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Abstract: This work investigated the structural, biochemical, and molecular characteristics of grape
skin cell wall during ripening, related to susceptibility to Botrytis cinerea. The comparative study
between the two main grape cultivars in Champagne region, Pinot noir and Chardonnay, quantified:
(1) the maturity and physical profile of grape skin; (2) the morphological characteristics; (3) soluble
pectic polysaccharides located in grape skin cell walls; and (4) the gene expression of the two main
degrading enzymes (VvPME1 and VvPG1) and PME activity. During the maturation period, the
grape skins of the two cultivars appear different in their structure and composition. Chardonnay
is characterized by higher relative humidity (RH) and level of VvPG1 expression, lower disease
incidence and penetrometry values, and thicker cell walls than Pinot noir skins. Thus, the cell
wall composition is sufficiently different between grape varieties from the same area to allow their
discrimination and could be used to better manage the harvest date.

Keywords: grape skin; cell wall; polysaccharides; Botrytis cinerea; champagne

1. Introduction

The grape berry skin is the outmost part of the berry, representing 5 to 18% of the
fresh weight. This tissue behaves as a hydrophobic barrier which protects against UV
light, dehydration, physical injuries, and pathogen infections. This is also the place of
synthesis for numerous oenological compounds. The grape skin is constituted by the
cuticle, the epidermis, and the hypodermis. The number of cell layers and the size of
the cells are cultivar specific [1] and they evolve during ripening [2]. The grape skin cell
wall composition and structure determine the shape and form of the cells, support the cell
turgor pressure, regulate the intercellular communication, and provide protection against
environmental factors, especially pathogens. The cell wall (CW) is a complex network
composed of cellulose microfibrils embedded in a matrix of hemicelluloses, pectins, and
proteins. The most abundant component of pectic polysaccharides is homogalacturonan
(HG), a galacturonic acid polymer (GalA). The pectin matrix is an early target for fungal
necrotrophs such as Botrytis cinerea [3]. This pathogen is considered to be one of the most
important necrotrophic agents due to its large host range and its ability to cause one of
the most serious diseases in grapevine, the grey mold or Botrytis bunch rot. The yield
at harvest and the wine quality can both be reduced by this disease. In particular, grey
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mold can impact champagne production by the modification of its foaming properties [4,5].
In Champagne region, the main grape cultivars are Pinot noir and Chardonnay, which are
the basis for the world-famous sparkling wine here produced. The region is characterized
by a specific climate, with regular rainfall, little sunlight exposure, and a high infection
rate of Botrytis cinerea disease (up to 25%). The resistance to this disease includes many
factors, preformed or induced. Constitutive elements can be physical, anatomical, or
chemical constituents [6–10]. Among these features, the thickness and number of the skin
cell layers [11] and the composition of the cuticle and its thickness [9,12–15] appear to
be of great importance. Botrytis cinerea susceptibility depends on the cultivars [10,15,16];
some preformed antifungal constituents may play a role, such as tannins and phenolic
compounds [11,17,18]. Moreover, the ripening process increases the disease incidence [6,19].
The onset of ripening is initiated by accumulation of sugar, softening, and increase of the
grape berry size and it is followed by berry color change at veraison. From this stage, the cell
wall structure and composition are evolving due to the actions of different enzymes, causing
fruit softening [20]. The cell-wall-modifying enzymes including polygalacturonases (PG)
and pectin methylesterase (PME) contribute to cell wall disassembly by acting on the pectin
network. PMEs catalyze the hydrolysis of methyl-esters from galacturonic acids, providing
the substrate for PGs. PGs hydrolyze the homogalacturonans chains of the pectin network.
The combined action of these proteins promotes cell wall disassembly and increases the
grape susceptibility to pathogens [21].

As exposed above, Botrytis cinerea resistance cannot be related to a single feature but
is the result of a combination of several factors. A comprehensive study of the physical,
biochemical, anatomical, and molecular features underlying Botrytis cinerea susceptibility in
the Champagne cultivars Pinot noir (PN) and Chardonnay (CH) has not yet been reported.

