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Abstract

Genetic information in eukaryotic organisms is stored, replicated, transcribed, and inherited through the nucleus of a cell. Epigenetic
modifications in the genetic material, including DNA methylation, histone modification, changes in non-coding RNA (ncRNA) biogen-
esis, and chromatin architecture play important roles in determining the genomic landscape and regulating gene expression. Genome
architecture (structural features of chromatin, affected by epigenetic modifications) is a major driver of genomic functions/activities.
Segregation of euchromatin (transcriptionally active) from heterochromatin (transcriptionally repressed chromosome) and positioning of
genes in specific nuclear space in eukaryotic cells emphasise non-randomness in the organization of the genetic information. Not only
does the base sequence of a gene carry the genetic information but the covalent modifications of bases, three-dimensional positioning
of the genome, and chromatin loops are vital for switching on/off the gene and regulating its expression during growth/environmental
stress. The epigenetic dynamics depend on the activities of writers and erasers under changing environmental conditions. The discov-
ery of non-coding RNAs (one of the players in de novo methylation of DNA), increased DNA methylation protein (guide for the DNA
demethylase), and methylation monitoring sequence (that helps keep a balance between DNA demethylation and methylation) have been
some of the new developments in the era of epigenomics. To respond to environmental stimuli, plants depend on modulating gene ex-
pression through different mechanisms including biochemical, molecular, genetic, and epigenetic alterations. Studies on plants might
provide better insights into epigenetic stress memory and molecular bases of adaptability to enable (epi)genome editing of crops for
climate resilience and sustainable agriculture in the present era of multifaceted climate change.
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1. Introduction

Unlike animals, plants are continuously exposed to a
variety of environmental stresses. Hence, several strate-
gies (morphological, physiological, biochemical, molecu-
lar, genetic, and epigenetic) have been evolved by plants to
cope with environmental stresses [1,2]. Our understanding
of the stress sensing, signaling, and responses of plants has
considerably increased over the past few decades. Grow-
ing evidence suggests that chromatin remodeling, histone
modifications, DNA methylation, and non-coding RNAs
play important roles in epigenetic regulations of gene ex-
pression under abiotic stresses [3,4]. Evidence also sug-
gests that DNA not only carries the genetic information re-
quired for the expression of a trait but epigenetic modifi-
cations on nitrogenous bases of DNA modulate chromatin
architecture to control the expression of gene/trait [5]. The
genome is a high-order organization of genetic information
[6], which is modulated by epigenetic modifications. Dur-
ing the last two decades, the genome and the epigenome
of eukaryotic organisms have been extensively studied to
better understand the gene regulatory mechanisms. It is be-
coming clear that the genetic information and functions de-

termined by a genome can be modulated under changing
environmental conditions through epigenetic modulations
leading to alterations in 3D chromatin organization in the
nucleus [7,8]. Since the epigenetic state of the genetic ma-
terial (chromatin) varies with the changing environmental
conditions (depending on the activity of the epigenetic ma-
chinery), the transfer of a gene/trait from one species to an-
other would not only require the transfer of the gene but also
the epigenetic milieu for the gene to express appropriately
[9]. Therefore, understanding the epigenetic setup of a gene
of interest in the donor plant becomes necessary to ensure
the effective transfer of the gene/trait to the recipient.

Recent advances in high-throughput genome and
epigenome analyses have provided unprecedented oppor-
tunities to generate genomic and epigenomic maps in un-
raveling the (epi)genomic landscape at single-base reso-
lution. However, there are certain challenges in present-
ing the whole epigenome, particularly under changing en-
vironmental conditions in different tissues of an organ-
ism. The task becomes further complicated in compiling
the unified information for methylome, histone modifica-
tions, and ncRNA biogenesis, as these epigenomic com-
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ponents vary differently with the changing environmental
conditions in different cells/tissues. Generally, the epige-
netic changes observed in a regular analysis present the av-
erage changes of a population of cells in the sample tissue;
hence, epigenomic analysis at the single-cell level needs to
be captured/performed [10,11]. Thus, challenges in epige-
nomics include the required technological advancements to
generate reliable/consistent data necessary for understand-
ing the stable, reversible, and heritable components of the
epigenome.

Modifications in DNA bases (at the Sth carbon of
cytosine residue and/or N® position of adenine residue)
play important roles in the epigenetic regulation of genes
in animals as well as plants [5]. Methylation of DNA
bases is catalyzed by different methyltransferases, wherein
the required methyl group is supplied by S-adenosyl-I-
methionine. In contrast, active DNA demethylation is
performed through the base excision repair (BER) path-
way in mammals as well as plants [5,12]. Though the
RNA-directed DNA methylation (RADM) pathway has
been reported to play vital roles in de novo DNA methy-
lation in plants, it has not been reported in mammals [13].
While active DNA demethylation in mammals initiates with
deamination (removal of the amino group) and/or oxida-
tion of 5-methylcytosine (5-mC), the excision of 5-mC is
performed by methylcytosine DNA glycosylase in plants
[12,14]. Another important base modification in DNA is
N6-methyladenine (6-mA) which plays regulatory roles in
plants [5]. While Arabidopsis has been a model plant
species to understand the epigenetic machinery in plants,
they are being tested/validated in rice and other crop plants.
The presence of alkylating agents in the environment was
reported to generate 1-mA in Escherichia coli, which pro-
hibits regular Watson—Crick base pairing and blocks DNA
replication [15]. An AlkB gene in E. coli is induced by
the alkylating agents, which is responsible for the adap-
tive response of the organism. A human A/kB homolog
was reported to perform similar functions [16]. Similarly,
the presence of an alkylating agent caused the generation
of N7-methylguanine (7-mG). A significantly higher level
of 6-mA in C. elegans and Drosophila melanogaster has
been reported, but a negligible amount of 5-mC or 5-hmC
was recorded [17,18]. While DNA 6-mA-demethylase
(DMAD, a TET-homolog) serves as an eraser for 6-mA,
SeqA protein was reported to act as a reader of 6-mA.

