
ELSEYIER 

Relationships between textural changes and 
the changes in linkages of p&c substances 

of sweet pepper during cooking processes, and 
the applicability of the models of interactions 

between pectin molecules 

Pectins in the alcohol-insoluble solids of sweet pepper (Cipicum wmur~~ L.) 
were fractionated by sequential extraction with various solvents, and the 
changes in molecular size of the pectins in each fraction tefore and afier further 
treatment with either heat or chelating agents were also investigated. Gel perme- 
ation chromatography was used to elucidate the changes in linkages of pftins 
and the textural change of sweet pepper tissue during cooking processes, and to 
search for the real existence of SOIIIE sub-types in an elaborate model proposed 
for the interactions between A-. 5, and C-types of pectins. Bawd on the 
observed correlations between the contents of pectin fractions and the fimuw..s 
of sweet pepper tissue, it can be deduced that the major forces for maintaining 
Ihe texlure of sweet pepper during cooking proczsses come from the l&a 
molec& linked by heat&bile bonds and covalent bonds. Moreover. lrom the 
molecular&e distribution of each pectin fraction before and after furtbcr treat- 
ment with heat or chelating agents. it can be concluded that the models 
proposed for the interactions between pectin molecules and other cell-wall 
constituents in vegetable tissues are reasonable and applicable. 

INTRODUCTION 

Most vegetabies precooked at a moderate temperature 
for a suitable period of time and then cooked ia boiling 
water showed higher firmness than those directly 
cooked without precooking (Chang ~1 al.. 1986; Wu & 
Chang. 1990). This firming effect of precooking accords 
with the action of pectinesterase on the cell-wall mate- 
rials, particularly pectic substances. and results in 
de-esterification of pectin molecules and subsequent 
formation of calcium bridges between free carboxyl 
groups of adjacent pectin molecules (Hoogzand & 
Doesburg, 1961; Hsu et at, 1965; Bartolome & HoK 
1972: Lee et al, 1979: Van Buren, 1979). In order to 
understand the details of chemical changes in pctic 
substances which cause textural changes of vegetable 
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tissues during cooking prwesses, we first proposed a 
simple, basic model (Fig. I) consisting of five types of 
pectin interactions in the vegetable tissues; namely, S- 
type pectin which is extractable with cold water; A-type 
pectin extractable with cold solutions of chelating 
agents; B-type pectin extractable with hot water: C-type 
pectin which is co-stabiliwd by beat-labile bonds and 
Ca-bridges. and is extractable with hot solutions of 
chelating agents; and P-type pectin extractable with 
hot, dilute acid or alkali solutions (Chang et al., 1993). 
Then, in order to better describe the detailed interac- 
tions between pectin mole.cules as well as other cell-wall 
constituents of dil%rent vegetables, we further proposed 
an elaborate model (Fig. 2) containing 12 sub-types. (a) 
to (I), of more complicated pectin interactions based on 
the simple, basic model. and it was found that in the 
tissue of snap bean pods, the sub-types (g) and (I) Uie 
the main, but not exclusive, structures contributing to 
its texture. Evidence for this came partly from the 
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~ 1. A simple, basic model proposed for the bandings and 
inwactions bewccn the long chains of peclin molecules in 
vegetable tissues. O-C-O, pectin polymer; =, other ccl1 wall 
mavaialr: <<ccc. Van der Waals forces + CWP: -M”, 
metal-ion bridge -_) CHP: ~~ -. heat-labile bond + HWP; 

=. COWht bond + HAP. 

diiTerenee in calcium distribution among diRerent pectin 
fractions obtained from the alcohol-insoluble solids 
(AIS) of the tissue before and al’ter difTerent cooking 
treatments. partly from the positive or negative values 
obtained by calculation for the C-type pectin according 
IO the simple basic model, and more importantly from 
the changes in molecular size of the pectins in each 
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Fig. 2. Elaborate models proposed l-or the interactions be- 
IWFC~ A-. B- and C-lypes of pectins. as shown in Fig. I, in 
vegetable tissues. together with the comparison of tbc magni- 
II& or CHP and HWP fractions betwcm the IWO pectin ex- 
traction sequences. A (CWPA + CHPA + HWPA + 
HAPA) and El (CWPB + HWPB + CHPB 3 HAP&. 

