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ABSTRACT

Accumulation of DNA–RNA hybrids in the form of
R-loops can result in replication–transcription con-
flict that leads to the formation of DNA double
strand breaks (DSBs). Using null mutants for the
two Caenorhabditis elegans genes encoding for
RNaseH1 and RNaseH2, we identify novel effects of
R-loop accumulation in the germline. R-loop accu-
mulation leads, as expected, to replication stress,
followed by the formation of DSBs. A subset of
these DSBs are irreparable. However, unlike irrepara-
ble DSBs generated in other systems, which trig-
ger permanent cell cycle arrest, germline irrepara-
ble DSBs are propagated to oocytes. Despite DNA
damage checkpoint activation in the stem cell niche,
the signaling cannot be sustained and nuclei with ir-
reparable DNA damage progress into meiosis. More-
over, unlike other forms of DNA damage that increase
germline apoptosis, R-loop-generated DSBs remain
undetected by the apoptotic checkpoint. This coin-
cides with attenuation of ATM/ATR signaling in mid-
to-late meiotic prophase I. These data altogether in-
dicate that in the germline, DSBs that are generated
by R-loops can lead to irreparable DSBs that evade
cellular machineries designed for damage recogni-
tion. These studies implicate germline R-loops as an
especially dangerous driver of germline mutagene-
sis.

INTRODUCTION

Due to the unwinding of DNA required for polymerase ac-
cess during transcription, torsional stress is incurred which
can result in the formation of anomalous structures like
R-loops. R-loops are three-stranded nucleic acid structures
composed of a DNA–RNA hybrid between the nascent
exiting RNA and one of the displaced genomic single-
stranded DNA (ssDNA) (1). Typically, the R-loop moi-

ety arises when the newly-transcribed RNA invades the ge-
nomic DNA behind RNA polymerase forming the afore-
mentioned long DNA–RNA hybrid and leaves the remain-
ing ssDNA unable to rehybridize. This structure adopts a
particularly stable conformation which requires enzymatic
action to resolve back to the native double helix. R-loops
are required for various cell physiological processes such
as immunoglobulin class switching, termination of tran-
scription, replication of mitochondrial DNA, and gene ex-
pression regulation. Misregulation and accumulation of R-
loops can also have pathological effects on genome in-
tegrity in events where R-loops promote collision between
the replisome and transcriptome. Halting of DNA replica-
tion has been shown to lead to the formation of DNA dou-
ble strand breaks (DSBs), which in some cases stem from
the cleavage of the replication fork by structure-specific nu-
cleases (1,2). DSBs are among the most mutagenic and dan-
gerous types of DNA lesions; a single DSB can result in cell
lethality and/or genome instability. As such, the overaccu-
mulation of R-loops in a cell represent a genomic threat.
To prevent this kind of disastrous consequence, the cell em-
ploys various redundant mechanisms, one of which involves
RNaseH enzymes which are responsible for degrading the
nascent RNA strand of the R-loop (1,3,4).

While our understanding of R-loops within somatic cells
is well-documented, the effect of R-loop formation on DSB
repair in the germline is poorly understood. Thus, eluci-
dating the mechanisms involved in repair of DNA dam-
age formed by R-loops is important, since errors in DSB
repair will lead to inheritance of genomic instability in the
offspring. Moreover, the regulation of DNA damage repair
is unique in meiotic cells as DSBs are induced, and thus
form more frequently in meiotic germline nuclei than in
any other phase of the cell cycle (5,6). The formation of
DSBs within meiosis is a programmed event catalyzed by
a topoisomerase-like complex involving Spo11 and is re-
quired for the formation of crossovers and faithful segrega-
tion of chromosomes into the gametes (7). Perturbed meio-
sis therefore can lead to aneuploidy and heritable mutage-
nesis. To prevent these effects, meiotic DSB repair is tightly
regulated and preferentially channels breaks toward the
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homologous recombination (HR) pathway which ensures
mostly error-free repair from the homologous template (8).
In the Caenorhabditis elegans germline, DSBs associated
with replication stress in germline stem cells can elicit tem-
porary cell cycle arrest in the stem cell niche and apopto-
sis in meiotic prophase I (9). However, unrepaired DSBs
can proceed into meiosis where nuclei containing persistent
damage is eliminated by apoptosis. In some cases, when HR
is abrogated and DSBs can only be repaired by error-prone
DSB repair pathways oocytes showing genomic instability
can form and proceed to fertilization (9–11). However, in
germ cells proficient for HR, apoptosis can eliminate dam-
aged nuclei, maintaining genomic stability.

The effect of R-loop-induced DSB formation on the mei-
otic repair network and consequently proper gamete for-
mation varies among models and organisms, preventing a
full understanding of the molecular mechanisms involved
in repair of R-loop-induced DSBs within the meiotic en-
vironment. For example, mutants of the THO complex,
an mRNP biogenesis factor, accumulate R-loop-induced
DSBs in both S. cerevisiae and C. elegans. In C. elegans thoc-
2 mutants, DNA damage originates within germline stem
cells and this damage persists into early meiotic prophase
I (12). Unfortunately, the pleiotropic phenotypes arising
as the result of loss of the THO complex arrest meiotic
prophase before its completion (12), hindering the abil-
ity to study meiotic DSB repair in this background. Simi-
lar phenotypes have been observed in mice deficient in the
transcription regulator Senataxin (13). C. elegans mutants
deficient in H3K9me2/me3 deposition factors also expe-
rience R-loop accumulation as a result of unprogrammed
transcription, but these effects are locus-specific (14,15).
Unlike THO complex mutants, met-2;set-25 mutants show
mild and temperature-dependent effects on embryonic vi-
ability (14). Most importantly, met-2;set-25 mutants show
no accumulation of DNA damage in oocytes, but exhibit
an increase in apoptosis, suggesting that checkpoint acti-
vation eliminates most of the damaged oocytes (14). Be-
cause R-loops arise as a result of unprogrammed transcrip-
tion in this background, meiotic outcomes do not reflect the
accumulation of R-loops at sites where they would natu-
rally form (i.e. highly-transcribed regions). In yeast, a de-
crease or increase in R-loops is associated with reduced
crossovers, but no such effect was observed in metazoan
systems (16).

To fully understand the impact of R-loop formation on
the germline, we generated a C. elegans strain which is de-
ficient in the RNaseH enzymes RNH-1 and RNH-2. These
RNaseH members have been shown to act redundantly in
the dissolution of R-loops in yeast (16,17). As expected,
we found that the R-loops which accumulate in RNaseH
mutants lead to an increase in DNA damage. As a result,
RNaseH mutants were able to complete meiosis and lay
eggs, but exhibited an increase in genomic instability. We
show that this is attributed to an inability to properly ac-
tivate the DNA damage checkpoints both in the stem cell
niche and in the meiotic germline. We posit that R-loop-
induced DSBs that are irreparable, unlike other forms of
DSBs, fail to persistently activate the DNA damage check-
points. This adaptation to DNA damage leads to a previ-
ously undescribed threat that R-loops pose to genome in-

tegrity and the faithful passage of genetic information to
the next generation.

MATERIALS AND METHODS

Strains

C. elegans strains were maintained on standard nematode
growth media (NGM) plates with E. coli OP50 lawns at
20oC. Strains used in experiments include N2 (Bristol) and
contained the alleles in the N2 genetic background, as in
Table 1.

All experiments performed in the rnh-1.0 rnh-2 back-
ground were performed in F2 (M-/Z-) worms. L4s with
wild-type bodies and GFP+ pharynxes (heterozygotes)
were picked as the P0s. Subsequently, GFP- F1 L4s were
picked to new plates and their progeny (F2) were picked
for experimentation unless otherwise noted. CRISPR/Cas9
was used to create the strains indicated in Table 2.

Genome editing was delivered via microinjection of syn-
chronized 1-day-old adult worms performed on 3% agarose
pads. Worms were immediately recovered and collected on
a single OP50-seeded NGM plate overnight. P0s were sin-
gled to individual OP50-seeded plates the next day. Plates
with F1 progeny were then screened for dpy and/or rol phe-
notypes generated by a dpy-10 point mutation co-injection
marker except in strains with the mIn1 balancer in which
wild-type F1s from each parent were screened. Wild-type
F1 siblings were singled to individual plates for screening by
PCR and Sanger sequencing in the Carver Center for Ge-
nomics (CCG). tracrRNA and crRNAs were obtained from
IDT and mixed in the following concentrations for deliv-
ery: 14.35 �M Cas9-NLS (Berkeley MacroLab), 17.6 �M
tracrRNA (IDT), 1.5 �M dpy-10 crRNA (IDT), 0.5 �M
dpy-10 ssODN (IDT), 16.2 �M target crRNA (IDT), and 6
�M target ssODN (insertion alleles only, IDT). ssODNs, cr-
RNAs and diagnostic primers can be found in Supplemen-
tary Table S1.

Immunofluorescence and image acquisition

10–20 worms were dissected using a #10 razor blade in
sperm salts buffer on a 18 × 18 mm coverslip. After go-
nads extruded, worms were fixed with a 2% PFA solution
(1% PFA for S9.6 staining, Figure 2D) and the coverslip
was immediately moved to a positively-charged slide. Slides
were then transferred to a humidity chamber at room tem-
perature in the dark for 10 min. After fixation, slides were
flash-frozen on a dry ice block for 30 min. Coverslips were
removed and slides dipped in −20◦C methanol for 2 min,
followed by a dip in −20◦C acetone, and finally washed
in 1X PBST (S9.6 1× TBST) for 10 min. For S9.6 slides,
a 1:100 dilution of RNase T1 and III in 1× TBST/0.1%
BSA/3mM MgCl2 was applied and allowed to incubate on
the slides for 1 h at 37ºC. Slides were then incubated with
0.5% BSA in 1× PBST for 2 h to block. After BSA treat-
ment, slides were incubated with the primary antibody in
a humidity chamber overnight at room temperature in the
dark. The next day, slides were washed in 1× PBST for
10 min, incubated with secondary antibody for 2 h in the
dark at room temperature, and subsequently washed with
1× PBST for 10 min. Slides were then incubated in the dark
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Table 1. Strains used in this publication obtained from Caenorhabditis Genetics Center (CGC) or derived from a CGC strain or a combination of CGC
strain and strains in Table 2

