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Highlights

What are the main findings?

e  Comparative multi-omics analyses revealed distinct drought-response mechanisms
between drought-tolerant and drought-sensitive grapevine cultivars.

e  VVGRIKI1 was identified as a conserved drought-responsive candidate regulator asso-
ciated with redox balance, cellular bioenergetic homeostasis, and stress-responsive
physiological performance under drought stress.

What are the implications of the main findings?

e  This study provides new insights into the molecular basis of drought adaptation
in grapevine.

e  VvGRIKI1 provides a candidate regulatory target for future grapevine-based functional
validation and breeding evaluation.

Abstract

Drought stress severely limits grapevine (Vitis spp.) productivity, yet the regulatory mecha-
nisms distinguishing drought-tolerant and drought-sensitive cultivars remain insufficiently
understood. In this study, we integrated transcriptomic, metabolomic, physiological, and
functional analyses to compare drought responses between the tolerant cultivar ‘Miguang’
and the sensitive cultivar ‘Red Globe’, together with previously generated datasets from
‘Shine Muscat’ and ‘“Thompson Seedless’. Compared with sensitive cultivars, tolerant culti-
vars showed stronger antioxidant capacity, lower lipid peroxidation, and more coordinated
changes in pathways related to redox balance, osmotic adjustment, and energy metabolism.
In ‘Miguang’, drought responses were associated with activation of the pentose phosphate
pathway, accumulation of tricarboxylic acid cycle intermediates, and genotype-specific
alternative splicing events affecting metabolic and signaling genes. Comparative analysis
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across four cultivars identified VoGRIK1 as a conserved drought-responsive regulator asso-
ciated with redox and bioenergetic homeostasis. Heterologous overexpression of VoGRIK1
in tobacco enhanced drought-related physiological performance by increasing antioxidant
enzyme activities and reducing membrane damage. Yeast two-hybrid assays and molecu-
lar docking further suggested a potential interaction between VoGRIK1 and VvKINGI, a
SnRK1-related energy sensor. Together, these findings suggest that the VvGRIK1-SnRK1
module may contribute to drought adaptation by coordinating redox protection and energy
homeostasis, providing a candidate regulatory target for future functional studies and
grapevine molecular breeding.

Keywords: drought stress; alternative splicing; SnRK1 signaling; redox homeostasis; energy
metabolism; molecular breeding

1. Introduction

Drought stands as the most detrimental abiotic stressor to global crop productivity,
with profound economic implications for high-value perennial crops like grapevine (Vitis
spp.) [1,2]. As climate variability intensifies, traditional and emerging viticultural regions
face escalating risks of water scarcity, threatening yield stability, berry quality, and the
sustainability of wine and table grape production [3,4].

Drought triggers a suite of complex physiological adjustments, such as stomatal
closure and photosynthetic inhibition [5]. Fundamentally, these responses impose a se-
vere energy crisis on the plant: as carbon assimilation declines, the plant must urgently
reprogram its metabolism to balance the competing energy demands of survival and
growth [6]. In plants, SnRK1 (Sucrose non-fermenting 1-related kinase 1) complex serves
as a central energy sensor, perceiving ATP/ADP ratios and triggering a metabolic shift
from anabolic to catabolic processes to maintain cellular homeostasis under energy-limiting
conditions [7,8]. In Arabidopsis, Geminivirus Rep Interacting Kinases (GRIKs) function as
upstream activating kinases that phosphorylate and activate SnRK1 under conditions of
energy deprivation [9]. However, the biological functions of GRIK family members remain
largely unexplored in perennial fruit crops, including grapevine. Accordingly, whether
GRIK-family kinases function as upstream activators of SnRK1 under drought conditions
in grapevine has not yet been experimentally demonstrated.

Given that drought tolerance is a systems-level trait involving interconnected signaling,
transcriptional, and metabolic processes, approaches focusing on a single molecular layer
are unlikely to fully capture its regulatory architecture.

Although transcriptomic and metabolomic studies have substantially advanced our
understanding of grapevine drought responses, most investigations have focused on
single cultivars or pairwise comparisons [10-12]. Consequently, it remains difficult to
distinguish genotype-specific responses from shared regulatory mechanisms across diverse
genetic backgrounds. Because drought adaptation involves coordinated transcriptional
reprogramming and metabolic adjustment, integrated multi-omics analyses across multiple
cultivars are required to identify candidate regulatory mechanisms associated with drought
tolerance. Our previous comparative analysis of the drought-tolerant cultivar ‘Shine Muscat’
(SM) and the drought-sensitive cultivar “Thompson Seedless’ (TS) identified VoGRIK1 as
a potential upstream regulator [10]. However, whether VoGRIK1 represents a conserved
drought-responsive candidate regulator across genetically distinct grapevine cultivars and
whether it contributes to drought-associated metabolic adaptation remain unknown.
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To address these knowledge gaps, we integrated newly generated transcriptomic and
metabolomic datasets from ‘Miguang’ (MG) and ‘Red Globe’ (RG) with our previously
published datasets from SM and TS. The contrasting drought responses of SM and TS were
characterized in our previous study [10], whereas the relative drought performance of MG
and RG was evaluated in the present study based on physiological indicators, including
antioxidant enzyme activities and lipid peroxidation levels. To improve comparability and
minimize potential batch effects, all four cultivars originated from the same experimental
cohort and were analyzed using consistent treatment, sampling, and data-processing pro-
cedures. We hypothesized that differences in drought tolerance are associated with distinct
patterns of metabolic and energy regulation, potentially involving VvGRIKI-mediated
modulation of SnRK1 signaling. To test this, we pursued three objectives: (1) to dissect the
metabolic flexibility and regulatory logic in MG and RG, focusing on energy and redox
metabolism; (2) to distinguish shared and genotype-specific drought-responsive pathways
through integrated four-cultivar multi-omics analysis; and (3) to evaluate the drought-
related function of VoGRIK1 and its potential association with VVKING1/SnRK1 signaling.
Together, these analyses aim to provide mechanistic insights into energy-mediated drought
adaptation and to evaluate VoGRIKI as a candidate target for molecular breeding of
drought-tolerant grapevine cultivars.

2. Materials and Methods
2.1. Plant Materials, Growth Conditions, and Drought Treatment

Four grapevine cultivars were used in this study, including the drought-tolerant
cultivars ‘Miguang’ (MG) and ‘Shine Muscat’ (SM), and the drought-sensitive cultivars
‘Red Globe’ (RG) and ‘Thompson Seedless’ (TS). The contrasting drought responses of
SM and TS were characterized in our previous study [10], whereas the relative drought
performance of MG and RG was evaluated in the present study based on physiological
indicators. To minimize environmental variability and potential batch effects, one-year-old
own-rooted seedlings of all four cultivars were grown individually in seedling containers
(50 cm x 33 cm x 23 cm) in a greenhouse at the Baima Teaching and Research Base of
Nanjing Agricultural University, Nanjing, China (31°36'36" N, 119°10'48” E). Plants were
cultivated in a substrate consisting of organic matter and vermiculite mixed at a ratio of
7:3 (v/v). Greenhouse conditions were maintained at 25/15 °C (day/night) with a relative
humidity of approximately 85% under natural photoperiod conditions. No additional
fertilizer was applied during the experimental period. Drought treatment was initiated
when plants had developed 10-15 fully expanded leaves.

The drought treatment protocol was consistent across all genotypes. Plants were
divided into control (C) and drought-treated (D) groups, with 20 plants per cultivar per
treatment. Three independent biological replicates were used for physiological, transcrip-
tomic, and metabolomic analyses. The first day of water withholding was designated as
Day 0. Control plants were irrigated daily throughout the experiment, whereas irrigation
was withheld continuously from drought-treated plants for 28 days. Soil water content
(SWC) was measured every 7 days, and an SWC below 40% was regarded as the threshold
for severe drought stress according to Laxa et al. [13]. Samples were collected between
09:00 and 10:00 a.m. on Day 28 to minimize the influence of circadian variation. Leaf
samples were frozen in liquid nitrogen immediately after collection and stored at —80 °C
for subsequent physiological, transcriptomic, and metabolomic analyses. Leaf tissues
were selected because this study focused on drought-induced changes in photosynthetic
regulation, antioxidant metabolism, carbohydrate metabolism, and energy reprogramming,
which are directly reflected in leaf physiological and molecular responses. Root tissues
were not included because the objective of this study was to compare leaf-level drought
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adaptation mechanisms among contrasting grapevine cultivars rather than to construct a
whole-plant drought-response atlas.

