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Abstract

In the face of escalating climate change, plants are subjected to an increasing frequency and intensity of abiotic and
biotic stresses. While adaptation through natural selection on genetic variation is fundamental, the pace of
environmental change often outstrips the rate of genetic adaptation. This review explores the pivotal and innovative role
of epigenetic regulation as a crucial mechanism enabling plants to cope with environmental challenges rapidly and
flexibly. Epigenetics, comprising heritable changes in gene expression without alterations to the DNA sequence itself,
provides a responsive layer of control that integrates environmental signals into the genome's functional output. We
delve into the core mechanisms of epigenetic regulation-including DNA methylation, histone modifications, chromatin
remodelling, and the action of non-coding RNAs-and detail how they modulate gene expression networks in response to
stresses such as drought, salinity, extreme temperatures, and pathogen attack. Furthermore, we examine the compelling
evidence for the transgenerational inheritance of stress-induced epigenetic states, positing it as a mechanism for short-
term adaptive evolution and ecological memory. The review also discusses the intricate interplay between epigenetic
marks and genetic variation, highlighting how epigenetics can influence the rate of phenotypic evolution. Finally, we
explore the translational potential of epigenetics in breeding climate-resilient crops and its implications for ecological
conservation. By synthesizing recent advances, this article underscores that epigenetic regulation is not merely a
companion to genetics but an innovative and central player in plant adaptive responses, offering a new dimension to our
understanding of plant evolution and environmental adaptation.
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1. Introduction

The sessile nature of plants necessitates sophisticated mechanisms to perceive, respond to, and remember environmental
stimuli. Classical views of adaptation have centred on genetic innovation through mutation and recombination, followed
by natural selection. However, the rapidity of contemporary climate change presents a formidable challenge to this
relatively slow process [1]. In recent decades, epigenetics has emerged as a vital interface between the genome and the
environment, providing a dynamic and responsive system for regulating gene expression. The term 'epigenetics'
encompasses a suite of molecular mechanisms that can alter chromatin structure and gene activity heritably without
changing the underlying DNA sequence.

This review posits that epigenetic regulation is an innovative force in plant stress responses. Its innovation lies in its
speed, reversibility, and capacity to generate heritable phenotypic variation that can be subject to selection. We will
explore how epigenetic marks act as molecular switches and dials, fine-tuning the expression of stress-responsive genes
to optimize fitness in fluctuating environments. This capability allows for a form of 'phenotypic plasticity' that can be
stabilized across generations, blurring the traditional distinction between acclimation and adaptation [2].

This article aims to provide a comprehensive overview of the innovative role of epigenetics in plant stress biology. We
will first outline the fundamental mechanisms, then dissect their roles in abiotic and biotic stress responses, and finally,
explore the frontiers of transgenerational inheritance and applied applications.

2. Core Mechanisms of Epigenetic Regulation

The epigenetic code is written through several interdependent biochemical pathways that determine the accessibility of
DNA to the transcriptional machinery.

2.1 DNAMethylation

DNA methylation involves the addition of a methyl group to the cytosine base, primarily in CG, CHG, and CHH
contexts (where H is A, T, or C). This process is catalyzed by enzymes like METHYLTRANSFERASE 1 (MET1) and
DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2). DNA methylation in gene promoter regions is
typically associated with transcriptional silencing, as it inhibits transcription factor binding and recruits repressive
proteins. In contrast, gene body methylation (methylation within the transcribed region) is often associated with
constitutively expressed genes and may prevent spurious transcription initiation [3].
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Figure 1. Schematic of Major Epigenetic Mechanisms

Figure 1 illustrates three main epigenetic regulatory mechanisms: DNAmethylation, histone modification, and silencing
mechanisms involving non-coding RNA (siRNA).

DNA Methylation: On the left is a DNA double helix. Next to it is written CH₃, indicating the addition of a methyl
group to the cytosine (C) base of the DNA. This type of methylation usually silences or suppresses the expression of
nearby genes. Meaning: Adding CH₃ to DNAwill turn off/suppress the expression of certain genes.

