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Significance

Meiosis is the specialized cell 
division generating gametes. In 
most organisms including the 
extensively studied yeast 
Saccharomyces cerevisiae, parental 
homologous chromosomes 
recombine during meiosis 
prophase which ensures proper 
chromosome segregation and 
shuffles parental genetic 
information. While recombination 
is generally suppressed at sex loci, 
such suppression sometimes 
extends over entire chromosome 
arms by unknown mechanisms. 
Using the poorly studied yeast 
Lachancea kluyveri, a S. cerevisiae 
relative, we show that 
recombination suppression can 
be mediated over the entire 
chromosome arm containing the 
sex locus by the absence of 
recruitment of proteins essential 
for recombination initiation.  
This novel mechanism for 
recombination suppression 
affects L. kluyveri genome 
evolution and fitness, and may 
apply to other species, with the 
potential to impact sex 
chromosome evolution.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS. 
This article is distributed under Creative Commons 
Attribution-NonCommercial-NoDerivatives License 4.0 
(CC BY-NC-ND).
1S.L. and A. Saifudeen contributed equally to this work.
2To whom correspondence may be addressed. Email:  
sq.legrand@outlook.com or bertrand.llorente@inserm.fr.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.​
2312820121/-/DCSupplemental.

Published March 13, 2024.

GENETICS

Absence of chromosome axis protein recruitment prevents 
meiotic recombination chromosome-wide in the budding 
yeast Lachancea kluyveri
Sylvain Legranda,1,2 , Asma Saifudeena,1 , Hélène Bordeletb , Julien Vernereya, Arnaud Guillea, Amaury Bignaudb, Agnès Thierryb, Laurent Acquavivaa,  
Maxime Gaudina, Aurore Sanchezc, Dominic Johnsond, Anne Friedriche , Joseph Schacherere, Matthew J. Nealed , Valérie Bordec , Romain Koszulb ,  
and Bertrand Llorentea,2

Edited by Michael Lichten, NIH, Bethesda, MD; received July 26, 2023; accepted January 24, 2024

Meiotic recombination shows broad variations across species and along chromosomes 
and is often suppressed at and around genomic regions determining sexual compatibil-
ity such as mating type loci in fungi. Here, we show that the absence of Spo11-DSBs 
and meiotic recombination on Lakl0C-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 chro-
mosomes reveals that Lakl0C-left does not undergo synapsis. However, we show that 
the behavior of Lakl0C-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 Lakl0C-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 fitness. Because suppression of meiotic recombination on sex 
chromosomes is widely observed across eukaryotes, the mechanism for recombination 
suppression described here may apply to other species, with the potential to impact 
sex chromosome evolution.

meiosis | homologous recombination | yeast | genetics | genome

DNA double-strand breaks (DSBs) initiate recombination between homologous chro-
mosomes during meiotic prophase, an important event that promotes chromosome seg-
regation, and hence fertility and genome evolution (1–3). The type II 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 con-
served among Saccharomyces species, likely because gene promoters are conserved func-
tional elements that are under selective constraints (12).

In S. cerevisiae, meiotic prophase chromosomes undergo compaction to form chro-
matin loops of ca. 20 to 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).

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 chromo-
somes through the synaptonemal complex assembly. The main component of this pro-
teinaceous complex is the transverse filament protein Zip1, and its lateral elements D
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correspond to the chromosome axes (37). The chromosome axis 
component Hop1 is eventually removed from the axis upon com-
pletion of synaptonemal complex formation, shutting down DSB 
formation (21, 38–40). Interestingly, the length of the synaptone-
mal 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 and 4; Spo16; Msh4 and 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 chromo-
some 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 spe-
cific alleles that present strong selective advantages when linked 
(49). As another example of recombination inhibition around the 
mating-type locus, we previously reported a complete inhibition of 
meiotic recombination over almost the entire chromosome arm 
containing the mating type locus of the budding yeast Lachancea 
kluyveri (50). The inhibition spreads over the region of the left arm 
of L. kluyveri chromosome C starting from the left telomere to a 
point about 10 kb to the left of the centromere; we refer to this 
region as Lakl0C-left. This inhibition of recombination results from 
the repression of Spo11-DSBs within this ca. 1 Mb long region, 
corresponding to ca. 8% of L. kluyveri genome. So far, the mecha-
nism inhibiting Spo11-DSB formation over such a large genomic 
region is unknown.

L. kluyveri is a Saccharomycetaceae yeast that diverged from S. 
cerevisiae prior the whole genome duplication that characterizes 
the Saccharomyces lineage (51). L. kluyveri has only eight chro-
mosomes, with a genome size and a gene complement compa-
rable to S. cerevisiae (52, 53). As in S. cerevisiae, meiosis is 
efficiently induced by nitrogen starvation and meiotic progres-
sion is rather synchronous (50). Interestingly, Lakl0C-left is 
characterized by a G + C frequency 12% higher than the rest of 
the genome (53). A population genomics survey of L. kluyveri 
led to the proposal that Lakl0C-left arose from an introgression 
from a yet unknown Lachancea species (54). Finally, Lakl0C-left 
contains almost exclusively early replication origins, in contrast 
to the rest of the genome (55). Whether any of these Lakl0C-left 
specificities are at the source of the repression of Spo11-DSBs 
formation is unknown.

Here, we confirm Spo11-DSB inhibition on Lakl0C-left using 
a genome-wide DSB mapping method (56) and find that the 
Spo11-DSB hotspot landscape shows some conservation between 
orthologous syntenic intergenic regions from L. kluyveri and S. cer-
evisiae. Using Hi-C, we showed that L. kluyveri chromosomes 
undergo compaction during meiotic prophase, and that Lakl0C-left 
compaction is comparable to the rest of the genome, which corre-
lates with a comparable binding of Rec8 as detected by ChIP-seq. 
By contrast, Hop1 and Red1 are completely absent from Lakl0C-left, 
likely explaining the lack of Spo11-DSBs. Finally, fluorescence vis-
ualization of Zip1, Rec8 and the left and right arms of chromosome 
C recapitulated these molecular findings and revealed the lack of 
pairing of Lakl0C-left. Overall, L. kluyveri chromosome C appears 
as a prototypical young sex chromosome.

Results

Genome-wide Spo11-DSB Mapping in L. kluyveri. Using pulsed-
field gel electrophoresis (PFGE) and Southern blotting, we 
previously showed that Lakl0C-left is depleted of Spo11-DSBs but 
flanked by a Spo11-DSB hotspot in the GPI18 promoter, located 
about 10 kb to the left of the centromere. We also identified by 
Southern blot two additional DSB hotspots in the promoters of 
the RAS1 and PIS1 genes that correlate with crossover hotspots 
(50). To confirm these results with an independent technique 
and to extend them to the whole genome, we used the Covalent 
Complexes-sequencing (CC-seq) technique that allows nucleotide-
resolution mapping of protein-linked DNA breaks (56).

