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RNA methylations, such as N6-methyladenosine (m6A) and 5-methylcytidine (m5C), are the most common mRNA
modifications in eukaryotes, with m6A being more prevalent in both plants and animals.
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| 1. Overview

Unpredictable climate changes cause plants to often be exposed to various abiotic stresses that mainly include extreme
temperature, dehydration, high salinity, low nutrition, ultraviolet radiation, and heavy metal toxicity, which all affect the
productivity of plants. The dynamics of epigenetic codes play an important role in regulating genes in response to
environmental stresses . For example, histone modification and DNA methylation are known to alter the expression of
stress-responsive genes at the transcriptional and post-transcriptional levels by changing the chromatin status of those
genes [, For instance, transcription factors and RNA-directed DNA methylation (RdDM) play a key role in the regulation
of gene expression under abiotic stress in plants. Some known heat stress genes are regulated through RdDM pathway-
mediated DNA methylation B, As another example, the MYB74 transcription factor in the Arabidopsis plant is silenced by
RdDM in normal conditions, and when the plant experiences salinity stress, it will become desilenced . In addition, some

epigenetic changes such as histone modifications play a key role in stress memory, which can be passed on to offspring
[5]

How epigenetic marks affect gene expressions depends not only on the type of modification but also on their position on
the genes, meaning, for example, if they are placed on the promoter region or gene body. For instance, when DNA
methylation and H3K9me2 are positioned within the promoter region, they may prevent transcription and therefore repress
the expression of genes, whereas there are cases where these heterochromatin epigenetic marks are located in the gene
body and then help with the full-length transcription of the gene €. Transposable elements (TEs) often insert into the gene
body of stress-related genes in plants’ genomes, and therefore, it is very likely that intragenic epigenetic modifications
regulate the expression of stress-responsive genes, for example by affecting the alternative splicing of the transcripts .
Epigenetic changes usually return to their prestress state after the stimulus that was causing the stress is gone. However,
it has been reported that in some cases, the epigenetic changes (or part of them) remain even after the withdrawal of
stress and act as stress memory for plants. This stress memory then helps with their adaptation and even evolution in the
longer term. Possible usage of this trait in plants can help to advance epigenome engineering in order to improve plants’
tolerance to environmental stresses and climate changes.

When genetically identical plants are exposed to various stresses, they show changes in DNA methylation. For example,
apomictic Taraxacum officinale plants were exposed to some abiotic stresses, and all plants in all types of stresses
showed significant variations in DNA methylation [, The results indicated that DNA methylation variation caused by stress
is common and highlighted that epigenetic inheritance in the adaptation of plants can be independent of genetic variation
among individuals. Many studies have also reported that stress-induced methylation patterns depend on the type of
stress, the genotype, the tissue, and the organism, which also affect the regulation of a wide range of stress-responsive
genes B Angther example is a comparative analysis of the methylome and gene expression in sixty annual clones
of a stress-tolerant poplar genotype (Populus simonii), where the authors investigated the effect of four abiotic stress
treatments (salinity, osmotic, heat, and cold) from 3 h to 24 h 12, The DNA methylation level was higher after three hours
of all stress treatments and was especially the highest for heat stress. The heat stress raised the methylation level to its
maximum at six hours and maintained it unchanged for the rest of the treatment, whereas other stresses gradually raised
the methylation levels up to 24 h. At the end of the treatment time (at 24 h), the DNA methylation levels were the highest
for osmotic and cold treatment samples. Therefore, the patterns of methylated fragments were stress-specific, and
different stress treatments showed different impacts on the expression of DNA methylation genes. In addition, some



methylated fragments mapped to miRNAs and long noncoding RNAs. These noncoding RNAs and their putative target
genes showed different expression patterns to stresses which could imply the effect of epigenetic regulation of noncoding
RNA expression in the stress response of plants.

| 2. RNA Methylation and Abiotic Stress Responses in Plants

The level of m6A varies according to the activity of the cellular factors and enzymatic machinery, named “writers
(methyltransferase)”, which catalyze the methylation process; ‘“erasers (demethylase)”, mediating adenosine
demethylation; and “readers (RNA-binding protein)”, introducing, deleting, and interpreting specific methylation marks on
MRNAs, respectively 231, Our knowledge of writers, readers, and erasers in plants is far behind that of their animal
counterparts, and the identity and functions of these factors in plants are currently not very clear. Although recent studies
have reported about the roles of m6A writers in plant growth and development 2413l deep studies about their impact on
plant response to abiotic stresses are lacking. Hu et al. 3l systematically identified potential m6A writers, readers, and
erasers in A. thaliana and rice (Oryza sativa) by searching their homologous sequences against animal databases. They
analyzed publicly available microarray data and reported that expressions levels of writers in Arabidopsis and rice are
differently affected by diverse abiotic stresses. In Arabidopsis, levels of most m6A writer components were not significantly
modulated by abiotic stresses or in some cases were only marginally increased by only cold and heat stress. In rice, the
level of some writers was increased by cold stress, whereas the levels of others were decreased by cold, drought, or salt
stress. The expression of m6A writer components under both normal and stress conditions led to the conclusion that m6A
methylation in plants may affect both the development and stress responses. In another study, Anderson et al. 18
reported differential mMRNA m6A methylation in Arabidopsis upon salt treatment and identified a strong association
between m6A methylation and salinity stress response. A study using Arabidopsis mutants of m6A writer components
showed the important role of m6A methylation in salt tolerance 17, It was reported that one of the m6A writer components
named VIRILIZER (VIR) modulates the expression of many salt-stress-response genes. It was also reported that VIR-
mediated m6A mRNA methylation is associated with the mRNA stability of salt-stress-negative regulators. The findings
suggested a link between m6A methylation and mRNA stability during adaptation to stress 17,