We thought that a detailed study of the grape skin cell wall factors involved in the
susceptibility to Botrytis cinerea in Champagne region during the maturation period might
reveal differences that would help to confirm the field knowledge and provide information
about how the cell wall composition and structure differ between the two main cultivars in
Champagne region, Pinot noir and Chardonnay.

2. Materials and Methods
2.1. Grape Sample

Bunches from Vitis vinifera L., cvs. Chardonnay and Pinot noir were harvested once
a week, from the beginning of veraison to technological maturity from an experimental
vineyard in Epernay (France). All grape samples were harvested in 2019. Thirty bunches
per cultivar were picked and immediately taken to the laboratory for analysis. Then,
800 berries were cut while preserving skin integrity. For biochemical and molecular analysis,
grapes were frozen with liquid nitrogen, peeled, and stored at −80 ◦C until analysis.

2.2. Skin Characteristics

The grape skin characteristics were determined by a combination of penetrometry
measurements, relative humidity, and water activity. Grape skin firmness was determined
according to Egea et al. (2006) [22], a method developed for apricots and adapted in this
study to grape berries. This parameter was measured with a penetrometer (Pénéfel mo-
torisé, SETOP Giraud Technologie, Cavaillon France) equipped with a cylindrical pointed
head probe of 2.5 mm diameter. Grape berries were placed on a flat surface upright to the
compression. Relative humidity (RH) was measured according to Deytieux-Belleau et al.
(2009) [6]. For each sample, seven berries were peeled, desiccated at 100 ◦C (XM60, Precisa,
Poissy, France) and weighted to evaluate their relative humidity in percentage (%RH). More-
over, water activity (Aw) measurements were performed according to Deytieux-Belleau
et al. (2009) [6]. The pedicel region of a random sample of 10 berries was surrounded with
paraffin to avoid exchanges to consider only those from the skin surface. The berry was
placed in the chamber of the Aw-meter (Novasina, Precisa, Poissy, France) and thermoreg-
ulated to 25 ◦C. The stability factor was adjusted to 5 min.
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2.3. Cell Wall Characterization
2.3.1. Isolation of Cell Wall from Grape Skin

The cell wall isolation was performed according to Geny et al. (2003) [23], adapted to
the grape skin material. One hundred frozen berries were peeled to isolate the skins, and
these were ground in a mortar under liquid nitrogen to obtain a powder, then suspended in
10 mL of 0.2 M Tris-HCl buffer (pH 7.5) containing 2.5% of EDTA (w/v), then homogenized
and centrifuged at 15,000× g rpm for 20 min; the resulting pellet was resuspended in 10 mL
of the buffer and centrifuged at 15,000× g rpm for 30 min. The pellet was then suspended
twice in 10 mL of 2.5 M saccharose and centrifuged at 30,000× g and 50,000× g rpm
for 30 min. The pellet was then suspended in 10 mL of saccharose and centrifuged at
different speeds: 5000× g rpm 30 min; 15,000× g rpm 30 min; 25,000× g rpm 30 min;
50,000× g rpm 1 h. The pellet was resuspended six times in the homogenization buffer,
then in 10 mL of Triton X-100 0.1% and centrifuged at 3000× g rpm 10 min. Finally, the
pellet was resuspended in Tris-HCl buffer and centrifuged at 2000× g rpm 5 min, then
filtered through 3 µm and dried in an oven at 35 ◦C for at least 16 h. This fraction was
designated as the cell wall fraction of the skin.

2.3.2. Extraction and Spectrophotometric Analysis of Polysaccharide Fractions of Cell Wall
from Grape Skin

Sequential extractions of cell wall component according to Saulnier et al. (1988) [24]
adapted to grape skin were performed. The cell wall fractions underwent different ex-
tractions to release the soluble polysaccharides according to their chemical bonds, with
20 mL of distilled water, ammonium oxalate 2%, HCl 0.05 N, and NaOH 0.05 N. The
extractions were stopped by centrifugations at 15,000× g for 30 min and the supernatants
were collected as WSP, OXSP, HSP, and OHSP fractions, respectively. The supernatants
were diluted at 1/10e for the spectrophotometric analysis.

