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ABSTRACT

Non-coding transcription is an important determi-
nant of heterochromatin formation. In Arabidopsis
thaliana a specialized RNA polymerase V (Pol V) tran-
scribes pervasively and produces long non-coding
RNAs. These transcripts work with small interfer-
ing RNA to facilitate locus-specific establishment of
RNA-directed DNA methylation (RdDM). Subsequent
maintenance of RdDM is associated with elevated
levels of Pol V transcription. However, the impact
of DNA methylation on Pol V transcription remained
unresolved. We found that DNA methylation strongly
enhances Pol V transcription. The level of Pol V tran-
scription is reduced in mutants defective in RdDM
components working downstream of Pol V, indicating
that RdDM is maintained by a mutual reinforcement
of DNA methylation and Pol V transcription. Pol V
transcription is affected only on loci that lose DNA
methylation in all sequence contexts in a particu-
lar mutant, including mutants lacking maintenance
DNA methyltransferases, which suggests that RdDM
works in a complex crosstalk with other silencing
pathways.

INTRODUCTION

RNA-directed DNA methylation (RdDM) is a plant tran-
scriptional silencing pathway which targets transposable el-
ements (TE), transgenes and repetitive sequences (1). These
loci are then turned off by the establishment of repres-
sive chromatin marks, including posttranslational histone
modifications, nucleosome positioning and DNA methy-
lation (2,3). RdDM is determined by two classes of non-
coding RNA (4–6). The first is small interfering RNA
(siRNA), which is produced by the activities of RNA-
dependent RNA polymerases and Dicer-like proteins (7).
siRNA incorporates into Argonaute proteins and gives

them sequence-specificity towards loci complementary to
siRNA (8,9). The second class of non-coding RNA in-
volved in RdDM is produced by a specialized RNA poly-
merase, Pol V (10–14). Pol V transcribes long non-coding
RNA (lncRNA) and lncRNA is required for recognition
of target loci by siRNA-Argonaute complexes, which has
been proposed to occur via siRNA-lncRNA base-pairing
(9,11,15,16). The consequence of this recognition is recruit-
ment of chromatin modifiers and heterochromatin forma-
tion (17–19).

The most important property of RdDM is its locus speci-
ficity, which assures that TEs are recognized and silenced,
but essential protein-coding genes are not targeted. This
specificity is achieved when a TE is newly integrated or ac-
tivated. As a TE becomes transcribed by Pol II, it produces
aberrant transcripts, which are the preferred substrates for
RNA-dependent RNA polymerases and give rise to pri-
mary siRNAs (7,20). Pol V has been recently shown to tran-
scribe broadly and surveil the genome to make it competent
to receive the silencing signal from primary siRNA (12).
Therefore, Pol V contributes little or no sequence-specificity
to the initiation of RdDM.

Once initiated, silencing is often not maintained epige-
netically and has to be reinforced by a continuous activ-
ity of the RdDM pathway. This process involves another
specialized RNA polymerase, Pol IV, which produces sub-
strates for RDR2 and DCL3 and leads to relatively high
accumulation of 24nt siRNA (21,22). It also involves Pol
V, which transitions from a very low level of surveillance
transcription to a more efficient production of lncRNAs
on silenced loci (12). Both events are caused by the pres-
ence of repressive chromatin marks. H3K9me2 is recog-
nized by the SHH1 protein, which recruits Pol IV (23,24).
Methylated DNA is bound by SUVH2 and SUVH9 pro-
teins, which facilitate Pol V transcription (25,26). Consis-
tently, Pol V association with chromatin is often reduced in
the met1 mutant (25). This strongly suggests that RdDM is
a self-reinforcing mechanism, where DNA methylation and
H3K9me2 enhance Pol IV and Pol V transcription, which
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leads to further reestablishment of repressive chromatin
marks.

The presence of a self-reinforcing feedback loop between
elevated Pol V transcription and DNA methylation has
one important implication. It suggests that disruption of
RdDM factors that work downstream of Pol V should lead
to loss of DNA methylation and subsequently reduction
of Pol V transcription. Surprisingly, it is not the case and
Pol V transcripts still accumulate in those mutants, includ-
ing spt5l, ago4 and drm2 (9,11–13,17,27). This inconsistency
indicates that the relationship between Pol V transcription
and DNA methylation remains unresolved.

One possible explanation for the inability to disrupt the
RdDM feedback loop is the presence of multiple overlap-
ping silencing pathways (25,28–31). In this scenario, main-
tenance of silencing on a subset of RdDM loci may be
performed not only by RdDM but also by MET1 and/or
CMT3. In this study we tested this possibility by perform-
ing genome-wide identification of Pol V transcription in
mutants defective in downstream RdDM components and
DNA methyltransferases. We found that loci transcribed
by Pol V are indeed targeted by multiple overlapping and
partially redundant silencing pathways. This confounds the
ability to detect the self-reinforcing properties of RdDM.
When effects of other pathways are eliminated, the positive
feedback of Pol V transcription and DNA methylation be-
comes clearly detectable.

MATERIALS AND METHODS

Reagents

The antibody against the largest subunit of Pol V (NRPE1)
was described previously (10,12,32).

Biological resources

We used the following genotypes of Arabidopsis thaliana:
Columbia-0 ecotype (wildtype), nrpe1 (nrpd1b-11 (33)),
ago4-1 (introgressed into the Col-0 background (9)),
spt5l (SALK 001254), drm2-2 (SAIL 70 E12), cmt3-11
(SALK 148381), and met1-3 (34). Plants were grown at
22ºC under white LED light in 16 h/8 h day/night cycle.

