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Genetic evidence for complex speciation
of humans and chimpanzees

Nick Patterson', Daniel J. Richter!, Sante Gnerre!, Eric S. Lander!? & David Reich'”

The genetic divergence time between two species varies substantially across the genome, conveying important
information about the timing and process of speciation. Here we develop a framework for studying this variation and
apply it to about 20 million base pairs of aligned sequence from humans, chimpanzees, gorillas and more distantly
related primates. Human-chimpanzee genetic divergence varies from less than 84% to more than 147% of the average,
a range of more than 4 million years. Our analysis also shows that human-chimpanzee speciation occurred less than 6.3
million years ago and probably more recently, conflicting with some interpretations of ancient fossils. Most strikingly,
chromosome X shows an extremely young genetic divergence time, close to the genome minimum along nearly its entire
length. These unexpected features would be explained if the human and chimpanzee lineages initially diverged, then

later exchanged genes before separating permanently.

The genetic divergence between two species (the proportion of
nucleotides differing between representative individuals of the two
species) can be converted into a divergence time in terms of millions
of years, provided that differences between genomes have accumu-
lated at a constant rate as a result of new mutations">. The average
genetic divergence, Tgenomes 1S sometimes used to estimate the
speciation time, 7gpecies» HOwever, 7(x), the genetic divergence at
any position x, fluctuates across the genome and is everywhere larger’
than 7 g,ecies (Fig. 1a, and Supplementary Note 1). Thus, its average
T genome Necessarily exceeds 7 gpecies-

Inferring ancient speciation from genetic data
With the availability of large-scale sequencing, enough data can now
be obtained to study not only the average 7 genome but the distribution
7(x). This should allow direct inferences about 7 gpcies, Which must be
less than the minimum time divergence, and about variability in 7(x),
which conveys information about the speciation process. Several
issues must be considered in studying 7(x) for any pair of modern
species. First, the genetic divergence should be corrected for local
variation in the neutral mutation rates across the genome. This can
be done by dividing the local divergence between two species by the
divergence of one from an outgroup, for example macaque for the
human—chimpanzee comparison. Second, any estimate, 7(x), of local
genetic divergence should be corrected for the effects of recurrent
mutation; we do this using two independent methods. Third,
variability of 7(x) should be assessed by studying large enough
subsets of the genome for the resulting estimates to be reliable.

Although chimpanzees are our closest relatives, there are many loci
at which humans and gorillas (or chimpanzees and gorillas) are
the most closely related**; we estimate that this is the case over about
18-29% of the genome (Supplementary Note 2). In such places, the
genetic divergence time of human and chimpanzee must precede
gorilla speciation (Fig. 1b—d). Thus, humans and chimpanzees show
large variation in 7(x), making them an excellent system in which to
explore how taking into account the difference between 7 gepome and
T species €an affect inferences about history.

Previous genetic analyses of great apes studied small data sets (the

largest was about 25 kilobases (kb))®> and suggested that the time
since average genetic divergence of humans and chimpanzee genes is
much greater than the time of speciation**®*. However, they pro-
duced inconsistent estimates of ancient diversity owing to small data
sizes, ignoring the effects of recurrent mutation®, and simplifying
assumptions about the demography of ancient populations'.

Genome compatrisons of five primates

To create a much larger data set, we generated shotgun sequence from
the gorilla (about 115,000 fragments comprising about 87 megabases
(MDb)), and compared it against the human'' and chimpanzee
genomes'? and the unpublished sequence of orangutan and macaque
(Methods). We overlapped the sequences, producing four-species
human—chimpanzee—gorilla—macaque (HCGM) alignment (18.3 Mb)
and five-species human—chimpanzee—gorilla—orangutan—-macaque
(HCGOM) alignment (9.3 Mb) (Supplementary Tables 1 and 2).
We also studied 1.2 Mb (ref. 13) from contiguous regions of chromo-
somes 7 and X (Methods). Altogether, these data represent more than
800-fold more aligned bases than the largest data set previously
available’, and enough data to compare chromosome X with the
autosomes.

To analyse these data we identified all ‘divergent sites’, places at
which two alternative alleles were observed across the aligned
sequences of the species. We eliminated sites in hypermutable CpG
dinucleotides'’, and those not flanked by at least one base of
completely conserved sequence (our qualitative results are unaffected
by these filters; Supplementary Table 3 and Supplementary Fig. 1).
This produced 858,941 divergent sites for the HCGM shotgun data,
498,771 for HCGOM shotgun data, and 78,290 for the contiguous
data.

