Fundamentals of Epigenetic Regulation in Plants:
Epigenetic modifications modulate chromatin structure,
thereby determining whether a gene is transcriptionally
active or repressed. The major layers of epigenetic
control in plants are:

DNA Methylation: DNA methylation typically occurs
at cytosine residues in CG, CHG, and CHH (where H =
A, T, or C) contexts. It is catalyzed by DNA
methyltransferases such as MET1, CMT3, and DRM2.
Methylation usually represses gene transcription by
preventing the binding of transcription factors or by
recruiting repressor proteins. In plant-pathogen
interactions, DNA methylation can regulate genes
involved in immune responses, including those
associated with pattern-recognition receptors (PRRs)
and resistance (R) genes.

Histone Modifications: Histone proteins undergo
post-translational modifications such as acetylation,
methylation, phosphorylation, ubiquitination, and
sumoylation. These modifications influence chromatin
compaction and gene accessibility. For instance,
histone acetylation (H3K9ac, H4K16ac) is often
linked to gene activation, while methylation at
specific  residues  (H3K9me2, H3K27me3) is
associated with gene repression. During infection,
histone  acetyltransferases and  deacetylases
dynamically remodel chromatin to activate defence-
related genes or suppress pathogen-induced
susceptibility genes.

Chromatin Remodelling: Chromatin remodelling
complexes, such as the SWI/SNF family, modify
nucleosome positioning, allowing transcription
factors access to promoter regions. This process is
essential for activating genes involved in salicylic
acid (SA), jasmonic acid (JA), and ethylene-mediated
defence pathways.

Small RNA-Mediated Regulation: Small RNAs
(sRNAs), including microRNAs (miRNAs) and small
interfering RNAs (siRNAs), are central components of
epigenetic regulation. They guide DNA methylation
and histone modification through the RNA-directed
DNA  methylation  pathway, thus silencing
transposable elements and regulating immune-
related genes. sSRNAs also play a crucial role in cross-
kingdom RNA interference, where pathogens secrete
small RNAs to suppress host immunity.
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INTRODUCTION

Plant-pathogen interactions represent an
evolutionary arms race, where plants continuously
evolve defence mechanisms while pathogens develop
strategies to counteract them. Traditional genetics
has greatly contributed to understanding plant
immunity; however, it became evident that genetic
factors alone cannot explain the dynamic, reversible,
and often heritable changes in gene expression
observed during infection. This realization has
propelled the field of plant epigenetics the study of
heritable changes in gene activity that occur without
modifications to the DNA sequence itself. Epigenetic
regulation enables plants to reprogram  their
transcriptome rapidly in response to environmental
cues, including pathogen attack. The key epigenetic
mechanisms in plants include DNA methylation,
histone modification, chromatin remodelling, and
RNA-directed DNA methylation (RdDM). These
modifications can activate or silence defence-related
genes and influence the efficiency and durability of
immune responses.

ROLE OF EPIGENETICS IN
PLANT-PATHOGEN INTERACTIONS AND
DISEASE RESISTANCE
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Epigenetic Modulation of Plant Immunity: Plant defence
mechanisms are broadly divided into pattern-triggered
immunity (PTI), the first line of defence activated by
pathogen-associated molecular patterns, and effector-
triggered immunity (ETI), a stronger response triggered
by recognition of pathogen effectors that often involves
localized cell death, and epigenetic regulation is
fundamental to both layers by fine-tuning defence gene
expression and priming plants for enhanced future
responses. During PTI, DNA demethylation in promoter
regions of defence genes enhances their expression,
while histone acetylation boosts the transcription of
genes encoding pathogenesis-related proteins and
enzymes for defensive secondary metabolites. In ETI, the
activation of resistance (R) genes is tightly controlled by
histone modifications, such as a reduction in repressive
H3K27me3 marks, with some R-genes maintained in a
poised epigenetic state for rapid deployment.
Furthermore, following an initial infection, the
phenomenon of systemic acquired resistance (SAR)
relies on epigenetic memory, where stable DNA
methylation and histone marks established during the
first attack persist through mitosis and can even be
inherited transgenerationally, providing not only the
plant but also its progeny with a primed, enhanced
resistance upon subsequent pathogen challenges.
Pathogen Manipulation of Host Epigenetic Machinery
Pathogens have evolved sophisticated strategies to
manipulate host epigenetic processes to suppress
immunity and facilitate infection. Certain fungal and
bacterial effectors can directly interfere with host
chromatin modifiers, while viral proteins may hijack the
plant's RNA silencing machinery. For instance, some
pathogens induce hypermethylation of defence gene
promoters to silence them, while others release small
RNAs that target host transcripts involved in immunity.
This molecular warfare underscores the dynamic
interplay between plant and pathogen epigenomes.
Cross-Talk Between Epigenetic Mechanisms and
Hormonal Pathways

