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Firmness is an important postharvest quality property of fruit. To investigate the reasons for firmness
differences between soft and crisp fruit cultivars, two peach (Prunus persica L. Batsch) cultivars (soft
and crisp) were selected to compare the nanostructures of pectins. Water-soluble pectin (WSP), chelate-
soluble pectin (CSP) and sodium carbonate-soluble pectin (SSP) were extracted and nanostructures were
conducted and analyzed using atomic force microscopy (AFM). The results show that SSP chain lengths
were different between the two cultivars with average SSP lengths of 249 nm and 57 nm for fruit of the
crisp and soft cultivars, respectively, while the WSP and CSP chain lengths were not much different. There
were no statistical differences for chain heights and widths in the three kinds of pectins between fruit of
the two cultivars. All the chain heights were about 1-5nm. The results indicate that neutral sugar-rich
pectins from the primary cell wall of peach flesh might be the cause of the main differences in pectin
nanostructures between the two cultivars. The neutral sugar-rich pectins in primary cell walls of peach

might also be the reason for firmness differences.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Maintaining a reasonable level of firmness is very important for
achieving high market value for fruit (Zhou and Li, 2007). Changes
in cell wall structures and composition contribute markedly to
fruit softening (Ali et al., 2004; Yang et al., 2008), with solubili-
sation of pectin, one of the important cell wall polysaccharides in
the middle lamella, considered the primary reason for fruit soft-
ening (Ketsa et al., 1999). Furthermore, pectin plays many other
important roles in fruit cells including affecting cell wall porosity,
adjusting cell wall pH and charge, regulating inter-cell adhesion,
and in pathogen defense signalling (Fishman et al., 2004), as well as
serving as structural elements and contributing significantly to the
texture of processed and fresh fruit (Fishman et al., 1992). Chemical
analysis shows that pectin contents in fruit change with softening,
but the degree of the change varies among fruit (Ali et al., 2004;
Deng et al., 2005). Firmness of fruit is also related to the structural
integrity of constituent pectin (Yang et al., 2006c).

Pectin is a heterogeneous polysaccharide. Varying structures
or complex repeat units make them hard to be characterized by
most current physical and chemical methods, and generally only
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whole-sample based information can be obtained (Round et al.,
1997; Yang et al., 2007). Microscopy has an advantage over other
physical characterization techniques in that it can visualize hetero-
geneity of the sample directly (Ikeda et al., 2001; He et al., 2004).
Atomic force microscopy (AFM), as a nanotechnology approach, is
a powerful and useful tool for studying food and biological mate-
rials (Morris et al., 2001). It allows high magnification with high
resolution, three-dimensional imaging and measurement of sam-
ples with minimal preparation in different media, permitting direct
observation of specimens under near-native conditions (Yang et al.,
2005b, 2007). Previous research using AFM showed qualitative and
some quantitative aspects of pectin polymers of fruit during stor-
age (Yang et al., 2005a, 2006b,c). However, aggregation of pectin
molecules or entanglement of pectin linear molecules resulted in
potentially observable molecular features being obscured. Manip-
ulation could extend the pectin chains and provide an opportunity
to determine the length of pectin molecules directly. The combing
technique we developed can separate intramolecular aggregates
rather than intermolecular ones. For instance, if calcium facilitated
association is intermolecular, the association should be separated
by this technique. It can be applied to stretch the pectin chains
as well as the pectin molecules from the chelator solutions or
sodium carbonate solutions (Yang et al., 2006a). Based on the devel-
oped pectin molecular manipulation technologies, the relationship
between nanostructure and firmness of fruit can be investigated.
Preliminary results from Chinese cherry showed that firmness was
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closely related to the nanostructures of sodium carbonate-soluble
pectin (SSP) at different ripening stages (Zhang et al., 2008).

The purpose of this research was to investigate the nanostruc-
tural differences of different pectin fractions (water-soluble pectin
(WSP), chelate-soluble pectin (CSP) and SSP) and between differ-
ent peach cultivars (crisp and soft). The qualitative and quantitative
nanostructural results of the peach pectins were compared and
analyzed. The results will help to clarify the relationship between
pectins and firmness of fruit, and will be beneficial in directing the
storage and handling of peaches for maintaining good texture.

