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ABSTRACT

The surface of peach cv. "Calrico’ is covered by a dense indumentum, which may serve
various protection purposes. With the aim of relating structure to function, the chemical
composition, morphology and hydrophobicity of the peach skin was assessed as model
for a pubescent plant surface. Distinct physico-chemical features were observed for
trichomes versus isolated cuticles. Peach cuticles were composed of 53% cutan, 27%
waxes, 23% cutin and 1% hydroxycinnamic acid derivatives (mainly ferulic and p-
coumaric acids). Trichomes were covered by a thin cuticular layer containing 15%
waxes and 19% cutin, and were filled by polysaccharide material (63%) containing
hydroxycinnamic acid derivatives and flavonoids. The surface free energy, polarity and
work of adhesion of intact and shaved peach surfaces were calculated from contact
angle measurements of water, glycerol and diiodomethane. The removal of the
trichomes from the surface increased polarity from 3.8 (intact surface) to 23.6%, and
decreased the total surface free energy chiefly due to a decrease on its non-polar
component. The extraction of waxes and the removal of trichomes led to higher fruit
dehydration rates. However, trichomes were found to have a higher water sorption
capacity as compared to isolated cuticles. The results show that the peach surface is
composed of two different materials which establish a polarity gradient, namely: the
trichome network which has a higher surface free energy and a higher dispersive
component and the cuticle underneath that has a lower surface free energy and higher
surface polarity. The significance of the data concerning water-plant surface interactions

is discussed within a physiological context.
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INTRODUCTION

Plant surfaces have a key role in the protection against abiotic stress factors, such as
water losses, high densities of UV and visible radiation or temperature extremes, but are
also crucial as defense barrier againg biotic threats such as the attack of pathogens or
herbivores (Jeffree, 2006; Stavrianakou et al., 2010; Xiaet a., 2010).

The cuticle can be considered a cutinized cell wall, emphasizing the composite and
heterogeneous nature of this layer and the physiologically crucial interaction between it
and the cell wall underneath (Dominguez et a., 2011). This extra-cellular layer is
composed of a polymer matrix with waxes embedded into (intra-cuticular) or deposited
onto (epi-cuticular waxes) the surface (Heredia, 2003). On the inner side of the cuticle,
cutin is mixed with polysaccharide material from the epidermal cell wall (Dominguez et
al., 2011). The cuticle matrix is commonly made of a bio-polyester known as cutin,
which is constituted by a network of cross-esterified, hydroxy C,¢ and/or Cyg fatty-acids
(Kolattukudy, 1980; Dominguez et a., 2011). Cuticles from some species may contain
an alternative non-saponifiable and non-extractable polymer known as cutan, which
yields a highly characteristic series of long chain n-alkenes and n-alkanes upon flash
pyrolysis (Villena et a., 1999; Jeffree, 2006).

Cuticular waxes are generally mixtures of long chain aiphatic molecules (mainly
C0-C4 n-acohols, n-aldehydes, very long-chain fatty-acids and n-alkanes) and of
aromatic compounds (Jetter and Schéffer, 2001; Suh et a., 2005; Leide et al., 2007;
Kosmaet al., 2009). Apart from the polymer matrix and the waxes, a variable amount of
phenolics may be present in the cuticle either in free form, trapped in the matrix or
chemically bound to cutin or waxes by ester or ether bonds (Karabourniotis and
Liakopoulos, 2005; Dominguez et a., 2009).

According to Werker (2002), trichomes are defined as unicellular or multi-cellular
appendages, which originate from epidermal cells only, and develop outwards on the
surface of various plant organs. Trichomes can grow in all plant parts and are chiefly
classified as "glandular" or "non-glandular". While non-glandular trichomes are
digtinguished by their morphology, different kinds of glandular trichomes are
established by the secretory materials they excrete, accumulate or absorb (Johnson,
1975; Werker, 2000; Wagner et al., 2004). Non-glandular trichomes exhibit a major
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variability in size, morphology, and function. They often occur in plants thriving in dry
habitats and are abundant in young organs (Fahn, 1986; Karabourniotis et a., 1995).

The effect of the topography of plant surfaces on the deposition of water and
pollutants has been largely studied in association with glabrous, waxy surfaces
(Holloway, 1969; Schreiber and Schonherr, 1993; Barthlott and Neinhuis, 1997,
Wagner et al., 2003; Brewer and Nufiez, 2007; Koch and Ensikat, 2008). However,
assessment of liquid-solid interactions following a strict physico-chemical approach as
implemented in membrane science (e.g., Khayet et al., 2003, 2007), has never been
attempted within a plant physiological context.

In this study we aimed at characterizing for the first time the physical properties of a
model pubescent plant surface, taking into account the structure and function of the
indumentum. We selected a highly pubescent plant surface to address the following
questions: (1) what is the structure of the peach surface and of the epidermis
underneath?, (2) Is the surface a composite material formed by the trichomes and the
cuticle, and which is the chemical composition of both surface constituents?, and (3)
which effect has the trichome layer on the surface free energy, polarity, work of

adhesion and rate of water loss by the fruit?