The analysis of polysaccharides was adapted from Robertson (1979) [25]; this method
is based on the analysis of galacturonic acid by acid hydrolysis of cell wall fractions. The
total polysaccharide content was estimated as galacturonic acid using a calibrating curve.

2.3.3. Analysis of Polysaccharides by HPSEC

The molecular mass distribution of grape skin polysaccharides was established by
high-performance size-exclusion chromatography (HPSEC) according to the previous work
of Apolinar-Valiente et al. (2014), Guadalupe et al. (2012), and Watrelot et al. (2013) [26–28].
The system was composed of an SIL-20AC sampling injector and an LC-20AD pump
(Shimadzu Corporation, Kyoto, Japan). Polysaccharides were analyzed using Agilent PL
aquagel-OH 8 µm and Agilent PL aquagel-OH 20 5 µm (300 × 7.5 mm) connected to an
SPD-20AV UV/VIS detector (Shimadzu Corporation, Kyoto, Japan) and refractive index
indicator (RID-20A; Shimadzu Corporation, Kyoto, Japan), at 0.6 mL/min flow rate in
ammonium formate buffer. The MM of the grape skin polysaccharides was calculated
from the calibration curve established with Pullulan calibration kit (P-800, MM = 642,000;
P-400, MM = 380,000; P-200, MM = 194,000; P-100, MM = 107,000; P-50, MM = 47,100;
P-20, MM = 22,000; P-10, MM = 9800; P-5, MM = 6300; Showa Denko, Tokyo, Japan). The
calibration equation was ax3 + bx2 + cx + d; with a = 0.002, b = 0.132, c = 3.942, d = 36.659,
and x = x − TLim.

2.4. Extraction of Total RNA and Gene Expression Analysis

Total RNA was isolated as described in Reid et al. (2006) [29] from one gram of frozen
grape skin, then treated with DNase TURBO (Invitrogen) and purified. The quality of
RNA was verified by the absorbance ratios of 1.8 to 2.0 and by the demonstration of intact
ribosomal bands with agarose gel electrophoresis. Total RNA was reverse transcribed
using Superscript III reverse transcriptase (Invitrogen Life Technologies). The amplification
reactions were performed using a CFX Connect thermocycler (Bio-Rad, Berkeley, CA,
USA) and the SYBR Green Supermix (Bio-Rad) according to the manufacturer’s protocol.
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Real-time PCR conditions were: 95 ◦C for 3 min, 40 cycles of 95 ◦C for 10 s, 60 ◦C for
30 s, and 72 ◦C for 30 s, and a melting curve from 60 ◦C to 95 ◦C at 0.5 ◦C increments
was introduced. The primers PME1 (5′-GGCACCGTCGATTTCATATT-3′) and PG1 (5′-
GATCCCAGAAGGTGCAAGT-3′) were used for real-time PCR of VvPME1 and VvPG1.
The relative expression level corresponding to the mean of three replicates was normalized
against the expression level of VvUbiquitin1 gene (TC32075). The normalized expression of
target genes was expressed by the difference between the cycle threshold (Ct) of the target
gene and the Ct of VvUBI, ∆Ct = ∆CtTarget−∆CtUBI, corresponding to the 2−∆Ct method.

2.5. Determination of PME Activity

According to the previous work of Lacampagne (2010) [30], PME (EC. 3.1.1.11) activity
was performed with frozen skins extracted with 25 mM sodium chloride (CaCl2) buffer,
0.1M of HEPES, 1% (w/v) polyethylene glycol 600, 1% (w/v) sucrose, 100 mM dithiothreitol
(DTT), and 500 µL/L of protease inhibitor cocktail. Two grams of powdered grape skins
was placed into 3 mL of extraction buffer and 200 mg of polyvinylpolypyrrolidone (PVPP)
and stirred for 3 h at 4 ◦C. The protein extracts were centrifuged at 18,000× g, 4 ◦C for
30 min. The resulting supernatant was considered to be the crude extract, adjusted to
pH 7.5. The activity was determined by the methanol production according to Deytieux-
Belleau et al. (2008) [6] The amount of methanol released allowed the determination of
PME activity expressed in katal, using a calibration curve of methanol.

