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Abstract

VQ motif-containing proteins represent a plant-specific class of transcriptional cofactors that integrate
developmental and stress-responsive signaling pathways. Recent genome-wide characterization of
the VQ gene family in the recretohalophyte L. bicolor identified LbVQ6 as a key regulator of salt gland
development and salinity tolerance. Here, we synthesize previously published evidence on the signaling
role of LbVQ6 and position it within regulatory networks involving MAPK-mediated phosphorylation
cascades, WRKY transcription factor interactions, phytohormone signaling, and redox homeostasis.
Functional silencing of LbVQ6 as reported in earlier studies results in a marked reduction in salt gland
density, disruption of ionic balance, and increased accumulation of reactive oxygen species, demonstrating
its essential role in both structural and physiological adaptation to saline environments. Promoter cis-
element analysis further suggests that LbVQ6 integrates ABA-, JA-, and SA-dependent stress signaling
pathways, although functional validation of these regulatory interactions remains necessary. Collectively,
these findings highlight VQ-mediated regulatory networks as critical components of halophyte stress
adaptation. The identification of LbVQ6-centered signaling pathways provides promising molecular
targets for engineering salinity tolerance in crop species. Future studies focusing on protein interaction
networks, post-translational regulation, and downstream transcriptional programs will further clarify the
role of VQ proteins in plant stress signaling.

Keywords: VQ protein, Signaling pathway, Salt tolerance, Halophyte, Transcriptional regulation, Salt gland
development, L. bicolor

Introduction

Global soil salinization is one of the most severe abiotic constraints limiting agricultural productivity
worldwide. More than 20% of irrigated land and nearly 7% of terrestrial ecosystems are affected by
salinity, resulting in osmotic imbalance, ionic toxicity, oxidative stress, and metabolic disruption in
plants [1,2]. Elucidating the molecular signaling mechanisms underlying salt tolerance is therefore a
major objective in plant biology and crop improvement.

Plant responses to salt stress are regulated by complex signaling networks involving calcium
signaling, mitogen-activated protein kinase (MAPK) cascades, phytohormone pathways, and
transcriptional regulatory systems [2,3]. Within these networks, transcriptional cofactors play key
roles in linking upstream signaling with downstream gene expression.

VQ motif-containing proteins represent an important class of such cofactors, defined by the
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conserved FxxhVQxhTG motif that mediates interactions with
WRKY transcription factors and MAP kinases [4,5]. These proteins
regulate plant growth, development, and stress responses by acting
as intermediates between signaling cascades and transcriptional
networks [4—6]. Functional studies demonstrate that VQ proteins
modulate stress adaptation through interactions with transcription
factors and kinase signaling pathways [3,5,7,8].

At the molecular level, VQ proteins contribute to stress
tolerance by regulating ion transport, reactive oxygen species
(ROS) detoxification, and osmotic balance [2,12], thereby
enabling coordinated physiological and transcriptional responses to
environmental stress.

Halophytes provide valuable models for studying salt tolerance
due to their ability to thrive under high salinity. These plants possess
specialized adaptations such as ion compartmentalization, selective
ion transport, and salt secretion systems [1,13]. In recretohalophyrtes,
salt glands actively remove excess ions, maintaining cellular ion
homeostasis [13].

L. bicolor is a representative recretohalophyte with multicellular
salt glands that are critical for salt tolerance. Recent studies have
identified key regulatory genes involved in salt gland development,
including members of the VQ gene family [6,13]. Genome-wide
analyses of VQ gene families in different plant species, including
wheat, bamboo, and poplar, have revealed diverse gene numbers and
functional roles in stress signaling [9-11]. Among them, LbVQG6
functions as a positive regulator of salt gland development and
salt tolerance. Silencing of LbVQG6 results in reduced salt gland
density, increased ROS accumulation, and disrupted ion balance,
highlighting its role in coordinating developmental and stress-
response pathways.

Despite these advances, the signaling mechanisms by which VQ
proteins regulate stress adaptation in halophytes remain unclear. In
particular, how VQ-mediated pathways integrate developmental,
hormonal, and environmental signals represents a key unresolved
question. Addressing this gap will advance our understanding of
plant stress tolerance and support the development of stress-resilient
crops.

