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Water limitation and rootstock genotype interact to alter grape

berry metabolism through transcriptome reprogramming
Mariam Berdeja1*, Philippe Nicolas1*11, Christian Kappel1*1, Zhan Wu Dai1, Ghislaine Hilbert1, Anthony Peccoux1{, Magali Lafontaine2,
Nathalie Ollat1, Eric Gomès1 and Serge Delrot1

Grapevine is a perennial crop often cultivated by grafting a scion cultivar on a suitable rootstock. Rootstocks influence scions,
particularly with regard to water uptake and vigor. Therefore, one of the possibilities to adapt viticulture to the extended drought stress
periods is to select rootstocks conferring increased tolerance to drought. However, the molecular mechanisms associated with the
ability of rootstock/scion combination to influence grape berry metabolism under drought stress are still poorly understood. The
transcriptomic changes induced by drought stress in grape berries (cv. Pinot noir) from vines grafted on either 110R (drought-tolerant)
or 125AA (drought-sensitive) rootstock were compared. The experiments were conducted in the vineyard for two years and two grape
berry developmental stages (50% and 100% veraison). The genome-wide microarray approach showed that water stress strongly
impacts gene expression in the berries, through ontology categories that cover cell wall metabolism, primary and secondary
metabolism, signaling, stress, and hormones, and that some of these effects strongly depend on the rootstock genotype. Indeed,
under drought stress, berries from vines grafted on 110R displayed a different transcriptional response compared to
125AA-concerning genes related to jasmonate (JA), phenylpropanoid metabolism, and pathogenesis-related proteins. The data also
suggest a link between JA and secondary metabolism in water-stressed berries. Overall, genes related to secondary metabolism and JA
are more induced and/or less repressed by drought stress in the berries grafted on the drought-sensitive rootstock 125AA. These
rootstock-dependent gene expression changes are relevant for berry composition and sensory properties.
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INTRODUCTION
Grapevine is one of the most economically important fruit species
worldwide.1 Grapevine development and ripening are sensitive to
environmental factors’ and climate change can potentially influ-
ence yield, berry composition,2 and phenology,3 consequently
affecting the viticulture suitability, especially in Mediterranean
regions.4 Among the parameters affected by climate change, water
availability drastically limits the distribution and the yield of grapes
around the world.5,6

The progress made at molecular level concerning gene express-
ion, transcriptional regulation, and signal transduction has
improved our understanding of the regulatory networks that con-
trol the plant responses to water deficit.7 Considering grapes, geno-
mic approaches have been used to promote large-scale mRNA
expression profiling studies of water and salinity stress.5,8,9

Among the different abiotic stresses that affect grapevine, only
water deficit, at a moderate level, have been used in a positive way
to improve flavor and quality characteristics in grape berries.10

Significant biochemical changes occurring in berries subjected to
water stress may influence berry flavor and composition.9,11 The
total anthocyanin content of water-stressed berries increase9,11,12

probably due to the upregulation of genes encoding dihydroflavo-
nol-4-reductase (DFR), leucoanthocyanidin dioxygenase (LDOX),

UDP-glucose flavonoid 3-O-glucosyltransferase (UFGT), and
VvMybA1.13 In parallel with flavonoid induction, sugars also accu-
mulate more under water stress conditions.9,11,12 Furthermore,
both abscisic acid (ABA) and sugar signaling might affect berry
ripening.11,13–16 Concerning amino acid biosynthesis, the accu-
mulation of numerous transcripts associated with glutamate and
proline (PRO) biosynthesis is upregulated by water deficit.9 Scion
cultivars differ in their response to water stress. For instance, under
water stress, flavonol content and flavonol synthase transcripts at
ripening stage were higher in Chardonnay than in Cabernet
Sauvignon.9 The ABA metabolic pathway was affected for both
cultivars, but interestingly, under water restriction, ABA concentra-
tion was also higher in Cabernet Sauvignon than in Chardonnay.

Currently, almost all vineyards over the world are grafted on
rootstocks which are hybrids of three species: Vitis berlandieri,
V. riparia, and V. rupestris. In addition to phylloxera resistance,
grapevine rootstock genotypes are characterized by the vigor they
confer to the scion, which may influence yield,17 grape berry qual-
ity,18 berry size, sugar content, anthocyanins, and organic acids19,20

under different irrigation treatments.12 The characterization of the
hydraulic features of Vitis rootstocks showed a tight correlation
between the vigor conferred by the rootstock and the expression
of aquaporins (VvPIP2-1, VvPIP2-2) under well-watered conditions.21
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Grafting induces massive transcriptional modifications in the shoot
apical meristem of the grape scion.22

The selection and breeding of rootstocks improving water use
efficiency is one of the key strategies to face climate change.
Nevertheless, scion–rootstock interactions, especially under drought
stress, are poorly documented at the molecular level. Although
some pathways or enzymes affected by water deficit in grape berry
have been characterized in the literature, to date no study aimed to
evaluate the combined impact of rootstock and water stress on
gene expression in the berries in field conditions. In our previous
work, two different rootstock genotypes differing in their degree of
tolerance to water stress, 110R (drought tolerant) and 125AA
(drought sensitive) grafted with the same scion (cv. Pinot noir) were
exposed to water limitation in the field, during three years (2009,
2010, and 2011).23 Due to yearly climate variations, the grapes only
underwent a significant water stress in 2009 and 2010, and years
2009 and 2010 were therefore selected for detailed metabolite ana-
lysis. Under control conditions, predawn leaf water potential (YPD)
did not differ between the two rootstocks, and was stable at about
20.10 MPa at harvest for both growing seasons. A weak to mod-
erate water deficit for the two stressed rootstocks was observed
during both seasons, with no significant differences of YPD between
stressed rootstocks for both years.23 Water stress did not signifi-
cantly affect berry mass, yield, sugar and organic acids concentra-
tion but increased anthocyanin concentration of the berries
regardless of the rootstock. Furthermore, the data showed that
the berry amino acid concentration at harvest depended on inter-
actions between water supply and rootstocks.

In the present study, a genome-wide transcriptomic approach
(microarray) was used to identify ontology categories and genes
that were differentially expressed in grape berry grafted on 110R vs.
125AA under water stress, with a special focus on categories linked
with grape berry quality.

MATERIALS AND METHODS

Field conditions and sampling
Grape berries from Pinot noir (Vitis vinifera) grafted on rootstocks Richter 110
(V. rupestris 3 V. berlandieri) and Kober 125AA (V. riparia 3 V. berlandieri),
were sampled from field-grown vines at two different developmental stages
(E-L 35 and E-L 36) according to the modified Eichhorn and Lorenz devel-
opmental scale,24 during two growing seasons (2009 and 2010). Vines were
trained using a vertical shoot positioning system. The experimental vineyard
belongs to the University of Geisenheim (496599N, 76579W, Germany). Twenty
rows of Pinot noir were selected, with an average of 17 plants per row.

Two water conditions were established for the vines grafted on the two
rootstocks: control (C) and water stress treatment (S). To impose water
stress, half the rows of the vineyard chosen were covered with a remov-
able plastic film from flowering onwards, covering completely the width of
the inter-row on both sides of the plants during rainy days. Water stress
was applied to the upper part of the vineyard (slope with 6–7% of inclina-
tion) and the control was situated at the lower part. Additional details
about the training system, ripeness parameters (total soluble solids, titra-
table acidity, anthocyanins) were published previously.23 Three biological
replicates (each including 85 berries from 17 plants per row) for each
condition were collected in the vineyard. Sampling was carried out at
two berry developmental stages, including 50% veraison when 50% of
the berries of a cluster changed their color, and 100% veraison when all
berries of a cluster colored. Berries were immediately frozen in liquid
nitrogen and stored at 280 6C for further RNA extraction and gene
expression analysis.

