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Abstract

Programmed DNA double-strand break (DSB) formation is essential for achieving accurate
chromosome segregation during meiosis. DSB repair timing and template choice are tightly
regulated. However, little is known about how DSB distribution and the choice of repair path-
way are regulated along the length of chromosomes, which has direct effects on the recom-
bination landscape and chromosome remodeling at late prophase I. Here, we use the
spatiotemporal resolution of meiosis in the Caenorhabditis elegans germline along with
genetic approaches to study distribution of DSB processing and its regulation. High-resolu-
tion imaging of computationally straightened chromosomes immunostained for the RAD-51
recombinase marking DSB repair sites reveals that the pattern of RAD-51 foci throughout
pachytene resembles crossover distribution in wild type. Specifically, RAD-51 foci occur pri-
marily along the gene-poor distal thirds of the chromosomes in both early and late pachy-
tene, and on both the X and the autosomes. However, this biased off-center distribution can
be abrogated by the formation of excess DSBs. Reduced condensin function, but not an
increase in total physical axial length, results in a homogeneous distribution of RAD-51 foci,
whereas regulation of H3K9 methylation is required for the enrichment of RAD-51 at off-cen-
ter positions. Finally, the DSB recognition heterodimer cKU-70/80, but not the non-homolo-
gous end-joining canonical ligase LIG-4, contributes to the enriched off-center distribution of
RAD-51 foci. Taken together, our data supports a model by which regulation of the chroma-
tin landscape, DSB levels, and DSB detection by cKU-70/80 collaborate to promote DSB
processing by homologous recombination at off-center regions of the chromosomes in C.
elegans.
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Author summary

Accurate chromosome segregation during meiosis is essential for all sexually reproducing
organisms. Errors during meiosis can result in infertility, stillbirths, miscarriages, and
birth defects. Therefore, understanding how different steps of meiosis are regulated is of
vital importance to reproductive health. One such key step is the formation of pro-
grammed DNA double-strand breaks (DSBs), which are required for recombination
between homologous chromosomes. DSBs are a source of genetic variability but also of
genome instability; thus, regulating their formation and correct repair is paramount. In
the present study, we identify different factors regulating the distribution of meiotic DSB
repair sites marked by the RAD-51 recombinase along the chromosomes in the nematode
Caenorhabditis elegans. We find that either excess levels of breaks or alterations in chro-
mosome compaction can produce a homogeneous distribution of RAD-51 foci along the
chromosome length. Moreover, we find that biased RAD-51 foci distribution to the termi-
nal thirds of the chromosomes in wild type worms is regulated by the epigenetic landscape
and DNA repair proteins. Our study reveals a variety of factors involved in the complex
regulation of DSB distribution and repair by homologous recombination during meiosis
in C. elegans.

Introduction

Meiosis is the specialized cell division program that produces haploid gametes for sexual
reproduction by halving the number of chromosomes. This is achieved by accurately segregat-
ing homologous chromosomes (homologs) to opposite poles of the cell at meiosis I and sister
chromatids at meiosis II. A series of unique steps during prophase I ensure accurate chromo-
some segregation at meiosis I, including pairing and synapsis between homologs and pro-
grammed meiotic DNA double-strand break (DSB) formation followed by repair via
homologous recombination (HR) [1]. These events occur in the context of fully replicated
chromosomes comprised of pairs of sister chromatids organized with chromatin loops ema-
nating from central chromosome axes. DSBs are generated at chromatin loops by the Spol1l
protein [2], and tethering of these loops to the axes facilitates repair by interhomolog recombi-
nation [3]. These interhomolog recombination events can lead to the formation of crossovers
(COs) resulting in physical attachments (chiasmata), underpinned by flanking sister chroma-
tid cohesion, that hold the pairs of homologs (bivalents) together ensuring sufficient tension at
the metaphase I plate and subsequent accurate chromosome segregation at meiosis I. An
excess number of DSBs, relative to the number of COs, is observed along chromosomes during
meiosis in most species, most likely to ensure that at least one CO event is produced between
each pair of homologs by the HR pathway [4]. This phenomenon, referred to as “CO assur-
ance”, is achieved by repressing DSB repair with the sister chromatid and with other non-
homology directed pathways [5]. C. elegans, which has holocentric chromosomes, exhibits
complete CO interference [6,7]. Therefore, a single CO is formed between each pair of homol-
ogous chromosomes. This single CO event takes place at an off-center position corresponding
to the terminal thirds of the total length of the chromosomes (regions referred to as the arms)
[8,9]. This off-center CO placement initiates the late prophase I chromosome remodeling pro-
cess that results in the formation of asymmetric cruciform-shaped bivalents consisting of per-
pendicularly intersecting long and short arms that ensure the proper segregation of each
homolog to opposite poles at meiosis I [10,11]. The establishment of the short and long arm
domains is key for the relocalization of different proteins that participate in kinetochore

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010627  January 27, 2023 2/27


https://doi.org/10.1371/journal.pgen.1010627

PLOS GENETICS

Regulation of meiotic RAD-51 distribution in C. elegans

formation and the maintenance of sister chromatid cohesion along the long arm of the biva-
lent. Several mechanisms ensure this differential localization of proteins [10], but how CO for-
mation is biased to off-centered positions, and whether that decision is being made at the CO
designation level or earlier during formation or processing of DSBs, is still unclear. Therefore,
understanding how DSB levels and their distribution along the length of the chromosomes are
regulated is of special importance.

Most organisms have recombination events located at the distal regions of the chromosomes
[9,12-14]. The number of meiotic DSBs vary widely, whereas COs are usually limited to 1-3
events per bivalent [15]. Many factors have been associated with the restriction of DSB forma-
tion including inhibition by cis or trans interference partially regulated by the ATM/ATR path-
way, competition for different repair factors, HORMA domain-containing meiotic axial
proteins, and epigenetic regulators [16]. Moreover, most organisms undergo programmed mei-
otic DSBs at specific locations in the genome referred to as hotspots that share certain character-
istics: they are nucleosome low density regions linked to active transcription, open chromatin
locations, promoter or intergenic zones, or regions associated with DNA specific sequence
motifs [16]. However, worms differ in some of these aspects. For instance, C. elegans lacks DSB
hotspots, and recombination takes place in gene-depleted regions (the terminal thirds of the
chromosomes) [17,18]. In addition, although chromatin-associated proteins seem to play a role
in regulating DSB levels [19-21,10], it is unknown how or which histone marks can influence
the number of DSBs being formed. Furthermore, DSB formation and recombination on the sex
chromosomes is differentially regulated with respect to the autosomes throughout species [22],
and the X chromosome in C. elegans also exhibits some of these distinct characteristics. In her-
maphrodites (XX), the X chromosomes are more condensed than the autosomes, remain tran-
scriptionally-repressed until late meiotic prophase I, undergo lower levels of DSBs, and exhibit a
less pronounced repression in recombination levels at the center region compared to the auto-
somes [9,23,24]. Finally, unrepaired DSBs present at the late pachytene stage of prophase I can
be repaired by HR-independent pathways [25,26]. Additionally, it is unclear whether DSB dis-
tribution is altered depending on whether they are formed early or late in pachytene.

Despite its importance for chromosome segregation and gamete viability, how meiotic DSB
distribution and repair processing along chromosomes are regulated is poorly understood. In
this study, we take advantage of the spatiotemporal arrangement of nuclei in the C. elegans
gonad as well as the small number and size of its chromosomes to investigate the frequency
and distribution of DSB repair sites marked by RAD-51 foci along autosomes and X chromo-
somes. We also determine how patterning of DSB processing is regulated at different stages of
pachytene after either endogenous or exogenous DSB formation, and in mutants for genes
required in chromatin regulation and DSB repair. We expand upon our prior finding that
DSB repair sites, marked by RAD-51 foci, are preferentially localized on the arms of the chro-
mosomes [27], and uncover different levels of regulation depending on the number of breaks
formed, chromatin compaction, epigenetic regulation, and DNA repair proteins, that ensure
that DSBs are processed to form recombination events at the distal thirds of the chromosomes
in C. elegans.

Results

The X chromosome and the autosomes exhibit a biased off-center
distribution of RAD-51 foci throughout pachytene that is lost upon excess
DSB formation

Similar to COs, the distribution of SPO-11-dependent RAD-51 foci in mid-pachytene nuclei is
biased towards the arms of the chromosomes during meiosis in wild type worms [8,11,27].
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This suggests that early regulatory events may underlie the uneven distribution of DSB forma-
tion by SPO-11 and/or repair pathway choice. To assess whether DSB distribution is altered
throughout pachytene progression (Fig 1A) we measured the localization of RAD-51 foci
along the length of computationally straightened chromosomes in early, mid, and late pachy-
tene. We did not score nuclei in the mid to late pachytene region (zone 6) to avoid scoring
chromosomes in nuclei undergoing apoptosis, which have extremely high levels of RAD-51
staining [28,29].

Computationally straightened chromosomes were divided into three equal sized portions:
two distal thirds, herein referred to as “arms”, flanking a central region (Fig 1B). We did not
distinguish between the left and the right arms of the chromosomes, so all data for the arms is
combined and RAD-51 foci are classified as being distributed either at the arms or the central
region of the chromosomes. When RAD-51 foci overlapped or formed tracks, we used the
diameter of a single focus (based on the mean diameter identified from multiple experiments)
to determine the number of RAD-51 foci in those cases (S1A Fig). The biased distribution
observed in mid-pachytene nuclei (82% of RAD-51 foci on the arms compared to 18% at the
center, n = 50) was also detected for chromosomes in early and late pachytene nuclei (80% and
20% for both stages, n = 50 for each; Fig 1C), suggesting a biased distribution for endogenous
DSBs from early to late stages of meiotic prophase I.

CO distribution is biased towards the chromosome arms, but this bias is less pronounced
on the X chromosomes [9]. To examine if that might be due to RAD-51-marked DSBs being
more evenly distributed on the X chromosomes, we identified the X by staining dissected
gonads with a pan histone acetylation antibody which is detected on autosomes but is depleted
on the X chromosome during pachytene (S1B Fig) [24]. Interestingly, the X chromosome
exhibited a similar off-center enriched distribution of RAD-51 foci compared to autosomes at
all measured stages (Fig 1D; p = 0.6176 at mid-pachytene by the Fisher’s exact test).

Studies in various organisms showed that exogenous DSBs can be introduced during meio-
sis to produce recombination products similarly to endogenous SPO-11-dependent DSBs
[30-33]. Moreover, we previously showed that 60 Gy of gamma-irradiation eliminates the
arm-biased distribution of DSBs during mid-pachytene in wild type, resulting in an even dis-
tribution of RAD-51 along the chromosomes [27]. However, the threshold level of DSBs
required to eliminate this biased distribution remains to be determined. Therefore, to identify
a dose that would produce equal levels of RAD-51 foci at the center and the arms of the biva-
lents we irradiated worms with 10, 20, 30, 60 and 100 Gy (S1C Fig). It has been proposed that a
dose of 10 Gy results in ~3.9 DSBs/chromosome in C. elegans [34]. Since C. elegans hermaph-
rodites have 6 pairs of chromosomes per nucleus, we would expect to see an average of 23.4
DSBs/nucleus at that dose. Instead, we observed a maximum of 11.8 RAD-51 foci in mid-
pachytene nuclei (Fig 1E and 1F). Moreover, mitotic nuclei in the premeiotic tip (zones 1 and
2) and meiotic nuclei in late pachytene (zone 7) exhibited lower levels of RAD-51 foci com-
pared to nuclei in leptotene to mid-pachytene stages at every dose (Fig 1F). These results sug-
gest that either lower levels of exogenous DSBs are produced than previously hypothesized or
the processing of exogenous DSBs occurs with faster kinetics and/or via alternative pathways
to HR during mitosis and late pachytene.