Histone Modifications: The curved line below is DNA, and the black spheres are histones. DNA wraps around histones
to form nucleosomes. Ac stands for acetylation: Adding an acetyl group to a lysine residue neutralizes its positive
charge, making the DNA less tightly wrapped and the chromatin "loose" (often euchromatin). Me stands for methylation:
Histone methylation sometimes promotes expression and sometimes inhibits it, depending on which amino acid site is
modified (e.g., H3K4me3 usually activates, H3K27me3 usually inhibits). Meaning: By adding acetyl or methyl groups
to histones, chromatin can be made looser or tighter, thereby increasing or decreasing gene expression.

Role of Non-coding RNAs: The green curved section in the bottom left corner represents siRNA (small interfering
RNA). siRNA guides a complex called RITS (RNA-Induced Transcriptional Silencing) to a DNA region
complementary to its sequence. The green square next to the DNA on the right represents the formation of
heterochromatin: This is usually accompanied by DNA methylation and histone modifications, making the region very
compact, and the gene is silenced for a long time. Meaning: siRNA, through RITS, "brings" the silencing mechanism to
specific DNA, triggering DNA methylation and heterochromatin formation, thereby shutting down that segment of the
gene. How cells regulate gene switching without altering the DNA sequence itself, through DNA methylation, histone
modification, and non-coding RNA, is the three classic mechanisms of "epigenetic regulation."

2.2 Histone Modifications

Histones, the protein spools around which DNA is wound, can be chemically modified on their N-terminal tails [4].
These modifications include acetylation, methylation, phosphorylation, and ubiquitination. Histone acetylation,
mediated by histone acetyltransferases (HATs), generally promotes an open chromatin state (euchromatin) and gene
activation by neutralizing the positive charge of histones, reducing their affinity for DNA. Conversely, histone
deacetylation by histone deacetylases (HDACs) leads to condensation (heterochromatin) and gene silencing. Histone
methylation can be either activating (e.g., H3K4me3) or repressing (e.g., H3K9me2, H3K27me3), depending on the
specific lysine residue methylated and the degree of methylation.
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2.3 Chromatin Remodelling

ATP-dependent chromatin remodelling complexes can slide, evict, or restructure nucleosomes, thereby making specific
DNA regions more or less accessible. These complexes are crucial for dynamically reconfiguring the chromatin
landscape in response to developmental cues and environmental stresses [5].

2.4 Non-Coding RNAs

Small non-coding RNAs, such as small interfering RNAs (siRNAs) and microRNAs (miRNAs), play a central role in
guiding epigenetic modifications. In RNA-directed DNA methylation (RdDM), 24-nt siRNAs guide DRM2 to
homologous DNA sequences to initiate de novo methylation, a key pathway for silencing transposable elements and
regulating genes.

2.5 Interplay and Dynamics of Epigenetic Mechanisms

The epigenetic mechanisms of DNA methylation, histone modification, chromatin remodeling, and non-coding RNA
action do not function in isolation but are deeply intertwined in a complex, self-reinforcing network. This interplay is
crucial for the stability and dynamism of epigenetic states [6]. For instance, siRNA-directed DNAmethylation (RdDM)
is often coupled with repressive histone marks like H3K9me2, which in turn recruits factors that maintain DNA
methylation in heterochromatic regions. This creates a reinforcing loop that ensures stable transcriptional silencing of
transposable elements and repetitive DNA, which is vital for maintaining genome integrity under genotoxic stress
conditions.

Furthermore, the system is highly dynamic, with opposing enzymes constantly adding and removing epigenetic marks,
allowing for rapid reprogramming. DNA demethylation, catalyzed by DNA glycosylases like ROS1 (REPRESSOR OF
SILENCING 1) in Arabidopsis, actively removes methyl groups, providing a mechanism for gene reactivation.
Similarly, the balance between histone acetyltransferases (HATs) and deacetylases (HDACs), or histone
methyltransferases (HMTs) and demethylases (HDMs), allows for precise, rapid changes in chromatin architecture. This
dynamic equilibrium allows the plant to "reset" its epigenetic state after stress is relieved or to establish a new "set
point" for gene expression in a changed environment. The kinetic properties of these enzymes-their induction, turnover,
and substrate specificity-determine the speed, duration, and heritability of the epigenetic response, forming a
sophisticated regulatory layer that translates environmental signals into adaptive gene expression profiles [7].

3. Epigenetic Regulation in Abiotic Stress Responses

Plants utilize epigenetic mechanisms to mount precise and often memorized responses to recurring abiotic stresses.

