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Here, we evaluated how GolSand Rf5 gene families can potentially assist
with grapevine drought tolerance. Through comprehensive
bioinformatics analysis, we identified a set of putative genes associated
with drought response in grapes. The analysis revealed the conservation
of key functional domains and conserved motifs within the gene
sequences, suggesting their potential involvement in stress adaptation.
Additionally, we performed expression analysis of the identified genes
under drought stress conditions. Accordingly, the results indicated
substantial up-regulation levels in several genes, suggesting their
potential importance in how grapevines respond to water scarcity. We
explored the co-expression network of these genes and identified
possible interactions and regulatory relationships. The findings provide
d valuable information on complex regulatory mechanisms underlying
drought-response in grapevines. The results bear implications for the
genetic improvement of grape varieties, particularly in enhancing
drought tolerance. By understanding the genetic basis of the drought-
response mechanism, we can develop targeted strategies to improve
crop management and assist in future attempts to breed grape varieties,
emphasizing an enhanced tolerance to water deficits. This study sheds
light on the potential roles of the Go/Sand Rf5gene families in grapevine
drought tolerance. The findings underscore the importance of genetic
adaptation in grapevines to drought stress conditions. The knowledge
herein can guide future research and breeding efforts to develop
drought-tolerant grape varieties, ultimately contributing to the
sustainability of grape production and the agricultural industry.

Abbreviations

Abscisic acid (ABA), ABA-responsive transcription factor (ABF2),
involved in the abscisic acid responsiveness (ABRE), essential for the
anaerobic induction (ARE), galactinol synthase (GolS), involved in heat
stress responsiveness (HSE), nonsynonymous mutations (Ka), synonym
-ous mutations (Ks), marker-assisted selection (MAS), million years ago
(MYA), raffinose families of oligosaccharides (RFOs), raffinose synthase
(RfS), robust multi-array average (RMA), simple sequence repeats
(SSR), estimated divergence times (T)

Introduction broad distributions among multiple plant species.
Raffinose family oligosaccharides (RFOs) are a- They play critical roles in several physiological
1,6-galactosyl extensions of sucrose and have processes, including stress tolerance, seed
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germination, carbon resource allocation, and
signaling. For instance, during galactose
metabolism in olive, raffinose functions as a
viable carbon source for carbon acquisition
during fruit development (Asadi et al.,, 2023). The
biosynthesis of RFOs involves two key enzymes:
galactinol synthase (GolS) and raffinose synthase
(Rf5). GolS catalyzes the conversion of myo-
inositol to  galactinol, while RfStransfers
galactosyl units from galactinol to sucrose (Gu et
al,, 2018; Sengupta et al,, 2015).

GolSand RfSgenes have received attention in
numerous studies, characterizing them in various
plant species, including Arabidopsis, rice, tomato,
maize, and sesame. These genes exhibit diverse
expression patterns across different organs and
usually function in response to environmental
stimuli. For instance, in  Arabidopsis,
specific GolSisoforms are activated under
conditions of drought, salt, heat, or cold stress
(Cui et al, 2020; Downie et al, 2003; Li et al,,
2020; Liu etal., 2022; Nishizawa et al., 2008; Saito
and Yoshida, 2011; You et al,, 2018; Zhou et al.,
2012). The overexpression of GolSgenes in
Arabidopsis reportedly enhanced drought
tolerance through increased accumulation of
RFOs (de Gois et al., 2020).

Fruit tree crops are vital in agricultural systems,
providing essential nutrition to the human diet
and offering added value to the financial aspects
of horticulture worldwide. Their cultivation and
production are great pillars for food security,
rural livelihoods, and environmental
sustainability. Understanding the genetic basis
and molecular mechanisms underlying plant
growth, development, and fruit quality traits is a
prerequisite to crop improvement and
sustainable fruit production. In recent years,
considerable progress has led to findings that
unraveled the complex genetic architecture and
regulatory networks associated with various fruit
tree species. Numerous studies have focused on
identifying key genes, pathways, and regulatory
elements involved in fruit development, ripening,
disease resistance, and other important
agronomic traits. However, despite these
advancements, there is still much to explore and
comprehend before arriving at a fully developed
ability to use the potential of fruit trees
(Mathiazhagan et al.,, 2021). Numerous studies
evaluated genetic modifications in trees to
enhance their resilience to challenging
environments. One relevant study focused on the
genetic modification of Persian walnut trees using
the BADH gene through Agrobacterium-mediated
transformation. The findings revealed successful
expression of the BADH gene in transgenic walnut
plantlets, indicating its potential for breeding
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drought and salt-tolerant walnuts (Rezaei Qusheh
Bolagh et al, 2021). Also, research on the
genome-wide patterns of walnuts successfully
identified 55 single nucleotide polymorphisms
(SNPs) that exhibited significant associations
with nut and kernel-related traits. The findings
were valuable as they paved the way for future
breeding programs in numerous countries (Arab
etal, 2019).

Sugar content and other compatible solutes
contribute to osmotic adjustment under drought
stress. Therefore, previous researchers
conducted a study on genome-wide association
analysis and enrichment of metabolic pathways in
Persian walnut trees under drought stress,
showing several enriched metabolic pathways
that shared similar features among two
experimental conditions. These similarities
included galactose metabolism, amino sugar, and
nucleotide sugar metabolism under drought
stress, recovery conditions, fructose and mannose
metabolism, photosynthesis, and
phenylpropanoid biosynthesis between the well-
watered and drought-affected plants (Arab et al,,
2022). Soluble sugars serve multiple functions
beyond osmoregulation. They act as energy
sources and safeguard the photosynthetic system
through Na* sequencing compounds. Recent
research on salinity tolerance in pistachio
rootstocks has revealed several pistachio
genotypes that exhibit tolerance by employing
osmoprotectants like soluble sugars and proline.
These genotypes effectively maintain cell osmotic
pressure and stage a reasonable growth rate, even
when confronted with osmotic stress by salinity
(Behzadi et al., 2021).

In grapevine ( Vitis vinifera L.), a widely cultivated
fruit crop, GolSand RfSgenes function on RFOs.
However, the extent and mode of their function
require further elucidation. Previous studies have

provided partial sequences
for GolSand RfSgenes in grapevines, but the
available literature lacks a comprehensive
understanding of their functions using

bioinformatics and relevant techniques (Elango
etal, 2022; Shen et al,, 2020).

