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The DNA-binding protein PRDM9 directs positioning of the double strand breaks (DSBs) 33 

initiating meiotic recombination, in mice and humans. PRDM9 is the only mammalian speciation 34 

gene yet identified and is responsible for sterility phenotypes in male hybrids of certain mouse 35 

subspecies. To investigate PRDM9 binding and its role in fertility and meiotic recombination, we 36 

humanized PRDM9’s DNA-binding domain in C57BL/6 mice. This change repositions DSB 37 

hotspots and completely restores fertility in male hybrids. We show that alteration of one Prdm9 38 

allele impacts the behaviour of DSBs controlled by the other allele at chromosome-wide scales. 39 

These effects correlate strongly with the degree to which each PRDM9 variant binds both 40 

homologues at the DSB sites it controls. Furthermore, higher genome-wide levels of such 41 

“symmetric” PRDM9 binding associate with increasing fertility measures and comparisons of 42 

individual hotspots suggest binding symmetry plays a downstream role in the recombination 43 

process. These findings reveal that subspecies-specific degradation of PRDM9 binding sites by 44 

meiotic drive, which steadily increases asymmetric PRDM9 binding, has impacts beyond simply 45 

changing hotspot positions, and strongly support a direct involvement in hybrid infertility. 46 

Because such meiotic drive occurs across mammals, PRDM9 may play a wider, yet transient, 47 

role in early stages of speciation. 48 

 49 

In spite of its central role in evolution, the molecular mechanisms underlying speciation are not 50 

well understood. Only a small number of genes involved in speciation have been documented1, 51 

with only one such gene, Prdm9, known in mammals2,3. Prdm9 contributes to hybrid sterility in 52 

male (PWD×B6)F1 mice from crosses between male Mus musculus domesticus C57BL/6 53 

(hereafter B6) and female Mus musculus musculus PWD/Ph (hereafter PWD)4.  Although its 54 

genetic basis is only partially understood5,6, this hybrid sterility is characterised by failure of 55 

pairing (synapsis) of homologous chromosomes and an arrested meiotic prophase due to lack of 56 

repair of recombination intermediates2. Homologous recombination, and synapsis, are 57 

interdependent, essential meiotic processes7, and evidence suggests synapsis often nucleates at 58 

recombination sites8.  Aside from the PWDxB6 cross, Prdm9 allele and dosage have been 59 

associated with variation in measures of fertility and successful meiosis in many additional 60 

mouse crosses9.  61 

 62 



PRDM9 has several functional domains, including a DNA-binding zinc finger (ZF) array, and a 63 

PR/SET domain responsible for histone H3 lysine 4 trimethylation (H3K4me3)10 (Fig. 1a). By 64 

binding to specific DNA sequence targets, PRDM9 directs the positions of the double-strand 65 

break (DSB) events that initiate meiotic recombination11. This results in DSBs, and downstream 66 

recombination events, clustering into small discrete regions called hotspots12,13.  The PRDM9 67 

ZF-array, encoded by a minisatellite repeat, is highly polymorphic within and across mammalian 68 

species3,14-16 and is among the fastest evolving regions in the genome, with strong evidence of 69 

natural selection influencing this evolution3. It is unknown whether PRDM9 ZF-array 70 

polymorphism has additional impacts, aside from direct alterations of DSB hotspot positions. 71 

 72 

Humanizing Prdm9 restores hybrid fertility 73 

To explore the DNA-binding characteristics of PRDM9, we generated a line of humanized B6 74 

mice, by replacing the portion of mouse Prdm9 exon 10 encoding the ZF-array with the 75 

orthologous sequence from the human reference PRDM9 allele (the “B” allele) (Fig. 1a, 76 

Extended Data Fig. 1). A feature of PRDM9 (explored further below) is the co-evolution of its 77 

ZF-array with the genomic background in which it sits13,17. Minisatellite mutational processes at 78 

PRDM9 can produce new alleles with duplications, deletions or rearrangements within the ZF-79 

array, yielding an almost complete change in PRDM9 binding sites, and thus hotspot locations14. 80 

Because the human PRDM9 ZF-array evolved on a lineage separated from mice for ~150M 81 

years, our experimental approach allows assessment of functional properties of a PRDM9 ZF-82 

array unaffected by changes it has induced in the background genome, similar to new alleles 83 

randomly arising in the population. 84 

 85 

Humanization of the Prdm9 ZF-array in B6 inbred mice had no effect on fertility (Extended Data 86 

Fig. 2) and cytogenetic comparisons revealed no significant impact on zygotene DSB counts 87 

(DMC1 immunoreactivity, Extended Data Fig. 2b), crossover counts (MLH1 foci, Extended 88 

Data Fig. 2c), normal sex body formation (γH2AX immunostaining, Fig. 1b) or quantitative 89 

measures of fertility and successful synapsis (see later). The full fertility of humanized mice 90 

implies there are unlikely to be any specific essential PRDM9 binding sites. One mechanism 91 

underlying speciation in many settings involves Dobzhansky-Muller incompatibilities: hybrid 92 

dysfunction arising from incorrect epistatic interactions1. Based on the above, it seems likely that 93 



if such interactions involving PRDM9 occur, they do not reflect constrained co-evolution of 94 

PRDM9 with specific genes. 95 

 96 

To directly explore PRDM9’s role in fertility, we crossed PWD females with B6B6/H males. As 97 

expected18, male (PWD×B6)F1PWD/B6 hybrids (we use superscripts to indicate Prdm9 genotypes 98 

and write the female strain first in crosses) exhibited hybrid sterility as evidenced by failures in 99 

siring pups (Extended Data Fig. 2e), sex body formation (Fig. 1c) and synapsis (Fig. 1d). In 100 

contrast, all these defects were completely rescued in (PWD×B6)F1PWD/H hybrids inheriting the 101 

engineered humanized ZF-array (Fig. 1c,d, Extended Data Fig. 2e). Thus the ZF domain of 102 

PRDM9, and hence likely the DNA-binding properties of this protein, underlies Prdm9’s role in 103 

hybrid sterility. 104 

 105 

Although (PWD×B6)F1PWD/B6 male mice are completely sterile, the male progeny of the 106 

reciprocal cross (B6×PWD)F1B6/PWD are semi-fertile9. A particular 4.7Mb locus (Hstx2), on the 107 

PWD X-chromosome, influences these fertility differences6. We also tested the impact of 108 

humanization in this reciprocal cross, and full fertility (from semi-fertility) was again restored 109 

(see below and Supplementary Information). Thus humanization of PRDM9 acts at least partially 110 

independently of Hstx2.  111 

 112 

Our reprogramming of the PRDM9 binding sites mimics the consequences of mutational changes 113 

in its ZF-array. The restoration of hybrid fertility suggests that the same rescue is likely to occur 114 

for newly arising alleles that also reset PRDM9 binding sites, and hence hybrid sterility between 115 

subspecies driven by Prdm9 will be evolutionarily transient. This raises the question, which we 116 

return to below, of what properties are possessed by Prdm9 alleles that are associated with 117 

reduced fertility. 118 

 119 

Humanizing the recombination landscape 120 

To characterize the consequences of re-engineering the ZF domain on recombination, we 121 

generated high-resolution DSB maps for mice with different Prdm9 alleles and genomic 122 

backgrounds, using ChIP-seq single-stranded DNA sequencing19 on adult testes. This approach 123 

identifies single-stranded 3’ sequence ends decorated with DMC1, which arise as intermediates 124 



following creation of DSBs by SPO11. In addition to mapping DSB hotspots, our hotspot-calling 125 

algorithm estimates a hotspot “heat”, proportional to the fraction of cells marked by DMC1 at 126 

that locus (Supplementary Information). This DMC1 heat depends on both the relative frequency 127 

of DSB formation and on how long DMC1 marks persist20. We also obtained complementary 128 

information by performing ChIP-seq to measure H3K4me3, a histone modification directly 129 

introduced in cis by PRDM9 binding11. 130 

 131 

Relative to wild-type B6 mice21, B6H/H mice showed completely changed hotspot landscapes 132 

(2.6% overlap; Extended Data Fig. 3), with hotspots in the humanized mouse showing strong 133 

enrichment for a motif matching the previously reported human PRDM9 binding motif13 134 

(Extended Data Fig. 4). Most DSB hotspots overlapped H3K4me3 peaks (89%, p<0.05). 135 

