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Abstract

e Background One of the main factors that reduce fruit quality leading to
economically important losses is oversoftening. Textural changes during fruit
ripening are mainly due to the dissolution of the middle lamella, the reduction of
cell to cell adhesion, and the weakening of parenchyma cell walls as result of the
action of cell wall modifying enzymes. Pectins, one major component of fruit cell
walls, are extensively modified during ripening. These changes include
solubilization, depolymerization and the loss of neutral side chains. Recent
evidences in fruits with soft or crisp textures at ripening, strawberry and apple,
suggest that pectin disassembly is a key factor in textural changes. In both fruits,
softening was reduced as result of antisense down-regulation of polygalacturonase
genes. Changes in pectic polymer size, composition and structure have traditionally
been studied by conventional techniques, most of them relying on bulk analysis of a
population of polysaccharides but studies focusing in the modifications at the nano-
structural level are scarce. Atomic force microscopy allows the study of individual
polymers at high magnification and with minimal sample preparation; however,
AFM has scarcely been employed to analyze pectin disassembly during fruit
ripening.

o Scope Firstly, the main features of the pectin disassembly process during fruit
ripening are discussed. Then, the nano-structural characterization of fruit pectins by
AFM and its relationship with texture and postharvest fruit shelf life is reviewed. In
general, fruit pectins are visualized under AFM as linear chains, few of them
showing long branches, and aggregates. Number- and weight-average values
obtained from these images are in good agreement with chromatographic analyses.

Most AFM studies indicate a reduction in the length of individual pectin chains and



in the frequency of aggregates as the fruit ripen, being pectins extracted with
sodium carbonate, supposedly located within the primary cell wall, the most

affected.
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INTRODUCTION
Ripening of fleshy fruit is one of the last developmental phases of fruit ontogeny
involving many genetic, biochemical and physiological modifications. Among others,
changes include the accumulation of pigments and sugars, the production of aromatic
compounds and flesh softening (Gapper et al., 2013). All these changes have evolved to
make edible fruits more attractive to seed dispersal organisms. Ripening also enhances
fruit organoleptic properties, making them adequate for human consumption. However,
fruit quality diminishes as ripening reaches an advanced stage, mainly due to fruit
oversoftening, increased pathogen susceptibility and the development of undesirable
flavor and skin color, leading to important economic losses during postharvest fruit
managing (Bapat et al., 2010). Thus, the rate of fruit softening not only determines the
postharvest shelf life but also other economically important aspects such as the
frequency of harvest, the handling procedures or the distance that the fruits can be
transported. Therefore, the delaying of fruit softening is one of the major targets for
breeding programs in most commodities. Based on the degree of softening during
ripening, fleshy fruits are classified into two categories (Bourne, 1979), those that soften
greatly as they ripen, acquiring a melting texture and usually having a short postharvest

life (e.g., strawberry, peach, apricot, tomato) and those that soften moderately as they



ripen, retain a crisp texture and have a long storage life (e.g., apple, pear, watermelon).
Firmness and juiciness are the most important textural components in the case of
fleshy fruits (Toivonen and Brummell, 2008). Both features are largely determined by
the characteristics of parenchyma cells (shape and size, cell wall thickness and strength,
cell turgor) and the extension and strength of adhesion areas between adjacent cells
(Harker et al., 1997). During ripening, parenchyma cell walls are extensively modified,
altering their mechanical properties, and cell adhesion is significantly reduced as result
of middle lamella dissolution. Cell wall and middle lamella modifications leading to
fruit softening result from the action of cell wall modifying enzymes (e.g.,
polygalacturonase (PG), pectin methyl esterase (PME), pectate lyase, -galactosidase,
cellulase) generally encoded by ripening-related genes (Brummell and Harpster, 2001;
Goulao and Oliveira, 2008; Mercado et al., 2011). Other cell wall proteins with no
hydrolytic enzymatic activity, such as expansins, also have a role in softening
(Brummell ez al., 1999). In general, the cell wall disassembly process responsible for
softening involves the depolymerization of matrix glycans, the solubilization and
depolymerization of pectins and the loss of neutral sugars from pectin-side chains
(Brummell, 2006; Goulao and Oliveira, 2008). The extension of these changes greatly
varies among different species (Mercado ef al., 2011). Recently, it has been suggested
that the structural integrity of xyloglucan network performed by xyloglucosyltransferase
/endohydrolase (XTH) could be important during fruit softening. This activity is
generally higher during fruit expansion and then declines or remains constant during
ripening (Goulao et al., 2007; Mercado et al., 2011). Miedes and Lorences (2009)
suggested that XTH genes could be involved in the maintenance of cell wall structure
rather than cell wall disassembly, and therefore, the decrease in XTH gene expression

and activity could contribute to softening. Supporting this hypothesis, the



overexpression of SIXTHI gene in tomato reduced fruit softening (Miedes et al., 2010).
In the other hand, although less studied than cell wall disassembly, cellular turgor also
plays a role in fruit softening (Harker ez al., 1997). A loss of turgor pressure is generally
observed during fruit ripening due to a regulated accumulation of apoplastic solutes
(Wada et al., 2009). Transpirational water loss through the cuticle could also be
involved, especially in fruits with thick and well developed cuticles such as tomato
(Saladié et al., 2007; Lara et al., 2014). Cell turgor may also be influenced by cell wall
modifications taking place during fruit softening (Thomas et al., 2008), and it is
therefore difficult to separate active turgor changes from those effects due to passive
water loss and modification of cell wall mechanical properties.

