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Grapevine downy mildew is an important disease affecting crop production leading to severe yield losses. This
study aims to identify the grapevine cultivar-specific adjustments of leaf proteome that allow the discrimination
between resistance and susceptibility towards P. viticola (constitutive (0 h) and in after inoculation (6, 12 and
24 h). Leaf proteome analysis was performed using 2D difference gel electrophoresis followed by protein identi-
fication viamass spectrometry. In addition, we analysed ROS production, antioxidant capacity, lipid peroxidation
and gene expression. Proteins related to photosynthesis and metabolism allowed the discrimination of resistant
and susceptible grapevine cultivars prior to P. viticola inoculation. Following inoculation increase of hydrogen
peroxide levels, cellular redox regulation, establishment of ROS signalling and plant cell death seem to be key
points differentiating the resistant genotype. Lipid associated signalling events, particularly related to jasmonates
appear also to play a major role in the establishment of resistance. The findings from this study contribute to a
better understanding of genotype-specific differences that account for a successful establishment of a defence re-
sponse to the downy mildew pathogen.
Biological significance:Here,we present for thefirst time grapevine cultivar-specific adjustments of leaf proteome
that allow the discrimination between resistance and susceptibility towards P. viticola (constitutive (0 h) and in
after inoculation (6, 12 and 24 h). We have highlighted that, following inoculation, the major factors differenti-
ating the resistant from the susceptible grapevine cultivars are the establishment of effective ROS signalling to-
gether with lipid-associated signalling events, particularly related to jasmonates. It is believed that plants
infected with biotrophic pathogens suppress JA-mediated responses, however recent evidences shown that
jasmonic acid signalling pathway in grapevine resistance against Plasmopara viticola. Our results corroborate
those evidences and highlight the importance of lipid- signalling for an effective resistance response against
the downy mildew pathogen.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Grapevine downy mildew was introduced into European vineyards
in the 1870s [1] and quickly spread to allmajor grape-producing regions
of the world [2,3]. Plasmopara viticola (Berk. & Curt.) Berl. & de Toni, an
obligate biotrophic oomycete, is the causal agent of this devastating dis-
ease. While American and Asiatic Vitis species present genetic resis-
tance to this pathogen, domesticated grapevine Vitis vinifera is
sensitive to downy mildew. As a control measure, several fungicide ap-
plications are necessary every year and P. viticola resistance has already
been found to the most common fungicides [4,5]. Only in the past few
decades, resistance breeding partly replaced the chemical plant
protection applied against grapevine downy mildew. Partially resistant
grapevine varieties resulted frombreedingprogramsby introgression of
resistant traits fromwild Vitis spp. (eg V. labrusca, V. amurensis). Howev-
er, recent reports have shown that P. viticola presents a high evolution-
ary potential as several isolates were able to develop fungicide
resistance [4,5] and to break down plant resistance of interspecific hy-
brids [6,7]. These findings have highlighted the need for a better under-
standing of grapevine resistance mechanisms against P. viticola.

Several studies have reported that aside from constitutive physical
and chemical barriers, downy mildew resistance is mainly based on
post-infection processes [8,9]. The susceptibility of Vitis vinifera to
downy mildew suggests that this species lacks a P. viticola-specific rec-
ognition system [10]. However, transcriptional [8,11–14] and proteomic
[15] changes associated with the early stages of P. viticola infection indi-
cate the presence of a weak, but insufficient, defence response in
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susceptible grapevines. In our previous studies we have characterized
the cultivar-specific responses to P. viticola inoculation by direct com-
parison of a resistant (Regent) and a susceptible (Trincadeira) cultivar
prior and post inoculation with the downy mildew pathogen [14,16,
17]. These studies have clearly shown that there is a remodelling of
transcripts associated to defence and signalling in the resistant geno-
type [14] and that at the metabolome level, Regent presents higher
levels of phenolic compounds and stress-related metabolites that in-
crease as soon as 6 hpi [17].

Grapevine proteomic data are scarce [18]. The proteomemodulation
during the infection process is poorly characterized andonly few studies
have been published so far in compatible interactions [15,19]. We have
used a differential gel electrophoresis (DIGE) approach to identify the
key differences in proteome modulation of two Vitis vinifera genotypes,
Regent (resistant) and Trincadeira (susceptible) prior (0 h) and at 6, 12
and 24h post inoculation (hpi)with P. viticola. Gene expression and bio-
chemical analysis on hydrogen peroxide content, total antioxidant ca-
pacity and lipid peroxidation were also conducted. This study
characterizes for the first time the grapevine genotype-specific prote-
ome alterations that account for resistance against P. viticola, highlight-
ing the importance of the early activation of ROS and lipid associated
signalling for the establishment of the incompatible interaction.

2. Material and methods

2.1. Plant material, inoculum and pathogen infection

Plants from V. vinifera cultivars Regent and Trincadeira were propa-
gated under identical greenhouse conditions as described by [14].
Plasmopara viticola inoculum was collected after an overnight incuba-
tion of symptomatic leaves from greenhouse infected plants in a moist
chamber at room temperature. Sporangia were carefully recovered by
brushing, dried, stored at−25 °C. Vitality was checked by microscopy
[20]. A suspension containing 104 sporangia mL−1 was used to spray
the abaxial leaf surface in order to challenge the plants. Inoculated
plants were incubated overnight in the dark at 25 °C and 99–100% rela-
tive humidity and then kept under controlled greenhouse conditions
during inoculation time-course. For each biological replicate two leaves
(third tofifth from the shoot apex) from three different plantswere har-
vested at 0 h, 6, 12 and 24hpi, immediately frozen in liquid nitrogen and
stored at−80 °C. Four independent biological replicates were collected.
An experimental design scheme is presented in Supplementary Fig. 1.

