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v How many changes were 
involved? 

v What types of change do they 
involve (e.g., enhancers, gene 
duplications etc…)?

v Can we generate a 
comprehensive list of the 
changes?

v What were the typical fitness
effects of beneficial changes? 



e.g., A > T



~3x107
differences



 detect only ongoing or recurrent selection. In

 practice, when the human genome is surveyed

 in this manner, few individual genes will give

 statistically significant signals, after correction

 for the large number of genes tested. However,

 the signature can readily be used to detect

 positive selection across sets of multiple genes

 (25). For example, genes involved in gameto-

 genesis clearly stand out as a class having a

 high proportion of nonsynonymous substitu-

 tions (25-27).

 (ii) Reduction in genetic diversity (age

 <250,000 years). As an allele increases in pop-

 Proportion of functional chanc

 Many specific statistical tests have been pro-

 posed to detect positive selection (table S3

 provides a review), but they are all based broad-

 ly on five signatures. Below, we describe the

 nature of each signature, an estimate of the win-

 dow of evolutionary time in which it can be used

 to detect moderately strong selection in humans

 (Fig. 1), and its strengths and weaknesses in

 human studies. Several excellent reviews (12-18)

 provide more information, as well as background

 on coalescent modeling and on other types of

 selection (e.g., purifying selection and balanc-

 ing selection). It should be noted that many

 instances of selection are likely

 not detectable by any currently

 proposed method for example, if

 the selective advantage is too small

 or selection acts on an allele that is

 already at an appreciable frequency

 in the population (19).

 (i) High proportion offunction-

 altering mutations (age, many mil-

 lions oJ years). Genetic variants

 that alter protein function are usu- - ifi-

 ally deleterious and are thus less

 likely to become common or reach l- -

 fixation (i.e., 100% frequency) than

 are mutations that have no func-

 tional effect on the protein (i.e.,

 silent mutations). Positive selection

 over a prolonged period, however,

 can increase the fixation rate of S

 beneficial function-altering muta- s

 tions (20, 21), and such changes Fig. 1. Tir

 can be measured by comparison of selection

 DNA sequence between species. how long

 The increase can be detected by details on

 comparing the rate of nonsynony-

 mous (amino acid-altering) changes

 with the rate of synonymous (si-

 lent) or other presumed neutral g

 changes, by comparison with the g;WS

 rate in other lineages, or by com- Human

 parison with intraspecies diversity. t

 One extreme example of this kind Chimp $5

 of signature is found in the gene s

 PRM1, mentioned earlier, which Fig Z Ex

 has 13 nonsynonymous and 1 syn- gene exon

 onymous differences between hu- five of whi

 man and chimpanzee (7, 8) (Fig. 2).

 Statistical tests commonly used to

 detect this signature include the Ka/Ks test,

 relative rate tests, and the McDonald-Kreitman

 test (2F22). Similar tests can also be applied to

 other functional sites, such as noncoding regula-

 tory sequences, and their development is an area

 of active research (23, 24).

 This signature can be detected over a large

 range of evolutionary time scales. Moreover, it

 focuses on the beneficial alleles themselves,

 eliminating ambiguity about the target of selec-

 tion. Its power is limited, however, because

 multiple selected changes are required before a

 gene will stand out against the background neu-

 tral rate of change. It is thus typically possible to

 l
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 Of low overall diversity, with an excess of

 rare alleles.

 Unlike excess functional changes, which

 involve differences between species, selective

 sweeps are detected in genetic variation with-

 in a species. The most common type of variant

 used is the single-nucleotide polymorphism

 (SNP). As an example, Akey et al. identified a

 1 15-kb region containing four genes including

 the Kell blood antigen, which showed an

 overall reduction in diversity and more rare

 alleles in Europeans than expected under

 neutrality (Fig. 3) (28). Statistical tests com-

 monly used to detect this signal

 es include Tajima's D, the Hudson-
 , Kreitman-Aguade (HKA) test, and

 es Fu and Li's D* (29-32).
 E Reduction in genetic diversity

 les can be particularly useful because

 ' it persists longer than other popu-

 es lation genetic signatures. The char-

 acteristic time for new mutations
 zes to drift to high frequency under

 neutral evolution in the human

 g Africa population is 1 million years.

