h l e s s than 6 g of p e c t i n per day 
g e n e r a l l y produced the l e a s t change i n blood c h o l e s t e r o l l e v e l s . 
E x c r e t i o n of f e c a l f a t , s t e r o i d s , and b i l e a c i d s were increased. 
L i p i d s are thought to be bound to or entrapped i n the p e c t i n g e l 
so that they cannot be absorbed i n the small i n t e s t i n e . 

The consumption of p e c t i n by normal and d i a b e t i c i n d i v i d u a l s 
has been reported to lower the glucose response curve a f t e r a load 
dose or meal. I n s u l i n response curves were s i m i l a r l y decreased 
i n responses to p e c t i n i n approximately two-thirds of the stu d i e s 
i n which i n s u l i n was measured. Hypoglycemia and g a s t r i c dumping 
syndrome appear to be lessened or averted when p e c t i n was consumed 
wi t h the meal. Very few long-term s t u d i e s have been c a r r i e d out 
i n v e s t i g a t i n g p e c t i n feeding i n r e l a t i o n to glucose, i n s u l i n or 
other glucogenic parameters. More research i s needed before p e c t i n 
can be s a f e l y recommended to d i a b e t i c s as a d i e t a r y means to reduce 
t h e i r blood glucose. 

The e f f e c t of p e c t i n consumption on mineral balance has not 
been studied e x t e n s i v e l y although the e x c r e t i o n and apparent balance 
of most minerals appears to be unaffected by d i e t a r y p e c t i n . I r o n 
u t i l i z a t i o n or absorption may be a f f e c t e d by p e c t i n consumption 
but the longer feeding s t u d i e s d i d not report any s i g n i f i c a n t 
changes i n apparent balance from c o n t r o l l e v e l s . Further long-
term stud i e s are needed. I n t e r a c t i o n of p e c t i n w i t h vitamins has 
been studied l i t t l e i n man or animals. Vitamin C consumption wit h 
p e c t i n may be b e n e f i c i a l to hypercholesterolemic persons. Vitamin 
B j ^ absorption appears to be reduced wi t h p e c t i n while other 
vitamins studied showed no red u c t i o n i n b i o a v a i l a b i l i t y . More 
research i s needed to determine i f p e c t i n i s b e n e f i c i a l , d e t r i 
mental or benign when consumed as part of the d i e t . 
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Role of Pectin in Binding of Bile Acids to Carrot Fiber 

Peter D. Hoagland and Philip E. Pfeffer 
Agricultural Research Service, Eastern Regional Research Center, U.S. Department of 
Agriculture, Philadelphia, PA 19118 

Carrot fiber, prepared as an alcohol-acetone insoluble 
residue of cell wall material, binds deoxycholate and 
chenodeoxycholate under physiological conditions with 
the release of protons  Removal f calciu  pectat
from this materia
reduces the capacity
acids. Calcium carboxymethyl cellulose exhibits sim
ilar binding activity, whereas free carboxymethyl 
cellulose shows no binding. Calcium pectate prepared 
from citrus pectin and dissolved in water was found 
to bind bile acids under conditions used with carrot 
fiber. These results suggest that binding occurs 
through formation of salt linkage between calcium 
pectate in the cell wall residue and a bile acid. 

Carrot fiber has been shown to bind bile acids under physiologi
cal conditions (1,2). Our earlier investigations have estab
lished that co-binding of bile acids releases protons and can be 
related to the content of calcium in the fiber preparation (2). 
We have proposed that the binding of bile acids to carrot fiber, 
or cell wall residue rich in pectin, may involve salt linkages 
between calcium pectate and the carboxylate group of the bile 
acid. This report presents studies that furnish additional 
evidence that calcium pectate does have a role in the binding of 
bile acids to carrot fiber. 

Materials and Methods 

Carrot fiber was prepared as an alcohol-acetone insoluble residue 
(AAIR) (2). Citrus pectin was obtained from Sigma. Other 
chemicals were reagent grade. The binding assay employed reverse 
phase HPLC determination of the concentration of bile acids in a 
buffered solution before and after contact with fiber. To 
eliminate interactions between calcium in the cell wall and the 
phosphate buffer in the original procedure (2), 0.05 M imidazole 
was used to buffer the bile acid solutions. The HPLC RI detector 
signals were processed through an Adalab A/D converter installed 
in an Apple He computer controlled by Chromatochart, a software 
product of Interactive Microware, Inc. A program in Applesoft 
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was developed to average the data collected and to calculate the 
extent of binding. 