2.2. Protein sample preparation

Protein extraction was done using a phenol based protocol accord-
ing to [21], four biological replicates were extracted from each condi-
tion. Protein concentration was determined with a 2-D Quant Kit (GE
Healthcare) using BSA (2 mg/mL) as standard. Extraction yield for our
samples was around 2.95 ± 0.33 mg per gram of fresh weight. Further
purification was done with the Ettan 2D Clean-up kit (GE Healthcare)
according to manufacturer's recommendations. The recovered precipi-
tated protein was solubilized in 30 μL of labeling buffer and pHwas ad-
justed to 8.5 using NaOH (100 mM).

2.3. Experimental design and CyDye protein labeling

Each sample was covalently labeled with fluorescent dyes, either
Cy3 or Cy5 (400 pmol of dye per 50 μg of protein) and a dye swap be-
tween both fluophores was used to avoid problems associated with
preferential labeling. Sample pairs run in each gel were randomized in
order to avoid bias of the experimental results. A mixture of equal
amounts of protein from every sample in the experiment was labeled
with Cy2 and used as internal standard. Dye labeling scheme is present-
ed (Supplementary Fig. 1).
2.4. 2D gel electrophoresis

The labeled samples were combined (Cy3, Cy5 and Cy2), to a final of
150 μg protein and mixed with 150 μL of 8 M urea, 4% (w/v) CHAPS,
130mMDTE, 2% (v/v) and pharmalytes pH4–6.5, adjusted to afinal vol-
ume of 450 μL with rehydratation buffer (8 M urea, 4% (w/v) CHAPS,
13 mM DTE, 1% (v/v) pharmalytes pH 4–6.5) and submitted to isoelec-
tric focusing (IEF) as the first-dimension separation.

IPG strips, pH 4–7 IPG-strips (24 cm, linear gradient; GE Healthcare)
were actively rehydrated overnight for 18 h at 50 V. IEF was performed
in a IPGphor3 system from GE Healthcare at 20 °C (100 V for 2 h; 3 h
500 V, 4 h 1000 V, 1 h gradient from 1000 V to 3500 V, 3 h 3500 V, 4 h
gradient from 3500 V to 8000 V, until 98 kVh). After the IEF, IPG strips
were equilibrated for 15 min in equilibration buffer (6 M Urea, 2% (w/
v) SDS, 50 mM Tris pH 8.8, 0.02% (w/v) bromophenol blue, 30% (v/v)
glycerol) supplemented with 2% (w/v) DTE, followed by alkylation for
15 min in equilibration buffer supplemented with 3% (w/v)
iodocetamide.

SDS-PAGE was carried out as the second-dimension separation in
12.5% polyacrilamide resolving gels in an Ettan DALT twelve system
(GE Healthcare). The separation was run at 20 °C overnight with 1st
step at 80 V, 10 mA/gel and 1 W/gel, 2nd step at 100 V, 17 mA/gel and
1.5 W/gel.

2.5. Scanning and image analysis

2D–DIGE gels were scanned at a pixel size of 100 μm using a Laser-
based scanner FLA-5100 (FujiFilm) and Image Reader FLA 500 version
1.0 (FujiFilm) at three different wavelengths characteristic of the differ-
ent CyDyes. Gel images were exported into Progenesis SameSpot V4.5
image analysis system (Nonlinear Dynamics, Newcastle, UK), where
quantitative analysis of protein spots was performed. Automatic and
subsequent manual editing, aligning, spot volume normalization and
matching procedures were done as part of the Progenesis SameSpot
workflow. Variation of protein expression was considered statistically
significant if the absolute abundance variation was at least 1.5-fold be-
tween spots of any experimental group with a p-value ≤ 0.05 by
ANOVA anda power value ≥ 0.7 (Progenesis SameSpot V4.5, Nonlinear
Dynamics, Newcastle, UK). Unsupervised PCA correlation analysis was
performed using the statistical tool withinSIMCA V13.0.3.0 (Umetrics)
(Supplementary Table 1, Fig. 1). The spots of interest were visually
checked and selected for protein identification by mass spectrometry.

2.6. Protein identification by mass spectrometry

Differentially accumulated protein spots were excised from the pre-
parative 2-DE gels loadedwith 600 μg of protein and stainedwith colloi-
dal CBB [22]. Proteins were trypsin-digested, peptides were acidified
with formic acid, desalted, concentrated with POROS R2 microcolumns
(Applied Biosystems, Foster City, CA) and co-crystallised onto MALDI
sample plates using thematrixα-cyano-4-hydroxycinnamic acid as de-
scribed previously [23]. MS and MS/MS spectra were acquired using a
MALDI-TOF/TOF 4800 plus MS/MS (Applied Biosystems, Foster City,
CA, USA). The equipment was externally calibrated using des-Arg-Bra-
dykinin (904.468 Da), angiotensin 1 (1296.685 Da), Glu-Fibrinopeptide
B (1570.677 Da), ACTH (1–17) (2093.087 Da), and ACTH (18–39)
(2465.199 Da) (4700 Calibration Mix, Applied Biosystems, Foster City,
CA, USA). Each reflectron MS spectrum was collected in a result-inde-
pendent acquisition mode, typically using 1000 laser shots per spectra
and a fixed laser intensity of 3500 V. The 15 strongest precursors were
selected for MS/MS, the weakest precursors being fragmented first.
MS/MS analyses were performed using CID (Collision Induced Dissocia-
tion), with collision energy of 1 kV and a gas pressure of 1 × 10−6 Torr.
Two thousand laser shots were collected for each MS/MS spectrum
using a fixed laser intensity of 4500 V.



