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Unlike animals, plants are immobile and could not actively escape the effects of aggressive environmental factors, such
as pathogenic microorganisms, insect pests, parasitic plants, extreme temperatures, drought, and many others. To
counteract these unfavorable encounters, plants have evolved very high phenotypic plasticity. In a rapidly changing
environment, adaptive phenotypic changes often occur in time frames that are too short for the natural selection of
adaptive mutations. Probably, some kind of epigenetic variability underlines environmental adaptation in these cases.
Indeed, isogenic plants often have quite variable phenotypes in different habitats. There are examples of successful
“invasions” of relatively small and genetically homogenous plant populations into entirely new habitats. The unique
capability of quick environmental adaptation appears to be due to a high tendency to transmit epigenetic changes
between plant generations. Multiple studies show that epigenetic memory serves as a mechanism of plant adaptation to a
rapidly changing environment and, in particular, to aggressive biotic and abiotic stresses. In wild nature, this mechanism
underlies, to a very significant extent, plant capability to live in different habitats and endure drastic environmental
changes. In agriculture, a deep understanding of this mechanism could serve to elaborate more effective and safe
approaches to plant protection.
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| 1. Introduction

Plants live in a constantly changing environment that is often unfavorable or even hostile. As sessile organisms, plants
cannot actively escape multiple aggressive encounters. Instead, they developed high phenotypic plasticity that includes
rapid responses to aggressive environmental factors and adaptations to changing environments. Changes in gene
expression underlie this phenotypic plasticity. Since epigenetic marks control gene expression, the epigenetic variation
could be a key player in plant responses to stress factors and environmental adaptation.

The most thoroughly studied type of epigenetic phenomena in plants is DNA methylation L2, A major part of methylated
cytosine residues (m®C) in plants, like in animals, occurs in the symmetric CG sites. Unlike animals, plants also display
significant methylation in the symmetric CHG sites and asymmetric CHH sites (H is any nucleotide except G). All three
methylation contexts are present in repeat and transposable element (TE) sequences, while the protein-coding gene
sequences are mostly methylated at CG sites. The maintenance methylation of CG sites is carried out by DNA
methyltransferase MET1 with the assistance of three VIM (VARIANT IN METHYLATION) family proteins, VIM1-VIM3 &1,
This methylation complex recognizes and methylates with a high preference hemi-methylated CG sites in the daughter
strands during DNA replication. A plant-specific DNA methyltransferase CMT3 (CHROMOMETHYLASE 3) is responsible
for the maintenance methylation of symmetric CHG sites. Unlike MET1, CMT3 cannot recognize hemi-methylated sites
and maintains CHG-specific methylation due to mutual stimulating substrate-level interactions between CMT3 and H3K9-
specific histone methyltransferases (HMTs) 4. DNA methylation de novo at CG, CHG, and CHH sites occurs mainly by
the DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) I, Due to the asymmetric nature of CHH sites, their
methylation is maintained by recurring methylation de novo. Recently, an alternative pathway dependent on CMT2 was
found to participate in CHH methylation Il Similar to CMT3, CMT2 is targeted to methylated sites via histone H3K9
methylation marks. In contrast, DRM2 is targeted to its methylation sites due to the complementary interaction of 24-nt
SiRNAs (24-nucleotide small interfering RNAs) with sequences to be de novo methylated — the RNA-directed DNA
methylation (RADM) pathway I,

In Arabidopsis, DNA could be actively demethylated via a base excision repair pathway involving the activity of dedicated
m°C-specific glycosylase enzymes REPRESSOR OF SILENCING 1 (ROS1), DEMETER (DME), DEMETER-LIKE 2
(DML2), and DEMETER-LIKE 3 (DML3) 9. |t has been shown that DNA methylation status in multiple genome loci is the
net result of their recurrent methylations by RdADM and demethylations by ROS1 111,



Besides DNA methylation, plants and other eukaryotic organisms have another set of epigenetic marks — covalent
modifications of histone proteins' various amino acid residues. Among the plethora of histone modifications, several types
of methylation at lysine residues were best studied both in animals and plants 2. In Arabidopsis, three types of H3K4
methylation marks (mono/di/tri-methylation — H3K4me1l, H3K4me2, and H3K4me3) are found at gene bodies (H3K4mel)
and promoters (H3K4me2 and H3K4me3) of actively transcribed genes 23], H3K4me2/3 and m>C are mutually exclusive
marks at the same promoter, while H3K4me1 could coexist with m>C along the gene bodies.

