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R-loops are a common chromatin feature with essential functions in multiple cellular processes and diseases. However, little
is known about the dynamic patterns of R-loops in a given organism. Here, using our recently developed genome-wide R-loop
profiling method, we generated a comprehensive atlas quantifying the R-loop patterns of Arabidopsis (Arabidopsis thaliana)
in 53 samples during development and during responses to environmental stimuli. The R-loop patterns were fairly stable in
plants at the vegetative stage and in response to different light spectra and other environmental stimuli. Notably, the R-loops
showed turnover during the plant life cycle, with patterns switching between generations. Importantly, R-loop dynamics was
not strongly associated with RNA abundance, indicating that the mechanisms regulating R-loop formation and RNA
accumulation are independent. We also observed enrichment of R-loops in transcription factor binding regions, suggesting
that R-loops could function as potential cis-transcriptional regulators. This study provides an overview of R-loop dynamics in
Arabidopsis during development and stress responses, highlights the unique dynamics of R-loops in the flowering plant
Arabidopsis, and lays the groundwork for elucidating the functions of R-loops.

INTRODUCTION

R-loops are chromosomal structures composed of a DNA:RNA
hybrid double helix and a single-strandedDNA (ssDNA)molecule.
R-loops were previously thought to be rare, and their influence in
the genomewas trivial. However, an increasing number of studies
have revealed that R-loops are unique, prevalent, multifunctional
genomic structures that are present in organisms from prokar-
yotes to eukaryotes (Ginno et al., 2012, 2013; Sun et al., 2013;
Skourti-Stathaki et al., 2014; Chen et al., 2015, 2018; Santos-
Pereira and Aguilera, 2015; Al-Hadid and Yang, 2016; Sanz et al.,
2016; Wahba et al., 2016). R-loops play essential roles in many
biological processes, such as DNA replication, DNA methylation,
histone modification, chromosome segregation, transcriptional
regulation, DNA repair, and immunoglobulin class switching re-
combination (Yu et al., 2003; Sun et al., 2013; Skourti-Stathaki
et al., 2014; Chen et al., 2015; Ohle et al., 2016; Grunseich et al.,
2018; Kabeche et al., 2018; García-Muse and Aguilera, 2019).
Critical functions for R-loops in plants have also been recently
revealed, such as key roles in root development (Shafiq et al.,
2017) and genome integrity and stability (Yang et al., 2017, 2020;

Yuan et al., 2019). Nevertheless, most studies of plant R-loop
function have focused on specificR-loop loci (Santos-Pereira and
Aguilera, 2015).
Several methods have been used to characterize genome-wide

R-loop distribution in mammals or budding yeasts, including
DNA:RNA immunoprecipitation (DRIP) coupled to high-
throughput sequencing (DRIP-seq; Ginno et al., 2012), DNA:R-
NA in vitro enrichment coupled to high-throughput sequencing
(Ginno et al., 2012), DNA:RNA immunoprecipitation followed by
hybridization on tiling microarrays (Chan et al., 2014), chromatin
immunoprecipitation (ChIP) with antibody S9.6 followed by deep
sequencing (El Hage et al., 2014), RNA:DNA immunoprecipitation
followed by high-throughput sequencing (Nadel et al., 2015), and
S1 nuclease DNA:RNA immunoprecipitation with deep se-
quencing (Wahba et al., 2016). However, these methods cannot
provide strand-specific information for R-loops, which is crucial
for investigating the formation, regulation, and function of
R-loops. To solve this problem, several methods have been de-
veloped to profile R-loops in a strand-specific manner, including
DNA:RNA immunoprecipitation followed by cDNA conversion
coupled to high-throughput sequencing (Sanz et al., 2016; Sanz
and Chédin, 2019), and by expressing a catalytically dead RNase
H1followedbystrand-specificamplificationof immunoprecipitated
DNA (Chen et al., 2018). We recently developed a novel R-loop
mapping method, single-strand DNA ligation–based library prep-
aration from DNA:RNA hybrid immunoprecipitation followed by
sequencing (ssDRIP-seq), a powerful technique for genome-wide
R-loop profiling (Xu et al., 2017). ssDRIP-seq conveniently profiles
R-loops in a strand-specific manner and produces reproducible,
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high-resolution data (Xu et al., 2017). This method has been suc-
cessfully applied to many organisms, including both prokaryotes
andeukaryotes (Yangetal., 2019;Yuanet al., 2019).Using ssDRIP-
seq, we previously profiled R-loops in the Arabidopsis (Arabidopsis
thaliana)genomeanddiscoveredseveraluniquefeaturesofR-loops
in plants, particularly the high enrichment of antisense R-loops
around transcription start sites (TSSs; Xu et al., 2017). However,
a general understanding of R-loop formation and dynamics during
development and in response to environmental stimuli in plants is
still lacking.

In this study, we profiled R-loops quantitatively in a large group
of samples from the model plant Arabidopsis at different de-
velopmental stages, under different light and temperature con-
ditions, and in the presence of various biotic and abiotic stresses
(Figure 1A). By performing multidimensional analyses of the
R-loop dynamics data set, we determined that R-loop distribution
patterns were surprisingly conserved and stable and that R-loop
dynamics was independent of RNA abundance. This study pro-
vides an initial overview of R-loop landscapes under various
conditions in Arabidopsis and can set the ground for further un-
derstanding of the diverse roles of R-loops in plant development
and responses to environmental stimuli as well as the structure
and organization of eukaryotic genomes.

RESULTS

R-Loop Patterns Are Relatively Conserved and Stable

During various developmental stages, plant transcriptomes ex-
hibit dramatic dynamic changes in specific tissues (Xiang et al.,
2011; Liu et al., 2012). To explore the dynamic patterns and in-
teractions of R-loops during development and environmental
responses in Arabidopsis, we collected data from four sets of
plants grown under various conditions, including different de-
velopmental stages, temperatures, light levels, and biotic and
abiotic stimuli (Figure 1A; Supplemental Data Set). For the neg-
ative control, we treated genomic DNA (gDNA) with ribonuclease
H (RNase H), a nonsequence-specific endonuclease that de-
grades RNAs within DNA:RNA hybrids.

ssDRIP-seq is a high-efficiency method that can be used to
profile and characterize R-loops in a strand-specific manner in
almost any organism (Xu et al., 2017). All R-loop data obtained
in this study were generated by ssDRIP-seq (Figure 1B;
Supplemental Figure 1A). After data processing, more than 23
million reads were generated and mapped to The Arabidopsis
Information Resource (TAIR10) genome for each sample, and
more than 20-fold coverage of the entire genome was obtained,
except for the negativeRNaseHcontrols (Supplemental DataSet;
also see the database The R-loop Atlas, http://bioinfor.kib.ac.cn/
R-loopAtlas). Snapshots of R-loops showed that the signals from
R-loops formed in the Watson strand of DNA (wR-loops) and
R-loops formed in theCrickstrandofDNA (cR-loops)werepresent
in different regions of the DNA, with very little overlap, demon-
strating a high degree of strand specificity (Figure 1C). To dem-
onstrate how strand specificity is achieved in ssDRIP-seq, we
analyzed the sizes of gDNA fragments generated by enzyme
cocktail. The results showed that restriction enzyme digestion

fragmented the Arabidopsis genome into ;52 bp (Supplemental
Figure 1B). As these enzymes have common properties that only
cleave double-stranded DNA (dsDNA), but not DNA:RNA hybrid
(http://rebase.neb.com/cgi-bin/hybcombolist), intact R-loop struc-
tures with two short dsDNAwings were separated from gDNA after
digestion. Short dsDNA wings are crucial for the detachment of
ssDNA from R-loops, because the weak binding force of dsDNA
wings make the ssDNA wash away easily in washing steps
(Supplemental Figure 1C). R-loop signals in the RNase H–treated
samples were much weaker than those in the untreated samples,
supporting the validity and specificity of ssDRIP-seq (Figure 1C).
Surprisingly, the R-loop patterns were relatively conserved

