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Abstract

Global climate change exacerbates the frequency and intensity of abiotic stresses, such as drought, salinity, and extreme
temperatures, posing a significant threat to global food security and natural ecosystem stability. While plants possess
intricate immediate stress response mechanisms, there is growing and compelling evidence that they can also transmit a
"memory" of stress exposure to their progeny, leading to improved resilience in subsequent generations. This
transgenerational inheritance is largely governed by epigenetic mechanisms, which regulate gene expression without
altering the underlying DNA sequence. Among these, histone post-translational modifications (HPTMs) have emerged
as pivotal players in orchestrating dynamic and heritable transcriptional reprogramming. This review synthesizes and
critically evaluates the current state of knowledge on the role of specific HPTMs-including acetylation, methylation,
phosphorylation, and ubiquitination-in mediating plant responses to drought, salinity, and heat stress. We provide a
detailed exploration of how complex stress signals are decoded into specific histone marks at stress-responsive genes,
such as those involved in abscisic acid (ABA) signaling, osmoprotectant synthesis, and reactive oxygen species (ROS)
scavenging. Furthermore, we critically evaluate the molecular evidence for the stability and heritability of these
epigenetic marks through mitotic and, more controversially, meiotic cell divisions. We also dedicate significant
discussion to the intricate crosstalk between different histone modifications and with other epigenetic pathways,
particularly DNA methylation and non-coding RNAs. Finally, we synthesize this information into an updated
"epigenetic nexus" model where histone modifications act as master integrators of environmental cues to fine-tune the
critical trade-off between growth and stress defense. We conclude by highlighting the translational potential and the
significant technical and conceptual challenges of harnessing this sophisticated epigenetic toolkit for developing the
next generation of climate-resilient, high-yielding crops in a sustainable manner.
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1. Introduction

The sessile nature of plants necessitates the development of robust, flexible, and often anticipatory mechanisms to
survive, grow, and reproduce under constantly changing, and often adverse, environmental conditions. Abiotic stresses,
primarily drought, salinity, extreme temperatures, and heavy metal toxicity, are major constraints on agricultural yield
worldwide, with projected losses likely to worsen under current climate change scenarios. Traditional breeding and
genetic engineering approaches have made significant, albeit incremental, strides in improving stress tolerance;
however, these methods primarily target static changes in the DNA sequence and often face challenges related to
genetic complexity, pleiotropic effects, and time-intensive development cycles [1].

In recent decades, the field of epigenetics has provided a revolutionary perspective on how organisms perceive, respond
to, and remember environmental cues. Epigenetics refers to the study of mitotically and/or meiotically heritable changes
in gene function that cannot be explained by changes in the DNA sequence itself. These mechanisms create a layer of
regulatory information that sits "above" the genome, enabling dynamic, reversible, and context-specific control of gene
expression. The primary epigenetic pathways in plants include DNA methylation, histone modifications, and the action
of non-coding RNAs, which together form a complex, inter-regulatory network [2].

The fundamental unit of chromatin, the nucleosome, consists of ~147 base pairs of DNA wrapped around an octamer of
core histone proteins (two copies each of H2A, H2B, H3, and H4). The N-terminal tails of these histones protrude from
the nucleosome core and are subject to a vast array of post-translational modifications (HPTMs), including acetylation,
methylation, phosphorylation, ubiquitination, ADP-ribosylation, and sumoylation. These marks are deposited,
interpreted, and erased by specialized families of "writer," "reader," and "eraser" enzymes, respectively. The
combinatorial nature of these modifications forms the conceptual framework of the "histone code," which dictates
higher-order chromatin structures-ranging from open, accessible, and transcriptionally active (euchromatin) to closed,
condensed, and repressed (heterochromatin).



Plant Scientific Application https://psa.cultechpub.com/index.php/psa

This review focuses specifically on the central and sophisticated role of HPTMs in plant adaptation to recurring abiotic
stress, with a particular emphasis on drought and salinity as major agronomic threats. We will first dissect the molecular
machinery and the evidence linking specific histone marks to the immediate transcriptional activation or repression of
stress-responsive genes. Moving beyond the immediate response, we will delve deeply into the concept of "stress
memory," where an initial, non-lethal stress exposure epigenetically primes the plant for a more efficient and robust
response upon subsequent stress encounters. A key, yet still enigmatic, aspect of this memory is its potential to be
transmitted to the next generation, a phenomenon known as transgenerational inheritance. We will critically assess the
emerging, and sometimes conflicting, evidence for the role of HPTMs in both somatic (mitotic) and
intergenerational/transgenerational (meiotic) memory, discussing the barriers to this inheritance [3].

