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Abstract—Plants have a unique ability to adapt ontogenesis to changing environmental conditions and the
influence of stress factors. This ability is based on the existence of two specific features of epigenetic regula-
tion in plants, which seem to be mutually exclusive at first glance. On the one hand, plants are capable of par-
tial epigenetic reprogramming of the genome, which can lead to adaptation of physiology and metabolism to
changed environmental conditions as well as to changes in ontogenesis programs. On the other hand, plants
can show amazing stability of epigenetic modifications and the ability to transmit them to vegetative and sex-
ual generations. The combination of these inextricably linked epigenetic features not only ensures survival in
the conditions of a sessile lifestyle but also underlies a surprisingly wide morphological diversity of plants,
which can lead to the appearance of morphs within one population and the existence of interpopulation mor-
phological differences. The review discusses the molecular genetic mechanisms that cause a paradoxical
combination of the stability and lability properties of epigenetic modifications and underlie the polyvariance
of ontogenesis. We also consider the existing approaches for studying the role of epigenetic regulation in the
manifestation of polyvariance of ontogenesis and discuss their limitations and prospects.
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INTRODUCTION

In 2022 will be the 150th anniversary of the birth of
Nikolai Konstantinovich Koltsov, the forerunner of
many fundamental discoveries and scientific direc-
tions of the 20th century, including epigenetics (Mor-
ange, 2011; Ramenskii, 2018). Among the predictions
of the great scientist, we can find not only arguments
for epigenetic phenomena but also the idea of the
influence of methylation on the manifestation of
hereditary traits. In 1915, he argued that “in any
organic compound, a hydrogen atom can be abruptly
replaced by a group of CH3” (Koltsov, 1915). Later,
the idea about the influence of nongenetic factors on
the implementation of the genotype, about the multi-
plicity of “epigenetic trajectories” possible for one
genotype, was developed by Conrad H. Waddington
(1968), and the discovery of the role of DNA methyl-
ation and histone proteins in the epigenetic regulation
of gene action fully confirmed the prediction of
N.K. Koltsov. Today, thanks to significant advances in
the study of molecular genetic mechanisms of epigen-
etic changes, epigenetics has become one of the most
important areas of genetics, developmental biology,
and molecular biology. Although the concept of epi-

genetics is interpreted differently in different sources
(see the review of Tikhodeev, 2015), most researchers
agree that epigenetic changes are modification
changes that are not related to changes in the DNA
sequence but are capable of being preserved in several
cell generations even in the absence of factors that
caused these changes (Jablonka and Raz, 2009;
Ptashne, 2013; Noble, 2015). Inherited changes in the
expression of gene alleles caused by epigenetic modifi-
cations (EM) are called epialleles.

Epigenetic mechanisms of regulation of gene
expression underlie several biological processes that
ensure the existence and development of plants and
animals (Allis et al., 2010). The functioning of the
chromosomal apparatus during mitosis and meiosis is
impossible without maintaining the heterochromatin
state of the centromeric and telomeric regions. The
condition of chromatin, which is determined by the
presence of “epigenetic marks” (modified versions of
histone proteins and methylcytosine in DNA), affects
the processes of repair and transcription (Razin and
Bystritskii, 2009). EM protect the integrity of the
genome by suppressing the transcription of genes of
mobile elements and the possibility of their movement
and reproduction (Fultz et al., 2015). Epigenetic inac-
tivation (silencing) of duplicated genes after allo- and
autopolyploidy and genomic duplications provides
homeostasis and opens up opportunities for the evolu-

Abbreviations: EM—epigenetic modifications; ER—epigenetic
regulators; 5mC—5-methylcytosine; TF—transcription factor;
DMR—differentially methylated regions of the genome.
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tion of gene function (Song and Chen, 2015). The
dose compensation of sex chromosome genes, which
has been well studied in animals, also occurs in dioe-
cious plants with sex chromosomes and is also based
on EM (Muyle et al., 2017, 2018).

EM plays a key role in the development processes.
The transition to a new stage of ontogenesis and the
development of each new structure are associated with
local epigenetic reprogramming, i.e., the suppression
of the expression of genes that are active at the previ-
ous stage, and, at the same time, the activation of a
new group of genes that determine the specifics of the
new organ/stage (Xiao and Wagner, 2015; Xu et al.,
2018; Yan et al., 2020). The established profile of gene
expression is maintained by descendant cells. It is cel-
lular memory, based on epigenetic mechanisms, that
underlies the maintenance of structural and functional
features of all tissues and organs of multicellular
organisms during ontogenesis (Nashun et al., 2015;
Birnbaum and Roudier, 2016).

Epigenetic processes that are an integral part of the
genetic program of development and are initiated by
internal signals are called constitutive epigenetic con-
trol of development (Bräutigam and Cronk, 2018).
When the function of key epigenetic regulators is
impaired, plant cells lose the ability to maintain cellu-
lar identity (differentiated state) and acquire callus
characteristics and the capability of somatic embryo-
genesis (Aichinger et al., 2009; Chen et al., 2010; Brat-
zel et al., 2010).

All the mentioned functions of EM are common to
animals and plants. At the same time, EM in plants
perform an additional function of adaptation to local
environmental conditions and the effects of adverse
factors due to changes in development programs. The
interaction between development and adaptive (stress)
response programs allows plants to quickly find the
optimal life strategy in a limited resources (Herms and
Mattson, 1992; Huot et al., 2014). This is possible due
to the fact that various unfavorable conditions (lack of
light, water, nutrition, hypo- or hyperthermia, expo-
sure to pathogens, etc.) can initiate partial epigenetic
reprogramming of the genome, which opens up the
possibility for changing the development program.
Epigenetic correction of a genetically determined devel-
opment program in response to the action of external sig-
nals is called facultative epigenetic development control
(Bräutigam and Cronk, 2018).