Accessibility of a genomic region to transcriptional
machinery is also modulated by post-translational modifi-
cations in the histone proteins and chromatin-remodeling
complex that regulates nucleosome assembly and spacing
[19]. Many amino acid residues, mostly at the N-terminal
tail protruding out of the core histone, are subjected to cova-
lent post-translational modifications. The rate of transcrip-
tion of a gene is affected by different sites/degrees of his-
tone modifications (e.g., H3K27ac, H3K9me2, H3K9me3,
and H3K27me3), which influence the association between

DNA and histone proteins, thus affecting the chromatin ac-
cessibility [20-22]. In addition, histone modifications are
recognized by proteins like ATP-dependent chromatin re-
modelers which affect local chromatin status and regulate
the expression of the gene [19,23]. H3K9me2, established
by SUVH4/5/6, is required for maintaining DNA methy-
lation at heterochromatic regions in Arabidopsis [24,25].
Ubiquitination of histone, when occurs at the C-terminal tail
of H2A, causes transcriptional repression; whereas ubiqui-
tination at the C-terminal tail of H2B causes transcriptional
activation [26]. Moreover, histone variants have also been
reported to influence nucleosome stability and interaction
with the mRNA processing factors [27]. Several studies
report that such epigenetic marks are involved in flower-
ing, seed development, nitrogen fixation, and abiotic/biotic
stress responses [26,28,29]. Roles of the important compo-
nents like ncRNA (triggering de novo DNA methylation),
Increased DNA Methylation (IDM) protein (involved tar-
geted DNA demethylation), and methylation-sensing ge-
netic element (maintains DNA methylation/demethylation
homeostasis) in epigenomic regulation of genes/traits are
being deciphered [25,30].

2. Genomics of Environmental Adaptation

Genome in the eukaryotes is not randomly placed
in the nucleus, but it is packed into a high-order chro-
matin structure, which plays important roles in its functions.
Understanding nuclear genome organization is attracting
significant attention because processes like DNA replica-
tion/transcription, genome stability/integrity, etc. (neces-
sary for appropriate growth/development, and stress tol-
erance) are regulated through chromatin structures. Eu-
karyotic genome organization can be studied at three
levels namely (1) linear genome (nucleotide sequence),
(2) epigenomic alterations (modified DNA bases, his-
tone modifications), and (3) three-dimensional (3D) struc-
ture of the genome (depicting the arrangements of chro-
matins/chromosomes in the eukaryotic nucleus) [11,31].
Chromatins are dynamic during cyclic compaction/de-
compaction through cell division, cellular differentia-
tion/developmental processes, as well as defense responses,
which regulate/fine-tune the expression of genes [32,33].
Environmental fluctuations necessitate modulations in cel-
lular processes by switching on/off the gene in response
to stress [11,34]. Transient chromatin compaction (e.g.,
loosely-packed euchromatin or more compact heterochro-
matin) and modulation in chromatin architecture under en-
vironmental stress have been demonstrated in animals as
well as plants [34-37]. Environmental stresses are re-
ported to cause alterations in chromatin architecture, im-
proving accessibility of the stress-associated genes to tran-
scriptional machinery through chromatin remodeling (shift-
ing/removal of histones) [38], post-translational modifica-
tions of histones [19,39] or replacing the histone variants
[40].
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In addition to the genetic factors, gene expression
is also controlled by the combined actions of other reg-
ulatory mechanisms that alter chromatin architecture in-
cluding DNA base modifications [5,11], histone modifi-
cations [41,42], chromatin remodeling [43,44], etc. Dif-
ferent chromatin remodelers like CHD, ISWI, INO80, and
Switch/Sucrose non-fermenting (SWI/SNF) act on chro-
matin architecture under different environmental condi-
tions to alter the transcriptionally inactive to transcrip-
tionally active chromatin state. Alterations in chromatin
architecture at the promoter region are more crucial in
affecting the expression of the gene [45,46]. Devel-
opmental/environmental stimuli alter the epigenetic land-
scape/chromatin architecture that modulates the expression
of the gene(s) necessary for proper growth and to cope with
stress [11]. Some of these epigenetic marks/transcriptional
repressors cooperate with chromatin remodelers to alter
chromatin structure and fine-tune the expression of the
gene(s). Some of these epigenetic modifications may get
transmitted through the cell division/reproductive cycle and
help to cope with the reoccurring stress [47]. However,
identification/validation of the stress-induced heritable epi-
genetic mark would be necessary for utilizing it in stress
tolerance improvement programs.

