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Abstract

Meiotic recombination is a major factor of genome evolution, deeply characterized in only a

few model species, notably the yeast Saccharomyces cerevisiae. Consequently, little is

known about variations of its properties across species. In this respect, we explored the

recombination landscape of Lachancea kluyveri, a protoploid yeast species that diverged

from the Saccharomyces genus more than 100 million years ago and we found striking dif-

ferences with S. cerevisiae. These variations include a lower recombination rate, a higher

frequency of chromosomes segregating without any crossover and the absence of recombi-

nation on the chromosome arm containing the sex locus. In addition, although well con-

served within the Saccharomyces clade, the S. cerevisiae recombination hotspots are not

conserved over a broader evolutionary distance. Finally and strikingly, we found evidence of

frequent reversal of commitment to meiosis, resulting in return to mitotic growth after allele

shuffling. Identification of this major but underestimated evolutionary phenomenon illus-

trates the relevance of exploring non-model species.

Author summary

Meiotic recombination promotes accurate chromosome segregation and genetic diversity.

To date, the mechanisms and rules lying behind recombination were dissected using

model organisms such as the budding yeast Saccharomyces cerevisiae. To assess the conser-

vation and variation of this process over a broad evolutionary distance, we explored the

meiotic recombination landscape in Lachancea kluyveri, a budding yeast species that

diverged from S. cerevisiae more than 100 million years ago. The meiotic recombination

map we generated revealed that the meiotic recombination landscape and properties sig-

nificantly vary across distantly related yeast species, raising the yet to confirm possibility

that recombination hotspots conservation across yeast species depends on synteny conser-

vation. Finally, the frequent meiotic reversions we observed led us to re-evaluate their evo-

lutionary importance.
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Introduction

Accurate chromosome segregation at the first meiotic division often requires crossovers (COs)

between homologous chromosomes [1]. Meiotic COs result from the repair of programmed

DNA double strand breaks (DSBs) by homologous recombination, that can yield gene conver-

sions through non reciprocal transfer of genetic variations (GCs) [2]. Only a fraction of DSBs

yields CO-associated GCs, the remaining yielding GCs without associated COs, called non-

crossovers (NCOs). Overall, meiotic recombination provides a large source of genetic diversity

by rearranging allelic combinations and therefore plays a key role in evolution.

The budding yeast S. cerevisiae has long been a model to dissect recombination mecha-

nisms. Meiotic recombination is initiated by Spo11-catalyzed DSBs [3] within nucleosome

depleted regions enriched in gene promoters [4] in the context of chromatin loops organized

around the synaptonemal complex [5]. Meiotic DSBs and COs occur within well-characterized

hotspots across the genome. The mapping of 4,163 COs and 2,126 NCOs from 46 S. cerevisiae
tetrads [6] showed that the frequency of meiotic recombination events correlates with previ-

ously localized DSBs [7,8]. It was also highlighted that the frequency of segregating chromo-

some without a CO is low in S. cerevisiae (1 out of 46 tetrads), supporting the importance of at

least one CO per chromosome for accurate segregation [9,10,11].

Meiotic DSBs and associated recombination hotspots, driven by a sequence determinant,

have long been expected to be extremely unstable across evolution because of their supposed

inherent self-destructive nature [12]. Indeed, being preferentially cut, the strongest hotspots

are expected to be preferentially converted with the weakest ones. This is the case in some

mammalian species where DSB hotspots are determined by the sequence specific DNA bind-

ing of the fast evolving PRDM9 methyl transferase protein [13]. Remarkably, meiotic recombi-

nation initiation hotspots show a good conservation within Saccharomyces species despite a

sequence divergence almost 10-fold higher than between human and chimpanzees that

completely lack hotspot conservation [14–17]. The same observation was made for two Schizo-
saccharomyces species [18]. This likely results from the fact that DSB hotspots in yeasts lie in

gene promoters, which are conserved functional elements and do not depend on sequence spe-

cific elements [15,19]. However, the Saccharomyces species have almost completely collinear

genomes, which could favor hotspot conservation.

Here, we assessed the properties and variations of the meiotic recombination landscape by

taking advantage of the broad evolutionary range of the Saccharomycotina species [20]. We

explored the recombination landscape of the Lachancea kluyveri yeast species (formerly Sac-
charomyces kluyveri) that shares the same life cycle as S. cerevisiae but is a distantly related spe-

cies, which diverged from it prior to a whole-genome duplication event for more than ~100

million years (i.e. protoploid species) [21,22].

Results and discussion

L. kuyveri meiotic recombination map reveals a high frequency of 4:0

segregating regions

To explore the L. kluyveri meiotic recombination landscape genome-wide we generated a dip-

loid hybrid by mating two polymorphic haploid isolates, NBRC10955 (MATa) and 67–588

(MATα) [23]. The NBRC10955/67-588 hybrid contains approximately 85,705 polymorphic

sites distributed across the eight homologous chromosomes, resulting in a genetic divergence

of ~0.7%. It sporulates efficiently, with a spore viability of 73% (S1 Fig). Overall, the divergence

is in the same order of magnitude to those of the S288c/SK1 and S288c/YJM789 hybrids used

for meiotic tetrad analysis in S. cerevisiae [6,24].
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By whole genome sequencing, we genotyped all four viable spores from 49 meioses of the

NBRC10955/67-588 hybrid. We selected a set of 56,612 reliable SNPs as genetic markers to

define the allelic origin along the chromosomes (see material and methods and S2 and S3A

Figs). This resulted in a median distance of 196 bp between consecutive markers, with only

27 inter-marker distances higher than 5 kb. These markers are well distributed across the

genome, with the exception of the rDNA array on chromosome H and the subtelomeric

regions. Subtelomeric regions carried low quality sequences and translocation events, which

were manually determined. To avoid spurious identification of recombination events at the

ends of the chromosomes, we disregarded some subtelomeric regions, adapting case by case

their size according to the presence of translocations and/or to the poor sequence quality (S4

Fig). Altogether these regions range from 2 to 32 kb in size and represent 2% of the entire

genome (251 kb).

