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Meiotic recombination is required for the segregation of homologous chromosomes and is essential for fertility.
In most mammals, the DNA double-strand breaks (DSBs) that initiate meiotic recombination are directed to a subset
of genomic loci (hot spots) by sequence-specific binding of the PRDM9 protein. Rapid evolution of the DNA-binding
specificity of PRDM9 and gradual erosion of PRDM9-binding sites by gene conversion will alter the recombination
landscape over time. To better understand the evolutionary turnover of recombination hot spots and its conse-
quences, we mapped DSB hot spots in four major subspecies of Mus musculus with different Prdm9 alleles and in
their F1 hybrids. We found that hot spot erosion governs the preferential usage of some Prdm9 alleles over others in
hybrid mice and increases sequence diversity specifically at hot spots that become active in the hybrids. As cross-

overs are disfavored at such hot spots, we propose that sequence divergence generated by hot spot turnover may
create an impediment for recombination in hybrids, potentially leading to reduced fertility and, eventually,

speciation.
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Meiotic recombination ensures accurate segregation of
homologous chromosomes during meiosis and drives
genetic diversity in sexually reproducing organisms. Re-
combination is initiated by the formation of DNA dou-
ble-strand breaks (DSBs), and this triggers a search for
homologous DNA sequence that leads to the pairing and
synapsis of homologous chromosomes. Each DSB is sub-
sequently repaired as either a crossover, where there is a
reciprocal exchange between parental chromosomes, or
a noncrossover, where a nonreciprocal exchange known
as a gene conversion occurs.

In most mammals, meiotic DSBs are targeted to a small
subset of genomic loci, known as hot spots, by the his-
tone-lysine N-methyltransferase PRDM9 protein (Baudat
et al. 2010; Myers et al. 2010; Parvanov et al. 2010). DNA
sequence-specific binding of PRDM9 dictates hot spot lo-
cations, and this binding specificity is conferred by multi-
ple adjacent zinc fingers (ZFs), each of which recognizes a
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preferred DNA sequence. PRDM9 trimethylates histone
H3 at Lys4 (Hayashi et al. 2005; Smagulova et al. 2011),
and, in turn, the cellular machinery that creates DSBs is
thought to be recruited (Baudat et al. 2013). Although
the vast majority of DSB hot spot locations in mice and
humans is determined by PRDM9 (Brick et al. 2012;
Pratto et al. 2014), other unknown factors also contribute
to hot spot usage (Pratto et al. 2014).

The DNA-binding domain of PRDM9 is highly poly-
morphic (Parvanov et al. 2010; Buard et al. 2014; Kono
et al. 2014) and is under positive selective pressure to
change its DNA-binding specificity (Oliver et al. 2009;
Thomas et al. 2009; Myers et al. 2010). Tens of human al-
leles (Berg et al. 2010, 2011; Jeffreys et al. 2013) and >150
mouse alleles (Buard et al. 2014; Kono et al. 2014) have
been identified to date, each with potentially different se-
quence specificity. This extremely rapid evolution of
Prdm9-binding specificity has been proposed to solve
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the so-called “hot spot paradox” (Myers et al. 2010), by
which recombination hot spots persist despite the gene
conversion-mediated loss of DNA sequences that favor
DSB formation (Boulton et al. 1997). Such progressive
elimination of “hot” Prdm9-binding sites over time (ero-
sion) may eventually favor the appearance of new Prdm9
alleles, as this would result in the formation of a
completely new set of hot spots. This would restart the
clock for the next erosion/reset cycle of hot spot turnover.

Intriguingly, certain combinations of Prdm9 alleles
have been shown to result in male hybrid sterility in
mice (Mihola et al. 2009); however, the mechanistic role
of Prdm9 in this early stage of speciation is not under-
stood. Hot spot patterning may be important, but details
of the DSB landscape in mice harboring different Prdm9
alleles are not known. To investigate the interplay be-
tween Prdm9 alleles in different genetic backgrounds
and its potential role in speciation, we generated 26
high-resolution genome-wide maps of DSB hot spots in in-
bred laboratory mouse strains and F1 hybrids. These
strains represent all four major subspecies of Mus muscu-
lus, six different Prdm9 alleles, and F1 hybrids of all possi-
ble parental strain combinations. We leveraged these
comprehensive data sets to directly assess the distribution
of recombination initiation hot spots in mice expressing
different Prdm9 alleles, examine how the strength and po-
sition of hot spots change in F1 hybrids expressing two dis-
tinct Prdm9 alleles, and determine how the genetic
background affects recombination activity and outcome.
Our findings provide fundamental insights into the inter-
play between recombination hot spots and genome diver-
sity and allow us to propose a model for the role of PRDM9
in speciation.

Results

High-resolution genome-wide maps of recombination
initiation hot spots

The DMCI1 protein (meiotic recombination protein
DMC1/LIM15 homolog) binds to ssDNA at the ends of
meiotic DSBs. We previously developed a variant of chro-
matin immunoprecipitation (ChIP) followed by sequenc-
ing (ChIP-seq) to map DSB sites using anti-DMCI1
antibodies and sequencing-based detection of ssDNA
(SSDS) (Smagulova et al. 2011; Khil et al. 2012). Here,
we used this approach to map recombination initiation
hot spots in inbred mouse strains with different Prdm9 al-
leles (Fig. 1A,B), representing the four major M. musculus
subspecies (Supplemental Table S1). The B6 and C3H
strains (both Mus musculus domesticus origin) differ at
just 0.2% of genomic loci, while ~20 million single-nucle-
otide variants (SN'Vs) can be detected between B6, CAST,
and PWD, representing 0.8 % of the genome (Supplemen-
tal Table S2). Mus musculus molossinus is the product of
an intercross between Mus musculus musculus and Mus
musculus castaneus in a natural hybrid zone (Silver
1995); however, the genomic diversity relative to the oth-
er strains cannot be estimated by similar means, as equiv-
alent SNV data are not available for this strain. To
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understand the impact of genetic background, we also
used DSB hot spots detected previously in the genome
of the B10.F-H2pb1/(13R)J strain (13R) of M.m. domesti-
cus (Brick et al. 2012). 13R mice have a C57Bl1/10 genetic
background that exhibits negligible sequence diversity
relative to the B6 genome (Smagulova et al. 2011); howev-
er, they harbor a distinct Prdm9 allele derived from F/St
mice (Klein et al. 1978; Yetter et al. 1983).

The allelic variants of Prdm9 in these mice differ in the
number and content of ZFs that determine the DNA-bind-
ing specificity of the protein. We found that few DSB hot
spots were shared by strains with different Prdm9 alleles
(median overlap=1.1%) (Fig. 1A-C; Supplemental Fig.
S1), consistent with the known role of Prdm9 in defining
essentially all meiotic DSB loci in mice (Brick et al. 2012).
Nonetheless, some hot spots were shared between strains
with different Prdm?9 alleles (Fig. 1C), likely a result of ZFs
common to both alleles that result in common sequence
preferences (Fig. 1D; Supplemental Fig. S2). This relation-
ship is not quantitative because while Prdm9pwp and
Prdm9mor share 11 of 14 ZFs, eight of which are consec-
utive (Supplemental Fig. S2), and 13%-14% of hot spots, a
similar proportion of hot spots is shared between
Prdm9pwp and Prdm9cast (11%-12%) despite having
just eight ZFs in common, only four of which are consec-
utive (Supplemental Fig. S2). The highest overlap was ob-
served between hot spots defined by Prdm9gs and
Prdm9cap. These alleles have the most similar ZF arrays
among the six studied (Fig. 1D) and differ only by the pres-
ence of a single extra ZF close to the C terminus of
Prdm9cay; (Fig. 1B; Supplemental Fig. S2). Despite this,
only 30% of hot spots are shared between B6 and C3H
mice (Fig. 1C), and the strength of these shared hot spots
is poorly correlated in B6 and C3H mice (Pearson R>=
0.007) (Supplemental Fig. S3).

