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Abstract

Downy mildew, caused by the biotrophic oomycete Plasmopara viticola, is one of the
most economically significant grapevine diseases worldwide. Current strategies to
cope with this threat rely on the massive use of chemical compounds during each cul-
tivation season. The economic costs and negative environmental impact associated
with these applications increased the urge to search for sustainable strategies of dis-
ease control. Improved knowledge of plant mechanisms to counteract pathogen
infection may allow the development of alternative strategies for plant protection.
Epigenetic regulation, in particular DNA methylation, is emerging as a key factor in
the context of plant-pathogen interactions associated with the expression modula-
tion of defence genes. To improve our understanding of the genetic and epigenetic
mechanisms underpinning grapevine response to P. viticola, we studied the modula-
tion of both 5-mC methylation and gene expression at 6 and 24 h post-infection
(hpi). Leaves of two table grape genotypes (Vitis vinifera), selected by breeding activi-
ties for their contrasting level of susceptibility to the pathogen, were analysed. Fol-
lowing pathogen infection, we found variations in the 5-mC methylation level and the
gene expression profile. The results indicate a genotype-specific response to patho-
gen infection. The tolerant genotype (N23/018) at 6 hpi exhibits a lower methylation
level compared to the susceptible one (N20/020), and it shows an early modulation

(at 6 hpi) of defence and epigenetic-related genes during P. viticola infection. These
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1 | INTRODUCTION

Viticulture is one of the most important agricultural activities world-
wide. In 2020, 7.3 million hectares were estimated to be cultivated as
vineyards (OIV, 2021 ). The cultivated Vitis vinifera L. is highly suscep-
tible to downy mildew, caused by the obligatory oomycete Plasmopara
viticola (Berk. & Curtis) Berl. & De Toni, which significantly influences
the plant lifespan, fruit quality and production quantity (Armijo
et al, 2016; Boso et al., 2014; Brilli et al., 2018; Buonassisi
et al., 2017; Eisenmann et al, 2019; Vezzulli et al., 2018). High
amounts of pesticides are used during the growing season to control
this disease, harbouring both environmental and health impacts. To
promote a more sustainable approach to control this disease, efforts
have been conducted to expand the knowledge of this interaction and
breeding new cultivars resistant to P. viticola have become a promising
approach. Therefore, a deeper knowledge of grapevine defence mech-
anisms is crucial to identify candidates for resistance introgression.

The grapevine defence system relies on intricate communication
between host and pathogen, leading to broad physiological modula-
tion and the activation of molecular layers of defence. Previous stud-
ies have shown that a broad modulation of transcripts, proteins, lipids
and metabolites occurs in the first hours of interaction between
grapevine and P. viticola (Buonassisi et al., 2017; Figueiredo
et al., 2017, 2018; Frobel & Zyprian, 2019; Laureano et al., 2018; Liu
et al.,, 2020; Maia et al, 2019; Nascimento et al., 2019; Santos
et al., 2020). Upon being challenged with biotic or abiotic stresses,
plants can create a “memory” of the response obtained. This response
is known as defence priming, and it can also be mediated by different
epigenetic mechanisms (Espinas et al., 2016; Lamke & Baurle, 2017;
Laurell et al., 2022; Ramirez-Prado, Abulfaraj, et al., 2018). Epigenetic
modulation is known to regulate gene expression that leads to pheno-
typic plasticity aiming at plant adaptation and survival to external
stimuli (Gallusci et al., 2017; Ramos-Cruz et al., 2021; Xie et al., 2017;
Yan et al., 2019). Epigenetic modifications may affect plant defence at
a long-term level contributing to a transgenerational inheritable
defence strategy (Espinas et al., 2016; Lamke & Baurle, 2017; Laurell
et al., 2022; Ramirez-Prado, Abulfaraj, et al., 2018; Xie et al., 2017).

In the context of plant-pathogen interactions, epigenetic modula-
tion has been shown to impact the outcome of the host defence. Sev-
eral mechanisms leading to epigenetic modifications have been
described so far, including DNA methylation, chromatin rearrange-
ment, histone modifications and the establishment of gene silencing
through RNA interference (RNAI) (Barozai & Aziz, 2018; Espinas
et al., 2016; Hoang et al., 2018; Ramirez-Prado, Piquerez, et al., 2018;
Ramos-Cruz et al., 2021; Yan et al., 2019). Several studies on DNA
methylation have been performed on different types of host-

data suggest that the timing of response is an important mechanism to efficiently

counteract the pathogen attack.

pathogens interaction (Huang & Jin, 2022). As an adaptive strategy to
biotic stresses, plant DNA methylation may lead to a broad transcrip-
tome reprogramming since the pressure on the different positions of
the cytosine methylation patterns on different genomic regions could
influence the plant defence gene response and furthermore obtain
distinct responses (Ali et al., 2020; Brocklehurst et al., 2018; Deleris
et al, 2016; Dowen et al, 2012; Espinas et al., 2016; Hewezi
et al., 2018; Koéhler & Springer, 2017; Lépez Sanchez et al., 2016;
Ramos-Cruz et al., 2021; Zhi & Chang, 2021). Lopez Sanchez and
authors reported that Arabidopsis hypomethylated Nuclear DNA-
dependent RNA polymerase V nrpel (from the RdADM pathway) and
hypermethylated Repressor of Silencing 1 ros1 (DNA demethylation
pathway) mutants presented a resistant and susceptible phenotype,
respectively, when infected with Hyaloperonospora arabidopsidis and
the presence or absence of DNA methylation could affect Salicylic
Acid (SA)-dependent defence against the pathogen (Lépez Sanchez
etal, 2016).

Chromatin organisation is another important epigenetic mecha-
nism (Alonso et al., 2019; Berr et al., 2012; Panigrahi et al., 2021,
Ramirez-Prado, Piquerez, et al., 2018) and its role in plant-pathogen
interactions was also highlighted recently. Several chromatin remodel-
ling complexes have been analysed to play a role in the immune
defence system against biotic stresses (Alonso et al., 2019; Panigrahi
et al., 2021; Ramirez-Prado, Piquerez, et al., 2018). SWitch/Sucrose
Non-Fermentable (SWI/SNF) and/or SWI2/SNF2-Related 1 Chroma-
tin Remodelling (SWR1) complex subunits are some of the chromatin
remodelers that have important functions in the defence system, as
well as a regulatory impact on SA and Jasmonic Acid/Ethylene (JA/ET)
pathways (Berriri et al., 2016; March-Diaz et al., 2008; Panigrahi
et al., 2021; Ramirez-Prado, Piquerez, et al., 2018). Also, histone modi-
fication enzymes have been identified as influencers of the defence
related networks, such as JA/ET, Abscisic Acid (ABA) and/or SA-
dependent pathways, which, therefore, could contribute to a resis-
tance or susceptible phenotypic behaviour after the biotic stresses
(Chen et al., 2020; De-La-Pefa et al., 2012; Ding & Wang, 2015;
Kim, 2021; Ramirez-Prado, Piquerez, et al., 2018).