RESULTS
Topography and structure of the peach epidermis

The intact peach surface is covered by a dense indumentum (0.4 to 1 mm thick),
constituted by trichomes of different lengths (from 100 to 1000 um) (Fig. 1A). When
cuticles were enzymatically isolated, most of the longest trichomes fell out (Fig. 1C),
reducing the thickness and density of the trichome layer. A few stomata (approximately
3 mm? occurred in the epidermis undernesth. The enzymatic removal of
polysaccharides led to the isolation of a sinuous and continuous cuticle that fully
covered the small trichomes (approximately 150 um long) (Fig. 1D). The mechanical
removal of trichomes did not induce any visible damage on the fruit epidermis as
observed with the naked eye and by microscopy. The remaining shaved peach surface
preserved the small trichomes (see Figs. 6, B, D, F as an example) and had a similar

topography to the one observed on enzymatically isolated cuticular membranes.
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Examination of hand-cut, intact peach sections (Fig. 2, A to C) by light transmission
and fluorescence microscopy indicated that the trichomes were non-glandular and
unicellular. Trichomes were deeply rooted into the epidermis and had a thin lumen and
thick cell walls. Only a few trichomes darkened during examination, suggesting that the
majority of them were dead cells at the stage of ripening when fruits were investigated
(data not shown). Observation of intact tissues after the application of 10% KOH as an
inducer led to the green-yellow fluorescence of the flavonoids present in the trichomes
(blue-light excitation; Fig. 2B) and to the light-blue fluorescence of the simple phenols

occurring in the cuticle underneath (UV-light excitation; Fig. 2C).

Thin sections of peach tissues (Fig. 2, D to H) were observed by optical microscopy
in combination with different dyes. Tissue treatment with Sudan 1V, (Fig. 2D) led to the
red staining of the cuticle and of the base of trichomes, which appeared to be strongly
cutinized. Peach transversal sections stained with Auramine O and observed with long
exposure times revealed that both the epidermis and the trichomes were covered by a
lipidic layer giving green-yellow fluorescence when examined under UV-light (Fig.
2E). The peach epidermis was found to be sinuous and uneven, having concave
(valleys) and convex (peaks) epidermal areas. A disorganized, multiseariate epidermis
of 3 to 4 layers of epidermal cells occurred above one or two layers of hypodermis and
the large parenchyma cells (Fig. 2F). Trichomes stained in blue (Fig.2, F to H) and
initially developed as elongated epidermal cells.

Chemical composition of trichomes and isolated cuticles

The proportion of the chemical constituents of isolated cuticles and trichomes was
assessed by ATR-FTIR. Intact tissues were first analyzed and then subjected to the

removal of waxes followed by a process of cutin depolymerization.

The ATR-FTIR spectra of peach cuticles and their corresponding isolates after
controlled chemical treatment are shown in Fig. 3. The spectrum of the peach fruit
cuticle (Fig. 3A), presented strong features of long-chain aiphatic compounds (i.e.,
bands assigned to asymmetric and symmetric CH, stretching at 2918 and 2849 cm™ and
CH, bending at 1462 cm™). Besides, the presence of ester functional groups assigned to
cutin was revealed by the 1732 cm™ weak band and by the partially-masked vibrations

7
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at 1159 and 1104 cm™ (asymmetrical and symmetrical C-O-C stretching, respectively).
The band at 1034 cm™* of medium intensity, was assigned to glycosidic bonds typical of
polysaccharides. The band appearing at approximately 1688 cm™ was associated with
free carboxylic acid functional groups. Vibrations around 1640 and 1515 cm™ were
assigned to the stretching of C=C bonds and the stretching of aromatic rings,
respectively. More details about the assignments described above can be found in the
literature (e.g., Ramirez et a., 1992; Luque et a., 1995; Villena et al., 2000). Wax
extraction from isolated cuticles (Fig. 3B), induced a severe reduction of the aliphatic
character and an increase of ester and polysaccharide bands. Finally, ATR-FTIR
spectrum of the residue resulting after cutin depolymerization (Fig. 3C), indicated a
strong polysaccharide character (bands around 1100 to 1000 cm™) of the remaining
material. Nevertheless, the shift from bands corresponding to ester groups to the
spectral region of carboxylate groups indicated the presence of significant amounts of
the biopolymer cutan (Villenaet al., 1999). The chemical composition of isolated peach
fruit cuticles corresponded to: 27% waxes, 20% cutin and 53% of an insoluble residue

consisting of a mixture of polysaccharides and cutan.

In contrast to the cuticle, the ATR-FTIR spectrum of intact trichomes (Fig.4A),
presented typical cell wall characteristics, with a small contribution of aliphatic
compounds and esterified material which disappeared after progressive wax and cutin
removal (Fig. 4, B and C, respectively). Thus, the trichomes were found to be chiefly
made of polysaccharide material (66%), with a lower proportion of waxes (15%) and
cutin (19%).