undermost conditions, except during generational switches such
as flowering and germination and at 84 h after recovery from long
heat stress treatment (37°C for 30 h, LHSR84; Figure 1C). Both the
wR-loop and cR-loop peaks were distributed conservatively in
different regions of the genome, and the signal intensity wasmore
or less the same among most samples (Figure 1C). This is quite
different from the results of RNA expression analysis and the
changes in other chromosome structures, such as histone
modifications, which show dramatic dynamic changes globally
during plant development and in response to environmental
stimuli (Brusslanetal., 2015).Asalsoshown inFigure1D,basedon
Spearman’s rank correlation coefficients, the R-loop distribution
patterns were relatively similar in most samples, except for a few
groups, including flowers and germinating seedlings.
We then analyzed the average levels of R-loops on the total

annotatedgenes.Consistentwithpreviousobservations (Xuet al.,
2017), sense R-loops were highly enriched in gene bodies, while
antisense R-loops were anchored around TSSs in every sample
from all four sets of data (Figure 1E; Supplemental Figure 2A).
Meanwhile, some samples from important developmental stages
exhibited different levels of R-loops in gene bodies and/or pro-
moter (TSS 6 150-bp) regions (Supplemental Figures 2B to 2D).
For example, compared to seedling leaves, the levels of both
sense and antisense R-loops were reduced in the regions up-
streamof TSSs and downstreamof transcription termination sites
(TTSs) in flowers, whereas the levels of sense R-loops near TTSs
and antisense R-loops around TSSs were reduced during ger-
mination (Supplemental Figure 2B). Different light conditions did
not alter the levels of antisense R-loops, but there were dramatic
differences in the levels of sense R-loops in white light and dark
(DK, no light; Supplemental Figure 2C). Finally, the levels of an-
tisense R-loops around TSSs increased slightly during LHS
treatment (37°C for 30 h), followed by a decline for 12 or 84 h after
treatment (Supplemental Figure 2D), which suggested that this
class of R-loops might play regulatory roles in plant responses to
environmental temperature changes.

Uncoupling of sGB-R-Loops and asTSS-R-Loops

Considering the significant enrichment of sense R-loops in gene
bodies (sGB-R-loops)andantisenseR-loopsaroundTSSs (asTSS-
R-loops; Figure 2A), we analyzed the enrichment and dynamics of
these two classes of R-loops in all genes and transposable ele-
ments (TEs).Thepatternsand levelsofsGB-R-loops inmostgroups
of data sets were similar, except for the following: flowers in the
development group; DK samples in the light group; and LHS,
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Figure 1. The Landscape of R-Loops in Arabidopsis.

(A) Overview of the Arabidopsis samples used in this study. Four sets of samples, including plants exposed to different light, temperature, and stress
conditions and at different developmental stages, are shown in the left panel. Specific samples from each set are shown in the right three panels.
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LHSR12, and LHSR84 samples in the temperature group
(Supplemental Figure 3). As shown in the scatterplots, the differ-
ences of R-loops between most treatment groups versus control
groups were not significant (Figures 2B to 2D). For example, dif-
ferent light conditions; a constant temperature of 17 or 27°C; short-
term heat or cold stress; long cold stress; and salicylic acid (SA),
abscisic acid (ABA), or UV-C (254-nm) treatment resulted in only
a few genes with different R-loop levels, that is, differential R-loop
genes(DRGs,definedbyaq-value<0.05anda jlog2FCj>1[FC, fold
change]), suggesting that the levels of both sGB-R-loops and
asTSS-R-loopswereverystableunder theseconditions (Figures2B
and 2D; Supplemental Figures 4A to 4C). However, we found that
when the plants were treated with LHS (whether they were allowed
to recover or not; Figure 2B) or at different developmental stages
(Figure 2C) or grown in the dark (Figure 2D), R-loops exhibited
various differences, indicating that R-loops were dramatically al-
teredunderspecial conditions.Thesefindingssuggest thatR-loops
might perform important functions during plant growth and re-
sponses to environmental signals.

The number of DRGs in each sample among both sGB-R-loops
and asTSS-R-loops is similar (Figures 2B to 2D), revealing their
synchronized dynamics. In addition, scatterplot analysis of the
FCs between the LHSgroup and the untreated control group of 7-
d-old Columbia-0 ecotype (Col-0; CTRL-7d) indicated that the
dynamic ranges of the sGB-R-loops and asTSS-R-loops were
also quite similar (Figure 2E). These similarities suggest the
possible coupling of sGB-R-loop and asTSS-R-loop dynamics.
However, linear correlation analysis of the dynamics between
sGB-R-loops and asTSS-R-loops based on a comparison of LHS
and CTRL-7d showed that the correlation coefficients were very
low (R2 5 0.021, Rho 5 0.119; Figure 2E).

Tovisualize theentire patternona larger scale,weusedall of the
samples to analyze the coupling between sGB-R-loops and
asTSS-R-loops by identifying overlapping DRGs among these
groups. For this purpose, we used the sGB-R-loop dynamics
index (sDI) and asTSS-R-loop dynamics index (asDI) to represent
the variability of the sGB-R-loops and asTSS-R-loops, re-
spectively, in a certain gene or TE (seeSupplemental Figure 5A for
details). According to our algorithm, when a gene or TE had an
increased sDI or asDI, this indicated that it had increased sGB-
R-loop or asTSS-R-loop dynamics, respectively. The sDI and
asDI values for the same gene were unrelated, as the Spear-
man’s rank correlation coefficient was only 0.1036 (Figure 2F;
see Supplemental Figure 5B for details of the method), in-
dicating that there was a very weak correlation between sGB-
R-loopandasTSS-R-loopdynamics.Furthermore, forall genesand

TEs, the total sDI value was higher than the total asDI value
(Figure 2G), suggesting that levels of asTSS-R-loops were more
stable than sGB-R-loops and revealing the unconnected and di-
verse regulatorymechanisms involved in the functioning of sGB-
R-loops versus asTSS-R-loops.

R-Loop Turnover during Generational Switches and
Recovery from LHS

The results in Figures 2B and 2C showed the dramatic R-loop
changes during several developmental stages and after LHS re-
covery. Thus,we further analyzed theseR-loopdynamics indetail.
Cluster analysis showed that the R-loops in flower exhibited the
most dissimilar pattern compared with other vegetative tissues,
including root, seedling leaf, young leaf, and old leaf, whereas
germinating plants exhibited the second most dissimilar pattern
(Supplemental Figure 3A). Notably, the dynamic pattern observed
during germination was very close to that observed in flower,
as their Euclidean distance was smaller than that between any
other samples (Supplemental Figure 3A). Furthermore, strong
overlap in the DRGs associated with the germination stage and
flower compared to those in seedlings were also observed
(Supplemental Figure 4D). Altogether, these results reveal
a turnover pattern in which R-loop levels showed global changes
when the plant entered the reproductive stage from the vegetative
stage. Most of these changes were restored to the patterns of the
vegetative stage during seed germination.
To further explore the R-loop turnover pattern, fuzzy clusters

derived from the sGB-R-loop and asTSS-R-loop DRGs during
developmentwereanalyzed.We identified four clusters of sGB-R-
loop and asTSS-R-loop DRGs (Figure 3A). Cluster 1 represents
the flower-specific hyper-R-loop genes, which had increased
R-loop levels in flowers but decreased R-loop levels in the ger-
mination stage, roots, seedlings, and young and old leaves.
Cluster 2 represents leaf-specific hyper-R-loop genes, which
exhibited increased R-loop levels in seedlings and young and old
leaves compared with other samples. Cluster 3 represents
germination-specifichyper-R-loopgenes.Cluster 4 represents
vegetative period-specific hyper-R-loop genes. Of these four
clusters, clusters 2 and 4 represent genes with regeneration
R-loop turnover patterns, while the other two clusters, cluster 1
and 3, represent flower and germination-specific patterns,
respectively.
Notably, no cluster showed high R-loop levels in germination

andflowersamples simultaneously.Moreover, sGB-R-loopDRGs
and asTSS-R-loop DRGs from the same clusters showed

Figure 1. (continued).