Fig. 1. Representative two-dimensional gel electrophoresismapwhen comparing V. vinifera cv Regent and Trincadeira leaf proteome prior (A-0 h) and after (B-6 hpi; C-12 hpi; D-24 hpi)
inoculation with Plasmopara viticola. Differentially accumulated spots for each time-point are represented. Protein identifications are presented in Supplementary Table 3. Principal
component analysis (E) of the differential protein profiles in Regent and Trincadeira at 0 h, 6, 12 and 24 hpi with Plasmopara viticola. The plot shows principal component 1 (PC1) on X
axis and principal component 2 (PC2) on Y axis, together they explain 84% of the selected spots variability. Colored dots represent the different gels.
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The MS and MS/MS spectra were searched against the NCBI protein
database restricted to Vitis (156,682 entries), and the predicted Pinot
Noir grapevine proteome ( http://genomes.cribi.unipd.it/grape/ [24])
using MASCOT (v. 2.2; Matrix Science, Boston, MA, USA) embedded
into GPS-Explorer Software 3.6 (Applied Biosystems)with the following
parameter settings: trypsin cleavage; onemissed cleavage allowed; car-
bamidomethylation as fixed modification; oxidation of methionines as
variable modification; minimum mass accuracy of 30 ppm for the par-
ent ions and fragment tolerance of±0.3 Da. All searcheswere evaluated
based on the significant scores obtained fromMASCOT ( ≥ 70). Both pro-
tein score and total ion score confidence intervals percentage were set
above 95%, and a p b 0.05 was set as the significance threshold for MS/
MS. Proteins identified as “unnamed” were queried against the NCBI
nr database (Blast p; E value b e−35). The mass spectrometry proteo-
mics data have been deposited to the ProteomeXchange Consortium
[25] via the PRIDE partner repository with the dataset identifier
PXD002920.
2.7. Bioinformatics analysis

Each protein was classified according to the biological process and
molecular function using GO (Gene Ontology) annotation [26]. Subcel-
lular locations of the unique proteins identified in this study were pre-
dicted using the publicly available programs Mempype [http://mu2py.
biocomp.unibo.it/mempype/default/index] and PlantLoc ([http://cal.
tongji.edu.cn/PlantLoc/index.jsp].
2.8. Determination of H2O2 content

Hundred mg of plant material were homogenized in a phosphate
buffered saline solution (PBS) with 1–4% (w/v) of insoluble
polyvinylpolypyrrolidone (PVPP40000). Samples were centrifuged at
16,000×ɡ for 1 min, the supernatant was collected and used for the
assay. Concentration of hydrogen peroxide was measured spectro-
photometrically at 405 nm following the method described by [27]
based on the oxidation the chromogen 2′,2-azino-di(3-ethyl-
benzathiazoline-6-sulphonic acid) (ABTS) catalyzed by a peroxidase
in the presence of H2O2. A standard curve with known concentra-
tions of H2O2 was used and data was expressed as micromoles per
gram of fresh weight. Three biological replicates and two technical
replicates were used.
2.9. Antioxidant capacity assay

Leaf extracts were done as described for the H2O2 assay. Total anti-
oxidant 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 was used and data were normalized by protein content.
Three biological replicates and two technical replicates were used.
2.10. Lipid peroxidation

Lipid peroxidation was measured following the thiobarbituric acid
(TBA) reacting substance (TBARS) protocol [28]. Hundred mg of frozen
tissue were homogenized in ethanol 80% (v/v) and centrifuged at
14,000 ×ɡ for 5 min at 4 °C. The supernatants reacted with TBA so-
lution at 95 °C for 30 min. Absorbance at 440, 532 and 600 nm was
determined after a 10 min centrifugation at 14,000 ×ɡ, 4 °C. Malo-
naldehyde (MDA) equivalents (nmol mL−1) = [(A −
B) × 106] / 157,000, where A = [[(Abs532 + TBA) − (Abs
600 + TBA)]− [(Abs 532− TBA)− (Abs 600− TBA)]] and B = [[(Abs
440 + TBA)− (Abs 600 + TBA)] × 0.0571].
2.11. Expression analysis

Total RNA extraction and cDNA synthesis were done according to
Ref. [21]. Four genes associated with Jasmonic Acid (JA) biosynthesis
and 1 gene associated with lipid signalling were selected for analysis.
Quantitative RT-PCR (qPCR) experiments were carried out using Maxi-
ma™ SYBR Green qPCRMaster Mix (2×) kit (Fermentas, Ontario, Cana-
da) in a StepOne™Real-Time PCR system (Applied Biosystems,
Sourceforge, USA) as described in Ref. [21]. Data was normalized ac-
cording to Ref. [21]. Gene specific primers, amplicon length, annealing
and melting temperatures and amplification efficiencies are described
in Supplementary Table 2. Gene expression (fold change) was calculat-
ed according to [29].

2.12. Statistical analysis

Statistical significance (p ≤ 0.05) between the two genotypes was
determined for ROS production, antioxidant capacity, lipid peroxidation
and gene expression by theMann-WhitneyU test using IBMSPSS Statis-
tics version 21.0 (SPSS Inc., USA) software.

3. Results and discussion

The proteome differences of two Vitis vinifera cultivars, Regent and
Trincadeira (resistant and susceptible to downy mildew, respectively)
were analysed prior (0 h) and after P. viticola inoculation (6, 12 and
24 hpi) by 2D–DIGE followed byMS-based protein identification. By di-
rect comparison of both grapevine genotypes (Regent was labeled as
the test sample and Trincadeira as control), we were able to identify
the proteins that discriminated both genotypes either constitutively or
in response to the pathogen.