At DSB hot spots defined by each allele of Prdm9, a
single centrally enriched DNA sequence motif was iden-
tified (Fig. 1E; see the Materials and Methods; Supple-
mental Fig. S4). These motifs likely represent PRDM9-
binding sites, as each motif matched the computationally
predicted binding site for its respective allele (E-value <
0.005) (Supplemental Table S3; Supplemental Fig. S4).
The B6 and C3H motifs are highly similar, as expected
given the similarities in their ZF arrays. For both motifs,
most sequence specificity appears to be defined by ZF;
through ZFg and by the penultimate ZF (Supplemental
Fig. S4). The spacing between the ZFg consensus and
that of the penultimate ZF is 3 nucleotides (nt) longer
for Prdm9c;sy, consistent with the presence of an addi-
tional ZF. This extra ZF in Prdm9c3y does not appear to
have an explicit sequence preference yet modulates
DNA binding to such an extent that the locations of
70% of the hot spots differ between these mice. It may
be that ZFs encode higher-order sequence dependencies
not captured by a position weight matrix (PWM,; i.e,,
di/trinucleotide binding preferences) (Sharon et al.
2008), that spacing introduced by the extra ZF is impor-
tant for determining sequence specificity, or that interac-
tions between specific ZFs and protein partners may play
a role in determining specificity.
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Figure 1.

Different alleles of Prdm9 define different DSB hot spots. (A) A snapshot of a 600-kb region on chromosome 1. The Y-axis is

given in ssDNA fragments per kilobase per million (FPKM). (B) The ZF array for each Prdm9 allele in this study. ZFs are color-coded
by type, and each ZF shows the primary amino acids that confer DNA sequence specificity (positions —1, 3, and 6). (C) The overlap be-
tween DSB hot spots in different mouse strains. Overlaps are restricted to the central 400 base pairs (bp) of hot spots. (D) To estimate
the similarity of Prdm9 alleles, we considered each allele as a string of independent ZFs and calculated the Damerau-Levenshtein edit
distance (blue) and the longest common subsequence shared between alleles (red). The Damerau-Levenshtein edit distance calculates
the number of insertions, deletions, and changes required to convert one string to another; thus, lower numbers reflect more similar al-
leles, as fewer edits are required. A lower edit distance reflects longer shared common subsequences. (E) A single DNA sequence motif is

enriched at hot spots defined by each Prdm9 allele.

Novel hot spots in hybrids heterozygous for different
Prdm9 alleles

We previously demonstrated that, in an F1 hybrid of mice
that differ genetically only at the Prdm9 locus [13R x B10.
S-H2t4/] (9R); 9R contains Prdm9gs], practically all hot
spots were derived from either one parental strain or the
other (Brick et al. 2012). To explore hot spot transmission
in mice with more heterogeneous genomes, we mapped
DSB hot spots in the F1 hybrid mice of crosses between
all six mouse strains. Crosses involving B6 were per-
formed in reciprocal parental orientations using either a
male or a female B6 breeder (Supplemental Table S4) to fa-
cilitate analysis of potential parent of origin effects.

We inferred the Prdm9 allele that defines each hot spot
in hybrids by comparison with hot spot locations in the
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parental mice. This revealed that up to 35% of DSB hot
spots in hybrids were not present in either parental strain
(Fig. 2A). These novel hot spots are generally strong, and
most are found in both reciprocal crosses with similar in-
tensity, ruling out a parent of origin effect (Supplemental
Fig. S5). By determining the frequency with which DSBs
form on each parental chromosome using anti-DMC1
SSDS sequencing coverage at single-nucleotide polymor-
phisms (SNPs) (see the Materials and Methods), we found
that a majority of novel hot spots in each F1 hybrid (79% =
7%; mean = SD) exhibited a significant DSB formation
bias on one or the other parental chromosome (Fig. 2B;
see the Materials and Methods; Supplemental Fig. S6).
Notably, unbiased novel hot spots were generally weak
(Supplemental Fig. S6) and may have been misclassified
due to low sequencing coverage and limited power to
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Figure 2. Novel hot spots in F1 hybrid mice. (A) In F1 hybrid mice, up to 35% of hot spots occur at sites that are not used in parental
mice (novel hot spots; orange). (B) A majority of novel hot spots exhibit strongly biased DSB formation on one or the other parental chro-
mosome. To generalize findings across multiple strains, we refer to parental chromosomes as P1 (maternal) and P2 (paternal). Initiation
biases were determined by examining SNPs between parental genomes. Hot spots were binned in deciles by the fraction of ssDNA-de-
rived sequencing reads overlapping SNP loci that contained P2-derived SNPs. (C) P2 PRDM9 motifs are enriched at novel hot spots
where DSBs exhibit an initiation bias on the P1 chromosome. (D) P1 PRDM9 motifs are enriched at novel hot spots where DSBs exhibit
an initiation bias on the P2 chromosome. (E) A large percentage of hot spots with biased initiation is explained by SNVs between pa-
rental genomes. DSB hot spots with an initiation bias were split by initiation bias (P1,P2). The proportion of DSB hot spots that contain
a codirected SNV (pink) in the central 500 base pairs (bp) was calculated. Other, noncodirected SNVs were also examined to give an es-
timate of the expected background variation rate. Bar height represents the average value across all nine F1 strains for which SNV data
are available for both parental strains. Error bars represent the maximum and minimum values across all F1 strains. Data for progres-
sively more lenient motif alignment score thresholds are shown from the left to the right panels. The PWM score threshold is surpassed
when either parental chromosome harbors a motif that exceeds the score threshold. There is a large excess of codirected SNVs at hot
spots that exhibit biased initiation.

detect biases (Supplemental Fig. S7). Importantly, initia-
tion biases are also evident at parental hot spots in hybrids
(Supplemental Fig. S6), indicating that novel hot spots are
likely an extreme manifestation of whatever phenomenon
drives their formation.

The most straightforward explanation for the appear-
ance of novel hot spots in the hybrids and their initiation
bias is sequence polymorphism between parental ge-
nomes at PRDM9-binding sites. For example, the B6 ge-
nome may have binding sites for PRDM9cast that are
not present in the CAST genome. Such sites will not be
hot spots in either parental strain because PRDM9cast
is absent in B6 mice, while the CAST genome does not
have these PRDM9cagt-binding sites. In B6 x CAST hy-
brids, such sites will become hot spots, as PRDM9cast

will bind the sites on the B6 chromosome. We call this bi-
ased initiation on the “nonself” chromosome. Consistent
with this model, we found that the consensus hot spot
motif for each parental Prdm9 allele was enriched only
at hot spots that initiated on the “nonself” chromosome
and not at hot spots that exhibited biased initiation on
the “self” chromosome (Fig. 2C,D). Thus, biased DSB for-
mation in hybrids is directed by PRDM9 binding to the
“nonself” chromosome, with which it did not coevolve.
We subsequently inferred the Prdm9 allele that defines
each novel hot spot from the initiation bias.

