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Abstract

Selection acting on genomic functional elements can be detected by its indirect effects on population diversity at linked
neutral sites. To illuminate the selective forces that shaped hominid evolution, we analyzed the genomic distributions of
human polymorphisms and sequence differences among five primate species relative to the locations of conserved
sequence features. Neutral sequence diversity in human and ancestral hominid populations is substantially reduced near
such features, resulting in a surprisingly large genome average diversity reduction due to selection of 19-26% on the
autosomes and 12-40% on the X chromosome. The overall trends are broadly consistent with “background selection” or
hitchhiking in ancestral populations acting to remove deleterious variants. Average selection is much stronger on exonic
(both protein-coding and untranslated) conserved features than non-exonic features. Long term selection, rather than
complex speciation scenarios, explains the large intragenomic variation in human/chimpanzee divergence. Our analyses
reveal a dominant role for selection in shaping genomic diversity and divergence patterns, clarify hominid evolution, and
provide a baseline for investigating specific selective events.
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Introduction

The action of natural selection on genome sequences is most
directly revealed by a deficit or excess of substitutions relative to the
neutral rate, but detecting this requires sequences that have been
diverging long enough to experience a high density of mutations [1].
An alternative approach, applicable over shorter evolutionary time
periods, is to look for indirect effects of selection on neutral sequence
variation [2,3]. Directional selection reduces population diversity at
linked neutral sites by eliminating chromosomes bearing a less fit
variant from the population, an effect known as ‘hitchhiking’ in the
case of positive selection [3] and ‘background selection’ in the case
of negative or purifying selection [2,4,5]. The magnitude of the
diversity reduction depends upon the density of selected sites, the
amount of time during which selected variants segregate in the
population prior to fixation or loss, and the rate at which
recombination decouples neutral sites from selected variants
[2,4,5]. In Drosophila a positive correlation between recombination
rate and nucleotide diversity is well established and there is strong
evidence for background selection or hitchhiking [2,4,6-10]. In
hominid evolution, the roles of background selection and
hitchhiking are less certain. Human diversity is positively correlated
with recombination on a large scale [11-13] and negatively
correlated with coding sequence density [14], consistent with a role
for selection in recent human evolution. However, whole genome
scans have identified relatively few regions with convincing evidence
of positive selection [15,16], an important role for background
selection has generally been discounted [5,17,18], and it has been
suggested that the association with recombination may reflect a
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mutagenic effect rather than selection [11,17]. Consequently a clear
picture of the importance and nature of selection in human
evolution is still lacking.

Here we conduct a broader and more systematic search for
signatures of selection. We look more widely in hominid evolution,
augmenting human polymorphism data [19,20] with orthologous
sequences for five primate species ([21] and our laboratory)
(Figure 1). The latter sequences carry information about ancient
population diversity, because some sequence differences between
any two species represents polymorphic variation that existed in
their common ancestral population [22].

Results/Discussion

We used mammalian sequence conservation to identify two
classes of genomic segments: “conserved” segments, which appear
to be under long-term purifying selection, and “neutral” segments
which are putatively free of selective constraint. Specifically, we
employed a phylogenetic Hidden Markov Model (HMM) [23],
which we extended to improve sensitivity by incorporating
information from alignment gaps. We ran the HMM on a
multiple alignment of placental mammals [24], but intentionally
excluded data from the great apes (including human) and rhesus
macaque to avold biasing our subsequent analysis of sequence
divergence in these species. Less than one-fourth of conserved
bases identified by this approach are protein-coding, with the
remainder largely of unknown function [23]; moreover, conserved
segments are much more uniformly distributed in the genome
than coding sequences, with most genomic bases surprisingly close

May 2009 | Volume 5 | Issue 5 | e1000471



Author Summary

Comparisons of the human and chimpanzee genomes
have revealed that the frequency of sequence differences
between these species varies dramatically across the
genome. Previously proposed explanations for this varia-
tion include a large ancestral population, variable muta-
tion rates, or a complex speciation scenario in which
humans and chimpanzees initially separated but then
rehybridyzed several million years later. We consider, here,
an alternate possibility; the action of selection to remove
less-fit functional variants from a population has signifi-
cantly reduced the frequency of “neutral” sequence
differences at nearby sites. We identified sequences that
are likely to be subject to natural selection because they
are highly conserved across placental mammals and
showed that neutral differences among five primate
species are greatly depleted near such sequences.
Applying a theoretical evolutionary model, we found that
selection has played a greater role in shaping hominid
genome evolution than has been appreciated and
provides a better explanation for patterns of sequence
differences than other hypotheses.

to a conserved site (Figure 2). Thus it is desirable to take into
account the detailed genomic distribution of all conserved
sequences, and not just coding sequences, in investigating the
effects of selection on diversity. Using sequence conservation
rather than existing gene annotations has the advantage that it is
unbiased by assumptions about which annotated features are
functional.

We next compared levels of variation at putative neutral sites in
the 10% of the genome nearest to conserved segments, to that in
the 50% of the genome farthest from such segments, hypothesizing
that selection should have a reduced effect on more distant
regions. Human diversity and human/chimpanzee (H/C) diver-
gence are indeed both substantially reduced near conserved
segments, and using genetic instead of physical distance magnifies
this effect (Figure 3). An even stronger reduction in neutral
divergence and diversity is observed if distances are calculated with
respect to annotated exons rather than conserved segments,
suggesting that selection acting on exonic sequences has a greater
effect on nearby diversity than selection on non-exonic conserved
sequences. The effect is not limited to sites which are closest to
exons; across the genome, H/C divergence exhibits a strong
dependency on distance from conserved exonic segments (Figure 4,
Table S1). Somewhat surprisingly, a fine-scale recombination map
that incorporates ‘hotspot’ patterns [25] provides significantly
better discrimination than a coarse pedigree-based map [26], even
though many hotspots have moved in recent evolution [27,28].
This suggests the finescale map may be more accurate than the
pedigree map at smaller scales despite the hotspot movement.

The trends described above are consistent with selection at
conserved segments acting to reduce diversity in both the human
and human-chimpanzee ancestral populations. As a more sensitive
indicator for the latter population, we also examined neutral sites
where human and gorilla, or chimpanzee and gorilla, share one
nucleotide and the other 3 primates share a different nucleotide
(‘HG’ and ‘CG’ sites). At such positions, the human-chimpanzee
coalescent predates the gorilla split [29] (see Figure S1) and so is
very old. Since directional selection reduces time to coalescence at
linked neutral sites, the density of HG and CG sites should be
depleted near elements under selection, and this is indeed the case
around conserved segments (Figure 3).
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To control for the possibility that the lower diversity and
divergence near conserved segments are due to the presence of
unidentified sites under negative selection, or to a lower neutral
mutation rate, we calculated human/macaque (H/M) and
human/dog (H/D) divergence in the same bins. Only a small
portion of divergence between distantly related species should
reflect ancestral population diversity, so background selection or
hitchhiking should have a minor effect on H/M divergence and a
negligible effect on H/D divergence. There is a small reduction in
both H/M and H/D divergence near conserved segments,
suggesting that some of the trend is attributable to mutation rate
variation or direct selection. However, normalizing by H/M
divergence to cancel such effects does not change the overall
trends (Figure 3) suggesting they are mainly due to indirect effects
of selection. (Since some fraction of H/M divergence itself reflects
ancestral diversity, normalizing in this way is an overcorrection,
which is presumably why it reverses the trend for H/D
divergence). We also confirmed that the same trends are seen
separately for introns and for intergenic sequences upstream and
downstream of transcripts (Figure S2).

Normalizing by H/M divergence would not correct for lineage-
specific mutation rate variation. For example, if recombination is
itself mutagenic [11,13] and recombination rates have changed in
primate evolution, normalizing by H/M divergence may fail to
cancel recombination-induced mutation rate variation among
hominids. However, we are unable to envision a plausible scenario
along these lines that could explain the trends in Figure 3. In
particular, changes in recombination would not explain the
dependence on physical distance from exons.

We next examined the evolutionary rates within conserved
sequences and putatively neutral sequences near conserved
sequences, calculating divergence relative to the genome average
at all putatively neutral sites (Figure 5). Relative divergence is
much lower in exonic than non-exonic conserved segments,
suggesting that selection is weaker on the non-exonic sites. The
relative divergence in conserved segments decreases with evolu-
tionary distance (e.g. relative divergence is lowest for the H/D
comparison) consistent with weaker selection in the hominid
lineage [30-32]. The opposite trend is observed for fourfold
degenerate (4D) sites, and neutral sites near exonic conserved
segments. In these cases relative divergence increases with
evolutionary distance, which is consistent with background
selection or hitchhiking, rather than direct selection. Divergence
in 4D sites is substantially lower than the overall neutral rate even
for the human-dog comparison, possibly because a subset of these
sites are under direct selection. H/C and H/M divergence are
only slightly lower in neutral sites near non-exonic conserved
segments suggesting that background selection or hitchhiking in
these regions is very weak.

