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therefore be defined by center location, normal distribution width
and peak recombinational activity in cM/Mb. Other distributions
are possible, however, such as bidirectional exponential decay from
the center of the hot spot (Fig. 3c).

Sperm analysis around the low-activity recombination hot
spot DNA1 (Fig. 2c) shows additional rare presumptive
crossovers outside the hot spot that seem to occur at random
along the test interval at a frequency of about 0.04 cM/Mb, sug-
gesting that crossovers are not entirely restricted to hot spots.
Similarly, each extended domain of LD (Fig. 1b) shows a gradual
decrease of LD with distance between markers (Fig. 4) to an
extent consistent, at recombination-drift equilibrium, with a
uniform sex-averaged crossover activity of 0.04–0.15 cM/Mb.
Although these estimates may be distorted by selection and the
existence of ancient MHC haplotypes, they are nevertheless simi-
lar to the estimate from non–hot spot sperm crossovers.

We combined these crude estimates of inter–hot spot
crossover frequency with hot-spot data to gain an overview of
male meiotic recombination activity across the entire 216-kb
MHC region (Fig. 5). The total sperm recombination frequency

of 0.18 cM is similar to that seen in pedigrees (about 0.2 cM,
based on 3–4 paternal crossovers9). This suggests that many
sperm exchanges result from true meiotic crossovers rather
than continuous conversion tracts extending out from a hot
spot and encompassing SNP sites used to select recombinants.
However, if such tracts occur, they would have to extend unin-
terrupted from one hot spot to the next to generate the
observed strong correlation between hot spots and LD break-
down. Sperm crossovers occur across the region at 0.9 cM/Mb,
very close to the genome average rate in male meiosis of 0.89
cM/Mb16. However, the great majority (about 94%) of
crossovers lie within hot spots, with 72% in hot spot DNA3. All
hot spots share a very similar width also seen at the MS32 hot
spot that appears to drive minisatellite instability14, although
none are associated with tandem repeat DNA sequences, indi-
cating that hot spots only occasionally create GC-rich min-
isatellites14. Similar clustering into 0.5–5-kb long hot spots has
been observed in the mouse MHC, although in most cases lim-
ited numbers of pedigree crossovers have prevented a more pre-
cise definition of hot-spot morphology7,17,18. In yeast, meiotic

crossovers also cluster into hot
spots that tend to associate
with GC-rich chromosomal
domains19 and locate to tran-
scriptional promoters19,20;
these associations are not evi-
dent in the human MHC,
where only the weakest hot
spot (DNA1) is located at a
promoter and the most intense
(DNA3) is centered in an
intergenic Alu repeat.

The similar widths of the
human hot spots suggest a
common process operating at
each hot spot. If these hot spots
result from open domains in
meiotic chromatin, as seen in
yeast21–23, this implies the exis-
tence of consistently narrow
(1–2 kb) domains that allow
access of the recombinational
machinery. Alternatively, the fit
of crossover data to an expo-
nential-decay model (Fig. 3c) is
compatible with loading of a
recombination initiation com-
plex at the center of a hot spot
followed by stochastic drift
away from the center. It is
equally possible that crossover
initiation at the hot-spot center
could be followed by very lim-
ited branch migration of a Hol-
liday junction prior to
crossover resolution, leading to
spreading of crossover sites to
create the observed narrow dis-
tributions. However, as noted
before for the TAP2 and MS32
hot spots12, there are no obvi-
ous primary recombination-
promoting sequences shared by
these hot-spot centers (data
not shown).

Fig. 5 Sperm crossover activity in the class II region of the MHC. The number of men tested and the total number of
sperm crossovers mapped are given for each hot spot, together with approximate hot-spot center coordinate in the
consensus sequence of the human MHC10. The width of each hot spot, within which 95% of crossovers occur, was
determined by normal-distribution fitting (Fig. 3). The mean male linkage map distance contributed by each hot spot,
plus range seen in the different men tested, was determined from the observed hot spot crossover frequency per
sperm and is given in millicentimorgans (mcM, cM×10–3); only the hot spot DNA 2 shows significant variation in activity
between tested men. Inter–hot spot distances were estimated from data in Fig. 4. The background recombination rate
of 0.04 cM/Mb is very approximate and should be treated with caution. The mean rate of male meiotic recombination
in the human genome (0.89 cM/Mb)16 is shown as a thin dashed line. TAP2 and minisatellite MS32 estimates were from
data published elsewhere12,14.
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Figure 1 Inferred haplotypes at CYP3A4 and CYP3A5. Neither
singleton sites nor multiallelic indels were included. The chimpanzee
sequence was used to infer the ancestral allele at each site. The numbers
on the right indicate the number of haplotypes in each population.
The asterisk (*) indicates the position of CYP3A5*1/*3. Numbers
below the gene names indicate the position of each polymorphic site
relative to the reference sequence for each gene (GenBank accession
numbers AC069294 and AC005020 for CYP3A4 and CYP3A5,
respectively).

tive Tajima’s D values at the CYP3A4 and CYP3A5
genes indicate an excess of rare variants; this, together
with the low polymorphism levels, raises the possibility
of a selective sweep.

