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Summary

The present study aimed to investigate plant defense
related pathways during Plasmopara viticola infection
in Vitis vinifera varieties. Plant material consisted of
'Chardonnay' (no Rpv), 'Regent' (Rpv3-1), 'Bronner'
(Rpv3-3+Rpv10), 'Calardis Blanc' (Rpv3-1+Rpv3-2),
and the breeding selection GF15 (RpvI+Rpv3-1). Gene
expression analysis was carried out for the varieties
'Regent', GF15, 'Bronner', and 'Chardonnay'. Hormonal
quantification was performed for jasmonic acid (JA),
salicylic acid (SA), abscisic acid (ABA), indole-3-acetic
acid (IAA), and trans-zeatin-ribose (tZR). The samples
were collected from plants cultivated in vitro inoculated
with Plasmopara viticola sporangia, and collected at 0, 1-,
3-,5-, and 7-days post inoculation (DPI) for gene expres-
sion; and 0, 3, 5, and 7 DPI for hormonal quantification.
The results showed an interaction between genotype and
time post inoculation in gene expression and hormonal
pathways linked with pathogen recognition. Both jasmo-
nate and salicylic acids were involved in the resistance
response. The role of stilbenes acting against the patho-
gen at different times was also confirmed. Changes in the
expression of genes linked to cell defense were observed
in all evaluated genotypes; however, genotypes with
R-loci responded more quickly than the variety without
R-loci, activating mechanisms of cell death, resulting in
symptoms of hypersensitivity.

Key words: Vitisvinifera; PIWI cultivars; vitiviniculture;
disease resistance; plant breeding; gene expression.

Introduction

Grapevine downy mildew is caused by the biotrophic
oomycete Plasmopara viticola (Berk. and Curt) Berl. & de
Toni. This is one of the most challenging diseases in viticul-
ture worldwide since it can negatively affect grape quality
and yield. Currently, fungicide treatments are used to control
downy mildew, mainly those based on the active ingredients
metalaxyl + mancozeb (DE Souza et al. 2018) and copper

(CaABUS et al. 2017); the latter being the only one accepted
by the European organic farming regulation EC 889/2008.
Other active ingredients are also used against downy mil-
dew in viticulture worldwide, such as propineb, dithianon,
fenamidone, mancozeb, folpet, cymoxanil + famoxadone,
cymoxanil + maneb, iprovalicarb + propineb, benalaxyl +
mancozeb, azoxystrobin, fosetyl-Al, and captan. However,
phytosanitary treatments increase production costs and may
result in negative impacts on the environment and human
health (GESSLER ef al. 2011, TayLOR and Cook 2018).

P viticola originated in North America and since the
second half of the 19" century, the species was disseminat-
ed throughout the world, causing devastation of European
viticulture (GESSLER et al. 2011). With rare exceptions, the
cultivated grapevine varieties of V. vinifera species, which
originated in Europe, are highly susceptible to this pathogen
(SARGOLZAEI et al. 2020). Varieties with one or more R-loci
are named as PIWI, from the German word "pilzwider-
standsféhig" that means grapevine disease resistance. R-/oci
conferring resistance to P. viticola (Rpv — Resistance to
P viticola), inherited from American and Asian Vitis species,
were identified by quantitative trait loci (QTL) analysis
(MAuUL et al. 2020).

Rpvi, located on chromosome 12, was inherited from
the American species Muscadinia rotundifolia (2n=40)
(MERDINOGLU et al. 2003). Rpv3 is located on chromo-
some 18 (FISCHER et al. 2004). Up to now three different
haplotypes at the Rpv3 locus were characterized. Rpv3-1 is
the most common, and the first Rpv3 haplotype described,
inherited from V. rupestris (2n=38) and mapped from
'Regent' and 'Bianca' (WELTER et al. 2007, BELLIN ef al.
2009). The Rpv3-2 has been inherited from V. rupestris or
V. lincecumii (ZYPRIAN et al. 2016), and Rpv3-3 inherited
from V. labrusca or V. riparia (VEzzULLI et al. 2019). The
Rpvi0locus is located on chromosome 9 and was inherited
from Asian species V. amurensis (SCHWANDER et al. 2012).
All Rpv loci individually confer partial resistance to P. vit-
icola, varying in intensity (PossaMAl et al. 2020). When
two or more Rpv loci are combined in the same plant, they
commonly result in additive interactions, increasing the
level of resistance (SCHWANDER et al. 2012, VENUTI et al.
2013, SAIFERT et al. 2018, ZINI et al. 2019). Additive ef-
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fects of R-loci are reported for combinations RpvI+Rpv3,
Rpv3+Rpvi10, and Rpv3+Rpvi2, based on increasing the
resistance in bioassays (SCHWANDER et al. 2012, VENUTI
et al. 2013, SAIFERT et al. 2018), or in field conditions
(ZANGHELINI et al. 2019).

The most important Rpvs genes are placed in genomic
regions rich in the nucleotide-binding domains leucine-rich
repeats (NB-LRR) gene class (MERDINOGLU et al. 2003,
WELTER et al. 2007, SCHWANDER et al. 2012, FEECHAN et al.
2013, VENUTI et al. 2013, SAPKOTA ef al. 2019). However,
until now, only MrRPVI was functionally characterized as
an NB-LRR gene (FEECHAN et al. 2013). NB-LRR proteins
are codified by R-genes and directly or indirectly recognize
pathogen effectors (R-Avr), resulting in interplay with phyto-
hormones, especially salicylic acid (SA) and jasmonic acid
(JA), activating the defense pathways (LOLLE ef al. 2020).
This resistance mechanism is known as effector-triggered
immunity (ETI) (JoNgs and DaNGL 2006).

Isolates of P, viticola avrRpv3- overcome the resistance
conferred by Rpv3 (PERESSOTTI et al. 2010); however, when
the Rpv3 is combined with Rpv12, avrRpv3- pathogen effec-
tors are recognized, and the defense mechanism is activated,
restricting pathogen development (VENUTI et al. 2013).
However, non-additive effects were also reported for some
genotypes containing pyramided Rpv loci (SAIFERT ef al.
2018, ZIN1 et al. 2019), suggesting the role of minor QTLs
in determining the resistance phenotype. Plant reaction
against the pathogen may change according to the tissue
phenological age, and mechanisms of action depend on host
resistance to the disease

Successful pathogen recognition triggers the ETI by ac-
tivation of signal transduction pathways involving mitogen
activated protein kinases (MAPK) and WRKY transcription
factors, which in turn trigger primary immune responses
(THOMMA et al. 2011, FEECHAN et al. 2013). Examples of
the immune response are accumulation of pathogenesis
related (PR) proteins, reactive oxygen species (ROS), and
phytoalexins; and in grapevines, particularly the activation
of stilbene synthase (STS), resveratrol O-methyltransferase
(ROMT) and glycosyltransferase (GT) enzymes (SARRIS e?
al. 2015, FROBEL et al. 2019, HORSEFIELD ef al. 2019). The
functioning of this system may result in a hypersensitive
response (HR) that prevents pathogen development (SARRIS
etal. 2015, DEVENDRAKUMAR et al. 2018). However, recently
ETI was reported in partial resistant Georgian V. vinifera
access without HR response (SARGOLZAEI ef al. 2020).

