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Bourgogne Franche-Comté, F-21000 Dijon, France; 3Analytical BioGeoChemistry, Helmholtz Zentrum München, German
Research Center for Environmental Health, Neuherberg, Germany; 4Chair of Analytical Food Chemistry, Technische
Universität München, Freising-Weihenstephan, Germany; 5Université de Neuchâtel, Institut de chimie, NPAC, Avenue de
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Esca disease is one of the major grapevine trunk diseases in
Europe and the etiology is complex, since several inhabiting
fungi are identified to be associated with this disease. Among
the foliar symptom expressions, the apoplectic form may be
distinguished and characterized by sudden dieback of shoots,
leaf drop, and shriveling of grape clusters in a few days that
can ultimately induce the plant death. To further understand
this drastic event, we conducted transcriptomic and metab-
olomic analyses to characterize responses of leaves during the
period preceding symptom appearance (20 and 7 days before
foliar symptom expression) and at the day of apoplexy ex-
pression. Transcriptomic and metabolomic analyses provide
signatures for the apoplectic leaves and most changes concern-
ing the metabolism of carbohydrates, amino acids, and phenyl-
propanoids. In deciphering glutathione-S-transferase (GST), its
preferential location in phloem, correlated with the upregulation
of GST genes and a decrease of the glutathione level, offers
further support to the putative role of glutathione during apo-
plexy expression.

The 21st century is experiencing a burst of re-emerging
diseases, among them, the grapevine trunk diseases (GTDs),
due to a complex of fungi. Over the past decade, their symptom
incidence has drastically increased in Europe, i.e., the accu-
mulation of symptomatic grapevines (foliar symptoms) in French
vineyards is close to 13% (Bruez et al. 2013) and may reach up to
10% in Spain and 50% in Italy (Romanazzi et al. 2009). A recent
estimate of the economic cost of GTDs due to decreases in both
quality and quantity of wine and the replacement of dead vines,
evaluates the loss at more than 1.1 billion euros (Hofstetter et al.
2012). In Europe, GTDs are now considered the major obstacle
for winegrowers, since no efficient control is available. Outside

Europe, GTDs are also of great concern that induce, for example,
economic losses of up to $260 million per year in California and
$8.3 billion in Australia (De la Fuente et al. 2016).
Esca disease is one of the major GTDs in Europe and esca

etiology is complex, since several fungi are known to be asso-
ciated to this disease, especially Phaeomoniella chlamydospora,
Phaeoacremonium minimum, and Fomitiporia mediterranea
(Bertsch et al. 2013). They are xylem-inhabiting fungi and they
induce various wood symptoms, such as brown necrosis and
black streaking (Larignon et al. 2001). For foliar symptom ex-
pression, either a chronic or apoplectic form may be distin-
guished. The chronic form is typically characterized by spots
appearing between the leaf veins or along the edges, which ex-
pand and become confluent, finally resulting in chlorotic and
necrotic strips with only a narrow green stripe along the midrib
(Bertsch et al. 2013; Mugnai et al. 1999). In most cases, the
affected leaf finally assumes a “tiger stripe” appearance. The
apoplexy form is characterized by the dieback of one or more
shoots and is accompanied by leaf drop and the shriveling and
drying of fruit clusters (Mugnai et al. 1999). Usually, this vi-
olent event occurs in midsummer, particularly when dry, hot
weather follows rainfall (Mugnai et al. 1999; Surico et al.
2006). After such an event, the affected vines can resume
growth in the following season or even in the current one but
they can also ultimately die.
To further understand apoplexy expression, studies have been

conducted on related grapevine responses in different organs
(Fontaine et al. 2015). In the trunk, healthy wood was mainly
characterized by underexpression of proteins involved in cell
growth and defense response (Magnin-Robert et al. 2014).
Conversely, in black-streaked wood, characterized by an ex-
tensive presence of GTD agents, the proteome analysis revealed
overexpression of proteins involved in defense. For green shoots,
various quantitative expressions are triggered upon the onset of
apoplexy, although no pathogens associated with GTDs have
been isolated from these organs (Spagnolo et al. 2012). In leaves,
the period preceding symptom appearance was particularly in-
vestigated, by following physiological and targeted genes asso-
ciated to photosynthesis and stress responses (Letousey et al.
2010). Within the week preceding symptoms, drastic alterations
of photosynthesis were registered in preapoplectic vines, as
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revealed by a decrease in gas exchanges, changes in chlorophyll
fluorescence, and repression of photosynthesis-related genes. In
the meantime, expression of a set of defense-related genes was
induced and amplified during symptom expression (Letousey
et al. 2010). Such a characterization of the events preceding
apoplexy needs new insights into gene regulation and metabolic
changes associated with apoplexy expression.
In the present study, transcriptomic and metabolomic anal-

yses were performed in grapevine ‘Chardonnay’ leaves, before
and at the time of apoplexy appearance, in comparison with
asymptomatic leaves as controls. This was completed by the
quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) analysis of the expression of 18 targeted genes,
selected from the previous transcriptomic study, on healthy
and diseased samples collected 50, 30, 20, and 7 days before
apoplexy expression, focusing on glutathione metabolism and
localization of the glutathione-S-transferase (GST), by in situ
hybridization, to characterize its role in the detoxification process
in response to the production of fungal toxins. The findings are
discussed with respect to current knowledge about grapevine
physiology and plant responses to fungal pathogen attacks.

RESULTS

Differentially expressed genes detected by Illumina
mRNA before and at the time of the apoplexy event.
Analysis of gene expression was conducted on leaves from

diseased plants at various times before apoplectic symptom ap-
pearance and on control plants at the same development stage. A
total of 1,216,959 raw reads were generated by 454 GS FLX
sequencing of a cDNA mix of different leaf samples. After fil-
tering, 1,210,565 clean reads were obtained, with an average
length of 150 pb. The total length of clean reads was about 314
million bases (314,141,226).
A selection of genes based on a differential expression be-

tween diseased and control leaves (ratio ³2 for upregulation and
£0.5 for downregulation) was done through all the timepoints.
The total number of up- and downregulated genes was 2,122.
Overall, 51.8% of these genes showed a constant induction of
their expression, 35.7% a constant repression, and 12.5% had
an induction or a repression of their expression of at least two
points of the kinetic. The evolution of the expression of the
regulated genes (induced or repressed) depending on the kinetic
was summarized in Figure 1. Results indicated that 262 genes
exhibited a modified expression at 20 days before the apoplexy
event (T0-20). The number of genes with regulated expression
increased with the imminent onset of the symptoms, 629 genes
for apparently visually healthy leaves 7 days before apoplexy
(T0-7vh), 1,508 genes for turgorless leaves 7 days apo-
plexy (T0-7tg), and 1,690 genes at the onset of apoplexy (T0).

