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Abstract 
 
In many eukaryotes, meiotic recombination occurs preferentially at discrete sites, called 

recombination hotspots. In various lineages, recombination hotspots are located in regions 

with promoter-like features and are evolutionarily stable. Conversely, in some mammals, 5 

hotspots are driven by PRDM9 that targets recombination away from promoters. 

Paradoxically, PRDM9 induces the self-destruction of its targets and this triggers an ultra-fast 

evolution of mammalian hotspots. PRDM9 is ancestral to all animals, suggesting a critical 

importance for the meiotic program, but has been lost in many lineages with surprisingly little 

effect on meiosis success. However, it is unclear whether the function of PRDM9 described in 10 

mammals is shared by other species. To investigate this, we analyzed the recombination 

landscape of several salmonids, the genome of which harbors one full-length PRDM9 and 

several truncated paralogs. We identified recombination initiation sites in Oncorhynchus 

mykiss by mapping meiotic DNA double-strand breaks (DSBs). We found that DNA DSBs 

clustered at hotspots positioned away from promoters, enriched for the H3K4me3 and 15 

H3K4me36 marks and the location of which depended on the genotype of full-length Prdm9. 

We observed a high level of polymorphism in the zinc finger domain of full-length Prdm9, but 

not of the truncated paralogs. Moreover, population-scaled recombination maps in O. mykiss, 

Oncorhynchus kisutch and Salmo salar revealed a rapid turnover of recombination hotspots 

caused by PRDM9 target motif erosion. Our results imply that PRDM9 function is conserved 20 

across vertebrates and that the peculiar evolutionary runaway caused by PRDM9 has been 

active for several hundred million years. 

 

     

  25 
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Introduction 
 Meiotic recombination (i.e. the exchange of genetic material between homologous 

chromosomes during meiosis) is highly conserved in a wide range of sexually reproducing 

eukaryotes, including plants, fungi and animals (1). This process is initiated by the 

programmed formation of DNA double-strand breaks (DSBs), followed by their repair using 30 

the homologous chromosome as template. Recombination events can lead to the reciprocal 

exchange of flanking regions (crossovers, COs), or proceed without reciprocal exchange (non-

crossovers, NCOs). COs are essential for the proper segregation of homologous 

chromosomes (2). Failure to form COs can lead to aneuploid reproductive cells or to defects 

in meiotic progression and sterility (3). Meiotic recombination also plays an important 35 

evolutionary role. It increases genetic diversity by creating novel allele combinations (4, 5) that 

in turns facilitate adaptation and the removal of deleterious mutations from natural populations 

(6-8). 

Intriguingly, the CO rate varies not only among species, populations, sexes and 

individuals, but also along the genome (9-11). Broad-scale patterns of variation within 40 

chromosomes (megabase scale) have been observed in some species: low recombination 

rate near centromeres and high recombination rate in telomere-proximal regions (12). At a 

finer scale (kilobases), CO rate across the genome ranges from nearly uniform (e.g. flies, 

worms and honeybees) (13-15) to highly heterogeneous (e.g. yeast, plants and vertebrates). 

In such non-uniform recombination landscapes, most recombination events are typically 45 

concentrated within short intervals of about 2kb, called recombination hotspots (16, 17). 

Studies on the evolutionary dynamics of recombination hotspots have identified two alternative 

mechanisms for controlling hotspot localization. In many eukaryotes (e.g. Arabidopsis, 

budding yeast, swordtail fish, birds and canids), hotspots tend to be located near chromatin 

accessible regions enriched for H3K4me3, including promoters and transcription start sites 50 

(TSSs) (18-25). Elevated recombination rates are also observed at transcription end sites 

(TESs) in plants and birds (25, 26). In vertebrates, recombination hotspots are particularly 

associated with TSSs that are located within CpG islands (CGIs)(18, 25, 27). Hotspot location 

is conserved over large evolutionary timescales in birds and yeasts (22, 23, 25), likely because 

promoters are evolutionarily stable. However, the generality of this conclusion remains to be 55 

evaluated (28). On the other hand, mammalian species, including primates, mice and cattle, 

show a drastically different pattern. Their recombination hotspots tend to occur independently 

of open chromatin regions (29-32), and their positions evolve rapidly between closely related 

species and even populations (29, 30, 33-35). The genomic location of mammalian hotspots 

is controlled by the PRDM9 protein (32, 36, 37) that has four canonical domains (KRAB, 60 

SSXRD, PR/SET and zinc finger, ZF), among which the C2H2 ZF domain binds to a specific 
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DNA motif. After PRDM9 binding to this motif, PRDM9 trimethylates H3K4 and H3K36 on 

adjacent nucleosomes through its SET domain. Then, the proteins required for DSB formation 

are recruited at PRDM9 binding sites. The formed DSBs are repaired by homologous 

recombination, leading to COs and NCOs (38). Two striking evolutionary properties of PRDM9 65 

have been identified. First, PRDM9 triggers the erosion of its binding sites, due to biased gene 

conversion during DSB repair (32, 39, 40). Second, its ZF array presents a very high diversity 

(41-46) resulting from rapid evolution driven by a Red Queen dynamic in which positive 

selection favors the formation of new ZF arrays that recognize new binding motifs (39, 40, 47-

50). This is the direct consequence of PRDM9 binding site erosion that increases the fraction 70 

of heterozygous binding sites where DSB repair efficiency is reduced, thus leading to lower 

fitness (47, 50-53). As a result, in Mus musculus, strains carrying different PRDM9 alleles 

generally share only 1-3% of DSB hotspots (34), and hotspot locations hardly overlap between 

humans and chimpanzees (29). Thus, PRDM9-dependent and -independent hotspots display 

different genomic locations and also evolutionary lifespan. This raises the question of why and 75 

how the genetically unstable mechanism of PRDM9-directed recombination has evolved (19, 

54).  

Understanding the function and evolutionary dynamics of PRDM9 in mammals has 

been a major breakthrough (29, 32, 36, 55). However, the function of PRDM9 homologs in 

non-mammal species remains poorly documented. Phylogenetic studies of the Prdm9 gene 80 

have revealed the presence of a full-length copy in many metazoans, and also repeated partial 

or complete losses (19, 27, 56, 57). This is surprising for a gene that controls such a crucial 

mechanism. Among vertebrates, fine-scale recombination maps from species lacking Prdm9 

(e.g. birds and dogs) or harboring a truncated Prdm9 (e.g. swordtail fish), revealed that their 

recombination hotspots are enriched at CGI-associated promoters (18, 19, 22, 25, 27), as 85 

observed in Prdm9 knockout mice or rats (30, 58). This suggests that the partial or complete 

loss of Prdm9 leads to a reversal of the default mechanism of hotspot location at gene 

promoters. Unfortunately, besides mammals, the currently available fine-scale recombination 

maps are essentially from species lacking a functional PRDM9 (e.g. fruit flies (13), birds (22, 

25), three-spined stickleback (59), lizards (60) and honeybees (15)). This prevents any 90 

assessment of the link between PRDM9 presence and recombination landscape. Recent 

studies in snakes, which carry a full-length Prdm9 copy, concluded that PRDM9 has a role in 

specifying recombination hotspots, and that a fraction of hotspots is at promoter-like features 

(61, 62). This complexity raises the question of PRDM9 function and how it evolved, 

particularly whether it was ancestrally involved in regulating recombination hotspots, or 95 

whether this function appeared relatively recently in mammals. To answer this question, we 

need to characterize the recombination landscapes in other non-mammalian taxa that harbor 
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PRDM9 and determine whether their characteristics and dynamics are similar to those 

described in mammals. 

To this aim, here, we investigated the putative function of PRDM9 in salmonids, a 100 

diverse family of teleost fishes in which a full-length Prdm9 has been found (19, 56). The 

phylogenetic position of salmonids is ideal for testing the hypothesis of an ancestral PRDM9 

role in regulating meiotic recombination in vertebrates. We used the large amount of genomic 

resources available in salmonids and also generated new data to test the role of PRDM9 in 

driving the location of recombination events in salmonids. Specifically, if PRDM9 role in 105 

salmonids were the same as in mammals, we would expect (i) the presence of recombination 

hotspots, (ii) located away from promoters, (iii) overlapping with enrichment for H3K4me3 and 

H3K36me3, (iv) showing rapidly evolving landscapes between closely related populations and 

species, and (v) associated with high diversity of the PRDM9 ZF domain. Importantly, 

salmonids have undergone two rounds of whole genome duplication (WGD) (63-65), offering 110 

the opportunity to investigate the impact of gene duplication on Prdm9 evolutionary dynamics. 

To test these hypotheses, we first analyzed the functional conservation of the many 

Prdm9 duplicated copies across the phylogeny of salmonids. We then characterized the 

functional Prdm9 allelic diversity in Atlantic salmon and rainbow trout to assess the 

evolutionary dynamics of the ZF array. We also determined the meiotic DSB landscape in 115 

rainbow trout using chromatin immunoprecipitation (ChIP) of the recombinase DMC1 followed 

by sequencing, and compared it with the genomic landscapes of the H3K4me3 and 

H3K4me36 marks. Lastly, we reconstructed linkage-disequilibrium (LD) based recombination 

landscapes in five populations from three different salmonid species to identify hotspots, test 

their association with genomic features, and measure their evolutionary stability. Our results 120 

provide a body of evidence supporting PRDM9 role as a determinant of recombination 

hotspots in salmonids. 
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Results 
Duplication history and differential retention of Prdm9 paralogs in salmonids 125 

 The analysis of the genomes of twelve salmonid species and of northern pike (used 

as outgroup) revealed multiple paralogous copies of the Prdm9 gene. These paralogs partly 

resulted from two rounds of WGD: the teleost-specific WGD that occurred ~320 Mya (referred 

to as Ts3R) (63, 65) and a more recent WGD in the common ancestor of salmonids at ~90 

Mya, after their speciation with pikes (referred to as Ss4R) (64). Taking advantage of the 130 

known pairs of ohnologous chromosomes resulting from WGD in salmonids (103-105), we 

reconstructed the duplication history of Prdm9 paralogs by combining chromosome location 

information and phylogenetic inference. The number of Prdm9 paralogs detected per genome 

ranged from 6 copies in rainbow trout, huchen and European grayling, to 14 in lake whitefish. 