H3K27me3 shows a robust correlation with the repression of gene transcription at specific loci. Multiple genes are known
to be regulated by this epigenetic mark during plant development, mostly independent of other epigenetic mechanisms
(241 Regulation of gene transcription by H3K27me3 marks is mediated by the Polycomb Repressive Complex 2 (PRC2)
that includes an H3K27-specific histone methyltransferase (HMT). The plant chromodomain protein LIKE
HETEROCHROMATIN PROTEIN 1 (LHP1) binds to H3K27me3-containing genome loci and probably participates in
mediating its regulatory effects 2],

H3K9me2 is another robustly repressive mark in plants. Unlike H3K37me3, this epigenetic mark is essentially
heterochromatin-specific. As critical partners in non-CG DNA methylation by CMT3 and CMT2, H3K9me2 marks mostly
colocalize with methylated CHG and CHH sites in repeat- and transposon-rich genome compartments L€,

Different kinds of small RNAs (sRNAs) in plants act via recognition of complementary sequences in mMRNA or DNA,
leading to posttranscriptional gene silencing (PTGS) due to the degradation of targeted mRNAs or inhibition of their
translation (MiRNAs and 21-22-nt siRNAs) or transcriptional gene silencing (TGS) due to DNA methylation via RdDM
pathway (24-nt siRNAs) (11,

| 2. Epigenetic responses to stressful factors
2.1. Abiotic stress

Abiotic stresses mainly include extreme cold, heat shock, water deficit, excessive salinity, nutrient deficiencies, and heavy
metal toxicity. To study pure (not caused by genetic factors) epigenetic variability, genetically uniform populations are
usually used. When identical cloned lines of apomictic dandelion plants were exposed to various stresses, individual
plants in all groups displayed significant variations in DNA methylation 8. Smaller variations were observed in control
(unexposed) group. These variations were mostly heritable, and new variations often arose in daughter plants. These data
show that environmental stress increases epigenetic variability mostly through stochastic epigenetic changes.

2.1.1. Cold stress

Cold stress has profound effects on plant metabolism and gene expression. When exposed to low non-freezing
temperatures, plants display increased tolerance to subsequent freezing temperatures — a phenomenon known as cold
acclimation. Cold stress increases the levels of C-repeat binding factor family proteins (CBFs) — transcription factors that
upregulate multiple cold-responsive (COR) effector genes X4, PICKLE (PKL) is a subunit of the Mi-2/CHD3 subfamily of
ATP-dependent chromatin remodelers that affects cold acclimation through the modulation of the CBF3 functional activity
(201 More than 600 genes were differentially expressed between the wild-type and pk/ mutant plants after cold treatment,
including the downregulation of CBF3 and multiple CBF target genes, such as RD29A, COR15A, and COR15B. Since
PKL is known to be involved in the RdDM [ and H3K27me3 deposition 22 pathways, both H3K27me3 and DNA
methylation could serve as memory marks for cold-induced freeze tolerance.

In Arabidopsis, WD40 repeat-containing protein HOS15 functions as a targeting protein in the ubiquitination-proteasome
degradation pathway, while HISTONE DEACETYLASE 2C (HD2C) is one of its interacting partners 23, The histone H3
deacetylating activity of HD2C negatively regulates the expression of genes involved in cold acclimation, while HOS15
counteracts this negative regulation by mediated proteasomal degradation of HD2C at COR gene promoters.

2.1.2. Heat stress

In heat shock (HS) response, heat shock transcription factors A1l (HsfAls) serve as “master regulators” that activate
multiple transcriptional networks (24, HsfAls directly regulate the transcription of genes coding for essential HS-
responsive transcription factors (TFs). Unlike animals, plants evolved extensive families of HS factors (HSFs) that differ in
their expression patterns and functions. As master regulators, HsfAls are indispensable in the HS response.

A study using a set of epigenetic mutants showed that the RADM pathway and the Rpd3-type histone deacetylase HDA6
play important and independent roles in basal heat tolerance 23, HS induces the sustained accumulation of H3K9Ac and
H3K4me3 on various heat shock protein genes [28].



