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Meiotic recombination is confirmed
to be unusually high in the fission
yeast Schizosaccharomyces pombe

Qichao Lian,1 Laetitia Maestroni,2 Maxime Gaudin,2 Bertrand Llorente,2,* and Raphael Mercier1,3,*
SUMMARY

Inmost eukaryotes, meiotic crossovers (COs) are limited to 1–3 per chromosome, and are prevented from
occurring close to one another by CO interference. The fission yeast Schizosaccharomyces pombe, an
exception to these general rules, was reported to have the highest CO number per chromosome and
no orweak interference. However, global CO frequencywas indirectly estimated, calling for confirmation.
Here, we used an innovative strategy to determine COs genome-wide in S. pombe. We confirmed weak
CO interference, acting at physical distances compatible with the patterning of recombination precursors.
We revealed a slight co-variation in CO number between chromosomes, suggesting that a limiting pro-CO
factor varies between meiocytes. CO number per chromosome varies proportionally with chromosome
size, with the three chromosomes having, on average, 15.9, 12.5, and 7.0 COs, respectively. This rein-
forces S. pombe’s status as the eukaryote with the highest CO number per chromosome described to
date.

INTRODUCTION

During meiosis, recombination is initiated by the formation of numerous programmed DNA double-strand breaks (DSBs). The repair of DSBs

results in crossovers (COs), which are instances of reciprocal recombination between homologous chromosomes, and non-crossovers

(NCOs), which are local tracts of non-Mendelian segregation not associated with a CO event. Two main conserved pathways were described

for CO formation. In most examined eukaryotes, including mammals, worms, flowering plants, and the yeast Saccharomyces cerevisiae, the

majority of COs, called class I COs, are specifically promotedby the groupof ZMMproteins (Zip1-4,Msh4/5,Mer3, and Spo16 in S. cerevisiae),

while a minority of class II COs are dependent on other factors, including the structure-specific nuclease Mus81-Eme1/Mms4. Besides differ-

ences in the molecular pathways, class I COs are sensitive to CO interference, a phenomenon that prevents COs from being positioned close

to each other along chromosomes, while class II COs are not, or much less, subjected to interference.1–3 The fission yeast Schizosaccharo-

myces pombe has long been used as a model to gain insights into meiotic mechanisms.4–6 S. pombe appears to be an outlier in terms of

CO control. First, CO number per chromosome was described to be markedly elevated, with a total genetic size of 2,250 cM for three chro-

mosomes. This corresponds to a total of 45 COs per meiosis, and 19:15:11 COs from the largest to the smallest chromosome, respectively.6,7

Nineteen COs per meiosis on a single chromosome is exceptional, when considering that 80% of the analyzed chromosomes in eukaryotes

experience less than three.2,8 Second, CO interference was reported to be absent in S. pombe, with closely spaced, double COs occurring as

expected if these were independent events.9,10 CO interference weak signal is detected in S. pombe as a result of interference between

Spo11-DSBs, the CO precursors, and is mediated by the DNA damage-response protein kinase Tel1.11–13 The meiotic machinery is also un-

usual in S. pombe: The ZMMproteins that define the class I CO pathway are lacking, with COs being solely dependent on theMus81 pathway.

The tripartite synaptonemal complex (SC) is also absent in S. pombe meiosis, though linear elements that are reminiscent of the lateral

element of the SC are formed.10,11,14–17 However, pervasive hybrid sterility and large chromosome rearrangements18–21 prevent the use of

hybrids obtained by crossing natural isolates for accurate measurement of meiotic recombination in S. pombe.
RESULTS

A method for genome-wide analysis of meiotic crossovers in S. pombe

Here, we used EMS mutagenesis to introduce a few hundred SNPs genome-wide in an isogenic strain and explored the meiotic recombina-

tion landscape in S. pombe. First, two independent isogenic haploid strains with the same background as the reference strain and with oppo-

site mating types were subjected to moderate EMS treatment to introduce mutations genome-wide. Then, they were mated and sporulated
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Figure 1. Experimental design for meiotic recombination analysis in Schizosaccharomyces pombe through mutagenesis of isogenic strains and tetrad

sequencing

(A) SNPs (red and blue vertical bars) were introduced into the S. pombe genome (horizontal bar) by EMS mutagenesis in parallel in h+ and h-cells. After

mutagenesis, de novo mutations were identified by whole genome sequencing. Cells of opposite mating type with optimal SNP distributions were mated to

generate a hybrid and then tetrads after meiosis. Tetrads were dissected by micromanipulation and spores were allowed to form colonies, from which DNA

was extracted and sequenced. Three independent repeats were performed.

(B) CO and GC detection in a representative tetrad (Pombe2_Tet_10). The detected COs and GCs are indicated by vertical dashed lines connecting the two

exchanged chromatids. A GC is indicated by a triangle. The four chromatids are color-coded according to the parental genotypes.
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to produce tetrads through meiosis (Figure 1A). To have a robust estimate of the recombination frequency, we generated and sequenced a

total of 92 tetrads of three independent crosses namedPombe2_Tet, Pombe4_Tet, and Pombe9_Tet, with 29, 30, and 33 tetrads, respectively.