(B)Brief workflowof ssDRIP-seq. First, the gDNA is extracted fromArabidopsis samples. After DNA fragmentationwith restriction enzymes, onlyDNA:RNA
hybrids are pulled downbyS9.6 antibodies that specifically recognize andbind toDNA:RNA hybrids of various lengths. Finally, the library is prepared using
an ssDNA-based, strand-specific library kit and sequenced on an Illumina HiSeq X Ten system. Chr, Chromosome; IP, immunoprecipitation; NGS, Next
Generation Sequencing.
(C) IGVsnapshotsof theDRIP-seqsignals fromall samples (oneof two replicates is shown). ThewR-loops are shown in red,while the cR-loopsare shown in
blue. Samples are represented by different colors, and the detailed information is shown at the bottom.
(D) Heatmap of Spearman’s rank correlation coefficients between two samples. Samples are distinguished by color, as shown in Figure 1C.
(E)Metaplots of sense (left) and antisense (right) R-loop signals from samples at different developmental stages (top) and under different light (middle) and
temperature (bottom) conditions, centered on total genes with 1-kb up- and downstream extensions. Line, 95%mean; shadow, 95% confidence interval.
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Figure 2. Dynamics of sGB-R-Loops and asTSS-R-Loops.

(A) Diagram of an sGB-R-loop and an asTSS-R-loop. The sGB-R-loop is defined as a sense R-loop on the entire gene body, from the TSS to the TTS. The
asTSS-R-loop is defined as an antisense R-loop around TSS 6 150 bp.
(B)Scatterplots of the levels of sGB-R-loops (left) and asTSS-R-loops (right) per total genes andTEs. Samples exposed to different temperature treatments
were comparedwith thecontrol (CTRL-7d). Normalized reads counts are shownas log10(n11).Reddot: q-value<0.05, log2FC>1;bluedot: q-value<0.05,
log2FC < –1; and gray dot: other.
(C) Scatterplots of the levels of sGB-R-loops (middle) and asTSS-R-loops (right) on total genes and TEs (annotated by TAIR10_transposable_elements).
Samples fromdifferentdevelopmental stageswerecomparedwith seedling leaf tissue.Plotsof changes in sGB-R-loop levelsbetweenflowersandseedling
leaves are magnified (left) to show the changes in sGB-R-loop levels on TEs, TE genes (annotated by TAIR10_GFF3_genes), and other genes. Normalized
reads counts are shown as log10(n 1 1). Red dot: q-value < 0.05, log2FC > 1; blue dot: q-value < 0.05, log2FC < –1; and gray dot: other.
(D) Scatterplots of sGB-R-loop (left) and asTSS-R-loop (right) levels on total genes and TEs. DK (dark) was compared with CTRL-7d. Normalized reads
counts are shown as log10(n 1 1). Red dot: q-value < 0.05, log2FC > 1; blue dot: q-value < 0.05, log2FC < –1; and gray dot: other.
(E) Scatterplot of asTSS-R-loop/sGB-R-loop log2FC between LHS andCTRL-7d on total genes and TEs. R2 and Rho-values (Spearman’s rank correlation
coefficients) are shown on the plot.
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surprisingly little overlap (Figure 3B), further suggesting that the
regulatory mechanisms of sGB-R-loops and asTSS-R-loops are
independent, as shown in Figure 2F. Furthermore, the ratios of
genes, TEs, and TE genes (definition provided in the Methods) in
sGB-R-loop and asTSS-R-loop DRGs from the same clusters
were almost the same (Figure 3C).

To systematically explore the influence of different chromatin
features on sGB-R-loop and asTSS-R-loop DRGs, we classified
the DRGs into nine different chromatin states (Sequeira-Mendes
et al., 2014) by sorting the genomic regions based on various
epigenetic markers. The DRGs were further grouped into the
active state (1, 3, 6, 7), repressed state (2, 4, 5), and silent state (8,
9). We noticed that the DRGs of sGB-R-loop and asTSS-R-loop
were correspondingly dispensed in different states with the same
ratio (Figure 3D; Supplemental Figure 6A). The ratio of genes, TEs,
and TE genes in a cluster was consistent with chromatin state
distribution, where cluster 1 contained many genes in the active
state and cluster 3 containedmany TEs and TE genes in the silent
state (Figures 3C and 3D; Supplemental Figure 6A).

We analyzed the dynamic patterns of R-loops in seedling
samples grown under different temperature conditions. Heatmap
analysis revealed that the most DRGs were in the LHS, LHSR12,
and LHSR84 samples (Supplemental Figure 3C), as mentioned
above (Figure 1E; Supplemental Figure 2D). Therefore, we ana-
lyzed the R-loop dynamics of the DRGs in the CTRL-7d, LHS,
LHSR12, and LHSR84 samples using Mfuzz. This analysis also
revealed four clusters of sGB-R-loop and asTSS-R-loop DRGs
(Supplemental Figure 6B). Cluster 1 showed a persistent increase
in R-loop levels after LHS, while cluster 2 showed a persistent
decrease. TheR-loop levels in cluster 3 genes increasedafter long
heat stress and then recovered. The SGB-R-loops and asTSS-
R-loops exhibited different dynamic trends in cluster 4 genes.

We then investigated the overlap between sGB-R-loop DRGs
and asTSS-R-loop DRGs with similar dynamic trends. We de-
tected a weak overlap between sGB-R-loop DRGs and asTSS-R-
loop DRGs in the same clusters (Supplemental Figure 6C). The
ratios of TE and TE genes and the distribution of chromatin states
of sGB-R-loop and asTSS-R-loop DRGs from the corresponding
clusters were also almost the same, except for cluster 4
(Supplemental Figures 6D and 6E). These results indicate that
R-loop turnover also occurred during the recovery from LHS and
most sGB-R-loop and asTSS-R-loop DRGs shared similar dy-
namic patterns, but these did not occur in the same genes. These
results, combinedwith the R-loop dynamics during development,
suggest that sGB-R-loops and asTSS-R-loops share similar
dynamic patterns and that R-loops are more variable in hetero-
chromatin regions. Consistent with the data described above, we
also observed a pattern of uncoupling between sGB-R-loops and
asTSS-R-loops.

Next, we determined the total levels of R-loops in plants during
different developmental stagesand in the recovered LHSsamples
by immunostaining with S9.6 antibody. Consistent with our se-
quencing data, decreased R-loop levels were detected during
the germination stage and in flowers (Supplemental Figure 7A).
In addition, the levels of R-loops in plants subjected to LHS
initially increased, followed by a decrease after 5 d of recovery
(Supplemental Figure 7B). ThepresenceofR-loop turnover during
development and following recovery from LHSwas also validated
by DRIP-qPCR (Supplemental Figure 7C).