An excess of high frequency derived alleles may be
expected soon after a selective sweep is completed or at
some stage during an ongoing sweep and can be assessed
by means of the H test (Fay and Wu 2000). The results
of the H test were significant for CYP3A4 in the Eu-
ropean and Asian samples ( and , re-P p .006 P p .003
spectively). The results for CYP3A5 were not statistically
significant for any population sample; however, the power
of the test may be low because of the small number of
polymorphic sites at this locus. The inferred haplotypes

in figure 1 show that the high-frequency-derived alleles
tend to be in strong LD (see also fig. A2 [online only]).
Two haplotypes, which differ from each other by a single
site, account for 60% and 65% of the European and Han
haplotypes, respectively. These results suggest that the
pattern detected by the H test in the non-African samples
is largely due to the increase in frequency of one hap-
lotype class that contains several derived alleles and that
spans ∼150 kb. We used the haplotype test (Hudson et
al. 1994) to ask if the haplotype structure is indeed in-
consistent with the neutral-equilibrium model. We ran
coalescent simulations to generate 1,000 samples that
contained the same number of polymorphic sites ob-
served in the total surveyed segment (that contained both
CYP3A4 and CYP3A5) in the European and Han sam-
ples, and we calculated the proportion of simulated sam-
ples that contained a subset that accounted for 60% and
65% of the haplotypes, respectively, and contained one
or no polymorphic site (Hudson et al. 1994). This pro-
portion is 0.2% and 2% in Europeans and Han, re-
spectively, and it suggests that the haplotype structure
is indeed unusual.

To assess whether the low polymorphism levels and
the skew toward rare variants is unusual, we compared
our results with the data (referred to as “SeattleSNPs”)
of the University of Washington–Fred Hutchinson Can-
cer Research Center Variation Discovery Resource that
focuses on genes involved in inflammation. Statistical
tests of neutrality, including the H and the haplotype
tests, assume a population at equilibrium. However, hu-
man populations do not fit the equilibrium expectations.
Comparing the CYP3A4 and CYP3A5 genes with an em-
pirical distribution, such as that of the SeattleSNP genes,
circumvents this problem. This comparison was facili-
tated by the fact that the European and African Ameri-
can samples used in our study are the same as those used
in the SeattleSNP project; no Asian data is available in
the SeattleSNP data set. To take into account the strong
evolutionary constraints in the surveyed segments, we
normalized the polymorphism levels according to the
amount of interspecies sequence divergence by taking
the ratio of vW and sequence divergence between human
and chimpanzee; the value obtained for the CYP3A4 and
CYP3A5 genes was compared with the distribution of
the same quantity in the 159 SeattleSNP genes (table 1).
The same comparison was made for the Tajima’s D val-
ues. A summary of the distribution of the SeattleSNP
polymorphism data is given in table 2. Although on the
low end of the distribution for the SeattleSNP genes, the
polymorphism levels normalized for interspecies diver-
gence observed in CYP3A4 are not unusual; a more
marked reduction is seen at CYP3A5, in which the ratio
of vW and interspecies divergence is in the 2.8th per-
centile of the SeattleSNP distribution for both African
Americans and Europeans. Tajima’s D values in the Eu-

Chakravarti et al. 1984; Kaplan and Hudson 1985; Hudson 2001; McVean et al. 2004

Recombination in 
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Two haplotypes, which differ from each other by a single
site, account for 60% and 65% of the European and Han
haplotypes, respectively. These results suggest that the
pattern detected by the H test in the non-African samples
is largely due to the increase in frequency of one hap-
lotype class that contains several derived alleles and that
spans ∼150 kb. We used the haplotype test (Hudson et
al. 1994) to ask if the haplotype structure is indeed in-
consistent with the neutral-equilibrium model. We ran
coalescent simulations to generate 1,000 samples that
contained the same number of polymorphic sites ob-
served in the total surveyed segment (that contained both
CYP3A4 and CYP3A5) in the European and Han sam-
ples, and we calculated the proportion of simulated sam-
ples that contained a subset that accounted for 60% and
65% of the haplotypes, respectively, and contained one
or no polymorphic site (Hudson et al. 1994). This pro-
portion is 0.2% and 2% in Europeans and Han, re-
spectively, and it suggests that the haplotype structure
is indeed unusual.