Strain Source Identifier

C. elegans wild-type isolate (Bristol) CGC N2
met-2(n4256) III CGC MT13293
xpg-1(tm1670) I. CGC TG3867
xpf-1(tm2842) II. CGC TG1660
mus-81(tm1937) I. CGC TG1760
xpg-1(tm1670) I; rnh-2(iow18); rnh-1.0(iow66)/mIn1[mIs14 dpy-10(e128)] II This study SSM651
mus-81(tm1937) I; rnh-2(iow18); rnh-1.0(iow66)/mIn1[mIs14 dpy-10(e128)] II This study SSM652
spo-11 (ok79) IV / nT1 [qls51] (IV, V) AV106 (CGC) outcrossed

to nT1 [qls51]
SSM10

rnh-2(iow18); rnh-1.0(iow66)II/mIn1[mIs14 dpy-10(e128)] II; spo-11 (ok79) IV /

nT1 [qls51] (IV, V)
This study SSM487

top-3::ha::degron(jf122) III; unc-119(ed3) III; ieSi38 [Psun-1TIR-1::mRuby::sun-1
3’UTR, cb-unc-119(+)] IV

CGC UV207

cku-70(tm1524) III. CGC FX1524
rnh-2(iow18); rnh-1.0(iow66)II/mIn1[mIs14 dpy-10(e128)] II; cku-70(tm1524) III This study SSM623
cep-1(lg12501) I; unc-119(ed4) III; gtIs1[CEP-1::GFP + unc-119(+)] CGC TG12
rpa-2(iow49[3xFLAG::rpa-2])I; rnh-2(iow18); rnh-1.0(iow66)/mIn1[mIs14
dpy-10(e128)] II

This study SSM655

rpa-2(iow49[3xFLAG::rpa-2])I (18) SSM387
syp-3(ok758)/hT2[bli-4(e937) let-?(q782) qIs48] (I;III). CGC CV2
ollas::cosa-1; spo-11 (ok79) IV / nT1 [qls51] (IV, V) (19) and this study SSM599
rnh-2(iow18); rnh-1.0(iow66)II/mIn1[mIs14 dpy-10(e128)] II; ollas::cosa-1; spo-11
(ok79) IV / nT1 [qls51] (IV, V)

This study SSM597

rnh-2(iow18); rnh-1.0(iow66)II/mIn1[mIs14 dpy-10(e128)] II; polq-1(tm2026) III This study SSM588
rnh-2(iow18); rnh-1.0(iow66)/mIn1 [dpy-10(e128) umnIs43]II;
syp-3(ok758)/hT2[bli-4(e937) let-?(q782) qIs48] (I;III

This study SSM598

met-2(n4256) set-25(n5021) III. CGC GW638
polq-1(tm2026) III CGC TG2228
set-25(n5021) III. CGC MT17463
rnh-2(iow133[degron::rnh-1.0]) II; rnh-1.0(iow17)II; spo-11 (ok79) IV / nT1 [qls51]
(IV, V)

This study SSM594

smIs34 [ced-1p::ced-1::GFP + rol-6(su1006)]; CGC CU1546
rnh-2(iow18); rnh-1.0(iow66)II/mIn1[mIs14 dpy-10(e128)] II; smIs34
[ced-1p::ced-1::GFP + rol-6(su1006)]

This study SSM595

syp-3(ok758)/hT2[bli-4(e937) let-?(q782) qIs48] (I;III) smIs34
[ced-1p::ced-1::GFP + rol-6(su1006)]

This study SSM596

with a 4′,6-diamidino-2-phenylindole (DAPI, 1:10 000 of
5 mg/ml stock in 1× PBST) followed by a final wash in
1× PBST to destain for 10 min. 22 × 22 mm coverslips were
then mounted with Vectashield (Vector Laboratories) and
sealed with nail polish. Staining for PCN-1 in Figure 5A,
PGL-1 in Figure 6C, OLLAS::COSA-1 in Figure 4E, and
pH3 in Supplementary Figure S1A was performed as de-
scribed in [27, ‘Antibody staining and image acquisition’].
All images were taken using the DeltaVision wide-field flu-
orescence microscope (GE LifeSciences) with 100×/1.4 NA
oil Olympus objective, except in Figures 5A and 6C where
a 60× objective was used. Images involving foci counts and
DAPI bodies were deconvolved using softWoRx (Applied
Precision) at the conservative ratio.

The following antibodies and concentrations were used:
Mouse anti-FLAG (Sigma F1803, 1:500), AlexaFluor
488 anti-mouse (Invitrogen A21202, 1:500). Mouse anti-
PGL-1 (Made by the Developmental Hybridoma Stud-
ies Bank at University of Iowa for the Smolikove Lab,
1:10), AlexaFluor 488 anti-mouse (Invitrogen A21202,
1:500). Mouse anti-DNA–RNA hybrid [S9.6] (Kerafast
Kf-Ab01137-2.0, 1:200), AlexaFluor 555 anti-mouse (In-
vitrogen A28180 1:500). Mouse anti-H3K9me2 (Ab-
cam 1220, 1:200), AlexaFluor 488 anti-mouse (Invitro-
gen A28180, 1:500). Rabbit �-RAD-51 (Custom made
by Genscript for the Smolikove lab, 1:30,000), Alexa

Fluor 488 �-mouse (Invitrogen A21202, 1:500) (Invit-
rogen A31570, 1:500). Rabbit �-PCN-1 (Gift from M.
Michael, 1:13000 (20)), Alexa Fluor 488 �-rabbit (Molecu-
lar Probes/Invitrogen, A32790, 1:500). Rabbit �-pH3 (Up-
state Biotechnologies 06–570, 1:5000), Alexa Fluor 488 �-
rabbit (Molecular Probes/Invitrogen, A32790, 1:500). Rab-
bit Phospho-ATM/ATR Substrate Motif [(pS/pT) QG]
(Cell Signaling 6966S, 1:100), rabbitanti-OLLAS 1:1000
(A01658, Genscript). Rabbit anti-pCDK-1 (Cell Signal-
ing 9111T, 1:500), AlexaFluor 488 �-rabbit (Molecular
Probes/Invitrogen, A32790, 1:500). Rabbit anti-CHK-1
(Cell Signaling 4539, 1:100), AlexaFluor 488 �-rabbit
(Molecular Probes/Invitrogen, A32790, 1:500), and mouse
anti-fibrillarin (72B9, gift from P. DiMario).

Whole body fixation and DAPI staining

For DAPI body experiments and CED-1::GFP analysis, 10
worms per slide were picked into a droplet of M9 buffer on
an uncharged slide (Surgipath Leica). M9 was removed us-
ing Whatman filter paper and 8ul of absolute ethanol was
added to the worms and allowed to evaporate. For preser-
vation and chromatin staining, 8 ul DAPI/Vectashield
(Vector Laboratories) was added to the slide and a
22 × 22 mm coverslip was affixed and sealed with nail
polish.
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DNA–RNA hybrids dot blot

Plates of the selected genotypes were washed with 30% su-
crose, spun down, and washed three times with M9 buffer
until little to no bacteria was visible in the tube. Lysis buffer
containing 100 mM Tris pH 8.5, 50 mM EDTA, 200 mM
NaCl, 0.5% sodium dodecyl sulfate (SDS), and 0.05% 20
mg/ml Proteinase K was then added to the pelleted worms
and flash frozen in liquid nitrogen. Worm-containing solu-
tion was then incubated at 65◦C for 1 h with consistent spin-
ning until cleared. Large-scale genomic DNA was extracted
via phenolchloroform/isoamyl extraction and eluted in Qi-
agen elution buffer (Tris). To control for RNA targets of
the S9.6 monoclonal antibody, RNase T1 and III in 30 mM
MgCl2, 200 mM Tris, 500 mM NaCl, pH 7.5 RNaseT1/III
buffer was added to the tubes. In RNaseH-treated controls,
1× NEB RNaseH buffer and RNaseH were added and an
equal volume of additional RNase T1/III buffer was added
to non-control tubes. All tubes were then incubated at 37◦C
for 30 min. 2 �g of each DNA was then applied to a pre-
wetted nylon membrane in a Bio-Rad dot blot apparatus
and connected to a vacuum manifold until wells were dry.
DNA was UV crosslinked to the membrane and blocked
with 5% milk in 1× PBST with agitation for 1 h. The mem-
brane was then incubated with a 1:500 dilution of the S9.6
primary antibody (Kerafast Kf-Ab01137-2.0) in 1× PBST
in the dark overnight at 4ºC with agitation. The next morn-
ing the membrane was washed twice with 1× PBST for
10 min and incubated in goat �-Mouse IgG (Kappa light
chain) HRP 1:1000 with agitation for 2 h. The membrane
was then washed three times with 1× PBST for 10 min each
and using WesternBright ECL (#K-12045-D20; Advansta),
blots were exposed using the LI-COR Odyssey Infrared
Imaging System.

DNA–RNA immunoprecipitation (DRIP) RT-qPCR

DNA extraction and control for RNA/RNaseH were
added as in dot blot (see above). Following incubation for
30 min at 37ºC, AseI enzyme (New England Biosciences,
R0526L) was added and allowed to incubate at 37ºC for an
additional 4 h. BstUI enzyme (New England Biosciences,
R0518L) was then added and incubated at 60ºC for 4 h.
DNA was then incubated with 2 �l/�g S9.6 primary an-
tibody (Kerafast Kf-Ab01137-2.0) and 2× binding buffer
containing 10 mM NaPO4, 140 mM NaCl and 0.5% Tri-
ton over night at 4ºC in the dark with agitation. The next
day, the antibody-bound DNA was immunoprecipitated
with magnetic Dynabeads® IgGA, suspended in 1X TE
and DNA–RNA hybrids released by digesting the anti-
body with Proteinase K (New England Biosciences, P8107S
20 mg/ml) at 60ºC for 1 h. Following purification (Zy-
moResearch Clean & Concentrator-5, D4013), cDNA was
synthesized using the iScript cDNA synthesis kit (Bio-Rad
Laboratories, 1708890) and distributed to wells with 5�M
primers for the indicated loci (primers available in Sup-
plementary Table S2) and 2X iQ SYBR Green supermix
(Bio-Rad #1708880). RT-qPCR was performed in white 96-
multiwell plates (Roche, 04729692001) with adhesive film
on an Applied Biosciences QuantStudio 3 in the Carver
Center for Genomics (CCG). To ensure robust and accu-
rate quality, 3 technical replicates of each immunoprecipi-

Table 2. Strains created via CRISPR/Cas9 for this publication

Strain Identifier

rnh-1.0(iow118[FLAG::rnh-1.0isoc])II SSM545
rnh-2(iow124[3XFLAG::rnh-2]) II SSM582
rnh-2(iow18); rnh-1.0(iow66)II/mIn1[mIs14
dpy-10(e128)] II.