We next directly examined the contribution of se-
quence variation to the appearance of novel hot spots.
We quantified the proportion of hot spots that could be ex-
plained by sequence changes in PRDM9-binding sites (see
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the Materials and Methods) and found that between 47%
and 71% of novel DSB hot spots (depending on the strain
and the scoring threshold) contained a SNV (SNP or short
insertion/deletion [indel]) that improved the PRDMY-
binding site on the chromosome with initiation bias (codi-
rected SNV (Fig. 2E). For B6 x CAST and B6 x PWD mice,
this increased to >80% if a more relaxed motif scoring
threshold (as reported for a similar analysis at human
DSB hot spots) (Pratto et al. 2014) was used (Supplemental
Fig. S8). Thus, it appears that a majority of novel hot spots
exhibiting biased DSB formation results from sequence
changes at PRDM9-binding sites. These numbers are re-
markably high given our apparently poor understanding
of the complexities that govern PRDM9 binding (see the
first section; also Billings et al. 2013).

Hot spot erosion in parental populations drives
the appearance of novel hot spots in hybrid mice

The sequence diversity that results in the appearance of
novel hot spots in F1 hybrids can be generated by two
mechanisms: hot spot-attenuating mutations in the
“self” lineage or hot spot-activating mutations in the
“nonself” lineage (Fig. 3A-C). To assess the contribution
of these mechanisms to the appearance of novel hot spots,
we examined the frequency with which SNPs arising in
each parental lineage contributed to the formation of novel
hot spots. We identified variants that occurred in each
mouse subspecies by comparing the sequence at each
SNP in M.m. domesticus, M.m. castaneus, M.m. muscu-
Ius, and a more distant mouse species, Mus spretus.

PRDM9
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Figure 3. Sequence variation modulates the DSB hot spot landscape. (A) Appearance of a novel hot spot in the hybrid due to a hot spot-
attenuating variant at a PRDM9-binding site in the “self” genome. (B) Appearance of a novel hot spot in the hybrid due to a hot spot-ac-
tivating variant at a PRDM9-binding site in the “nonself” genome. (C) The mechanism of gene conversion-mediated erosion of PRDM9-
binding sites. (D) At novel hot spots, both PRDM9-binding site-activating and -attenuating variants are enriched. *We inferred the Prdm9
allele that defined each novel hot spot using the DSB initiation bias. We then inferred the origin of SNPs by comparison across mouse
strains (see the Materials and Methods). The SNP density at each hot spot (+250 nt) was compared with that in the flanking region (=

500-nt — 2000-nt region), and the enrichment is shown. Solid red bars indicate hot spot-attenuating variants in the “self” lineage. Solid
green bars indicate hot spot-activating variants in the “nonself” lineage. Empty bars represent variants assayed at the motif for the other
allele of Prdm9 in each hybrid and reflect the variant density at sites not under selection. Both hot spot-activating and -attenuating var-
iants are enriched at novel hot spot centers for all hybrids. (E) We used a motif score threshold of five or greater to assess how many novel
hot spots contained only a loss SNP or only a gain SNP in the central 500 bp. SNPs that do not affect motif scores were not considered. On
average, loss SNPs are four times more common than gain SNPs.
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SNPs where a variant occurred in only one of the four sub-
species were classified as having originated in that lineage.
Twenty-seven percent to 30% of SNPs could be attributed
to a specific lineage by this method; however, too few
indels were annotated across multiple lineages to allow
similar analysis. We next assessed the effect of each SNP
on PRDM9 binding by scoring each site against the hot
spot consensus motif (see the Materials and Methods).

Hot spot-attenuating variants in the self lineage were
eightfold to 24-fold enriched at the center of novel hot
spots (Fig. 3D), while hot spot-activating variants in the
nonself lineage were fourfold to sevenfold enriched (Fig.
3D; Supplemental Fig. S9). Enrichment of hot spot-atten-
uating variants in the self genome will occur because such
variants will be rapidly fixed in the population due to mei-
otic drive in their favor (Boulton et al. 1997; Myers et al.
2005). No such drive favors enrichment of hot spot-acti-
vating variants in the nonself lineage; therefore, the ob-
served enrichment likely reflects an ascertainment bias
for variants that give rise to new hot spots. Quantitatively,
about four times more novel hot spots can be explained
by binding site losses than by gains (4.3-fold + 1.1-fold;
mean + SD) (Fig. 3E), implicating binding site erosion as
the major driver of novel hot spots.

Novel hot spots are an extreme manifestation of these
effects, as a PRDM9-binding site has been either com-
pletely lost or gained. Indeed, like at novel hot spots,
both hot spot-activating and -attenuating variants are
seen at parental hot spots with initiation biases (Supple-
mental Fig. S9). Notably, the rate of hot spot-activating
mutations in the “self” genome is likely an underesti-
mate, as such variants will be rapidly selected against by
erosion. Hot spot-attenuating variants are also enriched
in the nonself lineage at parental hot spots (Supplemental
Figs. S9, S10), implying that most Prdm9 alleles have been
active across multiple lineages.

Together, these data demonstrate that both hot spot-
attenuating and hot spot-activating sequence variants
extensively modulate the landscape of meiotic recombi-
nation initiation in hybrids and show that most novel
hot spots occur at loci where the PRDM9-binding site
has been eroded by fixation of a hot spot-attenuating var-
iant in one or the other parental population. Notably, a
consideration of the full spectrum of variants is important
when making evolutionary inferences at DSB hot spots.
For example, by only considering that hot spot-attenuat-
ing variants will be enriched at hot spots, a recent study
(Baker et al. 2015) concluded that the Prdm9cast allele
is “older” than the Prdm9ge allele. By also considering
hot spot-activating variants, we show that this is unlikely
and that, in fact, PRDM9gs may be the “older” allele (Sup-
plemental Fig. S11).

Unequal use of Prdm9 alleles in heterozygous mice
results from hot spot erosion

The unique interplay between Prdm9 and the genome
sequence may also play a role in determining the relative
usage of different Prdm9 alleles in hybrid mice. We previ-
ously demonstrated that in an F1 hybrid derived from

Evolutionary dynamics of recombination hot spots

mice that differ genetically only at the Prdm9 locus
(13R x B10.S-H2t4/J [9R]; 9R contains Prdm9ge), 75% of
DSB hot spots were defined by the Prdm9;3y allele (Brick
et al. 2012). Similarly, in humans heterozygous for the
Prdm9, and Prdm9c alleles (Pratto et al. 2014), more
DSBs are defined by Prdm9c than by Prdm9,. We refer
to this phenomenon as pseudo-dominance, since it might
not reflect dominance in the classical sense.