Pectin is the most abundant polymer in the middle lamella regulating
intercellular adhesion (Willats et al., 2001), but primary fruit cell walls are also rich in
polyuronides, accounting for up to 60% of cell wall mass in many fruits (Redgwell et al.,
1997a). Probably, pectins are the cell wall components that change most during fruit
softening, but their role in fruit firmness and softening is considered somehow
controversial. This could be due to the results obtained with tomato fruit which has been
extensively used as a model species to study fruit ripening. Ripening of this fruit is
characterized by a high increase in PG mRNA levels, protein and enzymatic activity
which correlates with the rate of softening (Brummell and Harpster, 2001). However,
the down-regulation of a PG gene to reach a residual gene expression of 1% when
compared with wild type fruits did not reduce softening, although transgenic overripe
fruits showed an improved storage life (Smith et al, 1990; Kramer et al., 1992;
Brummell and Labavitich, 1997). Even more, although depolymerization of solubilized
pectins was suppressed in transgenic tomatoes, the solubility of pectins remained at

wild-type levels (Smith et al., 1990). These early findings lead to the hypothesis that



PG-mediated pectin disassembly is neither necessary nor sufficient to induce fruit
softening, especially at early stages of the process (Hadfield and Bennett, 1998). This
hypothesis was later supported by studies performed in the tomato mutant »in showing
an altered ripening behavior (Giovanoni et al., 1989). However, more recent evidences
in different species suggest an important role of pectin modifications in fruit softening.
Thus, the down-regulation of a pectate lyase or a PG gene in strawberry significantly
reduced fruit softening (Jiménez-Bermudez et al., 2002; Quesada ef al., 2009). Similarly,
silencing of PG1 gene in apple, a crisp fruit with textural features completely different
to strawberry, also diminished softening (Atkinson et al., 2012).

Pectin is one the most complex natural plant biopolymers (Vincken et al., 2003;
Voragen et al., 2009). This complexity makes polyuronides difficult to characterize and
to infer their role in the cell wall when analyzed by conventional techniques, most of
them relying on measuring the colligative properties and characteristics of a population
of polysaccharides (Round et al., 2001). Atomic force microscopy (AFM) allows the
analysis of individual polymer chains and to study the degree of heterogeneity within a
sample with minimal sample preparation (Morris ef al., 2010; Liu and Cheng, 2011).
This technique has been used to determine the structure and functionality of
polysaccharides from different sources, mainly focusing on aspects related to food
characteristics (Kirby et al., 1995a; Morris et al., 2001). However, AFM has scarcely
been used to study pectin modifications during fruit softening. The aim of this paper
was to review the potential of AFM as a tool to gain insight into the pectin disassembly

process during fruit ripening.

PECTIN DISASSEMBLY DURING FRUIT RIPENING

Traditional methodological approaches to study cell wall disassembly during ripening



involve the purification of cell wall and the isolation of different cell wall fractions
based on their solubility on different solvents (Brett and Waldron, 1996). In this
approach, pectins are extracted from cell wall material after sequential treatments with
water or PAW (phenol:acetic acid:water); chelating agents such as trans-1,2-
diaminocyclohexane-N,N,N'N'-tetraacetic acid (CDTA), solubilizing pectins ionically
bound to the cell wall; and sodium carbonate, releasing pectins covalently bound to the
wall by ester linkages (Brummell, 2006). Despite the arbitrary nature of this sequential
pectin extraction procedure, it has been suggested that fractions represent different
polymer moieties in muro. Thus, water extraction yields mainly pectins (water soluble
pectins, WSP) freely soluble in the apoplast and already solubilized by processes
occurred in vivo (Redgwell et al., 1992); chelated soluble pectins (CSP) present in the
CDTA fraction are enriched in homogalacturonan (HGA) from the middle lamella; and
sodium carbonate soluble pectins (SSP) show characteristically high ratios of neutral
sugars to uronic acid, suggesting enrichment in rhamnogalactorunan I (RG-I) from the
primary wall (Brummell, 2006). Significant amounts of polyuronides, usually enriched
in neutral sugars, still remain in the cell wall after this sequential fractionation
(Redgwell et al., 1997b; Brummell et al., 2004).