Conversely, we found only 3 copies in northern pike. These paralogs clustered into two main 135 

groups that were previously identified as Prdm9ɑ and Prdm9β and originated from the Ts3R 

WGD (19). We found two additional subgroups among the Prdm9β copies (referred to as β1 

and β2) that were conserved in the twelve salmonid species, but only one β copy in the 

outgroup (S3 Fig). The β paralogs contained a complete SET domain and a conserved ZF 

domain, but all lacked the KRAB and SSXRD domains, as previously described (19). The ɑ 140 

sequences clustered into two well-supported groups of paralogs (named ɑ1 and ɑ2) that could 

be subdivided in two groups of duplicated copies (designated as ɑ1.1/ɑ1.2 and ɑ2.1/ɑ2.2; Fig 

1A, S4 Fig). We found the sequence pairs β1/β2, ɑ1.1/ɑ1.2 and ɑ2.1/ɑ2.2 in three Ss4R 

ohnologous pairs, suggesting that they originated from the salmonid-specific WGD. We 

observed an additional subdivision within the ɑ1 group, with pairs of copies duplicated in 145 

tandem present in each pair of ohnologs (i.e. ɑ1.1 a and b and ɑ1.2 a and b, Fig 1A, S7 Table). 

Although no phylogenetic signal was associated with the a and b copies, probably due to 

ectopic recombination and gene conversion, these copies are likely to represent a segmental 

duplication that preceded the Ss4R WGD. Thus, at least two Prdm9 duplication events (i.e. 

one leading to ɑ1/ɑ2 and the other to ɑ1.a/ɑ1.b copies) occurred in addition to the WGD-linked 150 

duplications. To summarize, our results indicate that Prdm9 ɑ and β copies originated from 

the Ts3R WGD. After the divergence of the Esociformes (pike) and Salmoniformes lineages 

~115 Myrs ago, the ɑ copy was duplicated on another chromosome, generating ɑ1 and ɑ2 

copies. The ɑ1 copy was subsequently duplicated in tandem, producing ɑ1.a and ɑ1.b copies 

on the same chromosome. Lastly, all these copies were duplicated on ohnologous 155 

chromosome pairs following the Ss4R WGD. This consensus evolutionary history was 

accompanied by gene conversion events and lineage-specific duplications and losses that 

were not fully identified in our analysis (Fig 1B). Most of these gene copies only contained a 

subset of the 10 expected exons and/or showed signatures of pseudogenization (stop codons, 
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frameshifts). In each species, we identified exactly one complete Prdm9 sequence with 9 to 160 

11 exons, including the four canonical domains without evidence of pseudogenization The 

four genera Coregonus, Thymallus, Oncorhynchus and Salvelinus all shared the same ɑ1.a.1 

functional copy, while the complete copy found in the two Salmo species corresponded to the 

ɑ1.a.2 paralog (Fig 1). Therefore, our results support the differential retention of functional 

Prdm9ɑ paralogs between salmonid lineages following the Ss4R WGD. 165 

 
Figure 1. Prdm9 duplication history in salmonids.  
A) Phylogenetic tree of Prdm9α paralogs in twelve salmonids (i.e. Oncorhynchus kisutch, 

Oncorhynchus mykiss, Oncorhynchus nerka, Oncorhynchus keta, Oncorhynchus gorbuscha, 

Oncorhynchus tshawytscha, Salmo salar, Salmo trutta, Salvelinus namaycush, Hucho hucho, 170 
Coregonus clupeaformis, Thymallus thymallus) and northern pike (Esox lucius) as outgroup 

species. Prdm9β is shown in S3 Fig. The phylogenetic tree was computed with IQTREE and the 

concatenated six exons of the three canonical PRDM9 domains KRAB, SSXRD and SET, with 

1000 bootstrap replicates (values shown at nodes in S4 Fig). The columns, from left to right, 

indicate the i) species name; ii) annotated paralog copy (in bold: full-length copy without 175 
peusogenization), iii) Prdm9 copy status. The four major α clusters. Prdm9α clusters into two main 

groups (α1 and α2) that are divided in two subgroups (α1.1/α1.2 and α2.1/α2.2). α1 was 

duplicated in tandem before the salmonid-specific whole genome duplication Ts3R event (Ss4R), 

leading to the generation of a second copy: α1.a and α1.b. The scale bar is in unit of substitution 

per site.  B) Consensus history of Prdm9 duplication events in salmonids. After the teleost-specific 180 
whole-genome duplication (Ts3R WDG) ~320 Mya, the chromosomes of the common ancestor 

of teleosts were duplicated. Two ohnolog chromosomes arose from the one carrying the ancestral 

Prdm9 locus: one carrying the Prdm9α copy and the other the Prdm9β copy. Gene duplication 

(GD) of the α paralog (referred to as α1) led to the appearance of a new α copy (α2) on another 

chromosome. The α1 copy (becoming α1.a) then underwent a segmental duplication (SD), 185 
generating a α1.b copy in tandem on the same chromosome. By this time, the β paralog had lost 

the KRAB and SSXRD domains. Lastly, the four copies were duplicated during the salmonids-

specific Ss4R WGD ~90 Mya, with the newly formed paralogs (annotated α1.a.2, α1.b.2, α2.2, 

β2) on ohnolog chromosomes. One full-length copy was retained in each species. The Salmo 

genus (S. trutta and S. salar) retained the α1.2 copy, whereas all other salmonids retained the 190 
α1.1 copy (only O. kisutch and O. mykiss are represented). This differential retention of paralogs 

must have happened after the speciation of the Salmo lineage ~30 Mya. Ohnolog chromosomes 

are represented with similar color shades (i.e. blue, red, green), and Prdm9 locus in yellow. This 

global picture of the duplication events in the salmonid history does not show other duplication 

events and losses that arose independently in some lineages.   195 
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High PRDM9 ZF array diversity in O. mykiss and S. salar 
We analyzed the allelic diversity of the ZF array of the complete PRDM9α copy found 

in S. salar (α1.a.2) and O. mykiss (α1.a.1) (Fig 1). We identified 11 PRDM9 ZF alleles in 26 

S. salar individuals, and 7 alleles in 23 O. mykiss individuals (Fig 2A). The major allele had a 200 

frequency of 0.40 in S. salar and 0.35 in O. mykiss, and the four most frequent alleles had a 

cumulative frequency >0.8 in both species (Fig 2B). S. salar and O. mykiss alleles contained 

5 to 10 and 7 to 15 ZFs, respectively. In both species, the last ZF of the arrays was probably 

not functional, because it lacked the conserved histidine involved in the interaction with a zinc 

ion required to stabilize the finger array (S5 Fig). As seen in other species, the four positions 205 

in contact with DNA (position -1, 2, 3 and 6 of the alpha helix) were highly variable among ZF 

units (Fig 2C). We characterized the proportion of total amino acid diversity at these DNA-

binding residues among all different ZF units identified in each species following (19). This 

proportion, which is sensitive to the rapid evolution at DNA-binding sites and to the 

homogenization at other amino acid positions due to concerted evolution between repeats 210 

within the array, was 0.49 in S. salar and 0.55 in O. mykiss (Fig 2C). These values were within 

the range reported for full length PRDM9α in vertebrates (19). The observed high level of 

allelic diversity and the pattern of amino acid diversity within the ZFs were consistent with the 

rapid and concerted evolution of the ZF array of the full-length Prdm9 gene that characterizes 

PRDM9 copies involved in specifying meiotic recombination sites (19, 54). 215 

In addition to the full-length copy, one truncated copy of PRDM9α (α2.2) was strongly 

expressed in testes in both Oncorhynchus and Salmo genera. This truncated copy lacked a 

KRAB domain, but carried a SET domain that contained three conserved tyrosine residues 

important for methyltransferase catalytic activity (106) (S6 Fig). This suggested that its 

function, which remains unknown, involves the methyltransferase catalytic activity. In S. salar, 220 

the allelic diversity of the ZF array in the truncated Prdm9 α2.2 was very low: in the 20 

individuals analyzed, we only observed one single allele where the array had 5 ZF units (S5 

and S7A Figs). In O. mykiss, we identified five PRDM9 α2.2 alleles in 20 individuals, with 6 to 

12 ZFs (S7A-B Fig). Some ZFs lost one amino acid, with unknown consequence on their DNA 

binding capacity (S5 Fig). In O. mykiss, the proportion of amino acid diversity at DNA-binding 225 

residues was lower in the truncated PRDM9 α2.2 (r=0.367, S7C Fig) than in the full-length 

PRDM9 α1.a.1 (r=0.552, Fig 2C). However, in S. salar, the proportion of amino acid diversity 

at DNA-binding residues was relatively high among the 5 ZFs of the unique PRDM9 α2.2 allele 

(r=0.471). PRDM9 α2.2 may have retained this signature of a past positive selection, 

suggesting that the functional shift associated with the loss of the KRAB domain may be 230 

relatively recent. Overall, in both species, the ZF diversity was strikingly reduced in the 

truncated PRDM9α (α2.2) compared with the full-length copy, consistent with the hypothesis 
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that KRAB-less PRDM9 homologs lost the capacity to trigger recombination hotspots, and 

therefore are no longer subject to the Red Queen dynamics (19). 

