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DDM1-mediated R-loop resolution and H2A.Z exclusion
facilitates heterochromatin formation in Arabidopsis
Jincong Zhou1,2, Xue Lei1,2†, Sarfraz Shafiq1,2†, Weifeng Zhang1,2, Qin Li1,2, Kuan Li1,2, Jiafu Zhu3,
Zhicheng Dong3, Xin-jian He4, Qianwen Sun1,2*

Programmed constitutive heterochromatin silencing is essential for eukaryotic genome regulation, yet the
initial step of this process is ambiguous. A large proportion of R-loops (RNA:DNA hybrids) had been unexpect-
edly identified within Arabidopsis pericentromeric heterochromatin with unknown functions. Through a
genome-wide R-loop profiling screen, we find that DDM1 (decrease in DNAmethylation 1) is the primary restric-
tor of pericentromeric R-loops via its RNA:DNA helicase activity. Low levels of pericentromeric R-loops resolved
by DDM1 cotranscriptionally can facilitate constitutive heterochromatin silencing. Furthermore, we demon-
strate that DDM1 physically excludes histone H2A variant H2A.Z and promotes H2A.W deposition for faithful
heterochromatin initiation soon after R-loop clearance. The dual functions of DDM1 in R-loop resolution and
H2A.Z eviction are essential for sperm nuclei structure maintenance in mature pollen. Our work unravels the
cotranscriptional R-loop resolution coupled with accurate H2A variants deposition is the primary step of con-
stitutive heterochromatin silencing in Arabidopsis, which might be conserved across eukaryotes.
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INTRODUCTION
Constitutive heterochromatin is the major composition of the eu-
karyotic genome and consists of repetitive elements, such as satellite
repeats and transposable elements (TEs) near centromeres and telo-
meres, which is associated with crucial cellular functions including
genome integrity, chromosome segregation, DNA recombination,
transposition inhibition, transcription silencing, and maintenance
of nuclear territories (1–4). The conserved contributors to constitu-
tive heterochromatin formation in eukaryotes involve DNA and
histone methylation, histone variants, chromatin remodeling com-
plexes, polycomb proteins, transcription factors, and short and long
RNAs (2, 5, 6). However, the early steps of the constitutive hetero-
chromatin formation are still unclear.
In plants, decrease in DNA methylation 1 (DDM1), a putative

SWItch/Sucrose Non-Fermentable (SWI/SNF) chromatin remodel-
er, has long been known to maintain DNA and histone methylation
of constitutive heterochromatin (7–10), although DDM1 is not a
DNA methyltransferase (8), and is unlikely to be a histone methyl-
transferase (based on its domain organization). Previous evidences
support a model that DDM1 is capable of remodeling nucleosomes
and facilitating access for DNA methyltransferases to H1-contain-
ing heterochromatin or nucleosome-wrapped DNA (11–13). It was
shown that DDM1 can interact with histone H2A variants H2A.W
and deposit H2A.W into the pericentromeric region for silencing
transposons (14). However, the h2a.w mutant does not mirror the
phenotype of ddm1mutant, as in h2a.w, there is a subtle impact on
constitutive heterochromatin formation, TE silencing, and DNA
methylation (15). These genetically inconsistent results imply the
molecular functions of DDM1 in constitutive heterochromatin for-
mation remain largely mysterious.

R-loops are three-stranded structures where the newly tran-
scribed RNA invades into the double-stranded DNA (dsDNA) to
pair with the template strand DNA and form an RNA:DNA
hybrid, thus leaving the other strand as a single-stranded DNA.
R-loops have been implicated in a multitude of biological processes,
including transcriptional regulation, transcription termination,
DNA replication, DNA damage and repair, and genome mainte-
nance (16–21). Prevention and resolution of R-loops can occur
through RNA processing factors, DNA topoisomerases,
RNA:DNA helicases, ribonuclease H (RNase H) enzymes, as well
as chromatin remodelers [reviewed in (21)]. We had developed an
efficient R-loop profiling method ssDRIP-seq (single-strand DNA
ligation–based library construction from RNA:DNA hybrid immu-
noprecipitation, followed by sequencing), which had been applied
in multiple species to characterize R-loop formation and dynamic
pattern genome-widely [(22–30), reviewed in (31)]. Unexpectedly,
we found that a large proportion of R-loops is correlated with
H3K9me2 and H3K27me1 heterochromatic marks in Arabidopsis
(22); however, the biological relevance of these observations was
not clear.
In this study, through a ssDRIP-seq-based screen, we show that

DDM1 is the primary regulator that restricts R-loops in pericentro-
meric heterochromatin in Arabidopsis. Similarly, pericentromeric
RNA:DNA hybrids are highly accumulated in the absence of the
DDM1 ortholog in mammals (32). DDM1 can resolve RNA from
RNA:DNA hybrids or R-loops in vitro through its adenosine tri-
phosphate (ATP)–dependent helicase activity. In addition, our
data show that DDM1 have higher affinities to the heterochromatic
variant H2A.W than to the variant H2A.Z. In the absence of DDM1,
the variant H2A.Z could replace H2A.Wat pericentromeric regions
through the SWR1 complex (SWR1-C), thus promoting cotran-
scriptional R-loop formation. Our results revealed that DDM1
protein has dual functions: restricts the initial cotranscriptionally
formed R-loops and excludes the H2A.Z deposition in pericentro-
meric heterochromatin, to allow heterochromatic histone H2A.W
deposition taking place, thus ensuring accurate heterochromatin
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initiation and transcriptional gene silencing. Furthermore, we
found that this process is important for structure maintenance of
sperm nuclei (SN), in where there is the enrichment of DDM1
and H2A.W, and in absence of H2A.Z.

RESULTS
The R-loops profiling screen identifies DDM1 as the primary
restrictor of pericentromeric R-loops
To understand the functions of, as well as the components that
might participate in regulating pericentromeric R-loops formation,
we performed an R-loop profiling (ssDRIP-seq) screen in a group of
mutants defective for heterochromatin formation (Fig. 1, fig. S2,
and data S1; including the detailed information of the mutants
used for ssDRIP-seq). By analyzing the ssDRIP-seq in wild-type
Col-0 and themutants, while there is modest to almost no differenc-
es of R-loops at pericentromeric regions in most of the mutants
(Fig. 1 and fig. S2), however, we found a marked R-loop accumula-
tion at pericentromeric regions in ddm1 (Fig. 1 and fig. S2), a
mutant that greatly decreases global DNA methylation (7). Slot
blot assay in two different allelic mutants of ddm1 (ddm1-1 and
ddm1-2) confirmed elevated R-loop levels in ddm1 (fig. S1, A to
C). ssDRIP-seq analysis of the collected allelic mutants of ddm1
(fig. S1A), including a T-DNA insertion line ddm1-T and a
CRISPR-Cas9–based genomic DNA deletion mutant, shows the

increased R-loops at pericentromeric regions relative to wild-type
(Fig. 1 and fig. S1D). Together, these results suggest that DDM1
is a major negative regulator of R-loops specifically at the pericen-
tromeric heterochromatin.
Together with the data from screenedmutants (Fig. 1 and fig. S2)

and the facts that DDM1 affects DNA and histone methylation [(7–
10), see also below], our findings imply that pericentromeric hetero-
chromatin modifications have no impact on R-loop clearance by
DDM1, while DDM1 functions as a key factor to link R-loop clear-
ance with heterochromatin marks deposition.