P u r i f i c a t i o n of Pectin. 1 G of citrus pectin, 37% methylated, 
was dissolved i n 60 mL. of water and heated at 60-65°C. for 1 
hour. The solution was s t i r r e d overnight under refrigeration. 
After d i l u t i o n with water to 100 mL, the solution was centri-
fuged at 30,000 g for 40 min to remove suspended material. 
The supernatant was then dialyzed against water for 2 days (4 
changes per day). The solution recovered after d i a l y s i s was 
passed through a cationic exchange resin (IR-120, H ) column, 2.8 
cm x 40 cm at a rate of about 12 drops per minute. The eluant 
was freeze-dried to give 0.76 g of purified pectin. 

Preparation of Calcium Pectate. 0.5 G of purified pectin was 
dissolved i n 100 ml of
against dilute calcium
for 24 hours i n a cold roo  nitrogen
azide was added to prevent bacterial growth. The 125 mL solu
tion was used d i r e c t l y for the binding assay. 

Binding of Chenodeoxycholate to Calcium Pectate. 10.1 mg of 
chenodeoxycholate (CDC) and 2 mg of Na 2C0 3 were dissolved i n 
enough solution of the calcium pectate described above to f i l l a 
5 mL volumetric flask. The pH was adjusted to 7.00 by addition 
of a few grains of Na2C03. Another solution of CDC was prepared 
i n l i k e manner with just water. Fine control of pH was possible 
by the addition of a few small grains of c i t r i c acid. These two 
solutions were subjected to the reverse phase HPLC assay for 
binding (2). Concentration of CDC was determined by peak area 
using the integration program of Interactive Microware, Inc.'s 
Chromatochart. 

Calcium Analysis. Materials for calcium analysis were ashed i n 
an e l e c t r i c muffle furnace at 600°C. for 2 hours. The ash after 
weighing was dissolved i n 4N n i t r i c acid and the calcium content 
of the solution was determined by atomic absorption spectroscopy 
using standard methods. 

Calcium Carboxymethyl Cellulose. 2 G of carboxymethyl cellulose 
(Whatman CM-32; was mixed for one hour at room temperature i n 200 
mL of 0.1N HC1. The material was f i l t e r e d and mixed with 200 
mL of water three times. The CMC-H was next s t i r r e d i n 200 mL 
of water containing 0.5 g of Ca(0H)2 overnight i n the cold room. 
The CMC-Ca++ was also washed with 200 mL. of water three times. 
The material was then dialyzed against water and recovered by 
freeze-drying. 

Ammonium Oxalate Extraction of Carrot AAIR. 2.0 G of carrot 
AAIR was added to 1 L of a 1% ammonium oxalate solution, pH 
5.00. The mixture was s t i r r e d and slowly heated to 80°C. over a 
period of one hour. The AAIR was recovered by f i l t r a t i o n and 
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thoroughly washed with water. 1.46 G of material was recovered 
by freeze-drying. A calcium content of 0.260 ± 0.013% was found. 

Deoxycholate Extraction of Carrot AAIR. 2.5 G. of sodium 
deoxycholate (DC) was dissolved i n 250 ml of water and the pH was 
adjusted to 7.30 with acetic acid. To this solution was added 
5.0 g of carrot AAIR and an additional 50 mL of water i n order 
to have free solution for mixing. After mechanical shaking for 
one hour at room temperature the mixture was f i l t e r e d . The 
f i l t r a t e was a c i d i f i e d with 3.0 mL. of acetic acid and added to 
2 L. of absolute ethanol. After storage overnight i n the cold 
room the alcohol suspension was f i l t e r e d . The residue was 
dissolved i n about 100 ml of water and the solution was dialyzed. 
The dialzyed solution was freeze-dried to give 0.3 g of material. 
This material was found from 1 3C NMR spectroscopy to consist 
largely of pectin and DC  Furthe  p u r i f i c a t i o  carried t 
by repreciptation of th
by d i a l y s i s and freeze-drying
for measurement of CDC binding. 

