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Figure 2. Correlation of internal and external cytosine methylation at CpCpG sites. (A) The percentage loss of methylation in the met-1 mutant at CpCpG
sites displaying at least 50% methylation of both external and internal cytosines in WT plants (64 727 sites). The Spearman correlation coefficient between
losses in internal and external cytosine methylation was 0.87. Black points indicate a subset of sites displaying <40% methylation at both external and
internal cytosines in the met/-1 mutant (23 612). (B) Changes in methylation levels of external and internal cytosines at CpCpG sites between complemented
MET!] transgenic lines and WT plants. Only CpCpG sites displaying at least 50% methylation of both external and internal cytosines in WT plants and
less than 40% methylation of external and internal cytosines at CpCpGs in the met/-1 mutant (23 612 sites; black points from panel A) were considered.
The regain of methylation at external and internal cytosines correlated with a Spearman coefficient of 0.83. The bisulfite sequencing datasets consist of
pooled reads of two met!-1 lines independently complemented by a transgenic MET/. (C) Changes in methylation levels of external and internal cytosines

at CpCpG sites in ddcc mutant and WT plants (41 498 sites).

playing gene body-methylation with at least 10% of methy-
lation in the CpG context and less than 5% methylation
in the CpHpG or CpHpH contexts. We then selected bins
with increased CpHpG methylation of at least 50% in the
ibmI mutant and named these bins IBM1 targets, while bins
with an increase in CpHpG methylation of <5% where con-
sidered to be IBM1 independent. Although IBM1 targets
had on average fewer CpCpG sites (Figure 4A), nearly all
were methylated in the internal cytosines (Figure 4B). In
contrast, most CpCpG sites in IBM 1-independent regions
showed unmethylated internal cytosines (Figure 4B). These
observations are consistent with the hypothesis that IBM 1
targets gain methylation in the ibml mutant by CpHpG
methylation initiated by modification of external cytosines
at Cp™CpGs. Therefore, the presence/absence of Cp™CpGs
can be used to predict IBMI1 targets in contrast to other
CpG sites (Supplementary Figure S6).

IBM1 gene expression is completely suppressed in the
metl-3 mutant due to depletion of DNA methylation in a re-
gion encoding the /BM1 intron (33). Notably, we observed
only a small overlap between regions that gain CpHpG
methylation in metl-3 and in ibml (Supplementary Fig-
ure S7A). Since in met1-3 Cp™CpGs become CpCpGs, they
are not targeted by CMT3. Moreover, if CpHpG methyla-
tion is initiated independently of Cp™CpG sites, we should
detect an increase in CpHpG methylation in metl-3, be-
ing an ibml epi-mutant, at genes that are IBM1 targets.
However, CpHpG increase of methylation in met/-3 mu-
tant occurs mostly at TEs (Supplementary Figure S7B) and
CpApG/CpTpG sites did not gain methylation at IBM1
targets (Supplementary Figure S7C), which is consistent
with the hypothesis that Cp™CpGs are indeed required for
the initiation of methylation in the CpHpG context at IBM 1
targets in the absence of IBM1 activity.

Finally, to further investigate the activity of Cp™CpG
sites as coordinators of CpHpG methylation, we generated

bisulfite sequencing datasets for the first generation of ibml
homozygous mutant in Columbia (Col-0) and Landsberg
(Ler-0) ecotypes in which the same ibml mutant allele was
introgressed. We analyzed 500-bp regions in Col-0 that dis-
played gene body-methylation and also had homologous se-
quences in Ler-0. From this set, we selected bins display-
ing at least 50% CpHpG methylation in Col-0 (500 bins) or
Ler-0 (1337 bins). Only 87 bins showed increased CpHpG
methylation in both ecotypes; the majority of the bins dis-
played an increase in only one ecotype (Supplementary Fig-
ure S8). Interestingly, bins that gained CpHpG methylation
only in the Col-0 ecotype (413 bins with CpHpG methyla-
tion of at least 50% in Col-0 and <5% in Ler-0) had CpCpG
sites with internal cytosines methylated in Col-0 (on average
2) and not in Ler-0 (on average zero) (Figure 5A). In con-
trast, bins that gained CpHpG methylation only in the Ler-
0 ecotype (1250 bins with CpHpG methylation of at least
50% in Ler-0 and <5% in Col-0) had CpCpG sites with in-
ternal cytosine methylation in Ler-0 (on average 2) and not
in Col-0 (on average zero) (Figure 5B). These results pro-
vide additional support for the conclusion that the presence
of Cp™CpG sites promotes CpHpG methylation and that
regions gain CpHpG methylation in the ibm! mutant only
when they include these particular sites.