We categorized the divergent sites according to how they parti-
tioned the species (Table 1). In the four-species HCGM alignment,
there are seven possible partitions: four in which one species differs
from the other three (denoted H, C, G and M) and three in which two
species differ from the other two (denoted HC, HG and CG). If all
divergent sites were due to single historical mutations, the pro-
portion of each class, ny:n i ginpciingn cg:nv, would be strictly
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proportional to relative ‘branch lengths’ of the genealogical tree—
that is, the elapsed time on each branch averaged across the genome
(assuming that mutations have accumulated at a constant rate over
time"?) (Fig. 1b—d). However, the correspondence is not exact
because some sites are due to more than one mutation®. Recurrent
mutation has a particularly distorting effect on short branches.
Because HG and CG sites occur rarely and can easily be generated
by recurrent mutation, branch lengths t15 and g would be over-
estimated without this correction.

By using five-species alignment data (HCGOM), we were able to
estimate the effect of recurrent mutation on branch length estimates,
controlling for the biases it introduces. In particular, the HCGOM
data revealed six classes of divergent site that could not be due to
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Figure 1 | Genetic relationships differ from species relationships. a, The
genetic divergence time between two species, 7(x), varies across the genome
and is always greater than or equal to the speciation time, 7yeciess Which is
the time of last gene flow between the species’ ancestors. The average genetic
divergence (7 genome) thus always exceeds 7pecies- b, The historical
relationships of the species included in this study, along with relationships to
various fossils (adapted from ref. 43). The relative lengths of the branches
can be estimated from the data by the number of divergent sites of each type.
¢, d, Genealogical relationships are not always the same as the species
relationships (grey), because humans and chimpanzees can sometimes share
a common ancestor that is older than the gorilla speciation (greater than
T;I,(e;cies). For example, although humans and chimpanzees are most closely
related in most sections of the genome, there are regions in which
chimpanzees and gorilla are most closely related** (producing ‘CG’ sites,
¢), or in which humans and gorilla are most closely related (‘HG’ sites, d).
e, A revised model that could explain our data is that the first hominins
became isolated from chimpanzee ancestors more than 6.3 Myr ago, but
then hybridized back to the chimpanzee lineage. This could explain the great
variation in divergence time across the genome, with humans and
chimpanzees sharing a common ancestor around the time of hybridization
in some regions (blue line) and before the initial speciation in others

(red line). A model with chimpanzee ancestors as the hybrids is equally
consistent with the data.
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single historical mutations (Table 1). An example is HO, which
clusters together human and orangutan (Supplementary Table 4).
We developed two methods that use the rates of these sites to correct
the estimates of branch lengths for the impact of recurrent muta-
tions (Supplementary Methods and Supplementary Note 3). Our
analysis indicates that past studies that failed to correct for recurrent
mutation®™® obtained roughly twofold higher estimates of the
rates of HG and CG sites (Supplementary Table 5). Thus, these studies
were biased towards overestimating the proportion of the genome in
which humans and chimpanzees are not most closely related>”.

Large variation in divergence time across genome

We used a straightforward approach to study variation in 7(x),
avoiding the assumptions about the demography of ancient popu-
lations from previous studies®®. We selected subsets of the genome in
which we proposed that the divergence would be different from the
average. We then calculated the average value of 7(x) across each subset
and divided by 74enome to obtain the relative age, A, compared with the
autosomal average (Supplementary Table 6).

We began by considering subsets of the genome consisting of the
neighbourhoods of HC sites. The subsets Sy;c(d) were defined as all
bases within a distance d of an HC site on an autosome (excluding the
site itself, to obtain unbiased estimates of local genetic divergence).
We expect that human and chimpanzee would be more closely
related near HC sites. Analysis of the HCGOM shotgun data shows
that relative age decreases with d (Fig. 2) and reaches a limit of
A = 0.862 £ 0.009—that is, 86.2% of the average genetic divergence
across the autosomes (Supplementary Note 4). Because the human—
chimpanzee genome divergence time is thought to be about 7 Myr
ago (refs 5, 10), this translates to a roughly 1-Myr reduction. The true
difference must be even larger, because the average of 7(x) near HC
sites must be greater than 7 gpeies.

