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SUMMARY

Plant virus infections are often difficult to characterize as they
result from a complex molecular and physiological interplay be-
tween a pathogen and its host. In this study, the impact of the
phloem-limited grapevine virus B (GVB) on the Vitis vinifera L.
wine-red cultivar Albarossa was analysed under field conditions.
Trials were carried out over two growing seasons by combining
agronomic, molecular, biochemical and ecophysiological ap-
proaches. The data showed that GVB did not induce macroscopic
symptoms on ‘Albarossa’, but affected the ecophysiological per-
formances of vines in terms of assimilation rates, particularly at
the end of the season, without compromising yield and vigour. In
GVB-infected plants, the accumulation of soluble carbohydrates
in the leaves and transcriptional changes in sugar- and photosyn-
thetic-related genes seemed to trigger defence responses similar
to those observed in plants infected by phytoplasmas, although
to a lesser extent. In addition, GVB activated berry secondary
metabolism. In particular, total anthocyanins and their acety-
lated forms accumulated at higher levels in GVB-infected than in
GVB-free berries, consistent with the expression profiles of the
related biosynthetic genes. These results contribute to improve
our understanding of the multifaceted grapevine-virus
interaction.

Keywords: anthocyanins, gas exchange, grapevine, plant—
virus interaction, sugar signalling.

INTRODUCTION

Plant viruses are obligate biotrophic agents often capable of
causing extensive damage and serious economic losses to many
cultivated crops (Moon and Park, 2016). A number of studies
have reported virus infections mainly as pathogenic relationships
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without any beneficial effects for plant hosts, which offer their
cellular apparatus to support virus movement and prolifera-
tion (Wang, 2015; Zhao et al., 2016). The massive titre of viri-
ons facilitates their survival and transmission, although plants
can react to the infection by implementing several strategies to
hinder and/or eradicate these pathogens (Armijo et al., 2016;
Hipper et al,, 2013; Moon and Park, 2016; Pumplin and Voinnet,
2013). Moreover, some pathogenic viruses have developed mo-
lecular systems able to bypass the plant defence machinery, thus
leading to successful systemic infections, even up to host death
(Miozzi et al., 2013). Inmune responses against viral pathogens
rely on the recognition of pathogen-associated molecular pat-
terns (PAMPs) by pattern recognition receptors (PRRs), inducing
PAMP-triggered immunity (PTI) (as reviewed by Moon and Park,
2016). Moreover, in detail, most of the above cited processes in-
volve RNA silencing as a conserved mechanism, in which small
non-coding RNAs (sRNAs) directly regulate gene expression and
finely tune biochemical and physiological pathways crucial for
the plant to react and/or adapt to biotic (Pantaleo et al., 2016;
Ruiz-Ferrer and Voinnet, 2009) or abiotic (Pagliarani et al., 2017)
factors. These natural plant defence strategies against virus in-
vasion also imply the production of virus-derived small interfer-
ing RNAs (vsiRNAs) that guide Argonaute (AGO) complexes to
inactivate viral genomes (Huang et al., 2016). As a response, to
counter plant defences, viruses encode viral suppressors of the
RNA silencing machinery (VSRs), which promote their accumula-
tion and movement within infected tissues (Csorba et al., 2009;
Hipper et al., 2013).

To date, several studies have analysed the effects of patho-
genic viruses in plants, including grapevine, by means of eco-
physiological, molecular and biochemical approaches (e.g. El
Aou-ouad et al, 2016; Endeshaw et al,, 2014; Gambino et al.,
2012; Montero et al., 20164, b). In addition, during the last de-
cade, researchers have started to consider the plants as holobi-
onts, composed of complex micro- and macrobiomes interacting
with the environment as a unique organism and able to modulate
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plant responses to biotic or abiotic factors (Dessaux et al., 2016;
Dicke, 2016). Accordingly, recent studies have highlighted the
complexity of virus—host interaction, attesting that it goes be-
yond the classical binary host—pathogen relationship.

More recently, thanks to the advances in deep sequencing
technologies and the discovery of new viruses, beneficial inter-
actions between viruses and plants have also been reported (see
review by Roossinck, 2011 and references therein). Indeed, in
some cases, the plant—virus relationship can shift from antag-
onistic to mutualistic or beneficial in response to environmental
changes. Curiously, over the years, this relationship can evolve
and lead to symbiosis, in which the two entities merge, creating a
new species with endogenized virus-like sequences in the host's
genome, as observed in banana and wasps (Roossinck, 2015).
In plants, viruses can increase the tolerance to bacterial patho-
gens (Shapiro et al,, 2013) or abiotic stresses, such as drought
(Pantaleo et al., 2016; Xu et al,, 2008), high soil temperatures
(Marquez et al., 2007) or cold stress (Xu et al.,, 2008). In addition,
plants are often infected by one or more asymptomatic virus(es),
vertically transmitted, probably over very long periods of time,
whose potential beneficial (or mutualistic) interaction with the
host and its biology still need to be elucidated (Nerva et al., 2017;
Pradeu, 2016; Roossinck, 2012).

Grapevine (Vitis spp.) is a model plant to study plant—virus
interactions in woody species in both controlled and field condi-
tions (Perrone et al., 2017). Grapevine represents one of the most
economically important fruit crops in the world with very ancient
origins and potentially infected by many viral entities (Mannini
and Digiaro, 2017; Martelli, 2017). As mentioned previously, sev-
eral studies have been conducted on pathogenic viruses invading
grapevines; nevertheless, in some environmental conditions and
in specific grapevine genotype-virus strain combinations, some of
these are harmless to the plant. For instance, transcriptomic and
ecophysiological analyses on field-grown Vitis vinifera L. plants
infected with grapevine rupestris stem pitting-associated virus
(GRSPaV) revealed an interesting overlap with plant responses re-
lated to water and salinity stresses (Gambino et al., 2012). In ad-
dition, in glasshouse conditions, GRSPaV-infected plants showed
an increased tolerance to water stress, resulting in particular
physiological traits and in the activation of peculiar microRNAs
(miRNAs) (Pantaleo et al.,, 2016). In addition, Repetto et al. (2012)
demonstrated that grapevines infected with grapevine leafroll-
associated virus-3 (GLRaV-3) display an increased resistance to
the fungal pathogen Plasmopara viticola. Indeed, GLRaV-3 causes
several detrimental effects in grapevine determined by a num-
ber of molecular and physiological changes (Gutha et al,, 2010;
Montero et al., 2016a; Vega et al., 2011) which may hinder fungal
pathogenicity. Altogether, these studies highlight the importance
to deepen the biology underlying plant—virus interactions.

