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Abstract

The influences of controlled atmosphere (CA) and storage time on ultrastructural degradation of chelate-soluble pectin (CSP) in yellow
peaches (Prunus persica L. Batsch.) were investigated. Freshly harvested peaches were stored at 2◦C under CA (CA1, 2% O2 + 10% CO2;
CA2, 5% O + 5% CO ) or regular atmosphere conditions. Qualitative and quantitative aspects of CSP polymers were studied by atomic force
m e in both
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icroscopy (AFM) on the initial, the 15th and the 45th days. The frequency of small width CSP observations increased with tim
roups, but was greater in the regular atmosphere group, indicating CA conditions inhibited the degradation of CSP molecules
SP chains were composed of four basic units with widths of 17.578, 19.531, 23.438 and 29.297 nm from the AFM determinat

esults indicate that parallel linkages or intertwists between the basic units are fundamental structural conformations for CSP mo
2005 Elsevier B.V. All rights reserved.
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. Introduction

Controlled atmosphere (CA) storage can be used to main-
ain good texture of produce (Larsen and Watkins, 1995).
he texture of fruit and vegetables and their properties are
elated to the structural integrity of their constituent pectin
Murayama et al., 2002; Wichers, 2004). Pectic polysaccha-
ides are important to the food and pharmaceutical indus-
ries. They are a family of complex polysaccharides that
ontain 1,4-linked�-d-galacturonic acid residues of which
ommon components are homogalacturonan (HG), rhamno-
alacturonan I (RGI), rhamnogalacturonan II (RGII) and
ylogalacturonan (Ridley et al., 2001). The chemical and
hysical structures of these molecules, both during and fol-

owing harvest, influence greatly their functional properties.
lassical methods including instrumental (Konopacka and
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Plocharski, 2004), enzymatic (Limberg et al., 2000a,b), bio-
chemical (Vetter and Kunzek, 2003) and combined chemic
and enzymatic (Garna et al., 2004) methods have been us
for structural examinations. However, studying the molec
structure of pectin is difficult due to its heterogeneity. W
most techniques, researchers extract sample-wide ave
from the irregular sequences of pectin molecules, whic
not reflect their varied structures or complex repeat unit

Atomic force microscopy (AFM) can directly ima
individual pectin molecules and polymers. AFM has b
employed to study plant materials, including sod
carbonate-soluble pectin and chelate-soluble pectin (
from unripe tomatoes (Round et al., 1997, 2001), water-
soluble pectin from peaches (Yang et al., 2005), gels
(Gunning et al., 1998; Decho, 1999), biopolymers (Morris
et al., 2001) and cell walls (Kunzek et al., 1999; Fahlén
and Salḿen, 2003). These studies have revealed inform
tion about molecular characteristics such as branching,
distribution, width and cell wall structure. However, to
knowledge, there have been no AFM studies reported
925-5214/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.postharvbio.2005.08.001



76 H. Yang et al. / Postharvest Biology and Technology 39 (2006) 75–83

yet about the degradation of produce chelate-soluble pectin
under storage.

The aim of this work was to examine the morphologi-
cal arrangement of CSP in peach, and to compare how that
arrangement changes during storage in CA relative to regular
atmosphere conditions. AFM imaging analysis was also used
to illustrate the effects of endogenous enzymes on pectin,
such experiments have been employed by enzymatic and
biochemical methods (Limberg et al., 2000a,b; Vetter and
Kunzek, 2003). We chose CSP as an analysis subject because
it is involved in complex structures and is not easily studied
by chemical methods. In our study, the chelator component
was not removed, as distinct from other work (Mazumder
et al., 2004). This enables the genuine structure of CSP in
a chelating solution to be examined. CSP in peaches at dif-
ferent storage periods were examined by AFM to study the
degradation mechanisms of the pectin.

