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Chiasmata-mediated chromosome segregation fails in a T Q RrRu-
tants

We predicted that in the absence of the SC, no crossover events would occur in Spol! mutants. We verified
this in female gonads using an antibody raised to Clytia Mlhl (Supplementary data S4), a protein that
localizes to and stabilizes meiotic crossovers across many species (24, 25). In wildtype diplotene cells, clear
MIh1 foci were observed (Figure 3A top panel), with a mean of 32.8 4 16.4 foci per nucleus (n= 21; raw counts
in supplementary data S1). In contrast, diplotene nuclei in Spol1 mutants were completely devoid of Mlhl
foci (Figure 3A bottom panel). A convenient feature of Clytia oogenesis for analyzing meiotic recombination
events is that paired chromosomes connected at chiasmata sites can be readily observed towards the end of
the oocyte growth phase. Within the enlarged oocyte nucleus (‘Germinal Vesicle’) of wild type oocytes, 15
pairs of chromosomes with 1-2 crossovers per pair are clearly distinguishable (Figure 3B top panel). In all
female Spol! mutants, however, we consistently distinguished 30 scattered univalents at this stage (Figure 3B
bottom panel), with only occasional hints of connections between them. This phenotype strongly suggests
that in Clytia Spoll-mediated DNA double strand breaks are necessary for the formation of chiasmata,
which in turn are required to maintain chromosome pairing during oocyte growth.

Figure 4: Meiotic division defects in Spol1 mutant oocytes. DNA is stained with Hoechst dye (blue),
microtubules are stained with anti- tyrosinated tubulin (green), and centromeres are stained with anti-
CenH3-1 (magenta). Dotted lines contour the oocyte surface. A. Wildtype meiotic divisions. From left
to right: metaphase I (MI); first polar body (1st PB) emission; metaphase 1T (MII); second polar body
(2nd PB). White arrows indicate metaphase plates; Scale bar 5 pm. B. Spoll mutant meiotic divisions.
From left to right: metaphase I (MI’), white arrow indicates where the metaphase plate should be; failed
emission of the first polar body; metaphase II (MII’); Spoll mutant oocyte at the time of second polar body
emission. Scale bar 5 pm. C. Summary of meiotic progression from leptotene to the first meiotic division in
wildtype and Spoll mutants. DNA (blue), Sycp3 (magenta/pink), Sycpl (yellow), telomeres (purple) and
microtubules (grey).

The loss of chiasma and resulting scattering of individual duplicated chromosomes in fully grown oocytes
had a severe impact on the subsequent meiotic divisions. When Spo1! mutant oocytes are induced by MIH
treatment to undergo meiotic maturation, univalents fail to align on a metaphase plate at the first division
and remain distributed across defective spindle structures (Figure 4A B first and third column). Moreover,
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polar body formation in Spol! mutant oocytes frequently aborts during anaphase I (Figure 4A,B second
column). Despite these severe abnormalities in the meiotic divisions, resulting typically in retention of two or
four haploid sets of chromosomes in the oocyte, Spol! mutant oocytes could be successfully fertilized with
wildtype sperm at near wildtype frequencies. In most cases the resulting zygotes developed into planula
larvae and could undergo metamorphosis to the polyp stage (Supplementary Table S2). Similarly, Spo!1
mutant males show no loss of fertility, producing functional sperm capable of fertilizing wildtype oocytes
to generate metamorphosis-competent larvae (Supplementary Table S2). These Spoll mutant x wildtype
progeny could provide a fascinating opportunity to address mechanisms of aneuploidy management.

In this study we show that meiosis in Clytia hemisphaerica relies on classical mechanisms of homologous
chromosome synapsis and the resulting chiasma are required to maintain homologous chromosome pairs
during oocyte growth (Figure 4C). The sequence of meiotic events and their interdependencies revealed by
Spo11 knockout in Clytia closely match those well described across eukaryotic model organisms including
mice, zebrafish, budding yeast, filamentous fungi and plants including Arabidopsis thaliana (1). They are thus
likely governed by ancestral and conserved mechanisms. Within animals, however, not all species share the
same dependencies between Spoll function and subsequent events. Alternative modes of DSB-independent
synapsis and pairing have notably been described in the traditional animal model species C. elegans and
D. melanogaster (6, 7). In D. melanogaster, male chromosomes show no recombination, while chromosome
pairing in females initiates prior to meiotic entry in proliferating germ cells (26, 27). This “pre-pairing” mode
may represent a specialization to facilitate later SC formation within the context of developing germ cells
within the germarium. In C. elegans, recombination-independent chromosome pairing occurs at “pairing
centers”, specialized sites at chromosome ends, which also promote initiation of synapsis (28). Involvement
of pairing centers in synapsis likely evolved within the Caenorhabditis clade, since a classic role for Spoll
in chromosome pairing, synapsis, and crossover formation has been uncovered in another nematode species,
Pristionchus pacificus (14). In the planarian Schmidtea mediterranea, pairing and synapsis in males are not
dependent on Spoll, and it is proposed that the telomere cluster plays a role in initiating SC formation,
which in turn drives homolog pairing (12). SC nucleation mechanisms are as yet unknown in this species.

