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Fig. 7. Hypothetical model summarizing the events occurring in leaves
and roots of M4 and 101.14 upon WS. Grey and red boxes list molecular
responses to WS that are common to both genotypes and M4 specific,
respectively. White boxes report physiological events associated with
WS occurring in root (lateral roots growth and water suction from soil)
and leaves (transpiration, E; net-assimilation, A,; photosynthesis) of

both genotypes. Dashed lines indicate the lower impact of WS on the
physiological events in roots and leaves observed in M4.

tolerance to drought. This study not only compares the tran-
scriptomic responses of drought-susceptible and drought-
tolerant genotypes, but also provides a comparative
characterization of the WS responses of the underground
(roots) and aerial (leaves) parts of the plant. To replicate as
accurately as possible changing conditions normally found in
the field and thus capture the adaptive response to drought,
WS was progressively imposed on the plants by gradually
reducing water availability to reduce field capacity from 80%
to 30% over a 10 d period (Supplementary Fig. S1 at JXB
online). In this regard, the experimental design employed
here is markedly different from that used in previous stud-
ies (Cramer et al., 2007), where water supply was completely
halted from the beginning of the stress experiment.

In both 101.14 and M4 WS plants, the reduction of E was
accompanied by a significant increase in leaf ABA. However,
although ABA levels at severe stress (T4) were almost similar
in the two rootstock genotypes, the pattern of accumulation
observed was different, with 101.14 starting to increase the
concentration of hormone from the first stages of water dep-
rivation (T1), reaching a plateau already at T2. The fast and
high accumulation of ABA is in accord with the most marked
decline of stomatal conductance observed, under the same
experimental conditions, in 101.14 in comparison with M4
by Meggio et al. (2014). All these pieces of evidence (in the
present study and in Meggio et al., 2014) suggest that 101.14
adopts a more conservative strategy to cope with WS com-
pared with M4, which maintains a higher transpiration rate
(Fig. 1) also upon severe WS.

To obtain a more comprehensive understanding of physi-
ological responses to drought a whole-transcriptome analysis
was performed in both water-stressed and unstressed plants.
Taking into account that M4 and 101.14 are interspecific
hybrids, as a first step their genomes were resequenced to
verify if PN40024 was a suitable reference for mapping the
mRNA-Seq reads from the hybrids. Resequencing revealed
that (i) both the genotypes have a low and comparable fre-
quency of SNPs (Supplementary Results S1 at JXB online)
as already observed by Myles er al. (2010) amongst different
Vitis species and (i) compared with PN40024 gene annota-
tion, genotype gene content is quite similar. Taken together,
these findings indicated that PN40024 is a suitable reference
for performing gene expression analysis. However, it is also
worth noting that the technology used in this study does not
allow exclusion of gene families that have been expanded or
condensed in the different genotypes.

Multifactorial analyses (Fig. 2) on whole leaf and root
transcriptome data sets enabled better definition of the spe-
cific influence of the genotype and stress treatment on the
transcriptome, and allowed those DEGs whose expression is
only linked to the contribution of a single component to be
filtered out. In other words, it was possible to exclude those
genes whose differential expression was caused just by the
‘genotype’ or ‘treatment’ and consider those affected by the
contribution of both variables (McCarthy et al., 2012).