2.6. Transmission Electron Microscopy Analysis of Grape Skin

Berries from 10 bunches were collected and prepared for transmission electron mi-
croscopy (TEM) analysis. The grape berries were cut into small pieces and placed in a 2%
glutaraldehyde solution (Sigma-Aldrich, Germany) for one night at 4 ◦C. After a washing
step in phosphate buffer, the samples were post-fixated in a 1% PFA solution containing
0.01% of sodium azide and stored at 4 ◦C. Following the method of Robertson et al. (1992),
the samples were dehydrated in ethanol of increasing concentrations (30%, 50%, 70%, 95%,
and 100%), embedded in HM20 resin (Delta Microscopies, Mauressac, France) and poly-
merized for three days at −35 ◦C. Using a diamond knife (Diatome, Bienne, Switzerland)
and an ultramicrotome (Leica, Vienna, Austria), ultrathin sections were obtained, placed
on nickel grids, and examined with TEM Hitachi H7650 electron microscope coupled with
Gatan Orius SC1000 camera (Gatan, Inc., Pleasanton, CA, USA).

2.7. Botrytis cinerea Infection Tests

The Botrytis cinerea infection tests were performed according to Martínez and Fernández-
Trujillo (2007) [31]. The strain B05.10 was used to assess the infection tests, provided by
INRAE of Versailles. Two samples of twenty berries were removed individually with
the pedicel attached, rinsed in deionized water, and dried. Berries were placed on a grid
within incubation chambers consisting of plastic boxes containing absorbent paper with
15 mL of water. Mycelial plugs were cut from 2-week-old colonies of B. cinerea grown
on potato dextrose agar (PDA) in a thermoregulatory chamber. The plugs were placed
individually on berries and placed in a thermoregulatory chamber with alternating day and
night periods. Symptom development was assessed as a descriptive scale (healthy/rotten).
The disease incidence was evaluated by the mean percentage of rotten berries. To evaluate
the presence of the pathogens on grapes, a control was performed with berries incubated
without plugs in the same conditions.

2.8. Statistical Analysis

All measurements were performed in triplicate; the values presented in graphs repre-
sent the means of the replications ± standard error of the mean. The results were statisti-
cally compared with one-way ANOVA, followed by Tukey’s HSD test using JMP® (version
14.2.0, SAS Institute Inc., Cary, NC, USA, 1989–2019). Statistical tests were performed at
95% confidence intervals.
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3. Results and Discussion
3.1. Grape Maturity

Grape berries from the two main cultivars in Champagne region were harvested
during 2019 vintage, prior to veraison until harvest. Biochemical parameters (Table 1) were
used to characterize the development of berries, and similar changes were observed for
both cultivars: increase of potential alcohol and increase of the amount of skin material per
berry. The length of the maturation period differs between the two cultivars, until 78 days
after anthesis (DAA); both cultivars showed the same evolution, then potential alcohol
remained stable for Pinot noir grapes while it increased for Chardonnay grapes, reaching
111% vol. at harvest.

Table 1. Grape berry characteristics.

Cultivar Days after Anthesis Potential Alcohol
(% vol.) Skin Material (mg/Berry)

