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A B S T R A C T

A comparative study of two grapevine rootstocks with contrasting drought stress responses revealed that the
drought-resilient RUG harbors an efficient antioxidant defense system, characterized by increased activities of
superoxide dismutase (SOD), glutathione peroxidase (GPX), and catalase (CAT), along with elevated proline
(Pro) levels compared to the drought-sensitive MGT. This robust scavenging machinery enables RUG to maintain
redox balance, effectively mitigating oxidative stress and preserving cellular integrity during drought.
Anatomical evaluations showed severe xylem disruptions in MGT, including extensive tylosis, leading to leaf
necrosis and impaired water transport. Conversely, RUG maintained a structurally intact and functional xylem,
crucial for sustaining hydraulic conductivity and water supply during drought. The pronounced rise in Pro un-
derscores its critical role in drought resilience, working synergistically with other cellular components to facil-
itate osmotic adjustment while detoxifying reactive oxygen species (ROS) and minimizing oxidative damage.
Transcriptome profiling suggested that RUG displays sequential gene expression during drought driven by
distinct molecular processes for photosynthesis, osmotic adjustment, and structural remodeling, a dynamic
notably absent in MGT. These findings emphasize the complex interplay of osmotic and oxidative homeostasis in
RUG, illustrating the adaptive mechanisms that contribute to its drought resilience, potentially guiding future
rootstock selection and breeding strategies.

1. Introduction

Plant biotic/abiotic stresses have severe impacts on agriculture,
leading to annual crop yield losses estimated at 65–87% (Shinozaki
et al., 2015). Climate change is likely to exacerbate these losses as
extreme weather events become more frequent (www.fao.org). Drought
occurs when rainfall decreases or stops, reducing soil water potential
while increasing osmotic potential. This imbalance hinders water uptake
through roots compared to transpiration from leaves, raising tension in

the water column and potentially causing embolism in xylem vessels
under severe dehydration (Gambetta et al., 2020). Drought stress dis-
rupts essential biological processes in plants, particularly photosynthesis
and energy production while triggering harmful cellular and molecular
responses such as oxidative bursts, metabolic toxicity, and protein
dysfunction (Ismail et al., 2014, 2020; Kim et al., 2024). Ultimately,
these effects compromise plant growth, resilience, and productivity,
highlighting the necessity for adaptive strategies to enhance drought
tolerance.
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In contrast to sensitive species, drought-tolerant plants activate rapid
and robust resilience mechanisms upon stress exposure, effectively
mitigating damage. A key aspect of this resilience is the reactive oxygen
species (ROS) detoxification system, which enables plants to neutralize
harmful ROS, such as hydrogen peroxide (H2O2), superoxide (O2− ), and
hydroxyl radicals (OH•). These ROS are commonly produced under
stress and are unavoidable by-products of essential aerobic metabolic
processes like photosynthesis and respiration (Miller et al., 2010;
Waszczak et al., 2018). The antioxidant defense system consists of
enzymatic components, including superoxide dismutase (SOD), gluta-
thione peroxidase (GPX), ascorbate peroxidase (APX), peroxidase
(POX), glutathione reductase (GR), glutathione-S-transferase (GST), and
catalase (CAT), which detoxify excessive ROS (Rajput et al., 2021).
Additionally, non-enzymatic antioxidants such as phenolic compounds,
alkaloids, carotenoids, ascorbic acid, glutathione (GSH), flavonoids,
phenolic acids, tannins, terpenoids, alkaloids, and proline (Pro) help
neutralize ROS effects (Das and Roychoudhury, 2014; Haghpanah et al.,
2024).

Proline further functions as a vital compatible osmolyte, playing a
critical role in regulating osmotic balance under conditions of water
deficit. It works in conjunction with a diverse array of solutes, catego-
rized into various classes according to their characteristics, including (1)
osmolytes containing ammonium compounds (e.g., glycine betaine and
polyamines), (2) osmolytes containing sugars and sugar alcohols (e.g.,
fructose, glucose, sucrose, trehalose, fructans, mannitol, sorbitol, and
glycerol), (3) osmolytes containing amino acids (e.g., proline, citrulline,
pipecolic acid, and ectoine), and osmolytes containing sulfonium com-
pounds (e.g., choline o-sulfate and dimethyl sulfonium propionate)
(Turner, 2018; Takahashi et al., 2020; Nour et al., 2024). Osmotic
imbalance, a specific outcome of water stress, underscores the necessity
for targeted mechanisms that bolster plant resilience to drought condi-
tions. Consequently, osmotic adjustment emerges as a crucial strategy
for preserving cell turgor, mitigating water loss, and sustaining meta-
bolic activities during periods of stress. Interestingly, both proline and
glycine-betaine can significantly alter the osmotic potential of the
cytoplasm and vacuole, accounting for ~10% and 90% of cell volume,
respectively. These compounds not only facilitate osmotic balance but
also provide protective functions by stabilizing proteins and cellular
membranes and scavenging ROS in stressed cells (Bohnert and Shen,
1998; Turner, 2018). Collectively, these adaptive responses empower
tolerant plants to maintain cellular stability and functionality, even in
challenging environmental conditions.

Grapevine, a valuable cash crop cultivated in over 90 countries, faces
increasing threats from water-related stresses, particularly due to
climate change, affecting grape quality and yield (Gambetta et al.,
2020). Thus, understanding the mechanisms underlying grapevine
resilience to drought and other stresses is critical for breeding new,
stress-resistant genotypes and rootstocks. Our previous studies high-
lighted the physiological responses of two salt-excluder grape root-
stocks, RUG and MGT, under salinity stress, revealing RUG’s superior
ability to maintain photosynthetic pigments, sugars, and ROS detoxifi-
cation compared to MGT (Gajjar et al., 2023, 2024). Although salinity
and drought stress vary, some mechanistic overlaps exist, with RUG
primarily recognized for drought tolerance. This study aims to profile
the physiological, anatomical, and transcriptomic responses of RUG and
MGT under drought and rewatering. Our findings provide insights into
the molecular events that enhance grapevine drought resilience,
revealing that RUG rapidly adjusts via transcriptomic reprogramming to
promote redox and osmotic homeostasis. This redox mechanism main-
tains ROS balance by managing photorespiration-derived ROS, pre-
venting cellular damage, while osmotic regulation protects xylem
vessels from embolism and cavitation through transpiration moderation
via stomatal control. Together, these mechanisms enhance RUG’s
drought resilience, supporting its potential as a valuable rootstock in
drought-prone areas.

2. Materials and methods

2.1. Plant material of drought-stressed grapevine

The experiment was conducted in a greenhouse at the Center for
Viticulture in Tallahassee, Florida (30◦28′45.63″ N, 84◦10′16.43″ W).
Three-year-old Vitis hybrid rootstocks, Millardet et de Grasset 420A
(MGT; V. berlandieri× V. riparia) and 140 Ruggeri (RUG; V. berlandieri×
V. rupestris) were selected in this study due to their contrasting drought
resilience characteristics. Grapevine seedlings were grown in 2.0 L
plastic pots, which were filled with a growing medium composed of
sandy soil, vermiculite, and humus in a 1:1:1 vol ratio. The greenhouse
maintained a consistent air temperature of 25 ◦C during the day and
18 ◦C at night, regulated by a thermostat. Conditions of relative hu-
midity and light levels were not specifically controlled, and no supple-
mentary lighting was provided. All vine seedlings were grown under the
same conditions; however, control vines were irrigated every two days.
Other management practices adhered to the recommendations detailed
in the Grape Production Guide for Florida, developed by the Center for
Viticulture and Small Fruit Research (CVSFR) at Florida Agricultural and
Mechanical University (FAMU) (https://famu.edu/viticulture). For
morphological analysis, stomatal size and density were examined using
a Leica stereo microscope, with images captured by a Leica DFC3000G
digital camera and analyzed using the LAS X integrated imaging system
(Leica, Deerfield, IL, USA). Leaf length, width, and area were measured
following standard protocols. Transpiration rates were recorded over
seven days to assess water loss behavior under controlled conditions.

