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Faithful meiotic segregation requires pairwise alignment of the homologous
chromosomes and their synaptonemal complex (SC) mediated stabilization.
Here, we investigate factors that promote and coordinate these events during
C. elegans meiosis. We identify BRA-2 (BMP Receptor Associated family
member 2) as an interactor of HIM-17, previously shown to promote double-
strand break formation. We found that loss of bra-2 impairs synapsis elonga-
tion without affecting homolog recognition, chromosome movement or SC
maintenance. Epistasis analyses reveal previously unrecognized activities for
HIM-17 in regulating homolog pairing and SC assembly in a partially over-
lapping manner with BRA-2. We show that removing bra-2 or him-17 restores
nuclear clustering, recruitment of PLK-2 at the nuclear periphery, and abro-
gation of ectopic synapsis in htp-I mutants, suggesting intact CHK-2-mediated
signaling and presence of a barrier that prevents SC polymerization in the
absence of homology. Our findings shed light on the regulatory mechanisms
ensuring faithful pairing and synapsis.

The formation of euploid gametes depends on the faithful execution
of several disparate tasks during meiosis, all meticulously coordinated
to ensure correct chromosome segregation into the daughter cells.
Diploid genomes are composed of two homologous chromosomes,
the paternal and the maternal copy, which must recognize one another
(pairing) and recombine to achieve the formation of physical tethers
called crossovers (COs). COs are essential to achieve successful seg-
regation of the homologous chromosomes into the gametes'’.

Pairwise chromosome alignment depends on microtubule-driven
forces transmitted from the cytosol to the nucleus through the SUN-
KASH protein bridge®. Once the chromosomes are connected to this
protein module spanning the nuclear membranes, active movement
along the nuclear envelope is triggered, enabling the chromosomes to
travel within the nucleus until the synaptonemal complex (SC)
has been established between homologous chromosome pairs.
Therefore, chromosome movement is essential for pairing and
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effective homologous synapsis, as well as to resolve chromosome
interlocks® .

In Caenorhabditis elegans, active chromosome movement begins
at meiotic entry, defining a specific region of the germ line called
“transition zone” (TZ) that loosely corresponds to leptotene/ zygotene
stages”'°"2, Upon entry into the TZ, cytoplasmic motor proteins pro-
mote robust movement of the chromosome ends tethered to the
nuclear envelope by a family of zinc finger proteins that associate with
chromosome-specific sub-telomeric regions called pairing centers
(PCs)™™. ZIM-1, -2 or -3 individually bind to the PCs of the autosomes,
while HIM-8 is recruited to the PC of the X chromosome. Both the PCs
and their cognate PC-binding protein associate with the inner nuclear
envelope proteins SUN-1 and MJL-1, a recently identified C. elegans
homolog of mammalian MAJIN, essential for the fusion of the chro-
mosome ends to the nuclear envelope”. Homolog pairing is estab-
lished within these clustered PCs, and once homology is satisfied, the
SC forms (synapsis) between homologs, first nucleated at PCs, and
then elongated in between each chromosome pair’. However, synapsis
can take place irrespective of homology, and therefore, mechanisms
must be in place to ensure that SC assembly is strictly achieved
between homologous partners.

Previous work has shown that cytoplasmic dynein plays essential
roles in promoting the establishment of synapsis strictly between
homologous partners, by exerting opposing forces to promiscuous
associations between non-homologous chromosomes’. Under
impaired dynein function, homologs can still achieve pairing, although
with delayed kinetics, but fail in establishing synapsis, since SC sub-
units accumulate into nuclear polycomplexes and do not elongate.
These observations have led to a model whereby dynein activity
imposes a barrier to synapsis that is contingent to homology’.

The polarized-clustered, crescent shape configuration of the
chromatin as typically observed in TZ, is acquired in part by the
recruitment of chromosomes ends to the nuclear periphery'® and in
part by the destabilization of the nuclear lamina®.

PCs recruit the Polo-like kinase PLK-2, which leads to SUN-1
phosphorylation and likely other targets, and is crucial for faithful
pairing and synapsis™*°. Importantly, PLK-2 and phosphorylated SUN-1
concentrated at the PCs are part of a surveillance system that can
extend the TZ stage in response to defects in synapsis and
recombination™?°* and, therefore these markers can be used as a
proxy to monitor meiotic entry and homology search competence.

The SC is a meiosis-specific proteinaceous structure composed of
lateral and central elements that is conserved in most species. The SC
acts as a zipper-like scaffold that allows physical exchange of DNA
molecules between the homologs during recombination, and thus it is
essential for CO formation”. In worms, a family of four HORMA-
domain containing proteins is recruited to the chromosome axes,
where these factors play different roles during SC assembly. HTP-3
serves as a scaffold and promotes axes morphogenesis and also phy-
siological DNA double-strand break (DSB) induction®?*, HIM-3 is
required for synapsis®, and HTP-1/2 play regulatory roles by coordi-
nating homologous pairing with SC assembly**. Lack of HTP-3 or HIM-3
abrogates chromosome pairing, chromatin clustering and synapsis
altogether, while removal of HTP-1 triggers precocious exit from the
homology search state resulting in severely reduced chromosome
clustering, defective pairing, and extensive non-homologous synapsis.
Removal of htp-1 or sun-1 bypasses the dynein-dependent release of SC
assembly resulting in ectopic synapsis’, indicating that HTP-1, as well as
SUN-1, are essential to maintain this barrier in an active state. Abro-
gation of htp-2 functions on its own does not result in aberrations of
pairing or synapsis, however its removal in htp-1 mutants exacerbates
synapsis defects”, suggesting a partial redundancy.

While being an essential requirement for CO formation in C. elegans,
the SC alone is not sufficient to promote COs, whose formation depends
on homologous recombination-mediated repair of deliberately induced

DSBs by the Topoisomerase-like protein SPO-11**. SPO-11 acts in con-
junction with numerous accessory factors shown to be essential for
achieving optimal DSB levels, and while SPO-11 itself is highly conserved,
auxiliary pro-DSB proteins have widely diverged across species™.
Importantly, unlike in most species, DSB induction and SC formation
occur independently of one another in C. elegans®, allowing the study of
either process without confounding effects.

We previously generated functional tagged lines by CRISPR of
several accessory factors required for DSB formation®*?, which we
exploited via a biochemical approach aimed at identifying proteins
interacting with the DSB promoting machinery. In this work we focus
on putative interactors identified in pull-downs experiments per-
formed by using HIM-17::3XHA* as bait, followed by mass spectro-
metry analysis on HA-immunoprecipitated complexes. We identify the
uncharacterized MYND-type zinc finger protein BRA-2 as a putative
HIM-17 interactor, and we report its roles during early meiotic pro-
gression in this study. We observe that BRA-2 and HIM-17 form com-
plexes in vivo and occasionally colocalize in the germ line, yet their
chromatin loading is not interdependent. Loss of BRA-2 severely
reduces chiasmata formation and impairs synapsis, by preventing
efficient SC elongation upon homology assessment. Strikingly,
removal of HIM-17 from BRA-2-depleted animals completely abolishes
pairing and synapsis along the autosomes but not on the X chromo-
some, although X-chromosome synapsis is only achieved in late
pachytene nuclei. BRA-2 removal restores a transition zone nuclear
morphology and recruitment of PLK-2 to the chromosome PCs in htp-1
mutants, without improving pairing levels, supporting further evi-
dence that BRA-2 has an early regulatory activity at the level of SC
elongation after homolog pairing has been successfully achieved.
Furthermore, we discovered that removal of him-17 in htp-1 mutants
delays SC formation and greatly improves pairing, which is lost in htp-
1; him-17 worms depleted for BRA-2, indicating partially overlapping
functions between BRA-2 and HIM-17 in regulating chromosome pair-
ing and SC formation. Our data suggest that BRA-2 cooperates with
HIM-17 at meiotic entry to promote pairing and allow SC polymeriza-
tion between homologs and unveil an as yet undescribed role for the
chromatin associated protein HIM-17 beyond DSB formation.

Results

BRA-2, but not its paralog BRA-1, is required for robust cross-
over formation

In a mass spectrometry analysis aimed at identifying interactors of the
THAP (THanatos Associated Protein)-domain containing protein HIM-
17, we identified BRA-2 (BMP Receptor Associated family member 2) as
a putative binding partner (Suppementary Table 1), for which no roles
in meiosis were known.

BRA-2 is a small protein (~25kD) harboring a MYND-type zinc finger
domain (ZnF) at its C-terminal region, conserved in several proteins
across species. BLAST search identified the mammalian putative histone
H3.3K36me3 reader ZMYNDI1* as the closest homolog to C. elegans
BRA-2 (Fig. 1a). In mammals, it has been shown that recognition and
binding to trimethylated histone H3.3K36 by ZMNYDI1 is important to
regulate pre-mRNA processing and elongation, and further, mutations
in human ZMYNDI1 have been linked to a wide spectrum of intellectual
disability syndromes*. However, functional analyses in the germ line
have never been carried out. It is important to note that while the MYND-
ZnF domain is highly conserved between worms and mammals, the
protein domains directly involved in the recognition and binding of the
chromatin modification (PHD-RING, PWWP- and BROMO- domain) are
not present in C. elegans BRA-2, possibly indicating a different function
or an alternative mode of action in nematodes.

To assess the phenotypes triggered by loss of BRA-2, we exploited
the bra-2(ok1171) mutant strain, which carries a large deletion that
removes the entire bra-2 locus, thus resulting in a null allele (Fig. 1b).
Assessment of viability levels revealed high embryonic lethality in bra-
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Fig. 1| BRA-2 is evolutionarily conserved and is required for robust CO for-
mation. a Schematic representation of C. elegans BRA-1/2 and mammalian
ZMYND11 with putative protein domains highlighted. b Exon/Intron organization of
bra-1 and bra-2 loci. Red lines indicate deleted regions in the respective mutant
alleles. ¢ Quantification of viability levels in the indicated genetic backgrounds. The
number of worms scored for each genotype was WT (7), bra-2(ok1171) (12), bra-
1(nk1) (11), HA::AID:bra-2; TIR1::mRuby (5), 3XFLAG::bra-1 (5). Bars indicate mean
with £SD. d Left: quantification of DAPI-bodies number in diakinesis nuclei of the

indicated genotypes. Nuclei analyzed: WT =47, bra-2 =85, bra-1=47. Representa-
tive examples are shown to the right. Scale bar 2 um. Bars indicate average with
+SD. e Quantification of OLLAS::COSA-1 foci in the indicated genotypes (left) and
representative images of late pachytene nuclei stained for SYP-1 (blue)/OLLAS
(COSA-1, red), and counterstained by DAPI (gray). At least three germ lines for each
genetic background were used for the quantifications. The number of nuclei ana-
lyzed was: OLLAS::cosa-1 (138), bra-2 OLLAS::cosa-1 (153). Bars indicate average with
+SD. Scale bar 5 pum.

2 mutants (Fig. 1c), consistent with aneuploidy arising from chromo-
some missegregation.