Unique R-Loop Dynamics in ONSEN and Polymerase
III–Transcribed Genes

During our analysis of R-loop regulatory patterns, we observed
some loci that showed specific R-loop dynamics. For instance,
ONSEN is a subgroup of copia-type retrotransposons that are
activated by LHS (Ito et al., 2011). Notably, the sGB-R-loop levels
onONSENgenesgreatly increased (more than100-fold) after LHS
and decreased after recovery (Figure 4A). It was reported that
extrachromosomal ONSEN DNA copies were synthesized after
LHS (Ito et al., 2011), suggesting that the increased R-loop levels
observed in this study were due to increased DNA copy number.
To address this, we performed DRIP-qPCR using total DNA as
input. The results still showed a significant R-loop level increase
for one ONSEN gene (AT1G11265; Figure 4A), supporting the
finding that the changes in ssDRIP-seq signals in ONSEN genes
were due to increased R-loops levels. These increases could be
due to the intermediate state of cDNA synthesis during reverse
transcription.
RNA Pol III is an essential RNA polymerase (Pol) involved in the

transcription of several noncoding functional RNAs, such as tRNAs
and small nucleolar RNA (snoRNAs; Abascal-Palacios et al., 2018).
We previously demonstrated that Pol III–transcribed loci showonly
sense R-loop formation (Xu et al., 2017). To further explore the
dynamics of R-loops in each tRNA and/or snoRNA gene, we an-
alyzed all profiled samples in depth. R-loops in either tRNA or
snoRNA genes were significantly altered in the DK (Figure 4B),
germination, flower (Supplemental Figure 8A), LHSR12, and
LHSR84 samples (Supplemental Figure 8B). Almost all DRGs were
downregulated in these samples (Figure 4B; Supplemental Figures
8A and 8B). The changes in the DK samples depended on the
specific stages ofR-loops inRNAPol III–transcribed genes, as they
changed dramatically, while other genes showed few or no dif-
ferences in R-loops (Figure 2D).
We further analyzed the levels of sense and antisense R-loops

in tRNAs or snoRNAs. As shown in the metaplots, only sense
R-loops were enriched in tRNAs and snoRNAs; the sense R-loop
levels in the DK samples decreased bymore than 50%compared

Figure 2. (continued).

(F)DImatrix of sGB-R-loops and asTSS-R-loops. sDI and asDIwere calculated following the algorithm shown in Supplemental Figure 5. Genes assigned to
thesamesDIandasDIare located in thesamedot, and thenumberofgenes in thesamedot is representedbycolorandsize.TheRho-value (Spearman’s rank
correlation coefficients) of all genes and TEs is shown.
(G) (Left) Box plot of sDI and asDI for all genes and TEs. Means are represented by crosses. (Right) Accumulation curves of sDI and asDI from all genes and
TEs.
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Figure 3. Cluster Analysis of sGB-R-Loops and asTSS-R-Loops during Development.

(A) Fuzzy cluster analysis of ssDRIP-seq signals in DRGs. The union of DRGs from any two samples of developmental stage set was analyzed. Line plots
showstandardized ssDRIP-seq signals, with individual gray lines representing individual loci andorange lines representing the values for the cluster center.
(B) Venn diagrams of the DRG clusters from Figure 3A. Light steel blue, sG-R-loops; light coral, asTSS-R-loops.
(C)Proportional bar charts of TEgenes (orange), TEs (blue), andother genes (gray) in the fourDRGclusters fromFigure3A. sG-R-loops (left); asTSS-R-loops
(right).
(D)Proportional bar chartsof thechromatin statesof the fourDRGclusters fromFigure3A.Thechromatin stateswereclassified into three types: activestate
(1, 3, 6, 7), repressed state (2, 4, 5), and silent state (8, 9). State 1, marked with H3K4me2, H3K4me3, H3 acetylation, H3K36me3, often associated with
transcribed regions.State2, relative to state1,but additionally enrichedwithH3K27me3.State3, enriched inH3K4me1,H2Bub,H3K36me3andH3K4me2/
3, representing a transcription elongation signature. State 4, similar with state 2 but accompanied with lower levels of active transcription marks. State 5,
corresponding toPolycomb-regulated chromatin. State 6, located in intragenic regions and slightly enriched inH2A.Z andH3K4me1. State 7, annotated as
an intragenic state, enriched in H3K4me1, H2Bub, and H3K36me3. State 8, AT-rich heterochromatic state. State 9, GC-rich heterochromatic state.
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Figure 4. Genomic Loci with Abnormal R-Loop Dynamic Patterns.

(A)R-loops onONSENgenes activated by LHS. (Top) TheR-loop levels ofCTRL-7d (CTL, green), LHS (red), LHSR12 (light blue), and LHSR84 (dark blue) on
chromosome1 (Chr1). (Middle) IGVsnapshotsofR-loopsignalson twoONSENgenes,AT1G11265 (left) andAT1G58140 (right). (Bottom)DRIP-qPCRof two
loci in AT1G11265. Graphs show means 6 SE of three technical replicates (circle) and are representative of two independent experiments.
(B) R-loop dynamics on tRNA (left) or snoRNA (right) genes. All samples from the light set were normalized to CTRL-7d. Gray dot, q-value $ 0.05 in any
sample; colored dot, DRG (q-value < 0.05) in the corresponding samples. FDR, false discovery rate. BL, blue light; FRL, far-red light; RL, red light; SD, short
day; WL, white light.
(C)Metaplots of sense (left) and antisense (right) R-loop levels of CTRL-7d (light blue) and DK (dark blue) on tRNA (top) or snoRNA (bottom) genes. Data
shown as 95% mean.
(D) Heatmaps of sense and antisense R-loop signals of CTRL-7d (left) and DK (right) on total tRNA (top) or snoRNA (bottom) genes.
(E) Statistics of differential R-loop tRNA (coral) or snoRNA (dark blue) genes from flower, germinating seedling, young leaf, and DK tissue. Flower, ger-
mination, and young leaf tissue were compared with seedling leaf tissue, while DK was compared with CTRL-7d.
(F)Percentageof differential R-loop tRNA (left) or snoRNA (right) genes in total differential R-loopgenes.Background, percentageof tRNAor snoRNAgenes
in total genes. Flower (light coral), germination (light blue), and young leaf (green) tissue were compared with seedling leaf tissue, while DK (dark blue) was
compared with CTRL-7d.
(G) Percentage of DRGs in total genes, sorted by tRNA, snoRNA, and other genes. Coral, differential R-loop tRNA genes/total tRNA genes. Dark blue,
differentialR-loopsnoRNAgenes/total-snoRNAgenes;gray,otherdifferentialR-loopgenes/total othergenes. Flower, germination, andyoung leaf samples
were compared with seedling leaf tissue, while DK was compared with CTRL-7d.
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to the control (Figures 4C and 4D). These results indicate that the
downregulation of sense R-loops occurred in almost every tRNA
or snoRNAgene examined (Figure 4D). Furthermore, compared to
seedling leaves, more than 300 tRNA and ;50 snoRNA genes
exhibited decreased R-loop levels in flowers or during germina-
tion, while only;20 tRNA or snoRNA genes exhibited changes in
R-loop levels in young leaves (Figure 4E). In the DK samples,
R-loop levels were reduced in 95 tRNA and 35 snoRNA genes
(Figure 4E). Considering that there were much fewer DRGs in the
DK samples than in the flower or germination samples, the per-
centage of Pol III–transcribed DRGs per total DRGs was much
higher than that for the other samples (Figure 4F). Furthermore,
more DRGs were present in Pol III–transcribed genes (Figure 4G),
suggesting that Pol III–transcribed genes showed more dynamic
changes in R-loops.

These analyses revealed similar R-loop dynamics in Pol III–
transcribedgenes inflower, germination, andDKsamples.Hence,
we determined whether the same Pol III–transcribed DRGs were
regulated in these three groups of samples. As shown in the Venn
diagrams, therewas a strong overlap among the Pol III–transcribed
DRGs in the flower, germination, and DK samples (Supplemental
Figure 8C). This result suggests that R-loop turnover in Pol III–
transcribed genes occurs during development and that the pres-
ence of light after germinationmight be required to facilitate R-loop
turnover in Pol III–transcribed genes.

