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DNA methylation is important for silencing transposable elements (TEs) in diverse eukaryotes, including plants. In plant
genomes, TEs are silenced by methylation of histone H3 lysine 9 (H3K9) and cytosines in both CG and non-CG contexts. The
role of RNA interference (RNAI) in establishing TE-specific silent marks has been extensively studied, but the importance of
RNAi-independent pathways remains largely unexplored. Here, we directly investigated transgenerational denovo DNA meth-
ylation of TEs after the loss of silent marks. Our analyses uncovered potent and precise RNAi-independent pathways for recov-
ering non-CG methylation and H3K9 methylation in most TE genes (that is, coding regions within TEs). Characterization of a
subset of TE genes without the recovery revealed the effects of H3K9 demethylation, replacement of histone H2A variants and
their interaction with CG methylation, together with feedback from transcription. These chromatin components are conserved

among eukaryotes and may contribute to chromatin reprogramming in a conserved manner.

elements (TEs) in diverse eukaryotes including plants'~.
In plant genomes, most TEs are silenced by methylation
at cytosines of both CG and non-CG (or CH, where H can be A,
T or C) contexts. In Arabidopsis, CG methylation is maintained
by a conserved DNA methyltransferase (MTases) called MET1
(METHYLTRANSFERASE 1)*°. CH methylation includes methyla-
tion at CHG and CHH sites, which are mostly catalysed by another
class of DNA MTases, CHROMOMETHYLASE 3 and 2 (CMT3 and
CMT?2), respectively®’. These CMTs are recruited to regions with
histone H3 at lysine 9 (H3K9me). H3K9me, in turn, is recruited
to regions with CH methylation”'*", generating a self-reinforcing
positive feedback loop™’. Thus, methylation at CG and CH sites, as
well as H3K9me, can be epigenetically inherited during cell divi-
sions. An important question is, how are these heritable silencing
marks specifically targeted to TEs or excluded from active genes?
Factors affecting differential modifications between TEs and
active genes have been genetically investigated in Arabidopsis.
Mutations in the chromatin-remodeller gene DECREASE IN DNA
METHYLATION 1 (DDM1) compromise DNA methylation at both
CG and CH sites in TEs, although actively transcribed genes are
largely unaffected”'>'*. Actively transcribed genes are affected by
mutations in a Jumonji domain-containing histone demethylase
gene, INCREASE IN BONSAI METHYLATION 1 (IBM1). In ibm1
mutants, CH methylation accumulates in expressed genes, although
silent TEs are unaffected'*-'®. A remaining question is how these fac-
tors interact with others to establish the differential modifications
between TEs and genes.
To understand how TE-specific DNA methylation is established,
a powerful complementary approach is to investigate recovery
of modifications after their loss. The ddmI-induced loss of DNA
methylation is inherited to progeny even after the restoration of
DDM1 gene function'*"”. However, slow remethylation is detected
in TEs with matching 24-nucleotide (nt) small-interfering RNAs

( : ytosine methylation is important for silencing transposable

(siRNAs)”, and the remethylation depends on RNA interfer-
ence (RNAi)-based pathways or RNA-directed DNA methylation
(RADM). RdDM is an activity that directs de novo DNA methyla-
tion by DOMAINS REARRANGED METHYLTRANSFERASE 2
(DRM2) through pathways triggered by double-stranded RNAs*' .
The observation suggests the importance of siRNA-based mecha-
nisms in establishing DNA methylation at TEs. However, muta-
tions in the RADM machinery mainly affect TEs in euchromatic
regions™”’, suggesting that the RADM machinery is dispensable
at least for the maintenance of DNA methylation in more hetero-
chromatic regions of TEs. In addition, the ddmI mutation abolishes
methylation of CG, CH and H3K9 together. Interactions among
modifications during the recovery remain largely unexplored, espe-
cially by genetic approaches.

Here, we directly investigated transgenerational de novo
DNA methylation of TEs after the loss of CG and CH meth-
ylation separately. Our analyses uncovered potent and precise
RNAi-independent pathways for recovering CH methylation and
H3K9 methylation, specifically functioning in most TE genes (that
is, coding regions within TEs). Characterization of a subset of TE
genes without recovery revealed the impact of H3K9 demethyl-
ation, replacement of histone H2A variants and their interaction
with CG methylation, together with feedback from transcription.
Our analyses uncovered the importance of these unexpected path-
ways in epigenome differentiation.

Results

Recovery of CG methylation in TE genes is associated with
siRNA. In plant genomes, TEs are enriched in both CG and CH
methylation. To understand the dynamics of each modification,
we examined the recovery of CG methylation and CH methyla-
tion separately, with methylation in one context lost and the other
remaining. We first examined the recovery of CG methylation in the
presence of CH methylation, using mutants of CG MTase gene MET1
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and its three cofactor genes VIMI, VIM2 and VIM3 (VARIANT
IN METHYLATION®) (Extended Data Fig. 1a). After genetically
crossing the met] mutant and the vim1 vim2 vim3 triple mutant, we
examined de novo CG methylation in their F1 progeny (Extended
Data Fig. 1la). The F1 progeny inherited CG-hypomethylated
genomes from both parents in a background where wild-type (WT)
MET]1 and VIM gene products are available (Extended Data Fig. 1a).
Difference in dynamics was noted between TE genes (that is, cod-
ing regions within TEs) and normal protein coding genes (red and
black dots in Extended Data Fig. 1b-g, respectively). Consistent
with previous reports®, remethylation occurred in TE genes, but
not in protein coding genes (Extended Data Fig. 1b-g), and the
remethylation efficiency of TE genes correlated with the abundance
of matching siRNAs (Extended Data Fig. 1h-j); the remethylation
was markedly less efficient in TE genes without high levels of 24-nt
siRNAs, suggesting that RADM is involved.