The comparison of leaf and root expression data obtained
by multifactorial analyses (Fig. 2; Supplementary Table S3
at JXB online) indicated that in roots (Fig. 2) the ‘treat-
ment’ factor is the main variable explaining differential
gene expression, whereas in leaves (Fig. 2) the ‘genotype’
appears to be the predominant factor. This observation is
not surprising, given that the root system is the first organ
to perceive water deprivation and actively respond to this
stress (Frensch et al., 1997), and thus the type of treatment
represents the main variable influencing gene expression
in this organ. The opposite is true in the aerial part of the
plant, where the ‘genotype’ factor appears to have a major
effect when compared with the other components. A possi-
ble explanation for this observation relies on the fact that,
if roots mediate the early perception of the stress, the sec-
ondary signals, which are produced by these organs and are
transmitted to leaves, are strictly related to the modality by
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which the apical part of the plant responds to these pertur-
bations and this is mainly conditioned by the genotype. The
role of roots in the initial perception of WS is indicated by
the high expression of genes involved in ABA biosynthe-
sis and signalling in both genotypes compared with leaves
(Supplementary Fig. S3). Similar results were also reported
in Cabernet Sauvignon vines grafted on Ramsey, where the
expression of two main genes associated with ABA synthe-
sis, NCEDI and NCED2, was found to be more pronounced
in roots compared with leaves and to be inversely correlated
to water supply (Speirs et al., 2013). Since ABA has been
claimed to play a major role in root to shoot signalling upon
WS (Dood, 2005), it is possible that the increase in its con-
centration observed in both 101.14 and M4 leaves (Fig. 1b)
is mainly due to its transportation from roots rather than its
biosynthesis at the leaf site, as already reported by Speirs
et al. (2013). In this context, the observation that ABA con-
tent in 101.14 leaves reached a plateau at T2-T4 whereas it
continued to increase in M4 leaves (Fig. 1b), although ABA
biosynthetic genes were similarly induced in both rootstock
genotypes (Supplementary Fig. S3), could be a possible
consequence of the different behaviour observed in ABA
catabolism at the root level. This may indicate the existence
of a different control of ABA homeostasis within the two
genotypes under study. In fact the results indicated that two
orthologues of the Arabidopsis CYP706 and CYP707 genes,
which encode the major enzyme involved in ABA catabo-
lism during dehydration (Speirs et al., 2013; Liu et al., 2014),
were induced in response to water-stressed 101.14 roots at
all time points following T2, whereas they were maintained
constantly down-regulated in M4 compared with the control
(Fig. 4; Supplementary Fig. S3). Differences in the behaviour
of genes involved in hormone homeostasis observed between
the two rootstocks were not limited to genes related to ABA,
but also included other hormones. For example, WS induced
the expression of JA- and GA-related genes only in M4
water-stressed roots (Fig. 4c), whereas these transcripts were
down-regulated in stressed roots of 101.14. Methyljasmonate
(MeJA) mediates many developmental processes and defence
responses to biotic and abiotic stresses in plants (Ismail
et al., 2012). A positive correlation between drought and
MeJA biosynthesis was also observed in rice and chickpea,
stressing the putative role of this hormone in WS-induced
responses (Kim ez al., 2009; De Domenico et al., 2012).

DCA analysis on genes belonging to the ‘sugar’ cate-
gory highlighted the existence of a gene orthologous to an
Arabidopsis sugar transporter protein (AtSTPI13/MSSI)
which showed a higher induction in M4 stressed leaves
compared with 101.14. Although the role of AtSTPI3 has
not been fully characterized, this gene seems to be drought
responsive and, similarly to many other sucrose transport-
ers, it codes for a Suc/H* symporter which could be poten-
tially involved in the phloem loading and in the long-distance
transport of soluble sugars from source organs to sinks such
as roots (Kithn and Grof, 2010). This hypothesis is congruent
with the observation that M4 WS roots accumulate a higher
level of soluble sugars with respect to 101.14 (Meggio et al.
2014).

In both roots and leaves, a significant number of DEGs
belonged to the ‘secondary metabolism’ category, although
being involved in different metabolic pathways. In leaves, M4
stressed plants showed an induction of many structural genes
involved in the flavonoid pathway (Fig. 5b). Conversely, in
roots, plants accumulated both transcripts (Fig. 4b) and pro-
teins (Luca Espen, personal communication) corresponding
to stilbene synthases (VvSTS), responsible for the biosynthesis
of the 3-hydroxy-trans-stilbene, better known as resveratrol.
Although in 101.14 the sum of resveratrol and its glycosylated
form (piceid) reached values always higher than in M4 both
in WW and in WS conditions, WS significantly affected the
balance between resveratrol in its free and glycosylated form,
particularly in M4 (Fig. 6b). This observations seems to sug-
gest that upon WS, M4 stilbene metabolism is addressed pref-
erentially towards the accumulation of resveratrol in its free
form. Based on previous studies, trans-resveratrol appears to
have a higher impact in scavenging the oxidative stress related
to various stresses with respect to other compounds including
its glycosides (Waffo-Teguo et al., 1998).

