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Faithful inheritance of genetic information through sexual re-
production relies on the formation of crossovers between homol-
ogous chromosomes during meiosis, which, in turn, relies on the
formation and repair of numerous double-strand breaks (DSBs). As
DSBs pose a potential threat to the genome, mechanisms that ensure
timely and error-free DSB repair are crucial for successful meiosis.
Here, we identify NBS-1, the Caenorhabditis elegans ortholog of the
NBS1 (mutated in Nijmegen Breakage Syndrome) subunit of the con-
served MRE11-RAD50-NBS1/Xrs2 (MRN) complex, as a key mediator of
DSB repair via homologous recombination (HR) during meiosis. Loss of
nbs-1 leads to severely reduced loading of recombinase RAD-51,
ssDNA binding protein RPA, and pro-crossover factor COSA-1 during
meiotic prophase progression; aggregated and fragmented chromo-
somes at the end of meiotic prophase; and 100% progeny lethality.
These phenotypes reflect a role for NBS-1 in processing of meiotic DSBs
for HR that is shared with its interacting partners MRE-11-RAD-50 and
COM-1 (ortholog of Com1/Sae2/CtIP). Unexpectedly, in contrast to
MRE-11 and RAD-50, NBS-1 is not required for meiotic DSB formation.
Meiotic defects of the nbs-1 mutant are partially suppressed by abro-
gation of the nonhomologous end-joining (NHEJ) pathway, indicating
a role for NBS-1 in antagonizing NHEJ during meiosis. Our data further
reveal that NBS-1 and COM-1 play distinct roles in promoting HR and
antagonizing NHEJ. We propose a model in which different compo-
nents of the MRN-C complex work together to couple meiotic DSB
formation with efficient and timely engagement of HR, thereby en-
suring crossover formation and restoration of genome integrity before
the meiotic divisions.

meiosis | DNA repair | double-strand breaks | non-homologous end
joining | homologous recombination

M aintenance of genome integrity throughout cell divisions
and generations is of paramount importance for organismal
survival and faithful inheritance of genetic information, and multiple
mechanisms have evolved to detect and repair DNA damage.
Double-strand breaks (DSBs), where both DNA strands are severed,
are among the most dangerous DNA lesions, as inaccurate repair of
DSBs can result in genomic rearrangements, cell death, and/or
carcinogenesis. DSBs can be provoked by environmental sources,
such as radiation or chemical exposure, or can result from intrinsic
cellular sources, such as DNA replication errors (1).

While DSBs constitute a dangerous form of DNA damage in most
cellular contexts, DSBs are deliberately induced during meiosis to
promote formation of crossovers (COs) (2). Meiotic COs are critical
for the balanced segregation of homologous chromosomes at mei-
osis I, as CO recombination events between the DNA molecules of
homologous chromosomes, together with sister chromatid cohesion,
establish physical connections between homologs (chiasmata), which
in turn ensure their correct orientation toward opposite poles of the
meiosis I spindle. Thus, the requirement for COs to ensure homolog
segregation poses a challenge for sexually reproducing organisms, as
meiotic recombination is initiated by the formation of DNA lesions
that constitute a danger to genomic integrity. By the end of meiosis,
all DSBs must be accurately repaired to (i) ensure CO formation
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and proper chromosome segregation and (ii) guarantee that genome
integrity is restored before cell division.

Meiotic DSBs are specifically induced by the conserved top-
oisomerase VI-like protein SPO11 (3-5). The SPO11 protein re-
mains covalently bound to both broken DNA ends after the break
occurs and has to be removed through a process called resection
for the DSB to be repaired. Resection is initiated by an endonu-
cleolytic cleavage that leads to the release of SPO11 attached to a
small oligonucleotide (6) and results in a short 3’ ssDNA tail.
Additional resection of the 5’ end produces a longer ssDNA tail
(7), which recruits DNA strand exchange proteins DMC1 and/or
RAD?S1 to stimulate invasion of a homologous DNA duplex and
repair of the DSB by homologous recombination (HR) (8). The
first DNA cleavage event is dependent on endonuclease activity of
the conserved MRE11-RADS0-NBS1/Xrs2 (MRN/X) complex as
well as on the COM1/Sae2/CtIP/Ctpl protein, which associates with
MRN/X (9). Analysis of budding yeast meiosis shows that, in the
second step, the Exol exonuclease joins in to extend the resected
tracts and produce the long 3’ ssDNA-tailed intermediates (10).

An alternative mechanism for double-strand break repair (DSBR)
is the nonhomologous end-joining (NHEJ) pathway, which involves
protection of the broken ends by the Ku70/Ku80 heterodimer ring
(11). Binding of Ku prepares DSBs for direct ligation between bro-
ken DNA ends with little or no homology, an inherently error-prone
process (12). In cases where multiple DSBs on different chromo-
somes are present in the same cell, as occurs during meiosis, end

Significance

Double-strand breaks (DSBs) are deleterious DNA lesions, and im-
pairment of the DSB repair machinery can lead to devastating
diseases, such as Nijmegen Breakage Syndrome (NBS). During
meiosis, DSBs represent a “necessary evil”: they are required to
promote formation of crossovers between homologous chromo-
somes. Crossovers, in turn, ensure correct chromosome inheritance
during gamete formation, which is essential for viability and nor-
mal development of embryos. During meiosis, numerous DSBs are
actively created, so meiotic cells must ensure that all breaks are
properly repaired to ensure crossover formation and restore ge-
nomic integrity. Here, we identify Caenorhabditis elegans NBS-1 as
essential to properly process meiotic DSBs to both promote
crossover formation and antagonize an error-prone DSB repair
pathway, thereby ensuring faithful chromosome inheritance.

Author contributions: C.G. and A.M.V. designed research; C.G., B.R., and K.A.Z. performed
research; C.G. and A.M.V. analyzed data; and C.G. and A.M.V. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. S.K. is a guest editor invited by the
Editorial Board.

Published under the PNAS license.
"To whom correspondence should be addressed. Email: annev@stanford.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1719029115/-/DCSupplemental.

Published online April 23, 2018.

PNAS | vol. 115 | no.19 | E4443-E4452

7]
I3
=
]
=
wi
(L]



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1719029115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:annev@stanford.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719029115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719029115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1719029115

L T

/

1\

=y

joining can result in chromosome translocations. In contrast to
NHEJ, HR is generally considered an error-free pathway of
DSBR, as it uses a homologous DNA template to repair the bro-
ken molecule. A strong body of evidence indicates that there is
competition between the HR and NHEJ pathways for repair of
DSB:s, raising the question as to how pathway choice is regulated
(12). Initiation of resection by the MRN/X complex and Com1/
Sae2/CtIP/Ctp1 seems to be critical for this decision, as it commits
cells to homology-dependent repair (7). Interestingly, evidence
from Caenorhabditis elegans indicates that such competition occurs
even during meiosis, where it is absolutely critical for DSBR to
occur exclusively by HR (13, 14). Thus, efficient coupling of DSB
formation and DSB resection is of paramount importance for en-
suring a successful outcome of meiosis.