These crosses bear a private set of heterozygous mutations subsequently used as SNPs in segregation analysis (Table S3). All the crosses had

high levels of spore viability (>94% of the spores were viable, n = 43, 37, and 41 tetrads, respectively), suggesting that meiosis was unaffected

by the heterozygous mutations (Tables S7, S8, and S9). Two tetrads gave incomplete sequencing data and were dismissed, providing a final

dataset of 90 tetrads (29, 30, and 31 tetrads, for populations Pombe2_Tet, Pombe4_Tet, and Pombe9_Tet, respectively. Table S1).

To define the informative SNPs for each population, we deep-sequenced the parental genomes (25-91x, Table S2), and identified 161, 121

and 172 well-supported and randomly distributed mutation markers that provided good coverage of the three chromosomes (Table S3; Fig-

ure S1). The median/mean inter-marker distance is 56/83 kb and corresponds to the resolution at which recombination sites could be de-

tected and assigned (equivalent to 7.8/11.6 cM, see below). Based on recombination landscapes from other species, such a resolution is suit-

able for detectingmost COs because of the associated rearrangement of flankingmarkers, but could detect only a small proportion of NCOs

that are in the kilobase range in budding and fission yeasts.22–25
An exceptionally high number of crossovers per chromosome in S. Pombe

Using tetrad-based segregation profiles of the informative SNPs, we identified a total of 2,746 COs across the 90 meioses (median resolution

113.5 kb, Figures S1F and S2; Table S4). This corresponds to an average of 30.5 COs per tetrad (Figure 2A), and an average of 13.7, 10.8, and

6.0 COs for chromosome I, II and III, respectively (Figures 2B, 2D, and S3C). Similar numbers of COs were identified in the three replicates

(Figure S3), suggesting that the introduced heterozygous mutations do not affect recombination (Tables S7, S8, and S9). The distribution

of the total CO number per tetrad ranged from 13 to 46 and is not significantly different from the Poisson distribution (Figure 2A). For indi-

vidual chromosomes, the number of COs also follows a Poisson distribution (Figure 2D), which contrasts with many species where CO inter-

ference reduces the variance in the number of COs per chromosome.26 Accordingly, we found that this variance of CO number per chromo-

some is larger in S. pombe than in S. cerevisiae (Figure S4). We detected at least one CO in all chromosomes in each tetrad except one where

no crossover was detected on chromosome III (Figures 2D and S3C). In species in which the mean number of CO is low and achiasmate chro-

mosomes are rare (e.g., mammals and flowering plants studied so far), a specificmechanismmust be in place to ensure the ‘‘obligatory cross-

over’’.27 In S. pombe, the elevated number of COs per chromosome provides an immediate assurance without the need for a specific addi-

tional mechanism, as the probability of an achiasmate chromosome per chance is �1/1000.

Although most detected events appear as a single crossover per interval, with two chromatids showing exchange and two unmodified

chromatids, we identified 108 cases of double-crossovers (DCOs) in a single interval with the four chromatids involved (Figure S5). Because

of our relatively low marker density (median/mean inter-marker distance = 56/83 kb), some DCOs may be missed in some intervals. Only

DCOs involving the four chromatids of a bivalent (4C-DCO events) occurring in one interval can be detected with the flanking markers (Fig-

ure S6). However, a DCO that involves the same two chromatids (2C-DCO events) is undetectable with the flanking markers. If three chroma-

tids are involved in a DCO event in a given interval (3C-DCO events), it is detected as a single CO (Figure S6). As chromatid interference is
2 iScience 26, 107614, September 15, 2023



A B C

D E

F

Figure 2. The number and distribution of COs and GCs in S. pombe

(A) The distribution of CO numbers per tetrad. The gray points and line represent the Poisson fitted distribution. TheMann–Whitney test was used to evaluate the

differences in distributions of CO numbers between the observed and Poisson distributions. The vertical dashed line indicates the mean value.

(B) Analysis of CO numbers and chromosome sizes (Mb). Crossover number and chromosome size are linearly correlated (Mb). The fitted linear regression is

indicated by the gray line. The sample sizes and Pearson’s correlation coefficient are indicated in parentheses. The mean number of COs is shown with 90%

confidence interval.

(C) The distribution of number of GCs with 3:1 and 4:0 allelic segregation per tetrad, separately. (D) The distribution of CO numbers per chromosome and per

tetrad. The gray points and line represent the Poisson fitted distribution. The Mann–Whitney test was used to evaluate the differences between observed and

Poisson distributions.

(E) The distribution of number of 3:1 GCs per chromosome and per tetrad.