(’ Denotes incapable of comparison.) 

pectin fraction before and after further treatment of the 
pectin fraction with either heat or chelating agent, In 
this study, pectins in the AIS of sweet peppers. after 
different cooking treatments, were subjected to the 
same types of experiments in order to examine the ap- 
plicability of the methodology and the proposed mod- 
els to other vegetables. 

MATERIALS AND METHODS 

Materials 

Fresh sweet peppers (Copsicum ann~m L. ) were 
obtained from a local wholesaler. Raw materials of 
normal size and maturity. and free from decay or 
mechanical damage were sclcctcd for use. Both ends of 
the peppers were cut OK and only the middle part was 
used in the experiment. The trimmed sweet pcppzrs 
were further shoed into five to eight pieces of about 6-7 
cm length and about 2cm width. 

Methods 

A rheometer (Model NRM-3002D, Fudoh Kogyo KK, 
Japan), mounted with a cylinder-like plunger (adapter 
No. 6) of 3 mm diamctcr and 8 cm length, was used to 
measure the firmness of sweet peppers. The flat base, 
on which the sample was horizontally placed, moves 
upward to the plunger at a sped of 30 cm/min to maa- 
sure the maximum puncture-through rorce as an index 
of firmness of the sample. For each sample. measure- 
ments were taken for each of five pieces of the sample, 
and the average of IS measured values was expressed 
as relative firmness by taking the firmness of the fresh 
sample as 100. 

Preporation of AIS 
Sweet pepper tissue (100-200 g) was homogenized with 
ftve volumes of 95% ethanol, and the mixture was kept 
at M)“C for 40 min to lscilitate protein coagulation and 
subsequent filtration. After cooling to room tempra- 
ture. the suspension was filtered through filter paper. 
and the residue was sequentially washed twice with 
89% ethanol and once with diethyl ether, and then 
dried in an oven at 40°C to obtain the AIS. 

P&n Jrurtionution and analysb 
Four pectin fractions were obtained by sequential 
extraction of the AIS by continuous shaking with ditT- 
crent solvents by two sequences. A and B, as shown in 
Fig. 3. These procedures were modified from that of 
Manabe (1980), and the conditions were worked out 
after a series of experiments with several different veg- 
etables (Chen, 1987; Tseng, 1987; Wang. 1987; Tu, 
1989; Lai, 1991; Chang et al, 1993). After each step of 
extraction and before proceeding to the next step of 
extraction. the residue was filtered. thoroughly washed 
with cold water. and the washings were combined with 
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the respective extract. Tripbcate samples of each pectin 
fraction extracted were then analyzed for their pectin 
content by the Nt-hydroxydiphenyl mcrhod (Blu- 
menkrantz & Asboe-Hansen. 1973). and the results 
were averaged and expressed as anhydrogalacturonic 
acid (AGA). 

Gel permearion ci~romulngruphy qf ptains 
The pectins in each fraction were subjected to gel per- 
meation chromatography by using a Fractogel TSK 
HW-65(F) column (16cm i.d. X 6Ocm) and ehuing 
with distilled water at a flow rate of 15 ml/h, and 3 ml 
fractions were collected. 

Slalislicul unalysi,~ 
The pectin fractionation was carried out in triplicate. 
Data were analysed by an ANOVA and Duncan’s mul- 
tiple-range test (mean comparison) by using the Statis- 
tical Analysis System program (SAS, 1985). 

RIBIJLTS AND DlSClJSSlON 

The relation&ip between the changes in contents of 
pectin kactiom eutraeted from the AIS by diffwent 
seqwnees and the textural changes of sweet pepper 

The content of each pectin fraction extracted by the 
sequence A (CWPA + CHPA 3 HWPA + HAPA) 
from the AIS of sweet peppers before and after differ- 
ent cooking treatments is shown together with the reta- 
tive firmness of the tissues in Fig. d, and the correlation 
coefficients between the contents of pectin fractions and 
the relative firmness of the tissues are shown in Table 1. 
In Fig. 4, the relative firmness values of the fresh and 
the precooked samples were not much different from 
each other. However, the relative firmness of the pre- 
cooked and subsequently cooked sample was much 
higher than that of the directly cooked sample. This 
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Fig. 4. Changes in firmness (I) aad the conwnts of vsrious 
pectin fractions (II) extracted by the squaw A (CWP + 
CHP + HWP + HAP) from the AIS of sweet pepper before 
and after 16min cooking in boiling distilkd water, with or 

without 30-min precooking in distilW water at 7OT. 

