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Abstract

Meiotic recombination shows broad variations across species and along
chromosomes, and is often suppressed at and around genomic regions determining
sexual compatibility such as mating type loci in fungi. Here we show that the absence
of Spo11-DSBs and meiotic recombination on LaklOC-left, the chromosome arm
containing the sex locus of the Lachancea kluyveri budding yeast, results from the
absence of recruitment of the two chromosome axis proteins Red1 and Hop1, essential
for proper Spo11-DSBs formation. Furthermore, cytological observation of spread
pachytene meiotic chromosomes reveals that LaklOC-left does not undergo synapsis.
However, we show that the behavior of LaklOC-left is independent of its particularly
early replication timing and is not accompanied by any peculiar chromosome structure
as detectable by Hi-C in this yet poorly studied yeast. Finally, we observed an
accumulation of heterozygous mutations on LakIOC-left and a sexual dimorphism of
the haploid meiotic offspring, supporting a direct effect of this absence of meiotic
recombination on L. kluyveri genome evolution and fithess. Because suppression of
meiotic recombination on sex chromosomes is widely observed across eukaryotes, the
novel mechanism for recombination suppression described here may apply to other

species, with the potential to impact sex chromosome evolution.
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Introduction

DNA double strand breaks (DSBs) initiate recombination between homologous
chromosomes during meiotic prophase, an important event that promotes
chromosome segregation, and hence fertility and genome evolution (1-3). The type Il
topoisomerase-related protein Spo11 is the catalytic subunit of a multiprotein
machinery that generates the meiotic DSBs (4-8). Such Spo11-DSBs occur within
nucleosome-free DNA, typically found in gene promoters that constitute Spo11-DSB
hotspots in the yeast model Saccharomyces cerevisiae (9-11). The Spo11-DSB
hotspot landscape is relatively well conserved among Saccharomyces species, likely
because gene promoters are conserved functional elements that are under selective
constraints (12).

In S. cerevisiae, meiotic prophase chromosomes undergo compaction to form
chromatin loops of ca. 20-100 kb (13—-18). These chromatin loops are anchored on a
protein axis composed of a coalescence of cohesins, the axis-core protein Red1 and
the HORMA domain-containing protein Hop1 (19-22). The current model of axis
proteins recruitment is that the meiotic specific kleisin cohesin subunit Rec8 ensures
most of Red1 recruitment through direct interaction, and that Red1 then recruits its
interacting partner, Hop1 (16, 23). A second parallel pathway relies on a direct Hop1-
chromatin interaction within broad genomic islands with high gene density, leading to
further recruitment of Red1 (24). Spo11-DSB hotspots are specifically located within
chromatin loops, away from the chromosome axis attachment sites at the base of these
loops (16). While Rec8 is dispensable for Spo11-DSBs, the absence of either Red1 or
Hop1 strongly reduces Spo11-DSBs, notably because Hop1 participates in the

recruitment of Mer2, a key Spo11 cofactor for DSB formation (16, 25-32).
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After DNA cleavage, Spo11 is released from DNA ends by the Mre11/Rad50/Xrs2
complex in combination with Sae2 but remains covalently attached to an
oligonucleotide (33, 34). Spo11-oligo sequencing allowed the establishment of a
nucleotide-level resolution Spo11-DSBs genome wide map (10). Once processed,
Spo11-DSBs are primarily repaired by homologous recombination with the non-sister
homologous chromatids, to eventually yield crossovers (35, 36). This promotes pairing
and synapsis of the homologous chromosomes through the synaptonemal complex
assembly. The main component of this proteinaceous complex is the transverse
filament protein Zip1, and its lateral elements correspond to the chromosomes axes
(37). The chromosome axis component Hop1 is eventually removed from the axis upon
completion of synaptonemal complex formation, shutting down DSB formation (21, 38—
40). Interestingly, the length of the synaptonemal complex covaries with the number of
crossovers independently of the genome size and the species (41, 42). In S.
cerevisiae, the major crossover formation pathway involves the ZMM proteins (Zip1,
2, 3,4, Spo16, Msh4, 5 and Mer3, (43, 44). Zip3 appears as a specific marker of the
resulting “type I” crossovers that show interference (45, 46). Genome-wide distribution
of Zip3 colocalizes with Spo11-DSBs and alternates with chromosome axis binding
sites (46, 47).

