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Abstract

Epigenetics refers to the heritable changes in gene activity without altering the DNA sequence. DNA methylation
along with other epigenetic mechanisms is involved in the chromatin remodeling. This remodeling, especially in
plants, plays an important role in the activation or silencing of specific genes as well as other genomic regions in
response to the developmental and environmental clues. Environmental clues, biotic and abiotic stresses trigger
the shift in the site specific as well as genome wide DNA methylation patterns which influences the plant
response to these situations through gene regulation. Therefore, it is of prime importance to analyze variation in
the DNA methylation pattern under stress conditions. This review summarizes the topic of DNA methylation by
providing the basic/conceptual knowledge and some cases of DNA methylation shift due to stresses.

Keywords: epigenetics, biotic and abiotic stresses, locus specific DNA methylation, genome-wide DNA
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1. Epigenetic Modification in Plants

Chromatin is a complex structure of nucleoproteins, which packs DNA in a highly organized way to fit it into the
nucleus of a eukaryotic cell. The nucleosome is the fundamental unit of chromatin which is composed of 147
base pairs of DNA, wrapped around a core of eight histone protein molecules (Grunstein, 1997; Kornberg, 1977).
Since the tight packing of DNA in the nucleosome can cause problem of accessibility of DNA by transcription
factors and RNA polymerases, the static nature of this complex might not be so desirable. Interestingly, the
nucleosome packaging is dynamic in nature and can be subjected to alteration depending upon the
environmental or developmental clues (Narlikar et al., 2002), ultimately leading to the regulation of the
processes such as transcription, recombination, DNA repair etc. This manipulation of dynamic chromatin
provides an additional layer of information, resulting in the modifications of cell/tissue activities through gene
regulation causing the shift in various processes like from seed germination to organogenesis, root and shot
growth, flowering, embryo formation, as well as response to abiotic and biotic stresses (Roudier et al., 2011).
Various mechanisms play an important role in regulation of the chromatin context to control gene expression.
Among these mechanisms, epigenetic modifications have caught the interest of many researchers in recent
decades.

Epigenetic modifications involves the heritable changes in the gene activities that are mitotically and/or
meiotically transmissible without changing the DNA sequence (Holliday, 1994). It is important to mention at this
point that the reversible developmental modifications that are involved in the molecular responses (phenotypic
plasticity etc.) to environmental changes are not included into epigenetics. They can rather be called as
non-heritable chromatin modifications. As supported by many examples, the heritable chromatin modifications
(epigenetic modifications) can be classified into mitotically transmissible modifications (reset in the next
generation) and meioticallytransgenerational chromatin modifications (inherited/transmitted to the generations)
(Cubas et al., 1999; Khan et al., 2013; Lauria et al., 2004; Manning et al., 2006; Zemach et al., 2010a).

Various epigenetic mechanisms like DNA methylation and post-translational covalent histone modifications (e.g.
acetylation, ubiquitination, methylation, phosphorylation), non-coding RNAs along with chromatin remodeling
enzymes are involved in the chromatin modification (Berger, 2007; Kouzarides, 2007; Rapp & Wendel, 2005).
Out of these, DNA methylation is the best understood and (based on the previous information) considered as the
most stable form of epigenetic modifications. Since DNA methylation is the main focus of this review, other
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epigenetic modifications will not be discussed.
2. DNA Methylation

A chemical modification in the genomic DNA, which is caused when a methyl group is attached at a specific
nucleotide base, is known as DNA methylation. The nucleotide base, which couldtake part in DNA methylation, is
either cytosine or adenine but most studied, is methylation at cytosine. When the methyl group (-CH3) is attached
at 5 carbon of cytosine then it is termed as 5-methycytosine and is denoted as 5 mC. It is historically ancient and
with few exceptions, it has been reported in all major groups of eukaryotes (plant, animals and fungi) (Chan et al.,
2005; Goll & Bestor, 2005; Henderson & Jacobsen, 2007; Klose & Bird, 2006; Law & Jacobsen, 2010).
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Figure 1. Influence of DNA methylation on gene transposon regulation. a) Transposon in active state due to
absence/removal of DNA methylation. b) Transposon in the silence state due to the presence of DNA methylation.
c¢) The gene is expressed in the absence of DNA methylation at the promoter d) DNA methylation at the promoter

caused gene silencing. ¢) Function of gene body methylation is unclear, i.e. depending upon the case study it

enhances transcription or it reduces transcription

In plant, different methyltransferase enzymes are responsible for maintenance of DNA methylation. CG
methylation is principally maintains by DNA METHYLTRANSFERASE 1 (MET1). MET! is homologue of
mammalian DNA METHYLTRANSFERASE 1 (DNMT1). CHG methylation is maintained by a plant specific
CHROMOMETHYASE 3 (CMT3) (Chan et al., 2005). Asymmetric nature of CHH sites needs a complex
phenomenon for the maintenance. Plant-specific RNA-dependent DNA Methylation (RdADM) pathway alongwith
the de novo methyltransferase DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) help to
reacquired de novo methylation after each replication (Law & Jacobsen, 2010).