The SA pathway is a plant cell defense inductor against
biotrophic pathogens, such as P, viticola. However, challeng-
ing grapevine cells with mildews may also activate the JA
pathway (PoLEsaNI et al. 2010, GUERREIRO et al. 2016). This
activation is ascribed to the lipid oxidation on the attacked
cells, thus launching jasmonate synthesis, which culminates
in a hyper-sensibility response against biotrophic pathogens
(CHOUDHURY et al. 2017).

The interplay between SA and JA in defense response
pathways is mainly regulated by WRKY70, which in turn is
regulated independently by Non-expressor of PR1 (NPRI)
and AtMYB44 (DoNG 2004, SHIM et al. 2013, CAARLS et al.
2015). Commonly, the role of antagonist by these hormones
is reported (SHM et al. 2013). However, during the ETI,
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JA can be activated by SA receptors, such as NPR3 and
NPR4, resulting in a joint action by these hormones (L1u
et al. 2016). JA acts in the activation of Skp1/Cullin/F-box
(SCF) E3 ubiquitin ligase encoded by CORONATINE
INSENSITIVE 1 (COI1). SCF°" promotes ubiquitination
of the Jasmonate ZIM-domain (JAZ) and carries it to be
degraded on the 26S proteasome. This episode causes the
release of the Novel Interactor of JAZ (NINJA) that acts
as a transcriptional repressor of the Tup1-type co-repressor
TOPLESS (TPL). After, the transcription factor MYC2 is
activated, and the JA related gene expression begins (PAU-
WELS et al. 2010). Based on this context, the objective of
the present work was to characterize the interplay between
salicylic and jasmonic acid pathways, and the kinetic of
gene activation (specifically genes involved in the stilbene
metabolism) during downy mildew infection in genotypes
carrying R-loci for the resistance to downy mildew.

Material and Methods

Plant material: The genotypes challenged with
P viticola were the susceptible V. vinifera variety 'Chardon-
nay', the PIWI varieties 'Regent' (Rpv3-1), 'Calardis blanc'
(Rpv3-1+Rpv3-2), and 'Bronner' (Rpv3-3+RpvI10), and the
advanced breeding selection GF.2004.0043.015 (thereafter
called GF15, Rpvi+Rpv3-1), kindly provided by the grape-
vine breeding program of the Julius Kiihn-Institute — Ger-
many. The genotypes were selected to represent different
Rpv combinations. All genotypes were used to perform
phytohormonal quantification, and except Calardis Blanc,
to perform gene expression analysis.

In vitro plant cultivation: Theexperiment
was carried out in in vitro conditions. All genotypes were
introduced in vitro from nodal segments and maintained in
vitro conditions, using DSD1 culture medium (Sicva and
DoazaN 1995) added to sucrose (2 %). Two plantlets were
maintained in each cultivation flask (300 mL), supplied with
50 mL of culture medium, in room temperature of 25 °C
with 16 h light photoperiod.

Downy mildew propagation and inoc-
ulation: Young leaves from the susceptible 'Cabernet
Sauvignon' exhibiting typical downy mildew symptoms
were collected from an experimental vineyard from the
EPAGRI (Empresa de Pesquisa Agropecuaria e Extensdo
Rural de Santa Catarina), Videira, Santa Catarina, Brazil.
Leaf discs containing the sporulating lesions were collected
and stored at -20 °C until use. Seven days before setting up
the experiment, the sporangia were activated and cultivated
on leaf discs excised from young leaves from susceptible
'Chardonnay' under in vitro conditions. Previously, 'Char-
donnay' leaves were disinfected by a solution of sodium
hypochlorite (1 %) for 2 min, followed by a triple wash with
sterile distilled water (SDW).

Five leaf discs of 1.6 cm in diameter were placed abax-
ial side up on each 15 cm diameter Petri plate containing
SDW-soaked filter paper. The inoculum was defrosted in
cold SDW and immediately sprayed on the leaf discs, using
a 500 uL-plate. The Petri plates were sealed and stored in
the dark at room temperature. Twenty-four hours after inoc-



The interplay between hormone signaling and defense gene expression 197

ulation (HPI) droplets were removed from the leaf discs and
the cultivation was maintained under the same temperature
conditions with a 16 h light photoperiod for the next six
days, when the sporangia were collected in sterile water. The
sporangia suspension was then adjusted to the concentration
of 5x10* sporangia mL"'. All the procedures were performed
in the flow chamber using previously sterilized materials.

A single droplet of the sporangia suspension was ap-
plied to the abaxial side of all mature leaves of the in vitro
plantlets of all five genotypes. Leaves of the control plants
were inoculated only with SDW. After inoculation, the flasks
were sealed and kept in the absence of light at 25 °C for 24 h
and afterwards maintained at the same room temperature in
a 16 h light photoperiod. The experiment was completely
randomized, with three replications and five flasks per rep-
etition, totalizing 10 plants per experimental unit.

Expression of resistance-related
genes: A sample (200 mg) of fresh leaves was collect-
ed at five different times after inoculation (0, 1, 3, 5, and
7 DPI) from plants of each repetition. The collected leaves
were immediately frozen in liquid nitrogen and remained
at -80 °C until use. RNA extraction and purification were
performed using the commercial kit SV Total RNA Isolation
System (Promega, Madison, WI, USA), according to the
manufacturer's recommendations. The quality of the RNA
was confirmed by electrophoresis on agarose gel [1.5 %],
denatured with formamide and stained with Gelred [1X].
Quantification was obtained using a Nanodrop 1000 spectro-
photometer (ThermoFisher Scientific) and the concentration
of all samples was standardized to 10 ng-pL"'.