Pectin solubilization is a common feature in fleshy fruit ripening. This process
refers to an increase in the content of pectin loosely bound to the cell wall, mainly WSP
but in some cases also chelated-soluble pectins, that is paralleled to a decrease in the
amount of covalently bound pectins. It is thought that pectin solubilization occurs at the
expense of polyuronides tightly bound to the wall (Wakabayashi, 2000; Brummell, 2006;
Mercado et al., 2011). Pectin solubilization varies greatly among species. This process
is very evident in fruits such as avocado (Wakabayashi et al., 2000), kiwifruit, tomato,

persimmon (Redgwell et al., 1997a), strawberry (Figueroa et al., 2010), melon (Rose et



al., 1998) or peach (Brummell et al., 2004), but, in general, it is less important in fruit
with a crisp texture at ripening, such as apple, watermelon or nashi pear (Redgwell et al.,
1997a; Hiwasa et al., 2004). Several processes have been proposed as responsible for
pectin solubilization. The loss of arabinan and galactan side chains from RG-I could
contribute to the solubilization because neutral chains might anchor pectins into the wall
either through binding to matrix glycans or cellulose (Popper and Fry, 2005; Zykwinska
et al., 2005) or by physical entanglement with other wall polymers. Supporting this
hypothesis, many fruits show a marked loss of neutral residues, mainly arabinose and
galactose, during ripening (Gross and Sams, 1984; Redgwell et al., 1997b). However,
neutral sugar loss and pectin solubilization are not correlated in some fruits, e.g., plum
shows an extensive depolymerization with no loss of arabinose or galactose, while apple
and nashi pear show an extensive loss of galactose but a very slight pectin solubilization
(Redgwell et al., 1997b). According to Redgwell et al. (1997b) pectin solubilization and
loss of galactose take place mostly in different cell wall polysaccharides. The loss of
neutral sugars could also induce pectin solubilization indirectly, by increasing the wall
porosity allowing the access of other hydrolase enzymes to their substrate. This
hypothesis has been suggested by Smith ef al. (2002) to explain the increase in firmness
in transgenic tomato fruit with a f-Galactosidase gene silenced.

An alternative or complementary cause of solubilization would be the
depolymerization of chelated and/or covalently bound pectins as result of the action of
pectinase enzymes, such as polygalacturonase. Some fruits display a substantial loss of
high molecular weight polymers coupled with an increase of intermediate and short
pectins, e.g., avocado, tomato, peach, kiwifruit (Redgwell et al., 1992; Huber and
O’Donoghue, 1993; Redgwell ef al., 1997a; Brummell et al., 2004). By contrast, other

fruits show a low to moderate depolymerization of pectins, e.g. strawberry, blueberry,



melon, apple (Redgwell et al., 1997a; Rose et al., 1998; Vicente et al., 2007). Although
depolymerization is not as general as polyuronide solubilization, recent evidences
obtained in fruits with crisp and soft texture when ripened support a key role of
pectinases in softening. In strawberry, a soft fruit, Jiménez-Bermudez et al. (2002)
showed that the silencing of a pectate lyase, an enzyme that catalyzes the cleavage of
glycosidic bonds of de-esterified pectins by a B-elimination reaction, in contrast to the
hydrolytic mechanism of PG, resulted in fruits firmer than the control at the ripening
stage, without affecting other fruit quality traits such as soluble solids, color or
anthocyanin content. Cell wall analyses of these fruits indicated a lower
depolymerization of chelated and sodium carbonate soluble pectins, as well as a lower
degree of pectin solubilization (Santiago-Doménech et al., 2008). More recently,
Quesada et al. (2009) obtained strawberry plants with a PG gene down-regulated. These
plants displayed a significant increase in fruit firmness at ripening, even higher than
those of plants obtained with the silencing of the pectate lyase gene (Garcia-Gago et al.,
2009). Cell wall modifications detected in these fruits were similar to those of the
antisense pectate lyase plants, i.e. a 42% decrease in polyuronide solubilization
concurrently with a slightly lower depolymerization of chelated and covalently bound
pectins, a decreased cell wall swelling and an increase in cell to cell adhesion (Posé et
al., 2013). The silencing of a PG gene in apple, a fruit with a crisp texture, caused cell
wall changes similar to those described for strawberry and also improved fruit firmness
and textural characteristics (Atkinson et al, 2012). This set of results challenge the
previous notion that pectin depolymerization alone is not the determinant of softening,
an idea mainly supported by the minor effect of PG silencing on tomato fruit firmness
observed in earlier works (Haldfield and Bennett, 1998).