The preceding analysis indicates a role for selection in shaping
population diversity, but does not allow quantitative conclusions
about selection strength. We therefore undertook a more detailed
analysis, applying a theoretical model [3] of background selection
to compute the expected reduction in nucleotide diversity at a
neutral site due to purifying selection at other sites, as a function of
recombination rates, selected site locations, deleterious mutation
rate, and the distribution of selection strengths. We use a model of
background selection rather than hitchhiking because it should
provide a reasonable baseline estimate for the effects of selection,
given that purifying selection is thought to be widespread (affecting
most functional elements), while the relative importance of positive
selection is still controversial. Because strength of selection in
hominids may depend on the type of functional element [31] we
distinguish exonic (protein-coding and UTR) from non-exonic
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Figure 1. Species and populations analyzed. Ancestral effective population sizes, N, and interspeciation times in generations, T, were estimated
by fitting a model of selection to five-primate sequence data (Table 1 contains all parameter estimates). Parameter values were calibrated by
assuming human/chimpanzee speciation occurred 240,000 generations ago; a different calibration would multiply all values by a constant factor. The
times between speciation in millions of years (MY) are shown in parentheses, assuming a constant generation time of 25 years. The old world
monkey/great ape divergence time is older than suggested by the fossil record [82], but can potentially be explained by generation times that have
increased during hominid evolution or a more recent human/chimpanzee speciation time than was used for calibration.

doi:10.1371/journal.pgen.1000471.g001

selected sites, allowing them to have different mean selection
strengths and deleterious mutation rates. From these calculations
we obtain a background selection (B) value for each position in the
genome. B indicates the expected fraction of neutral diversity that
Is present at a site, with values close to O representing near
complete removal of diversity as a result of selection and values
near 1 indicating little effect. We then represented the probability
of the observed primate sequence alignment data as a function of
species divergence times, mutation rates, ancestral effective
population sizes, and B, and estimated all parameters by
maximum likelihood (Table 1). Additionally, our model corrects
for intragenomic mutation rate variation by allowing the mutation
rate to vary with local H/D divergence.

The model provides a good fit to the alignment data (Figure S3),
indicating a strong dependence of divergence on predicted
background selection in each ancestral population. Our speciation
time and effective population size estimates are broadly consistent
with previous analyses [29,33,34] (Table 1). The mean selection
strength (/) estimate for autosomal exonic conserved segments is
0.0025, within the range of those from recent studies of human
coding sequence polymorphisms [35,36]. For non-exonic con-
served sites, ¢ is very low (0.00001); moreover fitting a reduced
model that allows only for selection on conserved exonic segments
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gives essentially the same likelihood (Table S2) and parameter
estimates (Table S3). This suggests that many non-exonic
conserved segments are false-positives or are no longer under
selection in hominids. The latter possibility accords with promoter
region analyses that suggest weaker selection on regulatory
elements in hominids than rodents, possibly because hominid
effective population sizes are smaller [31]. If selection is weaker on
non-exonic conserved elements in hominids then they should
evolve more quickly in the human and chimpanzee lineages. A
comparison of H/C, H/M and H/D divergence in these elements
confirms that this is indeed the case (Figure 5).

Our estimate of the deleterious mutation rate at exonic selected
sites (Table 1) substantially exceeds the per base mutation rate
estimates from other studies [37,38]. In part this excess may reflect
background selection on deleterious mutations occurring outside
our designated conserved segments, including mutations in other
coding or exonic sites (only 63% of annotated coding bases meet
our conservation threshold), and intronic mutations (including
transposable element insertions) that affect splicing or polyadenyl-
ation. Widespread positive selection [39], fluctuating selection
(which tends to amplify hitchhiking effects [40]), or biased gene
conversion that increases the frequency of deleterious alleles
[41,42] may also contribute to the diversity reduction. We cannot
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Figure 2. Most genomic bases are near a conserved segment. Plots show the percentage of the genome that is within a given distance of a
conserved segment (solid curve) or protein coding sequence (broken curve). (A) Physical distances. (B) Genetic distances according to a fine-scale

recombination map [25].
doi:10.1371/journal.pgen.1000471.g002

at present distinguish among these possibilities, and consequently
our B estimates should be interpreted as perhaps only partly
reflecting background selection. A recent examination of human
segregating sites by Hellman et al. found that both hitchhiking and
background selection explain the relationship between diversity
and recombination rate better than neutral models [43]. In their
analysis the hitchhiking model gave a slightly better fit, but their
results are not conclusive because their models are greatly
simplified and in particular do not consider the distribution of
conserved segments in the genome. We attempted to discriminate
between background selection and hitchhiking models by
examining allele frequency distributions in regions near or far
from conserved segments (as in [8]). However, we were not able to
find conclusive evidence that favored one model over the other
(see Text S1, Table S4, and Figure S4). Both hitchhiking and
background selection are likely to contribute to patterns of
genomic diversity and future work would ideally take both forces
into account [44].

The mean autosomal B value predicted by our model is 0.74—
0.81 (bootstrap 90% CI), indicating selection has reduced
autosomal diversity by 19-26% on average during hominid
evolution. Genome-wide H/C divergence shows a strong
dependence on B (Figures 6A and 7), as does human diversity
(Figure 6B,C) even after stratifying by local GC content or
recombination rate (Figure S5). This genome-wide dependence is
striking given that the model parameters were estimated using only
a small set of genomic data (about 8.5 million filtered alignment
columns for which 5-species data was available). To further
quantify how well regional variation in neutral H/C divergence
and human diversity can be explained by selection, we calculated
correlations with divergence and diversity in non-overlapping
genomic windows (Figures 7C and S6). Both B values and H/M
divergence are well correlated with H/C divergence and human
diversity. The correlation with H/M divergence is consistent with
the action of selection because at least some variation in H/M
divergence is attributable to selection in the ancestral population.
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H/D divergence exhibits a much weaker, but still substantial,
correlation with H/C divergence. Since very little variation in
neutral H/D divergence is likely to reflect selection in the ancestral
population, this correlation is probably attributable to variation in
the neutral mutation rate. H/C divergence is also well correlated
with the density of protein coding sequences but not with the
density of conserved segments (the majority of which are non-
exonic). Thus, although selection on coding sequences appears to
exert a strong influence on levels of neutral diversity, selection on
non-exonic conserved segments may be too weak to have much
effect in hominids.

We can also now interpret several puzzling observations in the
literature. H/C divergence was observed to be elevated both in
high-recombination and in A+T rich regions [45], which was
attributed to the action of two different mutagenic forces. Both
trends are at least partly explained by the association of divergence
with B, since the effects of selection are weakest in regions where
recombination is high or gene density is low, and A+T-rich regions
tend to be gene-poor [46]. In comparison to B, factors previously
proposed to influence local mutation rates such as recombination
rate and GC content [17] are only weakly correlated with diversity
and H/C divergence (Figure 7C and S6). This again suggests that
selection, rather than mutation rate variation, is the principal
reason for these associations.

Patterson et al. [21] proposed that the large variation in H/C
divergence within the genome reflects relatively recent hybridiza-
tion events following a much earlier split (a similar proposal was
made earlier by Osada and Wu [47]). In contrast, Innan and
Watanabe found no evidence supporting a model of gene flow
following an initial speciation event [48] and Barton argued that
much of the variation in divergence could instead be explained by
a simple speciation model and a large ancestral effective
population size [49]. Although a large ancestral population would
give rise to genomic segments that differ widely in their H/C
divergence and HG+CG site density [34], under a neutral model
these segments would be scattered randomly throughout the
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Ratios calculated using the 10% of neutral sites which are nearest to and the 50% of neutral sites farthest away from conserved segments or exons.
(B) The same ratios as (A) but normalized by human/macaque (H/M) divergence to account for mutation rate variation or undetected sites under
purifying selection. The distance to the nearest conserved segment or exon was determined using four different measures: physical distance,
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conserved segments. Autosomal human nucleotide diversity was calculated from gene-centric SeattleSNPs PGA/EGP [20], whole-genome Perlegen
[19] data, and HapMap phase Il data [67]. Divergence was estimated using autosomal human/chimp (H/C), human/macaque (H/M), or human/dog (H/
D) genome sequence data. HG and CG sites (where human and gorilla or chimp and gorilla share a nucleotide that differs from the other three
species) were calculated using a smaller set of 5-species autosomal data. Repetitive regions were omitted from the Perlegen and HapMap analyses;
additional filtering steps are described in the methods. Whiskers are 95% confidence intervals.

doi:10.1371/journal.pgen.1000471.g003

genome. In contrast, we found that H/C divergence and HG+CG 24% that of the autosomes (T'able 1), however the large confidence

site density are preferentially depleted in the vicinity of conserved intervals imply that this is not significantly different from the 75%
exonic sequences. This also contradicts the predictions of a expectation of random mating models. Because of the uncertainty
complex speciation model that divergence should be lowest in in our chromosome X parameter estimates we cannot determine
intergenic regions [47]. Our results argue that much of the whether the low H/C divergence across the chromosome can be
variation is instead attributable to the action of natural selection in explained by selection. The future availability of complete genome
a fairly large ancestral population (Figure 7). sequences from gorilla and orangutan should enable a more
An additional anomaly identified by Patterson et al is the precise comparison of chromosome X and the autosomes.
unexpectedly low divergence of the X chromosome relative to the In a recent study of human diversity (published while this
autosomes. We analyzed the X chromosome using our likelihood manuscript was under review) Cai ef al. estimated hitchhiking or
model (Table 1) and found that, as with the autosomal analysis, the background selection has reduced neutral diversity by 6% genome-
model provides a good fit to the data and reveals a strong wide (11% in gene-rich regions) [50]. Their estimate is substantially
dependence of ancestral population diversity on B (Figure 6). The lower than our own (19-26% for autosomes), but the discrepancy can
estimated average diversity reduction for chromosome X is 12— potentially be explained by several aspects of their analysis. They
41% (bootstrap 90% CI). At neutral sites not influenced by exclude all sites near genes (within 5 kb of transcript start and ends
selection the estimated effective population size for the X is only and within 1 kb of any exon); since about 11% of the genome is
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within 1 kb of an exon this omits a large fraction of the sites that are
the most influenced by selection. In addition, their analysis uses very
large windows (400 kb) which will tend to dilute some of the effects of
selection. Finally, they normalize human diversity by H/C
divergence as a correction for mutation rate variaton. This
normalization is overly conservative because as we have shown here,
a substantial fraction of H/C divergence is itself affected by selection.
In summary, our analyses reveal a dominant role for selection in
shaping genomic patterns of diversity and divergence, and appear to
resolve several controversies regarding hominid evolution. Our
results have several implications for studies that involve human
diversity or H/C divergence. Findings of reduced H/C divergence in
some regions may reflect the indirect effects of selection at nearby
sites, rather than direct selection or reduced mutation rates. For
example, the lower H/C divergence in short introns [51] might
reflect selection on nearby exons. In addition, estimates of the
effective population size or neutral mutation rate should be based on
regions that are distant from selected sites. The B values computed by
our model should provide a useful baseline for future studies, allowing
regions to be stratified by their predicted levels of neutral diversity or
divergence. Loci that depart significantly from our diversity
predictions warrant more detailed investigation because they may
have undergone unusually strong selective or mutagenic events.