RNA extraction
Total RNA from berries of Pinot noir grafted onto 110R and 125AA was
extracted as previously described.25 Seeds of each berry were removed
before grinding in liquid nitrogen. Total RNA was subjected to DNA diges-
tion with five units of RNase-free DNase I (Promega) for 1 h at 37 6C. RNA
integrity was measured at 260 nm with a micro-spectrophotometer
(NanoDrop 200C, NanoDrop products, Wilmington, USA) and visualized by
electrophoresis on 1.2% agarose gels. RNA quality was also confirmed using

a lab-on-chip (2100 Bioanalyzer, Agilent Technologies, Santa Clara, CA, USA).
The RNA obtained was then used for quantitative polymerase chain reaction
(qPCR) and microarray analysis.

Quantitative RT-PCR
Quantitative real-time PCR expression analysis was carried out using the
CFX96 Real-Time PCR Detection system (Bio-Rad). For each sample, reverse
transcription was performed with 2 mg of purified RNA using the Moloney
murine leukemia virus reverse transcriptase (Promega) according to the
manufacturer’s instructions. The cDNA obtained was diluted (1/20) in dis-
tilled water. Ten mL reaction mixes were prepared, that included 5 mL of
iQTM SYBR Green Supermix (Bio-Rad), 0.2 mM of each primer and 2 mL of
diluted berry cDNA. Gene transcripts were quantified upon normalization to
VvGAPDH and VvEF1c according to.26 Samples from 2009 and 2010 (12
samples for each treatment and rootstock combination) were tested with
three technical replicates for each biological sample, and SD values of means
were calculated using standard statistical methods. Specific oligonucleo-
tides primer pairs were designed with Beacon Designer 7 software
(Premier Biosoft International). Specific annealing of the oligonucleotides
was controlled by dissociation kinetics performed at the end of each PCR
run. The efficiency of each primer pair was measured on a PCR product serial
dilution. Quantitative RT-PCR primer sequences are listed in Table S1.

Microarray experiment and analyses
The microarrays used were the grape whole-genome microarrays from
NimbleGen microarrays 090818 Vitus exp HX12 (Roche, NimbleGen Inc.,
Madison, WI, USA), representing 29.549 genes based on the 12x genome
assembly, using the grapevine V1 gene model predictions (http://genome-
s.cribi.unipd.it). The chip probe design is available at the following address,
http://ddlab.sci.univr.it/FunctionalGenomics. The microarray contains
118.015 probes with an average of four probes per gene. The correspond-
ence between probe identifiers and gene identifiers was obtained from
http://genomes.cribi.unipd.it/. All the samples were hybridized following a
complete randomized factorial design to take into account the variability
through the glass-slide microarrays for broader statistical inference.27

Microarray hybridizations were done for 48 samples (two rootstock 3 two
phenological stages 3 two years 3 two treatments 3 three biological
replicates) by the Plateforme Biopuces (Institut National des Sciences
Appliquées, Toulouse, France) according to the manufacturer’s instructions.

Microarray data were analyzed using the R28 and R/Bioconductor soft-
wares.29 Quality control was done using the ArrayQualityMetrics package,30

and identified outliers were excluded from further analyses. Data were rma
normalized31 and differentially expressed genes between stressed and con-
trol samples as well as stressed/control differentials between 110R and 125AA
rootstocks were identified using the Limma package.32 Differentials with
absolute fold changes above 1.5 and P-values below 0.05 were considered
significant. Significantly affected gene categories were identified using a
Wilcoxon rank sum test in R and the MapMan Ontology.33,34 Differentials
for the different categories were visualized using PageMan.35 MapMan map-
pings for the Cribi 12X grapevine genome are based on closest homologs
regarding to the Arabidopsis thaliana genome. Concerning results presented
in the Tables and Supplemental Tables, each sequence corresponding to the
ID indicated was manually blasted (blast n) against NCBI database. Microarray
data have been deposited in the NCBI GEO database with accession number
GSE66391.

RESULTS AND DISCUSSION

Differential gene expression triggered by water stress
The transcriptomic study was performed at two developmental
stages that correspond to E-L 35 (50% veraison) and E-L 36 (100%
veraison). Indeed, earlier studies reported that veraison corre-
sponds to a key transcriptional reprogramming stage of cellular
metabolism that determines most of the phenotypic traits of the
ripe berry.36,37 RNA were extracted from berries sampled in 2009
and 2010 on 110R and 125AA plants grown under either control
and water stress conditions.

Venn diagrams (Figure 1) shows that at E-L 35, more genes were
affected in berries grafted in 110R than in berries grafted on 125AA,
while the reverse was true at E-L 36. The proportion of upregulated
genes shared for both years ranged between 10 and 30% of the
total number of upregulated genes, except for E-L 36 125AA, where
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this figure drops down to less than 10%. Among the genes differ-
entially expressed for both years, more genes were upregulated
than downregulated by water stress, except for E-L 36 125AA. The
proportion of downregulated genes shared for both years is 10–
20% (Figure 1).

Tables 1 and 2 detail the ontology categories that were identified
by Wilcoxon rank sum test as more significantly affected by water
stress than other categories at E-L 35 and E-L 36, respectively. For
berries grafted on both rootstock genotypes and for both years
studied, water stress affected mostly the same categories (‘cell wall,’
‘lipid metabolism,’ ‘secondary metabolism,’ ‘aromatic amino acid
metabolism,’ ‘stress,’ ‘regulation of transcription,’ ‘signaling,’ etc.).
However, this analysis also underlines some specificity due to the
rootstock. Indeed, at E-L 35, some categories were specifically affec-
ted for 125AA for both years. These included genes related to ‘major
and minor carbohydrate metabolism,’ ‘TAG metabolism,’ ‘aspartate
metabolism,’ ‘flavonoids dihydroflavonols,’ ‘jasmonate (JA) meta-
bolism,’ ‘biotic stress,’ or ‘UDP glucosyltransferases’ (Table 1). In
contrast, at the same stage, and for both years, transcript abund-
ance of genes involved in ‘flavonoids flavonols,’ ‘polyamine syn-
thesis,’ or ‘receptor kinases’ are more particularly affected in
berries grafted on 110R (Table 1). At E-L 36, functional categories
specifically affected in berries grafted on 125AA, encompass gene
related to ‘cellulose synthesis’ and ‘receptor kinases LRR’ (Table 2).
In contrast, the categories ‘PS light reactions,’ ‘fatty acid metabol-
ism,’ ‘flavonols,’ ‘glutathione S transferases,’ and ‘ribosomal pro-
teins’ were specifically affected in 110R only (Table 2). Altogether,
the data show that water stress strongly impacts gene expression in
the berries, through major categories that cover cell wall metabol-
ism, secondary metabolism, signaling, stress, and hormones, and
that some of these effects strongly dependent on the rootstock
genotype.

Some of the genes differentially expressed under water deficit for
both years are detailed in supplemental Tables S2 (110R at E-L 35),
S3 (125AA at E-L 35), S4 (110R at E-L 36), and S5 (125AA at E-L 36).

Differential gene expression triggered by water stress between the
berries grafted on the two rootstocks
In order to highlight the effect of rootstock under drought stress
conditions on the transcriptional response of the berries, the ratios
110R-stressed (S)/110R-control (C) vs. 125AA-S/125AA-C were com-
pared by using the relation log2(110R-S/110R-C) – log2(125AA-S/
125AA-C). A positive ratio (log2(110R-S/110R-C) – log2(125AA-S/
125AA-C)) means that genes are more induced or less repressed
by drought stress in berries grafted on 110R (abbreviated: ‘110R’
condition) in comparison to berry grafted on 125AA (abbreviated:
‘125AA’ condition). Conversely, a negative ratio (log2(110R-S/110R-
C) – log2(125AA-S/125AA-C)) means that genes are more induced
or less repressed by drought stress in 125AA berries than in 110R
berries.

