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Abstract: DNA information and sequences of plant genomes always need to be stable. Hence, the
improvement of a resistant system in plant genomes is necessary to avoid a restriction of conserved DNA
sequences. The protection system in stressed plant cells is activated rapidly and dynamically through the RNA
directed DNA methylation (RdDM) pathway to control the stress effects before any damage occurs in plant
genomes. The RADM pathway is a key process including short interfering RNA (siRNA), causes epigenetic
modification in plant genomes. The modification system of plant cells such as cytosine methylation is
associated with histone modification through the different roles in regulating of the gene expression and
genome structure. The environmental stresses such as plant pathogenic infections can change the level of
DNA methylation in plant genomes. This phenomenon could influence plant ability in more adaptation to
different environmental conditions. The DNA methylation in plant cells is facilitated by Domain rearrange
DNA methyltransferase (DRM2) which plays a key role in control and manage of the enzymatic process of
RdADM pathway. In this study, we provide an overview of function and variation of DNA methylation under
different environmental stresses and the key roles of DRM2 in RdDM pathway which complete the pathway
reactions through DNA methylation process in plant cells.
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1. INTRODUCTION

The control of gene expression and suppression of transposons activity in plant cells are regulated by
DNA methylation which is an epigenetic mechanism of gene regulation (zhong et al 2014). The
cytosine DNA methylation is containing two phases, initiation and maintenance in plant genomes.
The first phase requires a trigger such as a double-stranded RNA. Following DNA replication, the
methylation process is supported by copying a pattern of methylation to new strands of DNA and
maintains the methylation status. The DNA methylation in plants ideally maintained in order of CG
context with cytosine following guanine and in CNG contexts that N could be any nucleotide except
guanine (Wada et al. 2003). Analysis of DNA methylation in some of model plants such as
Arabidopsis thaliana shows seven important DNA methyltransferases, containing Domain rearrange
DNA methylase 1 (DRM1) and DRM2, chromomethylase 1 (CMT1), CMT2 and CMTS3,
methyltransferase 1 (MET1) and MET2, and fifteen H3K9 encoding genes (SUVH1-10 and SUVR1-
5) (Law and Jacobsen 2010). Between the mentioned H3K9 methyltransferases, the SU(VAR)3-9
homologous KRYPTONITE (KYP which is known as SUVH4), SUVH5 and SUVH6 are responsible
for high methylation level (Bernatavichute et al. 2008). Furthermore, the SUVH2 and SUVH9 couple,
which are two catalytically inactive homologues involved in RADM pathway, are required for
heterochromatin formation and are connected to methylation DNA to recruitment of chromatin-
remodeling complex in target loci (Jing et al. 2016). Additionally, between all of DNA
methyltransferases, the DRM2, CMT2, CMT3 and MET1 have been shown to be important in DNA
methylation (Du et al. 2015). The comparison of expression level between DNA methyltransferases
revealed that DRM2 expression level is much higher than DRM1 in tested RNA and the DRM2 seems
to be plays a key role and encodes predominant enzyme between DRM gene family members
(Ashapkin et al. 2016). Onodera et al. 2005 reported that in plants, de novo DNA methylation is
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involved in post-transcriptional gene silencing (PTGS) or transcriptional gene silencing (TGS) that is
activated by biotic or abiotic stress, directed by many 80-nucleotide long non-coding RNAs and 24-
nucleotide small interfering RNAs (siRNAs). This process is called the RNA-directed DNA
methylation (RADM) pathway. During this enzymatic pathway, the DRM2 is a major de hovo DNA
methyltransferase enzyme and begins a new methylation pattern (Naumann et al. 2011). All types of
DNA methylation in plants such as CG, CNN and CNG are controlled by three methyltransferases
MET1 and DRM2 which are two homologues of mammalian DNA methyltransferases (DNMT1 and
DNMT?3) respectively and CMT3 which is a plant specific chromomethylase 3 (Stroud et al. 2013).
Dowen et al. (2012) showed that infection of A. thaliana by biotrophic pathogens such as
Pseudomonas syringae PV (Pst) virus is caused mutations in DRM1/2 or CMT3 and the loss of
function of these elements in the RADM pathway. Pathogens can alter the level of DNA methylation
and transcription in A. thaliana involving the regulation of coding and non-coding elements (Dowen
et al. 2012). The DNA methylation by related enzymes and mechanisms such as (RNAI), can modify
and protect plant genomic DNA under environmental stress conditions to avoid excessive genetic
recombination and population diversity (Bahadur et al. 2015, Pradhan et al. 2015). Epigenetic
mechanism in plant somatic cells also can trigger memorization of the stress experience and transfer
the memory to the following generation (Bilichak and Kovalchuk 2016) which is important to
improvement and survival of plants.

