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ARTICLE INFO ABSTRACT

Grapevine (Vitis vinifera L.) is the most widely cultivated and economically important fruit crop in the world,
with 7.5 million of production area in 2017. The domesticated varieties of grapevine are highly susceptible to
Lipids many fungal infections, of which downy mildew, caused by the biotrophic oomycete Plasmopara viticola (Berk. et
Carbohydrate metabolism Curt.) Berl. et de Toni is one of the most threatening. In V. vinifera, several studies have shown that a weak and
Downy mildew transient activation of a defense mechanism occurs, but it is easily overcome by the pathogen leading to the
establishment of a compatible interaction. Major transcript, protein and physiologic changes were shown to
occur at later infection time-points, but comprehensive data on the first hours of interaction is scarce.

In the present work, we investigated the major physiologic and metabolic changes that occur in the first 24 h
of interaction between V. vinifera cultivar Trincadeira and P. viticola. Our results show that there was a negative
modulation of several metabolic classes associated to pathogen defense such as flavonoids or phenylpropanoids
as well as an alteration of carbohydrate content after inoculation with the pathogen. We also found an accu-
mulation of hydrogen peroxide and increase of lipid peroxidation but to a low extent, that seems to be in-
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sufficient to restrain pathogen growth during the initial biotrophic phase of the interaction.

1. Introduction

Grapevine (Vitis vinifera L.) has deep ties to human culture dated to
more than 5000 years (McGovern et al., 1996). Being the most widely
cultivated and economically important fruit crop in the world, this crop
plays a key role in many countries economy, with a global market size
of over 29 billion euros (Organization of Vine and Wine, 2017). How-
ever, most winegrowing grapevine cultivars are often affected by fungal
pathogens causing severe harvest losses. One of these diseases, com-
monly known as downy mildew (DM), is caused by the obligate bio-
trophic oomycete Plasmopara viticola (Berk. et Curt.) Berl. et de Toni,
unintentionally introduced into Europe in the late 19th century (Gessler
et al., 2011). With adequate climate conditions, i.e. high humidity and
moderate temperatures, P. viticola mature sporangia releases zoospores
that are able to settle on the abaxial surface of leaves. These zoospores

germinate and penetrate the stomatal cavity forming a substomatal
vesicle, which in part gives rise to the primary hyphae and mycelium.
The hyphae and mycelium invade the intercellular spaces differ-
entiating specialized structures (haustoria) that penetrate parenchyma
cell walls without breaking the plasma membrane, thus creating an
intimate contact between the pathogen and the host. This biotrophic
strategy is supposed to rely on a pathogen-driven manipulation of host
cell metabolism and suppression of defense responses (Liu et al., 2015;
Yin et al., 2017). The mycelium also develops to form sporangiophores
emerging from the stoma releasing sporangia to the other grapevine
tissues (leaves, twigs or grape clusters) and surrounding plants
(Buonassisi et al., 2017; Gessler et al., 2011). As a result, P. viticola has
devastating effects on unprotected crops, reducing grape quality and
destroying up to 75% of production in a single season leading to mas-
sive economic losses (Armijo et al., 2016; Buonassisi et al., 2017;
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Abbreviations

DFR Dihydroflavonol Reductase

DM Downy mildew

DNS Dinitrosalicylic acid

EFla Elongation Factor 1-alpha

ESI Electrospray ionization

F3’5’H  Flavonoid-3,5’-hydroxylase

FA Fatty acyls

FatB Palmitoyl-acyl carrier protein thioesterase

FLS Flavonol Synthase/Flavanone 3-hydroxylase gene family

FTICR-MSFourier Transform Ion Cyclotron Resonance Mass
Spectrometer

HMDB  Human Metabolome Database

hpi Hours post inoculation
KEGG Kyoto Encyclopedia of Genes and Genomes
LipA Lipoyl Synthase

MDA Malonaldehyde

PLS-DA  Partial least squares - discriminant analysis

PR Pathogenesis-related

PVPP Polyvinylpolypyrrolidone

gqPCR Quantitative real time Polymerase Chain Reaction
RFOs Raffinose family of oligosaccharides

ROS Reactive oxygen species

SAND SAND family

TBA Thiobarbituric acid

TPR7B  Tetratricopeptide repeat protein 7B
VIP Variable Importance in Projection

Gessler et al., 2011; Kamoun et al., 2015; Madden et al., 2000).

Frequently the difference between a resistant and a susceptible plant
is just a question of timing and amplitude of the adequate defense re-
sponse (Figueiredo et al., 2012; Polesani et al., 2010). Despite the in-
compatible interaction being characterized to a greater extent, the
knowledge on compatible interactions may provide information on the
availability of defense mechanisms, but also aid in the development of
new control strategies and possibly lead to the identification of pa-
thogen and host factors needed for disease progression (Legay et al.,
2011).

The infection process in susceptible genotypes is poorly character-
ized, in part because P. viticola is a strictly biotrophic parasite that can
only grow on its natural host and not in vitro, which makes it difficult to
study. The susceptibility of Vitis vinifera to downy mildew suggests that
this species lacks a P. viticola-specific recognition system that enables
the activation of a successful defense mechanism (Gaspero et al., 2007).
To elucidate the P. viticola compatible interaction with grapevine,
several omic-based studies have been published (Ali et al.,, 2012;
Batovska et al., 2009; Becker et al., 2013; Chitarrini et al., 2017; Legay
et al., 2011; Milli et al., 2012). Generally, grapevine-P. viticola com-
patible interaction is characterized by a global down-regulation of
photosynthesis-related processes and inadequate up-regulation of genes
encoding pathogenesis-related (PR) proteins, enzymes of phenylpro-
panoid pathways and regulators of response to stimuli (Legay et al.,
2011; Ma et al., 2018; Perazzolli et al., 2012; Polesani et al., 2008; Su
et al., 2018; Vannozzi et al.,, 2012). Gene expression analyses and
proteomic studies also shown an accumulation of allergenic defense-
related proteins (PR-2 and b-1,3-glucanases) (Rossin et al., 2015) and
glycoproteins involved in the DM-induced deregulation of stomata
during compatible interactions (Guillier et al., 2015) and the phos-
phorylation of photosynthesis and metabolism related proteins
(Perazzolli et al., 2016). Grapevine-P. viticola metabolomic data is
scarce, particularly on compatible interactions. We have previously
used nuclear magnetic resonance (NMR) spectroscopy to characterize
the main metabolic differences of compatible and incompatible inter-
actions (Ali et al., 2012). We have shown that tolerant and susceptible
cultivars not only possess distinct metabolic profile but also respond
differently when confronted with biotic stress (Figueiredo et al., 2008;
Ali et al., 2012), however our approach was not focused on the char-
acterization of the compatible interaction.