Using Wilcoxon rank sum test, we identified functional categories
differentially affected among the genes differentially expressed
between 110R and 125AA under drought stress (Table 3). Interest-
ingly, genes involved in secondary metabolism (phenylpropanoid
and flavonoids), hormone metabolism (JA), and biotic stress res-
ponse (pathogenesis-related proteins (PR proteins)) were among
the highest differentially expressed genes (P-value , 0.05) for both
years (2009 and 2010) and both developmental stages (E-L 35 and E-
L 36; Table 3).

The next section will describe and discuss the functional categor-
ies cited above. Given that some differences in amino acid com-
position were described earlier with these samples,23 we will also
detail the genes related to amino acid metabolism. Some of the
genes differentially expressed in the microarray data were con-

Figure 1. Two-way Venn diagram of the genes differentially expressed at E-L 35 and E-L 36 for the log2(110R-S/110R-C) and log2(125AA-S/125AA-
C) conditions in 2009 and 2010.
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firmed by qPCR in the same samples (from 2009 to 2010) and results
are presented in Table S6. The direction of gene expression changes
could generally be repeated by qPCR; however, the magnitude of
change was frequently increased in the qPCR data.

Effects of rootstock genotype on phenolic compounds metabolism
under water deficit
The phenolic compounds derived from the shikimic acids pathway
are precursors of simple phenols, lignin, flavonoids, isoflavonoids,
coumarin, and stilbenes. Polyphenolic compounds play an import-
ant role in the quality of grapes and wines.38 Flavonoids are import-
ant determinants of quality in red grapes and wines. Color and taste
of red wines are strongly related to the amount of anthocyanins,
flavonols, and proanthocyanidins. Many of these phenolics may be
beneficial for human health.39

Our transcriptomic data agree with previous observations
according to which water deficit affects phenylpropanoid metabol-
ism and increases the berry concentration in anthocyanins and
other phenolics.10,11,40 Furthermore, we show that the effects of
water deficit on the expression of genes of this family in the berries
depend on the rootstock. Indeed, the Pageman representation
shows that, overall, genes from the functional category ‘secondary
metabolism’ (more particularly phenylpropanoids and flavonoids)
are more induced or less repressed by drought stress in berries
grown on the drought-sensitive rootstock 125AA compared to
the drought-tolerant rootstock 110R, except for E-L 36 devel-
opmental stage in 2009 (Figure 2A).

Both water deficit in the field and postharvest dehydration
increase the accumulation of phenylalanine ammonia lyase (PAL)
transcripts8,9,41 which may indicate a general activation of the phe-

nylpropanoid pathway. No evidence for any significant differential
regulation of PAL genes between 125AA and 110R was found.
However, other genes involved in the first steps of the phenylpro-
panoid pathway are differentially expressed between 110R and
125AA under drought stress: a 4-coumarate-CoA ligase (4CL,
Vv18s0001g00290) and a trans-cinnamate 4-monooxygenase (C4H,
Vv11s0078g00290) in E-L 35 2010 (Table 5) and E-L 36 2009
(Table 6), respectively. The C4H gene is the most differentially affec-
ted by water deficit between the two rootstocks due to both its
upregulation (1.6X) in 110R stressed berries coupled with a down-
regulation (2X) in 125AA stressed berries (Table 6; Figure 2A).

In addition to the upstream steps, downstream steps of the phe-
nylpropanoid pathway were also affected. Water deficit accelerates
ripening and alters flavonoid biosynthesis, especially the anthocya-
nin pathway.11 General biosynthetic genes such as DFR (Vv15s0048-
g00980) and F3H (Vv07s0031g01380 and Vv16s0098g00860) were
differentially expressed between 110R and 125AA in 2009
(Tables 4 and 6): DFR was downregulated by drought stress in
110R in comparison to 125AA for E-L 35 (Table 4). At E-L 36, F3H
genes were more downregulated by drought stress in 125AA than
in 110R (Table 6). Besides these general biosynthetic genes, genes
related to anthocyanin modification (including flavonoid 3959-
hydroxylase and O-methyltransferase) can also be upregulated in
water stressed berries.13 Our results further show that the root-
stocks also participated in the control of genes related to anthocya-
nins modification, more particularly anthocyanin 3-O-glucoside-69
-O-malonyltransferase (Vv12s0134g00590), UDP rhamnose-an-
thocyanidin-3-glucoside-rhamnosyltransferase (Vv19s0014g02020,
Vv15s0046g01960, Vv00s0218g00190) and cyanidin-3-O-glucoside-
2-O-glucuronosyltransferase (Vv04s0044g01530; Tables 4–6).

Table 1. Significantly enriched ontology categories identified by Wilcoxon test at E-L 35 in 2009 and 2010 for Log2 110R-S/110R-C, and Log2
125AA-S/125AA-C respectively

Category name Bin

110R 125AA

P-value P-value P-value P-value

E-L 35 2009 E-L 35 2010 E-L 35 2009 E-L 35 2010

Major CHO metabolism 2 4.0 3 1022 Not significant 1.2 3 1023 2.9 3 1022

Minor CHO metabolism.raffinose family 3.1 Not significant Not significant 6.9 3 1023 1.1 3 1022

Cell wall.cellulose synthesis 10.2 Not significant Not significant 2.3 3 1022 3.0 3 1022

Cell wall.degradation 10.6 2.8 3 1022 1.3 3 1022 1.8 3 1022 Not significant

Lipid metabolism.TAG synthesis 11.4 Not significant Not significant 6.5 3 1024 2.3 3 1023

Lipid metabolism.lipid degradation 11.9 3.3 3 1023 2.0 3 1022 4.1 3 1022 2.0 3 1022

Amino acid metabolism.synthesis.aspartate family 13.1.3 Not significant Not significant 8.8 3 1023 9.7 3 1023

Amino acid metabolism.synthesis.aromatic aa 13.1.6 3.7 3 1022 1.1 3 1022 4.8 3 1022 2.3 3 1025

Secondary metabolism.isoprenoids 16.1 Not significant 1.7 3 1022 4.6 3 1022 2.3 3 1023

Secondary metabolism.phenylpropanoids. lignin biosynthesis 16.2.1 3.3 3 1024 4.0 3 1022 4.6 3 1028 3.2 3 1027

Secondary metabolism.flavonoids. chalcones.naringenin-

chalcone synthase

16.8.2.1 2.9 3 10213 1.8 3 1025 0.0 0.0

Secondary metabolism.flavonoids.di-hydroflavonols.flavonoid

3-monooxygenase

16.8.3.3 Not significant Not significant 4.0 3 1022 1.3 3 1022

Secondary metabolism.flavonoids.flavonols 16.8.4 2.4 3 1022 7.5 3 1026 Not significant Not significant

Hormone metabolism.jasmonate.synthesis-degradation 17.7.1 Not significant Not significant 6.9 3 1023 1.9 3 1022

Stress.biotic 20.1 Not significant 4.9 3 1024 4.2 3 1024 2.6 3 1022

Stress.abiotic 20.2 6.5 3 1029 3.0 3 1024 1.6 3 1023 1.2 3 1024

Polyamine metabolism.synthesis 22.1 3.1 3 1022 5.2 3 1023 Not significant Not significant

Misc. UDP glucosyl and glucoronyl transferases 26.2 Not significant Not significant 2.7 3 1022 3.6 3 1024

RNA.regulation of transcription 27.3 2.4 3 1022 4.2 3 1022 2.1 3 1023 3.2 3 1023

Protein.synthesis.ribosomal protein 29.2.1 Not significant 0.0 9.7 3 1025 2.2 3 1024