2.2. Measurement of Physiological Indicators

Key physiological indicators were measured to assess the plant’s response to drought.
Chlorophyll content was determined using an ethanol extraction colorimetric method [14].
Malondialdehyde (MDA) content was quantified using the thiobarbituric acid (TBA)
method as an indicator of lipid peroxidation [15]. The activity of superoxide dismu-
tase (SOD) was assayed using the nitro-blue tetrazolium (NBT) reduction method, and
peroxidase (POD) activity was measured by the guaiacol colorimetric method [15,16].

2.3. Integrated Transcriptomic and Metabolomic Analysis

Although the omics data for SM and TS were previously reported [10], the biological
samples originated from the same unified experimental cohort. Total RNA was extracted
from leaf samples for transcriptome sequencing, which was performed on an Illumina
platform following library construction. For each cultivar, three independent biological
replicates were sequenced for both control and drought treatments. RNA sequencing
quality was assessed based on sequencing depth and read mapping statistics. The se-
quencing depth and mapping statistics are summarized in Table S4. To further evaluate
the responsiveness of VoGRIK1 to additional abiotic stresses, publicly available grapevine
transcriptomic datasets under waterlogging (SRA accession PRJNA309765), salt stress [17]
and copper stress [18] were also analyzed. Expression values of VoGRIKI were extracted
from the processed expression matrices using the same statistical criteria described below.
These analyses were performed solely to examine the expression pattern of VoGRIKI under
different abiotic stresses, and the results are presented in Figure S8 and Table S527.

For widely targeted metabolomics, samples were analyzed on a SCIEX QTRAP® 6500+
LC-MS/MS platform (SCIEX, Framingham, MA, USA). Quality control (QC) samples
were included throughout the LC-MS/MS analysis to monitor analytical stability. Pearson
correlation analysis demonstrated high reproducibility among QC samples in both positive
and negative ion modes (Figure S1C,D). Raw metabolomic data were processed using CD3.1
software for peak detection, alignment, and metabolite annotation. Prior to multivariate
statistical analyses, metabolite abundance data were log-transformed, normalized, and
subjected to univariate (UV) scaling using MetaX(V2.71) software. To ensure data quality,
only metabolites with a coefficient of variation (CV) < 30% across QC samples were retained
for downstream analyses.

RNA-Seq data were analyzed in two pairwise comparisons: MG_C vs. MG_D and
RG_C vs. RG_D using DESeq2. Raw read counts were first normalized, followed by
statistical testing for differential expressions. p-values were adjusted for multiple testing
to control the false discovery rate (FDR), and genes with an FDR < 0.05 and an absolute
log, fold change > 1 were considered differentially expressed [10]. Metabolome data were
similarly compared, and differentially abundant metabolites (DAMSs) were defined by a
Variable Importance in Projection (VIP) score > 1 and a p-value < 0.05 [10]. Functional
annotation of DEGs and DAMs was performed using Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analyses via the OmicShare online
platform (https://www.omicshare.com/tools, accessed on 10 June 2024). GO terms and
KEGG pathways with a g-value (adjusted p-value) < 0.05 were considered significantly
enriched. Heatmaps were generated using TBtools (version 1.098769) [19] and Hiplot
(https:/ /hiplot.org, accessed on 27 October 2025) and a transcript-metabolite correlation
network was constructed based on the top 50 correlated pairs using OmicShare tools.
To improve comparability, raw RNA-seq reads and metabolomic spectral data for SM

https://doi.org/10.3390 /horticulturae12070897


https://www.omicshare.com/tools
https://hiplot.org
https://doi.org/10.3390/horticulturae12070897

Horticulturae 2026, 12, 897

50f26

and TS were retrieved from our previous dataset and re-processed together with the
newly generated MG and RG data using the same bioinformatic pipeline, normalization
procedures, and statistical criteria prior to downstream analyses.

2.4. gRT-PCR Validation of Transcriptome Data

To validate the RNA-Seq data, selected DEGs were analyzed by real-time quantitative
PCR (gRT-PCR). Gene-specific primers were designed using Primer 3 Plus (http://primer3
.ut.ee/, accessed on 10 April 2023) (Table S1) [20]. The ACTIN gene (AB073011) served
as the internal reference. qRT-PCR was performed using 2 x EvaGreen qPCR MasterMix
(Yeasen, Shanghai, China) on a QuantStudio 5 system (Applied Biosystems, Foster City,

ZfAACT

CA, USA). Relative gene expression was calculated using the method. Each sample

was analyzed in triplicate.

2.5. Gene-Metabolite Correlation and Network Analysis

To explore associations between VoGRIK1 expression and metabolic reprogramming,
a targeted correlation matrix was constructed. We extracted the expression profiles of
VuGRIK1 and key metabolic genes (e.g., G6PD2, CSLH1, and PSAE-1) alongside the ac-
cumulation patterns of energy-related metabolites (e.g., Proline, ABA-GE, and citric acid)
across all four cultivars. Pearson correlation coefficients (PCCs) were calculated, with pairs
exhibiting PCC > 0.8 and p < 0.05 considered significant. Heatmaps were visualized using
TBtools-II. These correlation analyses were used to identify associations between gene
expression and metabolite accumulation and were not interpreted as direct evidence of
causal regulation.

2.6. Bioinformatics and Molecular Docking Simulation

The homologous GRIK1 protein sequences from 12 species, including Arabidopsis
thaliana, Nicotiana benthamiana, Prunus avium, and Prunus persica, were retrieved from En-
sembl Plants and NCBI databases. Phylogenetic analysis of VoGRIKI was performed
using MUSCLE and iTOL (https:/ /itol.embl.de/, accessed on 15 May 2023) [21]. The gene
structure was illustrated using GSDS 2.0 (https://gsds.gao-lab.org/index.php, accessed
on 18 May 2023) [22]. Physicochemical properties of the VVGRIK1 protein were predicted
using the ExPASy ProtParam tool [23]. Conserved motifs and domains were analyzed using
MEME (https:/ /meme-suite.org/meme/, accessed on 22 May 2023) [24] and NCBI's Con-
served Domain Database (CDD) [25], respectively. Cis-elements in the 2000 bp promoter
region were predicted using PlantCARE (http:/ /bioinformatics.psb.ugent.be/webtools/
plantcare/html/, accessed on 23 May 2023) [26]. To provide structural support for the
potential interaction between VvGRIK1 and VvKINGI1 (SnRK1), molecular docking simula-
tions were conducted. Three-dimensional (3D) structures of VVGRIK1 and VVKING1 were
predicted using AlphaFold2. Protein—protein docking was performed using the ZDOCK
server. The top-ranked docking model was selected according to the ZDOCK score and
visualized using Open-Source PyMOL (Version 3.1.0) to identify potential interface residues
and hydrogen bonds within the kinase domains.

2.7. Overexpression Vector Construction

To construct the overexpression vector, the full-length coding sequence (CDS) of
VvGRIK1 was amplified by PCR from ‘Shine Muscat’ cDNA using Phanta Master Mix
(Vazyme, Nanjing, China). The plant expression vector pBI121 was linearized by double
digestion with Xbal and BamHI. The purified VvGRIK1 fragment was then inserted into the
linearized vector using the ClonExpress II One Step Cloning Kit (Vazyme, Cat. No. C112-
01). The recombinant plasmid was transformed into E. coli DH5x competent cells. Positive
clones were identified by colony PCR and confirmed by Sanger sequencing (General
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Biosystems, Anhui, China). The final, sequence-verified plasmid was designated pBI121-
VoGRIKI.

2.8. Agrobacterium-Mediated Transformation of Tobacco

The pBI121-VoGRIK1 plasmid was transformed into Agrobacterium tumefaciens strain
GV3101 using the heat shock method. Genetic transformation of tobacco (Nicotiana benthami-
ana) was subsequently performed using the Agrobacterium-mediated leaf disc method.
After co-cultivation for 48 h in the dark, the leaf discs were transferred to a selection
medium (MS + 100 mg-L~! Kanamycin + 250 mg-L~! Cefotaxime) for shoot regeneration.
Putative transgenic shoots were rooted on MS medium containing Kanamycin. Positive
transgenic lines were confirmed by genomic DNA PCR and qRT-PCR analysis of VoGRIK1
expression. Six independent PCR-positive transgenic lines (OE1, OE2, OE3, OE4, OE13, and
OE14) were obtained and initially characterized by genomic PCR and qRT-PCR analysis
of VoGRIK1 expression (Table S28). Three independent lines (OE1, OE2, and OE3), which
exhibited relatively high VoGRIK1 expression levels, were selected for subsequent physio-
logical and molecular analyses. Confirmed T0 lines were acclimated, grown to maturity in
a greenhouse, and self-pollinated to produce T1 seeds for subsequent experiments.