Cotranscriptional R-loop accumulation disturbs
pericentromeric heterochromatin formation in the
ddm1 mutant
To test whether the cotranscriptional R-loops occur in ddm1
mutant, we analyzed the changes in transcription efficiency in
ddm1 via the pNET-seq (plant native elongating transcript sequenc-
ing) experiment by using the antibody specific for the RNAPII C-
terminal domain (CTD) (33, 34). When compared to Col-0, there is
no substantial difference of transcription in arm regions; however, a
marked transcription burst was observed in ddm1, which was highly
and peculiarly enriched at the pericentromeric heterochromatin
(Fig. 2, A and B) and colocalized with accumulated R-loops
(Fig. 1A). To determine whether the accumulated R-loops in
ddm1 derive from transcription burst, we characterized R-loop

Fig. 1. DDM1 is a major restrictor for pericentromeric R-loop homeostasis. (A) ssDRIP-seq data from different allelic mutants of ddm1. Mutant/wild-type (WT) values
are plotted in 10-kb bins on chromosomes. Pericentromeric regions are shown as shaded area on each chromosome. (B) Snapshots of Integrative Genomics Viewer show
R-loop levels (ssDRIP-seq) of ddm1mutants in the chromosome 3 region: 13508431-13562105.“ddm1-1 + RNase H”was the control experiment for ddm1 ssDRIP-seq with
commercial RNase H treatment before DRIP.
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Fig. 2. Cotranscriptional R-loop accumulation disturbs pericentromeric heterochromatin formation in ddm1 mutant. (A) Nascent RNA enrichment [log2NET-
seq(ddm1/Col-0)] plotted on 5 chromosomes. (B) Heat maps showing pNET-seq of WT and ddm1 at genes on chromosome arms (n = 26,106) and from pericentromeric
regions (n = 7217). The color bar shows RPGC (reads per genomic content, 1× normalization) values. (C) Left: Cartoon showing the chemical FLA is used to inhibit
phosphorylation of RNAPII CTD at serine 2 (RNAPIIS2P). Right: Western blot showing RNAPIIS2P abundance after FLA treatment. Plants treated with dimethyl sulfoxide
for 12 hours were used as controls. Membranewas stained with CBB (Coomassie Brilliant Blue) as a loading control. MW, molecular weight. (D) Snapshots from Integrative
Genomics Viewer showing R-loop levels after FLA treatment. Regions with decreased R-loop levels during FLA treatment are highlighted in red boxes. (E) Box and whisker
plot showing R-loop changes Log2(ddm1/Col-0) after FLA treatment at regions with increased R-loops in ddm1 (data from Fig. 1A, n = 615). Minimum to maximum and
interquartile range are shown. (F) Box and whisker plot showing CG DNAmethylation levels after 4 hours of FLA treatment. Min tomax and interquartile range are shown.
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levels using an inhibition analysis with flavopiridol (FLA), a chem-
ical that is widely used to inhibit RNAPII transcription elongation
(Fig. 2C) (35, 36). FLA treatment indeed decreased phosphorylation
levels of RNAPII CTD at serine 2 (RNAPIIS2P), starting within 1
hour after treatment (Fig. 2C). Using ssDRIP-seq, we found that
FLA treatments significantly reduced the R-loop levels in ddm1
(Fig. 2, D and E). On the basis of these data, we concluded that co-
transcriptional R-loops generated by RNAPII are eliminated by
DDM1 at pericentromeric heterochromatin.
To further investigate whether changes in R-loops are correlated

with changes in histone and DNA modifications in ddm1, we per-
formed native histone chromatin immunoprecipitation and se-
quencing (ChIP-seq) and bisulfite sequencing in Col-0 and ddm1
(fig. S4A). When comparing the alterations of R-loops (ssDRIP-
seq data; Fig. 1A) and heterochromatic marks H3K9me2 and
H3K27me1 (fig. S4A), we found that pericentromeric regions
with elevated levels of R-loops in ddm1 showed a marked decrease
in H3K9me2 and H3K27me1 levels in ddm1 (fig. S4A). In addition,
ddm1 had considerably lower levels of DNA methylation in all se-
quence contexts, especially in CG and CHG at pericentromeric
regions (fig. S4A). We also investigated the differences in chromatin
accessibility between Col-0 and ddm1 using ATAC-seq (transpo-
sase-accessible chromatin with high-throughput sequencing) (37).
Our results showed that the chromatin state of ddm1 is much less
compacted than that of Col-0 in pericentromeric regions (fig. S4C).
These results suggest that accumulated R-loops in ddm1 are inverse-
ly related to the deposition of heterochromatic marks such as
H3K9me2, H3K27me1, DNA methylation, and high nucleosome
density (fig. S4F). The R-loop depression by FLA treatment could
partially recover DNAmethylation (but not H3K9me2) where there
are accumulated R-loops in ddm1 (Fig. 2F and fig. S4, D and E),
together with the fact that ddm1atrxr5/6 has comparable R-loop
levels to ddm1 single mutant on the tested loci (fig. S3), indicating
that DDM1 could be epistasis to the heterochromatin modifiers
(such as H3K27me1 methyltransferases ATXR5/ATXR6) on R-
loop clearance, and the R-loop accumulation could disturb pericen-
tromeric heterochromatin marks deposition such as DNA methyl-
ation, thus disturbing pericentromeric heterochromatin formation.

DDM1 associates with pericentromeric heterochromatin
and restricts R-loop accumulation
To investigate the direct chromatin localization of DDM1, we gen-
erated FLAG-tagged complementation lines (DDM1-FLAG/ddm1;
fig. S5A). ChIP-seq data with FLAG antibody showed that
DDM1-enriched reads were particularly localized at pericentromer-
ic regions of all five chromosomes (fig. S4B), in line with the sub-
nuclear localization of DDM1–green fluorescent protein (GFP)
(38). Moreover, DDM1-associated regions exhibit higher R-loop
levels in ddm1 mutant compared to Col-0 (fig. S5B). RNA immu-
noprecipitation (RIP) and quantitative polymerase chain reaction
(qPCR) results showed that DDM1 could bind to the RNAs from
pericentromeric loci where the R-loop levels are highly accumulated
in the ddm1 mutant (fig. S5C). These results suggest that DDM1
physically binds to constitutive pericentromeric regions and
might restrict R-loops locally.
DDM1 is a chromatin remodeler and contains two domains, an

N-terminal SNF2 and a C-terminal helicase region (Fig. 3A and fig.
S6) (9, 13, 39). Given that chromatin remodelers have been reported
to be associated with R-loop abundance in vivo (40–43) [reviewed in

(44)], we decided to investigate the possibility of DDM1 in remov-
ing RNA:DNA hybrids and R-loops. First, we performed ATP hy-
drolysis assays to examine adenosine triphosphatase (ATPase)
activity of DDM1 using different forms of nucleic acid as substrate.
Results showed that the ATPase activity of recombinant DDM1 was
stimulated by RNA:DNA, and this stimulation is slightly lower than
dsDNA but higher than double-stranded RNA (dsRNA) substrate
(Fig. 3B). While the protein DDM1C615Y, the mutant that mimics
the ddm1-1 plant carrying a C615Y mutation at a conserved posi-
tion in DDM1 orthologs among land plants (Fig. 3A and fig. S6D),
showed less ATPase activity in the presence of RNA:DNA hybrid
substrate, suggesting a possibility that C615 residue is essential for
ATP hydrolysis of DDM1, consistent with the fact that C615 is very
close to the conserved ATP binding sites of the protein (Fig. 3A).
Sequentially, we detected that DDM1 could unwind RNA:DNA

hybrid in an ATP-dependent manner (Fig. 3, C andD, and fig. S7B),
while the helicase activity of DDM1C615Y showed less than half ef-
ficiency relative to wild-type DDM1 (Fig. 3, C and D, and fig. S7B).
We then purified the truncated DDM1N and DDM1C and per-
formed the helicase assay, and results showed that DDM1N is re-
sponsible for resolving RNA:DNA hybrids (fig. S7C). Parallelly,
using a cotranscriptional formed R-loop system (fig. S8, A and B),
we found that purified His-tagged DDM1 was able to release RNAs
from the cotranscriptional R-loops (fig. S8C). Consistently, the
C615Y mutation in the C-terminal region markedly slowed down
the resolving process (fig. S8C). Together with the results of
DDM1 ChIP-seq, ssDRIP-seq, and bisulfite sequencing upon FLA
treatment, our findings suggested that DDM1 can remove the RNA
from RNA:DNA structures and clear the cotranscriptional R-loops
for further pericentromeric marks formation, such as DNA
methylation.