2. Materials and methods

2.1. Fruit material

‘Jinxiu’ yellow peaches (Prunus persica L. Batsch.), at
a pre-climacteric stage, were harvested in August from an
orchard in Fengxian, Shanghai, China. The fruit was trans-
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and the solid residue was transferred to 20 ml ultra puri-
fied water (Milli-Q Biocel Pure Water Equipment, Millipore
Co. Ltd., France). After a 2-h extraction, the pellet was
washed with acetone, then with 1:1 chloroform–methanol
(v/v). The pellet was resuspended in 20 ml of 50 mMtrans-
1,2-diaminocyclohexane-N,N,N′,N′-tetraacetic acid (CDTA,
as chelator) and the CDTA solution was agitated on a shaker
for 3 h and then centrifuged (Beijing Medical Equipments
Co. Ltd.) at 15,000× g for 10 min. The supernatant was
collected and the remaining pellet was subjected to two
additional 10 mM CDTA extractions. After centrifuging, the
three supernatants were collected as chelate (CDTA)-soluble
pectin. These CSP fractions were refrigerated and stored
below−18◦C.

2.4. AFM manipulation

AFM was conducted in a glove box at 30–40% RH and
23–25◦C. The RH inside the glove box was controlled by
silica gel and maintained at a stable level for at least 5 h prior
to AFM observation (Balnois and Wilkinson, 2002).

The CSP solutions were allowed to adjust to room tem-
perature naturally. The solutions were then disrupted by vor-
texing and the votexed solutions were deposited onto freshly
cleaved mica sheets. A small volume (about 20�l) of the
solutions was pipetted briefly (for about 5 s) onto the mica
s in a
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orted to the Laboratory of Cold Chain Research at Shan
iao Tong University within 2 h of harvesting. Upon arri
t the laboratory, the fruit was cooled for 12 h at 4◦C. After
ooling, they were stored at 2± 1◦C until subjected to th
xperimental protocol.

.2. Storage conditions

The peaches were divided into a regular atmosp
roup and two CA groups: CA1 (2% O2 + 10% CO2) and
A2 (5% O2 + 5% CO2). A controlled atmosphere cabin

105 cm× 55 cm× 100 cm) was used to store the peac
n each atmosphere group. Two CO2 absorbers (soda lim
ontaining ethyl violet as an indicator) and two ethyl
bsorbers were connected to an atmosphere analyzer
100, Italy) for the two CA groups. The initial concentrati
f O2 and CO2 in the CA cabinets were established by
ontrol of N2 flow rate generated by a cellulose membr
nd CO2 via pressure regulators. There were 120± 10 kg of
eaches in each cabinet and all treatment groups were
t 2± 1◦C with approximately 95% relative humidity (RH

.3. Chelate-soluble pectin extraction

The CSP was extracted according to the method ofZhou
t al. (2000)with slight modifications. The peaches fro
ach group were peeled and about 5.5 g of flesh from
ixed mesocarp of each fruit was used for extractio

ell wall material. The flesh samples were boiled in eth
or 20 min, then the ethanol was decanted by filtrat
urface. The mica surface was then air-dried or dried
ust-free enclosure. The CSP solutions can be diluted t

mages of individual polymers.
Tapping mode was carried out using a multim

anoScope IIIa AFM (Vecco Metrology Group, Digi
nstruments, USA) equipped with a Si3N4 cantilevered scan
er with the ability to scan a 12�m× 12�m area (horizonta
lane), with a 4�m vertical range, and a scan speed
.014 Hz. The scanner was adjusted to select and ca
maller images within the region accessible for scanning
canner used had a 0.1 nm optimal vertical resolution a
–2 nm optimal horizontal resolution for display (Darrort et
l., 1995). Before imaging each sample, the integrity of
FM tip was verified by imaging a reference standard w
known roughness of 5–7 nm (Reed et al., 1998).

.5. AFM image analysis

The AFM images were analyzed offline with AFM so
are (Version 5.30b4). The correction of the images by
oftware enabled us to reduce the noise of the sample
btain high quality images. The bright and dark areas in

mages correspond to peaks and troughs in the observe
hains and polymers. It should be noted that different s
ere used in the vertical and horizontal axes, and the h
ode was used for the analysis.
The space intervals of aggregates (or single molec

ere measured by section analysis with the AFM s
are. The images were sectioned along a line orthog

o the direction at which the samples were examined,
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the surface profiles of the sections were plotted. From these
surface profiles, the widths of the samples were calculated.
The distributions of the lengths of the individual molecules
were plotted (Wada et al., 2003). The heights of the chains
were measured to judge whether molecular intersections
were branched structures within molecules or overlapping
molecules. Generally, the height of the chains was equal to
the sum of two single chains when two chains crossed over
and remained equal to the height of a single chain at genuine
branch points (Adams et al., 2003). The software enabled
the width and height (relative to the mica plane surface) of
a single strand to be calculated by measuring the horizontal
distance (L) and vertical distance (V), respectively. The num-
bers of times particular chain widths were observed were
recorded and reported as the frequency (Fq) (Gunning et
al., 2003); the percent of observations that each chain width
was observed was also calculated. The methods employed
were in accordance with the suggestions of theAFM/LFM
Instruction Manual (1997).

