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R loops form when transcripts hybridize to homologous DNA on chromosomes, yielding a DNA:RNA hybrid and
a displaced DNA single strand. R loops impact the genome of many organisms, regulating chromosome stability,
gene expression, and DNA repair. Understanding the parameters dictating R-loop formation in vivo has been
hampered by the limited quantitative and spatial resolution of current genomic strategies for mapping R loops. We
report a novel whole-genome method, S1-DRIP-seq (S1 nuclease DNA:RNA immunoprecipitation with deep se-
quencing), for mapping hybrid-prone regions in budding yeast Saccharomyces cerevisiae. Using this methodology,
we identified ∼800 hybrid-prone regions covering 8% of the genome. Given the pervasive transcription of the yeast
genome, this result suggests that R-loop formation is dictated by characteristics of the DNA, RNA, and/or chro-
matin. We successfully identified two features highly predictive of hybrid formation: high transcription and long
homopolymeric dA:dT tracts. These accounted for >60% of the hybrid regions found in the genome. We demon-
strated that these two factors play a causal role in hybrid formation by genetic manipulation. Thus, the hybrid
map generated by S1-DRIP-seq led to the identification of the first global genomic features causal for R-loop
formation in yeast.
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R loops have emerged as prominent genomic feature in
many organisms, from bacteria to humans (Santos-Pereira
and Aguilera 2015). R loops form when an RNAmolecule
anneals to a homologous DNA sequence in the genome,
generating a region of DNA:RNA hybrid and a displaced
ssDNA. R loops can act as precursors to genomic instabil-
ity, modulators of gene expression, and regulators of chro-
matin epigenetic marks (Huertas and Aguilera 2003; Li
and Manley 2005; Nakama et al. 2012; Castellano-Pozo
et al. 2013; Sun et al. 2013; Wahba et al. 2013). Given
the centrality of R loops in many genomic functions, the
precise mapping of where they form and understanding
why they form are important biological questions.
The ability tomap R loops wasmade feasible by the dis-

covery of the S9.6 monoclonal antibody, which specifi-
cally recognizes DNA:RNA hybrids (Boguslawski et al.
1986; Hu et al. 2006). This antibody has been used in three
different genome-wide studies to map R loops. The first,
by Chédin and colleagues (Ginno et al. 2012, 2013), used

S9.6 to precipitate DNA:RNA hybrids from mammalian
genomic DNA fractions digested with restriction endonu-
cleases. These studies revealed that R loops are highly
correlated with unmethylated CpG island promoters ex-
hibiting a strong strand asymmetry in the distribution of
guanines and cytosines (GC skew). Their work provided
an excellent paradigm for use of the S9.6 antibody to probe
for hybrids genome-wide, thereby revealing a potential
new biological function of R loops. However, the limited
spatial resolution associated with the methodology may
have precluded the discovery of additional hybrid-forming
features.
The other two studies mapped hybrids in the genome of

the budding yeast Saccharomyces cerevisiae, a particular-
ly powerful model used to identify and characterize fac-
tors that modulate R-loop formation (Luna et al. 2005;
Mischo et al. 2011; Wahba et al. 2011; Stirling et al.
2012). Hybrids were isolated by immunoprecipitation
from cross-linked and sonicated whole-cell extracts
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followed by high-throughput sequencing (ChIP [chroma-
tin immunoprecipitation] sequencing [ChIP-seq]) or
hybridization to tiling arrays (DRIP [DNA:RNA immuno-
precipitation]-chip) (Chan et al. 2014; El Hage et al. 2014).
These two genomic methods corroborated previous re-
sults fromquantitative PCR (qPCR)-based studies that hy-
brids formed preferentially at ribosomal DNA (rDNA) and
telomeres (El Hage et al. 2010; Balk et al. 2013). However,
marked differences between the two genome-wide studies
and previous work on R loops in yeast were observed. For
example, the DRIP-chip study inferred that a large portion
of the nuclear genome (around one-third) is prone to hy-
brid formation, while the ChIP-seq study suggested that
a small fraction of loci could form hybrids; notably, trans-
fer RNAs (tRNAs), rDNA, and a few highly expressed
genes. Furthermore, both studies failed to detect major
differences between wild-type and RNase H-defective
cells. RNase H1 and RNase H2 are highly conserved
through evolution and have the unique ability to
dismantle R loops through degradation of the RNA in hy-
brids (Arudchandran et al. 2000). Cytological data of
rnh1Δrnh201Δ cells pointed to widespread elevation of
DNA:RNA hybrids in the nuclear genome relative to
wild-type cells (Wahba et al. 2011; Chan et al. 2014). How-
ever, in the ChIP-seq and DRIP-chip studies, the total
number and level of hybrid regions in wild typewere com-
parable with those in RNase H mutants. With the excep-
tion of tRNA genes, hybrid regions appeared refractory to
the presence of RNase H. The discrepancies between the
two genomic studies as well as previous data likely result-
ed from inherent limitations in the methodologies that
caused low hybrid signal to background noise. These lim-
itations also precluded these studies from identifying fac-
tors dictating hybrid formation.

Here we present a new S1-DRIP-seq (S1 nuclease DRIP
with deep sequencing) method for mapping hybrids in
budding yeast that dramatically improves the signal to
noise ratio at hybrid regions. Thismethod allows for quan-
titative recovery of R loops and precise mapping of hybrid
locations, allowing us to elucidate the parameters and se-
quence features that predispose parts of the genome to R-
loop formation in vivo. We identified ∼800 hybrid-prone
regions in addition to rDNA, Ty retrotransposons, and
telomeres. We assessed their correlation with various as-
pects such as RNA function (messenger RNA [mRNA],
tRNA, and noncoding RNA [ncRNA]), transcription lev-
els, base composition, base skew, and DNA sequence. Us-
ing these correlative studies, we discovered and, through
genetic manipulations, validated two features—high ex-
pression levels and polyA tracts—as causal determinants
for hybrid formation that account for a large fraction of hy-
brids in the yeast genome.

