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Abstract

Drought poses a major threat to global food security, making it critical to understand the
molecular mechanisms underlying plant responses to water scarcity. Epigenetic modifica-
tions, including DNA methylation and histone alterations, play central roles in regulating
genes and hormonal pathways essential for drought adaptation. MicroRNAs, while primar-
ily functioning as post-transcriptional regulators, can also influence epigenetic pathways
and contribute to chromatin remodelling, suggesting a role in modulating epigenetic mem-
ory. Investigating these interactions is essential for understanding how plants integrate
epigenetic and post-transcriptional regulation during stress. Epigenetic memory in drought-
adapted plants provides insights into the transgenerational inheritance of adaptive traits
and reveals how plants balance genome stability with flexibility. The crosstalk between
epigenetic mechanisms and hormonal signalling is crucial for fine-tuning gene expression,
promoting drought resilience. This review proposes a conceptual framework integrating
epigenetic, hormonal, and miRNA-mediated regulation of drought responses. It empha-
sizes the impact of advanced technologies, such as bisulfite sequencing and CRISPR-Cas9,
in dissecting plant epigenetic responses to drought. These approaches improve our under-
standing of drought tolerance mechanisms and offer promising strategies for developing
resilient crops for sustainable agriculture. However, direct evidence linking epitranscrip-
tomic modifications to long-term drought memory remains limited, and this emerging
regulatory layer requires further experimental validation.

Keywords: drought stress; epigenetic memory; DNA methylation; histone modifications;
MicroRNAs (miRNAs); hormonal signalling; transgenerational inheritance; crop resilience

1. Introduction
Increasing frequency and severity of drought events associated with ongoing climate

change represent a major constraint on agricultural productivity worldwide. Water deficit
affects plant growth, development, and reproduction, ultimately reducing crop yields
and threatening global food security. As drought episodes become more frequent and
prolonged, understanding the molecular mechanisms that enable plants to withstand
water limitation has become a central objective for the development of resilient cropping
systems [1–3].
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Plant adaptation to drought relies on the coordinated action of multiple regulatory
processes operating across physiological, transcriptional, and molecular levels. Although
considerable advances have been made in characterising individual drought-response
pathways, the integration of epigenetic and hormonal regulation into a unified framework
remains incompletely understood. This gap is particularly relevant given the central role
of these mechanisms in determining stress perception, signal transduction, and adaptive
responses to water deficit [4,5].

Among the molecular processes involved in drought adaptation, epigenetic regula-
tion has emerged as a major determinant of stress-responsive gene expression, with DNA
methylation being recognized as one of the most extensively studied mechanisms involved
in the regulation of plant responses to environmental stresses [6]. DNA methylation and
histone modifications can dynamically alter chromatin architecture, thereby influencing
transcriptional activity and cellular responses to environmental stimuli [7–9]. At the same
time, phytohormones act as primary signalling molecules that translate environmental
cues into physiological and developmental responses [10,11]. Rather than acting indepen-
dently, hormonal and epigenetic pathways increasingly appear to operate as interconnected
regulatory modules that jointly shape drought responses.

An additional level of complexity is provided by the phenomenon of epigenetic mem-
ory, whereby previous stress exposure influences subsequent plant responses. Evidence
accumulated over the last decade indicates that drought-induced changes in DNA methy-
lation and histone modifications may persist beyond the initial stress event, contributing to
sustained transcriptional states and enhanced stress resilience [4,12–15]. The mechanisms
underlying the establishment, maintenance, and biological significance of this memory
remain active areas of investigation.

In this review, we focus on the interactions among epigenetic modifications, hormonal
signalling pathways, and small RNA-mediated regulation in plant drought responses.
Particular attention is devoted to the role of epigenetic memory and to the molecular
mechanisms through which these regulatory layers contribute to stress adaptation across
diverse plant species.

We also discuss how recent technological advances are transforming the study of
drought-associated epigenetic processes. The development of high-throughput sequencing
approaches, chromatin profiling methods, and targeted genome and epigenome editing
technologies has significantly expanded our capacity to investigate the regulatory networks
underlying plant responses to water deficit.

Although several recent reviews have examined individual aspects of plant stress epi-
genetics, including DNA methylation, histone modifications, epigenetic memory, or small
RNA-mediated regulation, the present review provides a unified conceptual framework
integrating these regulatory layers with hormonal crosstalk and emerging technological
advances in the specific context of drought adaptation. Particular emphasis is placed on
the mechanistic interactions among these pathways and on their potential application in
crop improvement. This review primarily covers advances reported during the last decade
while also including seminal studies that established the foundations of the field.

To integrate the diverse regulatory layers described above, we propose a conceptual
framework in which drought response emerges from the dynamic interplay between
epigenetic modifications, hormonal signalling, and small RNA-mediated regulation [16–20].
Under water deficit conditions, stress perception triggers rapid hormonal responses—
primarily mediated by abscisic acid (ABA)—which initiate downstream transcriptional
reprogramming [18–21]. Concurrently, epigenetic mechanisms such as DNA methylation
and histone modifications modulate chromatin accessibility, thereby stabilising or fine-
tuning the expression of stress-responsive genes [16,17,19,21–23].
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Within this framework, microRNAs (miRNA) act as critical intermediaries, link-
ing post-transcriptional regulation with both hormonal signalling and epigenetic
control [16,19,22,24,25]. By targeting transcription factors, hormone biosynthesis genes,
and epigenetic regulators, miRNAs contribute to shaping both immediate stress responses
and longer-term adaptive processes [16,24–28].

Importantly, these regulatory layers are interconnected through feedback loops. Hor-
monal signals (including ABA) can influence the establishment of epigenetic marks, while
epigenetic states can modulate hormone sensitivity and signalling efficiency [16,19,20,26,28].
This bidirectional crosstalk enables plants to balance rapid responsiveness with the estab-
lishment of stress memory [17,18,26,27,29].

We further distinguish between two functional phases of drought adaptation: (i) a
short-term response characterised by reversible transcriptional and hormonal changes, and
(ii) a long-term adaptive phase involving epigenetic memory, which may persist after stress
recovery and, in some cases, across generations [18,26,27,29]. Notably, the extent to which
drought-induced “memory” is meiotically stable and consistently transgenerational—and
the mechanisms by which such memory might evade resetting—remain incompletely re-
solved and appear species-/context-dependent [18,26,29]. This integrative model provides
a unifying perspective for understanding how plants coordinate molecular responses to
drought stress and highlights key regulatory nodes for potential biotechnological interven-
tion (e.g., epigenome editing and ncRNA-centered strategies) [16,25,26].

In the following sections, this framework serves as a guiding structure for interpreting
how individual regulatory layers, DNA methylation, histone modifications, and small RNA
pathways contribute to both short-term stress responses and long-term adaptive memory
in plants exposed to drought.

Because Arabidopsis and rice currently provide the largest body of mechanistic evidence
regarding drought-associated epigenetic regulation, these species are discussed more ex-
tensively throughout the review. Nevertheless, examples from additional crop species are
included whenever available to broaden the translational relevance of the concepts presented.

2. Epigenetic Memory, Persistence, and Transmission Under
Drought Stress

Drought represents a major constraint for plant productivity, driving the evolution
of complex adaptive strategies. In addition to immediate physiological and molecular
responses, increasing attention has been devoted to the concept of epigenetic memory,
which enables plants to retain information about previous stress exposure and adjust future
responses accordingly [12,13]. Epigenetic regulation—primarily mediated by DNA methy-
lation, histone modifications, and non-coding RNAs—plays a crucial role in modulating
gene expression without altering the underlying DNA sequence, thereby contributing to
plant plasticity under fluctuating environmental conditions [4,14,15].

This section examines the mechanisms underlying drought-induced epigenetic mem-
ory, with particular emphasis on its potential transgenerational transmission and on the
dynamic processes that regulate the maintenance and resetting of epigenetic marks.