MREI11 and RADS0 are highly conserved in eukaryotes. MRE11
is the nuclease subunit of the complex, while RAD50, which belongs
to the Structural Maintenance of Chromosomes family of proteins,
is required for regulating MRE11 nuclease activity in an ATP-
dependent manner and may also be important for tethering of DNA
ends (7). Nbs1/Xrs2 is the least conserved member of the MRN/X
complex, and the high sequence divergence between mammalian
NBS1 and yeast Xrs2 had precluded the identification of orthologs
in many species (15), including C. elegans.

Here, we report the identification of the previously elusive C.
elegans NBS1 ortholog based on a role in meiotic recombination
revealed by a mutant screen. Unexpectedly, we found that the
requirements for NBS-1 during meiosis are distinct from those of
its complex partners. In contrast to MRE-11 and RAD-50, which
are required both for formation and for resection of meiotic DSBs
(14, 16, 17), NBS-1 is required for DSB resection but is dispensable
for DSB formation. We further found that NBS-1 [like MRE-11
(14)] is not only important for promoting resection and HR but
also, for antagonizing NHEJ during meiosis. This latter charac-
teristic is shared with COM-1 (13, 18), a partner of the MRN
complex, but our data reveal distinct roles for NBS-1 and COM-1
in promoting HR and antagonizing NHEJ. Our results support a
model in which different components of the MRN-C complex work
together during meiosis to couple formation and repair of meiotic
DSBs to both (i) promote efficient and timely DSB resection to
promote HR and (if) antagonize NHEJ to ensure genome stability.

Results

Identification of the C. elegans NBS-1 Ortholog. We isolated the
initial nbs-1(mel02) mutant allele in a genetic screen for C.
elegans mutants with altered numbers of GFP::COSA-1 foci, which
mark the sites of COs in C. elegans germ cells at the late pachytene
stage of meiotic prophase (Fig. 14). As each chromosome pair
normally undergoes only a single CO during C. elegans meiosis,
wild-type (WT) late pachytene nuclei consistently exhibit six GFP::
COSA-1 foci, one for each pair of homologs (19). Furthermore,
DAPI staining of WT oocytes at diakinesis, the last stage of meiotic
prophase I, reveals six well-resolved DAPI bodies corresponding to
the six pairs of homologs linked by chiasmata (six bivalents). The
nbs-1(mel02) mutant was isolated based on observation of a severe
reduction in the number of GFP::COSA-1 foci by live imaging (Fig.
14), indicating impairment of meiotic recombination. DAPI
staining of diakinesis oocytes in the nbs-1(mel02) mutant further
revealed frayed, aggregated, and/or fragmented chromosomes (Fig.
1 B and C), indicative of defects in DNA repair. Moreover, mel02
homozygous hermaphrodites produced no viable progeny (0 survi-
vors of 1,575 eggs laid) (Table SI).

The causal mutation was mapped to an ~6.8-cM region on
chromosome II. Whole-genome sequencing of a 3x-backcrossed
strain identified two mutations in the interval, one being a nonsense
mutation in the CO9H10.10 gene (SI Materials and Methods). In-
sertion/deletion mutant alleles were generated using CRISPR tech-
nology, creating early frame shifts and stop codons in C09H10.10
(Fig. S1). All four CRISPR-derived alleles recapitulated the diaki-
nesis and progeny inviability phenotypes of mel02, confirming that
disruption of C09H10.10 is responsible for the observed phenotypes
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(Fig. 1C) and suggesting that all five mutant alleles (mel02-6) of
CO9H10.10 are likely null alleles.

The predicted CO9H10.10 protein contains a conserved
Forkhead-associated (FHA) domain (Fig. 1D and Fig. S14) at the
N terminus, and PSI-BLAST (position-specific iterative basic local
alignment search tool) searches initiated using CO9H10.10 as the
query sequence detected homology with the Danio rerio Nibrin
protein, a predicted ortholog of mammalian NBS1. Furthermore, a
small but highly conserved MREI11 interacting domain (MID)
discovered in Schizosaccharomyces pombe Nbsl (20) is clearly
recognizable near the C terminus of C09H10.10 (Fig. 1D). How-
ever, Caenorhabditis NBS-1 ortholog lacks both the tandem
BRCAL1 C terminus (BRCT) domains found adjacent to the
FHA domain in previously recognized NBS1/Xrs2 orthologs (15)
and the conserved ATM interacting domain (FXF/Y motif pre-
ceded by an acid patch) from the C terminus of the protein (21).
The presence of the conserved FHA domain and MID coupled
with functional data presented below identify C09H10.10 as the
C. elegans NBS1 ortholog, hereafter referred to as NBS-1.

Yeast two-hybrid assays revealed interactions between C. elegans
NBS-1 and MRE-11 and between NBS-1 and COM-1 and con-
firmed the previously reported interaction between MRE-11 and
RAD-50 (22), recapitulating the interaction network described in
other species (Fig. 1E and Fig. S2) (23). Homozygous nbs-1 worms
from heterozygous parents are fully viable and do not show any
developmental phenotype in normal growth conditions, which
allowed us to investigate the role of NBS-1 in DSBR during meiosis.

C. elegans NBS-1 Is Required for DSB Repair but Not for DSB
Formation. Multiple lines of evidence indicate that the presence
of chromosome aggregates in nbs-I mutants reflects a defect in
repair of the SPO-11-dependent DSBs that serve as the initiating
events of meiotic recombination. The spo-11 mutant lacks meiotic
DSBs, resulting in lack of COs and chiasmata, which are reflected
by the presence of 12 unattached chromosomes (univalents) at
diakinesis (24). In contrast to the nbs-I single mutant, the nbs-1;
spo-11 double mutant displayed the canonical spo-11 phenotype,
that is, it exhibited 12 DAPI bodies at diakinesis (Fig. 2.4 and B)
and produced a few percent viable progeny due to occasional
euploid embryos arising from erratic segregation of intact chro-
mosomes at meiosis I (Table S1). This indicates that the complete
progeny lethality and the aggregated/fragmented chromosomes in
diakinesis nuclei observed in nbs-I mutants are a consequence of
meiotic DSBs. Furthermore, while introduction of exogenous
DSBs rescued the chiasma formation defect of the spo-11 single
mutant, as shown by diakinesis nuclei displaying six DAPI bodies
(24), frayed and aggregated chromosomes were observed after
irradiation in nbs-1; spo-11 diakinesis nuclei, showing impaired
repair of DSBs, whether SPO-11 dependent or exogenously in-
duced, in the absence of NBS-1 (Fig. 2 A and C).