2. Materials and methods
2.1. Fruit material

Two cultivars (crisp ‘Jinxiu’ and soft ‘Milu’) of peach (Prunus per-
sica L. Batsch) were used for the experiments. The peaches were
selected at a commercial maturity stage as determined by expe-
rienced farmers. The peaches were bought from the market and
were transferred to the laboratory. Peaches of uniform size, free
of disease and without other defects were selected. The peaches
were then cooled for 12 h at 4°C. The two cultivars were designated
as soft and crisp peaches according to their textural differences as
described below. The peaches were then stored at 20°C for 6d for
ripening. Then the peaches were subjected to the following exper-
imental protocol.

2.2. Cell wall preparation and pectin extraction

The WSP, CSP and SSP were extracted according to a published
method (Zhou et al., 2000) with slight modifications (Yang et al.,
20054, 2006b,c). Peaches from the two cultivars were peeled and
about 5.5 g flesh from each cultivar were used for extracting cell
wall materials. The flesh was boiled in ethanol for 20 min, and after
filtration the pellet was transferred to 20 mL ultra-purified water
(Milli-Q Biocel Pure Water Equipment, Millipore Co. Ltd., France).
After 2 h extraction with agitation on a shaker, the supernatant was
collected as WSP and the pellet was washed with acetone, then with
1:1 chloroform:methanol (v/v). The pellet was then resuspended in
20mL 50 mM trans-1,2-diaminocyclohexane-N,N,N’,N'-tetraacetic
acid (CDTA) and shaken for 3 h. After that it was centrifuged (Bei-
jing Medical Equipments Co. Ltd.) at 15,000 x g for 10 min, and the
supernatant was collected and the pellet was extracted twice more
with 10 mM CDTA. The three supernatants were collected as the CSP
fraction. The pellet was then resuspended in 20 mL 50 mM Na,CO3
and 20 mM NaBH,4 with agitation at 4°C for 18 h, then transferred
to room temperature for 2 h, centrifuged at 15,000 x g for 10 min,
and extracted twice more with 20 mL of the above Na,;CO3 solution.
The three supernatants were adjusted to pH 7.0 with acetic acid and
the SSP fraction was thus obtained.

2.3. AFM imaging

AFM was conducted in a glove box at 30-40% relative humid-
ity and about 25 °C. The relative humidity inside the glove box was
adjusted by silica gel and maintained at a stable level for at least
5 h prior to AFM observation (Yang et al., 2006¢). Tapping mode was
performed using a Multimode AFM (NanoScope Illa, Veeco/Digital
Instruments, Santa Barbara, CA, USA) equipped with a | or E scan-
ner. The scanner could be adjusted to select and capture smaller
images within the region accessible for scanning. The NSC 11/no Al
tip (MikroMasch, Wilsonville, Oregon, USA) with a resonance fre-
quency of 330kHz was used. The force constant (determined by
the dimensions and material) of the cantilever B of the tip was
48 N/m, which was provided by the manufacturer of the AFM tip.
A scan speed of ~2 Hz was applied for imaging (Yang et al., 2005a,

2006b,c). Before imaging each sample, the AFM tip was checked
for contamination by laser scanning, that is, the integrity of the
AFM tip was checked. The integrity was verified by imaging a ref-
erence standard with a known roughness and surface morphology
that was provided by the manufacturer. If the tip was contami-
nated, the AFM images of the reference standard would deviate
from the images provided by the manufacturer and thus a new tip
for imaging would be used (Reed et al., 1998).

The pectin solutions were allowed to recover at room temper-
ature and were disrupted for several minutes using a XW-80A
Vortex mixer (Shanghai Jinke Co., Ltd., Shanghai, China). Then, a
small volume (about 20 L) of the solution was pipetted rapidly (for
about 5 s) onto the freshly cleaved mica surface. Modified molecular
combing was exerted, with a glass cover slip to comb the solutions
and extra pressure with a finger on the glass cover slip was applied
while combing. The manipulation should be accomplished in sev-
eral seconds in case pectin molecules conglomerate (Yang et al.,
2006a). The mica surface was then dried by forced air using an ear
syringe. The concentrations of the pectin solutions could be mod-
ified according to the imaging for obtaining images of individual
polymers (Yang et al., 2006c¢).