We performed two independent experiments. After background 
filtering (methods), we identified a specific signal that clustered 
into hotspots, as seen for S. cerevisiae Spo11-DSBs, and the two 
replicates showed good reproducibility (Fig. 1A and SI Appendix, 
Fig. S1). We used the MACS2 peak calling algorithm to define 
the Spo11-DSB hotspots (57). One replicate showed better signal 
enrichment than the other (1,933 hotspots vs. 1,025 hotspots, 
SI Appendix, Fig. S1) and was used for subsequent analyses.

The average DSB hotspot density is 1 per 5.9 kb and the average 
width is 0.282 kb in L. kluyveri compared to 1 per 4.2 kb and 
0.409 kb, respectively in S. cerevisiae (56). As in S. cerevisiae, most 
DSB signal is in intergenic regions between divergent or tandemly 
orientated genes (Fig. 1B and SI Appendix, Fig. S2). Only 13.2% 
of the DSB signal is within genes and 3.1% is within intergenic 
regions between convergent genes. In addition, centromere-flanking 
regions, subtelomeres, and the rDNA locus were depleted for 
Spo11-DSBs compared to the rest of the genome (SI Appendix, 
Figs. S3 and S4). However, and in sharp contrast with the rest of 
the genome, a depletion of Spo11-DSBs was observed all along 
Lakl0C-left, which shows a 12-fold decrease in Spo11-DSBs per 
base pair compared to the rest of the genome (Fig. 1A). Overall, 
genome-wide mapping of Spo11-DSBs reveals similar properties 
of Spo11-DSBs distribution between L. kluyveri and S. cerevisiae 
chromosomes and confirms the depletion of Spo11-DSBs in 
Lakl0C-left.

Spo11-DSBs Hotspots Strength Is Rather Well Conserved between 
L. kluyveri and S. cerevisiae. Spo11-DSBs hotspot positions and 
strength are remarkably conserved within Saccharomyces species, 
likely because they are mainly found within gene promoters, 
which are functional genetic elements (12). In L. kluyveri, Spo11-
DSBs are also mainly located within gene promoters. To test the 
conservation of Spo11-DSBs hotspot strength between L. kluyveri 
and S. cerevisiae, we compared Spo11-DSBs levels in syntenic 
intergenic regions (sIGRs), i.e., intergenic regions flanked by pairs 
of orthologous genes. Although these two species diverged over 
100 Mya, they share 239 synteny blocks and 2,030 sIGRs (58). 
The Pearson correlation coefficient between the log2 transformed 
Spo11-DSB hotspots strength of the two species is r = 0.63  
(P = 1.4e-220, 95%CI [0.61, 0.66]) (Fig. 2A), only slightly lower 
than the one observed within the Saccharomyces clade between  
S. cerevisiae and S. kudriavzevii (12).

To assess the conservation of Spo11-DSB hotspot strength on 
an evolutionary scale broader than that of the Saccharomyces spe-
cies, but independently of L. kluyveri, we focused on ohnologs 
(59). These are the subset of S. cerevisiae paralogs that emanated 
from the whole genome duplication that characterizes the 
Saccharomyces lineage, but that occurred after the divergence 
between the Saccharomyces and the Lachancea lineages (60). We 
identified 39 sIGRs among the 547 ohnolog pairs. Considering 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 I
N

ST
IT

U
T

 P
A

ST
E

U
R

 o
n 

Ju
ne

 7
, 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

15
7.

99
.1

0.
13

6.

http://www.pnas.org/lookup/doi/10.1073/pnas.2312820121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2312820121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2312820121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2312820121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2312820121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2312820121#supplementary-materials


PNAS  2024  Vol. 121  No. 12  e2312820121� https://doi.org/10.1073/pnas.2312820121   3 of 12

the Spo11-oligo data from ref. 10 corresponding to these 39 
sIGRs, the Pearson correlation coefficient between the log2 trans-
formed Spo11-DSB hotspots strength of these sIGRs is r = 0.37 
(P = 0.021, 95%CI [0.06, 0.62]) (Fig. 2B). This shows that the 
strength of Spo11-DSBs associated to this subset of intergenic 
regions also exhibits some conservation over an evolutionary scale 
much broader than that of the Saccharomyces clade.

Overall, analysis of both orthologous syntenic IGRs and ohnol-
ogous syntenic IGRs revealed some conservation of Spo11-DSBs 
strength at an evolutionary scale broader than what has been 
reported so far (12).

Spo11-DSBs Sites Are Enriched in the Crossover Factor Zip3. 
In S. cerevisiae, the crossover factor Zip3 is enriched around 
Spo11-DSBs (46). To determine whether this is also the case 
in L. kluyveri, we performed ChIP-seq experiments using 

Zip3 FLAG-tagged on its carboxyl terminus as a bait. As in  
S. cerevisiae, Zip3 is specifically expressed after meiotic induction 
(SI Appendix, Fig. S5). We observed Zip3 ChIP-seq enrichment 
peaks genome-wide, with the notable exception of Lakl0C-left 
and about 250kb left and right of the rDNA locus on Lakl0H 
(Fig. 1A and SI Appendix, Fig. S4). Piling up Zip3 ChIP-seq 
signals centered on the 500 strongest Spo11-DSBs hotspots 
revealed a specific Zip3 enrichment around these Spo11-DSBs 
hotspots (Fig. 1C). Importantly, the absence of Zip3 ChIP-seq 
signal on Lakl0C-left suggests a complete absence of crossovers 
in this chromosome arm in the nearly homozygous CBS10367 
strain background used here. This population average analysis 
confirms and generalizes our original observation suggesting, 
from a limited number of meioses in the artificial NBRC10955 
x 67-588 hybrid background, a lack of recombination along 
this arm (50, 61).

