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ABSTRACT

Botrytis cinerea (Bc) is a major pathogen of cultivated grapevine (Vitis vinifera L.), with cell wall (CW) remodelling playing a crit-
ical role in fungal colonisation. CW-modifying enzymes, particularly pectin methylesterases (PMEs), produced by both host and
pathogen, influence CW integrity and the outcome of infection. To explore the role of CW composition and remodelling in grape-
vine's response to Bc, we inoculated three genotypes with varying susceptibility at full flowering. Biochemical analysis of flowers
and ripe berry skins revealed that the tolerant genotype exhibited significantly higher PME activity postinfection compared with
the susceptible ones. Unbiased transcriptome analysis of infected flower tissues showed a more intense transcriptional response
in the susceptible genotype, suggesting an ultimately ineffective attempt to restrict fungus spread. Expression profiling of 62
PME genes in this data set and public Bc-infected berry transcriptomes identified PMEI10 as the most strongly induced gene upon
infection. PMEIO0 knockout mutants displayed reduced PME activity and heightened susceptibility, while overexpression lines
showed enhanced PME activity and reduced disease symptoms. Gene co-expression network analysis highlighted WRKY03, a
defence-related transcription factor, as a putative regulator of PMEI0. DAP-seq, DAP-qPCR and dual luciferase assays confirmed
direct binding and activation of the PME10 promoter by WRKYO03. Altogether, this study demonstrates that PMEI10 is a func-
tional PME contributing to grapevine immunity against B. cinerea, establishing it as a key component of the grapevine defence
machinery against fungal pathogens.
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1 | Introduction

The necrotrophic fungus Botrytis cinerea (Bc) is one of the most
important pathogens affecting cultivated grapevine (Vitis vinif-
era L.) particularly under favourable environmental conditions
(Rahman et al. 2018). Bc causes grey mould, also known as
Botrytis bunch rot, which develops primarily on ripe berries,
leading to substantial reductions in both fruit yield and quality
of wine and table grapes at harvest (Kelly et al. 2022).

During the early stages of infection, B¢ forms specialised struc-
tures called appressoria, which facilitate host colonisation
through secretion of effectors capable of degrading the cuticle
and cell wall (CW) (Choquer et al. 2021). As fungal cell wall-
modifying enzymes (CWMESs) are key virulence factors for Bc
pathogenesis (Blanco-Ulate et al. 2014), it has been proposed
that CW degradation contributes significantly to plant suscep-
tibility (Cantu et al. 2008). Conversely, the plant CW serves not
only as a physical barrier but also as a dynamic component of
the immune response, playing a critical role in restricting patho-
gen invasion (Bellincampi et al. 2014; Malinovsky et al. 2014).

Berryripening is often accompanied by a marked increase in sus-
ceptibility to fungal pathogens, particularly B.cinerea (Weiller
et al. 2021). This heightened vulnerability is associated with
berry softening, a process driven by cell wall (CW) remodelling
through the activity of specific CWMEs (Malacarne et al. 2024).
During its interaction with the berry, Bc secretes a range of
CWMEs, including several pectin-modifying enzymes, which
target and degrade the pectic network to facilitate host tissue
colonisation (Li et al. 2022). Homogalacturonan (HG), a linear
polymer of galacturonic acid, is a primary target of pathogen-
derived pectin-degrading enzymes. HG is synthesised in the
Golgi apparatus and delivered to the cell wall in a highly meth-
ylesterified form (Harholt et al. 2010; Ibar and Orellana 2007).
Its degree of methylesterification is regulated in muro by pec-
tin methylesterases (PMEs), which hydrolyse the methyl ester
bonds at the C-6 position of galacturonic acid residues in the
apoplast, generating de-esterified (acidic) pectins while releas-
ing methanol (MeOH) and protons (Korner et al. 2009). Notably,
PME activity is strongly induced upon pathogen attack and
plays a key role in plant defence responses against B.cinerea
and other pathogens (Bethke et al. 2014; Lionetti et al. 2012;
Raiola et al. 2011). Among the various isoforms involved in
these responses, Arabidopsis AtPME17 is widely induced during
infection by multiple pathogens and is considered a general bio-
marker of pathogenesis (Del Corpo et al. 2020).

Plant PMEs play diverse roles in modulating plant immunity
(Del Corpo et al. 2024). By generating negatively charged regions
in homogalacturonan (HG), PMEs facilitate calcium-mediated
crosslinking, which reinforces the cell wall and limits patho-
gen ingress (Coculo et al. 2023). PME activity, in coordination
with polygalacturonases (PGs) and their inhibitors (PGIPs), also
promotes the release of demethylesterified oligogalacturonides
(OGs), which function as damage-associated molecular patterns
(DAMPs) to trigger immune responses (Osorio et al. 2011). In
addition, PMEs enhance immune signalling by increasing the
affinity of surface receptors for demethylesterified pectin (Lin
et al. 2022). The interaction between RALF peptides and OGs
further amplifies immune activation (Liu et al. 2024). Lastly,

the demethylesterification of pectin is the main source of plant-
derived methanol (MeOH), which acts as a volatile alarm signal
during pathogen attack (Hann et al. 2014).

Genome-wide identification and characterisation of different
PME isoforms, whether constitutively expressed or developmen-
tally regulated, have been performed in diverse plant species, in-
cluding Arabidopsis (Louvet et al. 2006), rice (Jeong et al. 2015),
maize (Zhang et al. 2019), tomato (Wen et al. 2020), strawberry
(Xue et al. 2020), soybean (Wang et al. 2021) and grapevine
(Khan et al. 2019). Specific PME isoforms have been impli-
cated in modulating fruit susceptibility to Bc (Cantu et al. 2009;
Lépez-Casado et al. 2023; Ortega-Salazar et al. 2024; Osorio
et al. 2011; Silva et al. 2023).

In grapevine, several studies have demonstrated a correlation
between cell wall (CW) composition, particularly the degree
of homogalacturonan (HG) methylesterification, and cultivar-
specific susceptibility to B.cinerea (André et al. 2021; Weiller
et al. 2021). Infection-induced changes in CW composition
are often accompanied by transcriptional reprogramming of
CWME-encoding genes, with responses varying across culti-
vars and developmental stages (Agudelo-Romero et al. 2015;
Haile et al. 2017, 2020; Kelloniemi et al. 2015). These transcrip-
tional shifts are further modulated by the type of rot—bunch rot
or noble rot—that develops during infection (Amrine et al. 2015;
Hegyi et al. 2022; Lovato et al. 2019; Vaczy et al. 2024). Focusing
on the grape (Vvi) PME family, specific members are induced in
the ripe berries of ‘Pinot Noir’ and cv. ‘Semillon’ cultivars during
Bc infection (Malacarne et al. 2024).

In this study, we investigated the role of pectin modifica-
tion, mediated by PME activity, in the grape response to Bc.
Among the 62 annotated PME genes in grapevine, the PMEIO
gene emerged as a key candidate due to its strong induction
upon Bc infection and its high expression in overripe berries,
a developmental stage particularly susceptible to the pathogen.
Functional characterisation using gene knockout and overex-
pression approaches demonstrated that PMEIO contributes to
resistance against Bc. These findings identify PMEIO as a novel
genetic determinant of grapevine defence and provide a prom-
ising target for the development of Bc-resistant cultivars using
advanced New Genomic Techniques.

2 | Results

2.1 | Botrytis cinerea Infection Caused Higher
Colonisation in ‘Teroldego’ and Blossom Abortion in
‘Sangiovese’ Compared to 'Souvignier Gris'

Botrytis cinerea is a major pathogen in viticulture, causing sub-
stantial damage to both flowers and berries. To investigate its
impact on grapevines, we selected three genotypes with con-
trasting susceptibility: The interspecific hybrid ‘Souvigner Gris’
(SG), which is resistant to the fungus, and the V.vinifera culti-
vars ‘Sangiovese’ (SN) and ‘Teroldego rotaliano’ (TE), which are
both reported to be susceptible (Rahman et al. 2018; Vezzulli
et al. 2022). SG is a white wine variety with robust berry skins
that reduce the risk of Bc infection, even in areas with high rain-
fall (Casanova-Gascon et al. 2019). TE, which is cultivated in the
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FIGURE1 | Botrytis cinerea inoculation assays of grapevine genotypes with contrasting susceptibility. Three grapevine genotypes with varying

susceptibility to the fungus were selected: ‘Souvignier Gris’ (SG), resistant and the V.vinifera cultivars. ‘Teroldego rotaliano’ (TE) and ‘Sangiovese’
(SN), both susceptible. Two independent inoculation experiments were conducted at full flowering in consecutive seasons. (a) In Season 1 (2022),
SG and TE were compared to investigating early stages of infection in flowers. (b) In Season 2 (2023), SG and SN were compared to assessing both
early (flowers) and late (berries) infection stages. (c-e) In both experiments, inflorescences at full cap-fall stage (E-L 25/26) were inoculated with a Bc
suspension (2 x 10° conidia/mL) or mock-inoculated with conidia-free medium. Samples were enclosed in clear plastic bags and sprayed with 50mL
of water to maintain high humidity for 24 h, promoting conidial germination. (f) In season 1, flower samples were collected at 24 h post-inoculation
(hpi) and analysed at the biochemical, histochemical and transcriptional levels (RNA-seq). (g) In season 2, flowers and berry samples were collected
at 24 and 96 hpi, and at 12 weeks post-inoculation (wpi), respectively, and analysed at biochemical and transcriptional (qPCR) level. All samples were
stored at —80°C until analysis. The artwork was created with BioRender.com. (h) Coefficient of colonisation in inoculated and control inflorescences
of SG and TE, calculated as the ratio of B. cinerea to V.vinifera DNA, quantified by qPCR bars represent the mean, and whiskers indicate the standard
error of the mean (SEM). Statistical significance was assessed using Student's t-test (**p-value <0.01). (i) Representative images of grape clusters from

SG and SN genotypes taken at 12 wpi, either inoculated with B. cinerea (infected) or mock-inoculated (control).

Rotaliana plain and is of local significance but is highly suscepti-
ble to the fungus in wet years. Meanwhile, SN is the most widely
planted Italian variety. It is valued for its versatility in wine pro-
duction, but it is also highly susceptible to Bc (Galet 2000).

Two independent inoculation experiments were conducted at
full flowering (EL 25-26) over two consecutive seasons (2022
and 2023). In the first season, SG and TE were compared to in-
vestigate the early infection stages. Therefore, all inflorescences
from both genotypes were collected 24 h post-inoculation (hpi)
with Bc or with a mock treatment (control medium without co-
nidia) and analysed biochemically, histochemically and tran-
scriptionally via RNA-seq (Figure 1a,c-f). In the second season,
the same replicates of SG were compared with SN to validate
previous findings and to assess later stages of infection. Half of
the inoculated inflorescences were collected at 24 and 96 hpi,
while the rest were retained until berry ripening and collected
at 12weeks post-inoculation (wpi) for biochemical and qPCR-
based transcriptional analysis (Figure 1b-e,g).

The presence of Bc in flower samples was confirmed in both
SG and TE by PCR amplification of the Bc3 marker in genomic
DNA from inoculated tissues, validating the inoculation proce-
dure. However, at 24 hpi, the colonisation coefficient was sig-
nificantly higher in TE, indicating greater fungal proliferation
(Figure 1h). At 12 wpi, SN bunches did not show typical grey
mould symptoms but exhibited signs of poor fruit set, indica-
tive of flower abortion likely triggered by infection at flowering
(Figure 1i). These findings confirmed that TE and SN are con-
siderably more susceptible to Bc than SG.