From these data, we performed a detailed analysis of individual recombination events using

the CrossOver program [25]. Across the 49 meioses, we identified 274 NCOs and 875 single

COs (Fig 1A and S1 Table), 541 of which were associated with a detectable GC tract. Small GC

tracks associated or not to COs might not overlap with enough genetic markers and the corre-

sponding number could be underestimated. Surprisingly, we observed a high frequency of

double COs, which correspond to two COs at the same location involving the four chromatids

(138 events, 16% of the total COs) (Fig 1A) as well as a high frequency of regions with a 4:0

allelic segregation (505 regions) (Fig 1A). Previous S. cerevisiae studies reported mostly single

COs and GC tracts with 3:1 allelic segregation [6,24,25]. These types of events involving the

four chromatids simultaneously are usually expected to reflect mitotic recombination events

preceding meiotic entry and are generally disregarded [6,24]. In our case, their quantitative

importance prompted us to examine them more carefully.

High meiotic reversion frequency leads to extensive LOH events in

meiotic products

We identified a total of 505 regions with a 4:0 segregation. The size distribution of these tracts

follows a bimodal pattern with an almost equal partitioning of events in both clusters (Fig 1B).

Based on this distribution, we defined two categories: short 4:0 regions (median = 2.3 kb,

N = 213) and large 4:0 regions (median = 224 kb, N = 292) with a size cut-off of 10 kb (Fig 1B).

The size distributions of the 213 short tracts smaller than 10 kb associated with COs and

NCOs mimic the size distributions of the 3:1 conversion tracts associated with COs and NCOs

(Fig 1C). The 292 large regions with a 4:0 segregation bear all the characteristics for being the

results of mitotic G2 COs prior entry into meiosis that lead to large regions of loss of heterozy-

gosity (LOH), ranging from 11 to 1,882 kb.

These 4:0 segregating regions and the double COs were found within 38 tetrads. In these

tetrads, the number of large 4:0 regions varies between 2 to 18 and their cumulative size ranges

from 5% to 63% of the genome (Fig 2A and 2B). All these large LOH regions are unique to

each tetrad and the conserved allelic version seems random leading to an equal frequency of

each parental allele (Fig 2B). However, these large LOH events are not equally distributed

along the genome. Centromere-proximal regions show a very low rate of LOH events. Every

chromosome carries LOH events with the exception of the 1-Mb introgressed region (Sakl0C-

left) carrying the MAT locus that displays a systematic 2:2 segregation (Fig 2).

Overall, the frequency and repartition of 4:0 segregating regions and double COs support a

high proportion of mitotic events prior meiotic entry. Such a mitotic genomic instability is

unexpected, except from some mutants of genes involved in genome integrity maintenance

for instance. To test the mitotic stability of the NBRC10955/67-588 hybrid, we induced an

Variation of the meiotic recombination landscape within yeasts
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accumulation of mitoses by generating two independent mutation accumulation lines. They

went through 12 single cell bottlenecks on rich medium representing ~ 240 generations.

The sequence analysis of the two evolved diploids as well as the initial parental diploid (only

~ 40 generations) revealed no LOH event (S5 Fig). In conclusion, the frequency of mitotic

recombination on rich medium of the NBRC10955/67-588 hybrid is too low to explain the

high amount of LOH events in the dissected tetrads, and therefore that these events most likely

occurred during meiosis.

Fig 1. L. kluyveri recombination events classes. (A) Allelic segregation patterns observed within a four-spore viable tetrad. CO: crossover, NCO:

non-crossover, GC: gene conversion, LOH: loss of heterozygosity, LOHip: LOH initiation point. Red values correspond to the number of instances

detected across the 49 tetrads studied. (B) The 4:0 tracts were distinguished according to their sizes. The threshold of 10 kb was defined using the

end of the peak corresponding to the short 4:0 tracts that are thought to result from meiotic 3:1 GCs after RTG. (C) Comparison of the distribution of

GCs sizes. Top left: 3:1 GCs associated to COs. The median size is 2.8 kb. Bottom left: 4:0 GCs associated to COs. The median size is 3.0 kb. Top

right 3:1 GCs associated to NCOs. The median size is 2.3 kb. Bottom right: 4:0 GCs associated to NCOs. The median size is 1.9 kb.

https://doi.org/10.1371/journal.pgen.1006917.g001
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Fig 2. Distribution of LOH events across the 49 sequenced tetrads. (A) Location of the LOH regions along the genome for each tetrad.

Colors correspond to the allelic version conserved. Tetrads flagged by a red dot do not carry any LOH. The two tetrads flagged by a black star

have all their centromeres included in LOH regions. (B) Frequency of LOH events along the genome across the 49 tetrads using a 5kb sliding
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The only alternative explanation left is that the high frequencies of observed LOH, double

CO and 4:0 GC events are due to the so-called “return to mitotic growth” (RTG), alternatives

such as very active meiotic recombination hotspots but with peculiar recombination properties

being unlikely. RTG is a meiotic reversion where cells enter into meiotic prophase, initiate

inter-homolog meiotic recombination, but return to vegetative growth before meiosis I

[26,27]. The reshuffled diploid obtained post RTG will go through a second meiosis resulting

to the studied tetrad (Fig 3). The recombination events induced by the abortive meiosis occur-

ring before the RTG are indistinguishable from inter-homolog mitotic G2 events (Fig 3). In

support of a meiotic origin, we found a lack of LOH events near the centromeres, similar to

canonical meiotic recombination events. However, two out of the 38 tetrads display LOH

regions including all of the eight centromeres. A possible explanation for these two cases

would be that RTG occurred after meiotic anaphase I. Such events would have escaped the

meiotic commitment thought to be irreversible after meiotic prophase in S. cerevisiae through

a positive feedback expression of the Ndt80 meiotic transcription factor [28].

Finally, RTG implies at least some residual growth on sporulation medium. We therefore

isolated individual NBRC10955/67-588 hybrid cells on sporulation medium, and after two

days, we did observe small colonies of about 0.5 mm of diameter, corresponding approxi-

mately to ten generations. This indicates that potassium acetate used as sporulation medium

and cellular nutrients storage are enough to ensure residual growth, before starting sporula-

tion. A possible explanation is that potassium acetate does not induce a strong enough starva-

tion stress, due to the more respiratory lifestyle of this species [29,30].