Results

Development of S1-DRIP methodology

Our modified DRIP method, called S1-DRIP, allows for
the quantitative recovery of R loops while maintain-
ing the high-resolution mapping capability of standard

ChIP-seq (Fig. 1A). Using a rapid dot blot R-loop assay
(Supplemental Fig. S1.1A; Powell et al. 2013; Wahba
et al. 2013), we monitored R-loop levels during standard
ChIP-seq methods. We discovered that sonication via
acoustic shearing of yeast genomic DNA led to loss of
∼80% of genomic R loops (Fig. 1B; Supplemental Fig. S1.
1B). The use of cross-linking agents or an alternative frag-
mentation protocol with nonspecific nucleases did not ab-
rogate this loss (data not shown). We speculated that the
energy introduced by sonication promoted branch migra-
tion, causing the displacement of the RNA and reanneal-
ing of the ssDNA molecules. If so, S1 nuclease digestion
of R loops’ displaced ssDNA strand (Vogt 1973) might sta-
bilize the DNA:RNA hybrids through the sonication pro-
cess. We used the dot blot assay to determine the amount
of S1 nuclease that would sufficiently preserve DNA:
RNAhybrids during sonicationwithout impinging on ini-
tial hybrid levels. Treatment with optimized levels of S1
nuclease allowed the majority of DNA:RNA hybrids to
survive through sonication (Fig. 1B; Supplemental Fig.
S1.1B,C).

To test whether the structure of S1-treated R loops
would affect sequencing results, we devised a synthetic
spike-in mimicking the structure (Supplemental Fig. S1.
2A). Immunoprecipitation of the spike-in using the S9.6
antibody followed by ligation of barcoded Illumina adap-
tors and sequencing led to a 40%–60% distribution of
reads on the plus and minus strand (Supplemental Fig.
S1.2B), comparable with standard results (Landt et al.
2012). Successful capture of both strands indicated that
the plus strand was extended during end repair to form
a more canonical dsDNA substrate for sequencing
(Supplemental Fig. S1.2A,B,C). We conclude that DNA
fragments resulting from S1-DRIP are efficient substrates
for sequencing and show little sequencing bias stemming
from their nonstandard structure.

We applied our optimized S1-DRIP methodology to
wild-type and rnh1Δrnh201Δ cells and then subjected it
to deep sequencing to survey hybrid formation genome-
wide (S1-DRIP-seq). S1-DRIP-seq was done in quadrupli-
cate for each genotype and, to ensure target specificity,
was also done in parallel on genomic DNA treated in vitro
with RNase H as control (Fig. 1C; Supplemental Fig. S1.
3A,B). Reads were aligned to the reference genome using
the Bowtie2 algorithm; hybrid-prone regions were identi-
fied in uniquely mapped reads using the model-based
analysis of ChIP-seq (MACS2) peak-calling algorithm. Se-
quenced readswere normalized to the genome-widemean
across all nonpeak regions, and regions reported here as
hybrid-prone and used in our analyses were identified in
at least three of the four biological replicates. The distri-
bution of sequence reads observed at genomic hybrid re-
gions was as predicted based on the spike-in sequencing
results (Supplemental Fig. S1.4).

Overall, the sequence read densities of peak regions
identified by S1-DRIP-seq were significantly enriched
over immunoprecipitation background, which enabled
detection of distinct sites of R-loop formation at high
base-pair resolution in the nuclear genome (Fig. 1C,D;
Supplemental Fig. S1.5A). The pattern and relative
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strength of a subset of peaks were validated by S1-DRIP
followed by qPCR analysis (DRIP-qPCR) (Supplemental
Fig. S1.6A,B). To eliminate the possibility of metho-
dology-based artifacts, several hybrid regions were also
verified throughout this work using a second DRIP meth-
odology relying on restriction enzyme fragmentation
(RE-DRIP-qPCR) in place of S1 treatment and sonication.
The high signal to noise ratio in the S1-DRIP-seq data was
a significant improvement on the data obtained by ChIP-
seq and DRIP-chip experiments that had likely led to the
underestimation and overestimation of the number of hy-
brid-prone sites, respectively (Supplemental Fig. S1.5A).
The signal from hybrid-forming regions was sensitive to
RNase H treatment (Fig. 1C), and quantitative increases
in level of hybridswere detected atmany loci in the nucle-
ar genome of rnh1Δrnh201Δ relative to wild type (Fig. 1C;
Supplemental Fig. S1.5A,B). Improvement of both the
spatial and quantitative mapping of hybrids provided by
our S1-DRIP-seq methodology demonstrated its utility
for identifying features linked to hybrid formation ge-
nome-wide.

Genomic distribution of DNA:RNA hybrids

We next examined the overall distribution of hybrids in
wild-type and rnh1Δrnh201Δ cells. With our S1-DRIP-

seq data set, MACS2 identified 781 hybrid-prone regions
in rnh1Δrnh201Δ cells, all of which overlapped with hy-
brid regions inwild type (Supplemental Tables 1, 2). These
common hybrid regions had a significance of enrichment
>0.05, and almost all were associated with annotated fea-
tures (Supplemental Fig. S2.1A; Supplemental Table 3).
Overall, 8% of the yeast genomewas susceptible to signif-
icant hybrid formation (Fig. 2A). Taken together with the
increased hybrid levels in rnh1Δrnh201Δ cells compared
with wild-type cells, these results suggest that hybrids
form at many loci in wild-type cells, but their levels are
kept in check by RNase H.
The regions identified represent the strongest occur-

rences of hybrids in the genome, and it is possible that
weaker or more transient hybrids occurred elsewhere
but were missed by our analyses. Indeed, MACS2 identi-
fied additional weak hybrid regions (less than twofold en-
riched over background) in wild-type cells but not in
rnh1Δrnh201Δ cells, which were associated with an addi-
tional 211 features (Supplemental Table 4). These weak
hybrid sites may reflect regions that are present only in
wild-type cells or regions that are underrepresented in
the S1-DRIP-seq analysis of rnh1Δrnh201Δ cells due to in-
sufficient sequence depth. Even including these weak hy-
brid regions, the portion of the genome covered by hybrids
increased to only 12%. Thus, even with this relaxed