Height images in the tapping mode were applied which maxi-
mally recorded the true topography of soft samples (Decho, 1999).
Advantages of the tapping mode were the low force and minimal
damage for imaging soft samples in air. Furthermore, lateral forces
are greatly eliminated so that deformation of the sample was mini-
mal and high lateral resolution was obtained (Fishman et al., 2004).

2.4. AFM image analysis

AFM images were analyzed off-line using the NanoScope soft-
ware (version 5.30b4) provided by the manufacturer. The function
of flattening by the software reduced the noise of the samples and
obtained high quality images, and it hardly changed the quantita-
tive results of the dimensions of the samples. The bright and dark
areas in the AFM images corresponded to high and low parts in the
observed samples. It should be noted that different scales were used
in the vertical (about several microns) and horizontal axes (about
several nanometers), and the height mode images were used for
the analysis (Yang et al., 2006c). Both qualitative and quantitative
information could be obtained. At true branch points, the height of
the molecule will remain unchanged, while two molecules cross-
over each other, then the measured height will double (Round et
al,, 2001). The dimensions of the pectin (length, width and height)
were determined using section analysis of the AFM software. The
width and height of a single strand were determined by measuring
the horizontal distance and vertical distance, respectively (Gunning
et al., 2003; Yang et al., 2006¢). The lengths of individual pectin
chains were obtained by tracing along the chain length (Ikeda et
al.,, 2004b).

2.5. Statistical analysis

Sample preparation and measurements were determined at
least in triplicate. Statistical analyses using analysis of variance
(ANOVA) (P<0.05) and Duncan’s multiple range test for differences
in the quantitative dimensions of pectin chains were performed
using SAS software (Version 9.1.3, SAS, Cary, NC, USA). Comparisons
that yielded P<0.05 were considered significant.

3. Results
3.1. Qualitative results

Fig. 1 shows the tapping mode AFM height images of WSP
chains of fruit of the two peach cultivars. Figs. 2 and 3 show the
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Fig. 1. AFM images of water-soluble pectin (WSP) from soft and crisp peach cultivars. (a) WSP from crisp peaches; (b) an enlarged image of (a); (c) WSP from soft peaches;
(d) corresponding 3D image of (c); (e) an enlarged image of (c); (f) corresponding 3D image of (e).

corresponding CSP and SSP data, respectively. The figures reveal
that the length and width of the chains were different, which indi-
cates that the pectin structure was heterogenic. It was not clear
whether the shorter length chains (Fig. 2b, for instance) were bro-
ken from the main chain or whether they existed as a separate chain
in the flesh (Arnaudov et al., 2003). We should mention that since
the solutions for the AFM imaging were extracted without dialysis,
the chelator and the sodium carbonate were left in the solutions
and appeared on the AFM images (Figs. 2a and d and 3d), and the
images represented genuine structural information of the pectins
in peach flesh.

Further structural details showed a periodic height fluctuation
along the contour of the chains. This was observed in almost all
chains from 3D height images. A typical example is shown in Fig. 1f.
The figure shows that 3D height AFM images of pectin chains from
peaches appeared as helical structures, similar to xanthan that was
reported by Morris et al. (1999, 2001). The surfaces of WSP in soft
cultivar peaches looked knobbly (Fig. 1c and d), similar to myosin
filaments reported by Iwasaki et al. (2005).

Fig. 4 shows cross-section analysis of pectin chains and strands.
For any AFM image (Fig. 4c, for instance), a cross-sectional line can
be drawn across the image at any place and direction, and the height

profile of the cross-section highlighted in the image (Fig. 4a) is
shown above the AFM image (Fig. 4c). The software allowed a fixed,
movable line to be drawn across a section. The results of the portion
of the cross-section between the two selected cursors are shown in
part of Fig. 4b. The power spectrum along the cross-section is dis-
played in part of Fig. 4d. Up to three pairs of cursors can be applied
on the line section and the results are displayed as red, blue and
black part in the part of Fig. 4e (Yang et al., 2006c¢).

