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ABSTRACT
The immobile lifestyle of plants requires responses to adapt the environmental stress. Flexible epigenetic
regulations are essential for reprogramming of plant gene expression. The overall phenotype and gene expression profile
of an organism is controlled by mechanisms other than the normal mechanism of expression. DNA methylation is one of
them which control many important cellular functions, such as transposon silencing, genome stability, cell identity
maintenance and defense against exogenous DNAs. DNA methylation maintained by a set of enzymes named DNA
(cytosine-5-)-methyltransferases (DCMTases). In this paper, types, importance, mechanism, maintenance, and impact of
DNA methylation on plant genome expression and transposition have been discussed. Methods to detect DNA methylation
and CpG islands in plants genome has also been explored.
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1) INTRODUCTION
The lifestyle of plants requires increased developmental
plasticity in which flexible epigenetic regulation is
essential for reprogramming of gene expression for rapid
responses and adaptation to environmental cues. Closely
related species having differences in gene expression in
response to environmental stresses shows differences in
their epigenetic system [1]. The recent work suggested
that abiotic and biotic stresses including DNA damage,
drought, high salinity and pathogens are sources of
epigenetic variation [2]. The covalent modifications of
DNA, RNA, and chromatin structure are basic components
of genetic and epigenetic regulation of genome expression.
They are also regulated by an array of proteins or protein
complexes, leading to specific profiles of chromatin
modification and remodeling. Methylation, a direct
chemical modification occurs at a defined target sequence
at each step of the central dogma. In mammalian DNA
methylation occurs throughout the genome, while in plants
DNA methylation predominates at transposons, other
repeat sequences and centromeric regions [3]. Plant
genomes are generally more methylated compared to
other eukaryotic genomes. This is not only due to extra CG
dinucleotide sequences in plants but also to methylation of
cytosine in the trinucleotide CpNpG and CpNpN sequence
[4]. It is called the CpG islands (CGIs) where "p" simply
indicates that "C" and "G" are connected by a
phosphodiester bond. The CGIs are short stretches (200 to
3000 bp) of DNA in which the frequency of the CG
sequence is higher (60%) than other regions. CGIs often

located around the promoters of about 70% of known
active genes (Actually transcriptional promoters) have
enhancer elements interdigitated between and generally
not methylated at these locations with few exceptions (e.g.,
differentially methylated regions associated with gene
imprinting) but methylation could occur when finding in
exons, transposable elements and satellite DNA [5].
DNA methylation blocks gene transcription when present
in promoter regions [6]. However, methylation is also
known to occur in plant RNAs but the impact of these
modifications on gene expression regulation has to be
explored [7-8]. Recent papers suggested that RNA
methylation is an essential negative regulator of gene
expression in mammalian cells and increased the
frequency of alternative splicing [9-10]. In plant RNAs
adenosine of the trinucleotide GAC and AAC, with a 75%
preference for GAC, Methylated at N6 position of ring and
form N 6-methyladenosine [11]. It is a ubiquitous base
modification found internally in the mRNA of various
classes including ribosomal RNAs, small nuclear RNAs, and
transfer RNAs [12]. The trinucleotide GAC and AAC where
methylation takes place called m6A which is
predominantly positioned 100–150 bp before the poly(A)
tail toward the 3 end of transcripts [11].
2)

MECHANISM OF DNA METHYLATION

Methylation of DNA is catalyzed by a set of enzymes
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named DNA (cytosine-5-)-methyltransferase (DCMTases).
Plants have four classes of DCMTases namely DNA
methyltransferase1
(MET1),
domains
rearranged
methyltransferase
(DRM),
DNA
nucleotide
methyltransferase2 (DNMT2) and chromomethylase3
(CMT3) [1]. In plants, MET1 transfer a methyl group from
S-adenosylmethionine to cytosine residues at 5th carbon
position. MET1 enzyme is an ortholog of DNA
methyltransferases (DNMT) enzyme present in animals,
responsible for maintaining CpG methylation during DNA
replication and also play a role in de novo methylation [2,
13-14]. The symmetric CpNpG methylated by a plantspecific DNA methyltransferase i.e. chromomethylase3
(CMT3) [3, 15-16]. The asymmetric CpNpN methylation is
maintained by domains rearranged methyltransferase2
(DRM2), a homolog of DNMT3A/DNMT3L enzyme in
animals [17]. Methylation at a CpNpN locus will be lost in
one daughter DNA strand. DRM2 is an enzyme required for
de-novo methylation of all three sequence contexts CpG,
CpNpG, CpNpN and which dependent on RNAi-like
machinery [1, 18-20]. Plant genomes also encode a
catalytically
inactive
methyltransferase
domains
rearranged methyltransferase3 (DRM3). DRM3 controls
DNA methylation through its functional interaction with a
plant-specific RNA polymerase V (Pol V) and through
regulation of Pol V-dependent noncoding RNA
transcription [3, 17, 21]. The DNA methylation in plants is
guided by small noncoding RNAs (snRNAs) results in
transcriptional gene silencing (TGS) and the process is
known as RNA-directed DNA methylation (RdDM) [15-16,
22]. Two plant-specific RNA polymerases, Pol IV and Pol V
act at different steps of RdDM pathway, Pol IV required for
24-nucleotide (nt) siRNA biogenesis and Pol V functioning
as a downstream effector for DNA methylation [23].