Figure 1. S1-DRIP-seq allows quantitative recovery
and high-resolutionmapping of R loops. (A) Overview
of S1-DRIP-seq workflow. Genomic DNA (gDNA)
was prepared from log phase cells. Hybridswere stabi-
lized by treatment with S1 nuclease, which preferen-
tially degraded single-stranded nucleic acids prior to
sonication. Hybrids were then immunoprecipitated
with S9.6 α-DNA:RNAhybrid antibody, and sequenc-
ing libraries were prepared. (B) Dot blot showing the
effect of S1 treatment on genomic R loops. The first
lane shows serial dilutions of an in vitro synthesized
DNA:RNA hybrid. Yeast genomic DNA was either
not treated (N.T.), sonicated (sonication), or treated
with S1 nuclease prior to sonication (S1+Sonication),
and serial dilutions were spotted and probed with the
S9.6 antibody. (C ) Snapshot of S1-DRIP-seq reads on
chromosome XII (223,000–271,000). Normalized
read coverage from wild type and rnh1Δ rnh201Δ

are shown in the first and second rows, respective-
ly, with the model-based analysis of ChIP-seq
(MACS2)-identified hybrid regions denoted below.
The forth and fifth rows show reads from wild-type
(WT) and rnh1Δrnh201Δ genomic DNA treated with
RNase H in vitro prior to immunoprecipitation. The
sixth row shows features annotated in the Saccharo-

myces Genome Database, with features overlapping
with hybrid regions indicated below. (D) Snapshots
of two hybrid-associated features—RPL15A (left pan-
el) and HSP150 (right panel)—from wild type and
rnh1Δ rnh201Δ. Note the change in axes done to al-
low a better display of peak shapes in both wild type
and rnh1Δrnh201Δ.
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stringency, most transcripts failed to lead to detectable
hybrid formation.Due to our uncertainty in the additional
weak hybrid regions, we focused our analyses on only
those ∼800 strongest hybrid regions shared between
wild-type and rnh1Δrnh201Δ cells.

We next sought to investigate the pattern of hybrid
formation at various representative hybrid-prone regions
in the genome. The majority of hybrid-prone regions
occurred at repetitive DNA elements: Ty1 retrotranspo-
son elements and the rDNA cluster (Fig. 2A). In
rnh1Δrnh201Δ cells, the highest hybrid signals were de-
tected at full-length Ty1 and Delta elements (Fig. 2C;
Supplemental Fig. S2.2A). On average, the signal observed
within Ty1 elements and Deltas with S1-DRIP-seq was
100–200 times over mean background; similar results
were obtained with S1-DRIP-qPCR (Supplemental Fig.
S2.3A). The signal from Ty1 elements was RNase H-sen-
sitive and four to eight times lower in the wild-type
cells relative to rnh1Δrnh201Δ cells (Supplemental Fig.
S2.3A). Notably, Ty1 retrotransposons replicate through
reverse transcription of a Ty1 mRNA into a cDNA, a
process that produces an obligate mRNA:cDNA hybrid
intermediate. To assess whether hybrids occurred at
genomic Ty1 loci or whether the signals came in part or

wholly fromTy1mRNA:cDNAhybridmolecules, we per-
formed S1-DRIP-qPCR with primer sets spanning unique
genomic DNA (Supplemental Fig. S2.3B). All seven Ty
repeats tested revealed a significant level of hybrids
in rnh1Δrnh201Δ cells. Furthermore, hybrids were detect-
ed at these genomic Ty repeats with RE-DRIP-qPCR
(Supplemental Fig. S2.4A,B). Taken together, our results
demonstrated that hybrids form at Ty elements in the ge-
nome of wild-type cells, but their levels are kept low by
RNase H.

Hybrid regions were also strongly enriched for genes en-
coding structural RNAs. Hybrids at the rDNA locus accu-
mulated over the polymerase I transcribed 35S rRNA and
the polymerase III 5S rRNA transcript (Fig. 2C;
Supplemental Fig. S2.5). At the 35S rRNA locus, a long
primary transcript is rapidly processed into three mature
rRNA transcripts through the elimination of transcribed
spacer regions (Henras et al. 2015). We found similar hy-
brid levels accumulated at the regions coding for mature
transcripts and the transcribed spacers, an indication
that these hybrids were not likely to have formed artifac-
tually after lysis with processed rRNA transcripts
(Supplemental Fig. S2.2B). Note that the normalized
read coverage value over the rDNA is amplified because

Figure 2. Genomic distribution of hybrid-prone regions. (A) The percentage of base pairs in the genome prone to hybrid formation in
rnh1Δrnh201Δ and the breakdown relative to repetitive (rDNA and Ty/Delta) and nonrepetitive (unique) regions. (B) Hybrid-prone fea-
tures. The proportion of major genome features identified as hybrid-prone. The dotted line indicates the proportion of all features iden-
tified as hybrid-prone (9.6%). P-values were generated by a one-tailed Fisher’s test. (∗∗) P < 0.001. (C ) Snapshots of representative
hybrid-enriched features from rnh1Δ rnh201Δ. From left to right and top to bottom: rDNA (RDN37-1, chromosome XII, 450,000–
460,000), Ty element (YDRCTy1-1, chromosome IV, 645,000–652,000), telomere (TEL01L-TR, chromosome I, 0–400), small nucleolar
RNA (snoRNA) (SNR128 and SNR190, chromosome X, 139,000–140,500), tRNA [tA(AGC)F, chromosome VI, 204,500–205,5000], and
protein-coding ORF (TPI1, chromosome IV, 555,000–557,000).
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of the tandem repeat nature of the locus and that the hy-
brid signal at each rDNA repeat in the absence of RNase
H is actually similar to that at other hybrid-prone features
in the genome (Fig. 2C).
Of the 781 hybrids mapping to unique regions that were