revealed that sweet peppers have the same frming 
effect of precooking treatment as some other vegetables 
such as mung bean sprouts (Chang er UL 1993). radish 
(Chen, 1987), and snap bean pods (Chang PI rrl., 1993). 
In Table I, the content of CWPA was negatively corre- 
tated to the firmness of the tissues (P<O,O5). and the 
contents of both HWPA and HAPA were positively 
correlated to the firmness of the tissues (PdO.01 and 
P < 0.05. respectively), while the content of CHP, which 
is linked by Ca-bridges and extracted with cold solu- 
tions of chelating agents, was not significantly corm- 
lated to the tirmness (P>O~OS). These results apparently 
contradict the theory of the firming e&t of precooking 
treatment of vegetables, which was also observed in the 
case of mung bean sprouts (Chang et al., 1993). 

In order IO investigate the reason for the contradic- 
tory results described above, the sequence B of pectin 
extraction (CWPB + HWPB 3 CHPB + HAPB) was 
tried again. as we did in the car of mung bean sprouts. 
The content of each pectin fraction extracted from the 
AIS of sweet peppers by the sequence B is shown 
together with the relafive firmness of the tissues in Fig. 5, 
and the correlation co&cknts between the contenta of 
pectin fractions and the relative firmness of the tissues 
arc shown in Table I. The values of CWPB in Fig, 5 
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arc practically identical to those of CWPA in Fig. 4. 
while the values of HAPB in Fig. 5 arc almost the same 
as those of HAPA in Fig. 4. and therefore it appears in 

Peetin fraction 

-~ 
Extraction sequence A” 

CWPA 
CHPA 
HWPA 
HAPA 

Exlraclion sequence B” 
CWPB 
HWPB 
CHPB 
HAPB 

Correlation coefficient 
to firmness 

___- 

-06m’ 
4 I 329 

0~983Y 
0.6?0? 

JJ6002’ 
o-9712** 
0.2455 
@1669’* 

Calculated value for C-type pectin 
CHPBCHPA 
HWPA-HWPB 

a.1299 
O-4789 

“A: CWPA + CHPA + HWPA + HAPA 
“B: CWPB + HWPB + CHPB + HAPB. 
‘P<O.OS. 
“P-=om 

Ll 
OCWP BJCHP 

I 
mHWP L?&¶HAP 

Fresh Precooked Cooked Precaokel 
+ Cooke< 

Fi& 5. Changes in firmness (I) and the contcms of various 
pectin fraelions (II) extracted by the sequence B (CWP + 
HWP + CHP -I HAP) from the AIS ol’swce~ pepper before 
and after l&min cooking in boiling distilled water. with or 

wilhout amin precooking in distilled water al 70°C. 

Table 1 that the CWPB vnlues are ne& lively correlated 
IO the tissue firmness (P<O+X), while the HAPB values 
are positively correlated to the tissue limmess (P<O,Ol). 
However, the values of CHPB in Fig. 5 are all much 
higher than those of CHPA in Fig. 4. while the rela- 
tionships between the HWPB and HWPA values are 
reversed. The CHP in the sequence 8, similar to that in 
the sequence A. was still found no significant correla- 
tion to the tissue firmness, while the HWP in the sc- 
quence 6 was the same as that in the sequence A with 
positive correlation to the tissue firmness. These results 
obtained from sweet pepper were similar to those 
obtained for mung bean sprout and snap bean pod 
{Chang et u/L 1993). and are worthy of investigation. 