DDM1 interacts with histone H2Avariants but blocks H2A.Z
deposition in pericentromeric heterochromatin
To dissect the role of DDM1 in promoting constitutive heterochro-
matin formation at pericentromeres, we sought to identify the pro-
teins that interact with DDM1 using mass spectrometry (MS) after
GFP immunoprecipitation of DDM1-GFP complementation plants
(fig. S5, D to G). We noticed that peptides from histone proteins
were enriched in multiple DDM1-GFP coimmunoprecipitation ex-
periments but not in control experiments (Fig. 4A and data S2 to
S5), which is consistent with the function of DDM1 in remodeling
nucleosomes in vitro (13). Given that histone variant H2A.W is as-
sociated with heterochromatin in Arabidopsis (45), we focus on
H2A variants among DDM1 interactome. Histone 2A has four var-
iants in Arabidopsis (H2A, H2A.Z, H2A.W, and H2A.X) (45), and
we could not determine which H2A variants directly interacts with
DDM1 through the identified peptides fromMS (red color boxes in
fig. S9). We confirmed that as shown previously (15, 45), H2A,
H2A.X, and H2A.Z are mainly present in chromosome arms,
while H2A.W is exclusively present in pericentromeric heterochro-
matin (fig. S10, A and B), similar to the pattern of DDM1 and peri-
centromeric R-loops (Fig. 4B and fig. S4B). H2A.Z showed a relative
decline in H2A.W-enriched regions (Fig. 4B and fig. S9B), and
results of reciprocal coimmunoprecipitation in plants verified the
interaction between DDM1 and H2A.W (fig. S11), implying that
DDM1 is linked with the inverse localization of H2A.W and
H2A.Z on chromatin.
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With the fact that H2A.W is not essential for Arabidopsis devel-
opment and loss of H2A.W has a modest effect on DNA methyla-
tion or transcription of pericentromeric TEs (15), where themarked
decrease of DNAmethylation occurs in ddm1mutant (fig. S4A), the
functions of DDM1 in pericentromeric heterochromatin formation
could not be explained by the DDM1-H2A.W interaction. On the
basis of the results that (i) DDM1 is enriched at pericentromeric
regions (fig. S4B), (ii) there is little-to-no pericentromeric enrich-
ment of H2A.Z observed in the H2A.W fully depleted mutant
h2a.w-3 (Fig. 4C and figs. S10D and S12), which is consistent
with published data in h2a.w-2 mutant (fig. S10, B and C) (15),
and (iii) H2A.X and H2A could replace the H2A.W at pericentro-
meric regions in h2a.w-2 (fig. S10, B and C) (15), we assume that the
bona fide function of DDM1 could be to block H2A.Z deposition at
pericentromeric regions in Col-0 and h2a.w-2 mutant, thus to
inhibit the H2A.Z-instigated transcription burst (shown in Fig. 2,
A and B). To evaluate the function of DDM1 in depositing
H2A.W and H2A.Z on chromatin, we performed H2A.W-FLAG
(using FLAG antibody) and H2A.Z [using native H2A.Z antibody
(46)] ChIP-seq analysis in Col-0 and ddm1. Consistent with previ-
ous data (45), H2A.W was enriched in pericentromeric regions (fig.
S13, A and B), and the enrichment of H2A.W in pericentromeric
regions was reduced markedly in ddm1 (Fig. 4C and figs. S10D
and S13, A and B). H2A.Z was not localized at the pericentromeric
regions in Col-0 (fig. S13, A and C). However, in ddm1 mutant,
H2A.Z was deposited into the same pericentromeric regions

where H2A.W had decreased (Fig. 4C and fig. S13, B to E). Togeth-
er, these results genetically proved our hypothesis that DDM1 pro-
motes H2A.W but blocks H2A.Z deposition at
pericentromeric regions.

H2A.Z eviction relies on the affinities of DDM1 and H2A
variants
Our pull-down assay showed that DDM1 could bind to H2A.Wand
H2A.Z (Fig. 4D). To further determine the binding affinities of
H2A.W and H2A.Z to DDM1, we performed a competitive pull-
down experiment (Fig. 4E, see Methods). We found that the disso-
ciated H2A.Z from DDM1-H2A.Z complex was increased when in-
creasing the amounts of H2A.W in wash buffer (Fig. 4E and fig.
S14A), while H2A.Z could not affect the binding of DDM1 to
H2A.W (fig. S14B), suggesting that DDM1 preferably binds to
H2A.W. These results confirmed that H2A.W was able to disrupt
the interaction of DDM1-H2A.Z, which was corresponding to the
chromosomal distributions of these proteins that DDM1 and
H2A.W were enriched in, while H2A.Z was excluded out of the
pericentromeric regions (Fig. 4B and fig. S13A). Together with
the genetic evidence that the loss of DDM1, rather than loss of
H2A.W, results in aberrant enrichment of H2A.Z in pericentromer-
ic regions (Fig. 4C and fig. S10, C and D), we concluded that the
H2A.Z eviction from pericentromeric regions was in a DDM1-de-
pendent manner.

Fig. 3. DDM1 resolves RNA:DNA hybrids in vitro. (A) Alignment of amino acid sequences nearby C615Y mutation site among DDM1 orthologs. The asterisk indicates
the mutation site (C615Y) in the ddm1-1mutant. The triangles refer to the predicted ATP binding sites, which is conserved within DDM1 orthologs. (B) ATPase activities of
DDM1WT under the substrate of RNA:DNA, dsDNA and ssDNA, respectively, and ATPase activities ofmutant DDM1C615Y under the substrate of RNA:DNA. All data points are
shown by mean ± SD with two replicates. (C) Helicase assay showing unwinding of RNA:DNA hybrids by WT and mutant DDM1. (D) A graph showing quantification of
helicase activity of WT and mutant DDM1. Values from two replicates (fig. S7B) are plotted. **P < 0.05 by two-tailed Student’s t test.
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Fig. 4. DDM1 interacts with H2A.W to promote pericentromeric heterochromatin maintenance. (A) Peptides from histone 2A variants are detected after coimmu-
noprecipitation with DDM1-GFP followed by mass spectrometry (IP-MS). Three independent DDM1-GFP transgenic lines were used for GFP–IP-MS. ddm1 was used as a
negative control. (B) Permutation test of colocalization among indicated sequencing peaks and annotated total/chromosome arm-located/pericentromeric genes and/or
TEs. H2A.W ChIP-seq is from the previous data (45). The color bar scale indicates permutation z-score. NS, not significant. (C) The top shows H2A.W changes in ddm1
relative to WT, H2A.W.6-FLAG/ddm1, and H2A.W.6-FLAG/Col-0 transgenic plants that were used for H2A.W ChIP-seq. The second and third show H2A.Z changes in ddm1
and h2a.w triple mutants, respectively, relative to WT. Values in ChIP-seq are log2(fold change). The bottom shows R-loop changes (h2a.w-3/WT) from ssDRIP-seq. All data
are averages of two independent biological replicates. (D) GST pull-down assays showing GST-DDM1 has binding affinities to H2A.W-H2B and H2A.Z-H2B dimers. (E) Left:
Schematic representation showing the procedures of competitive pull-down experiment: H2A.Z-H2B dimer was incubated with GST-DDM1 to form DDM1-H2A.Z-H2B
complex as input, then wash buffer containing different amounts of H2A.W-H2B dimers was used to be incubated with DDM1-H2A.Z-H2B complex. After wash, flow-
through was collected for PAGE gel running and staining. Right: Wash buffer containing H2A.W-H2B was used to dissociate DDM1-H2A.Z-H2B complexes. Asterisk in-
dicates the released H2A.Z. (F) RNA:DNA helicase activities of DDM1 were inhibited in the presence of H2A.W-H2B or H2A.Z-H2B dimers.
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To further dissect the genetic relationship between R-loop reso-
lution and H2A.W/Z deposition by DDM1, we added recombinant
histone variants into the RNA:DNA helicase assay (see Methods).
The RNA:DNA helicase activity of DDM1 was significantly
blocked by either H2A.Wor H2A.Z (Fig. 4F), while the control pro-
teins H2A.X and GST could not affect the helicase activity of DDM1
(Fig. 4F and fig. S14D). In vivo, we quantified the changes in peri-
centromeric R-loops in h2a.w-3 compared to that in Col-0 through
ssDRIP-seq, and the results showed there were almost no differenc-
es of R-loop levels in h2a.w-3 (Fig. 4C and fig. S10D, bottom). To-
gether with the FLA inhibition results (Fig. 2, D and E), these data
indicated that DDM1-facilitated cotranscriptional R-loop resolu-
tion is strictly separated with and genetically upstream of H2A var-
iants deposition.