Figure-1: Methylation at different steps of central dogma
of life and their impact on different gene regulation
processes.

Figure- 2: Steps of molecular mechanism of RNA directed
DNA methylation.
During RdDM 21-nt long sRNAs establish DNA
methylation, whereas the 24-nt long sRNAs are
responsible for its amplification and maintenance [6].
microRNAs, ta-siRNAs, 21 nt siRNAs induced DNA
methylation also takes place by non-canonical RdDM
mechanisms which often needed the protein factors
involved in post-transcriptional gene silencing (PTGS)
besides this some components are also essential for
canonical RdDM [14, 24]. Pol IV transcribed transposons
and repeat loci with the assistance of the SNF2-like
putative chromatin remodeling protein classy1 (CLSY1)
and the homeodomain transcription factor-like DNAbinding transcription factor 1/Sawadee homeodomain
homolog 1 (DTF1/ SHH1) [25-29]. RNA-Dependent RNA
polymerase2 (RDR2) copied the resulted transcripts into
double-stranded RNAs (dsRNAs) than the resulted dsRNA
processed into 24-nt siRNA duplexes by dicer-like 3
(DCL3) [30-31]. Subsequently 3'ends of the siRNAs
methylated by RNA methylase HEN1 for stability and the
single-stranded siRNAs loaded into argonaute (AGO4) [3234]. Base-pairing between the siRNA and nascent
transcript leads Pol V to recruit siRNA-bound AGO4 [35]. A
putative chromatin remodelling complex termed DDR
(consisted of defective in RNA-directed DNA methylation 1
(DRD1), defective in meristem silencing 3 (DMS3) and
domains rearranged methyltransferases 1 (RDM1)) also
required for Pol V association with chromatin and
transcription [21, 23, 36]. The association of RDM1 protein
of DDR complex with AGO4 and DRM2 may help to recruit
DRM2 to catalyze DNA methylation Pol V-target regions
[23, 36-37]. DNA methylation initiated and reinforced in
plant embryos by siRNAs produced in the vegetative cell of
pollen and the central cell of endosperm but didn’t
contribute genetic material to subsequent generations [3839].
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3)

PURPOSE OF DNA METHYLATION

Known purpose of DNA methylation is not clear till date
but the best hypothesis we have is as follows:
1. RNA polymerase starts randomly transcribing DNA.
Transcription factors just increase transcription at genes,
but that is non-specific genome-wide transcription
happening.
2. The nonspecific transcription is wastage of cellular
energy which has finite resources. If random DNA is
transcribed it causes down-regulation of a gene by RNAi
pathways, which are potentially harmful, when not
supposed to.
Thus, DNA methylation helps to prevent deleterious
consequences by preventing transcription where it has no
business, however, non-specific transcription still happens
but probably at a much lower rate.

Figure-3: Regulation of gene expression by methylation of
promoter regions.
4) TYPES OF DNA METHYLATION
DNA methylation is intergenic and intragenic but the role
remains unclear. One role for intragenic methylation may
be in regulating cell context-specific alternative promoters
in gene bodies [40] and perhaps also prevent aberrant
expression from intragenic promoters. Another possible
reason for intragenic methylation is its capability to
increase the accuracy of splicing. The purpose of
methylation at CpG islands would be primarily to silence
or downregulate gene expression. This silencing may be
two types: the first one is permanent where genome
globally
methylated
(during
macro
and
microsporogenesis) and other is scenarios where genome
cyclically methylated and demethylated at specific gene
loci [41]. Once DNA methylation happened the methylated
portion of DNA wrapped up around histones for
completing the silencing of the gene. In contrast to the
silencing role of methylation in promoter regions,
methylation of gene bodies may promote expression
potential. Both passive and active demethylation naturally
happens. Four bifunctional 5-methylcytosine glycosylases:
Repressor of silencing 1 (ROS1), Demeter (DME), DME-like
2 (DML2), and DML3 are responsible for DNA
demethylation, which removes methylated bases by
cleavage the DNA backbone at a basic site [5]. The DME are
responsible for genome-wide DNA demethylation and gene
imprinting in central cells and endosperms [42]. Passive
DNA demethylation happens, when DNA methylation
pathways are inactivated [5]. A rapid loss of paternal
methylation pattern has been observed in pollen
vegetative cells, endosperm during seed development,

before merging of paternal and maternal genomes and
early in development, a subset of cells in the developing
embryo instructed to become germ cells undergoes global
erasure of methylation patterns which is active
demethylation [1]. The genome-wide demethylation in
female gametogenesis is accompanied by extensive non-CG
hypermethylation
of
siRNA-targeted
transposon
sequences [5]. In certain scenarios, at specific loci, DNA
methylation and demethylation appear to be even a cyclic
process [41].
5)

