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We conducted genome-wide identification of R-loops followed by integrative analyses of R-loops with relation to gene

expression and epigenetic signatures in the rice genome. We found that the correlation between gene expression levels

and profiled R-loop peak levels was dependent on the positions of R-loops within gene structures (hereafter named “genic

position”). Both antisense only (ASO)-R-loops and sense/antisense (S/AS)-R-loops sharply peaked around transcription

start sites (TSSs), and these peak levels corresponded positively with transcript levels of overlapping genes. In contrast, sense

only (SO)-R-loops were generally spread over the coding regions, and their peak levels corresponded inversely to transcript

levels of overlapping genes. In addition, integrative analyses of R-loop data with existing RNA-seq, chromatin immunopre-

cipitation sequencing (ChIP-seq), DNase I hypersensitive sites sequencing (DNase-seq), and whole-genome bisulfite sequenc-

ing (WGBS or BS-seq) data revealed interrelationships and intricate connections among R-loops, gene expression, and

epigenetic signatures. Experimental validation provided evidence that the demethylation of both DNA and histone marks

can influence R-loop peak levels on a genome-wide scale. This is the first study in plants that reveals novel functional aspects

of R-loops, their interrelations with epigenetic methylation, and roles in transcriptional regulation.

[Supplemental material is available for this article.]

DNA–RNA hybrids, also referred to as R-loops, are three-stranded
nucleic acid structures, and each is composed of a DNA–RNA du-
plex and a DNA strand displaced in a single-stranded conforma-
tion. R-loops were first found in the f1 phage in 1967 (Milman
et al. 1967) and were subsequently characterized in Escherichia
coli (Thomas et al. 1976). In mammals, R-loops are often found
at genic loci with high guanine-cytosine (GC) content that in-
cludes intrinsic unmethylated CpG island promoters (Ginno
et al. 2012) and GC-skewed regions (Ginno et al. 2013). It has
been shown that purine (G,A)-rich RNA has a higher affinity to
its complementaryDNA than a similar purine-richDNA to its com-
plementary DNA (Roberts and Crothers 1992), which indicates
that DNA–RNA hybrids (or R-loops) are thermodynamically
more stable than DNA–DNA duplexes. R-loops also display several
specific epigenomic signatures and tend to colocalize with open
chromatin and heterochromatic regions (Nadel et al. 2015).

As to their functions, R-loops were initially reported to be as-
sociated with some cellular processes, such as DNA replication ini-
tiation in E. coli plasmids and mammalian mitochondrial DNA,
and immunoglobulin class switching (Itoh and Tomizawa 1980;

Kogoma 1997; Yu et al. 2003). Recently, R-loops have also been
shown to be involved in impairment of transcription elongation
(Huertas and Aguilera 2003), DNA replication obstacle (Gan et al.
2011), DNA-damage response (Sollier et al. 2014; Hamperl et al.
2017), environmental adaptation (Cloutier et al. 2016), DNA re-
pair (Lu et al. 2018), DNA translocation (Cohen et al. 2018), ge-
nome instability (Wahba et al. 2013; García-Pichardo et al.
2017), and shortening lifespan (Salvi et al. 2014). Considering
this list, it is evident that R-loops have detrimental as well as ben-
eficial effects. The accumulation of R-loops can increase genome
instability because the ssDNA in the R-loop structure is susceptible
to lesions and transcription-associated mutagenesis or recombina-
tion (Skourti-Stathaki and Proudfoot 2014). However, R-loops can
also have positive effects on some biological processes such as the
regulation of gene expression (Aguilera and García-Muse 2012;
Costantino and Koshland 2015). R-loops are crucial for activating
gene expression by recruiting H3K4me3 or the DNA demethyla-
tion complex (Ginno et al. 2012), regulating a transcriptional
pause or termination (Skourti-Stathaki et al. 2011; Chen et al.
2017), and controlling gene expression by mediating pairing of
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DNAwith antisense transcripts or noncoding RNAs (Cloutier et al.
2016).

R-loops in plants have recently gained increasing attention.
They have been found to play a role in regulating flowering time
(Sun et al. 2013), root development (Shafiq et al. 2017), gene splic-
ing (Conn et al. 2017), and genome instability (Yang et al. 2017).
The first global characterization of R-loops in Arabidopsis thaliana
revealed a potential role in gene activation by repressing the ex-
pression of antisense lncRNA (Xu et al. 2017). However, a direct as-
sociation between R-loops and gene expression has not been
reported in plants nor has a connection between R-loops and epi-
genetic modifications. In this study, we adapted the DRIP-seq
method to identify R-loops in rice calli and seedlings and then
characterized their sequence features.We studied the relationships
between different types of R-loops and expression levels of over-
lapping genes. We also studied the interrelationships between
R-loops and various epigenetic signatures and provided evidence
that a crosstalk exists between them and that epigenetic modifica-
tions affect R-loop formation.