3.1 Drought and Salinity Stress

Drought and salinity trigger widespread changes in the DNA methylome. For instance, in rice, drought stress induces
differential methylation in the promoters of stress-responsive transcription factors, correlating with their altered
expression. The Arabidopsis mutant ddm1 (decreased DNA methylation 1), which has globally reduced DNA
methylation, exhibits enhanced drought tolerance, suggesting that specific methylation events normally repress stress
tolerance pathways. Histone modifications also play a critical role; the accumulation of H3K4me3 at the promoter of
RD29A and other dehydration-responsive genes is associated with their sustained induction during drought [8].

3.2 Thermal Stress

Extreme temperatures induce rapid epigenetic changes. In Arabidopsis, a heat shock can trigger the eviction of histones
from the heat shock protein (HSP) gene loci, facilitating their immediate transcription. Furthermore, exposure to mild
heat stress can 'prime' plants for subsequent, more severe heat stress. This 'thermomemory' is associated with the stable
retention of H3K4me3 marks at key HSP genes, keeping them in a transcriptionally poised state. Cold stress, on the
other hand, often involves the Polycomb Repressive Complex 2 (PRC2)-mediated deposition of H3K27me3 to repress
genes that inhibit flowering, thereby promoting vernalization.

3.3 Epigenetic Regulation under Combinatorial Stress

In natural ecosystems, plants are frequently subjected to multiple abiotic stresses simultaneously, such as drought and
heat (a common combination) or salinity and nutrient deficiency. The epigenetic response to these combinatorial
stresses is not always a simple sum of the responses to individual stresses; it can be synergistic, antagonistic, or entirely
unique. Research indicates that prior exposure to one stress can epigenetically prime the plant for a subsequent,
different stress-a phenomenon known as cross-tolerance [9]. For example, a mild heat shock might establish a
chromatin landscape at defense gene promoters that not only confers thermotolerance but also enhances responsiveness
to subsequent drought stress.

This cross-talk is mediated by shared signaling molecules like reactive oxygen species (ROS) and calcium ions, which
can activate multiple epigenetic modifiers. However, conflicts can arise. The chromatin modifications required for
tolerance to one stress might inadvertently silence genes necessary for tolerance to another. Understanding these
complex epigenetic interactions is critical for predicting plant performance in real-world field conditions, where
combinatorial stresses are the norm rather than the exception [10]. Future research focusing on epigenomic profiling
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under multi-stress scenarios will be essential to unravel these networks and identify key epigenetic hubs that regulate
broad-spectrum resilience.

Table 1. Examples of Epigenetic Modifications in Response to Abiotic Stresses

Stress Epigenetic Mark Target Gene/Element Functional Outcome

Drought DNA hypomethylation OSPIP1;3 (Aquaporin) Increased water transport

Drought H3K4me3 activation RD29A, RAB18 Enhanced dehydration
toleranc

Heat H3K4me3 memory HSP22, HSP70 Sustained thermotolerance

Cold/Vernalization H3K27me3 repression FLC (Flowering Locus C) Promotion of flowering

Salinity siRNA-directed DNAmethylation Transposable Elements Genome stability under
stress

Table 1 illustrates, for example, the epigenetic changes that occur in plants when faced with different abiotic stresses,
which genes these changes affect, and what functional results they ultimately lead to. Different types of stress can
induce different types of epigenetic modifications, which act on specific genes or elements, thereby enabling plants to
produce corresponding resistance or changes in growth and development.

4. Epigenetic Regulation in Biotic Stress Responses

The plant immune system is also profoundly regulated by epigenetics. Pathogen attack can lead to the restructuring of
the chromatin landscape around defense genes. For example, the priming agent β-aminobutyric acid (BABA) induces a
state of enhanced defense capacity, which is associated with histone modifications at defense gene promoters and is
heritable over one stress-free generation. Furthermore, DNA methylation is crucial for silencing transposable elements,
which, if activated, can cause genomic instability and potentially disrupt immune gene clusters (R-b loci).