Progressive demethylesterification of HGA by pectin methyl esterase (PME)



action is common to the ripening of many fruits, creating large regions of negatively-
charged side groups (Prasanna et al., 2007; Goulao and Oliveira, 2008). In the absence
of Ca™", this cell wall modification would contribute to the loosening of pectins by
electrostatic repulsion (Brummell, 2006). However, Ca>* concentration in the apoplast is
high enough to allow cross-linking of unesterifed HGA chains by ionic interactions
(Almeida and Huber, 1999). Furthermore, functional studies of PME genes in tomato
(Tieman and Handa, 1994) and Fragaria vesca (Osorio et al., 2008) failed to find an
effect of this gene in fruit firmness. However, the degree of pectin esterification could
be related to tissue integrity and cell adhesion. Thus, transgenic tomato fruits with the
PME gene silenced showed a reduced shelf life as result of an almost complete loss of
tissue integrity in senescent fruits (Tieman and Handa, 1994). An altered pattern of
methyl-esterification has also been observed in the Cnr (Colourless non-ripening)
tomato mutant, which fails to soften but displays a severe reduction in pericarp cell
adhesion (Orfila et al., 2002). Alternative hypotheses to explain the solubilization of
pectins during fruit ripening are the synthesis of more freely soluble forms of pectin as
the fruit ripens (Huber, 1984) or the degradation of RG-I backbone by
rhamnogalacturonases (Molina-Hidalgo et al., 2013). These last authors found that
transient silencing of a gene encoding a rhamnogalacturonate lyase prevented the
dissolution of the middle lamella during strawberry fruit ripening, suggesting a key role
of RG-I in fruit softening.

In conclusion, the processes that lead to solubilization of polyuronides in the
wall during fruit softening are diverse and recent evidences support a role for
polyuronide depolymerization as one of the main mechanism involved, in spite of it was
initially discarded as a possible cause. Altogether, the involvement of different

mechanisms depending on the species could be probable. As suggested by Brummell
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(2006), a better understanding of how HGA, RG-I and RG-II are interconnected to each
other and to other polymers in the wall would help to explain this issue. The nano-
structural characterization by AFM of the pectic chains present in these fractions and
their structural modifications during ripening would shed light on how chains
processing occurs during softening. The potential of this approach to provide a better

knowledge of this process is discussed in the next sections.

AFM ANALYSIS OF FRUIT PECTINS

AFM fundamentals

Atomic force microscope belongs to a family of instruments known as scanning probe
microscopes that generate images of the samples by “feeling” rather than “looking” the
specimen, allowing higher magnification than light microscopy and comparable
magnification to electronic microscopy but obtainable under the more natural conditions
used for light microscopy (Morris ef al., 2010). In brief, a sharp tip is scanned relative
to the sample surface and the changes in the magnitude of the force between tip and
sample, are measured and used to produce a three dimensional image (profile) of the
surface topography of the sample with subnanometer resolution. The sample is mounted
in a liquid cell on top of a piezoelectric transducer controlling the motion of the sample
in the three spatial dimensions at high resolution. The tip is positioned on a flexible
cantilever allowing the tip to move up and down as it tracks across the sample. The
cantilever deflection, and hence the displacement of the tip, is monitored using a laser
beam focused onto the end of the cantilever and then, reflected off onto a four quadrant
photodiode detector. As the tip moves in response to the sample topography the angle of
the reflected laser beam changes and the movement of the reflected spot on the surface

of the photodetector is recorded as an electrical potential difference (error signal). This
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error signal can be used in a number of ways to generate a variety of images of the
sample surface or of objects deposited onto this surface. A full description of this system
and the different operation modes is described elsewhere (Kirby et al., 1995a; Morris et
al., 2010). In addition to the molecular/sub-molecular resolution of this microscope for
biological systems, AFM allows the visualization of samples with minimal preparation
under natural or physiological conditions, in air or aqueous environments (Morris et al.,
2010; Liu and Cheng, 2011).

Each type of sample requires the selection of the appropriate imaging mode.
Among the materials that can be used as solid phase, freshly cleaved mica is the most
common because it is atomically flat, easy handling and cost-effective (Kirby et al.,
1995a). Then, polymers must be evenly spread over that surface in order to be
visualized individually, by drop-deposition or by sprays. Two main methods are used for
imaging polysaccharides (Kirby et al., 1995a; Morris et al., 2010). In the first case,
polymers are imaged in the DC contact mode under alcohols with the AFM tip into
direct contact with the sample. Usually, imaging is done under a liquid, propanol or
butanol, which allows a greater precision in the control of the applied forces (Morris et
al., 2010). In this mode, as the probe is permanently in contact with the sample, high
contrast images are obtained, although a shear force can be generated causing damages
to the probe but also to the sample in case of being greatly soft. In the second method
used to image polysaccharides, samples are imaged in the AC non contact mode under
air (McIntire and Brandt, 1997). Briefly, in this mode the cantilever is oscillated at a
constant frequency above the sample and the weak attractive forces between tip and
sample are monitored. As the sample is being viewed from a greater effective distance,
there is a loss of resolution compared to conventional AFM. When the same samples

have been studied with both techniques, similar results have been obtained (Morris ef al.,
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2010). A variant of the non contact mode is known as tapping mode. In this case, during
oscillation the probe contacts the surface of the sample intermittently at the lowest point,
increasing the contrast of images from normal AC mode, reducing lateral forces during
imaging and minimizing sample damaging (Morris ef al., 2010; Liu and Cheng, 2011).
The three AFM techniques above described have been used to study nanostructure of
pectins isolated from fruits (Table 1). A typical image of pectins isolated from
strawberry fruit and visualized under butanol in contact mode is shown in Fig. 1. This
image clearly shows the complexity of extracted pectin structures that might reflect the

intricacy of the original pectin networks in muro.

