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ABSTRACT

Drought poses a significant challenge to grapevine (Vitis vinifera L.) development, impacting
both physiological processes and yield. This study explores the transcriptomic responses of
developing buds of cv. Merlot grapevine to drought, focusing on key genetic and physiological
adaptations. Grapevines were subjected to a controlled water deficit during critical phenological
stages, especially for floral induction, and the transcriptomic analysis revealed complex adaptive
mechanisms at the molecular level. Water stress notably affected the grapevine’s growth and
caused significant leaf necrosis. Bud fertility measurements in the following year showed a
differential impact of drought according to node position along the shoot, with basal (nodes 1-3)
and distal buds (nodes 8—10) more affected than the central ones. This caused a decrease in
the number and weight of grape inflorescences, particularly at basal nodes. Transcriptomic data
from nodes 2, 5, and 10 showed significant changes in gene expression, dealing with stress
responses, hormonal signalling, and metabolic processes. Notably, upregulation of genes related
to calcium signalling, ROS (Reactive Oxygen Species) detoxification, and cell wall modification
was observed, which are crucial for maintaining cellular integrity under stress conditions.
Differential expression of genes regulating flowering further highlighted the impact of drought
on reproductive development. Post-stress recovery analyses showed a partial reversal of
stress-induced transcriptomic changes, with significant upregulation of genes involved in
photosynthesis and lipid metabolism, suggesting a complex recovery mechanism. These
findings may contribute to a deeper understanding of the physiological and molecular basis
of drought tolerance in grapevine, providing insights into strategies for improving grapevine
resilience in the face of increasing water scarcity due to climate change.
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INTRODUCTION

The ancient multicellular organisms that first faced the
formidable challenge of terrestrial life encountered a
variety of problems, with the threat of dehydration being
paramount among them. Over time, evolution has enabled
the development of diverse strategies to cope with this
challenge, but among all, plants, as sessile organisms, have
perhaps developed some of the most fascinating mechanisms
(Akinct & Losel, 2012). Grapevine (Vitis vinifera L.), like all
other plants, is not an exception. When subjected to various
levels of water stress, Vitis vinifera cv. Merlot demonstrates
significant slowdowns in growth, reductions in bunch weight
and berry size, and decreases in titratable acidity, all of
which contribute to issues concerning the quality of the final
product (Shellie, 2006). In recent years, within the general
context of climate change, there has been an alarming rise
in temperatures (Christensen et al., 2007) and an increase in
extreme weather events (Pachauri & Meyer, 2014), such as
prolonged droughts, hailstorms, and late frosts. Therefore,
there is a pressing need for thorough research regarding
plant stress physiology and the strategies employed by
plants to manage these challenges effectively.

Flowering in grapevine is not merely a seasonal event but
a culmination of a two-year cycle where the primordial
reproductive structures are initiated and developed inside
the dormant bud, going through five main developmental
steps. During the first year, the meristems inside the bud
are induced to transit to the reproductive phase thanks
to a multitude of signals coming from other organs (floral
induction), such as the leaves. Consequently, meristems
transit to the reproductive phase (floral transition) and, later
on, the anlagen (also known as uncommitted primordia) and
the primordial inflorescence are formed (floral initiation)
inside the bud (Carmona et al., 2007; Palumbo et al., 2019;
Vasconcelos et al., 2009). These reproductive structures
remain dormant during winter and resume growth at
the beginning of the following growing season, when
they undergo further branching and complete floral
differentiation, thus resulting in mature flowers through the
specification of floral structures and the organisation of the
whorl model (Carmona et al., 2007; Palumbo et al., 2019).
This complex and critical process significantly influences
yield and quality. It is regulated by a complex interplay of
environmental, genetic, and hormonal signals. Concerning
the environmental factors, flowering is mainly stimulated
by high temperatures and high light radiation, with
floral meristems developing faster under long-day (LD)
photoperiod (Sreekantan et al., 2010).

At the molecular level, the flowering process is controlled
at different developmental stages by a small set of so called
“floral integrators”, whose role consists in merging signals
from various environmental cues (light, temperature,
photoperiod) and internal factors (hormones) into a single
message, telling the meristem when to switch from vegetative
to reproductive phase, thereby coordinating flowering
time. These integrators activate genes that determine floral

meristem identity, initiating the reproductive phase of
the plant. In grapevine, the gene VvMADSS/SOCI plays a
pivotal role in floral evocation and development, especially
in the early stages of inflorescence development (Sreekantan
& Thomas, 2006). Moreover, among the most important
players in grape flowering, VvFT and VvTFLI act according
to a sort of “synergistic antagonism”. In the most fertile
buds, these genes are expressed according to specific and
mutually exclusive time/dosage patterns, with WWTFLI
early expression aimed at stimulating branching in the
uncommitted primordia and VvFT late expression aimed
at closing the vegetative development to definitely shift to
the reproductive phase. When VvFT expression increased
too early, V'WTFLI did not have enough time to stimulate
branching, and fertility was lower (Crane et al., 2012). Other
important genes involved include FLC, VFL, CO, and the
CONSTANS-Like (COL) family, which regulate flowering
through photoperiod sensitivity (Carmona et al., 2002;
Wang et al., 2016), and VvELF4, a flowering inhibitor
(Sreekantan et al., 2010). Finally, among the hormones,
gibberellins (GAs) and cytokinins (CKs) are the key
regulators, concurring together with floral integrators
to determine the formation of inflorescences or tendrils
(Carmona et al., 2007).

Among abiotic factors, water stress represents one of
the most significant environmental challenges affecting
grapevine physiology and productivity. Vitis vinifera,
although capable of withstanding moderate water stress,
can suffer severe consequences when the stress exceeds
a certain threshold (Canton et al., 2025). The cavitation
threshold for grapevine is approximately —1.1 MPa, beyond
which irreversible damage occurs, leading to substantial
declines in production and fertility (Salleo et al., 1996).
Intense water stress can reduce yield by over 50 %, as
observed in Merlot vines subjected to extreme conditions
(Korkutal ef al., 2011). Water stress affects grapevine at both
physiological and biochemical levels, reduces bunch weight
and berry size, and decreases titratable acidity, thereby
impacting the quality of the final product (Shellie, 2006).
Severe water stress also leads to significant changes in
leaf composition, including increased levels of secondary
metabolites like resveratrol, quercetin, kaempferol, and
cyanidin (Griesser et al., 2015), which are part of the plant’s
defence mechanisms and contribute to stress tolerance.

The timing of water deficit during the vine’s two-year
reproductive cycle can have profound and lasting effects
on vine performance and yield. During the first growing
season, water stress can disrupt the branching of the
floral meristem, resulting in notable yield variations
in the following year (Vasconcelos et al, 2009). This
developmental phase is particularly sensitive, with anthesis
and post-anthesis identified as the most critical periods
(Hardie & Considine, 1976). For the subsequent season’s
crop, the key developmental stage is the branching phase
of the anlagen in cultivars such as Merlot, which typically
takes place a few months after bud break during the first
season. Water deficits during this period can substantially

volume 60-1 | 2026

OENO One | By IVES


https://ives-openscience.eu/

reduce bud fertility, ultimately leading to lower yields
in the following year (Guilpart et al, 2014). Several
studies were carried out using transcriptomics on different
grapevine organs to characterise their response to drought
(Botton et al., 2022; Cochetel et al., 2020; Ju et al., 2021),
yet none have focused on buds—the key determinants of
productivity in fruit trees, including grapevines. Although
previous transcriptomic studies investigated grapevine bud
development (Diaz-Riquelme et al., 2012), they did not
account for the positional variation of buds along the shoot
(i.e., node position), an important factor that can significantly
influence bud fertility. In the present study, a transcriptomic
survey was performed through the RNA-Seq technique on
buds sampled from different nodes under severe water stress,
imposed during floral induction/transition, and after a short
period of recovery. The differential gene expression with
respect to an unstressed control was analysed to characterise
the response of the buds according to their position.
Specific analyses were carried out on hormone signal
transduction, and specific bioinformatic tools were adopted
to find gene modules that characterise the specific response
of the buds. Target analyses were also performed on known
flowering-related genes used as markers of the floral
induction/transition process. The physiological behaviour of
the buds at different positions was finally summarised into a
working model showing the most important processes that
characterise the node-dependent buds’ response to drought.