Our finding that meiotic DSBs are still formed in nbs-/ null
mutant worms was unexpected, as previous studies had shown that
the two other partners of the MRN complex, MRE-11 and RAD-
50, are required for both DSB formation and DSBR during C.
elegans meiosis (14, 16, 17). Furthermore, our own data showing
that the nbs-1; mre-11 double mutant displays 12 intact univalents
(and no aggregates) at diakinesis indicate that MRE-11 is still
required for meiotic DSB formation in an nbs-I mutant back-
ground (Fig. 2B). Since our analyses were conducted using nbs-1/
nbs-1 worms derived from nbs-1/+ mothers (m+z— animals), we
considered the possibility that DSB formation in the germ lines of
nbs-1 m+z— animals could be the consequence of residual ma-
ternal NBS-1 protein. Although nbs-1/nbs-1 mutant progeny from
nbs-1/mbs-1 mothers (m—z—) are normally completely inviable, we
devised a crossing strategy that enabled us to generate some viable
nbs-1/nbs-1 m—z— worms (Fig. S3) (see below); these m—z— nbs-1
worms displayed the same phenotype of aggregated chromosomes at
diakinesis as their m+z— counterparts, indicating proficiency for DSB
formation but deficiency in DSBR (Fig. 2D). These results show that
C. elegans NBS-1, unlike MRE-11 and RAD-50, is dispensable for
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Fig. 1. Identification of the C. elegans nbs-1 ortholog based on its re-

quirement for meiotic DNA repair. (A) GFP:COSA-1 foci in late pachytene
nuclei of live worms. Each WT nucleus has six foci (corresponding to the six CO
sites), while the nbs-1 nuclei usually have one or zero foci. (B) Images of DAPI-
stained chromosomes from individual diakinesis-stage oocytes. The WT oocyte
displays six DAPI bodies corresponding to the six pairs of homologs connected
by chiasmata, while the nbs-1(me702) mutant oocytes display chromosome
aggregates (less than five DAPI bodies), indicative of defective DNA repair.
(C) Graphs showing frequencies of diakinesis-stage oocytes with the indicated
number of DAPI bodies in WT worms and worms homozygous for nbs-1 mu-
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DSB formation and that MRE-11 and RAD-50 can act in-
dependently of NBS-1 to promote meiotic DSB formation.

These results are reminiscent of a previously described
separation-of-function mutant mre-11(iowl) that is proficient for
DSB formation but not DSBR (14). We thus tested whether the
iowl mutation might perturb the interaction between MRE-11
and NBS-1, impairing DSBR, while leaving the interaction be-
tween MRE-11 and RAD-50 intact to enable DSB formation.
However, yeast two-hybrid assays showed that the mre-11(iowl)
mutation weakened but did not eliminate the interaction between
MRE-11 and NBS-1 and disrupted the interaction between MRE-
11 and RAD-50 (Fig. 1E). This result suggests that the interaction
between MRE-11 and RAD-50 might not be as crucial for DSB
formation as it is for DSBR (Discussion).

NBS-1 Is Essential for DSB Resection and Loading of RAD-51 and RPA-1.
Normal repair of meiotic DSBs requires ends to be processed so
that they can engage in HR-mediated repair both to form COs
and to restore genome integrity. More specifically, SPO-11 pro-
tein-DNA adducts must be removed from 5’ ends through an
endonucleolytic process. Furthermore, DSB ends must be further
resected to yield 3’ ssDNA tails that can recruit DNA strand ex-
change proteins, such as RAD-51, to mediate invasion of a ho-
mologous DNA template.

As NBS-1 is a member of the MRN complex involved in DSB
resection in other species, we assessed the ability of nbs-1 mutants to
process SPO-11-dependent DSBs by (i) simultaneous visualization
of RAD-51 and a tagged version of RPA-1 [RPA-1::YFP (25)], a
component of the eukaryotic ssSDNA binding protein RPA, after
nuclear spreading (Fig. 34 and Fig. S4) and (i) quantification of
RAD-51 foci in whole-mount gonads representing a time course of
nuclei entering and progressing through meiosis (Fig. 3C). In WT C.
elegans meiosis, RAD-51 foci appear during zygotene and early
pachytene after DSB resection and become numerous by mid-
pachytene before disappearing by late pachytene, indicative of ef-
ficient DSBR (26, 27). When observed using structured illumination
microscopy (SIM), RAD-51 foci often appear as doublets, reflecting
resection of both DSB ends (Fig. 3B) (28). In addition, RPA-1 foci,
most of which represent post-strand-exchange recombination in-
termediates, rise in abundance and accumulate to higher levels than
RAD-51 foci before decreasing and disappearing during late
pachytene (28) (Fig. S4A4).

Consistent with previous reports indicating a role for MRE-11 and
RAD-50 in the processing of meiotic DSBs (14, 16, 17), we found
that the nbs-I mutant is impaired for RAD-51 focus formation,
exhibiting an overall reduction in the abundance of RAD-51 foci and
an absence of a mid-pachytene peak in foci numbers (Fig. 3C).
Furthermore, the abundance of RPA-1 foci was also severely re-
duced from an average of 22.7 + 5.1 foci per nucleus (mean + SD) at
peak levels in the WT to <1 focus per nucleus in the nbs-I mutant
(Fig. 34 and Fig. S44). Thus, nbs-1 mutant germ cells do not ac-
cumulate post-strand-exchange recombination intermediates (as oc-
curs during WT meiosis), and they do not accumulate RPA-coated

tant alleles (Fig. S1). (D, Upper) Schematic depicting the C. elegans NBS-1
protein and its orthologs in other species. NBS-1 contains the conserved FHA
domain and the MID but lacks the tandem BRCT domains and the ATM
interacting domain (AID). (D, Lower) Alignment showing conservation of the
MID among members of the NBS1/Nibrin protein family. C. breneri, Caeno-
rhabditis breneri; C. remanei, Caenorhabditis remanei; G. gallus, Gallus
gallus; H. sapiens, Homo sapiens. (E) Yeast two-hybrid assay revealing in-
teractions between NBS-1 and its cognate partners. Interaction between
prey proteins fused with the GAL4 activation domain (Left) and the baits
fused with the LexA DNA binding domain (Right) assayed by growth on
media lacking histidine (~LWH); growth in the presence of 3-AT, a com-
petitive inhibitor of His3p, indicates strong interaction. Serial dilutions are
spotted (1, 1:100, 1:1,000). The MRE-11(jow7) mutant protein contains an
amino acid substitution (T72l) in the first phosphoesterase motif and is de-
fective for DSBR but proficient for promoting DSB formation (14).
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Fig. 2. C. elegans NBS-1 is required for meiotic DSBR but dispensable for
DSB formation. (A) DAPI-stained diakinesis oocytes from nbs-1 and nbs-1;
spo-11 mutant worms unirradiated or exposed to 5,000-rad y-irradiation.
In contrast to the abnormal chromosome aggregates present in the nbs-1
oocytes (with or without irradiation), 12 intact chromosomes (univalents) are
observed in the unirradiated nbs-1; spo-11 oocyte. Aggregation of chro-
mosomes is, however, observed in the nbs-1; spo-11 oocyte upon in-
troduction of exogenous DSBs by irradiation. (B) Quantification of the
number of DAPI bodies in diakinesis nuclei. Fewer than 5 countable DAPI
bodies reflect aggregation of chromosomes, whereas 12 DAPI bodies typi-
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ssDNA ends [as occurs in brc-2 mutants, which are competent for
DSB resection but defective in RAD-51 loading (29)]. Together,
these data indicate that NBS-1 is essential for meiotic DSB resection.