Another important epigenetic mechanism is the RNA-directed
DNA methylation (RADM) which acts parallelly with other epigenetic
mechanisms for plant development and defence response (Ali
et al., 2020; Ldépez et al.,, 2011; Zhu et al., 2016). It is known that
RdDM is involved in the DNA methylation and RNAi pathways as a
plant defence mechanism, specifically reported in plant-viruses inter-
actions (Erdmann & Picard, 2020). Lépez and colleagues have
observed that Arabidopsis mutant for several different components of
the RADM pathway (especially RNA Pol V), when infected with bacte-
ria or fungi, presented a resistant and susceptible phenotype,
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respectively, and opposite regulation of the SA and JA pathways
(Lopez et al., 2011). Weiberg and colleagues identified, in Botrytis
cinerea Pers.: Fr., small RNAs (sRNA) that silenced the plants RNAi
machinery, specifically Argonaute 1, to undermine and weaken the
host's immune defence system (Weiberg et al., 2013). Interestingly,
the same research group reported that in RNAI transgenic B. cinerea-
Dicer-like 1/2 (DCL 1/2) gene in Arabidopsis and tomato plants (with-
out host DCL change) presented a lower disease manifestation and
fungus DCL gene expression. It indicated that the hosts could counter-
attack pathogens through the same RNAI strategy, which might be a
possible novel agronomic approach through RNA-directed fungicides
(Wang et al., 2016).

Epigenetic machinery has also been analysed as playing a role in
the plant pathogen's development, pathogenesis and metabolism (He,
Zhang, et al., 2020; Zhu et al., 2016). Interestingly, Chen and col-
leagues reported that DNA methylation marks on Phytophthora oomy-
cetes (positioned at the N6-methyladenine [6 mA]) were influenced
by their lifecycle and important virulent elements (effectors and trans-
posable elements [TE]), suggesting that the activation of these pat-
terns could lead to pathogen adaptation to plant defence (Chen
et al., 2018; Rojas-Rojas & Vega-Arreguin, 2021). Therefore, the DNA
methylation mechanism influences plants and pathogens from an
adaptive response perspective by expanding their phenotypical and
genomic range for either organism's survival.

In grapevine, little is known about epigenetic regulation in the
context of its interaction with pathogens, namely with P. viticola. To
further understand the epigenetic regulation mechanisms underneath
grapevine-P. viticola interaction, a 5-mC DNA methylation analysis
was done during the first hours of contact between grapevine cross-
ing hybrids and P. viticola. We have further looked into epigenetic and
defence-related transcripts modulation during this interaction in order
to characterise the main mechanisms behind grapevine response to

the downy mildew pathogen.

2 | MATERIALS AND METHODS

21 |
infection

Evaluation of susceptibility levels to P. viticola

We performed both a leaf disc assay and an in planta test using three
V. vinifera cultivars (Italia, Red Globe and Crimson seedless) and four
new genotypes of V. vinifera, derived from the cross between cultivar
Red Globe (female) and Regal seedless (male) (N20/020, N23/018,
N20/012 and N20/029). We chose these cultivar/new genotypes
because, in previous field observations conducted at the Consiglio per
la ricerca in agricoltura e l'analisi dell'economia agraria, Centro di
Ricerca Viticoltura ed Enologia (CREA-VE) (Turi, Italy), they showed
different susceptibility levels to P. viticola infections on bunches.
Bunches of 115 new genotypes from the cross Red Globe x Regal
Seedless (5 plants/genotype) were observed starting from the pheno-
logical phases BBCH 61 (time of beginning of bloom) to the phenolog-
ical phase BBCH 71 (time of beginning of berry ripening). For each
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genotype, the Disease Incidence (DI1%), calculated as the percentage
ratio between the number of bunches showing symptoms and the
total number of bunches, and the Disease Severity (DS%) were calcu-
lated. In particular, the severity of downy mildew (was evaluated by
using an empirical O-to-5 rating scale (where O = bunch without
symptoms, 1 = bunch with a damaged surface between 5 and 20%,
2 = bunch with a damaged surface between 25 and 40%, 3 = bunch
with a damaged surface between 45 and 60%, 4 = bunch with a dam-
aged surface between 65 and 80%, 5 = bunch with a damaged sur-
face between 85% and 100%) and the formula of Townsend-
Heuberger (Lo Scalzo et al., 2012). Collected data were subjected to
Cluster Analysis using the K-means algorithm and the different geno-
types were divided into three different clusters based on the level of
tolerance/susceptibility to downy mildew infections (Figure S1).
Genotypes N23/018, N20/012 and Red Globe showed low levels of
both DI and DS, in contrast to the genotypes N20/020, N20/029 and
Regal seedless that showed high levels of both disease indices
(Table 1).

211 | Leafdiscassay

We performed a leaf disc assay, in order to confirm the contrasting
susceptibility to P. viticola of selected individuals. In particular, the
third, fourth and fifth fully expanded leaves beneath the apex were
detached from each selected individual. From each leaf, 2.4 cm diame-
ter discs were excised with a cork borer and placed randomly onto
wet paper in Petri dishes with the abaxial side up. Three Petri dishes
per individual, each containing seven leaf discs, were used. The
P. viticola sporangia were collected from symptomatic grapevine
leaves by brushing the white mould present on the underside of the
leaves and each disc was inoculated with 50 pl of a sporangia suspen-
sion (1.8 x 10 sporangia/ml). Sealed Petri dishes were incubated for
5 days at 20°C with a photoperiod of 8/16 h dark/light, in a culture
chamber. Phenotypic observations were made on day 5. In particular,
for each selected individual, the number of infected leaf discs were
counted and, using a rating scale reported in Figure 1, the degree of
sporulation was recorded for each leaf disc. Finally, for each individ-
ual, the Disease incidence (DI) (Ahmed, 2018) and disease severity
(DS) were calculated by complying with the formula of Townsend-
Heuberger (Lo Scalzo et al., 2012).

2.1.2 | Inplanta assay

Wood cuttings from both selected cultivars (Italia, Red Globe and
Crimson Seedless) and new genotypes (N20/020, N23/018, N20/012
and N20/029) were obtained from the experimental vineyard of the
CREA-VE, located in Rutigliano (Apulia region). Grapevine cuttings
were harvested, cut in similar sizes (with 2 buds per cutting) and par-
tially immersed in a 30°C water bath within a 4°C chamber for
2 months. This system allows the radicular system to grow without

the rapid development of the rest of the plant. Then, the cuttings
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TABLE 1 Percentage of disease incidence (DI) and severity (DS) of P. viticola infection in table grape varieties and crossings

Grape bunch (field observations)

Leaf (disc assay)

Leaf (in planta assay)

Table grapes DI/DS (%) DI/DS (%) DI/DS (%)

Varieties Regal Seedless 90.5/74.0C1 100.0 a/93.6 a -/-
Italia 21.5/1.6 C2 71.4 ab/64.2 bc 47.5ab/27.1 ab
Crimson Seedless 6.7/1.1C2 100.0 a/85.7 ab 61.9 ab/15.6 ab
Red Globe 37.1/12.6 C2 61.9 ab/52.4 bc 56.8b/21.6b

Crossings N20/012 34.0/16.6 C2 62.0ab/25.2 c 58.3 ab/19.4 ab
N20/020 79.3/46.5 C1 85.7 ab/80.3 ab 51.5ab/19.4 ab
N20/029 76.0/47.9 C1 100.0 a/79.6 abc 35.0 ab/10.7 ab
N23/018 38.3/19.1 C2 35.7b/27.6 ¢ 221a/53a

Note: Data on grapevine varieties and crossings derived from the cross Qred globe x gregal seedless are reported. The grape bunch analysis of the entire
cross population and its statistical assessment is reported in the Figure S1. Genotypes belonging to C1 cluster showed higher susceptibility to P. viticola,

compared to C2 (lower susceptibility), as assessed by cluster analysis. In the leaf disk assay, the four crossing genotypes represent a selection of 40
individuals analysed. The values followed by different letters are statistically different according to non-parametric Conover's test.