The off-center distribution of RAD-51 foci was progressively reduced with higher doses of
irradiation (Fisher’s exact test, p>0.1198 for all stages at 10, 20 and 30 Gy; Figs 1G and S1D),
reaching a nearly homogenous distribution at 60 Gy (mid-pachytene, p < 0.0104; Fig 1G and
[27]). Surprisingly, a significant enrichment for RAD-51 foci was observed at the center of the
chromosomes at 100 Gy (50% for both arms combined vs 50% at the center; p<0.0001 by the
Fisher’s exact test for all stages compared to 0 Gy and p<0.0004 for all stages compared to 60
Gy, Figs 1G and S1D). To distinguish between the effects of exogenous DSBs alone compared
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Fig 1. Distribution of meiotic RAD-51 foci is biased to the arms of the chromosomes throughout pachytene in normal conditions. (A) High-
resolution image of a whole-mounted wild type hermaphrodite gonad stained with DAPI oriented from left to right. The different stages of meiotic
prophase are indicated above the gonad and the seven equally sized zones scored for RAD-51 foci (Z1-Z7) are delimited by vertical yellow lines.
Nuclei in Z1 and Z2 are undergoing mitosis. They enter meiosis at Z3, which corresponds to the leptotene/zygotene stages (L/Z). Nuclei then
proceed through pachytene (Z4-Z7). PMT, pre-meiotic tip; L/Z, leptotene/zygotene; EP, early pachytene; MP, mid-pachytene; LP, late pachytene.
(B) Left, high-magnification image of a halfway-projection of a mid-pachytene nucleus co-stained with anti-HTP-3 (green), to trace chromosome
axes, and anti-RAD-51 (magenta), to mark DSB repair sites. Chromosome selected for linearization is indicated by a yellow dashed line. Right,
chromosome computationally linearized and divided into three equal length portions referred to as arms and center. Scale bar, 2 um. (C) Histogram
showing the distribution of RAD-51 foci at the center versus the arm regions of the chromosomes in different stages of meiosis in wild-type animals.
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Distribution of RAD-51 foci within the chromosome does not change among stages. Percentages are indicated above the bar graphs. A minimum of
50 chromosomes per condition from two independent biological repeats were linearized. Comparisons among different zones scored not significant
by Fisher’s exact test, see S2 File. (D) Histogram showing the distribution of RAD-51 foci at the center versus the arms of the autosomes and X
chromosomes in wild-type animals. Distribution of RAD-51 foci is similar between autosomes and the X chromosome. Percentages are indicated
above the bar graphs. Comparisons among different zones scored not significant by Fisher’s exact test, see S2 File. (E) Graph depicting the
relationship between IR dose in Gy (x-axis) and inferred mean number of DSBs (RAD-51 foci) per nucleus (y-axis). Predicted points based on [34]
are in black, with their linear regression in black. Empirical data points (this work) are in green, with their linear regression in green. (F) Histogram
shows the mean number of RAD-51 foci/nucleus (y-axis) scored along each zone in the germline (x-axis) exposed to the indicated IR doses in wild-
type worms. At least 6 gonads were scored per IR dose. Error bars represent SEM for technical repeats from two biological repeats. Mean number of
RAD-51 foci is indicated above each bar graph. All statistical comparisons are shown in S1 File. (G) Left, histogram shows the distribution of RAD-
51 foci at the center versus the arm regions of the chromosomes in mid-pachytene for wild-type animals exposed to the indicated IR doses (x-axis).
Distribution of RAD-51 foci within the chromosome is similar (most RAD-51 foci are present at the arms of the chromosomes) from 0 to 30 Gy;
however, this distribution changes significantly to a more even distribution at 60 Gy and is enriched at the center of the chromosomes at 100 Gy.
Percentages are indicated above the graphs. **p<0.01, ***p<0.001, ****p<0.001 by Fisher’s exact test. Right, representative images of linearized
pachytene stage chromosomes from wild-type worms exposed to the indicated doses of IR, co-stained with anti-HTP-3 (green) to trace
chromosome axes, and anti-RAD-51 (magenta) to mark DSB repair sites. Mean length (um) of the linearized chromosomes is indicated to the right.
A minimum of 50 chromosomes per condition were linearized. (H) Histogram depicts the mean number of RAD-51 foci/nucleus observed in
different zones of the wild-type and spo-11 mutant germlines + and-IR (60Gy). X-axis shows the position along the germline. At least 6 gonads were
scored per IR dose. Error bars represent SEM for technical repeats from two biological repeats. Mean number of RAD-51 foci is indicated above
each bar graph. ***p<0.001 by the two-tailed Mann-Whitney test, 95% C.I. Comparisons that scored significant between wild-type + 60 Gy and spo-
11 + 60 Gy are indicated. (I) Histogram shows the distribution of RAD-51 foci at the center versus the arm regions of the chromosomes in spo-11
mutants compared with wild-type animals exposed to 60 Gy of IR. Percentages are indicated above each bar graph. Comparisons among different
zones scored not significant by Fisher’s exact test, see S2 File.

https://doi.org/10.1371/journal.pgen.1010627.g001

with both endogenous and exogenous breaks, we quantified RAD-51 foci following a 60 Gy
exposure in germline nuclei from spo-11 and dsb-1 single mutants, in which endogenous mei-
otic DSBs are abrogated [31,35]. Exclusive formation of exogenous DSBs in both mutant back-
grounds resulted in a mean number of RAD-51 foci per nucleus comparable to wild type
worms exposed to 60 Gy at every region of the germline (Figs 1H and S1E). Higher mean levels
of RAD-51 foci per nucleus were observed in late pachytene in spo-11 (zones 6 and 7,
p<0.0001 by the Mann Whitney U-test) and dsb-1 worms (zone 6; p = 0.002), probably corre-
sponding to nuclei undergoing apoptosis. Both spo-11 and dsb-1 mutants exposed to irradia-
tion exhibited an even distribution of RAD-51 foci between arms and center regions similar to
wild type worms (Figs 11 and S1F). Altogether, these data suggest that RAD-51-marked DSB
repair sites are biased towards the arms of the X chromosome and the autosomes at all stages
of pachytene, and that introducing exogenous DSBs abrogates this biased distribution.

Blocking RAD-51 nucleofilament turnover mimics the unbiased
distribution achieved via exogenous DSB formation

Following DSB end resection, RAD-51 loads on the 3’-ssDNA ends forming a nucleoprotein
filament required for strand invasion/exchange, but after strand exchange it must dissociate
from the DNA to allow for completion of recombination [15]. To determine if blocking RAD-
51 nucleofilament turnover results in an even distribution pattern between the arms and cen-
ter of the chromosomes throughout pachytene, we analyzed rad-54 mutants. Loss of RAD-54
protein perturbs the progression of HR by blocking the turnover of RAD-51 nucleofilaments,
therefore trapping RAD-51 foci at all DSB repair sites ([36]; Fig 2A). Analysis of RAD-51 foci
showed a homogeneous distribution of DSBs between arms and center regions of the chromo-
somes from early to late pachytene in rad-54 mutants (Fig 2B; p = 0.5844, and [37]). This is sig-
nificantly different from the off-centered distribution of RAD-51 foci observed in wild type
(p=0.0031 EP, p = 0.0039 MP, p = 0.0148 LP). Moreover, we observed an even distribution of
RAD-51-marked breaks between arms and center both for the autosomes and the X chromo-
some throughout pachytene (Fig 2C, p = 0.8176 and p = 0.2444, respectively). We measured
an average of 3.34 RAD-51 foci/chromosome in mid-pachytene nuclei, 2.9 on the X
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Fig 2. Blocked RAD-51 nucleofilament turnover results in unbiased distribution. (A) Left, high-resolution images of mid-pachytene nuclei (zone 5)
immunostained for RAD-51 (magenta) and co-stained with DAPI (blue). Scale bar, 2 um. Right, histogram shows the mean number of RAD-51 foci/nucleus
(y-axis) scored along each zone in the germline (x-axis) of the indicated genotypes and conditions. At least 6 gonads were scored per genotype. Mean
number of RAD-51 foci is indicated above each bar graph. Error bars represent SEM from technical repeats for each of two biological replicates.
****p<0.0001. Comparisons that scored significant between wild-type + 60 Gy and rad-54 + 60 Gy are indicated. (B) Left, histogram shows the distribution
of RAD-51 foci at the center versus the arms of the chromosomes throughout pachytene (early to late) in rad-54 mutants compared to wild-type animals

+ and-IR (60 Gy). RAD-51 foci are more evenly distributed throughout the chromosomes in rad-54 mutants compared to wild-type. Percentages are
indicated above each bar graph. *p<0.05, **p<0.01. Right, representative images of linearized chromosomes from rad-54 and wild-type worms co-stained
with anti-HTP-3 (green), and anti-RAD-51 (magenta). A minimum of 50 chromosomes per condition were linearized. Mean length (um) of the linearized
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chromosomes is indicated to the right. (C) Histogram shows the distribution of RAD-51 foci at the center versus the arm regions of the autosomes and X
chromosomes in mid-pachytene stage in rad-54 mutants. Percentages are indicated above each bar graph. Comparisons among different zones scored not
significant by Fisher’s exact test, see S2 File.

https://doi.org/10.1371/journal.pgen.1010627.9002

chromosomes and 3.8 on the autosomes (n = 24 and 26, respectively, p<0.0001), consistent
with our previous data [24]. To determine whether additional DSB formation could alter the
homogeneous distribution observed in rad-54 mutants these were exposed to gamma-irradia-
tion (IR). rad-54 mutants dosed with 60 Gy exhibited elevated levels of RAD-51 foci in all
zones compared to wild type + IR (Fig 2A) and continued to show an unbiased RAD-51 foci
distribution along the chromosomes (Fig S2A; p = 0.3199 EP, p = 0.6419 MP, and p = 0.9008
LP). Taken together, these results suggest that blocking RAD-51 nucleofilament turnover
results in unbiased DSB distribution throughout pachytene on both autosomes and the X
chromosome.

Condensin function but not total axis length affects RAD-51 distribution
on chromosomes

To assess the effect of chromosome axis length on the regulation of RAD-51 foci distribution,
we first examined a dpy-28 mutant that lacks a subunit of the condensin complex. In dpy-28
mutants chromosome axes are extended, both the levels and distribution of meiotic DSBs and
CO recombination along the X chromosome are altered [36], and levels of RAD-51 foci are
elevated throughout pachytene on all chromosomes (Fig 3A). In early and mid-pachytene
stages, RAD-51 foci were more evenly distributed between the arm and center regions in dpy-
28 compared to wild type (Fig 3B, p = 0.0103 and 0.0018, respectively, by the Fisher’s exact
test). By late pachytene this even distribution was no longer observed (p = 0.3936), suggesting
condensin function may primarily play role in regulating RAD-51 distribution in early and
mid-pachytene. This pattern, consisting of an even distribution in early and mid-pachytene
and a biased distribution in late pachytene, was observed both on the autosomes and the X
chromosomes in dpy-28 mutants (Fig 3C). To determine if the biased distribution persisting in
late pachytene might be linked to DSB levels, we assessed dpy-28 mutants treated with a dose
of 60 Gy. Irradiation significantly increased the number of breaks during leptotene/zygotene
through late pachytene in dpy-28 gonads compared to wild type (S2B Fig; p<0.0001 Zones
3-6, p = 0.003 Zone 7, Mann Whitney U-test). Moreover, an unbiased distribution of RAD-51
foci was observed after IR treatment in mid and late pachytene (S2C Fig; p = 0.3185 Zone 5,

p =0.7951 Zone 7 compared to wild type + IR).

The average length of chromosome axes in mid-pachytene nuclei was increased in dpy-28
compared to wild type (Fig 3B and 3D and S2 File, 6.94um and 4.97um, n = 76 and n = 130,
respectively; p<0.0001 by the Student t-test). Moreover, the average total axis length was
shorter for the X chromosome compared to the autosomes (4.26pm and 5.39um, n = 49 and
81 respectively in mid-pachytene, p<0.0001), and in the absence of DPY-28 a 20% reduction
in length was observed for the X chromosome relative to the autosomes in mid-pachytene
nuclei (6.18um and 8.09um, n = 46 and n = 36 respectively; p<0.0001), similar to what was
previously reported for chromosome I and the X chromosome in wild type and dpy-28 back-
grounds [36]. Altered axis length in dpy-28 mutants may differentially affect the X chromo-
somes since lower levels of RAD-51 foci were observed along the X compared to the
autosomes in mid-pachytene (a mean of 2.04 and 2.53 RAD-51 foci, n = 46 and n = 36, respec-
tively; p = 0.0218, Mann Whitney U-test; S2 File).

Elevated doses of gamma irradiation also increased chromosome axis length. Wild type
worms irradiated with 60 Gy exhibited an increase, albeit not significant, in chromosome
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Fig 3. Condensin function, but not total chromosome axis length, regulates the distribution of RAD-51 foci along the chromosomes. (A)
Histogram shows the mean number of RAD-51 foci/nucleus (y-axis) scored along each zone in the germlines (x-axis) of dpy-28 mutants
compared to wild-type. dpy-28 mutants exhibit a significant increase in the number of RAD-51 foci during pachytene (EP to LP). At least 6
gonads were scored per genotype. Mean number of RAD-51 foci is indicated above each bar graph. Error bars represent SEM from technical
repeats for each of two biological replicates. **p<0.01, ***p<0.001, ****p<0.0001 by the two-tailed Mann-Whitney test, 95% C.I. (B) Top shows
representative images of linearized chromosomes co-stained with anti-HTP-3 (green) and anti-RAD-51 (magenta). Mean length (um) of the
linearized chromosomes is indicated to the right. Bottom, histogram shows the distribution of RAD-51 foci at the center versus the arms of the
chromosomes in dpy-28 mutants compared with wild-type. The distribution of RAD-51 foci in dpy-28 mutants is significantly different from
wild-type in early and mid-pachytene stages. *p<0.05, “*p<0.01 by Fisher’s exact test. (C) Histogram shows the distribution of RAD-51 foci at the
center versus the arms of the chromosomes throughout pachytene in dpy-28 mutants comparing autosomes and X chromosomes. Percentages are
indicated above each bar graph. Comparisons among different zones scored not significant by Fisher’s exact test, see S2 File. (D) Graphs depicting
the relationship between the axis length (um) and the number of RAD-51 foci in the indicated genotypes and stages. Linear regression (black
dotted line) and R? value are indicated. (E) Histogram shows the mean number of RAD-51 foci/nucleus (y-axis) scored along each zone in the

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010627  January 27, 2023 9/27


https://doi.org/10.1371/journal.pgen.1010627

PLOS GENETICS Regulation of meiotic RAD-51 distribution in C. elegans

germlines (x-axis) of the mnT12 mutants compared to wild-type. mnT12 mutants exhibit a similar number of RAD-51 foci compared to wild-type
except for a significant increase in late pachytene stage. At least 6 gonads were scored per genotype. Mean number of RAD-51 foci is indicated
above the bar graphs. Error bars represent SEM from technical repeats for each of two biological replicates. ***p<0.001, by the two-tailed Mann-
Whitney test, 95% C.L (F) Top shows representative images of linearized chromosomes co-stained with anti-HTP-3 (green) and anti-RAD-51
(magenta) from mnT12 mutant (IV;X-Chr) and wild-type worms (X-Chr). Mean length (um) of linearized chromosomes is indicated to the right.
Bottom, histogram shows a similar distribution of RAD-51 foci at the center versus the arms of the chromosomes in m#T12 mutants compared to
wild-type throughout pachytene. Comparisons among different zones scored not significant by Fisher’s exact test, see S2 File.

https://doi.org/10.1371/journal.pgen.1010627.9003

axis length compared to unirradiated wild type control (5.11 um and 4.97 pm at mid-
pachytene, n = 80 and n = 130, respectively; p = 0.31, t-test), whereas a dose of 100 Gy
resulted in a significant increase in average total axis length (6.22 pm and 4.97 pm, n = 50
and n = 130, respectively; p<0.0001; S2 File). This increase in axis length at 100 Gy could
contribute to the observed enrichment of RAD-51 foci at the center of the chromosomes
(Fig 1G).