Computational resources

During data analysis we used bowtie2 2.2.9 (12), BEDTools
2.15.0 (35), the NBPseq R package (36), GFOLD (37),
Bismark (38) and methylKit R package (39). Arabidopsis
genome annotations (TAIR10) were obtained from TAIR
(www.arabidopsis.org). Previously published high through-
put sequencing datasets were obtained from Gene Expres-
sion Omnibus (https://www.ncbi.nlm.nih.gov/geo/). Pol V
IPARE data (GSE146913) and annotated regions were pub-
lished previously (12). TE regions annotated by RdDM
categories were provided by the Slotkin lab (40,41). DNA
methylation data (GSE39901) were obtained from previ-
ously published datasets (42).

Statistical analyses

Significant differences in the levels of Pol V transcription
were identified using Robinson and Smyth’s exact negative

binomial test implemented in the NBPseq R package (36)
using data from two independent biological replicates. For
the met1 mutant significant differences in the levels of Pol V
transcription were identified using generalized fold change
algorithm implemented in GFOLD (37). Levels of DNA
methylation or Pol V transcription on groups of genomic
bins were compared using the Wilcoxon test.

Pol V IPARE

Three grams of aerial tissue of 18-day old plants were used
for Pol V IPARE experiments carried out as described (12).
High throughput sequencing was performed at the Univer-
sity of Michigan Advanced Genomics Core.

Bioinformatic analysis

Pol V IPARE sequencing reads were processed and aligned
to the Arabidopsis TAIR10 genome with bowtie2 as de-
scribed previously (12). Pol V IPARE levels were plotted
as boxplots by counting the number of reads in studied ge-
nomic regions using BEDTools and normalized as number
of reads per million mapped reads (RPM) (35). Information
about IPARE datasets generated and used in this study is
presented in Supplementary Table S1.

To identify regions differentially transcribed by Pol V, we
counted the number of IPARE reads in 100 bp bins with a
step-size of 50 bp across the whole genome. We then tested
for differential Pol V transcription in the bins between Col-0
and specific mutants with false discovery rate (FDR) < 0.04
using NBPseq (36). Overlap analyses between Pol V IPARE
reduced in drm2 regions and specific genomic regions (Fig-
ure 6A) were performed with 1000 permutated genomic re-
gions using BEDTools to obtain expected numbers and p-
values (35). TE ends were defined as 150 bp at the end of TEs
and TE inner are the remainders of annotated TEs. Average
profiles of Pol V IPARE signal at ends of Pol V RdDM TEs
with lengths of > 500 bp, were plotted with Col-0 divided
by drm2. Reductions of Pol V transcription in drm2, spt5l,
ago4 and cmt3 mutants was determined by FDR < 0.05. Pol
V transcription was determined to be unchanged if FDR
was greater than 0.9 and fold change smaller than 2. Reduc-
tion of Pol V transcription in met1, which was based on one
replicate of Pol V IPARE was determined using GFOLD
(37) with the P < 0.01 at 2-fold change or greater. Pol V
transcription was determined to be unchanged in met1 if
P < 0.01 at 0.1-fold change or smaller and fold change
smaller than 2.

Sequencing reads from whole genome bisulfite-seq
datasets were mapped to the Arabidopsis TAIR10 genome
using Bismark allowing no mismatches (38). DNA methy-
lation levels were calculated by the ratio of #C/(#C+#T)
after selecting for Cs with at least five sequenced reads. Dif-
ferentially Methylated Regions (DMRs) were identified us-
ing methylKit (39). The bin sizes used were 100 bp bins with
a step-size of 50 bp. A minimum of 5 reads was required
for each cytosine. For drm1/2 DMRs, 25% minimum dif-
ference in CHH context DNA methylation was selected for
in each of the tiles with FDR < 0.01. For met1 DMRs, 55%
minimum difference in CG context DNA methylation was
selected for in each of the tiles with FDR < 0.01. DNA
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methylation levels used as the cutoff for presence of each
context in the DNA methylation categories in Figures 2–
5 were 5% CHH, 10% CHG and 20% CG. DNA methy-
lation levels used as the cutoff for absence of each context
in the DNA methylation categories in Figures 2–5 were 0%
CHH, 0% CHG and 0% CG in the respective mutant that
was tested.

RESULTS

RdDM loci are targeted by multiple silencing pathways

RdDM has been proposed to work as a self-reinforcing
feedback loop (25), which predicts that mutants in com-
ponents acting downstream of Pol V should affect the ac-
cumulation of Pol V transcripts. Several studies indicated
that this is not the case and Pol V transcripts accumulate
in spt5l, ago4 and drm2 mutants (9,11–13,17,27). To resolve
these conflicting results, we performed Pol V IPARE in the
drm2 mutant, and reanalyzed previously published compa-
rable Pol V IPARE datasets in Col-0, ago4 and spt5l (12). As
expected, the overall accumulation of Pol V transcripts on
all known RdDM Pol V-transcribed regions (12) was only
slightly reduced in spt5l, ago4 or drm2 mutants. This reduc-
tion was much smaller than observed in nrpe1, a mutant in
the largest subunit of Pol V (Figure 1A, Supplementary Fig-
ure S1AB).

One potential explanation of this observation is that not
all DNA methylation is lost in the studied mutants (29).
To test this hypothesis, we reanalyzed previously published
whole genome bisulfite sequencing datasets (42) and deter-
mined the levels of DNA methylation in all three contexts
on the same known RdDM Pol V-transcribed regions (12).
We found that while CHH methylation was substantially re-
duced, the levels of CG methylation remained high in spt5l,
ago4 and drm1/2 mutants (Figure 1B). The remaining CG
methylation may explain why these mutants only have mi-
nor effects on Pol V transcription.