Meiotic homologous recombination is commonly repressed around the loci determining
sexual compatibility such as the mating-type loci in fungi, and sometimes this inhibition
extends outside of this locus (48). Both the mechanism and the selective advantage of
recombination suppression are unclear. Recombination inhibition within the MAT locus
may prevent loss of heterozygosity at this specific locus and subsequent disequilibrium
between the two mating types within the population. In addition, recombination

inhibition around the MAT locus may ensure linkage between specific alleles that
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93 present strong selective advantages when linked (49). As another example of
94  recombination inhibition around the mating-type locus, we previously reported a
95  complete inhibition of meiotic recombination over almost the entire chromosome arm
96 containing the mating type locus of the budding yeast Lachancea kluyveri (50). The
97 inhibition spreads over the region of the left arm of L. kluyveri chromosome C starting
98 from the left telomere to a point about 10kb to the left of the centromere; we refer to
99 this region as LaklOC-left. This inhibition of recombination results from the repression
100  of Spo11-DSBs within this ca. 1 Mb long region, corresponding to ca. 8% of L. kluyveri
101  genome. So far, the mechanism inhibiting Spo11-DSB formation over such a large
102 genomic region is unknown.

103 L. kluyveri is a Saccharomycetaceae yeast that diverged from S. cerevisiae prior the
104  whole genome duplication that characterizes the Saccharomyces lineage (51). L.
105  kluyveri has only eight chromosomes, with a genome size and a gene complement
106 comparable to S. cerevisiae (52, 53). As in S. cerevisiae, meiosis is efficiently induced
107 by nitrogen starvation and meiotic progression is rather synchronous (50).
108 Interestingly, LaklOC-left is characterized by a G + C frequency almost 10% higher than
109 the rest of the genome (53). A population genomics survey of L. kluyveri led to the
110  proposal that LaklOC-left arose from an introgression from a yet unknown Lachancea
111  species (54). Finally, LaklOC-left contains almost exclusively early replication origins,
112 in contrast to the rest of the genome (55). Whether any of these LakIOC-left specificities
113 are at the source of the repression of Spo11-DSBs formation is unknown.

114  Here, we confirm Spo11-DSB inhibition on LaklOC-left using a genome wide DSB
115  mapping method (56) and find that the Spo11-DSB hotspot landscape is poorly
116  conserved between orthologous syntenic intergenic regions from L. kluyveri and S.

117  cerevisiae. Using Hi-C, we showed that L. kluyveri chromosomes undergo compaction
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118  during meiotic prophase, and that LaklOC-left compaction is comparable to the rest of
119  the genome, which correlates with a comparable binding of Rec8 as detected by ChlP-
120 seq. By contrast, Hop1 and Red1 are completely absent from LaklOC-left, likely
121  explaining the lack of Spo11-DSBs. Finally, fluorescence visualization of Zip1, Rec8
122 and the left and right arms of chromosome C recapitulated these molecular findings
123 and revealed the lack of pairing of LaklOC-left. Overall, L. kluyveri chromosome C
124  appears as a prototypical young sex chromosome.

125

126

127  Results

128

129 Genome wide Spo11-DSB mapping in L. kluyveri

130

131 Using pulsed-field gel electrophoresis (PFGE) and Southern blotting, we previously
132 showed that LaklOC-left is depleted of Spo11-DSBs but flanked by a Spo11-DSB
133 hotspot in the GPI18 promoter, located about 10 kb to the left of the centromere. We
134  also identified by Southern blot two additional DSB hotspots in the promoters of the
135 RAST and PIS1 genes that correlate with crossover hotspots (50). To confirm these
136  results with an independent technique and to extend them to the whole genome, we
137  used the Covalent Complexes-sequencing (CC-seq) technique that allows nucleotide-
138  resolution mapping of protein-linked DNA breaks (56).

139  We performed two independent experiments. After background filtering (methods), we
140 identified a specific signal that clustered into hotspots, as seen for S. cerevisiae Spo11-
141 DSBs, and the two replicates showed good reproducibility (Figure 1A and S1). We

142 used the MACS2 peak calling algorithm to define the Spo11-DSB hotspots (57). One
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143 replicate showed better signal enrichment than the other (1,933 hotspots vs 1,025
144  hotspots, Figure S1) and was used for subsequent analyses.

145  The average DSB hotspot density is 1 per 5.9 kb and the average width was 0.282 kb
146  in L. kluyveri compared to 1 per 4.2 kb and 0.409 kb, respectively in S. cerevisiae (56).
147  As in S. cerevisiae, most DSB signal is in intergenic regions between divergent or
148 tandemly orientated genes (Figure 1B and S2A). Only 13.2% of the DSB signal is within
149 genes and 3.1% is within intergenic regions between convergent genes. In addition,
150  centromere-flanking regions, subtelomeres and the rDNA locus were depleted for
151 Spo11-DSBs compared to the rest of the genome (Figure S3). However, and in sharp
152  contrast with the rest of the genome, a depletion of Spo11-DSBs was observed all
153 along LaklOC-left, which shows a 12-fold decrease in Spo11-DSBs per base pair
154  compared to the rest of the genome (Figure 1A). Overall, genome-wide mapping of
155 Spo11-DSBs reveals similar properties of Spo11-DSBs distribution between L. kluyveri
156 and S. cerevisiae chromosomes and confirms the depletion of Spo11-DSBs in LakIOC-
157  left.

