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Abstract

Grapevine downy mildew is a major disease in vineyards all around the world, caused
by the oomycete Plasmopara viticola (Berk. & M. A. Curtis) Berl. & De Toni. Normally, its
control depends almost exclusively on chemical and copper-based fungicides, especially
in high-incidence areas with high relative humidity and mild temperatures. However,
the European Union is determined to reduce the application of these phytochemicals by
at least 50% by 2030, forcing winegrowers to seek alternative low-input strategies for
proper sanitary maintenance. Basic substances (BSs), described in European Regulation
(EC) 1107 /2009, stand out as promising alternatives, but their molecular mechanism of
action remains mostly unknown. In this context, this study analyzed the genetic effect in
grapevine plants of several commercial products composed of BSs (chitosan, soy lecithin,
Equisetum arvense and Salix cortex). All products exhibited promising results, triggering the
induction of similar defence mechanisms, which included pathogenesis-related proteins
(PRs), involved in direct pathogen repression; stilbenes, capable of producing antimicrobial
compounds such as resveratrol and pterostilbene; several hormones, including oxylipins,
ethylene, salicylic acid and terpenes, mediating immune signalling; and genes related
to structural features of the plant, such as lignin, callose, cellulose and cuticular wax,
constituting a first physiological barrier against P. viticola. Disease severity reduction
differed among treatments, with Salix cortex showing the highest efficacy (58%), followed
by BABA (38%) and LESOY (35%), while LECI and CHIT had minor effects (<9%). Gene
expression analyses revealed that Salix cortex modulated the highest percentage of genes
(41%), followed by natural infection without treatment (32%), LESOY (27%), BABA (26%),
LECI (23%) and CHIT (23%). In terms of defence mechanisms, Salix cortex promoted the
most pathways, LESOY induced eight, BABA and LECI seven and CHIT five. Overall, these
results indicate that BSs can modulate several defence pathways in grapevine, supporting
their potential use as sustainable alternatives for controlling downy mildew.
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1. Introduction

Plasmopara viticola (Berk. & M. A. Curtis) Berl. & De Toni is an oomycete and obli-
gate biotroph which causes downy mildew disease in grapevine, Vitis vinifera L. subsp.
Vinifera [1]. Common symptoms of this disease include oil spots in the adaxial side of the
leaf and white sporulation on the abaxial side [2,3]. However, the most critical point is its
ability to infect grape bunches until veraison, reducing the yield [1,4]. Therefore, it is of
upmost importance to keep good sanitary control of the vineyard throughout the growing
season [5,6]. At the moment, available plant protection products to control P. viticola include
chemical compounds and copper, low-risk active substances and basic substances (BSs),
which are all included in Regulation (EC) 1107/2009 [7].

Chemical fungicides are the most efficient way to control P. viticola, but they pose an en-
vironmental risk, as they can contaminate both terrestrial and aquatic environments [8-11]
or induce the development of fungicide-resistant P. viticola strains [12,13]. Moreover, copper-
based products, which are often used as an alternative to these chemicals (especially in
organic vineyards) or in combination with them, can accumulate in soils, leading to plant
phytotoxicity [14,15]. Under these circumstances, the European Commission is determined
to reduce the use of both conventional and copper-based formulations in the following
years. For this, a new legal framework for plant protection products was developed under
the Farm to Fork strategy of the European Green Deal [16], which will replace the previous
Directive 2009/128/EC on the sustainable use of phytosanitary products [17]. The Farm
to Fork strategy intends to achieve “a 50% reduction in the overall use of and risk from
chemical plant protection products, and a 50% reduction in the use of more hazardous ones
by 2030” [18].

In this context, BSs appear as very promising candidates to substitute conventional
fungicides and copper-based products. These substances are included in article 23 of Regu-
lation (EC) 1107/2009 [7]. Interestingly, the European Commission categorizes the different
BSs as elicitors or fungicides [19]. For instance, chitosan (SANCO/12388/2013-rev. 5)
is considered an elicitor, while E. arvense (SANCO/12386/2013-rev. 7), soy lecithin
(SANCO/12798/2014-rev. 3) and Salix cortex (SANCO/12173/2014-rev. 4) are consid-
ered fungicides. However, these statements are not supported by any scientific study,
and only chitosan is a well-known elicitor [20-22]. In contrast, E. arvense, soy lecithin and
Salix cortex BSs remain understudied at the molecular level, with no work reporting their
elicitor function against P. viticola nor any other pathogen. Nonetheless, their molecular
composition might indicate a potential elicitation or PDS capacity.

For instance, soy lecithin is a rich source of phospholipids, including phosphatidyl-
choline [23], which can be part of the defence signalling of plants [24], being the substrate
for defence-involved phospholipases [25]. Interestingly, phosphatidylcholine and its catabo-
lite phosphatidic acid were reported as putative defence markers in grapevine against
P. viticola infection, as they were expressed to a higher extent in a resistant genotype [26].
Moreover, fatty acids (FAs) such as palmitic acid (16:0), stearic acid (18:0), linoleic acid (18:1)
and linolenic acid (18:2) are also common in soy lecithin composition [23], which could
induce defence responses in grapevine. In fact, linolenic acid and its precursor linoleic acid
are used as substrates to synthesize a wide variety of oxylipins and the plant hormone
jasmonic acid (JA), which actively participate in plant defence [27]. Interestingly, JA might
be important during P. viticola infection in resistant genotypes, where an early production
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is observed [28-30]. Thus, soy lecithin could boost plant immunity by providing external
precursors of JA-related immunity.

In the case of Salix spp. cortex, the presence of salicylic acid (SA) and derivatives in
its composition could be determinant [31,32], as this hormone is a common plant defence
stimulator (PDS) thanks to its role in plant defence [33]. Unsurprisingly, SA application
stimulates glucanase and chitinase activities in grapevine [34-36] and its chemical analogue
BTH induces several defence mechanisms [37-39]. However, Salix spp. cortex is richer and
more diverse, containing other molecules [31,32], so a wider defence spectrum than that of
SA alone could be expected for this product.

Finally, E. arvense has a rich composition of phenolic compounds such as flavonoids,
which happen to display antifungal capacities [40-43]. Interestingly, we previously re-
ported that soy lecithin and Equisetum arvense-based products were more toxic against
P. viticola than that based exclusively on soy lecithin, while both products displayed the
same preventive activity. Moreover, it was also shown that an E. arvense-based product
could not prevent P. viticola infection in vitro [44]. This implies that E. arvense might be
more effective against downy mildew thanks to its toxicity than to its stimulation capacity,
reducing the probability of PDS behaviour under these circumstances.

To decipher if a substance behaves as an elicitor or a PDS, several molecular ap-
proaches can be implemented, including genetic [38,39,45,46], enzymatic [20] or metabolic
approaches [39,47,48]. These analyses should be enough to confirm the stimulation poten-
tial of a product, ensuring that its efficacy derives from a defence stimulation capacity and
not from a direct toxicity against the pathogen, although sometimes both mechanisms can
happen at the same time [49]. Thanks to different studies, several PDSs have been identified
in grapevine, such as COS-OGA, laminarin, chitosan, the SA analogue benzothiadiazole
(BTH), 3-aminobutyric acid (BABA), methyl jasmonate (MeJA) or SA [34,39,50-56]. The
main objective of this study was to evaluate the ability of different products based on
E. arvense, soy lecithin and Salix spp. cortex to enhance vine defences and analyze gene
expression. The latter is uncommon for these compounds compared to other PDSs, and
it has never been addressed in grapevine. According to the European Commission, these
products are intended to protect plant against P. viticola [19], and the research suggests that
they behave similarly to PDSs.

In this study, we demonstrated that all tested BSs induced multiple grapevine defence
mechanisms—including pathogenesis-related proteins, stilbenes, hormones such as oxylip-
ins, ethylene and salicylic acid and structural genes involved in lignin, callose, cellulose and
cuticular wax biosynthesis—leading to reductions in downy mildew severity of up to 58%.
Among the products, Salix cortex was the most effective, modulating the highest percentage
of genes and the greatest number of defence pathways, highlighting the potential of these
compounds as sustainable alternatives for disease management in vineyards.

2. Materials and Methods
2.1. Plant Material and Pathogen Inoculum

For this study, ungrafted plants of Vitis vinifera cv. Tempranillo RJ-78 were used,
obtained from pruning branches from ICVV (Logrofio, Spain). These branches were im-
mersed in a fungicide solution [0.04% boscalid 20% + kresoxim methyl 10% (Collis, BASF,
Ludwigshafen am Rhein, Germany), 0.03% tetraconazole 12.5% (Domark Evo, SIPCAM
IBERIA S.A., Valencia, Spain), 0.1% cyprodinil 37.5% + fludioxonil 25% (Switch, SYN-
GENTA Crop Protection, Basel, Switzerland)] and stored in humidity conditions at 10 °C
for at least 10 days. Thereafter, they were excised into smaller pieces containing one or two
buds. Sprouting was induced by placing them in water until the emergence of roots. Three
plants were grown in 5 L pots, with enriched nutrient substrate (organic matter 90%, Sphag-
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num peat (160 g/L), calcium carbonate (7 g/L), NPK fertilizer (1.5 g/L) and trace elements,
an electrical conductivity of 40 mS/m, at pH 5.5-6.5; PotgrondH, Klasmann-Deilmann
GmbH, Germany), with a 16 h day/8 h night photoperiod (350 umol/m?/s; 0.51 W/m?)
and at 18-25 °C room temperature in a greenhouse compartment with biological contain-
ment level 2 and irrigated to field capacity when necessary.