This study aims to address this knowledge gap by
conducting a whole-genome association study to
identify the GolS and RfS gene families in grapes
and provide detailed information about their
sequences. By leveraging bioinformatics, relevant
tools, and databases, we aimed to characterize
putative Go/Sand RfSgenes in grapes and
evaluate their potential functions, particularly
under drought-stress conditions. Furthermore,
this study revealed how RFOs contribute
significantly to vine growth and development. By
unraveling the molecular mechanisms underlying
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RFO biosynthesis and their role in stress
response, we gained insights into the genetic
background of stress tolerance in grapevine. This
knowledge has practical implications for
grapevine breeding programs, facilitating the
development of improved grape varieties with
enhanced tolerance to abiotic stress.

Materials and methods

Identification and phylogenetic analysis of
the raffinose biosynthesis gene family in
grapes

Water deficits are a critical environmental stress
factor that causes considerable challenges to
plant growth and development. In this study, we
evaluated the function of the Go/Sand RfSgene
families in the context of drought stress response
in grapes.

The seven protein sequences
of GolSs (At2g47180, Atlg56600, Atlg09350,
At1g60470, At5g23790, At4g26250, At1g60450)
and five RfSs (AT1G55740, AT3G57520,
AT4G01970, AT5G40390, AT5G20250)
from Arabidopsis thaliana (Nishizawa et al,
2008) were compared with the grape genome in
the Phytozome database
(https://phytozome.jgi.doe.gov) using the
BLASTp method (Goodstein et al, 2012).
Focusing on protein sequence analysis made a
comprehensive understanding of
the GolSand RfSgene families regarding their
protein-level functions. The resultant sequences
became validated by the presence of
Glyco_trans_8 Pfam (PF01501) and
raffinose_synthase Pfam (PF05691) domains in
the putative Go/Sand RfSproteins, respectively,
using the hmmscan tool. The
identified Go/Sand RfSgenes were designated
as WGolSand VWRfSgenes based on their
chromosomal position distribution from start to

end (You et al,
2018) http://rice.plantbiology.msu.edu ( You et
al,, 2018).

We wused information from the specifics
of GolSand RfSprotein  sequences  about 4.
thaliana (TAIR), Oryza sativasubsp. Japonica
(RGAP), Brachypodium distachyon, Solanum
lycopersicum, Populus  trichocarpa, and Zea

mays (phytozome) projects. This information
facilitated multiple sequence alignment with
ClustalX 2.0.8 (Thompson et al, 1994).
Phylogenetic relationships were determined
using MEGA 7.0.9 by the neighbor-joining (N])
method, with 1000 bootstraps (Felsenstein,
1985).

The selection of these plant species was based on
several considerations. Firstly, A. thalianahas
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been extensively studied and is known to function
as a model organism for plant molecular biology
research. Other species represent diverse plant
species with varying levels of genetic and
evolutionary relatedness to grapevine. By
including these species, research can aim to
capture a broad range of genetic information and
potential functional similarities or differences. It
is important to note that the selection of species
for comparative analysis is a complex decision
influenced by multiple factors, including the
availability of high-quality genome sequences, the
relevance of the species to the research question,
and the existing knowledge base. While species
more closely related to grapes could provide
valuable insights, researchers select particular
species based on their comprehensive and well-
annotated genome resources that facilitate robust
comparative analysis.

Divergence times and Ka/Ks estimation

To ascertain the type of selection applied to genes
derived from segmental duplication and tandem,
the (Ks) and substitution rates (Ka) were
estimated using the PAL2NAL web server
(http://www.bork; Suyama et al, 2006). The
Ka/Ks ratio was applied to determine selection
pressure. The estimated divergence times (T) of
duplicated genes were calculated using a relevant
formula:

T = Ks/2A (MYA), where 1 = 6.5 x 107° for
grapes (Cao etal., 2014).

Gene structure, chromosomal location, and
duplication

The Gene Structure Presentation Server
(GSDS, http://gsds.cbi.pku.edu.cn/) was used for
analyzing the exon and intron structures
of WwGolSand VWRfSin the grape genome. The
MapChart
(https://www.wur.nl/en/show/MapChart-
2.32.htm) software established the positional
imagery of WwGolSand VwRfS on each
chromosomal location. Segmental duplication
was identified using the PGDD server
(http://chibba.agtec.uga.edu/duplication/
database of plants). Tandem duplication was
considered present, with the highest spacing of
twenty genes on the same chromosome (Liu et al,,
2014; Ozyigit et al., 2016).

Sequence analysis of raffinose biosynthesis
family proteins

The molecular weights and isoelectric points
of GolSand RfSproteins were identified using
ProtParam (http://web.expasy.org/protparam)
(Gasteiger et al, 2005). The subcellular
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localization of proteins was predicted using
ProtComp
(http://www.softberry.com/berry.phtml)
(Vijayakumar et al., 2016). Conserved motifs were
determined using MEME (meme-
suite.org/tools/meme) with the following
parameters: 5 < width < 60 and a maximum
number of motifs 6 (BaileyTL and Buske, 2009).
The function of these motifs was predicted using
the tool hmmscan
(https://www.ebi.ac.uk/Tools/hmmer/search/h
mmscan).

Simple Sequence Repeats (SSR) markers and
raffinose gene families-targeted miRNAs

SSR markers were detected in
the WwGolSand VvRfS genes using the
BatchPrimer 3v1.0 server (You et al,, 2008). The
gene CDS sequences were evaluated for miRNAs
listed in the psRNA target database (Target),
which target the raffinose gene families. This
evaluation was performed using standard
parameters against 186 published miRNAs of I/
vinifera. The results were visualized using
Cytoscape software (Draghici et al., 2007).

Promoter and gene expression analysis of
WGolS and VVRIS

The 1,500 bp upstream of
each 'wGolSand 'WRfSgene were used for cis-
regulatory element (CRE) detection and

promoter analysis using the PlantCARE database
(http://www.bioinformatics.psb.ugent.be/webto
ols/plantcare/html/). The developmental
expression profile was performed by searching
probe-set IDs for WwGolSand VWwRfSusing the
Ensembl plant
database (https://plants.ensembl.org/index.htm
1) based on identifying the E-value of cDNA blast.
Then, the array expression data of 54 plants from
different green and tissue woody samples at
different developmental stages were extracted
using the Grape eFP Browser
(hhttp://bar.utoronto.ca/efp_grape/cgi-

bin/efpWeb.cgi) based on probe-set IDs (Fasoli et
al, 2012; Wang et al, 2014). Probe-set IDs
for WwGolSand VwRfSmembers were determined
using BLAST searching in the Nimblegen Grape
Whole-Genome Microarray 29K 090918-MD
(nimbGrape) platform and were used for the
effect of one hour of 20 uM ABA treatment and
ABA-responsive transcription factor, known as
ABF2, overexpression cell lines experiments
microarray data that was obtained from the
nimbGrape platform in PLEXdb. The RMA (Robust
Multi-Array Average) algorithm was used to
normalize the consequent unprocessed data, and
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gene fold change was calculated by comparing
ABA and ABF data with the corresponding control
data. The annotations were recorded based on
information from well-curated databases such as
NCBI, UniProt, and other relevant resources. Gene
symbols, gene descriptions, gene ontology (GO)
terms, and pathway annotations were among the
recorded information. An extensive search into
the literature gathered further functional
annotations for the detected probe-set genes.
The Mev4.0 software worked with Pearson’s
correlation and the complete linkage algorithm to
generate heat maps of developmental stage gene
expression data, the ABA effect, ABF
overexpression cell line, and hierarchical
clustering (Saeed et al,, 2003).