Since RTG was highlighted, it has been suspected to happen in natural conditions and

induce phenotypic diversity by generating new allelic combinations [31]. The ease with which

L. kluyveri undergoes RTG leads us to consider that its frequency in natural conditions is high.

The resulting LOH regions allow the expression of recessive alleles and new combination of

interactive alleles. A recent study also demonstrated that COs induced during RTG can be

used to generate an allelic reshuffled population allowing genetic linkage analysis [31]. Inter-

estingly, RTG is initiated in stress conditions and the resulting allelic shuffling might increase

the fitness to environment, immediately assuring cell survival. Therefore, the fact that RTG is

easily induced in some yeast species can reveal a new mechanism of adaptation to stress, the

generality of which remains to be determined.

VMA1 corresponds to a meiotic hotspot for double COs and LOHs

Our recombination map revealed that the main hotspot associated with RTG events, i.e. dou-

ble COs, 4:0 NCOs and LOH regions corresponds to the VMA1 gene located on chromosome

F (hotspot 5, Fig 2C and S6 Fig). This gene encodes a subunit of a vacuolar ATPase and the

PI-Sce1 endonuclease (also called Vde1) in S. cerevisiae as well as in L. kluyveri [32,33]. This is

a site-specific endonuclease active during meiosis that promotes a homing reaction (S7 Fig). In

a heterozygous diploid where only one of the VMA1 alleles carries PI-Sce1, the endonuclease

cleaves the VMA1 sequence lacking the endonuclease-coding portion to initiate homing,

which consists of a recombination reaction associated or not with a CO (S7 Fig). Using de
novo genome assembly, we defined which version of VMA1 was carried by each parental strain

as well as in the other 26 L. kluyveri natural genomes already sequenced [23]. In total, nine

strains harbor a VMA1 gene with PI- Sce1, including our parental strain NRBC10955, and

window. The frequency of LOH conserving NBRC10955 alleles (blue area) is added to the frequency of LOH conserving 67–588 alleles (orange

area) to provide the total frequency of LOH events along the genome. (C) Frequency of LOHips along the genome using a 5 kb window. Region

5 is a hotspot of LOHips and overlaps with the VMA1 gene. A total of 470 LOHips were detected across the 38 tetrads with LOH.

https://doi.org/10.1371/journal.pgen.1006917.g002
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nineteen isolates harbor an empty VMA1 gene, including the other parental strain 67–588.

Therefore, meiosis specific homing of PI-Sce1 explains the high recombinogenic activity at the

VMA1 locus observed in our dataset that includes five COs, five double COs, nine short 4:0

NCOs and ten LOH events (S6 Fig). Note that in a single meiosis, PI-Sce1 can cut one or two

chromatids generating 3:1 and 4:0 NCOs as well as single and double COs, respectively. There-

fore, in this specific case, only borders of long tracts of LOH can be unambiguously attributed

to RTG events.

L. kluyveri has a lower recombination rate than S. cerevisiae

To estimate the number of recombination events per meiosis in L. kluyveri, we excluded double

COs, 4:0 NCOs and large LOHs that are considered to result from RTG events. This results in

334 COs without detected GC, 541 single COs with 3:1 GC tracts and 274 NCOs in 49 meioses

(Fig 1 and S1 Table). We also estimated that at least 100 single COs occurred within LOH

regions (see below). This corresponds to 19.9 COs and 5.6 NCOs per meiosis on average. RTG

events comprise 138 double COs, 178 large LOH tracts within chromosomes (100 + 55 + 23, Fig

1), 114 large LOH tracts encompassing one telomere and 132 4:0 NCOs. Each double CO corre-

sponds to one CO per RTG. Large internal LOH tracts account for two COs per RTG. Telomere

proximal LOH tracts account for one CO per RTG. Altogether, we observed 608 COs (138 dou-

ble COs + 470 LOHips, Fig 1) and 132 NCOs from RTG within 38 meioses, corresponding to

16 COs and 3.5 NCOs per RTG on average considering that only one RTG occurred.

The detected recombination events per RTG correspond to an underestimation of the

actual number of events since we analyzed only one of the two daughter cells after RTG (Fig

3). Considering that not all of the recombination events occurring during RTG are detected

(as describe in [31]), we estimate that the average number of COs per RTG is similar to those

per meiosis (S8 Fig).

The presence of LOH regions also leads to an underestimation of meiotic recombination

events that occur in such regions. Even numbers of COs within a LOH region involving only

two chromosomes are missed as well as all NCOs. Considering the global recombination rate,

we estimate that about 190 COs are expected within LOH regions, 90 of which being not unde-

tectable (see Methods).

Both COs and NCOs are significantly less abundant than in S. cerevisiae that has a similar

genome size, and where 73 to 90 COs and 27 to 46 NCOs have been detected per meiosis,

depending on the studied hybrid [6,24]. We used a stringent threshold for the detection of

conversions (see Methods). This may have led us to miss some short conversions. Indeed, the

median size of L. kluyveri conversion tracts is 2.9 kb for those associated with COs, and 2.2 kb

for NCO conversion tracts (Fig 1B) compared to 2 kb and 1.8 kb in S. cerevisiae, respectively

[6]. However, our strategy should reveal virtually all COs. Therefore, we can conclude that the

genetic map of the L. kluyveri hybrid used is three to four times smaller than that of S.

cerevisiae.
As previously observed in S. cerevisiae and in other species, the average number of COs per

chromosome is correlated to chromosome length in L. kluyveri. Remarkably, the linear rela-

tion between chromosome size and number of COs displays a positive intercept of 1.0 CO for

a virtual chromosome size of 0 bp both in S. cerevisiae and L. kluyveri (Fig 4A). This suggests

that in these species the meiotic program is set up in such a way that at least one CO will form

per chromosome independently of its length.

