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protonema and gametophore development and is involved 
in CHG methylation as demonstrated at four distinct 
genomic loci. PpCMT protein accumulation pattern corre-
lated with proliferating cells and was sub-localized to the 
nucleus as predicted from its function. Taken together, our 
results suggested that CHG DNA methylation mediated by 
CMT has been employed early in land plant evolution to 
control developmental programs during both the vegetative 
and reproductive haploid phases along the plant life cycle.
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Abbreviations
BAH	� Bromo-adjacent homology domain
CMT	� Chromomethylase
DNMT	� DNA methyltransferase
DRM	� Domains rearranged methyltransferase
GUS	� β-Glucuronidase
MTD	� C-5 DNA methyltransferase domain
MET1	� DNA methyltransferase 1
RdDM	� RNA directed DNA methylation

Introduction

DNA methylation, the addition of a methyl group to posi-
tion 5 on a cytosine (C-5), is an epigenetic modification 
which contributes to the regulation of gene expression 
(Goll and Bestor 2005). This modification is necessary for 
regulating different processes including differentiation and 
development, silencing transposons and repetitive DNA 
elements, X-inactivation and parental imprinting (Goll and 
Bestor 2005; Jullien and Berger 2010; Law and Jacobsen 
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2010; Zemach and Zilberman 2010; Bauer and Fischer 
2011; Cedar and Bergman 2012). Cytosine methylation is 
present in most genomes of animals, plants, fungi, algae, 
protista and bacteria (Goll and Bestor 2005; Feng et  al. 
2010; Zemach et  al. 2010). This chemical modification 
is enzymatically catalyzed by the C-5 DNA methyltras-
ferase domain (MTD) found in DNA methyltrasferases 
(DNMTs). DNA methylation of plant genomes occurs at 
the sequence contexts CG, CHG and CHH, where H is any 
nucleotide except G, while in animals methylation occurs 
almost exclusively at CG sequence context (Feng et  al. 
2010; Zemach et  al. 2010). Accordingly, methylation in 
plants involves specific DNMTs, some of which are unique 
to plants. In mammals, three types of DNMT families are 
known: DNMT1, which was shown to control maintenance 
methylation at symmetric CG sites (Jurkowska et al. 2011), 
DNMT3, which acts in de-novo DNA methylation at CG 
sites (Jurkowska et  al. 2011) and DNMT2, which so far 
was not found to take part in DNA methylation in both ani-
mals and plants (Schaefer and Lyko 2010). In Arabidopsis, 
DNA METHYLTRANSFERASE 1 (MET1), a homolog 
of DNMT1, maintains methylation of CG sites, however 
methylation of CHG and CHH sites is also affected in the 
Atmet1 mutant (Cokus et al. 2008; Stroud et al. 2013) indi-
cating that it may take part in these context as well. Arabi-
dopsis DOMAINS REARRANGED METHYLTRANS-
FERASE 1 (AtDRM1), AtDRM2 and AtDRM3, homologs 
of DNMT3, are responsible for  de-novo  methylation of 
cytosine residues in all three sequence contexts through the 
RNA-directed DNA methylation pathway (RdDM) (Cao 
et  al. 2003; Cokus et  al. 2008; Henderson et  al. 2010b; 
Stroud et  al. 2013). Additionally, AtDRM1, AtDRM2 and 
AtDRM3 maintain CHH and CHG methylation at particu-
lar loci along the genome (Cao and Jacobsen 2002; Cokus 
et  al. 2008; Henderson et  al. 2010b; Stroud et  al. 2013). 
Chromomethylase (CMT) represents a unique DNMT fam-
ily found only in plants (Henikoff and Comai 1998). Two 
subfamilies, CMT2 and CMT3, were identified in flower-
ing plants (Zemach et al. 2013). In Arabidopsis, AtCMT3 
catalyzes methylation mainly at CHG sites and also main-
tains CHH methylation at some genomic loci (Cao and 
Jacobsen 2002; Cokus et  al. 2008; Stroud et  al. 2013). 
The CMT3 homologs, Zea methyltransferase2 (Zmet2) in 
Zea mays and NbCMT3 in Nicotiana benthamiana, were 
shown to take part in CHG methylation (Papa et al. 2001; 
Hou et  al. 2013). Interestingly, the Atmet1 mutant which 
lost methylation at almost all CG sites, showed hyper-
methylation of CHG sites in euchromatic regions and in 
gene bodies as compared to WT (Cokus et al. 2008; Stroud 
et al. 2013) indicating that it may affect CHG methylation 
as well. AtCMT2, a member of the CMT2 subfamily, cata-
lyzes methylation mainly at CHH sites at genomic loci dif-
ferent from those regulated by DRMs (Zemach et al. 2013). 

Thus in flowering plants, each DNMT specialize in meth-
ylating particular sequence contexts, but under some con-
ditions may act redundantly in methylating other sequence 
contexts as well.

Next generation bisulfite sequencing revealed that DNA 
methylation in flowering plants is found mostly in repeti-
tive sequences and to some extent in euchromatic regions 
(Cokus et  al. 2008; Lister et  al. 2008; Feng et  al. 2010; 
Zemach et  al. 2010). Repetitive sequences are densely 
methylated in all sequence contexts although loss of CG 
methylation was enough to induce a massive reactivation 
of silenced transposons as observed in the Arabidopsis 
Atmet1 mutant which may indicate a role for CG methyla-
tion in silencing transposable elements (Zhang et al. 2006). 
Euchromatic intergenic regions are also methylated in all 
three sequence contexts while genes are methylated almost 
exclusively at CG sites (Cokus et  al. 2008; Zemach et  al. 
2010). Analyses of CG methylation and gene expression 
showed that CG hypo-methylation of transcription start 
and stop sites correlated with the expression of their related 
genes (Zemach et  al. 2010). Nevertheless, in Arabidopsis 
more genes were upregulated in a Atdrm1 Atdrm2 Atcmt3 
triple mutant than in the Atmet1 mutant (Zhang et al. 2006), 
indicating a role for CHG and CHH methylation in regulat-
ing gene expression as well.