A

B

C D

Fig. 1.   Lakl0C-left is depleted in Spo11-DSBs, Zip3, and crossovers. (A) Genome-wide CC-seq (Spo11-DSBs, Top) and Zip3-FLAG ChIP-seq (Bottom) profiles of  
L. kluyveri CBS10367 at 6 h post meiosis induction. The eight chromosomes are concatenated in the alphabetical order from A (Left) to H (Right) and separated by 
vertical dotted lines. Black discs indicate centromeres. The black triangle indicates the rDNA locus position, which corresponding signal has been masked. The 
y axis of the CC-seq profile represents the Spo11-DSB count after denoising of a single experiment. The y axis of the Zip3-FLAG ChIP-seq profile represents the 
mean ChIP-seq signal of five independent experiments. A zoom in a representative region of chromosome E with superimposition of the CC-seq and Zip3-FLAG 
ChIP-seq signals is shown. Coding regions are represented on the x axis (chromosome coordinates in kilo bases). Transcription is left to right for red boxes and 
right to left for blue boxes. Maximum values are lower in the genomic view due to visualization constraints. (B) Box plot representing the distribution of the 
CC-seq signal according to the type of genomic location. Intergenic regions comprise regions flanked by convergent genes, divergent genes, and genes that are 
in a head-to-tail (tandem) configuration. Horizontal bars show the medians and crosses show the means. Boxes delimit the first and third quartiles. The error 
bars represent minimum and maximum values. (C) Average signals of five independent Zip3-FLAG ChIP-seq experiments performed 6 h after meiosis induction 
piled up around the centers of the 500 strongest Spo11-DSBs hotspots defined by MACS2 from the CC-seq experiment. (D) Recombination assay in the L. kluyveri 
CBS10367 diploid strain. The two copies of chromosome C are represented as a horizontal black line. Relevant loci are indicated as well as their chromosome 
coordinates in kb. PHLEO was integrated at the Lakl0C-899 locus. The black ovals represent centromeres. The table indicates single and double crossovers (CO) 
between MAT and PHLEO and between PHLEO and CHS3 out of 96 tetrads. The picture on the right is representative of a full tetrad with the two MATa colonies 
exhibiting a smaller size than the two MATα colonies.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 I
N

ST
IT

U
T

 P
A

ST
E

U
R

 o
n 

Ju
ne

 7
, 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

15
7.

99
.1

0.
13

6.

http://www.pnas.org/lookup/doi/10.1073/pnas.2312820121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2312820121#supplementary-materials


4 of 12   https://doi.org/10.1073/pnas.2312820121� pnas.org

The Lack of Meiotic Recombination on Lakl0C-left Is Conserved 
among L. kluyveri Isolates and Results in a MAT-linked Growth 
Phenotype. We attributed the complete absence of recombination 
on Lakl0C-left observed in a hybrid background to the strong 
depletion of Spo11-DSBs, as measured previously by Southern 
blot (50) and here by CC-seq in the natural CBS10367 diploid 
background (54). However, we cannot rule out that a low level of 
Spo11-DSBs would be enough to induce recombination within 
Lakl0C-left in this homozygous background, but not in a hybrid 
background, where sequence polymorphism would prevent 
recombination through the action of mismatch repair (62–64).

We therefore designed a reporter assay inserting drug resistance 
cassettes to monitor recombination within two intervals of  
L. kluyveri chromosome C in the nearly homozygous CBS10367 
background (Fig. 1D). From left to right, the first interval is exclu-
sively on Lakl0C-left and spans about 550 kb from MAT to the 
Lakl0C-899 locus positioned about 110 kb left of the centromere. 
The second interval starts from Lakl0C-899 to the CHS3 locus 
located about 50 kb right of the centromere and is about 160 kb 
long. The spore viability of the resulting strain is 76% (n = 96 
tetrads), similar to that of the parental strain (83%, n = 39 tetrads). 
From 96 tetrads with four viable spores, we did not detect a single 
crossover on the Lakl0C-left 550 kb long interval and we detected 
57 single crossovers and five double crossovers on the second 160 
kb long interval (Fig. 1D). The absence of recombinants on the 
Lakl0C-left interval in this nearly completely homozygous context 
shows that inter-homolog recombination is inhibited on Lakl0C-left 

independently of sequence polymorphism, and that the low 
Spo11-DSBs level detected does not promote recombination. The 
absence of meiotic recombination on Lakl0C-left therefore occurs 
in both the NBRC10955 x 67-588 hybrid and the CBS10367 
strains. Given the L. kluyveri phylogeny (54), this shows that recom-
bination cessation on Lakl0C-left is ancient and likely common to 
the entire population.

Remarkably, MATa colonies coming from CBS10367 spores were 
systematically smaller than MATalpha colonies (Fig. 1D). One expla-
nation could be that there is at least one DNA sequence polymor-
phism between the MATa and MATα-associated linkage groups 
responsible for this sexual dimorphism in the CBS10367 natural 
diploid. This would agree with the fact that non-recombining regions 
tend to accumulate heterozygous DNA sequence polymorphisms, 
as frequently observed for sex chromosomes (ref. 48 and Discussion). 
Alternatively, differentially expressed genes between MATa and 
MATalpha cells could be responsible for this growth phenotype, 
although this is not the case in other species including S. cerevisiae.

Hi-C Reveals Similar Compaction Level of all L. kluyveri Meiotic 
Chromosomes. We wondered whether the lack of recombination 
on Lakl0C-left could result from a peculiar chromosome structure 
that would differ from the canonical compaction of chromosomes 
during meiosis prophase into cohesin-mediated chromatin loops 
(14). Using Hi-C (15, 65), we generated genome-wide contact 
maps of eight L. kluyveri meiotic timepoints harvested between 0 
and 8 h after meiosis induction. ~70% of cells passed the second 

A B

Fig. 2.   Spo11-DSB signal conservation across syntenic intergenic regions (IGR) between L. kluyveri and S. cerevisiae, and between S. cerevisiae ohnologs. (A) Top 
panel represents syntenic intergenic regions (highlighted by gray boxes) in L. kluyveri and S. cerevisiae that are flanked by orthologous genes couples (W-W’, X-X’, 
and Y-Y’ are orthologous pairs while S-A’ is not). The bottom graph shows the comparison of the CC-seq Spo11-DSB signal from 1,956 syntenic IGR between 
L. kluyveri (x axis) and S. cerevisiae (y axis) with the Pearson correlation coefficient r indicated and the associated P value. Displayed data are log2 transformed 
counts to which a (+1) pseudo count has been added (log2(x + 1)) to avoid negative or infinite values. (B) Same as in A except that 39 S. cerevisiae intergenic 
regions flanked by couples of ohnologs are considered (E-E’ and F-F’ are pairs of ohnologs while C-P and D-Q are not).
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meiotic division at the 8-h timepoint (SI Appendix, Fig. S6A). 
Overall, the contact maps of L. kluyveri meiotic Hi-C resemble 
those from S. cerevisiae (Fig. 3A) (15, 17). Centromere clustering 
is clearly visible at t = 0 (Rabl configuration) and is progressively 
lost (Fig. 3A and SI Appendix, Fig. S6B). Chromosomes gradually 
individualize, as shown by the increase and decrease of intra- 
and inter-chromosomal contacts, respectively. Compaction was 
maximal 5 h following entry into meiosis (SI Appendix, Fig. S6C). 
Enrichment in intrachromosomal contacts involves pairs of loci 
within the 10 to 200 kb range, as illustrated both by the thickening 
of the main diagonals on the normalized contact maps (Fig. 3 
A and B) and the shoulder made by the distance law, reflecting 
the genomic average contact frequencies over increasing genomic 
distances (Fig. 3C). This compaction most likely results from the 