CH methylation in TE genes recovers efficiently. To examine
the dynamics of CH methylation in the presence of CG methyla-
tion, we used Arabidopsis CH MTase and H3K9 MTase mutants
(Fig. 1a). CMT2 and CMT3 methylate CH sites. These CH methyl-
ases are recruited to regions with H3K9me, which is a mark of silent
chromatin”®. Thus, CH methylation was abolished in the cmt2 cmt3
double mutant (hereafter referred to as cc) and also in the triple
mutant of three redundant H3K9 MTase genes SUVH4, SUVH5 and
SUVHG6 (hereafter referred to as sss), for both CHG (Fig. 1b,c) and
CHH sites (Fig. 1f,g), while CG methylation was largely unaffected
(Fig. 1j,k). We examined de novo CH methylation in F1 prog-
eny resulting from the genetic crosses between cc and sss. The F1
progeny inherited CH hypomethylated genomes from both par-
ents in a background where the WT CMT and SUVH gene prod-
ucts are available. In the F1 (cc X sss) progeny, most TE genes were
CH remethylated substantially, approaching the level of the WT
plants, for both CHG sites (Fig. 1d,n,0) and CHH sites (Fig. 1h,p,q).
CH remethylation was consistently seen in the two individual F1
plants of reciprocal crosses in almost identical patterns (Fig. le,i).
The consistent recovery of CH methylation was also evident at the
single-nucleotide level (Fig. 1r-y), reflecting that a recovered CH
methylation profile was very similar to the original WT pattern
(Fig. 1n-q). Such consistent recovery of CH methylation is in con-
trast to ectopic and/or stochastic CH methylation found in met1I
or ddml mutants, as well as their progeny outcrossed to WT*>*'-,
While CG methylation is lost in met1 or ddm1 mutants, it is largely
unaffected in cc and sss mutants and their F1 (Fig. 1). The robust and
precise control of CH methylation may be related to the remaining
CG methylation (further analyses later in Fig. 4).

CH methylation recovery in TE genes does not depend on RADM.
The roles of siRNAs in the de novo establishment of DNA methyla-
tion have been well investigated. Transgenerational remethylation
from the ddmI-induced loss of DNA methylation is mainly found in
TEs with matching 24-nt siRNAs* (Extended Data Fig. 3a,b, x axis).
Similarly, CG remethylation in the presence of CH methylation
also occurred for TEs with matching 24-nt siRNAs** (Extended
Data Fig. 1h—j). In contrast, in F1 hybrids between cc and sss, CH

remethylation occurred efficiently in a substantial number of TE
genes with few siRNA detected in the sss mutant (Extended Data
Fig. 3a,b, y axis), suggesting that siRNA-based de novo DNA meth-
ylation may be dispensable for the recovery of CH methylation.

We therefore genetically tested whether this de novo CH methyl-
ation depends on RdDM, by repeating the cc X sss cross in a mutant
drm2 background. DRM2 is a de novo DNA MTase that is directed
by RNAj*-***. We crossed the drm2 cc and drm2 sss mutants and
examined the F1 hybrids (Fig. 2a). In the F1 hybrids, CH remethyl-
ation occurred efficiently for most TE genes even in the absence of
a functional DRM2 gene (Fig. 2¢,f and Extended Data Fig. 3f). This
efficient recovery of CH methylation in the drm2 background was
also evident at the single-nucleotide level (Extended Data Fig. 4a,b).
In F1 hybrids with DRM2 and drm2 backgrounds, we also detected
efficient recovery of H3K9me2 (Fig. 2h and Extended Data Fig. 3e),
which directs the deposition of CH methylation. Consistent results
were obtained when we tested the effects of mutations in other
RdDM components, that is, RNA-dependent RNA polymerases
(RDR1, RDR2 and RDR6), which are responsible for siRNA pro-
duction”. We detected efficient CH methylation recovery in the F1
(ccx sss) hybrid in a background of triple mutations in RDR1, RDR2
and RDR6 (rdr126, Fig. 2a,d,g and Extended Data Fig. 3f), further
supporting the conclusion that RADM is dispensable for the effi-
cient recovery of CH methylation and H3K9me?2 in TE genes.

RdDM plays a central role in the recovery of CH methylation
in non-coding regions of TEs. The analyses above were con-
ducted on TE genes, which represent only the coding regions of
TEs. We also examined impact of RADM on TEs that do not con-
tain coding regions, and observed very different DNA methyla-
tion dynamics (Extended Data Fig. 4c,d). In the FO generation, the
drm2 cc and drm?2 sss mutants showed more extensive losses of CH
methylation than DRM2 cc and DRM2 sss, respectively, suggest-
ing that the remaining CH methylation of non-coding TEs in cc
and sss depends on DRM2 function. In the F1 hybrids, the remeth-
ylation efficiency was affected strongly by the drm2 mutation in
the non-coding TEs (Extended Data Fig. 4c,d), although it was not
affected much in the TE genes (Extended Data Fig. 4a,b). Thus,
although DRM2 function was largely dispensable for CH remeth-
ylation in TE genes (coding regions of TEs), DRM2 was involved in
remethylation more in the non-coding TEs. Our analyses of these
results and reanalysis of the published data’ also indicate that,
in addition to the non-coding TEs (shaded area in Extended Data
Fig. 5, left), non-coding regions within TEs that contain TE genes
are also targets of RADM (shaded areas in Extended Data Fig. 5,
middle and right). Together, these results suggest that RADM
affects non-coding regions of TEs and that coding regions can be
remethylated in an RADM-independent manner.

CH methylation recovery is less efficient in TE genes targeted
by H3K9 demethylase, IBM1. Our results revealed that CH meth-
ylation generally recovered efficiently in the coding regions of
most TE genes. In a subset of TE genes, however, the recovery was
extremely inefficient, and that was reproducibly seen in multiple F1
plants (Fig. 3a). To identify factors affecting the RNAi-independent

>
>

Fig. 1| CH methylation in TE genes recovers efficiently. a, Materials examined. b-d, CHG methylation levels of TE genes in the parental mutants, cmt2
cmt3 (cc) (b), suvh4 suvh5 suvhé (sss) (€) or a F1 hybrid (d), compared to a WT plant. e, Comparison of two individual F1 plants of reciprocal crosses

(sssx cc and ccx sss). R represents the Pearson'’s correlation coefficient between two methylation values in the TE genes. f-i, CHH methylation levels, as
shown in b-e. j-m, CG methylation levels, as shown in b-e. n, Genome browser view of CHG methylation for a genomic region with a TE remethylated in