CHG DNA methylation is site-specific and is regulated 
by additional epigenetic factors, including histone meth-
ylation, siRNA and chromatin remodeling. Genome-wide 
studies have shown that CHG methylation correlates with 
dimethylated histone tails at lysine 9 (H3K9m2) (Bernata-
vichute et al. 2008; Deleris et al. 2012). Moreover, a triple 
mutant of H3K9m2 histone methyltransferases (kyp suvh5 
suvh6) caused loss of CHG methylation, similar to  the 
Atcmt3 mutant (Ebbs and Bender 2006; Stroud et al. 2013). 
Interestingly, some of CHG sites also lost methylation in 
the Atmet1 mutant, indicating that CHG methylation also 
depends, in part, on CG methylation (Stroud et  al. 2013). 
Additional studies have revealed crosstalk between CHG 
methylation and H3K9m2 as AtCMT3 recognizes H3K9m2 
and the KRYPTONITE (KYP) an H3K9 methyltransferase 
recognizes CHG methylation (Feng and Jacobsen 2011). 
On the other hand, lack of CHG methylation at gene bod-
ies correlates with lack of the H3K9me2 mark, which is 
maintained by a histone demethylase, INCREASE IN 
BONSAI METHYLATION 1 (IBM1) (Saze and Kakutani 
2011). An additional pathway which targets DNA meth-
ylation to specific genomic regions is mediated by RdDM 
(Law and Jacobsen 2010). In Arabidopsis, genome-wide 
analysis of DNA methylation has shown that small RNAs 
direct approximately 37  % of DNA methylated regions 
(Ebbs and Bender 2006). DDM1 is also involved in meth-
ylation of genes as well as transposable elements probably 
by remodeling of histone1-bound nucleosomes and thereby 
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providing DNA methyltransferases access to the DNA 
(Lippman et al. 2004; Zemach et al. 2013).

The role of DNA methylation has been intensively stud-
ied in the flowering plant model Arabidopsis, but little is 
known about the evolution of this mechanism and the dif-
ferences in epigenetic states during differentiation. We 
aim to understand the biological role of DNA methylation 
in regulating developmental processes in early terrestrial 
plants. To this end we chose the model bryophyte P. pat-
ens to reveal novel functional properties of the CMT family 
and to provide insight into the evolution of this regulatory 
mechanism. Methylation of DNA was found in all three 
contexts in P. patens and was restricted mostly to repeti-
tive regions (Zemach et  al. 2010). Additionally, P. patens 
protonema tissue treated with zebularine, a DNMT inhibi-
tor, showed partial loss of DNA methylation and profound 
effects on growth and differentiation of protonema cells 
(Malik et  al. 2012). Furthermore, P. patens encodes for a 
single CMT gene designated PpCMT, which was shown 
to be expressed in protonema and gametophore tissues 
and localized to the nucleus, as demonstrated by transient 
expression of GFP-PpCMT (Malik et al. 2012).

In this study, we deleted the gene encoding for PpCMT 
in P. patens and by employing bisulfite DNA sequenc-
ing we were able to determine in vivo that it is involved 
in methylation of CHG sites. This function correlates with 
the phylogenetic classification of PpCMT as a member 
of the CMT3 subfamily. Transgenic plants expressing a 
PpCMT–GUS fusion protein showed GUS accumulation in 
the nucleus, mainly in dividing cells at all developmental 
stages. The ΔPpcmt deletion mutant displayed abnormal 
growth of protonemata, which developed malformed game-
tophores lacking reproductive organs thus leading to steril-
ity. Taken together, our results suggested a regulatory role 
for CHG DNA methylation during moss development.

Materials and methods

Protein alignments and construction of phylogenetic trees

AtCMT1/2/3 protein sequences were obtained from the 
TAIR website (www.tair.org). The PpCMT sequence was 
obtained from www.cosmoss.org, version 1.6 (Zimmer 
et al. 2013). Alignment of Arabidopsis and P. patens CMT 
protein family homologs was constructed using Muscle 
(Edgar 2004) showing identity and similarity shading based 
on the BLOSUM62 matrix (Henikoff and Henikoff 1992) 
at a 75  % cut off (Vector NTI software suite, Invitrogen, 
USA). Predicted protein sequences from other plants were 
obtained from Phytozome v8.0 (http://www.phytozome.
net) (Goodstein et  al. 2012) via BLAST using AtCMT3 
protein sequence as a reference (Table S1). Sequences were 

aligned using either Muscle (Edgar 2004), Prank (Loy-
tynoja and Goldman 2010) or Mafft (Katoh et  al. 2009). 
The alignments were cured using Gblocks (Castresana 
2000) and the trees were constructed by PhyML (Guindon 
and Gascuel 2003) and visualized by TreeDyn (Chevenet 
et al. 2006) using the www.phylogeny.fr website (Dereeper 
et al. 2008). Different alignment algorithms resulted in the 
same tree topology.

Plant material, culture conditions and treatments

The ‘Gransden 2004’ strain of P. patens (Ashton and Cove 
1977; Rensing et  al. 2008) was propagated on BCD and 
BCDAT media (Nishiyama et  al. 2000) at 25  °C under a 
16-h light and 8-h dark cycle (Frank et al. 2005). For induc-
tion of gametangia the plants were transferred to 16  °C 
under cycles of 8 h light and 16 h of dark. Germination of 
spores was carried as described by (Sakakibara et al. 2001). 
For unidirectional growth, plants were grown in a box with 
one side either opened or covered with a 3-mm-thick red 
acrylic transparent plastic sheet to allow unidirectional 
white or red light, respectively.

Statistical analysis

Wilcoxon signed-rank test at a 95 % confidence level was 
used to compare WT and mutant data. Two-sided P values 
of <0.05 were considered to be statistically significant. Data 
was analyzed using R software (v. 3.0.2, http://www.R-
project.org/) and boxplot graphs were built using ggplot2 
R package.