Results

Gene identification and phylogenetic analysis
of GolS and RfS gene families in grapes

To evaluate the GolSand RfSgene families in
grapevine, we performed a comprehensive
analysis using protein sequences from A.
thaliana (Vatansever et al., 2017) as references.
The search occurred through BLASTp in the
Phytozome database, identifying 19 WWGolS
and11 VWRfSgenes in the grapevine genome.
Subsequently, we validated the obtained
sequences using the HMM database, confirming
the presence of Glyco_trans_8 (PF01501) and
Raffinose_synthase (PF05691) domains in the
putative GolSand R{fS proteins, respectively.
Three protein sequences (GSVIVG01010036001,

GSVIVG01024728001, and
GSVIVG01006161001) assigned as
putative GolSproteins did not exhibit the

Glyco_trans_8 (PF01501) domain. Furthermore,
we excluded
one WGolS(GSVIVG01031285001) and

one VwRf5(GSVIVG01004662001) from  the
phylogenetic tree construction because of their
short protein length and low E values within their
respective families (Jiang et al, 2010). The
remaining 15 WGolSand 10 V'WRfSgenes were
designated based on their chromosomal locations
in the grapevine genome. Finally, we constructed
a phylogenetic tree (Fig. 1) to elucidate the
evolutionary relationships of the 15 IWwGolSand
10 WRfSgenes within the grapevine and with
other Go/Sand RfSspecies. Based on the
phylogenetic analysis, we classified
the WGolSgene family into five distinct groups
and the VRS gene family into six groups. This
categorization provides insight into the diversity
and evolutionary history of these gene families
involved in grapevine raffinose biosynthesis.
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Fig. 1. Phylogenic trees of (A) GolS and (B) RfS protein sequences from Vitis vinifera, A. thaliana, Oryza sativa subsp.
Japonica, Brachypodium distachyon, Solanum lycopersicum, Populus trichocarpa, and Zea mays were constructed
using the neighbor-joining (N]) method and MEGA 7.0.9 software with bootstrap 1,000 replicates. Grapevines are

indicated with a red dot. Based on this evolutionary relationship, the GolS and RfS families are divided into five and six
groups, respectively.

Analysis of evolutionary pressure in the
raffinose biosynthesis pathway gene families
of grapevine (Vitis vinifera L.), divergence
times, and Ka/Ks estimation

To assess the evolutionary dynamics of the
protein-coding sequences in gene families of the
raffinose biosynthesis pathway in grapevine, we
analyzed the ratio of non-synonymous (Ka) to
synonymous (Ks) mutations (Wu et al,, 2017).
This ratio assists in measuring the selection
pressure acting on these sequences. Where the
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Ka/Ks ratio exceeds one, it indicates adaptive
(positive) selection. Ratios less than one signify
purifying (negative) (Kayum et al, 2017)
selection. A ratio equal to one suggests neutral
evolution. We found that most duplicated gene
pairs within the VWRfS families
and I'vGolS exhibited purifying selection
pressure. However, specific gene pairs showed
different patterns. For instance, the gene
pair WwGolS7and WGolS10experienced neutral
evolution, indicating natural selection. However,
the gene pairs WGolS9, VvGolS11, VvGolS7,
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and WGolS9 exhibited positive selection. By
comparing the selection pressure between
segmental and tandem duplications, we observed
that genes derived from segmental duplication
experienced more purifying selection (Ka/Ks
ratio average of 0.0911) compared to genes
originating from tandem duplication (Ka/Ks ratio
average of 0.4566) (Table 1). This finding
suggests that the duplicated genes resulting from
segmental duplication have undergone more
stringent selective constraints during their
evolution. To estimate the divergence time

between duplicated genes, we employed a
divergence rate of 6.5610-9 mutations per
synonymous site per year (Cao et al, 2014).
Based on this rate, we determined that the
divergence  of these genes  occurred
approximately 347 million years ago (MYA) and
persisted for up to 1 million years (MYA). Notably,
the timing of divergence for the gene pairs
originating from segmental duplication was
significantly older than that of genes associated
with a tandem duplication.

Table 1. Ks, Ka, and Ka/Ks calculation and divergent time of the duplicated grape VvGloS and VVRfS gene pairs.

Gene 1 Gene 2 Duplication Type Ka Ks Ka/Ks  Selection Time (MYA)
GolS5 GolS7 Segmental 0.0594 4.5212 0.0131  Purifying 347.78
VVRSS5 VVRS6 Segmental 0.1394 2.0094 0.0694  Purifying 154.57
vGolS3 vGolS10 Segmental 0.1782 2.1415 0.0832  Purifying 164.73
GolS3 GolS5 Segmental 0.1620 19117 0.0847  Purifying 147.05
WGolS4 GolS10 Segmental 0.1807 2.1310 0.0848  Purifying 163.92
GolS4 vGolS5 Segmental 0.1697 1.9327 0.0878  Purifying 148.67
VvRS1 VVRS2 Segmental 0.2467 2.1460 0.1150  Purifying 165.08
GolS5 GolS6 Tandem 0.0066 0.0316 0.2089  Purifying 243
vGolS10 GolS12 Tandem 0.0273 0.1154 0.2366  Purifying 8.88
GolS8 WGolsl2 Tandem 0.0257 0.0897 0.2865  Purifying 6.90
GolS7 GolS8 Tandem 0.0149 0.0491 0.3035  Purifying 3.78
GolS8 Gols10 Tandem 0.0236 0.0686 0.3440  Purifying 5.28
GolS9 vGolS10 Tandem 0.1045 0.2500 0.4180  Purifying 19.23
GolS8 Gols9 Tandem 0.1013  0.2065 0.4906  Purifying 15.88
GolSl11 GolS12 Tandem 0.1244 0.2404 0.5175  Purifying 18.49
GolS8 WGolsll Tandem 0.1355 0.2617 0.5178  Purifying 20.13
GolS7 GolS12 Tandem 0.0164 0.0292 0.5616  Purifying 2.25
GolS9 GolS12 Tandem 0.0835 0.1462 0.5711  Purifying 11.25
vGolS10 GolSl11 Tandem 0.1317 0.2198 0.5992  Purifying 16.91
GolS7 GolS11 Tandem 0.0744 0.0912 0.8158  Purifying 7.02
GolS7 vGolS10 Tandem 0.0150 0.0150 1.0000 Neutral 1.15
vGolS9 vGolS11 Tandem 0.0741 0.0652 1.1365  Positive 5.02
GolS7 GolS9 Tandem 0.0845 0.0681 1.2408  Positive 5.24