Reverse transcriptase quantitative PCR (RT-qPCR) re-
actions were carried out using GoTaq Master Mix RT-qPCR
Systems (Promega, Madison, WI, USA), according to the
manufacturer's recommendations, in a StepOnePlus thermo-
cycler (Thermofisher, CA, USA). The expression of genes
related to SA and JA pathways were quantified, together
with the endogenous putative gene controls Actina, EF'I-a,
GAPDH, and Ubiquitin (Tab. S1). The primer efficiency was
established using six points of a 1:10 dilution. All reactions
were performed in technical duplicate. The expression data
were normalized by the geometric mean estimated by the
geNorm algorithm (HELLEMANS et al. 2007) of the best two
endogenous controls selected according to the most stable
expression in a pilot experiment. The relative quantification
method (PFaFrFL 2001) was employed:

(control—-sample)
EACPtarget
target

AC

ratio = p(control-sample)
reference

reference

Hormonal analysis: Asample (500 mg) of fresh
leaves from in vitro plants was collected at four different
times after inoculation (0, 3, 5, and 7 DPI), immediately
frozen in liquid nitrogen, and maintained at -80 °C until hor-
monal extraction. The experiment was completely randomi-
zed, with three replications and five flasks (10 plants) per
repetition. The hormonal quantification was adapted from
the protocol described by FRAGA et al. (2016) and described
in the Supplementary file Hormonal analysis methodology.

Statistical analysis: We applied a bootstrap
with 1000 replicates to verify the significant difference of
gene expression levels. The hormone quantification data
were used in a pairwise comparison using t-test (o = 0.05);
the means were represented in line graphs and a two-factorial
analysis was carried out with DPI (0, 3, 5, and 7 DPI) and
genotypes, using ANOVA (a = 0.05); when significant, the
means were separated using a Tukey test (o = 0.05). The
data were also considered to perform two principal compo-
nent analyses (PCA), for gene expression and for hormonal
content. We performed a collinearity test and variables with
significant correlation were discarded from PCA that was
performed using normalized data. The two main PCs were
presented in a Kernel density estimation (KDE) and plotted
in 2D graphic to compare the control vs. the inoculated. The
statistical analysis ANOVA and Tukey test was performed
using R language (R Core Team 2019), the bootstrap analysis
and the figures generated using Python 3 language.

Results

Expression analysis: In accordance with
the geNorm algorithm (HELLEMANS et al. 2007), actin and
ubiquitin were selected to normalize the expression of the
target genes, while NINJA was discarded based on the in-
consistent results, such as absence of signal amplification
and low efficiency.

High covariance was found between JAZ3, MYC2,
ROMT, PRI, and STS. Thus, from these genes only the STS
was maintained to perform the PC analysis. The resulting
PC1 expressed 33.6 % of the total variation and split main-
ly inoculated samples from control treatments, while the
PC2 expressed 21.3 % of the variation and split genotypes
carrying pyramided Rpv loci from the others (Fig. 1). The
kernel density estimation, built with the PCA data, showed
significant gene expression variance among the inoculated
treatments, contrasting with the inoculated treatment that
presented no significant variation. The genotypes containing
pyramided Rpv (RpvI+Rpv3-1 and Rpv3-3+Rpvi0) showed
greater variation in the PC1, contrasting the Rpv3-1 and
susceptible genotypes that manifested greater variation in
the PC2 (Fig. S1 A).

The PCAs (Figs 1 and S1 A) suggest the infection of
P viticola induces significant changes in expression of both
SA and JA related genes in all genotypes. However, the
response of the 'Chardonnay' and 'Regent' were contrasting
when compared to the GF15 and 'Bronner' genotypes. The
gene expression changes in the genotypes with pyramided
Rpvs occurred in the early stages and were related with
the negative values of the PC2, while, in 'Chardonnay' and
'Regent’, the response was later and related with the positive
side of the PC2. This result shows that only Rpv3 did not
properly recognize the pathogen.

Regarding the kinetic of the gene expression, WRKY70
was overexpressed in all genotypes. The strongest induction
at 24 HPI occurred in GF15, followed by 'Bronner'. At
three and five DPI, 'Regent' showed the stronger expres-
sion (Fig. 2). WRKY70 plays a central role in the jasmonate
pathway repression and salicylic pathway activation and can
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Fig. 1: Principal component analyses based on gene expression data from grapevine leaves inoculated with Plasmopara viticola (1) or
with water (control, C). The PCA was made with genes from SA-related pathway, Non-expressor of PR1 (NPR1), AtMYB44, WRKY 70,
JA-related pathway TOPLESS (TPL), Jasmonate Zim-Domain 1 (JAZ1), Pathogen-Related protein 10 (PR10) and Stilbene pathways
Stilbene Synthase (STS) and Glycosyltransferase (GT), evaluated on the genotypes 'Bronner' (Rpv3-3+Rpv10), GF15 (RpvI+Rpv3-1),
'Regent' (Rpv3-1), and 'Chardonnay' (susceptible).
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be independently activated by AtMYB44 and NPRI (DoNG
2004, SHM et al. 2013).

In all genotypes, except 'Bronner', 4/tMYB44 was upreg-
ulated in the first DPI. In the genotypes GF15 and 'Bronner’,
with pyramided Rpvs, NPR1 was upregulated in the first DPI,
while in the susceptible 'Chardonnay' this gene was down-
regulated. These results pointed to two hypotheses, either
AtMYB44 is the principal pathway to activate WRKY70 in all
genotypes and the activation in 'Bronner' occurred in very
early stages of the inoculation, before 24 HPI; or activation
of WRKY70 in the cv. 'Bronner' occurs only by NPRI. Ad-
ditionally, in GF15, both pathways are responsive (Fig. 2).

In both genotypes with pyramided Rpvs, the JAZ genes
were overexpressed from the first DPI and were kept up-
regulated until the end of the evaluations. The J4ZI was
downregulated in 'Chardonnay' and 'Regent' from 1 DPI and
became overexpressed only at five DPI, and continued to do
so at seven DPI in 'Regent'. In 'Chardonnay' and 'Regent’,
JAZ3 was upregulated only at seven DPI (Fig. 2). These
results show that activation of the JA response occurs only
in the genotypes with pyramided Rpvs. This fact corroborates
the MYC2 kinetic expression, where the genotypes contain-
ing the pyramided Rpvs were upregulated from the first until
the seventh DPI, while the expression of MYC2 was induced
in 'Chardonnay’ only on the seventh day. 'Regent' behaved
intriguingly, since MYC2 expression moved from downregu-
lation status at the first DPI, to overexpression at three DPI.
The corepressor TPL kinetic expression did not show a clear
pattern, as at one DPI in GF15 it was upregulated, while in
'Bronner' and 'Regent' it was downregulated. During the time
course, it was overexpressed in 'Regent' and 'Chardonnay’
at five DPI and in 'Bronner' only at seven DPI (Fig. 2). The
stronger and earlier activation of the defense pathway in the
genotypes containing pyramided Rpv is evidenced in the
expression of the evaluated PR genes. From the first until
fifth DPI, only GF15 and 'Bronner’ overexpressed the PR
gene, while for 'Regent' and 'Chardonnay’ it occurred only at
seven DPI. The PR10 gene was upregulated in the first DPI
in GF15 and 'Bronner'. The gene became overexpressed at
five DPI in 'Chardonnay' and 'Regent'.

