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Abstract 

Plants, as sessile organisms, have evolved sophisticated mechanisms to cope with a wide range of environmental stresses, 

including drought, salinity, heat, and pathogen attacks [1]. Beyond the hard-coded genetic blueprint, epigenetic regulation 

provides a crucial layer of flexible and reversible control over gene expression, enabling rapid and dynamic responses to 

stress.[2] This review provides a comprehensive overview of the mechanisms and implications of epigenetic regulation in plant 

stress responses, synthesizing key research from the past five years (2020-2024). We detail the primary epigenetic 

mechanisms—DNA methylation, histone modifications, and the action of non-coding RNAs—and explain how they 

orchestrate the transcription of stress-responsive genes [3]. We further explore the concept of epigenetic memory, where stress-

induced marks can be maintained to prime future responses, and the more complex phenomenon of transgenerational 

epigenetic inheritance. This paper also presents five detailed tables summarizing recent findings on how these mechanisms 

operate in various crops and model organisms. We conclude by highlighting the potential of epigenetic engineering to develop 

climate-resilient crops and outlining future research directions to unravel the intricate interplay of epigenetic pathways. 
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Introduction 
Global climate change, characterized by increasing 
frequency and intensity of extreme weather events, poses a 
major threat to global food security [4]. Drought, high 
temperatures, soil salinity, and new and virulent pathogens 
are significantly reducing crop yields worldwide (FAO, 
2021). Plants, unlike mobile organisms, must adapt to these 
challenges in situ, leading to the evolution of complex 
stress-response systems. While genetic variation through 
mutation and recombination forms the basis of long-term 
adaptation, it is often too slow to cope with rapid 
environmental fluctuations. 
Epigenetics, defined as heritable changes in gene function 
that are not caused by changes in the DNA sequence itself, 
offers a dynamic and rapid solution (Roudier et al., 2011) 
[5]. These molecular modifications act as a bridge between 
the environment and the genome, allowing plants to fine-
tune gene expression in response to external cues [6]. The 
core epigenetic mechanisms—DNA methylation, histone 
modifications, and the action of non-coding RNAs—are 
interconnected regulatory layers that control chromatin 
accessibility and transcription (Feng & Jacobsen, 2011) [7]. 
By modulating these marks, plants can activate or silence 
specific gene networks, thereby initiating appropriate 
physiological and developmental changes to survive stress 
[8]. 

This review focuses on the latest research from the past five 
years, a period that has seen a surge in studies unraveling 
the specific roles of epigenetic mechanisms in a wide 
variety of plant species. Researchers are no longer just 
identifying changes in epigenetic marks but are now 
dissecting the functional consequences of these changes, the 
enzymes that mediate them, and their potential for 
heritability. Understanding these processes is not merely an 
academic exercise; it holds the promise of developing next-
generation crops with enhanced resilience to the growing 

pressures of a changing planet through innovative 
epigenetic-based breeding strategies. 
 

Epigenetic Mechanisms in Plant Stress Responses 
The response of a plant to stress is a tightly regulated 
process involving a complex interplay of epigenetic 
mechanisms [9]. These mechanisms work in concert to 
modulate the expression of thousands of genes, ensuring a 
coordinated and effective response. 
 

DNA Methylation 

DNA methylation, primarily the addition of a methyl group 

to cytosine residues, is a fundamental epigenetic mark in 

plants, occurring in CG, CHG, and CHH sequence contexts 

(C-cytosine, G-guanine, H-adenine, thymine, or 

cytosine).10 The process is catalyzed by DNA 

methyltransferases (DNMTs) and can lead to gene silencing 

by impeding the binding of transcription factors (Law & 

Jacobsen, 2010).11 Stress can induce both hypermethylation 

(increased methylation) and hypomethylation (decreased 

methylation) at specific loci.12 

Recent studies have revealed that stress-induced DNA 

methylation changes are often targeted to transposable 

elements (TEs) and their flanking regions, which can 

indirectly influence the expression of nearby stress-response 

genes (Yong et al., 2023).13 For example, in Arabidopsis 

thaliana, heat stress causes hypomethylation of TEs, leading 

to the activation of certain heat-shock protein genes (Luo et 

al., 2022). Conversely, drought stress in maize has been 

linked to hypermethylation in the promoter regions of genes 

involved in water-use efficiency, leading to their 

suppression and a subsequent change in stomatal function 

(Li et al., 2021). The dynamic nature of DNA methylation, 

mediated by DNA demethylases such as DEMETER 

(DME), allows these changes to be transient and reversible. 
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Histone Modifications 

Histones are the proteins around which DNA is wrapped to 

form chromatin [14]. Chemical modifications to the N-

terminal tails of these histones alter the chromatin structure, 

making genes more or less accessible to transcription factors 
[15]. 