2.2 | Higher Grapevine Resistance to B. cinerea
Positively Correlates With Increased PME Activity

To understand the potential role of the cell wall (CW) in the
grapevine's response to the fungus, we tested whether the differ-
ent levels of resistance to Bc observed in different tissues could
be related to CW composition and/or remodelling. Flowers (F)
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and berry skins (BS) were analysed for CW monosaccharide
composition, revealing few differences in their composition.
Galacturonic acid was the main monosaccharide both in flow-
ers (F) (40%) and berry skins (BS) (50%), followed by galactose
(19%) in F and arabinose (19%) in BS. A lower content of glucose
(10%-F and 10%-BS) and xylose (8.5%-F and 7%-BS) and a small
amount of rhamnose (3% in both cases), mannose (2.5%-F and
2%-BS), fucose (1.5% in both cases) and glucuronic acid (0.5% in
both cases) were revealed in both tissues (Figure S1). However,
monosaccharide composition was similar between cultivars,
treatments and time after treatment. The CW composition of the
resistant SG was similar to that of the susceptible TE and SN.
CW composition was not affected by Bc infection in the three
cultivars at 24, 96 and 12 wpi, suggesting that the difference in
response to Bc of the different genotypes is not related to CW
polysaccharide content.

The potential involvement of grapevine-derived PME activity
in the response to B.cinerea was subsequently investigated.
The previously described flower and berry samples were an-
alysed for PME enzymatic activity (Figure 2). No significant
differences in PME activity were observed between flowers
of mock-inoculated resistant genotype SG and susceptible TE
in season 1 (Figure 2b). However, in season 2, SG exhibited
significantly higher basal PME activity compared with the
susceptible SN in both flowers (Figure 2c¢) and berry skins
(Figure 2d). Upon infection, PME activity in SG showed a no-
table induction, already at 24 h post-inoculation (hpi) in flow-
ers during Season 1, and from 96 hpi in season 2 (Figure 2b,c).
A similar pattern was observed in berry skins (Figure 2d). In
contrast, no significant change in PME activity was detected
in infected TE (Figure 2b) or SN (Figure 2c,d) tissues com-
pared to their respective controls. Thus, in both seasons, the
resistant SG genotype showed a marked induction of PME
activity upon infection, though with a temporal delay in sea-
son 2.

Given that B. cinerea produces its own PME to facilitate infec-
tion, it was necessary to determine whether the PME activity
observed in infected tissues of SG originated from the host or the
pathogen. To this end, PME inhibition assays were performed
using VViPMEII, a functional V.vinifera PME inhibitor known
to be ineffective against fungal PMEs (Lionetti et al. 2015). The
addition of VviPMEI1 to infected SG tissue extracts completely
abolished PME activity (Figure 2a), confirming that the induced
activity was of grapevine origin. These results support a role for
host-derived PME activity in the grapevine's defence response
to B. cinerea.

2.3 | Higher Resistance to B. cinerea Is Associated
With a Lower Level of Unesterified Pectin

To investigate whether differences in resistance to Bc are asso-
ciated with different levels of methyl/demethylesterified pec-
tin, the CW methylester content was quantified in all tissues
analysed. Compared with the control, a significant reduction
in methylester content was observed in the resistant cultivar
upon Bc infection, which correlated with the significantly
higher PME activity detected in both flower and berry skin
compared with the control. This reduction was not observed

in the susceptible genotypes (Figure 2e-g). Next, the meth-
ylesterification status of pectin was compared in flower tis-
sues of SG and TE by immunohistochemistry, using LM19 and
LM20 antibodies, which preferentially recognise demethyles-
terified and methylesterified pectin, respectively. No signifi-
cant difference in LM20-labelling distribution and intensity
was detected between SG and TE flower tissues. Instead, a
lower fluorescence signal was observed in LM19 labelling in
SG with respect to TE (Figure 3). This result reveals a lower
level of unesterified pectin epitope in SG flowers with respect
to TE.

2.4 | Genome-Wide Identification
and Phylogenetic Characterisation of the VViPME
Gene Family

A total of 62 members of the Pectin Methyl Esterase
(PME) gene family were identified considering two dif-
ferent V.vinifera PN40024 reference genome assemblies
(12X.v2 and PN40024.v4.40X) and annotations (VCost.v3 and
V4) (Canaguier et al. 2017; Velt et al. 2023; Table S1). Of the 62
genes, 61 were identified in both genome annotations, while
one (Vitvi07g04792) was exclusively detected in the V4 anno-
tation of the PN40024.v4.40X assembly. In addition to the 47
PMEs identified in a previous study by Khan et al. (2019), 15
new PME genes were identified. Of these, 47 were named ac-
cording to Khan et al. (2019), while the remaining 15 were
named according to the phylogenetic relationships discovered
in the present study. The structure of the identified genes
was manually curated according to Velt et al. (2023). Of the
62 genes, 39 were manually curated using publicly available
V.vinifera transcriptomic data, and 23 could not be confirmed
due to a lack of transcriptomic data mapping to the respective
genes. Based on the PME classification proposed by (Pelloux
et al. 2007), 30 of the 62 gene members were classified as
Group I PMEs, characterised by the presence of the PME do-
main (Pfam01095) only; the other 32 were classified as Group
IT PMEs, characterised by both the PME domain (Pfam01095)
and the PRO region (Pfam04043).

A phylogenetic analysis of the PME gene familiesin V. vinifera and
A.thaliana grouped the identified isoforms into 10 major clades,
along with two orphan groups (Figure S2). Notably, six grape-
vine PME genes (VViPMES, VviPME9, VviPMEI0, VviPMEII,
VViPMEI2, VviPME54) clustered within clade 5A, which also
includes AtPMEI7, a known contributor to Arabidopsis resis-
tance against B.cinerea (Del Corpo et al. 2020). Gene expres-
sion profiling across organs and developmental stages, using
the cv. ‘Corvina’ Atlas Explorer (http://plantaeviz.tomsbiolab.
com/vitviz/corvina_atlas/) revealed organ- and stage-specific
patterns for PME gene expression (Figure S3). Members of clade
5A exhibited their highest expression in berry tissues during
postharvest withering (PHW), indicative of a role in fruit over-
ripening. An exception was VviPMEI2, which showed maximal
expression in roots and pollen. Although clade 5A genes were
generally lowly expressed in flowers, their expression increased
progressively during floral development. In addition, other
PME genes, VViPMEI3, VviPMEI17, VviPMEI19, VviPME32 and
VWiPME39, were also highly expressed during PHW. Conversely,
a distinct subset of PME genes, including VviPME14, VviPMEI6,
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FIGURE 2 | Higher grapevine resistance to B.cinerea positively correlates with increased PME activity. (a-d) Quantification of PME activity

in protein extracts from: (b) uninfected and infected flowers of ‘Souvignier Gris’ (SG) and ‘Teroldego’ (TE), collected at 24 h post-inoculation (hpi)
during Season 1; (c) uninfected and infected flowers of SG and ‘Sangiovese’ (SN) collected at 24 and 96 hpi during Season 2; (d) uninfected and in-
fected berry skins of cv. ‘Souvigner Gris’ and cv. ‘Sangiovese’ collected at 12 wpi (Season 2). Data are presented as mean+SD (n=3). In Panel (a),
the results of the PECTOPLATE assay are visualised, showing the PME activity (fuchsia halo) in total protein extracts from all samples analysed.
+VviPMEI1 =PME inhibitor from V. vinifera exogenously added to protein extracts. (e-g) Quantification of methyl ester content in the same samples
analysed for PME activity. Results represent mean+SD (n=6). Different letters on the bars indicate statistically significant differences based on
ANOVA followed by Tukey's test (p < 0.05). Bc, B. cinerea; Ctrl, Control.

VviPME24, VviPME27, VviPME2S, VviPME36, VviPME43 and 2.5 | A Stronger Transcriptional Response Was
WiPME56, displayed strong and specific expression during  Observed in the Susceptible Genotype at Early
flower development, particularly in stamens and pollen. These Stages Post-B. cinerea Infection

observations highlight a finely tuned spatio-temporal regula-

tion of VViPME expression and suggest diverse functional roles To assess the early transcriptional response to Bc infection and
across grapevine tissues and developmental stages. The full its effect on PME gene expression, RNA-seq analysis was per-
list of VviPME genes, including gene identifiers from the three formed on flowers from ‘Souvignier Gris’ (SG, resistant) and

PN40024 genome annotations, clade classifications and phylo- ‘Teroldego’ (TE, susceptible) collected at 24h post-inoculation
genetic assignments, is provided in Table S1. (hpi). The analysis revealed a markedly stronger transcriptional
Plant Biotechnology Journal, 2025 4985

35UBD 1T SUOWIWOD dA a1 3|qedt|dde ayy Aq pausenob ake sapie YO ‘38N JO SN Joj A%eiq i 3UluQ A3\ UO (SUO N PUOD-PUR-SWLLIB}WIOD" A3 | 1M Aed 1 pUIUO//:Sd1Y) SUORIpUOD pue sWwB | 8y 39S *[9202/S0/TE] Uo AkelqiauliuQ AB|IM ‘(Pepiues ap 0LBISIUI) UOSINOL [UOITRN aURIY00D UsiUedS Aq 6/20/ 10d/TTTT OT/I0p/wod | IMm Ariqipul|uo//sdiy woiy papeojumod ‘IT ‘G202 ‘2G9LL9VT



)
‘=
o
1
2
€
2
[~
(7]

Teroldego

—_
" O
9 ~—

0 =
2 :
‘@ ©
g 404 ik o
=
r . T
172} o
c 30 ¥
[45]
(&3
7]
EI'J T
S 2 T
w
c
3
2 104
o
o L= mtemm
> C) S
o & &
v N

Genotype D SG . TE

FIGURE 3 | Increased resistance to B.cinerea is associated with lower levels of unesterified pectin. (a) Left: Representative image of a whole

flower indicating the region analysed. Right: Immunolabelling of demethyl esterified pectin (LM19) and methyl esterified pectin (LM20) in inflores-

cences of Souvignier Gris (SG) and ‘Teroldego’ (TE). Both LM19 and LM20 primary antibodies were detected using AlexaFluor 488 Plus-conjugated

secondary antibodies. Scale bar=50uM. (b) Quantification of mean Fluorescent Intensity in ‘SG’ and ‘TE’ samples for LM19, LM20, and their re-

spective controls (samples processed without primary antibody), performed using LASX software (Leica). Statistically significant differences were

assessed using Student's ¢-test (**, adjusted p-value < 0.01).

activation in TE compared to SG (Table S3). Specifically, 1738
genes were exclusively upregulated in TE, in contrast to only 103
in SG. Similarly, 1405 genes were exclusively downregulated in
TE, whereas SG showed 616 downregulated genes (Figure S4a).
Among the 654 genes commonly upregulated in both genotypes,
expression levels were significantly higher in TE, particularly
for stress-related genes (highlighted in red in the regression
analysis plot, Figure S4b). This suggests an intense, yet ulti-
mately ineffective, defence attempt in the susceptible genotype.
Conversely, SG appears to mount a more restrained transcrip-
tional response, likely due to constitutive or pre-primed resis-
tance mechanisms that require fewer transcriptional changes
to restrict pathogen progression. Gene set enrichment analy-
sis supported this interpretation, revealing over-represented
functional categories related to defence and stress responses in
both genotypes, though with differing intensity (Figure S4c).
Notably, TE exhibited strong upregulation of genes encoding
pathogenesis-related (PR) proteins and transcription factors pre-
viously implicated in resistance pathways (Figure S4d). These
included PR10.1 and PR10.3, which are among the most respon-
sive PR genes in flowers and berries of ‘Pinot Noir’ upon Bc in-
fection (Haile et al. 2017, 2020), as well as MYB14, MYB15 and
WRKYO03, key regulators of stilbene biosynthesis and associated
with resistance mechanisms (Ordufia et al. 2022).