To first investigate the pseudo-dominance patterns of
different Prdm9 alleles, we quantified the proportion of
DSBs defined by each allele in each F1 hybrid. In the
most extreme case, the CAST x 13R hybrid, PRDM9;3r
defined 10 times more DSBs than PRDM9cast, while in
crosses between the B6, C3H, and PWD strains, both
Prdm? alleles contributed approximately equal numbers
of DSBs (Fig. 4A; Supplemental Fig. S12). In the hybrids
that we studied, Prdm9;3r is always pseudo-dominant
over the other allele, Prdm9c457 is pseudo-dominant
over all but Prdm9;3z, and Prdm9,0; is pseudo-domi-
nant over Prdm9gs, Prdm9csy, and Prdm9pyp, all three
of which define approximately equal numbers of DSBs.

Meiotic drive in favor of hot spot-attenuating variants
will reduce recombination at those hot spots. In turn,
this may reduce the number of good Prdm9-binding sites
in the genome. Since the number of eroded PRDM9-bind-
ing sites in the genome of each population depends on
the frequency of the Prdm9 allele and the time this allele
was active in the population, one may expect that in hy-
brids, the younger or rarer Prdm?9 alleles will outcompete
older or more common ones, creating pseudo-dominance.
Interestingly, the Prdm9;sgr allele, which exhibits the
greatest pseudo-dominance, was introgressed into the
C57Bl/10 genome from F/St mice (Klein et al. 1978; Yetter
et al. 1983) and may not have directly coevolved with
the C57Bl/10 genome. Thus, in hybrids, it may be par-
ticularly dominant because its own binding sites have
beenminimally eroded in both genomes. Clearly, however,
such predictions are not straightforward, since Prdm?9 al-
leles have been active in more than one subspecies (Supple-
mental Fig. S10; Buard et al. 2014; Kono et al. 2014).

Todirectly evaluate whether differential Prdm9 activity
on the two parental genomes in hybrids can explain pseu-
do-dominance, we compared the proportion of DSBs de-
fined by PRDM9g4 on chromosome X (chrX) in males of
reciprocal hybrid crosses, where the same mouse strains
are crossed but with opposite parental orientations. Since
the single chrX in males is inherited from the mother, this
allowed us to determine the effect of the parental genome
on pseudo-dominance. For example, in B6 x PWD recipro-
cal hybrids, if erosion of PRDM?9g4-binding sites in the B6
genome compromises DSB formation at these sites, then
fewer DSBs will be defined by PRDM9gs on chrXgg (in
the B6f x PWDm hybrids) than by PRDM9g4 on chrXpwp
(in the reciprocal PWDf x B6m hybrids). Indeed, in B6 x
PWD hybrids, we found that substantially less DSBs
were defined by PRDM9gs on chrXgg than on chrXpwp
(Fig. 4B). Thus, PRDM9Yg flips from being pseudo-domi-
nant on chrXpwp to being pseudo-recessive on chrXgg.
Similarly, in B6 x CAST hybrids, PRDM93¢ defines fewer
DSBs on chrXgs than on chrXcagr. For 13R xB6 and
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Figure 4. Pseudo-dominance of Prdm9 alleles is dependent on DNA sequence. (A) The proportion of DSBs contributed by each Prdm9
allele was assessed in F1 hybrids. Where possible, novel hot spots were attributed to a parental allele based on the initiation bias at the hot
spot. Hot spots that could not be attributed to either allele were not considered (quantified in Supplemental Fig. S12). (B) We quantified the
contribution of PRDM95s to DSB formation on chromosome X (chrX) in reciprocal crosses (orange stars). The contribution of the B6 allele
to DSB formation on the autosomes (gray circles) is also shown as a box plot for each hybrid. In B6 x 13R and B6 x C3H reciprocal crosses,
where the two parental X chromosomes are similar, PRDM9g4 contributes equally to DSB formation in both crosses. In hybrids where the
parental X chromosomes differ to a greater extent (B6 x PWD and B6 x CAST), PRDM9g,4 contributes fewer DSBs when chrX originated
from the B6 strain (B6f). In the case of B6 x PWD, this is particularly striking, as PRDM9gs is pseudo-dominant on chrXpwp (PWDf x

B6m) but pseudo-recessive on chrXgg (B6f x PWDm).

C3H x B6 reciprocal crosses, where the two parental X
chromosomes are very similar, we observed little differ-
ence in pseudo-dominance between the reciprocal crosses
(Fig. 4B). In strains where we lacked the reciprocal cross
(C3Hf x CASTm, PWDf x C3Hm, and PWDf x CASTm),
we quantified DSBs made by the maternal Prdm9 allele
on chrX, where only a single maternal copy is present,
and on the autosomes, where one copy of each parental ge-
nome is available. Consistent with our hypothesis, the
contribution of the maternal Prdm9 allele is lower on the
maternal chrX than on the autosomes (Supplemental Fig.
S13). Therefore, it appears that the same mechanism of
hot spot erosion that drives the appearance of novel hot
spots in hybrids is playing a substantial role in governing
the pseudo-dominance of Prdm9 alleles.

DSB hot spots are not affected by imprinting

In addition to changes in DNA sequence, meiotic recom-
bination may be affected by epigenetic factors. We sought
to understand whether genetic imprinting, the phenome-
non by which activity on one parental chromosome is sup-
pressed relative to the other, could be affecting hot spot
usage in reciprocal hybrids. Imprinting results from differ-
ential DNA methylation of parental alleles, and elevated
recombination has been reported at imprinted regions in
humans (Lercher and Hurst 2003; Sandovici et al. 2006).
Furthermore, in mice, recombination may be affected
by the directionality of the parental cross (Paigen et al.
2008; Ng et al. 2009; Billings et al. 2010).

To assess whether imprinting acts at the stage of DSB
formation and/or repair, we examined DSB density at im-
printed regions but found no increase in any mouse strain
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or hybrid (see the Materials and Methods; Supplemental
Fig. S14). We next compared DSB hot spot strength in
each of our five pairs of reciprocal F1 crosses to ascertain
whether imprinting is affecting DSB formation. We found
that very few, if any, autosomal hot spots were differen-
tially used between the reciprocal crosses (Supplemental
Fig. S15). Furthermore, DSB hot spot strength was not
significantly different between reciprocal crosses at any
of the high-resolution crossover hot spots previously re-
ported as being imprinted (Supplemental Fig. S16). In light
of these results, it appears that imprinting does not affect
DSB hot spot strength, at least at the imprinted loci anno-
tated to date. However, this does not exclude the
possibility that imprinting may play a later role in the
decision to repair a DSB as either a crossover or a
NONCrossover.

Prdm9-independent ‘default’ hot spots in mice
with functional Prdm9

In mice that lack the PRDM9 protein, meiotic DSBs still
occur in hot spots. These “default” DSB hot spots coin-
cide with constitutive H3K4me3 marks and occur at
gene promoters and enhancers and other functional geno-
mic elements (Brick et al. 2012). Previously, we found that
in hybrids of congenic wild-type mice with different
Prdm9 alleles, the few Prdm9-independent default hot
spots in the genome were restricted to the region adjacent
to the pseudo-autosomal boundary of the sex chromo-
somes (Brick et al. 2012). We now extend this assessment
to all strains and hybrids in our data set.