(F) The chromosomal distribution of COs andDSBs28 with 100 kb (pink and light purple, w100s10) and 200 kb (red and purple, w200s10) sliding window size and 10

kb step size, and genes (black) with 200 kb sliding window size and 10 kb step size, separately. The centromeric regions are indicated by gray shading. Themating

type position is indicated with green shading.
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absent (see below), the number of two- and three-chromatidDCOs, and thus ofmissedDCOs, can be estimated from the number of observed

four-chromatid DCOs. A total of 108 4C-DCOs were observed, leading to an estimate of 108 2C-DCOs (216 missed COs) events and 216 3C-

DCOs (216 DCOs that were detected as single COs) (Table S5). We thus added 432 COs to our CO count, resulting in a total estimate of 3,178

COs in 90meioses, corresponding to a corrected average of 35.3 COs permeiosis: 15.9 COs (793 cM), 12.5 COs (625 cM) and 7.0 COs (347 cM)

for chromosome I, II and III, respectively (Figure 3; Table S5). This corresponds to 0.14 cM/kb or 7.1 kb/cM. A previous estimate of the genetic

size, based on the compilation of segregation analyses of pairs of phenotypic markers, was �20% larger.9 In another study, crossover counts

were measured by sequencing ten spores produced by a hybrid between two closely related S. pombe strains, leading to an estimate of
iScience 26, 107614, September 15, 2023 3



Figure 3. S. pombe has an exceptional high number of meiotic CO compared to other eukaryotes

The crossover number per meiosis (y axis, based on genetic maps. 50 cM = 1 CO) of 114 species (8 fungi, 8 insects, 3 birds, 7 fishes, 10 mammals, 4 other animals,

54 eudicot plants, 16 monocot plants, 1 other plant and 3 other species) is plotted against the physical size (x axis, DNAMb, log scale) of each chromosome. The

estimation of CO number of S. pombe (this study) is indicated by red dots. Plots separating the different eukaryotic clades are provided in Figures S7 and S8 and

the source data in Table S6 (data from29–37). An earlier version of this figure, with fewer species represented, was published by Fernandes et al.8
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9.6 COs per tetrad for chromosome I, 10.2 for chromosome II, and 6.8 for chromosome III.18 This is compatible with our results, except for

chromosome I where the reduced recombination frequency likely results from the presence of a large genomic inversion between these

two strains. This inversion may directly suppress recombination and/or lead to inviable gametes when an odd number of COs takes place.

CO numbers per chromosome are linearly correlated with the chromosome length (Pearson’s R = 0.998), with an intercept of �0.066 and

a slope of 2.44 COs per megabase (Figure 2B).

We then compared the crossover number per chromosome in a large range of eukaryotes (Figure 3). The number of COs per meiosis ap-

pears to be constrained: while typically at least one COper chromosome is present, likely associated with the crucial role of COs in promoting

balanced chromosome segregation atmeiosis, larger numbers are rarely seen. In our survey of 1,547 chromosomes from114 species, 80.1%of

chromosomes have an average of less than threeCOs and 95.9% less than five (Figure 3; Table S6). CO number tends to be correlatedwith the

physical size of the chromosomes within a species (Figures S7–S9), and like in S. pombe, are linearly correlated in diverse species such as
4 iScience 26, 107614, September 15, 2023
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S. cerevisiae, Arabidopsis thaliana, Ovis aries, Gallus gallus, and Homo sapiens (Figures S7–S9). In sharp contrast, this is not the case when

comparing chromosomes from different species: for example, the physical size of chromosome 3B of wheat (804 Mb, Triticum aestivum) is

2,977-fold longer than the chromosome 6 of budding yeast (0.27 Mb, Saccharomyces cerevisiae), although they have similar genetic sizes

(2.8 vs. 2.5 COs per meiosis, Figure 3). Several species have chromosomes with unusually large genetic sizes, like chromosome 1 of European

honeybee (12.3 COs,Apis mellifera, Insects), chromosome 2 of Fusariumgraminearum (10.5 COs, Fungus), and chromosome 1 of chicken (9.7

COs, Gallus gallus, Birds). S. pombe appears exceptional, with chromosomes I and II experiencing the highest number of COs and chromo-

some I havingmore than two timesmoreCOs than 99%of the eukaryotic chromosomes described so far. Chromosome III, the chromosomeof

S. pombe that undergoes the least recombination, still receives more COs than 98% of thus far studied chromosomes (Figure 3). It is possible

that other eukaryotes that have not yet been analyzed would show unusual numbers of COs per chromosome. Aspergillus fumigatus appears

to be a serious challenger for the status of the champion with the highest number of CO per chromosome.38

Relatively homogeneous distribution of crossovers along chromosomes in S. Pombe

We next analyzed the COdistribution along S. pombe chromosomes.We observed that COs are relatively homogeneously distributed along

chromosomes, largely distributing within the 2-fold standard deviation of the randomdistribution, without very hot or cold regions (Figures 2F

and S10). Notably, we do not detect a strong effect of the centromeres on CO rates. However, it should be noted that the limited resolution of

our study may hide strong local variations in recombination rates (Figure S1F). Such variations include the recombination suppression next to

the centromeres as previously reported in S. pombe and observed in many other eukaryotes.22,39–46 At that resolution, the DSB distribution28

and CO distribution (Figure 2F) are only weakly correlated (Pearson’s correlation: 0.21 and 0.17, in 100 kb and in 200 kb window size, respec-

tively) despite the existence of DNA double-strand break hotspots at higher resolution.28,47