folding of chromatin into loops by the cohesin complex (15, 17, 
18). Remarkably, the Hi-C pattern displayed by the Lakl0C-left 
was comparable to the other chromosomes. The intrachromosomal 
contact frequency and the distance law of the Lakl0C-left arm 
displayed nearly the same compaction throughout the meiotic 
time course than the other chromosome arms of similar lengths 
(Fig. 3C and SI Appendix, Fig. S6 D and E). In addition, based 
on similar interchromosomal contact frequencies compared to the 
other chromosome arms, Lak0C-left is not isolated from the other 
chromosomes (Fig. 3A and SI Appendix, Fig. S6 C and D). Overall, 
Lakl0C-left is folded into cohesin-mediated loops, whose scores, 
length and kinetic of formation are similar to loops analyzed on 
other chromosomal arms (Fig. 3 B, D, and E and SI Appendix, 
Fig.  S6 E and F). In conclusion, this shows that the lack of 

Lakl0ELakl0D

5 - 30 30 - 60 60 - 90

Distance inter 
Rec8 enriched sites (kb)

A

Lakl0C

Premeiotic t 5h

lo
g2

-2
2

t 5h / Premeiotic

B

lo
g1

0

-4
.5

-1
.8

C D

Distance inter-Rec8 sites (kbp)

Lo
op

 s
co

re

Distance (bp)

P(
s)

90 - 120 120 - 150

Lakl0A-L

Lakl0B-R

Lakl0C-L

Lakl0E-R

Lakl0G-L

10-3

10-2

104 105

E0h 3h 5h

0 20 40 60 80 100 120 140

-0.05

0.00

0.05

0.10

0.15

lo
g1

0
-4

-1
.5

0.20

-0.10

Lakl0C-L
Others

A C E G HFDB A C E G HFDB A C E G HFDB

Lakl0C-L
Lakl0E-R

Lakl0A-L

Lakl0G-L

Lakl0B-R

lo
g2

-0
.4

0.
4

Rec8-ChIP Rec8-ChIPRec8-ChIP
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recombination of Lakl0C-left is not associated with any specific 
structure detectable by Hi-C, and that Lakl0C-left undergoes 
similar compaction by cohesins as all other chromosomes.

Meiotic Axis Proteins Hop1 and Red1 Are Absent from Lakl0C-left. 
The compaction of Lakl0C-left suggests the loading of cohesins, 
including the meiosis-specific Rec8 kleisin subunit. To assess this, we 
performed ChIP-seq analysis of Rec8, FLAG-tagged at its carboxy 
terminus, which was specifically expressed after meiosis induction 
and show retarded forms on western blots, as in S. cerevisiae 
(SI Appendix, Fig. S5) (Brar et al. (66)). L. kluyveri Rec8 ChIP-seq 
profiles are similar to those of S. cerevisiae (Fig. 4). The Rec8 ChIP-
seq signal first appears early (1 h) after induction of meiosis around 
all centromeres (SI Appendix, Fig. S7) (32). Four hours after meiosis 
induction, the Rec8 ChIP-seq signal is then distributed in peaks 
throughout the genome and accumulates in convergent intergenic 
regions, likely as a result of transcription (Fig. 4 and SI Appendix, 
Figs. S7 and S8 A and B) (23, 67). In addition, Rec8 ChIP-seq 
peaks alternate with the peaks of Zip3 ChIP-seq and Spo11-DSBs 
CC-seq (SI  Appendix, Fig.  S8 A and C). Such a distribution is 
compatible with the loop-axis structure of meiotic chromosomes, 
with Spo11-DSBs formed within the loops at the basis of which lie 
the axis proteins including Rec8 (16). Importantly, the loci at the 
basis of such chromatin loops detected as discrete dots away from 
the diagonal in the Hi-C experiments are enriched in Rec8 (Fig. 3 
B and E) (68). Furthermore, Rec8 ChIP-seq signal is decreased in 
subtelomeric regions (SI Appendix, Figs. S4 and S9). We noted a 
slight reduction of Rec8 ChIP-seq signal on Lakl0C-left relative 
to the rest of the genome (SI Appendix, Fig. S8B, compare right 
and left panels, respectively). However, it comes from a nonspecific 
sequencing bias, also observed in the untagged control, that is likely 
due to the elevated GC content of Lakl0C-left (69). Considering 
this sequencing bias, the overall Lakl0C-left Rec8 ChIP-seq signal 
is comparable to the rest of the genome, which is in agreement with 
the Hi-C results showing comparable compactions.

Coalescence of cohesins participates in the formation of the chro-
mosome axes that also comprise Hop1 and Red1, needed for 
Spo11-DSBs formation (26–28, 30, 31). Since Rec8 loads normally 
on Lakl0C-left, we investigated whether Red1 and Hop1 were also 
loaded. Like for Rec8, we tagged Red1 and Hop1 with FLAG at 
their carboxy termini. As in S. cerevisiae, both proteins are specifically 
expressed after meiosis induction and show retarded forms on west-
ern blots (SI Appendix, Fig. S5) (70, 71). In addition, Red1 and 
Hop1 ChIP-seq signals form peaks that strongly colocalize with 
Rec8 ChIP-seq peaks (Fig. 4 and SI Appendix, Figs. S7 and S8 A 
and D). However, several cases of Rec8 peaks without associated 
Hop1 or Red1 peaks were noted. First, Red1 and Hop1 are depleted 
around centromeres, unlike Rec8 (SI Appendix, Figs. S4, S9 and 
S10). This depletion of Red1 and Hop1 coincides with the depletion 
of the Spo11-DSB signal (Fig. 1A and SI Appendix, Figs. S3 and 
S8A) and the decrease in recombination (50), as seen in S. cerevisiae. 
Second, around the rDNA locus, while neither Rec8 nor Red1 
ChIP-seq signal shows any decrease compared to the rest of the 
genome, the Hop1 ChIP-seq signal is decreased (SI Appendix, 
Figs. S4 and S9, chromosome H). Strikingly, this decrease occurs 
on a much narrower region than that of Zip3. Finally, the most 
remarkable discrepancy between Rec8 and Hop1/Red1 signal was 
observed on Lakl0C-left, where virtually no Red1 or Hop1 ChIP-seq 
signal was observed despite a normal Rec8 loading (Fig. 4). While 
in S. cerevisiae Hop1- and Red1- rich or poor regions have been 
described (16, 72), a complete depletion over an almost entire chro-
mosome arm is observed in this study. Given the importance of 
Hop1 and Red1 for Spo11-DSBs formation, it is tempting to spec-
ulate that their absence is directly responsible for the absence of 
Spo11-DSBs formation on Lakl0C-left.