The observed co-expression between a number of VvWRKY
transcription factors (VvWRKY24/28/29/37/41) and VvSTS
genes in M4 (Fig. 4a, b) raises the question of a possible role
for WRKYs in the regulation of FvSTS gene expression in
Vitis species (Wang et al., 2014). This hypothesis is further
supported by the presence of W-BOX cis-regulatory elements
in the promoter region of VvSTS genes in M4 and 101.14
(Supplementary Fig. S3 at JXB online) and by the fact that
the higher expression of VvSTS genes under WS in M4 cor-
relates well with the significantly higher frequency of W-BOX
elements in their promoter regions compared with 101.14 and
PN40024 (Supplementary Fig. S2). A recent study by Gao
et al. (2013) also demonstrated a strict association between
the expression level of certain genes and the cis-regulatory
number of domains within their promoter sequences.

In the aerial part of M4 WS plants, the up-regulation
of genes involved in flavonoid biosynthesis, such as CHS2,
CHS3, F3H, FLS1, and LDOX, was paralleled by an induc-
tion of specific R2R3-MYB TFs (Fig. 5a, b). Although a
relationship between R2R3-MYB TFs and flavonoid bio-
synthetic genes is well documented (Czemmel et al., 2012;
Ambawat et al., 2013), it was not possible to detect any dif-
ference in MYB-related cis-element content within the pro-
moter sequences of these genes in the two genotypes (data
not shown).

Stilbenes and flavonoids have ROS-scavenging activity
that protects against oxidative damage and controls ROS
levels, which is mandatory for plant survival in the presence
of abiotic stresses (Brunetti ez al, 2013; HOll et al., 2013).
Stilbenoids (resveratrol in particular) are powerful defence
antioxidant molecules found in several species, and their
accumulation is particularly high in grapevine (Jeandet et al.,
2010, 2013; Vannozzi et al., 2012; HOll et al., 2013; Stuart
and Robb, 2013). It has been suggested that flavonoids,
whose biosynthetic genes are induced in M4 leaves under
WS, act as antioxidants in plant response to oxidative stresses
(Ramakrishna and Ravishankar, 2011; Brunetti ez al., 2013).
Flavonoids may also reduce the activity of ‘primary’ ROS
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scavenger enzymes (i.e. superoxide dismutase and catalase)
in the chloroplast (Mullineaux and Karpinski, 2002; Brunetti
et al.,2013). In addition, flavonoids are capable of quenching
H,0, and other free radicals, thus protecting the chloroplast
membrane from oxidative damage by stabilizing membranes
containing non-bilayer lipids (Agati et al., 2012).

The present data suggest that in addition to the activation
of ‘primary mechanisms’ of ROS scavenging, the drought-
tolerant M4 rootstock genotype may also induce ‘secondary
mechanisms’ leading to the biosynthesis of other types of sec-
ondary compounds in roots and leaves.

In conclusion, this study provides a comprehensive descrip-
tion of the transcriptomic responses to drought in roots and
leaves of two grapevine genotypes with different tolerances
to WS. In contrast to previous studies (Cramer et al., 2007,
Tattersall ez al., 2007; Tillett ez al., 2011), responses to WS
that are common to susceptible and tolerant plants were not
considered, but rather the focus was on genes whose expres-
sion is strictly related to the tolerant genotype. On this basis,
it is proposed that the drought tolerance displayed by the M4
genotype could be associated with an enhanced capacity to
scavenge ROS produced under stress conditions and that this
may be mainly conferred by structural variations in the pro-
moter of genes involved in stilbene biosynthesis (Fig. 7). In
water-stressed M4 plants, the higher ROS detoxification abil-
ity could allow lateral root growth to be maintained, resulting
in higher water uptake capacity from the soil, as previously
observed by Tsukagoshi (2012). Likewise, at the leaf level,
a higher E in the drought-tolerant genotype would promote
active plant growth and photosynthesis. In contrast, in 101.14,
where the oxidative stress is not efficiently counteracted, the
functionality of roots and leaves is strongly impaired (Fig. 7).

The candidate genes identified in this study to be putative
factors underlying the better adaptation of the M4 genotype
to WS will be further validated using an association genetics
approach. The expression of selected candidate genes will be
evaluated on a large range of genotypes exhibiting differen-
tial responses to WS in order to assess whether the drought
tolerance strategies operating in M4 are conserved in other
genotypes and, if so, to use the identified genes as functional
markers (Poczai et al., 2013) for the selection of WS-tolerant
grapevine rootstocks.
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