Altogether, twogroupsofgenes,ONSENandPol III–transcribed
genes, exhibitedclear differences indynamicspatterns compared
to other genes, suggesting that complex and variable regulatory
mechanisms influence R-loop dynamics in Arabidopsis.

Weak Coupling between R-Loop Status and
RNA Abundance

Most instances of R-loop formation are cotranscriptional and
dynamically generated and resolved (Sanz et al., 2016). To ad-
dress whether R-loop status is coupled with fluctuations in RNA
abundance, we examined samples subjected to long-term heat
stress, as they exhibited dramatic changes in both RNAexpression
(Zhang et al., 2017) and R-loops (Figure 2B).We first compared the
total RNA sequencing (RNA-seq) and ssDRIP-seq data from LHS
samples and controls in scatterplots. The dynamic ranges of sGB-
R-loops and asTSS-R-loops were much smaller than that of RNA
(Figures 5A and 5B). Meanwhile, we detected a weak linear cor-
relation for changes in sGB-R-loop/asTSS-R-loop and RNA levels,
as the R2 valuewas 0.057 for sGB-R-loops and 0.005 for asTSS-
R-loops (Figure 5A). Clustering analysis showed that the pat-
terns of both sGB-R-loops and asTSS-R-loops were clearly
different from the RNA expression patterns (Figure 5C). The
differences in R-loops in the LHS versus control samples were
relatively small and gradually increased during recovery, while
thereweregreat differences inRNAabundancebetween theLHS
andcontrolsamples, followedbyadecrease inrecovery (Figure5C).

There were also several cases of the uncoupling of R-loop
status and RNA levels (Figures 5D and 5E; Supplemental Fig-
ure 9). For example, theRNA level ofHSP21wasgreatly increased
in the LHS samples (more than 100-fold versus the control), but
the levels of sense and antisense R-loops were unchanged
(Figure 5D). For other protein-coding genes, only the RNA level

was altered, while the R-loop level was stable (Figure 5D) or even
reduced (Supplemental Figures 9A and 9B). Exceptions were
observed at ONSEN gene loci, in which R-loop and RNA levels
increased simultaneously under LHS and then decreased after
recovery (Figure 5E; Supplemental Figure 9C). However, this type
of synchronous change in R-loop and RNA level was present only
in theONSEN loci andnot inotherTEsorheat-stimulatedgene loci
(Figures 5E and 5F). Besides, the overlap between differential
sense/antisense RNA genes and differential sGB-/asTSS-R-loop
genes was analyzed. We also detected weak overlap between
each pair of samples (Supplemental Figure 9D), confirming the
weak coupling between R-loop status and RNA abundance.
Overall, these results reveal the weak coupling of R-loop status

and RNA level dynamics induced by LHS. We examined whether
this phenomenon is prevalent in Arabidopsis. Analysis of our
ssDRIP-seq data together with published RNA-seq data from
roots, flowers, seedling leaves (GSE38612; Liu et al., 2012), and
germinating seedlings (GSE94712;Kawakatsuet al., 2017) indeed
revealed weak linear correlations between changes in R-loop and
RNA levels in flower/root and seedling leaf tissue (Figure 5G;
Supplemental Figure 10A), which is similar to our findings for heat
stress. Fuzzy cluster analysis of RNA-seq data from the four
samples mentioned above generated four clusters with trends
similar to theR-loop clusters (Figure 3A; Supplemental Figure 10B).
However, although the dynamics patterns were similar, only weak
overlaps were observed between the RNA clusters and sGB-/
asTSS-R-loop clusters (Supplemental Figure 10C). In addition, the
chromatin state enrichments of the four RNA clusters were very
similar (Supplemental Figure 10D) but were totally different from
those of the R-loop clusters (Supplemental Figure 6A).
Altogether, our results indicate that R-loop dynamics are

weakly coupled with RNA abundance dynamics genome-wide,
an important finding for understanding R-loop dynamics and
functions.

A Small Number of R-Loops Are Correlated with
R-Loop Regulators

A number of R-loop regulators have been investigated in yeast,
animals, and plants (Santos-Pereira and Aguilera, 2015). We
wondered whether these regulators modulate R-loops genome-
wide through their effects on RNA dynamics. To address this
question, we analyzed the R-loop regulatory network induced by
LHS, representing the dynamic relationship between the RNA
levels of known and predicted R-loop regulators as well as the
R-loop levels of all genes and TEs. Eleven R-loop regulators
exhibited significant linear correlationswith either sGB- or asTSS-
R-loops (Figure 6A; Supplemental Figure 11A; Supplemental
Table 1), suggesting that these R-loop regulators might be in-
volved in regulating at least a portion of R-loop loci during long-
term heat stress responses. These 11 R-loop regulators were
sorted into two clusters that might target different R-loop loci
groups (Figure6A;Supplemental Figure11A). This result suggests
the presence of different R-loop regulatory pathways, resulting in
differential R-loop dynamics. It was also noticed that more sGB-
R-loop loci were correlated with R-loop regulators, while only
a few asTSS-R-loop loci were correlated. This might be due to
the higher stability of the asTSS-R-loops or the various R-loop
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regulation pathways. Overall, only a few R-loop loci showed
significant linear correlations with known or predicted R-loop
regulators, likely because the dynamic relationship between
R-loop regulators andR-loops is nonlinear, a notionwecould not
analyze with the current linear model (see Methods). Alterna-
tively, perhaps some R-loop regulators with greater or more
prevalent functions are still unknown.

After analyzing how R-loop regulators modulate R-loop levels,
we examined how R-loops regulate RNA levels. First, genes and
TEs that showed both RNA and R-loop level alternations by LHS
were analyzed. We also found that most of the changed genes
showed a positive correlation with sGB-R-loops and RNAs after
exposure to LHS, but few asTSS-R-loops were changed along
with RNAs (Figure 6B). After 12 or 84 h of recovery, a negative

Figure 5. Uncoupling between R-Loop Dynamics and RNA Expression Changes.

(A) Scatterplots of RNA/sGB-R-loop (left) and RNA/asTSS-R-loop (right) log2FC (LHS/CTRL-7d) on total genes and TEs. R2 and Rho-values (Spearman’s
rank correlation coefficients) are shown on the plots.
(B) FCs (log2) of RNA (green), sGB-R-loop (red), and asTSS-R-loop (blue) intensity (LHS/CTRL-7d).
(C)HeatmapsofRNA (top), sGB-R-loop (middle), and asTSS-R-loop (bottom) differences on total genes andTEsbetweeneachpair from theLHSset based
on Euclidean distance.
(D) IGV snapshots of ssDRIP-seq and RNA-seq signals from the LHS set for protein-encoding genes HSP21 and AT3G01260, with the Watson and Crick
strand values split.
(E) IGV snapshots of ssDRIP-seq andRNA-seq signals of the LHS set for AT1G11265 (ONSEN family gene) andAT2G29165 (other Ty1-copia family gene),
with the Watson and Crick strand values split.
(F) Scatterplot of log2FCs (LHS/CTRL-7d) in RNA (x axis) and sGB-R-loop (y axis) forATCOPIA78 (red),ATHILA6A (blue), and other TEs (gray). Linear trend
lines and corresponding R2 values are shown.
(G) Scatterplots of RNA/sGB-R-loop/asTSS-R-loop log2FC values (top, flower/seedling leaf; bottom, root/seedling leaf) on total genes and TEs. R2 values
are shown on the plots.
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correlation of both sGB-R-loops and asTSS-R-loops with
changed genes was found. Positively correlated loci for R-loops
and RNAs were found for the TEs and TE genes, suggesting
a differential R-loop regulation mechanism connecting TEs/TE
genes and normal genes. Since asTSS-R-loops cannot be by-
products of sense RNA transcription, the potential direction of
regulation should be from the asTSS-R-loop toRNA. Surprisingly,

although some asTSS-R-loops showed a negative correlation
with RNA levels, a number of asTSS-R-loops showed a positive
correlation, suggesting that asTSS-R-loops might facilitate RNA
transcription.
Although many simultaneously changed genes were found as

mentioned above, most genes showed stable asTSS-R-loops
levels even though the RNAs were greatly changed (Figure 5).