Whereas numbers of RAD-51 and RPA-1 foci were reduced
overall, nbs-I mutants displayed an increased number of foci in the
premeiotic zone (Fig. 3C), consistent with a role for MRN in
repairing and/or preventing accumulation of DNA damage during
DNA replication (17, 30). Supporting this interpretation, we found
that an nbs-1; spo-11 double mutant exhibited higher levels of re-
sidual RAD-51 foci (0.44 + 0.75 foci per nucleus in zones 1-6, n =
727) than the spo-11 single mutant (0.21 + 0.58, n = 1,094; Mann—
Whitney P < 107*) (Fig. S5), suggesting that many of the residual
RAD-51 foci detected in nbs-1 meiotic nuclei reflect DNA damage
that was not of meiotic origin. Furthermore, SIM imaging revealed
that RAD-51 foci in the nbs-I mutant frequently exhibit abnormal
structure (Fig. 3B and Fig. S4B). Whereas nearly all RAD-51 foci in
WT germ cells are detected as doublet or singlet foci (28) (termed
“simple foci”; 99.5%, n = 200), the infrequent RAD-51 foci in the
nbs-1 mutant are often larger and more complex in structure (28%
complex foci, n = 46). Furthermore, such complex foci are detected
both in the premeiotic zone and throughout meiotic prophase,
consistent with abnormalities arising during mitotic cell cycles or
meiotic DNA replication and persisting after meiotic prophase
entry. However, we also found that the residual level of RAD-
51 foci in the nbs-1 single mutant (0.6 + 0.9, n = 618 nuclei) was
higher than in the nbs-1; spo-11 double mutant (Mann—-Whitney P <
0.0001) (Fig. 3C and Fig. S5); this suggests that, although meiotic
DSB resection is strongly impaired, some SPO-11-generated breaks
may nevertheless load RAD-51 in the absence of NBS-1.

NBS-1 Functions both to Counteract NHEJ and to Promote Efficient HR.
DNA repair pathway choice is crucial for cellular and organismal
survival: NHEJ and HR have been shown to occur cooperatively,
competitively, or as backup mechanisms for DSBR in various
contexts (12). As previous reports had implicated MRE-11 and
COM-1 in antagonizing NHEJ (13, 14), we tested the hypothesis
that the meiotic defects observed in the nbs-I mutant might reflect
inappropriate use of NHEJ for the repair of meiotic DSBs.

We found that mutation of cku-80, which encodes the worm
ortholog of KUS8O0 essential for NHEJ, partially alleviated multiple
nbs-1 defects (Fig. 4). In contrast to the aggregated chromosomes
present in the nbs-I single mutant, diakinesis chromosomes more
frequently appeared as individual univalents or bivalents in the
nbs-1; cku-80 double mutant (Fig. 44). This partial restoration of
chromosome integrity was accompanied by a partial restoration of
GFP::COSA-1 foci in late pachytene (Fig. 4B). While the nbs-1
mutant displayed an average of 1.4 + 1.3 (n = 150) foci per nu-
cleus, the nbs-I1; cku-80 double mutant averaged 4.7 + 1.5
GFP::COSA-1 foci per nucleus (n = 133, Mann-Whitney P <
0.0001). We also observed a partial rescue of progeny viability,
with an average of 3.1% progeny survivorship from nbs-1; cku-80
animals (93 of 3,007 eggs laid) compared with 0% from nbs-1
animals (0 of 1,575) (Table S1). The substantial rescue of progeny
viability, chromosome integrity, and GFP::COSA-1 focus formation
together indicate a role for NBS-1 in preventing inappropriate
utilization of NHEJ during meiosis.

cally reflect intact univalents. Numbers of nuclei counted: WT, n = 92; spo-11,
n =37, nbs-1(me102), n = 42; nbs-1; spo11, n = 39; mre-11, n = 66; and nbs-1;
mre-11, n = 59. (C) Quantification of DAPI bodies as in B after exposure of
worms to 5,000-rad y-irradiation, showing that irradiation-induced breaks
rescue chiasma formation in the spo-77 mutant but induce chromosome
aggregation in nbs-1; spo-11 mutant oocytes. Numbers of oocytes counted:
WT, n=105; spo-11, n = 57; nbs-1(me102), n = 144; and nbs-1, spo-11, n = 45.
(D) Graph showing indistinguishable profiles of diakinesis DAPI body counts
in nbs-1(me102) mutant worms derived from heterozygous nbs-1/+ mothers
(m+2z-) and nbs-1 m—z— mutant worms, which were derived from a cross
using homozygous nbs-1; cku-80 double-mutant mothers (m—z-). See Fig. S3
for more details.
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Fig. 3. Abundance of RAD-51 and RPA foci is greatly reduced in the absence of NBS-1. (A) Images of nuclei at the mid-pachytene stage from spread gonads from WT and
nbs-1(me103) mutant worms immunostained for chromosome axis protein HTP-3, recombinase RAD-51, and a YFP-tagged version of RPA-1, a subunit of the ssDNA
binding protein RPA. RAD-51 and RPA-1 foci are abundant in WT nuclei at this stage, but in the nbs-7 mutant, only a subset of nuclei has one or a few bright foci. (B) SIM
images of RAD-51 foci in spread nuclei. For each genotype, examples of individually cropped RAD-51 signals are shown, illustrating the singlet or doublet organization
characteristic of RAD-51 foci detected at meiotic DSB sites during WT meiosis (Left) and the more complex organization of RAD-51 foci detected at many sites in nbs-1
nuclei (Right), which are thought to reflect abnormalities arising during replication that persist into meiotic prophase. (C, Left) Representative images of germ cell nuclei in
whole-mount preparations immunostained for HTP-3 and RAD-51 illustrating both the higher numbers of foci detected in mid-pachytene nuclei in the WT and the
abnormal foci detected in a subset premeiotic nuclei in the nbs-1 mutant. (C, Right) Quantification of the numbers of RAD-51 foci in nuclei (from the whole-mount
preparations) in seven consecutive zones along the distal-proximal axis of the gonad from the premeiotic zone (PM) through the end of pachytene (Z6) (Fig. S5A).