Ks is the number of synonymous substitutions per synonymous site, Ka the number of nonsynonymous
substitutions per nonsynonymous site, MYA million years ago.

Structural and localization analysis of
raffinose biosynthesis pathway gene families
In grapevines

To elucidate the organization and distribution of

genes involved in the raffinose biosynthesis

pathway in grapevine, we conducted a

comprehensive analysis of the VvGolS and VVRfS
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gene families.

Exon-intron arrangement: Fig. 2 illustrates the
exon-intron arrangement of the VvGolS and VvRfS
family members. The VvGolS family exhibited a
range of two to ten exons, with most family
members containing four exons. In contrast, the
VVRIS family displayed a more diverse exon count,
ranging from four to sixteen exons.
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Fig. 2. Gene structure of the (A) GolS and (B) RfS proteins according to the phylogenies tree based on the neighbor-
joining (N]) method. CDSs are presented with green boxes. Arrow blue lines at either terminal of the genes show UTRs
(untranslated regions) and the red boxes show introns.

Chromosomal localization:
The WGolSand WRfSgene families had a
distribution across ten linkage groups on
nineteen chromosomes of the grape genome.
Notably, two genes of
the WRfSfamily, V'wRfS9and VWwRfS10, were not
located on the same chromosome as the others,
indicating potential genetic rearrangements or
translocation events.

Duplication events: We identified segmental and
tandem duplications within
the VwGolSand VwRfS gene families. Four linkage
groups in the grape genome exhibited evidence of
duplication events
involving WwGolSand VvRfSgenes.  Specifically,
the WGolSgene family displayed two tandem
duplication groups and five segmental
duplication groups, as depicted in Fig. 3. In
contrast, the V'wRfS gene family showed only two
segmental duplications.

Chromosomal clustering: Chromosome 14
contained a cluster of six consecutive genes,
namely WGolS7, WGolS8, VvGolS9, VvGolS10,
WGolS11, and VWGolS12, involved in the raffinose
biosynthesis pathway. These genes were close to
each other without any intergenic spacing or
gaps. Additionally, chromosome 7

harbored VvGolS5 and VvGolS6, which were
mutually adjacent and exhibited high sequence
similarity and identity (>98%). These genes also
displayed evidence of segmental duplication.
Furthermore, VvGolS5 showed segmental
duplications

with WGolS7, VWwGolS3, and VwvGolS4,

while WGoilS10had segmental duplications
with WGolS3and WGolS4.

By investigating the structural characteristics,
chromosomal distribution, and duplication
patterns of the 'wGolSand VwRfSgene families,
we provide valuable insights into the genomic
organization and evolution of the raffinose
biosynthesis pathway in grapevine (V. viniferaL.).
These findings contribute to our knowledge of the
genetic basis underlying this valuable metabolic
pathway and its potential implications for
grapevine physiology and fruit quality.
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Fig. 3. Chromosomal position, segmental and tandem duplication of 'wGolSand VvRfS genes on ten linkage groups of the grape genome.
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Sequence analysis of WGolS and VvRfS
proteins

We conducted a detailed sequence analysis of
the WGolSand VvRfS proteins as vital
components of the raffinose biosynthesis
pathway in grapevine (V. viniferal.).

The evaluation created insight into the
characteristics and functional motifs in these
protein families, supporting our assessment of
the raffinose biosynthesis pathway in grapevine.
Table 2 presents the sequence analysis results of
the raffinose biosynthesis family proteins.
The VwRfSmember lengths supposedly ranged
from 346 to 792 amino acids, while
the WGolS family member lengths varied from
162 to 590 amino acid residues. The isoelectric
points (pls) of WRfSmembers mostly fell within
a similar range, ranging from 5.26 to 6.25, with
molecular weights ranging from 38.43 to 87.85
kDa. However, the pls of I'wGolSvaried widely
among family members, ranging from 4.83 to
9.02, with molecular weights ranging from 18.24
to 68.72 kDa. Subcellular localization predictions
indicated that all 'WRfS family members occurred
primarily in the cytoplasm. Most
members of the 'wGo/Sfamily also exhibited
cytoplasmic localization, while some appeared in
the Golgi apparatus.

Two members supposedly appeared in the
chloroplast and plasma membrane, suggesting
potential diverse roles for WwGolSin different
cellular compartments.

By further describing the functional motifs
within WwGolSand VwRfSproteins, we employed
the MEME tool, which predicted a total of six
conserved motifs in each protein family (Fig. 4).
Motif 1 in 'WRfS exhibited a raffinose synthase or
seed imbibition protein Sipl domain, which
appeared in all members except VVRfS10. The
remaining five raffinose synthase motifs were 50
amino acids wide, while the sixth motif consisted
of 44 amino acid residues.

Notably, seven members of the VWR/Sfamily
contained all six motifs,
whereas I'wRS4and WRS1 possessed three
motifs (1, 2, and 4), and 'WRS10 contained three
motifs (3, 5, and 6). These shared motifs suggest
similar protein functions among IWRfS family
members. Ten members in the VvGolSfamily had
the glycosyltransferase family eight domain,
indicating their involvement in glycosylation
processes. The residues of these motifs ranged
from 15 to 50 amino acids.
While 'wGolS7 contained motifs 1 and 4, only the
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fourth motif appeared in 'WwGolS2and VvGolS15.
Overall, our sequence analysis of
the WGolSand VvRfSproteins provides valuable
insights into the structural and functional
characteristics of these protein families in
grapevine. These findings contribute to our
understanding of the raffinose biosynthesis
pathway and its gene families in V viniferal.,
suggesting further research possibilities on the
metabolic processes and regulatory mechanisms
underlying raffinose metabolism in grapevine.