3. Epigenetics of Modified DNA Bases

Initially considered to be a host defensive mechanism
in prokaryotes, DNA base modifications, mainly cytosine
methylation, have now been recognized to play vital roles
in the regulation of gene expression in eukaryotes. In the
last two decades, several epigenetic changes occurring dur-
ing the developmental processes/abiotic stresses in animals
and plant genomes have been reported [2,48]. In most
cases, methylation of promoter has been reported to repress
the rate of transcription of the gene, mainly because of the
formation of a repressive-chromatin structure affecting the
binding of transcription factor on acquiring its bonding site
by a methylated-DNA binding protein [49]. However, hy-
permethylation of promoter not causing transcriptional re-
pression has also been reported [50], indicating that tran-
scriptional responses of promoter methylation are context-
specific. Reversal of the epigenetic modification is required
for restating the gene activity, particularly in responses to
environmental stress.

Only some of the genes have been reported to be
silenced due to methylation of promoter in Arabidopsis,
which indicates that DNA base modification is not the only
epigenetic regulatory mechanism. About one-third of the
genes in Arabidopsis were reported to be methylated at
gene-body [51]. Gene-body methylation appears to be a
common phenomenon in plants, as it can affect up to 60%
of the genes in some species [52]. Though the function of
gene-body methylation in plants is still controversial, re-
cent findings suggest that it occurs under environmental
stresses and is correlated with the fitness/adaptability of the
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plant [52,53]. Generally, transposable/repetitive elements
are heavily methylated in all the cytosine (CG. CHG, and
CHH) contexts (Fig. 1A), but gene-body methylation mea-
grely occurs in non-CG contexts [51,54,55]. Gene-body
methylation (occurring in the coding region between tran-
scription start and termination sites) [56] and methylation
in different cytosine contexts of transposable element (TE)
or repetitive elements present in the introns of a gene might
control mRNA processing. Epigenetic modulation of retro-
transposon in the homeotic gene was reported to affect al-
ternative splicing resulting in premature termination of tran-
scription [57].

Similar to cytosine methylation in DNA, an adenine
can also get methylated due to the addition of a CH3 group
at the N or N! position [5,58]. Methylation of exocyclic
NH;, at the sixth carbon (C6) of the purine ring of ade-
nine forms N°-methyladenine (6-mA), while methylation
of cyclic N (N!) results in N'-methyladenine (1-mA) in
the presence of endogenous/environmental alkylating agent
[15]. While an AlkB homolog was reported to perform
adaptive responses to environmental stresses in humans
[16], a similar factor is also expected to be present in plants.
Although the role of methylated DNA-binding proteins has
been reported to be conserved in many organisms, sev-
eral questions regarding the role of adenine (de)methylation
homeostasis in plants remain unanswered. Generally, the
detection of 6-mA is difficult in higher eukaryotes mainly
because of its low abundance or presence for a shorter pe-
riod. Recent advances in high-throughput and more sen-
sitive techniques have resulted in a better ability to de-
tect 6-mA, which helps understand the epigenetic functions
in animals and plants [59,60]. The enzymes involved in
the conversion of adenine to 6-mA in animals have been
well known [61], but little is known about adenine methyl-
transferase in plants [62]. The occurrence of 6-mA in the
genome of Arabidopsis was reported adjacent to the tran-
scription start site (TSS), which positively correlates with
the expression of the gene. Only little is known about the
proteins (readers/erases) interacting with 6-mA in eukary-
otes. The occurrence of 6-mA in the GAGG context was
reported to be 20% in genes while 14% in TEs in rice [63].
Decreased 6-mA content in HsfAI (a repressor of HSP70)
in a heat-tolerant genotype was reported to improve stress
tolerance in rice [64]. Thus, the possible action of 6-mA
includes activation as well as silencing of genes, affecting
transgenerational chromatin functions under stress [65].

However, oxidation of methyl group (by demethy-
lase, e.g., AIkB dioxygenase) of 6-mA results in its con-
version to N°-hydroxymethyladenosine (6-hmA), which
further converted to N°-formyladenosine (6-fA) and then
gets demethylated to adenine [5] (Fig. 1B). Similarly, 1-
mA might also get demethylated by the action of AlkB
oxidase/AlkB enzyme via N!-hydroxymethyladenine (1-
hmA). The 6-mA attracts the binding of an effector
molecule (reader) that changes chromatin conformation
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Fig. 1. DNA base methylation in plant. (A) De novo methylation of DNA in CG, CHG, and CHH contexts. After DNA replication,
methylation in CG context is performed by methyltransferase 1 (MET1). Methylation in the CHG context is performed by chromomethy-
lase 2 (CMT2) or CMT3, while methylation in the CHH context is performed by CMT2 or DRM2 through the RADM pathway. Methy-
lation in the CHG context attracts binding of H3K9-specific suppressor of variegation 3-9 homolog 4 (SUVH4), SUVHS, SUVH6 that
generate dimethylated-H3K9 (H3K9me2), which promotes CMT2 and CMT3. (B) Adenine gets methylated by the addition of the CHs
group at the N position by the enzyme DNA adenine methyltransferase 1 which converts it to N°-methyladenine (6-mA). Moreover,
hemimethylated 6-mA DNA attracts the binding of SeqA protein. The 6-mA might get hydroxylated to N°-hydroxymethylcytosine (6-
hmA) by AIkB oxidase. Subsequently, an eraser like DNA 6-mA demethylase or N®-methyladenine demethylase-1 deaminates 6-mA to
adenine. Environmental/endogenous alkylating agents can methylate adenine to N'-methyladenine (1-mA), which might get demethy-
lated by the AIkB oxidase back to adenine via N*-hydroxymethyl adenine (1-hmA).