By integrating findings from model plants like Arabidopsis thaliana and key crops such as rice (Oryza sativa), maize
(Zea mays), and tomato (Solanum lycopersicum), this article aims to provide a comprehensive and critical overview of
the epigenetic nexus controlled by histone modifications [4]. Understanding these mechanisms at a deeper level is not
only fundamental to advancing plant biology but also holds immense, untapped promise for devising novel, non-GMO
strategies to engineer crops with enhanced, pre-programmed, and potentially more durable stress resilience.

2. The Molecular Players: Writers, Erasers, and Readers of the Histone Code in Stress

The dynamic and responsive landscape of HPTMs is regulated by a sophisticated enzymatic machinery. A thorough
understanding of these players is crucial to appreciating how transient stress signals are translated into stable epigenetic
changes.

2.1 Histone Acetylation and Deacetylation

Histone acetylation, occurring primarily on lysine residues, neutralizes the positive charge of the histone tails, reducing
their affinity for the negatively charged DNA backbone. This leads to a more relaxed chromatin structure that facilitates
transcription factor binding, RNA polymerase II recruitment, and ultimately, gene activation. The "writers" of
acetylation are histone acetyltransferases (HATs), which are classified into several families (e.g., GCN5-related N-
acetyltransferases/GNAT, MYST, and CBP/p300). The "erasers" are histone deacetylases (HDACs), which remove
acetyl groups, leading to chromatin condensation and typically, transcriptional repression. HDACs are grouped into
three major families: RPD3/HDA1, SIR2, and HD2 [5].

In response to drought and salinity, the stress hormone abscisic acid (ABA) often triggers a rapid and targeted increase
in acetylation marks like H3K9ac, H3K14ac, and H3K27ac at the promoters and/or gene bodies of key stress-
responsive genes. For instance, in Arabidopsis, the HAT GCNS is recruited to the RD294 and RD20 promoters upon
osmotic stress, leading to localized histone hyperacetylation and their transcriptional activation. This recruitment often
involves transcription factors that interact with specific HATs. Conversely, HDACs frequently act as negative regulators
of the stress response, preventing the excessive activation of energy-costly defense pathways [6]. Knockout or
knockdown mutants of certain HDACs, such as HDA6, HDA19, and HDA9, consistently exhibit enhanced drought and
salinity tolerance, accompanied by hyper-induction of stress-responsive genes and elevated acetylation levels at their
loci. This suggests a critical role for HDACs in maintaining epigenetic homeostasis.

2.2 Histone Methylation and Demethylation

The functional consequences of histone methylation are more complex and context-dependent, determined by the
specific lysine or arginine residue methylated and the degree of methylation (mono-, di-, or tri-methylation). Generally,
H3K4me3, H3K36me3, and H3K79me3 are associated with active transcription initiation, elongation, and termination,
respectively. In contrast, H3K9me2, H3K27me3, and H3K79me2 are linked to transcriptional repression and
heterochromatin formation [7].

The trimethylation of H3K4, catalyzed by histone methyltransferases of the Trithorax-group (TrxG) such as
ARABIDOPSIS TRITHORAX 1 (ATX1), is a hallmark of actively transcribed genes. Under drought stress, there is a
notable and specific increase in H3K4me3 at loci involved in osmoprotection (e.g., PSCS! for proline biosynthesis) and
dehydration response (e.g., RD29B). In contrast, the repressive mark H3K27me3, deposited by Polycomb Repressive
Complex 2 (PRC2), is dynamically regulated during stress. Some stress-responsive genes are potently repressed under
non-stress conditions by H3K27me3, which is rapidly removed upon stress perception to allow for activation. This
demethylation is carried out by Jumonji C (JmjC) domain-containing demethylases, such as ELF6 and JMJ14 in
Arabidopsis. The balance between PRC2 and these demethylases provides a precise on/off switch for a subset of stress
genes [8].