2.6. Statistical analysis

Fifty to 60 of parallel samples were examined for each
specimen in order to have sufficient power to obtain reliable
statistical results (Darrort et al., 1995). ANOVAs of Fq withL
data were conducted with group serving as the between obser-
v ests
w aly-
s as
m d
v

3. Results and discussion

3.1. AFM principle and analysis

AFM images are obtained by measuring changes in the
magnitude of the interaction between the probe and the sam-
ple surface as the surface is scanned beneath the probe. A
laser beam is focused onto the end of the cantilever, prefer-
ably directly over the tip, and then reflected onto a photodiode
detector. As the tip moves in response to the sample topog-
raphy during scanning, the angle of the reflected laser beam
changes, and as a result the laser spot falling onto the photo-
diode moves, and produces changes in the intensity in each
of its quadrants. The difference in laser intensity between the
top two segments and the bottom two segments produces an
electrical signal which quantifies the normal motion of the tip.
When the sample is scanned, the topography of the sample
surface causes the cantilever to deflect as the force between
the tip and sample changes. Thex, y and z displacements
of the piezoelectric scanner are recorded and displayed to
produce an image of the sample surface (Morris et al., 1999).

The concepts of conventional microscope design are not
applicable in AFM, since it does not use lenses of any kind.
In fact, AFM collects data for images by ‘feeling’ rather
than ‘looking’, AFM is capable of ‘atomic’ resolution of flat
surfaces and such resolution can be achieved in gaseous or
l
t
I st
d able
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ations variable. ANOVAs and Duncan’s multiple range t
ere performed using SAS (Version 8.2, Statistical An
is Systems, Cary, NC, USA).V-values were recorded
eans± standard deviations. Comparisons that yieldeP-

alues < 0.05 were considered significant.

ig. 1. AFM images of CSP from fresh peaches: (a) typical image, ima
mage, image size: 3�m× 3�m. Note: ch—chelator, CDTA; cp—cleava
oint of pectin released from the CDTA; sc—short chains.
iquid environments (Morris et al., 1999). AFM is the only
echnique which can detect atomic-scale defects (AFM/LFM
nstruction Manual, 1997), down to 0.01 nm with another la
igit being estimated by the machine. Thus, AFM is cap
f revealing structural details on an incredibly minute sc

: 5× 5�m; (b) an enlarged image, image size: 1.5�m× 1.5�m; (c) untypica
nts; lc—long chains; ls—linear single fractions; p—polymers; rp—re
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For example, irregularities in polymer structure that escape
detection in whole-sample-based analyses can be identified
when individual polymers can be examined (Round et al.,
1997). Thus, AFM imaging offers the potential to character-
ize the integral heterogeneous structures of pectins, including
linear segments, branch points, aggregates and chain lengths.
Small polymers or a single linear molecule can be viewed
with AFM. Furthermore, cleavage points (cp), branch struc-
tures (br), polymers (p), linear single fractions (ls), long
chains (lc), short chains (sc) as well as the releasing point
(rp) of pectin strands released from the CDTA chelator can be
viewed. It should be noted that cp refers to a cleavage point
between pectin molecules, whereas rp refers to a releasing
point of pectin from the chelator, CDTA.

3.2. Qualitative ultrastructural changes of CSP under
different atmosphere storage

AFM images of CSP from fresh peaches, peaches on
day 15 of storage and peaches on day 45 of storage are
shown inFigs. 1–3, respectively. The effects of storage con-
ditions (regular atmosphere, CA1 and CA2) can be seen

by comparing the images within these figures. Thez-range
of these images was 3 nm, and the color bar legends at
the right of the images signify the full height of the sam-
ples scanned. This parameter does not affect the real time
operation of the microscope, only the expansion and con-
traction of the color scale (AFM/LFM Instruction Manual,
1997).

