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Fine-scale recombination patterns differ between

chimpanzees and humans
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Recombination rates seem to vary extensively along the human
genome. Pedigree analysis suggests that rates vary by an order
of magnitude when measured at the megabase scale’, and at

a finer scale, sperm typing studies point to the existence of
recombination hotspots?. These are short regions (1-2 kb) in
which recombination rates are 10-1,000 times higher than

the background rate. Less is known about how recombination
rates change over time. Here we determined to what degree
recombination rates are conserved among closely related
species by estimating recombination rates from 14 Mb of
linkage disequilibrium data in central chimpanzee and human
populations. The results suggest that recombination hotspots are
not conserved between the two species and that recombination
rates in larger (50 kb) genomic regions are only weakly
conserved. Therefore, the recombination landscape has changed
markedly between the two species.

Recombination is a fundamental parameter in both evolutionary and

=Ye, human genetics. In humans, empirical methods to study recombina-

@tion rates are limited by the difficulty of obtaining large pedigrees

= and the labor-intensiveness of sperm typing. Consequently, we are

unlikely to soon obtain direct fine-scale estimates of recombination
for the whole genome. As an alternative, researchers have developed
statistical methods to infer recombination rates based on patterns of
linkage disequilibrium (LD)?. These statistical methods estimate a

population recombination rate, p, from LD data, assuming a constant
rate throughout the genomic region of interest. Estimates of p equals
to 4N,r (where N, is the effective population size and r is the recom-
bination rate per generation) represent the amount of recombination
needed in the population to produce the observed levels of LD under
a simple model. Statistical methods have also been developed to infer
variation in recombination rates in a region*~. Application of these
methods to human data confirms that fine-scale recombination rates
vary markedly along the genome and suggests that hotspots are present
at least every 60-200 kb (refs. 4,7).

We are thus gaining a better understanding of variation in recombi-
nation rate along the genome, but little is known about how these rates
change temporally. In humans, recombination rates differ among indi-
viduals'®, and this variation, at least in females, seems to be heritable®.
These observations suggest that recombination rates could evolve over
time. At the fine scale, two recent studies suggest that human hotspots

Shared

Shared

Figure 1 Comparison of hotspots in the two species. Depicted here is a
70-kb window, with the inferred hotspot in chimpanzee sample indicated by
the black box and its 95% credible intervals indicated by the white boxes.
Similarly, the inferred human hotspot is indicated by larger gray boxes. There
are three possibilities: (a) the hotspot could be shared in the two species (we
treat hotspots as the same if their credible intervals overlap); (b) the hotspots
could be in different locations (i.e., nonoverlapping credible intervals); or

(c) the hotspot could be present in only one species. There will be errors in
our classification into these three categories. We could infer the location of a
hotspot incorrectly and erroneously conclude that there is a shared hotspot or
two nonoverlapping hotspots. Alternatively, we could fail to detect a hotspot
or incorrectly infer that one is present.
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Figure 2 Percentage of hotspots detected as shared under two models. The
first model assumes that all hotspots are shared; the second assumes that
hotspots are independently distributed along the sequence in humans and
chimpanzees. The arrow indicates what was observed as shared (8%). We
can reject the model that all hotspots are shared in the two species but
cannot reject the model that none are shared.

are not always conserved in other primates: the B-globin hotspot seems
to be absent in rhesus macaques (Macaca mulatta)'%, and the TAP2
hotspot seems to be absent in chimpanzees (Pan troglodytes)'!. Although
these results suggest that fine-scale recombination can evolve rapidly, it
is difficult to generalize because they are based on only two hotspots and
the two regions were known a priori to contain a human hotspot.