1 3

A

7 9

FIGURE 1 Rating scale applied for the phenotypic evaluation of Plasmopara viticola sporulation in leaf disc assays. 1: Absence of
sporangiophores; 3: Sparse sporangiophores, localised in the inoculation point; 5: Patches of sparse sporulation intermixed with necrotic flecks
underneath sporalting area; 7: Dense sporulation limited to inoculation point; 9: Dense sporulation beyond the point of inoculation

were transferred to square plastic pots with a mixture of seedling sub-
strate and perlite (3:1 v/v). The wood cuttings were placed in a green-
house for 2 months with natural light conditions at a temperature
between 5°C and 30°C. The P. viticola sporangia were collected as
previously described (paragraph 2.1.1), and sporangia suspension
(1.8 x 10* sporangia/ml) was sprayed on the abaxial side of the leaves
(Figueiredo et al., 2017) of the different grapevine genotypes. As a
control of the in vivo assay, plants were sprayed with water (mock
inoculation). After inoculation, plants were covered with plastic bags
to create a moist chamber with high humidity and kept in the dark for
8 h. Then, plants were maintained under greenhouse conditions. At
4, 6, 24 and 48 h post infection (hpi), the third to fifth fully expanded
leaves were collected, frozen in liquid nitrogen and stored at —80°C.
For each cultivar and time point (inoculated and mock inoculated),
three biological replicates were collected consisting of three leaves
from three different plants.

A modified disease development scale from OIV descriptor 452-1
(leaf resistance degree) was used to evaluate the disease symptoms
for the phenotypic analysis of the inoculated plants. The OIV descrip-
tor scale was adjusted to six levels from O (no oil spots present) to
5 (85-100% of the surface of the leaf with oil spots) (OIV, 2009). Dis-
ease incidence (DI) (Ahmed, 2018) and disease severity (DS) were cal-

culated, as described above, by complying with the formula of

Townsend-Heuberger (Lo Scalzo et al., 2012). Since data did not fol-
low a normal distribution (Shapiro-Wilk's test) and homogeneity of
variances (Levene's test), a non-parametric statistic approach was
used. In particular, permutational multivariate analysis of variance
(PERMANOVA test [Anderson, 2017], one-way ANOVA on ranks
[Kruskal-Wallis H test (Kruskal & Wallis, 1952)]) and Conover's test of
multiple comparisons using rank sums as post hoc test were used to
assess the statistical differences between experimental conditions. All
the statistical analyses, as well as a descriptive analysis of the data,

were performed in R studio (version 3.5.0).

2.2 | Evaluation of global 5 mC methylation % and
transcriptome analysis in grapevine-P. viticola
interaction

For the evaluation of the 5-mC methylation plant profile and transcrip-
tome analysis, leaf samples collected at 6 and 24 h from the inoculated
and mock inoculated crossing genotypes N20/020 (S—susceptible) and
N23/018 (T—tolerant) were used. These two genotypes were selected
for molecular analyses, as in all the performed evaluations (field observa-
tion, leaf disc assay and in planta assay) they showed a constant pheno-

typic response to downy mildew infection (Table 1).
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2.2.1 | DNA methylation assay

Genomic DNA isolation was performed using NucleoSpin Plant I
(Macherey-Nagel) according to the manufacturer's instructions. Geno-
mic DNA quality was evaluated at A260/280 nm and A260/230 nm
using a spectrophotometer (NanoDrop-1000, Thermo Scientific). Prior
to the global DNA methylation evaluation, the DNA of the biological
replicates was combined with 0.5 pg of total DNA.

The 5-mC DNA ELISA Kit (Zymo Research) was used to measure
the percentage (%) of 5-methylcytosine (5-mC) present in the genomic
DNA according to the manufacturer's instructions. An Anti-5-mC
monoclonal antibody that is both sensitive and specific for 5-mC was
used. A horseradish peroxidase (HRP) conjugate was used as a sec-
ondary antibody. The absorbance was read at 405 nm after approxi-
mately 20 min of colour development. Each sample was assessed in
triplicate. According to the manufacturer's instructions, the percent
5-mC in a DNA sample was quantified from a standard curve gener-
ated with Escherichia coli DNA methylated with a CpG methylase.
Considering that the density of CpG dinucleotides varies between
species, in order to quantitate the percentage of 5-mC, the calculated
% 5-mC was multiplied by the fold difference in CpG density between
E. coli and the sample species. Therefore, the % CpG methylation of
each sample was corrected by the CpG/genome length ratio of
V. vinifera (4.4749). To determine the % of global methylation, the %
CpG methylation was multiplied by the ratio of V. vinifera total cyto-
sines/genome length (0.1483). The percentage of global 5-mC methyl-
ation for each sample was calculated as fold change of inoculated
versus mock (control). Statistical analysis was also performed to com-
pare the fold change between N20/020 and N23/018 at each time-
point, using a Welch's t test from GraphPad Prism software version
8.2.1 (Pereira et al., 2022).

The contribution of P. viticola DNA methylation was not taken
into account for the global methylation calculations, as in Pereira et al.
(2022). It is reported that in oomycetes the methylation of adenines
(6 mA) is the more frequent DNA methylation modification (Atighi
et al,, 2020; Chen et al., 2018; Pereira et al., 2022).

2.2.2 | Microarray analysis

Total RNA extraction was performed using the Agilent Plant RNA Iso-
lation Mini kit (Agilent Technologies) according to the manufacturer's
protocol. The total RNA purity and concentration were analysed by
spectrophotometry (Nanodrop), 2100 Bioanalyzer (Agilent Technolo-
gies) and Qubit 4 Fluorometer (Invitrogen). A total of 1500 ng were
used for cDNA synthesis. Both cDNA synthesis, labelling and hybridi-
zation procedures were made in accordance with the manufacturer's
instructions (Agilent Technologies Protocol version 6.9.1).

A custom V. vinifera Agilent array with 44,000 probes (Catacchio
et al.,, 2019) was used. The Agilent Feature Extraction software ver-
sion 12.0 (Agilent Technologies) was used for data extraction. Gene-
Spring MultiOmics Analysis version 14.9 (Agilent Technologies) was
used for the data analysis. Data was normalised through a percentile
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shift of 75%, baseline median of all samples and different types of fil-
ters (expression, flag, data file and error—coefficient of variance
<20%). To improve the reproducibility of our microarray gene expres-
sion, a resampling in silico approach was performed on the outliers
based on the workflow of the Sincell R work package as described by
Julia and colleagues (Julia et al., 2015) applied to the microarray gPro-
cessed Signals. To test the robustness of this strategy Pearson Corre-
lation was performed.