identified with MACS2, 120 overlapped with tRNAs, five
overlapped with ncRNAs, 55 overlapped with small
nuclear/small nucleolar RNAs (sn/snoRNAs), and 18
overlapped with telomeres (Supplemental Table 3). The
frequent presence of hybrids in these classes of structural
RNAs represented a significant enrichment and con-
firmed a propensity for hybrid formation in these genomic
features (Fig. 2B). At tRNAs and sn/snoRNAs, the pattern
of R-loop formation is tightly associated with the tran-
scribed region (Fig. 2C; Supplemental Fig. S2.6). Finally,
extensive R-loop formation was also detected in themito-
chondrial genome (Supplemental Fig. S2.7). The fact that
RNAs transcribed by RNA polymerases I, II, and III and
that mitochondrial RNA polymerases exhibit R loops
demonstrates that hybrid formation is not a unique prop-
erty of a specific RNA polymerase. While the different
structural and mitochondrial RNAs might have different
characteristics predisposing them to hybrid formation,
they all share a common attribute, which is high levels
of transcription.

High gene expression as a determinant of DNA:RNA
hybrid formation

To address the potential role of the expression level in hy-
brid formation, we analyzed the 477 hybrid-prone ORFs
identified in S1-DRIP-seq. These ORFs spanned a wide
range of gene expression levels. The previously published
DRIP-chip study reported that ORFs with hybrids tended
to have higher transcription frequency (Chan et al. 2014).
While informative, this correlation did not address wheth-
er high gene expression was critical to initiate hybrid for-
mation. To further investigate the link between hybrid
formation and gene expression, we rank-ordered the ex-
pression level of all yeast ORFs based on transcript abun-
dance, divided them into 20 expression categories, and
cross-compared them with hybrid-forming regions (van
Dijk et al. 2011). Forty-two percent of the ORF-associated
hybrid regions were in ORFs in the two highest expression
categories, an approximately four times enrichment over
expected if hybrid formation was independent of tran-
scription levels (Fig. 3A). Each of the remaining 18 expres-
sion categories contained ∼3% of the hybrid regions.
Thus, hybrid-forming regions were much more likely to
occur in ORFs in the two highest expression categories.
As a second assessment, we determined the percentage

of ORFs in each expression category that formed hybrids
(Fig. 3B). Nearly 46% of ORFs in the highest expression
category and 17% of the second highest category formed
hybrids. In contrast, ≤6% of ORFs in each of the remain-
ing expression categories formed hybrids. This striking
correlation was strengthened when we relaxed the strin-
gency for calling hybrid-prone regions to include those
identified in two out of four biological replicates and
also accounted for hybrids present in duplicated genes

that had previously fallen into the repetitive DNA catego-
ry. Under these conditions, hybrid regions were detected
in 82% and 42% of ORFs in the highest and second high-
est expression categories, respectively (Supplemental
Table 5). In contrast, few additional hybrid-prone ORFs
were identified in the other expression categories. Taken
together, these analyses revealed that the two highest ex-
pression categories are highly predictive of whether ORFs
form hybrids. ORFs in the 18 remaining expression cate-
gories span over three orders of magnitude of expression
level, yet there is no correlation with hybrid formation.
We conclude that when gene expression levels exceed a
certain threshold, transcription itself becomes a determi-
nant of hybrid formation. For genes transcribed below that
threshold, additional factors other than transcription level
must be involved in hybrid formation.
To test whether high expression alone is sufficient

to drive hybrid formation, we introduced two highly ex-
pressed hybrid regions—a Ty element and HSP150—
onto a yeast artificial chromosome (YAC). To specifically
measure hybrid formation at these ectopic YAC locations,
we digested the genomic DNA with restriction enzymes
prior to conducting DRIP-qPCR with primers unique to
the YAC sequences flanking the gene integration site
(Fig. 3C). The level of hybrids increased dramatically on
the YAC containing the ectopic genes as compared with
the YAC alone. These results are consistent with high lev-
els of gene transcription driving hybrid formation inde-
pendently of genomic context.
The robust correlation between high transcription lev-

els and hybrid formation implied a causal relationship be-
tween them. To directly assess potential causality, we
tested whether low-expressed genes with no detectable
hybrids would form hybrids when expression levels were
increased using an inducible gene expression system.
Two genes were assayed independently: the native galac-
tose (Gal)-inducibleGAL7 gene and an ectopic SMC3 gene
driven by the Gal-inducible GAL1-10 promoter. Under re-
pressed conditions in which Gal-inducible genes are poor-
ly expressed (Cloutier et al. 2013), both GAL7 and SMC3
failed to generate hybrids (Fig. 3D). However, when levels
of expression were pushed above the hybrid-associated
threshold by growth in Gal, hybrids were detected in
both GAL7 and SMC3 but not at a control locus (Fig.
3D; Supplemental Fig. S3). These results corroborated
that high transcription levels are causative in hybrid for-
mation and are likely a major determinant of hybrid for-
mation in the yeast genome, as highly transcribed ORFs
account for nearly 25% of all hybrid regions.

Asymmetric distribution of hybrid regions
on transcription units

Metagene analysis of all 477 hybrid-prone ORFs indicated
that hybridswere distributed along the length of transcrip-
tionunits,witha slightpeak insignalat the5′ endandadis-
tinctly higher density of reads occurring at the 3′ end of
genes (Fig. 4A; Supplemental Fig. S4.1A). Positional biases
in hybrid distribution were also apparent when we ob-
served individual hybrid patterns in the heat map: Genes
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in the topthirdof theheatmaphadhybrid regionsextended
over entire transcripts, while, in the bottom third of the
heat map, hybrid regions appeared to be limited to either
the 5′ or 3′ end. This was consistent with our observation
that ∼70% of the regions prone to hybrid formation span
≤500 base pairs (bp) and overlap less than half of an ORF
(Supplemental Fig. S4.1B–D).