Fruit pectin nanostructure

Table 1 summarizes the AFM available data about pectin fractions extracted from
several fruits, including comparison between different developmental stages and
cultivars with different textural properties. Early AFM studies focused on the analysis of
pectins from unripe tomatoes. Round et al. (1997) analyzed pectin samples extracted
with sodium carbonate. Images showed a mixed population of single polymers and
aggregates. Interestingly, 20% of single polymers showed long branches with about 30%
of these having more than one branch. Lengths of the main backbone ranged between
30 and 390 nm and size distribution fitted a log-normal curve. The range of length sizes
for the branches was narrower, ranging from 30 to 170 nm. Apparently, the removal of
acetyl and methyl groups during alkaline extraction to obtain the SSP fraction does not
modify pectic chain nano-structure, since tomato pectins extracted with CDTA and
visualized by AFM were similar to those present in the SSP samples. However, chain of
the CDTA fraction were about 3 times longer than those extracted with sodium

carbonate (Round et al., 2001; Kirby et al., 2008). Complementary analyses of neutral
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sugar composition and linkage suggested that these branches do not correspond to
neutral sugars (Round et al, 2001), and it was postulated that the long branches
observed in CSP, enriched in HGA, and SSP, enriched in RG-I, consist of
polygalacturonic acid attached to the pectin backbone, with the neutral sugars present as
short branches undetected by AFM (Round et al., 2001). This result has been supported
by subsequent AFM experiments on pectins from apple (Zareie et al., 2003), peach
(Yang et al., 2009) and red ripe strawberry fruits (Posé et al., 2012). In this last species,
both CSP and SSP pectins showed a similar percentage of branched polymers, 8-9%,
but SSP pectins showed smaller but more branches per backbone (Posé et al., 2012).
The lower size of SSP strawberry pectins correlated with the comparative profiles of
both fraction obtained by size exclusion chromatography (Posé et al., 2012).

The polygalacturonic acid nature of the pectin branches observed by AFM has
been strongly supported by experiments evaluating the effect of mild acid hydrolysis on
SSP pectins from unripe tomato (Round et al., 2010). This treatment releases different
sugars residues present in polyuronides at different rates, with galactose and arabinose
linkages the most labile and the galacturonic acid the most resistant (Thibault et al.,
1993). Round et al. (2010) observed that almost complete hydrolysis of galactose,
arabinose and rhamnose has no significant effect on backbone and branch length
distributions in individual pectins visualized by AFM. This result suggests that the
observed single polymers were mainly formed by HGA and contain either no rhamnose
or only small amounts located at the end of these chains. Besides isolated chains,
complexes were also observed in these pectin samples, often possessing emerging
strands with similar dimensions to isolated single chains. The size of the complexes
observed in SSP samples by AFM decreased upon acid hydrolysis in parallel with the

loss of neutral sugars. As the remnants of these complexes persisted after prolonged
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hydrolysis, Round et al. (2010) suggested that they may contain RG-I linked to
irreducible HGA. Therefore, AFM results offer a new image of sodium carbonate
soluble pectin chains composition, consisting of linear and sparsely branched HGA and
aggregated complexes containing RG-I, irreducible aggregates of HGA and HGA
polysaccharide chains (Round et al., 2010). The individual HGA chains observed either
would be not linked to the RG-I or would be linked by bonds that are broken during cell
wall fractionation. In this picture, neutral sugars would be coiled or aligned along and
around the rhamnogalacturonan regions. Pectin aggregates of similar size and shape
have been described in pectins from strawberry fruits as can be observed in Fig. 1.

In most AFM studies, pectin length varied in the range from 20 to 1000 nm, with
pectin present in CSP in general longer than those observed in SSP (Table 1). However,
pectin lengths several times higher than the range above described have been reported
for some fruits, e.g., peach (Yang et al., 2009), unripe jujube (Wang et al., 2012). In SSP
pectins from ripe strawberry fruit, Posé et al. (2012) also described the presence of large
fibers within the background of individual molecules and aggregates, but these fibers
disappeared when the samples were heated at 80°C. Whether these large fibers represent
novel supramolecular pectin structures, or whether they are artifacts formed during the
extraction and/or deposition of the samples on the mica substrate, needs to be addressed.
Besides pectin length, AFM allows the tridimensional measurement of pectin chains.
Most reports indicate a height of the pectin chain in the range 0.5-2 nm. These
measurements are in accordance with a helix structure of the chains with different
aggregation status (Yang et al., 2009), since the vertical height of single-stranded
polysaccharides is about 0.5 nm (Mclntire and Brant, 1999). Contrary to height
measurements, there is great variation in pectin chain widths amongst the different