We observed a slight positive correlation between chromosome axis length and the number
of breaks per chromosome (Fig 3D, wild type R* = 0.13 and dpy-28 R* = 0.20 in mid-pachy-
tene, following a linear and logarithmic trendline, respectively). A stronger correlation was
observed for late pachytene chromosomes in rad-54 mutants (Fig 3D). However, axis length
alone does not fully explain RAD-51 distribution, since the regression coefficient of determi-
nation is low (rad-54 late pachytene R* = 0.35, following a logarithmic trendline).

To determine whether the loss in biased RAD-51 distribution is also observed when chro-
mosome axis length is increased independent of a genetic mutation, we examined mnT12
worms that carry a stable homozygous IV:X chromosome fusion which nearly doubles the axis
length compared to wild type (4.26 £ 0.07 pum and 7.86 + 0.11 um for the X and I'V:X fusion,
respectively; [38,39] and this study). mnT12 worms exhibited RAD-51 foci levels and a biased
off-center distribution of RAD-51 foci, that were similar to wild type (Fig 3E and 3F). A 60 Gy
exposure resulted in similar levels of RAD-51 foci in mnT12 worms compared to wild type
(S2D Fig), and an even distribution of RAD-51 foci along the length of the chromosomes
throughout pachytene (S2E Fig). However, the regression coefficient of determination for the
number of breaks against axial length in unirradiated mnT12 worms is low (Fig 3D, R* = 0.19,
following a logarithmic trendline, at mid-pachytene). The fact that a chromosome fusion
exhibits a biased distribution of RAD-51 foci towards the arms suggests that the center domain
is not determined by DNA sequence but by physical position. Our analysis also shows that the
number of breaks per chromosome is not altered relative to the total chromosome axis length.
Collectively, this suggests that alterations in condensin function, but not total chromosome
axis length, can influence RAD-51 distribution.

The chromatin landscape at the arms/center affects RAD-51 foci
distribution

To further explore how chromatin accessibility/compaction affects localization of RAD-51 foci
preferentially to the arm regions of the chromosomes, we examined mutants for genes that
regulate histone methylation. Histone H3 dimethylation on lysine 9 (H3K9me2) is enriched
on the arms of the chromosomes [40,41] and HIM-17, a protein required for H3K9me2 in C.
elegans [19], regulates the distribution of RAD-51 foci towards chromosome arms in mid-
pachytene [27]. Extending these earlier findings, we observed a similar enrichment of RAD-51
foci at the center region of the chromosomes in him-17 mutants compared to wild type in
early and late pachytene compared to mid-pachytene (Fig 4A; p = 0.0013 EP, p = 0.0004 MP,

p = 0.0021 LP). Moreover, there was a stronger center-enrichment effect on the X chromo-
some compared to the autosomes in early and mid-pachytene, whereas RAD-51 foci are more
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Fig 4. The chromatin landscape at the arms/center influences RAD-51 foci distribution. (A) Histogram shows the distribution of RAD-51 foci at
the center versus the arms of the chromosomes throughout pachytene (early to late) in him-17 mutants compared to wild-type. him-17 mutants show
an even distribution of RAD-51 foci between arms and center compared to wild-type worms. Percentages are indicated above each bar graph.
**p<0.01, ***p<0.001 by Fisher’s exact test. (B) Left, high-resolution images of mid-pachytene nuclei (zone 5) immunostained for RAD-51
(magenta) and co-stained with DAPI (blue). Scale bar, 2 um. Right, histogram shows the mean number of RAD-51 foci/nucleus (y-axis) scored along
each zone in the germlines (x-axis) of the indicated genotypes. At least 6 gonads were scored per genotype. Mean number of RAD-51 foci is indicated
above each bar graph. Error bars represent SEM from technical repeats for each of two biological replicates. *p<0.05, ****p<0.0001 by the two-tailed
Mann-Whitney test, 95% C.I. (C) Left, histogram shows the distribution of RAD-51 foci at the center versus the arms of the chromosomes
throughout pachytene in met-2, set-25, and met-2 set-25 mutants compared to wild-type. The distribution of RAD-51 foci in met-2, set-25, and met-2
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set-25 mutants is significantly different compared to wild-type. Percentages are indicated above each bar graph. Right, representative images of
linearized chromosomes of the indicated genotypes co-stained with anti-HTP-3 (green) and anti-RAD-51 (magenta). Mean length (um) of the
linearized chromosomes is indicated to the right. A minimum of 50 chromosomes per condition were linearized. (D) Histogram shows the
distribution of RAD-51 foci at the center versus the arms of the chromosomes throughout pachytene in met-2 set-25 double mutants comparing
autosomes and X chromosomes). Percentages are indicated above each bar graph. Distribution of RAD-51 foci is significantly different between
autosomes and X chromosomes in early pachytene stage. ***p<0.001 by Fisher’s exact test. (E) Histogram shows the distribution of RAD-51 foci at
the center versus the arms of the chromosomes in the indicated genotypes. Percentages are indicated above each bar graph. Distribution of RAD-51
foci is biased towards the center of the chromosome and significantly different in met-2 set-25;rad-54(RNAi) and cku-80;rad-54(RNAi) when
compared to rad-54(RNAi) but not compared to met-2 set-25;EV or cku-80;EV, respectively. *p<0.05 by Fisher’s exact test. n.s., not significant.

https://doi.org/10.1371/journal.pgen.1010627.9004

evenly distributed along autosomes at those stages (S3A Fig). Irradiating him-17 worms with
60 Gy resulted in higher number of RAD-51 foci per nucleus in late pachytene compared to
wild type (S3B Fig), and an even distribution of RAD-51 between arms and center regions
throughout pachytene, similar to IR-treated wild type worms (S3C Fig). These results link
H3K9me?2 with the regulation of RAD-51 foci distribution in the distal thirds of the
chromosomes.

Given that HIM-17 has multiple roles in meiosis and how it regulates H3K9me2 remains
unknown, we also assessed single and double mutants for met-2 and set-25 which encode for
two well-characterized histone methyltransferases functioning in the germline. MET-2 is
responsible for H3K9 mono and dimethylation, and SET-25 regulates H3K9me3 that is
enriched on the arms compared to the center of the chromosomes [40-43]. met-2 and set-25
single and double mutants exhibited higher levels of RAD-51 foci compared to wild type in
nuclei at the premeiotic tip, as previously reported [41], as well as in leptotene/zygotene, early,
mid and late pachytene (Fig 4B). met-2 and set-25 single mutants showed a biased RAD-51 dis-
tribution towards the center of the chromosomes compared to wild type, and this was further
exacerbated in the met-2 set-25 double mutant (Fig 4C; p-value between <0.0001 and 0.0008,
for all zones, Fisher’s exact test). Moreover, RAD-51 foci distribution was similar between the
X chromosome and the autosomes at all pachytene stages, except in early pachytene for set-25
(S3A Fig, p = 0.0433) and met-2 set-25 (Fig 4D, p = 0.0005). IR treatment (60 Gy) of met-2 and
met-2 set-25 resulted in increased levels of RAD-51 foci in mid and late pachytene, whereas
set-25 mutants showed similar levels to wild type + 60 Gy (S3D Fig). Similar to him-17, IR pro-
duced an even distribution of RAD-51 foci between the arms and the center in met-2 and set-
25 single and double mutants (S3C Fig). In contrast, RAD-51 foci remained enriched at the
center of the chromosomes upon RAD-54 depletion by RNAI in met-2 set-25 double mutants
(Fig 4E, p = 0.1290 when comparing met-2 set-25;rad-54(RNAi) and met-2 set-25 treated with
an empty vector), in both autosomes and the X chromosome (S3E Fig). Taken together, these
data indicate that lack of H3K9me2/3 regulation alters the distribution of RAD-51 foci.

DSB recognition cKU-70/80 heterodimer contributes to the off-center
distribution of RAD-51-marked DSB repair sites

The cKU-70/80 heterodimer is generally involved in channeling DSB repair towards NHE]
[44], but it has also been implicated in DSB end protection, the inhibition of alternative end-
joining pathways, and the extension of the resection track in replication stress single-ended
DSBs [45]. We therefore examined cku-70/80 mutants to determine whether the distribution
of RAD-51-marked DSB repair sites could be regulated at the level of the DSB repair machin-
ery that is recruited to different regions of the chromosomes. cku-80 mutants exhibited higher
levels of RAD-51 foci in mid to late pachytene nuclei compared to wild type (Fig 5A;

p =0.0012 Zone 4, p<0.0001 Zones 5-7), whereas exposure to 60 Gy resulted in elevated
RAD-51 foci levels in the premeiotic tip and late pachytene compared to wild type (S4A Fig;
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Fig 5. cKU-70/80 contributes to the biased distribution of RAD-51 foci along the chromosome. (A) Left, high-resolution images of mid-
pachytene nuclei (zone 5) immunostained for RAD-51 (magenta) and co-stained with DAPI (blue) from the indicated genotypes. Scale bar, 2 um.
Right, histogram shows the mean number of RAD-51 foci/nucleus (y-axis) scored along each zone in the germlines (x-axis) of the indicated
genotypes. cku-80 mutant animals exhibit an increase in the number of RAD-51 foci throughout pachytene compared to wild-type worms, whereas
lig-4 mutants show numbers of RAD-51 foci similar to wild-type. At least 6 gonads were scored per genotype. Mean number of RAD-51 foci is
indicated above each bar graph. Error bars represent SEM from technical repeats for each of two biological replicates. **p<0.01, ****p<0.0001 by
the two-tailed Mann-Whitney test, 95% C.I. (B) Left, histogram shows the distribution of RAD-51 foci at the center versus the arm regions of the
chromosomes throughout pachytene in cku-80 and lig-4 mutants compared to wild-type. cku80 mutants exhibit a more even distribution of RAD-
51 foci compared to wild-type. Percentages are indicated above each bar graph. Right, representative images of linearized chromosomes for the
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indicated genotypes co-stained with anti-HTP-3 (green) and anti-RAD-51 (magenta). Mean length (um) of the linearized chromosomes is
indicated to the right. A minimum of 50 chromosomes per condition were linearized. ****p<0.0001 by Fisher’s exact test. (C) Histogram shows the
mean number of RAD-51 foci/nucleus (y-axis) scored along each zone in the germlines (x-axis) following RNAi depletion. cku-70(RNAi) animals
show a significant increase in the number of RAD-51 foci compared to empty vector (EV) wild-type worms starting at mid-pachytene. At least 6
gonads were scored per genotype. Mean number is indicated above each bar graph. Error bars represent SEM from technical repeats for each of
two biological replicates. **p<0.01, ***p<0.001, ****p<0.0001 by the two-tailed Mann-Whitney test, 95% C.I. (D) Histogram shows the
distribution of RAD-51 foci at the center versus the arms of the chromosomes throughout pachytene in cku-70(RNAi) and lig-4(RNAi) worms
compared to wild-type animals (EV). Distribution of RAD-51 foci along the chromosomes in cku70(RNAi) animals is more even than in wild-type
worms. Percentages are indicated above each bar graph. ****p<0.0001 by Fisher’s exact test.

https://doi.org/10.1371/journal.pgen.1010627.g005

p = 0.0008 Zone 1, p = 0.0004 Zone 2, p<0.0001 Zones 6 and 7), consistent with a role for
NHE] in mitosis and late prophase I DSB repair [25,26,46]. cku-80 mutants exhibited a distinct
distribution of RAD-51 foci compared to wild type, with a significant enrichment at the center
rather than at the arms of the chromosomes (Fig 5B; for example, in mid pachytene,
p<0.0001, Fisher’s exact test), in both autosomes and the X chromosome throughout pachy-
tene (S4B Fig, p>0.6334). Exogenous DSBs (60 Gy) produced a homogeneous distribution of
RAD-51 foci between arms and center regions on both autosomes and the X chromosomes (S4B
and S4C Fig). In contrast, the enrichment of RAD-51 foci at the center of the chromosomes per-
sisted upon RAD-54 depletion by RNAI in cku-80 mutants (Fig 4E, p = 0.3185 comparing cku-80;
rad-54(RNAi) and cku-80;EV), in both autosomes and the X chromosome (S3E Fig). Moreover,
analysis of the distribution of the CO promoting factor ZHP-3/RNF212/Zip3 showed that while
COs are biased to an off-center position in wild type (S4D Fig, 96% of ZHP-3 foci at the arms and
4% at the center), levels of ZHP-3 foci at the center of the chromosomes were significantly
increased in cku-80 worms (29%, p = 0.0007). This analysis indicates that RAD-51 foci enriched
at the center third of chromosomes can be shepherded down a CO-associated repair pathway. To
distinguish whether the enrichment of RAD-51 foci at the center in cku-80 mutants was a result
of losing the early recognition of breaks by cKU-80 or due to the NHE] pathway influencing
break distribution, we examined lig-4 mutants that lack the ligase that rejoins DNA ends in the
canonical NHE] pathway [44,47]. In contrast to cku-80 mutants, lack of LIG-4 did not result in
higher levels of RAD-51 foci in mid or late pachytene nuclei (Fig 5A, p >0.0961 for all zones),
and higher levels of RAD-51 foci were only observed after a 60 Gy exposure (S4A Fig, p<0.001 in
all zones except mid-pachytene where p = 0.55). Similar to wild type, the distribution of RAD-51
foci along the length of the chromosomes was biased to the arms in lig-4 mutants (Fig 5B,
p>0.4110 for all zones), and unbiased after IR in both autosomes and the X chromosome (S4B
and S4C Fig). Analysis of cku-70(RNAi) and lig-4(RNAi) worms replicated the patterns and levels
observed in cku-80 and lig-4 mutants ruling out allele-specific effects (Figs 5C and 5D and S5).
Altogether, these results suggest that recognition of DSBs by the cKU-70/80 heterodimer, but not
their activity promoting NHE] repair, can influence the loading of RAD-51 and/or the processing
of DSBs at different regions of the chromosomes during meiosis.