Of the close to 80 viral species identified in grapevine (Martelli,
2018), grapevine virus B (GVB), a member of the genus Vitivirus,

family Betaflexiviridae, is closely associated with corky bark dis-
order, one of the syndromes of rugose wood complex (Martelli,
2017). This phloem-limited virus can cause corky-like symptoms
(i.e. swollen and longitudinally split cane wood and leaf red-
dening) on the LN33 grape hybrid (Courderc1613 x Thompson
Seedless), and is transmitted by grafting or pseudococcid mealy-
bugs (Pseudococcus ssp. and Planococcus ssp.) (Goszczynski,
2010). Although not particularly widespread, GVB is generally
considered to be harmful as it potentially affects graft unions;
this is the reason why the Italian regulations (DM 06/24/2008)
list GVB amongst the viruses from which a selected grapevine
clone must be free to be registered in the National Catalogue.
The specific phenotypes of different genotypes infected by GVB
(corky-like symptoms substantially limited to hybrid LN33 and
the general asymptomatic behaviour of many V. vinifera—GVB
combinations) can be related to specific, still unknown, molec-
ular and physiological mechanisms. In this context, this study
aimed to investigate and characterize the interplay between GVB
and V. vinifera plants by comparing virus-infected vs. virus-free
vines. In particular, we selected the wine-red cultivar ‘Albarossa’
grown under vineyard conditions and focused on the host re-
sponses triggered by the virus through a combination of agro-
nomic, molecular, ecophysiological and biochemical approaches.

RESULTS

Quantification of GVB titre, climatic conditions and
field parameters

At the beginning, the presence or absence of GVB was verified
by reverse transcription-polymerase chain reaction (RT-PCR) in
infected and healthy ‘Albarossa’ vines grafted onto the root-
stock Kober 5BB. Similarly, the absence of other viruses [arabis
mosaic virus (ArMV), grapevine fanleaf virus (GFLV), grapevine
fleck virus (GFkV), grapevine virus A (GVA), grapevine leafroll-
associated virus-1, -2, -3 (GLRaV-1, -2, -3)] was ascertained by
RT-PCR in all tested vines. From the phenotypic point of view,
both infected and GVB-free plants did not exhibit macroscopic
alterations (Fig. S2, see Supporting Information), and corky-like
symptoms were not detected at graft unions, as expected. The
sequencing of GVB end-point RT-PCR products (Gambino and
Gribaudo, 2006), corresponding to a partial sequence of ORF5,
a putative RNA-binding protein, confirmed a high degree of het-
erogeneity of GVB (Fonseca et al,, 2016; Goszczynski, 2010). The
GVB isolate infecting ‘Albarossa’ (AB.1, NCBI accession number
MG725619) had 92.8% nucleotide sequence identity with isolate
94/971 (Fig. S3, see Supporting Information) from a corky bark-
diseased vine in South Africa (Moskovitz et al., 2008).

Moreover, during the whole 2016 season, the GVB titre was
monitored by quantitative RT-PCR in leaf and berry samples and
calculated as the relative expression ratio to the virus titre in
leaf samples on 30th June 2016 (Fig. 1). GVB concentration in
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leaves was similar in June and July, and progressively decreased
in August and September. Conversely, in berry tissues, the viral
RNA content was always higher than that measured in leaves,
and its concentration increased significantly over the season,
showing values almost 1000 times higher than those measured
in June (Fig. 1).

Seasonal patterns of daily maximum temperature, maxi-
mum daily vapour pressure deficit (mVPD) and rainfall were also
monitored in the experimental vineyard during both 2015 and
2016 (Fig. S1, see Supporting Information). The data obtained
indicated that the 2 years were characterized by similar weather
conditions, slightly cooler and wetter in 2015 than in 2016, par-
ticularly from July to September (Fig. S1). Agronomic parameters
measured in 2015-2016 did not differ significantly between
GVB-infected and healthy vines (Table 1). Yield, bunch weight
and vegetative vigour were similar for the two groups of vines,
but varied with year and environmental factors.
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Fig. 1 Quantification of grapevine virus B (GVB) RNA in leaf (black
columns) and berry (grey columns) of ‘Albarossa’ as determined by
quantitative reverse transcription-polymerase chain reaction (RT-PCR).
Samples were collected over the 2016 season and quantitative RT-PCR
signals were normalized to VvAct and VvUBI transcripts. Data are presented
as the mean + standard deviation (SD) (n = 3). Lowercase letters denote
significant differences attested by Tukey's honestly significant difference
(HSD) test (P < 0.05).
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These results indicate that, over two seasons with similar
climatic conditions, GVB-infected plants showed phenotypes
(agronomic features) not significantly different from those of
GVB-free vines. This lack of differences applied especially at the
level of bunches and yield, although a time course realized in
2016 showed that virus accumulated at very high concentrations
in berries.

Ecophysiological parameters, ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco)
content and expression of target genes involved in
photosynthesis

During both years, the stem water potential (¥;,,,) was meas-
ured on the studied vines and, irrespective of the sanitary sta-
tus, values were stable over the time course of the experiment
(around —0.5 MPa), thus attesting to the well-watered condition
of the plants, which was not affected by virus presence and/or
environment (Fig. 54, see Supporting Information). Unlike ¥,
net photosynthesis (Pn) followed a decreasing trend from June
to September (Fig. 2a). In particular, the infected grapevines had
significantly lower Pn rates than GVB-free plants in August and
September (Fig. 2a). Substomatal CO, concentrations (ci) were,
instead, similar for both groups of vines, with the exception of
September, when significantly higher values were recorded for
infected plants (Fig. 2b). In contrast, stomatal conductance (g9)
was always lower in GVB-infected plants, particularly in July
(Fig. 2¢).

