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During meiosis, chromosomes pair with their homologous partners, and a structure known
as the synaptonemal complex (SC) assembles between them. Evidence indicates that this
material plays a role in regulating crossover recombination between homologs, although
this remains controversial. Here we use three-dimensional STochastic Optical
Reconstruction Microscopy (3D-STORM) to interrogate the molecular architecture of the
SC in intact germline tissue from Caenorhabditis elegans, and analyze its ultrastructure
during meiotic progression. Using a probabilistic mapping approach, we determine the
position and orientation of the four known SC structural proteins. We report that a
marked structural transition occurs within this material upon crossover designation. We
also identify a mutation that disturbs both SC ultrastructure and crossover interference,
the widespread mechanism that results in non-randomly wide spacing of crossovers
between the same chromosome pair. Together with other evidence, our findings suggest
that the SC is an active material, and that structural transitions may directly contribute to

chromosome-wide crossover regulation.

The synaptonemal complex (SC) is a protein structure that assembles between homologous
chromosomes during meiotic prophase, stabilizing their parallel alignment [1]. The SC appears
as a periodic ladder-like structure in electron micrographs [2]. Recent studies have revealed that
this material shows dynamic, liquid-like behavior [3-7]. The SC is required for and appears to
regulate meiotic recombination [3, 8-13]. Despite its central role in meiosis, the molecular

organization of the SC remains poorly characterized.

In C. elegans, the SC assembles between homologs even in the absence of meiotic recombination
[14]. Four structural proteins essential for SC assembly have been identified: SYP-1, SYP-2,
SYP-3, and SYP-4 [15-18]. Limited information about their organization within the SC has been
obtained through protein-protein interaction analysis and immuno-electron microscopy [19].
Super-resolution microscopy has emerged as a powerful tool to investigate the organization of
macromolecular assemblies, including the SC [20, 21]. We recently described the molecular
architecture of meiotic chromosome axes, which form the substrate for SC assembly, based on
3D-STORM [22, 23] in intact C. elegans gonads [24]. Here, we apply this approach to analyze

the organization of the SC during meiotic prophase.
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Results

Using antibodies that bind either short peptides within SC proteins or epitope tags inserted by
genome editing, we localized the SYP proteins along paired meiotic chromosomes using 3D-
STORM and averaging methods (Extended Data Fig. S1). The orientation of the SC in our
images was defined by labeling a reference protein in the chromosome axes, HIM-3 [25]. For
positional mapping of SC proteins, we analyzed regions that were observed in frontal view (Fig.
1b, c). We rotated all images about the optical axis (z-axis) such that the chromosomes are
extended along the y-axis, with the SC spanning the distance between the homologs on the x-axis
(Extended Data Fig. S1b-c, methods). Taking advantage of the well-characterized progression of
meiotic stages within the germline of adult C. elegans, we compared SC organization before,

during and after the designation of crossover sites (Fig. 1a).

Dynamic architecture of the synaptonemal complex in C. elegans

The width of the SC in x in C. elegans, as measured from electron micrographs, is
approximately 96 nm [3]. An antibody recognizing the C-terminal peptide of SYP-1 was
resolved as two parallel strands, located at 42.3+0.8 nm and 42.0+1.2 nm off-center in early and
late pachytene, respectively (Fig. 1b, m). This epitope thus lies near the outer edges of the SC
and within a few nanometers of HIM-3, the most proximal known component of the
chromosome axis (Table S1)[24]. Intriguingly, in cross-sectional views (xz-view, Fig. 1¢) we
observed striking differences in its distribution in z between early and late pachytene SCs: While
the C-terminus of SYP-1 was confined near the central plane in early pachytene, it was widely
distributed in z in late pachytene (Fig. 1d, e, m, center and Table S1).

We then asked whether the N-terminus of SYP-1 is similarly relocalized during meiotic
progression. Tagging the N-terminus of SYP-1 disrupts SC assembly ([26] and data not shown),
but we identified a poorly conserved region close to the N-terminus in which insertion of an HA
epitope did not impair function (Table S2). Interestingly, this epitope was confined to a thin
plane in the center of the SC along both the x and z axis in both early and late pachytene SCs
(Fig. 1d, e, m, top). Our data support a transverse orientation for SYP-1, as previously reported
[19], with its N-terminus at the center and C-terminus near the axes. Thus, SYP-1 appears to be
an ortholog of “transverse filament” proteins from other organisms [27-31]. Importantly, these

localization data are inconsistent with a uniform growth in thickness of the SC through e.g.
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87 lateral stacking of SYP-1 molecules during meiotic progression, which has previously been

88  suggested based on observations of increased fluorescence intensity during late pachytene in

89  budding yeast [4] and C. elegans [5]. The distinct localization patterns of N- and C-terminal

90  epitopes in early and late SCs along the z axis suggest a more complex reorganization of SYP-1
91  during meiosis.

92 To further probe the orientation of SYP-1 within the SC, we mapped the N-terminal

93  localization events to the C-terminal distributions, assuming a rigid, rod-like conformation (Fig.
94  S2a-b, see methods). Our approach indicated that SYP-1 lies nearly parallel to the SC in early
95  pachytene, but is diagonally oriented in late pachytene (Fig. 2a-b).

96 We next asked how the organization of other SC components was affected by meiotic
97  progression. We mapped the C-termini of SYP-2, SYP-3-HA and SYP-4-HA, the N-terminus of
98  GFP-SYP-3[32], and an epitope inserted into the middle of SYP-4 (Table S2, Fig. 1d, e, m and
99  Extended Data Fig. S3). The results are summarized in Table S1. We observed consistent
100  differences between early and late pachytene for most epitopes, particularly for the C-terminus of
101  SYP-4, which moves from a central plane in early pachytene to a splayed orientation, protruding
102 above and below the central plane of the SC, in late pachytene (Fig. S2c¢ and S3, Table S1).
103 Similarly, epitopes on SYP-2 and SYP-3 were more central in early pachytene than late
104  pachytene (Fig. 1d,e,m, S2c and Fig. S3). We further found that SYP-3 localized at (N) or close
105  to (C) the midline of the SC in x, suggesting a head-to-head arrangement of SYP-3 molecules
106  (Fig. S3 and Table S1). These findings are inconsistent with one conclusion of a previous study,
107  that the C-terminus of SYP-3 lies in proximity to the axes [19]. This discrepancy may reflect the
108  challenges of determining the orientation of the SC in samples prepared for immuno-EM.
109  Overall, 3D-STORM imaging and probabilistic modeling provide new insights into SC
110 ultrastructure and reveal a marked reorganization of SC components during meiotic progression

111 (Fig. S20).