Functional studies in phylogenetically distinct species provide invaluable insights into both conserved or
divergent meiotic mechanisms. Along with practical advantages including transparent, simply organized
gonads that are accessible to manipulation and observation, the jellyfish Clytia hemisphaerica offers a valuable
evolutionary comparative perspective on meiotic mechanisms, which in this model are largely conserved from
a distant eukaryotic ancestor.

Materials and Methods

Clytia hemisphaerica cultures and maintenance

Clytia hemisphaerica cultures were maintained as described previously (29). Several wildtype strains were
used in this study, with consistent results, including female strains Z11, Z4B, A2, 721, 728; and male strains
713, 723, A3. CRISPR-Cas9 mutant jellyfish were generated by injecting Z11 oocytes and fertilizing them
with Z13 sperm.

Gene identification and homology

Clytia hemisphaerica genes, for antibody, guide RNA, and FISH probe design, were identified via BLAST
against the Clytia genome http://marimba.obs-vlfr.fr/ (22). Gene alignments were made using MAFFT
v7.453 L-INS-i (30), and gene phylogenies generated with IQ-TREE(31) using a LG+F+R4 model. Gene
trees and alignments are available as supplementary data S3-S9.

Spo1l CRISPR-Cas9 knockouts

Spoll mutants were generated as described previously(17, 19). Candidate guide RNAs with predicted
cut sites between microhomologies were identified using http://www.rgenome.net/mich-calculator/, and off-
target sites using http://crispor.tefor.net/. c¢crRNA sequences are listed in table S3. Spoll small guide
RNA (sgRNA) was generated by hybridizing 200 pM crRNA and 200 pM tracrRNA in the presence of 1x
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Hybridization buffer (Integrated DNA Technologies, Coralville, IA), 95°C for 5 min, cooled to 25°C at -
0.1°C/sec. Two separate sgRNAs were injected, targeting regions of exon 1 and of exon 2. Prior to injection,
0.5nl of hybridized crRNA /tractRNA (60pM) was mixed with 2pl Cas9 protein (10pM), incubated at room
temperature for 10 minutes, adjusted with 0.84pl Cas9 Buffer (10 mM Hepes, 350 mM KC1l), and centrifuged
at 14,000 rpm for 10 minutes at 12°C. Injection, fertilization and subsequent metamorphosis of larvae was
conducted as described previously (17, 19).

Genotyping

Genomic DNA was extracted from a single jellyfish using DNeasy blood/tissue extraction kit (Qiagen).
DNA around the target site was amplified using Phusion DNA polymerase (NEB, Ipswich, MA). PCR
primer sequences are listed in table S3. PCR products were cleaned up and sequenced. Genotypes of Clytia
mutant strains are in Table 1 and Supplementary Figure S4.

Antibodies

Antibodies recognizing Clytia Sycpl were generated in rabbits using two peptides IRNWKSEKEMELKMKD-
Cys (75-90aa) and Cys-PKAMTPKTPNMRYS (833-846aa). Antibodies recognizing Clytia Sycp3 were
generated in rats using two peptides ENAPAEEAPAISGK-Cys (25-38aa) and GRKRPAPHISHT-
Cys (39-50aa). Antibodies recognising Clytia Mlhl and CenH3-1 were generated in mice using a
recombinant protein generated in E. coli against the full length optimized sequence.  Antibodies
recognising Clytia Piwil were raised in rabbits using a recombinant protein generated in E. coli
against SGEPVQILTNYFKVDKMPRFEGLHQYVVAFDPDIQSQKLKGFLLFSMQDVIGEVKVFDGM-
SLFLPRKLAEPVVERCVETRDGSSIKVKITHTNEVPVNSPQVVQLM (115-220aa) fused with an N-his
Tag. All antibodies were generated and affinity-purified by Proteogenix (Schiltigheim, France).

For immunostaining, anti-Sycpl antibodies were diluted 1:2000 for sycpl#4 and 1:1000 for sycpl#2.
Sycp3#2 was diluted 1:400. MIlhl#2 was diluted 1:250. Piwi#1 and Piwi#2 were diluted 1:2000.
CenH3-1#2 was diluted 1:1000. Secondary antibodies (anti-mouse Mlhl; anti-rabbit Sycpl, Piwi) were
diluted 1:200. Rat monoclonal anti tyrosinated tubulin YL1/2 was diluted 1:500 (Thermo Fisher Scientific).

Immunostaining

For anti-Sycpl, anti-Sycp3 and anti-Mlh1 staining, samples (whole 1 week jellyfish or dissected gonads) were
fixed in 1% formaldehyde in methanol at -20°C for at least 2 hours (up to overnight). Methanol fixed samples
are left to warm gradually to room temperature (~30 mins) before rehydration to PBS. For anti-tubulin,
anti-CenH3-1, and anti-Piwil staining, samples were fixed for 2h at room temperature in IF fix (Hepes pH
6.9, 0.1M, EGTA pH 7.2 50 mM, MgSO4 10mM, Maltose 80 mM, Triton 100 X 0.2%, 4% paraformaldehyde)
for 2 hours before proceeding to washes and staining.