 This means that statistically signif-

 icant signals of selection can per-
 g Asia sist for several hundred thousand

 years, long enough to encompass
 g Europe the origins of modern humans.

 The size of the genome region

 affected by a sweep depends on

 the strength of positive selection
 natures of and, thus, the speed at which the
 shown of selected allele reached high fre-

 fig. S1 for quency. That is, rapid sweeps af-

 fect large regions. If an allele

 confers a selective advantage of

 1% (considered moderately strong

 selection), the modal size of the

 affected genomic region has been
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 The PRM1 variant more diff1cult. Another chal-
 mpanzeeSt lenge is that the signature may be

 difficult to distinguish from effects

 of demographic history, e.g., an

 expanding population increases the

 fraction of rare alleles.

 (iii) High-frequency derived alleles (age

 <80,000 years). Derived (that is, nonancestral)

 alleles arise by new mutation, and they typ-

 ically have lower allele frequencies than ances-

 tral alleles (33). In a selective sweep, however,

 derived alleles linked to the beneficial allele

 can hitchhike to high frequency. Because many

 of these derived alleles will not reach complete
 fixation (as a result of an incomplete sweep or

 recombination of the selected allele during the

 sweep), positive selection creates a signature of

 a region containing many high-frequency de-

 rived alleles. A good example of this kind of

 Heterozygosity/rare allel

 High frequency derived ailel

 Population differenc

 Length of haplotyp

 o > >8
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 me scales for the signatures of selection. The five sig
 persist over varying time scales. A rough estimate is
 each is useful for detecting selection in humans. (See
 [ how the approximate time scales were estimated).

 PRM1 Exon 2
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 ecess of function-altering mutations in PRM1 exon 2.
 Z 2 contains six differences between humans and chi
 ich alter amino acids (7, 8).

 ulation frequency, variants at nearby locations

 on the same chromosome (linked variants)

 also rise in frequency. Such so-called "hitch-

 hiking" leads to a "selective sweep," which

 alters the typical pattern of genetic variation

 in the region. In a complete selective sweep,

 the selected allele rises to fixation, bringing

 with it closely linked variants; this eliminates

 diversity in the immediate vicinity and de-

 creases it in a larger region. New mutations

 eventually restore diversity, but these appear

 slowly (because mutation is rare) and are

 initially at low frequency. Positive selection

 thus creates a signature consisting of a region
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synonymous divergence

non-synonymous divergence

Ds = 3

Dn = 3

synonymous sites

non-synonymous sites

Ls = 8

Ln = 34

synonymous divergence per-site

non-synonymous divergence per-site

ds = 3/8 ≈ .38

dn = 3/34 ≈ .09

On average dn/ds ≈ 1/6 => selection to maintain the protein
dn>ds => selection favors protein changes

 ATG GTG GTG GAA GAA GAA ATA ATA AAA GCA ATA GAA GAT CCC... 
 

 Met Val Val Glu Glu Glu Ile Ile Lys Ala Ile Glu Asp Pro... 
 

 Met Val Val Gly Glu Glu Thr Ile Lys Ala Leu Glu Asp Pro... 
 

 ATG GTA GTG GGA GAA GAA ACA ATA AAA GCG CTA GAA GAT CCT... 