Results

The relationships between R-loops and gene transcription

in the rice genome

The promotional and repressive roles of R-loops in gene transcrip-
tion have been characterized in mammals (Sanz et al. 2016;
Grunseich et al. 2018), but how the R-loop functions in plant
gene transcription has not been characterized. To investigate

this, we used an adapted DRIP-seq approach (Supplemental Fig.
S1B) and identified a total of 38,223 and 38,613 Watson DNA
strand–related R-loops (wR-loops) and 38,012 and 37,408 Crick
DNA strand–related R-loops (cR-loops) in rice seedlings and calli,
respectively (Supplemental Fig. S2A). We then classified the
R-loops into sense R-loops (S-R-loops), antisense R-loops (AS-R-
loops), and sense and antisense R-loops (S/AS-R-loops) based on
R-loop formation in relation to the transcriptional direction of
overlapping genes (Supplemental Fig. S3A). Next, we classified
all genes, including transposable element (TE) and non-TE genes,
into four categories: (1) genes with sense only R-loops (SO-R-
loops), (2) genes with antisense only R-loops (ASO-R-loops),
(3) genes with sense and antisense R-loops (S/AS-R-loops), and
(4) genes without R-loops (Supplemental Table S1). After assessing
the expression levels of non-TE genes with different types of R-
loops, we found that the median and average expression levels of
genes with ASO-R-loops or S/AS-R-loops were significantly higher
than those of control genes without R-loops in both seedlings and
calli (Supplemental Fig. S3B). In contrast, the expression levels of
genes with SO-R-loops were not significantly different from those
of control genes in seedlings but were slightly higher than those of
control genes in calli (Supplemental Fig. S3B).

After classifying all genes with R-loops into five bins accord-
ing to their expression levels (FPKM values) in both tissues, we
plotted R-loop read densities from 1 kb upstream of transcription
start sites (TSSs) to 1 kb downstream from the transcription end
sites (TESs) for all genes with R-loops (Fig. 1A). R-loops were asso-
ciated with both expressed and nonexpressed (FPKM=0) genes.
SO-R-loops, when present in gene bodies, showed an inverse

B CA

Figure 1. The relationship between R-loops and expression levels of non-TE genes. (A) Curve plots showing the distribution of R-loop read densities from
1 kb upstream of the TSS to 1 kb downstream from the TES. Genes with each type of R-loops (SO-, ASO-, S/AS-R-loops) were classified into one of five bins
based on their FPKM values (0, 0–1, 1–10, 10–20, and more than 20). (B) Heatmap showing the distribution of R-loop read counts from 1 kb upstream of
the TSS to 1 kb downstream from the TESs of genes that were arranged in descending order based on FPKM values. The transition from black to yellow
corresponds to R-loop read intensities from low to high levels. (C ) Representative genic loci associated with SO-R-loops, ASO-R-loops, and S/AS-R-loops,
respectively.
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relationship to the expression levels of overlapping genes (Fig. 1A);
however, when SO-R-loops were present around TSSs, there was a
stronger relationship between R-loop read densities and gene ex-
pression levels (Fig. 1A). In contrast, a positive correspondence
was observed between normalized read densities of ASO-R-loops
and expression levels of genes containing ASO-R-loops in the pro-
moter regions. However, a similar positive relationship was found
for genes with S/AS-R-loops in promoter regions in seedlings (Fig.
1A). In calli, however, a weaker relationship was observed between
S/AS-R-loopdensities aroundTSSs and expression levels of overlap-
ping genes, presumably owing to the excessive distribution of
S/AS-R-loops in gene bodies. To assess this further, we sorted all
genes with S/AS-R-loops located within ±500 bp of TSSs in calli
and then divided them into three subclasses according to FPKM
values. A positive correspondence between S/AS-R-loop read densi-
ties and expression levels of overlapping genes was observed
(Supplemental Fig. S3C).

To test if the correspondence between R-loops and gene ex-
pression is genic position dependent, we regrouped all expressed
genes (FPKM>0) into two categories (greater or less than 10). We
then plotted the normalized read counts within ±500 bp of TSSs
and also from TSSs to TESs. Both positive and negative correspon-
dences were observed between R-loop densities and gene expres-
sion levels around TSSs and in gene bodies for each type of R-
loops (Supplemental Fig. S4A). Consistent with the bar plots
shown in Supplemental Figure S4A, S-R-loops were distributed
more in exons but less in promoters thanwere AS-R-loops (Supple-
mental Fig. S4B).

To view R-loop levels with respect to different genic regions
within gene frames, we generated a heatmap for R-loops from
each tissue, in which all genes were ranked by their expression lev-
els from the highest to the lowest values (FPKM) (Fig. 1B).
SO-R-loop reads spanned the entire gene bodies and were highly
enriched in nonexpressed genes (FPKM=0). In contrast, ASO-R-
loop and S/AS-R-loop reads were specifically enriched around the
TSSs of genes with higher expression levels but tended to be dis-
persed in gene bodies, especially when genes had low expression
levels (Fig. 1B). S/AS-R-loop reads were noticeably enriched in
the entire gene bodies of nonexpressed genes (FPKM=0) (Fig.
1B). The three types of typical read distributions corresponding
to SO-R-loops, ASO-R-loops, and S/AS-R-loops, respectively, are il-
lustrated in Figure 1C. Collectively, these analyses imply that
genes associated with SO-R-loops tend to have no or low expres-
sion, whereas genes associated with ASO-R-loops or S/AS-R-loops
have higher expression levels.

Functions of R-loops in gene transcription are genic position

dependent

To further investigate the distribution of R-loops in different genic
regions, we plotted normalized R-loop read counts in the first three
exons (sequentially named Exon1, Exon 2, and Exon 3).We found
that R-loop reads tend to be enriched to a large extent in the first
exon in both seedlings and calli compared with the other two ex-
ons or the random control (Fig. 2A). Next, we specifically plotted
each type of normalized R-loop read counts in Exon 1 (including
5′ UTR and CDS1) (Fig. 2B), Exon 2 (Fig. 2C), and the TSS (Fig.
2D). The profiles of S- and AS-R-loops in the TSS and Exons 1
and 2 were noticeably distinct. First, the normalized read counts
of AS-R-loops were primarily distributed in Exon 1, whereas the
normalized read counts of S-R-loops were relatively low in
Exon 1, Exon 2, and the TSS. In Exon 1, AS-R-loops peaked sharply

at the TSS (Fig. 2D) and then decreased through the first exon and
eventually reached the level of the random control. The normal-
ized read counts of S-R-loops in Exon 1 increased gradually in
the 5′ UTR and peaked in the CDS 1 (Fig. 2B), but only slightly in-
creased in Exon 2 compared with the upstream region (Fig. 2C).