2.6 | Clade 5A PMEs Are Significantly Induced
Upon B. cinerea Infection in Flowers and Berries

To explore conserved expression patterns of the grapevine PME
gene family during Bc infection, a publicly accessible visualisa-
tion tool, the Botrytis Stress Atlas, was developed and integrated
into the Vitis Visualisation (VitViz) platform (http://plantaeviz.
tomsbiolab.com/vitviz/botrytis_atlas/). This tool also enabled
the retrieval and comparative analysis of PME gene expres-
sion profiles across multiple data sets of Bc-infected grapevine

flowers and berries. The raw data from the flower RNA-seq
experiment, along with four additional Illumina RNA-seq data
sets related to Bc-grape berry interactions, were processed and
simultaneously mapped against the PN40024 (12X.v2) and the
B.cinerea DW1 genome assemblies (concatenated genomes).
Mapped reads were counted and assigned to genes considering
both the PN40024 VCost.v3 annotation and the BcDW1 genome
annotation (GenBank GCA_000349525.1), and then imported
into the Atlas tool (metadata found in Table S4).

Gene expression profiles of PME genes across the different
experiments were retrieved through the Botrytis Stress Atlas
Explorer. Using this platform, several PME genes were ob-
served as differentially expressed in both floral and berry
tissues following infection. Co-expression heatmaps are
displayed alongside a simplified VviPME phylogenetic tree
(Figure 4a,b), while the complete Vitis—Arabidopsis phylogeny
is presented in Figure S2. Notably, while a general downregu-
lation of PMEs was observed upon Bc infection, PMES, PME9,
PME10, PMEII, PMEI2 and PME54 (Clade 5A PMEs) were
consistently and significantly induced, regardless of cultivar
or infection stage, with PMEI10 being the most highly induced.
This finding suggests that specific PME family members play
a role in the response to B. cinerea, with PME10 appearing to
have a predominant function. Despite PME10 expression being
more strongly induced in the susceptible cultivar ‘Teroldego’
than in the resistant hybrid ‘Souvignier Gris’ following infec-
tion, its basal expression level was considerably higher in the
resistant genotype (Figure S4e). Further exploration of data-
sets within the Botrytis Stress Atlas revealed that total grape-
vine reads decline in proportion to infection severity, while
B.cinerea reads increase (Figure 4c). Despite this reduction
in host transcript abundance, PMEIO expression continues to
rise as infection progresses, as observed in both ‘Furmint’ and
‘Semillon’, and in the asymptomatic versus symptomatic com-
parisons in infected ‘Pinot Noir’. Additionally, PME10, PMEI11
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and PMEI12 were significantly induced in berry skins of both
SG and SN upon infection, with the induction being more pro-
nounced in the susceptible genotype (Figure 4d).

2.7 | PMEI10 Knockout Lines Showed an
Impaired Induction of PME Activity and Higher
Susceptibility When Infected With B. cinerea

To investigate the role of PMEIO in the response to B. cinerea
infection, a reverse genetic approach was employed. Knockout
(KO) lines for PMEIO were generated using CRISPR/Cas9-
mediated mutagenesis via Agrobacterium tumefaciens-
mediated stable transformation of embryogenic callus
derived from the highly transformable V. vinifera genotype cv.
‘Sugraone’. Among 23 regenerated lines, 18 carried mutations
at the target site, as revealed by on-target Illumina sequenc-
ing (Figure S5). The most frequent mutation was a single-
base insertion. Lines pmel0_KO_07 and pmel0_KO_14, both
harbouring a 1bp insertion (+A), resulting in a frameshift
and premature stop codon (Figure 5a), were selected for fur-
ther phenotypic characterisation. Four putative off-targets
were predicted in the V.vinifera PN40024 reference genome
(Table S5) that correspond to the PME genes located within
the same genomic region on Chromosome 6 as PMEIO, and
belonging to the same clade (Clade 5A; Figures S2 and S6a).
Notably, Sanger sequencing revealed that only off-target
1 (PME54) carried a mutation in the line pmel0_KO_07
(Figure S6b).

To assess whether the loss-of-function of PMEI0 affects plant
growth, we measured three phenotypic parameters in the
greenhouse-cultivated plants: height, internode length and
total leaf area (Figure S7). No significant differences were
observed between the pmel0 KO lines and controls, indicat-
ing that the mutation does not induce pleiotropic undesired
effects impairing plant growth and development (Figure S7b).
Next, the potential contribution of PME10 to the total PME
activity induced by Bc was explored. Fully developed and
healthy leaves were detached from independent replicates of
the pmel0-KO-07 and pmel0-KO-14 lines and control plants
and artificially inoculated with B. cinerea. After 5days, brown
necrotic symptoms were visible on the halves of the leaves in-
oculated with the fungus and were collected for further analy-
sis (representative leaves from control plants and mutant lines
are shown in Figure 5b). Total PME activity was quantified
in both the infected and mock-inoculated halves of the leaves
from the mutants and control plants (Figure 5c). No significant
differences in PME activity were observed between the unin-
fected mock-inoculated mutants and control plants. Although
no differences were observed in the mock inoculation, a sig-
nificant induction (about 10-fold) of PME activity was de-
tected in control plants challenged with B. cinerea (Figure 5c).
This evidence confirms that PME activity is induced in grape-
vine leaves upon Bc infection, as observed in other plants (Del
Corpoetal. 2020; Lionetti and Métraux 2014). Interestingly, an
impaired induction was observed in both the mutant lines that
lack a significant induction of PME activity when challenged
with B.cinerea. In particular, the results obtained with line
pmel0-KO-07 are remarkable. Indeed, in this line, the total
absence of PME activity induction at 5days post-inoculation

could be due to the mutation in the PME54 gene (off-target 1).
These results indicate that PMEI10 is a pectin methylesterase
that largely contributes to the induction of total PME activity
in the grapevine against B. cinerea. This result agrees with the
strong induction of the gene also in leaves upon Bc infection
(Su et al. 2023).

To assess whether PMEIO loss-of-function affects grapevine
susceptibility to Bc, disease severity, measured as lesion area
(mm?), was evaluated on the leaves (Figure 5c). The lesion area
was significantly larger in the pmel0-KO-07 and pmel0-KO-14
mutants, with an increase of 7.7- and 8.1-fold, respectively, com-
pared with control plants. A correlation between resistance level
and PME activity was observed across all genotypes analysed.
These results suggest that PME10 has a strong influence on
PME activity and thus on grapevine's resistance to B. cinerea.

2.8 | PME10 Overexpressing Lines Showed High
PME Activity, Restricting Botrytis Infection

To explore the effect of enhanced PMEI10 expression on PME ac-
tivity and Bc resistance, transgenic V. vinifera cv. ‘Sugraone’ lines
overexpressing PMEIO were generated through A. tumefaciens-
mediated stable transformation. Of the 20 regenerated plants, 18
showed the expected 574 bp amplicon. Two of the 18 transgenic
lines, precisely lines PMEI0 OE-11 and PME10 OE-22, together
with control plants, were further selected for the following phe-
notypic characterisation. The two lines showed a T-DNA inte-
gration copy number close to 1, precisely 1.33 (PMEI0 OE-11)
and 1.4 (PMEI10 OE-22). PMEI0 expression analysis confirmed
that both overexpressing lines showed higher levels of PME10
transcript compared with the control plants (Figure S8b).

Concerning growth parameters, as shown for the PME KO lines
(Figure S8a), no significant differences were found between
PMEI0 overexpressing and control plants (Figure S8c), con-
firming that PME10 is not involved in processes influencing
plant development. Fully developed and healthy leaves were
detached from independent replicates of the PME10-OEI11 and
PMEI0-OE22 lines and control plants and artificially inocu-
lated with B.cinerea. After 5days, brown necrotic symptoms
were visible on the halves of the leaves inoculated with the fun-
gus, mainly in the control plants, and therefore were collected
for the following analysis. Representative leaves from control
plants and overexpressing lines are shown in Figure 5b. Total
PME activity was then compared between halves of the leaves
from PMEI10-OE11 and PMEIO-OE22 lines and control plants,
post mock- and Bc inoculation, respectively (Figure 5c). Mock-
inoculated PMEI0-OE11 and PME10-OE22 leaves showed a
significantly higher PME activity (113.9- and 255.7-fold, respec-
tively) with respect to the control plants. This result confirms
that PMEI0 expression can strongly influence total PME activ-
ity in grapevine. A significant induction (about 11-fold) of PME
activity was detected in control plants challenged with B. cine-
rea. Interestingly, PME10-OEI11 and PME10-OE22 lines showed
lower inductions of Bc-induced PME activity (1.6- and 1.1-fold,
respectively) with respect to their mock-inoculated control.
Since the results related to the pmel0 mutants indicate that no
other PME isoform contributes to PME activity induction, the
induction observed could be related to the stimulation of the
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genic lines at 5days post-inoculation (dpi). Scale bar =1cm. (c) Left: Quantification of PME activity in protein extracts from uninfected and infected
leaf sections of WT and transgenic lines. Bars represent the standard error of the mean (SEM). Different letters indicate statistically significant dif-
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PME10 endogenous promoter. These results also suggest thatthe =~ 2.9 | The B. cinerea-Induced WRKY03

level of PME activity required for defence is already covered by =~ Transcription Factor Directly Regulates PME10

the overexpression of the PMEI0 transgene. Subsequently, the Expression

susceptibility of PME10-OE lines to B.cinerea was evaluated.

The local symptoms of the fungus were quantified in both the =~ To identify potential transcriptional regulators associated
PMEI0-OE lines and control plants. Interestingly, the area of  with PME genes, particularly those involved in PMEI10 activa-

the lesions produced by the fungus in PME10-OE11 and PMEI0- tion in response to B.cinerea infection, we performed a gene
OE22 was significantly lower (by 2 and 1.7-folds, respectively)  co-expression analysis focused on the 16 transcription factors
compared with the control (Figure 5¢). (TFs) families previously catalogued in grapevine (catalogue
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v2, Grapedia; https://grapedia.org/genes/). By mining aggre-
gated gene co-expression networks (GCNs) generated from
extensive transcriptomic data (Orduna et al. 2022, 2023), we
identified 11 TF families exhibiting more than eight PME co-
expression events within their top quartile, resulting in a set
of 62 candidate TFs (Figure 6a). From this, we constructed
a network of clade 5SA PME genes and these 62 TFs, using
flower and fruit RNA-seq data sets, spanning 35 BioProjects
and 807 runs. Within this network, a PME10-centred subnet-
work emerged, connecting 10 out of 23 TF regulators directly
to PME10: WRKY03, WRKY04, WRKY53, WRKY39, MYBI4,
NAC44, ERF75, ERF109, ERF110 and bHLHO045. Additionally,

