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Abstract 25 

Meiosis is associated with genetic changes in the genome - via recombination, gene conversion, 26 

and mutations. The occurrence of gene conversion and mutations during meiosis may further 27 

be influenced by the chromatin conformation, in analogy to what is known for mutations during 28 

mitosis. To date, however, the exact distribution and type of meiosis-associated changes and 29 

the role of the chromatin conformation in this context is largely unexplored. Here, we determine 30 

recombination, gene conversion, and de novo mutations using whole-genome sequencing of 31 

all meiotic products of 23 individual meioses in Zymoseptoria tritici, an important pathogen of 32 

wheat. We could confirm a high genome-wide recombination rate of 65 cM/Mb and see higher 33 

recombination rates on the accessory compared to core chromosomes. A substantial fraction 34 

of 0.16% of all polymorphic markers was affected by gene conversions, showing a weak GC-35 

bias, and occurring at higher frequency in regions of constitutive heterochromatin, indicated by 36 

the histone modification H3K9me3. The de novo mutation rate associated with meiosis was 37 

approx. three orders of magnitude higher than the corresponding mitotic mutation rate. 38 

Importantly, repeat-induced point mutation (RIP), a fungal defense mechanism against 39 

duplicated sequences, is active in Z. tritici and responsible for the majority of these de novo 40 

meiotic mutations. Our results indicate that the genetic changes associated with meiosis are a 41 

major source of variability in the genome of an important plant pathogen and shape its 42 

evolutionary trajectory.  43 
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Importance 44 

The impact of meiosis on the genome composition via gene conversion and mutations is mostly 45 

poorly understood, in particular for non-model species. Here, we sequenced all four meiotic 46 

products for 23 individual meioses and determined the genetic changes caused by meiosis for 47 

the important fungal wheat pathogen Zymoseptoria tritici. We found a high rate of gene 48 

conversions and an effect of the chromatin conformation on gene conversion rates. Higher 49 

conversion rates were found in regions enriched with the H3K9me3 – a mark for constitutive 50 

heterochromatin. Most importantly, meiosis was associated with a much higher frequency of de 51 

novo mutations than mitosis. 78% of the meiotic mutations were caused by repeat-induced 52 

point mutations – a fungal defense mechanism against duplicated sequences. In conclusion, 53 

the genetic changes associated with meiosis are therefore a major factor shaping the genome 54 

of this fungal pathogen. 55 

  56 
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Introduction 57 

Meiosis is an important mechanism of genome evolution as it generates genetic variability for 58 

selection to act upon. Since all changes to the genome that occur prior to and during meiosis 59 

are potentially affecting the germline, meiosis is a pivotal mechanism in shaping the 60 

evolutionary trajectory of sexually propagating species. Three major classes of genetic changes 61 

are associated with meiosis; i) recombination, ii) gene conversion and iii) meiotic mutations.  62 

Recombination is the reciprocal exchange of information between homologous chromosomes 63 

during meiosis (1). Canonical meiosis is initiated by the formation of double-strand breaks 64 

(DSBs) by the topoisomerase-like protein Spo11 at many genomic locations (2, 3)⁠⁠. Indeed, 65 

these DSBs, which are resected to generate single-stranded DNA overhangs that can invade 66 

the homologous chromosome, are thought to guide chromosome pairing in many species (3, 67 

4). Most DSBs are repaired and resolved as non-crossover (NCO) events which in some 68 

occasions are associated with gene conversions, while few DSBs will be resolved to crossover 69 

(CO) events and the reciprocal exchange of larger chromosome portions between homologous 70 

chromosomes (4–8). Interestingly, recombination rates, i.e. the rate of reciprocal exchanges of 71 

chromosome sections during meiosis, vary considerably between species (9, 10). The highest 72 

CO frequencies are found in fission yeast where an average of 11-19 COs per chromosome 73 

pair by far exceed the minimum of one crossover event per chromosome considered to be 74 

required for proper chromosome pairing and segregation in most species (11). Recombination 75 

rates also vary along chromosomes, with crossovers occurring in hotspots (12, 13) and being 76 

mostly absent in centromeric regions (14, 15). Where crossovers are occurring seems to be 77 

affected by the synaptonemal complex, a protein structure that forms along meiotic 78 

chromosomes, as well as the chromatin structure that appears to influence the location of the 79 
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DSBs (9). Accessible chromatin appears to be a hotspot for DSBs, as shown in Saccharomyces 80 

cerevisiae where DSBs are primarily located within regions of accessible chromatin generally 81 

found at gene promotors (16). Generally, heterochromatic marks are associated with lower 82 

recombination rates, while euchromatic marks are associated with elevated recombination 83 

rates (3, 9, 17–20). During the last decade, the use of population data for the determination of 84 

recombination rates became feasible based on the rapidly increasing availability of whole 85 

genome sequencing data (21–24). However, progeny analysis and tetrad analysis are still 86 

required to analyze all the genetic processes associated with crossover events.  87 

 88 

Gene conversion is also one of the possible outcomes of DSB formation and resolution during 89 

meiosis, but, in contrast to recombination, gene conversion directly affects the allele frequency. 90 

Gene conversion describes the non-reciprocal (i.e. unidirectional) transfer of a sequence from 91 

one locus (the donor) to a different genetic locus (the acceptor) (25). Gene conversions can 92 

either be interallelic or non-allelic (also called interlocus). The first will result in changes in the 93 

allele frequency while the latter is (next to unequal crossovers) involved in gene duplication, 94 

gene expansion, and homogenization of gene families and has for example been observed in 95 

gene families involved in host-pathogen interactions (25–28). Gene conversion is initiated by 96 

DSBs, followed by resection of the DSB end and the invasion of the single-stranded tail into 97 

homologous sequences. Sequence differences between the two homologous sequences will 98 

result in partially mismatched heteroduplex DNA (5, 25, 29). If the mismatch is repaired using 99 

the information of the invading DNA the acceptor allele will be changed to the donor allele and 100 

hence result in gene conversion as manifested by a 3:1 rather than 2:2 segregation pattern in 101 

the resulting products of a single meiosis – a tetrad. Heteroduplex DNA and repair also occur 102 

during crossover (CO) events and hence gene conversions can be categorized into those 103 
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associated with CO (CO-GC) and those associated with non-crossover NCO (NCO-GC) (29). 104 

Rates of gene conversion vary considerably between species (30, 31) which appears to be 105 

mainly influenced by the tract length (i.e. the length of the sequence containing converted 106 

markers) and recombination rates (5, 31, 32). Gene conversion in some species seems to be 107 