To investigate the effects of the leader introns in 5′ UTRs on
the distributions of normalized read counts of different R-loops,
we extracted 6020 transcripts with alternative splicing at their
5′ UTRs. We plotted the normalized R-loop read counts and found
that AS-R-loops were primarily located in the first 5′ UTR, were
dispersed into the subsequent intron, and eventually reached a
level below the random control at the 3′ end of the intron
(Supplemental Fig. S5; Supplemental Table S2). These results imply
that AS-R-loops around the TSS play a role in transcriptional
initiation.

To specifically examine the effects of R-loops on gene expres-
sion levels in a genic-dependent manner, we investigated genes
that have only one R-loop in different subgenic regions, including
5′ UTRs, CDS1s, promoters, introns, and exons; the regions with
no or two R-loops were used for comparison. As shown in Figure
2E, when only one AS-R-loop was present in each of these regions
(orange), the median gene expression levels were ranked as fol-
lows: 5′ UTRs>CDS1s >promoters > introns > exons. The position-
al effect of S-R-loops (green) on gene expression in either tissuewas
similar to that observed for AS-R-loops in the same tissue, although
generally smaller in magnitude, especially in calli. Because the
magnitude of the effect of S-R-loops on gene expression in the 5′

UTR was nearly the same as that of AS-R-loops, this suggests that
S-R-loops might also be positively associated with gene expression
levels when present in this region (Fig. 2E). Compared with that of
AS-R-loops or no R-loops, the positional effects of S-R-loops were
negligible when they were present in any of other genic regions.

In addition, we found that the expression levels of genes with
two R-loops, one in the 5′ UTR and the other in the CDS1, were
comparable to the expression levels of genes with only one AS-R-
loop in the 5′ UTR but higher than the expression levels of genes
with two R-loops in CDS1s andwith one R-loop inCDS1s, promot-
ers, introns, and exons. This was true for both tissues (Fig. 2E).
These results suggest that R-loops function in a genic position–de-
pendent manner to promote gene expression in rice. The more
pronounced effect on gene expression was observed when multi-
ple R-loops were present, implying that these genic positional ef-
fects are additive to some degree.

Interrelation of R-loops and DNA methylation

The association of DNA hypomethylation with R-loops has been
documented in humans and A. thaliana genomes, particularly
when R-loops are present in promoter regions (Ginno et al.
2012; Sanz et al. 2016; Xu et al. 2017); however, the exact nature
of the relationship between R-loops and DNA methylation is still
undetermined. To investigate this, we profiled the methylation
levels in ±1 kb of R-loops using published bisulfite sequencing
data from rice seedlings (Hu et al. 2014), with 10,000 randomly se-
lected regions (500 bp) as the controls. Compared with the flank-
ing regions, R-loops were clearly associated with decreased CG
methylation levels, slightly increased CHG (H=A, T, or C)methyl-
ation, and greatly increased CHH (H=A, T, or C) methylation
(Supplemental Fig. S6A). Significantly lower CG methylation was
observed in R-loops with G4+, whereas significantly higher CHH
methylation occurred at the centers and the boundaries of R-loops
with G4+ (Supplemental Fig. S6A). Compared with random
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controls, higher R-loop peak levels corresponded to lower CG
methylation but higher CHH methylation levels (Supplemental
Fig. S6B).

To investigate the relationship between R-loops and TE/non-
TE genes, we examined DNAmethylation levels of TE and non-TE
genes with R-loops from 1 kb upstream of TSSs to 1 kb downstream
from TESs. We found that the overall CG/CHGmethylation levels
of TE genes with R-loops (+) were significantly lower than those
without R-loops (R-loops [−]) (Fig. 3A).When R-loops were present
in non-TE genes, we found that CHG and CHH methylation in
promoters and CG methylation in gene bodies were increased,
whereas CG and CHG methylation were noticeably reduced in
1-kb downstream regions (Fig. 3A). The lowest CG and CHGmeth-
ylation levels were observed in TEs with S/AS-R-loops, especially in
promoter regions (Fig. 3B). Compared with TE genes with SO-R-
loops, those ASO-R-loops or S/AS-R-loops generally showed de-
creased CG and CHG methylation. In particular, TE genes with
S/AS-R-loops manifested lower CHG methylation in whole-gene
regions (Fig. 3B). In contrast, in whole-gene regions, non-TE genes
with SO-R-loops displayed higher CG and CHGmethylation than

other genes with either ASO- or S/AS-R-loops. CHHmethylation in
non-TE genes with ASO- or S/AS-R-loops was much higher in pro-
moters but lower in gene bodies than other genes with SO-R-loops
(Fig. 3B). However, overall, a positive correlation was found be-
tween total DNA methylation levels and R-loop peak levels in
rice (Fig. 3C).

To determine if DNA demethylation can affect R-loop forma-
tion on a genome-wide scale, blotting assays were performed at
least two times with DNA extracted from rice seedlings pretreated
with or without zebularine, a DNA methyltransferase inhibitor
used for the induction of global DNAdemethylation in bothmam-
mals and plants (Zhou et al. 2002). Zebularine treatment reduced
overall DNA methylation levels by ∼30%, and this led to a global
reduction in R-loop intensities of ∼22% (Fig. 3D; Supplemental
Fig. S6C).