The possibility of changing the development pro-
gram is fundamentally important in the conditions of
an attached or passive (in aquatic plants) lifestyle and
causes amazing plasticity of ontogenesis, which is
characteristic of plants (Serebriakov and Serebriakova,
1972; Zhukova and Glotov, 2001; Kalinkina, 2017;
Sultan, 2017; Notov and Zhukova, 2019). Moreover, in
plants, phenotypic changes caused by external influ-
ences can be inherited by vegetative and sexual prog-
eny (Hauser et al., 2011; Heard and Martienssen,
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2014; Lämke and Bäurle, 2017; He and Li, 2018). This
review will focus on the role of EM in the manifesta-
tion of this amazing ability to reprogram ontogenesis
and analyze the mechanisms that can initiate epigene-
tic reprogramming of ontogenesis and the appearance
of morphotypes under the influence of environmental
signals.

FEATURES OF PLANT BIOLOGY 
UNDERLYING THE PLASTICITY 

OF DEVELOPMENT
Plasticity of development is the most important

condition for survival in the situation of an attached or
a passive (in the case of aquatic plants) lifestyle. It is
caused by the ability of plant cells to change their iden-
tity in response to signals from surrounding cells,
physiological signals, and signals from the environ-
ment. This ability, that was discovered in the studies
with chimeric plants (Poethig, 1989; Irish, 1991;
Szymkowiak and Sussex, 1996) and in experiments on
de novo regeneration of roots (reviews Xu, 2018; Li,
2021) and shoots (Shin et al., 2020; Lardon and
Geelen, 2020) from various organs indicates that plant
cells easily change the genetic program of develop-
ment.

In a plant, the formation of new organs occurs
throughout ontogenesis, so changes in the program of
ontogenesis can occur at any stage of the life cycle,
including in an adult plant. These changes are facili-
tated by the fact that they can affect not the entire body
but its parts because plants have a modular structure
(Hallé, 1986; Oborny, 2019). Modules are formed
sequentially as a result of the functioning of the apical
meristems of the shoot and root. The module of a
shoot is an internode with a leaf and an axillary meri-
stem. The root module is a fragment with a root and a
lateral root extending from it. When conditions (exter-
nal or internal) change the fate of some, the youngest
modules may change. Such a local rearrangement of
morphogenesis can ensure the adaptation of the
formed parts of the plant to new conditions without
changing the entire structure of the plant.

Thanks to epigenetic mechanisms, the new pro-
gram can be maintained not only by a cell clone but
also by vegetative generations since many plants are
capable of vegetative reproduction. A lot of experimen-
tal data about the inheritance by vegetative offspring of
the DNA methylation pattern, which is caused by
stress effects on maternal plants, has been obtained. In
the white clover Trifolium repens (Leguminósae),
changes in DNA methylation caused by drought stress
on the mother plant were preserved in five studied
vegetative generations (Rendina González et al.,
2018). The specific methylation pattern of the invasive
clonal plants of alligator weed, Alternanthera philox-
eroides (Amaranthaceae) from different ecological and
geographical places in China was maintained when
transferred to common conditions for 2–3 genera-
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tions, although some of the EM (38%) were preserved
for ten vegetative generations (Shi et al., 2019).

Stable transmission of individual epialleles to off-
spring is also shown for many species with obligate
generative reproduction: in toadflax Linaria vulgaris,
arabidopsis Arabidopsis thaliana, maize Zea mays, rice
Oryza sativa, tomatoes Solanum lycopersicum, etc.
(Cubas et al., 1999; Kakutani, 2002; Manning et al.,
2006; Miura et al., 2009; O’Malley and Ecker, 2012;
Zhang et al., 2012; Weigel and Colot, 2012; Johannes
and Schmitz, 2019). Some epialleles in plants are so
stable that they demonstrate monogenic inheritance
and it is difficult to simply distinguish them from
monogenic mutations (Bondada et al., 2020).

Global genome demethylation is typical for animal
gametogenesis and early embryogenesis, its absence
contributes to the transmission of EM to sexual off-
spring in plants (Pikaard and Scheid, 2014). This fea-
ture and the molecular mechanisms of EM mainte-
nance operating in plant cells (see below) explain the
surprisingly high proportion of stably inherited
methylcytosine sites (91%) and methylated regions
(99.998%) in genetically homogeneous Arabidopsis
inbred lines (MA lines), which were obtained by self-
pollination over 30 generations from a single founder
plant (Schmitz et al., 2011; Hofmeister et al., 2017).

The absence of early separation of cells of the germ
line is an important feature of plants. In plants, gener-
ative cells are formed from the initial cells of the germ
line, which differ from the surrounding somatic meri-
stem cells only by their position in the apex of the
shoot but not by the nature of determination, and, in
case of death, they can be replaced by somatic cells
(Whipple, 2012; Pikaard and Scheid, 2014). There-
fore, the genetic and epigenetic information of somatic
cells can potentially be passed on to offspring.