Correlation between the wild-type and humanized mice in total DSB heats increased over larger 136 

genomic scales (Extended Data Fig. 3b), consistent with earlier studies showing large scale 137 

crossover rates depend on factors other than PRDM916,20,22.  138 

 139 

In the heterozygous mouse, despite the presence of two different Prdm9 alleles, we found a 140 

similar number of hotspots to homozygous mice (Supplementary Table 1). Furthermore, almost 141 

all B6B6/H hotspots (95.8%) were found in either the B6B6/B6 or B6H/H mice (Extended Data Fig. 142 

3c, 4c, Supplementary Table 2). The human allele exhibited 2.7-fold dominance over the wild-143 

type allele (Supplementary Table 2), with even stronger dominance for hotter hotspots (Extended 144 

Data Fig. 3c). Comparison of homozygous and heterozygous hotspot heats (Extended Data Fig. 145 

3d, 3e) implies B6 hotspots operate similarly, but are proportionally less active, in the 146 

heterozygote. For additional DSB hotspot analyses, see Supplementary Information and 147 

Extended Data Fig. 5. 148 

 149 

Humanization restores symmetric binding 150 

Next we examined DSB hotspot maps for hybrid males: infertile (PWD×B6)F1PWD/B6, reciprocal 151 

semi-fertile (B6×PWD)F1B6/PWD, humanized rescue (PWD×B6)F1PWD/H, reciprocal humanized 152 

rescue (B6×PWD)F1H/PWD, with wild-type PWD for comparison. Sequence differences between 153 

the PWD and B6 genomes allowed us to determine whether individual hotspots in these hybrids 154 



were “symmetric”, with DSBs occurring equally on both chromosomes, or “asymmetric”, with a 155 

preference towards either the PWD or B6 chromosome (Supplementary Information Section 5). 156 

 157 

We found that most DMC1 signal (71.8%) in (PWD×B6)F1PWD/B6 or (B6×PWD)F1B6/PWD 158 

hybrids occur within asymmetric DSB hotspots (Fig. 2a, Extended Data Fig. 6). Further, DSBs 159 

associated with the PWD allele occur largely on the B6 chromosome and those associated with 160 

the B6 allele occur largely on the PWD chromosome. We also measured asymmetry of the 161 

H3K4me3 mark at each hotspot and found the same pattern, confirming that DSB asymmetry 162 

largely reflects underlying differences in PRDM9 binding and methylation between the two 163 

homologues. This H3K4me3 asymmetry resembles that previously described for 164 

(B6×CAST)F1B6/CAST hybrids17, but is considerably more extreme. Sequence differences directly 165 

disrupting PRDM9 binding motifs explain almost all cases of binding asymmetry (83.4% of 166 

PWD hotspots; 91.3% of B6 hotspots), and result from rapid mutational accumulation along the 167 

separate lineages from the common ancestor of B6 and PWD (Extended Data Fig. 6g). 168 

 169 

Such asymmetry can arise through meiotic drive to favour mutations disrupting PRDM9 binding 170 

motifs, within populations where these motifs are active. Any new mutation disrupting PRDM9 171 

binding at a hotspot is preferentially transmitted to offspring: in individuals heterozygous for the 172 

mutation, DSBs occur preferentially on the non-mutant chromosome and are then repaired by 173 

copying from the mutant chromosome23. This phenomenon has been observed at PRDM9 174 

binding motifs in human13 and mouse17 and causes a rapid accumulation of mutations disrupting 175 

PRDM9 binding. B6 and PWD Prdm9 alleles are largely subspecies-specific15, so only the B6 176 

lineage has experienced strong erosion of the B6 binding motif, and only the PWD lineage has 177 

experienced strong erosion of the PWD binding motif. This asymmetric erosion explains the 178 

highly asymmetric PRDM9 binding sites in F1 hybrids. 179 

 180 

Because the human allele has not been present in mice, its binding sites have not experienced 181 

erosion in the mouse genome. As a consequence, DSBs at hotspots attributable to the human 182 

allele occur mostly (57%) in symmetric hotspots, with the remaining, asymmetric hotspots 183 

mainly (84.2%) explained by the presence of mutations that coincidentally fall within the human 184 

PRDM9 binding motif (Fig. 2b). Conversely, only 30% of DSBs at hotspots attributable to the 185 



B6 allele occur in symmetric hotspots. An identical pattern is seen in the reciprocal crosses. 186 

Thus, a genome-wide effect of humanizing the mouse is to reprogram hotspot positions with the 187 

consequence that hotspot asymmetry is reduced in the hybrids. 188 

 189 

Meiotic drive might also explain dominance, as seen for the human Prdm9 allele over the B6 190 

allele in the B6B6/H mouse, because B6 motifs are heavily eroded on the B6 background. To test 191 

this, we created F2 mice to analyse the behaviour of the B6 and humanized alleles on a neutral 192 

Mus musculus castaneous (CAST/EiJ) background which has been unaffected by B6 motif 193 

erosion (Extended Data Fig. 6h). Dominance of the human allele disappeared in regions of the 194 

genome with two copies of the CAST genome – removing the effect of motif erosion removes 195 

the dominance (Fig. 2c). This result excludes some factors which might influence dominance 196 

(Supplementary Information), and also suggests that recently arisen Prdm9 alleles might be 197 

dominant over older alleles, for which meiotic drive will have had more time to degrade binding 198 

motifs.    199 

 200 

Chromosome-specific trans effects of humanization  201 

The infertile and humanized rescue mice share some hotspots, controlled by the PWD allele. 202 

These shared hotspots show strong correlation (r2=0.63) in DMC1 heat, but nevertheless far 203 

weaker than that between hotspots in the infertile and reciprocal mice (0.95). To explore this 204 

weaker correlation, we compared DMC1 heats in the two mice for each shared hotspot and 205 

calculated their ratio. We observed substantial differences in these ratios across different 206 

chromosomes (Fig. 2d). Thus, substituting the B6 allele for the human allele impacts hotspots 207 

that neither allele binds directly, in trans, and this impact is observed at broad genomic scales. 208 

This trans effect might reflect differences in either the formation, or downstream processing, of 209 

DSBs. In contrast to DMC1, the H3K4me3 heat showed no significant chromosomal ratio 210 

differences (Fig. 2e), implying the trans effect likely operates downstream of PRDM9 binding. 211 

Furthermore, comparison of DMC1 heats between B6B6/B6 and B6B6/H mice also revealed 212 

chromosome effects (Extended Data Fig. 7).  This implies that such trans effects do not depend 213 

on SNP presence (the B6 background is fully homozygous), and cannot simply be a consequence 214 

of asynapsis (observed only in the infertile mouse). 215 

 216 



Next, we sought to understand the drivers of these chromosome-specific differences in DMC1 217 

heat by testing various potential predictors of these differences between the infertile and 218 

humanized rescue mice (Supplementary Information). After exhaustive search over possible 219 

models, given the predictors considered, the best-fitting model was highly predictive (r2=0.84; 220 

Fig. 2f) and included only symmetric hotspot measures – the total H3K4me3 signal from 221 

PRDM9 binding on both homologues (i.e. symmetrically) at the same hotspots, summed over the 222 

entire chromosome – for each of the three Prdm9 alleles (p<0.01 in each case). The trans effect 223 

is thus explained by knowledge of only the direct differences in PRDM9 binding targets across 224 

mice – without any additional information regarding other features such as SNP diversity – 225 

consistent with the sole difference between the infertile and rescue mice being the ZF-array of 226 

PRDM9. Moreover, only symmetric hotspots (in the infertile mouse, a minority) provide 227 

predictive power. 228 

 229 

The fitted model implies that lower overall symmetric binding results in increased DMC1 heat, 230 

at a chromosome level. The same properties (p<0.0002; Supplementary Information) hold true in 231 

the comparison between B6B6/B6 and B6B6/H mice. Importantly, on this completely homozygous 232 

background all PRDM9 binding is symmetric but in different total amounts across chromosomes 233 

which predict observed differences in DMC1 heat between the two genotypes.  This excludes 234 

sequence differences at or near hotspots, or asynapsis itself, as a cause, and suggests that the total 235 

amount of symmetric binding on each chromosome, as opposed to a simple lack of asymmetric 236 

binding, plays an important role in predicting DMC1 heat. The direction of causality is 237 

reasonably clear (binding predates DSB formation, and the H3K4me3 mark lacks similar 238 

chromosome effects), while confounding influences should always be shared between the mice 239 

being compared and thus cannot alone explain the observed inter-chromosomal differences. It 240 

therefore appears differences in the level of overall symmetric binding by PRDM9 drive 241 

downstream trans effects at chromosomal scales, with lower symmetric binding somehow 242 

increasing the number, or repair time, of DSBs even at distant hotspots. 243 

 244 

PRDM9 binding symmetry and synapsis  245 

Sterile (PWD×B6)F1PWD/B6 hybrids show very high rates of asynapsis, particularly at specific 246 

chromosomes5, and failure to form the sex body during early meiosis5,9. In contrast, these 247 



phenotypes are completely rescued in (PWD×B6)F1PWD/H hybrids harbouring the humanized 248 

