Nishanth et al. Discover Plants (2025) 2:349 Discover Plants
https://doi.org/10.1007/s44372-025-00432-9

REVIEW Open Access

Check for
updates

Epigenetic mechanisms regulating plant
responses to abiotic stress and their role
in developing climate resilient crops

J. Bevin Nishanth', Baburao Gaddala?, S. Suji"", P. Rifa Fathima®, A. Premkumar?, Balasankar Karavadi,
RS A Sorna Kumar®, J lyyappan® and Yuvaraj Dinakarkumar’"

*Correspondence:
S. Suji Abstract
sujissse@saveetha.com Abiotic stresses such as drought, salinity, and temperature extremes are major

Yuvaraj Dinakarkumar

yuvarajdinakarkumar@gmail com constraints to global crop productivity and food security. Plants respond to these

, , - factors through epigenetic modifications, chromatin remodelling, and transcriptional
Full list of author information is . . L .
available at the end of the article reprogramming that dynamically regulate gene activity and stress memory. This
review synthesizes current knowledge on DNA methylation, histone modifications,
non-coding RNAs, and chromatin remodelling, emphasizing the enzymes, protein
complexes, and stress-responsive genes that illustrate their roles in abiotic stress
adaptation. A comparative synthesis across model and crop species, including
Arabidopsis, rice, maize, and wheat, reveals both conserved and species-specific
patterns of epigenetic regulation, as well as major knowledge gaps. We also examine
recent advances in genome and epigenome editing technologies, particularly
CRISPR/dCas9 systems, and their application in crop stress resilience. Beyond
molecular insights, the review highlights socio-economic and ethical considerations,
contrasting regulatory landscapes in India and globally. By integrating molecular
mechanisms with applied perspectives, this review provides a comprehensive
resource to guide future research and crop improvement strategies for climate-
resilient agriculture.
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1 Introduction

The concept of “Epigenetics” was first established by Conrad Waddington in 1942 to
describe phenotypic changes that can be passed on to subsequent generations without
a change in the genetic material [1]. Plant studies have been significantly advanced in
the field of epigenetics, specifically how genes are regulated and how they can be inher-
ited. One of the major concepts in this area is the distinction between euchromatin
and heterochromatin, both of which are essential for the regulation of gene expression.
Active gene transcription is often associated with euchromatin, gene silencing is often
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associated with heterochromatin. This fundamental understanding has been supported
by studies showing that chromatin structure regulates gene accessibility and expression
in many plants [2].

Epigenetic alterations in plants are different from genetic mutations in terms of their
reversible properties, which can lead to fast adjustment according to a changing envi-
ronment. They are key players in tuning gene expression during abiotic stresses such as
drought and salinity. For example, specific epigenetic marks can be changed to boost
survival when plants are faced with stressful situations, by upregulating stress-respon-
sive genes and downregulating non-essential genes and transposable elements [3]. This
plasticity enables plants to modulate their phenotypic responses according to rapidly
changing environmental challenges.

When the stress decreases, then the epigenetic switch will turn back, turning on regu-
lar gene expression and allowing for growth to resume. Such recovery requires the activ-
ity of mechanisms like demethylation and removal of repressive histone marks [4]. Such
is the case for cold stress, where studies showed that cold stress results in long-lasting
hypomethylation of cold-responsive genes, including COR15A in Arabidopsis, thus
allowing rapid activation of these genes upon re-exposure to cold [5]. This phenomenon
shows how epigenetic changes can provide plants with a form of “stress memory,” allow-
ing them to respond more efficiently to recurring stresses [6]. However, the increas-
ing variability of climate, characterized by prolonged droughts, unpredictable rainfall,
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and extreme temperatures, intensifies the frequency and severity of abiotic and biotic
stresses, posing significant threats to plant survival and productivity [7].

A detailed overview of these mechanisms, their functions, key enzymes, and their
specific roles in stress tolerance is presented in Table 1. Such adaptations allow for a
rapid responses within hours to days and provide long-term acclimation through epi-
genetic memory that enables the plant to “remember” a prior stress event and respond
more quickly to subsequent stress events [8]. Epigenetic memory and stress tolerance
are promising targets for future research in agriculture with great prospects for devel-
oping climate change-resilient crops. Such improvements are needed for sustainably
increasing and stabilizing productivity in the context of changing environmental condi-
tions [9]. This review aims to consolidate recent advances in plant epigenetics, includ-
ing DNA methylation, histone modifications, and RNA-mediated regulation, alongside
developments in genome and epigenome editing. It further examines examples of stress-
response mechanisms across major crops and discusses their socio-economic and ethical
implications in modern crop improvement and climate-resilient farming. By integrating
these perspectives, the review provides a timely resource to guide future research and
application of epigenetic strategies for climate-resilient crop improvement.

2 Epigenetic mechanisms in plants

2.1 DNA methylation dynamics in plant stress responses

DNA methylation is a key epigenetic mechanism involving the addition of a methyl
group to cytosine bases, occurring in three distinct contexts: CG, CHG, and CHH. CG
methylation (Fig. 1), maintained by Writers - METHYLTRANSFERASE 1 (MET1), is
symmetrical, heritable, and commonly found in gene bodies, often linked to moder-
ately expressed genes [20]. CHG methylation, regulated by CHROMOMETHYLASE
3 (CMT3), is also symmetrical and plays a key role in silencing transposable elements
and repetitive sequences [21]. CHH methylation, on the other hand, is asymmetrical
and catalyzed by DOMAIN REARRANGED METHYLTRANSFERASES (DRM1/2) via
the RNA-directed DNA Methylation (RADM) pathway, primarily targeting promoter
regions and transposable elements for de novo methylation [22]. DNA methylation mod-
ulates gene expression during stress, contributing to stress-induced silencing or recov-
ery-related reactivation [23]. Stress-induced methylation silences non-essential genes
and transposable elements to maintain genomic stability. H3K9me2-associated DNA
methylation [24] silences genes under abiotic stresses like drought or salinity. Active
demethylation mediated by enzymes which are called as Erasers like DEMETER (DME)
and REPRESSOR OF SILENCING 1 (ROSI), reverses these changes, reactivating criti-
cal genes necessary for growth and recovery, showing that stress recovery is associated
with DNA demethylation in specific genes. Some methylation patterns provide plants
with “stress memory,” enabling faster responses to recurring stresses [25]. Readers, or
methylation-binding proteins, such as MBDs (Methyl-CpG-binding domain proteins)
and the SUVH family of histone methyltransferases, play a central role in interpreting
DNA methylation marks. These proteins recognize methylated cytosines commonly at
CpG sites and act as mediators, recruiting various chromatin-modifying complexes. This
can lead to transcriptional repression or, in certain contexts, activation [26].
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Cold stress in Arabidopsis thaliana induces persistent hypomethylation (loss of methyl
marks) and an upregulation of cold-responsive genes such as CORI54, allowing rapid
reactivation upon re-exposure to cold stress [27]. Cold stress leads to increased cyto-
sine methylation (hypermethylation) in Prunus simonii and Alpine plants, which in turn
regulates the expression of cold-responsive genes by repressing non-essential pathways
[28]. Under drought stress, Arabidopsis shows global hypomethylation and upregula-
tion of stress-responsive genes such as RD29A and RAP2.4, while transposable elements
become hypermethylated and repressed to maintain genome stability [29]. Similarly, in
Medicago sativa, methylation levels decrease under drought, correlating with upregula-
tion of stress-tolerance genes [30], while Populus trichocarpa experiences locus-specific
hypomethylation and upregulation of drought-responsive genes [31]. In salinity stress,
tolerant rice (Oryza sativa) varieties exhibit reduced CHH methylation and upregula-
tion of ion transport genes like HKT1 and SOSI, enhancing their expression, whereas
salt-sensitive varieties show hypermethylation and downregulation of these same genes
[32]. Likewise, Brassica napus displays hypomethylation and upregulation in tolerant
genotypes and hypermethylation in sensitive ones, influencing stress-adaptive pathways
[33]. Some of the key enzymes and proteins that have their effect on stress tolerance are
summarized in Table 2.