This article is presented as a commentary synthesizing previously
published experimental and genomic data, primarily derived from
studies such as Yang [6] and Yuan [14]. The objective is to critically
evaluate existing evidence and propose integrative signaling models
explaining the role of LbVQG6 in coordinating developmental and
stress-responsive pathways in halophytes.

Evolutionary Significance of VQ Gene Family
Contraction in Halophytes

Genome-wide comparative analyses of VQ motif-containing gene
families across plant species have revealed substantial variation in
gene copy number, reflecting lineage-specific evolutionary dynamics
and potential functional diversification. In glycophytic model plants
such as A. thaliana, 34 VQ genes have been identified, whereas
larger gene families have been reported in crops such as soybean
(G. max, 74 members), rice (O. sativa, 39 members), and tomato
(S. lycopersicum, 26 members) [4-6,14]. In contrast, genome-
wide analysis of the halophyte L. bicolor revealed the presence of
only six VQ genes, representing a marked reduction compared to
glycophytic species. This difference suggests a possible contraction

of the VQ gene family; however, its adaptive significance requires
careful interpretation.

Gene family contraction is a recognized evolutionary process
that can arise through selective pressures eliminating redundant
paralogous genes while retaining essential regulatory components
[15,16]. In specialized ecological niches such as saline environments,
genome streamlining has been proposed as a mechanism that
may enhance regulatory efficiency by reducing redundancy and
simplifying signaling networks [17,58]. From this perspective, the
reduced number of VQ genes in L. bicolor could reflect selective
retention of core regulatory elements required for stress signaling
and salt gland development.

However, this interpretation should be treated cautiously. Gene
family contraction may also result from alternative processes,
including lineage-specific genome evolution, incomplete genome
assembly, or annotation limitations rather than direct adaptive
selection [18]. Furthermore, apparent reduction in gene number
does not necessarily imply reduced functional complexity, as
compensatory mechanisms involving other transcription factor
families or signaling pathways may exist. Therefore, the observed
contraction of the VQ gene family in L. bicolor should not be
considered definitive evidence of adaptive optimization without
broader comparative and functional validation.

Phylogenetic analysis, as reported in previous studies [6], indicates
that the six LbVQ proteins are distributed among four subfamilies
(IT, I, IV, and V), while subfamily I-commonly present in
glycophytic species-is absent in L. bicolor. This subgroup-specific loss
may indicate that certain regulatory pathways mediated by subgroup
I VQ proteins are either dispensable in halophytes or functionally
replaced by
redundancy among paralogous genes often permits gene loss without
compromising biological function, particularly when compensatory
pathways are present [6].

alternative regulatory mechanisms. Functional

Gene family contraction has been associated with adaptation to
extreme environments in several plant systems, where reduced gene
numbers may coincide with increased functional specialization
[15,17]. In halophytes, specialized structures such as salt glands
provide highly efficient mechanisms for ion secretion and
homeostasis, potentially reducing the requirement for extensive
regulatory redundancy [13]. Nevertheless, it remains unclear whether
reduced VQ gene number directly contributes to stress adaptation or
simply reflects broader genome evolutionary patterns.

Another notable feature of LbVQ genes is their predominantly
intronless structure, which has also been reported in other plant
species, including A. thaliana, rice, and tomato [4-6,14]. Intron loss
has sometimes been associated with rapid transcriptional responses;
however, this relationship is not universal. Introns can also enhance
gene expression, facilitate alternative splicing, and contribute to
regulatory complexity [19]. Therefore, the functional implications
of intron loss in LbVQ genes remain uncertain and require
experimental validation rather than being interpreted solely as an
adaptation for rapid expression.

Comparative genomic analysis further revealed conserved
collinearity relationships between L. bicolor and other plant species,
suggesting that the retained LbVQ genes have been evolutionarily
conserved due to essential biological roles. Functional studies have
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demonstrated that LbVQG6 contributes to salt gland development
and salt tolerance, indicating that at least some retained VQ genes
play critical regulatory roles in halophyte adaptation [6].

Taken together, the apparent contraction of the VQ gene family
in L. bicolor may reflect a combination of evolutionary processes,
including selective retention, genome streamlining, and lineage-
specific genomic variation. While this pattern could be associated
with functional optimization under saline conditions, definitive
conclusions require further comparative genomic studies across
multiple halophytes and direct functional analyses. These findings
highlight both the potential significance and the current uncertainty
surrounding VQ gene evolution in plant stress signaling networks

(Table 1).