GC-biased, probably caused by the GC-biased repair of A:C and G:T in the heteroduplex DNA 108 

(33, 34) which is assumed to have important consequences on the equilibrium GC content of 109 

genomes (31, 35). Biased gene conversion may however not be universally important as it was 110 

found not to occur in some fungi as well as in some plant and algae species (21). Although 111 

chromatin configuration and hence the histone modifications are assumed to affect the rate of 112 

gene conversions, such an association was so far not identified. 113 

 114 

Finally, meiosis is also associated with mutations that occur before or during meiosis. Since 115 

mutations on average are considered to be deleterious, mutation rates, in general, are low but 116 

can also differ greatly between species (36). Meiosis-associated mutation rates, in turn, can 117 

differ greatly from the corresponding mitotic mutation rate in the same species indicating 118 

different mechanisms and/or constraints. For example, the germline mutation rate in humans 119 

and mice is 1.2 x 10-8 or 5.7 x 10-9 per nucleotide per generation, respectively, two orders of 120 

magnitude lower than the corresponding mitotic mutation rate (10, 37, 38). Here, germline 121 

mutations might be linked to DSBs and their repair (39) with a higher number of mutations 122 

occurring in the vicinity of recombination events (40). Estimates of meiosis-associated mutation 123 

rates in different fungal species also vary considerably. In S. cerevisiae, the meiosis-associated 124 

mutation rate is 8 × 10-8 per bp per cell generation (39)⁠, much higher than the mitotic mutation 125 

rate of 3.3 x 10-10 per bp per cell division (41). In Neurospora crassa, the meiosis-associated 126 

mutation rate is very high at 3.38 × 10−6 per bp per generation (42) contrasting with a much 127 
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lower mitotic mutation rate of 6.7 x 10-10 per bp per cell division (43). Interestingly, this extremely 128 

high meiotic mutation rate in N. crassa is caused by repeat-induced point mutation (RIP), a 129 

fungal defense mechanism against duplicated sequences (44, 45)⁠. RIP is restricted to haploid 130 

parental nuclei just prior to karyogamy and meiosis and acts on duplicated sequences of a 131 

minimum length of 400 bp length in N. crassa (46–48). Once recognized both duplicated 132 

sequences will be mutated in a C→T manner (46–48) and RIP can sometimes leak into 133 

adjacent non-repetitive regions (49, 50)⁠. RIP signatures have been detected in the genomic 134 

sequences of many fungi, however, active RIP was experimentally confirmed only in a few 135 

fungal species (42, 51)⁠. Hence, there is a growing body of evidence that suggests that the 136 

mutational processes prior to and during meiosis differ from those during mitosis. In fungi, the 137 

meiotic mutation rate appears to be higher than the mitotic mutation rate which for some fungi 138 

is assumed to be the result of RIP. 139 

 140 

Here, we use tetrad analysis to determine genetic changes associated with meiosis in the 141 

ascomycete fungus Zymoseptoria tritici, a pathogen of wheat. The haploid genome of Z. tritici 142 

comprises 13 core chromosomes and a set of smaller accessory chromosomes (52). These 143 

non-essential accessory chromosomes carry a fitness cost (53), are enriched in the facultative 144 

heterochromatin mark H3K27me3 (54), and show a meiotic drive (55). The availability of 145 

complete tetrads for Z. tritici allows us here to address all three major classes of genetic 146 

changes associated with sexual reproduction. In particular, the frequency and distribution of 147 

mutations associated with sexual reproduction are unknown although Z. tritici has an asexual 148 

and a sexual reproductive cycle with the latter being the main source of the primary inoculum 149 

during the initial stages of the infection (56). The mitotic mutation rate in Z. tritici has been 150 
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determined experimentally by mutation accumulation experiments at 3.2 x 10-10 per bp per 151 

mitotic cell division (57), which is similar in other fungi (41, 43). Although histone modifications 152 

affect the mitotic mutation rate of Z. tritici (57, 58) it is unknown if the distribution of meiotic 153 

recombination events, gene conversion, and meiosis-associated mutations are also influenced 154 

by these histone modifications. Finally, although the genome of Z. tritici shows signatures of 155 

RIP (59), RIP has so far not been demonstrated experimentally and the efficacy of this 156 

mutational mechanism in this pathogen is not known. Given the fact that 18.6 % of the genome 157 

of Z. tritici is represented by TEs it is plausible that RIP is less efficient in Z. tritici than in N. 158 

crassa or fails to recognize some duplicated regions (60). Here we study all major classes of 159 

meiosis-associated genetic changes in Z. tritici by analyzing whole genomes sequences of 160 

complete tetrads to, i) estimate recombination and gene conversion rates for core and 161 

accessory chromosomes; ii) determine the association between recombination and gene 162 

conversions with chromatin modifications; and iii) estimate meiotic mutation rates in Z. tritici. 163 

The use of tetrads allowed us to detect and describe the effects of active RIP and generate a 164 

fine-scale map of recombination and gene conversion events and its association with chromatin 165 

modifications.  166 
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Results 167 

Accessory chromosomes show higher recombination rates 168 

To determine the distribution of recombination events during meiosis in Z. tritici, we used previously 169 

published tetrads and obtained whole genome sequences for the tetrad progenies (61). To this end, we 170 

included 23 tetrads comprising four ascospore isolates, totaling 92 genomes. An average of 118772 171 

SNPs (0.3% of all analyzed genomic sites) per tetrad was used for the analysis (see Materials and 172 

Methods). From this data, we identified individual recombination events with the CrossOver tool from 173 

the Recombine package (62) and calculated the recombination rate. A total of 1138 crossover events 174 

were observed, resulting in a genome-wide recombination rate of 65 cM/Mb consistent with previously 175 

published estimates of the recombination rate in this fungus. Intriguingly, the recombination rate was 176 

significantly higher on accessory chromosomes (92.7 cM/Mb) than on the core chromosomes (62.6 177 

cM/Mb) (Fig 1A, Fig S1A, Table S1A-B). The recombination rate was negatively correlated with the 178 

chromosome length (Pearson’s R=-0.76, p=0.00017) (Fig 1B) but the absolute number of crossovers 179 

per chromosome was positively correlated with the chromosome length (Pearson’s R=0.96, p=6.2 x 10-180 