Muse & Gaut 1994; Goldman & Yang 1994  



Enard et al. 2002 Nature

sequenced in a sample of 164 chromosomes, only one has a more
negative value (22.25). A second prediction for a selective sweep at
a recombining locus is that more derived (that is, non-ancestral)
alleles at high frequency are expected than under the standard
neutral model, a feature reflected in a negativeH value17. To estimate
H, we inferred the ancestral states of variable positions seen among
the humans by using the chimpanzee and orang-utan DNA
sequences. The H value of 212.24 deviates significantly from the
neutral expectation of zero (P ¼ 0.042) andwould be even less likely
by chance under a model with population growth13. The strongly
negativeD andH reflect an extreme skew in the frequency spectrum
of allelic variants at FOXP2 towards rare and high-frequency alleles.
Because we considered a worldwide sample of humans, population
structure might contribute to the negative D value. However, this
type of sampling scheme is highly unlikely to produce a significantly
negative H value. In contrast to demographic explanations, a
selective sweep affecting the FOXP2 gene can account for both
aspects of the frequency spectrum. We do not observe a reduced
diversity at human FOXP2 relative to its divergence from the
chimpanzee, as expected under a simple selective-sweep model.
However, the magnitude of the reduction in variability expected
after a selective sweep depends crucially on the rate of recombina-
tion. Estimates of recombination between intronic polymorphisms
taken from a study of FOXP2 (ref. 4) suggest that this region of the
gene experiences rates of genetic exchange roughly five times the
genome-wide average. If we assume that a selective sweep at a linked
site does account for the patterns of variability recovered at FOXP2,
it is noteworthy that the next gene is located 286 kilobases (kb) away
from the sequenced segment. A selective sweep is not expected to
lead to an excess of high-frequency derived alleles at sites that are
286 kb distant from the target of selection13,17. Thus, the best
candidates for the selected sites are the two amino-acid substi-
tutions specific to humans in exon 7.

Individuals with disruption of FOXP2 have multiple difficulties
with both expressive and receptive aspects of language and gram-
mar, and the nature of the core deficit remains a matter of debate18–
20. Nevertheless, a predominant feature of the phenotype of affected
individuals is an impairment of selection and sequencing of fine
orofacial movements18, an ability that is typical of humans and not
present in the great apes. We speculate that some human-specific
feature of FOXP2, perhaps one or both of the amino-acid substi-
tutions in exon 7, affect a person’s ability to control orofacial
movements and thus to develop proficient spoken language. If
this speculation is true, then the time when such a FOXP2 variant
became fixed in the human population may be pertinent with
regard to the evolution of human language. We estimated this
time point using a likelihood approach. Under a model of a
randomly mating population of constant size, the most likely date
since the fixation of the beneficial allele is 0, with approximate 95%
confidence intervals of 0 and 120,000 years. Our point-estimate of 0

reflects the fact that high-frequency alleles rapidly drift to fixation,
so an excess is most likely immediately after a selective sweep.
However, if population growth soon succeeds the fixation of the
advantageous allele, the rate of drift will be decreased and high-
frequency alleles may persist longer in the population. Thus, the
inclusion of population growthmay push this time estimate back by
at most the time since the onset of human population growth, some
10,000–100,000 years ago21. In any case, our method suggests that
the fixation occurred during the last 200,000 years of human history,
that is, concomitant with or subsequent to the emergence of
anatomically modern humans22. This is compatible with a model
in which the expansion of modern humans was driven by the
appearance of a more-proficient spoken language22. However, to
establish whether FOXP2 is indeed involved in basic aspects of
human culture, the normal functions of both the human and the
chimpanzee FOXP2 proteins need to be clarified. A

Methods
Isolation of cDNA sequences
For all analysed species, we amplified by polymerase chain reaction (PCR) and sequenced
overlapping fragments of the FOXP2 coding region from first-strand cDNA. Details are
available in Supplementary Information.

Genomic sequencing
Full details are available in Supplementary Information. In brief, we designed primers
from a human bacterial artificial chromosome (BAC) sequence (accession number
AC020606), PCR-amplified fragments of 6–14 kb, re-amplified 2.2-kb fragments from
these products that were then sequenced with internal primers. For each individual, each
nucleotide position was read from both strands. Sequence traces were manually analysed
for polymorphic positions using the program Seqman of the DNAStar package (see also
Supplementary Information).