2.3 Other Histone Modifications: Phosphorylation and Ubiquitination

While acetylation and methylation are the most studied, other modifications contribute significantly to the stress
response. Histone phosphorylation, particularly on serine residues, is often associated with chromatin condensation and
stress signaling. For example, the phosphorylation of H2A.X (yH2A.X) is a well-known marker for DNA double-strand
breaks, which can be induced by various abiotic stresses, and serves as a recruitment platform for DNA repair
machinery. Moreover, the phosphorylation of H3S10, often in conjunction with acetylation (a phenomenon known as
the "phospho-acetylation switch"), is linked to the activation of immediate-early genes in response to stimuli.
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Histone ubiquitination, involving the addition of ubiquitin to lysine residues, primarily on H2A and H2B, also plays key
roles. Monoubiquitination of H2B (H2Bubl) is generally associated with active transcription and has been shown to be
a prerequisite for H3K4 and H3K79 methylation, demonstrating a clear hierarchical crosstalk. Recent studies in rice
have shown that drought stress alters the global levels of H2Bubl, and manipulation of related enzymes can impact
stress tolerance, positioning ubiquitination as an upstream regulator in the histone code.

3. Establishing Somatic Stress Memory: The Molecular Basis of the Primed State

A single, non-lethal stress event can leave a molecular "imprint" on the plant, enabling it to respond more rapidly and
robustly to a subsequent stress episode. This phenomenon, termed priming or somatic stress memory, is functionally
linked to sustained changes in the epigenetic landscape that persist through mitosis (Figure 1).

3.1 The Hallmarks of Somatic Memory: Persistent Active Marks

The most well-characterized mechanism involves the sustained retention of active histone marks on a subset of
"memory genes." Studies in Arabidopsis have shown that a previous dehydration stress leads to a hyper-inducible
expression of genes like RD29B and RABI8 upon a second stress. This is correlated with a sustained, elevated level of
H3K4me3 at these loci even after the plant has fully recovered from the initial stress and returned to a non-stressed
physiological state. The "memory" of the stress is, therefore, bookmarked in the chromatin [9]. This persistent
H3K4me3 mark, likely maintained by specific TrxG proteins, keeps the chromatin in a permissive or "poised" state,
allowing transcription factors and RNA polymerase II to be recruited more rapidly during the next stress encounter.
Similar mechanisms involving H3K9ac have also been reported.

3.2 The Role of Repressive Marks and Their Erasure

Stress memory is not only about maintaining active marks but also about the controlled removal and slow re-
establishment of repressive ones. The repressive mark H3K27me3 acts as a reversible silencer for a subset of stress-
memory genes. Lamke et al. (2016) provided a seminal demonstration of this with heat stress. They showed that an
initial heat shock triggers the rapid, active removal of H3K27me3 from a heat-stress memory gene, HEAT SHOCK
PROTEIN 22 (HSP22). This erasure, mediated by the H3K27me3 demethylase ELF6, allows for the initial activation of
the gene. The crucial aspect for memory is that the re-establishment of H3K27me3 by PRC2 during the recovery period
is intentionally slow. This creates an extended time window where the gene remains in a transcriptionally competent,
low-repression state, defining the duration of the heat-stress memory. The kinetics of mark removal and re-
establishment are thus a critical parameter for memory [10].

3.3 Metabolic and Signaling Inputs into Epigenetic Memory

The establishment of epigenetic memory is not an isolated process; it is intricately linked to cellular metabolism. Stress-
induced changes in the concentrations of metabolic co-factors can directly influence the activity of epigenetic enzymes.
For example, NAD+ is a co-factor for the SIR2 family of HDACs, while acetyl-CoA is the essential co-substrate for
HATs. Changes in the NAD+/NADH ratio or acetyl-CoA pools under stress could therefore directly modulate histone
acetylation levels. Furthermore, reactive oxygen species (ROS), common secondary messengers in stress signaling, can
oxidize and inhibit enzymes like H3K27me3 demethylases, thereby influencing the epigenetic landscape. This creates a
feedback loop where metabolism informs the epigenome about the cell's energetic and redox state, fine-tuning the stress
response and memory [11].
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Figure 1. A detailed model of somatic stress memory mediated by histone modifications.(A) Basal State. (B) Initial Stress Exposure.
(C) Primed State (Recovery). (D) Secondary Stress Response.