Second, we considered the neighbourhoods of HG or CG sites. The
subsets Syg/cg(d) were defined as all bases within a distance d of
either an HG or a CG site. We would expect that human and
chimpanzee would be more distantly related near such sites. The
relative age increases with d (Fig. 2) and reaches a limit of
A = 1.342 £ 0.022 (Supplementary Note 4). Near two HG or CG
sites the increase is even greater: A = 1.45 = 0.07. This is primarily
because two HG or CG sites close together are less likely to reflect
recurrent mutations (comprising about 32% of HG and CG sites in
the HCGOM data; Supplementary Table 5). When we use modelling
to extrapolate the value of A near HG or CG sites in the absence of
recurrent mutation, we infer that the true limit is even greater:
A = 1.47 (Methods).

Table 1| Main data sets in the study

Class Pattern Autosomes X chromosome
Species HCGOM HCGM HCGOM HCGM
Bases 8,899,720 17,552,410 372,354 747,260

Ny 10000 28,504 59,175 936 2,008

nc 01000 28,495 59,844 944 1,935

ne 00100 38,677 81,671 1,430 3,138

Nyc 11000 8,561 20,408 457 1,035

Nhe 10100 1,302 4,809 14 95

Nce 01100 1,430 4,600 12 86

Nhce 11100 41,928 1,493

no 00010 82,670 3,086

nm 11110 244,270 596,939 9,621 23,198

Nho 10010 412 9

Nco 01010 397 11

neo 00110 764 22

Nhco 11010 1,347 56

Nhco 10110 989 30

Nnceo 01110 872 32

Each divergent site class is designated by a string of Os and 1s, the bases seen in human-
chimpanzee-gorilla-(orangutan)-macaque. The macaque allele is defined to have state '0".
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Large reduction in divergence time on chromosome X

Third, we considered the divergence along individual chromosomes,
and especially chromosome X. The relative divergences for the
autosomes are all close to the average (Fig. 3), but divergence is
reduced along nearly the entire length of chromosome X (Fig. 3). A
slightly reduced age for chromosome X is in fact expected from
population genetic theory; the population size of chromosome X
should be three-quarters of that of the autosomes, and thus the
coalescent time should be three-quarters as large. Calculations would
predict A = 0.918-0.943 (Supplementary Note 5), but the observed
value is much younger: A = 0.835 = 0.016 (Supplementary Table 6).

To confirm the low divergence of chromosome X, we performed
the same analysis for human—gorilla divergence and found no
discrepancy between the expected A = 0.932—0.958 (Supplementary
Note 5) and the observed A = 0.977 * 0.028 (Supplementary
Table 6). This excludes the possibility that the reduced divergence
in the human—chimpanzee comparison reflects a slowdown of the
mutation rate on chromosome X in the apes, because this would
affect the gorilla comparison as well. As an independent line of
evidence, we note that if human—chimpanzee divergence on chromo-
some X is recent, we would not expect segments of human-gorilla or
chimpanzee-gorilla clustering (Fig. 1c, d). In fact, the rate of HG and
CG sites is one-quarter of the autosomal rate. The rate is slightly
lower than would be expected if the sites were due entirely to
recurrent mutation; the 95% credible interval for the proportion of
HG and CG sites not due to recurrent mutation is 0-15% of the
autosomal rate (Supplementary Note 6). The data are consistent with
a complete absence of regions where humans and gorillas, or
chimpanzees and gorillas, are most closely related.

The data point to an enormous decrease in genetic divergence for
chromosome X in comparison with the autosomes. On the basis of
A = 0.835 £ 0.016 for chromosome X (Supplementary Table 6) and
calibrating to an estimate of human—chimpanzee genome divergence
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Figure 2 | Near a region of HG, CG or HC clustering, 7(x) deviates strikingly
and significantly from the genome average. a, For the HCGM shotgun
data, the human-chimpanzee divergence is less than 88% of the genome
average near an HC site (upper solid line) and at least 124% of the genome
average near an HG or CG site (lower solid line). b, For the HCGOM
shotgun data, the observed proportions are 86% and 134% (Supplementary
Note 4). The true range is certainly larger than shown in either graph
because HG and CG sites resulting from recurrent mutation (which are
more frequent for HCGM than HCGOM data) dilute the estimated increase
in human—chimpanzee divergence near these sites. Correcting for this by
using a modelling analysis fitted to the HCGOM shotgun data
(Supplementary Table 11) indicates that the divergence near true HG and
CG clusters might be about 147% of the genome average. A dotted line
corresponding to this extrapolated divergence is shown. (No line is shown
for HC because it is very similar to the unextrapolated line.) Each data point
is obtained by averaging all bases within a window geometrically centred on
distance d (d/,/10 to d\/10). Error bars here and in Fig. 3 give 1 standard
error.
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about 7 Myr ago™’, the average age difference between chromosome
X and the autosomes must be about 1.2 Myr. The age difference
between chromosome X and the autosomes in humans today is an
order of magnitude smaller (Supplementary Note 7), again indicating
an unusual history in the ancestral population at the time of speciation.