To further explore the photosynthetic performances of
selected plants, the Rubisco content was quantified on leaf
samples and expressed in terms of density units. The results
showed that the enzyme concentration was always higher in
GVB-infected plants, although significant differences were
observed only in September (Figs 2d and S5, see Supporting
Information). In addition, the expression of two genes encoding
a Rubisco activase (VIT_13s0019g02050) and a Chlorophyllase
(VIT_07s0151g00110) was analysed by quantitative RT-PCR in
leaf samples (Fig. 2e,f). The data indicated that, on GVB infec-
tion, the transcript accumulation of the VvRubisco activase gene

Table 1 Agronomic features of Vitis vinifera cv. ‘Albarossa’ monitored in the 2015 and 2016 growing seasons.

Yield/plant (kg)

Pruned wood/plant (kg)

Bunch weight (g)
2015
GVB-free 190.00 + 11.15°
GVB-infected 184.00 + 6.47°
2016
GVB-free 283.00 + 6.29°

GVB-infected 255.00 + 23.98°

2.06 +0.23° 0.48 +0.10°
2.16 +0.13° 0.61 +0.05°
3.91+0.47° 0.56 + 0.06°
3.37 +0.63° 0.61 +0.14°

Letters reported for each value within the same column and for the same year indicate significant differences attested by Student's t-test (P < 0.05). Data are ex-

pressed as mean + standard deviation (SD) (n = 6).
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Fig. 2 Seasonal time course (2016) of carbon assimilation (net photosynthesis, Pn) (a), substomatal internal carbon concentration (substomatal CO,
concentration, ci) (b) and stomatal conductance (g,) (c) in grapevine virus B (GVB)-free (full line, filled circles) and GVB-infected (broken line, filled squares)
‘Albarossa’ plants. Data are expressed as the mean + standard deviation (SD) (n = 6). (d) Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco)
quantification (density units) in samples collected at the end of August and September from GVB-free (black columns) and GVB-infected (grey columns) plants.
Data are expressed as mean + SD (n = 3). Seasonal changes in the transcriptional profiles of (e) VRubisco activase (VIT_1350019g02050), (f) miR2950 (inset)
and its target transcript VvChlorophyllase (VIT_07s0151g00110) measured by quantitative reverse transcription-polymerase chain reaction (RT-PCR) in GVB-free
(full line, filled circles) and GVB-infected (broken line, filled squares) leaves. Data are expressed as mean =+ SD (n = 3). Asterisks and lowercase letters denote
significant differences between GVB-free and GVB-infected plants attested by two-tailed Student’s -test and Tukey's honestly significant difference (HSD) test
(P<0.050r P<0.01), respectively.
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increased up to August, and then was almost stable until the
end of September. Conversely, GVB-free samples showed lower
expression levels of this gene over time, with the exception of the
leaves taken at the end of September, where a strong activation
of the gene was found, with values similar to those observed in
infected plants (Fig. 2e). It is worth noting that GVB also induced
the expression of VvChlorophyllase transcripts, which, during the
first part of the season were highly up-regulated in infected vs.
GVB-free plants (although significant differences were detect-
able only in July). In addition, although, in GVB-infected sam-
ples, the transcript accumulation of this gene collapsed after
July, in the leaves of GVB-free vines, VvChlorophyllase transcript
accumulation started to decrease at an earlier stage (Fig. 2f).
Finally, knowing that VvChlorophyllase gene expression is
post-transcriptionally regulated by the grapevine-specific miRNA
miR2950 (Pantaleo et al, 2016), the expression profile of this
miRNA was studied. The results documented the existence of an
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inverse relationship between miR2950 and its target gene, but
exclusively in GVB-infected plants (Fig. 2f, inset).

Thus, GVB affects g, and Pn rates mainly at the end of the
season. Accordingly, at the molecular level, in GVB-infected
plants, VvRubisco activase expression decreased late in the sea-
son, whereas VvChlorophyllase transcript accumulation followed
a decreasing trend over the whole season, probably because of
post-transcriptional regulation by miR2950.

Soluble carbohydrate content and expression of
leaf target genes related to sugar metabolism, cell
growth and development

Concentrations of soluble carbohydrates were quantified in
samples collected in August and September 2016, when differ-
ences in gas exchange measurements between the two sets of
plants were observed (Fig. 2a). The content of soluble carbohy-
drates measured in xylem sap samples increased significantly in
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Fig. 3 Soluble carbohydrate content in sap (a), leaves (b) and berries (c) collected in 2016 at the end of August and at the end of September from grapevine
virus B (GVB)-free (black columns) and GVB-infected (grey columns) plants. Data are mean values and bars are standard error (SE) (n = 6). (d) Seasonal changes
in the relative expression levels of VwCAS2 (VIT_0650004g01270) obtained by quantitative reverse transcription-polymerase chain reaction (RT-PCR) on GVB-free
(full line, filled circles) and GVB-infected (broken line, filled squares) leaves. Data are mean values and bars are SE (n = 3). Asterisks and lowercase letters denote
significant differences attested by two-tailed Student’s t-test and Tukey's honestly significant difference (HSD) test (P < 0.05), respectively.
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Fig. 4 Seasonal changes in the relative expression levels of (a) VvINV (VIT_0950002902320), (b) VvGIN2 (VIT_0250154g00090), (c) VwSUSY4
(VIT_11s0016g00470), (d) miR396 (inset) and its target VWGRF5 (VIT_1650039g01450) and (e) miR156 (inset) and its target VvExp-8 (VIT_13s0067g02930)
measured by quantitative reverse transcription-polymerase chain reaction (RT-PCR) in grapevine virus B (GVB)-free (full line, filled circles) and GVB-infected
(broken line, filled squares) leaves. Data are mean values and bars are standard error (SE) (n = 3). Asterisks denote significant differences attested by two-tailed

Student's t-test (P < 0.05).

GVB-free plants at the end of the season, whereas no significant
variations were observed in infected plants between August and
September (Fig. 3a). Soluble carbohydrates determined in leaves
and berries in August did not reveal significant differences in
either GVB-free or GVB-infected samples. In contrast, a higher
content of soluble carbohydrates was observed at the end of
September in both GVB-infected leaves and berries (Fig. 3b,c).