Generation of PpCMT deletion lines

ΔPpcmt deletion mutant lines were constructed by replac-
ing PpCMT genomic coding region between position 
640–3,700 bp (relative to the translation start site), which 
encode the BAH and choromo domains, with a hygromy-
cin resistance cassette (hptII). Genomic fragments contain-
ing the 5′ and 3′ flanking regions (Fig. S1b) were ampli-
fied using the following primers: CMT 5′ Fw and CMT 5′ 
RV Rev, CMT 3′ RV Fw and CMT 3′ Rv (Table S2), then 
cloned into pTZ57 (Fermentas, Lithuania) and sequenced 
to ensure their integrity. Next, the hygromycin resist-
ance cassette (hptII) from pMHubi (Bezanilla et al. 2003) 
and the 3′ CMT KO fragment were cloned successively 
into pTZ57 +  5′ CMT KO resulting in the final ΔPpcmt 
deletion vector. Following transformation to protoplasts, 
hygromycin resistant lines were screened by PCR to ver-
ify correct integration, by amplifying the junction regions 
between the insert and PpCMT locus at both the 5′ and 3′ 
ends (Fig. S1). Transgene copy number was determined by 
real-time PCR (Fig. S2) and loss of PpCMT coding regions 

http://www.tair.org
http://www.cosmoss.org
http://www.phytozome.net
http://www.phytozome.net
http://www.phylogeny.fr
http://www.R-project.org/
http://www.R-project.org/
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was confirmed by RT-PCR analysis in six independent 
mutant deletion lines (Fig. S1).

Generation of PpCMT–GUS fusion reporter plants

For the construction of the C-terminal translational fusion 
of PpCMT with the uidA (GUS) gene (Jefferson et al. 1987) 
at the endogenous genomic context, the uidA gene was 
fused in-frame at the carboxyl terminus of PpCMT coding 
sequence replacing the stop codon (Fig. S3). To this end, 
the 5′ flanking region excluding the stop codon was ampli-
fied using the following primers: CMT GUS HindIII 5′ 
Fw and CMT 5′ no stop Rv and the 3′ flanking region was 
amplified using the following primers: CMT GUS 3′ sph 
FW and CMT GUS 3′ sph Rv (Table S2). The PpCMT–
GUS fusion vector contained the 5′ PpCMT genomic frag-
ment ligated in-frame to the uidA reporter gene, followed 
by a nopaline synthase polyadenylation signal (NOS-ter), 
hptII cassette and by the 3′ PpCMT genomic fragment in 
pMBL5 vector (GenBank: DQ228130.1). Following trans-
formation to protoplasts, hygromycin resistant lines were 
screened by PCR to verify correct integration, by amplify-
ing the junction regions between the insert and the PpCMT 
locus at both the 5′ and 3′ ends and were further analyzed 
for transgene copy number by real-time PCR (Fig. S4).

PEG‑mediated transformation of P. patens

PEG transformation was performed as described (Nishiy-
ama et  al. 2000) using 15  μg of linearized plasmid. Six 
days after regeneration, transformants were selected on 
BCDAT medium containing 25  mg/l of Hygromycin 
(Sigma-Aldrich, USA).

DNA extraction

The genomic DNA samples used for the quantitative qPCR 
analyses and bisulfite sequencing were extracted from 
100 mg of 7 days old protonema, grown on BCD medium 
and purified using a DNeasy plant mini kit (Qiagen, Ger-
many) following the manufacturer’s instructions. DNA 
integrity was analyzed by 1 % agarose gel electrophoresis 
in 0.5 × TBE with ethidium bromide staining from which 
0.5 μl were used per qPCR reaction and 10 μl for bisulfite 
reaction.

RNA extraction and RT‑PCR

Total RNA was extracted using SV Total RNA Isolation 
System (Promega, USA) from 7 days old protonema grown 
on BCD medium. The cDNA was synthesized from 2.0 μg 
of total RNA with the SuperScript® III First-Strand Synthe-
sis System (Life Technologies, USA) using the oligo (dT) 

20 primer followed by PCR as described (Katz et al. 2004), 
using the following gene-specific primers: CMT EXON 5 
Fw and CMT EXON 7 Rv (Table S2). Cycling conditions: 
94 °C for 2 min, and 40 cycles of 94 °C for 15 s, 57 °C for 
15 s and 72 °C for 30 s.

Real‑time RT‑PCR analysis

Primers were designed with the Probe Finder version 2.45 
(Roche Applied Science, Germany). All primers were syn-
thesized by Hylabs (Israel). Real-time quantitative PCR 
analysis was performed by the ΔΔCt method of relative 
quantification with a StepOne™ Thermal Cycler (Life 
Technologies), using Fast SYBR Green Master Mix (Life 
Technologies) to monitor dsDNA synthesis. Cycling con-
ditions: 95 °C for 20 s, and 40 cycles of 95 °C for 1 s and 
60 °C for 20 s. The following primers were used to detect 
expression of R1 and R2: R1- Sca 256 RT Fw, Sca 256 
RT Rv, Sca 256 RTM Fw and Sca 256 RTM Rv; R2- Sca 
332 RT Fw and Sca 332 RT Rv (Table S2). The following 
primers were used to amplify normalizing genes: PpHis-
tone- PpHistone3 157 Fw, PpHistone3 211 Rv, PpHistone3 
100 Fw and PpHistone3 143 Rv; PpTATA- TATA bind-
ing p Left and TATA binding p Right; PpFie- PpFIE -245 
Left and PpFIE -213 Right (Table S2). Real-time amplifi-
cation data was statistically analyzed by StepOne™ soft-
ware v2.1 using the manufacture default parameters (Life 
Technologies).

Methylation sensitive DNA restriction followed by qPCR

Genomic DNA was subjected to overnight digestion using 
methylation-sensitive DNA restriction enzymes HpaII or 
MspI (Fermentas). The restriction mix contained 1.5 μl of 
genomic DNA, 1.5 μl of Tango buffer and 0.8 μl of restric-
tion enzyme and 11.2  μl ddH20. 1  μl of each restricted 
DNA from WT or ΔPpcmt mutant was used as a template 
for quantitative real-time PCR (Metivier et al. 2008) using 
the following primers Sca 256 RTM Fw and Sca 256 RTM 
Rv which enclose the CCGG site. Uncut DNA served as a 
reference for each background. PpHistone3 gene was used 
to normalize the template DNA quantity (using PpHistone3 
157 Fw and PpHistone3 211 Rv primers). Amplification of 
a nearby flanking region which is not affected by restriction 
cleavage, served as an internal control to quantify the tem-
plate (using Sca 256 RT Fw and Sca 256 RT Rv primers).