3 Histone modifications regulating stress-inducible genes
Histone modifications are critical regulators of chromatin structure and gene expression
in plants, significantly influencing their responses to environmental stresses. These mod-
ifications are mediated by distinct groups of enzymes that act as writers, erasers, and
readers. Writers such as histone acetyltransferases (HATs), including GCN5 and HAT
family members [34], and histone methyltransferases (HMTs) like the SDG and SUVH
families [35], deposit activating or repressive marks on histones [36]. Erasers include his-
tone deacetylases (HDACs), which remove acetyl groups, and Jumonji C (JMJ]) domain
proteins such as REF6 and JMJ14, which demethylate histones to fine-tune transcrip-
tional activity [37, 38]. Readers such as bromodomain-containing proteins (BRDs) inter-
pret acetylation marks [39], while LIKE HETEROCHROMATIN PROTEIN 1 (LHP1)
recognizes repressive marks like H3K27me3, stabilizing silenced chromatin states [40].
Together, these enzyme systems shape the balance between activation and repression
of chromatin states and stress-responsive pathways, and their activity is reflected in spe-
cific modification patterns under stress. Acetylation, mediated by histone acetyltransfer-
ases (HATs) and reversed by histone deacetylases (HDACs) (Fig. 2), neutralizes histone
charges, loosening chromatin structure and promoting transcription of stress-respon-
sive genes like those marked with H3K9ac and H3K27ac [41, 42]. Methylation, cata-
lyzed by histone methyltransferases (HMTs) and removed by demethylases, has variable
effects depending on the site of modification; active marks like H3K4me3 promote gene
activation, while repressive marks such as H3K27me3 and H3K9me2 compact chroma-
tin into heterochromatin, silencing genes that may be de-repressed under stress [43].
Ubiquitination, involving the addition or removal of ubiquitin molecules by ubiquitin
ligases or deubiquitinases, regulates transcription by signaling chromatin remodeling, as
seen with H2B ubiquitination enhancing transcriptional activation [44]. These modifi-
cations collectively influence chromatin accessibility: acetylation promotes euchromatin
and transcription, methylation fine-tunes gene expression, and ubiquitination recruits
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Fig. 1 Schematic representation of DNA methylation dynamics in plants under stress conditions. DNA methyla-
tion involves the addition of a methyl group to cytosine (C), forming 5-methylcytosine (5mC), primarily in CG
contexts, and is catalyzed by DNA methyltransferases (MTases). Hypermethylation in promoter or coding regions
typically leads to gene repression, while demethylation promotes gene activation. Passive DNA demethylation
occurs via DNA replication, while active removal is mediated by base excision repair pathways. Open chromatin
configuration promotes accessibility for transcription. Diagram created using BioRender. Me, methyl group; 5mC,
5-methylcytosine

chromatin remodelers, and their effects on stress tolerance are presented in Table 2.
Case studies highlight their roles in stress adaptation—cold stress reduces repressive
marks like H3K27me3 on genes such as COR15A, enabling faster activation and epigen-
etic memory [45]. Similarly, heat stress decreases H3K9me2 levels in rice and promotes
histone acetylation in Arabidopsis, which are associated with improved heat tolerance
[46]. These modifications are thus pivotal in regulating plant growth, development, and

resilience to stress.
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Fig. 2 Role of histone modifications in chromatin remodelling and gene expression regulation. a Open chromatin
state is maintained by acetylation of histone tails via histone acetyltransferases (HATs), enhancing gene activa-
tion. b Closed chromatin results from histone deacetylation (HDACs) and methylation, leading to gene silencing.
Methylation at H3K4 (H3K4me3) activates gene expression, while H3K27me3 is associated with repression. Ac,
acetylation; Me, methylation; CH3, methy! group. Figure constructed using BioRender

4 ATP-Dependent chromatin remodeling in stress tolerance

Chromatin remodeling is a pivotal epigenetic process involving the dynamic alteration
of chromatin structure to regulate DNA accessibility for transcription, replication, and
repair. This process is essential for plant stress responses, allowing adaptation to abi-
otic stresses such as drought, heat, and salinity, as well as biotic stresses like pathogen
attacks. ATP-dependent chromatin remodeling complexes play a central role in this pro-
cess by utilizing energy from ATP hydrolysis to reposition, eject, or restructure nucleo-
somes, thereby modifying chromatin architecture [75]. These modifications enable or
restrict access to regulatory DNA regions, influencing stress-responsive gene expres-
sion. Mechanisms include nucleosome sliding, which exposes promoters or enhancers;
nucleosome ejection, providing direct access to stress-responsive genes; and histone
variant exchange, which alters chromatin’s structural and functional properties [76].
Key ATP-dependent remodeling complexes in plants include SWI/SNF, ISWI, CHD,
and INOS8O (Fig. 3). For instance, the SWI/SNF complex, with subunits like BRAHMA
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Fig. 3 Four major families of chromatin remodelers—SWI/SNF, ISWI, CHD, and INO80—regulate nucleosome po-
sitioning and chromatin accessibility. Each complex contains distinct subunits that use ATP hydrolysis to slide or
evict nucleosomes, thereby modulating access to regulatory DNA. These remodelers are involved in transcriptional
regulation, histone exchange, and repair processes. The figure shows the interaction of remodelers with nucleo-
somes. Abbreviations: BAF, BRG1-associated factor; CHRAC, chromatin accessibility complex; SRCAP, SNF2-related
CREBBP activator protein. Created using BioRender