DSBs at default hot spots were observed in half of the
mice in this study (Fig. 5A), and, in the extreme case of
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Figure 5. Default hot spots are used in wild-type mice. (A) Prdm9-independent default hot spots are used more frequently than expected
in 13 strains and hybrids. For each strain/hybrid, the expected overlap was calculated from 1000x randomized sets of hot spots (see the
Materials and Methods). Red bars indicate hybrids with significantly more default hot spots than expected (binomial test, Bonferroni cor-
rected, P <0.001). Gray bars are not significantly different from expectation. (B) Most default hot spots are weak. DSB hot spots were di-
vided into 10 equally sized bins by strength (columns), and the percentage overlap with Prdm9~/~ hot spots was calculated for each bin. (C)
Default hot spots are particularly prevalent on chrX. The percentage of default hot spots was determined for each chromosome (columns).
Default hot spots are also enriched on autosomes in some strains/hybrids. Note that the vertical order of strains and hybrids in A is main-

tained in B and C.

PWDf x B6m mice, 7% of hot spots (representing 2.2% of
all DSBs) (Supplemental Table S5) occur at default sites.
Default hot spots in mice with functional Prdm9 are gen-
erally weak (Fig. 5B) and correspond to the most promi-
nent hot spots in mice that lack the PRDM9 protein
(Supplemental Fig. S17). It is also important to note that,
like Prdm9~/~ hot spots in general, the default hot spots
are highly enriched at the promoters of genes actively
transcribed about the time that DSBs are formed (Supple-
mental Fig. S17). Potentially, default hot spots could
be used in the absence of sufficient “good” PRDM9-bind-
ing sites, and, in fact, we observed the fewest default
hot spots in strains and hybrids containing the Prdm?9 al-
leles with the greatest pseudo-dominance (Prdm9,3r and
Prdm9casr) (Fig. 4A,B; Supplemental Table S5). Nonethe-
less, less than half of the parental hot spots are used in hy-
brids, making it unlikely that default hot spots are simply
arising due to a lack of good PRDM9-binding sites. We ex-
amined the genomic distribution of default hot spots and
found disproportionate enrichment on the X chromosome
and, to a lesser extent, on the shorter autosomes of infer-
tile PWDf x B6m hybrids, where extensive asynapsis of
homologous chromosomes has been observed (Fig. 5C;
Supplemental Fig. S17; Bhattacharyya et al. 2013). Thus,
it may be that continued DSB formation on asynapsed
chromosomes, as previously proposed to occur on chrX
(Kauppi et al. 2013), favors the formation of DSBs at de-

fault sites. Prdm9 expression (Supplemental Fig. S18;
Margolin et al. 2014) and nuclear localization of the
PRDMO protein (Sun et al. 2015) are restricted to a brief
temporal window, and it is therefore possible that DSBs
that form later occur at default hot spots due to lack of
PRDMO.

Impaired crossover formation at novel DSB hot spots

The extensive interplay between Prdm9 alleles and the
genomic sequence results in a sizeable proportion of
DSBs in hybrids being formed at loci that differ between
parental chromosomes. Since genetic variation at allelic
loci has been shown to suppress recombination in species
as distant as bacteria and mice (for review, see Spies and
Fishel 2015), we investigated whether genetic diversity
at sites of meiotic DSBs could compromise meiotic re-
combination in F1 hybrids. As a proxy for recombination
outcomes, we examined male crossover data (Liu et al.
2014). For B6 x CAST, B6 x PWK, and CAST x PWK cross-
es, this yielded 141, 221, and 215 crossovers that over-
lapped a single DSB hot spot, respectively. The DNA
sequence at hot spots that coincided with crossovers
was less diverged (Fig. 6A) than that for other hot spots,
implying that increased sequence divergence may com-
promise DSB repair and/or crossover formation. Novel
hot spots occur at particularly divergent loci (Fig. 6B),
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rank-sum test. (B) Divergence between paren-
tal genomes is high at novel DSB hot spots.
Novel hot spots are significantly more diver-
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The expected overlaps were calculated from 10,000x bootstrapped sampling of DSB hot spots. For each iteration, 23 unique F1 DSB hot
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due to targeted variation that occurs at PRDM9-binding
sites (a single SNP will increase the diversity in the central
200bp by 0.5%). Indeed, we found that crossovers were ob-
served at novel hot spots far less frequently than expected
in all three hybrids (Fig. 6C). For several hybrids, cross-
overs were also enriched at the less diverged parental
DSB hot spots (Supplemental Table S6), suggesting that
sequence divergence per se, and not another property of
novel hot spots, is important for modulating the crossover
frequency.

Discussion

In this study, we generated a comprehensive panel of re-
combination initiation maps in mice harboring different
alleles of Prdm9 across the four major M. musculus sub-
species and in their hybrids.

Whereas most Prdm9 alleles define nonoverlapping
DSB hot spots, the presence of a single additional ZF in
PRDMYcay; relative to PRDM9gs was sufficient to change
the specificity of PRDM9 to such an extent that 70%
of hot spots in these mice did not overlap. Surprisingly,
this extra ZF does not appear to confer strong sequence
specificity to the PRDM9 protein, implying that
PRDMDY binding to its cognate sequence is poorly repre-
sented by a simple PWM. The complexity of PRDM9
binding has previously been alluded to (Billings et al.
2013), and it is possible that higher-order preferences,
such as for di/tri/tetranucleotide combinations, are im-
portant in defining the true binding sites. Another possi-
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bility is that ZFs lacking apparent sequence preferences
remain important for binding, similar to other ZF array
proteins (Nakahashi et al. 2013). Human Prdm?9 alleles
that differ by a single ZF have been grouped together as ei-
ther Prdm9a-type or Prdm9c-type alleles (Berg et al. 2011;
Ségurel et al. 2011), and perhaps such classification should
be reconsidered in light of our findings. However, it re-
mains to be seen whether single-ZF indels consistently
exert such a dramatic change on PRDM9 specificity.
The role of the PRDM9 protein is to direct the meiotic
DSB machinery to specific sites in the genome, and, in
mice that lack Prdm9, meiotic DSBs instead occur at func-
tional genomic elements (Brick et al. 2012). In this study,
we found that such “default” hot spots are also used in
mice with functional Prdm9. Default hot spots in
Prdm9-competent mice are generally weak and are most
frequently detected on chrX, which does not have a homo-
log in males. Default hot spots are also common on the
shorter autosomes in PWD x B6 hybrids, where asynapsis
between homologs is prevalent (Bhattacharyya et al.
2013), and we thus propose that DSBs at default hot spots
represent late-forming DSBs that primarily occur when
homologous synapsis is already delayed. Several feedback
mechanisms control the number and timing of meiotic
DSBs (Lam and Keeney 2015), and it has been proposed
that DSBs form continuously on each chromosome until
the homologs are fully synapsed (Thacker et al. 2014); a
case in point is that of chrX in males, where DSBs contin-
ue to accumulate on the asynapsed chrX long after the re-
pair of autosomal DSBs is complete (Kauppi et al. 2013).
Prdm9 cDNA levels (Margolin et al. 2014) and PRDM9



protein nuclear localization (Sun et al. 2015) are restricted
to a tight temporal window around the time of early DSB
formation; therefore, it appears likely that late-forming
DSBs on asynapsed chromosomes must do so without
PRDMY9. We previously hypothesized that inefficient
DSB repair at default hot spots may cause sterility in
Prdm9~/~ mice (Brick et al. 2012); however, since gameto-
genesis can proceed without Prdm09, at least in one docu-
mented case in humans (Narasimhan et al. 2015), it
remains to be seen whether DSB repair at default hot spots
is indeed compromised.