SSM422

rnh-2(iow133[degron::rnh-1.0]) II; rnh-1.0(iow17)II SSM608
rnh-2(iow18); rnh-1.0(iow134)/mIn1 [dpy-10(e128)
umnIs43]II

SSM614

rnh-2(iow18) rnh-1.0(iow66)
xpf-1(tm2842)/mIn1[mIs14 dpy-10(e128)] II

SSM578

tation product (wild type, met-2, rnh-1.0 rnh-2 M-/Z-) were
run per locus per RT-qPCR experiment. 3 biological repli-
cates of each population were performed to this standard.
Primers used are listed in Supplementary Table 2.

Focus quantification

Foci were quantified in SoftWoRx software using decon-
volved images in all experiments. Protocols for focus quan-
tification were based on RAD-51 focus quantification pro-
tocols (21,22). Background foci were eliminated by reduc-
ing channel intensity until staining was only visible within
nuclei (threshold of no more than five cytoplasmic foci), ex-
cept in S9.6 staining (Figure 2D) where DNA–RNA hybrids
could form in the cytoplasm and therefore the ‘restore de-
faults’ option in SoftWoRx software was used only. Often
this reduced the number of foci reported to a value below
what we would expect from looking at uncorrected images.
Only foci colocalized with chromatin staining are reported.

Checkpoint assay and nuclear diameter

Checkpoint activation in Figure 5D–F was performed as
described in (23). Nuclear diameters were measured in Soft-
WoRx software using the ‘measure’ tool. Reported diame-
ters are the average of the X and Y measurements of the
nuclei as determined by the bounds of chromatin staining.

Fluorescence intensity measurements

All fluorescence intensity measurements were taken in non-
deconvolved images in Fiji ImageJ software. Within each
gonad, measurements were taken of nuclei in the same Z-
plane and corrected against the average background (cyto-
plasmic) of the gonad in the same plane.

Auxin Treatment

Worms of the indicated genotype were picked as L4s on
OP50-seeded NGM plates containing 1 mM 3-Indoleacetic
acid (i.e. auxin, Alfa Aesar A10556-22) dissolved in abso-
lute ethanol and maintained at 20◦C for the specified times.

Acridine orange

Acridine orange staining was performed on synchronized
1-day-old adult worms. Worms were transferred to a tube
of 10mg/ml acridine orange diluted 1:400 in M9, immedi-
ately covered with aluminum foil, and allowed to rotate on

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/14/8041/6649381 by guest on 27 Septem

ber 2023



Nucleic Acids Research, 2022, Vol. 50, No. 14 8045

a mixer for 2 h. After incubation, worms were transferred to
a clean NGM plate. Worms were then placed onto freshly
prepared 10% agarose pads with 8 ul M9 and 2 ul of Poly-
bead 0.1-um polystyrene beads (#00876; Polysciences), be-
fore imaging on the DeltaVision wide-field fluorescent mi-
croscope at 60× magnification. Levels of acridine orange-
stained nuclei were scored where nuclei that stained positive
were counted towards the total.

EdU pulse chase

Synchronized 1-day-old adults of the indicated genotypes
were picked into 50 �l M9 buffer and 1 mM EdU (Click-
iT EdU kit, ThermoFisher 555) was added to the tube and
incubated in the dark at 20ºC for the indicated amount
of time. Worms were then recovered to an OP50-seeded
NGM plate for 20 min and dissected in 1× PBS. Dissected
gonads were fixed in a 3.7% PFA solution and incubated
in a humidity chamber at 20ºC in the dark for 10 min.
Slides were freeze-cracked on a dry ice block for 30 min,
the coverslips removed, and dipped in –20ºC methanol for
20 min. Slides were then washed with 1× PBST three times
for 10 min each. EdU processing solution was applied as
directed by the manufacturer for 1 h in the dark at 20ºC
and subsequently washed three times in 1× PBST for 10
min each. Chromatin staining was performed by dipping
the slides in 1:10 000 dilution DAPI (5 mg/ml) in 1× PBST
for 20 min and destaining in 1X PBST twice for 5 min each.
22 × 22 mm coverslips were affixed with Vectashield and
sealed with nail polish.

Statistical methods

All statistics reported in this manuscript were calculated
using GraphPad Prism 9 software. Where multiple groups
were compared and non-parametric data used, Kruskal-
Wallis tests were applied with multiple comparisons us-
ing the two-stage linear set-up procedure of Benjamini,
Krieger and Yekutieli to control for false positives. When
q-values were significant (q < 0.05), statistical significance
was reported from Mann–Whitney analysis. When multi-
ple groups were compared and parametric data used, a
one-way ANOVA with multiple comparisons was applied
using the two-stage linear set-up procedure of Benjamini,
Krieger and Yekutieli to correct for false discovery. When
q-values were significant (q < 0.05), an unpaired t-test was
applied. For comparisons between untreated and RNaseH-
treated controls in DRIP RT-qPCR, a paired t-test was ap-
plied. In Figures 1D, 3C, D, 5A, C, Supplementary Fig-
ures S1A, S5A where quantification was of yes/no values, a
Fisher’s exact t-test was applied between groups on a 2 × 2
contingency table.

Sample sizes

Figure 1, panel C n-values for nuclei of FLAG::RNH-
1.0 fluorescence intensity were, respectively: 29, 38,
35, 32 (PMT, TZ, MP, LP). Values for nuclei of
FLAG::RNH-2 fluorescence intensity were, respec-
tively: 28, 31, 48, 40 (PMT, TZ, MP, LP). Panel D,
n-values for FLAG localization based on nuclear cell

cycle stage were, for FLAG::RNH-1.0 89/98 (inter-
phase), 6/98 (metaphase) and 3/98 (telophase) and for
FLAG::RNH-2 131/138 (interphase), 4/138 (metaphase),
3/138 (telophase). At least three gonads were analyzed for
all panels in Figure 1.

Figure 2, panel A and B, 10 N2, 10 rnh-1.0 rnh-2 M+/Z-,
and 7 rnh-1.0 rnh-2 M-/Z- parents were scored from. The
number of dots quantified in panel C were 6, 6, and 5 per
blot. Dot blot was performed with at least five technical
replicates and the experiment was repeated 3 times with new
extracts, constituting 3 biological replicates. In panel G, the
number of nuclei in which foci were counted were, in wild
type, 393 (PMT), 350 (TZ), 323 (MP), 217 (LP) and in rnh-
1.0 rnh-2 M-/Z- 241 (PMT), 354 (TZ), 280 (MP), 203 (LP).
At least six gonads were counted for both genotypes. For
DRIP RT-qPCR in panel H, 3 technical repeats were per-
formed per run and RT-qPCR was run 3 times with new
extracts each time, constituting three biological repeats.

Figure 3, panel A, the number of nuclei in which RAD-51
foci were counted for wild-type were, from zone 1 to zone
7 respectively: 200, 156, 136, 174, 166, 118, 100. From zone
1 to zone 7, the number of nuclei counted in rnh-1.0 rnh-2
M+/Z- germlines was: 98, 119, 107, 80, 74, 60, 63. rnh-1.0
rnh-2 M-/Z- n-values were, from zone 1 to zone 7: 66, 85,
69, 85, 72, 62, 28. At least three gonads of each background
were analyzed. In panel E, the number of nuclei analyzed
were, in wild-type from zone 1 to zone 7, respectively: 109,
110, 150, 140, 116, 87, 50, in rnh-1.0 rnh-2 M-/Z- 66, 85,
69, 85, 72, 62, 28, and in rnh-1.0 rnh-2::AID 54, 59, 57, 74,
51, 63, 31. At least three gonads were analyzed in all back-
grounds. In panel F, 21 wild-type oocytes were counted, 21
rnh-1.0 rnh-2 M+/Z- oocytes, and 36 rnh-1.0 rnh-2 M-/Z-
oocytes. In panel H, 31 wild-type oocytes, 33 rnh-1.0 rnh-2
M+/Z-, and 30 rnh-1.0 rnh-2::AID oocytes were counted.
In panel G, 33 wild type, 27 xpg-1, 31 mus-81, 25 xpf-1,
62 rnh-1.0 rnh-2 M-/Z-, 29 rnh-1.0 rnh-2; xpg-1 M-/Z-, 34
mus-81;rnh-1.0 rnh-2, and 23 rnh-1.0 rnh-2 xpf-1 oocytes
were counted. For DAPI body counts in panel I, 73 wild-
type, 38 cku-70, 35 polq-1, 65 rnh-1.0 rnh-2 M-/Z-, 38 rnh-
1.0 rnh-2;cku-70 M-/Z- and 37 rnh-1.0 rnh-2; polq-1 M-/Z-
oocytes were analyzed

Figure 4, panel A, the number of nuclei analyzed was,
from zone 1 to zone 7 respectively: 122, 122, 122, 102, 117,
90, 73 (wild type), 95, 145, 136, 93, 87, 58, 54 (spo-11; rnh-
1.0 rnh-2 M+/Z-) and 75, 93, 100, 71, 76, 70, 62 (rnh-1.0
rnh-2;spo-11 M-/Z-). At least three gonads were analyzed
in each background. In panel C, 21 wild-type, 36 rnh-1.0
rnh-2 M-/Z-, 36 spo-11;rnh-1.0 rnh-2 M-/Z-, and 36 spo-
11 oocytes were counted. In panel E, 41 wild type, 46 spo-
11, and 50 rnh-1.0 rnh-2;spo-11 late pachytene nuclei were
scored. In panel F, 46 wild-type, 31 rnh-1.0 rnh-2::AID,
42 wild-type + auxin, 30 rnh-1.0 rnh-2::AID + auxin, and
39 rnh-1.0 rnh-2::AID + auxin/60h NGM oocytes were
counted. In panel G, 33 wild-type, 27 xpg-1, 31 mus-81, 25
xpf-1, 62 rnh-1.0 rnh-2 M-/Z-, 29 rnh-1.0 rnh-2;xpg-1 M-
/Z-, 34 mus-81;rnh-1.0 rnh-2 M-/Z- and 23 rnh-1.0 rnh-2
xpf-1 M-/Z- diakinesis –1 DAPI bodies were counted.

Figure 5, panel A, the number of PCN-1-positive and -
negative nuclei were scored in 4 gonads of each genotype. In
panel C, the number of FLAG::RPA-2 ‘haze-’ positive and
negative nuclei were scored in 3 gonads of each genotype. In
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panel E, 60 wild-type, 44 wild-type + HU, 68 rnh-1.0 rnh-2
M-/Z- and 42 rnh-1.0 rnh-2 M-/Z- + HU PMT nuclear di-
ameters were measured. In panel F, 94 wild-type, 73 wild-
type + HU, 100 rnh-1.0 rnh-2 M-/Z- and 68 rnh-1.0 rnh-2
M-/Z- PMT nuclear diameters were measured. For RAD-
51 foci counts in panel G, 79 wild-type, 54 wild-type + HU,
54 rnh-1.0 rnh-2 M-/Z- and 55 rnh-1.0 rnh-2 M-/Z- nuclei
were analyzed. For pS/pT) QG foci counts in zones 1 and 2
in panel I, 85 zone 1 and 92 zone 2 nuclei were (analyzed in
wild type and in rnh-1.0 rnh-2 M-/Z- 35 zone 1 and 32 zone
2 nuclei were counted. For fluorescence intensity measure-
ments of CDK-1 in panel J, 206 wild-type, 96 rnh-1.0 rnh-2
M-/Z- and 125 top-3::ha::AID nuclei were measured. In all
panels, at least three gonads were analyzed.