Interestingly, a majority of the genes with modified expression
at T0-20 were down-regulated (60%) (Fig. 1). This repartition
was completely reversed on visually healthy leaves of diseased
plants at T0-7, with 25% downregulated genes. At the onset
of symptoms, the number of down- or upregulated genes is
equivalent. Genes regulated in diseased leaves were grouped
into nine functional categories (Fig. 2), with about 69% (181),
70% (440), 56% (844), and 55% (929) of the genes remaining,
unfortunately, not yet known for categories T0-20, T0-7vh, T0-
7tg, and T0, respectively. Globally, from T0-20 to T0, there was
an increasing number of regulated genes involved in both stress
and defense reactions, lipid metabolism, and in protein me-
tabolism and a decreasing number of genes involved in amino
acid and secondary metabolism. Few modifications were ob-
served for the other pathways. In regard to the nine functional
categories reported—i) carbohydrate metabolism, ii) amino
acid metabolism, iii) lipid metabolism, iv) growth, replication,
and DNA damage repair, v) signalization, hormonal regulation,
transduction, transcriptor factor, vi) protein metabolism, vii)
cellular process, viii) secondary metabolism, and ix) stress and
defense reaction (Supplementary Tables S2 and S3)—we fo-
cused on five representing key functions in grapevine physi-
ology or already known to be affected by wood trunk diseases
from previous studies, i.e., carbohydrate metabolism, amino
acid metabolism, lipid metabolism, secondary metabolism, and
stress and defense reactions (Koussa et al. 1998; Letousey et al.
2010; Lima et al. 2010; Magnin-Robert et al. 2011; Petit et al.
2006; Rifai et al. 2005). For carbohydrate metabolism, genes
involved in energy synthesis, starch degradation, glucose me-
tabolism, and photosynthesis system were globally up-regulated
at the beginning of the kinetic (T0-20) in diseased leaves, be-
fore emergence of symptoms. Among them were the genes
encoding succinate dehydrogenase (XM_002269371), lysosomal-
beta-glucosidase (XM_002278327), zeta-carotene desaturase
(XM_002277312), UTP-glucose 1-phosphate uridyltransferase
(XM_002282240), alpha-glucan phosphorylase (XM_002280696),
ribulose biphosphate carboxylase small chain (XM_002276931),
and glucan endo-1,3-beta-glucosidase (XM_002279561). On the
other hand, sucrose synthase 2 (XM_002271494), encoding a
protein involved in sucrose synthesis was clearly repressed in the
T-20, T0-7tg, and T0 categories, and two galactose oxidase genes
(XM_01065799 and XM_002274727) encoding two proteins in-
volved in galactose metabolism were clearly repressed in the T0-7tg
and T0 categories. At T0, the upregulated genes weremainly involved
in cell-wall formation and modification (beta-xylosidase/alpha-L-
arabinofuranosidase [XM_002264147], UDP-arabidopyranose
mutase [XM_002263454]), whereas several genes involved in
glycolysis, photosynthesis, and starch degradation were down-
regulated (violaxanthin de-epoxidase [XM_010650663]; alpha-
amylase [XM_002285177 and XM_0106655795]).

Fig. 1. Repartition of up- or down-regulated genes in grapevine leaf tissues (‘Chardonnay’) at 20 days and 7 days before appearance of symptoms and at the
onset of apoplexy. The number of the genes differentially expressed in leaf tissues of future apoplectic plant in comparison with those of control (asymp-
tomatic) plants for each timepoint is reported at the top. The expression of a same gene can be altered at different points of kinetics and, therefore, counted
several times. The percentage indicates the repartition of genes characterized by an up- or a downregulation of their expression for each point of kinetic (solid or
dotted line, respectively). T0-20 = visually healthy leaves sampled 20 days before the apoplexy event, T0-7vh = visually healthy leaves sampled 7 days before
the apoplexy event, T0-7tg = turgorless leaves sampled 7 days before the apoplexy event, and T0 = visually healthy leaves sampled at the onset of the apoplexy
event.
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Genes involved in amino acid metabolism appeared to be also
modulated during the kinetic, especially those involved in methio-
nine and polyamine metabolism. For example, cysthathionine beta-
lyase (XM_002281384), aspartate aminotransferase, mitochondrial
(XM_002281728), thermospermine synthase (XM_002281075),
tropinone reductase homolog (XM_002277799), S-adenosyl-L-
methionine decarboxylase (XM_002277280), and deoxyhypusine
synthase (XM_002282885) were down-regulated, while S-adenosyl-
L-methionine decarboxylase (XM_002278114) and asparte amino-
transferase (XM_002284100) were up-regulated.
In lipid metabolism, changes were observed at both T0-7

and T0 timepoints, especially in category T0-7tg. There was
an upregulation of genes associated with alkaloids and terpenoid
synthesis, such as beta-amyrin synthase (XM_002270898),
secologanin synthase (XM_003634726),VvCSbOciM (HM8807387),
abietadienol/abietadienal oxidase (XM_010663730),
hydroxymethylglutaryl-CoA synthase (XM_002282398), and 3-
epi-6-deoxocasthasterone 23 monooxygenase (XM_010650788).
Conversely, the expression of 1-deoxy-D-xylulose-5-phosphate
synthase (XM_002277883) and jmjC domain–containing pro-
tein 7 (XM_010646063) was down-regulated at the last three
points of the kinetic, when the expression of alpha-terpineol
synthase (XM_002266772) and alpha-terpineol synthase-like
(XM_ 010660749) was down-regulated for both categories
T0-7tg and T0. Some of the genes involved in the octadecanoid
pathway were differently regulated, such as 12-oxophytodienoate
reductase 2-like (XM_002281312) (upregulation at T0-7tg and
T0) and allene oxide synthase (XM_002283744), lipoxygenase 1

(KF033130), and jasmonate-O-methyltransferase (XM_002281543)
(downregulation, especially at T0).
Three genes related to phenylpropanoid metabolism were

up-regulated at all timepoints, namely the salicylate–O-methyl-
transferase (XM_002262640), flavonoid-39-monooxygenase-
like (XM_0022842115), and bifunctional 3-dehydroquinate
dehydratase/shikimate dehydrogenase (XM_002277359). Addi-
tionally, a downregulation of the expression of flavonoid-related
R2R3MYB4 repressor transcription factor (XM_002278186) was
observed at time T0-7. Several genes encoding proteins involved
in anthocyanidin, flavonoid, and lignin biosynthesis were also
up-regulated in categories T0-7tg and T0: malonate CoA
(XM_002279103), anthocyanidin 3-O-glucosyl transferase
(XM_002264962), UDP-glucose/flavonoid 3-O-glucosyltransferase
(AB047093), chalcone synthase (XM_001280950), second bi-
functional 3-dehydroquinate dehydratase/shikimate dehydrogenase
(XM_010651497), cinnamyl alcohol dehydrogenase (XM_002285370),
naringenin 2-oxoglutarate 3-dioxygenase (XM_002284856), and caf-
feoyl shikimate esterase (XM_003634810).
For the stress and defense reactions category, the epoxide

hydrolase gene (XM_003632333), encoding a protein involved
in the detoxification process, was up-regulated from T0-20 to
T0. Except for the downregulation of the gene encoding a pu-
tative disease resistance RPP13, 12 genes encoding proteins
involved in stress and defense reactions and in the detoxification
process were up-regulated in leaves in categories T0-7vh, T0-7tg,
and T0. Among them were genes encoding GST (XM_003634217
and XM_002262806) or haloacid dehalogenase (XM_002267523)