MADSIa exhibited a direct co-expression association with
PMEIO, despite not being part of the PME subnetwork
(Figure 6b). Most genes within the PME10 subnetwork showed
strong transcriptional modulation during B. cinerea infection
(Figure 6¢). Notably, WRKY03, WRKY53, MYBI14 and NAC44
have been previously identified as key regulators of disease
resistance through the control of stilbene biosynthesis, acting
at different hierarchical levels with distinct combinatorial ef-
fects (Vannozzi et al. 2018; Wang et al. 2024; Wu et al. 2022).
Among these, WRKY03 was particularly highlighted for
its role in the response to infection. Expression profiling of
PME10 subnetwork members and MADSIa in berry and leaf
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FIGURE 6 | Botrytis cinerea-induced WRKYO03 transcription factor activates PME10 expression. (a) Co-expression analysis of each catalogued
Transcription factor (TF) gene with the entire PME gene family. Sixteen TF classes are defined in grapevine (catalogue v2 found at Grapedia; https://
grapedia.org/genes/). Dots indicate the number of PME genes co-expressed with each TF, based on tissue-independent gene co-expression net-
works (GCNs), each comprising the top 1% of correlated genes (420 genes; Orduiia et al. 2022, 2023). Previously characterised TFs found in the top
quartile are highlighted. (b) Tissue-specific co-expression relationships in fruit and flower GCNs between PME-Clade5A genes and the 62 topquar-
tile TFs identified in (a). Three distinct clusters are observed, with the upper subnetwork designated as the ‘PME10 subnetwork’. Node distances
were calculated using the d3Network package based on attraction metrics, which incorporate edge number and weight (default node repulsion
mode). Visualisation was performed using Cytoscape (ver: 3.10.1, Shannon et al. 2003). (c) Expression profiles of the PME10 subnetwork genes (plus
MADS]Ia) during B. cinerea interaction in grapevine flowers and berries, shown as a co-expression heatmap. Data are derived from RNA-seq com-
parisons between B. cinerea- and mock-inoculated flowers of ‘Souvignier Gris’ (SG) and ‘Teroldego’ (TE) at 24 hpi, as well as from additional berry
datasets queried through the Botrytis Stress Atlas Explorer (http://plantaeviz.tomsbiolab.com/vitviz/botrytis_atlas/). I-A, infected asymptomatic;
I-S, infected symptomatic; SI, Stage I noble rot; SII, Stage II noble rot; SIII, Stage III noble rot. A summary of the RNA-seq experiments imported in
the tool is provided in Table S4. (d) Expression profiles of the genes across various grapevine tissues and different developmental stages by query-
ing the VitViz Corvina Atlas (http://plantaeviz.tomsbiolab.com/vitviz/corvina_atlas/). Expression values are presented on a logarithmic scale and
correspond to robust multiarray average (RMA) normalised values. (e) Top panel: WRKY03 DNA-binding density surrounding the PMEIO tran-
scription start site (TSS), plotted from —2kb to +600bp. The negative control corresponds to an input library generated using an empty GST-HALO
vector. Bottom panel: ositions of all predicted WRKYO03 binding sites relative to the PMEI0 ATG start codon. (f) Activation of the PMEI0 promoter by
WRKYO03 assessed via dual luciferase reporter assay (DLRA) in N. benthamiana leaves. LUCIFERASE (LUC) activity was normalised to RENILLA
(REN) levels. Asterisk denotes statistically significant differences (p <0.05, t-test).
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tissues using the ‘Corvina’ Atlas Explorer (http://plantaeviz.
tomsbiolab.com/vitviz/corvina_atlas/), revealed strong co-
expression of PMEI0 with stilbenoid regulators WRKY03 and
MYBI4 during postharvest withering (i.e., over-ripening)
stages (Figure 6d). This finding aligns with previous reports
identifying pectinesterase and stilbene synthase transcripts
as biomarkers of withered berries (Fasoli et al. 2012), empha-
sising the importance of cell wall modification and resvera-
trol biosynthesis as key processes during the withering phase
(Versari et al. 2001; Zamboni et al. 2008).

Among the transcription factors (TFs) identified in the PME10
subnetwork, only MYB14 (Ordufia et al. 2022) and WRKY03
(SRA study PRINA1199911) have been previously studied using
DNA Affinity Purification Sequencing (DAP-seq), a genome-
wide approach for identifying TF binding sites at the genome
scale and inferring gene regulation. While PMEI0 was absent
from the bound targets of MYB14 and its closest homologue
MYB15, reanalysis of public DAP-seq data for WRKY03 revealed
a binding site located approximately 700bp upstream of the
PMEI0 ATG start codon (in total, 62 WRKY03-binding events on
PME genes were identified, Table S6). Using the 21 nt WRKY03
letter-probability matrix derived from the top 600 best-scoring
peaks (Data S1) (with the core sequence TTGAC), we identified
two additional putative binding sites at —230bp and —1125bp
upstream of PME10. All three sites aligned with enriched bind-
ing signals observed in the DAP-seq dataset (Figure 6e).

To validate the interaction of WRKYO03 in the PMEIO promoter,
we performed DAP-qPCR using newly generated WRKY03
(n=3) and input (n=3) DAP-seq libraries, confirming signif-
icant enrichment at the-1125bp site and at the DAP-seq iden-
tified peak centre (Figure S9). Furthermore, a dual luciferase
reporter assay demonstrated that WRKY03 strongly activates
PMEIO0 expression upon co-infiltration into tobacco leaves (a
2000 bp fragment of the PME10 promoter, including the 5’ UTR,
was fused to the LUC reporter gene; Figure 6f). Together, these
results establish WRKY03 as a direct transcriptional regulator
of PMEI0, linking this defence-related TF to PME-mediated cell
wall remodelling during B. cinerea infection.

3 | Discussion

Many plant species induce local pectin methylesterase (PME)
activity as part of their response to pathogen attack (Del Corpo
et al. 2020). Consequently, increased PME activity is a hallmark
of plant immunity and should be closely examined in the con-
text of plant-pathogen interactions. In Arabidopsis, PME activ-
ity is tightly regulated post-transcriptionally during immune
responses to the necrotrophic fungus B.cinerea, particularly
among Group IT PMEs that contain a PRO or PMEI-like domain.
This regulation is mediated by subtilases (SBTs) and PME in-
hibitors (PMEIs), which modulate the activation and activity of
these enzymes (Coculo et al. 2023; LEnfant et al. 2015).

Botrytis cinerea is a broad-host-range necrotroph responsible for
severe pre- and post-harvest rots in over 200 plant species world-
wide (Dean et al. 2012). The plant cell wall, together with the
cuticle, forms the first physical and biochemical barrier against
fungal invasion (Malinovsky et al. 2014). During infection,

B.cinerea secretes its own arsenal of CWMEs, which act as key
virulence factors facilitating host colonisation (Blanco-Ulate
et al. 2014). Simultaneously, the breakdown of the host cell wall
can contribute to increased susceptibility (Cantu et al. 2008).

In this study, we investigated whether variation in PME activ-
ity and gene expression during berry development and upon
B.cinerea infection contributes to grapevine susceptibility or
resistance. This question is especially relevant considering that
ripening-associated softening of grape berries, a process char-
acterised by extensive cell wall remodelling, coincides with
heightened vulnerability to fungal infection. Indeed, specific
members of grapevine CWME gene families are upregulated
during fruit softening and may serve as susceptibility factors
during the grape-B. cinerea interaction (Malacarne et al. 2024).

3.1 | PME Activity Contributes Positively to
Grapevine Immunity Against B. cinerea

The use of grapevine genotypes with contrasting susceptibility
to Bc provided valuable insights into the role of cell wall (CW)
composition and remodelling in the grapevine-Bc interaction.
Analysis of flower and berry tissues revealed no major differ-
ences between the tolerant genotype ‘Souvigner Gris’ and the
susceptible V.vinifera cultivars ‘Teroldego’ and ‘Sangiovese’,
both before and after Bc infection. This suggests that differences
in resistance are not attributable to variations in CW polysac-
charide content. As expected, galacturonic acid (Gal A), the
major component of homogalacturonan (HG), was the predomi-
nant monosaccharide. The detection of arabinose, fucose, galac-
tose, glucose, rhamnose, mannose and xylose further indicated
the presence of other polysaccharides, such as rhamnogalac-
turonan and hemicelluloses (Harholt et al. 2010). These findings
are novel, given the limited previous reports on CW composition
in grapevine tissues across cultivars and infection conditions.
Notably, they differ from those of (Weiller et al. 2021), who re-
ported a decrease in GalA and an increase in glucuronic acid in
berries of cultivars with differing susceptibility to Bc at 6 and
12days post-inoculation. These discrepancies may reflect differ-
ences in tissue type, developmental stage or timing of sampling.

Upon Bc infection, SG consistently showed a significant induc-
tion of PME activity compared with the susceptible genotypes,
TE (in flowers) and SN (in berries). This increased PME activity
in the tolerant genotype is associated with a reduction in the de-
gree of CW methylesterification, a hallmark of pectin remodel-
ling observed in other species (Lionetti et al. 2012). Interestingly,
PME induction occurred as early as 24h post-inoculation (hpi)
in SG flowers during the first experimental season but was de-
layed until 96 hpi in the second season. We interpret this delay
as likely resulting from differences in the inoculum'’s physiolog-
ical state or in the SG plants' age (1year older in the second sea-
son). This age difference may have led to immune priming or
developmental changes that altered the timing of the response.
Despite this temporal variation, both experiments consistently
showed a significant induction of PME activity in the resistant
genotype upon infection, reinforcing the conclusion that PME
activity contributes to grapevine resistance against Bc, in line
with observations in Arabidopsis (Del Corpo et al. 2020; Coculo
et al. 2023).
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Functionally, pectin demethylesterification by PMEs in the pri-
mary CW (Mouille et al. 2007) enables the action of PGs and
pectate lyases (PLs), which generate demethylesterified OGs
that act as DAMPs, triggering plant immune responses (Osorio
et al. 2008, 2011). PME activity also leads to methanol (MeOH)
release, a volatile signal that functions as an alarm signal within
interplant communication (Hann et al. 2014). These mecha-
nisms support a model in which PME activity is not merely
a passive response but a critical component of early defence
against B. cinerea.

3.2 | PMEI101Is a Pectin Methylesterase
Responsible for the PME Activity That Confers
Resistance to B. cinerea

To determine which PME isoforms contribute to the PME ac-
tivity associated with resistance to B.cinerea, we examined
transcriptomic differences between control and Bc-infected
tissues. Among the 62 annotated PME genes in grapevine, our
analysis aimed to identify those most strongly associated with
the induced PME activity observed during infection. RNA-seq
transcriptomic analysis of flower samples from the tolerant gen-
otype ‘Souvigner Gris’ and the susceptible ‘Teroldego’ revealed
a pronounced transcriptional response to Bc in TE, particularly
at early infection stages. This extensive response, marked by the
upregulation of numerous stress-related genes, likely reflects
an ultimately ineffective attempt to restrict pathogen progres-
sion. By contrast, SG exhibited a more limited transcriptional
response, suggesting that its resistance relies on preformed or
rapidly activated defences requiring less de novo transcriptional
reprogramming. Among the PME genes, most were downreg-
ulated upon infection, yet a subset, PMES8, PME9, PME10 and
PME11,was significantly upregulated, especially in the resistant
genotype.

To expand this observation, we integrated gene expression
data from multiple publicly available RNA-seq data sets cov-
ering diverse cultivars and experimental conditions involving
Bc infection of berries. These data were consolidated into a
new open-access visualisation tool, the Botrytis Stress Atlas
Explorer, enabling cross-experiment comparisons of PME
gene expression (available at http://plantaeviz.tomsbiolab.
com/vitviz/botrytis_atlas/). This meta-analysis confirmed
that the same PME genes highly induced in flowers, partic-
ularly PMEIO, were also consistently upregulated in infected
berry tissues across cultivars, regardless of genetic back-
ground or infection stage. Among them, PMEIO emerged as
the most strongly and consistently induced gene, showing ro-
bust expression upon Bc infection in both flowers and berries.
Notably, PME10 is also highly expressed in ripe and posthar-
vest withered berries under noninfectious conditions, indi-
cating a potential dual role in fruit maturation and pathogen
defence. Based on these findings, we performed further char-
acterisation to define the functional contribution of PMEIO to
the grapevine defence response.

To functionally validate the role of PMEIO in grapevine de-
fence against B.cinerea, we generated PME10 knockout
lines using the CRISPR/Cas9 system, a technique previously

applied to dissect gene function in response to both biotic
(Giacomelli et al. 2023; Wan et al. 2020) and abiotic (Clemens
et al. 2022) stresses. In parallel, we also developed PME10-
overexpressing lines to complement the mutant analysis and
further corroborate PME10's contribution to disease resis-
tance. This dual approach allowed us to assess the impact of
both loss and gain of PME10 function on PME activity and
susceptibility to B. cinerea.