Thus, the characteristics of plants determine the
possibility of their survival with an sessile/passive life-
style. By changing the genetic program of develop-
ment, plants can adapt ontogenesis to environmental
conditions, showing plasticity of development. A new
variant of ontogenesis can be maintained due to epi-
genetic mechanisms and even transmitted to vegeta-
tive and sexual offspring. Due to these specific fea-
tures, the variability of the plant phenotype can take
the form of polyvariance, i.e., the existence of certain
morphotypes based on a single genotype.

HOW EPIGENETIC MODIFICATIONS 
CAN AFFECT THE PHENOTYPE

The main mechanism of epigenetic modifications
in plants is DNA methylation and modification of his-
tone proteins. Epigenetic phenomena also include the
so-called protein inheritance, i.e., the inheritance by a
cell clone of an altered conformation of protein mole-
cules, described in yeast, animals, and humans (Har-
vey et al., 2018). Prion-like proteins are also found in
RUSSIAN JOURNAL OF DEVELOPMENTAL BIOLOGY 
plants. However, they do not normally form aggre-
gates in cells; this is prevented by plant metabolites
(Surguchov et al., 2019).

Three groups of genes provide EM of DNA and
histones (Pikaard and Scheid, 2014; Allis and Jenu-
wein, 2016). The genes of the first group (writers)
encode enzymes that carry out modifications of DNA
(cytosine methylation) and histones (methylation,
acetylation, ubiquitination, phosphorylation, histone
sumoylation, etc.). The genes of the second group
(erasers) perform the opposite function, removing
these marks. The genes of the third group (adaptor
proteins or readers) recognize epigenetic marks and
affect a variety of cellular processes through interaction
with other proteins (Fig. Suppl see https://doi.org/
10.1134/S1062360421060047). Some proteins can
combine different functions. For example, CMT
chromometylases are proteins of both the first and
third groups since they recognize histone repressive
marks and methylate DNA in the in close proximity
(Zhang et al., 2018). Similarly, histone H3K9 methyl-
transferases perform their main function after the rec-
ognition of methylcytosine 5mC (Li et al., 2018).
However, this classification helps to systematize
extensive information on epigenetic regulation.

Group one: writers. This group includes genes
encoding DNA-methyltransferases and histone-
methyltransferases. Unlike animals, in which methyl-
ated cytosine is usually guanine-adjacent cytosine
(CG sites), in plants, cytosine in any surroundings can
be methylated (CG, CHG, and CHH, where H is A,
C, or T). This is possible due to the existence of a
unique family of CHROMOMETHYLASE (CMT)
genes, as well as genes that control the RNA-depen-
dent DNA methylation pathway, or RdDM (RNA-
directed DNA Methylation pathway). The RdDM
pathway is based on the mechanism of RNA interfer-
ence, which involves variants of the conservative Dicer
and Risc complexes (including the DCL and AGO
proteins, respectively) as well as plant-specific RNA
polymerase complexes IV and V (Zhang et al., 2018;
Raju et al., 2019; Gallego-Bartolomé, 2020).

The effect of DNA methylation on gene expression
depends on the context in which cytosine is methyl-
ated, and on the location of methylation sites. Cyto-
sine methylation in the regulatory parts of the gene is
most often associated with a decrease in the level of
transcription (Vaniushin, 2006; Law and Jacobsen,
2010). However, in some cases, due to interaction with
proteins from group three, the effect may be the oppo-
site (Harris et al., 2018). Histone methylation is asso-
ciated with either activation or repression of genes
depending on the position and number of methyl
groups. H3K4me3, H3K9me3, and H3K36me3 cor-
relate with transcription activation, while the presence
of the H3K27me3 marks genes with a reduced tran-
scription level (Zhang et al., 2007, 2009; Roudier et al.,
2011). The H3K9me2 and H3K27me1 marks are usu-
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ally localized in the centromeric regions of chromo-
somes and are typical for repeats and mobile elements
that also contain highly methylated DNA (Bernatavi-
chute et al., 2008; Zhang et al., 2009; Roudier et al.,
2011).

Histone methylation is carried out by several fami-
lies of histone methyltransferases, which methylate
different lysine residues and work as part of different
protein complexes, among which PRC1 and PRC2
complexes are the most studied (Liu et al., 2010).
These complexes include both histone deacetylases
(present in PRC1, PRC2) and histone ubiquitinases
(PRC1), which also cause chromatin compactifica-
tion and gene repression (Derkacheva and Hennig,
2014; Mozgova and Hennig, 2015; Xiao and Wagner,
2015; Förderer et al., 2016).

Histone acetylases loosen chromatin and activate
gene expression; ubiquitination has either an activat-
ing or repressing effect on the state of chromatin.
Other modifications of histone proteins can also affect
the state of chromatin (Berger, 2007; Fenley et al.,
2018), although their participation in epigenetic pro-
cesses is less studied. Histone acetylases and ubiquiti-
nases can also work as part of various protein com-
plexes, including complexes that maintain the active
state of chromatin (Fletcher, 2017; Ornelas-Ayala
et al., 2021).

Group two: erasers. Active removal of methyl
groups from cytosine in plants is provided by plant-
specific enzymes with glycosylase activity; they
remove methylated cytosine and initiate its replace-
ment with unmethylated cytosine (Li et al., 2018; Par-
rilla-Doblas et al., 2019; Liu and Lang, 2019). The
removal of acetyl and methyl groups from histone pro-
teins is provided by several families of histone deacety-
lases (Ma et al., 2013; Chen et al., 2020) and demeth-
ylases (Prakash et al., 2014), among which there are
plant-specific ones.