To quantitatively assess the potential asymmetric dis-
tribution of hybrids, we looked for biases in the density
of reads along the lengths of hybrid-prone ORFs. Each
transcription unit was divided into 10 equal bins, and
ORFs with a read density in the 5′-most or 3′-most termi-
nal bin twofold greater than the average number of reads
over the remaining bins were designated 5′ of ORF and

3′ of ORF, respectively. Twenty-five percent (102) of the
hybrid regions were in either the 5′ category or the 3′ cat-
egory (Fig. 4B). Representative examples of 5′ of ORF and
3′ of ORF hybrid regions are shown in Figure 4C. In the re-
mainder category that did not meet our stringent defini-
tion, ∼19% of hybrid regions extended over the entire
ORF transcription unit (Supplemental Fig. S4.1B). Other
hybrid regions showed asymmetry that extended beyond
themost terminal bins or was internal to theORF and suf-
ficiently varied that it was not possible to define any addi-
tional specific categories. Overlay of the hybrid location
analysis with expression levels revealed that ORFs with
5′ and 3′ hybrids were mostly in the medium–low expres-
sion level, encompassing the bottom 18 expression

Figure 3. High gene expression drives DNA:RNA hybrid formation. (A) The percentage of ORFs prone to hybrid formation in each ex-
pression category. Yeast ORFs were divided into 20 categories based on their expression (FPKM [fragments per kilobase per million
mapped fragments]), and each bar indicates the percentage of all hybrid-prone ORFs found in each expression category. The dotted line
at 5% indicates the value expected if the hybrid-containing ORFs were uniformly distributed. P-values were generated by a one-tailed
Fisher’s test. (B) The percentage of ORFs in each expression category that overlaps a hybrid. The dotted line is positioned at the expected
value (7.4%). P-values were generated by a one-tailed Fisher’s test. (C ) Hybrid signal measured by DRIP-qPCR at ectopic highly expressed
genes. Two different hybrid-forming regions—a Ty1 retrotransposon andHSP150 gene—cloned onto a yeast artificial chromosome (YAC)
still form hybrids. “A” and “B” represent the amplicons in the flanking regions of the gene integration locus, while “C” is a control ampli-
con further downstream. (D) Hybrid signal measured by DRIP-qPCR upon gene overexpression. Induction of expression with galactose
(Gal; hatched bars) promotes hybrid formation at the endogenous GAL7 gene and at the ectopic SMC3 locus when under the control
of the Gal promoter. “B” represents a control amplicon showing background signal.
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categories (Fig. 4D). Heat maps of the hybrid-prone ORFs
categorized by expression level corroborated this, as ORFs
in the two highest expression categories appeared to have
more uniformly distributed hybrid regions (Supplemental
Fig. S4.2). Therefore, hybrids in highly expressed regions
above the threshold needed for expression levels to trigger
hybrid formation were significantly underrepresented in
the 5′ and 3′ categories. This anti-correlation suggested
that features that caused the 5′ and 3′ asymmetrywere dis-
tinct from high level of expression and might contribute
to hybrid propensity in lowly expressed genes.

Sequence features of hybrid-prone regions

The propensity for DNA:RNA hybrids to form and persist
in vitro is influenced by pyrimidine/purine content and
distribution (Shaw et al. 2008). In human cells, genomic
regions with GC skew are prone to hybrid formation
(Ginno et al. 2012). With these studies in mind, we inves-
tigated the base content and distribution in the ORF-asso-
ciated hybrid regions identified by our S1-DRIP-seq. We
began by comparing the GC content of hybrid-prone
ORFs in the different expression categories with their
nonhybrid counterparts. No significant differences were
observed except in the highest expression category, where
themedian GC content for hybrid-prone ORFs was slight-
ly higher than that of nonhybrid ORFs (Supplemental Fig.

S5.1A). Thus, GC content along with expression level
might have contributed to hybrid formation in a subset
of highly expressed genes but was unlikely to be an impor-
tant determinant for most of the hybrid-prone regions.
With the exception of hybrids in telomeric regions, which
occurred largely over the terminal TG1–3 repeats, no
evidence of a significantGC skewpatternwas found at hy-
brid-prone regions (Supplemental Fig. S5.1B,C), as expect-
ed given the overall low GC skew observed in yeast genes
(McLean and Tirosh 2011).
Next, we looked for the presence of AT skew in hybrid-

prone regions.Wefound that regionsassociatedwithmedi-
um–low expression categories had a positive AT skew,
leading to an enrichment of A bases in the coding strand
(Fig. 5A). While it is known that most fungal species have
considerable positive AT skew across the lengths of genes
(McLeanandTirosh2011), particularly in lowerexpression
categories (Supplemental Fig. S5.2), the positive AT skew
of hybrid-prone ORFs was still greater than expected
(Supplemental Fig. S5.3). Moreover, within each ORF, the
hybrid-forming regions tended to have significantly more
positive AT skew than the non-hybrid-forming portions
in the medium–low expression ORFs (Supplemental Fig.
S5.4). These findings indicate that, at lower-expressed
genes, positiveAT skew resulting in anA-richRNAstrand
and T-rich DNA template strand may confer a propensity
for R loops to form or stabilize in the genome.

Figure 4. The distribution of hybrids at
ORFs. (A) The distribution of hybrid signal
at hybrid-prone genes in rnh1Δrnh201Δ.
ORFs are aligned from transcription start
site (TSS) to transcription end site (TES)
and plotted ±1 kb. The metagene plot dis-
plays the median read counts over all hy-
brid-prone ORFs and reveals the
accumulation of hybrids over the transcrip-
tion unit, with a slightly higher signal near
the 3′ end. The heatmap displays the hybrid
signal along individual ORFs, sorted ac-
cording to total signal strength. (B) Hy-
brid-prone ORFs with asymmetric hybrid
signals. Genes with asymmetric hybrid for-
mation have a signal greater than twofold
over gene average in the 5′-most or 3′-
most 10% of the gene. Metagene plots and
heat maps show the global median read
count and the hybrid signal, respectively,
at individual geneswith 5′ and 3′ ofORFhy-
brids. The right panel shows the remaining
hybrids that did notmeet the criteria for the
5′ or 3′ of ORF category. (C ) Asymmetric
hybrid formation. Snapshots of representa-
tive ORFs with asymmetric hybrid signals
5′ of ORF (top panel) and 3′ of ORF (bottom
panel) from rnh1Δ rnh201Δ. (D) The propor-
tion of each asymmetric category and the
remaining genes that is in either the highest
two expression categories (high, FPKM of
1000–150) or all the remaining lower ex-