Figure 6. Regulatory Network and Potential Roles of R-Loops in Regulating Gene Expression.

(A) Network of the sGB-R-loop regulatory pathway by some known or predicted R-loop regulators. Green or red hexagons, RNA nodes (regulators); blue
hexagons, R-loop nodes (regulated). BRCA1, Breast cancer susceptibility protein 1; RECQL3, RECQ-like helicase 3; RH17, DEAD-box RNA helicase 17;
RH20,DEAD-boxRNAhelicase20;RNH1A,RNaseH1A;RNH1C,RNaseH1B;SEN1L,Senataxin-likehelicase1;THO5B,aTHO/TREXcomplexcomponent
for RNA transport; SPT16, a component of facilitates chromatin transcription complex; TOP1ALPHA, Topoisomerase 1a; TOP2, Topoisomerase II.
(B)Scatterplots of genesor TEs in theLHSgroupwith changes in bothRNAandR-loop levels. xaxis, RNA log2FC; yaxis, sGB-R-loop (left) or asTSS-R-loop
(right) log2FC. All genes or TEs inwhichR-loop andRNA levels changed simultaneously (q-value < 0.05 and jlog2FCj> 1) are shown. Reddot, gene; blue, TE
gene; and white, TE fragment.
(C) Violin plots of asTSS-R-loop levels (log2(n1 1)) of geneswith different dynamics patterns (see Supplemental Figure 11B), 95%confidence interval. The
median (white dot) and interquartile range (gray shadow) are shown.
(D) Permutation test of colocalization between sense or antisense R-loop peaks of the CTRL-EtOH-4 h samples (shown in the Supplemental Data Set) and
ChIP-seq peaks of TFs of the EtOH-treated samples (GSE80564). EtOH, ethyl alcohol; Evobs, evaluation observe; Evperm, evaluation permutation;NS, not
significant.
(E)MetaplotsofABA-inducedABF1 (left) andHB7 (right)ChIP-seqsignalFCsonsense (lightblue)orantisense (light red)R-looppeaks,mean.EtOH,ethanol.
(F) Snapshots of ssDRIP-seq signals of the ethanol (EtOH)-treated sample and ABF1 and HB7 ChIP-seq signals of the EtOH- and ABA-treated samples.
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Interestingly, further analysis revealed that the asTSS-R-loop
levels in LHS-induced differentially expressed genes (DEGs),
which were sorted into four clusters based on their dynamic
patterns (Supplemental Figure 11B), weremuch higher than those
in genes with unchanged RNA levels (Figure 6C). These results
indicate that transcriptionally dynamic genes had higher asTSS-
R-loop levels, suggesting that asTSS-R-loops might play a role in
the transcriptional regulation of nearby genes.Wespeculated that
transcription factors (TFs) might recognize and associate with
these asTSS-R-loops, as some TFs, such as zinc finger proteins,
can bind to DNA:RNA hybrids in vitro (Shi and Berg, 1995).

In Arabidopsis, ABA-induced binding of a number of TFs was
previously investigated by analyzing a comprehensive ChIP-seq
data set (GSE80564; Song et al., 2016).We therefore analyzed the
relationship between R-loops and TF binding sites during ABA
treatment.We analyzed the colocalization of R-loop peaks and TF
binding regions. A permutation test indicated that sense R-loop
peaks showed insignificant or weak negative colocalization re-
lationships with TFs located in gene body regions, whereas an-
tisense R-loop peaks were significantly enriched in TF binding
regions in gene promoters (Figure 6D). Finally, metaplot analysis
showed that ABA-induced genes ABF1 and HB7 were positively
enriched in antisense R-loop peaks and negatively enriched in
sense R-loop peaks (Figures 6E and 6F; Supplemental Figure 12).
Together, these results demonstrate that antisense R-loops and
TFs are colocalized, raising the possibility of that gene tran-
scription is regulated through TF binding or recognition of DNA:
RNA hybrid structures near TSSs.

DISCUSSION

An R-Loop Atlas for Eukaryotic Systems

The essential functions of R-loops in different species have been
investigated for many years. However, few genome-wide R-loop
sequencing data sets are currently available, as wild-type lines of
only a few species and a small number of mutants and transgenic
lineshavebeenanalyzed inmoststudies, limitingourunderstanding
of R-loops from a general perspective. Here, we profiled and
characterized R-loop dynamic patterns in 53 Arabidopsis samples
fromdifferent developmental stagesandgrownunder different light
and temperature conditions, as well as in the presence of many
differentenvironmentalstimuli.Basedonthesesamples,webuilt an
R-loop atlas for higher plants. This R-loop atlas will greatly extend
our understanding of R-loop biology.

R-Loop Patterns Are Relatively Conserved and Weakly
Coupled with Changes in RNA Abundance

At the genome level, the distribution and intensity of bothwR-loop
andcR-looppeakswere relatively similar amongmostsamples.At
gene level, thesenseR-loopswerehighly enriched ingenebodies,
and antisense R-loopsweremainly detected around TSSs in all of
the samples, which also showed a conserved pattern. These
conserved R-loop distribution patterns suggest that R-loops, at
least in conserved peak regions, represent a solid chromosome
structure that contributes to chromosomal composition in addition

to the basic structure of DNA and histones. The features of con-
served R-loop patterns are quite different from those of other
chromosomal structures, such as histone modifications, for which
the distribution and intensity show dynamic changes globally or
specifically at certain lociduringplantdevelopmentand in response
to environmental stimuli (Brusslan et al., 2015). This raises the
question of whether a R-loop structure influences chromatin re-
modeling via structural change such as histone modifications. It
would be worth investigating whether R-loop–containing regions
are prone to chromatin expansion, considering the unique loose
three-strand structure of R-loops. It is also possible that some
conserved R-loops anchor R-loop readers to facilitate important
cellular processes.
Although a steady state RNA level does not represent ongoing

transcriptional process, fluctuations in RNA abundance reflect
transcriptional activity changes. One important finding of this
study is that R-loop dynamics are not strongly correlated with
changes in RNA abundance. Our analyses of different samples
revealed weak linear correlations between R-loops and RNA
abundance; there were even negative correlations at some loci. In
the case of long-term heat stress, the differences in R-loop levels
between the LHS and control groups were quite small, whereas
RNA rapidly but transiently accumulated to very high levels in
response to long-term heat stress. The weak coupling of the
relationship betweenR-loop andRNAdynamics could bepartially
attributed to the finding that the lifetime of RNA is short, averaging
only 2 min (Baudrimont et al., 2017), as RNA is either translated to
protein or degraded, whereas R-loop structures are relatively
stable,withanaveragehalf-lifeof 10minatpromoter regions to2h
at some terminator regions (Sanz et al., 2016). The independent
dynamics and conserved patterns of R-loops suggest that or-
ganisms use unique mechanisms to establish, maintain, and re-
solve R-loop formation, supporting the idea that R-loops play
important biological roles rather thanmerely being by-products of
transcription.