Chardonnay 65 4.7 101.3
72 8.2 107.8
79 9.5 122.1
85 10.4 135.1
89 11.1 137.7

Pinot noir 64 5.4 113.1
71 7.0 114.9
78 9.5 124.8
84 8.1 108.3
88 9.3 139.6

3.2. Physical and Structural Changes in Skins

Structural properties of cell walls determine the mechanical resistance and texture of
ripening berries. Better understanding of the changes that occur during the grape berry
development and softening, factors that influence berry susceptibility to Botrytis bunch rot,
may have considerable importance in grape berry quality and harvest optimization. By
physical parameters, grape berry texture can be evaluated. Figure 1 shows the evolution
of the force required to penetrate the grape skin evaluated by penetrometry, at each
time of the maturation period. Pinot noir showed the highest values of penetrometry
throughout ripening, while Chardonnay showed lower values at each time. These results
confirm previous works; penetrometry measurements are cultivar specific [30,32]. Relative
humidity (Figure 2) of skins showed a decrease during ripening for both cultivars. However,
RH was higher at each stage for Chardonnay skins than Pinot noir ones; the cultivar’s
influence has already been reported for this parameter [33]. Figure 3 shows the evolution
of water activity at each time of development, which decreases progressively during grape
berry development from 0.94 to 0.92 for both cultivars, as reported by Deytieux-Belleau
et al. (2009) and Fermaud et al. (2011) [6,8]; this shows the increase of grape porosity, which
influences the grape berry susceptibility to pathogens [34].

Transmission electron microscopy (TEM) observations showed the exocarp ultrastruc-
ture of both cultivars at veraison (A and C) and harvest (B and D). The grape skin consists
of a layer of cuticle that covers the epidermis and the underlying outer hypodermis [35–37]
that can be distinguished in Figure 4: (i) the cuticle (C), (ii) the epidermis (E) with cubic and
regular cells, moderate thick walls and separated from the pulp by (iii) the hypodermis (H),
composed of elongated cells whose size increases towards the pulp. For both cultivars and
stages, the cell wall thickness appears to increase from epidermis to hypodermis as already
reported [30,35,38] and Pinot noir cell walls are clearly thinner than Chardonnay ones.
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Figure 1. Penetrometry measurements expressed in force (g) for grape skin from Pinot noir (•) and
Chardonnay (N) grapes. Means of 30 replications ± SD.

Figure 2. Relative humidity (RH%) in grape skin from Pinot noir (•) and Chardonnay (N) grapes.
Means of 3 replications ± SD.

Figure 3. Water activity (Aw) from Pinot noir (•) and Chardonnay (N) grapes. Means of
10 replications ± SD.
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At veraison, skin cell wall organization differs according to the cultivars: Chardon-
nay skins showed regular and cubic epidermal cells which contain several vacuoles and
hypodermal cells which are characterized by some tannin-rich vacuoles. Pinot noir skins
showed epidermal cells tangentially elongated, with hypodermal cells showing tannin-
rich vacuoles with dense tannins. With ripening, epidermal cells were tangentially and
radially elongated; cell wall thickness did not change from the previous stage. Changes
of tannin-rich vacuole type are observed with tannins deposited against the wall. Pinot
noir exocarp showed an accumulation of dense tannins in epidermal cells and tannins-rich
vacuole, with one heap filling all the space of the cell being notable.

Figure 4. Ultrastructure observations of grape skin from Chardonnay (A,B) and Pinot noir (C) and
(D) at veraison (A,C) and harvest (B,D). Scale bar = 10 µm; (C): cuticle; E: epidermis; H1: hypodermis
1; H2: hypodermis 2; H3: hypodermis 3; cw: cell wall; pl: plastids; ml: middle lamella; v: vacuole;
TV: tannins-rich vacuole.

Skin cell wall size (thickness) was obtained (Figure 4) as the sum of the thickness of all
the four layers (E, H1, H2, H3) as shown in Table 2. Chardonnay is significantly different
from Pinot noir, with thicker skin cell walls as observed previously. These results confirm
that grape genotypes are characterized by differences in ultrastructural features of the skin
affecting physical and mechanical properties of berries [10,36]. It is known that grape skin
morphology is cultivar specific as reported by Ortega-Regules et al. in (2008) [1]. Moreover,
these characteristics can modulate the susceptibility to Botrytis cinerea; the number and
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the thickness of epidermal and hypodermal cell layer have been reported to be positively
correlated with Botrytis cinerea resistance [10].