Discussion

CO frequency is tightly regulated in C. elegans, resulting in a single CO between each pair of
homologous chromosomes [48]. Among self-fertilizing organisms, worms have very low levels
of genetic polymorphisms and high linkage disequilibrium [49,9]. Low levels of CO recombi-
nation, preferentially in gene-depleted regions, may be important to ensure certain combina-
tions of alleles always work together [17,40]. Although some C. elegans mutants and changes
in temperature have been described to shift CO recombination events towards the center of
the chromosomes [20,21,37,50-53] it seemed that this bias was produced at the CO designa-
tion level since DSB formation was reported to be homogeneous in a rad-54 background [37].
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Fig 6. Illustration showing how different factors contribute to the regulation of meiotic RAD-51 foci distribution. Under normal conditions the
distribution of RAD-51 foci is biased to the arms of the chromosomes throughout pachytene in wild-type animals. Our analysis identifies various
factors contributing to the regulation of meiotic DSB patterning. An enrichment of RAD-51 foci is detected at the center of the chromosomes following
exposure to very high doses of exogenous DSBs (100 Gy), when DSB recognition by cKU-70/80 is impaired, and when the chromatin landscape is
perturbed (met-2, set-25, met-2 set-25). An even distribution of RAD-51 foci throughout the arms and the center of the chromosomes is observed upon
intermediate doses of exogenous DSBs (60 Gy), when RAD-51 nucleofilament turnover is blocked (rad-54), and when chromosome compaction (dpy-
28) is altered. An average of the percentages of RAD-51 foci observed at the arms or the center during mid-pachytene are shown above each
chromosome. Note that the percentages above each of the arms are arbitrarily assigned since we cannot make a distinction between right or left arms.
Chromosome axes are indicated in green and RAD-51 foci in magenta.

https://doi.org/10.1371/journal.pgen.1010627.9006

In the present study, we show that DSB repair sites marked by RAD-51 foci in wild type are
biased towards the distal thirds of the chromosomes throughout pachytene, and that this is
controlled by the chromatin environment and genetic factors (Fig 6).

Our results indicate a biased distribution of RAD-51 foci towards the distal arms of the
chromosomes throughout pachytene progression, since we observed an 80% enrichment at
the arms of the chromosomes (instead of the expected 66%) in early, mid, and late pachytene
in wild type (Fig 1C). Our data implies that processing of DSBs into COs is biased to the arms
of the bivalents throughout pachytene. The only examples of a different distribution for RAD-
51-marked DSB repair sites throughout pachytene were dpy-28 and met-2 set-25 when
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comparing the autosomes to the X chromosome (Figs 3C and 4D, respectively). Alterations in
the compaction or configuration of the chromatin in these backgrounds could partly explain
why the position of DSB processing sites along the chromosome is altered throughout pachy-
tene progression, especially in the X chromosome because it has different chromatin marks
and transcription is blocked until very late pachytene compared to the autosomes [54,55]. Sex
chromosomes are regulated differently in many organisms, particularly in the heterogametic
sex [56-59]. Since the off-center enrichment in CO distribution observed in autosomes is
more pronounced than on the X [9,18], one would expect the distribution of RAD-51 foci to
be less biased towards the arms on the X chromosome. However, in general we observed a sim-
ilar distribution of RAD-51 foci for both the X and the autosomes.

A homogeneous distribution of RAD-51 foci occurs following an excess of
DSBs

The enrichment of RAD-51 foci on the arms could be due to biased processing of DSBs on
those regions to promote a distinct recombination outcome. Using gamma irradiation, breaks
are potentially formed randomly and simultaneously along the length of the chromosomes
(Fig 6). However, we still observed a bias in the distribution of RAD-51 foci towards the arms
at doses up to 30 Gy, with an average of 25.5 RAD-51 foci/nucleus in mid-pachytene and
approximately 4.25 per chromosome (Fig 1F). This suggests that if IR-induced breaks are
evenly distributed along the chromosomes, they are processed differently at the arms than at
the center of the chromosomes. Only 60 Gy produced a homogeneous distribution of RAD-51
foci along the length of the chromosomes. An important observation from this study is that
the levels of RAD-51 foci detected at higher doses of irradiation are lower than those predicted
based on the number of COSA-1 CO-designated sites observed after low doses of irradiation
(1, 2.5 and 5 Gy) and mammalian cell data [34,60]. Those studies may have overestimated the
number of DSBs channeled to HR repair since higher doses of irradiation were not tested.
Moreover, recovery of CO numbers to wild type levels in com-1 mutants, that lack normal lev-
els of DSB end resection, can only be achieved with higher doses of gamma irradiation (70 Gy)
similar to our observations [61]. Our results suggest that high doses of gamma irradiation pro-
duce an excess of DNA damage that is either channeled into different repair pathways or
repaired by HR in a timely manner. In addition, endogenous meiotic DSBs occur asynchro-
nously, and therefore the analysis of fixed samples only provides a snapshot of a subset of DSB
repair events, whereas IR-induced DSBs are produced simultaneously allowing us to measure
mostly synchronous processing of DSBs in all regions. High doses of irradiation could also
alter chromatin configuration. The enrichment of RAD-51 foci at the center following 100 Gy
could be due to alterations in chromatin organization (i.e., an expansion of the central region)
similar to what is observed in mutants for chromatin modifiers (Figs 1G and 4C). Radiation
stress in human cells increases transcription via the MAPK pathway [62]. A similar scenario
could be occurring in the central region of the chromosomes, since in C. elegans this corre-
sponds to high gene density areas [8,40].

In rad-54 mutants we observed an unbiased distribution of RAD-51 foci. These results sug-
gest that SPO-11 dependent and independent DSBs in wild type worms can occur in both cen-
ter and arm locations of the chromosomes, but either the pathway or timing of their repair
dramatically biases their processing via RAD-51 towards the arms. One explanation for an
unbiased distribution of RAD-51 foci is that when the HR pathway is blocked the lack of CO
designation fails to activate a feedback loop to prevent additional DSB formation, thereby
resulting in excess DSBs [63]. Alternatively, when there is an excess number of breaks all repair
pathways may be used to their maximum capacity.
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Chromatin configuration affects center versus arms boundaries in DSB
processing

We observed that altering the chromatin landscape either by affecting chromosome condensa-
tion or regulation of histone methylation in the dpy-28, met-2, and set-25 mutants can change
the distribution of RAD-51 foci along the length of the chromosomes (Fig 6). Our results show
that dpy-28 mutants present a less off-center biased RAD-51 distribution than wild type

(Fig 3B). However, this redistribution of breaks does not depend on the extension of the axial
length per se since in the mnT12 IV;X chromosome fusion strain the distribution of RAD-51
foci is similar to wild type (Fig 3F). Therefore, increasing axial length does not contribute to a
change in the distribution of breaks (RAD-51 marked sites are still primarily detected on the
“new” arms of this fused pair of chromosomes), probably because chromatin loop size is not
affected in the strain carrying the chromosome fusion. Another possibility is that in hermaph-
roditic worms carrying the IV;X fusion, epigenetic marks present on the X chromosome may
be extending into the attached IV, as shown in males [64], affecting the boundaries of arms
versus center regions. Chromosome length can also influence the number of breaks, with
fewer breaks along shorter chromosomes in C. elegans (Fig 3D, [36]). However, short chromo-
somes could upregulate DSB levels for CO assurance as shown in budding yeast [65]. Taken
together, we propose that changes in chromatin loop density due to the extension of axis
length in dpy-28 mutants, could increase DSB levels at the center region of the chromosomes,
allowing for more strand invasion and repair of endogenous DSBs by the HR pathway in that
region.

In contrast, met-2 and set-25 single and double mutants exhibit a biased distribution of
RAD-51 foci towards the center of the bivalents (Fig 4). MET-2 and SET-25 proteins deposit
H3K9mel/me2 and H3K9me3, respectively, in heterochromatic regions corresponding to the
distal arms of the chromosomes where CO recombination takes place [40-43]. Moreover, het-
erochromatic regions associated with these histone methylation marks localize near the
nuclear envelope and nuclear pores in embryos, suggesting that the 3D localization of the arms
of the chromosomes could also contribute to regulation of DSB processing in the germline
[43]. One caveat is that the redistribution of RAD-51 foci in these backgrounds may arise in
part from the higher levels of RAD-51 foci observed in met-2 and set-25 single and double
mutants (Fig 4B). However, this increase in RAD-51 foci partly stems from R-loops, derepres-
sion of satellite repeat transcription, and replication stress in these mutants [41,66], that could
be regulated differently than IR-induced exogenous breaks. Furthermore, him-17 mutants lack
the same chromatin-associated H3K9me2 mark, have reduced levels of RAD-51 foci [19] and
still show the same enrichment of RAD-51 foci at the center of the chromosomes (Fig 4A,
[27]). This implies that the phenotypes observed for these three chromatin modifiers are
dependent on their role in H3K9 methylation. In summary, repressive epigenetic marks
enriched at the arms of the chromosomes could serve as a signal for the preferential recruit-
ment of HR proteins that participate in resection and strand-invasion, whereas the loss of
these marks could redistribute recruitment of HR proteins along the length of the
chromosomes.

DSB detection by cKU-70/80 but not NHE] influences RAD-51 loading

During meiosis HR is the predominant pathway for DSB repair, which ensures accurate trans-
mission of the genetic information to the next generation [67]. Whenever HR is unavailable or
misregulated, the NHE] pathway participates in the repair of SPO-11-dependent and exoge-
nous breaks [25,26,68], implying that the NHE] repair machinery is active and accessible dur-
ing meiosis. However, it is unclear whether there is competition between HR and NHE]
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proteins for the detection and repair of DSBs in wild type conditions. Our results help clarify
the roles of HR and NHE] since absence of cKU-70/80 dramatically alters the distribution of
RAD-51 foci along the chromosomes (Fig 5). Furthermore, cku-70/80 genes are homo-
geneously expressed during meiosis with a peak in early to mid-pachytene [69], and are
involved in blocking DSB resection when COM-1 is absent [61]. Interestingly, DSB repair by
NHE] is not involved in the regulation of RAD-51 foci position, since mutants of lig-4, the
ligase that joins blunt DSB ends in NHE], do not alter RAD-51 localization along chromo-
somes (Fig 5B and 5D). A different function of the cKUs and LIG-4 has been observed in C.
elegans com-1 mutants where the absence of Cos can be suppressed when depleting cku-70/80
but not lig-4 [61]. Similarly in yeast, loss of Lig4 has a mild effect on the number of Mrel1-de-
pendent resected DSBs, whereas absence of the Ku proteins shows a strong increase of DSB
resection in G1 [70]. One possible explanation is that SPO-11-dependent DSBs in C. elegans
are homogeneously distributed, but cKU-70/80 could block their resection more frequently in
the center region of the chromosomes. Other pathways could therefore be repairing the DSBs
on the center region, such as single-strand annealing (SSA), mediated mainly by RAD-52 and
XPF-1, and alternative end joining, such as microhomology-mediated end joining (MME])
modulated by POLQ-1 [71]. Even though XPF-1 has been involved in many meiotic aspects
[72-74,51,75], SSA and MME] seem to play a less important role in DSB repair during meiosis
than NHE] when HR is absent [76,77]. Another possibility is that the cKUs might regulate
either the timing of DSB processing or the recruitment of other regulators, and in the absence
of the cKUs, RAD-51 foci are preferentially on the center of the chromosomes because incor-
rect proteins are being recruited to places where normally HR is not used. Lastly, a recent
study has shown that DSBs formed in mid to late pachytene are preferentially resected by
EXO-1 and DNA-2 in C. elegans [78], so it is possible that DSBs at the center of the chromo-
somes might be processed by the EXO-1-DNA-2 machinery that acts late in pachytene to form
COs.