Prdm9 allele (Fig. 1c,d). Having seen a relationship between PRDM9 binding symmetry and the 249 

recombination process, we examined binding symmetry in relation to fertility. For different male 250 

mice, we measured three quantitative fertility phenotypes24 (Fig. 3a), and calculated several 251 

genome-wide measures of hotspot symmetry (Extended Data Fig. 8; Supplementary 252 

Information). We observed a significant correlation (p = 0.0083; rank correlation permutation 253 

test) between the DMC1 symmetry measures and the rate of proper synapsis among all nine mice 254 

studied. In humanized hybrid mice, the observed increase in symmetry was accompanied by 255 

improved fertility. Strikingly, this improvement effect is stronger than the Hstx2 modifier, 256 

responsible for the difference in asynapsis and fertility observed between the sterile and 257 

reciprocal hybrids5 (Fig. 3a). An additional mouse hybrid, (B6×CAST)F1B6/CAST, showed 258 

intermediate PRDM9 binding symmetry17 and also an intermediate asynapsis level. Symmetry 259 

measures in homozygous mice (PWD, B6B6/B6, B6B6/H, B6H/H) are as expected much higher than 260 

hybrids, and these mice show the highest synapsis rates and fertility measures.  261 

 262 

Previous work5 showed that in the infertile (PWD×B6)F1 mouse, synapsis failure occurs at 263 

different rates among five chromosomes tested. We compared the reported asynapsis rates for 264 

these five chromosomes with the chromosome-specific DMC1 heat effects described above and 265 

found an identical ranking (p=0.017 by rank correlation permutation test; Fig. 3b). Because these 266 

DMC1 heat effects are strongly predicted by symmetric H3K4me3 levels in the infertile mouse, 267 

this result implies that chromosomes with lower symmetric PRDM9 binding experience higher 268 

asynapsis rates. This may explain why lower symmetric PRDM9 binding genome-wide 269 

accompanies higher overall asynapsis rates among different mice.  270 

 271 

Having found elevated DMC1 heat on chromosomes influenced by asynapsis (where 272 

homologous pairing fails), we examined DMC1 and H3K4me3 heats in two additional settings, 273 

where no homologue exists at all and thus homologous chromosome pairing cannot occur: the X-274 

chromosome in male mice, and separately in humanized hybrid mice at autosomal hotspots 275 

where the human PRDM9 binding motif lies within a region deleted in the PWD genome. In 276 

both these settings, we observed an elevation of DMC1 heat relative to autosomal hotspots 277 

bound symmetrically by PRDM9 (Extended Data Fig. 9). Elevation of DMC1 heat might, 278 



therefore, be a consistent signature of non-pairing of homologous chromosomes during meiosis. 279 

DMC1 elevation might be explained by an increased probability of a DSB occurring at that site, 280 

or by the DMC1 coating at breaks persisting for longer (delayed repair). However, the total 281 

number of RAD51-marked DSBs initiated per cell is tightly regulated25, remaining unchanged 282 

even in Prdm9 knock-outs26, while in both knock-outs and infertile hybrids, DSB marks indeed 283 

persist late into pachytene suggesting a failure of repair5,9,26. Therefore, the elevated DMC1 284 

signals we observe may be explained by persistence of DMC1 where homologous repair is 285 

compromised or delayed. 286 

 287 

PRDM9-dependent homologue interactions 288 

Given our chromosome-scale observations, we next asked whether symmetric binding at 289 

individual hotspots might also influence DMC1 heat. At each human-controlled hotspot in the 290 

humanized rescue, we measured the component of total DMC1 heat contributed by the B6 291 

chromosome only, and compared this to the DMC1 heat for the same hotspot in B6H/H. The 292 

comparison revealed (Fig. 4a) a remarkably strong, and clear, elevation in DMC1 heat in the 293 

hybrid mouse for the asymmetric hotspots (>90% asymmetry, towards binding of only the B6 294 

chromosome), relative to the symmetric hotspots (those within 10% of complete symmetry). 295 

However, similar to the chromosomal analysis, H3K4me3 enrichment showed no difference 296 

whatsoever between symmetric and asymmetric sites in these mice (Fig. 4b). Indeed a 297 

comparison of H3K4me3 and DMC1 heat revealed a far higher (Fig. 4c) ratio of average DMC1 298 

heat to H3K4me3 enrichment for asymmetric relative to symmetric hotspots, across all hybrid 299 

mice, backgrounds, and Prdm9 alleles tested (Extended Data Fig. 9d). This effect reflects a 300 

consistent elevation of DMC1 heat at DSB sites on individual chromosomes when the 301 

homologue is not bound strongly (Extended Data Fig. 9e,f). This phenomenon cannot easily be 302 

explained by factors including local heterozygosity within or outside the PRDM9 motif, the type 303 

of mutation(s) disrupting PRDM9 binding, or outlier effects (Extended Data Fig. 9,10; 304 

Supplementary Information Section 13). 305 

 306 

Thus, elevation of DMC1 heat on the bound chromosome appears to be a universal feature of 307 

hotspots where PRDM9 binds asymmetrically, relative to symmetrically bound hotspots. In 308 

contrast, the results for H3K4me3 suggest the mark is deposited in an independent manner on 309 



each homologue. This implies the DMC1 heat elevation depends on a process involving 310 

symmetric PRDM9 binding, downstream of H3K4me3 deposition, involving both homologues. 311 

While we cannot exclude the possibility that somehow more DSBs occur at asymmetric hotspots, 312 

this would require early, precise, pairing of homologues, at least at hotspots, prior to DSB 313 

formation, to determine which hotspots are symmetrically bound. Although there is some 314 

evidence of pre-meiotic homologue association27, current data do not suggest the existence of 315 

precise pairing prior to DSB formation28. The alternative and more plausible explanation is that 316 

sites where PRDM9 binds asymmetrically simply experience a delay in DSB processing, 317 

delaying DMC1 removal compared to symmetric DSB hotspots. Whilst our data represent the 318 

collective behaviour of populations of cells, this model suggests a mechanism of PRDM9-319 

dependent interaction between homologues influencing downstream DSB processing operating 320 

within individual cells, which we discuss below (also Supplementary Information Section 14).  321 

 322 

Discussion  323 

Only one mammalian speciation gene, Prdm9, has so far been identified. Humanizing the ZF-324 

array of Prdm9 redirects binding, thereby entirely reprogramming recombination hotspots and in 325 

doing so reverses the hybrid infertility between musculus and domesticus subspecies. This 326 

modification mimics the consequences of a newly arising allele and thus suggests that Prdm9 327 

evolution (e.g. rapid fixation of particular existing variants3,15 or novel alleles arising by 328 

mutation) in either or both subspecies would also restore hybrid fertility.  329 

 330 

Multiple lines of evidence in our data, at chromosomal, whole organism, and individual hotspot 331 

scales, strongly suggest novel roles for PRDM9 in the formation or processing of DSBs 332 

downstream of H3K4me3 deposition, dependent upon symmetric binding. Several aspects of our, 333 

and published, data (comparison between B6B6/B6 and B6B6/H mice, see also Supplementary 334 

Information) also mean that our results cannot be fully explained simply by sequence differences 335 

within or around hotspots, which do not specifically impact binding symmetry. 336 

 337 

Pervasive asynapsis is proposed to be the underlying cause of infertility in hybrid mice5. We 338 

observed a positive relationship between symmetric PRDM9 binding and correct synapsis of 339 

homologous chromosomes later in meiosis. Replacing the B6 allele with the humanized allele in 340 



hybrids greatly increases symmetric binding, restoring proper synapsis and fertility. Many 341 

apparently complex relationships have previously been reported between naturally occurring 342 

mouse Prdm9 alleles, allelic dosage, and quantitative fertility measures in hybrids9. Each of ten 343 

manipulations shown or predicted to increase PRDM9 binding symmetry also increases meiotic 344 

success and fertility (Supplementary Information), supporting the idea that the link between 345 

binding symmetry and fertility might be very general, and causal.   346 

 347 

The erosion of PRDM9 binding sites through meiotic drive17 also occurs at human hotspots13 and 348 

likely across many mammals. In two populations separated for sufficient time, differential 349 