Although inactivation of cku-80 attenuated the meiotic defects
of the nbs-1 mutant, the rescue was not complete. This result
could reflect either (7) an additional role for NBS-1 in promoting
efficient HR beyond antagonizing NHEJ or (ii) a deficit of DSBs
compared with the WT, which could yield a deficit in CO number.
We ruled out the latter hypothesis by exposing nbs-I1; cku-80
worms to 5,000-rad y-irradiation to introduce an excess of DSBs.
While this dose is more than sufficient to restore chiasmata in the
spo-11 mutant background (Fig. 2C) (19, 24), it did not improve
chiasma formation in the nbs-1; cku-80 mutant (Fig. S6). This
result indicates that DSBs are not limiting for CO formation in the
nbs-1; cku-80 mutant and instead implies that recombination in-
termediates cannot be efficiently processed into COs in absence of
NBS-1, even when CKU-80 is absent.

NBS-1 Is Required for a Timely Resection of DSBs to Engage HR. Ex-

amination of the timing of appearance of RAD-51 and RPA-
1 foci in nbs-1; cku-80 double mutants indicated a role for NBS-1

Girard et al.

in promoting timely resection of DSBs, even in absence of NHEJ
(Fig. 5). The nbs-1; cku-80 double mutant differed from both the
cku-80 single mutant, which exhibits WT dynamics of RAD-51 and
RPA-1 foci with an enrichment in mid-pachytene (Fig. 5 A4, C, and
D and Fig. S4), and from the nbs-1 single mutant, which displays
low levels of both types of foci throughout meiosis I. Instead,
numbers of RAD-51 and RPA-1 foci in nbs-1; cku-80 remained
low throughout most of meiotic prophase and then rose in
abundance during late pachytene (zone 6) (Fig. 5 4, C, and D and
Fig. S44), similar to what was reported for RAD-51 foci in the
mre-11(iowl); cku-80 double mutant (14). Furthermore, SIM im-
aging revealed that nearly all of these late pachytene RAD-51 foci
were simple (doublet or singlet) rather than complex in structure
(98.3% simple foci, n = 231) (Fig. 5B and Fig. S4B). Together,
these results suggest that some resection of meiotic DSBs can
occur independently of NBS-1 when CKU-80 is absent, but this
NBS-1-independent mode of resection seems largely restricted to
late pachytene and early diplotene.
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Fig. 4. NBS-1 antagonizes NHEJ and promotes efficient HR. (A, Left) Images
of individual DAPI-stained diakinesis oocyte nuclei showing that the chro-
mosome aggregation phenotype of the nbs-1 single mutant is suppressed in
nbs-1; cku-80 double mutant, which instead displays a mixture of bivalents
and univalents. (A, Right) Quantification of DAPI bodies in diakinesis nuclei.
(B, Left) Immunolocalization of HTP-3 and GFP::COSA-1 in late pachytene
nuclei in whole-mount preparations. (B, Right) Stacked bar graph showing
the percentages of nuclei with the indicated numbers of COSA-1 foci,
showing that COSA-1 focus formation is partially restored in the nbs-1; cku-
80 double mutant compared with the nbs-1 single mutant.

This late timing of appearance of RAD-51 foci may help to
explain why restoration of CO formation is incomplete in the nbs-
1; cku-80 double mutant. Initial loading of pro-CO factors must
occur before the transition to late pachytene for DSBR interme-
diates to become competent to mature into COs (19). Thus, when
resection is delayed, it may sometimes occur too late to engage the
homolog as a repair partner and/or to enable recruitment of fac-
tors needed to generate COs.

We note that number of RAD-51 foci detected in premeiotic
germ cells was significantly lower in the nbs-1; cku-80 double mutant
than in the nbs-1 single mutant (Mann-Whitney P < 0.0001), sug-
gesting that, in addition to antagonizing RAD-51 loading at meiotic
DSBs, Ku may also contribute to replication-associated problems
caused by lack of NBS-1.

NBS-1 and COM-1 Play Distinct Roles in Promoting HR. Both COM-1
and NBS-1 are required for meiotic DSBR but dispensable for
DSB formation, and mutation of either leads to aggregated
chromosomes at the end of meiotic prophase (13, 18) (Figs. 2 and
SE). However, our data indicate that their respective roles in re-
section and promotion of HR are quite different. Whereas elim-
ination of cku-80 resulted in a modest partial rescue of bivalent
formation in the nbs-1 background, with 10% of diakinesis nuclei
showing six bivalents (Fig. 44), loss of cku-80 in the com-1 back-
ground resulted in much more substantial restoration of bivalent
formation, with 80% of diakinesis nuclei showing six bivalents (Fig.
SE), recapitulating previous observations (13). Moreover, analysis
of diakinesis nuclei in the nbs-1; com-1 cku-80 triple mutant in-
dicated that NBS-1 is required for the efficient bivalent formation
observed in the com-1 cku-80 mutant (Fig. SE). Together, these
results suggest that, while COM-1 is required to antagonize CKU-80
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and prevent NHEJ-mediated repair of DSBs, it is not essential for
MRN-dependent resection to yield interhomolog COs.

This conclusion is further supported by comparison of RAD-
51 dynamics in the com-1 cku-80 and nbs-1; cku-80 double mu-
tants. In contrast to nbs-1; cku-80, where RAD-51 foci did not
increase in abundance until late pachytene, the com-1 cku-80
double mutant exhibited RAD-51 foci dynamics similar to the
WT, with a strong peak in foci numbers in mid-pachytene and a
decline in foci numbers by late pachytene (Fig. 5D) as previously
described (13). This indicates that COM-1 function is essential for
resection in the presence of CKU-80 but becomes dispensable in
the absence of CKU-80. This result implies that COM-1 is pri-
marily required during meiosis to antagonize CKU-80 and NHEJ
but is not essential for timely MRN-dependent resection when
NHE] is abrogated (Discussion). In contrast, NBS-1 is required
both for antagonizing CKU-80 and for promoting resection.

EXO-1 Is Required to Promote CO Formation and Chromosome Integrity
in the nbs-1; cku-80 Double Mutant. The presence of COSA-1 foci as
well as late RAD-51 and RPA-1 foci in the nbs-1; cku-80 double
mutant made us wonder what factors might be mediating resection
in this context. One candidate is the exonuclease Exol, which has
been shown to be involved alongside the MRN complex in pro-
moting extended resection in various contexts (9). C. elegans EXO-
1 is dispensable for meiotic recombination in an otherwise WT
background (13), but EXO-1 is required for partial restoration of
RAD-51 loading, CO formation, and chromosome integrity in the
mre-11(iowl); cku-80 double mutant (14), indicating that delayed
DSB resection and repair via HR are dependent on EXO-1 in this
context. We, therefore, investigated the potential involvement of
EXO-1 in promoting resection and/or CO formation during late
pachytene in the absence of NBS-1 and CKU-80 (Fig. 6).