We therefore carried out a deeper comparative metabolic analysis of
grapevine leaves from the susceptible cultivar Trincadeira, at early time
points following inoculation with P. viticola. We have followed an un-
targeted analysis based on Fourier Transform Ion Cyclotron Resonance
Mass Spectrometry (FTICR-MS), together with biochemical and mole-
cular approaches to identify key metabolic events underlying host
susceptibility. Our data provides insight into the mechanisms under-
lying infection and colonization that leads to the establishment of a
compatible interaction.

2. Materials and methods
2.1. Inoculation experiments

P. viticola inoculations were made in greenhouse grown Vitis vinifera
cv Trincadeira plants, as previously described (Figueiredo et al., 2012).
Briefly, a P. viticola population was collected from symptomatic leaves
from greenhouse infected plants after an overnight incubation in a
moist chamber at room temperature. Sporangia were carefully collected
by brushing from de abaxial surfaces, dried and stored at —25 °C. Prior
to inoculation, sporangia viability was confirmed by microscopic ob-
servations (Fig. S1) as described in Kortekamp et al. (2008). A sus-
pension containing 10* sporangia ml~! was used to spray the abaxial
leaf surface, while controls were made by spraying the leaves with
water (mock inoculations). After inoculation, plants were kept for 8 h in
a moist chamber (100% humidity) and then kept under greenhouse
conditions during the inoculation time course. The third to fifth fully
expanded leaves below the shoot apex were collected at 6, 12, and 24 h
post inoculation (hpi), immediately frozen in liquid nitrogen and stored
at —80 °C. Three independent biological replicates were collected for
each condition (inoculated and mock inoculated). Infection control was
accessed 8 days after inoculation with the appearance of typicall dis-
ease symptoms (Fig. S2).

2.2. Metabolite extraction

Metabolite extraction from inoculated and mock inoculated grape-
vine leaves was adapted from a previous method (Maia et al., 2016).
Metabolites were extracted using a solvent mixture methanol/water
(2:1, v:v) in a ratio of 0.1 g of ground plant material to 1 mL of solvent.
After adding the solvent mixture, samples were vortexed for 1 min and
leucine enkephalin (YGGFL, Sigma Aldrich) was added to a final con-
centration of 0.25 ug/mL, mixture was vortexed again for 1 min. Sam-
ples were maintained in an orbital shaker for 15min at room tem-
perature and then centrifuged at 1000 g for 10 min and the supernatant
was collected. Samples were immediately processed for analysis. Leu-
cine enkephalin was used as internal calibrant, and the following m/z
values were considered for analysis: [M+H]* = 556.276575 Th and
[M-H]™ = 554.2620221 Th.

2.3. FT-ICR mass spectra acquisition

For each sample, the extracted methanol faction was diluted one
thousand-fold in methanol for analysis by direct infusion, using elec-
trospray ionization (ESI) in positive (ESI*) and negative (ESI~) modes
as described previously (Maia et al., 2016). Mass spectra were acquired
in a 7-T Apex Qe Fourier Transform Ion Cyclotron Resonance Mass
Spectrometer (FTICR-MS, Briiker Daltonics) as previously described
(Maia et al., 2016). Mass spectra were recorded in the mass range
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between 100 and 1000 m/z (Fig. S3).
2.4. Untargeted metabolomic analysis by FT-ICR-MS

The software package Data Analysis 4.1 (Briiker Daltonics, Bremen,
Germany) was used to compute the internal calibration of mass spectra
(using leucine enkephalin for single point calibration). Mass peaks with
a signal-to-noise ration of at least 4 were exported as peak lists to ASCII
files. The alignment of the three biological replicates was performed
using an in-house developed Python script by combining the peak lists
into a peak matrix considering a tolerance of 1.0 ppm for mass devia-
tions between samples, as previously described (Maia et al., 2016). For
metabolite identification, the final mass list was submitted to MassTRIX
3 (Suhre and Schmitt-Kopplin, 2008) server (http://masstrix.org, ac-
cessed in June 2018) considering the following parameters: scan mode
was positive or negative ionization; for the data obtained in positive
ionization mode the adducts M + H*, M+K* and M + Na* were
considered; for negative ionization mode data, the adducts M-H* and
M + Cl™ were selected; a maximum m/z deviation of 2ppm was
considered; the organism Vitis vinifera was selected; search was per-
formed in the databases “KEGG/HMDB/LipidMaps without isotopes”.
Differentially accumulated metabolites discrimination (Fold Change)
between mock and inoculated samples were accessed through Meta-
boAnalyst 4.0 (Chong et al., 2018). The intensities of the annotated
mass list were normalized using leucine enkephalin mass as reference.
Missing value imputation was done by substitution by half of the
minimum positive value found within the data. Intensity data gen-
eralized log transformed, and Pareto scaled prior to multivariate
methods. Multivariate analysis, partial least squares - discriminant
analysis (PLS-DA) was performed. The intensities of the most significant
features of PLS-DA were also clustered by agglomerative hierarquical
clustering using Euclidian distance as metric. Seeking the features most
responsible for these differences, we obtained the top 15 of the most
discriminatory peaks of the PLS-DA classification model by VIP score
analysis. Obtained data were validated by Wilcoxon Rank Sum test
(p = 0.05).