In the PEG-induced drought stress assay, leaf samples from RUG and
MGT were placed in Petri dishes containing double layers of wet paper
towels saturated with PEG-6000 (10% w/v) and incubated for 24 h.
Following treatment, samples (n = 3 biological replicates) were
collected to quantify membrane integrity by ion leakage analysis. The
PEG-treated samples were rinsed to remove surface ions, placed in
distilled water, and agitated at 25 ◦C for 24 h. Initial conductivity,
indicating membrane leakage, was measured using the YSI 3200 Con-
ductivity Instrument (VWR, Suwanee, GA, USA). Samples were then
boiled to release all cellular ions for total conductivity measurement,
and relative ion leakage was calculated as the ratio of initial to total
conductivity. A time-course experiment was conducted, with samples (n
= 3 biological replicates) collected at 0, 6, 12, 24, and 48 h post PEG
treatment. Cell viability was assessed using the MTT Tetrazolium
Reduction Assay (Ginouves et al., 2014). Briefly, samples were treated
with MTT solution (0.5 mg/ml) and incubated in the dark for 4 h. For-
mazan, indicative of viable cells, was quantified by measuring absor-
bance at 570 nm using an ACCURIS Smart microplate reader.

For drought experiments on grapevine seedlings, stress was induced
by gradually withholding water to allow soil water content (SWC) to
decline naturally. The relative fluorescence decrease (Rfd) was
measured during stress using the Fluorpen FP110-LM/D (Qubit Systems
Inc., Kingston, ON, Canada). Leaf samples were collected at specific SWC
levels (60%, 40%, and 35%) and 4 and 12 days post-rewatering, while
control samples were taken from plants receiving standard irrigation.
The sampling sequence was as follows: (1) control, (2) 60% SWC, (3)
40% SWC, (4) 35% SWC, (5) day 4 post-rewatering, and (6) day 12 post-
rewatering. Other two sets of samples; 80% SWC and day 8 post-
rewatering, were collected for detailed analysis. All samples were
immediately frozen in liquid nitrogen and stored at − 80 ◦C for further
analysis.

2.2. Photosynthetic pigments quantification

Photosynthetic pigments (PhPs), including total chlorophyll (Chl-T),
chlorophyll-a (Chl-a), chlorophyll-b (Chl-b), and carotenoids, were
quantified using the dimethyl sulfoxide (DMSO) method as outlined by
Minocha et al. (2009). Briefly, 50 mg of leaf tissue was homogenized in
1.5 ml of DMSO, incubated in a water bath at 65 ◦C for 1 h, then cooled
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to room temperature for 30 min. The mixture was filtered, shaken, and
absorbance was measured at 665, 648, and 480 nm for Chl-a, Chl-b, and
β-carotene, respectively, using an ACCURIS Smart microplate reader,
with DMSO as a blank. Pigment concentrations were determined in
triplicate for each biological replicate (n = 9) and expressed as mg/g
fresh weight. Concentrations of Chl-a, Chl-b, and β-carotene were
calculated as described previously by Gajjar et al. (2023).

2.3. Quantification of H2O2 content

Hydrogen peroxide (H₂O₂) content was measured following the
method of Islam et al. (2017). Briefly, 100 mg of fresh, powdered leaf
tissue was mixed with 1 ml of 50 mM potassium phosphate buffer (pH
7.8). The mixture was then centrifuged at 12,000×g for 10 min at 4 ◦C.
For H₂O₂ quantification, the supernatant was combined with 0.1% ti-
tanium chloride in 20% (v/v) H₂SO₄ and centrifuged at 10,000×g for 5
min. Absorbance was recorded at 410 nm using a microplate reader
(ACCURIS SmartReader). H₂O₂ levels were calculated using an extinc-
tion coefficient of 0.28 μmol− 1 cm− 1.

2.4. Quantification of enzymatic antioxidants

To quantify antioxidant enzyme activity, 100 mg of fresh, ground
leaf tissue was homogenized in 50 mM potassium phosphate buffer (pH
7.0) and centrifuged at 12,000×g for 10 min. The supernatant was used
for total protein measurement and enzyme activity assays. Total protein
content was determined using the Bradford assay, with bovine serum
albumin (BSA) as the standard (Bradford, 1976). The activities of su-
peroxide dismutase (SOD), catalase (CAT), and glutathione peroxidase
(GPX) were measured using BioVision Inc. assay kits (Milpitas, CA,
USA), following the manufacturer’s instructions, and expressed as U/mg
protein. One unit of SOD is defined as the amount of enzyme needed to
achieve a 50% reduction in formazan dye formation, while SOD inhi-
bition activity was also expressed in U/mg protein. CAT activity is
defined as the amount of enzyme that decomposes 1.0 nmol of H₂O₂
min− 1, and GPX activity is defined as the amount of enzyme that reduces
1.0 nmol of NADPH min− 1.

2.5. Proline quantification

A 100 mg of powder leaf tissue was extracted with 3% sulfosalicylic
acid and then centrifuged. The supernatant was mixed with a ninhydrin
solution containing acetic acid and 6 M H3PO4 (v/v, 3:2) and heated at
100 ◦C for 60 min. Then, toluene was added to the mixture and incu-
bated at room temperature for 30 min. Absorbance was measured in the
toluene layer at 520 nm using a microplate reader (ACCURIS Smar-
tReader), with quantification based on an L-proline standard curve
(1–100 μg), as previously described by Lee et al. (2013).

2.6. Soluble sugar quantification

Fresh leaf tissue (100 mg) was ground in 1 mL of 80% ethanol,
vortexed, and then centrifuged at 12,000×g for 10 min, following the
method outlined in Gajjar et al. (2023). The supernatant was collected,
and the extraction was repeated twice. Glucose, sucrose, and fructose
levels were quantified using the Megazyme
Sucrose/D-Fructose/D-Glucose Assay Kit (Megazyme, Highland, UT,
USA), following the manufacturer’s instructions. Total soluble sugar
content was calculated by summing the individual concentrations of
glucose, fructose, and sucrose in each sample.

2.7. Scanning electron microscope (SEM) analysis

Sample preparation was performed as described previously by El
Kayal et al. (2017). Stem tissues were fixed in a solution of 2.5%
glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer,

then washed three times with 0.1 M phosphate buffer for 10 min each.
After fixation, samples underwent an ethanol dehydration series, fol-
lowed by three 30-min immersions in 100% hexamethyldisilazane
(HMDS). Following the final immersion, samples were left in HMDS
until complete evaporation. The samples were then sputter-coated with
carbon using a Nanotek SEMprep 2 sputter coater. Imaging and quan-
titative analysis were conducted using a Tescan MIRA3 scanning elec-
tron microscope.

2.8. RNA extraction and RNA-seq library construction

Total RNA was extracted from leaf samples as described previously
(Gajjar et al., 2024). All RNA samples were treated with the RNase-Free
DNase Set (Qiagen, Valencia, CA, USA), and subsequently cleaned up
with the RNeasy Mini Kit (Qiagen). A total of 36 RNA-seq libraries
(6-time points × 2 rootstocks (RUG and MGT) × 3 biological replicates)
were constructed using NEBNext Ultra II RNA Library Prep Kit for Illu-
mina (New England Biolabs, Ipswich, MA, USA). The libraries were
multiplexed equally for paired-end 150-base sequencing in two lanes of
NovaSeq 6000 (Illumina, San Diego, CA, USA) at the Novogene Co., Ltd.
(Sacramento, CA, USA).

2.9. Sequencing data preprocessing and analysis

Illumina sequencing of multiplexed RNA-seq libraries produced 36
FASTQ files (GenBank accession: PRJNA1045631). The RNA-seq anal-
ysis pipeline was described previously by Ismail et al. (2022). Briefly,
the quality assessment of reads was conducted twice, before and after
trimming with Trimmomatic v0.39 using FastQC (Bolger et al., 2014).
Trimmed reads were then aligned to the Vitis genome
(V. vinifera_457_Genoscope.12X) and mapped to the Vitis transcriptome
(V. vinifera_457_v2.1.cds_primaryTranscriptOnly.fa.gz) via STAR (Dobin
et al., 2013; Srivastava et al., 2020). The STAR-generated BAMfiles were
quantified using Salmon’s alignment mode (Patro et al., 2017; Table S1).
Differential gene expression was analyzed for each timepoint within
rootstocks, RUG (R2-R1 through R6-R5) and MGT (M2-M1 through
M6-M5), and between RUG and MGT timepoints, using DESeq2 with
PFDR < 0.05 (Love et al., 2014; Table S2). UpSetR was used to visualize
intersections of differentially expressed genes across comparisons
(Conway et al., 2017), while consensus Venn diagrams were created
using "Draw Venn diagram" (https://bioinformatics.psb.ugent.
be/webtools/Venn/). K-means clustering was performed using the
Hartigan-Wong algorithm with 15 random starts. Temporal gene
expression dynamics between RUG and MGT clusters were linked with
Circos visualizations (https://circos.ca/). GO and KEGG enrichment
analyses were performed based on the V. vinifera Ensembl GeneID alias,
using the g: Profiler website with Benjamini-Hochberg multiple testing
correction method (PFDR< 0.05) (Kolberg et al., 2023). The pathways of
the exclusive PB GO-terms of the cluster of interest were visualized by
the Cytoscape plug-in ClueGO (Bindea et al., 2009).