‘While the nbs-1; cku-80 double mutant displayed mostly univalents
and bivalents in diakinesis oocytes, we frequently observed chromo-
some aggregates at diakinesis in the nbs-1; cku-80 exo-1 triple mutant
(Fig. 6 A and B), suggesting partial redundancy of NBS-1 and EXO-
1 function in maintaining genome integrity. Moreover, the partial
rescue of GFP::COSA-1 focus formation observed in nbs-1; cku-80
was also dependent on EXO-1, as the nbs-1; cku-80 exo-1 triple
mutant failed to form GFP:COSA-1 foci (Fig. 6 C and D). These
results indicate a strict requirement for EXO-1 to form COs in the
absence of both NBS-1 and CKU-80. Despite loss of CO site
markers, however, many late pachytene nuclei (zone 6, Z6) with
numerous RAD-51 foci were detected in the nbs-1; cku-80 exo-1
triple mutant (Fig. 6E and Fig. S7), reminiscent of phenotypes
observed in the com-1 cku-80 exo-I triple mutant (13). As our
cytological analysis of RAD-51 foci does not provide information
regarding the length of resection tracts, one possible explanation for
this finding is that the residual resection occurring in the absence of
EXO-1 in these contexts may be of insufficient length and/or occur
too late to engage the homolog or recruit CO factors. Alternatively,
these results may reflect an additional late function of C. elegans
EXO-1 in promoting CO formation, separable from its nuclease
activity, as has been observed in mouse and yeast (31, 32).

Discussion

Identification of C. elegans NBS-1 as a Compact Ortholog of NBS1/Xrs2.
The MRN complex has long been recognized as a central player in
mediating HR-based repair of DSBs across species, but there are
substantial differences in the degree of conservation among its
subunits (33). MRE11 and RADS0 are ancient in origin, are highly
conserved among eukaryotes, and have clearly identifiable ortho-
logs in both eubacteria (SbcC and SbcD) and archae. In contrast,
NBSI1 orthologs are detected only in eukarya and are notoriously
poorly conserved. Primary sequence conservation among orthologs
from different kingdoms is mainly restricted to the N-terminal
FHA domain, and conservation outside this domain is marginal
even within kingdoms (e.g., Saccharomyces cerevisiae Xrs2 and S.
pombe Nbsl share only 10% identity in the 250 amino acids after
the FHA domain), and the presence of tandem BRCT domains
within this region had remained unrecognized in many orthologs
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NBS-1 is required for timely loading of RAD-51 and RPA-1 during pachytene. (A) Images of nuclei from spread gonads from the cku-80 mutant in mid-pachytene

and from the nbs-1(me103); cku-80 mutant in mid- and late pachytene immunostained for HTP-3, RAD-51, and RPA-1. Levels of RAD-51 and RPA-1 foci in the cku-80 gonad
are comparable with the WT (Fig. 54). In the nbs-1; cku-80 double mutant, few RAD-51 and RPA-1 foci are detected in mid-pachytene, but foci increase in abundance by
late pachytene. (B) SIM images of RAD-51 foci from spread nuclei as in Fig. 3B. (C) Immunolocalization of HTP-3 and RAD-51 on whole-mount gonads. (D) Quantification of
the numbers of RAD-51 foci in whole-mount gonads, illustrating the contrast between the nbs-1; cku-80 double mutant, in which increased abundance of RAD-51 foci is
restricted to late pachytene (zone 6), and the com-1 cku-80 double mutant, which exhibits normal RAD-51 foci dynamics. (E) Quantification of DAPI bodies in diakinesis
nuclei, showing that successful bivalent formation occurs much more frequently in the com-7 cku-80 double mutant than in either nbs-1; cku-80 or nbs-1; com-1 cku-80.

until introduction of an algorithm specifically designed to detect
such motifs (15). Indeed, when human NBS1 was first discovered, its
protein size and association with MRE11 and RADS50 were crucial
for recognizing NBS1 and Xrs2 as functional homologs (34).
Although C. elegans MRE-11 and RAD-50 and their roles in
meiotic recombination and DNA repair have been known for some
time (14, 16, 17), the nematode counterpart of NBS1/Xrs2 had
remained elusive. Our identification of CO9H10.10 as C. elegans
NBS-1 makes the reason that it had escaped detection apparent:
while it contains both the N-terminal FHA domain and the con-
served MREI1 interaction domain (MID) near its C terminus, Ce
NBS-1 is only about half the size of most other NBS1 orthologs and
lacks the tandem BRCT domains and the ATM interaction domain.
This stripped down version of NBS1 present in C. elegans is none-

Girard et al.

theless sufficient to support the functions of MRE-11 and RAD-50 in
promoting efficient and timely meiotic DSBR and in repairing/pre-
venting accumulation of replication-associated DNA damage. The
fact that such a compact version of NBS-1 can support the essential
functions of MRE-11 and RAD-50 in DSBR parallels the recent
finding that a 108-aa fragment of mammalian Nbs1 (which contains
the MID but lacks both the tandem BRCT motifs and the N-
terminal FHA domain) can substantially support essential functions
of Mrell and Rad50 in mouse cells in vitro and in vivo (35).

NBS-1-Independent Functions of MRE-11 and RAD-50 During C.
elegans Meiosis. In all species where it has been studied, the
MRN complex has been shown to be crucial for repair of meiotic
DSBs (36). However, involvement of MRN in the formation of
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EXO-1 is required for DSBR in the absence of CKU-80 and NBS-1. (A) Images of individual DAPI-stained diakinesis nuclei showing the presence of

chromosome aggregates in the nbs-1, cku-80 exo-1 triple mutant. Asterisks in cku-80 exo-1 indicate two chromosomes on top of each other. (B) Quantification of
DAPI bodies in diakinesis nuclei. (C) Immunolocalization of HTP-3 and COSA-1 in late pachytene nuclei from whole-mount gonads. (D) Stacked bar graph rep-
resenting the percentage of nuclei with the indicated numbers of COSA-1 foci in the different genotypes, showing that COSA-1 focus formation is eliminated in
the nbs-1(me102); cku-80 exo-1 triple mutant. (E) Quantification of RAD-51 foci from whole-mount preparations for the indicated genotypes as in Fig. 3C.