112 Crossover formation is accompanied by a change in synaptonemal complex organization
113 Programmed double-strand breaks (DSBs) are generated during early prophase. A subset
114  eventually gives rise to crossover (CO) recombination events. In C. elegans each pair of

115  homologous chromosomes undergoes only a single CO, while all other breaks are repaired to

116  yield noncrossover products. Some of the key signaling molecules that regulate CO site selection
4


https://doi.org/10.1101/2020.02.16.947804
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.16.947804; this version posted February 16, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

117  localize to the SC [3, 11-13, 33, 34], and the integrity of this structure is important for CO

118  regulation [9]. Previous work from our group revealed that the SC behaves as a liquid crystal[3],
119  suggesting that diffusing signals and/or structural transitions could be propagated through this
120  material [35]. Interestingly, recent evidence suggests that the central region of the SC grows in
121  length and/or thickness throughout the pachytene stage of meiotic prophase, and that SC proteins
122 may become more stably associated with this structure upon crossover formation [4-7, 9]. Thus,
123 we wondered whether the dramatic reorganization of the SC during meiotic prophase might be
124 linked to crossover formation and might provide a structural basis for the SC's role in CO

125  regulation. We therefore first asked whether the timing of SC reorganization coincides with CO
126  designation. In C. elegans, designated crossovers can be visualized as bright GFP-COSA-1 foci,
127  which are first detected in mid-pachytene [36] (Fig. 1a). To test whether the structural transition
128  within the SC coincides with the appearance of bright GFP-COSA-1 foci, we imaged nuclei at
129  mid-pachytene within intact gonads. We inferred the crossover designation status of individual
130  nuclei based on the detection of bright COSA-1 foci and classified them as either mid(-)

131  pachytene or mid(+) pachytene. Throughout mid-pachytene, SYP-1 retains its transverse

132 orientation and both N- and C-termini of SYP-1 are widely distributed in z (Fig. 1f,g,m and

133 Table S1). This is consistent with a lateral stacking of SYP-1 molecules in parallel orientation, as
134 observed in early pachytene (Fig. 2a,b). However, the distance of the C-termini of SYP-1 from
135  the central axis of the SC in frontal view was drastically lower in mid(+) pachytene nuclei

136 compared to SCs in mid(-) pachytene nuclei.

137 This indicates that the designation of COs coincides with a conformational switch within
138  the SC. To take an unbiased approach to analyze the dynamics of SC organization during meiotic
139  prophase, we employed principal component analysis (PCA) of SYP-1 and SYP-2 distributions
140  (see methods). The first dimension in the PCA, indicative of the main changes within the SC

141  across different stages during meiotic prophase, corresponds to the transition from early to late
142 pachytene SCs (Fig. 2¢). Mid(+) pachytene SCs are similar to late pachytene SCs along the first
143 principal component, while mid(-) SCs are in between early and late pachytene SCs, indicating
144 that the SC is reorganized upon CO designation.

145 In C. elegans, designation of COs triggers the asymmetrical remodeling of chromosome
146  axes and the SC to create two domains on either side, known as the long and the short arm.

147  Downstream steps in this differentiation require the recruitment of the Polo-like kinase PLK-2 to
5
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148  the SC [5, 37, 38]. To assess whether the changes we observe in SC ultrastructure are dependent
149  on crossover designation and/or the subsequent remodeling processes, we determined the

150  organization of the SC in zAp-3(jf61) null mutants, which lack crossovers [39], and in plk-

151  2(ok1936) null mutants, which are proficient for CO designation but show pronounced delays in
152  downstream remodeling and arm differentiation [5, 7, 37, 40], although they do eventually

153  segregate most chromosomes properly [38]. We found that SCs in late pachytene in zAp-3(jf61)
154  mutants resembled those in early pachytene nuclei in wild-type hermaphrodites, while SCs at late
155  pachytene in plk-2(ok1936) mutants are very similar to wild-type (Fig. 1h,i,n, 2 and Fig. S3c,e).
156  Thus, structural reorganization of the SC requires CO designation but is independent of PLK-2.
157  We note that PLK-2 also plays an early role in homologous paring and synapsis [37, 40], and our
158  super-resolution images reveal severe defects in SC architecture in plk-2(ok1936) null mutants
159  despite the overall similarity to wild-type late pachytene SCs (Fig. 11, n). Similarly, while the
160  global SC architecture in zhp-3(jf61) mutants resembled early pachytene SCs in wild type, the
161  SC increased in thickness along the optical axis during pachytene in zip-3(jf61) oocytes, based
162 on the spatial distribution of SYP-1 (Fig. 1h, n), consistent with the continuous incorporation of
163 SC subunits even in the absence of crossover formation [5]. In summary, our data indicate that
164  the SC grows in thickness from early to late pachytene independent of crossovers, while the

165  reorganization of SC ultrastructure requires and coincides with CO designation.

166

167  Defects in SC organization are linked to defects in crossover interference

168 The SC plays a critical role in regulating the number and distribution of CO

169  recombination events [3, 8,9, 12, 13]. We therefore wondered whether reorganization of the SC
170  1is linked to CO regulation. Fortuitously, in our efforts to isolate a functional C-terminally tagged
171  syp-4 allele, we identified an unusual, partially functional allele, syp-4(ie25) (Fig. 3a). In syp-
172 4(ie25) homozygotes, we observed timely homologous synapsis, as determined by the length of
173 the transition zone, which corresponds to the leptotene and zygotene stages of meiosis. Six

174  bivalents were consistently observed at diakinesis, indicative of CO formation on all six

175  chromosome pairs (Fig. 3b, c, ). However, super-resolution microscopy indicated that the

176  architecture of the SC was drastically altered in syp-4(ie25) late pachytene after crossover

177  formation (Fig. 11 and 2, Extended Fig. S3). SYP-1 lies in a highly tilted orientation (Fig. 2a,b)

178  and the overall conformation of the SC in syp-4(ie25) at late pachytene is clearly distinct from
6
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179  any conformation in wild-type animals in our principal component analysis (Fig. 2¢). In contrast,
180 early pachytene SCs in syp-4(ie25) are more reminiscent of SC conformation of prior to CO

181  formation in wild-type animals (Fig. 1k and 2). These data suggest a strong defect in SC

182  organization in syp-4(ie25) that is exacerbated upon CO designation (Fig. 2c¢).