2.1.3. Salt stress

By Na* ion toxicity, hyperosmotic stress, and oxidative damage, high salinity greatly impacts plant growth and
development. Evaluation of global DNA methylation levels in rice varieties largely different in salt tolerance found reduced
DNA methylation in leaves after exposure to salt stress [Z. In the salt-tolerant variety, the reduction in global DNA
methylation is rapid and profound. In contrast, in the salt-susceptible variety, the methylation loss is small and not
statistically significant.

In roots, the salt stress-induced DNA methylation changes are mostly demethylation. A substantial share of these DNA
methylation changes is stable throughout the recovery period when the stress is removed [28. Since the genome
sequences of the salt-tolerant and salt-sensitive cultivars in this study are very similar, stable DNA methylation differences
(epialleles) may be responsible for phenotypic variations, including different salinity tolerance.

In plants, Ca?*-CALCINEURIN B-LIKE PROTEIN (CBL)-CBL INTERACTING PROTEIN KINASE (CIPK) complex
participates in the regulation of cellular ion homeostasis [19]. High Na*, low K*, excess Mg?* and high pH cause cytosolic
Ca?* signals, which activate the SOS pathway, including SOS1 (Na*/H" antiporter), AKT1 (K* channel), Mg?* transporter,
and H* ATPase. HIGH-AFFINITY K* CHANNEL 1 (HKT1) mediates Na* influx and, together with the SOS pathway,
determines salinity tolerance in plants. In Arabidopsis, a putative siRNA target region at ~2.6 kb upstream of the HKT1
gene start codon is heavily methylated in all sequence contexts in the wild-type plants 22, The DNA methylation-deficient
mutant met1 is hypersensitive to salt stress. Heavy methylation of the HKT1 promoter inhibits transcription in leaves and
roots. In contrast, non-CG methylation fine-tunes the expression of HKT1 in leaves, which may be essential in the long-
term adaptation of plants to salt stress, but not in the short term salt tolerance. This DNA methylation-dependent
regulation mechanism could be essential to balance HKT1 expression between leaves and roots. Besides DNA
methylation, histone acetylation regulates plant adaptation to high-salinity stress B9,

After a recovery period, Arabidopsis plants primed by exposure to mild salt stress display less salt uptake and higher
drought tolerance than control plants B2, Specific changes in the H3K27me3 profiles occur under the salt treatment and
are maintained over a 10-day recovery period. The vast majority of differentially methylated H3K4me2 and H3K4me3 sites
have higher methylation levels in the primed plants. By contrast, the vast majority of differential H3K27me3 sites have
lower methylation levels in the primed plants. These data indicate a more open chromatin configuration in primed plants
without major changes in genome-wide histone modification profiles. The lower shoot salt accumulation in primed plants
upon the second salt treatment mimics the phenotype of mutant plants over-expressing HKT1. In primed plants, increased
HKT1 mRNA levels are consistently observed after the second salt treatment at 10 d. Thus, HKT1 is a prime candidate for
explaining at least one of the priming physiological effects.

R2R3-MYB is the largest subfamily of the MYB family TFs known to regulate plants' defense responses 2234l |n
Arabidopsis, MYB74 directly regulates the expression of the salinity stress genes. Significant DNA methylation in CG and
CHH contexts and siRNA target sites are present in the MYB74 promoter region, while a noticeable reduction in
methylation occurs upon the salt treatment. The MYB74 mRNA level increases about eightfold under salt stress, in a close
correlation with promoter demethylation, and the accumulation of 24-nt siRNAs that target MYB74 promoter substantially
reduces. The decrease in DNA methylation and induction of MYB74 transcription under salt stress is probably due to the
reduction of these 24-nt siRNAs.

2.1.4. Water deficit stress

Most plants encounter water deficit stress many times across their lifespan. Multiple mechanisms help plants withstand
these recurring drought encounters, including stress memory 31331 Abscisic acid (ABA) plays a vital role in regulating the
activity of multiple drought stress-responsive genes. In Arabidopsis, repeated dehydration upregulates several ABA-
induced genes [BSIBEISTISE]  Moreover, the guard cell-specific memory maintains partially closed stomata across the
recovery period [8l,