To assess whether the low polymorphism levels and
the skew toward rare variants is unusual, we compared
our results with the data (referred to as “SeattleSNPs”)
of the University of Washington–Fred Hutchinson Can-
cer Research Center Variation Discovery Resource that
focuses on genes involved in inflammation. Statistical
tests of neutrality, including the H and the haplotype
tests, assume a population at equilibrium. However, hu-
man populations do not fit the equilibrium expectations.
Comparing the CYP3A4 and CYP3A5 genes with an em-
pirical distribution, such as that of the SeattleSNP genes,
circumvents this problem. This comparison was facili-
tated by the fact that the European and African Ameri-
can samples used in our study are the same as those used
in the SeattleSNP project; no Asian data is available in
the SeattleSNP data set. To take into account the strong
evolutionary constraints in the surveyed segments, we
normalized the polymorphism levels according to the
amount of interspecies sequence divergence by taking
the ratio of vW and sequence divergence between human
and chimpanzee; the value obtained for the CYP3A4 and
CYP3A5 genes was compared with the distribution of
the same quantity in the 159 SeattleSNP genes (table 1).
The same comparison was made for the Tajima’s D val-
ues. A summary of the distribution of the SeattleSNP
polymorphism data is given in table 2. Although on the
low end of the distribution for the SeattleSNP genes, the
polymorphism levels normalized for interspecies diver-
gence observed in CYP3A4 are not unusual; a more
marked reduction is seen at CYP3A5, in which the ratio
of vW and interspecies divergence is in the 2.8th per-
centile of the SeattleSNP distribution for both African
Americans and Europeans. Tajima’s D values in the Eu-
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Recombination rates and hotspots across human chromosome 12
Borrowed from Myers et al. 2005



Motif influencing hotspot activity

From Myers et al. 2005
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How much of the crossing-over takes place in historical 
recombination hotspots?



Coop et al. 2008 Science

h2 > 0
ó the trait is 
heritable

Sperm-typing and LD analyses suggest that
most (60 to 70%) crossover events occur in about
10% of the genome (19), a heterogeneity largely
due to 1- to 2-kb hotspot regions that experience
sharply elevated recombination relative to that of
the background (8, 9, 19, 21–23). Although such
studies have vastly improved our knowledge of
fine-scale rates, sperm-typing studies are labor-
intensive and only informative about male rates.
In turn, LD-based estimates rely on a simple
population genetic model and are both sex-
averaged (over both male and female ancestors
of the sample) and time-averaged (over many
ancestral generations); consequently, such esti-
mates cannot be used to learn about variation in
rates among individuals. In contrast, our high-
resolution pedigree data allow us to directly
observe crossover events in transmissions from
both males and females and to examine inter-
individual variation.

To learn more about the nature of hotspots,
we considered all recombination events in our
data whose location could be inferred to within
30 kb (2910 female and 1944 male events; see
SOM for results with other cutoffs). To assess the
congruence between LD- and pedigree-based es-
timates of recombination, we examined how
often these well-resolved recombination events
overlapped with 32,996 putative hotspots esti-
mated from LD patterns in the Phase II HapMap
data (24) (SOM text). We found that 72% of
crossovers overlap a hotspot, when just 32%
would be expected to do so by chance. We then
used a likelihood method to estimate the true
proportion of recombination events that takes
place in hotspots, accounting for the possibility
that an event overlaps simply by chance (SOM
text). We found that 60% (95%CI: 58 to 61%) of
recombination events occurred in hotspots, which

closely agrees with analyses of LD data (19). A
number of the LD hotspots that were overlapped
by our inferred recombination events appear to
be extremely active: For example, three of the
hotspots shown in Fig. 3 are potentially active in
as many as 1% of meioses (see SOM text).

Overall, our results support the picture of
recombination rate heterogeneity as suggested by
LD analyses, notably in terms of the fraction of
crossovers occurring in hotspots. This concor-
dance implies that hotspots detected in extant
populations have persisted for at least the time
scale detectable in LD (i.e., thousands of gener-
ations). Our findings do not mean that every
inference of a hotspot from LD data is true; our
well-resolved recombination events only overlap
a total of 3200 hotspots, leaving many predicted
hotspots to be confirmed.