Novel hot spots arise in F1 hybrids at the sites that are
not used in either parental genome. This result parallels
a recent finding that, in hybrid mice, novel testis-specific
H3K4me3 marks (a proxy for PRDM9 binding) arise at sites
notusedin either parent (Bakeretal. 2015). The majority of
novel hot spots (up to 81 %) may be explained by SN'Vs that
modify a PRDM9-binding site, and, in light of the afore-
mentioned limitations of our model of PRDM9 binding,
the magnitude of this effect is rather surprising. The major-
ity of SNPs at novel hot spots originates in the genome
with which the Prdm9 allele coevolved and attenuates
the corresponding PRDM9-binding site. This erosion of
PRDMO9-binding sites leads to a gradual extinction of hot
spots in the genome of a particular population. These hot
spots then reappear in hybrids when that allele of Prdm9
is exposed to a naive genome in which it was not previous-
ly active and in which the original binding sites remain in-
tact. Up to 35% of hot spots in the F1 hybrids are novel;
therefore, since the time of divergence of parental subspe-
cies ~0.5 million to 1 million years ago (Geraldes et al.
2008; Keane et al. 2011), up to 17.5% of parental hot spots
havebeen lost in each lineage (in PWDf x B6m hybrids, this
represents ~2700 hot spots lost in each lineage). Assuming
that each Prdm9 allele arose close to the time of specia-
tion, we would estimate that between 0.7 and 1.4 DSB
hot spots are lost in the population every 1000 generations
(generation time = 0.25 yr). A recent population genetics
study estimated that ~1.8 PRDM9-binding sites are lost
per 1000 generations in humans (Lesecque et al. 2014).
These estimates are remarkably similar given the exten-
sive Prdm9 allelic heterogeneity in wild mouse popula-
tions (Buard et al. 2014; Kono et al. 2014), the higher
number of DSB hot spots in humans (Pratto et al. 2014,
and our assumption that each Prdm9 allele arose around
the time of speciation.

The rate of PRDM9-binding site erosion will depend on
the amount of recombination that occurs at a given locus.
This implies that older or more prevalent alleles will have
eroded their binding sites to a greater extent than younger
or less prevalent ones. We asked whether such imbal-
anced erosion of PRDM9-binding sites may explain the
apparent dominance of certain Prdm9 alleles over others
in F1 hybrids and found that, indeed, the relative contribu-
tion of PRDM9 to DSB formation is greater when acting
on the chromosome where its own binding sites had not
been eroded. Most strikingly, when we studied B6 x
PWD reciprocal crosses, we found that the Prdm9p, allele
defines >50% of DSBs on the X chromosome of PWD ori-
gin; however, it defines <50% on the X chromosome of B6

Evolutionary dynamics of recombination hot spots

(Fig. 4B). Thus, the apparent dominance of this allele is
flipped as a result of inverting the parental origin of
chrX. In CAST x B6 mice, PRDM93¢ defines almost twice
as many DSBs on the CAST X chromosome as it does on
that of B6. This is consistent with our model; however,
in both cases, PRDM9g4 defines fewer DSBs than the
PRDM9Y9cast allele. Three possibilities can explain this
observation. First, PRDM9g¢ could have been more active
in the M.m. castaneus lineage than PRDM9cast has been
in the M.m. domesticus lineage (Supplemental Fig. S11),
thus eroding a proportion of PRDM9¢-binding sites in
the CAST genome. Second, the CAST allele could be
younger, having originated in a Prdm9gs-containing line-
age with already partially depleted PRDM9g4-binding
sites. Finally, it may be that other factors also contribute
to pseudo-dominance, such as variation in the timing or
level of Prdm9 expression, the stability of the protein, or
the differences in the DNA-binding affinity of PRDM9 al-
leles. Nevertheless, hot spot erosion is a major contributor
to the pseudo-dominance phenomenon.

Hot spot erosion may eventually destroy sufficient
PRDM9-binding sites to compromise recombination.
New alleles of Prdm9 with altered binding specificity
would thus be favored, and this has been proposed as
one potential mechanism driving the accelerated evolu-
tion of Prdm9 (Myers et al. 2010). Alternatively, since
there are abundant potential PRDM9-binding sites in
the genome, erosion may simply lead to the use of other,
equally good binding sites. In the presence of a competing
allele, we found that each PRDM9Y creates DSBs less effi-
ciently on the “self” genome compared with the “non-
self” genome (Fig. 4B), implying that the loss of eroded
binding sites is not fully compensated for by alternate
loci. It remains to be seen whether this is sufficient to in-
cur a fitness cost that would favor the appearance of new
Prdm?9 alleles, since small fitness defects are difficult to
quantitate in laboratory mice.

The emergence of “novel” hot spots in hybrids results
in DSBs that occur at sites of elevated genetic diversity be-
tween populations. Genetic heterology can reduce the re-
combination frequency in bacteria (Shen and Huang
1986), yeast (Chambers et al. 1996; Hunter et al. 1996),
and mice (Elliott et al. 1998; Spies and Fishel 2015) via
mechanisms mediated by the mismatch repair machinery
(Rayssiguier et al. 1989). Genetic crossovers are one out-
come of successful recombination, and, indeed, by com-
paring crossovers with DSB hot spots in mouse hybrids,
we found that crossovers occur preferentially at sites
with below average genetic divergence (Fig. 5). Just a sin-
gle nucleotide difference can result in a threefold to five-
fold reduction in recombination in yeast, while 1%
divergence reduced recombination up to eightfold (Datta
etal. 1997). In line with these effects, crossover formation
is compromised at novel hot spots in hybrids, which ex-
hibit similar sequence divergence (median ~1.0%-1.4%)
(Fig. 5). It is unlikely that genetic heterology would
uniquely affect crossover formation, as the mismatch re-
pair machinery is thought to modulate the stability of het-
eroduplex DNA (Spies and Fishel 2015), a common
intermediate in both crossover and noncrossover
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interhomolog DNA repair pathways. Genetic heterology
may also reduce the effective number of DSBs capable of
establishing interhomolog connections by favoring DSB
repair using the sister chromatid, as occurs on the X chro-
mosome in males. Either mechanism has potential to
compromise subsequent meiotic progression when a cer-
tain threshold of DSBs occurring at divergent loci is
reached. Since sequence variants at novel hot spots in-
crease the genetic divergence per se, it is also possible
that some other property of novel hot spots, and not genet-
ic heterogeneity, explains the observed crossover deple-
tion. For example, the asymmetric binding of PRDM9
on one chromosome and not the other may itself be prob-
lematic. This model, in which “problematic” DSBs result
in meiotic failure, may be generalized, and it remains to be
seen whether DSBs at default hot spots or at other partic-
ular loci such as repetitive elements have the potential to
impede meiosis.