F1 progeny from a cross between cc and sss. The coding regions of cellular genes (black) and TE genes (grey) are shown. The region shown corresponds

to nucleotides 15888700-15927330 in chromosome 1. 0, Averaged CHG methylation profiles around TE genes in a WT plant, two mutant parents and the
F1 progeny. The grey arrow below represents the transcription unit, from the TSS to the TTS. In each genotype, mean values are shown for the TE genes.
p.q, CHH methylation profile presented in the format used in n and o. r-y, CHG and CHH methylation levels were plotted for each cytosine within TE
genes on chromosome 1. In each of these genotypes, metaplots of DNA methylation are also shown in Extended Data Fig. 2 on TE genes (a) and genes (b).
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reprogramming, we selected 73 of these atypical TE genes with espe-  red dots in Fig. 3a and listed in the Supplementary Table; although
cially inefficient CHG methylation recovery (<10% of WT CHG many additional TE genes showed intermediate level of the recov-
methylation in both of reciprocal F1 hybrids, as represented by the  ery, we used conservative criteria here). These TE genes also showed
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Fig. 2| CH methylation recovery in TE genes does not depend on RdADM. a, Materials examined. b-d, CHG methylation of TE genes compared between
WT and ccx sss individual F1 plants with backgrounds of WT (b), drm2 mutation (c) or rdr1 rdr2 rdr6 triple mutation (rdr126) (d). e-g, CHH methylation of
TE genes compared between WT and ccX sss individual F1 plants with backgrounds of WT (e), drm2 mutation (f) or rdr1 rdr2 rdr6 triple mutation (rdr126)
(). h, Western blot analysis of H3K9me?2 levels in the FO mutants and F1 hybrid plants in DRM2 and drm2 backgrounds. The blot of H3 is shown below for
the control. Black bars show positions of molecular weight marker of the size 17 kDa. Two biological replicates were examined for each genotype. Another
biological replicate is shown in Extended Data Fig. 3e. Source data are provided.

defects in the recovery of CHH methylation and H3K9me2 (red
dots in Extended Data Fig. 6a,b).

We have previously shown that the absence of heterochromatin
marks (for example, H3K9me and CH methylation) from active
genes depends on the H3K9 demethylase, IBM1 (refs. '*-'7). Thus,
the inefficient CH methylation recovery in these TE genes could
be due to IBM1 activity. To test this possibility, we examined the
effects of ibm1 mutation on their CH methylation recovery in the
F1 hybrids between the sss and cc mutants (Fig. 3b). Indeed, many of
these TE genes showed substantial CH methylation recovery in the
ibm1 mutant background for both CHG sites (Fig. 3¢,d,g) and CHH
sites (Fig. 3e,fh), suggesting that H3K9 removal by IBM1 contrib-
utes to the difference between TE genes with and without the effi-
cient recovery of CH methylation.

The TE genes affected by IBM1 did not gain CH methylation
even in the presence of functional CMTs and SUVHs in the F1 prog-
eny, and the CH methylation pattern of these TE genes in the F1
hybrids (Extended Data Fig. 2¢, right) was almost indistinguishable

1458

from that of normal protein coding genes (Extended Data Fig. 2b),
which lack CG and CH methylation at the transcription start site
(TSS), even though the internal regions (bodies) are often CG
methylated®*. Thus, we designated these TE genes as gene-like TE
genes (GLTs). GLTs showed gene-like epigenetic modification pat-
terns not only in CH methylation but also in CG methylation and
other epigenetic marks, as described below.

TE genes without efficient CH methylation recovery show
reduced CG methylation. GLTs (that is, TE genes without effi-
cient CH methylation recovery) showed a loss of CG methylation
in the FO mutants (cc and sss) and their F1 progeny (Fig. 4a,b).
When TE genes were sorted according to the levels of CHG meth-
ylation recovery (left part in Fig. 4b), the TE genes with the least
efficient CHG methylation recovery showed a strong reduction
of CG methylation, especially around TSSs and transcription ter-
mination sites (TTSs) (Fig. 4b). Thus, GLTs showed not only CH
but also CG methylation pattern similar to cellular genes, which
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Fig. 3 | CH methylation recovery is less efficient in TE genes targeted by H3K9 demethylase, IBM1. a, A subset of TE genes do not recover CHG
methylation. The original data for panels on the left and right are the same as those shown in Fig. 1d,e, respectively. TE genes with <10% of WT CHG
methylation levels in both F1 hybrids of reciprocal crosses (n=73) are highlighted in red. We designated these TE genes GLTs. b, Genetic scheme used to
examine effect of ibm7 mutation on CH methylation recovery. e-f, CHG and CHH methylation recovery in F1 progenies of IBM1/IBM1 (c,e) and ibm1/ibm1
(d.f) backgrounds. GLTs (n=73) and other TE genes (n=3,381) are represented by red and black dots, respectively. GLTs are highlighted with a bigger dot
size. g,h, CHG (g) and CHH (h) methylation profiles of GLTs in the F1s in IBM1 and ibm1 backgrounds, with WT data shown as controls.

do not have CG methylation in TSSs and TTSs (Extended Data
Fig. 2b;c)*¢%.

GLTs can be divided into two groups of TE genes with high and
low levels of transcriptional derepression in cc and sss mutants, and
their F1 progeny (Fig. 4c,d). We classify them as type I and type
II GLTs, respectively. Type I GLTs were enriched in COPIA family
retrotransposons, which consistently tend to be long, while type
IT GLTs were enriched in COPIA and LINE families of retrotrans-
posons (Extended Data Fig. 6c,d and Supplementary Table). In
WT plants, both types of GLT are heavily methylated at both CG
and CH sites, to a level comparable to the other TE genes (Fig. 4e
and Extended Data Fig. 6e,f). However, once methylation is lost
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in the cc and sss mutants, the methylation does not recover in the
F1 hybrids and the plants show DNA methylation profiles similar
to those of normal genes (Fig. 4e and Extended Data Fig. 2b,c). In
other words, GLTs show epigenetic profiles of normal TE genes in
the WT plants, but after passing through one generation with the
cc or sss mutations, they acquire the epigenetic features of normal
genes, even in the presence of functional CMTs and SUVHs in the
F1 progeny.