In nuclei at diakinesis, the last stage of meiotic prophase I, chro-
mosomes become highly condensed and appear as six DAPI bodies in
WT animals, each representing a pair of homologous chromosomes held
together by a chiasma. Defects in recombination and DNA repair can
cause an increase/reduction in the DAPI bodies number and/or variation
in their morphology, thus diakinesis nuclei can be used as a powerful
read-out for the proper completion of upstream meiotic tasks.

Consistent with elevated embryonic lethality, diakinesis nuclei in
bra-2(0k1171) mutants displayed a large proportion of achiasmatic
univalents (89.4% of nuclei contained >6 DAPI bodies), suggesting
defective CO establishment (Fig. 1d). Quantification of CO-designation
sites by assessing COSA-1 foci* revealed a dramatic reduction com-
pared to controls, with an average of 2.4 COSA-1 foci/nucleus in the
bra-2 mutants versus 5.98 in the controls (Fig. 1e), and with 40% of
nuclei that did not show any COSA-1 foci in the bra-2 mutants. This
indicates that BRA-2 is essential for efficient CO formation.

The C. elegans genome encodes a closely related paralog of bra-2
called bra-1°°. These proteins share 62% identity and like BRA-2, BRA-1
also carries only a MYND-type ZnF domain (Fig. 1a). Given their high
similarity, we sought to investigate whether BRA-1 might also be
involved in promoting CO formation. We employed the bra-1(nki)
mutant background, which carries a large deletion that removes most
of the bra-1locus® (Fig. 1b), likely resulting in a null allele. Surprisingly,
both viability as well as number of DAPI bodies in the diakinesis nuclei
were indistinguishable from WT animals (Fig. 1c, d). This indicates that
BRA-1 is not essential for chiasmata formation and that only BRA-2
exerts essential functions in promoting efficient establishment of COs.

BRA-2 is enriched on the autosomes and its loading is indepen-
dent of synapsis and recombination

To gain further insight into BRA-2 localization and its functions, we
engineered the bra-2 endogenous locus by introducing an auxin-
induced degradation tag (AID) in tandem with an HA tag after the start

codon. This allows detection of BRA-2 as well as its conditional
depletion upon exposure to auxin, mediated by TIR1 binding and
subsequent targeting of HA::AID::BRA-2 for proteosome-dependent
degradation®. HA:AID:bra-2; TIR1::mRuby animals displayed normal
levels of embryonic viability (Fig. 1c), indicating that the HA::AID fusion
tag did not compromise protein functionality. We assessed BRA-2
depletion efficiency by Western Blot on total protein extracts, which
showed that exposure to auxin can rapidly and efficiently deplete >95%
of HA::AID::BRA-2 within 3 hours (Supplementary Fig. 1a).

Immunostaining using anti-HA antibodies showed that BRA-2
localizes as a nuclear factor throughout meiotic prophase I (Fig. 2a).
The nuclear localization was recapitulated by Western blot on frac-
tionated protein extracts, which indeed showed that HA::AID::BRA-2 is
enriched in both soluble and chromatin-bound nuclear fractions
(Fig. 2b). Cytological analysis indicated that HA::AID::BRA-2 was not
evenly distributed on chromatin, as one chromosome was devoid of
signal. Co-staining using anti-HIM-8 antibodies revealed that
HA::AID::BRA-2 is prominently excluded from the X chromosome
(Fig. 2¢), as also corroborated by co-localization with H3K4me2, XND-1
and phosphorylated-RNA Pol II¥? (Supplementary Fig. 1b), all known to
be enriched on the autosomes®™*°. Furthermore, assessment of
HA::AID::BRA-2 localization in the spo-11(0k79) and syp-2(0k307)
mutants showed that loading of BRA-2 is independent of DSBs and
synapsis respectively (Supplementary Fig. 1c).

Although we observed neither chromosome segregation defects
in the bra-1(nkl) mutants nor redundancy between bra-1 and bra-2
(Fig. 1c, d), we wished to investigate BRA-1 localization and monitor
potential changes in the absence of BRA-2. To this end, we generated a
3XFLAG::bra-1 tagged line (Fig. 1c) and combined it with HA::AID::bra-2
to analyze their localization.

HA::AID:BRA-2 and 3XFLAG::BRA-1 display distinct temporal
loading patterns in the germ line, as the former is expressed
throughout the gonad and the latter appears only at pachytene exit
(Supplementary Fig. 1d). BRA-1 and BRA-2 did not display inter-
dependent loading, as 3XFLAG::BRA-1 was normally loaded in BRA-2-
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Fig. 2 | BRA-2 is enriched on the autosomes and physically interacts with HIM-
17. a Top: whole mount gonad stained with anti-HA (red) and anti-HIM-8 (green),
showing expression of BRA-2 throughout the germ line and its enrichment on the
autosomes. Scale bar 20 um. b Western blot on fractionated protein extracts pro-
bed with anti-HA antibodies showing enrichment of BRA-2 in the nuclear-soluble
and chromatin-bound fractions. Detection of GAPDH and Histone H3 was used as
loading controls of cytosolic and chromatin-bound fraction respectively. kD indi-
cates molecular weight of the marker bands (kiloDalton). ¢ Magnified mid-
pachytene nuclei showing more detailed staining of HA::AID::BRA-2 (red)/HIM-8
(green). Arrowheads indicate the X chromosome. Scale bar 5 um. d Co-

him-17::3XHA

immunoprecipitation assay showing physical interaction between HIM-17::GFP and
HA::AID::BRA-2. kD indicates molecular weight of the marker bands (kiloDalton).
e Early pachytene nuclei stained for GFP (HIM-17, cyan), HA (BRA-2, magenta) and
DAPI (green), showing similar diffuse chromatin localization. Scale bar 5 pm. fEarly-
mid pachytene nuclei immunoassayed for HA (yellow), SYP-1 (magenta) and DAPI
(cyan) displaying him-17-independent recruitment of BRA-2 onto the DNA. Scale
bar 5 pm. g Early-mid pachytene nuclei immunoassayed for HA (magenta), XND-1
(yellow) and DAPI (green) displaying bra-2-independent recruitment of HIM-17
onto the DNA. Scale bar 5 um. All shown analyses were performed in biological
duplicates.

depleted animals and conversely, HA::AID::BRA-2 did not display any
abnormalities in the bra-1(nkl) knockout mutants (Supplementary
Fig. 1e). Lastly, Western blot analysis on whole cell extracts showed
that BRA-1/2 proteins are not destabilized in the reciprocal mutant
background (Supplementary Fig. 1f, g), further corroborating that
these two factors act in distinct pathways and that BRA-1 has a negli-
gible or no role in the germ line.

Given the putative interaction identified by mass spectrometry,
we next sought to investigate whether BRA-2 and HIM-17
interact in vivo and if their loading is affected in the reciprocal
mutant background. Immunoprecipitation of HIM-17::GFP* identified

HA::AID::BRA-2 (Fig. 2d), confirming our mass spectrometry data and
indicating that they are found in a complex. Cytological analysis
showed that BRA-2 and HIM-17 display a very similar localization in the
gonad (Fig. 2e), accumulating diffusely on the chromatin without
showing obvious enrichment along the chromosome axes/SCs. We
noticed that the two proteins also displayed foci of varying intensity
which did not co-localize, while the remaining pools occasionally dis-
played some overlapping staining. Furthermore, we observed that
BRA-2 was still loaded in him-17(e2707) mutants (Fig. 2f) and con-
versely, HIM-17::3XHA appropriately localized in the bra-2(0ki171)
mutants (Fig. 2g). Thus, while displaying a similar localization pattern
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0.00072). At least three germ lines for each genetic background were used for the
quantifications. The following number of nuclei was analyzed in WT and bra-
2(ok1171), respectively: Ch. Il - zone 1 (142, 188), zone 2 (169, 167), zone 3 (150, 166),
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zone 3 (152, 168), zone 4 (147, 131), zone 5 (123, 102); Ch. X - zone 1 (150, 261), zone 2
(153, 231), zone 3 (129, 221), zone 4 (106, 197), zone 5 (94, 163). b Mid-pachytene
nuclei displaying indicated probes signal (Ch. III, red - Ch. V, green - Ch. IV, red -
DAPI in blue) and antibodies (SYP-1, magenta - HIM-8, yellow - DAPI, cyan). Scale
bar 5 pm. Analysis was performed in biological triplicates. ¢ Quantification of
chromosome movement indexes in live animals assessed by tracking SUN-1::GFP in
untreated HA:AID:bra-2; TIR1::mRuby worms and after auxin exposure. Bars indi-
cate +SD with mean. Statistical analysis was performed by two-tailed Mann-Whitney
test (ns= non-significant, *p = 0.02, **p = 0.004). The number of nuclei analyzed was
13 and 20 (-auxin and +auxin, respectively). The experiment was per formed in
biological triplicates. d Early-pachytene nuclei showing anti-SYP-1 (yellow) and FISH
probe labeling Ch. Il (red) and (e) anti-SYP-1 (magenta) and FISH probe labeling Ch.
V (yellow). Analysis was performed in biological triplicates. Scale bar 5 pm.

and being found together in protein complexes, BRA-2 and HIM-17 do
not undergo interdependent loading.

BRA-2 is largely dispensable for homolog pairing but is essential
for normal SC assembly

DAPI-staining analysis of diakinesis nuclei and quantification of CO-
designation sites number revealed defective CO formation in bra-
2(ok1171) (Fig. 1d, e). This can originate from defects in pairing,
synapsis, or recombination'**?*#>*; thus to distinguish between these
possibilities, we first assayed pairing levels by performing FISH analysis
using specific probes recognizing different autosomes, as well as
immunostaining with antibodies directed against the PC-binding pro-
tein HIM-8 to identify the chromosome X. We divided the gonads into
five equal regions from Transition Zone (TZ) to Late Pachytene (LP)
and assessed pairing of the indicated chromosomes in each nucleus
across these zones (Fig. 3a). Pairing was largely achieved in bra-2
mutants, although it peaked at slightly reduced levels compared to
control animals, most prominently for the autosomes scored
(Fig. 3a, b). This indicates that although not being essential, BRA-2 is
required to attain normal levels of homolog pairing.

To further understand the role of BRA-2 during establishment of
pairing, we investigated the movement of chromosome ends by
monitoring SUN-1 dynamics in live animals, since this poses an
essential requirement for successfully achieving the installation of the
SC between homologous chromosomes”®. We then used auxin-
depleted HA:AID::BRA-2; TIR1::mRuby animals carrying a functional
sun-1:GFP transgene and tracked the dynamic behavior of GFP
aggregates, which mark chromosome ends at the nuclear periphery, in
live worms™. This analysis showed that the speed, split/fusion events
and coalescence times of SUN-1::GFP aggregates followed normal
kinetics in absence of BRA-2 (Fig. 3c). However, we found a mild,
although statistically significant increase in the area covered and the
total distance traveled by the SUN-1::GFP patches, suggesting a slight
increase in chromosome movements. These results indicate that the
reduced pairing levels observed in bra-2 mutants are not a con-
sequence of gross defects in chromosome motion during the pairing
stages.