AFM imaging offers the opportunity to characterize the chelator
(ch), sodium carbonate (so), and integral heterogeneous structures
of pectins, including linear chains, branch points, aggregates (ag)
and chain lengths. Moreover, cleavage points (cp), branch struc-
tures (br), long chains (lc), short chains (sc), multiply branched
chains (mb) as well as the releasing point (rp) of pectin chains
released from the CDTA chelator were identified and shown in both
the CSP and SSP images (Yang et al., 2006c¢). It should be noted
that cp means a cleavage point between pectin molecules while rp
denotes a releasing point of pectin from the chelator. The figures
show that some chains crossed over one another to form greater
heights. These cross-over regions were characterized by brighter
dots in the height images (Roesch et al., 2004). The shapes and
dimensions of the same kind of pectins were highly polydisperse,
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Fig. 2. AFM images of chelate soluble pectin (CSP) from soft and crisp peach cultivars. (a) CSP from crisp peaches; (b) an enlarged image of (a); (c) a typical CSP from soft
peaches; (d) an enlarged image of (c); (e) an untypical image of CSP from soft peaches; (f) corresponding 3D image of Fig. 1e. Note: ag: aggregates; br: branch structures; ch:
chelator, CDTA; Ic: long chains; mb: multiple branched chains; rp: releasing point; sc: short chains.

suggesting these pectins might not be just individual molecules
but aggregates. The WSP chains of crisp peaches (Fig. 1a and b)
appeared to be straighter than those of soft ones (Fig. 1c-f), indi-
cating that the general structure of the former was stiffer (Ikeda et
al., 2004a). Furthermore, a typical image of the SSP of crisp peaches
(Fig. 3a) shows a mixed population of single chains and aggregates
(Fig. 3a) that were identified from height measurement with sec-
tion analysis. The aggregates existed even at low concentrations
where few single chains were seen from the images, indicating that
they were not just the result of aggregation of polymers from evap-
oration of water during drying on the mica before imaging, but to a
large extent the result of the strong intermolecular interaction that
held these aggregates together (Round et al., 1997, 2001).

3.2. Quantitative results

Generally speaking, the difference in the lengths of the same
kinds of pectins between the two cultivars was larger than that of
the widths and heights. For example, most of the widths of the
pectins in both cultivars were about 20-100 nm, and almost all
the heights of the pectins (WSP, CSP and SSP) in the two cultivars
were about 1-5 nm, most of the pectin heights were about 2.5-3 nm
(Fig. 4), and only a small part of the chains were <1 nm. In general,

the height within a chain was fairly constant and uniform, as was
that of the chains of xylogulcan, gellan and proteins that have been
reported previously (Ikeda and Morris, 2002; Ikeda et al., 2004b).
The result indicates that there was no statistical difference among
these chain heights, and it also indicates that the chains might be
native monomers or they did not aggregate in the Z scale. At higher
magnification, variations in the height of individual chains were
clearly seen (Figs. 1f, 2f and 3c) (Ikeda and Shishido, 2005).

The lengths of WSP, CSP and SSP between the two peach cul-
tivars had different tendencies. For WSP and CSP, there was not
much difference between the two cultivars. The average length of
WSP in firm peaches was about 1.3 wm (0.3-4.0 wm), and it was
2.5 wm (0.8-4.2 pm) in soft peaches. For CSP, many short rods and
some longer chains were seen in the images (Fig. 2a and b, for
instance). The lengths of individual chains in both cultivars varied
greatly, approximately from 0.1-3.0 wm, suggesting a wide range
of molecular weight distribution. Compared with WSP and CSP, the
distribution of SSP lengths of the observable single chains showed
a large difference between the two cultivars (Fig. 3a and b for
crisp peaches, and Fig. 3d and e for soft peaches). The SSP chain
lengths of the crisp peaches were significantly longer than those in
the soft cultivar. The lengths of SSP chains of crisp peaches were
249 + 256 nm (n =138), while they were only 57 27 nm (n=40) in
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Fig. 3. AFM images of sodium-carbonate soluble pectin (SSP) from soft and crisp peach cultivars. (a) SSP from crisp peaches; (b) an enlarged image of (a); (¢) corresponding
3D image of (b); (d) SSP from the soft peaches; (e) another image of SSP from the soft peaches. Note: ag: aggregates; cp: cleavage point; so: sodium carbonate; mb: multiple

branched chains.

the soft peaches. The distributions of the SSP lengths for the two
cultivars are shown in Figs. 5 and 6.