5-methylcytosine is mainly characterized in three contexts: CG, CHG and CHH (where H can be replaced by any
base other than G) (Law & Jacobsen, 2010). Plants and animals show different patterns of DNA methylation. In
plants, it can occur at all three contexts i.e. at CG, CHG and CHH sites, where as in animals it is mostly reported at
CG site (Feng et al., 2010; Zemach et al., 2010b). The pattern of DNA methylation in plants is mainly understood
through the studies in model plant Arabidopsis. The occurrence of 5-methylcitosines is not even when compared
on the basis of three contexts. The genome-wide DNA methylation studies on Arabidopsis revealed that DNA
methylation levels at CG, CHG and CHH are 24%, 6.7% and 1.7% respectively. In eukaryotes, DNA methylation
occurs in transposable elements as well as in the genes. The extent of DNA methylation depends upon the region of
the genome where it occurs. The studies have shown that DNA methylation heavily occurs in transposons and
repetitive elements (in all the contexts: CG, CHG and CHH), and is associated with silencing of these regions
(Figure 1), thus playing important role in genome stability (Goll & Bestor, 2005; Henderson & Jacobsen, 2007).
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Although, DNA methylation is also associated with gene regulation but the occurrence as well as regulation
pattern of DNA methylation in genes depends on the regions within the gene where it occurs (Figure 1). It has
negative correlation with the gene expression, if the promoter region is methylated (Zhang et al., 2006). DNA
methylation may also occurred within the body of the genes but absent at the start and ends of the gene and
provides a bell shaped pattern (known as gene body methylation) (Li et al., 2012; Zemach et al., 2010b). Although
this gene body methylation is evolutionarily conserved but the function of DNA methylation within a gene is not
yet fully understood (Takuno & Gaut, 2013; Zhang et al., 2010). The review of various studies in this field
suggests that it can be positively as well as negatively associated with gene expression. The understanding of
various techniques to study these DNA methylation patterns is important.

3. DNA Methylation and Plant Stress Response

DNA methylation, like other epigenetic modifications, is more dynamic than DNA sequence mutations thus they
could play essential role in an organism’s first response towards changing environment. Therefore studying the
variation in the DNA methylation pattern due to variation in environmental condition to regulate the gene
expression has become an area of great interest. Grouped according to different stresses, we provide various
examples of such studies (especially in crop plants as they are economically and socially important for human
survival) (Table 1).

3.1 Salinity

In wheat, shift in the DNA methylationdue to salinity stress, in salinity tolerant cultivar and its salinity sensitive
progenitor, has been recently reported (Wang et al., 2014). Salt stress induced shift in DNA methylation in both the
promoter and coding regions of some of the 24 selected genes, but only the former were associated with changes in
transcript (Wang et al., 2014). Similarly, in another study where two cultivars with different level of salt tolerances
were evaluated, dose dependent genome-wide DNA hypomethylation was observed in salt stress conditions
(Zhong et al., 2009).

In maize, shift in DNA methylation pattern in response to osmotic and salt stress was studied. It was reported that
the osmotic stress-induced methylation of retrotransposons. In addition, salt stress induced DNA methylation
which caused down regulation of zmPP2C gene expression, which is a negative regulator of the stress response, as
well as salinity caused a demethylation that had up regulated the zmGST gene expression, which is a positive
effecter of the stress response (Tan, 2010).

A set of diverse rice genotypes was analyzed at genome-wide level under salt stress conditionswith the help
of MSAP technique. The results revealed a differential methylation pattern in salt stress related gene which
lead to the shift of expression of these genes. This differential pattern was also observed in retrotransposons
and chromatin modifier genes indicating the involvement of epigenetic markers in stress response (Karan et
al., 2012).

Soya bean is an important member of oil seed group. Alteration in DNA methylation profile under salinity stress
condition has been observed in soya bean. A significant correlation was observed between shift in DNA
methylation pattern under salt stress and gene expression of four genes in this species. The expression profile of
one MYB (Myeloblastosis), one b-ZIP (basic leucine zipper) and two AP2/DREB genes showed differential
expression associated with DNA hypomethylation in promoter or coding region under salt stress conditions
(Song et al., 2012).