2.9. Drought Tolerance Assay of Transgenic Tobacco

Wild-type (WT) tobacco and three independent T1 transgenic lines (OE1, OE2, OE3)
exhibiting high expression of VoGRIK1 were selected. For the natural drought assay,
irrigation was withheld from uniformly grown plants for 14 days. For the osmotic stress
assay, plants were irrigated with a 20% (w/v) PEG6000 solution every two days for 10 days.
At the end of each treatment, phenotypes were recorded, and physiological indicators
(MDA, SOD, and POD) were measured and compared with those at Day 0.

2.10. Yeast Two-Hybrid (Y2H)

A Y2H assay was performed to screen for proteins interacting with VvGRIK1. An
autoactivation test was first conducted by co-transforming the bait plasmid pGBKT7-
VuGRIK1 with the empty prey plasmid pGADT7 into yeast strain Y2HGold. The bait
plasmid was then co-transformed with a prey plasmid (pGADT7-VvKING1) into Y2HGold
cells. Co-transformants were plated on SD/-Trp/-Leu (DDO) medium for growth and then
transferred to selective medium SD/-Trp/-Leu/-His/-Ade (QDO) and QDO containing
X-a-Gal. Growth on QDO and blue color development on QDO/X-x-Gal were considered
indicative of a positive interaction.

2.11. Weighted Gene Co-Expression Network Analysis (WGCNA)

Weighted gene co-expression network analysis (WGCNA) was performed using the
Omicsmart platform (https:/ /www.omicsmart.com/, accessed on 25 April 2023) based
on transcriptomic expression profiles. Network construction and visualization followed
the default settings of the Omicsmart platform, with edge weights ranging from 0.5 to
1.0 retained for network display. For the MG and RG dataset analyzed in the present study,
WGCNA was used to identify drought-responsive co-expression modules and module-
associated genes. The MG-associated key module was designated MM.Black, and a gene
regulatory network was constructed using the top 100 genes ranked by intramodular
connectivity within MM.Black. The corresponding network information is provided in
Table S17.

For the previously reported SM and TS dataset, the WGCNA results were obtained
from our earlier study [10]. In that analysis, the drought-responsive key module was
designated MM.darkmagenta, and the gene regulatory network was similarly constructed
using the top 100 genes ranked by connectivity within this module. By distinguishing the
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newly analyzed MG/RG WGCNA results from the previously reported SM/TS network,
we avoided assuming identical hub status across all cultivars and more accurately described
the genotype-dependent network topology of VoGRIKI.

2.12. Alternative Splicing (AS) Analysis

The rMATS software (v3.0.9) was used to identify and quantify five types of AS events
from the RNA-Seq data: skipped exon (SE), retained intron (RI), mutually exclusive exons
(MXE), alternative 5’ splice site (A5SS), and alternative 3’-splice site (A3SS) [27]. Differential
AS events between control and drought-treated samples were identified using a threshold
of FDR < 0.05.

2.13. Statistical Analysis

All experiments were conducted with at least three biological replicates unless other-
wise stated. Data are presented as the mean =+ standard deviation (SD). For physiological
measurements and transgenic tobacco assays, statistical significance between groups was
determined using Student’s t-test. A p-value < 0.05 was considered statistically significant.
Statistical analyses were performed using SPSS software (v25.0, IBM Corp., Chicago, IL,
USA). Statistical criteria for transcriptomic, metabolomic, enrichment, correlation, WGCNA,
and alternative splicing analyses are described in the corresponding method sections.

3. Results

3.1. Phenotypic Evaluation of Drought Responses in Two Grapevine Cultivars

7

To evaluate physiological response to water deficit, two grapevine cultivars, ‘Miguang
(MG) and ‘Red Globe’ (RG), were subjected to a 28-day drought treatment. During the
treatment period, soil water content (SWC) gradually declined from approximately 90%
under well-watered conditions to about 20% on Day 28 (Figure 1A and Table S2), confirming
the establishment of severe drought stress at the sampling endpoint. Under these conditions,
leaf chlorophyll content decreased in both MG and RG (Figure 1B).
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100 15 0.05
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g 80+ 2 o 0.04-]
£ £ 104 g
£ 60 g 2 0.03
8 < €
S 5 o * % *
& 40 = S 0.02-
[ 2 05+ <
- Q
S 204 2 2 0.01
=
[§]
0= 0.0~ 0.00-
0 4 14 21 28 MG RG MG RG
(D) == Control === Drought (E) == Control === Drought
150
s * K
2 * % _
= 10,000 s
- o * ok
£ * & 100
e 2
2 z
> 5000 =
2 S 50
8 a
a o
o) 12}
'8
0- 0=
MG RG MG RG

Figure 1. Leaf phenotypes and physiological responses of ‘Miguang’ (MG) and ‘Red Globe’ (RG)
grapevines under control and drought treatments. (A) Soil water content (SWC) of control and
drought-treated MG and RG plants at 0, 7, 14, 21, and 28 days; (B) chlorophyll content; (C) malon-
dialdehyde content; (D) peroxidase (POD) activity; (E) superoxide dismutase (SOD) activity under
control and drought treatments. Asteriskes indicate significant differences between Control and
Drought treatments (* p < 0.05, ** p < 0.01, *** p < 0.001, Student’s t-test).
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Although MG showed lower chlorophyll content than RG under drought stress, it ex-
hibited stronger antioxidant responses, including higher POD and SOD activities and lower
MDA accumulation, indicating reduced oxidative membrane damage (Figure 1B-E and
Table S2). Quantitative analysis of reactive oxygen species (ROS) scavenging components
revealed distinct enzymatic responses between the two cultivars. In MG, peroxidase (POD)
and superoxide dismutase (SOD) activities increased by 3.05-fold and 3.86-fold, respectively.
This induction was accompanied by a moderate accumulation of malondialdehyde (MDA)
(Figure 1C-E, and Table S2). In RG, the increases in POD (1.68-fold) and SOD (1.76-fold)
activities were lower than those in MG, while MDA accumulated to significantly higher
levels, indicating greater lipid peroxidation (Figure 1C-E, and Table S2). Collectively, MG
maintained higher antioxidant enzyme activities and lower lipid peroxidation levels under
drought stress compared with RG, supporting the designation of MG as drought-tolerant
and RG as drought-sensitive.

3.2. Overview of Transcriptomic and Metabolomic Reprogramming Under Drought Stress

To determine the molecular basis of the physiological divergence between MG and
RG, integrative transcriptomic and metabolomic analyses were performed on leaf tissues.
RNA-seq quality assessment showed that clean reads per library ranged from 36.7 to
69.5 million, with total mapping rates ranging from 89.8% to 91.6% for RG and from 91.5%
to 92.5% for MG (Table S4). High biological reproducibility and technical reliability of
the multi-omics datasets were further supported by principal component analysis (PCA),
metabolomic QC analysis, and RT-qPCR validation (Figures S1-53 and Tables S3-S5). In
MG, 5593 differentially expressed genes (DEGs; 2243 upregulated, 3350 downregulated)
and 452 differentially accumulated metabolites (DAMs) were identified. In RG, 4358 DEGs
and 286 DAMs were identified (Figure 2A and Tables S5-512).

Functional enrichment analysis of DEGs showed shared responses in both cultivars, in-
cluding the downregulation of photosynthesis-related genes (ko00195, g-value = 5.41 x 10~
in MG; 3.49 x 10710 in RG) and the upregulation of secondary metabolism pathways
(ko01110, g-value = 7.58 x 10717 in MG; 2.09 x 10~ !8 in RG) (Figure 2B,C and Table S10).
Both cultivars also exhibited enrichment in plant hormone signal transduction (ko04075),
the pentose phosphate pathway (ko00030), and carbon fixation (ko00710) (Figure 2C and
Table S10). These shared transcriptomic changes suggest that both cultivars underwent
a common drought-adaptive shift characterized by reduced carbon fixation capacity and
enhanced secondary metabolite production.