At broad scales, females andmales are known
to differ dramatically in their recombination rates
(11, 12), whereas, at finer scales, very little is
known about differences between sexes. One
hint that recombination rate heterogeneity may
be similar between the two sexes is that LD data
from the X chromosome—which (outside of the
pseudoautosomal regions) recombines only in
females—show patterns of hotspots that are
roughly similar to those on autosomes (19). Our
data show that indeed overall hotspot use is quite
similar in the two sexes. Across the genome, the
fraction of crossovers that occur in recombination
hotspots inferred from LD differs only slightly
between males (62%; 95% CI: 59 to 64%) and
females (57%; 95% CI: 55 to 59%). Moreover,
inspection of specific hotspots revealed that they
are often active in both males and females, as
they coincide with well-resolved recombination
events in both sexes (Fig. 3, A and B). A subset
of hotspots, however, seems to be usedmainly by

one sex or the other. For example, the hotspot in
Fig. 3C is potentially active only in females,
whereas the hotspot in Fig. 3D appears to be
active mostly in males (SOM text). Our analyses
indicated that the sex-specific use of individual
hotspots is explained in part by differences in
broad (megabase)–scale rates but that there is
also considerable variation between sexes below
the megabase scale. We also examined the over-
lap between recombination events within and be-
tween sexes, controlling for the broader-scale rate
(for details, see the SOM). Together, these
analyses suggest that males may use a smaller
subset of hotspots than females.

Although we found no marked difference in
the average hotspot use between sexes, we noted
extensive variation among both males and
females in the fraction of crossovers that occur
in hotspots. For each parent, averaging across all
their offspring, we estimated the genome-wide
proportion of events that occur in LD-based hot-
spots (a) (Fig. 4). The variation in a among
individuals is highly significant by a likelihood
ratio test (P value from permutation test: P <
0.002, for both sexes). Moreover, the narrow-
sense heritability of the fraction of crossovers in
LD-based hotspots is estimated to be 0.22, which
is significantly larger than 0 (P = 0.01, with a test
that accounts for relatedness across the entire
Hutterite pedigree) (25). Thus, genome-wide use
of LD-based hotspots is significantly variable
among individuals (males and females), and this
variation is heritable.

One interpretation of this finding is that some
individuals use recombination hotspots less fre-
quently than others. However, because hotspots
detected in LD data are likely to have been active
for thousands of years, it may be that all indi-
viduals use hotspots equally, but some tend to use
newer or weaker hotspots that are less likely to be
found in analyses of LD. Regardless of the inter-
pretation, the finding of heritable variation in LD-
based hotspot use points to heritable differences
among individuals in some aspect of the re-
combination machinery.

This result is particularly interesting in light
of recent reports suggesting that hotspot locations
have evolved rapidly since the split between hu-
mans and chimpanzees (26–29), because differ-
ences in trans-acting factors in humans and
chimpanzees could account for themarked differ-
ence in hotspot locations between the two spe-
cies. Moreover, our finding offers a possible
solution to the hotspot paradox (i.e., the existence
of hotspots despite biased gene conversion
against alleles that promote them) (6, 7, 30). A
single change in the recombination machinery
could create many new hotspots in the genome,
counteracting the removal of individual hotspots
from the population by biased gene conversion
(9, 31).

These analyses uncovered tremendous varia-
tion in recombination rates over all genomic
scales considered and, in particular, heritable
variation in hotspot use. It should now be possi-
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Fig. 4. The percentage of crossovers inferred to have occurred in LD-based hotspots in each
individual. The maximum likelihood estimate (MLE) for each individual [females in (A) and males in
(B)] is shown as a circle, and the 95% CIs are indicated by the length of the horizontal lines.
Individuals are ordered by their MLE. The black vertical line in each panel shows the overall MLE.
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Pr. of recombination events that occur in a set of historical hotspots



PRDM9 is a zinc finger H3K4 methyltransferase
– histone H3K4 trimethylation associated with hotspots in mouse and in S. cerevisiae (Borde 
et al. 2009)
– expressed in meiotic prophase
– knockouts have defective DSB repair (Hayashi et al. 05)
– is the only known hybrid sterility gene between Mus m. musculus and Mus m. domesticus 
(Mihola et al. 2009)
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• Grey et al. (2009) and Parvanov et al. (2009) independently mapped a trans acting
region, which influences recombination activity (>2000 fold) at various hotspots.