reports. Yang et al. (2009) observed that widths of pectins from peaches varied between
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20 to 100 nm, not observing significant differences either among the pectin fractions
analyzed (WSP, CSP and SSP) or peach genotypes. By contrast, in strawberry fruit the
width of SSP chains was smaller than those of WSP or CSP, ranging the values between
15 to 78 nm (Chen et al., 2011). Xin et al. (2010) reported a mean width value of CSP
pectin chains of 35 nm in unripe tomato fruit which decreased to 23 nm in turning fruit.
Numerical regularities for the different pectin chain widths estimated in a sample have
also been reported for some fruits. For example, Zhang et al. (2012) described that
chain width of the WSP and CSP fractions from peach followed three basic units, 54, 72
and 91 nm, and the widths of other pectin chains could be obtained by the sum of these
basic units. In the same fruit, Yang et al. (2005) observed four basic width units for
WSP but these units were smaller than those reported by Zhang et al. (2012) (11.7, 15.6,
19.5 and 35.1 nm). A pattern of pectin chain width distribution has also been observed
in SSP pectin chains from cherries with four basic units (37, 47, 55 and 61 nm) (Zhang
et al., 2008). These results could suggest a natural structural conformation of pectins
formed by intertwists between these putative basic units. However, pectin width data
should be considered with extreme caution and only used for qualitative comparison of
objects within a particular sample. This is because the molecular width measured by
AFM is subject to “probe broadening”; as the radius of the AFM tip is large relative to
the diameter of the molecules being measured the image of the molecule being analyzed
is convoluted with the tip profile and the measured dimension is considerably
overestimated (Morris et al., 2010). Kirby er al. (1995b) observed that thickness of
individual strands of the bacterial polysaccharide acetan was 5 times greater than the
value obtained when the measurements were performed in aggregated regions where the
molecular chains had become aligned and the broadening effect was not present.

McMaster et al. (1999), observed the width of a cylindrical object as about three times
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greater than the actual value. Morris ef al. (1997) and Fishman et al. (2007) described a
geometrical correction to estimate the tip broadening effect. Probe broadening effects
will vary with the actual radius of the tips used and can vary considerably from image to
image. This might explain why chain width values reported are usually almost an order
of magnitude higher than the observed pectin heights and, therefore the lack of
correlation between pectin chain height and width, as well as the contradictory results
obtained in different fruits and studies.

In general, nano-structural features of isolated pectins deduced from AFM
images are in good agreement with data obtained using other approaches. Thibault et al.
(1993), using high-performance size exclusion chromatography (HPSEC), reported that
HGA pectins from different fruit sources hydrolyzed in 0.1M HCI contained
approximately 72-100 galacturonic acid (GalA) residues. Similar degree of
polymerization was found by Yapo et al. (2007) in HCI hydrolyzed citrus pectins using
chromatographic techniques. According to Carpita and Gibeaut (1993), HGA contains
up to 200 GalA units and are about 100 nm long. As above discussed, most AFM studies
of isolated pectin chains reported a molecular length in the range 75-150 nm, which is
in accordance with these data. The number of carbohydrate residues, as well as
molecular weight, in individual pectins visualized by AFM can be estimated from
contour length parameters considering that extended chains adopt a 3; helical structure
with a pitch of 1.34 nm, as deduced by Walkinshaw and Arnott (1981) based on X-ray
diffraction data. Using this approach, Round ef al. (2010) found that minimum native
size of linear chains in SSP pectins from unripe tomato could be around 320 residues,
slightly higher than the polymerization degree of HGA purified by mild acid hydrolysis
(Thibault et al., 1993; Yapo et al., 2007). However, it should be taking into account that

pectin length can be greatly influenced by the ripening stage of the fruit source, as
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discussed latter. As regard RG-I, the length of this polysaccharide is unknown (Carpita
and McCann, 2000). McNeil et al. (1980) found that purified RG-I from sycamore cell
walls treated with endopolygalacturonase had a MW of approximately 200 kDa, being
the backbone formed by as many as 500 glycosyl residues. Interestingly, complexes
found in AFM images of unripe tomato SSP pectins, which have been proposed to be
composed mainly by RG-I, but also contains HGA chains, have a MW slightly higher,
around 400 kDa (Round et al., 2010).

