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Summary

MethylationofDNA is anepigeneticmechanism for thecontrol ofgeneexpression.Alterations in

the regulatory pathways involved in the establishment, perpetuation and removal of DNA

methylation can lead to severe developmental alterations.Our understandingof themechanistic

aspects and relevance of DNA methylation comes from remarkable studies in well-established

angiospermplantmodels includingmaize andArabidopsis. The study of plantmodels positioned

at basal lineages opens exciting opportunities to expand our knowledge on the function and

evolution of the components of DNAmethylation. In this Tansley Insight, we summarize current

progress in our understanding of the molecular basis and relevance of DNA methylation in the

liverwortMarchantia polymorpha.

I. Introduction

DNA methylation is an important epigenetic mechanism of
control of gene expression that is based on the covalent transfer of a
methyl (-CH3) group to the fifth carbon of a cytosine (C) residue on
theDNA sequence to form 5-methylcytosine (5mC). Cells employ
DNA methylation in association with mechanisms that regulate
gene expression to silence mobile fragments of DNA known as
transposable elements (TEs). TEs are highly abundant in plants

and, based on their ability to reshape the host genome through
mutagenesis and establishment of new states of gene expression,
they constitute a major evolutionary driving force (McClintock,
1956; Lanciano & Mirouze, 2018).

II. Establishing DNA methylation through the RNA-
directed DNA methylation (RdDM) pathway

In plants, DNA methylation can occur in three sequence contexts:
CG, CHG and CHH (where H = A, T or C). Functional
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information residing in the sequence motif (H) adjacent to the C
can influence both the frequency of methylation and the recruit-
ment of specific methyltransferases acting upon the trinucleotide
(Law & Jacobsen, 2010; Gouil & Baulcombe, 2016). The RNA-
directed DNAmethylation (RdDM) pathway employs specialized
plant-specific RNA polymerases to establish DNA methylation:

NRPD or POLIV, NRPE or POLV and the recently described
grass- (Poacea) specific NRPF or POLVI (Box 1) (Haag &
Pikaard, 2011; Zhou & Law, 2015; Trujillo et al., 2018). RNA
POLYMERASE IV (POLIV) transcribes short (26–45 nu-
cleotides) single-stranded RNA (ssRNA) from the template/
target loci. The ssRNA then serves as a substrate for RNA-
DEPENDENT RNA POLYMERASE 2 (RDR2) that physically
interacts with POLIV and immediately converts it into double-
stranded RNA (dsRNA). The dsRNA is subsequently processed
into 24-nucleotide small interfering RNAs (siRNAs) by the
RNase DICER-LIKE 3 (DCL3). The resulting pool of 24-
nucleotide siRNAs is methylated at their 30-end by HUA
ENHANCER 1 (HEN1) and recruited by ARGONAUTE 4
(AGO4) (Zilberman et al., 2003) and other members including
AGO6 and AGO9 (Havecker et al., 2010) and function as guides
to direct an AGO4–siRNA complex to transcripts generated by
POLV, another plant-specific RNApolymerase also specialized in
transcriptional regulation (Box 1), through an RNA–RNA pair-
ing interaction between the siRNA present in the AGO4–siRNA
complex with the chromatin bound POLV-dependent transcripts
and a protein–protein interaction between AGO4 and the
C-terminal domain (CTD) of POLV (reviewed by Matzke &
Mosher, 2014). Recruitment of the DNA methyltransferase
DOMAINS REARRANGED 2 (DRM2) to the template/target
DNA and subsequent de novomethylation of DNA in all sequence
contexts (Cao & Jacobsen, 2002) occur through RNA-
DIRECTED DNA METHYLATION 1 (RDM1) that can bind
methylated ssDNA and links AGO4 with DRM2 (Gao et al.,
2010) (Fig. 1). The molecular basis of the mechanisms position-
ing POLIV and POLV at their target loci are not yet fully
understood as no consensus binding motifs have been identified
by chromatin occupancy mapping. However, it has been shown
that POLIV can be recruited to loci harboring chromatin with
methylated residues in the lysine 9 of histone 3 (H3K9me)
through its interaction with SAWADEE HOMEODOMAIN
HOMOLOG 1 (SHH1) (Law et al., 2013), which can bind
H3K9me. Recent evidence from Arabidopsis indicates that
CLASSY1 (CLSY1) and CLSY2 are required for the association
between SHH1 and POLIV and, in fact, all members of the CLSY
family are absolutely required for the locus-specific positioning of
POLIV through chromatin features (including CG and H3K9
methylation) and are also required for the generation of practically
all 24-nucleotide siRNAs (Zhou et al., 2018). By contrast, POLV
interacts with DEFECTIVE IN RNA DIRECTED DNA
METHYLATION 1 (DRD1) (Law et al., 2010), which also
interacts with two histone methyltransferases belonging to the
SUPPRESSOR OF VARIEGATION [SU(VAR)] HOMOLOG
(SUVH) family, namely SUVH2 and SUVH9, that bind
methylated DNA (but seem to have lost their methyltransferase
activity) (Johnson et al., 2014) (Fig. 1). Thus, while details of the
molecularmechanisms targeting de novoDNAmethylation at loci
with pre-existing patterns of H3K9 and/or DNAmethylation are
emerging, the establishment of such pre-existing patterns, and
ultimately the establishment of DNA methylation at na€ıve loci
without pre-existing silencing-associated epigenetic marks is yet
to be described.
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Box 1 Plants have specialized RNA polymerases involved in DNA
methylation.