'Bronner' and Gf-15 also presented a stronger activation
of the stilbene pathway. The STS was upregulated at all eval-
uated times in the GF15 and at 1 and 3 DPI in 'Bronner’, but
it was not overexpressed in the other varieties at any time.
The GT, responsible for the stilbene glycosylation and piceid
synthase, was overexpressed at 24 HPI in all genotypes
except 'Regent', which it was upregulated only at five DPI.
In the genotypes with pyramided Rpvs, the GT was strongly
upregulated at all evaluated times. Like ST'S, ROMT was
upregulated at 24 HPI until three DPI only for the genotypes
containing pyramided Rpvs. While these three genes were
downregulated at the first DPI in 'Regent', in the susceptible
variety 'Chardonnay’ GT exhibited a small upregulation at
1 and 5 DPI, and STS and ROMT were downregulated at
5 DPI (Fig. 2).

Hormonal quantification: Among the target
hormones, epibrassinolide (EBL) and gibberellic acid 3
(GA,) did not reach the limit of detection by the methodology
employed. In addition, gibberellic acid 4 (GA,) was detected
only in the untreated genotype containing, Rpv3-1+Rpv3-2

at three and five DPI, and inoculated Rpv3-1 at five DPI
(Fig. S2 A). In the susceptible genotype (no Rpv), the single
hormonal change observed occurred at three DPI, with the
reduction in the concentration of IAA (Tab. S2, Fig. S2 B).
The Rpv3-3+Rpvi0 genotype showed a reduction in ABA
concentration at three and five DPI (Fig. 3); behavior similar
was observed in the Rpv3-1 genotype at five DPI, when at the
same time, the amount of tZR decreased (Fig. 4). This result
contrasts with the presence of a greater amount of tZR, also
at five DPI, revealed by the Rpv3-1+Rpv3-2. The highest
concentrations of SA were observed in the Rpv3-1+Rpv3-2
genotype at three DPI and in the Rpvi+Rpv3-1 genotype at
seven DPI (Fig. 5). The concentrations of the other hormones
JA and Z did not show any significant differences between
samples inoculated or not with the P. viticola pathogen, in
all tested genotypes (Fig. S2 C and D).

Significant positive correlation coefficients were found
between the concentrations of SA, tZR and GA, and between
JA and IAA. Thus, tZR, GA, and IAA were discarded from
the multivariate analysis. The two PCs shown (Fig. 6 and
Fig. S1 B) represent 51.4 % of the total variation; PC1
primarily separated the genotype Rpv3-1+Rpv3-2 from the
others, while PC2 primarily separated, at some points, the
inoculated treatment in contrast to the control.

Discussion

The stimulation of both JA and SA pathways reported
in this study corraborates other studies developed with
V. vinifera cited previously (DUFOUR et al. 2013, L1 et al.
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grape leaf tissue inoculated with Plasmopara viticola in geno-  tissue inoculated with Plasmopara viticola in genotypes with
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Fig. 6: Principal component analyses based on the concentration of the hormones salicylic acid (SA), jasmonic acid (JA), abscisic acid
(ABA), gibberellic acid 4 (GA4) and zeatin (Z) in grapevine leaves inoculated (I) or control (C) with Plasmopara viticola to the genotypes:
'Calardis blanc' (Rpv3-1+Rpv3-2), 'Bronner' (Rpv3-3+RpvI10), GF15 (Rpvi+Rpv3-1), Regent' (Rpv3-1) and 'Chardonnay’' (susceptible).

2015, GUERREIRO et al. 2016, Qu et al. 2021). The syner- X Erysiphe necator, another biotrophic pathogen that causes
gistic interaction between JA and SA defense pathways the powdery mildew disease (AGURTO ef al. 2017). In this
also occurs in other pathosystems (MUR et al. 2006). For  case, the synergistic interaction was also verified in geno-
instance, it was also reported in the pathosystem grapevine  type containing pyramided resistance genes (Runl + Renl).



The interplay between hormone signaling and defense gene expression

Since PRI is related with the SA signaling pathway,
PR10 is mainly associated with the JA signaling pathway;
however, it can also be expressed by other molecules such
as the SA (Barr and JoNEs 2009, SINHA ef al. 2020). Our
results suggest early acting of both SA and JA signaling
pathway in the genotypes with pyramided Rpvs genes (GF15
and 'Bronner'), while the response of the Rpv3-1 genotype
('Regent') is close to the susceptible genotype ('Chardonnay")
with a late activation of the PR10 expression (Fig. 2).

SA related genes expression patterns:
The SA-related pathway is responsible for the defense
system against biotrophic pathogens (GLAZEBROOK 2005,
WasTERNACK and HAUSE 2013, AHMAD et al. 2016), and
is also associated with the SAR and ETI, as well as the
expression of some PR genes, especially PR/ (DURRANT
and DoNG 2004, Zou et al. 2013, DING et al. 2018, L1 et
al. 2019). At the beginning of the signal cascade of the
SA-related gene expression induction, there is a functional
redundancy to WRKY70 induction, since this gene may
be activated independently by AtMYB44 or NPRI (DoNG
2004, SHIM ef al. 2013, CAARLS et al. 2015, L1 et al. 2019).
WRKY70 plays a central role in the downstream activation
of SA-related genes (L1 ef al. 2019).

Our data show an activation of the SA-related pathway
in the first evaluation, with overexpression of the WRKY70
in all genotypes. However, the pathway to start the acti-
vation seems to be influenced by genotype: 'Bronner' did
not overexpress AtMYB44 from 24 HPI until seven DPI,
'Chardonnay' did not overexpress NPR/ from 24 HPI until
five DPI, and only the genotype GF15 overexpressed both
genes at 24 HPI.

The kinetic of the PR/ expression indicates an early
activation of the SA-related genes in the genotypes with
pyramided Rpvs at 24 HPI; however, 'Regent' and 'Char-
donnay' overexpressed PRI only at seven DPI. The PR/ ex-
pression was previously reported involving the pathosystem
P viticola x V. vinifera. High PRI levels were reported after
P, viticola inoculation in a susceptible 'Cabernet Sauvignon'
(DUFOUR et al. 2013). Moreover, an increase in PR/ expres-
sion at 24 HPI in V. amurensis inoculated with the P, viticola
(L1 et al. 2015); and in the susceptible 'Shiraz' transgenic
with the MrRPV 1 gene, inoculated with P, viticola (Qu et al.
2021). Even studies using electrical stimulations to enhance
the plant defense response in grapevines and Arabidopsis
report the stimulation of SA-related genes, including the PR/
(MorI et al. 2021). In another study, also developed with
'Regent, an increase in PR/ expression in the first hours of
the infection was reported. Thus, an increase in PR/ gene
expression may have occurred in our experiment before the
first evaluation (GUERREIRO et al. 2016).