NMR Spectroscopy. CPMAS 1 3C NMR spectra were obtained with a 
JEOL FX60QS NMR spectrometer operating at 15.04 MHz. The *H 
decoupling r f i r r a d i a t i o n f i e l d strength was 11 G; the contact 
time was 0.5 sec and the recycle time was 1.5 sec. A spectral 
width of 8000 Hz and a sampling rate of 2k data points, zero 
f i l l e d to 4k, were used. Chemical s h i f t s were assigned relative 
to the methyl resonances, 17.36 ppm, of hexamethylbenzene. 
Samples were spun at approximately 2.1 kHz and no spinning 
sidebands were observed. 

Results and Discussion 

The alcohol-acetone insoluble residue (AAIR) prepared from carrot 
was revealed by scanning electron microscopy to be largely 
remnants of c e l l wall material as seen i n Fig. 1. The composi
tion of carrot alcohol insoluble residue has been described by 
Aspinall, et a l . (4), who found a high content of pectin along 
with galactans, galactoarabans, and a new polyxyluronide. We 
found calcium i n carrot AAIR to range up to near 1%. Plant c e l l 
walls are now believed to have, as integral structural compo
nents, calcium pectate (5). Robertson, et a l . (1) found that 
alcohol insoluble residue (AIR) of carrot exhibits a large water 
holding capacity of from 13 to 32 g/g and has cationic exchange 
capacities of from 1.1 to 2.4 meq/g. This property largely 
derives from the group of pectins present. Aspinall, et a l . , (4) 
have isolated from AIR different pectin species. A highly 
methylated pectin can be extracted from AIR by hot water. 
Ammonium oxalate can extract a large fraction of pectin, presum
ably calcium pectate. Removal of remaining pectin requires 
treatment with base (4); this l a t t e r pectin i s believed to be 
covalently linked to other c e l l wall components by ester 
linkages. 

We have established that carrot AAIR co-binds b i l e acids 
under physiological conditions (2). Furthermore, such binding 
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Figure 1. Scanning electron micrograph of carrot AAIR, 2k0x. 
Material i s residual c e l l walls. 
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releases protons and appears to be related to calcium content of 
the AAIR (2). Our e a r l i e r work has led us to suggest that 
binding of b i l e acids to carrot AAIR involves formation of 
calcium sa l t linkages between a b i l e acid and calcium pectate. 

Treatment of carrot AAIR with ammonium oxalate resulted i n 
removal of about 25% of the mass of the material. The calcium 
content of remaining AAIR was reduced from 0.92% to 0.26% (Table 
I ) . The AAIR after extraction with ammonium oxalate exhibits a 
reduced capacity to co-bind CDC and DC, as shown i n Table I. 

Table I. Effect of Ammonium Oxalate Extraction of Carrot AAIR on 
the Co-Binding of Chenodeoxycholate and Deoxycholate. 

Fiber %Ca PH %CDCJ a %DC 

AAIRb .67 6 .69 1.36 +/- .03 1.04 +/- .08 
AAIR (Am0x)c .26 

AAIR .67 6 .39 1.79 +/- .10 1.61 +/- .05 
AAIR (AmOx) .26 6 .48 1.07 +/- .19 .78 +/" .19 

AAIR .67 7 .04 1.06 +/- .02 .45 +/- .03 
AAIR (AmOx) .26 7 .18 .48 +/- .06 .00 

chenodeoxycholate, wt/wt dry fiber. 

^alcohol, acetone insoluble residue, USDA grown carrots. 
Cresidue after extraction with 1% ammonium oxalate, pH 5, 80°C, 
1 hr (25% weight loss). 

This effect i s most pronounced for DC at the higher pH values. At 
the lowest pH, 6.68 (Table I, binding capacity i s s t i l l 
appreciable even though over half the calcium had been extracted. 
These results indicate that calcium pectate has a role i n the 
binding of b i l e salts to carrot AAIR and provide supporting 
evidence for the idea that the binding involves calcium s a l t 
linkages. Since calcium pectate appears to be a general 
plant c e l l wall structural polysaccharide, the observed binding 
of b i l e acids to a variety of plant fibers may involve sa l t 
linkages with calcium pectate (5,6). 