2. DNA METHYLATION IN DIFFERENT STRESS CONDITIONS

A research on modification of tobacco (Nicotiana tabacum) DNA methylation by different pathogens
shows that when NtMET1 methyltansferase in N. tabacum is silenced using an anti-sense RNA
technique, the expression of approximately 30 genes is up-regulated by 62.5%. This result is
highlighted to the response of plant cells to environmental stresses (Bahadur et al. 2015). Study on the
plant cells which artificially were inoculated with tobacco mosaic virus (TMV) to evaluate the levels
of transcription, showed that after proximately 24 hours the methylation level of pathogen-responsive
genes such as NtAlix1 and NtGPDL were altered rapidly by hypersensitivity reactions (HR), following
by an alteration of gene expression. Based on this result, change in methylation level causes to change
in the expression level of stress response genes, suggest that the viral infections can decrease the level
of transcription and methylation in plant genomes (Carbonell and Carrington 2015, Choi and Sano
2007). The effects of low temperatures on plant genomes can also cause to decrease in the value of
methyltransferases and the genomic methylation levels. An experiment in temperate fruit crops
showed a decrease in the total methylation level under low temperature, from 27.2% in dormant bud,
to 21% in fruit set stage (Kumar et al. 2016). Another experiment using HPLC in corn (Zea mays L)
showed more than 10% reduction of methylation level in this plant cells (Steward et al. 2002). The
cold stress in maize root leads to decrease of methylation level, caused to increase the expression level
of ZMMET1 (Zea mays DNA methyltransferase/ MET1) which is containing the part of protein
coding regions and retrotransposone—like sequences (steward 2000). Choi and Sano (2007) reported
the hypomethylation of 10% of loci in the genome of tobacco plants under low temperature, which
shows that alterations in methylation level can change the level of gene expression. The mapping of
methylation shows that the cold stress caused to demethylation in core regions, nevertheless the
residues and histone proteins of DNA cytosine methylation have a close cooperation with gene
expression and the genomic DNA methylation pattern could potentially be an effective factor in the
balance of gene expression (Yang et al. 2015, Choi and Sano 2007, Steward et al. 2002). The higher
DNA methylation level of sensitive plants to heavy metals revealed the higher level of
methyltransferase activities, in compare to DNA methylation level of resistant plants. For example the
Clover (Trifolium repens L.) which is sensitive to heavy metals exhibited a higher level of
methylation and methyltransferase activities whereas in industrial hemp (Cannabis sativa L.) which is
partially resistant to heavy metals the methylation level is not affected (Aina et al. 2004). These
results exhibited that high level of methylation can directly affects methyltransferase activities cause
to greater resistance to environmental stresses such as heavy metals. Another important mechanism in
plant cells is the control of salt concentration and osmotic pressure through water absorption to avoid
high concentrations of salt within the plant cells. The water deficiency always causes to drought and
salt stresses, because high concentration of salt is difficult to control with less amount of water
absorption in plants. For example: the Crassulacean acid metabolism (CAM) plants such as
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MESEMBRYANTHEMUM CRYSTALLINUM, switch to CAM pathway from C3-photosynthesis and close the
stomata during the daytime and open at night (Dyachenko et al. 2006). The CAM pathway causes
development of CNG hypermethylation of satellite DNA in facultative halophyte
Mesembryanthemum crystallinum. Under drought and salt stress conditions switching from C3 to
CAM photosynthesis in plant cells causes to reduce the water loss and increase the plant tolerance to
high salinity (Naydenov et al. 2015, Dyachenko et al. 2006). DNA methylation is an epigenetic gene
regulator system (Zhong et al. 2014) which is important for response to abiotic stresses such as salt
and drought in plants (Naydenov et al. 2015). In compare to other epigenetic modification systems
such as phosphorylation and acetylation of histones, the cytosine methylation (5-mC) is more vital for
protective activities of the plant cells (Vining et al. 2012).