and/or transcription of the gene. A reader, SeqA protein,
specifically binds to the hemimethylated (6-mA) DNA. The
presence of 6-mA in the promoter region was reported to
silence the gene, while it activates the expression of the
gene when present in the coding region. These suggest that
cytosine and adenine (de)methylation are context-specific,
dynamic, and coordinated events. Although the functions
of 6-mA in abiotic stress tolerance are still elusive, studies
show dynamic changes in 6-mA level under heat, cold, and
salt stress in rice [64]. Comprehensive analysis of coordi-

nated/combined actions of more than one epigenetic mark
(e.g., 5S-mC and 6-mA) in stress responses needs to be ex-
perimentally elucidated. Therefore, it would be quite in-
teresting to investigate the interactions among the epige-
netic marks to understand the complex epigenetic regula-
tory mechanisms and the epigenetic codons to unravel the
biological enigmas [5,66].
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DNA Methylation/Demethylation Dynamics

Changes in DNA methylation have been detected in
several prokaryotic and eukaryotic organisms. Modifica-
tions in DNA bases in context- and region-specific manner
are catalyzed by specific enzymes. In plants, heterochro-
matic regions are generally enriched with 5-mCs, mainly in
the repetitive sequences and TEs. The dynamics of DNA
base modification depend on the revocability of the pro-
cesses, depending on the activity of enzymes involved in
the processes that switch on/off the gene. The complex
epigenetic changes are being discovered in different organ-
isms and possible combinations/interactions among the epi-
genetic marks (epimarks) indicate that epigenetic codons
are more complex than they are being thought [5]. Four
bifunctional DNA glycosylases including Demeter (DME),
Demeter-like protein 2 (DML2), DML3, and Repressor of
silencing 1 (Rosl) have been known in Arabidopsis [67]
that can remove methylation in any sequence context [68—
70]. An AT-rich TE is favourably demethylated by DME,
leading to changes in the expression of nearby genes [71—
73]. Demethylation of TE by ROS1 affects transposon ac-
tivity and silences the nearby genes [74]. ROS1 is also in-
volved in demethylation of the RADM-independent regions
[75,76]. The genomic regions demethylated by ROS1 are
characterized by lowered H3K27me and/or H3K9me2 but
increased H3K18Ac and/or H3K27me3 marks [74]. Some
of the target sites (methylated DNA sequences) of ROS1
are created by the binding of a histone acetyltransferase
“increased DNA methylation 1” (IDM1), which acetylates
H3 at the site deprived of H3K4me2 and H3K4me3 [77].
Interestingly, a 39 bp “methylation monitoring sequence”
(MEMS) is present in the promoter of ROS! that func-
tions as a sensor of MET1 and RdADM activities [5]. More-
over, the promoter of ROS/ also contains a transposon (He-
litron) upstream of MEMS, which binds to cytosine methy-
lation factors and thus makes the promoter responsive to the
methylation level. Thus, like a thermostat of a machine,
MEMS acts as a “methylstat” that senses and maintains
the ROS1-dependent methylation level in a genomic region
[78,79]. The presence of such “methylstat” is essential for
cytosine methylation dynamics and it has been reported not
only in plants but also in animal systems [80,81].

4. Epigenetics of Histone Modifications

A histone octamer (two copies of each of the H2A,
H2B, H3, and H4) wrapped around by a stretch of DNA
(146 bp) forms a nucleosome (Fig. 2). The amino acid
residues mostly at the protruding N-terminal tail, mainly
of histone H3, are subjected to covalent post-translational
modifications including acetylation, methylation, phospho-
rylation, ubiquitination, and SUMOylation, which play im-
portant roles in regulating gene expression during growth,
development, and exposure to environmental stresses [82].
The post-translational modification of histone proteins,
generally methylation and acetylation of histone 3 (H3)
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at lysine-4 (i.e., H3K4), lysine-9 (H3K9), and lysine-27
(H3K27) are some of the most common histone marks as-
sociated with controlling gene expression [83]. Acetylation
of H3, such as lys-9 (H3K9ac) and lys-27 (H3K27ac), cor-
relates with transcriptional activation of a gene [84]. Sim-
ilarly, trimethylation of H3 at lys-9 (H3K9me3) and lys-
27 (H3K27me3) have varying effects based on the site of
methylation. While H3K9me3 and H3K27me3 have been
known to cause transcriptional suppression, H3K4me3 is
associated with the transcriptional activation of a gene [85,
86]. The involvements of H3K4me2, H3K4me3, H3K9ac,
H4K5ac, H4K8ac, and H4K12ac in the environmental
stress tolerance of plants are becoming evident now [87].