Signaling.receptor kinases.wheat LRK10 like 30.2.20 1.2 3 1022 3.2 3 1024 Not significant Not significant

Development.late embryogenesis abundant 33.2 Not significant 1.7 3 1022 3.9 1022 1.8 3 1022

Not assigned.no ontology. pentatricopeptide (PPR) repeat-

containing protein

35.1.5 1.3 3 1022 7.3 3 10220 7.2 3 1026 1.7 3 1027

Abbreviations: CHO, carbohydrate; 125AA, Kober 125AA (Vitis berlandieri 3 Vitis riparia); 110R, Richter 110 (Vitis berlandieri 3 Vitis rupestris).
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Flavonols, which are also products of the flavonoid biosynthetic
pathway, contribute to the bitter taste and color of red wine by
stabilizing anthocyanin pigments.38 Deficit irrigation moderately
affects flavonol synthesis in red grapevines42 and Chardonnay.8,9

Like anthocyanins, changes induced by water deficit affect more
the range of flavonols than their global concentration.43 In our study,
two genes encoding flavonol modifying enzymes were differentially
expressed between 110R and 125AA under drought stress: 8-hydro-
xyquercetin-8-O-methyltransferase (Vv12s0028g02890) and quercetin-
3-O-methyltransferase (Vv15s0048g02490) at E-L 35 2009 (Table 4).

Isoflavonoids are defense compounds mostly found in legumes44

that may have beneficial effects in humans and animals.45 Little
information is available related to the involvement of isoflavonoids
in grape ripening. IFR6 (isoflavone reductase) which catalyzes the

reduction of isoflavones to isoflavonones decreases from veraison
to the end of ripening.46 Accumulation of isoflavones is promoted
by well-watered conditions and long-term progressive drought sig-
nificantly decreases isoflavone content,47 but the molecular basis of
this response remains elusive. Proteomic studies showed that IFR6
protein is more abundant in the pulp of berries under water-deficit
stress,48 which is in agreement with its transcript profile.8 Our study
also suggests a role for IFR in drought stress response since IFR3
(Vv07s0031g03070) in 2009 (Table 4), IFR2 (Vv03s0088g00060), and
IFR6 (Vv03s0038g04620) in 2010 (Table 5) are strongly differentially
expressed between 110R and 125AA under water deficit at E-L 35.

Proanthocyanidins or condensed tannins are flavan-3-ol oligo-
mers responsible for wine bitterness and astringency. Changes
occurring in proanthocyanidins during grape development are

Table 2. Significantly enriched ontology categories identified by Wilcoxon test at E-L 36 in 2009 and 2010 for Log2 110R-S/110R-C, and Log2
125AA-S/125AA-C respectively

Category name Bin

110R 125AA

P-value P-value P-value P-value

E-L 36 2009 E-L 36 2010 E-L 36 2009 E-L 36 2010

PS.lightreaction 1.1 1.3 3 1022 0.0 Not significant Not significant

Cell wall.cellulose synthesis 10.4 Not significant Not significant 2.8 3 1022 1.1 3 1022

Cell wall.degradation 10.6 3.7 3 1022 7.6 3 1026 1.6 3 1022 3.1 3 1022

Lipid metabolism.FA synthesis and FA elongation 11.1 2.8 3 1022 1.9 3 1023 Not significant Not significant

Lipid metabolism.lipid degradation 11.9 2.6 3 1022 1.5 3 1023 7.5 3 1023 7.8 3 1023

Secondary metabolism.isoprenoids 16.1 3.0 3 1022 3.4 3 1022 3.6 3 1022 Not significant

Secondary metabolism.phenylpropanoids.lignin biosynthesis 16.2.1 3.2 3 1024 3.0 3 1024 Not significant 1.4 3 1029

Secondary metabolism.sulfur-containing.

glucosinolates.degradation

16.5.1.3 2.8 3 1024 7.2 3 1026 1.4 3 1024 8.0 3 1023

Secondary metabolism.flavonoids.chalcones. naringenin-chalcone

synthase

16.8.2.1 5.6 3 1024 1.3 3 10218 5.4 3 10214 1.9 3 10210

Secondary metabolism.flavonoids.anthocyanins 16.8.1 4.4 3 1024 9.9 3 1023 Not significant 3.8 3 1022

Secondary metabolism.flavonoids. dihydroflavonols.flavonoid 3-

monooxygenase

16.8.3.3 2.3 3 1023 1.0 3 1022 1.9 3 1025 2.0 3 1022

Secondary metabolism.flavonoids.flavonols 16.8.4 6.2 3 1025 3.6 3 1024 Not significant Not significant

Secondary metabolism.simple phenols 16.10 1.2 3 1027 3.8 3 1025 Not significant 1.4 3 1023

Hormone metabolism.jasmonate.synthesis-degradation 17.7.1 1.1 3 1022 4.9 3 1022 1.3 3 1022 Not significant

Stress.abiotic 20.2 1.0 3 1023 5.5 3 1026 6.9 3 1025 2.9 3 1022

Stress.biotic 20.1 6.1 3 1023 2.1 3 1024 1.5 3 1023 1.2 3 1027

Redox 21 8.4 3 1023 5.5 3 1023 2.2 3 1022 Not significant

Misc.glutathione S transferases 26.9 8.2 3 1023 4.9 3 1022 Not significant Not significant

RNA.regulation of transcription 27.3 2.7 3 1022 4.8 3 1022 2.4 3 1023 1.6 3 1022

Protein.synthesis.ribosomal protein 29.2.1 2.9 3 10213 1.9 3 1022 Not significant Not significant

Signaling.receptor kinases.leucine rich repeat XI 30.2.11 Not significant Not significant 3.6 3 1022 2.9 3 1022

Signaling.receptor kinases.thaumatin like 30.2.15 1.7 3 1023 1.0 3 10211 3.2 3 1028 1.0 3 1025

Signaling.receptor kinases.wheat LRK10 like 30.2.20 1.7 3 1023 3.4 3 1027 1.3 3 10215 3.1 3 1028

Development.late embryogenesis abundant 33.2 1.4 3 1024 4.6 3 1022 Not significant 3.0 3 1024

Transport 35.1.5 Not significant 3.9 3 1023 2.5 3 1023 9.6 3 1023

Abbreviations: 125AA, Kober 125AA (Vitis berlandieri 3 Vitis riparia); 110R, Richter 110 (Vitis berlandieri 3 Vitis rupestris).

Table 3. Significantly enriched ontology categories identified by Wilcoxon test for the log2(110R-S/110R-C) – log2(125AA-S/125AA-C) condition
that are common for the two developmental stages in 2009 and 2010

Category name Bin

P-value P-value P-value P-value

E-L 35 2009 E-L 36 2009 E-L 35 2010 E-L 36 2010

Secondary metabolism 16 2.9 3 1023 4.8 3 10210 9.6 3 1024 5.7 3 1028

Phenylpropanoids 16.2 4.7 3 1023 5.4 3 1024 7.9 3 1023 4.6 3 1027

Flavonoids 16.8 2.0 3 1022 6.9 3 1025 3.3 3 1023 1.0 3 1025

Hormones metabolism. Jasmonate

Synthesis degradation 17.7.1 3.5 3 1022 1.5 3 1022 2.1 3 1023 1.7 3 1022

Biotic stress 20.1 5.5 3 1023 2.3 3 1026 2.26 3 1026 4.3 3 1026

PR proteins 20.1.7 5.8 3 1024 7.4 3 1023 9.3 3 10214 4.1 3 10212

Abbreviation: PR proteins, pathogenesis-related proteins.
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complex, involving increases in the degree of polymerization, in the
proportion of (-)-epigallocatechin extension units, and in polymer-
associated anthocyanins.49 In grapevine, both anthocyanidin
reductase (ANR) and leucoanthocyanidin reductase contribute to
proanthocyanidins synthesis in leaves, flowers, and in the skin and
seeds of the developing fruit.50 In seeds, water deficit does not
affect ANR transcript levels.8 The slight increases in skin tannin
that accompany water deficit51 would result more from differential
growth sensitivity of the inner mesocarp and the exocarp than from
direct effects on phenolic biosynthesis.10 Our study differs some-
what from these earlier data since we found a differential express-
ion of ANR (Vv00s0361g00030, for E-L 35 2009 and 2010 (Tables 4
and 5)), (Vv00s0361g00040 for E-L 36 2010 (Table 7)), and LDOX
(Vv08s0105g00380, for E-L 36 2009 (Table 6)) between 110R and
125AA under water deficit.