Erasers are the least studied among RNA methylation factors in plants. However, new information is being collected 18I,
The o-ketoglutarate-dependent dioxygenase homolog (ALKBH) protein family is one of the known erasers in plants.
Thirteen members of them have been identified by bioinformatic analysis in Arabidopsis 24, and only a few of them have
been studied. It has been shown that ALKBH9A is highly expressed in roots under salt stress but not in response to ABA,
and its level of expression is much lower than ALKBH9 and ALKBH10 under normal conditions 2. ALKBH10A is
downregulated under heat stress 21, whereas ALKBH10B is upregulated in response to karrikins 22, These studies imply
a potential role for ALKBHSs in stress responses. In their analyses, Hu et al. 13! reported that expression levels of ALKBH
members were marginally up- or downregulated under different abiotic stress factors. For example, ALKBH1 was
upregulated under drought, cold, or ABA treatment in rice, whereas ALKBH6, ALKBH8B, and ALKBH10A were all
downregulated by drought, ABA, or cold. They concluded that ALKBHs could potentially be important for abiotic stress
responses, although this requires more investigations.

Adenosine methylation of mRNA results in its remodeling and therefore increases the chances for its binding with specific
reader proteins, which are usually members of the YTH family 23], Although several RNA methylation reader proteins
(interpreting m6A marks) have been reported in animals, only three m6A reader proteins (from YTHD family) are identified
in Arabidopsis 141241251 pifferent expression levels of proteins belonging to the YTH domain family in response to stress
factors are reported that suggest their role in plants’ reaction to stressful conditions (e.g., YTHDO09). Cytoplasmic-localized
YTHDO9 relocates to stress granules upon heat stress [2328127] Thjs s also supported by studies that introduced some
YTH domain proteins from apple into Arabidopsis plants, and as a result, higher tolerance to salinity and drought in
Arabidopsis was found 28, |t has also been shown that the expression of different members of the YTHD family in
Arabidopsis and rice is either increased or decreased under different abiotic stresses 1329 The fact that m6A reader
proteins are more responsive to abiotic stresses than writers and erasers, or at least this is what appears to be based on
our knowledge at the time of writing this review, implies that under stress conditions, the decoding and interpreting of
methylation marks are much more important than methylation and demethylation, which might help with the adaptation of
plants to stresses. Future studies are needed to identify the function of reader proteins in RNA metabolism and its impact
on stress tolerance in plants.

Even though m6A is the most common mRNA methylation, other methylated ribonucleotides might also have significant
effects on the functioning of plant cells B4, In fact, m5C in mRNA has been reported in A. thaliana, Zea mays, Oryza
sativa, foxtail millet, and Medicago truncatula. This modification occurs with the activity of tRNA-specific methyltransferase
4 (TRM4) and various external factors, such as drought, heat, and treatment with phytohormones. A reduced level of m5C



is correlated with reduced root length, inhibited cell proliferation, and higher sensitivity to oxidative stress, which suggests
the role of m5C in the regulation of both plant development and oxidative responses in plants BLE2 Although cytosine
methylation (m5C) in DNA has been studied for many years, its functions in RNAs are just starting to be noticed. Overall,
it is a less common modification of MRNA than m6A methylation. In their analyses, Hu et al. 23 found two enzymes
responsible for m5C RNA methylation in Arabidopsi. Even though their expression patterns suggested the potential roles
of m5C writers in abiotic stress response, the relevance of m5C methylation to abiotic stress responses was not clear and
needed more investigation.

| 3. Conclusions

In summary, epigenetic marks on stress-induced genes dynamically change and therefore affect the accessibility of
chromatin and the expression of those genes at the transcriptional or translational level. Epigenetic changes such as DNA
methylation, histone modifications, chromatin remodeling, histone variants, and long noncoding RNAs (IncRNAs) may all
be involved in the various regulatory mechanisms of abiotic stress responses. The important role of epigenetic
modifications in regulating gene expression, and also their ability to transfer to the next generation, makes them a unique
adaptation tool for plants. The phenotypic plasticity caused by epigenetic variation, which, in turn, is through changes in
gene expression, will affect fithess and eventually natural selection in plants. Unlike classic DNA sequence mutations,
epimutations can happen at much shorter times, and even though they are stable, they are also mostly reversible, which
makes them a perfect tool for a quick emergency response to unpredictable environmental stresses. It should also be
noted that epigenetic variations usually depend on the underlying genetic variation, and these two aspects need to be
studied in parallel. Future studies are needed for a deeper understanding of the epigenetic mechanisms behind chromatin
alterations and the subsequent transcriptional regulations that affect plants’ response to environmental stresses. The
mechanism of inherited stress memory also needs more attention.
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