Figure 6, panel A, CED-1::GFP engulfment was scored
in 51 wild-type, 26 rnh-1.0 rnh-2 M+/Z-, 22 syp-3, and
27 rnh-1.0 rnh-2 M-/Z- pachytene nuclei. Acridine orange
staining in panel B was scored in 43 wild-type, 46 rnh-1.0
rnh-2 M-/Z-, 41 rnh-1.0 rnh-2;cku-70 M-/Z-, 45 rnh-1.0
rnh-2;polq-1, 35 met-2, 36 set-25, 32 met-2;set-25 and 45
syp-3 germlines. Scoring for PGL-1 in panel C was done in
283 wild-type and 271 rnh-1.0 rnh-2 M-/Z- late pachytene
nuclei. In panel D, from zones 1 to 7 respectively, the num-
ber of nuclei in which FLAG::RPA-2 foci were counted was:
22, 31, 55, 47, 41, 36, 31 (wild type), 35, 60, 52, 65, 46, 35,
22 (rnh-1.0 rnh-2 M-/Z-). For fluorescence intensity mea-
surements of (pS/pT) QG localization, the number of nu-
clei from zone 1 to zone 7 was: 34, 46, 39, 60, 58, 40, 31
(wild type), 25, 32, 38, 52, 38, 34, 45 (syp-3) and 41, 80,
92, 63, 61, 35, 30 (rnh-1.0 rnh-2 M-/Z-) and 26, 58, 63, 66,
59, 36, 33 (rnh-1.0 rnh-2;syp-3). For the number of CHK-1
foci counted in late pachytene nuclei in panel G, 88 wild-
type and 69 rnh-1.0 rnh-2 M-/Z- LP nuclei were analyzed.
For CEP-1::GFP fluorescence intensity measurements in
panel H, 28 wild-type, 25 rnh-1.0 rnh-2 M-/Z-, and 30 rad-
51(RNAi) LP nuclei were measured. All experiments in this
figure were performed in at least 3 gonads.

RESULTS

RNaseH1 and RNase H2 localize to germline nuclei

The C. elegans genome encodes for four RNaseH1 proteins
and one RNaseH2 protein (24). Of the four isoforms of rnh-
1 in C. elegans, only rnh-1.0 possesses both canonical do-
mains of RNaseH1 (25), making it the most likely candidate
for RNaseH1 function (Figure 1A). To assess if RNaseH
is germline-expressed, we generated FLAG::RNH-1.0 and
FLAG::RNH-2 using CRISPR/Cas9 at the endogenous lo-
cus. Immunohistochemistry (IHC) for FLAG and measure-
ment of the fluorescence intensity in germline nuclei identi-
fied that both RNH-1.0 and RNH-2 are widely expressed
in germline nuclei (Figure 1B and Supplementary Figure
S1A). Importantly, RNaseH1 and RNaseH2 were enriched
in the pre-meiotic tip nuclei (PMT) of the germline, reflect-
ing their known function in replication, as well as in all
stages of meiotic prophase I, suggesting a potential and
previously undescribed role for RNaseH in meiosis (Fig-
ure 1C). We next chose to identify RNH-1.0 and RNH-2
localization throughout the cell cycle (Figure 1D). Cell cy-
cle stage was determined by chromatin morphology visual-
ized by DAPI staining combined with phospho-histone H3

(pH3) staining (26). Nuclei exhibiting compact DAPI stain-
ing were defined as M-phase nuclei, most of which were also
positive for pH3 [Supplementary Figure S1B]. The large
majority of interphase nuclei contained both FLAG::RNH-
1.0 and FLAG::RNH-2. M-phase nuclei were mostly nega-
tive for FLAG::RNH-1.0, but FLAG::RNH-2 was present
in about half of M-phase cells, mostly after anaphase onset
(transition from one to two proximal compact DAPI stain-
ing bodies). These observations taken together suggest that
RNaseH acts in the PMT within S/G2 phase nuclei, consis-
tent with studies in other organisms (27).

RNaseH1/2 is required for maintaining low levels of R-loops,
possibly on highly-transcribed germline genes

To determine the role of R-loops in meiosis we gener-
ated null mutants in the rnh-1.0 and rnh-2 genes using
CRISPR/Cas9. While single mutants exhibited no observ-
able phenotypes, double mutants showed impaired game-
togenesis, as elaborated below. rnh-1.0 rnh-2 worms that
are the progeny of heterozygous mothers (M+/Z−) have
a comparable brood size and viability to wild type. How-
ever, their rnh-1.0 rnh-2 progeny (M−/Z−) show both se-
vere reduction in brood size and loss of embryonic viabil-
ity (Figure 2A-C). We attribute this significant effect to in-
creased nuclear divisions from the first and second gener-
ations and maternal contribution of wild-type rnh-1.0 and
rnh-2 in M+Z− worms. Given that M−/Z− worms do ex-
hibit all stages of meiosis, we performed all experiments on
rnh-1.0 rnh-2 M−/Z− worms unless otherwise noted.

It is expected that rnh-1.0 rnh-2 mutants experience an
accumulation of R-loops. We performed a dot blot of ge-
nomic DNA using the monoclonal S9.6 antibody specific
to DNA–RNA hybrids (Figure 2D). Relative to the wild-
type control, rnh-1.0 rnh-2 mutants display a robust enrich-
ment for DNA–RNA hybrids on the genomic level. To com-
pare the level of the R-loop signal we performed side-by-
side analysis of a previously studied mutant, met-2. MET-2
acts in the pathway that downregulates R-loops specifically
at DNA transposons and repeat elements and met-2 mu-
tants are phenotypically indistinguishable from met-2; set-
25 double mutants for their function in R-loop repression
(14,15). rnh-1.0 rnh-2 mutants exhibit a dramatic increase in
DNA–RNA hybrids compared to met-2 (Figure 2D). To as-
sess whether this effect extended specifically to germline nu-
clei, we stained for DNA–RNA hybrids in dissected gonads.
We detected an increase of DNA–RNA hybrids in the mi-
totic region of the germline (PMT), as well as early meiotic
prophase [transition zone (TZ) and mid-pachytene (MP)]
regions of rnh-1.0 rnh-2 gonads compared to wild type (Fig-
ure 2E and F), regions that express the RNAseH proteins
(Figure 1B and C).

Unlike met-2 mutants, rnh-1.0 rnh-2 mutants do not
have a decrease in H3K9 methylation (Supplementary Fig-
ure S1C), suggesting that RNAseH has different targets
than MET-2. A transcriptomic analysis of the C. ele-
gans germline identified the most highly-expressed germline
genes (28). Because R-loop formation is canonically asso-
ciated with transcription, we reasoned that the accumu-
lation of DNA–RNA hybrids in rnh-1.0 rnh-2 germlines
should occur at these loci. In order to test this hypothesis,
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Figure 1. RNaseH enzymes localize to germline nuclei. (A) Representative diagram of the two isoforms of RNH-1.0 (40) and RNH-2 (bottom) and their
functional domains in C. elegans. Dark blue boxes represent exons. ‘RNH’ in purple boxes represent the annotated RNaseH domains and ‘dsRHbd’ in light
blue represents the double-stranded RNaseH binding domain of RNH-1.0 (B) Representative images of FLAG::RNH-1.0 (left) and FLAG::RNH-2 (right)
localization in indicated germline regions (PMT = pre-meiotic tip, TZ = transition zone, MP = mid-pachytene, LP = late pachytene). Scale bar 4 �m.
(C) Quantification of FLAG::RNH-1.0 (left) and FLAG::RNH-2 (right) fluorescence intensity corrected against cytoplasmic background signal. X-axis
indicates region of the germline (as in (B)) and y-axis indicates arbitrary fluorescence intensity units per �m2. Each data point represents the fluorescence
intensity of one nucleus. Asterisks indicate statistical significance calculated by Mann–Whitney t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and
*P < 0.05). Red lines indicate median. (D) Localization of FLAG::RNH-1.0 (left) and FLAG::RNH-2 (right) to nuclei in the pre-meiotic stem cell niche
by nuclei cell cycle phase as determined by chromatin morphology.
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Figure 2. The absence of RNaseH enzymes accumulates R-loops in the germline at highly-transcribed regions. (A) Quantification of the number of eggs laid
by parents in the indicated backgrounds and generations. Asterisks indicate statistical significance calculated by Mann–Whitney t-test (****P < 0.0001,
***P < 0.001, **P < 0.01 and *P < 0.05). (B) Quantification of viable L1 larvae from parents of the indicated backgrounds and generations. Asterisks
indicate statistical significance calculated by Mann–Whitney t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05). (C) Percent of eggs hatched
Asterisks indicate statistical significance calculated by Fisher’s exact test (D) Top-representative dot blot for DNA–RNA hybrids in the genotypes indicated
at top with (+) or without (–) provision of RNaseH. Bottom: Quantification of dot blot signal intensity calculated with background signal correction. Each
data point represents the signal intensity of one dot. Red lines denote the median. Asterisks indicate statistical significance calculated by Mann–Whitney
t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05). (E) Representative image of DNA–RNA hybrids in TZ. For immunofluorescence
specifically, RNaseT1 and RNaseIII were used prior to application of S9.6 antibody. Scale bar 4 �m. (F) Quantification of the number of S9.6 foci (i.e.
DNA–RNA hybrids) in regions of the germline. Each data point represents the number of foci in one nucleus. Error bars reflect mean with SEM. Asterisks
indicate statistical significance calculated by Mann–Whitney t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05). (G) DRIP RT-qPCR
results for the control locus (unc-119), three unexpressed loci, and the six most highly-expressed germline loci (7) as a function of the percentage of total
input DNA. Each data point represents the average value of three technical repeats in one run of RT-qPCR. Error bars represent mean with SEM. Black
asterisks indicate statistical significance to wild type, pink asterisks to rnh-1.0 rnh-2, and purple asterisks to met-2. Statistical significance calculated by
unpaired t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05).
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DNA–RNA hybrids were immunoprecipitated from whole
worm extracts, reverse transcribed and a quantitative PCR
(DRIP RT-qPCR) was performed with primers for some
of the most highly-expressed germline loci and loci iden-
tified as prone to DNA–RNA-hybrid accumulation in met-
2;set-25 mutants (14). While DNA–RNA hybrids did not
accumulate in rnh-1.0 rnh-2 mutants more than in wild type
or met-2 worms at unc-119, Tc4 or MSAT-1 loci (low/no
germline expression), a significant enrichment was detected
at the highly-transcribed loci rps-8, rps-15, rps-21, rps-25,
rpl-10 and eef-1A.1 (Figure 2G). As expected from our anal-
ysis of H3K9 methylation, met-2 and rnh-1.0 rnh-2 mutants
had different effects on the genes tested: while rnh-1.0 rnh-2
mutants showed higher levels of DNA–RNA hybrid accu-
mulation on highly transcribed genes, DNA–RNA hybrids
accumulated on repetitive loci in met-2 mutants. Basal lev-
els of DNA–RNA hybrids were identified in samples pre-
treated with RNAseH (Supplementary Figure S1D) Inter-
estingly, in wild-type nuclei, the bulk of the RNH-1.0 and
RNH-2 signal colocalize with fibrillarin, a marker of the
nucleolus and a highly-transcribed nuclear compartment
(Supplementary Figure S1E). Taken together, these results
indicate that R-loops accumulate in C. elegans germline nu-
clei and suggest that they may do so at natural, highly-
transcribed meiotic loci.