In this review, epigenetic memory is operationally defined as the persistence of stress-
induced epigenetic states, including changes in DNA methylation, histone modifications,
chromatin organization, and associated regulatory pathways, that influence subsequent
responses after the initial stress has ceased, regardless of whether these states are main-
tained within the same individual or transmitted to subsequent generations. This definition
is consistent with current concepts of plant stress memory, while recognizing that trans-
generational inheritance has been demonstrated only in specific species and experimental
contexts [4,12,14].
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2.1. Establishment, Maintenance, and Resetting of Drought-Induced Epigenetic Memory

The formation of epigenetic memory requires the establishment of molecular signa-
tures that persist after an initial stress event and influence future responses. During drought
priming, plants undergo extensive epigenetic reprogramming, resulting in altered tran-
scriptional states that facilitate a faster or more effective response upon subsequent stress
exposure. Persistent DNA methylation patterns and stable histone modifications are among
the principal mechanisms associated with this memory effect [4,30]. The establishment
and maintenance of these epigenetic states depend on specialised enzymatic machinery.
DNA methyltransferases play a central role, with DRM (Domains Rearranged Methyltrans-
ferase) mediating de novo methylation and CMT3 (Chromomethylase 3) contributing to
the maintenance of methylation patterns during DNA replication [31]. Histone-modifying
enzymes, including histone acetyltransferases (HATs), histone methyltransferases, and
histone deacetylases (HDACs), further regulate chromatin accessibility and help sustain
drought-associated transcriptional programmes [32].

Recent evidence indicates that drought memory operates through multiple regulatory
layers. In maize subjected to prolonged mild drought, Forestan et al. [33] identified three
categories of memory-associated genes: “transcriptional memory” genes, which maintain
altered expression after recovery; “epigenetic memory candidates”, which retain stress-
induced chromatin changes without persistent transcriptional alterations; and “delayed
memory” genes, which store stress information and respond at later developmental stages.
These observations suggest that distinct forms of memory may coexist within the same
plant response. Although epigenetic marks can persist for extended periods, they are not
permanently fixed. The ability to remove or remodel stress-associated modifications is
essential for maintaining developmental flexibility and preventing maladaptive responses
when environmental conditions change. Consequently, epigenetic resetting may occur
during stress recovery or specific developmental transitions, restoring transcriptional states
while preserving overall genomic responsiveness [13]. Throughout this review, resetting
refers to context-dependent remodelling of stress-associated epigenetic states. Depending
on the biological context, resetting may involve complete erasure, partial remodelling,
or selective removal of specific epigenetic marks rather than a universal return to the
pre-stress state.

This resetting process is mediated by several classes of chromatin-associated enzymes.
Histone demethylases (HDMs), phosphatases (PPs), deubiquitinases (DUBs), and histone
deacetylases (HDACs) contribute to the dynamic regulation of chromatin structure and
gene expression by removing or modifying previously established epigenetic marks [34–38].
An additional component of chromatin reorganisation involves the Swi2/Snf2-Related
1 (SWR1) chromatin-remodelling complex in Arabidopsis thaliana. By replacing canon-
ical histones with variant forms, SWR1 alters nucleosome composition and influences
transcriptional activity. Mutations affecting SWR1 components, including SERRATED
LEAVES AND EARLY FLOWERING (SWC6), SUPPRESSOR OF FRIGIDA (SUF3) [39], and
PHOTOPERIOD-INDEPENDENT EARLY FLOWERING 1 (PIE1), lead to developmental
abnormalities and altered stress responses, highlighting the importance of chromatin re-
modelling in plant adaptation [40].

Within the conceptual framework proposed in this review, drought-induced epigenetic
memory represents a long-term regulatory layer that contributes to sustained adaptation
following initial stress exposure.

2.2. Persistence and Transmission of Drought-Induced Epigenetic Modifications

A major question in plant epigenetics concerns whether stress-induced epigenetic
states can persist beyond the exposed individual and influence subsequent generations.
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Robust evidence for stable transgenerational inheritance remains relatively limited
and is largely restricted to a small number of experimental systems, whereas many reported
observations derive from single studies that require further validation across species and
environmental conditions.

In this context, transgenerational epigenetic inheritance refers to the transmission of
stress-associated phenotypic traits without alterations in DNA sequence. Such inheritance
could enable the progeny of drought-exposed plants to display enhanced tolerance to water
deficit [41,42].

Nevertheless, current evidence indicates that the transmission of drought-induced
epigenetic changes is often limited and context-dependent. Studies in Arabidopsis thaliana
have shown that drought-associated DNA methylation changes can persist within the
exposed generation but are not necessarily stably inherited by descendants [43]. These
findings suggest that epigenetic memory may frequently function as a transient adaptive
mechanism, balancing environmental responsiveness with regulatory stability.

Histone modifications have also been implicated in the persistence of drought-
associated memory. Both H3K4me3, commonly linked to transcriptional activation,
and H3K27me3, generally associated with repression, have been connected to drought-
responsive gene regulation. Interestingly, their effects appear to differ from those observed
in developmental contexts, as repressive marks may coexist with active transcription in
stress-responsive loci, potentially owing to the action of drought-induced transcription
factors that counteract silencing signals [44].

At the molecular level, the maintenance and potential transmission of epigenetic
states involve extensive interactions between classical epigenetic mechanisms and non-
coding RNAs. Small interfering RNAs (siRNAs) and microRNAs (miRNAs) can direct
DNA methylation and chromatin remodelling at specific genomic regions, resulting in
transcriptional gene silencing [45]. These molecules may also be transferred through
reproductive tissues, thereby contributing to the propagation of epigenetic information
across generations [46–48]. Given the central role of reproductive structures in the trans-
mission of biological information across generations, a deeper understanding of ovule
development and tissue maturation may also contribute to future studies investigating
inheritance-related processes in plants [49]. Although this example derives from develop-
mental biology rather than drought stress, it illustrates fundamental epigenetic regulatory
mechanisms that are likely to operate across multiple developmental and environmental
contexts, including plant responses to abiotic stress. Long non-coding RNAs (lncRNAs)
provide an additional regulatory layer by recruiting chromatin-modifying complexes to
specific genomic loci. Through this mechanism, they influence chromatin organisation
and gene expression patterns and may contribute to the establishment of stable epigenetic
states [50–52]. Collectively, these observations indicate that the persistence of drought-
induced epigenetic states depends on a complex interaction among DNA methylation,
histone modifications, and non-coding RNAs (Table 1). However, the extent to which
such modifications can be maintained across generations remains incompletely resolved
and appears to vary according to species, genomic context, and environmental conditions.
More broadly, environmentally induced epigenetic variation has been associated with plant
responses to diverse abiotic and developmental cues, including heavy metal exposure,
salinity, light-dependent growth plasticity, hormone-responsive developmental regulation,
and temperature-dependent developmental responses, highlighting the broad adaptive
significance of epigenetic mechanisms beyond drought stress [53–57].
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Table 1. Mechanisms involved in drought-associated epigenetic memory and inheritance.

Regulatory
Mechanism

Molecular
Components

Role in Drought
Adaptation

Potential
Persistence

and Inheritance
References

DNA methylation
CG, CHG and CHH
methylation; DNA
methyltransferases

Regulation of
stress-responsive gene

expression and
establishment of
drought memory

May persist after
stress exposure;

transgenerational
stability appears species-
and context-dependent

[31,41–43]

Histone
modifications

H3K4me3,
H3K27me3 and other

chromatin marks

Modulation of chromatin
accessibility and

transcriptional memory

May contribute to
maintenance of

stress-responsive
states following

drought exposure

[4,13,44]

Small interfering
RNAs (siRNAs)

RdDM-associated
siRNAs

Guidance of DNA
methylation and

transcriptional gene
silencing

Potential transmission
through

reproductive tissues
[45–48]

Long non-coding
RNAs (lncRNAs)

Regulatory lncRNAs
associated with

chromatin complexes

Recruitment of
chromatin-modifying

complexes and
stabilization of gene

expression states

Potential contribution
to heritable

epigenetic regulation
[39,40,50–52]

Chromatin
remodelling

SWR1 complex,
SWC6, SUF3, PIE1

Regulation of nucleosome
composition and
stress-responsive

transcription

May influence
maintenance and

resetting of
epigenetic states

[39,40]

Epigenetic resetting
mechanisms

HDMs, HDACs,
DUBs, phosphatases

Removal or modification
of epigenetic marks
during recovery and

development

Prevents maladaptive
persistence of

stress-induced states
[34–38]

3. Interplay Between Epigenetic Regulation and Hormonal Signalling
Under Drought Stress: A Framework-Based Perspective

Building on the conceptual framework proposed above, this section examines how
epigenetic mechanisms regulate hormone signalling pathways, with particular emphasis on
their roles in coordinating rapid (short-term) responses and stabilising long-term adaptive
memory under drought stress.