158

159 Spo11-DSBs hotspots are poorly conserved between L. kluyveri and S.
160  cerevisiae

161

162 Spo11-DSBs hotspot positions and strength are remarkably conserved within
163  Saccharomyces species, likely because they are mainly found within gene promoters,
164  which are functional genetic elements (12). In L. kluyveri, Spo11-DSBs are also mainly
165 located within gene promoters. To test the conservation of Spo11-DSBs hotspot
166  strength between L. kluyveri and S. cerevisiae, we compared Spo11-DSBs levels in

167  syntenic intergenic regions (sIGRs) i.e. intergenic regions flanked by pairs of
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168  orthologous genes. Although these two species diverged over 100 million years ago,
169 they share 239 synteny blocks and 2,030 sIGRs (58). The correlation coefficient
170  between the Spo11-DSB hotspots strength of the two species is r=0.256 (Figure 2A),
171  showing poor conservation between the two species. Nevertheless, it remains higher
172 than expected by chance since randomization of the corresponding datasets yields no
173 correlation at all (Figure S2B).

174

175 To assess the conservation of Spo11-DSB hotspot strength on an evolutionary scale
176 ~ broader than that of the Saccharomyces species, but independently of L. kluyveri, we
177  focused on ohnologs (59). These are the subset of S. cerevisiae paralogs that
178 emanated from the whole genome duplication that characterizes the Saccharomyces
179 lineage, but that occurred after the divergence between the Saccharomyces and the
180 Lachancea lineages (60). We identified 39 sIGRs among the 547 ohnolog pairs.
181  Considering the Spo11-oligo data from (10) corresponding to these 39 sIGRs, the
182  correlation coefficient between the Spo11-DSB hotspots strength of these sIGRs is
183  r=0.038 (Figure 2B). This shows that, for this subset of intergenic regions, the strength
184 of Spo11-DSBs is not conserved over an evolutionary scale smaller than that of the
185 divergence between the Lachancea and the Saccharomyces lineages, and therefore
186  suggests different evolutionary constraints on intergenic regions associated with
187  ohnologs versus orthologs.

188

189 Spo11-DSBs sites are enriched in the crossover factor Zip3

190

191 In S. cerevisiae, the crossover factor Zip3 is enriched around Spo11-DSBs (46). To

192  determine if this is also the case in L. kluyveri, we performed ChlP-seq experiments
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193  using Zip3 FLAG-tagged on its carboxyl terminus as a bait. As in S. cerevisiae, Zip3 is
194  specifically expressed after meiotic induction (Figure S4). We observed Zip3 ChlP-seq
195  enrichment peaks genome wide, with the notable exception of LaklOC-left and about
196  250kb left and right of the rDNA locus on LakIOH (Figure 1A). Piling up Zip3 ChlP-seq
197  signals centered on the 500 strongest Spo11-DSBs hotspots revealed a specific Zip3
198  enrichment around these Spo11-DSBs hotspots (Figure 1C). Importantly, the absence
199  of Zip3 ChlIP-seq signal on LaklOC-left suggests a complete absence of crossovers in
200  this chromosome arm in the nearly homozygous CBS10367 strain background used
201 here. This population average analysis confirms and generalizes our original
202  observation suggesting, from a limited number of meioses in the artificial NBRC10955
203  x 67-588 hybrid background, a lack of recombination along this arm (50, 61).

204

205  The lack of meiotic recombination on Lakl0C-left is conserved among L. kluyveri
206 isolates and results in a MAT-linked growth phenotype

207

208  We attributed the complete absence of recombination on LaklOC-left observed in a
209  hybrid background to the strong depletion of Spo11-DSBs, as measured previously by
210  Southern blot (50) and here by CC-seq in the natural CBS10367 diploid background
211  (54). However, we cannot rule out that a low level of Spo11-DSBs would be enough to
212 induce recombination within LaklOC-left in this homozygous background, but not in a
213 hybrid background, where sequence polymorphism would prevent recombination
214 through the action of mismatch repair (62—64).