Identification of SSR markers and prediction
of raffinose gene family-targeted miRNAs

To evaluate the presence of Simple Sequence
Repeat (SSR) markers within the raffinose
biosynthesis pathway gene families, we analyzed
the grapevine (V viniferal.) genome. A total of 27
SSRs were identified, distributed among 12 of the
25 raffinose gene families, with 7 SSRs found in
GolSand 5 SSRs in RfS (Table 3).

Notably, most genes within these families
contained a single SSR, with the highest number
of SSRs observed in VvRS1 (8 SSRs) and VvGolS14
(4 SSRs). The identified SSRs displayed a range of
repeat motifs, with tri-nucleotide repeats being
the most frequent (9 SSRs), followed by di-
nucleotide repeats (8 SSRs), tetra-nucleotide
repeats (6 SSRs), and pentanucleotide and
hexanucleotide repeat (2 SSRs each).
Furthermore, we predicted miRNAs that targeted
the identified raffinose gene families. Our analysis
of 36 vvimiRNAs revealed that 9 WRSand
8 WGolS genes were the targets of miRNAs (Fig.
5). Interestingly, all genes,
except 'WRSZand I'WRS5(1 SSR each), were
found to be repressed by at least one vvimiRNA.
We observed a complex network of interactions
between vvimiRNAs and raffinose gene families,
highlighting  their intertwined regulatory
mechanisms. Notably, specific miRNAs acted as
co-targets for multiple genes, such as vvi-
miR398c and vvi-miR398b, which interacted
with WRS3, VWwGolS5, and VWwGolSeé.
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Table 2. Protein information of raffinose biosynthesis families in grape

Peptide Subcellular
Gene Accession number PI MW(kDa)

length localization
RfS
VvRS1 GSVIVT01034980001 347 5.54 39.01 Cytoplasmic
VVRS2 GSVIVT01028143001 792 5.48 87.85 Cytoplasmic
VvRS3 GSVIVT01033305001 792 6.02 87.12 Cytoplasmic
VVRS4 GSVIVTO01015589001 422 6.25 46.14 Cytoplasmic
VVRS5 GSVIVT01032425001 775 5.54 85.24 Cytoplasmic
VVRS6 GSVIVT01007681001 780 5.54 86.26 Cytoplasmic
VvRS7 GSVIVT01007597001 750 5.99 83.07 Cytoplasmic
VVRS8 GSVIVT01014778001 758 6.04 83.48 Cytoplasmic
VVRS9 GSVIVT01002784001 739 5.26 81.47 Cytoplasmic
VVvRS10 GSVIVT01005620001 346 5.53 38.43 Cytoplasmic
GolS
WGolS1 GSVIVG01013763001 239 4.87 27.82 Chloroplast
vGolS2 GSVIVG01026525001 568 7.22 56.42 Golgi
VwGolS3 GSVIVG01034938001 240 4.89 28.13 Cytoplasmic
VvGolS4 GSVIVG01017634001 239 4.95 27.99 Cytoplasmic
GolS5 GSVIVG01028174001 247 493 29.02 Cytoplasmic
VvGolS6 GSVIVG01028176001 247 4.94 29.11 Cytoplasmic
VGolS7 GSVIVG01031284001 162 6.10 18.24 Cytoplasmic
VvGolS8 GSVIVG01031282001 234 4.85 27.40 Cytoplasmic
GolS9 GSVIVG01031280001 243 5.05 28.25 Cytoplasmic
VvGolS10 GSVIVG01031278001 234 483 27.30 Cytoplasmic
WGolS11 GSVIVG01031276001 197 4.86 23.61 Cytoplasmic
GolSi2 GSVIVG01031274001 324 5.25 36.85 Cytoplasmic
GolS13 GSVIVG01000046001 546 8.98 63.31 Golgi
VwGolSi14 GSVIVG01023535001 546 9.02 61.24 Plasma membrane
WGolS15 GSVIVG01009501001 590 8.85 68.72 Golgi
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Fig. 4. Six conserved motifs were determined using the MEME and function verified by the hmmscan tool. (A) Ten
WGolS family members had the glycosyltransferase family 8 domain. VvGolS7 had motifs 1 and 4, whereas only the
fourth motif was found in 'wGolS2 and VWwGoiS15(B) Motif 1 in VwRfShad a raffinose synthase or seed imbibition
protein Sip1 domain which was detected in all members except V'PRfS10. Seven members of the WR/S family
contained all six motifs, 'wRS4and VvRS1 had three motifs 1, 2 and 4, whereas V'WRS10 contained three motifs 3, 5 and

6.

Table 3. Twenty-seven SSRs were identified in twelve raffinose gene family sequences in Vitis vinifera.

Gene Name count SSR Motives

GolS13 3 (AT)9, (TTA)10, (TTTG)4
GolS15 1 (CCT)5

GolS1 1 (TGA)8

GolS4 2 (AT)10, (AAAT)3

GolS14 4 (TO)10, (AT)15, (TA)9, (ACAA)3
GolS12 1 (TTC)S

vGolS3 1 (AT)11

VVvRS7 1 (ATTTTT)3

VVRS6 2 (ATAA)3, (TTTCT)4

VvRSS5 1 (ATTTTT)3

VVvRS3 2 (TGT)4, (AAG)4

VRS . (AD11, (AT)17, (CTC)5, (GAA)9, (ATT)6,

(TTCC)5, (TAAT)3, (TTTTA)4

Furthermore, we predicted miRNAs that targeted
the identified raffinose gene families. Our analysis
of 36 vvimiRNAs revealed that 9 I'wRSand
8 WGolS genes were the targets of miRNAs (Fig.
5). Interestingly, all genes,
except 'WRSZand WRS5(1 SSR each), were
found to be repressed by at least one vvimiRNA.
We observed a complex network of interactions

between vvimiRNAs and raffinose gene families,
highlighting  their intertwined regulatory
mechanisms. Notably, specific miRNAs acted as
co-targets for multiple genes, such as vvi-
miR398c and vvi-miR398b, which interacted
with WRS3, WwGolS5, and VWwGolS6.
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Fig. 5. Interaction network of raffinose gene families-targeted miRNAs. Thirty-six miRNAs (pink) from Vitis vinifera

were identified for the VvGolS (violet) and VWR/S (orange) genes.

