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Epigenetic Regulation Mechanisms of Plant Resilience under
Drought Stress

Abstract

Drought is an abiotic environmental stress that has a deleterious effect on plant
development, growth, and crop yield worldwide. With the escalation of climate
change conditions, understanding the molecular mechanisms involved in plant
responses to drought stress will provide vital information for the development of
climate-resistant crops. Epigenetic modifications, including DNA methylation, histone
modification, and small RNAs, play crucial roles in regulating gene expression
without altering the basic DNA sequence. This is a summary of recent advances
toward elucidation of epigenetic regulatory mechanisms responsible for drought stress
resistance in plants. By performing high-throughput sequencing-based comparative
analysis of drought-sensitive and drought-resistant varieties and by employing gene
silencing tools, researchers have achieved some breakthroughs in the identification of
key epigenetic regulators responsible for modulating drought stress response. We
discuss the dynamic epigenetic regulatory networks involved in plant drought
tolerance and point to potential epigenetic targets for molecular breeding approaches
to improve crop resilience under water-limited conditions.
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1 Introduction

Water scarcity is one of the most critical environmental challenges affecting
agricultural productivity worldwide. Climate change scenarios predict increased
frequency and severity of drought events, which will further threaten global food
security(!l. Plants have evolved sophisticated mechanisms to perceive and respond to
drought stress, involving complex signaling networks and transcriptional
reprogramming. In recent years, epigenetic regulation has emerged as a crucial layer
in modulating plant responses to environmental stresses, including drought 21,
Epigenetic modifications refer to heritable changes in gene expression that occur
without alterations in the DNA sequence. These modifications include DNA
methylation, histone modifications, chromatin remodeling, and small RNA-mediated
regulation. Epigenetic mechanisms provide plants with phenotypic plasticity, allowing
them to adapt to changing environmental conditions®]. Understanding the epigenetic
basis of drought tolerance is essential for developing innovative strategies to improve
crop resilience in water-limited environments.

This review synthesizes recent advances in our understanding of epigenetic regulation
mechanisms underlying plant responses to drought stress. We focus on
high-throughput sequencing studies comparing drought-sensitive and drought-tolerant

plant varieties, combined with functional validation using gene silencing approaches.
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Additionally, we discuss the potential applications of epigenetic knowledge in
molecular breeding programs aimed at enhancing drought resilience in crops.

2 Epigenetic Mechanisms in Plant Drought Responses

2.1 DNA Methylation Dynamics under Drought Stress

DNA methylation, meaning the addition of a methyl group to cytosine residues, is a
highly well-characterized epigenetic mark of vital importance for gene regulation in
plants. Global patterns of drought-inducible methylation changes, discernible through
the technology of whole-genome bisulfite sequencing (WGBS), were documented in
numerous various plants not very long ago'l.

Comparative methylome analysis between drought-tolerant and drought-sensitive
cultivars has identified differential methylation regions (DMRs) associated with
drought tolerance. For instance, a recent study on rice contrasted methylome profiles
of drought-tolerant and drought-sensitive cultivars and reported that drought-tolerant
cultivars exhibited hypomethylation in promoter regions of stress-responsive genes,
enabling them to be rapidly activated upon drought exposure®. Similarly, in wheat,
drought stress induced genome-wide alterations in DNA methylation patterns with
overall decreased CHH methylation (where H is A, T, or C) in drought-tolerant
genotypes.

DNA methyltransferases (DNMTs) and demethylases are pivotal enzymes regulating
DNA methylation dynamics. Gene silencing experiments directed against DNMTs in
recent research have indicated the critical role of DNMTs in drought tolerance. For
example, the OsDRM2, a de novo methyltransferase in rice, when knocked down,
caused enhanced drought sensitivity and suggested its positive regulation of drought
stress response (4],

2.2 Histone Modifications and Chromatin Remodeling

Histone modifications like acetylation, methylation, phosphorylation, and
ubiquitination play central roles in chromatin structure and gene expression regulation.
Novel ChIP-seq experiments have found drought-induced modifications of histone
modification patterns across plant genomes.Histone acetylation, commonly associated
with transcriptional activation, has also been seen to increase at the loci of
drought-responsive genes upon stress. Drought stress induces H3K9 acetylation on
the promoters of several stress-regulated genes, coupled with enhanced expression, in
Arabidopsis. The regulation involves histone deacetylases (HDACs) and histone
acetyltransferases (HATSs). Silencing genes on specific HDACs, such as Arabidopsis'
HDAY, demonstrated that they are repressors of drought tolerance!”.
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Figure 1:Epigenetic Modifications Under Drought Stress

Histone methylation, residue- and degree-specifically, is either activating or
repressing of gene expression. H3K4 trimethylation (H3K4me3), a marker of active
transcription, is increased in drought-responsive genes during stress. Conversely,
H3K?27 trimethylation (H3K27me3), a repression marker, is decreased in these loci®!.
The crosstalk among these mutually repressive histone marks enhances the regulation
of stress-responsive genes. Chromatin remodeling complexes that alter nucleosome
position and occupancy also contribute to drought stress responses. Certain recent
studies identified drought-responsive chromatin remodelers, such as the SWI/SNF
complex members, that facilitate transcription factor accessibility to stress-responsive
gene promoters.