3.1. 2D–DIGE and differential expression analysis

2D–DIGE gel referencemaps resolved a total of 758 spots at 0 h; 975
at 6 hpi; 874 at 12 hpi and 695 at 24 hpi. Two-way ANOVA discriminat-
ed 122 protein spots with abundance changes across all the compared
time-points, for subsequent protein identification (fold-change N 1.5,
ANOVA p b 0.05, Supplementary Table 1). A clear distinction in prote-
ome between the two grapevine genotypes was also confirmed by
PCA (Fig. 1E). This unsupervised PCA bi-plot, explains 66.3% (PC1) and
17.2% (PC2) and shows a gel grouping (colored dots) which agrees
with the experimental groups. The two grapevine genotypes are sepa-
rated although the gels of 12 and 24 hpi, for each genotype, plot quite
closely, indicating that the differences between them areminimal in re-
lation to the 0 h and 6 hpi changes. At 0 h, 24 spots (19.6%) discriminat-
ed both grapevine genotypes. After inoculation with P. viticola, 23 spots
(18.9%) were differentially accumulated at 6 hpi, 28 (23%) spots at
12 hpi and 47 spots (38.5%) at 24 hpi. An increased number of infection
responsive proteins when comparing both genotypes at 24 hpi suggest
that although larger transcriptional changes occur as soon as 6 hpi,
in response to the pathogen inoculation [14], a larger genotype-de-
pendent proteomic change occurs at 24 hpi. Representative maps
for the grapevine leaf resolved proteome at 0 h, 6, 12 and 24 hpi
on which the differentially accumulated spots are outlined is pre-
sented in Fig. 1(A-D).

3.2. Protein identification and annotation

Of the 122 differentially accumulated protein spots, 99 were suc-
cessfully annotated (Supplementary Table 3) accounting for 50 unique
proteins (Table 1, Supplementary Table 4). The majority of the proteins
were only accumulated in one of the time-points analysed, 12 proteins
showed a differential pattern of accumulation in two time-points, 6 pro-
teins were simultaneously accumulated in three time-points and only
one protein was differentially accumulated prior and after P. viticola

http://genomes.cribi.unipd.it/grape/
http://mu2py.biocomp.unibo.it/mempype/default/index
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Table 1
Identification, regulation and functional categorization of the differentially acumulated proteins when comparing the two Vitis vinifera cultivars Regent (resistant) and Trincadeira (sus-
ceptible) prior (0 h) and after (6, 12 and 24 h) inoculation with P. viticola.

Time-course with fold change
(VR/VT)a

Protein identification
NCBI Acc.
number

Theoretical
MW (Da)

Theoretical
pI

Anova
p value

Mascot
scoreb

Matched peptidec

0 h 6 hpi 12 hpi 24 hpi
SC
(%)d MS MSMS

Photosynthesis and carbohydrate metabolism
2.22 3.1 2.61 PREDICTED: ribulose bisphosphate carboxylase small

chain, chloroplastic [Vitis vinifera]
XP_003634190.1 21,267.58 9.11 0.000 295 71 14 2

2.17 2.51 1.99 2.26 ribulose-1,5-bisphophate carboxylase/oxygenase
small subunit [Vitis pseudoreticulata]

ABC86738.1 20,456.51 9.06 0.015 201 33 6 1

−2.22 ribulose-1,5-bisphophate carboxylase/oxygenase
small subunit [Vitis pseudoreticulata]

ABC86738.1 20,456.51 9.06 0.001 203 21 5 1

1.85 −1.62 −2.92 ribulose-1,5-bisphosphate carboxylase/oxygenase
large subunit [Vitis vinifera]

YP_567084.1 52,518.78 6.33 0.008 1080 56 20 9

2.25 2.96 PREDICTED: ribulose bisphosphate
carboxylase/oxygenase activase 1, chloroplastic-like
[Vitis vinifera]

XP_002270571.2 51,880.97 5.69 0.024 803 51 17 6

−1.58 1.88 −3.70 PREDICTED: oxygen-evolving enhancer protein 2,
chloroplastic [Vitis vinifera]

XP_002283048.1 27,794.15 8.33 0.007 180 50 8 2

1.90 PREDICTED: chlorophyll a-b binding protein 8,
chloroplastic [Vitis vinifera]

XP_002273201.1 29,529.81 7.84 0.012 116 20 6 3

−4.23 −1.53 PREDICTED: cytochrome b6-f complex iron-sulfur
subunit, chloroplastic isoform 1 [Vitis vinifera]

XP_002284361.1 24,075.74 8.52 0.000 120 44 5 1

−1.53 PREDICTED: cytochrome b6-f complex iron-sulfur
subunit, chloroplastic-like [Vitis vinifera]

XP_002265183.2 22,519.99 8.26 0.023 82 6 1 1

−1.64 PREDICTED: thylakoid lumenal 29 kDa protein,
chloroplastic-like isoform X1 [Citrus sinensis]

XP_010664348.1 37,487.45 6.65 0.006 275 54 16 2

−12.33 PREDICTED: thylakoid lumenal 19 kDa protein,
chloroplastic-like [Vitis vinifera]

XP_002275752.1 26,702.96 6.91 0.000 447 54 10 5

2.97 PREDICTED: photosystem II stability/assembly factor
HCF136, chloroplastic [Vitis vinifera]
PREDICTED: cysteine synthase [Vitis vinifera]

XP_002278958.1
XP_003633658.1

44,272.10
34,369.87

6.92
5.39

0.000
0.000

1600
104

64
3.7

22
7

11
1

−1.56 −1.94 −2.68 PREDICTED: carbonic anhydrase 1 [Arabidopsis
thaliana]

XP_002277957.1 36,544.96 8.06 0.000 454 18 5 2

−6.92 PREDICTED: triosephosphate isomerase,
chloroplastic-like isoform 1 [Vitis vinifera]

XP_002274871.1 34,675.35 8.13 0.001 546 39 9 5

−2.93 PREDICTED: triosephosphate isomerase, cytosolic
[Vitis vinifera]

XP_002283693.1 27,128.22 6.35 0.000 949 86 18 8

−1.88 1.55 PREDICTED: sedoheptulose-1,7-bisphosphatase,
chloroplastic [Vitis vinifera]