Eukaryotes have three essential nuclear RNA polymerases. NRPA or
POLI transcribes large ribosomal RNA, NRPB or POLII transcribes
messenger RNAs (mRNAs), and NRPC or POLIII transcribes precur-
sors of transfer RNA (tRNA), 5S ribosomal RNAand other noncoding
RNA. (a) Plants contain two RNA polymerases (NRPD or POLIV and
NRPE or POLV) specialized in gene silencing and control of
transposable elements that evolved from POLII and function at the
core of the RNA-directed DNA methylation pathway (RdDM) (see
Fig. 1). (b) POLII, POLIV and POLV are composed of 12 subunits
(seven of them encoded by the same genes). Subunits 6, 8, 9, 10, 11
and 12 are shared among all three polymerases (colored in gray).
POLIV subunit 1 is the only POLIV-specific subunit (colored in red).
POLV has two distinct subunits (1 and 5) and employs nearly equally
two alternative forms of the third subunit (3a and 3b, colored in gray
and blue, respectively). Both POLIV and POL V share three subunits
(2, 4 and 7) (colored in purple). POLV has a distinctive carboxy
terminal domain (CTD) with tryptophan-glycine/glycine-
tryptophan (WG/GW), responsible for mediating interactions with
members of the ARGONAUTE (AGO) family. It is important to
highlight that despite the presence of shared subunits, POLIV
produces 26–45 nucleotide short transcripts and POLV transcripts
are long with different 50-ends with modifications characteristic of
POLII transcripts such as 7-methylguanosine caps at their 50-end but
that lack polyadenylation at their 30-ends. Recently, NRPF or POLVI
was discovered in the grass family Poacea (see main text) but its
function is yet to be characterized (the subunit composition ofPOLVI
is not depicted here).
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III. Maintenance and removal of DNA methylation