To test the p o s s i b i l i t y that b i l e acids can bind to 
polysaccharides through calcium s a l t linkages, calcium 
carboxymethyl cellulose was prepared and assayed for b i l e acid 
binding a c t i v i t y . The results i n Table II clearly indicate that 
binding can occur when carboxymethyl cellulose i s i n the calcium 
form. CM-32 has one carboxyl group per 4-5 glucopyranosyl units, 
based on a cation exchange capacity of 1 meq/g. These carboxyl 
groups are reported to be located on the surface of internal 
pockets of the carboxymethyl cellulose (7). These pockets are 
large enough to accommodate proteins and would therefore offer no 
restrictions to binding of b i l e acids. At 1.58 % Ca, the 
carboxymethyl cellulose used i n our study might be ca.40% i n the 
CM-C00"(Ca++)'(HC03) or 80% i n the CM-C00"(Ca++)"00C-CM form. 
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Because of the s t a t i s t i c a l d i s t r i b u t i o n of carboxylate groups i n 
the carboxylmethyl cellulose a mixture of these two forms proba
bly obtains. The observed binding of CDC to calcium 
carboxymethyl cellulose very l i k e l y involves calcium s a l t l i n k 
ages. This binding capacity also suggests that calcium 
carboxymethyl cellulose could be considered as a replacement for 
cholestyramine i n the treatment of some gastro-intestinal disor
ders since carboxymethyl cellulose can be expected to have far 
less abrasive action on the i n t e s t i n a l wall. 

Table I I . Binding of Chenodeoxycholate to Calcium Carboxymethyl 
Cellulose a. 

Fiber PH % Chenodeoxycholate, wt/wt fiber 

CMC-Cat!; 
CMC-CaTT 
CmC-Ca 

7.26 
7.4
7.4

1.38 +/- .02 

CMC 7.66 .00 

a 1 . 5 8 +/- .02 % Ca. 

To further test the hypothesis that calcium pectate has a 
role i n the binding of b i l e acids to carrot f i b e r , calcium 
pectate was prepared and assayed for binding a c t i v i t y . The 
direct preparation of calcium pectate, for example by t i t r a t i o n , 
can lead to formation of a gel at the entry point of t i t r a n t 
where the local concentration of calcium ions i s greatest. High 
concentrations of calcium pectate were avoided by dialyzing 
calcium ions into the pectin solution held within a low molecular 
weight cut-off, cellophane sac. The assay was made d i f f i c u l t by 
the necessity of maintaining a low concentration of pectin (0.4% 
w/v) to avoid gelation. Binding was measured from small d i f f e r 
ences i n the chenodeoxycholate peak from the reverse phase 
chromatograms. The precision of measurement was thereby dimin
ished. However, the data obtained i n Table I I I do show that 
calcium pectate can bind CDC to a greater extent than sodium 
pectate. 

Table I I I . Binding of Chenodeoxycholate to Na Pectate and to Ca 
Pectate a 

Substance mg/ml PH mg CDC/ml % Binding 

Na Pectate 4.00 7.24 2. .00 1.8 +/- .2 
Ca Pectate 4.00 7.00 2, .00 5.4 +/- .6 
Ca Pectate 2.00 6.53 1, .00 4.8 +/- .5 

citrus pectin, 70% methylated, Sigma, 3.3% Ca. 

37% Methylated pectin contains nearly 3 meq/g of 
carboxylate groups. A 3.3% Ca content of the calcium pectate i n 
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Table I I I corresponds to approximately 0.8 mM Ca/g. of 
polymer. This figure allows -C00~(Ca++)~00C- intermolecular s a l t 
linkages i n the calcium pectate, because the degree of 
methylation, according to Rees (8), i s low enough to permit an 
"egg-box" structure that leads to dimerization and then to gel 
formation. The calcium pectate i n our binding study was i n a 
pre-gel state and may have formed calcium s a l t linkages with the 
b i l e acid through an exchange reaction as follows: 

Pectin-COO"(Ca + +)"00C-Pectin + CDC-C00* — > 
CDC-C00"(Ca++)"00C-Pectin + Pectin-COO" 

The release of the stronger carboxylate groups of pectin that 
this equation produces would account for the drop i n pH that i s 
observed upon binding of b i l e acids to carrot AAIR. 