Group three: readers recognize (“read”) the
installed marks or the absence of marks. This is the
most diverse group of epigenetic regulators (ER),
which also most often act as part of protein complexes
(Torres and Fujimori, 2015; Grimanelli and Ingouff,
2020). Readers often read different histone labels at
the same time, including phosphoric and ubiquitin
marks. The epigenetic regulators of this group often
include chromatin proteins that can recognize EM
and affect the noncovalent interaction of DNA with
histone proteins, change the packing density and
localization of nucleosomes, and also catalyze the
inclusion of histone variants (Li et al., 2007; Narlikar
et al., 2013).

Group three proteins have not only binding sites
with DNA methylcytosine or histone tags but also
binding sites with nonhistone proteins. Because of
this, readers provide interaction between epigenetic
marks (modifications of histones and DNA) and other
cellular processes in which a nonhistone protein is
RUSSIAN JOURNAL OF D
involved (Li, Y. and Li, H., 2012; Patel, 2016; Gri-
manell and Ingouff, 2020). For example, readers can
interact with proteins that establish or remove marks
from DNA and histones, contributing to the spreading
or elimination of marks (Grimanell and Ingouff, 2020;
Scheid et al., 2021). They can contribute to the open-
ing of chromatin, due to the inclusion of histone vari-
ants that change the state of chromatin (Kouzarides,
2007; Sijacic et al., 2019). They can directly affect
transcription by interacting with transcription factors
(TF) or their cofactors or they have a DNA-binding
domain and act as TF pioneers, the affinity and spec-
ificity of which depend on the presence of methylcyto-
sine in the DNA (Zhu et al., 2016; Kribelbauer et al.,
2019; Grimanell and Ingouff, 2020).

Group three proteins can influence the choice of
promoters (Le et al., 2020) as well as posttranscription
events (Fig. Suppl see https://doi.org/10.1134/
S1062360421060047). By interacting with proteins of
the RNA polymerase complex, proteins that control
the maturation of pre-mRNA (proteins involved in
polyadenylation, splicing) readers determine the
choice of splicing sites (Ullah et al., 2018; Wei et al.,
2018; Wu et al., 2020) and polyadenylation sites (Duan
et al., 2017; Zhang et al., 2021). This means that read-
ers are participants in the regulation of gene expression
at different stages of the implementation of genetic
information, combining the epigenetic marks of DNA
and histones with the basic mechanisms of regulation
of gene expression. In fact, the epigenome determines
which genes are transcribed in a given tissue, which of
the alternative promoters, splicing sites, and polyade-
nylation sites will be selected in a given cell clone, and
therefore which of the protein isoforms will function
in a given tissue at a given stage of ontogenesis and
under given environmental conditions. Thus, EM not
only preserve the expression profile that is established
as a result of the action of TF but also participate in its
establishment at all stages of mRNA formation and
maturation.

The considered three groups of genes control EM
not only in plants but also in animals. However, the
regulation of the expression of these groups of genes in
plants should have its characteristics. On the one
hand, the activity of these genes should depend on
environmental conditions. In other words, plants
should have mechanisms that can initiate partial epi-
genetic reprogramming of the genome and the estab-
lishment of a new development program in changed
environmental conditions. On the other hand, plants
should have the ability to preserve a new adaptive
development program and pass it on to their descen-
dants. This paradoxical combination of stability and
lability of EM indicates the existence of special mech-
anisms in plants that control the dynamics of EM.
Let’s consider the available data that can explain, at
least partially, the unique features of epigenetic regu-
lation in plants.
EVELOPMENTAL BIOLOGY  Vol. 52  No. 6  2021
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MOLECULAR MECHANISMS UNDERLYING 
THE INHERITANCE OF EPIGENETIC 

MODIFICATIONS IN PLANTS
EM are different in the stability of inheritance

through sexual generations and, as a rule, do not obey
the Mendelian laws. Nevertheless, heritability, at least
in the form of “heritable changeability” (Le Goff et al.,
2021) is a characteristic feature of EM, which is spe-
cific for plants.

The ability of EM to persist during meiosis is partly
explained by the peculiarities of plant biology (see
above). However, there are also molecular mecha-
nisms that can support this ability. Their effect
depends on the type of epiallele (“silent” hypermeth-
ylated allele or actively working hypomethylated epial-
lele), on the copy number variation of genes, on the
presence of special motifs in the loci that attract DNA
methyltransferases or other ER, on the number of
DNA methylation sites, their type (CG, CHG, CHH)
and localization in the gene, and on the presence of
histone modifications and their type (Catoni et al.,
2017; Li et al., 2020; Williams and Gehring, 2020).

These dependencies are complex and are not fully
investigated. Nevertheless, the main tools for the pres-
ervation of EM are maintenance DNA-methyltrans-
ferases, which are also present in animals, as well as
plant-specific mechanisms of positive feedback loop
between chromatin marks and methylcytosine marks
(5mC). When maintaining the established epigenetic
profile, CMT chromometylases methylate DNA,
focusing on the presence of H3K9me2 chromatin
marks, while histone methyltransferases KYP/SUVH4,
etc. are focusing on the presence of 5mC (Baubec
et al., 2010; Du et al., 2015; Stoddard et al., 2019). This
mechanism explains the stable “silence” of hyper-
methylated alleles (for example, in the Arabidopsis
SUP gene).