P. viticola sporangia (sp.), considered as the inoculum, were isolated from downy
mildew infection spots of different grapevine leaves from a vineyard in Etxano (E-48340,
Bizkaia, Spain, 43.227865, —2.719396) in May 2020 and regularly propagated in laboratory
over detached leaves of Vitis vinifera cv. Tempranillo until use. For every inoculation,
sporangia were suspended in commercial mineral water and their concentration adjusted
to 2 x 10* sp/mL, using a Thoma haemocytometer (BRAND GMBH + CO KG, Wertheim,
Germany). Detached leaves were inoculated by spraying a sporangial dilution on the
abaxial side of the leaf with a hand sprayer and incubated at 20 °C in Petri dishes with
saturated humidity.

2.2. Commercial Products

For this study, a total of four commercial products composed of BSs were evaluated.
Distilled water (dH,O) was used as the negative control and (3-aminobutyric acid or BABA
(Sigma-Aldrich, Steinheim, Germany), a well-known PDS [57], as the positive one. The
information regarding these products is described in Table 1.

Table 1. Commercial products used in this study, with their content, type of extraction, doses and
chemical composition.

Type of Dose

Abbr. Company Content Extraction Chemical Composition Gn1L) Category
Sigma-Aldrich B-aminobutyri
BABA (Steinheim, lacc; d yrie n/a n/a 0.20624 g Positive control
Germany)
Idai Nature SL . .
LESOY (La pobla de Soy lecithin 20% Aqueous Phospha.tldylchohne ar}d 3.75mL BS
: phosphatidylethanolamine
Vallbona, Spain)
Phosphatidylcholine,
phosphatidylethanolamine and
Sov lecithin 25% polyphenols such as flavonoids
Econatur (La Oy ‘ecithin Z5% + (quercetin, kaempferol, apigenin)
LECI . E. arvense Aqueous o S ol 2.5mL Mixture of BS
Carlota, Spain) o phenolic acids (ferulic and caffeic
extract 15% . .
acids). Presence of saponins and
free amino acids (proline and
glutamine)
Salix cortex Phenolic extract including
Econatur (La extract 42% + flavonoids (isorhamnetin and
SALIX . chitosan Aqueous . . 3.33mL Mixture of BS
Carlota, Spain) . luteolin), hydrolysable tannins
hydrochloride d d related sali
0.5% and SA and related salicylates
. -(1—4)-D-glucosamine and
CHIT Fconatur (La Chitosan n/a N-acetyl-D-glucosamine with a 416 mL BS

Carlota, Spain)

hydrochloride 1%

high degree of deacetylation

Note. Abbr. = abbreviation. n/a = not applicable. BS = basic substance. SA = salicylic acid.

2.3. Experimental Assay

To minimize the intra-chamber effects, plants were randomly relocated within the
chamber each week before the experiment. Three pots per product and three plants per
pot (nine plants in total) were used for each treatment. Each pot was considered a separate
biological replicate, giving a total of three biological replicates per treatment. Briefly, three-
month-old plants were sprayed with the products (Table 1) at the recommended commercial
dose until run-off. Twenty-four hours after the treatment, the 3rd, 4th and 5th fully
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expanded leaves were detached, and sections of them were flash-frozen. Thereafter, discs
were excised on the remaining fresh leaf of each plant and randomly mixed, and they were
inoculated with P. viticola sporangia solution at a concentration of 2 x 10* sp/mL. Discs
were maintained at 18-22 °C and saturated humidity in Petri dishes, with a photoperiod of
16:8 (light-darkness). Four discs per leaf were flash-frozen during the infection process at
different timepoints, 1, 3 and 7 days post-infection (dpi), and stored at —80 °C for further
molecular analyses. At 7 dpi, the percentage of sporulated surface was measured for the
remaining tissue of each leaf. A graphical representation of the experimental design is
shown in Figure 1.

Treatments

Control LECI %k RNA expression analysis
BABA SALIX Q:\{\-
LESOY CHIT 6&\
<& * * * *

wPPt  wPpet  wFelpt
B A LA D A Y

3 pots x 3 plants each
Infection with
9 plants/treatment P. viticola

Figure 1. Experimental design of the infection assay.

t=0dpt t=1dpt t=2dpt t=4dpt t=8dpt
t=0dpi t=1dpi t=3dpi t=7dpi

For each timepoint, two control groups were established. First, the non-treated infected
control (NT-INF) was compared to the non-treated non-infected control (NT-NOINF) to
identify the gene modulation exclusively induced by the pathogen. Secondly, the NT-INF
samples were used as a control for treated infected samples (T-INF) to determine the gene
modulation produced exclusively by the treatments in the presence of P. viticola.

2.4. RNA Extraction and Reverse Transcription

RNA was extracted from the frozen leaves using a Spectrum™ Plant Total RNA Kit
(Sigma-Aldrich, Steinheim, Germany), following the manufacturer’s instructions. The
procedure included an intermediate on-column DNase treatment, which was performed
for 15 min at room temperature, following the recommended protocol. The quality of the
RNA was inspected in a 1.2% agarose gel electrophoresis and the purity and concentration
of RNA in a NanoDrop 1000 spectrophotometer (NanoDrop Technologies, Inc., Waltham,
MA, USA). RNA samples with good purity and concentration were reverse-transcribed to
obtain the complementary DNA (cDNA) using GoScript™ Reverse Transcriptase (Promega,
Madison, WI, USA), as indicated by the manufacturer.

2.5. Gene Expression

Gene expression was analyzed by high-throughput quantitative polymerase chain
reaction (qPCR), as described by [58], using a 96.96 Dynamic Array™ IFC for Gene Ex-
pression (Standard BioTools Inc., CA, USA), which enables the qPCR analysis of 96 genes
in 96 samples. One technical replicate was performed for each biological replicate. The
analysis included 4 reference genes and 91 defence-related genes. The defence genes were
grouped according to different categories (the number of genes for each group is detailed
between brackets): (i) primary metabolism (1 = 10), (ii) cell/wall reinforcement (1 = 14),
(iii) pathogenesis-related (PR) proteins (1 = 16), (iv) phenylpropanoid biosynthesis (1 = 19),
(v) hormones (1 = 14), (vi) metal transport (n = 3), (vii) redox status (n = 7), (viii) indole
pathway (n = 5) and (ix) oxylipins (n = 2). Further details on the analyzed genes are
available in the Supplementary Material (Table S1).
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As the PCR efficiencies for each primer set ranged between 0.8 and 1.2, Pfaffl’s model
formula was simplified, and the relative expression was calculated using the 2~44Ct for-
mula. This model is the standard for RT-qPCR analysis [59,60]. For these calculations,
two controls were established for each timepoint: a non-treated non-infected control (NT-
NOINF) and a non-treated infected control (NT-INF). First, the NT-INF was compared
to the NT-NOINF to identify the gene modulation exclusively induced by the pathogen
(NT-INF vs. NT-NOINF). Secondly, the NT-INF samples were used as a control for treated
infected samples (T-INF) to determine the gene modulation produced exclusively by the
treatments in the presence of P. viticola (T-INF vs. NT-INF).

2.6. Data Analysis

The relative gene expression values were then statistically analyzed, where the thresh-
old of 5% (p-value < 0.05) indicated a significant difference. This was carried out on
RStudio version 2022.07.2. with a rank-based nonparametric multiple comparisons test
(Dunnett_test, nparcom function {nparcomp}). The gene expression data was also sub-
jected to a multiple factor analysis (MFA) for each timepoint using the “FactoMineR” and
“factoextra” packages in RStudio 2022.07.2. Factor maps displaying individuals and their
coordinates with 95% confidence ellipses were produced, as well as a correlation circle
showing the 20 variables with the highest COS?. In the case of sporulation data, a one-way
analysis of variance (ANOVA) (x = 0.05) followed by Tukey’s post hoc test with the Holm
correction was performed in JASP version 0.16.3.0.

3. Results
3.1. Disease Severity After Product Application

Twenty-four hours after treatment, detached leaves were infected with P. viticola
sporangia and incubated for seven days. Thereafter, the percentage of sporulated surface
was evaluated for the negative control, for BABA and for the products, revealing that only
BABA, LESOY and SALIX significantly reduced the sporulation (Figure 2A). SALIX was
the most efficient product with an overall reduction close to 60%. After a transformation
of data to a percentage of disease severity reduction, BABA, LESOY, LECI, SALIX and
CHIT reduced the sporulation by 38.38, 34.59, 8.56, 58.01 and 2.46%, respectively. BABA,
LESOY and SALIX produced a reduction significantly higher than those of LECI and CHIT
(Figure 2B). Figure 2C shows the intratissue area occupied by P. viticola mycelium for
each treatment at 2 dpi and the sporulation at 7 dpi. Both mycelium development and
sporulation were reduced in plants treated with BABA, LESOY and SALIX compared to
the control.