11) (Fig S1B). When correlating the recombination rates with regions enriched in heterochromatin marks 181 

we found that regions enriched in heterochromatin marks (H3K27me3 or H3K9me3) were associated 182 

with higher recombination rates whereas the euchromatin marks H3K4me2 did not show a higher 183 

recombination rate than regions lacking all three marks (Fig S1C). 184 

To further assess the variation in recombination rate across the genome, we estimated the 185 

recombination rates in 20 kb non-overlapping windows. We defined hotspots as those 20 kb windows 186 

that showed a significantly (p-value<0.001) higher number of recombination events than expected by 187 

the Poisson distribution and identified a total of 52 recombination hotspots. Recombination rates per 188 

window were highly variable, ranging from 0 to 1196 cM/Mb (Fig S2). We conclude that recombination 189 

varies considerably across the genome, occurs in hotspots, and is higher on the accessory than on the 190 

core chromosomes. We considered the relevance of high recombination rates with regard to gene 191 

evolution and correlated the recombination map with the coordinates of protein-coding genes. In total, 192 
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we observed 376 genes in the CO hotspots. From the 376 genes observed in the CO hotspots, six 193 

encode for effector candidates and nine genes encode CAZymes (Table S1C) which are each gene 194 

categories with a putative relevance in the pathogenicity of the fungus.  195 
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 196 

Fig 1. Comparison of gene conversion rates and recombination rates for different genome 197 

compartments for 23 complete tetrads. A Recombination rates for the genome and on core and 198 

accessory chromosomes. B Correlation between recombination rate and chromosome length. C Gene 199 

conversion rates for the genome and core and accessory chromosomes. D Violin plot of non-crossover 200 
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associated gene conversions (NCO-GCs) and crossover associated gene conversions (CO-GCs) tract 201 

lengths detected in the study. The tract lengths of the gene conversion events spanning TEs are not 202 

shown. A, C p-values of paired Wilcoxon test are shown (*p < 0.05, **p < 0.005, ***p < 0.0005).  203 

 204 

High gene conversion rates are more uniformly distributed within the genome 205 

The genomes of ascospore progenies resulting from one meiotic event provided us with a unique 206 

opportunity to characterize the location and distribution of gene conversion events. We, therefore, 207 

identified gene conversion events along the genome and compared the gene conversion rate for 208 

different genomic compartments. We identified a total of 890 gene conversion events comprising 712 209 

associated with non-crossover events (Non-crossover Gene Conversion NCO-GC: 80%) and 178 210 

associated with crossover events (Crossover Gene Conversion CO-GC: 20%) (Table S2A). We 211 

distinguished the gene conversion events on core and accessory chromosomes of Z. tritici and found 212 

that 755 gene conversion events were located on core and 135 on accessory chromosomes (Table S2B). 213 

We next explored the general patterns of converted SNPs. We observed a weak GC-bias in the gene 214 

conversions (binomial test, p=0.0215, Fig 2A). Based on genome-wide SNPs identified among the 215 

ascospore isolates we found that the genome-wide gene conversion rate was 1.6 x 10-3 per SNP (Fig 216 

1C, Table S2B). Hence, the gene conversion rate was significantly higher on the accessory 217 

chromosomes compared to the core chromosomes (paired Wilcoxon signed rank test, p-value=1.0 x 10-218 

3) (Fig 1C, Fig 2B). Tract length is considered to be one of the main determinants of gene conversion 219 

rates, therefore, we estimated the median conversion tract length for both types of gene conversion 220 

events. The median tract length for non-crossovers (NCO-GC) was 539 bp, and 432 bp for gene 221 

conversions associated with crossovers (CO-GC), respectively (Fig 1D).  222 

In the same way as we characterized the distribution of recombination hotspots along the fungal 223 

genomes, we used the map of gene conversion events to identify regions with exceptionally high gene 224 

conversion rates, here defined as gene conversion hotspots. First, to assess the distribution of gene 225 

conversion, we divided the genome into 20 kb overlapping windows and calculated the number of gene 226 

conversion events in each window, and hereby we identified 32 gene conversion hotspots with p-227 
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value<0.001 defined by the Poisson distribution (Fig S3). Of the 145 genes in the gene conversion 228 

hotspots two genes encode for effector candidates and seven genes encode for CAZymes (Table S2C), 229 

and we consider the increased rate of gene conversion in these putative pathogenicity-related genes as 230 

a putative mechanism of rapid adaptive evolution. Taken together, the ascospore population allowed us 231 

to precisely map and characterize gene conversion events in Z. tritici. We found that rates of gene 232 

conversion showed less variation across the genome than recombination rates however with both being 233 

higher on accessory chromosomes than on core chromosomes. 234 

 235 

Fig 2. Gene conversion rate per chromosome, GC-biased gene conversion, and correlation between 236 

gene conversion rates and histone modifications. A GC-biased gene conversion in Z. tritici. The stacked 237 

barplot shows the proportion of AT to GC converted markers and the proportion of GC to AT converted 238 

markers. Binomial test p-values are shown (*p < 0.05, **p < 0.005, ***p < 0.0005). B Gene conversion 239 

rate per chromosome is calculated as the proportion of converted markers from the total number of 240 

markers on the respective chromosome. The numbers above box plots show the number of tetrads with 241 

gene conversion detected on the respective chromosome. Box plots display center line, median; box 242 

limits, upper and lower quartiles; whiskers, 1.5x interquartile range; points, rate per tetrad C Correlation 243 

between gene conversion rates and chromatin modifications. The gene conversion rate is calculated as 244 

the number of converted markers per region divided by the total number of markers in the region. The 245 

presence/absence of the specific chromatin modification (H3K4me2, H3K9me3, or H3K27me3, 246 

respectively) in the genomic compartment is depicted with +/- in the table below the x-axis. χ2-test p-247 

values are shown (*p < 0.05, **p < 0.005, ***p < 0.0005). 248 

  249 
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Gene conversion rates are higher in regions enriched in heterochromatin modifications 250 

Previous studies in chicken B-cell lines have identified a correlation of chromatin structure with gene 251 

conversion (63) but detailed analysis of the effect of specific histone modifications is mostly missing. 252 

Thus, to investigate the potential effect of histone modifications on the rate of gene conversion in Z. tritici, 253 

we conducted a correlation analyses of maps of histone modifications and gene conversion rates. We 254 

focused on three histone marks which have been previously well characterized in Z. tritici using 255 

chromatin immunoprecipitation of antibodies targeting specific histone modifications followed by 256 

sequencing (ChIPseq): the euchromatin mark H3K4me2, the constitutive heterochromatin mark 257 

H3K9me3 and the facultative heterochromatin mark H3K27me3 (54) (Fig 2C, Table S3). Importantly, we 258 

excluded TEs from the full-factorial analysis of gene conversions and therefore regions enriched with 259 