Once homology is satisfied, the physical interaction between the
coaligned chromosomes is stabilized by the SC in C. elegans*****. At
meiotic entry, axis proteins are loaded first (HTP-1, -2 and -3, HIM-3,
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Fig. 4 | BRA-2 is essential for normal establishment of synapsis. a Left: nuclei
from the indicated mutants and stage stained for axial (HTP-3, red) and central
(SYP-1, green) elements of the SC, counterstained by DAPI (blue). Note extensive
regions of HTP-3 devoid of SYP-1 signal, indicating the absence of synapsis. Scale
bar 5 pm. Right: schematic representation depicting zoning of the germ line used to
quantify synapsis. The chart shows quantification of nuclei with full SC in the
indicated zones and genetic backgrounds. Bars show S.E.M., and asterisks denote
statistical significance assessed by two-sided X? test (ns= non-significant,

*p =0.004, ***p <0.0001). At least three germ lines were analyzed and the number
of nuclei scored in WT, bra-1 and bra-2 mutants respectively was: zone 1 (229, 224,
306), zone 2 (235, 301, 249), zone 3 (204, 243, 235), zone 4 (199, 227, 230), zone 5
(167, 186, 180), zone 6 (143, 146, 134). b In vivo imaging of GFP::SYP-3 in untreated
worms and after exposure to auxin indicates slightly reduced formation of SYP-3
foci coupled with (c) impaired elongation proficiency and starkly reduced SYP-3
polymerization speed. 100 nuclei were analysed for each condition. Statistical
significance was calculated by the Mann-Whitney test (two-sided). d Left:
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representative images of nuclei from HA:AID::bra-2; TIR1::mRuby animals stained
for HTP-3 (red)/SYP-1 (green) at the indicated stages (TZ=Transition Zone, EP=Early
Pachytene, LP=Late Pachytene) and conditions of exposure to auxin. Scale bar

5 um. Right: Quantification of nuclei displaying full synapsis across the germ line in
the indicated backgrounds and exposure conditions to auxin. 2-3 germ lines were
analyzed and the number of nuclei scored in -auxin, 19 h auxin and 16 h recovery
conditions respectively, was: zone 1 (254, 113, 269), zone 2 (295, 111, 332), zone 3
(248, 146, 289), zone 4 (270, 172, 231), zone 5 (229, 147, 214), zone 6 (194, 118, 177).
Bars show S.E.M. and asterisks denote statistical significance assessed by two-sided
X? test (ns= non-significant, ***p < 0.0001). e Schematization of the assay per-
formed to track stage-specific cells before and after BRA-2 depletion. (PMT= Pre-
meiotic Tip, TZ=Tranistion Zone). f Co-staining of SYP-1 (green)/pHTP-3* (red)
with EdU (gray) in the indicated conditions of exposure to auxin. Arrowheads point
to nuclei that are positive for EQU incorporation and show incomplete SC. Scale bar
10 pm. Analysis was performed in biological duplicates.

cohesins), and then central components (SYP-1, -2, -3, -4, -5 and -6,
SKR-1, and SKR-2) polymerize between the chromosome axes*>****, By
early pachytene (EP), the SC is fully built along the entire length of the
chromosomes, as defined by complete overlap between axial and
central elements, coupled with loss of clustered chromatin config-
uration. DNA regions decorated by axial components but devoid of
SYPs, indicate absence of synapsis.

The bra-2(ok1171) mutants displayed a dramatic impairment of
synapsis, as SYP-1 loading between TZ and EP was barely detectable
(Fig. 4a and Supplementary Fig. 2, SYP-1 is seen mostly in puncta and
small patches). In MP-LP stages (corresponding to zones 5-6 in the
gonad), SYP-1 staining appeared more robust and elongated, however
full synapsis was only rarely observed, indicating that BRA-2 is essential
for normal SC assembly. We note that the chromatin in TZ nuclei
displayed the characteristic clustered morphology, and that appro-
priate HTP-3 localization was seen in bra-2 mutants, suggesting suc-
cessful meiotic entry and that loss of BRA-2 confers a genuine synapsis
defect. We also analyzed synapsis in bra-1 and bra-2; bra-1 double
mutants by HTP-3/SYP-1 immunostaining, which showed no dramatic
defects in the former and no differences in comparison to bra-2 single
mutants in the latter (Fig. 4a and Supplementary Fig. 2). This further
corroborates that only BRA-2 exerts meiotic functions. By combining
FISH analysis (or HIM-8 detection) with SYP-1 immunostaining, we
were able to observe that paired chromosomes X, Ill and V and were
associated with some SYP-1 protein in pachytene nuclei (Fig. 3b, d, e),
indicating that the residual SC installation does not occur between
non-homologous chromosomes in absence of BRA-2.

The SC is assembled gradually at meiotic entry, with the central
elements nucleated at the PC sites first, and then rapidly elongated
along the whole length of the chromosomes’. To discern whether the
largely impaired SC assembly observed in bra-2 mutants was originating
from defective recruitment of SC subunits or their polymerization along
the axes, we carried out live imaging of GFP::SYP-3 at meiosis onset in
live worms’. The initial recruitment of SYP-3 as bright foci, indicating SC
nucleation sites, was only slightly reduced (Fig. 4b). Strikingly, while
GFP::SYP-3 foci underwent elongation in the presence of BRA-2 (-auxin),
we found that in about half of the cells, GFP::SYP-3 foci did not show
elongation upon BRA-2 depletion, and the remaining portion displayed
a severe reduction in the elongation rate (~65%; 474 nm/m in the -auxin
vs 169 nm/m in the +auxin) (Fig. 4c). While we cannot distinguish
whether the GFP::SYP-3 foci that did not show elongation were also
localizing at PCs, these data show that BRA-2 is important for stimu-
lating their polymerization along the axes.

Loss of BRA-2 destabilizes SC subunits and hinders their
polymerization

We next considered the possibility that impaired SC assembly
observed in bra-2 mutants could be resulting from defective cell-cycle
progression. To address this, we co-stained WAPL-1 and the Cyclin E
CYE-1, two markers expressed in the progenitor zone (which harbors
nuclei in premeiotic divisions and pre-meiotic replication)***” (Sup-
plementary Fig. 3a). Moreover, we performed an assay to monitor
incorporation of 5-ethynyl-2’-deoxyuridine (EdU) to assess ongoing
replication (Supplementary Fig. 3b). For all these markers we did not
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find any difference between WT and bra-2 mutants, indicating that
germ cells enter meiosis with unperturbed kinetics and undergo nor-
mal mitotic and pre-meiotic replication respectively.

Once we assessed that the mitosis-to-meiosis developmental
switch was not impacted by lack of BRA-2, we combined our
HA::AID::bra-2; TIR1::mRuby strain with available functional tagged lines
of other SC central elements to monitor loading of SYP-2::V5, V5::SYP-
4*8, and GFP:SYP-3°.

HA:AID::bra-2; TIRI::mRuby animals exposed to auxin for 24 hours
recapitulated the synapsis defects observed in the bra-2(ok1171) null
mutants, whereby almost no loading of endogenous SYP-1 was
observed until EP (Supplementary Fig. 3c). We found that similar to
defective SYP-1 loading, BRA-2-depleted animals also displayed
impaired localization of SYP-2::V5 (Supplementary Fig. 3d), GFP::SYP-3
(Supplementary Fig. 3e) and V5:SYP-4 (Supplementary Fig. 3f), as
expected by their interdependent localization. Interestingly, Western
blot analysis showed that SYP-2::V5 and V5::SYP-4 were reduced in
absence of BRA-2 (Supplementary Fig. 3g) and assessment of transcript
levels of endogenous syp-1 and syp-4 revealed no detectable abnorm-
alities in expression (Supplementary Fig. 4a). We expanded this ana-
lysis by performing RNAseq on gonads dissected from HA::AID::bra-2;
TIRI::mRuby animals exposed to auxin for 48 h. These studies did not
reveal bra-2 as a major contributor to global transcriptional regulation
of known meiotic factors, except for reductions in syp-2 and dsb-2
transcript levels (Supplementary Fig. 4b-f). The reduced expression of
syp-2 is unlikely to be the origin of the severe loss of synapsis asso-
ciated with BRA-2 removal, since synapsis is unaffected in mutants with
similarly decreased levels of syp-2 expression, and highly reduced
levels of SYP-2 can still support SC formation*”* (see Discussion).
These data strongly suggest that BRA-2 is not a critical regulator of
global meiotic genes transcription and that the synapsis defects
observed in its absence are not a secondary consequence of aberrant
gene expression.

BRA-2 promotes elongation of the SC but not its maintenance
We observed that in HA::AID::bra-2; TIR1::mCherry animals exposed
to auxin for 24hours, nuclei at meiotic entry displayed
similar SC defects to those observed in bra-2 null animals, however,
those at later stages (LP) remained fully synapsed (Supplemen-
tary Fig. 3h).

Germ cells advance synchronously from the distal tip of the gonad
onwards, with a pace of approximately one nuclear row/hour®**,
Therefore, we reasoned that impaired synapsis in nuclei specifically at
TZ-EP would be consistent with BRA-2 exerting more prominent roles
at earlier rather than later stages. In support of this, we observed that if
exposure to auxin was prolonged for 48 hours, thus allowing meio-
cytes to travel further within the gonad, then synapsis defects were in
fact detected throughout pachytene, fully phenocopying the bra-2 null
mutants (Supplementary Fig. 5a).

To further corroborate this, we undertook two different approa-
ches: first, we exposed HA::AID::bra-2; TIR1::mRuby animals to auxin for
3 hours to achieve nearly complete BRA-2 depletion in the whole germ
line (Supplementary Fig. 1a) and then we moved the animals onto
plates without auxin to allow for BRA-2 resynthesis. We reasoned that
analyzing the depleted animals at different times during recovery/
resynthesis would allow us to assess how cells that were at different
substages of meiotic progression during auxin exposure responded to
BRA-2 depletion.

Given that it takes 12-14 hours for nuclei to travel from the mitotic
tip to TZ?7¢, we let the depleted animals recover for slightly longer
(16 hrs) to ensure that cells had enough time to enter meiosis. As
shown in Fig. 4d, nuclei in zones 3 and 4 (corresponding to TZ/EP), that
were in the premeiotic tip/meiotic entry at the time of the depletion,
displayed comparable SC impairment to worms constantly exposed to
auxin without recovery. Nuclei in zones 5 and 6 (corresponding to MP/

LP), depleted for BRA-2 when they were already beyond TZ, instead
displayed levels of synapsis comparable to control animals.

In a second approach, we treated the HA::AID::bra-2; TIR1::mRuby
animals as above, but we included incubation with EdU during the last
20 minutes of the 3h-exposure to auxin, followed by the 16 h of
recovery. Since the EdU is incorporated into the DNA only during
premeiotic DNA replication, this allowed us to clearly distinguish the
germ cells that engaged meiosis after depletion of BRA-2 (EdU-posi-
tive) from those that had entered meiosis before/during the depletion
(EdU-negative) (Fig. 4e). As shown in Fig. 4f, the cells displaying
unsynapsed chromosomes were also positive for EQU (arrowheads)
and conversely, EdU-negative cells showed full synapsis. Importantly,
Western blot analysis showed that significant resynthesis of BRA-2
protein levels occurred within 24-48 h (Supplementary Fig. 5b), ruling
out any major contribution as a result of its reappearance and
resumption of its function within the 16 hours of the recovery time
window. Altogether, these data indicate that BRA-2-mediated regula-
tion of chromosome synapsis occurs at meiotic entry and suggests that
BRA-2 is essential for SC polymerization rather than its maintenance.