PMEI0 knockout mutants and overexpressing lines showed no
developmental changes, suggesting that PME10 does not affect
growth or plant fitness and could be involved specifically in the
defence response. Knocking out the PME10-PRO region, which
has very little homology within the gene family, was highly
effective. PMEIO loss-of-function mutants showed reduced
PME activity and were more susceptible to B. cinerea infection.
Consistently, overexpression of PMEIO led to high PME activ-
ity, conferring immunity to the fungus and reducing disease
severity. This provides evidence that VViPMEI10 functions as
a pectin methylesterase contributing to the induction of total
PME activity in leaves in response to B.cinerea, mirroring the
role of AtPME17 in Arabidopsis immunity against the same fun-
gus (Del Corpo et al. 2020). In fact, VviPMEI10 is an ortholog of
AtPME]I7.

The results obtained here suggest that VviPME]10 is a resis-
tance factor that could initiate a defence response even before
infection, similar to AtPME17 (Del Corpo et al. 2020) and
FaPE1l (Osorio et al. 2011) which are homologues involved
in this process in other species. Indeed, PMEs can trigger
plant immunity in different ways (Del Corpo et al. 2024).
PMESs generate negatively charged HG regions that promote
Ca2+-mediated crosslinking, strengthening the cell wall and
preventing pathogen entry (Del Corpo et al. 2020). They also
release demethylesterified OGs and methanol, whose role
is to trigger responses ranging from cell wall reinforcement
to the synthesis of defence molecules such as phytoalexins,
pathogenesis-related (PR) proteins and reactive oxygen spe-
cies (Ferrari et al. 2013; Hann et al. 2014; Osorio et al. 2011).
On the other hand, PME activity, which increases the level
of demethylesterified pectin, loosens the cell wall, favouring
the colonisation of necrotrophs. For instance, the AtPME3
gene is a susceptibility factor for initial colonisation (Raiola
et al. 2011).

3.3 | WRKYO03 Directly Activates PMEI10
Expression in Response to B. cinerea

To gain insight into the regulatory mechanisms controlling
PME10 expression during B. cinerea infection, we first explored
the PMEIO gene co-expression network, which identified sev-
eral candidate transcription factors (TFs), including WRKYO03,
WRKY53, MYB14 and NAC44. These TFs have previously
been implicated in the regulation of stilbene biosynthesis and
associated disease resistance responses in grapevine (Vannozzi
et al. 2018; Wu et al. 2022; Wang et al. 2024). We focused on
WRKYO03 (also referred to as WRKYS in Jiang et al. (2019)), a
gene previously proposed to play a role in B.cinerea response
(Guo et al. 2018). Three putative WRKY03 binding sites were
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identified in the PMEIO promoter, one of which overlapped
with a DAP-seq peak centre. DAP-qPCR assays confirmed sig-
nificant enrichment of WRKYO03 binding at positions —1125bp
and at the DAP-peak centre. A subsequent transactivation assay
further confirmed that WRKYO03 activates PMEIO promoter
activity. These results support a model in which WRKY03 di-
rectly activates PMEI0 expression in response to fungal infec-
tion, potentially linking cell wall remodelling through PME10
with stilbene-mediated defences, thereby contributing to the
restriction of pathogen progression.

4 | Conclusions

Taken together, our findings demonstrate that PME activity,
primarily mediated by PME10, plays a pivotal role in shaping
grapevine immunity against B. cinerea. PME10-driven pectin
demethylesterification not only contributes to cell wall rein-
forcement as a physical barrier but also appears to function
in signalling pathways that enhance pathogen perception
and immune activation. We propose a regulatory network in
which PME10 expression is modulated in response to B. cine-
rea infection, with WRKYO03 identified as a key upstream reg-
ulator. This transcription factor directly binds and activates
the PMEI10 promoter, providing mechanistic insight into how
grapevine transcriptional responses integrate cell wall remod-
elling with defence signalling. Our work positions PME10 as
a novel molecular marker of B. cinerea resistance in grapevine
and a promising target for crop protection strategies. These
findings offer a foundation for the development of biologically
based approaches to control Botrytis bunch rot, a major threat
to global viticulture. Targeting PME10 or its associated path-
ways could contribute to more resilient grapevine cultivars,
aligning with the goals of sustainable viticulture by reducing
reliance on chemical fungicides and fostering environmen-
tally sound agricultural practices.

5 | Experimental Procedures
5.1 | Plant Material

5.1.1 | Grapevine Genotypes for Artificial Inoculation
With B. cinerea

Three grapevine genotypes were selected for artificial infec-
tion with B. cinerea across two independent experiments con-
ducted in consecutive seasons (2022 and 2023): ‘Souvigner
Gris’ (SG), a Vitis interspecific hybrid (‘Seyval’ X ‘Zdhringer’),
and two V.vinifera cultivars, ‘Teroldego rotaliano’ (TE) and
‘Sangiovese’ (SN). Genotype selection was based on previ-
ously published resistance phenotypes (Rahman et al. 2018)
and on 3years of phenotypic evaluation of the Fondazione
Edmund Mach (FEM) grapevine germplasm collection.
These phenotypic data were standardised and ontologised in
a dedicated database currently under development (Vezzulli
et al. 2022). Plants were propagated by grafting wood cuttings
onto KOBER 5BB rootstock, and grown in 32 L pots contain-
ing a soil mixture of peat, coconut, pumice and clay. All plants
were maintained under a tunnel at the Giaroni experimental
field (46°18’N, 11°13’' E) of FEM.

5.2 | PME10 Knockout and Overexpressing Lines
5.2.1 | PMEIO0 Cloning and Overexpression

The PMEIO0 gene was amplified from cDNA obtained from se-
nescent V.vinifera PN40024 leaves. RNA was extracted from
100 mg of homogenised senescent leaves (Chang et al. 1993).
Total RNA was treated with DNAse I and first-strand cDNA
was synthesised using SuperScript III Reverse Transcriptase
(Thermo Scientific), according to the manufacturer's instruc-
tions. To overexpress PME10, full-length CDS (Vitvi06g01152)
was amplified from ¢cDNA using Phusion Hot Start II DNA
Polymerase (Thermo Scientific), cloned into pENTR/D-
TOPO and recombined into pK7WG2 using Gateway LR
Clonase II enzyme mix (Thermo Scientific). The cloned se-
quence was confirmed as PMEI0 and used for A. tumefaciens
transformation.

5.2.2 | PMEI10 Knockout

A sgRNA specific for PMEIO (5'-CCTCCGATGATGTAAAA
CCA-3’) was designed to target the region encoding its PMEI-
like domain (PRO part), which has low homology within the
gene family. The sgRNA sequence was designed using three
online tools: (i) CRISPR-P v2 (Liu et al. 2017), (ii) CRISPOR
(Concordet and Haeussler 2018) and (iii) CHOPCHOP (Labun
et al. 2019). The PME10 sequence was used as input to select
the target site, using the default settings for SpCas9 (NGG as
PAM) and AtU6.26 promoter. The target site was confirmed
in the V.vinifera Sugraone genome scaffold containing the
target region (kindly provided by the Computational Biology
Unit at FEM). The secondary structure and sequence of the se-
lected sgRNA for PMEIO were confirmed using Vienna RNA
Package 2.0 (Lorenz et al. 2011). The gRNA was cloned into
the pD764-PME10-sgRNA2 plasmid using BsmBI. It contains
the SpCas9-WT coding sequence, and the expression of the
gRNA is controlled by the A. thaliana U6.26 promoter.

5.2.3 | Stable Gene Transfer Experiments

Binary vectors for the CRISPR/Cas9 knockout (KO) or the
overexpression (OE) of the PMEIO gene were transformed into
A.tumefaciens EHA105 strain, harbouring the pCH32 helper
(Hamilton 1997) using the protocol by (Wise et al. 2006). A. tu-
mefaciens stable gene transfer was performed according to
(Dalla Costa et al. 2022).

All the experimental procedures for molecular analyses, accli-
mation and growth characterisation of PMEI0 OE and KO lines
are available in Methods S1.

5.3 | Bc Artificial Inoculation Assays

5.3.1 | B.cinerea Inoculum Preparation

Botrytis cinerea B05.10 was grown on Potato Dextrose Agar

(PDA) plates with 20mL/L tomato puree. The Bc suspension
for the inoculum was prepared using 10-day-old Bc B05.10

Plant Biotechnology Journal, 2025

4993

85US0| 7 SUOWIWOD BAITE8.D) 3ot |dde 8Ly Aq pausenob ake sspie YO ‘8sn JO SN oy Akeiqi8uluQ A8|1M UO (SUOIIPUOD-pUe-SWIS) W00 A8 1M ARelq 1 pUI|UO//:SdNY) SUONIPUOD Pue swie | 8y} 8eS *[9202/50/TE] uo Ariqiaulluo A8|IM ‘(Pepiues ap oLeISIUIN) UOSINOI [eUOTEN 8URIY0D Usiueds Aq 6,20/ Iqd/TTTT 0T/Iop/woo Ao |im Areiq1jpul|uo//sdny wouy pepeojumod ‘TT ‘SZ0Z ‘2S9LL9PT



plates according to (Vega et al. 2015). Conidia were suspended
in Gamborg B5-2% glucose medium and adjusted to 2x10° co-
nidia/mL in the same medium with 10mM KH,PO4/K,HPO4,
pH6.4.

5.3.2 | B.cinerea Artificial Inoculation of Flowers
of Different Grapevine Genotypes

Inflorescences at full cap-fall stage (EL25/26, according to
Eichhorn and Lorenz (1977)) of the three different grapevine
genotypes were artificially inoculated following the proce-
dure described in Methods S2.1. Two independent experiments
were performed and samples were collected at 24-h post-
inoculation (hpi) (Season 1), and at 24 and 96 hpi and at 12-week
post-inoculation (wpi) (Season 2), and snap-frozen until use
(Figure 1).

5.3.3 | B.cinerea Artificial Leaf Inoculation Assays
of KO and OE Lines

Leaves from the VviPMEI0 KO and OE lines, as well as
the control plants, were inoculated using the protocol by
(Vega et al. 2015) and following the procedure detailed in
Methods S2.2.

5.4 | Biochemical and Immunohistochemical
Analyses

5.4.1 | Determination of Methyl Ester Content
and Monosaccharide Composition in CW of Flower
and Berry Skin Samples

Alcohol-insoluble residue (AIR) extraction and CW composition
were performed as previously described (Lionetti et al. 2017).
The degree of methyl esterification in CW of B. cinerea-infected
and mock-inoculated flower and berry skin samples was as-
sessed using a microplate-adapted alcohol oxidase/acetylace-
tone method (Klavons and Bennett 1986).

5.4.2 | PME Activity Determination

Protein extracts were prepared by homogenising uninfected
and infected grapevine tissues in a buffer containing 1M
NaCl, 12.5mM citric acid, 50mM Na,HPO,, 1% polyvin-
ylpyrrolidone, 0.02% sodium azide, and protease inhibitor
(1:100v/v), pH7.0. After shaking (3h, 4°C) and centrifugation
(15000x g, 15min), protein concentrations in supernatants
were measured by the Bradford assay using BSA as a stan-
dard. PME activity was evaluated using the PECTOPLATE
assay (Lionetti 2015).

5.4.3 | Immunohistochemical Analysis
Samples for immunohistochemistry were immersed in FAA

solution and vacuumed for 10 min. Following fixation, the tis-
sue was dehydrated in ethanol using increasing concentrations

and embedded in Paraplast Plus (Sigma-Aldrich) as described in
(Rojas et al. 2021).