XP_002263049.1 42,525.37 5.95 0.006 364 20 8 4

1.72 PREDICTED: phosphoglycerate kinase, chloroplastic
isoform 1 [Vitis vinifera]

XP_002263796.1 50,083.05 8.26 0.012 147 19 5 1

3.40 1.44 PREDICTED: probable fructose-bisphosphate aldolase
2, chloroplastic-like [Vitis vinifera]

XP_003631873.1 42,803.96 7.55 0.001 869 55 15 6

−2.36 PREDICTED: probable fructose-bisphosphate aldolase
1, chloroplastic [Vitis vinifera]

XP_002267726.1 42,948.22 8.13 0.000 300 19 2 2

−1.66 PREDICTED: glyceraldehyde-3-phosphate
dehydrogenase B, chloroplastic isoform 1 [Vitis
vinifera]

XP_002273754.1 48,120.05 7.60 0.012 256 32 14 2

Respiration
−1.40 PREDICTED: gamma carbonic anhydrase 1,

mitochondrial-like [Cucumis sativus]
XP_002282021.1 29,442.61 5.89 0.017 772 56 11 7

General metabolism
1.37 PREDICTED: glycine cleavage system H protein,

mitochondrial isoform 1 [Vitis vinifera]
XP_002280707.1 17,553.62 5.07 0.007 92 33 2 0

4.32 PREDICTED: cysteine synthase [Vitis vinifera] XP_003633658.1 34,369.87 5.39 0.002 140 41 8 1
1.48 PREDICTED: glutamine synthetase leaf isozyme,

chloroplastic [Vitis vinifera]
XP_002279497.1 47,914.26 7.58 0.007 407 47 14 3

Energy
1.71 PREDICTED: ATP synthase gamma chain,

chloroplastic-like isoform 1 [Vitis vinifera]
Predicted: quinone oxidoreductase-like protein
At1g23740, chloroplastic-like [Vitis vinifera]

XP_002275015.1
XP_003631255.1

41,018.23
40,071.98

5.95
8.61

0.012
0.012

74
69

14
4.8

4
2

1
1

1.39 PREDICTED: ATP synthase delta chain, chloroplastic
[Vitis vinifera]

XP_002274963.1 26,385.31 8.85 0.004 274 27 6 4

Redox homeostasis
1.52 1.54 type II peroxiredoxin E [Vitis vinifera] NP_001268192.1 22,511.02 7.67 0.001 671 56 11 6

−1.50 type II peroxiredoxin F [Vitis vinifera] NP_001268077.1 21,825.08 8.74 0.022 68 9 2 1
1.50 −1.70 PREDICTED: thioredoxin-like protein CDSP32,

chloroplastic [Vitis vinifera]
XP_002285902.1 33,454.35 6.38 0.004 1090 49 16 10

−1.56 −1.44 manganese superoxide dismutase [Vitis vinifera] XP_010658132.1 25,283.90 6.80 0.001 377 25 10 4
−1.63 −1.51 PREDICTED: L-ascorbate peroxidase 2, cytosolic [Vitis

vinifera]
XP_002284767.1 27,557.42 5.71 0.000 888 39 13 7

−1.91 PREDICTED: ferredoxin-thioredoxin reductase, XP_002271306.1 18,122.48 8.97 0.001 170 23 4 1
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Table 1 (continued)

Time-course with fold change
(VR/VT)a

Protein identification
NCBI Acc.
number

Theoretical
MW (Da)

Theoretical
pI

Anova
p value

Mascot
scoreb

Matched peptidec

0 h 6 hpi 12 hpi 24 hpi
SC
(%)d MS MSMS

variable chain, chloroplastic [Vitis vinifera]

Defence
−4.32 −5.77 1.51 abscisic stress ripening protein [Vitis

pseudoreticulata]
ABC86744.1 16,688.98 5.68 0.000 1050 57 10 6

−3.23 abscisic stress ripening protein [Vitis
pseudoreticulata]

ABC86744.1 16,688.98 5.68 0.000 898 42 7 5

1.78 1.45 PREDICTED: MLP-like protein 423 [Vitis vinifera] XP_002267219.1 27,397.35 7.99 0.010 346 43 6 3
−1.55 −1.86 −2.51 PREDICTED: peptidyl-prolyl cis-trans isomerase

CYP20–3, chloroplastic-like isoform 1 [Vitis vinifera]
XP_002273421.2 27,397.35 7.99 0.010 431 41 11 4

−1.64 pathogenesis-related protein 10 [Vitis
pseudoreticulata]

AEG64701.1 17,128.57 5.96 0.003 367 65 8 3

1.85 putative plastid lipid-associated protein [Vitis hybrid
cultivar]

BAF95867.1 25,890.45 4.85 0.011 95 10 2 1

2.91 Tetratricopeptide repeat 30A [Gossypium arboreum] KHG00819.1 36,824.58 6.30 0.000 156 19 4 1
1.77 PREDICTED: heat shock cognate 70 kDa protein

isoform 2 [Vitis vinifera]
XP_002283532.2 71,170.50 5.16 0.005 75 6 3 0

−1.50 −1.72 PREDICTED: glycine-rich RNA-binding protein
GRP1A-like [Vitis vinifera]

XP_003631658.1 16,329.28 6.32 0.009 375 47 6 3

2.33 −1.42 PREDICTED: 29 kDa ribonucleoprotein A, chloroplastic
[Vitis vinifera]

XP_002281642.1 31,510.99 5.21 0.020 187 28 6 1

−1.5 PREDICTED: 28 kDa ribonucleoprotein, chloroplastic
[Vitis vinifera]

XP_002278832.1 36,394.30 4.60 0.001 96 4 6 1

−6.03 PREDICTED: 18.2 kDa class I heat shock protein
isoform 2 [Vitis vinifera]