3.2. General Gene Modulation

The percentage of significantly modulated genes was calculated at all timepoints for
each condition (Figure 3), including both the natural infection without any treatment and
with treatments. The natural infection process displayed an increasing modulation over
time, going from 20-22% of modulated genes at 1 and 3 dpi to a total of 55% at 7 dpi. Among
the treatments, three gene modulation trends were observed: (1) BABA (15-30%) and LECI
(20-28%) had stable modulation over time, with slight decreases at 3 dpi. (2) LESOY and
SALIX displayed stable behaviour as well, but with a higher modulation at 0 dpi and a
sharp decrease at 3 dpi. Although the pattern was similar, SALIX (21-58%) modulated
more genes than LESOY (7-37%) for every timepoint. CHIT (6-51%) showed a similar
trend to the natural infection process, with an increase at 7 dpi but with a very low 3 dpi
value. Furthermore, the percentage of total modulated genes per treatment, including
all timepoints, was analyzed. This revealed that SALIX was the product that impacted
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the most on the plant defence, with 41% of genes significantly modulated, followed by
the natural infection process (32%) and, finally, the rest of the treatments (23-27%). In
addition, the total percentage of modulated genes per timepoint, including all treatments
and the infection process, revealed that the gene modulation was very similar at 0, 1 and
7 dpi (30-38%) and that 3 dpi was the least affected timepoint with only 15% of the genes

significantly altered.
A
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3 50 c bc
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Figure 2. (A) Disease severity observed in plants at 7 days post-infection (dpi) after the treatments.
(B) Disease severity reduction provided by the treatments. Tukey’s post hoc test (x = 0.05) was

performed to determine statistical differences between commercial products, denoted by different

lowercase letters in the graph bars. (C) Representative examples for each treatment condition of

mycelium progression in leaf disc tissue at 2 dpi and sporulation at 7 dpi. The staining protocol is

described in [61].
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bars indicate the percentage of significantly down-regulated (blue) or up-regulated (red) genes.
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3.3. Gene Expression During P. viticola Infection

3.3.1. Up-Regulated Genes in Untreated Plants During Infection

The next step of this study was to identify key genes modulated in Tempranillo

sensitive genotype at 1, 3 and 7 dpi during P. viticola infection process. This was achieved

by comparing the gene expression of the NT-INF control to that of the NT-NOINF control.

Genes that were significantly up- or down-regulated by the infection process in at least

one of the timepoints were considered. All significantly up-regulated and down-regulated

genes are shown in Figure 4 and Figure 5, respectively.

Log, expression values

(0.0 [ 100 [200]

1 dpi 3 dpi 7 dpi
I |
' ' »
0S ROS
I ' QY W
| ¢ AN
ae ee il S * * I s * %
e o0 o0 I 1% \'L> VL> I VL> L 1%
1 [
s s xa s
| | Chitinases PR proteins
| 1
Glucanases PR proteins PR3 PR1
I ! PRY 141 PRSbs  pog
| [ rr2 PRI | PRdbis 267 PRI0
Chitinases I 150 PRibis | PRS-CHIT3 Y PR15—»
Chitinases 174 PRb5bis
[07 pr3 1 1 Ethylene Redox
' | 35 PR3 SA methylation | biosynthesis detoxification
SA methylation brosynthests
Prerostilb | |27 PRY 1 ACO1 334 GSTI
—— 114 PRS-CHIT3 % [l SAMT! ’% ACO1b 114 GST3
iosynthesis 1 ) ‘ 1 :
[Z55] ROMT e | Ethylene . —> ‘ | Isoprenoid Lignan/lignin
ee biosynthesis ‘ | biosynthesis biosynthesis
Flavonoid ! 150 ACOIb Etfector I 231 PAL E&l cAD2 990
biosynthesis I Iecognition | 247, FPPS
1 R trol | 116 BAS A-ileucine
esveratrol =
086 CHI2 | biosynthesis - EDSIb | Indole pathway formation
Iron transport I 2300 PAL Lignan/lignin | CHORM JAR @ '
1 ’% STS biosynthesis 1 CHORM2 ' —>
289 IRT . CHORS '
I ‘SXXhE:P ) [025" CcAD | CHORS2 Hormone signallin;
iosynthesis
Krebs cycle : "” : Oxylipin = WRKY1
’—0. % IDHAI | 158 LOX9 rL> | biosynthesis ,:04& WRKY?
[ Iron transport 1 ’E LOX9 rL> Glycolisis
Iron transport
I . T ! T PGMD
. | @ o
1 1
1 1
I Systemic I
1 @ @& & > Acquired 1
| Resistance I
LOX9-derived oxylipins 1}” PR2 Pterostilbene o®
Lignin ¢6¢ PR3 Ethylene ROS
Methyl salicylic acid ‘ PR4 Reactive oxygen species \ \
asmonic acid 1soleucine = etoxitying enzymes
i id isoleuci ' PRS-CHIT3 * D ifying y. ®

Figure 4. Significantly up-regulated genes during the natural infection process at 1, 3 and 7 dpi. All

genes are expressed in log2 values, which were obtained by comparing the NT-INF control to the
NT-NOINF control.
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Figure 5. Significantly down-regulated genes during the natural infection process at 1, 3 and 7 dpi.
All genes are expressed as log?2 values, which were obtained by comparing the NT-INF control to the
NT-NOINF control.

Regarding the up-regulated genes (Figure 4), five transcripts were increased by the
natural infection at 1 dpi. First, in relation to the primary metabolism, an enzyme involved
in the Krebs cycle (VvIDH41) was slightly overexpressed. As for the defence-related genes,
a type IV endochitinase (VvPR3) was up-regulated, with the ability to degrade chitin.
Moreover, the expression of VoROMT, which is involved in production of pterostilbene,
was clearly increased. The expression of VoCHI2, involved in flavonoid biosynthesis, was
also increased. Finally, the gene (VvIRT), in charge of iron transport and iron homeostasis,
was strongly induced.

At 3 dpi, the infection triggered the up-regulation of many more genes (Figure 4),
especially PR proteins. A total of seven PR proteins expression were increased: VuPR1,
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VoPR1bis, VoPR2 (type I glucanase), VoPR3 (type IV endochitinase), VoPR4 (type I en-
dochitinase), VoPR5bis (thaumatin-like protein) and VoPR8-CHIT3 (type III chitinase),
which displayed a variety of molecular functions directed towards the repression of the
infection process. Regarding secondary metabolism, the gene of the first enzyme of the
phenylpropanoid pathway (VoPAL) and the biosynthetic gene coding for resveratrol syn-
thase (VoSTS) were up-regulated. Moreover, an increase in an oxylipin biosynthesis gene
(VoLOX9) was detected. In the case of hormones, both ET- and SA-related genes were
up-regulated, such as VoACO1b, the biosynthesisenzyme of ET, and VoSAMT1, the gene in
charge of SA methylation to form methyl-SA, a mobile signal involved in systemic acquired
resistance [62]. In this regard, VoEDS1b, a gene involved in pathogen effector recognition
and SA-mediated immunity [63,64], was also overexpressed.

At 7 dpi, the infection generated the highest gene modulation (Figure 3), and several
gene categories were up-regulated. The general activation of PR proteins continued at
this timepoint, with VoPR1, VoPR3, VoPR4, VoPR4bis, VoPR5bis and VoPRS8-CHIT3 and
two new PR proteins, more concretely, VoPR10 with ribonuclease activity, and VvPR15,
with oxalate oxidase activity. Interestingly, VoPR15 was 29 times more present in NT-INF
compared to NT-NOINEF. Two protective detoxifying enzymes were also induced involved
in the oxide-reduction system, namely, VoGST1 and VoGST3 [65].

Regarding the secondary metabolite production at 7 dpi, the phenylpropanoid path-
way was not further directed towards the production of resveratrol and derivatives, as
in 1 and 3 dpi, except for VoPAL. Instead, overexpression of VoFPPS and VuBAS was
observed, involved in isoprenoid biosynthesis. Overexpression of VoCAD2 was also re-
ported, which participates in one of the branches of the phenylpropanoid pathway to
produce lignin [66]. Moreover, the indole pathway was also induced towards the synthesis
of phenylalanine and tyrosine (VvCHORM, VoCHORS), which are the precursors of the
phenylpropanoid pathway. No expression of VoANTS was detected, so the route was
not directed towards tryptophan, which is the starting point for auxin and terpene indole
alkaloid biosynthesis [67].

As for the hormones involved at 7 dpi, the ET biosynthesis genes were still induced
(VvACO1 and VvACO1b). In addition, the overexpression of VoJAR was reported, which
conjugates JA with isoleucine to start the JA signalling pathway [30]. Finally, the overex-
pression of two transcription factors involved in hormone signalling was reported, namely,
VoWRKY1 and VoWRKY?7. The expression of SA-related enzymes remained unaffected at
this timepoint.

3.3.2. Down-Regulated Genes in Untreated Plants During Infection

Opposed to up-regulated genes, some others displayed an expression decrease
(Figure 5). At 1 dpi, genes involved in nitrogen assimilation (VoNiR, VoALAT and
VuGOGAT) and the Krebs cycle (VoCS2) were down-regulated. Moreover, genes involved in
the biosynthesis of callose (VoCALS2 and VoCALS3), regulation of cuticular wax (VoCER?2)
and pectin (VoPECT2) were also down-regulated. Interestingly, some hormone-related
genes were also affected. For instance, the expression of a negative regulator of ethylene
biosynthesis (VvEIN3) was decreased, such as VoICS, which participates in the biosynthesis
of SA.

The metabolism of other hormones such as gibberellins was further affected by re-
ducing the expression of the catabolic enzyme VvGAZ2ox, involved in the deactivation
of bioactive gibberellins. Other genes to be repressed by the pathogen were VoGST2
and VoGST3, involved in detoxification [65], and VvLOX13, in charge of JA biosynthe-
sis. At 3 dpi, the infection was less active, and only three genes were down-regulated:
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VvAlli and catabolism (VoGAZ20x) and biosynthesis (VvGA20ox) genes of gibberellins were
also decreased.

Finally, at 7 dpi, many genes were down-regulated, which, together with the high
number of significantly overexpressed genes, made this timepoint the most active during
the infection process, as observed in Figure 3. Regarding primary metabolism, a very
acute decrease was observed for VuGS, which assimilates ammonia into glutamate [68].
Moreover, genes related to the cell wall were repressed, such as peroxidase enzymes related
to lignin (VoPER) and regulation of cuticular wax (VoCER2).