Drought stress triggers extensive reprogramming of plant physiological and molecular
processes, largely mediated by hormone signalling networks. Increasing evidence indicates
that these pathways are tightly regulated by epigenetic mechanisms, including DNA
methylation, histone modifications, and small RNA-mediated processes [58–61]. Through
these regulatory layers, plants can dynamically modulate the expression of hormone-related
genes, enabling rapid and flexible responses to water deficit.

A conceptual model (Figure 1) illustrates the integration between drought-induced epi-
genetic modifications and ABA signalling, highlighting their coordinated role in controlling
stress-responsive gene expression.
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Figure 1. Conceptual framework of multi-layered regulation in plant drought responses integrating
temporal dynamics. Drought stress activates coordinated regulatory processes operating across multiple
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molecular layers and timescales. Short-term responses (seconds to hours) include rapid and reversible
adjustments such as stomatal closure and early gene activation, whereas long-term responses (hours or
days to generations) involve more stable molecular states associated with drought memory, although
some processes remain species- and context-dependent. Five interconnected regulatory layers are
highlighted: (1) hormonal signalling (ABA, ethylene, jasmonates, salicylic acid), (2) chromatin-
based epigenetic regulation (DNA methylation and histone modifications), (3) miRNA-mediated
regulation, (4) epitranscriptomic regulation (e.g., m6A RNA modifications), and (5) gene expression
reprogramming, which integrates these regulatory inputs before driving adaptive physiological
and developmental responses. These layers interact through dynamic crosstalk and feedback loops
to regulate gene expression. Their integration drives physiological and developmental responses,
including stomatal regulation, root system remodelling, osmotic adjustment, and improved water
use efficiency, ultimately enhancing drought tolerance and yield stability. Solid arrows indicate
relationships supported by current evidence, double-headed arrows represent regulatory crosstalk,
whereas dashed arrows indicate emerging, context-dependent, or currently insufficiently validated
relationships. Epitranscriptomic regulation is presented as an emerging regulatory layer because
direct evidence linking RNA modifications to long-term drought memory remains limited. Likewise,
heritable histone modifications and transgenerational epigenetic inheritance are represented as
species- and context-dependent processes rather than universally established outcomes.

3.1. DNA Methylation as a Regulator of Hormonal Responses to Drought
3.1.1. DNA Methylation and ABA Signalling

DNA methylation is among the most extensively investigated epigenetic mechanisms
involved in plant adaptation to drought stress. By regulating gene expression, methyla-
tion dynamics influence multiple aspects of phytohormone biosynthesis, signalling, and
downstream responses, thereby contributing to the coordination of stress-adaptive pro-
cesses [62,63]. A substantial body of evidence links DNA methylation with ABA-mediated
drought responses. Analyses of the ABA-deficient maize mutant vp10 (viviparous 10), char-
acterised by premature seed germination, revealed altered responses to water deficit com-
pared with wild-type plants, suggesting that DNA methylation contributes to the regulation
of ABA-dependent stress adaptation [64]. Similarly, drought-induced methylation changes
in citrus have been associated with enhanced resilience through modulation of ABA sig-
nalling pathways [65]. Additional evidence comes from maize, where drought-responsive
genes such as DRE-Binding Factor 1 (DBF1) are activated through ABA-dependent pathways
influenced by methylation dynamics, facilitating rapid adaptation to stress conditions [66].
Comparable observations have been reported in wheat, where drought-tolerant cultivars
exhibited reduced global methylation levels under stress together with increased ABA ac-
cumulation and activation of stress-related genes including Phosphoenolpyruvate Carboxylase
(PEPC), Glutathione S-Transferase (GST), and Beta-Glucosidase (BGlu) [67]. In Camellia sinen-
sis, epigenetic regulation has likewise been associated with enhanced ABA biosynthesis
during dehydration through the upregulation of key genes such as 9-cis-Epoxycarotenoid
Dioxygenase (CsNCED) and members of the Zeaxanthin Epoxidase (CsZEP) family [68].

3.1.2. Developmental and Physiological Adaptations

Beyond ABA-related pathways, DNA methylation also contributes to developmental
and physiological adaptations associated with drought tolerance. Studies on Arabidopsis
thaliana cmt3 mutants, defective in CHG methylation maintenance, demonstrated reduced
stomatal density and enhanced drought tolerance across generations, highlighting the
importance of stable methylation contexts in regulating traits associated with water-use
efficiency [69]. In mulberry, drought-induced methylation changes affect genes involved
in hormone signalling, particularly auxin-related pathways, through the modulation of
interactions between Aux/IAA proteins and auxin response factors (ARFs) [70]. Although
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these genome-wide methylation studies reveal strong associations between DMRs and
stress-responsive genes, they do not by themselves demonstrate causal regulatory relation-
ships. Functional validation through mutant analysis, targeted epigenome editing, or gene
perturbation approaches remains essential. A similar integration between methylation and
hormonal regulation has been reported in Dendrobium officinale, where methylation-related
genes contain multiple hormone-responsive cis-elements, indicating extensive crosstalk
between epigenetic and hormonal signalling networks.

3.1.3. Genome-Wide Methylation Reprogramming

Beyond individual genes and signalling pathways, drought also induces extensive
genome-wide methylation reprogramming. Studies in crop species such as rice and maize
have identified thousands of differentially methylated regions (DMRs), particularly within
promoter regions of stress-responsive genes, demonstrating the large-scale epigenetic
changes that accompany water deficit [71–73]. In grafted systems, however, interpreta-
tion of these responses may be complicated by the movement of regulatory molecules.
Although grafting is not a drought-specific process, it provides valuable evidence for the
stability, transmission, and biological significance of epigenetic regulatory mechanisms,
thereby contributing to the broader understanding of stress-associated epigenetic memory.
For example, drought-associated methylation patterns can interact with mobile miRNAs,
including miR399, miR395, and miR172, making it difficult to distinguish direct epigenetic
inheritance from other forms of systemic regulation [74]. In addition, coordinated changes
in DNA methylation and gene expression have been observed in Populus × euramericana
under different water regimes, particularly in genes associated with ABA, salicylic acid,
and ethylene signalling pathways [75].

3.1.4. Hormonal Crosstalk Across Species

Besides regulating ABA-dependent responses, DNA methylation also coordinates
multiple hormonal pathways involved in drought adaptation across diverse plant species.
In barley, RNA-directed DNA methylation has been implicated in gene silencing under
terminal drought stress, with increased promoter methylation of CYTOKININ-OXIDASE
2.1 (HvCKX2.1) suggesting a direct connection between epigenetic regulation and cytokinin
metabolism [76]. In poplar, downregulation of the chromatin remodeller DECREASE OF
DNA METHYLATION 1 (DDM1) increased drought tolerance and was accompanied by
altered methylation patterns in hormone-related genes as well as changes in hormonal
balance, including elevated salicylic acid and reduced cytokinin levels [77]. Likewise,
studies in rice have shown that methylation dynamics influence pathways mediated by
ABA, auxin, gibberellins, jasmonates, cytokinins, and brassinosteroids, ultimately affecting
stress-responsive gene expression [78].

3.1.5. Cotton, Cadmium and Conserved Mechanisms

Similar observations have been reported in cotton, where methylation regulates hor-
monal pathways involving ethylene, auxin, gibberellins, and cytokinins, thereby con-
tributing to drought tolerance [79]. Genome-wide analyses have additionally identified
cytochrome P450 genes displaying stress-responsive methylation profiles, further sup-
porting a close relationship between epigenetic regulation and hormone metabolism [80].
Similar interactions between DNA methylation and hormone-regulated developmental
processes have also been described under cadmium stress. Although cadmium and drought
represent distinct abiotic stresses, this example is included because it demonstrates con-
served epigenetic regulatory mechanisms that are shared among different environmental
stress responses. Altered methylation states have been associated with changes in auxin
transport, cytokinin accumulation, stem cell niche maintenance, ROS homeostasis, meris-
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tem activity, gravitropic responses, and broader stress-responsive transcriptional and
metabolic networks, further supporting the role of epigenetic regulation in coordinating
plant developmental plasticity and environmental adaptation [81–85].