To investigate which types of TEs are most affected by
R-loops, we classified TEs into four categories—CACTA transpo-
sons (2114), centromere-specific retrotransposons (619), Ty1/3
retrotransposons (4502), and the remainder (Supplemental Fig.
S7A)—that were extracted from the annotation file of rice genes

A

B

C

D

E

Figure 2. Genic distribution of R-loops and their effects on gene expression. (A) Distribution of R-loop read densities in the first three exons (Exon 1, 2,
and 3) and ±1-kb flanking regions in seedlings and calli. (B) Distribution of S- and AS-R-loop read densities around 5′ UTRs, CDS1s, and ±1-kb flanking
regions in seedlings and calli. (C) Distribution of S- and AS-R-loop read densities around Exon 2 and ±1-kb flanking regions in seedlings and calli.
(D) Distribution of S- and AS-R-loop read densities within ±1 kb of TSSs in seedlings and calli. Ten thousand shuffled genic loci were used as the random
control. (E) Boxplots displaying the expression levels of geneswith R-loops in different subgenic regions. Green and orange boxes represent genes with only
one S- or AS-R-loop, respectively. (CDS1 S-RL + 5′ UTR AS-RL) One S-R-loop in the first CDS and one AS-R-loop in the 5′ UTR; (CDS1 S-RL +CDS1 AS-RL) one
S-R-loop and one AS-R-loop in first CDS; (CDS1 AS-RL + 5′ UTR AS-RL) one AS-R-loop in the first CDS and another one in the 5′ UTR region; (CDS1 S-RL + 5′
UTR S-RL) one S-R-loop in the first CDS and another one in the 5′ UTR region. P-value < 0.05 (∗) and P-value < 0.01 (∗∗) were determined by the Wilcoxon
rank-sum test.
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(http://rice.plantbiology.msu.edu/). We sorted 3120 and 2321
TEs with SO-R-loops, 1539 and 1484 TEs with ASO-R-loops, and
772 and 1773 TEs with S/AS-R-loops in seedlings and calli, respec-
tively. The genomic percentages of the four types of TEs that over-
lapped one of three different type of R-loops are displayed in the
pie chart in Supplemental Figure S7A. In seedlings, 26.9% of
CACTA TEs have S/AS-R-loops, whereas only 15.2% and 11.2%
CACTA TEs have SO-R-loops and ASO-R-loops, respectively. In
addition, 34.1% and 38.0% of Ty1/3 retrotransposons have ASO-
R-loops in seedling and calli, respectively. This type of TE having
either SO-R-loops or S/AS-R-loops did not exceed 16.9% in each
tissue.

It is well known that DNA methylation has profound effects
on silencing genes, especially TE genes. As anticipated, overall,
the expression of TE genes was much lower than the expression
of non-TE genes (Supplemental Fig. S7B). It is worth noting that
the TEs overlapping R-loops displayed higher expression levels
than those without R-loops (Supplemental Fig. S7B). The expres-
sion levels of TEs increased as their R-loops changed from SO-R-
loops to ASO-R-loops and then to S/AS-R-loops. These findings
are in agreement with what we observed for non-TE genes
(Supplemental Fig. S3B). Our results imply that both TE and
non-TE genes with R-loops, especially those with ASO-R-loops
and S/AS-R-loops, have higher expression levels.

DNA N6-methyladenine affects R-loops

DNA N6-methyladenine (6mA) has recently been reported to dif-
ferentially regulate gene transcription in rice (Zhou et al. 2018).
To ascertain if R-loops and 6mA are interrelated, we integrated
the DRIP-seq data with published 6mA-related IP-seq data (GEO
is GSE103145). We detected 6119 overlaps between R-loops and
6mA enrichment in rice. We found that the presence of 6mA cor-
responded to higher read intensities of R-loops in promoters (Fig.
4A) and gene bodies (Fig. 4B). This conclusion was drawn based
on comparison with total R-loops without 6mA in the same re-
gions (10,540 in promoters and 9117 in gene bodies) or with three
random sets, each containing the same number of R-loops as the
R-loops with 6mA (2020 in promoters or 1937 in gene bodies).

To further assess the relationships between R-loops and 6mA
modification, we examined how R-loops affect 6mA enrichment.
We divided all 6mA-associated genes into two subgroups, one
with R-loops (R-loops+) and one without R-loops (R-loops-), and
then plotted normalized 6mA-related read counts from 1 kb up-
stream of TSSs to 1 kb downstream from TESs of non-TE genes
(Fig. 4C). We found that genes with R-loops displayed more 6mA
in gene bodies and in a short region downstream from TESs, but
there tended to be less 6mA than genes without R-loops in the fur-
thest upstream regions of promoters (Fig. 4C). After splitting the

CA

DB

Figure 3. CG, CHG, and CHHmethylation levels in TEs and non-TE genes in relation with R-loops. (A) Average ratios of CG, CHG, and CHHmethylation
between the TSS and TES and in ±1-kb flanking regions. Methylation ratios are shown with light red or black lines corresponding to genes with or without
R-loops, respectively. Thewindow size in flanking regionswas 20 bp, and gene-body regions were equally divided into 50 bins for calculation of DNAmeth-
ylation rates. The colored strips at the top of each plot reflect P-values from the Wilcoxon rank-sum test. Gray bands represent P-values > 0.05; blue bands,
0.05 < P-values < 0.01; green bands, 0.001< P-values < 0.01; and yellow bands, P-values < 0.001. (B) As in A, exceptmethylation ratios are shownwith cyan,
yellow, red, and black lines when the genes have SO-R-loops, ASO-R-loops, S/AS-R-loops, or no R-loops, respectively. (C) R-loop peak levels (high, medium,
or low) and their corresponding total cytosine methylation ratios in rice. The window size in flanking regions was 20 bp, and all R-loop peaks were equally
divided into 50 bins for calculating DNA methylation rates. (D) Dot blotting assays of normal and zebularine-treated plants with anti-5mC and anti-S9.6
antibodies. Each sample had two technical repeats in each blot. Dot signals were cut from the original blot that can be found in Supplemental Figure S10.
Zebularine is known as a methylation inhibitor.
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R-loops with 6mA into three types, we found that, in promoter re-
gions, the normalized read counts of 6mA occurred in genes with
ASO-R-loops, A/AS-R-loops, and then SO-R-loops (in descending
order). Genes with any type of R-loops consistently displayed
more 6mA enrichment in gene bodies than genes without R-loops
(Fig. 4D). Furthermore, we found that genes with 6mA were more
highly expressed than genes without 6mA for all types of R-loops
(Fig. 4E) and that genes with different types of R-loops influenced
gene expression differently, depending on the type of R-loops.