Lignins are cell wall phenolic heteropolymers mainly synthesized
by the oxidative coupling of p-hydroxycinnamyl alcohol monomers.
Lignification and biosynthesis of lignin precursors is upregulated by
drought.52 The general phenylpropanoid pathway is branched to the
biosynthesis of monolignol by two enzymatic steps catalyzed by
cinnamoyl-CoA reductase (CCR) and cinnamyl alcohol dehydrogen-
ase (CAD). CAD enzyme may also be involved in the synthesis of
cinnamyl alcohol derivatives responsible for fruit flavor and aroma.53

In the present study, CAD genes are less repressed (Vv13s0019g05260)
or more induced (Vv18s0001g14910) by drought stress in 125AA than
in 110R berries at E-L 35 in 2009 and 2010, respectively (Tables 4 and
5). Another alcohol dehydrogenase (SAD, Vv00s0346g00100) was also
more repressed by drought stress in 110R than in 125AA berries at E-L
35 in 2009 (Table 4). A similar expression pattern was observed for
other transcripts involved the biosynthesis of monolignols, such as
caffeoyl-CoA O-methyltransferase (CCoAOMT, Vv01s0010g03460) and
caffeic acid 3-O-methyltransferase (COMT, Vv18s0001g02610; Table 4).
Both CCoAOMT and CAD transcrits were upregulated during water
stress in rice54 and Citrullus lanatus sp.55 Another key lignin biosyn-
thesis-related gene, HCT (Vv11s0037g00590, Vv11s0037g00590),
encoding hydroxycinnamoyl-CoA shikimate/quinate hydroxycinna-
moyl transferase, is more positively regulated by drought stress in
125AA than in 110R berries at E-L 35 for both years (Tables 4 and 5).
HCT leads to the biosynthesis of two major monolignols, namely, the
guaiacyl and syringyl units.56 In line with our results, drought treat-
ment caused an early and biphasic expression of HcHCT in Hibiscus
cannabinus.57

Stilbenes are other nonflavonoid compounds present in small
quantities in wine.58 Their synthesis increases upon pathogen infec-
tion and in response to abiotic stress. Stilbene synthase (STS) is the
key enzyme leading to the biosynthesis of resveratrol, which may
be beneficial to human health. Water deficit increases the amounts
of STS transcripts, which suggests an increase in resveratrol accu-
mulation.8 However, little effect of drought was observed on resver-
atrol concentrations in skins.59 Water deficit increased the
accumulation of trans-piceid (the glycosylated form of resveratrol)
in Cabernet Sauvignon but not in Chardonnay berries.60 In the
present study, four genes encoding STSs were differentially
expressed under water stress depending on the rootstock geno-
type. Two genes (Vv16s0100g00770, Vv16s0100g01140) were down-
regulated in 125AA berries in 2009 at E-L 36 (Table 6) and two
others (Vv16s0100g01110, Vv16s0100g01190) were strongly down-
regulated in 110R berries at E-L 36 in 2010 (Table 7).

Finally, several laccase-encoding genes were strongly differenti-
ally expressed between 110R and 125AA at both developmental
stages for both years (Tables 4–7). Laccases are widely present in
eukaryotes and in prokaryotes.61 In addition to their role in the
oxidative polymerization of monolignols, they are involved in the
oxidative polymerization of flavonoids.62 Although valued in tea
and wine processing, browning reactions are particularly det-
rimental for fresh fruits.63 Laccases play a role in defending the plant
against various biotic and abiotic stresses64 more particularly dur-

ing acclimation to salinity stress.65 The present study identified
several laccases such as LAC 15, 1a, 1, 110B, and 11 that were differ-
entially expressed in berries grown on 110R and 125AA stressed
rootstocks (Tables 4–7). Overall, they were found to be more
induced or less repressed in 125AA than in 110R berries for both
years (Tables 4, 6, and 7).

Effects of rootstock genotype on hormone metabolism under water
deficit
The rootstock genotype may affect JAs metabolism under water
stress condition. For both years and both developmental stages,
transcripts related to JAs metabolism were significantly more
induced or less repressed in 125AA than in 110R berries (except
for E-L 36 2009; Figure 2B). JAs is well known to regulate responses
to wounding and defense against pathogens but has also been
reported to play a role in drought response.66 For instance, JAs were
found to cause stomatal closure52 and JA-insensitive mutants (jar1
and coi1) 67,68 show impaired stomatal response to exogenous JAs.
There is a cross-talk between JAs and ABA because they use a similar
cascade of events to promote stomatal closure.68 Furthermore, a role
of JAs in plant response to water deficit has been suggested because
this stress induces the expression of several genes that also respond
to JAs.69 Microarray analysis in wild-type and coi1 Arabidopsis plants
that were wounded or exposed to water stress reveals a surprisingly
large overlap of COI1-dependent genes. Moreover, like ABA, JAs
levels were increased by drought stress in soybean70 and Pinus pin-
aster.71 The same was observed with rice, for which drought and
high salinity increased leaf and root JAs, resulting in the induction
of stress-related PR and JAs biosynthetic genes.72 However, these
abiotic stress-induced increases in JAs levels were observed only in
vegetative tissues. Whether drought conditions increase JAs levels in
reproductive organs remains to be determined. Our data emphasize
that JAs may play a role in grape berry acclimation during drought
stress. Indeed, key JAs biosynthesis genes such as phospholipase A1
(Vv15s0021g01510), linoleate 13S-lipoxygenase (Vv06s0004g01470),
and jasmonate-O-methyltransferase (Vv18s0001g12900, Vv04s0023g-
02290, Vv04s0023g02240) were differentially regulated under water
deficit between the drought-tolerant rootstock 110R and the
drought-sensitive rootstock 125AA (Tables 4–7).

JA compounds regulate the biosynthesis of many different types
of secondary metabolites in different plant species including alka-
loids, terpenoids, glucosinolates, and phenylpropanoids.73 For
instance, exposure of Hypericum perforatum L. suspension culture
to JA upregulates the expression of PAL and chalcone isomerase
(CHI) genes. This observation was correlated with an increased pro-
duction of phenylpropanoids such as phenolic, flavanol and flavo-
nol in JA-treated cells.74 In Arabidopsis, JAs induce anthocyanin
accumulation through the upregulation of the ‘late’ anthocyanin
biosynthetic genes DFR, LDOX, and UFGT.75 In grapes, JAs promote
the synthesis and accumulation of stilbenes in berry cell cultures76

and during berry development.59 The present work pinpoints a
possible link between JAs and phenylpropanoid pathway in grape
berry under water-deficit condition.59 Indeed, genes related to JA
metabolism and those related to phenylpropanoid/flavonoid meta-
bolism follow a similar expression pattern for both developmental
stages and for both years (Figure 2A and 2B). At E-L 35 (2009 and
2010) and E-L 36 (2010), the genes related to these two functional
categories are more induced or less repressed in berries grafted on
125AA than on those grafted on 110R (Figure 2A and 2B). At E-L 36
in 2009, those genes were more induced or less repressed in 110R
than in 125AA berries (Figure 2A and 2B).