BRA-2 and HIM-17 promote autosome pairing and synapsis in a
partially redundant manner

Our results so far indicate that BRA-2 exerts crucial roles in promoting
SC polymerization upon successful homology assessment, and given
its physical interaction with HIM-17, we sought to investigate whether
bra-2 and him-17 may also genetically interact. We employed different
alleles of him-17, and we also generated a functional him-17:AID tagged
line by CRISPR to facilitate genetic manipulation of strains.

We built the HA::AID::bra-2; TIR1::mRuby; him-17::AID strain and
assessed pairing and synapsis before and after auxin exposure. FISH
analysis revealed that, strikingly, chromosome V pairing levels were
dramatically impaired when BRA-2 and HIM-17 (Fig. 5a) were simulta-
neously absent, reaching only 30% in comparison to the normal pairing
levels observed in HA:AID:bra-2; TIR1::mRuby; him-17:AID controls
(-auxin). Previous studies have shown that while being essential for
meiotic DSB induction, him-17 is dispensable for both pairing and
synapsis*, and therefore this result was unexpected.

We also combined the HA:AID:bra-2; TIRI::mRuby with him-
17(0k424) deletion allele, likely to be a him-17 null, and assessed loca-
lization of phosphorylated-SUN-1%® to assess whether the pairing
defects that we observed resulted from impaired NE recruitment of the
protein machinery required for chromosome movement. We found
that phosphoSUN-1%® was abundantly present and extended until late
pachytene stage (Fig. 5b) as similarly observed in synapsis-defective
mutants'?, indicating efficient SUN-1-mediated chromosome motion
but delayed exit from the homology search state.

Analysis of SC assembly revealed that loss of both BRA-2 and HIM-
17 abrogated synapsis from the TZ and mid-pachytene nuclei, and SYP-
1 was detected only in late pachytene nuclei mostly as a single stretch,
possibly suggesting synapsis of a single chromosome pair (Fig. 5¢ and
Supplementary Fig. 6a). In fact, co-staining using anti-HIM-8 antibodies
revealed that the X chromosome was the only one retaining synapsis at
late pachytene stage in him-17 mutants depleted for BRA-2 (Fig. 5d,
Supplementary Fig. 6b). These results indicate that both proteins are
essential for pairing and synapsis of the autosomes but not for the sex
chromosomes. This was further corroborated by the finding that X
chromosome synapsis was only mildly affected upon loss of BRA-2
alone (Supplementary Fig. 6c) (consistent with the global synapsis
impairment triggered by loss of BRA-2) and indicating that the X
chromosomes do not have a specific tendency to being unsynapsed.

We ruled out that lack of pairing and synapsis originated from
impaired meiotic entry by co-staining WAPL-1 and phosphorylated
SUN-1%, since the former is lost from the nucleus upon entry into
meiosis while the latter appears at the nuclear envelope. WAPL-1 and
PSUN-1%8 displayed mutually exclusive localization before and after
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exposure to auxin (Supplementary Fig. 6d), further indicating that
pairing and SC defects are not caused by a defective mitosis-to-meiosis
switch.

It has been previously shown that him-17 establishes epistatic
relationships with two other pro-DSB factors in C. elegans, namely xnd-
1 and him-5°". Thus, we wondered whether the synthetic synapsis

+auxin

defects observed under simultaneous removal of BRA-2-HIM-17 could
be similarly triggered by lack of BRA-2 and these proteins as well.
Removal of HIM-5 or XND-1 in BRA-2-depleted animals did not further
impair synapsis (Supplementary Fig. 6e-f), indicating a specific role for
him-17 in promoting pairing and SC assembly in BRA-2-depleted
animals.
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Fig. 5 | BRA-2 and HIM-17 hold overlapping roles in promoting autosome
pairing and synapsis. a Left: quantification of chromosome V pairing in HA::AID::-
bra-2; TIR1::mRuby; him-17::AID worms before and after auxin exposure. At least three
germ lines were analyzed and the number of nuclei scored (-auxin vs +auxin
respectively) was: zone 1 (155, 255), zone 2 (172, 260), zone 3 (211, 253), zone 4 (173,
239), zone 5 (106, 143). Bars indicated mean with S.E.M. and asterisks denote sta-
tistical significance assessed by the X* test (two-sided, CI. = 0.05, *p < 0.0001). Right:
representative examples of early pachytene nuclei analyzed by FISH (Ch. V FISH
probe in yellow, DNA in blue). Scale bar 5 um. b Analysis of phosphorylated-SUN-1%

(green) in whole-mount gonads in the indicated genetic backgrounds, before and
after exposure to auxin. DAPI is shown in purple. Scale bar 10 um. The analysis was
performed in biological duplicates. ¢ SYP-1 (green)/HTP-3 (red) immunofluorescence
in early-mid pachytene nuclei of HA::AID::bra-2; TIR1::mRuby control animals and in
him-17(e2707) mutants, before and after exposure to auxin. DAPI is shown in blue.
Scale bar 5 pum. Analysis was performed in biological triplicates. d Co-staining of SYP-
1 (magenta)-HIM-8 (yellow) reveals that only the X chromosome is proficient in SC
assembly upon contemporary absence of BRA-2 and HIM-17. DAPI shown in blue.
Scale bar 5 pm. Analysis was performed in biological triplicates.

HIM-17 functions in promoting synapsis are independent of its
roles in DSB induction

We next sought to investigate whether the impaired synapsis observed
under simultaneous removal of HIM-17 and BRA-2 was linked to
reduced DSB formation, since him-17 activity has been shown to be
essential for break induction®. We used RAD-51 (the C. elegans ortho-
log of E. coli RecA®®*°) foci as an indirect read out of DSBs, since a direct
marker for meiotic breaks is not available in worms. Meiotic DSB repair
in C. elegans is entirely dependent on RAD-51, since DMCI1 is not pre-
sent. Once DSBs are formed and resected, RAD-51 is recruited to the
recombination intermediates where it promotes displacement and
invasion of the homologous template to achieve recombination.
Cytological detection of RAD-51 foci follows a reproducible pattern in
WT animals, and in the absence of SPO-11-mediated DSB induction, no
RAD-51 foci are detectable in the germ line (except for occasional
replication-dependent DNA damage). Under conditions in which
synapsis or CO formation are compromised, RAD-51 foci accumulate to
high numbers and their clearance from the chromatin is strongly
delayed*.

First, we assessed whether BRA-2 has a role in DSB formation, and
we found that HA:AID::bra-2; TIR1.:mRuby animals exposed to auxin for
24 h displayed a dramatic accumulation of RAD-51 foci as pachytene
progressed, consistent with impaired SC formation*? (Fig. 6a, b). This
shows that DSBs are generated upon BRA-2 depletion, indicating that
unlike HIM-17, BRA-2 is not required for DSB induction. As expected,
depletion of HIM-17 severely abrogated RAD-51 foci formation, which
was similarly impaired under HIM-17-BRA-2 co-depletion (Fig. 6a, b).

Next, we exposed worms lacking both HIM-17 and BRA-2 to
ionizing radiation to assess whether exogenous DSBs could suppress
the SC defects by performing analysis of HTP-3 and SYP-1 staining
4 hours after irradiation. This revealed no differences between test and
non-irradiated BRA-2-depleted animals and indicates that the SC
defects are independent of DSB formation (Fig. 6¢).

As a complementary approach, we simultaneously depleted SPO-
11 and BRA-2, as we reasoned that if lack of meiotic DSBs caused
synapsis defects in the bra-2; him-17 then this phenotype should be
recapitulated in the bra-2; spo-11. Also in this case, synapsis defects
were indistinguishable from animals depleted only for BRA-2 (Fig. 6d),
once more demonstrating that the synapsis defects occurred inde-
pendently of DSBs per se. These results suggest that HIM-17 exerts
roles in promoting SC assembly which are not linked to its functions in
mediating DSB induction, unveiling a previously unknown role for this
protein in promoting pairing and synapsis.

Loss of BRA-2 restores CHK-2 activity in htp-1 mutants

Previous work has shown that successful synapsis between homo-
logous chromosomes requires functional dynein, since under condi-
tions of impaired dynein function, homologs are still capable of
attaining pairing (although with delayed kinetics) but chromosomes
fail to synapse, resulting in the accumulation of SC subunits into
polycomplexes and a persistent clustering of the chromatin’. As pre-
viously mentioned, sun-1 and htp-1 have been shown to be essential for
this mechanism, since in their absence, the constraints on SC poly-
merization imposed by lack of dynein are bypassed and synapsis
ensues between non-homologous partners’.

In bra-2 mutants, SC elongation is defective but pairing is largely
successful, indicating that an active barrier to prevent ectopic synapsis
is intact, and therefore we wondered whether removal of htp-1 would
circumvent the defects in SC assembly.

To this end, we combined the HA::AID::bra-2; TIRI::mRuby with
htp-1(gk174) mutants and assessed PLK-2/SYP-1 staining. PLK-2 under-
goes a dynamic localization in the germ line: it concentrates into
aggregates at the nuclear periphery during TZ stage; and, it redis-
tributes along the SC in pachytene in response to CO site designation
and to promote timely inactivation of CHK-2">*°¢°, Importantly, PLK-2
can delay exit from TZ (visible as prolonged nuclear clustering) in the
presence of defects in synapsis or recombination, allowing the CHK-2-
dependent signaling to be extended™**?"¢!,

Abrogation of htp-1 function triggers precocious exit from TZ and
extensive non-homologous synapsis, therefore htp-I null mutants lack
a defined region of the gonad containing nuclei with clustered
chromatin®**?” and display a dramatic reduction of PLK-2/pSUN-1%® at
the nuclear envelope®.