To further investigate the potential role of sugars and, in
particular, of sugar signalling in the tested conditions, a group
of candidate genes related to sugar metabolism were ana-
lysed in leaves taken from GVB-infected and GVB-free plants.
The expression level of the callose synthase gene WWCAS2
(VIT_06500049g01270) was significantly up-regulated at the
end of August and September in GVB-infected vs. GVB-free
samples (Fig. 3d). Conversely, over the season, both WvINV
(VIT_09s0002¢902320), encoding a cell wall invertase, and
VvGIN2 (VIT_0250154g00090), encoding a vacuolar invertase,
showed similar expression trends for infected and healthy vines,
with the only exception of samples collected in September,
where significant differences were observed between GVB-free
and GVB-infected samples (Fig. 4a,b). The expression profile of
the sucrose synthase gene VvSUSY4 (VIT_11s0016g00470) was
almost constant during the season in infected samples, whereas,
in GVB-free leaves, its transcriptional profile followed a decreas-
ing trend starting in July (Fig. 4c).

In addition to transcripts involved in sugar metabolism, two
genes known to exert a role in leaf development were analysed.
Transcripts of VWGRF5 (VIT_1650039g01450), encoding a growth
regulating factor, were higher over time in GVB-infected plants,
although significant differences were detected only at the end
of August, followed by a strong decrease at the end of the sea-
son, reaching expression levels similar to those obtained for
GVB-free vines (Fig. 4d). Furthermore, VvGRF5 is a target of the
conserved miRNA miR396, whose expression trend in infected
samples was always opposite to its target gene, with the only ex-
ception being the last sampling point (Fig. 4d, inset). Conversely,
in GVB-free samples, miR396 showed the same expression
profile as its target (Fig. 4d, inset). The expression of VvExp-8
(VIT_13s0067902930), a gene involved in plant cell growth and
development, was highly up-regulated in infected leaves at the
beginning of the season (June) when compared with GVB-free
samples; it then underwent a strong decrease, characterized by
very low expression levels at the end of September when leaf
senescence processes typically take place (Fig. 4e). VvExp-8 is
a target of the conserved miRNA miR156, whose accumulation

levels were always opposite to those of VvExp-8 in both GVB-
infected and GVB-free samples (Fig. 4e, inset).

Altogether, these data show that GVB activates sugar me-
tabolism causing the accumulation of soluble carbohydrates in
leaves and berries, as well as the expression of genes related to
carbohydrate metabolism and cell wall development, particularly
at the end of the season.

Anthocyanin profile and flavonoid-related genes in
berries

‘Albarossa’ mature berries showed a very high ability to accumu-
late anthocyanins (up to 2.7 g/kg of grapes) with the prevalence
of tri-hydroxylated forms. On a per weight basis (mg/kg of berries
and mg/qg of skins), GVB infection increased the anthocyanin con-
centration because of the significantly lower weight of berries
and skins (Table 2). The concentrations of tri-hydroxylated free
forms, of acetate and p-coumaroyl derivative forms and, conse-
quently, of total acylated anthocyanins were significantly higher
in GVB-infected berries (Table 2). In terms of concentration,
the increase in acylated forms was ascribed to tri-hydroxylated
and not di-hydroxylated anthocyanins. As expected, changes in
the concentration of free tri-hydroxylated anthocyanins and of
acylated forms were not sufficiently high to determine significant
variations in the whole anthocyanin profile of GVB-infected ber-
ries. The only exception was represented by the percentage of
di-hydroxylated acyl-anthocyanins, which decreased in infected
berries because of the substantial stability of their concentration,
regardless of the infection condition (Table 2). Overall, the profile
(i.e. percentage incidence of individual anthocyanins over total
anthocyanin concentration) was not influenced by the infection
status, except for di-hydroxylated acyl-derivatives.

Patterns of anthocyanin accumulation were further analysed in
berry tissues by monitoring the expression profiles of anthocyanin-
related genes (Fig. 5). Transcripts encoding the MYB transcription fac-
tor WwMybA1 (VIT_02s0033g00410) and the enzymes UDP-glucose
flavonoid glucosyltransferase  WWUFGT (VIT_1650039902230) and
anthocyanin acyltransferase ViBAT (VIT_03s0017g00870) displayed
similar and overlapping expression patterns between healthy and
infected samples, all characterized by a sharp peak of expression
in August (Fig. 5a—c). More specifically, for these genes, the mRNA
levels showed no significant difference between GVB-free and GVB-
infected samples, although slightly higher expression levels were
detected in infected berries, particularly at the last two sampling
points (Fig. 5a—c). The same transcriptional profiles were observed
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Table 2 Total anthocyanins (TA), berry and skin weights, and concentrations and profiles of anthocyanins grouped per class in grapevine virus B (GVB)-free and GVB-infected berries of ‘Albarossa’.

Di-

Tri-

Free

Free

W. CHITARRA et al.

hydroxylated
acyl-deriva-

tives

hydroxylated
acyl-deriva-

tives

Total

di-hydroxy-

tri-hydroxy-
lated forms
(mg/g skin)

Total free

p- Coumaroyl
derivatives

Acetyl

acyl-deriva-

tives

lated forms
(mg/g skin)

Skin weight anthocyanin
(mg/g skin)

Berry weight

TA (mg/g

skin)

derivatives

TA (mg/kg)

1.7+0.0

59+0.1
7.0+03

48 +0.1
55+0.2

2.8+0.1
3301

76 £0.2
8.8+0.3

25+0.1
28+03

21.9+0.1

276+ 17

0.14 + 0.01
0.12 £ 0.01

18.0+0.3
16.4£0.3

320+0.4
36.4+1.8

2.5+0.04
2.7+0.07

GVB-free
GVB-

249+ 1.4

244 +023

infected

Sig.

ns

* %

**

**

ns

* %

*%

* %

3). Significance amongst averages was evaluated by Tukey's honestly significant difference (HSD) test (*P <0.05; **P <0.01; ns,

Values represent averages of three technical replicates per field replicate (n

non-significant).

in both conditions for two other selected genes encoding flavonoid
3'5"-hydroxylases: VvF3'5 Hf (VIT_0650009902860) and WF3'5Hg
(VIT_0650009g02810, VIT_0650009g02840, VIT_06s0009902880,
VIT_0650009902920, VIT_06s0009902970) (Fig.5d,e). A strong
increase in these transcripts was observed in August, followed by a
decrease at harvest (Fig. 5d,e). Nevertheless, unlike the observations
for the previously described genes, both WF3'5Hf and WF3'5 Hg
were significantly more expressed in August in the presence of the
virus, according to the high accumulation of free tri-hydroxylated an-
thocyanins in infected samples (Table 2). Similarly, the expression of
a gene encoding the 3'-hydroxylase V/F3'Ha (VIT_17s0000g07200)
underwent a progressively increasing trend over the season in both
groups of samples, with significantly higher transcript accumulation in
GVB-infected berries at the end of August (Fig. 5f).