S. cerevisiae and L. kluyveri have a similar genome size of approximately 12 Mb and there-

fore the recombination rate is estimated to ~1.6 COs/Mb and ~6 COs/Mb for L. kluyveri and

S. cerevisiae, respectively. This difference underlines the particularly high recombination rate
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of S. cerevisiae that is rather uncommon in other eukaryotes (Fig 4A). Indeed, the fission yeast

Schizosaccharomyces pombe, which also harbors a 12.6 Mb genome size, displays a number of

COs ranging from 34 to 44 per meiosis, depending on the hybrid studied, leading to approxi-

mately 3 COs/Mb per meiosis [34,35]. Recombination analyses were also performed in other

more distant fungi species such as Agaricus bisporus and Gibberella zeae, where the recombina-

tion was estimated to be ~0.78 COs/Mb and ~0.65 COs/Mb per meiosis, respectively [36–38].

The size of the smallest chromosome might explain part of the difference in recombination

rates [39]. Indeed, species carrying small chromosomes tend to display high recombination

rates to stochastically ensure at least one CO on the smallest chromosome. This is illustrated

by a negative correlation between the size of the smallest chromosome and the overall recom-

bination rate across species [39]. We compiled meiotic data from 30 species to complete the

one obtained in L. kluyveri and compared for all of them the recombination rate with the size

of the smallest chromosome. As expected, we observed a negative correlation between these

two parameters (R2 = 0.79, S9 Fig) and L. kluyveri recombination data are consistent with this

correlation. Whether the chromosome number, 8 vs. 16 in L. kluyveri and S. cerevisiae, respec-

tively, impacts the global meiotic recombination rate is unknown.

Mechanistically, several hypotheses could explain the reduced rate of COs in L. kluyveri,
such as less initiating meiotic DSBs than in S. cerevisiae, or a more frequent use of the sister

chromatid as a template for DSB repair. We therefore compared the DSB level between S. cere-
visiae and L. kluyveri on chromosomes of similar length by pulse-field gel electrophoresis

Fig 3. Principle of return to mitotic growth (RTG) after an aborted meiosis followed by a second successful meiosis. After prophase I and inter

homolog meiotic recombination, meiosis progression is aborted and chromosomes segregate mitotically by sister chromatid separation only keeping

centromeres heterozygous. The resulting diploid cell, if it still has MATa/MATα genotype, can go through a second meiosis. Single COs from the first

meiotic prophase are converted into double COs potentially associated with short 4:0 conversion tracts. LOH tracts are converted into large 4:0

segregating tracts. Precise location of COs occurring within LOH tracts cannot be determined.

https://doi.org/10.1371/journal.pgen.1006917.g003
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(PFGE). We performed this experiment in the homozygous diploid CBS10367 isolate that has

been independently chosen for its fast and efficient sporulation properties, although it shows a

two-hour delay in meiotic entry compared to the S. cerevisiae SK1 isolate (S10A Fig). At com-

parable time points after meiotic induction, i.e. four and six hours, respectively, we found simi-

lar DSB levels, suggesting that the three to four-fold lower level of recombination in L. kluyveri
does not come from a corresponding decrease in initiating DSBs (S10B Fig).

The 1-Mb Sakl0C-left region is associated with a low recombination

activity

Chromosome C stands as an outlier with significantly less COs per meiosis compared to the

other chromosomes (Fig 4A). This specifically comes from the low recombination activity of

the 1-Mb left arm of the chromosome C (Sakl0C-left) where no CO was observed and only

one NCO in the PAC10 gene was detected (S6 Fig). De novo genome assemblies of the two

parental genomes using mate pair sequencing data (see Methods) show that the two chromo-

somes C are collinear to the chromosome C of the CBS3082 reference strain (S11 Fig). Co-

nsequently, the absence of CO on Sakl0C-left is not due to the presence of chromosomal

rearrangements such as inversions that could prevent recombination. This low recombination

activity of the Sakl0C-left region is unexpected and adds up to the other peculiarities of this

genomic region. We recently performed a L. kluyveri population genomic survey and showed

that this specific region is a relic of an introgression event, which occurred in the last common

ancestor [23]. Our study also revealed that the Sakl0C-left region underwent a molecular evo-

lution pattern different from the rest of the genome. It is characterized by a higher GC content,

a higher sequence diversity within isolates (π = 0.019 vs. 0.017) as well as a dramatically ele-

vated rate of A:T! G:C substitutions. Therefore, the higher density of mutations on Sakl0C-

left between our parental strains compared to the rest of the genome (1.13% vs. 0.69%) could

prevent the use of the homologous chromatid in DSB repair because of the anti-recombination

activity of the mismatch repair machinery [24,40]. Another possibility is that fewer DSBs are

induced in this region, this being potentially related to the high GC content. To test this latter

possibility, we monitored the DSB level on several chromosomes including chromosome C by

Southern blot after PFGE of samples from meiotic time courses using the CBS10367 isolate

Fig 4. Recombination landscape in L. kluyveri. (A) Average number of COs per meiosis per chromosome for five species: Saccharomycontina

(Lk: intercept = 0.92, slope = 1.2, Sc: intercept = 0.99, slope = 6.0), Taphrinomicotina (Sp: intercept = 4.5, slope = 2.5), Agaricomycotina (Ab:

intercept = 1.7, slope = 0.05), Pezizomycotina (Gz: intercept = 1.5, slope = 0.47). Data obtained from [34–38]. (B) Density of COs along the genome

using a 5 kb window. Regions 1 to 8 correspond to hotspots of COs. Black peaks correspond only to single COs. Red peaks included pre-RTG events

(double COs and LOHips). (C) Histogram of the number of COs per meiosis for each L. kluyveri chromosome. The red bars correspond to the cases

where no CO was detected on the chromosome.

https://doi.org/10.1371/journal.pgen.1006917.g004
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(Fig 5). We observed DSB hotspot signals all along chromosomes D and E. Only one centro-

mere proximal hotspot was detected on Sakl0C-left. Finer mapping of this DSB hotspot

showed it is located in the promoter region of GPI18, matching the CO hotspot number 1 (S12

Fig and see below). This result is remarkable since it reveals a 1Mb region deprived of detect-

able DSBs. Interestingly, even if the GPI18 hotspot is located in the Sakl0C-left, it lies close to

the centromere outside but flanking the GC rich region. The next unanswered challenge is to

determine what makes such a large region refractory to Spo11 cleavage.