Gene conversions in S. Pombe

In addition to COs, we identified a total of 66 gene conversions (GCs) characterized by a 3:1 segregation profile of a single SNP, which cor-

responds to an average of 0.7 per tetrad (Figures 2C, 2E, and S3). Among them, 37 GCs were flanked by a CO event (Table S4) and could be

either associated to the CO, or be an independent NCO recombination event in the same interval (median size = 134 kb). We thus estimated

that between 29 and 66 NCOswere detected in our dataset. In total, we analyzed the segregation of 13,975 SNPs in 90 tetrads, which resulted

in an estimation of an average NCO conversion rate of 0.21–0.47% per base pair per meiosis. With a genome size of 12.57 Mb, this predicts

that on average 26–59 kb are converted by NCOs per meiosis. In comparison, in S. cerevisiae 66.1 NCOs per meiosis with a median of 1.8 kb

were observed,22 corresponding to 119 kb undergoing NCO-associated gene conversion per meiosis. Although individual gene conversion

tract lengths are highly heterogeneous in S. pombe, the estimate of theminimal gene conversion tract length from three different constructs is

about 1 kb.25 This size estimate would predict an average of 26–59 NCOs per meiosis, which is similar to our estimation of CO number (35 per

meiosis), suggesting that DSB are repaired as either COs or NCOs with similar frequencies in S. pombe. Previous studies reported that

65–70% of GCs have an associated CO.16,25

We also observed 37 gene conversions (GCs) with a 4:0 allelic segregation. Remarkably, 13 and 8 of these GCs occurred in only two in-

dependent tetrads of the Pombe2_Tet population, and a common GC occurred in 16 tetrads of the Pombe4_Tet population (Figures 2C,

S3, and S11). Although these events can result from the GC-mediated repair of two DSBs at the same locus on two sister chromatids during

meiotic prophase, such a scenario is unlikely. Instead, the fact that two tetrads out of 90 contain 21 of the 37 4:0 segregatingNCOswhile all the

other tetrads have nevermore than three suchNCOs could reflect the existence of a post-zygotic diploid stage in a small fraction of cells from

the population with an elevated genetic instability, at least in the Pombe2_Tet population.22–24 The recurrent 4:0 segregating NCOs in the 16

tetrads of the Pombe4_Tet population could reflect either an elevated meiotic or mitotic instability of a given locus.

Weak crossover interference in S. Pombe

Along chromosomes, COs are not independently distributed in most eukaryotes, as CO interference prevents close positioning.48,49 Based

on analysis of pairs or trios of markers, S. pombe was reported to lack CO interference.9 However, short-range (�20 cM/150kb) CO interfer-

ence was subsequently reported in S. pombe.11 To further explore CO interference in S. pombe, we first examined the distribution of the

distance between adjacent COs on the same chromosome, comparing with the expected distribution in the absence of CO interference

(Figures 4A, 4B, S12, and S13A–S13F). We simulated the expected distribution by using the same marker list, and kept the same sample

size and CO number for each chromosome, tetrad and population, but randomly distributed the COs between tetrads. The observed distri-

bution was found to be remarkably similar to that expected for independent COs, with numerous pairs of COs placed less than 200 kb

(�28 cM) apart. (Figures 4A and 4B).

To further describe CO interference, we performed coefficient of coincidence (CoC) analysis, which is the ratio of observed frequency of

double-COs to the frequency of expected double-COs in a pair of defined intervals.12,50 In brief, the expected frequency of two COs

happening concomitantly in two intervals, assuming they occur independently, is the product of the frequency of single COs in each interval.

The CoC is calculated by dividing the observed frequency of double-COs by this expectation. A CoC <1 indicates that the two COs do not

occur independently, but that the presence of oneCO in one of the considered intervals prevents - interferes with - the presence of aCO in the

other interval. We divided each chromosome in intervals of fixed size (�200 kb in Figures 4C and S13G–S13I), and calculated the CoC for all

pairs of intervals. A CoC curve is obtained by plotting the mean CoC for pairs of intervals separated by a given distance versus this distance

(Figures 4C and S12). In presence of interference, the CoC curve is expected to deviate from 1, approaching zero for short inter-interval
iScience 26, 107614, September 15, 2023 5
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Figure 4. CO interference at short physical distances and co-variation of CO frequencies in S. pombe

(A) Comparison of the observed (red) and expected (under the hypothesis of independence, gray) distribution of inter-CO distances along the proportional scale

of chromosomes.

(B) Distribution of observed (red) and expected in absence of interference (gray) distances between COs. The expected CO list was obtained with 1000

simulations by sampling the observed CO number per chromosome and tetrad in the corresponding scale of genomic regions covered by EMS-induced

SNPs. The blue vertical dotted line indicates the median CO resolution of the whole population. The p value from a Mann-Whitney test between the

expected and observed distributions is shown.

(C) The CoC curves of the observed COs. Chromosomes were divided into�200 kb intervals, and the coefficient of coincidence was calculated for each possible

pair of intervals (observed frequency of concomitant CO in both intervals/product of frequency of CO in each interval. A coefficient of coincidence of 1 indicates

absence of interference). Note that the last point of the curves tends to be noisy as a single pair of intervals represent the largest distance. The coefficient of

coincidence was averaged for pairs of intervals separated by the same distance, and plotted versus the physical distance between external borders of the

two intervals.