Possible mechanisms by which CpHpG methylation is
initiated at Cp™CpGs are: (i) CMT2/3 first methylate the
external cytosines of Cp™CpG sites and KYP then recog-
nizes "Cp™CpGs and adds H3K9me?2 marks, or (ii) KYP
binds directly to Cp™CpGs and the added H3K9me2 marks
start a self-reinforcing loop with CMT2/3. To test the like-
lihoods of these two possibilities, we examined the crystal
structure of KYP bound to DNA (6) and computed the
binding energies of KYP to various DNA sequences using
molecular dynamics simulations. Since KYP displayed the
stronger binding affinity when both cytosines are methy-
lated (MCp™CpG, Supplementary Figure S9) than binding
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Figure 3. Changes in CpHpG methylation in the ibm1 mutant. (A and B) show methylation levels of different CpHpG sites (CpCpG, Cp™CpG, CpApG
and CpTpG) in both WT and ibm1 plants for IBM1 targets and non IBM1 targets, respectively. (C) The levels of H3K9me?2 at CpCpG and Cp™CpG sites
in both WT and ibm1 plants at IBM1 targets. (D) The difference in average CpHpG methylation between ibm! and WT plants around Cp™CpG sites
that gained methylation in the ibm/ mutant. Here the "Cp™CpG sites (18 427 sites) were defined as having <15% methylation of cytosines in WT and
more than 25% methylation in ibm/ (straight line). We also considered the case of ™Cp™CpG sites with no neighbours within 500 bp (there are no other
MCp™CpG sites within 500 bp) (dashed line). As a control, we also investigated CpG methylation around ™Cp™CpG sites and our results confirm that
there is no change in CpG methylation in the ibm/ mutant (Supplementary Figure S5).
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Figure 4. Genetic and epigenetic features of IBM1 targets. Considering
500-bp tilling bins, we defined ‘IBM1 targets’ as bins that display gene
body-methylation in WT plants and gained at least 50% methylation in the
CpHpG context in the ibm ] mutant (8815 bins). Bins defined as ‘IBM1 in-
dependent’ showed gene body type methylation in WT but did not gain
more than 5% methylation in the CpHpG context in the ibm/ mutant (18
067 bins). Bins defined as TEs had at least 50% methylation in the CpHpG
context in WT (14 942 bins). (A) The number of CpCpG sites and (B) the
percentage of CpCpG sites with methylated internal cytosines. To deter-
mine whether the three distributions in (A) are different, we performed
three pairwise Wilcoxon tests (IBM1 targets compared to IBM1 indepen-
dent, IBM1 targets compared to TEs and IBM1 independent compared to
TEs); in each case P < 2.2e-16.

to Cp™CpGs, it could be hypothesized that CMT2/3 may
need to methylate the external cytosine of Cp™CpG sites
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Figure 5. The effect of inter-ecotype variation in Cp™CpGs on the capac-
ity of a region to gain methylation in the ibml mutant. Boxplot of the
number of Cp™CpG sites in Col-0 and Ler-0 for homologous 500-bp bins
that gained CpHpG methylation exclusively in (A) Columbia- Col-0 or (B)
Landsberg (Ler-0).

first and then KYP recognizes and binds "Cp™CpGs. Ob-
viously, this hypothesis needs future tests by additional ex-
periments assaying in vitro binding and biochemical activi-
ties.
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DISCUSSION

Transposable elements display dense and complex DNA
methylation patterns with cytosines methylated in CpG,
CpHpG and CpHpH sequence contexts. This methylation is
established and maintained simultaneously by several DNA
methyltransferases involved in distinct methylation path-
ways. Methylation at CpGs is maintained by MET], at
CpHpGs by CMT2/3 cooperating with KYP and at CpH-
pHs by DRM2 and CMT?2, the former acting in the RADM
pathway (3,8). It is therefore very challenging to dissect reg-
ulatory interactions between these pathways at transposon
loci, which have complex methylation patterns that vary
greatly between different transposons. In contrast, a subset
of genes acquires DNA methylation in their bodies, which
in WT plants is restricted to CpG sites and maintained by
MET1. However, in plants deficient in H3K9 demethylase
(IBM1) numerous body-methylated genes gain methylation
outside CpGs, predominantly in the CpHpG sequence con-
text, but this does not occur at all body-methylated genes.
Therefore, such genes can be classified as either targets of
IBM1 or non-targets of IBM1. The latter seem to be pro-
tected against invasion of ectopic non-CpG methylation in
an IBM1-independent manner. The factors contributing to
this protection were unknown.