Intriguingly, we previously observed that the Sakl0C-left region has an increased ancestral

recombination rate estimate ρ (based on linkage disequilibrium decay) compared to the rest of

the genome (ρ = 8.5 vs. 3.2 Morgans/kb, respectively) [23]. This observation stands in contrast

to the actual recombination rate we determined here. An evolution of the recombination rate

over time, among other causes, could explain this discrepancy [23,41]. Interestingly, the MAT
locus is in this region and the unusual absence of recombination revealed here reminds of its

suppression associated to the MAT locus in fungi species such as Neurospora tetrasperma or

Cryptococcus spp. [42,43], or more generally to sex chromosomes such as the chromosome Y

in mammals. The reason of this suppression is unclear but the lack of recombination might

result in a long-term degeneration of genes [44].

High incidence of non-recombining chromosomes in L. kluyveri tetrads

A consequence of the absence of recombination in the Sakl0C-left is a global deficit of COs on

chromosome C (Fig 4A). Strikingly, 25 out of 49 tetrads show no CO on chromosome C but

correct chromosome segregation, with four viable spores. In addition, more than half of the

Fig 5. Visualization of meiotic DSB hotspots on L. kluyveri chromosomes C, D and E. L. kluyveri meiotic chromosomes were separated by PFGE and

revealed with telomere proximal probes after Southern blot. The strain CBS10367 Δsae2/Δsae2 was used for a better visualization of the broken

chromosomes. Left parts, ethidium bromide stained gels. Right parts, radioactive signals of the corresponding membranes after Southern blot. M, molecular

size marker corresponding to mitotic S. cerevisiae chromosomes. Chromosomes are represented vertically, with the location of the probe used. Grey dots

indicate centromeres location. Note that the exposure of chromosome C was increased compared to chromosome D and E to better visualize the

centromeric proximal DSB hotspot. This underlines the weaker DSB level on chromosome C.

https://doi.org/10.1371/journal.pgen.1006917.g005
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L. kluyveri tetrads on average contained another chromosome without any CO (E0, for 0

exchange) while it happened in only one tetrad out of 46 in S. cerevisiae [6] (Fig 4C and S2

Table). Since the presence of E0 chromosomes threatens accurate chromosome segregation at

meiosis I, this result suggests either inaccurate chromosome segregation in L. kluyveri, notably

for chromosome C, and therefore elevated spore death, or the existence of an efficient com-

pensatory mechanism such as distributive segregation [45]. We could not determine the spore

viability of the parental strains of our hybrid because no corresponding homozygous diploid

was available. However, we determined that the spore viability of the L. kluyveri reference

strain CBS3082 is close to 100% showing that at least this isolate undergoes proper homolog

segregation at meiosis I. Assuming the high frequency of E0 is a general property of this spe-

cies, this tends to support the existence of an efficient compensatory mechanism for meiotic

chromosome segregation in L. kluyveri.

CO interference in L. kluyveri

By analyzing inter COs distances, we could determine if L. kluyveri COs interfere. CO interfer-

ence is a phenomenon that tends to ensure an even distribution of COs along chromosomes

and that may promote efficient chromosome segregation at meiosis I. This feature is not con-

served across species as S. pombe does not display any CO interference. While the mechanism

of CO interference is still unclear, the so-called ZMM group of proteins Zip1, 2, 3, 4, Spo16,

Msh4, 5 and Mer3 promote CO interference in S. cerevisiae [46]. By contrast to the other

Lachancea species, L. kluyveri conserved all these genes [47], which led us to anticipate the

presence of CO interference. We looked for CO interference by measuring inter-CO distances

and fitting them to a gamma distribution function characterized by a shape (k, estimating

interference) and scale (θ, estimating the inverse of CO rate) parameter [25,48,49]. We first

confirmed that L. kluyveri displayed CO interference by comparing inter-CO distances distri-

bution to a gamma distribution with no interference (shape parameter (k) = 1, Kolmogorov-

Smirnov test P = 0.0072). However, the optimal estimation of the strength of interference in L.

kluyveri is significantly lower than that of S. cerevisiae (k = 1.47 vs. 1.96, Kolmogorov-Smirnov

test P = 0.015). Additionally, because the COs frequency is low, the scale parameter in L. kluy-
veri is higher than in S. cerevisiae (θ = 187 vs. 61.7) (S13A Fig). Remarkably, the distribution of

size of LOH regions follows approximately the same gamma law (k = 1.45 and θ = 213, S13B

Fig), which is in agreement with their meiotic origin.

Recombination hotspots are not conserved between L. kluyveri and S.

cerevisiae

To identify CO hotspots (Fig 4B and S6 Fig), we determined the density of COs along the

genome using a 5 kb window, and defined as hotspots the regions displaying seven or more

COs per 5 kb (P< 0.02 based on 105 randomly generated COs positions). In addition to the

VMA1 hotspot discussed previously, seven other CO hotspots were identified across the 49

meioses and 38 RTGs. They are located in the GPI18, RAS1, PIS1, PRM2, OST6, VMA10, and

ALT2 orthologs (hotspot 1, 2, 3, 4, 6, 7, and 8, respectively) (Fig 4B).

As mentioned previously, the GPI18 CO hotspot is on the left arm of chromosome C at

approximately 9 kb from the centromere (hotspot 1, Fig 4B). This corresponds exactly to the

end of the 1-Mb introgressed region (Sakl0C-left) and carries relics of transposable elements

in both parental strains (S3B Fig). Whether these transposable elements influence DSB forma-

tion or not remains to be established, since the presence of such elements is not predictive of

the local recombination activity [50]. Another hypothesis is that we enriched the instance of

COs happening on the chromosome C by selecting only full viable tetrads, as the absence of
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recombination on the Sakl0C-left region might lead to a reduction of the spore viability. In

any case, this CO hotspot correlates with the DSB hotspot we observed in the promoter region

of GPI18 from the CBS10367 isolate that also has relics of transposable elements (S12 Fig).