In mangrove plants, a comparative study was carried out. The plant from two different habitats i.e. salt marsh
neighborhood and riverside habitat were compared on morphological basis (Lira-Medeiros et al., 2010). The
result revealed that the plant growing in riverside were much taller and thicker than those grown in salt marsh
neighborhood. Hypermethylation was observed in river side plant on analysis of genome wide DNA methylation
with the help of MSAP technique. These results suggested that environmental adaptation will lead to epigenetic
variation (Lira-Medeiros et al., 2010). Dyachenko et al. (2006) reported that Mesembryanthemum crystallinum
plants, when subjected to high saline condition, hypermethylation at CHG methylation in nuclear genome was
observed.

3.2 Drought

DNA methylation at genome-wide level was studied under drought conditions in rice. This study compared the
variation of DNA methylation pattern under drought and subsequent recovery from it. The results showed that
most DNA methylation modifications reversed after the recovery but some were maintained. This indicated that
plant may have a mechanism of some sort to remember the previous condition under which it was subjected during
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its life cycle. This study also demonstrated that environmental stress leads to induced epigenetic variation which
play an important role for adaptation of rice or other plant under diverse conditions (Wang et al., 2011).

Table 1. DNA methylation modifications involved in biotic and abiotic stress

Sr. No.  Plant species Stress Genomic region Mode of action References
. Stress induced shift in DNA
Salinity 24 genes . (Wang et al., 2014)
methylation
1 Wheat Salinity Genome-wide Hypomethylation (Zhong et al., 2009)
Cold treatment VRN-A1 Site specific Hypermethylation (Khan et al., 2013)
Cold treatment Genome-wide Demethylation (Sherman & Talbert, 2002)
Cold stress ZmMI1 Root-specific hypomethylation (Steward et al., 2002)
Global methylation shift. Mainly
Cold stress Genome-wide demethylation of fully methyated (Shanetal.,2013)
2 Maize fragments
Osmotic Transposon region ~ Hypermethylation (Tan, 2010)
Salt Stress Root zmPP2C Hypermethylation (Tan, 2010)
Salt Stress Leaf zmGST Hypomethylation (Tan, 2010)
Differential methylation of salt
o . stress-related genes,
Salinity Genome-wide . (Karan et al., 2012)
) retrotransposons and chromatin
3 Rice modifier genes
. Genotype dependent differential
Drought Genome-wide . (Wang et al., 2011)
methyation
CHH hypomethylation in i
Asr2 . (Gonzalez et al., 2013)
regulatory region
4 Tomato Drought
CG hypermethylation and CHH i
Asrl . (Gonzalez et al., 2011)
hypomethylation
-518 to -274 cytosines were
Glymallg02400 .
demethylated following exposure  (Song et al., 2012)
(Promoter) .
5 Soybean Salinity to salinity stress for 1-24 h
Glymal6g27950 Hypomethylation at transcription
ymazos ypometiy P (Song et al., 2012)
(Promoter) start codon (-24 to -233)
6 Mangrove Salinity Genome-wide Global hypomethylation (Lira-Medeiros et al., 2010)
Mesembryanthem . . .
7 . Salinity Genome-wide CHG hypermethylation (Dyachenko et al., 2006)
um crystallinum
Aluminium, . .
NtGPDL Hypomethylation (Choi & Sano, 2007)
Salt and cold
8 Tobacco
Tobacco .
NtAlix1 Hypermethylation (Wada et al., 2004)

Mosaic Virus

Some work regarding DNA methylation shift in response to stresses has been done in Tomato. Tomato plants are
analyzed for DNA methylation pattern under drought condition and it was observed that Abscisic Acid Stress
Ripeningl (Asrl) gene showed CHH hypomethylationunder more water stress conditions and due to this
hypomethylation, an increase in Asr/ gene expression was observed (Gonzalez et al., 2011). Along with Asr/,
DNA methylation at Abscisic Acid Stress Ripeningl (Asr2) gene was also reported in its regulatory region at all
three contexts of DNA methylation (CG, CHG CHH). Interestingly the gene body methylation was only observed
for one context (CG). The site-specific removal of methyl marks from CHH sites in the regulatory region was
observed under drought stress. The Asr2 response is heritable and observed generation after generation. The Asr2
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is thought to have evolutionary importance(Gonzalez et al., 2013).
3.3 Cold Stress and Cold Treatment