In addition to these shared responses, genotype-specific molecular signatures were
identified. Under water deficit, both cultivars exhibited enrichment of terms associated
with programmed cell death (GO:0012501, g-value = 5.15 x 108 in MG; 7.60 x 10~* in RG).
However, the term “cell killing” (GO:0001906, g-value = 9.92 x 10~*) was uniquely enriched
in RG (Table S9). In contrast, the MG transcriptome showed specific enrichment for cellular
homeostasis, categorized into four functional categories based on KEGG/GO clustering:
(1) enrichment of the MAPK signaling pathway (ko04016, g-value = 7.02 x 107%); (2) upregu-
lation of specific antioxidant-related pathways, including glutathione metabolism (ko00480,
g-value = 2.55 x 10~2) and carotenoid biosynthesis (ko00906, g-value = 9.15 x 1073);
(3) metabolic shifts in specific amino acid pools (e.g., alanine, aspartate and glutamate
metabolism; arginine biosynthesis, p = 0.06) and sucrose (ko00500, g-value = 3.35 x 10~2);
and (4) differential retention of specific photosynthetic transcripts despite the global
downregulation of chloroplast components (GO:0009507) observed in both genotypes
(Figure 2B,C, Tables S9, 510 and 515). The molecular mechanisms underlying these four
categories are further characterized in Sections 3.3-3.6.
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Figure 2. Functional annotation of differentially expressed genes (DEGs) and differentially abundant
metabolites (DAMs). (A) Counts of up- and down-regulated DEGs and DAMs identified in ‘MG’ and
‘RG’ in response to drought stress. ‘pos’ and ‘neg’ denote positive and negative ion modes for DAM
identification, respectively; (B) Circular plots displaying the top 20 most informative Gene Ontology
(GO) terms for drought-responsive DEGs in ‘MG’ and ‘RG’ leaves. The plot is segmented into terms
enriched only in ‘MG’ (‘MG only’), only in ‘RG’” ('RG only’), or common to ‘Both’. GO terms related
to photosynthesis is highlighted in green; (C) KEGG pathways enrichment of DEGs in ‘MG’ and ‘RG’.
Values in parentheses indicate the significance ranking of each pathway in ‘MG’ (first value) and ‘RG’
(second value). The middle chart displays KEGG pathways enriched in both ‘MG’ and ‘RG’".

3.3. Rapid Perception and Early Signal Transduction Cascades in MG

Transcriptomic and metabolomic data revealed quantitative and qualitative differ-
ences in early stress perception and signal transduction between MG and RG. At the
perception level, the MG transcriptome showed specific enrichment for the “enzyme-linked
receptor protein signaling pathway” (GO:0007167, g-value = 4.33 x 10~%) and “protein
kinase activity” (GO:0004672, g-value = 1.40 x 10~°) (Figure 3B and Table S9). Within
these categories, the transcript encoding the phospholipid signaling component PLC2
(GrapeSMv01_08g1168) was significantly upregulated in MG (Log,FC = 2.71) but showed
no significant induction in RG (Log,FC = 0.77) (Figure 54 and Table S7). Differences were
also observed in the expression of cell wall integrity sensors. Both cultivars upregulated
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two WAKL2 homologs (GrapeSMv01_03g1101 and GrapeSMv01_03g1098), but with greater
magnitudes in MG (Log,FC = 3.16-3.25) than in RG (Log,FC = 1.31-1.61). Additionally,
MG uniquely recruited a third WAKL2 homolog (GrapeSMv(01_17g0481; Log,FC = 5.19)
and exhibited stronger induction of the receptor kinase WAK2 (GrapeSMv(01_03g1099; MG
LogyFC =2.79 vs. RG Log,FC = 1.57) (Figure S4 and Tables S7 and S8).
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Figure 3. Multi-omics characterization of drought stress responses in drought-sensitive (RG) and
drought-tolerant (MG) grapevine genotypes. (A) Comparative schematic model of drought response
mechanisms; (B) GO and KEGG pathway enrichment of related pathways; (C) heatmap of differen-
tially accumulated metabolites.

Downstream of perception, the “MAPK signaling pathway—plant” (ko04016) was
significantly enriched exclusively in MG (g-value = 7.02 x 107%) (Figure 3B and Table S10).
Although both cultivars upregulated specific MAPK cascade components, the magnitude of
induction differed substantially. Transcripts encoding MAPKKK20 (GrapeSMv01_07g0657
and GrapeSMv01_07g0658) exhibited higher upregulation in MG (Log,FC = 3.95-4.03) com-
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pared to RG (LogyFC = 1.67-2.09). A similar expression pattern was observed for MPK3
(GrapeSMv01_06g0381; MG LogyFC =2.07 vs. RG LogyFC =1.36), with an additional MPK3
homolog (GrapeSMv01_06g0357) uniquely upregulated in MG (LogpFC = 1.81). In parallel,
transcripts associated with reactive oxygen species (ROS) generation and calcium decoding
showed differential expression, marked by both quantitative and qualitative divergences.
Transcripts encoding respiratory burst oxidase homologs (RBOHs) exhibited distinct recruit-
ment patterns. While RBOHB (GrapeSMv(1_14g1418) and RBOHA (GrapeSMv01_02g0372)
were upregulated in both genotypes, their induction magnitudes were greater in MG
(LogoFC =1.95 and 1.28, respectively) compared to RG (Log,FC = 1.39 and 1.14). Further-
more, qualitative divergence was observed: RBOHC (GrapeSMv01_01g1736; Log,FC = 1.01)
was uniquely upregulated in MG, whereas RBOHE (GrapeSMv01_11g0034; Log,FC = 1.66)
was exclusively induced in RG. The calcium sensor CML27 (GrapeSMv01_17g0262) was
induced in both cultivars. Additionally, the calcium-dependent protein kinase CPK1
(GrapeSMv01_08g0291) showed stronger induction in MG (LogpFC = 3.82) than in RG
(LogrFC =1.99), and CPK8 (GrapeSMv01_06g0222; Log, FC = 1.67) was specifically recruited
in MG (Figures 3 and 54 and Tables S7 and S8).

Differences were also observed in hormonal metabolism and execution. While free ab-
scisic acid (ABA) accumulated in both genotypes under drought, ABA glucose ester (ABA-
GE) showed a 5.64-fold increase in MG under drought (p-value = 1.00 x 10~4, VIP = 2.01),
while no significant accumulation was detected in RG (Figure 3C, Tables 511-S14). Concur-
rently, the transcript encoding the E3 ubiquitin ligase PUB21 (GrapeSMv01_01g0629), impli-
cated in ABA signaling regulation, was more strongly upregulated in MG (Log,FC = 3.56)
than in RG (Log,FC = 2.68). Furthermore, the core ABA-responsive transcription factor
ABF? (GrapeSMv(01_18g0923) was exclusively upregulated in MG (Log,FC = 1.03), with no
significant induction detected in RG (Figures 3 and S4 and Tables S7 and S8).

3.4. Osmotic Adjustment, Chaperone Expression, and Antioxidant Detoxification Under Drought

Transcriptomic and metabolomic analyses revealed genotype-specific differences
in osmotic adjustment, chaperone-mediated protein folding, and antioxidant detoxifi-
cation. In MG, the transcriptome showed specific enrichment for the “hyperosmotic
response” (GO:0006972; g-value = 0.032) and “starch and sucrose metabolism” (ko00500;
g-value = 0.034). Proline accumulated significantly in both cultivars, with a 4.97-fold
increase in MG (p-value = 1.12 x 1073, VIP = 1.23) and a 4.42-fold increase in RG (p-
value = 7.80 x 103, VIP = 1.66). Although proline accumulation was comparable between
the two cultivars, the trehalose biosynthesis gene TPS12 (GrapeSMv01_12g0675) exhibited
substantially higher induction in MG (Log,FC = 5.74) compared to RG (Log,FC = 2.22),
suggesting a greater capacity for trehalose-mediated osmotic protection in the tolerant
cultivar (Figures 3B,C and S4 and Tables S7-514).

Differences were also observed in the expression of chaperone-related genes, corre-
sponding to the specific enrichment of “protein folding” (GO:0006457; g-value = 0.026) in the
MG transcriptome. Transcripts encoding specific small heat shock proteins (sHSPs) were up-
regulated exclusively in MG, including HSP21.7 (GrapeSMv01_19g0496; Log, FC = 8.98) and
multiple HSP26-A homologs (GrapeSMv(01_07g1791, GrapeSMv01_07g1790, GrapeSMv01_
05g0874; Log,FC = 1.18-3.16). Additionally, the HSP26-A homolog GrapeSMv01_17g0297
was upregulated in both genotypes but exhibited a higher induction magnitude in MG
(LogrFC =13.48) compared to RG (Log,FC = 9.43) (Figures 3B and 54 and Tables 57-59). The
preferential induction of sHSPs in MG suggests a greater capacity for chaperone-mediated
protein homeostasis under drought-induced proteotoxic stress.