2.5. Compound annotation

Compounds were classified using the KEGG (Kyoto Encyclopedia of
Genes and Genomes, http://www.genome.jp/kegg/) (Kanehisa et al.,
2016; Ogata et al., 1999) database classification, except lipids, for
which the LIPID MAPS (Lipidomics Gateway, http://www.lipidmaps.
org/) (Sud et al., 2007) classification was considered. For each putative
identified metabolite, an initial conversion of HMDB (Human Metabo-
lome Database) to KEGG identifiers was performed using the “Linked
entries option” option in the KEGG REST Service (http://rest.genome.
jp/link/compound/hmdb). For lipid annotation, KEGG identifiers with
LIPID MAPS correspondence were also converted using the “Linked
entries option”  (http://rest.genome.jp/link/compound/lipidmaps).
Metabolite annotation into classes was performed by an in-house Py-
thon script, which uses the REST services of KEGG and LIPID MAPS
Structure Database, using the KEGG and the LIPID MAPS identifiers as
input, respectively. Finally a LIPID MAPS to KEGG conversion was
performed and all KEGG identifiers containing KNApSAcK (Nakamura
et al.,, 2014) (http://kanaya.naist.jp/KNApSAcK/) equivalencies were
searched for their presence in the Plantae Kingdom. For compounds
with multiple annotations a manual curation was performed. The
analysis pipeline is presented in Fig. S4 and putative compound iden-
tification and annotation in Table S1.

2.6. RNA extraction and cDNA synthesis
Total RNA was isolated from inoculated and mock inoculated

samples using the Spectrum™ Plant Total RNA Kit (Sigma-Aldrich, USA)
and the residual genomic DNA was hydrolysed with the On-Column
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DNase I Digestion Set (Sigma-Aldrich, USA) as indicated by the man-
ufacturer. RNA concentration and purity were determined at 260/
280nm using a NanoDrop-1000 spectrophotometer (Thermo
Scientific), while its integrity was analysed by agarose gel electro-
phoresis. Prior to complementary DNA (cDNA) synthesis, all samples
were analysed for genomic DNA contamination through a quantitative
real time Polymerase Chain Reaction (qQPCR) of a reference gene on
crude RNA (Vandesompele et al., 2002). cDNA was synthesized from
2.5ug of total RNA using RevertAid"H Minus Reverse Transcriptase
(Fermentas, Ontario, Canada) anchored with Oligo (dT),3; primer
(Fermentas, Ontario, Canada), following the manufacturer's instruc-
tions.

2.7. Quantitative real time PCR

Based on the putatively identified compounds, metabolic pathways
were built with the KEGG Mapper — Search & Color Pathway (http://
www.kegg.jp/kegg/tool/map_pathway2.html), using the KEGG identi-
fiers. The selection of genes for qPCR analysis was based on the bio-
chemical pathways identified: Lipoyl Synthase (LipA) was selected as
coding end enzyme for the lipoic acid biosythesis and Palmitoyl-acyl
carrier protein thioesterase (FatB) was selected as related to palmitic acid
(16:0) biosynthesis. For the flavonoid biochemical pathway, Flavonol
Synthase/Flavanone 3-hydroxylase gene family (FLS A, B, C, D, E and F),
Flavonoid-3,5’-hydroxylase (F3’5’H) and Dihydroflavonol Reductase
(DFR) were selected for analysis (Table S2).

gPCR experiments were performed using the Maxima™ SYBR Green
gPCR Master Mix (2 x ) kit (Fermentas, Ontario, Canada) following
manufacturer's instructions. Each set of reactions included a control
without cDNA template. Reactions were performed in the StepOne™
Real-Time PCR system (Applied Biosystems, Sourceforge, USA).

For all genes, thermal cycling started with a 95 °C denaturation step
for 10 min followed by 40 cycles of denaturation at 95 °C for 15s and
annealing for 30s. Dissociation curve analysis was performed to con-
firm single product amplification and the existence of non-specific PCR
products (Fig. S5). Three biological replicates and two technical re-
plicates were used for each sample. Gene expression (fold change) was
calculated as described in Hellemans et al. (2007). Elongation Factor 1-
alpha (EF1a), Tetratricopeptide repeat protein 7B (TPR7B) and SAND fa-
mily (SAND) were used for expression data normalization as previously
described (Monteiro et al., 2013).

2.8. Photosynthetic pigments extraction and quantification

Photosynthetic pigments were extracted from inoculated and mock
inoculated ground leaves by adding 1.5 mL of methanol to 20 mg of
plant material, and incubated in the dark at 4 °C for 48 h. Samples were
centrifuged at 1200 g for 5min and the supernatant was collected. The
absorbance was measured at 470, 652.4 and 665.2nm and the pig-
ment's concentration for chlorophyll a (Chla), chlorophyll b (Chlb) and
total carotenoids was determined as previously described
(Lichtenthaler, 1987).

2.9. Sugar extraction and quantification

Samples [0.1-0.2 mg fresh weight (FW)] were dried for 48 h at 70 °C
and weighted to calculate the water content and dry weight (DW).
Ethanol (80%, v/v) was added to each sample (1/10, g DW/v) and
homogenized for 5min. Samples were heated to 80 °C for 30 min and
centrifuged at 16000 g for 15min (Guy et al., 1992). Supernatant was
collected, dried overnight at 70 °C and used to measure soluble sugars
after re-suspension in water (1 mL). Pellet was dried overnight at 70 °C
and used to measure starch (insoluble sugars). Sucrose concentration
was measured by adding 0.25mL of resorcinol (1%) and 0.75mL of
HCL (30%, v/v) to 0.1 mL of each sample. Samples were kept at 100 °C
for 10 min. Reducing sugars concentration was determined by adding
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1 mL of dinitrosalicylic acid (DNS) (0.25g DNS in 2 M NaOH) to 0.1 mL
of each sample. Samples were kept at 80 °C for 8 min. Absorbance was
measured at 470 and 520 nm for sucrose and reducing sugars, respec-
tively (Almeida et al., 2007). The starch in dried pellet was submitted to
acid hydrolysis, as previous described (Sebastiana et al., 2017), samples
were centrifuged for 10min at 15000g and supernatant collected.
Measurements of released D-Glucose were performed as described
above for reducing sugars.

2.10. Determination of H,0O, content

H,0, content was determined, as described by Childs & Bardsley
(Childs and Bardsley, 1975) based on the oxidation of the chromogen
2/,2-azino-di (3-ethyl-benzathiazoline-6-sulphonic acid) catalyzed by a
peroxidase in the presence of H,O,. Briefly, 100 mg of plant material
were homogenized in a phosphate buffered saline solution (PBS) with
1-4% (w/v) of insoluble polyvinylpolypyrrolidone (PVPP4g000). Sam-
ples were centrifuged at 16000 g for 1 min and the supernatant was
collected and used for the assay. Concentration of hydrogen peroxide
(H0-) was measured spectrophotometrically at 405 nm using a stan-
dard curve with known concentrations of H,O,. Three biological re-
plicates and two technical replicates were used.