• Appears to control the position of recombination hotspots, but has little effect on
the total number of crossovers.

• Interval further refined to PRDM9 in Baudat et al. (2010), Parvanov et al. (2010)



PRDM9 contributes to variation in 
genome-wide usage 
of historical hotspots

Percentage of crossover events in historical hotspots 

AA: N= 142; AB: N = 18; AI: N=9

In combined sex sample:
pAB= 0.033, pAI = 9.3 x 10–12

Baudat et al. 2010



Hotspot usage

Halldorsson et al. 2019 Science



PRDM9

Figure from Myers et al. 2010

unknown

motif had been active since the time of specia-
tion, we predict that 46 to 56% and 31 to 38% of
motifs in THE1 and L2 elements, respectively,
should have been lost. The observed patterns of
motif evolution in humans are instead consistent
with a recent (1 to 2 million years ago) activation
of the 13-bp motif on the human lineage rather
than inactivation on the chimpanzee lineage.

We next investigated the function of the
13-nucleotide oligomer motif. Previously, we

suggested that the human hotspot motif was
probably bound by a zinc finger protein with
at least 12 zinc fingers, on the basis of an ex-
tended 30- to 40-bp region of weaker sequence
specificity containing the motif and a 3-bp pe-
riodicity of influential bases (6). We therefore set
out to identify candidates for such a protein using
a computational algorithm that predicts DNA
binding specificity for C2H2 zinc-finger proteins
(19). Among the 691 identified human C2H2

zinc-finger proteins, the 13-nucleotide oligomer
motif was present within the predicted binding
sequence of five (fig. S4). Binding specificity
was then further explored in silico by comparing
predicted motif degeneracy for each candidate
(inferred by calculating the relative binding score
for every 1-bpmutation relative to the consensus)
with empirical degeneracy patterns in the 13-bp
motif (Fig. 2A). Predictions for one of the can-
didates, PRDM9, exactly matched the observed
degeneracy at positions 3, 6, 8, 9, and 12 within
the 13-bpmotif (Fig. 2B) and lack of degeneracy at
the other eight positions. Predictions for the other
four candidates showed features inconsistent with
the observed degeneracy (fig. S4). The predicted
binding sequence for PRDM9 also contains an
exact match on the opposite strand for an 8-bp
region of the extendedmotif, upstreamof the 13-bp
degenerate motif, perhaps suggesting that PRDM9
zinc fingers might contact both DNA strands.
Finally, the number of zinc fingers (13) in this
protein, the positioning of the match to the 13-bp
motif within the longer predicted binding sequence,
and strong influence of this 13-bp region on speci-
ficity all match our previous predictions (6).

The lack of activity of the 13-bp motif in
chimpanzees demonstrated above suggests that
in addition to having the predicted binding spec-
ificity, anymotif-binding protein candidate should
also show differences between humans and
chimpanzees. For four of the five candidates, the
predicted DNA-contacting amino acids within the
zinc fingers are identical between human and
chimpanzee. Chimpanzee PRDM9, however, has
a dramatically different predicted binding se-
quence (fig. S5). Although PRDM9 has multiple
zinc fingers in both species (12 and 13 respec-
tively), the DNA-contacting residues –1, 2, 3, and
6 are only shared between species in the first
finger (Fig. 2C). Such rapid evolution is excep-
tional. Comparing these residues among all 544
C2H2-containing zinc-finger protein human-
chimpanzee ortholog pairs, PRDM9 is the most
diverged (P = 0.0018). The PRDM9 sequences in
five additional mammals (elephant, mouse, rat,
macaque and orangutan) exhibit rapid evolution,
variation in zinc-finger number (between 8 and

Table 1. Motif imbalance between human and chimpanzee. For the core motif
and the degenerate motif, we analyzed cases in which the motif occurs in exactly
one of human and chimpanzee. Results are shown for the full set of nonshared
motifs and stratified into five backgrounds that differ in average human
recombination activity. Significance levels are calculated in two ways: P values for

ratios are based on a one-sided exact binomial test of fewer human-only cases
because the motif is known to be active in humans. Empirical P values are one-
sided and obtained through comparisons of counts for the core or degenerate
motif with counts observed for motifs of the same length and GC content on the
same backgrounds (8). Dashes indicate zero counts in both species.