such breaks varies from species to species. Whereas Mrell, Rad50,
and Nbsl are not required for meiotic DSB formation in S. pombe or
Arabidopsis thaliana (37-41), all three core members of MRX are
required for DSB formation during S. cerevisiae meiosis (42, 43).
Interestingly, our analysis here revealed that these two meiotic
functions of MRN complex components can be uncoupled. While C.
elegans NBS-1 is integral to the functions of the MRN complex in
promoting timely resection and repair of meiotic DSBs, we found
that the previously reported roles of MRE-11 and RAD-50 in pro-
moting DSB formation (16, 17) are independent of NBS-1 (Fig. S8).
How MRN complex components function to promote DSB for-
mation remains unknown. However, separation-of-function muta-
tions that uncouple DSB formation and repair activities may be
informative. Missense mutations in C. elegans [mre-11(iowl)] and S.
cerevisiae (mrell-D16A4) that impair DSB resection but not DSB
formation affect adjacent highly conserved residues in the first
phosphoesterase domain, and although this domain is distant from
the MRE11/RADS0 interface, both mutations destabilize the in-
teraction between MRE11 and RADS0 (refs. 14, 23, and 44 and this
study). This suggests that stable association between MREI11 and
RADS0 may be less important for their DSB-promoting activity
than for resection and repair, raising the possibility that MRE11 and
RADS0 may function in a different conformation (35, 45) or stoi-
chiometry (46) or even as separate proteins to influence DSB for-
mation. Furthermore, in S. cerevisiae, Xrs2 may be required for DSB
formation partially based on its role in promoting nuclear localiza-
tion of Mrell (47); conversely, the fact that C. elegans NBS-1 is
dispensable for DSB formation indicates that (at least some) MRE-
11 and RAD-50 must get into the nucleus without NBS-1.
Additional evidence suggests that C. elegans MRE-11 may also
be able to function independently of NBS-1 in another context.
Specifically, we found that late RAD-51 foci reflecting delayed
end resection were present in late pachytene nuclei in nbs-1; cku-
80 exo-1 mutant germ lines, whereas such foci were absent in mre-
11(iowl); cku-80 exo-1 (14). This result suggests that MRE-11 may
be capable of promoting some degree of end resection in late
pachytene nuclei in the absence of NBS-1 and EXO-1.
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Distinct Roles for MRN and COM-1 in Promoting DSB Resection and
Antagonizing NHE). DSBs pose a threat to genome integrity, and
DNA repair machineries have evolved to prevent or limit their
damaging consequences. Moreover, evidence for competition be-
tween different DSBR pathways is present in all studied species.
For example, elimination of Ku in mammalian cells increases the
frequency of DSB-induced HR between direct repeats (48), and
conversely, mutation of the Mrell nuclease domain results in
higher incidence of NHEJ in yeast cells (49-51). The extent to
which DSBs are repaired using mutagenic repair mechanisms,
such as NHEJ, vs. high-fidelity mechanisms, such as HR, depends
on cellular context. During meiosis, it is crucial that DSBs be
repaired strictly by HR both (i) to promote the formation of
interhomolog COs needed to segregate chromosomes and (i) to
restore genome integrity while minimizing introduction of new
mutations. However, even during meiosis, where the outcome of
DSBR is so heavily biased toward HR, abrogation of HR in C.
elegans germ cells has revealed that NHEJ factors are nevertheless
still present and can promote illegitimate repair (refs. 13 and 14
and this study). The MRN complex and COM-1 are crucial during
meiosis to tip the balance irrevocably toward the HR outcome.
This work integrated with previous findings (13, 14) shows that
MRN and COM-1 make distinct contributions to promoting HR
and antagonizing NHEJ during C. elegans meiosis (Fig. S8). NBS-
1, MRE-11, and COM-1 are all required to prevent meiotic ca-
tastrophe resulting from inappropriate engagement of the NHEJ
pathway. As com-1 meiotic defects were not suppressed by loss of
LIG-4, which functions in NHEJ downstream of Ku recruitment
(13), the meiotic catastrophe observed in the nbs-1, mre-11(iowl),
or com-1 mutants likely reflects blocking of DNA ends by Ku in
the absence of a functional MRN-C complex, thereby preventing
engagement of HR. However, in the absence of Ku, differences in
the roles of MRN and COM-1 are revealed. When Ku is removed
in an nbs-1 or mre-11(iowl) mutant background, RAD-51 loading
(indicative of end resection) is delayed, and CO formation is in-
efficient. However, when Ku is removed in a com-I mutant
background, RAD-51 foci levels and timing seem normal, and CO
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formation is much more efficient. These findings indicate that COM-
1 is required primarily to antagonize Ku yet is substantially dis-
pensable for SPO-11 removal and MRN-mediated end resection
when Ku is absent (Fig. S8). Whereas MRN can promote efficient
and timely end resection without COM-1 (in combination with EXO-
1; see below), however, MRN cannot function without COM-1 to
antagonize Ku. We interpret these findings in light of reports that the
S. pombe Nbsl FHA domain directly engages COM-1 ortholog
Ctpl and that Ctp1/CtIP is recruited to DSB sites through NBS1 in
both S. pombe and human cells (52-54). Specifically, we propose that,
during C. elegans meiosis, NBS-1 couples resection initiation and
inhibition of NHEJ both by participating in MRN-mediated end
resection and by recruiting COM-1 to DSB sites. Furthermore, based
on structural analysis of S. pombe Ctpl suggesting an ability to form
bridges between MRN-C complexes on opposite sides of a DSB (55,
56), we propose that MRN-C may play a dual role in antagonizing
NHE]J both by promoting endonucleolytic cleavage to initiate re-
section and by mediating bridging between DNA ends, thereby
preventing the loading of the preformed Ku ring.

Redundancy in HR Machinery Contributes to Robustness of Repair. Ge-
nome integrity of germ cells is paramount to perpetuation of species.
As faithful chromosome inheritance during sexual reproduction
depends on meiotically induced DSBs, it is crucial that DSBR in
germ cells be highly robust. Synthesis of this work with prior analyses
of MRN-C function in the C. elegans germ line suggests that partial
redundancy among factors and activities promoting DSB re-
section may contribute to robustness of the system.

From the onset of meiotic prophase through the end of the
early pachytene stage, DSB end resection is highly dependent on
MRN (refs. 14 and 17 and this study). As DSBs must be processed
and engage the homolog during early prophase to be competent
for CO formation (19), the timely participation of MRN in DSB
resection is thus crucial for efficient CO formation. In contrast, C.
elegans EXO-1 is not essential for CO formation in otherwise WT
germ cells. However, EXO-1 can mediate resection during late
prophase in the absence of MRN activity, and either MRN or
EXO-1 can mediate resection during late prophase in the absence
of Ku. Furthermore, in a com-1 cku-80 double mutant, DSBs can
undergo timely resection during early prophase, but now, both
MRN and EXO-1 are required for this to occur. This indicates
that, when the system is compromised by loss of COM-1, EXO-1 is
available and can participate in resection during early prophase
either through its own exonuclease function or by enhancing the
activity of MRN. We suggest that, although EXO-1 is largely
dispensable for successful meiosis in C. elegans, it likely does
collaborate with MRN-C during normal meiosis to promote op-
timal resection, thereby helping to ensure a reliable outcome.