Figure 1 :(A) Basal State: Under optimal conditions, a stress-responsive gene is in a transcriptionally quiet state. It may
bear moderate levels of repressive marks like H3K27me3 and low levels of active marks like H3K4me3. Key enzymes
(Writer: e.g., HMT; Eraser: e.g., HDAC; Reader) are present but inactive.
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(B) Initial Stress Exposure: Stress perception (e.g., drought) leads to signaling cascades (e.g., ABA, ROS, Ca2+). This
recruits specific transcription factors (TFs) which, in turn, recruit histone-modifying enzymes. Active marks (H3K4me3,
H3K9ac) are deposited, and repressive marks (H3K27me3) are removed by demethylases (DM). The gene is actively
transcribed, producing protective proteins (e.g., LEA proteins, chaperones).

(C) Primed State (Recovery): After stress removal, the gene transcription returns to baseline. However, on "memory
genes," active marks like H3K4me3 persist at a higher-than-basal level due to sustained writer activity or the eviction of
erasers. Repressive marks like H3K27me3 are slow to re-establish. The chromatin remains in a "poised" or "open"
conformation, facilitated by readers that recognize the persistent marks. Metabolic changes (e.g., altered acetyl-CoA)
may help maintain this state.

(D) Secondary Stress Response: Upon a subsequent stress encounter, the pre-existing permissive chromatin state allows
for significantly faster and stronger recruitment of TFs and RNA Polymerase II (Pol II), leading to a hyper-induced
transcriptional response and enhanced physiological tolerance.

4. Transgenerational Inheritance: Passing the Epigenetic Baton

The most profound and controversial aspect of epigenetic research is the potential for stress-induced epigenetic states to
be transmitted through meiosis to the next generation(s). True transgenerational inheritance requires that the epigenetic
marks survive the extensive reprogramming of DNA methylation and histone modifications that occurs during
gametogenesis and embryogenesis in both plants and animals [12].

4.1 Evidence from Plant Studies

Evidence for this phenomenon in plants is accumulating, primarily from studies on biotic and abiotic stresses. For
example, progeny of Arabidopsis plants subjected to UV-C stress or herbivory exhibit enhanced resistance even when
grown under benign conditions, and this has been correlated with hypomethylation of defense gene promoters. The role
of HPTMs in this process is harder to demonstrate conclusively. The challenge lies in the fact that the male gametophyte
(pollen) undergoes a near-complete replacement of histones with sperm-specific protamines, and the female gamete and
zygote also experience significant histone reprogramming. However, some marks are known to escape this
reprogramming. In mammals, H3K27me3 is involved in genomic imprinting and can bypass reprogramming waves.
Intriguingly, recent work in Arabidopsis suggests that a subset of H3K27me3-marked regions in the sperm cell can be
transmitted to the zygote, potentially acting as a carrier of epigenetic information. Furthermore, small interfering RNAs
(siRNAs) generated in response to stress in somatic tissues can move into the gametes and guide de novo DNA
methylation in the embryo and endosperm, a process known as RNA-directed DNA methylation (RADM). This siRNA-
mediated pathway represents a primary mechanism for transgenerational epigenetic inheritance in plants, which can
subsequently influence the histone modification landscape in the offspring [13].

4.2 Distinguishing Intergenerational from Transgenerational Effects

A critical point of discussion is the distinction between intergenerational and true transgenerational inheritance. If a
stress is applied to a parent plant (F0O) and effects are seen in its direct offspring (F1), the embryo of that F1 generation
was directly exposed to the stress as a germline cell within the FO parent. This is an intergenerational effect. To
demonstrate transgenerational inheritance, the epigenetic phenotype must persist into the F2 generation (in the case of
plants, where the germline is not set aside early) or F3 generation (in mammals) in the absence of direct exposure. Very
few studies have convincingly shown the persistence of stress-induced histone modifications into the F2 generation,
making this a frontier area of research.

Table 1. Key histone modifications and their demonstrated roles in plant abiotic stress response and memory.