Methods

Genome Sequences and Annotation
Genome sequences for the human [46] (version hgl8),
chimpanzee [45] (version panTro2), and rhesus macaque [52]
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Figure 5. Divergence as a fraction of neutral divergence in conserved and neutral sites near conserved sites. We estimated human/
chimp (H/C), human/macaque (H/M) and human/dog (H/D) divergence in exonic conserved segments (ex cons), non-exonic conserved segments (nex
cons), fourfold degenerate (4D) sites (both neutral and conserved sites), and neutral segments within 100 bp of conserved segments using autosomal
genomic alignments. These divergence estimates were then divided by the overall neutral divergence estimated from all autosomal neutral sites. The
higher H/D divergence near conserved segments is likely an artefact of the Hidden Markov Model, which tends to terminate conserved segments at
divergent bases (the dog sequence was used for conserved segment identification, but the human and macaque sequences were not). Whiskers are

95% confidence intervals.
doi:10.1371/journal.pgen.1000471.g005
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(version rheMac2) genomes, and human genome annotation files
were obtained from the University of California at Santa Cruz
Genomic Informatics (UCSC) web site [53]. Human protein-
coding sequences and exons were identified using UCSC ‘known
gene’ files [54] (downloaded Sept. 2007). Repetitive regions were
identified using the UCSC lower-case markup (which is based on
RepeatMasker [55] and Tandem Repeats Finder [56] analysis).
Simple repeats identified by Tandem Repeats Finder were also
downloaded from the UCSC simpleRepeats track so that they
could be used independently.

Recombination Rates

Files indicating map distance per nucleotide for deCODE [26]
and Myers et al. [25] recombination maps were downloaded Feb
2007 (we used snpRecombRateHapmap files for the Myers et al.
map), and transferred from hg17 using the UCSC liftOver tool. X
chromosome values were multiplied by 2/3 to correct for non-
recombination in males. Chromosome regions missing from the
recombination maps were ignored for most analyses; however for
use in calculating background selection values, we assigned each
base in missing regions a recombination rate equal to that of the
nearest defined base (for terminal regions of chromosomes) or the
mean of the nearest defined bases from each side (for internal
regions).

Human-Chimp-Macaque Whole-Genome Alignments
We downloaded ‘chained and netted’ pairwise whole genome

alignments from UCSC [57-59] for human (hgl8), chimp

(panTro2) and macaque (rheMac2). We converted these ‘best’

@ PLoS Genetics | www.plosgenetics.org 7

Table 1. Model parameters estimated by maximum likelihood.
Param Estimates (90%C.l.) Description
5SA HCX

7 7.0x107° (6.4x107°, 7.4x107°) 7.3x107° (4.1x107°,7.5x1079) Mutation rate for transitions (/) and transversions (V) (per-generation, per-
filtered-site)

Ay 1.8x107% (1.7x10°%, 2.0x10™ %) 2.0x107° (1.2x107°, 2.1x10™°)

4 24 (2.2, 2.6) — Double mutation rate multipliers for transitions (/) and transversions (V)

Ay 44 (3.5, 5.0) —

Uox 7.4x1078 (601078, 1.0x1077) 16x1077 (3.5%x107%,1.8x1077) Haploid deleterious mutation rate for exonic (ex) and non-exonic (nex)
conserved segments (per-site, per-generation, does not depend on filtering)

Upex 84x107'° (23x107'°, 1.5%x1079) 0

tox 25%1072 (2.5%1073,5.0x1073) 13x1073 (6.7x107%,3.3x1073) Mean selection coefficients for exonic (ex) and non-exonic (nex) conserved
segments

trex 1.0x107° (1.0x107>, 1.0x10™°) 33x107° (1.3%x107°, 6.7x107?)

The 2.4x10° (fixed) 2.4x10° (fixed) Interspeciation times (generations)

Theg 1.4%10° (1.1x10°, 1.7x10°) —

Thego 4.9%10° (4.5%10° 5.4%10°) —

Thegom 7.5%10° (6.9x10°, 8.3x10°) —

Npe 9.9%10* (7.4x10% 1.4x10%) 24x10* (2.0x10% 1.3x10%) Neutral ancestral effective population sizes

Nicg 5.2x10* (4.9x10% 5.6x10% —

Nhcgo 8.4x10* (7.1x10% 9.7x10% —

Npcgomn ~ 48x10% (1.7x10% 7.5x10%) —

Estimates are from a 5-species autosomal (5SA) dataset or human/chimpanzee chromosome X (HCX) dataset. The human/chimpanzee dataset was used for the X

because of the small amount of 5-species data available for this chromosome. For both datasets the human/chimpanzee speciation time T, was fixed at 240,000

generations, and the remaining T, N and i parameters were scaled accordingly. The deleterious (u) and neutral mutation rate parameters (u) are not directly

comparable, because the neutral rate estimates reflect site filtering but the deleterious rate estimates do not. Confidence intervals were calculated from 100 iterations of

a bootstrap procedure described in the Methods.

doi:10.1371/journal.pgen.1000471.t001

alignments to be best-reciprocal by splitting alignment blocks to
omit portions that were non-reciprocal between forward (e.g. hgl18
vs. panTro2) and reverse (e.g. panTro2 vs. hgl8) alignments. Next,
blocks aligning parts of non-orthologous chromosomes or
unassigned to a chromosome region were discarded. Human
and macaque chromosome regions were considered orthologous if
their pairing was consistent with the synteny map of Rogers ¢t al.
[60] and for the sex chromosomes, only X to X and Y to Y
alignment blocks were kept, in accordance with the synteny map
of Murphy et al. [61].

We filtered out putative copy number variants and segmental
duplications since these are likely to be enriched for non-
orthologous alignments. Alignment blocks were omitted if more
than 50% of a block overlapped regions identified as having an
excessive depth of shotgun sequence reads (WSSD regions).
WSSD features generated from Celera, Venter, and Watson
human genome sequences as well as chimpanzee and orangutan
sequencing projects were combined in order to create the set used
for filtering [62,63]. Additionally, human-chimp alignment blocks
were excluded if the chimp sequence overlapped WSSD features
identified by aligning chimp reads to the chimp genome, and
human-macaque alignment blocks were excluded if they over-
lapped WSSD features identified by aligning macaque reads to the
macaque genome [63].

We then grouped remaining alignment blocks into ‘chains’.
Blocks were chained when their chromosomal ordering was
consistent for both species. We eliminated chains with fewer than
250 kb in the human-chimp alignment, or 50 kb in the human-
macaque alignment. We further excluded blocks with lengths less
than 2 kb from both alignments.
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Figure 6. Whole-genome neutral divergence and diversity
show strong dependence on the estimated strength of
background selection. (A) Human/chimpanzee divergence from
whole-genome alignments for autosomes (black circles) and chromo-
some X (red squares) versus B (the portion of neutral diversity expected
to remain after accounting for background selection). (B) Human
nucleotide diversity from Seattle SNPs PGA/EGP [20] data versus B. (C)
Human nucleotide diversity from Perlegen [19] data. Estimated diversity
is much lower in the Perlegen dataset because it subsamples common
variants [19]. Vertical lines are 95% confidence intervals (not visible in
(A) because they are smaller than the plotting symbols). Note that
although human diversity shows a clear linear relationship to B, a fitted
line would not pass through the origin as it should if the 5-species
estimates are applicable to recent human evolution. This likely reflects
the sharp decrease in human effective population size relative to
ancestral primate populations, which is expected to reduce the
efficiency of selection on weakly deleterious mutations due to increased
genetic drift [31].

doi:10.1371/journal.pgen.1000471.g006
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The remaining pairwise human-chimp and human-macaque
alignments were then used to define a three-species alignment. We
applied a set of site filters to individual alignment columns. We
used only sequence with high-confidence base calls, requiring that
cach site was flanked by five sites with minimum quality scores 25
(in both chimp and macaque), and that the site itself had a quality
score of at least 40. We ignored columns in the alignment that
included gap characters, were adjacent to mismatches, gaps or
undefined bases, or that overlapped a CpG dinucleotide in any of
the three species. We also imposed a ‘symmetry’ filter to eliminate
potential non-orthologous alignments by using macaque as an
outgroup to assign (where possible) human-chimpanzee sequence
differences to either the human or chimp branch, and eliminating
regions in which more than 16 out of 20 successive substitutions
were on the same branch.

Human-Dog Whole-Genome Alignments

We downloaded pairwise human (hgl8) and dog (canFam?2)
[64] alignments, converted these to best-reciprocal alignments as
described above, and discarded blocks of length<<100 bp and
blocks that were unassigned to a chromosome region. Chains of
blocks that had a combined length of <5000 bp were then
discarded in a subsequent pass.