There is positive feedback loop during establishing
methylation involving small RNAs de novo (RdDM
pathway). Group three proteins (readers) play an
important role in this multicomponent process. Some
readers recognize chromatin labels of methylated
H3K9me2 and direct the work of RNA polymerase IV,
which is involved in the formation of small RNAs.
Others recognize 5mC and attract RNA polymerase V,
which, through intermediaries (primarily the AGO
protein with a small RNA loaded into it), can attract a
specific de novo DRM2 DNA methyltransferase to the
DNA sites from which pre-mRNA is read (Matzke
and Mosher, 2014; Erdmann and Picard, 2020).
Thanks to these mechanisms, the EM that appeared
during reprogramming of the genome will be maintained
until the moment when other regulators interfere in the
process, which can be activated by changing environ-
mental conditions (see below). Activating H3K4me3 and
H3K18ac histone marks interfere with the RdDM path-
way and attract DNA demethylase/glycosylase ROS1,
which removes 5mC and creates conditions for stable
RUSSIAN JOURNAL OF DEVELOPMENTAL BIOLOGY 
maintenance of hypomethylated epialleles (Li et al.,
2020).

The resulting small RNAs, which are constantly
generated during a positive feedback loop, can move in
the plant via plasmodesma and phloem (Tamiru et al.,
2018; Pagliarani and Gambino, 2019), and possibly be
transmitted to descendants, as is shown for the nema-
tode C. elegans (Xu et al., 2018). No clear evidence has
yet been obtained for the participation of small RNAs
caused by stress on parents in the transmission of epi-
genetic information to offspring in plants (Morgado
et al., 2017; Colicchio et al., 2020). Nevertheless, the
resulting mobile small RNAs can penetrate germinal
cells (Duempelmann et al., 2020) and initiate DNA
methylation and subsequent histone modifications in
them, which can be transmitted to descendants and
lead to the inheritance of phenotypic changes: ontoge-
netic or physiological and biochemical changes asso-
ciated with resistance to the stress experienced by par-
ent plants (Tamiru et al., 2018; Liegard et al., 2019).

The maintenance of epigenetic marks in certain
gene loci in a series of generations can be facilitated by
repeats, which often represent to some extent
degraded mobile elements embedded in the regulatory
region of genes. Thus, the presence of repeats in the
regulatory region of the Arabidopsis FWA gene and
maize B1 gene explains the frequent occurrence of epi-
alleles of these genes (Henderson and Jacobsen,
2007). The stability of the EM of such genes is indi-
cated by the fact that several varieties of economically
valuable crops have been created based on similar EM
(review Lisch, 2013).

In mammalian genomes, nucleotide motifs that
promote the attraction of DNA methyltransferases to
the regulatory sites of certain loci were found (Handa
et al., 2005; Wienholz et al., 2010; Wang et al., 2019).
Plants also have them, although they are less studied
(Gouil and Baulcombe, 2016). The peculiarities of the
structure of loci, which make them favorite targets of
ER regulators, can explain the repeatedly observed
cases of stable epialleles of some genes. However,
knowledge about the features of DNA or chromatin
that can turn loci into “hot” and “cold” EM points is
not sufficient. For example, it is still not clear why
such a “hot spot” is the SUP arabidopsis (Arabidopsis
thaliana) gene, that sets a boundary between male and
female reproductive organs in the f lower (Bowman
et al., 1992). Hypermethylated “silent” epialleles in
this gene have been isolated after exposure to neu-
trons, X-rays, ethylmethyl sulfate, and other chemical
mutagens and insertion T-DNA mutagenesis (Jacobsen
and Meyerowitz, 1997; Rohde et al., 2002), against the
background of genome demethylation in transgenic
lines with the suppressed activity of the DNA methyl-
transferases gene MET1 (Kishimoto et al., 2001) as
well as spontaneous demethylation (Bondada et al.,
2020). Moreover, epialleles of the SUP gene with dif-
ferent degrees of expressivity and penetrance were
 Vol. 52  No. 6  2021
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found in 11 (of 1028) Arabidopsis ecotypes from a vari-
ety of habitats (Bondada et al., 2020).

The maintenance of EM in certain loci may be
caused by the presence of cis-elements for binding TF
in their regulatory regions, which attract ER (for
example, DNA methyltransferases or demethylases),
maintaining a hypermethylated or, vice versa, a
hypomethylated state of the loci. Long noncoding
RNAs (lncRNAs) can also attract ER to certain loci.
This is shown for COLDAIR lncRNA, which epige-
netically suppresses the Arabidopsis FLC gene that
controls the need for vernalization (Kim et al., 2017;
Wu et al., 2020), as well as for AG-incRNA4 lncRNA,
which causes silencing in the vegetative part of the
shoot of the AG gene that controls the development of
reproductive organs in the f lower (Wu et al., 2018).
Due to interaction with ER, TF and lncRNA can
cause EM in target genes that have either cis-elements
for attracting TF or sites of homology with lncRNA.
Such EM effectors, the expression of which is acti-
vated under certain conditions (or under stressful
influences) can, apparently, play an important role
both in the initiation of EM under the influence of
new conditions/stresses and in keeping the emerging
epialleles in a row of generations while maintaining
changed conditions (for example, in 11 generations of
inbred rice lines grown in drought conditions) (Zheng
et al., 2017).

Clear evidence of the inheritance of EM in plants is
the inheritance of 99.998% of methylation regions
over 30 generative generations under unchanged envi-
ronmental conditions established during the study of
Arabidopsis inbred lines (MA lines obtained from self-
pollination of one plant of the Col ecotype) (Hofmeis-
ter et al., 2017). This stability made it possible to create
an epigenetic map based on the analysis of the F2 gen-
eration from the hybridization of two MA lines and to
show that over half of the newly formed epialleles seg-
regated in a Mendelian manner (Hofmeister et al.,
2017).