Data analysis
We aligned sequences with the help of the program ClustalW23 and calculated most
statistics with DnaSP 3.51 (ref. 24). P values for D and H were obtained by coalescent
simulations implemented for a fixed number of segregating sites, and assuming no
recombination. If we take into account recombination within the 14 kb, the P values
decrease (for example, P , 0.01 for H and P , 1024 for D if one assumes an effective
population size of 104 and a recombination rate of 5 centimorgans (cM) per Mb). Because
the chimpanzee and orang-utan do not differ at any polymorphic position compared with
humans, we assumed no backmutations when estimating the P value forH. The likelihood
ratio tests for non-silent and silent substitutions were performed using the PAML
package12 as described25 (see Supplementary Information). We predicted the structure of
human, chimpanzee, mouse and orang-utan FOXP2 using the program PredictProtein
(http://www.embl-heidelberg.de/predictprotein/predictprotein.html)6, which includes
prediction of sites of protein kinase C phosphorylation by PROSITE26. The orang-utan-
specific alanine-to-valine change at position 6 results in the prediction of a b-sheet at
positions 8–10 in the orang-utan, and the human-specific change at position 325 results in
the prediction of a b-sheet in positions 323–326. However, these are not reliable and may
not be relevant. We used the University of California at Santa Cruz Human Genome
Project Working Draft, 22 December 2001 assembly (http://genome.cse.ucsc.edu), to
estimate distances to the closest genes. The middle of the sequenced region is 220 kb away
from the known 59 end and 54 kb away from the 39 end of FOXP2, respectively. The next
gene (supported by the cDNA sequence with GenBank accession number AF054589) is
located 286 kb distant in the 39 direction.

Modelling the selective sweep
A summary likelihood method (compare with ref. 27) was used to estimate the time, T,
since the fixation of the beneficial allele in the population. The polymorphism data was
summarized as vH (ref. 17) and p (ref. 28). We then ran coalescent simulations of a
selective sweep with recombination as in ref. 13. These simulations assume that we have
polymorphism data for a neutral locus, at some distance from a selected site, and that
selection acted on a newly arising variant. The likelihood of T is estimated as the
proportion of n simulated data sets, where jvHobs 2vHsimj, 1 and jpobs 2psimj, 1
(here, n ¼ 3 £ 106 and 1 ¼ 0.2). The likelihood of Twas evaluated over a grid of points
spaced every 1,000 generations. We then chose the T value that maximizes the probability
of obtaining the observed (vH, p) values. In addition to T, several additional parameters
are in this selective sweep model: the distance to the selected site, the effective population
size of humans, the strength of selection, the mutation rate and the recombination rate. It
is not computationally feasible to co-estimate all of these parameters, and we proceeded by
assuming that the values of most nuisance parameters are known exactly.We hypothesized
that one of the substitutions on the human lineage was the selected site and used a point
estimate of the population mutation rate (assuming 5 Myr to the common ancestor of a
human and chimpanzee DNA sequence). We modelled uncertainty in the recombination
rate per megabase by choosing the rate for each simulation from a g distribution with
parameters (5, 1); the mean was set to the recombination rate estimated from two
polymorphic markers in introns 2 and 16, respectively, of the FOXP2 gene4. The effective
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Figure 2 Silent and replacement nucleotide substitutions mapped on a phylogeny of
primates. Bars represent nucleotide changes. Grey bars indicate amino-acid changes.
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Five realizations of a sweep (that just ended)
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A canonical classic sweep: SLC24A5

Borrowed from Lamason et al. 2005, Coop et al. 2009

our results suggest that SLC24A5 explains
between 25 and 38% of the European-African
difference in skin melanin index.

Relative contributions of SLC24A5 and
other genes to human pigment variation.
Our estimates of the effect of SLC24A5 on
pigmentation are consistent with previous
work indicating that multiple genes must
be invoked to explain the skin pigmentation
differences between Europeans and Afri-
cans (5, 35). Significant effects of several
previously known pigmentation genes have
been demonstrated, including those of MATP
(36), ASIP (32), TYR (33), and OCA2 (33),
but the magnitude of the contribution has
been determined only for ASIP, which ac-
counts for e4 melanin units (32). MATP
may have a larger effect (37), but it can be
concluded that much of the remaining dif-
ference in skin pigmentation remains to be
explained.