In this paper, we investigated how often fine-scale recombination rates
differ between humans and chimpanzees over large genomic regions. We
used a previously described statistical approach* to infer recombination
rates in two regions totaling 14 Mb of genomic sequence in chimpanzees
and the orthologous regions in humans. This method uses a Bayesian
approach to reconstruct haplotypes from a mosaic of previously con-

o) sidered haplotypes. The smaller the pieces needed to reconstruct a

@given haplotype, the more recombination has occurred. The frequency

= of breaks along the sequence provides information about the existence

of possible hotspots.

Our first question was whether the frequency of hotspots is the same
in humans and chimpanzees. In humans, 58% of windows contain an
inferred hotspot, whereas only 15% do in chimpanzees. But simula-
tions suggest that the lower fraction in chimpanzee may be explained
by differences in power (Supplementary Tables 1-3 online). Therefore,
there is no evidence that the frequency of hotspots differs between the
two species.

Next, we asked how often hotspots are shared between humans
and chimpanzees (Fig. 1). We selected putative chimpanzee hotspots,
because our power simulations suggested that both the power and
the false-positive rate were lower in the chimpanzee sample, and
then asked how often the 95% credible interval for the chimpanzee
hotspot overlapped with a hotspot detected in the human sample.
By this criterion, only 3 of the 39 inferred hotspots (8%) overlapped
in the two species.

Even if all hotspots present in chimpanzees were also present in
humans, we would not expect to detect them all as shared. To esti-
mate how many we would expect to find overlapping under this
scenario, we considered every window for which a hotspot was
inferred in chimpanzees and simulated a corresponding hotspot in
humans on the basis of the hotspot location and intensity estimated
in chimpanzees. We then determined how many of the hotspots
would have been detected. The average in 100 simulations was 72%
and the minimum was 59%, well above the observed 8% (Fig. 2).
Hence, we can reject the hypothesis that all hotspots estimated in the
chimpanzee sample are also present in the human sample (P < 0.01
from 100 simulations). Although this finding relies on a simplistic
model, our conclusion is probably robust to model mis-specification,
given the large discrepancy between expected and observed values
(Supplementary Note online).

We then asked the opposite question: whether we could reject the
hypothesis that the hotspots are distributed independently in the two
species. We noted where the inferred hotspots are in the 14 Mb of chim-
panzee sequence. We then distributed the inferred human hotspots
randomly along the sequence, preserving the estimated length of the
hotspot, and determined how many of the inferred chimpanzee hot-
spots overlapped, by chance, with inferred human hotspots. On aver-
age, 13% of the hotspots overlapped, more than we observed (Fig. 2).
Hence, we cannot reject the hypothesis that hotspots are independently
distributed along the genomes of the two species (P = 0.90 from 1,000
simulations).
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Figure 3 Concordance of total p for chimpanzee and human samples. Depicted here are the population recombination estimates (per base pair) averaged over
every four windows for the observed data. The position is measured in kb and is the midpoint of the appropriate four windows. Total recombination rates, as
estimated at the 50-kb scale, are significantly but weakly correlated in humans and chimpanzees.
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Although hotspot location seems not to be conserved between species,
itis possible that total recombination rates are under stronger constraint.
For example, hotspots may move freely within circumscribed regions
of the genome, while the total recombination rate for a region (i.e., the
background rate plus recombination in hotspots) remains the same.
To evaluate this possibility, we examined the correlation in the total
recombination rate between the two species for the 50-kb windows.
The total recombination estimates were significantly but weakly corre-
lated between chimpanzees and humans (rg = 0.216, P = 0.002, degrees
of freedom (d.f.) = 178, one-tailed test; Fig. 3). Given that the rates
are estimated with error in both species, it is not certain how strong
a correlation would be expected if rates were perfectly correlated. To
examine this correlation, we generated 100 pairs of data, assuming that
total recombination rates were identical in the two species. The average
correlation coefficient was 0.69 and the minimum was 0.61, well above
the observed value of 0.22 (Fig.4). Hence, we can reject the hypothesis
that total recombination rates at the 50-kb scale are perfectly correlated
in humans and chimpanzees (P < 0.01 from 100 simulations).