High levels of residual DNA methylation in RdDM mu-
tants are consistent with previous observations that RdDM
loci are commonly targeted by several silencing pathways
(25,30,31). To provide further support for this conclusion,
we determined the levels of DNA methylation on RdDM
Pol V-transcribed regions (12) in DNA methyltransferase
mutants, which disrupt various silencing pathways. The
cmt3 mutant had a strong reduction of CHG methylation
only (Figure 1C). drm1/2 had reduced levels of CHH and to
a smaller extent CHG methylation but no major change in
CG methylation (Figure 1C). met1 had an almost complete
loss of CG methylation but only partial reductions of CHH
and CHG methylation (Figure 1C). This indicates that as
expected, RdDM Pol V-transcribed loci are targeted not
only by RdDM but also by variable contributions of CMT3
and MET1. Together, these results indicate that RdDM loci
are targeted by multiple overlapping silencing pathways.

Maintenance of RdDM requires DNA methylation by DRM2

Presence of multiple silencing pathways on RdDM loci may
confound the ability to test the role of DNA methylation for
Pol V transcription. To overcome this limitation, we took
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Figure 1. RdDM loci are targeted by multiple silencing pathways. (A)
Small effects of mutants in downstream components of RdDM on Pol
V transcription throughout the genome. Pol V IPARE signal levels were
plotted on previously identified Pol V RdDM regions (12) in Col-0, nrpe1,
spt5l, ago4, and drm2. Individual biological replicates are shown in Sup-
plementary Figure S1AB. (B) Presence of symmetric DNA methylation in
RdDM mutants. DNA methylation levels (42) were plotted on previously
identified Pol V RdDM regions (12) in CG, CHG and CHH contexts in
Col-0, nrpe1, spt5l, ago4, and drm1/2. (C) Residual DNA methylation in
DNA methyltransferase mutants. DNA methylation levels (42) were plot-
ted on previously identified Pol V RdDM regions (12) in CG, CHG and
CHH contexts in Col-0, met1, cmt3 and drm1/2.

advantage of the fact that each particular locus may be tar-
geted by any combination of silencing pathways and rela-
tive contributions of various pathways at least partially de-
pend on the frequency of cytosines in particular contexts
(31). This means that some loci may be primarily silenced
by just one pathway and therefore a subset of loci is ex-
pected to have no DNA methylation in drm2 in all con-
texts. To identify these loci, we found differentially methy-
lated regions (DMRs) that lose CHH methylation in drm1/2
(drm1/2 DMRs) and are transcribed by Pol V. We then
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Figure 2. Maintenance of RdDM requires DNA methylation by DRM2 at loci not targeted by other silencing pathways. (A) Control plot showing drm1/2
DMRs split by the presence or absence of symmetric methylation in drm1/2. DNA methylation levels (42) were plotted on Pol V-transcribed drm1/2 CHH
DMRs split by the levels of CG and CHG methylation. There were 2035 DMRs with both CG and CHG present in both Col-0 and drm1/2 as well as
176 DMRs with CG and CHG present in Col-0 but absent in drm1/2. DMRs were identified by difference between the whole genome bisulfite sequencing
(WGBS) CHH signal of Col-0 and drm1/2 > 0.2 and FDR < 0.01. Presence of DNA methylation was defined as WGBS signal > 0.2 (CG) or > 0.1 (CHG).
Absence of DNA methylation was defined as WGBS signal of 0. (B) Substantial reduction of Pol V transcription in drm2 on loci that lose DNA methylation
in all contexts. Pol V IPARE signal was plotted on two categories of Pol V-transcribed drm1/2 DMRs in Col-0, nrpe1, and drm2. Individual biological
replicates are shown in Supplementary Figure S2AB. (C) Control plot showing genomic Pol V-transcribed bins split by the impact of DRM2 on Pol V
transcription. Pol V IPARE signal was plotted on Pol V-transcribed regions with either Pol V IPARE reduced (1246 bins) or unchanged (8945 bins) in
drm2. Bins were identified as Pol V-transcribed by IPARE signal being significantly greater in Col-0 compared to nrpe1 (FDR < 0.05 (36)). IPARE signal
was defined as reduced in drm2 by FDR < 0.05, and as unchanged in drm2 by FDR > 0.9 and fold change smaller than 2. Individual biological replicates
are shown in Supplementary Figure S2C. (D) Substantial reduction of DNA methylation in drm1/2 in all contexts on genomic bins with DRM2-dependent
Pol V transcription. DNA methylation levels (42) in CG, CHG and CHH contexts were plotted on Pol V-transcribed regions with Pol V IPARE signal
reduced or unchanged in drm2. Corresponding data for nrpe1 and total levels of DNA methylation in all contexts are shown in Supplementary Figure S2D.

split these DMRs into two categories based on the presence
or absence of CG and CHG methylation in drm1/2. The
control group had CG and CHG methylation detectable in
drm1/2 (Figure 2A, ‘Both CG and CHG present’). The sec-
ond group had no CHG and no CG methylation detectable
in drm1/2 (Figure 2A, ‘Neither CG nor CHG present’).
We then calculated the abundance of Pol V transcription
in those groups in Col-0 wild type and drm2 mutant. While
the control group had only a small reduction of Pol V tran-
scription in drm2 (Figure 2B), the group with no CHG and
no CG methylation had a substantially greater reduction of
Pol V transcription in drm2 (Figure 2B, Supplementary Fig-
ure S2AB). The level of Pol V transcription in drm2 on loci
with no CHG and no CG methylation in drm1/2 was signifi-
cantly lower than on control loci (P < 10–16, Wilcoxon test).
This indicates that loss of DNA methylation in all contexts
in drm2 leads to a substantial reduction of Pol V transcrip-
tion.