H3K9me3 and H3K27me3 in this analysis are not associated with TEs.  260 

Our analyses show that higher gene conversion rates associate with regions enriched in 261 

heterochromatin marks, particularly in regions solely enriched with H3K9me3 as well as in regions 262 

enriched with both H3K9me3 and H3K27me3 (Fig 2C). The median gene conversion rate in the regions 263 

enriched with H3K9me3 was 3 x 10-2 per converted marker per tetrad per meiosis and the median gene 264 

conversion rate in H3K9me3 and H3K27me3 regions was 1.3 x 10-2 per converted marker per tetrad per 265 

meiosis. Genome regions not enriched with either of the three histone marks H3K4me2, H3K9me3, and 266 

H3K27me3 showed the lowest gene conversion rate of 0.9 x 10-3. In summary, the histone maps allowed 267 

us to reveal that repressive heterochromatin modifications, especially H3K9me3 are associated with 268 

higher gene conversion rates in Z. tritici. 269 

 270 

The majority of meiotic mutations are caused by RIP 271 

Recombination and gene conversion as well as meiosis and meiosis-associated processes themselves 272 

are considered to be mutagenic. Hence, we asked to which extent de novo mutations had occurred in 273 

the ascospore progenies. These mutations are distinguished by being absent in both of the parental 274 

strains, but present in the ascospores of the tetrad. Meiotic mutation rates often differ from mitotic 275 
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mutation rates and are associated with recombination or pre-meiotic processes. We observed a total of 276 

526 de novo mutations that were absent in both of the parental strains for the ascospores of the 23 277 

tetrads. Hence, through the sexual cycle, there were on average, 22.9 mutations per genome per 278 

generation, resulting in a mutation rate of 5.7 x 10-7 mutations per bp per generation (Fig 3 A, Table S4). 279 

Of these mutations that originated from the sexual cycle, 242 (42%) resided in one particular region that 280 

clearly stood out as we mapped meiotic SNP along the genome. This high number of SNPs located in 281 

a 14001 bp region on chromosome 3 (Fig 3A-C). Every one of the 242 mutations in this region on 282 

chromosome 3 was a CG:TA transition. As we further inspected this region, we noted that the 14 kb 283 

region spanning 1668370 bp to 1682371 bp on chromosome 3 showed an increased sequencing 284 

coverage corresponding to a duplication of the region relative to chromosome 3 in the parent IPO94269 285 

(Fig 3B). This means that this duplication on chromosome 3 was present in all 23 meioses and could 286 

possibly be identified by RIP, a genome defense mechanism against such duplicated regions (45). A 287 

high number of transitions in a duplicated region is the hallmark of such active RIP. Indeed, the high 288 

number of mutations in the duplicated region and the fact that all of these mutations are CG:TA 289 

transitions indicates active RIP in Z. tritici. Interestingly, the duplicated region on chromosome 3 showed 290 

RIP mutations in only ten of the 23 tetrads, indicating that in the remaining 13 tetrads this duplicated 291 

region was either not detected or not acted upon by RIP (Fig S4 A). 292 

 293 

We further addressed to which extent de novo mutations could be the result of meiosis-associated RIP. 294 

Hereby we found that 172 of the meiotic de novo mutations (32% of all de novo mutations) were detected 295 

in transposable elements (Fig 3C), and 166 of these 172 mutations (96.5%) were CG:TA transitions; the 296 

putative signature of RIP. To examine whether these mutations were also most likely caused by RIP we 297 

determined which class of transposable elements was affected. Of the 172 de novo mutations in TEs 298 

152 (88.3%) were located in Class I transposons, which replicate via an RNA intermediate and are also 299 

referred to as copy-and-paste transposons (64–66). Of these 152 mutations in Class I transposons 300 

(LINE (long interspersed nuclear elements) and LTR (long terminal repeats)) 146 were CG:TA transitions 301 
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with five TA:GC transitions and one G→C transversion, whilst only eleven CG:TA transitions occurred 302 

in Class II transposable elements (Fig 3D). Class II TEs are referred to as cut-and-paste transposons, 303 

which are excised and moved to new locations in the genome and hence do not create repeated 304 

sequences (65). The mutation rate in Class I (copy-and-paste) TEs is 1.3 x 10-6 per bp per generation 305 

compared to 2.8 x 10-7 per bp per generation for Class II (cut-and-paste) TEs with the vast majority of 306 

the de novo mutations showing RIP-like CG:TA transitions.  307 

 308 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 1, 2022. ; https://doi.org/10.1101/2022.11.30.518637doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.30.518637
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

17 

 309 

Fig 3. Genome-wide distribution of de novo mutations associated with meiosis in Z. tritici. A Circosplot 310 

of the meiotic SNPs distribution in the genomic features of Z. tritici (orange lines represent TEs; blue 311 

dots-meiotic SNPs outside the TEs; lilac dots meiotic SNPs inside the duplication on chromosome 3; 312 

green dots represent meiotic SNPs inside of the TEs). B RIP-like mutations in the duplicated 14 kb 313 

region on chromosome 3. The upper line graph shows the difference in normalized coverage between 314 

the IPO323 and the IPO94269 parent in the region on chromosome 3. The distributions of mutations in 315 

the duplicated chromosome 3 region and 10 kb upstream and downstream regions are shown in the 316 

lolliplot below the line graph. The start and the end on the x-axis of the lolliplot designate the start and 317 

the end of the duplicated region. Rectangles in different colors depict the genes located in this region. 318 

Each lollipop represents a single mutation. C Number of meiotic mutations in and out of the RIP active 319 

regions represented as their relative frequencies. CG:TA transitions are colored in lighter blue, and 320 

TA:CG transitions and transversions are colored in red. Fisher exact test p-values are shown (*p < 0.05, 321 

**p < 0.005, ***p < 0.0005). D Number of de novo mutations in different classes and families of repeats 322 

(light yellow-long interspersed nuclear element (LINE); dark yellow-long terminal repeats (LTR); marine 323 

blue-HELITRON, dark blue-tandem inverted repeats (TIR); white-noCat). E Distribution of meiotic SNPs 324 

along TEs. Each TE was divided into 40 equal windows. Each black rectangle on the x-axis represents 325 

a window inside a TE representing 2.5% of the TE length. Beige rectangles represent windows in the 326 

regions directly adjacent to TEs. Dots above rectangles represent one mutation in each window (yellow 327 

dots-AT:GC transitions; blue dots-CG:TA transitions, red dots-transversions)328 

 329 

Investigations in a few other ascomycete fungi have provided evidence that RIP can affect the 330 

vicinity of duplicated regions by “leakage” of mutations into these non-repeated regions (49, 331 