Effects of rootstock genotype on pathogen-related proteins under
water stress
JA is a well-known inducer of PR protein during plant defense res-
ponses.77 In grapevine, the most frequent and best characterized
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defense reactions to fungal infection are the accumulation of phytoa-
lexins and pathogen-related PR proteins.78 The latter accumulate in
berries and leaves upon pathogen attack and may contribute to
grapevine resistance.79 Besides, due to their resistance to proteolysis
and stability at acidic pH, PR proteins are the most abundant class of
protein present in wines and adversely affect their clarity and
stability.80,81 PR proteins include 17 categories of structurally and

functionally unrelated proteins,82 some on which have been detected
in grapevine under water stress conditions.83 PR proteins designated
as PR 1, 2, 3, 4, 5, 6, 10, and 14 are differentially expressed in several
berry tissues.8 The expression pattern of genes related to stress in the
present study is shown in Figure 2C. Among them, the transcript
abundance of some specific PR genes differed between 110R and
125AA under drought stress, e.g. PR-4 and PR1 (Tables 4–7).

Table 4. Selected genes affected in condition E-L 35 (2009) associated with JA biosynthesis, phenylpropanoid metabolism, PR proteins, amino
acid metabolism, and transport and polyamines ontology categories

Name ID

Fold change Log2(110R-S/

110R-C) – log2(125AA-S/

125AA-C) P-value

Fold change Log2

(110R-S/110R-C)

Fold change Log2

(125AA-S/125AA-C)

Jasmonate synthesis-related genes

Phospholipase A1 Vv15s0021g01510 21.13 0.04 20.78 0.35

Linoleate 13S-lipoxygenase Vv06s0004g01470 21.13 0.01 20.40 0.56

Phenylpropanoids

Simple phenols

Laccase 15 Vv18s0075g00950 0.95 0.00 0.40 20.56

Multicopper oxidase Vv18s0164g00110 20.65 0.02 20.46 0.18

Laccase 1a Vv08s0007g01910 20.75 0.03 20.69 0.06

Laccase 15 Vv13s0019g02160 20.80 0.01 20.16 0.64

Laccase 110b Vv08s0007g00600 20.82 0.02 20.21 0.61

Laccase 11 Vv04s0069g00950 20.96 0.02 20.52 0.44

Laccase 1 Vv17s0000g02590 21.06 0.00 20.45 0.61

Laccase Vv13s0019g0194 21.11 0.02 20.77 0.34

Lignins

HCT Vv11s0037g00590 20.75 0.03 20.47 0.29

Sinapyl alcohol dehydrogenase Vv00s0346g00100 20.94 0.05 20.58 0.36

CAD Vv13s0019g05260 21.02 0.02 20.96 0.06

CCoAOMT Vv01s0010g03460 20.67 0.04 20.41 0.27

COMT Vv18s0001g02610 20.99 0.02 20.34 0.65

Flavonoids

8-hydroxyquercetin 8-O-methyltransferase Vv12s0028g02890 0.68 0.01 0.33 20.35

Quercetin 3-O-methyltransferase Vv15s0048g02490 1.01 0.01 0.53 20.48

Anthocyanin 3-O-glucoside-60-O-malonyltransferase Vv12s0134g00600 0.79 0.00 0.33 20.46

UDP rhamnose-anthocyanidin-3-glucoside

rhamnosyltransferase

Vv19s0014g02020 20.89 0.03 21.07 20.18

ANR Vv00s0361g00030 1.07 0.04 0.48 20.59

DFR Vv15s0048g00980 21.08 0.02 20.67 0.41

Isoflavone reductase 3 Vv07s0031g03070 21.76 0.01 20.89 0.86

PR proteins

Endochitinase PR4-like Vv05s0094g00220 21.05 0.05 20.35 0.70

Amino acid metabolism

AAAs

Arogenate dehydratase Vv10s0116g01670 21.30 0.00 20.99 0.31

Arogenate dehydrogenase Vv09s0002g08030 0.74 0.04 0.60 20.15

PAT Vv14s0083g00900 21.13 0.02 20.72 0.41

Methionine

MET6 Vv10s0042g00970 21.02 0.03 20.72 0.30

Lysine

Aminotransferase ALD1 Vv18s0001g04630 0.75 0.03 0.57 20.19

Valine. leucine. isoleucine

Acetolactate synthase Vv16s0022g01100 21.23 0.02 20.86 0.37

Amino acid transport

AAP Vv00s0188g00130 21.04 0.01 20.59 0.44

AAP Vv04s0008g00230 21.41 0.00 20.71 0.70

Polyamines

Ornithine decarboxylase Vv18s0001g00740 0.81 0.01 1.08 0.27

S-adenosylmethionine decarboxylase Vv14s0083g00580 0.60 0.01 0.62 0.02

Abbreviations: AAAs, aromatic amino acids; AAP, amino acid permease; ANR, anthocyanidin reductase; CAD, cinnamyl alcohol dehydrogenase; CCoAOMT, caffeoyl-CoA O-

methyltransferase; COMT, caffeic acid 3-O-methyltransferase; DFR, dihydroflavonol-4-reductase; HCT, hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl

transferase; JA, jasmonate; 125AA, Kober 125AA (Vitis berlandieri 3 Vitis riparia); PAT, glutamate/aspartate-prephenate aminotransferase; PR proteins, pathogenesis-

related proteins; 110R, Richter 110 (Vitis berlandieri 3 Vitis rupestris).
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Interestingly, PR4 has been reported to be one of the markers for the
JA pathway84 and the subfamily PR-1 may be involved in the res-
ponse to environmental stresses82 such as drought stress.85

Effects of rootstock genotype on amino acid metabolism under
water stress
The discussion above highlighted the functional categories differ-
entially expressed between 110R and 125AA under drought stress
for both developmental stages and both years. Our previous study,
describing the effects of rootstock genotype under water stress on
berry composition, revealed that specific amino acids accumulated
more in 125AA than in 110R berries.23 Even though the ‘amino acid
metabolism’ functional category as a whole is not statistically affec-
ted (Table 3), some genes belonging to this category display differ-
ential expression pattern between 110R and 125AA under water
deficit (Tables 4–6). Figure 2D shows that transcripts related to
‘amino acids synthesis’ were more induced or less repressed in
125AA than in 110R berries in drought stress conditions. This obser-
vation fits well with our biochemical analysis showing that berries
from 125AA accumulated more amino acids than 110R berries.23

Furthermore, genes related to aromatic amino acids (AAAs)

(Figure 2D) present the same expression pattern as the ontology
categories ‘secondary metabolism’ (Figure 2A) and ‘hormone meta-
bolism jasmonate’ (Figure 2B).