215  We therefore designed a reporter assay inserting drug resistance cassettes to monitor
216  recombination within two intervals of L. kluyveri chromosome C in the nearly

217  homozygous CBS10367 background (Figure 1D). From left to right, the first interval is
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218  exclusively on LaklOC-left and spans about 550 kb from MAT to the Lakl0C-899 locus
219  positioned about 110 kb left of the centromere. The second interval starts from LakIOC-
220 899 to the CHS3 locus located about 50 kb right of the centromere and is about 160
221 kb long. The spore viability of the resulting strain is 76% (n=96 tetrads), similar to that
222 of the parental strain (83%, n=39 tetrads). From 96 tetrads with four viable spores, we
223 did not detect a single crossover on the LaklOC-left 550 kb long interval and we
224  detected 57 single crossovers and five double crossovers on the second 160 kb long
225 interval (Figure 1D). The absence of recombinants on the LakIOC-left interval in this
226  nearly completely homozygous context shows that inter-homolog recombination is
227  inhibited on LakIlOC-left independently of sequence polymorphism, and that the low
228 Spo11-DSBs level detected does not promote recombination. The absence of meiotic
229  recombination on LaklOC-left therefore occurs in both the NBRC10955 x 67-588 hybrid
230 and the CBS10367 strains. Given the L. kluyveri phylogeny (54), this shows that
231 recombination cessation on LaklOC-left is ancient and likely common to the entire
232 population.

233  Remarkably, MATa colonies coming from CBS10367 spores were systematically
234 smaller than MATalpha colonies (Figure 1D). One explanation could be that there is at
235 least one DNA sequence polymorphism between the MATa and MATa-associated
236  linkage groups responsible for this sexual dimorphism in the CBS10367 natural diploid.
237  This would agree with the fact that non-recombining regions tend to accumulate
238 heterozygous DNA sequence polymorphisms, as frequently observed for sex
239  chromosomes ((48) and discussion). Alternatively, differentially expressed genes
240 between MATa and MATalpha cells could be responsible for this growth phenotype,
241 although this is not the case in other species including S. cerevisiae.

242

10
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243  Hi-C reveals similar compaction level of all L. kluyveri meiotic chromosomes
244

245  We wondered if the lack of recombination on LaklOC-left could result from a peculiar
246  chromosome structure that would differ from the canonical compaction of
247  chromosomes during meiosis prophase into cohesin-mediated chromatin loops (14).
248  Using Hi-C (Lieberman-Aiden et al. 2009; Muller et al. 2018), we generated genome-
249  wide contact maps of eight L. kluyveri meiotic timepoints harvested between zero- and
250  eight-hours after meiosis induction. ~70% of cells passed the second meiotic division
251 at the eight-hours timepoint (Figure S5A). Overall, the contact maps of L. kluyveri
252  meiotic Hi-C resemble those from S. cerevisiae (Figure 3A) (15, 17). Centromere
253  clustering is clearly visible at t=0 (Rabl configuration) and is progressively lost (Figure
254  3A, S5B). Chromosomes gradually individualize, as shown by the increase and
255 decrease of intra- and inter-chromosomal contacts, respectively. Compaction was
256  maximal five hours following entry into meiosis (Figure S5C). Enrichment in
257  intrachromosomal contacts involves pairs of loci within the 10 to 200 kb range, as
258 illustrated both by the thickening of the main diagonals on the normalized contact maps
259  (Fig. 3 A and B) and the shoulder made by the distance law, reflecting the genomic
260 average contact frequencies over increasing genomic distances (Figure 3C). This
261  compaction most likely results from the folding of chromatin into loops by the cohesin
262  complex (15, 17, 18). Remarkably, the Hi-C pattern displayed by the LaklOC-left was
263  comparable to the other chromosomes. The intrachromosomal contact frequency and
264 the distance law of the LaklOC-left arm displayed nearly the same compaction
265  throughout the meiotic time course than the other chromosome arms of similar lengths
266  (Figure 3C, S5D and E). In addition, based on similar interchromosomal contact

267  frequencies compared to the other chromosome arms, LakOC-left is not isolated from

11
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268 the other chromosomes (Figure 3A, S5C and D). Overall, LaklOC-left is folded into
269  cohesin mediated loops, whose scores, length and kinetic of formation are similar to
270  loops analyzed on other chromosomal arms (Figures 3B, D and E, S5E and F). In
271  conclusion, this shows that the lack of recombination of LaklOC-left is not associated
272 with any specific structure detectable by Hi-C, and that LaklOC-left undergoes similar
273  compaction by cohesins as all other chromosomes.