Water deficit increases ABA production, which promotes the increased resistance to water deficit B2, The H3K4me3-
specific methylase ATX1 stimulates the transcription of multiple genes involved in responses to biotic and abiotic stresses,
including drought stress. The drought stress tolerance is accordingly diminished in the atxI mutant compared with the
wild-type plants. This higher sensitivity of the atxI mutant plants to the water deficit is explained by their leaves' more
rapid transpiration due to higher stomatal apertures. The ABA levels in atx1 plants are only 40% of those in the wild-type
plants. Of the four ABA biosynthetic genes, NCED3, supposedly the rate-limiting factor in ABA biosynthesis, shows
diminished expression under dehydration stress in atx1 compared with wild-type plants. ATX1 binds to a promoter region
of the NCED3 gene, and the levels of H3K4me3 at the NCED3 promoter region are increased by dehydration stress,



much higher in the wild-type than the atxI mutant plants. The H3K4me3 levels at multiple dehydration stress-responsive
genes show a good correlation with their transcript levels, and genes downregulated in atx1 plants show reduced levels of
H3K4me3.

The transcriptional responsiveness of genes induced by water deficit correlates with changed histone modifications and
nucleosome density. Intense dehydration stress leads to a more pronounced increase in H3K4me3 and H3K9ac and a
decrease in nucleosome density on inducible genes compared with moderate dehydration. Thus, epigenetic
responsiveness appears to depend on the intensity of the stress. During recovery from stress, H3K9ac rapidly decreases,
and RNA polymerase Il is removed from the drought stress-upregulated genes, while H3K4me3 decreases gradually upon
rehydration.

In Arabidopsis, LHP1 is a component of the repressive complex PRC1 that binds to H3K27me3 marks via its
chromodomain. The binding of LHP1 to ABA-responsive genes ANAC019, ANACO055, and VSP1 and their H3K27me3
levels decreases after ABA treatment B, Thus, LHP1 contributes to their repression via increased H3K27me3 marks.
ANACO019 and ANACO55 are known as positive regulator TFs of drought tolerance. The /hpl mutant plants show
increased ABA sensitivity and significantly higher tolerance to a prolonged drought than wild-type plants. Therefore, LHP1
negatively regulates ABA-mediated responses to drought, probably via increased H3K27me3 at ANAC019 and ANACO055.

The cumulative effect of multigenerational drought stress on genome-wide DNA methylation was studied in drought-
sensitive and drought-resistant rice cultivars 1. A larger proportion of differentially methylated loci showed
transgenerational inheritance in the drought-tolerant rice cultivar. These findings could have important implications in
understanding the place of epigenetic variation in plant evolution.

2.1.5. Nutrient deficits stress

Very much like any other environmental factor, the nutrients are perceived by multiple signaling pathways assisting in
plant adaptation to their fluctuating availability in the soil 2. High nitrogen (N) represses the expression of a root nitrogen
transporter, NRT2.1, via a negative feedback loop mediated by HNI9 (High Nitrogen Insensitive 9) — a critical factor in the
deposition of repressive H3K27me3 marks at the NRT2.1 gene 431,

The iron homeostasis is negatively regulated by the PRMT5-mediated symmetric dimethylation of the histone H4 third
arginine residue (H4R3sme?2) at several genes of the bHLH family subgroup Ib 4. In the PRMT5 deficient mutant plants,
higher iron accumulation in shoots and greater iron deficiency tolerance are observed relative to the wild-type plants. In
Arabidopsis, a mutation in GCN5 (General Control Nonrepressed protein5) was found to impair the iron translocation from
the root to the shoot 43, The expression of GCN5 reaches a maximal level at 3 d of iron-deficiency treatment, being
upregulated by more than fivefold over the control. Five genes related to iron transport, FRD3, EXO70H2, MLP329,
BOR1, and CRK25, are direct targets of GCNb5. Consistent with the known function of GCN5 as a histone
acetyltransferase, the H3K9ac and H3K14ac and mRNA levels of these five genes under iron-deficiency conditions are
significantly lower in gcn5 mutant than wild-type plants.