pressed categories (medium–low, FPKM of 150–0.1). P-values were generated by a χ2 test relative to the distribution for all hybrid-prone
genes.
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To expand our analyses beyond base composition/dis-
tribution to base sequence, we analyzed all 779 hybrid-
prone regions in the nuclear genome for shared sequence
motifs using MEME. This analysis identified a signature
21-bp A-rich tract (Fig. 5B) shared by 526 of the hybrid-
prone regions; 352 of those tracts fell into ORF-associated
hybrid-prone regions (Supplemental Table 6). The motif
identified by MEME indicated that homopolymeric and
near-homopolymeric dA:dT tracts were characteristic of

hybrid regions. In budding yeast, homopolymeric dA:dT
tracts (referred to here as polyA tracts) of ≥10 bp occur
in the genome well above what is expected based on ran-
dom chance (Fig. 5C; Dechering et al. 1998). Analyzing
the association that polyA tracts of incremental length
have with hybrid formation, we noted a sharp transition
to near-perfect overlap for polyAs of≥21 bp (Fig. 5C). In to-
tal, 102 perfect polyA tracts ≥21 bp were found in unique
regions of the genome, and 94 of those fell within a hybrid-
prone region (Supplemental Table 7). The propensity for
R-loop occurrence at imperfect polyA tracts was also
length-dependent (Supplemental Fig. S5.5A,B). We con-
clude that dA:dT tracts in the genome are strongly associ-
ated with R-loop occurrence, and perfect polyA tracts in
particular are predictive of R-loop formation. Unexpected-
ly, we found that hybrid-prone regions with polyA tracts
≥21 bp tended to have lowerAT skew over the total hybrid
region as compared with those without (Supplemental
Fig. S5.5C). This indicated that AT skew and polyA tracts
may reflect two related but distinct modalities of R-loop
formation in the genome.

PolyA tracts in DNA:RNA hybrid formation

The hybrid regions associated with polyA tracts revealed
a consistent pattern in the distribution of the hybrid
signal (Supplemental Fig. S6.1A). While the lengths of
polyA-containing hybrid regions were similar to those of
hybrid-prone regions lacking polyA tracts (Supplemental
Fig. S6.1B), we noted a specific distribution of reads
in the polyA regions. Relative to the direction of transcrip-
tion, the frequency of polyA to polyT tracts occurring on
the coding strand was 42%–58%, respectively. Regardless
of strand orientation, the highest density of reads occurred
3′ of the adenine stretch (Fig. 6A; Supplemental Fig. S6.
1A), and the distribution of reads suggested that R loops
formed most strongly near rather than within the polyA
sequence (Supplemental Fig. S6.1A). These data excluded
the possibility that the hybrids were formed due to polya-
denylated mRNAs annealing nonspecifically onto the ho-
mopolymeric dA:dT genomic region.

The near-perfect correlation of polyA tracts≥21 bpwith
hybrid formation prompted us to directly test a potential
causal role. To do this, we quantified the effect of deleting
polyA tracts on hybrid levels from a subset of hybrid-
prone regions. Note that 63 of the 94 polyA tracts ≥21
bp found in hybrid regions occurred in ORF-associated hy-
brids (Supplemental Table 7). Of those, we picked four
genes encompassing different locations of the polyA tract
in genes (intronic, 5′ untranslated region [UTR], or 3′

UTR) and various levels of expression. A representative
polyA-containing hybrid is shown in Figure 6A. Hybrid
levels were quantified in polyA-containing (polyA) and
polyA-deleted (pAΔ) strains by RE-DRIP-qPCR (Fig. 6B;
Supplemental Fig. S6.2A). Hybrid signals observed in
polyA genes dropped to background levels in three of the
four pAΔ strains (Fig. 6C; Supplemental Fig. S6.2B). In
the ribosomal gene RPL26B, the signal only partially de-
creased. The residual hybrid formation was likely due
to the fact that this gene was also among the highest-

Figure 5. Positive AT skew and polyA tracts contribute to hy-
brid formation. (A) AT skew of ORF-associated hybrid regions.
AT skew was calculated as (A−T)/(A + T) in each hybrid-prone
region and was binned in the expression category of its associated
ORF (expression categories were divided as 1, 2, 3–4, 5–8, 9–12,
13–16, and 17–20). Individual values are plotted along with the
box plot showing the first quartile, median, and third quartile val-
ue for each expression category. (B) A common motif in hybrid-
prone regions. The 779 identified hybrid-prone regions were ana-
lyzed by MEME for the presence of overrepresented motifs.
MEME identified a 21-bp adenine-rich motif present in 526 of
the 779 regions. (C ) The occurrence of perfect polyA tracts and
hybrids genome-wide. The length of the polyA tract is indicated
on the X-axis. The number of polyAs of a given length present
in the genome is represented by the black dotted line (left
Y-axis), and the fraction overlapping a hybrid region is represent-
ed by the dark-gray bars (right Y-axis).
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expressed genes, and, consequently, the high rate of
transcription provided an additional mechanism for hy-
brid formation. Importantly, we detected no significant
decrease in levels of expression by RT–PCR for the four
genes after polyA deletion (Supplemental Fig. S6.2C).
Thus, the polyA deletion impaired hybrid formation by
mechanisms other than altering the mRNA expression
of the associated gene. These data corroborate that polyA
tracts directly contribute to the occurrence of hybrids and
define them as a novel sequence feature causative for hy-
brid formation in the yeast genome.