Real time qPCR assay for quantification of transgene copy 
number

Transgene copy number was determined using quantita-
tive PCR amplifying two regions, 5′ genomic region and 3′ 
genomic region that were cloned into the vector to serve 
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as sequence templates for homologous recombination. Fol-
lowing homologous recombination these regions replace 
the corresponding sequence in the genomic loci (Fig. S3a). 
If the recombination took place only at the homologous 
site and not in a tandem fashion (Kamisugi et al. 2006), it 
should be present in the transgenic line in a single copy as 
in the wild type. Therefore, the wild type genome was used 
as a reference for monitoring a single copy of the desired 
locus. In order to normalize the initial amount of template 
DNA, any gene can be used. In our study we used either 
primers for PpCLF (PpCLF mix 7 5915 Fw and PpCLF 
mix 7 5981 Rv primers) or PpFIE (PpFIE -245 Left and 
PpFIE -213 Right primers). As an internal control for quan-
tification, an additional set of primers (PpCLF mix 8 7739 
Fw and PpCLF mix 8 7804 Rv primers) amplifying a dif-
ferent region of the PpCLF gene was used. This control 
would be expected to give the same relative ratio for a sin-
gle copy sequence.

A second approach for relative quantitation of transgene 
copy number was applied by amplifying the hygromycin 
resistant gene hptII (using Hyg 687 Left and Hyg 730 Right 
primers). In this case, we used as a reference the transgenic 
line PpCMT–GUS2 which was shown to have a single copy 
of the hygromycin resistance cassette (Fig. S4).

In order to amplify the 5′ genomic region in PpCMT–
GUS lines the CMT 5′ GUS Left and CMT 5′ GUS Right 
primers were used; for 3′ region the CMT 3′ GUS Left and 
CMT 3′ GUS Right were used. To amplify the 5′ region in 
deletion mutants, the CMT 3′ KO 43 Fw and CMT 3′ KO 
105 Rv pair was used.

GUS assay

The histochemical assay for GUS activity was performed 
as described by (Nishiyama et  al. 2000). The incubation 
time was adjusted from 2 to 24 h, depending on the tissues 
examined.

Hoechst staining

Protonema tissue was incubated for 10  min in 5  μg/ml 
solution of Hoechst33342 in BCD medium, supplemented 
with 0.05 % TritionX-100.

Bisulfite assay

Bisulfite conversion was performed using EZ DNA Meth-
ylation-Gold™ kit (Zymo Research, USA) according to 
the manufacturer’s instructions. 2 μl of bisulfite converted 
DNA was used as template to amplify the analyzed loci 
(R1–R4) by using sets of specific primers flanking the loci 
analyzed for methylation status. The primers were designed 
to bind to regions that do not contain cytosines in the sense 

strand without preference for methylated or unmethylated 
DNA as described in (Henderson et  al. 2010a): R1-Sca. 
256 509,582 Fw and Sca. 256 510,013 Rv, R2-Sca. 332 
15,158 Fw and Sca. 332 15,602 Rv, R3-Sca. 15 Fw and 
Sca. 15 Rv and R4-Sca. 60 Fw and Sca. 60 Rv (Table S2). 
PCR products were amplified using TaKaRa Ex-Taq DNA 
polymerase (Takara bio, Japan) and cloned into pTZ vector 
(Fermentas) following the manufacturer’s instructions, and 
5–15 independent clones were sequenced and analyzed for 
each genetic background as compared to WT (Table S3).

Microscopy

Mutant and WT morphology along their development and 
histochemical staining of GUS were detected using stere-
omicroscope Stemi SV11 Apo (Carl Zeiss AG, Germany), 
SZRX-ILLB2-200 (Olympus, Japan) and Axioplan2 (Zeiss) 
microscope equipped with Olympus DP71 and Coolpix 
P5100 cameras (Nikon, Japan). Hoechst staining was visu-
alized using Axioplan2 epifluorescence microscope.

Results

Phylogenetic analysis of CMT protein family

The CMT DNA methyltrasferase protein family is found 
only in plants (Goll and Bestor 2005). This family is char-
acterized by the presence of a chromo domain located 
within the C-5 DNA methyltrasferase domain (MTD) and 
by a C-terminal regulatory bromo-adjacent homology 
domain (BAH) (Henikoff and Comai 1998). Alignment of 
P.patens and Arabidopsis CMT proteins revealed that all 
of the domains which characterize the CMT family show a 
high degree of sequence conservation, particularly in resi-
dues known to take part in the enzymatic activity (indicated 
by asterisks in Fig.  1a) as described by (Goll and Bestor 
2005; Pavlopoulou and Kossida 2007; Malik et  al. 2012). 
Using AtCMT3 as a query sequence in the NCBI protein 
database we could identify CMT homologs only in land 
plants. Previously, three predicted algal DNMT proteins 
were defined as CMT proteins (Feng et al. 2010; Zemach 
et al. 2010). However, a multiple sequence alignment sug-
gested that all three algal proteins differ from PpCMT and 
AtCMT3 and lack the chromodomain and some conserved 
residues within the MTD (Fig. S5). In agreement, analysis 
of the three algal proteins using the conserved domain data-
base algorithm (Marchler-Bauer et al. 2011) did not detect 
the distinguishing chromo domain. Hence, we suggest that 
the reported algal proteins are not related to CMT family 
and that the CMT protein family is unique to land plants.

To understand the evolutionary relationships between 
PpCMT and the CMT protein family, candidate members 
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were selected from fully sequenced genomes represent-
ing the main plant phyla (Table S1; Fig.  1b). Using the 
selected proteins we constructed a phylogenetic tree which 
clustered into two clades corresponding to the CMT2 and 
CMT3 subfamilies (Fig. 1b) previously described in angio-
sperms (Zemach et al. 2013). The early land plants repre-
sentatives, P. patens and Selaginella moellendorffii, each 
encode for a single CMT which belongs to the CMT3 
subfamily (Fig. 1b). Tree topology indicated that the CMT 
family has evolved from a single CMT3-type gene in early 
land plants and diverged into two subfamilies in flowering 
plants. Thus, P. patens may serve as a model to study the 
ancient functions of the CMT3 subfamily.