Promoter  characteristics and  gene promoter region of RfSand GolSgenes.
expression patterns In the RfSgene family, all members had at least
To evaluate the regulatory mechanisms one ARE element in their upstream regions, while
underlying raffinose biosynthesis in grapevine, ABRE, LTR, and HSE elements were present in
we analyzed the promoter regions and gene almost all members. Notably, 'WRS3 exhibited the
expression profiles of the RfSand GolSgene highest number of these four cis-regulatory
families. We identified four abiotic stress- elements, whereas /'wRS9was only associated
responsive elements in the promoter regions, with the ARE element. In contrast, the GolSgene
namely ABRE (involved in abscisic acid family ~displayed greater diversity in cis-
responsiveness), LTR (involved in low- regulatory elements. ABRE was the most
temperature responsiveness), HSE (involved in prevalent cis-element in this family,
heat stress responsiveness; Zhang et al., 2005), with VwGolS14 and VvGolS8 containing all
and ARE (essential for anaerobic induction). We four cis-elements, while IvGolS7had the LIR
quantified the occurrence of these elements in the element only (Table 4).
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Table 4. Four cis-regulatory elements ABRE, LTR, HSE, and ARE, upstream of the RafSand GolS genes.

Genes Cis regulatory elements
RFS ABRE LTR HSE ARE
VVRS1 3 0 1 4
VVRS2 3 2 1 1
VVRS3 4 2 3 4
VvRS4 3 4 1 2
VvRSS 1 0 3 1
VvRS6 0 0 4 1
VVRS7 0 1 2 5
VVRSS8 2 3 0 2
VVvRS9 0 0 0 4
VvRS10 1 1
GolS

GolS1 2 0 0 1
vGolS2 0 0 1 2
vGolS3 4 0 1 1
WGolS4 2 0 0 1
GolS5 3 0 5 2
GolS6 3 0 4 0
GolS7 0 0 0 3
GolS8 3 2 1 2
GolS9 1 2 1 0
VvGolS10 3 2 1 0
GolSl11 2 1 0 3
vGolS12 4 1 0 0

vGolS13 0 1 5 0

WGolS14 1 1 2 1

VvGolS15 2 1 0 0

ABRE is involved in the abscisic acid responsiveness, LTR is involved in low-temperature responsiveness, HSE is
involved in heat stress responsiveness, and ARE is essential for anaerobic induction.

To gain insights into the expression patterns
of 'wGolSand VWR{Sgenes, we constructed a heat
map based on their gene expression levels across
54 different tissues and developmental stages of

grapevine (Fig. 6). Among
the WwGolSgenes, V'wGolS14had the  highest
expression pattern across all tissues and
developmental stages,
whereas I'wGolS3 and VvGolS4 displayed the
lowest expression levels.
Interestingly, I'wGolS3 and VwvGolS4had  similar
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gene expression patterns, with up-regulation
observed only at the leaf-senescence
stage. 'wGolS11and WGolS13 demonstrated
lower expression patterns compared to other
gene members. WGolS2, VwGolS15, VwGolS5,
and WGolS6 exhibited similar and intermediate
expression patterns in  all analyzed
situations. WwGolS7, WGolS8, WGolS9,
WGolS10, and WGolS12 displayed consistently
high expression levels.
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Fig. 6. (A) WGolSand (B) 'WRfS gene expression profiles in 54 different herbaceous and woody tissues and organs at
various developmental phases. The genes that have similar profiles are grouped in hierarchical clustering on the left of
the heat map. The value of the expression is shown in a colored bar at the top of the chart. The lowest, medium, and
the highest are illustrated with green, black and red colors, respectively, and the scale bar is in log10 values from 0 to

3.

In the WRLS family, the and WR{S59exhibited the weakest response to
genes VWRfS3 and VvRf54had the highest this hormone. The weakest effect of this hormone
expression patterns across all tissues and occurred by
developmental stages, followed e WRfS7and WRIS9. Also, VWRfS6 was up-
by WRIS5, VWwRS8, and VwRfS2.Other  genes regulated by the overexpression of ABF2
demonstrated distinct expression patterns, with compared to other genes, but the least up-
up-regulation in some tissues and stages and regulation occurred by WRf59and VWRfS1. The
down-regulation in strongest effect of 20 uM ABA on the WGolSgene
others. 'WRfS9and VwRfS510 displayed nearly family occurred by WGolS11, VvGolS7,
identical up- and down-regulation patterns. and WGolS3, respectively, and the weakest effect
To explore the effects of treatment with 20 pM by WGoiS13. Overexpression of ABF2 negatively
ABA and overexpression of ABF2 cells on gene affected the partial expression of the 'WGolSgene
expression in the I'wGolSand VWRfS families, we family. Overall, treatments with 20 uM ABA were
analyzed their expression profiles (Fig. 7). The more effective than the ABF2 overexpression
highest up-regulation in response to 20 uM ABA strategy in up-regulating
treatment occurred the wRfSand 'wGolS gene families.

in WRfS6, VwRfS1, and VwRfS5. However, VWWRIS7
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Fig. 7. Effect of one hour, 20 uM ABA and ABF2 overexpression cell lines on (A) VvGolS and (B) VVRfS gene expression
profiles. Genes that have similar profiles are grouped in hierarchical clustering on the left of the heat map. The value of
the expression is shown in a colored bar at the top of the chart. The lowest, medium, and highest are illustrated with
green, black and red colors, respectively, and the scale bar is based on fold change compared to the control condition

Discussion

Fifteen 'wGolSand 10 VvRfSwere identified and
classified into five and six groups, respectively,
based on a phylogenetic tree in consistency with
the classification of the GolS family in 2
trichocarpa and Sesamum indicum, and
the WR{Sfamily in S. indicum (You et al., 2018;
Zhou et al, 2014). Themembers of
the VvR/fSprotein family were supposedly located
in the cytoplasm, which is consistent with the
localization of raffinose synthase enzyme activity
in the cytoplasmic leaves of cucumber (Li et al.,
2018). GolSwas predominantly located in the
cytosol, likely associated with its osmoregulatory
function in the cytoplasm. However, in some
group members, Go/Swas found in different
subcellular locations, as observed in the
subcellular localization of S.
lycopersicumand B. distachyon (Filiz et al,
2015). WGolS13, WGolS15, and VWwGolS2 are
localized in the Golgi apparatus and form the
same group in the phylogenetic tree. All three
members only have the fourth motif but exhibit
varying numbers ofcis-elements and gene

value.
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structures. 'wGolS15 and WGolS2show  similar
expression patterns across different organs and

developmental stages. It appears
that 'wGolSand VWRfSpredominantly occur in
the cytoplasm. However, raffinose

oligosaccharides in leaves can also originate from
the vacuole, chloroplast, and, in some cases,
storage in mesophyll cells and epidermal tissues
(Gu et al., 2018; Mayer et al.,
2021). WGolS15and WGolSZ, located in the
same group in the phylogenetic tree, share only
the fourth motif, suggesting a conserved role in
the evaluation process (Filiz et al., 2015).