First of all, our data suggest that the shikimate pathway is differ-
entially affected between 110R and 125AA under drought stress
(Figure 2D). It is well known that exposure of plants to various
stresses generally induces the expression of genes encoding
enzymes of the shikimate pathway and AAAs pathway. AAAs
include phenylalanine (PHE), tyrosine (TYR), and tryptophan (TRP).
This pathway also provides precursors for a variety of plant hor-
mones, such as auxin and salicylate, as well as for a very wide range
of secondary metabolites (e.g. alkaloids, flavonoids, and lignin)86

with multiple biological functions and environmental responses.87

TRP is a precursor of alkaloids, phytoalexins, and indole glucosino-
lates as well as the plant hormone auxin, whereas TYR is a precursor
of isoquinoline alkaloids, pigment betalains, and quinones.88 PHE is
a common precursor of numerous phenolic compounds, including
flavonoids, condensed tannins, lignans, lignin, and phenylpropa-
noid/benzenoid volatiles.89 TYR and PHE are synthesized from aro-
genate by the key enzymes arogenate dehydrogenase and
arogenate dehydratase, respectively, with the relative flux to each

Table 5. Selected genes affected in condition E-L 35 (2010) associated with JA biosynthesis, phenylpropanoid metabolism, PR proteins, and amino
acid metabolism and transport ontology categories

Name ID

Fold change Log2(110R-

S/110R-C) – log2

(125AA-S/125AA-C) P-value

Fold change

Log2(110R-S/

110R-C)

Fold change

Log2(125AA-S/

125AA-C)

Jasmonate synthesis-related genes

Jasmonate-O-methyltransferase Vv18s0001g12900 21.18 0.01 20.40 0.78

Phenylpropanoids

4CL Vv18s0001g00290 20.63 0.00 20.28 0.35

Simple phenols Vv08s0007g01910 1.77 0.01 1.25 20.52

Laccase 1a Vv09s0018g00950 0.94 0.04 1.11 0.17

Laccase Vv11s0037g00440 21.09 0.04 20.36 0.66

Lignins Vv18s0001g14910 21.02 0.00 20.20 0.89

HCT Vv15s0046g01960 20.78 0.04 20.31 0.47

CAD Vv00s0218g00190 20.65 0.00 20.06 0.59

Flavonoids Vv04s0044g01530 0.90 0.04 0.24 20.66

Anthocyanin 3-glucoside rhamnosyltransferase

Anthocyanin 3-glucoside rhamnosyltransferase Vv00s0361g00030 0.94 0.01 0.69 20.25

Cyanidin-3-O-glucoside 2-O-glucuronosyltransferase

ANR Vv03s0088g00060 2.30 0.03 2.34 0.03

Isoflavone reductase 2

Isoflavone reductase 2 Vv03s0088g00250 1.35 0.01 1.37 0.01

Isoflavone reductase 2 Vv03s0088g00140 0.90 0.04 1.00 0.10

Isoflavone reductase 6 Vv03s0038g04620 0.60 0.03 0.52 20.08

PR proteins

Endochitinase PR4-like Vv05s0094g00270 20.90 0.02 20.35 0.55

Basic form of pathogenesis-related protein 1 Vv03s0088g00940 20.95 0.00 20.15 0.79

Amino acid metabolism

AAAs

Arogenate dehydrogenase Vv09s0002g08060 0.80 0.01 0.65 20.15

Chorismate mutase Vv01s0010g00480 0.99 0.03 1.42 0.44

Methionine

MMT Vv18s0089g01290 0.66 0.03 0.20 20.46

Amino acid transport

Amino acid perméase Vv04s0008g00230 1.13 0.03 1.70 0.57

LHT Vv00s0302g00030 0.94 0.02 0.52 20.42

LHT Vv01s0010g01490 0.74 0.02 0.59 20.15

Abbreviations: AAAs, aromatic amino acids; ANR, anthocyanidin reductase; CAD, cinnamyl alcohol dehydrogenase; 4CL, 4-coumarate-CoA ligase; HCT, hydroxycinnamoyl-

CoA shikimate/quinate hydroxycinnamoyl transferase; JA, jasmonate; 125AA, Kober 125AA (Vitis berlandieri 3 Vitis riparia); LHT, lysine/histidine transporter; MMT,

methionine S-methyltransferase; PAT, glutamate/aspartate-prephenate aminotransferase; PR proteins, pathogenesis-related proteins; 110R, Richter 110 (Vitis berlandieri 3

Vitis rupestris).
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being tightly controlled. The partitioning between TYR and PHE is
controlled by the sensitivity of arogenate dehydrogenase to feed-
back inhibition by TYR.90 The present study shows a differential
expression between 110R and 125AA at EL-35 concerning arogen-
ate dehydrogenase (Vv09s0002g08030 and Vv13s0067g02120 for
2009, Vv09s0002g08060 for 2010) and arogenate dehydratase
(Vv10s0116g01670 for 2009; Tables 4 and 5). Interestingly, arogen-
ate dehydrogenase and arogenate dehydratase transcripts were
respectively more induced and strongly more repressed in 110R
berries than in 125AA berries under drought stress (Tables 4 and
5). This observation may partially explain that the phenylpropanoid
pathway, which starts from PHE, is more active in 125AA than in
110R berries at E-L 35 under stress (Figure 2A). Arogenate dehydro-
genase genes are also differentially regulated in drought-chal-
lenged root tissues of two parental genotypes of chickpea.91

Others genes involved in amino acids biosynthesis via the aro-
genate route are also differentially expressed between 110R and
125AA under drought stress at E-L 35, such as glutamate/aspartate-
prephenate aminotransferase (PAT, Vv14s0083g00900 for 2009) and
chorismate mutase (Vv01s0010g00480 for 2010; Tables 4 and 5). The
same is true for genes related to methionine (MET) metabolism
(MET6, Vv10s0042g00970 and MMT, Vv18s0089g01290; Tables 4
and 5). In the literature, there are few and ambiguous data on
MET accumulation under drought92 and osmotic stress condi-
tions.93 Our data also reveal a differential expression for amino acid
transferase (ALD1: Vv18s0001g04630 and Vv12s0055g00920;
Tables 4 and 6). In Arabidopsis, ALD1 generates an amino acid deriv-
ative important for the activation of defense signaling, and recom-
binant ALD1 exhibits aminotransferase activity with a strong
substrate preference for lysine.94

No gene directly related to PRO metabolism, well known to play a
role in adaptation to drought stress, was differentially expressed
between 110R and 125AA. In contrast, our data reveal a differential
expression of genes related to polyamines biosynthesis (ornithine
decarboxylase, Vv18s0001g00740 and S-adenosylmethionine

decarboxylase, Vv14s0083g00580; Tables 4 and 6). Polyamines
(PAs) are small aliphatic amines implicated in a wide range of devel-
opmental processes and environmental stresses.95 Remarkably,
drought stress induces changes in PAs amounts that broadly cor-
relate with drought resistance traits.96 PAs have also been reported
to play a role in grape ripening.97 Interestingly, genes related to PAs
biosynthesis (and more particularly ornithine decarboxylase) may
also regulate the entire subset of pathways for glutamic acid (GLU)
to arginine (ARG) and to PRO, a common osmolyte.98 Therefore, we
can hypothesize that the differences in ARG, PRO, and GLU content
between 125AA and 110R under drought stress we observed in our
previous study23 could be partially due to a differential transcrip-
tional regulation of ornithine decarboxylase (Vv18s0001g00740;
Tables 4 and 6).

Finally, under drought stress, the rootstock genotypes also
impact genes related to amino acid transport (Tables 4, 5, and 7).
Plant amino acid transporters (ATFs) are classified into two super-
families; the amino acid, polyamine, and choline transport super-
family and the ATF family superfamily.99,100 The ATF superfamily
contains five sub-classes of transporters including the amino acid
permeases (AAPs), lysine/histidine transporters (LHTs), and the PRO
transporters. At E-L 35 in 2009, two AAPs (Vv00s0188g00130 and
Vv04s0008g00230) were upregulated by drought stress in 125AA
and downregulated in 110R (Table 4). In contrast, two LHTs
(Vv00s0302g00030 and Vv01s0010g01490) were upregulated in
110R and downregulated in 125AA by drought stress at E-L 35 in
2010 (Table 5).