Pectin complexed wit
the demonstrated a b i l i t
exchange (9). These complexes are hypocholesterolemic i n rats 
and can interact with b i l e acids as well as anionic l i p i d 
micelles (9,10). Our studies favor a role for calcium pectate i n 
the observed binding of b i l e acids to plant c e l l wall residue. 
I t remains to be seen i f calcium pectate w i l l have a greater 
hypocholesterolemic effect than has been reported for commercial 
pectins i n feeding studies (11-15). 

During the course of b i l e acid binding assays of carrot AAIR 
i t was noted that a peak emerged at the void volume during HPLC 
of the solution of b i l e acid that had been i n contact with the 
fiber. We therefore suspected that the b i l e acid solution was 
so l u b i l i z i n g some small fraction of the AAIR. Accordingly, 
carrot AAIR was then extracted with sodium deoxycholate and a 
pectin fraction was isolated by alcohol precipitation of the 
ac i d i f i e d extract. Solid state CPMAS 1 3C NMR spectroscopy (Fig. 
2) revealed this pectin to be 75% methylated and therefore 
similar to the highly methylated pectin that Aspinall, et a l . , 
(4) isolated from carrot c e l l wall residue by hot water extrac
tion. The pectin was found to bind 6.39 ± 0.26 % CDC at pH 7.2. 
This pectin fraction requires further study because the data 
suggest that hydrophobic interactions may have a role i n binding 
of b i l e acids to some highly methylated pectins. A combination 
of hydrophobic interactions and calcium s a l t linkages could 
possibly result i n some very strong binding between b i l e acids 
and highly methylated calcium pectate. 

Carrot AAIR can now be viewed as a dietary fiber with a 
growing l i s t of beneficial properties. The large water holding 
capacity of this material (1) makes carrot fiber an effective, 
gentle bulking agent (6). The binding a c t i v i t y for b i l e acids 
that has been experimentally demonstrated (1,2) for carrot fiber 
(AAIR) offers a dietary means of controlling blood cholesterol 
levels (6,16-17). The calcium content of carrot fiber may be a 
significant dietary source of calcium for the senior population. 
In addition, some of the calcium of carrot AAIR may be released 
i n the colon with the beneficial effect of removing free fatty 
acids as calcium salts (18). Carrot f i b e r , prepared as an 

In Chemistry and Function of Pectins; Fishman, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



20. HOAGLAND AND PFEFFER Binding of Bile Acids to Carrot Fiber 273 

ppm 

Figure 2. CPMAS13C NMR spectra for carrot AAIR and for pectin 
extracted from AAIR with deoxycholate. Chemical sh i f t s (ppm): 
AAIR, 173.2 (a, carbonyl), 106.4 (b, anomeric), 73.4 (c, 
hydroxylated methylene), 53.7 (d, methoxy), 22.0 (e, methyl of 
acetyl); pectin, 172.1 (a), 102.5 (b), 71.4 (c), 54.0 (d) 22.0 
(e); Sigma citrus pectin, 70% methylated (not shown), 171.9 (a), 
101.0 (b), 71.2 (c) 54.0 (d), no (e). 
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alcohol insoluble cell wall residue, can be prepared easily and 
economically. Additional beneficial properties as a component of 
food formulations can be anticipated. 
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Apricot nectar processing—Continued 
preparation of nectars, 24l,2M2f 

B 

Bile acid binding to carrot fiber 
ammonium oxalate extraction of 
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residue, 267-268,270t 
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calcium (carboxymethyl)-
cellulose, 270,271t 
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pectin, 272,273f 
carrot fiber preparation, 266,267 
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preparation of calcium 

pectate, 267,271 
purification of pectin, 267 
scanning electron micrograph of 
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C 