MATERIALS AND METHODS

1. Experimental design and sample collection

The trial was conducted at the experimental farm of the
University of Padova (45° 20" 59.0" N 11° 56' 59.3" E),
located in Legnaro (Padova, Italy), on 200 Vitis vinifera
cv. Merlot four-year-old grapevines grafted onto Kober SBB
and grown in pots under semi-controlled conditions in
a plastic-covered tunnel. cv. Merlot was chosen due to its
economic relevance and its broad international diffusion.
The experiment began in 2022 by measuring fertility
along the first 10 nodes of one cane previously pruned to
10 buds on purpose. Then, only two homogeneous shoots
were left after pruning. Lateral shoots were pruned every
10 days to keep the main shoot dominant throughout the
whole season. In 2023, fertility was assessed again, then
pruning was performed as described above, and water
stress was imposed to evaluate the transcriptional response
of the developing buds to drought. To this aim, buds were
sampled from different nodes of one of the two shoots in
both stressed and unstressed vines. One shoot was kept
for fertility measurements to be carried out in 2024.

In detail, vines were grown into 10 L pots filled with a
mixture of sand, pumice, and peat (2:2:6 by volume) and
followed according to the Integrated Pest Management
practices allowed in the EU. Before starting the trial,
the vines showing anomalous growing behaviours were
discarded. Water stress was imposed at BBCH 75 (“berries
pea-sized, bunches hang”; Lorenz et al., 1995) on half of

the plants, leaving the other half as controls according to
a completely randomised experimental design, similar to
previous experiments (Botton et al., 2022). Water supply
was completely interrupted for five consecutive days, then
the stressed plants were rehydrated with 1 L of water each
to avoid their loss, and the stress continued for an additional
three days until BBCH 77 (“berries beginning to touch”),
when irrigation was restored at the level of the control
plants. Phenological phases were assessed in the unstressed
control. Two samplings were carried out, one at the end of
the stress period (BBCH 77) before rewatering, when stress
was supposed to be at maximum (severe) at 8 Days After
Stress Imposition (DASI), and a second one at ten days
after the end of the stress, which corresponded to veraison
(BBCH 84), when the plants appeared to have recovered
at 18 DASI. At each sampling, buds of the three biological
replicates were excised from the 1st (crown or bourillon),
2nd, 3rd, 4th, 5th, and 10th node of five vines per replicate
from both stressed and unstressed plants, immediately put
in liquid nitrogen, and stored at —80 °C for the following
analyses.

2. Fertility measurements

Fertility was measured on at least 50 vines per treatment.
All plants were kept under the tunnel during winter and
pruned to 10 buds to study the fertility of the first 10 nodes.
At BBCH 57 phenological stage (“inflorescences fully
developed; flowers separating”; Lorenz et al., 1995), all
inflorescences were removed separately for each shoot at
each node, counted, and weighed individually. A total of
24 shoots were randomly selected for each node, and the
level of inflorescence branching was evaluated.

3. RNA extraction and RNA-Seq analysis

Total RNA was extracted with the RNeasy Plant Mini Kit
(Qiagen) starting from 70 milligrams of tissue, with the
following modifications made to the protocol provided
by the manufacturer: 5 pL of Ca(OH), and 0.05 g of PVP
(polyvinylpyrrolidone) were added to 750 pL of the
extraction buffer RLT. The former was added for its ability to
precipitate carbohydrates according to Dal Cin et al. (2005),
while PVP was added to precipitate polyphenolic compounds.
The amount of RNA and the presence of contaminants in
the extracted samples were evaluated using NanoDrop 2000
(EuroClone®), and RNA integrity was checked by running
the samples in a 1 % agarose gel. RNA extracted from buds
of the 2nd, 5th, and 10th nodes was selected to undergo
RNA-Seq analyses using an Illumina NextSeq 500 platform
(Illumina, San Diego, CA, United States).

4, Bioinformatic analyses

Adaptor-trimmed RNA-Seq reads were mapped
onto the PN40024.v4 version of the Vitis vinifera
genome (Velt et al, 2023). The software HISAT2 v2.2.1
(Zhang et al., 2021) and SAMtools v1.21 (Danecek et al., 2021)
were used to carry out genome indexing, read alignment,
and file format conversions, while HTSeq v1.0
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(Anders et al, 2015) was used to obtain the counts
according to gene models available in public GFF3
(Generic Feature Format Version 3) files. A count matrix
with merged read counts of each sample was used for the
following analyses. Statistical analyses of differential
gene expression were performed with the Bioconductor
package DESeq2 v1.38.3 (Love et al., 2014) with an FDR
(False Discovery Rate) cutoff equal to either 0.01 or 0.05,
according to the contrasts, and a minimum fold change
of 2. To remove genes with a very low number of counts
and high dispersions, the option “Independent filtering of
lower counts” was selected. DESeq2 analysis and further
functional analyses, such as Pathview (Luo ef al., 2017) were
carried out through the iDEP bioinformatic platform v2.01
(Ge et al., 2018) for a more integrated approach.

Weighted correlation network analysis (WGCNA;
Langfelder & Horvath, 2008) was carried out with
the R package BioNERO v1.6.1 (Almeida-Silva &
Venancio, 2022). Genes with low levels of expression
(min_exp = 10) and low variation were removed from
this analysis, keeping only the 4,000 most variable.
Outlying samples were removed with the “Pearson”
method, and confounding artefacts were corrected with
the “PC_correction” function (Parsana et al., 2019).

5. Statistical analysis

Basic statistical analysis packages of R v4.4.1 were used
within RStudio v2024.09.0+375 for Principal Component
Analysis (PCA), Student’s #-tests, ANOVA, and various
post hoc tests as previously described by Vegro et al. (2016).

RESULTS AND DISCUSSION

1. Drought application and analysis of fertility

Water stress was applied in 2023 according to the
experience gained in previous experiments carried out
under the same tunnel infrastructures (Meggio et al., 2020;
Botton et al., 2022; Canton et al., 2025). For this reason,
the actual stress intensity was monitored only through
daily observations of the general status of the vines and
a comparison with the unstressed plants. The plants
subjected to stress showed marked suffering, with visible
wilting tendrils and leaves already at 1 DASI, when the
stress was moderate (Figure 1A). A relevant abscission
of the basal leaves, at least up to the 5th node, occurred at
8 DASI, when the stress was severe (Figures 1B and 1C).
Estimated reference values of leaf water potential (° Y )
at midday, based upon previous trials carried out under
similar experimental conditions, can range between —0.5
and —0.6 MPa for well-watered vines, while for the water-
stressed plants ¥, may span between —0.8 and —1.0 MPa
at 1 DASI (moderate stress), and —1.4 and —1.6 MPa at
8 DASI (severe stress). Analogous values with similar
symptoms are also in the literature for vines of different
varieties, grown either in pots or open field, undergoing
similar water stress conditions (Thorne et al., 2006;
Williams et al., 2012; Herrera et al., 2022).