Furthermore, both WwGo/S15and VWwGolSZ2lacked
motif 1. In the clustering analysis of 'wGolS gene
expression across different organs and
tissues, WWGolS15and WGolS2 were grouped,
while the remaining members formed another
cluste. A similar pattern occurred in
the VRS family, where seven members had all
six functional motifs.
However, 'WRfS710 contained only three motifs,
while WRfS1 and VvRf54 exhibited the other
three motifs. Analyzing the expression
of 'WRfSgenes in various tissues and organs
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revealed
that WRfS1, VWRfS4, VwRIS5, VWRfS3, and VRS2
belonged to one group,

whereas VWRfS510, VWRS7, VvR(S6,

WRfS9, and VvRf58 formed another group. These
findings confirm a correlation between functional
motifs in family members and gene expression
levels.

The WGolSfamily exhibited a consistent exon
structure, with almost all members having four
exons. On the other hand, the WRfSfamily
displayed variable exon counts, ranging from four
to sixteen. Similar exon-intron patterns were
identified in GolS genes across different plant
species, such as cotton with three exons (Zhou et
al, 2012), S. lycopersicum and B. distachyon with
two to three exons (Filiz et al., 2015), and Musa
acuminata with three to four exons (Dolcimasculo
et al,, 2018). The disparity in gene structure may
emanate from gene mutations during the
monocot-dicot split (de Gois et al., 2020; Filiz et
al, 2015).

Chromosome 14 contained the highest number
(9) ofRFOgenes, and the abundance of
these RFO genes was associated with GolSgene
tandem duplications. Both WwRfSand GolS genes
experienced multiple tandem and segmental
duplications. = Functional  segregation in
duplicated genes could lead to new molecular
variations in organisms. This finding suggests
gene duplication can lead to functional
divergence, enabling tolerance to various abiotic
stress treatments (Filiz et al., 2015; Kuzmin et al.,

2021).
This suggestion is supported by two groups of
segmental duplications

between WRfS1 and VRS2, VwR(S5, and VwRfS6,
although each segmental group occurred in the
same phylogenetic groups. Tandem duplications
are usual in cells. Perhaps tandem duplications in
plants are more dependent on stress responses
(Lu etal,, 2022). SSRs are repetitive sequences of
1-6 nucleotides that vitally orchestrate gene
regulation (Hasan et al., 2017). For example, tri-
nucleotides (33.34% in the current study) cause
gene silencing in non-translated regions.
However, in coding regions, they alter gene
transcription, translation, and expression. The
predominant SSRs are variants of different types.
The parent type of SSR is taxon-dependent, and
the SSR frequency of the AT type is higher in
dicotyledons than in monocotyledons (Qin et al.,
2015). The SSRs obtained in WwRfSand GolS can
identify polymorphic varieties and their
relationship to the raffinose biosynthesis
pathway. They can screen more resistant varieties
to abiotic and biotic stresses based on marker-
assisted selection (MAS) in breeding programs.
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Also, the analysis of the genetic structure of
grapevine germplasm using SSR markers has
unveiled the presence of two distinct
subpopulations within the association panel. This
finding carries significant implications for
determining future breeding values (Razi et al,,
2023).

MiRNAs are non-coding small RNAs (19-24 bp)
that have a crucial function in the plant growth
process and environmental stresses with post-
transcriptional regulation (Wang et al,, 2017).
The miRNAs function through a regulatory cause
by targeting specific mRNAs for degradation and
repressing the expression of the target gene (Song
et al, 2019). Bioinformatic techniques can
usefully determine the potential of miRNA
interactions associated with specific gene families
(Seti¢ etal., 2021). The study on the expression of
vvi-miR156b/c/d showed generic temporal,
spatial, and particulate expression. Expression
levels were higher in vegetative organs than in
reproductive ones (Wang et al., 2016). Moreover,
vvi-miR156b/c/d/e interacted with
carbohydrate metabolism genes at the biological
level, confirming their role in coordinating the
raffinose biosynthesis pathway (Palumbo et al,,
2014). Each WRfSand GolSgene contained a
type and number of a specific cis-regulatory
element, indicating that a form is up- or down-
regulated under particular stress conditions.
Several tandem duplications occurred in
the GolSgene family. All these tandem groups
were in the same phylogenetic tree group, and
almost all had the same peptide length, PI, MW
(kDa), and gene structure, especially GolS5
and GolS6, GolS3 and GolS4. Hypothetically,
tandem gene copies should perform better than a
single gene copy (Loehlin and Carroll, 2016). This
theory applied to tissue- and development-
specific gene expression, similar to tandem
groups clustered in the same gene expression
profile group. This condition suggests that the
plant may require additional amounts of an
external product of this gene; therefore, the
mechanism of gene duplication may contribute to
the overexpression of the gene, while the number
and type of predicted upstream regulatory
elements of these genes were different and may
be activated under different stress conditions.
Duplicated genes, based on the type of
evolutionary  pressure, undergo selective
processes such as hypo-functionalization, neo-
functionalization, sub-functionalization, and non-
functionalization. However, many duplicated
genes are extinguished within millions of years,
and some duplicated genes preserved during
evolution undergo very intense purification
selection (Loehlin and Carroll, 2016). A study
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on VWRfSand WwGolSgene selection showed that
many were subject to intensive purifying
selection, much more intensive than those of
genes created by segmental duplication. Purifying
selection limits the functional divergence of genes
during evolution (Wang et al,, 2018). Thus, two
duplicated genes, WwGolSand VvR(S, have
essentially maintained their roles in function
during the evolutionary stages.

An estimation of duplication timing for
the WGolSand VvRfS families revealed that
segmental duplication is much older than tandem
duplication in both families. Except for the pair
of 'wGolS5and WGolS7 genes, which duplicated
347 million years ago (MYA), other segmental
duplications occurred after the separation of
monocotyledons and dicotyledons, which are
older than 170 MYA (Li et al,, 2021; Yang et al,,
1999). The timing of divergence of the gene pairs
resulting from segmental duplication and the
robust selection pressure that led to purification
indicate the importance of the functional role of
these genes (Wang et al,, 2018).