The amount of C-type peetin nnd the rehItioIISidp.5 
between the amount of C-type pectin and the tissue 
Lrnlness or sweet pepper 

According to the simple. basic model of pectin interac- 
tions (Fig. I). two kinds of bond (heat-labile bond and 
divalent-metal-ion bridge) co-exist in the C-type pectin. 
Therefore, the pectin fractionation would be affected 
by rhe sequence of pectin extraction. If a cold solution 
of chelating agents is used before hot water for pectin 
extraction (the sequence A), the C-type pectin will fall 
into the HWPA fraction. On the other hand. if hoi 
water is used before a cold solution of chelating agents 
(the sequence B). the C-type pectin will fall into the 
CHPB fraction. Thus, the amount of C-typ pectin can 
he estimated by calculation of the ditference. either 
(CHPB-CHPA) or (HWPA-HWPB) (as shown in Table 
2) (Chaag [‘I ul.. 1993). The eontents of various pectin 
fractions and the calculated amounts of C-type pectin 
in the AlS of sweet peppers before and after different 
cooking treatments are listed in Table 2. As shown in 
Table 2. the amounts of C-type pctin estimated for 
each cooking treatment using the above two methods 
of calculation were not significantly different (P>O,OS). 
But !he calculated amounts were all negative. which 
was also observed in the AIS of mung bean sprouts 
and snap bean pods after direct cooking (Chang CI u/L 
1993). This strongly implies the presence of more com- 
plicated bandings and/or interactions between pectin 
molecules and other cell wall constituents. as described 
in the elaborate model (Fig. 2). in the AIS of sweet 
pepper. But which of the I.2 sub-types in this model 
really exists in substantial amounts in the tissue of 
sweet pepper is a question which needs further research 
and will be discussed in the following sections. 

The correlation coefficients between the amounts of 
C-type pectin and the firmness of sweet pepper tissues 
before and after different cooking treatments are shown 
in Table I. No significant corretations exist between the 
amounts of C-type pectin and the firmness of the sweet 
pepper tissues. However, the contents of the HWP and 
HAP fractions in both pectin exlraction sequences. A 
and B. had significantly positive correlations to the 
firmness of the tissue. These results revealed that the 
major forces to maintain the texture of sweet pepper 
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Conren~ (r!%) in the AIS ofswect peppers’ 
Pectin P&n - 
iraction” rY& FRSh PrffOO’ced” Cook& Prccwked + cooked 

- 
CHPA 

A:C 
3.38 4-59 3.57 563 

CHPB I.88 3,47 2,64 3.16 
HWPA Ll+c 12.13 D54 7.63 9.53 
HWPB 13.23 13.40 8 97 11.26 
CHPB-CHPA ! I50a -I-l3b -@93c - I .87d 
HWPA-HWPB C -I,lla -0.86b -I 24c -1.73d 

“The pectin fractions were obtained by extraction accordmg to Ihe wqucn~s oE 
A: CWPA + CHPA + HWPA + HAPA 
B: CWPB + HWPB --f CHPB + HAPB. 

$cc Fig. I for the wctin types. 
‘Means with the same fallowing lct~er in exh column arc not significantly diflercnl (P>OG5). 
“Prccnoked: ?O’C, 30 min; cooked: boiliug. 10 mm. 

are from the pectin molecules linked by heat.labile 
bonds (HWP) and covalent bonds (HAP), and very 
different from those in snap bean pods. which are from 
the C-type pectins co-stabilised by heat-labile bonds 
and divalent metal ion bridges. 

Gel ~rmertiaa chmmatngraphy of the cold chelating 
agent-soluble pectin and the hot water-soluble pectin 
extracted by dlflerent sequences from the AIS of sweet 

pDPPers 

The pectin fractions extncted from sweet peppers 
before and after different cooking treatments were ana- 
lyzed by gel permeation chromatography on Fractogel 
TSK HWs65(F) in order IO investigate Ihe chemical 

0 5 101520253035 

changes within pectin molecules in the sweet pepper tis- 
sues during cooking processes so that a judgement could 
be made of the most probable subrypes in the elabo- 
rate model of peetin interactions. Since The CHP and 
HWP rractions extracted from the AIS of sweet pep- 
pers were noI only dil&ent from each other, but also 
diRerent depending on the extraction sequences, that is, 
CHPA is diErent from CHPB. and HWPA is different 
from HWPB, the molecular sizes of these pectin frac- 
tions wcrc analysed first. and the results are shown in 
Figs 6 and 7, respcctivety. In Fig, 6, it is observed that 
all the four CHPA fractions extracted from the AIS of 
sweet peppers by the sequence A contained mainly 
high-molecular-weight pectin molecules together with 
very small amounts of medium- and low-molecular- 