Fertility, herein referred to as both the total weight (TWI)
and number (NI) of inflorescences per node, was monitored
for three years in a row (Figure 2) under normal conditions,
pointing out some variability from year to year, as previously
reported by several authors (Chloupek et al., 2004;
Guilpart ef al., 2014; Keller et al., 2004).

Concerning the node-wise trend, a gradual increase in
weight was observed from the first to the tenth node across
all three years (Figure 2A), with some nodes showing
significant differences between years. The number per
node (Figure 2B), roughly reported in literature as “equal
to 1, more frequently 2” (Meneghetti et al., 2006), was
shown to increase on average from node 1 until reaching
values ranging from 1.04 to 1.13 inflorescences per node
from node 3 to 5, respectively, and then increasing again
up to node 10, reaching values close to 2 per node. These
data may have relevant implications, especially for taking
pruning decisions in a young vineyard, while in a fully
productive context, Merlot vines are usually pruned to
three or four nodes, according to the clone and, of course,
to productive targets, habits, etc. According to statistics, a
generally decreasing fertility was observed throughout the
three years from node 3 to 5, in terms of both NI and TWIL.
Such a behaviour may have been due, at least in part, to the
tunnel/pot growing conditions, which generally advanced
the vine’s phenology by about two weeks. In particular, root
growth restriction may have affected the physiology of the
epigeal part of the plants, as previously demonstrated by
Li et al. (2022) in terms of hormonal balance in the different
parts of the vine. While the aspects related to hormonal
balance will be discussed in the next paragraphs, a slight
change in the fertility behaviour was shown to occur after
the first year of measurements (2022) as shown also by a
principal component analysis of all fertility data (Figure 2C);
in the first year, the number of inflorescences per node was
generally higher than in the following two years, but this
difference was statistically significant only for node 4. In
the first season, indeed, root growth was not likely to be
restricted by the pot, while in the following two, the volume
of soil in the pot had probably already been completely
explored by the roots, thus representing a sort of restriction,
although with only slight effects on fertility, which is the
focus of our experiment. Indeed, fertility measurements
carried out within a concurrent open field trial on cv. Merlot
(data not shown) fully overlap with those of the present
experiment, thus supporting the idea that bud fruitfulness
is normally not significantly affected by root growth
restriction, at least within the first three years in pots.

When the vines were drought-stressed in 2023, their
fertility in the following season changed, as shown in
Figures 2D-2F. In terms of TWI, the only significant
(P = 0.00014) difference was observed at node 2, with a
more than three-fold reduction of weight. In general, the
three basal nodes were those more affected by drought in
terms of weight, while this parameter was slightly higher
at nodes 4 and 5 (although with no statistical significance)
or closely similar in the other nodes. Water stress notably
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FIGURE 1. Effect of drought on the vines at the beginning and at the end of the experiment.

A) Unstressed (left) and waterstressed [right] vines at 1 Day After Stress Imposition. Wilting leaves are visible in the water-stressed vine.
B) Unstressed and C) water-stressed shoots sampled at 8 DASI. leaves are clearly missing in the first five nodes due to abscission, while
bunches were manually removed before taking the pictures.
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FIGURE 2. Bud fruitfulness of the cv. Merlot in three consecutive years and during the stress trial.
A Total weight of inflorescences (TWI) and B) number (NI) Fer node measured in 2022, 2023, and 2024, and as their mean value

(black line). Different letters below the nodes show stafistically significant differences between the years (P < 0.05). Clean and capped
bars show the standard deviation (n = 50) in single years and mean values, respectively. C| Principal component analysis biplot of
the data in A and B without the outlier [node 10 in 2023). Ellipses group samples of the same year according to a 95 % confidence.
TWI and NI are shown as the loadings. D) TWI, E] NI, and F) branching degree in unstressed control (UTC, green] and waterstressed
(WS, red) vines, as measured in 2024. Bars show standard deviation (n = 10). Asferisks on top of the bars are related fo the statistical

significance at each node (* for P< 0.05, ** for P< 0.01, and *** for P < 0.001).
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reduced the number of inflorescences at most node positions,
with statistically significant differences observed at nodes 2,
3, 9, and 10. Again, an opposite trend was observed at
nodes 4 and 5, although not supported by statistics. Finally,
as far as the branching degree is concerned, lower levels
were observed in inflorescences coming from all nodes,
with statistically significant differences broadly scattered at
nodes 1, 5, 7, and 10.

From these data, we can identify three main patterns of
response to water stress in terms of fertility, as represented
by: i) node 2, showing lower weight and lower number of
inflorescences, ii) node 5, showing opposite trends in terms
of weight and number, but a decreased branching degree,
and iii) node 10, with lower number of inflorescences and
lower branching degree, although unaffected in terms of
weight. These results suggest that water stress negatively
impacts the vine’s ability to produce multiple inflorescences
of a certain weight, with a more severe effect at basal nodes,
most likely due to the damage caused to the corresponding
leaves, and, at less extent, the apical ones. The intermediate
nodes’ fertility was slightly compensating for the loss that
occurred in the basal nodes, but not in terms of branching
degree, which was shown to be lower.

2. Transcriptomic analysis

Based on the fertility measurements, the samples of the
buds coming from positions 2, 5, and 10 were chosen for the
following RNA-Seq transcriptomic analyses, as they were
representative of three possible physiological backgrounds.
On average, the number of RNA-Seq reads obtained was
equal to 56.8 million per sample, with a mean overall
alignment rate equal to 87.6 % (Table S1, supplementary
data), thus indicating a good coverage of the transcriptome
for all samples. The differences in the number of reads
of some samples were because when the yield of the first
sequencing turn was low (i.e., < 25 million), the library
was re-sequenced, and the RAW files were merged into
one. In any case, no bias in the number of RNA-Seq reads
was detected with respect to the factors considered in the
experiment, i.e., node position, stress, and phenological
phase.

The principal component analysis (PCA) of the
transcriptomic data is shown in Figure 3, with the
couples of the three most informative PCs explaining a
total variance of 43.78 % for PC1 and PC2 (Figure 3A),
37.16 % for PCI and PC3 (Figure 3B; shown inverted in
the chart for graphic purposes), and 27.8 % for PC2 and
PC3 (Figure 3C), for a total of 54.37 % considering the
three PCs together. The relatively low variance represented
by the PCA did not prevent us from highlighting the clear
correlations existing between PCl and node position
(P = 1.42E-09), with node 2 clearly separated from 5
and 10, the latter clustering more closely.

In addition, PC3 was correlated with the treatment
(P = 8.54E-09), showing a clear separation between the
unstressed and water-stressed samples, while PC2 correlates
with the phenological phase (P = 1.62E-14), with a net

separation of the samples of BBCH 77 (severe stress)
from those of BBCH 84 (recovery from stress).

The heatmap of the 3,000 most variable genes together
with a hierarchical clustering approach showed that
both the quality and variability of replicates of the same
samples were, in most cases, excellent, although with some
exceptions among the water-stressed samples (Figure 3D).
Moreover, some groups of genes with expression patterns
linked to the experimental factors were already visible
in the heatmap. In any case, according to both clustering
approaches, the transcriptomes of the different samples
consistently represented the experimental context and
could thus be used to identify differentially expressed
genes (DEGs) and their functional domains.