(BRM) and SW13, facilitates transcriptional activation under stress conditions, while the
INO80 complex aids in DNA repair during stress [77]. In pathogen defense, Arabidop-
sis thaliana activates the SWI/SNF complex upon infection by Pseudomonas syringae,
promoting pathogenesis-related gene expression through nucleosome repositioning
[78]. Similarly, NPR1-mediated systemic acquired resistance (SAR) depends on chroma-
tin remodeling to remove repressive histone marks, activating salicylic acid-responsive
genes [79]. In abiotic stress responses, chromatin remodeling enables the activation of
stress-tolerant pathways. During drought stress, the SWI/SNF complex regulates ABA-
responsive genes like RD29A and RABIS8 by sliding nucleosomes, while DDM1 protects
heterochromatin structure to ensure genome integrity [80]. In response to heat stress,
BRM-mediated remodeling facilitates heat shock protein expression by enabling tran-
scription factor binding at heat shock elements [81]. Chromatin remodeling interacts
with other epigenetic mechanisms such as histone modifications and DNA methylation.
Remodeling complexes collaborate with histone acetyltransferases (HATSs) or deacety-
lases (HDACs) to regulate chromatin accessibility [82]. For example, during drought
stress, increased histone acetylation (H3K9ac) at stress-responsive loci is facilitated by
remodelers [83]. In the RNA-directed DNA methylation (RdADM) pathway, chromatin
remodelers ensure DNA methylation is maintained at repetitive elements, contribut-
ing to genomic stability under stress [84]. The significance of chromatin remodeling lies
in its ability to enable rapid and dynamic gene regulation, crucial for adapting to envi-
ronmental fluctuations. Moreover, it contributes to stress memory, allowing plants to
respond more effectively to recurring stresses, and ensures genomic stability by silenc-
ing transposable elements. These functions make chromatin remodelers vital targets for
developing stress-tolerant crops [85].

5 The role of Non-coding RNAs in stress regulation

Non-coding RNAs (ncRNAs) represent a diverse group of regulatory molecules that
fine-tune gene expression in plants during growth, development, and stress adaptation.
They are broadly classified into microRNAs (miRNAs), small interfering RNAs (siR-
NAs), and long non-coding RNAs (IncRNAs), each contributing unique and overlapping
functions in stress regulation. Small RNAs (sRNAs) are short, non-coding RNA mol-
ecules, typically ranging from 20 to 24 nucleotides in length, that play critical roles in
regulating gene expression at both transcriptional and post-transcriptional levels [86].



Nishanth et al. Discover Plants (2025) 2:349 Page 11 of 29

These molecules are involved in diverse biological processes, including developmental
regulation, stress responses, and the maintenance of genome stability.

In plants, sSRNAs are categorized into two main classes: microRNAs (miRNAs) and
small interfering RNAs (siRNAs). miRNAs are derived from single-stranded RNA pre-
cursors that form hairpin structures and are processed by the enzyme DICER-LIKE 1
(DCL1) into mature miRNAs [87]. These miRNAs are then incorporated into the RNA-
Induced Silencing Complex (RISC), where they guide the complex to target mRNAs
based on sequence complementarity, leading to mRNA degradation or translational
repression.

Several small RNAs have been identified as being regulated in response to drought
stress in recent studies. Novel_105 miRNA was upregulated under drought stress in
Solanum tuberosum [88], Sto-miR159n was downregulated under drought in Sophora
tonkinensis [89], and miR408 in Cajanus cajan was induced by salinity stress [90]. Addi-
tionally, miR398 and miR862 were identified in Pennisetum glaucum and miR398 was
downregulated under oxidative stress, leading to upregulation of its targets copper/zinc
superoxide dismutases (CSD1 and CSD2), while miR862 was upregulated under drought
stress [91]. For instance, miR398 targets copper/zinc superoxide dismutases (CSD1 and
CSD2), modulating oxidative stress responses [92]. In contrast, siRNAs originate from
double-stranded RNA (dsRNA) precursors, which can arise from transposable ele-
ments, viruses, or overlapping transcripts. They are processed by DICER-LIKE 3 (DCL3)
and other DCL proteins and play significant roles in RNA-directed DNA methylation
(RADM) and post-transcriptional gene silencing. siRNAs are essential for heterochroma-
tin formation, transposable element silencing, and antiviral defense [93]. Additionally,
siRNAs are crucial in maintaining genomic stability by silencing transposable elements
through the RADM pathway, which recruits DNA methyltransferases like DRM2 to
mediate de novo methylation [94].

Non-coding RNAs (ncRNAs) are RNA molecules that do not code for proteins but
play vital roles in regulating gene expression and stress responses in plants. Among
these, long non-coding RNAs (IncRNAs) have emerged as key players in various biologi-
cal processes [95]. IncRNAs, typically longer than 200 nucleotides and lacking significant
open reading frames, regulate gene expression at both transcriptional and post-tran-
scriptional levels [96]. They function by recruiting chromatin-modifying enzymes to
specific genomic loci, influencing histone modifications and DNA methylation, as seen
in Arabidopsis thaliana, where the antisense IncRNA COOLAIR promotes histone
methylation at the FLOWERING LOCUS C (FLC) gene to regulate flowering time [97].
They can also interfere with transcription by blocking RNA polymerase II progression or
by modulating mRNA stability, decay, or alternative splicing [98]. For instance, ELENA1
enhances the stability of pathogenesis-related (PR) gene transcripts in Arabidopsis,
boosting immunity, while IPS1 acts as a decoy for miR399, regulating phosphate homeo-
stasis [99]. Additionally, IncRNAs contribute to nuclear architecture, scaffolding chro-
matin and regulatory proteins to affect chromatin structure and gene expression. These
regulatory mechanisms enable IncRNAs to play critical roles in plant stress responses
[76].

In abiotic stress, IncRNAs show distinct regulation patterns. For instance, DIR is
upregulated under drought stress, enhancing ABA signaling and improving tolerance.
In contrast, certain salinity- and heat-responsive IncRNAs are induced under stress and
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drought) trigger signaling cascades (ROS, Ca®*, MAPK, ABA/SA) that converge on four regulatory layers: DNA meth-
ylation (writers: MET1/CMT3/DRM2; erasers: DME/ROS1; readers: MBD/SUVH), histone modifications (writers: HATs/
HMTs; erasers: HDAC/JMJs; readers: BRD/LHP1), chromatin remodelers (SWI/SNF, CHD, ISWI, INO80 complexes), and
non-coding RNAs (miR398 — CSD1/2; miR393 — TIRT; INcRNA SVALKA — CBF1). These mechanisms regulate stress-
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transgenerational epigenetic memory. Together they enhance stress tolerance and contribute to the development
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pathways for crop improvement

interact with chromatin modifiers to activate stress-responsive genes [100]. COLDAIR
is upregulated during cold stress, recruiting Polycomb Repressive Complex 2 (PRC2) to
deposit repressive marks at the FLC locus, thereby regulating flowering after vernaliza-
tion [97]. Furthermore, IncRNAs integrate with hormonal pathways and interact with
small RNAs to fine-tune stress-responsive gene expression and their regulatory effects,

as provided in Table 3.