Acetylation of a lysine residue in histone is dy-
namically controlled by the action of enzymes histone
acetyltransferase (HAT) and histone deacetylase (HDAC).
Acetyl-CoA is a cofactor of HAT in catalysing the trans-
fer of an acetyl group to the e-amino group of a lysine
residue [82]. This leads to the neutralization of the pos-
itive charge on lysine residue resulting in the weakening
of the electrostatic interactions between histones and DNA;
thereby, relaxation of the chromatin to improve accessibil-
ity of transcription machinery to the gene for transcription
to take place [88]. Phosphorylation of histone may take
place on serine, threonine and tyrosine residues at the N-
terminal tail. Its dynamics are controlled by the action of
kinase in adding a phosphate from ATP to the hydroxyl
group of the amino acid side chain or by phosphatase in
removing Pi. Phosphorylation adds a negative charge to
the histone which affects the compactness of chromatin.
Methylation of a histone mainly occurs at the lysine and
arginine residues. However, unlike acetylation and phos-
phorylation, methylation does not cause any alteration in
charge of the histone. Moreover, an additional level of com-
plexity can be seen in the case of methylation; as lysine
can be mono-, di- or tri-methylated, while arginine can be
di-methylated (symmetrically or asymmetrically) or mono-
methylated [82]. Interestingly, ubiquitination of histone is
a bigger molecular change through covalent attachment of
ubiquitin (a 76-amino acid polypeptide) to a lysine residue
by a sequential action of activation (E1), conjugation (E2),
and ligation (E3) enzymes. SUMOylation is another mod-
ification of histone that involves the covalent addition of
a ubiquitin-like modifier to lysine by the actions of El,
E2, and E3 enzymes. SUMOylation can occur on all the
core histones which antagonizes the effects of acetylation
and ubiquitination, if it occurs on the same lysine residue
[89,901].

Though modification of DNA base(s) and amino
acid(s) at the tail of histones alter the chromatin architec-
ture, the complexity of regulation of gene expression in-
creases due to the cross-talk between different epigenetic
modifications, which might help to fine-tune the gene ex-
pression (Fig. 2). The cross-talk may occur between the
modified DNA base and the histone modification or be-
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Fig. 2. Organization of the genome and epigenetic modifi-
cations. Packaging of chromosomal DNA in the nuclei through
wrapping of DNA double helix on a histone octamer. The
positively-charged histone proteins adhere with the negatively-
charged DNA, forming a nucleosome. The nucleosomes fold into
30 nm chromatin fiber, forming loops of 300 nm, which coils to
form 700 nm condensed chromatid of ~1400 nm Metaphase chro-
mosome. DNA base modifications as well as the histone variants
affect the genome functions and regulate gene expression. Modi-
fications at the tail of core histone (H2A, H2B, H3, H4) proteins
cause chromatin remodeling that affects the expression of the gene
under abiotic stress.

tween the histone modifications. The effects of cross-
talk between histone modifications might be (i) competi-
tive antagonism, particularly when more than one modifi-
cations target the same site (as in the case of lysine where
acetylation, methylation, and/or ubiquitination might oc-
cur), (i) cooperative, or (iii) disruptive [82]. Similarly,
there might be cooperation between DNA methylation and
histone modification as it was reported for the binding of
UHRF1 protein to methylated (H3K9me3) nucleosome in
HeLa cell, which is significantly enhanced when the nu-

cleosome is methylated at CG site [91]. Moreover, DNA
methylation can also inhibit protein binding to modified hi-
stone as it has been reported for the binding of KDM2A,
which binds only to the nucleosome having H3K9me3 but
not methylated at the DNA level in HeLa cell.

In addition to the modifications of canonical histone
proteins, the incorporation of a histone variant (at differ-
ent genomic regions, affecting the nucleosome stability
and interaction with mRNA processing factors) as well
as the chromatin-remodeling complex (regulating nucleo-
some assembly and spacing) also affect the nucleosome
functions [19,27,92-94]. Histone variants are character-
ized by changes in a few amino acids which are encoded
by separate genes. They not only affect nucleosome pack-
aging but also modify the chromatin properties [95]. Ev-
idence suggests that histone variants have effects on epi-
genetic state/transcription, chromosomal segregation, and
repair of DNA damage [96]. All the core histones (ex-
cept for the histone H4) and linker H1 show variants in
plants. However, the focus has been on variants of H2A and
H3. Among these, H2A.Z and H3.3 are evolutionarily con-
served in the eukaryotes. Moreover, some tissue-specific
and lineage-specific variants like H2A.W (functioning in
flowering plants) and H3.10 (exists in the sperm cells of
Arabidopsis only) are known [95]. Variant histone proteins
exhibit distinct patterns of chromatin deposition. For exam-
ple, the variants H2A.X and H2A.Z are concentrated in the
euchromatin, while H2A.W is located mainly in the hete-
rochromatic region. Furthermore, combinations of histone
variants form thousands of different types of nucleosomes
conferring extended potential for epigenetic codons in reg-
ulating various biological processes in plants, particularly
under environmental stress. Variants of H2B are relatively
less understood. One of the H2B variants (H2B.S) has been
reported in sperm cells as well as in mature embryonic cells
[95]. Three main variants of H3 have been known in plants
including H3.1, H3.3, and centromeric H3 (CenH3) vari-
ants. The H3 variants (H3.1 and H3.3) are distinguished
mainly by the amino acids present at four different locations
namely 31st (Ala vs. Thr), 41st (Phe vs. Tyr), 87th (Ser vs.
His), and 90th (Ala vs. Leu). These four different amino
acids in H3.1 facilitate the recruitment of PRC2, which
ensures the silencing of some of the development-related
genes. Although H3.3 is predominant at the transcription
end sites and reported to be associated with activation hi-
stone modification marks like H3K4me3, H3K9me3, and
H3K36me3, it specifically affects transcription of genes as-
sociated with abiotic and biotic stresses. CenH3 is located
mainly in the centromere for its formation and kinetochore
assembly, particularly in the mitosis G2 phase. In recent
years, manipulation of CenH3 has been exploited in hap-
loid induction (HI) which can create true-breeding lines in a
shorter period to accelerate the pace of plant breeding [97].
In addition to the above-mentioned variants of H3, some
other variants of H3 like H3.10 and H3.15 are known in
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Arabidopsis. While H3.10 plays important roles in epige-
netic reprogramming in sperm/spermatocytes, H3.15 plays
essential roles in callus formation in plants [98,99].