Therefore, GVB infection increased anthocyanin concentra-
tion in berries, and particularly the content of acylated forms, in
agreement with the expression trends of VvF3'5 Hf, VvF3'5 Hg
and VvF3’Ha genes.

DISCUSSION

During recent decades, particular attention has been paid to dis-
ease management, with plant pathogens being the main cause
of losses in crop production. For these reasons, the need to dis-
sect the complex network of factors at the base of the plant—
pathogen—environment interaction has become an impelling
issue for the scientific community. In this study, an integrated
approach involving agronomic, physiological, biochemical and
molecular analyses was adopted to investigate the performance
of grapevine in response to GVB infection in a vineyard.

GVB infection triggers peculiar ecophysiological and
molecular responses in leaves

Viruses are obligate intracellular agents that replicate exclusively
in the symplast of their hosts and are able to move cell to cell
to the vascular tissues. GVB is a phloem-limited virus and little
information is available to date about its cell to cell movement,
or for other members of the genus Vitivirus (Haviv et al., 2012).
Here, we have shown that the GVB concentration decreased over
time in grapevine leaves and, in parallel, strongly increased in
berry tissues, suggesting that its spread occurs particularly in
sink organs (e.g. berries) and that the phloem is probably the
main route of virus diffusion. Our results confirmed that GVB
abundance can vary during the growing season, indicating that
both climatic conditions and plant phenological stage play a key
role in influencing virus movement within an infected vine and
concentration, as indicated previously for other virus—grapevine
genotype combinations (El Aou-ouad et al,, 2016; Gambino et al.,
2012; Montero et al., 2017; Vega et al., 2011; Velasco et al,, 2014).
Of particular note, the GVB titre measured in ‘Albarossa’ berries
was more than 1000 times higher than that in leaves collected
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Fig. 5 Seasonal changes in the relative expression levels of (a) VvMybAT (VIT_02s0033g00410), (b) VWUFGT (VIT_1650039902230), (c) Vv3AT
(VIT_03s0017g00870), (d) VvF3' 5 Hf (VIT_0650009902860), () VvF3’5Hg (VIT_0650009902810, VIT_0650009902840, VIT_0650009902880,
VIT_0650009g02920, VIT_0650009902970) and (f) VvF3’Ha (VIT_17s0000g07200), analysed by quantitative reverse transcription-polymerase chain reaction
(RT-PCR) in grapevine virus B (GVB)-free (full line, filled circles) and GVB-infected (broken line, filled squares) berries. Data are mean values and bars are the
standard error (SE) (n = 3). Asterisks denote significant differences attested by two-tailed Student's t-test (P < 0.05).

© 2018 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2018) 19(12), 2651-2666



2660 W. CHITARRA et al.

at the end of the season. These data are unique when compared
with the quantification of other phloem-limited grapevine vi-
ruses. For instance, in GRSPaV-infected vines, the virus titre was
only three to four times higher in berries than in leaves (Gambino
et al., 2012), whereas, in GLRaV-3-infected plants, the accumula-
tion of viral RNAs increased in berries by the end of the season,
but remained at least 10 times lower than that in the leaves (Vega
etal, 2011).

The environmental conditions during both experimental sea-
sons were similar, as were the agronomic features. No significant
differences were noted in terms of agronomic parameters when
GVB-free and GVB-infected samples were compared, suggesting
no or limited detrimental effects of GVB infection, at least in the
tested vineyard conditions. Indeed, many factors, such as envi-
ronmental conditions, virus strain and graft combination, can
modulate the phenotypic alterations observed in GVB-infected
grapes and the intensity of symptoms, as also reported for GVA-
infected grapevines (Rosa et al., 2011). In addition, in several in-
fected rootstocks, including Kober 5BB, which was selected for
this study, GVB exerts more adverse effects on plant growth in
the presence of multiple infections, in particular in combination
with GVA (Rosa et al., 2011).

The analysis of leaf physiological performances attested that
net photosynthesis, stomatal conductance and substomatal CO,
concentration were the main parameters affected by GVB, par-
ticularly at the end of the season. Nevertheless, GVB-infected
grapevines underwent a decrease in terms of physiological per-
formance to a lesser extent than other grapevine—virus combina-
tions (Guidoni et al., 1997; Mannini et al., 2012; Montero et al.,
2017; Sampol et al.,, 2003). The overall picture of gas exchange
measurements indicated a moderate metabolic, non-stomatal,
photosynthetic limitation in GVB-infected plants in the absence
of environmental and/or water limitation, in accordance with
the results reported previously in GRSPaV-infected grapevines
(Gambino et al, 2012). Furthermore, the results revealed that
infected plants experienced higher ci rates at the end of the
season, probably because of the slow down of the Calvin cycle,
resulting in a metabolic hindrance to CO, diffusion in the meso-
phyll (Montero et al., 2017; Sampol et al., 2003). Looking at the
biochemistry of photosynthesis, the Rubisco content was higher
in GVB-infected plants, mainly at the end of August, consistent
with the observations on the expression trends of the VvRubisco
activase gene. The latter is a key regulator of the photosynthetic
process, whose over-expression has been demonstrated previ-
ously to enhance the efficiency of the photosynthetic system by
positively affecting the abundance of Rubisco (Parry et al., 2003,
2012). In addition, the potential negative regulation driven by
miR2950 on its target transcript, VvChlorophyllase, implied that
the post-transcriptional inhibition of this gene could serve to
limit damage to the photosynthetic apparatus in the presence of
GVB infection. This supports the existence of a tight interaction

between miRNA-regulated pathways and physiological re-
sponses induced by the virus and, in general, by biotic and abiotic
stress (Pantaleo et al., 2016; Rodriguez et al., 2010; Sunkar and
Zhu, 2004; Xie et al., 2012). The observed alterations in Rubisco
content and the different modulation of photosynthesis-related
genes induced by GVB could be interpreted as a mechanism to
cope with the decrease in Pn rates, as well as a strategy to sup-
port viral replication and spread to sink organs, as suggested
previously by Gambino et al. (2012).