Histone Modification | General Association Role in Stress Response Example Model System
Genes/Pathways
H3K4me3 Active Transcription Rapid induction & somatic memory; RD29B, RAB18 Arabidopsis
(Promoter) persistent bookmarking (Drought) thaliana
H3K9ac / H3K27ac Active Transcription Immediate gene activation; rapid, OsNHXI1 (Salinity), Or{é?::;twa
(Enhancer/Promoter) transient mark RD29A (Drought) L
Arabidopsis
Facultative . . . .
H3K27me3 Heterochromatin / Dynamlc. removal for memory; stable HSP22 (H.eat)., FLC ArablfiopSIS
R - repression of developmental genes (Vernalization) thaliana
epression
H3K9me2 Constitutive . Silencing of transposqble elements (TES) Various TEs Zea mays (Maize)
Heterochromatin under stress to maintain genome stability
H3K36me3 Active Transcription Alternative splicing regulation under AS1 (Splicing Arabidopsis
(Gene Body) stress; transcription elongation Factor) thaliana
Active Transcribtion Prerequisite for H3K4me3/H3K79me3;
H2Bubl p regulator of stress-responsive gene DREB2A, P5CS1 Oryza sativa
(Pre-marks) :
expression
DNA Damage .Marker for DNA doublef-stranc_l break; _ Arabidopsis
yH2A.X . . induced by severe stress; recruits repair Genome-wide .
Signaling . thaliana
machinery
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Table 1 modifications such as H3K4me3 and H3K36me3 promote gene activation and response; Modifications such as
H3K27me3 and H3K9me2 are usually associated with gene repression or silencing; H2Bubl is a pre-marker of
activation modification, helping to form a "memory" transcriptional state; H2A.X marks DNA damage responses,
helping to repair the genome under stress conditions.

5. The Epigenetic Nexus: Intricate Crosstalk and Systems-Level Integration

Histone modifications do not function in isolation. They engage in intricate crosstalk with each other (in cis) and with
other epigenetic systems like DNA methylation and non-coding RNAs (in #rans). This integrated network forms an
"epigenetic nexus" that allows the plant to process, integrate, and store complex environmental information (Figure 2).

5.1 Crosstalk between Different HPTMs

A classic example of cis-crosstalk is the relationship between H2Bub1 and H3K4me3. The monoubiquitination of H2B,
catalyzed by the E3 ligases HUBI/HUB2, is a prerequisite for the di- and tri-methylation of H3K4 by the
methyltransferase COMPASS-like complex. This establishes a clear hierarchy where one mark enables the deposition of
another. Similarly, the phosphorylation of H3S10 can promote the subsequent acetylation of H3K14 by recruiting HATS.
These cooperative interactions ensure coordinated and robust changes in chromatin state.

5.2 Crosstalk with DNA Methylation

The relationship between histone methylation and DNA methylation is particularly strong in plants. The repressive
H3K9me2 mark is closely linked with non-CG (CHG and CHH) DNA methylation, a hallmark of heterochromatin. The
enzyme KRYPTONITE (KYP/SUVH4), which deposits H3K9me2, binds directly to methylated DNA through its SRA
domain, creating a self-reinforcing loop: DNA methylation promotes H3K9me2, which in turn recruits DNA
methyltransferases to maintain methylation. This loop is crucial for silencing transposable elements, especially under
stress when TEs can be activated. Conversely, the active mark H3K4me3 is generally mutually exclusive with DNA
methylation, as DNA methyltransferases are inhibited by this mark [14].

5.3 The Role of Non-Coding RNAs

Non-coding RNAs, particularly 24-nucleotide siRNAs, are central players in the epigenetic nexus. These siRNAs are
produced from heterochromatic regions and can guide de novo DNA methylation via the RADM pathway. This siRNA-
mediated DNA methylation can then influence histone modifications, for instance, by recruiting KYP to establish
H3K9me2. Under stress, the production of siRNAs from specific genomic loci can be altered, leading to epiallelic
variation that may be stably inherited. This positions siRNAs as mobile and sequence-specific guides that can propagate
epigenetic states across generations, potentially directing the re-establishment of histone marks in the offspring.
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Figure 2. The integrated epigenetic nexus in plant stress adaptation.

Figure 2 show the complex crosstalk between different epigenetic pathways in response to environmental stress.
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Central Circle (The Nexus): The stress-responsive gene's chromatin is the central hub.