One possible explanation for the CG methylation loss observed
after the loss of CH methylation could be through transcriptional
derepression. However, both GLTs with and without transcriptional
derepression (types I and II, respectively) showed comparable CG
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methylation loss in the cc and sss mutants, and their F1 progeny Dynamics of H2A variants in GLTs are distinct from those in
(Fig. 4e, top), suggesting that transcriptional derepression alone the other TE genes. In general, CG methylation correlates nega-
does not account for the observed CG methylation loss. tively with the histone variant, H2A.Z**. Mutations affecting
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Fig. 4 | TE genes without efficient CH methylation recovery show reduced CG methylation. a, TE genes without efficient CHG methylation recovery (that
is, GLTs, n="73, red dots) show reduced CG methylation in the F1 hybrid. In each TE gene, x and y axes represent the ratio of mMCHG levels in F1 against
WT (F1/WT) and the difference in mCG levels (F1-WT), respectively. TE genes with low CH methylation levels (mCHG <0.1 or mCHH <0.03) were
excluded (n=444) to avoid division by values near zero, and the remaining TE genes were analysed (n=3,459). b, TE genes are aligned on the basis of the
efficiency of CHG methylation recovery in a cc X sss F1 hybrid (left, TE genes with the least efficient recovery are shown on top, making GLTs concentrated
there). GLTs, that is, TE genes with less efficient CHG methylation recovery, show a loss of CG methylation, especially around TSS and TTS in the parental
mutants (cc and sss) and their F1 progeny. Genome browser views of genomic regions with GLTs are shown in Extended Data Fig. 6f. TE genes with low

CH methylation (MCHG <0.1 or mCHH <0.03) and short TE genes (<2 kb) were excluded, and the remaining TE genes (n=1,872) were analysed. ¢, GLTs
(n=73) include two populations of TE genes, with and without transcriptional derepression in mutants and F1. Beanplot shows GLT expression levels in
WT, mutant (cc and sss) and F1 plants, shown by log, RPKM. Each horizontal black line represents the median. For each genotype, RNA expression levels
were examined in two independent replicates. d, GLTs are classified into two populations: that is, those with high (RPKM > 0.1 in both cc and sss, n=34)
and low (RPKM < 0.1 in both cc and sss, n=231) levels, shown as type | GLTs and type Il GLTs, respectively. Beanplots showing transcription levels for each
type of GLTs as well as other TE genes (n=3,381) are in the same format shown in c. e, Metaplots of CG, CHG and CHH methylation in type | and type Il
GLTs, and the other TE genes (n=34, 31 and 3,381, respectively).
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Fig. 5 | Dynamics of H2A variants in GLTs are distinct from those in the other TE genes. a,b, Results of ChIP-seq experiments performed to detect H2A.Z

(a) and H2AW6 (b). The mean of RPKM value for each segment was normalized to that of input DNA. Type | and Il GLTs and the other TE genes are
shown (n=34, 31 and 3,387, respectively). The results for H2ZA.W7, another H2A.W protein*?, show a pattern similar to that of H2AW6 (Extended Data
Fig. 7a). The ChIP-seq results for biological replicates are shown in Extended Data Fig. 7b.

CG methylation or H2A.Z result in ectopic accumulation of the
other epigenetic mark, at least partially**"*?, suggesting mutual
inhibitions after their establishment. However, the effects of
these H2A variants on dynamics of other epigenetic marks are
less well characterized. Consistent with the previous reports, our
chromatin-immunoprecipitation coupled with high-throughput
sequencing (ChIP-seq) results revealed that the loss of CG meth-
ylation in GLTs was associated with a gain of H2A.Z in cc and sss
mutants, as well as in their hybrid (Fig. 5a and Extended Data Fig.
7b). The gain of H2A.Z in GLTs was associated with loss of H2A.W,
the H2A variant that marks constitutive heterochromatin® (Fig. 5b
and Extended Data Fig. 7a,b). This replacement of H2A variants
occurred specifically at GLTs; TE genes other than GLTs did not
show comparable loss of H2A.W or gain of H2A.Z (Fig. 5a,b and
Extended Data Fig. 7a,b).
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Crosstalk among CG methylation, H2A.Z and transcription. The
correlations between CG methylation losses and H2A.Z gains in
GLTs are consistent, suggesting a possible link between the changes
in these two marks™*"*2. We then genetically tested whether the gain
of H2A.Z can act upstream of the loss of CG methylation in GLTs,
using mutants of three redundant H2A.Z genes (HTA8, HTA9 and
HTA11)" in Arabidopsis. As CG methylation changes can often be
inherited over multiple plant generations, we separately examined
the effects of H2A.Z on the induction and maintenance of CG meth-
ylation changes induced by the cc mutation. In the genetic scheme
shown in Fig. 6a, the triple mutations of three H2A.Z genes (here-
after referred to as zzz) were fixed to be homozygous before or after
fixation of the cc mutations to be homozygous. The effect of H2A.Z
mutations differed depending on the order of fixation and depend-
ing on the states of transcriptional derepression, as described below.
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a Quintuple heterozygote for hta8, hta9, hta11, cmt2 and cmt3 mutations
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Fig. 6 | Crosstalk among CG methylation, H2A.Z and transcription. a, Genetic scheme used to study the effects of mutations in three redundant

H2A.Z genes (HTA8, HTA9 and HTATT) on the cc-induced loss of CG methylation. From self-pollinated progeny of a quintuple heterozygote (top), H2A.Z
triple mutations (hta8 hta9 htall (zzz)) or CMT double mutations (cc) were fixed as homozygous first (middle), and the other mutations were fixed as
homozygous in the next generation (bottom). Siblings with mutations only in cc or zzz were examined in parallel as controls. Since the plants contain a
genome fraction of Ws ecotype that originates from the hta8 mutant*, TE genes that were not mapped in at least one sample were excluded from the
analysis. b, Subtypes of GLT with different transcription patterns. Type |, which is transcribed in cc, are further divided to subtype I-1 (n=13) and I-2 (n=5),
depending on the transcription in the quintuple mutants. Beanplot showing transcription levels for each subtype of GLTs, as well as Type Il GLTs (n=27)

in the same format shown in Fig. 4c. ¢, Effect of zzz mutations on the cc-induced loss of CG methylation in each subtype of GLTs. Metaplots showing the
CG methylation difference for each mutant compared to the WT plants. Metaplots and beeswarm plots of the original CG methylation patterns for each
genotype are shown in Extended Data Fig. 6b,c.