3.1.6. Overall Synthesis

Collectively, these findings demonstrate that DNA methylation functions as a central
regulatory interface between environmental stress perception and hormonal signalling.
More generally, hormone-regulated developmental responses can be influenced by a variety
of environmentally responsive metabolites that affect auxin-dependent growth processes,
root development, and adaptive plasticity, further illustrating the complexity of plant
regulatory networks [86,87]. Drought-induced methylation changes are often dynamic and
context-dependent, allowing plants to balance regulatory stability with adaptive plasticity.
By influencing the biosynthesis, signalling, and interaction of phytohormones such as ABA,
auxin, ethylene, gibberellins, cytokinins, jasmonates, and salicylic acid, DNA methyla-
tion contributes to both immediate stress responses and longer-term adaptive processes.
These molecular changes are frequently associated with physiological traits including
reduced stomatal conductance and improved water-use efficiency, thereby linking epige-
netic regulation to whole-plant drought tolerance [18]. Similar physiological responses,
including stomatal regulation, osmotic adjustment, and improved seedling performance
under drought, have also been comprehensively reviewed by Seymen et al. [88]. Within
the conceptual framework proposed here, DNA methylation can therefore be viewed as
a key regulatory layer that stabilises hormone-mediated responses while contributing to
the establishment of drought-associated stress memory. This interplay between epige-
netic regulation and hormonal signalling represents an important component of plant
resilience and a promising target for crop improvement strategies aimed at enhancing
drought tolerance [77].

3.2. Histone Modifications Coordinate Hormonal and Developmental Responses to Drought
3.2.1. Histone Modifications Regulate ABA-Dependent Drought Responses

Histone modifications represent an important regulatory layer linking hormonal sig-
nalling pathways with plant responses to drought stress. Through changes in histone
methylation, acetylation, and chromatin accessibility, plants can dynamically regulate
stress-responsive genes and fine-tune hormonal networks involved in adaptation to water
deficit. Increasing evidence indicates that these modifications contribute not only to im-
mediate stress responses but also to longer-term regulatory adjustments associated with
environmental adaptation. Among the hormonal pathways influenced by histone modifica-
tions, ABA signalling has received particular attention. In barley, genome-wide ChIP-seq
analyses revealed drought-induced changes in histone H3 modifications, especially H3K4
trimethylation and H3K9 acetylation. Notably, H3K9 acetylation showed strong enrichment
at genes associated with ABA signalling, including members of the protein phosphatase
2C (PP2C) family, highlighting the importance of chromatin regulation in ABA-mediated
drought responses [89].

3.2.2. Histone-Modifying Enzymes Coordinate Hormonal and Developmental Adaptation

Beyond chromatin-wide changes, several studies have demonstrated that histone
acetylation and deacetylation directly modulate ABA-dependent transcriptional responses
during drought stress. Changes in histone modifications at drought-responsive loci fur-
ther suggested a connection between WHY1 activity and epigenetic regulation of stress-
associated gene expression [90]. A similar relationship between histone modifications
and ABA-dependent pathways has been reported in sea buckthorn seedlings. Drought-
induced H3K9 acetylation positively regulates genes involved in ABA biosynthesis and
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signalling, including PP2C2, Dehydration-Responsive Element-Binding Protein 2 (DREB2),
members of the NAC transcription factor family, and SNF1-Related Protein Kinase 2 (SRK2).
These changes influence ABA synthesis and distribution and subsequently affect down-
stream regulators such as ABA Responsive Element-Binding Factor 2 (ABF2) [91]. Likewise, a
novel RPD3/HDA1-type histone deacetylase identified in poplar, 84KHDA903, displayed
differential expression under drought and ABA treatments. Transgenic tobacco plants
expressing this gene exhibited enhanced drought tolerance accompanied by increased
expression of stress-responsive genes including NtDREB4, NtDREB3, and NtLEA5, support-
ing a role for histone deacetylation in ABA-associated stress regulation [92]. In Arabidopsis
thaliana, the histone deacetylases HD2A and HD2B are also integrated into ABA-dependent
drought responses. Mutants lacking these proteins displayed enhanced drought resistance,
smaller stomatal apertures, elevated reactive oxygen species (ROS) levels, and increased
expression of drought-responsive genes, indicating that ABA-mediated feedback regulation
contributes to transcriptional control through histone deacetylation mechanisms [93].

3.2.3. Histone-Modifying Enzymes in Different Species

Beyond individual signalling pathways, several histone-modifying enzymes have
emerged as important regulators of drought adaptation. In wheat (Triticum aestivum),
Jumonji C (JmjC) domain-containing proteins coordinate complex histone methylation
dynamics associated with stress tolerance. Genes including Tr-1B-JMJ2, Tr-1A-JMJ2, Tr-
1B-JMJ3, Tr-1D-JMJ2, Tr-7A-JMJ1, and Tr-4B-JMJ1 have been identified as important com-
ponents of these epigenetic regulatory networks [94]. Histone deacetylases represent
another major class of enzymes involved in hormone-mediated stress adaptation. In
tomato (Solanum lycopersicum), the broadly expressed histone deacetylase gene SlHDA5
is induced by ABA and methyl jasmonate (MeJA), and its silencing reduces tolerance to
both salt and drought stress. These observations underscore the contribution of histone
acetylation dynamics to hormone-dependent stress responses [95]. A comparable role has
been described for SlHDA3, another tomato histone deacetylase whose silencing decreases
drought and salt tolerance. In this system, ABA and gibberellic acid (GA3) influence stress
adaptation, whereas indole-3-acetic acid (IAA) and salicylic acid (SA) participate in growth
and defense responses, all of which are modulated through histone-dependent regulatory
pathways [96].

3.2.4. Developmental Responses and Conclusion

Histone modifications also contribute to developmental and long-term responses asso-
ciated with environmental adaptation. In tomato, self-grafting induces extensive epigenetic
reprogramming involving both histone and DNA modifications. Significant changes in
histone H3K4 and H3K27 trimethylation, together with altered DNA methylation patterns,
were associated with persistent effects on hormone-related gene expression, chromoso-
mal organization, metabolic pathways, and stress-responsive processes [62]. Similarly,
drought-induced early flowering in Chinese cabbage is regulated through interactions
between histone modifications and hormonal signalling pathways. The histone H4 pro-
tein BrHIS4.A04 influences ABA-related responses and photoperiodic flowering genes,
thereby linking chromatin regulation with developmental adaptation under water deficit
conditions [97].

Collectively, these studies demonstrate that histone modifications function as dynamic
regulators of hormonal signalling during drought stress. Through the coordinated action
of histone methylation and acetylation pathways, plants can modulate ABA-dependent
responses, regulate stress-responsive gene expression, and integrate developmental pro-
grammes with environmental adaptation. The principal hormonal pathways influenced
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by epigenetic regulation during drought stress are summarized in Table 2. Within the
conceptual framework proposed in this review, histone modifications represent key compo-
nents of the feedback loops connecting hormonal signalling, transcriptional regulation, and
epigenetic memory, enabling flexible yet coordinated responses to drought stress.

Table 2. Hormonal pathways influenced by epigenetic regulation during drought stress.