In summary, we uncovered different factors that regulate RAD-51 foci distribution along
the length of the chromosomes in C. elegans, and bias RAD-51 strand invasion preferen-
tially at the distal arms of the chromosomes (Fig 6). Chromatin modifications can define
regions of high and low DSB levels and recruit different regulators. Chromosome compac-
tion in an array of chromatin loops also contributes to these arm and center region limits.
Higher levels of DSB formation can bypass these limits on RAD-51 distribution, and DSB
early recognition could be the effector of this regulation. Multiple layers of regulation con-
tribute to an early bias in DSB strand invasion and the late bias in CO distribution. These
factors ultimately prevent formation of COs at the center of the chromosomes that other-
wise would lead to abnormal symmetric bivalents [1] and the missegregation of chromo-
somes in meiosis.

Materials and methods
Worm strains and growth conditions

The N2 Bristol strain was used as the wild-type background. C. elegans strains were cultured at
20 C using standard growth conditions [79]. The following mutations and chromosome rear-
rangements were used: spo-11(0k79) [31], rad-54(ok615) [36], dsb-1(tm5034) [35], him-17
(0k424) [19], met-2(n4256), set-25(n5021) [42], dpy-28(s939) [36], lig-4(ok716) [44], cku-80
(0k861) [44] and mnT-12 (IV:X) [38].
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RNA interference

RNAI was performed using the Ahringer RNAI library [80] sequence-verified clones as in [81]
with modifications [82]. L4-stage animals (P0Os) were grown at room temperature on plates
with HT115 bacteria expressing either the empty vector (EV) or the RNAi construct pL4440
plasmids. L4 progeny (F1s) were used for irradiation and immunofluorescence experiments.
24h post-L4 animals were collected in 100 pl of Trizol (Invitrogen), followed by RNA extrac-
tion following the manufacturer’s instructions. cDNA production was performed using iScript
(BioRad). RNAI effectiveness was determined by assaying the expression of the transcript
being depleted in 4 to 5 individual animals and a mix of worms as shown in S5 Fig. The follow-
ing primers were used:

cku-70_RT_fw CTCGGAGACCGAGGGACTCG

cku-70_RT_rv CGTTTCTCGTCCTTATCCTGTGGC

lig-4 RT_fw CGGATTACGAGAGGTTCAGAAAGTTCG

lig-4 RT_rv CCCAAATAGCACAAGCAGAAGGCG

rad-54_RT_fw CCACAAGCTCTACTGCTCCAAC

rad-54_RT_rv TACCACGTGCACCTTTCGATC

gpdh-1_RT_fw GCAATTGTTGGCGGTGGAAACTG

gpdh-1_RT_rv CTGAGGGATCCCTTGGTGTGGG

Gamma irradiation

22-24h post-L4 animals were exposed to 0, 10, 20, 30, 60 or 100 Gy from a Cs'*” source. Irradi-
ated (+IR) and untreated (-IR) control worms were dissected 1 hr post-irradiation, when maxi-
mum levels of RAD-51 foci are detected in wild type [34,83].

Antibodies and Immunofluorescence

Dissection and preparation of whole-mounted C. elegans gonads was performed as in [29]
with modifications. After 1 hr blocking with 0.5% BSA, slides were incubated overnight at 4°C
with primary antibodies: guinea pig o-HTP-3 (1:500, [84]), rabbit a-RAD-51 (1:10,000; Novus
Biological (SDI)), mouse a-AcK (1:1000; Cell Signaling Technology), goat a-SYP-1 (1:2000,
[63]), and guinea pig o-ZHP-3 (1:500, [85]). Secondary antibody incubation was performed at
room temperature for 2h with: o-rabbit Cy3 (1:200), a-guinea pig Cy3 (1:200), c.-mouse Cy5
(1:100), a-guinea pig Alexa 488 (1:500), and o.-goat Alexa 488 (1:500) from Jackson ImmunoR-
esearch Laboratories (West Grove, PA), AffiniPure IgG (H+L) with minimum cross reactivity.

Microscopy and imaging

Immunofluorescence images were acquired with an IX-70 microscope (Olympus) and a
cooled CCD camera (model CH350, Roper Scientific) controlled by the DeltaVision system
(Applied Precision). Optical sections were collected at 0.2pum increments with a 100x objective
(N.A. 1.4) and additional amplification from the 10X oculars. SoftWorx 3.3.6 software from
Applied Precision was used for image acquisition and deconvolution. Image processing was
performed using Fiji Image] software [86].

RAD-51 quantification

Number of RAD-51 foci per nucleus was quantified in 3D images in each zone as in [29] using
Fiji. Five to six gonads from at least 2 independent biological replicate experiments were quan-
tified per genotype and/or condition (S1 File).
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Chromosome linearization

Chromosomes were computationally straightened by tracing either the HTP-3 axis signal
(RAD-51) or SYP-1 signal (ZHP-3) in 3D nuclei with Priism [87] as in [37]. The total length of
each chromosome was measured and divided into 3 equally sized regions (arm, center, and
arm). Only chromosomes for which both ends were clearly identifiable were analyzed. The
position of RAD-51 or ZHP-3 foci on either the arms or the center of the chromosomes was
scored, and the presence or absence of the Pan Acetylation K signal was used to determine
whether the chromosome corresponded to an autosome or the X chromosome, respectively.
In the mnT12 background, the IV;X fused chromosomes were distinguished by both the
absence of Pan Acetylation signal in part of the bivalent and the length (doubled) of the fused
bivalent. Raw data of the total length per chromosome and number of RAD-51 foci per region
is shown in S2 File.

Statistics

GraphPad Prism software was used for statistical comparisons and the generation of graphical
representations of the data. A two-sided non-parametric Mann Whitney U-test was used to
perform comparisons of RAD-51 foci per nucleus and number of RAD-51 foci per chromo-
some, between wild type and mutant backgrounds. Fisher’s exact test was used to compare the
distribution of RAD-51 foci along chromosomes (arm versus center) in wild type and mutants,
and between different zones along the germline. Chromosome lengths between wild type and
different mutant backgrounds were compared using an independent sample two-sided t-Stu-
dent test. Microsoft Excel 365 was used to calculate regression coefficients and to represent the
correlations between the number of RAD-51 foci per chromosome and the length of the
chromosome.

Supporting information

S1 Fig. Levels and chromosomal distribution of RAD-51 foci in wild type and dsb-1
mutants (+/-IR). (A) High-resolution images representative of mid-pachytene nuclei (zone 5)
immunostained for RAD-51 (magenta) and co-stained with DAPI (blue). To score the number
of RAD-51 foci in cases when the foci overlapped and formed tracks, we used the diameter of a
single focus (based on the mean length identified from multiple experiments). Scale bar, 2 pm.
(B) Top, high-magnification image of a full-projection of a mid-pachytene nucleus co-stained
with anti-HTP-3 (green), to trace chromosome axes, anti-RAD-51 (magenta), to mark DSB
repair sites, and AcK (blue) to distinguish the X-chromosome. The X-chromosome (no signal
for AcK) selected for linearization is shown with a yellow dashed line. Bottom, chromosome
computationally linearized using PRIISM Software. Linearized chromosomes were divided
into three equal length portions referred to as arms and center. Scale bar, 2 pm. (C) High-reso-
lution images of mid-pachytene nuclei (zone 5) from wild-type animals exposed to different
doses of IR immunostained for RAD-51 (magenta) and co-stained with DAPI (blue). Scale
bar, 2 um. (D) Histogram shows the distribution of RAD-51 foci at the center versus the arms
of the chromosomes in the early pachytene (EP, left) and late pachytene (LP, right) stage in
wild-type animals exposed to the indicated doses of IR (x-axis). Distribution of RAD-51 foci
along the chromosomes is biased (majority of the RAD-51 foci are present at the arms of the
chromosomes) from 0 to 30 Gy; however, this distribution changes significantly to a more
even distribution at 60 Gy and is enriched at the center of the chromosomes at 100 Gy. Per-
centages are indicated above each bar graph. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by
Fisher’s exact test. (E) Histogram depicts the mean number of RAD-51 foci/nucleus observed
in different zones of wild-type and dsb-I mutant germlines +/-IR (60Gy). X-axis shows the

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010627  January 27, 2023 20/27


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010627.s001
https://doi.org/10.1371/journal.pgen.1010627

PLOS GENETICS

Regulation of meiotic RAD-51 distribution in C. elegans

position along the germline. PMT-premeiotic tip nuclei in mitosis, L/Z-meiotic nuclei in lep-
totene/zygotene, EP- nuclei in early pachytene, MP- nuclei in mid-pachytene, and LP- nuclei
in late pachytene. At least 6 gonads were scored per genotype. Mean number is indicated
above each bar graph. Error bars represent SEM from technical repeats for each of two biologi-
cal replicates. **p<0.01. Comparisons that scored significant between wild-type + 60 Gy and
dsb-1 + 60 Gy are indicated. (F) Histogram shows a similar distribution of RAD-51 foci at the
center versus the arms of the chromosomes throughout pachytene between wild-type and dsb-
I mutants exposed to IR (60 Gy). Comparisons among different zones scored not significant
by Fisher’s exact test, see S2 File.

(TIF)

S2 Fig. RAD-51 foci levels and distribution in wild type, rad-54, dpy-28, and mnT12 (+/-
IR). (A) Histogram shows the distribution of RAD-51 foci at the center versus the arms of the
chromosomes in rad-54 mutants compared to wild-type exposed to IR (60 Gy). rad-54 mutants
show similar distribution of RAD-51 foci compared to wild-type throughout pachytene. Com-
parisons among different zones scored not significant by Fisher’s exact test, see S2 File. (B) His-
togram depicts the mean number of RAD-51 foci/nucleus observed in different zones of dpy-28
mutant germlines compared to wild-type exposed to IR (60Gy). X-axis shows the position along
the germline: PMT-premeiotic tip (germ cells in mitosis), L/Z- leptotene/zygotene, EP- early
pachytene, MP- mid-pachytene, and LP- late pachytene. Mean number is indicated above each
bar. At least 6 gonads were scored per genotype. Error bars represent SEM from technical
repeats for each of two biological replicates. ****p<0.0001 by the two-tailed Mann-Whitney
test, 95% C.I. (C) Histogram shows the distribution of RAD-51 foci at the center versus the
arms of the chromosomes in dpy-28 mutants compared to wild-type +/- IR (60 Gy). A similar
distribution of RAD-51 foci is observed in dpy-28 mutants compared to wild-type throughout
pachytene. Percentages are indicated above each bar graph. *p<0.05 by Fisher’s exact test. (D)
Histogram depicts the mean number of RAD-51 foci/nucleus observed in different zones of
mnT12 mutant germlines exposed to IR (60 Gy) compared to wild-type worms. X-axis shows
the position along the germline. Mean number is indicated above each bar graph. At least 6
gonads were scored per genotype. Error bars represent SEM from technical repeats for each of
two biological replicates. Comparisons between wild-type and mnT12 mutant worms scored
not significant by the two-tailed Mann-Whitney test, 95% C.I., see S1 File. (E) Histogram shows
the distribution of RAD-51 foci in the center versus the arm regions of the chromosomes in
mnT12 mutants exposed to IR (60 Gy) compared to wild-type worms. mnT12 mutant worms
show similar distribution of RAD-51 foci compared to wild-type throughout pachytene. Com-
parisons among different zones scored not significant by Fisher’s exact test, see S2 File.

(TIF)

S3 Fig. RAD-51 foci levels and distribution in him-17, met-2, set-25, and met-2 set-25 com-
pared to wild type (+/-IR). (A) Table summarizes the distribution of RAD-51 foci at the arms
versus the center of the chromosomes in the indicated genotypes +/- IR making the distinction
between autosomes and X chromosomes. (B) Histogram depicts the mean number of RAD-51
foci/nucleus observed in different zones of him-17 mutant germlines +/- IR (60Gy) compared
to wild-type. X-axis shows the position along the germline. Mean number of RAD-51 foci is
indicated above each bar graph. At least 6 gonads were scored per genotype. Error bars repre-
sent SEM from technical repeats for each of two biological replicates. **p<0.01, ***p<0.001
****p<0.0001. Comparisons that scored significant by the two-tailed Mann-Whitney test, 95%
C.I between wild-type + 60 Gy and him-17 + 60 Gy are indicated. (C) Table summarizes the
distribution of RAD-51 foci at the arms versus the center regions of the chromosomes for the
indicated genotypes exposed to IR (60 Gy). EP, Early pachytene; MP, Mid-pachytene; LP, Late
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pachytene. (D) Histogram depicts the mean number of RAD-51 foci/nucleus observed in dif-
ferent zones of met-2, set-25, and met-2 set-25 mutant germlines exposed to IR (60 Gy) com-
pared to wild-type. X-axis shows the position along the germline. Mean number of RAD-51
foci is indicated above each bar graph. At least 6 gonads were scored per genotype. Error bars
represent SEM from technical repeats for each of two biological replicates. ****p<0.0001.
Comparisons that scored significant by the two-tailed Mann-Whitney test, 95% C.I. between
wild-type + 60 Gy and met-2, set-25, and met-2 set-25 + 60 Gy are indicated. (E)

Table summarizes the distribution of RAD-51 foci at the arms versus the center regions of the
chromosomes for the indicated genotypes, making the distinction between autosomes and X
chromosomes.