The newly established patterns of DNA methylation are main-
tained and transmitted across mitotic divisions by different
mechanisms. Maintenance of CG sites occurs by the activity of
members of the family VARIANT IN METHYLATION 1-3
(VIM1-3) that bind hemimethylated CG sites on the parental
strand and recruit METHYLTRANSFERASE 1 (MET1) to
methylate the complementary CG sites on the daughter strand
(Vongs et al., 1993;Woo et al., 2007, 2008). Evidence from in vitro
experiments has shown that VIM1 can bind both CG and CHG
sites, suggesting that MET1 might be involved in maintaining
methylation at the CHG context in planta either at a particular set
of loci or in a time/cell-specific fashion. By contrast,maintenance of
CHG is enforced by the activity of CHROMOMETHYLASE 3
(CMT3) and CMT2 through a feedback loop acting upon the
crosstalk between both DNAmethyltransferases and the activity of
members of the SUVH family responsible for the deposition of
H3K9me2 (reviewed by Stroud et al., 2014). While SUVH4 (also
known as KRYPTONITE) (Jackson et al., 2002) is responsible for

the majority of H3K9me2, other members including SUVH5 and
SUVH6also contribute (reviewed byLi et al., 2018). This results in
themethylation ofDNA inCWAandCWGcontexts (W = AorT)
by CMT2 and CMT3, respectively.

The particular pattern of DNA methylation in the CG context
located between the transcription start site (TSS) and transcription
termination site (TTS) of genes present in angiosperms is referred
to as gene body methylation (gbM) (Bewick & Schmitz, 2017). In
Arabidopsis, gbM is linked to a relative enrichment in linker
histone H1 and histone variant H3.3 (Wollmann et al., 2017) and
most of the genes affected inH3.3 knockdown alleles correspond to
genes involved in either environmental response or development.
Interestingly, there is also evidence that loss of function in the
increase in bonsaimethylation 1 (IBM1) gene affects gbMnegatively,
replacing CGmethylation with CHGmethylation andH3K9me2
(Saze et al., 2008). In Arabidopsis, rice andmaize, around c. 30%of
their genes show gbM and even though gbM has been reported as a
feature present in orthologous genes across different species and it
has also been associated with constitutive levels of expression
(reviewed by Bewick & Schmitz, 2017), its functional role is
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Fig. 1 The RNA-directed DNA methylation pathway (RdDM). (1) RNA polymerase IV (POLIV) generates short single-stranded RNA (ssRNA) that is
immediately converted into double-stranded RNA (dsRNA) by the physically coupled activity of RNADEPENDENTRNAPOLYMERASE 2 (RDR2). (2) dsRNA is
processed into 24-nucleotide small interfering RNAs (siRNAs) byDICER-LIKE 3 (DCL3). (3) The short duplexes are subsequentlymethylated at their 30-ends by
HUA ENHANCER 1 (HEN1). (4) A single strand of the 24-nucleotide siRNA duplex is integrated into ARGONAUTE 4 (AGO4) (and into other members of the
family including AGO6 and AGO9). (5) RNA POLYMERASE V (POLV) itself helps recruit the activity of the de novo DNA methyltransferase DOMAINS
REARRANGEDMETHYLTRANSFERASE 2 (DRM2) by generating long ssRNA that throughWatson–Crick base pairing interacts with the 24-nucleotide siRNA
incorporated in AGO4 and by physically interacting with AGO4 through the tryptophan-glycine/glycine-tryptophan (WG/GW) platform (or AGO-hook
domain). The plant-specific RNA-DIRECTED DNAMETHYLATION 1 (RDM1) protein that is able to bind methylated ssDNA helps establish the interaction
betweenAGO4andDRM2. (6)DRM2methylatesDNA in three sequence contexts. (7) Recent evidence indicates thatCLASSY (CLSY)proteins are required for
the generation of the vastmajority of 24-nucleotide siRNAs. CLSY3 andCLSY4 (not depicted here) rely onCGmethylation for the generation of a subset of 24-
nucleotide siRNAs. CLSY1 and CLSY2 are required for the physical association between SAWADEEHOMEODOMAINHOMOLOG 1 (SHH1) (which binds to
methylated lysine9 inhistone3 (H3K9me)) andPOLIV, for thegenerationof a large fractionof 24-nucleotide siRNAs. (8) POLVcanbe recruited to regionswith
pre-existing DNA methylation through indirect interaction with the histone methyltransferases SU(VAR) HOMOLOG 2 (SUVH2) and SUVH9 (able to bind
methylatedDNAbut that donot showmethyltransferase activity) through the interactionwithDEFECTIVE INRNA-DIRECTEDDNAMETHYLATION1 (DRD1)
and this interaction is thought to reinforce DNA methylation.
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currently unknown. gbM is dependent on the function of MET1
(reviewed by Bewick & Schmitz, 2017) but recent evidence
suggests that CMT3 might be responsible for long-term mainte-
nance of gene body methylation because the absence of CMT3
across a number of angiosperm phyla correlates with concomitant
losses of gbM (Bewick et al., 2017).