In summary, most nanostructural data of fruit pectins obtained by AFM analysis
are in agreement with our previous knowledge on these polysaccharides, supporting the
reliability of this approach to study pectin disassembly during fruit softening. The
analysis of AFM published data differentiates two groups of reports, a first group
describing pectin lengths below 1000 nm and widths between 10-50 nm, including data
from tomato (Round et al., 1997; 2010), strawberry (Posé et al., 2012) and cherry
(Zhang et al., 2008; Lai et al., 2013), and a second group which describe longer (>1000
nm) and wider (>50 nm) pectic chains, such as those observed in peach (Yang et al.,
2009), jujube (Wang et al., 2012) and apricot (Chen et al., 2013). Applying the width
correction described by Morris et al. (1997), the first group of pectins would correspond
mainly to individual pectin chains while the big fibers would be highly packed pectins
of several hundreds of laterally arranged chains. If this high level of packaging exists or
not in muro needs to be addressed in the future. Similarly, the physicochemical nature of
micellar aggregates and its relationship with isolated pectin chains should be further

investigated.

AFM analysis of pectins during fruit ripening and storage

Fruit texture is closely related to the structural integrity of fruit tissues and pectins play
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a key role in cell to cell adhesion and cell wall stiffness. Several enzymes acting on
pectins have been related to the changes that undergo cell walls during softening, such
as PG, pectate lyase, PME, pectin acetylesterase, P-galactosidase, P-xylosidase, o-
arabinofuranosidase (Brummell and Harpster, 2001; Goulao and Oliveira, 2008;
Mercado et al., 2011). Although there are numerous reports about the biochemical
changes in cell walls and pectins during fruit ripening and postharvest, few studies have
been devoted to analyze these processes at the nano-structural scale. Zhang et al. (2008)
used AFM to study chelate-soluble pectins isolated from two Chinese cherry cultivars
with crisp and soft textures. Two ripening stages were also compared; commercial ripe
fruit vs unripe fruit harvested 7 days before ripening. As expected, the firmer unripe
fruits from both cultivars contained wider and longer chains than ripe fruits, as well as
more polymers that were entangled together. However, comparison between cultivars
did not support the same correlation, since firmness of the crisp cultivar was higher at
both ripening stages, but its SSP fraction was richer in wider and shorter chains than the
same fraction of soft fruits at both ripening stages. A similar study was performed by
Xin et al. (2010) in CSP pectins from tomato. In this case, turning stage fruits contained
wider chains than light-red fruits and linear single and short chains were more
frequently observed in light-red tomatoes. Yang et al. (2009) analyzed three kinds of
pectins (WSP, CSP and SSP) in two peach cultivars with contrasting texture, soft and
crisp. The most significant difference between the two cultivars was the length of the
SSP pectins, with the SSP chains of the crisp fruit longer than those of the soft cultivar,
average lengths 249 vs. 57 nm, respectively. Additionally, a small number of CSP and
SSP chains of the crisp genotype had branches whilst few or no branched polymers
appeared in the soft fruit pectin fractions. These authors suggested that differences in

texture in peach could be mainly related to the neutral-sugar rich pectin fraction from
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the primary cell wall. In Chinese jujube fruits, pectin length also decreased during
ripening (Wang et al., 2012).

Representative topographical AFM images of CSP pectins from strawberry fruit
at two ripening stages are shown in Fig. 1 to illustrate the pectin modifications that
frequently occur during fruit ripening. Qualitative analysis of these images showed that
CSP samples from unripe fruits (Fig. 1-A) were enriched in long chains while shorter
chains were more frequently observed in red fruits (Fig. 1-B). Branched polymers (Fig.
1-F) could be observed in both samples, unripe and ripe, but the frequency of branching
decreased in ripe samples. Some aggregates with emergent polymer strands could also
be observed in these samples (Fig. 1-E).

The nano-structural changes in pectins during fruit storage have been analyzed
in a few numbers of species. In peach fruit stored at different temperatures (2, 8 and
15°C) Zhang et al. (2010) observed an increase in the content of WSP and CSP and a
decrease in SSP during storage in parallel to a decrease in fruit firmness, with this
higher at higher temperature. However, fruit firmness was only correlated with the
content of SSP pectin. An AFM study of this fraction showed that most SSP pectins
formed large aggregates in fresh fruits that were reduced during the storage period,
along with the rise of the storage temperature. Furthermore, the length and width of the
pectin chains were reduced with storage time and higher temperatures. A similar result
was observed when WSP and CSP were analyzed, although CSP pectins fruits at harvest
were visualized mainly as single linear chains with a small number of aggregates
(Zhang et al., 2012). The beneficial effects of controlled atmospheres, 2% O, and 5-10%
COa, in the quality of peach stored at low temperature have also been related to a lower
degradation of pectins at the nanostructural level (Yang et al., 2005; Yang et al., 2006a,

2006b). Interestingly, a decrease in the number of branched polymers was observed with
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storage time and it was concomitant to a reduction of pectin size and number of
aggregates (Yang et al., 2005; Yang et al., 2006a, 2006b). In CSP pectins from apricots
stored at 0°C, Liu ef al. (2009) also observed a decrease on the percentage of branched
polymers with the storage time. Furthermore, the frequency of short CSP chains
increased with time and the application of CaCl,, a treatment that extends the
postharvest life, supposedly due to the formation of calcium bridges between HGA
chains, partially reduced the degradation of pectins (Liu et al., 2009). Length of WSP
and SSP from strawberries decreased a 30-39% during the storage of the fruit at 4°C for
15 days (Chen et al.,, 2011). As previously observed in apricot, CaCl, treatments
partially reduced the depolymerization of strawberry SSP polyuronides (Chen et al.,
2011).