(TTF)

$4 Fig. RAD-51 foci levels and distribution in wild type, cku-80, and lig-4 (+/- IR). (A) His-
togram depicts the mean number of RAD-51 foci/nucleus observed in different zones of cku-
80 and lig-4 mutant germlines + IR (60Gy) compared to wild-type. X-axis shows the position
along the germline. Mean number is indicated above each bar graph. At least 6 gonads were
scored per genotype. Error bars represent SEM from technical repeats for each of two biologi-
cal replicates. ***p<0.001, ****p<0.0001 by the two-tailed Mann Whitney test, 95% C.I. (B)
Table summarizes the distribution of RAD-51 foci at the arms versus center of the chromo-
somes for the indicated genotypes +/- IR making the distinction between autosomes and X
chromosomes. EP, Early pachytene; MP, Mid-pachytene; LP, Late pachytene. (C) Table sum-
marizes the distribution of RAD-51 foci at the center versus the arms of the chromosomes for
the indicated genotypes +IR (60 Gy). (D) Histogram shows the distribution of ZHP-3 foci at
the arms versus center of the chromosomes in cku-80 mutants compared to wild-type. Per-
centages are indicated above each bar graph. ***p<0.001 by Fisher’s exact test.

(TIF)

S5 Fig. Assessing RNAi depletion. RT-PCR using primers specific for cku-70, lig-4, rad-54,
and gpdh-1 as a control to show the level of RNAi depletion achieved by feeding for cku-70, lig-
4, and rad-54 compared to worms fed with empty vector (EV). Each lane corresponds to a
sample coming from a single worm except for the last lane which in each case corresponds to a
pool of 10 worms.

(TIF)

S1 File. Raw data of the total number of RAD-51 foci counts. Number of RAD-51 foci
scored per nucleus in each zone is shown in the indicated genotypes.
(XLSX)

S2 File. Raw data of the total length per chromosome and number of RAD-51 foci per region.
(XLSX)

Acknowledgments

We thank Dr. Yumi Kim (Johns Hopkins University) for the HTP-3 antibody. We are grateful
to Kenji Kono (HMS Genetics Information Technology) for IT assistance. We also thank
members of the Colaiacovo laboratory for helpful discussions. Some strains used in this study
were obtained from the Caenorhabditis Genetics Center.

Author Contributions

Conceptualization: Laura I. Lascarez-Lagunas, Marina Martinez-Garcia,
Mbonica P. Colaidcovo.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010627  January 27, 2023 22/27


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010627.s004
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010627.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010627.s006
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010627.s007
https://doi.org/10.1371/journal.pgen.1010627

PLOS GENETICS

Regulation of meiotic RAD-51 distribution in C. elegans

Formal analysis: Laura I. Lascarez-Lagunas, Marina Martinez-Garcia,
Saravanapriah Nadarajan, Brianna N. Diaz-Pacheco.

Funding acquisition: Monica P. Colaiacovo.

Investigation: Laura I. Lascarez-Lagunas, Marina Martinez-Garcia, Saravanapriah Nadarajan,
Brianna N. Diaz-Pacheco, Elizaveta Berson.

Project administration: Monica P. Colaiacovo.
Validation: Elizaveta Berson.

Writing - original draft: Laura I. Lascarez-Lagunas, Marina Martinez-Garcia,
Mbonica P. Colaidcovo.

Writing - review & editing: Laura I. Lascarez-Lagunas, Marina Martinez-Garcia,
Monica P. Colaiacovo.

References

1. Lascarez-Lagunas L, Martinez-Garcia M, Colaidcovo M. SnapShot: Meiosis—Prophase I. Cell. 2020;
181: 1442-1442.e1. https://doi.org/10.1016/j.cell.2020.04.038 PMID: 32531249

2. Keeney S, Giroux CN, Kleckner N. Meiosis-specific DNA double-strand breaks are catalyzed by Spo11,
a member of a widely conserved protein family. Cell. 1997; 88: 375-384. https://doi.org/10.1016/s0092-
8674(00)81876-0 PMID: 9039264

3. Panizza S, Mendoza MA, Berlinger M, Huang L, Nicolas A, Shirahige K, et al. Spo11-accessory proteins
link double-strand break sites to the chromosome axis in early meiotic recombination. Cell. 2011; 146:
372-383. https://doi.org/10.1016/j.cell.2011.07.003 PMID: 21816273

Jones GH. The control of chiasma distribution. Symp Soc Exp Biol. 1984; 38: 293-320. PMID: 6545727

Lui DY, Colaiacovo MP. Meiotic development in Caenorhabditis elegans. In: SchedI T, editor. Germ Cell
Development in C elegans. New York, NY: Springer New York; 2013. pp. 133—170. https://doi.org/10.
1007/978-1-4614-4015-4_6 PMID: 22872477

6. Muller HJ. The mechanism of crossing-over. The American Naturalist. 1916; 50: 193—221. https://doi.
org/10.1086/279534

7. Hillers KJ, Villeneuve AM. Chromosome-wide control of meiotic crossing over in C. elegans. Current
Biology. 2003; 13: 1641-1647. https://doi.org/10.1016/j.cub.2003.08.026 PMID: 13678597

8. Barnes TM, Kohara Y, Coulson A, Hekimi S. Meiotic recombination, noncoding DNA and genomic orga-
nization in Caenorhabditis elegans. Genetics. 1995; 141: 159-179.

9. Rockman MV, Kruglyak L. Recombinational landscape and population genomics of Caenorhabditis ele-
gans PLoS Genetics. 2009; 5: e1000419. https://doi.org/10.1371/journal.pgen.1000419 PMID:
19283065

10. Hillers KJ, Jantsch V, Martinez-Perez E, Yanowitz JL. Meiosis. WormBook. 2017; 2017: 1—43. https:/
doi.org/10.1895/wormbook.1.178.1 PMID: 26694509

11.  Altendorfer E, Lascarez-Lagunas LI, Nadarajan S, Mathieson |, Colaiacovo MP. Crossover position
drives chromosome remodeling for accurate meiotic chromosome segregation. Current Biology. 2020;
30: 1329-1338.€7. https://doi.org/10.1016/j.cub.2020.01.079 PMID: 32142707

12. Zickler D, Kleckner N. Meiotic chromosomes: integrating structure and function. Annual Review of
Genetics. 1999; 33: 603-754. https://doi.org/10.1146/annurev.genet.33.1.603 PMID: 10690419

13. Chen SY, Tsubouchi T, Rockmill B, Sandler JS, Richards DR, Vader G, et al. Global analysis of the mei-
otic crossover landscape. Developmental Cell. 2008; 15: 401-415. https://doi.org/10.1016/j.devcel.
2008.07.006 PMID: 18691940

14. Wang, Copenhaver GP. Meiotic recombination: mixing it up in plants. Annu Rev Plant Biol. 2018; 69:
577-609. https://doi.org/10.1146/annurev-arplant-042817-040431 PMID: 29489392

15. de Massy B. Initiation of meiotic recombination: how and where? conservation and specificities among
eukaryotes. Annual Review of Genetics. 2013; 47: 563-599. https://doi.org/10.1146/annurev-genet-
110711-155423 PMID: 24050176

16. Cooper TJ, Garcia V, Neale MJ. Meiotic DSB patterning: a multifaceted process. Cell Cycle. 2016; 15:
13-21. https://doi.org/10.1080/15384101.2015.1093709 PMID: 26730703

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010627  January 27, 2023 23/27


https://doi.org/10.1016/j.cell.2020.04.038
http://www.ncbi.nlm.nih.gov/pubmed/32531249
https://doi.org/10.1016/s0092-8674%2800%2981876-0
https://doi.org/10.1016/s0092-8674%2800%2981876-0
http://www.ncbi.nlm.nih.gov/pubmed/9039264
https://doi.org/10.1016/j.cell.2011.07.003
http://www.ncbi.nlm.nih.gov/pubmed/21816273
http://www.ncbi.nlm.nih.gov/pubmed/6545727
https://doi.org/10.1007/978-1-4614-4015-4%5F6
https://doi.org/10.1007/978-1-4614-4015-4%5F6
http://www.ncbi.nlm.nih.gov/pubmed/22872477
https://doi.org/10.1086/279534
https://doi.org/10.1086/279534
https://doi.org/10.1016/j.cub.2003.08.026
http://www.ncbi.nlm.nih.gov/pubmed/13678597
https://doi.org/10.1371/journal.pgen.1000419
http://www.ncbi.nlm.nih.gov/pubmed/19283065
https://doi.org/10.1895/wormbook.1.178.1
https://doi.org/10.1895/wormbook.1.178.1
http://www.ncbi.nlm.nih.gov/pubmed/26694509
https://doi.org/10.1016/j.cub.2020.01.079
http://www.ncbi.nlm.nih.gov/pubmed/32142707
https://doi.org/10.1146/annurev.genet.33.1.603
http://www.ncbi.nlm.nih.gov/pubmed/10690419
https://doi.org/10.1016/j.devcel.2008.07.006
https://doi.org/10.1016/j.devcel.2008.07.006
http://www.ncbi.nlm.nih.gov/pubmed/18691940
https://doi.org/10.1146/annurev-arplant-042817-040431
http://www.ncbi.nlm.nih.gov/pubmed/29489392
https://doi.org/10.1146/annurev-genet-110711-155423
https://doi.org/10.1146/annurev-genet-110711-155423
http://www.ncbi.nlm.nih.gov/pubmed/24050176
https://doi.org/10.1080/15384101.2015.1093709
http://www.ncbi.nlm.nih.gov/pubmed/26730703
https://doi.org/10.1371/journal.pgen.1010627

PLOS GENETICS

Regulation of meiotic RAD-51 distribution in C. elegans

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kaur T, Rockman MV. Crossover heterogeneity in the absence of hotspots in Caenorhabditis elegans.
Genetics. 2014; 196: 137-148. https://doi.org/10.1534/genetics.113.158857 PMID: 24172135

Bernstein MR, Rockman MV. Fine-scale crossover rate variation on the Caenorhabditis elegans X chro-
mosome. G3&#58; Genes|Genomes|Genetics. 2016; 6: 1767—1776. https://doi.org/doi:10.1534/g3.
116.028001 PMID: 27172189

Reddy KC, Villeneuve AM. C. elegans HIM-17 links chromatin modification and competence for initia-
tion of meiotic recombination. Cell. 2004; 118: 439—452. https://doi.org/10.1016/j.cell.2004.07.026
PMID: 15315757

Wagner CR, Kuervers L, Baillie DL, Yanowitz JL. xnd-1 regulates the global recombination landscape in
Caenorhabditis elegans. Nature. 2010; 467: 839—-843. https://doi.org/10.1038/nature09429 PMID:
20944745

Meneely PM, McGovern OL, Heinis Fl, Yanowitz JL. Crossover distribution and frequency are regulated
by him-5in Caenorhabditis elegans. Genetics. 2012; 190: 1251-1266. https://doi.org/10.1534/genetics.
111.137463 PMID: 22267496

Daish T, Gritzner F. Evolution and meiotic organization of heteromorphic sex chromosomes. Current
Topics in Developmental Biology. Elsevier; 2019. pp. 1-48. https://doi.org/10.1016/bs.ctdb.2019.01.
009 PMID: 30999972

Kelly WG, Schaner CE, Dernburg AF, Lee M- H, Kim SK, Villeneuve AM, et al. X-chromosome silencing
in the germline of C. elegans. Development. 2002; 129: 479-492.

Gao J, Kim H- M, Elia AE, Elledge SJ, Colaiacovo MP. NatB domain-containing CRA-1 antagonizes
hydrolase ACER-1 linking Acetyl-CoA metabolism to the initiation of recombination during C. elegans
meiosis. PLOS Genetics. 2015; 11: e1005029. https://doi.org/10.1371/journal.pgen.1005029 PMID:
25768301

Martin JS, Winkelmann N, Petalcorin MIR, Mcllwraith MJ, Boulton SJ. RAD-51-dependent and -inde-
pendent roles of a Caenorhabditis elegans BRCA2-related protein during DNA double-strand break
repair. Mol Cell Biol. 2005; 25: 3127-3139. https://doi.org/10.1128/MCB.25.8.3127-3139.2005

Smolikov S, Eizinger A, Hurlburt A, Rogers E, Villeneuve AM, Colaidcovo MP. Synapsis-defective
mutants reveal a correlation between chromosome conformation and the mode of double-strand break
repair during Caenorhabditis elegans meiosis. Genetics. 2007; 176: 2027—2033. https://doi.org/10.
1534/genetics.107.076968 PMID: 17565963

Nadarajan S, Altendorfer E, Saito TT, Martinez-Garcia M, Colaiacovo MP. HIM-17 regulates the posi-
tion of recombination events and GSP-1/2 localization to establish short arm identity on bivalents in mei-
osis. Proc Natl Acad Sci USA. 2021; 118: e2016363118. https://doi.org/10.1073/pnas.2016363118
PMID: 33883277

Gartner A, Milstein S, Ahmed S, Hodgkin J, Hengartner MO. A conserved checkpoint pathway mediates
DNA damage—induced apoptosis and cell cycle arrest in C. elegans. Mol Cell. 2000; 5: 435-443.
https://doi.org/10.1016/s1097-2765(00)80438-4 PMID: 10882129

Colaiacovo MP, MacQueen AJ, Martinez-Perez E, McDonald K, Adamo A, La Volpe A, et al. Synapto-
nemal complex assembly in C. elegans s dispensable for loading strand-exchange proteins but critical
for proper completion of recombination. Developmental Cell. 2003; 5: 463-474. https://doi.org/10.1016/
S$1534-5807(03)00232-6

Thorne LW, Byers B. Stage-specific effects of X-irradiation on yeast meiosis. Genetics. 1993; 134: 29—
42. https://doi.org/10.1093/genetics/134.1.29 PMID: 8514137

Dernburg AF, McDonald K, Moulder G, Barstead R, Dresser M, Villeneuve AM. Meiotic recombination
in C. elegans initiates by a conserved mechanism and is dispensable for homologous chromosome syn-
apsis. Cell. 1998; 94: 387-398. https://doi.org/10.1016/S0092-8674(00)81481-6