PRDM9 binding site erosion will decrease symmetry in hybrids, which is likely to decrease 350 

fertility levels (though not necessarily to the extreme of sterility).   Therefore, PRDM9 may 351 

affect hybrid fertility levels across many mammalian species and so might repeatedly act in 352 

driving early speciation steps, although the rapid evolution of PRDM9’s ZF-array implies an 353 

unexpected transience of this direct role. However, even subtle or transient PRDM9-driven 354 

reductions in fertility might still provide a selective advantage to additional mutations 355 

contributing towards speciation. This mechanism is different from the previously characterized 356 

causes of intrinsic hybrid incompatibilities, such as differences in ploidy, chromosomal 357 

rearrangements, or incompatibilities between genes.  The extent to which it has been responsible 358 

for speciation in the natural world appears an interesting question for further research. 359 

 360 

One plausible mechanism for the impacts of (a)symmetry involves a role for PRDM9 binding in 361 

aiding homology search - a process thought to involve invasion of the homologous chromosome 362 

to probe for homology by single-stranded DNA formed around DSBs29. It has been suggested 363 

that synaptonemal complex proteins are loaded at some DSB sites and synapsis begins to 364 

spread7,8. Extending this model, to incorporate the property that asymmetrically bound sites are 365 

less favourable for homology search, would parsimoniously predict each symmetry-related 366 

phenomenon we observed: DSBs at asymmetric hotspots would repair more slowly, elevating 367 

their DMC1 signal, and chromosomes with fewer symmetric hotspots overall would show 368 

delayed DSB repair and higher asynapsis rates, ultimately causing subfertility or sterility in 369 

animals with low symmetric binding. It is not known how homology search occurs efficiently in 370 

the nuclear environment, given the enormous potential search-space of the genome30, or why 371 



hotspots exist at all. Both phenomena could be explained by the above model in which homology 372 

search is focussed at least partly on hotspot positions. Indeed hotspots might massively increase 373 

search efficiency by directing homology search to PRDM9 binding sites.  374 

 375 
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Methods 459 
 460 
Gene targeting in embryonic stem cells 461 

A C57BL/6J (B6) mouse genomic BAC clone (RP23-159N6) encompassing the Prdm9 gene was 462 

used for subcloning of homology regions. A 7 kb XmaI / SpeI fragment upstream of exon 10 and 463 

a 2.5 kb BamHI / SpeI fragment downstream of exon 10 were used as 5' and 3' homology 464 

regions, respectively. The intervening 4 kb SpeI / BamHI encoding exon 10 and flanking intronic 465 

regions were subcloned and an internal 1.4 kb BglII-NheI fragment, containing the coding region 466 

of the zinc finger array, was replaced with a synthesized fragment (Life Technologies) encoding 467 

the ZF-array from the human B allele. All coding sequence 5' of the first zinc finger and all 3' 468 

untranslated regions (UTR) downstream of the stop codon were left as mouse. This humanized 469 

fragment was then assembled between the two homology arms, upstream of a neomycin 470 

selection cassette. PhiC31 attP sites were incorporated immediately downstream of the 5' 471 

homology arm and between the PGK promoter and the neomycin phosphotransferase open 472 

reading frame to equip the locus with PhiC31 integrase cassette exchange machinery for 473 

subsequent manipulations31.  474 

 475 

The completed targeting vector was linearised with ApaI and electroporated into mycoplasma 476 

free C57BL/6N JM8F6 embryonic stem cells (Extended Data Fig. 1a). JM8F6 cells were a gift 477 

from Dr. Bill Skarnes, Wellcome Trust Sanger Institute. Following selection in 210 μg/ml G418, 478 

recombinant clones were screened by PCR to detect homologous recombination over the 3' arm. 479 

A forward primer (5'-TACCGGTGGATGTGGAATGTG-3') binding within the PGK promoter 480 

was used together with a reverse primer (5'-TGACAGCAAAAACCACCTCTA-3') binding 481 

downstream of the 3' homology arm to amplify a 2.7 kb fragment from correctly recombined 482 

clones. Positive clones were examined for correct recombination at the 5' end by long range PCR 483 

using a forward primer (5'-CAGAGGACCTTTAGTCTGTGAGGG-3') binding upstream of the 484 

5' homology arm and a reverse primer (5'-AGCAGAGGCTTGACCTATCGCTAA-3') binding 485 

within the humanized region. Correctly targeted clones yielded a 10.4 kb amplicon. Sanger 486 

sequence analysis of the 10.4 kb amplicon encompassing the 5' homology arm with primer 5'-487 

CCTTTCTCAATGATCCACAAAT-3' confirmed the correct integration of the 5' attP sequence, 488 

necessary for future manipulations of the locus. Southern blotting using a probe against 489 

neomycin was used to confirm that only a single integration event had occurred. 490 



  491 

Mouse production and matings 492 

Mice were housed in individually ventilated cages and received food and water ad libitum. All 493 

studies received local ethical review approval and were performed in accordance with UK Home 494 

Office Animals (Scientific Procedures) Act 1986. Experimental groups were determined by 495 

genotype and were therefore not randomized, with no animals excluded from the analysis. 496 

Sample size for fertility studies and cytogenetics (see below) were selected on the basis of 497 

previously published studies5,9,32. All phenotypic characterization was performed blind to 498 

experimental group.  499 

 500 

ES cells from correctly targeted clones were injected into albino C57BL/6J blastocysts and the 501 

resulting chimeras were mated with albino C57BL/6J females. Successful germline transmission 502 

yielded black pups and F1 mice harbouring the humanized Prdm9 allele were identified using the 503 

above attP screening PCR. F1 heterozygous male mice were bred with C57BL/6J Flp 504 

recombinase deleter mice (Tg(ACTB-Flpe)9205Dym (Jax stock 005703)) and offspring were 505 

screened for the deletion of the selection cassette using a forward primer (5'-506 

TTCTGCCATCACTTCCTTCGGTGA-3') binding immediately upstream of the cassette and a 507 

reverse primer (5'- TCTGAAGCCCAACTATTTCATTAATACCCC-3') binding immediately 508 

downstream of the cassette. A 677 bp amplicon was obtained from the Flp deleted humanized 509 

allele and a 491 bp amplicon was obtained from the wild-type allele. Heterozygous humanized 510 

mice without the selection cassette were then backcrossed with C57BL/6J to remove the Flp 511 

transgene prior to intercrossing to obtain experimental cohorts of heterozygous, homozygous and 512 

wild-type mice which were genotyped with the above PCR. PWD/PhJ mice were a kind gift of 513 

Prof. Jiri Forejt, Institute of Molecular Genetics, Prague, Czech Republic and CAST/EiJ were 514 

sourced from MRC Harwell.  515 

 516 

Fertility was assessed in male mice between the ages of 2 and 4 months by recording the average 517 

number of pups obtained when bred with 7-week-old wild-type C57BL/6J female mice. Paired 518 

testes weight was recorded and normalized against lean body weight, as assessed using 519 

EchoMRI-100 Small Animal Body Composition Analyzer.  520 

 521 



Immunohistochemistry analyses 522 

Spermatocytes from mice at approximately 9 weeks of age were prepared for 523 

immunohistochemistry by surface spreading33,34. Briefly, the testis tunica was removed, the 524 

tubules cut with a razor blade and disassembled by pipetting, in PBS, containing protease 525 

inhibitors (Complete, Roche). Following centrifugation at 5800g for 5 minutes, the cells were 526 

resuspended in 0.1M sucrose, and spread onto the surface of slides in a drop of 1% 527 

paraformaldehyde in PBS. The slides were left to dry for 3 hours at room temperature, in a 528 

humidified box, then washed in 0.4% Photo-Flo 200 (Kodak), and either used immediately, or 529 

stored at -80°C. For immunohistochemistry the following antibodies were used: mouse anti-530 

MLH1 (BD, 51-1327GR); mouse anti-phospho-H2A.X (Millipore 05-636, clone JBW301); 531 

rabbit anti-SYCP1 (Novus Biological, NB300-229); rabbit anti-DMC1 (Santa Cruz 532 

Biotechnology sc-22768, H-100); mouse anti-SYCP3 (Santa Cruz Biotechnology sc-74569, D-533 