JA related genes expression patterns:
Based on the covariance observed between genes of JA and
SA pathways, as well as, on the gene expression kinetics in
general, the results demonstrate the orchestrated involve-
ment of complementary defense pathways activated by
the pathogen infection. It is consensus that the JA pathway
is involved in the activation of defense response against
herbivores and necrotrophic pathogens, whereas the SA
pathway is associated with the response against biotrophic
and hemi-biotrophic pathogens (GLAZEBROOK 2005, WAST-
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ERNACK and HAUSE 2013, AHMAD et al. 2016). Most studies
proved the antagonistic interaction between SA and JA
(AERTS et al. 2021), and ordinarily, the SA acts to block the
JA response (CAARLS et al. 2015). However, it is also known
that this generalist model presents exceptions and additional
complexities (GLAZEBROOK 2005, GIMENEZ-IBANEZ and
Sorano 2013, L1 ef al. 2019). SA can also act in synergy
with JA during the infection process in the plant cell defense
(MUR et al. 2006, AERTS et al. 2021), as reported in the
acting of the COI1-JAZ2-MYC2 complex, conferring host
resistance against biotrophic pathogen through the guard
cells closure, without losing resistance against necrotrophic
pathogens (GIMENEZ-IBANEZ ef al. 2017).

As P viticola is a biotrophic pathogen, it could be ex-
pected that only the SA defense pathway would be activated.
However, the induction of JA related genes was previously
reported in resistant grapevine varieties (GUERREIRO ef al.
2016). In the presence of JA-Ile, MeJA, or the JA precursor
12-oxo-phytodienoic acid (OPDA), the F-box protein COI1
- part of the SCF" - triggers JA downstream induction
of expression of related genes by ubiquitination of JAZ
proteins and degradation in the 26S proteasome (THINES et
al. 2007, ZANDER 2021). This process of derepression of
the MY C2, that physically recruits MED25 (subunit of the
Mediator transcriptional co-activator complex), results in the
transcription of JA-related genes (PAUWELS and GOOSSENS
2011, ZHAI et al. 2020). Our results demonstrated the acti-
vation of JAZ1 and JAZ3 in genotypes with pyramided Rpvs
in the first evaluation times. These results could indicate a
replenishment of JAZ levels that were degraded due to the
JA-Ile acting (Fig. 7).

The TF MYC2 has several roles in plant metabolism,
being involved in the development of the plant to prepare the
host defense (MAJOR et al. 2017). Related to the resistance
pathway, MYC?2 is repressed by JAZ in the protein level,
however, this TF induces J4Z expression at the gene tran-
scription level in a fine and complex mechanism of auto-reg-
ulation and interaction with other pathways (AERTS et al.
2021). In our results, MYC2 was overexpressed at 24 HPI in
the genotypes with pyramided Rpvs genes and in three DPI
in all resistant genotypes; this kinetic corroborates with the
results obtained for the behavior of the JAZ genes for these
same genotypes. Both the downstream degradation of JAZ
by JA-Ile-COI1 action and the release of the co-repressor
TPL happen at the same time (CHINI et al. 2016).

The co-repressor TPL plays important roles in sever-
al plant metabolic processes, especially in JA and auxin
transcriptional regulation, acting in cell growth and plant
immune activation (PLANT et al. 2021, Powers and Strader
2020). In the absence of JA-Ile, TPL is recruited by JAZ
proteins via interaction of the NINJA binding protein
(L1 et al. 2019, PAUWELS et al. 2010). In our results, few
changes were reported in the 7PL gene expression; in 'Re-
gent' and 'Bronner' TPL expression was downregulated at
24 HPI, while in GF15 it was upregulated and there were
no changes in the susceptible genotype. Throughout the
analysis, there is no clear trend of differential expression of
TPL between the evaluated genotypes. This fact is probably
due to the recycling of NINJA-TPL released by new JAZ
protein blocking genes related to JA expression (L1 et al.
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Fig. 7: Proposed model for the interplay between effector triggered immunity activated by JA and SA induced hormones. Pathogen
effectors are recognized by Tool/interleukin-1 receptor (TIR) or coiled-coil (CC), nucleotide-binding site (NB) leucine rich repeat
(LRR) proteins, activating the salicylic acid (SA) or jasmonate acid (JA) pathway. SA activates the NPR1 that triggers the WRKY70
transcription factor. WRKY 70 acts as an antagonist of the JA pathway activating SA related genes, resulting in the PR protein expression,
mainly PR1. However, the JA pathway joins with isoleucine (JA-Ile) to activate the SCFCOI1 complex inducing Jasmonate Zim-domain
(JAZ) protein ubiquitination and its degradation on the proteasome, inducing the MYB, releasing the TOPLESS (TPL), and activating
the MY C2, starting the expression of genes related to JA, particularly PR10.

2019). PR10 expression is a direct product of the JA defense
pathway; thus, this gene is commonly used as a marker of
JA pathway activation (GUERREIRO et al. 2016, YAMAMOTO
et al. 2018, MARTINS et al. 2021). According to our data,
PR10was overexpressed at 24 HPI in genotypes containing
pyramided Rpvs; however, it was only overexpressed in the
fifth DPI in the varieties 'Regent' and 'Chardonnay'. The JA-
and SA-defense pathways were also reported as activated
in the resistant variety 'Regent', grown in a greenhouse, in
the first HPI (GUERREIRO et al. 2016).

Induction of cell resistance, triggered by JA- and SA-de-
fense pathways, was already reported in apples and table
grapes (ZHANG et al. 2017, ZHAO et al. 2021). Although
our results point to this confirmation only in genotypes
with pyramided Rpvs - GF15 and 'Bronner' - in 'Regent’,
it may be activated only in the first 24 HPI. This could be
due to genetic or epigenetic factors, as this process involves
gene transcription activation and a complex modulation
of the transcriptome by modifying chromatin and histone
configuration (GOMEZ-DiAZ et al. 2012, ZHU et al. 2016).
Therefore, it is additional evidence of the major role that the
JA defense pathway plays in this pathosystem.

Stilbene related gene expression pat-
terns: Reports of stilbene involvement in grapevine
defense pathways against biotrophic pathogens are common.
(AGuUrTO et al. 2017, XU et al. 2019, MorI ef al. 2021, Qu
et al. 2021). The STS is responsible for stilbene biosyn-
thesis, mainly resveratrol, a phytoalexin produced in the
cytoplasm, which plays a major role in cellular resistance
against pathogens and other abiotic stresses (ZAMBONI ef al.