183 Notably, syp-4(ie25) mutant hermaphrodites exhibited high frequencies of chromosome
184  missegregation, resulting in embryonic lethality (38+4% survival, compared to 104% in wild-
185  type) and male self-progeny (6+1% compared to 0.1% in wild-type, Table S2), albeit less severe
186  than in a syp-4(tm2713) deletion allele (2.5% viability and 40% males) [18]. Importantly,

187  crossover formation was severely impacted in syp-4(ie25): We observed a slight delay in meiotic
188  progression, indicated by a modest extension of CHK-2 kinase activity [41] (Fig. 3d) and an

189  accumulation of RAD-51 foci, which mark unrepaired recombination intermediates (Extended
190  Data Fig. S4). Moreover, the structure of bivalents at diakinesis was altered in syp-4(ie25)

191  oocytes (Fig. 3f), indicating that crossover formation might be affected [42, 43].

192 To better characterize the effects of syp-4(ie25), we imaged GFP-COSA-1 to quantify
193 designated crossover sites at late pachynema [36]. Wild-type animals display a single bright

194  GFP-COSA-1 focus on each of the 6 chromosome pairs, even when the number of DSBs is

195  markedly increased [36, 42]. In contrast to the 6+0.2 (s.d.) GFP-COSA-1 foci we observed in
196  wild-type and heterozygous ie25/+ animals, we observed 10.9+1.7 GFP-COSA-1 foci at late
197  pachytene in homozygous syp-4(ie25) hermaphrodites (Fig. 3g, h). This suggested that crossover
198 interference, which in wild-type animals acts over distances longer than any single chromosome
199  [9,42], is greatly decreased in syp-4(ie25) homozygotes. To test this hypothesis, we use two
200  different metrics to quantify the crossover interference strength, the gamma factor [44] and the
201  coefficient of coincidence [45]. Each of these approaches confirmed that crossover interference
202  is severely reduced or absent in syp-4(ie25) mutants (Fig. 3i,j).

203 To verify that GFP-COSA-1 foci indeed correspond to designated crossover sites in wild-
204  type and syp-4(ie25) animals, we also measured crossing-over genetically using whole genome
205  sequencing (see methods). This confirmed that crossovers in syp-4(ie25) homozygotes match the
206  number of GFP-COSA-1 foci. Thus, syp-4(ie25) mutants are proficient for synapsis, yet they
207  exhibit drastic alterations in SC architecture and cannot impose normal crossover interference.
208 Crossover interference acts along the physical length of the synapsed chromosomes, and

209  in some organisms chromosomes with longer axes undergo more crossovers than chromosomes
7


https://doi.org/10.1101/2020.02.16.947804
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.16.947804; this version posted February 16, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

210  with shorter axes [46-49]. Therefore, we next asked whether the axis length is increased in syp-
211 4(ie25) mutants. Interestingly, axes in syp-4(ie25) mutants are shorter than in wild-type animals.
212 Thus, changes in axis length cannot account for the observed increase in COs in syp-4(ie25)

213 mutants. We hypothesize that the increase in CO number may be caused by the defects in SC
214  organization in syp-4(ie25) mutants.

215 Partial depletion of SC proteins in C. elegans by RNAI can result in a slight increase in
216  the number of crossovers, to about 7 GFP-COSA-1 foci per nucleus [9]. Thus, we tested whether
217  the defect in crossover regulation in syp-4(ie25) can be attributed to reduced levels of SC

218  proteins. The abundance of an epitope-tagged HA-SYP-1 was not altered by the syp-4(ie25)

219  mutation (Fig. S5a). However, the immunofluorescence signal of SYP-1 and SYP-2 was reduced
220  in syp-4(ie25), although staining appeared contiguous along the chromosomes (Fig. S5b, ¢). This
221  indicates the syp-4(ie25) mutation impairs assembly of SYP proteins between chromosomes. In
222 contrast, we also isolated a mutant, syp-4(ie27) (Fig. S6a), which reduced expression levels of
223 SYP-4-HA to about 30% of wild-type (Fig. S6¢). Both the transition zone and CHK-2 active

224 zone were extended in syp-4(ie27) single mutants, indicating that completion of synapsis and CO
225  designation were delayed (Fig. 3c-d, Fig. S6b, d). We also observed a slight increase in the

226  number of GFP-COSA-1 foci to 7+1.1 (Fig. Sée, Fig. 3g), which is comparable to results

227  obtained for partial depletion of SYP-1, -2 or -3 by RNAIi [9], but distinct from our results for
228  syp-4(ie25). This indicates that the defects in crossover interference in syp-4(ie25) are not a mere
229  consequence of reduced protein expression.

230 To test whether the defects in SC ultrastructure can account for the effects of syp-4(ie25)
231  on crossover regulation, we investigated the role of syp-4(ie25) in the regulation of COSA-1 foci
232 within aggregates of SC proteins known as polycomplexes. These bodies self-assemble prior to
233 or after synapsis in many organisms, including in early meiotic nuclei in C. elegans. Large

234  polycomplexes also assemble in meiotic nuclei in worms lacking the axis protein HTP-3, and
235  show periodic striations in orthogonal directions that correspond precisely to the width and

236  longitudinal banding of the SC [3, 50]. Intriguingly, we have found that polycomplexes in htp-3
237  null mutants recapitulate key aspects of the spatial patterning of CO proteins normally seen along
238  SCs, although these mutant animals lack DSBs and meiotic recombination intermediates.

239  Specifically, at late pachytene, most polycomplexes display a single COSA-1 focus (1.1+0.2;

240  Fig. 4a, b) [3]. When we combined the syp-4(ie27) mutation, which reduces expression of SYP-
8
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241 4, with Ahtp-3, this resulted in smaller polycomplexes, but they showed an identical number of
242 GFP-COSA-1 foci at late pachytene (1.140.2) (Fig. 4a, b). By contrast, when syp-4(ie25) was
243 combined with Ahtp-3, multiple GFP-COSA-1 foci (2.1+0.8) were associated with each

244  polycomplex (Fig. 4a, b), mirroring the ~2-fold increase in GFP-COSA-1 foci observed along
245  bona fide SCs in syp-4(ie25) mutants.

246 We thus interrogated the organization of polycomplexes in syp-4(ie25) by EM. While
247  structures resembling the electron-dark lateral and brighter, striated central regions were

248  observed in 4htp-3 syp-4(ie25), the overall organization was dramatically altered: polycomplexes
249  appeared to be internally fragmented, rather than maintaining constant orientation over hundreds
250  of nm, as in “normal” polycomplexes [3] (Fig. 4c), and the distance between parallel electron-
251  dark bands was much narrower (46.3+1.2 nm, vs 97.6£1.5 nm in 4htp-3 polycomplexes, Fig.
252 4c), This likely reflects differences in organization and/or orientation of SYP proteins within
253  polycomplexes. Overall, the disorganized structure of polycomplexes in 4htp-3 syp-4(ie25) in
254  EM is reminiscent of the architecture of SCs in syp-4(ie25) determined by 3D-STORM. These
255  findings indicate that structural defects within polycomplexes are sufficient to alter special

256  patterning of CO proteins, analogous to the structurally altered SCs that assemble in syp-4(ie25)
257  mutants.