To further confirm the role of all DNA methylation con-
texts for maintaining high levels of Pol V transcription,
we performed a reciprocal analysis. We identified Pol V-
transcribed genomic regions, where Pol V IPARE signal
was significantly reduced in drm2 and control loci where
no difference in Pol V IPARE signal was detected in drm2
(Figure 2C, Supplementary Figure S2C). We then assayed
DNA methylation in Col-0 wild type, drm1/2 and nrpe1.
Loci where Pol V transcription was DRM2-independent
showed strong reductions of CHG and CHH methylation
but mostly maintained relatively high levels of CG DNA
methylation in drm1/2 (Figure 2D). In contrast, loci that
lost Pol V transcription in drm2 also lost DNA methylation
in all sequence contexts, including CG (Figure 2D). Levels
of CG methylation in drm1/2 on loci that lost Pol V tran-
scription in drm2 were significantly lower than at loci where
Pol V transcription was DRM2-independent (P < 10–179,
Wilcoxon test). This indicates that residual CG methylation
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allows maintaining high levels of Pol V transcription and
the reduction of Pol V transcription in drm2 is associated
with the loss of DNA methylation in all sequence contexts.
Levels of DNA methylation in all contexts were similar in
drm1/2 and nrpe1 on both categories of loci (Supplemen-
tary Figure S2D), which is consistent with Pol V being gen-
erally required for DNA methylation by DRM2.

Together, these results indicate that RdDM Pol V tran-
scription requires DNA methylation in at least one se-
quence context. This is consistent with RdDM operating as
a self-reinforcing feedback loop and enhanced Pol V tran-
scription on silenced loci playing an important role in this
feedback.

Downstream components are required for maintenance of
RdDM

The self-reinforcing loop between Pol V transcription and
DNA methylation is expected to be disrupted not only in the
drm2 mutant but also in mutants defective in other down-
stream RdDM components, including spt5l and ago4. To
test this prediction, we analyzed Pol V IPARE from the spt5l
mutant (12) and identified Pol V-transcribed genomic re-
gions that had no changes of Pol V transcription in spt5l
(Figure 3A, Supplementary Figure S3A). These regions had
strong reductions of CHG and CHH methylation but re-
tained high levels of CG methylation in spt5l (Figure 3B). In
contrast, regions with significant reductions of Pol V tran-
scription in spt5l (Figure 3A, Supplementary Figure S3A)
had substantial reductions of DNA methylation in all se-
quence contexts, including CG (Figure 3B). Levels of CG
methylation in spt5l at loci that lost Pol V transcription in
spt5l were significantly lower than at loci where Pol V tran-
scription was SPT5L-independent (P < 10–250, Wilcoxon
test). This indicates that residual CG methylation allows
maintaining high levels of Pol V transcription and a subset
of loci where the level of Pol V transcription is dependent on
SPT5L also loses DNA methylation in all sequence contexts
in spt5l.

We further tested the contribution of AGO4 to the self-
reinforcement of RdDM by analyzing Pol V IPARE in the
ago4 mutant. Pol V-transcribed genomic regions with no
reductions of Pol V transcription in ago4 (Figure 3C) had
strong reductions of CHG and CHH methylation but re-
tained high levels of CG methylation in ago4 (Figure 3D).
Regions that lost Pol V transcription in ago4 (Figure 3C,
Supplementary Figure S3B) also showed substantial reduc-
tion of DNA methylation in ago4 in all sequence contexts,
including CG (Figure 3D). Levels of CG methylation in
ago4 at loci that lost Pol V transcription in ago4 were sig-
nificantly lower than at loci where Pol V transcription was
AGO4-independent (P < 10–51, Wilcoxon test). This further
demonstrates the role of residual CG methylation in main-
taining Pol V transcription and shows that a subset of loci
where Pol V transcription is dependent on AGO4 also loses
DNA methylation in ago4 in all sequence contexts.

Together, these results demonstrate that Pol V transcrip-
tion is enhanced by DNA methylation and confirm that
RdDM is controlled by a self-reinforcing feedback loop be-
tween the level of Pol V transcription and DNA methy-
lation. This feedback loop may be disrupted by mutating

SPT5L or AGO4 and is only detectable on loci with no con-
founding activity of other silencing pathways.

MET1 is needed for maintenance of RdDM

The most prominent silencing pathway that overlaps
RdDM is maintenance of CG methylation by MET1 (25).
Disruption of this process by mutating MET1 affects the
levels of CHH methylation and has an impact on Pol
V binding to chromatin (25). This pathway is likely to
be responsible for high levels of CG methylation remain-
ing in nrpe1 and downstream mutants on RdDM Pol V-
transcribed loci (Figure 1B). To test the impact of MET1 on
Pol V transcription, we performed Pol V IPARE in the met1
mutant. The overall accumulation of Pol V transcripts on all
known RdDM Pol V-transcribed regions (12) was reduced
in met1 to a greater extent than in drm2 or cmt3 but was
still strongly enriched over the background level observed
in nrpe1 (Figures 1A and 4A). This indicates that mainte-
nance of CG methylation by MET1 is important but not
absolutely required for Pol V transcription.