Research findings indicate that H2A.Z plays impor-
tant roles in photo-morphogenesis and thermal morphogen-
esis in plants. While the accumulation of H2A.Z is es-
sential for photo-morphogenesis, it plays an inhibitory role
in thermal-morphogenesis. In rice, phosphate deficiency
was reported to reduce H2A.Z accumulation on gene bod-
ies of stress-responsive genes to facilitate the expression of
the genes [100]. Transcription of drought-responsive genes
was reported to be negatively correlated with the accumula-
tion of H2A.Z in the gene body in Arabidopsis [101]. Simi-
larly, heat stress affects flowering time in plants by altering
the deposition of H2A.Z with species-specific effects [102].
H3.3 is involved in regulating flowering and seed germina-
tion as it is essential for transcriptional regulation of genes
during germination [103].

Modification of histones (like H3K4me3, H3K9ac,
H4KS5ac, H4K8ac, and H4K12ac) in the promoter region
of transcription factor (e.g., WRKY) gene has been im-
plied to activate the expression of defensive gene(s) [104],
suggesting their roles in epigenetic (histone modification)
stress memory in plants. Application of acibenzolar S-
methyl (a salicylic acid analog) was associated with hi-
stone modifications like H3K4me2, H3K4me3, H3K9ac
H4K5ac, H4K8ac, and H4K 12ac at the promoter of some of
the defense associated genes [105]. Exogenous application
of acetic acid was reported to promote jasmonic acid (JA)
synthesis and enrichment of histone H4 acetylation, which
primes the JA signaling pathway and enhanced drought tol-
erance in plants (Arabidopsis, rice, rapeseed, maize, and
wheat) [106]. Methyl jasmonate (MeJA) was reported to in-
crease the expression of defense-associated genes (OsBBPI
and OsPOX) and modulated histone modification as well as
DNA methylation. Thus, covalent (yet reversible) modifi-
cation of histone interacts with DNA base modification and
plays important roles in regulating gene expression. Nu-
cleosome remodeling was reported to be implicated with
heat stress memory in Arabidopsis [107]. FORGETTERI1
(FGTI), encoding for a helicase, interacts with chromatin
remodeling complexes (like SWI/SNF chromatin remod-
eler BRM) and functions as a factor required for heat stress
memory. Studies also suggest that cold stress causes hi-
stone modifications (methylation and acetylation) at cold-
responsive genes that can be manipulated for enhanced cold
tolerance in plants [44,108].

5. Epigenomics of ncRNA Biogenesis

Non-coding RNAs (ncRNAs) are the regulatory
RNAs that have significant impacts on the expression of
coding genes. Based on the size, the regulatory RNAs
are grouped into two types: (i) small non-coding RNAs
(sncRNAs, <200 bases), which include miRNAs as well
as siRNAs, and (ii) long non-coding RNAs (IncRNAs),
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which are several hundred to several thousand nucleotides
long [109]. The small interfering RNAs (siRNAs) are non-
coding RNAs of 21-25 nt [110]. For rice, siRNAs have
been grouped into two types, (i) heterochromatic siRNA
(hc-siRNA) and (ii) trans-acting siRNA (tasiRNA) depend-
ing on their origin, processing, and sequence diversity
[111]. While the hc-siRNAs (24 nt in size) are involved in
DNA methylation/histone modification to silence TEs for
genome integrity [112], tasiRNAs (21 nt long) derived from
a double-stranded precursor transcript [113] are involved in
post-transcriptional silencing of genes in plants [114].

Long non-coding RNA (IncRNA) is another impor-
tant group of ncRNAs having >200 nt long transcripts in
cukaryotes [115]. Like mRNAs, the IncRNAs are also tran-
scribed by RNA polymerase II, followed by capping, splic-
ing, and polyadenylation [116,117]. The IncRNAs are cat-
egorized into subgroups: (i) long intergenic non-coding
RNAs (lincRNAs), (ii) enhancer RNAs (eRNAs), (iii) cir-
cular RNAs (circRNAs), and (iv) natural antisense tran-
scripts (NATs) based on their structure and mode of action
[118]. They have features like exon—intron splicing, 5 cap-
ping, polyA tail, and a lack of open reading frame (ORF)
[119]. Many IncRNAs are involved in regulatory func-
tions like chromosome dosage compensation, transcription,
splicing, translation, imprinting, nuclear and cytoplasmic
trafficking, cell cycle control, cell differentiation as well as
epigenetic regulations [120—122]. Reports show that many
IncRNAs play important roles as cis and/or trans regulators
of biological processes like chromosomal dynamics, gene
silencing, and embryonic stem cell differentiation in plants
[123]. AneRNA is generated/transcribed from an enhancer
domain in the proximity of protein-coding genes [124].
The eRNA directly affects the expression of nearby genes
through transcription factors (TFs), chromatin-looping, and
lysine-specific demethylase-2. An eRNA can recruit ATP-
dependent nucleosome remodeller, which helps the forma-
tion of a histone-modification complex [125].