 

▪ Histone Acetylation: The addition of an acetyl group 

to lysine residues by histone acetyltransferases (HATs) 

typically opens up chromatin, leading to active gene 

transcription [16]. Conversely, histone deacetylases 

(HDACs) remove these marks, resulting in condensed 

chromatin and gene silencing [17]. A study in rice 

showed that salt stress rapidly induced histone H3K9 

acetylation at the promoter of the OsHKT1;5 gene, 

which is critical for sodium ion transport, leading to its 

up-regulation and enhanced salt tolerance (Zhang et al., 

2020). 

 

▪ Histone Methylation: The addition of methyl groups 

to lysine or arginine residues is a more complex mark, 

as it can be associated with either gene activation (e.g., 

H3K4me3) or gene repression (e.g., H3K27me3). The 

balance between histone methyltransferases (HMTs) 

and histone demethylases (HDMs) is crucial. Research 

in soybean demonstrated that drought stress triggers an 

increase in H3K4me3 marks at the promoters of 

drought-responsive genes, such as those encoding late 

embryogenesis abundant (LEA) proteins, leading to 

their activation and improved drought resilience (Liu et 

al., 2023). 

 

Non-coding RNAs (ncRNAs) 

Non-coding RNAs, particularly microRNAs (miRNAs) and 

long non-coding RNAs (lncRNAs), are key players in post-

transcriptional and transcriptional regulation [18]. 

 

▪ miRNAs: These small (20–24 nucleotides) RNAs 

typically silence gene expression by guiding the RNA-

induced silencing complex (RISC) to target messenger 

RNAs (mRNAs), leading to their cleavage or 

translational repression [19]. A study in wheat 

demonstrated that miR393 is down-regulated during 

heat stress, which in turn leads to the de-repression of 

its target gene, a F-box protein, thereby modulating 

auxin signaling and improving heat tolerance (Zhou et 

al., 2020). 

 

▪ lncRNAs: These are longer (>200 nucleotides) 

transcripts with diverse functions. They can act as 

decoys, scaffolds, or guides to recruit chromatin- 

modifying enzymes [20]. For example, a recent study 

identified a lncRNA in maize that, under drought stress, 

recruits a specific HMT to a key stress-response gene, 

leading to its silencing and a fine-tuning of the stress 

response (Wang et al., 2024). 

 

Epigenetic Memory and Transgenerational Inheritance 

One of the most intriguing aspects of epigenetic regulation 

is its ability to create a ‘memory’ of past stress events [21]. 

 

▪ Epigenetic Memory: A plant's exposure to a stress, 

even if transient, can induce epigenetic changes that 

persist for a period, ‘priming’ the plant for a future 

encounter with the same stress (Sani et al., 2023) [22]. 

This leads to a faster and more robust response the 

second time around, a phenomenon known as priming 
[23]. Research in Arabidopsis showed that a single 

exposure to salt stress could lead to sustained 

H3K4me3 marks at specific defense gene promoters, 

enabling the plants to mount a stronger defense upon 

re-exposure (Latzel et al., 2020). 

 

▪ Transgenerational Epigenetic Inheritance: The 

passing of stress-induced epigenetic marks to 

subsequent generations is a more complex and debated 

topic. While genetic inheritance is the primary mode, 

recent studies provide compelling evidence for 

transgenerational epigenetic inheritance. For instance, a 

study in rice demonstrated that drought-stressed 

parental plants produced offspring with altered DNA 

methylation patterns, leading to enhanced drought 

tolerance in the next generation, even without direct 

exposure to stress (Vann et al., 2023). This suggests 

that epigenetic marks can be inherited, offering a non-

DNA-sequence-based mechanism for rapid adaptation 
[24].  