For the statistical analysis, the Rank Product (RP) method was
used to determine the total number of differentially expressed genes
(DEGs) (Breitling et al., 2004) through a comparison between the RP
of 1000 balanced permutations, the RP value of each gene and the
comparison of Inoculation versus Mock conditions has a control sub-
set. The DEGs cut-off determination was based on the False Discov-
ery Rate (FDR) < 0.17. In order to view the pathways that belong to
the obtained DEGs, V. vinifera annotation was queried as described by
Catacchio and colleagues (Catacchio et al., 2019) and complemented
with V3 annotated V. vinifera version (https://urgi.versailles.inra.fr/
Species/Vitis/Annotations) as well as NCBI Blast (https://blast.ncbi.
nlm.nih.gov/Blast.cgi).

The Cytoscape platform v3.7.2 and ClueGo plug-in v2.5.5 (Bindea
et al., 2009; Shannon et al., 2013) were used for gene network analy-
sis by using the V1 V. vinifera gene annotation. The Gene Ontology
(GO) hierarchy was restricted between GO term levels O to 20. Kappa
Score grouping was applied, as well as the Kappa Score Threshold of
0.4. To enrich the GO analysis, the AMIGO2 v2.5.13 platform (http://
amigo.geneontology.org/amigo) was used. An overview of DEGs
intersection between different experimental conditions was possible
by the usage of Venn Diagram tools (http://bioinformatics.psb.ugent.
be/webtools/Venn/). This multiple annotation method allowed to
improve the identification of the epigenetic-related DEGs (ER-DEGs)
in targeted pathways for further analysis. Subsequently, the data was
reported as hierarchical clustering and heatmap of the defence-related
(DR-) and ER- gene expression profile (gene microarray normalised
intensities) through the Multiple Experiment Viewer (MeV) (Howe
et al., 2010), applying the average linkage clustering and Pearson Cor-
relation as the distance metric. Moreover, the pathways significantly
modulated through ClueGo plug-in v2.5.5 pathways (biological pro-
cess, cellular component, molecular function and KEGG pathway)
were identified with the fusion of GO terms based on gene

similarities.

2.3 | Quantitative real-time PCR

Six ER-DEGs were selected and their expression was validated by
quantitative real-time PCR (gqPCR). Complementary DNA was synthe-
sised from 1 pg of RNA using SuperScript IV Reverse Transcriptase kit
(Invitrogen, Thermo Fisher Scientific) and anchored oligo(dT)16,
according to the manufacturer's instructions. Expression analysis was
performed with an ABI Prism 7900HT instrument (Applied Biosys-
tems, Thermo Fisher Scientific) according to the manufacturer's proto-
col and using the Platinum SYBR Green gPCR SuperMix-UDG with
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ROX (Invitrogen, Thermo Fisher Scientific) and gene-specific primers
(Table S1). All reactions were performed in triplicate. After each assay,
a dissociation kinetics analysis was performed to verify the specificity
of the amplification products. Relative amounts of all mRNAs were
calculated using the 2722 method (Livak & Schmittgen, 2001),
where ACt = Ct (target gene) — Ct (reference gene). The housekeep-
ing gene actin was used as an endogenous reference for

normalisation.

3 | RESULTS

3.1 | \Vitis vinifera table grape crossing populations
can portray susceptible or tolerant characteristics
against Plasmopara viticola infection

A leaf disc assay and an artificial inoculation test on potted plants (in
planta assay) were performed in order to confirm the different
responses to P. viticola infection evaluated in preliminary studies.
Results of all the experiments (Table 1 and Figure S1) reveal a differ-
ent susceptibility between bunches and leaves to P. viticola infection
for most of the genotypes analysed, as previously reported by other
authors (Savary et al., 2009). The genotypes N20/020 and N23/018
were the most contrasting genotypes regarding disease incidence
(both in leaves and bunches) and therefore selected for molecular
studies. In the following experiments, these genotypes were referred
as susceptible (5)—N20/020 and tolerant (T)—N23/018.

3.2 | DNA methylation pattern differs between
tolerant and susceptible genotypes

To assess if the global DNA methylation pattern reflects the contrast-
ing susceptibility towards P. viticola of the two crossing hybrids, an
evaluation of the percentage of the 5-methylcytosine (5-mC) was per-
formed at 6 and 24 hpi. The global methylation pattern differs when
comparing the susceptible (N20/020) and tolerant (N23/018) geno-
types. The fold change reflects the comparison between the % 5-mC
levels in inoculated and mock inoculated samples. At both 6 and
24 hpi the % 5-mC levels are higher in both genotypes (positive fold
change) (Figure 2). However, the % 5-mC alteration in the tolerant
genotype was lower than in the susceptible genotype. The N20/020
presents higher modulation of the % 5-mC levels at 6 hpi. At 24 hpi,

modulation of the % 5-mC is similar in both genotypes (Figure 2).

3.3 | Transcriptome modulation at the first hours
of interactions with P. viticola

Microarray assay was performed with RNA isolated from leaves of
susceptible and tolerant genotypes, collected at 6 and 24 hpi upon
inoculation with P. viticola. Mock inoculated samples were also ana-

lysed. To identify if the transcriptome modulation after P. viticola

w L
1 1
*

Fold change
% global methylation
i

!
&=

FIGURE 2 Fold change of the percentage of global
5-methylcytosine (5-mC) when comparing inoculated and mock
conditions at 6 and 24 h post infection (hpi). Asterisk (*) represents
the significant difference (p < 0.05) between the susceptible
(N20/020) and tolerant (N23/018) genotypes analysed

inoculation differs between N20/020 (S) and N23/018 (T), a cDNA
microarray approach was followed. A custom Vitis vinifera microarray
with 44,000 probes was used. Genes significantly modulated in the
inoculated samples compared to mock were considered as differen-
tially expressed (DEGs). Overall, 3108 genes were shown to be modu-
lated (FDR <0.17), 1995 in the susceptible genotype and 1549 in the
tolerant one (Figure 3A and Table S2). In N20/020, the number of
DEGs is consistent between the time-points analysed (1068 at 6 hpi
and 1130 at 24 hpi), in N23/018, transcriptome modulation is higher
at 6 hpi, with the majority of the DEGs being down-regulated
(Table 2).

When comparing both genotypes, at 6 and 24 hpi in both time
points, the majority of the DEGs are specific to each interaction. At
6 hpi only 176 DEGs are commonly modulated and at 24 hpi 105
DEGs are commonly modulated (Figure 3A). Within the genes com-
monly modulated at 6 hpi, 37 are related to plant defence responses
(DR-DEGs). Meanwhile, at 24 hpi, 21 DEGs belong to the defence
related data set. The DR-DEGs were characterised as GO terms
related to defence and stress response, hormone biosynthesis and sig-
nalling categories.