Discussion

Here we presented S1-DRIP-seq, an improved methodolo-
gy for mapping R loops genome-wide that facilitated the
identification of features contributing to hybrid forma-
tion. S1-DRIP-seq allowed for quantitative recovery of
R loops and improved the signal to noise ratio from previ-
ously published protocols (Chan et al. 2014; El Hage et al.
2014). With it, we identified nearly 800 distinct hybrid-
prone regions. A subset of these hybrid-prone regions cor-
roborated a number of findings from previous DRIP-chip
and/or ChIP-seq studies, including the occurrence of hy-
brids at the mitochondria, rDNA locus, telomeres, Ty
elements, and tRNA genes. Importantly, we also found
significant differences from these methods in both the po-
sitions of hybrids and the amount of hybrids between
strains. All hybrid-prone loci were detectable in wild-
type cells, and their levels increased in the absence of RN-
ase H. Our results reconcile the differences within previ-
ous genome-wide studies and their discordance with the
cytological and cell biological data. Finally, we identified
features that contribute to hybrid formation.
Thedetectionof a largenumberofR loops in the genome

posits an important question regarding their biological rel-
evance.A growing bodyof evidence points to the function-
al importance of at least a subset of genomic R loops

(Santos-Pereira and Aguilera 2015). Consistent with that,
we found that R-loop formation in ORFs peaked at the 3′

end, near transcript termination sites. We also identified
102 R loops that occur exclusively at just the 3′ and 5′ of
ORFs. In select yeast and human genes, R loops occurring
near the 3′ and 5′ ends have been implicated in regulating
transcription termination and transcriptional activation,
respectively (Mischo et al. 2011; Skourti-Stathaki et al.
2011, 2014; Ginno et al. 2012; Boque-Sastre et al. 2015).
Likewise,R loops identified inthisstudyhavethepotential
to impact transcription termination, gene activation, or
gene repression. More detailed analysis of these hybrid-
prone regions and the consequences of abrogating hybrid
formation will be informative for determining additional
functions for R loops in the control of gene expression.
Given the nearly global transcription of the yeast ge-

nome (David et al. 2006), the restriction of hybrid hot spots
to just 8%of it indicates thathybrid formation is not a con-
sequence of transcription alone but is helped by unique
features in the RNA, DNA, and/or chromatin. What
makes these regions particularly hybrid-prone? The ex-
tremely robust enrichment of hybrids in highly expressed
loci implies that, for most, expression level is the major
driver. Of hybrids associated with ORFs, 42% occurred
in the 10% most highly expressed genes. Hybrids also oc-
curred in the polymerase II-driven sn/snoRNAs, ncRNAs,
andTy1elements; polymerase I-driven rDNA; polymerase
III-driven tRNA and other genes; and, as previously noted
by El Hage et al. (2014), the mitochondrial genome—all of
whicharehighlyexpressed (Curcio et al. 1990; Frenchet al.
2003; Pelechano et al. 2010; Turk et al. 2013; Jordán-Pla
et al. 2015). High expression alone is sufficient for R-loop
formation regardless of genomic context, as both the trans-
position of highly expressed genes to an artificial chromo-
some and overexpression of low transcribed ORFs caused
R loops. These results can potentially explain why highly
transcribed loci are hot spots for genomic rearrangements
and mutation in cancer cells (Chiarle et al. 2011; Kim and
Jinks-Robertson 2012): High levels of transcription result

Figure 6. PolyA tracts directly affect hybrid forma-
tion. (A) PolyA-associated hybrid region. Snapshot
of a representative polyA-associated hybrid 5′ of
LEU9 showing the hybrid signal from rnh1Δ

rnh201Δ (top) and rnh1Δrnh201Δ treated with RNase
H in vitro (bottom). (B) Schematic of a locus contain-
ing a polyA tract (polyA) and a locus with a polyA
tract seamlessly deleted (pAΔ). The locations of
DRIP-qPCR amplicons are indicated with black
bars. (C ) Hybrid signal measured by DRIP-qPCR at
polyA-containing genes. Hybrid signal was deter-
mined in rnh1Δrnh201Δ strains containing polyA
tracts (solid bars) and deleted for the polyA (hatched
bars) at the indicated genes. (D) Model of hybrid-pro-
moting sequence features in yeast.
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in hybrid accumulation,whichmakes those locimore sus-
ceptible to mutations and breaks.

We speculate that the propensity for hybrids to form at
highly expressed regions is facilitated by two factors:

(1) The availability of RNAmolecules. The abundance of
RNA may drive its bimolecular reaction with DNA,
potentially facilitated by strand exchange factors
(Wahba et al. 2013). AnRNAconcentration-dependent
effect on hybrid formation has been documented in in
vitro reactions with RecA-assembled R loops (Zaitsev
and Kowalczykowski 2000).

(2) The higher polymerase densities found at these genes,
allowing for a more open chromatin conformation
(Koerber et al. 2009). The nucleosome-depleted DNA
would allow for the pairing of RNA with the DNA,
which, once formed, is likely to be thermodynamically
as stable as, or more stable than, the corresponding
DNA duplex (Shaw et al. 2008). An obvious exception
to this model occurs at low-expressed genes and, even
more strikingly, telomeric regions at which hybrids
form despite lowRNA abundance and low polymerase
II occupancy. In these regions, other factorsmaybepro-
moting the formation or stabilization of the R loops.

In addition to high transcription rates favoring DNA:
RNA hybrids, our S1-DRIP-seq analyses identified hybrid
regions at polyA tracts ≥21 bp. PolyA tract-associated R
loops were confirmed by S1-DRIP-qPCR and RE-DRIP-
qPCR, eliminating the possibility that they are artifacts
of the sequencing and/or methodology. Furthermore, a di-
rect role was demonstrated by the successful abolishment
of specific R loops upon deletion of their associated polyA
tracts. This study revealed the first sequence-specific
driver of R-loop formation in any organism.