2.10. Validation of DEG subsets by qPCR

DNase treatment, cDNA synthesis, and qPCR were conducted as
described previously by Ismail et al. (2022). Gene-specific primers were
designed with Primer Express v3.0 (Table S8). The qPCR reactions were
performed using SsoAdvanced Universal SYBR Green Supermix (BIO--
RAD Laboratories, Hercules, CA, USA). Each reaction was run in tripli-
cate across three biological replicates on a CFX384 Touch Real-Time
PCR Detection System (BIO-RAD Laboratories). Transcript levels were
quantified through standard curves derived from serial dilutions of PCR
products corresponding to each target and reference gene. The abun-
dance was normalized against the stable reference genes VvActin and
VvEF1. The geometric mean of these housekeeping genes was validated
as an effective normalization factor.
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2.11. Statistical analyses

Statistical analyses were conducted using multivariate ANOVA in
IBM SPSS Statistics 22. Results were presented as mean ± SD from three
independent replicates. Significant differences among treatments and
genotypes were indicated by different letters, determined by Duncan’s
test at a significance level of P < 0.05.

3. Results

3.1. Physiological and anatomical characterization of grapevine
rootstocks during drought

This study investigated the physiological and molecular responses of
two grapevine rootstocks, RUG and MGT, with contrasting drought

resilience, focusing on their adaptation mechanisms during drought and
recovery upon rehydration. Morphological comparisons between RUG
and MGT reveal distinct differences in stomatal and leaf traits (Fig. S1).
MGT has higher averages for stomatal density (12.8 ± 0.5) and stomatal
size (29.3± 2.2 μm2), as well as a larger leaf area (162.5± 13.7 cm2). In
contrast, RUG has significantly lower averages: stomatal density (10.8
± 0.4), stomatal size (20.6 ± 1.2 μm2), and leaf area (88.8 ± 5.5 cm2)
(Figs. S1A–C). A 7-day analysis of transpiration rates highlights the
differing water management strategies of the rootstock genotypes
(Fig. S1D). MGT maintains consistently higher transpiration rates,
reaching a near-dry stage by day 3. Conversely, RUG exhibits slower
transpiration rates, with water loss gradually increasing to levels com-
parable to MGT by day 6.

Gradual drought stress was applied to potted vines by withholding
water until 35% SWC, after which rewatering was initiated. Leaf

Fig. 1. Overview of the experimental procedure for drought induction and recovery phases. (A) The experimental setup utilized two grapevine rootstocks, Ruggeri
140 (RUG) and MGT-420A (MGT), selected for their contrasting drought response. Measurements were taken during water withholding and re-watering to assess (B)
total chlorophyll content (Chl-T) and (C) the fluorescence decrease ratio (Rfd) in leaves. Panels (D–H) illustrated ROS-related parameters measured in both root-
stocks, including (D) H₂O₂ levels, enzymatic activities of (E) superoxide dismutase (SOD), (F) glutathione peroxidase (GPX), and (G) catalase (CAT), as well as (H)
proline content (Pro). Data represent means ± standard division (SD) of three biological replicates.
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samples were collected at SWC levels of 60%, 40%, and 35%, as well as
at 4 and 12 days after rehydration (d4 and d12). Regularly watered
plants served as controls (Fig. 1A; Fig. S2). Sampling points were labeled
chronologically: 1 - control, 2–60% SWC, 3–40% SWC, 4–35% SWC, 5 -
day 4 post-rewatering, and 6 - day 12 post-rewatering. Under typical
conditions, both rootstocks displayed similar basal levels of photosyn-
thetic pigments (PhPs), particularly total chlorophyll (Chl-T) and
chlorophyll-a (Chl-a), although RUG had significantly higher
chlorophyll-b (Chl-b) levels (Fig. 1B; Figs. S3A and B). During drought,
distinct patterns in PhP levels emerged, with RUG maintaining higher
Chl-T and Chl-a levels at 40% SWC, which then dropped to initial levels
at 35% SWC before stabilizing. MGT, however, struggled to accumulate
these pigments and could not maintain them at 60% SWC (Fig. 1B;
Fig. S3A). RUG showed slight increases in Chl-b at 40% SWC and on day
4 post-rewatering, significantly surpassing MGT levels (Fig. S3B). MGT’s
carotenoid levels plummeted at 60% SWC, despite being ~2.5 times
higher than RUG’s initially, which showed minimal variation in carot-
enoids throughout the experiment (Fig. S3C). While both rootstocks
accumulated similar amounts of Chl-T and Chl-a at 60% SWC, only RUG
continued to accumulate these pigments significantly at 40% SWC,
enhancing its photosynthetic efficiency during drought and recovery, as
indicated by fluorescence decrease ratio (Rfd) values (Fig. 1C). Inter-
estingly, basal sugar levels did not correlate with initial PhPs and Rfd in
either rootstock (Fig. S4). RUG leaves exhibited higher significant basal
levels of monosaccharides; glucose (Glu) and fructose (Fru), but a non-
significant total soluble sugar (TSS) compared to MGT leaves, which
in contrast contained ~3 times more sucrose (Suc). During drought and
rehydration, TSS accumulation patterns were similar, with some varia-
tion in sugar types.

To connect the differences in drought resilience between the root-
stocks to their redox homeostasis, we monitored H2O2 content, antiox-
idant enzyme activities, and proline levels (Fig. 1D–H). H₂O₂, a stable
ROS, doubled in MGT under drought compared to baseline levels, while
RUG showed no increase (Fig. 1D). MGT managed to neutralize H2O2 to
baseline levels after rewatering, indicating that drought was not severe
enough to cause irreversible wilting. Additionally, MGT exhibited sub-
stantial declines in SOD and GPX activities (~3.5-fold and ~5.2-fold
reductions, respectively), with slight recovery post-rewatering (Fig. 1E
and F). In contrast, RUG maintained stable SOD levels throughout
drought and recovery, showing notable increases at 40% SWC and 12
days post-rewatering (Fig. 1E). RUG also preserved GPX activity, with
increases of ~2–~5.8-fold above MGT, except at 60% SWC, where it
declined significantly (Fig. 1F). Proline levels and CAT activity sharply
increased in RUG at 40% SWC, exhibiting ~3-fold elevation compared
to other time points, while MGT only showed a minor CAT increase at
35% SWC (Fig. 1G and H).

The mortality rate was assessed using electrolyte leakage under PEG-
induced stress conditions. In this experiment, eighteen grapevine root-
stocks were evaluated by exposing leaf samples to a 10% polyethylene
glycol (PEG) solution (Fig. 5A). PEG, a high molecular weight com-
pound, does not penetrate cell walls and is widely utilized to induce
osmotic stress in plant studies (Peiró et al., 2020). All grapevine root-
stocks exhibited significant responses to the PEG treatment. The per-
centage of electrolyte leakage varied notably, ranging from 19.2%± 1.3
for the RUG rootstock to 81.0% ± 3.5 for the MGT, demonstrating a
substantial variability of 61.9% in drought resilience among the
different grapevine genotypes. Additional assessments of drought
tolerance focused on measuring the relative water content (RWC) in
PEG-treated leaves of the two extreme rootstock genotypes, RUG and
MGT. The RWC was quantified at 0, 6, 12, 24, and 48 h after treatment
(Fig. S5B). While both rootstocks exhibited reductions in RWC under
stress conditions, RUG demonstrated superior adaptability, whereas
MGT exhibited a rapid decline in water content. The heightened sensi-
tivity to water deficits observed in MGT may significantly affect its
survivability in drought-prone environments.

Scanning electron microscopy (SEM) analysis revealed significant

anatomical changes in drought-stressed grapevine rootstocks. In MGT,
SEM identified two key features: (i) vessel occlusion by tyloses and (ii)
starch granule accumulation in radial ray parenchyma cells (Fig. 2A and
B). In contrast, RUG exhibited minimal starch buildup in cross and radial
sections (Fig. 2C and D). Both rootstocks contained starch in axial and
ray parenchyma cells, but MGT displayed greater starch accumulation,
while RUG had fewer granules. Notably, tylose formation was exclu-
sively observed in MGT, which is specific to this drought-sensitive
rootstock (Fig. 2A–C).