Suppression of H2A.Z deposition in pericentromeric
regions rescues the R-loops and DNA methylation defects
in ddm1 mutant
The deposition of H2A.Z is mediated by the chromatin remodeler
SWR1-C (47). To test whether disruption of SWR1-C–mediated
H2A.Z incorporation could alleviate the R-loop accumulation and
DNA methylation defects in ddm1 mutant, we respectively intro-
duced the mutation of three key components of SWR1-C (ARP6,
SWC6, and PIE1) into ddm1 by either crossing with arp6 or
CRISPR-Cas9–mediated deletion of the SWC6 and PIE1 genes
(fig. S15, A and B) and performed H2A.Z ChIP-seq, ssDRIP-seq,
and bisulfite sequencing. We identified that 123 up-regulated peri-
centromeric R-loop peaks in ddm1 (total 615 up-regulated R-loop
peaks, shown in Fig. 2E) showed decreased H2A.Z abundance in
arp6ddm1 double mutant (Fig. 5A). The global decreased R-loop
levels on these peaks were observed (Fig. 5B), which is accompanied
by gain of DNA methylation levels (Fig. 5, C and D). Similar
dynamic patterns can be detected in swc6ddm1 and pie1ddm1
(fig. S16). In addition, several tested pericentromeric loci displayed
decreased R-loops and partially recovered DNA methylation in the
H2A.Z fully depleted mutant ddm1h2a.z (ddm1 hta8/9/11 quadru-
ple mutant; fig. S15C) compared to ddm1 single mutant (fig. S17).
These results clearly showed that inhibition of H2A.Z incorporation
at pericentromeric region can rescue the defects of R-loops and
DNA methylation in pericentromeric heterochromatin in ddm1
mutant, genetically consistent with our results (fig. S4, A and C).
Previous results had shown that the depletion of linker histone

H1 could partially rescue the defects of DNA methylation in ddm1
(11). When comparing the H2A.Z abundance in h1ddm1 to ddm1,
we detected the reduced H2A.Z abundance in pericentromeric
regions (fig. S18, A and B). Similar to the swr1ddm1 and
ddm1h2a.z mutants (Fig. 5 and figs. S16 and S17), reduced
H2A.Z in h1ddm1 results in decreased R-loops and recovery of
DNA methylation (fig. S18, C to E). These results further enhanced
our model of DDM1 and raised a possibility that the linker histone
H1 could help pericentromeric H2A.Z deposition in the ddm1
mutant (Fig. 5E). It had also been reported that mutation of
MET1, the de novo DNA methyltransferase, could increase the
H2A.Z deposition (48). Our H2A.Z ChIP-seq data also showed
that H2A.Z levels were increased across the genome in the
absence of MET1, not only restrictedly in pericentromeric regions
(fig. S18A, black lines), which is different from the patterns of in-
creased pericentromeric H2A.Z in ddm1. Because de novo DNA
methylation is the fasten step to firmly brake transcription and

maintain heterochromatin silencing, thus genome-wide depletion
of DNA methylation could disrupt the transcription silencing and
introduce anomalous H2A.Z deposition (fig. S18B) (48). Genome-
wide R-loop profile inmet1mutant has shown amuch higher abun-
dance of R-loop to all the tested mutants except ddm1 (about three-
to fivefold lower than that in ddm1 mutant; fig. S2). These data are
in line with the RNA:DNA helicase activity of DDM1: As in met1,
the DDM1 is still functional; however, without the brake action of
DNA methylation in the initial transcription step of heterochroma-
tin silencing, the helicase activity of DDM1 could not cope with
these massive transcription bursting caused R-loops (Fig. 5E).
The function of DDM1 in R-loops removal is noneffective in the
case of disruption of de novo DNA methylation, thus leaving a no-
ticeable amount of R-loops in met1 (fig. S2).

Dual functions of DDM1 in R-loop resolution and H2A.Z
eviction are important for tricellular nuclei development
in pollen
In pollen development, the tricellular nuclei stage contains one veg-
etative nucleus (VN) and two SN (49), and DDM1 was only accu-
mulated in SN (fig. S19A) (50). Thus, the mature pollen is the ideal
model to dissect the biological functions of DDM1 in heterochro-
matin regulation. After introducing constructs expressing the
H2A.W or H2A.Z fused with fluorescent protein into Col-0 and
ddm1, we observed that H2A.W was present in the SN but excluded
in the VN, similar to the localization of DDM1 (Fig. 6A and fig.
S19A), while H2A.Z was enriched in the VN where there is less
abundance of DDM1 (Fig. 6B). Unexpectedly, in the absence of
functional DDM1, H2A.Z were present both in the SN and VN
(Fig. 6B); however, the cellular localization of H2A.W was not
changed in ddm1 pollens (Fig. 6A). These results of single-cell anal-
ysis reinforce the function of DDM1 in blocking the H2A.Z depo-
sition. Next, we sought to determinewhether any R-loop differences
could be found in maturated pollen when comparing Col-0 with
ddm1. By staining the nuclei with 40,6-diamidino-2-phenylindole
(DAPI) and R-loops with antibody S9.6, we found that, in Col-0,
R-loop signals were enriched in the VN but absent in SN (Fig. 6C
and fig. S19, B and C). However, in the ddm1 pollen, the R-loop
signals were present in all three nuclei (Fig. 6C). Thus, we concluded
that DDM1 is required in mature pollen for maintaining the proper
exclusion of R-loops and H2A.Z from SN.
While preparing the nuclei from mature pollen for the staining

assays, we observed that the shape and morphology of SN in the
ddm1 were markedly different from Col-0 (Fig. 6, A and B, DAPI
panels). We further characterized this observation and found that
the SN in intact pollen was significantly larger in ddm1 than in
Col-0 (Fig. 6D). A “nuclear valley” could be seen in almost all SN
from ddm1 pollen, which was absent in wild-type Col-0 (Fig. 6D).
Calculation of the “nuclei valleys” showed a range from 25 to 45% of
the total SN nuclei area (Fig. 6D). In addition, the h2a.w-3 mutant
did not show the abnormal nuclear valley phenotype (fig. S19D),
genetically providing another layer of the clue that the DDM1-pro-
moted exclusion of H2A.Z and R-loops from SN, rather than the
H2A.W localization into SN, has the biological roles to ensure the
tricellular nuclei development.
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DISCUSSION
A model for DDM1 in helping DNA methyltransferases access nu-
cleosomes for DNA methylation and transcriptional silencing had
been proposed (11, 12). Here, we reported the additional function of
DDM1 in R-loop clearance and linked it to heterochromatin forma-
tion. On the basis of our R-loop profiling screen data, we proposed
that, in pericentromeric heterochromatin, the low abundance of