Our findings that loss of DNA methylation in all contexts
in downstream RdDM mutants leads to reduction of Pol
V transcription suggest a similar relationship in met1. To
test this possibility, we found DMRs that lose CG methyla-
tion in met1 (met1 DMRs) and are transcribed by Pol V. We
then split these DMRs into categories based on the presence
or absence of CHG and CHH methylation in met1 (Figure
4B) and calculated the abundance of Pol V transcription in
those groups in Col-0 wild type and met1 mutant (Figure
4C). Regions with no CHG and no CHH methylation in
met1 had a substantially greater reduction of Pol V tran-
scription in met1 than regions that retain CHG and CHH
methylation in met1 (Figure 4C). The level of Pol V tran-
scription in met1 on loci with no CHG and no CHH methy-
lation in met1 was significantly lower than on control loci
(P < 10–16, Wilcoxon test). This indicates that loss of DNA
methylation in all contexts in met1 leads to a substantial re-
duction of Pol V transcription.

To further confirm the role of all DNA methylation con-
texts for maintaining high levels of Pol V transcription,
we performed a reciprocal analysis. We identified Pol V-
transcribed loci where Pol V transcription was unchanged
in met1 (Figure 4D). These loci lost CG methylation but
retained substantial levels of CHG and CHH methylation
in met1 (Figure 4E). In contrast, loci with significantly re-
duced Pol V transcription in met1 (Figure 4D) had strong
reductions of DNA methylation in all sequence contexts, in-
cluding CHG and CHH (Figure 4E). Levels of CHG and
CHH methylation in met1 at loci that lost Pol V transcrip-
tion in met1 were significantly lower than at loci where Pol
V transcription was MET1-independent (P < 10–199 and
P < 10–291 respectively, Wilcoxon test). This indicates that
remaining CHG and CHH methylation allows maintaining
Pol V transcription in met1. Reduction of Pol V transcrip-
tion in met1 at a subset of loci is associated with the loss of
DNA methylation in all sequence contexts.

These results demonstrate that at a subset of loci, dis-
ruption of CG methylation maintenance in the met1 mu-
tant leads to loss of DNA methylation in all sequence con-
texts. This negatively affects the level of Pol V transcription



9804 Nucleic Acids Research, 2021, Vol. 49, No. 17

A Pol V - transcribed regions

IPARE unchanged in spt5l IPARE reduced in spt5l

0

2

4

6

Po
l V

 IP
AR

E 
[lo

g2
(R

PM
)]

Col−0
nrpe1
spt5l

Col-0 nrpe1 spt5l Col-0 nrpe1 spt5l

Pol V - transcribed regions

CG CHG CHH CG CHG CHH

0.00

0.25

0.50

0.75

1.00

D
N

A 
m

et
hy

la
tio

n

Col−0
spt5l

IPARE unchanged in spt5l IPARE reduced in spt5l

Pol V - transcribed regions

CG CHG CHH CG CHG CHH

0.00

0.25

0.50

0.75

1.00

D
N

A 
m

et
hy

la
tio

n

Col−0
ago4

IPARE unchanged in ago4 IPARE reduced in ago4

Pol V - transcribed regions

IPARE unchanged in ago4 IPARE reduced in ago4

0

2

4

6

Po
l V

 IP
AR

E 
[lo

g2
(R

PM
)]

Col−0
nrpe1
ago4

Col-0 nrpe1 ago4 Col-0 nrpe1 ago4

B

DC

Figure 3. Downstream components are required for maintenance of RdDM at loci where they are needed for DNA methylation in all contexts. (A) Control
plot showing Pol V-transcribed genomic bins split by the impact of SPT5L on Pol V transcription. Pol V IPARE signal was plotted on Pol V transcribed
regions with either Pol V IPARE reduced (1304 bins) or unchanged (13115 bins) in spt5l. Bins were identified as Pol V-transcribed by IPARE signal being
significantly greater in Col-0 compared to nrpe1 (FDR < 0.05 (36)). IPARE signal was defined as reduced in spt5l by FDR < 0.05, and as unchanged in
spt5l by FDR > 0.9 and fold change smaller than 2. Individual biological replicates are shown in Supplementary Figure S3A. (B) Substantial reduction of
DNA methylation in spt5l in all contexts on genomic bins with SPT5L-dependent Pol V transcription. DNA methylation levels (42) in CG, CHG and CHH
contexts was plotted on regions with Pol V IPARE signal reduced or unchanged in spt5l. (C) Control plot showing genomic bins split by the presence or
absence of AGO4-dependent Pol V transcription. Pol V IPARE signal was plotted on regions with either Pol V IPARE reduced (1048 bins) or unchanged
(9181 bins) in ago4. Bins were identified as Pol V-transcribed by IPARE signal being significantly greater in Col-0 compared to nrpe1 (FDR < 0.05 (36)).
IPARE signal was defined as reduced in ago4 by FDR < 0.05, and as unchanged in ago4 by FDR > 0.9 and fold change smaller than 2. Individual
biological replicates are shown in Supplementary Figure S3B. (D) Substantial reduction of DNA methylation in ago4 in all contexts on genomic bins with
AGO4-dependent Pol V transcription. DNA methylation levels (42) in CG, CHG and CHH contexts were plotted on Pol V-transcribed regions with Pol
V IPARE signal reduced or unchanged in ago4.

and disrupts the maintenance of RdDM. This indicates that
MET1 is involved in determining the level of Pol V tran-
scription and therefore contributes to the maintenance of
RdDM.