Regarding antioxidant detoxification, the MG transcriptome showed specific en-
richment for “oxidoreductase activity” (GO:0016491; g-value = 3.68 x 107°) and “glu-
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tathione metabolism” (ko00480; g-value = 0.026). Within the glutathione pathway, the
tau-class glutathione S-transferase GSTUS8 (GrapeSMv01_08g1075) and glutathione per-
oxidase GPX8 (GrapeSMv01_02g0048; Log,FC = 1.31) were upregulated exclusively in
MG. Other glutathione-related genes were induced in both genotypes but exhibited higher
upregulation in MG. For instance, the GSTF13 homolog GrapeSMv01_07g1293 was upregu-
lated by a Log,FC of 3.25 in MG compared to 1.48 in RG. Similarly, a second GSTUS8
homolog (GrapeSMv01_06g0721) showed a higher induction in MG (LogoFC = 5.64)
than in RG (Log,FC = 4.92), and glutaredoxin GRXC9 homologs (GrapeSMv01_12g0329,
GrapeSMv01_10g0701) followed a similar quantitative trend (MG Log,FC = 3.46—4.97 vs.
RG LogyFC =2.07-2.26) (Figures 3B and S4 and Tables S7-510).

3.5. Carbon Metabolism Reprogramming via the Pentose Phosphate Pathway and TCA Cycle

Transcriptomic and metabolomic profiles indicated differential reprogramming of
central carbon metabolism between MG and RG under drought stress. In the MG tran-
scriptome, “Pentose phosphate pathway” (ko00030; g-value = 3.14 x 10~2) and “Carbon
metabolism” (ko01200; g-value = 0.023) were significantly enriched. At the transcript level,
the gene encoding glucose-6-phosphate dehydrogenase 2 (G6PD2, GrapeSMv01_01g1631),
which catalyzes the rate-limiting step of the pentose phosphate pathway (PPP), was specifi-
cally upregulated in MG (Log,FC = 1.39) and showed no significant induction in RG. This
transcriptional activation in MG aligned with the metabolomic enrichment of “Pentose
and glucuronate interconversions” (p-value = 0.04) and “Nicotinate and nicotinamide
metabolism” (p-value = 0.05), alongside the specific and significant accumulation of the
PPP-related intermediate nicotinamide (p-value = 9.76 x 107, VIP = 1.52) (Figures 3B,C
and S4 and Tables S7, S10, S14 and S15).

Regarding the tricarboxylic acid (TCA) cycle, transcripts encoding citrate synthase
(CSY2, GrapeSMv01_12g0008) were upregulated in both MG (Log,FC = 1.69) and RG
(LogoFC = 1.65). However, targeted metabolic profiling revealed a distinctly divergent
downstream accumulation of TCA intermediates. MG specifically accumulated citric acid
(38.8-fold increase; p = 5.90 x 10~3, VIP = 1.83) and D-threo-isocitric acid (3.9-fold increase;
p =9.22 x 103, VIP = 1.39), while neither metabolite showed significant accumulation
in RG (Figures 3C and S4 and Tables S7, S8, S11 and S12). Despite the comparable tran-
scriptional induction of CSY2 in both cultivars, targeted metabolic profiling revealed a
striking divergence in downstream TCA intermediate accumulation, suggesting that post-
transcriptional or flux-level differences, rather than gene expression alone, govern TCA
cycle reprogramming under drought in MG. Notably, skipped exon events targeting CSY2
were identified specifically in MG (Section 3.7), raising the possibility that alternative
splicing generates functionally distinct CSY2 isoforms with altered enzymatic properties or
subcellular distribution, thereby contributing to the enhanced TCA flux observed in the
tolerant cultivar.

3.6. Differential Retention of Photosystem I Components Amidst Global
Photosynthetic Suppression

Consistent with the fourth functional module identified in Section 3.2, transcriptomic
analysis revealed a broad and conserved suppression of photosynthetic machinery in both
MG and RG under severe water deficit. Functional enrichment analysis of downregulated
DEGs in MG indicated massive representation of chloroplast-related terms (GO:0009507;
g-value = 3.34 x 107°%) and the photosystem complex (GO:0009521; g-value = 2.72 x 10~21).
This broad suppression was further corroborated by the significant downregulation of
the “Photosynthesis” (ko00195; g-value = 5.41 x 10~!) and “Carbon fixation” (ko00710;
g-value = 5.63 x 10~*) pathways (Figure 4B, Tables S9 and S10).
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Figure 4. Integrated analysis of photosynthetic responses to drought stress in MG and RG grapevine
genotypes. (A) Schematic model of photosynthetic regulation; (B) GO/KEGG enrichment of
photosynthesis-related pathways; (C) heatmap of photosynthesis-related gene expression.

At the individual transcript level, this conserved suppression involved the widespread
downregulation of core components across both genotypes. For example, transcripts
encoding light-harvesting antenna proteins, such as LHCA1 (GrapeSMv01_13g0632), were
severely downregulated in both MG (Log,FC = —3.90) and RG (Log,FC = —3.70). Similarly,
transcripts for the carbon fixation enzyme Rubisco (RBCX1; GrapeSMv01_10g0054) were
deeply repressed in both cultivars (MG Log,FC = —3.81; RG Log, FC = —3.34) (Figure 4B,C,
Tables S7 and S8).

However, amidst this global transcriptional shutdown of the chloroplast, a critical
qualitative divergence was identified within the Photosystem I (PSI) reaction center. Both
genotypes exhibited downregulation of standard PSI subunits, such as the PSAE-1 homolog
GrapeSMv01_07g1777 (MG Logy,FC = —1.89; RG Log,FC = —1.44). However, a distinct
PSAE-1 isoform (GrapeSMv01_07g1793) was significantly upregulated exclusively in MG
(LogFC = 2.60), with no significant response detected in RG (Figure 4C, Tables S7 and S8).

3.7. Systemic Regulatory Coordination via Co-Expression Networks and Alternative Splicing
Between MG and RG

To elucidate the regulatory hierarchy governing drought adaptation, Weighted Gene
Co-expression Network Analysis (WGCNA) and alternative splicing (AS) analysis were in-
tegrated. WGCNA identified distinct transcriptomic modules correlating with the drought
responses of MG and RG (Figures S6A,B and S7B). The MM.Black module exhibited specific
upregulation in MG (Figure S6B). Network analysis revealed that this module was gov-
erned by highly connected hub genes, primarily characterized by transcription factors and
regulatory proteins, including the defense regulator PAD4, the histone demethylase JM]706,
the cysteine-rich receptor-like kinase CRK29, and AP2/ERF family members (DREBIE,
DREBIF, ERF017) (Figure S6C and Table S517). Functional mapping of this module incor-
porated pathways essential for stress signaling and amino acid reallocation, specifically
enriching “Plant hormone signal transduction” (ko04075) and “Arginine biosynthesis”
(ko00220) (Figure S7B, Table S16). Conversely, the RG-upregulated MM.Greenyellow
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module was predominantly enriched in “Flavonoid biosynthesis” (ko00941, p = 0.0059),
indicating preferential enrichment of secondary metabolite biosynthesis pathways in the
drought-sensitive cultivar. Notably, the MM.Brown module was upregulated in both
cultivars, enriching fundamental maintenance processes such as “Autophagy” (ko04136,
p = 6.78 x 1073) and “Ubiquinone and other terpenoid-quinone biosynthesis” (ko00130,
p = 0.011), suggesting that these processes represent a conserved baseline drought response
shared by both cultivars (Figure S7B, Table 516).