2.3 Small RNA-Mediated Regulation

Small RNAs, including miRNAs (microRNAs) and siRNAs (small interfering RNAs),
constitute another tier of epigenetic controls on drought responses in plants. Various
drought-responsive miRNAs in various plants were revealed by high-throughput
sequencing.

Comparative small RNA profiling between drought-tolerant and drought-sensitive
cultivars has revealed differential regulation of some miRNAs. For instance, miR398,
miR399, and miR408 are differentially regulated in drought-tolerant rice cultivars
compared to sensitive cultivars. These miRNAs target genes related to antioxidant
defense, hormone signaling, and transcriptional regulation, thereby modulating
drought tolerance.RNA-directed DNA methylation (RdADM) via 24-nt siRNAs is
another key epigenetic mechanism that is involved in drought responses. Recent
studies have shown that drought stress alters the abundance of 24-nt siRNAs, which
leads to the alteration of DNA methylation at target genomic loci. Gene silencing of
key actors of the RADM pathway, such as AGO4 and DCL3, showed that they are
required for drought tolerance.

3 Comparative Epigenomic Analysis and Functional Validation

Recent advances in high-throughput sequencing technologies have enabled
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comprehensive comparative epigenomic analyses between drought-tolerant and
drought-sensitive plant varieties. These studies have uncovered distinct epigenetic
signatures associated with drought tolerance across various crop speciest,
In maize, comparison of drought-tolerant and drought-sensitive inbred lines revealed
differential DNA methylation patterns, particularly in gene-adjacent transposable
elements, correlating with differential gene expression during drought stress. Similarly,
in soybean, drought-tolerant cultivars exhibited specific histone modification patterns,
especially H3K4me3 and H3KO9ac, at key stress-responsive gene loci.These
comparative analyses have identified potential epigenetic biomarkers for drought
tolerance, which could be utilized in molecular breeding programs. Furthermore, they
have helped elucidate the genetic basis of natural variation in drought tolerance
among different plant varieties.

Table 1. Comparative epigenetic featuresbetween drought-tolerant and

drought-sensitive plant varieties
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Identifying epigenetic modifications associated with drought tolerance is just the first
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step; functional validation is essential to establish causal relationships. Recent studies
have employed various gene silencing techniques, including RNA interference
(RNAi), CRISPR/Cas9-mediated gene editing, and virus-induced gene silencing
(VIGS), to verify the roles of key epigenetic regulators in drought tolerance.

Silencing of specific DNA methyltransferases, such as MET1 (responsible for CG
methylation) and CMT3 (responsible for CHG methylation), has demonstrated their
differential roles in drought tolerance. For instance, metl mutants in Arabidopsis
exhibited enhanced drought tolerance, suggesting a negative regulatory role of CG
methylation in drought responses.

Similarly, manipulation of histone-modifying enzymes has revealed their functional
significance in drought tolerance. Silencing of histone deacetylases, such as HDA6
and HDA19, enhanced drought tolerance in various plant species, accompanied by
increased expression of stress-responsive genes.

Furthermore, targeting components of the small RNA biogenesis pathway, such as
DCL proteins and AGO proteins, has uncovered their crucial roles in regulating
drought responses. For example, ago4 mutants in Arabidopsis showed compromised
drought tolerance, highlighting the importance of the RADM pathway in stress
adaptation.

These functional validation studies not only confirm the regulatory roles of specific
epigenetic factors but also identify potential targets for molecular breeding strategies
aimed at enhancing drought resilience in crops.

4 Epigenetic Memory and Transgenerational Inheritance

4.1 Molecular Basis of Epigenetic Memory

Epigenetic memory refers to the ability of plants to retain information about previous
stress exposures, allowing for more rapid and effective responses to recurring stresses.
At the molecular level, this memory is established through persistent epigenetic
modifications that outlast the initial stress period!!”). Recent studies have revealed
several key mechanisms underlying drought stress memory in plants.