Among the six remaining CO hotspots, four are associated with genes with an expression

level above the median during growth in rich medium (S3 Table) [41]. As for GPI18, we ob-

served corresponding DSB hotspots in the promoters of RAS1 (chromosome E) and PIS1
(chromosome F) (S12 Fig). The comparison of the recombination hotspots between S. cerevi-
siae and L. kluyveri is statistically limited by the low recombination rate in the protoploid

species. However, none of the well-known recombination hotspots in S. cerevisiae were sig-

nificantly detected in L. kluyveri (e.g. IMG1, HIS4, CYS3) [6,8]. In addition, among the eight

hotspots detected in L. kluyveri, only one is significantly enriched for COs in S. cerevisiae con-

sidering the meiotic recombination dataset from Mancera et al. [6]. We tested the significance

of recombination rate difference between the two species in a 10 kb windows (gene-proximal

COs) around each pair of orthologs involved in a hotspot of L. kluyveri. We confirmed the

difference for all the recombination hotspots with the exception of the one located in the synte-

nic block MSC7-VMA10-BCD1 (Fisher exact test: P< 0.01). At a larger scale, we compared

between the two species the number of gene-proximal COs for all pairs of orthologs and ob-

served a poor correlation (R2 < 0.01, Fig 6). The VMA10 hotspot appears to be the only one

conserved between the two species. Interestingly, the Saccharomyces species (e.g. S. cerevisiae,
Saccharomyces paradoxus), which are closely related, display similar or conserved recombina-

tion patterns, as shown by using population genomics data and comparing genome-wide

recombination initiation maps [15,17]. We investigated a potential link between the location

of the recombination events and different local properties of the genome such as GC content,

gene density and marker density. No significant correlation was found. However, this might

be partially due to the small number of meiotic events analyzed (S3 Fig). Here, our results

demonstrate that the distribution of meiotic recombination is not persistent across distantly

related yeast species covering a large evolutionary scale, exceeding the one of the Saccharomy-
ces genus. A possible factor explaining the conservation of repartition of recombination across

this genus is the shared synteny and chromosomal organization.

Conclusion

Genome evolution is strongly tied to the meiotic behavior and recombination landscape. With

the exploration of the meiotic genetic exchanges of a protoploid yeast species and its compari-

son to S. cerevisiae as well as other fungi (Fig 4A), we unveiled characteristics that brought a

new light on the variation of the recombination landscape and its potential impact on evolu-

tion. The lack of recombination hotspot conservation between L. kluyveri and S. cerevisiae
might result from synteny breakage that would modify the cis interactions between recombi-

nation hotspots previously distant from one another. Short- and long-range cis interactions

between recombination initiation sites have been previously observed and discussed in S. cere-
visiae [51]. They include short-range competition for DSB factors [52] and Tel1-mediated DSB

interference in cis over distances spanning several meiotic chromatin loops [53]. Our data

could therefore support a direct link between synteny breakage on recombination hotspots

evolution. However, we cannot exclude that recombination hotspots also evolve independently

of synteny breakage in yeast as in Drosophila that do not have PRDM9 like elements [54], but

that would be at a much slower speed since recombination initiation hotspots are conserved

over the entire Saccharomyces clade. Exploration of the recombination landscape across a

larger number of yeast species spanning a broad evolutionary distance will be important to

understand better the effect of synteny breakage on recombination hotspots evolution.
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A striking feature of L. kluyveri is the almost complete absence of recombination in a

1-Mb region of the chromosome C, resulting in the absence of CO on this whole chromosome

for about half of the analyzed tetrads. We showed that this results from a lack of Spo11-in-

duced DSB in the corresponding region. What prevents Spo11 from making DSBs over such a

long region and the consequences of this meiotic defect remain to be determined. Interest-

ingly, the absence of recombination in this introgressed region that determines mating-types

has the consequence to genetically link all the genes and therefore all phenotypic charac-

teristics their alleles might induce, which potentially hindered species diversification and

adaptation.

The capacity for L. kluyveri hybrids to undergo RTG during stress, resulting in a high num-

ber of LOH regions, is an unexpected source of genetic and therefore phenotypic diversity.

Meiotic reversions are generally not taken into account in the exploration of species evolution.

They have been mainly described in S. cerevisiae and little is known about their occurrence

across any other yeast species. Moreover, it is difficult to estimate the frequency of meiotic

reversions in natural conditions. For instance, LOHs detected in natural isolates could be the

results of mitotic recombination or inbreeding. Here, our data show that the control of com-

mitment into meiosis might be weaker in some yeast species, increasing allelic shuffling during

Fig 6. Comparison of the number of proximal COs between S. cerevisiae and L. kluyveri orthologs. For each ortholog pair, we determined the

number of COs in a 10kb window around each gene. The plot displays the density of ortholog pairs according to the associated number of proximal

COs. The conservation of COs position between species would generate a linear correlation, with several instances located in the upper-right part of

the plot. Here, the R2 of the linear regression is 1.16×10−3 (P = 8.22×10−3). The unique common hotspot between the two species is MSC7-VMA10-

BCD1.

https://doi.org/10.1371/journal.pgen.1006917.g006
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stress. The significance of this evolutive advantage needs to be further investigated as it has

been underestimated so far.

Our unexpected observations obtained by the deep exploration of recombination landscape

of a non-conventional yeast species also demonstrate that yet many mechanisms and varia-

tions affecting evolution still remain to be described and explored.

Materials and methods

Strains construction, growth conditions and tetrad dissection

Both parental strains NBRC10955a (MATa) and 67–588 (MATα) had their CHS3 gene encod-

ing for chitin synthase inactivated to facilitate tetrad dissection [23,55]. Cells were electropo-

rated with a DNA fragment containing the drug resistance marker KanMX, produced by

fusion PCR [29]. Gene replacement was validated by PCR. All primers are listed in S4 Table.