The AL6 (Alfin Like 6) gene plays an essential role in root hair formation induced by phosphate starvation and several
other processes related to cellular phosphate homeostasis 8. Since AL6 is known to be a PHD finger reader protein of
H3K4me3 epigenetic marks, these data indicate a possible role of H3K4me3 and other chromatin marks in plant
adaptation to phosphate deficit. The phosphate (Pi) starvation induces multiple changes in DNA methylation in
Arabidopsis and rice [47[48],

2.2. Biotic stress

2.2.1. Viruses

Among the first evidence for epigenetic regulation of plant tolerance towards biotic factors was the control of viral
virulence via PTGS [40]. Upon infection by RNA viruses, plants recognize viral double-strand RNA molecules, inducing
their degradation into siRNAs. Another mechanism, TGS, provides for a more permanent defense against DNA viruses via
RdDM. Unlike animals, plants do not have adaptive immune systems. Instead, they evolved a most complex RNA-based
system of gene regulation and protection against foreign nucleic acids. Most plant viruses have a single-stranded RNA
(ssRNA) genome. It was recently shown that m6A-specific methylation of the RNA genome in the alfalfa mosaic virus
(AMV) controls Arabidopsis infection 42, The Arabidopsis protein ALKBHIB is an m®A demethylase involved in mRNA
silencing and/or mRNA decay processes. ALKBH9B was shown to affect the infectivity of AMV but not of cucumber
mosaic virus (CMV), correlating with the ability of ALKBH9B to bind or not to their coat proteins.

2.2.2. Microbes



The role of DNA methylation in plant immunity has been exhaustively studied 9. The first layer of active defense, known
as pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI), relies on the perception of PAMPs or
microbe-associated molecular patterns (MAMPS) by pattern-recognition receptors (PRRs). PAMP perception is followed
by the activation of immune responses, which results in basal immunity. To override the plant defense, pathogens produce
special effector molecules that damp PTI. As a counter-counter defense, these pathogen effectors could be perceived by
disease resistance proteins, often resulting in a potent immune response — effector-triggered immunity (ETI). Activation of
both PTI and ETI involves massive changes in gene expression regulated by epigenetic mechanisms.

Flagellin Sensing 2 (FLS2) is a well-characterized plant PRR that senses the bacterial flagellin-derived peptide flg22,
leading to changed expression of multiple genes 5. The fig22 treatment was shown to reactivate TEs and other well-
characterized RdDM targets, suggesting that it inhibits TGS. Significant downregulation of the key components of the
RdDM pathway occurs at 3 h and 6 h after flg22 treatment, which correlates with the upregulation of the early defense
gene Flg22-induced Receptor-Kinase 1 (FRK1). The majority of the RADM components return to normal levels at 9 h
concomitant with induction of the late defense gene Pathogenesis-related gene 1 (PR1). Moderately increased bacterial
growth in ros1 mutant plants infected with Pst strain DC3000 supports the role of active DNA demethylation in
antibacterial resistance.

Plant NOD-like receptors (NLRs) are key immune receptors whose overexpression triggers a constitutive hypersensitive
response (HR) and/or PR1 induction. The HR-like phenotype and enhanced PR1 expression are observed in metl nrpd2
double mutant plants, suggesting that some NLRs might be directly controlled by RdDM.

The innate immunity responses in plants are often short-term but can elicit the acquired immunity state that manifests
itself as “priming” of inducible defenses 2. Primed plants respond faster and/or stronger to recurring defense stimuli.
Priming could be induced by microbes, as in pathogen-induced systemic acquired resistance (SAR). Other priming states
can be triggered by chemicals, such as B-aminobutyric acid (BABA). Some priming states are relatively short-term and
disappear within a few days, while others are long-lasting and can even be transmitted between plant generations. The
priming of salicylic acid (SA)-dependent immunity is long-lasting and transgenerationally inheritable, suggesting the
involvement of epigenetic mechanisms.

In potato, priming with BABA increases resistance to the oomycete pathogen Phytophthora infestans, the causal agent of
late blight disease £3l. The first unstressed generation of the BABA-primed parent plants shows increased resistance to
the P. infestans, probably due to the upregulation of SA-responsive genes. During the early priming phase, a bivalent
histone mark configuration, H3K4me2 and H3K27me3, is observed on the SAR regulator genes NPR1 (Non-expressor of
PR genes) and SNI1 (Suppressor of NPR1, Inducible). This bivalent chromatin configuration is readily switchable between
active and silent states, and the increased responsiveness of the PR1 and PR2 genes contributes to the intergenerational
stress memory.

2.2.3. Pests

The soybean cyst nematode (SCN; Heterodera glycines) penetrates soybean roots to induce the formation of a
multinucleated feeding site — the syncytium. Genome hypomethylation in all sequence contexts was the main trend
induced by infection in soybean roots B4, In total, 703 and 1,346 genes were found to be hyper- and hypomethylated,
respectively. This differential methylation has various effects on gene expression. These vast changes in DNA methylation
occur only in the susceptible soybean lines 53, Probably, permanent changes in DNA methylation play a role in soybean-
SCN interaction.