1); rabbit anti-SYCP3 (Abcam ab15093). Non-specific binding sites were blocked by incubating 534 

the cells with 0.2% BSA, 0.2% gelatin, 0.05% Tween-20 in PBS (B/ABD buffer). Cells were 535 

incubated with the primary antibodies overnight at 4°C. Following washes in B/ABD buffer and 536 

detection with secondary antibodies, the slides were mounted in DAPI/Vectashield (Oncor) and 537 

analysed with an Olympus BX60 microscope for epifluorescence, equipped with a Sensys CCD 538 

camera (Photometrics, USA), using Genus Cytovision software (Leica). 539 

 540 

Spermatocytes were staged based on SYCP3 staining. For MLH1 analysis, only pachytenes with 541 

19 or more foci, colocalising with SYCP3, were considered, according to criteria defined by ref. 542 
35.  For DMC1 analysis, randomly selected cells, from any stage, were scored. The number of 543 

DMC1 foci per cell was counted using the PointPicker macro in ImageJ64. For SYCP1 analysis, 544 

only cells in pachytene were considered. Cells with 19 fully synapsed autosomes, with 545 

colocalising SYCP1 and SYCP3 signals, and one XY body, were considered normal. For 546 

characterisation of gamma-H2AX, cells in pachytene or diplotene were scored, and we 547 

considered normal those where only a clearly identifiable XY body was covered by gamma-548 

H2AX signal. 549 

 550 

Prdm9 expression via RT-PCR analysis 551 



To verify the correct expression of the humanized Prdm9, we performed exon-spanning end-552 

point RT-PCR on whole testis cDNA prepared using Tetro reverse transcriptase (Bioline) using a 553 

forward primer binding to exon 9 (5'-CATTAAGTGGGGAAGCAAGA-3') and a reverse primer 554 

binding within the 3' UTR, immediately downstream of the humanized zinc finger domain 555 

encoded by exon 10 (5'-GGGATTTAATTCCCTTTTCTAGTCA-3') (Extended Data Fig. 1b). Q-556 

PCR analysis of Prdm9 transcripts was performed using two primer pairs (5'-557 

GAATGAGAAAGCCAACAGCA-3' and 5'-GGACAACCAGACTGCACAGA-3; 5'-558 

AGCCAACAGCAATAAAACCA-3' and 5'-GGGATTTAATTCCCTTTTCTAGTCA-3'), 559 

amplifying regions within the 3' UTR, normalizing against a housekeeping gene (Hprt; 5'-560 

AGCTACTGTAATGATCAGTCAACG-3' and 5'-AGAGGTCCTTTTCACCAGCA-3') using 561 

the Power SYBR Green PCR Master mix (Applied Biosystems) and a BioRad CFX96 cycler as 562 

per manufacturer's instructions. Relative expression was calculated using the Livak method. 563 

Expression of the humanized Prdm9 allele was unaffected by the genetic manipulation 564 

(Extended Data Fig. 1b,c). 565 

 566 

Single-stranded DNA sequencing and double-strand break (DSB) detection 567 

Testis cells from B6H/H, B6B6/H, wild-type PWD, the infertile (PWD×B6)F1PWD/B6, the reciprocal 568 

semi-fertile (B6×PWD)F1PWD/B6, the humanized rescue (PWD×B6)F1PWD/H, 569 

(B6×CAST)F1B6/CAST, (B6/CAST)F2B6/H males were subjected to single-stranded DNA 570 

sequencing (SSDS) as previously described19. In addition, we used the sample C57BL/6 (sample 571 

1) from ref. 21 aligned to mm9/NCBI37. This sample was also re-mapped to mm10/NCBI38 with 572 

a modified BWA mapper19. Other samples from ref. 21, 9R (sample 2), 13R (samples 1 and 2) 573 

and Prdm9 knockout (B6–/–) (sample 1)10, were also used in the comparative analysis of DSB 574 

maps (Extended Data Fig. 3e). B6H/H and B6B6/H libraries were prepared in Daniel Camerini-575 

Otero's lab (NIH) and sequenced on a HiSeq 2000 platform, using paired-end reads (read 1: 576 

36bp; read 2: 40bp). These samples were aligned to the mouse mm9/NCBI37 reference genome.  577 

Wild-type PWD, the infertile (PWD×B6)F1PWD/B6, the reciprocal semi-fertile 578 

(B6×PWD)F1PWD/B6, the reciprocal rescue (PWD×B6)F1PWD/H, (B6×CAST)F1B6/CAST, 579 

(B6/CAST)F2B6/H samples were prepared in The Wellcome Trust Centre for Human Genetics 580 

and sequenced on HiSeq 2000 and HiSeq 2500 platforms, using paired-end reads (50bp for each 581 

read). These samples were aligned to the mouse mm10/NCBI38 reference genome with a 582 



modified BWA mapper19. Variation in the number of sequenced fragments results from the 583 

difficulty to precisely assess the DNA concentration before sequencing. Only fragments with 584 

high mapping quality (at least 20) were retained for DSB hotspot calling, and only one copy of 585 

each duplicate fragment was conserved (here, a fragment is duplicated if there exists at least one 586 

other fragment mapping to the same genomic position). Supplementary Table 1 gives details 587 

about the samples considered in this study.  588 

 589 

H3K4me3 ChIP-seq 590 

ChIP-seq was performed as previously described36 with several modifications (noted here). 591 

Briefly, the testis tunica was removed, the tubules disassociated with tweezers and fixed in 1% 592 

formaldehyde in PBS for 5 minutes followed by glycine quenching (125 mM final conc.) for 5 593 

minutes at room temperature. Following washing steps, pellets were resuspended in 900 μl cold 594 

RIPA lysis buffer, dounced 20 times and sonicated in 300 ul aliquots in a Bioruptor Twin 595 

sonication bath at 4°C for three 10-minute periods of 30s on, 30s off at high power, then cell 596 

debris was pelleted and removed and aliquots were pooled. For each sample, 50 μl of 597 

equilibrated magnetic beads were resuspended in 100 μl PBS/BSA and added to the chromatin 598 

samples for pre-clearing for 2h at 4°C with rotation. Beads were removed, and 100 μl of pre-599 

cleared chromatin was set aside for the input control. 5 μl rabbit polyclonal anti-H3K4me3 600 

antibody (Abcam ab8580) was added to the remaining pre-cleared chromatin and incubated 601 

overnight at 4°C with rotation. 50 μl beads were washed and resuspended as before, then 602 

incubated with the chromatin samples for 2h at 4°C with rotation. Beads were then washed and 603 

decrosslinked at 65°C as described36, and for input controls, 50 μl of pre-cleared chromatin was 604 

used. After descrosslinking, samples were further incubated with 80 μg RNAse A at 37°C for 60 605 

minutes and then with 80 μg Proteinase K at 55°C for 90 minutes. DNA was purified using a 606 

Qiagen MinElute reaction cleanup kit. 607 

  608 

ChIP and total chromatin DNA samples were sequenced in multiplexed paired-end Illumina 609 

libraries, yielding 51bp reads. We prepared two biological replicates plus one genomic input 610 

control each for the infertile (PWD×B6)F1PWD/B6, reciprocal (B6×PWD)F1B6/PWD, and rescue 611 

(PWD×B6)F1PWD/H mice, yielding roughly 40-50 million usable read pairs per replicate. For the 612 

B6B6/B6 and B6H/H mice, we prepared one biological replicate each (yielding 70-80 million usable 613 



read pairs per sample) and later split read pairs into pseudoreplicates. Sequencing reads were 614 

aligned to mm10 using BWA aln37 (v. 0.7.0) followed by Stampy38 (v. 1.0.23, option 615 

bamkeepgoodreads), and reads not mapped in a proper pair with insert size smaller than 10kb 616 

were removed. Read pairs representing likely PCR duplicates were also removed by samtools 617 

rmdup. Pairs for which neither read had a mapping quality score greater than 0 were removed. 618 

Fragment coverage was computed at each position in the genome and in 100bp non-overlapping 619 

bins using in-house code and the samtools39 and bedtools40 packages. 620 

 621 

DSB hotspot detection and map comparison 622 

To analyse DMC1 data, we developed a novel ChIP-seq peak caller, specific to DSB hotspots, 623 

which takes advantage of the shift in the mapping of single stranded DNA (ssDNA) reads 624 

between the 5' and the 3' DNA strands to call hotspots. These ssDNA segments are a 625 

consequence of the resection of DNA ends that accompanies a DSB and are isolated by DMC1 626 