Materials and Methods

Strains and Genetics. All C. elegans strains were cultivated at 20 °C under
standard conditions. Strains used in this study are listed here.

AV630 mels8 [gfp::cosa-1] Il

AV727 mels8 [gfp::cosa-1] I, ruls32 [unc-119(+); pie-1::mcherry::
histoneH2B] IlI; itls38 [pAA1; pie-1::GFP::PH::unc-119(+)]

AV828 nbs-1(me102) mels8/min1 [mis14 dpy-10(e128)] II; backcrossed
three times from the original balanced strain

AV845 spo-11(me44)InT1 [unc(n754dm) let] IV

AV846 nbs-1(me102) mels8/min1 [mis14 dpy-10(e128)] II; spo-11(me44)/
nT1 IV

AV860 nbs-1(me103)/min1 [mis14 dpy-10(e128)] Il
AV861 nbs-1(me104)/min1 [mis14 dpy-10(e128)] Il
AV862 nbs-1(me105)/min1 [mis14 dpy-10(e128)] Il
AV863 nbs-1(me106)/min1 [mis14 dpy-10(e128)] Il

AV865 nbs-1(me102) mels8/min1 [mis14 dpy-10(e128)] II; mre-11(ok179)/
nT1 VvV

AV874 mels8 Il; cku-80(ok861) Il
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AV875 mels8 II; exo-1(tm1842) Ill

AV876 mels8 Il; cku-80(0k861) exo-1(tm1842) Il

AV877 nbs-1(me102) mels8/min1[mlis14 dpy-10(e128)] II; cku-80(ok861) Il
AV878 nbs-1(me102) mels8/min1 [mis14 dpy-10(e128)] II; exo-1(tm1842) Il

AV879 nbs-1(me102) mels8/min1 [mis14 dpy-10(e128)] II; cku-80(ok861)
exo-1(tm1842) Il

AV904 nbs-1(me103)/min1 [mis14 dpy-10(e128)] II; opls263[rpa-1::
yfp, unc-119+]

AV905 cku-80(ok861) Ill; opls263[rpa-1:yfp, unc-119+]

AV947 nbs-1(me103)/imin1 [mis14 dpy-10(e128)] II; cku-80(ok861) IlII;
opls263[rpa-1::yfp, unc-119+]

WS4581 opls263[rpa-1::yfp, unc-119+]
XF0644 com-1(t1626) unc-32(e189)/hT2 [bli-4(e937) let-2(q782) qls48] Il
XF0697 com-1(t1626) unc-32(e189 cku-80(tm1524)/hT2 cku-80(tm1524) Il

Isolation and identification of the nbs-71(me102) mutation, generation of
CRISPR alleles, and yeast two-hybrid experiments are described in S/ Mate-
rials and Methods.

Cytological Analysis. Numbers of DNA bodies present in diakinesis oocytes were
assessed in intact adult hermaphrodites at 24 h post-L4 larval stage, fixed in
ethanol, and stained with DAPI as in ref. 57. Inmunostaining for GFP::COSA-1 and
RAD-51 in whole-mount gonads was conducted as in ref. 58. All experiments
were performed on gonads dissected at 24-26 h post-L4 at 20 °C. The following
primary antibodies were used at the indicated dilutions in PBS with 0.1% Tween:
chicken anti-HTP-3 [1:500 (59)], rabbit anti-GFP [1:200 (19)], and rat anti-RAD-51
[1:500 (60)]. Dual RPA-1::YFP/RAD-51 immunostaining was performed on spread
gonads as in ref. 61, with YFP being detected by the rabbit anti-GFP antibody. All
images were acquired using a 100x N.A. 1.40 objective on a DeltaVison OMX
Blaze microscopy system, deconvolved, and corrected for registration using
SoftWoRx. Gonads were subsequently assembled using the “Grid/Collection”
plugin (62) in ImagelJ. Wide-field images were obtained as 200-nm spaced Z
stacks, while 3D SIM images were obtained as 125-nm spaced Z stacks. For
display, contrast and brightness were adjusted in individual color channels
using ImageJ.

For quantification of RAD-51 foci in whole-mount gonads, at least three

gonads were counted per genotype. Gonads were divided into seven zones:
the premeiotic zone, where HTP-3 appears diffuse, and six equal-sized zones
based on physical distance from meiotic entry (where HTP-3 signal forms
tracks along chromosomes) to late pachytene (end of cell rows). For the
GFP::COSA-1 experiments, nuclei within the last six cell rows were counted;
numbers of nuclei counted were as follow: WT (n = 115), cku-80 (n = 145),
exo-1 (n = 205), cku-80 exo-1 (n = 69), nbs-1(me102) (n = 147), nbs-1, cku-80
(n = 132), nbs-1; exo-1 (n = 150), and nbs-1; cku-80 exo-1 (n = 127).
Quantitation of YFP::RPA-1 foci in spread gonads. For WT and cku-80, RPA-1 foci
were counted in 20 non-overlapping nuclei per gonad (at least three gonads
per genotype) within the five cell rows that follow the early to mid-pachy-
tene peak of RAD-51 foci present in these genotypes (28). For nbs-1 and nbs-
1, cku-80 mutants, for each gonad, foci were counted in three cohorts of
20 nuclei each distributed across the first three-quarters of the pachytene
region (defined based on HTP-3 staining). For the nbs-1; cku-80 mutant
gonads, foci were counted in an additional cohort of 20 nuclei coinciding
with the late pachytene RAD-51 peak.
Scoring of RAD-51 foci in SIM images. RAD-51 foci in projected SIM images were
classified into two categories, “simple” and “complex,” as illustrated in Fig.
3B. The simple category included singlet or doublet foci with either a single
maximum or two adjacent ovoid maxima; five instances where three adja-
cent maxima were observed were also included in this category, as they most
likely represented a doublet next to a singlet. Foci were scored as complex
when they contained four or more adjacent maxima and/or exhibited ir-
regular (rather than ovoid) shapes; all foci scored as complex were bigger/
brighter than any singlets or doublets seen in the WT.

y-Irradiation. Worms were exposed to 5,000 rad (50 Gy) of y-irradiation using
a Cs-137 source at 20 h post-L4 stage. RAD-51 immunostaining was per-
formed on gonads dissected and fixed 1 h after irradiation. Diakinesis DAPI
body counts were done using worms fixed at 18-20 h post-irradiation.

Data Availability. All strains and primary images used in this research are
available on request from A.M.V. (annev@stanford.edu).
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