Growth and cross were performed on YPD (yeast extract 1%, peptone 2%, glucose 2%) at

30˚C. Sporulation was induced by plating cells on sporulation medium (agar 2%, potassium

acetate 1%) and incubating 2 to 7 days at 30˚C. The asci of the tetrads were digested using

zymolyase (0.5 mg/mL MP Biomedicals MT ImmunO 20T) and the spores were isolated using

the MSM 400 dissection microscope (Singer instrument). The whole genome of each of the

196 spores from the 49 full viable tetrads selected was sequenced.

Genomic DNA extraction, sequencing, SNP calling and data analysis

Genomic DNA was extracted using the MasterPure Yeast DNA Purification Kit (tebu-bio)

and sequenced using Illumina HiSeq 2000 technology. We used paired-end libraries and 100

bp per read. The average reads coverage is 204x and 100x for NBRC10955a and 67–588,

respectively, and around 70x for each of the 196 spores. The reads obtained were cleaned,

trimmed and aligned to the reference genome using BWA (-n 8 -o 2 option). Raw data are

available on the European Nucleotide Archive (http://www.ebi.ac.uk/ena) under accession

number PRJEB13706.

To select SNPs to be used as genotyping markers, the reads of the parental strains NBRC

10955a and 67–588 were mapped against the reference genome, in which repetitive and trans-

posable elements were masked with RepeatMasker. SAMtools was used to call variants, and a

set of high quality differential SNPs between parental strains was generated. To be integrated

in this set, differential positions must be, for both parents, (I) covered between 50x and 300x,

(ii) have a mapping quality score higher or equal to 100, (iii) have an associated allele fre-

quency (AF tag in VCF file) of 0 or 1, and (iv) should not be located in close proximity (10

base pairs) to an indel (insertion/deletion). The final set consists of 58,256 markers used to

genotype the progeny.

The reads associated with each spore were mapped and variants called with the same strat-

egy as for the parental strains. At each position of the set, a parental origin was assigned if the

residue (i) corresponds to one parental version, (ii) shows a coverage higher than 25% of the

average coverage of the spore (20x in most cases), (iii) has a mapping quality higher than 100,

and (iv) displays an allele frequency of 0 or 1. If not, a NA flag was assigned to the position.

From this matrix (58,256 × 196 genotypes), we discarded markers flagged NA across 60

spores (30%) or more, markers displaying unbalanced genotype origin in the population

(fraction of parental origins above 70% / under 30%) as well as subtelomeric regions carrying

translocated and duplicated regions. Finally 56,612 markers corresponding to high quality dif-

ferential SNPs between parents and for which most of the spores displayed a reliable allelic ori-

gin were used. The matrix of genotypes is available (see Supplementary data).
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Identification of recombination events

To identify the localization and size of recombination events, including GCs with or with-

out COs and LOH, we adapted the CrossOver python scripts from the Recombine pipeline

(http://sourceforge.net/projects/recombine/) [25] to fit L. kluyveri genomic characteristics. For

each tetrad, we disregarded markers for which at least one spore displayed a NA flag before

running CrossOver. In order to conserve only reliable information, a GC event was considered

only when at least three markers were involved, which corresponds to 63% of the detected

GCs. We defined a LOH as a 4:0 GC event larger than 10 kb (Fig 1). LOH regions detected

were validated in one tetrad by looking at the sequence data directly. To do so, pooled reads

of all four spores from the selected tetrad were aligned to the reference genome (BWA), and

the polymorphic positions were identified (SAMtools). Regions without LOH would present

both parental allelic versions and thus appear to be heterozygous, whereas LOH regions would

be homozygous. The detected homozygous regions coincide with LOH regions identified

using CrossOver (S4 Fig). All detected meiotic recombination events are provided in S5 Table

and a global summary of the number of events detected per chromosome and per tetrad in

S2 Table.

The number of COs occurring within LOH regions was estimated based on the recombina-

tion rate. A total of 875 COs has been detected in the genomes of 49 meioses, excluding the

Sakl0C-left region and LOH regions (416.4 Mb). The cumulative size of all the LOH regions

was 90.4 Mb. With the hypothesis that the recombination rate is homogeneous, we estimated

that 190 COs occurred within LOH regions of our meiotic sample.

Not all of the recombination events occurring during RTG can be observed in the final tet-

rad as only two of the four RTG chromatids are conserved (Fig 3). A previous study estimated

that the underestimation of the RTG is about 2/3 but it depends on the recombination rate as

well as the chromosome size [31].

Quantification of meiotic DSBs

S. cerevisiae SK1 [53] and L. kluyveri CBS10367 [23] diploid strains homozygous for the sae2
null allele were used to detect the level of cut chromosomes during meiotic time courses. Pro-

cedures relative to S. cerevisae, Southern blot analysis and chromosome preparation in agarose

plugs are as described in [53]. Oligonucleotide sequences for probe synthesis are in S4 Table.

L. kluyveri cells were inoculated in pre-sporulation medium (0.5% yeast extract, 1% peptone,

0.17% yeast nitrogen base, 1% potassium acetate, 1% ammonium sulfate, 0.5% potassium

phthalate, pH 5.5) over night at 30˚C to reach an OD600 of 1, washed once with water and

resuspended in 1% potassium acetate at 30˚C. Cells were harvested at different time points,

washed with water and frozen. Pulse field gel electrophoreses were performed using a Bio Rad

CHEF DRIII apparatus at 14˚C, initial switch time 60 seconds, final switch time 120 seconds, 6

V/cm, angle 120˚ for 20h.

de novo assembly of the parental genomes

SOAPdenovo (v2.04, [56]) was used to construct de novo assemblies for both parental strains

using a combination of paired-end and mate-pair Illumina reads (European Nucleotide

Archive: PRJEB13706). We tested a range of k-mer size (from 45 to 83) and compared the

obtained assemblies at the contiguity level. We found k = 63 and k = 71 to be optimal for

the 67–588 and NBRC10955 parental strains, respectively. The selected assemblies were com-

pared to the reference genome with nucmer [57] and results were plotted with mummerplot

(S11 Fig).
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Supporting information

S1 Fig. Spore viability of the NBRC10955 × 67–588 progeny. A total of 120 tetrads were dis-

sected. Among the full tetrads, 49 were selected for genotyping.

(EPS)

S2 Fig. Genetic map based on 56,612 SNPs segregating between the two parental strains.