Overall, these findings indicate that RUG possesses notable adapt-
ability and robustness to drought, while MGT shows a pronounced
sensitivity to water deficit conditions.

3.2. Transcriptomic changes during drought and recovery

To explore the molecular mechanisms of drought resilience, the
transcriptome profiles of RUG andMGT rootstocks were analyzed during
water deficit and recovery phases (Fig. 1A). The study generated 1.01 Gb
of clean data with 20.88–37.18 Mb per replicate with mapping rates of
85.41%–91.77% (Fig. S6; Table S1). Hierarchical clustering revealed
distinct transcriptomic shifts in both RUG and MGT in response to
drought and recovery (Fig. S7). Principal Component Analysis (PCA)
demonstrated high consistency among biological replicates, with clear
sample separation across the two main components explaining 65% of
the transcriptional variance (Fig. 3A). The first component (PC1)
accounted for 45% of the variance, primarily attributed to drought and
recovery effects, while the second component (PC2) represented 20%,
mainly linked to rootstock genotype differences. Excluding recovery
samples increased PC2 and decreased PC1, suggesting that each root-
stock exhibited unique transcriptomic responses to both stress and re-
covery (Fig. S8). It was evident that drought stress emerged as the
primary source of transcriptional variation, with rewatering further
amplifying differences between the rootstocks.

To identify expressed genes during drought and recovery, RNA-seq
data were analyzed using the DESeq2 R package with PFDR < 0.05.
Five pairwise comparisons were conducted within RUG (R2-R1, R3-R2,
R4-R3, R5-R4, R6-R5) and MGT (M2-M1, M3-M2, M4-M3, M5-M4, M6-
M5), yielding 11,313 and 14,436 non-redundant genes for RUG and
MGT, respectively (Fig. 3B–D; Tables S2 and S3). Of these, 10,101 genes
were commonly regulated, with 1212 and 4335 uniquely expressed in
RUG and MGT, respectively (Fig. 3B). Within each rootstock, the dis-
tribution of up- and downregulated genes was approximately equal,
particularly in RUG (Fig. 3C and D; Fig. S9). Recovery comparisons (M6-
M5 and R6-R5) showed the highest transcriptional modulation, high-
lighting dramatic metabolic adjustments during recovery (Fig. 3C–F). To
compare distinct transcriptional changes between RUG and MGT, each
time point in RUG was aligned with its MGT counterpart (R–M). These
pairwise comparisons revealed 13,765 unique transcripts, representing
43.2% of the Vitis transcriptome, confirming the impact of drought and
recovery on PC1 variance (Fig. 4A; Table S4). The control comparison
(R1-M1) identified the highest number of significantly redundant genes,
followed by recovery comparisons (R5-M5 and R6-M6) and drought
comparisons (R3-M3, R4-M4, R2-M2) (Fig. 4A; Table S4). In contrast,
recovery comparisons had the most unique genes, consistent with PCA
results (Fig. 3A; Fig. S10). Among the unique genes identified across
comparisons, about 50% were common across three sets (within MGT,
within RUG, and R-M) (Fig. S11). Comparing both rootstocks, regardless
of drought or recovery, revealed 6112 unique genes constituting 19.2%
of the Vitis transcriptome, confirming genotype as a source of PC2
variance (Fig. 3A). Approximately half of these were upregulated
(2,688) or downregulated (3,424), with fewer exclusive genes (463)
compared to other comparisons (Fig. 4B and C). These findings highlight
extensive transcriptional reprogramming due to natural water deficit
and rewatering.
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3.3. Cluster analysis reveals distinct transcriptional reprogramming
during drought and recovery

Through the analyses, a total of 17,375 unique significant genes were
identified in RUG and 17,390 in MGT, clustered into 15 groups based on
their expression patterns during drought and recovery (Fig. 4D;
Figs. S12–S14). For RUG, these clusters were reorganized into four
groups reflecting their kinetic expression patterns (Fig. 4D; Fig. S13).
Group I consists of drought-induced clusters (R-C1 to R-C5), with tran-
script levels peaking sequentially from the onset (R-C1) to the end (R-
C5) of drought stress. Group II (R-C6 to R-C8) features clusters induced
at various phases of both drought and recovery, indicating transient or
recurring gene activation. Group III (R-C9 to R-C12) comprises clusters
that remained stable or decreased during drought but increased during
recovery, showing peaks at d4 and d12 (R-C9 and R-C10), only at d4 (R-
C11), or solely at d12 (R-C12). In contrast, Group IV (R-C13 to R-C15)
includes clusters with reduced transcript levels, either sharply (R-C13)
or gradually (R-C14), or with a marked decrease following the control
period (R-C15) (Fig. S13). These groups shed light on the temporal gene

expression dynamics linked to drought tolerance in RUG, highlighting
potential targets for enhancing drought resilience. The MGT’s clusters
(M-C1 to M-C15) were similarly organized into four groups, reflecting
the structure of RUG but with significant kinetic differences at specific
time points, along with variations in gene identities and cluster sizes
(Fig. 4D; Fig. S14). Notably, six clusters in RUG (R-C2, R-C3, R-C6, R-C7,
R-C9, and R-C14) exhibited unique dynamic patterns without counter-
parts in MGT clusters (Fig. 4D; Figs. S13 and S14).

Furthermore, significant variation was detected among clusters and
rootstocks across the three GO categories: Molecular Function (MF),
Cellular Component (CC), and Biological Process (BP), as well as in
KEGG pathways (Tables S6 and S7). For simplicity, our analysis focused
on uniquely enriched BP GO terms, with special attention to the
drought-tolerant RUG rootstock. In RUG, particularly the drought-
specific cluster R-C3, many BP GO terms associated with drought
adaptation were exclusively enriched, including “photosynthesis, light
reaction”, “monosaccharide biosynthetic process”, “tetraterpenoid
metabolic process”, and “amino acid catabolic process” (Fig. 5B;
Figs. S15–S19; Table S6). Conversely, the MGT-specific cluster M-C3

Fig. 2. Transverse and longitudinal radial sections of stem samples from MGT (A–B) and RUG (C–D) grapevine rootstocks grown under water deficit conditions (35%
SWC). In MGT, vessel (V) occlusions with tyloses were evident in both transverse (A) and longitudinal (B) sections, impacting water flow as a response to drought
stress. Abundant starch granules were visible in the xylem ray parenchyma cells, supporting potential energy storage for stress recovery. In contrast, the drought-
tolerant RUG rootstock (C–D) exhibited no tylose formation, suggesting an adaptation to maintain hydraulic conductivity under stress, with only scattered starch
granules observed in the xylem.
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Fig. 3. Temporal dynamics of the Vitis transcriptome in RUG (R) and MGT (M) rootstocks during drought and re-watering. (A) Principal Component Analysis (PCA)
illustrating the global transcriptomic similarities among RNA-seq replicates at each time point (sampling order 1–6: control, 60% SWC, 40% SWC, 35% SWC, day 4
post-rewatering, and day 12 post-rewatering). Each time point is represented by a unique color to track drought and recovery phases. (B) Differential expression
analysis using the DESeq2 pipeline identified 11,313 and 14,436 unique differentially expressed genes (DEGs) in RUG and MGT, respectively (PFDR < 0.05). The Venn
diagram displays the overlap and unique DEGs between rootstocks during drought and recovery. (C and D) Bar plots show significantly expressed genes between
consecutive time points for RUG and MGT, respectively, totaling 21,808 and 32,711 DEGs (P-adjust <0.05). Upregulated and downregulated genes are represented
by red and blue bars, respectively. (E and F) Venn diagrams highlight the overlap of significant DEGs across timepoint comparisons within each rootstock, providing
insight into the distinct temporal gene expression patterns in response to drought and re-watering. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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showed unique enrichment in three major drought adaptation networks:
“response to inorganic substance”, “regulation of stress response”, and
“regulation of cellular response to hypoxia” (Fig. 6B; Figs. S20–S24;

Table S7). The distinct dynamic patterns of cluster C3, as well as the
variation in gene counts and identities between the two rootstocks,
indicate that RUG achieved its drought resilience by expressing and