We note that the reduced divergence of humans and chimpanzees
on chromosome X also resolves a controversy about mutation rates
in males versus females. Comparisons of genomes have shown a
lower rate of sequence divergence on chromosome X than the
autosomes for many species. On the basis of the hypothesis that
this reflects a lower mutation rate in the female germline, it has been
used to estimate the ratio o of male:female mutation rates. Studies
of human genome repeats'' and human-rat comparisons'* have
indicated that o = 1.9-2.1, but comparisons of human and chim-
panzee'>'" have indicated that o = 6-7. The discrepancy can be
resolved if the low human—chimpanzee divergence on chromosome
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Figure 3 | Reduced human-chimpanzee time divergence across
chromosome X. a, Human-chimpanzee genetic divergence is lower on
chromosome X than on every other chromosome (HCGOM shotgun data,
correcting for recurrent mutation), and lower than the theoretical
expectation of about 93% for a constant-sized, freely mixing ancestral
population (Supplementary Note 5). By contrast, the gorilla chromosome X
comparison shows no decrease beyond the expectation of about 95% from
theory. We have included a category pooling all chromosomes of less than
100 MD in size, because the smaller chromosomes do not have much data
and thus have large standard errors. b, The low time divergence is seen
along nearly the entire X chromosome. Black symbols show the ratio of
human—chimpanzee to human-macaque divergence plotted in non-
overlapping 5-Mb bins in the 15.1 Mb of HCOM alignment. For comparison
we also show the ratio of human—chimpanzee to human—gorilla divergence
(10-Mb bins) in 372 kb of HCGOM shotgun data (red, =1 standard error
bars removed for clarity). ¢, The rate of HG and CG sites (HCGOM shotgun
data, 10-Mb bins) is also greatly reduced along chromosome X, which is
consistent with humans and chimpanzees being most closely related
essentially everywhere along chromosome X.
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X reflects a low time divergence. Correcting for this, we estimate that
o = 1.9 (Supplementary Note 8), giving no evidence for an increase
in o on the primate lineage'*.

Implications for current models of human-chimp speciation

The inference that human—chimpanzee genetic divergence varies
over more than 4 Myr, and that genetic divergence is about 1.2 Myr
less on chromosome X than the autosomes, raises two issues about
human—chimpanzee speciation.

First, these results place an upper bound on the age of human-—
chimpanzee speciation that poses conflict with some inferences from
the fossil record. The Toumai fossil (Sahelanthropus tchadensis), with
its bipedalism and hominin dental features, is usually interpreted as
being on the hominin line and setting a minimum date for human-—
chimpanzee speciation'”'®. The fossil was originally dated to 6~7 Myr
ago (refs 17, 18), and a more recent study estimates 6.5—7.4 Myr ago
(refs 19). We compared inferences for the human—chimpanzee
speciation date based on the Toumai fossil with those that would
be obtained by extrapolating from older species divergences. We first
used an extreme upper bound of 20 Myr ago for human—orangutan
genetic divergence® (Supplementary Table 7). On the basis of the
relative genetic divergence of human and chimpanzee (Supplementary
Tables 7 and 8; Supplementary Note 9), we infer 7 genome < 7.6 Myr ago
and, from the bound 7gpecies < 0.8357 genomes We can infer that
Topecies < 0.3 Myr ago. Using a more realistic estimate of human—
orangutan genome divergence of less than 17 Myr ago, we obtain a
younger bound of 7g,ecies < 5.4 Myr ago. The first bound is not
compatible with the older range for Toumai. The second bound is
difficult to reconcile not only with interpretations of Toumai but also
with other fossils recognized as early hominins: Orrorin tugenensis
at about 5.8 Myr ago (ref. 21) and Ardipithecus kadabba at about
5.6-5.8 Myr ago (ref. 22). We emphasize that these calibrations to the
older fossil record are not likely to be compromised by molecular
clock errors: a ‘rate test’ shows evidence of only slight lineage-specific
changes in the mutation rate since the divergence of the great apes™
(Supplementary Tables 8 and 9). Similar bounds on human—
chimpanzee speciation time are obtained by calibration to macaque
fossil divergence (Supplementary Note 9).