The complete experimental procedures on biochemical and im-
munohistochemical analyses are in Methods S3.

5.5 | Gene Expression Analyses

Flower samples collected at 24h post-inoculation (hpi) during
the first experimental season were used for RNA-seq analysis.
RNA extraction, library preparation, sequencing and down-
stream data processing were performed as described in Methods
S4.2. Summary statistics for RNA-seq quality control and map-
ping are provided in Table S2, and the complete list of differ-
entially expressed genes (DEGs) is available in Table S3. Berry
skin samples collected at 12 weeks post-inoculation (wpi) during
the second experimental season were used for quantitative PCR
(gPCR) analysis. The qPCR protocol is detailed in Methods S4.2.
Gene expression levels were assessed using gene-specific primers
(Table S8), with Actin (Vitvi04g01613), ATP16 (Vitvi03g00055),
Ubiquitin (Vitvi19g00434) and EFla (Vitvi06g00319) as refer-
ence genes for normalisation. Primer specificity was verified by
melting curve analysis, performed during each qPCR reaction
(Figure S10).

5.6 | Bioinformatics

All computational analyses can be found in Methods S4.
5.7 | PMEIO0 Promoter Analysis and Cloning,
DAP-Seq and DAP-qPCR Analyses and Dual

Luciferase Assay

The proceduresrelated to these tasks can be found in Methods S5.

Author Contributions

G.M. designed and supervised the study and acquired the funds.
J.L. performed the genetics and physiological studies. D.C. and V. L.
carried out the biochemical analyses. J.L. and A.S.P. performed the
flower RNA-seq analysis and the berry RNA-Seq reanalysis. A.S.P.
constructed the Botrytis Stress Atlas Explorer. B.R. contributed to ar-
tificial infection experiments. L.D.C. and M.M. collaborated with J.L.
to generate transgenic plants. A.S.P., A.V. and J.T.M. carried out the
DAP-seq experiment and data analysis. M.-B.T. performed the DAP-
qPCR experiments. J.L., C.Z. and G.A.P. performed the transient ex-
pression assays in tobacco leaves. G.M., J.L., V.L. and J.T.M. wrote
the manuscript. All the authors discussed the results and read and
approved the final manuscript.

Acknowledgements

We dedicate this work to the memory of Dr. Claudio Moser, who passed
away prematurely. Dr. Moser was an integral part of this project and
a steadfast supporter of research in this field. His insight, enthusiasm
and encouragement greatly inspired our work, and his legacy continues
to guide us. The authors wish to thank Susanna Micheli and Manuel
Palla for the collaboration in vitro cultures maintenance and the pheno-
typic characterisation of transgenic plants. The authors are also grateful
to the Grapevine Breeding platform personnel (FEM) for greenhouse

4994

Plant Biotechnology Journal, 2025

85US0| 7 SUOWIWOD BAITE8.D) 3ot |dde 8Ly Aq pausenob ake sspie YO ‘8sn JO SN oy Akeiqi8uluQ A8|1M UO (SUOIIPUOD-pUe-SWIS) W00 A8 1M ARelq 1 pUI|UO//:SdNY) SUONIPUOD Pue swie | 8y} 8eS *[9202/50/TE] uo Ariqiaulluo A8|IM ‘(Pepiues ap oLeISIUIN) UOSINOI [eUOTEN 8URIY0D Usiueds Aq 6,20/ Iqd/TTTT 0T/Iop/woo Ao |im Areiq1jpul|uo//sdny wouy pepeojumod ‘TT ‘SZ0Z ‘2S9LL9PT



assistance and for the discussion about the identification of the grape-
vine genotypes to characterise.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The Botrytis stress Atlas Explorer is available at the VitViz suite within
the PlantaeViz Platform (http://www.plantaeviz.tomsbiolab.com/). The
PME family and the biological role of PME10 studied here have been de-
posited in the Gene Reference Catalogue found at the Grape Genomics
Encyclopedia portal (http://grapedia.org/). The raw RNA-Seq read data
were deposited in the NCBI Short Read Archive under the BioProject
accession code PRINA1031966.

References

Agudelo-Romero, P., A. Erban, C. Rego, et al. 2015. “Transcriptome and
Metabolome Reprogramming in Vitis vinifera cv. Trincadeira Berries
Upon Infection With Botrytis cinerea.” Journal of Experimental Botany
66: 1769-1785.

Amrine, K. C. H., B. Blanco-Ulate, S. Riaz, et al. 2015. “Comparative
Transcriptomics of Central Asian Vitis vinifera Accessions Reveals
Distinct Defense Strategies Against Powdery Mildew.” Horticulture
Research 2: 1-11.

André, M., S. Lacampagne, A. Barsacq, et al. 2021. “Physical,
Anatomical, and Biochemical Composition of Skins Cell Walls From
Two Grapevine Cultivars (Vitis vinifera) of Champagne Region
Related to Their Susceptibility to Botrytis cinerea During Ripening.”
Horticulturae 7: 413.

Bellincampi, D., F. Cervone, and V. Lionetti. 2014. “Plant Cell
Wall Dynamics and Wall-Related Susceptibility in Plant-Pathogen
Interactions.” Frontiers in Plant Science 5: 87127.

Bethke, G., R. E. Grundman, S. Sreekanta, W. Truman, F. Katagiri,
and J. Glazebrook. 2014. “Arabidopsis PECTIN METHYLESTERASEs
Contribute to Immunity Against Pseudomonas syringae.” Plant
Physiology 164: 1093-1107.

Blanco-Ulate, B., G. Allen, A. L. Powell, and D. Cantu. 2013. “Draft
Genome Sequence of Botrytis cinerea BcDW1, Inoculum for Noble Rot
of Grape Berries.” Genome Announcements 1, no. 3: e00252-13. https://
doi.org/10.1128/genomeA.00252-13.

Blanco-Ulate, B., A. Morales-Cruz, K. C. H. Amrine, J. M. Labavitch,
A. L. T. Powell, and D. Cantu. 2014. “Genome-Wide Transcriptional
Profiling of Botrytis cinerea Genes Targeting Plant Cell Walls During
Infections of Different Hosts.” Frontiers in Plant Science 5: 435.

Canaguier, A., J. Grimplet, G. Di Gaspero, et al. 2017. “A New Version
of the Grapevine Reference Genome Assembly (12X.v2) and of Its
Annotation (VCost.v3).” Genomics Data 14: 56-62.

Cantu, D., B. Blanco-Ulate, L. Yang, J. M. Labavitch, A. B. Bennett, and
A. L. T. Powell. 2009. “Ripening-Regulated Susceptibility of Tomato
Fruit to Botrytis cinerea Requires NOR but Not RIN or Ethylene.” Plant
Physiology 150: 1434-1449.

Cantu, D., A. R. Vicente, L. C. Greve, et al. 2008. “The Intersection
Between Cell Wall Disassembly, Ripening, and Fruit Susceptibility to
Botrytis cinerea.” Proceedings of the National Academy of Sciences of the
United States of America 105: 859-864.

Casanova-Gascon, J., C. Ferrer-Martin, A. Bernad-Eustaquio, et al.
2019. “Behavior of Vine Varieties Resistant to Fungal Diseases in the
Somontano Region.” Agronomy 9, no. 11: 738.

Chang, S., J. Puryear, and J. Cairney. 1993. “A Simple and Efficient
Method for Isolating RNA From Pine Trees.” Plant Molecular Biology
Reporter 11: 113-116.

Choquer, M., C. Rascle, I. R. Gongalves, et al. 2021. “The Infection
Cushion of Botrytis cinerea: A Fungal “Weapon” of Plant-Biomass
Destruction.” Environmental Microbiology 23: 2293-2314.

Clemens, M., M. Faralli, J. Lagreze, et al. 2022. “VVEPFL9-1 Knock-Out
via CRISPR/Cas9 Reduces Stomatal Density in Grapevine.” Frontiers in
Plant Science 13: 878001.

Coculo, D., D. Del Corpo, M. O. Martinez, et al. 2023. “Arabidopsis
Subtilases Promote Defense-Related Pectin Methylesterase Activity and
Robust Immune Responses to Botrytis Infection.” Plant Physiology and
Biochemistry 201: 107865.

Concordet, J. P., and M. Haeussler. 2018. “CRISPOR: Intuitive Guide
Selection for CRISPR/Cas9 Genome Editing Experiments and Screens.”
Nucleic Acids Research 46: W242-W245.

Dalla Costa, L., D. Vinciguerra, L. Giacomelli, et al. 2022. “Integrated
Approach for the Molecular Characterization of Edited Plants Obtained
via Agrobacterium tumefaciens-Mediated Gene Transfer.” European
Food Research and Technology 248: 289-299.

Dean, R., J. A. L. Van Kan, Z. A. Pretorius, et al. 2012. “The Top 10
Fungal Pathogens in Molecular Plant Pathology.” Molecular Plant
Pathology 13: 414-430.

Del Corpo, D., D. Coculo, M. Greco, G. De Lorenzo, and V. Lionetti. 2024.
“Pull the Fuzes: Processing Protein Precursors to Generate Apoplastic
Danger Signals for Triggering Plant Immunity.” Plant Communications
5:100931.

Del Corpo, D., M. R. Fullone, R. Miele, et al. 2020. “AtPME17 Is a
Functional Arabidopsis thaliana Pectin Methylesterase Regulated by
Its PRO Region That Triggers PME Activity in the Resistance to Botrytis
cinerea.” Molecular Plant Pathology 21: 1620-1633.

Eichhorn, K. W. and H. Lorenz. 1977. “Phaenologische
Entwicklungstadien der Rebe.” Nachrichtenblatt des Deutschen
Pflanzenschutzdienstes 29: 119-120.

Fasoli, M., S. Dal Santo, S. Zenoni, et al. 2012. “The Grapevine
Expression Atlas Reveals a Deep Transcriptome Shift Driving the
Entire Plant Into a Maturation Program.” Plant Cell 24: 3489-3505.

Ferrari, S., D. V. Savatin, F. Sicilia, G. Gramegna, F. Cervone, and G.
De Lorenzo. 2013. “Oligogalacturonides: Plant Damage-Associated
Molecular Patterns and Regulators of Growth and Development.”
Frontiers in Plant Science 4: 1-9.

Galet, P. 2000. Dictionnaire Encyclopédique des Cépages. Hachette.

Giacomelli, L., T. Zeilmaker, O. Giovannini, et al. 2023. “Simultaneous
Editing of Two DMR6 Genes in Grapevine Results in Reduced
Susceptibility to Downy Mildew.” Frontiers in Plant Science 14: 1-8.

Guo, R., H. Qiao, J. Zhao, et al. 2018. “The Grape VLWRKY3 Gene
Promotes Abiotic and Biotic Stress Tolerance in Transgenic Arabidopsis
thaliana.” Frontiers in Plant Science 9: 1-16.

Haile, Z. M., G. Malacarne, S. Pilati, et al. 2020. “Dual Transcriptome
and Metabolic Analysis of Vitis vinifera cv. Pinot Noir Berry and Botrytis
cinerea During Quiescence and Egressed Infection.” Frontiers in Plant
Science 10: 1704.

Haile, Z. M., S. Pilati, P. Sonego, et al. 2017. “Molecular Analysis of the
Early Interaction Between the Grapevine Flower and Botrytis cinerea
Reveals That Prompt Activation of Specific Host Pathways Leads to
Fungus Quiescence.” Plant, Cell & Environment 40: 1409-1428.

Hamilton, C. M. 1997. “A Binary-BAC System for Plant Transformation
With High-Molecular-Weight DNA.” Gene 200: 107-116.