Hormonal
Pathway

Epigenetic
Mechanism

Representative
Examples

Physiological or
Developmental Outcome References

Abscisic acid (ABA)

DNA methylation,
histone

modifications,
miRNA regulation

vp10 maize mutant,
citrus, wheat, tea
plant, barley, sea
buckthorn, rice

miR2105–OsbZIP86
module

Stomatal regulation, ABA
accumulation, activation

of stress-responsive genes,
enhanced

drought tolerance

[64–68,89,91,98]

Auxin

DNA methylation
and

miRNA-mediated
regulation

Mulberry;
Dendrobium

huoshanense; tomato
drought-responsive

miRNAs

Root development,
growth adjustment and

drought adaptation
[70,99,100]

Cytokinins

DNA methylation
and

miRNA-mediated
regulation

Barley (HvCKX2.1);
poplar; Dendrobium

huoshanense

Growth regulation and
adaptation to water deficit [76,77,100]

Ethylene DNA methylation-
mediated regulation

Cotton;
Populus × euramericana

Modulation of
stress-responsive

pathways
[75,79]

Gibberellins (GA)
DNA methylation

and histone
modifications

Rice; cotton; tomato
(SlHDA3)

Coordination of growth
and drought responses [78,79,96]

Jasmonates (JA)

DNA methylation
and histone
modification

pathways

Rice; tomato
(SlHDA5)

Regulation of stress
signalling and

adaptive responses
[78,95]

Salicylic acid (SA)

DNA methylation
and

histone-associated
regulation

Poplar; tomato Hormonal balance and
stress acclimation [75,77,96]

Multiple hormonal
pathways

DNA methylation
and

miRNA-mediated
regulation

Rice, cotton, maize,
peach, almond,

sweet potato

Coordination of
drought-responsive
transcriptional and

physiological processes

[78,79,101–103]

3.3. MicroRNA-Mediated Regulation of Hormonal Signalling Under Drought Stress

miRNAs are important regulators of plant adaptation to drought, acting through the
modulation of genes involved in hormone biosynthesis, perception, and signalling [104,105].
Their ability to coordinate multiple regulatory pathways places them at the centre of the
molecular networks underlying drought acclimation. The development of high-throughput
sequencing technologies has enabled the identification of large numbers of drought-
responsive miRNAs across plant species. These studies have revealed extensive spatial and
temporal variation in miRNA expression patterns, indicating that their responses are highly
context-dependent and tightly linked to developmental stage and tissue type [104,106–108].
A major aspect of miRNA-mediated regulation concerns hormone-related pathways. In Den-

https://doi.org/10.3390/epigenomes10030052

https://doi.org/10.3390/epigenomes10030052


Epigenomes 2026, 10, 52 13 of 29

drobium huoshanense, drought stress alters the expression of 211 miRNAs, including miR156,
miR157d, and miR160a-5p, which are associated with auxin and cytokinin signalling and
contribute to drought adaptation [100]. Likewise, in tomato, 699 miRNAs were identified
during breeding for drought tolerance, with miR160, miR165, miR166, miR171, miR398,
miR408, miR827, miR9472, miR9476, and miR9552 participating in hormone-mediated
regulatory networks linked to both drought responses and tissue development [99]. Ev-
idence from rice further highlights the broad regulatory influence of miRNAs. Chen
and Li [101] identified 13 miRNAs targeting 58 mRNAs involved in hormone signalling,
metabolism, and antioxidant defence pathways. Similarly, early studies based on partial
root zone drying identified novel drought-responsive miRNAs whose expression patterns
reflected the interaction between hormonal signalling and phosphorus homeostasis un-
der changing water conditions [109]. The influence of miRNAs extends beyond classical
hormone pathways. In maize roots, drought-induced morphological, physiological, and
transcriptomic changes were accompanied by alterations in miRNA expression, revealing a
close relationship between hormonal regulation and stress-responsive gene networks [110].
Comparable findings were reported in sweet potato, where analyses conducted under
elevated CO2 and drought conditions revealed interactions among miRNAs, transcrip-
tion factors, hormone regulators, and carbon metabolism pathways [103]. In Camellia
oleifera, integrated mRNA-seq and miRNA-seq analyses identified drought-responsive
genes associated with photosynthesis, chlorophyll metabolism, circadian rhythm, and
hormone signalling, underscoring the central role of miRNAs in drought tolerance [111].
The contribution of miRNAs to drought adaptation has also been demonstrated in peren-
nial species. In peach and almond, miR156, miR159, miR160, miR167, miR171, miR172,
miR398, miR403, miR408, miR842, and miR2275 were associated with dehydration re-
sponses, while promoter analyses revealed the presence of hormone-responsive elements
linked to their regulation [102]. In Paulownia “yuza 1”, Deng et al. [112] identified 107
miRNAs and 42 putative target genes related to drought adaptation, including functions
associated with hormone signalling, osmotic adjustment, and photosynthesis. Additional
regulatory complexity is provided by interactions between different classes of non-coding
RNAs. In rice, Yang et al. [113] described a ceRNA network in which lncRNAs interact with
miRNAs to regulate hormone signalling, chlorophyll biosynthesis, and protein production
under drought stress. Among these interactions, MSTRG.28732.3 was proposed to act
through miR171 and genes involved in chlorophyll biosynthesis, including Os02g0662700,
Os02g0663100, and Os06g0105350. Taken together, these findings demonstrate that miRNAs
act as central regulators of hormonal signalling pathways during drought stress. Beyond
stress responses, miRNA-mediated regulation is also involved in developmental processes,
including fruit maturation and ripening, further supporting the broad regulatory functions
of small RNAs in plant growth and environmental adaptation [114]. Although these de-
velopmental processes are not directly related to drought stress, they illustrate conserved
regulatory mechanisms that are also recruited during abiotic stress responses, highlighting
the broad functional roles of miRNAs across different biological contexts.

By influencing hormone-related genes and interconnected metabolic processes, they
contribute to the regulation of photosynthesis, osmotic balance, growth, and stress adap-
tation. Within the proposed framework, miRNAs represent key regulatory nodes linking
signalling pathways with transcriptional and epigenetic regulation, thereby contributing to
both rapid and sustained adaptive responses to drought.

3.4. Epi-miRNAs as Integrators of Epigenetic and Hormonal Responses

Among the diverse classes of drought-responsive miRNAs, increasing attention has
been directed toward miRNAs that have been proposed to be under epigenetic regulation,
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here referred to as putative epi-miRNAs. It is important to distinguish experimentally
validated epi-miRNAs, whose expression has been directly demonstrated to be regulated
by epigenetic mechanisms, from drought-responsive miRNAs whose expression changes
during stress but for which direct evidence of epigenetic regulation is still lacking. Unless
otherwise stated, the examples discussed below should therefore be interpreted primarily
as drought-responsive miRNAs with potential epigenetic regulation.

These molecules represent an additional layer of regulatory control, integrating post-
transcriptional gene regulation with epigenetic mechanisms involved in plant stress adap-
tation [115,116]. Besides regulating target mRNAs, several miRNAs indirectly contribute
to chromatin remodelling through interactions with the RNA-directed DNA methylation
(RdDM) pathway. These interactions influence the recruitment of DNA methyltransferases
and chromatin-associated proteins, thereby contributing to locus-specific DNA methylation
and transcriptional gene silencing. Consequently, miRNA-mediated regulation repre-
sents an additional mechanistic link between post-transcriptional regulation and epigenetic
control during drought responses. The significance of epi-miRNAs lies in their ability to par-
ticipate in reciprocal interactions between small RNA pathways and epigenetic regulation.
The interplay between miRNAs and epigenetic modifications contributes to the fine-tuning
of stress-responsive gene expression, influencing chromatin accessibility and regulatory
activity during drought conditions [13]. Through the regulation of DNA methyltrans-
ferases and histone-modifying enzymes, epi-miRNAs may affect chromatin organization
and thereby modulate plant responses to environmental stress. Evidence for the involve-
ment of drought-responsive miRNAs and putative epi-miRNAs in drought adaptation has
been reported across several plant species. In Solanum lycopersicum, drought-responsive
miRNAs such as miR160, miR166, and miR398 target genes associated with dehydration
responses and stress adaptation pathways. These miRNAs regulate transcription factors
and proteins, including dehydration-responsive proteins and glycosyltransferases, that
contribute to adaptation under water-deficit conditions [99]. A broader picture emerged
from the work of Chakraborty et al. [115], who identified 1002 miRNAs across multiple
millet species, including 215 miRNAs targeting 155 major drought-responsive genes. These
findings emphasize the extensive involvement of miRNA-mediated regulation in drought
tolerance and suggest considerable potential for the improvement of crop performance
under water-limited environments. The functional relevance of epi-miRNAs is particularly
evident in pathways associated with ABA. MiRNAs contribute to drought adaptation
through the regulation of ABA biosynthesis and signalling [117]. In rice, Gao et al. [98]
demonstrated that OsbZIP86 plays a central role in drought-induced ABA accumulation.
In the absence of miR2105, OsbZIP86 is activated by OsSAPK10, resulting in increased Os-
NCED3 expression and enhanced ABA production. Consequently, plants carrying miR2105
knockdown constructs or overexpressing OsbZIP86 exhibited increased ABA accumula-
tion, reduced water loss, enhanced stomatal closure, and improved drought tolerance.
Conversely, overexpression of miR2105 and downregulation or knockout of OsbZIP86
led to reduced ABA content and lower drought resilience. Although the importance of
epi-miRNAs is increasingly recognized, relatively few have been experimentally validated
to date. Consequently, current efforts are focused on identifying additional miRNAs under
epigenetic control and clarifying their specific contributions to drought adaptation [118].
Overall, although only a limited number of miRNAs have been experimentally validated
as epi-miRNAs, increasing evidence suggests that drought-responsive miRNAs interact
closely with epigenetic pathways and may contribute to chromatin-based regulation. By
connecting post-transcriptional regulation with epigenetic mechanisms, they provide a
functional link between chromatin-based regulation and stress-responsive signalling path-
ways. Within the proposed conceptual framework, epi-miRNAs can therefore be viewed as
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integrative elements that bridge epigenetic regulation and hormonal signalling, contribut-
ing to both immediate adaptive responses and longer-term regulatory adjustments.