LbVQ6 as a Central Signaling Hub in Salt Gland
Development

Salt glands are specialized epidermal structures responsible for
salt secretion in recretohalophytes and represent a key adaptive
mechanism enabling plants to survive under high salinity conditions.
These structures actively transport and secrete excess sodium ions,
thereby maintaining cellular ion homeostasis and preventing ion
toxicity [13]. In L. bicolor, salt glands are multicellular and highly
organized, and their density and functional activity are closely
associated with salt tolerance capacity. Their development requires
coordinated regulation of epidermal cell differentiation and
transcriptional signaling networks [20]. Based on available evidence,
LbVQG is proposed to function within a broader signaling network
regulating salt gland development and stress adaptation (Figure 1).

Experimental evidence supporting the role of LbVQG6 in salt
gland development is primarily derived from virus-induced
gene silencing (VIGS) studies. Silencing of LbVQG6 resulted in a
significant reduction in salt gland density, accompanied by decreased
salt secretion capacity and increased sensitivity to salt stress [6]. In
addition to morphological effects, LbVQG silencing was associated
with increased accumulation of reactive oxygen species and
disruption of ion homeostasis [12]. These findings provide direct
evidence that LbVQG6 contributes to both developmental and
physiological processes required for salt tolerance.

At the transcriptional level, LbVQG6 silencing was shown to alter
the expression of genes associated with epidermal cell differentiation,
including LbEGL3 (positive regulator) and LbTTG1, LbCPC, and
LbTRY (negative regulators) [6]. These genes are components of the
MYB-bHLH-WD40 regulatory complex that controls trichome
development in model plants such as A. thaliana [21]. The similarity
between trichome formation and salt gland development suggests
that conserved regulatory modules may underlie epidermal cell
differentiation across plant species.

However, it is important to distinguish between transcriptional
effects and direct molecular interactions. Current evidence indicates
that LbVQG influences the expression of these regulatory genes, but
there is no direct experimental evidence demonstrating physical
interaction between LbVQ6 and LbEGL3, LbTTGI1, LbCPC, or
LbTRY proteins [22]. Therefore, LbVQG6 is more likely to act as
an upstream or intermediate regulator within a broader signaling
network rather than as a direct component of the MYB-bHLH-
WD40 complex.

Table 1. Comparative number of VQ genes across representative plant species.

Species Number of VQ genes Environmental adaptation Reference
Arabidopsis thaliana 34 Glycophyte [4]
Glycine max 74 Glycophyte [10]
Oryza sativa 39 Glycophyte [55]
Solanum lycopersicum 26 Glycophyte [66]
Limonium bicolor 6 Halophyte [6]
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The comparison between salt gland development and trichome
formation provides a useful conceptual framework; however, this
analogy should be interpreted cautiously. While similar regulatory
components are involved, the extent to which these pathways are
conserved or functionally equivalent in halophytes remains unclear.
Additional studies are required to determine whether the regulatory
networks controlling salt gland development are directly homologous
to those governing trichome differentiation or represent modified or
partially conserved pathways.

Another important consideration is that the observed phenotypic
and transcriptional changes following LbVQG6 silencing do not
necessarily indicate a single linear regulatory pathway. LbVQG6 may
function within a complex network integrating multiple signaling
pathways, including developmental, hormonal, and stress-responsive
signals. Thus, the effects of LbVQG6 on salt gland development may
be mediated indirectly through broader transcriptional or signaling
cascades rather than through direct gene-specific regulation.

Furthermore, the extent of functional redundancy among VQ
family members of L. bicolor remains unknown. Given that multiple
VQ genes are present in the genome, it is possible that other VQ
proteins contribute to salt gland development either cooperatively
or redundantly [23]. The specific roles and interactions of these
additional VQ genes have not yet been characterized, representing
an important gap in current knowledge.

Taken together, available evidence supports a role for LbVQG6 in
regulating salt gland development and associated stress responses;
however, its precise molecular function remains incompletely
understood. While experimental data clearly demonstrate its
involvement in developmental and physiological processes, the
underlying regulatory mechanisms-including potential protein
interactions, signaling pathways, and downstream targets-require
further investigation.