5. Transgenerational Inheritance and Stress Memory

For transgenerational inheritance to occur, stress-induced epigenetic marks must escape two major rounds of
reprogramming: during gametogenesis (formation of pollen and egg cells) and after fertilization in the early embryo.
This is a significant hurdle, as extensive epigenetic reprogramming is designed to reset the genome to a totipotent state
and erase acquired environmental marks [11]. The mechanisms that allow certain epigenetic states to bypass this
reprogramming are a focal point of current research. It is hypothesized that persistent or particularly severe stresses may
trigger exceptionally strong epigenetic modifications, perhaps in genomic regions that are structurally shielded from
reprogramming enzymes, such as pericentromeric heterochromatin.

Additionally, some models propose that the primary epiallele itself may be reset, but a "memory" of the state is
transmitted in the form of small RNAs present in the gametes. These gamete-derived siRNAs could then guide the de
novo re-establishment of the DNA methylation and chromatin patterns in the offspring's genome, effectively recreating
the primed state in the new generation. The stability of this inherited memory is variable; without selective pressure, it
often attenuates over 2-3 generations, indicating that it provides a short-term, flexible adaptive strategy rather than a
permanent genetic change. This "soft" inheritance allows populations to exploit past experiences while retaining the
flexibility to adapt to new conditions [12].

Perhaps the most innovative aspect of plant epigenetics is the potential for stress-induced epigenetic states to be
transmitted to the next generation(s). This transgenerational inheritance provides a mechanism for the transmission of
acquired traits. When Arabidopsis plants are exposed to UV-C stress or flagellin (a bacterial elicitor), the progeny
exhibit enhanced resistance, a phenomenon linked to hypomethylation at defense-related genes and the mobilization of
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specific siRNAs. However, the stability and adaptive value of such inherited states are active areas of research, as
epigenetic marks can be reset between generations.

Figure 2.Model of Transgenerational Epigenetic Inheritance of Stress Memory

Figure 2 illustrates how a plant's "epigenetic memory" is passed down from parents to offspring, showing you the entire
process step by step. Simply put: the parents experienced stress, while the offspring did not, yet are naturally "more
prepared."

The parent plant (P₀) is subjected to environmental stresses, such as high salinity, high temperature, drought, and
pathogen attack. These external stresses stimulate responses within the plant.

Plants experience stress, triggering epigenetic reprogramming. Once stress signals are sensed by cells, they alter the
"chemical markers" surrounding DNA (such as DNA demethylation or the addition/removal of methyl groups like CH₃).
These changes don't necessarily alter the DNA sequence itself, but rather change the on/off state of genes; this is called
epigenetic reprogramming. These changes can occur in somatic cells as well as in germ cell precursors/gamete-related
cells.

Gametes (sperm and egg cells) carry these stress-induced epigenetic marks. The image shows sperm and egg cells with
"epigenetic marks," meaning that these tiny reproductive cells have "remembered" the environmental stresses their
parents experienced.

During fertilization, these epigenetic markers are passed on to the offspring F₁. When sperm and egg cells combine to
form a zygote, the epigenetic markers that were originally present in the gametes are also passed on to the new
generation of embryos.

Even if F₁ offspring are not directly subjected to stress, they will still exhibit a "primed phenotype." The offspring plants
themselves may not have experienced drought, salinity, etc., but because they inherited these epigenetic markers, they
react faster and stronger when encountering the same stress again, for example, by activating defense genes more
quickly. This is called a "primed phenotype"-a phenotype that has been "pre-tuned," as if it were "born with
experience."
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Epigenetic changes in plant parents under environmental stress can be passed on to offspring through gametes, enabling
offspring to exhibit greater sensitivity to stress and stronger defense capabilities even when not under stress [13].

6. Interplay Between Epigenetics and Genetic Variation

Epigenetics does not operate in isolation. Epigenetic variation can influence the rate of genetic evolution by revealing
cryptic genetic variation. Furthermore, spontaneous epialleles (epigenetically modified alleles) can arise and produce
heritable phenotypic variation that is subject to natural selection, independent of DNA sequence changes. The Lcyc
epiallele in Linaria vulgaris is a classic example, where a change in DNA methylation, not sequence, causes a dramatic
shift in flower symmetry [14].