Hann, C. T., C. J. Bequette, J. E. Dombrowski, and J. W. Stratmann.
2014. “Methanol and Ethanol Modulate Responses to Danger- and
Microbe-Associated Molecular Patterns.” Frontiers in Plant Science
5:1-15.

Harholt, J., A. Suttangkakul, and H. V. Scheller. 2010. “Biosynthesis of
Pectin.” Plant Physiology 153: 384-395.

Plant Biotechnology Journal, 2025

4995

35UBD 1T SUOWIWOD dA a1 3|qedt|dde ayy Aq pausenob ake sapie YO ‘38N JO SN Joj A%eiq i 3UluQ A3\ UO (SUO N PUOD-PUR-SWLLIB}WIOD" A3 | 1M Aed 1 pUIUO//:Sd1Y) SUORIpUOD pue sWwB | 8y 39S *[9202/S0/TE] Uo AkelqiauliuQ AB|IM ‘(Pepiues ap 0LBISIUI) UOSINOL [UOITRN aURIY00D UsiUedS Aq 6/20/ 10d/TTTT OT/I0p/wod | IMm Ariqipul|uo//sdiy woiy papeojumod ‘IT ‘G202 ‘2G9LL9VT


http://www.plantaeviz.tomsbiolab.com/
http://grapedia.org/
https://doi.org/10.1128/genomeA.00252-13
https://doi.org/10.1128/genomeA.00252-13

Hegyi, A. 1, M. Otto, J. Geml, et al. 2022. “Metatranscriptomic Analyses
Reveal the Functional Role of Botrytis cinerea in Biochemical and Textural
Changes During Noble Rot of Grapevines.” Journal of Fungi 8: 378.

Hoang, D.T., O. Chernomor, A. Von Haeseler, B. Q. Minh, and L. S. Vinh.
2018. “UFBoot2: Improving the Ultrafast Bootstrap Approximation.”
Molecular Biology and Evolution 35: 518-522.

Ibar, C., and A. Orellana. 2007. “The Import of S-Adenosylmethionine
Into the Golgi Apparatus Is Required for the Methylation of
Homogalacturonan.” Plant Physiology 145: 504-512.

Jeong, H. Y., H. P. Nguyen, and C. Lee. 2015. “Genome-Wide
Identification and Expression Analysis of Rice Pectin Methylesterases:
Implication of Functional Roles of Pectin Modification in Rice
Physiology.” Journal of Plant Physiology 183: 23-29.

Jiang, J., H. Xi, Z. Dai, et al. 2019. “VVWRKY8 Represses Stilbene
Synthase Genes Through Direct Interaction With VVMYB14 to Control
Resveratrol Biosynthesis in Grapevine.” Journal of Experimental Botany
70: 715-729.

Kelloniemi, J., S. Trouvelot, M. C. Héloir, et al. 2015. “Analysis of
the Molecular Dialogue Between Gray Mold (Botrytis cinerea) and
Grapevine (Vitis vinifera) Reveals a Clear Shift in Defense Mechanisms
During Berry Ripening.” Molecular Plant-Microbe Interactions 28:
1167-1180.

Kelly, J., D. Inglis, L. Dowling, and G. Pickering. 2022. “Impact of
Botrytis cinerea-Infected Grapes on Quality Parameters of Red Wine
Made From Withered Grapes.” Australian Journal of Grape and Wine
Research 28: 439-449.

Khan, N., F. Fatima, M. S. Haider, et al. 2019. “Genome-Wide
Identification and Expression Profiling of the Polygalacturonase (PG)
and Pectin Methylesterase (PME) Genes in Grapevine (Vitis vinifera
L.).” International Journal of Molecular Sciences 20: 3180.

Klavons, J. A., and R. D. Bennett. 1986. “Determination of Methanol
Using Alcohol Oxidase and Its Application to Methyl Ester Content of
Pectins.” Journal of Agricultural and Food Chemistry 34: 597-599.

Korner, E., C. C. Von Dahl, G. Bonaventure, and I. T. Baldwin. 2009.
“Pectin Methylesterase NaPME1 Contributes to the Emission of
Methanol During Insect Herbivory and to the Elicitation of Defence
Responses in Nicotine attenuata.” Journal of Experimental Botany 60:
2631-2640.

Labun, K., T. G. Montague, M. Krause, Y. N. Torres Cleuren, H.
Tjeldnes, and E. Valen. 2019. “CHOPCHOP v3: Expanding the CRISPR
Web Toolbox Beyond Genome Editing.” Nucleic Acids Research 47:
W171-W174.

LEnfant, M., J. M. Domon, C. Rayon, et al. 2015. “Substrate Specificity
of Plant and Fungi Pectin Methylesterases: Identification of Novel
Inhibitors of PMES.” International Journal of Biological Macromolecules
81: 681-691.

Li, J., Z. Wu, Z. Zhu, L. Xu, B. Wu, and J. Li. 2022. “Botrytis cinerea
Mediated Cell Wall Degradation Accelerates Spike Stalk Browning in
Munage Grape.” Journal of Food Biochemistry 46: e14271.

Lin, W., W. Tang, X. Pan, et al. 2022. “Arabidopsis Pavement Cell
Morphogenesis Requires FERONIA Binding to Pectin for Activation of
ROP GTPase Signaling.” Current Biology 32: 497-507.e4.

Lionetti, V. 2015. “PECTOPLATE: The Simultaneous Phenotyping of
Pectin Methylesterases, Pectinases, and Oligogalacturonides in Plants
During Biotic Stresses.” Frontiers in Plant Science 6: 331.

Lionetti, V., F. Cervone, and D. Bellincampi. 2012. “Methyl
Esterification of Pectin Plays a Role During Plant-Pathogen Interactions
and Affects Plant Resistance to Diseases.” Journal of Plant Physiology
169: 1623-1630.

Lionetti, V., E. Fabri, M. De Caroli, et al. 2017. “Three Pectin
Methylesterase Inhibitors Protect Cell Wall Integrity for Arabidopsis
Immunity to Botrytis.” Plant Physiology 173: 1844-1863.

Lionetti, V., and J. P. Métraux. 2014. “Plant Cell Wall in Pathogenesis,
Parasitism and Symbiosis.” Frontiers in Plant Science 5: 1-2.

Lionetti, V., A. Raiola, B. Mattei, and D. Bellincampi. 2015. “The
Grapevine VVPMEI1 Gene Encodes a Novel Functional Pectin
Methylesterase Inhibitor Associated to Grape Berry Development.”
PLoS One 10: €0133810.

Liu, H., Y. Ding, Y. Zhou, W.Jin, K. Xie, and L. L. Chen. 2017. “CRISPR-P
2.0: An Improved CRISPR-Cas9 Tool for Genome Editing in Plants.”
Molecular Plant 10: 530-532.

Liu, M.-C. J., F.-L. J. Yeh, R. Yvon, et al. 2024. “Extracellular Pectin-
RALF Phase Separation Mediates FERONIA Global Signaling
Function.” Cell 187: 312-330.e22.

Lépez-Casado, G., C. Sanchez-Raya, P. D. Ric-Varas, et al. 2023.
“CRISPR/Cas9 Editing of the Polygalacturonase FaPG1 Gene Improves
Strawberry Fruit Firmness.” Horticultural Research 10: uhad011.

Lorenz, R., S. H. Bernhart, C. Honer zu Siederdissen, et al. 2011.
“ViennaRNA Package 2.0.” Algorithms for Molecular Biology: AMB 6:
26.

Louvet, R., E. Cavel, L. Gutierrez, et al. 2006. “Comprehensive
Expression Profiling of the Pectin Methylesterase Gene Family During
Silique Development in Arabidopsis thaliana.” Planta 224: 782-791.

Lovato, A., S. Zenoni, G. B. Tornielli, et al. 2019. “Plant and Fungus
Transcriptomic Data From Grapevine Berries Undergoing Artificially-
Induced Noble Rot Caused by Botrytis cinerea.” Data in Brief 25: 104150.

Malacarne, G., J. Lagreze, B. Rojas San Martin, et al. 2024. “Insights
Into the Cell-Wall Dynamics in Grapevine Berries During Ripening and
in Response to Biotic and Abiotic Stresses.” Plant Molecular Biology 114:
38.

Malinovsky, F. G., J. U. Fangel, and W. G. T. Willats. 2014. “The Role of
the Cell Wall in Plant Immunity.” Frontiers in Plant Science 5: 86833.

Mouille, G., M. C. Ralet, C. Cavelier, et al. 2007. “Homogalacturonan
Synthesis in Arabidopsis thaliana Requires a Golgi-Localized Protein
With a Putative Methyltransferase Domain.” Plant Journal 50: 605-614.

Ordufia, L., M. Li, D. Navarro-Pay4, et al. 2022. “Direct Regulation
of Shikimate, Early Phenylpropanoid, and Stilbenoid Pathways by
Subgroup 2 R2R3-MYBs in Grapevine.” Plant Journal 110: 529-547.

Orduiia, L., A. Santiago, D. Navarro-Pay4, C. Zhang, D. C. J. Wong, and
J. T. Matus. 2023. “Aggregated Gene Co-Expression Networks Predict
Transcription Factor Regulatory Landscapes in Grapevine.” Journal of
Experimental Botany 74: 6522-6540.

Ortega-Salazar, I., D. Crum, A. O. Sbodio, et al. 2024. “Double CRISPR
Knockout of Pectin Degrading Enzymes Improves Tomato Shelf-Life
While Ensuring Fruit Quality.” Plants, People, Planet 6: 330-340.

Osorio, S., A. Bombarely, P. Giavalisco, et al. 2011. “Demethylation of
Oligogalacturonides by FaPEl in the Fruits of the Wild Strawberry
Fragaria vesca Triggers Metabolic and Transcriptional Changes
Associated With Defence and Development of the Fruit.” Journal of
Experimental Botany 62: 2855-2873.

Osorio, S., C. Castillejo, M. A. Quesada, et al. 2008. “Partial
Demethylation of Oligogalacturonides by Pectin Methyl Esterase 1 Is
Required for Eliciting Defence Responses in Wild Strawberry (Fragaria
vesca).” Plant Journal 54: 43-55.

Pelloux, J., C. Rustérucci, and E. J. Mellerowicz. 2007. “New Insights
Into Pectin Methylesterase Structure and Function.” Trends in Plant
Science 12: 267-277.

Rahman, M. U, M. Hanif, R. Wan, X. Hou, B. Ahmad, and X. Wang.
2018. “Screening Vitis Genotypes for Responses to Botrytis cinerea
and Evaluation of Antioxidant Enzymes, Reactive Oxygen Species and
Jasmonic Acid in Resistant and Susceptible Hosts.” Molecules 24: 5.

Raiola, A., V. Lionetti, I. Elmaghraby, et al. 2011. “Pectin Methylesterase
Is Induced in Arabidopsis Upon Infection and Is Necessary for a

4996

Plant Biotechnology Journal, 2025

35UBD 1T SUOWIWOD dA a1 3|qedt|dde ayy Aq pausenob ake sapie YO ‘38N JO SN Joj A%eiq i 3UluQ A3\ UO (SUO N PUOD-PUR-SWLLIB}WIOD" A3 | 1M Aed 1 pUIUO//:Sd1Y) SUORIpUOD pue sWwB | 8y 39S *[9202/S0/TE] Uo AkelqiauliuQ AB|IM ‘(Pepiues ap 0LBISIUI) UOSINOL [UOITRN aURIY00D UsiUedS Aq 6/20/ 10d/TTTT OT/I0p/wod | IMm Ariqipul|uo//sdiy woiy papeojumod ‘IT ‘G202 ‘2G9LL9VT



Successful Colonization by Necrotrophic Pathogens.” Molecular Plant-
Microbe Interactions 24: 432-440.