Taken together, these mechanisms form an integrated regulatory network that links
environmental perception to gene regulation and stress adaptation (Fig. 4). This synthe-
sis highlights the interplay between DNA methylation, histone modifications, chromatin
remodeling, and non-coding RNAs, while also underscoring the potential of CRISPR/
dCas9 to precisely modulate these pathways.

6 Technological advances in epigenetic studies

Epigenetics has experienced remarkable technological advancements, enabling research-
ers to unravel how plants regulate gene expression and adapt to environmental stresses.
These breakthroughs have provided a comprehensive understanding of the dynamic

Page 12 of 29
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mechanisms underpinning plant resilience, revealing how epigenetic modifications such
as DNA methylation, histone modifications, and chromatin accessibility contribute to
gene regulation in response to changing environments. High-throughput sequencing
technologies, innovative epigenome editing tools, and advanced bioinformatics plat-
forms are at the forefront of these developments, paving the way for transformative
applications in crop improvement [124].

High-throughput sequencing methods, such as bisulfite sequencing, reduced repre-
sentation bisulfite sequencing (RRBS), and whole-genome bisulfite sequencing (WGBS),
have revolutionized epigenetic research by offering genome-wide insights into DNA
methylation patterns [125]. Bisulfite sequencing, a cornerstone technique, allows for
single-base resolution mapping by converting unmethylated cytosines into uracil while
preserving methylated cytosines. This method has been instrumental in identifying
stress-induced differentially methylated regions (DMRs) in plants [126]. For instance,
studies have employed bisulfite sequencing to investigate methylation changes in rice
under salt stress, uncovering key genes involved in ion transport and osmotic regula-
tion [127]. RRBS, a cost-effective alternative, targets specific genomic regions to reduce
sequencing costs while maintaining resolution [128]. WGBS provides an exhaustive view
of the methylation landscape, enabling comprehensive studies that link methylation pat-
terns with gene expression and environmental responses. These sequencing technolo-
gies have been vital in revealing how methylation contributes to stress tolerance and
adaptability in plants.

Advances in chromatin analysis techniques, such as Chromatin Immunoprecipita-
tion (ChIP) and Assay for Transposase-Accessible Chromatin Sequencing (ATAC-Seq),
have deepened our understanding of histone modifications and chromatin accessibility.
ChIP, a widely used method, isolates DNA-protein complexes using specific antibodies
to map histone modifications and transcription factor binding sites [129]. By targeting
marks like H3K4me3 (active chromatin) and H3K27me3 (repressed chromatin), ChIP
has uncovered the regulatory roles of histone modifications in plant stress responses
[130]. For example, it has been utilized to study heat-induced histone acetylation in Ara-
bidopsis and transcription factor binding during plant defense [131]. ATAC-Seq iden-
tifies open chromatin regions by leveraging transposases to insert sequencing adapters
into accessible DNA. This technique has been pivotal in mapping chromatin accessibility
changes in response to stress, such as the activation of drought-responsive genes in sor-
ghum, and discovering regulatory elements involved in environmental stress tolerance
[132].

Complementing experimental advancements, bioinformatics and computational tools
play a critical role in analyzing and interpreting vast epigenomic datasets. Tools like
Bismark and MethPipe facilitate the analysis of bisulfite sequencing data, enabling the
mapping of methylation patterns and identification of DMRs linked to phenotypic traits
under stress [133]. ChIP-Seq analysis tools, such as MACS2 and HOMER, identify peak
calling. Machine learning techniques further enhance this field by analyzing large data-
sets to predict stress-responsive genes and epigenomic patterns. For instance, Al-based
models have been employed to predict drought tolerance in maize by integrating epig-
enomic and transcriptomic datasets, demonstrating the potential of computational tools
in advancing crop resilience research [134].



Page 14 of 29

(2025) 2:349

Nishanth et al. Discover Plants

20UeJR|0} 3ybBNnoIp padueyU]

90URI9|0} JyBNnoIp parocidul|
uoneidepe 3ybnoip paroidul|

25URJ3|0} 3YBNolp s331e|NPON

AlIARISUDS

AJuljes sasea.dul INg 2oUerI3|0} 3yBNoIp sadueyug
$sa115 pjod bul

-pNjoUl ‘2UB|ISa SS13S D30I PUB DII0Ige Sadueyu]
sisauabolq

VNYISE) BIA 95U0dSal SSa13S PO S1BINPO

(30 §81) SYNy2U| @2uspyuod-ybiy sov

37IPWI U] SYNYIU| €69
SYNY2U[ [9A0U 5591

05£501069050
'001£990620s0 ‘004299062050
"LL LYW ETELBTOYLSIN YNYRU|

08SZLVNY2U|
SYNYIW pue SyYNYIU| SNOLIBA

€LLYIW 100K £LTOTLY B LSYL

wisIjogrIaW gy pue
Buljeubis wnia(ed elA }Jomiau A1oye|nbal aalsuodsal-ybnolg
AYAIIDR 131418 UOIIDI3|S pue

‘Buipuiq 131em ‘AIAIIDR 35RIDNPIOPIXO 0F PA1e|2J SWUSIURYDIA
201 p|Im Ul swodosuely aaisuodsar-jybnoig

Kemyied sisayy
-UAsolq [|Aydolojyo ay1 Buire|nbal SyNYIU YIm Uoioeialu|

ssa11s 1ybnoup sopun passaid
-dns 4o paonpul SYNYIU| BIA Uoissaidxa auab Jo uolenbay

01eWo} Ul
sasuodsal $sa.3s bulrenbal SYNYIW pue syNYOU| JO A19A0DSIg

$sa11s plod Japun buplds A YNYIU| BLSY] JO Uoienbay
10108}

|euondudsue-1sod

|euondudsuel|
jeuondudsuel|

[euonduasuel}-1sod
[euondudsuely-isod
pue [euondpdsuel|
|euondudsuelyysod
pue [euondudsuel|

Buidlds aneuIy |y

[601] BJIDJIUIA SIHA Ul 9DURID|O} 52135 P|OD MM YIT 49D uondiosuel} pue sauab aAIsUOdsal-ssa13s JO uole|nbay jeuondudsuel|

[801] edeJ 'g ul $S2.3S P|OD JapUN BuLBMOY JO UOISSaIdaY SNJ0| 714 @Y1 3 SIVYN ‘7014 sbojesed 74 ybnoiyy buamoyy Jo uoirenbay jeuondudsuel|

eSHAM '(F4YW) ¥ONIY3 [euondiosuel|-1504

[£01] SS41S PJOd Japun Bullamoy sassaiddns  -AOT4 ONILDIHHY SOV ‘2967 YNYIU| VN SS911S P|OD J9pUN 7967 YNYIU| 1¥N BIA 4| JO UOIIBAIDY pue jeuondudsuel|