To increase the knowledge of the functional networks affect-
ing grapevine response to P. viticola, between N20/020 and
N23/018, a gene network analysis was conducted on Cytoscape
plug-in ClueGo (Figure 3B). A total of 33 clusters were significantly
enriched (p < 0.01), with the N20/020 genotype presenting a sig-
nificantly higher percentage of DEGs involved in nitrilase activity,
iron ion binding activity and transmembrane transporter activity,
when compared with the tolerant genotype. The N23/018 geno-
type showed a significant modulation of genes involved in chiti-

nase activity (Figure 3B).
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TABLE 2 Overview of the differentially expressed genes (DEGs)
after P. viticola infection of the susceptible (S—N20/020) and tolerant
(T—N23/018) genotypes

Conditions Total DEGs Up-regulated Down-regulated
Sé6hpi 1068 611 457
S24hpi 1130 839 291
Téhpi 1151 371 782
T24hpi 504 239 265

Note: Up- or down- regulation of genes was observed through the
comparison of inoculated versus mock conditions.

The networking analysis of DEGs, at each time point, showed that
different biological pathways and molecular functions are affected
during the time course (Figure 3C,D). For instance, in the susceptible
variety at 6 hpi, a higher number of DEGs are associated with iron ion
binding processes and photosynthesis processes (Figure 3C). Several
processes connecting to manganese ion binding, enzyme inhibitor
activity, carbohydrate derivative catabolic process, sugar transmem-
brane transporter activity, carboxylic acid transmembrane transporter
activity and nitrilase activity are also enriched in the susceptible geno-
type (Figure 3C). Regarding the tolerant genotype, polysaccharide
metabolic processes, anchored components of membrane, chitinase
activity, water channel activity, hydrolase activity, hydrolyzing O-gly-
cosyl compounds are GO terms significantly modulated at 6 hpi
(Figure 3D). Six DEGs were analysed by gPCR in order to validate
microarray data (Figure S2). The analyses confirmed the expression
trend observed.

It is well established that P. viticola inoculation leads to a broad
modulation of grapevine transcriptome (Figueiredo et al, 2012;
Polesani et al., 2010). In our study, a total of 578 genes were identi-
fied as being associated with grapevine defence (DR-DEGs), corre-
sponding to 18.4% and 19.6% of the total DEGs for susceptible and
tolerant genotypes, respectively (Figure 4A and Table S3). In
N20/020, genes related to defence and DR signalling pathways were
mainly up-regulated at both time points. In this genotype, the number
of signalling related genes was higher after 24 h of the pathogen inoc-
ulation (Figure 4B). Meanwhile, in the tolerant genotype, a predomi-
nant down-regulation of the defence genes was observed at 6 hpi and
signalling related genes were mainly down-regulated at both time
points (Figure 4B).

To assess if the level of plant susceptibility/tolerance to this path-

ogen is related to different defence mechanisms, a gene network

analysis of DR-DEGs was conducted (Figure 4C). Although numerous
GO terms were equally represented in the two genotypes (grey clus-
ters), a number of biological processes and molecular functions were
more represented in S or T genotypes. For instance, genes involved in
DNA replication and chitinase activity were more represented in T
DEGs (Figure 4C). Genes related to signalling pathways were found to
be differentially modulated in our study after pathogen colonisation.
The susceptible genotype, at 24 hpi, presents more signalling related
genes with a high fold change than at 6 hpi. Meanwhile, the tolerant
variety has more DEGs related to signalling pathways at 6hpi
(Table S4). Metabolism plays a role in different levels of defence
responses. In this study, we found that genes involved in both primary
and secondary metabolism were modulated in grapevine-P. viticola
interaction. Most of them were up-regulated in the susceptible geno-
type at 24 hpi (Table S4), suggesting that the infection has less impact
on the metabolic related genes of the tolerant genotype.

Both genotypes showed significant differential expression of
genes encoding for important classes of genes involved in plant
defence against pathogens, such as pattern recognition receptors
(PRR-like), pathogenesis-related (PR) proteins and disease resistance
proteins (Table S4 and Figure S3). The susceptible variety showed that
ribonuclease-like PR10 and lipid transfer PR14 genes were differen-
tially modulated. Meanwhile, the tolerant genotype presented several
different pathogenesis-related genes significantly down-regulated
early after pathogen colonisation. These data show that the PR pro-
teins were mostly down-regulated in the two genotypes studied. Nev-
ertheless, there was a higher modulation of genes encoding PR

proteins on the tolerant variety (Table S4).

3.4 | Grapevine epigenetic-related (ER) genes were
differentially modulated in N20/020 and N23/018

Eighty-nine genes differentially expressed in the inoculated samples,
compared to mock, were identified as being associated with epige-
netic regulation (ER-DEGs), corresponding to 2% (susceptible) and 4%
(tolerant) of the total DEGs identified (Figure 5A and Table S5).
Among them, 25 genes were also classified as defence-related
(Table Sé).

The susceptible genotype, at 6 h after inoculation, presented
17 modulated transcripts with GO annotation related to epigenetic
machinery, while, at 24 hpi, the number decreased slightly (14)

(Figure 5A). In contrast, in the tolerant genotype, a higher number of

FIGURE 3

Identification of grapevine genes differentially expressed following Plasmopara viticola infection. Venn diagrams and network

analysis of differentially expressed genes (DEGs) obtained from the comparison between inoculated and control (mock) samples. (A) Venn
diagrams show differentially expressed genes at different hours post inoculation (hpi) in susceptible and tolerant genotypes. (B-D) Cluster
distribution network of DEGs showing the GO terms significantly represented in N20/020 (susceptible) versus N23/018 (tolerant) genotypes

(B) and those significantly represented in the comparison between 6 and 24 hpi in the susceptible (C) and the tolerant (D) cultivars. Gene network
analysis was performed by Cytoscape plug-in ClueGo. Only significant (p < 0.01) terms belonging to GO biological process, GO cellular
components, GO molecular function and Kegg ontologies are shown. The colour gradient shows the gene proportion of each cluster with at least
five genes on a GO interval from four to eight levels. Equal proportions of the two clusters are represented in grey. The node size is proportional

to the term significance
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FIGURE 4 Defence response modulation after Plasmopara viticola inoculation. (A) Venn diagram showing the distribution of defence related
differentially expressed genes (DR-DEGs) at 6 and 24 h post inoculation (hpi) in susceptible (S—N20/020) and tolerant (T—N23/018) genotypes.
Genes significantly modulated in the inoculated versus mock were considered as differentially expressed for each sample. (B) Histogram of the
DR-DEGs grouped by the most representative GO terms related to plant defence responses. Up- and Down-regulation of inoculated versus mock
is attributed by the rank product statistical method. T24: Tolerant at 24 hpi; Té: Tolerant at 6 hpi, S24: Susceptible at 24 hpi; Sé: Susceptible at