Here, we provide evidence that those body-methylated
genes that do not gain CpHpG methylation in the ibm/ mu-
tant contain CpCpG sites free of methyl groups (Figures 3-
5). In contrast, genes with CpCpGs having methylated in-
ternal cytosines acquire CpHpG methylation in the absence
of IBM1 protective activity.

Previous work (7) suggested that CMT3 can de novo
methylate CpHpG sites. In addition, it has been shown that
KYP binds weakly to "CpG sites when these are flanked
by adenines (A™CpGA) (11). KYP binding occurs through
the SRA domain and the flipped-out methylated cytosine
(6). Therefore, KYP could bind to Cp™CpGs (recognising
the methylated internal cytosines) or to "Cp™CpGs (recog-
nising either the methylated internal or external cytosines).
Our structure simulation data favor the second possibility
(Supplementary Figure S9); however, additional studies of
KYP binding specificities are necessary to further test this
hypothesis.

Nevertheless, such a scenario is compatible with the
model proposed by Yaari et al. (15) where "CpCpG methy-
lation mediated by CMT3 depends on the methylation of
the second strand of DNA at "CpGpG, which is mediated
by MET]. Based on the observation that the external cy-
tosine methylation at CpCpG decreases in met! mutants of
Physcomitrella patens and Arabidopsis they proposed that
CMT3 is unable to methylate the symmetric CpGpG site,
where methylation is maintained exclusively by MET1 (15).
However, their model also considers propagation of methy-
lation at CpCpG sites in which the internal cytosine is un-
methylated, a situation that is excluded in Arabidopsis (Sup-
plementary Figure S3). Therefore, pre-existing body methy-
lation and CpCpG sites with methylated internal cytosine
are both needed for directing CpHpG methylation in Ara-
bidopsis genes. Our results suggest that IBM1 prevents in-
crease of ectopic non-CpG methylation in these genes, most
likely by preventing its spreading from the Cp™CpG sites
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(Figure 3D). This assumption does not require IBM1 to be
targeted to a specific subset of genes. IBM1 may simply be
available at all genic regions and be activated only when de
novo CpHpG methylation is initiated by double methylation
at Cp™CpG sites and the appearance of H3K9me?2. On the
other hand, it is known that DNA mutation rates are influ-
enced by DNA methylation (34) and genomes containing
methylated cytosines tend to become depleted in CpG sites
(35). Our findings imply mutation constraint of CpCpG
sites; mutation of these sequences could influence the epi-
genetic landscape of body-methylated genes. As a matter of
fact, the CpG dinucleotide is avoided in codon usage in Ara-
bidopsis and other plants (36).

A possible link between CpG and CpHpG methyla-
tion was recently proposed by Bewick et al. (37), who re-
ported that the absence of CMT3 in Eutrema salsugineum
and Conringia planisiliqua results in the absence of gene
body-methylation. It was proposed that stochastic estab-
lishment of CpHpG methylation followed by its stochas-
tic removal can lead gradually to the establishment of gene
body-methylation only in the CpG context. As a conse-
quence, the absence of CMT3 during the evolution of these
species has resulted in erasure of methylation in gene bod-
ies (37). Our data complement the proposed evolutionary
link between CpG and CpHpG methylation by providing
further evidence of a regulatory relationship between CpG
and CpHpG operating in Arabidopsis.

A direct influence of CpG methylation on the devel-
opment of further epigenetic properties of loci is likely
to be of crucial importance in the maintenance and in-
heritance of these properties through mitosis and meiosis.
MET]1-mediated inheritance of CpG methylation patterns
through DNA replication cycles is essential for epigenetic
identity, as evidenced by the transgenerational persistence
of epigenetic deficiencies triggered by short-term depletion
of METT1 (38). In contrast, epigenetic alterations resulting
from depletion of factors involved in non-CpG methylation
are not transgenerationally inherited. We propose here that
CpCpG sites may act as a scaffold for crosstalk between
CpG and non-CpG methylation pathways, constituting a
possible mechanism by which CpG methylation may main-
tain locus epigenetic identity in the absence of non-CpG
methylation. Thus, our results define CpG methylation as a
crucial epigenetic mark providing broader epigenetic iden-
tity and the means for its stable inheritance.
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