To determine if 6mA affects R-loop formation on a genome-
wide scale, we conducted dot blotting assays at least two times us-
ing DNA extracted from CRISPR-Cas9–related transgenic lines in
which either LOC_Os02g45110 or LOC_Os10g31030was mutated.
Both genes contain a MT-A70 domain, and each can function as a
6mAmethyltransferase as reported in A. thaliana (Luo et al. 2014).
Although we found that each mutant reduced overall 6mA levels
by ∼75% (compared with wild type), the two mutant lines pro-
duced opposite effects on loop intensities: R-loop intensities in-
creased ∼48% in the LOC_Os02g45110 mutant but decreased
∼26% in the LOC_Os10g31030 mutant (Fig. 4F; Supplemental
Fig. S6C).These results indicate that different 6mAmethyltransfer-
ases may modulate R-loops in distinct ways or that other factors in
addition to 6mA methyltransferases may be involved in R-loop
modulation in these two rice lines.

Interrelation between R-loops and chromatin signatures

To investigate the chromatin epigenomic signatures in relation to
R-loops in the rice genome, we calculated the read densities of 16

different epigenetic marks from 1 kb upstream of to 1 kb down-
stream from the summits of R-loops, including DNase-seq,
MNase-seq, and 14 histone marks (Supplemental Fig. S8). We
found that all histone marks examined were highly enriched
∼250 bp upstreamof the summits. In contrast, DNase I hypersensi-
tive sites (DHSs) andnucleosomeswereprimarilypositioneddown-
stream from the summits compared with the 10,000 randomly
selected 2-kb regions (Supplemental Fig. S8).

To further examine the chromatin signatures associated with
each type of R-loops, we performed k-means clustering analyses to
profile R-loops and all chromatin signatures across ±1 kb of TSSs
of non-TE genes with SO-R-loops, ASO-R-loops, and S/AS-R-loops.
We obtained five clusters (C) and three distinct profiling patterns
for each type of R-loops (Fig. 5A). SO-R-loops had two highly en-
riched subregions (−100 to ∼450 bp [SC1] and 400 bp to ∼1 kb
[SC2]), and one slightly enriched subregion with a diffuse read
distribution across the entire ±1-kb region of TSS (SC3–SC5).
ASO-R-loops were highly enriched in three subregions: −200 to
∼50 bp (ASC1), −100 to ∼250 bp (ASC2 and ASC3), and −50 to
∼300 bp (ASC4 and ASC5). S/AS-R-loops were also highly en-
riched in three subregions: 0 to 1 kb downstream from TSSs
(S/ASC1 and S/ASC2), −250 bp upstream of to 100 bp downstream
from TSSs (S/ASC3), and −50 bp upstream of to 450 bp down-
stream from TSSs (S/ASC5). We found that SC1, SC2, and
S/ASC1 were dominant in nonexpressed genes (mean FPKM=0);
compared with other clusters, these “nonexpressed” clusters
were particularly enriched with the histone repressive marks,
H3K9me1/2/3, but lacked active marks, including DHSs and
phased nucleosomes. In contrast, the genes in the SC3, ASC1,

CA E

DB F

Figure 4. The relationships among DNA 6mA, R-loops, and gene expression. (A) Distribution of normalized read counts for R-loops with 6mA (+)
or/without 6mA (−) and ±1-kb flanking regions when R-loops in promoters. (B) As in A, except R-loops in gene bodies. Each random set in both A and
B contained the same number of R-loops as those contained in the 6mA+ or 6mA− sets. (C) Distribution of normalized read counts in genes with 6mA
+ that overlapped R-loops or non-R-loops. Regions from 1 kb upstream of TSSs and 1 kb downstream from TESs of these genes are shown.
(D) Distribution of normalized read counts in genes with 6mA+ that overlapped three types of R-loops or without R-loops. (E) Box plots showing themedian
(black lines) and average (green triangles) expression levels of genes with 6mA (6mA+) or without 6mA (6mA−) that overlapped different types of R-loops.
Significance was determined using the Wilcoxon rank-sum test. (∗∗) P-values < 0.01. (F) The dot blotting assays with anti-S9.6 and anti-6mA antibodies.
Each sample had two technical repeats per blot. Dot signals were cut from the original blot that can be found in Supplemental Figure S10.
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and S/ASC2 clusters appeared to exclusively recruit H3K27me3,
which either completely repressed their expression or did so to
a very low level. On the contrary, the genes in the ASC4, ASC5,
and S/ASC5 clusters showed the highest range of expression and
were highly enriched with all active marks, including DHSs and
well-phased nucleosomes. A KEGG enrichment analysis was per-
formed to investigate primary functions of each cluster, and the
results are provided in Supplemental Table S3. As an example,
the genes in the SC3 cluster primarily function in protein process-
ing in the endoplasmic reticulum, and the genes in the ASC3 clus-
ter are primarily involved in starch and sucrose metabolism as
well as phenylpropanoid biosynthesis.