MAINTENANCE OF DNA METHYLATION

The beauty of this silencing process is that, once a gene is
silenced, by methylation, this state is faithfully propagated
with every cell division, preserving cell state by
methylated of the template DNA strand just after
replication. The CpNpG methylation maintained by DNA
methyltransferase named chromo methylase 3 (CMT3)
while methylation at a CpNpN locus will be lost in one
daughter DNA molecule after replication [42]. The
initiation of methylation and active removal of methylation
both controlled by siRNAs, transcription factors in
addition to other factors [44]. 24-nucleotide small
interfering RNAs (24-nt siRNAs) and long non-coding
RNAs (lncRNAs) direct de novo DNA methylation and
transcriptional gene silencing [22]. The methylated
cytosine may be converted to thymine by accidental
deamination. Unlike the cytosine to uracil mutation which
is efficiently repaired, the cytosine to thymine mutation
can be corrected only by the mismatch repair which is very
inefficient. Hence, over evolutionary time scales, the
methylated CG sequence will be converted to the TG
sequence. This explains the deficiency of the CG sequence
in inactive DNA portion. The methyl group of a CpG is
positioned in the major groove of the DNA and binds with
methyl CpG-binding proteins (MBD1, MBD2, and MeCP2).
Most transcription factors make heavy use of the major
groove to read the bases. A methyl group and methyl CpGbinding proteins here can make the enhancer
unrecognizable.

Figure-4: Methylation of cytosine at 5th carbon, conversion
of Cytosine into Thymine by accidental deamination of 5Methyle
Cytosine
and
formation
of
5Hydroxymethylcytosine by hydroxylation of CH3 group of
5-Methyle cytosine.
6)

IMPACT OF METHYLATION
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Plants are well known for having transposon dominated
genomes. When transposable elements are active, all sorts
of things go haywire, from DNA to gene expression, and
ultimately the phenotype. The vast majority of
transposable elements were inactivated by DNA
methylation or by mutations acquired over time as the
result of the deamination of 5mC [45]. DNA methylation
silence transposable elements especially Retrotransposons
(active transposons) and another DNA repeat to promote
genome stability [46]. Besides transposable element
silencing, DNA methylation also plays critical roles in
diverse aspects of biological processes, including genome
integrity, imprinting, development, X chromosome
inactivation, retrovirus suppression, and stress responses
[14, 47-50]. Once established, DNA methylation is
epigenetically inherited [51]; thus, demethylated TEs may
eventually be silenced making them more available for
exaptation [52]. De silence TEs allows the production of
small RNAs that can silence transposons in more critical
cells by RdDM pathway [5]. 21–24 nt long small RNAs
(sRNAs) direct the RNA silencing machinery to target
nucleic acids in a sequence-specific manner [6]. Epigenetic
regulation of TEs can alter the expression of nearby
ordinary genes, and cis-regulatory elements exaptation
[46, 53-54]. Global epigenetic de-silencing increases the
rate of transposition, so it may enable periods of rapid
evolution and ultimately punctuated equilibrium [55-59].
In different species, the amount of CpG methylation is
directly proportional to the amount of noncoding DNA
(transposons). A change in DNA methylation pattern
during major developmental phases is a good evidence to
suggest that CpG methylation has a genome-wide control
for gene expression [60]. During early embryogenesis, CpG
islands in front of promoters appear to be primarily
protected from methylation the possible reasons may be
the island shape or transcription factor binding [61]. There
is evidence that proteins bind CpG islands and deny access
to the MET. The CpG islands remain unable to retain their
unmethylated state when transcription factor binding sites
mutated [62-63]. Thus this mechanism enables the turning
off a gene to happen at the right time during the
developmental process. One interesting observation in a
paper of Takuno and Gaut was that in A. Thaliana,
methylated genes were evolved slower than unmethylated
genes despite the potential for increased mutations in
methylated CpG nucleotides [64]. This is due to a higher
selective constraint on them. Gene-body methylation also
plays a role in tissue-specific gene expression based on an
observation that constitutively expressed genes tend to
have more methylation than tissue-specifically expressed
genes [3]. For the better understanding of the impact of
DNA methylation see the review article of Kohli and Zhang
on the topic of DNA demethylation [65] and another
excellent review on methylation titled DNA methylation:
role in mammalian development [66]. The RNAi system
itself may be an indirect exaptation of TE-genome
coevolution and perhaps originally evolved to regulate TEs
[67]. Epigenetic regulation is now used for various
purposes such as genomic imprinting [68], gene body
methylation [69], developmental plasticity, and the
buffering of developmental programs [70-74]. A huge

change in methylation during each step of seed
development, floral development and a transition from
juvenile to adult stages takes place. DNA demethylation
has also been observed in post-mitotic cells or at specific
loci in rapid response to environmental stimuli indicating
active demethylation happens in various biological
settings [1].
7)