Regional human/dog divergence was estimated by counting
alignment columns in putative neutral sites (defined below) in
1 Mb sliding windows that were advanced by 1 bp at a time. Only
transversion substitutions were used in divergence calculations
because they gave better correlations to human/macaque
divergence than transition substitutions or Kimura-corrected
divergence (presumably because many sites have multiple
transition substitutions). Sites were excluded from the analysis if
they were in a potential CpG context (following a C or preceding a
G) or if they were adjacent to a gap or N. Windows were discarded
if they contained fewer than 200,000 sites post-filtering.

For comparison of H/C, H/M and H/D divergence (Figures 3,
7C, S2 and S6) we constructed the implied human-dog-macaque
alignment and applied the same filtering criteria used to calculate
regional H/D divergence, again using only transversion substitu-
tions. The same alignment was used to calculate levels of
divergence in several site classes relative to the neutral rate
(Figure 3). In this case, less stringent filtering was applied (sites in a
potential CpG context were still excluded), and all four species
were required to have an aligned base at each site.

5-Species Primate Data

We downloaded HCGOM alignments utilized in [21] from
http://genepath.med.harvard.edu/~reich, and extracted col-
umns identified as used in that study (these all have at least one
nucleotide difference among species). We eliminated columns that
overlapped a CpG dinucleotide in any species or that were not
flanked by invariant columns (i.e. columns for which all species
shared the same nucleotide). In addition, we identified all invariant
columns, and selected at random a subset of these equivalent to
the number reported in [21].

We augmented these data with a smaller dataset generated in
our own laboratory as follows. We chose primer pairs to amplify
591 human genome loci of size 1 to 2 kb spaced roughly every
5 Mb on the autosomes and 2.5 Mb on the X. Primers were
chosen to avoid repetitive regions, positions where human, chimp,
or macaque differed, and the dinucleotide CpG, and trinucleotides
ACA, or TGT which we have found to have higher than average
mutability in primate sequences (data not shown). DNA samples
from a male chimpanzee (Pan troglodytes), a male bonobo (Pan
paniscus), a female gorilla (Gorilla gonlla), a female Sumatran
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Figure 7. Selection can explain most large-scale regional variation in human/chimpanzee divergence and human diversity. (A)
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doi:10.1371/journal.pgen.1000471.9007

orangutan (Pongo pygmaeus) and a female rhesus monkey (Macaca
mulatta), purchased from the Coriell Institute (Camden, NJ), were
PCR amplified and sequenced in both directions, using standard
protocols and an ABI Prism 3100 Genetic Analyzer. After
basecalling with phred [65,66], we searched each read against the
human genome and eliminated reads for which the best match was
to a non-target location. The remaining 4759 reads were aligned
to the human sequence using a banded Smith-Waterman
algorithm (cross_match; www.phrap.org). Analyzed data were
required to pass quality and alignment filters similar to those
described [21]. Traces have been deposited in the NCBI trace
archive (http://www.ncbi.nlm.nih.gov/Traces).

A total of 8.5 million alignment columns passing these filters in
the combined 5-species dataset were analyzed.

Human Diversity Data

Human single nucleotide polymorphism (SNP) data was obtained
from Perlegen Sciences [19], HapMap phase II (non-redundant
October 2008 update) [67], the SeattleSNPs NHLBI Program for
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Genomic Applications (PGA) [68] and the NIEHS Environmental
Genome Project (EGP) [20,69] (downloaded July 2008).

To estimate nucleotide diversity we averaged combined-
population heterozygosity for all di-allelic polymorphisms in
scanned regions (assuming heterozygosity of 0 for monomorphic
sites). For the HapMap data the CEU panel was used instead of
combined-population heterozygosity. As with divergence calcula-
tions, we required the presence of an aligned macaque base
(necessary for normalization) and excluded sites in a CpG context,
sites with poor quality scores, and sites adjacent to a gap or N in
the human/macaque alignment. For both HapMap and Perlegen
datasets we omitted sites that fell within annotated repeats.

Diversity for a given class of genomic sites (e.g. putative neutral
sites having a specified background selection value) was estimated
by summing the estimated heterozygosities (computed from
observed allele frequencies in the samples) of SNPs in that class
and dividing by the total number of scanned sites in the class.

To avoid ascertainment bias in the Perlegen data we only used
class A SNPs, which had been identified using array-based
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resequencing [19]. We converted the NCBI34/hgl6 coordinates
of the Perlegen SNPs to NCBI36/hgl8 coordinates using the
UCSC-annotated positions of the associated dbSNP identifiers.
The following sites were considered unscanned in order to correct
for biases in Perlegen array-based detection: sites within 25 bases
of an annotated repetitive region; sites with <6 or >13 G or C
nucleotides among the 24 bases (12 to cach side) flanking the site
(our unpublished analyses indicate that class A SNPs are strongly
depleted at such positions); regions >100 kb that completely
lacked class A SNPs; and regions present in the NCBI36 assembly
but not the NCBI34 assembly (as identified by mapping non-
overlapping 1 kb segments from NCBI36 to NCBI34 using
liftOver).

To address the possibility that Perlegen or HapMap SNP
ascertainment strategies could bias our estimates of human diversity
[70], we employed an ascertainment correction that takes into
account the size of the discovery sample [71]. The discovery sample
size of the Perlegen data is 20-50 chromosomes (see supplemental
data for [19]). We were unable to obtain per-SNP discovery sample
sizes so we calculated corrected nucleotide diversity values assuming
uniform discovery sample sizes of either 20 or 50. Note that this
ascertainment correction does not account for failure of the array
technology to identify SNPs during the discovery process, but it
should not bias our Figure 3 analyses (which compare regions near
and far from conserved segments) provided discovery sample size
and technology failures are not themselves biased with respect to
distance from conserved segments. As expected, our ascertainment
corrected nucleotide diversity estimates are higher than our
uncorrected estimates, but our diversity ratios from regions near-
to and far-from conserved sites are essentially unchanged (Table
S5). Moreover, consistent with this expectation, we obtained similar
results from HapMap phase II data, which used different
ascertainment methodologies, and from SeattleSNPs EGP/PGA
data derived from complete resequencing.

Gcons Conservation Model

We implemented a program, gcons, to identify evolutionarily
conserved segments from aligned genomic sequences. Gcons
extends the two-state phylogenetic Hidden Markov Model (phylo-
HMM) approach used by phastCons [23] by incorporating
alignment gap information. We define separate substitution models
for nucleotide and gap evolution, and estimate substitution
probability matrices on each branch of the phylogenetic tree
without assuming a common rate matrix (phastCons uses a single
rate matrix). Our probability matrices are constrained to be strand-
symmetric (e.g. A—G substitutions must occur at the same rate as
complementary T—C substitutions) but may be non-reversible.
Our gap substitution model is a simple site-independent deletion
model with three symbols representing defined bases (4), sites in
short gaps of length=10 bp (-), and sites in long gaps or unaligned
regions (D). Because we consider only ‘ancient’ sites present in the
root and assume that orthologous nucleotides are aligned, it is
unnecessary to model insertions. Thus the only non-zero substitu-
tion rates are b—-, b—D, and —D. In high coverage genomes, the
absence of long gaps is indicative of functional constraint [72], butin
low-coverage genomes, long gaps may simply represent coverage
gaps and are therefore less informative [24]. Because our model uses
separate long and short gap symbols and allows rates to vary on
different branches, it can be applied effectively to a mixture of high
and low sequence coverage genomes.

From a set of alignment columns we obtain maximum
likelihood estimates of the substitution probability matrices on
each branch of a phylogenetic tree using an EM algorithm [73].
For our purposes, it is sufficient to estimate substitution

@ PLoS Genetics | www.plosgenetics.org

10

Selection in Hominid Evolution

probabilities directly, rather than the underlying substitution rate
matrices and branch lengths.

We downloaded a multiple alignment of 28 vertebrate genomes
from UCSC in August 2007 [24] and extracted from this the
alignment of placental mammal species. To avoid biasing our
primate sequence analyses we excluded chimpanzee and rhesus
macaque sequences from the alignments, leaving a total of 15
sequences plus human and we treated the human sequence as
missing data for the likelihood calculations described below. For
these sequences we assume the following fixed phylogenetic tree
topology obtained from UCSC (http://hgdownload.cse.ucsc.edu/
goldenPath/hg18/multiz28way/28way.nh):  ((((hgl8,0toGarl),tup-
Bell),(((m4,mm8),cavPor2),oryCunl)),((sorAral eriBurl),(((canFam? fel-
Cat3),equCabl),bosTaus))).

We restrict our analysis to ‘ancient’ sites defined as those present in
at least one species on either side of the internal node ({(((hgl8,
otoGarl),tupBell),(((m4,mm8),cavPor2),0ryCunl)),((sorAral eriEurl),
(((canFam?2 felCat3),equCab1),bosTau3))). This node is used instead of
the root because the three species on one side of the root (armadillo,
elephant, tenrec) have low-coverage (2 ) assemblies with many gaps.

We estimate neutral substitution probabilities using multiple
alignment columns from ancient repeats. Repeats were identified
using the lower-case markup in the UCSC human hgl8 sequence;
to allow for repeat alignment ambiguity we excluded the 5 bp at
each end of the repeat. Ancient sites that fulfilled these criteria
were considered to be ancient repeats. Similarly, we used first and
second codon positions in annotated coding sequences to estimate
the conserved region substitution probabilities. Alignments from
odd-numbered autosomes were used as a ‘training set’ input for
the EM algorithm, and data from even-numbered autosomes were
used as a ‘test’ set. Substitution probabilities for the X
chromosome were estimated using the full set of alignment data
(i.e. no test set was held out).