258

259  Discussion

260 Together these findings establish that the correct organization of the synaptonemal

261  complex is required for spatial patterning of crossovers, and further corroborate previous

262  findings that the SC is important for crossover interference. They further suggest that CO

263  regulation may involve transduction of structural information through this liquid crystalline

264  material. This idea is reminiscent of a “beam-film” model for crossover interference, which

265  proposes that crossovers relieve local stress along a beam-like material [49, 51]. This mechanical
266  stress has been proposed to be imposed by chromatin structure and/or tethering of chromosomes;
267  however, our findings reinforce previous studies that implicated the SC as a crucial mediator of
268  crossover patterning [8, 9, 12]. In particular, we have reported that polycomplexes comprised of
269  SC central region proteins alone can mediate spatial patterning of GFP-COSA-1 foci even in the
270  absence of association with chromatin or axis proteins, and polycomplexes in syp-4(ie25)

271  mutants exhibit both defects in their internal organization and altered patterning of GFP-COSA-1
9
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272 foci. Interestingly, forces applied to nematic liquid crystalline materials such as the SC [3] can
273  perturb the orientation of molecules within the liquid crystal [35]. Therefore, we speculate that
274  the reorganization of proteins within the SC that occurs concomitant with CO designation may
275  reflect a mechanical signaling component of CO interference.

276

10
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281  Figure 1: Super-resolution microscopy reveals the dynamic three-dimensional organization

282  of the synaptonemal complex. (a) In the C. elegans gonad, nuclei (representative DAPI images)

283  are arranged in a gradient of premeiotic and meiotic stages. Using highly inclined illumination
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284  (red), we imaged SCs in the bottom section of nuclei adjacent to the coverslip (gray) in early,
285  mid- and late pachytene (rectangles). Mid(-) (cyan) and mid(+) (red) pachytene correspond to
286  nuclei without and with bright GFP-COSA-1 foci in the same field of view, respectively. (b)
287  Measurements based on averaged STORM images indicate that the C-terminus of SYP-1 lies
288  close to the chromosome axes. Colors denote localizations in z from -150 to 150 nm (color scale
289  bar). (c) The schematic depicts the SC, which forms a ladder-like structure approximately 100-
290  nm wide (purple), which links the axes (black) of paired homologous chromosomes (white rods)
291  in the frontal view (left). To visualize the 3D architecture of the SC, we show cross-sectional
292  views of the SC as depicted (right). (d-1) Averaged cross-sectional views of STORM images for
293  the N-terminus of HA-SYP-1 (top row), the C-terminus of SYP-1 (center row), and C-terminus
294  of SYP-2 (bottom row), for wild-type SCs in early (d, blue closed spheres in m), late (e, purple
295  closed spheres in m), mid(-) (f, cyan open squares in m), and mid(+) (g, red closed squares in m)
296  pachytene and for zAp-3(jf61) (h, green triangles, late pachytene in n), plk-2(0k1936) (i, pink
297  diamonds in n, late pachytene) and syp-4(ie25) (k, black closed triangles for early pachytene
298  orange crosses in late pachytene in n). (m, n) Histograms of localization events in frontal view
299  (x, left) and across the SC (z, right) are fitted with 1 or 2 Gaussians. The results of the fits are
300 summarized in Extended Data Table S1.
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303  Figure 2: The synaptonemal complex undergoes a structural transition upon crossover

304  designation. (a) The stochastic nature of STORM does not allow us to image the N- and C-

305  terminus of a specific single molecule at the same time but will yield population averages for the
306  localization of individual domains. We therefore used a probabilistic mapping approach to

307  reconstruct the orientation of SYP-1 molecules for each condition and genotype. The resultant
308  models of SYP-1 (black) are shown with C-termini depicted as cubes and N-termini as spheres.
309 A proxy for chromatin (gray areas) is added for visualization purposes. Models are rendered

310  using POV-ray (v3.7.0). Models show changes in the orientation of SYP-1 upon crossover

311  formation. (b) These changes are revealed by the distributions of angles of SYP-1 with respect to
312 the central plane of the SC in cross-sectional views. Cumulative distribution functions are

313 shown. Gray horizontal lines mark median (50%) and 90" percentile values. (¢) A principal

314  component analysis (see methods) summarizes the SC organization at different conditions and
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genotypes. The progression of SC reorganization in wild-type animals throughout pachytene is
highlighted by a gray dashed line. Dimension 1 scales with SC reorganization upon crossover
formation (colored arrow). We note that mid(-) SCs prior to designation of COs marked by
bright GFP-COSA-1 foci are closer to late pachytene than early pachytene. This suggests that
some aspects of the transition in SC reorganization may occur even prior to the appearance of
GFP-COSA-1 foci and/or nuclei designated mid(-) pachytene may include false negatives given
that our field of view in z is limited to 1 pm slices and does not contain whole nuclei. SC
organization in late pachytene zhp-3(jf61) mutants that lack CO formation is similar to wild-type
early pachytene, while SCs in p/k-2(0k1936) null mutants resemble wild-type SCs. By contrast,
SCs in syp-4(ie25) mutants are distinct in both early and late pachytene.
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327  Figure 3: Crossover interference is diminished in syp-4(ie25) mutants. (a) The C-terminal
328  amino-acid sequences of wild-type SYP-4 and SYP-4(ie25) are indicated. (b) Fluorescence

329  micrographs of DAPI-stained gonads from wild-type (syp-4-ha(ie29), top) and syp-4(ie25)

330  mutants (bottom). Insets depict single oocyte nuclei, revealing 6 bivalents in both wild-type and
331  syp-4(ie25). (c) The syp-4(ie25) mutation or epitope tagging of syp-4 alone (ie29) did not perturb
332 the length of the transition zone (solid lines in b), but this length was significantly increased in
333 syp-4-ha(ie27) mutants, indicative of a defect in synapsis. (d) Immunofluorescence detection of a
334  CHK-2-dependent phoshpoepitope provides a more consistent assay for meiotic progression. In
335  animals homozygous for the syp-4-HA allele ie29, this “CHK-2 active” zone comprises 45% of
336  the length of the germline containing leptotene, zygotene and pachytene stages of meiosis. This
337  fraction was extended to 56% and 77% in ie25 and ie27, respectively. Boxplots in ¢ and d show
338  meants.d (whiskers show minima and maxima). (e) Fluorescence micrographs reveal robust