Cuticular waxes were extracted from isolated trichomes and cuticles and in both
cases the predominant compounds were n-alkanes. Trichome waxes contained a 92% of
n-alkanes, the most abundant compounds being unbranched Cy, to Cz4 alkanes. The
waxes extracted from isolated peach cuticles had also a high n-alkane fraction (76%),
but the most abundant compounds were Cy3 to Cyg9 unbranched and methylated alkanes.
An array of fatty acids, and only few primary acohols were determined as minor

constituents of the waxes extracted from trichomes and isolated cuticles.

Phenolic compounds released after alkaline hydrolysis from different sub-fractions of
peach trichomes or isolated cuticles are shown in the HPLC chromatograms (Fig. 5).

These hydrolysates revealed a very specific phenolic compound composition, which
8
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was almost identical between the two fractions (Fig. 5, A and C). Three major cinnamic
acid derivatives were determined in both fractions, two of them being p-coumaric and
ferulic acid while the later fraction aso contained a number of minor flavonoids (Fig.
5C). The above hydroxycinnamic acid derivatives were also found in the corresponding
fractions of the trichomes as part of a more complex profile (Fig. 5, B and D), although

they failed to be the dominant compounds.

The isolated cuticles were nine-fold richer in chloroform extractable wax per unit
mass compared to the trichomes. In particular, chloroform isolated wax accounted for
20.2% of the cuticle while only 2.19% of the trichome mass was recovered as
chloroform extractable wax. All cuticular fractions were much richer in phenolic
compounds compared to the corresponding trichome fractions (Table 1). Total phenolics
accounted for 2.31% of the cuticular wax, a much higher amount as compared to the
trichome wax layer (0.62% of the trichome wax, data not shown). Isolated cuticles
contained a 236-fold higher concentration of wax-bound p-coumaric acid and 89-fold
higher concentration of ferulic acid compared to the trichomes. Phenolic compounds
bound to the solid residue were also much more abundant in the cuticles as compared to
the trichomes, since the former afforded a 34-fold higher amount of p-coumaric acid
and 6-fold higher amount of ferulic acid when subjected to alkaline hydrolysis as
compared to the hairs (Table ).

Contact angle measurements

An example of the contact angles obtained for drops of the 3 liquids in contact with
either an intact or shaved peach surface is provided in Fig. 6. The average values of the
measured contact angles together with their standard deviation are summarized in Table
I1. For the two surfaces, the higher contact angle value was obtained for water, followed
by that of glycerol and then diiodomethane. The water contact angles of both samples
were similar, whereas differences were detected with regard to glycerol and
diiodomethane. These results reflect the hydrophobicity of the intact and shaved peach
fruit skin, indicating the hydrophobic character of the material covering the surface of

both tissues.
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The surface free energy of both peach tissues was determined according to the
relations (1) to (3), which are based on the contact angle measurements and on the
physical properties of the three liquids (Table I11). The total surface free energy per unit
area of the shaved peach surface is lower than the values determined for the intact skin.
This indicates that the morphology and chemistry of the peach surface is changed after

the mechanical removal of the trichome layer.

The degree of surface polarity was calculated as the ratio of the non-dispersive
surface energy to the total surface energy (#© #%). The obtained values are 3.8 % and
23.6 % for intact and shaved peach surfaces, respectively. The shaved peach surface has
a relatively high non-dispersive (polar) component and lower dispersive (non-polar)
component in comparison with the intact peach skin. By removing the trichome layer,
the total surface energy decreased because of the decrease in dispersive surface energy
and the increase in non-dispersive surface energy (i.e. the increase of polar groups at the

surface of the shaved peach skin).

The work of adhesion for the three liquids was calculated using Equation (3), as
shown in Table IV. Both peach surfaces exhibit higher adhesion to diiodomethane,
followed by that of glycerol and then water. This indicates that the interactions between

phases are mainly dispersive in nature.
Rate of fruit dehydration and material swelling

The effect of removing surface waxes and trichomes in relation to the loss of water
by the intact fruit is shown in Fig. 7. The highest rates of water loss were determined for
de-waxed peaches (20 % loss after two days) followed by shaved ones (13%), while

intact fruits only lost 5% of water over the experimental period.

After a period of 24 h storage at 95% RH, a water sorption capacity of (19.2 + 2.5)
and (9.7 £ 0.6) % was recorded for trichomes and isolated cuticles, respectively. The
water sorption capacity of the trichomes was found to be twice as high as that of the
isolated cuticles. This can be explained by the high proportion of polysaccharides
present in the trichomes, which have a higher water sorption capacity as compared to
lipids that are the most abundant fraction of compounds determined in the cuticles
(Figs. 3and 4).

10
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DISCUSSION

The surface of the highly-pubescent peach fruit cv. “Calrico’ was investigated as a
model, to assess the relationship between surface chemistry and structure with regard to
the hydrophobicity of the material. To our knowledge thisis the first report in which the
surface free energy, polarity and work of adhesion of two different plant materials have
been calculated within a physiological plant science context. The significance of the
obtained physical parameters has been complemented with structural and chemical
determinations of the outer surfaces to help us understand the trichome layer in eco-
physiological terms. This innovative approach provides an array of new opportunities to

improve our understanding of plant surface related phenomena.