Fw 6, CM pcrmmtion chmmaldgrams on Fractogcl TSK HW.65 (F) of cold Na hexamelaphosphate-solubk penins (CHPI exrrsc%d 
by the scqacnces A (CWPA + CHPA 4 HWPA + HAPA) and B (CWPB 4 HWPB + CHPB -tHAPB) from the AIS of sweel 
pepper before and after different cooking wcatmentr. F: fresh: PC: precooked at XT for 30 rain; C: cooked by boiling for IO 

min; both in disGlled water. 
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Fii. 7. Ccl permeation chromatoErams on Fractagd TSK HW-65 (F) of hot water-soluble pectins (HWP) extracted by the se- 
qucnecr A (CWPA + CHPA + HWPA + HAPA) and H (CWPB -a HWPR + CHPB + HAPB) from the AIS of sweet pepper 

bcbrc and after ditkrcnt cooking treatments. F: fresh: PC: prccoakcd at 7iPC ror 30 min; C: cooked by boiling for IO 
min: both in distilled water. 

weight pectin molecules. whereas the CHPB fractions 
extracted by the sequence B contained much smaller 
amounts of high-molecular-weight and much larger 
amounts of medium- and low-molecular-weight pectin 
molecules. These results clearly indicate that most of 
the pectins zolubihscd by direct treatment of the AIS 
with chelating agent arc large molecules consisting of 
many medium or small Pectin molecules, which were 
linked IO each other by heat-labile bonds: therefore if 
the AIS was subjected to hat-treatment before extrac- 
tion with chcrdling agent (sequence 8). the pectin 
molecules solubilised were much smaltcr in size. 

With respect to the HWP fractions (Fig. 7), the 
molecular-size distributions of the four HWPA l’rac. 
tions extracrcd from the AIS of sweet peppers by the 
sequence A were almost the same. and all contained 
appreciable amounts of medium- and low-molecular- 
weight pectin molecules. In the four HWPB fractions. 
the molecular-size distributions were slightly shifted 
from a high-molecular-weight fraction to medium- and 
low-molecular-weight fractions by comparing witn the 
HWPA fractions, and were obviously not ditTerent 
between cooking trcatmcnts. 

Most probeMe sab-types of and evideaee for the intemc- 
tiuus betweea A-. E-. and C-types of peesills existing in 
sweet pepper 

Since the simple, basic model for the interactions 
between pectin molecules could not explain the negative 
values calculated for the amount of C-type pectin in 
the AIS of SW~CI peppers, and the molecular-size distri- 

butions in the CHP and HWP fractions extracted by 
the sequences A and B from the AIS of sweet peppers 
were dilTerent from each other, we now try IO use the 
elaborate model here IO explain these uncommon 
results and examine the applicability of this model to 
other vegetables. During the process of pectin cxtrac- 
tion by the sequence B (CWPB + HWPB + CHPB + 
HAPB), HWPB was extracted before CHPB, and thus 
the heat-labile bonds in the Ctype pectin would have 
been broken during HWPB extraction and the remain- 
ing Ca bridges would be broken during the following 
CHPB extraction, and thus the C-type pectin would 
consequently fall into the CHPB fraction. The medium- 
and low-molecular-weight pectin molcculcs in the 
CHPB fractions in Fig. 6 can therefore be temporarily 
considered as C-type pectin, which would be extracted 
with hot water after chelatingagent extraction by the 
sequence A. However. the HWPA fractions in Fig. 7 
contained much smaller amounts ol’ medium- and low- 
MW pectin molecules than those in the CHPB frac- 
tions (Fig. 6). Thus. it can be deduced that the C-type 
pectins in the AIS of sweet pepper are not medium or 
small molecules but are large molecules like those in 
the AIS of snap bean pods. and that the appearance of 
medium- and low-molecular-weight pctin molcculen in 
the CHPB fractions is due IO the interactions between 
A-. B-, and C-types of pectins as shown in Fig. 2. 