Variation of skin, eye, and hair color in
Europeans, in whom a haplotype contain-
ing the derived Thr111 allele predominates,
indicates that other genes contribute to
pigmentation within this population. For
example, variants in MC1R have been linked
to red hair and very light skin [reviewed
in (37)], whereas OCA2 or a gene closely
linked to it is involved in eye color (7, 38).
The lightening caused by the derived allele
of SLC24A5 may be permissive for the ef-
fect of other genes on eye or hair color in
Europeans.

Because Africans and East Asians share
the ancestral Ala111 allele of rs1426654,

this polymorphism cannot be responsible for
the marked difference in skin pigmenta-
tion between these groups. Although we
cannot rule out a contribution from other
polymorphisms within this gene, the high
heterozygosity in this region argues against
a selective sweep in a population ancestral
to East Asians. It will be interesting to de-
termine whether the polymorphisms respon-
sible for determining the lighter skin color
of East Asians are unique to these popula-
tions or shared with Europeans.

The importance of model systems in
human gene discovery. Our identification
of the role of SLC24A5 in human pigmen-
tation began with the positional cloning of a
mutation in zebrafish. Typically, the search
for genes associated with specific pheno-
types in humans results in multiple poten-
tial candidates. Our results suggest that
distinguishing the functional genes from
multiple candidates may require a combi-
nation of phylogenetic analysis, nonmam-
malian functional genomics, and human
genetics. Such cross-disciplinary approaches
thus appear to be an effective way to mine
societal benefit from our investment in the
human genome.
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Fig. 6. Effect of SLC24A5 genotype on pigmentation in admixed populations. (A) Variation of
measured pigmentation with estimated ancestry and SLC24A5 genotype. Each point represents a
single individual; SLC24A5 genotypes are indicated by color. Lines show regressions, constrained to
have equal slopes, for each of the three genotypes. (B) Histograms showing the distribution of
pigmentation after adjustment for ancestry for each genotype. Values shown are the difference
between the measured melanin index and the calculated GG regression line ( y 0 0.2113x þ
30.91). The corresponding uncorrected histograms are shown in fig. S7. Mean and SD (in
parentheses) are given as follows: for GG, 0 (8.5), n 0 202 individuals; for AG, –7.0 (7.4), n 0 85; for
AA, –9.6 (6.4), n 0 21.

R E S E A R C H A R T I C L E

16 DECEMBER 2005 VOL 310 SCIENCE www.sciencemag.org1786
 o

n 
O

ct
ob

er
 1

7,
 2

01
6

ht
tp

://
sc

ie
nc

e.
sc

ie
nc

em
ag

.o
rg

/
D

ow
nl

oa
de

d 
fr

om
 

Eurasia (Supplementary Figure 15 in Text S1; [21]). Thus, the
overall distribution of selected alleles is strongly determined by the
historical relationships among populations, and suggests again that

very local selection pressures (e.g., divergent selection pressures
within continental regions) have not given rise to very high- FST

SNPs.

Figure 4. Global allele frequencies and haplotype patterns at three genes with signals of positive selection. The left-hand column
shows pie charts of allele frequencies (blue ancestral, red derived) across the HGDP populations for: (A) a SNP upstream of KITLG (rs1881227); and for
nonsynonymous SNPs in (B) SLC24A5 (rs1426654; data from [18]), and (C) MC1R (rs885479). The right-hand column shows a representation of
haplotype patterns for 500 kb around each gene, in each case centered on the SNP displayed in the pie charts. Each box represents a single
population, and observed haplotypes are plotted as thin horizontal lines, using the same haplotype coloring for all populations (see Methods and
[59]). In all three cases the derived allele plotted in the pie charts is found mainly on the red haplotype.
doi:10.1371/journal.pgen.1000500.g004
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in the maize model, if selection acted on a new mutation in
2% of the regions considered (as estimated by Wright et al.
2005), 47.8% of selected loci would lie in the 1% tail of the
distribution of ! (Fig. 3). Application of the approach to other
domesticated plants, such as sorghum, should be equally fruitful,
so long as ancestral diversity is sufficiently high and the bottle-
neck is not extremely strong (K. Teshima and M. Przeworski,
unpubl.).