Fig. 2. Distribution into functional categories of genes differentially expressed in leaves of vines of ‘Chardonnay’ affected by the apoplexy event. The
percentage of each category is reported in the figure. Only genes with a known function were integrated in this figure, which represents A, 31% of the total
differentially expressed genes in visually healthy leaves sampled 20 days before the apoplexy event (T0-20), B, 30% in visually healthy leaves sampled 7 days
before the apoplexy event (T0-7vh), C, 44% in turgorless leaves sampled 7 days before the apoplexy event (T0-7tg), and D, 45% in visually healthy leaves
sampled at the onset of the apoplexy event (T0).
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and pathogenesis-related (PR) proteins such as thaumatin
(XM_002274101), PR10 (XM_002273754), or class I b-1,3-
glucanase (XM_002277133). In categories T0-7tg and T0, the
expression of genes related to multidrug transports, such as
genes encoding pleiotropic drug resistance (XM_010655751,
XM_010656419) andmultidrug efflux transporter (XM_002274772,
XM_002280176), was altered. At time T0-7, the expression of genes
involved in the detoxification processwas also regulated, as indicated
by the induction of two epoxide hydrolase (GSVIVT00025835001,
XM_010650793), the repression of two otherGSTs (XM_002269082,
XM_002275302), and one superoxide dismutase (XM_010661684).
Moreover, a downregulation of chaperone protein dnaJ 20
(XM_002264118), hsp70-hsp90 protein 3 (XM_0036355638),
chaperone protein ClpB4 (XM_002282844), and an upregula-
tion for heat shock 70kDa (XM_0022834967) and 20-kDa
chaperonin (XM_002277825) were reported. The expression of 24
genes encoding disease resistance proteins and 10 genes encoding
PR proteins was also modulated for categories T0-7tg and T0.

Validation of candidate genes by RT-PCR.
Eighteen genes, selected on their expression pattern at three

timepoints of the apoplexy event (Supplementary Table S1),
were followed in leaves of diseased plants to validate these
genes as precocious molecular markers of apoplexy expres-
sion. The samples used were the same ones as for the tran-
scriptomic analyses, to which we added others obtained from
diseased plants (n = 3) cultivated in the same vineyard during
the same year. These genes were selected based on the regu-
lation of their expression during the apoplectic kinetic (tran-
scriptomic data at times T0-20 and T0-7) and their involvement
in various pathways (carbohydrate metabolism, amino acid me-
tabolism, lipid metabolism, hormonal regulation, cellular processes,
phenylpropanoid pathway, and detoxification processes). Results
correspond to means ± standard deviation of three plants sampled.
These genes code for UTP-glucose-1-phosphate uridyltransferase
(gluPuriT-XM_002282240), sucrose synthase (SucS2-XM_002271494),
succinate dehydrogenase flavoprotein (SucDHFla-XM_002269371),
thermospermine synthase (SperS-XM_002281075), 1-deoxy-D-
xylulose-5-phosphate (xylPS-XM_002277883), jmjC domain-
containing protein 7 (jmjc7-XM_010646063), auxin-induced
protein 10A5 (Aux10A5-XM_002271727), myosin-H heavy
chain (Myochain-XM_0022815579), F-box/WD40 repeat-
containing protein (FboxWD40-XM_002271652), casein ki-
nase (CasK-XM_002284008), V-type proton ATPase subunit B
(HatpZ-XM_002280255), flavonoid-related R2R3 MYB4a re-
pressor transcription factor (MYB4A-XM_002278186), shikimate
deshydrogenase (ShiDH- XM_002277359), epoxide hydrolase
(epoxHF-XM_003632333), and haloacid dehalogenase hydrolase
(Hahl-XM_002267523). Three of the four genes encoding a GST
identified by the transcriptomic study were also selected: GSTA
(XM_003634217), GSTB (XM8002262806), and GSTC
(XM8002269082). No significant regulation of the selected genes
involved in protein phosphorylation (cellular processes), amino
acid metabolism, lipid metabolism, and transports was observed in
our samples, suggesting they might be not retained as markers of
the preapoplectic event. Among the three selected genes involved
in carbohydrate metabolism, only SucS2 was down-regulated on
leaves at time T0-20. Similar to the results of the transcriptomic
analysis, Aux10A5 was down-regulated at two timepoints, T0-7
and T0 (Table 1). Moreover, the repression of MYB4A expression
at T0-7 and T0 was confirmed, whereas no modifications were
monitored at T0-20, T0-30, and T0-50. For the detoxification
process, EpoxHF was up-regulated at T0 and Hahl was down-
regulated at timepoint T0-30 and then up-regulated at timepoints
T0-7 and T0. Concerning the GST-encoding genes, GSTC ex-
pression was not modified during the kinetic, whereas GSTA and
GSTBwere down-regulated at T0 forGSTA and at T0 and T0-7 for

GSTB (Table 1). Moreover, these two genes appeared to be up-
regulated, in our conditions, 50 days before the apoplexy event
(Table 1).

Changes in the metabolome during the apoplexy
event expression.
Fourier-transform ion cyclotron resonance mass spectrome-

try (FT-ICR-MS) was used in the negative-ion electrospray
ionization (ESI) mode for the nontargeted analysis of the low–
molecular weight metabolites present in the sample sets. A total
of 40,149 raw mass values was obtained and reduced for masses
occurring in a minimum of 10% of all samples and by the cal-
culation of elemental formulas with NetCalc software (Tziotis
et al. 2011). The dataset containing 7,309 masses assigned to an
elementary composition was thus obtained, among which, only
those with 1,255 m/z could be annotated to putative metabolites
after querying Kyoto Encyclopedia of Genes and Genomes
(KEGG), HMDB, and LipidMaps databases. Orthogonal projec-
tions to latent structures-discriminant analysis (OPLS-DA) allowed
the discrimination of three sample groups with a good statistical
significance, i.e., control, T0-20/T0-7, and T0 diseased samples
(Fig. 3A). Among the 7,309 elementary compositions obtained,
4,220 were common to the three groups whereas 1,206 were spe-
cific to control, 87 to diseased T0-20/T0-7 samples, and 32 to
diseased T0 samples (Fig. 3B). The chemical composition and van
Krevelen (VK) diagrams obtained from all m/z highlighted a wide
chemical diversity, with a significant contribution of CHO and, to a
lesser extent, of CHONS elemental formulas (Fig. 3C). Masses
with the highest regression coefficient values in each sample group
(specific and common masses with a variable importance in pro-
jection [VIP] value >1, thereafter called ‘top m/z’) were next used
for comparison, allowing the visualization of clear differences
between the three sample groups (Fig. 3D, E, and F). CHO ele-
mental formulas remained the most abundant in all groups, fol-
lowed by CHONS and CHON formulas (Fig. 3D, E, and F,
chemical composition diagrams on the right). CHO and CHON
formulas were more abundant in diseased T0 samples, whereas
CHO and CHONS were more abundant in control formulas. VK
diagrams highlighted noteworthy differences in the nature and the
number of formulas assigned to masses between the three sample
groups, leading to specific fingerprints (Fig. 3D, E, and F).
The KEGGquery (Vitis vinifera organism) with theMassTRIX