Large CSP aggregates or polymers often coexisting with
the chelator, CDTA (ch), as shown inFig. 1a, were commonly
observed. Few single linear polymers could be imaged. An
enlarged image for examining structural details is shown in
Fig. 1b; note the heterogeneity of lengths with long chains
and short chains. Only a few cleavage points, resulting from
enzyme actions or occasionally from mechanical breakage
by the AFM tip (Ikeda and Shishido, 2005), were observed
(Fig. 1c). The presented images are representative of the
results obtained reproducibly from 50 to 60 samples of each
specimen.

To determine the molecular lengths, individual molecules
were defined as strands that were not entangled with, or
overlapping other strands, and which lay entirely within the
scanned area (Adams et al., 2003). CSP strands were found

F
(
s
t

ig. 2. AFM images of CSP from peaches on the 15th day of storage: (a)
c) CA2, image size: 3.691�m× 3.691�m; (d) CA2, image size: 3�m× 3�m;
tructures; ch—chelator, CDTA; cp—cleavage points; lc—long chains; ls—l
he CDTA; sc—short chains.
CA1, image size: 6.003�m× 6.003�m; (b) CA1, image size: 10�m× 10�m;
(e and f) regular atmosphere, image size: 5�m× 5�m. Note: br—branch
inear single fractions; p—polymers; rp—releasing point of pectin released from
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Fig. 3. AFM images of CSP from peaches on the 45th day of storage: (a) CA1, image size: 5�m× 5�m; (b) CA1, image size: 5�m× 5�m; (c) CA2, image
size: 10�m× 10�m; (d) CA2, image size: 5�m× 5�m; (e and f) regular atmosphere, image size: 5�m× 5�m. Note: ch—chelator, CDTA; cp—cleavage
points; lc—long chains; ls—linear single fractions; p—polymers; rp—releasing point of pectin released from the CDTA; sc—short chains.

to gradually reduced in size and to form more aggregates
with storage time (data not shown). Branched structures
were visible (Fig. 2). By the 45th day (Fig. 3), few poly-
mers or aggregates were observed, while cleavage points
and releasing points indicative of CSP degradation were
apparent (Fig. 3a and b). AFM also revealed linear sin-
gle fractions releasing from big polymers (Fig. 3e). Height
measurements can be used to determine whether strand
junctions are branched polymers or are overlapping points
between two polymers (Fig. 2a, d and f). Fewer branches
were observed with increased storage time (data not shown).
Branches may become detached from main chains and be
broken by enzymes into small fractions not detectable by
AFM (Decho, 1999). CSP dilution, even into very low
CSP concentrations, did not alter the structural character-
istics of polymers, which suggests that the observed CSP
aggregates were not simply the result of superposition or
entanglement caused by the reduction of solvent volume
during drying, but rather were multi-polymer complexes
held together by intermolecular interactions (Round et al.,
2001).

3.3. Effects of storage atmosphere and time on the
quantitative characteristics of CSP

The quantitative characteristics of linear single fractions
could be investigated by section analysis. The resolution of
the measurement is different from the image print out or
on the display monitor.Fig. 4 shows cross-section analy-
sis of CSP polymers and single strands. For an AFM image
(Fig. 4c), a cross-sectional line can be drawn across any part
of the image, and the vertical profile along that line is dis-
played (Fig. 4a). The cursor menu located at the top of the
display monitor provides the ability to draw a fixed, moving
or averaged line across a section. The roughness measure-
ments of the portion of the cross-section between the two
colored cursors are displayed in the window in the upper
right (Fig. 4b). The power spectrum along the cross-section
is displayed in the lower center window (Fig. 4d). The cursor
may be used to determine the periodicities along the cross-
section by placing it at peaks in the spectrum. Up to three pairs
of cursors may be placed on the line section at any point to
make horizontal, vertical and angular measurements. These
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Fig. 4. Cross-section analysis of CSP polymers and single strands.Note: The thickness was determined as height (nm) on they-axis (vertical). Arrows represent
markers for width measurements. (a) The vertical profile along a cross-sectional line; (b) the roughness measurements of the portion of the cross-section between
the two colored cursors; (c) an AFM image; (d) the power spectrum along the cross-section; (e) horizontal, vertical and angular measurements of up to three
pairs of cursors placed on the line section.

measurements are displayed in the box at the lower right of
the screen (Fig. 4e). Cursors may be added or deleted with the
marker menu located at the top of the display monitor. The
measurements are displayed in the same color as the corre-
sponding markers. Analysis of only the horizontal distance
(Horiz distance,L) and vertical distance (Vert distance,V)
parameters were reported.