 235 
Figure 2. Zinc finger allelic diversity of full-length PRDM9 in S. salar and O. mykiss.  
A) Structure of the identified PRDM9 alleles in S. salar PRDM9 α1.a.2 and O. mykiss PRDM9 

α1.a.1. Colored boxes represent unique ZFs, characterized by the three amino acids in contact 

with DNA (3-letter code). Additional variations relative to the reference sequence are indicated in 

between brackets. The complete zinc finger amino-acid sequences are shown in S5 Fig. B) 240 
Frequencies of the alleles displayed in panel A among the 26 S. salar and 23 O. mykiss individuals 

in which Prdm9 was genotyped. C) Distribution of amino acid diversity among all unique ZFs 

found in the alleles shown in panel A, following a previously described methodology (19). The 

amino acid diversity is plotted in function of the amino acid position in the ZF array, from position 

1 to position 28 (first and last residues) of a ZF. The ratio of amino acid diversity at the DNA-245 
binding residues of the ZF array (-1, 2, 3 and 6), indicated as r, is shown in the upper box of each 

panel.  

 

PRDM9 specifies meiotic DSB hotspots in O. mykiss 
To directly assess whether the full-length PRDM9α copy (hereafter PRDM9 unless 250 

otherwise specified) determines the localization of DSB hotspots, we investigated the 

genome-wide distribution of DMC1-bound ssDNA in O. mykiss testes by DMC1-SSDS (Fig 

3A). DMC1 is a meiosis-specific recombinase that binds to ssDNA 3’ tails resulting from DSB 

resection. Therefore, meiotic DSB hotspots can be mapped by identifying fragment-enriched 

regions (i.e. peaks) in DMC1-SSDS data (30, 33, 75). We detected several hundred peaks in 255 

the three rainbow trout individuals analyzed by DMC1-SSDS (616 peaks in TAC-1, 209 in 

TAC-3, and 1924 in RT-52). Differences in peak number may result from inter-sample 

differences in cell composition related to the testis developmental stage (see S1 Methods). In 

all three individuals, the DMC1-SSDS signal at DSB hotspots displayed a characteristic 

asymmetric pattern in which forward and reverse strand reads were shifted toward the left and 260 

the right of the hotspot center, respectively. This confirmed that the DMC1-SSDS peaks 

detected in rainbow trout were genuine meiotic DSB hotspots (30)(S8A Fig). The average 

width of DMC1-SSDS peaks was 1.5-2.5 kb, which is similar to what described in mice and 

humans (30, 33). The DSB hotspot density increased towards the chromosome ends, 

indicating that the U-shaped distribution of COs classically observed in male salmonids (107) 265 

is the result, at least in part, of a mechanism controlling DSB formation (S9A Fig). 

Then, we tested whether the DSB hotspot formation was PRDM9-dependent by 

assessing the hotspot association with (i) specific Prdm9 alleles and (ii) sites enriched for both 

H3K4me3 and H3K36me3 due to PRDM9 methyltransferase activity (38, 108). The three 
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individuals analyzed (only TAC-1 and TAC-3 for histone marks) carried a functional Prdm9 270 

(i.e. Prdm9 α1.a.1) with different genotypes. TAC-1 (Prdm91/5) and TAC-3 (Prdm92/6) did not 

share any Prdm9 allele, whereas RT-52 (Prdm91/2) shared one allele with each of them. In line 

with the hypothesis that PRDM9 specifies DSB hotspots, some DMC1-SSDS peaks were 

common to RT-52 and either TAC-1 or TAC-3 (see Fig 3A for examples). Specifically, the 

overlap between TAC-1 and RT-52 DSB hotspots (167 of the 616 TAC-1 hotspots, 27%), and 275 

between TAC-3 and RT-52 DSB hotspots (42 of the 209 TAC-1 hotspots, 20%) was 

substantial, whereas only two hotspots were shared by all three individuals (S8B Fig). The 55 

DMC1-SSDS peaks shared by TAC-1 and TAC-3 may be artifactual because the forward and 

reverse strand enrichment distribution did not follow the typical asymmetric pattern of DSB 

hotspots (compare S9B Fig and S8A Fig). The histone marks H3K4me3 and H3K36me3 280 

usually do not colocalize at the same loci because H3K4me3 is enriched at promoters and 

other genomic functional elements and H3K36me3 within gene bodies. However, PRDM9-

dependent DSB hotspots are specifically enriched for both H3K4me3 and H3K36me3 because 

PRDM9 catalyzes both modifications (109, 110). As expected, we did not detect H3K36me3 

enrichment at PRDM9-independent H3K4me3 peaks identified in brain tissue (S10A Fig). 285 

Conversely, the DSB hotspots detected in TAC-1 and TAC-3 testes were enriched for both 

H3K4me3 and H3K36me3 (Fig 3A-B, S10B-C Fig). However, in testis chromatin from TAC-1 

but not from TAC-3 H3K4me3 and H3K36me3 were enriched at TAC-1 DSB hotspots and 

reciprocally, they were enriched at TAC-3 DSB hotspots in TAC-3 but not in TAC-1. H3K4me3 

and H3K36me3 were enriched at RT-52 DSB hotspots in testis chromatin from both TAC-1 290 

and in TAC-3 (S10B-C Fig). H3K4me3 and H3K36me3 enrichment levels were correlated, as 

expected for histone marks catalyzed by PRDM9 (S11A Fig). Moreover, the majority of RT-52 

DSB hotspots were enriched for H3K4me3 either in testis chromatin from TAC-1 or in TAC-3, 

but not in both (S11B Fig; Chi2 test of homogeneity, p=10-26). A similar trend for the H3K36me3 

mark might have been undetectable due to the high level of PRDM9-independent H3K36me3 295 

at a fraction of the sites (S11A-B Fig). This observation supports the hypothesis that a fraction 

of DSB hotspots in RT-52 is specified by PRDM91 (shared with TAC-1) and the others by 

PRDM92 (shared with TAC-3).  

 
Figure 3. Meiotic DSB hotspots are specified by full length PRDM9 in O. mykiss.  300 
A) DSB hotspots detected by DMC1-SSDS (DMC1), H3K4me3 and H3K36me3 in selected 

regions of the O. mykiss genome in testes from two or three (DMC1) individuals. B) Average 

profile of H3K4me3 (red) and H3K36me3 (blue) ChIP-seq signal in TAC-1 (Prdm91/5) and TAC-3 

(Prdm92/6) testes, at DSB hotspots detected in TAC-1 (Prdm91/5), TAC-3 (Prdm92/6) and RT-52 

(Prdm91/2). C) On top, the PRDM9 allele 1 (E=5.1e-37) and allele 2 motifs (E=1.2e-63) discovered 305 
at allele 1 (n=300) and allele 2 DSB sites (n=254) are shown. Below, the plots depict the 
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distribution of hits for the PRDM9 allele 1 (left) and allele 2 (right) motifs at allele 1 and allele 2 

DSB sites from the center of the sequence up to 2.5 kb of distance. The signal is the weighted 

smoothed moving average, and hits were calculated in a 250 bp sliding window. D) Violin plot 

showing the distribution of DSB hotspots in TAC-1 (magenta), TAC-3 (green) and RT-52 (blue) 310 
relative to the TSSs of RefSeq annotated genes. 

 

Population genomic landscapes of recombination 
The DMC1-SSDS approach we performed allowed analyzing DSB distribution in a 

given male individual, is thus restricted to one sex and does not provide information on the 315 

outcome of recombination events (CO or NCO). To get a more general picture of the genome-

wide recombination landscapes and their evolution, we computed LD-based genetic maps in 

three salmonid species:  coho salmon (O. kisutch), rainbow trout (O. mykiss), and Atlantic 

salmon (S. salar). In S. salar, we analyzed three populations: North Sea (NS), Barents Sea 

(BS) and Gaspesie Peninsula (GP). For comparison, we also reconstructed the LD-based 320 

recombination map of European sea bass (D. labrax) that carries the KRAB-less Prdm9β 

gene, but lacks a full-length Prdm9ɑ.  

 The population-scaled recombination landscapes showed consistent broad-scale 

characteristics between O. kisutch, O. mykiss and the three S. salar populations. The genome-

wide population recombination rate ranged from 0.0032 (in units of ⍴=4Ner per bp) in O. kisutch 325 

to 0.012 in O. mykiss, with intermediate values in S. salar populations (Table 1). At the intra-

chromosomal level, 100-kb smoothed recombination landscapes showed a general increase 

towards the chromosome ends, up to a 6-fold increase in S. salar (S12 Fig). This U-shape 

pattern mirrored the chromosomal distribution of DSB hotspots in male rainbow trout (S9 Fig).  

 The fine-scale analysis of the genomic landscapes also showed highly 330 

heterogeneous recombination rates within 2-kb windows (Table 1, S13 Fig). In each 

population, the local variation in recombination rate was of several orders of magnitude (S8 

Table). On average, 90% of the total recombination appeared to be concentrated in 20% of 

the genome, a higher rate than what observed in humans and chimpanzees (29, 111) and 

slightly higher than what we observed in sea bass (Table 1, S14 Fig, S8 Table). This 335 

heterogeneity was largely driven by the presence of recombination hotspots. Based on the 

raw LD-maps reconstructed at each SNP interval, we confirmed that the size of most (>80% 

on average) salmonid hotspots was <2kb (S15 Fig, S8 Table). Therefore, we performed the 

rest of our analysis using the hotspots called within 2-kb windows. The total number of called 

hotspots per species ranged between 17,064 in S. salar and 22,948 in O. kisutch, with hotspot 340 

density values similar to those in sea bass and also humans, mice and snakes (62, 111, 112). 