Second, the properties of chromosome X indicate an unusual
evolutionary history around the time of human—chimpanzee ances-
tral speciation—proving that the structure of the population around
the time of speciation was unlike that in any modern human or apes.
In a freely mixing population under neutral drift, the ratio R of the
genetic divergence on chromosome X and the autosomes should be
about 0.75 (the effective population size of chromosome X relative to
the autosomes). Such values are, in fact, observed in humans
(R = 0.59-0.87) and chimpanzees (R = 0.56—0.76) and inferred
for the population ancestral to human and gorilla (R = 0.68-1.00)
and chimpanzee and bonobo (R = 0.75) (Supplementary Note 10).
By contrast, the inferred value of R in the population ancestral to
human and chimpanzee is 0-0.29 (Supplementary Table 10). We
were not able to devise a demographic history consistent with such a
low R, even with models of asymmetry between the sexes (Sup-
plementary Note 11). However, strong selection across chromosome
X could produce this effect.

The apparent conflict with interpretations of the fossil record
could be explained if Toumai were somewhat younger than pre-
viously reported'?, or if there was a problem with the molecular clock
used for the calibrations to older fossil divergences. These factors,
however, would not explain the more than 4 Myr spread of genetic
divergence times across the genome, or the evidence for intense
natural selection on chromosome X. We note that, on general
grounds, we might expect to see greater evidence for natural selection
on chromosome X than the autosomes, because recessive genetic
variants are subject to selection in hemizygous males. However, we
see no evidence for an unusual X chromosome divergence in the
human—gorilla comparison.
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Possible hybridization in the human-chimp lineage

We suggest a provocative explanation for multiple features of these
data: that the hominin and chimpanzee lineages initially separated
but then exchanged genes before finally separating less than 6.3 Myr
ago (Fig. le). First, this could explain how Toumai could have dates
older than hominin speciation and yet still have hominin fea-
tures'”™"?. Second, it could explain the wide range of divergence
times (more than 4 Myr): at some loci human and chimpanzee
lineages share ancestry around initial separation, whereas at others
the genetic ancestry is more recent at the time of hybridization.
Third, it could explain the low divergence of human and chimpanzee
on chromosome X. An empirically observed pattern, documented in
Drosophila, tsetse flies, mosquitoes, butterflies and guinea-pigs™, is
that “the genes having the greatest effect on hybrid sterility and
inviability are X-linked”**. The reasons for this ‘second rule of
speciation’* are not fully understood*?’, although they are thought
to be related to Haldane’s rule about hybrid sterility affecting the
heterogametic sex more than the homogametic sex*. A corollary—
not previously suggested—is that if gene flow between two diverged
populations occurs, chromosome X should be subject to strong and
rapid selection to eliminate alleles, from one parental population or
the other, that contribute to reduced fitness. The presence of multiple
hybrid incompatibility loci could lead to selection across much or all
of chromosome X, as in our data (Fig. 3). As a specific example, if
human and chimpanzee ancestors initially speciated and then
interbred, hybrid males might have been infertile, consistent with
Haldane’s rule. A viable population could then only have arisen if the
fertile females mated back to one of the ancestral populations (for
example, chimpanzee ancestors), producing fertile male hybrids
when they transmitted X chromosomes derived almost entirely
from that ancestral population. This could explain why humans
and chimpanzees are most closely related throughout chromosome
X. We note that in wild mice in the European Mus musculus/
domesticus hybrid zone there has been reported to be a gradient of
genetic variants on the autosomes, but a sharp geographic transition
for chromosome X (ref. 29). This indicates that wild mouse hybrid
populations might have difficulty carrying X chromosomes from
multiple ancestral populations, which is consistent with what would
be expected from our model and proposed corollary to the second
rule of speciation.

Speciation in animals is generally believed to occur by allopatry—
that is, by the formation of an isolation barrier with no subsequent
gene flow. When subsequent hybridization does occur, it is generally
believed that the resulting population dies out®™*'. However, there are
known examples of adapted hybrid populations in nature’**, and
hybridization could be advantageous, allowing nascent species to
derive traits from several ancestral populations, combining them to
adapt to new environments™. The failure to observe more instances
of successful hybridizations in field studies so far’*>*' might simply be
due to ascertainment bias—the fact that hybridizations occur too
episodically to be observed practically. With comparative genomic
methods, one can project backwards in time to make inferences
about what happened at the time at which speciation occurred.
Allopatric speciation without subsequent gene flow predicts that
population genetic structure before and after speciation should be
similar’®’'. By contrast, hybridization predicts a wide range of
divergence times and different coalescence times in parts of the
genome, such as chromosome X. By comparing the genomes of
modern species, one could systematically test whether hybridization
is a widespread process in evolution.