RNaseH1/2 is required for preventing irreparable breaks

The prevailing model states that an overaccumulation
of R-loops generates DSBs as a result of replication–
transcription conflicts (1,2). Therefore, we sought to assess
DSB formation in the rnh-1.0 rnh-2 background. DSBs in
meiosis are preferentially channeled for repair by HR which
capitalizes on the availability of a homologous template
to ensure error-free repair (8,9). Processing of the break
site results in 3′ single-stranded DNA (ssDNA) on which
the recombinase RAD-51 is loaded to direct the homology
search and promote strand invasion of the homolog. There-
fore, we used RAD-51 as a marker for processed DSBs in
rnh-1.0 rnh-2 germlines and quantified the average num-
ber of RAD-51 foci per nucleus to reflect DNA damage
levels (Figure 3A and B). The germline up to (and includ-
ing) late pachytene was divided into seven 33 nm-long non-
overlapping sections, arranged from the distal (mitotic nu-
clei of the stem cell niche) to the proximal germline (meiotic
pachytene nuclei). Each one of these sections is defined as a
‘zone’ and the number of RAD-51 foci per nucleus in each
one of these zones was plotted. The results of this analysis
indicate a marked increase in DSB formation as a result of
R-loop accumulation across the entire germline (Figure 3A
and B). We also tested this effect at 25ºC, as met-2 mutants
showed a loss of viability after shifting to a higher tempera-
ture, an effect which was attributed to elevated DNA dam-
age levels (14,15), however there was no increase in RAD-51
focus formation in rnh-1.0 rnh-2 mutants at the higher tem-
perature (Supplementary Figure S2A). Intriguingly, dam-
age foci persisted beyond late pachytene, where crossovers
have already formed and synaptonemal complex (SC) dis-
assembly begins and were observed in diplotene and diaki-
nesis (Figure 3C and D). The prevalence of these damage

foci beyond pachytene suggests that a significant fraction
of DSBs remain unrepaired throughout meiosis and pose
a threat to the genomic integrity of the gametes. To con-
firm that these phenotypic effects are of germline-origin, we
exploited the auxin-inducible degradation system to gener-
ate an auxin-inducible rnh-2 allele (rnh-2::AID) in the rnh-
1.0 background under the germline-specific sun-1 promoter
(29). With this design, any effects seen would be due only
to loss of rnh-2 in the germline of rnh-1.0 null mutants. In
agreement, RAD-51 foci accumulated in germline nuclei of
rnh-1.0 rnh-2::AID in similar numbers to that of the null
mutants (Figure 3B and E).

To determine whether the persistent DSBs seen in
diplotene and diakinesis confer chromosomal aberrations
in the oocytes, we quantified the number of DAPI-stained
bodies in the final oocyte of rnh-1.0 rnh-2 germlines. A wild-
type C. elegans genome is composed of six homologous
chromosome pairs (bivalents) connected by chiasmata (i.e.
six DAPI bodies)(9). Deviations from this number can be
reflective of fusion events, univalents, or chromosome frag-
ments. While fusion events manifest as DAPI body counts
of less than six, univalents and chromosome fragments are
scored as more than six DAPI bodies. In rnh-1.0 rnh-2
M−Z− diakinesis, only ∼20% of oocytes contained a wild-
type number of DAPI bodies, while the remaining ∼80%
had up to 11 DAPI bodies as a result of chromosome frag-
mentation (Figure 3F and G). Aside from fragments, intact
chromosomes maintained the characteristic appearance of
a bivalent. This phenotype was only observed in the rnh-1.0
rnh-2 double mutant; rnh-1.0 and rnh-2 single mutants had
wild-type numbers of DAPI bodies even after passaging for
20 generations, reflecting the functional redundancy of rnh-
1.0 and rnh-2 (Supplementary Figure S2B). We also quan-
tified the number of DAPI bodies in rnh-1.0 rnh-2::AID
M-/Z- diakinesis oocytes and observed chromosome frag-
mentation much like in rnh-1.0 rnh-2 knockout worms (Fig-
ure 3G and H). When DSB repair is perturbed in the C.
elegans germline (i.e. mutants in HR pathway), DSBs can
be repaired via classical non-homologous end joining (cN-
HEJ) or theta-mediated end Joining (TMEJ) [also called
microhomology-mediated end joining (MMEJ)](9). Repair
by these pathways leads to chromosomal fusions and ab-
rogating this pathway thus leads to an increase in DAPI
body numbers (10,11,30). To test if cNHEJ or TMEJ con-
tribute to DSB repair we analyzed DAPI body numbers in
the triple mutants rnh-1.0 rnh-2; cku-70 and rnh-1.0 rnh-2;
polq-1, that abrogate cNHEJ and TMEJ respectively (Fig-
ure 3I). In both mutants we observed no change in DAPI
body number indicating that these pathways are not in-
volved in DSB repair in rnh-1.0; rnh-2 mutants. These find-
ings are consistent with the fact that we did not observe a
significant decrease (below 6) in DAPI body numbers, as ob-
served when these pathways are activated in recombination-
deficient mutants. Altogether these data suggest that exces-
sive R-loop-generated DSBs (∼15 DSBs/nucleus) are either
repaired by HR (generating bivalents) or not at all (gener-
ating chromosomal fragments) and not targeted to alterna-
tive repair pathways. The latter is indicative of a germline-
specific, unique type of DSB conferred by R-loops which
cannot be repaired.
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Figure 3. R-loops incur irreparable DSBs in the C. elegans germline. (A) Quantification of RAD-51 foci across the germline. X-axis indicates the zones along
the gonad and the y-axis indicates average number of RAD-51 foci per nucleus. Error bars reflect mean with SEM. Asterisks indicate statistical significance
calculated by Mann–Whitney t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05). (B) Representative image of zone 5 nuclei in the indicated
genotypes. Scale bar 4 �m. (C) Quantification of the number of diplotene nuclei with RAD-51 foci. Asterisks indicate statistical significance calculated by
Fisher’s exact t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05). (D) Quantification of the number of diakinesis nuclei with RAD-51 foci.
Asterisks indicate statistical significance calculated by Fisher’s exact t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05). (E) Quantification
of RAD-51 foci across the germline. X-axis indicates the zones along the gonad and the y-axis indicates average number of RAD-51 foci per nucleus. Error
bars reflect mean with SEM. Asterisks indicate statistical significance calculated by Mann–Whitney t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and
*P < 0.05). Representative image of zone 5 above. Scale bar 4 �m. (F) Quantification of DAPI bodies in diakinesis nuclei in the indicated backgrounds
and generations. Each data point reflects the number of DAPI bodies scored in one diakinesis nucleus. (G) Representative image of diakinesis oocytes for
panel (F) and (H). Red arrows highlight chromosome fragments beyond bivalents. Scale bar 4 �m. (H) Quantification of DAPI bodies in diakinesis nuclei
after exposure to auxin for two generations. Each data point reflects the number of DAPI bodies in one diakinesis nucleus. (I) Quantification of DAPI
bodies in diakinesis nuclei of the indicated mutants. (F, H and I) Error bars reflect mean with SEM. Asterisks indicate statistical significance calculated by
Mann–Whitney t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05).
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Irreparable breaks are mainly contributed by mitotic errors

The regulation of meiotic programmed DSBs catalyzed by
the topoisomerase-like SPO-11 is integral to successful re-
combination and faithful chromosome segregation (7). We
therefore sought to identify whether the irreparable DSBs
observed in rnh-1.0 rnh-2 germline oocytes were of meiotic
origin or from events which precede the transition to meio-
sis. Using a spo-11 null mutant background which lacks
the ability to form programmed meiotic DSBs in tandem
with the accumulation of R-loops in rnh-1.0 rnh-2 mutant
germlines, we separated mitotic damage phenotypes from
those of SPO-11-induced breaks. RAD-51 focus quantifica-
tion in rnh-1.0 rnh-2; spo-11 germlines revealed a decrease
in damage accumulation compared to rnh-1.0 rnh-2 mu-
tants (compare Figures 3A and 4A, Supplementary Figure
S2A). However, relative to the spo-11 single mutant con-
trol, triple mutants exhibited a significant increase in over-
all germline damage in both the M+/Z− and M−/Z− gen-
erations (Figure 4A and B), indicating that the majority of
RAD-51 foci seen in rnh-1.0 rnh-2 double mutants are of
SPO-11-independent origins. Importantly however, the dif-
ference between the average number of RAD-51 foci per nu-
cleus in rnh-1.0 rnh-2 and rnh-1.0 rnh-2; spo-11 germlines
is comparable to the number of RAD-51 foci found in a
wild-type background, indicating that DSBs in rnh-1.0 rnh-
2 germlines are a combination of SPO-11-induced meiotic
breaks (as in wild type) and unrepaired mitotic breaks car-
ried to meiotic prophase I.

Based on these findings, we sought to determine the ori-
gin of chromosome fragments found in rnh-1.0 rnh-2 diaki-
nesis oocytes. DAPI body counts in rnh-1.0 rnh-2; spo-11
diakinesis, like rnh-1.0 rnh-2, displayed chromosome frag-
mentation events beyond the expected univalent observed in
spo-11 single mutants (Figure 4C and D). rnh-1.0 rnh-2; spo-
11 mutants also showed no evidence for crossover forma-
tion identified by the localization of the pro-crossover factor
COSA-1 (Figure 4E, (31)). These data altogether indicate
that the fragments observed formed independently of mei-
otic DSBs and that DNA damage generated from R-loops
cannot generate crossovers that will substitute for SPO-11
induced DSBs.