4. Discussion

AFM imaging can be performed in air or in liquid. For imaging in
liquid, butanol is one of the most widely used liquids for improving
AFM resolution since it is a poor solvent for polysaccharides, thus it
retains the samples on the mica surface during scanning and effec-
tively decreases the capillary-induced adhesive forces between the
sample and the tip (Morris et al., 1999). Therefore, AFM imaging
in butanol or other alcohols could decrease the lateral force dur-
ing scanning. However, butanol or other alcohols were not used in
our study since they precipitated polysaccharides and might affect
the pectin structures (Decho, 1999). Therefore, AFM imaging pectin
was conducted in air.

Pectin, as a polysaccharide, is chemically composed of monosac-
charides. The measured vertical heights for the pectin chains
corresponded to different aggregation status. Pectin is a highly het-
erogeneous polysaccharide and therefore it is natural that there was
a big variation (1-5nm) of chain heights. Single stranded chains
have heights of about 0.5 nm, and association of single chains into

double strands was about 1nm. Pectins with different values of
heights corresponded to different associations of single monosac-
charide chains (McIntire and Brant, 1999).

From the results, pectin molecules showed strong binding abil-
ity to the mica surfaces and could not be washed away by water
within a certain speed, indicating strong adsorption of mica to
the pectin molecules. The actions between the pectin and mica
might be electronic attraction as with other macromolecules. This
is important in our experiment, because we imaged the pectin
molecules without dialyzing out the salt, suggesting that molecular
manipulation should be applied to obtain the images with pectin. In
this situation, charged pectin showed strong binding ability to mica
surfaces and could not be washed away by water or wiped out by
molecular combing during molecular manipulation. If electrically
neutral polymers were imaged, we could not apply the two molec-
ular manipulation techniques since the macromolecule would be
washed away or wiped out due to the weak binding ability with
mica. For electrically neutral polymers, we have to dialyze out the
salt and then deposit the solution on the mica surface and dry it
in air, then image the sample by AFM. If the pectin and mica have
the same charge, pectin solution can be dropped on the mica sur-
face and air-dried, the dried sample can absorb well and thus be
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Fig. 5. Frequencies of sodium-carbonate soluble pectin (SSP) chain lengths from the
crisp peaches.

imaged. But in this situation, the two molecular manipulation tech-
niques cannot be applied and we should separate the pectin with
salt before preparation of the samples to obtain full images of pectin
chains. When dried from water, for highly flexible polysaccharides,
such as pectins, the molecules showed random coil structures if
imaged without any manipulation. Pectin chains tended to form
discrete circular structures and the AFM images were globular
structures representing time averaged pictures of the molecular
nanostructures (Yang et al., 2006a). Fishman et al. (2004) observed
that the branched structures of peach pectins were comprised of
rods, segmented rods, and kinked rods that were held together
by noncovalent interactions. These interactions might partly be
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Fig. 6. Frequencies of sodium-carbonate soluble pectin (SSP) chain lengths from the
soft peaches.