Spo11-DSBs Formation Inhibition on Lakl0C-left Is Independent 
of Tel1. In the absence of Tel1, Spo11-DSBs increase in S. cerevisiae, 
although to a lesser extent than what is observed in the absence 
of its ATM homolog in mice, notably on the non-homologous 

Fig. 4.   ChIP-seq of chromosome axis 
proteins Rec8-FLAG, Hop1-FLAG, and 
Red1-FLAG. The Top panel represents 
the genome-wide ChIP-seq signals 
from two independent experiments 6 
h after meiosis induction for the three 
proteins. Same legend as in Fig.  1. 
The Bottom panel is a close-up view 
of a representative genomic region of 
chromosome E illustrating the strong 
similarity between the ChIP-seq pro-
files of the three proteins. Genes 
coding regions are represented as in 
Fig. 1A.D
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parts of the sex chromosomes (73–75). We therefore tested by 
PFGE followed by Southern blot meiotic Spo11-DSBs formation 
in the tel1 null mutant. The overall Spo11-DSB profile is similar 
in the reference and tel1 backgrounds, notably on chromosome 
C (SI Appendix, Fig. S11). This shows that Spo11-DSB depletion 
on Lakl0C-left is independent of Tel1.

The Lack of Recombination on Lakl0C-left Is Independent of Its 
Early Replication Timing. Spo11-DSB formation is coordinated 
with meiotic DNA replication and occurs on fully replicated 
chromosomes (76–78). Interestingly, Lakl0C-left is replicated earlier 
than the rest of the genome due to the prevalence of early firing 
replication origins in vegetative cells (55, 79). Although studies in 
S. cerevisiae suggest that this would result in early recruitment of 
DSB factors and early DSB formation on Lakl0C-left (27, 78), 
we wondered whether, in L. kluyveri, early replication timing 
would prevent Spo11-DSBs formation, and hence recombination. 
Therefore, we subdivided the genome in four replication quartiles 
of 8 min each based on the known vegetative replication timing 
(55, 79) and assessed Spo11-DSBs and Zip3-ChIP-seq signals. This 
partitioning shows that the early replication quartile encompasses 
a smaller genomic fraction than the mid-early and the mid-late 
replication quartiles, but a larger genomic fraction than the late 
replication quartile (Fig. 5A). In addition, it shows that Lakl0C-left 

contains mainly early and mid-early replicated regions. Considering 
the genomic fraction encompassed by each quartile, it appears 
that both the early and mid-early replication quartiles contain a 
significant fraction of the Spo11-DSBs and the Zip3-ChIP-seq 
signals, which vary less than twofold between the four quartiles 
(Fig. 5 B and C). This shows that the early and mid-early replicated 
regions from L. kluyveri undergo Spo11-DSBs and recombination to 
a comparable extent as the rest of the genome. Hence, the depletion 
in Spo11-DSBs and subsequent recombination on Lakl0C-left 
is not related to its early/mid-early replication timing. Further 
regulation therefore exists to explain the Spo11-DSBs depletion on 
Lakl0C-left. Interestingly, the earliest quartile shows slightly fewer 
Spo11-DSBs than the next two quartiles while it shows slightly 
more Zip3-ChIP-seq signal, suggesting potential differences in the 
outcome of early versus late Spo11-DSBs.

Lakl0C-left Does Not Synapse. Recombination is required to 
initiate synaptonemal complex formation and homolog synapsis 
in S. cerevisiae (44). Based on this, the absence of recombination 
on Lakl0C-left may prevent synapsis in this chromosome arm, 
unless synaptonemal complex formation and synapsis could spread 
through its entire length after initiating either right of it or at the 
very left telomere from which recombination cannot be genetically 
mapped. To test this prediction, we performed immunofluorescence 
staining of L. kluyveri meiotic chromosome spreads using a  
S. cerevisiae anti-Zip1 antibody that cross-reacts in L. kluyveri and 
an anti-FLAG antibody directed against a FLAG-tagged version 
of Rec8. Experiments were performed in the absence of Ndt80 
to block cells at the pachytene stage. As expected, we observed 
continuous Zip1 staining of L. kluyveri meiotic chromosomes 
(Fig. 6 A and B). We observed on average nine Zip1 continuous 
lines per nucleus in agreement with the chromosome number. 
Interestingly, the cumulated length of Zip1 lines in L. kluyveri is 
13.86 micrometers on average compared to 28 micrometers in  
S. cerevisiae (Fig. 6C). This ca. twofold longer meiotic chromosome 
size agrees with the ca. fourfold higher recombination frequency 
in S. cerevisiae compared to L. kluyveri (50). It also suggests longer 
loops in L. kluyveri than in S. cerevisiae. Measurement of the width 
of the DAPI signal of pachytene chromosomes spread on the 
same slide showed this width was on average 1.26 micrometers in  
L. kluyveri and 0.83 micrometers in S. cerevisiae, therefore supporting 
longer chromatin loops in L. kluyveri (Fig. 6 D and E).

Rec8 staining colocalized with Zip1 staining except at two regions 
that exhibited Rec8-only staining (Fig. 6F). One of these regions 
exhibits a circular structure emanating from a chromosome which 
corresponds to the rDNA locus as demonstrated by staining with a 
specific FISH probe. The second region consists of a “V” shape ema-
nating from a base stained by both Zip1 and Rec8. This overall “Y” 
shape chromosome could be compatible with chromosome C, with 
the base of the Y corresponding to the synapsed right arm, and the 
arms of the Y corresponding to the left arms entirely unsynapsed. 
Corroborating this hypothesis, using FISH probes specific of the left 
and the right arms of chromosome C, we could detect that the FISH 
probe specific of the right arm of chromosome C stains a DAPI dense 
region, while the FISH probe specific of the left arm of chromosome 
C stains two nearby areas less DAPI dense (Fig. 6G). Such signals 
support synapsed right arms of chromosome C and unsynapsed left 
arms. Consistently, at 5 h post meiosis induction, the distance law of 
Lakl0C-left shows a higher probability of contact at longer range 
(>100 kb) than other chromosome arms, which could reflect the 
ability of the unsynapsed arm to contact distant regions (Fig. 3C). In 
agreement with the ChIP-seq experiment that revealed the presence 
of Rec8 along Lakl0C-left and the Hi-C experiment that revealed 
normal compaction of Lakl0C-left, the Y structure is also entirely 