3.5. Epitranscriptomic Regulation in Plant Drought Responses

In addition to canonical epigenetic layers—DNA methylation, histone modifications,
and small RNA pathways—plants also employ epitranscriptomic regulation, defined as
chemical modifications of RNA that modulate gene expression at the post-transcriptional
level [91,119–121]. This regulatory layer enables rapid and reversible adjustments of
gene expression, making it particularly relevant under fluctuating environmental condi-
tions such as drought stress. The plant epitranscriptome encompasses a wide range of
RNA modifications (with more than 150 described across organisms), among which N6-
methyladenosine (m6A) and 5-methylcytosine (m5C) are the most extensively studied in
mRNA [28,119,120,122]. Among these, m6A is considered the most abundant internal mod-
ification of eukaryotic mRNA and serves as a model for understanding epitranscriptomic
regulation in plants [28,120,123].

Mechanistically, m6A operates through a “writer–reader–eraser” system involving
methyltransferases, RNA-binding proteins (often YTH-domain proteins), and demethy-
lases, which collectively regulate transcript stability, splicing, export, and translation effi-
ciency [119–121,123]. Functionally, these modifications influence RNA fate by modulating
RNA–protein interactions and local RNA structure, thereby affecting gene expression out-
puts. In many cases, m6A is enriched near stop codons and in 3′ UTR regions, suggesting
that its positional distribution contributes to its regulatory function [28,121,123].

With respect to drought adaptation, epitranscriptomic regulation provides a mech-
anism for rapid modulation of stress-responsive transcripts. Available studies indicate
that RNA methylation pathways respond dynamically to abiotic stress and can influence
transcript stability and translation efficiency [120–122]. In particular, m6A deposition on
stress-related transcripts has been associated with enhanced stability, reduced RNA sec-
ondary structure, and increased protein production, supporting its role in osmotic stress
responses, a key component of drought physiology [91]. Although direct drought-specific
evidence remains limited and context-dependent, these findings support the view that
epitranscriptomic regulation contributes to transcriptome plasticity under water deficit
conditions [91,120].

In addition to m6A, other RNA modifications such as m5C, pseudouridine (Ψ), and 2′-
O-methylation (Nm) are increasingly recognized, although their functional roles in plants
remain less well characterized due to technical limitations in detection and quantifica-
tion [28,119]. Nonetheless, these modifications are thought to act as regulatory switches
affecting RNA processing, translation, and decay, processes that are particularly important
under rapidly changing environmental conditions.

Within the conceptual framework proposed in this review, epitranscriptomic regu-
lation represents a highly dynamic layer that complements chromatin-based epigenetic
mechanisms. Unlike DNA methylation or histone modifications, RNA modifications are
generally not considered stably heritable, as they are lost upon transcript degradation. Con-
sequently, their contribution to stress “memory” is best interpreted as transient, operating
at the level of RNA persistence rather than long-term epigenetic inheritance [124,125].

Importantly, epitranscriptomic regulation may interact with both hormonal signalling
and miRNA-mediated pathways. For instance, regulatory regions of m6A-related genes
often contain hormone-responsive cis-elements, suggesting that hormonal signals may
modulate the epitranscriptomic machinery [126]. In addition, bidirectional interactions
between m6A and miRNA pathways have been proposed, whereby RNA methylation may
influence miRNA binding and, conversely, miRNAs may affect m6A deposition, although
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much of this evidence derives from non-plant systems and requires further validation in
plant drought contexts [124,127].

Overall, epitranscriptomic regulation can be integrated into drought-response models
as a rapid and flexible post-transcriptional control layer that interacts with hormonal
and small RNA pathways. While its mechanistic role in drought adaptation is still being
elucidated, current evidence supports its contribution to fine-tuning gene expression and
enhancing plant responsiveness to water deficit conditions [28,120,122,124,125].

4. Technological Advances in Studying Epigenetic Modifications
Investigating epigenetic modifications has become essential for understanding the

complex regulatory mechanisms controlling gene expression, particularly in the context
of plant responses to environmental stresses such as drought. Recent technological in-
novations have transformed the study of epigenetics, offering powerful tools to dissect
these molecular processes [128]. This section highlights two major advancements: high-
throughput approaches for profiling epigenetic changes and the use of CRISPR-Cas9 for
engineering epigenetic regulation to improve drought tolerance.

4.1. Profiling Drought-Induced Epigenetic Landscapes

The development of high-throughput technologies has transformed the study of plant
epigenetics, enabling genome-wide characterization of DNA methylation, histone modifica-
tions, chromatin accessibility, and regulatory elements involved in stress adaptation. Com-
bined with next-generation sequencing, these approaches provide unprecedented insights
into the molecular mechanisms underlying drought responses and generate large-scale
datasets that support the identification of stress-responsive regulatory networks [107,129].

Among these approaches, DNA methylation profiling has become a fundamental
tool for investigating drought-associated epigenetic regulation. Bisulfite sequencing re-
mains the gold standard for detecting 5-methylcytosine at single-nucleotide resolution,
providing detailed maps of methylation patterns across plant genomes [130]. Applications
of methylation-based approaches have revealed important mechanisms associated with
drought adaptation. For example, Shaik and Ramakrishna [131] used methylcytosine
immunoprecipitation coupled with sequencing to analyse drought-responsive genes in
rice, uncovering complex interactions among DNA methylation, miRNA regulation, and
gene expression, particularly in chromatin-remodelling genes. Similarly, Garg et al. [132]
employed high-throughput sequencing to generate single-base-resolution methylation
maps in three rice cultivars, identifying differentially methylated regions (DMRs) asso-
ciated with genes involved in drought responses. High-throughput sequencing has also
facilitated the study of epimutations. Zheng et al. [133] developed rice lines that accumu-
lated epimutations over successive generations of drought exposure, demonstrating that
these modifications occur non-randomly and contribute to drought adaptation. Likewise,
Wang et al. [71] showed that increased DNA methylation in maize roots is associated with
water stress and drought tolerance. Together, these studies highlight the value of methy-
lation profiling for identifying drought-responsive epigenetic signatures and potential
markers for crop improvement.

Genome-wide analyses of histone modifications have similarly benefited from ad-
vances in sequencing technologies. Chromatin immunoprecipitation sequencing (ChIP-seq)
enables the mapping of specific histone marks across the genome and has substantially
improved our understanding of chromatin-mediated stress regulation [134]. In barley,
Ost et al. [89] used ChIP-seq to identify drought-induced changes in H3K9 acetylation and
H3K4 trimethylation, revealing strong associations with ABA signalling pathways and acti-
vation of drought-responsive genes. Song et al. [135] reported positive correlations between
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H3K9ac enrichment and drought-responsive gene expression in Brachypodium distachyon,
while Dasgupta et al. [136] demonstrated links between H3K27 modifications and stress-
responsive gene activation in rice. Furthermore, Zong et al. [137] identified interactions
between H3K4me3 and the transcription factor OsbZIP23 in regulating drought-responsive
genes. More recently, Zhao et al. [138] highlighted the role of the histone demethylase
JMJ710 in rice, showing that its overexpression increases drought sensitivity through altered
expression of stress-related genes. Collectively, these studies demonstrate the utility of
ChIP-seq-based approaches for dissecting chromatin-level regulation of drought responses.