The proportion of total recombination cumulated in hotspots ranged between 17% in S. salar 

and 36% in O. kisutch, while occupied less than 3% of the genome (Table 1). Hotspots were 
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evenly distributed along chromosomes, but showed higher recombination rates towards the 

chromosome ends. This property was observed both for species with a full-length Prdm9 (O. 345 

kisutch, O. mykiss and S. salar) and for the species with a truncated Prdm9 (D. labrax)(S16 

Fig). 

Then, we compared the LD-based recombination landscape of O. mykiss and the 

location of DSB hotspots mapped by DMC1-SSDS (pooling peaks from the three samples). 

We found that 6.7% of    DMC1-SSDS peaks overlapped with the LD-based hotspots, which 350 

is more than expected by chance (S17A-B Fig). This weak overlap was comparable with that 

observed in Mus musculus castaneus where 12% of DSB hotspots overlap with LD-based 

hotspots (113). We also found that in these shared peaks, population recombination rates 

were significantly higher than in non-shared LD-based or DSB hotspots and the rest of the 

background landscape (Kruskal-Wallis test p-value < 0.05, Wilcoxon post-hoc test < 0.05, 355 

S17C Fig).  

 

 
Table 1. Summary of fine-scale recombination rate variations in 2-kb windows and hotspot 

detection for populations of O. kisutch, O. mykiss and S. salar (only the NS population is shown), 360 
and D. labrax. 

 

Recombination hotspots are located away from CGIs 
In species that lack full-length PRDM9, recombination hotspots should be located in 

open-chromatin regions, such as unmethylated CGI-associated promoters and/or constitutive 365 

H3K4me3 sites (18, 19, 22, 25, 27), unlike in species like mice, where PRDM9 targets regions 

away from these genetic elements (30). To test whether PRDM9ɑ plays a similar role in 

salmonids, we first examined how DSB hotspots were distributed relative to TSSs in rainbow 

trout. We found that the percentage of DSB hotspots overlapping with TSSs was either not 

different or lower than expected by chance (4.5 and 5.3% versus 7.6% for TSSs of coding and 370 

non-coding genes; S9 Table, S8C Fig). Moreover, the vast majority of DSB hotspots mapped 
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several kb or more away from the closest TSS (Fig 3D). Therefore, DSB hotspots, at least 

those strong enough to be detected by our DMC1-SSDS assay, did not localize at TSSs.  

 We then examined how population recombination rates were distributed relative to 

TSSs that overlapped or not with CGIs, by comparing the three salmonid species to sea bass 375 

that only has a truncated PRDM9β protein. Although the criteria classically used to predict 

CGIs in mammals and birds are not appropriate for teleost fish where CGIs are CpG-rich but 

have a low GC-content (94, 95), we could predict TSS-associated CGIs in fish genomes simply 

based on their CpG content (see S2 Analysis). Sea bass (truncated PRDM9β) showed a high 

level of recombination at promoter regions, with a strong 3-fold enrichment of recombination 380 

at TSSs associated with CGIs (Fig 4A), as reported in birds (25). Conversely, in salmonid 

species (full-length PRDM9), recombination rate varied little between TSSs and their flanking 

regions (at most 1.2-fold enrichment). Specifically, at CGI-associated TSSs, recombination 

rate tended to be lower than at other TSSs (Fig 4A-B). Moreover, hotspots overlapping with 

TSS represented <5% of all hotspots in the three salmonid populations and up to 21% in sea 385 

bass (Fig 4C). The analysis of other genomic features showed little variation in recombination 

rate and hotspot density, with similar levels in genes, introns, exons, TEs and CGIs compared 

with intergenic regions (Fig 4B-C). We observed only a very small increase in recombination 

rate at TSSs that did not overlap with CGIs and TESs in O. kisutch and O. mykiss. Therefore, 

our results indicated that salmonid recombination events do not concentrate at promoter-like 390 

features overlapping with CGIs, as already shown in primates and in the mouse.   

    We also examined other genomic correlates and features that might influence 

population recombination rate variation at different levels of resolution. As expected from the 

joint effect of the local effective population size (Ne) on both nucleotide diversity and population 

recombination rate, SNP density was positively correlated with the ⍴ averaged at the 100-kb 395 

scale, although this trend was not significant in O. mykiss (S18A Fig). More locally, we also 

observed an increase in SNP density in the 10kb surrounding recombination hotspots (S19A 

Fig). These positive relationships could be amplified by a direct mutagenic effect of 

recombination during DSB repair, and a more pronounced erosion of neutral diversity in low-

recombining regions due to linked selection (29, 33, 114-116). However, we cannot exclude 400 

the possibility that the accuracy of the recombination rate estimate depends on SNP density 

(79), leading to possible confounding effects.  

In mammals, GC-biased gene conversion causes an increase in GC-content at 

recombination hotspots (33, 40, 117, 118). Conversely, in four of the five salmonid 

populations,         GC content tended to decrease close to hotspots (S19B Fig). At a larger 405 

scale (i.e. 100 kb), we observed significant positive correlations between GC content and 

recombination rates (S18B Fig). However, these correlations were very weak, suggesting that 
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GC-biased gene conversion has a very small impact in salmonids compared with mammals 

and birds (118).  

The salmonid genomes contain a large proportion (~50%) of TEs among which 410 

Tc1/mariner is the most abundant superfamily (>10%)(103). It is not known whether 

Tc1/mariner transposons influence the estimation of recombination rates. Our TE analysis 

identified between 47.37% and 52.26% of interspersed repeats in O. kisutch and S. salar, 

respectively, and showed that 12.48% to 14.7% of the genome was occupied by Tc1-mariner 

elements (S6 Table). TEs and intergenic regions showed similar average recombination rates 415 

and hotspot density (Fig 4B-C). Recombination rates tended to slightly increase with TE 

density at the larger scale, except in O. mykiss for which we observed the opposite relation 

(S18C Fig), without any strong effect of the TE superfamilies (S20 Fig). As recombination 

rates and hotspot density at TEs were globally comparable to those at intergenic regions (Fig 

4B-C), TEs and among them Tc1-mariner elements did not seem to be characterized by 420 

extreme recombination values that may have affected our recombination rate estimations.  

Lastly, residual tetrasomy resulting from the salmonid WGD event at ~90 Mya (Ss4R) 

(64) is observed at several chromosome regions characterized by increased genomic 

similarity between ohnologs. This could also affect the inference of LD-based recombination 

rates. Such regions have been identified in O. kisutch, O. mykiss and S. salar (103-105). We 425 

tried to filter non-diploid allelic variation from chromosomes showing residual tetrasomy, and 

we also controlled their effect by comparing their recombination patterns with those of fully re-

diploidized chromosomes. Overall, we found <2-fold increase of the mean recombination rate 

in chromosomes containing tetraploid regions (S21A Fig). This was mostly explained by the 

local increase towards the end of chromosomes with residual tetraploidy compared with fully 430 

re-diploidized chromosomes, an effect that was especially pronounced in O. mykiss (S21B 

Fig). Nevertheless, recombination rates behaved similarly in function of the distance to the 

nearest promoter-like feature in the two chromosome sets, and rate variations were similar 

between genomic features (S22 Fig). Overall, chromosomes containing regions with residual 

tetraploidy and re-diploidized chromosomes showed similar recombination patterns.  435 

 
Figure 4. Recombination rates at genomic features.  
The recombination rates at different genomic features are shown for O. kisutch, O. mykiss and S. 

salar (NS population), and compared to those of sea bass (Dicentrarchus labrax) that lacks a full-

length PRDM9 copy. A) Fold recombination rates (scaled to the average recombination rate at 440 
50kb from the nearest feature) according to the distance to the nearest TSS (overlapping or not 

with a CGI). B) Fold recombination rates (scaled to the average recombination rates in intergenic 

regions) at the indicated genomic features. C) Hotspot density at the indicated genomic features. 
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TSS and TES were defined as the first and last positions of each gene. CGIs were mapped with 

EMBOSS using CpGoe > 0.6 and GC > 0. 445 
 
Rapid evolution of recombination landscapes 
 Another key feature of the mammalian system is the rapid evolution of PRDM9-

directed recombination landscapes due to self-induced erosion of its binding DNA motif and 

rapid PRDM9 ZF evolution (29, 32, 34). To determine whether this feature was present also 450 

in salmonids, we compared the location of recombination hotspots in the two Oncorhynchus 

species and in two geographical lineages and two closely related populations of S. salar. We 

estimated that only 6.2% of hotspots were shared by O. kisutch and O. mykiss, which diverged 

from their common ancestor about 16 Myr ago (119). Although     this value was significantly 

higher than expected by chance (S23A Fig), there was almost no increase in recombination 455 

rate at the orthologous positions of hotspots in the two species (Fig 5A). Similarly, the two 

genetically differentiated lineages of S. salar only shared 10.3% (GP vs. BS, FST = 0.26) and 

11.2% (GP vs. NS, FST = 0.28) of their hotspots, with a weak recombination rate increase at 

the alternate lineage hotspots (Fig 5B, S23B-C Fig). Conversely, the two closely related BS 

and NS S. salar populations (FST = 0.02) shared 26.3% of their hotspots, which was much 460 

more than expected by chance (Fig 5C, S23D Fig). In addition, recombination rate at NS 

hotspots in the BS population showed a 5-fold increase (and reciprocally), reflecting high 

correlation between BS and    NS recombination landscapes (Spearman's rank coefficient > 

0.7, p-value < 0.05; S24 Fig). Overall, these analyses revealed a rapid evolution of hotspot 

localization between species and also between geographical lineages of the same species. 465 

Only closely related populations shared a substantial fraction of their hotspots, possibly 

because they share similar sets of Prdm9 alleles that recognize common binding DNA motifs. 