Table 2. Thickness of grape berry skin cell wall layers measured at veraison and harvest. Data
represent the means (±confidence intervals) of twenty-five measurements performed on Chardonnay
and Pinot noir samples. Letters represent the result of a Tukey’s HSD test after one-way ANOVA
(p ≤ 0.05) analysis to find differences between cultivars.

Measured Parameters
Veraison Harvest

Chardonnay Pinot Noir Chardonnay Pinot Noir

Epidermis (µm) 1.23 ± 0.11 a 0.95 ± 0.06 a 1.14 ± 0.12 a 0.94 ± 0.07 a
Epidermis-Hypodermis 1 (µm) 1.65 ± 0.17 b 1.13 ± 0.11 a 1.55 ± 0.16 b 1.22 ± 0.10 b

Hypodermis 1-Hypodermis 2 (µm) 2.03 ± 0.28 c 1.59 ± 0.15 b 1.70 ± 0.14 b 1.46 ± 0.11 c
Hypodermis 2-Hypodermis 3 (µm) 2.39 ± 0.22 c 1.89 ± 0.22 c 2.04 ± 0.28 c 2.22 ± 0.16 d

3.3. Chemical Changes in Skin Cell Wall

Fruit softening during ripening is associated with changes in cell wall structure and
composition. These changes may affect the mechanical and technological properties of
grape skin. A decrease in neutral sugars and changes in pectic polysaccharides are the
main features [39]. The quantity of isolated galacturonic acid (Figure 5) from grape skin
cell wall increased during ripening for both cultivars. Pectin content in Chardonnay skin
cell walls did not vary and slightly increased at harvest while in Pinot noir cell walls,
pectin content increased at veraison to reach the maximum of 1.66 mg GA/g FM at harvest.
The decrease of pectin content in skin cell walls has been reported [40] and seems to be
related to the increase of cell volume, with the cell walls becoming thinner at the end
of maturation, which is not seen in this study, explained by an early harvest. In other
fruits, firmer cultivars presented a higher quantity of cell wall material [41,42] and higher
susceptibility to pathogens [3]. To go further, skin cell wall fractions have been extracted
with different solutions (water: WSP; oxalate: OXSP; sodium: OHSP; acid: HSP) to break
chemical bonds between pectic polysaccharides. Weak bonds correspond to covalent bonds
while strong bonds are represented by ionic bonds. For each type of bond, the size of
soluble polysaccharides has been evaluated for both cultivars.

Figure 5. Galacturonic acid content for Pinot noir (•) and Chardonnay (N) skin cell walls during
ripening. Means of 3 replications ± SD.

Figure 6 shows that the size of polysaccharides depends on the stage of development.
For both cultivars, proportion evolution shows the same pattern: increase of proportion
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of high molecular weight polysaccharides at veraison and then a decrease. At harvest,
medium molecular weight polysaccharides (380 kDa–47 kDa) were in the majority for both
cultivars but the proportion of high molecular weight polysaccharides was much higher in
Pinot noir cell walls (29%) than Chardonnay ones (9%). The proportion of small polysaccha-
rides is similar in both cultivars, representing 14% to 20% of all polysaccharides extracted.
This result suggests that polysaccharide accumulation and degradation in cell walls de-
pend on cultivars and highlights specific mechanisms for each variety during ripening, by
degrading enzymes such as pectin methyl esterase (PME) and polygalacturonase (PG).

Figure 6. Proportions of pectic polysaccharides for Pinot noir and Chardonnay skin cell walls
during ripening.

Moreover, Figures 7 and 8 show that the majority of high molecular weight polysaccha-
rides are extracted by breaking the strong bonds in Pinot noir cell walls. At harvest, all the
tightly bound high molecular weight polysaccharides are extracted from Chardonnay cell
walls while Pinot noir cell walls still show 75% of high molecular weight polysaccharides.
These results suggest that Pinot noir polysaccharides with a high MW are tightly bound
to the cell wall and may participate in cell wall rigidity by Ca2+ bridges with homogalac-
turonans [43] depolymerized due to pectin methylesterase (PME). The depolymerization
of homogalacturonans results in the production of free galacturonic acid units which can
form “egg-box” junctions, a calcium cross-linkage between homogalacturonans chains,
resulting in pectin stiffening [44].