Sequence
background

Core motif CCTCCCTNNCCAC Degenerate motif CCNCCNTNNCCNC
Human only Chimp only Ratio (P value) Empirical P value Human only Chimp only Ratio (P value) Empirical P value

All 425 515 1.21 (0.0018**) 0.0033** 19448 20245 1.04 (3.2e-05**) 0.0020**
THE1 20 39 1.95 (0.0092**) 0.0050** 50 76 1.52 (0.0128*) 0.0093**
L2 30 47 1.57 (0.0338*) 0.0307* 432 496 1.15 (0.0193*) 0.0219*
AluY,Sc,Sg – – – – 3642 3924 1.08 (0.0006**) 0.1119
Other repeats 99 131 1.32 (0.0204*) 0.0346* 10126 10254 1.01 (0.1868) 0.4373
Non-repeats 276 298 1.08 (0.2135) 0.2206 5198 5495 1.06 (0.0021**) 0.0215*
*P < 0.05. **P < 0.01.

Fig. 2. (A) Previously
estimated degeneracy of
the 13-bp hotspot motif
(logo plot; relative letter
height proportional to
estimated probability of
hotspot activity and to-
tal letter height deter-
mined by degree of base
specificity) (6) as well as
an extended ~39-bpmo-
tif [text below logo, with
influential positions (P <
0.01) shown in red]. (B)
In silico prediction of the
binding consensus for
PRDM9, aligned with the
13-nucleotide oligomer,
with more influential po-
sitions shown in red. Un-
derlined in both (A) and
(B) is an additional 8-bp
matching sequence. The
logo shows predicted de-
generacy within this con-
sensus (8). Below the text
is the sequence of four
predicted DNA-contacting
amino acids for the 13
successive human PRDM9
zinc fingers (one oval per
finger, differing colors
for differing fingers, and
the separated finger is
gapped N-terminal from
others) and their predicted base contacts within the motif. (C) Sequence of four predicted DNA-contacting
amino acids for the PRDM9 zinc fingers in sevenmammalian species, presented as in (B). Distinct fingers are
given different colors; fingers present in at least two species have a black border.
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PRDM9-binding 
motif

PRDM9 motifs are rapidly lost 



The PRDM9 zinc finger evolves rapidly
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In mice



In PRDM9 knockout mice

Borrowed from Brick et al. 2012

Borrowed from Auton et al. 2013
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pseudogene
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In the absence of PRDM9
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Also KO mice



Summary

v In humans, like most sexually reproducing organisms, recombination
events ensure the proper alignment and segregation of homologous
chromosomes

v Yet at the scale of kilobases, recombination rates are extremely
variable, both across species and even within humans. 

v This rapid evolution between species, and the inter-individual
variability in hotspot usage is driven by PRDM9

v PRDM9 appears to lead to less recombination in promoter like
regions than what would happen otherwise



What happens when PRDM9 is absent?

Ellen Leffler
(soon faculty, U. Utah)

Sonal Singhal
(now faculty, Cal. State)



Singhal, Leffler et al. 2015 Science



Borrowed from Hellenthal & Stephens 2006
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u Where does recombination occur?
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No

Hotspots are largely shared 
between species (>70%)

u Do hotspots evolve rapidly?

Figure S11: Null expectations and observed values for hotspot sharing between zebra finch (Tae-

niopygia guttata) and long-tailed finch (Poephila acuticauda) and between human and chimpanzee,
defining hotspots as shared if their midpoints are within 3 kb of each other. Percent shared is
calculated using the number of hotspots in the species with fewer hotspots as the denominator.
Observed sharing between human and chimpanzee is only marginally above naive null expecta-
tions, whereas observed sharing between zebra finch and long-tailed finch is many-fold higher
than expected under the null.

37

Singhal, Leffler et al. 2015 Science



Distance from center of hotspot (kb)

Independent evidence for hotspots:
peak in GC substitutions

GC-biased gene conversion

Borrowed from Glemin et al. 2014

Singhal, Leffler et al. 2015 Science



Conservation over large evolutionary distances

Singhal, Leffler et al. 2015 Science



In apes
with PRDM9

In finches
without PRDM9

* Also in yeasts (Lam & Keeney 2015)



Directed by PRDM9 When targeting functional elements

Apes, mice, others…? Birds, yeasts,…?



Summary

v In species with PRDM9, recombination is not elevated near
promoters. The binding specificity of PRDM9 and hotspot
locations evolve very rapidly. Despite this rapid evolution, 
broad scale rates are conserved.

v In species without PRDM9, recombination is elevated near
promoter like features and in particular CpG islands. 
Hotspots seem to be conserved over long periods of time.

human

chimpanzee