Experimental validation of the effects of histone marks on R-
loopswas performedusing transgenic lineswith either K9M (lysine
to methionine single amino acid mutation) or K4M+K9M double
mutations. These experiments were performed at least two times
using DNA dot blotting and western blotting assays with S9.6
and histone mark antibodies (Fig. 5B). The K9M mutation caused

a global reduction in H3K9me2 and
H3K9me3, which is in agreement with
previous reports of K9M in yeast and
Drosophila (Herz et al. 2014; Shan et al.
2016). The addition of theK4Mmutation
induced a global decrease in H3K4me3.
Both mutant lines had decreased R-loop
intensities compared with the wild type:
The reduction was ∼93% for K9M and
56% for the K4M + K9M double mutant
(Fig. 5B; Supplemental Fig. S6C). We
also investigated the effect of trichostatin
A (TSA)onR-loop intensities.TSA is anor-
ganic compound that inhibits the class I
and II mammalian histone deacetylase
(HDAC) families. We found that TSA
treatment induced a 20% increase in
H3ac but induced ∼25% and 73% reduc-
tions in 5mC levels and R-loop intensi-
ties, respectively (Fig. 5C; Supplemental
Fig. S6C).

Discussion

Involvement of R-loops in regulating

gene transcription

Our computational studies and analyses
revealed a number of correlations be-
tween R-loops and TE/non-TE gene ex-
pression in rice, which indicates that
R-loops may serve as global regulators
in controlling gene expression in plants.
In addition, this study also generated
multiple lines of in silico and experimen-
tal evidence that are instrumental in un-
veiling some specific roles and functions
of R-loops in influencing gene expres-
sion in rice.

1. Regulation of gene expression gener-
ally requires the positioning of
R-loop structures at genic boundaries,
for example, promoters, TSSs, and
5′ UTRs, the first exons, or 3′ end ter-

minators (Skourti-Stathaki et al. 2011; Ginno et al. 2012). Our
study showed that R-loops tend to be primarily located at
TSSs and can extend to 5′ UTRs and gene bodies in rice. The
ASO-R-loops and S/AS-RL-R-loops were associated with high-
level gene expression (Fig. 1A; Supplemental Fig. S4A), whereas
SO-R-loops corresponded with low-level gene expression. A
plausible explanation for this is that the formation of AS-R-
loops promotes the release of antisense DNA strands, the tem-
plates for transcription, making them more accessible to tran-
scription factors and/or transcriptional machinery. In
contrast, the formation of S-R-loops restricts or prevents access
of trans-factors and/or transcriptional machinery to antisense
DNA template strands. Finally, S/AS-R-loops, as shown in
Supplemental Figure S9, B though F, were often associated
with much longer genes than the other two types of R-loops.
As a result, an S-R-loop and an AS-R-loop in a given S/AS-R-
loop may be spatially separated, which can promote, rather
than impede, the initiation and prolongation of transcription.

A

B C

Figure 5. Epigenomic signatures associated with R-loop overlapping genes. (A) k-Means clustering
analysis of read densities (normalized read counts) calculated with a 50-bp sliding window using se-
quencing data from DRIP-seq, ChIP-seq, DNase-seq, or MNase-seq approaches (where k=5). The re-
sulting profiles of epigenomic features of non-TE genes are displayed as a heatmap; region shown is ±1
kb of the TSSs. Non-TE genes were organized based on the types of R-loops present: SO-R-loops, ASO-
R-loops, and S/AS-R-loops. The number of genes in each cluster is listed in brackets immediately after
the cluster name; expression levels of genes (FPKM values) involved are shown in the rightmost lane.
(B) Dot and western blotting assays using antibodies as shown at the left side. Each sample had two
technical repeats per blot for the dot blotting but only one replicate for the western blotting. The ex-
periment was repeated twice with similar results being obtained. The three wells from left to right in the
row of “Loading control” are Coomassie Blue stained and contain the same amount of total proteins
extracted from the Nip, Nip-K9M, and Nip-K4M+K9M lines. (C ) Dot and western blotting assays used
antibodies as shown. Each DNA sample had two technical repeats per blot, and each experiment was
repeated two times and the results were stable. Dot signals or western bands were cut from original
blots that can be found in Supplemental Fig. S10.
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2. There exist some correlations or concordances between dif-
ferent types of R-loops and various epigenomic marks (Fig.
3C,D); for example, ASO-R-loop peaks corresponded with
H3K4me3, H3K4ac, and H3K9ac peaks around TSSs. To exam-
ine if methylation affects R-loop formation, we experimentally
proved that the changes in DNA and histone modifications led
to the changes in R-loop signals (Fig. 5B,C). The validation of a
causal effect of R-loops on DNA/histone methylation remains
challenging owing to the lack of technology to increase or
deplete R-loops in plants. However, some recent experimental
studies have shown that R-loops can alter epigenetic marks;
for example, GADD45A (growth arrest and DNA damage pro-
tein 45A) binds directly to R-loops to mediate local DNA meth-
ylation by recruiting TET1 (ten-eleven translocation 1) (Arab
et al. 2019). In addition, our study showed that a high percent-
age of R-loops was colocalized with DHSs (Fig. 5A), indicating
the depletion of nucleosomes in R-loops overlapping promoters
and TSSs. These results suggest R-loops and epigenomicmarkers
can interact with each other to modulate gene expression.