Plant defence responses are regulated through complex
hormonal networks involving salicylic acid (SA), jasmonic
acid (JA), and ethylene (ET).
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Epigenetic modifications often integrate with these
hormonal pathways. For instance, SA-induced defence
genes frequently show histone acetylation and
demethylation, while JA-responsive genes may
undergo transient chromatin remodelling. Thus,
epigenetic marks function as molecular switches linking
hormonal signals to gene expression dynamics.
Transgenerational Epigenetic Inheritance of Disease
Resistance

One of the most remarkable findings in plant
epigenetics is that certain stress-induced epigenetic
states can be passed on to offspring. Plants that
survive pathogen infection may transmit altered DNA
methylation patterns or histone modifications to
progeny, conferring enhanced disease resistance. This
transgenerational inheritance suggests a form of
“epigenetic memory” that enables plants to adapt to
recurring environmental stresses without requiring
genetic mutations.

Tools and Techniques in Epigenetic Research

Modern molecular tools have revolutionized the study
of epigenetics in plant-pathogen interactions.
Techniques such as bisulfite sequencing for DNA
methylation profiling, chromatin immunoprecipitation
sequencing (ChIP-seq) for histone modification
mapping, and RNA sequencing for transcriptome
analysis have deepened our understanding of defence-
related epigenetic landscapes. Emerging tools like
ATAC-seq (Assay for  Transposase-Accessible
Chromatin) and CRISPR/dCas9-based epigenome
editing provide opportunities to precisely manipulate
chromatin states to study or enhance disease
resistance.

Applications and Future Prospects in Crop
Improvement

Harnessing epigenetic  variation holds immense
promise for sustainable agriculture. Epigenetic
breeding, which utilizes stable epigenetic variants
(epialleles), can enhance disease resistance without
altering the genome sequence. By manipulating DNA
methylation or histone modifications, it is possible to
develop crops that are more resilient to pathogens
while maintaining desirable agronomic traits.
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Moreover, targeted epigenome editing using
CRISPR-dCas9 fused to methyltransferases or
demethylases allows precise modulation of
defence genes, offering a new frontier in crop
biotechnology. However, challenges remain, such
as distinguishing between adaptive and
deleterious epigenetic changes, understanding the
stability of epigenetic marks under field
conditions, and ensuring  that  beneficial
modifications are stably inherited across
generations. Future research integrating multi-
omics approaches epigenomics, transcriptomics,
and metabolomics  will provide a holistic
understanding of the molecular basis of plant
immunity.

CONCLUSION

Epigenetics has transformed our understanding of
plant-pathogen interactions by revealing that
gene regulation in response to infection is not
solely dictated by genetic code but also by
dynamic and reversible molecular modifications.
Through DNA methylation, histone remodelling,
and small RNA pathways, plants can swiftly
reprogram their genomes to mount effective
defences, remember past infections, and even
transmit resistance to future generations. As
climate change intensifies disease pressures on
global crops, epigenetic insights offer a powerful
avenue for developing resilient plant varieties
through  non-transgenic means. Integrating
epigenetic principles into breeding and crop
management practices could revolutionize plant
protection and pave the way for a more
sustainable, disease-resilient agriculture.