PLK-2 aggregates at the nuclear periphery were barely detectable
at meiotic entry in Atp-I mutants (Fig. 7a, TZ, -auxin, and Supplemen-
tary Fig. 7), and no clearly defined nuclear polarization was observed,
recapitulating previous findings®. Exposure of HA:AID:bra-2;
TIRI::mRuby animals to auxin triggered retention of PLK-2 at the PCs
(Fig. 7a TZ and MP, +auxin,), in line with lack of synapsis and indicating
a prolonged state of chromosome movement. Strikingly, removal of
BRA-2 in htp-I mutants restored chromatin clustering, which con-
sistently overlapped with persistent PLK-2 localization at the nuclear
envelope until MP stage (Fig. 7a, TZ and MP, +auxin, and Supplemen-
tary Fig. 7). SYP-1 loading appeared greatly diminished compared to
both BRA-2-depleted worms and htp-I single mutants, as only one or
two SYP-1 tracks were detectable in MP nuclei of worms lacking both
BRA-2 and HTP-1 (Fig. 7b), consistent with previous data that HTP-1 is
important not only for homologous pairing but also for SC
processivity’. This indicates that lack of BRA-2 largely abrogates the
indiscriminate SC assembly triggered by absence of HTP-1and restores
establishment and maintenance of chromosome clustering, indicating
active CHK-2-mediated signaling. Previous work has shown that
removal of htp-2 in htp-1 null mutants reduces SC formation (and
consequently non-homologous synapsis)”, and slightly shortens the
CHK-2 active zone when synapsis is also abrogated®’. Thus, we gen-
erated the HA::AID::bra-2; TIR1:mRuby htp-1 htp-2 strain and assessed
PLK-2 localization to address whether HTP-2 was playing any roles in
sustaining the checkpoint activation triggered by BRA-2 depletion in
htp-1 mutants. As shown in Supplementary Fig. 7, PLK-2 localization in
htp-1 htp-2 double mutants does not dramatically differ from htp-1
nulls, except for a prominent accumulation as a single bright aggregate
which is likely to correspond to the X chromosome PC?*"*, A similar
PLK-2 localization pattern has been also recently shown by Barroso and
colleagues upon over-expression of HTP-2 in worms lacking htp-1,
indicating that HTP-2 is unable to functionally replace HTP-1regardless
of its abundance along the chromosome axes®*. Depletion of BRA-2 in
htp-1 htp-2 double mutants triggered a comparable response as
observed in the htp-1 single mutants, indicating that HTP-2 does not
function in promoting checkpoint activation in htp-1 mutants depleted
for BRA-2.
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Fig. 6 | BRA-2 is dispensable for DSB formation and SC defects in absence of
BRA-2-HIM-17 are independent of meiotic breaks. a Analysis of RAD-51 foci for-
mation in the indicated backgrounds, in absence or presence of auxin. Exposure to
auxin triggers extensive RAD-51 accumulation in BRA-2-depleted animals, which is
suppressed by HIM-17 co-depletion. Bars indicate S.E.M. At least three germ lines
for each genetic background were employed, and the number of nuclei analysed in
(-auxin) samples from zone 1 to 7 respectively, was: HA::AID::bra-2 (191, 182, 235,
203,194,163,104), him-17::AID (234, 266,182,177,146,137,125), HA::AID.:bra-2; him-
17:AID (180, 241, 209, 171, 151, 134, 113). The number of nuclei analysed in (+auxin)
samples from zone 1 to 7 respectively, was: HA:AID::bra-2 (243, 215, 154, 167, 152,
114, 94), him-17:AID (164, 259, 218, 181, 154, 106, 101), HA=AID::bra-2; him-17::AID
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(158, 219, 226, 221, 206, 141, 112). b Representative images of mid-pachytene nuclei
in the indicated backgrounds and conditions, stained for RAD-51 (red)/SYP-1
(green) and counterstained by DAPI. Scale bar 5 pm. The analysis was performed in
biological duplicates. ¢ Mid-pachytene nuclei of worms of the indicated genotype
exposed to auxin before and after IR showing that lack of synapsis does not depend
on DSBs. HTP-3 is shown in red and SYP-1in green. DNA is shown in blue. Scale bar
5 um. The analysis was performed in biological duplicates. d Mid-pachytene
nuclei of worms of the indicated genotype exposed to auxin showing that lack of
synapsis does not depend on SPO-11 activity. HTP-3 is shown in red and SYP-1 in
green. DNA shown in blue. Scale bar 5 pm. The analysis was performed in biological
duplicates.

Given that chromatin clustering results from vigorous chromo-
some movement, which in turn is essential for robust synapsis between
homologous chromosomes, we wondered whether the rescue of TZ
coupled with efficient PLK-2 recruitment at the nuclear envelope were
also indicative of improved pairing levels in the htp-I mutants depleted
for BRA-2. To this end, we performed FISH analysis to monitor pairing
of chromosome V. To make sure that LP nuclei were affected by BRA-2
depletion, we exposed the HA::AID::bra-2; htp-1 TIR1::mRuby animals to
auxin for 48 h instead of 24 h, as we have previously shown that at this
time point also cells at later stages display SC defects (Supplemen-
tary Fig. 5a).

While initial pairing of chromosome V was improved (zone 1 -
43.8% in BRA-2-depleted htp-1 mutants versus 10.1% in non-depleted),

removal of BRA-2 did not bypass the constraint imposed by htp-1
function in achieving robust chromosome coalignment in the rest of
the germ line (Fig. 7c), since the percentage of nuclei with unpaired
chromosomes from zone 2-6 was comparable to htp-I mutants. We
also noticed thatin the HA:AID::bra-2; TIR1::mRuby animals, there was a
higher frequency of nuclei with unpaired signals compared to bra-
2(ok1171) nulls (Fig. 3). We hypothesize that this might be a con-
sequence of the age difference of the worms analyzed between the two
experiments, as worms were analyzed 24 h post-L4 when the bra-
2(ok1171) deletion mutant was used, versus 48 h post-L4 in the bra-2
degron strain. When we combined FISH with SYP-1immunostaining we
found that chromosome V was engaged in non-homologous synapsis
(assessed by monitoring whether one or both probe signals were
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Fig. 7 | Loss of BRA-2 restores nuclear clustering and PLK-2 loading in htp-1
mutants. a Nuclei in transition zone (TZ) or mid-pachytene (MP) stained for PLK-2
(yellow)/SYP-1 (magenta) counterstained by DAPI (cyan) in HA:AID::bra-2;
TIRI::mRuby control animals and htp-1(gk174) mutants, before and after auxin
exposure (24 h). Scale bar 5 pm. Analysis was performed in biological duplicates.
b Mid-pachytene (MP) nuclei stained for HTP-3 (red)/SYP-1 (green) in the indicated
genetic backgrounds before and after exposure to auxin. Scale bar 5 um. Analysis
was performed in biological duplicates. ¢ Quantification of nuclei with paired sig-
nals for Ch. V in the indicated genetic backgrounds before and after exposure to
auxin. Bars depict S.E.M. and asterisks indicate statistical significance as assessed by
X2 test (two-sided, CI. = 0.05, *=p < 0.0001, ns= non- significant). At least three germ
lines for each genetic background were employed for quantification, and the
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number of nuclei scored was: HA::AID::bra-2 (-auxin, zone 1-5) 150, 179, 175, 146, 110;
HA:AID::bra-2; htp-1 (-auxin, zone 1-5) 128, 139, 148, 174, 122; HA::AID::bra-2 (+auxin,
zone 1-5) 198, 208, 200, 200, 126; HA::AID::bra-2; htp-1 (+auxin, zone 1-5) 155, 174,
175,163, 116. d Quantification of non-homologous synapsis in the indicated genetic
backgrounds and exposure conditions to auxin only in the pachytene region.
Quantifications were performed on the same samples quantified in (c), but only in
nuclei spanning the pachytene region and corresponding to zones 4 (EP/MP) and 5
(MP/LP). Bars indicate S.E.M. and asterisk denotes statistical significance assessed
by X? test (two-sided, CI. = 0.05, ns= non-significant, *p < 0.0001). e Representative
images of mid-pachytene nuclei showing FISH for Ch. V (orange) and anti-SYP-1
(light green) immunostaining, counterstained by DAPI (purple). Scale bar 5 um.
Analysis was performed in biological triplicates.

associated with SYP-1) in all pachytene nuclei scored in the htp-1 null
mutants, recapitulating previous data®®”. In contrast, non-
homologous synapsis was reduced to levels observed in control ani-
mals upon BRA-2 depletion in pachytene cells (Fig. 7d, e), consistent
with the fact that BRA-2 removal abrogates indiscriminate synapsis
triggered by htp-1 loss of function.

These results indicate that when homology is not detected, the
removal of BRA-2 restores a barrier to indiscriminate SC assembly by

bypassing the constraints imposed by HTP-1, although it is not suffi-
cient to suppress the loss of pairing caused by the abrogation of htp-1
function.

Loss of HIM-17 partially alleviates pairing and synapsis defects in
htp-1 mutants

Unlike bra-2, him-17 is dispensable for synapsis*"®* (this study). How-
ever, the synthetic effects that we observed when BRA-2 and HIM-17
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17(0k424) (5). Bars indicate S.E.M., and asterisks show statistical significance
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background were employed for quantification, and the number of nuclei scored
was (zone 1-5): WT -126, 152, 128, 107, 80; htp-1(gk174) - 357, 361, 361, 331, 214; him-
17(0k424) - 197, 209, 211, 145, 114; htp-1(gk174); him-17(0k424) - 377, 380, 361, 303,
202. Bars indicate S.E.M., and asterisks denote statistical significance as assessed by
X2 test (two-sided, Cl =95%, *p < 0.0001). d Representative images of Ch. V FISH
(yellow) and DAPI (cyan) in mid-pachytene nuclei in the indicated mutants. Scale
bar 5 pm. Analysis was performed in biological triplicates. e Ch. V FISH (green) and
SYP-1 (magenta) immunostaining in the indicated mutant backgrounds. Scale bar
5 um. The analysis was performed in biological duplicates. f Mid-pachytene nuclei
stained for HTP-3 (red)/SYP-1 (green) in the indicated genetic backgrounds and
conditions of exposure to auxin. All strains analyzed carried the TIR1:mRuby
expressing transgene in the background. Scale bar 5 um. The analysis was per-
formed in biological duplicates.

were simultaneously removed suggest that HIM-17 could be part of an
accessory/parallel pathway that is activated upon dysfunctional pair-
ing/synapsis, or that it could play partially overlapping roles with
BRA-2.

To investigate these possibilities, we assessed whether removal of
him-17 in htp-1 mutants altered SC dynamics and/or pairing as similarly
observed upon BRA-2 depletion (Fig. 7). Indeed, htp-1; him-17 double
mutants showed a well-defined TZ with nuclei displaying a clustered

chromatin morphology (Fig. 8a). This was coupled with reduced SYP-1
loading, which localized predominantly as chromosome-associated
puncta at meiotic entry/EP, and wild-type-like clusters of PLK-2-labeled
chromosome ends at the nuclear periphery (Fig. 8b). Compared to htp-
1 animals depleted for BRA-2 however, the window of PLK-2 localiza-
tion at the nuclear envelope was narrower in the htp-1; him-17 double
mutants, extending to a size comparable to WT animals (Fig. 8b).
Strikingly, FISH analysis revealed that in the htp-1; him-17 double
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mutants the pairing of chromosome V in TZ (corresponding to Zone 1)
was not different from controls, and it was steadily maintained
throughout the germ line (Fig. 8c, d). Combined analysis of FISH and
immunostaining for SYP-1 also showed that paired chromosome V was
largely synapsed (Supplementary Fig. 8e). Thus, our data suggest that
removal of HIM-17 in htp-1 mutants not only restores chromosome
clustering early on, but also allows the homologs to align and remain
synapsed thereby preventing non-homologous synapsis.