In addition to DNA methylation and histone profiling, methods that assess chromatin
accessibility have provided new perspectives on gene regulation under water deficit con-
ditions. Assays such as ATAC-seq (Assay for Transposase-Accessible Chromatin with
sequencing) generate genome-wide maps of accessible chromatin regions and facilitate the
identification of regulatory elements involved in stress adaptation [139]. Using ATAC-seq,
Mladenov et al. (2023) [140] performed the first epigenetic analysis of the desiccation-
tolerant species Haberlea rhodopensis, while Yang et al. [141] demonstrated that OsNMCP1
influences chromatin accessibility at drought-responsive loci in rice, affecting root de-
velopment and drought tolerance. Comparative ATAC-seq studies across cultivars and
species offer additional opportunities to identify conserved and species-specific regulatory
mechanisms associated with drought resilience.

The growing volume of epigenomic information generated by these technologies
has stimulated the development of computational approaches for data integration and
interpretation. Advances in computational epigenetics have improved the analysis of
large-scale datasets and facilitated the construction of comprehensive epigenetic maps that
capture the complexity of drought-responsive regulatory networks [128,142–144]. Integrat-
ing methylation, chromatin accessibility, histone modification, and transcriptomic datasets
is increasingly enabling a systems-level understanding of plant adaptation to drought stress
and accelerating the identification of candidate genes and regulatory pathways relevant for
crop improvement. Recent studies further demonstrate that combining epigenomic datasets
with artificial intelligence and high-throughput phenotyping pipelines can substantially
improve the identification of stress-responsive biomarkers and predictive models for crop
improvement [145].

4.2. Functional Dissection and Epigenome Engineering Approaches

The CRISPR-Cas9 system has transformed plant biology by enabling precise and
efficient genome editing of specific DNA sequences [146].

Conventional CRISPR/Cas9-mediated genome editing has become an essential tool
for investigating the functions of epigenetic regulators involved in plant stress responses.
By generating knockout or knock-in mutants, researchers can determine the biological
roles of genes controlling DNA methylation, histone modifications, and chromatin re-
modelling. For example, targeted disruption of the chromatin remodeller DECREASE
IN DNA METHYLATION1 (DDM1) in tomato (Solanum lycopersicum) has improved our
understanding of methylation-dependent genome stability and transposon silencing [147].
Similarly, CRISPR/Cas9-mediated knockout of the histone deacetylase ZmHDT103 in
maize demonstrated that this regulator contributes to drought tolerance, with mutant
plants exhibiting enhanced resilience under water-deficit conditions [148]. These studies
provide functional evidence linking epigenetic regulators to drought-responsive pheno-
types but do not constitute targeted epigenome editing, as the underlying DNA sequence
is permanently modified.

In contrast, CRISPR-based epigenome editing relies on catalytically inactive Cas
proteins (dCas9) fused to epigenetic effector domains, allowing locus-specific modifi-
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cation of DNA methylation or histone marks without altering the underlying DNA
sequence [149–151]. For example, the catalytic domain of the Arabidopsis ROS1 5-
methylcytosine DNA glycosylase has been fused to dCas9 to reactivate genes silenced
by DNA methylation [152]. Likewise, fusion of dCas9 with histone-modifying enzymes
enables targeted changes in chromatin state, providing a powerful approach to directly
test causal relationships between specific epigenetic modifications and drought-responsive
phenotypes [153].

Together, conventional genome editing and targeted epigenome editing provide com-
plementary strategies for investigating plant drought adaptation. While CRISPR/Cas9
knockout approaches reveal the biological functions of epigenetic regulators, dCas9-based
epigenome editing enables direct manipulation of chromatin states at specific loci without
modifying the genomic sequence. The combination of these approaches will be instrumen-
tal in translating epigenetic discoveries into innovative strategies for crop improvement.

The principal technologies currently used to investigate and manipulate drought-
associated epigenetic regulation are summarized in Table 3.

Table 3. Technologies used to investigate and manipulate drought-associated epigenetic regulation.

Technology
Epigenetic Feature

Analysed or
Manipulated

Main Application Representative Findings References

CRISPR/Cas9
genome editing

Functional analysis
of epigenetic

regulators

Gene
knockout/knock-in for
functional validation

Validation of the roles of
candidate epigenetic
regulators in drought

tolerance through
targeted gene disruption

or insertion.

[146]

CRISPR/dCas9
epigenome editing

DNA methylation
and histone

modifications

Targeted epigenetic
engineering

Programmable editing of
DNA methylation and

chromatin states enables
targeted modulation of

stress-responsive
gene expression.

[149,150]

Bisulfite
sequencing DNA methylation

Identification of
differentially

methylated regions
(DMRs)

Genome-wide
methylation profiling

associated with
drought adaptation

[130,132]

MeDIP-seq DNA methylation

Characterization of
methylation patterns
in stress-responsive

genes

Links between DNA
methylation, miRNAs and

drought-responsive
gene expression

[154]

Small RNA
sequencing miRNAs

Discovery of
drought-responsive

regulatory RNAs

Identification of known
and novel

drought-associated
miRNAs

[155]

High-throughput
sequencing (HTS)

Genome-wide
epigenetic variation

Detection of
epimutations and
stress-associated
genomic changes

Identification of
drought-induced
epimutations and

regulatory networks

[133]
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Table 3. Cont.

Technology
Epigenetic Feature

Analysed or
Manipulated

Main Application Representative Findings References

ChIP-seq Histone
modifications

Mapping of
chromatin-associated

regulatory marks

Identification of
drought-responsive

histone acetylation and
methylation patterns

[89,134–137]

ATAC-seq Chromatin
accessibility

Identification of
regulatory regions and
accessible chromatin

Characterization of
chromatin accessibility

associated with
drought adaptation

[139–141]

Computational
epigenomics

Multi-omics
integration

Reconstruction of
regulatory networks

Generation of integrated
epigenetic maps
associated with

drought responses

[128,142–144]

CRISPR/dCas9
epigenome editing

DNA methylation
and histone

modifications

Functional validation
and targeted

epigenetic engineering

Targeted manipulation of
epigenetic regulators

involved in
drought tolerance

[149–153]

4.3. Integration and Future Applications of Epigenomic Technologies

Recent technological advances have substantially expanded our understanding of the
epigenetic mechanisms underlying plant responses to drought stress. High-throughput
approaches, including bisulfite sequencing, ChIP-seq, and ATAC-seq, have enabled genome-
wide characterization of DNA methylation patterns, histone modifications, and chromatin
accessibility, providing unprecedented insights into the regulatory networks that govern
stress-responsive gene expression. These technologies have revealed the complexity of
epigenetic regulation and facilitated the identification of molecular pathways associated
with drought adaptation.

At the same time, the emergence of CRISPR-based genome and epigenome engineer-
ing has provided powerful tools for investigating the functional significance of specific
epigenetic modifications. Targeted manipulation of DNA methylation and histone marks
has improved our ability to establish causal relationships between epigenetic regulation and
stress-responsive phenotypes, while also opening new opportunities for the development
of crops with enhanced drought tolerance.

Together, these complementary approaches are accelerating the transition from de-
scriptive epigenetic studies to functional and translational research. The integration of
high-resolution epigenomic profiling with targeted epigenome engineering is expected
to facilitate the identification of key regulatory loci and accelerate the development of
innovative strategies for crop improvement under increasingly challenging environmen-
tal conditions.

5. Challenges and Open Questions
Despite major progress in profiling drought-responsive epigenetic layers, a key un-

resolved issue is causality: many drought-associated changes in DNA/RNA marks are
identified through genome-/transcriptome-wide mapping, but their mechanistic contri-
bution to drought phenotypes often remains inferred rather than directly demonstrated,
making functional validation essential [119–122]. This limitation is repeatedly emphasized
in epigenome/epitranscriptome-for-breeding perspectives, which note that practical ex-
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ploitation requires a deeper mechanistic understanding of how specific marks and their reg-
ulatory machineries influence RNA fate and downstream traits under stress [119,120,122].
Recent progress in programmable RNA editing (e.g., CRISPR/dCas13-based targeted instal-
lation/removal of m6A) provides a concrete route to test causality at the level of individual
transcripts and assess phenotypic impact under drought, but these approaches are still
emerging and require broader validation across crops and environments [28,119,122].