Beyond transcriptional abundance, transcriptomic data revealed extensive post-
transcriptional modifications in MG, comprising 1540 skipped exon (SE) and 590 mu-
tually exclusive exon (MXE) events (Figure 5A, Table S518). Enrichment analysis of these
AS events demonstrated targeted structural modifications within central metabolic and
defense pathways. Specifically, SE events were significantly enriched in the “Citrate cy-
cle (TCA cycle)” (ko00020, p = 0.0071) and “ATP synthesis coupled electron transport”
(GO:0042773, p = 0.00047). Furthermore, MXE events significantly targeted “Glycerophos-
pholipid metabolism” (ko00564, p = 0.0068) and “Arginine biosynthesis” (ko00220, p = 0.020)
(Figure 5B,C and Tables 519 and S20). Notably, cross-referencing MXE events with the
DEG dataset identified post-transcriptional modifications in MPK3 (GrapeSMv01_06g0381)
and CSY2 (GrapeSMv01_12g0008), two genes also showing significant transcriptional
upregulation in MG (Table S21).
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Figure 5. MG variety-specific alternative splicing (AS) events in grapes under drought stress. (A) Pro-
portions of different AS events in grapevines. These include skipped exon (SE), retained intron
(RI), mutually exclusive exon (MXE), alternative 5" splice site (A5SS), and alternative 3’ splice site
(A3SS). (B) KEGG enrichment analysis and (C) GO enrichment analysis of skipped exon (SE) events
specifically identified in cultivar MG under drought stress.
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3.8. Conserved Multi-Omics Signatures and Identification of VoGRIK1

To assess shared and genotype-specific drought-responsive signatures, we integrated
the newly generated MG/RG datasets with previously reported multi-omics data from
the drought-tolerant ‘Shine Muscat’ (SM) and the drought-sensitive ‘Thompson Seedless’
(TS) [10].

A conserved baseline response was identified across all four cultivars. KEGG enrich-
ment analysis indicated shared activation of “Plant hormone signal transduction” (ko04075)
and “MAPK signaling pathway” (ko04016), together with widespread downregulation
of “Photosynthesis-antenna proteins” (ko00196), reflecting a common reduction in light-
harvesting capacity under water deficit (Table 522).

Comparative analysis revealed that the tolerant cultivars MG and SM exhibited more
coordinated regulation of redox- and energy-related pathways than the sensitive cultivars
RG and TS. In particular, SM showed a pattern similar to that of MG, including upregulation
of the PPP-related gene G6PD2 and core TCA cycle transcripts such as C5Y2 and LKR/SDH,
whereas TS lacked coordinated activation of these central carbon and redox pathways
(Tables S22-525).

Among drought-responsive signaling genes, VoGRIK1 (Geminivirus Rep Interacting
Kinase 1, GrapeSMv(01_06g0113) was significantly induced by drought across all four
cultivars, with Log,FC values ranging from 1.63 to 2.10 (Table S26). Previously generated
transcriptomic datasets also showed that VoGRIK1 was responsive to other abiotic stresses,
including waterlogging(SRA accession PRINA3(09765), salt stress [17] and copper stress [18]
(Figure S8 and Table S27). These results indicate that VoGRIK1 is a conserved drought-
responsive candidate regulator in grapevine.

However, the network topology of VoGRIK1 differed among cultivar comparisons. In
the present MG/RG WGCNA, the MG-associated key module was designated MM.Black,
and VoGRIK1 was not identified as a primary hub gene in this module. In contrast, its
hub-like network property was observed in the previously reported SM/TS WGCNA,
particularly within the MM.darkmagenta module [10]. Therefore, we describe VoGRIK1 as
a conserved drought-responsive regulator rather than a conserved hub across all cultivars
(Figure S6C and Table 526).

3.9. Functional Validation of VoGRIK1 in Drought Stress Signaling

VouGRIK1 encodes a 359-amino acid kinase possessing a conserved STKc_LKB1_CaMKK
domain (Figure S9). The presence of two ABRE elements in the promoter region is consis-
tent with drought- and ABA-responsive induction, while the LTR element may account for
its low-temperature responsiveness (Figure S9).

To validate its biological function, VvGRIK1-overexpressing (OE) tobacco lines were
generated. Under drought stress and 20% PEG-6000 simulated drought, wild-type (WT)
plants exhibited severe loss of turgor, whereas the OE lines maintained physical integrity
(Figures 6, 510 and S11 and Table 528). Physiologically, the OE lines demonstrated signifi-
cantly higher antioxidant enzyme activities (SOD +35%, p < 0.01; POD +42%, p < 0.01) and
lower lipid peroxidation levels (MDA —28%, p < 0.01) compared to the WT (Figure 6C,
Table S29). These results demonstrate that overexpression of VoGRIKI in tobacco en-
hances antioxidant enzyme activities and reduces lipid peroxidation under osmotic stress,
suggesting that VoGRIK1 contributes to cellular redox homeostasis during drought.

To elucidate the signal transduction mechanism, we examined the physical interaction
between VoGRIKI and the energy sensor VoKING1 (GrapeSMv01_17g0154, a SnRK1 ho-
molog). Yeast two-hybrid (Y2H) assays supported a physical interaction between VvGRIK1
and VVKING], as indicated by co-transformant growth on selective SD/-Trp/-Leu/-Ade/-
His/X-a-Gal medium (Figure 6D,E). Molecular docking using ZDOCK identified a top-
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ranked binding conformation with an interaction interface spanning the kinase domains
of both proteins (Figure 6F). Collectively, Y2H assays provide heterologous yeast-based
evidence for a potential interaction between VoGRIKI and VvKINGI, while molecular
docking provides complementary predictive structural support. Given that VoKINGI en-
codes a SnRK1 homolog and both genes are co-induced by drought, these findings suggest
that VoGRIK1 may function in association with the SnRK1 energy sensing complex under
drought stress conditions.
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Figure 6. Growth of VVGRIKI transgenic tobacco after drought stress and docking evidence between
VvGRIK1 and VVKINGI. (A) Phenotype on day 0 of drought stress; (B) phenotype on day 14 of
drought stress; (C) determination of physiological and biochemical indices of transgenic tobacco and
wild-type tobacco under drought treatment. SOD (left); POD (middle); MDA (right). The different
letters mean significant differences at p < 0.05; (D) self-activation detection results of VvGRIK1 protein;

(E) validation results of yeast two-hybrid system; (F) molecular docking of the three-dimensional
structures of VVGRIK1 and VVKINGTI proteins; (G) gene expression levels of the KING1 gene under
drought stress.

4. Discussion
4.1. Systemic Signaling and the Physiological Basis of Photosynthetic Acclimation

Photosynthetic downregulation is a well-established early response to water deficit in
grapevine, involving stomatal closure, reduced CO, availability, and transcriptional sup-
pression of photosynthetic gene networks [28,29]. Consistent with this, our transcriptomic
data across all four cultivars revealed widespread downregulation of photosynthesis-
related genes (e.g., LHCs, RBCX1; Figure 4A) [10]. This transcriptional suppression alle-
viates excitation pressure on the electron transport chain under CO;-limited conditions,
thereby limiting the over-reduction of photosystem components and the consequent gener-
ation of reactive oxygen species (ROS) [30].

However, survival under severe drought depends on the kinetics of stress perception
and downstream signal execution. In the tolerant cultivar MG, the rapid induction of
specific receptor kinases (e.g., WAKL2) and the respiratory burst oxidase homolog RBOHC
(Figure 3A) suggests an accelerated primary signal cascade [12,31,32]. RBOHC-mediated
ROS generation has been linked to rapid signal amplification in guard cells and sys-
temic stress signaling networks in plants [33-35]. The preferential recruitment of RBOHC
in MG, as opposed to RBOHE in RG, may reflect qualitative differences in ROS signal
identity—a hypothesis consistent with the emerging concept that distinct RBOH isoforms
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generate spatially and temporally distinct ROS signatures with divergent downstream
consequences [36,37]. The capacity to maintain steady-state protection without severe
photoinhibition strictly differentiates tolerant genotypes from sensitive genotypes [38,39].
Together, these data suggest that superior drought tolerance in MG is associated with a more
rapid and precise activation of the primary ROS-calcium-hormone signaling cascade, which
enables controlled photosynthetic downregulation while limiting photooxidative damage.

Although MG was classified as the relatively drought-tolerant genotype, it exhibited
lower chlorophyll content than RG under drought stress. Chlorophyll retention is often
considered an important indicator of drought tolerance; however, drought tolerance is
a complex trait and cannot be fully evaluated using chlorophyll content alone, particu-
larly under prolonged water deficit [11]. In the present study, MG showed significantly
higher antioxidant enzyme activities (SOD and POD) and lower MDA accumulation than
RG, indicating more effective ROS scavenging and reduced membrane lipid peroxidation
despite its lower chlorophyll content [13]. These physiological observations were further
supported by transcriptomic and metabolomic analyses, which revealed stronger activation
of glutathione metabolism, antioxidant-related genes such as GSTs and GPX, ABA-related
responses, and central carbon metabolic reprogramming in MG. Therefore, the relative
drought tolerance of MG appears to be more closely associated with enhanced maintenance
of cellular redox homeostasis and metabolic adaptation than with chlorophyll retention
alone. One possible explanation is that reduced chlorophyll content may reflect an acclima-
tory decrease in light-harvesting capacity under severe drought, which could help reduce
excess excitation pressure and limit photooxidative damage when carbon assimilation
is constrained [30,40]. However, this hypothesis requires further validation using direct
photosynthetic and photoprotective measurements.