Why do long polyA tracts cause R loops? PolyA tracts
disfavor nucleosomes over them and the surrounding
100–150 bp due to their naturally rigid structure and
through active recruitment of chromatin remodelers
(Yuan 2005; Field et al. 2008; Wu and Li 2010; Chang
et al. 2012; Lorch et al. 2014). Why polyA tracts of 21 bp,
but not 19 bp, sharply stimulate hybrid formation is un-
clear; however, genome-wide analyses have established
that the magnitude of nucleosome depletion is directly
correlatedwithboth the length andperfectionof thepolyA
tract (Segal and Widom 2009). PolyA tracts can also act as
ubiquitous promoter elements in a length-dependent
manner (Struhl 1985; Iyer and Struhl 1995). Therefore, it
is possible that polyA tracts ≥21 bp create an open DNA
structurewith sufficient transcription that leads to hybrid
formation. Determining the specific RNA component
driving hybrids in polyA-containing regions should shed
light on the causes of polyA-dependent hybrids.

Deciphering apotential role forhybrids at polyA tracts is
currentlyhinderedbythe long-standingmysterysurround-
ing the role that long polyA tracts play in genome biology.
The enrichment of long polyA tracts is a general feature of
eukaryotic genomes (Dechering et al. 1998), but, despite
their apparent conservation, the precise biological impor-

tanceofpolyAtracts in transcriptional control and/orover-
all chromatin organization remains an open question. In
fact, we saw no significant reduction in gene expression
upon deletion of polyA tracts at the individual loci tested
in our study. Nevertheless, in vivo work has provided
stronger evidence of a role for polyA tracts in fine-tuning
nucleosome position, particularly at promoters, as a strat-
egy for global transcriptional control (Kubiket al. 2015). In-
terestingly, hybrids formed at Gal-induced genes in yeast
control expression by stimulating rapid transcription ki-
netics despite no effect on the genes’ final mRNA levels
(Cloutier et al. 2016). Therefore, we can envision that hy-
brids formed at polyA tracts help tune gene responses, en-
suring rapid adaptation to changing environments.

The genome-wide map of hybrids using S1-DRIP-seq
identified high transcription levels and long polyA tracts
as two causative features of hybrid formation that account
for∼60% of hybrid regions in the yeast genome. However,
additional causative features and factors need to be identi-
fied.The correlationof a subset of hybrid regionswithhigh
positive AT skew may lead to one of those missing fea-
tures. The high spatial and quantitative resolution of R
loops obtained by S1-DRIP-seq will also be an invaluable
tool in assessing the contributions of many factors to R-
loop biology. For example, thesemapswill be fundamental
in identifying the loci responsible for hybrid-driven geno-
mic instability and consequently help decipher mecha-
nisms underlying the conversion of R loops to breaks.

Materials and methods

Yeast strains, media, and reagents

The yeast strains and primers used are listed in Supplemental
Table S8. Unless otherwise noted, yeast strains were constructed
using classic yeast genetics techniques and grown in YEP supple-
mented with 2% glucose. For the Gal induction experiments,
cells were grown overnight in YEP medium with 2% lactic acid
and 3% glycerol and collected 3 h after addition of Gal at a final
2% concentration.

Dot blotting with S9.6 antibody

Dot blots were done as previously described (Wahba et al. 2013).
The in vitro hybrid control was made by doing first strand cDNA
synthesis using SuperScript III and random hexamers (Thermo-
fisher) of total RNA isolated with the RNeasy minikit (Qiagen).
The control hybrids were quantified using PicoGreen reagent
(Thermo Scientific).

Genome-wide hybrid mapping with S1-DRIP-seq

For a detailed protocol of S1-DRIP, see the Supplemental
Material. Immunoprecipitated or input DNA (60–100 ng) was
used for each library prepared with the llumina Tru-Seq library
kit according to Teytelman et al. (2013). Fifty-base-pair single-
end read sequencing was performed by the Vincent J. Coates Ge-
nomics Sequencing Laboratory.

Bioinformatic analyses

Read alignment, peak calling, and normalization Reads were
aligned to the S. cerevisiae sacCer3 genome with Bowtie version
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1.0.1 using default settings. Nonunique reads were randomly
assigned to one location or, for the purposes of peak calling, dis-
regarded. We used MACS2 to identify peaks in individual repli-
cates, using the input DNA as control. Regions designated as
hybrid-prone were sites common to at least three of the four bio-
logical replicates for each genotype. To compensate for differenc-
es between samples, reads were normalized to the geometric
mean across nonpeak regions with DEseq (Anders and Huber
2010). For visualization, the aligned reads files (BAM) were
converted to normalized coverage files (bigWig). Spearman corre-
lation coefficients between replicates were calculated by bam-
Correlate version 1.5.9.1 from deepTools using 1-kb bins.

Gene expression and annotations Gene expression levels were
quantitated using Cufflinks version 2.0.2 on publicly available
RNA sequencing (RNA-seq) data (SRR122107). All corresponding
gene annotations were obtained from the Saccharomyces Ge-
nome Database.

Metagene profiles and heat maps Metagene plots and heat maps
were generatedwith heatmapper fromdeepTools.Metagene plots
represent the median read coverage over chosen features of inter-
est, and heat maps feature all genes/features considered scaled to
one size and sorted by total read coverage. All transcription start
site and transcription end site coordinates were based on Saccha-

romyces Genome Database annotations and correspond to ORF
coordinates for genes and mapped full-length transcripts for
tRNAs and sn/snoRNAs.

S1-DRIP and RE-DRIP-qPCR

GenomicDNAwas treated as in the S1-DRIP protocol, or, instead
of S1 treatment and sonication, the genomic DNAwas fragment-
ed with a cocktail of restriction enzymes: BsrGI, EcoRI, EcoRV,
NcoI, NdeI, PsiI, and XbaI for the Ty experiment (Supplemental
Fig. S2.3) and AccI, EcoRV, NcoI, HeaIII, and BsrGI for all other
RE-DRIP experiments. Digestions were done overnight at 37°C,
and the percentage hybrid signal was quantified using qPCRs
on DNA from immunoprecipitation and total input with the
DyNAmo HS SYBR Green qPCR kit (Thermo Scientific). All
qPCR experiments were done on at least two biological repli-
cates; average results are reported, and error bars represent stan-
dard deviation.

Accession numbers

The data generated are available at the Sequence Read Archive
under accession number SRP071346.
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