H2A.Z could produce low levels of cotranscriptional R-loops,
which then could be eliminated by the primary function of
DDM1 via the helicase activity (Fig. 5E). Links between R-loops/
RNA:DNA hybrids and heterochromatin have been revealed in
some biological processes. For instance, R-loop–induced hetero-
chromatin marks are efficient for transcriptional termination
(51); major satellite repeat transcript–mediated RNA:DNA

Fig. 5. Suppression of H2A.Z deposition in pericentromeric regions rescues the R-loops and DNAmethylation defects in ddm1mutant. (A) One hundred twenty-
three up-regulated pericentromeric R-loop peaks of ddm1 showed decreased H2A.Z abundance in arp6ddm1. Ten to 90% and interquartile range are shown. (B) R-loop
levels of 123 decreased H2A.Z peaks in Col-0, ddm1, and arp6ddm1. Ten to 90% and interquartile range are shown. (C) DNA methylation levels of 123 decreased H2A.Z
peaks in Col-0, ddm1, and arp6ddm1. Ten to 90% and interquartile range are shown. (D) Snapshots from Integrative Genomics Viewer showing R-loop, H2A.Z, and DNA
methylation levels in Col-0, ddm1, and arp6ddm1. (E) Constitutive heterochromatin formation starts fromDDM1-mediated cotranscriptional R-loop clearance. The low but
detectable levels of cotranscriptional R-loops formed at pericentromeric heterochromatin stimulate the RNA:DNA helicase activity of DDM1, and DDM1 promotes the
deposition of H2A.W but excludes the H2A.Z, thus promoting constitutive heterochromatin formation. In the absence of DDM1, SWR complex–mediated anomalous
H2A.Z deposition introduces enormous cotranscriptional R-loops and disturbs the pericentromeric heterochromatin. Histone Linker H1 could help the SWR complex to
deposit H2A.Z at constitutive heterochromatin in the ddm1 mutant.
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hybrids stabilize chromatin retention of histone methylases Suv39h
for heterochromatin formation (52); suppression of R-loops ensures
proper DNA replication of highly condensed heterochromatin
region (41). RNA:DNA hybrids could help the RNA interference–
directed heterochromatin assembly in fission yeast (53). Here, con-
sidering the marked elevated pericentromeric R-loop levels in the
ddm1 mutant (Fig. 1 and fig. S2), together with the results that

DDM1-mediated H2A.Z eviction from pericentromeric regions
(Fig. 4C and fig. S13A), we propose that DDM1 could function in
early stage of heterochromatin silencing in Arabidopsis (see
below; Fig. 5E).
Compared to the dsDNA substrate, there is almost no activity of

plant DNA methyltransferases on single-stranded DNA or
RNA:DNA hybrids (54). Our data showed that DDM1 has the

Fig. 6. DDM1 facilitates R-loop resolution and H2A.Z eviction during tricellular nuclei development in pollen. (A) Microscopic images showing H2A.W.6-mCherry
in intact pollen from Col-0 and ddm1-1. Scale bar, 5 μM. (B) Microscopic images showing H2A.Z.9-GFP in intact pollen from Col-0 and ddm1-1. Scale bar, 5 μM. (C)
Immunostaining detection of R-loops in tricellular nuclei of Arabidopsis pollen. At least 10 tricellular nuclei were observed for each sample. R-loops in nuclei were
stained with S9.6 antibodies (green). Nuclear DNA was stained with DAPI (blue). Scale bar, 2 μM. (D) Left: DAPI staining of tricellular nuclei in intact pollen. Scale
bars, 5 μM. Middle: Relative DAPI intensity of SN (white lines on left) was quantified by Zeiss Zen software, and a nuclear valley could be observed in each nucleus.
Green arrows indicate regions with less DAPI staining in ddm1 SN. Right: Quantitative analysis of pollen size (diameter) and SN area of WT and ddm1 pollen. All data
are plotted and means of value are shown.
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RNA:DNA helicase activity in vitro and thus ensures the cotran-
scriptional pericentromeric R-loops clearance, further providing
the fine substrate for DNA methyltransferases. The model of
DDM1 promoting R-loops clearance also explains most of the phe-
notypic observations in the ddm1mutant. For example, loss of func-
tion of DDM1 in Arabidopsis and its orthologs in other species
causes DNA damage, defects in DNA repair, as well as increases
in DNA recombination (55–59), and all these phenomena are
similar to those reported mutants that contain an overabundance
of R-loops (16, 18–20, 60–62). DDM1 was first isolated with the
function of maintaining DNA methylation, and it is conserved
among different species (fig. S6). The loss of helicase, lymphoid spe-
cific (HELLS), the ortholog of DDM1 in mammals, results in
RNA:DNA hybrids accumulation at pericentromeric repeats (32),
suggesting the similar functions of HELLS in R-loop resolution as
the DDM1 in Arabidopsis. However, the DDM1 homolog in fungus
Neurospora crassa mutagen sensitive-30 (MUS-30) is not responsi-
ble for DNA methylation maintenance (58). Instead, MUS-30 is re-
quired for genome stability, and loss of function of MUS-30
presented similar phenomena (e.g., hypersensitivity to DNA
damage) to mutants with R-loop accumulation.
With the results of protein-protein interactions and ChIP-seq,

we proposed that DDM1 is required for the histone H2A variant
H2A.Z exclusion from pericentromeric regions, as well as for the
heterochromatic H2A.W deposition. Our findings showed that
both H2A.Z and H2A.W inhibit the helicase function of DDM1
(Fig. 4), while there are no R-loop differences in the h2a.w
(Fig. 4C and fig. S10D) but R-loop and H2A.W enrichment are
both altered in ddm1 (Figs. 1 and 4C and fig. S10D), implying
that the R-loop clearance and histone variants deposition by
DDM1 could not occur at the same time. In the absence of
H2A.W, the histone H2A and H2A.X, but not H2A.Z, could be en-
riched in pericentromeric regions (fig. S10, B and C) which is reg-
ulated by unclear mechanisms, suggesting that the bona fide
function of DDM1 is to evict the H2A.Z from pericentromeric het-
erochromatin (Fig. 5E). On the basis of these facts, our results re-
vealed a model whereby DDM1 has functions in facilitating the
constitutive pericentromeric heterochromatin formation in Arabi-
dopsis: Initially, a low abundance of H2A.Z could generate modest
but detectable levels of cotranscriptional R-loops at pericentromeric
heterochromatin, which further stimulates the RNA:DNA helicase
activity of DDM1 and then promotes DDM1-mediated H2A.W
deposition, following with justified nucleosome density and facili-
tates the heterochromatic modifications (DNA and histone methyl-
ation), with the results of established constitutive pericentromeric
heterochromatin formation and evicted H2A.Z-instigated tran-
scription (Fig. 5E).
Together, the results presented in this study highlight the essen-

tial role of cotranscriptional R-loop clearance in promoting consti-
tutive heterochromatin silencing and patterning the
heterochromatin landscape. The findings suggest an evolved
model of constitutive heterochromatin formation, in which
nascent RNAs directly pair with templated DNA to trigger hetero-
chromatin packing and silencing (Fig. 5E). DDM1 clears the low
levels of R-loops that cotranscriptional formed in pericentromeric
heterochromatin through its RNA:DNA removing activity, followed
by depositing proper histone H2A variants. This in turn allows
DNAmethyltransferases and other histone modifiers to access peri-
centromeric heterochromatin for transcriptional silencing and

heterochromatin maintenance (Fig. 5E). The notable interplays
that we have uncovered between R-loop resolution and histone var-
iants deposition/eviction in heterochromatin formation could be
considered as a paradigm for other eukaryotic organisms.