interface allowed the assignment of top m/z values to metabolic
pathways. A rather limited number of pathways were associated
to diseased samples, especially for T0-20/T0-7 (Fig. 4, six path-
ways). For this sample group, pathways were related to amino
acid metabolism (tyrosine, phenylalanine, cysteine, and methio-
nine), biosynthesis of secondary metabolites, flavone and flavonol
biosynthesis, ubiquinone, and other terpenoid-quinone biosynthesis.
In diseased T0 samples, more pathways were identified (>10). The
main ones were biosynthesis of secondary metabolites, starch and
sucrose metabolism, galactose metabolism, phenylpropanoid
biosynthesis, flavone and flavonol biosynthesis, flavonoid bio-
synthesis, monoterpenoid biosynthesis, phenylalanine metabolism,
and oxocarboxylic acid metabolism (Fig. 4). The number of
pathways associated to the control samples was even greater (>18),
and the main ones were biosynthesis of secondary metabolites,
starch and sucrose metabolism, and flavonoid biosynthesis, ga-
lactose metabolism, and amino sugar and nucleotide sugar me-
tabolism (Fig. 4).
A mass difference network analysis based on series of bio-

chemical transformations (Adrian et al. 2017; Moritz et al. 2017)
was performed to obtain an additional overview of the global
metabolism in the different grapevine leaf groups (data not shown).
A total of 469 transformations were found to connect masses.
Those having the highest z-score were represented in the histo-
gram in Figure 5. Four types of differences allowed discrimination

Vol. 30, No. 12, 2017 / 949



between samples: opposite z-scores for diseased samples at T0,
opposite z-scores for diseased samples at T0-7 and T0-20, higher
z-scores of control samples, higher z-scores of diseased samples
either at T0-7 and T0-20 or T0 times. Transformations in T0
samples were highly different from those of the two other sample
groups, with the absence of biochemical reactions involving the
conjugation of pteridine, phenylpyruvic, and coumaric acids, and
an increased number of reactions involving phosphorylation,
phosphoric acid addition and ring opening, decarboxylation,
triprenylation/farnesylation, and also, linoleic acid metabolism
and condensation (Fig. 5).

Dynamics of glutathione during the apoplexy
event expression.
Attention was paid to the dynamics of glutathione in the

samples. The query in the KEGG database (Vitis vinifera or-
ganism) with the MassTRIX interface first confirmed the im-
portance of the glutathione pathway in diseased leaves (Fig. 6A);
the m/z = 306.07655 correspond to the formula [C10H17N3O6S]

_
,

confirmed with the isotopologues. The signal intensity of putative
glutathione in the different sample series was next assessed using
the peak intensities of the spectra. Independently of the kinetic,
the amount of this metabolite was about three times lower in
apoplectic than in control samples (Fig. 6B). No mass corre-
sponding to the reduced form of glutathione could be found. A

metabolic network was built from S-containing compounds
(41.07% of all masses) and allowed the visualization of the
central role of [C10H17N3O6S]

_
and metabolic connectivity

(Fig. 6C). Masses containing 1, 2, 3, or 4 S represented 20.32,
16.74, 3.60, and 0.41% of the total masses, respectively. Masses
associated to glutathione could be extracted from this network
(Fig. 6D). Most of them were common to the three sample
groups and were mainly condensations and additions (Fig. 6E).

In situ hybridization visualization of GST1 expression
in leaves.
Since apparent modification of glutathione metabolism was

observed with transcriptomic and metabolomic analysis, GST1
was further analyzed and located in plant tissues. GST1 has been
reported to be induced in presymptomatic and symptomatic leaves,
green shoots, cordon, and trunk of diseased grapevine affected by
grapevine leaf stripe diseases or apoplexy external symptoms ap-
pearance (Letousey et al. 2010; Magnin-Robert et al. 2011, 2016).
Moreover, the expression pattern of GST1 was monitored by RT-
PCR at T0 (36), T0-7 (2.99), T0-20 (3.8), T0-30 (1.91), and T0-50
(2.9), revealing that GST1 was up-regulated during this apoplexy
kinetic in grapevine leaves, except at T0-30. To analyze in depth
the cell type-specific expression of GST1, in situ hybridization
experiments were performed in leaves of control or preapoplectic
grapevines (Figs. 7 and 8). The results revealed a signal

Table 1. Relative expression of 18 selected genes in the visually healthy leaves of preapoplectic vines of ‘Chardonnay’a

Functional classification Selection as marker Gene

Relative expression of targeted genesb

MethodsT0-50 T0-30 T0-20 T0-7vh T0

Carbohydrate metabolism No gluPuriT 1.07 1.01 1.23 0.72 1.26 RT-PCR
0.50 12.50 87.60 Illumina

No SucS2 0.92 0.88 0.36 0.56 0.72 RT-PCR
0.20 1.50 0.00 Illumina

No SucDHFla 1.11 1.09 1.00 0.80 0.88 RT-PCR
5.10 13.50 4.70 Illumina

Amino acid metabolism No SperS 1.81 1.29 1.29 0.97 0.57 RT-PCR
0.00 0.90 1.20 Illumina

Lipid metabolism No xylPS 1.16 0.79 1.12 0.78 1.20 RT-PCR
1.30 0.50 0.20 Illumina

No jmjc7 1.00 1.07 1.27 0.70 0.71 RT-PCR
0.80 0.30 0.00 Illumina

Hormonal regulation, signalization Ok Aux10A5 1.25 0.48 1.60 0.29 0.22 RT-PCR
1.10 0.40 0.20 Illumina

No Myochain 1.59 1.26 1.14 0.88 0.80 RT-PCR
9.20 9.30 2.10 Illumina

No FboxWD40 0.69 0.76 0.88 0.80 1.02 RT-PCR
4.20 1.20 51.20 Illumina

Cellular processes No CasK 1.08 0.93 1.10 0.96 1.05 RT-PCR
3.90 0.90 0.10 Illumina

No HatpZ 1.27 0.93 0.91 1.25 0.97 RT-PCR
3.20 11.40 61.30 Illumina

Phenylpropanoid metabolism No ShikDH 0.96 0.85 0.83 1.23 1.11 RT-PCR
2.30 8.70 8.50 Illumina

Ok MYB4A 0.64 1.25 0.81 0.41 0.27 RT-PCR
1.70 0.20 0.10 Illumina

Detoxification No epoxHF 0.98 1.06 1.71 1.42 2.29 RT-PCR
2.30 8.60 46.70 Illumina