ChIP19. For each hotspot, the caller estimates in particular the centre of the hotspot, and its heat, 627 

loosely defined as the number of reads mapping to this DSB hotspot and predicted to represent 628 

real signal. The caller handles sample replicates and is able to call hotspots using several samples 629 

jointly. Details are given in Supplementary Information. DSB hotspots from two different 630 

samples are considered to overlap if their centres are at most 600bp apart. DMC1 hotspot heats 631 

have been normalised so that the sum of hotspot heats is identical in each sample (and equals the 632 

sum of hotspot heats in B6B6/B6 (sample 1)). 633 

 634 

H3K4me3 enrichments have been computed at DSB hotspots identified by DMC1 ChIP-seq, 635 

using our previously published method36 (Supplementary Information Subsection 7.1). 636 

H3K4me3 hotspots have also been called de novo, without using DSB hotspots, using the same 637 

approach36. The de novo calls were used to generate a list of regions likely to be trimethylated 638 

independently of PRDM9, by intersecting calls in mice with different Prdm9 alleles. In 639 

comparisons involving both DMC1 and H3K4me3 data, we excluded DSB hotspots contained in 640 

any of the PRDM9-independent trimethylated regions, and we used H3K4me3 enrichments 641 

computed at DSB hotspots (Supplementary Information). We only used de novo calls for 642 

analysis in Extended Data Fig. 6d, 6e.  643 

 644 



DNA binding motif analyses 645 

We developed a new, Bayesian, approach to identify DNA motifs enriched at DSB hotspots 646 

(Supplementary Information). We used FIMO (MEME Suite version 4.9.1) to find the locations 647 

of those motifs genome-wide. Using Mus famulus and Mus caroli as outgroups, we reconstructed 648 

an ancestral reference genome for B6 and PWD. We could therefore identify on which lineage 649 

(B6 or PWD) mutations between these two mouse strains occurred. See Supplementary 650 

Information for details. 651 

 652 

DSB hotspot assignment in hybrids 653 

Using SNPs between the B6 and PWD genomes, each read pair from a hybrid DSB library 654 

(DMC1 ChIP-seq) is assigned to one of the categories “B6”, “PWD”, “unclassified” or 655 

“uninformative” using criteria detailed in Supplementary Information. For each DSB hotspot, the 656 

ratio of informative reads from the B6 chromosome was then computed as the fraction of “B6” 657 

reads mapped within 1kb of the hotspot centre, over the sum of “B6” and “PWD” reads in that 658 

region. We followed a similar approach for H3K4me3 ChIP-seq, but we further corrected for 659 

background signal. 660 

 661 

Chromosome effects 662 

To test for statistically significant differential elevation of DMC1 (or H3K4me3) heats between 663 

chromosomes following Prdm9 humanization of the infertile (PWD×B6)F1PWD/B6 mice, we fitted 664 

a quasi-Poisson model to these heats, including predictors for each chromosome. Specifically, 665 

we fitted log �E�dinfertile�drescue,c��=α+γlog(drescue)+∑ βi
P1{c=i}

19
i=1 , where dinfertile and drescue 666 

are the DMC1 heats of a particular hotspot which is shared between the infertile 667 

(PWD×B6)F1PWD/B6 and rescue (PWD×B6)F1PWD/H mice and c is a categorical variable which 668 

represents the chromosome on which the DSB hotspot occurs. Furthermore, for one of the hybrid 669 

mice we considered, for a given autosome, we defined the “total H3K4me3 signal from PRDM9 670 

binding on both homologues (i.e. symmetrically) at the same hotspots, summed over the entire 671 

chromosome”, also referred to as “the sum of ‘symmetric’ heats”, as ∑ 4𝑟𝑟𝑖𝑖(1 − 𝑟𝑟𝑖𝑖)ℎ𝑖𝑖2𝑖𝑖 , where 𝑟𝑟𝑖𝑖 672 

is the fraction of DMC1 reads coming from the B6 chromosome for hotspot 𝑖𝑖, ℎ𝑖𝑖 is the 673 

H3K4me3 heat of that hotspot, and the sum is taken over all the hotspots on that chromosome 674 

which are under the control of a specific (PWD, B6, or humanized) PRDM9. (Our analyses 675 



always refer to this sum of symmetric heats for a specific allele.) When we considered the B6 676 

mouse (which of course has two B6 chromosomes), we defined this sum of symmetric heats to 677 

be ∑ ℎ𝑖𝑖2𝑖𝑖  (which is the special case of the formula above with 𝑟𝑟𝑖𝑖 = 1/2, corresponding to all 678 

hotspots being fully symmetric). Under the assumptions we describe in the Supplementary 679 

Information, this can also be interpreted as being proportional to the expected number of 680 

hotspots with PRDM9 bound on both homologues. Details and motivations for defining this 681 

quantity are given in Supplementary Information Section 8, together with a slight adjustment we 682 

used in practice to provide robustness against outliers in the value of ℎ𝑖𝑖2. 683 

We proceeded similarly in the B6B6/B6–B6B6/H comparison. The observed effects reported in Fig. 684 

2d-f and Extended Data Fig. 7 are normalised to the effect for Chromosome 1. Precise 685 

definitions for the model, and for the 14 chromosome effect predictors tested, are given in 686 

Supplementary Information.   687 

 688 

Analysis code availability and source data 689 

Analysis code used for analysis in this study is available at https://github.com/anjali-690 

hinch/hybrid-rescue. The source data generated in this publication has been deposited in NCBI's 691 

Gene Expression Omnibus (Accession number GSE73833 and GSEXXXXX). 692 
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Figure Legends 751 

Figure 1 | Humanizing the ZF domain of PRDM9 does not impact fertility  752 

a, Domain structure of the re-engineered PRDM9 protein b, γH2AX staining of the sex body 753 

(green), SYCP3 staining of the chromosome axis (red) in late pachytene in B6B6/B6 (top) and 754 

B6H/H (bottom). c, As b, but for (PWD×B6)F1PWD/B6 and (PWD×B6)F1PWD/H. d, SYCP1 staining 755 

of the synaptonemal-complex transverse filament (green), and SYCP3 staining of the 756 

chromosome axis (red) in pachytene for (PWD×B6)F1PWD/B6 and (PWD×B6)F1PWD/H. Arrows: 757 

unsynapsed autosomes. Scale bars: 10 μm. 758 

Figure 2 | DSB hotspot asymmetry in hybrids 759 

a, Distribution of the fraction of reads originating from the B6 chromosome in the infertile 760 

(PWD×B6)F1PWD/B6. PRDM9 control at each hotspot is attributed to B6 (blue), PWD (pink) or 761 

undetermined (grey). b, As a, but for non-shared hotspots, unique to either the rescue 762 

(PWD×B6)F1PWD/H (top) or the infertile (PWD×B6)F1PWD/B6 (bottom). c, Relative contributions 763 

of B6 and humanized PRDM9 to DMC1 signal in (B6/CAST)F2B6/H. Bars represent the three 764 

possible genomic backgrounds. d, Individual chromosome effects (relative to Chromosome 1) 765 

when comparing DMC1 signals in (PWD×B6)F1PWD/B6 relative to (PWD×B6)F1PWD/H, for 766 

shared DSB hotspots. Bars: 1 SE. e, As d, but for H3K4me3. f, Comparison of DMC1 767 

chromosome effects (as in d) with the fitted chromosome effects, using a model including the 768 

symmetric hotspot measures for the three Prdm9 alleles. Bars: 3 SE (95% simultaneous 769 

confidence level for 19 chromosomes). 770 

Figure 3 | Humanizing PRDM9 restores proper synapsis and rescues fertility in hybrids 771 

a, Fertility metrics in hybrid mice. Bars: bootstrap 95% CI (symmetry metric), or 1 SE. b, 772 

Chromosome effects in DMC1 signals (as Fig. 2d) versus previously reported5 asynapsis rates 773 

for five chromosomes in infertile (PWD×B6)F1PWD/B6. Bars: 1 SE. 774 

Figure 4 | Asymmetric DSB hotspots show elevated DMC1 signals but no H3K4me3 775 

elevation 776 



a, Comparison of B6H/H and (PWD×B6)F1PWD/H DMC1 signals (medians shown). Signals are 777 

compared for symmetric and asymmetric hotspots in (PWD×B6)F1PWD/H, on the shared B6 778 

chromosomes. Bars: 95% CIs. b, As a, but for H3K4me3. c, Comparison of DMC1 signals in 779 

(PWD×B6)F1PWD/B6, at symmetric and asymmetric hotspots, binned by H3K4me3 enrichment 780 