4.2. Coordinated Regulation of the PPP and TCA Cycles Sustains Metabolic Homeostasis

Multi-omics integration reveals that the drought-tolerant cultivars maintain redox and
bioenergetic homeostasis through the coordinated regulation of the pentose phosphate
pathway (PPP) and the tricarboxylic acid (TCA) cycle. Under severe drought, MG uniquely
upregulates the oxidative PPP rate-limiting enzyme G6PD2. This transcriptional shift
facilitates carbon flux into the PPP to generate NADPH, which is required for the continuous
function of antioxidant enzymes (e.g., GST, GPX) and the mitigation of lipid peroxidation
(Figure 3A, Table S7). The requirement for G6PD in drought adaptation is conserved
across species [41], and the failure to sustain PPP metabolite levels correlates with drought
susceptibility [42].

Concurrently, MG sustains bioenergetic flux through the TCA cycle, demonstrated
by the upregulation of citrate synthase (CSY2) and the significant accumulation of specific
intermediates (citric acid and isocitric acid) (Figure 3A, Tables S7 and S11). This ensures
ATP availability for cellular maintenance. Comparative analysis across all four cultivars
validates the universality of this metabolic coupling. Similar to MG, the tolerant cultivar
‘Shine Muscat’ (SM) specifically upregulates core PPP and TCA transcripts alongside sub-
stantial proline accumulation. Conversely, sensitive cultivars (‘Red Globe’ and “Thompson
Seedless’) exhibit divergent metabolic regulation: they upregulate basal TCA cycle genes
but fail to accumulate TCA intermediates or induce the oxidative PPP (Figure 3A) [10].
This inability to upregulate the PPP may compromise NADPH-dependent antioxidant
defenses—a metabolic imbalance that may contribute to the greater lipid peroxidation and
cellular damage observed in RG and TS under drought.

Beyond primary metabolism, tolerant cultivars also exhibit specific adaptations re-
garding resource allocation. MG demonstrates extensive accumulation of small heat shock
proteins (HSP21.7, HSP26-A) (Figure 3A, Table S7), which function to prevent dehydration-
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induced protein aggregation, thereby reducing the ATP demand required for de novo
protein synthesis during post-stress recovery. Additionally, the mobilization of conjugated
ABA-glucose ester (ABA-GE) pools (Figure 3A, Table S11) enables rapid hormonal signaling
while bypassing the metabolic cost of de novo ABA synthesis [43,44]. Proline accumulation
was observed in both cultivars (Section 3.4), representing a shared osmotic adjustment
strategy. However, MG additionally upregulated the trehalose biosynthesis gene TPS12 to
a greater extent (Log,FC = 5.74 vs. 2.22 in RG), suggesting that compatible solute diversity—
combining proline and trehalose—may confer superior osmotic buffering capacity in the
tolerant genotype [45,46]. The drought-specific upregulation of a distinct PSAE-1 isoform
(GrapeSMv01_07g1793) in MG represents a notable observation. The PSAE subunit has
been shown to contributes to ferredoxin binding at the PSI acceptor side, suggesting a po-
tential role in modulating CEF activity [47-49] which can generate proton motive force for
ATP synthesis without net NADPH production—a bioenergetically favorable mode under
CO,-limited conditions. However, whether the upregulated isoform retains functional
equivalence to canonical PSAE requires further biochemical characterization.

Taken together, these results indicate that drought tolerance is not determined by the
activation of a single metabolic pathway but rather by coordinated metabolic reprogram-
ming. Compared with RG, MG simultaneously enhanced NADPH production, ATP supply,
osmotic adjustment, protein protection, and hormone mobilization, thereby establishing
a metabolically integrated response capable of sustaining cellular homeostasis during
prolonged drought. This coordinated metabolic configuration provides a physiological
framework for interpreting the cultivar-specific co-expression networks described below, in
which tolerant genotypes appear to recruit more integrated regulatory programs associated
with redox protection and energy homeostasis.

4.3. VoGRIK1-Associated SnRK1 Signaling May Contribute to Stress-Induced
Metabolic Reprogramming

Co-expression network analysis indicated that VoGRIKI showed hub-like proper-
ties in the previously analyzed SM/TS network and consistent drought induction in the
present MG/RG comparison. While VoGRIK1 expression is induced by various abiotic
stresses across all tested cultivars (Tables 526 and S27), WGCNA isolated its specific hub
properties within the SM and TS tolerance networks [10]. Functional assays in transgenic
tobacco showed that VoGRIKI overexpression enhances antioxidant enzyme activities
(SOD, POD) and reduces lipid peroxidation under osmotic stress (Figure 6C), providing
in planta evidence consistent with its proposed role in oxidative stress mitigation. In the
present MG/RG comparison, the MG-associated MM.Black module was linked to drought-
responsive regulation involving hormone signaling, stress-responsive transcription factors,
and amino acid metabolism, whereas the previously reported SM/TS MM.darkmagenta
module represented a drought-responsive network associated with tolerant genotype
responses. The preferential detection of these modules in tolerant cultivars may reflect
stronger covariance among redox-, hormone-, and energy-related genes under drought,
rather than the presence of completely cultivar-exclusive pathways.

Nicotiana benthamiana was used as a heterologous system for functional validation
because it is a well-established model for rapid Agrobacterium-mediated transformation
and abiotic stress assays. The improved drought-related physiological performance of
VouGRIKI-overexpressing tobacco lines, including higher antioxidant enzyme activities and
lower MDA accumulation, supports a positive role of VoGRIK1 in enhancing cellular redox
protection under water-deficit conditions. However, because tobacco and grapevine differ
in growth habit, stress physiology, and regulatory context, these results should be inter-
preted as supportive evidence rather than direct proof of VoGRIK1 function in grapevine.
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Future grapevine-based overexpression, gene-editing, or transient expression assays will
be required to validate the in situ function of VoGRIK1 in grapevine drought adaptation.

It is important to distinguish the conserved drought responsiveness of VoGRIK1
from its network topology. Although VoGRIK1 was identified as a hub gene in the pre-
viously analyzed SM/TS network, it was not identified as a primary hub in the MG/RG
MM.Black module. Nevertheless, VoGRIK1 was consistently induced by drought across all
four cultivars examined, suggesting that its transcriptional responsiveness is conserved
across grapevine germplasm, whereas its topological position within co-expression net-
works may vary depending on genetic background and module organization. Therefore,
VouGRIK1 should be interpreted as a conserved drought-responsive candidate regulator
associated with redox and bioenergetic homeostasis, rather than as a conserved hub across
all grapevine cultivars.

To elucidate the molecular mechanism underlying this functional role, we investigated
the physical interaction between VoGRIK1 and its potential downstream target. Mechanis-
tically, Y2H assays supported a physical interaction between VvVGRIK1 and VvKING1 in
yeast, while molecular docking provided complementary predictive structural evidence
(Figure 6D,E). The SnRK1 kinase complex regulates energy homeostasis by repressing
anabolism and promoting catabolism during energy deficits [50]. The GRIK-SnRK1 module
has been characterized as a conserved stress-responsive signaling axis across multiple
biotic and abiotic contexts, including salt tolerance in Arabidopsis [9], antiviral defense in
barley [51], and plant-pathogen co-evolution [52], supporting its role as a broad-spectrum
integrator of energy status and environmental defense. Together, these findings support
VouGRIK1 as a conserved drought-responsive candidate regulator that may be associated
with SnRK1-mediated coordination of bioenergetic status and environmental defense re-
sponses.

SnRK1 activity is allosterically inhibited by trehalose-6-phosphate (T6P), which de-
couples stress responses under favorable energetic states [53,54]. We hypothesize that
the sustained induction of VoGRIKI in tolerant cultivars may provide sufficient upstream
kinase activity to activate SnRK1 despite basal T6P levels, though direct measurement of
SnRK1 phosphorylation status in MG and SM will be required to test this model. Impor-
tantly, recent evidence suggests that GRIK kinases concurrently initiate the degradation of
SnRK1 while activating it [55]. This creates a sophisticated negative feedback loop designed
to prevent an excessive or harmful catabolic ‘overreaction” during prolonged stress [56].
Under this framework, the net outcome of VoGRIK1 induction in tolerant genotypes likely
reflects a finely tuned balance between SnRK1 activation and its controlled attenuation,
rather than unrestrained kinase activity—a dynamic equilibrium that may be essential for
maintaining long-term metabolic homeostasis under chronic drought [56,57].