274

275 Meiotic axis proteins Hop1 and Red1 are absent from LaklOC-left

276

277  The compaction of LaklOC-left suggests the loading of cohesins, including the meiosis
278  specific Rec8 kleisin subunit. To assess this, we performed ChlP-seq analysis of Rec8,
279  FLAG-tagged at its carboxy-terminus, which was specifically expressed after meiosis
280  induction and show retarded forms on western blots, as in S. cerevisiae (Figure S4)
281 (Brar et al. 2006). L. kluyveri Rec8 ChlP-seq profiles are similar to those of S.
282  cerevisiae (Figure 4). The Rec8 ChlP-seq signal first appears early (1h) after induction
283  of meiosis around all centromeres (Figure S6) (32). Four hours after meiosis induction,
284  the Rec8 ChlIP-seq signal is then distributed in peaks throughout the genome and
285  accumulates in convergent intergenic regions, likely as a result of transcription (Figures
286 4, S6, S7TA and B) (23, 66). In addition, Rec8 ChlP-seq peaks alternate with the peaks
287  of Zip3 ChlP-seq and Spo11-DSBs CC-seq (Figure S7A and C). Such a distribution is
288 compatible with the loop-axis structure of meiotic chromosomes, with Spo11-DSBs
289  formed within the loops at the basis of which lie the axis proteins including Rec8 (16).
290 Importantly, the loci at the basis of such chromatin loops detected as discrete dots
291 away from the diagonal in the Hi-C experiments are enriched in Rec8 (Figures 3B and

292  E) (67). Furthermore, Rec8 ChlP-seq signal is decreased in subtelomeric regions

12
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293  (Figure S8). We noted a slight reduction of Rec8 ChIP-seq signal on LaklOC-left
294  relative to the rest of the genome (Figure S7B, compare right and left panels,
295  respectively). However, it comes from a nonspecific sequencing bias, also observed in
296 the untagged control, that is likely due to the elevated GC content of LaklOC-left (68).
297  Considering this sequencing bias, the overall LaklOC-left Rec8 ChlP-seq signal is
298 comparable to the rest of the genome, which is in agreement with the Hi-C results
299  showing comparable compactions.

300 Coalescence of cohesins participates in the formation of the chromosome axes that
301 also comprise Hop1 and Red1, needed for Spo11-DSBs formation (26-28, 30, 31).
302  Since Rec8 loads normally on LaklOC-left, we investigated if Red1 and Hop1 were also
303 loaded. Like for Rec8, we tagged Red1 and Hop1 with FLAG at their carboxy-termini.
304 As in S. cerevisiae, both proteins are specifically expressed after meiosis induction
305 and show retarded forms on western blots (Figure S4) (69, 70). In addition, Red1 and
306 Hop1 ChiIP-seq signals form peaks that strongly colocalize with Rec8 ChlP-seq peaks
307 (Figures 4, S6, S7A and D). However, several cases of Rec8 peaks without associated
308 Hop1 or Red1 peaks were noted. First, Red1 and Hop1 are depleted around
309 centromeres, unlike Rec8 (Figure S8). This depletion of Red1 and Hop1 coincides with
310 the depletion of the Spo11-DSB signal (Figures 1A, S3 and S7A) and the decrease in
311  recombination (50), as seen in S. cerevisiae. Second, around the rDNA locus, while
312 neither Rec8 nor Red1 ChlP-seq signal shows any decrease compared to the rest of
313 the genome, the Hop1 ChlIP-seq signal is decreased (Figure S8, chromosome H).
314  Strikingly, this decrease occurs on a much narrower region than that of Zip3. Finally,
315 the most remarkable discrepancy between Rec8 and Hop1/Red1 signal was observed
316  on LakIOC-left, where virtually no Red1 or Hop1 ChlP-seq signal was observed despite

317 anormal Rec8 loading (Figure 4). While in S. cerevisiae Hop1- and Red1- rich or poor
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318 regions have been described (16, 71), this is the first time, to our knowledge, that a
319 complete depletion over an almost entire chromosome arm is observed. Given the
320 importance of Hop1 and Red1 for Spo11-DSBs formation, it is tempting to speculate
321 that their absence is directly responsible for the absence of Spo11-DSBs formation on
322 LaklOC-left.

323

324  Spo11-DSBs formation inhibition on Lakl0C-left is independent of Tel1

325

326 In the absence of Tel1, Spo11-DSBs increase in S. cerevisiae, although to a lesser
327 extent than what is observed in the absence of its ATM homolog in mice, notably on
328 the non-homologous parts of the sex chromosomes (72—-74). We therefore tested by
329 PFGE followed by Southern blot meiotic Spo11-DSBs formation in the fe/1 null mutant.
330 The overall Spo11-DSB profile is similar in the reference and te/7 backgrounds, notably
331 on chromosome C (Figure S9). This shows that Spo11-DSB depletion on LaklOC-left
332 isindependent of Tel1.