(medians shown). H3K4me3 and DMC1 signals are estimated on the PWD chromosome only, 781 

for hotspots associated with B6 PRDM9.  782 

 783 

  784 



Extended Data Figure Legends  785 

Extended Data Figure 1 | Humanization of the zinc finger domain of Prdm9 786 

a, Top panel: the targeting vector used for the humanization of the ZF-array encoded by a 787 

portion of exon 10. Middle panel: wild-type Prdm9 allele. Lower panel: the targeted humanized 788 

allele, following the action of Flp recombinase which removes the FRT flanked neomycin 789 

selection cassette. The positions of primers used for the exon spanning RT-PCR are shown along 790 

with the sizes of the predicted amplification products from cDNA. b, RT-PCR analysis using the 791 

exon spanning primers shown in a from testis cDNA prepared from wild-type (B6B6/B6) and 792 

heterozygous humanized (B6B6/H) mice. For gel source data, see Supplementary Figure 1. c, 793 

Relative expression of the Prdm9 transcript from testis cDNA prepared from wild-type (B6B6/B6), 794 

heterozygous (B6B6/H) and humanized (B6H/H) testis cDNA, normalised to Hprt (n=2 for each 795 

genotype). Bars: 1 SE. 796 

 797 

Extended Data Figure 2 | Effects of the humanization of the Prdm9 zinc finger domain on 798 

fertility parameters  799 

a, The average litter size is shown for all combinations of genotype matings. Bars: 1 SE. b, 800 

Numbers of DMC1 foci colocalising with SYCP3 immunoreactivity per cell, grouped according 801 

to meiotic stage (wild-type (B6B6/B6): n=5 mice; heterozygous (B6B6/H): n=7 mice; homozygous 802 

(B6H/H): n=6 mice; cell numbers counted: zygotene: 32, 38, 37; zygotene/pachytene: 55, 96, 90; 803 

pachytene: 188, 210, 176; signals on XY in pachytene: 188, 210, 175 for B6B6/B6, B6B6/H and 804 

B6H/H, respectively). Mean values are shown c, Number of MLH1 foci per cell in pachytene stage 805 

meiotic spreads. (B6B6/B6: n=6 mice, 180 cells; B6B6/H: n=6 mice, 185 cells; B6H/H: n=6 mice, 183 806 

cells). Mean values are shown. d, Comparison of fertility metrics in four mice with homozygous 807 

genetic background (B6 or PWD). Across all four mice, there is no statistically significant 808 

evidence of differences in these fertility parameters (ANOVA, Bonferroni corrected p-values > 809 

0.08). Bars: 1 SE. e, Average litter sizes in F1 crosses. Bars: 1 SE.  810 

 811 

Extended Data Figure 3 | Further features revealed by DMC1 signal analysis in mice with 812 

homozygous genetic background 813 

a, Effect of humanization of the Prdm9 zinc finger domain on DSB hotspots. A total of 16,225 814 

and 17,517 DSB hotspots were localized in the homozygous humanized and wild-type mice, 815 



respectively. Only 2.6% of these hotspots overlap. b, Correlations between DSB hotspot maps at 816 

different scales. Autosomes are divided into bins of given length, and correlations between the 817 

sums of the heats of the hotspots falling into each bin are reported, for different bin sizes. Grey 818 

region: empirical 95% confidence envelope for the correlation under the null hypothesis of no 819 

association between the B6B6/B6 and B6H/H DSB maps. DSB maps for B6B6/B6, 13R, 9R and 820 

Prdm9 knockout (B6–/–) mice come from ref. 21. B6B6/B6 and 9R have the same Prdm9 allele, but 821 

different genomic backgrounds. c, Breakdown of hotspot provenance (defined by overlap) in the 822 

heterozygous humanized mouse for all DSB hotspots (left panel) and for the hottest 20% of 823 

hotspots (right panel). d, Comparison of estimated heats of DSB hotpots shared between the 824 

heterozygous mouse and the corresponding homozygous B6 (blue) and humanized (red) mouse. 825 

In the humanized heterozygous mouse, hotspots shared with the homozygous humanized mouse 826 

are on average hotter than those shared with the wild-type B6 mouse. e, Distributions of hotspot 827 

provenance in the heterozygous humanized mice as a function of the estimated hotspot heats 828 

(blue: wild-type B6 mouse, red: humanized homozygous mouse, green: humanized heterozygous 829 

mouse, purple: undetermined). The human allele dominates over the mouse allele in terms of 830 

heat, as the proportion of DSB hotspots found in the heterozygous mouse that are shared with the 831 

homozygous humanized mouse increases with estimated heat. The relative heat of a hotspot is 832 

the ratio of this hotspot’s estimated heat to the sum of all the estimated heats (on autosomes). 833 

 834 

Extended Data Figure 4 | Inferred PRDM9 binding motifs are enriched at DSB hotspot 835 

centres  836 

a-d, Refined PRDM9 binding motifs detected in the wild-type B6 mouse (a), in the homozygous 837 

humanized mouse (b), in the heterozygous humanized mouse (c) and in wild-type PWD (d). 838 

Percentages above each motif indicate the fraction of DSB hotspots that are found to harbour this 839 

motif, with each DSB hotspot assigned at most to one motif. In logo plots, letter height in bits of 840 

information determines degree of base specificity. e-g, Enrichment of the most prevalent 15bp 841 

wild-type (blue) and humanized homozygous (red) motifs within 100bp bins across a 5kb 842 

window centred on the DSB hotspot centres. Enrichments were computed for the wild-type (e), 843 

humanized (f) and heterozygous humanized (g) mice DSB hotspots.  844 

 845 



Extended Data Figure 5 | Differential epigenetic mark distributions at PRDM9 binding 846 

motifs  847 

a, Enrichment of H3K4me3 marks at mouse motifs that are either within a B6 (left) or human 848 

(right) PRDM9 allele controlled DSB hotspot, or outside such a hotspot. The enrichment is 849 

relative to a control genomic track. Given the spread of the distributions, the interaction range 850 

between the histones and the DSB hotspot seems to be ~1.5 kb on each side of the motif. b, As a, 851 

for H3K36me3 marks. c, Mean coverage of H3K4me3 (left) or H3K36me3 (right) signal around 852 

the mouse motif nearest to each B6 DSB hotspot, split according to the strand on which the motif 853 

lies. d-h, As a, for H3K9ac (d), H3K27ac (e), H3K27me3 (f), H3K4me1 (g) and H3K79me2 (h) 854 

marks. All ChIP-seq data for histone modifications used in this analysis were obtained from the 855 

Mouse Encode Project. 856 

 857 

Extended Data Figure 6 | Further features of DSB hotspot asymmetry  858 

a-c, DSB hotspot asymmetry in (B6×PWD)F1B6/PWD and in (B6×PWD)F1H/PWD. a, Distribution 859 

of the fraction of (DMC1) informative reads originating from the B6 chromosome in the 860 

reciprocal (B6×PWD)F1B6/PWD mouse. PRDM9 control at each DSB is attributed either to the B6 861 

allele (blue) or the PWD allele (pink) or is undeterminable (grey). b-c, As a, but showing 862 

fractions only for non-shared hotspots, unique to either the reciprocal (B6×PWD)F1B6/PWD (b) or 863 

the reciprocal rescue (B6×PWD)F1H/PWD (c) mice. d-e, Comparison of the levels of asymmetric 864 

binding in the (PWD×B6)F1PWD/B6 and  (B6×CAST)F1B6/CAST mice, using H3K4me3 signal. d,  865 

Distributions of the fraction of H3K4me3 reads from the B6 chromosome in the two mice. We 866 

used raw data from ref. 17 for the (B6×CAST)F1B6/CAST mouse, and processed both data sets in 867 

the same way. H3K4me3 heats were capped at the 95th percentile in each case, and only 868 

H3K4me3 binding peaks not inferred to be independent of PRDM9 binding (Supplementary 869 

Information Section 7), and overlapping with a DMC1 hotspot in the same mouse, were 870 

considered. e, Quantile-quantile plot for the distributions shown in d (blue). Dark grey: y=x line; 871 

light grey: 95% confidence band. f, Density plot comparing, for each hotspot in the 872 

(PWD×B6)F1PWD/B6 mouse, its DMC1 and H3K4me3 asymmetries. The correlation between the 873 

two measures is 0.93. g, Mutations within 1kb regions around B6 and PWD PRDM9 motifs, on 874 

the B6 and PWD genomes. Main plot: For each combination of motif and lineage (PWD or B6), 875 

we plot the fraction of 30bp windows, along the 1kb regions surrounding motif occurrences 876 



within DSB hotspots, where at least one SNP or indel mutation occurred along the respective 877 

lineage. Inset plot: Distribution of motif score differences (derived-ancestral) for motif changes 878 

shown in the main plot. Motif score was defined as the logarithm of the probability that a motif 879 

was drawn from the motif’s position weight matrix, in the ancestral sequence and in the current-880 

day mouse. A negative difference indicates the motif match worsened along the corresponding 881 

lineage. This panel is based on the (PWD×B6)F1PWD/B6 DMC1 map. h, Mutations within 1kb 882 

regions around B6 PRDM9 motifs, on the B6 and CAST genomes, as in g, using the 883 