Fig. 4. Transcriptomic variance between RUG (R) and MGT (M) rootstocks during drought and re-watering. (A) Differential gene expression analysis comparing each
time point in RUG against its corresponding time point in MGT (R–M) using the DESeq2 pipeline (PFDR< 0.05). Sampling order 1–6 is as defined in Fig. 3. (B) Volcano
plot displaying genes significantly upregulated (red), downregulated (blue), and non-expressed (grey) in RUG relative to MGT, capturing genotype-specific
expression patterns irrespective of drought or re-watering phases. (C) Venn diagram illustrating non-redundant genes identified in four statistical comparisons:
within RUG, within MGT, and between RUG and MGT, both across individual time points and as grouped treatments. (D) Clustering of genes from (C) using the K-
means approach, grouped into 15 clusters (C1–C15) for RUG and MGT. The Circos plot visualizes relationships between corresponding clusters in RUG and MGT,
highlighting transcriptomic distinctions between rootstocks under stress and recovery. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 5. Venn diagram illustrating the significantly enriched biological process (BP) GO terms within R-C3 and R-C5 K-means clusters from group I in the drought-
tolerant rootstock, RUG. Network views display the major BP GO terms significantly enriched and unique to clusters R-C3 and R-C5, differentiating them from other
clusters within RUG’s first group. BP GO terms (P-adjusted <0.05) were extracted using the g: Profiler and mapped by the Cytoscape with ClueGO under default
settings. Terms were functionally grouped by kappa score based on shared genes, with each group shown in distinct colors. Group names reflect the most significant
term in each functional category. The size of the nodes indicates the number of mapped genes ranged from 0 to 5, 5–10, 10–20, 20–30, and ≥30 genes. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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sustaining a higher number of tolerance-related genes during stress.
Mapping BP GO in the C5 cluster supported this notion. Notably, several
drought-related molecular networks were uniquely enriched in the RUG
R-C5, e.g., “response to water deprivation”, “carbohydrate metabolic
process”, “lignin metabolic process”, “detection of brassinosteroid
stimulus”, “sulfur compound biosynthetic process”, and “regulation of
anatomical structure morphogenesis” (Fig. 5A; Fig. S19; Table S6). In
contrast, the MGT M-C5 showed exclusive enrichment of the “mono-
carboxylic acid metabolic process”, “monosaccharide metabolic pro-
cess”, “carbohydrate catabolic process”, “glucan metabolic process”,
“regulation of cellular component organization”, and “starch catabolic
process” (Fig. 6A; Fig. S24; Table S7). These findings underscore the
distinct adaptive strategies employed by RUG and MGT, with RUG
engaging a broader and more persistent set of drought-response
pathways.

In the second group clusters, the RUG unique R-C6 displayed strong
enrichment in several BP GO terms positively associated with stress
response, such as “purine-containing compound catabolic process”,
“photosynthesis, light harvesting in photosystem I″, “porphyrin-con-
taining compound metabolic process”, “thylakoid membrane organiza-
tion”, “cell redox homeostasis”, and “cutin biosynthesis process”
(Fig. 7B; Table S6). Conversely, the MGT unique M-C6 was significantly
enriched with other stress-related BP GO terms like “monosaccharide
metabolic process”, “tetraterpenoid metabolic process”, “folic acid-
containing compound metabolic process”, “carbohydrate metabolic
process”, and “regulation of cyclic-dependent protein serine/threonine
kinase activity” (Fig. 7A; Table S7). Additionally, the BP GO term
“generation of precursor metabolites and energy” was highly repre-
sented in both RUG R-C6 and MGT M-C6.

In the recovery-specific clusters (C9–C12), the C9 cluster exhibited
significant enrichment of many RNA-related GO terms across both
rootstocks. However, the MGT unique M-C9 displayed exclusive
enrichment in gene networks associated with “mitochondrial calcium
ion transmembrane transport” and “gametophyte development”
(Fig. 8A; Table S7). In contrast, the RUG unique R-C9 showed distinct
enrichment for gene networks such as “response to lipid”, with several
ABA-related GO terms, “endoplasmic reticulum to Golgi vesicle-
mediated transport”, “amine metabolic process”, and “regulation of
anthocyanin metabolic process” (Fig. 8B; Table S6). In Group IV, the
MGT-specific M-C13 showed unique enrichment in gene networks like
“glycolipid metabolic process” and “organelle disassembly” (Fig. 9A;
Table S7). Conversely, the RUG-specific R-C13 displayed exclusive
enrichment in networks including “cellular nitrogen compound meta-
bolic process”, “response to light stimulus”, “photosynthesis, light har-
vesting in photosystem I″, “tRNA metabolic process”, “plastid
organization”, “carboxylic acid biosynthetic process”, “organic acid
biosynthetic process”, and “porphyrin-containing compound metabolic
process” (Fig. 9B; Table S6). Although various mitochondrial- and RNA-
related GO terms were common in C13 of both rootstocks, significant
differences were observed in their enrichment levels and number, a
trend noted across other clusters as well.

In summary, our dataset provides valuable insights into the gene
expression dynamics that govern drought response and recovery in these
grapevine rootstocks. Notably, RUG exhibited a unique sequential in-
duction pattern in Group I clusters, where distinct pathways were acti-
vated at different stages, maintaining upregulation in specific clusters to
enhance drought resilience (Fig. S25). This adaptive expression dynamic
was absent in MGT (Fig. S26), emphasizing that RUG holds a more
robust drought-response strategy.

3.4. Validation of drought-dependent transcriptional changes

Our physiological and anatomical findings, alongside GO term
analysis of transcriptomic data, revealed a complex interplay of various
pathways influencing drought resilience in grapevine. Key pathways
affecting resilience include photosynthesis, antioxidant mechanisms,

osmotic adjustments, and calcium signaling. To confirm the expression
patterns of candidate genes involved in these pathways, qPCR analysis
was performed from RNA samples used for RNA-seq libraries construc-
tion, along with two additional time points: 80% SWC and after 8 days
post-recovery. The qPCR results showed strong consistency with tran-
scriptomic data for both rootstocks, with correlation values exceeding r2

> 0.80 and a significant p-value <6.6 × 10− 5 (Fig. 10; Table S8).
RUG demonstrated higher expression across eight photosynthesis-

associated genes involved in light energy acquisition and electron
transport. Among these genes, PETA (photosynthetic electron transfer A)
showed a remarkable increase in expression with drought progression,
peaking at 4d post-rewatering (Fig. 10A). In RUG, PETA was upregu-
lated by ~10- and ~11-fold at 40% and 35% SWC, respectively,
compared to the control, which was ~27- and ~9-fold higher than
corresponding values in MGT. This positions PETA as a key marker for
photosynthetic efficiency and resilience under stress. Other key genes,
including CAB1 (chlorophyll A/B binding protein 1), CBBL (ribulose-
bisphosphate carboxylase large chain), and several proteins from pho-
tosystems I and II, also showed strong induction in RUG, especially at
40% and 35% SWC, compared to MGT. PsbC (photosystem II reaction
center protein C) was notably induced at 60% SWC in both rootstocks
but later dropped below initial levels at 40% SWC, with RUG expressing
~2.7 times more transcripts than MGT under both stress and control
conditions. Only RUGmaintained elevated PsbC expression at 35% SWC,
accumulating ~11-fold higher levels than MGT. During rewatering,
RUG sustained steady PsbC expression, whereas MGT peaked at 4d post-
rewatering before experiencing a second decline.

The antioxidant-related candidate genes were classified into two
groups: antioxidant/stress signaling and antioxidant homeostasis. The
antioxidant/stress signaling group includes 9 genes encoding redox-
responsive transcription factor 1 (RRTF1), VQ motif-containing pro-
tein (VQ), and WRKY DNA-binding protein (WRKY). Notably, the
expression of two RRTF1 paralogs was suppressed to basal levels during
early drought (80% and 60% SWC) in both rootstocks, partially recov-
ering during severe drought events (40% and 35% SWC), especially in
RUG. Both rootstocks showed increased RRTF1 expression upon rewa-
tering, indicating its recovery-related regulatory role. In contrast,WRKY
genes displayed variable expression patterns, with higher levels mostly
during the recovery phase. The three VQ paralogs exhibited clear
drought-induced expression, particularly during severe drought in-
cidents, with VQ1 being upregulated ~3.6-fold and ~4.7-fold at 40%
and 35% SWC compared to controls in both RUG and MGT (Fig. 10B).