Fig.  5.   Spo11-DSBs and Zip3-FLAG ChIP-seq enrichment as a function of 
the replication timing. (A) L. kluyveri genome was partitioned in four groups 
encompassing the entire vegetative replication phase. Each group corresponds 
to a period of 8 min. The Left graph represents the fraction of the genome  
(in kb) encompassed by each replication group. The Right graph represents the 
fraction of each replication group within each chromosome. W/O Lakl0C-left: 
region of L. kluyveri chromosome C excluding Lakl0C-left. (B) Fraction of the 
Spo11-DSBs signal at 6 h post meiosis induction included in each replication 
group normalized by the genomic fraction of each group. (C) Fraction of the 
Zip3-FLAG ChIP-seq signal at 6 h post meiosis induction included in each 
replication group normalized by the genomic fraction of each group.D
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stained by Rec8. Finally, the fact that the arms of the Y structure are 
separated further suggests that there is no recombination within the 
left telomere of chromosome C in regions that could not be genetically 
mapped nor assessed by our ChIP-seq or CC-seq approaches. Overall, 
our analysis of L. kluyveri meiotic chromosomes spreads reveals that 
Lakl0C-left does not synapse. This shows that recombination and 
subsequent synapsis initiated outside Lakl0C-left is not enough to 
spread through this entire region. Recombination seems therefore 
also required in L. kluyveri to locally initiate homolog synapsis, as in 
S. cerevisiae.

Discussion

The lack of meiotic recombination on Lakl0C-left implies an abso-
lute genetic linkage and an absence of sequence homozygosis by 
gene conversion during meiosis. This chromosome arm that con-
tains the MAT locus therefore relies exclusively on mitotic recom-
bination to break genetic linkages and homogenize mutations. It 
is therefore expected that Lakl0C-left genes would exhibit a lower 
purifying selection than the other genes of the genome. This is 

actually the case, since Lakl0C-left genes show a higher ratio of 
non-synonymous (dN) to synonymous (dS) substitution rates (dN/
dS) than the rest of the genome (80). It is also expected to find a 
higher density of heterozygous sequence polymorphisms on 
Lakl0C-left than on the rest of the genome, with at least one pos-
sibly being responsible for the different growth phenotypes of MATa 
and MATα spores from the CBS10367 isolate. In agreement with 
this expectation, analysis of the CBS10367 diploid genome with 
respect to the CBS3082 reference genome revealed a significantly 
higher fraction of heterozygous SNPs and indels on Lakl0C-left 
compared to the other chromosomes excluding the highly variable 
subtelomeric regions, with 1.53 vs. 0.11 heterozygous SNPs per kb 
and 0.33 vs. 0.018 heterozygous indels per kb, respectively 
(SI Appendix, Table S1 and Fig. S12A). Despite this higher SNP 
density, the most telomeric ca. 200 kb left of chromosome C are 
almost completely devoid of heterozygous SNPs, potentially reflect-
ing homozygosis by mitotic recombination (G2 crossover or break-
induced replication) in the recent history of the strain. Finally, the 
density of homozygous sequence polymorphisms on Lakl0C-left 
existing between CBS10367 and CBS3082 is comparable to the 

A

B

D

F

G

C E

Fig. 6.   Cytology of L. kluyveri meiotic chromosomes. (A) Pachytene spread nuclei of S. cerevisiae ndt80 mutant strain (BLY1808) 12 h after sporulation induction stained 
with DAPI (blue) and anti-Zip1 antibody (green). (B) Pachytene spread nuclei of L. kluyveri ndt80 mutant strain (LAKL220) 13.5 h after sporulation induction stained with 
DAPI (blue) and anti-Zip1 antibody (green). (C) Quantification of the total length of Zip1 lines per cell in µm. Black lines show means ± SD. L. kluyveri: 13.86 ± 2.81 µm (n 
= 170), S. cerevisiae: 28 ± 3.2 µm (n = 139). The average number of Zip1 lines observed and quantified per cell is 8.7 ± 0.76 for L. kluyveri and 14.24 ± 1.32 for S. cerevisiae. 
(D) Pachytene spread nuclei of i) S. cerevisiae ndt80 mutant strain (BLY1808) 12 h after sporulation induction and ii) L. kluyveri ndt80 mutant strain (LAKL220) 13.5 h after 
sporulation induction stained with DAPI (blue) and Zip1 (green). S. cerevisiae and L. kluyveri spread nuclei were mixed on the same slide to make sure they undergo the 
same treatments. (E) Quantification of DAPI signal width from panel D which reflects the chromosome loops size. Black lines show mean ± SD. L. kluyveri: 1.26 ± 0.37 µm 
(n = 100), S. cerevisiae: 0.83 ± 0.19 µm (n = 104). In panels C and E, P < 0.0001, Mann–Whitney U test. (F and G) Pachytene spread nuclei of L. kluyveri ndt80 mutant strain 
(LAKL227) 13.5 h after sporulation induction. In F, staining was performed with DAPI (blue), anti-FLAG antibody against Rec8-FLAG (red), anti-Zip1 antibody (cyan) and an 
rDNA FISH probe (green). The Left arrowhead points at the rDNA locus. The Right arrowhead points at the inferred chromosome C-left unsynapsed arms. In G, staining 
was performed with DAPI (blue), Lakl0C-left FISH probe (green), Lakl0C-right FISH probe (red), and an rDNA FISH probe (white). The arrowhead points at chromosome 
C. The structure of chromosome C inferred from staining experiments is drawn (not to scale) on the right of panels F and G. (Scale bars = 1 µm.)
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rest of the genome, with 25.29 vs. 23.42 homozygous SNPs per 
kb, respectively, and is much higher than the density of heterozy-
gous sequence polymorphisms mentioned above (SI Appendix, 
Fig. S12B). Given the absence of meiotic recombination on 
Lakl0C-left that is likely common to all Lachancea kluyveri isolates, 
this suggests a leading role of mitotic recombination in yielding 
homozygous sequence polymorphisms in L. kluyveri.