6 hpi. (C) Cluster distribution network of DR-DEGs showing most represented defence pathways when comparing susceptible (blue) versus
tolerant genotypes (yellow). Gene network analysis was performed by Cytoscape plug-in ClueGo. Only significant (p < 0.01) terms belonging to
GO biological process, GO cellular components, GO molecular function and Kegg ontologies were shown. Gene proportion of each cluster is
presented by colour gradient containing at least five genes on a GO interval from four to eight levels. Equal proportions of the two clusters are
represented in grey. The node size is proportional to the term significance
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FIGURE 5 Modulation of epigenetic related genes following Plasmopara viticola infection. (A) Venn diagram showing the number of
epigenetic related differentially expressed genes (ER-DEGs) at 6 and 24 h post inoculation (hpi) in susceptible (S—N20/020) and tolerant (T—
N23/018) genotypes. Genes significantly modulated in the inoculated versus mock were considered as differentially expressed for each sample.
(B) Histogram of the ER-DEGs grouped by the most representative GO terms related to epigenetic machinery. Up- and Down-regulation of
inoculated versus mock is attributed by the rank product statistical method. T24: Tolerant at 24 hpi; Té: Tolerant at 6 hpi, S24: Susceptible at

24 hpi; Sé: Susceptible at 6 hpi. The following processes were considered for each GO subcategory. Chromatin structure: Organisation,
modification, regulation, involvement and histone modification; Phosphorilation: Histone biological process and post-translational modifications;
acetylation and deacetylation: Histone post-translational modifications, pathways, transferase complexes and activity; methylation and
demethylation: DNA and histone pathways, maintenance, regulation, enzyme activity and modifications; RNA methylation: Pathways, complexes
and enzyme activity; epigenetic gene expression: Regulation. (C) Network cluster distribution of ER-DEGs showing the most significant pathways
affected in grapevines after infection. Gene network analysis was performed by Cytoscape plug-in ClueGo. Only significant (p < 0.01) terms
belonging to GO biological process, GO cellular components, GO molecular function and Kegg ontologies were shown. Gene proportion of each
cluster was presented by colour gradient containing at least four genes and of total genes per term as well as a GO interval from six to eight
levels. Equal proportions of the two clusters are represented in grey. The node size is proportional to the term significance

differentially expressed genes (54 ER-DEGs) were observed at an
early time point (6 hpi) (Figure 5A). The main GO terms associated
with ER mechanisms after P. viticola inoculation were: methylation
and demethylation and chromatin remodelling (Figure 5B). Consider-

ing the functional networks more represented in each genotype at

different time points, genes related to histone modifications were sig-
nificantly modulated in the susceptible genotype (Figure 5C), whereas,
DNA methylation machinery, nuclear chromosome, chromatin micro-
tubule cytoskeleton and DNA metabolic processes were significantly

affected in the tolerant genotype (Figure 5C).
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TABLE 3
24 hpi

Gene
Gene ID Sé6 S24 Té6 T24 name
DNA damage/repair response
VIT_04s0008g02780 2.48 RBR1
VIT_07s0104g00960 -8.07 Gamma-

H2AX

VIT_11s0016g00340 —2.40 RAD51
DNA methylation/demethylation
VIT_08s0007g06800 -2.39 CMT1
VIT_06s0004g01080 -3.62 CMT3
VIT_12s0035g01770 —-437 MET1
VIT_06s0061g01270 -527 DME
Chromatin remodelling
VIT_05s0020g02000 —-447 SYD
VIT_11s0016g05490 -3.01 ARP6
Histone modification
VIT_11s0016g02620 -3.71 HAG2.1
VIT_13s0047g00150 2.03 HAG2.2
VIT_00s0179g00340 -2.33 HTA8
VIT_16s0013g00310 —-2.59 SUVH5
VIT_18s0001g09610 —2.84 HOS15
VIT_06s0004g04270 -2.10 HTA12
VIT_14s0060g02360 -10.82 HTA12.1
VIT_07s0005g01060 —2.68 H1
Small RNA biogenesis and RNA regulation
VIT_04s0023g00920 -410 DCL2
VIT_15s0048g01870 2.66 RSP40
VIT_11s0016g03220 2.58 RDR5

DNA methylation related genes such as DNA Methyltransferase 1
(MET1), Chromomethylase 1 (CMT1) and Chromomethylase3 (CMT3)
were all significantly down regulated in the tolerant genotype
(Table 3). Genes involved in DNA replication, damage response and
repair mechanisms are significantly modulated in this work (Table 3).
Chromatin remodelers play an important role since they crosstalk with
several different defence and developmental networks. Genes related
to chromatin structure (as ATPase SPLAYED—SYD, High Expression of
Osmotically Responsive Genes 15—HOS15, Histone H2A 12—HTA12,

Y

Product

PREDICTED: Vitis vinifera retinoblastoma-
related protein-like (RBR)

histone H2AX

DNA repair protein RAD51 homologue

PREDICTED: Vitis vinifera putative DNA
(cytosine-5)-methyltransferase CMT1

DNA (cytosine-5)-methyltransferase CMT3

PREDICTED: Vitis vinifera DNA
(cytosine—5)-methyltransferase 1B-like

PREDICTED: Vitis vinifera transcriptional
activator DEMETER

PREDICTED: Vitis vinifera chromatin structure-
remodelling complex protein SYD

Predicted: Vitis vinifera Actin-related protein 6

histone acetyltransferase type B catalytic
subunit

PREDICTED: Vitis vinifera histone
acetyltransferase type B catalytic subunit

PREDICTED: Vitis vinifera histone
H2A variant 1

PREDICTED: Vitis vinifera histone-lysine N-
methyltransferase, H3 lysine-9 specific
SUVH5

PREDICTED: Vitis vinifera F-box-like/WD
repeat-containing protein TBL1Y

histone H2A
histone H2A.1
histone H1

PREDICTED: Vitis vinifera endoribonuclease
Dicer homologue 2

serine/arginine-rich splicing factor RS41-like

probable RNA-dependent RNA polymerase 5

Epigenetic related genes (ER-DEGs) differentially expressed after P. viticola infection in both N20/020 (S) and N23/018 (T) at 6 and

Gen Bank Acc.

XM_010650145.2

XM_002271470.3

XM_002273767.2

XM_002275896.3

XM_010653042.1
XM_019223723.1

XM_019220413.1

XM_010651496.2

XM_010658136.2

XM_002282895.2

XM_002282895.3

XM_002281230.2

XM_002277738.3

XR_002032367.1

XM_002284269.3
XM_002283935.3
XM_002269443.3

XM_019219502.1

XM_002273715.3
XM_010657967.1

HTA12.1, Histone H2A 8—HTAS8 and linker Histone 1—H1), histone
methylation (e.g., SU[var]3-9 homologue 5—SUVH5) and acetylation
(Histone acetyltransferase of the GNAT family 2—HAG2.1, HAG2.2)
were differentially expressed after pathogen infection. Moreover, dif-
ferences in their regulation were found between the two genotypes
analysed. Epigenetic mechanisms besides chromatin, histone and
DNA modifications are also influenced by RNA such as small RNAs. In
this study, small RNAs coding genes such as Arginine/Serine-Rich Splic-
ing Factor 40/41 (RSP40/RS41) and DCL2 were differentially
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FIGURE 6 Hierarchical clustering of selected epigenetic related
genes differentially expressed in grapevine leaves after Plasmopara
viticola infection. Microarray expression data of the putatively
susceptible (S) and tolerant (T) genotypes at 6 and 24 h post
inoculation with different treatments, mock (C) and inoculated (1),
were used for clustering analysis. A selection of ER-DEGs significantly
differentially expressed in the inoculated versus mock conditions is
reported. For each gene, the Log, normalised expression value was
used. The different colours indicate different expression values, as
reported in the colour bar. Lowest and highest expression values are
in blue and yellow, respectively. Gene IDs of the selected genes are
those reported in Table 3

expressed after pathogen infection and also showed a different regu-
lation in each genotype analysed (Table 3). Finally, genes involved in
the DNA damage repair machinery (as Retinoblastoma-Related 1—
RBR1, Gamma-Histone variant H2AX—GAMMA-H2A.X, RAD51) were
differentially expressed after pathogen inoculation.