MOLECULAR MECHANISMS THAT INITIATE 
CHANGES IN THE DEVELOPMENT 

PROGRAM
Many stress factors (both abiotic and biotic) are

among the factors that affect the functioning of the ER
and initiate partial reprogramming of the genome.
They cause changes in metabolic processes and the
appearance of reactive oxygen species (ROS) and
nitrogen species, which change the redox balance of
the cell and activate redox-dependent signaling sys-
tems in cells (Foyer and Noctor, 2013; Locato et al.,
2018). The consequence of these processes is a change
in the content of donor molecules of methyl groups
necessary for the modification of DNA and histones
(primarily, S-adenosyl methionine), as well as the
effect of ROS and metabolites on the regulatory pro-
teins of epigenetic modifications (Locato et al., 2018;
RUSSIAN JOURNAL OF D
Saravana Kumar et al., 2020; Lindermayr et al., 2020).
DNA-demethylating enzymes (Couturier et al., 2013;
Duan et al., 2015) and proteins involved in RNA-
dependent DNA methylation (Charbonnel et al.,
2017; Seta et al., 2017) are among them. The effect of
the redox potential and nitric oxide, which is also a
powerful oxidant, on proteins involved in DNA meth-
ylation and histone protein modification is described
(reviews by Locato et al., 2018; Saravana Kumar et al.,
2020; Lindermayr et al., 2020). Since cytosine can be
methylated in any sequence context in plants, they are
particularly sensitive to metabolic changes that cause a
decrease in the level of methyl group donors in cells
(Lindermayr et al., 2020).

Recently, an additional mechanism of the relation-
ship between stress effects and genome reprogram-
ming has been identified. It has been shown that
SUMOylation, a reversible posttranslational modifi-
cation of various proteins, plays an important role in
the activation of the stress response (heat shock, hypo-
thermia, drought, phosphate deficiency, pathogen
attack) (Jmii and Cappadocia, 2021). The most
important target of the Sumo E3 ligase SIZ1 is the
DNA glycosylase ROS1, which is stabilized as a result
of this modification and performs DNA demethyla-
tion. Mutations in the SIZ1 gene in Arabidopsis lead to
an increase in the level of DNA methylation due to a
decrease in the content of the ROS1 protein (Kong et al.,
2020). Protein SUMOylation is a dynamic and revers-
ible process that is activated by stress influences.
Therefore, under stress conditions, the SUMOylation
of proteins through the influence on DNA demethyl-
ation can play an important role in the reprogramming
of the plant genome.

Environmental conditions/stresses can change the
activity of ER at both the posttranslational and tran-
scriptional levels. Many ER are transcribed peculiarly,
only under certain conditions/stressful influences, or
in certain tissues and organs at certain stages of onto-
genesis. Transcription specificity has been shown for
DNA-methyltransferases and other ER of different
plant species (Rohini et al., 2014; Guo et al., 2020; Yu
et al., 2021). Moreover, among ER that belong to the
same class (for example, DNA demethylases/glycosy-
lases), there are also some differences between target
genes, which may be explained by the presence of spe-
cific motives in the targets that attract ER or by the
fact that TF or lncRNAs that interact with a certain set
of target genes are involved in attracting target genes
(see above). We should note that there are also com-
ponents of hormonal signaling pathways among the
TF that interact with ER. By attracting ER that change
the state of chromatin of their target genes, TF can
either activate (Wu et al., 2015) or suppress gene
expression (Hasegawa et al., 2018) in response to the
action of hormones.

Most of the mentioned factors that contribute to
changing the development program when environ-
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mental conditions change, act to some extent on epi-
genetic processes in animal cells. At the same time,
there is new information about the specificities of the
action of some ER in plants as well as about the dis-
covery of new plant-specific ER. 4 Arabidopsis genes
that arose as a result of the domestication of trans-
posons of the Harbinger family are among them. The
products of two such genes HDP1 and HDP2 work as
part of the IDM1 protein complex, which has histone-
acetyltransferase activity and, at the same time, partic-
ipates in the attraction of DNA demethylase/glycosy-
lase ROS1 (Duan et al., 2016). The products of two
other genes, ALP1 and ALP2, also act together and
prevent the PRC2 complex from performing repres-
sive H3K27me3 methylation of histones (Liang et al.,
2015; Velanis et al., 2020).

The ICU11 and CP2 genes found in Arabidopsis
also interact with PRC2-complex proteins (Mateo-
Bonmatí et al., 2018; Bloomer et al., 2020). However,
this interaction leads to an increase in the effectiveness of
epigenetic suppression of target genes. It is assumed that
these genes encoding 2-oxoglutarate/Fe(II)-dependent
dioxygenases help to remove activating H3K4me2/3 and
H3K36me3 marks from histones, which facilitates the
further establishment of repressive marks (Bloomer
et al., 2020). Recently, the CFK1 gene, encoding a pro-
tein with an F-box, which interacts with de novo DNA
methyltransferase and starts the process of its degrada-
tion, was found in Arabidopsis (Chen et al., 2021).