DETECTION OF DNA METHYLATION

DNA methylation detection techniques could be divided
into four groups: chemical modification with bisulfite
(represented by bisulfite genomic sequencing), restriction
enzyme digestion (represented by methylation-sensitive
restriction endonucleases), affinity-based isolation of
methylated DNA (represented by methylated DNA
immunoprecipitation) and Insilico DNA methylation
(Computational tools).
1. Bisulfite genomic sequencing: In this technique,
during PCR amplification unmethylated cytosines
amplify as thymine, while methylated cytosines
amplified as cytosine. The methylation status can be
determined through subsequent analysis of PCR
product [75].
2. Methylation-sensitive restriction endonucleases:
The technique uses restriction enzymes pair
(isoschizomers) most frequently HpaII and MspI,
which recognize the sequence CCGG. HpaII is blocked
by methylation of either of the two cytosines,
whereas MspI is blocked by methylation of merely the
outer cytosine [76]. Besides HpaII and MspI, McrBC
(cleaves between two methylated cytosines), MspJI
(cleaves methylated cytosine when it is two
nucleotides away from adenine or guanine) also used
[77-78].
3. Methylated DNA immunoprecipitation: In this
procedure, genomic DNA is sonicated into fragments
and immunoprecipitated with monoclonal antibodies
(antibodies produced by a single clone of cells) that
specifically recognize 5-methylcytidine. A magnet
used to pull the complexes out of a solution and
purification is performed [79].
4. Bioinformatics tools: A large number of
bioinformatics tools are present which can provide
the possible sites of DNA methylation. i.e.
➢ MethPrimer
(http://www.urogene.org/methprimer/):
A
program analyzes input sequences for the
existence of CpG islands and can also design
bisulfite-conversion-based
Methylation
PCR
Primers.
➢ CgiHunter
(http://cgihunter.bioinf.mpiinf.mpg.de/): A software tool for CpG island
annotation. Unlike many other heuristic-based
approaches, the CgiHunter algorithm has been
proven to identify all genome regions that meet a
specified criteria and results in robust and
consistent CpG island annotations.
➢ CpG island Predictor Analysis Platform
/CpGPAP (http://bio.kuas.edu.tw/CpGPAP/.): A
web-based application uses complementary
particle
swarm
optimization
(CPSO),
a
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complementary genetic algorithm (CGA), CpGPlot,
CpGProD, and CpGIS.
➢ CpGcluster (http://bioinfo2.ugr.es/CpGcluster/):
A fast and computationally efficient algorithm use
only integer arithmetic algorithm. All predicted
CpG islands (CGIs) start and end with a CpG
dinucleotide, which should be appropriate for a
genomic feature whose functionality is based
precisely on CpG dinucleotides.
➢ Cpgplot
(http://www.ebi.ac.uk/Tools/seqstats/emboss_cp
gplot/): A part of EMBOSS package identifies CpG
islands in one or more nucleotide sequences.
8)

CONCLUSION

2)

3)
4)

5)

The detailed mechanism of DNA Methylation at different
stages of the central dogma of life has been discussed. In
summary, DNA methylation known for its relatively stable
epigenetic mark that locks gene into a silenced state.
Mechanisms involve in active removal are clear however it
is not clear the methylation of DNA is directly responsible
for these events or a secondary event of heterochromatic
compaction. DNA Methylation also provides stability to
plant genome through silencing of transposon and sRNAs
generation [1]. snRNAs epigenetically regulate the
expression
of
genes
at
transcription
and
posttranscriptional. Traditionally, CpG island methylation
has been thought to always be involved in turning off
promoters. Studies show that CpG demethylation
correlates with the activation of some normally silent
genes [80]. DNA methylation/demethylation also plays a
major role in Somatic embryogenesis, from an embryo
without egg fertilization and development of somaclonal
variance during clonal propagation [1]. As a side effect of
silencing, a set of ordinary genes may also be downregulated, perhaps via a distributed set of exonized TEs
targeted by the sRNAs. Thus DNA methylation being vital
to healthy growth and development of plants, it also
enables the expression of retroviral genes to be
suppressed, along with other potentially dangerous
sequences of DNA that have entered and may damage the
host genome. There is also RNA methylation process have
been described to be linked to gene regulatory mechanism
in other organisms but not in plants, or that might be but
have not been yet investigated.
Besides in vivo DNA methylation detection methods,
Bioinformatics tools will become more and more
important, and necessary for global studies of methylation
and CpG island detection. Special effort should be put to
develop new algorithms to analyze the data as evidenced
the increasing complexity of genome regulation by DNA
and RNA methylation. This would help to better
understand the effect of methylation on genome regulation
not for plant biology alone but for the whole life science.
REFERENCES
1) De-la-Pena, C., Nic-Can, G. I., Galaz-Avalos, R. M.,
Avilez-Montalvo, R. and Loyola-Vargas, V. M. 2015. The
role of chromatin modifications in somatic