PpCMT is involved in CHG DNA methylation

In order to study PpCMT function, we generated deletion 
mutant plants in which the DNA sequence encoding for 
BAH and chromo domains was deleted (Fig. S1). To deter-
mine the contribution of PpCMT to DNA methylation, we 
scanned the published P. patens methylome (Zemach et al. 
2010) in 300 bp windows in order to identify non-repetitive 
sequences with a high level of DNA methylation which 
allows to detect loss of DNA methylation. Four genomic 
regions designated R1 to R4 (Table S3) were chosen. R1 
and R2 loci are enriched in methylated CG and CHG sites 
and located within predicted ORFs which were not reported 
to be expressed in any tissue (Zimmer et al. 2013). R3 and 
R4 loci are enriched for methylated CHH sites and located 
in intragenic regions. Bisulfite analysis of methylation 
levels from protonema tissue of WT and ΔPpcmt mutant 
(lines ΔPpcmt103, ΔPpcmt157 and ΔPpcmt281) lack-
ing the BAH and chromo domains revealed no significant 
changes in CG methylation at R1 and R2 loci but an almost 
complete loss of CHG methylation in the ΔPpcmt mutant 
(Fig.  2). In contrast, R3 and R4 loci which are enriched 
for CHH methylation in WT, showed similar methylation 
levels in ΔPpcmt (Fig.  3). This indicates that PpCMT is 

involved in CHG methylation at the loci tested. To note, 
both CHG sites at R3 and the single CHG site in R4 loci 
showed complete loss of DNA methylation in ΔPpcmt, 
while both CG sites present at R4 retained methylation as 
in WT.

To corroborate these results, the methylation status was 
evaluated using methylation sensitive DNA restriction 
assay which measured DNA methylation at one specific 
genomic site within the R1 loci, in many molecules (Table 
S3 depicts the location of the site within the genome, aster-
isks indicate the position of the site in Fig.  2a). To this 
end, genomic DNA from ΔPpcmt and WT were digested 
with either HpaII or MspI followed by quantitative real-
time PCR using primers flanking a CCGG site in the R1 
loci (Fig.  2b). Both enzymes recognize the same CCGG 
sequence, however MspI is unable to digest when the first 
cytosine is methylated, making it sensitive to CHG meth-
ylation. HpaII is unable to restrict when the second cyto-
sine is methylated, making it sensitive to CG methylation. 
While in WT approximately half of the molecules were 
protected from MspI restriction, almost all molecules 
were digested in ΔPpcmt mutant background (Fig.  2b), 
indicating tissue-wide loss of CHG methylation at this 
site. Restriction with HpaII showed no significant change 
between WT and ΔPpcmt plants, indicating that CG meth-
ylation levels at this site were not impaired by the absence 
of PpCMT (Fig. 2b).

As R1 and R2 loci lie within putative ORFs, we tested 
the effect of CHG methylation loss on their expression. 
Using quantitative RT-PCR as well as semi-quantitative 
PCR, the expression levels of both ORFs in WT and mutant 
were found to be below detection threshold.

To test whether loss of CHG methylation is associ-
ated with loss of CHH methylation, the levels of CHH 
methylation at the R1 and R2 loci was determined. While 
almost all CHG sites were methylated at R1 and R2 loci 
(Fig. 2), approximately half of the CHH sites were methyl-
ated above 30 percent in WT (30 out of 61 sites at R1 loci 
and 23 out of 51 sites at R2 loci) (Fig. 2). Comparison of 
CHH methylation levels at the methylated sites revealed a 
decrease in CHH methylation in ΔPpcmt, namely 22 % at 
R1 and 3 % at R2 in ΔPpcmt as compared to 56 and 41 % 
in WT, respectively (Fig. 2). Thus, loss of CHG methyla-
tion is associated with partial loss of CHH methylation in 
the tested loci enriched for CHG methylation but not in 
CHH methylated enriched loci.

PpCMT accumulates in dividing cells

Translational fusion of PpCMT with the uidA (GUS) (Jef-
ferson et  al. 1987) reporter gene was used to determine 
the protein accumulation pattern throughout the P.patens 
life cycle (Cove 2005; Frank et al. 2005). In these plants, 

Fig. 1   Phylogenetic analysis of PpCMT. a Sequence alignment of 
Arabidopsis and P. patens CMT protein family homologues using 
Muscle (Edgar 2004) showing identity and similarity indicated by 
shading based on the BLOSUM62 matrix (Henikoff and Henikoff 
1992) at a 75 % cut off. Identical residues are shaded in black and 
similar residues are shaded in grey. Dashed line denotes conserved 
domains. Asterisks indicates conserved amino acids among eukary-
otic DNMTs. Hat indicates conserved amino acids among plant 
DNMTs. b CMT protein sequences from a subset of plants were 
used to construct a phylogenetic tree by PhyML (Guindon and Gas-
cuel 2003), branch support values are indicated. Protein accessions 
are detailed in Table S1. Organism abbreviations: Pp, Physcomitrella 
patens; Sm, Selaginella moellendorffii; Bd, Brachypodium distach-
yon; Si, Setaria italica; Z, Zea mays; Sl, Solanum lycopersicum; At, 
Arabidopsis thaliana; Br, Brassica rapa; Eg, Eucalyptus grandis; Rc, 
Ricinus communis; Cs, Cucumis sativus; Ppe, Prunus persica
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PpCMT–GUS is expressed under the control of its native 
promoter within the endogenous genomic context. Three 
independent transgenic lines were generated and their 
development was no different than WT. Protein accumula-
tion pattern was indistinguishable in all three lines. Mature 

spores did not show PpCMT accumulation (Fig. 4a) how-
ever, in germinating spores GUS staining was localized 
to the three dividing nuclei, in agreement with its nuclear 
function (Fig. 4b). GUS accumulation was detected during 
the filamentous stage in the nuclei of apical and sub-apical 
cells (Fig.  4c) and in the nuclei of filament cells, which 
divide to form either side branches or buds (Fig. 4d). Dur-
ing bud formation accumulation was observed in nuclei of 
all bud cells (Fig. 4e, f) and as the bud developed (Fig. 4g–
i) to form a gametophore the staining became limited to the 
dividing apex (Fig. 4i). GUS accumulation was detected at 
the base of young leaves (Fig. 4j), but not in mature leaves 
(Fig. 4k). Lateral gametophores showed similar accumula-
tion pattern restricted to the apex (Fig. 4i, insertion). GUS 
accumulation was also observed in apical cells of rhizoids 
but gradually decayed as the cells matured (Fig. 4l, m).