50). Based on these previous studies, we here also asked if RIP mutations would be present in 332 

regions adjacent to TEs. We subdivided each TE into 40 equally sized windows (average 333 

window size = 71bp) as well as the two adjacent regions into 20 windows each (window size = 334 

71 bp) and counted the number of de novo mutations in each of these windows. This approach 335 

allowed us to show that RIP mutations were not equally distributed along TE sequences. Within 336 

TEs the most distal windows showed the highest number of de novo mutations whereas the 337 

more central sequences were less likely to be mutated. In regions adjacent to the TEs a much 338 

lower number of mutations occurred compared to the TE sequences, but RIP-like CG:TA 339 

transitions were more frequent. It, therefore, appears that a low amount of leakage does occur 340 

in the vicinity of RIP-mutated TEs. Only 21.3% (112 mutations) of all de novo mutations were 341 

located in the regions outside of the transposable elements and the 14 kb region on 342 
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chromosome 3. These de novo mutations in non-TE and non-duplicated regions comprised a 343 

significantly higher proportion of TA:CG transitions and transversions (22.3%) (Fig 4E).  344 

The segregation pattern of the de novo mutations varied between the different compartments 345 

with those in TEs showing a higher proportion of 1:3 segregation (Fig S4 B) than those in the 346 

14kb duplication or the mutations outside TEs. The segregation pattern of de novo mutations 347 

can indicate at what stage a DNA lesion or mismatch may have occurred and at what stage this 348 

lesion or mismatch (possibly caused by RIP) was resolved. A 2:2 segregation indicates that the 349 

mismatch was resolved prior to the replication cycle of the meiosis, while a 1:3 segregation 350 

indicates that the mismatch was resolved only during replication or later. Hence the higher 351 

proportion of 1:3 segregation pattern observed in the TEs could indicate a delayed resolution 352 

of the mismatches introduced by RIP in the heterochromatic TEs compared to the resolution in 353 

other genomic compartments. In summary, RIP has been proposed to be an important player 354 

in the genome evolution of Z. tritici. However, this is the first experimental evidence for active 355 

RIP in this fungus and we observed that the large duplication was not always mutated by the 356 

RIP mechanism and that the total number of mutations introduced by RIP was low - leaving 357 

many cytosines in the duplicated regions unaffected - which together could indicate a low 358 

efficiency of RIP in Z. tritici.  359 
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Discussion 360 

Here we used tetrad analysis to estimate recombination rates, gene conversion rates, and de novo 361 

mutation rates associated with meiosis from 23 individual meioses in Z. tritici. The ability to dissect 362 

genetic events in individual ascospore progenies isolated from tetrads provided us with highly precise 363 

maps of meiosis-associated changes along the fungal genome. Our results show i) higher gene 364 

conversion rates and recombination rates on accessory chromosomes compared to core chromosomes, 365 

ii) a correlation of recombination rates and gene conversion rates with histone marks associated with 366 

heterochromatin, and iii) elevated de novo mutation rates during sexual reproduction caused by active 367 

RIP and RIP-mutations leaking into regions adjacent to duplications.  368 

  369 

Our dissection of recombination events during individual meiotic events allows us to confirm the 370 

previously reported high recombination rates in Z. tritici - on average 65 cM/Mb. Interestingly, 35 of the 371 

52 recombination hotspots detected in this study overlapped with previously reported recombination 372 

hotspots in Z. tritici, which used distinct isolates from Switzerland, indicating that recombination hot 373 

spots may be determined by certain domains or conserved marks along the genome (22). In contrast to 374 

previous studies based on population genomic data (21), we show that the rate of recombination in fact 375 

is higher on accessory chromosomes compared to core chromosomes (92.7 cM/Mb and 62.6 cM/Mb, 376 

respectively) and negatively correlated with chromosome size. Hence, our results are in line with the 377 

general observation that smaller chromosomes tend to have higher recombination rates (67). Earlier 378 

population-based recombination rate studies in Z. tritici showed, however, lower recombination rates as 379 

computed as rho for accessory chromosomes (rho = 0.001) than on core chromosomes (rho=0.024) 380 

(21). Rho is the product of the actual recombination rate and the effective population size Ne, and we 381 

speculate that the discrepancy in recombination rate measures may reflect the lower effective population 382 

size of the accessory chromosomes compared to the core chromosomes (21). Intriguingly, we could not 383 

identify any crossovers on an accessory chromosome in nine instances, despite the presence of the 384 
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respective homologous chromosomes. A minimum of one crossover per homologous chromosome pair 385 

is considered to be required for proper segregation of the homologous chromosomes (4, 68). Indeed, in 386 

four of these nine instances, we observed such segregation errors. However, in the remaining five 387 

instances the accessory chromosomes properly segregated despite the absence of crossovers. Hence, 388 

we conclude that crossovers are not essential for proper chromosome segregation in Z. tritici. spo11 389 

deletion mutants in S. cerevisiae and Sordaria macrospora were previously used to observe the 390 

consequences of the absence of DSBs and recombination on the segregation of chromosomes during 391 

meiosis. In these fungal species the absence of DSBs and recombination caused widespread 392 

chromosome segregation errors highlighting the importance of recombination for proper segregation 393 

(69, 70). The relatively high frequency of properly segregated, non-recombined chromosomes in Z. tritici 394 

indicates the presence of a non-recombination-dependent segregation system which might also be 395 

involved in the meiotic drive system of the accessory chromosomes in Z. tritici (61). 396 

 397 

We predict that high levels of gene conversions in Z. tritici can affect allele frequencies to a higher extent 398 

than recombination and thereby shape genome composition. The genome-wide gene conversion rate 399 

of 1.6 x 10-3 per SNP identified in our study is approx. twenty times lower than the genome-wide gene 400 

conversion rate in S. cerevisiae (3.8 x 10-2 per SNP) (30, 31) but approx. an order of magnitude higher 401 

than the genome-wide gene conversion rate in N. crassa (0.7 – 2.2 x 10-4 per SNP) (30, 31). The 402 

variation in the gene conversion rate between species might be influenced by tract length and 403 

recombination rate since gene conversion is positively correlated with both characteristics (31, 32, 34). 404 