Calcium binding to pectins 
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measurements, 66,67f,68 
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coefficients, 6M-65,67f 
effective charge parameter, 68,69f 
egg-box model, 61-62 
influence of pattern of 

este r i f i c a t i o n , 65-66,67f 
influence of polymer concentration 

on calcium a c t i v i t y 
coefficient, 65-66 

neutralization effects, 65,68,69f 
Calcium ion, effect on texture of 

f r u i t s and vegetables, 217-228 
Carbazole method, galacturonic acid 

determination, 14 
Carbon-13 NMR spectroscopy, 

galacturonic acid 
determination, 16 

Carrot fiber 
beneficial properties, 272-273 
binding of bile acids, 266-27M 

Chemical properties of pectins 
acid-catalyzed hydrolysis, 9 
6-elimination reaction, 9 
deesterification, 9 
depolymerization, 9 
hydroxy1-group reactions, 9-10 
lyases, 10 
pectinesterases, 10 
polygalacturonases, 10 
transeliminases, 10 

Colloidal t i t r a t i o n method, 
galacturonic acid 
determination, 15 

Colorimetric method, acetyl and 
feruloyl ester determination, 18 

formation of junction zones, 5 
gels, 4-5 

Cucumbers 
c e l l wall structure, 220 
textural changes during processing 

and storage, 218-228 

D 

Decarboxylation with hydroiodic acid, 
galacturonic acid 
determination, 15 

Degree of amidation, definition, 3 
Degree of es t e r i f i c a t i o n , 

definition, 3 
Degree of polymerization, number 

average, 32,33t,3*J 
Destructive tests for gel strength 

measurements 
advantages, 96 
finger test, 98 
Herbstreith pectinoraeter 

measurements, 99 
Instron measurements, 99 
Luers-Lochmuller pectinometer 

measurements, 98-99 
Tarr-Baker method, 98 

Dynamic testing, 97-98 

E 

End-group t i t r a t i o n , determination of 
number-average molecular 
weight, 26 

Endopectin lyases, role in f r u i t 
processing, 231 
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Endopolygalacturonaese, role in f r u i t 
processing, 231 

Enzymic c e l l wall degradation, 
stages, 244,245t 

F 

Fiber effects on humans 
approaches, 248 
carbohydrate 

metabolism, 251,253-255t 
effect and fate i n the 

gastrointestinal tract, 261-262 
glycemic effects, 257-260 
l i p i d effects, 250,256 
l i p i d metabolism, 250,251-252
mineral b i o a v a i l a b i l i t y
vitamin b i o a v a i l a b i l i t y 

effects, 260-261 
Firmness 

influencing factors, 200 
assessment—See Texture assessment 

Foods, pectin content, 248,249t 
Fractionation of apple pectin 

elution p r o f i l e , 39,40f 
enzymic degradation, 4l,42f 
ion-exchange chromatography, 41 
neutral sugar distribution 

curves, 39,4l,42f 
Fruit, ripening, c e l l wall 

metabolism, 141-154 
Fruit juices 

processing, 231-245 
sources, 230 
tissue composition, 230-231 

Fruit nectars 
definition, 241 
use of pectic enzymes for cloud 

s t a b i l i t y , 241 
Fruit processing, pectic 

processing, 231 
Fruit softening, effect of 

endo-D-galacturonanase, 149,152 

G 

Galacturonic acid analysis in pectin 
chemical methods 14-15 
chromatographic methods, 16-17 
physical methods, 15-16 

Gel strength, instruments for 
measurement, 94,95t 

Gels, definition, 91 
GLC procedure 

galacturonic acid determination, 16 
neutral sugar determination, 19 
methyl ester determination, 18 

H 

Hairy region fractions, gel f i l t r a t i o n 
p r ofiles, 4l,44,45f 

Hemicelluloses, d e f i n i t i o n , 13 
Herbstreith pectinometer 

internal strength vs. pectin 
dosage, 110,111f 

measurement of pectin breaking 
strength, 99,105,108 

photograph, 105,107f 
Herbstreith pectinometer 

measurements, 99 
High-methoxyl pectins 

categories, 89t 
definition, 3 
gelatin factors, 8 

Human metabolism, effects of 
pectin, 248-262 

I 

IFT sag method 
effect of pH on measured sag of 

j e l l i e s , 104-105,106f 
instrumental 

methods, 105,106-107f,108,109f 
Instron measurements, 99 
Internal gel strength influencing 

factors 
j e l l y pH, 94 
j e l l y test conditions, 94 
molecular weight, 92 
pectin type, 92,93f 