333

334  The lack of recombination on LaklOC-left is independent of its early replication
335 timing

336

337 Spo11-DSB formation is coordinated with meiotic DNA replication and occurs on fully
338 replicated chromosomes (75-77). Interestingly, LaklOC-left is replicated earlier than
339  the rest of the genome due to the prevalence of early firing replication origins in
340 vegetative cells (55, 78). Although studies in S. cerevisiae suggest that this would
341 result in early recruitment of DSB factors and early DSB formation on LakIlOC-left (27,

342 77), we wondered whether, in L. kluyveri, early replication timing would prevent Spo11-
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343 DSBs formation, and hence recombination. Therefore, we subdivided the genome in
344  four replication quartiles of eight minutes each based on the known vegetative
345  replication timing (55, 78) and assessed Spo11-DSBs and Zip3-ChlIP-seq signals. This
346  partitioning shows that the early replication quartile encompasses a smaller genomic
347 fraction than the mid-early and the late replication quartiles, but a larger genomic
348 fraction than the late replication quartile (Figure 5A). In addition, it shows that LakIOC-
349 left contains mainly early and mid-early replicated regions. Considering the genomic
350 fraction encompassed by each quartile, it appears that both the early and mid-early
351 replication quartiles contain a significant fraction of the Spo11-DSBs and the Zip3-
352  ChlIP-seq signals, which vary less than two-fold between the four quartiles (Figure 5B
353 and C). This shows that the early and mid-early replicated regions from L. kluyveri
354 undergo Spo11-DSBs and recombination to a comparable extent as the rest of the
355 genome. Hence, the depletion in Spo11-DSBs and subsequent recombination on
356  LaklOC-left is not related to its early / mid-early replication timing. Further regulation
357  therefore exists to explain the Spo11-DSBs depletion on LaklOC-left. Interestingly, the
358 earliest quartile shows slightly fewer Spo11-DSBs than the next two quartiles while it
359 shows slightly more Zip3-ChlP-seq signal, suggesting potential differences in the
360 outcome of early versus late Spo11-DSBs.

361

362 LaklOC-left does not synapse

363

364 Recombination is required to initiate synaptonemal complex formation and homolog
365 synapsisin S. cerevisiae (44). Based on this, the absence of recombination on LaklOC-
366 left may prevent synapsis in this chromosome arm, unless synaptonemal complex

367 formation and synapsis could spread through its entire length after initiating either right
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368 of it or at the very left telomere from which recombination cannot be genetically
369 mapped. To test this prediction, we performed immunofluorescence staining of L.
370  kluyveri meiotic chromosome spreads using a S. cerevisiae anti-Zip1 antibody that
371  cross reacts in L. kluyveri and an anti-FLAG antibody directed against a FLAG tagged
372  version of Rec8. Experiments were performed in the absence of Ndt80 to block cells
373 at the pachytene stage. As expected, we observed continuous Zip1 staining of L.
374  kluyveri meiotic chromosomes (Figure 6A and B). We observed on average nine Zip1
375  continuous lines per nucleus in agreement with the chromosome number. Interestingly,
376  the cumulated length of Zip1 lines in L. kluyveri is 13.86 micrometers on average
377 compared to 28 micrometers in S. cerevisiae (Figure 6C). This ca. two-fold longer
378  meiotic chromosome size agrees with the ca. four-fold higher recombination frequency
379 in S. cerevisiae compared to L. kluyveri (50). It also suggests longer loops in L. kluyveri
380 than in S. cerevisiae. Measurement of the width of the DAPI signal of pachytene
381 chromosomes spread on the same slide showed this width was on average 1.26
382  micrometers in L. kluyveri and 0.83 micrometers in S. cerevisiae, therefore supporting
383  longer chromatin loops in L. kluyveri (Figure 6D and E).

384  Rec8 staining colocalized with Zip1 staining except at two regions that exhibited Rec8-
385  only staining (Figure 6F). One of these regions exhibit a circular structure emanating
386  from a chromosome which corresponds to the rDNA locus as demonstrated by staining
387  with a specific FISH probe. The second region consists of a “V” shape emanating from
388 a base stained by both Zip1 and Rec8. This overall “Y” shape chromosome could be
389  compatible with chromosome C, with the base of the Y corresponding to the synapsed
390 right arm, and the arms of the Y corresponding to the left arms entirely unsynapsed.
391  Corroborating this hypothesis, using FISH probes specific of the left and the right arms