MATERIALS AND METHODS
Plant material and growth conditions
All mutants used in this study are Columbia ecotype (Col-0), in-
cluding ddm1-1 (7), ddm1-2 (9), ddm1-T (SALK_000590), hta6
hta7 (45), arp6-1 (SAIL_599_G03), h1.1 (SALK_128430), h2a.z
(FLAG_593B04 for hta8, SALK_054814 for hta9, and
SALK_017235 for hta11). Mutants for ssDRIP-seq screening are
listed in data S1. We used CRISPR-Cas9 genome editing system
to obtain genomic DNA deletion mutants, including ddm1CRISPR,
hta12, pie1, swc6, and h1.2. We used second-generation homozy-
gous ddm1-1 mutants obtained from the segregated ddm1/DDM1
heterozygous for all the experiments. Surface sterilized seeds were
grown on Murashige and Skoog media (Sigma-Aldrich, M5519)
for 12 days at 22°C with 16-hour light/8-hour dark cycle. For
FLA treatment, 10-day-old seedlings were transferred to liquid
MS media containing 10 μM FLA and incubated for 1, 4, and
12 hours.

Transgenic plants
To generate the DDM1-FLAG and DDM1-GFP complementation
lines, DDM1 genomic sequence containing native promoter and
terminator was amplified from genomic DNA and inserted into
pCambia1301. For DDM1-FLAG, FLAG-tag was inserted at both
the N and C terminus of DDM1 coding regions, and the C-terminal
FLAG-tag was replaced with GFP-tag for DDM1-GFP. Constructs
were transformed into ddm1/DDM1 heterozygotes by using the
floral dip method, and transgenic plants containing the transgene
were screened by selective resistance.
For H2A.W-FLAG/mCherry lines, H2A.W.6 (HTA6 and

AT5G59870) genomic DNA containing native promoter and termi-
nator was amplified and cloned into pCambia1300. FLAG-tag and
mCherry-tag were inserted at the C terminus of the H2A.W.6
coding region, respectively. Construct was transformed into
ddm1/DDM1, and segregated wild-type and ddm1 lines from T1
generation were used for H2A.W-FLAG ChIP-seq and H2A.W.6-
mCherry observation in pollen nuclei. For H2A.Z-GFP lines,
H2A.W.9 (HTA9 and AT1G52740) genomic DNA containing
native promoter and terminator was amplified and cloned into
pBINPLUS, and transformation was performed as described above.

Single-strand DNA ligation–based library construction
from RNA:DNA hybrid immunoprecipitation, followed by
sequencing
ssDRIP-seq was performed as previously described (22, 25). Briefly,
nuclei were extracted from 12-day-old seedlings with Honda buffer
[0.44 M sucrose, 1.25% Ficoll, 2.5% Dextran T40, 20 mM Hepes-
KOH (pH 7.4), 10 mMMgCl2, 0.5% Triton X-100, and protease in-
hibitors]. DNA was recovered with phenol:chloroform extraction
after digesting the nuclei with 0.5% SDS and proteinase K at 37°C
overnight. Purified DNAwas then digested with Mse I, Nla III, Dde
I, and Mbo I [New England Biolabs (NEB)] by following the man-
ufacturer’s instructions. Qubit was used to measure the DNA con-
centration, and 3 μg of DNA was used to perform the
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immunoprecipitation with S9.6 overnight. DNA-antibody com-
plexes were incubated with Protein G beads (Invitrogen, 10004D)
at 4°C for 5 hours with rotation. DNA was then eluted from
washed beads with elution buffer [50 mM tris-HCl (pH 8.0) and
10 mM EDTA] and proteinase K at 55°C for 1 hour. After
phenol:chloroform extraction, DNA was recovered by ethanol pre-
cipitation. The eluted DNA was used for sequencing library con-
structions using an ssDNA library preperation kit
(Vazyme, ND620).

Chromatin immunoprecipitation and sequencing
For histone ChIP-seq (H3K9me2, H3K27me1, H2A.W-FLAG, and
H2A.Z), nuclei were extracted from 12-day-old seedlings with
Honda buffer [0.44 M sucrose, 1.25% Ficoll, 2.5% Dextran T40,
20 mM Hepes-KOH (pH 7.4), 10 mM MgCl2, 0.5% Triton X-100,
5 mM dithiothreitol (DTT), and protease inhibitors]. Nuclei were
suspended in 1× micrococcal nuclease (MNase) buffer [50 mM
tris-HCl (pH 7.6), 5 mM CaCl2, and 0.1 mM phenylmethylsulfonyl
fluoride (PMSF)] containing 1× protease inhibitor cocktail. After
RNase A treatment at 37°C for 30 min, chromatin was digested
with micrococcal nuclease (NEB, M0247S) for 6 min, and the reac-
tion was stopped with EDTA (10 mM). Then, the nucleosomes were
released with the addition of 0.005% SDS while rotating at 4°C for 2
to 3 hours. Next, the supernatant was separated and diluted with
dilution buffer (0.1% Triton X-100, 50 mM NaCl, 0.1 mM PMSF,
17 mM tris-HCl, 3.33 mM EDTA, and 1× protease inhibitor cock-
tail). Chromatin was precleaned with protein G beads and immuno-
precipitated with H3 (ABclonal, A2348), H3K9me2 (Abcam,
ab1220), H3K27me1 (Millipore, 07-448), FLAG M2 beads
(Sigma-Aldrich, M8823), and H2A.Z (46) antibodies at 4°C over-
night. The complexes were incubated with protein G beads (Invitro-
gen, 10004D) at 4°C overnight with rotation and washed three times
with wash buffer having different concentrations of NaCl in each
wash [50 mM tris-HCl (pH 7.6), 10 mM EDTA, 50/100/150 mM
NaCl, 0.1 mM PMSF, and protease inhibitors]. Then, DNA was
eluted with elution buffer (0.1% SDS and 0.1 M NaHCO3) at
65°C for 15 min. Proteinase K treatment was performed at 55°C
for 2 hours. DNAwas recovered after phenol:chloroform extraction
for sequencing library construction.
For DDM1-FLAG ChIP-seq, the samples were cross-linked with

formaldehyde. Then, nuclei extraction, sonication, immunoprecip-
itation with anti-FLAG beads (Sigma-Aldrich, M8823), washing,
and chromatin immunoprecipitated DNA extraction were per-
formed as previously described (63). Eluted DNA was used to
make the sequencing libraries as previously described (22) or
used for qPCR.

RNA immunoprecipitation
The DDM1-FLAG RIP-qPCR was performed as previously de-
scribed (64) with some modifications. Because of the low abun-
dance of input RNAs from pericentromeric loci in Col-0 and
DDM1-FLAG/ddm1, the genomic DNA from input samples was
purified to act as a normalized control. The qPCR primers for the
pericentromeric and chromosome arm-located loci are listed in
data S7.

Bisulfite sequencing
Nuclear DNAwas extracted from 12-day-old seedlings as described
in the ssDRIP-seq section and sonicated to 250-bp fragmentation

with COVARIS. Next, bisulfite conversion and DNA recovery
were performed with the EZDNAMethylation-Gold Kit (Zymo Re-
search, D5005) by following the manufacturer’s instructions. The
sequencing library was made using the EpiArt DNA Methylation
Library Kit for Illumina V3 (Vazyme, NE103) by following the
manufacturer’s instructions.