Next, we asked whether the phenotypes observed in the htp-1;
him-17 double mutants might originate from impaired DSB formation,
given that HIM-17 is required for break induction. To this end, we
generated the spo-11(0k79) htp-1(gki74) double mutants and analyzed
PLK-2 localization. This showed that removal of SPO-11 did not affect
the extent of PLK-2 recruitment in the absence of htp-1 nor restored
presence of nuclei with clustered chromatin in TZ (Supplementary
Fig. 8), indicating that the accumulation of PLK-2 and the delay in SYP-1
loading observed in htp-1; him-17 double mutants are not caused by
absence of meiotic DSBs.

The pairing and synapsis phenotypes observed in the htp-1; him-17
mutants differed from those observed in the bra-2; htp-1 animals, since
in the former we found only delayed SYP-1 loading associated with
strongly improved pairing levels, while in the latter, synapsis was
almost entirely abrogated but pairing levels were not different from
htp-1 single mutants. Therefore, we decided to deplete both BRA-2 and
HIM-17 to assess their epistatic relationships in influencing pairing and
synapsis establishment in germ lines lacking htp-1. The SC impairment
observed in worms co-depleted for BRA-2 and HIM-17 was unchanged
after removal of htp-1 (Fig. 8f), as well as the pairing defects (Supple-
mentary Fig. 8b), suggesting that BRA-2-HIM-17-mediated roles in
regulating pairing and synapsis occur upstream/irrespectively of HTP-1
presence.

In conclusion, our work identifies regulatory circuits that promote
homologs pairing and release constraints to SC elongation upon
homology assessment. These activities are differently stimulated by
absence of BRA-2 and HIM-17 and importantly, their loss reinstates a
barrier to uncontrolled synapsis contingent to homology, that bypas-
ses the requirements imposed by HTP-1 function.

Discussion

Our work identifies the MYND-ZnF domain containing protein BRA-2 as
a HIM-17 interactor and shows that it exerts crucial functions in reg-
ulating SC polymerization. Lack of BRA-2 impairs SC assembly with
only minor effects on homolog pairing, resulting in defective CO
establishment and reduced chiasmata formation. Loss of BRA-2 redu-
ces the polymerization rate of SC central components concomitant
with protein destabilization. Live imaging analysis of synapsis estab-
lishment and conditional degron-mediated depletion of BRA-2 reveal
that the key function of the protein during synapsis is in regulating SC
elongation upon homology assessment rather than SC maintenance,
and strikingly, co-depletion with HIM-17 reveals partially overlapping
activities that coordinate homolog pairing with establishment of
synapsis.

BRA-2 as a relay for SC assembly upon homology assessment
At meiotic entry, homologous chromosomes must align pairwise to
successfully undergo synapsis and recombine. However, SC assembly
can take place irrespective of homology and consequently controlling
systems must be in place to properly coordinate processive SC poly-
merization only once homology assessment has been satisfied. How
co-aligning companions recognize one another, remains one of the
most important unanswered questions in the field, and although our
data do not directly address homology assessment, they reveal
important aspects of the regulatory mechanisms that ensure the
release of the constraints to SC assembly at the right time and between
the right partners.

We observed that the absence of BRA-2 does not grossly com-
promise homolog coalignment, as evidenced by largely normal pairing
levels (Fig. 3), that were steadily maintained throughout the pachytene
stage, indicating a stable association between the homologs. Synapsis
on the other hand, was dramatically impaired, although chromosome
ends containing the PC were associated with some residual SYP-1, as
observed by FISH combined with immunofluorescence (Fig. 3). This
would suggest that while BRA-2 is dispensable to achieve pairing and
initial synapsis at chromosome ends, it is essential for transmitting a
downstream “pairing OK” signal which allows polymerization of the SC
along the entire chromosome length.

Previous work has shown that indeed the SC is nucleated first at
PC sites and then is polymerized along the entire length of the chro-
mosomes with high processivity’. In line with this, our analysis of
GFP::SYP-3 dynamics in live animals has revealed that the formation of
the putative SYP-3 nucleation sites shows only a slight reduction under
BRA-2 depletion, however 50% of these foci never undergo elongation
and those that manage to linearize, do so with a substantially reduced
elongation rate (Fig. 4).

Our RNA-seq data indicate that loss of BRA-2 causes reduced
expression of dsb-2, involved in DSB formation®®, and syp-2, one of the
central elements of the SC that is essential for establishment of
synapsis*’. In C. elegans, all central elements (SYP-1, -2, -3, -4, -5, -6 and
SKR-1, -2) are loaded inter-dependently*>**¢""!, and therefore, reduced
expression/loading of one of the subunits could drive the destabili-
zation of all others. Consequently, the defective SC polymerization we
observe in BRA-2-depleted animals could be explained by a limiting
pool of SYP proteins. However, while we cannot definitively exclude a
contribution of the reduced syp-2 expression to the synapsis defects
that we observe in bra-2 mutants, several lines of evidence support the
interpretation that these phenotypes are unlikely to be a function of
reduced synapsis per se.

Recent work has shown that absence of him-17 causes a reduc-
tion of syp-2 expression comparable to that we observe in the
absence of BRA-2°?, however, him-17(0k424) null mutants display
normal synapsis* (this study), indicating that such a reduction in
syp-2 expression does not trigger, per se, SC assembly defects. Fur-
thermore, any possible consequences of SYP-2 reduction that occur
in bra-2 mutants are also unlike those previously reported for syp-2/+
heterozygotes, and for syp-1 partial RNAi conditions. Libuda and
colleagues® have shown that reduced syp-I levels (comparable to
SYP-2 reduction in our analysis) cause an overall decrease in intensity
of SYP-1 signal relative to the axis (-65%), coupled with some missing
or undetectable short stretches of SC. In the case of syp-2/+ germ-
lines, the reduction of syp-2 resulted in an increase in the number of
small gaps in long SYP-1-stained segments that were of wild-type
intensity, and were limited to early pachytene, as at later stages, full
length SC was maintained™. In bra-2 mutants, some TZ nuclei showed
one or two short bright SYP-1 segments while only 10% of pachytene
nuclei achieved full synapsis (Fig. 4). Consequently, our phenotype
significantly deviates from previously published observations in that
the reduction of SYP-2 is not evidenced as gaps or an overall decrease
in SYP-1 levels at the SC, but instead SYP-1 appears robust and con-
tiguously localized to a reduced number of axes only at advanced
pachytene stages. The more robust SC staining that we observe in
late pachytene nuclei in bra-2 mutants is likely to also be a con-
sequence of the relaxation of the constraints imposed on SC
assembly that occur at this stage?.

A further crucial piece of evidence in support of our model, is
provided by the rescued nuclear clustering and restored PLK-2 loading
that we observe in the bra-2; htp-1 double mutants, which was not
observed in syp-2; htp-1 double mutants®****, This indicates that if the
phenotypes observed in bra-2 mutants were mainly caused by
reduced/impaired synapsis per se, we then would have expected that
the htp-1 worms depleted for BRA-2 would show a similar phenotype to
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htp-1; syp-2 double mutants, which is in stark contrast with our
observations (Fig. 7 and Supplementary Fig. 7).

Lastly, it has been shown that early pairing takes place indepen-
dently of the SC, which becomes essential for stabilizing the associa-
tion between the homologs later on****%*’°, Unlike what has been
observed in synapsis-defective mutants*>**¢°7°, we find steady-state
pairing levels in the bra-2 mutants despite the dramatic impairment in
synapsis. This additionally reinforces the interpretation that BRA-2 is
not required for the initial stabilization and maintenance of the PCs
associations, and that its activity is instead necessary to promote
elongation of the SC along the entire chromosome length following
homolog recognition.

HTP-1 activity in preserving a homology-contingent barrier to
synapsis becomes dispensable in absence of BRA-2 or HIM-17
Several studies have shown that in C. elegans, pairing-defective
mutants fail to acquire a clustered chromatin configuration at meio-
tic entry. This holds true in the case of mutations in factors directly
involved in the assembly of the SUN/KASH module SUN-1/ZYG-12"",
but also in mutants of genes involved in regulatory activities of meiotic
progression such as prom-1and him-19">", the meiotic kinases mutants
CHK-2 and PLK-2"?°*, and in the HORMA-domain containing protein
family?*?°, Together with impaired nuclear polarization, several
pairing-defective mutants display deregulated establishment of
synapsis, which occurs between non-homologous chromosomes. Lack
of synapsis alone on the other hand, triggers prolonged nuclear clus-
tering coupled with extended recruitment of PLK-2 at the PCs and
phosphorylation of SUN-1 (a marker for the time window when chro-
mosome movements take place). Impaired SC formation, however, is
not always sufficient to trigger asymmetric chromatin reorganization,
as indicated by lack of a defined TZ in the axial element mutants htp-3
or him-3, both structurally essential for the loading of SC central
elements” . This suggests that multiple levels of control are inte-
grated both at the nuclear envelope, as well as at the interface with the
chromosome axes to allow chromatin redistribution and prolonged
permanence into a homology search state when synapsis and/or
recombination are defective.

Previous work has established the model wherein dynein-driven
forces exerted on the PCs promote timely establishment of pairing and
allow SC polymerization once homology has been satisfied’, resulting
in the exit from homology search state and redistribution of chromatin
in the nuclear space. Under impaired dynein function, homologs still
manage to attain (delayed) pairing coupled with chromosome clus-
tering, however synapsis is prevented and the SC subunits form
nuclear polycomplexes. SUN-1 and the axial protein HTP-1 have been
shown to be essential for establishing and/or maintaining this barrier
to SC formation”1826%7,

Our data indicate that loss of BRA-2 or HIM-17 is sufficient to
restore the barrier that prevents illegitimate SC assembly, since both
bra-2; htp-1 and htp-1; him-17 double mutants, as well as bra-2; htp-1;
him-17 triple mutants, show extensive nuclear clustering and non-
homologous synapsis is abrogated despite complete loss of autosome
pairing. Interestingly, in the bra-2; htp-1 mutant background pairing
showed an initial improvement in TZ, which was not maintained
throughout pachytene, where it reached comparable levels to those
observed in the htp-1 single mutants (Fig. 7c). This could indicate that
abrogation of illegitimate synapsis caused by removal of BRA-2 in htp-1
mutants might facilitate the initial coalignment of the homologs which,
however, lacks sufficient stabilization due to complete absence of SC,
since overall synapsis in bra-2; htp-1 doubles was further reduced in
comparison to bra-2 or htp-1 single mutants. This highlights the
essential roles that HTP-1 plays in promoting homolog coalignment
and also in stimulating SC processivity, as previously reported’**%. In
alternative, simultaneous abrogation of bra-2 and htp-1 function could
result in changes into chromatin configuration that could favor early

homologs association but not maintenance of their interaction.
Importantly, failure in attaining pairing was not caused by impaired
movement of chromosome ends, as indicated by extended nuclear
polarization and recruitment of PLK-2/pSUN-1°%, Homolog pairing and
subsequent homologous SC assembly were strongly improved in htp-1;
him-17 double mutants, suggesting that BRA-2 and HIM-17 play
separable roles during pairing and have partially overlapping functions
during SC establishment.