Removal of DNAmethylation (demethylation) can occur either
through the enzymatic function of DNA glycosylases that replace
5mC with cytosine or passively in the absence of DNA methyl-
transferase activity or due to shortage of methyl group supplies
(Zhang & Zhu, 2012). In Arabidopsis, there are four DNA
glycosylases able to recognize and remove 5mC from all sequence
contexts, namely REPRESSOR OF SILENCING 1 (ROS1),
DEMETER (DME), DEMETER-LIKE 2 (DML2) and DML3
(Ortega-Galisteo et al., 2008). While ROS1, DML2 and DML3
are expressed in nearly all vegetative tissues, the expression of DME
is preferentially expressed in the gametes where it helps establish
differential patterns of DNA methylation at some imprinted loci
(i.e. loci expressed in a contrasting manner depending on whether
they are inherited from the mother or the father). ROS1 is the
founding member of the family and in addition to its regulatory
roles in diverse developmental programs it is also involved in
responses to biotic and abiotic stress (reviewed by Zhang et al.,
2018). ROS1 is involved in establishing boundaries between TEs
and genes at thousands of loci by preventing the spread of DNA
methylation and DNA hypermethylation as it counteracts RdDM
through a postulated mechanism based on the ability of ROS1 to
demethylate its own promoter from RdDM hypermethylation
(Zhang et al., 2018). Recently, in addition to its role in the
generation of 24-nucleotide siRNAs (Zhou et al., 2018), CLSY4
was found to function in DNA demethylation in the same genetic
pathway of the ROS1 family (Yang et al., 2018).

IV. Noncanonical RdDM

RdDM can also be achieved through alternative routes feeding into
the RdDM pathway that involve the activity of diverse populations
of small RNAs with different modes of biogenesis but that
ultimately rely on the function of DRM2 and POLV and their
associated noncoding transcripts (reviewed by Cuerda-Gil &
Slotkin, 2016). These routes include the RDR6-RdDM pathway
that targets transcriptionally active TEs and depends on POLII-
generated noncoding transcripts that are cleaved by the activity of
microRNAs (miRNAs) and used as substrate by RNA-
DEPENDENT RNA POLYMERASE 6 (RDR6) to generate
dsRNA. This dsRNA is processed by DCL1, DCL2 or DCL4 into
21–22 nucleotide siRNAs that are recruitedbyAGO6.TheAGO6–
21 nucleotide siRNA complex subsequently feeds into RdDM by
the interaction with POLV and DRM2 (Nuthikattu et al., 2013).
The second route is the RDR6-DCL3-RdDM pathway that targets
high copy TEs and transgenes and basically differs from the RDR6-
RdDM pathway in the use of DCL3 for the generation of 24-
nucleotide siRNAs from RDR6-dependent dsRNA. Third, the
POLIV-NERD pathway targets a subset of intergenic loci by the
NEEDED FOR RDR2 INDEPENDENT METHYLATION
(NERD)-mediated interaction of AGO2 with POLIV and POLV,

and employs siRNAs whose biogenesis depends on canonical and
noncanonical components includingRDR1,RDR6,DCL2,DCL3
and DCL4 (Pontier et al., 2012). Finally, the recently described
DICER-independent RdDM pathway is postulated to target TEs
and relies on the generation of 21 and 24 nucleotide siRNAs from
dsRNA bound to AGO4 and trimmed to their final size by the
activity of exosome–core complex exonucleases (Yang et al., 2016).