This said, the empirical approach also appears likely to miss
a large number of selected loci (Figs. 3 and 5). For example, when
selection acted on a new mutation, the false-negative rate in
maize is only below 10% when the false-discovery rate is above
40% (using either ! or Tajima’s D). The same trade-off between
false-discovery and false-negative rates is found under the human
model. Given the overlap in the distributions of the summary
statistics under a model of directional selection on a new muta-
tion and under neutrality (Figs. 2 and 4), this trade-off is ex-
pected. It exists under both constant and bottleneck models (Fig.

5), but is more pronounced under the latter, reflecting
the added difficulty of the task. The goal is to distin-
guish loci that have experienced a population size
reduction from those that experienced a population
size reduction and selection at a closely linked site.
However, the effects of a bottleneck are extremely
variable and mimic those of directional selection
(Barton 1998).

In interpreting these findings, it is worth noting
that they depend heavily on the strength of selection,
about which little is known. For some human adap-
tations, such as resistance to malaria or lactose toler-
ance, the selective advantage (s) associated with the
phenotype appears to have been large (Schliekelman
et al. 2001; Saunders et al. 2005; Voight et al. 2006). If
these cases were the norm, the error rate might be
lower than we estimate using s = 1% (Supplemental
Fig. S4). Instead, it is thought that these represent
cases of unusually strong selection; consistent with
this notion, the gene underlying lactose tolerance in
northern Europeans stands out as an outlier in ge-
nome scans, as do some malaria-related genes (Inter-
national HapMap Consortium 2005). More generally,
little is known about the fitness advantage of advan-
tageous mutations. However, the selection coeffi-
cients of most deleterious mutations are thought to
be smaller than 1% (e.g., Yampolsky et al. 2005), and
theoretical considerations suggest that most advanta-
geous changes will also have small fitness effects and
selection coefficients (Orr 2003). Thus, the error rates
may actually be quite a bit higher.

Given these limitations, how can the error rates
be decreased? As discussed in the Results, considering
larger regions of the genome has only a small effect
(cf. Fig. 3 and Supplemental Fig. S1). A more promis-
ing strategy may be to consider only loci with similar
recombination rates in the empirical comparison
(McVean et al. 2005). Although the power to detect
selection is limited when the recombination rate at
selected loci is high, a substantial gain can be ob-
tained by matching the recombination rates for the
selected and neutral loci (Supplemental Fig. S5). In
practice, matching recombination rates is not
straightforward, as independent measurements of

fine-scale recombination rates are rarely available. One possibil-
ity is to use rates estimated from linkage disequilibrium levels
(McVean et al. 2005). In this regard, it will be important to evalu-
ate how robust linkage disequilibrium-based estimators of recom-
bination are to the effects of natural selection at linked sites.

While we have considered one statistic at a time, as has been
done in practice, error rates can be further decreased by using
combinations of summaries. In doing so, it is not obvious how to
weight the contribution of each summary, especially since the
optimal choice will depend on how much importance one ac-
cords to false negatives versus false discoveries. As an illustration,
we simply estimated the joint distribution of ! and Tajima’s D for
the human model of selection on a new mutation (weighting
them equally). This revealed that even when both statistics are
considered simultaneously, an appreciable number of selected
loci are not among outliers (Supplemental Fig. S6). Thus, while
using combinations of statistics is clearly advisable, it may not
decrease the error rates dramatically.

Figure 4. The distribution of summary statistics under the model for a human popu-
lation. The value of the summary is on the x -axis and the proportion of simulated data
sets with a given value on the y -axis. The statistics presented are (A) !, (B) "W, (C) H, (D)
Tajima’s D, (E) Fu and Li’s D, and (F) haplotype homozyogosity (see Methods for details).
The length of the simulated region is 10 kb; for the other parameter values, see Meth-
ods. The broken line is for a model of directional selection on a new mutation, the solid
line for a model of directional selection where f = 0.05, the dotted line for a model of an
incomplete selective sweep in which the favored allele arose 400 generations ago, and
the dashed line for the neutral model. In calculating D and E, we excluded cases with no
segregating sites (0.047% for the model of selection on a new mutation, 0.002% for the
case where f = 0.05, and 0.004% for selection starting 400 generations ago). Note that
under a neutral, constant size population model, E(!) = E("W) = 11, E(H) = 0, and
E(D) ≈ 0.
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This pattern is even more pronounced on the
X chomosome, where the trough is deeper and
wider, recovering diversity over twice the genetic
distance (Fig. 1C and fig. S3). The greater foot-
print of linked selection on theX leads to a smaller

ratio of X to autosome scaled diversity near exons
than farther away, potentially confounding demo-
graphic analysis (21) (fig. S4).