In response to cold treatment (vernalization), site specific DNA hypermethylation has been recently reported
(Khan et al., 2013). In this study, the DNA methylation profile of VRN-41 gene was studied in winter wheat and
differential pattern of methylation at non-CG sites was reported. The CG sites remained unaffected by the
treatment while CHG and CHH sites within specific region of intron-1 of VRN-A1 gene showed an increased due
to the cold treatment. At genome-wide level, Sherman and Talbert (2002) compared Near-Isogenic Lines (NILs)
for winter and spring wheat alongwith vernalized (cold treatment) and non-vernalized condition for DNA
methylation variations. They reported that winter wheat was more methylated as compared to spring wheat and
the vernalization (cold treatment) induced demethylation compared to non-vernalized plants (Sherman & Talbert,
2002).

There are some studies in maize also showing a shift in DNA methylation due to cold stress. In one study, DNA
methylation pattern of maize was studies in cold stress at seedling stage. A fragment was identified which was
only expressed under cold stress and was named as ZmM]I1. The results indicate that DNA methylation leads to
differential gene expression by altering the chromatin structure and was under control of environmental stress
(Steward et al., 2002). Genome-wide DNA methylation under cold stress was also investigatedby using
Methylation-sensitive amplificationpolymorphism (MSAP) technique. The result was global shift in DNA
methylation due to demethylation of fully methylated fragments (Shan et al., 2013).

3.4 Biotic Stress

Apart from abiotic stress, a changing pattern on DNA methylation was also observed under biotic stress. The
tobacco plant was investigated for pathogenic response under the infection of tobacco mosaic virus (TMV). This
study revealed DNA hypermethylation at NtAlixI (Nicotiana ALG-2 Interacting protein X 1) gene after 24 hrs. of
inoculation and a close relation was observed between DNA methylation shift and activation of stress response
genes (Wada et al., 2004).

3.5 Transgenerational Stress Response

Because heritability determines the potential of evolutionary changes of a trait, it is essential to determine the
degree of heritability of epigenetic modifications, their impact on given ecologically important traits (Falconer &
Mackay, 1996; Fisher, 1930), and their role in individual adaptation to changing environment (Hoffmann & Sgro,
2011; Visser, 2008). Although the epigenetic modifications were initially thought to be reversed in next generation,
new investigations have revealed the ability of epigenetic modifications caused by stresses to be
transgenerationally transmissible. Some of the examples are reviewed here (Table 2):

Table 2. Transgenerational inheritance of DNA methylation shift due to biotic and abiotic stress

Sr. No.  Plant species  Stress Genomic region Mode of action References
1 Rice Heavy metal stress TE & protein coding genes Hypomethylation ~ (Ou et al., 2012)
at CHG sites
2 Arabidopsis Combined stress Genome-wide Hypomethylation  (Boyko et al., 2010)
3 Tobacco Tobacco Mosaic Virus ~ Genome-wide & disease Hypermethylation (Boyko et al., 2007)

resistance gene-like loci

Recently transgenerational inheritance of modifications in DNA methylation due to heavy metal stress has been
reported in rice. Ou et al. (2012) observed that heavy metal stress caused hypomethylation at CHG sites. These
modifications were heritable over three studied generations and this heritability induced tolerance in these
generations.In an interesting study, where Arabidopsis plants were exposed to various stresses, like, cold, heat,
UVC salt, and flood, the untreated progeny of these plants showed higher tolerance to stress, higher homologous
recombination frequency and genomic hypomethylation (Alex Boyko et al., 2010).

In tobacco, it has been shown that the progeny of plants infected with tobacco mosaic virus (TMV) exhibited a
high frequency of rearrangements at disease resistance gene-like loci, global genome hypermethylation, and
locus-specific hypomethylation (Alexander Boyko et al., 2007). The above mentioned examples (Tables 1-2) are a
good source to understand the importance of epigenetic mechanisms in plant under environmental variations and
plant adaptation in these conditions. In this respect, the reported data sets of various plant methylomes could
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provide the basis for the selection of differential epigenetic regions as probable targets for better understanding the
molecular pathways involved in them and use them for the genetic manipulation for crop improvement.

4. Summary

DNA methylation is an epigenetic marker which is involved in the gene regulation as well as genome stability
through transponson silencing. The modification in the DNA methylation can occur in response to environmental
variations (biotic and abiotic stresses). The examples of the methylation shift, due to stresses which ultimately
leads to plant response through gene regulations, provided (in this review) will help in understanding an overall
pattern in plant stress responses. Overall this review will help new researchers of plant epigenetics to get an
overview of the DNA methylation in terms of basic concepts and their role in plant stress response.
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