In addition to these new genes that interfere with
the work of already described ER, genes that are rep-
resentatives of well-known families of epigenetic regu-
lators but perform a function opposite to that per-
formed by their paralogs are described in plants. Many
ER in plants are presented by several genes, which is
due to the duplication of the genome characteristic for
plants. The function of not all representatives has been
analyzed, and their study brings surprises. For exam-
ple, the SUVH family of histone H3K9 methyltrans-
ferases (SU(VAR)3-9 HOMOLOG) in Arabidopsis is rep-
resented by nine paralogs, among which SUVH4/KYP,
SUVH5, and SUVH6 provide repressive methylation
of H3K9. Due to the presence of the SRA domain,
they recognize methylated DNA and methylate his-
tones near these sites (Li et al., 2018). At the same
time, SUVH1, SUVH3, SUVH7, and SUVH8 per-
form the opposite function. They have lost the meth-
yltransferase domains, but they recognize methylated
DNA in the promoter region of DNA demethy-
lase/glycosylase ROS1 due to the SRA domain. Inter-
acting with transcription activator proteins with the
DnaJ domain, the SUVH1, SUVH3, SUVH7, and
SUVH8 proteins activate the transcription of ROS1
and subsequent demethylation of DNA (Xiao et al.,
2019). There are likely to be more examples of such
subneofunctionalization with the increase of our
knowledge about the function of ER paralogs in
plants.
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In conclusion of this part, we note that environ-
ment-induced partial reprogramming of the genome
can lead to activation genes for a protective response
and/or change in the plant’s (its growing modules)
ontogeny program. A change in the development pro-
gram of a particular module or organ is realized at the
early stages of its ontogenesis, most often in the cells of
the apical meristems of the shoot and root, which con-
tain stem (pluripotent) cells and give rise to all organ
primordia. However, the activation (or reactivation) of
the development program in plants can be observed
even in mature organs (Ezhova and Kupriianova,
2019). This is explained by the fact that pluripotent
cells in plants can appear de novo due to the removal of
epigenetic repression from the stemness genes, which
is maintained by numerous ER in differentiated tissues
(Albert and Ezhova 2013; Gaillochet and Lohmann,
2015). The removal of epigenetic repression from
genes of stemness can cause the development of addi-
tional blades and comb-like outgrowths even on
mature plant leaves (Fedotov et al., 2017; Kupriyanova
et al., 2021). Ontogenetic reversals caused by weather
conditions also reflect the possibility of restarting
genetic development programs due to the renewal of
the stem cell pool (Fig. 1).

MAIN EXPERIMENTAL APPROACHES 
FOR STUDYING THE ROLE OF EPIGENETIC 

MODIFICATIONS IN THE POLYVARIANCE
OF DEVELOPMENT

The plasticity of plant development is manifested
in a pronounced variability of traits in plants of the
same species. Stochastic f luctuations in the level of
expression, as well as changes in gene expression
caused by external and internal factors that change
development, are not always associated with EM. To
prove the causal relationship between EM and the
phenotype, it is necessary to be sure that there is no
connection between the phenotype and genetic poly-
morphism and to distinguish temporary changes in
gene expression that do not persist during cell division
from long-lasting EM. There are several approaches
for studying the role of EM in the manifestation of
polyvariance of development that have different degrees
of evidence (Table 1, see explanations in the  Suppl,
https://doi.org/10.1134/S1062360421060047).

However, as the knowledge about the genetic con-
trol of ontogenesis deepens, new opportunities will
appear related to testing the expression level and
methylation profile not of the entire genome but of key
conservative genes, changes in the work of which can
potentially cause a similar phenotype. An example of
such studies is the analysis of the effect of water defi-
ciency on the development of stomata on the leaves of
Arabidopsis plants (Tricker et al., 2012). It is shown
that, under these conditions, hypermethylation of the
SPCH gene, which controls the development of sto-
mata, was observed. This led to a decrease in their
 Vol. 52  No. 6  2021
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Fig. 1. Ontogenetic reversions in calendula Calendula officinalis (this variety was created by V.V. Sakharov at the Koltsov Institute
of Developmental Biology of the Russian Academy of Sciences) and water avens Geum rivale in the conditions of a wet, cold sum-
mer of 2019. On one the same plant of calendula, along with inflorescences with normal ontogenesis (a), inflorescences forming
new apical meristems, which also form inflorescences and seeds (b, c) can be observed (c—capitulum of the first order with ripe
seeds (at the bottom); 15 additional inflorescences of the second order formed by it, which are at different stages of ontogenesis
(at the top)). (d) On the same plant of the water avens with normal f lower ontogenesis, (e, f) there are f lowers in the center of
which new shoots with inflorescences are formed. Photo by the author.

(a) (b)

(d) (e) (f)

(c)
number on the leaf. A high level of DNA methylation
of the SPCH gene and a reduced number of stomata
were inherited by descendants (Tricker et al., 2013).