Integration of Hormone and Stress Signaling
Pathways

Plant responses to abiotic stress are regulated by complex signaling

networks that integrate environmental cues with endogenous
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hormonal pathways (Figure 2). Phytohormones such as abscisic
acid (ABA), jasmonic acid (JA), salicylic acid (SA), and cytokinins
play central roles in mediating plant responses to salt stress by
regulating gene expression, cellular metabolism, and developmental
processes [2,3,24,56]. These hormonal signaling pathways are highly
interconnected and often function synergistically or antagonistically
to fine-tune stress responses [25,57].

Promoter analysis of LbVQ genes revealed the presence of
multiple cis-regulatory elements associated with hormone and
stress signaling, including ABA-responsive elements (ABRE), MYB-
binding sites, methyl jasmonate (MeJA)-responsive elements, and
salicylic acid-responsive elements [6]. While the presence of these
motifs suggests potential responsiveness to hormone signaling
pathways, it is important to emphasize that such predictions are
based on bioinformatic analyses and do not provide direct evidence
of functional regulation.

Experimental validation, including hormone treatment assays,
reporter gene analysis, and chromatin immunoprecipitation (ChIP)-
based approaches, will be required to determine whether these cis-
elements are actively involved in regulating LbVQ gene expression in
L. bicolor [26]. Therefore, current evidence supports the possibility
of hormone-responsive regulation but does not yet establish direct
functional involvement of LbVQG6 in specific hormonal pathways.

Despite these limitations, LbVQ6 may be positioned within
hormone-mediated signaling networks that coordinate stress
responses and developmental processes. ABA is a key regulator
of plant responses to drought and salinity, controlling stomatal
closure, osmotic balance, and stress-responsive gene expression
[2,24]. JA and SA are primarily associated with defense signaling
but also contribute to abiotic stress responses through modulation of
antioxidant systems and transcriptional regulation [3,25]. Cytokinins
regulate cell division and differentiation and may therefore influence
developmental processes such as salt gland formation [27].

However, it remains unclear whether LbVQG directly participates
in these hormones signaling pathways or whether its effects are
mediated indirectly through downstream transcriptional networks.
At present, there is no direct experimental evidence demonstrating
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Figure 2. Integration of ABA, JA, SA, and cytokinin signaling pathways mediated by LbVQ6 in regulating salt gland development and salt stress

tolerance.
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interaction between LbVQG6 and hormone-responsive transcription
factors or signaling components. Thus, the proposed role of LbVQ6
in hormone signaling should be considered a working hypothesis
rather than a confirmed mechanism.

The integration of hormone signaling pathways with stress-
responsive regulatory networks likely enables plants to coordinate
developmental processes with environmental adaptation. In
the context of salt gland development, hormonal signaling may
influence cell differentiation, pattern formation, and functional
activity. LbVQG, as a transcriptional cofactor, may contribute to
this integration by modulating transcriptional responses to upstream
signals rather than acting as a primary signaling component.

Furthermore, hormone signaling pathways are closely linked with
downstream physiological processes such as ion transport regulation
and redox homeostasis. ABA signaling regulates ion transporter
activity and maintains Na*/K* balance under salt stress, while JA and
SA signaling contribute to activation of antioxidant defense systems
[2,24,25]. This functional linkage suggests that hormone-mediated
signaling may converge on pathways controlling ion homeostasis
and oxidative stress responses.

Importantly, these downstream processes-ion transport regulation
and redox homeostasis—represent key physiological mechanisms
of salt tolerance and are discussed further in Section 5. Thus,
any potential role of LbVQG6 in hormone signaling is likely to be
functionally connected to these physiological processes rather than
acting in isolation.

In addition to hormonal regulation, cross-talk between signaling
pathways further increases the complexity of plant stress responses.
MAPK signaling cascades, calcium signaling, and transcription
factor networks interact with hormone signaling pathways to form
integrated regulatory systems [3,28]. LbVQG6 may function as part
of this broader network by linking transcriptional regulation with
upstream signaling pathways; however, this integrative role remains
to be experimentally validated.

Overall, current evidence suggests that LbVQG6 may act as a
regulatory node at the interface of hormone and stress signaling

pathways. However, its precise molecular function, including
potential interactions with hormone-responsive transcription factors
and signaling components, remains unresolved and requires further
experimental investigation.