Despite the accumulation of DNA damage in rnh-1.0
rnh-2 M+/Z- (Figure 3A), they did not show chromosome
fragments (Figure 3F), and removing meiotic DSBs (spo-
11 mutants) did not have an effect on DAPI body num-
bers (Supplementary Figure S3A). This data suggests that
the appearance of fragments is correlated to the number
of cell divisions in the absence of RNaseH activity. Since
germ cells continue to divide throughout the lifetime of
the adult, we tested whether 3-day old M+/Z−rnh-1.0 rnh-2
adults show similar chromosome fragmentation to that of
1-day-old M−/Z−rnh-1.0 rnh-2 adults. Indeed, aged rnh-1.0
rnh-2 M+/Z− worms exhibited an increase in both RAD-
51 foci numbers and chromosomal fragmentation (Supple-
mentary Figure S3B and C compared to Figure 4A and C
M+/Z−), corroborating our earlier conclusion that an in-
creased number of nuclear divisions enhances the pheno-
typic effects of R-loop accumulation. Thus, the increase in
DAPI body counts in rnh-1.0 rnh-2 mostly stems from mi-
totic DNA damage that accumulates with cellular divisions.

To confirm that DSBs induced in the pre-meiotic (mi-
totic) divisions, as opposed to meiotic prophase I, lead
to chromosomal fragmentation, we exploited our auxin-
inducible rnh-2 allele (rnh-1.0 rnh-2::AID) to remove
RNaseH activity specifically in the mitotic germline. First
we determined that rnh-1.0;rnh-2::AID depletion for two
generations leads to similar DNA fragmentation as ob-
served in adult M−/Z− diakinesis (Figure 4F). Consis-
tent with the RAD-51 foci counts (Figure 3E), RNaseH
germline-specific depletion for two generations leads to an
identical phenotype to ones observed in rnh-1.0 rnh-2 M-
Z-. To restrict RNaseH expression to mitotic/early meiotic
cells of second-generation RNAseH-depleted worms, we re-
covered worms exposed to auxin on NGM for 60 h prior
to analysis. This approach resulted in depletion of rnh-2 in
the PMT/TZ and allowed nuclei affected by this depletion
to progress to diakinesis in the presence of RNAseH based
on nuclei movement rate of ∼1 nuclear row per hour in the
germline (32). Under these conditions, diakinesis chromo-
some fragments were again observed (Figure 4F). More-
over, auxin exposure for just 12 h was sufficient to lead to
an increase in RAD-51 foci numbers in the PMT, and some
TZ nuclei but not later in meiosis (Supplementary Figure
S3D). Altogether, we conclude from these data that accu-
mulated R-loops confer acute DNA damage mostly in the
pre-meiotic stem cell niche which are not properly repaired
in either mitotic or meiotic nuclei of the germline and man-
ifest as chromosome fragments in the gametes.

The chromosomal fragments observed are likely caused
by replication fork collapse and is expected to involve nucle-
ases that identify the arrested fork and cleave it (33). Several
structure-specific nucleases were shown to act in this context
in mitotic cells and these nucleases act in double Holliday
junction resolution in C. elegans meiosis (34–36). To assess
the origin of mitotically-formed irreparable DSBs, we quan-
tified diakinesis fragmentation events in mus-81; rnh-1.0
rnh-2 M-/Z- mutants. The oocytes in this background re-
flect reduced chromosome fragments, indicating that MUS-
81 likely contributes to the formation of irreparable DSBs
in rnh-1.0 rnh-2 M-/Z- germlines. Cleavage of R-loops by
XPF and XPG was shown to contribute to DSB formation
in other systems (37–40). Similar to our findings with mus-
81 mutants, analysis of rnh-1.0 rnh-2 in conjunction with
null mutations for xpf-1 or xpg-1 displayed reduced frag-
mentation events, suggesting that XPF-1 and XPG-1 also
contribute to the formation of the irreparable breaks (Fig-
ure 4G). XPF-1 is also the only identified component in sin-
gle strand annealing pathway (SSA) in C. elegans (41). The
lack of increase in DAPI bodies in rnh-1.0 rnh-2; xpf-1 mu-
tants, also indicates that R-loop generated DSBs cannot be
repaired by SSA.

DSBs caused by R-loops cannot properly activate mitotic
cell cycle checkpoints but act synergistically with replication
stress

DNA damage leads to cell cycle checkpoint activation,
which can be temporary if DNA damage is repaired or ter-
minal (i.e. senescence) if the DNA damage persists (42).
The accumulation of resected DSBs (RAD-51 foci) in the
mitotic region and the evidence that some of these DSBs
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Figure 4. Irreparable breaks stem mainly from errors in the pre-meiotic stem cell niche. (A) Quantification of RAD-51 foci across the germline. X-axis
indicates the zones along the gonad and the y-axis indicates average number of RAD-51 foci per nucleus. (B) Representative image of DSBs (RAD-51)
in zone 4 nuclei in the indicated genotypes. Scale bar 4 �m. (C) Quantification of DAPI bodies in diakinesis nuclei in the indicated backgrounds and
generations. Each data point reflects the number of DAPI bodies in one diakinesis nucleus. (D) Representative image of DAPI bodies in diakinesis. Scale
bar 4 �m. Red arrows highlight chromosome fragments beyond univalents. (E) Quantification of COSA-1 foci in late pachytene nuclei in the indicated
backgrounds and generations (F) Quantification of DAPI bodies in diakinesis nuclei in the indicated backgrounds and generations without auxin treatment,
with auxin treatment for two generations (+Auxin), or auxin treatment for two generations with recovery to NGM for 60 h (+Auxin/60h NGM). Each
data point reflects the number of DAPI bodies scored in one diakinesis nucleus. (G) Quantification of DAPI bodies in diakinesis nuclei in the indicated
backgrounds. Each data point reflects the number of DAPI bodies in one diakinesis nucleus. All graphs: Error bars reflect mean with SEM. Asterisks
indicate statistical significance calculated by Mann–Whitney t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05).

are irreparable (chromosomal fragments) suggest activation
of cell cycle arrest in our mutants. The activation of G1/S
checkpoint should decrease S-phase entry, which can be
identified by the percent of PCN-1 (PCNA)-positive nuclei
(43). While ∼50% of wild-type nuclei were PCN-1-positive,
only ∼30% of rnh-1.0 rnh-2 M-/Z- nuclei had PCN-1 stain-
ing (Figure 5A and B). This suggests an effect of R-loops on
the ability for these nuclei to enter or complete S-phase. To
confirm this, we stained for the single-stranded binding pro-
tein RPA-2, which is essential for DNA replication and re-
pair. RPA-2 appears as a nuclear ‘haze’ in replicating nuclei
(18). Our analysis revealed a reduction from ∼50% nuclei
with haze in wild type to ∼10% with haze in rnh-1.0 rnh-2
M-/Z- (Figure 5C). To demonstrate that replicative defects

revealed by PCN-1 and FLAG::RPA-2 staining are due to
reduced replication and not just localization of replisome
proteins, we tested for 5-ethynyl-2′-deoxyuridine (EdU) in-
corporation of rnh-1.0 rnh-2 M-/Z- PMT nuclei after a 2-
h chase (Figure 5D). EdU can only label nuclei that initiated
replication in the 2-h window. In agreement with our earlier
findings, we observed a reduction in the number of EdU-
positive PMT nuclei of rnh-1.0 rnh-2 M-/Z- germlines. An-
other indicator of cell cycle defects is an increase in nuclear
volume. Nuclei continue to grow in volume in the presence
of checkpoint activation, thus activation of the DNA dam-
age checkpoint can be assessed by measurement of the nu-
clear diameter (44). Indeed, rnh-1.0 rnh-2 mutants showed
an increase in nuclear diameter compared to wild-type nu-
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Figure 5. R-loops cause errors in cell cycle checkpoint activation and act synergistically with replication stress. (A) Quantification of the number of PMT
nuclei with PCN-1 staining. Asterisks indicate statistical significance calculated by Fisher’s exact t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and
*P < 0.05). (B) Representative image of PCN-1 staining in (A). Scale bar 10 �m. (C) Quantification of the number of PMT nuclei with FLAG::RPA-2
staining appearing as a nuclear ‘haze’ (i.e. replicating nuclei). Asterisks indicate statistical significance calculated by Fisher’s exact t-test (****P < 0.0001,
***P < 0.001, **P < 0.01 and *P < 0.05). (D) Quantification of the number of EdU-positive nuclei in the PMT after 2h EdU incorporation. Each data
point reflects the percentage of EdU-positive nuclei per gonad. Error bars reflect mean with SEM. Asterisks indicate statistical significance calculated by
Mann–Whitney t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05). (E) Average nuclear diameter of PMT nuclei with (+HU) or without 12 h
HU exposure. Asterisks indicate statistical significance calculated by Mann–Whitney t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05).
(F) As in (E) but after 24h HU exposure. (G) Quantification of the number of RAD-51 foci in PMT nuclei with (+HU) or without 24 h HU exposure in the
indicated backgrounds. Error bars reflect mean with SEM. Asterisks indicate statistical significance calculated by Mann–Whitney t-test (****P < 0.0001,
***P < 0.001, **P < 0.01 and *P < 0.05). (H) Representative image of PMT nuclei from (E), (F), and (G). Scale bar 4 �m. (I) Quantification of the
number of ATM/ATR foci in mitotic regions (zone 1 and zone 2) of the germline. Asterisks indicate statistical significance calculated by Mann–Whitney
t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05). (J) Measurement of CDK-1 fluorescence intensity in the indicated genotypes. Each data
point represents the fluorescent signal of one nucleus corrected against the average background of the cytoplasm in that plane. Asterisks indicate statistical
significance calculated by Mann–Whitney t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05).
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clei (Figure 5E and F). To determine whether this check-
point response is sufficient to arrest G2/M-phase, we mea-
sured the length of the PMT and the number of nuclei in
M-phase (Supplementary Figure S4A and B) in rnh-1.0 rnh-
2 germlines. We observed no increase in M-phase nuclei or
decrease in the length of the PMT, phenotypes which would
be expected in G2/M-phase-arrested germlines. These data
altogether suggest that in the presence of R-loop-generated
DSBs, cells do not enter and/or progress in a timely fashion
into S-phase.