V. Mechanisms of DNA methylation inMarchantia

Bryophytes (liverworts, mosses and hornworts) are among the
plants that first colonized the land (Bowman et al., 2017; Morris
et al., 2018). Marchantia polymorpha (hereafter Marchantia) is a
liverwort that re-emerged as a very powerful model to study the
function and evolution of fundamental mechanisms common to
land plants including those underlying morphological adaptations
to a terrestrial life (Bowman et al., 2017). The dominant phase of
Marchantia’s life cycle is the gametophytic (haploid) one and it is
characterized by a dorsiventral thallus that can produce asexual
propagules (gemmae) inside specialized gemma cups. The haploid
gametophyte then generates male (antheridiophore) or female
(archegoniophore) sexual reproductive structures. Motile sperm,
formed in the antheridia, fertilize eggs contained in the archegonia
resulting in the formation of haploid spores, and as sporelings
develop into a thallus, the cycle is completed (Fig. 2).

While the core components of the small RNA regulatory
pathways characterized in vascular plants are present in the
Marchantia genome (Huang et al., 2015; Bowman et al., 2017)
and across the green plant clade (Table 1) (Ma et al., 2017), there
are interesting peculiarities worth highlighting. In addition to the
largest subunits of POLIV (MpNRPD1) and POLV
(MpNRPE1a) (Box 1), Marchantia has an additional copy
(MpNRPE1b) of the large subunit of POLV that in contrast to
MpNRPE1a it contains a reduced version of the so-called WG/
GW platform or AGO-hook domain, a region formed by
repetitions of the amino acids tryptophan (W) and glycine (G)
located at the CTD of POLV that is responsible for mediating the
physical interaction with AGO proteins. This composition seems
to be a feature shared by bryophytes as the moss Physcomitrella
patens also contains two copies of POLV; however, their function
is not clear, as mutations in PpPOLV that harbors an AGO-hook
domain only affect the expression of a handful of loci and it has
not been possible to recover mutants in the second copy (Coruh
et al., 2015). The DICER family in Marchantia consists of at least
four members grouped into MpDCL1a, MpDCL1b, MpDCL3
and MpDCL4 (Huang et al., 2015; Bowman et al., 2017). There
are no members of the DCL2 family. There is a single member of
the MpHEN1 family in Marchantia and its expression is highly
enriched in antherozoids or sperm (Fig. 2(9)). By contrast to
observations in Arabidopsis and most land plants, the AGO
family in Marchantia contains representatives of only two classical
groups with a single member in the AGO1 clade and four
members in the AGO4/6/9 clade (Bowman et al., 2017).
Additionally, there are two AGO-LIKE members named
MpPIWIa and MpPIWIb that are missing the PAZ domain but
with a distinctive PIWI domain and show an increased expression
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in the antheridiophores (Fig. 2(7)) (Schmid et al., 2018).
Marchantia contains two de novo DNA methyltransferases, two
CMT-like methyltransferases (that do not reside in a clade with
CMT2 or CMT3 clades) and two members of the ROS1 DNA
glycosylase family. Interestingly, the expression pattern of several
genes involved in DNA methylation is highly enriched in
reproductive tissue (Fig. 2(5), (7)) and sporophytes (Fig. 2(14),
(15)). For example, expression of MpDRM1b is increased in
archegonia (Fig. 2(6)) and sperm (Fig. 2(9)). MpMET1,
MpCMTa, MpPIWIa and MpPIWIb are highly expressed in
antheridiophores (Fig. 2(5)). The expression of MpDRMa and
MpCMTa is increased in antheridiophores and sperm (Fig. 2(7),
(9)). MpCMTb is highly enriched in young sporophytes
(Fig. 2(13)) (Bowman et al., 2017; Schmid et al., 2018). This
opens the possibility of diversified RdDM modules acting with
temporal or tissue specificity. Marchantia is mostly deprived of
sensu stricto gbM (as defined above) during the gametophytic
phase of its life cycle (Bewick et al., 2017).