 
Figure 5. Recombination hotspots shared between populations and motif enrichment. In 

panels A, B and C, the Venn diagrams (left) show the percentages of recombination hotspots 470 
shared between pairs of taxa, and the graphs (middle and right) show the recombination rates 

around hotspots at orthologous loci in the two taxa, for the two Oncorhynchus species (A), the 

American (GP population) and European (BS and NS populations) S. salar lineages (B), and 

between the two closely related European S. salar populations (BS and NS) (C). The percentage 

of shared hotspots was calculated using the number of hotspots in the population with fewer 475 
hotspots as the denominator. D) Motif found enriched in the hotspots identified in the European 

populations of S. salar (BS and NS). The Venn diagram shows the percentages of population-

specific and shared hotspots where the motif was found. E) Mean recombination rate at shared 

(between the BS and NS populations) hotspots that harbor (936 hotspots) or not (3485 hotspots) 

the detected motif. The recombination rate was significantly higher at hotspots with the motif 480 
(Student’s t-test p-value < 0.05). F) Motif erosion in the European S. salar populations. The 
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vertical line represents the observed difference in the occurrence of the motif in panel D between 

the American and European lineages. The null distribution (in gray) shows the difference for 100 

random permutations of the motif. 

 485 
Motifs enriched at hotspots show signs of erosion 
 A landmark of the PRDM9-dependent hotspots identified in mammals is the presence 

of DNA motifs, as a consequence of the sequence-specificity of the PRDM9 ZF domain. 

Therefore, we investigated the presence of PRDM9 allele-specific DNA motifs enriched at 

hotspots in salmonids. We first searched for potential PRDM9 binding motifs in rainbow trout, 490 

focusing on RT-52 (Prdm91/2) DSB-based hotspots. As the Prdm91 allele is present in RT-52 

and TAC-1 (Prdm91/5), we defined a subset of RT-52 DSB hotspots presumably specified by 

PRDM91, based on their overlap with H3K4me3/H3K36me3 peaks in TAC-1 (n=300). 

Similarly, we defined a subset of DSB hotspots enriched in putative targets of the PRDM92 

allele, which is present also in TAC-3 (Prdm92/6) (n=254). We identified two consensus motifs: 495 

one strongly enriched in PRDM91 DSB hotspots and the other in PRDM92 DSB hotspots (Fig 

3C). Consistent with the Prdm9 genotypes of the three rainbow trout samples, both motifs 

were enriched at RT-52 DSB hotspots. The PRDM91 motif was also enriched in TAC-1 DSB 

hotspots and the PRDM92 motif in TAC-3 DSB hotspots (S25 Fig). Moreover, the PRDM91 

motif was co-centered with DSB hotspots only in RT-52 (Fisher’s test, p=8.5x10-196) and TAC-500 

1 (p=7.7x10-27), while the PRDM92 motif was co-centered with DSB hotspots in RT-52 

(p=3.3x10-97) and TAC-3 (p=1.7x10-5) (S26 Fig). These two consensus motifs were also 

significantly enriched at LD-based hotspots (S25 Fig). Particularly, the motif targeted by 

PRDM91 was strongly enriched at the center of LD-based hotspots (S26 Fig), suggesting that 

this allele (or closely related alleles that recognize similar DNA sequences) has been quite 505 

frequent during the recent history of the wild population under study.  

As PRDM9-binding DNA motifs are allele-specific, the sharing of Prdm9 alleles 

between populations should lead to shared motif enrichment at shared hotspots. Therefore, 

we looked for enrichment of potential 10-20-bp motifs in the population-specific and shared 

hotspots of the three S. salar populations, compared with a control set of random sequences 510 

of equal size and GC-content. Of note, as LD-based hotspots reflect the population-scaled 

recombination rate, they may result from the activity of multiple PRDM9 variants that can 

hinder the discovery of targeted motifs. Nevertheless, after filtering candidate motifs (S27A 

Fig), we found a motif that was enriched in the NS and BS populations: 7.5% and 9.6% of their 

hotspots, respectively, and 20% of their shared hotspots (Fig 5D). Overall, the recombination 515 

rates at hotspots overlapping with this 12-bp motif were significantly higher than those at other 

hotspots (Student’s t-test p-value <0.05; Fig 5E, S27B-C Fig). This suggests that the detected 
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motif is targeted by a frequent PRDM9 variant shared by the two closely related NS and BS 

populations, possibly originating from their common ancestral variation. 

 PRDM9-associated hotspot motifs undergo erosion in mammals due to biased gene 520 

conversion (32, 39, 40). Therefore, we tested whether the identified 12-bp motif showed signs 

of erosion in European S. salar populations. By comparing the number of motifs present in the 

available long-read genome assemblies from seven European and five North American 

Atlantic salmon genomes (accession numbers in S1 Methods), we found a 2.97% reduction 

in the mean number of motifs in the European genomes (mean Europe = 3,230 vs. mean 525 

North America = 3,329). This level of erosion was significant and not explained by differences 

in assembly sizes, as revealed by count comparisons on collinear blocks, obtained following 

100 random permutations of the motif (Figure 5F). Therefore, the enriched motif shared by the 

NS and BS populations was partially eroded in the European lineage, as predicted by the Red 

Queen model of PRDM9 evolution. 530 

 
Discussion 

To determine whether the PRDM9 functions characterized in humans and mice are 

shared by other animal clades or whether they correspond to derived traits, we investigated 

the evolution and function of full-length Prdm9 in salmonids using phylogenetic, molecular and 535 

population genomic approaches. These analyses allowed us to determine the evolutionary 

history of Prdm9 gene duplication and loss, the diversity of the PRDM9 ZF array, the historical 

sex-averaged recombination map in several populations, the locations of meiotic DSB sites in 

spermatocytes, their chromatin environment, and the presence of conserved motifs and their 

erosion. Collectively, these analyses led us to conclude that PRDM9 triggers recombination 540 

hotspot activity in salmonids through a mechanism similar to that described in mammals.  

 

PRDM9 specifies recombination sites in salmonids 
Our conclusion is based on several evidences. First, we showed in O. mykiss that DSB 

hotspots, detected by DMC1-SSDS, are enriched for both H3K4me3 and H3K36me3 marks. 545 

We provide evidence that hotspot localization is determined by PRDM9 ZFs because the 

location of DSB hotspots and the associated H3K4me3 and H3K36me3 marks varied in 

function of the Prdm9 ZF alleles present in the tested individuals (Fig 3A-B). Consistent with 

this interpretation, we identified DNA motifs enriched at DSB sites. Thus, in salmonids, 

PRDM9 retained its DNA binding activity to modify histones and to attract the recombination 550 

machinery at its binding sites. Comparison of DSB hotspots detected by DMC1-SSDS with 

LD-based CO hotspots in O. mykiss showed a limited, but significant overlap (S17 Fig). We 

also identified a DNA motif enriched at DSB hotspots targeted by Prdm91 that was also 
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enriched at the center of strong CO hotspots detected in the LD-based recombination map 

(S26 Fig). The overlap between hotspots is compatible with the presence of a common Prdm9 555 

allele(s) between the individuals tested and the prevalent Prdm9 allele(s) during the history of 

the populations analyzed. However, as the population-scaled recombination landscape in O. 

mykiss has been shaped by a diversity of alleles, not necessarily represented in the three 

studied individuals, the overall hotspot overlap was low. Similar recombination landscapes 

driven by multiple PRDM9 alleles have been described in mouse populations (35, 113). In the 560 

mouse, PRDM9 can suppress the recombination activity at chromatin accessible regions (30). 

Here, we found that this function is conserved in salmonids. Both DSB maps and LD maps 

show that recombination events are not enriched in promoter regions in salmonids (Fig 3D 

and 4). Conversely, in D. labrax, recombination hotspots were strongly enriched at promoter 

regions overlapping with CGIs (Fig 4), as reported for other vertebrate species that do not 565 

have a full-length Prdm9 (18, 19, 22, 25).  
In addition to the localization of recombination shaped by PRDM9, we detected a 

higher recombination activity at telomere-proximal regions when measuring DSB activity and 

LD, consistent with the recombination activity measured in S. salar pedigree-based linkage 

maps (107). We infer that this effect is PRDM9-independent because the putative PRDM9 570 

motifs in O. mykiss (derived from DMC1-SSDS) and S. salar (derived from LD-based hotspots) 

did not show such biased distribution (S28 Fig). We hypothesize that some additional factor(s) 

might modulate PRDM9 binding or any other step required for DSB activity along 

chromosomes. This telomere-proximal effect appears to be a conserved property, but of 

variable strength between sexes and among species with/without Prdm9 (120). 575 
 

PRDM9 evolutionary instability 
Similarly to the pattern reported in mammals (32, 57, 121), we found an outstanding 

diversity of PRDM9 ZF alleles in O. mykiss and S. salar and signatures of positive selection 

for ZF residues that interact with DNA, specifically in the full-length PRDM9 paralog (α1.a.1 580 

and α1.a.2, respectively) (Fig 2). This suggests that full-length PRDM9 in salmonids could be 

involved in a Red Queen-like process, as documented in mammals, whereby the ZF sequence 

responds to a selective pressure arising from the erosion of PRDM9 binding motifs (39, 40, 

47-50). Consistent with this hypothesis, we found almost no overlap of LD hotspots in the two 

Oncorhynchus species we compared. A similar comparison performed in three S. salar 585 

populations revealed that the percentage of shared hotspots decreased with the increasing 

genetic divergence (Fig 5). The 26.3% overlap in hotspot activity we detected in the two 

Norwegian populations could reflect the existence of shared Prdm9 alleles. On the other hand, 

the European and Northern American salmon populations, which belong to two divergent 

lineages, may not share the same Prdm9 alleles and as a possible consequence, only have 590 
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10.5% of common hotspots. Such patterns of population-specific hotspots and partial overlaps 

have been observed also in mouse populations (35), great apes (122) and humans (123). 