2.11. Antioxidant capacity assay

Total antioxidant capacity was measured spectrophotometrically at
405 nm using the antioxidant assay kit (Sigma-Aldrich), according to
manufacturer's instructions. A standard curve with known concentra-
tions of Trolox (Sigma-Aldrich) was used and data were normalized by
protein content. Three biological replicates and two technical replicates
were used.
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2.12. Lipid peroxidation

For lipid peroxidation analysis, the thiobarbituric acid (TBA) assay
was used (Hodges et al., 1999). Briefly, 100 mg of frozen samples were
homogenized in ethanol 80% (v/v) and centrifuged at 14000 g for
5min at 4 °C. The supernatants reacted with TBA solution at 95 °C for
30 min. Absorbance at 440, 532 and 600 nm was determined after a
10min centrifugation at 14000 g, 4°C. Malonaldehyde (MDA)
equivalents (nmol ml 1) = [(A-B) x 106]/157 000, where
A = [[(Abs532 + TBA) — (Abs 600 + TBA)] — [(Abs 532—
TBA) — (Abs 600— TBA)]] and B = [[(Abs 440 + TBA) — (Abs
600 + TBA)] x 0.0571].

2.13. Statistical analysis

Two-sample statistical differences in expression and biochemical
data was assessed by the Mann-Whitney U test implemented in IBM®
SPSS® Statistics software (version 23.0; SPSS Inc., USA). Results
yielding p < 0.05 were considered statistically significant.

3. Results

3.1. Vitis vinifera cv. Trincadeira inoculated with P. viticola and control
samples present distinct metabolic profiles

The compatible host-pathogen interaction between Vitis vinifera cv.
Trincadeira plants, inoculated with P. viticola at 6, 12 and 24 hpi, was
characterized using an untargeted metabolomics approach (Fig. 1, Fig.
S3). Differences in the metabolic content of healthy and infected sam-
ples, particularly at 12 hpi, are seen through the comparison of mass
spectra obtained for control leaf and its corresponding infected sample
(Fig. 1).

Intens. 12 h mock inoculated
[%] 556.27657
100
80
60
48581120
40
38107942 517.83765
427.07600
20 294.91993 634.83839
701.40863
. 936.34026
200 300 400 500 600 700 800 900 1000 1100 mlz
[%] 12 hpi
55627657
100
80
601
40+
365.10551
42428253
20
l l l 701.40872
N AV TN I lnll‘l‘l bbb nddd bl
200 300 400 500 600 700 800 900 1000 1100 m/z

Fig. 1. Cumulative mass spectra of Vitis vinifera cv Trincadeira interaction with P. viticola at 12 hpi. Data were acquired in positive (ESI+) electrospray mode
performing direct infusion analysis in the range 100-1100 m/z. The software DataAnalysis 4.1 was used for the creation of mass spectra. Control samples are
represented in gray and inoculated samples are represented in black.
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From the initial total of 11406 ion peaks detected in both positive
and negative ionization modes, a total of 1460 putative metabolites
belonging to various chemical groups were putatively or tentatively
identified (Table 1).

A data matrix considering only the masses putatively assigned to a
metabolite was submitted to MetaboAnalyst 4.0 for statistical analysis.
Application of the multivariate analysis PLS-DA revealed a separation
between inoculated and control samples at all of the studied time-points
and both ESI modes (Fig. 2 - A, B) indicating that the response to pa-
thogen attack influences the metabolic profile of the host. Samples
within each individual class upon inoculation clustered tightly with a
higher separation at 24 hpi. VIP score analysis (Fig. 2 - C, D) allowed
the identification of masses that contributed more to the PLS-DA model
and the association to control or inoculated samples.

A total of 72m/z putatively annotated metabolites presented sig-
nificant modulation (p < 0.05) between inoculated and control samples
at each time-point. As illustrated on Fig. 3, the predicted metabolites
from the mass peaks are associated with a small number of distinct
areas of metabolism, the most predominant of which involved lipid,
carbohydrate, aromatic, alkaloid and organic acids metabolism. Full
lists of putative signal annotations are given in Table S1. In view of the
exceedingly small contribution of P. viticola hyphae to overall biomass
at the early time-points of inoculation, it is likely that the majority of
extracted metabolites are of plant origin. We have further conducted
queries on the comprehensive Species-Metabolite Relationship Data-
base (KNApSAcK) and confirmed that the putative identified metabo-
lites were indeed assigned to the Plant Kingdom (Table S1).

3.2. Lipid modulation after P. viticola inoculation

Along inoculation time course, lipids was the metabolic class most
modulated. Within this class, From the three time-points analysed, li-
pids was the one showing the greatest differences fatty acyls were the
most affected, followed by glycerophospholipids, prenol lipids, glycer-
olipids, polyketides, sterol lipids and sphingolipids.

Overall, on the first 24 h of interaction, there was a negative mod-
ulation of most lipids classes when compared to the non-inoculated
control samples (Fig. 4). Fatty acyls and polyketides were the classes
that presented more lipids with increased concentration, being their
accumulation more evident at 6hpi.

3.3. Changes in the content of carbohydrates and photosynthetic pigments
after P. viticola inoculation

Photosynthesis allows the conversion of carbon dioxide into sugars
which were unsurprisingly detected in the leaf extracts by FTICR-MS.
However, a limitation of this methodology is the inability to distinguish
between isomers, which are very common among carbohydrates (Table
S1). The majority of the identified carbohydrates are down-accumu-
lated; with exception of the m/z 543.13205 [M + K39]* putatively
assigned to the raffinose family of oligosaccharides (RFOs) up-accu-
mulated at 6 hpi and the m/z 322.99374 [M-H] putatively assigned to
fructose 1,6-bisphosphate at 12 hpi.