The antioxidant homeostasis group comprised 34 genes associated
with pathways involving ankyrin repeat family protein (ANKRA), oli-
gopeptide transporter (OPT), peroxidase superfamily protein (PRX),
terpene synthases (TPS), and UDP-glycosyltransferase superfamily pro-
teins (HYR1) (Fig. 10C). This group showed significant upregulation in
RUG compared to MGT, particularly at 40% and 35% SWC, with diverse
expression patterns. For example, five of the six ANKRA genes in RUG
exhibited drought-responsive patterns, peaking with increases of
~2–~6-fold at 35% SWC before gradually declining during rewatering.
Similarly, the expression of threeOPT genes in RUG rose during drought,
particularly at 35% SWC, but declined during recovery, while MGT
showed earlier OPT expression at 60% SWC and after 4d of recovery.
The PRX2 mRNA responded to drought in both rootstocks, with RUG
accumulating ~4 times more transcripts than MGT at 35% SWC. The
TPS genes in RUG were markedly upregulated at both 60% and 40%
SWC, while MGT had limited TPS transcription, with minimal induction
observed. Likewise, HYR1 expression in MGT was weak, with three out
of twelve genes showing a noticeable increase (~8- to ~42-fold) by day
12 of recovery. In contrast, HYR1 genes in RUG were generally active,
with seven out of twelve genes showing strong expression at 40% or 35%
SWC, maintaining high levels throughout the recovery phase. Calcium-
related genes also displayed distinct expression patterns among root-
stocks (Fig. 10D). For instance, CAL3was significantly abundant in RUG
during drought stress, particularly at 40% SWC, indicating a more
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Fig. 6. Venn diagram illustrating the significantly enriched biological process (BP) GO terms within M-C3 and M-C5 K-means clusters from group I in the drought-
sensitive rootstock, MGT. Network views highlight the major BP GO terms that are significantly enriched and unique to clusters M-C3 and M-C5, setting them apart
from other clusters within MGT’s first group. BP GO terms (P-adjusted <0.05) were extracted using the g: Profiler and mapped by the Cytoscape ClueGO plugin under
default settings. Terms were functionally grouped by shared genes using kappa scores, with distinct colors representing each group. The most significant term names
each functional category. The size of the nodes indicates the number of mapped genes ranged from 0 to 5, 5–10, 10–20, 20–30, and ≥30 genes. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Venn diagram highlighting the significantly enriched biological process (BP) GO terms within the C6 K-means cluster for both drought-sensitive (MGT) and
-tolerant (RUG) rootstocks. Network views display the key BP GO terms uniquely enriched in M-C6 and R-C6 clusters for MGT and RUG, respectively, distinguishing
them from other clusters in each rootstock’s second group. BP GO terms (P-adjusted <0.05) were extracted by the g: Profiler and mapped by the Cytoscape ClueGO
plugin under default parameters. Terms were functionally grouped by shared genes with kappa scores, with distinct colors representing each group, and the most
significant term names each functional category. The size of the nodes indicates the number of mapped genes ranged from 0 to 5, 5–10, 10–20, 20–30, and ≥30 genes.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Venn diagram depicting the significantly enriched biological process (BP) GO terms within the K-means cluster 9 for both drought-sensitive (MGT) and
-tolerant (RUG) rootstocks. Network views illustrate the major BP GO terms uniquely enriched in clusters M-C9 (MGT) and R-C9 (RUG), distinguishing these from
other clusters within the third group of each rootstock. BP GO terms (P-adjusted<0.05) were extracted by the g: Profiler and mapped by the Cytoscape ClueGO plugin
under default settings. Terms were functionally grouped by shared genes with kappa scores, with distinct colors representing each group, and the most significant
term serving as the group label. The size of the nodes indicates the number of mapped genes ranged from 0 to 5, 5–10, 10–20, 20–30, and ≥30 genes. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Venn diagram illustrating the significantly enriched biological process (BP) GO terms within the C13 K-means cluster for both drought-sensitive (MGT) and
-tolerant (RUG) rootstocks. Network views highlight the major BP GO terms uniquely enriched in clusters M-C13 (MGT) and R-C13 (RUG), with these terms
exclusively represented in each cluster compared to other clusters within the fourth group of each rootstock. BP GO terms (P-adjusted <0.05) were extracted by the g:
Profiler and mapped by the Cytoscape ClueGO plugin, using default settings. Terms were functionally grouped by shared genes with kappa scores, with distinct colors
representing each group, and the most significant term was used to label each group. The size of the nodes indicates the number of mapped genes ranged from 0 to 5,
5–10, 10–20, 20–30, and ≥30 genes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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robust response than in MGT.
The RUG-Up gene group exhibited a rootstock-specific abundance

pattern in RUG during drought and recovery phases, including osmotin
34 (OSM34, 5 paralogs), phosphate transporter 1 (PHT1, 2 paralogs),
ABC-type transporter family protein (ABC2), β-glucosidase 11 (BGlu11),
sucrose-phosphate synthase family protein (SPS4), β-hexosaminidase 3
(BHEX), and chalcone synthase family protein (CHS) (Fig. 10E). For
instance, OSM34 genes initially declined under stress in both RUG and
MGT but later spiked significantly at 35% SWC or at 12 days of

rewatering, a pattern much more pronounced in RUG, suggesting that
RUG is more reliant on OSM34 and associated genes for drought adap-
tation and recovery. On the contrary, the MGT-Up gene group consists of
genes e.g., cellulose synthase (CS, 3 paralogs), FASCICLIN-like arabi-
nogalactan family protein (FLA, 4 paralogs), RALF-like 33 (RLF33),
senescence-related gene 1 (SRG1), the nodulin MtN21/EamA-like
transporter family protein (UMAMIT), and blue-copper-binding pro-
tein (BCB) (Fig. 10F). These genes are preferentially expressed in MGT
during drought and rewatering, whereas their expression in RUG was

Fig. 10. Heatmap showing the expression profiles of 81 hub genes significantly regulated during drought and/or re-watering in RUG and MGT rootstocks, using the
qPCR approach. Sampling times were labeled sequentially as 1 through 6, corresponding to control, 60% SWC, 40% SWC, 35% SWC, day 4 post-rewatering, and day
12 post-rewatering, respectively. Two additional sample time points were added, including 80% SWC and day 8 post-rewatering, denoted by ‘+’ and ‘++,’
respectively. For gene abbreviations and additional details, refer to Supplementary Table S8.
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generally downregulated or absent.
Overall, RUG leaves exhibited an upregulation of a variety of tran-

scripts that contributed to maintaining better osmotic and redox ho-
meostasis during drought stress, with this balanced response extending
into the recovery phase. This suggests that the RUG gene expression
patterns are more robustly tuned toward protecting cellular integrity
through consistent antioxidant activity and stress signaling pathways,
supporting resilience and recovery after drought conditions. This regu-
lated osmotic and redox homeostasis likely played a key role in the
ability of RUG to be osmotically adjusted and to prevent/mitigate
oxidative damage and maintain functional metabolic activity, dis-
tinguishing its drought tolerance strategy from that of MGT.