Ok HALH 1.40 0.46 1.73 2.49 3.23 RT-PCR
0.70 19.90 49.10 Illumina

No GSTA 2.91 1.66 1.63 0.62 0.26 RT-PCR
1.00 14.70 56.50 Illumina

No GSTB 3.94 1.90 1.11 0.26 0.21 RT-PCR
1.10 10.10 42.90 Illumina

No GSTC 1.09 1.31 1.01 1.37 1.35 RT-PCR
1.10 0.60 0.30 Illumina

a Analyses were performed by both Illumina sequencing and reverse transcription-polymerase chain reaction (RT-PCR). Gene expression was considered as
significantly up- or downregulated to the 1× control, when changes in relative expression were >2 or <0.5, respectively.

b At 50, 30, 20, and 7 days before symptoms emerged (T0-50, T0-30, T0-20, and T0-7, respectively) and at the onset of symptoms (T0). The values obtained for
regulated gene expression appear in bold. The ratio values correspond to the mean of three biological replicates.
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preferentially located in veins (Fig. 7G), especially in pre-
apoplectic vines. None or only a slight signal was detected in leaf
tissues of control vines (Fig. 7E). Visualization of the GST1
transcripts matched with the cells of phloem complexes in the
secondary bundles (Fig. 7G, red arrow heads), and was exclu-
sively revealed with the antisense probe (Fig. 7F and G). Mag-
nification of the principal vein (primary bundles) hybridization
allowed the localization of GST1 expression in the phloem
complexes of preapoplectic leaves (Fig. 8G). Again, no (or only a
slight) signal was detected in primary veins of asymptomatic
leaves (Fig. 8E). In comparison with the Rib antisense probe

(Figs. 7C and 8C), no signal was detected in the epidermis,
parenchyma, and xylem cells for theGST1 gene, thus confirming
the preferential phloem-specific expression of the GST1 gene.

DISCUSSION

Esca disease is complex, not only because several fungi are
causal agents but also because pathogens are localized in xylem
vessels and fibers of mature wood, whereas visible symptoms
appear at the foliar level in July and August (Bertsch et al.
2013; Larignon et al. 2001). Apoplectic form has a serious

Fig. 3. Discrimination of Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) data samples and detailed visualization of the samples.
A, Orthogonal projections to latent structures-discriminant analysis showing the discrimination of control, T0-20/T0-7 (leaves sampled 20 and 7 days before
apoplexy), and T0 (time of the apoplexy event) diseased samples. B, Venn diagram showing the distribution of the m/z obtained by (_) FT-ICR-MS analysis of
the samples. C, Van Krevelen diagrams representing the elemental formulas attributed to the top m/z of total samples, D, control, E, T0-20/T0-7 (leaves
sampled 20 and 7 days before apoplexy), and F, T0 (time of the apoplexy event) samples onto two axes according to H/C and O/C atomic ratios. Dots are shaded
according to their elemental composition (CHO, CHOS, CHON, CHONS, CHOP, CHONP, CHONSP) and are sized according to their relative intensity in mass
spectra. Diagrams (on the right) indicate the numbers of these formulas and show their distribution according to their elemental composition (CHO, CHOS,
CHON, CHONS, CHOP, CHONP or CHONSP). Top m/z values correspond to m/z with the highest regression coefficient value (VIP ³ 1).

Vol. 30, No. 12, 2017 / 951



impact on the vineyard safeguard, since it leads quickly to the
death of the plant, and its incidence is increasing, partly due to
climate fluctuation. To further understand the drivers leading to
this status, the leaf responses before symptom emergence and
at the onset of symptoms were particularly followed. More
precisely, to follow the chronology of the onset of apoplexy
appearance, leaves were sampled at 50, 30, 20, and 7 days
preceding the apoplexy event, with a focus from T0-20 to the
day of expression (T0).
Our study clearly demonstrates changes in plant metabolism

from T0-20. Transcriptomic analyses revealed an increase in the
number of genes whose expression was altered as the apoplexy
event was close: less than 300 genes at T0-20 to about 1,700 at
T0. Modifications were mainly reported in the metabolisms of
carbohydrates, amino acids, lipids, phenylpropanoids, and stress
and defense responses. The expression of carbohydrate genes
involved in energy synthesis, starch degradation, and photosyn-
thesis was induced at T0-20 and was then repressed at T0, while
those involved in plant defense response were up-regulated from

T0-7 to T0. This is in agreement with previous results obtained on
leaves developing various GTDs (Camps et al. 2010; Letousey
et al. 2010; Lima et al. 2010). Regarding amino acid metabolism,
especially methionine and polyamine, an alteration was observed
during the kinetic, as described in leaves affected by Eutypa
dieback (Rifai et al. 2005). This metabolic pathway could be
crucial for grapevine immune responses toward the pathogens, as
observed for grapevine response to Botrytis cinerea (Hatmi et al.
2013). In addition, the grapevine response is strengthened by an
induction of defense genes, especially related to the phenyl-
propanoid pathway during the apoplexy emergence, which are
generally up-regulated following a pathogen attack, including those
involved in trunk diseases (Calzarano et al. 2014; Lambert et al.
2013; Lima et al. 2010; Magnin-Robert et al. 2011; Valtaud
et al. 2009) and other diseases (Gruau et al. 2015; Romero-
Pérez et al. 2001).
In the meantime, a metabolic signature of apoplectic leaves

was observed. FT-ICR-MS was used to analyze and compare
the metabolome of the different leaf samples (the same as those

Fig. 4.Metabolic pathways associated to the top m/z identified in the different sample groups. The metabolic pathways corresponding to the top m/z of control
(C), T0-20/T0-7 (leaves sampled 20 and 7 days before apoplexy), and T0 (time of the apoplexy event) samples were obtained after a Kyoto Encyclopedia of
Genes and Genomes query with the MassTRIX interface, using Vitis vinifera organism.
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used for transcriptomic analysis). OPLS-DA allowed the dis-
tinction of three sample groups: samples from asymptomatic
leaves (control), samples of preapoplectic diseased leaves (T0-
20/T0-7), and samples of leaves at the time of apoplexy ex-
pression (T0). The leaf metabolome was therefore affected by

esca disease and in a different manner before and at the time of
apoplexy expression. AVenn diagram revealed the occurrence
of specific m/z in diseased leaves (87 for T0-20/T0-7 and 32 for
T0 samples), suggesting that either new compounds accumu-
lated before and at the time of apoplexy expression in diseased

Fig. 5. Possible transformations of the complete m/z data set.