Sanchez-Moran E, Santos J- L, Jones GH, Franklin FCH. ASY1 mediates AtDMC1-dependent interho-
molog recombination during meiosis in Arabidopsis. Genes & Development. 2007; 21: 2220-2233.
https://doi.org/10.1101/gad.439007 PMID: 17785529

Carofiglio F, Sleddens-Linkels E, Wassenaar E, Inagaki A, van Cappellen WA, Grootegoed JA, et al.
Repair of exogenous DNA double-strand breaks promotes chromosome synapsis in SPO11-mutant
mouse meiocytes, and is altered in the absence of HORMAD1. DNA Repair. 2018; 63: 25-38. https:/
doi.org/10.1016/j.dnarep.2018.01.007 PMID: 29414051

Yokoo R, Zawadzki KA, Nabeshima K, Drake M, Arur S, Villeneuve AM. COSA-1 reveals robust homeo-
stasis and separable licensing and reinforcement steps governing meiotic crossovers. Cell. 2012; 149:
75-87. https://doi.org/10.1016/j.cell.2012.01.052 PMID: 22464324

Stamper EL, Rodenbusch SE, Rosu S, Ahringer J, Villeneuve AM, Dernburg AF. Identification of DSB-
1, a Protein Required for Initiation of Meiotic Recombination in Caenorhabditis elegans, llluminates a
Crossover Assurance Checkpoint. PLoS Genet. 2013; 9: e1003679. https://doi.org/10.1371/journal.
pgen.1003679 PMID: 23990794

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010627  January 27, 2023 24/27


https://doi.org/10.1534/genetics.113.158857
http://www.ncbi.nlm.nih.gov/pubmed/24172135
https://doi.org/doi:10.1534/g3.116.028001
https://doi.org/doi:10.1534/g3.116.028001
http://www.ncbi.nlm.nih.gov/pubmed/27172189
https://doi.org/10.1016/j.cell.2004.07.026
http://www.ncbi.nlm.nih.gov/pubmed/15315757
https://doi.org/10.1038/nature09429
http://www.ncbi.nlm.nih.gov/pubmed/20944745
https://doi.org/10.1534/genetics.111.137463
https://doi.org/10.1534/genetics.111.137463
http://www.ncbi.nlm.nih.gov/pubmed/22267496
https://doi.org/10.1016/bs.ctdb.2019.01.009
https://doi.org/10.1016/bs.ctdb.2019.01.009
http://www.ncbi.nlm.nih.gov/pubmed/30999972
https://doi.org/10.1371/journal.pgen.1005029
http://www.ncbi.nlm.nih.gov/pubmed/25768301
https://doi.org/10.1128/MCB.25.8.3127%26%23x2013%3B3139.2005
https://doi.org/10.1534/genetics.107.076968
https://doi.org/10.1534/genetics.107.076968
http://www.ncbi.nlm.nih.gov/pubmed/17565963
https://doi.org/10.1073/pnas.2016363118
http://www.ncbi.nlm.nih.gov/pubmed/33883277
https://doi.org/10.1016/s1097-2765%2800%2980438-4
http://www.ncbi.nlm.nih.gov/pubmed/10882129
https://doi.org/10.1016/S1534-5807%2803%2900232-6
https://doi.org/10.1016/S1534-5807%2803%2900232-6
https://doi.org/10.1093/genetics/134.1.29
http://www.ncbi.nlm.nih.gov/pubmed/8514137
https://doi.org/10.1016/S0092-8674%2800%2981481-6
https://doi.org/10.1101/gad.439007
http://www.ncbi.nlm.nih.gov/pubmed/17785529
https://doi.org/10.1016/j.dnarep.2018.01.007
https://doi.org/10.1016/j.dnarep.2018.01.007
http://www.ncbi.nlm.nih.gov/pubmed/29414051
https://doi.org/10.1016/j.cell.2012.01.052
http://www.ncbi.nlm.nih.gov/pubmed/22464324
https://doi.org/10.1371/journal.pgen.1003679
https://doi.org/10.1371/journal.pgen.1003679
http://www.ncbi.nlm.nih.gov/pubmed/23990794
https://doi.org/10.1371/journal.pgen.1010627

PLOS GENETICS

Regulation of meiotic RAD-51 distribution in C. elegans

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Mets DG, Meyer BJ. Condensins regulate meiotic DNA break distribution, thus crossover frequency, by
controlling chromosome structure. Cell. 2009; 139: 73—-86. https://doi.org/10.1016/j.cell.2009.07.035
PMID: 19781752

Saito TT, Mohideen F, Meyer K, Harper JW, Colaidcovo MP. SLX-1 is required for maintaining genomic
integrity and promoting meiotic noncrossovers in the Caenorhabditis elegans germline. PLoS Genetics.
2012; 8: €1002888. https://doi.org/10.1371/journal.pgen.1002888 PMID: 22927825

Sigurdson DC, Herman RK, Horton CA, Kari CK, Pratt SE. An X-autosome fusion chromosome of Cae-
norhabditis elegans. Mol Gen Genet. 1986; 202: 212-218. https://doi.org/10.1007/BF00331639 PMID:
3458021

Ahmed S, Hodgkin J. MRT-2 checkpoint protein is required for germline immortality and telomere repli-
cation in C. elegans. Nature. 2000; 403: 159-164. https://doi.org/10.1038/35003120 PMID: 10646593

Liu T, Rechtsteiner A, Egelhofer TA, Vielle A, Latorre |, Cheung M- S, et al. Broad chromosomal
domains of histone modification patterns in C. elegans. Genome Research. 2011; 21: 227-236. https://
doi.org/10.1101/gr.115519.110 PMID: 21177964

Zeller P, Padeken J, van Schendel R, Kalck V, Tijsterman M, Gasser SM. Histone H3K9 methylation is
dispensable for Caenorhabditis elegans development but suppresses RNA:DNA hybrid-associated
repeat instability. Nat Genet. 2016; 48: 1385—1395. hitps://doi.org/10.1038/ng.3672 PMID: 27668659

Andersen EC, Horvitz HR. Two C. elegans histone methyltransferases repress /in-3 EGF transcription
to inhibit vulval development. Development. 2007; 134: 2991-2999. https://doi.org/10.1242/dev.
009373 PMID: 17634190

Towbin BD, Gonzalez-Aguilera C, Sack R, Gaidatzis D, Kalck V, Meister P, et al. Step-wise methylation
of histone H3K9 positions heterochromatin at the nuclear periphery. Cell. 2012; 150: 934-947. https://
doi.org/10.1016/j.cell.2012.06.051 PMID: 22939621

Clejan |, Boerckel J, Ahmed S. Developmental modulation of nonhomologous end joining in Caenorhab-
ditis elegans. Genetics. 2006; 173: 1301-1317. https://doi.org/10.1534/genetics.106.058628 PMID:
16702421

Zahid S, Seif El Dahan M, lehl F, Fernandez-Varela P, Le Du M- H, Ropars V, et al. The multifaceted
roles of Ku70/80. IUMS. 2021; 22: 4134. https://doi.org/10.3390/ijms22084134 PMID: 33923616

Enguita-Marruedo A, Martin-Ruiz M, Garcia E, Gil-Fernandez A, Parra MT, Viera A, et al. Transition
from a meiotic to a somatic-like DNA damage response during the pachytene stage in mouse meiosis.
PLoS Genet. 2019; 15: e1007439. https://doi.org/10.1371/journal.pgen.1007439 PMID: 30668564

Lieber MR. The mechanism of double-strand DNA break repair by the nonhomologous DNA end-joining
pathway. Annu Rev Biochem. 2010; 79: 181-211. https://doi.org/10.1146/annurev.biochem.052308.
093131 PMID: 20192759

Saito TT, Colaiacovo MP. Regulation of crossover frequency and distribution during meiotic recombina-
tion. Cold Spring Harbor Symposia on Quantitative Biology. 2017; 82: 223-234. https://doi.org/10.1101/
sgb.2017.82.034132 PMID: 29222342

Cutter AD. Nucleotide polymorphism and linkage disequilibrium in wild populations of the partial selfer
Caenorhabditis elegans. Genetics. 2006; 172: 171-184. hitps://doi.org/10.1534/genetics.105.048207
PMID: 16272415

Lim JGY, Stine RRW, Yanowitz JL. Domain-specific regulation of recombination in Caenorhabditis ele-
gansin response to temperature, age and sex. Genetics. 2008; 180: 715-726. https://doi.org/10.1534/
genetics.108.090142 PMID: 18780748

Saito TT, Lui DY, Kim H- M, Meyer K, Colaidcovo MP. Interplay between structure-specific endonucle-
ases for crossover control during Caenorhabditis elegans meiosis. PLoS Genetics. 2013; 9: e1003586.
https://doi.org/10.1371/journal.pgen.1003586 PMID: 23874210

Saito TT, Colaiacovo MP. Crossover recombination mediated by HIM-18/SLX4-associated nucleases.
Worm. 2014; 3: €28233. https://doi.org/10.4161/worm.28233 PMID: 25057454

Chung G, Rose AM, Petalcorin MIR, Martin JS, Kessler Z, Sanchez-Pulido L, et al. REC-1 and HIM-5
distribute meiotic crossovers and function redundantly in meiotic double-strand break formation in Cae-
norhabditis elegans. Genes & Development. 2015; 29: 1969-1979. https://doi.org/10.1101/gad.
266056.115 PMID: 26385965

Jaramillo-Lambert A, Engebrecht J. A single unpaired and transcriptionally silenced X chromosome
locally precludes checkpoint signaling in the Caenorhabditis elegans germ line. Genetics. 2010; 184:
613—-628. https://doi.org/10.1534/genetics.109.110338 PMID: 20008570

Schaner C. Germline chromatin. WormBook. 2006. https://doi.org/10.1895/wormbook.1.73.1 PMID:
18050477

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010627  January 27, 2023 25/27


https://doi.org/10.1016/j.cell.2009.07.035
http://www.ncbi.nlm.nih.gov/pubmed/19781752
https://doi.org/10.1371/journal.pgen.1002888
http://www.ncbi.nlm.nih.gov/pubmed/22927825
https://doi.org/10.1007/BF00331639
http://www.ncbi.nlm.nih.gov/pubmed/3458021
https://doi.org/10.1038/35003120
http://www.ncbi.nlm.nih.gov/pubmed/10646593
https://doi.org/10.1101/gr.115519.110
https://doi.org/10.1101/gr.115519.110
http://www.ncbi.nlm.nih.gov/pubmed/21177964
https://doi.org/10.1038/ng.3672
http://www.ncbi.nlm.nih.gov/pubmed/27668659
https://doi.org/10.1242/dev.009373
https://doi.org/10.1242/dev.009373
http://www.ncbi.nlm.nih.gov/pubmed/17634190
https://doi.org/10.1016/j.cell.2012.06.051
https://doi.org/10.1016/j.cell.2012.06.051
http://www.ncbi.nlm.nih.gov/pubmed/22939621
https://doi.org/10.1534/genetics.106.058628
http://www.ncbi.nlm.nih.gov/pubmed/16702421
https://doi.org/10.3390/ijms22084134
http://www.ncbi.nlm.nih.gov/pubmed/33923616
https://doi.org/10.1371/journal.pgen.1007439
http://www.ncbi.nlm.nih.gov/pubmed/30668564
https://doi.org/10.1146/annurev.biochem.052308.093131
https://doi.org/10.1146/annurev.biochem.052308.093131
http://www.ncbi.nlm.nih.gov/pubmed/20192759
https://doi.org/10.1101/sqb.2017.82.034132
https://doi.org/10.1101/sqb.2017.82.034132
http://www.ncbi.nlm.nih.gov/pubmed/29222342
https://doi.org/10.1534/genetics.105.048207
http://www.ncbi.nlm.nih.gov/pubmed/16272415
https://doi.org/10.1534/genetics.108.090142
https://doi.org/10.1534/genetics.108.090142
http://www.ncbi.nlm.nih.gov/pubmed/18780748
https://doi.org/10.1371/journal.pgen.1003586
http://www.ncbi.nlm.nih.gov/pubmed/23874210
https://doi.org/10.4161/worm.28233
http://www.ncbi.nlm.nih.gov/pubmed/25057454
https://doi.org/10.1101/gad.266056.115
https://doi.org/10.1101/gad.266056.115
http://www.ncbi.nlm.nih.gov/pubmed/26385965
https://doi.org/10.1534/genetics.109.110338
http://www.ncbi.nlm.nih.gov/pubmed/20008570
https://doi.org/10.1895/wormbook.1.73.1
http://www.ncbi.nlm.nih.gov/pubmed/18050477
https://doi.org/10.1371/journal.pgen.1010627

PLOS GENETICS

Regulation of meiotic RAD-51 distribution in C. elegans

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Checchi PM, Engebrecht J. Heteromorphic sex chromosomes: navigating meiosis without a homolo-
gous partner. Mol Reprod Dev. 2011; 78: 623—-632. https://doi.org/10.1002/mrd.21369 PMID:
22113949

Van MV, Larson BJ, Engebrecht J. To break or not to break: sex chromosome hemizygosity during mei-
osis in Caenorhabditis. Genetics. 2016; 204: 999-1013. https://doi.org/10.1534/genetics.116.194308
PMID: 27605052