A similar effect is seen around conserved non-
coding regions (CNCs), but the trough is more dif-

fuse (Fig. 1, B and D, and fig. S3). Because CNCs
tend to be linked to exons (the median distance of a
CNC to the nearest exon is 0.08 cM), the trough
around CNCs could be a by-product of the effects
of selection on exons (see below); alternatively, it
could reflect lesswidespread selection onmutations
in CNCs relative to exons (11, 22).

If the trough in scaled diversity results from
classic sweeps at linked sites, it should be deepest
around those changes most likely to have func-
tional consequences (i.e., within exons, around
amino acid substitutions). We tested this predic-
tion by considering the average scaled diversity
around human-specific amino acid fixations and,
as a control for other evolutionary forces, around
synonymous substitutions. Our rationale was as
follows: Human and chimpanzee species split
approximately 5 million years ago [e.g., (23)],
such that, assuming a constant rate of substitu-
tion, about 5% of human-specific substitutions
could have left a detectable sweep in their wake
(i.e., have occurred in the past 250,000 years).
Thus, if a substantial fraction of amino acid changes
are the result of classic sweeps, average diversity
should be decreased around amino acid substi-
tutions as compared to synonymous substitutions.
In the flyDrosophila simulans, diversity levels are
indeed significantly lower and suggest that ~13%
of amino acid substitutions involved classic sweeps
(24). In contrast, human diversity levels around
amino acid substitutions are not lower than
around synonymous substitutions (Fig. 2; P =
0.90 for a window of size 0.02 cM around the
focal substitution). This conclusion is robust to
alternative approaches for inferring substitutions
or estimating divergence and to the choice of
genetic map (fig. S5). The similar troughs indi-
cate either that amino acid and synonymous mu-
tations (including fourfold degenerate mutations;
Fig. 2) experienced recurrent classic selective
sweeps of similar intensities and rates or, more
plausibly, that few amino acid substitutions re-
sulted from classic sweeps.

Simulations suggest that even if only 10% of
human-specific amino acid substitutions were
strongly favored or if 25% of amino acid fixa-
tions were favoredwith weak effects, there should
be a significant decrease in the diversity levels
relative to what would be expected if all fixations
were neutral (Fig. 3A) (20). These simulations
mimic the data structure but do not fully capture
the clustering of substitutions in the genome
(fig. S6). Because amino acid substitutions are
more clustered with one another than with syn-
onymous substitutions (fig. S6A), this omission
is conservative, leading to an underestimate of
the power to detect the effects of classic sweeps
(fig. S7) (20). Thus, our finding strongly con-
strains the maximal fraction of protein changes
that could have resulted from classic sweeps in
the past 250,000 years.

The troughs in diversity around both synon-
ymous and amino acid fixations could instead be
due to strong purifying selection at linked sites.
Indeed, we found that under a model of back-

Fig. 1. (A to D) Diversity levels divided by human–rhesus macaque divergence (at nonconserved,
noncoding sites) as a function of genetic distance from exons [(A) and (C)] and from conserved noncoding
regions [(B) and (D)]. Autosome data are shown in (A) and (B); X chromosome data are shown in (C) and
(D). Populations are YRI (green), CEU (orange), and CHB+JPT (purple). Shown are LOESS curves obtained
for a span of 0.1 and a bin size of 1.2 × 10−5 cM. Above each figure is a histogram of the number of
kilobases in each bin (plotted on a log scale). See (20) for alternative versions.