The number of differentially expressed genes (DEGs) was
initially assessed in a selected number of contrasts to point
out the differences in gene expression due to node position,
stress, and phenological phase/timing after stress imposition,
i.e., the three main factors considered in the experiment
(Figure 4A). Relevant differences were observed across
all comparisons, with a few exceptions, despite the strict
FDR cutoff (0.01), and were consistent with PCA results.
Concerning the node contrasts, the highest variability was
observed between nodes 10 and 2, with 1,225 and 1,562,
followed by the contrasts between nodes 5 and 2, with
1,180 and 951 down- and upregulated genes, respectively.
The last node contrast, 10 versus 5, resulted in the lowest
number of DEGs among all the comparisons, with 128 and
79 down- and upregulated genes, respectively. As shown
by PCA (Figure 3A), buds at nodes 5 and 10 clustered very
closely, while those at node 2 displayed a very distinctive
transcriptional background. As far as the water stress
effects, 316 and 578 genes were down- or upregulated by
drought, respectively. Finally, regarding the phenological
phase, the contrast between BBCH 84 and BBCH 77 also
showed significant changes, with 128 upregulated and
873 downregulated genes, indicating that the transcriptomes
of the buds underwent significant changes during this
developmental timeframe.

Assessing the DEGs within individual comparisons of
water-stressed versus unstressed buds at the same node,
when stress was classed as severe stress (BBCH 77) and
during recovery (BBCH 84), may provide a more detailed
picture of the bud’s stress response according to its position
along the shoot (Figure 4B). For these analyses, a less strict
FDR cutoff was used, equal to 0.05, to achieve a higher
number of DEGs and thus improve the statistical robustness
of the following functional analyses. Under severe stress,
all the nodes showed a relevant transcriptional response,
with nodes 2 and 10 showing the highest number of DEGs.
For the former, 997 downregulated and 1,291 upregulated
genes were found, while at the tenth node, the DEGs were
581 and 887, respectively. The transcriptional response
of buds at node 5 to the stress consisted of 411 and
494 down- and upregulated genes. This pattern of DEGs
interestingly overlapped with the fertility trends previously
described, with nodes 2 and 10 being the most affected,
and node 5 showing a sort of “compensatory behaviour”.
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FIGURE 3. Principal component analysis (PCA) and hierarchical clustering of samples.

PCA was applied with A principal components 1 and 2, B) 3 and 1, C) 2 and 3, respectively. D) Heatmap of the 3,000 most
variable genes hierarchically clustered according to average Pearson distance and gene centering. The legends are reported in the
middle of the panel, referring to colours and symbols used in both types of clustering methods.

After 10 days of recovery with a normal irrigation regime,
the buds at node 10 were still showing a very active
transcriptional response, much higher than before, with
768 downregulated and 1,400 upregulated genes, among
which 79 (10.3 %) and 204 (14.6 %), respectively, had the
same regulatory pattern as BBCH 77, when the stress was
severe (Figure S1, supplementary data). This may indicate
that those buds were recovering from stress differently with
respect to buds at nodes 2 and 5, whose number of DEGs
was lower than at BBCH 77. Especially for node 2, the
number of DEGs dropped to 338 downregulated and
143 upregulated genes, with 53 (15.7 %) and 25 (17.5 %)
DEGs showing the same pattern as in BBCH 77. Moreover,
the DEGs at node 5 decreased to lower numbers, consisting of
200 and 236 down- and upregulated transcripts, respectively,
with 39 (19.5 %) and 51 (21.6 %) DEGs in common with
BBCH 77. According to these statistics, the proportion of

DEGs with the same pattern of regulation at both BBCH
phases was the highest in buds of node 5, followed by
node 2, further supporting the hypothesis that buds at
different nodes, and thus at different developmental stages,
respond in a different way to water stress. In particular, the
buds at node 5 showed a prolonged transcriptional response
to water stress, while those at node 10 recovered to a new
transcriptional regulation.

3. Enrichment analysis of DEGs

An enrichment analysis was carried out on the DEGs of
each contrast (considering only the second list analysed
above) to identify the gene functions that were more involved
in the stress response. The Gene Ontology Biological
Processes (GO-BP) sub-vocabulary was used with the
purpose of providing this information, and the results are
shown in Figure 5.
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FIGURE 4. Number of differentially expressed genes (DEGs) in the different relevant contrasts.

A) Node 2 versus node 5, node 5 versus node 10, node 2 versus node 10, unstressed (UTC) versus water-stressed (WS), BBCH /7
versus BBCH 84. In this case, the analysis was carried out with an FDR cutoff equal to 0.01. B) Contrasfs were for each node at the
same fimepoint, between the waterstressed (VWS) and the unstressed (UTC| buds, with an FDR cutoff equal to 0.05. The legend af the
top of the chart shows the colours used for down- (blue) and up- (magenta) regulated genes.
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The upregulated DEGs identified in buds of node 2 at
severe stress (BBCH 77) were enriched with functions
related to “ion transport”, in particular, calcium and other
cations, “protein phosphorylation”, “defence response”,
and “xyloglucan metabolic processes”. In buds at node 5,
enriched functions dealt with “negative regulation of
proteolysis” and endopeptidases/hydrolases activities,
but also “detoxification of nitrogen compounds”. Buds
at node 10 showed an upregulation of genes regarding
“photosynthesis”, “response to hydrogen peroxide”,
“response to reactive oxygen species”, and, similar to node 5,
“negative regulation of proteolysis” and “detoxification of
nitrogen compounds” (Figure 5A).

These results confirm the data reported in the literature
regarding the role of calcium in mediating defence
responses, in general, and water stress, in particular, as
reported by Kwak et al. (2003), who demonstrated how
reactive oxygen species promote the opening of calcium
channels (De Nicolo et al., 2023). Xyloglucan metabolism
is deeply involved in cell wall formation, a process that
is crucial during water stress, as the integrity of the cell
wall is essential for plant survival under such conditions
(Tenhaken, 2015). In wheat, water stress has been shown
to increase the production of this polysaccharide as part of
the plant’s adaptive response to stress (Leucci et al., 2008).
Of particular interest are the processes of “detoxification
of nitrogen compounds” and “negative regulation of
proteolysis”, upregulated at nodes 5 and 10. As a response
to protein degradation, which is known to be triggered by
water stress, the buds may try to prevent the accumulation
of potentially toxic non-functional peptides and to enhance
amino acid recycling (van Wijk, 2015; Rowland et al., 2022),
concurrently inhibiting proteolytic activity (Moloi &
Ngara, 2023). Additionally, it is not surprising to find
enrichments in functions related to reactive oxygen species,
which are produced in response to stress (Impa et al., 2012).
The literature on this topic is extensive, and for further
details, the review by Kar (2011) provides an in-depth
analysis.

Among the gene functions that were downregulated at
severe water stress, a long series of terms dealing with
energy metabolism, such as the “pyruvate metabolic
process”, “glycolytic metabolic process”, “monocarboxylic
acid metabolic process”, “ATP generation from ADP”,
and “ADP metabolic process”, were found enriched at
node 2. Worthy to note that node 5 showed the presence
of downregulated gene functions dealing with “response
to ethylene”, “ethylene-activated signalling pathways”,
and “positive regulation of organ/developmental growth”.
Finally, buds at node 10 pointed out the downregulation
of genes involved in the metabolism of lipids, isoprenoids,
and steroids, along with those linked to “DNA unwinding
involved in DNA replication”, “phosphorelay signal
transduction”, and, similarly to node 5, “ethylene activated
signalling pathway” (Figure 5B).