[o0l] UOoIBWIPIE PjOD Sadueyu  (14gDSe) 149D asuasiue dndAID ‘WYIVAS ‘149D uondudsuely | 4D JO UOIgIYUI BIA UOIIRWIDDE PjOD) Jeuondudsuel]
90URIS|0} Je3Y sauab ular01d JuepUNQE sisauaboAiq 9zlewl

[sol] sasealdul pue skemyied asuodsal-ssalis saieinbay -WD 33e| ‘9U0502||ds ‘sul@104d YD0yS 1eaH Ul SYNYDU| dAIsuodsai-1eay Jo Uodipald yiomiau Alojeinbay  jeuondiosuei-1sod
Sal1alieA 9|g1dad 201 Ul sauab

0Ll -SNS pUB JUBI3|0} Ul 9DURID|0) S35 1eay S9dURYUT 0S8 YIW-BSO ‘£6626000 SNODL 1 SYNY2U| 19b4e) pue SYNYOU| dAISUOdSI-3e3Y JO }I0MISU UOIDRIDIU| jeuondudsuel|

ST

[col] 1ybnolp pue 1eay Isutebe 9dUeI9|0} 03 SAINQLIUOD)  £/688000 SNODL ‘80615000 SNODL SYNYIU| SYNYIUW JO SIN1 Se baoun/ g ul SYNYOU| dAISUOdsai-1eaH jeuondudsuel|
ssau)s 1eay 0} sasuodsal LH8HIW 'EG0OTHIW ‘¥ L 741U ‘G008 SYNYIW

[c0l] Jeuondudsueli-isod pue jeuondudsuely sare|nbay I SYNYIW 10} s105indaid Se SYNYDU| UM UOIIDRISIUI PUB SYNYDU[-SH BUBUEQ [SAOU JO UOISS2IdX] jeuondudsuel|

ey9lygiw-elq
[Lotl $S2.3S 183y 0} asuodsal sa1ey|ie4 ‘95801000 SNODL ' L6E8000 SNODL SYNHIU| SYNYIW JOJ SN 1D Se SYNYOU| JO UuoideIu|  [euoidiiosuel}-3sod
SDURRY 9dUEID|0) SSD41S UO 10913 PaAjOAUL suid)oad/sauaD wisiueydap |9Aa7 d>132uabid3

$10949 pue ‘s3abuey ‘suusiueydaw :sasuodsal ssauis ueid Ul (SYNYIU|) SYNY Bulpod-uou buoj jo 30y € ajqeL



Page 15 of 29

(2025) 2:349

Nishanth et al. Discover Plants

"9DURID|0} si030e) uonduos SS.1S AJUlleS Jopun uojssaidxa

[cz1] Ajules seouinb ul ssjos L103enHal sybBIIYOIH -UBJY ‘SYNYOU| passaidxa A|[ernualayip 09%'y eoulnb wnipodouay) ul SYNYDU| JO UoIssaidxa [eruaiagig [enualaylg

'sasuodsal ssai1s nupunolb '$$211S AUl|es Japun uoIssaidxe Juspuadap-awin uonenbai

[ezl] }|es sa1e|nbas SyYNYDU| Jo uoissaidxa dyidads-aul | Ul 52135 1|eS 01 pajejas sauab 19bie]  MOYS [$69/ 100 SNODL PUB 94676200 SNODL 1| SYNHIUT [euondudsuel|

"9DURID|0} 3jes Buiroidwil ‘sasuodsal pue skem S35 AJUI[eS JI9pUN UOISSIAXD uolssaldxa

[1z1] -yed ssa.3s JO Bulpuelsiopun Jejndsjoul sedueyul  skemyied buijeubis H] 3 pue ‘yg ‘ygy ul sausn [PIIUSIDHIP MOYS 0}PUIO)} PIIRAILND PUB PIIM Ul SYNYOUT [ennuasayIq

'S9Uab anIsuodsal-ijes (Bunoe-suely) sydidsuel) JURIS|0}-}[eS JO Sij0wold uonenbai

[0z1] jo uonduosuely bupenbal Ag 9ourIS|0) 3ES S9dURYUT sJ03oe) uondudsuesy HHg Spulq pue sjaAd| ul3oid HHG SIS3E 1’8888 OY1SW YNYIU| |euondudsuelr|
‘uolje|nbal $$3135 D3OSO (S-zdId ‘¢-1dIL)

Bujuleulew pue ‘aduejeq uol buiroidull ‘sauab supodenby ‘sispodsuesy wWnisseIod ((AMYM uonenbai

[611] 9aisuodsal-yjes jo uonenbal jeuondidsuel) seduBYUI  ‘'gGAN 443 dIZ9 DVN ‘2dY) si03oe) uondudsuel| SYNYOU| 9AIsUOdsal-3es Jo uoissaidxa [einualaylg [euondudsuelr]
siayue

[811]  ssa.41s1ybnoip Japun Jusawdoaasp usjjod paroidw|  03eWO] Ul SYNYIU| 9AIsUodsal-1ybnolp £50€ sauab pajejas-juswdoPasp ugjjod jo uonenbay  [euondiudsue}-1sod

[£11] uole|nbail ssau3s ybnoiQ ejjeje ul |B107600€ENG  SAemyired wisiogeiawl Yoiels pue 3soions ybnoiyy uonenbay [euondudsuel|

S9OUDIBYRY 9dURID|0) SSD4IS UO 1093 paAjoAul suidjoid/sausn wisjueydapy |aAa7 d132uabidy

(panunuod) € 3)qeL



Nishanth et al. Discover Plants (2025) 2:349 Page 16 of 29

These technological innovations have transformed the field of plant epigenetics,
enabling a deeper understanding of the complex regulatory mechanisms that govern
responses to environmental stresses. By combining high-throughput sequencing, cut-
ting-edge editing tools, and advanced computational platforms, researchers can uncover
key epigenetic drivers of stress tolerance and adaptability. This knowledge has signifi-
cant implications for agriculture, particularly in the development of climate-resilient
crops capable of withstanding environmental challenges such as drought, salinity, and
temperature extremes. The integration of these technologies into plant breeding pro-
grams offers new avenues for enhancing crop productivity and sustainability in the face
of global environmental change.

The advancements in epigenetic research have provided powerful tools to dissect
the intricate molecular mechanisms underlying plant resilience. High-throughput
sequencing technologies reveal the genome-wide patterns of epigenetic modifications,
while chromatin analysis techniques and epigenome editing tools enable detailed stud-
ies of chromatin dynamics and targeted interventions. Bioinformatics platforms and
machine learning algorithms further facilitate the integration and interpretation of com-
plex datasets, linking epigenomic changes to phenotypic outcomes. Collectively, these
innovations are transforming plant epigenetics into a promising field with far-reaching
applications, driving efforts to improve crop performance and ensure agricultural sus-
tainability in an era of climate uncertainty.