The weak conservation in total recombination rates could reflect con-
servation in the background rates of recombination in the two species.
When we examined the correlation in the background recombination
rate for the 50-kb windows, we found that the estimated background
rates of recombination were also significantly but weakly correlated
between the chimpanzee and human samples (rg = 0.276, P < 0.001,
d.f. = 147, one-tailed test). To examine how strong a correlation would
be expected if background rates were perfectly correlated, we generated
100 pairs of simulated data, assuming identical background recombi-
nation rates in the two species. The average correlation coefficient was
0.77 and the minimum was 0.70, well above the observed 0.28. Hence,
we can reject the hypothesis that background recombination rates at
the 50-kb scale are perfectly correlated in humans and chimpanzees
(P < 0.01 from 100 simulations). This finding and the analogous one
for total recombination depend on our model of recombination. Given
the large discrepancy between expected and observed values in both
cases, however, our conclusion is probably robust to mis-specification
of the recombination model (Supplementary Note online). Therefore,
because background rates are weakly conserved but hotspots are not, we

la.l hypothesize that the conservation in total recombination rate reflects
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the conservation in background recombination rates.

As shown here, the recent development of statistical techniques to
identify hotspots and measure local rates of recombination, and the
increasing availability of polymorphism data, make it possible to create
very detailed recombination maps in humans. In particular, a new data
set!? will make possible a fine-scale genetic map for the entire human
genome. We can then compare these local maps with the large-scale
maps to begin addressing questions about variation in recombination
rate. Homologous data from closely related species, such as chimpan-
zee, will also help to increase our understanding of the determinants of
recombination rates. Already, our data indicate that estimated fine-scale
recombination rates are markedly different between primate species that
share 95-99% of their primary sequence!®!#. Therefore, if fine-scale
recombination rates in chimpanzees or other primate species need to
be known, they will have to be measured anew.

Our results also raise a number of questions about the relation-
ship between small- and large-scale recombination rates and the role
of primary sequence in determining recombination rates. We found
a weak correlation in background recombination rates at the 50-kb
scale. Background rates may be influenced by sequence properties that
are largely the same between the two species. Previous studies have
found some sequence properties to be correlated with estimated fine-
scale recombination rates®’. Given these results, it will be interesting
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Figure 4 Correlation in total p if recombination rates are the same in the two
species. The arrow indicates the observed value (0.22), which is significantly
below the expected value under this model and significantly above zero.

to examine the degree to which recombination rates are conserved at
large scales, because the degree of conservation will probably vary with
the scale at which recombination is measured. If sequence properties
do predict recombination rates, the strength of the correlation between
these two (and hence the conservation in rates between species) may
depend on the scale at which these properties interact with recombina-
tion. In addition, although the exact location of hotspots does not seem
to be under constraint, the density of hotspots in a larger area might be.
To address these questions of scale and the role of primary sequence,
data are needed from many unlinked genomic regions for which we can
obtain both fine- and large-scale estimates in the two species. To this end,
a large-scale recombination map in chimpanzees would be valuable.

The lack of concordance between hotspots also raises the question of
how hotspots change so quickly between species with such high sequence
similarity. Although no sequence motifs are known to predict recombi-
nation hotspots in humans, putative sequence motifs have been identi-
fied in other species'>!°. Furthermore, the examination of hotspots in
yeast and mice shows that DNA sequence located at or near a hotspot can
modify its activity! 718, Alleles at a single site can alter the hotspot activity
for two human hotspots!'>20, This suggests that substitutions in cis may
be responsible for the differences in the hotspot landscape of humans
and chimpanzees. Given the large number of changes that seem to have
occurred and the low sequence divergence, however, this scenario would
require a large number of sites to be potential modifiers of hotspot activ-
ity, if hotspots are evolving neutrally. In light of the evidence that hotspot
location and intensity are regulated at both local and global scales®16,
it seems likely that in addition to substitutions in cis, changes in trans
(e.g., the binding affinity to sequence motifs) or in epigenetic factors
(e.g., chromatin structure) contribute to the evolution of recombination
rates. Much more work is needed to unravel the mechanisms underlying
the rapid changes in fine-scale recombination rates.