Internal gel strength instrumentation 
creep compliance, 94,96 
destructive test, 96,98-99 
ela s t i c l i m i t , 94 
nondestructive tests, 96-98 
textural p r o f i l e s , 94 

IR spectroscopy, galacturonic acid 
determination, 15-16 

J 

J e l l y , definition, 89 
J e l l y grade, de f i n i t i o n , 104 
J e l l y grade determination 

IFT age method, 104-115 
preparation of j e l l i e s , 104 

J e l l y manufacturers needs, pectin 
evaluation, 89-90 

Je l l y tester, 97 
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Junction zones 
alkaline depolymerization, 5,6f 
formation models, 5 

L 

LC methods 
galacturonic acid determination, 17 
neutral sugar determination, 19 

Length, number average, 34,35t 
Low-methoxyl pectins 

definition, 3 
gelatin factors, 8 

Luers-Lochmuller pectinometer 
photograph, 105,106f 
measurements, 98-99 

M 

Membrane osmometry, determination of 
number-average molecular 
weight, 26 

Methyl, acetyl, and feruloyl 
substitution in pectin, 17-18 

N 

Neutral sugar composition of pectin 
determination, 19 
l i s t of sugars, 18 
values, 4l,43f 

Neutral sugar residues, size, 54 
Nondestructive tests for gel strength 

measurements 
advantages, 96 
concentric cylinder instruments, 97 
description, 96-97 
dynamic testing, 97-98 
IFT sag method, 96-97 
j e l l y tester, 97 
parallel plate measurements, 97 
Wageningen sag methods, 97 

Nucleotide sugar donors 
formation, 135,136f 
transport across the 

membrane, 135,137 

P 

Para l l e l plate measurements, 97 
Partition coefficients, 

determination, 25-26 

Pectate 
aggregation, 79,82 
concentration determination, 84 
def i n i t i o n , 2 
dependence of osmotic pressure on 

concentration, 74-75,76f 
dependence of precipitate amount on 

divalent ion addition, 79,81f,82 
energetics of interaction with 

divalent ions, 75,77 
enthalpy data, 77,78f 
interactions in aqueous 

solutions, 73-86 
molar ratio vs. e l l i p t i c i t y , 79,80f 
molecular weight vs. bound divalent 

ions, 82,83f 
osmometric measurements, 84,86 
pH-induced conformational 

rheology
gels, 82,84,85f 

structural properties, 79 
volume change on addition of 

divalent cations, 75,76f 
Pectic acid, definition, 2 
Pectic polysaccharide, de f i n i t i o n , 13 
Pectin 

alkaline deesterification, 62 
analysis by uronic acid 

assay, 201,204 
apple, 38-47 
characteristic parameters, 32,33t 
characterization of samples, 62-63 
chemical properties, 9-10 
chromatograms for methyl-esterified 

pectins, 28,29f 
circular dichroism, 63 
composition, 157-158 
conformation, 4,5,6f 
content i n foods, 248,249t 
definition, 3,14,90 
enzyme degradation of 

ot— 1,4—galacturonan, 158 
enzymic deesterification, 62 
extraction from c e l l wall 

material, 201 
formation during plant c e l l wall 

growth, 134-139 
glycemic effects, 257-260 
influence on internal gel 

strength, 92,93f 
interactions with counterions, 61-71 
l i p i d effects, 250,256 
methyl, acetyl, and feruloyl 

substitution 
determination, 17-18 

mineral bi o a v a i l a b i l i t y effects, 260 
model of types A-E, 4l,43f 
neutral sugar composition, 18 
number-average degree of 

polymerization, 32,33t,34 
number-average length, 34,35t 
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Pectate—Continued 
occurrence in plant materials, 157 
physical properties, 5,7-9 
potentiometry, 63 
quantitative analysis of 

galacturonic acid, 14 
ra d i i of gyration, 28,29t 
role i n binding of bi l e acids to 