We have shown that human and chimpanzee speciation was
complex; furthermore, our model makes predictions that can be
tested with larger data sets™. First, it predicts that evidence of natural
selection should be seen not only on chromosome X but also at some
autosomal loci. Such ancient selective sweeps might be detected as
long regions with unusually low (or high) rates of human—
chimpanzee divergence and HG and CG sites. (It might even be
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possible to identify autosomal genes under selection). Second, if a
hybridization involving a single episode of gene flow occurred, it
might result in a bimodal distribution of 7(x). Third, speciation
involving hybridization could give rise to distinctive patterns of
‘frozen linkage disequilibrium’: differences in the lengths and distri-
bution of HC, HG or CG clustering (Fig. 2). All these hypotheses can
be tested once the gorilla genome is complete and aligned to the
genomes of humans, chimpanzees and more distant primates.

METHODS

DNA sequence data. We sequenced 115,152 fragments of DNA (‘shotgun reads’)
from a western lowland gorilla and 2,710 from a black-handed spider monkey
(Ateles geoffryi) (these data are publicly available in the NCBI trace archive,
http://www.ncbi.nlm.nih.gov/Traces). We combined our data with whole-
genome shotgun sequence data from orangutan and macaque from the
Washington University Genome Sequencing Center, the Baylor College of
Medicine and the Venter Institute (http://www.ncbi.nlm.nih.gov/Traces/trace.cgi;
we thank our colleagues for making these data publicly available) (Supplemen-
tary Table 1). For a supporting data set, we analysed finished contiguous
sequence from bacterial artificial chromosome (BAC) sequencing of sections
of chromosomes 7 and X, generated by the NIH Intramural Sequencing
Center".

Genome alignments. All shotgun reads were aligned to the NCBI Build 34
human genome assembly using the Arachne®” or BLASTZ* programs (Sup-
plementary Table 1). At loci with at least 100 base pairs of DNA aligned across all
species of interest, we used the Multiple Alignment Program™ to obtain
optimized local alignments (Supplementary Methods). We then applied four
filters (Supplementary Table 2 and Supplementary Methods) to eliminate the
following: first, alignments with an extremely high rate of intraspecific poly-
morphism; second, alignments with an extreme rate of reads from any one
species; third, alignments with a very high rate of divergent sites from some
species; or fourth, alignments that mapped to known segmental duplications in
humans or chimpanzees®’. Application of these filters minimized misalignment
in our data but did not qualitatively change our main inferences (Supplementary
Table 3). The Threaded Block Set Aligner*' was used for alignment of the
BAC data. Aligned data sets are available online and at our website (http://
genepath.med.harvard.edu/~reich).

Identification of divergent sites for analysis. For the shotgun data, we used
divergent sites only if they had a sequencing quality score of at least 30 and 5
bases on each side with quality 25 or more. We additionally required sites to be
single nucleotide substitutions, to show exactly two alternate alleles across the
species, to be outside hypermutable CpG dinucleotides, to be at least three base
pairs from a repeat identified by Tandem Repeat Finder®, and to be flanked on
either side by at least one base of perfect alignment across species. When multiple
reads were available, we used data from the read with the highest sequence
quality. Application of these filters did not qualitatively affect the main conclusions
from our analysis (Supplementary Table 3). The filtered data sets are available
online and at our laboratory website (genepath.med.harvard.edu/~reich).
Genetic divergence estimates. The main measurement in this paper is genetic
divergence between two species. To calculate this over a stretch of sequence, we
always counted the number of differences per base pair between the two species
and normalized by the difference between human and macaque (or another
outgroup) over the same stretch. This corrects for variability in mutation rate
from locus to locus. In particular, it corrects for a high local mutation rate. As an
example for the HCGOM data, the normalized divergence is proportional to
T(X) = (nH + nyg +ne+ nCG)/(nH + nyc + nuc + nuce + nM). USiIlg
human-macaque divergence for normalization is slightly conservative for
X—autosome comparisons. Like all species pairs, humans and macaques are
slightly less time-diverged on chromosome X; if we could correct for this,
human-macaque divergence on chromosome X could be up to a few per cent less
than shown in Supplementary Table 6.
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