The downregulation of terms related to energy metabolism
is well-documented in the literature (Chen et al., 2019;
De Vega et al, 2021; Ni et al., 2009). It is known that

during water stress, there is a significant reduction in many
metabolic activities to conserve the limited energy available
for the most essential processes (Ni et al., 2009). The
involvement of terms related to ethylene is not surprising,
as the role of ethylene in stress responses, particularly
water stress, alongside its known function in senescence,
has been recognised since the 1970s (Jordan et al., 1972;
Kawase, 1974; McMichael et al., 1973). However, since
this hormone usually works in concert with abscisic
acid (ABA), another key player in stress responses
(Salazar et al.,, 2015), the extensive downregulation of
ethylene-related genes at node 5 was unexpected and may
resemble a bud-specific protective mechanism against
excessive levels of this hormone, which are known to
cause problems in the development of floral structures
(Igbal et al., 2017). Regarding the enriched terms “DNA
unwinding involved in DNA replication” and “phosphorelay
signal transduction”, it is well-established that these
processes are upregulated primarily during thermal stress
(Sharma et al., 2020). However, their role in water stress
remains less understood, and further studies are needed
to elucidate their involvement in this context.

As far as the recovery timepoint (BBCH 84) is concerned,
the genes upregulated by drought in buds at node 2 were
enriched by functions dealing with “intercellular sequestering
of iron ion”, “cellular manganese ion homeostasis”, and
a long series of terms related to “lipid modification”,
including “oxylipin biosynthetic process”. At node 5, the
upregulated transcripts were enriched, although not very
significantly, by terms related to “transcription DNA-
templated”, “mitotic cytokinesis”, and “plant-type primary
cell wall biogenesis”, while at node 10, the functional
enrichment included functions like “photosynthesis”, and
other related terms, and ‘“chitin catabolic process”. Only
the most representative terms are mentioned, while an
exhaustive list can be found in Figure 5.

Iron (Fe) and manganese (Mn) are essential micronutrients
critical for plant tolerance to drought stress. Iron is vital
for photosynthesis, respiration, and chlorophyll synthesis,
and maintaining its homeostasis is crucial for drought
tolerance (Rout & Sahoo, 2015). In sorghum, drought stress
alters iron accumulation in seeds, and the overexpression
of vacuolar iron transporters and ferritin enhances iron
accumulation under such conditions (Araki et al., 2022).
Interestingly, iron nanoparticles have been shown to increase
drought tolerance in canola plants (Rezayian et al., 2023).
Manganese, similarly, plays a key role in drought tolerance
by ensuring efficient photosynthesis, which is vital for plant
growth under water stress (Yue et al., 2023). Mn is also a
cofactor for a superoxide dismutase (MnSOD) enzyme,
which detoxifies ROS generated during drought stress,
helping to maintain cellular redox homeostasis and protect
plants from oxidative damage (Ye et al., 2019). Given that
cell membranes are involved in water stress perception,
the upregulation of lipid metabolisms, including those
involving phosphatidic acid and oxylipins, is fully consistent
(Sharma & Diwan, 2023). Additionally, exogenous ABA
applications can induce lipid biosynthesis (Gai et al., 2020).
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Upregulation of photosynthetic genes during recovery from
stress likely reflects the plant’s attempt to restore damaged
photosynthetic functionality, as water stress is known to
significantly reduce photosynthetic activity and cause damage
to the photosynthetic apparatus (Chaves et al., 2002;
Flexas et al., 2006).

Finally, concerning the downregulated DEGs, those at
node 2 were functionally enriched with terms dealing with
“secondary metabolic process” and, in general, with “cell
wall organization and biogenesis”, the latter regarding
specifically pectin (“pectin  metabolic processes”). No
functions were found to be enriched in DEGs of buds at
node 5, while for those at node 10, the terms “positive
regulation of developmental growth” along with
“transcription DNA-templated” were found among the
enriched ones.

The downregulation of these terms could indicate, at
least in buds at node 2, an actual recovery from the
stress situation, as enriched terms related to genes that
were upregulated during BBCH 77 (severe stress) pertain
specifically to cell wall metabolism and xyloglucans,
in particular. Regarding the term “secondary metabolic
process”, it is well known that the biosynthesis of these
compounds plays a crucial role in protection against stress
(Jogawat et al., 2021). Indeed, some upregulated entries can
be observed at BBCH 77 (“isoprenoid metabolic process”).
It is therefore reasonable to expect a downregulation
during the recovery phase, where metabolism is
undoubtedly shifted towards processes of repair and
growth (Perrone et al, 2012). Concerning node 10,
there are many enriched downregulated terms related to
nucleic acid metabolic processes. It is well-documented
in the literature that the imposition of water stress causes
a massive transcriptional reprogramming of cells (Neill &
Burnett, 1999), a finding corroborated by this study. Thus,
it is reasonable to hypothesise that once the threat of stress
has subsided, all processes activated during BBCH 77 are,
in some way, turned off (Zhang et al., 2018), although
node 5 buds represent an exception, as pointed out above.
As a general remark, the transcriptional shifts observed
during the recovery phase at BBCH 84 underscore a
transition from stress response mechanisms to growth and
repair processes. The upregulation of genes associated
with micronutrient homeostasis and lipid metabolism,
alongside the downregulation of stress-related pathways
such as secondary metabolism and nucleic acid processes,
suggests a reallocation of resources toward restoring normal
cellular functions and promoting post-stress development.
This reprogramming highlights the dynamic and adaptive
nature of plant responses to environmental challenges,
aiming to optimise resilience and recovery.

4. Gene co-expression network

To understand the regulatory network triggered by drought
stress from a different methodological perspective and assess
how the stress response varies according to the position of
the buds, WGCNA (weighted gene co-expression network

analysis; Langfelder & Horvath, 2008) was carried out
on the 3,000 most variable genes in all samples, as a
complementary approach to DEGs analysis/enrichment.
Based on the prerequisites of the approximate scale-free
topology, 17 was chosen as the soft threshold power
(Figure 6A). Genes were clustered into 15 modules,
the most numerous of which was the “darkgreen” with
902 genes, followed by the other modules up to the least
numerous, i.e., the “blue”, with 32 genes (Figure 6B).

Among the 15 modules obtained, shown in Figure 6C
as a hierarchical tree with colour codes according to the
canonical WGCNA representation, most had expression
patterns correlated with the drought stress, either positively
or negatively, with very significant statistics (Figure 6D),
while none of them was significantly correlated with the
phenological stage/timepoint of the trial. The correlation
with node position was analysed, separating the bud samples
not only by their reference node but also according to their
condition (UTC vs WS). In this way, correlated modules
were identified for five out of six samples, with the only
exception of water-stressed buds at node 2. Worthy to note
that the unstressed buds of node 2 pointed out only two
correlated modules, the “sienna3” and the “skyblue”,
whose expression patterns were negatively correlated
with P < 0.01 and P < 0.05, respectively. The former was
enriched with the terms “protein phosphorylation” and
“regulation of transcription, DNA-templated”, while the
latter with the term “exocytosis” (Table 1). This would
indicate that genes involved in these functions are expressed
on average at the lowest levels in these samples, as shown
in Figures 7A and 7B.

Unstressed buds of node 5 correlate with six modules.
Negative correlations were found with modules
“midnightblue” (P < 0.05), “darkorange” (P < 0.01),
“orangered4” (P < 0.05), and “grey” (P < 0.05), while
positive relationships were observed for the “blue”
(P < 0.01), and “lightcyan” (P < 0.05), modules. Among
these, the only module with functionally enriched genes
was the “midnightblue”, with terms like “chlorophyll
biosynthetic process”, “photosynthesis”, “photosynthesis,
light harvesting in photosystem 17, “protein-chromophore
linkage”, and “response to light stimulus” (Table 1), also
in this case characterising the samples for their low
expression levels (Figure 7C).