7 Epigenetics and crop improvement

7.1 Translating epigenetic insights into breeding strategies

Epigenetic breeding strategies are emerging as innovative approaches to enhance crop
resilience and productivity in the face of environmental challenges. Two key strate-
gies in this domain include inducing beneficial epigenetic changes via stress priming
and screening for epigenetically diverse cultivars [135]. Inducing beneficial epigenetic
changes via stress priming refers to the pre-exposure of plants to mild stress conditions,
which can enhance their ability to withstand subsequent, more severe stress events
[136]. This process is mediated by epigenetic modifications that allow plants to “remem-
ber” the initial stress and respond more effectively later, as shown in Fig. 5 [137]. Yadav
et al.,, demonstrated that multigenerational exposure to heat stress in Arabidopsis thali-
ana leads to phenotypic resilience and both genetic and epigenetic variations in off-
spring. These stress-associated epigenetic variations, such as differentially methylated
positions (DMPs) and regions (DMRs), can be stably inherited and utilized in epigen-
etic-assisted breeding programs to develop superior stress-tolerant crops [138]. This
flexibility is crucial for developing crops that can adapt to rapidly changing environ-
ments. Additionally, Kakoulidou et al., discussed the potential applications of epigen-
etic strategies in crop improvement, highlighting the need for identifying epigenetically
regulated traits that can be harnessed for breeding [139]. By identifying and selecting
cultivars with beneficial epigenetic variations, breeders can enhance the resilience of
crops to abiotic stresses. Villagomez-Aranda et al,, noted that potentiating the natural
defensive strategies of plants through epigenetic mechanisms can provide novel direc-
tions for plant breeding [140]. This approach allows for the selection of cultivars that
exhibit enhanced phenotypic plasticity and adaptability to environmental perturbations.
Verkest et al., highlighted that integrated breeding strategies that consider both genetic
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and epigenetic factors can lead to significant improvements in traits such as drought
tolerance and energy use efficiency in canola [141]. In addition to these approaches,
future epigenetic breeding efforts will benefit from the systematic identification of sta-
ble epialleles and epigenetic quantitative trait loci (epiQTLs), which can be integrated
into marker-assisted selection and genomic selection pipelines [142]. This integration
would allow breeders to track epigenetic variants with agronomic relevance in the same
way that DNA-based markers are currently used. Seed priming techniques that induce
transgenerational stress memory provide an accessible, low-cost application for enhanc-
ing resilience, particularly in smallholder farming systems [143]. Additionally, advances
in CRISPR/dCas9-based epigenome editing offer the possibility to fine-tune chroma-
tin states at stress-responsive loci in elite cultivars without introducing foreign DNA,
thereby aligning with regulatory and consumer preferences [144]. Together, these strate-
gies illustrate a practical continuum from near-term field applications (seed priming) to
long-term breeding innovations (epigenome editing), strengthening the pathway toward

climate-resilient crop development.

7.2 Crops enhanced through epigenetic (e.g., rice and maize)

Epigenetics has led to significant advancements in crop improvement, particularly in
rice and maize, through the application of epigenetic breeding strategies. These strate-
gies leverage the dynamic nature of epigenetic modifications to enhance stress tolerance
and overall agronomic performance. One important aspect is the development of salt-
tolerant rice varieties, particularly the ‘Pokkali’ variety. Research by Ferreira et al., dem-
onstrated that ‘Pokkali’ exhibits rapid relaxation of DNA methylation levels in response
to salinity stress, which is crucial for its salt tolerance [145]. The dynamic adjustment
of DNA methylation helps ‘Pokkali’ to retain stress resistance gene expression, provid-
ing an evolutionary context under which epigenetic modifications can be utilized for
enhancing the variety of crops. Additionally, Karan et al,, illustrated that differential
DNA methylation patterns among rice genotypes affected gene expression in the con-
text of salt stress, thereby affecting stress tolerance [146]. Such a diversity in epigenetic
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response points toward the possibility of selecting rice cultivars with favorable epigen-
etic traits that can adapt to saline conditions, and opt to breed for epigenotype. Zheng
et al., highlighted the importance of transgenerational epimutations in the adaptation
of rice to drought. The study showed that prolonged exposure to drought induces stable
epigenetic changes that increase the resilience to multiple generations [147]. Such find-
ings illustrate the potential of epigenetic mechanisms to facilitate long-term adaptation
in rice, making it a valuable model for breeding programs aimed at improving stress tol-
erance. In maize, the understanding of epigenetic regulation has also paved the way for
developing hybrid varieties with superior traits. Duarte-Aké discussed how epigenetic
mechanisms, particularly histone modifications, can enhance heterosis—the phenom-
enon where hybrid offspring exhibit improved or superior qualities compared to their
parents [25]. By using epigenetic markers and artificial epigenome editing techniques,
breeders can create novel hybrid maize varieties that are better equipped to handle envi-
ronmental stresses and improve agricultural productivity. Moreover, the application of
epigenetic knowledge in maize breeding has been linked to enhanced adaptability to cli-

mate change.

7.3 Use of epigenome editing tools like CRISPR-dCas9 to modify stress-related genes

The use of epigenome editing tools, particularly CRISPR-dCas9, has revolutionized the
ability to modify stress-related genes in plants, enhancing their resilience to environ-
mental challenges. This technology allows for precise and targeted modifications of the
epigenetic landscape, enabling researchers to manipulate gene expression without alter-
ing the underlying DNA sequence (Fig. 6) [148, 149]. Unlike conventional Cas9, dCas9
lacks endonuclease activity due to mutations in the RuvCl (D10A) and HNH (H840A)
domains, making it ideal for gene repression (CRISPRi) or activation (CRISPRa) when
fused to transcriptional effectors such as KRAB, SRDX, or VP64 [150]. This capability
can be harnessed to recruit various epigenetic modifiers to target genes, thereby influ-
encing their expression. Thakore et al.,, demonstrated that by fusing dCas9 with KRAB
repressor domains, they could effectively silence distal regulatory elements, enhancing
the specificity and efficiency of epigenome editing also recruits histone deacetylases to
silence gene expression [151]. This approach allows for the targeted repression of genes
associated with stress responses, which can be crucial for developing stress-tolerant
crops. Vojta et al., expanded the functionality of the CRISPR-dCas9 system by repur-
posing it for targeted DNA methylation. They fused the DNMT3A catalytic domain to