The accumulation pattern of PpCMT in dividing cells 
was also observed upon transition to the reproductive phase. 
GUS accumulation was detected during antheridia devel-
opment in the dividing spermatozoids (Fig.  5a), whereas 
no accumulation was detected upon antheridia maturation 
(Fig.  5b). During archegonia development, GUS accumu-
lation was detected at early stages and during gametogen-
esis in the young egg cell and canal cells (Fig. 5c–e). GUS 
accumulation was absent from the mature archegonium and 
the egg cell before fertilization (Fig. 5f, g), as well as after 
fertilization (Fig. 5h) as staged by (Landberg et al. 2013). 

Fig. 2   Comparison of DNA methylation levels in WT versus 
ΔPpcmt deletion lines at the R1 and R2 loci. a Methylation levels at 
R1 and R2 loci were analyzed in WT and three independent ΔPpcmt 
deletion lines (lines 103, 157 and 281). CG sites are marked by dark 
grey and CHG sites are underlined. Cytosines of CHH sites which 
were methylated over 30 % in WT are marked by light grey and are 
presented in the bar chart. Bar charts are separated into CG, CHG or 
CHH-context groups for each locus. Bar charts indicate the methyla-
tion levels for individual C residues (X-axis) in the order they appear 
in the sequence, as compared to the methylation potential considered 
as 100 % (if all reads were methylated). Methylation levels were lost 
at  CHG sites in ΔPpcmt and partially in CHH sites but unaffected 
at CG sites. b Quantification of DNA methylation levels at a specific 
site within R1 loci (indicated in the R1 sequence by asterisks) was 
obtained by methylation sensitive restriction assay using MspI (sensi-
tive to CHG methylation) or HpaII (sensitive to CG methylation), fol-
lowed by quantitative PCR. Relative quantification (RQ) of WT and 
three ΔPpcmt mutant lines are presented where uncut DNA served 
as a reference in each genetic background. The results were normal-
ized to the PpHistone3 gene. The errors bars indicate standard devia-
tion of three technical replicates. Restriction with MspI indicated that 
about half of the DNA molecules were CHG methylated in WT which 
was lost in all three ΔPpcmt mutant lines tested. While half of the 
CHG sites were protected by methylation from MspI in WT, almost 
all CHG sites were sensitive to MspI in all three ΔPpcmt mutant lines

0
20
40
60
80

100

8 20 34 83 98 11
5

14
8

21
4

24
5

27
0

R3

WT

∆ PpCMT

R4

line 103 line 157 line 281

0

50

100

8 20 34 83 98 11
5

14
8

21
4

24
5

27
0

100

50

0%
 m

et
hy

la
tio

n

CHH sites

CHH sites

%
 m

et
hy

la
tio

n
%

 m
et

hy
la

tio
n

0

20

40

60

80

100

3

31 39 69

11
0

13
2

14
4

18
3

23
9

25
9

28
4

32
5

34
4

36
5

37
4

0

50

100

3

31 39 69

11
0

13
2

14
4

18
3

23
9

25
9

28
4

32
5

34
4

36
5

37
4

100

50

0

100

50

0

CHH sites

CHH sites

100

50

0%
 m

et
hy

la
tio

n

Fig. 3   Comparison of CHH DNA methylation levels in WT versus 
ΔPpcmt deletion lines at the R3 and R4 loci. Cytosines within the 
CHH context are marked by light grey, CG sites are marked by dark 
grey and CHG sites are underlined. Bar charts indicate the methyla-

tion levels for individual C residues at each site as compared to the 
methylation potential considered as 100 % (if all reads were methyl-
ated). CHH methylation levels were similar to WT in all three inde-
pendent ΔPpcmt lines (103, 157 and 281)
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Fig. 4   Accumulation pattern of PpCMT–GUS fusion protein during 
the vegetative phase. a Mature spore. b Germinating spore. c, d Pro-
tonema filaments. Insertion in (d) shows a dividing apical cell. e, f 
buds. g, h Young gametophores. In (g) the gametophore was spread 
in order to visualize the young leaves. Small letters designate leaves 
on the same apex in the order of leaf maturation (where “a” desig-

nates the youngest leaf and “d” designates the oldest leaf). i Mature 
gametophore. Insertion shows lateral gametophore. j and k Young and 
mature leaves. l and m Developing and differentiated rhizoids cells. 
Scale bars a–f, l, m 10 μm; g, h, j, k 100 μm; i 2,000 μm. In small 
dividing cells the strong GUS staining seems to leak to the cytoplasm
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Sporophyte development begins when the diploid zygote 
and the haploid archegonium divide to produce an embryo 
enclosed in the epigonium (Sakakibara et  al. 2008). GUS 
staining appeared in the dividing epigonium, starting at the 
base, (Fig. 5h) and continued during embryo development 
(Fig.  5i, j). GUS staining within the epigonium gradually 
decayed when the divisions ceased and the elongation of 
the seta caused the epigonium to rupture into two parts, 
an upper calyptra and lower vaginula, which supports the 
developing embryo (Fig. 5k–m). GUS accumulation could 
be detected throughout all stages of embryo development 
until the sporangium was formed (Fig. 5p–v), while stain-
ing disappeared after sporogenesis (Fig. 5w). During early 
stages of embryo development, GUS accumulation was 
detected throughout the young embryo (Fig.  5p–r). Later, 
the staining disappeared from the no-longer dividing api-
cal region (Sakakibara et  al. 2008) and became gradually 
restricted to two regions: the center of the developing spo-
rangium and in the developing foot (Fig.  5s–u). In later 
stages of development, accumulation was detected in the 
foot, endothecium and sporogenous tissues (Fig.  5v), as 
well as in the tetrads formed following meiosis (Fig.  5v 
insertion). After spore maturation, GUS accumulation was 
observed in the foot but not in the sporangium (Fig. 5w). 
GUS staining was not detected in the mature sporophyte or 
spores (Figs. 4a, 5x, y).