The stressed buds at the same position negatively
correlated with “lightcyan” and positively correlated with
“lightcyanl”, “darkorange”, “brown”, “white”, “black”,
and “grey” (Figure 6). Among these seven, only three
(“lightcyanl”, “brown”, and “black™) showed significant
enrichment with terms dealing with “translation”, “mitotic
cell cycle”, “proteasome-mediated ubiquitin-dependent/
independent protein catabolic process”, “intracellular
protein transport”, “protein complex oligomerization”,
and “response to heat”, to cite the most statistically
relevant (Table 1). All these processes were upregulated
preferentially in water-stressed buds at node 5 (Figure 7).
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FIGURE 6. Weighted correlation network analysis (WGCNA) of the

A) Analysis of the scaledfree fit index, with the red horizontal line marking the chosen cutoff. Unmerged and merged modules
are shown below the free. B] Colours and number of genes for the WGCNA modules identified. C) Hierarchical cluster tree of
coexpression modules based on WGCNA. The different colours correspond to different modules. D] Module-sample correlation
matrix. The number in each cell indicates the correlation index (either positive or negative) between the module gene expression
and the sample/treatment/condition, according fo the colour scale shown in the top left of the matrix. Asterisks indicate the level

of stafistical significance (* = significant at alpha = 0.05; ** = significant af alpha = 0.01;

no asterisk: not significant).

Buds at the 10th node showed the highest and most
significant correlations. The unstressed buds correlated
with modules “cyan”, “darkgreen”, “lightcyan”, and
“lightcyan1”, the latter being the only negative relationship.
The first two modules were enriched with the functions
“gene silencing”, “ubiquitin-dependent protein catabolic
process”, “auxin-activated signalling pathway”, “cell wall
biogenesis”, “cytoplasmic translation”, and “mitotic cell
cycle”, while the “lightcyan1” module was enriched with
functions already discussed above. The term regarding
auxin is noteworthy, as it is consistent with the proximity
of the SAM (shoot apical meristem) that produces high
amounts of this hormone, which exerts a greater effect of
apical dominance on closer buds, such as those at node 10.

Finally, the stressed buds in the same position are
correlated with the “blue” and “lightcyan” (negatively),
and “midnightblue” (positively) modules, the latter being
enriched with the GO terms “chlorophyll biosynthetic
process”, “photosynthesis”, “protein-chromophore linkage”,
and “response to light stimulus”, implying that these
stressed buds showed an upregulation of these processes,
most likely to counteract the damages to photosynthetic
apparatus caused by the scarcity of water.

Taken together, these results add further information about
the specific physiological background of each node and
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support the enrichment analysis of the DEGs shown above.
In summary, buds at node 2 were characterised by a more
advanced stage of differentiation, as indicated by the
downregulation of genes controlling both the transcriptional
processes and protein phosphorylation, the latter being
known to be strongly related to cell differentiation
(Aguilar-Hernandez et al., 2020). Buds at node 5 were
progressively losing their ability to carry out photosynthesis
(buds are initially constituted by green tissues), as indicated
by the downregulation of photosynthesis-related genes.
The same buds under water stress were characterised by a
more active response, including basic processes such as
translation, mitosis, and heat responses, whose genes were
upregulated preferentially at this node. Finally, node 10
buds were notably affected by the proximity of the SAM,
as pointed out by the upregulation of auxin signalling-related
genes. Nevertheless, in contrast to buds at node 5, node 10
is characterised by a low basal expression of genes dealing
with ROS and heat stress responses. When subjected to
drought, these buds showed an upregulation of
photosynthesis-related genes that was consistent with
the previous DEGs analysis, most likely to recover
their photosynthetic capacity, still active at that stage of
development, unlike node 5 buds.
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TABLE 1. Gene ontology biological process (GO-BP) terms enriched in the WGCNA modules.

GO ID GO term N° genes  N° Bkg genes P-value FDR Module
G0O:0002181 cytoplasmic translation 3 18 0.001641  0.046089
GO:0001732  formation of the cytoplasmic translation initiation complex 3 9 0.000185  0.010372
G0O:0006886 intracellular protein transport 6 92 0.001454  0.044533
G0:0000463 m"'“""°"§£bﬁ‘é‘,{&'\l"g_Z‘;”:&iﬁ"&ﬂiéﬂ%‘ transcript 4 16 A94E-05  0.004163
G0:0010499 Pr°*e;r50‘;’e“is'Cfr’;qb”;fiz';‘ie;:gde"* 6 9 434E-10  4.87E-08
GO:0043161 proiecsome-m.edioied ulf)iquiﬁn-dependent 10 42 157E-10  2.65E-08

protein catabolic process

GO:0051726 regulation of the cell cycle 3 17 0.001381  0.044533
G0:0000027 ribosomal large subunit assembly 3 11 0.000356  0.017121
G0:0000028 ribosomal small subunit assembly 3 9 0.000185  0.010372
GO:0042254 ribosome biogenesis 3 13 0.000604  0.025457
G0O:0006412 translation 29 150 2.94E-25 9.89E-23
GO:0006413 translational initiation 4 36 0.001296  0.044533
GO:0006886 intracellular protein transport 6 92 6.09E-05  0.020524
G0:0031047 gene silencing by RNA 5 16 4.45E-06  0.001441 cyan
GO:0000122  negative regulation of transcription by RNA polymerase |l 4 9 8.55E-06  0.001441 cyan
GO:0006511 ubiquitin-dependent protein catabolic process 7 76 0.000258  0.028969 cyan
GO:0009734 auxin-activated signalling pathway 7 56 0.000557  0.023483 darkgreen
GO:0042546 cell wall biogenesis 4 13 0.000256  0.012344 darkgreen
G0:0002181 cytoplasmic translation 9 18 1.84E-10  6.20E-08 darkgreen
G0:0000226 microtubule cytoskeleton organisation 8 28 3.61E-07  4.05E-05 darkgreen
G0:0000278 mitotic cell cycle 8 28 3.61E-07  4.05E-05 darkgreen
G0O:0006334 nucleosome assembly 5 14 1.82E-05  0.001227 darkgreen
GO:0006412 translation 16 150 1.74E-06  0.000146 darkgreen
GO:0006414 translational elongation 6 26 4.18E-05  0.002346 darkgreen
G0O:0030433 ubiquitin-dependent ERAD pathway 4 18 0.000991  0.037093 darkgreen
G0O:0034599 cellular response to oxidative stress 4 15 0.000114  0.007663 lightcyan1
GO:0001732  formation of the cytoplasmic translation initiation complex 3 9 0.000428  0.020623 lightcyanl
GO:0051259 protein complex oligomerisation 15 19 1.62E-05 0.00273 lightcyanl
GO:0006457 protein folding 7 72 0.000287  0.016115 lightcyan1
G0:0042026 protein refolding 4 12 4.30E-05  0.004637 lightcyan1
G0O:0009408 response fo heat 6 31 1.52E-05 0.00273 lightcyan1
G0:0042542 response fo hydrogen peroxide 15 24 5.50E-05  0.004637 lightcyan1
GO:0009651 response fo salt stress 5 38 0.00053 0.022322 lightcyan]
GO:0015995 chlorophyll biosynthetic process 2 14 0.000193  0.013028 [EuIChYs1ati=I0T
GO:0015979 photosynthesis 6 38 2.08E-11 1.75E-09  itehitelalisl (i
GO:0009768 photosynthesis, light harvesting in photosystem | 6 11 3.58E-15 1.21E-12  pitehitelaliel [T
GO:0018298 protein-chromophore linkage 7 34 5.33E-14  8.98E-12 [Eulch¥fe]aii<IliT
GO:0009416 response to light stimulus 6 32 6.86E-12  7.71E-10 [EuICINe1iyi<I 0
GO:0006357 regulation of transcription by RNA polymerase Il 5 127 5.61E-05 0.018918  paleturquoise
GO:0006468 protein phosphorylation 17 725 7.98E-05  0.013438 [RSIINE]
GO:0006355 regulation of transcription, DNA-+emplated 16 568 1.48E-05  0.004993 sienna3
GO:0006887 exocytosis 3 20 1.62E-05  0.005465 skyblue
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FIGURE 7. Expression patterns of the genes belonging to relevant WGCNA modules.