N,
i J// \> ! ! Elnactivation

M ethﬁation Promoter  Target gene

dCas9

Fig. 6 Targeted DNA methylation using the CRISPR/dCas9 epigenome editing system. The catalytically inactive
Cas9 (dCas9) is directed by a guide RNA (sgRNA) to specific promoter regions, where it recruits a fused DNA meth-
yltransferase (MTase). This leads to deposition of methylation marks (Me) and subsequent gene repression or si-
lencing without altering the DNA sequence. This approach enables precise control of gene expression in plants.
MTase =methyltransferase; Me =methyl group. Diagram created using BioRender
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dCas9, enabling the precise addition of methyl groups to specific loci, which can silence
genes involved in stress responses [152]. Advanced multi-effector constructs, such as
dCas9-SunTag (Multiplies activation domains to boost expression by tethering VP64
copies to dCas9 using a GCN4 peptide array) and CRISPR-Act2.0, have significantly
improved gene activation in model plants by recruiting multiple activator domains (e.g.,
VP64, p65, EDLL) to a single promoter region [150]. For instance, Papikian et al. demon-
strated up to 100-fold activation of the FWA gene in Arabidopsis using a SunTag-based
dCas9 complex [153]. Delivery of dCas9 fusion constructs in plants is typically accom-
plished through Agrobacterium-mediated transformation, viral vectors, or nanoparticle-
based carriers. Recent advances have enhanced tissue-specific and inducible expression
systems to reduce off-target effects and fine-tune gene regulation in a spatiotemporal
manner. By targeting specific promoters and enhancers, they can modulate the expres-
sion of genes that confer resilience to drought conditions, thereby improving the overall
stress tolerance of the crop [154]. Taken together, CRISPR/dCas9 systems provide pow-
erful tools for epigenome modulation in plants. However, only a small subset of applica-
tions has been validated under stress conditions (notably AREB1/ABF2 and AVP1 under
drought), whereas most studies remain proof-of-concept demonstrations. Future work
should prioritize extending these tools to field-relevant stress assays to realize their full
potential for crop resilience. Several case studies have demonstrated the potential of
dCas9-based epigenome editing in plants (Table 4).

Despite the promising applications of CRISPR-dCas9 in crop improvement, challenges
remain in optimizing delivery methods and ensuring specificity to avoid off-target
effects. Johnston et al.,, pointed out that the activation of stress genes can occur as a side
effect of CRISPR component expression, highlighting the need for careful design and
validation of gRNAs to minimize unintended consequences [160]. As the technology

Table 4 Case studies in crops using CRISPR/dCas9

Crop Target Effector Modification Observed Refer-
gene used type outcome ences
Arabidopsis  AREB1/ABF2 dCas9-AtHAT1 Activation (Histone  Drought toler-  [155]
Acetylation) ance, survival,
chlorophyll
Arabidopsis  AVP1 dCas9-VP16-p65-HSF1 Activation lon ac- [156]
cumulation,
improved
drought
response
Maize PDST dCas9 (repressor/activator) Activation/ 60% repres- [157]
Repression sion and 2.5x
activation
using dual
SgRNAS
Rice OsER1 dCaso-TV Activation 62x fold [158]
transcriptional
activation
Arabidopsis  AtCLAVATA3 dCas9-SunTag Activation 100x [153]
activation;
sustained
effectin T2
generation
N. ben- PDS dCas9-EDLL Activation 3.4x fold [159]

thamiana activation
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continues to evolve, the integration of CRISPR-dCas9 with other genomic and epig-
enomic tools will likely enhance its efficacy and precision. The potential for CRISPR-
dCas9 to facilitate rapid advancements in crop resilience to abiotic stresses underscores
its significance in modern agricultural practices.

8 Field applications and economic relevance of epigenetic modifications
Recent translational research has demonstrated that epigenetic regulation can directly
contribute to improved climate resilience in crops. For example, targeted activation of
stress-related genes such as AVPI and ABII using CRISPR/dCas9-VP64 or VP16-p65-
HSF1 complexes in Arabidopsis has been shown to enhance drought tolerance and ion
accumulation, confirming the potential of epigenome modulation without introducing
permanent DNA alterations (Park et al., 2017). In rice, stress-adaptive varieties such
as Pokkali exhibit promoter methylation of OsHKT1;5 and OsDREB2A, contributing
to enhanced salinity tolerance and improved physiological performance under abiotic
stress (Baek et al., 2011). These examples validate the application of molecular epigenetic
mechanisms in enhancing real-world plant traits. While full commercialization of epige-
netically engineered hybrids is still in early phases, preliminary reports suggest that the
strategic use of such tools in crops like maize and soybean could offer yield stabilization
under stress with minimal genetic disturbance. Continued research, particularly field-
level validation and integration with breeding programs, is necessary to fully harness the
economic and agronomic potential of epigenome editing.

8.1 Comparative analysis and critical interpretation

Epigenetic responses to abiotic stress show considerable variation across plant species
due to differences in genome organization, chromatin structure, and the abundance of
transposable elements (TEs). For example, in Arabidopsis thaliana, histone acetylation
marks such as H3K23ac and H3K27ac are rapidly deposited in response to drought and
heat stress, facilitating short-term transcriptional activation of stress-inducible genes.
These changes are moderately heritable and often persist for 2—3 generations [161]. In
contrast, Oryza sativa (rice) primarily employs DNA methylation changes, particularly
at CG and CHH sites in promoter regions, to regulate gene expression under drought
and salinity conditions. However, these methylation patterns are mostly somatic and
rarely inherited across generations [84]. Zea mays (maize) displays a dominance of
histone methylation, particularly H3K4me3 and H3K27me3, in response to drought
stress [162]. In polyploid species like Triticum aestivum (wheat), stable DNA methyla-
tion changes in stress-responsive loci such as 7aDREBI and TaHSP26 have been docu-
mented under drought conditions [163]. These changes are often associated with high
TE activity, contributing to more stable transgenerational epigenetic memory compared
to diploid species. These comparisons not only reveal the diversity of epigenetic regula-
tory mechanisms across plant species but also underscore the importance of context-
specific approaches to epigenetic engineering. For instance, leveraging histone-based
modulation may be more effective in short-generation crops like Arabidopsis, whereas
methylation-targeted strategies could be optimized for polyploid crops like wheat, where
stability and heritability are desirable. However, the variable transgenerational potential
of these modifications poses a key challenge. Further research is essential to elucidate
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how environmental stress signals are perceived, processed, and stably encoded epige-
netically across generations in diverse crop systems.