from the air-drying operation after deposition on mica because of
an increased polysaccharide concentration (Fishman et al., 1993a;
Ikeda and Shishido, 2005). Some of the aggregates after drying were
composed of short rod-like or segmented rod-like subunits. Our
results are consistent with the concept that peach cell wall pectin
comprises a hierarchy of aggregates held together by noncovalent
forces. These rods and segmented rods were joined together to
form integrated networks and these networks can be opened by
modified molecular combing or fluid fixation techniques that we
developed (Fishman et al.,, 1992; Yang et al., 2006a). When these
techniques were applied, the pectin chains were straightened and
characteristic dimensions could be calculated. Generally speaking,
pectin molecules could be stretched to some degree, but the extent
of stretching depended on cultivars and kinds, and it was hard to get
wholly stretched molecules without affecting the genuine nanos-
tructures, as was seen in Figs. 1-3 (Yang et al., 2006a). The chain
straightness is one of the fundamental properties of macromolecu-
lar chains and can provide useful information about the molecules
(Morris etal., 2001). Even though the molecular combing technique
was not fully homogeneous across the slide, the images of the pectin
chains were similar and the quantitative information was stable for
the same sample. And the general tendency of the pectin morphol-
ogy imaged was consistent by this technology. Most importantly,
it did not alter the quantitative information of the heights of the
pectin chains. Therefore, this technology has been widely applied
in AFM imaging of biological samples since it was invented (Yang
et al., 2006a).

Whether the pectin chains were in helices can be discrimi-
nated by the height information of the chains. If the heights of
the chains were larger than 0.5 nm, the chains might have a helix
structure, if not, the chains would be non-helix forming molecules
(MclIntire and Brant, 1999). Other additional information includes
the chain height periodicity, the height variations, and the occasion-
ally branching structures. The combination of the chain heights,
the chain height periodicity, the height variations, and the occa-
sionally branching structures indicates that the pectin chains of
the two cultivars were helical structures (Arnaudov et al., 2003).
The AFM images showed that a small number of the CSP and SSP
chains of the crisp peaches had branched structures, consistent
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with a previous report in tomato (Round et al., 1997), while few
or no branched structures existed in the soft peaches. Gunning et
al. (2003) reported two different types of branching patterns for
amylose: a linear backbone containing a single long branch and a
linear backbone containing multiple short branches; the CSP and
SSP of crisp peaches here had similar structures.

It should be noted that there were several factors that could
affect the accuracy of the measured dimensions of pectins. First,
the width of pectins in the AFM images can be influenced by probe-
broadening effect and the level of influence depended on many
factors including shape, size and property of the tip, and the sur-
face characteristics of the sample (Ikeda and Shishido, 2005). If the
sample being measured sits on the surface, the side of the probe
might cause the tip to rise before it reaches the front edge of the
sample and to fall after it passes over the back edge of the sample.
Then, the measured dimensions would be larger than the genuine
dimensions. This effect was called “probe broadening”. Other pos-
sible sources of artifacts were from sample dehydration during
imaging, and from contamination between the tip and the sam-
ple, which could be creased by timely changing of tips (Fishman
et al., 2004). Generally, in the Z scale, the main source of artifacts
was the tip-sample interaction. The sample might be compressed
due to an interaction between the sample and the AFM tip. Such
an effect could lead to up to a 60% underestimation of the actual
height of the observed chains as reported by previous research. The
chain being compressed can provide much valuable information
about the chain properties. AFM can record the distance (height
mode images) as well as the force (force spectroscopy) between
the tip and sample. In our current research, only height mode
images (providing the dimension information of the sample) were
analyzed. If we want to analyze the physiochemical properties of
macromolecules, we can analyze the results of force spectroscopy,
which serves as a bridge connecting nanostructure with physio-
chemical properties of macromolecules (Watabe et al., 2006; Yang
etal., 2007). In fact, the experimentally observed height increase at
an overlap was often less than two fold (but always greater than
1.5x) due to compression of the polymers by the AFM tip dur-
ing scanning. Measuring the heights of apparent branching points
ensured that superimposed polymers could be rejected from the
analysis and only true branch points were included (Round et al.,
2001). For pectin widths, the main source of artifacts was probe
broadening. According to the report by McMaster et al. (1999),
width observed from AFM for a cylindrical object is typically three
times greater than the actual value. In our results, the observed
widths were almost an order of magnitude larger than the mea-
sured heights. This was due to probe broadening effects (Fishman
et al., 2004), and it also indicates that the effect of probe broaden-
ing was much larger than that of the interaction between tip and
the sample.