In commercial peach production, there is a growing fashion to clear the trichomes
out of surface of peaches via a brushing process that is applied immediately after
harvest, which causes no visible damage to the fruit epidermis. Taking into account that
the peach epidermisis covered by two distinct materials, namely the trichome layer and
the cuticle underneath, it is suggested that the properties of the fruit surface are
governed by the combined effect of the abovementioned layers. Thereby, to evaluate the
contribution of each material on the physicochemical properties of the surface, analyses
were carried out on enzymatically isolated peach cuticles, mechanically isolated

trichomes, intact and shaved peach fruits.
Structure and topography of peach epider mis

The trichomes covering the surface were found to be unicellular and non-glandular.
Histological studies revealed that the entire peach surface including the trichomes was
covered by a cuticle, and that the base of the trichomes was strongly cutinized as
described to occur in leaves of xeromorphic plants (Fahn, 1986). Furthermore, a
disorganized multiseriate epidermis was observed underneath the cuticle, as reported for
the pomaceous fruit of Mespilus germanica (Miller, 1984) and for the peach cv.
‘O’Henry’ (Crisosto et al., 1994).

Chemical composition of the peach surface

11
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Concerning the chemical constituents of the cuticular membranes, 76% of the
material was associated with polymer matrix components, containing a strikingly large
proportion of cutan. The occurrence of cutan in apple, pepper and berry fruit cuticles
has been recently reported by Johnson et al. (2007) and Jérvinen et a. (2010). While the
significance of this insoluble and more hydrophobic biopolymer remains unclear both in
paleobotanical and eco-physiological terms (Deshmukh et al., 2005; Gupta et al., 2006),
it has been suggested that it may be a preserved compound in plants growing in

xeromorphic environments (Boom et al., 2005).

In contrast, trichomes were largely composed of polysaccharide material and were
covered by athin cuticular layer containing only cutin as matrix. A higher proportion of
wax was extracted from the cuticles as compared to the trichomes. The most abundant
compounds in both samples corresponded to n-alkanes, as observed in other plant
species (Jetter et a., 2006). However, longer chain n-alkanes were detected in trichome
wax extracts as compared to the cuticles. As minor wax constituents an array of fatty
acids were detected, with a predominance of palmitic and stearic acid in the trichomes
and palmitic, arachidic and linoleic acid in the isolated cuticles. In the case of cuticular
isolates, the presence of such compounds may be due to contamination during the
process of cuticle isolation, since they are precursors of the structural cuticular
biopolymers that are synthesized and accumulated in the epidermal tissue. Minor fatty
acid amounts were recovered in the wax extracted from trichomes as compared to the
cuticles. The presence of fatty acids in wax extracts has been described in various
studies (Jetter et al., 2006), but there is currently no direct evidence that they are part of
the wax fraction and it is more likely that they occur due to contamination from the cells
underneath.

Three hydroxycinnamic acid derivatives were the dominant compounds extracted
from the cuticular waxes. In particular, p-coumaric acid and ferulic acid have been
characterized as the primary phenylpropanoids being responsible for the characteristic
UV-induced blue fluorescence of surface tissues of several plant species (Lichtenthaler
and Schweiger, 1998; Karabourniotis et al., 2001; Liakopoulos et al., 2001; Stavroulaki
et a., 2007). Similarly to the results reported for other species, these compounds are not
part of the pool of tissue soluble phenolic compounds of peach fruits (Tomés-Barberan

et al., 2001) but, instead, are often found covalently-bound to plant biopolymers (Riley
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and Kolattukudy, 1975; Kroon and Williamson, 1999). Our results indicate that the
majority of phenolic compounds determined were bound to the plant biopolymers in

contrast to the amounts extracted either in chloroform or methanol (data not shown).

The same three hydroxycinnamic acid derivatives were also part of a more complex
profile determined in trichome hydrolysates. The numerous compounds released in the
trichome fractions can be ascribed to the fact that trichomes are more complex than
isolated cuticles alone. It is most probable that part of the HPLC profile of both
fractions of the trichomes may also originate from extractable compounds deposited in
the cell walls (Skaltsa et al., 1994; Karabourniotis et al., 1998; Liakopoulos et al.,
2006).

Apart from having an effect on pathogen quiescence (Lee and Bostock, 2007), the
waxes and phenols present in non-glandular trichomes and cuticles will act as optical
filters of excess solar radiation (Reicosky and Hanover, 1978; Karabourniotis and
Bornman, 1999; Pfundel et al., 2006).

Hydrophabicity of the surface within an eco-physiological context

The interactions of plant surfaces with water and solutes have been a matter of
scientific interest since long ago (Stone, 1963; Fernandez and Eichert, 2009). The effect
of surface wetness on plant physiology due to natural phenomena such as dew, fog or
mist has been addressed in some investigations (Brewer et al., 1991; Brewer and
Schmidt, 1997; Pandey and Nagar, 2003; Hanba et a., 2004; Dietz et al., 2007), and isa
topic of growing interest for plant eco-physiology (Limm et a., 2009; Arya and
Neuner, 2010; Limm and Dawson, 2010; Johnstone and Dawson, 2010).