DNA methylation patterns established during drought stress can persist after stress
recovery, particularly in specific genomic regions associated with stress-responsive
genes. In Arabidopsis, genome-wide methylation analysis revealed that certain
stress-induced cytosine methylation changes were maintained for several weeks after
stress cessation, primarily in CG and CHG contexts. These persistent methylation
changes were enriched in drought-responsive gene bodies and their regulatory
regions.

Histone modifications also contribute to stress memory. Drought-induced enrichment
of H3K4me3 at certain stress-responsive gene loci can persist after stress recovery,
maintaining these genes in a "primed" state for rapid reactivation upon subsequent
stress exposure. This histone mark appears particularly important for stress memory,
as mutation of histone methyltransferases responsible for H3K4me3 deposition results
in compromised drought stress memory.
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4.2 Transgenerational Inheritance Mechanisms

The transmission of stress-induced epigenetic modifications to subsequent plant
generations represents an intriguing aspect of plant adaptation. Evidence for
transgenerational inheritance of drought-induced epigenetic changes is accumulating,
though with varying degrees of stability across generations.

Small RNAs play a critical role in this transgenerational inheritance. Drought stress
induces the production of specific siRNAs that can direct DNA methylation at target
loci through the RdADM pathway. These siRNAs can be transmitted through
reproductive tissues to offspring, re-establishing DNA methylation patterns in the
progeny. Recent studies have demonstrated that drought-stressed plants produce a
distinct profile of 24-nt siRNAs, which are enriched in gametes and can direct
methylation changes in the subsequent generation.

Notably, transgenerational epigenetic inheritance of drought-induced epigenetic
modifications is genotype-dependent. Some plant species exhibit more stable
epigenetic inheritance of stress-induced epigenetic modifications than others,
suggesting genetic control of epigenetic inheritance. Such variation can be exploited
for crop improvement by the selection of genotypes with enhanced capacity for
beneficial epigenetic inheritance.

4.3 Applications for Enhanced Drought Resilience

The epigenetic memory and transgenerational inheritance effect offers new
opportunities for enhancing crop resistance. "Priming" techniques involve exposing
parent plants to stress conditions in a controlled environment to induce beneficial
epigenetic changes that can be transmitted to offspring, offering enhanced tolerance to
stress without genetic change.

Field experiments across multiple crop species have demonstrated that, in
drought-stressed plants, offspring commonly exhibit enhanced drought tolerance, with
corresponding DNA methylation patterns and stress-responsive gene expression.
However, the stability of such transmitted tolerance is unpredictable, with some
research revealing long-term retention over a few generations and others revealing an
attrition to the non-stressed state.

Breeding programmes could potentially exploit variation in natural epigenetic
inheritance capacity to develop varieties with more stable transgenerational stress
memory. Moreover, understanding the molecular mechanisms controlling the reset of
epigenetic modifications during reproduction could lead to strategies for stabilizing
beneficial epigenetic states across generations.

Epigenetic marker-assisted selection (epiMAS) utilizes epigenetic markers, such as
differentially methylated regions, associated with drought tolerance for selecting
superior genotypes. Unlike traditional marker-assisted selection, epiMAS considers
both genetic and epigenetic variations, potentially improving the accuracy of selection
for complex traits like drought tolerance.Another approach involves targeted
modification of epigenetic regulators using genome editing technologies.
CRISPR/Cas9-mediated editing of specific epigenetic factors, such as DNA
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methyltransferases or histone-modifying enzymes, can potentially enhance drought
tolerance without introducing foreign DNA.Epigenome editing, which allows for
targeted modification of epigenetic marks at specific genomic loci, represents another
promising strategy. Using modified Cas9 systems fused with epigenetic effector
domains (e.g., DNA methyltransferases or histone acetyltransferases), researchers can
selectively alter epigenetic states at target genes involved in drought responses.
Despite significant advances, several challenges remain. The complex and dynamic
nature of epigenetic modifications, their interaction with genetic factors, and
environmental influences complicate the establishment of clear cause-effect
relationships. Future research should focus on integrating multi-omics approaches and
developing practical applications for crop improvement.

5. Integration of Epigenetics with Stress Signaling Networks

Epigenetic regulation does not operate in isolation but functions as part of an
integrated network of signaling pathways that collectively mediate plant responses to
drought stress. Understanding these interconnections is crucial for developing a
comprehensive view of drought tolerance mechanisms and for designing effective
strategies to enhance crop resilience.