3. ESSENTIAL ROLE OF DRM2 IN RDDM PATHWAY

In plants, the de novo DNA methylation completed by DRM2 and RNA interference (RNAI) like
machinery, in addition of two plant specific RNA polymerases Pol IV and Pol V, through RNA-
directed DNA methylation pathway (Law and Jacobsen, 2010). RADM pathway is a conserved
phenomenon, which is mediated by transcriptional gene silencing in plants, animals and fungi (Zhang
et al. 2013a). In plants, RADM pathway is an essential process for protection against DNA damage to
control the transposons and genome stability in stress conditions or nuclease activities and silencing
the endogenous genes (Zhang and Zhu 2011). The RdDM pathway is started with a plant-specific
RNA polymerase IV (pol 1V) in biogenesis phase and directed to chromatin via both of SNF2-like
chromatin-remodeling factor (CLSY1) and the SAWADEE HOMEO DOMAIN HOMOLOG 1
(SHH1) that are minor proteins (Smith et al. 2007) (Fig. 1). Then DNA transcription factor 1 (DTF1)
associates with SHH1 to detect and methylate histone H3K9, and finds its exact target by pollV
(Zhang et al. 2013b; Law et al. 2013). Pol IV transcripts methylated DNA into sSRNA and then
convert to dsRNA via the RNA-dependent RNA polymerase 2 (RDR2) and RNA-directed DNA
methylation 4 (RDM4) with association of Involved in Denovo 2 (IND2) and RNA-directed DNA
methylation 12 (RDM12) proteins (Haag et al. 2012). The dsRNA then cleaves into 24-nt siRNA
duplexes and 3' overhangs via Dicer-like endonucleases 3 (DCL3) and recruits Protein HUA
ENHANCER 1 (HEN1) which is a methyltransferase enzyme to methylate siRNAs at 3' end and
prevent their degradation by endonuclease activities (Xie et al. 2004). The product of upstream phase
is then transferred to downstream via loading of methylated siRNA duplexes into RNA-induced
transcriptional silencing (RITS) to transfers 3' overhang duplex siRNA into target mMRNA and causes
to silencing of expression (Yang et al. 2006). The RITS complex contains AGO4/6/9 proteins and
depending on transcription of pol 1V from RNA, directs CG and non-CG DNA methylation to target
loci on RNA scaffolds by recruiting DDR complex which is an association of proteins, containing
Defective in Meristem Silencing 3 (DMS3), DEFECTIVE IN RNA-DIRECTED DNA
METHYLATION 1 (DRD1) and RNA-DIRECTED DNA METHYLATION 1 (RDM1) act widely in
silencing (Johnson et al. 2014). The interaction between AGO4/6/9 siRNA and pol V is regulated by
RDM12/IND2 complex in targeting phase (Ausin et al. 2009). The proteins in DDR complex are not
only responsible for silencing defective genes in different area but are associated with each other and
used by pol V (Law et al. 2010) to recruits the DRM2 during transcrip-tion of the RNA scaffold
and interact with proteins AGO4/6/9 siRNA complex in targeting phase (Zhong et al. 2014). The
interaction of DRM2 and other proteins such as AGO4 was confirmed using immunoprecipitation and
mass spectrometry (MS) experiments and suggest the DRM2 is tagged with 9xMYC-Biotin Ligase
Recognition Peptide (BLRP)-DRM2. After performing MYC pull-down assay DRM2 was isolated
using immobilized MY C beads. The presence of AGO4 in purified DRM2 fraction was confirmed by
examination of an AGO4 endogenous antibody (Zhong et al. 2014). Study on the nature of the RADM
pathway has shown that completion of this pathway is required to polV association with chromatin.
This result suggests that the RdDM is a self-recycling pathway (Johnson et al 2014). The DRM2
manages DNA methylation products to determine the specific target loci through transcription of the
RNA scaffold and plays a key role in initiating and balancing of DNA methylation in enzymatic
mechanism of RADM pathway (Zhong et al. 2014; Johnson et al. 2014). The co-occurrence of pol 1V-
dependent siRNA and pol V-dependent noncoding RNA transcripts may cause DRM2 to specify its
precise action site (Zhong et al. 2014). Study of plant genomes shows a strong correlation between
SiRNA and DRM2 during DNA methylation (Law et al., 2013).
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Figure 1: RADM pathway. The biogenesis phase is initiated by pollV when CLSY1 causes pollV to
start RADM with association of SHH1/DTF1 complex that recruits pollV to chromatin. pollV then
transcribes methylated DNA and repetitive sequences into sSRNA which are converted to dsRNA by
RDR2 and cooperating activity of IND2/RDM12. DCL3 cleaves dsRNA into 24-nucleotide SiRNA
duplexes with 3' overhangs and this product methylated by HEN1. Methylated duplexes of biogenesis
phase, then converted to one strand, shift to downstream phase and loaded into RITS complex that
covers AGO4/6/9. The DDR complex that is containing RDM1, DRD1, and DMS3 also in association
with polV and mediation of scaffold RNA, applying DRM2 to interact with AGO proteins to
determining the specific target loci and complete the RADM pathway by DNA methylation.

4. DISCUSSION

Principally, we need more understanding in regulation of RdDM pathway and its components. RADM
pathway is an epigenetic process (Matzke et al. 2015), play a vital role in successful plant stress
responses and involves microRNAs or 21 nt siRNAs (Xie and Yu 2015) and important RNA
polymerases such as Pol 1V (Huang et al. 2017), which initiate the synthesis of siRNAs (Botuyan and
Mer 2016), but the most of intercellular reactions of this pathway remain with no clear explain. The
DRM2 as a major factor of RdADM pathway manages the DNA methylation to determination of
specific target loci through transcription and exhibited a strong correlation with siRNA in methylation
process. The DRM2 also plays a key role in initiating and balancing of DNA methylation in all of
enzymatic mechanism of RADM pathway. It is interesting to know the exact mechanism of DRM2 in
recognition of the certain loci through transcription of the RNA scaffold in the RADM pathway. The
specific proteins which are responsible to environmental stresses in interaction with DRM2 protein
are unknown yet. Moreover, we need to know whether variations of epigenetic marks is controlled by
only one specific regulator system or some random events control this process. Plant epigenetic
experiments mostly performed using model plants such as Arabidopsis thaliana, but in order to
screening of a precise and the novel data in epigenetic variation of plant genomes, the exploration of
methylation in different non-model plants is essential.
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