The molecular interaction between GVB and ‘Albarossa’ goes
beyond photosynthetic effects and could also involve the activity
of conserved miRNAs related to plant development. Indeed, as
observed in GVB-infected plants, the expression of two genes
linked to cell growth and development, VWGRF5 and VvExp-8,
was affected during the season by the accumulation of miR396
and miR156, respectively. Lower expression levels of miR396,
coupled with opposite trends in the transcript profile of its tar-
get gene, VWGRF5, with an increase in the number of stomata
and leaf abaxial surface cells, have been reported recently in
GRSPaV-infected grapevines (Pantaleo et al,, 2016). miR156 was
also down-regulated in GVB-free leaves, as observed in grape-
vines infected with GRSPaV (Pantaleo et al,, 2016), reinforcing
the point that the occurrence of viral infection in grapevines can
have detrimental effects on miR156 expression. It is worth noting
that opposite quantitative RT-PCR profiles were not always ob-
served between miRNAs and related transcripts in the collected
samples. Nevertheless, it is conceivable that, in particular cases,
such as in stress events often occurring in environmental condi-
tions, expression changes in target mRNAs may not be directly
associated with miRNA-mediated silencing effects, as other
regulation mechanisms take over miRNA action, as already re-
ported in grapevine (Pagliarani et al., 2017). Further studies are
undoubtedly needed to better understand the miRNA regulatory
pathways triggered by the interaction between GVB, grapevine
and the surrounding environment.

GVB infection alters biochemical processes linked to
sugar metabolism and signalling

The plant carbohydrate partitioning is tightly requlated in terms
of sink metabolic needs and its ability to retrieve assimilates
(Naseem et al., 2017). In addition, this system is strongly in-
fluenced by the plant sanitary status, as microbial pathogens
(mainly fungi and bacteria), by using the nutrient-rich apoplast
niche (sugars and metabolites), have evolved several strategies
to proliferate and successfully infect the host (Toruno et al.,
2016). The host plant is able to perceive the phloem-inhabiting
pathogens adopting a series of defence strategies to restrict
them to the sieve elements, for example by depositing callose at
plasmodesmata, as reported for phytoplasmas (Santi et al., 2013)
and viruses (Hong and Ju, 2017). Nevertheless, some viruses are
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able to elude these defence mechanisms by inducing callose deg-
radation to open the plasmodesmata and promote virus spread
and symptom development (Bucher et al., 2001). The inhibition
of photosynthetic chain and Calvin cycle enzymes has been asso-
ciated with the accumulation of soluble carbohydrates in leaves
of Phaseolus vulgaris L. (Araya et al, 2006) and in plants in-
fected by phytoplasmas (André et al., 2005; Maust et al., 2003).
Accordingly, in GVB-infected grapevines at the end of the sea-
son, together with lower Pn levels, slightly higher contents of
soluble carbohydrates were observed, mainly in leaves, coupled
with the up-regulation of a callose synthase gene (VvCAS2).
Moreover, only healthy plants showed an increase in sap soluble
carbohydrates at the end of the season. These findings support
the hypothesis that GVB infection can induce effects of phloem
loading inhibition, as well as effects reported in plants affected
by phytoplasmas.

Some classes of oligosaccharide are well-known elicitors of
plant defence mechanisms and are associated with the immune
response in several plants (Prezelj et al., 2016; Trouvelot et al.,
2014). Genes encoding sugar transporters and enzymes involved
in sugar metabolism are commonly activated in response to
phytoplasma infection, revealing the existence of some indirect
effects of pathogens on sucrose metabolism in leaves (Hren
etal, 2009; Prezelj et al,, 2016; Santi et al., 2013). Similarly, in
GVB-infected plants, significantly higher expression levels of
genes encoding an acidic vacuolar invertase, a cell wall inver-
tase (VwGIN2 and VVINV, respectively) and a sucrose synthase
(VvSUSY4) were detected, particularly at the end of the season.
This could represent a strategy for providing precursors for the
rapid biosynthesis of callose plugs in the phloem vessel pores,
as well as in the impairment of phloem loading, thus facilitat-
ing carbohydrate accumulation in the leaves, in accordance with
previous findings in grapevines infected with Flavescence dorée
(Prezelj et al., 2016). In addition, a significant induction of a cell
wall invertase gene has been observed previously in grapevine
leaves exposed to fungus attack, in which the resulting reduction
in phloem loading was responsible for the switching of leaves
from source to sink organs (Hayes et al, 2010). Interestingly,
these biochemical responses overlap with those observed in
grapevine under water stress conditions, in which the cell os-
motic potential depends on the ratio between the activity of cy-
tosolic enzymes (e.g. sucrose synthase) and cell wall invertases
(e.g. WGIN2). Indeed, the water stress-mediated activation of
VvGIN2, reported by Medici et al. (2014), is related to a parallel
increase in the cell osmotic potential addressed to maintain the
vital metabolic functions of the plant by contributing to the su-
crose balance between cytosol and vacuole compartments. It is
thus highly probable that, in the analysed GVB-infected plants,
a similar regulation of sugar metabolism-related genes occurs to
successfully support the cell osmotic and metabolic functions.
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All of these data corroborate the hypothesis that GVB in-
fection, similar to the observations in GRSPaV-infected plants
(Gambino et al,, 2012), impairs phloem loading and transport by
callose deposition as a defence response strategy.

GVB infection positively affects anthocyanin
accumulation and profiling in berries

As a consequence of a plant pathogen infection, a number of de-
fence responses are activated in the host, including the synthesis
of secondary metabolites in both sink and source organs (Prezelj
et al,, 2016; Rojas et al., 2014). During berry development, a pro-
gressive carbohydrate influx takes place in the berry to induce
ripening metabolic processes, cell proliferation and expansion,
as well as seed development (Coombe, 1992).