If the presence of DNA damage led to persistent cell cy-
cle arrest, we would have expected that germline progres-
sion would be halted, leading to no meiotic entry. However,
gonad length in the germline of rnh-1.0 rnh-2 mutants only
showed a small decrease with respect to the number of nu-
clear rows (84% of wild type) and nuclei numbers (79% of
wild type) and not at all with respect for distance from the
distal tip cell to the gonad’s bend, indicating that the in-
creased DNA damage may have slowed germline prolifera-
tion, but did not lead to proliferative arrest (Supplementary
Figure S4C−G). We reasoned that although the S-phase
checkpoint may be activated, this results only in a tempo-
rary cell cycle arrest. Indeed, when EdU was incorporated
during longer chase times of 5 and 8 h (Supplementary Fig-
ure S4E and F), the observed defects were milder.

The lack of persistent arrest could be a measure of low
levels of DSBs created by replication stress or a reflec-
tion of the type of DNA damage that caused the replica-
tion stress. Exposure to hydroxyurea (HU) results in in-
creased nuclear volume as a byproduct of replication stress
and DNA damage checkpoint activation (45). We therefore
compared the nuclear expansion of rnh-1.0 rnh-2 PMT nu-
clei to that of NGM- and HU-fed wild-type worms after
short (12h) and long (24h) exposure (Figure 5E and F). Im-
portantly, the level of DNA damage, as measured by RAD-
51 foci, was comparable between untreated rnh-1.0 rnh-2
nuclei and wild-type worms treated with HU (Figure 5G
and H). Nuclear diameter measurements of these two con-
ditions revealed a similar level of expansion in rnh-1.0 rnh-2
PMT nuclei relative to the wild-type HU-treated PMT nu-
clei at the 12h timepoint, suggesting that some degree of
checkpoint activation is achieved when R-loops are accu-
mulated (Figure 5E). At the 24 h timepoint, average nuclear
diameters further increased in the HU-treated control, com-
pared to rnh-1.0 rnh-2 mutants and wild type PMT nuclei
(Figure 5F). Of note, rnh-1.0 rnh-2 PMT nuclei expanded
further when similarly treated with HU at both timepoints,
indicating that HU stress acts independently of R-loop ac-
cumulation (Figure 5E and F). While RAD-51 foci num-
bers double in rnh-1.0 rnh-2 mutants compared to wild type
when both are exposed to HU for 24 h (Figure 5G), check-
point activation is only slightly increased (Figure 5F). Treat-
ment with HU for 24 h and recovery to NGM for 48 h al-
lowed nuclei exposed to replication stress to progress into
the late pachytene stage, where only a mild increase in dam-
age was seen (Supplementary Figure S4G), compared to the
effect in rnh-1.0 rnh-2 mutants (Figure 3A and E). There-
fore, despite similar DNA damage levels in the PMT to that
of HU-treated nuclei, rnh-1.0 rnh-2 PMT nuclei exhibit an
attenuated DNA damage checkpoint response, leading to
carryover of DNA damage into meiotic prophase I. Inter-

estingly, a possible consequence to the checkpoint defects
seen is sensitivity in the rnh-1.0 rnh-2 M+/Z- generation
to HU exposure (Supplementary Figure S4H). Altogether,
these data suggest that the replicative stress induced by R-
loops in rnh-1.0 rnh-2 cycling nuclei attenuates the mitotic
DNA damage checkpoint response, allowing for transmis-
sion of R-loop-generated DSBs into meiosis and conferring
embryonic lethality.

To identify the causes of the defects in mitotic DNA
damage-induced checkpoint in rnh-1.0 rnh-2 germlines, we
tested activation of the DNA damage signaling pathway.
DNA damage sensing involves the activation of ATM/ATR
through the phosphorylation of its targets that can be iden-
tifies by Phospho-ATM/ATR Substrate Motif [(pS/pT)
QG] antibody. In mitotic cells, this activation is observed
by elevation in the numbers of (pS/pT) QG foci. While no
increase is observed in early mitotic regions of the germline
(zone 1), in late mitotic regions of the germline (zone 2),
rnh-1.0 rnh-2 mutants exhibit an increase in (pS/pT) QG
foci suggesting that ATM/ATR signaling is activated in re-
sponse to R-loop accumulation (Figure 5I). Phosphoryla-
tion of ATM/ATR allows for phosphorylation of a tyro-
sine residue in the cell cycle effector CDK-1, inactivating
it and causing cell cycle arrest (46,47). Depletion of topoi-
somerase 3 (C. elegans TOP-3) is associated with increased
R-loop formation in higher eukaryotes (48). top-3 mutants
were previously shown to increase pCDK-1 levels in the
PMT(49). We therefore compared pCDK-1 in rnh-1.0 rnh-2
mutants relative to top-3::AID and wild-type worms. Our
findings suggest that the phosphorylation of ATM/ATR in
early germline regions successfully leads to an increase in
pCDK-1 levels in these zones (Figure 5J). These data al-
together are consistent with the attenuated cell cycle arrest
observed in rnh-1.0 rnh-2 mutants, and suggests that the at-
tenuation stems from late (zone 2 versus 1) activation of
ATM/ATR signaling.

DSBs caused by R-loops cannot properly activate apoptosis

Late pachytene nuclei in C. elegans can undergo two apop-
totic processes; an EGL-1-dependent physiological apop-
tosis which culls the nuclei entering diplotene and is a
normal, necessary part of worm meiosis and a DNA
damage-linked, CEP-1-dependent apoptosis which removes
irreparably damaged nuclei (9). Since apoptosis is used to
clear damaged germline nuclei, it could provide a way to
eliminate rnh-1.0 rnh-2 nuclei which escaped the earlier mi-
totic checkpoint arrest and carried over replication-born
RAD-51 foci to meiotic prophase I. Indeed, mutants that
increase R-loops only on specific genes (met-2; set-25) acti-
vate apoptosis (14).

To directly test if apoptosis is executed, we quantified the
number of CED-1::GFP-engulfed nuclei as a marker for
nuclei undergoing apoptosis (Figure 6A). CED-1::GFP en-
gulfment was similar in rnh-1.0 rnh-2 M−/Z− mutants to
wild-type levels, and much lower than in syp-3 mutants that
are known to accumulate RAD-51 foci in meiotic prophase
I (50). This indicates that despite the accumulation of sig-
nificant DSB formation due to R-loops, rnh-1.0 rnh-2 mu-
tants do not exhibit an increase in apoptosis. Acridine or-
ange staining also revealed no change in apoptosis relative
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Figure 6. Irreparable damage is not channeled for apoptosis due to timing defects in ATM/ATR signaling. (A) Quantification of the number of pachytene
nuclei with CED-1::GFP engulfment. Each data point reflects the number of nuclei in one gonad completely engulfed by CED-1::GFP. Black lines indi-
cate median. Asterisks indicate statistical significance calculated by Mann–Whitney t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05).
(B) Quantification of the number of nuclei with acridine orange staining in the indicated backgrounds. Each data point reflects the number of acridine
orange-positive nuclei in one gonad. Statistical significance calculated by Mann–Whitney t-test. (C) Quantification of the number of late pachytene nuclei
with (+) or without (−) PGL-1 staining. Each data point reflects the number of nuclei within one gonad. Error bars reflect mean with SEM. Statistical
comparisons drawn between quantifications of the same category (e.g. PGL-1(+) v. PGL-1(+)) by Mann–Whitney t-test. (D) Quantification of the number
of FLAG::RPA-2 foci across the germline. X-axis denotes the zone of the germline and the y-axis reflects the average number of FLAG foci. Error bars
reflect mean with SEM. Asterisks indicate statistical significance calculated by Mann–Whitney t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and
*P < 0.05). (E) Measurements of ATM/ATR signaling. Fluorescence intensity of (pS/pT) QG signal across the gonad. X-axis denotes the zone of the
germline and the y-axis denotes arbitrary fluorescent units per �m2. Error bars reflect mean with SEM. Asterisks indicate statistical significance calculated
by Mann–Whitney t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05). Gray asterisks reflect significance compared to wild type, purple
asterisks to syp-3, and pink asterisks to rnh-1.0; rnh-2. (F) Quantification of the number of CHK-1 foci in late pachytene nuclei. Error bars reflect mean
with SEM. Statistical significance calculated by Mann–Whitney t-test. (G) Fluorescence intensity of CEP-1::GFP signal in late pachytene nuclei. Each
data point reflects the fluorescence intensity of one LP nucleus with correction to the average background signal for that gonad. Error bars reflect mean
with SEM. Asterisks indicate statistical significance calculated by Mann–Whitney t-test (****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05).
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to the wild type, an effect distinct from ones observed in mu-
tants deficient in H3K9 methylation or DSB repair (Figure
6B and Supplementary Figure S5A). The P-granule marker
PGL-1 is removed during DNA damage-induced apoptosis
in C. elegans, and thus can be used to assess the levels of
apoptosis (51). In agreement with CED-1::GFP and acri-
dine orange staining, rnh-1.0 rnh-2 exhibited no decrease
in the number of PGL-1-positive nuclei, further evidenc-
ing a lack of apoptotic signaling in late pachytene (Fig-
ure 6C, Supplementary Figure S5B). Furthermore, assess-
ment of RPA-4 localization, a marker for apoptotic sig-
naling following replication stress (18), reveals no increase
of FLAG::RPA-4 foci relative to wild type (Supplementary
Figure S5C). Despite the inability to activate apoptosis, nu-
clei with irreparable DSBs can delay their pachytene entry,
as the number of nuclei per nuclear row in TZ was increased
(Supplementary Figure S5D and E), while the number of
nuclei per row in pachytene regions of the germline was re-
duced (Supplementary Figure S5F and G). Lack of acti-
vation of apoptosis may stem from the repair of DSBs by
non-homologous end joining (NHEJ), as observed in top-
3::AID mutants (49). However, cku-70 null mutants had no
effect on apoptosis in rnh-1.0 rnh-2 mutants or the number
of chromosomal fragments in oocytes (Figure 6B and D, re-
spectively). These results also suggest that NHEJ does not
contribute to repair of R-loop-induced DSBs, which is sup-
ported by the lack of chromosomal fusions in these mutants
(Figure 3F and H).