(D) CoC analysis using adjacent inter-marker intervals. CoC was calculated for pairs of adjacent intervals of selected physical sizes and plotted versus the mean

total size of the pair of intervals (Table 1; Tables S10, S11, S12, S13, S14, S15, S16, and S17).

(E–H). Correlation analysis of the numbers of COs on different chromosomes in the same tetrad. The blue line indicates the linear regression, and the gray zone

represents the 95% confidence interval. The data points were vertical and horizontal jitter-shifted for improving visualization.
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distances. We found that the CoC curves are flat (close to 1) for each chromosome, when considering intervals size of 200 kb or more, sup-

porting an absence of CO interference in S. pombe at this scale which represents 4–8% of the chromosome length (Figures 4C, S12, and

S13G–S13I). It should be noted that because of limited resolution of CO positions (median resolution �113 kb, Figure S2), these global

CoC curves, using the entire dataset, cannot exclude CO interference acting at shorter physical distances.11 In this analysis, the shortest

considered distance corresponds to two adjacent 200 kb intervals (total size of the pair of intervals = 400 kb, first point in Figure 4C), which

corresponds to a genetic size of �28 cM for each interval (and �56 cM for the pair of intervals). It seems reasonable to suppose that a CO

interferes only with a potential neighboring CO, and probably not several COs away. Given the high frequency of COs per chromosome

in S. pombe, it might have been expected that interference is not detected beyond 400 kb/50 cM.

To explore interference at shorter distances, we selected exclusively the pairs of adjacent intervals (three consecutive markers, excluding

the intervals in which zero CO were observed) and sorted them by physical size before calculating the CoC (Table 1; Figure 4D; Tables S10,
6 iScience 26, 107614, September 15, 2023



Table 1. Analysis of CO interference between adjacent pairs of intervals

Range of interval size

(total size of the pair, kb)

Average size of

interval pairs (kb)

Expected number of tetrads

with COs in both intervals

Observed number of tetrads

with COs in both intervals CoC p-value

31–850 205.1 606.5 647 1.07 0.088

200 G 20 195.8 84.5 90 1.07 0.534

180 G 20 176.8 95.6 94 0.98 0.867

160 G 20 159.8 82.6 75 0.91 0.387

140 G 20 139.7 70.7 61 0.86 0.238

120 G 20 122.4 63.8 46 0.72 0.023

100 G 20 103.1 38.9 24 0.62 0.016

60 G 40 72.6 20.7 11 0.53 0.031

Pairs of adjacent intervals were selected with decreasing total size. CoC were calculated by dividing the number of observed tetrads with COs in both intervals by

their expected number under the hypothesis of independence (Tables S10, S11, S12, S13, S14, S15, S16, and S17). p-values were calculated by Chi-squared Test.

ll
OPEN ACCESS

iScience
Article
S11, S12, S13, S14, S15, S16, and S17). The selectionwas based on the total size of the pair of adjacent intervals. When considering all adjacent

interval pairs, or pairs of adjacent intervals of 200, 180, 160 or 140G 20 kb in total size, we detected asmany events of double-CO (one in each

interval in the same tetrad) as expected under the hypothesis of independence (CoC >0.85, Table 1; Figure 4D; Tables S10, S11, S12, S13, and

S14).When selecting for shorter sizes (total interval size�120 kb or less), we detected fewer double-COs than expected, going down to a CoC

�0.5 for the smallest analyzed interval pairs. (Table 1; Figure 4D; Tables S15, S16, and S17). Thus, CO interference is detected when consid-

ering adjacent pairs of intervals of a total size of up to�150 kb (�4% of chromosome physical length) (Table 1; Figure 4D). It should be noted

that this corresponds to �20 cM, roughly half of the genetic distance at which interference acts in other species like Drosophila.51 CO inter-

ference ranging over such a short physical distance could be entirely imposed by interference of DSBs.11–13,52,53

Crossover number covaries between chromosomes in S. Pombe

We then tested the existence of covariation of CO numbers between chromosomes within nuclei, as observed in humans and other eukary-

otes.54 We observed that CO number tends to covary across chromosomes within individual tetrads, (Figures 4E–4H and S13J–S13M). The

numbers of COs per chromosome are positively correlated between chromosomes (Figures 4E–4G) and also between two groups of chro-

mosomes with comparable physical lengths (ChrI v.s. ChrII and III, Figure 4H). This indicates that if one cell has a large number of COs on one

chromosome, it weakly tends to have also a large number of COs on the other chromosomes. This suggests that a limiting factor for CO for-

mation stochastically varies between cells, causing some cells to havemore COs than others, either conjointly on different chromosomes or at

different positions on the same chromosome. As the SC is absent and the interference is weak, we speculate that variation in DSB frequencies

may be the source of cell-to-cell variations in COs, potentially through variation in the condensation of the loop-axis structure.54