In view oTthe appearance of medium- and IowJvlW 
pectin molecules in the CHPB fractions, the sub-types 
possibly existing in the sweet pepper tissues are (a), (c), 
(d), (0, (g), (h), (k), and (I) as shown in Fig. 2. In addi- 
tion, the ncgativc calculated values of CHPB-CHPA or 
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HWPA-HWPB for the amount of C-type pectin reveat 
that the sub-types (a). (b), (g). (h). (i), 6). CO. and (1) 

0 08 

F-CHPA(hcaled) 

also possibly exist in the sweet pepper tisbues. From 
these two observations, it can be con&led that the 

i-CHPAlheolcd) 

: { 010 PC+C-CHPAvleOtea) 
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Fig 8. Gel permeation chromatograms on Fraclogel TSK HW-65 (F) of the products of 24 h boiling-water heating of thg cold 
Na hwrametaphasphate-soluble pectins (CHP in Fig. 6) which were extracted by the sequence A (CWPA -) CHPA + HWPA + 
HAPA) from the AIS of sweet popper before and after ditfcrcnt cooking Irealrttents. F: fresh; PC: precooked at 70°C for 39 min: 

C: cooked by boiling for IO min: both in distilled w&r. 
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Fig. 9. Gel permeation chromatograms on Fractogcl TSK HW.65 (F) of the producls of 0,4% Na hexam~laphusphate lrealment 
of the hot water-soluble pcctins(HWP in Fig. 7). which were extrscred by the sequence B (CWPB + HWPB -) CHPB + HAPB) 
from the AIS of sweet pepper before and after different cooking treatments. F: fresh: PC precooked at 7ooC for 30 min: 

C: cooked by boiling for IO min; both in distilled water. 
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mosl probable sub-types of pectin inlersctions existing 
in lnrgc amounts in the sweet pepper tissues arc sub- 
types (a).(g),(h). (k). and (I) in Fig. 2. 

II’ the sub-types (a).(g). (h). (k). and (I) really cxisf in 
substantial amounts in the sweet pepper !&es, then, if 
the CHPA and the HWPI) fracGons arc subjected to 
further treatments with heat in boiling water and with 
chelating agents. respectively. appreciable amounts of 
medium- and low-molecular-weight pectin molecules 
should appear on gel permeation chromatography. In 
Figs 8 and 9. it is observed, as expected. that the 
mulecular-size distribution of pectins in rhe CHPA 
fractions shifted from a high-molecular-weight fraction 
(Fig. 6) to medium- and low-MW fractions (Fig. 8) 
arm boiling for 24h in distilled water. and the molecu- 
lar-size distribution of pectins in the HWPB fractions 
also shirted from a high-molecular-weight frdCtiDn (Fig. 
7) to medium- and lowmolecular-weight fractions (Fig. 
9) aficr trcatmcnl with chelating agent. These resulis 
are in accordance with those mentioned above. and cdn 
be taken as further evidence for the existence of sub- 
types (a). (g). (h). (k). and (I) of pectin interactions in 
the sweet pepper tissues. 

CONCLUSION 

In this study. the estimated amounts of C-type pectin 
by calculalion of either (CHPB-CHPA) or (HWPA- 
HWPB) in the AIS of sweet pepper before and after 
diRerent cooking treatments were not significantly diff- 
erent from each &ncr (P >@05). This result strongly 
confirms again that the simple. basic model for the 
bandings and/or interactions bctwccn pectin molcculcs 
and other cell wnll constituents. particularly for the 
prcscnce of c+typ pectin, is reasonable and reliable 
Morcovcr. from the comparison of the molecular size 
of pectins extraclcd from the AIS of sweet Pppers 
before and after further treatment with eirhcr heat or 
chelating agent. iI has been proven that among the I2 
sub-types of pectin interactions in lhe elaborate model 
we proposed. (a). (g}. (hl. (k). and (I) sub.typs really 
exist in subslanlial amounts in the {issue of sweet pep 
pers. This also means that the elaborate model for the 
inleractions between A-. B-. and C-types of pectins is 
applicable and reliable. 
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