To approximate flanking nucleotide context effects on substi-
tution rates [74] we categorized sites by their inferred ancestral
context and trained separate models for each category. Specifi-
cally, for each ‘ancient’ alignment column we designated an
ancestral nucleotide by choosing the nucleotide with the highest
posterior root probability, as calculated using our initial (context-
free) neutral evolutionary model. We then grouped alignment
columns into categories based upon their ancestral purine and
pyrimidine contexts because these contexts have previously been
shown to capture a substantial proportion of mutation rate
variation [74]. The four possible context categories are RRR,
RRY, YRR, YRY, where the center symbol is the ancestral state
at the site of interest and R and Y denote purine and pyrimidine,
respectively (note that reverse-complement pairs of contexts, e.g.
RRY and YYR, are equivalent by virtue of the strand symmetry
condition on our substitution matrices). After grouping columns by
their ancestral contexts we trained separate conserved and neutral
evolutionary models for each possible context as described above,
retaining the initial context-free model for sites where one of the
flanking ancestral states is unknown.

We then computed a conserved/neutral log-likelihood ratio
(LLR) for each ancient site in the human genome using these
models. The LLR for non-ancient and unaligned sites was taken as
the log of the rate of occurrence of such sites in conserved regions
(first and second codon positions) divided by the rate of such sites
in neutral regions (ancient repeats). To avoid biasing our primate
sequence analyses, human sites were treated as missing data in
LLR calculations.

The sum of the nucleotide substitution and gap LLRs at each
site may be interpreted as the log of the ratio of the emission
probabilities of the corresponding alignment column by a Hidden
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Markov Model having two states, ‘conserved’ and ‘neutral’. We
assigned state transition probabilities of 1/7 (conserved— neutral) and
0.0075 (neutral—conserved), implying an expected conserved seg-
ment length of 7 bp and an expected conserved portion of the
genome of 5%, and computed a score, S, for each site which is
related to the posterior probability, PP, of being in the conserved
state by PP=¢'/(e+1).

To 1identify potentially incorrect portions of the multiple
alignment we used a similar procedure, defining an HMM with
a neutral and a ‘high substitution’ state. Emission probabilities for
the neutral state used the context-free substitution probability
matrices from ancient regions, whereas those matrices raised to
the 5" power defined emission probabilities for the high
substitution state. State transition probabilities were chosen such
that high substitution segments were expected to be of length
25 bp and span 10% of the genome. We then computed scores as
above, and defined contiguous regions with scores greater than
0.0 (posterior probability 0.5) as high substitution segments; these
comprise 8% of aligned ancient repeats, 2% of aligned intergenic
bases and 0.2% of aligned first and second codon positions.
These segments likely reflect misalignments, and we excluded
them before re-extracting alignment columns and re-performing
the training of the conserved and neutral models described above
(i.e. the columns were omitted for training, but retained in other
analyses).

Conserved Segment and Neutral Site Identification

We defined conserved segments to be contiguous sets of bases in the
human genome having gcons score=10; these are the bases with
the strongest evidence for being under purifying selection. Note
however that because the gcons model is designed to detect
segments of a given minimal length rather than individual
conserved bases, some bases within a conserved segment may be
under little or no selection pressure (e.g. synonymous bases within
coding exons), and short evolutionarily constrained segments may
have low gcons scores. Approximately 39% of annotated exonic
bases and 4.3% of non-exonic bases meet our gcons score
threshold. We classified conserved segments as ‘exonic’ if they
contain any annotated exonic base, and as ‘non-exonic’ otherwise.
Exonic and non-exonic conserved segments comprise 1.1% and
4.2% of all genomic bases respectively.

Except where indicated, all analyses use putative neutral sites,
which are required to be =10 bases away from any annotated
exon, have gcons score<—10, and to pass the additional filters
indicated above.

Gecons score thresholds of —10 and 10 were chosen to designate
neutral and conserved sites because we found that they provide
good separation between putative functional sites (e.g. known
protein coding sequences) and putative non-functional sites (e.g.
ancient repeats) (data not shown).

Following filtering, our primary datasets consisted of the
following numbers of neutral sites: 1.2 billion autosomal and 48
million X chromosome human/chimp/macaque alignment col-
umns; 550 million autosomal human/macaque/dog autosomal
alignment columns; 5.3 million 5-species autosomal alignment
columns; 6.5 million autosomal and 0.23 million X chromosome
SeattleSNPs PGA and EGP scanned sites. Additional filtering steps
were performed for the maximum likelihood analysis described
below (regional H/D divergence was required to be defined, and
some column types e.g. HGO, were not used). In total, 4.7 million
alignment columns were retained for the 5-species autosomal
dataset and 27 million alighment columns were retained for the
chromosome X human/chimp dataset.
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Background Selection

We applied the model of Nordborg ef al. [5] and Hudson and
Kaplan [4], which estimates the expected reduction in nucleotide
diversity at a neutral site due to purifying selection at other sites as
a function of deleterious mutation rate, selection strength, and
recombination rate, under the assumptions that selection acts
multiplicatively over loci and is strong enough that allele
frequencies of deleterious mutations remain low (so that
homozygotes for the deleterious allele may be ignored). Specifi-
cally, the background selection coeflicient B= BY at a neutral site
Vv is given by

1
B—pg» = Te =&%exp — ZJ _udx()dr
o No o t(1+ (1=, /1)
where

7, is the expected diversity at V.

7y 1s the expected neutral diversity in the absence of background
selection.

N, is the effective population size at v.

Ny is the effective population size in the absence of background
selection.

x ranges over selected sites.

u, 1s the (haploid) deleterious mutation rate per generation at x.
7y is the recombination rate per generation between v and x.

¢ is the strength of selection on heterozygotes: (1—) represents
the fitness of an individual heterozygous for a deleterious allele
at x, relative to an individual homozygous for the normal allele.
For a site on the X chromosome, which spends 1/3 of its time in
males and 2/3 in females, t=1¢,/3+2 /3, where t,, ¢ are the
selection strengths in hemizygous males and heterozygous
females carrying the deleterious allele.

J(?) specifies a probability density for alleles of varying selection
strengths at x.

We distinguish two different classes of selected sites x, exonic
and non-exonic, and allow them to have different u and f
Accordingly B may be expressed as a product B=5,, B,,. where

. ! uexfex(t)dt
x;ﬁcJ.O t(l + (1 _[)rX,V/Z)Z

Jl Unexfrex (1)dl
0 t(1+(1=1)rey/0)?|

B.x=B\) =exp

Byex=Bjj) =exp

X nonexonic

Using the above formulae we computed B,, and B,,, values for
each site v in the human genome, for various selection densities f, and
u, fixed (initially) to a value of 1.2x10™%, The selected sites x are taken
to be the bases in exonic or non-exonic conserved segments as defined
above, and r,, is taken to be the recombination map distance
between v and x (this slightly overestimates the actual recombination
rate). For fwe use truncated exponential distributions: f{7) = 0 for £>1
and (<1072, and f)=C e~ for 107°</=1 where ¢ and C are
constants. We considered fhaving mean values of the form al0”, (or
(4/3) al0” in the case of the X chromosome) where = 5.0, 2.5, or
1.0, and b= —2, —3, —4, or —5. As alternative possibilities for fwe
also considered point distributions, and truncated gamma distribu-
tions with shape parameters 0.25, 0.75 and 2.0 (using the same grid of
mean values). The gamma distribution with shape parameter 0.75
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gave a slightly higher likelihood for the 5-species autosomal dataset,
but not significantly so given the additional degree of freedom (Table
S2). For the human/chimp chromosome X dataset a point
distribution gave a slightly better likelthood (Table S2), but for
consistency with the autosomal analysis we use the exponential
distribution results. Classifying conserved segments as coding or non-
coding rather than exonic or non-exonic, or using the deCODE [26]
instead of a finescale recombination map [25], gave somewhat lower
likelihoods in our preliminary analyses (data not shown).

To accelerate calculations of B,, and B,,, we employed several
approximations. We constructed a lookup table giving, for a range
of values of 7 and the length of the conserved segment, values of
the integral (evaluated numerically) over f. Integrals were then
estimated by performing bilinear interpolation between the nearest
values stored in the table. Summations over x were done segment-
by-segment, approximating the sum over the segment by a
continuous integral. To make this approximation more accurate,
segments were broken at points where the recombination map rate
per nucleotide changed. The summations over segments were then
performed by starting with segments nearest to v and moving
progressively farther away on the chromosome, calculating at each
step the maximum possible remainder of the summation for the
entire chromosome, and stopping the summation when this
maximum remainder fell below a target value (0.001). Values for
the first and second derivatives of the B’s (with respect to the
position of V) were computed by summing the term-by-term
derivatives. Finally, we carried out summations only for a subset of
V’s on the chromosome, with B values for other sites estimated by
quadratic interpolation using the derivatives.

Our B value estimates are available for download from http://
www.phrap.org.

Likelihood Model

We model the probability of the observed 5-species alignment
data as a function of species divergence times, ancestral effective
population sizes, and background selection on exonic and non-
exonic conserved segments, in order to estimate these parameters
by maximum likelithood. Our model allows for the fact that the
gene tree varies along the sequence, such that at a given site any
two of human, chimp, or gorilla may share the most recent
common ancestor (Figure S1). Following [21] we ignore alignment
columns having more than two distinct nucleotides (implying two
or more mutation events at the same position), and we label those
with exactly two distinct nucleotides by indicating which species
share the same nucleotide; thus an HG (or equivalently COM)
column, or ‘site’, is one such that human (H) and gorilla (G) share
one nucleotide, while chimp (C), orang (O) and macaque (M) share
a different nucleotide. We ignore most site types such as HGO
which represent obligate double mutation events, however we use
HO and CO counts to help estimate rates of double mutation
(described below). We assume each site involves a mutational
change along at most two branches of the gene tree at that
position; because all branches are short, multiple events are rare.