Regulation of lon Homeostasis and Oxidative Stress
Signaling

Salt stress imposes severe physiological constraints on plant cells
by disrupting ion balance and inducing oxidative stress. Excessive
accumulation of sodium ions (Na*) leads to ionic toxicity, membrane
destabilization, and inhibition of enzymatic processes, while reduced
potassium ion (K*) levels impair cellular metabolism and osmotic
regulation [1,2]. In addition to ionic imbalance, salt stress triggers
the overproduction of reactive oxygen species (ROS), including
superoxide radicals, hydrogen peroxide, and hydroxyl radicals,
which cause oxidative damage to proteins, lipids, and nucleic acids

[12,29,53].

To survive under such conditions, plants have evolved complex
regulatory systems that maintain ion homeostasis and redox balance
(Figure 3). lon transport systems, including Na*/H* antiporters,
potassium transporters, and membrane channels, play essential roles
in regulating intracellular ion concentrations [2,30]. At the same
time, antioxidant defense systems, including enzymatic components
such as superoxide dismutase (SOD), catalase (CAT), and peroxidases
(POD), as well as non-enzymatic antioxidants, function to detoxify
ROS and protect cellular structures from oxidative damage [12,31].

Functional characterization of LbVQG6 has provided important
insights into its role in regulating these physiological processes. Gene
silencing experiments using virus-induced gene silencing (VIGS),
as reported in previous studies, demonstrated that suppression
of LbVQ6 expression resulted in significant alterations in ion
balance and oxidative stress markers [6,62]. Specifically, LbVQG6-
silenced plants exhibited increased Na* accumulation, decreased K*
concentration, elevated ROS levels, and enhanced oxidative damage.
These observations indicate that LbVQG6 is functionally associated
with the maintenance of ion homeostasis and redox balance under
salt stress conditions.
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Figure 3. Role of LbVQ6 in regulating ion transport, redox homeostasis, and antioxidant defense signaling pathways under salt stress.
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However, it is important to distinguish between phenotypic
association and direct molecular regulation. The observed changes in
ion balance and oxidative stress markers following LbVQG silencing
do not necessarily demonstrate that LbVQG6 directly regulates ion
transporters or antioxidant enzymes. Instead, these effects may be
mediated indirectly through broader transcriptional or signaling

networks in which LbVQG6 participates.

Based on available evidence, LbVQG6 may influence ion homeostasis
by modulating transcriptional pathways that regulate genes involved
in ion transport, thereby contributing to the maintenance of Na*/
K* balance under saline conditions [30]. Similarly, LbVQ6 may
affect antioxidant defense systems through indirect regulation of
gene expression controlling ROS detoxification processes [31].
However, these proposed mechanisms remain hypothetical and
require experimental validation through transcriptomic, proteomic,
and functional analyses.

Importantly, the regulation of ion homeostasis and redox balance
is closely linked with upstream signaling pathways, including
hormone signaling and MAPK cascades. As discussed in Section 4,
hormone signaling pathways such as ABA, JA, and SA are known to
regulate ion transport and antioxidant responses [24,25]. LbVQ6
may function as a regulatory intermediary linking these upstream
signaling pathways with downstream physiological processes,
thereby enabling coordinated stress responses.

The integration of signaling and physiological regulation is
essential for plant survival under stress conditions. Efficient ion
transport systems prevent toxic ion accumulation, while antioxidant
defenses mitigate oxidative damage, together ensuring cellular
integrity and metabolic stability. Disruption of these processes, as
observed in LbVQG6-silenced plants, highlights the importance of
coordinated regulatory networks in stress adaptation rather than the
action of a single regulatory component.

In addition, ROS function not only as damaging agents but also
as signaling molecules that regulate gene expression and stress-
responsive pathways [29,32,52,53]. Controlled ROS production
is therefore essential for signaling, whereas excessive accumulation
leads to cellular damage. Although LbVQG6 may be involved in
maintaining ROS balance, there is currently no direct evidence
demonstrating that it specifically regulates ROS signaling pathways.
Thus, any proposed role of LbVQG6 in ROS signaling should
be considered hypothetical and requires further experimental
investigation.

Taken together, current evidence supports a role for LbVQG6 in
the regulation of ion homeostasis and oxidative stress responses at
the physiological level. However, its precise molecular function,
including potential direct targets and regulatory mechanisms,
remains unclear and requires further investigation within the context
of integrated stress signaling networks.