The loss of autosomal pairing and synapsis along the autosomes
observed in the bra-2; him-17 double mutant could be due to a failure at
the level of homolog recognition, which in turn prevents SC poly-
merization via an intact dynein-mediated functional barrier. Alter-
natively, loss of BRA-2-HIM-17 might weaken/prevent a stable
association between the PCs, resulting in a deficiency in overcoming
the forces opposed by dynein function, thereby prolonging the win-
dow of the homology search state and blocking SC assembly. This
would be in line with our finding that both PLK-2 and pSUN-1*® are
abundantly recruited at the nuclear envelope in absence of bra-2 and
him-17, indicative of active CHK-2 signaling and no obstacles to chro-
mosome movement. Therefore, BRA-2 and HIM-17 might cooperate to
promote the stabilization of the initial interaction between the PCs
and/or support the homology assessment step, or perhaps they could
play roles in limiting CHK-2 activity. Work in mammals has shown that
ZMYNDI11 is important to assemble a co-repressor protein surface that
in turn regulates RNA pol Il activity during elongation®*** rather than
directly tweaking transcription levels. It is tantalizing to envision a
scenario where perhaps loss of BRA-2-HIM-17 might release a con-
straint on factor(s) that promote/signal exit from the homology search
state, which would result in prolonged permanence in TZ in the
absence of BRA-2 and HIM-17.

Alternatively, previous work in budding yeast has suggested a
mechanical model which could also provide insights into the possible
interplay between BRA-2/HIM-17 and HTP-1 function. In this scenario,
chromatin loop expansion extends the axis and blocks SC formation
until the axis is relaxed, an event that can be triggered by CO desig-
nation and results in local SC nucleation and spreading at a
distance"’*7°. To ensure that full SC polymerization is accomplished,
global axis relaxation occurs at late zygotene stage. In this context, we
could envision a scenario whereby chromatin-localized BRA-2 (and to
some extent HIM-17), negatively regulates chromatin expansion, while
axis-localized HTP-1 blocks axis relaxation and concomitant SC for-
mation. Consequently, bra-2 mutants allow more chromatin expansion
and axis extension that impedes SC formation, while htp-I mutants
have constitutively relaxed axes that permit nonhomologous SC for-
mation. This is consistent with the phenotypes that we observe both in
the bra-2; htp-1 and htp-1; him-17. In conclusion, our work provides
evidence of a complex, multilayered regulatory network tasked with
unleashing synapsis to stabilize homolog interactions with precise
timing (Fig. 9), and further studies will be necessary to elucidate the
molecular mechanisms underlying these processes and to frame BRA-
2-HIM-17 activities during the establishment of pairing and synapsis.

Methods

Strain maintenance and genetics

All strains were cultured according to standard procedures”. Worms
were grown on nematode growth medium (NGM) plates seeded with
OP50 E. coli as a food source and maintained at 20 °C for all the
experiments. To assess embryonic lethality and male progeny, L4
worms of the relevant genotype were individually picked, and mothers
were moved onto fresh plates every 24 hours. Dead-eggs/hatched-eggs
were scored the day after the mothers were moved and male progeny
three days later. The percentage of embryonic lethality was calculated
as a total number of dead eggs/total number of laid eggs. CRISPR-
tagged strains were generated by SunyBiotech (https:/www.
sunybiotech.com/), the him-17::3XHA tagged line had been previously
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Late pachytene accomplished

him-17 Transition zone to Extended Accomplished Accomplished
Mid pachytene

bra-2; him-17 Transition zone to Extended No autosome No autosome
Late pachytene pairing synapsis

htp-1 No defined Severely impaired No autosome Non-homologous
clustering pairing synapsis

bra-2; htp-1 Transition zone to Extended No autosome Severely impaired
Late pachytene pairing

htp-1; him-17 Transition zone to Same as WT Autosome pairing Synapsis strongly
Mid pachytene strongly achieved achieved

bra-2; htp-1; him-17  Transition zone to Extended No autosome No autosome
Late pachytene pairing synapsis

Fig. 9 | BRA-2-HIM-17 overlapping and separable functions in pairing and synapsis. Graphical schematization and table summarizing pairing, synapsis, and extent of

chromosome clustering observed in the indicated genetic backgrounds.

generated by CRISPR®, and the him-17::GFP line was generated by
biolistic bombardment*. All strains generated by CRISPR, were out-
crossed twice to WT worms prior usage. A complete list of strains used
in this study is reported in Supplementary Data 2.

Immunofluorescence studies

Worms of the indicated age and genotype were dissected in 15ul of
1XPBS containing 0.1% Tween (PBST) on a 22x22 coverslip. Gonads
were fixed by adding 15pl of 2% PFA in IXPBST and fixation was carried
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out for 5minutes at room temperature. Coverslips were flicked off
after briefly dipping the slides into liquid nitrogen and samples were
transferred to methanol at —20 °C for at least 5 minutes. Slides were
washed three times in 1X PBST and blocked for 1 h at room tempera-
ture in 1% BSA in IXPBST. Primary antibodies were allowed to incubate
overnight at room temperature in a humid chamber and the following
day, slides were washed three times in 1XPBST for 10 minutes each.
Incubation of secondary antibodies was carried out for 2 h at room
temperature in a humid chamber in the dark. Slides were washed three
times in IXPBST for 10 minutes each in the dark and a 60pl of a DAPI
solution in water (2ug/ml) was added on top of the dissected worms.
After 1 minute, slides were washed in 1XPBST for at least 20 minutes in
the dark, mounted with Vectashield and coverslip were sealed with nail
polish. A full list of the antibodies used in this study is reported in
Supplementary Data 3.

Samples were acquired with a fully motorized widefield upright
microscope Zeiss Axiolmager.Z2, equipped with a monochromatic
camera Hamamatsu ORCA Fusion, sSCMOS sensor, 2304 x 2304 pixels,
6.5 x 6.5 um size. Z-stacks were set at 0.25 um thickness and images
were deconvolved with ZEN Blue Software using the “constrained
iterative” algorithm set at maximum strength. Whole projections of
deconvolved images were generated with Fiji and processed in Pho-
toshop, where some false coloring was applied.

Auxin Treatment

Worms of the indicated genotype were selected as L4s or young adults
(24 h post L4 stage) and picked onto NGM plates with and without 1 mM
indole-3-acetic acid (auxin, Sigma). Exposure to auxin was carried out for
the indicated times. Given that auxin inhibits bacterial growth, OP50
liquid cultures were concentrated 2X and spotted onto auxin plates a
few days in advance and air-dried before placing the worms. Seeded
auxin plates were kept refrigerated at 4 °C protected from light and used
within three weeks. All degron strains were crossed into the CA1199
background”, which carries the TIR1:mRuby transgene expressed under
sun-I regulatory elements and integrated on chromosome IV.

Biochemistry

For whole cell extracts, 100 synchronized young adult worms (24 h
post-L4 stage) were picked into 30pl of 1XTE (Tris-EDTA Buffer, pH=8)
containing 1X cOmplete Protease Inhibitor (Roche) and flash-frozen in
liquid nitrogen. After thawing, 10pl of 4X Laemmli Buffer was added,
and worms were boiled for 10 minutes with mild shaking. Samples
were spun down at maximum speed for 1 minute and run on precast 4-
20% gradient acrylamide gels (BioRad) in 1X Tris-Glycine buffer con-
taining 0.1% SDS. Proteins were transferred onto a nitrocellulose
membrane (Amersham) in 1X Tris-Glycine buffer containing 20%
methanol for 1 h at 4 °C. The Membrane was rinsed in 1XTBS containing
0.1% Tween (TBST) and blocked in IXTBST containing 5% milk. Incu-
bation of primary and secondary antibodies was carried out in the
same buffer overnight at 4 °C and 2h at room temperature respec-
tively. For nuclear protein fractionation, extracts were produced as in*
without modifications and co-immunoprecipitation was performed by
incubating 1-2mg of nuclear extract with pre-equilibrated anti-HA
Affinity Matrix (50pl, Sigma) or agarose GFP traps (30 pl, Chromotek)
in Buffer D (20 mM HEPES pH 7.9, 150 mM KCl, 20% glycerol, 0.2 mM
EDTA, 0.2% Triton X-100 and complete Roche inhibitor) overnight at
4 °C. The following day, beads were extensively washed in Buffer D and
resuspended in 40pul of 2X Laemmli Buffer and boiled for 10 minutes.
Samples were spun down for 1 minute at maximum speed to pellet the
beads, and proteins were loaded onto precast 4-20% gradient
acrylamide gels.

In-gel digestion and LC-MS/MS analysis
Selected 1D gel bands were excised manually and after de-staining and
washing procedures each band was subjected to protein reduction

(10 mM DTT in 25 mM NH4HCOj3, 45 min, 56 °C, 750 rpm) and alkyla-
tion (55 mM IAA in 25 mM NH4HCO5; 30 min, laboratory temperature,
750 rpm) step. After further washing by 50% ACN/NH4HCO; and pure
ACN, the gel pieces were incubated with 125 ng trypsin (sequencing
grade; Promega) in 50 mM NH4HCO;. The digestion was performed
overnight at 37 °C on a Thermomixer (750 rpm; Eppendorf). Tryptic
peptides were extracted into LC-MS vials by 2.5% formic acid (FA) in
50% ACN with the addition of polyethylene glycol (final concentration
0.001%)”® and concentrated in a SpeedVac concentrator (Thermo
Fisher Scientific). LC-MS/MS analyses on HIM-17::3XHA pull downs
were performed using RSLCnano system (Thermo Fisher Scientific)
connected to Orbitrap Fusion Lumos Tribrid (Thermo Fisher Scien-
tific). Prior to LC separation, tryptic digests were concentrated and
desalted using trapping column (300 pm x 5 mm, pPrecolumn, Spm
particles, Acclaim PepMap 100 C18, Thermo Fisher Scientific). After
washing of trapping column with 0.1% FA, the peptides were eluted in
backflush mode (flow 500 nl/min) from the trapping column onto
Acclaim PepMapl00 C18 column (3um particles, 75 pm x 500 mm;
Thermo Fisher Scientific) by 120 min gradient program (mobile phase
A: 0.1% FA in water; mobile phase B: 0.1% FA in 80% ACN). Both col-
umns were heated to 40 °C. The analysis of the mass spectrometric
RAW data files was carried out using the MaxQuant software (version
1.6.10.43) using default settings unless otherwise noted. MS/MS ion
searches were done against modified cRAP database (based on http://
www.thegpm.org/crap, 112 protein sequences), and UniProtKB protein
database for Caenorhabditis elegans (27,028 protein sequences).
Trypsin/P enzyme specificity with 2 allowed miss cleavages and mini-
mal peptide length 6 amino acids were set. Only peptides and proteins
with FDR threshold <0.01 and proteins having at least one unique or
razor peptide were considered.

EdU staining

Synchronized young adult worms were hand-picked in 50ul of M9
containing 0.1% tween, to which 50ul of 1 mM EdU dissolved in DMSO
were added before placing the samples at 20 °C protected from light.
For the experiment shown in Supplementary Fig. 2b, worms were left
soaking in M9 containing EAU for 40 minutes, after which they were
allowed to recover for 1.5 hrs at 20 °C on seeded plates before dis-
sections and staining. To detect EAU, worms were dissected in IXPBST
and fixed in PFA at 4% final concentration for 10 minutes at room
temperature. Coverslips were freeze-cracked in liquid nitrogen and
slides were placed in methanol at 20 °C for 10 minutes. After three
washes in 1IXPBST, EdU was detected with the Click-IT reaction kit
(ThermoFisher) according to manufacturer protocol.