6)

7)

8)

9)

10)

11)

12)

13)

14)
15)

embryogenesis in plants. Frontiers in Plant Science,
6(635), doi: 10.3389/fpls.2015.00635.
Lei, M., Zhanga, H., Juliana, R., Tanga, K., Xiea, S. and
Zhua, J. 2015. Regulatory link between DNA
methylation and active demethylation in Arabidopsis.
PNAS, 112(11), 3553–3557.
Zhong, X. 2015. Comparative epigenomics: a powerful
tool to understand the evolution of DNA methylation.
New Phytologist, doi: 10.1111/nph.13540.
Li, Y., Wang, X., Li, C., Hu, S., Yu, J. and Song, S. 2014.
Transcriptome-wide N6-methyladenosine profiling of
rice callus and leaf reveals the presence of tissuespecific competitors involved in selective mRNA
modification. RNA Biology, 11, 1180–1188.
He, X. J., Chen, T. and Zhu, J. 2011. Regulation and
function of DNA methylation in plants and animals.
Cell Research, 21, 442-465.
Lewseya, M. G., Hardcastlec, T. J., Melnykc, C. W.,
Molnarc, A., Vallic, A., Uricha, M. A., Nerya, J. R.,
Baulcombec, D. C. and Eckera, J. R. 2016. Mobile small
RNAs regulate genome-wide DNA methylation. PNAS,
801–810, doi/10.1073/pnas.1515072113.
Li, Q., Eichten, S. R., Hermanson, P. J. and Springer, N.
M. 2014. Inheritance Patterns and Stability of DNA
Methylation Variation in Maize Near-Isogenic Lines.
Genetics, 196, 667–676.
Luo, G. Z., MacQueen, A., Zheng, G., Duan, H., Dore, L. C.,
Lu, Z., Liu, J., Chen, K., Jia, G., Bergelson, J., et al. 2014.
Unique features of the m6A methylome in Arabidopsis
thaliana. Nature Communication, 5, 5630.
Wang, Y., Li, Y., Toth, J. I., Petroski, M. D., Zhang, Z. and
Zhao, J. C. 2014. N6-methyladenosine modification
destabilizes developmental regulators in embryonic
stem cells. Nature Cell Biology, 16(2), 191–198.
Geula, S., Moshitch-Moshkovitz, S., Dominissini, D.,
Mansour, A. A., Kol, N., Salmon-Divon, M., Hershkovitz,
V., Peer, E., Mor, N., Manor, Y. S., et al. 2015. m6A
mRNA methylation facilitates resolution of naïve
pluripotency toward differentiation. Science 347,
1002–1006.
Bodi, Z., Zhong, S., Mehra, S., Song, J., Graham, N., Li, H.,
May, S. and Fray, R. G. 2012. Adenosine methylation in
Arabidopsis mRNA is associated with the 3 end and
reduced levels cause developmental defects. Frontiers
in Plant Science, 3(48), doi: 10.3389/fpls.2012.00048.
Yue, Y., Liu, J. and He, C. 2015. RNA N 6methyladenosine methylation in post-transcriptional
gene expression regulation. Genes & development,
29,1343–1355.
Saze, H., Scheid, O. M. and Paszkowski, J. 2003.
Maintenance of CpG methylation is essential for
epigenetic inheritance during plant gametogenesis.
Nature Genetics, 34, 65–69.
Matzke, M. A. and Mosher, R. A. 2014. RNA-directed
DNA methylation: an epigenetic pathway of increasing
complexity. Nature Reviews Genetics, 15, 394–408.
Cao, X. and Jacobsen, S. E. 2002. Locus-specific control
of asymmetric and CpNpG methylation by the DRM
and CMT3 methyltransferase genes. Proceedings of the
National Academy of Sciences. USA 99, 16491-16498.