Concerning PR proteins, only two were down-regulated, VoPR5 (thaumatin-like
protein) and VoPR9-POX (class III peroxidase). The metabolism of SA and ethylene were
also influenced at this timepoint by the decrease in VvEIN3 and VvICS expression, as at
1 dpi. VvEDS1a expression also decreased, and it participates in the mobilization of SA-
dependent pathways during pathogen infection [69]. Finally, the metabolism of gibberellins
(VoGA200x and VvGAZ2ox) and some secondary metabolites such as flavonoids (VoCHI,
VouF3H and VuLDOX), isoprenoids (VoHMGR?2) and galactinol (VoGOLS1) were repressed,
as well as the indole pathway:.

3.4. Gene Expression During P. viticola Infection in Grapevine Plants Previously Treated with
the Products

After identifying the genes involved in the infection, gene expression was studied in
plants previously treated with the commercial products (Table 1). The primary objective
was to determine whether the increase or decrease in expressions of these genes occurred
more rapidly in treated plants compared to untreated ones, indicating a possible anticipated
expression. Gene expression data of all the analyzed genes is displayed in Figure 6.

3.4.1. Up-Regulated Genes in Treated Plants During Infection

Some genes displayed an anticipated up-regulation in the treated plants. This phe-
nomenon was especially evident for PR proteins for most of the used products. In the
case of VuPR1, expressed by the natural infection at 3 and 7 dpi, all products had already
overexpressed it at 1 dpi. Interestingly, only LECI and SALIX significantly activated this
gene at 0 dpi, in the absence of infection, while all the products induced it at 1 dpi, once the
pathogen appeared. This pattern was also observed with VoPR5bis, where no significant
overexpression was detected at 0 dpi, except in SALIX.

Regarding cell-wall-degrading PR proteins, VoPR2 was expressed in all treated plants
at 1 dpi and in LESOY-, SALIX- and CHIT-treated ones at 0 dpi too, whereas the non-treated
plants significantly activated it only at 3 dpi. As for chitinases (VoPR3 and VoPR4), the
expression was induced at 0 dpi in most cases, anticipating the natural infection process by
three days. VoPR8 and VoCHIT3 were also induced at 0 dpi in LESOY, LECI and SALIX and
at 1 dpi by the same products plus CHIT. VoPR10 and VoPR15 followed a different pattern,
being expressed by the natural infection at 7 dpi. In the case of VoPR10, most products
expressed it at 0 or 1 dpi only, anticipating the expression by six days in comparison to
the infection. VoPR15, however, was only clearly induced by SALIX at 0, 1 and 3 dpi.
LESOY and CHIT slightly induced it too. Overall, BABA, LESOY, LECI, SALIX and CHIT
anticipated the expression of a total of six, nine, eight, nine and eight PR proteins involved
in pathogen infection, respectively.

Regarding the phenylpropanoid biosynthesis pathway, several modulations of key
genes were anticipated in treated leaves. The most evident was the overexpression of
VoPAL and VoSTS by LESOY and SALIX at 0 dpi, while the natural infection induced it at
3 and 7 dpi. Regarding the VoROMT gene, coding for pterostilbene synthesis, only LESOY
was able to overexpress it at 0 dpi, prior to the infection at 1 dpi. At later timepoints, the
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expression of these genes was maintained in treated plants in comparison to NT-INF ones,
where its expression dropped.

0 day post infection (dpi) 1 days post infection (dpi) 3 days post infection (dpi) 7 days post infection (dpi)
1 day post treatment (dpt) 2 days post treatment (dpt) 4 days post treatment (dpt) 8 days post treatment (dpt)
BABA LESOY LECI SAU CHIT Infection BABA LESOY LECI SALIX CHIT Infection BABA LESOY LECI SALIX CHIT Infection BABA LESOY LECI SALIX CHIT
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Figure 6. Relative expression (log2) of defence-related genes after the application of the commercial
products at 0 dpi/1 dpt, 1 dpi/2 dpt, 3 dpi/4 dpt and 7 dpi/8 dpt. Genes significantly modulated
are expressed in bold. The expression level is indicated by a color scale bar, with up-regulated genes
represented in red and down-regulated ones in blue. A higher color intensity indicates a stronger
modulation. For the infection-exclusive genes, the fold change was calculated by comparing NT-INF
samples against the reference NT-NOINF samples. For the genes activated by the treatments, the fold
change was calculated by comparing T-INF samples with the reference NT-INF.

As for isoprenoid biosynthesis (V0FAR, VoFPPS and VvBAS), the natural infection
induced the expression of VoFPPS at 7 dpi, which produces farnesyl-PP, the starting metabo-
lite for producing sesquiterpenoids [70]. The expression of this gene was only anticipated
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by LECI (0 dpi) and SALIX (0 and 1 dpi). Further in the biosynthetic route of sesquiter-
penoids BAS, in charge of 3-amyrine production, was induced by the natural infection
at 7 dpi. The expression of this gene was only up-regulated by SALIX, at 1 and 3 dpi.
Finally, VoFAR, which produces farnesene sesquiterpenoid [71], was significantly induced
in LECI- and SALIX-treated plants at 0 dpi. All this production of phenylpropanoids was
supported by the activation of the indole pathway (VvCHORM?2) at 7 dpi by the natural
infection, whose expression was advanced by BABA (1 and 3 dpi), LESOY (1 dpi) and
SALIX (0 and 1 dpi), respectively.

Some other secondary metabolite genes were not induced by the infection, such as
VovCHS2, whose corresponding enzyme catalyzes the first step of flavonoid biosynthesis [72],
but they were important in plants treated with some of the analyzed products. Such is the
case with BABA and SALIX, which overexpressed VoCHS?2 at 0 dpi, and CHIT, at 7 dpi.

Some genes related to defence hormone regulation were also involved during the
infection of P. viticola in Tempranillo. Thus, the expression of VoACO1b was anticipated by
SALIX at 0 dpi and LESOY at 1 dpi. CHIT increased its expression at 7 dpi, in contrast with
the NT-INF control. Meanwhile, for SAMT1, its expression was triggered at 0 dpi only by
LESQOY and at 1 dpi by LESOY and SALIX, prior to the significant up-regulation at 3 dpi by
the infection. VoWRKY1 followed a distinct pattern and was especially induced by SALIX
at 0 dpi and, to a lesser extent, by LECI at 3 dpi, anticipating its expression in both cases.

The expression of other key genes involved in pathogen infection was also increased
in treated leaves. For instance, VvIRT and VvGST1, which were significantly induced by the
infection at 1, 3 and 7 dpi, respectively, were expressed to very high levels by all products at
0 dpi. In the case of VvLOX9, involved in oxylipin metabolism, all treatments overexpressed
itat 1 dpi, prior to its overexpression at 3 dpi by the natural infection. Moreover, BABA and
SALIX had already increased their expression by 0 dpi too, at the moment of inoculation.

Finally, another interesting example was that of VoCAD?2, involved in lignin biosyn-
thesis [66], which was strongly induced during the natural infection at 7 dpi. Among the
products, SALIX was the only treatment that anticipated its expression at 0 and 1 dpi, with
the rest of the products not overexpressing it at any timepoint.

3.4.2. Down-Regulated Genes in Treated Plants During Infection

Concerning genes that were significantly repressed during infection (Figure 5), two
trends were observed. First, some genes were down-regulated in the control but up-
regulated in the treated plants. Secondly, other genes were down-regulated both in the
control and the treated plants, magnifying the expression decrease.

For instance, VoGS and VoGA20ox followed the first pattern. In fact, although the
infection intensely decreased the expression, the products were able to maintain it or
even overexpress it, especially at 7 dpi, when the infection repressed it. The rest of the
genes followed either the second trend or a mixture of both. In particular, VvCALS2 and
VOPECT?2, in charge of callose and pectin formation, were decreased by the natural infection
at all timepoints (significant only at 1 dpi). Interestingly, the treatments decreased their
expression prior to or at the same time as the infection in most cases. BABA, LECI, SALIX
and CHIT significantly repressed VoCALS2 at least at 0 or 1 dpi, while LESOY, LECI and
CHIT repressed VoPECT?2 at 0 dpi. SALIX was able to increase the expression of VoCALS2
at 3 dpi and of VoPECT2 at 0, 1 and 3 dpi.

Regarding hormone-related genes, such as VoGA20ox and VoGA2ox, which were in-
tensely repressed by the infection, the products were able to counterbalance this and main-
tained a higher expression than in control leaves. This was especially relevant with BABA,
LESQOY, LECI and SALIX at 7 dpi for the VvGA20ox gene. For VoGAZ2ox, the repression
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observed in the control was not counterbalanced by the treatments. Finally, ethylene-related
genes VOEIN3 and VouICS were repressed by SALIX already before infection.

3.5. Multiple Factor Analysis

To reduce the complexity of the dataset, multiple factor analyses (MFAs) were per-
formed, allowing for identifying the genes that better explained the gene expression dif-
ference across treatments. Overall, two independent MFAs were performed. The first
one compared the genetic expression of the two controls (NT-NOINF and NT-INF), which
highlighted the main genes involved in P. viticola infection (Figure 7). A second MFA
compared the T-INF samples against the NT-INF control, allowing for identifying the main
genes dealing with the infection in product-treated plants (Figure 8). During these anal-
yses, the 20 best-represented variables (highest COS? values) were selected for graphical
representation at each timepoint. To facilitate the interpretation of Figures 7 and 8, these
variables are listed in Tables S2 and S3, ranked from 1 to 20 according to their COS? values.
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Figure 7. MFA of gene expression during the infection at (A,B) 1 dpi/2 dpt, (C,D) 3 dpi/ 4 dpt and
(E,F) 7 dpi/8 dpt, distributed on the first two axes (dimensions 1 and 2). Thin points represent each
biological replicate and ellipses the 95% confidence interval for each condition, with the thick point
representing the center of the ellipse. In addition, the projection of the top 20 best represented variables
(highest COS?), colored by biological function, is presented for (B) 1 dpi/2 dpt, (D) 3 dpi/4 dpt and
(F) 7 dpi/8 dpt timepoints.
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Figure 8. MFA of gene expression after treatment application at (A,B) 0 dpi/1 dpt, (C,D) 1 dpi/2 dpt,
(E,F) 3 dpi/4 dpt and (G, H) 7 dpi/8 dpt, distributed on the first two axes (dimensions 1 and 2). Thin
points represent each biological replicate and ellipses the 95% confidence interval for each condition,
with the thick point representing the center of the ellipse. In addition, the projection of the top 20 best
represented variables (highest COS?), colored by biological function, is presented for (B) 0 dpi/1 dpt,
(D) 1 dpi/2 dpt, (F) 3 dpi/4 dpt and (H) 7 dpi/8 dpt timepoints.