Rojas, B., F. Sudrez-Vega, S. Saez-Aguayo, et al. 2021. “Pre-Anthesis
Cytokinin Applications Increase Table Grape Berry Firmness by
Modulating Cell Wall Polysaccharides.” Plants 10: 2642.

Shannon, P., A. Markiel, O. Ozier, et al. 2003. “Cytoscape: A Software
Environment for Integrated Models of Biomolecular Interaction
Networks.” Genome Research 13, no. 11: 2498-2504. https://doi.org/10.
1101/gr.1239303.

Silva, C.J., J. A. Adaskaveg, S. D. Mesquida-Pesci, et al. 2023. “Botrytis
cinerea Infection Accelerates Ripening and Cell Wall Disassembly to
Promote Disease in Tomato Fruit.” Plant Physiology 191: 575-590.

Su, K., W. Zhao, H. Lin, C. Jiang, Y. Zhao, and Y. Guo. 2023. “Candidate
Gene Discovery of Botrytis cinerea Resistance in Grapevine Based on
QTL Mapping and RNA-Seq.” Frontiers in Plant Science 14: 1-10.

Vaczy, K. Z., M. Otto, A. Gomba-Téth, et al. 2024. “Botrytis Cinerea
Causes Different Plant Responses in Grape (Vitis vinifera) Berries
During Noble and Grey Rot: Diverse Metabolism Versus Simple
Defence.” Frontiers in Plant Science 15: 1433161.

Vannozzi, A., D. C. J. Wong, J. Holl, et al. 2018. “Combinatorial
Regulation of Stilbene Synthase Genes by WRKY and MYB
Transcription Factors in Grapevine (Vitis vinifera L.).” Plant and Cell
Physiology 59: 1043-1059.

Vega, A., P. Canessa, G. Hoppe, et al. 2015. “Transcriptome Analysis
Reveals Regulatory Networks Underlying Differential Susceptibility to
Botrytis cinerea in Response to Nitrogen Availability in Solanum lycop-
ersicum.” Frontiers in Plant Science 6: 1-17.

Velt, A., B. Frommer, S. Blanc, et al. 2023. “An Improved Reference of
the Grapevine Genome Reasserts the Origin of the PN40024 Highly
Homozygous Genotype.” G3: Genes, Genomes, Genetics 13: 67.

Versari, A., G. Paola Parpinello, G. Battista Tornielli, R. Ferrarini, and C.
Giulivo. 2001. “Stilbene Compounds and Stilbene Synthase Expression
During Ripening, Wilting, and UV Treatment in Grape cv. Corvina.”
Journal of Agricultural and Food Chemistry 49: 5531-5536.

Vezzulli, S., L. Bianco, D. Nicolini, et al. 2022. “FEMVitisDB: A FAIR
Data Management System for Data Integration in Grapevine.” In XIII.
International Symposium on Grapevine Breeding and Genetics, Landau/
Pfalz, Germany, 10-15 July 2022, 104. Julius-Kiithn-Archiv. https://hdl.
handle.net/10449/83462.

Wan, D. Y, Y. Guo, Y. Cheng, et al. 2020. “CRISPR/Cas9-Mediated
Mutagenesis of VwMLO3 Results in Enhanced Resistance to Powdery
Mildew in Grapevine (Vitis vinifera).” Horticultural Research 7: 116.

Wang, L., Y. Gao, S. Wang, Q. Zhang, and S. Yang. 2021. “Genome-Wide
Identification of PME Genes, Evolution and Expression Analyses in
Soybean (Glycine max L.).” BMC Plant Biology 21: 1-20.

Wang, L., M. Zhang, J. Li, et al. 2024. “VgQNAC44 Enhances Stilbene
Synthesis and Disease Resistance in Chinese Wild Grape by Interacting
With VqMYBI15.” Plant Science 341: 111994.

Weiller, F., J. Schiickel, W. G. T. Willats, A. Driouich, M. A. Vivier, and J.
P. Moore. 2021. “Tracking Cell Wall Changes in Wine and Table Grapes
Undergoing Botrytis cinerea Infection Using Glycan Microarrays.”
Annals of Botany 128: 527-543.

Wen, B., F. Zhang, X. Wu, and H. Li. 2020. “Characterization of the
Tomato (Solanum lycopersicum) Pectin Methylesterases: Evolution,
Activity of Isoforms and Expression During Fruit Ripening.” Frontiers
in Plant Science 11: 1-17.

Wise, A. A., Z. Liu, and A. N. Binns. 2006. “Three Methods for the
Introduction of Foreign DNA Into Agrobacterium.” Methods in
Molecular Biology 343: 43-53.

Wu, W, P. Fu, and J. Lu. 2022. “Grapevine WRKY Transcription
Factors.” Fruit Research 2: 1-8.

Xue, C., S. C. Guan, J. Q. Chen, C. J. Wen, J. F. Cai, and X. Chen. 2020.
“Genome Wide Identification and Functional Characterization of
Strawberry Pectin Methylesterases Related to Fruit Softening.” BMC
Plant Biology 20: 1-17.

Zamboni, A., L. Minoia, A. Ferrarini, et al. 2008. “Molecular Analysis
of Post-Harvest Withering in Grape by AFLP Transcriptional Profiling.”
Journal of Experimental Botany 59: 4145-4159.

Zhang, P., H. Wang, X. Qin, et al. 2019. “Genome-Wide Identification,
Phylogeny and Expression Analysis of the PME and PMEI Gene
Families in Maize.” Scientific Reports 9: 1-12.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Data S1. Letter-probability matrix
for WRKYO03 transcription factor binding sites (TFBS). Figure S1.
Monosaccharide compositions of cell wall extracts from flowers and
berry skins of different grapevine genotypes. Figure S2. Phylogenetic
tree of Arabidopsis thaliana and Vitis vinifera Pectin Methyl Esterase
(PME) genes. Figure S3. Expression profiles of PME family genes
across various grapevine organs and tissues at different developmental
stages. Figure S4. Summary of RNA-seq results comparing Be-infected
and control flowers of ‘Souvigner Gris’ (SG) and ‘Teroldego’ (TE) at 24h
post-inoculation. Figure S5. Summary of on-target analysis of the
PME10 knockout (KO) lines. Figure S6. Summary of the off-target anal-
ysis of the PMEIO KO lines. Figure S7. Phenotypic characterisation of
PME10 KO lines compared with control plants. Figure S8. Phenotypic
characterisation of PME10 overexpressing (OE) lines compared with
control plants. Figure S9. WRKY03 DAP-seq and DAP-qPCR analyses
of the WRKY03-PMEI10 interaction. Figure S10. Melting curve analy-
sis during qPCR assays using primers for PME10, PMEI11, and PMEI2.
Table S1. Complete list of the 62 PME genes identified in the V.vinif-
era PN40024 reference genome. Table S2. Summary of the Illumina
read processing and mapping to the concatenated V.vinifera PN40024
12X.v2 and B. cinerea DW1 genome assemblies. Table S3. Differentially
expressed genes in ‘Souvigner Gris’ and V.vinifera ‘Teroldego’ flowers
at 24h post-inoculation with B. cinerea. Table S4. Metadata of publicly
available RNA-seq experiments on B.cinerea-grapevine berry interac-
tions, included in the Botrytis Stress Atlas Explorer. Table S5. Predicted
PMEIO0 off-target regions in V.vinifera ‘PN40024’ and ‘Sugraone’ ge-
nome assemblies. Table S6. WRKY03-binding events on PME genes
detected by DAP-seq analysis. Table S7. PME10 DAP-seq qPCR con-
ditions. Table S8. List of primers used throughout the study. Methods
S1. Molecular analysis and acclimation procedures for PME10 OE and
KO lines. Methods S2. Detailed procedures for Bc artificial inoculation
assays. Methods S3. Detailed experimental procedures for biochemical
and immunohistochemical analyses. Methods S4. Computational and
gene expression analysis workflows. Methods S5. Detailed experimen-
tal procedures for DAP-seq and DAP-qPCR analyses, PMEI0 promoter
analysis and cloning, and dual luciferase assay.

Plant Biotechnology Journal, 2025

4997

35UBD 1T SUOWIWOD dA a1 3|qedt|dde ayy Aq pausenob ake sapie YO ‘38N JO SN Joj A%eiq i 3UluQ A3\ UO (SUO N PUOD-PUR-SWLLIB}WIOD" A3 | 1M Aed 1 pUIUO//:Sd1Y) SUORIpUOD pue sWwB | 8y 39S *[9202/S0/TE] Uo AkelqiauliuQ AB|IM ‘(Pepiues ap 0LBISIUI) UOSINOL [UOITRN aURIY00D UsiUedS Aq 6/20/ 10d/TTTT OT/I0p/wod | IMm Ariqipul|uo//sdiy woiy papeojumod ‘IT ‘G202 ‘2G9LL9VT


https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://hdl.handle.net/10449/83462
https://hdl.handle.net/10449/83462

	PME10 Is a Pectin Methylesterase Driving PME Activity and Immunity Against Botrytis cinerea in Grapevine (Vitis vinifera L.)
	ABSTRACT
	1   |   Introduction
	2   |   Results
	2.1   |   Botrytis cinerea Infection Caused Higher Colonisation in ‘Teroldego’ and Blossom Abortion in ‘Sangiovese’ Compared to 'Souvignier Gris'
	2.2   |   Higher Grapevine Resistance to B. cinerea Positively Correlates With Increased PME Activity
	2.3   |   Higher Resistance to B. cinerea Is Associated With a Lower Level of Unesterified Pectin
	2.4   |   Genome-Wide Identification and Phylogenetic Characterisation of the VviPME Gene Family
	2.5   |   A Stronger Transcriptional Response Was Observed in the Susceptible Genotype at Early Stages Post-B. cinerea Infection
	2.6   |   Clade 5A PMEs Are Significantly Induced Upon B. cinerea Infection in Flowers and Berries
	2.7   |   PME10 Knockout Lines Showed an Impaired Induction of PME Activity and Higher Susceptibility When Infected With B. cinerea
	2.8   |   PME10 Overexpressing Lines Showed High PME Activity, Restricting Botrytis Infection
	2.9   |   The B. cinerea-Induced WRKY03 Transcription Factor Directly Regulates PME10 Expression

	3   |   Discussion
	3.1   |   PME Activity Contributes Positively to Grapevine Immunity Against B. cinerea
	3.2   |   PME10 Is a Pectin Methylesterase Responsible for the PME Activity That Confers Resistance to B. cinerea
	3.3   |   WRKY03 Directly Activates PME10 Expression in Response to B. cinerea

	4   |   Conclusions
	5   |   Experimental Procedures
	5.1   |   Plant Material
	5.1.1   |   Grapevine Genotypes for Artificial Inoculation With B. cinerea

	5.2   |   PME10 Knockout and Overexpressing Lines
	5.2.1   |   PME10 Cloning and Overexpression
	5.2.2   |   PME10 Knockout
	5.2.3   |   Stable Gene Transfer Experiments

	5.3   |   Bc Artificial Inoculation Assays
	5.3.1   |   B. cinerea Inoculum Preparation
	5.3.2   |   B. cinerea Artificial Inoculation of Flowers of Different Grapevine Genotypes
	5.3.3   |   B. cinerea Artificial Leaf Inoculation Assays of KO and OE Lines

	5.4   |   Biochemical and Immunohistochemical Analyses
	5.4.1   |   Determination of Methyl Ester Content and Monosaccharide Composition in CW of Flower and Berry Skin Samples
	5.4.2   |   PME Activity Determination
	5.4.3   |   Immunohistochemical Analysis

	5.5   |   Gene Expression Analyses
	5.6   |   Bioinformatics
	5.7   |   PME10 Promoter Analysis and Cloning, DAP-Seq and DAP-qPCR Analyses and Dual Luciferase Assay

	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