Specific Loci with Different R-Loop Dynamic Patterns

UnlikeRNA, theabundanceof chromatinR-loopsat specific loci is
limited by DNA copy number. We speculate that the increase in
R-loop levels at theONSEN loci in the LHS samples resulted from
high levels of reverse transcription of TE RNA for the following
reasons. First, both R-loops and RNA were strongly activated
simultaneously byLHS,whichdecreasedafter recovery, revealing
a synchronous change pattern. Second, the R-loop level in the
ONSEN loci increased so much after heat stress that such an
increase would require more gDNA copies than that contained in
the input. It seems that the only way this could occur is using the
RNA, as one gDNA template can be transcribed into many RNA
copies, and TE can reverse transcribe these RNAs to form
DNA:RNA hybrids. Such extrachromosomal DNA:RNA hybrids
can also be detected by ssDRIP-seq or ssDRIP-qPCR. Third, the
transcription of the other TE, ATHILA6A, was also activated by
LHS,but it didnot showan increase inR-loop levels. Ananalysisof
the open reading frames in TEs showed that ATHILA6A lacks
a reverse transcriptase domain, while the ONSEN loci contain all
components necessary for reverse transcription, which supports
our hypothesis.
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In this study, we found that the sense R-loop levels in RNA Pol
III–transcribed tRNA and snoRNA loci showed significant de-
creases in the flower, germinating seedlings, and DK samples. The
Pol III–transcribed DRGs showed strong overlaps among these
samples, suggesting that these unstable but conserved changes in
R-loops might share the same regulators. Considering the con-
ditions of these three samples, lightmight have been the factor that
triggered these changes. Since the dynamic changes at these loci
clearly occurred in chromatin, this indicates that R-loop levels
showed dynamic changes under specific conditions.

R-Loop Turnover during Generational Switches

Another interesting discovery of this study isR-loop turnover, with
periodic and regular resolution and rebuilding of R-loops during
the life cycle. In addition, R-loop levels on a cluster of genes in-
creasedafter long-termheat stress and thendecreased, andmost
sGB-R-loop and asTSS-R-loop DRGs shared similar dynamics
patterns. These findings imply that these R-loops play conserved
roles and that their dynamics are required for the normal plant life
cycle and heat stress responses. It appears that light is required
during seed germination to rebuild R-loops on Pol III–transcribed
genes rather than Pol II–transcribed genes. Considering the im-
portant role of tRNAs in germination, light-induced R-loop turn-
over in tRNAs might take place during the regulation of tRNA
transcription.

R-Loop Regulation and R-Loops as Potential
in cis-Regulators

Many R-loop regulators have been reported in different species,
most of which are considered to be R-loop resolvers (Santos-
Pereira and Aguilera, 2015). However, our analyses indicated that
only a few R-loop loci showed significant linear correlations with
the RNA levels of these R-loop regulators. A possible explanation
is that the regulatory mechanism operates in a more complex
manner and that thecorrelationbetweenR-loopsand regulators is
not linear, as the regulatory mechanism operates in a complex
nonlinear manner. Another possibility is that more important
R-loop regulators that affectmost R-loop loci in Arabidopsis have
not yet been identified. As R-loops are conserved chromosome
structures with stable patterns, although R-loops showed a ge-
nome-wide turnover pattern in both germinating and flowering
tissues, some R-loops could be transgenerational and thus were
not regulated by any regulator generation after generation. To test
this hypothesis, more precise profiling in pollen, ovules, and
single-celled zygotes should be performed.

We previously demonstrated that antisense R-loops are en-
riched around TSSs in Arabidopsis. These R-loops, which are
knownasasTSS-R-loops,havenotyetbeenobserved inanyother
species. The dynamics of asTSS-R-loops are independent of the
dynamics of senseR-loops, suggesting that asTSS-R-loops have
unique regulatory mechanisms and functions. The in cis dynamic
relationship between sGB-R-loops and RNA is not always uni-
directional. On one hand, R-loops in genes might affect RNA tran-
scription. On the other hand, although not common, it is still possible
that the RNA transcriptional changes in some genes directly affect

R-loop levels. Because asTSS-R-loops cannot be by-products of
RNA transcription, the potential direction of regulation is likely to be
fromasTSS-R-loops toRNA. In addition to the enrichment pattern of
asTSS-R-loops, although some asTSS-R-loops showed a negative
correlation with RNA levels, a number of asTSS-R-loops showed
a positive correlation. These observations prompted us to propose
thatasTSS-R-loopsplayaregulatory role inRNAtranscription, that is,
asTSS-R-loops might facilitate RNA transcription of nearby genes.
Surprisingly, TFs were enriched around asTSS-R-loop regions,
suggesting a new working mechanism involved in TF activity and
providing novel insights into R-loops and gene regulation.

METHODS

Plant Materials and Growth Conditions

AllArabidopsis (Arabidopsis thaliana) plantsareCol-0.Plantswerecultured
on half strengthMurashige and Skoogmedium (Murashige and Skoog salt
base [Sigma-Aldrich], 0.25% [w/v] Phytagel, and 1% [w/v] Suc) or on soil
under long-day conditions at 22°Cwith a 16-h-light/8-h-dark cycle, unless
otherwise stated. The details of plant materials used in this study are listed
in Supplemental Data Set.

ssDRIP-Seq Library Construction

Nuclei were isolated from ;2 to 5 g of Arabidopsis seedlings or tissues,
followed by SDS/Proteinase K digestion at 37°C for;6 to 12 h. gDNAwas
extractedby thephenol-chloroformmethodandprecipitatedwith1volume
of isopropanolat roomtemperature.DNAwas fragmentedat37°C for;6 to
12 h using endonucleases (DdeI, MseI, MboI, and NlaIII; New England
Biolabs [NEB]; 0.1U/mL final concentration for each enzyme). The negative
control was treated with RNase H (NEB; 0.5 U/mL final concentration) at
37°C overnight. DRIP was performed as described previously (Xu et al.,
2017), with 3.5 mg of gDNA input for each sample. The S9.6 antibody was
purified from HB-8730 (American Type Culture Collection).

The DRIPed DNA was sonicated to ;250 bp with an M220 Focused-
ultrasonicator (Covaris). The sonicated DNA was used to construct
ssDRIP-seq library by using the Accel-NGS 1S Plus DNA Library Kit (Swift
Biosciences), following instructions from the manufacturer. The libraries
were checked on an Agilent BioAnalyzer, followed by sequencing on an
Illumina HiSeq X Ten system. For each biological replicate, more than 23
million mapped reads were obtained from each ssDRIP-seq library except
the RNase H negative control (Supplemental Data Set).

The ssDRIP-seq data were deposited in the National Center for Bio-
technology Information (NCBI) Sequence Read Archive database under
accession number GSE116232.

RNA-Seq

CTRL-7d seedlings, LHS 7-d-old Col-0 seedlings (at 37°C for 30 h),
LHSR12 7-d-oldCol-0 seedlings (recovery 12 h after LHS), and LHSR84 7-
d-old Col-0 seedlings (recovery 84 h after LHS) were used for total RNA-
seq. NEBNext Ultra Directional RNA Library Prep Kit for Illumina was used
to prepared RNA-seq library in a strand-specific manner. The RNA-seq
librarieswere sequenced onan IlluminaHiSeqXTen system. TheRNA-seq
data were deposited in the NCBI Sequence Read Archive database under
accession number GSE118338.

Sequencing Data Processing

For ssDRIP-seq, reads were aligned to the TAIR10 genome with Bowtie 2
using default settings (Langmead and Salzberg, 2012), with all duplicates
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removed by Picard tools (http://broadinstitute.github.io/picard). The total
mapped reads (nonstrand R-loops) were divided into forward (wR-loops,
representing an R-loop formation containing ssDNA on theWatson strand
and an DNA:RNA hybrid on the Crick strand) and reverse reads (cR-loops;
Xu et al., 2017) by using samtools (Li et al., 2009).