Thus, the first MFA (Figure 7) revealed a clear differentiation between NT-INF and
NT-NOINF at all timepoints. The first and second dimensions explained 59.1, 56.0 and
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79.0% of the total variability at 1, 3 and 7 dpi, respectively. Confidence ellipses were fully
separated in every timepoint, indicating a very different gene expression between both
controls. At 1 dpi (Figure 7A,B), the most explanatory variables were PR protein genes
(VoPR1bis and VvPR2) and VoROMT, which were up-regulated in the infected samples. On
the contrary, some genes such as VoPECT2, VoGST3 and VvLOX13 were more expressed in
the non-infected sample. At 3 dpi (Figure 7C,D), the most explanatory variables were again
PR proteins (VoPR1bis, VoPR2 and VvPR3), resveratrol biosynthesis genes (VoSTS and
VoPAL) and VoLOX9 that were more expressed in the infected samples. Finally, at 7 dpi
(Figure 7E,F), the ellipse separation was clearer than in the previous timepoints, with two
clear gene groups correlated with infected samples (right) and non-infected samples (left).

Thereafter, the second set of MFAs were performed, which included the NT-INF
control and the rest of the treatments (Figure 8). In addition to gene expression data, the
sporulation data from Figure 2 was included in the analysis. In this case, the first and
second dimensions explained 50.8, 42.6, 36.8 and 43.2% of the total variability at 0, 1, 3 and
7 dpi, respectively. However, conditions were not clearly separated from each other in the
factor maps at most timepoints, except for SALIX at O dpi and 1 dpi, of NT-INF at 1 dpi
and of CHIT at 7 dpi.

The correlation circles allowed for seeing which genes accounted for treatment differ-
entiation the most. At 0 dpi (Figure 8A,B), for instance, two gene groups were negatively
correlated to each other and explained the differentiation of SALIX from the rest of the
treatments. Thus, the PR genes, those involved in phenylpropanoid biosynthesis, oxylipins
(VuLOXD9) or ethylene biosynthesis (VvACO1b), SA remobilization and signalling (VoSAPB2
and VoWRKY1), lignin biosynthesis (VvCAD?2) and in the cuticle biosynthesis (VvKCS9)
were more expressed in SALIX. All these genes were at the same time negatively correlated
to the sporulation intensity. At 1 dpi (Figure 8C,D), the correlation circle did not show any
group as clear as at 0 dpi. However, some genes explained the differentiation between
SALIX and the rest: VoCAD?2, VoGST1, VoCHORS, VoCHORM?2 and VvBAS. These genes
were at the same time negatively correlated to the sporulation intensity.

Meanwhile, at 3 dpi (Figure 8E,F), the correlation circle did not reveal any variable
that was good for treatment discrimination, although VoCHORM?2 as well as VoCHORS
and VoGOLS1 were negatively correlated to sporulation intensity. Finally, at 7 dpi
(Figure 8G,H), the correlation circle showed genes clearly correlated with CHIT, including
phenylpropanoid biosynthesis genes (VoPAL, VuSTS, VoROMT, VoCHI, VoCHI2, VoCHS,
VoCHS2, VoF3H and VuLDOX), PR-protein-encoding genes (VoPR5bis, VoCHIT3 and
VouPIN/PR6) or redox status genes (VoGST5 and VoCAT), which were not exclusively ac-
tivated in CHIT, but their activation was more intense than in the other treatments. In
this case, no negative correlation was found between sporulation intensity and any of the
genes represented.

4. Discussion

According to Aranega-Bou et al. [73], “priming is a mechanism which leads to a physi-
ological state that enables plants to respond more rapidly and/or more robustly after an
exposure to biotic or abiotic stress”. This state can be achieved in several ways, like treating
plants with various chemicals or inoculating the roots with certain beneficial microbes [74].

The main objective of this study was to determine whether plants treated with dif-
ferent commercial products based on BSs (LESOY, LECI, SALIX and CHIT) exhibited a
faster and more robust activation of key genes compared to non-treated plants during the
P. viticola infection process, indicating a possible priming state. However, as the molecular
mechanisms underlying the priming process were not specifically addressed, instead of
“priming”, the term “anticipation” is used preferably. An anticipation event was considered

https:/ /doi.org/10.3390/horticulturae12010112


https://doi.org/10.3390/horticulturae12010112

Horticulturae 2026, 12, 112

17 of 33

when a gene was significantly expressed earlier in a treated plant than in a non-treated
control plant.

In this work, several gene categories were modulated during P. viticola infection in
cv. Tempranillo, and some of them were anticipated by the applied commercial products.
These genes presented in Section 3 will be further discussed, focusing on their relevance in
plant defence and on their contribution to P. viticola resistance. For clarity, the genes will be
analyzed in two different groups, depending on their expression during the infection in
V. vinifera cv. Tempranillo: up-regulated genes and down-regulated genes.

4.1. Up-Regulated Genes
4.1.1. Pathogenesis-Related Proteins (PR Proteins) Are Induced Early and Strongly by
Infection and Treatments

One of the main gene groups activated during the infection were those coding for
PR proteins. In fact, the infection triggered the activation of VoPR1, VoPR1bis, VvPR2,
VPR3, VoPR4, VvPR4bis, VoPRb5bis, VoPRS-VvCHIT3, VoPR10 and VoPR15 at some point
(Figure 4). Unsurprisingly, most of these genes have been previously reported in response
to P. viticola attack in other sensitive grapevine genotypes, such as VoPR1, VoPR2, VoPR8
and VoPR17 in Chasselas [75], VoPR10 in Riesling and Pinot noir [76,77] and VvPR1, VuPR?2,
VouPR3, VoPR6, VoPRS, VoPR10 and VoPGIP in Cabernet Sauvignon [37]. In our case, an
up-regulation of all these genes plus VoPR5bis and VoPR15 was reported in Tempranillo
genotype, except for VoPIN, VoPGIP and Vv PR17, which were not induced.

These PR protein genes expressed in Tempranillo display several biological functions.
First, VoPR1/PR1bis is involved in SA-mediated defence response and is correlated with a
higher grapevine downy mildew resistance, where the gene is induced earlier in a resistant
genotype (2 hpi) than in a sensitive one (24 hpi) [78]. Its strong activation at 3 and 7 dpi
suggests SA participation at these timepoints. In another vein, other PR protein genes
display cell-wall-degrading catalytic activity, such as VoPR2 (type I glucanase), VoPR3
(type IV endochitinase), PR4 (type I endochitinase) and PRS-CHIT3 (type III chitinase),
which have (3-1,3 glucan or chitin as targets. Interestingly, these proteins have been linked
to P. viticola resistance, such as VoPR2 glucanase, which displays a direct antigerminative
activity against its spores [79], or VoPR4, whose depletion increases the susceptibility
against P. viticola [80]. In the case of the VoPRS8 gene, a positive correlation between this
gene and decreased P. viticola infection was found [38]. In our study, the activation of
chitinases came as a surprise, as oomycete cell walls consist mainly of 3-1,3-glucans, (3-1,6-
glucans and cellulose rather than chitin [81]. The activation of chitinases might be related to
JA, as PR3, PR4 and PR12 chitinases are linked to JA pathway activation in Arabidopsis [82].

The overexpression of a thaumatin-like protein (VoPR5bis) and a ribonuclease (VoPR10)
were also detected in Tempranillo cultivar. The first one can permeabilize the plasma
membrane of the pathogen thanks to its osmotin activity [83], and its overexpression in
transgenic grapevine leads to grapevine downy mildew resistance [84], the same as the
overexpression of VoPR10 [85]. Interestingly, a transcriptomic analysis of P. viticola infection
in a resistant hybrid grapevine genotype revealed that two gene clusters associated with
VovPR5 and VuPR10 proteins were induced [86]. Moreover, the expression of VoPR) after
P. viticola infection was associated with resistant grapevine genotypes [87].

Finally, the infection highly induced the expression of VoPR15 at 7 dpi, which codes
for a protein that can produce hydrogen peroxide to neutralize the pathogen [88]. This gene
is correlated with high resistance to a necrotrophic pathogen in barley and is able to induce
defence responses [89,90]. The activation of this gene could generate an oxidative stress
for the plant that needs to be neutralized [65], which could explain the overexpression of
two protective detoxifying enzymes during the infection process at the same time, namely,
VuGST1 and VoGST3 (Figure 4).
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The overexpression of these PR proteins in the Tempranillo genotype could imply a
potential increase in the resistance to P. viticola oomycete. However, the infection is still
able to progress, indicating that the timing of the expression might play a critical role in
the resistance. In this context, the commercial products could make a difference. In fact,
the control BABA and the selected products (LESOY, LECI, SALIX and CHIT) not only
increased the gene expression of PR proteins compared to the control but also anticipated
their induction. Specifically, six PR proteins were activated earlier with BABA, ten with
both LESOY and SALIX and eight and ten with LECI and CHIT, respectively. This suggests
that under the conditions of this study, the pathogen could have encountered higher levels
of several PR proteins in the treated plants at the moment of infection, with their subsequent
antimicrobial activities, leading to an increased resistance in product-treated plants.