In the type II GLTs, which remain silent (Fig. 6b, left), the CG  the effects of zzz mutation on subtype I-1 and type II GLTs reflect
methylation loss was suppressed almost completely if zzz muta- their transcriptional states. Consistent with this idea, the subtype
tions were fixed before the fixation of cc mutations (‘zzz ¢’ in  I-2 GLTs, which showed transcriptional repression in the quintuple
Fig. 6c, left). In contrast, if order of fixation was reversed (‘cc zzz’), mutants, showed almost complete suppression of cc-induced CG
the CG methylation loss largely remained, indicating that H2A.Z  methylation loss in zzz cc (Fig. 6¢,d, right), as was the case in type II
is dispensable for inheritance of the CG methylation loss. Thus, = GLTs. These results suggest that H2A.Z and transcription additively
H2A.Z is necessary for the induction, but not inheritance, of the induce the CG methylation loss.
cc-induced CG methylation loss in the type IT GLTs.

A contrasting pattern was observed in the type I GLTs. Type I =~ GLTs showed properties different from those of TE genes affected
GLTs showed transcriptional derepression in cc, but a few of typeI by RNAi. Our analyses above on GLTs revealed association of the
GLTs were silenced in the background of additional zzz mutations =~ CH methylation recovery with CG methylation and H2A variants.
(Extended Data Fig. 8a, left). We therefore separately analysed DNA  GLTs are TE genes that do not recover CH methylation even in the
methylation in type I GLTs with and without transcriptional repres-  presence of RADM machinery. On the other hand, a subset of TE
sion in the quintuple mutants (subtype I-2 and I-1 GLTs, respec-  genes did not recover CH methylation only when RdDM machin-
tively, Fig. 6b-d). In the subtype I-1 GLTs, which were transcribed  ery are non-functional (Fig. 2b-g and Extended Data Fig. 9a). We
in the quintuple mutants, the cc-induced loss of CG methylation therefore designated them as RNAi-dependent TE genes (RDTs),
was suppressed only partially by zzz mutation, irrespective of the and separately characterized three categories of TE genes: GLTs (no
timing of the fixation of the cc mutations and zzz mutations (zzz cc  CH methylation recovery, n="73), RDTs (no CH methylation recov-
and cc zzz in Fig. 6¢,d, centre). We suspected that the differencesin  ery only when RdDM is non-functional, n=134) and the other TE
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Fig. 7 | Model of the modification dynamics of TE genes during the loss and gain of heterochromatin machinery. Left, in WT plants, TE genes are silenced
by H3K9me and DNA methylation of CG and CH sites (shown as mCG and mCH, respectively) with the histone variant, H2A.W. CH methylases, CMTs
and H3K9 methylases, SUVHSs, generate a positive feedback loop to maintain mCH and H3K9me. Right, in plants with mutations in the CMT or SUVH
genes, both H3K9me and mCH were lost. Most TE genes (top right) retain H2A.W and mCG, and they acquire H3K9me and mCH efficiently when SUVHs
and CMTs are available (Reprogram, arrow pointing to the left). A subset of TE genes, referred to here as GLTs, show distinct modification dynamics
(bottom right). The GLTs lose H2A.W and gain H2A.Z (Fig. 5). The gain of H2A.Z induces loss of mCG (Fig. 6). This type of modification pattern does not
recover efficiently, even in conditions where both SUVH and CMT proteins are available (Figs. 3 and 4). This lack of remethylation in GLTs depends on the

H3K9 demethylase, IBM1 (Fig. 3).

genes (RNAi-independent CH methylation recovery, n=3,247).
With regards to the CH methylation recovery and RNAi, the ques-
tion is, how do the properties of GLTs and RDTs overlap?

In the Arabidopsis genome, TE genes are enriched in pericentro-
meric regions, but GLTs and RDTs are both localized in chromo-
somal arm regions (Extended Data Fig. 9b,c). They are associated
with a relatively low level of H2A.W and high level of H2A.Z, com-
pared to the other TE genes (Extended Data Fig. 9d). Despite these
similarities, GLTs and RDTs are different in the H3K9me level and
in response to cc and sss mutations. RDTs are short and euchromatic
(low in H3K9me?2 level, Extended Data Fig. 9e,f), which is consis-
tent with previous reports about properties of RADM targets®”. In
contrast, GLTs, despite their localization in chromosome arms, have
high levels of H3K9me, comparable to those in the other TE genes
(Extended Data Fig. 9f). In cc or sss mutants, GLTs showed reduced
CG methylation, but the change was subtle in RDTs (Extended
Data Fig. 9g) even in a drm2 or rdr126 background, where the CH
methylation recovery was compromised. In addition, RDTs did not
show the replacement of H2A.W to H2A.Z in cc or sss mutants as
in GLTs (Extended Data Fig. 9h). These differences further sup-
port our conclusion that the links of CH methylation recovery to
CG methylation and H2A are distinct from the well-characterized
RNAIi pathway.
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Discussion
Generally, CG and CH methylation redundantly silence TEs'>*-*.
CG methylation loss, induced by a ddm1 or met]1 mutant, does not
recover efficiently even in a WT background, and the recovery only
occurs in sequences with abundant matching small RNAs**%.
Here, we report that CH methylation and H3K9me2 recover very
efficiently and globally in most of coding regions of TEs when they
are CG methylated. Unlike the recovery of CG methylation, the
recovery of CH methylation and H3K9me2 does not depend on the
well-characterized RNAi-based de novo DNA methylation pathway;,
suggesting the existence of previously uncharacterized pathways.
Regarding the differential modifications of active genes and
TE genes, an important question arising from this study is, what
mark(s), other than siRNA, does a host recognize to introduce CH
methylation and H3K9me specifically to coding regions of TEs? A
potential candidate mark could be DNA methylation at CG sites
(Fig. 7). Generally, CH remethylation efficiency correlated with
CG methylation at TSSs (Fig. 4a,b). CG methylation in TSSs is a
feature specific to TE genes and does not occur in cellular genes.
In addition, the recovery of DNA methylation was slow from the
ddm1 mutant'*'**, which loses not only CH but also CG meth-
ylation in TEs. An alternative, but not mutually exclusive factor
that determines the epigenetic states of TE genes could be H2A
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variants, such as H2A.-W and H2A.Z. While H2A.W localizes to
silent TEs, H2A.Z localizes to active genes. The genome-wide dis-
tribution of H2A.W matches well with that of H3K9me?2, but, the
global pattern of H2A.W does not change in sss and cc mutants*
(Fig. 5 and Extended Data Fig. 7). Thus, H2A.W (or the lack of
H2A.Z) might allow the cell to memorize where to re-introduce
H3K9me2 and CH methylation. Consistent with this hypothesis,
H2A.W was markedly decreased (and H2A.Z increased) in the
GLTs (that is, TE genes without efficient CH methylation recov-
ery). In addition, our genetic analyses revealed that H2A.Z func-
tions upstream of the CG methylation loss and transcriptional
derepression of GLTs. As CG methylation and H2A.Z can control
each other**'*, it is possible that both CG methylation and H2A
variants mark the TE genes (Fig. 7).