Image processing can be controlled in real time. That is, if
we found that the image quality was poor, we could change
the imaging size to optimize the image, as a result the image
sizes varied. However, the results of the characteristic values
were not changed. The lateral image size can be exactly 1 nm
by the AFM (6.003�m in Fig. 2a, for example). For single
linear chains, the width was kept the same until branch points
were encountered. Height measurements varied only when
the pectin chains aggregated with CDTA.

Aggregated polymers and polymers too small to be visual-
ized precisely by the software were excluded from the statis-
tical analysis. The results were calculated from the analysis
of 50–60 images in each group. Fq andV values of different
chain widths (L) under different storage conditions are sum-
marized inTables 1–4. Table 1shows the data obtained at
the storage initial time, andTables 2–4show the CA1, CA2
and regular atmosphere group data, respectively, after stor-
age (15 and 45 days). On storage day 45, several big chain
width values were not obtained with AFM, and there were no
f may
b ctin
c

78,
1 -
b lar

atmosphere group than in the CA group. On the 15th day
of storage, the Fq of 17.578, 19.531 and 23.438 nm in CA1
group were 0, 2 (3.6% of total) and 0, respectively, while
the corresponding values were 2 (4.7%), 0 and 4 (9.3%) for
CA2 and 2 (7.1%), 4 (14.7%) and 1 (3.6%) for the regu-
lar atmosphere group. The trend was similar for the day 45
values. These findings of smaller widths under regular atmo-
sphere indicate that, compared with the regular atmosphere
storage, CA1 and CA2 inhibited the degradation of the link-
age between the CSP molecules. The probability of smallL
values increased with time within groups, and many of the

Table 1
Width (L), height (V) and frequency of particular chain widths (Fq) of CSP
chains at the initial storage time

L (nm) Fq (%) V (nm)

19.531 1 (2.0) 0.725± 0
29.297 1 (2.0) 0.939± 0
35.156 2 (3.9) 0.939± 0.095
39.063 1 (2.0) 1.185± 0
41.016 2 (3.9) 1.141± 0.571
58.594 5 (9.8) 1.693± 0.715
68.359 5 (9.8) 0.941± 0.337
78.125 10 (19.6) 2.157± 1.269
87.891 5 (9.8) 1.026± 0.283
97.656 6 (11.8) 1.597± 0.727

107.42 3 (5.9) 1.743± 0.700
1
1
1

C
c mbers
o cent of
o

requency values corresponding to these widths, which
e the result of pectin degredation and the low level of pe
ontents at that time.

The L values were intermittent and limited (17.5
9.531, 23.438 nm, etc.;Tables 1–4). Note that the proba
ility of smaller L value chains was higher in the regu
17.19 5 (9.8) 2.100± 0.499
36.72 2 (3.9) 1.341± 0.665
56.25 2 (3.9) 1.926± 0.033

SP: chelate-soluble pectin;L: the width of CSP chains;V: the height of CSP
hains relative to the mica plane surface; Fq (%): Fq refers to the nu
f times particular chain widths were observed, expressed as the per
bservations that each chain width of all the chains observed.
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Table 2
Width (L), height (V) and frequency of particular chain widths (Fq) of CSP chains under CA1 storage

L (nm) Storage day 15 Storage day 45

Fq (%) V (nm) Fq (%) V (nm)

17.578 0 (0) 0± 0 2 (3.4) 0.814± 0.423
19.531 2 (3.6) 0.906± 0.045 5 (8.6) 0.724± 0.174
23.438 0 (0) 0± 0 2 (3.4) 1.154± 0.158
29.297 5 (8.9) 0.729± 0.369 6 (10.3) 1.261± 0.248
35.156 0 (0) 0± 0 1 (1.7) 0.881± 0
39.063 8 (14.3) 0.880± 0.455 17 (29.3) 1.113± 0.499
48.828 0 (0) 0± 0 2 (3.4) 0.924± 0.173
52.734 0 (0) 0± 0 1 (1.7) 1.873± 0
58.594 15 (26.8) 0.713± 0.330 15 (25.9) 1.308± 0.502
78.125 16 (28.6) 1.001± 0.514 6 (10.3) 1.486± 0.626
87.891 1 (1.8) 1.179± 0 0 (0) 0± 0
97.656 3 (5.4) 0.643± 0.176 1 (1.7) 0.754± 0