339  synapsis for ie29 (top) and ie25 (bottom). (f) The cruciform bivalent structure, as illustrated in
340 the cartoon (top) is disrupted in ie25, likely reflecting the occurrence of multiple crossovers per
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341  chromosome pair. Immunostaining of HTP-3 (axis; green) and SYP-4 (SC; magenta) is shown
342 (e-f). (g) The number of crossovers per nucleus as estimated from whole genome sequencing
343  (black/white boxplots, meants.e., whiskers are extreme values) correspond to the number of
344  GFP-COSA-1 foci (green dots and boxplots, mean+s.d.). (h) Fluorescence micrographs show a
345  marker for designated crossovers, GFP-COSA-1 (yellow), and SYP-4 (blue). (i) To measure
346  crossover interference strength, we fit the cumulative distribution function of inter-GFP-COSA-1
347  distances in syp-4(ie25) mutants (orange crosses) using a gamma function[44]. y=1 denotes no
348 interference (gray), y=37 corresponds to interference measured for wild-type animals[9] (purple
349  dashed line), while interference in syp-4(ie25) is severely reduced to y=3.5 (orange line, n=41
350  chromosomes). (j) Likewise, interference strength can be described by the coefficient of

351  coincidence[45], which denotes the ratio of the observed number of 2 COs (GFP-COSA-1 foci)
352 ata given distance to the expected number assuming random CO distribution. In wild-type

353  animals, the coefficient of coincidence of GFP-COSA-1 foci is 0 corresponding to complete

354  interference (purple dashed line; n=88 chromosomes), while it is approximately 1 in syp-4(ie25)
355 mutants (orange, n=41), indicating no interference (gray line). (k) Chromosome axes lengths are
356  shorter in syp-4(ie25) mutants compared to wild-type axes in mid(-)-pachytene prior do

357  designation of CO sites (left) and comparable in late pachytene (right). Boxplots show mean+s.d
358  and whiskers are extreme values.

359

360
361
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364  Figure 4: Irregular organization and an increase in GFP-COSA-1 foci in syp-4(ie25)

365  polycomplexes. (a) Fluorescence micrographs show that the number of GFP-COSA-1 foci

366  (yellow) is limited to 1 or 2 per polycomplex (SYP-2, blue) in wild-type conditions (Aktp-3) and
367  in the presence of syp-4(ie27) but is elevated in syp-4(ie25). DAPI is shown in gray. (b)

368  Quantification of GFP-COSA-1 foci. Boxplots show mean+s.d. and whiskers are extreme values.
369  (c) Representative electron micrographs show that the SC-like structure of polycomplexes (Ahtp-
370 3, 97 nm spacing of parallel, electron dark regions) is disturbed in Ahtp-3 syp-4(ie25), which are
371  disorganized and 46 nm apart.
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Table S1: Summary of localizations of SC components determined by STORM. Positions

are distances of the maxima to the center of the SC (wt = wild-type; early = early pachytene;

mid(-) = mid pachytene nuclei without bright GFP-COSA-1 foci; mid(+) = mid pachytene nuclei
with bright GFP-COSA-1 foci). HWHM denotes the half width at half maximum of the

distributions (Fig. 1m, gray lines)

X [nm] z [nm] total length
analyzed
[nm]
domain condition position HWHM position HWHM (# images)
HA-SYP-1 | wt, early 0 283+1.8 [0 33.1+£2.7 | 3438 (8)
wt; mid(-) 0 27.5+1.6 |0 65.4+£2.8 | 3056 (5)
wt; mid(+) 0 29.4+£26 |0 69.7+£3.5 3992 (6)
wt, late
0 27.0+1.6 |0 29.1+£3.7 4780 (9)
pachytene
zhp-3(jfol) 0 427+£25 |0 46.9+29 (3579 (7)
plk-2(ok1936) [0 255+15 |0 52.0+£3.9 |4136(10)
syp-4(ie25);
P 0 22.1+14 |0 28.6 1.2 [4351(10)
early
syp-4(ie25);
yp-4(ie23) 0 19.8+0.8 [0 205+1.6 3114 (6)
late
SYP-1(C) [ wt, early 423+08 [22.8+09 |0 37.1+£2.3 4092 (7)
wt; mid(-) 408+13 [282+0.6 |0 68.1+4.3 | 3184 (7)
wt; mid(+) 359+09 (31.2+1.0 |0 78.7+2.8 | 3503 (7)
wt, late
420+12 [285+1.0 |0 62.7+3.2 |5312(9)
pachytene
zhp-3(jf6l);
41.0+13 [23.6+1.1 |0 48.2+4.3 [ 1851 (8)
late
plk-2(0k1936);
363+£1.4 [39.6+3.6 |0 67.0+£2.5 | 5741 (9)
late
syp-4(ie25); 385+2.5 [249+0.8 |0 43.2+£3.8 [2768 (5)
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early
syp-4(ie25);
305+1.5 [29.1+£1.8 54.0+2.2 | 4848 (6)
late
SYP-2(C) [ wt, early 0 27.0+£2.0 38.3+£3.7 | 5866 (10)
wt; mid(-) 16.3+7.5 [27.1+£2.7 27.6 1.1 [8437(9)
wt; mid(+) 20.6+6.3 [265+3.6 27714 [8615(12)
wt, late
189+2.1 [21.6+1.5 49.5+£5.0 [4573 (9)
pachytene
wt, late (HA) 209+09 [20.0+1.3 39.9+2.6 | 2958 (8)
zhp-3(jf6l);
0 36.1£4.3 38.6 £3.8 | 3746 (6)
late
plk-2(0k1936);
0 37.1+2.0 47.4+£2.3 |[8206(9)
late
syp-4(ie25);
yp-4{ie23) 0 324+22 73.6 8.8 | 3172 (7)
early
syp-4(ie25);
0 289 +2.7 33.4+£3.2 | 3604 (8)
late
GFP-SYP- | wt, early 0 23.3+0.8 40.0£4.5 [ 1784 (4)
3 wt, late
0 185+ 1.4 63.2+6.2 | 2238 (6)
pachytene
SYP-3-HA | wt, early 123+1.8 [203+1.2 27.1+£2.4 [4653(10)
wt, late
16.6 4.7 [29.0+£2.3 48.1+£5.9 (2764 (7)
pachytene
zhp-3(jf6l);
142+2.0 [244+14 28.5+£2.2 |[2723 (6)
late
SYP-4- wt, early 0 25.8+0.9 433 +£5.3 |[3462 (9)
intFlag wt, late
0 30.3+43 498 £4.6 |2524 (4)
pachytene
SYP-4-HA | wt, early 142+2.0 [23.0£1.6 38.6£2.4 |5355(10)
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wt, late 33.1+
0 36.8+1.1 51.5+8.0 | 5264 (9)
pachytene 11.9
SYP- syp-4(ie25);
0 29.1+£1.1 |0 549+5.6 |4611(9)
4(ie25) late
HIM-3 wt, early 33552 |434+£23 |nd n.d. 2548 (6)
wt, mid(-) 414+22 [46.7+1.8 |n.d. n.d. 3661 (7)
wt, mid(+) 41.8+19 [45.1+1.2 |nd n.d. 2817 (7)
wt, late
473+15 [30.2+1.2 | nd n.d. 4411 (11)
pachytene
zhp-3(jf6l);
459+1.6 [49.0+2.3 |n.d. n.d. 6969 (11)
late
plk-2(0k1936);
41.5+3.8 [53.9+4.1 |nd n.d. 4769 (8)
late
syp-4(ie25);
453+3.6 [48.9+2.7 |nd. n.d. 3900 (7)
early
syp-4(ie25);
35.8+3.8 [459+3.1 |nd. n.d. 2926 (6)
late
380
381
382
383
384
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from wild-type are calculated using Mann-Whitney tests.