By measuring the contact angle and retention of water drops, Brewer et a. (1991)
found three different patterns of wettability of pubescent surfaces on 38 species
investigated. With the determination of the contact angle of the three liquids and the
calculation of the surface free energy, polarity and work of adhesion of the intact and
shaved peach surface, we could go a step further in our understanding of the liquid-solid
properties of the indumentum. The surface free energy is a parameter specific for each
material and different values were obtained for intact and shaved peach surfaces. The

higher Lifshitz-van der Waals surface energy component of the natural surface indicated
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the more dispersive (non-polar) character of the trichome surface as compared to the
cuticle. This result is supported by the data we obtained that confirmed the presence of
longer-chain n-alkanes in the waxes extracted from the trichomes as compared to those
obtained from isolated cuticles. As a consequence, the surface polarity of the intact
peach skin was much lower than after the removal of the trichomes (3.8 versus 23.6%),
which indicates that the intact surface has a predominant dispersive component and a
lower non-dispersive component. By removing the trichomes from the surface as it is
commonly done with commercial peaches prior to their storage and distribution to the
market, the total surface free energy is decreased due to the decrease in the Lifshitz-van
der Waals component and the increase in the acid-base component. This would imply
that the trichomes confer a more non-polar character to the surface and that their
removal yields the surface more polar and therefore, more susceptible to the occurrence

of interactions with water, and water-soluble compounds and contaminants.

The peach skins analyzed are not super-hydrophobic (0 is not above 150°
Nosonovsky and Bhushan, 2009), but had high contact angles with water due to the
presence of air, to the micro- and nano-rugosity of the surface and to its chemical
composition. The trichome layer will increase the roughness and surface area of the
fruit. However, after the mechanical removal of the long trichomes a rough surface
persisted (Figure 6), and the occurrence of air pockets can also be expected. The
occurrence of air chambers and their effect on surface water repellency have been
modeled for various synthetic and biological surfaces (Nosonovsky and Bhushan, 2009;
Xueet al., 2010).

Our results suggest that the peach surface counts on a double hydrophobic
protection: on the one hand, the trichome layer covered by longer chain n-alkanes and a
lower wax proportion and on the other hand, the cuticle which presents a high amount

of more polar waxes, and the hydrophobic cutan as major matrix polymer.

When trying to clarify the mgor role of the trichome indumentum covering the peach
surface with regard to the bi-directional exchange of water, we observed that the
removal of waxes and trichomes led to significant water losses over time. Severa
characters reported for xeromorphic plant tissues, namely, the occurrence of a highly
pubescent surface, the multiseriate epidermis, the markedly cutinized base of the
trichomes and the presence of cutan as major constituent of the cuticle matrix, made us
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think that the selected ‘Calanda’ peach cultivar may be adapted to the prevailing semi-
arid conditions in northeast Spain, which are specialy hot and dry during the season of
fruit growth and development. Such yellow-flesh peach traits may have been developed
and selected in China during the many centuries of cultivation of this fruit speciesin a

potentially similar climatic zone (Li, 1970; Lirong, 2005).

The dense indumentum covering the surface up to 1 mm above can affect the
boundary layer surrounding the fruit, but may not be the only factor responsible for the
increased transpiration rate of shaved peaches. Some studies performed with leaves of
Olea europaea, Tillandsia species and Mallotus macrostachyus failed to find a clear
relationship between trichome layers and transpiration (Grammatikopoulos et al., 1994;
Benz and Martin, 2006; Kenzo et al., 2008).

Despite the hydrophobic character of the surface of trichomes, we showed that they
had a high water sorption capacity due to the presence of polysaccharides, which might
lead to the absorption of water under certain environmental conditions as shown by e.g.,
Grammatikopoulos and Manetas (1994). However, the mechanisms of water absorption
by plant surfaces including trichomes, are currently not fully understood (Fernandez and
Eichert, 2009), and should be further elucidated in the future.

In summary, the surface of the peach fruit cv. “Calrico’ is covered by a dense layer of
trichomes and a cuticle underneath that protects it against an array of potential biotic
and abiotic stress factors. The two materials offer adual protection against the entry and
chiefly the loss of water by the fruit. On the other hand, the occurrence of a dense
indumentum and the presence a considerable amount of phenols and waxes in the
surface will contribute to limit the attack of pathogens and to attenuate excess radiation.
The hydrophobic properties of the peach surface may also influence the bi-directional
diffusion of gases and will determine the contact phenomena of the surface with water,

contaminants and pathogens.
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MATERIALSAND METHODS
Plant material

All materials analyzed corresponded to ripe, undamaged peaches cv. ‘Calrico’
harvested by mid September (2009, 2010) from an experimental orchard located in the
Bajo Aragon area. The selected “Calanda’ cv. is classified as a late-maturing, non-

melting, yellow skin and flesh, cling-stone peach variety.

Cuticles were isolated in a citrate buffer solution (pH 3.5) containing 4% cellulase and
4% pectinase (Novozymes, Bagsvared, Denmark) plus 1mM NaN3 (8 d extraction
period; solution changed twice). Trichomes were isolated by gently scraping the peach

surface with a sharp knife.