(B6×CAST)F1B6/CAST DMC1 map. We see no evidence of erosion of B6 PRDM9 motifs on the 884 

CAST genome. 885 

 886 

Extended Data Figure 7 | Chromosome effects following Prdm9 humanization in B6B6/B6  887 

a, Individual chromosome effects (relative to chromosome 1) when comparing DMC1 signals in 888 

the B6B6/H mouse relative to the B6B6/B6 mouse, for the DSB hotspots that are shared between 889 

these two mice. b, Comparison of the observed chromosome effects for DMC1 signals with the 890 

fitted chromosome effects, using the 2-predictor model including the sum of symmetric 891 

H3K4me3 heats in B6B6/B6 and in B6H/H. Bars conservatively show 3 SEs in both plots.   892 

 893 

Extended Data Figure 8 | Value by chromosome and sensitivity analysis for the symmetry 894 

metric  895 

a, Symmetry metric, as defined in the main text, for each sample (ALL), and for each autosome 896 

amongst those samples. Error bars represent bootstrap 95% CIs in all panels. b, Alternative 897 

symmetric metrics (to the ones reported in the main text), using only 10,000 hotspots per sample, 898 

or without weighting each chromosome specific metric, to compute the average metric genome-899 

wide. Both metrics are computed using the DMC1 maps. c, Alternative symmetric metrics using 900 

H3K4me3 maps, similarly to b. The threshold of 12,540 hotspots per sample corresponds to the 901 

number of hotspots with ratio estimates in the (PWDxB6)F1PWD/H mouse, which was the lowest 902 

amongst the three samples shown here. 903 

 904 

Extended Data Figure 9 | Asymmetric hotspots, hotspots on the X chromosome and 905 

hotspots opposite deletions show systematic increase of DMC1 heat, relative to symmetric 906 

hotspots 907 



a, For the PWD allele in the rescue (PWD×B6)F1PWD/B6 mouse, mean DMC1 signal is plotted in 908 

decile bins of H3K4me3 enrichment on the B6 chromosome (or the PWD X-chromosome), with 909 

error bars showing 95% CIs and lines of best fit (as in Fig. 4c). The slope of the line for 910 

asymmetric hotspots is 2.5-fold greater than that of the symmetric hotspots, and the slope for 911 

hotspots on the X-chromosome is 5.2-fold greater, illustrating that the DMC1 signal at 912 

asymmetric sites is elevated in a similar fashion to hotspots on the X-chromosome, which do not 913 

repair until late in meiosis. We found similar results in all cases tested. b, Comparison of DMC1 914 

heats on B6 chromosome for hotspots shared between the humanized B6H/H and the rescue 915 

(PWD×B6)F1PWD/H mice, under humanized PRDM9 control. We show symmetric hotspots 916 

(fraction of DMC1 informative reads between 0.4 and 0.6, green), and hotspots opposite a 917 

deletion on the PWD chromosome (deletion of at least 200bp, encompassing a human PRDM9 918 

binding motif, black). The black line represents the median DMC1 heat for symmetric hotspots. 919 

c, As b, but showing the asymmetric hotspots (fraction of DMC1 informative reads above 0.9, 920 

red), with the corresponding median line. Hotspots opposite PWD deletion show a significant 921 

elevation in DMC1 heat relative to symmetric hotspots (14/16 hotspots above the symmetric 922 

median line, p=0.004). This elevation is similar to the one showed by asymmetric hotspots (9/16 923 

hotspots above the asymmetric median line, p=0.80). d, Barplot showing the genome-wide ratio 924 

of mean DMC1 heat to mean H3K4me3 enrichment for asymmetric hotspots relative to 925 

symmetric hotspots in 9 scenarios studied, each for a different combination of mouse, Prdm9 926 

allele, and haplotype, with error bars representing 95% bootstrap CIs for the ratio of means. In all 927 

cases, asymmetric hotspots show an elevation in DMC1 signal for a given H3K4me3 signal. e, 928 

Ratio of mean DMC1 and H3K4me3 signals on the B6 chromosome for the humanized allele in 929 

the humanized rescue mouse. Hotspots are clustered according to the fractions of their H3K4me3 930 

signal that is on the B6 chromosome (r), and the ratio of the mean DMC1 and H3K4me3 signals 931 

in each class is shown here. The whiskers show 95% CIs for the mean, estimated using 932 

bootstrapping. When r>0.5, the B6 chromosome has greater H3K4me3 than the PWD 933 

chromosome, and vice versa. The ratio could not be estimated for r<=0.01 due to H3K4me3 934 

levels being zero or nearly zero in those cases. f, (Left) Ratio of mean DMC1 and H3K4me3 935 

signals on the B6 chromosome compared with the H3K4me3 signal on the PWD chromosome 936 

(log scale) in the infertile mouse. Asymmetric hotspots were defined as those with H3K4me3 937 

fraction on the B6 chromosome > 0.9, and symmetric hotspots were those with the fraction 938 



between 0.1 and 0.9. Hotspots that we estimated to be completely asymmetric (H3K4me3 939 

fraction=0 on either chromosome) or those with H3K4me3 enrichment on either chromosome 940 

close to zero (enrichment < 0.05) were excluded to avoid singularities on either axis. 941 

Asymmetric hotspots were binned into 4 bins of equal size and symmetric hotspots were binned 942 

into 10 bins of equal size. Different numbers of bins were used for asymmetric and symmetric 943 

hotspots to get approximately similar confidence intervals (error bars represent 95% CIs) to 944 

enable comparison. We did not observe many weak symmetric hotspots as we have limited 945 

power to detect such hotspots, which is why there are no symmetric bins with very low 946 

H3K4me3 levels on the homologue  (Right).  As (Left), but with the ratio determined for the 947 

PWD chromosome relative to H3K4me3 on the B6 chromosome. Accordingly, asymmetric 948 

hotspots are defined as those with H3K4me3 fraction on the PWD chromosome > 0.9. 949 

 950 

Extended Data Figure 10 | Elevation of DMC1 asymmetric heat is not explained by GC 951 

content, local heterozygosity, differences in binding motif-disrupting mutations or by 952 

outliers 953 

a-f, Comparison of DMC1 signals in the infertile (PWD×B6)F1PWD/B6 mouse, at symmetric and 954 

asymmetric hotspots respectively, binned by H3K4me3 enrichment, after matching symmetric 955 

and asymmetric hotspots on various features: a, DMC1 heat in B6B6/B6; b, local heterozygosity 956 

outside the PRDM9 binding motif, in a 500bp window; c, as b, but for a 1kb window; d, number 957 

of SNPs in binding motif; e, number of indels in binding motif; f, local GC content, computed in 958 

a 200bp window around hotspot centre. g, Distributions of the ratios of H3K4me3 heats on the 959 

B6 chromosome, in the rescue (PWD×B6)F1PWD/H vs humanized B6H/H mice, for the symmetric 960 

(fraction of informative DMC1 reads in the range 0.4-0.6, red) and asymmetric (fraction  0.9-1, 961 

blue) hotspots under humanized PRDM9 control shared between the two mice. The distributions 962 

are very close, suggesting similar trimethylation by PRDM9 on the B6 chromosome in both 963 

mice. h, As g, but for the DMC1 heats. Despite similar trimethylation marking by PRDM9 in 964 

both mice, we observed striking changes in the distribution of DMC1 ratios. This could be due to 965 

either more breaks occurring at the asymmetric sites, or a longer time taken to repair them. i, 966 

Quantile-quantile plots of DMC1 heats for hotspots under the control of the human allele on the 967 

B6 chromosome in the rescue (PWD×B6)F1PWD/H (y-axis, left) vs the humanized B6H/H (x-968 

axis) mice, for symmetric (orange) and asymmetric (green) hotspots. Dotted line represents the 969 



ratios of asymmetric to symmetric quantiles (excluding distribution tails; y-axis, right). Dashed 970 

line represents expected ratio if there were no differences between symmetric and asymmetric 971 

hotspots. The observed ratio of DMC1 quantiles is constant across DMC1 972 

heats, emphasizing that the increase in DMC1 heat at asymmetric sites is very similar across the 973 

whole range of DMC1 heats, and does not simply result from a few outlying hotspots.   974 
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