Table 1
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We have further quantified glucose, fructose, sucrose and starch as
well as the major pigments (Chla, Chlb and carotenoids) as photo-
synthesis biomarkers. Reducing sugars in inoculated samples presented
a 2-fold increase at 6 hpi (mock inoculated: 109.24 + 9.55mgg™*
DW; inoculated: 212.45 + 43.98 mg g~ ! DW). At 12hpi an increase in
starch concentration was also observed in inoculated samples (mock
inoculated: 99.44 + 3.38mgg " DW; Inoculated:
144.52 + 0.38mgg~ ! DW) (Table 2). At 24hpi, no significant changes
on non-structural carbohydrate content occurs. Photosynthetic pig-
ments showed no significant variation in the first 24h of infection
suggesting no variation in photosynthesis rate (Fig. S6).

3.4. Oxidative stress, lipid peroxidation and antioxidant capacity

One of the metabolic classes with higher changes in Trincadeira
after pathogen inoculation is the lipids class. Lipids may be altered by
Reactive oxygen species (ROS) that are produced after pathogen con-
tact, as higher ROS content has the capacity to fragment the fatty acids
within the membranes into structurally diverse products that may act as
signaling molecules (Walley et al., 2013). Thus, we further evaluated
H,0, production, lipid peroxidation and antioxidant capacity at 6, 12
and 24 hpi.

At 6 and 12hpi there is an increase of H,O, concentration (6 h:
0.215 * 0.12umolg~! FW, 6 hpi: 0.557 = 0.09 umolg~! FW; 12h:
0.200 *+ 0.141pmolg™' FW, 12 hpi: 0.741 + 0.09 ymolg™' FW).
After inoculation with P. viticola, lipid peroxidation also increased (6 h:
9.035 = 1.011 nmol MDA g~' FW, 6 hpi: 27.607 + 2.370 nmol MDA
g~ ' FW; 12h: 16.586 = 3.449nmol MDA g~ ! FW, 12 hpi:
30.591 + 4588 nmol MDA g_1 FW; 24 h: 12.062 + 3.503 nmol MDA
g~ ! FW, 24 hpi: 34.111 * 6.031 nmol MDA g~ ! FW). The antioxidant
capacity remained unaltered in all the time-points analysed (Fig. 5).

3.5. Metabolic pathways and gene expression analysis

We have selected fatty acyls and polyketides lipid classes to further
evaluate the expression of some genes coding for key enzymes of the
biosynthetic pathways of compounds that represent metabolic class
modulation. Lipoic acid (m/z 205.03623 [M-H]) and palmitic acid
derivatives (m/z 339.19448 [M+H] ") belong to the fatty acyls class
within lipids. Fatty acids metabolites were mainly down-accumulated
after pathogen inoculation. Lipoyl Synthase (LipA) and Palmitoyl-acyl
carrier protein thioesterase (FatB) were selected as coding enzymes for on
lipoic acid and palmitic acid biosynthesis.

We have also selected flavonoids (polyketides) to be further ana-
lysed. Flavonoids were previously reported to play an important role in
plant defense mechanisms against pathogens (reviewed in Mierziak
et al., 2014). While this metabolic class is negatively regulated, one
flavonoid putatively identified as ulexone B (m/z 425.13612 [M
+Na] ") is highly accumulated at 6, 12 and 24 hpi (over 20 fold). The
biochemical pathway for flavonoid biosynthesis was analysed (Fig. S7)
and genes coding for the enzymes flavonol synthase/flavanone 3-hy-
droxylase (FLS A, B, C, D, E and F), dihydroflavonol reductase (DFR)
and flavonoid-3,5’-hydroxylase (F3’5’H) were selected for expression

Number of peaks, identified compounds and differently accumulated metabolites identified with ESI(+) and ESI(—) at 6, 12 and 24 h after inoculation.

Peaks

Identified masses

Differently accumulated

Time Points
Ionization Mode

ESI(+)-MS ESI(—)-MS ESI(+)-MS ESI(—)-MS ESI(+)-MS ESI(—)-MS
6hpi 2512 1318 264 145 11 10
12hpi 1365 1331 247 160 15 8
24hpi 3726 1154 520 124 21 12
Total 11406 1460 77
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Fig. 2. Partial least squares-discriminant analyses (PLS-DA) PC1/PC2 score plots and variable's importance (VIP scores) of secondary metabolite profiles of Vitis

vinifera cv. Trincadeira at 6, 12 and 24 hpi with P. viticola.

(A) PLS-DA score plot of ESI(—) samples; (B) PLS-DA score plot of ESI(+) samples; (C) VIP scores of Component 1 in ESI(—); (D) VIP scores of Component 1 in ESI
(+). In the score plots, the ellipse represents the Hotelling T2 with 95% confidence interval. Three biological replicates were performed per analysis.

analysis.

FatB was up-regulated only at 24 hpi (4.0 = 0.15 fold-change)
while Lip A remained unaltered (6 hpi: 1.3 + 0.2, 12 hpi: 1.3 + 0.4,
24 hpi: 1.2 = 0.2 fold-change). Flavonol Synthase/Flavanone 3-hydro-
xylase comprises several genes in grapevine. We have analysed the
expression of 6 FLS genes. The majority of the genes were strongly
down-regulated (FLS-A: —3.4 = 0.99 to —14.6 * 2.4 fold-change;
FLS-D: —6.4 = 4to —20.1 = 1.8 fold-change; FLS-E: —2.7 *+ 0.5 to
1.36 + 0.1 fold change) or even undetected on the inoculated samples
(FLS-B and FLS-C). Flavonoid-3,5’-hydroxylase (F3’5’H) expression was
not altered at 6 and 12 hpi and increased at 24 hpi (5.15 = 0.38 fold-
change). Dihydroflavonol reductase expression was not significantly al-
tered after pathogen challenge, despite being down-regulated at 6 hpi
(Fig. 6).

4. Discussion

Plasmopara viticola is a strictly biotrophic oomycete pathogen,

which can only survive on tissues of its natural host. Despite being a
widely studied interaction, the characterization of the first hours after
pathogen challenge on compatible interactions has been poorly studied.
It is believed from other pathosystems that P. viticola may suppress host
defenses through the secretion of effector molecules that impair
grapevine defense mechanisms. Also, Vitis vinifera susceptibility to P.
viticola suggests that this specie does not present an effective pathogen
recognition system that allows a full activation of a defense system to
successfully restrain pathogen growth (Gaspero et al., 2007). However,
several studies indicate the presence of a weak defense mechanism with
a transient activation of defense-related genes and proteins (Figueiredo
et al.,, 2017, 2012; Hamiduzzaman et al., 2005; Kortekamp, 2006; Milli
et al., 2012; Polesani et al., 2010) that is neither fast nor robust enough
to prevent the pathogen from spreading.