2.2.4. Parasitic plants

Parasitic plants use specialized organs, haustoria, to penetrate the host plant tissues and extract nutrients and water for
their growth and reproduction. Besides nutrients and water, haustoria serve as channels for the transports of signaling
molecules, protein, DNA, and RNA B8 About 45% (9518) of the expressed Arabidopsis transcripts were detected in
Cuscuta stem parts free of the host tissue, whereas host stem parts that were free of the parasite tissue contained 0.6%
of Cuscuta transcripts 4. A similar pattern was found in the tomato-Cuscuta association, though somewhat lower rates of
transfer were estimated to occur. The volumes of mMRNA traffic between Cuscuta and the two hosts were consistent in
both directions, suggesting that haustorial selectivity is regulated by the host plant. Probably, it reflects some active
mechanisms to resist infection present in tomato, such as the secretion of defensive compounds at the infection site 28!,
Host mMRNAs mostly disappeared from Cuscuta within several hours, but some of them were detected over long distances
in parasite stems up to ~20 cm from the haustorial connection B4, Whether mobile mMRNAs have a function remains
unclear, though their delayed degradation in foreign tissues suggests some functional significance.



Some sRNAs that move between parasite and host plants are known to function trans-specifically [€%. Relative to the
parasite stem, 76 C. campestris SRNA species were significantly upregulated in the host-parasite interface, including 43
miRNAs 811, Six Arabidopsis mRNAs were predicted to be targets of movable Cuscuta miRNA. No endogenous C.
campestris mMRNA targets were found to any of the induced miRNAs, suggesting that these miRNAs have evolved to
avoid targeting the C. campestris own transcripts. Instead, these miRNAs may function to target mMRNAs of the host plant.
Indeed, five of these putative target mMRNAs were significantly downregulated in parasitized compared with control stems.
SEOR1 and AFB3 mRNAs were among the six putative targets of mobile Cuscuta miRNA. Mutant plants seorl1 and afb3
showed significantly increased susceptibility to C. campestris. Therefore, the mobile miRNA of C. campestris targets host
mRNAs in a biologically relevant way to counteract the host defensive mechanism. Overall, the results suggest that C.
campestris trans-species miRNAs function to change host gene expression in a way beneficial to the parasite. The data
described collectively indicates that epigenetic interactions shape the dynamics of the “arms race” between host and
parasite plants.

| 3. Short-term epigenetic memory (priming) of stress

In natural environments, plants repeatedly experience unfavorable encounters. In evolution, they elaborate specific
adaptive mechanisms to overcome various kinds of environmental stress and retain the stress response information for
some time after the stress encounters are over. It was shown that stress factors induce alterations in the epigenetic status
of stress-response genes that could still be present for some time after recovery or even in the progeny 2. This kind of
information used by plants to respond faster or stronger at repeated exposure to the same stress was named stress
priming or stress memory 831 Arabidopsis plants subjected to several dehydration/water recovery cycles retained more
water than plants experiencing dehydration stress for the first time. Moreover, these treatments affected gene expression
in two different ways. Some genes were expressed at similar levels during each stress treatment, while other genes
significantly increased their expression at repeated treatments relative to the first treatment. Accordingly, genes in the
second category could be referred to as “stress memory genes,” while the genes in the first category are just stress-
responsive (“non-memory”) genes. Two distinct marks were found at the memory genes during the recovery period: high
levels of H3K4me3 and stalled form of RNA polymerase Il — Ser5P Polll (phosphorylated at the serine 5M). In contrast, on
stress-responsive non-memory genes, these two marks dynamically increased at stress treatment and then decreased to
basal levels during the recovery period. At the memory genes, H3K4me3 and Ser5P Pol Il persisted for as long as the
transcriptional memory lasted. A comprehensive analysis of the Arabidopsis transcriptomes prior to dehydration stress
and after the first and third stress exposures revealed a high diversity of memory-type responses.

| 4. Transgenerationally inherited epigenetic memory of stress

In addition to the memory during priming, epigenetic changes could transmit between plant generations. Multiple cases of
such transgenerationally inheritable epigenetic changes (epimutations), both naturally arisen and artificially induced, were
described €4, The formation of stress-induced transgenerational memory obviously should benefit the plant progeny to
achieve a better stress resistance [€21(66],