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.16.947804; this version posted February 16, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

name genotype egg viability males [%] # of
[%] (p-value) | (p-value) eggs
N2 wild-type 10446 0.08+0.20 4773
GFP-COSA-1 [36] mels8 11 107+4 0.00+0.00 1362
mEos-HIM-3 [24] mels8 11; him-3(ie33) IV n.d. n.d.
mMaple-HIM-3 [24] | mels8 11; him-3(ie34) IV n.d. n.d.
HA-SYP-1 mels8 11; him-3(ie33) IV; syp-1(ie40[syp-1(1- 100+4 (0.886) | 0.00+0.00 840
47)::HA::syp-1(48-489)]) V (0.452)
SYP-2-HA mels8 11; him-3(ie33) 1V; syp-2(ie99/syp-2::HAJ]) V 10146 (0.394) | 0.00+0.00 1405
(1.00)
GFP-SYP-3 syp-3(0k758) 1; 83+10 (0.031) | 0.87+0.59 1143
ieSill [syp-3p::syp-3::EmGFP::syp-3-3'"UTR + unc- (0.045)
119(+)] 1; him-3(ie33) IV
SYP-3-HA syp-3(ie42[syp-3::HAJ]) 1; 95+4 (0.041) 1.80+0.60 1457
mels8 11; him-3(ie33) IV (0.004)
SYP-4-HA(ie29) syp-4(ie29[syp-4::HAJ]) 1; 100+2 (0.150) | 0.72+0.41 1336
mels8 11; him-3(ie34) IV (0.052)
SYP-4-HA(ie29) syp-4(ie29[syp-4::HAJ) 1; mels8 11 10543 (0.686) | 0.00+0.00 951
(1.000)
SYP-4-intFlag syp-4(ie30[syp-4(1-315).:2xFlag: :syp-4(319-605)]) 1, | 9843 (0.032) 1.91+0.59 1350
mels8 11; him-3(ie33) IV (0.010)
SYP-4(ie25) syp-4(ie25[syp-44C::3xFlag]) 1, 38+4 (0.008) 5.97+1.25 1024
mels8 11 (0.010)
SYP-4-HA(ie27) syp-4(ie29[syp-4::HA::mod3 "UTR]) 1, mels8 11 80+9 (0.002) 1.58+1.58 992
(0.010)
Ahtp-3 [3] htp-3(tm3655) 1; mels8 11 n.d. n.d.
Ahtp-3 syp-4(ie25) htp-3(ie100) syp-4(ie25) 1; mels8 11 n.d. n.d.
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Ahtp-3 syp-4(ie27) htp-3(iel01) syp-4(ie27) 1; mels8 11 n.d. n.d.
SYP-4(ie25) syp-4(ie25[syp-44C::3xFlag]) 1, n.d. n.d.
mels8 11; him-3(ie33) IV
SYP-4(ie25); syp-4(ie25) I, mels8 11; him-3(ie33) IV; syp-1(ie40) V | n.d. n.d.
HA-SYP-1
zhp-3(jf61) zhp-3(jf61) 1; mels8 11; him-3(ie33) IV n.d. n.d.
zhp-3(jf61); zhp-3(jf61) 1; mels8 11; him-3(ie33) 1V; syp-1(ie40) V | n.d. n.d.
HA-SYP-1
zhp-3(jf61) SYP-3-HA | syp-3(iel02[syp-3::HA]) zhp-3(jf61) 1; mels8 11; him- | n.d. n.d.
3(ie33) IV
Plk-2(0k1936); plk-2(0k1936) 1; mels8 11; him-3(ie33) 1V, n.d. n.d.
HA-SYP-1 syp-1(ie40) V
388
389
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391 Extended Data Figure S1: Experimental strategy for mapping the architecture of the

392  synaptonemal complex. (a) The resolution in conventional fluorescence micrographs is

393  insufficient to visualize the structure of the axis or SC (HIM-3, magenta, left) and SC

394  components (SYP-2-HA, green, center) are co-localized (merge, right). (b) The structure of the
395  SCisresolved by STORM super-resolution microscopy. Colors denote localization in z (left and
396  center). Localization of HIM-3 (magenta, right) is used to determine the orientation of the SC
397  (SYP-2-HA(C), wild-type, late pachytene in green). White boxes in b show regions magnified in
398  other panels. (c) For further analysis, individual stretches in frontal view (right), which are

399  characterized by clearly separated HIM-3 axes, are straightened and aligned in x and z to

400  generate the averaged image (left). (d) The results are highly reproducible between different

401  preparations and different antibodies (SYP-2(C) peptide antibody, black, and SYP-2-HA epitope
402  antibody, green) (Table S2). Note that the widths of the distributions are narrower for the

403  monoclonal HA antibody compared to the polyclonal SYP-2(C) peptide antibody.