This study revealed that while non-coding regions are targets
of RNAi-induced silencing, coding transcription units can acquire
silent marks in an RNAi-independent manner, indicating potential
involvement of transcription for epigenome reprograming. In fact,
the involvement of transcription was seen in the crosstalk among
modifications mentioned above. Mutations of H2A.Z (zzz) sup-
pressed the induction of CG hypomethylation by mutations in CH
methylases (cc) almost completely if GLTs were silent (Fig. 6¢), but
only partially if transcribed (subtype I-1 GLTs in Fig. 6¢), suggest-
ing that the cc-induced loss of CG methylation is due to parallel
effects of H2A.Z accumulation and transcriptional derepression.
H2A.Z is necessary for the maintenance of CG methylation loss in
type I GLTs, but not in type II GLTs (Fig. 6¢), suggesting that H2A.Z
could also antagonize CG methylation recovery that occurs in type
I GLT. As this recovery occurs only in type I GLTs, but not in type II
GLTs, transcription is associated with the recovery of DNA methyl-
ation. Consistent with this observation, it has been reported that TE
sequences newly introduced into the Arabidopsis genome acquire
heritable DNA methylation marks efficiently when they have intact
transcription units®.

Genomes of vertebrates and plants contain a substantial pro-
portion of TE sequences to be silenced. RNAi should be of essen-
tial importance for silencing foreign sequences introduced into
the genome”-**~*%. On the other hand, remethylation by RNAi has
been often associated with ectopic DNA methylation®*. Although
RNAi has a high impact on epigenome dynamics, it should be con-
trolled in trade-off conditions to ensure appropriate expression of
nearby genes”. The RNAi-independent reprograming pathways
we uncovered here function in more robust and precise manners,
and control most TE genes globally. Such mechanisms should be
important for coordinated gene functions, especially in organisms
with large and complex genomes, with a high proportion of TE
sequences to control.

Our results also suggest that this RNAi-independent reprogram-
ing involves crosstalk among CG methylation, H2A variants and
H3K9me, with feedback from transcription. These chromatin com-
ponents are conserved among eukaryotes™, and their importance
for epigenome reprogramming may also be conserved.

Methods

Plant materials and growth conditions. The mutants met1-6, vim123, cmt23

and suvh456, rdr126 and h2a.z (hta8 hta9 htall) are kind gifts from R. Fischer,

E. Richards, J. Bender and D. Zilberman’***"*'**, First-generation homozygous
mutants were used for genetic crosses to create the F1 plants. In the experiment to
see effect of mutations of H2A.Z genes on the cmt2 cmt3 mutation (Fig. 6), progeny
from two rounds of self-pollinations from a quintuple heterozygote plant, HTA8/
hta8 HTA9/hta9 HTA11/htall CMT2/cmt2 CMT3/cmt3 were used. The plant
shown as cc zzz and zzz cc in Fig. 6 were fixed for the zzz and cc mutations, first

by self-pollination of the quintuple heterozygote and subsequently fixed for other
mutations, respectively; cc zzz and cc are from self-pollinated progeny of an HTA8/
hta8 HTA9/hta9 HTA11/htall cmt2/cmt2 cmt3/cmt3 plant, and zzz cc and zzz are
from self-pollinated progeny of an HTA8/hta8 HTA9/hta9 HTA11/htall cmt2/cmt2
cmt3/cmt3 plant. The original quintuple heterozygote was generated by crossing of
double cc heterozygous mutant and zzz triple heterozygote generated by three times
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of backcrossing an zzz triple mutant*' to a Col WT plant to reduce the possible
effects of the WS background of the original hta8-1 mutant. For F2 plants from the
cross between met1-6 and vim123 (Extended Data Fig. 1), F1 plants of met1-6 and
vim123 all in heterozygotes were self-pollinated, and the plants with the genotype
METI/METI VIM1/VIM1 VIM2/VIM2 vim3/vim3 were used.

The annotations of genes and TEs are based on The Arabidopsis Information
Resource (TAIR)*. The details of the annotation of TE genes are provided on the
TAIR website (https://www.arabidopsis.org).

Whole genome bisulfite sequencing (WGBS). Genomic DNA was isolated from
the rosette leaves of individual plants using the Nucleon Phytopure genomic
DNA extraction kit (GE Healthcare), and WGBS was performed as described
previously”. Two independent biological replicates for F1 plants were analysed,
with the exception of Fls from an ibmI/IBM1 background. Genomic DNA

was fragmented using Covaris $220, and sizes between 300 and 450 bp were gel
purified. The libraries were prepared using the TruSeq DNA LT Sample Prep Kit
(Illumina) and subjected to bisulfite conversion using the MethylCode Bisulfite
Conversion Kit (Life Technologies). Bisulfite-treated DNA were amplified with
KAPA HiFi HotStart Uracil ReadyMix (Kapa Biosystems) and then purified with
Agencourt AMPure XP (Beckman Coulter).