CMT3 contributes to RdDM maintenance at a subset of loci

Although RdDM loci are also often targeted by CMT3
((30) and Figure 1C), DNA methylated in CHG contexts
is not preferentially bound by SUVH2 or SUVH9 in vitro
(43). This predicts that CMT3 should not contribute to the
maintenance of RdDM and mutating CMT3 should not
lead to the loss of RdDM Pol V transcription. To test this
prediction, we identified Pol V-transcribed regions that had
significant reductions of Pol V transcription in cmt3 (Fig-
ure 5A, Supplementary Figure S5A). These sequences only
partially overlapped loci with Pol V transcription depen-
dent on AGO4, DRM2 or MET1 (Supplementary Figure

S5B). We then compared them to regions with no change
of Pol V transcription in cmt3 (Figure 5A, Supplementary
Figure S5A). Regions where Pol V transcription was un-
changed in cmt3 had a partial reduction of CHG methy-
lation but retained high levels of CG and CHH methylation
in cmt3 (Figure 5B), higher than in nrpe1 (Supplementary
Figure S5C). In contrast, regions where Pol V transcrip-
tion was significantly reduced in cmt3 also had substan-
tial reductions of DNA methylation in cmt3 in all sequence
contexts (Figure 5B), greater than in nrpe1 (Supplementary
Figure S5C). Levels of CG, CHG and CHH methylation
in cmt3 at loci that lost Pol V transcription in cmt3 were
significantly lower than at loci where Pol V transcription
was CMT3-independent (P < 10–142 for CG, P < 10–116 for
CHG, and P < 10–234 for CHH, Wilcoxon test). This indi-
cates that CMT3 contributes to the maintenance of RdDM.
At a subset of loci, disruption of CHG methylation main-
tenance in the cmt3 mutant leads to loss of DNA methy-
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lation in all contexts, which disrupts the maintenance of
RdDM.

RdDM feedback is enriched on TE edges

Edges of long TEs are known to be preferentially targeted
by DRM2-dependent CHH methylation (30,42,44) and Pol
V transcription, which has been proposed to act as a deter-
minant of heterochromatin/euchromatin boundaries (10).
In contrast, regions inside long TEs are primarily silenced
by epigenetically maintained CHG and CG methylation
(30,42,44). This suggests that edges of long TEs are likely
to be targeted by stable silencing by the positive feedback
of RdDM. To test this prediction, we identified genomic
bins, where significant reduction of Pol V transcription in
the drm2 mutant indicates the presence of positive feed-
back by RdDM. We then overlapped these regions with
genes and TEs. Distribution of loci with RdDM feedback
resembled the overall pattern of Pol V transcription (10)
in being enriched on intergenic regions and depleted on
LTR TEs (Figure 6A). Importantly, it was more strongly
enriched on edges of long TEs than on the inner regions
of long TEs (Figure 6A). To further confirm that TE edges
are preferential targets of the RdDM feedback, we plotted
DRM2-dependent Pol V transcription on RdDM-targeted
TEs (40,41). Average levels of DRM2-dependent Pol V

transcription were enriched on edges of studied TEs (Fig-
ure 6B, Supplementary Figure S6AB), which is consistent
with relatively low amounts of DNA methylation remain-
ing on those regions in drm2 (Figure 6C–E). This indicates
that RdDM feedback is preferentially active on the edges
of TEs, which is consistent with the role of RdDM in deter-
mining boundaries of heterochromatin.

DISCUSSION

Our results indicate that RdDM is a self-reinforcing pro-
cess, where Pol V transcription and DNA methylation en-
hance each other to maintain silencing. Presence of DNA
methylation in at least one sequence context positively af-
fects Pol V transcription and DNA methylation in multi-
ple sequence contexts allows a crosstalk with other silenc-
ing mechanisms. Therefore, maintenance of DNA methyla-
tion on particular loci by MET1 and CMT3 pathways con-
tributes to enhanced transcription by Pol V. Locus-specific
contributions of individual silencing pathways are deter-
mined by a combination of the frequency of cytosines in
particular contexts (31), presence of H3K9me2 (45) and
other factors.

The mechanism of Pol V transcription enhancement by
DNA methylation is unlikely to be mediated exclusively by
Pol V recruitment as Pol V has been shown to transcribe
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Figure 6. RdDM feedback is enriched on TE edges. (A) Overlaps of genomic bins that show evidence of DRM2-dependent Pol V transcription with
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broadly, even in euchromatin (12). Instead, DNA methy-
lation may allow both Pol V recruitment and Pol V tran-
scription at elevated rates, typical of RdDM loci (12). This
is likely to be partially mediated by binding of methylated
DNA by SUVH2 and SUVH9 and the recruitment of the
DDR complex (25,26,43). However, these factors also con-
tribute to the low level of non-RdDM Pol V transcription
which indicates that the mechanism of Pol V transition from

surveillance to RdDM transcription is likely to be more
complex (12). More importantly, there are many loci in the
genome which have high levels of DNA methylation but
no evidence of RdDM Pol V transcription, such as genes
with body DNA methylation (17). This indicates that DNA
methylation is not sufficient to specifically control Pol V
transcription. One potential explanation of the variable lev-
els of Pol V transcription is exclusion of Pol V by Pol II and
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associated chromatin modifications. Another possibility is
that there is an additional, yet unknown factor, which works
together with DNA methylation to control the level of Pol
V transcription.

Enhancement of Pol V transcription on methylated loci
allows efficient recruitment of siRNA-AGO4 complexes to
silenced loci (8–10) and facilitates further DNA methyla-
tion by DRM2 (17). Therefore, loss of AGO4 or SPT5L
leads to the reduction of DNA methylation and consequent
reduction of Pol V transcription. Enhancement of Pol V
transcription on methylated loci is likely accompanied by
recruitment of Pol IV and elevated production of siRNA,
which explains why loss of downstream silencing factors
leads to reduction of siRNA accumulation on subsets of loci
(46,47).