The probabilities that the sequences at the beginning and end of
branch : differ by a transition (/) or transversion (V) substitution are
given by Kimura’s formulae [75]:

pl(,)=‘/4—1/2exp[— (1 + py) Bl +Vfaexp[ — 4y ;]

=1/—1)hexp[—4uy p;]
where p; and p are the per-generation per-nucleotide transition

and transversion mutation rates (so that the combined mutation
rate is u=puA2u,), and B; is the branch length (in generations).
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The probability of an observed column of type £ is then

m =) I (i) IL(1=proy —pv)
S
+21 Z I (pr 1—P1 —Pvii))

if the column has two distinct nucleotides differing by a transition;

>4 (Pro) 1L

+1/2/LVZ H

Ty (k) = (1=piy—pvn)

g (1=p1iy—prva)

if the column has two distinct nucleotides differing by a
transversion; and

Tcons=1— Z () + v )
k#CONS
if the column is invariant.

Here S and D denote sets of branches that can give rise to the
observed column type via a single or double substitution,
respectively. Distinct alignment columns are treated as independent
observations. The parameters A; and Ay are used to scale the rates of
double substitution events, which are higher than predicted by the
site-independent Kimura substitution model because of mutational
hotspots and flanking nucleotide contexts. Patterson et al. [21]
observed that it is particularly important to take recurrent mutation
into account for HG and CG columns, a significant fraction of
which are the result of substitutions on multiple branches. We
calculated the expected number of sites that are due to recurrent
substitutions under our fitted model and compared the results to
those from Patterson ez al. Our estimates are in close agreement for
the column types that are most frequently due to double substitution
(HC, HG, and CG) (Table S6). We estimate lower rates of double
substitution for some of the other column types, but since only a
small fraction of these are due to double substitutions, differences in
these rates should not affect our overall results.

To illustrate these issues consider the alignment column
GAGAA, where human and gorilla both have a G nucleotide and
the other three species have an A. This column could be the result of
a single A—G transition substitution on the HG branch (assuming a
gene tree that differs from the species tree) but could also be due to
A—G transitions on both H and G branches, or an A—G transition
on the HCG branch and a back substitution (G—A) on the C
branch. In this case S'is (HG), and D s either (H,G) or (HCG,().

Expected branch lengths B [21,29,76] for each site type are
given by:

Brr =Bc = The +2BNjc + Keg ((4/3) BNjeg — 2BNje )

B = The+ Theg+2(1 —Kieg /3) BNjeg

Buc =Bca = (2/3)Kncg BNjeg

Bric = Theg + (2BNjcg — 2BNje) (1 —Kpeg) + (2/3)Kneg BNeg
BricG = Thego +2BNicgo —2BNieg (1 4+ Kieg /3)

Bo = The+ Theg + Thego +2BNpego

Bt = 14T+ Theg + Thcgo + Thegom) + Thcgom

+4BNegom — 2BNiego

where K/wg=e7T”‘5’/ (2BNic) s the probability that the human-

chimpanzee coalescent predates the gorilla speciation, the 7’s
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represent inter-speciation intervals (measured in generations), the
N’s represent ancestral effective population sizes (corresponding to
Ny in the formula for B in the Background selection section above, and
as depicted in Figure 1), and B = B,,B,,, is the background selection
value. The factor 1.4 in the By formula corrects for the estimated
mutation rate excess in old world monkeys relative to hominids
[77]. Note that in contrast to the other parameters, B depends on
the sequence position. B also depends on the choice of
recombination map, and on ., Uy, for, AN Sy

We assume the human-estimated B values apply to the
orthologous bases in the other species, which is only approximately
true because local recombination rates vary over time [27,28].
Selection strengths may also vary, and even if they do not,
differences in effective population size imply that deleterious
mutations eliminated by selection in some populations may
become fixed in others.

For the 3-species (human/chimpanzee/macaque whole genome
alignment) analyses we developed a similar model, but ignoring
the macaque branch and using By =Bc = The +2BNj.

To accelerate the probability calculations, we binned sites by
their B values and column types. The log-probability of the data is
then

LL= Z np i log(my)
Bk

where np is the number of filtered columns of type £ in bin B, and
;. is the probability associated to column type £ as given above.

For each maximum likelihood analysis, the distribution
functions f,, and f,,, are held fixed to compute B across the
genome for a particular u, and estimates for the remaining
parameters are obtained by searching the likelihood surface with
the GNU Scientific Library’s [78] implementation of the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) quasi-Newton method [79]
(with slight modifications to prevent stalling at ridges), using
analytically computed first partial derivatives. We varied u,, and
Unex Dy rescaling B values (computed initially with a fixed «) as
follows (where ¢ denotes ex or nex, and B’; and u'; denote the
updated values):

1

Bi=exp [log(Bz-) ﬂ}

Because p is confounded with the 7" and N parameters, a
calibration is required to infer individual parameter values; we fix
The to 240,000 generations (assuming a species divergence time of
6 MYA and a 25 year generation time), and adjust the other 7" and
N values proportionately. Note also that u is distinct from u,
(deleterious mutation rate per selected site, for calculating B): in
particular p reflects alignment filtering whereas «, does not, and
the estimate of «, is influenced by background selection arising
from deleterious mutations at sites outside the identified conserved
segments.

Regional variation in neutral substitution rates [80] has the
potential to bias our parameter estimates. In particular, a higher
average neutral substitution rate in regions which are distant from
conserved segments (potentially due to a mutational effect
associated with recombination [11,17] or insertions and deletions
[81]), could be misinterpreted as evidence for selection in the
ancestral population. To incorporate regional substitution rate
variation into our model, we allowed mutation rates to depend
upon regional human/dog divergence. Alignment column counts
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used for maximum likelihood estimation were binned by the
regional human/dog divergence D in addition to B,, and B,,.
Rather than estimating the transition and transversion mutation
rate parameters (u; and py) directly we instead estimate
parameters py and pp and define the transition and transversion
rates in each bin as p;= pD and up= upD. This correction may
not fully accommodate substitution rate variation if the effect is
very local or has changed substantially over time.

Confidence Intervals

Confidence intervals in Figures 3, 4, 5, 6, S2 and S5 were
calculated using 1000 bootstrap iterations. Correlation confidence
intervals (Figures 7 and S6) were calculated by resampling
windows; intervals for the other analyses were calculated by
resampling counts of sites in bins, which were assumed to be
binomially distributed.

Confidence intervals for maximum likelihood parameter
estimates were also calculated by a bootstrap procedure. In each
bootstrap iteration, alignment columns were resampled with
replacement. As before, columns were binned by their associated
exonic and non-exonic B values (which differ for each pair of
selection coeflicients tried), and the local human/dog divergence.
Maximum likelihood parameter estimation was done using the
binned column counts and a new set of parameter estimates was
obtained for each iteration. Confidence intervals for each
parameter correspond to the central 90% of the ordered set of
estimated values. Confidence intervals for mean autosomal and
chromosome X B values were calculated using parameter
estimates from the same bootstrap iterations. We performed 100
bootstrap iterations, which required approximately six days for the
5-species analysis using a 96-node computer cluster.

Supporting Information

Figure S1 Mutational events inferred from alignment column
types. Solid lines represent a gene tree, and the grey background
the species tree (not to scale). Branches are labeled according to
the type of alignment column that is generated by a single
mutation in that branch. For example, an HCG alignment
column, which has the same nucleotides in human, chimpanzee
and gorilla, but a different nucleotide that is shared by orangutan
and macaque, can be generated by a single mutation that occurred
after orangutan speciation but before gorilla speciation. Both HG
and CG alignment columns imply a gene tree that differs from the
species tree, and a very old human/chimpanzee coalescent that
predates gorilla speciation.

Found at: doi:10.1371/journal.pgen.1000471.s001 (0.42 MB EPS)

Figure 82 Human diversity, interspecies divergence and HG
and CG sites are reduced near evolutionarily conserved segments
in different genomic regions. We divided the genome into
“downstream intergenic regions” (excluding genes and 20 kb
upstream of transcription start sites); “upstream intergenic
regions” (excluding genes and 20 kb downstream of the polyA
site); and intronic sequences (excluding exons, intergenic sequenc-
es and first introns). As in Figure 3, ratios were calculated using the
10% of neutral sites which are nearest to and the 50% of neutral
sites farthest away from conserved segments, exons or coding
sequence (CDS). H/M normalized ratios were also calculated to
control for mutation rate variation and sites under purifying
selection.

Found at: doi:10.1371/journal.pgen.1000471.s002 (1.03 MB EPS)

Figure S3 Expected and observed patterns of substitution for a
model of background selection fit to 5-species autosomal data.

May 2009 | Volume 5 | Issue 5 | e1000471



Each plot shows the proportion of sites of a given column type as a
function of the estimated strength of background selection, B. The
curves and points represent expected and observed column-type
proportions from the fitted model: transition substitutions (grey
curve, solid black circles), transversion substitutions (blue curve,
open blue squares) and conserved sites (red curve, solid red
diamonds). For simplicity, the expected curves shown here assume
a uniform mutation rate, but during model fitting the mutation
rate was allowed to vary regionally. Plots are labelled according to
column-types described in Figure S2 (HO+CO columns represent
obligate double-substitutions on the H and O or C and O
branches). Data is binned by B so that each bin contains 10% of
the data. Note that the scale of the y-axis differs between plots.

Found at: doi:10.1371/journal.pgen.1000471.s003 (0.89 MB EPS)

Figure S4 Minor allele frequency distributions for sites near and
far from conserved segments. This figure was generated using
samples of 32 chromosomes from individuals of African or
European descent. Data were obtained from the SeattleSNPs
NHLBI Program for Genomic Applications and the NIEHS
Environmental Genome Project.