The numbers in brackets indicate the number of genes for each module. The sample colour legend is reported below the charts, with
the freatment code (UTC, untreated control; WS, waterstressed) followed by the node number.

5. Hormone signal transduction analysis

A Pathview analysis was used to visualise on KEGG maps
the changes in the expression patterns of the genes dealing
with hormone signal transduction. A broad phytohormonal
signalling is known to play a relevant role during response
to water stress in crops, involving all the known plant
hormones, and several studies were carried out in grapevine
regarding the hormonal signalling pathways activated
upon water stress (Botton et al., 2022; Jiao et al., 2024).
As a general consideration, the signalling pathways of
some of these hormones, namely brassinosteroids (BRs),
gibberellins (GAs), cytokinins (CKs), and auxin, are
generally repressed, while those of abscisic acid (ABA),
salicylic acid (SA), ethylene, jasmonates (JAs), and
strigolactones (SLs) are thought to be stimulated
(Jogawat et al., 2021). However, according to the crop,
the specific organ and its developmental phase, the entity
of the stress and its duration, most of these up/down
trends can change and eventually revert. Moreover, while
analysing the hormone signal transduction, the potential
impact of root growth restriction due to the pot growth
conditions should also be considered, as Li et al. (2022)
showed that these conditions affect the hormonal balance
in different parts of the vine, pointing out variations
of every single hormone, not always consistent in the
organs considered.

Concerning auxin, a broad downregulation of both its
influx and signalling pathway was pointed out under severe
water stress (BBCH 77), especially at nodes 2 and 5, in
particular regarding the AUXI influx carrier genes, the
GH3 genes, and the Aux/IAA genes (Figure 8), the latter
known to be robust indicators of auxin signalling activation
(Abel et al., 1994). Oppositely, buds at node 10 showed
an upregulation of Aux/IAA genes, most likely due to the
proximity of the shoot apical meristem, as pointed out

also by WGCNA. At recovery (BBCH 84), the situation
slightly changed at node 5, where some of the genes cited
above were upregulated in the stressed vines, indicating
an actual and prompt recovery, despite the lower levels of
this hormone measured in all the parts of the vine under
root growth restriction (Li ef al., 2022).

CK signalling was stimulated under severe water stress, as
pointed out by the genes encoding the type-A regulators
(RRA; negative regulators; Hwang et al., 2012), which
were upregulated at nodes 2 and 5 and unaffected at
node 10, confirming the different behaviours of the nodes.

Transcription of RRA genes is known to be rapidly induced
by CKs (D’Agostino et al., 2000), most likely to exert
a negative feedback regulation on CK signalling and
decrease the sensitivity to the hormone upon a severe
water stress, when roots may mobilise CKs to the shoot
(Jogawat et al., 2021), especially in potted vines that
were shown to have enhanced levels of CKs in roots
(Li et al., 2022). At BBCH 84, the regulatory pattern
changed, with RRA genes upregulated at node 10, repressed
at node 5, and unaffected at node 2. At node 10, the wave
of stress-related CKs likely arrived from roots later,
when water flow in the xylem recovered, so that the same
upregulation of RRA genes previously observed at nodes 2
and 5 was also detected in the apical buds.

A substantially neutral situation was observed for
gibberellins at nodes 2 and 10 concerning the DELLA
genes, which are usually transcriptionally active when the
GA response is triggered (Middleton et al., 2012). Worthy
to note that, under severe stress, DELLA genes were
downregulated in buds at node 5, leading to hypothesised
lower levels of these hormones in these buds. Later,
during recovery, the same downregulation was observed
at node 10.
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FIGURE 8. Pathview analysis of hormone signal transduction through KEGG mapping (map04075).

The colour scale and a basic legend are reported within the figure. Briefly, the expression pattern of each gene/multigene family is
shown as a watersiressed vs UTC ratio through the six squares above or below the gene name according to the colours and position
shown in the legend (two timepoints and three nodes for each timepoint).

Given the importance of gibberellins and cytokinins for
the differentiation of uncommitted primordia into floral
structures (Crane et al., 2012), the hormonal balance pointed
out by this analysis indicates that cytokinins were more
active in basal nodes during severe water stress and in
apical nodes during recovery.

Concerning ABA, the most important hormonal player
in plants’ drought response (Osakabe ef al., 2014), a clear
upregulation was pointed out by SnRK2 genes at both
timepoints, more markedly in buds at nodes 5 and 10.

These genes encode for key positive regulators of
ABA response and were recently shown to be pivotal in
grapevine drought tolerance (Lan et al., 2024). Therefore,
their extended upregulation in all the buds at both the
timepoints was not surprising and further confirmed the
ongoing water stress response.

Regarding ethylene, the ERF genes can be considered the
best indicator of its involvement in drought stress (Miiller
& Munné-Bosch, 2015). According to Pathview analysis,
ethylene signalling was shown to be repressed when the
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stress was severe, but only in buds at nodes 2 and 5. At
node 10, ethylene signalling was active at both timepoints,
and so was node 2 at recovery, while buds at node 5 still
displayed a marked downregulation. These results do not
fully match the DEGs analysis regarding the timing,
although in both cases the prevalent response was a
downregulation of ethylene signalling, with a marked
repression displayed by buds at node 5, either at BBCH 77
in the case of DEGs or at both timepoints for Pathview
analysis. This may be due to the different methods adopted,
especially the high stringency of the statistical parameters
used in DEGs analysis and their enrichment.

As far as the BRs’ signalling is concerned, a different
behaviour was pointed out by 7CH4 and CYCD3 genes, the
two BR transcriptional targets represented in the Pathview
map. Since the transcription of TCH4 in Arabidopsis was
shown to be activated regardless of the presence of BRs by
several environmental stimuli (Iliev et al., 2002), among
which drought, its upregulation in nodes 5 and 10 may
not surprise. In node 2, on the other hand, its transcription
is repressed. This pattern is conserved at both timepoints.
In addition, CYCD3 pointed out an extended downregulation
in all samples at both timepoints. According to these
results, BRs may not be involved in the bud’s drought
response, while the transcriptional changes regarding 7CH4
may have bypassed BR signalling and, since this gene
codes for a xyloglucan endotransglucosylase/hydrolase
(Purugganan et al., 1997), may reflect a recruitment of
cell wall-modifying activity in response to water stress, as
shown to occur by enrichment analysis of DEGs.