Having determined the Spo11-DSBs landscape of L. kluyveri, we 
could assess the conservation of the strength of Spo11-DSBs hotspots 
between L. kluyveri and the reference S. cerevisiae by comparing the 
frequency of Spo11-DSBs within syntenic intergenic regions as in 
ref. 12. The strength of Spo11-DSBs hotspots shows some conser-
vation between L. kluyveri and S. cerevisiae, with a Pearson correlation 
coefficient r = 0.63, only slightly smaller than between S. cerevisiae 
and S. kudriavzevii (r = 0.68) (12). However, this does not result in 
conserved crossover hotspots (50). We figured out that the ohnologs 
provide another relevant dataset to look at the conservation of 
Spo11-DSBs hotspots within a single genomic environment at a 
broad evolutionary scale, larger than that of the Saccharomyces clade 
but shorter than that separating S. cerevisiae and L. kluyveri. Although 
the sample size is small, the strength of the Spo11-DSBs signal within 
ohnologous syntenic intergenic regions also shows some conservation 
(r = 0.37, p = 0.021, 95%CI [0.06, 0.62]). These results extend the 
evolutionary scale at which the strength of the Spo11-DSB hotspots 
that do not rely on sequence-specific elements is conserved, the 
divergence between the Lachancea and Saccharomyces lineages being 
older than the 100 million years old Saccharomyces lineage-specific 
whole-genome duplication (81).

In most species studied so far, the number of meiotic crossovers 
per chromosome is between one and three. S. cerevisiae and S. pombe 
are among the outliers with much more crossovers per chromosome 
(82, 83). With a comparable genome size and twice fewer chromo-
somes, L. kluyveri has ca. four-fold fewer crossovers per meiosis than 
S. cerevisiae (50). L. kluyveri therefore resembles most species, with 
the exception of Lakl0C-left that likely involves an additional mech-
anism preventing recombination. We observed a ca. two-fold longer 
synaptonemal complex length in S. cerevisiae and a shorter chromo-
some width as measured by DAPI staining. Given the evolutionary 
conservation of the dimensions of the “loop-base module” (42) and 
the similar genome size of S. cerevisiae and L. kluyveri, this suggests 
less but longer loops in L. kluyveri compared to S. cerevisiae. The 
correlation of chromosome axis length and frequency of crossovers 
between these two closely related species is reminiscent of the covar-
iation of the frequency of crossovers per nucleus with the chromo-
some axis length (41, 84). While this latter point suggests a constant 
crossover frequency per chromatin loop within a given species, the 
actual crossover frequency per chromatin loop might be different 
between L. kluyveri and S. cerevisiae. Overall, given the strong differ-
ence in terms of recombination frequency and chromosome axis 
length between S. cerevisiae and L. kluyveri, the detailed comparison 
of their meiotic chromatin loops and associated genes and proteins 
may be a way to understand what governs the meiotic recombination 
frequency of a given species. Notably, the Pds5 cohesion maintenance 
factor and the NuA4 histone acetyltransferase complex catalytic sub-
unit Esa1 were shown to contribute significantly but independently 
to meiotic chromosome axis length (85, 86). It will be interesting to 
determine their contributions in the difference in meiotic chromo-
some axis length between L. kluyveri and S. cerevisiae.

The Y structure of Lakl0C chromosome during pachytene, with 
only the base of the Y stained by Zip1, suggests that the synap-
tonemal complex does not form along Lakl0C-left, although it is 
present on the right arm of this chromosome. While recombina-
tion is essential to initiate synaptonemal complex formation in  
S. cerevisiae and likely in L. kluyveri (44), our results suggest that 

either the extent of polymerization of the synaptonemal complex 
in L. kluyveri is limited and requires initiation points not too far 
apart to cover chromosomes entirely, and/or that something is 
specifically inhibiting synaptonemal complex polymerization on 
Lakl0C-left after its priming outside of Lakl0C-left. Alternatively, 
the failure to polymerize could be due to the absence of pre-existing 
Red1 or Hop1, as discussed below.

Our most striking finding is the complete absence of the mei-
otic axis proteins Hop1 and Red1 from Lakl0C-left. The abun-
dance of these proteins is known to vary along chromosomes. 
Hop1 is notably enriched in regions with higher recombination 
activity (16). However, the complete absence of Hop1 and Red1 
from a chromosome region that encompasses ca. 8% of the entire 
genome has not been reported so far, to our knowledge. Despite 
their phylogenetic divergence, the regulation of meiotic recombi-
nation is highly similar between S. cerevisiae and L. kluyveri. Most, 
if not all, relevant meiotic recombination genes are conserved 
between the two species. This contrasts with all the other Lachancea 
species that lost most genes from the ZMM pathway right after 
the divergence of L. kluyveri from the rest of the clade (58, 87). 
Notably, Hop1, Red1, and Rec8 display similar properties between 
S. cerevisiae and L. kluyveri. These include the early recruitment 
of Rec8 around centromeres and the subsequent recruitment of 
Rec8 in discrete peaks between convergent genes throughout the 
genome that strongly colocalize with both Hop1 and Red1 peaks. 
This suggests conserved recruitment regulation of these proteins. 
In S. cerevisiae, the main Hop1 and Red1 recruitment pathway is 
through Rec8 that first recruits Red1 which subsequently recruits 
Hop1 (16, 23). A second recruitment pathway independent of 
Rec8 and relying on the plant homeodomain (PHD) domain of 
Hop1 was recently reported (24). The complete absence of both 
Hop1 and Red1 from Lakl0C-left suggests that these two path-
ways are inhibited in this entire 1 Mb long region. Whether this 
relies on the presence of an inhibitory factor, or the absence of an 
activating factor is so far unknown. Although the specific early 
replicating profile was a plausible explanation for this chromosome- 
wide behavior, we showed that other early replication regions are 
not significantly depleted in Spo11-DSBs and Zip3 ChIP-seq 
signals. Another hypothesis is that this behavior is related to the 
ca. 12% higher GC content of Lakl0C-left than the rest of the 
genome, i.e., 52.9 vs. 40.4% respectively (53, 88). Interestingly, 
Heldrich et al. (24) showed that the direct recruitment of Hop1 
to genomic islands relied on the local DNA sequence. Therefore, 
one possibility is that Lakl0C-left sequence is incompatible with 
direct Hop1 recruitment, for reasons that remain to be deter-
mined. However, Rec8 is properly loaded on Lakl0C-left as 
detected by ChIP-seq where it ensures proper chromosome con-
densation as detected by Hi-C and directly by Rec8 immuno- 
staining. Hence, while the unusual composition bias of Lakl0C-left 
could explain the absence of direct recruitment of Hop1, it likely 
does not explain the inhibition of Hop1 recruitment by Rec8.