The microarray expression profile/hierarchical clustering of the
main ER-DEGs was reported in Figure 6. It was possible to observe
the formation of three main clusters, the first and most notable cluster
includes the main epigenetic machinery such as MET1, CMT3, DME,
SYD and DCL2.

4 | DISCUSSION

The cultivated grapevine is highly susceptible to the downy mildew
disease, which harbours heavy production losses. Several breeding
programs are being conducted in order to introgress resistance traits
into grapevine cultivars with economic interest (Boso et al., 2014;
Boso & Kassemeyer, 2008; Marsico et al., 2018). In this study, we
performed a more in-depth assessment of our previous
field observations regarding V. vinifera-P. viticola interaction. We
evaluated the disease incidence and severity of P. viticola in three
grapevine varieties and four crossing hybrids selected from the cross

between Red Globe x Regal seedless for their high- or low-

susceptibility to the pathogen. Of the four crossing hybrids,
N23/018 (T) was the most tolerant to P. viticola presenting lower DI
and DS both in vitro and in vivo inoculations. The crossing hybrid
N20/020 (S) was highly susceptible.

To further understand if epigenetic regulation is one of the key
factors influencing the higher tolerance/susceptibility of the crossing
hybrids, we have conducted a 5-mC % evaluation in the first hours
after pathogen contact. We have also performed a characterisation of
transcriptome modulation focusing on both defence-related (DR-
DEGs) and epigenetics related transcripts (ER-DEGs).

The transcriptomic analysis of S and T was performed at 6 and 24
hpi, as pathogen recognition and development were described to
occur in a short period of time after inoculation (Unger et al., 2007). A
higher number of differentially expressed genes at 6 hpi was observed
in the T genotype, resembling the timing and response of a resistant
species to P. viticola inoculation (Figueiredo et al., 2012). Also, the low
overlapping DEGs between S and T indicate a genotype-specific
response to pathogen stimulus. This is in accordance with the grape-
vine response to other kinds of stresses (Catacchio et al., 2019).

4.1 | Modulation of defence pathways after
pathogen infection

The recognition of pathogen molecules on the host cells is done
through pattern recognition receptors (PRR) localised in plasma mem-
branes that further initiate the first steps of immunity (Igbal
et al, 2021; Ramirez-Prado, Abulfaraj, et al., 2018). By recognising
pathogen-associated molecular pattern (PAMP) molecules, they acti-
vate down-stream signalling pathways responsible for the activation
of plant defence mechanisms, a process called PAMP-triggered immu-
nity (PTI) (Parker et al., 2021; Ramirez-Prado, Abulfaraj, et al., 2018).
As observed in our work, PRR-like genes, as well as genes involved in
the down-stream signalling pathway like mitogen-activated protein
kinase, were differentially expressed after pathogen inoculation in
both genotypes. Differences in the modulation of these genes were
observed between susceptible and tolerant genotypes, in accordance
with their different phenotypic response.

Jasmonic acid (JA), abscisic acid (ABA) and ethylene (ET) pathways
are important phytohormones with cascade networks which regulate
the defence system of V. vinifera (Chong et al., 2008; Figueiredo
et al.,, 2018). Genes encoding the signalling phytohormones that are
involved in plant defence were overrepresented in our datasets, in
accordance with their pivotal role in the modulation of plant defence
responses (Chong et al., 2008; Figueiredo et al., 2018; Laureano
et al,, 2018). Signalling pathways, such as ABA, are considered host
species dependent (Lievens et al., 2017). On the other hand, SA and
JA/ET have a key role in the activation of plant defence response
dependent on the pathogens feeding relationship with the host (He,
Yuan, et al., 2020). Our results indicated that genes related to these
pathways were modulated in the presence of the oomycete. How-
ever, differences between susceptible and tolerant varieties were also

observed.
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FIGURE 7 Schematic representation of the

P. viticola

epigenetic machinery interaction and modulation
after Plasmopara viticola infection of grapevine
leaf tissue. Yellow arrows: Genes differentially
expressed in the tolerant genotype. Blue arrows:
Genes differentially expressed in the susceptible
genotype. Up arrows indicate up-regulation,
down arrows indicate down-regulation
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Transcriptional and post-transcriptional modifications play an
important role in the regulation of the activation of grapevine defence
networks (Figueiredo et al., 2008). For instance, we found that genes
encoding for transcription factors and those involved in protein modi-
fications were differentially expressed after pathogen infection. More-
over, a modulation in the expression of important classes of genes
involved in plant immunity, such as PTI- and ETl-related genes, PR
and disease resistance proteins were found after the pathogen inocu-
lation, and differences between the two genotypes were observed in
accordance with their different susceptibility level to P. viticola.

Together with analysing the genes involved in defence responses,
in this work, we focused on the DEGs involved in the plant epigenetic
machinery and its interplay with its defence system (Figure 7). Evi-
dence of the involvement of epigenetic modulation in plants resis-
tance has been increasingly reported for a wide variety of biotic
stresses (Cui et al,, 2021; Ding & Wang, 2015; Elhamamsy, 2016;
Espinas et al., 2016; Kong et al., 2020; Kuznicki et al., 2019; Ramirez-
Prado, Abulfaraj, et al., 2018; Zhi & Chang, 2021).

4.2 | DNA methylation plays a role in the plant
immune defence system

In the stress adaptation mechanism, epigenetic modulation may play
different roles. Potentially epigenetic mechanisms may either directly
regulate defence networks or affect genome reorganisation and stabil-
ity (Boyko & Kovalchuk, 2008). DNA methylation regulates gene
expression in plant defence responses. Based on our results, we
hypothesise that V. vinifera-P. viticola interaction influences epige-
netic mechanisms such as DNA methylation maintenance and associ-
ated components such as DCL2. We observed a down-regulation of
genes encoding the DNA methyltransferases in T at 6 hpi (CMT1) and
24 hpi (MET1 and CMT3). Reports on the lacking of either MET1 or
CMT3 methyltransferase activity in genetic mutants of different plant