Two essential elements in transcriptional control
are transcription factors and cis-regulatory
elements in the upstream region of genes
(Zemlyanskaya et al., 2021). This line of argument
led to an understanding of the effect of these two
elements, particularly the major cis-acting abiotic
stress response elements such as ABRE, LTR, HSE,
ARE, and WRKY, on the promoter of the raffinose
biosynthesis family gene, as well as the effect of
ABA treatment and ABA-responsive transcription
factors on gene expression profiling. Abiotic
stress triggers a series of responses, including the
reception of stress signals, signal transduction,
and modulation of gene expression profiles,
ultimately negatively affecting plant growth and
development. One of the cellular mechanisms
protecting plants from abiotic stress is the
accumulation of osmoprotectants such as
raffinose (He et al,, 2018). RejSkova et al. (2007)
conducted a study to examine the alterations in
the soluble carbohydrate composition of shoot

segments in olives exposed to chilling
temperatures using in vitro conditions.
Researchers noted a rise in the overall

concentration of endogenous carbohydrates, with
notable variations observed in mannitol and
raffinose RFO levels. Abiotic stress can regulate
the expression of the RFOs gene family by binding
to these cis-regulatory elements upstream of
the 'wGolSand VvRfS genes in response to abiotic
stress (Zhou et al,, 2014). These four major cis-
regulatory elements suggest that the RFOs gene
family responds effectively to cold, heat, and
anaerobic conditions.

In this study, ABA treatment and ABA-responsive
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transcription factors, particularly  ABA,
significantly affected the wup-regulation of
raffinose biosynthesis family genes. ABA

upregulated PtrGolSZ and PtrGolS5-PtrGolS7, but
their expression levels were lower than those
observed under osmotic and salt stress
conditions (Zhou et al., 2014). ABA treatment on
chickpeas increased raffinose content and
induced tolerance to dehydration (Salvi et al.,
2020). During the cold acclimation process, there
is a notable buildup of ABA in woody tissues. This
increase in ABA levels triggers the up-regulation
of VivRafS5, which subsequently stimulates the
synthesis of raffinose (Noronha et al, 2022).
These results suggest the role of ABA in raffinose-
oligosaccharide metabolism, and one of the
factors regulating raffinose accumulation is ABA.
The concentration of raffinose and seed longevity
was lower than the wild type in mutant abi3 and
abal/abi3 seeds (Zhou et al, 2020). Several
research cases reported an increase in raffinose
oligosaccharides upon low-temperature stress,
such as in cucumber (Gu et al, 2018), rice,
Arabidopsis, kidney bean (Phaseolus vulgaris),
tomato (S. lycopersicum) (ElSayed et al.,, 2014),
maize (Li et al, 2020), and poplar (Liu et al,
2021). In genetic research, the overexpression
of Go/lSmembers has reportedly increased
tolerance to low temperatures, eg.,
overexpression of CsGolS7in cucumber improves
cold tolerance in this target plant along with
increased levels of RFOs (Dai et al., 2020). The
location of RFO synthesis and related gene
expression is known to control RFO biosynthesis.
Raffinose biosynthesis gene families such
as GolSand RfShave more than one isoform, and
each member has different expression levels in
various tissues and under different stress
conditions (Sengupta et al., 2015). A similar case
resulted from gene family expressions of raffinose
biosynthesis in previous research.
Transcriptional profiling of GolSin Panicum
virgatum and P halliishowed that the genes are
expressed in different tissues and have distinctive
tissue-specific expression patterns. The enzymes
of these genes have diverse physiological
functions in multiple tissues (de Gois et al., 2020).
Expression in different tissues is due to the
particular situation in which the gene expresses
itself, creating a Dbarrier between their
metabolites. InZ  mays three  isoforms
of GolScorrelated with seed development and
callus formation. Three GolS hybrids in poplar
showed daily and annual spatial and temporal
expression profiles (dos Santos and Vieira, 2020).
Transgenic Golsfrom cotton (GhGolS) were also
expressed in specific patterns in anthers, fibers,
and leaves and localized in the cell membrane
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(dos Santos & Vieira, 2020; Zhou et al, 2012).
Furthermore, comparing metabolites during cold
acclimation between I/ amurensisand V.
viniferarevealed distinct accumulation patterns
of galactinol, indicating the presence of
different Go/Smembers in the two grape species
(Chai et al, 2019). Besides, the heat stress-
responsive factor VwHsfAZ2 activates the promoter
of 'wGOLS1 in a manner dependent on heat stress
conditions. The expression pattern
of 'WGOLS1 demonstrates a positive correlation
with the accumulation of galactinol in grapevine
berries experiencing heat stress. This observation
highlights the signaling role of galactinol in these
particular responses (Pillet et al, 2012).
Overexpression of the GolSgene resulted in the
accumulation of galactinol and raffinose, which
increased tolerance to abiotic stress in the
transgenic plant. Therefore, the Go/Sgene is a
suitable target for molecular engineering and
breeding programs to aid in plant resistance to
abiotic stress (dos Santos and Vieira, 2020).

The observed up-regulation
of Go/Sand RfSgenes under drought stress
further supports their putative involvement in the
drought stress response mechanism.
The GolSgenes are known to be involved in the
biosynthesis of compatible solutes such as
trehalose, which play a crucial role in osmotic
adjustment and protection against cellular
damage caused by drought stress. Similarly,
the RfSgenes correlated with regulating reactive
oxygen species (ROS) and antioxidant defense
pathways, essential for mitigating oxidative stress
induced by drought conditions (Jing et al., 2023).

Conclusion

The current research provided valuable insights
into the genetic characteristics and potential
functions of the GolSand RfSgene families in
grapes under drought-stress conditions. Using
bioinformatics analysis, we identified a set of
putative genes that may vitally assist in the
adaptive response of grapevines to water scarcity.
These findings have important implications for
the genetic improvement of grapes, particularly in
overcoming barriers related to drought tolerance
and water-use efficiency. Understanding the
molecular mechanisms underlying the response
to drought stress is essential for developing
targeted strategies for crop improvement. By
elucidating the potential functions of
the GolSand RfSgene  families, our study
contributes to the existing knowledge of the
genetic basis of drought adaptation in grapes.
These findings can serve as a foundation for
further investigations and experimentation to
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confirm how these genes are involved in the
response to drought stress.

Identifying candidate genes in drought response
opens avenues for future research and application
in grape breeding programs. This knowledge can
be leveraged to develop new grape cultivars with
enhanced tolerance to water scarcity, ultimately
contributing to sustainable agriculture and high-
quality grape cultivars. Our study thoroughly
analyzed the Go/Sand Rf5 gene families in grapes,
highlighting their potential significance in
drought tolerance. We emphasize the need for
further experimental evaluations and validations
to confirm the functional roles of these genes. The
outcomes of this research are promising for grape
breeding programs and the development of
tolerant grape varieties capable of withstanding
challenging environmental conditions.
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