Our results suggest that GVB can affect grape development
by influencing berry weight through a modification of soluble car-
bohydrate content, which increases in infected plant tissues. This
could result from phloem flux limitation, a condition reported
in GLRaV-3-infected grapevines (Montero et al., 2016b). In red
grape cultivars, such as ‘Albarossa’, anthocyanins are the main
specific groups of flavonoids responsible for the red/purple co-
lours of the skin (Schaefer et al., 2004). In addition to other roles,
anthocyanins are involved in protecting plants against both abi-
otic and biotic stresses (Ferrandino and Lovisolo, 2014; Margaria
etal, 2014; Prezelj etal., 2016). Accordingly, all the analysed
genes involved in anthocyanin biosynthesis were more strongly
induced in GVB-infected berries over the ripening period, mirror-
ing the anthocyanin accumulation obtained by high-performance
liquid chromatography (HPLC) analysis on the same samples. In
particular, higher concentrations of tri-hydroxylated free forms
and of acylated anthocyanins were detected in infected mature
berries. The accumulation of tri-hydroxylated anthocyanins,
which represent the prevalent anthocyanin forms in ‘Albarossa’,
is consistent with the over-expression of genes encoding flavo-
noid 3’,5-hydroxylases (VvF3'5 H). Moreover, 3',5-hydroxylases
(VvF3'5 H) and flavonoid 3'-hydroxylases (VvF3'H), which were
both induced in infected berries, compete for the same sub-
strate and are able to channel anthocyanin production into the
branches, which leads to the synthesis of either tri-hydroxylated
or di-hydroxylated free forms (Bogs et al, 2006). Other GVB-
mediated transcriptional changes include the activation of an
anthocyanin acyltransferase gene (Vv3AT), already functionally
characterized in grapevine and involved in the synthesis of the
more stable acyl-derivative forms (Rinaldo et al., 2015). An expla-
nation for the higher induction of anthocyanin-related genes in
GVB-infected than in GVB-free berries may also rely on the slight
increase in soluble carbohydrates observed in both berry and
leaf tissues. High contents of soluble carbohydrates are known
to promote anthocyanin biosynthesis and probably also to mod-
ulate their profiles in specific tissues, as reported in Arabidopsis
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and grapevine (Gollop et al., 2002, 2001 ; Solfanelli et al., 2006).
It is of note that, although GVB infection does not damage carbo-
hydrate and anthocyanin metabolism in ‘Albarossa’ berries, only
negative effects on berry quality have been reported for other
grapevine-virus associations. For example, GLRaV-3 induces
a strong inhibition of carbohydrate and anthocyanin accumu-
lation in berries (Alabi et al, 2016; Guidoni et al, 1997; Vega
etal., 2011). Similarly, mixed infections of GFLV + GFkV and of
GLRaV-1 + GVA lead to a significant reduction in tri-hydroxylated
malvidin-3-glucoside forms and in phenol extractability in
‘Nebbiolo’ grapes, with a negative impact on the overall wine qual-
ity (Santini et al.,, 2011), whereas grapevine red blotch-associated
virus (GRBaV) inhibits ripening, reducing the accumulation of pig-
ments and flavours (Blanco-Ulate et al., 2017).

CONCLUSIONS

GVB is associated with corky bark disorder. Here, we have shown
that GVB infection affects grapevine photosynthesis via meta-
bolic limitation (i.e. carbohydrate accumulation) because of the
impairment in phloem flux of photoassimilates, without causing
detrimental phenotypic alterations in terms of yield and plant
vigour traits. These indirect GVB effects also trigger the modula-
tion of key genes related to photosynthesis, sugar metabolism
and development, as well as of some conserved miRNAs. We
also documented that GVB infection causes changes in the meta-
bolic profile of the berries by involving genes and metabolites of
the anthocyanin branch which lead to enhanced accumulation
of the more stable acyl-derivative forms, which are preferred for
wine-making.

This is the first report of grapevine responses to GVB infection
in the vineyard. Future studies are needed to further explore this
interaction using different GVB isolates and V. vinifera cultivars,
and by working either in different environments or under differ-
ent stress conditions.

EXPERIMENTAL PROCEDURES
Vineyard, agronomic traits and sampling

The trials were carried out in a vineyard located in north-west
Italy at the Cannona experimental station (Carpeneto, AL,
Piedmont Region) during two consecutive years (2015 and 2016).
Environmental conditions at the experimental vineyard are re-
ported in Fig. S1. The vineyard was located in a viticultural area
suitable for V. vinifera 'Albarossa’ cultivation. The ‘Albarossa’
vines were grafted onto the rootstock Kober 5BB, trained to a
vertical trellis system and Guyot pruned. Conventional agro-
nomic and phytosanitary treatments were regularly performed
during the two growing seasons.

All ‘Albarossa’ plants were derived by vegetative propaga-
tion from a single mother plant originally infected with GVB and

afterwards subjected to sanitation, with the exception of some
plants which were maintained intentionally infected by the virus
for experimental purposes. The sanitary status of all plants in
the vineyard was checked in 2015 and 2016 employing a multi-
plex RT-PCR method (Gambino and Gribaudo, 2006) able to de-
tect all the major viruses commonly infecting grapevine in Italy
and other viticultural countries: ArMV, GFLV, GVB, GFkV, GVA,
GLRaV-1, -2, -3. In order to characterize the isolate of GVB infect-
ing "Albarossa’, the RT-PCR amplification products were purified
and sequenced by Sanger sequencing, as reported previously
(Gambino et al.,, 2017). Forty-nine GVB sequences deposited in
GenBank (National Center for Biotechnology Information, NCBI)
were aligned with the ‘Albarossa’ isolate using Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/), and phylogenetic
analysis based on the neighbour-joining (NJ) method (with boot-
strap values of 1000 replicates) was carried out using MEGA7
software (Kumar et al., 2016).

Six GVB-infected and six GVB-free ‘Albarossa’ plants were
randomly selected in the vineyard along two parallel rows. All
vines were 6 years old and planted at a density of 3500 plants/
ha. For each plant, berries and fully expanded leaves of a similar
developmental stage, inserted in the central section of the shoot,
were collected monthly, starting from the end of June to the end
of September in 2016. For each condition (GVB-free and GVB-
infected), three biological replicates, each made up of a pool of
samples taken from two plants, were used for molecular anal-
yses. In particular, for each of the two plants representing one
biological replicate, three leaves and 30 berries were collected,
immediately frozen in liquid nitrogen and stored at —80 °C until
molecular and biochemical analyses. Unlike molecular analyses,
agronomic parameters, i.e. bunch weight and yield at harvest and
pruning weight, were measured for each vine in 2015 and 2016.

Measurements of leaf gas exchange, stem water
potential and leaf soluble carbohydrates

Leaf gas exchange rates were measured using an open gas
exchange apparatus LCpro+ ADC (Analytical Development
Company, Hoddesdon, Hertfordshire, UK) with a broad leaf
chamber (leaf area, 6.25 cm?). Measurements were taken in
summer (June-September) once a month during a sunny day
between 10:00 and 13:00 h under saturating light conditions
[photosynthetic photon flux density (PPFD) was around 1400—
1500 umol photons/mzls] and at ambient relative humidity (RH)
and CO, values. Data were collected on three well-exposed fully
formed leaves per plant (six plants for each condition) in the cen-
tral section of the shoot.