CONCLUSIONS
Although systems biology is increasingly used to study the effects
of abiotic stress in plants,101,102 no report has yet investigated the
effects of rootstock genotype on the transcriptional response of
grape berries to water deficit. The present data provide an overall
view of the dynamic changes of the grape berry (cv. Pinot noir)
transcriptome during drought stress for berries grafted on a

Table 6. Selected genes affected in condition E-L 36 (2009) associated with JA biosynthesis, phenylpropanoid metabolism, PR proteins, amino
acid metabolism, and polyamines ontology categories

Name ID

Fold change Log2(110R-S/

110R-C) – log2(125AA-S/

125AA-C) P-value

Fold change Log2(110R-

S/110R-C)

Fold change

Log2(125AA-S/

125AA-C)

Jasmonate synthesis-related genes

Jasmonate-O-methyltransferase Vv04s0023g02290 1.06 0.01 0.68 20.38

Phenylpropanoids

C4H Vv11s0078g00290 1.55 0.03 0.67 20.88

Simple phenols

Laccase 15 Vv18s0075g01090 21.20 0.02 20.12 1.08

Flavonoids

Flavonoid 3-hydroxylase Vv07s0031g01380 0.71 0.02 20.33 21.04

LDOX Vv08s0105g00380 0.63 0.02 0.05 20.58

Anthocyanin 3-O-glucoside-60-O-malonyltransferase Vv12s0134g00590 20.85 0.02 20.14 0.71

Flavanone 3-dioxygenase Vv16s0098g00860 0.84 0.02 20.19 21.03

Stilbenes

STS Vv16s0100g00770 1.22 0.00 20.25 21.46

STS Vv16s0100g01140 1.07 0.03 0.05 21.02

PR proteins

Endochitinase PR4-like Vv05s0094g00200 0.87 0.03 0.22 20.65

Amino acid metabolism

Aminotransferase ALD1 Vv12s0055g00920 1.24 0.02 20.46 21.70

Polyamines

Ornithine decarboxylase Vv18s0001g00740 1.35 0.01 20.24 21.59

Abbreviations: JA, jasmonate; 125AA, Kober 125AA (Vitis berlandieri 3 Vitis riparia); LDOX, leucoanthocyanidin dioxygenase; PR proteins, pathogenesis-related proteins;

110R, Richter 110 (Vitis berlandieri 3 Vitis rupestris); STS, stilbene synthase; C4H, trans-cinnamate 4-monooxygenase.
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drought-tolerant and a drought-sensitive rootstock. Although the
variable environmental conditions occurring in 2009 and 2010
resulted in different levels of water stress, the comparative tran-
scriptome analysis highlighted significant rootstock-dependent dif-
ferences in the response of genes related to secondary metabolism,
JA metabolism, and PR proteins for both years and both devel-
opmental stages. Among these, the changes occurring in second-
ary metabolism are of particular interest for selecting the rootstocks
and as a consequence influencing grape berry and wine quality.
Overall, genes related to secondary metabolism are more induced
and/or less repressed by drought stress in the berries grafted on the
drought-sensitive rootstock 125AA. Furthermore, our data also sug-
gest that JA may play a role during a weak to moderate water stress,
and may be responsible for the subsequent modulation of the
secondary metabolism (e.g. stilbenes) of grape berries.

There are many ways in which the genotype of the rootstock may
ultimately affect gene expression in the berries. These include water
and nutritional signals depending on root extension and activities,
vigor, hormone signaling, physical signaling, and macromolecular
signals. This comprehensive transcriptomic analysis will be very
useful not only to investigate the molecular network controlling
secondary metabolism during drought stress but also to explore
further the molecular links between JA and secondary metabolism.
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95 Alcázar R, Altabella T, Marco F, Bortolotti C, Reymond M et al. Polyamines:
molecules with regulatory functions in plant abiotic stress tolerance. Planta
2010; 231: 1237–1249.

96 Gill SS, Tuteja N. Polyamines and abiotic stress tolerance in plants. Plant Signal
Behav 2010; 5: 26–33.

97 Agudelo-Romero P, Erban A, Sousa L, Pais MS, Kopka J et al. Search for
transcriptional and metabolic markers of grape pre-ripening and ripening and
insights into specific aroma development in three Portuguese cultivars. PLoS One
2013; 8: e60422.

98 Majumdar R, Shao L, Minocha R, Long S, Minocha SC. Ornithine: the overlooked
molecule in the regulation of polyamine metabolism. Plant Cell Physiol 2013; 54:
990–1004.

99 Fischer WN, Kwart M, Hummel S, Frommer WB. Substrate specificity and
expression profile of amino acid transporters (AAPs) in Arabidopsis. J Biol
Chemistry 1995; 270: 16315–16320.

100 Waditee R, Hibino T, Tanaka Y, Nakamura T, Incharoensakdi A et al. Functional
characterization of betaine/proline transporters in betaine-accumulating
mangrove. J Biol Chem 2002; 277: 18373–18382.

101 Cramer GR, Urano K, Delrot S, Pezzotti M, Shinozaki K. Effects of abiotic stress on
plants: a systems biology perspective. BMC Plant Biol 2011; 11: 163.

102 Wang M, Vannozzi A, Wang G, Liang YH, Tornielli GB et al. Genome and
transcriptome analysis of the grapevine (Vitis vinifera L.) WRKY gene family. Hort
Res 2014; 1: 14016.

This work is licensed under a Creative Commons Attribution-
NonCommercial-ShareAlike 3.0 Unported License. The images or other

third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to
reproduce the material. To view a copy of this license, visit http://creativecommons.org/
licenses/by-nc-sa/3.0/

Supplemental Information for this article can be found on the Horticulture Research website (http://www.nature.com/hortres).

Rootstock genotype and grape berry response to water stress
M Berdeja et al

13

� 2015 Nanjing Agricultural University Horticulture Research (2015)

http://creativecommons.org/licenses/by-nc-sa/3.0/
http://creativecommons.org/licenses/by-nc-sa/3.0/

	Title
	Figure 1 Figure 1. Two-way Venn diagram of the genes differentially expressed at E-L 35 and E-L 36 for the log2(110R-S/110R-C) and log2(125AA-S/125AA-C) conditions in 2009 and 2010.
	Table  Table 1. Significantly enriched ontology categories identified by Wilcoxon test at E-L 35 in 2009 and 2010 for Log2 110R-S/110R-C, and Log2 125AA-S/125AA-C respectively
	Table  Table 3. Significantly enriched ontology categories identified by Wilcoxon test for the log2(110R-S/110R-C) - log2(125AA-S/125AA-C) condition that are common for the two developmental stages in 2009 and 2010
	Figure 2 Figure 2. Pageman visualization of MapMan functional categories: secondary metabolism (A), hormone metabolism (B), stress (C), and amino acid metabolism (D), enriched in the genes differentially expressed between berries grafted on 110R and berries grafted on 125AA, under drought stress. The degree of enrichment of functional categories in up- and downregulated genes for the log2(110R-S/110R-C) - log2(125AA-S/125AA-C) condition is given by shades of red and blue, respectively.
	Table  Table 4. Selected genes affected in condition E-L 35 (2009) associated with JA biosynthesis, phenylpropanoid metabolism, PR proteins, amino acid metabolism, and transport and polyamines ontology categories
	Table  Table 5. Selected genes affected in condition E-L 35 (2010) associated with JA biosynthesis, phenylpropanoid metabolism, PR proteins, and amino acid metabolism and transport ontology categories
	Table  Table 6. Selected genes affected in condition E-L 36 (2009) associated with JA biosynthesis, phenylpropanoid metabolism, PR proteins, amino acid metabolism, and polyamines ontology categories
	References
	Table  Table 7. Selected genes affected in condition E-L 36 (2010) associated with JA biosynthesis, phenylpropanoid metabolism, PR proteins, and amino acid transport ontology categories


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