Recent genome-wide analyses of DNA methylation patterns in
tissues ranging from thalli (Fig. 2(1)) to reproductive tissues
including sperm cells, archegonia, vegetative meristems and
different stages of sporophyte development have shown that

extensive reprogramming occurs during the life cycle of
Marchantia (Fig. 2); there is a marked gain of DNA methylation
in archegonia, sperm cells and during sporophyte development,
with the lowest levels of DNA methylation observed in vegetative
gametophytic tissues and the highest levels present in sperm in
all sequence contexts including not only gene bodies but also
gene flanking regions (Schmid et al., 2018). Similar to observa-
tions in Arabidopsis, mutations in MpMET1 result in a marked
decrease of DNA methylation in the CG context in TEs
although in Marchantia it is accompanied by a significant
increase of non-CG methylation, suggesting that the increase in
non-CG methylation serves to alleviate some of the CG loss
(Ikeda et al., 2018). The Mpmet1 mutant exhibits dramatic
alterations during gametophyte development that include the
formation of undifferentiated tissue that is not able to form
reproductive structures (Ikeda et al., 2018). The characterization
of mutants affected in the core components of RdDM and other
small RNA-based regulatory pathways will shed light on the
evolution and the common and distinctive functions of these
ancestral regulatory modules relative to other land plants. In
addition, the availability of mutants with altered gene silencing
mechanisms will be a great asset for ongoing efforts aiming to
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Fig. 2 Life cycle ofMarchantia polymorpha (Marchantia). Marchantia is a thalloid liverwort that can reproduce asexually and sexually. Marchantia is a
dioeciousplant (maleand female reproductiveorgansdevelop indistinct thalli). Sex is determinedby thepresenceof a sexual chromosomeY in the caseofmales
and X in the case of females. The haploid dominant phase is mainly constituted by a sheet-like structure named thallus (1). Asexual propagules known as
gemmae (singular: gemma) (2) are produced inside a specialized structure called the gemmacup (3) that develops on the dorsal side of the thallus.Multicellular
gemmae develop into a thallus, in this way completing the asexual cycle (4). Gemmae contain meristematic apical stem cells (also known as apical notches)
located in thenotches at theextremitiesof the thallus thatdirect growthof the thallus in abifurcatedpattern characteristic of this species.Whenmature thalli are
exposed to a particular combination of far-red and white light, archegoniophores (5) harboring archegonia (6) (singular: archegonium) and antheridiophores
(7) harboring antheridia (8) (singular: antheridium) are formed directly from the apical notches of the thallus.Motile sperm (9) produced in the antheridia take
advantageof drops ofwater (10) (rain being themost commonwater source) to swim towards the archegonia (11)where they fertilize the egg cells (12)within.
The embryo (13) develops inside a calyptra (14) that protects the growing sporophyte and after meiosis will give rise to spores (15). Thousands of spores
contained in the sporangia (16) are released (17) and develop into young sporelings that will grow into a thallus, thereby completing the sexual cycle.
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use Marchantia as a natural chassis for bioengineering and
synthetic biology.

VI. Conclusions and future perspectives

DNA methylation is essential for plant survival and it plays a
fundamental role during the formation of seeds. In recent decades,
we have gained knowledge on the function and the molecular
mechanisms controlling the establishment, perpetuation and
removal of DNA methylation in plants mainly from vascular
model systems. Marchantia polymorpha is a powerful model with
idiosyncratic features, including sexual reproduction, asexual
natural clonal propagation and a full set of molecular tools for
functional genomics that include genetic transformation, homol-
ogous recombination and CRISPR-Cas9-mediated gene editing.
This will greatly enhance the repertoire of model systems
positioned at basal evolutionary branches. Most interestingly,
given the well-defined events of epigenetic reprogramming occur-
ring during its life cycle, Marchantia appears to be an excellent
model to study epigenetic regulation of gene expression and the
molecular basis of transgenerational epigenetic inheritance.
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