117.19 3 (5.4) 0.969± 0.609 0 (0) 0± 0
136.72 2 (3.6) 0.631± 0.152 0 (0) 0± 0
156.25 1 (1.8) 2.099± 0 0 (0) 0± 0

CSP: chelate-soluble pectin; CA1: 2% O2 + 10% CO2; L: the width of CSP chains;V: the height of CSP chains relative to the mica plane surface; Fq (%): Fq
refers to the numbers of times particular chain widths were observed, expressed as the percent of observations that each chain width of all the chains observed.

Table 3
Width (L), height (V) and frequency of particular chain widths (Fq) of CSP chains under CA2 storage

L (nm) Storage day 15 Storage day 45

Fq (%) V (nm) Fq (%) V (nm)

17.578 2 (4.7) 0.842± 0.332 0 (0) 0± 0
19.531 0 (0) 0± 0 3 (13.6) 0.382± 0.160
23.438 4 (9.3) 0.923± 0.413 0 (0) 0± 0
29.297 3 (7.0) 1.574± 0.153 3 (13.6) 0.762± 0.510
35.156 3 (7.0) 1.372± 0.031 2 (9.1) 1.150± 0.666
39.063 6 (14.0) 1.434± 0.497 3 (13.6) 0.290± 0.036
41.016 1 (2.3) 2.249± 0 0 (0) 0± 0
46.875 2 (4.7) 1.583± 1.090 0 (0) 0± 0
58.594 10 (23.3) 1.563± 0.775 6 (27.3) 1.375± 0.717
78.125 4 (9.3) 1.419± 0.214 3 (13.6) 1.772± 0.077
97.656 4 (9.3) 2.365± 0.384 1 (4.5) 2.754± 0

117.19 4 (9.3) 1.572± 0.608 1 (4.5) 1.206± 0

CSP: chelate-soluble pectin; CA2: 5% O2 + 5% CO2; L: the width of CSP chains;V: the height of CSP chains relative to the mica plane surface; Fq (%): Fq
refers to the numbers of times particular chain widths were observed, expressed as the percent of observations that each chain width of all the chains observed.

largerL values did not appear at the later storage times. For
example, the 156.25 nmL did not appear in the CA2 and regu-
lar atmosphere groups at days 15 and 45. The Fq andL values
of the CA groups did not differ from each other but their val-
ues differed significantly from that of the regular atmosphere

group, indicating that the difference in oxygen concentration
between CA1 and CA2 was too small to influence the pectin
degradation. The CSP width distribution was markedly influ-
enced by storage time. There were no significant correlations
between the widths andV values.

Table 4
Width (L), height (V) and numbers of times particular chain widths (Fq) of CSP chains under regular air storage

L (nm) Storage day 15 Storage day 45

Fq (%) V (nm) Fq (%) V (nm)

17.578 2 (7.1) 0.471± 0 3 (10.3) 0.862± 0.310
19.531 4 (14.3) 0.594± 0.099 8 (27.6) 0.510± 0.183
23.438 1 (3.6) 0.874± 0 2 (6.9) 0.861± 0.257
29.297 4 (14.3) 0.736± 0.502 0 (0) 0± 0
39.063 10 (35.7) 0.774± 0.625 10 (34.5) 0.759± 0.223
42.969 0 (0) 0± 0 2 (6.9) 2.327± 0.081
58.594 6 (21.4) 0.797± 0.245 4 (13.8) 1.161± 0.493
78.125 1 (3.6) 0.365± 0 0 (0) 0± 0

CSP: chelate-soluble pectin;L: the width of CSP chains;V: the height of CSP chains relative to the mica plane surface; Fq (%): Fq refers to the numbers of
times particular chain widths were observed, expressed as the percent of observations that each chain width of all the chains observed.
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The chains widths from section analysis reflected four
basic units, with widths of 17.578, 19.531, 23.438 and
29.297 nm, and the widths of other types of chains can be
composed of these four values. For example, 41.016 nm is the
sum of 17.578 and 23.438 nm, 48.828 nm is the sum of 19.531
and 29.297 nm. Values of 35.156, 39.063 and 58.594 nm are
about twice the size of 17.578, 19.531 and 29.297 nm, respec-
tively.