Our data and results appear to support that R-loops can facil-
itate the access of trans-factors or transcriptionalmachinery to TSSs
and proximal regions by displacing nucleosomes and/or modify-
ing the DNA/histone methylation. Such a proposition is aligned
well with some recent experimental evidence. In one study, it
was shown that the binding of GADD45A to the R-loop in the
TCF21 promoter triggers local DNA demethylation and TCF21 ex-
pression (Arab et al. 2019). In the other study, BRCA1-dependent
R-loopmitigation contributes to luminal cell-specific transcription
and differentiation (Chiang et al. 2019).Mutationof BRCA1 causes
R-loops to accumulate at enhancer and/or promoter regions of lu-
minal fate genes, which in turn down-regulate expression of lumi-
nal fate genes.

The coordination of R-loops and histone marks

As mentioned above, we have shown the evidence that R-loops
and epigenomic markers can affect each other, suggesting that a
crosstalk exists between R-loops and chromatin modifications in
regulating gene expression. R-loops positively correlated with ma-
jority of active marks and active gene transcription but were
inversely correlated with the repressive mark, H3K27me3, and
with low or nonexpressed genes, especially for ASO- or S/AS-R-
loops. One plausible explanation for this is that active marks
promote R-loop formation, leading to the activation of gene tran-
scription; this is supported by colocalization of R-loops with DHSs
around TSSs that provide a niche for binding with transcriptional
machinery. In addition, methylation of the histone repressive
marks-H3K9 was colocalized with SO- and S/AS-R-loops predomi-
nantly in gene bodies of nonexpressed or minimally expressed
genes (Fig. 5A). A previous study showed that R-loops with the
H3K9me2 mark can repress FMR1 gene expression (Colak et al.
2014), and this scenario aligns well with the results from other
studies (Al-Hadid and Yang 2016; Sanz et al. 2016; García-
Benítez et al. 2017; García-Pichardo et al. 2017), which found
that epigeneticmarks are linked to R-loop formation.We validated
this finding experimentally in methylation-deficient mutants us-
ing dot blot and western blotting (Fig. 5B; Supplemental Fig.
S6C). Because the technology to partially deplete R-loops on a ge-
nome-wide scale is not yet available, we could not verify the causal
effects of R-loops on epigenetic modifications on a large scale, al-
though we indeed provided multiple lines of computational evi-
dence to support this. In addition, two other studies have shown

that R-loops have effects on histone modifications (Castellano-
Pozo et al. 2013; Al-Hadid and Yang 2016).

The interrelation of R-loops and DNA methylation

In this study, we observed a positive association between R-loops
and 6mA (Fig. 4F). In LOC_Os02g45110 and LOC_Os10g31030mu-
tants, a reduced 6mA was observed, indicating that each of these
MTA genes can play a role in DNA 6mA modification in rice.
R-loop formation was enhanced in the LOC_Os02g45110 mutant
lines, but inhibited in the LOC_Os10g31030 mutant lines. This
differential effect on R-loop formation may be associated with
the different modes of action of the two MTA proteins.

The interactions between R-loops and 5mC are known to be
influenced by multiple factors that include the following.

Methylation regulators including DNA methyltransferases

For example, CGGBP1, a cytosine methylation regulator protein,
modulates DNAmethylation homeostasis and may be responsible
for creating or eliminating the niches for R-loop formation (Patel
et al. 2018). On the contrary, it has been reported that R-loops
can reduce DNA methylation by preventing the recruitment of
the DNA methyltransferase 3 (DNMT3) family (Ginno et al.
2012). DNA demethylation in promoter CG islands in humans is
associated with G4s in R-loops, whose structure can modulate
DNA methyltransferase 1 (DNMT1) activity (Mao et al. 2018).
Our findings in rice are in agreement with these results. R-loops
correlated with the reduced CG methylation, especially when
G4s are present in R-loops (Supplemental Fig. S6A). In addition,
the depletion of R-loops engendered bymutation of senataxin pro-
tein influences promoter methylation in more than 1200 genes in
amyotrophic lateral sclerosis (ALS4) patients, supporting preven-
tive roles of R-loops in recruitment of DNMT1, which facilitates
DNMT-mediated methylation-induced silencing (Grunseich
et al. 2018). However, there is still no evidence to show that R-
loops influence total 5mC levels through preventing DNMT re-
cruitment in rice.

Types of genes (TE and non-TE genes) involved

Differential impacts of R-loops on CG and CHG methylation be-
tween TE and non-TE genes were observed (Fig. 3A). Ours is the
first study showing different effects of R-loops on DNA methyla-
tion levels in TE and non-TE genes in plants.

The types of R-loops

The effects of R-loops on methylation are largely contingent on
the types of R-loops present (Fig. 3A). Although all R-loopswere as-
sociated with reduced CG and CHG methylation for TE genes,
S/AS-R-loops had the most noticeable effect on CG and CHG
methylation, followed by AS-R-loops.

Cytosine contexts (CG, CHG, and CHH)

Our study indicates that the relationship of R-loops and DNA
methylation is context dependent. CHH is the most frequent
methylation in rice, and there was a positive correlation between
ASO- and S/AS-R-loops and CHH methylation levels in the pro-
moter regions of both TE and non-TE genes (Fig. 3B). As to the
overall relationship between R-loops and methylation, our exper-
imental validation, which involved combining zebularine treat-
ment with computational analyses, suggests that there is a
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positive correlation between R-loops and 5mC methylation on a
genome-wide scale (Fig. 3C,D). Althoughmultiple lines of in silico
and experimental evidence suggest that a crosstalk exists between
methylation and R-loops, the effects of R-loops on methylation
should be characterized further using R-loops depletion or accu-
mulation studies.