Fig. 6. Focus on glutathione metabolism. A, Partial metabolic pathway obtained after a Kyoto Encyclopedia of Genes and Genomes query with the MassTRIX
interface, using the Vitis vinifera organism, focused on glutathione metabolism, B, signal intensity of putative glutathione in control (white bars) and diseased (striped
bars) samples, C, network analysis of S containing compounds with a focus on D, glutathione and E, an example of transformations involving glutathione.
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samples or that compounds initially present were metabolized
during symptom appearance, or both. The lower number of
these specific m/z at T0 than at T0-20 and T0-7 may be due to
apoplexy expression (stop of the metabolism and sap move-
ment). Moreover, both apoplectic sample groups have a lower
number of specific m/z than the control, indicating a reduced
diversity of the metabolic composition.
VK diagrams obtained from discriminant masses provided a

metabolic fingerprint for each of the three distinct groups.
KEGG query (Vitis vinifera organism) with the MassTRIX
interface allowed the association of amino acid metabolism

(tyrosine and phenylalanine), biosynthesis of secondary metab-
olites, ubiquinone and other terpenoid-quinone biosynthesis
pathways to the T0-20/T0-7 sample group. The amino acid phe-
nylalanine plays a crucial role as the precursor of the phe-
nylpropanoid pathway leading to the biosynthesis of lignin,
stilbenes, and flavonoids. All these compounds are known to play
a role against biotic stresses (Mouradov and Spangenberg 2014).
Terpenoids are also involved in plant-pathogen interactions
(Jansen et al. 2011). In grapevine, they may be involved in
defense against downy mildew (Algarra Alarcon et al. 2015;
Chalal et al. 2015). At T0, discriminantmassesweremainly related to

Fig. 7. Visualization of GST1 expression in grapevine leaf tissues. A, A control without probe was made to ensure that colorimetric (blue) signals further
observed correspond to a specific detection of the probe. B to G, The transcripts were localized using a digoxigenin-labeled antisense probe (C, E, G) and the
specificity of hybridization was checked with the corresponding sense probe as negative control (B, D, F). VvGST1 localization (E, G) was compared with the
26S ribosomic (Rib) RNA probe pattern, which was known to be constitutively expressed in all tissues (C). VvGST1 transcripts were not detected in
asymptomatic (control) leaves (E), whereas it was visualized in phloem cells of preapoplectic ones (G, red arrow heads). Bars represent 100 µm.
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biosynthesis of secondary metabolites, starch and sucrose me-
tabolism, galactose metabolism, phenylpropanoid biosynthesis,
and flavonoid biosynthesis metabolisms. The defensive sec-
ondary metabolism continues to remain activated, but the ter-
pene one no longer contributed to diseased sample specificity. It
seems, therefore, that primary metabolism, mainly related to
amino acids, is highly mobilized at T0-20 and T0-7, whereas
secondary metabolism is activated at T0. All these results
suggest a mobilization of the stress-responsive secondary

metabolism and are in accordance with the previously reported
activation of the expression of defense genes before apoplexy
and their implication during disease progression in leaves
(Letousey et al. 2010) and in wood (Magnin-Robert et al.
2014).
As pathogen propagules and byproducts are able to diffuse

from the infected woody tissue of the trunk and branches to the
crown of the affected vines, some of their metabolites were
shown to occur in the xylem sap of naturally infected grapevines

Fig. 8. Visualization of GST1 expression in leaf primary bundles. A, A control without probe was made to be sure that colorimetric (blue) signals further
observed correspond to a specific detection of the probe. B to G, The transcripts were localized using a digoxigenin-labeled antisense probe (C, E and G) and
the specificity of hybridization was checked with the corresponding sense probe as negative control (B, D and F). VvGST1 localization (E and G) was compared
with the 26S ribosomic (Rib) RNA probe pattern, which was known to be constitutively expressed in all tissues (C). VvGST1 transcripts were not detected in
primary bundle asymptomatic leaves (E), whereas they appeared to be exclusively localized in phloem cells of preapoplectic ones (G). Bars represent 100 µm.
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(Bruno et al. 2007). As we are not able to distinguish plant
metabolites from microbe metabolites, we cannot exclude the
possibility that microbe common metabolites contribute directly to
the metabolic signature of the discriminated sample groups. More-
over, esca-associated fungi may also contribute to the evolution
of some compounds. For example, previous studies conducted
with trees have reported the adaptation capability of fungi to
metabolize terpenoids and stilbenes and use them as carbon
sources for wood colonization (Diguistini et al. 2011; Hammerbacher
et al. 2013). This could also be a hypothesis in esca-affected
grapevine, since phytoalexins were not significantly increased
in apoplectic leaves as described below.
VK and chemical composition diagrams indicated that sulfur-

containing compounds contributed to the metabolite fingerprint
of the sample groups. Sulfur-containing compounds are known
to play an important role in the plant response to stress (Capaldi
et al. 2015). More specifically, glutathione is probably involved
in esca symptom expression (Letousey et al. 2010; Valtaud et al.
2009). In our study, assessment of the evolution of putative
glutathione showed a lower accumulation in diseased samples
than in control ones, correlated with a higher expression of GST-
encoding genes. Valtaud et al. (2009) also reported a lower
glutathione content in leaves expressing the chronic form of the
disease. However, conversely to what they reported, no mass
corresponding to the reduced form of glutathione could be found
in our conditions. This might be explained by the difference in
the disease expression (apoplectic, chronic). A network analysis
allowed the identification of transformations involving glutathi-
one as substrate or its products. As glutathione is known to play a
role in the detoxification process, the occurrence of putative
glutathione conjugates to toxins previously identified in esca
disease was investigated, using their m/z values and predicted
raw formulas. However, no calculated mass corresponding to
putative glutathione-conjugated toxins commonly associated to
trunk diseases could be found.
In situ hybridization was performed to localize the GST1 gene.

A preferential phloem-specific expression of this gene was ob-
served. In this sense, Fukuda et al. (2004) have reported the ac-
tivity of a phloem-specific GST in rice leaves. To our knowledge,
an immune fluorescein isothiocyanate–labeling targeting two
different GST proteins, GSTF and GSTU, has already localized
these proteins in veins and particularly in phloem (Valtaud et al.
2009). Moreover, the tau GSTU protein, encoded by the GST1
gene, was mainly found in the plastids (Valtaud et al. 2009), which
suggest an important role in detoxification processes to avoid
oxidative damage in chloroplasts (Kuźniak and Sklodowska
2001). GST proteins were proposed to detoxify reactive mole-
cules, such as membrane lipid peroxides, by conjugation to glu-
tathione (Marrs 1996) and someGSTs also function as glutathione
peroxidases to detoxify reactive oxygen species directly (Bartling
et al. 1993). Sieve elements, which have lost most of their or-
ganelles, could therefore defend themselves against oxidative
stresses by inducing GST activity. Indeed, the expression of GST
in the phloem sap of preapoplectic vines could permit the pro-
tection of sieve tubes from oxidative damage, especially as this
type of stress is frequently described in response to esca (Bertsch
et al. 2013). Moreover, GSTs modify toxic compounds into less
toxic and more water soluble conjugates (Marrs 1996). Therefore,
as discussed by Fukuda et al. (2004) in the case of rice, the
presence of GSTactivity in grapevine phloem sap of preapoplectic
individuals suggests the possibility of glutathione conjugation of
endogenous compounds in sieve tubes. One of the possible
functions of GST in the vascular cells could be in changing hy-
drophobic compounds into hydrophilic ones conjugated with
glutathione, making these modified compounds more mobile in
the sieve tubes and more easily distributed along the plant tissues.
Otherwise, some plant GSTs showed flavonoid-, auxin-, and