Interaction with MAPK and WRKY Signaling Cascades

VQ motif-containing proteins are widely recognized as
transcriptional regulatory cofactors that function through interaction
with transcription factors and signaling kinases. In model plant
systems, VQ proteins have been shown to interact with WRKY
transcription factors and to be phosphorylated by mitogen-activated
protein kinases (MAPKs), thereby linking upstream signaling
cascades with downstream transcriptional regulation [3,33,47,48].

MAPK signaling pathways represent a major signal transduction
system in plants, mediating responses to environmental stresses
such as salinity, drought, and pathogen attack. These cascades
involve sequential activation of MAP kinase kinase kinases
(MAPKKKSs), MAP kinase kinases (MAPKKs), and MAP kinases
(MAPKs), ultimately leading to phosphorylation of target proteins
and activation of stress-responsive gene expression [3,34]. In A.
thaliana, MAPKs such as MPK3 and MPKG6 have been shown to
phosphorylate VQ proteins, thereby influencing their activity and
interaction with WRKY transcription factors [5,33].

Based on these findings, it has been proposed that LbVQ6 may
participate in MAPK-mediated signaling pathways in L. bicolor
(Figure 4). In this conceptual model, environmental stress signals
activate MAPK cascades, which may lead to phosphorylation of VQ
proteins, including LbVQG6. Phosphorylated VQ proteins could
then influence transcriptional regulation through interaction with
WRKY transcription factors, potentially affecting genes involved
in ion transport, antioxidant defense, and developmental processes

[49].

However, it is critical to emphasize that this MAPK-LbVQ6-
WRKY framework remains hypothetical. There is currently no
direct experimental evidence demonstrating MAPK-mediated
phosphorylation of LbVQG6 or its physical interaction with WRKY
transcription factors of L. bicolor. Therefore, the proposed signaling
cascade should be interpreted as a model based on functional
analogies with other plant systems rather than a confirmed regulatory
mechanism.

Furthermore, extrapolation from model species such as A
thaliana to halophytes should be approached with caution. While
VQ-WRKY and MAPK-VQ interactions are well documented in
model plants, the extent to which these interactions are conserved
in L. bicolor remains unclear. Species-specific regulatory differences
may exist, particularly given the unique physiological adaptations of
halophytes.

In addition, the specific WRKY transcription factors that may
interact with LbVQG6 have not yet been identified, and their roles
in salt gland development and salt stress responses remain largely
unexplored. Similarly, the identity of upstream MAP kinases
potentially involved in LbVQG phosphorylation has not been
determined. These gaps highlight the need for targeted experimental
studies, including protein-protein interaction assays, kinase activity
analyses, and functional characterization of candidate signaling

components [35,47].
Despite these limitations, the MAPK-VQ-WRKY framework

provides a useful conceptual basis for understanding how upstream
stress signals could be translated into transcriptional responses.
Evidence from other plant systems indicates that VQ proteins can
function as intermediates linking kinase signaling cascades with
transcription factor networks [5,33]. However, whether LbVQ6
performs a similar role in L. bicolor remains to be experimentally
validated.

The integration of MAPK signaling with transcription factor
networks enables plants to rapidly perceive and respond to
environmental stress. Phosphorylation of regulatory proteins such
as VQ proteins can alter their activity, stability, and interaction
with transcription factors, thereby enabling dynamic regulation of
gene expression [34,36]. In this context, LbVQG6 may function as a
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Figure 4. Proposed MAPK-LbVQ6-WRKY signaling cascade regulating salt stress response and salt gland development in L. bicolor.

regulatory intermediary rather than a primary signaling component,
although this role has not yet been confirmed.

Furthermore, cross-talk between MAPK signaling and other
regulatory pathways, including hormone signaling and redox
signaling, contributes to the complexity of plant stress responses.
As discussed in previous sections, LbVQG6 may be associated with
multiple signaling pathways; however, its precise position within
these networks remains unclear [24,32].

Taken together, available evidence suggests that LbVQ6 may be
involved in MAPK-related signaling and transcriptional regulation,
but the MAPK-LbVQG6-WRKY cascade should be regarded as a
hypothesis-driven model. Confirmation of this model will require
experimental identification of interaction partners, characterization
of phosphorylation events, and functional analysis of downstream

target genes [54,55].