4. Discussion

4.1. RUG maintains high osmotic and redox homeostasis efficiency during
drought

Plants have developed a complex antioxidant defense system to
regulate reactive oxygen species (ROS), thereby minimizing their
potentially harmful effects (Mittler et al., 2022). Water scarcity signifi-
cantly impairs photosynthesis by elevating ROS levels, which negatively
impact crucial enzymes such as Rubisco and ATP synthase located in
chloroplasts (Lawlor and Tezara, 2009; Pinheiro and Chaves, 2011). As a
primary site of ROS production, chloroplasts depend on robust redox
regulation mechanisms to modulate physiological responses and sustain
photosynthetic efficiency under stress (Moreno et al., 2008). Stomatal
closure, an adaptive response designed to reduce water loss, restricts
CO2 diffusion into chloroplasts, subsequently diminishing Rubisco ac-
tivity and limiting photosynthesis (Flexas et al., 2006; Hasanuzzaman
et al., 2023; Madumane et al., 2024). In response, stress-tolerant plants
employ various antioxidant defenses, with the drought-stressed hybrid
RUG demonstrating enhancements in this regard. RUG, identified as one
of three drought-tolerant hybrids of V. berlandieri × V. rupestris, exhibits
superior photosynthetic performance and efficient water usage even
under severe water limitations (Bianchi et al., 2020). SOD serves as a
primary defense by converting superoxide anions (O2− ) into oxygen (O2)
and hydrogen peroxide (H2O2), which are subsequently detoxified by
enzymes like GPX, CAT, and ascorbate peroxidase (APX) to yield water
(Apel and Hirt, 2004). While most antioxidant enzymes are distributed
across various cellular compartments, CAT is primarily located in per-
oxisomes (Cruz de Carvalho, 2008). The increased activity of CAT in
RUG highlights its critical function in mitigating ROS accumulation
during periods of water deficit. This adaptive response aligns with a
critical threshold of stress severity indicated by PhPs measurements,
while under salinity, RUG did not show a significant increase in CAT
activity contrasting with MGT, which exhibited a slight increase after
salt exposure (Gajjar et al., 2023). The accumulation of Pro in RUG
parallels the increase in CAT, emphasizing the need for synergistic ROS
mitigation strategies during prolonged drought. Both RUG and MGT
displayed elevated levels of Pro following salinity exposure, equivalent
to the RUG Pro response to drought. Pro functions as a potent antioxi-
dant, accumulating intracellularly in response to abiotic stressors. It acts
as an osmoprotectant, stabilizing proteins and membranes while scav-
enging ROS, thereby enhancing stress resilience (Ghosh et al., 2022). In
chloroplasts, elevated Pro levels facilitate stress adaptation by buffering
NADP+ as an electron acceptor, thereby protecting photosynthetic sys-
tems from damage induced by superoxide (O2•− ) and shielding thylakoid
membranes from oxidative injury (Rehman et al., 2021; Hosseinifard
et al., 2022). Furthermore, Pro is transported to roots, promoting
cellular homeostasis and osmotic balance (Wang et al., 2022). This
transport strategy may benefit RUG during drought and recovery, in
stark contrast to MGT, which experienced drought-induced anatomical
changes such as starch granules accumulation and tylose occlusions in
vessels. Excessive tylose formation can block xylem parenchyma cells,
consequently reducing hydraulic conductivity (Sun et al., 2013; Ingel

et al., 2020). In instances of drought-induced xylem cavitation or
pathogen-related occlusions, xylem vessels lose hydraulic function as
they fill with air, tylose, or gels, leading to wilting and potentially
compromising plant survival (Pouzoulet et al., 2019). In grapevines,
prolonged water stress intensifies tension within the water column,
causing embolisms that disrupt xylem vessel function, potentially
resulting in hydraulic failure, leaf drop, and vine decline (Gambetta
et al., 2020). The accumulation of starch granules in drought-sensitive
MGT indicates an adaptive physiological strategy to cope with water
deficits. This phenomenon suggests that the plant may enter a state of
para-dormancy, where growth is suppressed due to ineffective stress
alleviation. Starch acts as a crucial energy reserve, and its buildup often
signals a shift in metabolic priorities under stressful conditions. Several
studies indicated that solute release from starch granules into xylem
conduits contributes to creating an osmotic gradient, facilitating water
refilling in embolized vessels, and thus supporting survival during pro-
longed drought (Cochard et al., 2010; Nardini et al., 2011; Brodersen
and McElrone, 2013). Despite moderate drought treatments allowing
MGT to evade permanent wilting, the late accumulation of starch limits
its effectiveness as a preventive defense mechanism. Conversely, RUG
exhibits a more resilient strategy, promptly coordinating redox ho-
meostasis and osmotic adjustments to fend off adverse drought effects.
These tightly regulated mechanisms operate synergistically with other
adaptive responses to protect critical biological processes like photo-
synthesis and maintain hydraulic conductance during drought stress.

4.2. Transcriptomic insights into drought resilience

Resilience differences between the drought-sensitive MGT and
drought-tolerant RUG during water deficit and recovery highlight
distinct molecular events that contribute to rapid resilience versus
delayed recovery or potential vine mortality. Both rootstocks exhibited a
general decline in gene expression during drought, which rebounded
during rewatering. Comparative analysis confirmed that MGT experi-
enced substantial gene downregulation as it transitioned to drought,
followed by upregulation during recovery. This suggests that resilience
is shaped not only by the dynamic transcriptomic and metabolic shifts
during stress and recovery but also by the foundational transcriptomic
state of the rootstock before stress. PCA analysis highlighted significant
shifts in the grapevine transcriptome throughout stress and recovery,
illustrating the divergence between MGT and RUG and emphasizing the
influence of both pre- and post-stress events on drought resilience.
Clustering analysis of the Vitis transcriptome profiles identified six
distinct clusters out of fifteen that exhibited exclusive dynamics in each
rootstock. These clusters were organized into five categories based on
gene expression kinetics during drought and recovery. Notably, Group I
displayed a sequential induction of gene expression in RUG primarily
under stress, representing core elements of its drought resilience tran-
scriptome. Mapping the GO terms and KEGG pathways of this group
revealed RUG-specific enrichment in several molecular networks asso-
ciated with drought resilience. Particularly, clusters that progressed
with increasing drought severity, included pathways such as “photo-
synthesis, light reaction”, “tetraterpenoid metabolic process”, and
“amino acid catabolic process”. These processes facilitate photosyn-
thetic stability, osmotic adjustment, and structural remodeling, reflect-
ing RUG’s adaptive response to drought. In contrast, resilience-related
networks in MGT, such as “regulation of response to stress” and “cellular
response to hypoxia” (cluster M-C3), were less responsive and activated
at 40% SWC, while clusters linked to “vesicle-mediated transport” and
“starch metabolism” peaked at 35% SWC, likely to address drought-
induced damage and support the hypothesis of a vesicle repair mecha-
nism. This contrasts with the rapid and robust responses in RUG, sug-
gesting a more effective resilience strategy. Overall, the data illustrate
that RUG responds dynamically to dehydration, with sequential acti-
vation of numerous stress-related genes that collectively mitigate
drought effects.
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Most genes within the three clusters of Group II were associated with
physiological processes that occur during drought stress and recovery.
For example, the R-C6 genes exhibited sharp downregulation under
severe drought and at d12 of rewatering, yet these genes showed sig-
nificant enrichment in molecular networks that enhance plant perfor-
mance during drought, including the “tetrapyrrole metabolic process”
(Nagahatenna et al., 2015). Tetrapyrroles, including chlorophyll, siro-
heme, heme, and phytochromobilin, share a common biosynthetic
pathway localized in plastids (Tanaka et al., 2011). These macrocyclic
organic tetrapyrroles, particularly porphyrins, have been linked to
enhanced drought tolerance in transgenic rice (Phung et al., 2011). The
substantial enrichment of molecular networks related to photosynthesis,
cell redox homeostasis, cutin biosynthesis, and thylakoid membrane
organization within R-C6 underscores the synergistic effects of various
gene sets that enhance biological processes also present in R-C3 and
R-C5, though with different kinetic responses. In contrast, the
stress-related pathways in the M-C6 cluster were associated with
metabolic processes involving carbohydrates, monosaccharides, and
tetraterpenoids. During the recovery phase, both rootstocks displayed
significant enrichment in RNA-related GO terms (C9), indicating a shift
in metabolism toward growth rather than stress defense. However, the
distinct molecular signatures of these events varied significantly be-
tween the two rootstocks, as evidenced by the enriched GO terms across
all clusters in Group III. The decline kinetics observed in Group IV
clusters illustrated the adverse effects of drought and, to a lesser extent,
rewatering on a wide array of molecular pathways in both rootstocks,
including mitochondrial and RNA-related processes, albeit with
differing kinetics and enrichment levels. For instance, biological pro-
cesses related to porphyrin metabolism were prominently featured in
the R-C13 cluster, while similar processes appeared in different clusters
for MGT. Our data provide detailed valuable insights into the molecular
events occurring during stress and recovery in RUG and MGT, empha-
sizing transcriptomic shifts alongside physiological and anatomical ad-
aptations. This affirms the superior resilience mechanisms in RUG and
suggests opportunities for developing the next generation of
stress-tolerant genotypes.

4.3. Integrating transcriptomic responses to stress with osmotic and redox
homeostasis

This study identifies key stress biomarker genes, emphasizing the
modulation of photosynthesis-related genes. Notably, RUG exhibits a
superior ability to maintain and restore gene expression under severe
drought circumstances compared to MGT. Protecting photosynthesis is
essential for converting solar energy into sugars required for plant
growth (Smeekens, 2000; Yang et al., 2020). Drought can hinder this
process by affecting the biochemical status of chloroplasts and inducing
stomatal closure (Hsu et al., 2020). Stomatal movement is regulated by
intricate signaling pathways, with Ca2+ and ABA playing fundamental
roles (Mishra et al., 2006).