Absence of chromatid interference in S. Pombe

Finally, we explored chromatid interference. As described above, when considering two adjacent COs, three types of outcomes would be

expected depending on how many chromatids are affected (2C-DCOs, 3C-DCOs and 4C-DCOs, Figure S6). In the absence of chromatid

interference, DCOs are randomly distributed among the four chromatids of the bivalent, and the three types of DCOs will give a ratio of

1:2:1 (2C:3C:4C DCOs).9 If the chromatid implicated in a CO affects somehow the choice of the chromatid of the adjacent CO, we would

expect a deviation from this ratio. In our tetrad analysis, the ratio of 2C:3C:4CDCOs for each individual chromosome (1,012, 768 and 399 pairs

of COs were analyzed separately) and the whole genome (2,179 CO pairs), did not significantly deviate from 1:2:1 (Chi-Square test, Table 2).

To explore the potential centromere effect on chromatid interference, we further quantified the deviation from the expected 1:2:1 ratio of

2C:3C:4C DCOs for two groups of DCOs on the same chromosome arms or that span the centromere, separately. In all cases, no significant

deviation was detected (Table 2). These results showed an absence of chromatid interference in fission yeast, confirming the previous report

which had less statistical power.9

DISCUSSION

In summary, regulation of meiotic recombination appears to be relaxed in S. pombe, resulting in an exceptionally high number of COs per

chromosome and weak crossover interference. The high frequency of COs, even if randomly distributed among chromosomes, makes it high-

ly unlikely that a given chromosome will lack a CO. In many species, but not all, balanced chromosome distribution relies on the physical link

between homologs provided by a CO.26 It is intriguing that the simple strategy of having many COs, and thus at least one connection per

chromosome that support balanced segregation is observed in very few species. Most eukaryotes have a low number of COs and evolved

sophisticated mechanisms to ensure their non-random distribution among and along chromosomes. This suggests that a pervasive evolu-

tionary constraint imposes a low CO number in eukaryotes and that S. pombe has escaped this constraint and may have gained advantage

from achieving lots of COs.
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Table 2. Chromatid interference is absent in S. pombe

Whole chromosome Same arm Different arm

Total DCOs Observed 2C:3C:4C ratio Total DCOs Observed 2C:3C:4C ratio Total DCOs Observed 2C:3C:4C ratio

I 1012 247:502:263 (p = 0.821) 930 222:467:241 (p = 0.821) 82 25:35:22 (p = 0.668)

II 768 184:384:200 (p = 0.821) 688 164:346:178 (p = 0.821) 80 20:38:22 (p = 0.861)

III 399 95:187:117 (p = 0.668) 338 87:156:95 (p = 0.668) 61 8:31:22 (p = 0.479)

Total 2179 526:1073:580 (p = 0.668) 1956 473:969:514 (p = 0.668) 223 53:104:66 (p = 0.668)

2C DCOs mean two COs use the same non-sister chromatids; 3C DCOs mean two COs share one chromatid; 4C DCOs mean two COs use the different pair of

non-sister chromatids.

Chi-Square test of goodness-of-fit was performed for each ratio, and no significant deviation from the 1:2:1 ratio was detected. The significant p value was cor-

rected by the fdr method.

ll
OPEN ACCESS

iScience
Article
Limitation of the study

The number of markers introduced by mutagenesis is relatively low, limiting the resolution at which COs can be detected. For the same

reason, multiple crossovers and crossovers close to chromosome ends could be missed.
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M.R., Duitama, J., and Thevelein, J.M. (2016).
Genomic saturation mutagenesis and
polygenic analysis identify novel yeast genes
affecting ethyl acetate production, a non-
selectable polygenic trait. Microb. Cell 3,
159–175.

62. Rowan, B.A., Patel, V., Weigel, D., and
Schneeberger, K. (2015). Rapid and
inexpensive whole-genome genotyping-by-
sequencing for crossover localization and
fine-scale genetic mapping. G3 (Bethesda) 5,
385–398.

63. Ekwall, K., and Thon, G. (2017). Mating-Type
Determination in Schizosaccharomyces
pombe. Cold Spring Harb. Protoc. 2017.
pdb.top079772.

64. Wood, V., Gwilliam, R., Rajandream, M.A.,
Lyne, M., Lyne, R., Stewart, A., Sgouros, J.,
Peat, N., Hayles, J., Baker, S., et al. (2002). The
genome sequence of Schizosaccharomyces
pombe. Nature 415, 871–880.

65. Harris, M.A., Rutherford, K.M., Hayles, J.,
Lock, A., Bähler, J., Oliver, S.G., Mata, J., and
Wood, V. (2022). Fission stories: using
PomBase to understand
Schizosaccharomyces pombe biology.
Genetics 220, iyab222.