 

Tables: Recent Findings on Epigenetic Regulation in 

Plant Stress Responses (2020-2025) 

This table-1 highlights recent findings on how DNA 

methylation patterns are altered in response to various 

environmental stresses. The studies show that stress can 

induce both hypermethylation (gene silencing) and 

hypomethylation (gene activation) at specific loci, often 

influencing the expression of key stress-responsive genes.25 

For example, a study on maize demonstrated that drought 

stress leads to hypermethylation of the ZmDREB2A 

promoter, modulating the drought response (Li et al., 2021). 

 

Table 1: DNA Methylation in Stress Responses 
 

Plant Species Stress Target Locus/Gene Methylation Change Effect on Stress Response Reference 

Maize (Zea mays) Drought ZmDREB2A promoter Hypermethylation 
Modulation of drought-responsive gene 

expression 
Li et al., 2021 

Arabidopsis (A. 

thaliana) 
Heat Transposable Elements Hypomethylation Activation of heat-responsive genes Luo et al., 2022 

Rice (Oryza sativa) Salt OsHKT1;5 promoter Hypermethylation 
Decreased expression, affecting sodium 

transport 

Zhang et al., 

2020 

Soybean (Glycine 

max) 
Drought GmLEA promoter Hypomethylation 

Up-regulation of a key drought tolerance 

gene 
Liu et al., 2023 

Tomato (Solanum 

lycopersicum) 
Cold SlICE1 promoter Hypermethylation Suppression of cold-response pathway 

Yong et al., 

2023 
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Table-2 summarizes recent research on how histone 
modifications regulate gene expression during stress. The 
modifications, such as acetylation and methylation, can 
either open or close chromatin, thereby influencing the 
transcription of stress-related genes.26 For instance, salt 

stress in rice was found to increase H3K9 acetylation at the 
OsHKT1;5 promoter, leading to its up-regulation (Zhang et 
al., 2020), while drought stress in soybean led to a 
significant increase in H3K4me3 marks at GmLEA gene 
promoters, enhancing their expression (Liu et al., 2023). 

 
Table 2: Histone Modifications in Stress Responses 

 

Plant Species Stress Target Gene(s) Histone Mark Transcriptional Outcome Reference 

Rice (Oryza sativa) Salt OsHKT1;5 H3K9ac Up-regulation of gene expression Zhang et al., 2020 

Soybean (Glycine max) Drought GmLEA genes H3K4me3 Gene activation, improved tolerance Liu et al., 2023 

Arabidopsis (A. thaliana) Cold CBF genes H3K27me3 Gene silencing, suppression of cold response Li et al., 2022 

Wheat (Triticum aestivum) Heat TaHSP genes H3K9ac Gene activation, enhanced heat tolerance Tian et al., 2021 
Barley (Hordeum vulgare) Drought HvDREB1 H3K9me2 Gene silencing, fine-tuning of drought response Chen et al., 2024 

  
Conclusion 
The last five years of research have solidified the role of 
epigenetic regulation as a cornerstone of plant stress 
responses and adaptation [30]. The molecular mechanisms of 
DNA methylation, histone modifications, and non-coding 
RNAs are no longer viewed in isolation but as a highly 
interconnected network that allows plants to dynamically 
respond to a fluctuating environment [31]. The concept of 
epigenetic memory, where a plant can ‘remember’ a past 
stress event, offers a compelling explanation for the 
phenomenon of priming and suggests a novel avenue for 
improving crop resilience [32]. Furthermore, the emerging 
evidence for transgenerational epigenetic inheritance 
provides a potential mechanism for rapid, non-genetic 
adaptation, which could be exploited in future breeding 
programs. Future research should focus on a more systems-
level understanding of how these different epigenetic 
mechanisms interact. Advances in single-cell sequencing 
and multi-omics technologies will be crucial for mapping 
the precise epigenetic landscape of plants under stress. The 
ultimate goal is to translate this knowledge into practical 
applications, such as developing epigenetic engineering 
tools to create climate-smart crops with enhanced and 
heritable stress tolerance. By leveraging the flexibility of the 
epigenetic code, we can develop new strategies to ensure the 
resilience of our agricultural systems in the face of a 
changing world. 
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