The dehydration rate of intact versus mechanically-shaved and de-waxed (1 min in
2:1 chloroform methanol, v/v) peaches was determined gravimetrically by storing the
fruits at 24 °C and 50% relative humidity (RH) for 2 d.

Microscopy

Thin, hand-cut cross sections of intact peach surfaces were observed with a Zeiss
Axiolab fluorescent microscope. Transversal sections were examined first by light
transmission and then under blue (emission of green fluorescence by flavonoids) and
UV (emission blue fluorescence by simple phenols) excitation after immersion in a 10%
(w/v) solution of KOH for 2 min followed by a thorough distilled water rinse. Filter
combinations  (exciter filter/chromatic beam  splitter/barrier  filter)  were
G365/FT395/LP420 (UV 365 nm excitation) and BP450-490/FT510/LP520 (blue light
excitation), (Carl Zeiss Jena GmbH, Germany). Microphotographs were taken using a
Cybershot DSCS75 digital camera (SONY Corporation, Japan).

Approximately 2 mm thick peach surface pieces were fixed in a 90% ethanol/water,
5% formol and 5% acetic acid solution, dehydrated and embedded in Historesin (Leica,
Heidelberg, Germany). Transversal sections were cut with a microtome and were
stained with Toluidine blue, Auramine O and Sudan IV prior to microscopic

examination (Nikon E 800, Japan).
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Fresh intact and shaved peach surfaces and isolated cuticles were directly examined
under a VP-SEM microscope (Hitachi S-3400 N, Tokyo, Japan. Acceleration potential:
15 kV, working distance: 10 to 11 mm).

The density of stomata and length of trichomes was assessed by image anaysis of
SEM micrographs (Image-Pro Plus 6 Bethesda, USA).

Quantitative and qualitative estimation of chemical componentsby ATR-FTIR

Waxes from isolated cuticles and trichomes were extracted by refluxing in
chloroform:methanol (2:1, v/v) for 4 h. The remaining residue was depolymerized by
saponification in 2% NaOH for 24 h under reflux conditions. The residual material was

weighed. Percentages were calculated according to the weight loss after extraction.

Infrared spectra of isolated cuticles and trichomes, wax extracts and of the residues
remaining after alkaline hydrolysis were obtained with an ATR accessory (MIRacle
ATR, PIKE Technologies, USA) coupled to a FTIR spectrometer (FT/IR-4100, JASCO,
Spain). All spectra were recorded in the 4000 to 700 cm™ range at 4 cm™ resolution and

25 scans were accumulated.

Extraction and deter mination of cuticular waxes

Dehydrated cuticles and trichomes (250 mg tissue with 2 replications) were extracted
for 5 min in 15 mL chloroform -methanol (2:1, v/v) using an ultrasonic bath. Samples
were subsegquently homogenized and evaporated to dryness with a rotary evaporator.
Then 5 mL of a methanolic NaOH solution (0.5M) were added to the plant solid
residue, the mixture being boiled for 10 min using a Vigreux column. When samples
were cool, 5mL BFz-methanol (14% wi/w, diluted with water-free methanol) were added
and the mixture was boiled for 2 min prior to the addition of 4 mL n-heptane. When the
samples cooled down again, 15 mL of saturated NaCl (2.5 g L™) dissolved in ultrapure
water (milli Q Plus 185, Millipore) were added and the solutions were homogeni zed for
15 s. The organic phase was collected (n-heptane; 99%, HPLC grade, Scharlau, Spain)
and filtered. The compoasition of the samples was determined by GS-MS (GC Hewlett
Packard HP-6890 equipped with an autosampler Combipal and quadrupole mass

17

Downloaded from www.plantphysiol.org on March 15, 2017 - Published by www.plantphysiol.org
Copyright © 2011 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/
http://www.plantphysiol.org

501
502
503
504
505
506
507
508
509
510

511

512

513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531

spectrometer HP 5973). The chromatographic conditions were as follows (86 min per
run): the injection volume was 1 uL (splitless mode), Helium was the carrier gas (1 mL
min™®) and the injector and detector temperatures were set to 250 °C. The column (J&W
122-5532 DB-5ms, AgilentTechnologies) was set to 55 °C isothermal for 4 min, then
increased to 155 °C at arate of 5 °C min™ and held isothermal for 2 min, raised to 320
°C at arate of 3°C min™ and held isothermal for 5 min. The MS conditions were: 70 eV
ionization voltage, 230 °C ion source temperature; 50-650 units of mass scan range and
5 min wait time. The compounds were identified by comparing their mass spectra with
NIST and WILEY 275 library spectra, confirming the results by the Kovats index. All
standards used were from Sigma-Aldrich, Spain.