Our data confirm this since Z. tritici has shorter NCO-GC and CO-GC tract lengths and lower 405 

recombination rates (539 bp, 432 bp, and 65 cM/Mb, respectively) than S. cerevisiae (1681 bp, 1841 406 

bp, and 375 cM/Mb) (31). N. crassa in turn shows longer NCO-GC tract lengths but shorter CO-GC tract 407 

lengths and a lower recombination rate (950 bp, 284 bp, and 20 cM/Mb, respectively) than Z. tritici (31). 408 

Similar to recombination, accessory chromosomes have higher gene conversion rates than the core 409 

chromosomes. The smaller size of accessory chromosomes in contrast to core chromosomes could 410 
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influence the gene conversion rate on accessory chromosomes since smaller chromosomes tend to 411 

have higher rates of gene conversion (31).  412 

 413 

We identified a strong association between chromatin modifications and recombination and gene 414 

conversion rates. We speculate that this could be caused by two non-exclusive mechanisms: The impact 415 

of histone modifications on the location of DSBs and or its effect on DSB and heteroduplex repair. 416 

Although a direct correlation between DSB formation and H3K4me3 has been shown in S. cerevisiae 417 

(16) the underlying causality of this correlation and to which extent the correlation also applies to other 418 

organisms is unclear (71, 72). Local chromatin conformation can influence how DSBs and heteroduplex 419 

DNA are repaired and thereby influence the later stages leading to recombination and gene conversion 420 

(73–75). In contrast to S. cerevisiae we see an association of heterochromatin as marked with H3K9me3 421 

and H3K27me3 with recombination in Z. tritici. Similarly, and again in contrast to the scenario in yeast, 422 

we observe that gene conversion rates are highest in heterochromatin regions in Z. tritici. This indicates 423 

that chromatin conformation might be affecting gene conversion primarily via its effect on DSB and 424 

heteroduplex repair. DSBs can be resolved by synthesis-dependent strand annealing (SDSA) resulting 425 

in a homologous recombination-mediated pathway and therefore NCO events (76, 77). Our results show 426 

elevated gene conversion rates in regions enriched in heterochromatin marks, primarily in H3K9me3. 427 

Several studies imply that H3K9 di- or trimethylated (H3K9me2/3) heterochromatin is promoting 428 

homologous recombination (HR) (77–81)⁠. The formation of the DNA double-strand promotes the 429 

stabilization of the chromatin structure by H3K9me3 and activates DSB-signaling proteins (82). The role 430 

of H3K9me3 in promoting homologous recombination could imply that the correlation between 431 

H3K9me3 and the gene conversion rate that we observed in our study is caused by the effect of 432 

H3K9me3 on recombination. However, 80% of the gene conversion events that we detected are 433 

associated with non-crossover events (NCO-GC). This indicates that the correlation of H3K9me3 and 434 

gene conversions is not caused by recombination but possibly by the effect of histone modifications on 435 

the repair of DSBs and heteroduplex DNA. In contrast to DSBs in regions enriched with H3K9me3 436 
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regions, DSBs in regions enriched with H3K27me3 are found to be frequently repaired by 437 

microhomology-mediated end joining (MMEJ), a non-homologous repair pathway that does not promote 438 

homologous recombination and therefore does not lead to gene conversion or crossover (83, 84)⁠. We 439 

find support for a similar effect of chromatin modifications on DSB repair in our study. Indeed, increased 440 

repair of DSBs via a non-homologous pathway in the H3K27me3-enriched regions could explain the 441 

reduction in the gene conversion rate in the regions enriched in both H3K9me3 and H3K27me3 regions 442 

(1.3 x 10-3 per SNP) in comparison to regions solely enriched in H3K9me3 (2.8 x 10-3 per SNP) observed 443 

here. In conclusion, we see indications that histone modifications could affect gene conversion rates 444 

mainly via their effect on the DSB and heteroduplex repair. 445 

 446 

De novo mutations associated with meiosis occured at a rate of 5.7 x 10-7 per bp per generation in 447 

Z. tritici which is approximately three orders of magnitude higher than the mitotic mutation rate (3.2 x 448 

10-10 per site per cell division) which we previously determined in a mutation accumulation experiment 449 

(57). Similarly, higher meiotic than mitotic mutation rates have been reported in other fungi like 450 

S. cerevisiae and N. crassa (39, 41–43). In N. crassa, the difference between mutation rates during 451 

mitosis and meiosis is mostly due to RIP, a fungal defense mechanism against duplicated DNA 452 

sequences that occurs in the haploid nuclei just prior to meiosis and that induces CG:TA transitions in 453 

duplicated sequences and transposable elements (42, 46). In Z. tritici signatures of past RIP have been 454 

found by analyses of genome data (59, 85), and here we can confirm that RIP is an active mechanism 455 

in Z. tritici. This is very evident as 77% of the de novo mutations associated with meiosis located in 456 

Class I transposable elements (copy-and-paste elements) and in the 14001 bp long region on 457 

chromosome 3 that is duplicated in the IPO94269 parent. Interestingly, RIP in Z. tritici is not consistently 458 

efficient in mutating duplicated sequences as we find that duplicated sequences in some of the tetrads 459 

were not mutated. Until now, RIP was experimentally demonstrated in only a few fungal species (86–460 

91)⁠, with lower efficiency in Leptosphaeria maculans and Podospora anserine compared to the highly 461 

efficient RIP in N. crassa (88, 92)⁠. We consider that variation RIP efficiency may be a more common 462 
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phenomenon that reflects a trade-off between the evolutionary costs of the mutations introduced by RIP 463 

and the evolutionary costs of TEs. 464 

 465 

We find that Class I (copy-and-paste) TEs show a much higher RIP mutation rate than Class II (cut-and-466 

paste). This observation is expected as the transposition mode of the Class I TEs results in duplicated 467 

sequences that are recognized by the RIP machinery (64)⁠. Interestingly we find that the RIP mutations 468 

are not equally distributed along the TE sequences. The most distal windows comprising 5% of the 469 

length of the TEs comprise 35% of all de novo meiotic mutations that occurred within the TEs. This high 470 

frequency of de novo mutations at the ends of TEs for LINE transposons could be due to the mode of 471 

transposition of Class I transposons. For these transposons the reverse transcription of the RNA 472 

intermediate and the integration of the resulting DNA starts from the 3’end - usually the polyadenylated 473 

tail (93). This process of reverse transcription and integration is frequently found to be disrupted which 474 

results in only the terminal fragments of the LINE transposon becoming integrated into the target site 475 