METHODS

Data collection. We used ~14 Mb of human genotype data!?, consisting
of two disjoint regions of approximately equal length on chromosome 21.
These regions were chosen such that one segment (build 34 coordinates
18635000-24650000) is ‘gene rich’ (~90 genes) and the other segment (build
34 coordinates 34050000-41800000) is ‘gene-poor’ (~2 genes). Together, these
two regions represent 41% of the euchromatic chromosome 21. The 11,642
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genotyped SNPs were distributed with an average spacing of 1.2 kb per SNP
in two segments of roughly equal length in a sample of 23 African Americans,
24 Han Chinese Americans and 24 European Americans from Coriell. We
identified ~80% of the SNPs by resequencing 20 haploid chromosomes from
the National Institutes of Health Polymorphism Discovery Resource?!; the
remaining 20% consisted of validated SNPs from dbSNP selected to achieve
more uniform spacing. We genotyped the human SNPs using high density
oligonucleotide arrays designed for SNP genotyping!2. The genotyping call
rate was ~98-99%.

We also resequenced the homologous region (chromosome 22) in eight
central chimpanzees (Pan troglodytes troglodytes), whose samples were
donated by J. Wickings (Unité de Génétique des Ecosystémes Tropicaux,
Centre International de Recherches Médicales de Franceville (CIRMF)) and
come from the CIRMF (Gabon). Five of the chimpanzees were wild-born.
The other three were born at CIRMF (first generation) to parents other
than the chimpanzees used in this study (as best as could be established for
the fathers). Therefore, the eight chimpanzees are putatively unrelated. To
resequence the homologous ~14-Mb region in chimpanzee, we used 1,248
overlapping amplicons on high-density oligonucleotide arrays designed to
match the sequence of chimpanzee chromosome 22, based on a previously
described technique?!, and discovered 30,611 SNPs with an average spacing of
440 bp per SNP. By resequencing DNA from haploid chimp-hamster fusions,
we determined haplotypes for the sequences corresponding to each of the 16
chimpanzee chromosomes empirically. This approach greatly increased our
ability to estimate recombination rates, because we avoided the uncertainty of
estimating haplotypes from diploid genotypes. For the chimpanzee data from
resequencing arrays, 13.6% of bases could not be called.

The human and chimpanzee data vary in a number of aspects, particularly in
whether the data were phased or not. Previous researchers obtained very different
p estimates when they assumed known phase versus when they did not!’. For
the algorithm used here, however, we obtained similar results from simulations
(results not shown), as well as for empirical data from the TAP2 hotspot (ref. 11
and S.E.P. and M.P, unpublished results).

http://www.nature.com/naturegenetics

Map between humans and chimpanzees. To compare inferred hotspot loca-
tions (and windows) in humans and chimpanzees, we aligned each chim-
panzee SNP and the surrounding 24 bases against the human genome using
BLAST??, retaining only those SNPs with a unique perfect match. We took
the two chimpanzee SNPs that flanked the edge of the hotspot (or window)
and calculated the average distance between the location of the SNPs on the
chimpanzee and human genomes. We then added this average distance to the
'.1.' chimpanzee genome position to determine the location of the chimpanzee

© 2005 Nature Publishing Group

hotspot (window) in humans. This procedure does not exactly preserve the

=" length of the hotspot (or window), although the discrepancy is usually small
(90% of the windows are between 49 kb and 51 kb) and the differences in
length were accounted for in simulations.