404
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407  Extended Figure S2: Dynamic orientation of SYP-1 molecules. (a) To generate a model of
408  SYP orientation within the SC, individual datapoints (magenta circle, center) in the measured
409  distributions of the N- (blue, left) and C-terminus (gray, left) of a given component (here: SYP-1
410  in wild-type late pachytene) are randomly mapped to a localization event within the same

411  percentile +7.5% tolerance of the C-terminal distribution in x and z (purple, center). Mapped
412  events resulting in the shortest or longest 5% of antibody to antibody distances (red, right) are
413  disregarded. (b) The boxplots show means+s.d. of the distances between N- and C-terminal

414  antibodies as estimated by the probabilistic mapping approach. Whiskers are extremes and the
415  black line shows the mean across all genotypes and conditions. (¢) The resultant model of SC
416  organization generated by mapping of N- and C-terminal distributions of SYP proteins is shown

417  for early (left) and late (right) pachytene in wild-type animals. C-termini are cubes and N-termini
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(central domain for SYP-4) are spheres. The localization of HIM-3 in x is used as a proxy for

axis localization. Models are rendered using POV-ray (v3.7.0).
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424  Extended Data Figure S3: Dynamic organization of SYP-3 and SYP-4 within the SC. (a-b)
425  Averaged STORM images show cross-sectional views of SYP-3 (a) and SYP-4 (b) domains as
426  indicated in wild type at early (blue) and late pachytene (purple) and zhp-3(jf61) (orange) and
427  syp-4(ie25) (green) mutants in late pachytene. Colors denote localization in z. The distributions
428  of localization events in frontal (x), and vertical (z) views are analyzed in (c). The results are
429  summarized in Extended Data Table S2.
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435  Extended Data Figure S4: Double-strand break formation is extended in syp-4(ie25). (a)

436  Immunofluorescence images show DAPI (upper) and RAD-51 (lower), which marks double-

437  strand breaks. While the RAD-51 zone (gray line) is normally limited to a short region in

438  early/mid-pachytene in wild-type (top), it is markedly elongated in syp-4(ie25) (bottom). (b)

439  shows the average number of RAD-51 foci per nucleus (boxes are mean=s.e.) as a function of the
440  relative length of the gonad from the distal tip to the end of pachynema of wild-type (purple solid
441  line, n=1672 nuclei from (7) gonads), syp-4(ie29) (red dashed line, n=1407 (6)), syp-4(ie25)

442  (green dot-dashed line, n=1440 (6)) and syp-4(ie27) (blue dotted line, n=1162 (4)), respectively.

443
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Extended Data Figure S5: Abundance of SC proteins in syp-4(ie25). (a) The expression level
of HA-SYP-1 (magenta) is identical in wild-type and syp-4(ie25) strains as shown by a Western
Blot. Tubulin (green) is shown as a reference. (b) By contrast, the levels of immunofluorescence
staining for SYP-1 (left) and SYP-2 (center) are drastically reduced in syp-4(ie25) SCs (bottom)
compared to wild-type (syp-4-ha(ie29), right). To ensure identical handling, gonads from both
genotypes were stained in a single reaction and their genotype was determined by anti-Flag
staining (right), which marks syp-4(ie25) but not syp-4(ie29). (c) Boxplots show mean+s.d.
(whiskers are extreme values) of fluorescence intensities of late pachytene SCs (ie29: n=339,

ie25: n=209).
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464  Extended Data Figure S6: The syp-4-ha(ie27) mutation phenocopies partial RNAIi of other
465  SC components. (a) The mutation syp-4-ha(ie27) (bottom) is constituted by an insertion (cyan)
466  in the 3’ untranslated region (lower case letters) of the syp-4 gene, but the coding sequence

467  (capital letters) is identical to syp-4-ha(ie29) (top), which is phenotypically wild-type. (b) A

468  DAPI stained fluorescence micrographs show that meiotic progression is delayed in syp-4-

469  ha(ie27) as indicated by an elongated transition zone (gray line) but can form 6 bivalents (inset)
470  indicating largely successful homologous pairing and crossover formation. (c) A western blot
471  shows that the level of SYP-4-HA (top) is reduced to ~ 30 % in syp-4-ha(ie27) compared to syp-
472  4-ha(ie29). Tubulin is shown as a reference (bottom). (d) Synapsis is delayed in syp-4-ha(ie27)
473  as shown by the incomplete overlap of immunofluorescence images of an axial protein (HTP-3,
474  green) and SC proteins (SYP-4-HA, magenta). (¢) As has been described for partial RNA1

475  depletion of SYP-1, -2 and -3[9], a reduction in SYP-4 expression level results in a slight

476  increase in the number of GFP-COSA-1 (yellow) foci to about 7 foci/nucleus (DAPI is shown in
477  blue).

478
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480 Methods

481  Worm strains and transgenes

482 A complete list of C. elegans strains used in this study can be found in Table S1. All strains were
483  cultured at 20°C using standard methods[52]. GFP-SYP-3[32] was inserted by MosSCI[53] and
484  crossed into syp-3(ok758). Other tags were inserted using CRISPR-Cas9 genome editing as

485  described in[24]. Briefly, Cas9 and gRNA were delivered by microinjection, either encoded on a
486  plasmid[54] or as in vitro preassembled Cas9-ribonucleoprotein complexes. Repair templates for
487  small epitope tags were codon optimized for C. elegans [55] and synthesized as “Ultramers” by
488  IDT.

489

490 Immunofluorescence

491  Immunofluorescence of dissected gonads from young adults 24 h post L4 was performed as

492  described[56] with modifications described in[24]. The following primary antibodies, all of

493  which have been previously described, were used: goat anti-SYP-1 (1:500, affinity purified)[37],
494  mouse anti-HA (1:500, monoclonal 2-2.2.14, Thermo Fisher Scientific), rabbit anti-SYP-2

495  (1:500, affinity purified)[16], mouse anti-GFP (1:500, monoclonal 7.1 and 13.1, Roche), mouse
496  anti-Flag (1:500, monoclonal M2, Sigma-Aldrich), chicken anti-HTP-3 (1:500)[57], rabbit anti-
497  HIM-3 (1:500, SDQ4713 ModENCODE project)[58], rabbit anti-HIM-8pT64 (1:2000)[41], and
498  rabbit anti-RAD-51 (1:500)[37]. Secondary antibodies raised in donkeys were fluorescently

499  labelled with Alexa Fluor® 488, Cy3 or Alexa Fluor® 647 (1:500, Jackson ImmunoResearch
500  and Invitrogen). Gonads were mounted in ProLong Gold antifade mountant (ThermoFisher

501  Scientific) and epifluorescence images were acquired on a DeltaVision Elite microscope

502  (Applied Precision) using a 100x N.A. 1.4 oil-immersion objective.