392  of chromosome C, we could detect that the FISH probe specific of the right arm of
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393 chromosome C stains a DAPI dense region, while the FISH probe specific of the left
394 arm of chromosome C stains two nearby areas less DAPI dense (Figure 6G). Such
395  signals support synapsed right arms of chromosome C and unsynapsed left arms.
396  Consistently, at five hours post meiosis induction, the distance law of LakIOC-left shows
397  ahigher probability of contact at longer range (> 100 kb) than other chromosome arms,
398  which could reflect the ability of the unsynapsed arm to contact distant regions (Figure
399 3C). In agreement with the ChlP-seq experiment that revealed the presence of Rec8
400 along LaklOC-left and the Hi-C experiment that revealed normal compaction of LakIOC-
401 left, the Y structure is also entirely stained by Rec8. Finally, the fact that the arms of
402  the Y structure are separated further suggests that there is no recombination within the
403  left telomere of chromosome C in regions that could not be genetically mapped nor
404  assessed by our ChlP-seq or CC-seq approaches. Overall, our analysis of L. kluyveri
405  meiotic chromosomes spreads reveals that LaklOC-left does not synapse. This shows
406  that recombination and subsequent synapsis initiated outside LakIOC-left is not enough
407  to spread through this entire region. Recombination seems therefore also required in
408 L. kluyveri to locally initiate homolog synapsis, as in S. cerevisiae.

409

410

411 Discussion

412

413 The lack of meiotic recombination on LaklOC-left implies an absolute genetic linkage
414  and an absence of sequence homozygosis by gene conversion during meiosis. This
415 chromosome arm that contains the MAT locus therefore relies exclusively on mitotic
416 recombination to break genetic linkages and homogenize mutations. It is therefore

417  expected that LaklOC-left genes would exhibit a lower purifying selection than the other
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418 genes of the genome. This is actually the case, since LaklOC-left genes show a higher
419  ratio of non-synonymous (dN) to synonymous (dS) substitution rates (dN/dS) than the
420  rest of the genome (79). It is also expected to find a higher density of heterozygous
421  sequence polymorphisms on LaklOC-left than on the rest of the genome, with at least
422  one possibly being responsible for the different growth phenotypes of MATa and MATa
423  spores from the CBS10367 isolate. In agreement with this expectation, analysis of the
424  CBS10367 diploid genome with respect to the CBS3082 reference genome revealed
425 a significantly higher fraction of heterozygous SNPs and indels on LaklOC-left
426  compared to the other chromosomes excluding the highly variable subtelomeric
427  regions, with 1.53 vs 0.11 heterozygous SNPs per kb and 0.33 vs 0.018 heterozygous
428 indels per kb, respectively (Table 1 and Figure S10A). Despite this higher SNP density,
429  the most telomeric ca. 200 kb left of chromosome C are almost completely devoid of
430  heterozygous SNPs, potentially reflecting homozygosis by mitotic recombination (G2
431  crossover or break-induced replication) in the recent history of the strain. Finally, the
432  density of homozygous sequence polymorphisms on LaklOC-left existing between
433 CBS10367 and CBS3082 is comparable to the rest of the genome, with 25.29 vs 23.42
434  homozygous SNPs per kb, respectively, and is much higher than the density of
435  heterozygous sequence polymorphisms mentioned above (Figure S10B). Given the
436  absence of meiotic recombination on LaklOC-left that is likely common to all Lachancea
437  kluyveri isolates, this suggests a leading role of mitotic recombination in yielding
438 homozygous sequence polymorphisms in L. kluyveri.

439

440 Having determined the Spo11-DSBs landscape of L. kluyveri, we could assess the
441  conservation of the strength of Spo11-DSBs hotspots between L. kluyveri and the

442  reference S. cerevisiae by comparing the frequency of Spo11-DSBs within syntenic
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443  intergenic regions as in (12). Unlike within the Saccharomyces species, the strength
444  of Spo11-DSBs hotspots is only poorly conserved between L. kluyveri and S.
445  cerevisiae, and does not result in conserved crossover hotspots (50). We figured out
446 that the ohnologs provide another relevant dataset to look at the conservation of
447  Spo11-DSBs hotspots within a single genomic environment at a broad evolutionary
448  scale, larger than that of the Saccharomyces clade but shorter than that separating S.
449  cerevisiae and L. kluyveri. Although the sample size is small, the strength of the Spo11-
450  DSBs signal within syntenic inter-ohnolog regions is not conserved at all. In both cases
451 it is not possible to distinguish between hotspot erosion, already visible within the
452  Saccharomyces clade, and different chromosomal environments or selective
453  constraints as a source of this lack of Spo11-DSBs hotspot strength conservation.
454  However, this shows that the strength of Spo11-DSBs hotspots that do not rely on
455  sequence specific elements tend to be not conserved at such an evolutionary scale
456  within budding yeasts, which is about 100 million years (80).