Found at: doi:10.1371/journal.pgen.1000471.s004 (0.52 MB EPS)

Figure 85 Human/chimpanzee divergence shows a strong
dependence on the estimated strength of background selection
even after stratifying by local GC content and recombination rate.
Human/chimpanzee divergence was calculated from autosomal
alignments and binned by B as in Figure 3. Sites were stratified by
local GC content (calculated using a 1 Mb sliding window) and
recombination rate (from the finescale genetic map of Myers et al.)
High, mid and low bins represent the upper quartile, central 50%,
and lower quartile bins of the respective distributions. For GC
content this corresponds to low=36%<mid=43%<high. For
recombination rates the following cutoffs were used:
low=0.26 cM/Mb<mid=0.932 cM/Mb<high. Note that substi-
tution rates have some dependence on GC content; rates are higher
in AT-rich regions than in GC-rich regions with the same B value.
Found at: doi:10.1371/journal.pgen.1000471.s005 (0.30 MB EPS)

Figure S6 Specarman rank correlations of several factors and (A)
human/chimpanzee divergence or (B) human nucleotide diversity,
at different scales. Non-overlapping autosomal windows of sizes
between 212 and 222 bp were used for calculations. Windows with
fewer than 10% of sites defined post-filtering were omitted.

Found at: doi:10.1371/journal.pgen.1000471.s006 (0.42 MB EPS)

Table S1 Spearman rank correlations between conserved
segment distances and sequence divergence or diversity. We
calculated correlations between distances and neutral divergence/
diversity using non-overlapping windows of size 50 kb or 500 kb.
Distances were defined as the mean conserved segment distance
(or B value) of the unfiltered neutral sites within the window. Only
windows where at least 10% of the sites were unfiltered were used.
Nucleotide diversity was estimated from Perlegen and HapMap
datasets, and divergence was calculated for human/chimp (H/C),
human/macaque (H/M) and human/dog (H/D). We also
calculated correlations between distance and normalized H/M
divergence/diversity.

Found at: doi:10.1371/journal.pgen.1000471.s007 (0.12 MB
DOC)
References

1. Eddy SR (2005) A model of the statistical power of comparative genome
sequence analysis. PLoS Biol 3: el0.
2. Charlesworth B, Morgan MT, Charlesworth D (1993) The effect of deleterious

mutations on neutral molecular variation. Genetics 134: 1289-1303.

@ PLoS Genetics | www.plosgenetics.org

14

Selection in Hominid Evolution

Table S2 Differences in model log-likelihoods for different
selection coeflicient distributions. Log-likelihood differences
(ALL) from the best-fitting distribution are given for the 5-species
autosomal (5SA) and human/chimp chromosome X (HCX) data
sets. Gamma distributions with three different shape parameters
(0.25, 0.75, and 2.0) were tried. The exponential distribution is
equivalent to a gamma distribution with shape parameter 1.0.
Two models were tried: one in which both exonic and non-exonic
conserved segments were considered (B =BexBnex), and one in
which only exonic conserved segments were used (B = Bex).
Found at: doi:10.1371/journal.pgen.1000471.s008 (0.04 MB
DOC)

Table S3 Model parameters estimated by maximum likelihood
for a simplified model of background selection in which non-
exonic conserved segments are ignored. Parameters are as
described in Table 1 of the main text.

Found at: doi:10.1371/journal.pgen.1000471.s009 (0.04 MB
DOC)
Table S4 Allele frequency statistics for sites near or far from

conserved segments. Single nucleotide polymorphisms (SNPs) were
obtained for individuals of European descent (ED) and African
descent (AD) from SeattleSNPs EGP and PGA datasets. The
following statistics were calculated for sites near or far from
conserved segments (as defined in Figure 3). S, number of
segregating sites; OW, Watterson’s estimator of 0; 8T, Tajima’s
estimator of 6; D, Tajima’s D. A p-value is also provided for a two-
tailed Kolmogorov-Smirnov test against the null hypothesis that
the near and far allele frequency distributions are the same.
Found at: doi:10.1371/journal.pgen.1000471.s010 (0.07 MB
DOC)

Table S5 Nucleotide diversity estimates from the Perlegen
dataset. Diversity values (and ratios) are for the 10% or 50% of
neutral genomic sites that are nearest-to or farthest-from a
conserved segment. Ascertainment-corrected estimates were
calculated assuming fixed discovery sample sizes of d=20 or
d =150 chromosomes.

Found at: doi:10.1371/journal.pgen.1000471.s011
DOC)

(0.07 MB

Table S6 Numbers of column types that result from double
substitution events estimated by our background selection model
or the method of Patterson et al.

Found at: doi:10.1371/journal.pgen.1000471.5012
DOC)

(0.05 MB

Text S1 Supplementary note on the allele frequency spectrum in
sites near and far from conserved segments.

Found at: doi:10.1371/journal.pgen.1000471.s013 (0.03 MB
DOC)

Acknowledgments

We thank J. Akey, A. Navarro and M. Przeworski for helpful discussions.

Author Contributions

Conceived and designed the experiments: GM PG. Performed the
experiments: GM CD PG. Analyzed the data: GM DG PG. Contributed
reagents/materials/analysis tools: DG. Wrote the paper: GM PG.

3. Maynard Smith J, Haigh J (1974) The hitch-hiking effect of a favourable gene.
Genet Res 23: 23-35.

4. Hudson RR, Kaplan NL (1995) Deleterious background selection with
recombination. Genetics 141: 1605-1617.

May 2009 | Volume 5 | Issue 5 | e1000471



22.

23.

24.

26.

27.

29.

30.

32.

33.

34.

. Nordborg M, Charlesworth B, Charlesworth D (1996) The effect of

recombination on background selection. Genet Res 67: 159-174.

. Begun DJ, Aquadro CF (1992) Levels of naturally occurring DNA polymor-

phism correlate with recombination rates in D. melanogaster. Nature 356:
519-520.

. Hudson RR (1994) How can the low levels of DNA sequence variation in regions

of the drosophila genome with low recombination rates be explained? Proc Natl

Acad Sci USA 91: 6815-6818.

. Andolfatto P, Przeworski M (2001) Regions of lower crossing over harbor more

rare variants in African populations of Drosophila melanogaster. Genetics 158:

657-665.

. Begun DJ, Holloway AK, Stevens K, Hillier LW, Poh YP, et al. (2007)

Population genomics: whole-genome analysis of polymorphism and divergence
in Drosophila simulans. PLoS Biol 5: €310.

. Macpherson JM, Sella G, Davis JC, Petrov DA (2007) Genomewide spatial

correspondence between nonsynonymous divergence and neutral polymorphism
reveals extensive adaptation in Drosophila. Genetics 177: 2083-2099.

. Lercher MJ, Hurst LD (2002) Human SNP variability and mutation rate are

higher in regions of high recombination. Trends Genet 18: 337-340.

. Nachman MW (2001) Single nucleotide polymorphisms and recombination rate

in humans. Trends Genet 17: 481-485.

. Nachman MW, Bauer VL, Crowell SL, Aquadro CF (1998) DNA variability

and recombination rates at X-linked loci in humans. Genetics 150: 1133-1141.

. Payseur BA, Nachman MW (2002) Gene density and human nucleotide

polymorphism. Mol Biol Evol 19: 336-340.

. Nielsen R, Bustamante C, Clark AG, Glanowski S, Sackton TB, et al. (2005) A

scan for positively selected genes in the genomes of humans and chimpanzees.
PLoS Biol 3: ¢170.

. Voight BF, Kudaravalli S, Wen X, Pritchard JK (2006) A map of recent positive

selection in the human genome. PLoS Biol 4: 72.

. Hellmann I, Priifer K, Ji H, Zody MC, Piibo S, et al. (2005) Why do human

diversity levels vary at a megabase scale? Genome Res 15: 1222-1231.

. Reed FA, Akey JM, Aquadro CF (2005) Fitting background-selection predictions

to levels of nucleotide variation and divergence along the human autosomes.
Genome Res 15: 1211-1221.

. Hinds DA, Stuve LL, Nilsen GB, Halperin E, Eskin E, et al. (2005) Whole-

genome patterns of common DNA variation in three human populations.

Science 307: 1072-1079.

. Livingston R]J, von Niederhausern A, Jegga AG, Crawford DC, Carlson CS, et

al. (2004) Pattern of sequence variation across 213 environmental response
genes. Genome Res 14: 1821-1831.

. Patterson N, Richter DJ, Gnerre S, Lander ES, Reich D (2006) Genetic

evidence for complex speciation of humans and chimpanzees. Nature 441:
1103-1108.

Takahata N (1986) An attempt to estimate the effective size of the ancestral
species common to two extant species from which homologous genes are
sequenced. Genet Res 48: 187-190.

Siepel A, Bejerano G, Pedersen JS, Hinrichs AS, Hou M, et al. (2005)
Evolutionarily conserved elements in vertebrate, insect, worm, and yeast
genomes. Genome Res 15: 1034-1050.

Miller W, Rosenbloom K, Hardison RC, Hou M, Taylor J, et al. (2007) 28-way
vertebrate alignment and conservation track in the UCSC Genome Browser.
Genome Res 17: 1797-1808.

. Myers S, Bottolo L, Freeman C, McVean G, Donnelly P (2005) A fine-scale map

of recombination rates and hotspots across the human genome. Science 310:
321-324.

Kong A, Gudbjartsson DF, Sainz J, Jonsdottir GM, Gudjonsson SA, et al. (2002)
A high-resolution recombination map of the human genome. Nat Genet 31:
241-247.

Winckler W, Myers SR, Richter DJ, Onofrio RC, McDonald GJ, et al. (2005)
Comparison of fine-scale recombination rates in humans and chimpanzees.
Science 308: 107-111.

. Ptak SE, Hinds DA, Koechler K, Nickel B, Patil N, et al. (2005) Fine-scale

recombination patterns differ between chimpanzees and humans. Nat Genet 37:
429-434.