Functional Significance in Stress Adaptation and Crop
Improvement

Understanding the molecular signaling mechanisms regulated by
LbVQ6 provides important insights into plant adaptive responses
to salinity and offers potential avenues for improving crop stress
tolerance through molecular and genetic approaches. Salinity stress
remains a major constraint on global agricultural productivity,

affecting a large proportion of cultivated land and significantly
reducing crop yield and quality [1,37,63]. Improving plant salt
tolerance is therefore a key objective for sustainable agriculture and
food security.

Regulatory proteins such as VQ motif-containing transcriptional
cofactors play essential roles in coordinating stress-responsive
signaling networks and may represent potential targets for crop
improvement. Functional studies in L. bicolor have demonstrated
that LbVQG6 contributes to salt gland development, ion homeostasis,
and oxidative stress tolerance [6,50,55]. These findings suggest that
VQ-mediated regulatory pathways could be explored as targets for
improving stress tolerance in crop species (Table 2), although their

applicability beyond halophytes remains to be established.

One potential strategy is the heterologous expression of LbVQG in
glycophytic crops such as rice (O. sativa) or tomato (S. lycopersicum).
However, it is important to recognize that halophyte-specific
adaptations, such as salt gland-mediated ion secretion, are absent
in most crop species. Therefore, the functional effects of LbVQG in
glycophytes may differ from those observed in L. bicolor, and its role
may be limited to modulation of intracellular signaling pathways
rather than structural adaptations. Experimental validation in
heterologous systems will be required to determine whether
LbVQ6 can enhance stress tolerance through conserved regulatory
mechanisms [2,38,51].

Table 2. Potential applications of VQ gene engineering in crop improvement.

Application Mechanism Expected outcome Reference

Overexpression of VQ genes Enhanced transcriptional regulation of  Improved salt tolerance and stress [2]
stress-responsive genes resistance

CRISPR/Cas9-mediated gene editing Modification of stress signaling Enhanced stress signaling efficiency [66]
pathways

Molecular breeding Selection of stress-tolerant alleles Development of stress-resistant crop [40]

varieties
Manipulation of ion transport regulation ~ Improved ion homeostasis Increased salinity tolerance [30]
Enhancement of antioxidant defense Improved ROS detoxification Reduced oxidative stress damage [53]
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Genome editing technologies, including CRISPR/Cas systems,
provide opportunities for targeted modification of endogenous
regulatory networks. Rather than direct transfer of halophyte genes,
editing of native VQ genes or associated signaling components in
crops may represent a more feasible approach to improving stress
tolerance [39,61,64]. However, the success of such strategies depends
on a detailed understanding of VQ gene function, regulatory
interactions, and network context, which remains incomplete.

Molecular breeding approaches may also benefit from the
identification of natural genetic variation in VQ genes associated
with stress tolerance. Comparative analysis of VQ gene alleles in
stress-tolerant and sensitive genotypes could support marker-assisted
selection and genomic breeding strategies [40,61]. Nevertheless, the
contribution of individual VQ genes to complex stress tolerance traits
is likely to be context-dependent and influenced by interactions with
other regulatory pathways.

Importantly, the practical application of these strategies must
consider potential trade-offs between stress tolerance and plant
growth or yield. Enhanced stress resistance is often associated
with reduced growth under non-stress conditions due to resource
allocation constraints and regulatory trade-offs [41]. Therefore,
manipulation of VQ-mediated signaling pathways should aim to
achieve a balance between stress adaptation and growth performance
rather than maximizing stress tolerance alone.

It should also be emphasized that current applications remain
largely conceptual. Direct experimental evidence demonstrating
the effectiveness of LbVQG6-based strategies in crop improvement
is currently lacking. Functional validation through gene expression
analysis, physiological characterization, and field-based performance
evaluation will be necessary to determine their practical udility.

Opverall, LbVQG and related VQ proteins represent promising but
as yet unvalidated targets for improving plant stress tolerance. Their
potential application lies primarily in understanding regulatory
networks and identifying candidate pathways for manipulation,
rather than immediate direct translation into crop improvement
systems.

Limitations and Knowledge Gaps

Despite significant progress in understanding the role of LbVQ6
in salt gland development and stress responses, several important
limitations and knowledge gaps remain that should be considered
when interpreting current findings and designing future research.