Plant native elongating transcript sequencing
pNET-seq was performed as previously described (34). Briefly, 12-
day-old seedlings were grounded in liquid nitrogen and resuspend-
ed in ice-cold lysis buffer [50 mMHepes (pH 7.5), 150 mMNaCl, 1
mM EDTA (pH 8.0), 1% Triton X-100, 10% glycerol, 5 mM β-mer-
captoethanol, 1 mM PMSF, aprotinin (2 μg/μl), and pepstatin A (2
μg/μl)]. Lysis mixture was filtered and centrifuged to discard the su-
pernatant. Nuclear pellet was washed once with homogenization
buffer B (HBB) [25 mM tris-HCl (pH 7.6), 0.44 M sucrose, 10
mM MgCl2, 0.10% Triton X-100, and 10 mM β-mercaptoethanol]
and once with homogenization buffer C (HBC) [20 mM tris-HCl
(pH 7.6), 0.352 M sucrose, 8 mM MgCl2, 0.08% Triton X-100, 8
mM β-mercaptoethanol, and 20% glycerol] buffers and then resus-
pended in MNase buffer [20 mM tris-HCl (pH 8.0), 5 mM NaCl,
and 2.5 mMCaCl2], supplemented with 20 U of micrococcal nucle-
ase (Takara, 2910A). The reactionmixturewas incubated at 37°C for
5 min, and the reaction was stopped with EDTA. After MNase di-
gestion, sonication was performed with 1 s on/off for 10 cycles, and
the supernatant was obtained by centrifugation. The supernatant
was incubated with antibody (Abcam, ab817)–coated beads for 2
hours at 4°C, and the beads containing the complex were washed
eight times with precooled NET-2 buffer [50 mM tris-HCl (pH
7.4), 150 mM NaCl, and 0.05% NP-40]. Last, the beads were resus-
pended in T4 polynucleotide kinase (T4 PNK) reaction mixture
containing 75 μl of T4 PNK buffer, 10 μl of T4 PNK enzymes
(NEB, M0236), and 15 μl of 10 mM ATP and incubated at 37°C
for 10 min on a Thermomixer (1400 rpm). After that, the superna-
tant was removed, and beads were washed with NET-2 buffer. The
beads were again resuspended in 500 μl of TRIzol and incubated for
10 min at room temperature. After chloroform purification, RNA
was precipitated with 1/10 volume of ammonium acetate, 3
volumes of ethanol, and 1 μl of GlycoBlue. The precipitated RNA
was run on an 8% polyacrylamide gel electrophoresis (PAGE) gel,
and the gel corresponding to 35- to 100-bp RNAwas excised. After
RNA purification from the gel, the NEXTflex small RNA-Seq Kit
V3 was used to construct the libraries. Last, the libraries were recov-
ered from a 6% PAGE gel corresponding to 140 to 250 bp.

Transposase-accessible chromatin with high-throughput
sequencing
The ATAC-seq method was modified from previous publications
(65, 66). Briefly, 0.3 g of 12-day-old seedlings was freshly collected
and ground with aMACHMA-100 Laboratory Homogenizer in ice-
cold nuclei purification buffer [20 mM Mops (pH 7.0), 40 mM
NaCl, 90 mM KCl, 2 mM EDTA, 0.5 mM EGTA, 0.5 mM spermi-
dine, 0.2 mM spermine, and protease inhibitor cocktail]. The ho-
mogenate was filtered with a 40-μm nylon mesh and then
centrifuged to discard the supernatant. The nuclear pellet was se-
quentially purified with NEB2 [0.25 M sucrose, 10 mM tris-HCl
(pH 8.0), 10 mM MgCl2, 1% Triton X-100, and protease inhibitor
cocktail], NEB3 [1.7 M sucrose, 10 mM tris-HCl (pH 8.0), 2 mM
MgCl2, 0.15% Triton X-100, and protease inhibitor cocktail], and
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nuclei purification buffer. The nuclear pellet was resuspended in
diethyl pyrocarbonate–treated (DEPC-treated) H2O and then was
immediately subjected to transposition reaction. Nuclei were frag-
mented and incubated with 5 μl TTE Mix V5 (Vazyme, TD502) in
10 μl of 2× dimethylformamide (DMF) buffer [66 mM tris-acetate
(pH 7.8), 132 mM K-acetate, 20 mMMg-acetate, and 32% DMF] at
37°C for 30 min. Fragmented DNA was purified with the ChIP
DNA Clean & Concentrator Kit (Zymo Research Corporation,
D5205). The purified DNA was used for library construction.

Expression and purification of recombinant proteins
The coding sequence of DDM1 was amplified from Columbia (Col-
0) cDNA. The amplified PCR fragments were cloned into a pET-28a
or pGEX-4 T-1 vector and expressed in Rosetta (DE3) cells. Briefly,
Rosetta (DE3) cells were grown at 37°C until optical density at 600
nm reached 0.4 to 0.6, and then isopropyl-β-D-thiogalactopyrano-
side was added to a final concentration of 0.5 mM. The cells were
then held at 16°C and incubated overnight with shaking. The har-
vested cells were resuspended in 1× phosphate-buffered saline
(PBS) and sonicated (30 s on and 60 s off in cold) until the suspen-
sion became transparent). The supernatant was collected and incu-
bated with HisSep Ni-NTA agarose resin (Yeasen, 20502ES50) or
GSTSep Glutathione agarose resin (Yeasen, 20507ES50) at 4°C for
2 hours. The agarose resin-protein complexes were washed four
times with 1× PBS, and the protein was eluted with elution buffer
(250 mM imidazole or 10 mM glutathione in 1× PBS). His-tagged
Arabidopsis histones H2B.9, H2A.X.3, H2A.Z.9, and H2A.W.6 were
expressed using pET-28a vector and were purified as previously de-
scribed (14) but without His tag removal. H2B-H2As heterodimers
were constructed as previously described (14).

ATPase assays
The ATPase activity measurement was conducted using the
EnzChek Phosphate Assay Kit (Thermo Fisher Scientific, E6646).
First, three kinds of nucleic acid substrates were prepared
(dsRNA, dsDNA, and RNA:DNA; see sequences information in
data S6). In the reaction, 200 nM His-DDM1 and 250 nM nucleic
acid substrates were added in the buffer of 50 mM tris (pH 7.5), 1
mMMgCl2, 0.2 mM DTT, and 150 mM NaCl. The product of ATP
hydrolysis was measured per 10 s.

RNA:DNA unwinding assay
The 23-nt of 6-carboxyfluorescein (6-FAM)–labeled RNA (50-6-
FAM-AAAACAAAAUAGCACCGUAAAGC-30) and 23-nt of
cDNA were annealed in the annealing buffer [20 mM tris-HCl
(pH 7.0), 100 mM NaCl, and 1 mM EDTA]. For the helicase reac-
tions, the increasing amount of recombinant protein (0, 50, 100,
200, and 400 nM) was added into each reaction system containing
10 nM RNA:DNA hybrids, and the reaction was incubated at 37°C
for 1 hour. Reactions were stopped by adding 5 μl of stop buffer [20
mMHepes (pH 7.4), 300 mMKCl, 10 mM EDTA, and proteinase K
(200 ng/μl)] for 1 hour at 37°C. The product was separated by 15%
PAGE gel running, and the FAM signal was detected by Typhoon
FLA9500 with a LPR660 FAM filter (GE Healthcare). For Fig. 4F,
400 nM recombinant heterodimers were added into the reactions,
and then the assays were performed as described above.