Chen FC, Li WH (2001) Genomic divergences between humans and other
hominoids and the effective population size of the common ancestor of humans
and chimpanzees. Am J Hum Genet 68: 444-456.

Keightley PD, Kryukov GV, Sunyaev S, Halligan DL, Gaffney DJ (2005)
Evolutionary constraints in conserved nongenic sequences of mammals. Genome
Res 15: 1373-1378.

. Keightley PD, Lercher MJ, Eyre-Walker A (2005) Evidence for widespread

degradation of gene control regions in hominid genomes. PLoS Biol 3: e42.
Eyre-Walker A, Keightley PD, Smith NG, Gaffney D (2002) Quantifying the
slightly deleterious mutation model of molecular evolution. Mol Biol Evol 19:
2142-2149.

Satta Y, Hickerson M, Watanabe H, O’hUigin C, Klein J (2004) Ancestral
population sizes and species divergence times in the primate lineage on the basis
of intron and BAC end sequences. ] Mol Evol 59: 478-487.

Hobolth A, Christensen OF, Mailund T, Schierup MH (2007) Genomic
relationships and speciation times of human, chimpanzee, and gorilla inferred
from a coalescent hidden Markov model. PLoS Genet 3: e7.

. Eyre-Walker A, Woolfit M, Phelps T (2006) The distribution of fitness effects of

new deleterious amino acid mutations in humans. Genetics 173: 891-900.

@ PLoS Genetics | www.plosgenetics.org

15

40.

41.

42.

43.

44.

46.
47.
48.
49.
50.

51.

57.

58.

59.

60.

61.

62.

63.

64.

66.
67.
68.

. NIEHS SNPs (2008) NIEHS Environmental Genome Project.
70.

Selection in Hominid Evolution

5. Kryukov GV, Pennacchio LA, Sunyaev SR (2007) Most rare missense alleles are

deleterious in humans: implications for complex disease and association studies.
Am J Hum Genet 80: 727-739.

. Kondrashov AS (2003) Direct estimates of human per nucleotide mutation rates

at 20 loci causing Mendelian diseases. Human mutation 21: 12-27.

. Nachman MW, Crowell SL (2000) Estimate of the mutation rate per nucleotide

in humans. Genetics 156: 297-304.

. Williamson SH, Hubisz M]J, Clark AG, Payseur BA, Bustamante CD, et al.

(2007) Localizing recent adaptive evolution in the human genome. PLoS Genet
3: e90.

Barton NH (2000) Genetic hitchhiking. Philos Trans R Soc Lond B Biol Sci 355:
1553-1562.

Galtier N, Duret L, Glémin S, Ranwez V (2009) GC-biased gene conversion
promotes the fixation of deleterious amino acid changes in primates. Trends
Genet 25: 1-5.

Berglund J, Pollard KS, Webster MT (2009) Hotspots of biased nucleotide
substitutions in human genes. PLoS Biol 7: ¢26.

Hellmann I, Mang Y, Gu Z, Li P, De La Vega M, et al. (2008) Population
genetic analysis of shotgun assemblies of genomic sequence from multiple
individuals. Genome Res 18: 1020-9.

Kim Y, Stephan W (2000) Joint effects of genetic hitchhiking and background
selection on neutral variation. Genetics 155: 1415-1427.

. The Chimpanzee Sequencing and Analysis Consortium (2005) Initial sequence

of the chimpanzee genome and comparison with the human genome. Nature
437: 69-87.

International Human Genome Sequencing Consortium (2001) Initial sequenc-
ing and analysis of the human genome. Nature 409: 860-921.

Osada N, Wu C-1 (2005) Inferring the mode of speciation from genomic data: a
study of the great apes. Genetics 169: 259-264.

Innan H, Watanabe H (2006) The effect of gene flow on the coalescent time in
the human-chimpanzee ancestral population. Mol Biol Evol 23: 1040-1047.
Barton NH (2006) Evolutionary biology: how did the human species form? Curr
Biol 16: R647-50.

Cai JJ, Macpherson JM, Sella G, Petrov DA (2009) Pervasive hitchhiking at
coding and regulatory sites in humans. PLoS Genet 5: ¢1000336.

Gazave E, Marqués-Bonet T, Fernando O, Charlesworth B, Navarro A (2007)
Patterns and rates of intron divergence between humans and chimpanzees.
Genome Biol 8: R21.

. The Rhesus Macaque Genome Sequencing and Analysis Consortium (2007)

Evolutionary and biomedical insights from the rhesus macaque genome. Science

316: 222-234.

. Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, et al. (2002) The

human genome browser at UCSC. Genome Res 12: 996-1006.

. Hsu F, Kent W], Clawson H, Kuhn RM, Diekhans M, et al. (2006) The UCSC

Known Genes. Bioinformatics 22: 1036-1046.
Smit AFA, Hubley R, Green P (1996) RepeatMasker Open-3.0.

. Benson G (1999) Tandem repeats finder: a program to analyze DNA sequences.

Nucleic Acids Res 27: 573-580.

Chiaromonte F, Yap VB, Miller W (2002) Scoring pairwise genomic sequence
alignments. Pacific Symposium on Biocomputing Pacific Symposium on
Biocomputing 115-126.

Kent WJ, Baertsch R, Hinrichs A, Miller W, Haussler D (2003) Evolution’s
cauldron: Duplication, deletion, and rearrangement in the mouse and human
genomes. Proc Natl Acad Sci U S A 100: 11484-11489.

Schwartz S, Kent W], Smit A, Zhang Z, Baertsch R, et al. (2003) Human-mouse
alignments with BLASTZ. Genome Res 13: 103-107.

Rogers J, Garcia R, Shelledy W, Kaplan J, Arya A, et al. (2006) An initial
genetic linkage map of the rhesus macaque (Macaca mulatta) genome using
human microsatellite loci. Genomics 87: 30-38.

Murphy W], Agarwala R, Schaffer AA, Stephens R, Smith C, et al. (2005) A
rhesus macaque radiation hybrid map and comparative analysis with the human
genome. Genomics 86: 383-395.

Cheng Z, Ventura M, She X, Khaitovich P, Graves T, et al. (2005) A genome-
wide comparison of recent chimpanzee and human segmental duplications.
Nature 437: 88-93.

Marques-Bonet T, Kidd JM, Ventura M, Graves TA, Cheng Z, et al. (2009) A
burst of segmental duplications in the genome of the African great ape ancestor.
Nature 457: 877-881.

Lindblad-Toh K, Wade CM, Mikkelsen TS, Karlsson EK, Jaffe DB, et al. (2005)
Genome sequence, comparative analysis and haplotype structure of the domestic
dog. Nature 438: 803-819.

Ewing B, Green P (1998) Base-calling of automated sequencer traces using
phred. II. Error probabilities. Genome Res 8: 186-194.

Ewing B, Hillier L, Wendl MC, Green P (1998) Base-calling of automated
sequencer traces using phred. I. Accuracy assessment. Genome Res 8: 175-185.
The International HapMap Consortium (2007) A second generation human
haplotype map of over 3.1 million SNPs. Nature 449: 851-861.

SeattleSNPs (2008) NHLBI Program for Genomic Applications, SeattleSNPs.

Clark AG, Hubisz MJ, Bustamante CD, Williamson SH, Nielsen R (2005)

Ascertainment bias in studies of human genome-wide polymorphism. Genome

Res 15: 1496-1502.

May 2009 | Volume 5 | Issue 5 | e1000471



76.

. Ramirez-Soriano A, Nielsen R (2009) Correcting Estimators of {theta} and

Tajima’s D for Ascertainment Biases Caused by the Single-Nucleotide
Polymorphism Discovery Process. Genetics 181: 701-710.

. Lunter G, Ponting CP, Hein J (2006) Genome-wide identification of human

functional DNA using a neutral indel model. PLoS Comput Biol 2: 5.

. Felsenstein J (1981) Evolutionary trees from DNA sequences: a maximum

likelihood approach. J Mol Evol 17: 368-376.

. Hwang DG, Green P (2004) Bayesian Markov chain Monte Carlo sequence

analysis reveals varying neutral substitution patterns in mammalian evolution.
Proc Natl Acad Sci U S A 101: 13994-14001.

. Kimura M (1980) A simple method for estimating evolutionary rates of base

substitutions through comparative studies of nucleotide sequences. J Mol Evol
16: 111-120.

Kingman JFC (1982) On the Genealogy of Large Populations. Journal of
Applied Probability A19: 27-43.

@ PLoS Genetics | www.plosgenetics.org

16

78.

79.

80.

81.

82.

Selection in Hominid Evolution

Steiper ME, Young NM, Sukarna TY (2004) Genomic data support the
hominoid slowdown and an Early Oligocene estimate for the hominoid-
cercopithecoid divergence. Proc Natl Acad Sci U S A 101: 17021-17026.
Galassi M, Davies ], Theiler J, Gough B, Jungman G, et al. (2006) GNU
Scientific Library Reference Manual (2nd Ed.). Network Theory Limited.
Fletcher R (2000) Practical Methods of Optimization (Second Edition). Wiley.
Hardison RC, Roskin KM, Yang S, Diekhans M, Kent W], et al. (2003)
Covariation in frequencies of substitution, deletion, transposition, and
recombination during eutherian evolution. Genome Res 13: 13-26.

Tian D, Wang Q, Zhang P, Araki H, Yang S, et al. (2008) Single-nucleotide
mutation rate increases close to insertions/deletions in eukaryotes. Nature 455:
105-8.

Benton MJ, Donoghue PC (2007) Paleontological evidence to date the tree of
life. Mol Biol Evol 24: 26-53.

May 2009 | Volume 5 | Issue 5 | e1000471