Stem water potential (Y’stem) was determined on leaves
(one leaf/plant and condition) covered with aluminium foil
and inserted in a humidified plastic bag for at least 1 h prior
to excision. Afterwards, xylem pressure was measured using
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a Scholander-type pressure chamber (Soil Moisture Equipment
Corp., Santa Barbara, CA, USA).

The anthrone-sulfuric acid assay was used to quantify soluble
carbohydrate content, as described by Leyva et al. (2008) and
further modified by Secchi and Zwieniecki (2012). Measurements
were performed on leaf, berry and xylem sap samples collected
at the end of August and September in 2016. The xylem sap of
vessels from the six GVB-infected and six GVB-free ‘Albarossa’
plants was collected using the procedure described previously by
Secchi and Zwieniecki (2012).

Quantitative RT-PCR analysis in leaf and berry

Total RNA was extracted in triplicate from grapevine tissues col-
lected in 2016 using the Spectrum™ Plant Total RNA Extraction Kit
(Sigma-Aldrich, Inc., Saint Louis, MO, USA). RNA quantity and quality
were checked using a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA); then, samples were treated
with DNase | (Invitrogen, Thermo Fisher Scientific) in accordance
with the manufacturer’s instructions. For each biological replicate,
first-strand cDNA synthesis and real-time PCR were carried out as
reported by Chitarra et al. (2017). The results were calculated as the
expression ratios (relative quantity, RQ) relative to healthy plants.

Relative quantification of GVB was carried out on leaves and
berries using primers designed on the viral RNA-dependent RNA
polymerase and following the same procedure as reported above
(Table S1, see Supporting Information).

Quantification of miRNA expression profiles (Table S1) was
also performed by quantitative RT-PCR following the protocol of
Pantaleo et al. (2016).

Anthocyanin profiling

Thirty berries per biological replicate were divided into subgroups
of 10 berries each; berries were peeled and skins were extracted
in a pH 3.2 ethanolic buffer, as described in Di Stefano and
Cravero (1991). Anthocyanins were separated from sugar resi-
dues and other polyphenols by solid phase extraction onto C18
cartridges (Sep—Pak®, Waters Corporation, Milford, MA, USA)
and eluted with methanol. The methanolic extract was evapo-
rated to dryness (Laborota 4000, Heidolph Instruments GmbH
and Co., Schwabach, Germany) under reduced pressure at 35 °C
and resuspended in solvent B. Extracts were filtered through
a 0.20-pm hydrophilic polypropylene filter (Acrodisc® Syringe
Filter, PALL Corporation, Hempstead, NY, USA). Analytical sep-
aration of anthocyanins was performed using a 1260 Infinity
HPLC-DAD system (Agilent Technologies, Santa Clara, CA, USA)
equipped with a Lichrocart® 250-4 HPLC-Cartridge Purospher®
STAR RP-18 (5 mm) with a guard column, operating at 30 °C. The
mobile phase consisted of water—formic acid (90 : 10, v/v; eluent
A) and methanol—formic acid—water (50 : 10 : 40, v/v/v; eluent B)
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with the following gradient: from 72% to 55%, 15 min; to 30%,
20 min; to 10%, 10 min; to 1%, 5 min; to 72%, 3 min. The flow
was set at 1 mL/min. Individual anthocyanins were identified by
comparing retention times and DAD spectra with those of pure
molecules, when available, and/or by comparison with published
spectra.

Rubisco analysis

To analyse Rubisco content, 1 g of leaf sample collected at two
time points during the vegetative season (August and September
2016), and maintained at —80 °C, was ground to a fine powder
using liquid nitrogen. The powder was added to 10 mL of cold
lysis buffer [50 mm TRIS-HCI, pH 7.5, 2 m thiourea, 7 m urea,
2% (v/v) Triton X-100, 1% dithiothreitol (DTT), 2% (w/v) solu-
ble polyvinylpolypyrrolidone (PVPP), 1 mm phenylmethylsulfonyl
fluoride (PMSF)], purified and precipitated using a trichloroacetic
acid—acetone method, as described previously (Margaria and
Palmano, 2011). The total protein content was determined spec-
trophotometrically according to Bradford (1976), using bovine
serum albumin as standard.

To determine Rubisco amount by densitometry, 5ug of
total proteins were separated by sodium dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) with a Mini-Proteanll
System (Bio-Rad, Hercules, CA, USA) in Laemmli buffer. Gels were
treated in fixing buffer (40% v/v ethanol, 20% v/v acetic acid),
stained overnight with colloidal Coomassie blue (0.75 v ammonium
sulfate, 10% v/v orthophosphoric acid, 0.12% wi/v Brilliant Blue G,
25% v/v methanol) and finally rinsed in water to remove excess stain.
Gels were captured with a VersaDoc imaging system (Bio-Rad) and
images were analysed by Quantity One software (Bio-Rad).

Statistical analysis

Data on the agronomic traits monitored in the 2 years were ana-
lysed separately and one-way analysis of variance (ANOVA), with
sanitary status and/or sampling time as the main factor, was
performed using the SPSS statistical software package v. 23.0
(SPSS Inc., Cary, NC, USA). Tukey's honestly significant difference
(HSD) test was used when ANOVA showed significant differences
(P < 0.05). Significant differences in pairwise comparisons were
assessed by Student's ttest. The standard deviation (SD) and
standard error (SE) of all means were calculated.
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Additional supporting information may be found in the online
version of this article at the publisher’s web site:

Fig. S1 Seasonal time courses (2015 and 2016) of maximum
temperature, midday vapour pressure deficit and rainfall at the
Cannona experimental station (Piedmont, North-Western Italy).
Fig. S2 Phenotype of the GVB-free and GVB-infected ‘Albarossa’
vines selected for this study.

Fig. $3 The Neighbour—Joining tree of several GVB isolates.
Fig. S4 Seasonal time course of stem water potential in 2016
(lPstem)'

Fig. S5 SDS-PAGE on the total protein extracts from GVB-
infected and GVB-free grapevine leaf samples.

Table S1 List of the oligonucleotides used in this study.
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