Raw sequence data were deposited in the Gene Expression Omnibus (GEO)
(GSE148753). The raw sequence data were quality checked by fastqc (v.1.8.0). The
adaptor sequences and low-quality regions were trimmed using Trimmomatic™.
Mapping to the reference genome (TAIR10), deduplication and methylation
extraction were performed using Bismark v.0.10.1 (ref. ). The parameters used
for mapping were -n 1 -120 —e 90. Uniquely aligned reads were used and reads
with more than one alignment with the same read quality were removed. The
cytosine methylation levels of each context within a gene were calculated using
the ratio of the number of methylated cytosines to that of total cytosines within
the coding regions (weighted methylation level*®). We used Perl script to count
the numbers of methylated and total cytosines and R studio (v.1.1.463) to plot
DNA methylation patterns. For browser views, bedgraph files were created and
visualized using the Integrated Genome Browser™. To create metaplots around
TE genes, TE genes and their neighbouring regions (2kb) were divided into 20
and ten segments, respectively, then the values of methylated cytosines over total
cytosines were calculated for each segment using Perl script. For heatmaps in
Fig. 4b and Extended Data Fig. 6e, TE genes with low CH methylation (mCHG
<0.1 or mCHH <0.03) and short TE (<2kb) genes were excluded and the
remaining TE genes (n=1,872) were analysed. The processed data were visualized
via TreeView 3 (ref. °°). To calculate methylation for each cytosine in Fig. 1 and
Extended Data Fig. 4, only cytosines with a read depth >9 were used. Perl script
was used to select cytosines within coding regions of TEs (but not in non-coding
regions of TEs), or cytosines within non-coding TEs (but not in coding regions
of TEs). The ‘remethylation level” of the progenies shown in Supplementary Table
were defined as the methylation level of the progeny divided by that of WT. The
methylation recovery shown in Extended Data Fig. 3a-d was calculated as follows.
First, F1 methylation was subtracted by their parental DNA methylation (F1-F0),
and then divided by the loss of methylation in the parents: (F1-F0)/(WT-F0). To
calculate the remethylation efficiency, the TE genes showing a small methylation
decrease in the parents (for CG and CHG (WT, mid-parental value) <0.1; for
CHH (WT, mid-parental value) <0.05) were excluded to avoid division by values
near zero. As for the analysis using ddmI-epiallele F9 (Extended Data Fig. 3), the
TE genes, which were originally from ddm1-derived chromosomes, were used for
the analysis.

To test the differential regulation between coding and non-coding regions
(Extended Data Fig. 5), TE sequences (TAIR) were classified according to the
number containing TE genes: no TE gene (TEGnO0, n=28,971), one TE gene
(TEGn1, n=1,772) or two or more TE coding genes (TEGn2, n=446). The coding
gene (if there was one or more) of each TE sequence was divided into 20 segments,
and each of the non-coding regions (edges or intergenic regions) as well as their
neighbouring sequences into ten segments. If the TE contained more than two TE
genes, the two outermost genes were analysed. Perl script was used to calculate the
total read counts and methylation levels in each segment. The data for ddm1, rdr2
and WT shown in Extended Data Fig. 5a are from reanalysis of the published data
(GSE41302)°.

Methylation-sensitive restriction enzyme-quantitative PCR (MSRE-qPCR). To
analyse the methylation levels of specific regions, MSRE-qPCR was performed.
Genomic DNA was digested with the restriction enzyme Pst I (TaKaRa Bio), which
digests CTGCAG site when the first C is unmethylated. The digested DNA was
quantified by real-time qPCR for specific regions using Light Cycler 480 (Roche)
and KAPA SYBR Fast qPCR kit (Roche). Region without Pst I site (AT3G02515)
was also analysed for the control and used to normalize the amount of DNA.

The primers used were as follows; 5'-CAAGGGATTGATATGGTACTAG-3’ and
5'-CGAAACTTCTTGTACACATAACATGGC-3' for ATGP3-1, 5'-CATGA
CATTGGCTCTTCCACTC-3’ and 5'-GAAGCAAACACTGAGTATGACTCG-3’
for VANDAL14, 5'-CGCCATTCGTGTTGTTCGCTA-3' and 5'-GAGGGCAAGC
AGCATAGTCAC-3’ for COPIA22, 5'-TCGTTGCTTTGGTTTCCACGC-3" and
5'-GACCGACGTTGAACAGCTACG-3' for AT3G02515.
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ChIP-seq analysis. Seedlings grown for 16d on MS Agar plates were frozen in
liquid nitrogen, ground and fixed in 0.5% formaldehyde. After nuclei isolation,
Micrococcal nuclease (Sigma N3755) was used to digest chromatin into almost
one nucleosome length. Nuclear membrane was disrupted by brief sonication
(TOMY UD-201; output, 1; 2s). After centrifugation, the supernatant was
used for immunoprecipitation. Antibodies used were anti-H2A.W6 and H2A.
W7 (ref. ), anti-H3K9me2 (MABI0307), anti-HA tag (3F10, Roche) and
anti-H2A.Z. The H2A.Z antibody was raised against the H2A.Z-specific peptide
KPSGSDKDKDKKKP* and validated by comparing with the previously published
results for the H2A.Z antibody™, as shown in Supplementary Fig. 1. Libraries
were prepared using SMARTer ThruPLEX DNA-seq Kit. The 50-bp single-end
sequences were obtained with a HiSeq4000 sequencer (Illumina) in The V.J. Coates
Genomics Sequencing Laboratory at UC Berkeley. Two independent biological
replicates were analysed for each genotype. The raw sequence data were quality
checked by fastqc (v.1.8.0_60). The reads were quality filtered using Trimmomatic*
and mapped to TAIR10 genome using Bowtie®' with the option -M 1-best.
Metaplots were created by counting the mapped reads within each segment of
genes or outer regions using Perl script, reads per kilobase of transcript per million
(RPKM) normalized and then further normalized by that of input DNA. Rstudio
(v.1.1.463) was used to plot the normalized values.

To perform spike-in normalization, we created a Schizosaccharomyces
pombe strain with HA-tagged histone, TTY001. A DNA fragment containing
HA-tagged histone HTB1 with a Leul marker was made via a PCR-based
method and transformed into the strain SFY1 by lithium acetate recombination.
The transformant was selected on EMM-Leu agar plates (EMM agar plate
supplemented with glucose, uracil, histidine, lysine and adenine), and confirmed
by DNA sequencing around the HTB1 site. Yeast ChIP was performed as follows.
The TTYO001 strain with HA-tagged histone was grown in 50 ml of EMM-Leu
liquid media to an optical density of 0.9, fixed with 1% formaldehyde and
quenched with glycine. After collection, the pellet was washed with cold PBS and
suspended in 0.4 ml of lysis buffer (50 mM HEPES KOH pH 7.4, 150 mM NaCl,
1 mM EDTA pH 8.0, 0.1% SDS, 1% Triton X-100, 0.1% sodium deoxycholate and
1Xx cOmplete proteinase inhibitor cocktail (Roche)). Glass beads (Sigma) were
added and shaken together for 45min in a cold room. Beads were removed and
the volume was adjusted to 3 ml. Sonication was performed using TOMY UD-201
(output, 3; 20 cycles of 10s on and 505 off). After centrifuge, supernatant was
used as yeast chromatin extract. Aliquots of chromatin extracts from both yeast
and plant were reverse crosslinked, DNA purified and quantified with Qubit 3.0
(Thermo). Yeast chromatin extract was mixed to plant chromatin extract at 5%.
Anti-HA (3F10, Roche) was used to purify yeast chromatin.