XP_003633470.1 17,021.28 5.80 0.000 250 17.8 5 2

−1.45 PREDICTED: 18.1 kDa class I heat shock protein [Vitis
vinifera]

XP_002280353.1 18,193.51 6.17 0.001 82 9 1 1

4.11 PREDICTED: glyceraldehyde-3-phosphate
dehydrogenase A, chloroplastic-like [Vitis vinifera]

XP_002278352.1 43,155.11 7.00 0.010 208 10 4 2

Protein metabolism
1.62 PREDICTED: elongation factor Tu, chloroplastic-like

[Vitis vinifera]
XP_002277301.1 52,692.38 6.24 0.000 1150 57 23 9

1.83 PREDICTED: 50S ribosomal protein L12, chloroplastic
[Vitis vinifera]

XP_002277258.1 19,662.75 5.82 0.017 723 42 10 6

−1.54 PREDICTED: 20 kDa chaperonin, chloroplastic [Vitis
vinifera]

XP_002277861.1 26,321.37 9.37 0.023 710 60 12 4

−1.65 PREDICTED: nascent polypeptide-associated complex
subunit alpha-like [Vitis vinifera]

XP_002266597.1 22,027.32 4.34 0.026 324 44% 6 3

−8.78 PREDICTED: proteasome subunit beta type-2-A-like
[Vitis vinifera]

XP_003632316.1 22,490.68 5.85 0.000 333 25% 4 3

Unknown
1.57 1.90 PREDICTED: uncharacterized protein LOC100259089

[Vitis vinifera]
XP_002266585.1 21,746.28 4.96 0.007 110 41% 5 1

When the same protein identification was obtained for several spots, data for the spot presenting higher protein score is presented.
a Fold change (VR/VT): increment/decrease of the spot intensities in resistant (VR)/control (VT) conditions. Negative fold means that the protein was less abundant in resistance

conditions. Positive fold change means that proteins were more abundant in resistance conditions.
b Mascot Score: MS and MSMS scores are based on the calculation probability that the observed match between the experimental data and the database sequence is a random event.

Minimum score considered - 70.
c Matched peptide: refers the number of peptide of the protein sequence that corresponds to matched peptides.
d SC % (Sequence covered): refers the percentage of the peaks intensity that correspond to matched peptides.
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inoculation (Supplementary Fig. 2a). Two proteins presented an altered
accumulation pattern at all time points after inoculation (6, 12 and
24 hpi): peptidyl-prolyl cis-trans isomerase cyp 20-3 and ribulose-1,5-
bisphosphate carboxylase/oxygenase large subunit.

Gene ontology (GO) annotation and the physiological functions
allowed the classification of the identified proteins into 8 categories
(Supplementary Fig. 2b): photosynthesis and carbohydrate metabolism
(21), respiration (1), generalmetabolism (3), energy (2), redox homeo-
stasis (6), defence (11), protein metabolism (5) and unknown function
(1). At 6 hpi the number of differentially accumulated protein spots in-
creased in the defence category and at 12 and 24 hpi the defence and
redox homeostasis categories become two of the most represented.
Within the defence category, the number of protein spots presenting
GO terms associated to “stress response” increased during inoculation
time-course in both genotypes and at 24 hpi categories such as
“death”, “single organism signalling” and “detection of stimulus” ap-
peared only in the resistant genotype.

3.3. Proteome discrimination of grapevine genotypes (0 h)

The possibility to discriminate genotypes according to their prote-
ome profile has already been demonstrated for walnut [30] and tomato
[31]. When comparing the grapevine cultivars Regent and Trincadeira,
prior to P. viticola inoculation, 24 protein spots allowed genotype differ-
entiation and of those 19were identified. Several spots that differentiat-
ed the resistant genotype were identified as proteins involved in
photosynthesis, carbohydrate and general metabolism. Higher accumu-
lation of proteins related with primary metabolism and biosynthetic
machinery in Regent could pay for the fitness cost of the constitutive re-
sistance, hence resulting in more stress-resistant plants.



Fig. 2. ROS production, antioxidant capacity and lipid peroxidation in grapevine leaves of
Regent and Trincadeira at 0 h, 6, 12 and 24 hpi with P. viticola: (a) Hydrogen peroxide
generation (μmol Hydrogen peroxide g−1 FW); (b) total antioxidant capacity (μmol
Trolox equiv. mg−1 protein); (c) MDA content (nmol MDA equiv. g−1 FW). Mean and
standard deviation of three biological replicates is presented. * represents statistically
significant differences between the two grapevine genotypes (P ≤ 0.05; Mann-Whitney
U test).
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3.3.1. Genotype-specific protein modulation upon P. viticola inoculation
Upon inoculation photosynthesis and carbohydrate- related pro-

teins were down-acumulated in Regent from 12 hpi (Table 1) which is
in accordance to other studies on the same pathosystem [15,19]. How-
ever, the high turnover of photosynthetic proteins such as the ribulose
bisphosphate carboxylase/oxygenase activase 1, ribulose-1-5-
bisphosphate carboxylase small subunit and the photosystem II stabili-
ty/assembly factor HCF136 in the resistant grapevine genotype, sug-
gests that Regent may be evoking defence mechanisms to protect the
photosynthetic machinery recovering photosynthetic efficiency upon
P. viticola inoculation. This was previously reported for other incompat-
ible interactions [32,33].