The textural differences between different cultivars were not
the same as those between different ripening stages in the same
cultivar. For the latter, many enzymes and biochemical processes
may take place, while for the textural differences between differ-
ent cultivars for the similar ripeness stages, for instance, both at
full ripeness in our experiment, the cell wall skeleton itself may
contribute a lot. Therefore, the results of different CSP between dif-
ferent ripening stages in the same cultivar might not be comparable
with our current research (Hegde and Maness, 1998; Brummell et
al.,, 2004). Fishman et al. (1993b) investigated the pectin differ-
ence between non-melting flesh (crisp) peach and melting flesh
(soft) peach, and showed changes in molecular weight of CSP and
alkaline-soluble pectin (ASP, similar to SSP in our experiment) dur-
ing storage. On day 6 during storage, the ASP between the two
cultivars showed a large difference, while the CSP between the
two cultivars had similar molecular weights, which was consistent

with our results (the peaches in our experiments were also at day
6 during storage).

We can draw the conclusion that the differences from AFM
images are actual differences in the in vivo polymers rather than
from the differences in the cell walls that subsequently modify the
nature and efficiency of the extraction procedures. The main rea-
son was that the two peach cultivars were both at the full ripeness
stage. In the report from Hegde and Maness (1998), the peaches
chosen for cell wall preparation represented different commercial
maturity stages of threshold mature, firm ripe, and soft ripe. There-
fore, the difference between the peaches in their report might be
from the subsequent modification of the nature and efficiency of
the extraction procedure. However, for the two peach cultivars at
the full ripeness stage in our experiment, there was not much dif-
ference between the nature and efficiency of extraction from cell
walls.

There were two kinds of common evidence that could certify
that the linear structure from AFM images was pectin molecules
and not fragments from the cell wall. One is by measuring the
intrinsic viscosity of the sample, and our previous experiments
tested two similar cultivars of peaches. The results were compara-
ble with tomato paste pectin, citrus pectin (Chou and Kokini, 1987),
and orange peel pectin (Kar and Arslan, 1999), which verified that
the extracted samples using this method were pectin molecules
rather than fragments from the cell wall. Other evidence comes
from the AFM images themselves. For AFM images of fragments
from the cell wall, there exists a laminated structure with fibers in
different layers showing different directions. And the AFM images
can show polylaminate structures of cell walls, which are totally
different from our current images (Kirby et al., 1996).

Even though the molecular weight can be calculated roughly
from AFM images, it is only effective to a certain degree. The reason
is that pectin is a highly heterogeneous polysaccharide, and the vis-
ible parts from AFM images are only parts of the molecules. Some
small molecules can be imaged but are not visible or statistically
analyzed because of the limitation of eyes or software. Pectin itself
contains short neutral sugar side chains as well as long branches,
and the presence of this small fraction of branched molecules will
alter the viscosity-molecular weight relationships (Morris et al.,
2001).

The CDTA extraction released CSP from the cell wall by chelat-
ing calcium. The freed CSP was cross-linked by calcium and was
released mainly from the middle lamella of the flesh. The follow-
ing extraction with Na,CO3 was considered to free SSP by breaking
ester linkages and release neutral sugar-rich pectins from the pri-
mary cell wall (Round et al., 2001). The large difference in SSP chain
lengths between the two cultivars indicates that neutral sugar-rich
pectins from the primary cell wall of peach flesh was the main
difference in pectins between the soft and the crisp peach cultivars.

5. Conclusion

Two peach cultivars (soft and crisp) were selected to analyze
the nanostructures of pectins in order to illustrate the fundamental
reason for differences in firmness. WSP, CSP and SSP were extracted
and the nanostructures were performed and analyzed using AFM.
The results revealed that a large difference existed in the lengths of
SSP chains between the two cultivars. The average lengths of SSP
in the crisp and soft cultivars were 249 nm and 57 nm, respectively.
There were no large differences for lengths of WSP and CSP, and
no statistical differences for chain heights and widths of the three
kinds of pectins between the two cultivars. The results demonstrate
that neutral sugar-rich pectins from the primary cell wall of peach
flesh might be the source of the main differences in pectins and
firmness between the two peach cultivars.
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