However, hotspot overlapping is always well below the 73% of shared hotspots between zebra 

finch and long-tailed finch that do not carry Prdm9 (25). Further support for a Prdm9 intra-

genomic Red Queen process in Atlantic salmon came from the detection of an enriched motif 595 

in 20% of the hotspots shared by the NS and BS populations. As this motif is likely to be the 

target of an active Prdm9 allele in European populations, the average 3% decrease in total 

copy number in European populations compared with North American populations is indicative 

of ongoing motif erosion. 

Another intriguing pattern revealed by our study is the complex duplication history of 600 

the Prdm9 gene in salmonids, shaped by WGD events and by segmental duplications. 

Particularly, the differential retention of paralogs between salmonid genera suggests that two 

functional Prdm9ɑ copies have co-existed in the common ancestor to Salmo and the 

(Coregonus, Thymallus, Oncorhynchus, Salvelinus) group (Fig 1). This might be true also in 

primates where the pair of paralogs formed by Prdm7 and Prdm9 shares orthology with one 605 

ancestral copy in rodents (124). There is also some evidence that multiple paralogs of Prdm9 

are involved in recombination hotspot regulation in cattle (125). It has been shown that 

changes in Prdm9 gene dosage affect fertility in mice (126, 127), suggesting that PRDM9 may 

be limiting in some contexts. Theoretical models also predict that the loss of fitness induced 

by the erosion of PRDM9 targets could be compensated by increased gene dosage (47, 50). 610 

Thus, the duplication     of a     Prdm9 allele     might be temporarily advantageous when the 

amount of its target motifs starts to become     too low in the genome. However, this benefit is 

expected to be only transient. This could explain why     in the twelve salmonid species 

analyzed, each genome contained a single full length, non-pseudogenized copy of Prdm9. 

The succession of duplications and losses reported here in salmonids and previously 615 

described in mammals contributes to the apparent instability of Prdm9 at the macro-

evolutionary timescale. 

 

The reinforced PRDM9 paradox 
This study uncovers a remarkable similarity in the recombination landscape regulation 620 

between salmonids and mammals. The main conclusion is that the PRDM9 system most likely 

existed in the common ancestor to vertebrates, and might be even older. Certainly, it is not a 

mammalian oddity. Impressively, the ultra-fast Red Queen-driven evolution of Prdm9 and its 

binding motifs has been around for more than 400 My, in several vertebrate lineages (57). 

This implies many thousands of amino acid substitutions per site in the ZF array (57). Our 625 

results highlight the many open questions about this remarkable system, particularly the 

question of its long-term maintenance, which is now demonstrated. Prdm9 can evidently be 
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lost, for instance in birds and canids. Its continuous presence in most mammals, snakes, 

salmonids, and presumably many other taxa might be partly explained by the molecular 

mechanisms of PRDM9-dependent and PRDM9-independent recombination. The net output 630 

of these two processes is the same: CO formation. However, there may be differences in the 

kinetics or efficiency of DNA DSB formation and repair and thus in the robustness of CO 

control. This is suggested by the interaction between PRDM9 and ZCWPW1, a protein that 

facilitates DNA DSB repair (128-130), and by the co-evolution of Prdm9 with genes involved 

in DNA DSB repair and CO formation, such as Tex15 and Fbxo47 (56). If PRDM9 activity is 635 

linked to other molecular processes, its loss without loss of fertility may require several 

mutational events. Interestingly, an intermediate context, suggesting a reduction of PRDM9 

activity, has been observed in the corn snake Pantherophis guttatus. Specifically, Hoge et al 

(61) reported elevated recombination rates at PRDM9 binding sites and promoter-like 

features, introducing the idea of a “tug of war” between Prdm9 and the default, Prdm9-640 

independent, system. A recent study in mammals also showed that many species with Prdm9 

make substantial use of default sites, unlike humans and mice (131). The relative efficiency of 

the Prdm9-independent and Prdm9-dependent pathways presumably evolves and differs 

among species. When the Prdm9-independent pathway is sufficiently efficient, the conditions 

might be met for losing Prdm9 irreversibly. The characterization of recombination patterns and 645 

mechanisms in species with and without Prdm9 should help to understand the paradox of its 

peculiar evolution. 

 
 
  650 
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Material and Methods 
Phylogenetic analysis of PRDM9 paralogs in salmonids  

We investigated the presence of full-length PRDM9 in twelve species from the three 

salmonid subfamilies (Coregoninae, Thymallinae, Salmoninae). We searched for Prdm9-

related genes by homology using the full-length copy of O. kisutch (coho salmon), focusing on 655 

the three PRDM9 canonical domains: KRAB (encoded by 2 exons), SSXRD (1 exon) and SET 

(3 exons). We obtained coho salmon PRDM9 from a nearly full-length coding sequence 

annotated in the RefSeq database (XP_020359152.1), complemented in its 3’ end using a 

cDNA identified in a brain RNA-seq dataset sequenced with PacBio long reads 

(SRR10185924.264665.1). We used this reference sequence to identify, with BLAST, Prdm9 660 

homologs in the whole genome assembly of lake whitefish (Coregonus clupeaformis), 

European grayling (Thymallus thymallus), huchen (Hucho hucho), coho salmon (O. kisutch), 

rainbow trout (O. mykiss), chinook salmon (Oncorhynchus tschawytscha), chum salmon 

(Oncorhynchus  keta), red salmon (Oncorhynchus nerka), pink salmon (Oncorhynchus 

gorbuscha), Atlantic salmon (Salmo salar), brown trout (Salmo trutta), and lake trout 665 

(Salvelinus namaycush), and also of northern pike (Esox lucius, Esocidae), a closely related 

outgroup. As we obtained multiple hits, we filtered out copies containing only one of the six 

exons. We compared candidates to all PRDM-related genes annotated in the human and 

mouse genomes in Ensembl to exclude non-Prdm9 homologs. We aligned the retained exons 

separately using Macse (v2.06) (66), to take into account potential frameshifts and stop 670 

codons. We manually examined and edited the alignments before concatenating exons of the 

same copy using AMAS concat (67). Several paralogous copies of Prdm9 are expected to 

result from the two WGD events that occurred in the common ancestor of teleosts (Ts3R, c.a. 

320 Mya) and salmonids (Ss4R, c.a. 90 Mya), respectively (63-65). We used the location of 

these paralogs on pairs of ohnologous chromosomes resulting from the most recent Ss4R 675 

duplication to trace the evolutionary history of Prdm9 duplications, retention and losses. We 

built the maximum-likelihood phylogeny of the three canonical domains using IQ-TREE (68) 

based on amino acid alignments, using ultrafast bootstrap with 1000 replicates. Lastly, to 

identify functional Prdm9 copies with sequence orthology to the 10 exons found in human and 

mouse Prdm9 (69), we predicted the structure of each gene copy surrounded by 10 kb flanking 680 

regions using Genewise (v2.4.1) (70). We selected representative paralogous sequences 

across the obtained Prdm9 phylogenetic tree to perform a sequence similarity-based 

annotation of the copies in each species. See details in Supporting information (S1 Methods).  
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Analysis of PRDM9 ZF diversity in rainbow trout and Atlantic salmon 685 

We characterized the allelic diversity of the ZF domain of Prdm9α copies in two species 

with different functional α-paralogs: Atlantic salmon (S. salar) and rainbow trout (O. mykiss). 

We focused on Prdm9α because a previous study showed that in teleost fish, Prdm9β copies 

lack the KRAB and SSXRD domains, have a slowly evolving ZF domain and carry a 

presumably inactive SET domain (19).  690 

First, to validate the presence of expressed Prdm9α copies, we inferred the expression 

levels of multiple Prdm9α paralogs in immature testes from the Salmo and Oncorhynchus 

genera, using publicly available RNA-seq data from the Sequence Read Archive (SRA) 

repository. Specifically, we analyzed data from two S. salar samples (SRR1422872 and 

SRR9593306) and two O. kisutch samples (SRR8177981 and SRR2157188). Our analysis 695 

revealed high expression of two distinct Prdm9α paralogs in both genera that were previously 

identified in the phylogenetic analysis. We then sequenced the Prdm9α paralogs α1.a.2 (full 

length, chromosome 5, n=26) and α2.2 (partial, chromosome 17, n=20) in S. salar, and the 

Prdm9α paralogs α1.a.1 (full length, chromosome 31, n=23) and α2.2 (partial, chromosome 

7, n=20) in O. mykiss.  700 

We used wild Atlantic salmon samples from Normandy (France) and rainbow trout 

samples from an INRAE selected strain (S1 Table). We extracted genomic DNA from fin clips 

stored in ethanol at -20°C, using the Qiagen DNAeasy Kit following the manufacturer's 

instructions. We measured DNA concentration and purity with a Nanodrop-1000 

Spectrophotometer (Thermo Fisher Scientific), and assessed DNA quality by agarose gel 705 

electrophoresis. We designed primers using NCBI Primer Blast, ensuring specificity against 

the reference assemblies. Primers targeted the ZF sequence encoded in the last exon of the 

gene, framed by the flanking arms of the array, avoiding any specificity of the paralogous loci 

(S2 Table). We carried out PCR reactions using 1X Phusion HF buffer, 200 µM dNTPs, 0.5 

µM forward primer, 0.5 µM reverse primer, 3% DMSO, 2.5-10 ng template, and 0.5 units of 710 

Phusion Polymerase (NEB) (total volume: 25 μl). Cycling conditions were: initial denaturation 

at 98 °C for 2 min followed by 35 cycles of 98 °C for 10 s, 66-70 °C for 30 s, 72 °C for 90 s, and 

a final elongation step at 72 °C for 3 min, followed by hold at 10 °C, in a C1000 Cycler (Bio-

Rad). We examined PCR products on agarose gels and purified them using the NucleoSpin 

Gel and PCR clean-up kit (Machery-Nagel). We performed Sanger sequencing of single-size 715 

amplicons. Conversely, we separated by electrophoresis heterozygous samples showing two 

different length alleles, followed by cloning using the TOPO Blunt Cloning Kit (Invitrogen) and 

sequencing. Sequencing was done by Azenta-GeneWiz (Leipzig, Germany). 