For now, the leaf development program is one of
the most fully studied and conservative genetic pro-
grams (Fritz et al., 2018; Satterlee and Scanlon,
2019)). In this regard, very good prospects are opened
up for studying the genetic and epigenetic foundations
of heterophylly. The analysis of the expression of genes
that play a central role in conservative genetic pro-
grams of leaf development was carried out on two spe-
cies of heterophilic plants (Nakayama et al., 2014; Li
et al., 2017; Kim et al., 2018). In plants Rorippa
aquatica (Brassicaceae) (Nakayama et al., 2014) and
Hygrophila difformis (Acanthaceae) (Li et al., 2017),
the dissection of submerged leaves appeared to be a
result of activating highly conservative genes in the leaf
primordia that support the pluripotency of leaf cells.
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These are genes of the KNOX I class, the expression
of which supports cell division and determines the
possibility of complication of the leaf structure
(Blein et al., 2008). In both species, these genes are
not active in the terrestrial whole-edged leaves but
are expressed during the development of dissected
leaves (Nakayama et al., 2014; Li et al., 2017).
Although these studies do not analyze DNA methyla-
tion or histone modification in leaves of different
types, it can be assumed that it is the epigenetic regu-
lation of KNOX I genes under the influence of envi-
ronmental conditions that underlies heterophylly.
KNOX I genes are a well-known target of epigenetic
regulation (Lodha et al., 2008; Gaillochet and
Lohmann, 2015). Therefore, there is no doubt that in
the regulatory regions of the KNOX I genes of these
species, repressive marks in terrestrial leaves and their
absence in submerged ones can be found. In these
EVELOPMENTAL BIOLOGY  Vol. 52  No. 6  2021



PARADOXES OF PLANT EPIGENETICS 363

Table 1. Experimental approaches used to study the role of epigenetic modifications in the manifestation of polyvariance
of plant development

Objects Methods Opportunities

1. Recombinant epiRIL 

imbred lines obtained 

on a single genetic 

background, among 

which there are pheno-

typic differences

Genome, methylome, tran-

scriptome analysis, genetic 

mapping (epiQTL)

Identification of DMR/genes 

(epialleles) that cause pheno-

typic differences

2. Clones of natural 

and cultural species 

from different habitats; 

clones that differ by 

phenotype

Analysis of the level and fea-

tures of genome methylation 

(MSAP and other methods).

Analysis of the level of 

genetic variability (AFLP)

Demonstration of the connec-

tion of the phenotype with the 

epigenotype

3. Individual plants that 

have different modules 

or organs with pheno-

typic differences

Same as in the approach 2

Identification of epigenetic 

mosaicism and its connection 

with phenotypic differences

4. Populations of the 

same species from dif-

ferent ecological and 

geographical zones that 

differ in phenotype

Same as in the approach 2 

(nonmodel types)

Demonstration of intra-species 

genetic and epigenetic differ-

ences

Genome, methylome, 

transcriptome, EWAS 

(Epigenome-Wide Associa-

tion Study) analysis (model 

species)

Identification of associations

of the phenotype with 

DMR/genes

F2

epiRIL

F1

Col Col

×

met1/ddm1

met1/ddm1
studies, it was shown that the main external factor

causing a change in the morphology of leaves is tem-

perature. Lowering the temperature from 26 to 20°C is

enough for the plant to begin to form dissected leaves

instead of whole ones. Therefore, R. aquatica and

H. difformis are ideal models for future studies of the

dynamics of epigenetic modifications in KNOX I-genes

under changing external conditions. These models

may allow us to decipher the sequence of molecular

events that are triggered by external influences and

directly or indirectly activate or block the activity of

genes involved in the epigenetic regulation of KNOX I
genes.
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CONCLUSIONS

Due to the use of various approaches to studying
the role of epigenetic mechanisms in the polyvariance
of plant development, the following statements have
been experimentally proven today: (1) environmental
conditions, stressful effects cause epigenome changes;
some of the emerging EM are adaptive; (2) epigenetic
changes are inherited while maintaining the condi-
tions that caused the changes; over half of the EM is
stably transmitted to descendants in accordance with
Mendelian laws; (3) when the conditions change, the
previous EM gradually disappear, although the level of
stability of different EM is different; (4) intraspecies mor-
phological variability of plants is caused not only by
 Vol. 52  No. 6  2021
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genetic polymorphism but also by epigenetic differences
between plants; (5) many morphological, physiologi-
cal, and biochemical features that distinguish different
parts of the same plant are the result of facultative epi-
genetic mosaicism, which occurs due to differences in
microconditions affecting different parts of the plant.

These statements indicate the existence of unique
features of the functioning of epigenetic mechanisms
in plants. Indeed, the functioning of ER in plants is
under the control of environmental conditions. The
environmental impact may be nonspecific (due to a
decrease in the level of methyl group donors) or spe-
cific, which is based on the activation of the expression
of individual ER genes and their effect on certain tar-
get genes. These and other mechanisms considered in
the review may cause changes in the expression of cer-
tain groups of genes and explain the adaptivity of EM.
The preservation of adaptive EM in offspring is
ensured by maintenance methyltransferases and posi-
tive feedback loops between different epigenetic
marks. Recently discovered plant-specific genes can
also influence the work of already known ER. The
products of these genes can either disrupt or activate
the function of ER. There is no doubt that new ER
that affect the dynamics of EM will be discovered in
plants since the function of ~30% of the genes of the
nuclear genome is still unknown even in Arabidopsis.

There are more and more studies of the epigenetic
bases of intraspecies phenotypic variability; however,
even with the “omics” execution, additional confir-
mation is required that the identified associations
between the phenotype and the epialleles of candidate
genes are due to “cause-and-effect” relationships.
Today, new approaches are being developed for such
confirmations. Using special systems for epigenetic
editing of genomes, it is possible to use them to attract
ER proteins to candidate genes and to study the effect
of these modifications on the phenotype (Gallego-
Bartolomé et al., 2020; Fal et al., 2021; Selma and
Orzáez, 2021). Omics approaches and biotechnologies
of directed control of epigenetic processes open up
new prospects in the study of the scientific founda-
tions of the plasticity of plant development and the
practical use of inherited EM.
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