7. Applied Implications and Future Perspectives

The understanding of epigenetic regulation holds immense promise for agriculture. 'Epibreeding' strategies aim to
harness epigenetic variation to develop crops with enhanced resilience. This can be achieved by selecting for stable,
beneficial epialleles or by using chemical or biological agents to epigenetically prime crops. However, challenges
remain, including the potential instability of epigenetic states and the need for high-resolution epigenomic profiling
technologies.

The translational potential of epigenetics, often termed 'Epibreeding', moves beyond traditional genetic-based selection
to harness this plastic and heritable layer of variation. Several strategic pathways are emerging. First, the screening of
germplasm banks for natural, stable epialleles associated with desirable traits like drought tolerance or disease
resistance can identify novel sources of variation that are not visible at the DNA sequence level. These beneficial
epialleles can be introgressed into elite crop lines through conventional breeding, provided their epigenetic state is
stable.

Second, plants can be artificially "primed" by applying mild stress or chemical agents (e.g., demethylating agents like 5-
azacytidine or HDAC inhibitors) to induce an epigenetically primed state that confers enhanced stress resistance. While
the effects of chemical treatments can be transient and non-specific, a more targeted approach involves the use of
beneficial soil microbes (rhizobacteria or mycorrhizal fungi). These microbes can act as "epigenetic probiotics,"
naturally and sustainably inducing a systemic, primed state in the plant through the modulation of host epigenetic
pathways.

The most precise strategy involves targeted epigenome editing. Using CRISPR/Cas9-derived technology, where a
catalytically dead Cas9 (dCas9) is fused to epigenetic effector domains (e.g., a methyltransferase, demethylase, or
acetyltransferase), it is possible to directly write or erase specific epigenetic marks at predetermined genomic loci [15].
This allows for the precise activation of stress-responsive genes or silencing of negative regulators without altering the
underlying DNA sequence, offering a powerful new tool for crop improvement. However, significant challenges remain,
including the potential for incomplete editing, off-target effects, and the somatic instability of induced epigenetic
changes, necessitating further research to ensure the robustness and heritability of engineered epialleles.

8. Conclusion

Epigenetic regulation represents a sophisticated, innovative, and essential layer of control in plant stress responses,
fundamentally expanding our understanding of biological adaptation. This review has synthesized compelling evidence
demonstrating that mechanisms such as DNA methylation, histone modifications, chromatin remodelling, and non-
coding RNAs are not merely ancillary components but are central conductors in the orchestration of complex gene
expression networks under abiotic and biotic stresses. The true innovation of epigenetic control lies in its dynamic
nature-providing the speed, reversibility, and contextual flexibility that complement the relatively slow process of
genetic adaptation. This allows plants to mount precise, tailored responses to immediate environmental challenges and,
crucially, to retain a molecular memory of these events.

The phenomenon of stress memory, both within the generation and across generations via transgenerational inheritance,
positions epigenetics as a key mechanism for short-term evolutionary adaptation. It blurs the traditional line between
physiological acclimation and genetic adaptation, offering a plausible explanation for how sessile organisms can keep
pace with rapidly changing environments. The interplay between epigenetic marks and genetic variation further
enriches the toolkit for evolutionary change, where epialleles can serve as a source of heritable phenotypic variation and
influence the expression of cryptic genetic diversity.

Looking forward, the translational potential of this knowledge is immense. The emerging strategy of 'Epibreeding'-
harnessing epigenetic variation, artificially inducing epigenetic priming, or employing precise epigenome editing-holds
the promise of revolutionizing crop improvement. The goal is to develop climate-resilient crops that are not only high-
yielding but also capable of maintaining stability in the face of increasing climatic volatility. However, this path is not
without its challenges. The inherent stability of engineered or selected epialleles, the potential for off-target effects in
epigenome editing, and the ethical considerations of releasing epigenetically modified organisms into the environment
are critical areas requiring further investigation.

In conclusion, the study of plant epigenetics has moved from a specialized niche to a mainstream paradigm that is
reshaping plant biology, ecology, and evolution. It provides a unifying framework that links environment, genome, and
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phenotype. As we continue to unravel the complexities of the epigenome with advanced technologies in phenomics,
genomics, and AI-driven modeling, we open new frontiers for engineering a more resilient and sustainable future for
global agriculture and ecosystem conservation. The epigenetic dimension is, therefore, not just an addendum to genetics
but a fundamental and innovative force driving plant survival and fitness on a dynamic planet.
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