The above results indicate that PpCMT–GUS fusion 
protein is present mainly in dividing cells and is lacking 
from fully differentiated cells, which is consistent with its 
proposed function to maintain DNA methylation patterns. 
To further examine the correlation between cell divisions 
and PpCMT presence, we took advantage of the unique 
feature of moss to regenerate, which allows differentiated 
leaf cells to reactivate the cell cycle, divide and give rise 
to chloronema filaments, following tissue damage (Ishi-
kawa et al. 2011). The regeneration was induced by detach-
ing leaves from mature gametophores of PpCMT–GUS 
transgenic plants and placing them on BCD media for 
increasing periods of time up to 88 h and then staining for 
GUS (Fig. 6). Up to 24 h after detachment, no GUS stain-
ing could be detected (Fig. 6a, b). At 48 h after induction, 
PpCMT–GUS accumulation was observed in the nucleus 
of single cells of the detached leaves (Fig. 6c). GUS stain-
ing was observed in dividing cells containing two nuclei 
before cytokinesis (Fig. 6d-single arrow) and after cytoki-
nesis (Fig.  6d-two arrows). Some of the cells divided to 
form protonema filaments (Fig.  6e, f). At Fig.  6e and its 
schematic presentation Fig. 6f GUS staining is detected in 
the nuclei of a leaf cell that divided once (Fig.  6f, arrow 
a) and gave rise to the first filament cell, which expressed 
CMT–GUS as well (Fig.  6f, arrow b). Following several 
protonema apical cell divisions, the leaf cell which gave 
rise to the protonema filament did not show PpCMT–GUS 

(Fig.  6f, arrow c), indicating that during the regeneration 
process PpCMT expression is restricted to dividing cells. 
ΔPpcmt mutant leaves were able to regenerate protonema 
(data not shown), indicating that PpCMT is not vital for the 
regeneration process.

PpCMT is essential for P. patens development

To study the role of PpCMT during P. patens development, 
morphological analysis of six independent ΔPpcmt dele-
tion mutant lines (Fig. S1, S2) was conducted throughout 
their lifecycle as compared to WT. All six mutant lines 
were similar in growth and morphology. ΔPpcmt devel-
oped plants reduced in size without foraging filaments 
(Fig.  7a vs. b). ΔPpcmt mutant grown towards unidirec-
tional white light developed protonema filaments which 
barely produced secondary filaments (Fig.  7c vs. d and 
Fig. S6a). ΔPpcmt grown towards unidirectional red light, 
exhibited cell division rates of about five times slower than 
WT (Fig. S6b) producing cells that were about 1.5 times 
longer (Fig. S6c) with abnormal morphology (Fig. S7). 
When tetrahedral  shaped buds were formed in ΔPpcmt, 
the cells had a distinct globular morphology and did not 
elongate as in WT (Fig.  7g, h vs. m, n). Almost all buds 
failed to develop leaf initials and continued to divide result-
ing in globular architectures (Fig. 7i, j vs. o, p). However, 
few buds did escape this fate and developed leaf initials 
(Fig. 7q–s). Some of these escapees (which could reach up 
to 10 % of buds) continued to develop into stunted game-
tophores (Fig. 7t vs. u), which had very small, malformed 
leaves and at times contained apoptotic patches (Fig. 7v vs. 
w). Upon transition to the reproductive phase these devel-
oping stunted gametophores did not produce gametangia 
(Fig. 7x vs. y). In one case, a single abnormal archegonium 
formed at the apex (Fig. 7z). In accordance, no sporophytes 
were observed even after 1 year of growth under gametan-
gia inductive conditions.

Discussion

Physcomitrella patens is a model for studying epigenetic 
processes during the haploid gametophytic generation as 
well as the transition to the sporophytic phase, and serves 
as a representative for early terrestrial plants to study the 
evolution of developmental processes (Mosquna et  al. 
2009; Okano et al. 2009). Our phylogenetic analysis indi-
cated P. patens as the earliest diverged plant in which a 
CMT gene can be identified. Previously, it was argued 
that CMT is present earlier in evolution, in green algae. 
It was claimed, that the green alga Volvox carteri pos-
ses a CMT homolog however no CHG methylation was 
detected in its genome (Zemach et al. 2010). Low levels of 
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CHG methylation were found in two species, Chlorella sp. 
NC64A and Chlamydomonas reinhardtii (2.2 and 2.6  %, 
respectively) (Feng et al. 2010; Zemach et al. 2010). How-
ever, the two studied algal putative CMT proteins lack the 
characteristic CMT family chromo domain (Fig. S5). The 

presence of CHG methylation in a particular genome does 
not necessarily imply that a CMT protein catalyzed this 
modification, as evident from the presence of low CHG 
methylation (1.22  %) in Danio rerio (Zebrafish), which 
does not encode for a CMT (Feng et  al. 2010). Further-
more, in C. reinhardtii CHG methylation was shown to be 
catalyzed by a MET1 homolog (Nishiyama et al. 2002). In 
view of the above, we postulate that low CHG methylation 
found in algae could be mediated by MET1 homologs and 
not by CMT.

In land plants, the emergence of the CMT protein fam-
ily is in correlation with high levels of CHG DNA meth-
ylation (Feng et  al. 2010; Zemach et  al. 2010). In angio-
sperms, the CMT proteins cluster into two subfamilies: the 
CMT3 subfamily, which catalyze CHG DNA methylation 

Fig. 6   Accumulation pattern of PpCMT–GUS fusion protein during 
dedifferentiation of leaf cells to protonema. Detached leaves were 
incubated on BCD agar medium for 24, 48 and 88 h. a and b 0 and 
24 h after detachment, respectively. c 48 h after induction. d–f 88 h 

after detachment. Arrows indicate dividing nuclei. f Schematic draw-
ing emphasizing the differentiated protonema filaments in e. Scale 
bars 100 μm

Fig. 5   Accumulation pattern of PpCMT–GUS fusion protein during 
the reproductive phase. a and b Young and mature antheridia, respec-
tively. c–f Developmental stages of young archegonia. Arrows indi-
cate canal cells. g Mature archegonia before fertilization. h Arche-
gonia after fertilization. i Early stages of epigonium development. 
j–o and p–u Epigonium development and corresponding isolated 
embryos. v and w Late stages of sporophyte maturation. Insertion in 
(v) is magnification of a tetrad after meiosis. x and y Mature sporo-
phyte and spores. Scale bars v insertion 10 μm; a–d, f–i 50 μm; j–y 
100 μm; e 200 μm
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and also maintains CHH methylation at some genomic 
loci (Cao and Jacobsen 2002; Cokus et  al. 2008; Stroud 
et al. 2013) and the CMT2 subfamily, which is specialized 
in CHH methylation (Zemach et  al. 2013). Our phyloge-
netic analysis has classified PpCMT as a member of the 
CMT3 subfamily (Fig.  1b). DNA methylation analysis of 
four genomic loci in ΔPpcmt demonstrated that PpCMT is 
involved in DNA methylation specifically in the context of 
CHG sites (Figs.  2, 3). Furthermore, loss of PpCMT cor-
relates with partial loss of CHH methylation in loci asso-
ciated with CHG methylation as shown in our analysis of 

two distinct loci (Fig.  2). Taken together, the above may 
suggests that CHG methylation is the ancient functions of 
the CMT protein family. We propose that during land plant 
evolution, CMT genes duplicated and subsequently diversi-
fied into two subfamilies, allowing specialization in CHH 
methylation function by CMT2 subfamily proteins.