It is difficult to quantitatively assess the potential for
DSBs at heterologous loci to disrupt meiosis. Our measure
of hot spot strength may be elevated by persistent ssDNA
intermediates of DSB repair at hot spots where repair is de-
layed. In addition, continued DSB formation on chromo-
somes that remain asynapsed late in meiosis may
elevate the SSDS signal on these chromosomes relative
to others. Nonetheless, it remains likely that hot spots
eroded in the parental lineage will be highly active in hy-
brids because erosion most likely occurs at historically
hot hot spots. One quantitative prediction of our model
is that shorter chromosomes, which will acquire fewer
DSBs, will be disproportionately affected by heterology
at DSB sites, as the requirement for “interhomolog re-
pair”-competent DSBs is least likely to be fulfilled. Inter-
homolog DSB repair is required for synapsis, and, indeed,
short chromosomes are particularly vulnerable to synap-
tic defects in both male and female progeny of PWDf x
B6m mice (Bhattacharyya et al. 2014). Almost 70% of
DSBs in B6 x PWD mice appear to form at hot spots with
at least two variant bases in the central 200 bp (1%) (Sup-
plemental Fig. S19), and, if we assume that all such DSBs
will suffer interhomolog repair defects, the shortest
mouse chromosome (chromosome 19 [chr19]; 2.3% of ge-
nome) has a 17%-34% chance of not receiving an “inter-
homolog repair”’-competent DSB in a given meiosis
(150-200 DSBs per meiosis; three to five DSBs on chrl9
per meiOSiSi P one heterozygous DSB = 07/ P all heterozygous DSBs =
0.7° [0.17]-0.7% [0.34]). Although a coarse estimate, this
proportion is broadly similar to the observed percentage
of spermatocytes with chrl9 asynapsis in male PWDf x
B6m hybrids (47 %) (Bhattacharyya et al. 2013).

Our data offer a compelling hypothesis as to the mech-
anistic role of Prdm9 in hybrid sterility (Supplemental Fig.
$20). Different sets of hot spots will be eliminated by ero-
sion in populations with different Prdm9 alleles, and, con-
comitantly, this generates focused sequence diversity at
DSB hot spots between populations. Hot spots extinct
from each population will subsequently be reactivated
in hybrids, where each Prdm9 allele can act on the “un-
touched” genome of the population with which it did
not coevolve. In this new context, such hot spots appear
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to account for a large fraction of DSBs (Supplemental
Fig. S5). However, interhomolog repair of these DSBs
may be compromised due to genetic diversity created by
PRDM9-binding site erosion. Homologous synapsis,
which is dependent on interhomolog DSB repair, would
in turn be defective, leading to meiotic arrest and, ulti-
mately, reduced fertility. This model of hybrid sterility
does not account for the asymmetry of the hybrid sterility
phenotype in PWD xB6 reciprocal crosses; however,
such asymmetry may be exclusively determined by the
Hstx1/2 locus on chrX. The PWD allele of Hstx1/2 plays
a key role in male hybrid sterility (Storchova et al. 2004;
Bhattacharyya et al. 2014) and significantly reduces the
recombination rate relative to the B6 allele of Hstx1/2
(Bhattacharyya 2013). This does not appear to manifest
as fewer meiotic DSBs in sterile as compared with fertile
hybrids (Bhattacharyya 2013) but may act downstream
from DSB formation to reduce the likelihood of a cross-
over-competent DSB on each chromosome. Erosion-medi-
ated recombination defects should manifest widely in
crosses between diverse mouse subspecies, and it remains
to be determined whether this is the case. Notably, in the
M.m. domesticus/M.m. musculus natural hybrid zone,
~30% of hybrid males exhibit reduced sperm count or tes-
tis weight (Turner et al. 2012). Few sterile mice were
found in this survey, consistent with hybrid sterility being
an extreme manifestation of a quantitative phenotype.

In this study, we elucidated several fundamental as-
pects of the complex dynamics of recombination hot spots
in individual and hybrid populations of mice. In addition
to our findings, the hot spot maps generated in this study
across the four major subspecies of M. musculus will be an
invaluable resource for future studies of recombination,
genome stability, and evolution.

Materials and methods

Sample preparation and SSDS

Testis sample preparation and DMC1 ChIP SSDS were performed
as described previously (Khil et al. 2012; Pratto et al. 2014).

Alignment of DMC1 SSDS reads

We generated SNP-modified genomes for C3H, CAST, and PWD
using SNP data from the Sanger Institute Mouse Sequencing Pro-
ject (Keane et al. 2011). We used the mouse mm10 genome as a
baseline and substituted the reference nucleotide for the SNP nu-
cleotide at all SNP loci. For the C3H, CAST, and PWD genomes,
SNPs from C3H, CAST, and PWK were used respectively. SNPs of
comparable quality were not available for 13R and MOL; there-
fore, the reference mm10 genome was used. Short indels were
not included in this procedure.

Reads were aligned to the genome, and ssDNA-derived reads
were identified using the SSDS processing pipeline (Khil et al.
2012). Briefly, the first read of each mate pair was mapped to
the genome with bwa (version 0.5.9) (Li and Durbin 2009). The
second read was then mapped to the genome using a modified
bwa algorithm that finds the longest mapping suffix for each
read. For each sample, reads were aligned to the SNP-modified ge-
nomes of the mouse strains used. In the case of samples generated



from F1 hybrid mice, reads were mapped to both parental ge-
nomes. The mapping of each read was compared between the
alignments to the two parental genomes, and a single mapping
for each read was retained as follows: If the mapping was identical
in both genomes, the read from the first parental genome was re-
tained. If reads mapped to the same position (or +2 bp at either
end) in both genomes but with fewer mismatches/indels in one,
then that with the fewer mismatches/indels was retained. If a
read mapped to one genome and not the other, then that read
was retained. If reads mapped to different positions in the parental
genomes, both reads were discarded.

DSB hot spot identification

Only fragments unambiguously derived from ssDNA (ssDNA
type 1) were used for identifying hot spot locations (peak calling).
ssDNA fragments from all input data sets were pooled and used as
acontrol for peak calling. Peak calling was performed using MACS
(version 2.0.10.20130412) (Zhang et al. 2008) with the following
parameters: -q 0.1-gmm -nomodel -down-sample -slocal 5000 -1lo-
cal 10000 -extsize 800. Genomic heterogeneity between strains
has the potential to result in spurious hot spot calls; therefore,
we generated a list of blacklisted regions that exhibited evidence
of such effects. To do this, we segmented the genome into
100-kb bins using a sliding window of 10 kb. For each of the six pa-
rental strains, we calculated the hot spot coverage as a fraction of
each 100-kb interval. Intervals with >25% hot spot coverage were
added to the hot spot blacklist, and intervals <1 Mb apart (excluding
sequencing gaps) were subsequently merged. A manual inspection
of these regions confirmed that this subjective threshold was jus-
tified. A blacklisted region of particular note was the pseudo-auto-
somal region (PAR) of the sex chromosomes. The PAR appears to
vary in both size (White et al. 2012) and structure among strains,
and its exclusion is merited. We next obtained the blacklisted re-
gions for ChIP-seq studies from the mouse ENCODE project
(Bernstein et al. 2012). We used the University of California at San-
ta Cruz (UCSC) liftOver tool to migrate the ENCODE blacklisted
regions from the mm9 to the mm10 genome. These blacklisted re-
gions were added to the hot spot blacklist. Furthermore, we also
added any 100-kb genomic intervals with >25% ENCODE black-
list coverage and sequencing assembly gaps to the hot spot black-
list. All intervals in the hot spot blacklist were then merged using
BEDtools mergeBed (Quinlan and Hall 2010). This resulted in 37
Mb of blacklisted regions. DSB hot spots within these regions
were not considered for downstream analyses unless otherwise
specified. This resulted in the removal of between 133 and 2187
hot spots (Supplemental Table S1). The 2187 blacklisted hot spots
(in MOL)| represent 14% of MOL hot spots; therefore, we checked
to see whether this blacklisting was justified. Of the 2187 hot
spots blacklisted in MOL, 89% occurred in just 12 clusters (hot
spots <500 kb apart) that spanned 20 Mb of the genome. Such clus-
tering is typical for spurious peak calling, perhaps due to poor ge-
nome assembly or copy number variations in these regions.