Moreover, stress-induced ABA accumulation modulates SnRK1 subcellular localiza-
tion, driving its nuclear-to-cytoplasmic export to inhibit the TARGET OF RAPAMYCIN
(TOR) kinase and enforce growth arrest [58]. In model systems, activated SnRK1 phospho-
rylates fundamental basic leucine zipper (bZIP) transcription factors (e.g., bZIP63/S1-
class bZIPs) to execute extensive transcriptional reprogramming of central carbon
metabolism [59]. Notably, in woody fruit trees such as apple, the SnRK1-bZIP39 module
has been shown to directly regulate carbohydrate metabolism by activating key metabolic
enzymes [60]. This regulatory paradigm is further supported by co-expression network
findings in other crops, where transcription factors such as bZIP family members frequently
emerge as central regulators within pentose phosphate pathway (PPP) gene modules under
abiotic stress [61,62].

Consequently, the potential VVGRIK1-SnRK1 association in tolerant genotypes is con-
sistent with the coordinated transcriptional induction of downstream metabolic effectors,
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such as G6PD2 and CSY2. Although the direct regulatory links remain to be biochemically
validated, our data suggest that VoGRIKI-associated SnRK1 signaling may contribute to
the coupled activation of PPP and TCA cycle pathways under energy-limiting drought
conditions.

4.4. Alternative Splicing Expands Regulatory Plasticity Under Drought Stress

Beyond transcriptional regulation, alternative splicing (AS) significantly expands
proteomic diversity and serves as a sophisticated layer of post-transcriptional control
in response to environmental stress [63-65]. Our analysis indicates that MG undergoes
targeted post-transcriptional modification of specific transcripts within central metabolic
and signaling pathways through skipped exon (SE) and mutually exclusive exon (MXE)
events (Tables 518-520). The physiological impact of such AS variants is increasingly
recognized as a fundamental mechanism for fine-tuning plant metabolic reprogramming
and signaling sensitivity [66,67].

AS has been documented to modulate stress responses at multiple functional levels:
in structural photosynthetic components (e.g., HILHCA4.2b in barley; [68]), regulatory tran-
scription factors (e.g., CsbHLH133-AS in tea; [69]), and phosphatase signaling components
(e.g., AtHAB2; discussed below). In grapevine, the identification of AS events in critical
nodes, specifically the TCA cycle enzyme CSY2 and the MAPK cascade kinase MPK3,
suggests a strategic recalibration of the proteome. As highlighted by Punzo et al. [67],
AS in plant primary metabolism frequently generates multiple protein isoforms to alter
biochemical activities, protein interactions, or subcellular localization.

A relevant example of this regulatory logic is observed in the ABA signaling pathway,
where the AS of the phosphatase gene AtHAB2 generates isoforms with opposite functions
in drought tolerance by differentially inhibiting SnRK2 phosphorylation [70]. Similar
SE or MXE events in kinases and metabolic enzymes frequently alters substrate affinity,
subcellular localization signals, or autoinhibitory domains [67]. Although the specific
splicing factors governing CSY2 and MPK3 AS in MG remain unidentified, precedent
from immunity signaling demonstrates that kinase-mediated phosphorylation of splicing
regulators can rapidly redirect transcript isoform landscapes in response to environmental
signals [71]. We propose that analogous kinase-splicing factor crosstalk may operate
downstream of the VVGRIK1-SnRK1 module under drought stress, representing a testable
hypothesis for future investigation.

Given that VoMPK3 itself undergoes AS in MG, this may represent a feedback loop
where stress-induced kinases both execute and undergo post-transcriptional refinement to
optimize signal transduction velocity. Thus, this AS plasticity enables tolerant genotypes to
generate functionally diversified CSY2 isoforms, potentially optimizing enzyme activity
or subcellular distribution under dehydration stress. These observations suggest that
alternative splicing may act in parallel with VvGRIK1-associated energy signaling to
increase regulatory flexibility under drought stress. However, whether VoGRIK1 directly
influences AS regulation remains to be experimentally tested.

Alternative splicing may provide an additional layer of regulatory plasticity during
drought adaptation. Previous grapevine transcriptomic studies have revealed extensive
transcript complexity and alternative isoform usage during berry development, indicating
that post-transcriptional regulation contributes to grapevine developmental regulation [72].
More broadly, AS has been widely recognized as an important mechanism by which plants
adjust gene function and regulatory capacity under developmental and stress-related
contexts [66,73,74]. However, compared with transcriptional regulation, AS-mediated
regulation during grapevine drought stress remains less well characterized.
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In the present study, drought-associated AS events in MG were enriched in pathways
related to the TCA cycle, ATP synthesis-coupled electron transport, glycerophospholipid
metabolism, and arginine biosynthesis. These pathways are closely linked to energy produc-
tion, membrane remodeling, osmotic adjustment, and stress signaling. The identification
of AS events in central metabolic and signaling genes such as CSY2 and MPK3 extends
current knowledge of grapevine stress adaptation and suggests that post-transcriptional
regulation constitutes an additional regulatory layer complementing transcriptional con-
trol. Although the functional consequences of these isoforms require further experimental
validation, these results highlight AS as a potentially important mechanism contributing to
genotype-specific drought adaptation in grapevine.

Collectively, our findings indicate that drought adaptation in grapevine is regulated
at multiple molecular layers, including transcriptional, metabolic, co-expression network,
and alternative splicing levels. Nevertheless, several limitations should be acknowledged.

First, although transcript-metabolite correlation analysis and molecular docking pro-
vided biologically meaningful and complementary evidence supporting candidate regula-
tory relationships, these approaches do not establish direct regulatory or causal interactions.
Therefore, further genetic, biochemical, and molecular validation will be required to verify
the proposed regulatory links, including the functional relationship between VoGRIKI and
VvKING1/SnRK1 signaling.

Second, although three biological replicates per treatment are widely adopted in plant
multi-omics studies and were sufficient to identify robust drought-responsive changes
in this study, increasing the number of biological replicates would improve the statisti-
cal power for detecting subtle transcriptomic, metabolomic, co-expression network, and
alternative splicing differences.

Third, this study focused exclusively on leaf tissues because our primary objective
was to investigate drought-induced physiological and metabolic reprogramming associ-
ated with photosynthetic regulation, antioxidant metabolism, and energy homeostasis.
However, roots play essential roles in drought perception and water uptake, and future
studies integrating root and leaf multi-omics datasets will provide a more comprehensive
understanding of whole-plant drought adaptation.

Finally, the functional validation of VoGRIK1 was performed in heterologous to-
bacco. Although this system provides useful preliminary evidence because of its high
transformation efficiency and suitability for stress-response assays, physiological and reg-
ulatory differences between tobacco and grapevine may influence the interpretation of
VoGRIK1 function. Functional validation in grapevine and in a broader range of grapevine
germplasm will therefore be necessary before VoGRIK1 can be confidently applied in
molecular breeding for drought tolerance.

5. Conclusions

In this study, we integrated physiological, transcriptomic, metabolomic, co-expression
network, alternative splicing, and functional analyses to investigate drought adaptation
mechanisms in grapevine cultivars with contrasting drought responses. First, the compari-
son between MG and RG revealed that the relatively drought-tolerant cultivar MG exhibited
stronger antioxidant capacity, lower lipid peroxidation, and more coordinated redox and
energy-metabolic reprogramming than RG. Second, integration with the previously re-
ported SM/TS datasets allowed us to distinguish shared drought-responsive features from
genotype-dependent mechanisms. Across the four cultivars, hormone signaling, MAPK
signaling, photosynthetic downregulation, and drought-induced VoGRIK1 expression rep-
resented shared responses, whereas tolerant cultivars showed more coordinated activation
of redox- and bioenergetic pathways. Third, alternative splicing analysis suggested that
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post-transcriptional regulation, particularly AS events affecting metabolic and signaling
genes such as C5Y2 and MPK3, may contribute to genotype-specific drought adaptation.

Functional validation in heterologous tobacco and interaction assays further suggest
that VoGRIKI may be associated with the VVKING1/5nRK1 energy-signaling module
and may contribute to drought-related redox protection. However, because functional
validation was performed in tobacco rather than directly in grapevine, VoGRIK1 should be
regarded as a promising candidate regulator rather than a fully validated breeding target.
Future grapevine-based functional validation and evaluation across broader germplasm
will be required before VoGRIKI can be confidently applied in molecular breeding for
drought tolerance.
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