PpCMT accumulation pattern during P. patens develop-
ment as well as during the regeneration of protonema from 
excised leaves described in this study, showed a stringent 
localization of PpCMT in dividing cells and its absence 
from differentiated cells. Thus, PpCMT accumulation 

Fig. 7   Morphological analysis of ΔPpcmt deletion mutant and WT. 
a and b WT and ΔPpcmt 2 week old protonema grown from proto-
plasts. ΔPpcmt formed aberrant plants which failed to develop forag-
ing filaments. c and d WT and ΔPpcmt protonema grown for 2 weeks 
towards unidirectional white light. ΔPpcmt barely produced second-
ary filaments. e and f WT and ΔPpcmt 3  weeks old plants grown 
after grinding. ΔPpcmt developed mostly brown miss-formed buds 
and seldom stunted green gametophores. g–l Developmental stages 
of WT growth from young bud up to young gametophore. m and n 
ΔPpcmt abnormal bud cells displaying a globular morphology. o–q 

Almost all ΔPpcmt buds resulted in globular architectures. q–s Few 
ΔPpcmt buds developed leaf initials.t and u Mature WT and stunted 
ΔPpcmt gamethophores. v and w WT and ΔPpcmt leaves. ΔPpcmt 
leaves are smaller than WT and at times develop only a partial midrib 
with necrotic patches. x and y WT and ΔPpcmt gametophore apexes 
8 weeks after gametangia induction. ΔPpcmt did not develop repro-
ductive organs. z A rare single aberrant archegonium on ΔPpcmt 
gametophore apex. Scale bars g–k, m–p, x–z 100 μm; c, d 500 μm; 
the rest are 1 mm
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pattern suggests that it could be used as a marker for divid-
ing cells in P. patens. PpCMT accumulation in dividing 
cells is in accordance with its expected function in mediat-
ing symmetric methylation of CHG sites, thus supplement-
ing DNA methylation in newly formed DNA strands fol-
lowing genomic DNA replication. The severe phenotype of 
the ΔPpcmt mutant in the vegetative phase highlights the 
importance of maintaining CHG DNA methylation pat-
terns. The mutant phenotype correlates with PpCMT–GUS 
accumulation pattern observed in dividing cells at all devel-
opmental stages (Figs. 4, 5).

ΔPpcmt protonema tissue showed aberrant cell morphol-
ogy, division and branching under normal and unidirectional 
white and red light growth conditions (Fig. 7c vs. d and Fig. 
S6, S7). While ΔPpcmt developed abnormal protonema, 
differentiation of protonema cells to buds did not depend on 
PpCMT. However, bud development was impaired result-
ing in globular architectures (Fig.  7). In Arabidopsis, the 
Atcmt3  mutant showed no developmental abnormalities, 
even though most of the CHG methylation was lost. Only 
when Atdrm1, Atdrm2 and Atcmt3 were compromised in an 
Arabidopsis triple mutant, phenotypic abnormalities were 
observed, which indicates functional redundancy between 
these genes. Loss of CHG and CHH methylation in the 
triple Atdrm1 Atdrm2 Atcmt3 mutant correlated with mis-
expression of hundreds of genes (Zhang et al. 2006). This 
shows that in Arabidopsis, gene expression is regulated by 
a cooperation of different DNMTs. In contrast, deletion of 
the single PpCMT resulted in loss of CHG methylation, and 
a high penetrance of its aberrant phenotypes, indicating that 
in moss CHG methylation could be sufficient to regulate 
gene expression. Sole dependency on PpCMT rather than 
on multiple DNMTs may enable expression plasticity in 
moss. We postulate that CHG methylation plays an impor-
tant role in regulating specific genes under the control of 
PpCMT, thus linking the evolutionary emergence of CMT 
protein family in land plants with cell differentiation. This 
in turn, may underlie mechanisms which take part in exe-
cution of complex developmental programs facilitating the 
adaptation of plants to harsh environments. Identification of 
genomic regions subjected to CHG methylation if correlated 
with altered expression in ΔPpcmt, may allow identification 
of potential PpCMT targets.

Few of ΔPpcmt abnormal buds were able to overcome 
the genetic lesion and develop leaf initials and even fewer 
were able to give rise to stunted gametophores (Fig.  7). 
Similarly, few of ΔPpcmt stunted gametophores overcame 
this lesion and produced a single archegonium at their 
apex. Among the possible mechanisms that can allow such 
recovery involves other DNMTs which may partially com-
plement DNA methylation of particular targets, compensat-
ing for the lack of PpCMT function. Partial complementa-
tion may allow some cells to continue their normal course 

of development. This can be achieved by CHG methyla-
tion mediated for example by DRM homologs in P. patens 
(Malik et al. 2012). In Arabidopsis DRMs were shown to 
methylate cytosine residues in all sequence contexts (Cao 
et  al. 2003; Cokus et  al. 2008; Henderson et  al. 2010b; 
Stroud et  al. 2013). Alternatively, compensatory hyper-
methylation of CG and CHH contexts in PpCMT targets 
may affect their expression, as was shown in the Arabidop-
sis Atcmt3 mutant, where loss of CHG DNA methylation 
led to CG hyper-methylation of AtCMT3 targets (Cokus 
et al. 2008). ΔPpcmt mutant phenotype following sole loss 
of CHG methylation places P. patens as an emerging model 
organism to study the principles of gene regulation by CHG 
methylation in land plants.
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