(93) and thereby the terminal parts of LINE transposons are more likely duplicated. LTRs transposons 476 

contain terminal repeats of 200 bp to 500 bp in length and therefore already contain duplicated 477 

sequences in close vicinity (66). These duplicated terminal sequences in Class I transposons seem to 478 

be prominent targets for RIP. As shown in other studies, and notably in N. crassa, the mutagenic effects 479 

of RIP leaks into adjacent regions from the terminal sequences of TEs (46). Leakage of RIP from 480 

duplicated regions into adjacent regions has been proposed to play a role in rapid adaptive evolution of 481 

effector genes involved in host-pathogen interactions (49, 94, 95). Indeed, in the pathogen L. maculans, 482 

effector genes locate in the vicinity of TEs and show signs of rapid evolution due to RIP mutations and 483 

particular position of these genes. Taken together, we show that RIP not only affects transposable 484 

elements in Z. tritici but also leaks into adjacent regions which, by the nature of the very compact 485 

genome of this fungus, can affect the mutational environment of closely located genes.  486 

 487 
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In conclusion, we show that gene conversion is correlated with histone modifications in Z. tritici and that 488 

RIP is active, albeit at a lower efficiency than in N. crassa, in this fungus affecting duplicated sequences 489 

as well as TEs and leaking into adjacent regions. As a result, meiotic mutation rates for Z. tritici are three 490 

orders of magnitude higher than the mitotic rates demonstrating the major impact that genetic changes 491 

associated with meiosis have on the genome composition of this important plant pathogen. 492 
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Materials and Methods 493 

Fungal material. Tetrads used for the sequencing analysis were obtained from the study of 494 

Habig et al. 2018 (61) and include ascospores isolated from crosses between the Dutch isolates 495 

IPO94269 and IPO323 (available from the Westerdijk Institute (Utrecht, The Netherlands) with 496 

the accession numbers CBS115943 and CBS115941) and from the crosses between IPO94269 497 

and whole chromosome isogenic deletion strains (∆chr14-∆chr20) of the reference strain 498 

IPO323 generated in the study of Habig et al. 2017 (53)⁠.  All ascospores were cultivated for 499 

DNA extraction at 18°C at 200 rpm in YMS (4 g/L yeast extract, 4 g/L malt, 4 g/L sucrose) 500 

medium for 5-7 days inoculated directly from -80°C glycerol stocks. 501 

Genome sequencing and data analysis. For sequencing, DNA of 84 ascospores  was 502 

isolated using a phenol-chloroform extraction protocol as described previously (61). Library 503 

preparation and sequencing using an Illumina HiSeq3000 machine for the 84 ascopores were 504 

performed at the Max Planck-Genome-centre, Cologne, Germany. The Illumina read data is 505 

available in the Sequence Read Archive under the BioProject PRJNA904559.  Please note that 506 

two tetrads (A03-4 and A08-1) that were sequenced in an earlier study were also included (61). 507 

The Illumina read data for these two tetrads is available at the Sequence Read Archive under 508 

the BioProject PRJNA438050. An overview of the included tetrads and ascospores and is given 509 

in Table S5. Please note that one of the originally 24 tetrads was excluded from the analysis 510 

because it showed a pattern of SNPs that were inconsistent with meiotic recombination on 511 

several chromosomes and was assumed to be not the product of a single meiosis but rather a 512 

mixture of two or more meiotic events. In addition, the parental strain IPO94269 was sequenced 513 

as described above and its Illumina reads were deposited in the BioProject PRJNA904744. The 514 

Illumina data for the IPO323 parental strains is available under the BioProject PRJNA371572. 515 
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 516 

Mapping and SNP calling. The reads of 92 ascospores of the 23 tetrads were mapped to the 517 

IPO323 reference genome with bowtie2 (version 2.3.4.1) (96)⁠. This analysis focused only on 518 

single nucleotide polymorphisms (SNPs). To obtain a high-quality SNP dataset we performed 519 

the SNP calling with two variant callers, GATK (version 4.1.6.0) (97) and Samtools (version 1.7) 520 

(98), and SNPs with QUAL≥90 that were called by both variant callers were used for the 521 

downstream processing. Variants in regions that contain transposable elements (TEs) were 522 

removed from the analysis with bedtools intersect (version 2.26.0, option -v) (99) to avoid 523 

spurious alignments. From the remaining SNPs, only variants from regions with coverage > 5 524 

in all four ascospores of a tetrad were used for the analysis to avoid false negatives due to the 525 

low coverage in one of the spores. Biallelic SNPs with minor allele frequency >0.9 and with 526 

QUAL>90 that were called by both variant callers were identified by overlapping variant call 527 

format (VCF) files from both haplotype callers with bedtools intersect and used as a core set of 528 

high-fidelity SNPs. VCF files of four spores from the same tetrad were merged with VCFtools 529 

(v0.1.15) with merge option (100)⁠ to create a variant file for each tetrad.  530 

 531 

High-quality threshold and variant calling accepting only variants identified by two callers will 532 

potentially lead to false negative calls in some of the four spores and hence will affect the 533 

segregation ratio obtained for the SNPs. To reduce the risk of false negative calls we 534 

reintroduced high-fidelity SNP to any of the other ascospores of a tetrad if there was an 535 

indication that it was present but did not satisfy the quality requirements. This means that SNPs 536 

which were called in a tetrad but did not meet the quality threshold in some of the ascospores 537 

but met the quality threshold in at least one of the ascospores were re-introduced. SNPs on 538 

chromosomes that were deleted or absent in the parental strains were removed from the 539 
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analysis of the respective progeny. Please see Table S5 for an overview of the number of high-540 

fidelity SNPs included for each tetrad. 541 

 542 

Identification of recombination events. To detect recombination and gene conversion events 543 

in the tetrad progeny, CrossOver.py from the Recombine package (version 2.1) for tetrad 544 

analysis in yeast (62) was modified to fit the genome characteristics of Z. tritici (size and number 545 

of chromosomes and the location of the centromeres (54)). Input segregation files for the 546 

CrossOver program were generated from merged tetrad VCF files for each tetrad with the 547 

custom-made bash script (see Supplementary methods). Each segregation file consisted of 7 548 

columns: the first two columns referred to the chromosome and position of the variant, the third 549 

column served as a spacer, and the last four columns referred to the presence/absence of 550 

SNPs in four spores. 0 and 1 values in the last four columns of a segregation file designated 551 

the presence or absence of a variant at a certain position compared to the reference genome. 552 