4.1.2. Stilbene Biosynthesis Is Anticipatively Activated in LESOY- and
SALIX-Treated Plants

Besides PR proteins, stilbenes seemed to play a pivotal role during the infection in
Tempranillo too. This metabolic group is part of the bigger phenolic group and is produced
in grapevine in response to different stresses, including P. viticola infection [91,92]. The first
gene of the metabolic route is the stilbene synthase (VvSTS), which catalyzes resveratrol
biosynthesis [93]. This molecule is used as the building block for the rest of the stilbenes
and can be dimerized and oxidized to form viniferins, glycosylated to produce piceid or
methylated to produce pterostilbene [93,94]. A total of 78 stilbenes have been identified so
far in grapevine [95].

Several previous works by other authors have highlighted the connection between
stilbenes and the level of resistance against P. viticola. In fact, Pezet et al. [96] demonstrated
that the most toxic stilbenes against P. viticola were trans-5-viniferin (oxidized dimer) and
trans-pterostilbene (methylated resveratrol) and that these were induced much more in
response to the pathogen in a resistant genotype than in a sensitive genotype. Further
evidence of this correlation was found in another study of several genotypes with varying
resistance to downy mildew, showing a clear higher production of viniferins in the resistant
varieties [97,98]. Another study [99] also demonstrated that the resistance level against
P. viticola is positively correlated to resveratrol and its oxidized dimers e- and o-viniferin
and negatively correlated to piceid, which was mainly produced by sensitive genotypes.
Therefore, as Tempranillo is a sensitive genotype, we could expect a higher production of
piceid in contrast to other stilbenes, which was confirmed by [94].

Remarkably, the higher production of certain stilbenes in more resistant genotypes
seems to be caused by a faster constitutive expression of genes involved in stilbene biosyn-
thesis [94] and a longer transcriptional activation [100]. Therefore, a higher resistance
to P. viticola could be achieved by altering the expression of these genes, for example, by
using PDSs.

In this study, the Tempranillo genotype responded to the pathogen by activating
VuSTS (the resveratrol biosynthesis gene) and VoROMT (the pterostilbene biosynthesis
gene) at 3 or 1 dpi, respectively. Interestingly, some of the commercial products were able
to modify this expression in a beneficial way. For instance, LESOY induced VoPAL, VoSTS
and VoROMT at 0 dpi and SALIX VoPAL and VoSTS at 0 and 1 dpi, anticipating in every
case the expression of these genes in comparison to the non-treated plants. The rest of the
products also induced the expression of STS, although not significantly. In any case, as
with PR proteins, a higher concentration of resveratrol and stilbenes could be expected
in plants treated with these products in the moment of infection, especially in the case of
LESOY and SALIX.

Another aspect to consider in relation to stilbenes is the overexpression of several
H,0O;-detoxifying genes such as VoAPOX, VoPR9-POX or VuGST1, which suggests the
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presence of high oxidative pressure in the plant. This oxidizing environment could be
promoting the oxidation and dimerization of resveratrol to form other more toxic viniferins,
reducing pathogen progression. In fact, some plant peroxidases from grapevine [101] or
horseradish [102] have the capacity to transform resveratrol into viniferins, and even the
sole addition of H,O; in vitro can trigger that reaction [103].

4.1.3. BABA and SALIX Enhance Oxylipin-Related Gene Expression Prior to Infection

Oxylipin-related genes were also important during the infection, with the VoLOX9
gene being activated at 3 and 7 dpi. This gene participates in plant defence responses [104,105].
In Arabidopsis thaliana, an oxylipin produced by this gene (9-HOT) is related to the defence
response against Pseudomonas [106], and in maize, the 10-OPEA and 10-OPDA genes, also
produced via LOX9, seem to play a role in local defence against some fungi [104]. Moreover,
the application of oomycete elicitors from Phytophthora infestans were able to activate the
LOX9 pathway in potato [107] and tobacco [108] cell cultures, indicating that this route
could be involved in the defence response against oomycetes. [39]. In this study, all prod-
ucts activated the VoLOX9 gene at 1 dpi, but only BABA and SALIX induced it prior to
the infection, at 0 dpi. Therefore, only BABA- and SALIX-treated plants could have had
a higher level of oxylipins before the infection. Regarding the rest of the products, the
activation of the VoLOX9 gene was also faster in the product-treated plants than in the
non-treated plants but only once the infection started.

4.1.4. LECI and SALIX Accelerate Terpene Biosynthesis During Early Infection

Terpenes also played an important role during the late infection process, given the
overexpression of several related genes such as VoFPPS and VuBAS at 7 dpi. Terpenes are
thought to participate in several plant responses, including defence [109], and are divided
into sesquiterpenes, diterpenoids, triterpenoids or carotenoids [110]. The VoFPPS gene
codes for the farnesyl pyrophosphatesynthase, which is the starting point for sesquiter-
penoids and triterpenoid biosynthesis, while VoBAS forms [3-amyrin, a triterpenoid with
antifungal activity [111]. Considering this, when plants were not treated with any product,
the Tempranillo genotype relied on triterpenoid biosynthesis at late timepoints to fight
P. viticola.

Regarding the analyzed products, LECI and SALIX favored VoFPPS expression at 0,
and 0 and 1 dpi, respectively. In addition to that, SALIX also overexpressed the VvBAS
gene at 1 and 3 dpi. In every case, both products anticipated the expression of terpenes
in comparison to the infection. The same two products also increased the expression of
VUFAR at 0 dpi, a gene responsible for the synthesis of the sesquiterpenoid «-farnesene [71].
Interestingly, a higher emission of sesquiterpenoids has been detected in resistant plants
upon P. viticola infection [112]. These observations suggest that LECI- and SALIX-treated
plants might have had a higher presence of triterpenoids or sesquiterpenoids at the moment
of infection, similar to the overexpression of VvFAR in the presence of downy mildew and
treatment with salicylic acid analog (BTH) [39].

4.1.5. Salicylic Acid (SA)-Mediated Defence Is Promoted Earlier by LE SOY and SALIX

Regarding the hormones involved in response to the infection, two seemed to be
participating in the process, SA and ET. In relation to SA, a high expression of VoSAMT1
and VoEDS1b was detected at 3 dpi during the infection in the Tempranillo genotype.
VuSAMT1 gene transforms SA to methyl-SA, forming a mobile signal necessary for systemic
acquired resistance [62], and it participates in P. viticola infection [113]. EDS1b is involved
in pathogen effector recognition [63,64] and related to SA by activating its biosynthesis via
the VvICS pathway [33]. In our case, although we reported a high expression of VoEDS1b,
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we could not observe the activation of VvICS, but we observed its repression, which could
be explained if the activation occurred at a different timepoint than those selected.

In addition, SA can also be synthesized inside the phenylpropanoid pathway via the
VouPAL gene [114]. Therefore, SA could be produced via this route and not via the VvICS
gene or even both pathways, although not necessarily at the same time. Interestingly,
SA is produced during P. viticola infection in resistant genotypes such as Regent [30] or
resistant Vitis species such as V. amurensis [78] but not in sensitive genotypes. In fact,
Liu et al. [78] showed that neither of the SA-producing pathways were activated in V.
vinifera sensitive cultivars and that they were only induced in resistant ones. Moreover,
no correlation between VoEDS]I induction and disease resistance was found in the same
study. These observations agree in part with our results, where the sensitive Tempranillo
genotype did not overexpress VvICS. Nonetheless, the overexpression of VoPAL, VoPR1,
VvEDS1b and VoSAMT1 at 3 dpi clearly indicates that SA could be participating in the
process at that timepoint. Some of these genes are also significantly overexpressed after
induction with BTH, especially VoSAMT, linked to Vvlox9, VoPAL, VuSTS, VoPR8, VoPR4
and VoPR5, and a tendency for VvEDSI, and even also after P. viticola inoculation and
8 days after treatment [34].

Regarding the analyzed products, all of them increased the expression of the VoSAMT1
gene compared to the non-treated control, but only LESOY (at 0 and 1 dpi) and SALIX (at
1 dpi) increased it significantly, anticipating its expression. As for VvEDS1b, the induction
was not as intense, and only SALIX was able to induce it at 1 dpi, also anticipating the
expression. Interestingly, PR1, which is considered a good indicator of SA-mediated re-
sponse [115], was strongly activated in SALIX at 0 dpi in the absence of pathogen. Therefore,
SALIX could have activated the SA-mediated response prior to pathogen infection, whereas
the rest of the products might have induced it once the pathogen appeared, but always
faster than the non-treated control plants. Altogether, these results indicate that all products,
especially LESOY and SALIX, might rely on SA to limit the pathogen development, as
resistant V. vinifera genotypes or other resistant Vitis species show [30,78].

4.1.6. Ethylene (ET) Pathway Shows Limited Activation but Is Partially Modulated
by Treatments

The other important hormone was ET, whose biosynthesis genes (VvACO1 and ACO1b)
were induced by the infection at 3 and 7 dpi. As a consequence, we should expect the
activation of its signalling route, where VoEIN3 plays an important role [116]. However,
this gene was not induced, and it was even down-regulated, which came as a surprising
fact. Interestingly, VoEIN3 behaves as a negative regulator of SA biosynthesis by repressing
the expression of VvICS [33]. In this case, the decreased level of VOEIN3 expression would
allow for the expression of ICS and the synthesis of SA. However, VuICS was not activated
either, suggesting that SA could be mainly produced via the VoPAL pathway, as VoPAL was
consistently expressed by the infection at 3 and 7 dpi (Figure 4). In fact, Lefevere et al. [114]
suggested that some species might rely on this pathway to produce this important hormone,
rather than on the ICS pathway.