28

16) Bartee, L., Malagnac, F. and Bender, J. 2001.
Arabidopsis cmt3 chromomethylase mutations block
non-CG methylation and silencing of an endogenous
gene. Genes Development., 15, 1753-1758.
17) Zhong, X., Hale, C. J., Nguyen, M., Ausin, I., Groth, M.,
Hetzel, J., Vashisht, A. A., Henderson, I. R.,
Wohlschlegel, J. A. and Jacobsen, S. E. 2015. Domains
rearranged
methyltransferase3
controls
DNA
methylation and regulates RNA polymerase V
transcript abundance in Arabidopsis. Proceedings of
the National Academy of Sciences, USA 112, 911–916.
18) Chan, S. W. L., Henderson, I. R. and Jacobsen, S. E. 2005.
Gardening the genome: DNA methylation in
Arabidopsis thaliana. Nat. Rev. Genet., 6, 351–360.
19) Wassenegger, M., Heimes, S., Riedel, L., and Sanger, H.
L. 1994. RNA-directed de-novo methylation of
genomic sequences in plants. Cell, 76, 567–576.
20) Matzke, M., Kanno, T., Claxinger, L., Huettel, B. and
Matzke, A. J. M. 2009. RNA-mediated chromatin based
silencing in plants. Current Opinion in Cell Biology, 21,
367–376.
21) Zhong, X., Hale, C. J., Law, J. A., Johnson, L. M., Feng, S.,
Tu, A. and Jacobsen, S. E. 2012. DDR complex facilitates
global association of RNA polymerase V to promoters
and evolutionarily young transposons. Nature
Structural and Molecular Biology, 19, 870–875.
22) Zhang, H., He, X. and Zhu, J. 2013. RNA-directed DNA
methylation in plants: Where to start?. RNA Biology.
10(10), 1593-1596, DOI: 10.4161/rna.26312.
23) Haag, J. R. and Pikaard, C. S. 2011. Multisubunit RNA
polymerases IV and V: Purveyors of non-coding RNA
for plant gene silencing. Nature Reviews Molecular
Cell Biology, 12, 483–492.
24) Xie, M. and Yu, B. 2015. siRNA-directed DNA
Methylation in Plants. Current Genomics, 16, 23-31.
25) Herr, A. J., Jensen, M. B., Dalmay, T. and Baulcombe, D.
C. 2005. RNA polymerase IV directs silencing of
endogenous DNA. Science, 308, 118-120.
26) Vaucheret, H. 2005. RNA polymerase IV and
transcriptional silencing. Nature Genetics, 37, 659660.
27) Smith, L. M., Pontes, O., Searle, L., Yelina, N., Yousafzai,
F. K,, Herr, A. J., Pikaard, C. S. and Baulcombe, D. C.
2007. An SNF2 protein associated with nuclear RNA
silencing and the spread of a silencing signal between
cells in Arabidopsis. Plant Cell, 19, 1507–1521.
28) Liu, J., Bai, G., Zhang, C. J., Chen, W., Zhou, J. X., Zhang, S.
W., Chen, Q., Deng, X., He, X. J. and Zhu, J. K. 2011. An
atypical component of RNA-directed DNA methylation
machinery has both DNA methylation dependent and
independent roles in locus-specific transcriptional
gene silencing. Cell Research, 21, 1691-1700.
29) Law, J. A., Vashisht, A. A., Wohlschlegel, J. A. and
Jacobsen, S. E. 2011. SHH1, a homeodomain potein
required for DNA methylation, as well as RDR2, RDM4,
and chromatin remodeling factors, associate with RNA
polymerase IV. PLoS Genetics, 7, e1002195.
30) Xie, Z. X., Johansen, L. K., Gustafson, A. M., Kasschau, K.
D., Lellis, A. D., Zilberman, D., Jacobsen, S. E. and
Carrington, J. C. 2004. Genetic and functional

31)

32)

33)

34)

35)

36)

37)

38)

39)

40)

41)

42)

43)