Extensive recombination suppression is seen on sex chromo-
somes, self-incompatibility loci in plants and mating type loci in 
fungi and algae (48). In the case of fungi, the rationale for the 
initial recombination suppression at the mating type loci is prob-
ably to avoid breaking linkage between genes controlling correct 
mating. In the budding yeasts S. cerevisiae and L. kluyveri, such 
genes include MAT ALPHA1 and ALPHA2 genes in the Matα 
genotype, and MATA1 and MATA2 in the Mata genotype, 
although no known role of MATA2 has been determined so far. 
Interestingly, recombination cessation extends beyond the MAT 
locus in many fungi, but the selective advantage is not always clear 
(48). In the case of L. kluyveri, the recombination cessation is 
likely concomitant with the introgression of Lakl0C-left, therefore D
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relatively recent and includes only one evolutionary stratum cov-
ering 80% of chromosome C. No such recombination inhibition 
is observed in neighbor species including L. waltii and S. cerevisiae. 
Interestingly, although meiotic recombination is inhibited, the 
accumulation of homozygous sequence polymorphisms between 
isolates suggests that mitotic recombination is taking place equally 
in Lakl0C-left and the rest of the genome, and that it plays the 
major role in L. kluyveri genome evolution. Overall, while no clear 
selective advantage has been identified so far for the recombination 
cessation on Lakl0C-left, the mechanism reported here, i.e., the 
lack of recruitment of meiotic chromosome axis proteins, could 
be responsible for the extension of recombination cessation around 
mating type loci in many fungal genomes and play an important 
role in the emergence of sex chromosomes that rely on the cessa-
tion of meiotic recombination (48, 89).

Summary of Materials and Methods

See SI Appendix for a complete description of the materials and methods.

Strains and Media. All yeast strains used in this study are derivatives of  
L. kluyveri CBS10367 natural diploid isolate (54). Strain genotypes are listed in 
SI Appendix, Table S2 as well as plasmids used. Gene editing was performed by 
PCR-mediated gene targeting followed by PCR analysis as described in (50). 
Oligonucleotides are listed in SI Appendix, Table S3.

L. kluyveri meiotic progression is rather fast and synchronous (SI Appendix, 
Fig. S6A), and shows between 1 and 2 h of delay compared to the S. cerevisiae 
reference SK1 isolate (50). The 4- and 6-h time points post meiosis induction 
used for ChIP-seq experiments roughly correspond to the beginning and the 
end of meiotic prophase for most cells of the population. The 13.5-h time point 
post meiosis induction is specific to ndt80 mutant cells to ensure most cells are 
pachytene arrested.

CBS10367 Genome Sequencing. CBS10367 genome was sequenced at 
BGI. Reads were mapped to the L. kluyveri CBS3082 reference genome to infer the 
CBS10367 complete genome sequence from the homozygous SNPs and indels. 
This yielded the CBS10367_SNP_inferred and CBS10367_SNP_indels_inferred 
genome sequences (details in SI Appendix).

CC-seq Experiments and Data Analysis. The sae2 strain LAKL 221 was 
used to perform meiotic time courses. CC-seq experiments were performed 6 
h after meiosis induction, which corresponds to the peak of Spo11-DSBs (50), 
following the procedure described in ref. 56 but with 10 times more cells and 
mechanical cell lysis. Sequences were analyzed as in ref. 56 using L. kluyveri 
CBS10367_SNP_inferred as a reference genome and empirically removing the 
high background signal (details in SI Appendix).

Onholog Analysis. Spo11-DSB counts of S288C S. cerevisiae strain were 
extracted from (10) supp data “FullMap.Spo11.S288C_chrX.txt”. The sum of 
the DSBs within intergenic regions was determined using the S288C reference 
genome (https://www.yeastgenome.org, downloaded March 2023). Pairs of syn-
tenic intergenic regions flanked by ohnologs were identified with the list available 
at http://wolfe.gen.tcd.ie/ygob (60).

ChIP-seq experiments and data analysis. ChIP-seq experiments were 
performed and analyzed as in refs. 47 and 90 (details in SI Appendix). All immuno-
precipitations used the mouse anti-FLAG M2 antibody (Sigma). The expression of 
the FLAG-tagged proteins was verified by western blotting (SI Appendix, Fig. S5). 
ChIP-sequencing was performed with a Hiseq2500 sequencer (Illumina) using 

a 50-nt paired-end protocol. Two independent replicates of each condition were 
analyzed except for Zip3-FLAG that contained five replicates (SI Appendix, Fig. S7). 
All sequencing data were visualized using the Integrative Genomics Viewer  
(IGV; v2.5.2) (91).

Hi-C. Hi-C experiments were performed on meiotic cultures with the Arima Hi-C 
kit (Arima Genomics; restriction: DpnII, HinfI). Hi-C DNA libraries were performed 
as described in ref. 92 and paired-end sequenced on an Illumina NextSeq500 
system (2 × 35 bp). Processing of the contact data was done with Hicstuff pipeline 
on the CBS10367_SNP_inferred reference genome (93) (details in SI Appendix).

Meiotic Chromosome Spreads, Immunostaining, and Image 
Acquisition. Chromosome spreads from meiotic cultures were prepared fol-
lowing the protocol described in ref. 94 with some modifications. Slides with 
spread nuclei were sequentially incubated with the proper primary and secondary 
antibodies. Primary antibodies were affinity-purified rabbit anti-S. cerevisiae Zip1 
antibody (Gift from A. MacQueen, dilution 1:100), and mouse monoclonal anti-
FLAG primary antibody M2 (Sigma, dilution 1:300). FISH probes were generated 
using the nick-translation kit from Abbott Molecular using CF dye-conjugated 
dUTP (Biotium), on a pool of PCR products of about 6-kb-long except for the rDNA 
probe where a single 8-kb-long PCR product was used. Fluorescence microscopy 
was performed on a ZEISS IMAGER Z2 upright microscope. The measurements of 
chromosome axis length and DAPI width were done manually as described in ref. 
85. The distinctive “V”-shaped structure was identified in every complete pachy-
tene chromosome spread analyzed. Complete pachytene spreads correspond 
to those displaying all eight homologous chromosome pairs. This pattern was 
identified in over 100 spreads examined through various experiments utilizing 
DAPI and Zip1 staining, and those utilizing DAPI, Zip1, and Rec8 staining. In the 
cases presented in Fig. 6 F and G, the FISH signals were confirmed in 8 and 10 
spreads, respectively, that corresponded to all the interpretable spreads for these 
specific experiments.

Data, Materials, and Software Availability. The Illumina reads related to 
the CBS10367 whole-genome sequencing are available in the Sequence Read 
Archive under the BioProject PRJEB60460 (95). The CC-seq, ChIP-seq, and 
Hi-C data discussed in this publication have been deposited in NCBI's Gene 
Expression Omnibus (96) and are accessible through GEO SuperSeries acces-
sion number GSE237708 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?ac-
c=GSE237708). All other data are included in the manuscript and/or SI Appendix.
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