carrot fiber, 266-274 
sample preparation, 62-63 
self-disaggregation, 23-36 
structure, 3-4,38-39,90 
subdivision, 3 
sugar beet, 49-59 
theory of gel formation, 90-91 
use in manufacture of j e l l y , 88 
vitamin bioav a i l a b i l i t y 

effects, 260-261 
Pectin-alginate systems 

determination of mechanica
properties of gels, 119 

effect of calcium on gels, 120-121 
effect of different ratios of pectin 

and alginate, 121,126,127f 
effects of g-glucono-6-lactone 

on gels, 121,122-125f 
preparation of gels, 119 
source of pectin and 

alginate, 118-119,120t 
Pectin esterases, role i n f r u i t 

processing, 231 
Pectin function i n tomato ripening 

endo-^-galacturonanase 
a c t i v i t y , I45t 

enzyme assays, 143 
gel f i l t r a t i o n 

p r ofiles, 143,145,146-I47f,152 
hemicellulose extraction and 

analysis, I43,149,151f,154 
ion-exchange 

chromatography, I43,l45,l48f 
measurement of tota l and soluble 

pectins, 143 
neutral sugar 

analysis, 143,149,150f,153-154 
percent es t e r i f i c a t i o n , 143 
plant material, 142 
preparation of ethanol-insoluble 

solids, 142 
total and soluble pectins in ethanol 

powders, I44t,l45 
Pectin gel network, 91 
Pectin grading 

breaking strength vs. molecular 
weight, 110,113,H4f ,115 

breaking strength vs. 
viscosity, 113,1l4f,115 

comparison of various 
methods, 108,115 

Pectin polymers 
chemical modification in the c e l l 

wall, 139 
compartmentalization within the 

endomembrane system, 138 

Pectin polymers—Continued 
fusion with the plasmamembrane, 139 
movement of vesicles, 138-139 
synthesis within the endomembrane 

system, 137 
Pectinate, d e f i n i t i o n , 2 
Pectinic acid, definition, 2 
Physical s o l u b i l i t y of pectins 

function of structure, 7 
gelation factors, 7-9 
pH effects, 7 
vis c o s i t i e s , 5,7 
water s o l u b i l i t i e s , 5 

Plant c e l l wall 
channels for pectin movement and 

synthesis, 135-139 
formation of pectin, 134-135 

Polygalacturonase 

mechanism of degradation, 158 
Polygalacturonase converter 

effect on isoenzymes, 162 
properties, 161-162 
purification, 161t 

Polygalacturonase i n f r u i t s 
a c t i v i t y , I67,l69,170f 
isoenzymes, 169 

Polygalacturonase isoenzymes 
a c t i v i t y , 165,167 
conversion of I to I I , 159,161 
converter, I6lt,162,165,167 
separation, 159,l60f 
s i m i l a r i t i e s , 159 

Polygalacturonase i n peaches 
a c t i v i t y , I67,l69t 
isoenzymes, 167 
so l u b i l i t y , I67 , l68f , l69 

Polygalacturonase i n plant tissues 
a c t i v i t y , 169,171t 
characterization, 171,172f,173t 
isoenzymes, 169,171 

Polygalacturonase i n tomatoes 
a c t i v i t y , 165,167 
effect of pH on s o l u b i l i t y , I62,l63f 
effect of salt on 

s o l u b i l i t y , 162,l64f,165,I66f 
isoenzymes, 159 
levels, 159 

Polysaccharides, universal calibration 
curves, 26,27f,28 

Polyuronides 
properties, 175-176 
sequential cooperative ion binding 

mechanism, 176-186 

R 

Radii of gyration 
definition, 28 
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Radii of gyration—Continued 
influencing factors, 28,30 
number average, 30,31t,32 
values, 28,29t 

Root-mean-square r a d i i of gyration, 
determination, 25 

S 

Self-disaggregation of pectin 
experimental procedures, 23-26 
van't Hoff plots, 23,27f 

Sequential cooperative ion binding 
mechanism 

effect of competitive exchange on 
broadening, 183,184-I85f,18

evidence for a divalent 
cation-polyuronide aggregat
structure, 182-183 

experimental conditions, 177 
paramagnetic ion couplings, 177,179 
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