diversification of small RNA pathways in plants. PLoS
Biology, 2, 642–652.
Kasschau, K. D., Fahlgren, N., Chapman, E. J., Sullivan, C.
M., Cumbie, J. S., Givan, S. A. and Carrington, J. C. 2007.
Genome-wide profiling and analysis of Arabidopsis
siRNAs. PLoS Biology, 5, 479–493.
Li, J. J., Yang, Z. Y., Yu, B., Liu, J. and Chen, X. M. 2005.
Methylation protects miRNAs and siRNAs from a 3 'end uridylation activity in Arabildopsis. Current
Biology, 15, 1501–1507.
Yu, B., Yang, Z. Y., Li, J. J., Minakhina, S., Yang, M. C.,
Padgett, R. W., Steward, R. and Chen, X. M. 2005.
Methylation as a crucial step in plant microRNA
biogenesis. Science, 307, 932-935.
Qi, Y. J., He, X. Y., Wang, X. J., Kohany, O., Jurka, J. and
Hannon, G. J. 2006. Distinct catalytic and non- catalytic
roles of ARGONAUTE4 in RNA-directed DNA
methylation. Nature, 443, 1008–1012.
Wierzbicki, A. T., Ream, T. S., Haag, J. R. and Pikaard, C.
S. 2009. RNA polymerase V transcription guides
ARGONAUTE4 to chromatin. Nature Genetics, 41, 630–
634.
Law, J. A., Ausin, I., Johnson, L. M., Vashisht, A. A., Zhu, J.
K., Wohlschlegel, J. A. and Jacobsen, S.E. 2010. A
protein complex required for polymerase V transcripts
and RNA-directed DNA methylation in Arabidopsis.
Current Biology, 20, 951–956.
Gao, Z. H., Liu, H. L., Daxinger, L., Pontes, O., He, X. J.,
Qian, W. Q., Lin, H. X., Xie, M. T., Lorkovic, Z. J., Zhang, S.
D. et al. 2010. An RNA polymerase II- and AGO4associated protein acts in RNA-directed DNA
methylation. Nature, 465, 106–109.
Law, J. A. and Jacobsen, S. E. 2010. Establishing,
maintaining and modifying DNA methylation patterns
in plants and animals. Nature Review Genetics, 11, 204
- 220.
Calarco, J. P. and Martienssen, R. A. 2011. Genome
reprogramming and small interfering RNA in the
Arabidopsis germline. Current Opinion in Genetics and
Development, 21, 134 - 139.
Maunakea, A. K., Nagarajan, R. P., Bilenky, M., Ballinger,
T. J., D/'Souza, C., Fouse, S. D., Johnson, B. E., Hong, C.,
Nielsen, C., Zhao, Y., Turecki, G., Delaney, A., Varhol, R.,
Thiessen, N., Shchors, K., Heine, V. M., Rowitch, D. H.,
Xing, X., Fiore, C., Schillebeeckx, M., Jones, S. J. M.,
Haussler, D., Marra, M. A., Hirst, M., Wang, T. and
Costello, J. F. 2010. Conserved role of intragenic DNA
methylation in regulating alternative promoters.
Nature, 466, 253-257.
Metivier, R., Gallais, R., Tiffoche, C., Le Peron, C.,
Jurkowska, R. Z., Carmouche, R. P., Ibberson, D., Barath,
P., Demay, F., Reid, G., Benes, V., Jeltsch, A., Gannon, F.
and Salbert, G. 2008. Cyclical DNA methylation of a
transcriptionally active promoter. Nature, 452, 45-50.
Gehring, M., Bubb, K. L. and Henikoff, S. 2009.
Extensive demethylation of repetitive elements during
seed development underlies gene imprinting. Science,
324, 1447-1451.
Zhao, Y. and Chen, X. 2014. Noncoding RNAs and DNA
Methylation in Plants. Natural Sciences Review, 1(2),
219–229, doi:10.1093/nsr/nwu003.
29

44) Brenner, C., Deplus, R., Didelot, C., Loriot, A., Vire, E.,
De-Smet, C., et al. 2005. Myc represses transcription
through recruitment of DNA methyltransferase
corepressor. EMBO, J24, 336–346.
45) Walsh, C. P., Chaillet, J. R. and Bestor, T. H. 1998.
Transcription of IAP endogenous retroviruses is
constrained by cytosine methylation. Nature Genetics,
20, 116–117.
46) Slotkin, R. K. and Martienssen, R. 2007. Transposable
elements and the epigenetic regulation of the genome.
Nature Review Genetics, 8, 272–285.
doi:
10.1038/nrg2072.
47) Jullien, P. E., Susaki, D., Yelagandula, R., Higashiyama,
T. and Berger, F. 2012. DNA methylation dynamics
during sexual reproduction in Arabidopsis thaliana.
Current Biology, 22, 1825–1830.
48) Turck, F. and Coupland, G. 2013. Natural variation in
epigenetic gene regulation and its effects on plant
developmental traits. Evolution, 68, 620–631.
49) Diez, C. M., Roessler, K. and Gaut, B. S. 2014.
Epigenetics and plant genome evolution. Current
Opinion in Plant Biology, 18, 1–8.
50) Heard, E. and Martienssen, R. A. 2014.
Transgenerational epigenetic inheritance: myths and
mechanisms. Cell, 157, 95–109.
51) Feng, S. and Jacobsen, S. 2010. Epigenetic
reprogramming in plant and animal development.
Science, 330, 622 – 627.
52) Zhang, X., Yazaki, J., et al. 2006. Genome-wide highresolution mapping and functional analysis of DNA
methylation in arabidopsis. Cell, 126(6), 1189-201.
53) Weil, C. F. and Martienssen, R. A. 2008. Epigenetic
interactions between transposons and genes:
lessonsfrom plants. Current Opinion in Genetics and
Development, 18, 188–192.
54) Markljung, E., Jiang, L., Jaffe, J. D., Mikkelsen, T. S.,
Wallerman, O., Larhammar, M., Zhang, X., Wang, L.,
Saenz-Vash, V., Gnirke, A., Lindroth, A. M., Barres, R.,
Yan, J., Stromberg, S., De, S., Ponten, F., Lander, E. S.,
Carr, S. A., Zierath, J. R., Kullander, K., Wadelius, C.,
Lindblad-Toh, K., Andersson, G., Hjalm, G. and
Andersson, L. 2009. ZBED6, a novel transcription
factor derived from a domesticated DNA transposon
regulates IGF2 expression and muscle growth. PLoS
Biology, 7(12), e1000256.
55) Zeh, D. W., Zeh, J. A. and Ishida, Y. 2009. Transposable
elements and an epigenetic basis for punctuated
equilibria. Bioessays, 31, 715–726.
56) Johnson, L. J. and Tricker, P. J. 2010. Epigenomic
plasticity within populations: its evolutionary
significance and potential. Heredity, 105, 113–121.
57) Okada, N., Sasaki, T., Shimogori, T. and Nishihara, H.
2010. Emergence of mammals by emergency:
exaptation. Genes Cells, 15, 801–812.
58) Oliver, K. R. 2011. Mobile DNA and the TE-Thrust
hypothesis: supporting evidence from the primates.
Mobile DNA, 2: 8.
59) Werren, J. H. 2011. Selfish genetic elements, genetic
conflict, and evolutionary innovation. Proceedings of
the National Academy of Sciences. USA, 108, 10863–
10870.