Interestingly, [117] showed that ET orchestrates natural resistance against grapevine
downy mildew in a Georgian V. vinifera genotype naturally resistant to P. viticola, the white
Mgaloblishvili variety. Our results indicate that the effect of ET might be low during
P. viticola infection in the Tempranillo sensitive genotype, which is a red variety. As for
the products, the overexpression of VvACO1 or VoACO1b was reported by all of them, at
0 dpi for SALIX and 1 dpi for the rest. Moreover, the repression of VoEIN3 was detected
only in SALIX, with the rest of the products not affecting this gene. The same happened
with VoICS, which remained unaffected, except for its repression at 0 dpi by SALIX and
CHIT and its induction at 1 dpi by LECI. Considering all the previous information, the
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importance of ET in defence induced by the products does not seem to play a central role,
although it may participate somehow.

4.1.7. Jasmonic Acid (JA)-Related Genes Show Late Induction, Minimally Affected
by Products

Finally, the last hormone to be considered was JA. During the infection in the Tem-
pranillo genotype, a significant induction of VoJAR and VoWRKY1 expression was observed
at 7 dpi, but no activation of the biosynthetic gene LOX13 was detected. The first gene
conjugates JA with isoleucine to start the JA signalling pathway [30], while VoLOX13
participates in its biosynthesis via linolenic acid. In this regard, it has been shown that
resistant genotypes might rely on a faster activation of linolenic acid and JA to form an
incompatible interaction with the pathogen [28-30]. Moreover, VoWRKY1 overexpression
in grapevine has been observed to increase JA signalling genes (JAZ1 and JAZ?2), causing
an increased tolerance against P. viticola in grapevine [118]. Altogether, evidence suggests
that this hormone might be important to fight P. viticola in resistant varieties.

In the case of the Tempranillo genotype, the obtained results could not clearly demon-
strate JA participation, although it could play some role at the final steps of the infection
process considering the overexpression of VoJAR and VoWRKY1. The commercial products
analyzed did not clearly activate JA-mediated resistance either, as neither the VuJAR nor
VuLOX13 genes were significantly induced at any timepoint. As an exception, SALIX was
able to strongly induce VoWRKY1 at 0 dpi. This gene has been demonstrated to be induced
by SA, MeJA (JA-related) and ethephon (ET-related) in strawberry, indicating that this gene
might participate in several hormone pathways [119].

4.1.8. LECI and SALIX Induce Lignin Biosynthesis, with a Potential Enhancement on
Physical Defence

Another important point to consider in plant defence is the cell wall, which acts as
the first physical barrier against invading pathogens in plants. This wall is composed of a
primary cell wall, containing cellulose, hemicellulose and pectin, and a secondary cell wall,
containing cellulose, hemicellulose and lignin [120]. In our study, during P. viticola infection
in the Tempranillo genotype, only the VoCAD and VvCAD2 genes, involved in lignin
biosynthesis [66], were induced at 3 and 7 dpi, while most of the other genes remained
unaffected or were even down-regulated. Interestingly, [118] showed that a transgenic
genotype overexpressing VoWRKY1 had a higher expression of a putative VoCAD gene.
This correlation was also found in our case, where VoWRKY1 and VovCAD2 were both
strongly induced at 7 dpi.

CAD genes are an essential part of defence response against several pathogens in
several plant species [121-123]. In the case of P. viticola infection, several references support
the idea that lignin biosynthesis is activated during pathogen development in both sensitive
and resistant genotypes [75,124]. Interestingly, the analyzed products could not alter
the expression of the VoCAD or VoCAD2 genes, with the exception of SALIX, which
displayed a very interesting behaviour by significantly inducing both genes at 0 and 1 dpi.
In the rest of the treatments, a significant induction of another gene involved in lignin
biosynthesis (VoCAGT) was observed in BABA at 0 dpi, after LESOY treatment at 7 dpi,
after LECI at 0, 1 and 3 dpi and at 0 dpi after CHIT application. This gene is in charge of the
glycosylation of lignin monomers, which favors their transport to the cell wall, where they
polymerize [125]. Altogether, these findings indicate that all products induce lignification,
especially LECI and SALIX, although activating different genes (VvCAGT or VvCAD?2).
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4.2. Down-Regulated Genes During P. viticola Infection in Tempranillo Genotype

In addition to up-regulated genes, some of them were down-regulated during the
infection in the Tempranillo genotype. Among those, a decreased expression of genes
coding for cellulose synthase (VvCESA3,1) and genes involved in cuticular wax (VoCER2),
in callose synthase (VoCALS2 and CALS3) and in gibberellin metabolism (VvGA20ox and
VvGA20x) was reported.

4.2.1. Reduced Cellulose Biosynthesis by SALIX and Other Treatments Could Enhance
Lignin Accumulation to Restrict P. viticola

Regarding cellulose, the pathogen down-regulated VoCESA3,1 expression, but not
significantly. The literature suggests that a decrease in cellulose biosynthetic genes and
cellulose concentration is beneficial against certain pathogens in Arabidopsis thaliana and
that this reduction promotes the production of lignin [126-128]. Moreover, the VoCESA6
gene, which codes for a different subunit of cellulose synthase, was transiently down-
regulated in the resistant V. amurensis upon P. viticola infection [124]. Interestingly, both
P. viticola and P. infestans cellulose synthases seem to be crucial for the infection of the plant
tissue and the formation of the appressorium [129,130].

The analyzed treatments in this study were very efficient in down-regulation of the
cellulose biosynthetic gene VoCESA3,1 at 1 dpi, once the infection started, with SALIX
even repressing it at 0 dpi. Considering all the previous information, this decrease and the
subsequent increase in lignin could effectively limit pathogen development.

4.2.2. BABA, LESOY, LECI and SALIX Could Moderately Increase Cuticular Wax,
Potentially Reinforcing the Physical Barrier

In the case of cuticular wax, the infection reduced the expression of the VoCER2
gene at 1 and 7 dpi, a gene required for the elongation of C28 fatty acids to C30 [131].
This component is often considered as part of the first physical barrier against pathogen
invasion [132], and its importance against B. cinerea in berry infection has been proven [133].
BABA, LESOY and LECI (at 1 dpi) and BABA, LESOY and SALIX (at 7 dpi) were able to
weakly activate this gene, which could favor physical protection against the pathogen as
compared to the control.

4.2.3. BABA and SALIX Might Slightly Promote Callose Deposition, Although This Effect
Could Be Limited in Tempranillo

The absence of up-regulation of genes involved in callose biosynthesis after infection
came as a surprising fact, as the synthesis of callose in stomata is a common defence
mechanism against P. viticola in many genotypes, mainly in resistant varieties. In fact, a
clear correlation was found between callose deposition and resistance to P. viticola [97].
Another study [134] reported that the absence of callose deposition was an important
characteristic of sensitive genotypes, which explains why the Tempranillo cultivar was not
able to activate this mechanism. The tested products could not revert this trend either, as
for most of the timepoints, the VoCALS2 and VvCALS3 genes were down-regulated or not
affected. As an exception, BABA at 0 dpi and SALIX at 3 dpi induced the expression of
VvCALS2 and VuCALS3, respectively, but very weakly.

4.2.4. Transient Reduction in Gibberellin Activity by LESOY and SALIX May Redirect
Metabolism Toward Defence

While gibberellin genes were involved in the maintenance of GA homeostasis:
VvGA200x activating metabolism, and VoGA2ox inactivating metabolism, the biological
GAs were the only hormones to be down-regulated by the infection at most timepoints.
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This repression occurred at all timepoints for the inactivating enzyme and at 3 and 7 dpi
for the activating one.

Traditionally, these hormones are believed to regulate shoot and root elongation and
flowering [135], but a role in plant defence might be also possible. In fact, GAs degrade
DELLA proteins, which at the same time repress plant growth. A down-regulation of
GAs would allow for an increase in DELLAs, which repress growth, thus directing the
metabolism towards plant defence. Moreover, both ET and JA, which are present in our case
due to the overexpression of VoACO1 and VuJAR, promote DELLA accumulation [136], so
an accumulation of DELLA proteins could be hypothesized. Interestingly, in the V. vinifera
cv. Mgaloblishvili genotype, which is partially resistant to P. viticola, an overexpression
of the VoGA2o0x catabolic gene was detected upon pathogen infection, suggesting that
GAs might not participate in the infection process in a partially resistant genotype [117].
Otherwise, Corio-Costet et al. [137] reported that potassium phosphonate and MeJA un-
derwent modulations of genes related to the ABA pathway (VvAAO1, VvABCG40) and
gibberellin regulation (VoGA20x). Even MeJA and Triton elicitation treatments produced
down-regulation of VvGAZ2ox. So, depending on the tolerance to the pathogen, the VoGA2o0x
genes and others related to GA might have different behaviour.

In our study, LESOY and SALIX down-regulated both the VovGA20ox and VoGA2ox
genes at 0 dpi, but at later timepoints, the genes remained unaffected. At 7 dpi, the
overexpression of GA20ox was very clear in every treatment. Probably, once the infection
was over, the plant could have switched again to plant growth in product-treated plants,
where the disease severity was proportionally lower. This could be because the GA pathway
is decreased, as the terpenoid pathway (triterpenoids) appears to be activated. It may be
that metabolic flux is redirected towards triterpenoids, to the detriment of GA.