We assembled and aligned forward and reverse reads to the reference ZF array from 

S. salar ICSASG_v2 and O. mykiss USDA_OmykA_1.1, using SnapGene (v5.1.4.1 - 5.2.3). 720 

We translated contigs into amino acid sequences used to categorize individual Prdm9α alleles. 
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We annotated all ZF arrays to match the C2H2 ZF motif X7-CXXC-X12-HXXXH. We reported 

new alleles every time we found a single amino acid variation. We aligned the DNA sequences 

for each allele to create a consensus sequence. We then followed (56) and (19) to compare 

amino acid diversity at DNA-binding residues of the ZF array (positions -1, 2, 3 and 6 of the α-725 

helix) with diversity values at each site of the ZF array. We calculated the proportion of the 

total amino acid diversity (r) at DNA-binding sites as the sum of diversity at DNA-binding 

residues over the sum of diversity at all 28 residues of the array (see details in S1 Methods).  

 

Identification of DSB hotspots in rainbow trout using ChIP-sequencing 730 

We investigated the genome-wide distribution of DMC1-bound ssDNA in O. mykiss 

testes by ChIP followed by ssDNA enrichment (DMC1-Single Strand DNA Sequencing, 

DMC1-SSDS). We chose three rainbow trout individuals from the pool of samples previously 

used to characterize PRDM9 ZF diversity.  Briefly, we excised male gonads, fixed them in 

Bouin’s solution, and stained 7 µm-thick tissue sections with hematoxylin-eosin (Diapath) 735 

followed by mounting with afcolene mounting medium. We determined the stage of gonadal 

maturation by macroscopic (whole gonads) and histological (gonad sections) analyses, 

according to (71). As DMC1 binds to chromatin during the early stages of the meiotic prophase 

I, we used testes at stages III and IV from three individuals with different Prdm9 genotypes 

(TAC-1: Prdm91/5, stage IIIb; TAC-3: Prdm92/6 , stage IIIa; and RT-52: Prdm91/2, stage IV). This 740 

allowed us to compare DSB hotspots between individuals sharing or not a Prdm9 allele. 

For H3K4me3 and H3K36me3 ChIP experiments we used the protocols described in 

(72, 73) with some adjustments and rabbit anti-H3K4me3 (Abcam, ab8580) and anti-

H3K36me3 (Diagenode, Premium, C15410192) antibodies. For DMC1 ChIP, we used 

previously described methods (74, 75) and antibodies against DMC1. These antibodies were 745 

raised by immunization of a rabbit and a guinea pig with a His-tagged recombinant zebrafish 

DMC1 (see details in S1 Methods). All ChIP experiments were performed in duplicate. A list 

of the samples and antibodies used for the ChIP-seq experiments and the number of mapped 

reads is in S3 Table. 

For H3K4me3 and H3K36me3 ChIP-seq, we generated libraries using the NEBNext 750 

Ultra II protocol for Illumina (NEB, E7645S-E7103S), with minor adjustments. For all clean-up 

steps in the protocol we used MinElute columns (Qiagen, 28004). For size selection, we 

performed agarose gel electrophoresis and excised DNA fragments of 200 to 400 bp that were 

purified using MinElute columns (Qiagen, 28604). For DMC1-SSDS, we generated libraries 

following the Illumina TruSeq protocol (Illumina, IP-202-9001DOC), with the introduction of an 755 

additional step of kinetic enrichment, as previously described (74, 75). Libraries were 
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sequenced on a NovaSeq6000 platform (Illumina) with S4 flow cells by Novogene Europe 

(Cambridge, United Kingdom). 

We analyzed histone modifications with the nf-core/chipseq v1.2.1 pipeline developed 

by (76). Briefly, we aligned the sequencing reads of all ChIP-seq experiments to the 760 

USDA_OmykA_1.1 assembly with BWA (v0.7.17-r1188). For both H3K4me3 and H3K36me3 

marks, we normalized the signal based on the read coverage and by subtracting the input. We 

performed peak calling with MACS2 (v2.2.7.1) for both replicates, and provided an input for 

each sample. We assessed the histone mark enrichment at DMC1 peaks, and the enrichment 

of H3K36me3 signal at H3K4me3 peaks in brain using the deepTools suite (77) and the bed 765 

files produced by the AQUA-FAANG project (https://www.aqua-faang.eu/). We analyzed the 

DMC1-SSDS data as described in (75), with some implementations described in (78), using 

the hotSSDS pipeline (version 1.0). We mapped reads with the modified BWA algorithm (BWA 

Right Align), developed to align and recover ssDNA fragments, as described by (74). We 

normalized the signal based on the library size and the type 1 ssDNA fragments. We 770 

performed peak calling with MACS2 (v2.2.7.1) and relaxed conditions for each of the two 

replicates, and provided an input control. We carried out an Irreproducible Discovery Rate 

(IDR) analysis to identify reproducible enriched regions. Then, we used these peaks as DSB 

hotspots (see details in S1 Methods). We used the final peaks to check the distribution of 

ssDNA type 1 signal at DSB hotspots. 775 

We explored the relationship between H3K4me3 and H3K36me3 signal distribution by 

calculating the correlation between H3K4me3 and H3K36me3 read enrichment at DSB 

hotspots in the RT-52 sample, of the H3K4me3 read enrichment between the TAC-1 and TAC-

3 samples at the RT-52 DSB hotspots, and of the H3K36me3 read enrichment between the 

TAC-1 and TAC-3 samples at RT-52 DSB hotspots. Lastly, we assessed the proportion of 780 

DSB hotspots overlapping with H3K4me3 and H3K36me3 peaks. 

 
Reconstruction of population recombination landscapes in three salmonid 
species 
 785 

Whole-genome resequencing data 
To reconstruct population-based recombination landscapes, we collected high 

coverage whole-genome resequencing data from five natural populations of three salmonid 

species from the SRA database: coho salmon (O. kisutch), rainbow trout (O. mykiss) and 

Atlantic salmon (S. salar). We used ~20 individuals per population as recommended (79). We 790 

retrieved 20 genomes of the Southern British Columbia population of coho salmon (80), 22 

genomes of rainbow trout from North West America (81), and 60 genomes of three populations 

of Atlantic salmon belonging to the two major lineages from North America and Europe (82): 
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20 from the Gaspesie Peninsula in Canada (GP population thereafter), 20 from the North Sea 

(NS population), and 20 from the Barents Sea in Norway (BS population). Sample accession 795 

numbers and locations are in S4 Table and S1 Fig.  

 

Variant calling 
Variants and genotypes called by (80) using GATK were used for O. kisutch. We 

followed the same methodology for variant calling and genotyping in O. mykiss and S. salar, 800 

using the GATK best-practice pipeline (> v3.8-0, see S5 Table for the detailed versions of the 

programs (83, 84)). First, we aligned paired-end reads to their reference genome (Okis_V1, 

GCF_002021735.1; Omyk_1.0, GCF_002163495.1; Ssal_v3.1, GCF_905237065.1) using 

BWA-MEM (v0.7.17, Li and Durbin, 2009; -M option), yielding an average read coverage depth 

per sample of 29.54x, 24.87x and 9.97x for O. kisutch, O. mykiss and S. salar, respectively 805 

(S6 Table). We used Picard (> v2.18.29) to mark PCR duplicates and add read groups. Then, 

we performed variant calling separately for each individual using HaplotypeCaller before joint 

genotyping with GenotypeGVCFs. In total, we analyzed 9,590,270, 39,601,311 and 

27,061,466 single nucleotide polymorphisms (SNPs) for O. kisutch, O. mykiss and S. salar, 

respectively.  810 

After genotyping, we removed variants within 5 bp of an indel with the Bcftools filter (v 

1.9; Li, 2011; -g 5). We filtered low-quality SNPs with Vcftools (> v 0.1.16) (85), keeping only 

biallelic SNPs, and excluding genotypes with low quality scores (--minGP 20) and SNPs with 

>10% of missing genotypes (--max-missing 0.9). For the S. salar dataset, we set the 

missingness threshold at 50% to take into account the lower sequencing coverage depth in 815 

this species. To remove the effect of poorly sequenced and duplicated regions, we kept only 

sites with a mean coverage depth within the 5–95% quantiles of that species distribution. To 

further eliminate shared excesses of heterozygosity due to residual tetrasomy or 

contaminations, we applied a Hardy-Weinberg equilibrium filter with a p-value exclusion 

threshold of 0.01 (--hwe 0.01). We removed singletons by applying a Minor Allele Count (MAC) 820 

filter with Vcftools (--mac 2). For S. salar, we used the missingness, Hardy-Weinberg and MAC 

filters separately for each of the three populations. After these filtering steps, we retrieved a 

total of 7,205,269, 16,079,097 and 5,575,430 SNPs for O. kisutch, O. mykiss and S. salar, 

respectively (S6 Table).  

 825 

Variant phasing and orientation 
We used the read-based phasing approach in WhatsHap (> v0.18) (86) to identify 

phase blocks from paired-end reads that overlapped with neighboring individual heterozygous 

positions. This allowed us to locally resolve the physical phase of 73.45%, 76.98% and 7.32% 
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of variants for O. kisutch, O. mykiss and S. salar, respectively. Then, we performed the 830 

statistical phasing of pre-phased blocks with SHAPEIT4 (> v4.2.1, (87), default settings) in 

each species, assuming a uniform recombination rate of 3 cM/Mb (representative of the 

average recombination rates in teleosts, (11)) and using the effective population size 

estimated from the mean nucleotide diversity of each chromosome calculated with Vcftools. 