cytokinin-binding activities, suggesting that these proteins could
act as ligands and support the intracellular transport of flavonoids
and plant hormones (Bilang and Sturm 1995; Gonneau et al.
1998; Mueller et al. 2000). In this context, and since phloem
represents a way for signaling and defense (van Bel et al. 2013),
one could imagine that this contributes toward delivery through-
out the plant (since the phloem circulates in an up and down
manner) of a long-distance alert message of a physiological dis-
order. Valtaud et al. (2009) observed an enhanced expression of
both GST genes (phi GSTF and tau GSTU1) in plants attacked by
esca. The expression of these genes was greatest in leaves that
were visually healthy, suggesting that the GSTs are the first en-
zymes induced in the response to esca.
In this study, we show that transcriptomic and nontargeted

metabolomic analyses proved to be very effective in discrimi-
nating the profiles of apoplectic and healthy leaves of diseased
plants, thus demonstrating the great potential of these tools in
understanding the complex GTDs. Among the changes reported,
most concern the metabolism of carbohydrates, amino acids,
phenylpropanoids, and plant defense responses. Gene expression,
such as SucS2, Aux10A5, MYB4A, EpoxHF, and Hahl, could be
identified as markers of the preapoplectic event in ‘Chardonnay’.
Our results support, also, the hypothesis that glutathione could be
an early actor during apoplexy appearance, because it is present at
a lower level in the apoplectic leaf compared with the control, and
that GST1 gene expression is preferentially noted in phloem,
suggesting a long-distance transport of glutathione, which rein-
forces the toxin hypothesis of symptom development. In turn,
such markers need to be validated in other cultivars that are more
or less susceptible to trunk diseases and, also, in other climatic
conditions, since abiotic stresses could affect the plant response.

MATERIALS AND METHODS

Plant material.
Experiments were performed on ‘Chardonnay’ grapevines

(Vitis vinifera L.) planted in 1986, grafted on 41B rootstock,
and trained according to the Chablis method. The experimental
site was located in the Moët and Chandon vineyard in Avize
(Champagne region, France). The site is characterized by an
average annual temperature of 10.8�C, reaching an average of
19�C during apoplexy expression, and 480.7 mm of annual
precipitation. From 2005 to 2007, two groups of vines were
defined in the plot: i) vines that did not show any esca symp-
toms, visually healthy and considered as unaffected controls,
and ii) vines that developed acute chronic or apoplexy symp-
toms, considered as diseased. In the wood of all plants, the
major causal agents of esca disease were previously isolated
(Magnin-Robert et al. 2014).
To investigate vines before and during acute esca expression,

plants with a high potential to develop the apoplectic form were
selected, i.e., plants from the second group that expressed symp-
toms during the previous summer. Since the first apoplectic form
symptoms appear in July in the Champagne region, all measure-
ments and sample harvests were performed twice a week from
mid-June to the end of July in both 2008 and 2009. Numerous
plants were therefore followed in June but only those expressing
apoplexy in July were used for the study. At the appearance of
foliar symptoms, a retrospective chronology of the disease could
be established, as described by Letousey et al. (2010). The ana-
lyzed leaf samples were thus harvested i) 20 days before apoplexy
appearance (T0-20) with visually healthy leaves, as controls, ii)
7 days before apoplexy appearance, leaves were either healthy or
without symptoms (T0-7vh or T0-7tg), and iii) the day the starting
apoplexy symptom expression began (T0), leaves were visually
healthy, neither turgorless nor drying. Category T0-7tg leaves
were dried at T0 and were not sampled. In the meantime, leaves
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were collected from asymptomatic (control) plants, i.e., vines
from the first group described above.
Harvested leaves were immediately frozen in liquid nitrogen

in the vineyard and were then stored at _80�C, until extraction.
Samples were ground in liquid nitrogen to a fine powder and
were prepared differently, according to the analysis performed.

Next Generation sequencing: 454- and
Illumina sequencings.
In this study 454- and Illumina sequencing techniques were

combined: i) 454-sequencing was used to constitute a unigene
set from the pool of extracted RNA from various conditions and
ii) Illumina sequencing was used to create RNA sequence data
for each of the treatments; secondly, the Illumina sequences
were mapped onto the unigene set previously generated and on
genome databases. In the case of 454 sequencing, RNA ex-
traction and cDNA synthesis and size fractionation were re-
alized by Express Genomics Inc. (Frederick, MD, U.S.A.).
Total RNAwas extracted using the Concert plant RNA reagent
(Thermo Fischer Scientific, previously Invitrogen, Carlsbad,
CA, U.S.A.), according to the manufacturer’s protocol. To
generate the cDNA, nucleic molecules were digested with NotI
and in vitro RNA transcripts were produced using the SP6 RNA
polymerase promoter, according to Express Genomics Inc.
adapted protocol. First-strand cDNA was made from these
transcripts, using a modified primer adapter that reduces the
size of the polyA sequence (to about 20 As). After the second
strand synthesized, the double-strand cDNA is blunt-ended
and size-fractionated. The 454 library was made by Beckman
Coulter Genomics (Danvers, MD, U.S.A.) and was created by
ligating the Roche titanium adaptators on the Beckman Coulter
SPRI-TE instrument. Sequencing was performed on the Ge-
nome Sequencer FLX with GS FLX Titanium series reagents,
using 35,000,000 beads. In the case of Illumina sequencing,
also realized by Beckman Coulter Genomics, cDNA was gen-
erated from polyA+-purified total RNA (Illumina mRNA se-
quencing sample preparation guide; Illumina, Inc., San Diego,
CA, U.S.A.), followed by adaptator ligation on the Beckman
Coulter SPRI-TE Instrument. Sequencing was performed on
the Illumina HiSeq2000 instrument at 1× 50 bp read length,
using v3 chemistry.