Mechanisms associated with compatibility and disease development
were shown to be established later at the oil-spot stage where grapevine
transcripts from all major functional categories, including defense
processes were strongly down-regulated and genes related to
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Each column indicates the metabolic major class and time-point (6, 12, and 24 hpi). Each row represents a feature (m/z) putatively identified as a metabolite in
Trincadeira. Coloring indicates differential accumulation between inoculated and control samples: dark green indicates low accumulation (fold change < 1), light
green to yellow indicates a fold change between 2 and 10 and orange to red indicates high accumulation (fold change > 10).

carbohydrate transport and partitioning were activated (Hayes et al.,
2010; Polesani et al., 2008).

At the metabolic level, changes on both primary and secondary
metabolisms were shown to occur after P. viticola interaction and few
metabolic markers were described for both compatible and in-
compatible interactions (Ali et al., 2009; Batovska et al., 2009;
Buonassisi et al., 2017; Chitarrini et al., 2017). We have previously
assessed the metabolic modulation of tolerant and susceptible grape-
vine cultivars at early time-points of P. viticola inoculation by "HNMR
and shown that the compatible interaction is characterized by a sig-
nificantly higher accumulation of glucose, glutamic acid and succinic
acid on the first hours of interaction (Ali et al., 2012). To further in-
vestigate the metabolic changes of the compatible interaction between
grapevine and P. viticola we have conducted a high-throughput meta-
bolome characterization of challenged Trincadeira plants with P. viti-
cola during the early infection (6, 12 and 24 hpi), as well as comparable
uninfected controls. Our data shows that the abundance of several
metabolites decreased relative to mock inoculation during the first
hours after inoculation which is in accordance to the previously de-
scribed for wheat compatible interaction (Gunnaiah and Kushalappa,

2014). At 6hpi, 21 putative metabolites were modulated, 23 at 12hpi
and 33 at 24hpi, being lipids and carbohydrates the most affected me-
tabolic classes.

4.1. Lipid metabolism is mostly affected by P. viticola in the first hours of
inoculation

Besides structural functions, lipids are also associated to transport of
other compounds in membranes, protection of plants to abiotic and
biotic stresses, extracellular and intracellular signaling and storage of
energy (Dufourc, 2008; Fahy et al., 2011; Horn and Chapman, 2014,
Hou et al., 2016; Laloi et al., 2007; Shah, 2005; Zauber et al., 2014). In
the present work, after pathogen challenge, over half of the putatively
identified metabolites affected in Trincadeira were annotated as lipids
(Fig. 3 and Table S1). Within lipids, fatty acyls (FA) was the most re-
presented class, at 6hpi several FA were more accumulated in the in-
oculated plants, while on both 12 and 24hpi there was a decrease of FA
accumulation (Fig. 4). As an obligatory biotroph, P. viticola's early steps
of infection establishment are the adhesion to the plant surface, ger-
mination and the differentiation of penetration structures, after which
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Fig. 4. Heatmap of differently accumulated features on secondary lipid classes.
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m/z

205.0362
241.1802
255.2323
262.9765
265.1803
267.0026
279.1594
279.2335
280.2634
297.2430
301.1412
309.1753
329.2700
333.0598
339.1945
339.9904
341.1963
347.1340
351.0547
367.3588
371.3156
381.3745
395.0742
396.2506
403.2047
409.2714
425.1360
437.3029
459.2266
469.1751
470.2520
473.2825
489.2773
589.4800
647.5164
669.3183
681.4830
693.2034
709.168
735.5183
768.4946
772.2740
810.5030
813.4910
871.7164
1023.7765
1038.7454

2h 24h 6h 12h 24h 6h 12h 24h 24h 6h

[
-

Each column indicates the secondary lipid class and time-point (6, 12, and 24 hpi). Each row represents a feature (m/z) putatively identified as lipid in Trincadeira.
Coloring indicates differential accumulation between inoculated and control samples: dark green indicates low accumulation (fold change < 1), light green to yellow
indicates a fold change between 2 and 10 and orange to red indicates high accumulation (fold change > 10).

Table 2

Reducing sugars, sucrose and starch quantification in control and inoculates. Results in mg sugar g—1 DW. * Statistically significant differences between the

inoculated and control replicates (p < 0.05; Mann-Whitney U test).

6 hpi 12 hpi 24 hpi
Reducing Sugars Control 109.24 += 9.55 159.81 + 2.53 112.57 = 8.66
Inoculated 212.45 + 43.98* 143.09 + 22.43 131.92 + 27.91
Sucrose Control 50.42 + 4.69 39.64 + 4.25 26.60 + 7.61
Inoculated 44.74 + 5.99 38.59 * 6.30 38.49 + 5.76
Total Soluble Sugars (TSS) Control 159.66 + 13.81 199.45 + 6.78 139.17 + 5.12
Inoculated 257.19 * 49.66* 181.68 + 28.14 170.40 = 31.72
Starch Control 87.59 + 1.93 99.44 + 3.38 119.33 + 5.68
Inoculated 93.08 + 7.09 144.52 + 0.38* 115.37 + 21.12
Total non-structural sugars (TS) Control 247.26 + 13.47 298.89 + 10.16 258.50 + 6.59
Inoculated 350.26 * 55.93 326.20 * 27.77 285.78 + 27.81

they colonize plant tissues by several different routes: their hyphae may
spread over the plant cuticle, under the cuticle, between host cells or
inside host cells (reviewed in O'Connell and Panstruga, 2006). During
these plant-pathogen interactions, fatty acyls and plant derived fatty
acids play an important role in the both pathogen recognition, activa-
tion of plant defenses and induction of systemic acquired resistance

(Lim et al., 2017; Walley et al., 2013). The FA species most accumulated
at 6hpi were putatively assigned to the fatty acids linoleic (18:2) and
tetracosanoic or lignoceric acid (m/z 279.23350 [M-H] and m/z
367.35883 [M-H]), to a-chloro chain fatty aldehydes as 2-chlorohex-
adecanal (m/z 309.17530 [M + CI35]) and to eicosanoids (m/z
341.19631 [M-H]"). Although accumulation of 18:2 was shown to elicit
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Fig. 5. ROS production, lipid peroxidation and antioxidant capacity in V. vi-
nifera cv Trincadeira inoculated leaves with P. viticola at 6, 12 and 24 hpi.