For the experiment in Fig. 3, worms were incubated in M9 con-
taining EAU for 20 minutes and then placed either on non-auxin plates
(untreated and recovery) or auxin plates for the indicated times. For
EdU detection combined to immunofluorescence, samples were first
processed as for normal immunostaining including incubation with
secondary antibodies, after which, the Click-IT protocol was applied
according to manufacturer instructions. We and others’ have noticed
that the Click-IT protocol significantly lowers antibody detection effi-
ciency, therefore after testing several markers for the chromosome
axes, we chose to employ the anti-phosphoHTP-3°% antibody that we
previously generated®®, which localizes identically as pan anti-HTP-3
but displayed better staining quality.

Quantification of synapsis, PLK-2, COSA-1 and DAPI bodies

To quantify synapsis, germlines of the indicated genotype were divi-
ded into six equal regions spanning the mitotic tip to diplotene entry.
Nuclei were considered synapsed only if SYP-1 fully overlapped with
HTP-3. At least three gonads for each genotype were used for quanti-
fications. For PLK-2 quantification, nuclear cell rows from transition
zone to late pachytene stage were counted and considered as “posi-
tive” only if at least 50% of the cells in a given row displayed PLK-2
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staining in >1 aggregate, as previously shown®. At least three germlines
were used for the quantification. For DAPI bodies counts, only -1and -2
diakinesis nuclei were scored. For OLLAS::COSA-1 staining, only the
nuclei in the last seven rows before the diplotene stage were included
in the quantification®.

SUN-1::GFP tracking

For the analysis of SUN-1 aggregates in live animals, worms were
anaesthetized with M9 buffer containing 10 mM Tetramisole, mounted
on 2% agarose pads and covered with coverslips, which were sealed
with melted petroleum jelly. SUN-1 aggregates marking chromosome
end attachments at the nuclear periphery were filmed as previously
described”. Before filming adult hermaphrodites, preselected
HA:AID::bra-2; TIR1::mRuby L4s were incubated at 20°C for 24 hours on
plates containing 1mM auxin or ethanol plates, which served as a
control. Images were acquired as 0.8 um thick optical sections every
5seconds for 5minutes with a DeltaVision Ultra Epifluorescence
Microscope, using a 60x silicone objective. The softWoRx suite was
used for deconvolution. The images were analyzed using ImageJ (NIH)
with StackReg and Manual Tracking plugins.

GFP::SYP-3 live imaging

Preselected L4s syp-3(0k758); GFP:syp-3; HA::AID::bra-2; TIRI1::mRuby
worms were placed either on an OP50 spread NGM plate or on an NGM
plate containing auxin with 3 drops of OP50. The worms were allowed
to grow for 24 hours to reach adulthood and begin oogenesis. Live
worm mount slides were prepared by placing a 1 mm thick 10% agar
pad on frosted slides and allowed to cure. At 24 hours post L4 a single
one-day old adult was placed in a 0.75 ul drop of beads on the agar pad.
A cover slip was placed over the pad, and the position of the worm
marked on the back of the slide. Imaging was done with the DeltaVision
deconvolution microscope. A1024 x 1024 time-lapse 3D stacked image
was taken of the full thickness of meiotic nuclei using FITC for 5 min-
utes. The region imaged was centered on the transition from partial
accumulation (foci) of SYP-3:GFP and elongated SYP-3::GFP. After
imaging, movies were deconvolved and evaluated for SYP-3::GFP foci
initiating an elongation events.

Fluorescence in situ hybridization

FISH experiments to detect chromosomes Ill and V was performed as
in*? without modifications. To label the pairing center end of chro-
mosome IlI, the T17A3 cosmid was used to generate a digoxigenin-
labeled DNA probe with the Digoxigenin-nick translation mix (Roche)
according with manufacturer instructions. The chromosome V was
visualized with a biotin-labeled probe generated by amplifying the
endogenous 5s rDNA locus by PCR, and labeling was performed with
the Biotin-nick translation mix (Roche) according with manufacturer
instructions. Labeled probes were added to FISH-mix (10% dextran
sulfate, 50% formamide, 2XSSCT), and slides were incubated for 3”at
92 °C followed by overnight incubation at 37 °C. To combine FISH with
SYP-1 staining, we first performed FISH protocol, and after probe
incubation and post-hybridization washes, slides were washed thrice
with 2XSSCT for 10 minutes each at room temperature and blocked in
1% BSA in 2XSSCT for 30 minutes. Incubation with primary chicken
anti-SYP-1antibody®' was carried out overnight at room temperature in
a humid chamber, and the following day the slides were washed three
times with 2XSCCT for 10 minutes each. Goat anti-chicken secondary
antibody was combined with FITC-conjugated anti Biotin or
Rhodamine-conjugated anti Digoxigenin and left to incubate for 3 h at
room temperature in the dark. Slides were washed, and DAPI staining
was performed as for regular immunostaining.

For the detection of non-PC of chromosome IV, we employed the
same two Cy3-conjugated oligoprobes corresponding to “IV-3” in® and
performed FISH “in tube” with minor modifications. Briefly, worms
were dissected on a 22x22 coverslip in 30pl of IXEGG buffer containing

0.1% Tween and fixed by adding an equal volume of 8% PFA in IXEGG
buffer containing 0.1% Tween. Samples were fixed for 4 minutes at
room temperature and then transferred to 1.5-mL Eppendorff tubes, in
which 1 mL of cold methanol was added. Tubes were placed at —20 °C
until the completion of dissections. Methanol was replaced with 1 mL
of 2XSSC containing 0.1% Tween to perform three washes at room
temperature. After the last wash, samples were transferred to 0.1 mL
PCR tubes, and 100 pl of 50% formamide in 2XSSC containing 0.1%
Tween was added to carry out a pre-hybridization step of the samples
in a PCR thermocycler at 37 °C overnight. The following day, for-
mamide was removed and 40pl of FISH mix containing 2l of each
oligoprobe from a 10 mM stock were added. Probe hybridization was
carried out in a thermocycler at 92 °Cfor2°30° ", 72 °C for 2" and 37 °C
overnight. The following day, FISH mix was removed, samples were
washed three times in 2XSSCT for 5 minutes each at room temperature
in the dark. DAPI was allowed to stain in the tubes for 2 minutes, and
after two 10-minutes wash in 2XSCCT, the dissected germ lines were
transferred to a Superfrost positively charged slide in minimal volume
and mounted with 12pl of Vecatshield.

RNA-Seq

125mM K-NAA was dissolved in water and filtered and added to
cooled MyoB media to a final concentraton of 4 mM. Plates were
dried overnight and seeded with OP50 prior to use. 4x100 L4 worms
were picked and aged for 2 days on either MyoB or MyoB + auxin.
Worms were dissected in M9 buffer (for 1L: 3 g KH,PO,4, 6 g Na,HPO,,
5g NaCl, 1 ml 1M MgS0,) containing 200 nM levamisole and gonads
were collected using a pulled micropipette to obtain the mitotic
region through diplotene onset. Gonads were directly pipetted into
500ul of Trizol on ice. 50 gonads/ genotypes/treatment were col-
lected and stored at -80 °C. RNA isolation and library was performed
as in ref. 82. Samples were thawed on ice, and 100pl of 10 mM Tris
was added to each tube. Samples were vortexed for 15 seconds and
subjected to 3 freeze-thaw cycles with dry ice/37 °C water bath. 50pl
of 1-Bromo-3-chloropropane (BCP) was added than transferred to
Phase Lock Gel-Heavy 2 ml tubes (Brinkmann Instruments) and spun
15min at 12,000 g at 4 °C. The aqueous phase was transferred to a
new tube, 0.5ul of linear polyacrylamide (LPA) was added, and the
sample was vortexed 10 sec and incubated at -80 °C for 2 hrs before
spinning at 14,000 g for 30 min at 4 °C. The supernatant was aspi-
rated and discarded, and pellet was washed in 1 ml ice-cold ethanol
before centrifuging again for 10 min at 4 °C. The EtOH wash was
repeated 2 more times. After the last wash and spin, the supernatant
was removed with a P10 and the pellet air-dried with open cap for
3 minutes until clear. Pellet was dissolved in 15 pl RNase-free water,
gently mixed, and stored at -80 °C. Concentrations were determined
by Qubit and RNA quality was assessed by TapeStation. All samples
obtained RIN scores of >8, confirming RNA quality. The NEB-Next
Poly(A) mRNA magnetic isolation module and (NEB #E7490) Ultra Il
RNA library pre kit (NEB #E7770S) was used to prepare polyA+ RNA
and cDNA libraries according to the manufacturer’s protocols. NEB-
Next adapters were used for barcoding. Library quality was assessed
by TapeStation and libraries were stored at -20 °C prior to sequen-
cing. Libraries were pooled prior to sequencing on a NextSeq 2000
Sequences with P2 100 Flow Cell.

These high-quality reads, generated by NEBNext® Ultra™ Il RNA
Library Prep Kit, were trimmed of the universal TruSeq adapters using
Cutadapt (v 2.10). The trimmed reads were mapped against the
Ensembl C. elegans reference genome (WBCel235) using the STAR (v
2.7.9a) mapping tool. The output file from STAR was converted from
SAM format to BAM format using SAMtools (v 1.14). Counts for
expressed genes were generated using HT-Seq (v 0.13.5), and output
was generated in text format. These count text files were then
imported into the Bioconductor R package, edgeR (v 4.0.16). The
edgeR package was then utilized to identify differentially expressed
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genes between comparison groups. Gene ontology analysis of differ-
entially expressed genes was performed using Panther GO®.

Generation of RAD-51 antibody

The synthetic peptide SAQASRQKKSDQEQRA corresponding to ami-
noacids 40-55 of C. elegans RAD-51 isoform A was used to immunize
four Wistar Rats according to standard procedures (Genscript). After
four rounds of immunization, the raw serum from each animal was
pooled and purified by protein G-sepharose. The specificity of the
antibody was assessed by immunofluorescence in WT animals, as well
asinrad-51(1g8701) and spo-11(ok79) mutant worms, in which no RAD-51
foci were observed.

Statistical analyses

All statistical analyses were performed using the GraphPad Prism
7 software. Two-tailed Mann-Whitney or two-sided Chi-square tests
were performed were appropriate. Sample sizes were chosen accord-
ing to common standards applied in the C. elegans meiosis community,
and all the experiments were repeated twice or more to ensure the
reproducibility of the results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated or analyzed in this study are included in this pub-
lished article (and its Supplementary information files). Source data
are provided with this paper. The data set generated in the mass
spectrometry analysis of HIM-17::3XHA pull downs is provided in the
Source Data and has been deposited in the PRIDE public repository
under the accession code PXD053401. The RNA sequencing data are
provided in the Source Data and have been deposited in the GEO
public repository with the accession code GSE275668. Source data are
provided with this paper.
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