Taking into account our observation that cell cycle ar-
rest in the mitotic region is stemming from attenuation of
the DNA damage checkpoint, we reasoned that those apop-
totic effects are also associated with reduced or eliminated
DNA damage signaling. Similar to mitotic cell cycle arrest,
meiotic apoptosis requires ATM (ATM-1) and ATR (ATL-
1) activation in pachytene (46). RPA is known to mediate
ATR activation and serves an R-loop sensor (52). Indeed,
RPA foci numbers are increased in non-replicative germline
nuclei of rnh-1.0 rnh-2 M-/Z- mutants compared to wild
type as they enter meiosis (zone 3 and 4, Figure 6D), but
are not significantly increased in pachytene. ATM/ATR ac-
tivation in pachytene is indicated by an increase in nuclear
staining of (pS/pT) QG antibody (Figures 6E and Figure
5SG). Despite high levels of persisting DNA damage (Fig-
ure 3A) we observed no increase in foci numbers or nu-
clear localization of (pS/pT) QG in mid- to late pachytene,
when apoptosis is activated (zone 5–7, Figure 6E). We com-
pared our measurements to that of syp-3 mutants which
lack a fully assembled synaptonemal complex necessary for
proper meiotic DSB repair and which are able to activate
ATM/ATR leading to apoptosis (50). We also compared
our measurements in the late pachytene region to wild-type
worms treated with 50 �M etoposide, which has been shown
to induce ATM/ATR signaling previously, with corrobo-
rating results (Supplementary Figure S5H). This compari-
son shows that while ATM/ATR activation occurs in early
pachytene of rnh-1.0 rnh-2 mutants, it is rapidly and strik-
ingly lost at the same time that syp-3 mutants experience an
increase in p(S/pT) QG localization (Figure 6E). Most im-
portantly, removal of syp-3 from rnh-1.0 rnh-2 mutants can
lead to ATM/ATR target activation, indicating that rnh-1.0
rnh-2 mutants are capable of DNA damage signaling from

DSBs that are not R-loop driven (Figure 6E and Supple-
mentary Figure S5I).

We further tested the activation of the downstream tar-
get CHK-1 in late pachytene. In agreement with this result,
unlike what is seen in PMT nuclei, the number of CHK-1
foci does not significantly increase in rnh-1.0 rnh-2 M-/Z-
pachytene (Figure 6F). Similarly, and unlike in mutants de-
ficient in DSB repair [rad-51(RNAi)], apoptotic signaling,
was hindered in rnh-1.0 rnh-2 mutants, as expected from loss
of ATM/ATR activation in pachytene (Figure 6G, by proxy
of CEP-1, the C. elegans p53 ortholog, (53)). This observa-
tion, taken together with accumulation of RAD-51 foci and
DNA fragmentation in rnh-1.0 rnh-2 mutants, indicates that
R-loop-induced irreparable DSBs cannot properly activate
DNA damage checkpoints, which may stem from prema-
ture RPA removal. Avoiding apoptosis may explain how nu-
clei with irreparable damage are found in oocytes.

DISCUSSION

The balance between pathological and physiologically-
required R-loops is key to ensuring the success of normal
cellular processes without detrimental effects (1,2). Here we
have identified RNaseH1 and H2 to be required for regu-
lating this balance in the meiotic environment and have de-
scribed the consequences of R-loop accumulation on viable
gamete formation in the C. elegans germline. We have found
that the RNaseH1 and H2 enzymes, which have been ex-
tensively reported as key regulatory elements in the control
of R-loop accumulation, are present within the C. elegans
germline. When RNaseH1 and H2 are absent, we similarly
find that DNA–RNA hybrids accumulate in the germline
specifically at highly-expressed loci. The overabundance of
R-loops in this background is further accompanied by a
dramatic elevation in DSB formation (fragments) and per-
haps most intriguingly, an inability to properly recognize
and respond to R-loop-induced DSBs. The ability to evade
late activation of ATM/ATR may explain the observed
lack of CEP-1 localization and wild-type levels of apoptosis
despite extensive damage. As a result, chromosomal frag-
ments are observed in the oocytes of rnh-1.0 rnh-2 M-/Z-
worms and the continued division of nuclei containing R-
loop-induced damage appears to cause generational steril-
ity and genome instability in C. elegans. It is formally possi-
ble that perturbing RNAseH function has phenotypic con-
sequences beyond the effect on genomic stability. For exam-
ple, R-loops are required for the regulation of transcription
termination and RNA−DNA hybrid removal is essential
for Okazaki fragment maturation. These direct effects were
not examined in this study and likely have a minor contri-
bution to the phenotype due to the redundancy described
in other systems (54).

While the consequences of R-loop formation have been
described previously in other systems and contexts, their ef-
fects in the context of the meiotic cellular environment have
been poorly studied. Moreover, studies using different mod-
els for R-loop accumulation led to different conclusions of
their role in meiosis. For instance, mutants that lead to the
accumulation of R-loops via their effects on mRNP bio-
genesis (THO complex) exhibit very severe effects on meio-
sis (55), while mutants that affect chromatin modifications
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(met-2 and set-25) and accumulate R-loops as a result, have
a more limited effect (14). For example, yeast THO com-
plex mutants’ spore viability is almost halved, while spore
viability is not compromised to the same levels in RNaseH
mutants (12,56). Impairment of the THO complex in mouse
and C. elegans models results in even more profound effects
on meiosis, leading to meiotic failures (55). Alternatively, C.
elegans met-2; set-25 mutants complete prophase I and pro-
duce oocytes, with some temperature-dependent reduction
in fertility (14). These effects together suggest R-loops im-
pair meiosis, however it is likely that the effects of perturb-
ing the THO complex are more notable due to the combined
role of the THO complex in R-loop removal and mRNP
biogenesis.

The manner by which R-loops perturb meiosis is not fully
understood. However, it is clear that R-loops lead to repli-
cation stress in the pre-meiotic divisions, leading to DNA
damage accumulation and transmission of DSBs to meiotic
cells. Prior to our studies, it was reasonable to propose that
R-loop-generated DSBs are dealt with like other forms of
DNA damage: meiotic cells can either repair high levels of
DNA damage or use apoptosis to clear damaged cells that
cannot be properly repaired. When chromosome integrity
was examined in met-2; set-25 mutants, no effects on chro-
mosome integrity, crossovers or segregation were observed
(14). In yeast, excessive or reduced R-loops were linked to
reduced crossovers (16). However, no such effects were ob-
served in other systems, including ours. In this regard, our
identification of DNA fragmentation alongside chiasmata
is intriguing, suggesting that DSB formation following R-
loop-generated replication stress is not being properly re-
paired by the meiotic repair machineries in the C. elegans
germline.

R-loops are associated with genome instability that is
propagated to daughter cells following subsequent cell di-
visions (56,57). The propagation of genomic instability is
thought to be the outcome of error-prone repair of R-loop-
generated DSBs. While propagation of large-scale chro-
mosomal rearrangements (i.e. deletions, duplication, and
translocations) was documented in budding yeast, irrepara-
ble DSBs lead to cell cycle arrest and therefore are not trans-
mitted to daughter cells (57). Our studies point to a different
picture in C. elegans that may be translatable to metazoan
meiosis: R-loops contribute to chromosomal fragmentation
that is inherited through cell divisions; unlike irreparable
damage in mitotic cells, germline irreparable DSBs evade
detection and are carried over to gametes. It is particularly
peculiar that irreparable DSBs are found in the germline,
a tissue that is accustomed to a multitude of programmed
DSBs [up to 500 DSBs/nucleus depending on the organism
(6)]. Germline DSBs are preferentially repaired by homol-
ogous recombination, and when this pathway is blocked or
impaired, NHEJ and TMEJ and SSA can be used for DSB
repair leading to chromosomal fusions [e.g. (10,11,30,41)].
We observed no such fusions in our mutants, indicating that
all repair pathways are inhibited when R-loops accumulate
on a global scale. Although we do not yet know what feature
of R-loops generates irreparable DSBs, we have shown that
structure-specific nucleases (XPF-1, MUS-81 and XPF-1)
contribute to fragmentation. These findings suggest that
replication–transcription conflict leads to fork cleavage and

release of a chromosomal fragment. The accumulation of
RAD-51 foci indicates that resection takes place, which may
explain why alternative repair pathways are not involved in
repair in this context. It is possible that the presence of R-
loops prevents double Holliday junction formation, such
that DSB repair is blocked following RAD-51 filament for-
mation as proposed in yeast (58). This may explain why in
the absence of meiotic DSBs, R-loop- generated DSBs can-
not support crossover formation (by DAPI body or COSA-
1 analysis). It is also formally possible that some DSBs are
not processed (cannot be identified by RAD-51) and these
DSBs are more likely to avoid repair. However, this model
cannot easily explain why these DSBs are not repaired by
alternative repair pathways (cNHEJ, TMEJ, SSA). It is im-
portant to note that RAD-51 may label different interme-
diates that are not processed DSBs, such as regressed forks
(59). However, these are likely to be observed in the mitotic
and not meiotic region of the germline.

When the germline stem cell niche nuclei are challenged
by excessive DSBs, these DSBs elicit cell cycle arrest (60).
In the C. elegans germline DNA damage leads to ATM-
1 and ATL-1(ATR homolog) signaling and cell cycle ar-
rest in the mitotic zone(46). The effect of R-loops on these
germline events has not been examined before and here we
provide evidence that R-loop-induced DSBs lead to atten-
uated cell cycle arrest compared to DSBs invoked by other
forms of replication stress. These findings are distinct from
what is found in yeast (57), suggesting that the metazoan cell
cycle may not respond the same way to R-loop-generated
DNA damage. The delay in accumulation of (pS/pT) QG
foci (Figure 5D) may indicate that these defects stem from
early events in DNA damage signaling, that are common
with apoptotic signaling (see below).

It is well established that accumulation of DNA damage
leads to an increase in germline apoptosis (60,61). This al-
lows the removal of damaged oocytes at late pachytene, such
that even under high levels of DNA damage, oocyte quality
is partially impaired (60). C. elegans apoptosis is governed
by a conserved signaling cascade that leads to DNA frag-
mentation, nuclear engulfment, and removal (62). Despite
the high levels of DNA damage, manifested by accumula-
tion of RAD-51 foci, the apoptotic program is not executed
in rnh-1.0 rnh-2 mutants. As observed in the mitotic region,
these defects are related to the attenuation of ATM/ATR
signaling. The magnitude of the defective ATM/ATR sig-
naling in pachytene compared to the mitotic region corre-
lates with more severe defects on apoptosis (late pachytene)
vs. cell cycle arrest (mitotic region). This indicates, again,
that R-loop-mediated DNA damage can avoid detection in
the germline, leading to its propagation in oocytes. The in-
ability to activate DNA damage signaling is not due to in-
direct effects perturbing the signaling machinery, as rnh-1.0
rnh-2 mutants can respond to meiotic DSB accumulation
(syp-3 mutants) and activate ATM/ATR signaling. Inter-
estingly, met-2 pathway mutants that accumulate R-loops,
specifically on untranscribed regions, are able to activate
apoptosis (14,63). Altogether, this suggests that it is not
the R-loops or R-loop-generated DSBs per se that atten-
uate ATM/ATR signaling, but that it is a context-specific
effect; R-loops at specific genomic locations are responsible
for this attenuation. What feature of R-loops and genomic
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context prevents the activation of ATM/ATR signaling is
the target of future studies.
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