(a) Hydrogen peroxide (umol Hydrogen peroxide g~ ' Fresh Weight (FW)); (b)
MDA content (nmol MDA equiv. g’1 FW); (c) total antioxidant capacity (umol
Trolox equiv. mg™' protein). * represents statistically significant differences

between the inoculated and control replicates (p < 0.05; Mann-Whitney U test).

enhanced resistance to attack by the fungal pathogen, Colletotrichum
gloeosporioides (Madi et al., 2003), on grapevine-P. viticola interaction
we have previously shown that one major feature differentiating the
compatible from the incompatible interaction is the linolenic acid
(18:3) accumulation, followed by jasmonic acid (JA) synthesis in the
incompatible interaction. We have shown that the expression of the
genes coding for main enzymes of JA biosynthetic pathway (LOX2,
AOC, AOS, OPR3), JA-Ile conjugation (JAR1) and JA-Ile receptor (COI1)
are down-regulated in Trincadeira at 6, 12 and 24 hpi (Al et al., 2012;
Guerreiro et al., 2016; Figueiredo et al., 2017) suggesting that oxilipin
synthesis is not activated.

Also, a-chloro chain fatty aldehydes, in particular 2-chlorohex-
adecanal, have been described in humans as related to potentially pro-

Plant Physiology and Biochemistry 137 (2019) 1-13

inflammatory effects ranging from direct toxicity to inhibition of nitric
oxide synthesis (Ford, 2010). Moreover, it was described that 2-chlor-
ohexadecanal could elicit functional changes in targeted cells through
Schiff base adduct formation with primary amines of proteins and li-
pids. Schiff base adduct formation could potentially alter membrane
dynamics and protein function, thus eliciting cell injury or mediating
signaling pathways (Ford, 2010).

Lipoic acid is a mitochondrial coenzyme that is essential for the
activity of enzyme complexes such as those of pyruvate dehydrogenase
and glycine decarboxylase, it also acts as chemical antioxidant (Yi and
Maeda, 2005). No expression changes on LipA suggest that lipid acid
decrease in the inoculated samples may be due to its role on ROS de-
toxification.

Also, flavonoids within polyketides lipid class were affected on the
first hours of interaction. While overall this metabolic class is nega-
tively affected with exception of m/z 425.13612 [M + Na] * putatively
identified as ulexone B, showing a 20-fold increase at 6, 12 and 24 hpi.
This flavonoid was previously pinpointed for its potential contribution
to fusarium head blight (FHB) (Gunnaiah and Kushalappa, 2014) re-
sistance. Flavonoids have been previously described to be very im-
portant in plant resistance against fungi (Mierziak et al., 2014). In plant
pathogen interactions, it has been suggested that constitutive flavo-
noids are able to slow down pathogen development, by the accumula-
tion of high amounts of flavonoids on the site of infection and inducing
a hypersensitivity reaction (Mierziak et al., 2014).

In grapevine, the accumulation of constitutive flavonols is able to
decreased grapevines susceptibility to downy mildew (Agati et al.,
2008; Latouche et al., 2013). We have further evaluated the expression
of several FLS and F3’5’H coding genes. F3’5’H presented no significant
expression modulation on the first hours of infection (6 and 12hpi),
being up-regulated at 24hpi. FLS genes presented an overall down-
regulation at early infection time-points, with exception of FLS-F that is
positively modulated from 12hpi. Moreover, DFR was also down-
regulated at 6 hpi, accordingly to the previously described for Vitis vi-
nifera Riesling (susceptible genotype) on the first hours after inocula-
tion with P. viticola (Kortekamp, 2006). The reprogramming of meta-
bolic pathways is considered to be one of the defense strategies that
plants utilize to generate antimicrobial compounds and signal mole-
cules for restraining the growth of pathogens (La Camera et al., 2004).
Our results suggest that on the first hours of inoculation, flavonoid
metabolism is not activated to a greater extent and thus synthesis of
secondary metabolites may not be promoted as a defense strategy so
early after pathogen challenge. Our results are in accordance to the
study of the susceptible V. vinifera cv Cabernet sauvignon inoculated
with Erysiphe necator, where activation of flavonoid pathway genes
occurs from 24 hpi (Fung et al., 2008).

4.2. Oxidative stress and fatty acid fragmentation are impaired on the first
hours of the compatible grapevine-P. viticola interaction

Reactive oxygen species play an important role on plant-pathogen
interactions. ROS have been suggested to be the first line of defense
against pathogen invasion, either by directly killing the pathogen, or by
slowing down its development by cell wall reinforcement through
cross-linking of glycoproteins, lipid peroxidation and hypersensitive
reaction and systemic defense signals propagation (Torres et al., 2006).

Normally, two phase kinetics of ROS accumulation are observed
during plant-biotrophic fungi interaction: a first burst happens at early
time-points of interaction in both resistant and susceptible plant hosts
and a second burst that only occurs in the incompatible interaction
(Gebrie, 2016).

In Trincadeira, a significant H,O, increase occurred in inoculated
samples when compared to non-inoculated samples at 6 and 12hpi,
however H,0, content was low when compared to the accumulation in
tolerant genotypes as described previously (Figueiredo et al., 2017).
This low H,0, accumulation during the initial biotrophic phase of the
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For each time point (6, 12 and 24 hpi) gene transcripts fold-change relative to controls are represented for FatB, LipA, FLS-A, FLS-D, FLS-E, FLS-F, F3’5’'H and DFR.
Fold-change values are relative to expression in mock leaves. * represents statistically significant differences between the inoculated and control samples (p < 0.05;

Mann-Whitney U test).

interaction, where hyphae are growing into the host apoplast may not
be sufficiently toxic to the pathogen and thus not being able to restrain
pathogen growth.