Self-reinforcement of RdDM is particularly important
on edges of TEs, which are preferentially transcribed by
Pol V (10). This is consistent with the role of RdDM in
precisely determining the boundaries between heterochro-
matin and euchromatin (10,48). The importance of RdDM
self-reinforcement on TE edges may be explained by the
low resolution of MET1 and CMT3 pathways, which is
limited by the distribution of cytosines in symmetric con-
texts and/or the nucleosome size. In contrast, RdDM is en-
hanced by CHH methylation, which is more frequent and
allows higher resolution of Pol V transcription determina-
tion (10). Pol V has also been shown to preferentially tran-
scribe into TEs, which indicates that Pol V transcription
may be enhanced by the proximity of euchromatin and het-
erochromatin, which could further contribute to precise de-
termination of TE boundaries.

Our observations that MET1 and CMT3 are needed for
elevated Pol V transcription at certain loci suggest that
RdDM is efficiently maintained only if DNA methylation
is above a certain threshold level. Loci where RdDM is ca-
pable of maintaining DNA methylation above this thresh-
old may be silenced exclusively by RdDM. However, loci
where RdDM cannot maintain DNA methylation above the
threshold require at least one other silencing pathway for
efficient silencing. The basis of this threshold mechanism
remains unknown, however it is likely to integrate the level
of Pol V transcription and the amount and properties of
siRNA. This possibility is supported by the observation that
tethering Pol V to the FWA locus leads to increased levels of
DNA methylation (49). The mechanism of threshold is also
likely to be controlled by a balance between DNA methyla-
tion and demethylation (50). The existence of such a thresh-
old would be particularly important in de novo silencing as
it would prevent inadvertent silencing of essential genes by
low amounts of siRNA.
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Wierzbicki,A.T. (2014) RNA-directed DNA methylation requires

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkab746#supplementary-data


9808 Nucleic Acids Research, 2021, Vol. 49, No. 17

stepwise binding of silencing factors to long non-coding RNA. Plant
J., 79, 181–191.

18. Rowley,M.J., Rothi,M.H., Böhmdorfer,G., Kuciński,J. and
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19. Zhu,Y., Rowley,M.J., Böhmdorfer,G. and Wierzbicki,A.T. (2013) A
SWI/SNF chromatin-remodeling complex acts in noncoding
RNA-mediated transcriptional silencing. Mol. Cell, 49, 298–309.

20. Hung,Y.-H. and Slotkin,R.K. (2021) The initiation of RNA
interference (RNAi) in plants. Curr. Opin. Plant Biol., 61, 102014.

21. Blevins,T., Podicheti,R., Mishra,V., Marasco,M., Wang,J., Rusch,D.,
Tang,H. and Pikaard,C.S. (2015) Identification of Pol IV and
RDR2-dependent precursors of 24 nt siRNAs guiding de novo DNA
methylation in Arabidopsis. Elife, 4, e09591.

22. Haag,J.R., Ream,T.S., Marasco,M., Nicora,C.D., Norbeck,A.D.,
Pasa-Tolic,L. and Pikaard,C.S. (2012) In vitro transcription activities
of Pol IV, Pol V, and RDR2 reveal coupling of Pol IV and RDR2 for
dsRNA synthesis in plant RNA silencing. Mol. Cell, 48, 811–818.

23. Law,J.A., Du,J., Hale,C.J., Feng,S., Krajewski,K., Palanca,A.M.S.,
Strahl,B.D., Patel,D.J. and Jacobsen,S.E. (2013) Polymerase IV
occupancy at RNA-directed DNA methylation sites requires SHH1.
Nature, 498, 385–389.

24. Zhang,H., Ma,Z.-Y., Zeng,L., Tanaka,K., Zhang,C.-J., Ma,J., Bai,G.,
Wang,P., Zhang,S.-W., Liu,Z.-W. et al. (2013) DTF1 is a core
component of RNA-directed DNA methylation and may assist in the
recruitment of Pol IV. Proc. Natl. Acad. Sci. U.S.A., 110, 8290–8295.

25. Johnson,L.M., Du,J., Hale,C.J., Bischof,S., Feng,S.,
Chodavarapu,R.K., Zhong,X., Marson,G., Pellegrini,M., Segal,D.J.
et al. (2014) SRA- and SET-domain-containing proteins link RNA
polymerase V occupancy to DNA methylation. Nature, 507, 124–128.

26. Liu,Z.-W., Shao,C.-R., Zhang,C.-J., Zhou,J.-X., Zhang,S.-W., Li,L.,
Chen,S., Huang,H.-W., Cai,T. and He,X.-J. (2014) The SET domain
proteins SUVH2 and SUVH9 are required for Pol V occupancy at
RNA-directed DNA methylation loci. PLos Genet., 10, e1003948.

27. He,X.-J., Hsu,Y.-F., Zhu,S., Wierzbicki,A.T., Pontes,O., Pikaard,C.S.,
Liu,H.-L., Wang,C.-S., Jin,H. and Zhu,J.-K. (2009) An effector of
RNA-directed DNA methylation in Arabidopsis is an
ARGONAUTE 4- and RNA-binding protein. Cell, 137, 498–508.

28. Blevins,T., Pontvianne,F., Cocklin,R., Podicheti,R.,
Chandrasekhara,C., Yerneni,S., Braun,C., Lee,B., Rusch,D.,
Mockaitis,K. et al. (2014) A two-step process for epigenetic
inheritance in Arabidopsis. Mol. Cell, 54, 30–42.