species induce resistance after the interaction with an array of patho-
gens (viruses, fungus and bacteria) (Chen et al., 2018; Cui et al., 2021;
Dowen et al., 2012; Geng et al., 2019; Kuznicki et al., 2019; Lépez
Sanchez et al., 2016; Pujara et al., 2021). Also, DNA methylation can
affect either SA pathway genes or pathogenesis responsive gene
1 (PR1) expression (Chan & Zimmerli, 2019; Dowen et al., 2012;
Hewezi et al., 2018). Moreover, global methylation patterns also differ
between the susceptible and tolerant crossing hybrids. In accordance
with that, global methylation presented a lower increase in the toler-
ant genotype. Analysis of global DNA methylation pattern modifica-
tion on several species after infection with different pathogens has
been reported on tomato roots, Poplar bark and Arabidopsis leaves
(Leonetti & Molinari, 2020; Xiao et al., 2021). Often, resistant species
showed DNA hypomethylation patterns while susceptible ones pre-
sented hypermethylated DNA after pathogens attack (Leonetti &
Molinari, 2020; Xiao et al., 2021). Also, studies have observed that
altering DNA methylation levels (hypo- or hypermethylation) on geno-
mic regions could influence gene and phenotypic responses to plant
diseases (Geng et al., 2019; Leonetti & Molinari, 2020). Our results
are in agreement with recent work done by Pereira and authors,
which reported that the global cytosine analysis performed on the tol-
erant cultivar Regent revealed a decrease of global methylation levels
in the early hours of infection by P. viticola in comparison to the Trin-
cadeira, a susceptible genotype (Pereira et al., 2022).

4.3 | Involvement of epigenetic mechanisms in
grapevine defence response

Histone modifications are affected by the P. viticola inoculations early
in the colonisation leading to a chromatin modification. This can,
depending on the role of the histones, effect gene silencing or activa-
tion. A very important role in the epigenetic-defence machinery is

played by the chromatin remodelers (Alonso et al., 2019; Ding &
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Wang, 2015; Espinas et al, 2016; Ramirez-Prado, Piquerez,
et al., 2018; Song et al., 2021; Wang et al., 2020; Zhi & Chang, 2021).
In our study, variation in the expression of chromatin remodelers sub-
units, such as SYD (part of the SWI/SNF chromatin complexes), could
lead to alteration of chromatin conformation. Studies in Arabidopsis
thaliana have shown that SYD is recruited to the promoter of a set of
JA and ET responsive defence genes, and it is essential for their
expression. Besides chromatin and DNA methylation, histone modifi-
cations are also involved in the plant defence responses (Ramirez-
Prado, Piquerez, et al., 2018). In our study, several genes related to
histones modifications, encoding for structural or regulatory proteins,
were differentially expressed after P. viticola infection (Table 3). An
important gene encoding protein of the WD-40 repeat family
(HOS15) was downregulated in both analysed genotypes at different
time periods of infection. HOS15 plays an important role in plant
immunity against different stresses via histone acetylation/
deacetylation pathways (Kumar et al, 2021). Li and colleagues
observed, in wheat infected with powdery mildew, a negative regula-
tory role of HOS15 in the defence system (Liu et al, 2019). The
authors suggested that a mediation between HOS15-HDA6 and his-
tone acetyltransferases could be occurring to regulate the transcrip-
tion of defence related genes (Liu et al., 2019).

Furthermore, the linker histone 1 (H1) was downregulated at T
genotype at 6 hpi. Histone H1 is known to regulate chromatin con-
densation (Sheikh et al., 2022). Sheikh and colleagues observed the
effect of the absence of H1 in Arabidopsis when inoculated with Pseu-
domonas syringae and treated with flagellin flg22 for priming analysis
(Sheikh et al., 2022). They eluded that the genes related to defence
are influenced by H1 to respond immediately or not to the pathogen
attack (Sheikh et al., 2022). Also, while analysing the role of DNA
methylation and histone modifications within the plant immune
defence system, Arabidopsis H1 indicated a possible role in plant
immunity since it impacts chromatin rearrangement through the influ-
ence of the epigenetic profile (Sheikh et al., 2022). H1 is part of the
defence and epigenetic machinery in our work.

Beyond the more studied epigenetic traits, RNA modification can
influence plant defence responses and plant adaptation mechanisms.
It is well known that Dicer-like proteins are essential components of
the miRNA and siRNA biogenesis and that these molecules have a
recognised role in plant defence mechanisms (Qin et al., 2017). In our
study, the repression of the Dicer-like 2 (DCL2) gene in the T variety
could suggest a role in grapevine-oomycete interaction. Studies have
shown that DCL2 and DCL4 are associated with virus infection
immune defence with the purpose of attaining viral siRNA (vsiRNA) as
a strategy against viruses (Ashapkin et al, 2020; Erdmann &
Picard, 2020; Lee & Carroll, 2018; Prakash et al., 2017). Also, Wang
et al. analysed B. cineria interaction with a wide variety of hosts where
it was identified a bi-directional defence process between host and
pathogen RNAi and DCL2 targeted genes (Wang et al., 2016). Another
important small RNA biogenesis molecule evident in our study is the
serine/arginine-rich splicing factor RS41-like (RSP40) that were up-
regulated in the susceptible cultivar. Literature has shown that DCL1

plays a defence role in plant-B. cinerea interaction, whereas Coolen

and colleagues observed that the expression of DCL1 in RS40/41
mutant arabidopsis after B. cinerea infection decreased (Coolen
et al., 2019; Weiberg et al., 2013). Retinoblastoma Related 1 (RBR1),
RAD51 and gamma-H2AX are related to the epigenetic machinery as
well as interact with defence mechanisms against biotic stresses
(Bouyer et al, 2018; Camborde et al., 2019; Desvoyes &
Gutierrez, 2020; Wang et al., 2010, 2014). RBR1 has been revealed as
a member of the DNA Damage repair machinery (DDR) together with
RAD51 (Bouyer et al., 2018; Camborde et al., 2019). Furthermore,
gamma-H2AX and RAD51 affect the DNA through direct DSB when
interacting with other plant-necrotrophic pathogens (Song &
Bent, 2014). Overall, these data support the involvement of these epi-
genetic mechanisms in the regulation of the grapevine defence
response against P. viticola and open the possibility of new functional

regulations of stress responses in grapevine.

5 | CONCLUSIONS

So far, an in-depth analysis of the response of table grape genotypes
with different susceptibilities against P. viticola has been reported for
the first time. The transcriptomic characterisation allowed us to
observe the modulation of important classes of defence genes during
V. vinifera-P. viticola interaction, as those encoding for proteins
involved in PAMP perception, phytohormone signalling and response,
PR proteins and defensin-like proteins.

In this study, an observation of the epigenetic associated machin-
ery was also performed. Our work indicates that the DNA methylation
is affected by P. viticola inoculation and suggests that differences in
the DNA methylation levels might be related to the different suscepti-
bility to P. viticola. Moreover, a differential regulation of genes
involved in chromatin and histone modification, small RNA biogenesis
and DNA damage and reparation processes were also observed, sug-
gesting that these processes may also play a role in the grapevine
defence responses to this pathogen.

Finally, we found that the tolerant V. vinifera genotype analysed for
the early modulation of defence genes and the effect on global DNA
methylation resemble what has been observed in the resistant grapevine
genotypes derived from other Vitis species, showing an intermediate
behaviour between resistance and susceptibility. These data support the
presence of tolerance mechanisms in V. vinifera and the presence of sim-

ilar strategies to counteract P. viticola among different Vitis species.
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