Both the signalling pathways of JA and SA were shown to
be activated in all samples and both timepoints, as pointed
out by Pathview analysis, in particular regarding the
expression of JAZ and PR-1 genes, both known indicators of
JA- and SA-related transcription (Santner & Estelle, 2007)
respectively, also in the grapevine (Rahman et al., 2022).
Moreover, grapevine JAZ genes were previously shown to
transcriptionally respond to several environmental stimuli,
including water stress (Zhang et al., 2012), and drought-
responsive elements were found in the promoter of the
VvPR1 gene of Vitis vinifera (Rahman et al., 2022).

6. Expression of flowering-related genes

Based on the studies carried out by Almada et al. (2009),
Carmona et al. (2007), and Palumbo ef al (2019), and
a search which was carried out on PN40024.v4 genome
annotations (Velt et al., 2023), eight genes dealing with
the flowering process were selected and their expression
represented in a heatmap (Figure 9).

When the stress was severe (BBCH 77), few functionally
relevant differences emerged between unstressed (UTC)
and water-stressed (WS) buds. Statistically significant
variations (Student’s #-test with P < 0.01) in gene expression
were observed in buds at node 2, with the downregulation
of three genes in water-stressed buds: VITVIO6G01473,
encoding TFL1A, VITVIO7G04487, encoding FT, and
VITVII7G00021, encoding VFL (the LEAFY ortholog).

All these genes were previously shown to play a pivotal
role in grapevine flower bud differentiation and were
demonstrated to fully complement their Arabidopsis
orthologs. Moreover, in grapevine, they show peaks of
expression during the floral induction/transition period. In
summary, VvIFLIA is expressed at early bud development
in uncommitted primordia to enable branching and prevent
them from forming terminal flowers (Boss et al., 20006),
with a higher expression in apical buds correlated with
higher fertility (Crane et al., 2012). Expression of VvFT in
the uncommitted primordia definitely closes the vegetative
development and triggers flower differentiation; therefore,
a higher bud fruitfulness is achieved when its
transcription rate increases after the peak of VVIFLI
(i.e., mutually exclusive) as the axis of the inflorescence
has undergone branching for longer (Carmona et al., 2007;
Crane et al., 2012). Finally, VvVFL expression is thought
to prolong the undifferentiated phase of the anlagen
and is higher in apical buds that are more fertile
(Carmona et al., 2002; Crane et al., 2012). Therefore, their
downregulation in buds at the 2nd node upon water stress
is fully consistent with the significant loss of fertility shown
by buds at this node, both in terms of weight and number
of inflorescences. Another significant change was displayed
by VITVII5G00774, encoding VvMADSS8/VvSOCI, whose
expression upon drought stress increased in buds of the
5th node, further enhancing the specific physiological
background pointed out for these buds by previous analyses
and supporting the hypothesis that node 5 might be somehow
protected from the effects of water stress. Such a protection
may derive from the multiple and apparently contradictory
functions of VvMADSS8/VvSOCI1, which was shown to
be involved not only in the promotion of floral transition
(Sreekantan & Thomas, 2006), but also in the repression
of floral identity genes and induction of genes coding for
cuticle biosynthetic enzymes (Jollife et al., 2024). Although
without any statistical significance, both the CONSTANS-Like
genes (VvCO and VvCOLI) were upregulated by drought at
node 10, indicating a sort of “phase shift” of expression that
might have interfered with the flowering process, consistent
with the lower fertility measured in these buds in terms of
both the number of inflorescences and degree of branching.

Passing from BBCH 77 to BBCH 84, expression levels
of these genes in the buds of well-watered vines pointed
out some significant changes. VvFLC (VITVIOIG01673)
dropped in all samples, consistent with its inhibitory role
on flowering, and the transcripts of both VvVFL at the
2nd node and JVvIFLIA at the 10th node decreased
through the experiment, while they remained constant in
the 5th node. Although not statistically significant, VvF'T
expression was concurrently increasing. Based upon
previous studies (Crane et al., 2012), the timing of our
trial was chosen correctly, i.e., it was positioned exactly
in the most critical moment of flower bud differentiation,
between the peaks of expression of VwIFLIA and VvFT.
To further support this fact, the expression of VvCO
decreases in buds at node 2, differently from the behaviour
of 'wCOLI, as previously shown by Almada et al. (2009).
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FIGURE 9. Expression heatmap of eight flowering-related genes.

The gene names are shown in brackets after the gene ID, and the line fraces within the boxes represent the expression levels.
The colour legend is shown at the top. Asterisks show statistically significant (Student'’s +est at P < 0.01) differences according
to the following order: BBCH 77-WS vs BBCH 7/7-UTC, BBCH 84-UTC vs BBCH 7/7-UTC, BBCH 84-WS vs BBCH 84-UTC.
UTC, unsfressed control; WS, waterstressed; 2-5-10, buds at nodes 2, 5, and 10, respectively.

In buds recovering from water stress, the differences
between nodes 2 and 10 on one side and node 5 on the
other side were again evident, with VvSOCI and WTFLI1A
downregulated by drought at node 2, and VVvELF4, a
flowering inhibitor (Sreekantan et al., 2010), upregulated
in buds of node 10. These observations were fully consistent
with the reduced fertility observed, especially for buds at
the 2nd and 10th node.

CONCLUSION

In the present study, the physiological and molecular
responses of grapevine buds to water stress were analysed,
revealing how node position affects the response to drought
imposed at a critical phenological stage. The transcriptomic
analysis provided an overview of the adaptive mechanisms
across nodes subjected to water stress, allowing the definition
of a working model for the buds’ response to drought,
as related also to their developmental and physiological
background (Figure 10). Buds located at basal and apical
nodes were more affected by water stress compared to those
at central positions, herein represented by the 5th node,
which showed a greater capacity to mitigate the effects of
drought thanks to specific physiological and molecular
mechanisms linked to their stage of development. Indeed,
RNA-Seq data and WGCNA revealed distinct molecular
profiles associated with node position, with unstressed basal
buds showing a clearly different transcriptomic pattern
linked to a more advanced developmental stage. The low
expression levels of photosynthesis-related genes were a
good developmental marker, especially for unstressed
buds at node 5, while those at node 10 were showing the
influence of the SAM, which kept the auxin signalling
active in this node.

The number of DEGs under severe stress was well
correlated with fertility outputs in the following year, with
nodes 2 and 10 being the most affected and node 5 showing
the lowest number of DEGs, along with a more prolonged
transcriptional response during the recovery phase.

Node-specific responses involved hormone signal
transduction pathways, with significant changes in auxin,
cytokinins, ABA, gibberellins, and ethylene regulation.
Auxin signalling was reduced at nodes 2 and 5, in contrast
to cytokinins. ABA response was upregulated at nodes 5
and 10, whereas gibberellin signalling was lowest at node 5.
Considering the negative role of gibberellins on grape floral
induction (Boss & Thomas, 2002), these data were fully
consistent with fertility measured in the following year.
WGCNA identified gene expression modules correlated
with drought stress. Water-stressed buds at node 5 showed
higher expression of genes related to metabolism, cell cycle,
heat response, and protein transport, indicating both a higher
metabolic activity and a stronger level of protection, which
were consistent with the higher fertility measured one year
after. The expression of flowering-related genes supported
these results, with node 5 showing stable and increased
expression of VvSOC! under severe stress, with a putative
protective role, while the floral integrators transcript profiles
in the other nodes were compatible with a compromised
situation for flowering.

Overall, the stress response limited its phenotypic
consequences, particularly in central nodes. These results
suggest that the position of buds along the shoot and the
consequent developmental phase shifts influenced their
ability to cope with water deficit and maintain fertility. This
study contributes to understanding grapevine adaptation
mechanisms and provides a basis for future research aimed
at improving resilience to drought through molecular and
agronomic approaches.
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