Inputs (Arrows In): Environmental stress signals (Drought, Salt, Heat) are perceived and transduced into the nucleus via
signaling pathways (e.g., ABA, ROS, Ca2+). These signals directly or indirectly influence the activity of epigenetic
enzymes.

Core Components:

1.Histone Modifications (HPTMs): The combinatorial pattern of marks (e.g., H3K4me3, H3K27me3, H3K9ac) is the
primary output determining gene activity. Cis-crosstalk is shown (e.g., H2Bub1 enabling H3K4me3).

2.DNA Methylation (mC): Shown as red lollipops. It has a bidirectional relationship with repressive HPTMs like
H3K9me2.

3.Non-Coding RNAs (ncRNAs): Stress-induced siRNAs (in purple) are shown guiding the RADM machinery to specific
genomic loci, leading to DNA methylation and subsequent histone methylation.

4.0Outputs (Arrows Out): The integrated action of this nexus determines the transcriptional output (rapid/strong
induction, memory, or silencing), which translates into physiological adaptation (immediate tolerance, somatic memory).
A dashed arrow from the gametes indicates the potential for transgenerational inheritance, mediated in part by ncRNAs
and stable epialleles.

6. Conclusion and Future Perspectives

The evidence is now compelling and extensive: histone modifications serve as a central regulatory hub, or nexus, that
translates transient environmental signals into stable and sometimes heritable changes in gene expression, thereby
enabling sophisticated plant adaptation and acclimation. The dynamic nature of HPTMs provides the flexibility needed
for rapid response, while their potential for mitotic and meiotic stability offers a plausible mechanism for long-term
memory and cross-generational preparedness.

Looking forward, several key challenges and exciting opportunities lie ahead, which will shape the future of this field:
6.1 Technological Frontiers

The current reliance on chromatin immunoprecipitation (ChIP) methods provides population-average data, masking
cell-to-cell heterogeneity. The application of single-cell epigenomics (e.g., scChIP-seq, CUT&Tag) will be
revolutionary for understanding how stress memories are established in specific cell types, such as those in the shoot
apical meristem that give rise to gametes. Furthermore, advancing techniques for analyzing the epigenome of isolated
gametes and early embryos in plants will be essential to directly track the fate of histone marks during reprogramming.

6.2 Conceptual and Mechanistic Challenges

A major hurdle is to move beyond correlation and establish direct causality. This requires tools for the locus-specific
manipulation of histone marks. While CRISPR-based activators and repressors (e.g., CRISPR-dCas9 fused to HATs or
HDACs) are being deployed, the specificity and durability of these changes need improvement. Furthermore,
unequivocally proving the causal role of a specific histone mark in transgenerational inheritance, while controlling for
associated genetic variation and siRNA populations, remains a monumental task.

6.3 Translational Potential and Epibreeding

The ultimate application of this knowledge is in crop improvement. "Epigenetic breeding," or "epibreeding," could take
several forms: (a) Screening for and selecting favorable epigenetic variants (epialleles) that confer stress resilience,
even in the absence of DNA sequence differences. (b) Using chemical or environmental treatments (e.g., priming agents)
to induce beneficial epigenetic states in crops. (¢) Using epigenetic editing tools to stably alter the expression of key
stress-regulatory genes without altering their DNA sequence, potentially bypassing GMO regulations. However, the
stability of artificially induced epialleles across generations in diverse environments is a significant unknown that
requires extensive field testing.

6.4 Ecological and Evolutionary Context

Finally, there is a need to study epigenetic mechanisms in natural plant populations to understand their role in ecological
adaptation and evolution. How important is epigenetic variation compared to genetic variation in driving local
adaptation? How stable are stress-induced epialleles over hundreds of generations in the face of gene flow and selection?
Answering these questions will bridge the gap between molecular epigenetics and evolutionary ecology.

In conclusion, delving deeper into the epigenetic nexus governed by histone modifications will not only answer
profound fundamental questions in biology regarding the inheritance of acquired traits but also paves the way for a new,
transformative era of sustainable agriculture. In this future, crops can be engineered or selected to be smarter, more
adaptive, and more resilient, armed with an epigenetic memory that prepares them for the challenges of a rapidly
changing planet.
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