Data analyses: division into windows. To detect hotspots, we divided the 14 Mb
into 70-kb windows, with a 20-kb overlap to avoid missing hotspots that lie on
the edge of windows. To estimate the recombination rate in a window, we divided
the 14 Mb into 50-kb nonoverlapping windows. In the human data, we excluded
variable sites with a minor allele frequency less than or equal to 5%, and in the
chimpanzee data, we excluded all singletons, because these sites contribute little
or no information about LD. Likewise, we removed all sites with more than 75%
missing data (this never occurred in the human data). Finally, we considered only
windows with at least 20 segregating sites to ensure sufficient power to estimate
recombination rates*. This procedure left us with 226-260 70-kb windows in
the three human populations and the chimpanzee samples to compare puta-
tive hotspots and 210 pairs of 50-kb windows to compare recombination rate
estimates in the two species.

Estimation method. To estimate recombination rates, we used a method* that
allows missing data and unknown phase and with which credible intervals are
easily computed. This method makes a number of simplistic assumptions about
recombination and population history. Results from simulations suggest that this
method is relatively robust to deviations from these assumptions*. To examine
the performance of the method in the context of our data collection scheme, we

applied the same approach to LD data from the MHC region, for which there exist
estimates of the human recombination rate from two studies using sperm-typing
(Supplementary Fig. 1 online).

We ran the simple hotspot model of PHASE?*24 (version 2.1.1) to obtain
estimates of three recombination parameters for each window (option -MR1
1)*%: the population rate of recombination outside the hotspot, referred to as
the background p; the relative intensity of recombination within the hotspot,
A; and the location of the hotspot. We obtained 1,000 draws from the posterior
distribution (option —X10) using only haplotypes with frequency above 0.1 to
speed up the run time (option —F0.1; simulations suggested this had little effect
on the recombination parameter estimates). For chimpanzees we had haploid
sequence data, and so we ran the program assuming known phase but with miss-
ing data (option —-k999 with -18).

Estimates of recombination parameters. We computed all recombination
parameter estimates based on the hotspot output file, which provides a sample
from the posterior distribution of the background p per base pair, of A, and, for
A > 1, of the location of the hotspot demarcated by a left and right boundary.
For every input file, we ran PHASE three times with different seeds*. We thus
obtained three output files. For each output file, we computed the median and
the 5th and 95th percentiles of the 1,000 draws from the posterior distributions
of the background p, total p and A. We computed the total p by a weighted
average of the median background p and median pA (i.e., the recombination
rate outside and inside the hotspot, respectively). We estimated the posterior
probability that A was greater than 10 and computed the associated Bayes
Factor to assess the statistical support for a hotspot, where a Bayes Factor >
50 was taken to indicate the presence of a hotspot. This is a similar but more
stringent criterion than the one previously used*. To obtain point estimates for
the right and left boundaries of the hotspot, we considered the median of all
draws where A > 1. To be conservative, we considered the credible intervals of
the hotspot to extend from the 5th percentile of the posterior probability for
the left boundary to the 95th percentile for the right end. We then combined
the three output files, by taking the median value for each statistic across the
three but retaining the credible intervals for the median value as our measure
of uncertainty.

Because the windows overlap, the same hotspot could be identified in adja-
cent windows. We therefore treated inferred hotspots with overlapping credible
intervals as the same hotspot (Fig. 1). We then arbitrarily chose the estimates
from the second window to characterize this hotspot (this choice should not
introduce a bias). We chose not to average the two estimates, because this would
lead to increased precision for a subset of windows. We then excluded the first
window from estimates of the frequency of hotspots. In comparing human and
chimpanzee hotspots, we treated hotspots with overlapping credible intervals for
location as shared between the two species.

Choice of populations. We examined the frequency of hotspots in three
human populations (African American, Han Chinese American and European
American), but focused only on the African American population in subsequent
analyses because the power simulations suggested both that the power to detect
hotspots was highest in this population (Supplementary Tables 1-3 online) and
that the estimates of p were more accurate and precise (results not shown). The
power simulations further suggested that this difference results from the higher
effective population size of African Americans.