First, functional evidence supporting the role of LbVQG6 is
primarily based on virus-induced gene silencing (VIGS) experiments.
While VIGS is a useful approach for rapid functional analysis, it
may produce partial gene suppression and off-target effects, limiting
the ability to draw definitive conclusions about gene function [42].
A key unresolved question is whether complete loss-of-function of
LbVQG6 would produce phenotypes consistent with those observed
in VIGS experiments. Addressing this question will require stable
genetic systems, including CRISPR/Cas-mediated knockout lines or
transgenic complementation approaches [39,65].

Second, promoter analysis identifying cis-regulatory elements
such as ABRE, MeJA-responsive elements, and MYB-binding sites
is based on bioinformatic prediction. While these elements suggest
potential responsiveness to hormonal signaling pathways, it remains
unclear whether LbVQG6 expression is directly regulated by specific

hormones under physiological conditions. A critical question is
whether these cis-elements are functionally active iz vivo and which
transcription factors bind to them. Experimental approaches such
as hormone treatment assays, reporter gene systems, and chromatin
immunoprecipitation (ChIP) analyses will be required to resolve
these questions [26,43].

Third, the proposed signaling interactions involving LbVQG,
including its potential phosphorylation by MAP kinases and
interaction with WRKY transcription factors, remain hypothetical. A
central unresolved issue is whether LbVQG is directly phosphorylated
by specific MAPKs and whether it physically interacts with defined
WRKY proteins in L. bicolor. Addressing these questions will require
targeted protein—protein interaction studies, including yeast two-
hybrid assays, co-immunoprecipitation, bimolecular fluorescence
complementation, and in vitro kinase assays [35,44].

In addition, the transcriptional regulatory role of LbVQ6
remains insufficiently characterized. It is currently unknown which
downstream genes are directly regulated by LbVQG6 and whether it
acts as a transcriptional activator, repressor, or co-regulator depending
on cellular context. Genome-wide identification of LbVQG target
genes using transcriptomic approaches and DNA-binding or protein
interaction analyses represents an important research priority.

Another important gap concerns the functional relationship
between LbVQG6 and other members of the VQ gene family in L.
bicolor. Tt remains unclear whether VQ proteins act redundantly,
cooperatively, or antagonistically in regulating stress responses.
Dissecting the functional specialization and interaction among
VQ family members will be essential for understanding the overall
regulatory network [45,60].

Furthermore, the evolutionary interpretation of VQ gene family
contraction requires additional investigation. Although reduced
gene number may be associated with halophytic adaptation, it
remains unclear whether this pattern reflects adaptive selection,
neutral evolution, or lineage-specific genomic processes [16,18].
Comparative genomic analyses across multiple halophyte species will
be necessary to determine whether VQ gene reduction represents a
conserved adaptive feature.

Finally, most current knowledge is derived from a limited number
of studies focused on a single species. A critical unresolved question
is whether the regulatory mechanisms identified for LbVQG6 are
conserved across other halophytes or represent species-specific
adaptations. Comparative studies involving multiple halophytic
and glycophytic species will be required to address this question
and to evaluate the broader significance of VQ-mediated signaling

networks [46,59].

Addressing these knowledge gaps will be essential for advancing
our understanding of LbVQG6-mediated signaling pathways
and their role in plant stress adaptation. Future research should
prioritize mechanistic validation, identification of direct molecular
interactions, and integration of multi-level regulatory data to
construct a comprehensive model of VQ-mediated signaling in

halophytes.
Conclusion

The functional characterization of LbVQG6 in the recretohalophyte
L. bicolor provides valuable insights into the molecular signaling
processes associated with plant adaptation to saline environments.
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Available evidence indicates that LbVQG6 is involved in the
regulation of salt gland development, ion homeostasis, and oxidative
stress responses, highlighting its contribution to both developmental
and physiological aspects of salt tolerance. While current findings
suggest that LbVQG6 may participate in coordinating multiple
signaling pathways, including hormone-mediated and kinase-
associated regulatory networks, its precise molecular role and direct
interactions remain to be fully elucidated. Rather than acting as a
confirmed central signaling hub, LbVQG6 is more appropriately
considered a candidate regulatory component within a complex
and integrated stress-response network. These findings improve our
understanding of VQ-mediated regulatory systems in halophytes
and provide a foundation for future studies aimed at dissecting
signaling mechanisms and evaluating their potential relevance for
crop stress tolerance.
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