Figure 7. Proportions of pectic polysaccharides according to their molecular mass in weak bonds for
Pinot noir and Chardonnay skin cell walls.
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Figure 8. Proportions of pectic polysaccharides according to their molecular mass in strong bonds
for Pinot noir and Chardonnay skin cell walls.

3.4. Molecular and Biochemical Changes in Skin Cell Walls

The activity of the cell-wall-associated PME enzyme was detected in all the ripening
stages analyzed until harvest (Figure 9). Before veraison, 0.5 nkat and 0.3 nkat per gram
of skin were detected for Pinot noir and Chardonnay skins, respectively. In Pinot noir
skins, the activity decreased until 0.37 nkat/g skin at veraison, then increased until harvest,
as reported in Cabernet sauvignon from Bordeaux [45]. The expression of VvPME1 in
Pinot noir was not detected before veraison, while in Chardonnay skins, VvPME1 was
only detected at veraison (72 DAA) and before harvest (85 DAA) as shown in Figure 10.
For both cultivars, VvPME1 was expressed at veraison. In Pinot noir skins, the expression
progressively increased until harvest, while in Chardonnay skins, the gene was expressed
at 85 DAA. The expression pattern in ripening skins was temporally correlated with the
pattern of PME activity: for Chardonnay skins, the high level activity corresponded to the
expression of VvPME1; in Pinot noir, the progressive increase of PME activity was also
observed for VvPME1 expression.

Figure 9. PME activity in grape skin from Pinot noir (•) and Chardonnay (N) grapes during ripening.
Means of 3 replications ± SD.

Changes in the pectin matrix are factors that impact cell wall structure during grape
ripening. In this context, PME plays a role in the firmness and softening of the cell walls by
remodeling and disassembly of the pectin matrix [20,46]. These results agreed with those
on Cabernet sauvignon [45], where PME activity showed a decrease after the color change
period and an increase during ripening, as observed in Chardonnay and Pinot noir skins.



Horticulturae 2021, 7, 413 11 of 16

However, the variation of activity pattern between cultivars suggests different rates of
evolution of cell wall homogalacturonans during the maturation period and may be related
to the differences of cell wall thickness observed in this study (Figure 4). Moreover, the PME
determines the susceptibility of the galacturonans to degradation by polygalacturonases;
the combined action of PME and PG has been suggested.

The expression of VvPG1 has been investigated; the gene was detected until harvest
for Chardonnay skins (Figure 11). VvPG1 was not detected before veraison for Pinot noir
skins and showed a very faint signal from 72 to 89 DAA which remained stable during
the maturation period. In Chardonnay skins, VvPG1 transcripts were highly accumulated
during the color change period and showed the highest accumulation at veraison and
decreased progressively until harvest. The expression patterns of polygalacturonase genes
have been extensively studied due to their well-known role during fruit ripening [47].
These results suggest that VvPG1 is involved in the veraison process [45]; a recent finding
showed the difference in expression pattern of several polygalacturonases genes according
to different grape tissues [47].

Figure 10. Gene expression of VvPME1 in Pinot noir and Chardonnay skins during ripening. Means
of 3 replications ± SD.

Figure 11. Gene expression of VvPG1 in Pinot noir and Chardonnay skins during ripening. Means of
3 replications ± SD.
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3.5. Grape Berry Susceptibility to Botrytis cinerea

Under our experimental conditions for Pinot noir and Chardonnay, the epidemic
curve progress was characterized by an incidence of Botrytis bunch rot that increased
from veraison onwards (Figure 12). The disease incidence reached 72% of rotted clusters
10 days after veraison and remained stable until harvest for Pinot noir grapes, while in
Chardonnay, the disease incidence increased progressively to reach 58% of rotten clusters.
The length of the disease incidence differed between Chardonnay and Pinot noir; at harvest,
Chardonnay grapes were less infected than Pinot noir grapes. These results suggest that
Pinot noir and Chardonnay grapes are both susceptible to botrytis bunch rot, as reported
by the recent work of Paňitrur-De La Fuente et al. (2018) [16] and that Chardonnay grapes
are less susceptible to Botrytis cinerea, at each time of maturation period, than Pinot grapes,
in Champagne region.