Besides the study of individual pectin polymers, AFM provides a useful means
to study their aggregation and the effect of factors affecting the formation of gels, e.g.
acid-induced and calcium-induced gelation, pectin concentration (Fishman ef al., 2007;
Morris et al., 2010; Morris et al., 2011). Most of these studies have been performed
with fruit pectins extracted with chelating agents but they have not been related to the
process of fruit softening. The structural information derived from gelation studies
could be useful to understand the self-assembly process in the middle lamella (Morris et
al., 2011), a region that is substantially modified during fruit ripening. AFM could
therefore provide a new tool to unravel the role of pectin aggregation in the middle

lamella dissolution process during fruit ripening.

CONCLUSIONS
Summarizing, the nano-structural characterization of pectins by AFM in fleshy fruits

revealed significant modifications of the pectic chains and aggregates present in the
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pectin samples during fruit ripening and postharvest storage. In general, these changes
involve a decrease in the number of pectin aggregates and a reduction in the length of
individual pectin chains and in the width of highly packed pectins, especially those
extracted with sodium carbonate, supposedly located within the primary cell wall.
Although additional work is needed to identify the physicochemical bases of the
structures visualized by AFM, this technique could be a powerful tool to gain insight
into the role of pectin disassembly mechanisms during fruit softening. At present, it has
already provided consistent evidences of differences in pectic chains and aggregates

correlated with ripening stages and storage treatments.
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Table 1: A summary of AFM nano-structural characterization of pectins isolated from different fleshy fruit. ND= not described; DC= Direct

contact; NC= non contact; TM= Tapping mode. WSP, CSP and SSP correspond to water-, chelated- and sodium carbonate- solubilized pectins,

respectively.
Fruit Cultivar Stage Pectin Pectin length Pectin width* Image Reference
fraction (nm) (nm) condition
Apricot Jinhong ripe CSp 500-3000 23-234 Air; TP Chen et al. (2013)
(Prunus armeniaca L.)
Cherry Caode unripe WSP ND 76-176 Air; DC Lai et al. (2013)
(Prunus pseudocerasus L.)  Bende
CSP ND 37-61
SSP 448-749 37-140 Zhang et al. (2008)
ripe WSP ND 37-82 Lai et al. (2013)
CSP ND 17-55
SSP 123-749 37-140 Zhang et al. (2008)
Jujube Huanghua unripe CSP 500, >3000 23-98 Air; TM Wang et al. (2012)
(Zizyphus jujuba) Zhanhua
SSP 500, >3000 35-156
ripe CSp 1500, >3000 16-78
SSP (1500, 2500 16-78
Peach Jinxiu ripe WSP 300-4200 20-100 Air; TM Yang et al. (2006a,b;
(Prunus persica L. Batsch.) Milu 2009)
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CSP 100-3000 ND

SSP 20-900 35-70
Cangfangzaosheng WSP ND 91-217 Air; NC Zhang et al (2012)
Songsenzaosheng
CSP ND 91-181
Strawberry Chandler ripe CSp 20-500 ND Butanol; DC  Posé et al. (2012)
(Fragaria x annanassa
Duch.) SSP 20-320 ND
Shijixiang WSP 88-3043 23-78 Air; TM Chen et al. (2011)
CSP ND 23-78
SSP 87-1152 23-59
Tomato Rutger unripe CSP 40-560 ND Butanol; DC  Kirby et al. (2008)
(Lycopersicon esculentum
Mill.) SSP 20-400 ND Butanol; DC  Round et al. (2010)
Dongsheng turning CSP ND 19-117 Air; TM Xin et al. (2010)
Geruisi
ripe CSp ND 15-117

*Width data correspond to non-corrected data and might be overestimated due to the probe broadening effect. See text for details.
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Figure legends

Fig. 1: AFM topographical images representative of strawberry CSP pectins at unripe (A)
and ripe (B) developmental stages, drop deposited onto mica and visualized by direct

contact mode under butanol. Inlets (C-F) show zoomed areas from the A and B images

showing examples of linear chains (C,D), multichain aggregates (E) and branched

chains (F). (G) is equivalent to zoomed image D, and (H) is equivalent to zoomed image

E showing the topographical details for linear chains and aggregates in 3D. Scale bars:

for A and B are 250 nm; for C-F are 75 nm.
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