The current methodology limited our ability to measure
the length of CSP chains. Because pectin was imaged in a
natural air-dried manner, the structural characteristics could
only be viewed passively according to the states on the mica,
and pectin molecules often tangle with each other under these
conditions which preclude the ability to collect precise data
on the chain lengths. We are now working to develop a method
to manipulate and stretch single pectin molecules in a manner
that would enable us to use the AFM software to calculate
the length of pectins.

There is some variability in the data collected with dif-
ferent analytical instruments. For example, scleroglucan had
a single-strand polymer with a width of 0.55 nm based on
X-ray diffraction measurements (Decho, 1999), while the
value calculated with AFM was about 1 nm with AFM, probe-
broadening effect and side-by-side association of molecules
(for example, formation of the helical structure (Adams et
al., 2003)) may contribute to data imprecision. The geomet-
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(Limberg et al., 2000a,b; Ridley et al., 2001). Morris et al.
(2002)suggested that decreases in pectin molecular weight
are the result of chain cleavage from�-elimination and that
the increase of reaction time for the neutral protocol results in
increased cleavage.Ridley et al. (2001)proposed that homo-
galacturonan and RGII were likely to be covalently linked
since they both had backbones composed of 1,4-linked�-d-
GalpA residues and treating cell walls with endopolygalactur-
onase solubilized them. However, there is much evidence that
RGI is not linked to other backbones, and there are substantial
data showing that RGII molecules are covalently cross-linked
by borate esters.

The probability that CSPs had small widths increased with
storage time (Tables 1–4), which indicates that the decrease
of CSP width with time is a fundamental characteristic of CSP
polymers. The width values determined with AFM consisted
of four basic units: 17.578, 19.531, 23.438 and 29.297 nm.
The basic consisting units are similar to the water-soluble
pectin with values different (Yang et al., 2005). Consider-
ing the parallel linkage structural model of cellulose (Pérez
et al., 2000), we propose that parallel linkages or intertwists
between the four basic units are fundamental structural char-
acteristics of CSP molecules. Such linkages and intertwists
most likely occur between HG and RGII components (Ridley
et al., 2001). Our findings suggest that CA storage can be
used to inhibit the degradation of the linkages between CSP
m
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f a cylindrical molecule of which the measured widthw)

s broadened by a tip of radius (R), using the relationsh
= w2/16R. For example, suppose the measured widt
pectin molecule was 19.531 nm and tip radii lay betw

0 and 40 nm, a range of molecular rods would be calcu
etween 0.596 and 1.192 nm in radius (Morris et al., 1997). In
ur experiment, the measured chain widths were very reg

ndicating that any such errors, if they existed, may have
ratio that was in proportion with the genuine chain wid

.4. Mechanism of CSP structure changes

Herbert et al. (2004)proposed that pectin is initial
ecreted in a highly methylated form and only later beco
e-esterified within the cell wall by pectin methyl ester
ith cell wall penetration occurring by enzymatic act

ather than by mechanical force. In accordance with
iew, the actions of plant-pectin methylesterase (p-P
nd fungal-PME (f-PME) have been compared (Limberg
t al., 2000a). The initial attack of PME was ‘endo’ an
llowed a polygalacturonase action within the galactur
hain (Massiot et al., 1997). Selective cleavage of uneste
ed galacturonic acid residues appears to allow side c
o be released from the molecule (Needs et al., 2001). In our
esults, many of the CSP molecules on the 45th day of
ge were linear (without branches). Further work is ne

o explore whether selective cleavage indeed occurs.
p-PME causes blockwise de-esterification of pe

hereas f-PME typically causes random de-esterifica
olecules.

. Conclusions

AFM can be used to analyze the degradation of CS
each under CA and regular atmosphere storage. As
icted, CA storage inhibited the degradation of CSP in pe
ualitative characteristics including aggregate size, br
umber and single linear chain length decreased with st

ime. Nearly all of the chain widths observed and calcul
ith AFM were composed of four basic units: 17.578, 19.5
3.438 and 29.297 nm. Therefore, parallel linkages or i

wists between the basic units appear to be a fundam
tructural property of CSP molecules.
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