Anti-tubulin and anti-CenH3-1 staining included a methanol series: PBS-Triton 0.01% 3 x 10 mins, 50%
methanol/50% PBS-Tween 0.1% 1 x 10 mins on ice, 100% methanol 2 x 10 mins on ice (or store in -20°C
after 2nd wash up to a week), 50% methanol/50% PBS-Tween 0.1% 1 x 10 mins at RT. All antibody staining
then proceeded with the following washes: PBS-Triton 0.01% 3 x 10 mins, PBS-Triton 0.2% 40 mins, PBS-
Triton 0.01% 2 x 10 mins, PBS/BSA 3% 20 mins-1h. Primary antibodies were diluted with PBS/BSA
3% and incubated with the sample at 4°C overnight. The next day, wash PBS-Triton 0.01% 3 x 10 mins.
Dilute secondary antibody in PBS-Triton 0.01% and Hoechst 33342 1:5000, incubate with sample 2h at room
temperature or overnight 4°C. Wash in PBS-Triton 0.01% 4 x 5 min, mount in Citifluor antifade mountant
(Citifluor-EMS).

Telomere FISH

Telomere FISH was conducted using Cy3 and Alexa647-labeled G-Rich telomere probe (Eurogentec, PN-
TG020-005, PN-TG050-005) targeting repeats of TTAGGG. Probes were resuspended in formamide at 50 M.
A working aliquot was stored at 4°C for regular use, remaining aliquots were stored at -20 for longer-term
storage. Hybridization buffer solution was made fresh each time before starting the FISH protocol: 20mM
Sodium phosphate Na2HPO4 pH 7.4, 20mM Tris-HCI1 pH 7.4, 60% Deionized Formamide, 2xSSC, tRNA 1x,
Heparin 1x.
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FISH was conducted as follows: samples (up to 1 week jellyfish (5-8 per tube), isolated oocytes) were fixed
overnight at room temperature in HEM fix (Hepes pH 6.9, 0.1M, EGTA pH 7.2 50 mM, MgSO4 10mM, 4%
formaldehyde), washed 3x 10 mins with PBS-Tween 0.1%, and then dehydrated and rehydrated in methanol
on ice (PBST/methanol 50% 1x 10 min, Methanol 100% 2 x 10 min, PBST/methanol 50% 1 x 10 min).
Samples were then washed in 2xSSC-0.1% Tween (pH 7), 3x 5min. They were incubated in RNaseA solution
(100mg/ml) in an oven at 37°C for 1 h. Then washed 3x 5 mins in 2xSSC-0.1% Tween (pH 7) at room
temperature. Then transferred to 50% hybridization buffer/2xSSC at 80°C for 5 mins in a water bath. In
parallel, the probe (1pnl in 99ul hybridization buffer) was heated 90°C for 5 mins. As quickly as possible, we
removed as much 50% hybridization buffer/2xSSC as possible and added the probe to the sample, gently
flicking the tube to mix. The sample was then incubated 10 mins at 85°C in a water bath. Subsequently,
samples were placed in the dark at room temperature for 1 hour for hybridization. After hybridization,
samples were washed 2x 10 mins with 2xSSC-0.1% Tween at 60°C in an oven (2xSSC-0.1% was preheated
to 60°C prior to washing). Samples were washed once with 2xSSC-0.1% Tween at room temperature, then
stained with Hoechst dye 33342 1:5000 (30 mins - 1h), washed 3x5 mins with 2xSSC, and mounted in
Citifluor.

In-situ Hybridization

In-situ hybridization probes were produced as described previously (32), and in-situs performed following
the urea-based protocol (33).

Transmission Electron Microscopy (TEM)

For TEM, gonads were dissected from 4 and 5 day old female jellyfish in 400 pM menthol in seawater (Sigma-
Aldrich, #M2772, diluted from a 1M stock solution in ethanol). Fixation and embedding in Epoxy resin
were performed as described previously (34).

Fertilization Fxperiments

Embryos were generated as described previously (29) with the following crosses: mutant female x wildtype
male, mutant male x wildtype female, with a control of wildtype female x wildtype male. Mutant or wildtype
eggs were collected and added to glass dishes with the same volume of liquid. For female mutant crosses,
the same volume of wildtype sperm was added to mutants as to wildtype. If wildtype fertilization rate was
low or development disrupted, indicative of too much or too little sperm, results were discarded. In all
experiments, adequate sperm concentration was verified by the presence of ~12 sperm around each egg. Raw
counts are available in supplementary file 2.

Meiotic maturation

Meiotic maturation was induced as described previously (19). Briefly, gonads were dissected from mutant and
wildtype female jellyfish adapted to an afternoon light cycle, and were maintained overnight in dishes with
the light on. The following morning, fully grown oocytes were isolated, and the MIH peptide (WPRPamide)
was added to seawater containing the oocytes for a final concentration of 100 nM. Oocytes were fixed every
5 minutes, starting 25 minutes after addition of MIH.
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