Page J, de la Fuente R, Manterola M, Parra MT, Viera A, Berrios S, et al. Inactivation or non-reactiva-
tion: what accounts better for the silence of sex chromosomes during mammalian male meiosis? Chro-
mosoma. 2012; 121: 307-326. https://doi.org/10.1007/s00412-012-0364-y PMID: 22366883

Acquaviva L, Boekhout M, Karasu ME, Brick K, Pratto F, Li T, et al. Ensuring meiotic DNA break forma-
tion in the mouse pseudoautosomal region. Nature. 2020; 582: 426—431. https://doi.org/10.1038/
s41586-020-2327-4 PMID: 32461690

Thompson LH. Recognition, signaling, and repair of DNA double-strand breaks produced by ionizing
radiation in mammalian cells: The molecular choreography. Mutation Research/Reviews in Mutation
Research. 2012; 751: 158—246. https://doi.org/10.1016/j.mrrev.2012.06.002 PMID: 22743550

Lemmens BBLG, Johnson NM, Tijsterman M. COM-1 promotes homologous recombination during
Caenorhabditis elegans meiosis by antagonizing Ku-mediated non-homologous end joining. PLoS
Genet. 2013; 9: e1003276. https://doi.org/10.1371/journal.pgen.1003276 PMID: 23408909

Munshi A, Ramesh R. Mitogen-activated protein kinases and their role in radiation response. Genes &
Cancer. 2013; 4: 401-408. https://doi.org/10.1177/1947601913485414 PMID: 24349638

Nadarajan S, Lambert TJ, Altendorfer E, Gao J, Blower MD, Waters JC, et al. Polo-like kinase-depen-
dent phosphorylation of the synaptonemal complex protein SYP-4 regulates double-strand break forma-
tion through a negative feedback loop. eLife. 2017; 6: €23437. https://doi.org/10.7554/eLife.23437
PMID: 28346135

Henzel JV, Nabeshima K, Schvarzstein M, Turner BE, Villeneuve AM, Hillers KJ. An asymmetric chro-
mosome pair undergoes synaptic adjustment and crossover redistribution during Caenorhabditis ele-
gans meiosis: implications for sex chromosome evolution. Genetics. 2011; 187: 685-699. https://doi.
org/10.1534/genetics.110.124958 PMID: 21212235

Murakami H, Lam I, Huang P- C, Song J, van Overbeek M, Keeney S. Multilayered mechanisms ensure
that short chromosomes recombine in meiosis. Nature. 2020; 582: 124—128. https://doi.org/10.1038/
541586-020-2248-2 PMID: 32494071

Padeken J, Zeller P, Towbin B, Katic |, Kalck V, Methot SP, et al. Synergistic lethality between BRCA1
and H3K9me2 loss reflects satellite derepression. Genes Dev. 2019; 33: 436—451. https://doi.org/10.
1101/gad.322495.118 PMID: 30804228

Gray S, Cohen PE. Control of meiotic crossovers: from double-strand break formation to designation.
Annual Review of Genetics. 2016; 50: 175-210. https://doi.org/10.1146/annurev-genet-120215-035111
PMID: 27648641

Yin'Y, Smolikove S. Impaired resection of meiotic double-strand breaks channels repair to nonhomolo-
gous end joining in Caenorhabditis elegans. Mol Cell Biol. 2013; 33: 2732-2747. https://doi.org/10.
1128/MCB.00055-13 PMID: 23671188

Tzur YB, Winter E, Gao J, Hashimshony T, Yanai |, Colaiacovo MP. Spatiotemporal gene expression
analysis of the Caenorhabditis elegans germline uncovers a syncytial expression switch. Genetics.
2018; 210: 587-605. https://doi.org/10.1534/genetics.118.301315 PMID: 30093412

Clerici M, Mantiero D, Guerini |, Lucchini G, Longhese MP. The Yku70-Yku80 complex contributes to
regulate double-strand break processing and checkpoint activation during the cell cycle. EMBO Rep.
2008; 9: 810-818. https://doi.org/10.1038/embor.2008.121 PMID: 18600234

Frit P, Barboule N, Yuan Y, Gomez D, Calsou P. Alternative end-joining pathway(s): Bricolage at DNA
breaks. DNA Repair. 2014; 17: 81-97. https://doi.org/10.1016/j.dnarep.2014.02.007 PMID: 24613763

Pontier DB, Tijsterman M. A robust network of double-strand break repair pathways governs genome
integrity during C. elegans development. Current Biology. 2009; 19: 1384—1388. https://doi.org/10.
1016/j.cub.2009.06.045 PMID: 19646877

Agostinho A, Meier B, Sonneville R, Jagut M, Woglar A, Blow J, et al. Combinatorial regulation of mei-
otic holliday junction resolution in C. elegans by HIM-6 (BLM) helicase, SLX-4, and the SLX-1, MUS-81
and XPF-1 nucleases. PLoS Genetics. 2013; 9: e1003591. https://doi.org/10.1371/journal.pgen.
1003591 PMID: 23901331

O’Neil NJ, Martin JS, Youds JL, Ward JD, Petalcorin MIR, Rose AM, et al. Joint molecule resolution
requires the redundant activities of MUS-81 and XPF-1 during Caenorhabditis elegans meiosis. PLoS
Genet. 2013; 9: e1003582. https://doi.org/10.1371/journal.pgen.1003582 PMID: 23874209

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010627  January 27, 2023 26/27


https://doi.org/10.1002/mrd.21369
http://www.ncbi.nlm.nih.gov/pubmed/22113949
https://doi.org/10.1534/genetics.116.194308
http://www.ncbi.nlm.nih.gov/pubmed/27605052
https://doi.org/10.1007/s00412-012-0364-y
http://www.ncbi.nlm.nih.gov/pubmed/22366883
https://doi.org/10.1038/s41586-020-2327-4
https://doi.org/10.1038/s41586-020-2327-4
http://www.ncbi.nlm.nih.gov/pubmed/32461690
https://doi.org/10.1016/j.mrrev.2012.06.002
http://www.ncbi.nlm.nih.gov/pubmed/22743550
https://doi.org/10.1371/journal.pgen.1003276
http://www.ncbi.nlm.nih.gov/pubmed/23408909
https://doi.org/10.1177/1947601913485414
http://www.ncbi.nlm.nih.gov/pubmed/24349638
https://doi.org/10.7554/eLife.23437
http://www.ncbi.nlm.nih.gov/pubmed/28346135
https://doi.org/10.1534/genetics.110.124958
https://doi.org/10.1534/genetics.110.124958
http://www.ncbi.nlm.nih.gov/pubmed/21212235
https://doi.org/10.1038/s41586-020-2248-2
https://doi.org/10.1038/s41586-020-2248-2
http://www.ncbi.nlm.nih.gov/pubmed/32494071
https://doi.org/10.1101/gad.322495.118
https://doi.org/10.1101/gad.322495.118
http://www.ncbi.nlm.nih.gov/pubmed/30804228
https://doi.org/10.1146/annurev-genet-120215-035111
http://www.ncbi.nlm.nih.gov/pubmed/27648641
https://doi.org/10.1128/MCB.00055-13
https://doi.org/10.1128/MCB.00055-13
http://www.ncbi.nlm.nih.gov/pubmed/23671188
https://doi.org/10.1534/genetics.118.301315
http://www.ncbi.nlm.nih.gov/pubmed/30093412
https://doi.org/10.1038/embor.2008.121
http://www.ncbi.nlm.nih.gov/pubmed/18600234
https://doi.org/10.1016/j.dnarep.2014.02.007
http://www.ncbi.nlm.nih.gov/pubmed/24613763
https://doi.org/10.1016/j.cub.2009.06.045
https://doi.org/10.1016/j.cub.2009.06.045
http://www.ncbi.nlm.nih.gov/pubmed/19646877
https://doi.org/10.1371/journal.pgen.1003591
https://doi.org/10.1371/journal.pgen.1003591
http://www.ncbi.nlm.nih.gov/pubmed/23901331
https://doi.org/10.1371/journal.pgen.1003582
http://www.ncbi.nlm.nih.gov/pubmed/23874209
https://doi.org/10.1371/journal.pgen.1010627

PLOS GENETICS

Regulation of meiotic RAD-51 distribution in C. elegans

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.

85.

86.

87.

Toraason E, Horacek A, Clark C, Glover ML, Adler VL, Premkumar T, et al. Meiotic DNA break repair
can utilize homolog-independent chromatid templates in C. elegans. Current Biology. 2021; 31: 1508—
1514.e5. https://doi.org/10.1016/j.cub.2021.03.008 PMID: 33740427

Macaisne N, Kessler Z, Yanowitz JL. Meiotic double-strand break proteins influence repair pathway uti-
lization. Genetics. 2018; 210: 843-856. https://doi.org/10.1534/genetics.118.301402 PMID: 30242011

Bae W, Hong S, Park MS, Jeong H- K, Lee M- H, Koo H- S. Single-strand annealing mediates the con-
servative repair of double-strand DNA breaks in homologous recombination-defective germ cells of
Caenorhabditis elegans. DNA Repair. 2019; 75: 18—28. https://doi.org/10.1016/j.dnarep.2019.01.007
PMID: 30710866

Hicks T, Trivedi S, Eppert M, Bowman R, Tian H, Dafalla A, et al. Continuous double-strand break
induction and their differential processing sustain chiasma formation during Caenorhabditis elegans
meiosis. Cell Rep. 2022; 40: 1114083. https://doi.org/10.1016/j.celrep.2022.111403 PMID: 36170820

Brenner S. The genetics of Caenorhabditis elegans. Genetics. 1974; 77: 71-94.

Kamath RS, Fraser AG, Dong Y, Poulin G, Durbin R, Gotta M, et al. Systematic functional analysis of
the Caenorhabditis elegans genome using RNAi. Nature. 2003; 421: 231-237. https://doi.org/10.1038/
nature01278 PMID: 12529635

Govindan JA, Cheng H, Harris JE, Greenstein D. Galphao/i and Galphas signaling function in parallel
with the MSP/Eph receptor to control meiotic diapause in C. elegans. Curr Biol. 2006; 16: 1257-1268.
https://doi.org/10.1016/j.cub.2006.05.020 PMID: 16824915

Labrador L, Barroso C, Lightfoot J, Muller-Reichert T, Flibotte S, Taylor J, et al. Chromosome move-
ments promoted by the mitochondrial protein SPD-3 are required for homology search during Caenor-
habditis elegans meiosis. Colaiacovo MP, editor. PLoS Genetics. 2013; 9: €1003497. https://doi.org/10.
1371/journal.pgen.1003497 PMID: 23671424

Hayashi M, Chin GM, Villeneuve AM. C. elegans germ cells switch between distinct modes of double-
strand break repair during meiotic prophase progression. PLoS Genet. 2007; 3: e191. https://doi.org/
10.1371/journal.pgen.0030191 PMID: 17983271

MacQueen AJ, Phillips CM, Bhalla N, Weiser P, Villeneuve AM, Dernburg AF. Chromosome sites play
dual roles to establish homologous synapsis during meiosis in C. elegans. Cell. 2005; 123: 1037—-1050.
https://doi.org/10.1016/j.cell.2005.09.034 PMID: 16360034

Bhalla N, Wynne DJ, Jantsch V, Dernburg AF. ZHP-3 acts at crossovers to couple meiotic recombina-
tion with synaptonemal complex disassembly and bivalent formation in C. elegans. PLoS Genet. 2008;
4:e1000235. https://doi.org/10.1371/journal.pgen.1000235 PMID: 18949042

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source
platform for biological-image analysis. Nat Methods. 2012; 9: 676—682. https://doi.org/10.1038/nmeth.
2019 PMID: 22743772

Chen H, Hughes DD, Chan TA, Sedat JW, Agard DA. IVE (Image Visualization Environment): a soft-
ware platform for all three-dimensional microscopy applications. J Struct Biol. 1996; 116: 56—60. https://
doi.org/10.1006/jsbi.1996.0010 PMID: 8742723

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010627  January 27, 2023 27/27


https://doi.org/10.1016/j.cub.2021.03.008
http://www.ncbi.nlm.nih.gov/pubmed/33740427
https://doi.org/10.1534/genetics.118.301402
http://www.ncbi.nlm.nih.gov/pubmed/30242011
https://doi.org/10.1016/j.dnarep.2019.01.007
http://www.ncbi.nlm.nih.gov/pubmed/30710866
https://doi.org/10.1016/j.celrep.2022.111403
http://www.ncbi.nlm.nih.gov/pubmed/36170820
https://doi.org/10.1038/nature01278
https://doi.org/10.1038/nature01278
http://www.ncbi.nlm.nih.gov/pubmed/12529635
https://doi.org/10.1016/j.cub.2006.05.020
http://www.ncbi.nlm.nih.gov/pubmed/16824915
https://doi.org/10.1371/journal.pgen.1003497
https://doi.org/10.1371/journal.pgen.1003497
http://www.ncbi.nlm.nih.gov/pubmed/23671424
https://doi.org/10.1371/journal.pgen.0030191
https://doi.org/10.1371/journal.pgen.0030191
http://www.ncbi.nlm.nih.gov/pubmed/17983271
https://doi.org/10.1016/j.cell.2005.09.034
http://www.ncbi.nlm.nih.gov/pubmed/16360034
https://doi.org/10.1371/journal.pgen.1000235
http://www.ncbi.nlm.nih.gov/pubmed/18949042
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1006/jsbi.1996.0010
https://doi.org/10.1006/jsbi.1996.0010
http://www.ncbi.nlm.nih.gov/pubmed/8742723
https://doi.org/10.1371/journal.pgen.1010627