Extraction and determination of phenolic compounds

Cuticular and trichome waxes from 1g tissue were extracted in chloroform (5 min)
and subjected to alkaline hydrolysis (4 M NaOH, 1 h a 60 °C under a N, stream) as
described by Liakopoulos et a. (2001). After acidification of the solutions with HCI
(pH 1), samples were extracted three times in ethyl-acetate and the combined extracts
were extracted with water to remove acid and concentrated in a rotary evaporator at 30
°C. The solid tissue residue after wax removal (STR) was subsequently extracted in
methanol (1 mL per 10 mg of material, 1 h in an ultrasonic bath) and methanolic
extracts were evaporated to dryness. The remaining STR was subjected to alkaline
hydrolysis, acidification and concentration to dryness as described above. All dry
residues were re-diluted in 4 or 8 mL 50% methanol and injected into a Zorbax
Stablebond SB-C18 column (5 um particle size; 250 x 4.6 mm; Agilent Technologies,
Palo Alto, CA, USA) viaa 20 puL loop, connected to a Prominence HPLC equipped with
a photodiode array detector operating at 200-800 nm (Shimadzu Corporation, Kyoto,
Japan). The column was eluted at 30°C using the following linear gradient: initially: A
(1% H3PO,4):B (MeOH) 75:25; gradient to 70:30 in 10 min; gradient to 65:35 in 7 min;
gradient to 0:100 in 3 min; flow rate 1 mL min™. Chromatograms were captured using
LC Solution ver. 1.23 SP1. Phenolic compounds were identified by comparison with
pure standards (Extrasynthese S.A., Genay, France). The quantitative determination of

p-coumaric acid and ferulic acid was based on reference curves at 280 nm.
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Water sorption of cuticlesand trichomes

The water sorption capacity of trichomes and isolated cuticles was measured
gravimetrically. Tissues (55 and 65 mg) were dried for 24 h in a desiccator at very low
RH (silica gel). The samples were subsequently kept in a closed chamber for 24 h at
95% RH, which was achieved by exposure to a supersaturated solution of Pb(NO3), at
25 °C. The water sorption capacity was calculated by measuring the weight increment of
dehydrated and water saturated tissues.

Contact angle measurement and estimation of surface free-energy

The advancing contact angles of three liquids, i.e., double-distilled water, glycerol
(99% purity, Sigma-Aldrich), and diiodomethane (99% purity, Sigma-Aldrich) were
measured at ambient temperature (25°C) using a Drop Shape Analysis System DSA 100
(Kruiss-GmbH, Hamburg, Germany).

Contact angles were determined on intact and shaved peach surfaces (30 repetitions)
by placing the baseline tangent to the area of touch between the solid and the liquid as
enabled by the measuring device software. In the latter case, trichomes were removed
by gently scraping the peach surface with a sharp knife. Skin sections of approximately
1 x 0.5 cm®and 1 mm thickness were cut with a scalpel. Drops of the different liquids
were deposited onto the surface using a manual dosing system with a 3 mL syringe and
a 0.5 mm diameter needle. Side view images of the drops were captured at a rate of 10
frames s*. The contact angles were automatically calculated by fitting the captured drop
shape to that calculated from the Y oung—Laplace equation.

Theoretical background and calculations based on contact angle deter minations

Several data based on contact angle measurements of the three liquids with intact
skins or after the removal of the trichomes were obtained by means of some equations
(1 to 3). The film surface free energy (or surface tension, y) components were
determined from contact angle measurements using the Lifshitz-van der Waals (LW)
method, also known as acid-base (AB) approach or van Oss, Good, and Chaudhury
method (van Oss et al., 1987, 1988). The theory behind this method of estimating the
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solid surface free energy and its components has been extensively described elsewhere
(Owens and Wendt, 1969; Mittal, 1993). Van Oss et a. (1987, 1988) divided 3 into
different components, i.e. the Lifshitz-van der Waals (LW), acid (+) and base (-)

components.

vo=nt = n v 2y (1)
where i denotes either the solid or the liquid phase. The acid-base (AB) component

(/®) takes into account the electron-donor () and the electron-acceptor (%)

interactions. The following expression was given for solid-liquid systems (van Oss et
al., 1987, 1988)

@+cosO)y, =20y )2+ 20 A 2y )P @)

where the three components of the surface free energy of the solid, ", 7Z and ; can
be determined from the contact angle measurements of three testing liquids with known
surface tension components (i.e. water: = 21.8 mJ m? y'= y,= 255 mJ m?;

glycerol: -"'=340 mIm? y =392 mIm? y. =574 m)m?and diiodomethane:

yW=508mIm?, yi= y;=0mIim?).

In addition, the degree of surface polarity of intact and shaved peach surfaces was

calculated as the ratio of the non-dispersive surface energy to the total surface energy
°r.
Finally, to discuss liquid-solid interactions the total work of adhesion (W,; Kwok and

Neumann, 1999) was determined for each liquid and type of peach surface, following

the equation:
Wa =75 + Ww=Ysa= (1+ COSH) I (3)

where ys is the surface free energy of the solid, y\ is the interfacial tension of the liquid

and yg corresponds to the interfacial tension between the solid and the liquid.
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TABLES

Table I. Concentration of major phenolic compounds released after alkaline hydrolysis

from different fractions extracted from trichomes and isolated cuticles

Material Fraction Compound Concentration (ng g* material)
Chloroform p-coumaric acid 8.97
Isolated wax ferulic acid 6.37
Trichomes
p-coumaric acid 27.9
Solid residue
ferulic acid 46.5
Chloroform p-coumaric acid 2120
eolated isolated wax ferulic acid 567
cuticle p-coumaric acid 957
Solid residue
ferulic acid 278

Downloaded from www.plantphysiol.org on March 15, 2017 - Published by www.plantphysiol.org
Copyright © 2011 American Society of Plant Biologists. All rights reserved.