RNA-sequencing (RNA-seq) analysis. Total RNAs were purified from 12-day-old
plants grown on MS Agar plates using the RNeasy Plant Mini Kit (Qiagen), and
then treated with DNase I (TaKaRa). Libraries were constructed using the KAPA
Stranded RNA-seq Library Preparation Kit according to the manufacturer’s
instructions. RNA fragmentation was performed at 94 °C for 7min. Libraries
were pooled and sequenced as for ChIP-seq. The sequencing was performed in a
50-bp single end as for ChIP-seq analysis. The obtained data were quality filtered
and reads mapped to genes were counted through the STAR algorithm®. After
RPKM normalization, Rstudio (v.1.1.463) was used to plot expression levels. Two
independent biological replicates were analysed for each genotype.

Western blot analysis. Seedings grown for 16 d were frozen, ground and
suspended in Honda buffer (0.44 M sucrose, 1.25% ficoll, 2.5% dextran T40,
20mM HEPES KOH pH 7.4, 10mM MgCl,, 0.5% Triton X-100, 5mM DTT and
cOmplete protease inhibitor cocktail (Roche)). The lysate was centrifuged at
3,000g for 10 min at 4 °C. Nuclei were resuspended with 1x SDS sample buffer

and boiled for 5min. After centrifugation, the supernatant was used for analysis.
Nuclei proteins were separated with 15% polyacrylamide gel and transferred onto a
polyvinyldifluoride membrane (Biorad). Histone proteins were detected using the
antibodies H3 with dilution 1:5,000 (Abcam, Ab1791) and H3K9me2 with dilution
1:2,000 (MAB Institute Inc., MABI0307).

Classification of TE genes. We analysed all TE genes (n=23,903) annotated in
TAIR* unless otherwise stated. To calculate CH methylation recovery shown in
Fig. 4a, we excluded TE genes with low CH methylation in WT plants (n=444)
and TE genes with CH methylation (for CHG > 0.1 and CHH <0.03; n=3,459)
were analysed. ‘GLTS’ (that is, the TE genes without remethylation in cc X sss F1
(n="73)) were categorized by low F1 methylation level (less than 10% of WT CHG
methylation in two independent F1 plants among those with CH methylation in
WT plants. ‘Type I GLTS are from TE genes with transcriptional derepression

in both cc and sss (n=234), while ‘type II GLTS are from TE genes without
transcriptional derepression in both cc and sss (n=31). In Fig. 6 and Extended
Data Fig. 8, we further classified type I GLTs into two groups according to their
transcriptional status in zzzcc and cczzz. Since the plants contain a genome fraction
of the Ws ecotype that originates from the hta8 mutant, TE genes without
mapped sequencing reads in at least one sample were excluded from the analysis.
Type I-1 GLTs are TE genes with sustained expression in both zzzcc and cczzz
(n=13) whereas Type I-2 GLTs are resilenced in both zzzcc and cczzz (n=>5).
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The list of GLTs and their subtypes are in Supplementary Table. ‘RDTS’ are defined
as the TE genes with inefficient CH methylation recovery in the RADM mutant
background (n=134; F1 CHG methylation/WT CHG methylation >0.1 ina WT
background but not in a rdr126 or drm2 background). In contrast to GLTs, ‘Other
TE genes’ in figures, except for Extended Data Fig. 9, are from TE genes with CH
methylation in WT (CHG >0.1 and CHH >0.03) except for GLTs (n=3,381).
Other TE genes in Extended Data Fig. 9 are defined as CH methylated TE genes
excluding GLTs and RDTs (n=3,252).

Calculation of genes and TE genes density. To calculate genes and TE gene
densities along the genome, Perl script was used to count the number of genes and
TE genes in a 100-kb window. To calculate it around the specific TE genes, the
number of genes and TE genes were counted within the adjacent areas of 50 kb on
both sides and averaged (mean). In both cases, the values were visualized using the
Integrated Genome Browser™.

Sources of public data used for analyses. The published data were obtained
from the GEO database; GSE10967 for siRNAs in met1 and the control®,
GSE51304 for siRNAs in suvh456 and the control®, GSE61028 for siRNAs in
ddm]1 (ref. ©) and GSE98553 for siRNAs in WT leaves®. The methylome data for
ddm1-F9 plants (ddm1-epiRIL) are in GSE62206 (ref. *°). For ddm1-F9 plants,
the data from epiRIL98 were used, because this line has the most abundant
ddm1-derived chromosome segments’>*’. The methylome data for ddm]1,

rdr2 and WT shown in Extended Data Fig. 5 are in GSE41302 (ref. °). The
coordinates, if TAIR8 was used, were updated into TAIR10 coordinates using

a script in TAIR*. For the analyses of siRNAs in met] mutant, the processed
data (GSM277609 for metl and GSM277608 for its WT*’) were used. The
processed data contain the reads with perfect matches to the genome, including
multi-aligned reads. Therefore, we divided the read counts by the numbers

of alignments. For the analyses of siRNAs in suvh456, we used the raw data
(SRR1005421.sra for suvh456 and SRR1005417.sra for its WT) to perform
comparable analyses with that of metI. At first, the reads were quality checked
and trimmed for the adapter sequences using software Trimmomatic*®. The
quality passed and adapter trimmed reads were mapped to the genome TAIR10
using Bowtie®' with option -a -v 0 to report only perfect matches. For the reads
with multiple alignments, the read counts were divided by the numbers of
matched alignments. Perl script was used to calculate the adjusted read counts for
24-nt siRNAs matching within gene and TE gene regions and RPKM normalized.
TE genes with low or high siRNA levels in Extended Data Fig. 1h were defined
under or over RPKM value of 0.1, respectively.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

WGBS, ChIP-seq and RNA-seq reads in this study were deposited in the GEO
with the accession number GSE148753. All other reasonable requests for data and
research materials are available via contacting the corresponding author. Source
data are provided with this paper.

Code availability

The code used in this study are available via contacting the corresponding author.
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