Methods

Preparation of rice seedlings, calli, and chemical-treated rice

seedlings

Detailed procedures for preparation of rice seedlings and calli are
reported in the Supplemental Methods. For chemical treatment,
100 5-d-old rice seedlings grown in Petri dishes were treated with
80 µM zebularine (Sigma-Aldrich Z4775) or 50 µM TSA (Sigma-
Aldrich T8552); both chemicals were dissolved in DMSO, and
DMSO was used as the control. After a 3-d treatment, seedlings
with or without zebularine or TSA treatment were collected for
extracting genomic DNA or total proteins. Purified genomic
DNA and protein were used for dot and western blotting assays,
respectively.

Generation of histone H3.3 and 6mA modifier-related rice

transgenic lines

The CDS of the rice histone H3.3 gene (LOC_Os06g04030.1) was
amplified using RT-PCR and then cloned into the pCAMBIA1305
vector for Agrobacterium-based rice transformation. Lysine to
methionine single or double amino acid mutations (K9M and
K4M + K9M, respectively) were created using primers synthesized
with a specific nucleotide point mutation. The transformation
procedures followed a published protocol (Hiei and Komari
2008). Detailed procedures for rice transformation are provided
in the SupplementalMethods. All primers are listed in Supplemen-
tal Table S4.

DRIP and DRIP-seq library preparation

The DNA:RNA hybrid immunoprecipitation (DRIP) experiment
(Nadel et al. 2015) and the preparation of DRIP-seq libraries using
DRIPed DNA (Wang et al. 2011) were performed according to pub-
lished procedures with somemodifications. Detailed protocols are
reported in the Supplemental Methods.

Preparation of RNase R–treated directional RNA-seq library

Total RNA was prepared using TRIzol (Thermo Fisher Scientific
15596026) followed by DNase I treatment and removal of the
majority of mRNA with oligo(dT)-conjugated magnetic beads
(Promega Z5310). Approximately 80 µg of RNA from each sample
was treated with RNase R (Lucigen RNR07250). After adding addi-
tional “A” base, RNAwas treated againwith RNase R. Finally,∼1 µg
of RNA was used for directional RNA-seq library preparation ac-
cording to published procedures. The final RNase R–treated RNA-
seq libraries were quality controlled and sequenced using the
Illumina HiSeq X Ten platform.

Analysis of DRIP-seq data

Raw data sets were processed using Trim Galore! (version 0.4.3,
Babraham Bioinformatics) that can perform adapter trimming,
remove low-quality bases, and do quality control. Clean reads
were aligned to the rice reference genome with MSU version
7.0 (ftp://ftp.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/
o_sativa/annotation_dbs/pseudomolecules/version_7.0/all.dir/)

using Bowtie (Langmead et al. 2009) with the following
parameters ‐‐best‐‐strata -m 1 - x 800. We then obtained files in
SAM format, which included all uniquely mapped reads; we re-
moved additional duplicate reads by using the SAMtools rmdup,
version 1.4 (Li et al. 2009). Finally, we distinguished the strand-
specific reads using flags of SAM files. The directions of single
DNA strands or nascent RNA strands of R-loops were concordant
with the directions of the R2 reads (R1 for the paired-end reads)
aligned to the genome. We then extracted wR-loop reads by flags
of R2 reads equal to 163, and we extracted cR-loop reads by flags
of R2 reads equal to 147. Uniquely mappable reads corresponding
to w/c R-loops were used for R-loop peak calling. R-loop peak call-
ing was performed using MACS2 (Zhang et al. 2008) using the fol-
lowing command and parameters: macs2 callpeak ‐‐keep-dup 1 -g
3.8e+8 -B ‐‐extsize 200 -q 0.01 ‐‐nomodel ‐‐SPMR. The Spearman’s
rank correlation coefficients between biological replicates in seed-
lings and calli were calculated using the plotCorrelation program
of deepTools (Ramirez et al. 2014) after the read coverage was
normalized to 1× sequencing depth using bamCoverage with
these following parameters: ‐‐normalize To1×3.8e+8 ‐‐binSize 5
‐‐smoothLength 15 ‐‐ignoreDupicates. All of the public data sets
that were analyzed are summarized in Supplemental Table S5.

Analysis of NBS-seq and BS-seq

Briefly, the rawnondenaturing bisulfite sequencing (NBS-seq) data
sets from seedlings and calli and the public BS-seq data from rice
seedlings were used for DNA methylation calculations. Detailed
procedures for NBS-seq library preparation and data analysis are re-
ported in the Supplemental Methods.

Analysis of other public data

All information regarding public data sets is listed in Supplemental
Table S5. For RNA-seq, the expression levels (FPKM) of all genes
were calculated using a previously described approach (Zhang
et al. 2012). DNase-seq data were computationally analyzed using
a previously described pipeline (Zhang et al. 2012). A previously
described pipeline (Zhang et al. 2012) was used for analyzing all
of the ChIP-seq data. MNase-seq data were analyzed using a previ-
ously described pipeline (Zhang et al. 2015). For DNA-6mA IP-seq,
6mA IP-seq data were reanalyzed following published procedures
(Zhou et al. 2018).

Gene Ontology, KEGG enrichment analyses, and motif

prediction

agriGO (Du et al. 2010) and ClueGO (Bindea et al. 2009) were used
for Gene Ontology (GO) and KEGG analyses, respectively. MEME
(Bailey et al. 2009), DREME (Bailey 2011), and CentriMo (Bailey
andMachanick 2012) were used for motif analysis. Detailed proto-
cols for each analysis are reported in the Supplemental Methods.

Data access

The DRIP-seq, NBS-seq, and RNase R–treated RNA-seq data gener-
ated in this study have been submitted to the NCBI Gene
Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/)
under accession number GSE111944.
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