DESeq2 (Love et al., 2014) was used to analyze R-loop differences be-
tween samples. The false discovery rate (Benjamini and Hochberg, 1995)
method was used to calculate adjusted P-value (q-value), and the q-values
and log2FC values were used to determine significant difference. MACS2
(Feng et al., 2012) was used to identify peaks with default parameters.

For visualization, the aligned reads files (Binary Alignment Map [BAM])
were converted to normalized coverage files (bigWig) with 1-bp bins using
bamCoverage from deepTools (Ramírez et al., 2016). Normalization was
performed using bamCoverage from deepTools, with read coverage
normalized to 13 sequencing depth (also known as reads per genomic
content) with a re-normalizationby shuffledpeaks (total R-looppeakswere
shuffled randomly, and the 95%mean of R-loop signal from each sample
on shuffled peaks was used as denominator) to eliminate the disturbances
from abnormally high-value regions. Snapshots of the data were con-
structed using the Integrative Genomics Viewer (IGV; Robinson et al.,
2011). Spearman’s rank correlation coefficients were calculated with
plotCorrelation from deepTools using 500-bp bins. Heatmaps were gen-
erated with computeMatrix from deepTools. Metaplots were generated
with deepTools and R scripts, representing the median, mean (arithmetic
mean), or 95% mean (with both the top and bottom 2.5% data points
discarded to reduce thedisturbance fromextremevalues) of readcoverage
or other types of data over the chosen features of interest. Scatterplots
were generated by MATLAB or R scripts.

For RNA-seq, readsweremapped to the TAIR10 genome using Spliced
Transcripts Alignment to a Reference software (Dobin et al., 2013) with the
following options --outMultimapperOrder Random--outFilterIntronMotifs
RemoveNoncanonicalUnannotated. Reads counting in genes and TEs
performed by using HTseq (Anders et al., 2015) with the parameter -s
reverse -f bam -r pos -m union. Part of genes or TEs share the same
positions, so these loci were extracted and counted reads using following
parameter -s reverse -f bam -r pos -m intersection-nonempty–nonunique
all. Differential expression gene analysis was performed by using DESeq2
(Love et al., 2014) andNOISeq (Tarazona et al., 2012). DESeq2was used to
analyze RNA-seq data of LHS set, while the q-values and log2FC values
were used todetermine significantdifference.NOISeqwasused to analyze
the RNA-seq data of germination (GSE94712), root, leaf, and flowers
(GSE38612), which lacked replications, and the gene, which P-value > 0.9
was defined as a DEG.

Fuzzy cluster analysis was performed by using Mfuzz (Kumar and
Futschik, 2007). For R-loop cluster analysis, all DRGs between any two
samples were analyzed. For RNA cluster analysis, all DEGs between any
two sampleswere analyzed. Network analysis was performed by following
steps. First, the union of DEGs and DRGs between any two samples from
LHS group were chosen to perform further analysis. The Pearson corre-
lation coefficients between the RNA-seq and ssDRIP-seq signal on the
uniongenesmentionedabovewerecalculated, anda thresholdof 0.75was
used.Cytoscape (Shannonet al., 2003)wasused tovisualize thenetworks.

TEs were annotated by TAIR10_transposable_elements (https://www.
arabidopsis.org/download_files/Genes/TAIR10_genome_release/TAIR10_
transposable_elements/TAIR10_Transposable_Elements.txt). TE genes
were annotated by TAIR10_GFF3_genes (https://www.arabidopsis.org/
download_files/Genes/TAIR10_genome_release/TAIR10_gff3/TAIR10_
GFF3_genes.gff).

DRIP-qPCR

DRIP-qPCR were performed as described previously (Xu et al., 2017). The
primers used in this study were listed in the Supplemental Table 2.

Immunofluorescence

All plant tissues were cross-linked with 4% (v/v) formaldehyde at 4°C for
60 min and chopped with a razor in NEB 1 buffer (10 mM Tris-HCl, pH 9.5,
10 mM KCl, 500 mM Suc, 0.10% [v/v] b-mercaptoethanol, and 0.10% [v/v]
Triton X-100) for 30 min. Homogenate was filter purified with 100-mm nylon
filter and centrifuged at 2000 rpm at 4°C. The nuclear pellet was gently
suspended in NEB 2 buffer (10 mM Tris-HCl, pH 9.5, 10 mM KCl, 125 mM
Suc, 0.10% [v/v] b-mercaptoethanol, and 0.10% [v/v] Triton X-100) and
layered on the top of NEB 3 buffer (10 mM Tris-HCl, pH 9.5, 10 mM KCl,
850mMSuc, 0.10% [v/v]b-mercaptoethanol, and0.10% [v/v] TritonX-100).
After centrifugation at top speed at 4°C, the nuclear pellet was resuspended
in 50 mL of NEB 1 buffer and 30 mL of nuclear pellet was dropped onto the
slide. The slidewasdriedat roomtemperature, andwe refixed thenucleiwith
4% (v/v) formaldehyde in phosphate buffered saline with Tween 20 buffer
(PBST) for 1min. Afterwashing three timeswith 13PBST, nuclei on the slide
wereblockedwith3%(w/v)BSAinPBSTandincubatedwithS9.6antibodyat
4°C overnight. After washing three times with 13 PBST, the slide was in-
cubatedwithsecondarygoat anti-mouseantibody (AlexaFluor 488) for1hat
37°C. The slide was washed with 13 PBST and a drop of ProLong Gold
antifade reagent with 49,6-diamidino-2-phenylindole was added. Next, the
slide was covered the with cover glass and analyzed under a confocal
microscope.

Accession Numbers

The ssDRIP-seq,RNA-seqdata andprocessed files are available inNCBI’s
Gene Expression Omnibus under accession number GSE116232 and
GSE118338. Detailed information of tools and software used in this study
are listed in Supplemental Table 3. The database of theR-loop atlas can be
found at http://bioinfor.kib.ac.cn/R-loopAtlas.

Supplemental Data

Supplemental Figure 1. Introduction of ssDRIP-seq (supports Figure 1).

Supplemental Figure 2. Overview of R-loop atlas in Arabidopsis (supports
Figure 1).

Supplemental Figure 3. Dynamic patterns of sGB-R-loops and asTSS-
R-loops (supports Figure 2).

Supplemental Figure 4. R-loop dynamics in light, SA, UVC, and ABA
groups (supports Figure 2).

Supplemental Figure 5. Algorithm of sDI (sGB-R-loop Dynamics Index)
and asDI (asTSS-R-loop Dynamics Index; (supports Figure 2).

Supplemental Figure 6. Cluster analysis of R-loops changed in LHS
group (supports Figure 3).

Supplemental Figure 7. Validation of R-loop turnover by immunostain-
ing and DRIP-qPCR (supports Figure 3).

Supplemental Figure 8.Unique R-loop dynamics on tRNA and snoRNA
genes (supports Figure 4).

Supplemental Figure 9. Uncoupling between R-loop and RNA expres-
sion changes induced by LHS (supports Figure 5).

Supplemental Figure 10. Uncoupling between R-loop and RNA expres-
sion changes during development (supports Figure 5).

Supplemental Figure 11. Network of R-loop regulators on asTSS-
R-loop, and cluster analysis of RNA expression in LHS group
(supports Figure 6).

Supplemental Figure 12. Co-localization between antisense R-loops
and TF binding sites (supports Figure 6).

Supplemental Table 1. List of R-loop regulators analyzed in this study.
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Supplemental Table 2. DRIP-qPCR primers used in this study.

Supplemental Table 3. Information of software used in this study.

Supplemental Data Set. Information of ssDRIP-seq data, condition
descriptions, and R-loop peaks used in this study.
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