The circRNAs are evolutionarily conserved abundant
ncRNAs in plants having a loop-like (covalently closed)
structure [126]. It has also been reported to be produced
as an intermediate/by-product of mRNA splicing [127] or
from other ncRNAs by RNA editing enzymes [ 128]. Inrice,
the majority of circRNAs are flanked by non-GT/AG splic-
ing signals, which suggests that plants also have an alter-
native mechanism for their biogenesis [129]. The circRNA
interacts with miRNA as a sponge and it can regulate the
gene expression negatively or positively [130]. Although
circRNAs are derived from protein-coding genes, they are
not translated into proteins; hence, classified as non-coding
RNAs [131]. As a competitor, the IncRNA can inhibit the
attachment of DNA-binding protein (e.g., TF) to the tar-
get site. The IncRNA inhibits binding of DNMT1 to the
target DNA sequence and thus affects DNA methylation
[132]. Moreover, IncRNA can reinforce the DNA methyla-
tion process by recruiting epigenetic modifiers to the target
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site [133]. In mammals, IncRNA has also been reported to
act as a precursor of miRNA by the action of Dicers [134].

6. Epigenetic Stress Memory and
Adaptability

In animals, the inheritance of epigenetic changes over
the generations requires their transit through germline cells
without being erased by methylation surveillance mecha-
nisms [135]. Like animals, plants do not own germline
cells, instead, they produce gametes during sexual repro-
duction. Therefore, some of the epigenetic modifications
attained during the vegetative phase of plant growth might
be inherited through mitotic and meiotic cell divisions
[136,137]. Hence, plants can remember the strategies used
to fight against stressful conditions and it might be used by
the plant to respond quickly to the stress on reoccurrence
of the stress [138]. Plants have been reported to memo-
rize defensive strategies against stress and trigger responses
quickly on the recurrence of stress [139]. A part of the
epigenetic changes induced by abiotic stress may be mi-
totically heritable (within the generation), which can last
for several days (short-term memory) or even for the rest
of plant life (long-term memory). However, abiotic stress
can also induce certain epigenetic changes in plants that
may show transgenerational heritability, at least to one non-
stressed progeny (transgenerational memory). Although
the basics of stress memories in plants have not been clear
to date, reports on biochemical/metabolic, transcriptomic
and/or epigenetic alterations indicate their role in short- as
well as long-term memories [140—142].

A transcription activation mark (H3K4me3) was
reported to play an important role in transcriptional
memory [143]. To identify the heritable epigenetic
marks/components associated with a trait of interest con-
tinuous efforts are being made so that they can be utilized
in epigenome editing for crop improvement towards the
development of climate-resilient crop varieties. However,
the genome of many crop plants is considerably large and
complex mainly because of their polyploid nature and oc-
currence of repetitive elements. How epigenetic changes
superimpose the multiple copies of a gene in conferring
genetic plasticity may provide some clues in developing
tailor-made crop varieties to cope with multiple stresses
being faced due to global climate change. Epigenetic en-
gineering might be a potential way to achieve the desired
adaptive plasticity without altering the underlying DNA
sequence. However, stable inheritance of such epiallele
would be essential to provide adaptive fitness/adaptability
to the plant.

Under cold stress, acetylation of histone H3 by histone
acetyltransferase (HAC1) was reported to promote the acti-
vation of COR genes which is involved in cold-stress mem-
ory [144]. Similarly, SRNA was reported to play a role in
drought stress memory in Arabidopsis [136]. Up to 70% of
the stress-induced epigenetic alterations have been reported

to revert to the original state after withdrawal of the stress,
but one-third of the changes might get inherited as epige-
netic stress memory [9,140,145]. Some of the salt stress-
induced modulations in the methylation of DNA were re-
ported to be transmitted over the generations in Arabidop-
sis thaliana, particularly through female gametes [146].
SDC gene, coding for the suppressor of DRM1, DRM2, and
CMT3, was reported to get silenced by methylation at the
promoter of the gene; however, the reoccurring heat stress
was reported to activate SDC [147].

Assessment of the contribution of a heritable epimark
in the inheritance of a phenotypic alteration has been a chal-
lenging task because many of the epigenetic changes and
DNA sequence polymorphisms co-segregate with the al-
tered gene expression. However, evidence indicates that
some of the heritable epiallelic changes in plants can be
associated with a trait of interest which can be utilized in
crop improvement programs. Molecular analyses indicate
that variations in methylation in an epiRIL are stable across
the generations. Since epiRILs are identical for DNA se-
quences but differ for the epigenetic marks, the phenotypic
differences among them can be attributed to epigenetic vari-
ations. Thus, epiRILs can be valuable assets for epigenetic
studies in plants. Epigenetic changes occurring in response
to environmental stress accumulate in the first generation,
but only stable/heritable components might get inherited
that might be involved in the adaptability of the plant.