Correlation in recombination rates between species. To address the conser-
vation of total and background levels of recombination in the two species, we
examined the correlation in the estimates of total p and background p of the
chimpanzee and African American data sets. The 210 windows show evidence
of autocorrelation as assessed by a runs test (results not shown). To correct for
this, we used the method of Dutilleul?® implemented in the program modttest
to adjust the degrees of freedom. Another problem is that the chimpanzee and
human windows are not perfectly aligned. To compare estimates of p for roughly
homologous regions, we mapped the chimpanzee windows onto the human data
(as described above) and then reran these windows for both samples. For this
data, we altered the prior used by PHASE such that the maximum A is 100.
Simulations suggest that this leads to more accurate estimates of total levels of
recombination (data not shown).
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Simulations. For the coalescent simulations examining different demographic
scenarios, we used the program ms2°. For all other coalescent simulations, we use
a modification of ms that models recombination hotspots, provided by J. Wall
(University of Southern California, Dept. of Biological Sciences). In all simulations,
we matched the number of individuals and the number of base pairs. We randomly
converted a fraction of the simulated sequence data to be coded as missing, where
the appropriate fraction was chosen to match the amount of missing data in the
two species. The simulations also matched the process of site removal (as described
above). If the estimate of p was 0, then it was replaced by 107 per base pair in
simulations (the limit in accuracy of PHASE). Finally, as in the actual data, we ran
PHASE on the human simulated data, assuming that we did not know phase, and
on the chimpanzee simulated data, assuming that we did.

In these simulations, we assumed the standard neutral model of a randomly
mating population of constant size, unless otherwise stated. Recombination is
modeled as a single crossing-over, with no gene conversion, and is assumed to be
piece-wise constant. We chose a Ovalue that approximately matched the observed
allele frequency, after excluding singletons (in chimpanzees) or rare alleles (in
humans). For the chimpanzee data, this involved choosing a value of 6somewhat
lower than the observed value, because our sample of chimpanzees has an excess
of rare alleles relative to the standard neutral model. For the human data, we
instead chose a value of 6 somewhat higher than the observed value, because,
owing to ascertainment bias, the human samples had an excess of intermediate
alleles. This approach yields a rough match to the observed allele frequencies
(Supplementary Fig. 2 online). Although our standard neutral model is unre-

alistic, simulations suggest that the approach is relatively robust to departures
4,6
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from model assumptions

Power to detect a hotspot. To estimate the type I and II error rates of PHASE,
we ran simulations with and without a hotspot. All simulations used the same
value of 6 across all windows, chosen to reproduce the median observed number
of segregating sites per window in each population. The simulations were run
with one of three values of total p: the 25th percentile, the median or the 75th
percentile of the total p estimated from the data, computed for each population
separately. For simulations with a hotspot, the hotspot was uniformly distributed
from 10 kb to 60 kb in a 70-kb window. The hotspot was 1,500 bases long and
its intensity A = 50, 100 or 200. We ran 100 sets of simulations for each set of
parameters and for each population, for a total of 3,200 simulations.

We ran an additional set of simulations to explore the false positive rate under
more realistic demographic models for each population. For the chimpanzee
data, we simulated a 10-fold bottleneck from 900 to 1,200 generations ago. The
ancestral and present population sizes were 30,000. For the African American
'.1.' sample, we simulated growth with an ancestral population size of 10,000, which
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expanded to 90,000 over the past 400 generations. For the non-African human

=" data sets, we simulated a 10-fold bottleneck from an ancestral population size
of 10,000, beginning 350 generations ago and with a 60% recovery 340 gen-
erations ago. These parameters were chosen so that the mean Tajima’s D would
roughly match the observed value for each population (for human populations,
the observed Tajima’s D value came from the Seattle SNPS database; for the chim-
panzee population, the observed Tajima’s D came from ref. 27). We also scaled
0 and p to match the average number of segregating sites (keeping p/6 fixed).
Because 6 and p estimates for European Americans and Chinese Americans were
so similar, and the demography parameters identical, we did not run separate
simulations for these two populations.