2009). Resveratrol production is stimulated by the JA de-
fense pathway and may be metabolized in other molecules
(VEzzULLI et al. 2007, MA et al. 2019, MARTINS ef al. 2021).
The resveratrol may be methylated by ROMT, producing
pterostilbene, which acts in the suppression of pathogen
attacks (SCHMIDLIN ef al. 2008). The resveratrol may also
be glycolyzed by the GT, resulting in piceid production.
This process occurs during various grapevine biological
processes, such as grape ripening and light stress, and is
accumulated during the hypersensitive reactions, reducing
mycelial growth and pathogen incidence (Ma et al. 2019,
Xu et al. 2019).

The expression of STS, ROMT, and GT was strongly
induced early in genotypes containing pyramided Rpv loci.
Intriguingly in 'Regent’, these genes were initially down-
regulated and only GT was upregulated at 5 DPI. Like in
SA-related gene expression (GUERREIRO et al. 2016), the
overexpression of these genes in 'Regent' may be occur-
ring in the first hours with no lasting action, as reported for
the genotypes with pyramided Rpvs. In a study about the
transcriptome of genotypes with combinations of Rpv3 and
Rpv10, it was reported that the expression of ST is the key
to stopping P. viticola infection after six HPI (FROBEL ef al.
2019). The same authors also demonstrate that resistant
genotypes promote higher levels of STS transcription and
the regulatory pathway leading to the production of stilbenes
differs depending on the resistance locus (FROBEL et al.
2019). Thus, the higher levels of stilbene expression in the
genotypes with pyramided Rpvs reported in our finding can
be related to the stronger activation of the resistance ma-
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chinery. Some ST presented association with the resistance
against downy mildew in the hybrid population 'Merxling' x
'"Teroldego', carrying the Rpv3-3 haplotype (VEZZULLI ef al.
2019). In a genetically transformed V. vinifera 'Thompson
Seedless', in which the VgSTS6 gene (STS gene from V. quin-
quangularis) is overexpressed, there was an increase in the
synthesis of resveratrol and trans-resveratrol, and conse-
quently, an increase in the level of resistance to powdery
mildew (CHENG ef al. 2016). An increase of stilbene levels
was also reported in genotypes carrying Runl+Renl after
being challenged with the biotrophic pathogen E. necator
(AGURTO et al. 2017). There was also an increase in stilbenes
production in metabolomic studies involving mono-locus,
pyramided resistant, and susceptible genotypes and their
interaction with P, viticola (CTUBOTARU ef al. 2021).

Hormonal patterns: Thereduction ofthe ABA
concentration into genotypes containing Rpv3-/ ('Regent)
and Rpv3-3+Rpvi0 (‘Bronner'), after mildew inoculation,
is possibly linked to the balance of this hormone and the
performance of the protein ubiquitination complex (BUEsSO
et al. 2014). The action of RING-type E3 ubiquitin ligase,
a negative regulator of ABA, was verified for grapevine
cellular defense against E. necator (WANG et al. 2017).
This pathway is in accordance with what is reported in the
ubiquitination process, which involves molecular patterns
of pathogen-triggered immunity (PAMP-PTI), resulting in
programmed cell death signaling, such as hypersensitivity
responses caused by TSI activation, by NBS-LRR genes
(DupLaN and Rivas 2014, MARINO et al. 2012).

Nevertheless, A A plays many roles in the plant metab-
olism, although controversial results were reported in studies
considering plant cell defense. Sometimes IAA is reported
as a resistance inductor through systemic acquired resistance
(SAR), that results in the induction of quitinases expression
that acts as pathogen related (PR) proteins (VAN LooN and
VAN STRIEN 1999). However, this hormone is also reported
as a resistance suppressor while IAA silencing is reported
as a PAMP act (DENANCE et al. 2013, Karasov et al. 2017).
In our evaluations, IAA concentration was downregulated,
only at 3 DPI on the susceptible genotype.

The activation of defense genes linked to the salicylate
route was observed in all evaluated genotypes; however,
none of these genotypes exhibited an alteration in the kinet-
ics of this hormone quantification (Tab. S2). Only the geno-
type carrying Rpv3-1+Rpv3-2 showed significant variation.
The early response from the Rpv3-1+Rpv3-2 genotype can
be associated with the potential additive effect obtained from
the haplotypes Rpv3-1 and Rpv3-2 combination. However,
this hypothesis is not supported by the SA kinetics that
present a decreasing response over the evaluated times.
Our results are in agreement with the behavior of greater
resistance induction in the genotypes Rpv3-1+Rpv3-2 (e.g.
'Calardis Blanc') when compared to Rpv3-1 genotypes (e.g.
'Regent") in controlled conditions (EISENMANN et al. 2019).
Yet, until now, this statement is contradictory in field con-
ditions (ZANGHELINI ef al. 2019).

Unlike for the other hormones, there is no established
knowledge regarding the involvement of Trans-zeatin-ri-
boside in plant defense mechanisms. Nevertheless, a report
suggests that this molecule favors the expression of salicylate
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route genes, promoting the synthesis of PR/ and increasing
resistance in some pathosystems (CHoI et al. 2011). Howev-
er, the changes demonstrate that there is possibly an effect
due to the genetic background associated with the observed
variation. The genotypes carrying different Rpv3 haplotypes
revealed contrasting results. The effect of the genetic back-
ground associated with the Rpv3 genotypes modulating the
genetic resistance response to downy mildew is described
in the literature (Foria ef al. 2018). Thus, the genetic back-
ground of the genotypes used for this work can be acting on
the results obtained, due to the heterozygous nature of the
grapevine and the different origins of each Rpv loci.

Conclusions

Both SA and JA defense pathways were activated in
response to P, viticola inoculation. The genotypes containing
pyramid Rpv genes presented early defense responses. The
Rpvi+Rpv3-1 genotype shows more expressive changes,
in both SA and JA metabolic pathways. The stilbene path-
way was activated in inoculated plants, demonstrating the
involvement of these molecules in the defense pathways
for all studied genotypes. The susceptible genotype showed
alterations in the expression of genes associated with re-
sistance; however, these are triggered late after the cycle of
P viticola causes the damage.
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Supplementary material