60) Brenet, F., Moh, M., Funk, P., Feierstein, E., Viale, A. J.,
Socci, N. D., et al. 2011. DNA methylation of the first
exon is tightly linked to transcriptional silencing. PLoS
One, 6, e14524.
61) Gebhard, C., Benner, C., Ehrich, M., Schwarzfischer, L.,
Schilling, E., Klug, M., et al. 2010. General transcription
factor binding at CpG islands in normal cells correlates
with resistance to de novo DNA methylation in cancer
cells. Cancer Research, 70, 1398–1407.
62) Brandeis, M., Frank, D., Keshet, I., Siegfried, Z.,
Mendelsohn, M., Nemes, A., et al. 1994. Sp1 elements
protect a CpG island from de novo methylation.
Nature, 371, 435–438.
63) Macleod, D., Charlton, J., Mullins, J. and Bird, A. P. 1994.
Sp1 sites in the mouse aprt gene promoter are
required to prevent methylation of the CpG iseland.
Genes Development, 8, 2282–2292.
64) Takuno, S. and Gaut, B. S. 2012. Body-Methylated
Genes in Arabidopsis thaliana Are Functionally
Important and Evolve Slowly. Molecular Biology and
Evolution, 29(1), 219–227.
65) Kohli, R. M. and Zhang, Y. 2013. TET enzymes, TDG and
the dynamics of DNA demethylation. Nature, 502,
472-479.
66) Smith, Z. D. and Meissner, A. 2013. DNA methylation:
roles in mammalian development. Nature Review
Genetics., 14, 204-220.
67) Lisch, D. R. and Bennetzen, J. L. 2011. Transposable
element origins of epigenetic gene regulation. Current
Opinion in Plant Biology, 14, 156–161.
68) Kohler, C. and Weinhofer-Molisch, I. 2010.
Mechanisms and evolution of genomic imprinting in
plants. Heredity, 105, 57–63.
69) Saze, H. and Kakutani, T. 2011. Differentiation of
epigenetic modifications between transposons and
genes. Current Opinion in Plant Biology, 14, 81–87.
70) Obbard, D. J., Gordon, K. H. J., Buck, A. H. and Jiggins, F.
M. 2009. The evolution of RNAi as a defence against
viruses and transposable elements. Philosophical
Transactions of Royal Society London B: Biological
Science, 364, 99–115.
71) Martin, A. and Bendahmane, A. 2010. A blessing in
disguise: transposable elements are more than
parasites. Epigenetics, 5, 378–380.
72) Feng, S. and Jacobsen, S. E. 2011. Epigenetic
modifications in plants: an evolutionary perspective.
Current Opinion in Plant Biology, 14, 179–186.
73) Mirouze, M. and Paszkowski, J. 2011. Epigenetic
contribution to stress adaptation in plants. Current
Opinion in Plant Biology, 14, 267–274.
74) Simon, S. A. and Meyers, B. C. 2011. Small RNAmediated epigenetic modifications in plants. Current
Opinion in Plant Biology, 14, 148–155.
75) Li, Y. and Tollefsbol, T. O. 2011. DNA methylation
detection: Bisulfite genomic sequencing analysis.
Methods in Molecular Biology, 791, 11–21.
76) Gu, H. and Bock, C., et al., 2010. Genome-scale DNA
methylation mapping of clinical samples at singlenucleotide resolution. Nature Methods, 7(2), 133–136.

30

77) Irizarry, R., et al. 2008 Comprehensive highthroughput arrays for relative methylation (CHARM).
Genome Research, 18, 780-790.
78) Cohen-Karni, D., et al. 2011. The MspJI family of
modification-dependent restriction endonucleases for
epigenetic studies. PNAS, 108 (27).
79) Thu, K. L., Vucic, E. A., Kennett, J. Y., Heryet, C., Brown,
C. J., Lam, W. L., et al. 2009. Methylated DNA
Immunoprecipitation. J. Vis. Exp., 23, e935, doi:
10.3791/935.Chahrour, M., Jung, S. Y., Shaw, C., Zhou,
X., Wong, S. T., Qin, J. and Zoghbi, H. Y. 2008. MeCP2, a
key contributor to neurological disease, activates and
represses transcription. Science, 320, 1224-1229.

31