MDA accumulation due to lipid peroxidation has been reported in
response to a variety of abiotic and biotic stresses. The production of
lipid peroxides has been shown to be induced by pathogens (Patel and
Williamson, 2016). In Trincadeira, a significant MDA accumulation
occurred after pathogen challenge, indicating disruption of cellular
membrane and causing a loss of cellular integrity leading to further ROS
generation. Moreover, the unaltered antioxidant capacity may also ac-
count for lipid peroxidation or oxidative stress in the susceptible cul-
tivar. Thus there seems to be an attempt to activate the first line of
defenses with a ROS burst Trincadeira, which is in accordance with
other studies on compatible plant-pathogen interactions (Mandal et al.,
2011; Supian et al., 2017). Very recently, a study on the biotrophic rice-
Magnospora oryzae interaction has shown that the biotrophic pathogen
secretes an AVR-Pii effector that accumulates at the biotrophic inter-
facial complex, is translocated into the invaded cytoplasm and neigh-
boring cells. This effector disrupts ROS burst by suppressing NADPH
production in susceptible rice cultivar. The pathogen is able to repro-
gram host metabolism to establish compatibility impairing ROS pro-
duction. The AVR-Pii effector plays an essential role as one of the key
pathogenicity determinants in disrupting host innate immunity (Singh
et al., 2016). We hypothesize that P. viticola is able to control the first
line of defense in Trincadeira on a similar manner.

4.3. Pathogen-driven modulation of host carbohydrate metabolism

Carbohydrate partitioning between plant source and sink tissues is
influenced by pathogens. In fact, plants and pathogens evolved together
in a constant battle in which the plant limits pathogen access to nu-
trients and initiates immune responses, whereas the pathogen evolves
adaptive strategies to gain access to nutrients and suppress host im-
munity. In the case of a successful interaction, pathogens are believed
to re-direct plant's metabolism to their own benefit. This comprises the
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suppression of plant defense responses and the reallocation of photo-
assimilates to sufficiently supply the pathogen with nutrients (reviewed
in (Berger et al., 2007). In compatible host-biotroph interaction, a re-
duction in photosynthesis rate is commonly described for later infection
time-points (Swarbrick et al., 2006). For the grapevine interaction with
downy mildew a photosynthesis decrease on the oil spot stage was re-
ported together with lower concentration of photosynthetic pigments
around the oil spot lesion (Moriondo et al., 2005). However, data is
scarce regarding grapevine carbohydrate metabolism modulation on
the first hours of interaction with P. viticola. Our data shows that no
alteration of photosynthetic pigments content occurred up to 24 hpi,
suggesting that the photosynthesis rate remains unaltered at early in-
oculation time-points where there are no visible lesions or symptoms.
The same was described for the biotroph interaction between barley
and powdery mildew (Swarbrick et al., 2006). On the first days of in-
teraction no significant difference in the rate of CO, assimilation be-
tween uninfected and infected leaves occurred but on latter time-points
a decrease on CO; assimilation of infected susceptible leaves was shown
(Swarbrick et al., 2006). Pathogens also affect plant sugar levels, but
their effect varies considerably between different plant-pathogen in-
teractions. In tomato leaves inoculated with the necrotroph Botritis ci-
nerea, sucrose, glucose and fructose levels decreased after 3 days post
inoculation (dpi) (Berger et al., 2004), while in barley leaves inoculated
with powdery mildew, hexose and sucrose content increased after 3 dpi
(Swarbrick et al., 2006). In Trincadeira, both the content of reducing
sugars and total soluble sugars significantly increased in inoculated
samples at 6hpi. The higher content on glucose is in accordance to our
previous studies where we have compared by H'NMR the metabolic
modulation prior and after P. viticola inoculation (Figueiredo et al.,
2008; Ali et al., 2012). On the first hours of interaction with the pa-
thogen, Trincadeira was characterized by a higher level of glucose and
sucrose as well as other organic acids such as glutamic acid, succinic
acid and ascorbic acid when compared to the tolerant cultivar Regent
(Ali et al., 2012). On the present study the levels of sucrose were not
altered, being the higher amount of total soluble sugars, a result of
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reducing sugars (mostly glucose and fructose in leaves) accumulation.
Our results may indicate an allocation of photosynthetic fixed carbon to
be quickly metabolized within the cells or to an immediate transport to
sink tissues. This increase may also be influenced by the pathogen as at
the early inoculation time-points, the pathogen has entered through the
plant stomata and is forming the haustorium which requires an ade-
quate nutrient supply (Gindro et al., 2003; Unger et al., 2007), thus
despite the relatively small number of initially invaded epidermal cells,
the pathogen may be able to modulate metabolism and metabolite
transport in distant mesophyll and vascular tissues. At 12 hpi carbon
allocation seems to be channelled to be stored in chloroplast as starch,
and the carbon exported retained as fructose-1,6-bisphosphate in in-
oculated samples. On other hand, small disaccharides (RFOs) appear
more accumulated at 6 hpi. They were previously shown to accumulate
to a high extent in syncytia during nematode infection (Hofmann et al.,
2010). The exact function of RFO on biotic interactions is not known,
although it has previously described that RFOs may act as osmolytes to
maintain cellular integrity and function under oxidative stress condi-
tions (Nishizawa et al., 2008; Nishizawa-Yokoi et al., 2008). Also the
higher ratio hexoses/sucrose found 6 hpi contributes to osmotic ad-
justment. Presence of a raffinose transporter in chloroplast membrane
has been established, although whether they help in maintaining
chloroplast membrane integrity under oxidative stress, is not known
(Schneider and Keller, 2009).

5. Conclusions

Overall, there was a negative modulation of several metabolic
classes associated to pathogen defense such as flavonoids or phenyl-
propanoids. Despite a H>O, burst and lipid peroxidation were detected,
H,0; levels during the initial biotrophic phase of the interaction may
not be sufficiently toxic to the pathogen to restrain its growth.
Photosynthesis rate seems to be unaffected on the first hours of inter-
action but an early modulation of the carbohydrate metabolism that
may be associated to pathogen nutrition on the first colonization steps
occurs. Other challenges that require future attention are associated to
the interaction between P. viticola effectors and host plant mechanisms.
P. viticola genome was recently sequenced opening new insights into
effectors and pathogenicity factors that may contribute for P. viticola
virulence leading to the establishment of a compatible interaction.
Further studies may provide a better understanding of this interaction
allowing the development of new and sustainable disease control
measures.
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