Supplementary Methodology -

The samples were ground using pestle and mortar in
liquid nitrogen. Afterwards, 500 mg of the ground sample
were transferred to a 15 mL tube containing an extraction
solution (acetonitrile:methanol:formic acid 50:45:5 v/v).
Then MgSO4, NaCl, Na3C6H507. 2H20, C6H6Na207.1,5
H20 (4:1:1:0.5) and 4 mL of extraction solution were added
to each tube, maintained in a pendulum shaker (Labnet Rock-
er 25) for 24 h at 4 °C (inside a refrigerator). The samples
were vortexed, and immediately centrifuged at 3026 g for
30 min at 4 °C. The supernatant was transferred to another
15 mL tube and kept at -20 °C. Three mL of the extraction
solution was added to each tube with the precipitate from the
first extraction. The samples were vortexed and returned to
the pendulum shaker for 24 h twice, then the samples were
centrifuged at 3026 g for 30 min at 4 °C. The supernatant
was concentrated under vacuum, using Concentrator Plus
(Eppendorf, USA). The pellets were suspended in 1 mL
of 1 mol-L™! formic acid and vortexed. The purification of
resuspended extracts was carried out using SPE (solid-phase
extraction) columns (Waters Oasis MCX 150 mg, USA),
according to the manufacturer’s instructions. The eluent of
each sample was newly concentrated, the pellet was resus-
pended in 200 uL methanol and filtered through a 0.22 pm
PTFE filter. In each set of processed samples, a vial with a
standard solution of 1000 ng-mL"' of the set of hormones
analyzed, and a vial with only Milli-Q water, were used as
references. Samples were then analyzed by LC-MS/MS,
consisting of an Acquity UPLC™ System (Waters, USA)
quaternary pump equipped with an autosampler (7.5 puL of
injection volume). The column used was Acquity UPLC
BEH C18 (2.1 x 50 mm, 1.7 um) (Waters, USA) and the
mobile phase in the chromatographic separation consisted
of eluent A (I mM ammonium acetate and 0.1 % formic

Hormonal analysis methodology

acid in water) and eluent B (1 mM ammonium acetate
and 0.1 % formic acid in acetonitrile). The gradient used
was 1 % B until 1 min, followed by a linear increase up to
6 min reaching 38 % B, followed by 100 % B until 8.5 min
as a cleaning step, and finally changing to the initial 1 % B
condition up to 9 min. The flow rate was 0.3 mL-min' and
the column temperature was 40 °C. A Waters Xevo™ triple
quadrupole mass spectrometer system (MS/MS) with an ESI
interface was used in tandem MS analyses with the following
conditions: capillary voltage, 2.7 kV; source temperature,
150 °C; desolvation temperature, 400 °C; desolvation gas
flow, 800 L-h™'; cone gas flow, 50 L-h''. Cone voltage (V,
in +/- modes) and collision energy (eV) were optimized
to MS/MS detection of each hormone (fragmentation
patterns), as follows: IAA (176>130 m/z), +18 V, 12 ¢V,
TIAA-d2 (178>132 m/z), +18 V, 12 eV; Z (220>136 m/z),
+18 V, 12 eV; tZR (352>220 m/z), +25 V, 22 ¢V; EBL
(481,5>445,1 m/z), +20 V, 10 eV; SA (137>93 m/z), -25 V,
13 eV; JA (209>59 m/z), -24 V, 13 eV; ABA (137>93 m/z),
20V, 12 eV; GA4 (331>257 m/z), -30 V, 20 eV; GA3
(345>239 m/z), -60 V, 14 eV. The multiple reaction moni-
toring (MRM) mode was applied in this analysis. Concen-
trations of 5, 10, 50, 100, 250, 500, and 1000 ng-mL"! were
prepared in three separate dilutions in methanol to obtain
the standard curve, and the analysis/quantification of each
dilution was performed in duplicate. The quantification was
achieved using TargetLynx™ software (Waters, USA), with
a limit of detection (LOD) greater than 3, and a limit of
quantification (LOQ) greater than 10. The recovery efficien-
cy and matrix effect were determined with standard spikes
(1000 ng-sample™! of all hormones) in a group of samples
during the extraction and detection steps. All variations
in recovery and matrix effect were considered in the final
concentration of each hormone.





Table S1

Oligonucleide sequences for gene expression analysis, by Sybr RT-qPCR from genes related to defense to pathogens and signaling

pathways
Gene Gene function GenBank access Oligonucleotides forward and reverse Reference
Housekeeping genes
Actinia Housekeeping gene AC969944 ;2: Ffz]é(;g?]é}CGiCCT:;[“%CGIZiCGETA REID et al. 2006
EFl-a Housekeeping gene XM _002279562.2 ;:: E;%iiiggg%ii%&ﬁggg G WANG et al. 2018
GAPDH Housekeeping gene EF192466 ;2: Eccl:iiiiccl::ii/:gl(ég:lzccicc MONTEIRO et al. 2013
Ubiquitin Housekeeping gene EC929411 ;:: gégg?ggigg?fggg;gﬁ;;i AG REID et al. 2006
Jasmonic acid related genes
JAZ 1 Repressor of JA responses XM_002272327.3 ;:: iﬁg?gggiggégi@iﬁgﬁ? GUERREIRO et al. 2016
JAZ3 Repressor of JA responses XM_002282652.2 EZ :‘E%SJZ?\"CF;iZiAC(é&?FEiIZE:“ GUERREIRO ef al. 2016
e T oo T
NINJA Negative regulator of JA responses ~ XM_002283943.2 E: ?éél?igggi?gggg?ggzg GUERREIRO et al. 2016
TOPLESS i:ﬁiﬁ;’:sregmamr of jasmonate XM 002268229.1 ; TGCGGC([}::ZTSCGCA:S?TT:TCTT&C? GUERREIRO ef al.. 2016
PR10 Pathogenesis-related protein HS075818 ;2: ?égggi%%iiﬁi?gg?ggﬁgTT GUERREIRO et al. 2016
Salicylic acid related genes
NPR 1 Positive regulate of SA signaling XM _002281439.2 ;:: I”AFE((}I(;?;(;E(CSS?Z(C}?CCE;NQTT GUERREIRO ef al. 2016
PR 1 Defense against pathogens XM _002273752.2 ; ?éﬁﬁgggggg:rrfgféé?féf GUERREIRO et al. 2016
WRKY70  Regulator of SA and JA pathway XM_002275365.2 ;2 gigi%%é?:ggf&??:foG GUERREIRO et al. 2016
AtMYB44  Regulator of SA and JA pathway XM _002284979.2 ;2: C(g?ggggégiggggﬁéﬁifr GUERREIRO ef al. 2016
Stilbenes related genes
STS Phytoalexins production DQ459351.1 E:: (élé(T}(T}z(;gi((}}TAGcinggfggiG WANG et al. 2018
ROMT Biosynthesis of pterostilbene FM178870.1 ;:: izigﬁgxééiﬁzzﬁimif? WANG et al. 2018
GT O-glucosyltransferase DQ832169.1 F: GAAGTATGATGAAATCGCCAGC WANG et al. 2018