66. Wang, H., Xu, W., Sun, Y., Lian, Q., Wang, C.,
Yu, C., He, C., Wang, J., Ma, H., Copenhaver,
G.P., andWang, Y. (2020). The cohesin loader
SCC2 contains a PHD finger that is required
for meiosis in land plants. PLoS Genet. 16,
e1008849.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

EMS - ethyl methanesulfonate sigma M0880

Deposited data

Whole-genome resequencing data This study EMBL-EBI ArrayExpress:

E-MTAB- 12514 and E-MTAB-12516

Related code This study Zenodo/GitHub https://doi.org/10.5281/zenodo.8204099

Experimental models: Organisms/strains

Schizosaccharomyces pombe (h- leu1-32 ura4-D18) Paul Russell PR109

Schizosaccharomyces pombe (h+ leu1-32 ura4-D18) Paul Russell PR110

PR109 EMS mutagenized This study BLP49

PR109 EMS mutagenized This study BLP59

PR109 EMS mutagenized This study BLP64

PR110 EMS mutagenized This study BLP18

PR110 EMS mutagenized This study BLP23

PR110 EMS mutagenized This study BLP33

Software and algorithms

BWA v0.7.15-r1140 Li and Durbin55 https://github.com/lh3/bwa

Sambamba v0.6.8 Tarasov et al.56 https://github.com/biod/sambamba

inGAP-family Lian et al.57 https://sourceforge.net/projects/ingap-family/

Tandem Repeats Finder v4.09 Benson G.58 https://tandem.bu.edu/trf

mosdepth v0.3.3 Pedersen and Quinlan59 https://github.com/brentp/mosdepth

MADpattern v.1.1 Zhang et al. and White et al.12,50 https://github.com/mwhite4/MADpatterns

R v3.6.2 https://cran.r-project.org/

ggplot2 v3.4.0 https://ggplot2.tidyverse.org/

Pombe_Recombination-v1.0 This study https://doi.org/10.5281/zenodo.8204099

Other

Schizosaccharomyces pombe reference genome PomBase database https://www.pombase.org
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contacts Bertrand Llorente

(bertrand.llorente@inserm.fr) and Raphael Mercier (mercier@mpipz.mpg.de).

Materials availability

S. pombe stains generated in this study will be distributed upon request.

Data and code availability

d The raw sequencing data can be accessed in EMBL-EBI ArrayExpress under the accession numbers E-MTAB-12514 https://www.

ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-12514 and E-MTAB-12516 https://www.ebi.ac.uk/biostudies/arrayexpress/

studies/E-MTAB-12516.

d The list of identified COs and GCs can be found in Table S4. Accession numbers are listed in the key resources table.

d The related code is available at Zenodo/GitHub https://doi.org/10.5281/zenodo.8204099

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Strain construction, mating, growth conditions and tetrad dissection

Media andmethods for studying andmutagenizing S. pombewere as described in.60 S. pombe strains PR109 (h-leu1-32 ura4-D18) and PR110

(h+ leu1-32 ura4-D18) were used for three successive rounds of mutagenesis with ethylmethane sulfonate mutagenesis (EMS from Sigma)

based on.61 Briefly, S. pombe cells were inoculated in liquid YESmediumovernight at 32�C, diluted to 2-53 10exp6 cells/ml the nextmorning

and grown for 6 h. Next, cells were resuspended in liquid EMM at 13 10exp8 cells/ml and 1 mL was treated or not with 20 mL of EMS (i.e., 2%

final) for 3 h in 10mL tubes at 32�C.Next, cells were washed three times with 5mL of EMM, resuspended in 1mL of EMM, plated on YES plates

and incubated at 32�C until individual colonies formed. After such EMS treatment, cell viability was estimated by plating untreated cells and

was around 20%. Five independent clones of the first round of mutagenesis were randomly chosen to be at the root of two subsequent similar

rounds of mutagenesis. Each clone used showed normal colony size and was checked for its ability to mate and sporulate without further

phenotyping. To test sporulation, h+ and h-cells were mixed in water, plated on malt extract (3% weight/volume, Formedium ME medium)

supplemented with adenine (0.05 g/L), uracil (0.05 g/L), L-histidine (0.05 g/L) and L-leucine (0.05 g/L), incubated at 25�C and asci were

observed after 3 days. Eventually, five mutagenized clones from each of the PR109 and PR110 backgrounds were sequenced to identify

de novo mutations and determine the optimal combinations of mutation patterns for recombination analyses. Because not all the pairwise

crosses yielded good sporulation efficiencies (e.g., BLP59 x BLP23 gave relatively poor sporulation efficiency), we selected the following h-x

h+ crosses that showedgood sporulation efficiencies and dissected and sequenced the corresponding four-viable spores tetrads: BLP49 (A) x

BLP23 (I) (Pombe2_Tet), 29 tetrads; BLP59 (C) x BLP18 (H) (Pombe4_Tet), 30 tetrads and BLP64 (D) x BLP33 (K) (Pombe9_Tet), 33 tetrads. The

number of viable spores per tetradwas 94% for Pombe2_Tet out of 43 tetrads (34 four-viable spores tetrads, seven three-viable spores tetrads

and two two-viable spore tetrad), 95% for Pombe4_Tet out of 37 tetrads (30 four-viable spores tetrads, six three-viable spores tetrads and one

two-viable spore tetrad) and 95% for Pombe9_Tet out of 41 tetrads (33 four-viable spores tetrads, seven three-viable spores tetrads and one

two-viable spore tetrad).