26


http://www.plantphysiol.org/
http://www.plantphysiol.org

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

Table Il. Contact angles of water (&), glycerol (6,) and

diiodomethane (&) on intact and shaved peach fruit surfaces

Sample b (°) & (°) 6 (°)
Intact 134.2+7.0 130.9+7.0 55.7+3.9
Shaved 1345+7.0 117.9+4.9 80.3+7.5
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Table 1. Surface free energy per unit area. Lifshitz van der Waals component(7"),

Acid-base component (*®) with the contribution of electron donor(y’) and electron

acceptor(y*) interactions, total surface free energy (7) and surface polarity (#® y™) for

intact and shaved peach fruit surfaces

o v 4 7 4 s
Sample
(mIm?) (mIm?) (mIm?) (mIm?) (mIm?) (%)
Intact 31.06 0.04 10.03 122 32.28 38
Shaved 17.37 0.99 7.26 537 22.73 23.6
28
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Table 1V. Work of adhesion of intact and shaved peach surfaces for water
(WWw), glycerol (Wg) and diiodomethane (Wd).

Sample Wy (MJ m?) Wi g (mJ m?) Wag (Md m?)
Intact peach 22.0 22.1 79.4
Shaved peach 21.8 34.0 59.40
845
846
847
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FIGURE LEGENDS

Figure 1. Scanning electron micrographs of peach intact surfaces (A, B) and isolated
cuticles (C,D). (A) Intact peach surface (x100). (B) Stoma observed in an intact surface
after the mechanical removal of trichomes (x450). (C) Upper surface of an isolated
cuticle (x100). (D) Lower surface of an isolated cuticle (x2000).

Figure 2. Micrographs of transversal peach fruit sections of: (A) intact tissue observed
by light transmission, (B) intact tissue treated with the inducer and observed under blue
light excitation, (C) intact tissue with the inducer and observed under UV-light
excitation, (D) embedded tissue stained with Sudan 1V, (E) embedded tissue stained
with Auramine O and UV-light, and (F, G, H) embedded tissue stained with Tolouidine

blue.

Figure 3. ATR-FTIR spectra of: (A) isolated peach fruit cuticles, (B) isolated cuticles
without waxes, and (C) residue after chemical depolymerisation of cutin. Spectra (B)
and (C) show significant losses of aliphatic components and a higher presence of
polysaccharides. The arrow in (C) indicates a shift from ester to carboxylate groups,

showing the presence of cutan.

Figure 4. ATR-FTIR spectra of: (A) isolated peach fruit trichomes, (B) isolated
trichomes without waxes, and (C) residue after depolymerisation of cutin. The overall

spectra have a strong polysaccharide character, typical of cell wall isolates.

Figure 5. Chromatograms of: (A) Hydroxycinnamic acid derivatives (p-coumaric acid,
ferulic acid and unidentified HC peak) released from alkaline hydrolysis of chloroform
isolated cuticular waxes. (B) Hydroxycinnamic acid derivatives and flavonoid
(unidentified FL peak) released from alkaline hydrolysis of chloroform isolated
trichome waxes. (C) Hydroxycinnamic acid derivatives and flavonoids (unidentified FL
peaks) released from alkaline hydrolysis of STR. (D) Hydroxycinnamic acid derivatives
and flavonoids released from alkaline hydrolysis of the trichome STR. Absorbance axes
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are scaled to include the largest peak in each chromatogram and are not quantitatively

comparable between samples.

Figure 6. Contact angles of intact peach surfaces and water (A), glycerol (C) and
diiodomethane (E), and shaved peach surfaces and water (B), glycerol (D) and
diiodomethane (F).

Figure 7. Water loss of intact versus de-waxes and shaved peaches (2 days at 24°C and
40% RH). Data are means = SD.
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Figure 2. Micrographs of transversal peach fruit sections of: (A)
intact tissue observed by light transmission, (B) intact tlssue
treated with the inducer and obsebggwund Iue
excitation, (C) intact tissue with the indu %
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(E) embedded tissue stained with Auramine O and UV-light, and
(F. G, H) embedded tissue stained with Tolouidine blue.
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Figure 5. Chromatograms of (A) Hydroxycinnamic acid derivatives (p-coumaric acid,
ferulic acid and unidentified HC peak) released from alkaline hydrolysis of chloroform
isolated cuticular waxes. (B) Hydroxycinnamic acid derivatives and flavonoid
(unidentified FL peak) released from alkaline hydrolysis of chloroform isolated trichome
waxes. (C) Hydroxycinnamic acid derivatives and flavonoids (unidentified FL peaks)
released from alkaline hydrolysis of STR. (D) Hydroxycinnamic acid derivatives and
flavonoids released from alkaline hydrolysis of the trichome STR. Absorbance axes are

scaled to includg, the largest peak in each chromatogram and are not quantitatively
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