We inferred ancestral allelic state probabilities for the set of retained variants of each 835 

species with the maximum likelihood method implemented in est-sfs (v2.04, Kimura-2-

parameter substitution model)(88), using three outgroups per species chosen among the 

available salmonid reference genomes (see details in S1 Methods). The method uses the 

ingroup allele frequencies and the allelic states of the outgroups to infer ancestral allelic state, 

taking into account the phylogenetic relationships between ingroup and outgroup species (89). 840 

 
Estimation of linkage disequilibrium (LD)-based recombination rates 

For each of the five population datasets (O. kisutch, O. mykiss, and S. salar GP, BS 

and NS populations, S1 Fig), we estimated the population-scaled recombination rate 

parameter ⍴ (⍴ = 4Ner, where Ne is the effective population size and r the recombination rate 845 

in M/bp) using LDhelmet (v1.19) (13). LDhelmet relies on a reversible-jump Markov Chain 

Monte Carlo algorithm to infer the ⍴ value between every pair of consecutive SNPs. Variant 

orientation was provided using the probabilities, estimated by est-sfs, that the major and minor 

alleles were ancestral, and a transition matrix was computed following (13). We run LDhelmet 

five times independently for each population. For each chromosome, we created the haplotype 850 

configuration files with the find_conf function using the recommended window size of 50 SNPs. 

We created the likelihood look-up tables once for the five runs with the table_gen function 

using the recommended grid for the population recombination rate (ρ/pb) (i.e. ρ from 0 to 10 

by increments of 0.1, then from 10 to 100 by increments of 1), and with the Watterson θ = 

4Neμ parameter of the corresponding chromosome obtained using μ=10-8. We created the 855 

Padé files using 11 Padé coefficients as recommended. We run the Monte Carlo Markov chain 

for 1 million iterations with a burn-in period of 100,000 and a window size of 50 SNPs, using 

a block penalty of 5. We checked the convergence of the five independent runs by comparing 

the estimated recombination values with the Spearman’s rank correlation test (Spearman’s 

rho > 0.96; S2 Fig). We averaged and smoothened the five runs within 2-kb, 100-kb and 1-Mb 860 

windows using custom python scripts.  

We reconstructed the fine-scale recombination landscape of the European sea bass 

(Dicentrarchus labrax) to compare recombination features in salmonids with a species that 

lacks a complete Prdm9 gene due to loss of the KRAB domain. We used whole-genome 

haplotype data obtained by phasing-by-transmission and statistical phasing (90) to infer 865 

recombination in the Atlantic sea bass population with a similar strategy, using the 
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seabass_V1.0 genome assembly (GenBank accession number GCA_000689215.1) (S5 and 

S6 Tables).  

 

Identification of LD-based recombination hotspots 870 

We identified recombination hotspots from the raw recombination map inferred by 

LDhelmet (i.e. raw hotspots) and from the 2-kb smoothed recombination map (i.e. 2-kb 

hotspots) using a sliding window approach. We defined hotspots as intervals between 

consecutive SNPs or 2-kb windows with a relative recombination rate ≥5-fold higher than the 

mean recombination rate in the 50-kb flanking regions. When consecutive 2kb-windows 875 

exceeded the threshold, we retained only the window with the highest rate.  

 

Analysis of recombination landscapes 
Comparison between DMC1 and LD-based recombination maps 

 We compared DSB hotspots mapped by DMC1-SSDS of the three pooled samples 880 

and the LD-based recombination hotspots retrieved from the recombination landscapes of O. 

mykiss. For this, we converted the genomic positions of the DSB hotspots mapped on the 

OmykA_1.1 assembly to the Omyk_1.0 coordinates on which we built the LD map using the 

Remap program from NCBI. We compared the locations of LD-hotspots and of DSB hotspots 

using Bedtools intersect (91).  885 

 

Recombination at genomic features  
We investigated how DSB-based (O. mykiss) and LD-based (three salmonid species 

and sea bass) recombination rates and hotspots were distributed relative to genomic features. 

We first retrieved the positions of genes, exons and introns from genome annotations in each 890 

species. We de novo identified transposable element (TE) families in each genome using 

RepeatModeler (v2.0.3; option -LTRStruct) (92), before mapping TEs and low complexity DNA 

sequences with RepeatMasker (version 4.1.3, http://www.repeatmasker.org/, options -xsmall, 

-nolow). We deduced intergenic regions from gene and TE locations using Bedtools subtract. 

We defined the TSS and TES as the first and last position of a gene, respectively. For each 895 

reference genome, we predicted CGIs with EMBOSS cpgplot (v6.6.0) (93), using the 

parameters -window 500 -minlen 250 -minoe 0.6 -minpc 0. It should be noted that the criteria 

that are classically used to predict CGIs in mammals and birds (CpG observed/expected ratio 

>0.6, GC content >50%) are not appropriate for teleost fish in which CGIs are CpG-rich but 

have a low GC-content (94, 95). Therefore, we predicted CGIs based only on their CpG 900 

content, without any constraint on their GC content. We confirmed that these criteria efficiently 
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predicted TSS-associated CGIs, using whole genome DNA methylation and H3K4me3 data 

from rainbow trout and coho salmon (see S2 Analysis).  

We investigated DSB hotspots overlap with genomic features and their distance to the 

nearest promoter-like feature (TSS) using Bedtools. For this, we analyzed DNA DSB 905 

distribution using DMC1-SSDS read enrichment as metric. As the coordinates of genomic 

features were mapped on Omyk_1.0, we converted them to the OmykA_1.1 assembly using 

the NCBI Remap tool. 

We assessed population recombination rate (2-kb scale) variations in function of the 

distance to the nearest TSS (overlapping or not with a CGI) using the distanceToNearest 910 

function of the R package GenomicRanges (96). We retrieved the averaged recombination 

rates at each genomic feature (i.e. genes, exons, introns, intergenic regions, TSSs within and 

outside CGIs and TEs) using the subsetByOverlaps function of the same package. We 

compared recombination rates at genomic features in the five salmonid populations and in sea 

bass. 915 

Lastly, we investigated the effect of SNP density, GC content and TEs on the 

population recombination rate variation and the presence of recombination hotspots. We 

calculated SNP density, TE density, and GC content in non-overlapping 100-kb windows, and 

compared them with the window-averaged recombination rates using the Spearman's rank 

correlation test. We assessed the association of hotspots with SNP density and GC content 920 

at the 2-kb scale. 

 

Comparison of LD-based landscapes between populations and species 
We assessed the correlation between the 100-kb smoothed recombination maps of 

each of the three S. salar populations using the Spearman's rank test. We identified shared 925 

hotspots between populations as overlapping 2-kb hotspots using BedTools intersect. To 

compare the recombination hotspots of the O. kisutch and O. mykiss populations, we used a 

reciprocal blast approach to identify homologous regions of the genome in these two species 

(see S1 Methods). We used random permutations to calculate the expected amount of hotspot 

overlap between pairs of the three S. salar populations and between the two Oncorhynchus 930 

populations. We drew random spots (same number as that of 2-kb hotspots) 100 times from 

the genome for each population using Bedtools shuffle, and we compared each of these 

random sets to those of the compared population to calculate the average overlap expected 

only by chance. 

 935 
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Identification of DNA motifs at hotspots and motif erosion 
In rainbow trout, we performed motif detection analysis at DSB hotspots using the 

MEME Suite (97), focusing on the RT-52 dataset due to its high number of DSB hotspots 

(DMC1 peaks). We defined two subsets of allele-specific hotspots using Bedtools intersect: 

Allele 1 set [RT-52 DMC1 peaks (center ± 200 bp) overlapping with H3K4me3 and H3K36me3 940 

peaks from TAC-1 (N = 300)] and Allele 2 set [RT-52 DMC1 peaks (center ± 200 bp) 

overlapping with H3K4me3 and H3K36me3 peaks from TAC-3 (N = 254)]. We used MEME-

ChIP (98) to detect motifs. Then, we assessed motif enrichment in DSB hotspots relative to 

control sequences using FIMO (99) and evaluated central enrichment using CentriMo (100). 

We also quantified the fold-enrichment of the detected motifs at LD-based hotspots (see S1 945 

Methods). 

In Atlantic salmon, we used STREME from the MEME Suite (101) to find motifs 

between 10 and 20 bp in length that were enriched at LD-based hotspot positions, compared 

with control random sequences with a similar GC-content distribution (see S1 Methods). We 

retained the detected motifs as potential PRDM9-binding motifs if they were enriched ≥2-fold 950 

at the hotspots compared with the control sequences, and were found in ≥5% of hotspots. We 

searched for motifs associated with the hotspots of each S. salar population and with the 

shared hotspots between pairs of populations.  

We then tested whether the candidate motifs showed signs of erosion between 

lineages by comparing the number of motifs present in the available long-read genome 955 

assemblies from five North American and seven European Atlantic salmon genomes. To take 

into account potential differences in assembly size, we aligned these twelve genomes with 

SibeliaZ (102) and retrieved collinear blocks that represented 89.5% of the whole genome 

alignment. We then used FIMO (99) to count motif occurrence in the aligned fraction of each 

genome, using a p-value cut-off of 1.0E-7. To assess the statistical significance of motif 960 

erosion in a given lineage, we obtained a null distribution of the between-lineage difference in 

motif occurrence by running FIMO on 100 random permutations of the candidate motif matrix.  
 
Data Accessibility 
Sequencing data from ChIPSeq will be archived at the Gene Expression Omnibus (GEO) 965 

under accession GSExxx. Sequencing data will be deposited in the GenBank Sequence Read 

Archive under the accession code BioProject ID PRJNAXXXXXX, and a file containing scripts 

and commands used for all bioinformatic analyses will be provided following acceptance.  
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