A second open question concerns the stability and (trans)generational persistence
of “epigenetic memory.” Multiple reviews highlight that stress can induce epigenetic re-
programming that may contribute to memory-like effects, yet the duration, reversibility,
and heritability of these states vary across contexts and remain insufficiently predictable
for routine deployment in crop improvement [120,156,157]. In climate-change syntheses,
drought is explicitly discussed as a driver of DNA methylation changes that may some-
times be retained after stress relief, supporting the plausibility of persistence while also
underscoring context dependence [156]. More broadly, reviews of stress-induced epige-
netic/metabolic regulation emphasize outstanding gaps regarding the temporal dynamics,
tissue specificity, and long-term stability of epigenetic marks in crops—parameters that
are decisive for whether a “memory” state can be harnessed safely and reproducibly in
agriculture [120,123,157].

A third bottleneck is translation to breeding and field performance. Crop-improvement
reviews argue that epigenetic and epitranscriptomic diversity could expand the breed-
ing toolbox, but they also stress that translation requires (i) robust mechanistic links be-
tween marks and traits and (ii) validation in agronomically relevant settings, including
field evaluation [119–121]. In rice-focused epitranscriptomic syntheses, m6A dynamics
are proposed as a promising lever to tune drought responses, yet the same analyses
explicitly call for careful functional validation and field evaluation before broad crop
deployment [121]. Technically, these goals are constrained by continuing challenges in
epitranscriptome measurement—particularly achieving high-resolution, quantitative, and
comparable detection of multiple RNA marks across tissues and stress regimes—although
third-generation and direct RNA sequencing approaches are expanding what is currently
measurable [119,121,126].

Finally, an important (and sometimes under-tested) consideration is the potential for
fitness or yield trade-offs. Stress responses are tightly linked to metabolic reprogramming
(e.g., redirected carbon/nitrogen fluxes toward protective metabolites), which is itself un-
der epigenetic control, implying that drought-adaptive states may carry opportunity costs
under non-stress conditions [157]. In parallel, plant m6A syntheses explicitly frame epitran-
scriptome engineering as a means to fine-tune trade-offs via more precise regulation of gene
expression, highlighting that understanding when stress-enhancing regulation becomes
growth-limiting remains an open question rather than a settled outcome [119,122,124].

Despite significant advances, several key questions remain open, defining priorities
for future research. A central challenge is to distinguish causal regulatory mechanisms
from downstream molecular signatures, particularly in the context of epigenetic and
epitranscriptomic modifications. Establishing causality will require integrating functional
approaches, such as targeted epigenome and RNA editing, to validate candidate regulatory
elements across diverse genetic backgrounds [28,119,121,122].

Another critical issue concerns the persistence and stability of stress-induced memory.
While epigenetic and epitranscriptomic modifications can contribute to adaptive responses,
the extent to which these changes are maintained within an individual plant or transmitted
across generations, and how environmental variability influences their stability, remains
incompletely understood [120,122,123,156].
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From an applied perspective, translating epigenetic knowledge into breeding strategies
represents a major challenge. Developing field-relevant predictive models will require
multi-environment validation and a better understanding of how regulatory mechanisms
perform under realistic agricultural conditions [119–121].

Finally, the agronomic consequences of maintaining stress-responsive states must be
carefully evaluated. While these mechanisms enhance drought tolerance, they may also
involve fitness trade-offs that affect growth and productivity under non-stress conditions,
highlighting the need to balance resilience with yield optimization [121,124,157].

6. Future Prospects
Future advances in plant drought biology will likely depend on the integration of

multiple regulatory layers rather than on the study of individual mechanisms in isolation. A
major challenge for future research will be the development of comprehensive models capa-
ble of linking epigenetic modifications, hormonal signalling pathways, non-coding RNAs,
and epitranscriptomic regulation within unified drought-response networks. The increas-
ing availability of multi-omics datasets offers unprecedented opportunities to address this
challenge. Integrating epigenomic, transcriptomic, proteomic, and metabolomic informa-
tion may facilitate the identification of key regulatory hubs controlling drought adaptation
and improve our understanding of the complex interactions underlying stress-responsive
phenotypes. Recent developments in genome and epigenome engineering further provide
promising opportunities for translating fundamental discoveries into crop improvement
strategies. Targeted manipulation of DNA methylation, histone modifications, and regula-
tory RNAs may enable the modification of specific drought-responsive pathways while
minimizing undesired effects on plant growth and development. Another important re-
search priority concerns the establishment and persistence of drought-associated stress
memory. Although increasing evidence supports the existence of epigenetic memory mech-
anisms, important questions remain regarding their maintenance after stress recovery,
their stability across generations, and their potential exploitation in breeding programmes.
Future studies should also clarify the role of phytohormone–epigenetic crosstalk in coor-
dinating drought responses. Expanding our understanding of how environmental and
developmental signals converge to regulate gene expression may further improve the
interpretation of plant adaptive responses under changing conditions [158]. Understanding
how hormonal signals influence chromatin dynamics and how epigenetic states affect
hormone sensitivity may reveal key regulatory nodes controlling plant adaptation to water
deficit. Finally, expanding research on non-coding RNAs, epitranscriptomic regulation,
and stress-associated traits such as root architecture, stomatal development, and water-
use efficiency will provide additional insights into the mechanisms through which plants
achieve drought resilience.

7. Conclusions
As highlighted by the conceptual framework proposed in this review, plant adapta-

tion to drought emerges from the coordinated interaction of multiple regulatory layers,
including chromatin-based epigenetic mechanisms, hormonal signalling pathways, and
small RNA-mediated regulation.

DNA methylation and histone modifications play central roles in modulating gene ex-
pression, enabling both rapid physiological responses and the establishment of longer-term
adaptive memory. These chromatin-level processes are tightly integrated with hormonal
signalling networks, particularly those involving abscisic acid (ABA), ethylene, jasmonates,
and salicylic acid, which collectively fine-tune plant responses to water deficit. In parallel,
miRNAs act as key regulatory nodes linking transcriptional, post-transcriptional, and epi-
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genetic processes, reinforcing the coordination between short-term responses and sustained
adaptive strategies.

Emerging evidence further indicates that epitranscriptomic modifications, such as
m6A RNA methylation, add an additional layer of regulation by dynamically modulating
transcript stability and translation efficiency. Although their role in drought adaptation is
still being elucidated, these mechanisms are likely to contribute to the fine-tuning of gene
expression and to rapid, reversible stress responses.

Importantly, drought adaptation must also be considered in light of potential fit-
ness trade-offs. While stress-induced regulatory states enhance survival under adverse
conditions, they may impose metabolic and developmental costs when stress is absent,
highlighting the need to balance resilience with growth and productivity.

Technological advances, including high-throughput epigenomic profiling and CRISPR-
based epigenome and epitranscriptome editing, are rapidly expanding our ability to dissect
causal relationships and to engineer stress-responsive regulatory networks. These tools
provide unprecedented opportunities to translate mechanistic insights into practical appli-
cations for crop improvement.

Overall, integrating epigenetic, epitranscriptomic, hormonal, and small RNA-
mediated regulation into a unified framework offers a powerful perspective on plant
drought responses. Future research should focus on identifying causal regulatory elements,
clarifying the stability and heritability of stress-induced modifications, and evaluating
their impact under field conditions. Such efforts will be essential for developing resilient
crops capable of sustaining productivity in the face of increasing environmental challenges.
Bridging controlled experimental insights with field-level complexity will be critical to
fully harness these regulatory mechanisms in real-world agricultural systems.

Together, these insights redefine plant drought adaptation as a multi-layered and
dynamic regulatory process, where the integration of epigenetic, epitranscriptomic, and
hormonal networks represents a key frontier for both fundamental research and sustainable
crop improvement.

Looking ahead, translating these advances into practical breeding programmes will
require the integration of multi-omics datasets, artificial intelligence-assisted predictive
models, and functional validation through genome and epigenome editing. In addition,
the identification and exploitation of naturally occurring epialleles and precision epigenetic
engineering offer promising opportunities to develop climate-resilient crops with enhanced
drought tolerance while minimizing potential trade-offs between stress adaptation, growth,
and yield. Together, these approaches are expected to accelerate the implementation of
epigenetic knowledge into next-generation breeding and biotechnological strategies for
sustainable agriculture under changing climatic conditions.
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