R-loop resolution assay
Cotranscriptional R-loop formation was performed as previously
described (67). (TTTAGGG) repeats (~1 kb) were amplified from
Col-0 genomic DNA with specific primers (see data S7), and then
PCR products were cloned into pEASY-T5-zero (Transgen, CT501).
In vitro transcription was performed using T7 polymerase
(Promega, P1300) with 0.3 mM ribonucleoside adenosine/cyto-
sine/guanine triphosphate (rATP/rCTP/rGTP), 0.1 mM uridine tri-
phosphate (UTP) and 0.3 mM cyanine5 (Cy5)–labeled UTP
(GeneCopoeia, C422B) by adding 5 μg (TTTAGGG) repeat contain-
ing plasmid, and the reaction was incubated at 37°C for 60 min and
heated at 65°C for 10 min. Transcription products were treated with
RNase A in 330 mM NaCl and 30 mM MgCl2 and then were puri-
fied by phenol:chloroform extraction. R-loop–containing products
were treated by Apyrase (NEB, M0398L) to remove excess ribonu-
cleoside adenosine triphosphate (rATP) and then were purified by
phenol:chloroform. After purification though S-400 columns (GE
Healthcare, 27514001), R-loop–containing products (R-loop sub-
strate) were dissolved in 100 μl of 100 mM tris-HCl (pH 8.0) and
stored at 4°C in the dark.
For R-loop resolving reactions, 1 μl of R-loop substrate was in-

cubated with indicated proteins in 10 μl of system [6.6 mM tris-HCl
(pH 7.5), 3% glycerol, 0.1 mM EDTA (pH 8.0), 1 mMDTT, 0.5 mM
MgCl2, and 1 mM ATP] at 37°C, and then the reaction was stopped
by adding 2 μl of stop buffer [proteinase K (10 mg/ml) and 1% SDS]
incubating at 37°C for 15 min. Samples were run on 0.9% agarose
tris-borate-EDTA (TBE) gels in 0.5× TBE buffer for 2 hours in the
dark. R-loop signal was detected using Typhoon FLA9500 with a
LPR660 Cy5 filter (GE Healthcare).

Coimmunoprecipitation and mass spectrometry
For coimmunoprecipitation assays in protoplasts, 9FLAG-DDM1
and 9MYC-H2A.W.6-GFP were cloned into the pUC19-35S con-
struct. Transfected protoplasts were incubated in extraction buffer
[50 mM tris-HCl (pH 7.4), 154 mM NaCl, 10% glycerol, 5 mM
MgCl2, 1% Triton X-100, 0.3% NP-40, 5 mM DTT, 1 mM PMSF,
and protease inhibitor cocktail] and then centrifuged to collect
the supernatant for protein extraction. The supernatant was then
incubated with anti-FLAG beads (Sigma-Aldrich, M8823) over-
night. After incubation, the beads were washed with extraction
buffer (without DTT, PMSF, and protease inhibitor cocktail) for
four times and were boiled in SDS loading buffer. Samples were sub-
jected to Western blot.
For coimmunoprecipitation assays in Arabidopsis, native pro-

moter-drived DDM1-FLAG/H2A.W-mCherry in ddm1 and
H2A.W-mCherry transgenic lines were used. Total proteins were
extracted with buffer lysis buffer [50 mM tris-HCl (pH 7.5), 150
mM NaCl, 1 mM EDTA, 10% glycerol, 0.1% NP-40, 1 mM PMSF,
and protease inhibitor cocktail]. The supernatant was incubated
with anti-FLAG beads (Sigma-Aldrich, M8823) overnight.
For DDM1-GFP coimmunoprecipitation-MS, inflorescence

tissues from DDM1-GFP transgenic plants and ddm1 mutants
were collected for total protein extraction with lysis buffer. After
centrifugation, the supernatant was incubated with anti-GFP
agarose beads (Chromteck, gta-20) at 4°C for 4 hours. After
washing with lysis buffer, beads were boiled in SDS loading
buffer. Samples were separated on the SDS-PAGE gel and excised
for MS.
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Competitive pull-down assay
The competitive pull-down assay was conducted as previously de-
scribed (14) with some modifications. Briefly, GST-DDM1 was in-
cubated with glutathione magnetic beads in the binding buffer at
30°C for 1 hour, and then the GST-DDM1-bead complexes were
sequentially incubated with H2As-H2B dimers in the binding
buffer at 30°C for 1 hour. Then, the complexes were washed in
the binding buffer three times to remove the unbound H2As-H2B
dimers. Then, the complexes were incubated with wash buffer [20
mM tris-HCl (pH 8.0), 500 mM NaCl, 1% NP-40, 1 mM EDTA, 1
mM PMSF, and 2 mM DTT] containing the indicated amounts of
competitive dimers in Fig. 4E and fig. S14 (A and B) at room tem-
perature for 1 hour. The washed buffer was obtained for PAGE gel
running and staining or Western blot analysis. For normal pull-
down assay, the GST–DDM1–bead–histone dimer complexes
were washed four times with the binding buffer and then were
eluted for Western blot analysis.

Western blot
Total protein was extracted fromArabidopsis seedlings with protein
extraction buffer [150 mM NaCl, 0.5% Triton X-100, 50 mM tris-
HCl (pH 7.5), and protease inhibitor cocktail]. Anti-Pol II Ser2P
(Medical & Biological Laboratories Co., Ltd., MABI0602), anti-
FLAG (Sigma-Aldrich, F1804), anti-Myc (EASYBIO, BE2010),
anti-GST (Yeasen, 30903ES50), and anti-His (Yeasen, 30403ES40)
were used in the assays.

Slot blot
Different amounts of nuclear DNA (isolated using Honda buffer)
were treated with or without RNase H. Then, the DNA was
slotted onto a nylon membrane (Amersham Hybond-N+) and de-
tected using S9.6.

Pollen nuclei immunostaining
Pollen collection and nuclei extraction were performed as previous-
ly described (68). S9.6 or dsRNA antibody rJ2 (Millipore,
MABE1134) was used for immunostaining.

Chop-qPCR
The genomic DNA was extracted using the hexadecyltrimethylam-
monium bromide (CTAB) method from 12-day-old seedlings and
was digested with or without McrBC endonuclease (NEB, M0272)
at 37°C overnight. The digested as well as nondigested DNA was
used to perform qPCR, and qPCR values were normalized to non-
digested samples.

Data analysis
ssDRIP-seq/ChIP-seq/ATAC-seq analysis
The analysis of ssDRIP-seq was performed as previously described
(22) with minor modifications. Briefly, trimmed reads were aligned
to the TAIR10 genome with Bowtie 2 (version 2.3.0) using the
default settings, and samtools 1.3.1 was used to remove reads with
more than three mismatches and non-uniquely mapped reads.
Then, total mapped reads were further divided into forward and
reverse reads. MACS2 was used to identify peaks, and normalized
coverage files (bigWig) with 5-bp bin sizes were obtained using
bamCoverage from deeptools (v2.26.0) to visualize on the Integra-
tive Genomics Viewer. Furthermore, bamCompare or

bigwigCompare from deeptools was used to compare immunopre-
cipitated and input samples for ChIP-seq analysis.
pNET-seq analysis
R2 reads were trimmed for Illumina adaptors, and then reads < 35
bp were filtered using the Cutadapt (v1.9.1) based on the reads dis-
tribution density. Filtered reads were aligned to the Arabidopsis ref-
erence genome (TAIR10) using Bowtie 2 (version 2.3.0) with default
settings. Reads mapped to specific strands (forward or reverse) were
divided as described above.
Whole-genome bisulfite sequencing analysis
Bismark (v0.19.0) was used to map the trimmed reads and extract
themethylation level. The UCSC application tool wigToBigWig was
used to get the bigwig file.

Supplementary Materials
This PDF file includes:
Figs S1 to S19
Legends for data S1 to S7

Other Supplementary Material for this
manuscript includes the following:
Data S1 to S7
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