The program initially identifies COs as positions with 2:2 segregation where adjacent markers 553 

undergo a reciprocal genotype switch. Gene conversion tracts are then identified as regions of 554 

non-2:2 segregation. After the identification of recombination events, all double crossovers 555 

separated with a single SNP were filtered out. Gene conversions were filtered for tracts 556 

spanning ≥ 3 markers. The recombination rate per tetrad [cM/Mb] was calculated by the 557 

following formula⁠: 558 

recombination rate = (½ x number of CO x 100) / genome size 559 

The gene conversion rate per tetrad was determined as the proportion of converted markers 560 

from the total number of markers identified per tetrad. Furthermore, tract lengths were 561 

determined with the midpoint method, i.e. the midpoint between two markers of a different class 562 

(e.g. converted vs. non-converted) was considered to be the position were the tract started or 563 
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ended. Tracts spanning TEs were removed for the estimation of tract lengths and recombination 564 

rates. Recombination events and gene conversion events detected in this study are listed in 565 

the supplementary material (Table S1B-C and Table S2A-C, respectively). SNPs in TEs were 566 

disregarded for the determination of recombination and gene conversion events.  567 

 568 

Estimation of meiotic mutation rates. To estimate meiotic mutation rates in Z. tritici, genome-569 

wide SNPs (including SNPs in TEs) satisfying the following criteria were taken into 570 

consideration: i) read depth > 5 in both parental strains and the ascospore progeny; ii) absent 571 

in both parental strains (Table S4). Before a SNP in the progeny was considered a de novo 572 

mutation, both parental sequencing results were manually checked to validate that this SNP 573 

was already present but not called in the parental genomes. Only SNPs in the progeny that 574 

showed no hints in the parental genomes were included in the subsequent analysis. The per 575 

bp mutation rate was calculated as the “average number of meiotic mutations per ascus” / “the 576 

reference genome size”. To verify in silico detected meiotic mutations, we performed Sanger 577 

sequencing of 20 randomly selected mutations from which 19 mutations were confirmed (see 578 

Supplementary Methods).  579 

 580 

Detection of duplications. For the detection of duplications in the parental strains, Illumina 581 

reads were quality filtered as described above and mapped onto the reference genome using 582 

SpeedSeq align followed by structural variation analysis by LUMPY (101)⁠ as implemented in 583 

the SpeedSeq package (version 0.1.2) (102)⁠. The VCF files were filtered using bcftools (version 584 

1.6) as follows: VCF files were filtered on duplications, genotype (GT=0/1) and quality >400, 585 

and length < 50000. 586 

 587 
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Data Availability 588 

The Illumina read data is available in the Sequence Read Archive under the BioProjects 589 

PRJNA904559, PRJNA438050, PRJNA904744, and PRJNA371572. The Z. tritici IPO323 590 

reference genome is available under the accession GCA_000219625.1.  591 
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Supplementary Methods 908 

Description of the bioinformatic procedures and tools and Sanger sequencing results. 909 
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Supplementary Tables 911 

Table S1A: List of all crossover and associated gene conversions. 912 

Table S1B: Summary of crossover frequencies per tetrad for the core and accessory 913 

chromosomes. 914 

Table S1C: List of genes in crossover hotspots. 915 

Table S2A: List of all identified gene conversions. 916 

Table S2B: Summary of the number of SNPs and converted SNPs (total, core (=on core 917 

chromosomes), accessory (=on accessory chromosomes)). 918 

Table S2C: List of genes in gene conversion hotspots. 919 

Table S3: Summary of the converted marker and non-converted marker in genomic 920 

compartments with the indicated presence/absence of specific histone modifications. 921 

Table S4: List of all meiotic de novo mutations. 922 

Table S5: Overview of tetrads, spores, mapping results and the number of high-fidelity SNPs. 923 
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 963 

Fig S1. Distribution of recombination rates and the number of crossovers (CO) per chromosome. A 964 

Recombination rates per chromosome. B Average number of CO per chromosome. Box plots in A 965 

display center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; 966 

points, rate per tetrad. Points in B depict the average CO number for the respective chromosome length; 967 

blue points represent core chromosomes; orange points represent accessory chromosomes; the dashed 968 

line shows Pearson’s correlation. C Correlation between the crossover frequency and chromatin 969 

modifications. The presence/absence of the specific chromatin modification (H3K4me2, H3K9me3, or 970 
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H3K27me3, respectively) in the genomic compartment is depicted with “+”/”-” in the table below the x-971 

axis. The number above each boxplot represents the number of crossovers in the respective genomic 972 

compartment. Fisher exact test p-values are shown (*p < 0.05, **p < 0.005, ***p < 0.0005). Box plots 973 

display center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; 974 

points, crossover frequency per genomic compartment per tetrad. 975 

976 
Fig S2. Distribution of recombination rates along the chromosomes in Z. tritici. A Distribution of 977 

recombination rates on core chromosomes. B Distribution of recombination rates on accessory 978 

chromosomes. Chromosomes are divided in 20 kb non-overlapping windows. The horizontal dashed 979 

pink line represent threshold for hotspots with p<0.001 defined by Poisson distribution. The blue lines 980 

represent crossover distribution on core chromosomes, orange lines represent crossover distribution on 981 

accessory chromosome and red horizontal lines show the centromere position. The x-axis designates 982 

the chromosome length. The black rectangles on the x-axis depict transposable elements. C Number of 983 

hotspots on the indicated chromosomes. 984 

 985 
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987 

Fig S3. Distribution of gene conversions along the chromosomes in Z. tritici. A Distribution of gene 988 

conversions on core chromosomes. B Distribution of gene conversions on accessory chromosomes. 989 

Chromosomes are divided in 20 kb non-overlapping windows. The horizontal dashed pink line represent 990 

threshold for hotspots with p<0.001 defined by Poisson distribution. The blue lines represent crossover 991 

distribution on core chromosomes, orange lines represent crossover distribution on accessory 992 

chromosome and red horizontal lines show the centromere position. The x-axis designates the 993 

chromosome length. The black rectangles on x-axis depict transposable elements. The y-axis shows 994 

the number of gene conversion events (NCO-GC and CO-GC). 995 
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 997 

Fig S4. Distribution and segregation of de novo mutations. A Number of the de novo mutations per 998 

tetrad. Blue shaded bars display the number of CG:TA transitions on 14 kb duplication on chromosome 999 

3, inside of TEs and outside of TEs per tetrad. Red bars depict the number of TA:CG transitions and 1000 

transversions. B Segregation of de novo mutations in different genomic compartments. Light red bars 1001 

show the relative frequency of de novo mutations with 1:3 segregation and grey bars display the relative 1002 
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frequency of de novo mutations with 2:2 segregation for the different genomic compartments. Fisher 1003 

exact test p-values are shown (*p < 0.05, **p < 0.005, ***p < 0.0005). 1004 
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