Fig. 2. CEU diversity levels
divided by human–rhesus
macaquedivergencearound
human-specific substitu-
tions, across autosomes. In
themainplot, LOESS curves
have a span of 0.2 and a
bin size of 1.2 × 10−5 cM;
the inset has a span of
0.05 to show added de-
tail near the substitutions.
The light blue shaded area
represents the central 95th
percentile of diversity esti-
mates obtained from 100
bootstrap simulations. For
alternative versions of this
figure, including the same plot for YRI and CHB+JPT, as well as the X chromosome, see fig. S5.
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Eurasia (Supplementary Figure 15 in Text S1; [21]). Thus, the
overall distribution of selected alleles is strongly determined by the
historical relationships among populations, and suggests again that

very local selection pressures (e.g., divergent selection pressures
within continental regions) have not given rise to very high- FST

SNPs.

Figure 4. Global allele frequencies and haplotype patterns at three genes with signals of positive selection. The left-hand column
shows pie charts of allele frequencies (blue ancestral, red derived) across the HGDP populations for: (A) a SNP upstream of KITLG (rs1881227); and for
nonsynonymous SNPs in (B) SLC24A5 (rs1426654; data from [18]), and (C) MC1R (rs885479). The right-hand column shows a representation of
haplotype patterns for 500 kb around each gene, in each case centered on the SNP displayed in the pie charts. Each box represents a single
population, and observed haplotypes are plotted as thin horizontal lines, using the same haplotype coloring for all populations (see Methods and
[59]). In all three cases the derived allele plotted in the pie charts is found mainly on the red haplotype.
doi:10.1371/journal.pgen.1000500.g004
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in particular, their ability to identify a narrow set of candidate func-
tional variants, we evaluated the number of tagging variants (r2 . 0.8)
for a typical variant in each population. We find that each common
variant typically has over 15–20 tagging variants in non-African
populations, but only about 8 in African populations (Fig. 4b). At
lower frequencies, we find 3–6 tagging variants with 100 kb of variants

with frequency ,0.5%, and differences in the number of tagging
variants between continental groups are less marked.

Among variants in the GWAS catalogue (which have an average
frequency of 26.6% in project haplotypes), the number of proxies
averages 14.4 in African populations and 30.3–44.4 in other contin-
ental groupings (Supplementary Table 10). The potential value of
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Figure 4 | Imputation and eQTL discovery. a, Imputation accuracy as a
function of allele frequency for six populations. The insert compares
imputation accuracy between phase 3 and phase 1, using all samples (solid
lines) and intersecting samples (dashed lines). b, The average number of
tagging variants (r2 . 0.8) as a function of physical distance for common (top),
low frequency (middle), and rare (bottom) variants. c, The proportion of top

eQTL variants that are SNPs and indels, as discovered in 69 samples from
each population. d, The percentage of eQTLs in TFBS, having performed
discovery in the first population, and fine mapped by including an additional 69
samples from a second population (*P , 0.01, **P , 0.001, ***P , 0.0001,
McNemar’s test). The diagonal represents the percentage of eQTLs in TFBS
using the original discovery sample.
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Figure 3 | Population differentiation. a, Variants found to be rare (,0.5%)
within the global sample, but common (.5%) within a population. b, Genes
showing strong differentiation between pairs of closely related populations.

The vertical axis gives the maximum obtained value of the FST-based
population branch statistic (PBS), with selected genes coloured to indicate
the population in which the maximum value was achieved.
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Summary
v Humans have obviously adapted in numerous ways in the last 10 million years or 

so, as have other primates

v Adaptations sometimes leave a distortionary effect on patterns of genetic variation 
between species and among individuals. When we look for these distortionary
effects, we (implicitly or explicitly) assume a specific model of how natural
selection works

v The classic selective sweep model helps us identify a number of interesting cases, 
such as SLC24A5 and LCT. However, multiple lines of evidence suggest it was not a 
common mode of human adaptation, at least in recent human evolution

v An alternative is strong selection on individual alleles already present in the 
population, but there too, we see very few cases of highly differentiated alleles
among human populations.

v So where are human adaptations hiding in the genome?