Genomic DNA extraction and sequencing

S. pombe spores were grown to saturation in 1.6 mL of YESmedium at 32�C in 96-well plates (2 mL deep well plates). Cells were harvested by

centrifugation, washed oncewith TE and lyzed during 2 h at 37�Cusing 30 units of zymolyase in Y1Qiagen buffer. Sampleswere centrifuged at

2,700 g for 5min and supernatants were treatedwith 0.5mg/mL of RNaseA for 10min at room temperature. DNAwas next purified from these

lysates using the E-Z 96 Tissue DNAKit fromOmega Bio-tek following themanufacturer’s instructions except for DNAbinding to the columns

that was done by gravity flow instead of centrifugation. The sequencing library was then prepared for 2 3 150 bp HiSeq 3000 Illumina

sequencing.62 The Mendelian segregation of the mating type locus in each tetrad was verified by PCR as in.63

METHOD DETAILS

High quality EMS-induced mutation marker calling

The reference genome and genomic annotations of the fission yeast Schizosaccharomyces pombe were downloaded from the PomBase

database (https://www.pombase.org).64,65 The whole genome resequencing short reads of parental samples of the three independent pop-

ulations (Pombe2_Tet, Pombe4_Tet and Pombe9_Tet, Table S2) were aligned to the reference genome using BWA v0.7.15-r114055 with the

default parameters. A command set of Sambamba v0.6.856 was used to format the read alignment file. The variant calling and filtering pro-

cesses were largely performed following a previously described pipeline.45,57,66–68 First, variations were called for each individual parental

sample by inGAP-family.57 Then, non-allelic, low-quality and artificial variants were selected and filtered by checking the effects of tandem

repeats, small indels and structural variations predicted by Tandem Repeats Finder v4.0958 and inGAP-family, separately. Finally, mutations

(G to A and C to T) specific to each parental genome were kept as high-quality markers (Table S3) for subsequent analysis.

Identification of meiotic recombination events

The sequencing reads of the 92 tetrads (Table S1) were aligned to the reference genome by BWA and then formatted by Sambamba as

described before. The sequencing depths weremeasured usingmosdepth v0.3.359 with ‘‘-n –fast-mode –by 100’’. For each spore, high-quality

mutation markers were genotyped by inGAP-family. The sequencing depths, reads mapping ratio, the coveredmarker number and the allele

frequency of mutation markers were estimated and examined to remove potentially contaminated and problematic samples (Table S1). Two

tetrads (Pombe9_Tet_10 and Pombe9_Tet_14) were discarded, because more than one problematic spore was detected (Table S1). During

the genotyping process, markers that were not covered or poorly covered in only one of the four spores was imputed and re-genotyped

based on the segregation pattern. Meiotic CO events were defined as two (or more) nearby markers showing different genotype patterns

in the four spores and each flankingmarker having a segregation ratio of 2:2. GC events were identified asmarkers with 3:1 or 4:0 segregation

pattern among the four spores. For each tetrad, identified CO andGC events weremanually checked by visualization of themarker genotype

and chromosomal genotypes. For those unsolved double-CO events (Figure S5), which are two COs occurred within the interval of two adja-

cent markers and involve all four chromatids, and the pair of homolog chromosomes that CO occurred cannot be differentiated, these un-

solved DCOs were removed in the subsequent CO and chromatid interference analysis.

Sparse coverage and unreliable genotypingmay cause biased calling of COs. Therefore, we examined the effect of sequencing depths on

COdetection.We found that the resolution and numbers of detected COs were independent of sequencing depth (mean = 19.13, Pearson’s
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correlation coefficient, R = 0.03 and�0.03), suggesting sufficient sequencing depths and the absence of bias in CO identification among tet-

rads (Figures S3B and S14).
CO and chromatid interference analysis

To simulate the CO landscape in the absence of interference, COs were randomly sampled in the genomic range of first and last markers in

the population along chromosomes. To match the contribution of COs per chromosome and tetrad, we kept the exact same sample size in

the simulation. The distances between simulated COs were calculated as the observed dataset. The CoC analysis was performed usingMAD-

pattern v.1.1 (https://github.com/mwhite4/MADpatterns).12,50 For the chromatid interference analysis, the Chi-Square test of goodness-of-fit

was performed to evaluate the deviation from the random 1:2:1 ratio for each observed 2C:3C:4C ratio, using the chisq.test function (stats

v3.6.2 package) in R environment. Adjacent double COs were not included in the CO and chromatid interference analysis.
QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical details can be found in the figure legends. In Figures 2A–2D, 4B, S1B–S1E, and S13D–S13F, theMann–Whitney test was used. In

Figures 4E–4H, the Pearson’s correlation was performed. In Figures 2B, 4E–4H, S4, S7, S8, and S13J–S13M, the linear model was fitted. In

Figures 4C, S12, and S13G–S13I, the loess smoothing method was used. In Tables S1, S2, S10, S11, S12, S13, S14, S15, S16, and S17, the

Chi-Square test and goodness-of-fit was performed. The significant p value was corrected by the fdr method. R (v3.6.2) was used for data

processing and visualization.
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