We used a method similar to that in Brick et al. (2012) to recen-
ter hot spots. Briefly, for each hot spot, we defined the center as
the midpoint between the median forward and reverse strand
fragment distributions. Hot spot size was defined as double the
distance from the new center to the furthest extremity of the
old hot spot definition. The raw strength of DSB hot spots was cal-
culated as the number of ssDNA type 1 fragments within the
defined hot spot boundary. To account for variable ChIP enrich-
ment between samples and the background component of the
hot spot strength, we calculated the expected in-hot spot back-
ground for every hot spot. Reverse strand tags to the left of the
hot spot center and forward strand tags to the right of the hot
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spot center should provide a reasonable estimate of stochastic
background signal. Importantly, since both forward and reverse
tags likely represent true signal near the hot spot center, we gen-
erated the background estimate for each hot spot using the 20%
flanks (inside the defined hot spot). The background component
of each hot spot was subtracted from the raw strength. Hot spot
strength was then calculated as fragments per kilobase per mil-
lion (FPKM) by normalizing using the total background-subtract-
ed in-hot spot fragment counts.

Hot spot overlaps

Unless otherwise stated, when assessing whether hot spots occur
at the same location, we restricted the overlap to the +200-bp re-
gion of DSB hot spots. Previously, we showed that using a +200-bp
region is sufficient for detecting true overlaps and limits the num-
ber of spurious overlaps (Brick et al. 2012).

Generation of randomized maps of DSB hot spots

DSBhot spot locations were redistributed using a randomized uni-
form distribution on a per-chromosome basis. Randomized hot
spots were prohibited from being placed in sequencing gaps and
unmappable regions as follows: The GEM library (20100419-
003425) (Derrien et al. 2012) was used to calculate mappability
scores for all nucleotides in the mm10 genome for 40-bp sequenc-
ing reads. Subsequently, nonoverlapping 1-kb genomic intervals
where <50% of positions were scored as uniquely mappable
were identified. These intervals were extended by 1 kb on either
side and merged with annotated gap locations. Randomized hot
spots were prohibited from being placed in these genomic regions.
The size and strength of DSB hot spots were preserved at the new
randomized locations.

Identification of sequence motifs

To identify enriched DNA sequence motifs at DSB hot spots, we
repeat-masked the central 200-bp region of hot spots and used
1500 randomly chosen sequences as input for MEME-ChIP
(Machanick and Bailey 2011). The top five motifs were examined
for enrichment around the hot spot center using Centrimo (Bailey
and Machanick 2012). Motifs present at <100 hot spots were not
considered. This method identified a single enriched sequence
motif for hot spots in each parental strain (13R, B6, C3H,
CAST, MOL, and PWD).

We assumed that these sequence motifs represent the binding
preferences for the respective alleles of PRDM9. We therefore
compared the sequence motif against the predicted binding sites
forits own and other alleles of the PRDM9 protein. A recent study
identified 74 alleles of PRDM9 in mice (Buard et al. 2014). These
included the alleles for the mice used in our study. We generated a
PWM of the putative binding site for each of these 74 alleles using
the polynomial SVM and the method of Persikov et al. (2009) and
Persikov and Singh (2014) and then compared each motif to the
set of all 74 binding sites using STAMP (Mahony and Benos
2007). We found that all motifs aligned to the binding site for their
respective allele of PRDM9 with an E-value <0.005 (Supplemen-
tal Table S2). Given the similarity among alleles, it was unsur-
prising that many alleles aligned well to multiple binding sites.
In particular, the B6 and C3H motifs aligned with low E-values
to many alleles of Prdm9 other than their own. On the contrary,
the 13R motif matched only two other Prdm9 allele predicted
binding sites with an E-value <0.005. These differences may re-
flect the relative frequencies of different allelic variants of
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Prdm9 in wild populations. Curiously, the PWD motif aligned
better to the MOL predicted binding site than to its own.

SNVs

Note that throughout this study, single-nucleotide polymor-
phisms are referred to as SNPs, whereas SNVs include both
SNPs and short indels.

Annotated SNVs for B6, C3H, CAST, and PWK were obtained
from the Mouse Genome Project (version 3) (Keane et al. 2011).
PWK SNPs were used as a proxy for the closely related PWD
strain. Only SN'Vs with a PASS quality score were used. To infer
the strain of origin of each SNP, we compared the genotype in
strains representing M.m. castaneus (CAST/Ei]), M.m. musculus
(PWK/PhJ), and M.m. domesticus (WSB/EiJ) as well as in M. spre-
tus (Spret/EiJ) and the reference genome. A SNP was deemed to
have originated in a given lineage if the genotype differed only
in that lineage. Variants at which the WSB and reference genome
matched were treated as M.m. domesticus-derived.

Ateach SNP, we derived both parental genotypes in the region =
motif size around the SNP. It should be noted that this procedure
incorporated sequence changes resulting from all SNVs that oc-
curred in a region and not necessarily just the change affected by
a single SNP. We then identified the best scoring alignment of
the Prdm9-binding site PWM for each genotype.

Assessing DSB formation biases at hot spots

For each hybrid for which SNPs were defined in both parental
strains, we subset only those SNPs where the genotype differed
between strains. Less than 1% of DSB hot spots did not contain
any SNP; however, shallow coverage limited our ability to assess
initiation biases at weak hot spots. Thus, hot spots that did not
contain at least one SNP with 5x coverage were excluded from
subsequent analyses. At each hot spot, parental coverage was
summed across all SNPs (with at least 5x coverage), and a binomi-
al test was used to test whether DSB formation was biased. Hot
spots with P <0.01 after Bonferroni correction were classified as
exhibiting biased DSB formation.

Crossovers are depleted at hot spots with high genetic diversity

The locations of crossovers in male B6 x CAST, B6 x PWK, and
PWK x CAST hybrids were obtained from the Collaborative Cross
(Liu et al. 2014). PWK data were used as a proxy for the closely re-
lated PWD strain. We compared with DSB hot spots in the same
genetic background and retained only crossovers that intersected
a single DSB hot spot. This allowed us to infer the DSB that each
crossover originated from and yielded 141, 221, and 215 cross-
overs in the B6 x CAST, B6 x PWK, and PWK x CAST Fls respec-
tively. The divergence at DSB hot spots was calculated by
counting the number of nucleotides affected by SNPs and indels
in a defined window around the hot spot center. Each indel incre-
mented this count by the size of the indel, while each SNP incre-
mented the count by 1.

Permuted sets of DSB hot spots were generated by weighting
each hot spot by strength and then randomly drawing hot spots
without replacement.

Accession number

The sequencing data reported in this study are archived at the
Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo)
as accession number GSE75419.
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