8.2 Epigenetic technologies in Indian agriculture and ethical considerations

India’s agriculture is highly vulnerable to climate-induced abiotic stresses, with more
than 50% of cultivable land prone to drought, heat, and salinity. Given this context, epi-
genetic technologies such as CRISPR/dCas9-based tools offer a non-transgenic, precise,
and rapid alternative for developing climate-resilient crops [164]. Many key Indian crops
such as rice, wheat, groundnut, chickpea, and finger millet exhibit stress-responsive epi-
genetic plasticity. For example, rice cultivars in Eastern and Southern India have dem-
onstrated stress memory via promoter methylation of genes. These traits make them
excellent candidates for targeted epigenome editing using tools like dCas9-SunTag or
CRISPR-Act systems, especially in polyploid species like wheat and groundnut. Addi-
tionally, such interventions align with India’s crop diversification policies, including
the International Year of Millets 2023 initiative, by enabling epigenetic enhancement of
underutilized traditional crops. On the regulatory front, India’s Department of Biotech-
nology (DBT) and Genetic Engineering Appraisal Committee (GEAC) have introduced
guidelines in 2022 that exempt site-directed nuclease-1 and nuclease-2 (SDN-1 and
SDN-2) based edits, including epigenetic changes—from stringent GMO regulations,
provided no foreign DNA is incorporated. Ethically, this raises crucial considerations
regarding accessibility, farmer autonomy, and biosafety. Epigenetically edited crops must
remain affordable and accessible to smallholder farmers, ideally through public sector
breeding programs. Off-target epigenetic modifications must be transparently moni-
tored, and participatory models involving farmers, scientists, and policy makers should
be encouraged to ensure societal acceptance. In this context, epigenome editing repre-
sents not only a technological advancement but also a potential tool for democratizing
crop improvement in India’s diverse and resource-limited farming systems.

Beyond the Indian context, international perspectives further highlight the socio-
economic implications of epigenetic interventions. In the European Union, strict GMO-
equivalent regulations pose challenges for rapid adoption, whereas the United States and
China are advancing more quickly with supportive frameworks for genome and epig-
enome editing in crops. This divergence underscores the importance of harmonizing
global policies to ensure equitable access and trade compatibility. From a food security
standpoint, epigenetic technologies could play a critical role in stabilizing yields under
climate extremes, reducing input dependency, and enhancing resilience in orphan crops
such as millets, sorghum, and legumes that are vital to smallholder farmers across Asia
and Africa. Ethical considerations extend beyond regulation: biodiversity conservation,
transparent communication of potential risks, and public engagement will be key to
societal acceptance. Addressing these socio-economic and ethical dimensions ensures
that epigenome editing contributes not only to technological progress but also to inclu-
sive, sustainable, and equitable agricultural development.

9 Future directions: epigenetics for climate-resilient agriculture

9.1 Unexplored epigenetic mechanisms

The role of non-coding RNAs (ncRNAs) in orchestrating complex stress responses in
plants is a burgeoning area of research. Non-coding RNAs, including microRNAs
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(miRNAs) and long non-coding RNAs (IncRNAs), have been shown to play critical roles
in regulating gene expression during abiotic and biotic stress conditions. For instance,
miRNAs are involved in post-transcriptional regulation of gene expression, which is
crucial for plant adaptation to environmental stresses. Furthermore, IncRNAs have
been implicated in modulating chromatin states and epigenetic modifications, thereby
influencing stress resilience and phenotypic plasticity in plants. Future research should
address whether ncRNA-mediated regulation is stable across generations and under
field conditions, and whether stress-responsive IncRNAs can serve as biomarkers or tar-
gets for breeding programs. Investigating cross-talk between ncRNAs and DNA meth-
ylation/histone modifications during combined stresses (e.g., drought + heat) remains a
critical knowledge gap.

9.2 Synthetic biology applications

The application of synthetic biology in designing synthetic promoters with stress-induc-
ible epigenetic regulation represents a promising frontier in plant biotechnology. By
engineering synthetic promoters that can respond to specific stress signals, research-
ers can potentially control the expression of genes associated with stress tolerance more
precisely [165]. This approach could facilitate the development of crops that are not
only more resilient to environmental challenges but also exhibit improved agronomic
traits. For example, the integration of epigenetic markers into breeding programs could
streamline the selection of hybrid varieties that are better adapted to climate change
[25]. To translate these insights into practice, synthetic biology tools must be validated
in diverse crop species beyond Arabidopsis and rice. Integrating epigenetic markers
into marker-assisted selection could accelerate breeding, while epigenetic seed priming
strategies offer near-term applications for enhancing resilience in smallholder farming
systems.

9.3 Challenges

Despite the potential benefits of epigenome editing and synthetic biology applications,
several challenges and ethical considerations must be addressed. One significant con-
cern is the risk of unintended effects resulting from epigenome editing, which could
lead to unpredictable changes in gene expression and plant phenotype. The complexity
of epigenetic regulation means that even minor alterations could have cascading effects
on plant development and stress responses. Additionally, ensuring equitable access to
epigenetically enhanced crops is crucial to prevent disparities in agricultural productiv-
ity and food security. From a food security perspective, equitable deployment is essen-
tial: epigenetic technologies should be made accessible for orphan crops such as millets,
sorghum, and legumes that sustain smallholder farmers in climate-vulnerable regions.
Field-scale testing of epigenetically enhanced varieties, alongside robust regulatory
frameworks, will be crucial for translating molecular advances into agricultural impact.
As these technologies advance, it is imperative to establish regulatory frameworks that
promote responsible research and equitable distribution of benefits derived from epi-

genetic innovations in crop breeding.
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Fig. 7 Stepwise framework for integrating epigenetic knowledge into crop improvement

10 Conclusion

This review consolidates current understanding of how epigenetic mechanisms such as
DNA methylation, histone modifications, chromatin remodeling, and non-coding RNAs
regulate plant responses to abiotic stresses including drought, salinity, and temperature
extremes. These molecular processes play a central role in modulating gene expression,
maintaining genomic stability, and enabling plants to develop both short-term acclima-
tion and long-term stress memory.

To make these insights more actionable for crop improvement, a stepwise framework
is proposed to guide researchers and breeders in translating epigenetic knowledge into
practical outcomes (Fig. 7):

Step 1. Trait identification Prioritize key agronomic traits most affected by abiotic
stress, such as drought tolerance, salinity resistance, and thermal stability. Target crops
with significant yield and food security relevance.

Step 2. Epigenomic profiling Utilize high-throughput sequencing, methylome mapping,
and histone mark profiling to identify stress-responsive loci and candidate epialleles.
Integrate transcriptomic and metabolomic datasets to correlate epigenetic signatures
with phenotypic variation.

Step 3. Target validation Employ CRISPR/dCas9-based epigenome editing to func-
tionally validate the causal role of candidate epialleles in regulating stress-responsive
pathways. Focus on reversible, non-transgenic edits to ensure regulatory compliance
and field applicability.

Step 4. Breeding and deployment Incorporate validated epigenetic markers into breed-
ing programs through marker-assisted or genomic selection pipelines. Conduct multi-
location field trials to assess trait stability, heritability, and performance under real-world
stress conditions.

This multi-step pathway bridges molecular research with applied breeding, providing a
roadmap for the development of climate-resilient crop varieties. Moving forward, future
research should emphasize underexplored regulatory layers such as non-coding RNAs
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and chromatin remodelers, alongside stress-validated CRISPR/dCas9 applications. Inte-
grating these molecular insights with breeding innovations and field-level validation can
accelerate the transition from discovery to sustainable agricultural practice, ensuring
food security in an era of climate uncertainty.
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