3.3.2. Oxidative burst, ROS signalling and plant cell death
ROS play an important role in pathogen resistance by directly

strengthening host cell walls via cross-linking of glycoproteins, lipid
peroxidation and activation of ROS-signalling networks leading to the
establishment of a resistance response [34]. Additional regulatory func-
tions for ROS in defence occur in conjunctionwith other plant signalling
molecules, particularly with salicylic acid (SA) and nitric oxide (NO)
[34]. After inoculation with P. viticola, H2O2 accumulation occurred in
both grapevine genotypes with the production of H2O2 being quicker
and stronger in Regent (6 hpi: 2.14 ± 0.23 μmol H2O2 g−1 FW) while
in Trincadeira only a slight increase was detected at 6 hpi and 12 hpi
(6 hpi: 0.56 ± 0.09 μmol H2O2 g−1 FW; 12 hpi: 0.74 ± 0.09 μmol
H2O2 g−1 FW; Fig. 2A). Indeed a transient oxidative burst and a subse-
quent temporary shift in the intracellular redox state are common fea-
tures of both biotic and abiotic stress responses [35] and an higher
accumulation of H2O2 in resistant genotypes sooner than in susceptible
ones has been reported for many plant pathogen interactions [36,37].
Whether ROS will act as damaging or signalling molecule depends on
the delicate equilibrium between ROS production and scavenging after
pathogen inoculation, achieved by an efficient antioxidative system,
comprising the non-enzymatic as well as enzymatic antioxidants [35],
these systems may restrict the ROS-dependent damage or finely tune
ROS-dependent signal transduction. After inoculation with P. viticola,
and despite the ROS burst in the resistant genotype, the total antioxi-
dant capacity did not differ significantly between the two cultivars
(Fig. 2, B). In Regent, there was only a slight increase in the total antiox-
idant capacity during inoculation time-course (Fig. 2, B). In fact, in the
resistant genotype, there was a decrease in the abundance of several
proteins associated to ROS scavenging at 12 and 24 hpi (manganese su-
peroxide dismutase (spot 1305), L-ascorbate peroxidise (spots 760,
1017), type II peroxiredoxin F (spot 844), thioredoxin-like protein
CDSP32 (spot 617), and ferredoxin-thioredoxin reductase (Spot 896))
(Table 1, Supplementary Table 3). A key factor in incompatible inter-
actions and cell death responses is the secondary production of ROS,
either by positive feedback enhancement of the primary oxidative
signal or by inactivation of antioxidative capacity [38]. By maintain-
ing a low abundance of ROS scavenging proteins and not increasing
the total antioxidant capacity, Regent may be promoting the sec-
ondary production of ROS following pathogen recognition as it has
been previously described [39–42]. Moreover, a lower abundance
of ROS scavenging proteins may be directly related to salicylic acid
and nitric oxide contents [38,40]. Indeed, we have recently reported
an increase in SA content from 6 hpi of V. vinifera cv Regent with P.
viticola [43]. Greater availability of ROS has also been shown to lead
to the increased glutathione content leading to the induction or ac-
tivation of thioredoxins and glutaredoxins that are able to reduce
the SA receptor NPR1that in turn interacts with TGA transcription
factors to induce PR gene expression leading to the establishment
of the hypersensitive response [44].

Two ROS-scavenging proteins presented higher abundance in the
Regent at 12 and 24 hpi (thioredoxin-like protein (Trxs) CDSP32 and a
type II peroxiredoxin E (PrxII E, respectively). Both Trx CDSP32 and
PrxII E are chloroplastic and Trx CDSP32 functions as an electron
donor to Prx. The balance between ROS and peroxinitrite determines
PrxII E activity, which in turn may modulate the cell death program
and protein tyrosine nitration during hypersensitive response [45,46].
Moreover, a heat shock cognate 70 (HSC70) chaperone (spot 1069) pre-
sented higher abundance in Regent at 6 hpi. This protein has been
shown to regulate Arabidopsis immune responses [47] and to be in-
volved in both positive and negative regulation of cell death and immu-
nity signalling [48,49]. GAPDHa (spot 2590), recently associated to
cellular redox regulation, ROS signalling and apoptosis [50] also pre-
sented higher abundance in Regent at 6 hpi and previously, it has
been reported in the same pathosystem an increase of expression of
the IQ calmodulin binding region-apoptosis regulator Bcl-2 protein
(BAG, HS07576) at 6 hpi of V. vinifera cv Regent with P. viticola [14].
Our data suggests that ROS production, ROS associated signalling and



Fig. 3. qPCR expression profiling of LOX2, AOS, AOC,OPR3 (associated to JA biosynthesis)
and LTP1 (lipid signalling). Mean and standard deviation of four biological replicates is
presented. Fold change reveals the comparison of gene expression between Regent and
Trincadeira inoculated samples at 6, 12 and 24 h post inoculation with P. viticola. *
represents statistically significant differences between the two grapevine genotypes
(P ≤ 0.05; Mann-Whitney U test).
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the establishment of a hypersensitive response are distinctive feature
differentiating the resistant cultivar Regent, from the susceptible culti-
var Trincadeira.
Fig. 4.Overview of the pathways involved in generation of fatty acid-derived signals. Up-regula
red, down-accumulated proteins are represented in green. 18:1, oleic acid; 18:2, linoleic acid; 1
protein 1; PLAP, Plastid lipid associated protein; 9S–HPODE and 13S-HPODE, 9S–hyd
hydroperoxylinolenic or 13S-hydroperoxylinolenic acid; HPL-hydroperoxide lyase; AOS, allen
OPC-8:0 CoA Ligase1; JAR1, Jasmonate Resistant 1; CYP20-3, peptidyl-prolyl cis-trans isomeras
3.3.3. Lipid associated signalling
One of the key processes in early plant defence signalling is en-