Repeated exposure of rice to drought stress for several
generations was reported to improve adaptability through
epi-mutations and transmission of the altered DNA methy-
lation to the progenies [140] (Fig. 3A). In Arabidopsis,
Morpheus Molecule 1 (MOM1) and DDM1 were reported
to be involved in the removal of stress-induced epigenetic
marks under stress-free environment. In a double mu-
tant for ddml-moml, the stress-induced epigenetic marks
were reported to be inherited by the progeny. However,
a single mutant (either ddml or moml) failed to inherit
the stress-induced epigenetic mark [148]. These indicate
that DDM1 and MOMI1 block the inheritance of stress-
induced epimark (Fig. 3B). Remembering an episode of
stress and responding more efficiently to subsequent oc-
currences of stress constitute the way plants adapt to envi-
ronmental changes. However, transgenerational epigenetic
stress memory needs to be meiotically stable and heritable
to at least two stress-free generations [149].

7. Future Perspectives

Although considerable progress has been made in
epigenomics of gene regulation in animals, the enzymes
involved in DNA methylation and histone modification in
plants are still being characterized. Dynamic chromatin ar-
chitecture affects the accessibility of genes to transcription
machinery, thus modulating the interpretation of the ge-
netic information encoded in the DNA sequence. To date,
only a little is known about the epigenetic modulators and
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Fig. 3. Possible role of epigenetic changes in stress toler-
ance/memory in plants. (A) Abiotic stress alters the expression
of stress-responsive genes through different epigenetic modifica-
tions. In the stress-primed plants, the epigenetic landscape is al-
tered and a part of the epigenetic modifications gets inherited,
which serves as epigenetic stress memory. (B) Stress-induced epi-
genetic modifications cause differential expression of the stress-
responsive genes. Under normal conditions (after removal of
stress), Morpheus Molecule 1 (MOM1) and DDM1 play impor-
tant roles in the removal of the stress-induced epigenetic marks.
However, dysfunction of MOM1 and DDM1 results in transmis-
sion of the stress-induced epigenetic marks over the generation,

particularly on repeated exposure to stress.

their functions during developmental processes and envi-
ronmental stress in plants. Moreover, little is known about
the possible interactions between epigenetic marks. Dif-
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ferent types of epigenetic modifications, including DNA
methylation, histone modification, histone variants, and
nucleosome occupancy, are being reported to be impli-
cated in stress memory [150,151]. Recent technological
advancements like super-resolution technology and single-
cell omics approaches might help in understanding the phe-
nomenon of stress memory [11]. In addition, an assay for
transposase-accessible chromatin sequencing (ATAC-seq)
[152] would help decipher the interactions between DNA
base methylation and histone modifications and their role
in stress memory.

Furthermore, epitranscriptomic modifications [RNA
base modifications, like S5-methylcytosine (m®C), 5-
hydroxymethylcytosine  (hm®C), NS-methyladenosine
(m®A), N'-methyladenosine (m'A), N”-methylguanosine
(m”G), Pseudouridine,  N®-2’-O-dimethyladenosine
(m®Am)] [153] playing important roles in plant growth,
development, and stress responses, might also be involved
in keeping of memory. Once the heritable components
of epigenome associated with stress memory are iden-
tified/established, they can be utilized in epigenome
editing [154,155] to enhance the plasticity of crop plants
toward the development of climate-resilient varieties for
sustainable agriculture.

8. Conclusions

Sequencing, assembly, annotation, and functional val-
idation of the biological function(s) of protein-coding as
well as non-coding/regulatory genes have been some of the
revolutionary research during the last four decades. On un-
derstanding the biological functions of genes/proteins, it is
obvious now that the DNA sequence information alone is
not sufficient enough to depict/decide the expression of a
gene/trait. Efforts are also being made to explore the epi-
genetic and 3D/4D genomic mechanisms involved in the
plasticity of an organism. Interestingly, the nucleotide se-
quence variation and rate of meiotic recombination are cor-
related with 3D genomic structures. Topologically associ-
ating domains (TADs) were reported to show more single-
nucleotide polymorphism, increased rate of recombination,
and structural variations (SVs) compared to that observed in
the inter-TAD regions [156]. Accumulating evidence sug-
gests the involvement of epigenetic modifications such as
DNA base (6-mA) modification [65] and histone modifi-
cation (H3K4me3) mark [157] in stress memory and adap-
tation of plants. In many cases, stress memory is reported
to be reset just after one stress-free generation. Though it is
suggested that transgenerational stress memory over several
generations might be disadvantageous to the plant [148], it
might be beneficial for the adaptability of plants, particu-
larly under fluctuating environmental conditions. 3D ge-
nomic study at the single-cell level using live-cell imaging
techniques paves the way to discover the gene regulatory
mechanisms needed for the development of climate-smart
crops. Combined studies on genome, epigenome, epi-
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transcriptome, and epiproteome (multi-omics analyses) and
their effects/contributions to stress memory would greatly
improve our understanding of keeping stress memory in
plants.
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