4.3. Comparison Between LESOY, LECI, SALIX and CHIT and Other PDSs

When we compare our results with other PDSs, it becomes evident that most of the
mechanisms are shared. For instance, BTH (an analogue of SA) is able to induce PR
proteins, oxylipins, SA-mediated response or the synthesis of stilbenes [37-39,58]. MeJA
is also capable of promoting the expression PR proteins, SA-mediated defence and the
formation of stilbenes [39]. Sulfated laminarin induces defence against downy mildew via
SA-mediated defence response [113], LOX9-derived oxylipins and callose deposition [138].
Moreover, it is able to activate several PR proteins and to produce active oxygen species [52].
Other less common PDSs such as riboflavin provide resistance via callose deposition [139],
or thiamine, by producing H,O,, LOX9-derived oxylipins and several PR proteins [140].

As for the products applied in this study, very little research is available, and it is mostly
related to BABA and chitosan. The first one, BABA, is a very common defence stimulator,
which has proven efficacy against P. viticola, coming mainly from the expression of defence-
related genes, as this molecule is not toxic against the pathogen [44,140]. It relies on a wide
variety of mechanisms to cope with P. viticola, such as callose accumulation, PR4, LOX9-
derived oxylipins, JA signalling, ROS production via an NADPH oxidase and polyphenol
oxidase and glucanase activities [53,141,142]. Moreover, it can prime the production of
resveratrol, piceid, viniferins and pterostilbene in a sensitive genotype, producing them to
a higher extent than non-treated plants, especially in the case of pterostilbene [143]. In our
case, we mainly observed the induction of several PR proteins, including PR4, flavonoid
biosynthesis, lignin biosynthesis and LOX9-derived oxylipins.

Regarding chitosan, it promotes the induction of several defence-related genes, such
as VoGST1, VvACO, VoLOX9, VoLOX13, VoWRKY1, VuPR5 or VoPAL [22]. Some of them
coincide with those reported in this study, such as VoPR5, but some others like LOX13
or WRKY1 were absent in our case. Chitosan also increases stilbenes such as resveratrol,

https:/ /doi.org/10.3390/horticulturae12010112


https://doi.org/10.3390/horticulturae12010112

Horticulturae 2026, 12, 112

24 of 33

piceid and viniferin and chitinase and 3-1,3-glucanase activities [20,21,54]. Interestingly,
we report an increase in PR2 glucanase and PR3 and PR4 chitinases.

For the rest of the products, no defence-related genetic or metabolic analyses are
available in the literature. However, SALIX is rich in SA due to the presence of this hormone
in Salix cortex extract [31,32], so an approximation could be made with BTH, an analogue
of SA [144]. Both SALIX and BTH rely on many common plant defence mechanisms such
as PR proteins, stilbenes, LOX9-derived oxylipins, terpenes and SA-mediated response.

The molecular structure of the compounds such as SA (aromatic phenol) or phospho-
lipidic lipids (glycerol with fatty acids and polar groups) is crucial for their recognition
by specific receptors and the activation of internal signalling pathways—including kinase
cascades, ROS generation and interconnected hormonal regulation—that culminate in
complex defensive responses such as SAR or the production of antimicrobial metabolites
in plants [145].

At the molecular level, plant defence elicitors are compounds whose specific chemical
structure allows them to interact with endogenous signalling systems in plants, triggering
immune defence cascades analogous to responses against pathogen attacks [146]. Sali-
cylic acid (SA, 2-hydroxybenzoic acid) is a phenolic molecule with an aromatic ring and
a hydroxyl group, which not only forms part of secondary metabolites in plants but also
functions as a key signalling phytohormone in defence against biotrophic infections and in
the activation of systemic acquired resistance (SAR) through the accumulation of reactive
oxygen species (ROS), activation of resistance genes and pathogenesis-related (PR) proteins
and the propagation of defensive signals to uninfected tissues [147]. The molecular compo-
sition of SA allows it to interact with specific signalling proteins, alter gene transcription
and mediate systemic responses that enhance resistance to fungi, bacteria and viruses. In
contrast, phospholipids and their derivatives, such as those present in lecithin (a mixture
of phosphatidylcholine, phosphatidylethanolamine and other membrane lipids) and other
membrane lipids, possess a structure based on a glycerol backbone with fatty acid tails
and polar head groups, making them essential components of cellular bilayers but also
precursors of signalling molecules when transformed by phospholipases [147]. The enzy-
matic hydrolysis of phospholipids generates second messengers such as phosphatidic acid
(PA) and inositol phosphate lipids, which participate in the modulation of plant defence
signalling by activating kinase cascades, altering cytosolic Ca®* levels and amplifying
hormonal signals such as that of salicylic acid, thereby boosting the expression of defensive
genes and ROS production [148].

In this study it can be appreciated that different basic substances can induce distinct
gene expression patterns. The reason is the nature of the molecules that compound each
treatment product. The effect of the same substance can be different in every combination
case. Paasela et al. [149] showed that the same substance can trigger the same effect in
different species, showing that the stilbene pathway is activated in pine in response to
phosphatase inhibitors and plant hormones, the same as in grapevine. Even in differ-
ent varieties of the same species, the effect could be different. Corio-Costet et al. [150]
reported that three grapevine genes (VoCHORM, VoGST3, VoCS2) were consistent and
differently down-regulated in two different grape varieties infected by Flavescence dorée.
Wiesel et al. [151] reviewed biological elicitors and placed their activity into a molecular
context. Their analysis highlighted the complexity of priming and plant immune responses
and the sophisticated interactions with pathogen effectors, showing that the plant response
to elicitor compounds does not only involve genes that are annotated as defence-related but
that other metabolic pathways are also involved. Recently, Sozoniuk et al. [152] identified
two reference genes stably expressed in Arnica under methyl jasmonate, salicylic acid and

https:/ /doi.org/10.3390/horticulturae12010112


https://doi.org/10.3390/horticulturae12010112

Horticulturae 2026, 12, 112

25 of 33

yeast extract treatment to provide the basis for gene expression to understand the secondary
metabolism regulation.

Substances of a different nature can trigger gene expression in plants by acting as
ligands for receptors, activating signalling cascades or directly modifying chromatin by
DNA methylation or histone changes. These actions lead to the binding of transcription fac-
tors to promoters to initiate or repress gene transcription for adaptation and development.
This relationship is crucial for different responses, nutrient use and controlling growth,
often involving complex epigenetic mechanisms like histone modification and non-coding
RNAs. Different plant processes, such as germination, growth, flowering and fruit develop-
ment, are impacted by DNA methylation, histone modifications and small RNAs in gene
expression, which subsequently influence crop productivity, yields and quality [153].

In general, the products analyzed in this study relied mostly on the same defence
mechanisms, with a total of 12 gene groups being analyzed in this discussion: PR proteins,
stilbenes, LOX9-derived oxylipins, terpenes, SA, ET, JA, lignin, cellulose, cuticular wax,
callose and gibberellins. Some of these mechanisms were common to all treatments, such
as PR proteins, LOX9-derived oxylipins, the decrease in cellulose, lignin biosynthesis or the
activation of gibberellins at later timepoints. Other mechanisms, however, such as those
based on JA or ET pathway modulations, did not seem particularly important in any of
the products. In general, the most effective treatment was SALIX, which promoted eleven
out of twelve defence mechanisms. Secondly, LESOY induced eight of these categories,
and it was the only one, together with SALIX, that promoted stilbene-related genes and
SA-mediated response. BABA and LECI were the third most effective treatments promoting
seven categories in total. As for LECI, it was the only one together with SALIX to induce
the synthesis of terpenes. Finally, CHIT was the least effective treatment and relied only on
five categories, those common to all treatments.

5. Conclusions

In conclusion, this study provides new insights into the molecular mechanism of BSs as
defence-anticipating products and demonstrates their ability to reduce P. viticola infection
on detached V. vinifera cv. Tempranillo leaves. In particular, the application of these
products prior to the infection causes an earlier transcriptional activation of genes involved
in several defence-related processes, such as PR proteins, stilbenes or SA. In general, all
BSs exhibit strong potential and induce many different defence mechanisms. However,
Salix cortex is the most effective and induces the highest number of defence-related genes.
To our knowledge, this is the first report of the genetic effect of lecithins and Salix cortex
in the expression of defence-related genes in grapevines. For BABA and chitosan, our
results complement and increase previous knowledge of the genetic modulation of these
molecules in grapevine.

Furthermore, the findings highlight the efficacy of these BSs for sustainable disease
management strategies in organic viticulture, especially Salix-cortex-based products. In this
regard, future studies should consider incorporating these BSs into vineyard management
programs and assess their performances in field conditions and across different grape
varieties, as well as their effectiveness in controlling other diseases besides downy mildew.
Additionally, combining BSs at different phenological stages could have a synergistic effect
on the plant, enhancing long-term protection. Extending the molecular characterization of
these treatments to the metabolomic level and applying it to other crops would enhance
their relevance in plant pathology and encourage their use in the transition to a more
sustainable agriculture or in organic management.
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Abbreviations

The following abbreviations are used in this manuscript:

BABA -aminobutyric acid

BS substances

BTH benzothiadiazole or acibenzolar-S-methyl
CHIT chitosan hydrochloride 1%

dpi days post-inoculation

dpt days post-treatment

JA jasmonic acid

LECI soy lecithin 25% + E. arvense extract 15%
LESOY soy lecithin 20%

MeJA methyl jasmonate

MFA multiple factor analysis

n/a not applicable

NT-INF non-treated infected

NT-NOINF  non-treated non-infected

PDS plant defence stimulator

PR pathogenesis-related

SA salicylic acid

SALIX Salix cortex extract 42% + chitosan hydrochloride 0.5%
sp sporangia

T-INF treated infected
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