5.1 Crosstalk with Phytohormone Signaling

Abscisic acid (ABA) is the primary hormone mediating drought stress responses in
plants, and recent studies have revealed extensive crosstalk between ABA signaling
and epigenetic regulation. ABA-responsive transcription factors, such as ABF/AREB
family proteins, can recruit chromatin-modifying enzymes to their target loci,
facilitating stress-responsive gene expression. For instance, the ABA-activated
transcription factor ABI5 has been shown to interact with the SWI/SNF chromatin
remodeling complex, enhancing accessibility of drought-responsive gene
promoters.Conversely, epigenetic modifications can modulate ABA signaling
component expression and activity. Drought-induced changes in DNA methylation
often target genes involved in ABA biosynthesis, catabolism, and signaling, creating a
feedback loop that fine-tunes hormone responses. In rice, DNA methylation dynamics
in promoters of OsNCED genes, which encode rate-limiting enzymes in ABA
biosynthesis, contribute to genotype-specific differences in drought tolerance.
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Figure 2: ABA-Epigenetic Crosstalk in Drought Response

The coordinated action of multiple hormone pathways with epigenetic mechanisms
allows for precise spatiotemporal control of drought responses across different tissues
and developmental stages. For example, in guard cells, ABA-induced H3K9
deacetylation at specific gene loci contributes to stomatal closure, while in root cells,
auxin-mediated chromatin remodeling modulates root architecture adaptations to
water limitation . Understanding these tissue-specific interactions provides
opportunities for targeted interventions to enhance drought tolerance without
compromising overall plant growth and productivity.

Recent metabolic labeling studies have demonstrated that drought stress induces rapid
turnover of specific histone modifications in an ABA-dependent manner. Using
pulse-chase experiments with isotope-labeled methyl donors, researchers have shown
that H3K4me3 marks at drought-responsive genes exhibit accelerated establishment
and removal kinetics in the presence of ABA, allowing for dynamic transcriptional
regulation during stress. These findings highlight the importance of considering not
just the presence of epigenetic marks but also their dynamic nature in
hormone-mediated stress responses.

5.2 Integration with Transcription Factor Networks

Transcription factors (TFs) serve as critical nodes connecting epigenetic regulation
with downstream stress-responsive gene expression. Drought-induced chromatin
modifications often target binding sites for stress-responsive TFs, including MYB,
bZIP, and NAC family proteins, modulating their accessibility.High-throughput
studies combining ChIP-seq with transcriptome analysis have revealed that specific
histone modifications, particularly H3K4me3 and H3K9ac, are enriched at binding
sites for drought-responsive TFs during stress. This enrichment facilitates TF binding
and subsequent gene activation. Moreover, certain TFs can recruit histone-modifying
enzymes to their target loci, creating a self-reinforcing regulatory loop.

The complex interplay between epigenetic mechanisms and TF networks enables

fine-tuned, context-specific gene expression responses to drought stress, contributing
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to the remarkable phenotypic plasticity observed in plants.
5.3 Connection with Metabolic Adaptations

Drought-induced epigenetic modifications also influence metabolic pathways that
contribute to osmotic adjustment, antioxidant defense, and energy homeostasis during
water limitation. Comparative metabolomics studies between drought-tolerant and
drought-sensitive varieties have revealed correlations between specific epigenetic
signatures and metabolite accumulation patterns.

For example, drought-tolerant rice varieties exhibit distinctive DNA methylation
patterns in genes involved in proline biosynthesis, correlating with enhanced proline
accumulation during stress. Similarly, epigenetic regulation of genes in the
phenylpropanoid pathway modulates the production of flavonoids and other
antioxidant compounds that protect against drought-induced oxidative
damage.Understanding these epigenetic-metabolic connections provides opportunities
for developing biomarkers for drought tolerance and for designing targeted
interventions to enhance beneficial metabolic adaptations through epigenome
engineering approaches.

6 Conclusion

Epigenetic regulatory mechanisms are a key layer in the complex network that
regulates plant drought stress responses. High-throughput sequencing technologies
and functional genomics have significantly improved our understanding of how
epigenetic alterations contribute to plant tolerance to drought stress.

Comparative epigenomic comparisons between drought-tolerant and drought-sensitive
cultivars have identified drought tolerance-specific epigenetic signatures, with
potential molecular breeding targets. Functional validation using gene silencing
strategies has been used to confirm the roles of key epigenetic regulators, establishing
cause-effect relationships between specific epigenetic factors and drought tolerance
phenotypes.The integration of epigenetic knowledge into molecular breeding
programs holds great potential for developing climate-resilient crops with capacity for
maintaining productivity under water-limiting environments. As climate change
scenarios predict more frequent and severe drought events, enhancing crop tolerance
through epigenetic mechanisms will be a major determinant of guaranteeing global
food security.
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