Fraction of shared hotspots. To examine how much concordance would be
expected if no hotspots were shared between humans and chimpanzees, we
retained the location of all the inferred chimpanzee hotspots and placed the
hotspots inferred in the African American sample randomly along the sequence.
We preserved the observed length of the hotspot credible intervals and required
that the hotspot be completely within the entire region surveyed, that only one
hotspot mapped to each window and that it did not overlap with any other
hotspots (by choosing a new location if any requirement was violated). We then
tabulated the percentage of these randomly placed hotspots that overlapped with
the ones inferred in chimpanzees. This entire process was repeated 1,000 times.

We also wanted to quantify what would be expected if all hotspots were
conserved between humans and chimpanzees. To do this, we first determined
which human window each of the inferred chimpanzee hotspots mapped into.

LETTERS

We then simulated 100 sets of 39 human windows that contained an inferred
chimpanzee hotspot by matching #and the background p values estimated in the
African American sample, using the A and the hotspot location values estimated
in chimpanzees. For the intensity, we divided the observed A by 2 and simulated
the hotspot with this lowered value, because the estimates of A tended to be two
times higher than the true value in the power simulations of chimpanzee data. For
the location, we used the midpoint of the median estimate for the right and left
boundaries of the hotspot. We then used a fixed length of 1,500 bases surround-
ing this midpoint, because the power simulations suggested an upward bias to
the length and intensity. We also ran the simulations without correcting for these
two biases (Supplementary Note online). In no case did an inferred chimpanzee
hotspot span multiple human windows or did multiple hotspots map to the same
window. Windows with fewer than 20 SNPs were not considered, just as they were
not analyzed in the observed data. (As a result, in both simulated and actual data,
we could not have detected all hotspots even if we had 100% power.) Finally, we
tabulated how many of the chimpanzee hotspots were detected in humans and
identified as the same, given our criterion of overlapping credible intervals. This
entire analysis was repeated using the hotspot length and A as directly estimated
from the data, rather than with a fixed length and lowered intensity.

Correlation in recombination rates between species. To examine the strength of
the correlation that would be expected if the recombination rate (r) did not vary
between the species, we simulated each of the 210 windows used in the correlation
10 times, matching the observed value of € in that window for each species. We
computed an average total recombination rate by dividing the observed total p
in each species by an estimate of N, (15,000 for African Americans®® and 25,000
for central chimpanzees?’; both these estimates were obtained from diversity and
divergence data). We then ran the simulations with this average rate of recom-
bination multiplied by the respective N, for each species. Thus, the background
rate for these windows is also identical in the two species. Because our results
suggest that most windows in both species have a hotspot, we simulated a hotspot
in each window with an intensity A of 50 and length of 1,500 bases. These were
distributed independently in the two species (because this is what the data sug-
gest) and placed randomly along the sequence. We then computed a one-tailed
nonparametric correlation coefficient (Spearman’s p) for all pairwise combina-
tions of the ten data sets, giving us a total of 100 correlation coefficients. We also
ran ten data sets where we assumed that the number of hotspots per window
followed an approximate Poisson distribution based on the average frequency of
putative hotspots in the two species (Supplementary Note online). The number
of hotspots for a given window was chosen independently for the two species.
For these ten data sets, we again examined all pairwise combinations, giving us
a total of 100 correlation coefficients.

URLs. The program modttest is available at http://www.bio.umontreal.ca/
legendre/index.html. The program ms is available from http://home.uchicago.
edu/~rhudsonl/source.html. The Seattle SNPS database is available at http://pga.
gs.washington.edu/summary_stats.html.

Note: Supplementary information is available on the Nature Genetics website.
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