One of the most widely accepted roles of DNA methylation in plant genomes is the control of transposon activity €2, In
Arabidopsis, HS transiently destabilized TGS at the constitutive heterochromatin loci rich in transposable elements 8] At
24 h after HS, TGS re-establishes with a notable exception of a small retrotransposon family ONSEN (Japanese “hot
spring”), which retains a high level of transcription. ONSEN transcripts are detected in HS plants directly after the stress
treatment and for up to 3 days of recovery. During the recovery period, ONSEN transcripts gradually decrease and
become undetectable after 10 days. In the DNA of Arabidopsis plants subjected to HS, a significant increase in the
ONSEN copy number was detected. These copy numbers gradually decrease during the 20-30 day recovery period,
eventually returning to the initial number of the Columbia accession. No chromosomal integration events are observed in
stressed wild-type plants. Surprisingly, frequent transpositions occur in the progeny of RdADM deficient mutant plants
subjected to HS. The patterns of new ONSEN insertions are quite variable even between the sibling progeny of the same
plant. In the second generation of mutant HS-treated plants, two loci harboring new ONSEN insertions showed heat
responsiveness absent in wild-type plants. Therefore, after an induced burst of ONSEN transposition, different subsets of
genes in various progeny plants acquire new regulatory properties. Probably, even a transitory relaxation of epigenetic
control induced by stress factors could lead to genetic and epigenetic variability, potentially increasing the chances of new
adaptive phenotypes.



| 5. Conclusions

Many studies showed that epigenetic variation could be an important mechanism to adapt to different habitats. Immobile
plants succeed in surviving in a changeable and often hostile environment due to high phenotypic plasticity. Plants have
evolved sophisticated mechanisms to respond and adapt to various stresses. These mechanisms operate at various time
scales, from short-term physiological and metabolic responses to long-term genetic and epigenetic modifications (Figure
1). The short-term mechanisms are essential in the immediate survival of the stressful conditions, while the long-term
modifications could be of evolutionary significance in providing a stable molecular basis for phenotypic plasticity to select
for a progeny that is more adapted to a permanently changing environment.

Fundamental features of epigenetic signals, such as their important role in the control of gene expression and their
stability and heritability in successive plant generations, support the view of epigenetic variations as a unique adaptation
mechanism of evolutionary significance ©9. Unlike classic mutations, adaptive epigenetic changes can occur at much
shorter timescales than those needed to select adaptive mutations. Despite their stability, epigenetic signals are
essentially reversible. On the evolutionary time scales, the epigenetically induced adaptive phenotypes would probably be
genetically assimilated. However, even considering its short lifetime, epigenetic variability plays an essential role in plant
adaptation to a changing environment.

Figure 1. Epigenetic mechanisms of the short-term and long-term plant adaptation to environmental stresses.

Because of their role in regulating gene expression, epigenetic variations can create the phenotypic differences affecting
individual fitness and, therefore, can serve as the material of natural selection. Unlike classic genetic mutations, changes
in DNA methylation (epimutations) may occur very rapidly in response to environmental stress and provide potential
means to cope with it on a very short time scale. Therefore, DNA methylation could be an evolutionary relevant process
even in the absence of transgenerational inheritance. However, concerning long-term adaptation and evolution, the most
promising epialleles are those capable of being inherited between generations independent of specific genetic loci.
Alternative epialleles established in response to environmental stress could give the plants that possess them an
alternative phenotype. The frequency of potentially favorable epialleles will be higher in subsequent generations. Even
this increased phenotypic plasticity per se could be advantageous in rapidly changing environments since it may help
adapt to new environments and provide a more expansive habitat. Based on their dependence on genetic factors,
epigenetic variants (epialleles) are classified into three types: (i) “obligate” that display a complete dependency on a
genetic feature, (ii) “facilitated” that arise as a result of a genetic feature but could be maintained further in its absence,
and (iii) “pure” that do not depend on any genetic features 9. Most of the epialleles known today are obligate or
facilitated, but a few pure epialleles were also found. Thus, significant phenotypic variation can arise due to DNA



methylation changes that can potentially be inherited by subsequent generations. However, the epigenetic variation

depends, to a very significant extent, on the underlying genetic variation, and these two types of variation should be

analyzed together.
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