457

458  In most species studied so far, the number of meiotic crossovers per chromosome is
459  between one and three. S. cerevisiae and S. pombe are among the outliers with much
460  more crossovers per chromosome (81, 82). With a comparable genome size and twice
461  fewer chromosomes, L. kluyveri has ca. four-fold fewer crossovers per meiosis than S.
462  cerevisiae (50). L. kluyveri therefore resembles most species, with the exception of
463  LaklOC-left that likely involves an additional mechanism preventing recombination. We
464  observed a ca. two-fold longer synaptonemal complex length in S. cerevisiae and a
465  shorter chromosome width as measured by DAPI staining. Given the evolutionary
466  conservation of the dimensions of the “loop-base module” (42) and the similar genome

467  size of S. cerevisiae and L. kluyveri, this suggests less but longer loops in L. kluyveri
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468 compared to S. cerevisiae. The correlation of chromosome axis length and frequency
469 of crossovers between these two closely related species is reminiscent of the
470  covariation of the frequency of crossovers per nucleus with the chromosome axis
471 length (41, 83). While this latter point suggests a constant crossover frequency per
472  chromatin loop within a given species, the actual crossover frequency per chromatin
473 loop might be different between L. kluyveri and S. cerevisiae. Overall, given the strong
474  difference in terms of recombination frequency and chromosome axis length between
475  S. cerevisiae and L. kluyveri, the detailed comparison of their meiotic chromatin loops
476  and associated genes and proteins may be a way to understand what governs the
477  meiotic recombination frequency of a given species. Notably, the Pds5 cohesion
478  maintenance factor and the NuA4 histone acetyltransferase complex catalytic subunit
479  Esal were shown to contribute significantly but independently to meiotic chromosome
480 axis length (84, 85). It will be interesting to determine their contributions in the
481  difference in meiotic chromosome axis length between L. kluyveri and S. cerevisiae.
482

483  The Y structure of LaklOC chromosome during pachytene, with only the base of the Y
484  stained by Zip1, suggests that the synaptonemal complex does not form along LakIOC-
485  left, although it is present on the right arm of this chromosome. While recombination is
486  essential to initiate synaptonemal complex formation in S. cerevisiae and likely in L.
487  kluyveri (44), our results suggest that either the extent of polymerization of the
488  synaptonemal complex in L. kluyveri is limited and requires initiation points not too far
489  apart to cover chromosomes entirely, and/or that something is specifically inhibiting
490 synaptonemal complex polymerization on LaklOC-left after its priming outside of
491  LaklOC-left. Alternatively, the failure to polymerize could be due to the absence of pre-

492  existing Red1 or Hop1, as discussed below.
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493

494  Our most striking finding is the complete absence of the meiotic axis proteins Hop1
495  and Red1 from LaklOC-left. The abundance of these proteins is known to vary along
496  chromosomes. Hop1 is notably enriched in regions with higher recombination activity
497  (16). However, the complete absence of Hop1 and Red1 from a chromosome region
498 that encompasses ca. 8% of the entire genome has not been reported so far, to our
499  knowledge. Despite their phylogenetic divergence, the regulation of meiotic
500 recombination is highly similar between S. cerevisiae and L. kluyveri. Most if not all
501 relevant meiotic recombination genes are conserved between the two species. This
502  contrasts with all the other Lachancea species that lost most genes from the ZMM
503  pathway right after the divergence of L. kluyveri from the rest of the clade (58, 86).
504 Notably, Hop1, Red1 and Rec8 display similar properties between S. cerevisiae and
505 L. kluyveri. These include the early recruitment of Rec8 around centromeres and the
506 subsequent recruitment of Rec8 in discrete peaks between convergent genes
507  throughout the genome that strongly colocalize with both Hop1 and Red1 peaks. This
508  suggests conserved recruitment regulation of these proteins. In S. cerevisiae, the main
509 Hop1 and Red1 recruitment pathway is through Rec8 that first recruits Red1 which
510  subsequently recruits Hop1 (16, 23). A second recruitment pathway independent of
511 Rec8 and relying on the PHD domain of Hop1 was recently reported (24). The
512 complete absence of both Hop1 and Red1 from LakIOC-left suggests that these two
513  pathways are inhibited in this entire 1 Mb long region. Whether this relies on the
514 presence of an inhibitory factor, or the absence of an activating factor is so far
515  unknown. Although the specific early replicating profile was a plausible explanation for
516  this chromosome-wide behavior, we showed that other early replication regions are

517 not significantly depleted in Spo11-DSBs and Zip3 ChlP-seq signals. Another
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