503  For quantification of proteins levels by immunofluorescence, imaging was performed on a

504  Marianas spinning-disk confocal microscope (31) with a 100x 1.46 NA oil immersion objective.
505 3D stacks of wild-type (syp-4-ha(ie29)) and syp-4(ie25) animals were taken from the same slide
506  and quantified in Fiji. SC containing voxels are identified by thresholding the SYP-2 and SYP-4-
507  3xFlag channels for syp-4(ie29) and syp-4(ie25), respectively. Images shown in Fig. S6 are

508  background subtracted maximal intensity projections with equally scaled intensity values.

509

510  STORM and PALM imaging
30
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511  Super-resolution imaging of dissected, immuno-stained intact germline tissue was carried out as
512 described[24]. Targets for STORM were labeled with donkey or goat secondary antibodies

513  labelled with Alexa Fluor® 647 (1:500, Jackson ImmunoResearch and Invitrogen).

514  Subsequently, the fluorescently tagged internal reference protein, mEos2-HIM-3 or mMaple3-
515  HIM-3[24] was imaged using PALM [59] [60]. For early pachytene images, mEos2-HIM-3 was
516  co-stained with a rabbit anti-HIM-3 antibody and a donkey-anti-rabbit secondary antibody

517  (Jackson ImmunoResearch) labelled with NHS esters of CF568 to achieve a 2:1 dye-to-antibody
518  ratio. Aligned and averaged images (Fig. S1) were used to generate histograms of localization
519  events in x and z[24]. To systematically distinguish between mono- and bi-modal distributions,
520  we evaluated fits with one and two Gaussians using an ANOVA test in R (p <0.05). Standard
521  deviations of fit parameters were estimated by a subsampling approach using subsets of half the
522 number of individual SC stretches[24]. The results are summarized in Table S2.

523

524  Statistical analysis

525  Sample sizes were not predetermined, and experiments were not randomized. The investigators
526  were not blinded to allocation during experiments and outcome assessment. For STORM

527  experiments, the total lengths and number of stretches analyzed are summarized in Table S2.
528

529  Analysis of of SC organization

530  To derive a model for SC organization from our data, we asked which orientations of SC

531  proteins were consistent with the observed distributions, assuming that each protein is a rigid
532 rod. We first corrected the raw data by removing the extreme 2.5% of the localization events
533  using squared Mahalanobis distances in R (version 3.4.2). We then mapped each localization
534  event corresponding the nth-percentile in x and the mth-percentile in z of the N- (or C-) terminal
535  distribution to a randomly selected localization event within the nth + 7.5% in x and mth + 7.5%
536  inz of the corresponding C- (or N-) terminal distribution. This analysis reveals the distance

537  between the N- and C-terminal antibodies used for imaging and the orientation of the protein
538  within the SC. For further analysis, we remove outliers among the mapped localization events
539  with extreme values corresponding to the lower and upper 2.5% of distances.

540  To visualize changes within SC organization, we performed principal component analysis of the

541  widths, and — where applicable — positions off-center, for N- and C-terminal distributions of
31
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542 SYP-1 and the C-terminal distribution of SYP-2, the orientations of SYP-1 molecules as

543  characterized by the median and 90th percentile angles, and the average distance between N- and
544  C-terminal antibodies using R (version 3.4.2). We excluded SYP-3 and SYP-4 from this analysis
545  since experimental challenges prevented us from analyzing their localizations for all genotypes.
546

547  Recombination mapping

548  To map meiotic recombination events, the syp-4(ie25) allele (generated in Bristol N2

549  background) was introgressed into the divergent Hawaiian strain CB4856 by 8 sequential crosses
550  and selection for ie25. Hawaiian and Bristol wild-type and syp-4(ie25) strains were crossed, and
551  the hybrid F1 progeny were backcrossed to Hawaiian males. These cross-progeny, which have
552  Hawaiian paternal chromosomes and recombined Bristol/Hawaiian maternal chromosomes, were
553  plated individually, allowed to reproduce for one generation, and the genomic DNA of their

554  pooled progeny was extracted by phenol-chloroform extraction. Illumina sequencing libraries
555  were prepared as described in [61] and sequenced as 50 bp single reads on a HiSeq2500 Illumina
556  sequencer at the Vincent J. Coates Genomics Sequencing Laboratory at UC Berkeley, with a

557  coverage of 2-4x per individual. Reads were mapped to the genomes of Bristol (Wormbase

558  release WS230) and Hawaiian[62] strains and genotypes called using the multiplexed shotgun
559  genotyping (MSG) toolbox and default parameters[63]. Aligned sequences obtained by deep

560  sequencing have been uploaded on the NCBI SRA database under accession number

561  SRP126693. Following this analysis, crossovers in oogenesis are characterized by transitions
562  from Hawaiian/Bristol heterozygous stretches to homozygous Hawaiian stretches, and the

563  calculated number of crossovers per nucleus is twice the number of mapped crossovers in the
564  oocytes.

565

566  Electron microscopy

567  High-pressure freezing, freeze-substitution, sample preparation, and microscopy was performed
568 as described previously[3, 64, 65]. Images were acquired on a Tecnai 12 transmission electron
569  microscope (120 kV, FEI, Hillsboro, OR) equipped with a Gatan Ultrascan 1000 CCD camera
570  (Pleasanton, CA).

571

32


https://doi.org/10.1101/2020.02.16.947804
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.16.947804; this version posted February 16, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

572  Immunoblotting

573  To compare expression levels of SYP proteins, 120 adult worms were lysed by boiling in 40 pL
574  Laemmli sample buffer (with f-mercaptoethanol) for about 5 min, until particulate matter was
575  not detected using a dissection stereomicroscope. Samples of whole-worm lysates were run on a
576  Nupage 4-12% polyacrylamide gradient gel and transferred to a PVDF membrane. Primary

577  antibodies were rabbit (Pierce, PA1-985, used for HA-SYP-1) or mouse anti-HA (SYP-4-HA)
578  and mouse anti-tubulin (EMD Millipore), each diluted 1:5,000. HRP-conjugated secondary

579  antibodies (Jackson Laboratory) were detected with ECL reagents (Amersham). For SYP-4-HA
580  blots, HA and tubulin were easily resolved and can be detected simultaneously. For HA-SYP-1,
581  HA was detected by HRP-anti-rabbit/ECL and tubulin is detected by Cy3-conjugated anti-mouse
582  secondary antibody (1:5,000). Images were recorded using a Chemidoc system (Bio-Rad) and
583  quantified using Fiji.

584

585  Data Availability

586  NGS datasets generated during the current study are available on the NCBI SRA database under
587  accession number SRP126693 (https://www.ncbi.nlm.nih.gov/sra/SRP126693). Any additional
588  data are available upon reasonable request.

589
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