hanced lipid peroxidation and production of a vast array of oxylipins.
Despite lipid peroxidation being often linked to cell apoptosis, necrosis
and programmed cell death it is also linked to the synthesis of jasmonic
acid [51].Moreover, lipid peroxidation products, such asMDAor 4-HNE,
have been described as signalling molecules in regulation of several
transcription factors sensible to stress [52]. After inoculation with P.
viticola, lipid peroxidation increased in both Regent and Trincadeira
(Fig. 2C), but MDA content at 12 hpi was much higher in the resistant
genotype (Regent: 49.26 ± 8.94 nmol MDA g−1 FW; Trincadeira:
30.59 ± 4.59 nmol MDA g−1 FW). Our results are in accordance to the
studies of Tománková et al. [53] that reported the detection of increased
MDA content sooner in the resistant (24 hpi) that in the susceptible ge-
notype (48 hpi) in the interaction between tomato and the powdery
mildew [53]. Also, after inoculation an MLP-like protein 423 was more
accumulated in Regent (6 hpi: spot 2181; 24 hpi: spots 852, 856). The
major latex proteins are members of the Bet v 1 protein superfamily
[54] and present a hydrophobic fold presumed to have a role in binding
and translocation of hydrophobic compounds, such as flavonoids and
fatty acids [55,56]. It was recently pointed out that these proteins may
play a role not just in transmembrane lipid transport but also in long-
ted genes, accumulated proteins andmetabolites in V. vinifera cv Regent are represented in
8:3, linolenic acid; MDA, Malonaldehyde; 4-HNE, 4-hydroxynonenal; LTP1- Lipid transfer
roperoxylinoleic and 13S-hydroperoxylinoleic acid; 9S-HPOTE or 13S-HPOTE, 9S-
e oxide synthase; AOC, allene oxide cyclase; 12-OPDA, 12-oxophytodienoic acid; OPCL1,
e; MLP-like protein 423, Major Latex Like protein 423.
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distance lipid transport and signalling [56]. Other evidence concerning
lipid-associated signalling in this pathosystem came from our previous
work [14] were a non-specific lipid transfer protein (nsLTP) presenting
high homology with V. pseudoreticulata VpLTP1 was identified. By ana-
lyzing the expression profile during inoculation time-course it is clear
that LTP1 is more expressed in Regent (6 hpi: 3.51 ± 0.34, 12 hpi:
2.26 ± 1.00, 1.94± 0.75, Fig. 3) than in Trincadeira. It has been recently
described that nsLTP participate in plant defence mechanisms, particu-
larly LTP1 that may be involved in long distance signalling associated
with systemic acquired resistance (SAR) through interaction with
lipid-derivedmolecules such as JA [57,58]. Moreover, at 12 hpi a plastid
lipid associated protein (spot 722) presented higher levels in Regent.
These proteins, also termed fibrillins, serve as scaffolds for building
lipid droplets that contain free fatty acids, carotenoids, phytols, qui-
nones, and other lipophilic compounds, some ofwhichmay be damaged
as a consequence of photooxidative conditions [59]. Also, very recently
it was shown a correlation between the levels of fibrillin and the pro-
duction of jasmonic acid (JA) [60] in stressed plants. These authors
have shown that plastoglobules may function as a specialized platform
for the synthesis of early JA precursors, storing enough fatty acids
(with a prevalence of C18:3) to switch on the synthesis rapidly after
local oxidative stress endangering thylakoids and photosynthetic ma-
chineries [60]. Indeed, the fatty acid C18:3 presents a higher accumula-
tion in Regent after P. viticola inoculation (data not show) and the
expression of key genes of JA synthesis (Figs. 3 and 4) are increased in
Regent when compared to Trincadeira in the first hours of interaction
(LOX2- 12 hpi: 6.77 ± 1.71; AOC- 12 hpi: 3.42 ± 0.72, 24 hpi: 2.83 ±
0.015; AOS- 6 hpi:7.14 ± 1.69, 12 hpi: 4.57 ± 1.44 and OPR3- 24 hpi:
2.36 ± 0.28; Fig. 3). Both JA and its precursor 12-oxophytodienoic acid
(OPDA) may mediate responses to environmental stresses. We have
previously suggested a role for jasmonates in establishing or maintain-
ingV. vinifera cv Regent resistance against P. viticola, as the expression of
JA synthesis and signalling associated genes increased and JA and JA-Ile
levels increased at 6 and 12 hpi [43,61]. Recently, a cyclophilin 20–3was
identified as a key effector protein that links OPDA signalling to amino
acid biosynthesis and cellular redox homeostasis in stress responses
[62]. The authors have show that binding of CYP20-3 to 12-OPDA pro-
motes formation of a complex responsible for increased levels of thiol
metabolites, buildup of cellular reduction potential and expression of
OPDA responsive genes. During inoculation time-course a CYP20–3 pro-
tein showed low accumulation in Regent. Our results indicate that JA
and not OPDA is the signalling molecule that induces the resistance re-
sponse in Regent, corroborating our previous hypothesis that JA-signal-
ling may play an important role in the establishment of Regent's
resistance response (Fig. 4).

4. Concluding remarks

Several studies have been conducted on the leaf proteome modula-
tion of susceptible grapevine cultivars after P. viticola inoculation. Up to
our knowledge no studies have been carried on the proteome modula-
tion neither on incompatible interactions nor in the characterization of
genotype-specific adjustments of the leaf proteome after P. viticola inoc-
ulation. As far as we know, this is the first study that provides informa-
tion about the distinct proteome changes leading to the discrimination
of resistant and susceptible grapevine cultivars prior and after inocula-
tion with the downy mildew pathogen. With a 2D–DIGE approach we
were able to discriminate the two grapevine genotypes highlighting
the involvement of ROS-signalling events to restrain fungal growth.
Lipid associated signalling, with the involvement of jasmonic acid, also
allowed cultivar discrimination, playing a major role in the establish-
ment of the defence mechanism of the resistant cultivar. More studies
have to be conducted in order to fully understand the role of lipid asso-
ciated signalling in this pathosystem.

Supplementary data to this article can be found online at doi:10.
1016/j.jprot.2016.10.012.
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