Under osmotic stress, hydraulic signals from roots trigger ABA
biosynthesis in leaves, utilizing both de novo synthesis and the recycling
of glucose-conjugated ABA (ABA-GE) (Wang et al., 2020). The ABA
recycling is facilitated by β-glucosidases, a multigene family essential for
various cellular processes, including cell wall remodeling and lignifi-
cation (Warzecha et al., 2000; Ahn et al., 2010). For instance, a rice
mutant lacking the chloroplast-localized β-glucosidase Os3BGlu6 dis-
played dwarfism, increased drought sensitivity, reduced ABA levels,
diminished photosynthesis rates, and elevated intercellular CO2 levels
(Wang et al., 2020). Other studies indicated that β-glucosidases from
Arabidopsis and barley can convert ABA-GE into free ABA in the leaf
apoplast (Dietz et al., 2000; Lee et al., 2006). Consistent with these
findings, RUG showed a significant increase in βGLU11 transcripts
during drought, indicating that the expression of PETA and βGLU11
serves as biomarkers for stress resilience.

Additionally, ROS signaling and osmolyte synthesis during drought

are closely tied to ABA (Das and Roychoudhury, 2014; Park and Kim,
2021). The abundance of osmotin, a multifunctional stress-responsive
pathogenesis-related (PR)-5 protein, is driven by ABA in response to
various abiotic stresses, facilitating plant adaptation (Raghothama et al.,
1997; Anil Kumar et al., 2015). In Arabidopsis, the osm34 deletion
mutant exhibited lower ABA sensitivity and proline levels (Park and
Kim, 2021). Notably, OSM34 abundance significantly increased during
severe drought and rewatering in RUG compared toMGT. Drought stress
leads to osmotic disturbance and loss of turgor pressure; therefore,
drought-tolerant plants synthesize organic solutes like proline and
glycine to restore osmotic balance (Kim et al., 2024). This osmotic
adjustment is further supported by phosphate homeostasis through the
induction of phosphate transporter genes (PHT1 - 5) in apples (Sun et al.,
2017) and sucrose biosynthesis via sucrose phosphate synthase (SPS) in
tomato (Duan et al., 2021). Moreover, the accumulation of flavonoids
and phytoalexins, enhanced by CHS expression, along with the forma-
tion of flavonoid aglycones catalyzed by β-glucosidase (BGLU), further
contribute to this osmotic adjustment (Dao et al., 2011; Du et al., 2024).

Maintaining redox homeostasis is crucial for resilience mechanisms.
Consequently, we focused on genes related to redox homeostasis that
were upregulated during stress and recovery, especially in RUG. The
data indicated that half of the ROS-related proteins (21 genes) are in
Group I clusters, compared to only 12 in MGT. Although these genes are
dispersed across numerous cellular processes, they are integral to redox
homeostasis. RRTF1, a transcription factor regulated by redox signals
from the photosynthetic electron transport chain, is systemically upre-
gulated by abiotic stress-induced redox signals (Khandelwal et al., 2008;
Matsuo and Oelmüller, 2015). Transgenic Arabidopsis lines over-
expressing RRTF1 showed over 800 genes upregulated, with ~40%
linked to stress response, redox balance, cell death, and senescence
(Matsuo et al., 2015). However, the specific mechanisms by which
RRTF1 regulates redox homeostasis and facilitates plant adaptation to
oxidative stress remain elusive (Matsuo and Oelmüller, 2015).

The substantial upregulation of genes related to VQmotif-containing
proteins, ankyrin repeat proteins, terpene synthases, and UDP-
glycosyltransferases during severe water scarcity in RUG supports its
drought resilience. VQ proteins are essential for growth, development,
and abiotic stress responses (Yuan et al., 2021). Overexpressing
TaVQ4-D in Arabidopsis and wheat improved drought tolerance via
upregulating ROS-scavenging genes and increasing SOD activity and
proline content while reducing malondialdehyde (MDA) levels (Zhang
et al., 2023). Conversely, silencing TaVQ4-D resulted in the loss of these
beneficial traits. Furthermore, higher transcript levels of PRX2 and
ANKRA3, encoding class III peroxidases and ankyrin repeat proteins,
respectively, were linked to increased antioxidant activity in RUG. In
soybeans, overexpressing GmANK114 boosted proline levels and
reduced MDA content while decreasing H2O2 and O2− accumulation
during stress (Zhao et al., 2020).

In contrast, MGT exhibited transcriptional changes regulating cell
wall components, including cellulose synthase (CS) and FASCICLIN-like
arabinogalactan proteins (FLAs), during stress. FLAs are structural gly-
coproteins mainly localized in xylem tissues, vital for cell wall devel-
opment (Zhang et al., 2015; Ma et al., 2023). The transcript levels of
FLAs in poplar significantly correlate with wood fiber properties and
cellulose microfibril orientation (Lafarguette et al., 2004). In Arabi-
dopsis, FLA11 and FLA12 influence stem properties by altering cellulose
deposition and impacting the integrity of the cell wall matrix
(MacMillan et al., 2010). In tomato, FLA1 and FLA3 increased signifi-
cantly in response to drought and hormone treatments, including MeJA
and ABA (Yao et al., 2023). The upregulation of FLAs and CS in MGT
during rewatering suggests their crucial roles in cell wall synthesis and
remodeling during stress relief.

5. Conclusion

Plants can exhibit various environmental adaptations, with plasticity

A. Ismail et al. Plant Physiology and Biochemistry 221 (2025) 109618 

17 



playing crucial roles in ecosystems, agriculture, and aesthetics. Our
research suggested that grapevines can rebuild their defense mecha-
nisms and restructure systems to maintain productivity during water
scarcity. Grapevines perceive stress signals, triggering changes in
growth behavior and employing defense mechanisms, such as antioxi-
dant scavenging, osmo-protection, and osmotic adjustment, enabling
flexible growth modulation during environmental changes. While all
vines possess components for drought tolerance, the key difference lies
in their responsiveness to stress. Comparative analysis revealed that
RUG harbors a conservative water-use strategy essential for water
retention. Conversely, MGT is better suited for conditions favoring vigor
growth with higher transpiration and photosynthetic efficiency. This
study emphasizes redox and osmotic homeostasis as key mechanisms
driving drought resilience grapevine. The proposed model (Fig. 11) il-
lustrates how RUG maintains a strong redox and osmotic balance,
enabling it to prevent or effectively mitigate drought-related disrup-
tions. Under drought, RUG showed a sequential induction of gene
expression, enriching resilience-associated molecular pathways. These
key processes enhance photosynthetic stability, osmotic adjustment, and
structural remodeling. Additionally, the upregulation of various stress-
responsive genes helps RUG maintain a delicate redox balance, coun-
tering oxidative stress. The fact that MGT increases proline content
under salinity but not drought underscores the importance of osmotic
adjustment in drought resilience. This is further evidenced by the
healthy xylem vessels in RUG during late stress and recovery stages,

along with sustained photosynthetic performance. We recommend
further metabolomic and genomic studies to enhance our understanding
of resilience strategies during drought and rewatering phases.
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Fig. 11. Proposed model summarizing drought resilience mechanisms in RUG. Drought conditions initiate cellular damage events, including ROS surges and osmotic
imbalance, which are mitigated in RUG through strong redox and osmotic homeostasis. At the molecular level, RUG exhibits sequential induction of drought-
responsive gene expression enriched in networks associated with resilience. Key processes contributing to this resilience include pathways supporting photosyn-
thetic stability (e.g., R-C3’s BP GO term “photosynthesis, light reaction”), osmotic regulation (e.g., R-C3’s BP GO term “amino acid catabolic process”), and structural
adaptation (e.g., R-C5’s BP GO terms “lignin metabolic process” and “regulation of anatomical structure morphogenesis”). The size of the nodes indicates the number
of mapped genes ranging from 0 to 5, 5–10, 10–20, 20–30, and ≥30 genes, while the color indicates each group with the most significant term defining the name of
the group. Additionally, upregulation of various stress-related genes reduces oxidative stress, leading to elevated antioxidant activities (SOD, GPX, and CAT) and
increased proline (Pro) accumulation in RUG cells. This response helps maintain ROS (e.g., H₂O₂) at controlled levels. Pro, likely along with other osmolytes, is also
essential for RUG’s osmotic balance under stress, as evidenced by healthy xylem structure. This osmotic adjustment is reflected in RUG’s enhanced photosynthetic
efficiency during severe drought and recovery, indicated by an improved fluorescence decrease ratio (Rfd). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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