R: TATTCAATGACTTCGGGTTCCAG






Table S2

The kinetic of plant hormones expression in 0, 3, 5, and 7 days post inoculation (DPI) with Plasmopara viticola

oospore, in in vitro cultivated leaves of V. vinifera carrying different genetic resistance loci, Rpv3-1+Rpv3-2,

Rpv3-3+Rpv10, Rpv3-1, and without genetic resistance genes (susceptible). Means followed by the same

capital letters in the columns and lowercase letters in the lines, do not present statistically differences by
Tukey test (o= 0.05)

0 DPI 3 DPI 5 DPI 7 DPI

Indole-3-acetic acid (ng g')

Chardonnay (suceptible) 2.68 aAB 1.41 aAB 3.74 aAB 2.01 aAB
Regent (Rpv3-1) 1.70 aB 0.94 aB 0.84 aB 0.00 aB
GF15 (RpvI+Rpv3-1) 1.67 aA 3.79 aA 3.24 aA 6.46 aA
Calardis Blanc (Rpv3-1+Rpv3-2) 4.11 aA 3.70 aA 3.78 aA 3.53 aA
Bronner (Rpv3-3+Rpvi0) 3.42 aAB 2.37 aAB 1.70 aAB 2.84 aAB
Abscisic acid (ng g™)
Chardonnay (suceptible) 773.12 aA 411.79 bA 321.17 bA 371.95 bA
Regent (Rpv3-1) 491.60 aB 360.74 aA 281.93 aA 490.26 aA
GF15 (RpvI+Rpv3-1) 53.50 aC 160.82 aA 125.02 aA 290.66 aA
Calardis Blanc (Rpv3-1+Rpv3-2) 306.42 aB 330.38 aA 223.12 aA 297.14 aA
Bronner (Rpv3-3+RpvI10) 520.19 aB 296.35 abA 211.51 bA 446.75 aA
trans-Zeatin-Ribose (ng g)
Chardonnay (suceptible) 2.62 aA 2.09 aA 1.73 aA 2.21 aA
Regent (Rpv3-1) 2.03 aA 2.20 aA 2.01 aA 1.53 aA
GF15 (RpvI+Rpv3-1) 2.12 aA 2.20 aA 1.71 aA 232 aA
Calardis Blanc (Rpv3-1+Rpv3-2) 0.80 aA 1.29 aA 1.91 aA 0.62 aA
Bronner (Rpv3-3+Rpvi0) 1.84 aA 1.95 aA 1.91 aA 1.51 aA
Salicylic acid (ng g)
Chardonnay (suceptible) 412.44 aBC 340.68 aB 434.58 aB 401.31 aB
Regent (Rpv3-1) 621.66 aB 503.43 aB 302.49 aB 486.81 aB
GF15 (RpvI+Rpv3-1) 22321 aC 261.75 aB 247.68 aB 32443 aB
Calardis Blanc (Rpv3-1+Rpv3-2) 2378.28 aA 1698.81 bA 1144.06 cA 1023.19 cA
Bronner (Rpv3-3+RpvI10) 467.59 aBC 310.50 aB 200.97 aB 431.76 aB
Jasmonic acid (ng g')
Chardonnay (suceptible) 31.83 aA 3.31bB 23.16 aAB 21.12 aAB
Regent (Rpv3-1) 6.23 aB 0.92 aB 5.88 aB 4.86 aB
GF15 (RpvI+Rpv3-1) 5.56 bB 30.79 aA 35.05 aA 28.72 aA
Calardis Blanc (Rpv3-1+Rpv3-2) 7.90 aB 14.10 aAB 8.44 aB 8.43 aB
Bronner (Rpv3-3+Rpvi0) 12.25 aB 1.49 aB 18.08 aAB 8.55aB
Zeatin (ng g)
Chardonnay (suceptible) 0.79 aA 1.37 aA 2.71 aA 2.21 aA
Regent (Rpv3-1) 1.21 aA 1.27 aA 1.43 aA 1.59 aA
GF15 (RpvI+Rpv3-1) 0.47 aA 0.55 aA 1.48 aA 2.13 aA
Calardis Blanc (Rpv3-1+Rpv3-2) 1.32 aA 1.12 aA 1.29 aA 2.01 aA

Bronner (Rpv3-3+RpvI10) 1.31 aA 0.81 aA 1.42 aA 1.54 aA
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Fig. S1: (A) Kernel density estimation according to the two principal components (PC1 and PC2) derived from PCA, showing gene
expression levels in grapevines with no treated leaves (control — blue) and leaves inoculated with Plasmopara viticola (inoculated —
red) in genotypes with different resistance levels: 'Bronner (Rpv3-3+Rpv10), GF15 (RpvI+Rpv3-1), 'Regent' (Rpv3-1) and 'Chardonnay’
(susceptible). (B) Kernel density estimation according the two principal components (PC1 and PC2) derived from PCA, showing the
hormonal concentration for salicylic acid (SA), jasmonic acid (JA), abscisic acid (ABA), gibberellic acid 4 (GA4) and zeatin (Z) in
grapevines with no treated leaves (control — blue) and inoculated leaves, with Plasmopara viticola (inoculated — red) in genotypes with
different resistance levels: 'Calardis blanc' (Rpv3-1+Rpv3-2), 'Bronner' (Rpv3-3+Rpv10), GF15 (RpvI+Rpv3-1), 'Regent' (Rpv3-1) and
'Chardonnay’ (susceptible).
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Fig. S2: (A) Kinetics of gibberellic acid 4 (GA4) concentration in grape leaf tissue inoculated with Plasmopara viticola in genotypes
with different levels of resistance against downy mildew. Pairwise comparison controlled and inoculated conditions, columns with
identical letters in the same day are not statistically different by t test (P < 0.05). (B) Kinetics of indoleacetic acid (IAA) concentration
in grape leaf tissue inoculated with P, viticola in genotypes with different levels of resistance against downy mildew and susceptible
('Chardonnay' — no Rpv). Pairwise comparison controlled and inoculated conditions, columns with identical letters in the same day
are not statistically different by t test (P < 0.05). (C) Kinetics of jasmonic acid (JA) concentration in grape leaf tissue inoculated with
P, viticola in genotypes with different levels of resistance against downy mildew and susceptible ('Chardonnay' — no Rpv). Pairwise
comparison controlled and inoculated conditions, columns with identical letters in the same day are not statistically different by t test
(P <0.05). (D) Kinetics of zeatin (Z) concentration in grape leaf tissue inoculated with P. viticola in genotypes with different levels of
resistance against downy mildew and susceptible (‘Chardonnay' — no Rpv). Pairwise comparison controlled and inoculated conditions,
columns with identical letters in the same day are not statistically different by t test (P < 0.05).
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