(EPS)

S3 Fig. Comparison of the recombination, gene density, GC content and marker density

landscapes. (A) Profiles of the 8 chromosomes. Densities were calculated using a 20-kb sliding

window. Dots indicate the number of COs and NCOs per 10-kb. L. kluyveri have point centro-

meres similar to the Saccharomyces species. (B) Zoom on the chromosome C recombination

hotspots. The blue lines indicate the positions of the regions of gene conversion associated to

the 9 COs detected. The GC content is calculated for each of the open reading frames.

(EPS)

S4 Fig. Identification of subtelomeric translocations and duplications. These regions were

identified based on marker genetic linkage across spores, heterozygosity level and read co-

verage. The low quality regions contain markers displaying noisy signals and incoherent segre-

gations. All these regions were disregarded in the analysis of recombination. All markers

between the telomere and the case-by-case cut-off position were excluded.

(EPS)

S5 Fig. LOH events during mitosis and within a tetrad. (A) Position and allele balance of

heterozygous sites from the initial parental diploid. (B) Position and allele balance of heterozy-

gous sites in two evolved parental diploids after accumulation of mitoses. The heterozygous

sites cover the totality of the genome in all cases, indicating the absence of LOH formation dur-

ing mitosis. (C) Position and allele balance of heterozygous sites identified using the fusion of

the reads of the four spores of tetrad 1. Regions with no heterozygous sites correspond to LOH

events. (D) Position along the genome of the LOH identified in the tetrad 1 using CrossOver

program [25]. These regions overlap with those detected using heterozygous sites.

(EPS)

S6 Fig. Genomic localization of all meiotic recombination events from 49 meioses. Pink

region corresponds to the Sakl0C-left introgressed region, which is a recombination coldspot.

Regions 1 to 8 correspond to meiotic recombination hotspots. The density is provided using a

5 kb window.

(EPS)

S7 Fig. Vma1-derived PI-Sce1 endonuclease homing mechanism and its repartition within

the collection of sequenced L. kluyveri isolates. (A) The PI-Sce1 location within VMA1 is

given in nucleotides. During meiosis, PI-Sce1 protein self-spliced from the Vma1 protein tar-

gets a short DNA sequence of ~ 20 base pairs present in an empty VMA1 gene and induces a

DNA double strand break [32]. The recombinational repair using the homolog transfers the

PI-Sce1 sequence in the initially empty VMA1 gene, with or without associated CO. (B)

PI-Sce1 repartition in the panel of 28 sequenced isolates displayed on a neighbor-joining tree

based polymorphic sites [23].

(EPS)

S8 Fig. RTG and meiotic recombination rates. Frequency of recombination (A: pre-RTG;

B: final meiosis). Average numbers of COs events detected are 16 and 19.9 per RTG and mei-

osis, respectively. Pre-RTG are under-estimated since not all events are conserved in the
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transitional diploid [31].

(EPS)

S9 Fig. Correlation between the smallest chromosome length and the average recombina-

tion rate. Data across 31 species were obtained from Mercier et al. 2014 [35]. Linear regres-

sion: R2 = 0.79, P< 10–7.

(EPS)

S10 Fig. L. kluyveri and S. cerevisiae show similar levels of DSBs at comparable time points.

(A) L. kluyveri CBS10367 and S. cerevisiae SK1 meiotic progression determined by counting

cells which went through meiotic I or II stages after DAPI staining. Errors bars indicate stan-

dard deviations from three independent cultures. At least 100 cells per culture were counted. S.

cerevisiae cultures enter meiosis around two hours before L. kluyveri cultures. (B) Wild type L.

kluyveri CBS10367 and S. cerevisiae SK1 meiotic chromosomes were separated by PFGE and

revealed by telomere proximal probes after Southern blot. The peak of DSB in WT conditions

occurs at 4h in S. cerevisiae and 6h in L. kluyveri. Quantification of the corresponding signals

show similar DSB levels between the two strains (black rectangles). Cut / uncut represents the

cumulated signals from all the cut fragments divided by the signal from all fragments (full

length and cut chromosome as well as the signal from the well). Quantifications were made

from three independent experiments and error bars show standard deviations. (C) Same as in

B except that a Δsae2/Δsae2 background was used to stabilize broken chromosomes as illus-

trated by the stronger cut signals with respect to the wild type background.

(EPS)

S11 Fig. Alignment of the de novo parental genome assemblies from 67–588 (A) and

NBRC 10955 (B) with the reference CBS 3082 genome. Assemblies were constructed with

SOAPdenovo using a combination of paired-end and mate-pair Illumina reads. Chromosome

C from the three species show no rearrangement and are completely collinear.

(EPS)

S12 Fig. Visualization of individual meiotic DSB hotspots at three loci. L. kluyveri meiotic DNA

was digested by PflMI (GPI18 and PIS1 loci) and BsaI (RAS1 locus), separated by standard gel

electrophoresis and revealed with locus specific probes after Southern blot. The strain CBS10367

Δsae2/Δsae2was used. Left parts, ethidium bromide stained gels showing the corresponding DNA

ladder (M). Right parts, radioactive signals after Southern blot. Genomic loci are schematized on

the right. Arrows represent ORFs with their corresponding orientations. Vertical black bars repre-

sent the probes used. The stars indicate the DSB hotspot locations. GPI18, RAS1 and PIS1 loci cor-

respond to recombination hotspots 1, 2, 3 from chromosomes C, E, F, respectively.

(EPS)

S13 Fig. Interference between COs. (A) Inter-CO distances histogram. Parameters of gamma

distribution modeled from these data (red line) were estimated: shape k = 1.47 and scale θ =

187. This distribution is compared to the one detected in S. cerevisiae (blue dotted line): shape

k = 1.96 and scale θ = 61.7 [25]. (B) LOH size histogram. Parameters of gamma distribution

modeled from these data (red line) were estimated: shape k = 1.45 and scale θ = 213.

(EPS)
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ural genetic variation impacts expression levels of coding, non-coding, and antisense transcripts in fis-

sion yeast. Mol Syst Biol. 2014; 10.
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