Figure 12. Disease incidence (%) of Pinot noir (•) and Chardonnay (N) grapes during ripening.

3.6. Linkage between Grape Skin Cell Wall Features and Botrytis cinerea Infection

The cell wall of grape berries, especially from the first cell layer of the skin, forms a
diffusion barrier for many oenological compounds, including tannins. Grape cell walls are
also the source of pectic polysaccharides, arabinans and arabinogalactan proteins (AGP),
homogalacturonans (HG), and rhamnogalacturonans (RG-I and RG-II). Structural proper-
ties of cell walls determine the mechanical and environmental resistance and the texture of
ripening berries. Better understanding of the changes that occur during the grape berry
development and softening, factors that influence berry susceptibility to Botrytis bunch
rot, may have considerable importance in grape berry quality and harvest optimization.
In addition, the degradation and solubilization of pectic polysaccharides are known to
be involved in fruit softening [48] and the increase of fruit susceptibility [21]. Veraison
was indicated by the decrease of relative humidity (Figure 2) and penetrometry values
(Figure 1) associated with the increase of potential alcohol (Table 1) and Botrytis cinerea
incidence (Figure 12). Grape berry development is divided into two growth periods sepa-
rated by a lag phase. The first period is characterized by a period of intense cell division
and accumulation of organic acids [49] which reach the maximum during the lag phase.
Veraison initiates the second growth period and is characterized by several changes affect-
ing berries: softening followed by an acceleration of growth linked to the accumulation of
sugars. The softening results in changes in cell wall structure and composition [50,51] due
to cell-wall-modifying enzymes [20,52] such as pectin methylesterase (PME) and polygalac-
turonase (PG) [40,53]. These enzymes participate in depolymerization and solubilization of
pectic polysaccharides, leading to grape skin cell wall weakness and more susceptibility to
pathogen entry. These results clearly show that major changes associated with grape berry
ripening, such as softening and sugar accumulation, coincide with physical parameters
(penetrometry, RH, and Aw), cell wall structural changes (Figure 4), and the composition
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and gene expression of the main cell-wall-degrading enzymes. We thought it would be
interesting to use cell wall components, physical parameters, and disease incidence as
variables to discriminate varieties, to ascertain whether the cell wall parameters were suffi-
ciently different between varieties to differentiate them. For this, a principal component
analysis was used (Figure 13).
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ripening stages according to the first and second components.

Two discriminant components were established, which allowed 78.6% of the total
variance of the samples, meaning that the two cultivars were well represented by skin
cell wall parameters under this study, and may be discriminated by these parameters.
Chardonnay skins were mainly represented by high RH, notable expression of VvPG1,
and a softer skin which is easily penetrable, while Pinot noir skins were characterized
by a high amount of pectic polysaccharides, a firmer skin, and a faint expression of
VvPG1. These differences, together with the differences in cell wall morphology observed
by microscopy, could explain Pinot noir’s higher susceptibility to Botrytis cinerea during
ripening (Figure 12).

In the long term, these results will make it possible to establish a profile of grape
skin maturation in relation to the risk of Botrytis cinerea rot. The evaluation of the skin
texture (penetrometer, aw) linked to a threshold value of Botrytis cinerea rot could allow
the development of a rot risk scale according to the skin composition, conditioned by the
climatic conditions.

4. Conclusions

This study has shown that cell wall composition is sufficiently different between grape
varieties from the same area to allow their discrimination. In the two cultivars studied,
ripening was associated with decrease of skin firmness, porosity, and relative humidity,
and increase of Botrytis cinerea incidence. Chardonnay skins showed the highest RH and
level of VvPG1 expression, and lower disease incidence and penetrometry values. The
observed difference between Pinot noir and Chardonnay confirmed the field’s observations
and could be used to better manage the harvest date.
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