Read mapping, assembly, and
differential-expression analysis.
The mapping assembly was performed with MIRAversion 3,

with the 454 sequences and the consensus sequences compiled
with the University of Harvard Vitis vinifera Gene Index tool
(from 350,000 available expressed sequence tags). In addition,
the Illumina mapping was done with Eland program (CASAVA
v1.7.0). For amelioration of transcript annotation, BLASTx
on the National Center for Biotechnology Information COG
(clusters of orthologous groups) database was used. The map-
ping of Illumina sequences on the genome was done with the
software TopHat. Analyses of mapping were performed with
software Cufflinks, Cuffcompare, and Cuffdiff, with reference
to the data gtf and fasta form EnsemblePlants. The Cuffdiff
analyses were made chronologically and separately between
the control and the diseased plant for detecting genes whose
expression varies during the follow kinetics. Gene expression

was considered as significantly up- or downregulated to the
control when changes in relative expression were >2 or <0.5.

qRT-PCR analysis.
The analysis was performed on leaves of diseased and con-

trol plants collected at timepoints T0-20, T0-7, and T0, as for
other analyses. Comparing to the Illumina study, some of the
samples used were the same and others were obtained from
diseased plants (n = 3) cultivated in the same vineyard during
the same year. Moreover, leaves were also collected at T0-50
and T0-30, in order to extend the kinetic study. Total RNAwas
isolated, using a Plant RNA purification reagent (Invitrogen,
Cergy Pontoise, France), according to Magnin-Robert et al.
(2011). In total 150 ng of total RNA was reverse-transcribed,
using Verso cDNA synthesis kit (Thermo Fischer Scientific,
Surrey, U.K.) according to the manufacturer’s protocol. PCR
conditions were those described by Bézier et al. (2002). The
expression of 18 genes selected from transcriptomic analysis
was tracked by qRT-PCR using the newly designed primers.
The data were analyzed using CFX Manager software, and the
relative levels of gene expression were determined, following
the method of Hellemans et al. (2007), with EF1-a and 60SRP
as internal reference genes. Results represent the relative ex-
pression of genes in leaves of preapoplectic plants at timepoints
T0-50, T0-30, T0-20, T0-7, and T0 versus controls at corre-
sponding timepoints. The analyzed genes were considered sig-
nificantly up-or downregulated when expression changed was
>2 or <0.5, respectively.

FT-ICR-MS analysis.
A 15-mg sample of each leaf was suspended in 1 ml of

methanol (LC-MS grade) (Fluka Analytical, Sigma-Aldrich, St.
Louis) and was sonicated for 30 min. After centrifugation
(25,000 × g, 10 min, room temperature), the supernatant was
collected and diluted in methanol (1:50 vol/vol) prior to anal-
ysis. Ultrahigh-resolution mass spectra were acquired using an
FT-ICR-MS (solariX, Bruker Daltonics GmbH, Bremen, Ger-
many) equipped with a 12 Tesla superconducting magnet
(Magnex Scientific Inc., Yarnton, U.K.) and an APOLO II ESI
source (Bruker Daltonics GmbH) operated in the negative ioni-
zation mode. Samples were introduced into the microelectrospray
source at a flow rate of 120 µl h

_1. Spectra were acquired with a
time domain of 4 M words over a mass range of m/z 100 to 1,000
and 300 scans were accumulated per sample. Spectra were
externally calibrated on clusters of arginine (10 mg per liter, in
methanol). Further internal calibration was performed for each
sample by using a list of ubiquitous fatty acids and recurrent wine
compounds, allowing mass accuracies of 0.1 ppm (Gougeon et al.
2009). Them/z peaks with a signal-to-noise ratio (S/N) of ³4 were
exported to peak lists. Exact masses were then subjected to
Netcalc algorithm and an in-house software tool to obtain chem-
ical formulas (Tziotis et al. 2011). Elemental formulas attributed
to m/z values were next represented using two-dimensional VK
diagrams, which sort values onto two axes according H/C and
O/C atomic ratios (Tziotis et al. 2011). Their distribution ac-
cording to their elemental compositions (CHO, CHOS, CHON,
CHONS, CHOP, CHONP, CHONSP) was represented using
histograms. All the processes were done with SIMCA-P+12
(Umetrics, Umea, Sweden). The metabolic pathways associated

Table 2. Primers used to generate template DNA for synthesis of RNA probes

Gene Accession no. Primer sequences Product (bp)

Glutathione-S transferase (GST1) AY156048 59-TTCGAAACTTTTGGGAAGTTCAAC-39 243
59-TCAAACAACCGCAATAATATCCCT-39

26S rRNA AY847628.1 59-CCGACCTCGATCTTATGAGAAGGG-39 150
59-CCAAGTCAGACGAACGATTTGCACG-39
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to selected masses were obtained by KEGG query with Vitis
vinifera as the organism, using the web server MassTRIX. Net-
work analysis performed from the complete data set and the
sulfur-containing compounds was performed as previously de-
scribed (Adrian et al. 2017). Nodes represent m/z values (me-
tabolite candidates) and edges represent chemical reactions. The
statistical occurrence of each reaction (mass differences) was
tracked through the network and the frequencies of these reac-
tions associated to each group are indicated in terms of z-scores;
z-scores >1.9 correspond to P values <0.05 and z-scores >2.6
correspond to P values <0.01.
OPLS-DA was applied to the dataset to discriminate sample

groups. The overfitting was checked by the P value calculated
with cross-validation analysis of variance. From the classifi-
cation models, the m/z values with the highest regression co-
efficient were extrapolated in different lists as representative
masses for the different clusters (top m/z). These analyses were
performed with SIMCA-P+112 (Umetrics).

In situ hybridization analysis.
In situ hybridization was carried out on leaf samples col-

lected on control plants and on preapoplectic (turgorless and
visually healthy) ones at T0-7. Samples were fixed into a fresh
mixture of 4% paraformaldehyde in potassium phosphate buffer
(10 mM, pH 7.4) and were then embedded in paraffin (Colas
et al. 2010). Wax sections at 10 µm thickness were obtained
using a microtome and were deposited on silanized slides. Prim-
ers were designed for PCR amplification of specific regions of
GST1 cDNAs (Table 2) and 26S ribosomic RNA sequence (Rib)
was used as control. Sense and antisense probes were labeled
according to Colas et al. (2010). To increase signals of the GST
probe, the DIG oligonucleotide tailing kit (Roche, Indianapolis,
IN, U.S.A.) was used to add poly-Dig UTP tail at the 39 end of the
amplified RNA sequence (Garcia et al. 2013). Hybridization was
performed as previously described by Colas et al. (2010).
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Daire, X., Kanawati, B., Lemaı̂tre-Guillier, C., Poinssot, B., Gougeon,
R., and Schmitt-Kopplin, P. 2017. Metabolic fingerprint of PS3-induced
resistance of grapevine leaves against Plasmopara viticola revealed
differences with elicitor-triggered defenses. Front. Plant Sci. 8:101.

Algarra Alarcon, A., Lazazzara, V., Cappellin, L., Bianchedi, P. L., Schuhmacher,
R., Wohlfahrt, G., Pertot, I., Biasioli, F., and Perazzolli, M. 2015. Emission of
volatile sesquiterpenes and monoterpenes in grapevine genotypes following
Plasmopara viticola inoculation in vitro. J. Mass Spectrom. 50:1013-1022.

Bartling, D., Radzio, R., Steiner, U., and Weiler, E. W. 1993. A glutathione
S-transferase with glutathione-peroxidase activity from Arabidopsis thali-
ana: Molecular cloning and functional characterization. Eur. J. Biochem.
216:579-586.

Bertsch, C., Ramirez-Suero, M., Magnin-Robert, M., Larignon, P., Chong, J., Abou-
Mansour, E., Spagnolo, A., Clément, C., and Fontaine, F. 2013. Grapevine trunk
diseases: Complex and still poorly understood. Plant Pathol. 62:243-265.
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http://compbio.dfci.harvard.edu/tgi
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