29. Domb,K., Katz,A., Harris,K.D., Yaari,R., Kaisler,E., Nguyen,V.H.,
Hong,U.V.T., Griess,O., Heskiau,K.G., Ohad,N. et al. (2020) DNA
methylation mutants in Physcomitrella patens elucidate individual
roles of CG and non-CG methylation in genome regulation. Proc.
Natl. Acad. Sci. U.S.A., 117, 33700–33710.

30. Stroud,H., Do,T., Du,J., Zhong,X., Feng,S., Johnson,L., Patel,D.J.
and Jacobsen,S.E. (2014) Non-CG methylation patterns shape the
epigenetic landscape in Arabidopsis. Nat. Struct. Mol. Biol., 21,
64–72.

31. Zhang,Y., Harris,C.J., Liu,Q., Liu,W., Ausin,I., Long,Y., Xiao,L.,
Feng,L., Chen,X., Xie,Y. et al. (2018) Large-scale comparative
epigenomics reveals hierarchical regulation of non-CG methylation in
Arabidopsis. Proc. Natl. Acad. Sci. U.S.A., 115, E1069–E1074.

32. Pontier,D., Yahubyan,G., Vega,D., Bulski,A., Saez-Vasquez,J.,
Hakimi,M.-A., Lerbs-Mache,S., Colot,V. and Lagrange,T. (2005)
Reinforcement of silencing at transposons and highly repeated
sequences requires the concerted action of two distinct RNA
polymerases IV in Arabidopsis. Genes Dev., 19, 2030–2040.

33. Pontes,O., Li,C.F., Nunes,P.C., Haag,J., Ream,T., Vitins,A.,
Jacobsen,S.E. and Pikaard,C.S. (2006) The Arabidopsis

chromatin-modifying nuclear siRNA pathway involves a nucleolar
RNA processing center. Cell, 126, 79–92.

34. Saze,H., Scheid,O.M. and Paszkowski,J. (2003) Maintenance of CpG
methylation is essential for epigenetic inheritance during plant
gametogenesis. Nat. Genet., 34, 65–69.

35. Quinlan,A.R. and Hall,I.M. (2010) BEDTools: a flexible suite of
utilities for comparing genomic features. Bioinformatics, 26, 841–842.

36. Di,Y., Schafer,D.W., Cumbie,J.S. and Chang,J.H. (2011) The NBP
negative binomial model for assessing differential gene expression
from RNA-Seq. Stat. Appl. Genet. Mol. Biol., 10, 24.

37. Feng,J., Meyer,C.A., Wang,Q., Liu,J.S., Shirley Liu,X. and Zhang,Y.
(2012) GFOLD: a generalized fold change for ranking differentially
expressed genes from RNA-seq data. Bioinformatics, 28, 2782–2788.

38. Krueger,F. and Andrews,S.R. (2011) Bismark: a flexible aligner and
methylation caller for Bisulfite-Seq applications. Bioinformatics, 27,
1571–1572.

39. Akalin,A., Kormaksson,M., Li,S., Garrett-Bakelman,F.E.,
Figueroa,M.E., Melnick,A. and Mason,C.E. (2012) methylKit: a
comprehensive R package for the analysis of genome-wide DNA
methylation profiles. Genome Biol., 13, R87.

40. Panda,K. and Slotkin,R.K. (2020) Long-read cDNA sequencing
enables a ‘gene-like’ transcript annotation of transposable elements.
Plant Cell, 32, 2687–2698.

41. Panda,K., Ji,L., Neumann,D.A., Daron,J., Schmitz,R.J. and
Slotkin,R.K. (2016) Full-length autonomous transposable elements
are preferentially targeted by expression-dependent forms of
RNA-directed DNA methylation. Genome Biol., 17, 170.

42. Stroud,H., Greenberg,M.V.C., Feng,S., Bernatavichute,Y.V. and
Jacobsen,S.E. (2013) Comprehensive analysis of silencing mutants
reveals complex regulation of the Arabidopsis methylome. Cell, 152,
352–364.

43. Johnson,L.M., Law,J.A., Khattar,A., Henderson,I.R. and
Jacobsen,S.E. (2008) SRA-domain proteins required for
DRM2-mediated de novo DNA methylation. PLos Genet., 4,
e1000280.

44. Zemach,A., Kim,M.Y., Hsieh,P.-H., Coleman-Derr,D.,
Eshed-Williams,L., Thao,K., Harmer,S.L. and Zilberman,D. (2013)
The Arabidopsis nucleosome remodeler DDM1 allows DNA
methyltransferases to access H1-containing heterochromatin. Cell,
153, 193–205.

45. Jackson,J.P., Lindroth,A.M., Cao,X. and Jacobsen,S.E. (2002)
Control of CpNpG DNA methylation by the KRYPTONITE histone
H3 methyltransferase. Nature, 416, 556–560.

46. Mosher,R.A., Schwach,F., Studholme,D. and Baulcombe,D.C.
(2008) PolIVb influences RNA-directed DNA methylation
independently of its role in siRNA biogenesis. Proc. Natl. Acad. Sci.
U.S.A., 105, 3145–3150.

47. Wang,F. and Axtell,M.J. (2017) AGO4 is specifically required for
heterochromatic siRNA accumulation at Pol V-dependent loci in
Arabidopsis thaliana. Plant J., 90, 37–47.

48. Li,Q., Gent,J.I., Zynda,G., Song,J., Makarevitch,I., Hirsch,C.D.,
Hirsch,C.N., Dawe,R.K., Madzima,T.F., McGinnis,K.M. et al.
(2015) RNA-directed DNA methylation enforces boundaries between
heterochromatin and euchromatin in the maize genome. Proc. Natl.
Acad. Sci. U.S.A., 112, 14728–14733.
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